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Preface

We are pleased to present the first of three volumes of survey articles in various
fields of differential-algebraic equations (DAEs). In the last two decades, there has
been a substantial research activity in the theory, applications, and computations of
DAE:s; our aim is to give an almost complete picture of these latest developments.

What are DAEs? They certainly belong to differential equations, but the termi-
nology is not clear. In their most general form, DAEs are implicit differential equa-
tions. However, this is still too wide and in view of linearizations and the fact that
most research is on linear DAESs, one uses the more narrow notion of differential-
algebraic systems. This fact is reflected in the Mathematics Subject Classification
(MSC 2010), which is a taxonomy on a first, second, and third level (2-, 3-, and
5-digit class, respectively). DAEs are mentioned twice on level three: 34 Ordinary
differential equations, 34A General theory, 34A09 Implicit equations, differential-
algebraic equations, and 65 Numerical analysis, 65L Ordinary differential equa-
tions, 65L80 Methods for differential-algebraic equations.

What is the history of DAEs? Although DAEs can be traced back earlier, it was
not until the 1960s that mathematicians and engineers started to thoroughly study
computational issues, mathematical theory, and applications of DAEs. There are
many relationships with mathematical disciplines such as differential geometry, al-
gebra, functional analysis, numerical analysis, stochastics, and control theory, to
mention but a few; and there are extensive applications in electric circuit theory,
chemical processes, constrained mechanics, as well as in economics. In addition
to the intrinsic mathematical interest, there are two fundamental reasons for these
advances: first, automatic modeling, which results in large dimensional DAEs, and
second the advancement of computers and hence the feasibility of solving problems
numerically. In quantitative terms, this development has lead to more than 1500
journal and conference papers on DAEs each year.

Is a level two rank, instead of the current level three, for DAEs appropriate? The
MSC tries to rank the different levels hierarchically. However, terminological uni-
ties for different fields, so that they can be accurately separated from each other, do
not necessarily exist. Moreover, fields and their importance vary in time: new fields
arise, others become less important. One could imagine that DAEs are equally im-
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portant as, for example, 34B Boundary value problems, 34G Differential equations
in abstract spaces, 34K Functional-differential and differential-difference equa-
tions, 34L Ordinary differential operators, to name but a few within the 34 ODEs
class.

The immense number of papers on DAE:s is certainly not a sufficient reason for
any taxonomy, and the underlying methods in DAEs are very distinct: differential
geometry, distributions, and linear algebra. But today’s changing importance and
relevance of DAEs have been shown by about ten research monographs in fields
of DAEs in the last decade and, most importantly, recently the first textbooks on
the mathematical theory of DAEs have been written. This may indicate a turning
point: DAEs are becoming a field in their own right, beside other fields in ordinary
differential equations.

The collection of survey articles in DAEs presented in the upcoming three vol-
umes will include the topics

— Linear systems

— Nonlinear systems

— Solution theory

— Stability theory

— Control theory

— Model reduction

— Analytical methods

— Differential geometric methods
— Algebraic methods

— Numerical methods

— Coupled problems with partial differential equations
— Stochastic DAEs

— Chemical engineering

— Circuit modelling

— Mechanical engineering

This may show the depth and width of the recent progress in differential-
algebraic equations and will possibly underpin the fact that differential-algebraic
equations are in a state where they are no longer only a collection of results on the
same topic, but a field within the class of ordinary differential equations.

Ilmenau, Germany Achim Ilchmann
Hamburg, Germany Timo Reis
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Controllability of Linear Differential-Algebraic
Systems—A Survey
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Abstract Different concepts related to controllability of differential-algebraic
equations are described. The class of systems considered consists of linear
differential-algebraic equations with constant coefficients. Regularity, which is,
loosely speaking, a concept related to existence and uniqueness of solutions for any
inhomogeneity, is not required in this article. The concepts of impulse controlla-
bility, controllability at infinity, behavioral controllability, and strong and complete
controllability are described and defined in the time domain. Equivalent criteria that
generalize the Hautus test are presented and proved.

Special emphasis is placed on normal forms under state space transformation
and, further, under state space, input and feedback transformations. Special forms
generalizing the Kalman decomposition and Brunovsky form are presented. Con-
sequences for state feedback design and geometric interpretation of the space of
reachable states in terms of invariant subspaces are proved.
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1 Introduction

Controllability is, roughly speaking, the property of a system that any two trajec-
tories can be concatenated by another admissible trajectory. The precise concept,
however, depends on the specific framework, as quite a number of different con-
cepts of controllability are present today.

Since the famous work by Kalman [81-83], who introduced the notion of con-
trollability about 50 years ago, the field of mathematical control theory has been
revived and rapidly growing ever since, emerging into an important area in applied
mathematics, mainly due to its contributions to fields such as mechanical, electrical
and chemical engineering (see e.g. [2, 47, 148]). For a good overview of standard
mathematical control theory, i.e., involving ordinary differential equations (ODEs),
and its history see e.g. [70, 76, 77, 80, 138, 142].

Just before mathematical control theory began to grow, Gantmacher published
his famous book [60] and therewith laid the foundations for the rediscovery of
differential-algebraic equations (DAEs), the first main theories of which have been
developed by Weierstraf3 [158] and Kronecker [93] in terms of matrix pencils. DAEs
have then been discovered to be appropriate for modeling a vast variety of problems
in economics [111], demography [37], mechanical systems [7, 31, 59, 67, 127, 149],
multibody dynamics [55, 67, 139, 141], electrical networks [7, 36, 54, 106, 117,
134, 135], fluid mechanics [7, 65, 106] and chemical engineering [48, 50-52, 126],
which often cannot be modeled by standard ODE systems. Especially the tremen-
dous effort in numerical analysis of DAEs [10, 96, 98] is responsible for DAEs
being nowadays a powerful tool for modeling and simulation of the aforementioned
dynamical processes.

In general, DAEs are implicit differential equations, and in the simplest case just
a combination of differential equations along with algebraic constraints (from which
the name DAE comes from). These algebraic constraints, however, may cause the
solutions of initial value problems no longer to be unique, or solutions not to exist
at all. Furthermore, when considering inhomogeneous problems, the inhomogene-
ity has to be “consistent” with the DAE in order for solutions to exist. Dealing with
these problems a huge solution theory for DAEs has been developed, the most im-
portant contribution of which is the one by Wilkinson [159]. Nowadays, there are a
lot of monographs [31, 37, 38, 49, 66, 98] and one textbook [96], where the whole
theory can be looked up. A comprehensive representation of the solution theory
of general linear time-invariant DAEs, along with possible distributional solutions
based on the theory developed in [143, 144], is given in [22]. A good overview of
DAE theory and a historical background can also be found in [99].

DAE:s found its way into control theory ever since the famous book by Rosen-
brock [136], in which he developed his ideas of the description of linear systems
by polynomial system matrices. Then a rapid development followed with impor-
tant contributions of Rosenbrock himself [137] and Luenberger [107-110], not
to forget the work by Pugh et al. [131], Verghese et al. [151, 153-155], Pan-
dolfi [124, 125], Cobb [42, 43, 45, 46], Yip et al. [169] and Bernard [27]. The most
important of these contributions for the development of concepts of controllabil-
ity are certainly [46, 155, 169]. Further developments were made by Lewis and
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Ozgaldiran [101, 102] and by Bender and Laub [19, 20]. The first monograph which
summarizes the development of control theory for DAEs so far was the one by
Dai [49]. All these contributions deal with regular systems, i.e., systems of the form

Ex(t) = Ax(t) + f(1), x(0) = x°,

where for any inhomogeneity f there exist initial values x° for which the corre-
sponding initial value problem has a solution and this solution is unique. This has
been proved to be equivalent to the condition that E, A are square matrices and
det(sE — A) e R[s]\ {0}.

The aim of the present paper is to state the different concepts of controllabil-
ity for differential-algebraic systems which are not necessarily regular, i.e., E and
A may be non-square. Applications with the need for non-regular DAEs appear in
the modeling of electrical circuits [54] for instance. Furthermore, a drawback in
the consideration of regular systems arises when it comes to feedback: the class of
regular DAE systems is not closed under the action of a feedback group [12]. This
also rises the need for a complete and thorough investigation of non-regular DAE
systems. We also like to stress that general, possibly non -regular, DAE systems are
a subclass of the class of so-called differential behaviors, introduced by Polderman
and Willems [128], see also [161]. In the present article we will pay a special atten-
tion to the behavioral setting, formulating most of the results and the concepts by
using the underlying set of trajectories (behavior) of the system.

In this paper we do not treat controllability of time-varying DAEs, but refer
to [40, 72-74, 156, 157]. We also do not treat controllability of discrete time DAE:s,
but refer to [13, 27, 99, 100, 168].

The paper is organized as follows.

2 Controllability Concepts, p.5 The concepts of impulse controllability, control-
lability at infinity, R-controllability, controllability in the behavioral sense, strong
and complete controllability, as well as strong and complete reachability and sta-
bilizability in the behavioral sense, strong and complete stabilizability will be de-
scribed and defined in the time domain in Sect. 2. In the more present DAE literature
these notions are not consistently treated. We try to clarify this here. A comprehen-
sive discussion of the introduced concepts as well as some first relations between
them are also included in Sect. 2.

3 Solutions, Relations and Normal Forms, p. 15 In Sect. 3 we briefly revisit the
solution theory of DAEs and then concentrate on normal forms under state space
transformation and, further, under state space, input and feedback transformations.
We introduce the concepts of system and feedback equivalence and state normal
forms under these equivalences, which for instance generalize the Brunovsky form.
It is also discussed when these forms are canonical and what properties (regarding
controllability and stabilizability) the appearing subsystems have.
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4 Algebraic Criteria, p. 30  The generalized Brunovsky form enables us to give
short proofs of equivalent criteria, in particular generalizations of the Hautus test,
for the controllability concepts in Sect. 4, the most of which are of course well-
known—we discuss the relevant literature.

5 Feedback, Stability and Autonomous System p. 36  In Sect. 5 we revisit the
concept of feedback for DAE systems and proof new results concerning the equiv-
alence of stabilizability of DAE control systems and the existence of a feedback
which stabilizes the closed-loop system.

6 Invariant Subspaces, p. 46 In Sect. 6 we give a brief summary of some se-
lected results of the geometric theory using invariant subspaces which lead to a
representation of the reachability space and criteria for controllability at infinity,
impulse controllability, controllability in the behavioral sense, complete and strong
controllability.

7 Kalman Decomposition, p. 50 Finally, in Sect. 7 the results regarding the
Kalman decomposition for DAE systems are stated and it is shown how the control-
lability concepts can be related to certain properties of the Kalman decomposition.

We close the introduction with the nomenclature used in this paper:

N, No, Z set of natural numbers, No = NU{0}, set of all integers, resp.
L(a), |of length and absolute value of a multi-index o =
(ay,...,07) eN"

R0 (R0, R<g, R<g) = [0, 00) ((0, 00), (—00, 0], (~00, 0)), resp.
Cs, Co(Ch,CL) the open (closed) set of complex numbers with positive, neg-
ative real part, resp.

Gl,(R) the set of invertible real n x n matrices
R[s] the ring of polynomials with coefficients in R
R(s) the quotient field of R[s]

R™™M the set of n x m matrices with entries in a ring R

o(A) spectrum of the matrix A € R™"

fls restriction of the function f: .7 — R" to .# C .7,

.,iﬂkl)c(ﬂ ; R™) locally Lebesgue integrable functions f :.7 — R”", see [1,
Chap. 1]

£ (D) (ith) distributional derivative of f € £} (7;R"),i e Ny

WENT R ={x e L (T RHxD e ZL (TR fori =0,...,k),
k e No

o the t-shift operator, i.e., for f: 7 - R", 7 CR, o, f :
T—1—->R" t— f(t+71)

p the reflection operator, i.e., for f : 7 — R", 7 CR, pf :

—T SRt f(—1)
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2 Controllability Concepts

We consider linear differential-algebraic control systems of the form
Ex(t) = Ax(t) + Bu(t), 2.1)

with E, A e R%", B € R%™; the set of these systems is denoted by Zk.n.m», and we
write [E, A, Bl € Xk y.m.

We do not assume that the pencil sE — A € ]R[s]k*” is regular, that is,
I‘kR(x) (SE — A) =k=n.

The function u : R — R™ is called input; x : R — R" is called (generalized)
state. Note that, strictly speaking, x(¢) is in general not a state in the sense that
the free system (i.e., u = 0) satisfies a semigroup property [89, Sect. 2.2]. We will,
however, speak of the state x(¢) for sake of brevity, especially since x(¢) contains
the full information about the system at time ¢. Furthermore, one might argue that
(especially in the behavioral setting) it is not correct to call # “input”, because due
to the implicit nature of (2.1) it may be that actually some components of u are
uniquely determined and some components of x are free, and only the free vari-
ables should be called inputs in the behavioral setting. However, the controllability
concepts given in Definition 2.1 explicitly distinguish between x and u and not be-
tween free and determined variables. We feel that, in some cases, it might still be the
choice of the designer to assign the input variables, that is, u, and if some of these
are determined, then the input space has to be restricted in an appropriate way.

A trajectory (x, u) : R — R" x R™ is said to be a solution of (2.1) if, and only if,
it belongs to the behavior of (2.1):

(x, u) satisfies (2.1)

L1 . .
Bie.a.B1 = {(x, uy e, (R’ Rn) x ‘glfl’C(R’ Rm) for almost all r € R

loc

}. (2.2

Note that any function x € V/Iéél(R; R”") is continuous. Moreover, by linearity of
(2.1), B(E, 4, B) 1s a vector space. Further, since the matrices in (2.1) do not depend
on ¢, the behavior is shift-invariant, that is, (o.x, o-u) € B(g 4, p) forall € R and
(x,u) € B, A, B

The following spaces play a fundamental role in this article:

(a) The space of consistent initial states
He.ap = [x° €R" | 3(x, u) € Bg,a,p : x(0) =x°).
(b) The space of consistent initial differential variables
7[%?4,3] = {xo eR" | 3(x,u) € Bg a5 : Ex(0) = Exo}.
(c) The reachability space at time t > 0

Rip =" €R" |30, u) € Bip.ap:x0) =0Ax(r) =2}
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and the reachability space

Hean =% a5

>0
(d) The controllability space at time t > 0
Clpap =1{x" €R" |3(x,u) € Big.ap : x(0)=x" Ax(t) =0}

and the controllability space

Ge.as=JGen 5
t>0
Note that, by linearity of the system, ¥{g, 4,51, “//[%ii,g], %’[’E’A)B] and ‘g[tE)A,B]
are linear subspaces of R”. We will show that %E}E,A’B] = %E%’A,B] = ‘K[t}g’A’B] =
%[%’A’B] for all 71, 1 € R, see Lemma 2.3. This implies Z[g. 4, ] = QEE’AB] =
€} = G 4. p) for all t € R. (. Note further that, by shift-invariance, we have
[E,A,B] [E,A,B] y

forallt e R
7/[E,A,B] = {xo ceR” } d(x,u) € %[E,A,B] 1x(t) =x0}, 2.3)
i g ={x" eR"|A(x.u) € Bip a5 : Ex(t) = Ex°}. (2.4)

In the following three lemmas we clarify some of the connections of the above
defined spaces, before we state the controllability concepts.

Lemma 2.1 (Inclusions for reachability spaces) For [E, A, Bl € Xy pm andty, 2 €
R. o with t| < tp, the following hold true:

1A 1
@ Zip 4.8 S Xk a8
(b) If Z" =" , then %" =% orallt e R witht > 1.
[E,A,B] [E,A,B] [E,A,B] [E,A,B]

Proof (a) Letx € ‘@E}E A.B]" By definition, there exists some (x, u) € Bg, 4, 5] With
x(0) =0 and x(#;) = x. Consider now (x, u;) : R — R" x R" with

(100 [t

Then x(0) = 0 implies that x| is continuous at , — #1. Since, furthermore,
X1|(—o0.t—1] € Vﬂléél (00,1 —11];R") and
X110 € #i (12 — 11, 00); RY),

we have (x1,u;) € Wléél(R; R™) x ,,S,”léc(R;Rm). By shift-invariance, Ex(t) =
Ax1(¢) + Bui(¢) holds true for almost all ¢ € R, i.e., (x1,u1) € B[g,A,5]- Then,
due to x1(0) = 0 and ¥ = x(t1) = x; (2), we obtain X € Z}; 4 g
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(b) Step 1: We show that Z{ly 1 =By , p, implies 2y, 4 g1 =Rt a2

[E,A,B]
By (a), it suffices to show the inclusion “2”. Assume that x € %'] +2(2-1) ,i.e., there

exists some (x{,u1) € %[E,A,B] with x;(0) =0 and x;(¢t; + 2(l2 - l])) =X. SlnCG
x1(t) € %[% AB|= %ﬁg 4.p)» there exists some (x2, u2) € Byg, 4, p) With x2(0) =
and x> (t1) = x1(#2). Now consider the trajectory

(x2(1), uz(1)), ifr <1,

(x(t), u(t)) = .
1@+ (@2 —n),uit+ (2 — 1)), ifr>1.

Since x is continuous at #1, we can apply the same argumentation as in the proof
of (a) to infer that (x,u) € *B|g 4,B]. The result to be shown in this step is now
a consequence of x(0) = x2(0) =0 and

T=x1(n+200— 1) =x(2) € B 4 1=K a5
Step 2: We show (b): From the result shown in the first step, we may inductively
conclude that %’E AB] = %’[E 4.p) implies ,%E AB] = %’ff;’fg] ") for all I € N.

Let t € R with ¢ > ¢. Then there exists some l e N with ¢ <t +1(tp — t1). Then
statement (a) implies

t 1+t —1)
Rlgam S Plean SRrar -
_ phHl—n) . .
and, by %’[ EAB =2 ApB) »Weobtain the desired result. O

Now we present some relations between controllability and reachability spaces of
[E, A, B] € Xk ,m and its backward system [—-E, A, B] € Xy , . It can be easily
verified that

Bi_g.4,8) = {(px, pu) | (x,u) € Big, a8} (2.5)

Lemma 2.2 (Reachability and controllability spaces of the backward system) For
[E,A,Ble Xy nmandt € R.g, we have

t _ t t _ 3
HigaB=C-£app 4 G =% g ap)

Proof Both assertions follow immediately from the fact that (x, u) € B¢ a,p), if,
and only if, (o, (px), 07 (pu)) € B(_F 4. 5]- 0

The previous lemma enables us to show that the controllability and reachability
spaces of [E, A, B] € Xy »,.m are even equal. We further prove that both spaces do
not depend on time ¢ € R~ .

Lemma 2.3 (Impulsive initial conditions and controllability spaces) For[E, A, B] €
2% n,m, the following hold true:

@) A g5 =Hg.apforallti,neRoy.
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(b) ‘%{EAB]—%EAB]JCO'"“”’:GRN)
(c) W[%ta B] —“I/E,A’B]—i-kerRE.

Proof (a) By Lemma 2.1(a), we have

2l 21 nty
n+1 n+1 . opn+1 apl n
<%[E,A,B] < ‘%[E,A,B] - - ‘Z[E,A,B] < j[E,A,B] < R ’

and thus
2t1 nty
n+1 n+1 n+l : 3l
O<d1m<%’E A.B] <d1m<%’E AB = <d1m<%’[E A.B] <d1m<%’[E’A’B] <n
As a consequence, there has to exist some j € {1,...,n + 1} with
o (Jj+Dhy
n+l n+1

dlm%’[E AB] = dim%[E’A,B].

Together with the subset inclusion, this yields

g G+
opn+l — n+1
‘Z[E,A,B] _‘%[E,A,B]'

Lemma 2.1(b) then implies the desired statement.

(b)Letx € QEE’A’B]. Then there exists some (x1, u1) € B, 4, 5] With x1(0) =0
and x1(¢) = x. Since, by (a), we have x1(2¢) € %’EE!A’B], there also exists some
(x2,u2) € Bg, 4,8 With x2(0) = 0 and xp(t) = x1(2¢). By linearity and shift-
invariance, we have

(x,u) := (01x1 — X2, 011 — uU2) € B(E,A,B]-
The inclusion %[ 4 p; € €[ 4. then follows by
x(0) =x1(1) —x2(0) =1x, x(t) =x1(2t) —x2(1) =0

To prove the opposite inclusion, we make use of the previously shown subset rela-
tion and Lemma 2.2 to infer that

t 3 t 3
%[E,A,B] = %)[—E,A,B] < cg[—E,A,B] = ‘%[E,A,B]'

(c) We first show that 7§, o C ¥ 4 p)+kerg E: Assume that x° € 7@, B
ie., ExY = Ex(0) for some (x,u) € Big, a,51- By x(0) € ¥ 4,51, x(0) — x0e
kergr E, we obtain

¥ =x(0) + (xo —x(O)) € NE.A B Hker E.

To prove ¥{g A, B +kerr E C ”I/[%ifg p]> assume that x0 = x(0) +x for some (x, u) €

B(£,4,B) and x € kerg E. Then x0e ”V[%ifg’m is a consequence of ExY = Ex(0)+
x) = Ex(0). O
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By Lemma 2.3 it is sufficient to only consider the spaces ¥ 4, 5] and Z[E. A, B
in the following.

We are now in the position to define the central notions of controllability, reach-
ability and stabilizability considered in this article.

Definition 2.1 The system [E, A, B] € X} . is called

(a) controllable at infinity
& Vx' e R"3(x, u) € Big.ap): x(0) =x" & YE a5 =R"
(b) impulse controllable
o Vx' e R"3(x,u) € BlE.A.B: Ex’=Ex(0) & “I/ﬁﬁfﬁw =R".
(c) controllable within the set of reachable states (R-controllable)
1 Vxo, X7 € HE,a,33t >03(x,u) € Bip,a,p i x(0) =x0 Ax(t) =xf.
(d) controllable in the behavioral sense

& V(xy, u1), (x2,u2) € Bk, A.B)
3T > 03(x, u) € Bp.ap : (x(t), u(t)) = {Ei;g; Z;Eg; i: j (;’.
(e) stabilizable in the behavioral sense
16 V(. 1) € Bip.ap13 0, u0) € Bieam N (oo (T:R") x #o (T:RY)) -
(Ve <0: (x(@), u(®)) = (xo(1), uo(®))) Alimy— o0 (x0(2), uo(r)) = 0.
(f) completely reachable

& e R>0Vx.f e R"3(x,u) € e@[E,A,B] :x(0)=0Ax() =Xf
& 3t €R>O:‘%EE,A,B] =R".

(g) completely controllable
& A eRooVxo, xr €eR"I(x,u) € Bie,a,B) 1 x(0) =x0 Ax(t) =x7.
(h) completely stabilizable
1o Vxo e R"3(x, u) € Bie. a5 x(0) =x0 A tlingox(t) =0.
(i) strongly reachable

& 3t €R>0fo eR"3(x,u) € B Ex(0)=0AEx(t) = Exy.
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(j) strongly controllable
& At eRooVxg, x7 € R"3(x,u) € Bie.a.B1: Ex(0) = Exo A Ex(t) = Exg.
(k) strongly stabilizable (or merely stabilizable)

& Vxo € R"3(x,u) € B a,B): Ex(0) = Exo A tlim Ex(t)=0.
— 00

Some remarks on the definitions are warrant.

Remark 2.1

(1) The controllability concepts are not consistently treated in the literature. For

instance, one has to pay attention if it is (tacitly) claimed that [E, B] € R&-"+m
or [E, A, B] € R&?"H™ have full rank.
For regular systems we have the following:

concept

coincides with notion in

called [...]in

controllability at infinity

impulse controllability

R-controllability

complete controllability

strong controllability

see item (2.1)

[46] and [73, Rem. 2]

[41, 49, 169] and [73,
Rem. 2]

[41, 49, 169]
[155] and [73, Rem. 2]

reachability at oo in [99]

controllability at co
in [99]; controllability at
infinity in [5, 6, 155]

controllability in [46]

impulse controllability
in [63]

Some of these aforementioned articles introduce the controllability by means
of certain rank criteria for the matrix triple [E, A, B]. The connection of the
concepts introduced in Definition 2.1 to linear algebraic properties of E, A
and B will be highlighted in Sect. 4.
For general DAE systems we have

concept

coincides with notion in

called [...]in

controllability at infinity
impulse controllability
R-controllability
complete controllability

strong controllability

[61,71,75]

[120]

controllability in [58]

controllability in [120]

Our behavioral controllability coincides with the framework which is intro-
duced in [128, Definition 5.2.2] for so-called differential behaviors, which
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(ii)

(iii)

(iv)

are general (possibly higher order) DAE systems with constant coefficients.
Note that the concept of behavioral controllability does not require a distinc-
tion between input and state. The concepts of reachability and controllability
in [11-14] coincide with our behavioral and complete controllability, resp.
(see Sect. 4). Full controllability of [171] is our complete controllability to-
gether with the additional assumption that solutions have to be unique.
Stabilizability in the behavioral sense is introduced in [128, Definition 5.2.2].
For regular systems, stabilizability is usually defined either via linear alge-
braic properties of E, A and B, or by the existence of a stabilizing state
feedback, see [33, 34, 57] and [49, Definition 3-1.2]. Our concepts of behav-
ioral stabilizability and stabilizability coincide with the notions of internal
stability and complete stabilizability, resp., defined in [114] for the system
Ez(t) = A 7(t) with & =[E, 0], & =[A,Bl, z(t) =[x " @), u" (1)]".

Other concepts, not related to the ones considered in this article, are e.g. the
instantaneous controllability (reachability) of order k in [120] or the impul-
sive mode controllability in [71]. Furthermore, the concept of strong control-
lability introduced in [147, Exercise 8.5] for ODE systems differs from the
concepts considered in this article.

The notion of consistent initial conditions is the most important one for DAE
systems and therefore the consideration of the space #{g 4, p) (for B = 0 when
no control systems were considered) is as old as the theory of DAE:s itself, see
e.g. [60]. {g,a,B] is sometimes called viability kernel [30], see also [8, 9].
The reachability and controllability space are some of the most important
notions for (DAE) control systems and have been considered in [99] for regu-
lar systems. They are the fundamental subspaces considered in the geometric
theory, see Sect. 6. Further usage of these concepts can be found in the follow-
ing: in [122] generalized reachability and controllability subspaces of regular
systems are considered; Eliopoulou and Karcanias [56] consider reachability
and almost reachability subspaces of general DAE systems; Frankowska [58]
considers the reachability subspace in terms of differential inclusions.

A nice formula for the reachability space of a regular system has been
derived by Yip et al. [169] (and later been adopted by Cobb [46], however,
called controllable subspace): Consider a regular system [E, A, B] € X,
in Weierstrall form [60], that is,

|1, 0 _|J 0 | B
o K B A
where N is nilpotent. Then [169, Thm. 2]

RE,A,B) = (J|B1) x (N|B2),

where (K|L) := img[L,KL,..., K" 'L] for some matrices K € R"*",
L € R™™ _ Furthermore, we have [169, Thm. 3]

NE. A8 =R" x (N|B).
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This result has been improved later in [41] so that the Weierstral form is
no longer needed. Denoting by EP the Drazin inverse of a given matrix
E € R™" (see [39)), it is shown [41, Thm. 3.1] that, for A =1,

Rie.a.8=EP(EP|B)® (I — EEP)(E|B),

where the consideration of A = [ is justified by a certain (time-varying) trans-
formation of the system [124]. We further have [41, Thm. 3.2]

Ne,ap=imr EP @ (I — EEP)(E|B).
Yet another approach was followed by Cobb [42] who obtains that
g4 =((@E—A)TE|(eE — A) "' B)

for some o € R with det(w E — A) # 0. A simple proof of this result can also
be found in [170]

The notion “I/[ E.A,p] Comes from the possible impulsive behavior of solutions
of (2.1), i.e., x may have jumps, when distributional solutions are permitted,
see e.g. [46] as a very early contribution in this regard. Since these jumps have
no effect on the solutions if they occur at the initial time and within the kernel
of E this leads to the definition of 7/[%1102 B]" See also the definition of impulse
controllability.

Impulse controllability and controllability at infinity are usually defined by
considering distributional solutions of (2.1), see e.g. [46, 61, 75], sometimes
called impulsive modes, see e.g. [21, 71, 155]. For regular systems, impulse
controllability has been introduced by Verghese et al. [155] (called controlla-
bility at infinity in this work) as controllability of the impulsive modes of the
system, and later made more precise by Cobb [46], see also Armentano [5, 6]
(who also calls it controllability at infinity) for a more geometric point of
view. In [155] the authors do also develop the notion of strong controllabil-
ity as impulse controllability with, additionally, controllability in the regular
sense. Cobb [43] showed that under the condition of impulse controllability,
the infinite eigenvalues of regular s E — A can be assigned via a state feedback
u = Fx to arbitrary finite positions. Armentano [5] later showed how to cal-
culate F. This topic has been further pursued in [94] in the form of invariant
polynomial assignment.

The name “controllability at infinity” comes from the claim that the system
has no infinite uncontrollable modes: Speaking in terms of rank criteria (see
also Sect. 4) the system [E, A, B] € X} ».m is said to have an uncontrollable
mode at % if, and only if, k[ E + BA, B] < tk[E, A, B] for some «, 8 € C.
If B =0, then the uncontrollable mode is infinite. Controllability at infin-
ity has been introduced by Rosenbrock [137]—although he does not use this
phrase—as controllability of the infinite frequency zeros. Later Cobb [46]
compared the concepts of impulse controllability and controllability at infin-
ity, see [46, Thm. 5]; the notions we use in the present article go back to the
distinction in this work.
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(vii)

(vii)

(viii)

(ix)
)

The concepts have later been generalized by Geerts [61] (see [61, Thm. 4.5 &
Rem. 4.9], however, he does not use the name “controllability at infinity”).
Controllability at infinity of (2.1) is equivalent to the strictness of the cor-
responding differential inclusion [58, Prop. 2.6]. The concept of impulsive
mode controllability in [71] is even weaker than impulse controllability.
Controllability concepts with a distributional solution setup have been consid-
ered in [61, 120, 130] for instance, see also [46]. A typical argumentation in
these works is that inconsistent initial values cause distributional solutions in
a way that the state trajectory is composed of a continuous function and a lin-
ear combination of Dirac’s delta impulse and some of its derivatives. How-
ever, some frequency domain considerations in [116] refute this approach
(see [145] for an overview on inconsistent initialization). This justifies that
we do only consider weakly differentiable solutions as defined in the behav-
ior L%[E,AVB].

Distributional solutions for time-invariant DAEs have already been consid-
ered by Cobb [44] and Geerts [61, 62] and for time-varying DAEs by Rabier
and Rheinboldt [132]. For a mathematically rigorous approach to distribu-
tional solution theory of linear DAEs we refer to [143, 144] by Trenn. The
latter works introduce the notions of impulse controllability and jump con-
trollability which coincide with our impulse controllability and behavioral
controllability, resp.

R-controllability has been first defined in [169] for regular DAEs. Roughly
speaking, R-controllability is the property that any consistent initial state xg
can be steered to any reachable state x ¢, where here x s is reachable if, and
only if, there exist # > 0 and (x, u) € Pk, a,p] such that x(¢) = x r; by (2.3)
the latter is equivalent to x y € #{g 4, B), as stated in Definition 2.1.

The concept of behavioral controllability has been introduced by Willems
[160], see also [128]. This concept is very suitable for generalizations in var-
ious directions, see e.g. [35, 40, 72, 97, 133, 163, 167]. Having found the
behavior of the considered control system one can take over the definition of
behavioral controllability without the need for any further changes. From this
point of view this appears to be the most natural of the controllability con-
cepts. However, this concept also seems to be the least regarded in the DAE
literature.

The controllability theory of DAE systems can also be treated with the theory
of differential inclusions [8, 9] as showed by Frankowska [58].

Karcanias and Hayton [85] pursued a special ansatz to simplify the sys-
tem (2.1): provided that B has full column rank, we take a left annihilator N
and a pseudoinverse BT of B (i.e., NB =0and B' B = I') such that W = [119\1‘ ]
is invertible and then pre-multiply (2.1) by W, thus obtaining the equivalent
system

NE# = NAnx,
u= B (Ex — Ax).
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The reachability (controllability) properties of (2.1) may now be studied in
terms of the pencil sNE — N A, which is called the restriction pencil [78],
first introduced as zero pencil for the investigation of system zeros of ODEs
in [91, 92], see also [88]. For a comprehensive study of the properties of the
pencil sSNE — N A see e.g. [84-87].

(xi) Banaszuk and Przytuski [11] have considered perturbations of DAE control
systems and obtained conditions under which the sets of all completely con-
trollable systems (systems controllable in the behavioral sense) within the set
of all systems X}, contain an open and dense subset, or its complement
contains an open and dense subset.

The following dependencies hold true between the concepts from Definition 2.1.
Some further relations will be derived in Sect. 4.

Proposition 2.4 For any [E, A, B] € X n.m the following implications hold true:
If “=" holds, then “<" does, in general, not hold.

controllable at (= completely completely completely
infinity i i controllable i ": reachable : i stabilizable
impulse «— strongly :  strongly strongly

controllable E controllable : reachable ] ¢ stabilizable

Proof Since it is easy to construct counterexamples for any direction where in the
diagram only “="" holds, we skip their presentation. The following implications are
immediate consequences of Definition 2.1:

completely controllable = controllable at infinity = impulse controllable,
completely controllable = strongly controllable = impulse controllable,
completely controllable = completely reachable = strongly reachable,
strongly controllable = strongly reachable,

completely stabilizable = controllable at infinity,

strongly stabilizable = impulse controllable,

completely stabilizable = strongly stabilizable.

It remains to prove the following assertions:



Controllability of Linear Differential-Algebraic Systems—A Survey 15

(a) completely reachable = completely controllable,
(b) strongly reachable = strongly controllable,
(c) completely reachable = completely stabilizable,
(d) strongly reachable = strongly stabilizable.

(a) Let xo, xy € R". Then, by complete reachability of [E, A, B], there exist
t > 0 and some (x1,u1) € Bg, a,p) With x1(0) =0 and x1(¢) = xo. Further, there
exists (x2, uz) € Zig, A, With x2(0) = 0 and x2(t) = xy — x1(2¢). By linearity and
shift-invariance, we have

(x,u) == (0yx1 + x2, 0111 + u2) € BiE, A, B]-

On the other hand, this trajectory fulfills x(0) = x(¢) 4+ x2(0) = xg and x(¢) =
x1(20) +x2(t) = x.

(b) The proof of this statement is analogous to (a).

(c) By (a) it follows that the system is completely controllable. Complete con-
trollability implies that there exists some ¢ > 0, such that for all xg € R” there exists
(x1,u1) € BiE. A, B) With x1(0) = xp and x1(t) = 0. Then, since (x, u) with

(10, ui(r)), ifr=t,
(x(0), u(v) = .
0, 0), ift>t¢t
satisfies (x, u) € Bk, a,p] (cf. the proof of Lemma 2.1(a)), the system [E, A, B] is
completely stabilizable.
(d) The proof of this statement is analogous to (c). O

3 Solutions, Relations and Normal Forms

In this section we give the definitions for system and feedback equivalence of DAE
control systems (see [63, 137, 155]), revisit the solution theory of DAEs (see [96,
159] and also [22]), and state a normal form under system and feedback equivalence
(see [105]). For the definition of a canonical and a normal form see Remark 3.2.

3.1 System and Feedback Equivalence

We define the essential concepts of system and feedback equivalence. System equiv-
alence was first studied by Rosenbrock [137] (called restricted system equivalence
in his work, see also [155]) and later became a crucial concept in the control theory
of DAEs [24, 25, 63, 64, 69]. Feedback equivalence for DAEs seems to have been
first considered in [63] to derive a feedback canonical form for regular systems, little
later also in [105] (for general DAEs) where additionally also derivative feedback
was investigated and respective canonical forms derived, see also Sect. 3.3.
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Definition 3.1 (System and feedback equivalence) Two systems [E;, A;, Bi] €
Yknm, i =1,2, are called

o system equivalent if, and only if,

HWGle(R),TGGln(R):[SE] — A B]]:W[SEz—AQ Bz][g IO];
m

we write
W, T
[E1, A1, Bi] ~se [E2, A2, B2l;
e feedback equivalent if, and only if,
AW € GI;(R), T € GI,(R), V € Gl,,(R), F e R™" :

T 0] @3.1)

[SEl—Al Bl]ZW[SEZ—AZ BZ]|:_F v

we write

W.T.V.F
[E1, A1, B1] ~fe [E2, A2, Ba].

It is easy to observe that both system and feedback equivalence are equivalence

. . W.T.V.F
relations on Xy , . To see the latter, note thatif [Ey, Ay, Bi] ~Ffe [E2, Az, B2,

then

w-lr-Ly-l _y-1fr-!
[E2, Az, Br] ~fe [E1, Ay, Bl

The behaviors of system and feedback equivalent systems are connected via

w,T
If [ElsAlvBl] NSE [E21A27BZ]1 then
(x,u) € BiE, 4,81 (Tx,u) € B, 4, 8] 32)

It [Er AL B L By Ay By).  then

(x,u) € B, 4,81 (Tx, Fx +Vu) € BlE,, Ay,B,]-

. . W, T
In particular, if [E1, A1, B1] ~5¢ [E2, A2, Bz], then

-1 —1
NE,ALBI =T - NEy, A2,B)5 Rig, o 50=T""  Rps 1051

Further, if [Ey, Ay, B1] ). [E. Ay, B), then

—1 t -1 t
7/[E1,A1,Bl] =T 7/[E2,Az,Bz]v ‘%[E],A],Bl] =T "%[EZ,AZ,Bz]’

and properties of controllability at infinity, impulse controllability, R-controllability,
behavioral controllability, behavioral stabilizability, complete controllability, com-
plete stabilizability, strong controllability and strong stabilizability are invariant un-
der system and feedback equivalence.
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Remark 3.1 (Equivalence and minimality in the behavioral sense)

@

(ii)

(iii)

Another equivalence concept has been introduced by Willems in [161] (see
also [128, Def. 2.5.2]): Two systems [E;, A;, B;] € Xk, n.m, i = 1,2, are called
equivalent in the behavioral sense, if their behaviors coincide, i.e.,

BiE,, 41,811 = BlEy, A2, By

Note that, in particular, two systems being equivalent in the behavioral sense do
not necessarily have the same number of equations. For instance, the following
two systems are equivalent in the behavioral sense:

o, [

It is shown in [128, Thm. 2.5.4] that for a unimodular matrix U (s) € R[s]%*
(that is, U(s) has a polynomial inverse), and [E, A, B] € X n.m, it holds
(x,u) € BiE, 4, p if, and only if,

U d Ex(t)y=U d A U d B
a x(t) = a x(t) + E) u(t),

where the differential operator U (%) has to be understood in the distributional
sense. The unimodular matrix U (s) can particularly been chosen in a way that

Us)-[sE—A, —B]= [Rxo‘” R"o(s)] |

where [Ry(s) R,(s)] € R[s]""*™ has full row rank as a matrix in the field
R(s) [128, Thm. 3.6.2]. It is shown that Ry (3)x + Ry (3)u = 0 is minimal in
the behavioral sense, i.e., it describes the behavior by a minimal number of /
differential equations among all behavioral descriptions of ‘B(g 4, ]. By using
a special normal form, we will later remark that for any [E, A, B] € X% ».m,
there exists a unimodular transformation from the left such that the resulting
differential-algebraic system is minimal in the behavioral sense.

Conversely, if two systems [E;, A;, B;]1 € Xk, nm, 1 = 1,2 are equivalent in the
behavioral sense, and, moreover, k; = kp, then there exists some unimodular
U (s) € R[s]¥k1 such that

U(s) - [SEl —Aq, —Bl] = [SE2 — A, —Bz].

If [E;, A;, Bi] i = 1,2, contain different numbers of equations (such as, e.g.,
k1 > k»), then one can first add k1 — kp equations of type “0 = 0” to the second
system and, thereafter, perform a unimodular transformation leading from one
system to another.
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(iv) Provided that a unimodular transformation of Ex(t) = Ax(¢) + Bu(t) again
leads to a differential-algebraic system (that is, neither a derivative of the in-
put nor a higher derivative of the state occurs), the properties of controllability
at infinity, R-controllability, behavioral controllability, behavioral stabilizabil-
ity, complete controllability, complete stabilizability are invariant under this
transformation. However, since the differential variables may be changed under
a transformation of this kind, the properties of impulse controllability, strong
controllability and strong stabilizability are not invariant. We will see in Re-
mark 3.11 that any [E, A, B] € Xk . is, in the behavioral sense, equivalent
to a system that is controllable at infinity.

In order to study normal forms under system and feedback equivalence we in-
troduce the following notation: For k € N we introduce the matrices Ny € Rk,
Ky, Ly € RF—LK with

10 01

Further, let el[k] € R¥ be the ith canonical unit vector, and, for some multi-index
a=(a1,...,q7) € N, we define

Ny =diag(Ng,, ..., Ny) € Rl
K, =diag(Ky,, ..., Ky) € Rl
Ly =diag(Lg,, ..., L) € Rl lel
Ey = diag(e([fill, e, e([gl]) c Rl

Kronecker proved [93] that any matrix pencil sE — A € R[s]%" can be put into
a certain canonical form, called Kronecker canonical form nowadays, of which a
more comprehensive proof has been provided by Gantmacher [60]. In the follow-
ing we may use the quasi-Kronecker form derived in [22, 23], since in general the
Kronecker canonical form is complex-valued even though the given pencil sE — A
is real-valued, what we need to avoid. The obtained form then is not canonical any-
more, but it is a normal form (see Remark 3.2).

Proposition 3.1 (Quasi-Kronecker form [22, 23, 60]) For any matrix pencil
sE — A e R[s]¥", there exist W € Gl (R), T € Gl,,(R) such that

sly, — A 0 0 0
0 SNy — i 0 0
0 0 sKg—Lg 0
0 0 0 sK) — L)

WGE — AT = (3.3)
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for some Ay € R"™"s and multi-indices « € N, 8 € N y € N*. The multi-
indices o, B, y are uniquely determined by s E — A. Further, the matrix A is unique
up to similarity.

The (components of the) multi-indices «, 8, y are often called minimal indices
and elementary divisors and play an important role in the analysis of matrix pen-
cils, see e.g. [60, 104, 105, 113], where the components of « are the orders of the
infinite elementary divisors, the components of 8 are the column minimal indices
and the components of y are the row minimal indices. In fact, the number of column
(row) minimal indices equal to one corresponds to the dimension of kerg E Nkerg A
(kergp E TNkerg AT), or, equivalently, the number of zero columns (rows) in a quasi-
Kronecker form of s E — A. Further, note that s/, — A; may be further transformed
into Jordan canonical form to obtain the finite elementary divisors.

Since the multi-indices @ € N, 8 € N"v, y € N"*v are well-defined by means
of the pencil s E — A and, furthermore, the matrix A is unique up to similarity, this
justifies the introduction of the following quantities.

Definition 3.2 (Index of sE — A) Let the matrix pencil sE — A € R[s]%" be given
with quasi-Kronecker form (3.3). Then the index v € Ny of s E — A is defined as

v=max{c], ..., &), Vs> Vo))

The index is larger or equal to the index of nilpotency ¢ of Ny, i.e., ¢ <v, NS =0

and Nf,_l # 0. By means of the quasi-Kronecker form (3.3) it can be seen that the
index of s E — A does not exceed one if, and only if,

imp A Cimg E + A -Kerg E. (3.4)

This is moreover equivalent to the fact that for some (and hence any) real matrix Z
with img Z = Kkerg E, we have

imR[E, AZ] =img|[E, A]. (3.5)

Since each blockin sKg —Lg (sK ;— — L;,r) causes a single drop of the column (row)
rank of sE — A, we have

L(B) =n —1kr)(SE — A), Ly) =k —tkr)(SE — A). (3.6)
Further, A € C is a generalized eigenvalue of s E — A if, and only if,

rtke(AE — A) < tkps) (SE — A).

3.2 A Normal Form Under System Equivalence

Using Proposition 3.1 it is easy to determine a normal form under system equiv-
alence. For regular systems this normal form was first discovered by Rosen-
brock [137].
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Corollary 3.2 (Decoupled DAE) Let [E, A, B] € Xk n.m- Then there exist W €
Gl (R), T € Gl,(R) such that

L, 0 0 0 A, 0 0 0 By
w,T 0 Na 0 0 0 I|a| 0 0 Bf
EABI™ell 0 0 ks o |0 0 g 0 |'|B|]|

0 0 0 K, 0 0 0 LJ| |B,

3.7
for some By € R"'s™, By € Rlelm B e RIBI=EB.m B e RIVIm A e RN
and multi-indices « € N'*, 8 e N'"6y € N". This is interpreted, in terms of the
DAE (2.1), as follows: (x,u) € B[E A, B if, and only if,

T
(O 2O xO T x(O) =Tx()
with
xr() Xu[1() Xo[11(+)
xp() = : . ()= : s %)= :
X rreen () Xule(p)1(+) Xo[e(y)1()
solves the decoupled DAEs

X (1) = Asxs (1) + Bsu(t), (3.8a)
Nei % 1 () = X i) (6) + Byrqu(e)  fori=1,...,0(), (3.8b)
K g, %uii) (1) = Lg,xu1i)(t) + Buiqu(t)  fori=1,...,€(B), (3.8¢)
K Xo1i)(t) = Ly, Xo[i)(t) + Bou(t)  fori=1,....(y) (3.8d)

with suitably labeled partitions of By, B, and B,.

Remark 3.2 (Canonical and normal form) Recall the definition of a canonical form:
given a group G, a set ., and a group action « : G x . — . which defines
an equivalence relation s Y if, and only if, 3U € G : a(U, s) = s’. Then a map
y 1 — Y is called a canonical form for o [28] if, and only if,

Vs,s' €. y(s) ~s A [s g's/éy(s):y(s’)].

Therefore, the set . is divided into disjoint orbits (i.e., equivalence classes) and
the mapping y picks a unique representative in each equivalence class. In the setup
of system equivalence, the group is G = GIl,(R) x Gl,(R), the considered set is
7 = Xy n.m and the group action (W, T), [E, A, B]) =[WET, WAT, W B] cor-
—1 —1
responds to W . However, Corollary 3.2 does not provide a mapping y. That
means that the form (3.7) is not a unique representative within the equivalence class
and hence it is not a canonical form. Nevertheless, we may call it a normal form,

since every entry is (at least) unique up to similarity.



Controllability of Linear Differential-Algebraic Systems—A Survey 21

Remark 3.3 (Canonical forms for regular systems) For regular systems which are
completely controllable two actual canonical forms of [E, A, B] € X, , ,» under
system equivalence have been obtained: the Jordan control canonical form in [64]
and, later, the more simple canonical form in [69] based on the Hermite canonical
form for controllable ODEs [/, A, B].

Remark 3.4 (DAEs corresponding to the blocks in the quasi-Kronecker form)
Corollary 3.2 leads to the separate consideration of the differential-algebraic equa-
tions (3.8a)—(3.8¢):

(1) (3.8a) is an ordinary differential equation whose solution satisfies
t

x5 (1) = e x5 (0) + / eATDBu(r)dr, teR.
0

In particular, solvability is guaranteed by u € ,ZLC(R; R™). The initial value
x5(0) € R" can be chosen arbitrarily; the prescription of u € iﬁkl)c(R; R™) and
x5(0) € R" guarantees uniqueness of the solution.

(ii) The solutions of (3.8b) can be calculated by successive differentiation and pre-
multiplication with N, , hence we have

i f (3.8b) i o o o

0= NZxe0 (6) 2 Mg () @D + NG By (1)
0{,‘—1
j=0

where u/) denotes the jth distributional derivative of u. As a consequence, the
solution requires a certain smoothness of the input, expressed by

a;—1

>N Bpiu? e #y (R RY).
=0

In particular, condition u € %gé’l(R; R*) guarantees solvability of the

DAE (3.8b). Note that the initial value x #[;}(0) cannot be chosen at all: It
is fixed by u via the relation

o;—1
X1 (0) = — ( > N Bf[i]u(”> 0).
j=0

On the other hand, for any (sufficiently smooth) input there exists a unique
solution for appropriately chosen initial value.
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Writing
Xuli],1
Xulil— = : ;
Xulil, pi—1

(3.8c¢) is equivalent to

. 1
Xulil— = N;_lxu[i]— + 6}[3?_1 ]xu[i],ﬂi + Bu[,’]u(l‘).

Hence, a solution exists for all inputs u € ,E”IE)C(R; R™) and all x,p,6 €
Ve (R; R) as well as x,(;1,1(0), ..., xu[i1,5,—1(0). This system is therefore un-

loc
derdetermined in the sense that one component as well as all initial values can
be freely chosen. Hence any existing solution for fixed input « and fixed initial

value x,[;1(0) is far from being unique.

Denoting
1 01,1
'x()[l]+ - xo[l] ’

N;;)'Co[i]+ = Xo[il+ + Bopiju(?).

(3.8d) can be rewritten as

Hence we obtain x,[;}4(f) = — ;{;*01 (Napj Boiju'?) (1), which gives
vi—1 '
Xoti) (1) = =[00;— 1.1, Iy 11 Y (N,}) Boiqu? (1)
Jj=0

together with the consistency condition on the input:

yi—1 ) ‘
(egyi])T Z (N,)! Bojiyu' (1) =0. (3.9)
j=0
The smoothness condition
vi—1 ] .
Y (V) Bopiu € #30 (R; RY)
Jj=0

is therefore not enough to guarantee existence of a solution; the additional con-
straint formed by (3.9) has to be satisfied, too. Furthermore, as in (ii), the initial
value x,[;1(0) is fixed by the input u. Hence, a solution does only exist if the
consistency conditions on the input and initial value are satisfied, but then the
solution is unique.
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Remark 3.5 (Solutions on (finite) time intervals) The solution of a DAE [E, A, B] €
Xk.n,m on some time interval / C R can be defined in a straightforward manner
(compare (2.2)). By the considerations in Remark 3.4, we can infer that any solution
(x, u) on some finite time interval / C R can be extended to a solution on the whole
real axis. Consequently, all concepts which have been defined in Sect. 2 could be
also made based on solutions on intervals I including zero.

3.3 A Normal Form under Feedback Equivalence

A normal form under feedback transformation (3.1) was first studied for sys-
tems governed by ordinary differential equations by Brunovsky [32]. In this sec-
tion we present a generalization of the Brunovsky form for general DAE sys-
tems [E, A, B] € Xy »,;m from [105]. For more details of the feedback form and a
more geometric point of view on feedback invariants and feedback canonical forms
see [87, 105].

Remark 3.6 (Feedback for regular systems) It is known [12, 63] that the class of
regular DAE systems is not closed under the action of state feedback. Therefore,
in [140] the class of regular systems is divided into the families

9 :={(E, A, B) € Zynm|det(cosf E —sin0A) #0}, 60 €[0,7),

and it is shown that any of these families is dense in the set of regular systems and
the union of these families is exactly the set of regular systems. The authors of [140]
then introduce the “constant-ratio proportional and derivative” feedback on Xy, i.e.

u = F(cosOx —sinfx) + v.

This feedback leads to a group action and enables them to obtain a generalization of
Brunovsky’s theorem [32] on each of the subsets of completely controllable systems
in Xy, see [140, Thm. 6].

Gliising-Liieren [63] derived a canonical form under the unchanged feedback
equivalence (3.1) on the set of strongly controllable (called impulse controllability
in [63]) regular systems, see [63, Thm. 4.7]. In particular it was shown that this set
is closed under the action of a feedback group.

Theorem 3.3 (Normal form under feedback equivalence [105]) Let [E, A, B] €
Yk.nm- Then there exist W € GIx(R), T € Gl,(R), V € Gl,,(R), F € R™" such
that
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[E, A, B]
Ly O 0 0 0 0
0 Kg 0 0 0 O
W.T,V,F 0 0 L)T 0 0 0
'\'fe T )
0 0 0 K 0 0
0O 0 0O O N. 0
0 0 0 0 0 I,
NJ] 0 0 0 0 0 E, 0 0
0 Lg O 0 0 O 0 0 0
0O 0 K 0 0 o0 0 E, O
14 , Y , (3.10
0o 0 0 Lf 0 o0 0 0 0 (3.10)
0 0 0 0 Iy O 0 0 0
0O 0 0 0 - 0 0 0

for some multi-indices «, B, vy, 8, k and a matrix Az € R"@"¢_ This is interpreted, in
terms of the DAE (2.1), as follows: (x,u) € B[E, A, ) if, and only if,

(e 2O 26O T x0T x O xe()T) 1= T (),

(e T uop O T uy (T = V() = Fx (),

with
Xe[1)(+) uern(+) Xu(11(+)
Xe(-) = s uc(+) = s X, (1) = s
Xefe(a)](+) Xefe(a)] () Xupe(p)1 ()
Xob[11(+) uop11(+) Xor11(+)
x()b(') = 5 u()b() = 9 -x()(’) = )
Xoble(y)1(+) Uoble()] () Xo[e($)1(+)
xr()
xp() = :

X riewo1 ()

solves the decoupled DAEs

Xefi) (1) = Ny xe(0) + ellugiy () fori=1,... L), (3.11a)
Kpg xui)(t) = Lgxy[i(t) fori=1,...,£(B), (3.11b)
Ly kopii (1) = K Xopii) () + eXugppiy - fori=1,.... (), (3.11c)

Ky foli)(t) = Lg X0y (1) fori=1,...,£(), (3.11d)
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N xpif(t) =xc(t) fori=1,..., ), 3.11e)
Xe(t) = Agxe(2). (3.119)

Note that by Remark 3.2 the form (3.10) is a normal form. However, if we apply
an additional state space transformation to the block [I,,_, Az, 0] which puts Az into
Jordan canonical form, and then prescribe the order of the blocks of each type, e.g.
from largest dimension to lowest (what would mean o1 > oy > -+ - > ag(q) for o for
instance), then (3.10) becomes a canonical form.

Remark 3.7 (DAEs corresponding to the blocks in the feedback form) The form in
Theorem 3.3 again leads to the separate consideration of the differential-algebraic
equations (3.11a)—(3.11f):

(i) (3.11a) is given by [I,, NOI , e([ff" ]], and is completely controllable by the clas-
sical results for ODE systems (see e.g. [147, Sect. 3.2]). This system has fur-
thermore the properties of being R-controllable, and both controllable and sta-
bilizable in the behavioral sense.

(i) (3.11b) corresponds to an underdetermined system with zero dimensional
input space. Since x,[;) satisfies (3.11b) if, and only if, there exists some
vi € 41 (R; R) with

fuli) (1) = Ng xugiy (0) + e i (0),
this system has the same properties as (3.11a).
(iii) Denoting
.
Zobli] = [ MZZ[S } ,
then (3.11c) can be rewritten as

Ny, Zobi1(t) = Zobpi] (1),

which has, by (ii) in Remark 3.4, the unique solution z,,[;] = 0. Hence,
%[L%»KVT,-»Q[V?]] = {0}.

The system [L—:, K VT, , e)[Z"]] is therefore completely controllable if, and only
if, y; = 1. In the case where y; > 1, this system is not even impulse control-
lable. However, independent of y;, [LTi, K ;lr , eg,’i/" ]] is R-controllable, and both
controllable and stabilizable in the behavioral sense.

(iv) Again, we have
Bkl .00 =0

whence, in dependence on §;, we can infer the same properties as in (iii).
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Due to

%[NKI' v[I(i voxl-,()] = {0}7

the system [N, Iy;, 0, 0l is never controllable at infinity, but always R-
controllable and both controllable and stabilizable in the behavioral sense.
[Nk, Lc;, O, 0] is strongly controllable if, and only if, x; = 1.

The system [1,,_, Az, O o] satisfies

%[I"E’A?*On;,o] — {eAZ-"XO | xO e an}’

whence it is controllable at infinity, but neither strongly controllable nor con-
trollable in the behavioral sense nor R-controllable. The properties of being
complete and strong stabilizability and stabilizability in the behavioral sense
are attained if, and only if, o (Az) C C_.

By using the implications shown in Proposition 2.4, we can deduce the following
for the systems arising in the feedback form:

[o;] [y]
U+ Ny e 1|IKp; o Ly O —1.01|[Ly, « Ko eyi MK L], 05; 01| [N s Ty Oy 01| Uz Az O o]

coptrol}able v/ 4 sy=1 &8 =1 X v
at infinity
impulse v/ v/ Sy=1 &6 =1 k=1 v
controllable
completely v V4 sy=1 &5 =1 X X
controllable
completely v v sy =1 &8 =1 X X
reachable
strongly v v sy=1 &8 =1 SKi=1 X
controllable
strongly v v sy=1 &5 =1 Ski=1 X
reachable

Az)
completely v/ v/ sy =1 &8 =1 X © ol
stabilizable ' ' cC-
strongly v v syi=1 &86=1 SKki=1 @ o4
stabilizable ’ ' l cC-
R-control- v v/ v v v X
lable
controllable
in the be- v v v v v X
havioral
sense
stabilizable
in the be- v/ 4 v v v & 0 (Ag)
havioral cC-
sense

Corollary 3.4 A system [E, A, B] € Xy n.m with feedback form (3.10) is

(a)
(b)
(©)

controllable at infinity if, and only if, y = (,...,1), §=(,...,1) and
L(k)=0;

impulse controllable if, and only if, y = (1,...,1),6=(,...,1) and k =
(1,....1);

strongly controllable (and thus also strongly reachable) if, and only if, y =
a,....,n,6=1,....,10),«k=(,...,1) and ns =0;
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(d) completely controllable (and thus also completely reachable) if, and only if,
y={,....,1),§=(,...,1)and £(k) =ns =0;

(e) R-controllable if, and only if, nz = 0;

(f) controllable in the behavioral sense if, and only if, nz = 0;

(g) strongly stabilizable if, and only if, y = (1,...,1),§=(1,..., 1), £(x) =0,
and o (Ag) C C_;

(h) completely stabilizable if and only if, y = (1,...,1), § =(,...,1), k =
1,...,1),and o (Az) CC_;

(i) stabilizable in the behavioral sense if, and only if, 0 (Ag) € C_.

Remark 3.8 (Parametrization of the behavior of systems in feedback form) With the
findings in Remark 3.7, we may explicitly characterize the behavior of systems in
feedback form. Define

Vi) =[1,5,...,5]" eR[sT!
and, for some multi-index p = (iy,..., u;) € N,
Vi (s) = diag(Vyi, (5), ..., Vi, (8)) € R[s]HH40)
W, (s) = diag(s*1, ..., s") e R[s]* -0,
Further let u + k := (u1 +k, ..., u; + k) for k € Z, and

PR R = # (RR) x e x # (R R).

loc loc

Then the behavior of a system in feedback form can, formally, be written as

[ Va1 () 0 0 0]
0 Vesi(d)y 00
X 0 0 0 Hos (R R)
0 0 0 0 Pply

%[EwA-,B] = 0 0 0 0 7/100 (R; R) ,
0 0 eAc_“ 0 R"e
Wa (5 0 0 0| LZ R R0t

0 0 0 0

. 0 0 0 I

where the sizes of the blocks are according to the block structure in the feedback
form (3.10) and the horizontal line is the dividing line between x- and u-variables.
If the system [E, A, B] € Xk . is not in feedback form, then a parametrization
of the behavior can be found by using the above representation and relation (3.2)
expressing the connection between behaviors of feedback equivalent systems.

For general differential behaviors, a parametrization of the above kind is called
image representation [128, Sect. 6.6].
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Remark 3.9 (Derivative feedback) A canonical form under proportional and deriva-
tive feedback (PD feedback) was derived in [105] as well (note that PD feedback
defines an equivalence relation on Xy , ;). The main tool for doing this is the re-
striction pencil (see Remark 2.1(xi)): Clearly, the system

NEx = NAx,
u= B (Ex — Ax)
is equivalent, via PD feedback, to the system

NEx = NAx,
u=0.

Then putting s N E — N A into Kronecker canonical form yields a PD canonical form
for the DAE system with a 5 x 4-block structure.

We may, however, directly derive this PD canonical form from the normal

form (3.10). To this end we may observe that the system [Ial.,NaTi, el[)[‘fi]] can be

written as

Ko Xe[i)(t) = Lo; xefif (1), Xefil,er (8) = uefi) (1),

and hence is, via PD feedback, equivalent to the system

Lo LU L0

On the other hand, the system [L—:, K yTl , eg,?i]] can be written as

Ny, —1Xop[i1(t) = Xop[i1(£), Xoblil,yi—1 (1) = Uop[i1 (1),

and hence is, via PD feedback, equivalent to the system

Ikl

A canonical form for [E, A, B] € X} ».m under PD feedback is therefore given by

Ksg 0 0 0 Lg 0 0 0 0 0
0 K, 0 0 0 Lj 0 0 0 0
[E,A,B]~pp 0 0O N O, O 0 I O f,]0 O s
0 0 0 I 0 0 0 Az 0 0
0 0 0 0 0 0 0 0 I, 0

where Ag is in Jordan canonical form, and the blocks of each type are ordered from
largest dimension to lowest.

Note that the properties of complete controllability, controllability at infinity and
controllability in the behavioral sense are invariant under PD feedback. However,



Controllability of Linear Differential-Algebraic Systems—A Survey 29

since derivative feedback changes the set of differential variables, the properties of
strong controllability as well as impulse controllability may be lost/gained after PD
feedback.

Remark 3.10 (Connection to Kronecker form) We may observe from (3.1) that
feedback transformation may be alternatively considered as a transformation of the
extended pencil

s& —a =[sE—A, —B], (3.12)
that is based on a multiplication from the left by # = W € Gl (R), and from the
right by

T 0
T = [F v} € Glyim(R).

This equivalence is therefore a subclass of the class which is induced by the pre-
and post-multiplication of s& — &/ by arbitrary invertible matrices. Loosely speak-
ing, one can hence expect a normal form under feedback equivalence which spe-
cializes the quasi-Kronecker form of s& — 7. Indeed, the latter form may be
obtained from the feedback form of [E, A, B] by several simple row transforma-
tions s& — </ which are not interpretable as feedback group actions anymore.
More precisely, simple permutations of columns lead to the separate considera-
tion of the extended pencils corresponding to the systems (3.11a)—(3.11f): The ex-
tended pencils corresponding to [1,, NOI, el[ﬁ"]] and [Kg;, Lg;, 0y, 0] are s Ky, — Ly,
and sKg, — Lg,, resp. The extended matrix pencil corresponding to the system
[L;, K yT, , e)[,},/"]] is given by sN,, — I,,. The extended matrix pencils correspond-
ing to the systems [K;, LBT," 0s;,01, [Ni;» Li;» Ok, 0] and [1,,_, Az, Oz o] are obviously
given by sKy — Lj, sNy, — I, and sI,,. — Ag, respectively. In particular, 1 € C is
a generalized eigenvalue of s& — 7, if, and only if, A € 0 (A7).

Remark 3.11 (Minimality in the behavioral sense)

(i) According to Remark 3.1, a differential-algebraic system [E, A, B] € Xk y.m
is minimal in the behavioral sense, if, and only if, the extended pencil s& — &7
as in (3.12) has full row rank as a matrix with entries in the field R(s). On the
other hand, a system [E, A, B] € X ,, » with feedback form (3.10) satisfies

tkp(s)(s& — ) =k — £(5).
Using that rkr)(s€ — /) is invariant under feedback transformation (3.1),

we can conclude that minimality of [E, A, B] € X ., in the behavioral sense
corresponds to the absence of blocks of type (3.11d) in its feedback form.
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The findings in Remark 3.4 imply that a system in feedback form is, in the
behavioral sense, equivalent to

Iy 0 0000 N;O O 0 00 E, 00
0 Kg000 0 0Lg O 0 00 0 00
0 00000 0 0K 0 00 0 E,0
0 00000 || 0 O O Is—¢) 0 0 || 0 00
0 00000 0 00 0 10 0 00
0 000017, 000 0 0 Az 0 00

This system can alternatively be achieved by multiplying the extended pen-
cil (3.12) in feedback form (3.10) from the left with the polynomial matrix

vy, —1 ve—1
Z(s):diag(1a|,1,3_z(ﬁ), Z sENE, Ps(s), — Zska )

where v, =max{y1, ..., ¥ey)}, e =max{ky, ..., keu)}, and

§i—2
Ps(s) = diag ([o,sil,l, -y sk(NsT-ﬂ"D
k=0

Let a differential-algebraic system [E, A, B] € X , » be given. Using the no-
tation from (3.10) and the previous item, a behaviorally equivalent and minimal
system [Ep, Ay, Byl € Xik—¢(5),n,m can be constructed by

..... £©)

[sEy —Am., —Bu|=Z(W[sE—A, -B].

It can be seen that this representation is furthermore controllable at infinity.
As well, it minimizes, among all differential-algebraic equations representing
the same behavior, the index and the rank of the matrix in front of the state
derivative (that is, loosely speaking, the number of differential variables). This
procedure is very closely related to index reduction [96, Sect. 6.1].

4 Criteria of Hautus Type

In this section we derive equivalent criteria on the matrices E, A € Rk B e Rkm
for the controllability and stabilizability concepts of Definition 2.1. The criteria are
generalizations of the Hautus test (also called Popov—Belevitch—Hautus test, since
independently developed by Popov [129], Belevitch [17] and Hautus [68]) in terms
of rank criteria on the involved matrices. Note that these conditions are not new—
we refer to the relevant literature. However, we provide new proofs using only the
feedback normal form (3.10).

First we show that certain rank criteria on the matrices involved in control sys-
tems are invariant under feedback equivalence. After that, we relate these rank cri-
teria to the feedback form (3.10).
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Lemma 4.1 Let [E1, A1, B1], [E2, A2, B2] € Xy n.m be given such that for W €
Gl;(R), T € Gl,(R), V € Gl,,(R) and F € R™", we have

W.T,V,F
[E1, Ay, Bi] ~7. [E2, Az, Bal.
Then

img E; +imp A| +img B; =W - (img E; + img Ay + img By),
img E; + Ay -kerg E| +img By =W - (img E; + A» - kerg E» 4+ imp Byp),
img Ey +img B; =W - (img E> + img B),
imc(AE; — A1) +imc By =W - (imc(AE2 — Az) +imc By)  forall A€ C,

imR(‘y) (SE1— A1)+ imR(S) B =W. (imR(s)(SEz —A)) + imR(s) Bz).
Proof Immediate from (3.1). O

Lemma 4.2 (Algebraic criteria via feedback form) Fora system [E, A, B] € Xk y.m
with feedback form (3.10) the following statements hold true:

(@)
imp E +imgp A +imp B =imp E + img B
S y=({,....1),6=(,..., 1), k) =0.
(b)
imp £ +imp A+ img B=imgp E 4+ A -kerg E + imp B
—y={,....,D),=01,...,),k=(1,..., 1).
(©

imc E +imc A +imgr B =imc(ALE — A) +imc B
<—5=(,...,1),A¢ 0(Ap).

(d) For A € C we have
dim(impgs) (sE — A) + imp(s) B) = dim(imc(AE — A) + imc B)

<:>)\.¢U(AE).

Proof Ttis, by Lemma 4.1, no loss of generality to assume that [E, A, B] is already
in feedback normal form. The results then follow by a simple verification of the
above statements by means of the feedback form. g
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Combining Lemmas 4.1 and 4.2 with Corollary 3.4, we may deduce the follow-
ing criteria for the controllability and stabilizability concepts introduced in Defini-

tion 2.1.

Corollary 4.3 (Algebraic criteria for controllability/stabilizability)

Let a system

[E, A, Bl € X} ».m be given. Then the following holds:

[E,A,B]is

if, and only if,

controllable at
infinity

imgp E +imp A +img B =imp E + imp B.

impulse control-

lable

imp E +imgp A +imp B =img E + A - kerg E + imp B.

completely con-
trollable

img E +imp A +img B =img E + img B

Aimc E +imc A +imc B =imc(AE — A) +imc B VA € C.

strongly control-
lable

imp E+imp A +img B=A -kerg E + imp B
Aimc E +imc A +im¢c B =imc(AE — A) +imc B YA € C.

completely stabi-
lizable

img E +imp A +img B =img E + imr B

Aim(cE-I—im(cA-i-im(cB:imc()»E—A)+ichV)\EC+.

strongly stabiliz-
able

imgp £ +imr A +img B =img E + A - kerg E + img B

Aimc E 4+img A + imc B =imc(AE — A) +imc BVA € C,..

controllable in
the behavioral
sense

rkp(s)[SE — A, Bl =rkc[AE — A, B] VA € C.

stabilizable in
the behavioral
sense

tkr(s)[SE — A, Bl =tkc[LE — A, B]VA € C,..

The above result leads to the following extension of the diagram in Proposi-

tion 2.4. Note that the equivalence of R-controllability and controllability in the

behavioral sense was already shown in Corollary 3.4.
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controllable completely

completely completely
at infinity : controllable : ¢ reachable . stabilizable
impulse strongly strongly strongly

controllable : : controllable  : : reachable ] :  stabilizable

controllable ] . stabilizable

in the ] :  R-control- © in the
. <> = .
behavioral ] :  lable : i behavioral

sense © i sense

....................................................

In the following we will consider further criteria for the concepts introduced in
Definition 2.1.

Remark 4.1 (Controllability at infinity) Corollary 4.3 immediately implies that con-
trollability at infinity is equivalent to

imgp A Cimg E + imp B.
In terms of a rank criterion, this is the same as
rkr[E, A, B] =1kg[E, B]. 4.1

Criterion (4.1) has first been derived by Geerts [61, Thm. 4.5] for the case
tk[E, A, B] =k, although he does not use the name “controllability at infinity”.
In the case of regular s E — A € R[s]™", condition (4.1) reduces to

rkr[E, B] =n.

Remark 4.2 (Impulse controllability) By Corollary 4.3, impulse controllability of
[E, A, B] € X} n.m is equivalent to

imp A Cimgp E 4+ A - kerg E + imp B.

Another equivalent characterization is that, for one (and hence any) matrix Z with
imp(Z) = kerr (E), we have

tkrl[E, A, Bl =1kgr[E, AZ, B]. 4.2)
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This has first been derived by Geerts [61, Rem. 4.9], again for the case tk[E, A, B] =
k. In [75, Thm. 3] and [71] the result has been obtained that impulse controllability
is equivalent to

E 0 O
rkR[A E Bi|=l‘k]R[E,A,B]+I‘kRE,

which is in fact equivalent to (4.2). It has also been shown in [75, p. 1] that impulse
controllability is equivalent to

rkp(s)(s& — /) =1kg[E, A, B].

This criterion can be alternatively shown by using the feedback form (3.10). Using
condition (3.5) we may also infer that this is equivalent to the index of the extended
pencil s& — o7 € R[s]%"+™" being at most one.

If the pencil s E — A is regular, then condition (4.2) reduces to

tkr[E, AZ, B]=n.

This condition can be also inferred from [49, Th. 2-2.3].

Remark 4.3 (Controllability in the behavioral sense and R-controllability) The con-
cepts of controllability in the behavioral sense and R-controllability are equivalent
by Corollary 3.4. The algebraic criterion for behavioral controllability in Corol-
lary 4.3 is equivalent to the extended matrix pencil s& — &7 € R[s]*"*" having
no generalized eigenvalues, or, equivalently, in the feedback form (3.10) it holds
ng = 0.

The criterion for controllability in the behavioral sense is shown in [128,
Thm. 5.2.10] for the larger class of linear differential behaviors. R-controllability
for systems with regular sE — A was considered in [49, Thm. 2-2.2], where the
condition

tkc[\E —A,Bl=n V¥reC

was derived. This is, for regular s E — A, in fact equivalent to the criterion for be-
havioral stabilizability in Corollary 4.3.

Remark 4.4 (Complete controllability and strong controllability) By Corollary 4.3,
complete controllability of [E, A, B] € Xk ,.» is equivalent to [E, A, B] be-
ing R-controllable and controllable at infinity, whereas strong controllability of
[E, A, B] € X} »n.misequivalentto [E, A, B] being R-controllable and impulse con-
trollable.

Banaszuk et al. [12] already obtained the condition in Corollary 4.3 for complete
controllability considering discrete systems. Complete controllability is called .7’-
controllability in [12]. Recently, Zubova [171] considered full controllability, which
is just complete controllability with the additional assumption that solutions have to
be unique, and obtained three equivalent criteria [171, Sect. 7], where the first one
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characterizes the uniqueness and the other two are equivalent to the condition for
complete controllability in Corollary 4.3.

For regular systems, the conditions in Corollary 4.3 for complete and strong con-
trollability are also derived in [49, Thm. 2-2.1 & Thm. 2-2.3].

Remark 4.5 (Stabilizability) By Corollary 4.3, complete stabilizability of [E, A, B]
€ Xk.n.m 1s equivalent to [E, A, B] being stabilizable in the behavioral sense and
controllable at infinity, whereas strong stabilizability of [E, A, B] € X} , m 1S equiv-
alent to [E, A, B] being stabilizable in the behavioral sense and impulse control-
lable.

The criterion for stabilizability in the behavioral sense is shown in [128,
Thm. 5.2.30] for the class of linear differential behaviors.

Remark 4.6 (Kalman criterion for regular systems) For regular systems [E, A, B] €
2y.n.m With det(sE — A) € R[s] \ {0} the usual Hautus and Kalman criteria can be
found in a summarized form e.g. in [49]. Other approaches to derive controllability
criteria rely on the expansion of (sE — A)~! as a power series in s, which is only
feasible in the regular case. For instance, in [115] the numerator matrices of this
expansion, i.e., the coefficients of the polynomial adj(s E — A), are used to derive a
rank criterion for complete controllability. Then again, in [90] Kalman rank criteria
for complete controllability, R-controllability and controllability at infinity are de-
rived in terms of the coefficients of the power series expansion of (sE — A)~!. The
advantage of these criteria, especially the last one, is that no transformation of the
system needs to be performed as it is usually necessary in order to derive Kalman
rank criteria for DAEs, see e.g. [49].

However, simple criteria can be obtained using only a left transformation of little
impact: if « € R is chosen such that det(w E — A) # 0 then the system is complete
controllable if, and only if, [170, Cor. 1]

tkp[(@E — A)7'B, ((@E — A)'E)(@E — A)7'B, ...

o (@E=A)'E) " (@E - A)'B]=n,
and it is impulse controllable if, and only if, [170, Thm. 2]
img(¢E — A)"'E + ker(wE — A)"'E +imp(«E — A)"'B=R".

The result concerning complete controllability has also been obtained in [41,
Thm. 4.1] for the case A = I and o = 0.

Yet another approach was followed by Kucera and Zagalak [94] who introduced
controllability indices and characterized strong controllability in terms of an equa-
tion for these indices.
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5 Feedback, Stability and Autonomous Systems

State feedback is, roughly speaking, the special choice of the input being a function
of the state. Due to the mutual dependence of state and input in a feedback system,
this is often referred to as closed-loop control. In the linear case, feedback is the
imposition of the additional relation u(¢t) = Fx(t) for some F € R™", This results
in the system

Ex(t) = (A+ BF)x().

Feedback for linear ODE systems was studied by Wonham [165], where it is shown
that controllability of [/, A, B] € X, ,.m is equivalent to any set A € C which has
at most n elements and is symmetric with respect to the imaginary axis (that is,
L € A & A€ A) being achievable by a suitable feedback, i.e., there exists some
F e R™" with the property that o (A + BF) =TI. In particular, the input may be
chosen in a way that the closed-loop system is stable, i.e., any state trajectory tends
to zero. Using the Kalman decomposition [82] (see also Sect. 7), it can be shown for
ODE systems that stabilizability is equivalent to the existence of a feedback such
that the resulting system is stable.

These results have been generalized to regular DAE systems by Cobb [43], see
also [49, 57, 102, 103, 121, 123]. Note that, for DAE systems, not only the problem
of assignment of eigenvalues occurs, but also the index may be changed by imposing
feedback.

The crucial ingredient for the treatment of DAE systems with non-regular pencil
s E — A will be the feedback form by Loiseau et al. [105] (see Thm. 3.3).

5.1 Stabilizability, Autonomy and Stability

The feedback law u(#) = Fx(t) applied to (2.1) results in a DAE in which the input
is completely eliminated. We now focus on DAEs without input, and we introduce
several properties and concepts. For matrices E, A € RF", consider a DAE

Ex(t) = Ax(1). (5.1)
Its behavior is given by

BIE, Al = {x ewl! (R; IR") | x satisfies (5.1) for almost all ¢ € R}.

loc

Definition 5.1 (Stability/Stabilizability concepts for DAEs, autonomous DAEjs)
A linear time-invariant DAE [E, A] € X , is called

(a) completely stabilizable

o Vx'eR"Ax € B, A1:x(0) = xOA llim x(t) =0;
—00
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(b) strongly stabilizable
& Vx0 e R"3x € Big a): Ex(0) = Ex° A Jlim x (1) =0;
(¢) stabilizable in the behavioral sense
6 Vx € Bip ai3xo € Bre,ay: (Vi < 0:x(t) =x0(t)) A Jim xo(r) =0;
(d) autonomous
& Vx1,x2 € Biga): (V< 0:x1(1) =x2(1)) = (V1 € R:x (1) = x2(0));
(e) completely stable
6 {x(0) | x € Big a)} =R" AVx € B ay: tl_i)rgox(t) =0;
(d) strongly stable
:& {Ex(0) | x € Bg a1} =img E AVx € Big 4 t lim x(r) =0;
(g) stable in the behavioral sense

& Vx € B A tl_i)rgox(t) =0.

Remark 5.1 (Stabilizable and autonomous DAEs are stable) The notion of auton-
omy is introduced by Polderman and Willems in [128, Sect. 3.2] for general behav-
iors. For DAE systems Ex(t) = Ax(t) we can further conclude that autonomy is
equivalent to any x € *B|g 4] being uniquely determined by x(0). This gives also
rise to the fact that autonomy is equivalent to dimg B(g 4] < n which is, on the
other hand, equivalent to dimg ‘B[ 4] < oc. Autonomy indeed means that the DAE
is not underdetermined.

Moreover, due to possible underdetermined blocks of type [Kg, Lg, 0,5/—¢(8),0]
in general there are solutions x € B[g 4] which grow unboundedly. As a conse-
quence, for a quasi-Kronecker form of any completely stable, strongly stable or be-
havioral stable DAE, ¢(8) = 0 holds. Hence, systems of this type are autonomous.
In fact, complete, strong and behavioral stability are equivalent to the respective
stabilizability notion together with autonomy, cf. also Corollary 5.1.

In regard of Remark 3.4 we can infer the following:
Corollary 5.1 (Stability/Stabilizability criteria and quasi-Kronecker form) Let

[E, A] € Xk, and assume that the quasi-Kronecker form of sE — A is given by
(3.3). Then the following holds true:
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[E, Al is if, and only if,

completely stabilizable | £(a) =0,y =(1,...,1) and 0 (Ay) CC_.

strongly stabilizable a=(,...,),y=(1,...,D)and o (A;) CC_.

stabilizable in the

behavioral sense o(4) < C-.

autonomous £(B) =0.

completely stable La)=0,(8)=0,y=(,...,1)and o (A;) CC_.
strongly stable a=(,...,D),B)=0,y=(1,...,1)and 0 (A;) CC_.

stable in the

behavioral sense t(p)=0,0(A;) cC-.

The subsequent algebraic criteria for the previously defined notions of stabiliz-
ability and autonomy can be inferred from Corollary 5.1 by using further arguments
similar to the ones of Sect. 4.

Corollary 5.2 (Algebraic criteria for stabilizability) Let [E, A] € Xk . Then the
following holds true:

[E, A]is if, and only if,

imr A Cimg E and tkre) (SE — A) =rkc(AE — A)

completely stabilizable forallneT,

imr A Cimg E + A - kerg E and tkgs)(sE — A) =

strongly stabilizable tkeLE — A) forall & e ..

stabilizable in the

behavioral sense tkr(s)(SE — A) =1tkc(AE — A) forall . € C;..

autonomous kerg(s)(sE — A) = {0}.

Corollary 5.2 leads to the following implications:
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: :  stabilizable in
=> the behavioral
] i sense

completely strongly
stabilizable . stabilizable

: : stable in the
=>: behavioral
] :  sense

completely strongly

stable : :  stable

..........................

index at most :
autonomous ]

one

Remark 5.2

®

(i)

(iii)

52

Strong stabilizability implies that the index of sE — A is at most one. In the
case where the matrix [E, A] € R¥2% has full row rank, complete stabilizability
is sufficient for the index of s E — A being zero.

On the other hand, behavioral stabilizability of [E, A] together with the index
of s E — A being not greater than one implies strong stabilizability of [E, A].
Furthermore, for systems [E, A] € Xk , with tkr[E, A] = k, complete stabi-
lizability is equivalent to behavioral stabilizability together with the property
that the index of s E — A is zero.

For ODE:s the notions of complete stabilizability, strong stabilizability, stabiliz-
ability in the behavioral sense, complete stability, strong stability and stability
in the behavioral sense are equivalent.

The behavior of an autonomous system [E, A] satisfies dimp Bt 4] = ns,
where ng denotes the number of rows of the matrix A; in the quasi-Kronecker
form (3.3) of s E — A. Note that regularity of s E — A is sufficient for autonomy
of [E, A].

Autonomy has been algebraically characterized for linear differential behav-
iors in [128, Sect. 3.2]. The characterization of autonomy in Corollary 5.2 can
indeed be generalized to a larger class of linear differential equations.

Stabilization by Feedback

A system [E, A, B] € Z¢ . can, via state feedback with some F € R™", be
turned into a DAE [E, A + BF] € X ,. We now present some properties of
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[E, A+ BF] € X} , that can be achieved by a suitable feedback matrix F € R™".
Recall that the stabilizability concepts for a system [E, A, B] € Xk , » have been
defined in Definition 2.1.

Theorem 5.3 (Stabilizing feedback) For a system [E, A, B] € X n.m the following
holds true:

(a) [E, A, B] is impulse controllable if, and only if, there exists F € R™" such that
the index of sSE — (A + BF) is at most one.

(b) [E, A, B] is completely stabilizable if, and only if, there exists F € R™" such
that [E, A + BF] is completely stabilizable.

(c) [E, A, B] is strongly stabilizable if, and only if, there exists F € R™" such that
[E, A+ BF] is strongly stabilizable.

Proof (a) Let [E, A, B] be impulse controllable. Then [E, A, B] can be put into
feedback form (3.10), i.e., there exist W € Gl (R), T € Gl,,(R) and F € R™" such
that

W(sE—(A+BFT™"))T

sloy—NJ 0 0 0 0 0
0 sKg—Lg 0 0 0 0
0 0 sL]—K] 0 0 0
= v v . (52
0 0 0 sK{-L{ 0 0 ©2)
0 0 0 0 SN — L 0
0 0 0 0 0 sl — Az

By Corollary 3.4(b) the impulse controllability of [E, A, B] implies that y =
(1,...,1),6=(1,...,1) and « = (1,...,1). Therefore, we see that, with F =
FT~", the pencil sE — (A + BF) has index at most one as the index is preserved
under system equivalence.

Conversely, assume that [E, A, B] is not impulse controllable. We show that for
all F € R™" the index of sE — (A + BF) is greater than one. To this end, let F €
R™" and choose W € GI¢(R), T € G1,,(R) and F € R™" such that (3.10) holds.
Then, partitioning V-IYFT =[F; ili=1,...,3,j=1,...,6 accordingly, we obtain

.....

SE—A=W(SE—(A+BF+BFT™"))T

=W(SE—(A+BFT™"))T —WBVV~'FT

slg) — (Ng +EqF11) —EoFi2 —EyF13 —EqFla —EqFis —EqFis
0 sKg— Ly 0 0 0 0
3 —E, Fy ~EyFy sL] — (K] + E,Fy3) —Ey Fau —EyFs —E,F
- 0 0 0 sk —L] 0 0
0 0 0 0 " SNe—1Ig O
0 0 0 0 0 sl — Az
(5.3)

Now the assumption that [E, A, B] is not impulse controllable leads to y #
1,....1),8#,...,1) ork #(1,...,1). We will now show that the index of
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— (A4 BF + BFT Y is greater than one by showing this for the equiva-
lent pencil in (5.3) via applying the condition in (3.5): Let Z be a real matrix with
img Z = kerr E. Then

,_[0 2zl 00 o o]
o o 00 z] of"

where im Zy = ker Kg =im Eg and im Z; = ker N, = im E|.. Taking into account
that img E, C img L]—f, we obtain

img [ O —e@+1g1—eprk  Dyieisieicl Okns | [E AZ]

L;f 0 0 E,Fs2Z
=imp| O KaT 0 0
0 0 N Zy

On the other hand, we have

img O —e@)+1g1-tp)k  Dyiisiricl Oknz ][E A
L;l,— 0 0 K;—-FE)/FB E,Fy E,F;

=img| 0 K O 0 Ly 0
0 0 N 0 0 L
Since the assumption that at least one of the multi-indices satisfies y # (1, ..., 1),

§#(1,...,1),ork #(1,...,1) and the fact that im Z, = im E lead to

L;l,— 0 0 E,FyZ)
img| 0 K/ 0 0
0 0 N Zy
L) 0 0 KJ+EF3 E,Fu E/Fs
Cimg| 0 K 0 0 Ly U
0 0 Ne 0 0 L

and thus
imp[E Az]Cimg[E A],

we find that, by condition (3.5), the index of sE — (A + BF + BﬁT‘l) has to be
greater than one. Since F' was chosen arbitrarily we may conclude that sE — (A +
BF) has index greater than one for all ¥ € R™", which completes the proof of (a).
(b) If [E, A, B] is completely stabilizable, then we may transform the system
into feedback form (5.2). Corollary 3.4(h) implies y = (1,...,1), 6 =(1,...,1),
£(x) =0, and o (Az) € C_. Further, by [147, Thm. 4 20], there exists some F11 €
RI*-E@) guch that o (N, + EqFi1) € C_. Setting F := [F,,], 3=l
Fij=0fori#1or j#1, we find that with F = FT '+ VFT! the system
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[E, A+ BF]is completely stabilizable by Corollary 5.1 as complete stabilizability
is preserved under system equivalence.

On the other hand, assume that [E, A, B] is not completely stabilizable. We show
that for all F € R™" the system [E, A + B F] is not completely stabilizable. To this
end, let F € R™" and observe that we may do a transformation as in (5.3). Then the
assumption that [E, A, B] is not completely stabilizable yields y 7& 1,...,1),8#
(1,...,1), L) >0, oro(Ac)gZC_ fy#1....D,8# (..., 1) or lx) >0,
then imp A ¢ img E, and by Corollary 5.2 the system (E, A] is not completely
stabilizable. On the other hand, if Yy = (1,...,1),s=(1,...,1), £(x) =0, and
rea(Ap) N (C+, we find im¢ (AE A) Cimg E which 1mp11es

tkcE — A) <tke E=n—(B) — £(k) =n — £(B) X tkngy) G E — A).

Hence, applying Corollary 5.2 again, the system [E, A] is not completely stabiliz-
able. As complete stabilizability is invariant under system equivalence it follows
that [E, A + BF + BFT '] is not completely stabilizable. Since F was chosen
arbitrarily we may conclude that [E, A + B F] is not completely stabilizable for all
F € R™", which completes the proof of (b).

(c) The proof is analogous to (b). [l

Remark 5.3 (State feedback)

(i) If the pencil sE — A is regular and [E, A, B] is impulse controllable, then
a feedback F € R™" can be constructed such that the pencil sE — (A + BF) is
regular and its index does not exceed one: First we choose W, T', F such that we
can put the system into the form (5.2). Now, impulse controllability implies that
y=0,....,1),6d=(,...,1) and k = (1, ..., 1). Assuming £(8) > 0 implies
that any quasi-Kronecker form of the pencil sE — (A + BFT~! + BF) fulfills
£(y) > 0 (in the form (3.3)), a feedback F € R™" a5 the feedback cannot act
on this block, which contradicts regularity of s E — A. Hence it holds £(8) =
and from k = n we further obtain £(y) = £(8). Now applying another feedback
as in (5.3), where we choose Fy, = ET REP-IBL and F;j = 0 otherwise, we

sKg—Lp

~E}, ] is
regular, the result that s E — (A 4+ BF) is indeed regular with index at most one.

(i) The matrix Fp; in the proof of Theorem 5.3(b) can be constructed as follows:
For j =1,..., £(x), consider vectors

obtain, taking into account that E), = I (,) and that the pencil [

aj= —[ajajfl, .. ajol e RV,
Then, for
F11 = diag(al, ey a(g(a)) (S] Rk(a),la\

the matrix Ny, + E,Fi; is diagonally composed of companion matrices,
whence, for

pj(s)=s% +ajaj71so‘-f_1 +---+ajo € R[s]



Controllability of Linear Differential-Algebraic Systems—A Survey 43

the characteristic polynomial of N, + E, F1; is given by

£(a)
det(sljo) — (No + Ea Fi1)) = [ | pj (5)-
j=1

Hence, choosing the coefficients a;;, j =1,...,€(a), i =0,...,a; such that
the polynomials pi(s), ..., pe@)(s) € R[s] are all Hurwitz, i.e., all roots of
DP1(8), ..., Pea) (s) are in C_, we obtain stability.

5.3 Control in the Behavioral Sense

The hitherto presented feedback concept consists of the additional application of the
relation u(t) = Fx(t) to the system EXx(t) = Ax(t) + Bu(t). Feedback can there-
fore be seen as an additional algebraic constraint that can be resolved for the input.
Control in the behavioral sense, or, also called, control via interconnection [163]
generalizes this approach by also allowing further algebraic relations in which the
state not necessarily uniquely determines the input. That is, for given (or to be de-
termined) K = [K,, K,,] with K, € R"", K, € R we consider

-
%{%,A,B] ={(x,u) € Bg.a.p |Vt €R: (x", M(I)T) € kerg (K)}
=BE£.4.81 N B0y, Ky K,
We can alternatively write

K
%[E,A,B] = %[EK,AK]’

=[5 o [ &l

The concept of control in the behavioral sense has its origin in the works by Willems,
Polderman and Trentelman [18, 128, 146, 162, 163], where differential behaviors
and their stabilization via control by interconnection is considered. The latter means
a systematic addition of some further (differential) equations in a way that a desired
behavior is achieved. In contrast to these works we only add equations which are
purely algebraic. This justifies to speak of control by interconnection using static
control laws. We will give equivalent conditions for this type of generalized feed-
back stabilizing the system. Note that, in principle, one could make the extreme
choice K = I, to end up with a behavior %[IE’ .51 = {0} which is obviously au-
tonomous and stable. This, however, is not suitable from a practical point of view,
since in this interconnection, the space of consistent initial differential variables is
a proper subset of the initial differential variables which are consistent with the orig-
inal system [E, A, B]. Consequently, the interconnected system does not have the

where
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causality property—that is, the implementation of the controller at a certain time
t € R is not possible, since this causes jumps in the differential variables. To avoid
this, we introduce the concept of compatibility.

Definition 5.2 (Compatible and stabilizing control) The static control K =
[K,, K,], defined by K, € R\, K, € R s called

(a) compatible, if for any x0e ”i/[dE‘fg B)® there exists some (x, u) € %[KE, A.B] with
Ex(0) = Ex".
(b) stabilizing, if [EX, AX] € Xy, , is stabilizable in the behavioral sense.

Remark 5.4 (Compatible control) Our definition of compatible control is a slight
modification of the concept introduced by Julius and van der Schaft in [79] where
an interconnection is called compatible, if any trajectory of the system without con-
trol law can be concatenated with a trajectory of the interconnected system. This
certainly implies that the space of initial differential variables of the interconnected
system cannot be smaller than the corresponding set for the nominal system.

Theorem 5.4 (Stabilizing control in the behavioral sense) Let [E, A, B] € Xk y.m
be given. Then there exists a compatible and stabilizing control K = [K, K, ] with
K, e R\ K, e Rbm, if, and only if, [E, A, B] is stabilizable in the behavioral
sense. In case of [E, A, B] being stabilizable in the behavioral sense, the com-
patible and stabilizing control K can moreover be chosen such that [EX, AX] is
autonomous, i.e., the interconnected system [E K AK] is stable in the behavioral
sense.

Proof Since, by definition, [E, A, B] € X ,  is stabilizable in the behavioral sense
if, and only if, for s& — &/ = [sE — A, —B], the DAE [&, /] € Xk y+m is stabiliz-
able in the behavioral sense, necessity follows from setting [ = 0.

In order to show sufficiency, let K = [K, K, ] with K, € R K, € RI™ be
a compatible and stabilizing control for [E, A, B]. Now the system can be put into
feedback form, i.e., there exist W € Gl (R), T € GI,(R), V € Gl,,(R) and F €
R™" such that

sE—A B [w O|[sE-A B][ T 0
—K. K. |0 I|| K« K.||-F V]

where [E, A, B] is in the form (3.10). Now the behavioral stabilizability of

[EX, AK] implies that the system [EX, AK] := [[158],[]? I?]] is stabiliz-
able in the behavioral sense as well. Assume that [E, A, B] is not stabilizable
in the behavioral sense, that is, by Corollary 3.4(i), there exists A € o (Az) N
C4. Hence we find xg € R \ {0} such that Agxg = Axg. Then, with x(-) :=
©.....0, (€x) )T, we have (x,0) € B; ;- As x(0) € "V[dElf;B] =7
“//[%‘i’ B)’ the compatibility of the control K implies that there exists
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(%, 1) € %{;,A,B, with EX(0) = ETx(0). This gives (WET)T ~'%(0) = WETx(0)
and writing T~'%(t) = (X1(1) T, ..., %(t) ") T with vectors of appropriate size, we
obtain x¢(0) = xg. Since the solution of the initial value problem y = Azy, y(0) =
xg, is unique, we find x¢(¢) = e“xg for all r € R. Now (T~ '%, —V-lFT- 1% +
vl e Bipx jixy and as for all (£, 4) € Bk jxy with (X (1), (1)) = (T %),
—VYFT1'% + V7 la(@)) for all + < 0 we have %6(7) = %6(7) for all + € R, and
X6(t) 100 0 since A € @Jr, this contradicts that [E K, AK ] is stabilizable in the
behavioral sense.

It remains to show the second assertion, that is, for a system [E, A, B] €
Yk.nm that is stabilizable in the behavioral sense, there exists some compat-
ible and stabilizing control K such that [EX, AX] is autonomous: Since, for
[E1, A1, Bil, [E2, A2, B2] € Xy p.m With

W,T,V,F T O
[E1, A1, Bl " ~f. [Ez, A2, B2, KreR'M™ and K =K2|:F V]’
the behaviors of the interconnected systems are related by

T O K k2
|:F V]%[EI,AI,BI]_%[EZvAZvBZ]’

it is no loss of generality to assume that [E, A, B] is in feedback form (3.10), i.e.,

SE—A
_S1|a| — Ny 0 0 0 0 0
0 sKg—Lg 0 0 0 0
B 0 0 skj-L, 0 0 0
- 0 0 0 skj—-L{ 0 0 ’
0 0 0 0 SN — Iy 0
0 0 0 0 0 sl —Ag
Eq

coocoo
cooloo
coococoo

Let Fi; € RY®):1@l guch that det(s Ijq — (Ng + Eq F11)) is Hurwitz. Then the DAE

Iy 0]. . [Ne Ea
[0 O}Zm_[ﬂl —IZ(M]ZO)

is stable in the behavioral sense. Furthermore, by reasoning as in Remark 5.3(ii), for

aj; =[ajﬂj,2,...,ajo, 1] e RVAi
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with the property that the polynomials
pj(s) =shi +aj,3j_1sﬂf_l +---+ajo € R[s]
are Hurwitz for j =1, ..., £(«), the choice
K, =diag(ay, ..., a¢p)) € RBIBI

leads to an autonomous system

Kgl|. . |Lg
[ 0 }z(t) = [Kx]z(t),
which is also stable in the behavioral sense. Since, moreover, by Corollary 3.4(i),
we have o (Ag) € C_, the choice
K — Fpu 0 0 0 O O
10 K. 00 0O 0 0 0
leads to a behavioral stable (in particular autonomous) system. Since the differential
variables can be arbitrarily initialized in any of the previously discussed subsystems,
the constructed control is also compatible. g

6 Invariant Subspaces

This section is dedicated to some selected results of the geometric theory of
differential-algebraic control systems. Geometric theory plays a fundamental role
in standard ODE system theory and has been introduced independently by Wonham
and Morse and Basile and Marro, see the famous books [16, 166] and also [147],
which are the three standard textbooks on geometric control theory. In [100] Lewis
gave an up-to-date overview of the geometric theory of DAEs. As we will do here
he put special emphasis on the two fundamental sequences of subspaces ¥#; and %;
defined as follows:

¥ :=R", Vi1 =AY (EY +img B) CR", ”f/*:=ﬂ"f/zw

ieNp

Y=}, Hip=E '(A¥+imgB)CR",  #*:=|] W

ieNy

The sequences (¥)ien and (#;)ieN are called augmented Wong sequences.
In [22, 23, 26] the Wong sequences for matrix pencils (i.e., B = 0) are investi-
gated, the name chosen this way since Wong [164] was the first one who used both
sequences for the analysis of matrix pencils. The sequences (¥;);en and (#);eN
are no Wong sequences corresponding to any matrix pencils, which is why we call
them augmented Wong sequences with respect to control systems (2.1). In fact, the
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Wong sequences (with B = 0) can be traced back to Dieudonné [53], who focused
on the first of the two Wong sequences. Bernhard [27] and Armentano [6] used the
Wong sequences to carry out a geometric analysis of matrix pencils. They appear
also in [3, 4, 95, 150].

In control theory, that is, when B # 0, the augmented Wong sequences have
been extensively studied by several authors, see e.g. [99, 112, 113, 118, 119, 121,
122, 152] for regular systems and [3, 13-15, 29, 30, 56, 100, 105, 120, 130] for
general DAE systems. Frankowska [58] did a nice investigation of systems (2.1)
in terms of differential inclusions [8, 9], however, requiring controllability at in-
finity (see [58, Prop. 2.6]). Nevertheless, she is the first to derive a formula for the
reachability space [58, Thm. 3.1], which was later generalized by Przytuski and Sos-
nowski [130, Sect. 4] (in fact, the same generalization has been announced in [105,
p- 296], [100, Sect. 5] and [15, p. 1510], however, without proof); it also occurred
in [56, Thm. 2.5].

Proposition 6.1 (Reachability space [130, Sect. 4]) For [E, A, B] € Xy n.m and
limits V* and W of the augmented Wong sequences we have

%[E,A,B] =V*NyY*.

It has been shown in [13] (for discrete systems), see also [14, 15, 30, 120], that
the limit #* of the first augmented Wong sequence is the space of consistent initial
states. For regular systems this was proved in [99].

Proposition 6.2 (Consistent initial states [13]) For [E, A, B] € X p.m and limit
V* of the first augmented Wong sequence we have

NE. A=V

Various other properties of ¥* and #* have been derived in [13] in the context
of discrete systems.

A characterization of the spaces 7 and #* in terms of distributions is also
givenin [130]: ¥* + kerp E is the set of all initial values such that the distributional
initial value problem [130, (3)] has a smooth solution (x, u); #* is the set of all
initial values such that [130, (3)] has an impulsive solution (x, u); ¥™* + #* is the
set of all initial values such that [130, (3)] has an impulsive-smooth solution (x, u).

For regular systems Ozcaldiran [119] showed that #* is the supremal (A, E;
imp B)-invariant subspace of R"” and #* is the infimal restricted (E, A; img B)-
invariant subspace of R”. These concepts, which have also been used in [3, 13, 99,
113] are defined as follows.

Definition 6.1 ((A, E; img B)- and (E, A; img B)-invariance [119]) Let [E, A, B]
€ Zk.n.m- A subspace ¥ CR" is called (A, E; img B)-invariant if, and only if,

AY CEY +img B.
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A subspace # C R" is called restricted (E, A; imr B)-invariant if, and only if,
W =E Y (A +img B).

It is easy to verify that the proofs given in [119, Lems. 2.1 & 2.2] remain the
same for general E, A € R" and B € R""™—this was shown in [13] as well. For
¥* this can be found in [3], see also [113]. So we have the following proposition.

Proposition 6.3 (Augmented Wong sequences as invariant subspaces) Consider
[E, A, Bl € Xk n.m and the limits V* and W™ of the augmented Wong sequences.
Then the following statements hold true.

(a) 7™ is (A, E; img B)-invariant and for any v C R" which is (A, E; img B)-
invariant it holds V' C V*;

(b) #* is restricted (E, A;img B)-invariant and for any # C R" which is re-
stricted (E, A; imp B)-invariant it holds W* C W .

It is now clear how the controllability concepts can be characterized in terms of
the invariant subspaces ¥ and #*. However, the statement about R-controllability
(behavioral controllability) seems to be new. The only other appearance of a sub-
space inclusion as a characterization of R-controllability that the authors are aware
of occurs in [41] for regular systems: if A = I, then the system is R-controllable
if, and only if, img E Dc (E D |B), where E D is the Drazin inverse of E, see Re-
mark 2.1(iv).

Theorem 6.4 (Geometric criteria for controllability) Consider [E, A, B] € Xk n.m
and the limits V* and W™* of the augmented Wong sequences. Then [E, A, B] is

(a) controllable at infinity if, and only if, V* = R";

(b) impulse controllable if, and only if, V* + kerg E = R" or, equivalently, EV™* =
imp E;

(¢) controllable in the behavioral sense if, and only if, V* C W'*,

(d) completely controllable if, and only if, V* N #™* = R",

(e) strongly controllable if, and only if, (V* N #'*) + kerg E = R" or, equivalently,
E(V*N#*) =img E.

Proof By Propositions 6.1 and 6.2 it is clear that it only remains to prove (c). We
proceed in several steps.

Step 1: Let [E1, A1, B1l, [E2, A2, B2] € Xy p.m such that for some W € Glx(R),
T € Gl,(R), V € Gl,;(R) and F € R™" it holds

W.T.V.F
[E1, AL, B1] ~fe [E2, A2, Ba].

We show that the augmented Wong sequences ”I/il, ”//il of [E, Ay, B1] and the
augmented Wong sequences ”I/l.2, 7/[2 of [Ey, Aj, B;] are related by

VieNg: % =172 Aw =172
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We proof the statement by induction. It is clear that % = T_l”//oz. Assuming that
”//l.l = T_l”//i2 for some i > 0 we find that, by (3.1),

Vb= AT (B +ims B)
={xeR"|[Iye ¥ ueR": W(ALT + BoT)x = WE,Ty + WB,Vu)

xeR"|Ize¥? eR": AyTx = Exz + Byv}

T (A (B2 +img By)) =T 7%,

1

The statement about 7/1.1 and 7/1.2 can be proved analogous.

Step 2: By Step 1 we may without loss of generality assume that [E, A, B] is
given in feedback form (3.10). We make the convention that if o € N is some multi-
index, then o — 1:=(ax; — 1, ...,y — 1). It not follows that

Vi eNo: % =R x R x imp N/ x img(N;_)" x img NI x R",  (6.1)

which is immediate from observing that KyT X = L; y + E,u for some x, y,u of
appropriate dimension yields x = N,,_1y and L:;rx = KST y for some x, y yields
X = N;_ly. Note that in the case y; =1 or §; = 1, i.e., we have a 1 x 0 block, we
find that N,, _; and Nj,_; are absent, so these relations are consistent.

On the other hand we find that

Vi € Ng : #; =kerg Né x kerp ng x kerp N;,_l X {0}“”‘“‘” x kerg N,i x {0},
6.2)
which indeed needs some more rigorous proof. First observe that img E, =
kerg Ny, kerg Kg = kerg Ng and (L;—)*l(imR E,) =imgr E,_| = kerg Ny,_1.
Therefore we have

#1 = E~'(img B)
= kerr Ny % kerg Ng x kerg N, _1 X [011=40) % kerg N, x {0V,

Further observe that N, N, = N, N Ni~! for all i € N and, hence, if x = Ny +
Equ for some x, u and y € kerg Nél_l it follows x € kerg N&. Likewise, if L;x =
KyTy + E,u for some x,u and y € kerg NJ’;__ll we find x = N;—_ly + E)/T_1” a.lnd
hence x € kerg N}’,fl. Finally, if Kgx = Lgy for some x and some y € kerg N/’g_1
it follows that by adding some zero rows we obtain Ngx = Ng N; y and hence, as

above, x € kerg N}’é. This proves (6.2).
Step 3: From (6.1) and (6.2) it follows that

y* — Rlel « RIBI imR{O}WI—f(V) x {O}VSI—K(S) x {O}IK\ x R"
w* =R x RIFI x imp RIYI740) 5 {0} 181—€@) » RIFI » 0}e.
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As by Corollary 3.4(f) the system [E, A, B] is controllable in the behavioral sense
if, and only if, nz = 0 we may immediately deduce that this is the case if, and only
if, ¥* C #*. This proves the theorem. O

Remark 6.1 (Representation of the reachability space) From Proposition 6.1 and
the proof of Theorem 6.4 we may immediately observe that, using the notation from
Theorem 3.3, we have

RE.A B = Tfl(R\Oll x RIBI imR{O}IV\*Z(V) % {O}IS\*Z(S) % {O}‘K‘ % {O}Vt?)'

7 Kalman Decomposition

Nearly 50 years ago Kalman [82] derived his famous decomposition of linear ODE
control systems. This decomposition has later been generalized to regular DAEs by
Verghese et al. [155], see also [49]. A Kalman decomposition of general discrete-
time DAE systems has been provided by Banaszuk et al. [14] (later generalized to
systems with output equation in [15]) in a very nice way using the augmented Wong
sequences (cf. Sect. 6). They derive a system

Ey Ep A Ap B
15wl aal[0]) 2

which is system equivalent to given [E, A, B] € X} , ,, with the properties that the
system [E11, A11, B1] is completely controllable and the matrix [E1, A1, B1] has
full row rank (strongly 7#-controllable in the notation of [14]) and, furthermore,
K\ Eny, Az, 00 = {0}

This last condition is very reasonable, as one should wonder what properties
a Kalman decomposition of a DAE system should have. In the case of ODEs the
decomposition simply is

Al App B .
[|: 0 A22:| , |: 0 ]:| , where [A11, B1] is controllable.

Therefore, an ODE system is decomposed into a controllable and an uncontrollable
part, since clearly [A22, 0] is not controllable at all. For DAEs however, the situa-
tion is more subtle, since in a decomposition (7.1) with [E1, A11, B1] completely
controllable (and [E11, A11, B1] full row rank) the conjectural “uncontrollable” part
[E22, A2, 0] may still have a controllable subsystem, since systems of the type
[Kg, Lg,0] are always controllable. To exclude this and ensure that all control-
lable parts are included in [E11, A11, B1] we may state the additional condition (as
in [14]) that

K1 Ey, 420,00 = {0}

This then also guarantees certain uniqueness properties of the Kalman decomposi-
tion. Hence, any system (7.1) with the above properties which is system equivalent
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to [E, A, B] we may call a Kalman decomposition of [E, A, B]. We cite the re-
sult of [14], but also give some remarks on how the decomposition may be easily
derived.

Theorem 7.1 (Kalman decomposition [14]) For [E, A, B] € Xk ».m, there exist
W e GI:(R), T € Gl,,(R) such that

w,T || Ei1r Enn Al Ap B
[E7A7B] se [[ O E22:|’|: 0 A22} ’ [ O }]7 (72)

with E1y, A1y € RMMUE 5, Ajp e RM2 Eny Ay € R¥272 and By € RKM™, such
that [Eqy1, Ar1, B1] € Xk, n,m s completely controllable, tkr[E11, A11, B1] = ki
and %[EzzyAzzyokQ,m] ={0}.

Remark 7.1 (Derivation of the Kalman decomposition) Let [E, A, B] € Xk .. be
given. The Kalman decomposition (7.2) can be derived using the limits ¥™* and #*
of the augmented Wong sequences presented in Sect. 6. It is clear that these spaces
satisfy the following subspace relations:

E(V*nW*) S (EV* +img B) N (A#* +img B),
A(P*NW*) C (EV* +img B) N (A#* +img B).

Therefore, if we choose any full rank matrices R; € R™", P € R""2 Ry €
Rkk1 Py e R:F2 such that

img Ry =7*N#*,  imgpRy=(EV* +img B) N (A#™* +img B),
img Ry @ img P; =R", imRRzéBimRPQIRk,

then [Ry, P1] € Gl,(R) and [R;, P»] € GI;(R), and, furthermore, there exists ma-
trices E11, Aq1 € Rkl’nl, Ep,Ap e Rkl’nz, Ex, Ay € Rk2:12 gych that

ER| = Ry E1, AR = Ry Ay,

EP = RyEp + PrEn, APy = RyApp + P Ag.
Since img B C (EY™* + img B) N (A#* 4+ img B) = imp R», there exists Bj €
R¥1-™ such that B = R,Bj. All these relations together yield the decomposi-

tion (7.2) with W = [Rp, P,]and T = [Ry, Py 17L. The properties of the subsystems
essentially rely on the observation that by Proposition 6.1

R ap =V NW*=img Ry =T '(R" x {0}"2).

Remark 7.2 (Kalman decomposition) It is important to note that a trivial reacha-
bility space does not necessarily imply that B = 0. An intriguing example which
illustrates this is the system

K
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Another important fact we like to stress by means of this example is that
B # 0 does no necessarily imply n; 7% 0 in the Kalman decomposition (7.2).
In fact, the above system [E, A, B] is already in Kalman decomposition with
ki=ky=1,n=0,np=1,m=1 and Ejp =1, A;p =0, By =1 as well as
Ey» =0, A = 1. Then all the required properties are obtained, in particular
tkr[E11, A11, B1] = rkr[1] = 1 and the system [E, A11, B1] is completely con-
trollable as it is in feedback form (3.10) with y = 1; complete controllability then
follows from Corollary 3.4. However, [E11, A11, B1] is hard to view as a control
system as no equation can be written down. Nevertheless, the space Z[g,,,4,,.B,]
has dimension zero and obviously every state can be steered to every other state.

We now analyze how two forms of type (7.2) of one system [E, A, B] € Xk n.m
differ.

Proposition 7.2 (Uniqueness of the Kalman decomposition) Let [E, A, B] €
Wi, T;
Xk.n.m be given and assume that, for all i € {1, 2}, the systems [E;, A;, Bi] ~e

[E, A, B] with

SEi— A; = |:SE11,1' —An,i sEni-— A12,ii| ’ B = |:Bl,i:|

0 sExp i —Axn; 0

where Eyyi, A € R B Ay € RAGM2i0 By Agy € RR2im2i,
B1,; € RKL™ satisfy

tkr [ Eii A Bii]|=kui

and, in addition, [E11;, A11,i, Be,il € ki imygum 18 completely controllable and
%[EZZ,iaAﬂ,iaokz’i.m] ={0}.

Then k1,1 = k1,2, k2,1 =ko 2, n1,1 =n12, n2,1 =na2. Moreover, for some W11 €
Gl , (R), Wiz e R\LR21 Wy € Gy, (R), Tip € Gy, (R), Tip € RMIM20, Ty €
Glnz, | (R), we have

“1_ | Wi Wi 1 | Th T
WaW, —|: 0 W22:|7 T, T2—|:O Ty |

In particular, the systems [E11.1, A11.1, B1,1], [E11.2, A11,2, B1.2] and, respectively,
[E2.1,A22.1,0], [E2,.2, A22.2, 0] are system equivalent.

Proof 1t is no loss of generality to assume that Wy = I, T1 = I,. Then we obtain
R x (0} = ZiE, a8 = T2 (£, Ay, B,) = T2 (R"2 x {0}).

This implies n; 1 =n12 and

T T,
T = |: (1)1 T121| for some 711 € Gl |, Ti2 € R Thy e Gl,, .
22 ! !
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Now partitioning

Wi Wi
Wy = s
2 [WZI W22:|

Wi € R¥L1k12 Wi € R¥L1:k2.2 W € R¥2.1:ke.2 Wa € R*2.1:k2.2

the block (2, 1) of the equations W1 E1T) = E», W1 A1T1 = A; and W B| = B; give
rise to

0=Wu[En2 Aunp Biz].

Since the latter matrix is supposed to have full row rank, we obtain W>; = 0. The
assumption of W, being invertible then leads to k1 1 < k; 2. Reversing the roles of
[E1, Ay, B1] and [E2, Az, Bz], we further obtain k1 < k1,1, whence k12 = ki 1.
Using again the invertibility of W, we see that both W;; and W, are invertible. [J

It is immediate from the form (7.2) that [E, A, B] is completely controllable if,
and only if, n1 = n. The following result characterizes the further controllability and
stabilizability notions in terms of properties of the submatrices in (7.2).

Corollary 7.3 (Properties induced from the Kalman decomposition) Consider
[E, A, Bl € X nm with

wT || Eilr En Anir Ap B
eam e[ e e [0 ]]
such that [E11, A1, B1] € Xy, n,,m is completely controllable, tkr[E11, A11, B1] =
ki and K\ £y, 42,01, 1 = {0}. Then the following statements hold true:

(a) tkr(s)(sE2n — A22) =na.

(b) If sE — A is regular, then both pencils sE11 — A1 and s Eyo — Ay are regular.
In particular, it holds k1 =n1 and ky = n».

(c) If[E, A, B] is impulse controllable, then the index of the pencil sEyy — A2 is
at most one.

(d) [E, A, B] is controllable at infinity if, and only if, imgr Az C impg E2).

(e) [E, A, B] is controllable in the behavioral sense if, and only if, tkg(s) (s E2p —
A2) =rkc(AEy — App) forall A € C.

(f) [E, A, B] is stabilizable in the behavioral sense if, and only if, tkg(s) (s Ex2 —
Ap) =tkc(AE2n — A) forall ) € @4_.

Proof (a) Assuming that rkrs) (s E22 — A22) < n, then, in a quasi-Kronecker (3.3)
form of s E2» — App, it holds £(8) > 0 by (3.6). By the findings of Remark 3.7(ii),
we can conclude Z|,,, A2.0k,.m] 7 {0}, a contradiction.

(b) We can infer from (a) that n, < k». We can further infer from the regularity
of sE — A that ny > k». The regularity of sE|; — Ay and s E2» — Ao, then follows
immediately from det(sE — A) =det(W - T) - det(s E11 — A11) - det(s Exp — A22).
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(c) Assume that [E, A, B] is impulse controllable. By Corollary 4.3 and the in-
variance of impulse controllability under system equivalence this implies that

. Al Ap . Enw En B AuZi+Apnz;
c
“nR[ 0 A22:|_lmR|: 0 Epn 0 AnZ }

where Z = [ZIF, Z;—]T is a real matrix such that imp Z = kerR[E(;' gg] The last

condition in particular implies that img Z; C kerr E27 and therefore we obtain
img Ay Cimpg E + A - kerg E,

which is, by (3.4), equivalent to the index of s E2» — As; being at most one.
(d) Since rkr[E11, A11, B1] = k1 and the system [E11, A1, B1] is controllable
at infinity, Corollary 4.3 leads to rkr[E11, B1] = k1. Therefore, we have

. E E B
1mR[ 11 12 1

— Rk« ;
0 Ep 0 i| =R* x imp E».

Analogously, we obtain

. Ein En An A Bi| _ ok oo .

img |: 0 Epy 0 Apn 0 ] =R" x (img E2 +img A2).

Again using Corollary 4.3 and the invariance of controllability at infinity under sys-
tem equivalence, we see that [E, A, B] is controllable at infinity if, and only if,

RF x (img E + img A2) =R¥ x img Ex,

which is equivalent to img A2 € imp E2;.
(e) Since rkr[E11, A1, B1]l = k1 and [Eq1, A1, B1] € Xk, ny,m is completely
controllable it holds

rkc[LE{1 — A1, Bi]=k; forall A eC.
Therefore, we have

AENL—An AEp—Apn B

rk(C[A.E_A,B]Zrk(C[ 0 WEp— Ay 0

] =ki+rkc(AExn —A2),

and, analogously, rkr)[sE — A, B] = ki + 1kg(s)(s E22 — A22). Now applying
Corollary 4.3 we find that [E, A, B] is controllable in the behavioral sense if, and
only if, tkr(s) (s E2o — A2p) =rkc(AE2 — App) forall A € C.

(f) The proof of this statement is analogous to (e). Il

Remark 7.3 (Kalman decomposition and controllability) Note that the condition
of the index of s Eyp — Ay being at most one in Corollary 7.3(c) is equivalent to
the system [E2, Ay, Ok,,m] being impulse controllable. Likewise, the condition
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img Ay € img Ep; in (d) is equivalent to [E22, Ao, O, ] being controllable at
infinity. Obviously, the conditions in (e) and (f) are equivalent to behavioral control-
lability and stabilizability of [E23, A2, Ok,,m 1, TESP.

Furthermore, the converse implication in (b) does not hold true. That is, the index
of sE> — App being at most one is in general not sufficient for [E, A, B] being
impulse controllable. For instance, reconsider system (7.3) which is not impulse
controllable, but s Ey» — Azp = —1 is of index one. Even in the case where sE — A
is regular, the property of the index of s E2> — Ay being zero or one is not enough
to infer impulse controllability of s E — A. As a counterexample, consider

ean=[[3 3100 11

Acknowledgements We are indebted to Harry L. Trentelman (University of Groningen) for pro-
viding helpful comments on the behavioral approach.
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Equations
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Abstract This paper presents a survey of recent results on the robust stability
analysis and the distance to instability for linear time-invariant and time-varying
differential-algebraic equations (DAEs). Different stability concepts such as expo-
nential and asymptotic stability are studied and their robustness is analyzed under
general as well as restricted sets of real or complex perturbations. Formulas for the
distances are presented whenever these are available and the continuity of the dis-
tances in terms of the data is discussed. Some open problems and challenges are
indicated.
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1 Introduction

In many areas of science and engineering one uses mathematical models to simulate,
control or optimize a system or process. These mathematical models, however, are
typically inexact or contain uncertainties and thus, the following question is of major
importance.

How robust is a specific property of a given system described by differential
or difference equations under perturbations to the data?
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Here, we say that a certain property of a system is robust if it is preserved when
an arbitrary (but sufficiently small) perturbation affects the system. An important
quantity in this respect is then the distance (measured by an appropriate metric)
between the nominal system and the closest perturbed system that does not possess
the mentioned property, this is typically called the radius of the system property.

In this paper, we deal with robustness and distance problems for differential-
algebraic equations (DAEs), with a focus on robust stability and stability radii. Sys-
tems of DAEs, which are also called descriptor systems in the control literature, are
a very convenient modeling concept in various real-life applications such as me-
chanical multibody systems, electrical circuit simulation, chemical reactions, semi-
discretized partial differential equations, and in general for automatically generated
coupled systems, see [12, 39, 47, 63, 68, 84, 85] and the references therein.

DAEs are generalizations of ordinary differential equations (ODEs) in that cer-
tain algebraic equations constrain the dynamical behavior. Since the dynamics of
DAE:s is constrained to a set which often is only given implicitly, many theoreti-
cal and numerical difficulties arise, which may lead to a sensitive behavior of the
solution of DAEs to perturbation in the data. The difficulties are characterized by
fundamental notions for DAEs such as regularity, index, solution subspace, or hid-
den constraints, which do not arise for ODEs. These properties may be easily lost
when the data are subject to arbitrarily small perturbations. As a consequence, usu-
ally restrictions to the allowed perturbations have to be made, leading to robustness
questions for DAESs that are very different from those for ODEs.

This paper surveys robustness results for linear DAEs with time-invariant or
time-varying coefficients of the form

E(0)x(t) = A()x(1) + f (1), (L.D)
on the half-line I = [0, c0), together with an initial condition
x(tg) =x0, toel. (1.2)

Here we assume that £, A € C(I, K"*"), and f € C (I, K") are sufficiently smooth.
We use the notation C (I, K"*") to denote the space of continuous functions from I
to K" where K=R or K=C.

Linear systems of the form (1.1) arise directly in many applications and via lin-
earization around solution trajectories [22]. They describe the local behavior in the
neighborhood of a solution for a general implicit nonlinear system of DAEs

F(t,x(1), (1)) =0, (1.3)

the constant coefficient case arising in the case of linearization around stationary
solutions.

Definition 1.1 A function x : I — R” is called a solution of (1.1) if x € C}(I, R")
and x satisfies (1.1) pointwise. It is called a solution of the initial value problem
(1.1)—(1.2) if x is a solution of (1.1) and satisfies (1.2). An initial condition (1.2) is
called consistent if the corresponding initial value problem has at least one solution.
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We note that, by the tractability index approach [43, 68], the condition on the
smoothness of solutions may be relaxed, namely, only a part of x is required to be
continuously differentiable.

Recall the following classical stability concepts for ordinary differential equa-
tions:

x@) = f(r,x@®), tel, (1.4)

with initial condition (1.2), see e.g. [S5].

Definition 1.2 A solution x : t — x(t; fg, xo) of (1.4) with initial condition (1.2) is
called

1. stable if for every ¢ > 0 there exists § > 0 such that
(a) the initial value problem (1.4) with initial condition x(#p) = X is solvable
on I for all xy € K" with ||Xg — x¢|| < §;
(b) the solution x (¢; tg, Xo) satisfies ||x(¢; fo, Xo) — x(¢; fo, x0)|| <& on L.
2. asymptotically stable if it is stable and there exists p > 0 such that
(a) the initial value problem (1.4) with initial condition x(#p) = X is solvable
on I for all xg € K" with ||Xg — xo| < p;
(b) the solution x(t; fo, Xo) satisfies lim;_, o || x(¢; fo, X0) — x(¢; to, x0) || = 0.
3. exponentially stable if it is stable and exponentially attractive, i.e., if there exist
6>0,L >0,and y > 0 such that
(a) the initial value problem (1.4) with initial condition x(f9) = X¢ is solvable
on I for all xo € K" with ||xg — xo|| < §;
(b) the solution satisfies the estimate ||x(¢; 79, Xo) — x (¢; fo, x0) || < Le™ V=10
onl.

If § does not depend on #(, then we say the solution is uniformly (exponentially)
stable.

Note that one can transform the ODE (1.4) in such a way that a given solution
x(t; ty, xo) is mapped to the trivial solution by simply shifting the arguments. When
studying the stability of a selected solution, one may therefore assume without loss
of generality that the selected solution is the trivial solution, and also that g = 0.

In this paper, we restrict the discussion to regular DAEs, i.e., we require that
(1.1) (or (1.3) locally) have a unique solution for sufficiently smooth E, A, f (F)
and appropriately chosen (consistent) initial conditions. One can immediately ex-
tend Definition 1.2 verbatim to regular DAEs. However, one has to be careful with
the initial conditions and the inhomogeneities, since they are restricted due to the
algebraic constraints in the system. This is, in particular, true if one considers the
robustness of the stability concepts under perturbations to the system.

The following examples give an illustration for the possible difficulties in the
robustness of the stability concepts for DAEs under small perturbations.
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Example 1.1 Consider the homogeneous linear time-invariant DAE

o o)[5)=[1 o] L% 0.9

which can be written as X1 = x», 0 = x| and has only the trivial solution x| = x; = 0.
If we perturb (1.5) by a small ¢ as

o o[-0 L) ”

then solving the second equation of (1.6) for x, and substituting into the first equa-
tion, we obtain

%1 = —(1/e)x1. (1.7)

Clearly, if ¢ < 0, then the perturbed DAE (1.6) is unstable. If ¢ > 0, then the system
is asymptotically stable, but it qualitatively differs from the solution of the orig-
inal system (1.5). For an arbitrarily prescribed initial value x;(0) # 0, the initial
value problem for (1.7) has a unique solution. Furthermore, the value of x,(0) is not
required and is uniquely determined by x;(0). In fact, this small perturbation has
changed the index of the DAE (1.5), see Definition 2.2 below.

If we add an inhomogeneity to these DAEs, then more essential differences ap-
pear.

In Example 1.1 the perturbation is affecting only the coefficient A. The situation
is even more complicated if we allow perturbations in the coefficient of x.

Example 1.2 Consider the well-known singularly perturbed system

Ly 0 |[x Al A || x
= , 1.8

where A;;, i, j € {1, 2}, are constant matrices of appropriate sizes, and & > 0 is a
small parameter. Let us assume that Ay; is invertible. If ¢ is set to 0, then the leading
matrix becomes singular, i.e., we have a DAE, and we can solve the second equation
for x,, and obtain the so-called underlying ODE

X1=(An— A12A2_21A21)x1-

It is well known that for sufficiently small ¢, the (asymptotic) stability of (1.8) de-
pends not only on the stability of the so-called slow subsystem associated with the
underlying ODE, but also on that of the so called fast subsystem X, = A x>, see
[32, 34, 61], associated with the algebraic equation.

In this example, the rank of the leading matrix is changed, when ¢ moves from
zero to a nonzero value. In the case ¢ = 0, the initial condition must be consistent
to ensure the existence of a solution, but obviously this is not required in the case
of a nonzero ¢. The difficulties increase if Ay is singular and/or the leading matrix
involves a singular perturbation of a more general structure.
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The presented examples already indicate some of the possible difficulties which
will be discussed in this paper. We present the analysis of robust exponential and
asymptotic stability for linear DAEs with time-invariant or time-varying coeffi-
cients. This is a relatively young topic, starting with the work in [20, 82], which
generalized results on the distance to instability and the concept of stability radius
for ODE:s in [50] and [92].

The outline of the paper is as follows. In Sect. 2 we summarize recent results
on the robust stability and stability radii for linear time-invariant DAEs. In Sect. 3
we study the robust stability of linear time-varying DAESs. Stability radii, their de-
pendence on the data, and the robustness of stability spectra are analyzed. Some
discussions and topics for future research close the paper.

2 Robust Stability of Linear Time-Invariant DAEs

In this section we study homogeneous linear time-invariant DAEs of the form
Ex(t)=Ax@®), tel, (2.1)
where E and A are given constant matrices in K"*" K = C or R.

Definition 2.1 A matrix pair (E, A), E, A € K"*" is called regular if there exists
A € C such that the determinant of (LE — A), denoted by det(AE — A), is different
from zero. Otherwise, if det(AE — A) = 0 for all A € C, then we say that (E, A) is
singular.

If (E, A) is regular, then a complex number A is called a (generalized finite)
eigenvalue of (E, A) if det(AE — A) = 0. The set of all (finite) eigenvalues of (E, A)
is called the (finite) spectrum of the pencil (E, A) and denoted by o (E, A). If E is
singular and the pair is regular, then we say that (E, A) has the eigenvalue co.

In the following we only consider regular pairs (E, A). Such pairs can be trans-
formed to Weierstraf;—Kronecker canonical form, see [12, 41, 43], i.e., there exist
nonsingular matrices W, T' € C"*" such that

I I A\ [ I A T
E_W[O N}T , A_W[O In_r]T , (2.2)

where I, I,_, are identity matrices of indicated size, J € C"™*", and N €
C=)*x(=7) are matrices in Jordan canonical form and N is nilpotent. If E is
invertible, then r = n, i.e., the second diagonal block does not occur.

Definition 2.2 Consider a regular pair (E, A) with E, A € K"*" in Weierstraf3—
Kronecker form (2.2). If r < n and N has nilpotency index v € {1,2,...}, ie.,
NV =0, Ni #0fori=1,2,...,v—1, then v is called the index of the pair (E, A)
and the associated DAE (2.1) and we write ind(E, A) = v. If r = n then the DAE
has index v = 0.
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The finite spectrum o (E, A) is given by the spectrum of o (J) in the Weierstra3—
Kronecker form (2.2) and it is easy to verify that for the degree of the characteristic
polynomial degdet(AE — A) =rank E =r holds if and only if ind(E, A) < 1.

For the regular DAE (2.1) with initial condition (1.2), there always exists a pro-
jection matrix P € K"*” so that the projected initial condition P (x(f) — x¢) =0
is consistent, i.e., the DAE (2.1) with this initial condition has a unique solution,
see [12, 43]. Shifting again the solution to the trivial solution x = 0, for a DAE
of the form (2.1) with regular pair (E, A), E, A € K™ we say that this solution
is exponentially stable if there exist L > 0, and y > 0 such that the initial value
problem

Ex =Ax, P(x(l‘()) — )20) =0,

is solvable on I for all Xy € K", and the solution satisfies the estimate ||x(z; to, Xo)|| <
Le™7(=10)|| P3| for all £ > to. If the trivial solution is exponentially stable, then
we say that (2.1) is exponentially stable.

We remark that the property of exponential stability is independent of the choice
of projection P. Furthermore, for linear time-invariant systems, the concept of ex-
ponential stability is equivalent to that of asymptotic stability and hence we do not
have to distinguish these concepts, and discuss only asymptotic stability as is usually
done in the literature.

Using the canonical form (2.2), one can easily verify the following statement, see
e.g., [20].

Proposition 2.1 Consider a DAE of the form (2.1) with regular pair (E, A), E,
A € K™, System (2.1) is asymptotically stable if and only if the pair (E, A) is
asymptotically stable, i.e., the finite spectrum satisfies o (E, A) C C~, where C~
denotes the open left-half complex plane.

After introducing the basic notation, in the next subsection we discuss the stabil-
ity radius of a DAE.

2.1 Stability Radii for Linear Time-Invariant DAEs

In this section we study the behavior of the finite spectrum of a regular pair (E, A)
under structured perturbations in the matrices E, A. Suppose that the system (2.1)
is asymptotically stable and consider a perturbed system

(E+ B1AIC)X=(A+ ByA>Ch)x, (2.3)

where A; € K™i*4i (j = 1,2) are perturbations and B; € K"*™i C; € K%*" are
given matrix pairs that restrict the structure of the perturbations. The matrix pair
(B1A1Cy, B2 A>C») is called a structured perturbation. For simplicity and for the
sake of appropriate perturbation structures, let us consider the case that the restrict-
ing matrices satisfy C; = C, = C. Alternatively, the other simplifying case By = B>
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can be treated as well, see [38]. However, the simplification does not fit to the frame-
work of so-called admissible perturbations characterized by Proposition 2.6 given
below. Set

A
A:[A;], B=[Bi B],

and introduce m = m1 + mj and g = q1 = ¢g2. Then we consider the set of destabi-
lizing perturbations

Yk(E,A; B,C) = {A € K™*4 (2.3) is singular or not asymptotically stable}
and have the following definition.

Definition 2.3 The structured stability radius of pair (E, A) subject to structured
perturbations as in (2.3) is defined by

re (E, A; B,C) =inf{||A|l, A € ¥&(E, A; B, O)},

where || - || is a matrix norm induced by a vector norm. Dependingon K=C or K =
R, we talk about the complex or the real structured stability radius, respectively.

Note that other properties of pair (E, A) such as the index may still change under
a perturbation which is not in ¥k (E, A; B, C). Obviously, we have the estimate

r& (E,A; B,C) <rp (E, A; B, C).

To obtain a computable formula for the complex stability radius, let us introduce the
matrix functions

G(s)=—sCGE—A)""Bl, %(s)=CGE—A)"By, 9(s)=[%(s) %],

for s € C,Res > 0. Denoting by iR the imaginary axis of the complex plane, the
following result is analogous to that for linear time-invariant ODEs of [51].

Theorem 2.2 Suppose that the matrix pencil (E, A) is regular and asymptotically
stable. Then with respect to any matrix norm induced by a vector norm, the complex
stability radius of pair (E, A) has the representation

. -1
rP(E A B,O) = {sup |9 2.4)

seiR
Proof The proof can be obtained by using the same techniques as in [33, 37, 38]. [

Note that in [33, 37] the complex structured stability radius is considered with
respect to perturbations either in E or in A, i.e., either By =0 or B, = 0. In [38],
formula (2.4) has been proven for perturbations in both E, A. Note further that these
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papers discuss both the continuous-time and the discrete-time case. Furthermore, it
has been shown in [38] that it is always possible to construct a rank 1 destabilizing
perturbation A, with a norm that approximates the value of r(scp within an arbitrarily
prescribed accuracy.

Remark 2.1 The concept of stability radius can be extended to more general sets.
Suppose that all the eigenvalues of the unperturbed matrix pencil lie in a prescribed
open subset C, of the complex plane. Then we want to determine the largest per-
turbations that the system can tolerate so that its spectrum remains in Cg. In the
asymptotic stability analysis of differential equations, the open subset C, is chosen
to be C™. As in the other cases, it is trivial to obtain a formula of a C,-stability
radius analogously to (2.4). In fact, we simply replace iR by the boundary set of
Cp = C\Cq. As a consequence of the definition, the strict positivity of a C,-stability
radius with a relevant subset C, implies the continuity of the spectrum with respect
to the data.

Unlike for the complex stability radius, a general formula for the real stability ra-
dius measured by an arbitrary matrix norm is not available. However, if we consider
as vector norm the Euclidean norm, then a computable formula has been obtained in
[83]. This formula is based on the notion of real/complex structured singular values,
which, for a given M € KP>*™  are defined by

(M) = [inf{o1(A), A e K7, and det(I — AM) =0}] ",

respectively, depending on K = C or K = R. Here o1 (A) denotes the largest singu-
lar value, see [42], of the matrix A.

Clearly, if M is real, then the complex and the real structured singular values
coincide. While for the complex structured singular values, the formula puc(M) =
o1(M) follows trivially, for the real case the formula is more sophisticated.

Proposition 2.3 ([83]) The real structured singular value of M € KP*™ is given by

LImM  ReM

. ReM —yImM
pur(M) = _inf o3 ;
y€(0.1] ¥

where 07(A) denotes the second largest singular value of A.

With respect to the Euclidean norm and using a similar argument as in [83], we
thus have

ra (E, A; B, C) =inf{o1(A), A € ¥(E, A; B, C)}

= inf inf{m (A), A e K™ and
Res>0

det(s(E + B1A1C) — (A+ B2AyC)) =0}
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= inf 1nf{01(A) A e K™ and

Res>0

det(I + (sE — A)"'(sB1 A C — B,A2C)) =0}

= inf 1nf{01(A) A e K"*? and det(I — A9 (s)) =0}

Res>0

= [ s nx@e)]

Res>0

and hence we obtain the following theorem.

Theorem 2.4 Suppose that the matrix pair (E, A) is regular and asymptotically
stable. Then the structured stability radii of pair (E, A), measured in Euclidean
norm, are given by

~1
PE A B0 = swp 01(%9)] 2.5)
Res>0

and

"(E, A; B, C) f Rev(s)  —yIm#()]] " (2.6)
) N ) = S m , ]
= Rel;lgo)’e(()llgz SIm%(s)  Red(s)

respectively.

For the case K = C, due to the maximum principle, it suffices to take the supre-
mum over the imaginary axis instead of the right-half complex plane. The same
does not hold for the case K = R, see Example 2.1 below. Further, unlike the case
of ODEs, here one cannot replace sup by max since the supremum may be attained
only at infinity. It is important to note that the presented results on the structured
stability radii do not reflect the fact that an eigenvalue at co may become finite or
conversely a finite eigenvalue may move to oo, i.e., it may happen that the index or
the number of finite eigenvalues of the pair (E, A) changes or that the pair becomes
singular.

In the case of inhomogeneous systems, particularly an increase of the index may
lead to a loss of solvability of the equation due to inconsistent initial values or a lack
of smoothness for the inhomogeneity. As we have demonstrated in Examples 1.1
and 1.2, this can even happen with infinitesimally small perturbations. Furthermore,
while the stability radii of an ODE are always strictly positive, those of a DAE may
be zero. To see this, considering a pair in canonical form (2.2), we have

(s, — )~} 0
0 — Y (sNY ]W

Obviously, if N # 0, then ||4](s)|| and |4 (s)|| may tend to oo as |s| — oo, which

implies that r(scp = 0. Hence, the perturbations in (2.3) must be further restricted so

that the stability radii are strictly positive.

(sE—A)_1=T|: -1
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Partitioning the restriction matrices C, B (after transformation to Weierstra3—
Kronecker form) as

CT=[C; C3l, W_lBlz[B“}, W—132=[32‘], 2.7
B> B

according to the structure of (2.2), it is easy to see that if ind(E, A) = 1 then

sup ||§41 (s) || <oo ifandonlyif CBjp =0
s€iR

and if ind(E, A) > 1 then

sup [%(s)| <oo ifandonlyif CoN'Bjp=0 fori=0,1,....,k—1, and
seiR

CoN'Byy =0 fori=1,2,....k— L.
These observations are summarized in the following result.

Proposition 2.5 Consider a regular pair (E, A) and the associated DAE of the
form (2.1). If ind(E, A) = 1, then the structured stability radii of (2.1) are strictly
positive if and only if CoB1o = 0. If ind(E, A) > 1, then the structured stability radii
of (2.1) are strictly positive if and only if CyN'Bio =0fori =0,1,...,k — 1, and
CaN'By =0 fori=1,2,...,k — 1, where the transformed structure matrices are
defined by (2.7).

Moreover, if Cy is of full rank, then r]‘g(E, A,B,C) > 0ifand only if Bl =0
for the case ind(E, A) = 1 and B2 =0, N By, =0 for the case ind(E, A) > 1.

According to the characterizations given in Proposition 2.5 and for the sake of
simplicity, now the perturbations are further restricted by choosing

Blzw[B“] 2.8)
0
ifind(E, A) =1 and
_ B _ By

BI_W[O], Bz_W[O] 2.9)
ifind(E, A) > 1.
Definition 2.4 ([20]) A structured perturbation as in (2.3) is called admissible if it
does not alter the nilpotency structure of the WeierstraB—Kronecker form (2.2) of
(E, A), i.e., the nilpotent matrix N and the corresponding left invariant subspace

associated with the eigenvalue oo are preserved.

In the case that ind(E, A) = 1, one has the following characterization of admis-
sible perturbations, which is in agreement with (2.8).
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Proposition 2.6 ([20]) Consider the regular DAE (2.1) with ind(E, A) = 1, subject
to a general unstructured perturbation,

(E4+ F)x=(A+ H)x.

Then there exist an orthogonal matrix P and a permutation matrix Q such that
_|En En A A
PEQ_[ o o0 | PAQ = Ay Ax |’

where E1; € K'¥7, Ep € Krx(=n), Aij (i, j = 1,2) are of corresponding sizes,
rank [E11, E12] =rank E = r, and rank Ayp =n — r. Furthermore, if (F, H) is an
admissible perturbation, then

| Fuu Fi2 _ | Hi1 Hi2
pro[f ") wa-[in ]

Note that in Proposition 2.6, the transformation by the matrices P, Q does not
change the structure, the stability, and consequently, the stability radii of (2.1). Note
further that Proposition 2.5 can also be used to characterize admissible perturbations
for the case ind(E, A) > 1.

After these observations we can introduce the distance to the nearest pair with a
different nilpotency structure:

dx(E, A; B, C)

= inf{ |A|l, A € K™*9 and (2.3) does not preserve the nilpotency structure},

and obtain the following result, see [11].

Theorem 2.7 Consider a regular DAE with Weierstraf3—Kronecker form (2.2), sub-
Ject to transformed perturbations satisfying (2.8) for ind(E, A) = 1 and (2.9) for
ind(E, A) > 1, respectively. Then the distance to the nearest system with a different
nilpotency structure is given by

dx(E, A; B,C) = {ux [C1B11  C2Bn]} ™
ifind(E, A) =1 and
dx(E, A; B, C) = {ux(C1 B},

if ind(E, A) > 1. Moreover, if the data set is real, then dc(E,A; B,C) =
dr(E,A; B,C).

Proof The proof is similar to that for the stability radii, see Remark 2.1. The nilpo-
tency structure of the perturbed system (2.3) is preserved if and only if the perturbed
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matrix

I+ B11A1Cy B1141C;
By Ay Cy I + B Ay

is nonsingular in the case ind(E, A) =1 and if / + B11AC| is nonsingular in the
case ind(E, A) > 1. Thus, in both cases we have a problem of characterizing the
distance of a matrix to singularity, which we obtain by taking C, = C\{0}. For the
equality of the complex and the real stability radii, we note that if the data are real,
then the smallest perturbation that makes a matrix singular can always be chosen to
be real [42]. O

Now we are in position to define the structured stability radii for the DAE (2.1)
and state their formulas.

Definition 2.5 Consider a regular and asymptotically stable DAE (2.1). Then, the
structured stability radii of system (2.1) with respect to structured perturbation (2.3)
is defined by

rk(E, A; B, C)
= inf{ lAll, A€ ¥ (E, A; B, C) or (2.3) has different nilpotency structure}.

It is obvious that rg(E,A; B,C) = min{r]‘%p(E, A;B,C),dg(E, A; B,C)},
which follows directly from the definition of the stability radii.

Theorem 2.8 Consider a regular and asymptotically stable DAE (2.1) with
Weierstraf3—Kronecker form (2.2). Let the perturbation structure satisfy (2.8) for
index ind(E, A) = 1 and (2.9) for ind(E, A) > 1, respectively. Then, the complex
structured stability radius of system (2.1) and that of pair (E, A) coincide, i.e.,
rc(E,A; B,C) = r(?:p(E, A; B, C). Furthermore, if the data set is real, then the real
structured stability radius of system (2.1) and that of pair (E, A) are the same, too,
that is, rr (E, A; B, C) =rg (E, A; B, C).

Proof Taking into consideration (2.8) for index ind(E,A) = 1 and (2.9) for
ind(E, A) > 1, respectively, it is easy to check that

lim ¢4 (s) =—C1Bi1, and lim %(s)=—CyB.
S—> 00 S—> 00

Since sup,¢;r 1€9(s)|l = [|¥9(00)|| (due to the continuity of the norm), the statement
for the case K = C is obtained from Theorems 2.2 and 2.7.

If the data set is real then ¥(s) is real along the non-negative real semi-axis,
and then due to the continuity of ur (% (s)) on RT, we have supg.,~o 4R (4 (5)) >
SUpcp+ UR(Z(5)) > ur (¥ (00)). Invoking again Theorems 2.2 and 2.7, the state-
ment for the real stability radii immediately follows. U

Theorem 2.8 shows that if ||A|| < rHsg(E, A; B, C) then the perturbed DAE (2.3)
preserves not only the stability, but also the nilpotency structure. Thus, the complex
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structured stability radius of system (2.1) are given by (2.4) or (2.5), while if the
data set is real, then the real structured stability radius can be computed by (2.6).
For ODEzs, the perturbed system becomes unstable if and only if at least one of its
eigenvalues touches the imaginary axis, while it may happen with DAEs that under
the effect of larger and larger perturbations, a finite eigenvalue moves to co (which
alters the nilpotency structure) and then appears again as a finite eigenvalue on the
right-half complex plane (not necessarily on the imaginary axis).

Example 2.1 Consider the linear constant coefficient DAE with structured pertur-
bation to only the right-hand side Ex = (A + BAC)x, where

1 0 -2 0 1
E:[O 0], A=|:O _1}, B:[l}, c=[1 1].
This system is of index 1 and has only one finite eigenvalue A = —2. Then, a simple

calculation yields 4 (s) =1 — 1/(2 + s). Thus, |4 (s)|| = /1 —3/(4 + |s|?) for
s € iR, which implies sup,.;r [|9(s)|| =1 and rc(E, A, B, C) = 1. We also have

l— 5, seR, 5>0
G (s)) = THs> 525
MR( (S)) { 0, otherwise,
from which supge >0 ur(4(s)) =1 and rr(E, A, B, C) = 1 follow. However, we
remark that supg. > uRr(¥ (s)) is attainable only at +o00, but not on the imaginary
axis as in the case K = C. This is also reflected by the quite different effects of com-
plex and real perturbations as the following simple calculations show. The perturbed

DAE (2.3) reads
1 0 fCl _ —2—-A A X1
] A | S T

For A =1, the system (2.10) is of index 2 and the associated finite spectrum is
empty (the only finite eigenvalue moves to infinity), i.e., the pair (E, A + BAC) is
stable, but the index is changed. With the perturbation A =1+ 1/(1 +5),Res >0,
the pair (E, A+ BAC) is again of index 1 and the only eigenvalue is s. This means
that choosing s € iR, |s| > 1, the norm of the complex perturbation approximates
the value of rc(E, A, B, C) within arbitrary accuracy and the only finite eigenvalue
appears on the imaginary axis. If we consider only real perturbations, which happens
if and only if s is real, then by taking s > 1, the norm of the real perturbation
approximates the value of rr(E, A, B, C) within arbitrary accuracy and the finite
eigenvalue is located on the positive real semi-axis.

Remark 2.2 The first results for stability radii for linear time-invariant DAEs of
index 1 were given in [82] and [20]. In [82] only unstructured perturbations in A
were considered and the formula for the unstructured complex stability radius mea-
sured in Euclidean norm is exactly a special case of (2.5) with restriction matrices
By =0 and B, = C = 1. A more general result was obtained in [20], where the
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authors considered admissible perturbations as in Proposition 2.6 and formulated
the complex stability radius using the Frobenius norm which is not a matrix norm
induced by a vector norm. However, using the fact that the Frobenius norm gives
an upper bound for the Euclidean norm, the stability radii in Frobenius norm are
upper bounds for those in Euclidean norm. On the other hand, in the proof of Theo-
rem 2.2, a rank one destabilizing perturbation can be constructed whose (Euclidean)
norm approximates the true value of the stability radius with an arbitrarily small ac-
curacy. Since the Euclidean and the Frobenius norm of a rank one matrix are equal,
the formula of the complex stability radius given in [20] and (2.5) yield the same
value, i.e., the Frobenius norm case can be considered as a special case of (2.4)
and (2.5).

Remark 2.3 A somewhat more general and extensive analysis of stability radii for
DAE:s is given in [11], where the robustness of the structure and the spectrum are
treated separately. The quantities rﬂzp (E,A; B,C) and dg(E, A; B, C) are called
the spectral and the structure-preserving stability radii, respectively. This approach
makes the characterization of stability radii for higher index DAEs possible as well
as that for the special uncertainty structure of affine perturbations. The latter one also
extends the result in [69] to the case when both coefficient matrices are perturbed
with a one-parameter family. In addition, the work in [11] is partially devoted to
robust stability of second order DAEs with applications in electrical networks.

Remark 2.4 Since in general the real stability radius is more complicated than the
complex one, the question when they are equal is of great practical interest. It has
been shown in [87] that for the class of positive systems the complex and the real
stability radii coincide and they are easily computable. Attempts to extend this result
to DAEs and to other implicit dynamic equations are presented in [33] and [38],
respectively.

Remark 2.5 In many applications, one does not only have static perturbations as in
(2.3), but also linear time-varying, nonlinear or even nonlinear dynamic perturba-
tions. In the context of regular DAEs (2.1) of index at most one, if perturbations are
admitted in A only, then it is possible to extend the concept of structured stability
radii with respect to linear time-varying, nonlinear, or nonlinear dynamic perturba-
tions. It can be shown that all the complex structured stability radii with respect to
different classes of perturbations are equal, as is well known in the ODE case [53],
see also Corollary 3.4 below.

Remark 2.6 Numerical algorithms for computing the stability radii for ODEs are
proposed in a number of works, e.g., see [10, 13, 18, 40, 4446, 48, 57, 79-81, 89].
Some extensions to DAEs are discussed in [2—4, 11]. Since the robust stability of a
linear time-invariant system is closely related to the sensitivity of the spectrum, the
characterization and the computation of stability radii is also very closely related to
the topics of spectral value sets [49, 54] and pseudospectra [17, 91].
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Remark 2.7 Robustness questions can also be discussed for other fundamental con-
cepts of control theory such as controllability, observability, stabilizability, or de-
tectability. These concepts have been extended to DAEs in many different publica-
tions, see e.g., [14-16, 23, 27,76, 78] and a recent survey [8]. It is natural to analyze
the robustness of these properties when the control systems are subject to uncertain
perturbations, which leads to similar distance problems as for robust stability. For
ODEs, such distance problems are extensively investigated in a number of works,
e. g., see [58, 79] and the references therein. Results on the controllability radius for
linear time-invariant descriptor systems are given in [19, 66, 67, 88].

It is well known that solutions of DAEs are more sensitive to data than those
of ODE:s. This topic has been discussed in [75] for a perturbed index two DAE in
semi-explicit form and in [30, 90] for general singularly perturbation problems of
DAESs. But a general perturbation theory for linear time-invariant DAE:s is still open.
This is partly due to the fact that no complete characterization of the distance to the
nearest singular pencil is available [21].

2.2 Dependence of Stability Radii on the Data

In view of the numerical computation of the stability radii, a natural question is
whether the structured stability radii rg(E, A; B, C) depend continuously on the
data E, A, B, C. In the ODE case, i.e., E = I and if only A is perturbed, it was
shown in [52, 83] that the complex structured stability radius depends continuously
on data, but the real one does not. This is due to the continuity (discontinuity) of the
complex (real) structured singular value, see [83]. Extending these results to DAEs,
it follows that the complex structured stability radius rc(E, A; B, C) depends con-
tinuously on the data, provided that the nilpotency structure is preserved, i.e., we are
restricted to the set of DAEs (2.1) that have the same nilpotency structure and to the
set of admissible perturbations. In [34, 35] the robust stability of the parameterized
DAE system

(E+¢eF)x = Ax, (2.11)

is considered, where ¢ > 0 is a small parameter and the unperturbed DAE (¢ = 0) is
assumed to be regular, of index at most one and asymptotically stable. The classical
singularly perturbed system (1.8) is a special case of this more general system. If
¢ F belongs to the class of admissible perturbations characterized by Proposition 2.6,
then it is easily shown that the complex structured stability radius depends contin-
uously on the parameter €. This, however, is not the case when the appearance of
e F changes the index and/or the number of finite eigenvalues, i.e., the nilpotency
structure of (E, A).

Sufficient conditions can be given to ensure that (2.11) is asymptotically stable
for all sufficiently small and positive €. Namely, if the unperturbed DAE (¢ = 0)
and the fast subsystem (which is associated with the algebraic part of the DAE)
are simultaneously asymptotically stable, then for all sufficiently small ¢, so is the
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parameterized system (2.11). Furthermore, the complex structured stability radius
of (2.11) converges to the minimum of the stability radius of the reduced system
and that of the fast subsystem. This implies that the stability radius of (2.11) may
be discontinuous at ¢ = 0, when the nilpotency structure is no longer invariant. As
a special case, the result for the robust stability of (1.8), investigated in [31] by a
different approach, then follows immediately. The asymptotic behavior of the real
structured stability radius for (2.11) is of interest as well, but it is still an open
problem.

Remark 2.8 In [69], the robust stability of a DAE subject to perturbations of the
form Ex = (A 4+ ¢ H)x is considered, where E, A are given as in (2.1), H is a given
matrix, and € is an uncertain parameter. Assuming that the unperturbed system is
regular, of index at most one and asymptotically stable, a computable formula for
the maximal stability interval (e1, €3) is derived, i.e., the perturbed system retains
the index and is asymptotically stable for all ¢ € (e1, €3).

In [37], complex structured stability radii for the discrete-time analog of DAE:s,
i.e., singular difference equations are analyzed. In particular, again due to the con-
tinuity, the complex structured stability radius of the discretized system (using the
implicit Euler method) of (2.1) is shown to converge to the corresponding one of
the continuous-time system as the stepsize tends to zero. The analogous question
concerning the real structured stability radii is still open.

3 Robust Stability of Linear Time-Varying DAEs

In this section, we investigate the exponential and asymptotic stability and its ro-
bustness for linear time-varying DAEs of the form

EMi(t) = A@M)x(), tel, (3.1)

with matrix functions E, A € C(I, K"*"), K € {C, R}.

Analyzing the different stability concepts for (3.1) is, however, much more com-
plicated than for linear time-invariant systems. Even if for all ¢ € I, the finite eigen-
values of (E(¢), A(t)) have negative real part, system (3.1) may be unstable, as
many well-known examples demonstrate for the ODE case, see e.g., [55].

Example 3.1 Forall t e R

A(t) = cos2(3t) =5 sin2(3t) —6c0s(3¢)sin(3r) +3
| —6cos(3t)sin(3t) +3  sin’(3t) — 5cos(31)

has a double eigenvalue at —2 but the solution of X = Ax, with x(0) = [ ; ] is given
by x(1) = cref cos(3r) ], which is obviously unstable.

—cye' sin(3t)



Robust Stability of Differential-Algebraic Equations 79

We use the following standard notation as in [36, 60]. Let X, Y be finite di-
mensional vector spaces. For every p,1 < p < oo and s,f,fp <s <t < 00, We
denote by L (s, t; X) the space of measurable functions f with values in X and
norm || fl, := (fst I F()I? dp)'/P < oo and by Lo (s, t; X) the space of measur-
able and essentially bounded functions f* with || f|loc := esssup (s, 1/ (0)[I. We
also consider the spaces LlpOC (tg, 00; X) and LL%C (tg, 00; X), which contain all func-
tions f € L,(s,t; X) and f € Loo(s, t; X) for some s,7,7) < s <t < 00, respec-
tively. We, furthermore, use the notation .2 (L , (to, 00; X), L, (o, 00; Y)) to denote
the Banach space of linear bounded operators P from L, (#p, 00; X) to L, (tp, 00; ¥)
supplied with the norm

P := sup IPXI L, (19,00:7)-
x€L (19,00 X).[lx]|=1

In the following we assume that (3.1) is of index 1, in the sense of the tractability
index [43] or that it is strangeness-free in the sense of the strangeness-index [63]. Let
us briefly introduce these index concepts. First, to introduce the tractability index
and the projector chain approach, see e.g., [43, 68], we assume that E(¢) is singular
for all + and § := ker E is absolutely continuous. Then, there exists an absolutely
continuous projector Q onto S, i.e., Q € C(0, oo; K"*"), O is differentiable almost
everywhere, 0%?= 0, and ImQ = S for all # € I. If we assume in addition that
0e LL%C(O, 0o; K"*™), then P =1 — Q is a projector along S and system (3.1) can
be rewritten in the form

d —~
EE(PX) = Ax, 3.2)
where A:= A+ EP ¢ LLOOC(O, 0o; K"*™), Setting
G:=E—AQ. (3.3)

Definition 3.1 The linear DAE (3.1) is said to be tractable of index 1, if G(t) de-
fined by (3.3) is invertible for almost every ¢ € [0, 00) and G~! € LLOOC (0, oo; KMy,

Multiplying both sides of (3.2) by PG~!, 0G~!, and taking into account the
identites G 'E=P,G 1A= -0+ G~ 1AP, we obtain

d d [

Z(Px)=(—P+PG'A)Px,

dt( x) (dt + ) x
Ox = QG 'APx,

which decomposes the DAE into a differential part and an algebraic part. With z =
Px, the dynamics of the system is given by the inherent ODE

i=(P+PG'A) (G4
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of (3.1). Let @y (z, s) denote the fundamental solution matrix associated with the
inherent ODE (3.4), i.e., the matrix function satisfying

d . —1
T P0(t,5) = (P+ PG A)@o(t,5),  Po(s,5) =1,

for t > s > 0, then the fundamental solution operator generated by (3.1) is defined
by

E%@(t,s):Aqﬁ(t,s), P(s)(cb(s,s)—]):O
and @ can be expressed as @ (¢, s) = (I + QG‘IA\(t))qf'o(t, s) P (s). It can be shown
by direct calculations that, despite its construction, the fundamental solution opera-
tor is in fact independent of the choice of projector Q.

The concept of the strangeness index uses the DAE and its derivatives to con-
struct a so-called strangeness-free DAE with the same solution [63]. In the homo-
geneous case this strangeness-free system has the form (3.1), where

| Ex | Ay
o) e

with E; € C(ILK9*") and Ay € C(I, K"=9*n) guch that the matrix E(t) :=
[i;g;] is invertible for all ¢ € I.
By using a global kinematic equivalence transformation, see [70, Remark 13],

(3.1) can be transformed to the special form,

En En L A ApT.
[ 0 0 ]x—|: 0 Azz X, 3.6)

so that the essential underlying ODE is readily given by E 11X1 = Allxl with non-
singular E -

A matrix function @ € C! (T, Rrxd ) is called minimal fundamental solution ma-
trix of the strangeness-free DAE (3.1) if each of its columns is a solution to (3.1)
and rank @ (t) =d forall r € IL.

In the following we assume that the DAE is of index at most one or alternatively
strangeness-free. These conditions are equivalent if the coefficients are sufficiently
smooth [77].

The characterization of the different stability concepts for linear variable coef-
ficient ODEs is well established via the concepts of Bohl and Lyapunov exponents
[1, 9, 28] and Sacker—Sell spectra [29, 86]. These concepts were extended from
ODEs to DAEs in [24, 70, 71].

To analyze exponential stability, we introduce first the Bohl exponent.

Definition 3.2 The Bohl exponent for an index 1 system of the form (3.1) with
fundamental solution @ is given by
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kp(E,A) = inf{ —a € R; there exists Ly > 0

such that forall 7 > 1) > 0: ||q§(t, 1) || < Lae_“(f_fo)},

It follows that (3.1) is exponentially stable if and only if its Bohl exponent is
negative (including the case kp(E, A) = —00).

Analogous to the ODE case (see [28]), using the fundamental solution operator
@, it follows that the Bohl exponent of (3.1) is bounded from above, i.e., kp(E, A) <
oo if and only if supy_,_s<; |19 (2, 5)| < co. Furthermore, the Bohl exponent of
(3.1) can be determined by

: In|[@(, )]
kp(E, A) = limsup ——.

§,t—5—00 -

In [24], various properties of the Bohl exponent, as well as the connection between
the exponential stability of (3.1) and the boundedness of solutions to nonhomoge-
neous DAE with bounded inhomogeneity are investigated.

Remark 3.1 Inthe ODE case, the boundedness of the coefficient function A ensures
the finiteness of Bohl exponent. This is not true for DAEs (3.1) even with both
bounded coefficient functions £ and A, where the Bohl exponent may be +oo or
—o0. We note also that, by assuming that (3.1) is of index 1, we exclude degenerate
cases such as non-uniqueness or finite escape time of solutions, which may happen
with nonregular DAEs and are discussed in [6, 7].

For ODEs, the asymptotic stability of solutions can be characterized by the Lya-
punov exponents, see [74]. The extension of the theory of Lyapunov exponents
to linear time-varying DAEs has been given in [25, 26, 70-72], using either the
projector-based tractability index or the derivative array-based strangeness index
approach.

Definition 3.3 For a given minimal fundamental solution matrix ¢ of a strangeness-
free DAE system of the form (3.1), and for 1 <i <d, we introduce

1 1
A =limsup —In|@()e;| and A =liminf - In| @ ()e; |,
t—o0 I t—o0 t

where ¢; denotes the ith unit vector and || - || denotes the Euclidean norm. Let all the
Lyapunov exponents be finite, then the columns of a minimal fundamental solution
matrix form a normal basis if Z?:l MY is minimal. The AY,i =1,2, ..., d belonging
to a normal basis are called (upper) Lyapunov exponents and the intervals [Af, A,
i=1,2,...,d, are called Lyapunov spectral intervals.

The strangeness-free DAE system (3.1) then is asymptotically stable if and
only if the largest upper Lyapunov exponent is negative. Note that for linear time-
invariant DAEs (2.1), the Lyapunov exponents are exactly the real parts of the finite
eigenvalues of pencil (E, A).
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This brings us to another major difference between linear time-invariant and
linear time-varying DAEs. The following example shows that an infinitesimally
small time-varying perturbation applied to both coefficient matrices may change
the asymptotic stability, even if the perturbation does not change the index.

Example 3.2 ([71]) Consider the system x; = —x1, 0 = x, which is strangeness-
free and asymptotically stable. For the perturbed DAE

(1+ &2 sin (2n1))x; — e cos (nt)xy = —x, 0= —2esin(nt)x; +x2, (3.7)

where ¢ is a small parameter and n is a given number, from the second equa-
tion of (3.7), we obtain x, = 2¢sinntx;. Differentiating this expression for x;
and inserting the result into the first equation, after some elementary calcula-
tions, we obtain x| = (—1 4 ne? 4+ ne?cos (2nt))xy. Explicit integration yields
x1 (1) = e(—1Hned)tesin@nn/2, () Clearly, even if ¢ is arbitrarily small (hence
the perturbation in the coefficient matrices is arbitrarily small in the sup-norm),
(3.7) may become unstable if 7 is sufficiently large.

3.1 Stability Radii for Linear Time-Varying DAEs

In this section we discuss the stability radii for linear DAEs with variable coef-
ficients. Formulas for the stability radii of exponential stability were derived in
[24, 36] extending the results for ODEs in [56, 60].

We assume that the DAE is of index at most one and discuss perturbed systems

EMx(1) = (A@®) + H®)x(), tel, (3.8)

with a perturbation function H € Lo (0, co; K"*") as well as structured perturba-
tions of the form

EMi() = AWx(1) +BOA(COX(O))@), tel, (3.9)

where B € Ly (0, 00; K"*™) and C € L (0, 0o; K9*™) are given matrix functions,
restricting the structure of the perturbation and A : L, (0, 00; K9) — L (0, oo; K™)
is an unknown perturbation operator.

To obtain formulas for the exponential stability radius, we assume that (3.1) is ex-
ponentially stable, i.e., there exist constants L > 0, y > 0 such that || @¢(¢, s) P(s)|| <
Le V= fort > s >0, and that it is robustly index 1 in the following sense.

Definition 3.4 Consider the DAE (3.1) in the form (3.2) and let G be as in (3.3).
Then the DAE is said to be robustly index 1 if, supplied with a bounded projection
0, the matrix functions G~ and Q; ;== —QG ' A are essentially bounded on I.
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To extend the tractability index concept to the perturbed system (3.9), we
assume that the perturbation operator A € £ (L (0, 00; K9), L,(0, 00; K™)) is
causal which is defined as follows. For T € I, the truncation operator wr at T
on L (0, co; X) is defined via

u(t), tel0,T],

Tru(t) = {0 t>T.

An operator P € Z(L,(0,00; X), L,(0,00;Y)) then is_said to be causal, if
nrPrr = P for every T € L. Let the linear operator Ge¥ (LIOC(O oo; K,

L},‘,)C (0, 0o; K™)) be defined via

(Gz) = (E — AQ)z — BA(CQ2).

If for every T > 0, the operator G restricted to L »(0, T; K") is invertible and the
inverse operator G~ is bounded, then we say the perturbed DAE (3.9) is of index 1
(in a generalized sense). The structured perturbation in (3.9) is called dynamic per-
turbation, which is different from static perturbations considered in Sect. 2. Then
we can employ the concept of mild solution.

Definition 3.5 We say that the initial value problem for the perturbed system (3.9)
with initial condition

P (to) (x (t0) — x9) =0, (3.10)

admits a mild solution if there exists x € Lllfc (to, 00; K") satisfying

x(t) = D(t, 1) P(to)xo

t
+/ @(t,p)PG*‘BA([Cx(-)]tO)(p)dp+ QG*‘BA([Cx(-)]ZO)(t)
I

0

for t > 1o, where

0, t €[0,1),
[Cx(: )] { Ct)x(t), telty,00).

The mild solution plays an important role in the characterization of robust stabil-
ity, since solutions of the perturbed DAE (3.9) in the classical sense do not exist, in
general. The existence and uniqueness of mild solutions is given by the following
result.

Theorem 3.1 ([36]) Consider the initial value problem (3.9)—(3.10). If (3.9) is of
index at most one, then it admits a unique mild solution x € Li‘;c (tg, 00; K") with
absolutely continuous z = Px for all tg € I, xo € K". Furthermore, for an arbitrary
T > 0, there exists a constant L1 such that pointwise

|P®)x@)| <Li|P(to)xo| foralltelty, T].
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With (3.9), we associate the perturbation operator (in [35, 60] it is called the
input—output operator)

t
L,0z=c/ @ (1, p) PG~ B(p)z(p)dp + CQG ' Bz, (3.11)
fo
which is defined for all # > 79 > 0,z € L, (0, oo; K™). It is important to note that,
by direct algebraic verifications, the mild solution as well as the perturbation op-
erator are independent of the choice of projector Q. It is shown that, analogously
to the ODE case [56, 60], there exists a close relationship between the perturbation
operator associated with (3.9) and the robust stability of (3.1) with respect to struc-
tured and dynamic perturbations given by (3.9). For exponentially stable robustly
index 1 systems this operator is linear, bounded, and monotonically non-increasing
with respect to ¢, i.e.,

Lol = [1Lty | forall £y =10 = 0,

and for all ¢ € I the bound
L -1 -1
Ll < ;||PG | IBllsollCllco + [CQG'B||
holds.

Definition 3.6 ([36]) Consider a DAE of the form (3.9) of index 1 and denote by
x(t; 1o, xo) the solution satisfying initial condition (3.10). The trivial solution of
(3.9) is said to be globally L ,-stable, if there exist positive constant L and L3 such
that

| P (0)x(t; 10, x0) |

x5 20, x0) ||LP(IO,OO;KH) < L3| P(to)xo|

Kn <L || P([O)X0| K>

(3.12)

Kn*
for all r > g, xg € K".
Note that this kind of stability notion is equivalent to the concept of output sta-

bility, see [59] for various stability concepts in the ODE case.
We then have the following definition of stability radii for time-varying DAEs.

Definition 3.7 If system (3.1) is exponentially stable and robustly index 1, then
the complex/real structured stability radii of (3.1) subject to dynamic structured
perturbation as in (3.9), are defined by

rk(E, A; B, C)

. |All, the trivial solution of (3.9) is not globally L ,-stable
= inf . . ,
or (3.9) is not of index 1

where K = C or K =R, respectively.



Robust Stability of Differential-Algebraic Equations 85
In [36] the following formulas for the stability radii were derived.

Theorem 3.2 ([36]) If system (3.1) is exponentially stable and robustly index 1,
then

-1
rk(E, A: B,C):min{ lim ||1Lt0||_1,(esssup”CQG_lB(t)“) }
th—> 00 tel

This implies the following corollary.

Corollary 3.3 ([36]) If system (3.1) is exponentially stable and robustly index 1 and
the data (E, A; B, C) are real, then

rc(E, A; B,C) =rr(E, A; B, C).

As special case we obtain the formula (2.4) for the complex stability radius of
time-invariant systems (with respect to dynamic perturbations).

Corollary 3.4 ([36]) Let E, A, B, C be time-invariant, let the system (3.1) be in-
dex 1 and exponentially stable. If p = 2, i.e., for the space Ly of square integrable
functions, then

-1
rc(E, A; B,C) = |[Lo| "' = (sup |C(wE - A)—lB||) .
weiR

Comparing with a special case of Theorem 2.2 when only A is subject to per-
turbations, Corollary 3.4 states that the complex stability radius with respect to dy-
namic perturbations and that to static perturbations are equal. This statement in fact
generalizes a previous result for the ODE case in [53].

Example 3.3 ([36, Sect. 5.1]) Consider a DAE in semi-explicit form

{50 A A
E_[O o] A_[A21 AZJ (3.13)

with appropriate partitioning. The index 1 assumption means that Ay (¢) is invert-
ible almost everywhere in I. One gets Q = diag(0, 1,,—,),

I, —Ap o(t,s)
= [0} = ~
¢ [o —Azz]’ (0. [—Agz‘Ama,s)’

where ® (¢, 5) is the fundamental solution operator of the underlying ordinary differ-
ential equation y = (A — A12A2_21 A31)y, which is assumed to be exponentially sta-
ble. The assumption that the system is robustly index 1 means the essential bound-
edness of A2_21, A2_21A2 1, and A12A2_21. Partitioning the restriction matrices B, C as
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B = [BIT BzT]T, C = [C1 (3], analogously, we obtain

t
(Lyu) (1) = (C1 — C2A5,' Ai) / @(t, p)(Bi(p) — A12AS, B2 (p))u(p) dp

0]

— 1A%, Bou(),

and by Theorem 3.2 we have
-1
rk(E, A: B, C) = min[ lim ||Ly |~ (ess sup|| C2A3, Ba (1) ||) }
p—> 00 rel

In summary, we have seen in this section that in the index 1 case the exponential
stability radii in the linear time-varying case are similar to the ones in the linear
time-invariant case.

A similar analysis can be performed in principle for the asymptotic stability, by
studying the Lyapunov exponents under perturbations, see the next section. Un-
fortunately, however, in contrast to the Bohl exponents, the Lyapunov exponents
themselves may be very sensitive to small changes in the data.

3.2 Dependence of Stability Radii on the Data

The robustness analysis of the Bohl exponent was extended from ODEs in [56]
to DAEs in [24]. In the context of deriving numerical methods for the numeri-
cal computation of Bohl and Lyapunov exponents for linear time-varying DAEs,
see [70, 71, 73] the robustness of these exponents under perturbations was studied
and the concept of admissible perturbations was extended to the variable coefficient
case. In this section we summarize these results and study how the stability radii
depend on the data.

To see that the Bohl exponent is robust under sufficiently small index-1-
preserving perturbations, we consider the perturbed equation

d _
EE(Px)z(A—{—H)x, (3.14)
where A is the same as in (3.2). Here H is assumed to be piecewise continuous (just

for sake of simplicity) and to satisfy

—1

sup| H(»)| < (sup| 26~ 0)] ) (3.15)
tel tel

Note that this condition implies the inequality sup, || QG 'H(@1)|| < 1, which is
essential in the analysis.
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Theorem 3.5 ([24]) Suppose that system (3.1) is robustly index 1, the perturbation
H satisfies (3.15), and suppose further that for any ¢ > 0 there exists § =6(¢) > 0
such that for all H satisfying

t
fimeup —— |PG~'H ()| dT <38,

sit—s—oo l — 8 Jg
then

kp(E,A+ H) <kp(E,A)+e.

As a consequence of Theorem 3.5, the exponential stability is preserved under
all sufficiently small perturbations H.

Remark 3.2 The robustness analysis of the Bohl exponent is extendable to the case
of general perturbations arising in both coefficients of (3.1). It is clear that additional
assumptions on the perturbation structure and/or the smoothness of the admissi-
ble perturbations are necessary in this case. The same can be said for the analysis
of Bohl exponents for general higher-index DAEs and for nonlinear perturbations,
see [6].

We now discuss how the structured stability radius of (3.8) with respect to the
same structured perturbation as in (3.9) depends on the perturbation H and the re-
striction matrices B, C. To this end, we first establish the asymptotic behavior of the
norm of the input-output operator defined in (3.11).

Theorem 3.6 [24] Suppose that system (3.1) is exponentially stable, robustly in-
dex 1 and satisfies (3.15) and suppose, in addition, that the perturbation function H
satisfies

lim ||H(t)| =0.
—>0o0

Then the operator 1L; defined in (3.11) and the corresponding operator associated
with (3.14), denoted by 1, satisfy

lim |[L; ]| = Tim [|/L|].
—0o0 —>0o0

By invoking Theorem 3.2, we obtain sufficient conditions for a sequence of per-
turbations Hj under which the structured stability radius of the perturbed systems
converges to that of the unperturbed system.

Theorem 3.7 ([24]) Suppose that system (3.1) is exponentially stable, robustly in-
dex 1 and satisfies (3.15). Let {Hy(-)}72 | be a sequence of measurable matrix func-
tions and suppose that sup,cy || Hi (t) || < (supp |l oG ')~ forallk=1,2,...
and limy_; oo SUp, ¢y | Hk ()| = 0. Then

Jim re(E, A+ Hy: B.C) =rc(E. A B.C).
— 00
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Theorem 3.7 implies that the stability radius for the system (3.1) depends contin-
uously on the coefficient matrix function A. As a consequence of Theorem 3.7 and
Corollary 3.4, we get the following result.

Corollary 3.8 Ler E, A, B, C be constant matrices, let system (3.1) be of index 1
and exponentially stable. Furthermore, assume that the sequence of time-varying
perturbation { H )2 | fulfills the conditions of Theorem 3.7. Then, for the Euclidean
norm, one has

Jim ro(E. A+ Hi: B.C) = (SUP |CwE — A)_13||>7]~
—00 1

weiR

For illustration, the following numerical example shows that the complex stabil-
ity radius of a linear time-invariant system under time-varying perturbations can be
well approximated by that of the corresponding time-invariant DAE.

Example 3.4 ([24, Example 5.13]) Consider the simple example of a linear constant
coefficient DAE with data

21 —2 -1 2 1
E:[O o}’ A:[2 2] B=1I, C:[l 1] (3.16)

Let a sequence of time-varying perturbations be defined by

_1 1
Fk(t):|: Hr ‘We}tf], k=1,2,.... (3.17)
k+1 T2k

Here, we choose

-1 -1 2 1
Q=[2 2] G=E—AQ=[_2 —2]

Then it is easy to check that lim;_, o || Fx(¢)|| = 0 and

[1/3 1/4} H ~0.8192 < @G| ~0.8945.

F
fgg” «of < 12 12

Furthermore, we have

—e - € _
k+1 2k

e et
QG 'F(ny=| XD A,

thus limy oo sup,>¢ || QG 'Fi(t)|| = 0. On the other hand, by elementary calcula-
tions, we obtain

(sup |cwE — A)_IBH)_1 =1.
weiR
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Invoking Corollary 3.8, we have

lim rc(E, A+ Fy; B,C) = 1.
k—o00

Finally, one also obtains that the complex structured stability radius of (3.1) de-
pends continuously on the restriction matrices B and C as in the time-invariant case.

Theorem 3.9 ([24]) Suppose that system (3.1) is exponentially stable, robustly in-
dex 1 and satisfies (3.15). Let By and Cy be two sequences of measurable and es-
sentially bounded matrix functions satisfying

lim esssup|Bx(t) — B(t)|| =0, lim esssup|Cy(t) — C(t)| =0
k=00t k=00 41

then,

klim rc(E, A; Bi, Cx) =rc(E, A; B, C).
—00

We stress once more that, since the dynamics of DAEs is constrained and the
index-1 property should be preserved, only weaker results hold for the continuity of
the stability radius and more restrictive assumptions are required than in the ODE
case. Furthermore, for time-varying DAEs, we have to restrict the analysis to per-
turbations in A only, see (3.8) and (3.9), simply because the study of perturbations
associated with the leading term E is a long-standing open problem. Just very re-
cently, in [5], a result on robust stability with respect to perturbations associated with
the leading term E has been derived within the framework of DAEs of tractability-
index 1.

In order to study the robustness of Lyapunov exponents, we consider the specially
perturbed system for (3.1) given in the form (3.5)

[E+Flx=[A+H]x, tel, (3.18)

where F = [1;1] and H = [Z; ] and where F| and H;, H> are assumed to have
the same order of smoothness as E1 and A1, A;, respectively. Perturbations of this
structure are called admissible, generalizing the concept for the constant coefficient
DAE:s studied in [20].

The DAE (3.1) is said to be robustly strangeness-free if it stays strangeness-free
under all sufficiently small admissible perturbations and it is easy to see that this
property holds if and only if the matrix function Eis boundedly invertible.

If we assume that (3.1) is already given in the form (3.6), then the perturbed DAE

has the form
d . d . - -
(E11 + Fll)Exl + (En2 + FlZ)EXZ = (A + Hipxp + (Aiz + Hip)xa,

0= Hy1x1 + (A + Hp)x>.

In the following we restrict ourselves to robustly strangeness-free DAE systems
under admissible perturbations.
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Definition 3.8 The upper Lyapunov exponents A{ > --- > 1% of (3.1) are said to
be stable if for any e > 0, there exists § > 0 such that the conditions sup, || F (f)] <
8, sup; [|H(t)]| <4, and sup, ||H2(t)|| < & on the perturbations imply that the per-
turbed DAE system (3.18) is strangeness-free and

A =y <e, foralli=1,2,....d,

where the y/ are the ordered upper Lyapunov exponents of (3.18).

The boundedness condition on Hz, which is obviously satisfied in the time-
invariant setting [20], is an extra condition and it seems to be somehow unusual.
However, the DAE (3.7) shows the necessity.

As in the ODE case, see [1, 29], to have stability of the Lyapunov spectrum,
one needs the property of integral separation, i.e., for the columns of the minimal
fundamental solution matrix @ of (3.1) there exist constants ¢; > 0 and ¢ > 0 such
that

IXOeill 1Xeisl o
IX®ell IXOeirl

forall¢,s witht > s >0andi =1,...,d — 1. Then we have the following sufficient
conditions for the stability of the upper Lyapunov exponents of (3.1).

Theorem 3.10 ([70]) Consider the DAE (3. 1) in the form (3 6). Suppose that the
matrix E is boundedly invertible and that E | 'A 11, A12A22 and the derivative of
Ay are bounded on 1. Then, the upper Lyapunov exponents of (3.1) are distinct and
stable if and only if the system has the integral separation property.

This shows that if perturbations are performed in E as well, then the perturbation
analysis of time-varying DAEs requires more restrictive conditions than in the time-
invariant case. However, for some classes of structured problems and/or structured
perturbation, parts of these conditions can be relaxed.

If the perturbation block H»; disappears, i.e., if H and A have the same block
triangular structure, then for example the restrictive conditions on the derivatives in
Definition 3.8 and Theorem 3.10 can be omitted. Similar situations happen in the
case that E1p = Fjp = 0 as discussed in [70, Sect. 3.2] and the case of perturbations
in A only as in (3.8).

In [70] another stability concept, the Sacker—Sell spectrum has been extended to
linear DAEs with variable coefficients. It is also shown that unlike the Lyapunov
spectrum, the Sacker—Sell spectrum is robust in the sense that it is stable without
requiring integral separation.

This means that for general strangeness-free time-varying systems, the exponen-
tial stability is robust, but the asymptotic stability is not. Note that this remark does
not apply to time-invariant systems, for which the two stability notions are equiva-
lent.
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Remark 3.3 In [56], the robust stability of time-varying ODEs with respect to time-
varying perturbations was characterized in terms of differential Riccati equations.
In particular, the relation between the perturbation operator and the existence of so-
lutions to the Riccati equations was pointed out. A similar analysis for time-varying
DAEs would be of interest as well. However, this gives rise to differential-algebraic
Riccati equations, which may have a very complicated solution structure, see e.g.
[62, 65].

Remark 3.4 The robustness analysis for linear DAEs of index higher than one and
under general perturbations is essentially an open problem. The same is true for
the distances to the other important control properties such as controllability and
observability. The robustness of these concepts for linear DAEs with variable coef-
ficients presents a major challenge.

4 Discussion

In this paper we have surveyed recent results on the robustness of asymptotic and
exponential stability for linear time-invariant and time-varying DAEs. We have an-
alyzed robust stability and its distance measures, the real or complex structured
stability radius and presented formulas and various properties of the stability radii.
We have seen that the robustness analysis for DAEs is much more complicated than
that for ODEs. In general, results already known for ODEs now hold for DAEs
only under extra assumptions, mainly restricting the set of admissible perturbations.
DAE aspects also give rise to new robustness and distance problems. While for time-
invariant DAEs, most of the robustness and distance problems are well understood,
many problems for time-varying DAEs are still open. These and robustness analysis
for general nonlinear and/or high-index DAEs and time-delay DAEs are interesting
and challenging topics for future work.

Acknowledgements V.H. Linh supported by Vietnam National Foundation for Science and
Technology Development (NAFOSTED) under grant number 101.01-2011.14. V. Mehrmann sup-
ported by Deutsche Forschungsgemeinschaft, through project AO2 within Collaborative Research
Center 910 Control of self-organizing nonlinear systems.

We thank the anonymous referees for their useful suggestions that led to improvements of the

paper.

References

1. Adrianova, L.Ya.: Introduction to Linear Systems of Differential Equations. Trans. Math.
Monographs, vol. 146. AMS, Providence (1995)

2. Benner, P., Voigt, M.: Numerical computation of structured complex stability radii of large-
scale matrices and pencils. In: Proceedings of the 51st IEEE Conference on Decision and
Control, Maui, HI, USA, December 10-13, 2012, pp. 6560-6565. IEEE Publications, New
York (2012)



92

12.

13.

14.

15.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

N.H. Du et al.

. Benner, P., Voigt, M.: A structured pseudospectral method for Hy,-norm computation of large-

scale descriptor systems. MPI Magdeburg Preprint MPIMD/12-10 (2012)

Benner, P, Sima, V., Voigt, M.: L,-norm computation for continuous-time descriptor systems
using structured matrix pencils. IEEE Trans. Autom. Control 5§7(1), 233-238 (2012)

Berger, T.: Robustness of stability of time-varying index-1 DAEs. Institute for Mathematics,
Ilmenau University of Technology, Preprint 12-10 (2012)

Berger, T.: Bohl exponent for time-varying linear differential-algebraic equations. Int. J. Con-
trol 85(10), 1433-1451 (2012)

Berger, T., Ilchmann, A.: On stability of time-varying linear differential-algebraic equations.
Institute for Mathematics, Ilmenau University of Technology, Preprint 10-12 (2012)

Berger, T., Reis, T.: Controllability of linear differential-algebraic systems—a survey. Institute
for Mathematics, Ilmenau University of Technology, Preprint 12-02 (2012)

Bohl, P.: Uber differentialungleichungen. J. Reine Angew. Math. 144, 284-313 (1913)

Boyd, S., Balakrishnan, V.: A regularity result for the singular values of a transfer matrix and
a quadratically convergent algorithm for computing its L-norm. Syst. Control Lett. 15, 1-7

(1990)

. Bracke, M.: On stability radii of parametrized linear differential-algebraic systems. Ph.D. The-

sis, University of Kaiserslautern (2000)

Brenan, K.E., Campbell, S.L., Petzold, L.R.: Numerical Solution of Initial-Value Problems in
Differential Algebraic Equations, 2nd edn. SIAM, Philadelphia (1996)

Bruinsma, N.A., Steinbuch, M.: A fast algorithm to compute the Hy, of a transfer function
matrix. Syst. Control Lett. 14, 287-293 (1990)

Bunse-Gerstner, A., Mehrmann, V., Nichols, N.K.: Regularization of descriptor systems by
derivative and proportional state feedback. SIAM J. Matrix Anal. Appl. 13, 46-67 (1992)
Bunse-Gerstner, A., Mehrmann, V., Nichols, N.K.: Regularization of descriptor systems by
output feedback. IEEE Trans. Autom. Control 39, 1742—1748 (1994)

Bunse-Gerstner, A., Byers, R., Mehrmann, V., Nichols, N.K.: Feedback design for regulariz-
ing descriptor systems. Linear Algebra Appl. 299, 119-151 (1999)

Burke, J., Lewis, A.S., Overton, M.L.: Optimization and pseudospectra, with applications to
robust stability. SIAM J. Matrix Anal. Appl. 25, 80-104 (2003)

Byers, R.: A bisection method for measuring the distance of a stable matrix to the unstable
matrices. SIAM J. Sci. Stat. Comput. 9, 875-881 (1988)

Byers, R.: The descriptor controllability radius. In: Systems and Networks: Mathematical The-
ory and Application, Proceedings of MTNS’93, pp. 85-88. Akademie Verlag, Berlin (1994)
Byers, R., Nichols, N.K.: On the stability radius of a generalized state-space system. Linear
Algebra Appl. 188-189, 113-134 (1993)

Byers, R., He, C., Mehrmann, V.: Where is the nearest non-regular pencil? Linear Algebra
Appl. 285, 81-105 (1998)

Campbell, S.L.: Linearization of DAE’s along trajectories. Z. Angew. Math. Phys. 46, 70-84
(1995)

Campbell, S.L., Nichols, N.K., Terrell, W.J.: Duality, observability, and controllability for
linear time-varying descriptor systems. Circuits Syst. Signal Process. 10, 455-470 (1991)
Chyan, C.J., Du, N.H., Linh, V.H.: On data-dependence of exponential stability and the stabil-
ity radii for linear time-varying differential-algebraic systems. J. Differ. Equ. 245, 2078-2102
(2008)

Cong, N.D., Nam, H.: Lyapunov’s inequality for linear differential algebraic equation. Acta
Math. Vietnam. 28, 73-88 (2003)

Cong, N.D., Nam, H.: Lyapunov regularity of linear differential algebraic equations of index
1. Acta Math. Vietnam. 29, 1-21 (2004)

Dai, L.: Singular Control Systems. Lecture Notes in Control and Information Science.
Springer, Berlin (1989)

Daleckii, J.L., Krein, M.G.: Stability of Solutions of Differential Equations in Banach Spaces.
American Mathematical Society, Providence (1974)



Robust Stability of Differential-Algebraic Equations 93

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Dieci, L., Van Vleck, E.S.: Lyapunov spectral intervals: theory and computation. SIAM J.
Numer. Anal. 40, 516-542 (2002)

Dmitriev, M., Kurina, G.: Singular perturbation in control problems. Autom. Remote Control
67, 1-43 (2006)

Dragan, V.: The asymptotic behavior of the stability radius for a singularly perturbed linear
system. Int. J. Robust Nonlinear Control 8, 817-829 (1998)

Dragan, V., Halanay, A.: Stabilization of Linear Systems. Birkhduser, Boston (1999)

Du, N.H.: Stability radii of differential-algebraic equations with structured perturbations. Syst.
Control Lett. 57, 546-553 (2008)

Du, N.H., Linh, V.H.: Implicit-system approach to the robust stability for a class of singularly
perturbed linear systems. Syst. Control Lett. 54, 33—41 (2005)

Du, N.H., Linh, V.H.: Robust stability of implicit linear systems containing a small parameter
in the leading term. IMA J. Math. Control Inf. 23, 67-84 (2006)

Du, N.H., Linh, V.H.: Stability radii for linear time-varying differential-algebraic equations
with respect to dynamic perturbations. J. Differ. Equ. 230, 579-599 (2006)

Du, N.H,, Lien, D.T., Linh, V.H.: Complex stability radii for implicit discrete-time systems.
Vietnam J. Math. 31, 475-488 (2003)

Du, N.H., Thuan, D.D., Liem, N.C.: Stability radius of implicit dynamic equations with con-
stant coefficients on time scales. Syst. Control Lett. 60, 596-603 (2011)

Eich-Soellner, E., Fiihrer, C.: Numerical Methods in Multibody Systems. Teubner Verlag,
Stuttgart (1998)

Freitag, M.A., Spence, A.: A Newton-based method for the calculation of the distance to
instability. Linear Algebra Appl. 435(12), 3189-3205 (2011)

Gantmacher, F.R.: Theory of Matrices, vol. 2. Chelsea, New York (1959)

Golub, G.H., Van Loan, C.F.: Matrix Computations, 3rd edn. The Johns Hopkins University
Press, Baltimore (1996)

Griepentrog, E., Mirz, R.: Differential-Algebraic Equations and Their Numerical Treatment.
Teubner Verlag, Leipzig (1986)

Gu, M., Mengi, E., Overton, M.L., Xia, J., Zhu, J.: Fast methods for estimating the distance to
uncontrollability. SITAM J. Matrix Anal. Appl. 28, 477-502 (2006)

Guglielmi, N., Overton, M.L.: Fast algorithms for the approximation of the pseudospectral
abscissa and pseudospectral radius of a matrix. SIAM J. Matrix Anal. Appl. 32, 1166-1192
(2011)

Giirbiizbalaban, M., Overton, M.L.: Some regularity results for the pseudospectral abscissa
and pseudospectral radius of a matrix. SIAM J. Optim. 22, 281-285 (2012)

Hairer, E., Wanner, G.: Solving Ordinary Differential Equations II: Stiff and Differential-
Algebraic Problems, 2nd edn. Springer, Berlin (1996)

He, C., Watson, G.A.: An algorithm for computing the distance to instability. STAM J. Matrix
Anal. Appl. 20, 101-116 (1999)

Hinrichsen, D., Kelb, B.: Spectral value sets: a graphical tool for robustness analysis. Syst.
Control Lett. 21(2), 127-136 (1993)

Hinrichsen, D., Pritchard, A.J.: Stability radii of linear systems. Syst. Control Lett. 7, 1-10
(1986)

Hinrichsen, D., Pritchard, A.J.: Stability radii for structured perturbations and the algebraic
Riccati equations. Syst. Control Lett. 8, 105-113 (1986)

Hinrichsen, D., Pritchard, A.J.: A note on some difference between real and complex stability
radii. Syst. Control Lett. 14, 401-408 (1990)

Hinrichsen, D., Pritchard, A.J.: Destabilization by output feedback. Differ. Integral Equ. 5,
357-386 (1992)

Hinrichsen, D., Pritchard, A.J.: On spectral variations under bounded real matrix perturba-
tions. Numer. Math. 60, 509-524 (1992)

Hinrichsen, D., Pritchard, A.J.: Mathematical Systems Theory I. Modelling, State Space Anal-
ysis, Stability and Robustness. Springer, New York (2005)



94

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

N.H. Du et al.

Hinrichsen, D., Ilchmann, A., Pritchard, A.J.: Robustness of stability of time-varying linear
systems. J. Differ. Equ. 82, 219-250 (1989)

Hinrichsen, D., Kelb, B., Linnemann, A.: An algorithm for the computation of the complex
stability radius. Automatica 25, 771-775 (1989)

Hu, G.: Robustness measures for linear time-invariant time-delay systems. Ph.D. Thesis, Uni-
versity of Toronto (2001)

Ilchmann, A., Mareels, .M. Y.: On stability radii of slowly time-varying systems. In: Advances
in Mathematical System Theory, pp. 55-75. Birkhéuser, Boston (2001)

Jacob, B.: A formula for the stability radius of time-varying systems. J. Differ. Equ. 142,
167-187 (1998)

Kokotovic, P., Khalil, H.K., O’Reilly, J.: Singular Perturbation Method in Control: Analysis
and Design. Academic Press, New York (1986)

Kunkel, P., Mehrmann, V.: Numerical solution of differential algebraic Riccati equations. Lin-
ear Algebra Appl. 137/138, 39-66 (1990)

Kunkel, P., Mehrmann, V.: Differential-Algebraic Equations. Analysis and Numerical Solu-
tion. EMS Publishing House, Ziirich (2006)

Kunkel, P, Mehrmann, V., Rath, W., Weickert, J.: A new software package for linear
differential-algebraic equations. SIAM J. Sci. Comput. 18, 115-138 (1997)

Kurina, G.A., Mirz, R.: Feedback solutions of optimal control problems with DAE constraints.
In: Proceedings of the 47th IEEE Conf. on Decision and Control, Cancun, Mexico, Dec. 9-11
(2008)

Lam, S.: Real robustness radii and performance limitations of LTI control systems. Ph.D.
Thesis, University of Toronto (2011)

Lam, S., Davison, E.J.: Real controllability radius of high-order, descriptor, and time-delay
LTI systems. In: Proceedings of the 18th IFAC World Congress, Milano, Italy, August 28—
September 2 (2011). 6 pages

Lamour, R., Mirz, R., Tischendorf, C.: Differential-Algebraic Equations: A Projector Based
Analysis. Springer, Berlin (2013)

Lee, L., Fang, C.-H., Hsieh, J.-G.: Exact unidirectional perturbation bounds for robustness of
uncertain generalized state-space systems: continuous-time cases. Automatica 33, 1923-1927
(1997)

Linh, V.H., Mehrmann, V.: Lyapunov, Bohl and Sacker—Sell spectral intervals for differential-
algebraic equations. J. Dyn. Differ. Equ. 21, 153-194 (2009)

Linh, V.H., Mehrmann, V.: Approximation of spectral intervals and associated leading di-
rections for linear differential-algebraic systems via smooth singular value decompositions.
SIAM J. Numer. Anal. 49, 1810-1835 (2011)

Linh, V.H., Mehrmann, V.: Spectral analysis for linear differential-algebraic systems. In: Pro-
ceedings of the 8th AIMS International Conference on Dynamical Systems, Differential Equa-
tions and Applications, Dresden, May 24-28, pp. 991-1000 (2011). DCDS Supplement
Linh, V.H., Mehrmann, V., Van Vleck, E.: QR methods and error analysis for computing
Lyapunov and Sacker—Sell spectral intervals for linear differential-algebraic equations. Adv.
Comput. Math. 35, 281-322 (2011)

Lyapunov, A.M.: The general problem of the stability of motion. Translated by A.T. Fuller
from E. Davaux’s French translation (1907) of the 1892 Russian original. Int. J. Control, 521—
790 (1992)

Mattheij, R.M.M., Wijckmans, PM.E.J.: Sensitivity of solutions of linear DAE to perturba-
tions of the system matrices. Numer. Algorithms 19, 159-171 (1998)

Mehrmann, V.: The Autonomous Linear Quadratic Control Problem: Theory and Numerical
Solution. Lecture Notes in Control and Information Sciences, vol. 163. Springer, Heidelberg
(1991)

Mehrmann, V.: Index concepts for differential-algebraic equations. Preprint 2012-03, Institut
fiir Mathematik, TU Berlin (2012). http://www.math.tu-berlin.de/preprints/

Mehrmann, V., Stykel, T.: Descriptor systems: a general mathematical framework for mod-
elling, simulation and control. Automatisierungstechnik 54(8), 405-415 (2006)


http://www.math.tu-berlin.de/preprints/

Robust Stability of Differential-Algebraic Equations 95

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Mengi, E.: Measures for robust stability and controllability. Ph.D. Thesis, University of New
York (2006)

Mengi, E., Overton, M.L.: Algorithms for the computation of the pseudospectral radius and
the numerical radius of a matrix. IMA J. Numer. Anal. 25, 48-669 (2005)

Motscha, M.: Algorithm to compute the complex stability radius. Int. J. Control 48, 2417-
2428 (1988)

Qiu, L., Davison, E.J.: The stability robustness of generalized eigenvalues. IEEE Trans. Au-
tom. Control 37, 886-891 (1992)

Qiu, L., Bernhardsson, B., Rantzer, A., Davison, E.J., Young, PM., Doyle, J.C.: A formula for
computation of the real stability radius. Automatica 31, 879-890 (1995)

Rabier, P.J., Rheinboldt, W.C.: Theoretical and Numerical Analysis of Differential-Algebraic
Equations. Handbook of Num. Analysis, vol. VIII. Elsevier, Amsterdam (2002)

Riaza, R.: Differential-Algebraic Systems. Analytical Aspects and Circuit Applications. World
Scientific Publishing Co. Pte. Ltd., Hackensack (2008)

Sacker, R.J., Sell, G.R.: A spectral theory for linear differential systems. J. Differ. Equ. 27,
320-358 (1978)

Son, N.K., Hinrichsen, D.: Robust stability of positive continuous time systems. Numer. Funct.
Anal. Optim. 17, 649-659 (1996)

Son, N.K., Thuan, D.D.: The structured distance to non-surjectivity and its application to
calculating the controllability radius of descriptor systems. J. Math. Anal. Appl. 388, 272-281
(2012)

Sreedhar, J., Van Dooren, P., Tits, A.: A fast algorithm to compute the real structured stability
radius. Int. Ser. Numer. Math. 121, 219-230 (1996)

Tidefelt, H.: Differential-algebraic equations and matrix-valued singular perturbation. Ph.D.
Thesis, Linkoping University (2009)

Trefethen, L.N., Embree, M.: Spectra and Pseudospectra: The Behavior of Nonnormal Matri-
ces and Operators. Princeton University Press, Princeton (2005)

Van Loan, C.F.: How near is a stable matrix to an unstable matrix? Contemp. Math. 47, 465—
477 (1985)



DAEs in Circuit Modelling: A Survey

Ricardo Riaza

Abstract This paper surveys different analytical aspects of differential-algebraic
models of electrical and electronic circuits. The use of DAEs in circuit modelling
has increased in the last two decades, and differential-algebraic (or semistate) mod-
els play nowadays a key role in circuit simulation programs and also in the analysis
of several aspects of nonlinear circuit dynamics. We discuss not only nodal systems,
including MNA, but also branch-oriented and hybrid ones, as well as the models
arising in other approaches to circuit analysis. Different results characterizing the
index of DAE models, for both passive and active circuits, are reviewed in detail.
We also present a detailed discussion of memristive devices (memristors, memca-
pacitors and meminductors), displaying a great potential impact in electronics in the
near future, and address how to accommodate them in differential-algebraic mod-
els. Some dynamical aspects and other topics in circuit theory in which DAEs play
a role, regarding e.g. model reduction, coupled problems or fault diagnosis, are dis-
cussed in less detail.
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1 Introduction

Circuit modelling, analysis and simulation in the nonlinear setting have greatly ben-
efited from the use of the DAE formalism in the last three decades. The ubiqui-
tous presence of nonlinear devices in modern electronic circuits naturally leads to
time-domain models; the differential-algebraic form of circuit equations emanates
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from the combination of differential equations coming from reactive elements with
algebraic (non-differential) relations modelling Kirchhoff laws and device charac-
teristics. In the opposite direction, a considerable amount of research on analytical
and numerical aspects of differential-algebraic equations has been motivated by ap-
plications in circuit theory.

The term ‘algebraic-differential system’ was already used in the circuit context
by Brown in 1963 [25]. Actually, the work of Bashkow, Brown, Bryant and oth-
ers in the late 1950s and in the 1960s [10, 15, 29, 30, 48, 49, 105, 128, 181] on
the formulation of state space models defines an important precedent of the use of
DAE:s in circuit modelling. A nice compilation of the state-of-the-art of state space
modelling of nonlinear circuits up to 1980 can be found in Chua’s paper [35]. The
state space approach to circuit modelling displays, however, some important limi-
tations. For several circuit configurations an explicit state space equation may not
exist, not even locally. Additionally, when state space descriptions do exist, their
formulation may be hardly automatable. The latter is extremely important from the
computational point of view, specially in very large scale integration systems.

These limitations led, in the 1970s and 1980s, to the systematic formulation of
semistate models, which use larger sets of network variables allowing some re-
dundancy between them. Semistate models are currently framed in the differential-
algebraic context. A milestone is the 1971 paper of Gear [71], addressing numerical
aspects and which many consider the first paper on DAEs. Less known but also rel-
evant from an analytical perspective is the paper of Takens [191]. The term “semis-
tate”, which was proposed by Dziurla (see p. 31 in [94]), appeared for the first time
in the joint work of Dziurla and Newcomb [53]; an important reference in this re-
gard is Newcomb’s paper [126]. Other early contributions in this direction can be
found in [31, 32, 172]. Later in the 1980s are worth recalling the 1986 and 1989
special issues of Circuits, Systems, and Signal Processing [108, 109], the book [92]
and the papers [36, 37, 42, 43, 86-88, 127].

Since the 1990s, DAEs have been pervasive in nonlinear circuit analysis and de-
sign, specially because of their appearance in nodal analysis methods (cf. [57, 61,
79-83, 116, 117, 143, 156, 169, 193, 194]) used to set up automatically network
equations in circuit simulation. As detailed later, this is the case of Modified Nodal
Analysis (MNA), whose origin can be traced back to [93] and which is used in dif-
ferent circuit simulation programs, notably in SPICE and its commercial variants.
Other techniques, not based on the use of node potentials, have also been the object
of attention in the DAE context [69, 101, 149, 156, 190]. Different analytical and nu-
merical aspects have been examined in the last decade within the context of properly
stated DAE models: see [115, 117, 194] and the forthcoming title [107]. Section 2
will present a detailed discussion of different families of differential-algebraic cir-
cuit models.

In the numerical simulation of circuit dynamics, a key aspect is the computa-
tion and monitorization of the index of the differential-algebraic models, a problem
which has attracted much attention; find in [61, 80, 81, 100, 101, 149, 156, 190, 193,
194] several results concerning the index of different circuit models under passivity
assumptions; extensions to the non-passive context are discussed in [55, 69]. The
main results in this direction will be compiled in Sect. 3.
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A large amount of recent research has been motivated by the introduction in
nonlinear circuit theory of so-called mem-devices. The memory-resistor or mem-
ristor is an electronic device defined by a nonlinear relation between the charge
and the flux, and its existence was predicted by Leon Chua in 1971 for symmetry
reasons [34]. The memristor would be the fourth basic circuit element, in addition
to resistors, capacitors and inductors, whose characteristics relate voltage and cur-
rent, voltage and charge, and flux and current, respectively. The report in 2008 of a
nanoscale device with a memristive characteristic [184] had a great impact in elec-
trical and electronic engineering, making the memristor a topic of active research
(cf. [11, 45, 70, 97-99, 103, 121-124, 131-133, 157, 159-161, 167, 203] and ref-
erences therein), which has been further motivated by the announcement of HP that
commercial memory chips based on the memristor will be released in 2013 [1]. In
2009 the idea of a device with memory was extended to reactive elements by Di
Ventra, Pershin and Chua [51]. In Sect. 4 we will discuss some features of DAE
models of circuits with mem-devices. In this context, circuits without mem-devices
are often referred to as “classical circuits”.

The analysis of different theoretical aspects of circuit dynamics benefits from the
use of differential-algebraic models. These include the state formulation problem or
the study of different qualitative issues of nonlinear circuits, including circuits with
memristors. The DAE formalism is mandatory in the analysis of impasse behaviour
and phenomena related to singularities, which cannot be displayed in the setting
of explicit ODEs. These aspects are addressed in Sect. 5; cf. [36, 37, 46, 63, 92,
148, 151, 153-156, 165, 166, 168]. Other aspects of DAE-based circuit modelling,
related to model reduction, coupled problems or fault diagnosis, will be discussed
more briefly in Sect. 6.

This survey will be focussed on analytical aspects of DAEs in circuit modelling.
For different aspects of numerics in circuit simulation, the reader is referred to the
references compiled on this topic in Sect. 6. For the sake of brevity no proofs are
included, but the papers where these proofs can be found are cited after each result.
Also for the sake of simplicity, controlled sources are not included in the models,
although in most cases the results apply also to circuits with controlled sources un-
der certain topological restrictions (cf. [61, 101, 156]). Other surveys published on
this topic or on closely related ones in the last 15 years are [59, 62, 80, 81, 84, 169];
related aspects are also addressed in the papers on PDAEs and port-Hamiltonian
systems within the present volume.

2 Model Families for Classical Circuits

The semistate or differential-algebraic framework provides a valuable tool for cir-
cuit modelling since it makes it possible to accommodate, in a comprehensive man-
ner, different families of circuit models. A difference between model families is
made by the set of semistate variables that they use. In particular, nodal methods
are characterized by the use (in addition to some branch variables) of node poten-
tials e as the fundamental model variables, by expressing Kirchhoff’s voltage law
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as v = AT e. This approach comprises Modified Nodal Analysis (MNA) techniques,
but also other methods such as Node Tableau Analysis (NTA) [41, 44, 80, 81, 85]
or Augmented Nodal Analysis (ANA) [55, 110, 169]. After providing some pre-
liminary material on graphs and elementary aspects of circuit theory in Sects. 2.1
and 2.2, nodal analysis models are discussed in Sect. 2.3.

Branch-oriented models (also known as “standard”, “mixed” or “hybrid”” models;
note that the latter is used below with a different meaning) are characterized by the
statement of Kirchhoff laws in the form Ai =0 (or Qi =0) and Bv =0. Here A, B
and Q are incidence, loop and cutset matrices (cf. Sects. 2.1 and 2.2). This will make
it possible to formulate the circuit equations just in terms of the branch currents i
and voltages v, which explains the ‘branch-oriented’ label for these methods. See
[92, 149, 156]. So-called hybrid models (cf. [4, 20, 21, 33, 91, 104, 171]) can be
obtained as a reduction of branch-oriented equations and have received very recent
attention because their index does not exceed one, either in a passive or a non-
passive context [69, 101, 190]. Branch-oriented, tree-based and hybrid models are
presented in Sect. 2.4. We will also briefly consider other DAE models in Sects. 2.5
and 2.6.

2.1 Graph-Theoretic Results

The formulation of nodal models for electrical circuits will based on the description
of the underlying digraph in terms of the so-called reduced incidence matrix A =
(a;j) e R"=Dxb where

1 if branch j leaves node i,
a;jj =1 —1 if branch j enters node i,

0 if branch j is not incident with node i.

We are assuming the digraph to be connected and to have n nodes and b branches.
Note that the reference node does not have an associated row in A.

An alternative description of the circuit’s underlying digraph can be given in
terms of the so-called reduced loop and cutset matrices. This description will be
used in the formulation of branch-oriented and related models. We will use both the
term loop and cycle to mean the branches in a closed path without self-intersections.
A reduced loop matrix is defined, for a connected digraph with n nodes, b branches
and after having chosen b — n + 1 independent loops, as B = (b;;) € RG—n+Dxb,
with

1 if branch j is in loop i with the same orientation,
bjj =4 —1 if branch j is in loop i with the opposite orientation,

0  if branch j is not in loop i.
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Similarly, the entries of a reduced cutset matrix Q = (g;;) € R®=D*P are given by

1 if branch j is in cutset i with the same orientation,
gij =1 —1 if branch j is in cutset i with the opposite orientation,

0 if branch j is not in cutset i.

Recall that a subset S of the set of branches of a connected digraph is a cutset if
the removal of § results in a disconnected graph, and it is minimal with respect to
this property, that is, the removal of any proper subset of S does not disconnect
the graph; a cutset may be oriented just by directing it from one of the connected
components resulting from the cutset deletion towards the other.

The rows of any reduced loop matrix span the so-called cycle space im BT . Those
of either a reduced incidence matrix or a reduced cutset matrix span the cut space
im Q7. Details can be found in [19]. Both spaces are orthogonal to each other, so
that im BT =ker Q and im QT = ker B.

Let K be a set of branches of a given digraph G. The presence or absence of loops
and cutsets within K can be described in terms of the aforementioned matrices as
indicated in Lemmas 2.1 and 2.2 below. Find details in [5, 6, 64, 156]. By Ak (resp.
Ag_k) we mean the submatrix of A defined by the columns which correspond to
branches in (resp. not in) K. The same applies to B and Q.

Lemma 2.1 A subset K of the set of branches of a connected digraph G does not
contain loops if and only if Ak has full column rank. In particular, if K has n — 1
branches, Ak is nonsingular if and only if K defines a spanning tree; in this case,
detAg =+£1.

Lemma 2.2 Consider a connected digraph G. The following statements are equiv-
alent:

. K does not contain cutsets,
. Ag_x has full row rank;

. Qg—k has full row rank;

. Bk has full column rank.

AW -

The absence of loops can be also characterized in terms of the loop and cutset
matrices by requiring Bg_ g to have full row rank and Q g to have full column rank,
respectively.

In a connected digraph, the choice of a spanning tree (that is, a connected sub-
graph including all nodes and having no loops) yields two sets of so-called fun-
damental cutsets and fundamental loops; fundamental cutsets are defined by a tree
branch (or twig) together with some cotree branches (or links) and, analogously,
fundamental loops are defined by a link together with some twigs. Choosing the
orientation of the cutsets and loops coherently with that of the corresponding twigs
or links, and using the orthogonality property Q BT = 0, the corresponding reduced
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cutset and loop matrices have the form

0=(1 -kK7), (2.1a)
B=(K 1), (2.1b)

for a certain matrix K. The first columns of both matrices correspond to twigs,
whereas the last ones are associated with the links. These matrices will be used in
the formulation of tree-based models. The reader can find at the end of Sect. 2.2 an
example illustrating all the notions introduced above.

2.2 Some Preliminaries from Circuit Theory

Kirchhoff Laws  Possibly the most fundamental properties of electrical circuits
are expressed by Kirchhoff laws. Kirchhoff’s current law (KCL) states that the sum
of the currents leaving any circuit node is zero. This must be understood as follows:
if the current in branch k is denoted by i; and this branch is directed away from
(resp. towards) a given node, then the current leaving this node is iy (resp. —i). In
terms of the reduced incidence and cutset matrices A, Q, this law can be expressed
as Ai =0 or Qi =0, respectively.

In turn, Kirchhoff’s voltage law (KVL) states that the sum of the voltage drops
along the branches of any loop is zero. In this statement, provided that an orientation
is defined in every loop and denoting by vy the voltage in branch k, the correspond-
ing voltage drop must be understood as vy if branch k has the same orientation as
the loop, and —vy otherwise. In terms of the loop matrix, KVL can be expressed as
Bv = 0. It is also possible to express Kirchhoff’s voltage law in terms of the node
potentials e as v = AT ¢; this will be one of the key features of nodal models.

Component Relations The basic components of electrical circuits are resis-
tors, capacitors, inductors, and voltage and current sources (find in Sect. 4 the re-
cently introduced memristor and other mem-devices). In a nonlinear setting, re-
sistors can be either current-controlled, being governed by a relation of the form
v, = yr (i), or voltage-controlled, this relation having the form i, = y,(v,). For
the sake of simplicity, capacitors and inductors will be supposed to be voltage-
controlled and current-controlled (respectively) by relations of the form g, = y,(v)
and ¢; = y;(i;); here g and ¢ are the charge and the magnetic flux. Note that in some
cases, these descriptions may exist only locally: this is the case, for instance, in the
Josephson junction [44], a device composed of two superconductors separated by
an oxide barrier and which is governed by a current-flux characteristic of the form
i; = Ipsin(kgy) for certain physical constants Iy, k. Points where cos(kg;) = 0 do
not admit any current-controlled description and, away from them, such a current-
controlled description is only locally defined.

Also for simplicity, voltage and current sources will be assumed to be indepen-
dent, their voltage and current being, respectively, defined by explicit functions of
time, to be denoted by v, (¢) and i (?).
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When the characteristics defined above are differentiable, the incremental capac-
itance matrix of the set of capacitors is defined as C(v.) = y/(v.), whereas the incre-
mental inductance matrix of inductors is L(i;) = y/(i;). Analogously, the incremen-
tal conductance matrix for voltage-controlled resistors is defined as G (v,) = yé (vy).
In a current-controlled setting, the incremental resistance matrix is R(iy) = v/ (i;).
All these matrices will be diagonal in the absence of coupling effects. When they are
positive definite (resp. semidefinite) in a given region, the corresponding devices are
said to be strictly locally passive (resp. locally passive) in that region [35, 44]; recall
that an m x m matrix M is positive definite (resp. semidefinite) if u” Mu > 0 (resp.
> 0) for any u € R™ — {0}; we do not require M to be symmetric. In the absence
of coupling effects, these passivity (resp. strict passivity) conditions amount to re-
quiring that the individual capacitances, inductances, conductances or resistances
are non-negative (resp. positive).

Topologically Degenerate Configurations An important role in the index anal-
ysis will be played by so-called topologically degenerate configurations, namely,
VC-loops (loops defined by capacitors and/or voltage sources), and IL-cutsets (cut-
sets composed of inductors and/or current sources). The former restrict the set of
admissible values for the branch voltages of the capacitors within the loop, whereas
the latter restrict the values for the currents of the inductors belonging to the cut-
set. In most models these configurations lead to a higher index DAE, as detailed in
Sect. 3.

Note that, using Lemmas 2.1 and 2.2, the presence of such configurations can
be characterized in terms of the incidence, loop and cutset matrices. For instance,
the existence of a VC-loop makes the columns of the submatrix (A, A,) (defined
by the columns of the reduced incidence matrix which correspond to capacitors
and voltage sources) linearly dependent; analogously, the presence of an IL-cutset
makes the rows of (A, A, A,) linearly dependent. Equations (3.2a)—(3.2¢), (3.3)
and (3.4) in Sect. 3.2.1 illustrate how to use this type of results.

Example We will use the circuit depicted in Fig. 1 as a running example for
the non-expert reader, aimed to illustrate different concepts and results introduced
throughout the document. It includes a voltage and a current source (labelled as
Vs and I, respectively), two linear inductors with inductances L and L, a linear
capacitor with capacitance C, and a diode (labelled as D). The latter is an example of
a voltage-controlled nonlinear resistor. We are not concerned with the specific form
of its characteristic; it is enough to write it as iy = y, (vq) for a certain function y,.
We will denote its incremental conductance yé (vag) as G(vq) (or simply as G). At
certain points in the index analysis we will consider cases in which G may vanish
or even become negative for certain values of vy; in practice, this may happen for
instance if the diode exhibits a tunnelling effect which makes it locally active at a
certain operating region [44, 187].

We may already use this example to show the form that the reduced incidence,
loop and cutset matrices take. Let us begin with the reduced incidence matrix A,
using the ground terminal as reference node. We will order the branches as V;, C,
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Fig.1 Example L, 1
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D, Ly, I, Ly. The nodes on top of the voltage source, the capacitor and the diode
will have numbers 1, 2 and 3, respectively. With these conventions and the branch
directions defined by the arrows in Fig. 1, the reduced incidence matrix reads

-1 0 0 1 0 O
A= 0 1 0 -1 1 O
o o1 0 -1 1

For instance, the branch accommodating the voltage source leaves the reference
node and enters node 1, hence the entries —1, 0, O in the first column of A. Analo-
gously, the capacitor and the diode leave nodes 2 and 3, respectively, both entering
the reference node. The Li-inductor (cf. the fourth column of A) leaves node 1
and enters node 2, etc.

A reduced loop matrix B is easily constructed by considering the meshes defined
by Vi, Ly and C; by C, I; and D; and by D and L,. The corresponding loops are
assumed to be oriented clockwise. This yields

1 1 0 10 0
B=|0 -1 1 0 1 0 2.2)
0 0 -1 00 1

Here, the first row reflects that the branches accommodating Vi, L1 and C are ori-
ented as the loop itself; in the second one, the —1 in the second entry is due to the
fact that the C-branch has the opposite direction to the loop, contrary to I; and D.
In the last row, the L,-branch has the same direction as the loop but the D-branch
has not.

A reduced cutset matrix Q can be built analogously. Let us consider the cutsets
defined by Vi and L; by L1, C and I;; and by I, D and L,. Note that the removal
of each one of these sets of branches leaves nodes 1, 2 and 3 (respectively) isolated.
By orientating these cutsets coherently with Vi, C and D, respectively, we get

100 -1 0 0
o=l0o10 -1 1 o]. (2.3)
001 0 -1 1

Indeed, the first row corresponds to the cutset defined by V; and L; note that the
removal of these two branches leaves node 1 isolated. Since the orientation of the
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Fig. 2 Spanning tree
L)
Vs T C D

cutset is defined by that of the Vi-branch (which enters node 1), there is a 41 in the
first entry; now, the fact that the L-branch leaves node 1 yields a —1 in the fourth
column. The second and third rows are constructed analogously.

It is worth mentioning that B and Q in (2.2) and (2.3) are actually the fundamen-
tal matrices defined by the spanning tree depicted in Fig. 2.

Indeed, the fundamental cutsets are defined by the twigs V;, C and D, whereas
the fundamental loops correspond to the links L1, I; and L,. Note in particular that
the matrix K arising in (2.1a), (2.1b) reads

1

1 1 0
K=]10 -1 1
0 0 -1

Mind the identity blocks in B and Q and also the appearance of —K ! within the
last three columns of Q in (2.3).

2.3 Nodal Analysis. MNA

By using the subscripts r, ¢, [, u and j to denote resistors, capacitors, inductors,
voltage sources and current sources, respectively, we may express the Node Tableau
Analysis (NTA) equations [85] as

(veo) = e, (2.42)
(n(@)) = v, (2.4b)
0=1i, — (v, (2.4¢)

0= Arir + At + Acic + Ayiy + A iy (1), (2.4d)

0=v —Ale, (2.4e)
0=uv—Afe, (2.4f)
O=ve—Age, (2.49)
0=u(t) —Ale, (2.4h)

O0=v; - A]Te, (2.41)
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where y., ¥, ¥, describe the characteristics of capacitors, inductors and resistors,
as introduced above; note that resistors are assumed here to be voltage-controlled.
For the sake of brevity we will not address cases in which capacitors are charge-
controlled or inductors are flux-controlled, which lead to so-called charge-oriented
nodal models (see e.g. [61, 169, 193]). Note that Kirchhoff laws are expressed as
Ai =01in (2.4d) and v = ATe in (2.4e)—(2.4i). We are splitting the reduced inci-
dence matrix A as (A, A; A¢ A, Aj); the subscript s (from “source”) is used in
vs and i to indicate that in voltage and current sources the voltage and the current
(respectively) are explicitly given functions of time.

Provided that y. and y; are differentiable and as far as one is not concerned
with optimal smoothness descriptions of the solutions, the differential relations for
reactive elements (2.4a)—(2.4b) can be recast in terms of the incremental capacitance
and inductance matrices C(v.) = y/(v¢), L(i;) = y; (i) as

C (v, = ic, (2.5a)

L(ip)i] = v. (2.5b)

We will use this form in later models, but the reader should keep in mind that the
proper formulation (2.4a)—(2.4b) (cf. [107, 115, 194]) may be used in all of them.

Augmented Nodal Analysis (ANA) models [110, 169] arise as a reduction of the

NTA model, retaining its semiexplicit form and (as detailed in Sect. 3) its index.
ANA models are defined by a system of the form

C(ve)v, = i, (2.62)
L(ipij = ATe, (2.6b)
0=Arvg(Ale) + Ajii + Acic + Ayiy + Ajis (1), (2.6¢)
0=v.—Ale, (2.6d)
0=uv,(t) — Ale. (2.6e)

The insertion of (2.6d) into (2.6a) and this in turn into (2.6¢) yields the Modified
Nodal Analysis (MNA) model

AcC(ALe)Ale = —A,ye (Al e) — Asip — Auiy — Ajig (1), (2.72)
L(i)ij=Ale, (2.7b)
0=v,(r) — Ale. (2.7¢)

Among all nodal techniques, MNA models are by far the most widely used, mainly
because of its compact form; indeed, reducing the number of variables while at
the same time being easy to set up in an automatic way makes them well-suited
for computational purposes [61, 80, 81, 193, 194]. On the other hand it loses the
semiexplicit form of NTA and ANA and this makes the index analysis a bit more
intricate; note, however, that the index of MNA models never exceeds that of NTA
or ANA, being strictly lower in some cases (cf. Sect. 3).
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2.4 Branch-Oriented Models, Tree-Based Formulations
and Hybrid Analysis

Branch-oriented models avoid the use of node potentials and express the circuit
equations in terms of branch currents and voltages in the form

C(ve)v,. = i, (2.8a)
L(iniy = v, (2.8b)
0=Ai, +Ajij + Acic + Ayiy + Ajis(1), (2.8¢)

0 = Byvy + Bjv; + Beve + Byvg(t) + Bjvj, (2.8d)
0=g,(vr,1ir). (2.8e)

Because of the symmetric nature of the model, we do not make any assumptions on
the controlling variables for resistors in (2.8e). Kirchhoff’s current and voltage laws
are expressed in (2.8c) and (2.8d) as Ai =0, Bv = 0. A similar formulation results
from recasting the former in terms of a reduced cutset matrix as Qi = 0.

Tree-Based Models The use of fundamental matrices makes it possible to rewrite
Kirchhoff laws Qi =0 and Bv =0 as
i, =KTi, (2.9a)

co

v, = —Kv,. (2.9b)

co
Throughout the document the subscripts ¢ and ¢, refer to tree and cotree ele-
ments, respectively, that is, twigs and links. For instance, the vector of tree volt-
ages v, can be split in terms of twig capacitors, inductors, resistors and voltage
sources as v, = (UC", UL, 5 Ur, s v,); analogously, the vector of cotree voltages v,
can be written in terms of link capacitors, inductors, resistors and current sources
as v, = (Ve , Vi, Ur,,» Vj). Note that we assume that all voltage (resp. current)
sources are located in the tree (resp. in the cotree); this is possible because all
circuits are assumed to be well-posed, namely, that they display neither loops of
voltage sources nor cutsets of current sources. An analogous splitting holds for the
tree and cotree current vectors #, and i_,. The relations depicted in (2.9a), (2.9b)
for Kirchhoff laws express the widely used fact that tree currents can be written in
terms of cotree currents, whereas cotree voltages can be expressed in terms of tree
voltages, a result which can be traced back at least to [186].
Once a tree has been chosen, the model (2.8a)—(2.8¢) can be rewritten in the form

C(w)V. =i, (2.10a)
L(ip)i) = vy, (2.10b)
0=i,—KTi_, (2.10c)

co
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0=Kuv, +v,, (2.10d)
0=gr(vr,iy). (2.10e)

Hybrid Analysis Recent research [100, 101, 190] has framed the hybrid analysis
of Kron [104] (cf. also [4, 20, 21, 33, 91, 171]) in a differential-algebraic context.
Among other advantages, hybrid models display an index which never exceeds that
of MNA (cf. Sect. 3).

These hybrid models can be understood as a reduction of the tree-based model
(2.102)—(2.10e), when the latter is based on a normal reference tree, that is, a span-
ning tree with all voltage sources and no current source, as many twig capacitors as
possible, among those satisfying the previous requirements one with as many twig
voltage-controlled resistors as possible, and then one with as many twig current-
controlled resistors as possible. As a byproduct, a normal reference tree has as few
twig inductors as possible. This is an extension of Bryant’s original notion of a
normal tree, arising in connection with the state formulation problem [29, 30] (see
also [25, 105]); this concept has been revisited since then in connection to different
aspects of circuit analysis [101, 150, 164, 190].

For the sake of notational simplicity, hybrid models will be presented below
for connected circuits including only capacitors, voltage- and current-controlled re-
sistors (their branch variables being labelled with the subscripts g and r, respec-
tively) and inductors. Independent sources offer no difficulties and are only omit-
ted to simplify the discussion. In this context, a normal reference tree is a span-
ning tree which verifies the following requirements: it includes as many capaci-
tors as possible; among the ones satisfying the previous condition, it includes as
many voltage-controlled resistors as possible and, among these, it includes as many
current-controlled resistors as possible. This yields for the matrix K in (2.1a), (2.1b)
the structure

K 0 0 0
Ky K»n O 0
K31 Kz K3 O
K41 Kgo K43 Ky
and Kirchhoff laws read
Veeo K1 0 0 0 Ve,
Vg | — _ Ky Kypn O 0 Vg,
Ure, K31 K3z Kz 0 Ur,
v, Ky Koo Kaz3 Kug vy,
and
T T
ic K K K31 Ka i
S T T T Ceo
g, || 0 K2 Kz Ka||ig,
ir, 0 0 K3 Ki ||
l
e 0 0 0 Kiy) Ve
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respectively; as above, the subscripts , and , specify tree and cotree elements. By

splitting all circuit variables and characteristic maps into tree and cotree ones, hybrid
models are expressed in terms of the variables Ve, » Vg, » ir,, and ij_, as follows:

T
(Ct,(vcn) + KIICCD(—Kllvctr)Kll)Ué"
T T, T,

= K21yg  (—K21ve, — Knvg ) + Ksiir,, + Kaiig,, (2.11a)

(Lo, (iry) + K44Ln(K44’lco)K44)lzw
T, T,
= —Ka1ve, — Kaovg — Ka3yr, (K33ir, + Kazir), (2.11b)
T T, T,
Ve, Vg, ) = K22yg (—Kaive, — Knvg ) + K3zir,, + Kazig,, (2.11c)
. T, T,

Vrgolirg) = —K31ve, — Kagvg — K33y, (K33ir,, + Ka3ir,).  (2.11d)

Detailed derivations of this model can be found in [69, 101, 190].

2.5 Multiport Model and Hessenberg Form

As a starting point in the analysis of dynamic circuits (cf. for instance [10, 35,
154, 172, 179]) it is often assumed that resistive variables as well as i,, v; can
be eliminated from (2.8a)—(2.8¢). This leads to a model of the form

C(ve)v, = ic, (2.12a)
L(ipi) = v, (2.12b)
OZW(Uc,iC,Ul,il,t) (212C)

for a certain map ¥. System (2.12a)—(2.12c) is called a multiport model. Indeed,
letting m stand for the number of reactive elements (capacitors and inductors), the
map ¥ within (2.12c) can be understood to define m abstract relations involving the
currents and voltages of certain m ports of a (possibly nonlinear) subnetwork which
includes all resistors and sources, with a time dependence coming from the sources.
The connection of reactances at those ports leads to the dynamical system modelled
by the DAE (2.12a)—(2.12c). The map ¥ comprises implicitly the topology of the
network. A detailed discussion of conditions which allow for such a reduction can
be found in [156]. Additionally, as detailed there, in problems with loops defined
by capacitors and/or voltage sources, or with cutsets composed of inductors and/or
current sources, the choice of a normal tree (where “normal” is used in the sense
specified in Sect. 3.2.2) allows one to eliminate twig capacitor currents and link
inductor voltages, making it possible to express the circuit equations in Hessenberg
form (cf. Sect. 2.7 below).
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2.6 Loop Analysis

Another classical technique for setting up the circuit equation is the so-called loop
analysis [33, 44], which in a nonlinear context leads to a differential-algebraic model
(cf. for instance [162]), as detailed in the sequel.

Assume that the circuit is connected. Recalling that b and »n stand for the num-
ber of branches and nodes, respectively, fix b — n + 1 linearly independent loops,
and let B stand for the associated reduced loop matrix. Assign a loop current jy,
k=1,...,b—n+ 1, to each one of these loops. When the circuit is planar, these
loop currents can be taken as the ones defined by the meshes, that is, the loops en-
circling the different faces in a planar description of the circuit; note, however, that
the circuit needs not be planar for the loop analysis to be feasible. We will denote
by j the vector of loop currents.

The branch currents i can be computed from j simply as i = BT j. The loop anal-
ysis begins with the description of Kirchhoff’s voltage law in the form Bv = 0,
and then proceeds by replacing as far as possible the branch voltages of current-
controlled devices in terms of branch currents and, eventually, of loop currents.
Voltage-controlled devices, such as capacitors or current sources, will introduce ad-
ditional equations in the circuit model.

Assuming (for simplicity) the resistors to be current-controlled by a C! map of
the form v, = y,(i;), and splitting the cycle matrix B as (B, B; B, B, Bj), as we
did in the formulation of the branch-oriented model (2.82)—(2.8¢), the loop analysis
equations then read

C(vo)v. = BTj, (2.13a)
L(ipij = vy, (2.13b)
0= B,y (Bj) + Bv; + Beve + Buvg (1) + Bjvj, (2.13¢)
0=i;— B/j, (2.13d)
0=is(1) — B} (2.13¢)

Note that this is the dual model of (2.6a)—(2.6e).

2.7 DAE Form of the Models

All the models discussed above have the form of a quasilinear DAE, that is,
Awu' = F(u,t) (2.14)

where A and F are matrix-valued and vector-valued maps. More precisely
(cf. (2.6a)—(2.6e), (2.72)—(2.7¢c), (2.82)—(2.8e), (2.10a)—(2.10e), (2.11a)—(2.11d),
(2.122)—(2.12¢), (2.13a)—(2.13e)) these models take the form of a semiimplicit
DAE
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Mx)x' = flx,y,1), (2.15a)
0=g(x,y,1), (2.15b)

for different sets of vectors x, y, matrices M (x) and maps f, g. For instance, in the
hybrid model (2.11a)—(2.11d) we have x = (Ve 1), y = (Vg i),

= (c"(vctr)+K1Tlcm<—1<nvc‘,)1<n 0 )
0 Loy (ity,) + KaaL, (K dait, ) K s
(2.16)

and f, g capture the right-hand side of (2.11a)—(2.11d).

For all but the MNA and hybrid models (2.7a)—(2.7¢c), (2.11a)—(2.11d), the matrix
M (x) is nonsingular if and only if the inductance and capacitance matrices L (i;)
and C (v.) are nonsingular, and under this assumption the corresponding DAE can
be obviously rewritten in a semiexplicit form

x'=h(x,y,1), (2.17a)
0=g(x,y,1). (2.17b)

Generally speaking, such semiexplicit reduction is not feasible for the MNA and hy-
brid models (2.7a)—(2.7¢), (2.11a)—(2.11d); this is due to the fact that more vari-
ables are eliminated in these models, which offers a computational advantage, but
as a drawback the index analysis (cf. Sect. 3) is a bit more cumbersome for MNA
and hybrid systems.

It is worth mentioning that in some cases, notably after a reduction to the mul-
tiport form (2.12a)—(2.12c¢), in the presence of VC-loops (loops defined by capaci-
tors and (maybe) voltage sources), and/or IL-cutsets (cutsets composed of inductors
and (maybe) current sources), the semiexplicit system (2.17a) can be recast in Hes-
senberg form, namely

x ' =h(x,y,1), (2.18a)
0=g(x,1). (2.18b)

Specifically, when coming from a tree-based multiport model of the form (2.12a)—
(2.12¢), x in (2.18a), (2.18b) stands for capacitor voltages and inductor currents,
whereas y comprises link capacitor currents and twig inductor voltages. The ab-
sence of y in (2.18b) confers (2.18a), (2.18b) a Hessenberg structure, which displays
several advantages and can be understood to define a standard form for higher index
DAEs. Find details in [156].

3 The Index of DAE Circuit Models

The characterization of the index of the above-introduced models is a central prob-
lem in circuit simulation [61, 80, 81, 117, 156, 193]. Not only the index of nodal
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models but also that of branch-oriented and hybrid ones has been carefully exam-
ined [55, 61, 69, 100, 101, 156, 190, 193]. This interest stems from the fact that
the index has a major impact in the numerical techniques to be used in the simula-
tion of circuit dynamics. The index is also relevant with regard to other analytical
properties of nonlinear circuits, related e.g. to the state formulation problem or to
different qualitative issues [36, 37, 63, 92, 179, 180, 198]. The reader is referred to
[24, 75, 89, 90, 106, 107, 140, 156] for detailed introductions to the different index
notions in DAE theory.

As indicated above, a great deal of research in this direction has been focussed on
the characterization of the index of nodal models. This has been mainly motivated
by the use of nodal techniques such as Modified Nodal Analysis (MNA) in circuit
simulators, notably in SPICE and its commercial variants [80, 81, 143]. Under pas-
sivity assumptions, the index of nodal models is known to be not greater than two,
according to the results in [61, 193]. A key feature of this approach is its topolog-
ical emphasis, aiming at the characterization of different properties in terms of the
underlying digraph and the electric nature of every branch, disregarding the specific
characteristic equations of each device. Some recent results extend the analysis to
low index configurations in non-passive nodal models [55].

On the other hand, recent research has been focussed on the hybrid models pre-
sented in Sect. 2.4 above. The recent use of a DAE formalism to accommodate
hybrid models has made it possible to show that their index does not exceed one
in passive contexts [101, 190], in contrast to MNA and other nodal techniques, for
which certain configurations yield index two systems. This result is of great interest
from the computational point of view, since index two DAEs are known to be more
involved and to pose more difficulties than lower index problems, specially when
they do not admit a Hessenberg form. This characterization is extended to branch-
oriented and hybrid models of non-passive circuits in [68, 69]. The present section
summarizes these results.

3.1 On the Index Notion

The Tractability Index Most papers on index analysis for DAE circuit models
are based on the tractability index notion (cf. [75, 107, 112, 114, 156, 194]). The
characterization of the tractability index of a given DAE model paves the way for an
appropriate numerical treatment in simulation and, from an analytical standpoint,
reduces the description of the dynamical behaviour to that of an inherent explicit
ODE; this is performed by means of a decoupling of the different solution compo-
nents [114, 156, 194]. We present below a brief introduction to this index concept.
The discussion will be restricted to cases with index not greater than two; this way
we avoid certain technical difficulties arising in problems with arbitrary index. Note
that the index of DAEs modelling a very large class of electrical and electronic cir-
cuits does not exceed two [61, 149, 156, 193].
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Consider the quasilinear DAE (2.14), and assume that the kernel of A(u) is con-
stant. This holds in particular for (2.15a), (2.15b) if M (x) is nonsingular (a condi-
tion whose characterization is itself of interest for models such as (2.7a)—(2.7¢c) or
(2.112)—(2.11d); note that for other models this requirement just relies on the non-
singularity of the capacitance and inductance matrices C(v.), L(i;)). Assume, as
happens in all the circuit models above, that the right-hand side F'(u, t) of (2.14)
can be written as Fy(u) + F>(t). Let B(u) stand for the matrix of partial derivatives
—F,(u, t); note that B does not depend on ¢ because of the splitting of F'. Denoting
by QO a constant projector onto ker A(u) (so that Q2 = Q with im Q = ker A(u)),
the DAE (2.14) has tractability index one if the matrix Aj(u) = A(u) + B(u)Q is
nonsingular.

For the DAE (2.15a), (2.15b), provided that M (x) is nonsingular, this index
one notion can be checked to amount to the nonsingularity of the matrix of par-
tial derivatives gy (this index one notion being the same in other index concepts, cf.
[24, 89, 90, 106, 140]). In this situation, a straightforward application of the implicit
function theorem makes it possible it describe the local system dynamics in the form
M(x)x' = f(x,p(x,1),t), where y = ¢(x, t) comes from (2.15b).

The notion of an index two DAE is more cumbersome and the different index
notions make a difference in this regard (cf. [24, 75, 89, 90, 106, 107, 140, 156]).
In the tractability index framework, consider a setting in which Aj(u) is rank-
deficient everywhere, in such a way that there exists a continuous projector Q1 (u)
onto ker Aj(u) (forcing Aj(u) to have constant rank). Let Bj(u#) stand for the
product B(u)(I — Q). Basing on the special form of the circuit equations (cf.
[194, Remark A.18]), the DAE (2.14) will be said to have tractability index two
if Ao(u) = Aq1(u) + B1(u)Q1(u) is nonsingular. This definition of the index is sim-
pler than the one for general nonlinear DAEs [114, 194].

These notions are a bit simpler for linear time-invariant DAESs, a context in which
the analysis can be performed in terms of the associated matrix pencil; cf. [67].
For time-varying and/or linearly implicit problems the relation with matrix pen-
cil theory is more involved [24, 140, 156]. In particular, the relation between the
tractability index of (2.14) and the Weierstral—Kronecker index of the matrix pencil
{A(u*), B(u*)} arising from the linearized problem were thoroughly examined in
[75,76, 111] (recent related results can be found in [113, 114]). In particular, a ma-
trix pencil {A, B} with singular A is regular with Weierstra—Kronecker index one
if and only if the matrix A; = A + BQ is nonsingular, Q being any projector onto
ker A. Additionally, if A is singular, the pencil can be shown to be regular with
Weierstral—Kronecker index two if and only if Ay = A1 + B Q is nonsingular,
where Q1 is any projector onto ker A} and B; = B(I — Q).

Other Index Notions  Other index concepts, including the differentiation index
and the geometric index, have also been used in the analysis of DAE circuit models
(cf. [61, 156]). Broadly speaking, the idea supporting the differentiation index is
to compute the number of differentiations needed to recast a DAE as an explicit
ODE; more precisely, the constraints are differentiated in order to realize an explicit
underlying ODE for which the solution set of the DAE is an invariant manifold.
Find a detailed discussion in the book [24].
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In contrast, the geometric index notion and the reduction methods supported on
it describe the behaviour of a given DAE in terms of a vector field defined on the so-
called solution manifold. Using local parametrizations, this vector field locally leads
to a reduced ODE on an open subset of R”. In the original problem coordinates, the
reduction process can be roughly described as the elimination of certain variables by
solving the constraints. The solution manifold and the reduced ODE are computed
in an iterative manner, and the number of iteration steps needed for the algorithm to
stabilize defines the index. A detailed introduction to the geometric index framework
can be found in [136, 137, 140-142]. See also [152].

When applied in particular to a linear time-invariant DAE with a regular matrix
pencil, all these notions amount to the Weierstral—Kronecker index of the pencil
[67].

Solvability  Solvability is an important concept in DAE theory (see e.g. [24, 107]).
Broadly speaking, when an index is well-defined (at least in a local sense), then a
(local) flow is defined on a lower-dimensional solution set which accommodates the
solutions of the DAE. This is sometimes known as the set of consistent initial val-
ues, for which a unique solution is well-defined. Find details in the above-mentioned
references and in [89, 106, 140, 156]. Things in this regard are different (and more
complicated) in so-called singular DAEs, since solutions may bifurcate or even col-
lapse in finite time at singular points; cf. Sect. 5.2 below and [36, 37, 135, 138—
140, 148, 151, 153, 155, 156, 170].

In the circuit context, any index characterization guarantees the solvability of the
circuit equations; that is, provided that an index is well-defined and that an initial
point satisfying the constraints (including the possibly hidden ones) is given, then a
unique solution emanates from that point. From this point of view, the index results
reported in the remainder of this section can be understood to comprise implic-
itly the solvability of the circuit equations. Notably, this requires a well-posedness
assumption on the circuit; this means that neither loops of voltage sources nor cut-
sets of current sources are present. This is a standard working hypothesis, which is
sometimes assumed in circuit analysis without explicit mention.

3.2 Nodal Models

3.2.1 Passive Problems

We present in Theorem 3.1 below a slightly modified form of the topological char-
acterizations of index one and index two configurations in MNA discussed in [193],
accommodating also the index zero analysis of [194]. With respect to [193, 194], the
statement below relaxes some passivity requirements, since the original statements
in the aforementioned references assume the positive definiteness of the incremental
conductance, capacitance and inductance matrices.
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Theorem 3.1 Consider a well-posed, connected circuit with nonsingular induc-
tance matrix L and positive definite capacitance matrix C.

(1) The MNA system (2.7a)—(2.7¢c) is index zero if and only if
(a) there are no voltage sources; and
(b) there exists a capacitive tree.

Assume in the sequel that at least one of the conditions (a) or (b) fails.

(2) Suppose additionally that the conductance matrix G is positive definite. Then
the MNA model (2.7a)—(2.7¢) has tractability index one if and only if the network
contains neither VC-loops (except for C-loops) nor IL-cutsets.

(3) Let also L be positive definite. If the network contains VC-loops (with at least
one voltage source) and/or IL-cutsets, then (2.7a)—~(2.7¢) has tractability index
two.

In order to avoid cumbersome computations, the reader is referred to [193, 194]
for detailed proofs of these claims; the proofs there apply identically in this slightly
broader setting. However, the reader can have a glimpse of some of the main ideas
involved in these index analyses by considering the (simpler) index one case for the
ANA model (2.6a)—(2.6¢). Indeed, provided that C and L are nonsingular, the index
one condition for (2.6a)—(2.6e) relies on the nonsingularity of

A,GAT A, A,
J= AT 0o 0. 3.1)
AT 0 0

If the conductance matrix G = yg’ is positive definite, and the circuit displays neither
VC-loops nor IL-cutsets, then J is actually nonsingular (and therefore the model
(2.62)—(2.6e) is index one). Note that J in (3.1) is nonsingular if and only if the
unique solution to

AGATx + Acy + Az =0, (3.2a)
T

Al'x =0, (3.2b)
T

Alx=0 (3.2¢)

is the trivial one. We show below that a non-trivial solution to (3.2a)—(3.2c) is in
contradiction with the absence of VC-loops and IL-cutsets. Premultiplying (3.2a)
by xT, and using (3.2b) and (3.2¢) to derive xTA,GAT x = 0, one gets

ATy =0, (3.3)

because of the positive definiteness assumption on G. The non-vanishing of x would
indicate the presence of an IL-cutset, in the light of (3.2b), (3.2¢), (3.3) and accord-
ing to Lemma 2.2. In the absence of these configurations, the vanishing of x reduces
(3.2a) to

Acy+ Az =0, (3.4)
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but from Lemma 2.1, the non-vanishing of (y, z) necessarily describes the existence
of a VC-loop.

The index two case, for both ANA and MNA, is more complicated, and as men-
tioned above details can be found in [156, 193, 194]. It is also worth indicating that
these results can be extended to include a broad family of controlled sources; cf.
[61, 156] in this regard. Finally, as detailed in [156], a similar characterization also
holds for NTA models.

3.2.2 Low Index Configurations in the Non-passive Context

Many devices in electrical and electronic circuit theory do not meet the passivity
requirements arising in Theorem 3.1. Examples range from the locally active resis-
tors in Van der Pol or Chua circuits to tunnel diodes or Josephson junctions (see
e.g. [44, 187]). For this reason it is of interest to extend the index characterization
of DAE models to the non-passive context, a task which can be accomplished by
means of tree-based methods. In this direction, the results compiled below can be
found in [55]; the techniques used in the proof of these properties are based on the
use of determinantal expansions and the Cauchy—Binet formula [95], extending the
analysis of nodal admittance matrices originally performed by Maxwell. A proper
tree is a spanning tree which includes all voltage sources and capacitors, and nei-
ther current sources nor inductors; in this context a normal tree is a spanning tree
which contains all voltage sources, no current sources, as many capacitors as pos-
sible and as few inductors as possible [25, 29, 30, 105]. Note that the notion of a
normal reference tree used in Sect. 2.4, which makes a difference between voltage-
and current-controlled resistors, is an extension of this one.

Theorem 3.2 Consider a well-posed, connected circuit with nonsingular induc-
tance matrix L and no coupling among capacitors.

(1) The MNA system (2.7a)—(2.7¢c) is index zero if and only if

(a) there are no voltage sources;

(b) there exists at least one capacitive spanning tree; and

(c) the sum of products ) T HCi or Ci, extended over the set T of capacitive
spanning trees in the circuit, does not vanish.

Assume below that at least one of the conditions (a) or (b) fails.

(2) Suppose that the sum in item (c) above does not vanish, and that there is no
coupling among resistors. Then the MNA model (2.7a)—(2.7¢c) has tractability
index one if and only if either there exists a proper V-tree or
(d) there are neither VC-loops (except for C-loops) nor IL-cutsets; and
(e) the sum of conductance products ZTeﬁ HG,-eT G;, extended over the set

Tn of normal trees, does not vanish.

A similar characterization of index one configurations is also discussed for the
ANA model (2.6a)—(2.6e) in [55]. As in the passive context, the simpler structure of
Augmented Nodal Analysis models makes it easier to give some hints on the proof
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of this result (note additionally that ANA models are never index zero). Indeed, the
nonsingularity of the matrix J in (3.1), without a positive definite assumption on G,
can be addressed via the factorization

G 0 0\ /AT o0
J:(%’ Ao ?) 0o 0 7|[ar ol. (3.5)
o1 0/\o 1

where A, joins together the columns of A, and A,. The Cauchy—Binet formula
[95] allows one to express the determinant of J as the sum of determinantal products
of maximal, nonsingular square submatrices. These necessarily correspond to span-
ning trees including all voltage sources and capacitors and neither current sources
nor inductors; the determinants of the submatrices coming from the second factor of
(3.5) then yield the conductance products referred to above. Find details in [55]. In
contrast, the description of index two nodal models in non-passive settings remains
open.

3.3 Branch-Oriented and Hybrid Models

3.3.1 Branch-Oriented Models

The index of branch-oriented circuit models in a passive context parallelizes the
MNA case, except for the fact that C-loops lead to index two DAEs, as happens for
ANA models. Find in [149] an analysis of the tractability index of these models,
and in [156] a characterization of the geometric index (cf. Sect. 3.1). Non-passive
circuits are addressed in [68], where both index one and index two configurations
are fully characterized for circuits including both voltage-controlled and current-
controlled resistors. Details on the index analysis of branch-oriented models can be
found in the above-mentioned references; the remainder of this section is focussed
on the hybrid model (2.11a)—(2.11d).

3.3.2 Hybrid Models of Passive Circuits

As detailed in [69, 100, 101, 190], a key advantage of hybrid circuit models is the
fact that their index is not greater than one under very mild assumptions. Broadly
speaking, this is a consequence of the elimination of, say, higher index variables in
the formulation of the model.

The analysis carried out in [100, 101, 190] shows that under the assumption
that the circuit is strictly locally passive, the hybrid model (2.11a)—(2.11d) is either
index zero or one. For it to be index zero, an obvious requirement is the absence of
the algebraic restrictions (2.11¢)—(2.11d). This will happen if all voltage-controlled
resistors are located in the cotree and every current-controlled one is in the tree.
Recall that the construction of the hybrid model is based on choosing a tree with as
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many twig capacitors and (subsequently) as many twig voltage-controlled resistors
as possible, and as many link inductors and (subsequently) as many link current-
controlled resistors as possible. This means that the algebraic restrictions are absent
if and only if there is no chance to have voltage-controlled resistors in the tree or
current-controlled ones in the cotree. This is equivalent to requiring the so-called
resistor-acyclic condition, according to which (in a circuit without sources) every
voltage-controlled resistor defines a loop together with some capacitors, and every
current-controlled resistor defines a cutset together with some inductors. When the
resistor-acyclic condition is not met, the hybrid model (2.11a)—(2.11d) of a strictly
locally passive circuit is index one; find details in the references [100, 101, 190]
mentioned above.

3.3.3 Hybrid Models of Non-passive Circuits

The index characterization of hybrid models of non-passive, uncoupled circuits is
addressed in [69]. As in the nodal case, such a characterization is obtained in terms
of certain trees. We compile below the main results in this regard, which make use
of certain circuit minors; allowing for the presence of sources, the minor G is the
one obtained after short-circuiting voltage sources and open-circuiting all other de-
vices (except for capacitors); G»3 is the minor which results from short-circuiting
voltage sources and capacitors, and open-circuiting current sources and inductors.
Finally, the minor G4 is obtained after short-circuiting all elements except for in-
ductors and current sources, and open-circuiting current sources. In the statement
of Theorems 3.3 and 3.4 below, note that a forest is implicitly understood to be a
spanning forest.

Theorem 3.3 Assume that a given circuit does not display capacitive or inductive
coupling. Then the hybrid model (2.11a)—(2.11d) is index zero if and only if the
resistor-acyclic condition is met, and neither the sum of capacitance products in the
forests of G nor the sum of inductance products in the coforests of G4 do vanish.

The idea supporting the result above is to factorize the blocks C, (v ) +
K11C,y(—K11ve,)K1y and L, (ir,)) + Kaa L, (K daiy,) K 44 within the matrix M de-

picted in (2.16) as
KT C(r 0 > ( I )
(I ”) ( 0 C, —Ki

L 0 1
I =K co ,
( 44)( 0 Ln><—K4T4>

respectively, in order to perform a Cauchy—Binet expansion. Find details in [69].
Under very broad assumptions, the failing of the resistor-acyclic condition leads
to an index one model, as stated below.

and
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Theorem 3.4 Assume that a given uncoupled circuit does not meet the resistor-
acyclic condition, and that the sums of capacitance and inductance products arising
in Theorem 3.3 do not vanish.

Then the hybrid model (2.11a)—(2.11d) is index one if and only if the sum of
products of the conductances of voltage-controlled twig resistors and the resistances
of current-controlled link resistors, extended over the forests of Ga3, does not vanish.

Again, this is a consequence of the Cauchy—Binet formula, but in this setting the
analysis is more involved. The reader is referred to [69] for a detailed proof of this
result.

3.4 Example

Let us go back to the circuit depicted in Fig. 1. We will use this example to show
the form that the main models discussed in Sect. 2 (namely, MNA and hybrid ones)
take, and also to illustrate the index results reported above.

MNA Denoting by ey, e> and e3 the potentials at the nodes on top of the voltage
source, the capacitor and the diode, respectively, the MNA model (2.7a)—(2.7¢c) for
the circuit in Fig. 1 can be checked to read

Ceh =iy —is(t), (3.62)
Llil/1 =e| — e, (3.6b)
Laij, =es, (3.6¢)

0=y —iy. (3.6d)
0= —ygle3) —ip, +i5(1), (3.6¢)
0=uv(t) —e;. (3.6f)

Provided that neither the capacitance nor the inductances vanish, this model is easily
checked to be index one if and only if the incremental conductance at the diode,
that is, G (e3) = yé (e3), is not zero. In particular, this is (obviously) the case if the
diode is strictly locally passive, that is, if G is positive. This index one configuration
reflects the fact that the circuit has neither VC-loops nor IL-cutsets; cf. Theorem 3.1.
The condition G # 0 can be understood to express the fact that open-circuiting the
diode would result in an IL-cutset.

This simple example also offers a glance at the index analysis in the non-passive
context reported in Sect. 3.2.2. Note that G being positive is not a mandatory re-
quirement for (3.6a)—(3.6f) to be index one. The accurate requirement is that G
does not vanish, and this follows from the fact that the unique normal tree is the
one depicted in Fig. 2. The sum of conductance products arising in Theorem 3.2
amounts in this case to the single conductance G, and therefore the condition G # 0
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Fig. 3 Short-circuiting L 1

L

fully characterizes index one configurations in this model. Other examples in this
direction can be found in [55, 157].

Let us analyze what happens if L vanishes, that is, if we short-circuit the first
inductor; cf. Fig. 3. Now a VC-loop shows up and in light of Theorem 3.1 this
should make the MNA model index two. Both e; and i;, disappear from the model,
which in this setting takes the form

Cey =iy —is(1), (3.7a)
Lyij, = e3, (3.7b)
0= —ygle3) —ip, +i5(), (3.7¢)
0=vs(t) —e. (3.7d)

Omitting technical details, it can be checked that the VC-loop indeed makes this
model index two. This follows from the fact that the algebraic variable i, does not
enter equations (3.7¢)—(3.7d), in contrast to its appearance in (3.6d).

Hybrid Analysis  Using the tree depicted in Fig. 2, hybrid equations for the circuit
in Fig. 1 read

Cu, =iy, — is(1), (3.82)
Lyij, = vs(t) — v, (3.8b)
Lai], = vg, (3.8¢)

0= —ye(a) — i1, +i5(2). (3.8d)

Note that this system is formulated in terms of tree capacitor voltages (which amount
in this case to v.), link inductor currents (iy,, i;,) and the voltages of tree voltage-
controlled resistors (that is, vg). The diode prevents the resistor-acyclic condition
from being satisfied and, as in MNA, the index is one provided that the incremental
conductance G(vg) = yé (vg) does not vanish.

A difference with nodal analysis is made in the case L; = 0 which, as indicated
above, leads to an index two system in MNA. Within the hybrid approach, in this
situation the capacitor must be driven to the cotree (since it is now in parallel with
the voltage source; cf. Fig. 3) and therefore both (3.8a) and (3.8b) disappear from the
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model, so that the resulting equations are still index one. A more detailed discussion
of the computational advantages which result from the low index configurations
arising in hybrid analysis can be found in [100, 101, 190].

4 Memristors and Mem-Devices

The report in 2008 of a nanometre-scale device displaying a memristive character-
istic [184] has had a great impact in the electrical and electronic engineering com-
munities; cf. [11, 17, 45, 51, 70, 97-99, 102, 103, 121-124, 131-133, 157, 159-
161, 163, 167, 203] and references therein. The existence of the memory-resistor or
memristor was already postulated by Leon Chua in 1971 [34], and the actual appear-
ance of memristors in nanoscale electronics has raised a renewed interest in these
devices. The memristor, which is defined by a nonlinear charge-flux characteristic,
is considered as the fourth basic circuit element, besides the resistor, the inductor
and the capacitor which relate the voltage—current, current-flux and voltage—charge
pairs, respectively. This device is likely to play a relevant role in electronics in the
near future, especially at the nanometre scale. Many applications are already re-
ported, e.g. in pattern recognition, design of associative memories, signal process-
ing, adaptive systems, etc. (see [11, 45, 51, 97-99, 123, 132, 133]). HP has an-
nounced the release by 2013 of commercial memory chips based on the memristor
[1]. The notion of a device with memory was extended to the reactive setting by Di
Ventra, Pershin and Chua [51] to define memcapacitors and meminductors.

4.1 Memristors

The characteristic of a memristor may have either a charge-controlled or a flux-
controlled form. In a charge-controlled setting, the characteristic reads

¢ =9(q), 4.1
for some C! map ¢. The incremental memristance is
M(q) = 9" (@)
Using the relations ¢’ = v, ¢’ =i we get the voltage—current characteristic
v=M(q)i. 4.2)

This relation shows that the device behaves as a resistor in which the resistance
depends on ¢g(t) = fi oo L(T) d7, hence the memory-resistor name. This is the key
feature of the device. In greater generality, one may consider (4.2) as a particular
case of a fully nonlinear characteristic of the form

v=1(q,i),
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as proposed in [160]. We refer the reader to [40] for a discussion of the more general
family of memristive systems.
In turn, a flux-controlled memristor has a characteristic of the form

q=5§(9). (4.3)

and the incremental memductance is
W(p) =& ().
The voltage-current relation has in this case the form
i=W(p (4.4)
or, in a fully nonlinear context,

i =(p,v).

A memristor governed by (4.2) or (4.4) is said to be strictly locally passive if
M(g) > 0 or W(p) > 0 for all g or ¢, respectively. In the presence of coupling
effects (if eventually displayed), this requirement must be restated by asking the
memristance or memductance matrices to be positive definite.

4.2 Memcapacitors, Meminductors and Higher Order Devices

Di Ventra, Pershin and Chua extended in [51] the idea of a device with memory to
reactive elements. A (voltage-controlled) memcapacitor has a characteristic of the
form

g = Cm(p)v. (4.5)

Here Cy, is the memcapacitance. The distinct feature of this device is that the mem-
capacitance depends on the state variable ¢(t) = fi 0o V(T) d7, so that the relation
q(t) = Cn( fioo v(t)dt)v(t) reflects the device history. Analogously, a (current-
controlled) meminductor is governed by

¢ = Lm(q)i, (4.6)

and L (q) is the meminductance, which reflects the device history via the vari-
able ¢.

Note that both (4.5) and (4.6) come from differentiating a two-variable relation,
namely o = a(¢) for voltage-controlled memcapacitors and p = B(gq) for current-
controlled meminductors; here o and p arise as the time-integrals of ¢ and ¢, re-
spectively. By using the differentiated relations (4.5) and (4.6) we get rid of these
second order variables. This is not the case for so-called second-order devices, for
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which either o or p appear explicitly in the memcapacitance or the meminductance.
Specifically, a charge-controlled memcapacitor is a device defined by the relations

o' =gq, (4.7a)
q =i, (4.7b)
v=C"l0)gq, (4.7¢)

whereas a flux-controlled meminductor is characterized by

=9, (4.8a)
¢ =v, (4.8b)
i=L""(pe. (4.8¢)

We refer the reader to [17, 51] for an introduction to these and other related devices.

4.3 DAE Models of Circuits with Mem-Devices

The nodal, branch-oriented and hybrid models discussed in Sect. 2 can be easily
extended to accommodate memristors. In particular, the ANA model of a circuit
including charge-controlled memristors can be written as (cf. [167])

C(vo)v, = i, (4.92)
L@ipij=ATe, (4.9b)
G = im> (4.9¢)

0= Arve(Afe) + Arit + Acic + Apim + Auiy + Ajig(t),  (4.9d)
0=v. — ACTe, (4.9¢)
0=u(t) — Ale, (4.9f)

0= M(gn)in—Ale (4.92)

or, under a flux-control assumption on memristors, as

C(ve)v,. = i, (4.10a)
L@ipij=Ale, (4.10b)
o, =Ale, (4.10c)

0=Aryg(ALe) + Ajiy + Acic + Apim + Ayiu + Ajig(t), (4.10d)
0=v.—Ale, (4.10e)
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0=uv,(t) — Ale, (4.10f)
0=1in— W(gmALe. (4.109)

Branch-oriented models of circuits with charge-controlled memristors and current-
controlled resistors are discussed in [70]. These models can be written in the form

C(ve)v, = e, (4.11a)
L(ipi; = v, (4.11b)
Gy = im, (4.11c)

0 =vm — M(Gm)im, (4.11d)
0=, — 7,3y, @.11e)

0= Acic + Asip + Apip + Ariy + Ayiy + Ajig (1), (4.11f)

0 = Beve + Bjvy + Byvy + Brvy + Byvg(t) + Bjvj. 4.11g)

Kirchhoff’s current law (4.11f) can be written, alternatively, in terms of a reduced
cutset matrix Q. Flux-controlled memristors and voltage-controlled resistors can be
easily accommodated in this framework.

Hybrid models can be also extended to accommodate both charge-controlled
and flux-controlled memristors; find details in [69], where a full index character-
ization is carried out without passivity assumptions. Previous index results directed
to the above-mentioned nodal and branch-oriented models in a strictly locally pas-
sive setting can be found in [70, 167]. In contrast, a general characterization of the
index of circuits with other mem-devices remains open.

S Dynamical Aspects

5.1 The State Formulation Problem

The differential-algebraic formalism makes it possible to revisit the problem of for-
mulating a state space model a given nonlinear circuit. The problem is how to obtain
an explicit ODE modelling the dynamics, either in a local or a global sense. Note
that this is a theoretical problem which is important in the study of different ana-
Iytical features of nonlinear circuits (concerning e.g. stability aspects, oscillations,
bifurcations or chaotic phenomena), although from the computational point of view
it is often preferred to simulate the circuit behaviour using directly a differential-
algebraic model and appropriate numerical tools. In the state formulation problem
the goal is often to formulate state space models not for individual problems but
for general circuit families, in terms of their topology. In our framework, the state
formulation problem can be naturally addressed as a reduction of a semistate model.
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This reduction can be discussed in terms of different DAE models, although
the best-suited ones in this regard are the branch-oriented and hybrid models of
Sect. 2.4. Note e.g. that the problem can be stated as the elimination of resistive
variables and iy, vj, i¢, v; in the branch-oriented model (2.8a)—(2.8e), or just i,
vy in the multiport model (2.12a)—(2.12c¢); it is worth noticing that this model can
be seen as an intermediate step between the branch-oriented one and a state space
model formulated in terms of v, i;. In index two settings, cotree capacitor voltages
and tree inductor currents must also be removed; this can be alternatively performed
by eliminating Vg, and i, in the hybrid model (2.11a)~(2.11d).

The state formulation problem as a reduction of semistate models is discussed in
detail in [156] and, for memristive circuits, in [159]. For the sake of completeness,
it is important to mention that the state space formulation problem has been also
tackled without using a differential-algebraic formalism, stemming from the original
work of Bashkow and Bryant [15, 29, 30]: some recent results in this direction can
be found in [110, 125, 150, 177-180].

5.2 Singularities and Impasse Phenomena

Some readers might conjecture at this point that, since DAEs may be eventually
reduced to an explicit ODE on a manifold, no new local dynamic phenomena should
be expected in the differential-algebraic setting. This should apply in particular to
the local dynamics of nonlinear circuits. This point of view, which essentially looks
at DAEs just as a modelling tool, is incomplete. Besides the fact that in practice this
reduction may not be feasible, even from a theoretical point of view such a reduction
to an explicit ODE is possible only when the index is well-defined, but this is not
the case in the presence of so-called singularities.

It is interesting to note that research on singular DAEs was motivated to a large
extent by certain phenomena observed in circuit theory, namely, the so-called jump
phenomenon (cf. [172] and references therein). This was formalized as impasse phe-
nomena roughly at the same time by Chua and Deng [36, 37] and Rabier [135]. An
impasse point is defined as a point where a pair of trajectories collapse in (either
backward or forward) finite time with infinite speed; more precisely, denoting by £2
the semistate space of the DAE, x* is a forward impasse point if there exists a § > 0
and two distinct solutions in C!((—8,0), £2) N C%((=8§, 0], 2) with x(0) = x*,
whose derivatives blow up at t = 0. A backward impasse point is defined analo-
gously, just requiring the solutions to be defined in Ccl((, 8), £2) N C°([0, 8), 2).

Noteworthy, Chua and Deng addressed the problem in the setting of semiexplicit
DAEs, whereas Rabier tackled it for quasilinear ODEs amounting to an explicit
equation except on a hypersurface of singular points. Only later the connection be-
tween both settings would be made, once it was realized that quasilinear ODEs with
a singular hypersurface provide the natural reduction of DAEs with arbitrary in-
dex near singular points (cf. [138-140, 156]), much as explicit ODEs arise as the
reduction of DAEs near points with a well-defined index. Singular DAEs in the
circuit context have been specifically discussed in [148, 155, 158]. Normal forms
and closely related topics are addressed in [151, 191].
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5.3 Qualitative Properties in the Semistate Context

Qualitative aspects play a key role in dynamical systems theory, and in particular
in nonlinear circuit theory. The local or global behaviour of a system may often
be characterized in terms of some of its invariants (equilibria, periodic solutions,
chaotic attractors); their stability and their dependence on certain parameters are
often the key ingredients to understand the system behaviour.

In the nonlinear circuit context, qualitative properties are often addressed via
state space models; see e.g. [35, 38, 39, 63, 72-74, 92, 118, 120, 188, 189] and ref-
erences therein. However, performing a state space reduction may be unnecessary
from the qualitative point of view; the DAE formalism provides different tools
which make it possible to analyze stability features and bifurcations in the semistate
context. This is specially relevant in large scale integration circuits. In contrast to
low scale circuits (even if they have rich dynamics) such as Van der Pol’s or Chua’s
circuits, where modelling is not an issue, in large scale circuits it is often difficult to
perform a state reduction, which is not actually necessary for a qualitative analysis.

Indeed, the linearization about equilibria can be characterized in the DAE context
using matrix pencils; in this direction, find a characterization of different stability
properties of equilibria of nonlinear circuits in the paper [165]. In particular, the role
of so-called non-hyperbolic configurations (yielding purely imaginary eigenvalues
and oscillations) were further studied in [166, 168]. In these papers, the role of cer-
tain configurations such as VCL-loops and ICL-cutsets were carefully examined,
extending several properties involving VL-loops and IC-cutsets which were already
known to yield null eigenvalues [59, 86, 118]. Beyond the linear time-invariant con-
text, oscillations were analyzed using a DAE formulation in [46]. Different aspects
concerning DC operating points are addressed in [72—74]. Several qualitative results
based on Lyapunov function methods can be found in [38, 63, 92, 189], although
most of these references do not make specific use of a DAE formalism. It is also
worth mentioning that qualitative properties of nonlinear circuits can be studied via
the geometric approach stemming from the work of Brayton and Moser [22, 23];
later results in this direction can be found in [50, 86, 87, 176, 200, 201].

Qualitative properties of circuits with memristors have been studied in recent
years [97, 121-124, 160]. Peculiar dynamics arise from the presence of non-isolated
equilibria, which had been observed in particular instances of memristive circuits
e.g. in [121]. This issue has been recently addressed in broader generality [161],
where graph-theoretic conditions guaranteeing the normal hyperbolicity of such
manifolds of equilibria are provided. The failing of certain passivity assumptions
along the manifold of equilibria motivates the analysis of certain bifurcations with-
out parameters in memristive circuits; find details in [161]. Chaotic phenomena in
memristive circuits have been studied by several authors; see e.g. [11, 122—-124].
The differential-algebraic formalism seems to be promising regarding further qual-
itative analyses of circuits with mem-devices.
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6 Other Topics in DAE-Based Circuit Modelling

More briefly, we compile in this section some references addressing other aspects
of circuit theory in which DAE models play a role.

Model Reduction Model order reduction techniques aim at a substantial reduc-
tion of the number of variables involved in the description of a given dynamical
system, while at the same time retaining the essential features of the original sys-
tem. In circuit analysis, this is especially relevant when using distributed models; the
space discretization of these yields an ordinary differential equation or a DAE with
a very large number of state variables. Model reduction approaches in this context
are discussed in [65, 66, 144—-146, 185, 195, 199].

Coupled Problems Recent research has also been directed to coupled problems,
in which electrical circuits interact with other systems of different nature. Electri-
cal circuits with semiconductor devices are often modelled combining DAEs for
the lumped elements and PDEs for the distributed semiconductor devices, leading
to a PDAE formalism: see [2, 3, 14, 18, 77, 78, 119, 147, 175, 194] and refer-
ences therein, as well as the survey on PDAEs within this volume. Semiconduc-
tors and electrical circuits including thermal effects are considered in [26]. In [28],
a model accommodating electrical circuits, semiconductors and thermal networks
modelling heat evolution in lumped elements is analyzed and simulated. A discus-
sion of the coupling of electrical circuits with optoelectronic devices (semiconduc-
tor lasers) can be found in [27]. For field/circuit coupling the reader is referred to
[13, 14, 174] and references therein.

Numerics in Circuit Simulation via DAE Models This survey is focussed on
analytical aspects of DAE-based circuit modelling. Certainly, numerical simulation
is of major importance in nonlinear circuit theory and we compile here some ref-
erences in this direction, without any attempt at being exhaustive. With regard to
the problem of consistent initialization in circuit simulation, cf. [16, 56-58, 60]
and references therein. Numerical aspects of properly stated DAEs modelling non-
linear circuits are addressed in [107, 115, 194]. Multirate methods are discussed
in [12, 174, 183, 192, 197]. For the use of dynamic iteration methods the reader
is referred to [7, 14, 54] and the references compiled therein. Numerical aspects
involving stochastic DAEs in circuit simulation are discussed in [130, 173, 202].
Other numerical aspects in circuit simulation can be found in [47, 80, 81, 116, 129].

Other Topics DAEs have been also used in connection to circuit synthesis of pas-
sive semistate systems [143]. Fault diagnosis problems are discussed using a DAE
formalism in [52, 59, 182] and via a sensitivity analysis in [96]. Index reduction
methods are addressed in [8, 9]. For a discussion of port-Hamiltonian formulations
the reader is referred to [102, 134, 196] and to the corresponding survey in this
volume.



128 R. Riaza
7 Concluding Remarks

Differential-algebraic equations play nowadays a key role in nonlinear circuit mod-
elling, specially because of the chance to set up automatically the circuit equations
in semistate (differential-algebraic) form. In this survey we have presented a detailed
introduction to the main families of DAE circuit models, emanating from different
methods of circuit analysis; these include nodal analysis, as well as branch-oriented
and hybrid modelling. We include a detailed compilation of index characterizations
for different models, applying also in non-passive settings. Some results in this di-
rection remain open; for instance, a full index-two characterization of nodal models
is not yet known in a non-passive context. The models and the index analysis can
be extended in a natural manner to circuits including memristors; in this regard,
the index of circuits with reactive and higher-order mem-devices has not been ad-
dressed in the literature. We have discussed more briefly other analytical issues,
regarding the dynamics of nonlinear circuits as well as other aspects related e.g. to
model reduction, coupled problems or numerics. Finally, the reader can find several
related results in the papers on PDAEs and on port-Hamiltonian systems within this
volume.
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Solution Concepts for Linear DAEs: A Survey

Stephan Trenn

Abstract This survey aims at giving a comprehensive overview of the solution
theory of linear differential-algebraic equations (DAEs). For classical solutions a
complete solution characterization is presented including explicit solution formulas
similar to the ones known for linear ordinary differential equations (ODEs). The
problem of inconsistent initial values is treated and different approaches are dis-
cussed. In particular, the common Laplace-transform approach is discussed in the
light of more recent distributional solution frameworks.

Keywords Differential algebraic equations - Descriptor systems - Distributional
solution theory - Laplace transform
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1 Introduction

Modeling physical phenomena relates physical variables via differential equations
as well as algebraic equations leading in general to a system description of the form

F@,x,x)=0,

a differential-algebraic equation (DAE). However, this survey will not treat this
most general system description but it will consider its linear counterpart

Ei=Ax+ f, (1.1)

where E, A € R™*" m,n € N, are constant matrices and f : R — R™ is some
inhomogeneity. If the matrix E is square and invertible, the DAE is equivalent to an
ordinary differential equation (ODE) of the form

F=Ax+ f. (1.2)
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For this ODE the solution theory is well understood and there have been no disputes
or different viewpoints on it in the last five or more decades. In fact, the solution
formula can concisely be expressed with the matrix exponential:

t
x(1) =eA’x0+/ eAUTD f(rydr, xpeRY; (1.3)
0

although the Jordan canonical form of A is essential to grasp the whole of the pos-
sibilities of solution behaviors. Some features of the solutions of an ODE are high-
lighted:

Existence. For every initial condition x(0) = xg, xg € R”, and each (locally inte-
grable) inhomogeneity f there exists a solution.

Uniqueness. For any fixed inhomogeneity f the initial value x(0) uniquely deter-
mines the whole solution; in fact each single value x(z), t € R, determines the
solution on the whole time axis.

Inhomogeneity. The solution is always one degree “smoother” then the inhomo-
geneity, i.e. if f is differentiable then x is at least twice differentiable, in particular,
non-smoothness of f does not prevent the ODE of having a solution (at least in
the sense of Carathéodory).

In Sects. 2.4 and 2.5 solution formulas similar to (1.3) will be presented for regu-
lar DAEs; however, for general DAEs none of these three properties have to hold
anymore as the following example shows.

Example 1.1 Consider the DAE

01 0 1 00
0 0 0|x=(0 1 O|x+Ff
0 0 O 0 0 0
which implies x; = — f>, x| =X — f1 = —f2 — f1 and f3 = 0. In particular, not

for all initial values or all inhomogeneities there exists a solution. Furthermore, x3 is
not restricted at all, hence uniqueness of solutions is not present. Finally, x; contains
the derivative of the inhomogeneity so that the solution is “less smooth” than the in-
homogeneity which could lead to non-existence of solutions if the inhomogeneities
is not sufficiently smooth.

The aim of this survey is twofold: (1) to present a fairly complete classical solu-
tion theory for the DAE (1.1) also for the singular case; (2) to discuss the approaches
to treat inconsistent initial values and the corresponding distributional solution con-
cepts. In particular, a rigorous discussion of the so-called Laplace-transform ap-
proach to treat inconsistent initial values and its connection to distributional solu-
tion concepts is carried out. This is a major difference with the already available
survey by Lewis [32], which is not so much concerned with distributional solutions.
The focus of Lewis’ survey is more on system theoretic topics like controllability,
observability, stability and feedback, which are not treated here.
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This survey is structured as follows. In Sect. 2 classical (i.e. differentiable) so-
lutions of (1.1) are studied. It is shown how the Weierstrall and Kronecker canoni-
cal form of the matrix pencil sE — A € R"*"[s] can be used to fully characterize
the solutions. Solution formulas which do not need the complete knowledge of the
canonical forms will be presented, too. A short overview over the situation for time-
varying DAEs is given as well. Inconsistent initial values are the most discussed
topics concerning DAEs and different arguments how to treat them have been pro-
posed. One common approach to treat inconsistent values is the application of the
Laplace transform to (1.1); the details are explained in Sect. 4. However, the lat-
ter approach led to much confusion and therefore a time-domain approach based
on distributional solutions was developed and studied by a number of authors, see
Sect. 5.

2 Classical Solutions
In this section classical solutions of the DAE (1.1) are considered:

Definition 2.1 (Classical solution) A classical solution of the DAE (1.1) is any
differential function x € €' (R — R") such that Ex(¢t) = Ax(t) + f (@) holds for all
teR.

It will turn out that existence of a classical solution in general also depends on the
smoothness properties of the inhomogeneity; if not mentioned otherwise it will be
assumed therefore in the following that the inhomogeneity f is sufficiently smooth,
e.g. by assuming that f is in fact smooth (i.e. arbitrarily often differentiable).

2.1 The Kronecker and Weierstrafp Canonical Forms

The first appearance of DAEs (1.1) with a complete solution discussion seems to be
the one by Gantmacher [21] (Russian original 1953), where he considered classical
solutions. His analysis is based on the following notion of equivalence of matrix
pairs (called strict equivalence by him):

(E1, A1) = (E2, A2)
& IS e R™™ T e R both invertible: (E{, A1) = (SE,T, SA,T).

It is clear that for equivalent matrix pairs (Eq, A1) and (E3, A>) (via the transfor-
mation matrices S and T') the following equivalence holds:

xsolves Eix=Aix+ f < z=T_1xsolvesE22=Az+S_1f.
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Gantmacher’s focus is actually on matrix pencils s E — A € R™*"[s] and the deriva-
tion of a canonical form corresponding to the above equivalence—the Kronecker
canonical form (KCF). The solution theory of the DAE (1.1) is a mere application
of the KCF. In particular, he does not consider inconsistent initial values or non-
smooth inhomogeneities. The existence and representation of the KCF is formulated
with the following result.

Theorem 2.1 (Kronecker canonical form [21, 28]) For every matrix pencil sE —
A € R™*"[s] there exist invertible matrices S € C"*™ and T € C**" such that, for
a’bac’deNand‘el""58(l’ plv"'vpb701""’0C7 r)l!"'vnd €N9

S(sE — AT =diag( P, (5), ... Pe, (8), To1(8)s ooy Ty (),
Ny (8)s ooy N (5), 2y (8), .. 2y (9)), 2.1

where
0 1 1 0
yg(s)zs — GRSX(8+1)[S], ceN,
0 1 i 1 0
A1 ]
Fp(s)=s1 — A eCP*Pls], peN,AeC,
g
A‘—
[0
N (s) =35 b —1eR°™[s], o €N,
i 1 0
[0 1
Lo 0o (+1)xn
2y(s) =5 — eR [s], neN.
0 -
B 1

The block-diagonal form (2.1) is unique up to reordering of the blocks and is called
Kronecker canonical form (KCF) of the matrix pencil (sE — A).

Note that in the KCF £ (s)-blocks with ¢ =0 and 2,,(s)-blocks with n = 0 are
possible, which results in zero columns (for ¢ = 0) and/or zero rows (for n = 0) in
the KCF, see the following example.
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Example 2.1 (KCF of Example 1.1) By a simple interchanging of rows and columns
the KCF is obtained from Example 1.1 and has the following form

0 |-1 0
0|s -1
0 O 0

i.e. the KCF consists of one #(s)-block, one .45 (s)-block and one 2(s)-block.

In the canonical coordinates the solution analysis is now rather straightforward
because each block on the diagonal and the associated variables can be considered
separately. The four different block types lead to the following solution characteri-
zations:

P (s)-block If ¢ = 0 then this simply means that the corresponding variable does
not appear in the equations and is therefore free and can be chosen arbitrarily. For
& > 0 consider the differential equation ﬂg(%)(x) = f which equivalently can be
written as the ODE

X 0 x2 fi 1
! xf i E
St ) 1 0 Xert fe 0
Hence for any x| and any inhomogeneity f there exist solutions for x2, x3, ..., X¢41
uniquely determined by the initial values x>(0), ..., x3(0). In particular, for all

initial values and all inhomogeneities there exist solutions which are not unique
because x| can freely be chosen.
F»(s)-block The differential equation #, p(%)(x) = f is a standard linear ODE,
i.e. it holds that for all initial values and all inhomogeneities a unique solution.
A5 (s)-block Write .4, (s) =sN — I, then it is easily seen that the differential op-

erator %(%) 1€ — € is invertible with inverse

d R
—_— l_
<N5 —1> = ,.Z:;N 5 (2.2)

In particular for any smooth inhomogeneity the solution of the differential equation
N (&) (x) = f is uniquely given by

-1
pot —f—f
x=—Y NfO= 2: 1 (2.3)
=0 - (-1
~fo—fom1 == fi

In particular it is not possible to specify the initial values arbitrarily—they are
completely determined by the inhomogeneity.
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2, (s)-block If n = 0 then no variable is present and the equation reads 0 = f,
hence not for all inhomogeneities the overall DAE is solvable. If > 0 then the so-
lution of the differential equation Q,,(%)(x) = f is given by (2.3) with p replaced
by 7 but only if the inhomogeneity fulfills

fn+1=)'c,7=—f'n—f;;_..._fl('7)'

In particular not for all inhomogeneities and not for all initial values solutions exist.
However, when solutions exist they are uniquely given by (2.3).

A consequence of the above blockwise analysis is the following result.

Corollary 2.2 (Existence and uniqueness of solutions) The DAE (1.1) has a smooth
solution x for all smooth inhomogeneities f if, and only if, in the KCF the 2, (s)-
blocks are not present. Any solution x of (1.1) with fixed inhomogeneity f is
uniquely determined by the initial value x(0) if, and only if, in the KCF the ,(s)-
blocks are not present.

The KCF without the & (s) and 2,(s) blocks is also called the Weierstrafs
canonical form (WCF) and can be characterized directly in terms of the original
matrices. For this the notion of regularity is needed.

Definition 2.2 (Regularity) The matrix pencil sE — A € R™*"[s] is called regular
if, and only if, n = m and det(sE — A) is not the zero polynomial. The matrix
pair (E, A) and the corresponding DAE (1.1) is called regular whenever sE — A is
regular.

Theorem 2.3 (Weierstral canonical form [49]) The matrix pencil sSE — A €
R™ M [s] is regular if, and only if, there exist invertible matrices S, T € C"*" such
that sE — A is transformed into the Weierstraf; canonical form (WCF)

I 0 J 0
S(sE—A)T=s|:0 N]_|:O 1]

where J € C"V*" N € C"2*™2 n| +ny = n, are matrices in Jordan canonical form
and N is nilpotent.

In conclusion, if one aims at similar solution properties as for classical linear
ODEs the class of regular DAEs is exactly the one to consider, see also Sects. 2.4
and 2.5. In the classical solution framework there is still a gap between ODEs and
regular DAEs because (1.1) does not have solutions for all initial values and not for
insufficiently smooth inhomogeneities. However, in a distributional solution frame-
work these two missing properties can also be recaptured, see Sect. 5.
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2.2 Solution Formulas Based on the Wong Sequences: General
Case

For practical problems the above solution characterization is not so useful as the
determination of the KCF is numerically ill posed. Therefore, solution formulas
which do not need the complete KCF are of interest. One of the first work in this
direction is the one by Wilkonson [50], who presents an iterative algorithm to obtain
the solutions. More geometrical approaches can be traced back to Dieudonné [15]
and Wong [51]; the latter introduced the two important subspace sequences for a
matrix pair (E, A) € (R"*™)2;

Y = R”, Vi =A"YEY), i=01,2,...,
(2.4)
Ho=1{0L, W =E AW, j=0,1,2,...,

which therefore will be called Wong sequences in the following. It is easily seen that
the Wong sequences are nested and terminate after finitely many steps, i.e.

3i* (0. 1,....n}: V=% =i,
ieN

3j*€{0,1,...,n}: W*::U%:V/j*.
jeN

Bernhard [6] used the first Wong sequence in his geometrical analysis of (1.1) where
the inhomogeneity has the special form f = Bu for some suitable matrix B. Uti-
lizing both Wong sequences Armentano [2] was able to obtain a Kronecker like
form. However, his arguments are purely geometrical and it is not apparent how
to characterize the solutions of (1.1) because the necessary transformation matrices
are not given explicitly. This problem was resolved recently in [4], where the fol-
lowing connection between the Wong sequences and a quasi-Kronecker form was
established.

Theorem 2.4 (Quasi Kronecker form (QKF) [4]) Consider the DAE (1.1) and the
corresponding limits V* and W™* of the Wong sequences (2.4). Choose any invert-
ible matrices [Py, R1, Q1] € R"*" and [ P>, R>, Q»] € R™*™ such that

imP =v*NY*, im[P;, Ril=7V*+W*,
imP,=EV*NAW*, im[Py, Ry)=EV* + AW*,

then T =[Py, R1, Q11, S =[P2, R2, Q217" put the matrix pencil sE — A into quasi-
Kronecker triangular form (QKTF):

SEP—AP SEPR—APR SEPQ—APQ
SGSE— AT = 0 sEr — AR sErg —Aro |, 2.5)
0 0 SEQ—AQ
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where \Ep — Ap has full row rank for all A € CU {o0}, sEgr — Ag is regular, and
MEg — Ag has full column rank for all . € C U {o0}. Furthermore, the following
generalized Sylvester equations are solvable:

0=Egg + ExFi + F,Ey. 0=Agg + ArFi + FAg.
0=Epr+ EpG1 + G2ER, 0=Apr+ ApG1 + G2AR,
0=(Epgo+ EprF1)+ EpH + H Eg,
0=(Apo +AprF1)+ApH + HyAp,

and any solutions Fy, F», G1, G2, Hy, Hy yield a quasi-Kronecker form (QKF) via

—1

! -G, —-H 1 G H
0 1 —F SGCE-—AT |0 I F
0 0 1 0 0 1
sEp—Ap 0 0
= 0 sEr — Ag 0 , (2.6)
0 0 sEg—Ag

where the diagonal block entries are the same as in (2.5).

The solution analysis can now be carried out via analyzing the blocks in the QKF
(2.6) individually:

e sEp — Ap: Due to the full rank assumption there exists a unimodular' matrix
[Mp(s), Kp(s)] such that

(SEp —Ap)[Mp(s), Kp(s)] =11,0], 2.7

see e.g. [4, Lem. 3.1]. The solutions xp of the DAE Epxp = Apxp + fp are
given by

d d
xp =Mp<a>(fp)+KP<a>(M)

where u : R — R"?7"P is an arbitrary (sufficiently smooth) function and where
mp X np withmp < np is the size of the matrix pencil s Ep — A p. Furthermore,
each initial condition xp (0) = xg can be achieved by an appropriate choice of u.

e sER — Apg: The solution behavior for a regular DAE was already discussed at the
end of Sect. 2.1, a further discussion is carried out in Sects. 2.4 and 2.5.

! A polynomial matrix is called unimodular if it is invertible and its inverse is again a polynomial
matrix.
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e sEp — Agp: Analogous to the sEp — Ap block there exists a unimodular matrix

Mop(s)
[KQ(S)] such that

Mg (s) |1
|:KQ(S)1|(SEQ—AQ)—|:O:|. (2.8)

Then Egxg = Apxg + fo is solvable if, and only if,

d
KQ<E>(fQ)=O

and the solution is uniquely determined by

d
Xo = MQ(E)(fQ)

In particular, the initial values cannot be specified as they are already fixed by
x0(0) = Mo (§)(f0)(0).

In summary, the QKF decouples the corresponding DAE into the underdeter-
mined part (existence but non-uniqueness of solutions), the regular part (existence
and uniqueness of solutions) and the overdetermined part (uniqueness of solu-
tion but possible non-existence). Furthermore, the above solution characterization
can also be carried out directly with the QKTF (2.5), where the analysis for the
sEg — Ag block remains unchanged, for the regular block the inhomogeneity fr
isreplaced by fr + (Erg % — ARp)(x) and for the s Ep — A p block the inhomo-

geneity fp is replaced by fp + (EPR% — App)(xg) + (EPQ% —App)(xp).

Remark 2.1 (Refinement of QKF [3]) If Ry and R, in Theorem 2.4 are chosen in
the special way R| = [le’ R{v] and Ry =R/, Rév] where

im[P, R{|=7*  im[P,,RJ]=EV*

then a decoupling of the regular part in (2.5) corresponding the WCF is obtained as
well. In particular, applying the Wong sequences again to the regular part (see next
section) is not necessary for a further analysis.

2.3 Existence and Uniqueness of Solutions with Respect to In-
and Outputs

In practical application the inhomogeneity f in the DAE (1.1) is often generated by
a lower dimensional input u, i.e. f = Bu for some suitable matrix B; furthermore,
an output y = Cx + Du is introduced to represent the signals of the systems which
are available for measurement and/or are of interest. The resulting DAE is then
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often called descriptor system [52] (other common names are singular systems [8]
or generalized state-space system [48])

Ex = Ax + Bu,
2.9)
y=Cx + Du.

Clearly, a solution theory for general DAEs (1.1) is also applicable to descriptor
systems (2.9). In particular, regularity of the matrix pair (E, A) guarantees existence
and uniqueness of solutions for any sufficiently smooth input. However, existence
and uniqueness of solutions with respect to the input and output might hold for
descriptor systems even when the matrix pair (E, A) is not regular as the following
example shows.

Example 2.2 Consider the following descriptor system:

o o) e=lo o) lo]

y:[l O]x+[0]u,

which has for any input u the unique output y = —u. However, the corresponding
matrix pair (E, A) = ([8 8], [é 8]) is not regular.

It is therefore useful to define the notion of external regularity.

Definition 2.3 (External regularity) The descriptor system (2.9) and the corre-
sponding matrix tuple (E, A, B, C, D) are called externally regular if, only if, for
all sufficiently smooth inputs u there exist (classical) solutions x of (2.9) and the
output y is uniquely determined by u« and x (0).

With the help of the quasi-Kronecker form it is now possible to prove the follow-
ing characterization of external regularity.

Theorem 2.5 (Characterization of external regularity) The descriptor system (2.9)
is externally regular if, and only if,

(2.10)

tk[sE — A, Bl = tk[s E — A] =rk[SEC_ A]

for infinitely many s € C.

Proof The rank of a matrix does not change when multiplied with invertible ma-
trices (from the left and the right), hence it can be assumed that the matrix pair
(E, A) is already in QKF (2.6) with corresponding transformation matrices S
and T. According to the block size in (2.6) let SB = [BT, B;, B—Qr]T and CT =
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[Cp, Cg, Cgl. Then (2.10) is equivalent to

Ep—Ap

k[sEg — Ag. Bopl =1k[sEg — Ap] and rk|:s -
P

i| = I‘k[SEp - AP]
for infinitely many s € C. The rank is also invariant under multiplication with uni-

modular polynomial matrices, hence (2.10) is also equivalent to, invoking (2.8) and
2.7,

1 MQ(S)BQ _ 1 I 0 B
rk|:0 KQ(S)BQ]_rk[O} and rk[CpMP(S) Cpr(s)i|_rk[I O].

Because a polynomial matrix is zero if and only if it is zero at infinitely values it
follows that (2.10) is equivalent to the condition Ko (s)Bg =0 and CpK,(s) =0.
Taking into account the solution characterization given in conclusion to Theorem 2.4
the characterization of external regularity is shown. O

Note that condition (2.10) already appears in the survey paper by Lewis [32]
based on arguments in the frequency domain.

2.4 Solution Formulas Based on the Wong Sequences: Regular
Case

If the Wong sequences (2.4) are applied to a regular matrix pencil sE — A € R"*"[s]
then the limits 7™ and #* fulfill (see [2, 5, 51])

VEAW* = {0}, V4 =R",
EV*NAW*={0}, EV*+AW*=R".

In particular [V, W] and [EV, AW] are invertible matrices for all basis matrices V
and W of 7* and #*. In fact, any of these invertible matrices yield a transformation
which put the matrix pencil s E — A into a quasi-Weierstrall form (QWEF):

Theorem 2.6 (Quasi Weierstral form (QWF) [2, 5]) Consider a regular matrix
pencil sSE — A € R"™"[s] and the corresponding Wong sequences with limits ¥*
and W*. For any full rank matrices V, W with imV = 7™ and im W = #'* let
T=[V,Wland S =[EV,AW]™". Then

I 0 J 0
S(sE—A)T=s|:O N:|_|:O 1], (2.11)

where J € R"*™ ny € N, is some matrix and N € R"2*™ ny, =n — ny, is nilpo-
tent. In particular, V* is exactly the space of consistent initial values, i.e. for all
X0 € V'* there exists a unique (classical) solution x of Ex = Ax with x(0) = xg.
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The difference to the WCF from Theorem 2.3 is that J and N are not assumed to
be in Jordan canonical form. Furthermore, the transformation matrices for the QWF
can be chosen easily; it is only necessary to calculate the Wong sequences.

The knowledge of the two limiting spaces #* and #* is enough to obtain an
explicit solution formula similar to the solution formula (1.3) for ODEs as the next
result shows. To formulate the explicit solution formula it is necessary to define
certain projectors as follows.

Definition 2.4 (Consistency, differential and impulse projector[43]) Consider a reg-

ular matrix pair (E, A) and use the same notation as in Theorem 2.6. The consis-
tency projector is given by

I 0Of,.—
(g A 1=T[0 O]T !

the differential projector is given by

it ._ (1 0O

Iy =Ty o5
and the impulse projector is given by

i [0 07

imp

Mgy =T 0 I S,

where the block structure is as in the QWF (2.11). Furthermore, let

diff . _ prdiff imp _ p7imp
A = H(II:,A)A and E'"™P =T A E.
Note that the above defined matrices do not depend on the specific choice of the
matrices V and W, because when choosing different basis matrices V and W it must
hold that V =V Q and W = W P for some invertible P and Q. Hence

~ e~ P 0 ~ ~ ~ _ [Pl 0
T_[V,W]_T[0 Q:| and S=I[EV,AW] _[ 0 Q_I}S
and the invariance of the above definitions with respect to the choice of V and W is
obvious. Furthermore, the differential and impulse projectors are not projectors in

the usual sense because they are in general not idempotent.

Theorem 2.7 (Explicit solution formula based on Wong sequences [47]) Let
(E, A) be a regular matrix pair and use the notation from Definition 2.4. Then all
solutions of (1.1) are given by, for c € R",

diff. 4 diff o, B ! : i i .
x(t) = e? ’H(E,A)c+/0 AT f)n;‘,gffA)f(r)dr—Z(E‘mp)’n(",}‘f’mf@)(t).
i=0
(2.12)
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In particular,
n—1 o
x(0) = Mg me— Y _(E™) 1157, £ 0)
i=0
i.e. ¢ € R" implicitly specifies the initial value (but in general x(0) # ¢ even when
cevV™).

In the homogeneous case the following equivalence holds [43]:
Ei=Ax & i=A%xAx0) e,

which motivates the name differential projector. There is also a motivation for the
name of the impulse projector, see the end of Sect. 4 as well as Sect. 5.

The Wong sequences appeared sporadically in the DAE literature: For example,
Yip and Sincovec [52] used them to characterize regularity of the matrix pencil,
Owens and Debeljkovic [36] characterized the space of consistent initial values via
the Wong sequences; they are also included in the text books [1, 29] but not in the
text books [7-9, 14, 30]. In general it seems that the connection between the Wong
sequences and the (quasi-)Weierstral/Kronecker form and their role in the solution
characterization is not well known or appreciated in the DAE community (especially
in the case of singular matrix pencils).

2.5 The Drazin Inverse Solution Formula

Another explicit solution formula was proposed by Campbell et al. [11] already in
1976 and is based on the Drazin inverse.

Definition 2.5 (Drazin inverse [17]) For M € R™*" a matrix D € R"*" is called
Drazin inverse if, and only if,

1. DM =MD,
2. D=DMD,
3. IveN: MY=M"tID,

In [17] it is shown that the Drazin inverse is unique and it is easy to see that the
Drazin inverse of M is given by

m -1
mP=1|"’ 0} T,
where the invertible matrix 7 is such that

[ VA (I
M_T_O N]T ,
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J is invertible and N is nilpotent. In particular, for invertible M the Drazin inverse
is just the classical inverse, i.e. M~! = MP.

The following solution formula for the DAE (1.1) based on the Drazin inverse
needs commutativity of the matrices E and A, however, as also regularity is assumed
the following result shows that this is not a restriction of generality.

Lemma 2.8 (Commutativation of (E, A) [11]) Assume (E, A) is regular and chose
A € R such that \E — A is invertible. Then

ME—A)T'E and (AE—-A)"'A

commute, i.e. the whole equation (1.1) can simply be multiplied from the left with
(LE — A)~" which will not change the solution properties but will guarantee com-
mutativity of the coefficient matrices.

Theorem 2.9 (Explicit solution formula based on the Drazin inverse [11]) Consider
the regular DAE (1.1) with EA = AE. Then all solutions x are given by

t
x(t) =eEDA’EDEc+/ EPACDED f(0)dr
0

n—1
— (1 —EPE)Y (EAP) AP O 1), (2.13)

i=0

A direct comparison of the solution formula (2.12) based on the Wong sequences
and (2.13) indicates that EP A plays the role of A4, EPE plays the role of the
consistency projector and EP plays the role of the differential projector. However,
the connection between the impulse projector and E'™P to the expressions involving
the Drazin inverse of A is not immediately clear. The following result justifies the
previous observations.

Lemma 2.10 (Wong sequences and Drazin inverse [5]) Consider the regular matrix
pair (E, A) with EA = AE and use the notation from Theorem 2.6. Then

p_[1 0 p_[JP 0
E_T[OOSandA_TO e

In particular, also taking into account E = §~! [(I) 1(\)]]T_l and A = S_l[é (I)]T_l,
D diff
E” = H(E’A),

D diff diff
EPA=n8, A =A%

1 0] 1 07._
EDEzT[O O]SS ‘[0 N}T V=g 4,

ovi (e [T 070 [72 01\ [P 0 .
(EA)_(S [0 N}T T[O I}S)_ [ 0 N,}S, ieN,
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and with some more effort, using E¥™* = ¥* and A% = #"* in the commuting
case (see [5)), it follows that

0 0

(1 — EPE)(EAP) AP =T [0 i

i i imp
} 5= (Em™) I,
This shows that indeed the two solution formulas (2.12) and (2.13) are identical in
the commuting case. Note that in the solution formula (2.13) the Drazin inverse A”
appears and one might therefore think that the occurrence of zero eigenvalues in A
plays some special role for the solution. However, this is just an artifact and it turns

out that in the expression
D
AP =T [J O} S

0 I

the matrix J? can be replaced by an arbitrary matrix without changing the result
of the solution formula (2.13). One canonical choice is to replace J? by the zero
matrix which yields the impulse projector and which makes the “correction term”
(I — EPE) superfluous.

2.6 Time-Varying DAEs

In this section the time-varying version of (1.1), i.e.

E@)x(t) =A@M)x(@) + f (1),

is briefly discussed.

Campbell and Petzold [10] proved that if £(-) and A(-) have real analytical en-
tries then a solution characterization similar to Corollary 2.2 holds. In particular,
they showed that unique solvability is equivalent to finding time-varying (analyti-
cal) transformation matrices S(-), T (-), such that

(S(r)E(z)T(r),S(z)A(r)T(t)—S(r)E(t)T’(r))z([(’) N‘EI)HJ(()” (I)D

where N (¢) is a strictly lower triangular (and hence nilpotent) matrix. In particular,
as in the time-invariant case, the DAE decouples into an ODE part and a pure DAE
part. It is easily seen that for a strictly lower triangular matrix N (¢) also the differ-
ential operator N (~)% is nilpotent, hence the inverse operator of (N (-)% — 1) can
be calculated nearly identically as in (2.2):

d —1 v—1 d i
(N(')E") =‘Z<N(')a)’
i=0

where v € N is the nilpotency index of the operator N (-) %.
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If the coefficient matrices are not analytical the situation is not so clear anymore
and different approaches have been proposed. Most methods have their motivation
in numerical simulations and a detailed description and discussion is outside the
scope of this survey. The interested reader is referred to the nice survey by Rabier
and Rheinboldt [38], and to the text book by Kunkel and Mehrmann [30] as well as
the recent monograph by Lamour, Mirz and Tischendorf [31]. However, all these
approaches do not allow for discontinuous coefficient matrices. These are studied in
[46] and because of the connection to inconsistent initial value problems the prob-
lem of discontinuous coefficient matrices is further discussed in Sect. 5.

3 Inconsistent Initial Values and Distributional Solutions

After having presented a rather extensive discussion of classical solutions, this sec-
tion presents an introductory discussion of the problem of inconsistent initial values.
From the above derived solution formulas for (1.1) it becomes apparent that x (0)
cannot be chosen arbitrarily, certain parts of x (0) are already fixed by the DAE and
the inhomogeneity, cf. Theorem 2.7. In the extreme case that the QWF of (E, A)
only consists of the nilpotent part, the initial value x(0) is completely determined
by the inhomogeneity and no freedom to choose the initial value is left. However,
there are situations where one wants to study the response of a system described by
a DAE when an inconsistent initial value is given. Examples are electrical circuits
which are switched on at a certain time [48]. There have been different approaches
to deal with inconsistent initial values, e.g. [12, 18, 35, 37, 39, 42], some of them
will be presented in detail in the later sections. All have in common that jumps
as well as Dirac impulses may occur in the solutions. The Dirac impulse is a dis-
tribution (a generalized function), hence one must enlarge the considered solution
space to also include distributions. In fact, also the presence of non-smooth inho-
mogeneities (or inputs) can lead to distributional solutions. However, the latter do
not produce conceptional difficulties as the solution characterization of the previous
section basically remains unchanged.

In order to be able to make mathematical precise statements the classical distri-
bution theory [41] is revised first. The space of test functions is given by

%5° = {9 : R — R | ¢ € € has compact support},

which is equipped with a certain topology.? The space of distributions, denoted by
D, is then the dual of the space of test functions, i.e.

D:= {D 1 6y° — R | D is linear and continuous}.

2The topology is such that a sequence (¢ )xen of test functions converges to zero if, and only if,
(1) the supports of all ¢, are contained within one common compact set K € R and (2) for all

ieN, (p,il) converges uniformly to zero as k — 0.
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A large class of ordinary functions, namely locally integrable functions, can be em-
bedded into I via the following injective’ homomorphism:

f fb, with fp(e) = /R fo.
The main feature of distributions is the ability to take derivatives for any distribution
D e D via
D'(¢) = —D(¢)).

Simple calculations show that this is consistent with the classical derivative, i.e. if
f is differentiable, then

(fp) = (f)p-

In particular, the Heaviside unit step 1o, o) has a distributional derivative which can
easily be calculated to be

(]l[O,oo)]D))/((p) =¢(0) =:5(p),

hence it results in the well known Dirac impulse 6 (at # = 0). In general, the Dirac
impulse §; at time ¢ € R is given by §;(¢) := ¢(¢). Furthermore, if g is a piecewise
differentiable function with one jump at t =¢;, i.e. g is given as

(0), t<tj,
g =1 !
&), t=1tj,
where g1 and g; are differentiable functions and
"), t<tj,
glw= {51 !
then
(gp) = (8")p + (8(ts+) — g(ts )8, 3.0

In other words, taking derivatives of a general jump results in a Dirac impulse at the
jump position whose amplitude is the height of the jump.
Finally, distributions can be multiplied with smooth functions «:

(aD)(¢) = D(ap)

and it is easily seen that this multiplication is consistent with the pointwise multi-
plication of functions and that the Leibniz product rule holds:

(@D) =a'D+aD’.

3Two locally integrable functions which only differ on a set of measure zero are identified with
each other.



154 S. Trenn

Now it is no problem to consider the DAE (1.1) in a distributional solution space,
instead of x and f being vectors of functions they are now vectors of distributions,
ie. x € D" and f € D™ where m x n is the size of the matrices E and A. The
definition of the matrix vector product remains unchanged* so that (1.1) reads as m
equations in .

Considering distributional solutions, however, does not help to treat inconsistent
initial value; au contraire, distributions cannot be evaluated at a certain time because
they are not functions of time, so writing x (0) = xo makes no sense. Even when as-
suming that a pointwise evaluation is well defined for certain distributions, the DAE
(1.1) will still not exhibit (distributional) solution with arbitrary initial values. This
is easily seen when considering the DAE Nx = x + f with nilpotent N. Then also
in the distributional solution framework the operator N % — I :D — D is invertible
with inverse as in (2.2) and there exists a unique (distributional) solution given by

n—1
c=— SN0,
i=0

hence the initial value of x cannot be assigned arbitrarily (i.e. independently of the
inhomogeneity).

So what does it then mean to speak of a solution of (1.1) with inconsistent initial
value? The motivation for inconsistent initial values is the situation that the system
descriptions gets active at the initial time # = 0 and before that the system was
governed by different (maybe unknown) rules. This viewpoint was also expressed
by Doetsch [16, p. 108] in the context of distributional solutions for ODEs:

The concept of “initial value” in the physical science can be understood only when the past,

that is, the interval ¢ < 0, has been included in our considerations. This occurs naturally for
distributions which, without exception, are defined on the entire ¢-axis.

So mathematically, there is some given past trajectory x° for x up to the initial time
and the DAE (1.1) only holds on the interval [0, c0). This means that a solution of
the following initial trajectory problem (ITP) is sought:

0
X(=00,0) = X(—00,0)

(EX)[0,00) = (AXx + f)[0,00)

3.2)

where x" € D" is an arbitrary past trajectory and D; for some interval / € R and
D € D denotes a distributional restriction generalizing the restrictions of functions
given by

f@, tel,

fi) = 0, te¢l.

4Some authors [30, 38] use a different definition for the matrix vector product which is due to the
different viewpoint of a distributional vector x as a map from (4;°)" to R instead of a map from
©s° to R". The latter seems the more natural approach in view of applying it to (1.1), but it seems
that both approaches are equivalent at least with respect to the solution theory of DAEs.
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A fundamental problem is the fact (see Lemma 5.1) that such a distributional re-
striction does not exist!

This problem was resolved especially in older publication [8, 9, 48] by ignoring
it and/or by arguing with the Laplace transform (see the next section). Cobb [13]
seems to be the first to be aware of this problem and he resolved it by introduc-
ing the space of piecewise-continuous distributions; Geerts [22, 23] was the first to
use the space of impulsive-smooth distributions (introduced in [27]) as a solution
space for DAEs. Seemingly unaware of these two approaches, Tolsa and Salichs
[44] developed a distributional solution framework which can be seen as a mix-
ture between the approaches of Cobb and Geerts. The more comprehensive space of
piecewise-smooth distributions was later introduced [45] to combine the advantages
of the piecewise-continuous and impulsive-smooth distributional solution spaces.
The details are discussed in Sect. 5.

Cobb [12] also presented another approach by justifying the impulsive response
due to inconsistent initial values via his notion of limiting solutions. The idea is to
replace the singular matrix E in (1.1) by a “disturbed” version E; which is invertible
for all ¢ > 0 and E; — E as ¢ — 0. If the solutions of the corresponding initial
value ODE problem x = E_ LAx, x(0) = xo converges to a distribution, then Cobb
calls this the limiting solution. He is then able to show that the limiting solution is
unique and equal to the one obtained via the Laplace-transform approach. Campbell
[9] extends this result also to the inhomogeneous case.

4 Laplace Transform Approaches

Especially in the signal theory community it is common to study systems like (1.1)
or (2.9) in the so called frequency domain (in contrast to the time domain). In partic-
ular, when the input-output mapping is of interest the frequency domain approach
significantly simplifies the analysis. The transformation between time and frequency
domain is given by the Laplace transform defined via the Laplace integral:

g(s) = /Ooef”g(t) dr 4.1)
0

for some function g and s € C. Note that in general the Laplace integral is not well
defined for all s € C and a suitable domain for ¢ must be chosen [16]. If a suitable
domain exists, then ¢ = .Z{g} is called the Laplace transform of g and, in general,
Z{-} denotes the Laplace transform operator. Again note that it is not specified
at this point which class of functions have a Laplace transform and which class
of functions are obtained as the image of .Z{-}. The main feature of the Laplace
transform is the following property, where g is a differentiable function for which g
and g’ have Laplace transforms:

2L{g'}s) =5L{g}(s) — g(0), (4.2)
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which is a direct consequence of the definition of the Laplace integral invoking
partial differentiation. If g is not continuous at ¢ = 0 but g(0+) exists and g’ denotes
the derivative of g on R \ {0}, then (4.2) still holds in a slightly altered form:

2L{g'}(s) =s2{g}(s) — g(0+). (4.3)

In particular, the Laplace transform does not take into account at all how g behaved
for t < 0 which is a trivial consequence of the definition of the Laplace integral. This
observation will play an important role when studying inconsistent initial values.

Taking into account the linearity of the Laplace transform the descriptor system
(2.9) is transformed into

SEX(s) = Ax(s) + Bu(s) + Ex(0+),

4.4)
$(s) = CX(s) + Dii(s).

If the matrix pair (E, A) is regular and x(0+) = 0, the latter can be solved easily
algebraically:

5(s) = (CSE — A)"'B + D)ii(s) =: G(s)ii(s), (4.5)

where G(s) is a matrix over the field of rational functions and is usually called
transfer function. As there are tables of functions and its Laplace transforms it is
often possible to find the solutions of descriptor system with given input simply by
plugging the Laplace transform of the input in the above formula and lookup the
resulting output y(s) to obtain the solution y(¢) in the time domain. Furthermore,
many important system properties can be deduced from properties (like the zeros
and poles) of the transfer function directly.

A first systematic treatment of descriptor systems in the frequency domain was
carried out by Rosenbrock [40]. He, however, only considered zero initial values and
the input-output behavior. In particular, he was not concerned with a solution theory
for general DAEs (1.1) with possible inconsistent values. Furthermore, he restricted
attention to inputs which are exponentially bounded (guaranteeing existence of the
Laplace transform), hence formally his framework could not deal with arbitrary
(sufficiently smooth) inputs.

The definition of the Laplace transform can be extended to be well defined for
certain distributions as well [16], therefore consider the following class of distribu-
tions:

Dsok = {D = (gD)(k) | where g : R — R is continuous and g(¢) =0 on (—o0, O)}.

For D € Do with D = (gn)® the (distributional) Laplace transform is now given
by

p{D)(s) =55 2{g)(s)

on a suitable domain in C. Note that § € D= 2 and it is easily seen that

Sols)=1. (4.6)
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Furthermore, for every locally integrable function g for which .Z’{g} is defined on a
suitable domain it holds that

1
Zolen) =s${ /O g} s 2151 = 21g), @.7)

i.e. the distributional Laplace transform coincides with the classical Laplace trans-
form defined by (4.1).

A direct consequence of the definition of .} is the following derivative rule for
all D € | J; D>ox:

Zo{D'}(s) = s £ (D) (4.8)

which seems to be in contrast to the derivative rule (4.3), because no initial value
occurs. The latter can actually not be expected because general distributions do not
have a well defined function evaluation at a certain time ¢. However, the deriva-
tive rule (4.8) is consistent with (4.3); to see this let g be a function being zero on
(—00, 0), differentiable on (0, co) with well defined value g(0+). Denote with g’
the (classical) derivative of g on R\ {0}, then (invoking linearity of -£p)

Zol(en)} ) E Z{(¢) + 208} (s)

(4.6),(4.7)

= D{(g)p} ) +80H) L8} (s) Z{g'} +g(04),

which shows equivalence of (4.8) and (4.3). The key observation is that the distribu-
tional derivative takes into account the jump at t = 0 whereas the classical derivative
ignores it, i.e. in the above context

(g]DJ)/ # (g/)]D)'

As it is common to identify g with gp (even in [16]), the above distinction is difficult
to grasp, in particular for inexperienced readers. As this problem plays an important
role when dealing with inconsistent initial values, it is not surprising that researchers
from the DAE community who are simply using the Laplace transform as a tool,
struggle with the treatment of inconsistent initial values, cf. [34].

Revisiting the treatment of the descriptor system (2.9) in the frequency domain
one has now to decide whether to use the usual Laplace transform resulting in (4.4)
or the distributional Laplace transform resulting in

sEX(s) = Ax(s) + Bii(s),

N N R 4.9)
y(s) =Cx(s) + Du(s),

where the initial value x(0+) does not occur anymore. In particular, if the matrix
pair (E, A) is regular, the only solution of (4.9) is given by (4.5) independently
of x(0+). In particular, if u = 0 the only solution of (4.9) is X(s) =0 and y(s) =
0. Assuming a well defined inverse Laplace transform this implies that the only
solution of (2.9) with u = 0 is the trivial solution, which is of course not true in
general. Altogether the following dilemma occurs.
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Dilemma (Discrepancy between time domain and frequency domain) Consider the
regular DAE (1.1) or more specifically (2.9) with zero inhomogeneity (input) but
non-zero initial value.

e An ad hoc analysis calls for distributional solutions in response to inconsistent
initial values. For consistent initial value there exist classical (non-zero) solutions.

e Using the distributional Laplace transform to analyze the (distributional) solu-
tions of (1.1) or (2.9) reveals that the only solution is the trivial one. In particular,
no initial values (neither inconsistent nor consistent ones) are taken into account
at all.

This problem was already observed in [16, p. 108] and is based on the definition
of the distributional Laplace transform which is only defined for distributions van-
ishing on (—o00, 0). The following “solution” to this dilemma was suggested [16,
p. 129]: Define for D € | J; Do« the “past-aware” derivative operator %—;:

d_
D= D' —djs, (4.10)

where d; € R is interpreted as a “virtual” initial value for D(0—). Note, however,
that, by definition, D(0—) = 0 for every D € | J, D=0 «; hence at this stage it is not
clear why this definition makes sense. This problem was also pointed out by Cobb
[12]. Nevertheless, a motivation for this choice will be given in Sect. 5.
Using now the past-aware derivative in the distributional formulation of (1.1) one
obtains
Ex'=Ax+ Bu+ Ex 6,

“4.11)
y=Cx + Du,

where x, € R" is the virtual (possible inconsistent) initial value for x (0—) and solu-
tions are sought in the space (|, D>0.x)", i.e. x is assumed to be zero on (—o0, 0).
Applying the distributional Laplace transform to (4.11) yields

SEX(s) = AX(s) + Bi(s) + Ex; ,

n N . 4.12)
Y(s) = Cx(s) + Dii(s).
In contrast to (4.4), x,, is not the initial value for x(0+) but is the virtual initial
value for x (0—). If the matrix pair (E, A) is regular, the solution of (4.12) can now
be obtained via

2(s)=(E — A~ (Bi(s) + Exy)

and using the inverse Laplace transform. Because E is not invertible in general, the
rational matrix (s E — A)~! may contain polynomial entries resulting in polynomial
parts in X corresponding to Dirac impulses in the time domain, for details see the
end of this section.
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The solution formula for X (s) is possible to calculate analytically when the ma-
trices E, A, and B are known and for suitable inputs u the inverse Laplace transform
of X(s) can also be obtained analytically. This is the main advantage of the Laplace
transform approach. There are, however, the following major drawbacks:

1. Within the frequency domain it is not possible to motivate the incorporation of
the (inconsistent) initial values as in (4.11); in fact, Doetsch [16] who seems to
have introduced this notion, needs to argue with the help of the distributional
derivative and (4.10) within the time domain!

2. The Laplace transform ignores everything that was in the past, i.e. on the interval
(—00,0); this is true for the classical Laplace transform (by definition of the
Laplace integral) as well as for the distributional Laplace transform (by only
considering distributions which vanish for # < 0). Hence the natural viewpoint
of an initial trajectory problem (3.2) as also informally advocated by Doetsch
cannot possibly be treated with the Laplace transform approach.

3. A frequency domain analysis gets useless when the original system is time-
varying or nonlinear, whereas (linear) time-domain methods may in principle
be extended to also treat time-variance and certain non-linearities. In fact, the
piecewise-smoothly distributional solution framework as presented in Sect. 5
can be used without modification for linear time-varying DAEs [46] and also
for certain non-linear DAEs [33].

4. Making statements about existence and uniqueness of solution with the help of
the frequency domain heavily depends on an isomorphism between the time-
domain and the frequency domain; there are, however, only a few special iso-
morphisms between certain special subspaces of the frequency and time domain,
no general isomorphism is available, see also the discussion concerning (4.9).

This section on the Laplace domain concludes with the calculation of the re-
initialization of the inconsistent initial value as well as the resulting Dirac impulses
occurring in the solution. Therefore, consider the “distributional version” (following
Doetsch) of (1.1):

Ei=Ax+ fp+ Exgé, 4.13)

where x, € R", and its corresponding Laplace transformed version in frequency
domain

SEX(s) = AR(s) + f(s) + Ex; . (4.14)
The unique solution of (4.14) in frequency domain is given by

2(s)=GE - A (f)+ Exy),

which needs regularity of the matrix pair (E, A) to be well defined, which will there-

fore be assumed in the following. Applying a coordinate transformation x = T( ;)
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according to the QWF (2.11), the solution in the new coordinates is given by

0(s) _ _1{ 2 v,
() =r oo ()

— (sSET — SAT)™! <Sf(s) +SET (;’)5_)) ,

0

where x, =: T( :;5_ ) Hence, invoking the QWF (2.11), the solution formula decou-
0
ples into

i) =1 — D7 (fi(s) +vy),
v—1

B(s) = (sN = D7 (f2() + Nwg) = = Y N's'(fals) + Nuy),
i=0

where Sf =: (2) and v € N is the nilpotency index of N. Since (sI — J)~!is a
strictly proper rational matrix, the solution for v (resulting from taking the inverse
Laplace transform) is the corresponding standard ODE solution (1.3). In particular,
v(0+) = v, and no Dirac impulses occur in v. Applying the inverse Laplace trans-
formation on the solution formula for w(s), one obtains the solution w = wr + wj,
where w is the response with respect to the inhomogeneity given by

v—1
wyi=—Y N (fop)?
i=0

and w; consists of Dirac impulses at = 0 produced by the inconsistent initial value:

v—1
w; = — ZNH_IwO_(S(i)'
i=0

Note that in order to obtain w y by using the correspondence (4.8), the distributional
derivatives of f, have to be considered. As the (distributional) Laplace transform
can only be applied to distributions vanishing on (—o0, 0), the inhomogeneity f>
will in general have a jump at t = 0, hence w; will also contain Dirac impulses

depending on fz(i)(0+), i=0,1,...,v—1.In summary:

Theorem 4.1 (Solution formula obtained via the Laplace transform approach) Con-
sider the regular DAE (1.1) with its “distributional version” (4.13). Let v € N be
the nilpotency index of N in the QWF (2.11) of the matrix pair (E, A). Assume
f R — R" is zero on (—00,0) and v — 1 times differentiable on (0, co) with well
defined values f(i)(0+), i=0,1,...,v — 1. Use the notation from Definition 2.4.
Then x € (Uk Dso.x)" given by (2.12) on (0, 00) with ¢ = X, and by the impulsive
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part at t =0, denoted by x[0],

x[0] = vf(Elmp "+ 1Zn““f’ £ 04)8Y)
i=0 j=0
v—2
— S (E™) TN~ g ay)xg 80 (4.15)
i=0

is the unique solution of (4.13) obtained via solving (4.14). In particular,

n—1
xX(04) = iz ayxg + »_(E™) TG0 £O0+), (4.16)
i=0

hence if f =0 then the consistent reinitialization is given by the consistency projec-
tor H(E,A) via

x(0+) = H(E,A)xo_.
Proof Invoking (3.1), one obtains
(fap)P101=>" 777 08D,
j=0

hence
v—2 ' i o .
wrl0]= =Y NI £ 048,

Now using the identities, cf. [47],

gitt _ | J O o1 imp _ 0 0
A_T[OO}T’ E [ONT’

f diff 0 vy -
r(8)=mamor r(R)=mas r(%) =M.

0 _
T (w> = — I, A)x,

0

yields the claimed solution formula. g

5 Distributional Solutions

The previous section introduced distributional solutions in order to treat inconsistent
initial values with the help of the Laplace transform. This leads to the consideration
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of the distributional space | J; D> which contains all distributions which can be
written as a (distributional) kth derivative, k € N, of a continuous function being
zero on (—oo, 0) and of which a Laplace transform exists. This choice is motivated
by the applicability of the Laplace transform and is actually not motivated by dealing
with inconsistent initial values. In fact, as was pointed out in the previous section, the
Laplace transform ignores by definition/design all what has happened before ¢ < 0
and is therefore in principle not suitable to treat inconsistent initial values coming
from the past. Most researchers in the field agree with the notion that an inconsistent
initial is due to a past which was not governed by the system description (1.1). One
way of formalizing this viewpoint is the ITP (3.2). In general, having a past which
obeys different rules then the present means that the overall system description is
time-variant which gives another reason why the Laplace-transform approach runs
into difficulties.

5.1 The Problem of Distributional Restrictions

Treating the ITP (3.2) in a distributional solution framework is, however, also not
straightforward, because (as already mentioned above) the distributional restriction
used in (3.2) is not well defined.

Lemma 5.1 (Bad distribution [45]) Let D be the (distributional, i.e. weak™) limit of
the distributions:

: (=1
Dy = Zd,-r?d[, where d; := Z

T i,keN.
i=0 +

Then the restriction (in the sense of [45]) of D to the interval [0, 00) is not a well-
defined distribution.

Proof Clearly,

o0
Dyo,00) = Zdszdzj,
j=0

however, applying Djp ) to a test function ¢ which is identically one on [0, 1]
yields

o0 o0
1
Dyo,00)(¢) = Zdzj%,- (p) = Z 2 =
j=0 j=0
which shows that Djg ) is not a well defined distribution. O

Remark 5.1 (Restriction to open intervals) The above results remain true when
considering restriction to open intervals. However, it should be mentioned here that
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nevertheless the equation F; = G| makes sense for arbitrary distributions F, G € D
and any open interval I C R by defining:

Fi=G; & VYpe%, withsuppp C1: F(p)=G(p).

In fact, this definition is consistent with the restriction-definition to be established
in the following for a special class of distributions [45, Prop. 2.2.10]. Nevertheless,
restricting the second equation in the ITP (3.2) to the closed interval [0, c0) is es-
sential. Taking an open restriction in both equations of (3.2) would imply that the
past and the present are decoupled so that the initial trajectory would not influence
the future trajectory. To be more precise: Any (distributional) solution x of (3.2)
will exhibit a jump at + = 0 in response to an inconsistent value xo(0—), but the
derivative of this jump appears as a Dirac impulse in the expression Ex. While the
restriction to the open interval (0, co) would neglect this Dirac impulse, the restric-
tion to the closed interval [0, co) keeps the Dirac impulse in the second equation of
the ITP (3.2) and hence the past can influence the present.

5.2 Cobb’s Space of Piecewise-Continuous Distributions

The need to define a restriction for distributions was already advocated by Cobb
[13]; although his motivation was not the ITP (3.2) but a rigorous definition of the
impulsive term DI[¢] of a distribution D at time ¢ € R which can be viewed as a
restriction to the interval [z, ¢]. To this end, Cobb first defined the space of piecewise-
continuous distributions given by

AT = {t; € R|i € Z} ordered and locally finite
Dywgo =1 D eD|Ig e CuVi € Z: D) = (8D)(1.110) ,
in the sense of Remark 5.1

where %I?w denotes the space of piecewise-continuous functions, in particular, for
0
any g € %pw the values g(r+) and g(z—) are well defined for all ¢ € R.

Definition 5.1 (Cobb’s distributional restriction [13]) Let D € D0 with g € ‘KI?W
and T = {t; € R|i € Z} such that D coincides with gp on each interval (¢;, t;11),
i € Z. For any T € R choose ¢ > 0 such that (t — ¢, 1) C (¢, ti+1) for some i € Z.
Then the restriction of D to the interval [t, 00) is defined via

0, if suppy < (—00, 7],
Dir,00)(9) = { D(gp) — [T, g()p(t)dt, if suppy € [t — &, 00),
Diz,00) (¢°), otherwise,

where ¢° € 6;° is such that ¢ = ¢, + ¢® with supp g, € (—0o0, 7] and supp ¢® C
[T —¢&,00).
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It is easily seen that this definition does not depend on the specific choice of
¢°, hence Di;, ) is a well defined (continuous) operator on %000 and therefore a
distribution. In fact, Dz o) € D0 With gpro0) as the corresponding piecewise-
continuous function. The restriction to the closed interval (—oo, t] is defined
analogously, and the restriction to arbitrary intervals can be defined as follows,
s,t € RU {o0}:

D¢y =D — Dt 00) — D051
Dis 1) = Dis,00) — D(1,00)>
D51y = Dis,00) — Dit,00)>
D1 = Ds,00) = D(t,00)-

It is worth noting that it is not difficult to show that

g€ €O T C Ris locally finite, Vi € T

pw’
Dpwgo=yD=gp+ ) Di n
pw ; an,eN,aﬁ,...,aﬁ,teR:DtZZalzcat(k)
k=0

and the restriction of D € D0 with the above representation D = gp + > 7 D;
to an interval / € R is given by

Dy =gip+ Z Dy.
teTNl

The space of piecewise-continuous distributions also allows a pointwise evalu-
ation in the following three senses, for € R and D € D0 with corresponding

gEG:
o the right sided evaluation: D(¢+) := g(t+),

o the left sided evaluation: D(r—) = g(t—),
o the impulsive part: D[t] := Dy, 1.

The following relates the restriction with the derivative.

Lemma 5.2 (Derivative of a restriction [13, Prop. 1]) Let D € D40 and assume
D' € Dyy0 as well. Then, for any v € R,

(Dir.00)) = (D/)[T’m) + D(t—)é;.

Note that Cobb did not include the assumption D’ € Dpw%/o in his result; however,
without this assumption the restriction of D’ to some interval is not defined, because
in general D’ is not a piecewise-continuous distributions anymore (actually Cobb
claims that the result is “obvious”; this is quite often a hint that there might be
something wrong).
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Remark 5.2 (A distributional motivation of Doetsch’s past-aware derivative)
Lemma 5.2 now gives a justification of the past-aware derivative (4.10) as prop-
agated by Doetsch, because Djg o) as well as (D)[0,o0) are elements of the space
(Ui D=0,k, however, D can still be non-zero on (—o0, 0) and D(0—) # 0 in general.

A connection between (consistent) distributional solution of (1.1) and the so-
Iutions of “distributional” DAEs (4.13) was established in [13, Prop. 2], a clearer
connection, also allowing for inconsistent initial values, will be formulated in the
context of piecewise-smooth distributions (see Sect. 5.4).

5.3 Impulsive-Smooth Distributions as Solution Space

The space of impulsive-smooth distributions was introduced by Hautus [26] (with-
out denoting them as such) and was first used by this name in the context of optimal
control problems [27]. Geerts [22-24] was then the first to use them as a solution
space for DAEs. The space of impulsive-smooth distributions &in, is defined in this
earlier work as follows:

<gimp

k
= {ng[O,oo)]D) + Dimp | & €E™, Dimp = Z(X,’S(i),k eN,ap,...,qx eR¢.
i=0

Similar as in the Laplace transform approach, Geerts considers the distributional
version (4.13) instead of (2.9) and he rewrites the (distributional) derivative as the
convolution with §':

§' % Ex = Ax + f + Exod. (5.1)

By viewing %imp as a commutative algebra with convolution as multiplication, the
distributional DAE can now be written as

pEx=Ax+ f+ Exo,

where p = 8’ and § is the unit with respect to convolution and hence denoted by one.
The (time-domain) equation is now algebraically identically to the one obtained by
the Laplace transformation approach without the need to think about problems like
the existence of the Laplace transform and domain of convergence. In particular, ex-
istence and uniqueness results directly apply because no isomorphism between dif-
ferent solution spaces is needed. Nevertheless, the definition of @iy, still assumes
that all involved variables are identically zero on (—oo, 0), hence speaking of in-
consistent initial values is conceptionally as difficult as for the Laplace transform
approach. In summary, viewing xo in (5.1) as the initial value for x(0—) cannot be
motivated within the impulsive-smooth distributional framework, because, by defi-
nition, x (0—) = 0.
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In fact, there is no reason to consider variables which have to vanish on (—o0, 0):
Rabier and Rheinboldt [37] were the first to use the space of impulsive-smooth
distributions which can also be non-zero in the past. The formal definition is

G ()

k
fTfTeC® Dimp=) ;8%
. _ £ R +

kGN,Ol(),...,OlkE]R

Clearly,
(gimp C Cgimp (R*) C Dpw‘fo cD,

in particular, the three types of evaluation defined for piecewise-continuous distri-
butions are also well defined for impulsive-smooth distribution as well as the dis-
tributional restriction. The main difference to the space of piecewise-continuous
distribution is the fact that the space of impulsive-smooth distribution is closed un-
der differentiation. In particular, impulsive-smooth distributions are arbitrarily often
differentiable within the space of impulsive-smooth distributions.

Within the impulsive-smooth distributional framework the ITP (3.2)

0
X(=00,0) = X(—00,0)
(EX)[0,00) = (Ax + f)[0,00)
is well defined for all initial trajectories xYe Gimp (R*)", all inhomogeneities f €
Cimp(R*)™ and solutions x are sought in €imp(R*)". In fact, the following result

holds, which finally gives a satisfying and rigorous motivation for the incorporation
of the (inconsistent) initial value as in (4.13).

Theorem 5.3 (Equivalent description of the ITP (3.2)) Consider the ITP (3.2)
within the impulsive-smooth distributional solution framework with fixed initial tra-
jectory x9 € Gimp(R*)" and inhomogeneity f € Cimp(R*)". Then x € Cimp(R*)"
solves the ITP (3.2) if, and only if, 7 := x — x?_ooﬁo) = X[0,00) SOlves

Z(—00,0) =0,

o (5.2)
(E2)[0,00) = (AZ + [)[0,00) + Ex"(0—)8.

Proof Let x be a solution of the ITP (3.2) and let z = x[0,oc). Then, clearly,

Z(—00,0) = 0. Furthermore,

(ED0,00) = (EN0,00) = (E(¥_0.0)) )j0.00) = (A% + i0,00) + Ex"(0-)8

= (Az+ f)[0.00) + Ex"(0-)8,
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which shows that z = x[g,«0) is indeed a solution of (5.2). On the other hand, let z be
a solution of (5.2) and define x := z + x?_oo,o). Then, clearly, x(_0,0) = x?_oo,o).
Furthermore,

o . /
(Ei)0,00) = (ED(0.00) + (E(x(-0.0)) ) 0.00)
= (Az+ f)j0.00) + Ex*(0—)8 — Ex"(0-)8
= (Ax + f)[O,oo). U

Remark 5.3

1. If (5.2) is considered within the one-sided impulsive-smooth distributional
framework, i.e. f € (Gimp)™ and z € (Gimp)" then (5.2) simplifies to

Ei=Az+ f+ Ex°(0-)s. (5.3)

2. Comparing the result of Theorem 5.3 with the result of Cobb [13, Prop. 2] reveals
three main differences: (1) Cobb only states one direction and not the equiva-
lence, (2) instead of the ITP (3.2) Cobb just considers the original DAE (1.1),
hence his result concerns only consistent solutions, (3) Cobb assumes that (5.3)
has a unique solution.

3. Regularity of the matrix pair (E, A) is not assumed; in particular, neither is it
assumed that for all inhomogeneities f there exist solutions to (3.2) and (5.2), nor
is it assumed that solutions of (3.2) and (5.2) are uniquely given for fixed initial
trajectory and fixed inhomogeneity. However, due to the established equivalence
all existence and uniqueness results obtained for (5.3) carry over to the ITP (3.2).

Although Rabier and Rheinboldt [37] introduced the space of impulsive-smooth
distribution which allow a clean treatment of the ITP (3.2), they did not follow
this approach. Instead, they redefine the inhomogeneity to make inconsistent initial
values consistent. To this end, let x € Gimp(R*)" be a given initial trajectory and
f € Gimp(R*)™ a given inhomogeneity and consider the ITP-DAE

K200 =3 s (5.4)
Ex = Ax + fitp,
where
firp 1= Ex{_ ) — Ax(_ )+ fi0.00)-
Note that x(—c0,0) = x?_ %.0) already implies, due to the special choice of fiTp, that

(EX) (00,00 = (AX + fITP) (= 00,0)>

which shows that (5.4) is in fact equivalent to the ITP (3.2). However, the form of
(5.4) has certain disadvantages compared to the ITP formulation (3.2):
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1. The second equation of (5.4) suggest that the DAE (1.1) is valid globally (just
with a different inhomogeneity), which conflicts with the intuition that an incon-
sistent initial value is due to the fact that the system description (1.1) is only valid
on [0, c0) and not in the past.

2. In (5.4) the past trajectory of x is formally determined by two equations which
could in general be conflicting (depending on the choice of fiTp).

3. When studying an autonomous system (i.e. without the presence of an inhomo-
geneity), the formulation (5.4) formally leaves the class of autonomous systems.

On the other hand, an interesting advantage of the formulation (5.4) is that, due to
Remark 5.1, (5.4) makes sense even when x is an arbitrary distribution and f as
well as x© are such that Jitp is well defined. In fact, Rabier and Rheinboldt [37,
Thm. 4.1] do consider arbitrary distributions x € D" and show that under certain
regularity assumptions the solutions are in fact impulsive-smooth.

5.4 Piecewise-Smooth Distributions as Solution Space

Comparing Cobb’s piecewise-continuous distributional solution framework with the
impulsive-smooth distributional solution framework the following differences are
apparent:

L. Dyyeo is not closed under differentiation.
2. Gimp(R*) does not allow non-smooth inhomogeneities away from ¢ = 0.

Rabier and Rheinboldt [37] seem to be aware of the latter problem as they introduce
the space Gimp(R \ .), where . = {t; € R|i € Z} is a strictly ordered set with
ti = oo asi — oo and D € Gimp (R \ .¥) is such that D, 4, ) is induced by the
corresponding restriction of a smooth function. A similar idea is proposed in [25],
however, in both cases the resulting distributional space is not studied in detail.
A more detailed treatment can be found in [45, 46] where, in the spirit of Cobb’s
definition, the space of piecewise-smooth distributions is defined as follows:

e, TCR
Dpugos = {D =fo+Y D T € %

teT

locally finite V7 € T : D; € span{3,,;,5;, ...}

where f € ‘5];"2 is a piecewise-smooth function if, and only if, there exists a
strictly ordered locally finite set {s; € R|i € Z} and f; € €, i € Z, such that

f = ZiEZ fi[Si,SiH)' Clearly,
(gimp (R*) - ]Dpw‘é’c>c> - DPW%O,

and the space of piecewise-smooth distributions resolves each of the above men-
tioned drawbacks of the piecewise-continuous and impulsive-smooth distributions.
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However, the major advantage of considering the space of piecewise-smooth dis-
tributions becomes apparent when considering time-varying DAEs:

Ei(@) = AW)x(1) + f(1). (5.5)

If the coefficient matrices E(-) and A(-) are smooth it is no problem to use any of
the above distributional solution concepts because the product of a smooth func-
tion with any distribution is well defined so that (5.5) makes sense as an equation
of distributions. In the discussion of the drawbacks of the Laplace transform ap-
proach it was already mentioned that an inconsistent initial value could be seen as
the results from the presence of a time-varying system. In fact, the ITP (3.2) can be
reformulated as the following time-varying DAE [45, Thm. 3.1.7]:

Errp(t)X(t) = Arrp(1)x (1) + frre(1),

where

0 t<0 1 t<0

Emp(t) =1~ ’ Arp(t) =17 ’

e (?) {E >0, rrp(?) {A, 10,
0
—x"(t), t<0,

1) =
Sire() {f(t), >0,

The problem is now that the time-varying coefficient matrices are not smooth any-
more so that the multiplication with a distribution is not well defined. Rabier and
Rheinboldt [37] treated already time-varying DAESs (5.5); however, the interpreta-
tion of inconsistent initial values as a time-variant DAE with non-smooth coeffi-
cients did not occur to them, maybe because they considered (5.4) where formally
the original DAE (with a special choice of the inhomogeneity) with smooth coeffi-
cient is considered globally (i.e. in the whole of R and not only on [0, c0)). Another
important motivation for studying time-varying DAEs with non-smooth coefficient
matrices is switched DAEs [47]:

Eax:on'i'f,

where o : R — {1,2,..., P}, PeN,and (E, A1), ..., (Ep, Ap) are constant ma-
trices.

It turns out that for the space of piecewise-smooth distributions a (non-commuta-
tive) multiplication can be defined, named Fuchssteiner multiplication after [19,
20], which in particular defines the multiplication of a piecewise-smooth function
with a piecewise-smooth distribution. Hence (5.5) makes sense even for coefficient
matrices which are only piecewise-smooth.

Remark 5.4 (The square of the Dirac impulse) The multiplication of distributions
occurs several times in the context of DAEs. The different approaches can be best
illustrated by the different treatments of the square of the Dirac impulse:
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1. In the context of impulsive-smooth distributions [22, 23, 27] convolution is
viewed as a multiplication and the Dirac impulse is the unit element for that
multiplication. Hence 82 = § in this framework.

2. The Fuchssteiner multiplication for piecewise-smooth distributions yields

82 =0.

3. It is well known that a commutative and associative multiplication which gener-
alizes the multiplication of functions to distributions is not possible in general,
but when enlarging the space of distributions the square of the Dirac impulse is
well defined (but not a classical distribution). In the context of DAEs this ap-
proach was considered in [44], where the square of the Dirac impulse occurs in
the analysis of the connection energy (the product of the voltage and current).

Within the framework of piecewise-smooth distributions it is now possible to
show [45] that the ITP (3.2) is uniquely solvable for all initial trajectories and all in-
homogeneities if, and only if, the matrix pair (E, A) is regular. In particular, the im-
pulses and jumps derived in this framework [47, Thm. 6.5.1] are identical to (4.15)
and (4.16) obtained via the Laplace transform approach.

6 Conclusion

The role of the Wong sequences of the matrix pair (E, A) for characterizing the
(classical) solutions was highlighted. In particular, explicit solution formulas where
given which are similar to the ones obtained for linear ODEs. The quasi-Kronecker
form (QKF) and quasi-Weierstral form (QWF) play a prominent role. For time-
varying DAEs with analytical coefficients a time-varying QWF is available, how-
ever, time-varying Wong sequences and their connection to a time-varying QWF
(or even QKF) have not been studied yet. The problem of inconsistent initial values
was discussed and it was shown how the Laplace transform was used to treat this
problem. However, it is argued that the Laplace transform approach cannot justify
the notion of an inconsistent initial value. With the help of certain distributional so-
Iution spaces the notion of inconsistent initial values can be treated in a satisfying
way and it also justifies the Laplace transform approach.
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Port-Hamiltonian Differential-Algebraic
Systems
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Abstract The basic starting point of port-Hamiltonian systems theory is network
modeling; considering the overall physical system as the inferconnection of simple
subsystems, mutually influencing each other via energy flow. As a result of the inter-
connections algebraic constraints between the state variables commonly arise. This
leads to the description of the system by differential-algebraic equations (DAESs),
i.e., a combination of ordinary differential equations with algebraic constraints. The
basic point of view put forward in this survey paper is that the differential-algebraic
equations that arise are not just arbitrary, but are endowed with a special mathemat-
ical structure; in particular with an underlying geometric structure known as a Dirac
structure. It will be discussed how this knowledge can be exploited for analysis and
control.
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1 Introduction to Port-Hamiltonian Differential-Algebraic
Systems

The framework of port-Hamiltonian systems is intended to provide a systematic
approach to the modeling, analysis, simulation and control of, possibly large-scale,
multi-physics systems; see [9, 15, 19, 20, 24, 25, 29, 31-34, 38, 39] for some key
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we will focus in this paper on lumped-parameter, i.e., finite-dimensional, systems.
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The basic starting point of port-Hamiltonian systems theory is (power-based)
network modeling; considering the overall system as the interconnection of sim-
ple subsystems, mutually influencing each other via energy flow [27]. As a re-
sult of the interconnections algebraic constraints between the state variables com-
monly arise. This leads to the description of the system by differential-algebraic
equations (DAEs), i.e., a combination of ordinary differential equations with al-
gebraic constraints. However, the basic point of view put forward in this paper is
that the differential-algebraic equations that arise are not just arbitrary differential-
algebraic equations, but are endowed with a special mathematical structure, which
may be fruitfully used for analysis, simulation and control.

As a motivating and guiding example for the theory surveyed in this paper we
will start with the following example.

1.1 A Motivating Example

Consider an LC-circuit consisting of two capacitors and one inductor, all in parallel.
Naturally this system can be seen as the interconnection of three subsystems, the two
capacitors and the inductor, interconnected by Kirchhoff’s current and voltage laws.
The capacitors (first assumed to be linear) are described by the following dynamical
equations:

Qi =1,
L0 i=12 (1.1)
I — Cla

Here I; and V; are the currents through, respectively the voltages across, the two
capacitors, and C; are their capacitances. Furthermore, Q; are the charges stored at
the capacitors; regarded as basic state variables.!

Similarly, the linear inductor is described by the dynamical equations

o=V,

¢ (1.2)
=2
L= L

where I is the current through the inductor, and V, is the voltage across the induc-
tor. Here the (magnetic) flux ¢ is taken as the state variable of the inductor, and L
denotes its inductance.

Parallel interconnection of these three subsystems by Kirchhoff’s laws amounts
to the interconnection equations

Vi=V=Vg, L+L+1 =0, (1.3)

In the port-Hamiltonian formulation there is a clear preference for taking the charges to be the
state variables instead of the voltages V;. Although this comes at the expense of the introduction
of extra variables, it will turn out to be very advantageous from a geometric point of view.
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where the equation V; = V; gives rise to the algebraic constraint

91 _ O (1.4)
G G
relating the two state variables Q1, Q».
There are multiple ways to describe the total system. One is to regard either [
or I as a Lagrange multiplier for the constraint g—]‘ - % = 0. Indeed, by defining
A = I one may write the total system as

. S
0 00 07]7¢ 1
O |={0 0 —1[|L[+]-1]x
¢ 01 0 o 0
-Lz
(1.5)
-0
Ci
0o=[1 -1 0]| & 1.
4
- L

where the algebraic constraint g—ll - g—j = 0 represented in the last equation of (1.5)
can be seen to give rise to a constraint current [1 —1 017 A, which is added to the
first three ordinary differential equations in (1.5).

Next one may eliminate the Lagrange multiplier A by pre-multiplying the differ-

ential equations by the matrix
1 10
0 0 1]

Together with the algebraic constraint this yields the differential-algebraic system

: 0
11 070 0o 0o —17[a
0 0 1 O, |=]0 1 o0 % ) (1.6)
000[]¢ 1 -1 0 || ¢

L

Equations (1.5) and (1.6) are different representations of the same port-Hamiltonian
system defined by the LC-circuit, which is geometrically (i.e., coordinate-free) de-
scribed by a Dirac structure and constitutive relations corresponding to energy-
storage. In this example the Dirac structure is given by the linear space

N el
D={(fle)eR*xR| f=| fr|l.e=|e |,
f3 e3
1 1 0 fi 0o 0 -1 el
00 1|[A|l+]l0 1 o e | =0 (1.7)
00 0] f 1 -1 0 es



176 A.J. van der Schaft

having the characteristic property that e’ f = 0 for all (f,e) € D (total power is
zero), and moreover having maximal dimension with regard to this property (in this
case dim D = 3). The two representations (1.5) and (1.6) correspond to two different
representations of this same Dirac structure.
Furthermore the constitutive relations of energy-storage are given by f =
[fi fo 31T =—[01 02 ¢), and e = [e] e e3]" = [Z £ 217, where the last

C ¢
vector is the grad1ent vector of the total stored energy, or Hamzltoman

Q2 0 ¢

H —= 4 —. 1.8
(Q1.02,9) = +2C2+2L (1.8)
We may easily replace the linear constitutive relations of the capacitors and the
inductor by more general nonlinear ones, corresponding to a general non-quadratic

Hamiltonian

H(Q1, 02, ¢) = HI(Q1) + H2(Q2) + H3(¢) (1.9)

with H;(Q;),i = 1,2, denoting the electric energies of the two capacitors, and
H3(¢) the magnetic energy of the inductor. Then the resulting dynamics are given
by the nonlinear differential-algebraic equations

o —17/[ @

1100 0
00 1{[Q|=[0 1 o0||%0]. (1.10)
000||¢ 1 -1 0 i )

In the port-Hamiltonian description there is thus a clear separation® between the
constitutive relations of the elementary subsystems (captured by the Hamiltonian
H), and the interconnection structure (formalized by the Dirac structure D). This
has several advantages in terms of flexibility and standardization (e.g., one may re-
place linear subsystems by nonlinear ones, without changing the interconnection
structure), and will give rise to a completely compositional theory of network mod-
els of physical systems: the interconnection of port-Hamiltonian systems defines
another port-Hamiltonian system, where the Hamiltonians are simply added and
the new Dirac structure results from the composition of the Dirac structures of the
interconnected individual physical systems.

From a DAE perspective it may be noted that the algebraic constraint % = %
is of index one. In fact, under reasonable assumptions on the Hamiltonian this will
turn out to be a general property of port-Hamiltonian differential-algebraic systems.

ZNote that this separation is already present in the geometric description of Hamiltonian dynamics
in classical mechanics; see e.g. [1]. There the dynamics is defined with the use of the Hamiltonian
and the symplectic structure on the phase space of the system. Dirac structures form a generaliza-
tion of symplectic structures, and allow the inclusion of algebraic constraints. Note furthermore
that the symplectic structure in classical mechanics is commonly determined by the geometry of the
configuration space, while the Dirac structure of a port-Hamiltonian system captures its network
topology.
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In the above example, the subsystems are all energy-storing elements (capaci-
tors, inductors), and thus the total energy (Hamiltonian) is preserved along solu-
tions of the differential-algebraic equations. The framework, however, extends to
energy-dissipating elements (such as resistors), in which case the Hamiltonian will
decrease along solutions. Furthermore, in the above example there are no external
inputs to the system (such as voltage or current sources). In the port-Hamiltonian
framework these are, however, immediately incorporated, and are in fact essential
to describe the interconnection of port-Hamiltonian systems. By including external
ports in the system description it will follow that along system trajectories of the
port-Hamiltonian differential-algebraic system 12_1;1 is always less than or equal than
the power supplied to the system through these external ports, i.e., passivity.

Finally, the port-Hamiltonian formalism emphasizes the analogy between phys-
ical system models. The same system of equations as in (1.5) or (1.6) also results
from the modeling of a system of two rigidly coupled masses connected to a single

spring. In this case, the rigid coupling between the two masses with kinetic energies

2
P; .
Hi(pi) = 2’7’1', i=12
]

(where p1, p2 denote the momenta of the masses mp,my) is given by the (index
one) algebraic constraint

P1 P2
— =V =V =—
my m3

(1.11)

with vy, v2 denoting the velocities of the masses. Note that this is different from
formulating the rigid coupling between two masses by the (index two) algebraic
constraint

q1=q2 (1.12)

in terms of the positions q;,i = 1, 2, of the two masses. In fact, the constraint (1.11)
results from differentiation of (1.12). Indeed, in the port-Hamiltonian approach there
is a preference for modeling constraints in mechanical systems as kinematic con-
straints (which can be holonomic, as in this simple example, or nonholonomic).
This will be discussed in more detail later in this paper.

The contents of Sects. 2, 3, 5, 6, 7 of the present paper are a thoroughly reworked
version of material that appeared before in [34], emphasizing and expanding the
differential-algebraic nature of port-Hamiltonian systems.

2 Definition of Port-Hamiltonian Systems

In this section we will provide the general geometric (coordinate-free) definition of
a finite-dimensional port-Hamiltonian system, and discuss different examples and
subclasses.

A port-Hamiltonian system can be represented as in Fig. 1. Central in the defi-
nition of a port-Hamiltonian system is the notion of a Dirac structure, denoted in
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Fig. 1 Port-Hamiltonian R (resistive)
system

S (storage) C (control)

7 (interaction)

Fig. 1 by D. Basic property of a Dirac structure is power-preservation: the Dirac
structure links the port variables in such a way that the total power associated with
all the port-variables is zero.

The port variables entering the Dirac structure have been split in Fig. 1 in dif-
ferent parts. First, there are two internal ports. One, denoted by S, corresponds to
energy-storage and the other one, denoted by R, corresponds to internal energy-
dissipation (resistive elements). Second, two external ports are distinguished. The
external port denoted by C is the port that is accessible for controller action. Also the
presence of sources may be included in this port. Finally, the external port denoted
by Z is the interaction port, defining the interaction of the system with (the rest of)
its environment.

2.1 Dirac Structures

We start with a finite-dimensional linear space of flows F. The elements of F will
be denoted by f € F, and are called flow vectors. The space of efforts is given by
the dual linear space £ := F*, and its elements are denoted by e € £. In the case of
F =¥ the space of efforts is £ = (R¥)*, and as the elements f € R¥ are commonly
written as column vectors the elements e € (RX)* are appropriately represented as
row vectors. Then the fotal space of flow and effort variables is F x F*, and will
be called the space of port variables. On the total space of port variables, the power
is defined by

P={e|f), (fie)eFxTF", 2.1)

where (e | f) denotes the duality product, that is, the linear functional e € F* acting
on f € F. Often we will write the flow f and effort e both as column vectors, in
which case (¢ | f) =e! f.

Definition 2.1 A Dirac structure on F x F* is a subspace D C F x F* such that

(i) (e| f)=0,forall (f,e) €D,
(i) dimD =dim F.
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Property (i) corresponds to power-preservation, and expresses the fact that the
total power entering (or leaving) a Dirac structure is zero. It can be shown that the
maximal dimension of any subspace D C F x F* satisfying property (i) is equal
to dim F. Instead of proving this directly, we will give an equivalent definition
of a Dirac structure from which this claim immediately follows. Furthermore, this
equivalent definition of a Dirac structure has the advantage that it generalizes to
the case of an infinite-dimensional linear space JF, leading to the definition of an
infinite-dimensional Dirac structure. This will be instrumental in the definition of
distributed-parameter port-Hamiltonian systems [39].

In order to give this equivalent characterization of a Dirac structure, let us look
more closely at the geometric structure of the total space of flow and effort variables
F x F*. Closely related to the definition of power, there exists a canonically defined
bilinear form {{, )) on the space F x F*, defined as

(% e). (f2. ")) = (e 1 £7) + (" | £4) 2.2)

with (¢, %), (f?, e?) € F x F*. Note that this bilinear form is indefinite, that is,
{((f,e), (f,e))) may be positive or negative. However, it is non-degenerate, that is,
((fe, e, (f2,e?)) =0 for all (f?, eb) implies that (4, e%) = 0.

Proposition 2.1 ([8, 12]) A (constant) Dirac structure on F X F* is a subspace
D C F x F* such that

D =D, (2.3)

where LL denotes the orthogonal complement with respect to the bilinear form ((, )).
Proof Let D satisty (2.3). Then for every (f,e) € D
=(((f.e), (fre)))=(el )+ (el f)=2e] f).
By non-degeneracy of ((, ))
dim D = dim(]—' X f*) —dimD =2dimF —dimD

and hence property (2.3) implies dim D = dim F. Conversely, let D be a Dirac struc-
ture and thus satisfying properties (i) and (ii) of Definition 2.1. Let (¢, %), (f b by
be any vectors contained in D. Then by linearity also (f*+ f?, e% +¢”) € D. Hence

by property (i)
0=(e"+eb | f* 4 f?)
= {1 fO) (L) + (e L)+ (1 f7)
= (" 1)+ (1) = (. e). (7. ")) @4

since by another application of property (i), (¢% | f¢) = (e’ | f?) = 0. This implies
that D C D+, Furthermore, by property (ii) and dim Dt = 2dim F — dimD it
follows that dim D = dim DL, thus yielding D = D1+ O
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Remark 2.1 Note that we have actually shown that property (i) implies D C DL,
Together with the fact that dim D = 2dim F — dim D this implies that any sub-
space D satisfying property (i) has the property that dimD < dim F. Thus, as
claimed before, a Dirac structure is a linear subspace of maximal dimension sat-
isfying property (i).

Remark 2.2 The property D = D1 can be regarded as a generalization of Telle-
gen’s theorem in circuit theory, since it describes a constraint between two different
realizations of the port variables, in contrast to property (i).

From a mathematical point of view, there are a number of direct examples of
Dirac structures D C F x F*. We leave the proofs as an exercise to the reader.

(i) Let J : F* — F be a skew-symmetric linear mapping, that is, J = —J*, where
J*: F* — (F)* = F is the adjoint mapping. Then

graphJ :={(f,e) e F x F*| f = Je}

is a Dirac structure.
(ii) Let w: F — F™* be a skew-symmetric linear mapping, then

graphw :={(f,e) € F x F* | e = oof }

is a Dirac structure.
(iii) Let G C F be any subspace. Define

Gt={eeF*|(e| f)=0forall f €G}.

Then G x G+ C F x F* is a Dirac structure. Special cases of such a Dirac
structure are ideal constraints. Indeed, the ideal effort constraint

D:={(fe)e F x F*|e=0}
is defining a Dirac structure, and the same holds for the ideal flow constraint

D:={(f.e) e F x F*| f =0}.

2.2 Energy Storage

The port variables associated with the internal storage port will be denoted by
(fs, es). They are interconnected to the energy storage of the system, which is de-
fined by a finite-dimensional state space manifold X with coordinates x, together
with a Hamiltonian function H : X — R denoting the energy. The flow variables of
the energy storage are given by the rate x of the energy variables x. Furthermore, the
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effort variables of the energy storage are given by the co-energy variables %—;’(x),

resulting in the energy balance’
dH aH()I' 8TH()' (2.5)
—_ ={—(Xx X )= X)X. .
dt ax 0x

The interconnection of the energy storing elements to the storage port of the
Dirac structure is accomplished by setting

. oH
fs=—x and es=—(x). 2.6)
0x

Hence the energy balance (2.5) can be also written as

4 O H ooty @7
— = X)X = —e . .
dt 0x sJS

2.3 Energy Dissipation

The second internal port corresponds to internal energy dissipation (due to friction,
resistance, etc.), and its port variables are denoted by ( fr, er). These port variables
are terminated on a static resistive relation R. In general, a static resistive relation
will be of the form

R(fr.er) =0 (2.8)
with the property that for all (fg, eg) satisfying (2.8)
(er | fr) 0. (2.9)

A typical example of such a nonlinear resistive relation will be given in Example 4.4.
In many cases we may restrict ourselves to linear resistive relations in which case
(fr, er) satisfy relations of the form

Ry fr+ Reeg =0. (2.10)

The inequality (2.9) then corresponds to the square matrices Ry and R, satisfying
the properties

RyR] =R.R} >0, (2.11)

together with the dimensionality condition

rank [R 7 | R,] = dim f. 2.12)

3Throughout we adopt the convention that %—’;’ (x) denotes the column vector of partial derivatives
of H.
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Indeed, by the dimensionality condition (2.12) and the symmetry (2.11) we can
equivalently rewrite the kernel representation (2.10) of R into an image representa-
tion

frR=RIA and egr=—RTx. (2.13)
e !

That is, any pair (fg, er) satisfying (2.10) can be written into the form (2.13) for
a certain A, and conversely any (fg, eg) for which there exists A such that (2.13)
holds is satisfying (2.10). Hence by (2.11) all fr, eg satisfying the resistive relation
are such that

ek fr=—(RI2) RT3 = 2T Ry RT3 <0. (2.14)

Without the presence of additional external ports, the Dirac structure of the port-
Hamiltonian system satisfies the power balance

el fs+ehfr=0 (2.15)

which leads by substitution of equations (2.7) and (2.14) to

d
EH:—egfszengfR <0. (2.16)

An important special case of resistive relations between fr € R" and egr € R™
occurs when the resistive relations can be expressed as an input—output mapping

fr=—F(er), (2.17)
where the resistive characteristic* F : R”" — R satisfies
ek F(er) >0, egeR™. (2.18)
For linear resistive elements, (2.17) specializes to
fr=—Reg (2.19)

for some positive semi-definite symmetric matrix R=RT >0.

2.4 External Ports

Now, let us consider in more detail the external ports to the system. We shall dis-
tinguish between two types of external port. One is the control port C, with port
variables (fc, ec), which are the port variables which are accessible for controller

“In many cases, F will be derivable from a so-called Rayleigh dissipation function % : R"r — R,
in the sense that F(eg) = %(eR).
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action. The other type of external port is the interaction port Z, which denotes the
interaction of the port-Hamiltonian system with its environment. The port variables
corresponding to the interaction port are denoted by ( f7, er). Taking both the exter-
nal ports into account the power-balance (2.15) extends to

el fs+ekfrtelfe+el fi=0 (2.20)

whereby (2.16) extends to

d
EH:eng+e£fc+e,Tfl. (2.21)

2.5 Resulting Port-Hamiltonian Dynamics

The port-Hamiltonian system with state space X, Hamiltonian H corresponding
to the energy storage port S, resistive port R with relations (2.8), control port C,
interconnection port Z, and total Dirac structure D will be succinctly denoted by
Y =(X,H,R,C,Z,D). The dynamics of the port-Hamiltonian system is specified
by considering the constraints on the various port variables imposed by the Dirac
structure, that is,

(fs.es, fr,er, fc,ec. fr.er) € D

and to substitute in these relations the equalities fg = —x and eg = %—I;(x). This
leads to the implicitly defined dynamics

oH
(—)'C(t), g(X(t)), Tr@),er(1), fc(1),ec(r), f1(1), e; (t)> €D (2.22)

with fr(t), eg(t) satisfying for all ¢ the resistive relation

R(fr (1), er (1)) =0. (2.23)

In many cases of interest, Eqs. (2.22) will constrain the state x. Thus in a coordinate
representation (as will be treated in detail in the next section), port-Hamiltonian
systems generally will consist of a mixed set of differential and algebraic equations
(DAEs).

Example 2.1 (General RLC-circuits) We start by showing how Kirchhoff’s laws
define a Dirac structure on the space of currents and voltages of any electrical circuit.
Consider a circuit-graph with m edges and n vertices, where the current through the
ith edge is denoted by I; and the voltage across the ith edge is V;. Collect the
currents in a single column vector / (of dimension m) and the voltages in an m-
dimensional column vector V. Then Kirchhoff’s current laws can be written as

BI =0, (2.24)
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where B is the n x m incidence matrix of the graph. Dually, Kirchhoff’s voltage
laws can be written as follows: all allowed vectors of voltages V' in the circuit are
given as

V=BT% 1reR" (2.25)
It is immediately seen that the total space of currents and voltages allowed by Kirch-
hoff’s current and voltage laws

D={(I,V)|BI=0,3rs.t V=5B"1} (2.26)

defines a Dirac structure. In particular (V)T 17 + (V5)T[¢ = 0 for all pairs
(I¢, V%), (I*, vb) € D. By taking V¢, I® equal to zero, we obtain (V?)T1¢ =0
for all I satisfying (2.24) and all V? satisfying (2.25), which amounts to Tellegen’s
theorem. Hence for an arbitrary RLC-circuit Kirchhoff’s current and voltage laws
take the form [35]

Brlp + Bclc + Brlg =0,

V. = BTx,

- (2.27)
Ve = BoA,
Vp =B}

with [Br Bc Bpr] denoting the incidence matrix of the circuit graph, where the
edges have been ordered according to being associated to the inductors, capacitors,
and resistors. Furthermore, I, I¢c and Ig denote the currents through, respectively,
the inductors, capacitors and resistors. Likewise, V7, V¢ and Vg denote the voltages
across the inductors, capacitors and terminals. Kirchhoff’s current and voltage laws
define a Dirac structure D between the flows and efforts

fs=c, Vi, Ir) = (=0, —¢, I),
= (Ve, I, Vg) = 0H oH 1%
es = (Vc, I, R)—(@,g, R)

with Hamiltonian H(Q, ¢) equal to the total energy. This leads to the port-
Hamiltonian differential-algebraic system

—¢ =B] 1,
dH
— = Bl2,
a0
Vr = B}2,

0=p 1 _p O + Brl
- L3¢ C RIR;

Vg = —RIg
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Fig. 2 Magnetically levitated +

V e—
ball

with state vector x = (Q, ¢), where R is a positive diagonal matrix (Ohm’s law de-
scribing the linear resistors). The equations can be easily extended to cover voltage
or current sources, external ports or terminals [40].

Example 2.2 (Electro-mechanical system) Consider the dynamics of an iron ball in
the magnetic field of a controlled inductor, as shown in Fig. 2. The port-Hamiltonian
description of this system (with g the height of the ball, p the vertical momentum,
and ¢ the magnetic flux of the inductor) is given as

ol
q 0 1 0 g 0
pl=|-1 0 o0 Sl+]o|v,
@ 0 0 —R || an 1 (2.28)
dp
oH
I=—.
dg

This is an example of a system where the coupling between two different physical
domains (mechanical and magnetic) takes place via the Hamiltonian; in this case
2 2
p 4
H(q,p,¢)=mgq + -— +

2m 2k (1= £

where the last term depends both on the magnetic variable ¢ and the mechanical
variable g.
2.6 Port-Hamiltonian Systems and Passivity

By the power-preserving property of the Dirac structure

el fs+enfr+elfc+el f1=0.
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Hence the port-Hamiltonian dynamics defined in (2.22) satisfies

dH 3TH .
oy W=
=i fr+ebfc+te] fi <elfc+e] fi. (2.29)

where the last inequality follows from the energy-dissipating property (2.9) of the
resistive relation between fg and eg. Thus, whenever H is bounded from below
(and thus can be changed into a non-negative function by adding a constant), the
port-Hamiltonian system is passive. Furthermore, notice that in fact we may relax
the requirement of H being bounded from below on the whole state space X by
requiring that H is bounded from below on the part of X satisfying the algebraic
constraints present in the system.

2.7 Modulated Dirac Structures and Port-Hamiltonian Systems on
Manifolds

For many systems, especially those with 3-D mechanical components, the Dirac
structure is actually modulated by the state variables. Furthermore, the state space
X is a manifold and the flow vector fs = —x corresponding to energy-storage are
in the tangent space T, X’ at the state x € X', while the effort vector eg is in the
co-tangent space T,"X'. The modulation of the Dirac structure is often intimately
related to the underlying geometry of the system.

Example 2.3 (Spinning rigid body) Consider a rigid body spinning around its center
of mass in the absence of gravity. The energy variables are the three components of
the body angular momentum p along the three principal axes: p = (px, py, p;), and
the energy is the kinetic energy

1 pZ p2 p2
H — (£ 4 2y 4 Pz ,
2 2<1x LT

where I, I, I, are the principal moments of inertia. Euler’s equations describing

the dynamics are

AH
Dx 0 — Dz Py {)p*‘
Pyl=| pe 0 —pi|| g | (2.30)
Dz —Py Px 0 AH

ap;

J(p)

The Dirac structure is given as the graph of the skew-symmetric matrix J(p), and
thus defines a subspace which is modulated by the state variables p.
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This motivates to extend the definition of a constant Dirac structure D C F x F*
(with F a linear space) as given before in Proposition 2.1 to Dirac structures on
manifolds. Simply put, a Dirac structure on a manifold X is pointwise (that is, for
every x € X) a constant Dirac structure D(x) C T, X x T} X.

Definition 2.2 Let X be a manifold. A Dirac structure D on X is a vector sub-
bundle of the Whitney sum® T X' @ T*X such that

Dx) CT, X x T} X
is for every x € X a constant Dirac structure as before.

If, next to the energy storage port, there are additional ports (such as resistive,
control or interaction ports) with port variables f € F and e € F7*, then a modulated
Dirac structure is pointwise specified by a constant Dirac structure

D(x) CT X x TFX x F x F*. (2.31)

2.7.1 Kinematic Constraints in Mechanics

Modulated Dirac structures often arise as a result of ideal constraints imposed on
the generalized velocities of the mechanical system by its environment, called kine-
matic constraints. In many cases, these constraints will be configuration dependent,
leading to a Dirac structure modulated by the configuration variables.

Consider a mechanical system with n degrees of freedom, locally described
by n configuration variables ¢ = (q1,...,¢,). Expressing the kinetic energy as
%qTM (¢)g, with M(q) > 0 being the generalized mass matrix, we define in the
usual way the Lagrangian function L(q, q) as the difference of kinetic energy and
potential energy P(q), i.e.,

. I, .
L(g.d) = 54" M(@)q = P(q). (2.32)
Suppose now that there are constraints on the generalized velocities ¢, described as
AT(@q=0 (233)

with A(g) an n x k matrix of rank k everywhere (that is, there are k independent
kinematic constraints). Classically, the constraints (2.33) are called holonomic if
it is possible to find new configuration coordinates ¢ = (g, ..., g,) such that the
constraints are equivalently expressed as

Gn i1 =qnp2=""=qy =0 (2.34)

5The Whitney sum of two vector bundles with the same base space is defined as the vector bundle
whose fiber above each element of this common base space is the product of the fibers of each
individual vector bundle.
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in which case one may eliminate the configuration variables g,,_;11,...,q,, since
the kinematic constraints (2.34) are equivalent to the geometric constraints

qn—k—}—l =Cn—k+1, ey qn =Cpn (235)

for certain constants ¢, _g+1, ..., ¢, determined by the initial conditions. Then the
system reduces to an unconstrained system in the (n — k) remaining configuration
coordinates (g1, ..., g,_x)- If itis not possible to find coordinates g such that (2.34)
holds (that is, if we are not able to integrate the kinematic constraints as above), then
the constraints are called nonholonomic.

The equations of motion for a mechanical system with Lagrangian L(gq, ¢) and
constraints (2.33) are given by the constrained Euler—Lagrange equations (derived
from d’ Alembert’s principle) [22]

d (9L\ oL
(=) A@)r+ B@u, reRFueR™,
di ( 3q ) ag ~ A WrTB@) (2.36)

AT(q)¢ =0,

where B(q)u are the external forces (controls) applied to the system, for some
n x m matrix B(q), while A(g)X are the constraint forces. The Lagrange multi-
pliers A(#) at any time ¢ are uniquely determined by the requirement that the con-
straints A7 (¢(¢))¢(¢) = 0 have to be satisfied for all 7. Note that (2.36) defines a
set of second-order differential-algebraic equations in the configuration variables q.
Defining the generalized momenta

aL

p=o= M(q)q (2.37)
q

the constrained Euler—Lagrange equations (2.36) transform into the constrained
Hamiltonian equations
oH

6125(6]»17),

i OH
p= —a—(q, p) + A(@)\ + B(q)u,
q (2.38)

r, O0H
y=B(9)——(q,p),
ap
r, O0H
0=A"(¢9)——(q.p)
ap
with H(g, p) = % pTM _l(q)p + P(g) the total energy. This defines a port-

Hamiltonian differential-algebraic system with respect to the modulated Dirac struc-
ture

D= {(fs, es, fe.ec) |0=AT (q)es, ec = BT (q)es, Ir e RF s.t.

To 1 0 0 k
_fs_[—ln O}es+[A(q)]k+[3(q):|fc,keR}. (2.39)
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Example 2.4 (Rolling euro) Let x, y be the Cartesian coordinates of the point of
contact of the coin with the plane. Furthermore, ¢ denotes the heading angle, and 6
the angle of Queen Beatrix’ head.® With all constants set to unity, the constrained
Euler-Lagrangian equations of motion are

X=Al,

V=22,
i (2.40)
0 =—A1cosep —rrsing +uq,

¢ =u

with u the control torque about the rolling axis, and u» the control torque about
the vertical axis. The total energy is H = % p)% + % pf + 3 pe + 5 pf, The rolling
constraints are the nonholonomic kinematic constraints x = 6 cos ¢ and y = 6 sing,
i.e., rolling without slipping, which can be written in the form (2.33) by defining

T |1 0 —cos¢p O
A Q”y*%¢)—[o 1 —sing o}'

2.8 Input-State-Output Port-Hamiltonian Systems

An important subclass of port-Hamiltonian systems is the class of input—state—
output port-Hamiltonian systems, where there are no algebraic constraints on the
state space variables, and the flow and effort variables of the resistive, control and
interaction port can be split into conjugated input—output pairs.

Input—state—output port-Hamiltonian systems are defined as dynamical systems
of the following form:

. oH
X = [J(x) - R(x)]g(x) + g(xX)u + k(x)d,
2:y=g%m%ﬁux xeX, (2.41)
X
e =k ),
ox

where (u, y) are the input—output pairs corresponding to the control port C, while
(d, z) denote the input—output pairs of the interaction port Z. Note that y” u and z7 d
equal the power corresponding to the control, respectively, interaction port. Here
the matrix J(x) is skew-symmetric, that is, J(x) = —J T(x). The matrix R(x) =

RT(x) > 0 specifies the resistive structure. From a resistive port point of view, it
is given as R(x) = (x)R(x)gR(x) for some linear resistive relation fgp = —Re R

60n the Dutch version of the euro.
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Fig. 3 Controlled LC-circuit
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with R(x) = R (x) > 0 and g representing the input matrix corresponding to the
resistive port.

The underlying Dirac structure of the system is then given by the graph of the
skew-symmetric linear map

—J(x) —gr(x) —g) —k(x)

T
gr(x) 0 0 0
gl; ) 0 0 0 (2.42)
kT (x) 0 0 0

In general, the Dirac structure defined as the graph of the mapping (2.42) is a mod-
ulated Dirac structure since the matrices J, gr, g, and k may all depend on the
energy variables x.

Example 2.5 (LC-circuit with independent storage elements) Consider a controlled
LC-circuit (see Fig. 3) consisting of two inductors with magnetic energies Hj(¢1)
and H>(¢2) (¢ and ¢, being the magnetic flux linkages), and a capacitor with
electric energy H3(Q) (Q being the charge). If the elements are linear, then

1
Hi(p1) = —¢7, Hy(p2) =

Hi( )—1 2
3L 3Q—fQ'

-2
2L2¢27

Furthermore, let V = u denote a voltage source. Using Kirchhoff’s laws, one imme-
diately arrives at the input—state—output port-Hamiltonian system

. 9H
(0] 0 1 -1 90 0
. JH
(/‘)1 =|-1 0 0 e + (1 |u,
) 10 0 OH

— 092

J
_ oH

y (= current through first inductor)

g
with H(Q, ¢1, ¢2) := H1(¢1) + Ha(¢2) + H3(Q) the total energy. Clearly the ma-
trix J is skew-symmetric. In this way, cf. [20], every LC-circuit with independent
storage elements can be modeled as an input—state—output port-Hamiltonian system
(with respect to a constant Dirac structure).
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Input-state—output port-Hamiltonian systems with additional feed-through terms
are given as (for simplicity we do not take the interaction port into account) [13, 31]

9H
i=[J0) - R(x)]a(x) + [g(x) = P(0)]u,

(2.43)
TOH
y=[g(x)+ P(x)] a(x) +[M&x)+ S)]u
with the matrices P, R, S satisfying
| Rx) Pk
Z= |:PT(x) S(x)] > 0. (2.44)

The relation between u, y and the storage port variables fgs, es is in this case given

as
fS _ _J(X) —g(x) eS_ R()C) P()C) es
|:yi|_|:gT(x) M i||:u_+|:PT(x) S(x)i||:u:| (2.45)

It follows that

Frs+uly=[ ][ 5O P(X)Meus]zo

| PT(x) S
and thereby
d R P
EH(x) = —€§fs ZuTy - [eg ”T] |:PT(?)3) S(())CC)):| [eus] = uTy

thus recovering the basic energy balance for port-Hamiltonian systems. Port-
Hamiltonian input—state—output systems with feed-through terms readily show up
in the modeling of power converters [13], as well as in friction models (see e.g. [16]
for a port-Hamiltonian description of the dynamic LuGre friction model).
Although the class of input—state—output port-Hamiltonian systems is a very
important subclass, it is not closed under general power-preserving interconnec-
tions. Basically, only negative feedback interconnections of input—state—output port-
Hamiltonian systems will result in another input—state—output port-Hamiltonian sys-
tem, while otherwise algebraic constraints will arise, leading to port-Hamiltonian
differential-algebraic systems. On the other hand, input-state—output port-Hamil-
tonian systems may arise from solving the algebraic constraints in a port-
Hamiltonian differential-algebraic system. This will be discussed in Sect. 4.

3 Representations of Dirac Structures and Port-Hamiltonian
Systems

In the preceding section, we have provided the geometric definition of a port-
Hamiltonian system containing three main ingredients. First, the energy storage
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which is represented by a state space manifold X specifying the space of state
variables together with a Hamiltonian H : X — R defining the energy. Secondly,
there are the static resistive elements, and thirdly there is the Dirac structure link-
ing all the flows and efforts associated to the energy storage, resistive elements, and
the external ports (e.g. control and interaction ports) in a power-conserving man-
ner. This, together with the general formulation (2.2) of a Dirac structure, leads to
a completely coordinate-free definition of a port-Hamiltonian system, because of
three reasons: (a) we do not start with coordinates for the state space manifold A,
(b) we define the Dirac structure as a subspace instead of a set of equations, (c) the
resistive relations are defined as a subspace constraining the port variables ( fg, er).

This geometric, coordinate-free, point of view has a number of advantages. It al-
lows one to reason about port-Hamiltonian systems without the need to choose spe-
cific representations. For example, in Sect. 4 we will see that a number of properties
of the port-Hamiltonian system, such as passivity, stability, existence of conserved
quantities and algebraic constraints, can be analyzed without the need for choosing
coordinates and equations. On the other hand, for many other purposes, including
simulation, the need for a representation in coordinates of the port-Hamiltonian sys-
tem is indispensable, in which case the emphasis shifts to finding the most conve-
nient coordinate representation for the purpose at hand. The examples of the previ-
ous section have already been presented in this way. In this section, we will briefly
discuss a number of possible representations of port-Hamiltonian systems. It will
turn out that the key issue is the representation of the Dirac structure.

3.1 Representations of Dirac Structures

Dirac structures admit different representations. Here we just list a number of them.
See e.g. [7-9, 15] for more information.

3.1.1 Kernel and Image Representation

Every Dirac structure D C F x F* can be represented in kernel representation as
D={(f.e)e Fx F*| Ff + Ee =0} 3.1)
for linear maps F : F — V and E : F* — V satisfying

(i) EF*4+FE*=0,
(i) rank(F 4+ E) =dimF,

(3.2)

where V is a linear space with the same dimension as F, and where F* : V* — F*
and E* : V* — F** = F are the adjoint maps of F and E, respectively.
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It follows from (3.2) that D can be also written in image representation as
D={(f.e) e Fx F*| f =E*\,e=F*\, 1€ V*}. (3.3)

Sometimes it will be useful to relax this choice of the linear mappings F and E by
allowing V to be a linear space of dimension greater than the dimension of . In
this case we shall speak of relaxed kernel and image representations.

Matrix kernel and image representations are obtained by choosing linear coordi-
nates for 7, F* and V. Indeed, take any basis f, ..., f, for F and the dual basis
e1 = f',...,en = [, for F*, where dim F = n. Furthermore, take any set of linear
coordinates for V. Then the linear maps F and E are represented by n x n matrices
F and E satisfying

(i) EFT+FET =0,

.. . (3.4)
(i) rank[F | E]=dimF.

In the case of a relaxed kernel and image representation F and E will be n’ x n
matrices with n’ > n.

A (constructive) proof for the existence of matrix kernel and image represen-
tations can be given as follows. Consider a Dirac structure D C F x F* where
we have chosen linear coordinates for F, F* and V. In particular, choose any ba-
sis f1,..., fu for F and the dual basis ey = f[',...,e, = f,; for F*, where dim
F =n. Since D is a subspace of F x F* it follows that there exist square n x n
matrices F' and E such that

T
D=im |:I€T :| ,

where rank [F | E] = dim F. Thus any element (f, ) € D can be written as
f=ETx, e=FT1
for some A € R”. Since e f =0 for every (f, ¢) € D this implies that
ATFETA=0

for every A, or equivalently, EFT + FET = 0. Conversely, any subspace D given
by (3.4) is a Dirac structure, since it satisfies e’ f = 0 for every (f, e) € D and its
dimension is equal to 7.

Remark 3.1 A special type of kernel representation occurs if not only EF* +
FE* =0 buteven more FE* = 0. This implies that im E* C ker F. Since it follows
from the kernel/image representation of any Dirac structure that ker F C im E*, we
thus obtain im E* = ker F. Hence the Dirac structure is the product of the subspace
ker F C F and the subspace ker F- = ker E C F*. We have already encountered
this special type of Dirac structure in the case of Kirchhoff’s current and voltage
laws.
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3.1.2 Constrained Input-Output Representation

Every Dirac structure D C F X F™* can be represented as
D={(fie)e Fx F*| f=Je+Gr G e=0} 3.5)

for a skew-symmetric mapping J : F — F* and a linear mapping G such that
imG = {f | (f,0) € D}. Furthermore, ker J = {e | (0, ¢) € D}.

The proof that (3.5) defines a Dirac structure is straightforward. Indeed, for any
(f, e) given as in (3.5) we have

eszeT(Je+Gk) =elJe+e ' Gr=0

by skew-symmetry of J and G” e = 0. Furthermore, let rank G =7 <n. If r =0
(or equivalently G = 0) then the dimension of D is clearly # since in that case it is
the graph of the mapping J. For r # 0 the freedom in e will be reduced by dimen-
sion r, while at the other hand the freedom in f will be increased by dimension r
(because of the term G1). For showing that every Dirac structure D C F x F* can
be represented in this way we refer to [8].

3.1.3 Hybrid Input-Output Representation

Let D be given in matrix kernel representation by square matrices E and F as in 1.
Suppose rank F = m(< n). Select m independent columns of F, and group them
into a matrix F. Write (possibly after permutations) F = [F7 | F>] and correspond-

ingly E =[E | E2],
f=|:2 and e=|:2:|.

Then it can be shown [4] that the matrix [F] | E;] is invertible, and

fi] [a S e
D= , =J 3.6
{([fz | e e p) (36)
with J := —[F| | E2]7'[F | E1] skew-symmetric.
It follows that any Dirac structure can be written as the graph of a skew-

symmetric map. The vectors e, f> can be regarded as input vectors, while the com-
plementary vectors f1, e can be seen as output vectors.’

This is very much like the multi-port description of a passive linear circuit, where it is known that
although it is not always possible to describe the port as an admittance or as an impedance, it is
possible to describe it as a hybrid admittance/impedance transfer matrix, for a suitable selection of
input voltages and currents and complementary output currents and voltages [3].
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3.1.4 Canonical Coordinate Representation
For any constant Dirac structure there exist a basis for F and dual basis for F*, such

that the vector (f, e), when partitioned as (f, e) = (fy, fp, fr: fs.€q,€p, er, €5), 1s
in D if and only if

fq:_epa

fr=e¢q:

P (3.7)
fr=0,

e =0.

For a proof we refer to [8]. For a modulated Dirac structure the existence of canon-
ical coordinates requires an additional integrability condition, for which we refer
to Sect. 7. The representation of a Dirac structure by canonical coordinates is very
close to the classical Hamiltonian equations of motion.

In [4, 9, 32] it is shown how one may convert any of the above representations
into any other. An easy transformation that will be used frequently in the sequel
is the transformation of the constrained input—output representation into the kernel
representation. Consider the Dirac structure D given in constrained input—output
representation by (3.5). Construct a linear mapping G+ of maximal rank satisfying
G+G =0. Then, pre-multiplying the first equation of (3.5) by G, one eliminates
the Lagrange multipliers A and obtains

D={(f,e) e Fx F*| G f=G"Je,G e=0} (3.8)
which is easily seen to lead to a kernel representation. Indeed,
-G+ GtJ
=[] ]

defines a kernel representation.

3.2 Representations of Port-Hamiltonian Systems

Coordinate representations of the port-Hamiltonian system (2.22) are obtained by
choosing a specific coordinate representation of the Dirac structure D. For example,
if D is given in matrix kernel representation

D={(fs.es, f.e) € X x X* x F x F*| Fsfs+ Eses + Ff + Ee=0} (3.9)
with
(i) EsFl+FsEl + EFT + FET =0,

(3.10)
(i) rank[Fs|Es|F | E]=dim(X x F)
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then the port-Hamiltonian system is given by the set of equations

. OH
Fex (1) = Ega(x(t)) + Ff(t)+ Ee(t). (3.11)

Note that, in general, (3.11) consists of differential equations and algebraic equa-
tions in the state variables x (DAESs), together with equations relating the state vari-
ables and their time-derivatives to the external port variables (f, e).

Example 3.1 (1-D mechanical systems) Consider a spring with elongation ¢ and
energy function H;(g), which for a linear spring is given as Hs(g) = %qu. Let
(vs, Fy) represent the external port through which energy can be exchanged with
the spring, where vy is equal to the rate of elongation (velocity) and F; is equal to
the elastic force. This port-Hamiltonian system (without dissipation) can be written
in kernel representation as

[(l) é”:ﬂ*[? _01”]}2}0 (3.12)

Similarly we can model a moving mass m with scalar momentum p and kinetic
energy Hy, (p) = ﬁ p? as the port-Hamiltonian system

[(1) é}hﬂ*[? _()l]m]:O, (3.13)

where (F,, v,,) are, respectively, the external force exerted on the mass and the
velocity of the mass. The mass and the spring can be interconnected to each other
using the symplectic gyrator

Vg 0 1 Fy
a1 o))

Collecting all equations we have obtained a port-Hamiltonian system with energy
variables x = (g, p), total energy H(q, p) = Hs(q) + H,,(p) and with intercon-
nected port variables (v, Fy, Fy,, vy,). After elimination of the interconnection vari-
ables (vy, Fs, Fy,, vy,) one obtains the port-Hamiltonian system

[(1) ?M:;};}r[_o] é][%q}:O (3.15)

which is the ubiquitous mass—spring system. Note that the Dirac structure of this
mass—spring system is derived from the Dirac structures of the spring system and
the mass system together with their interconnection by means of the symplectic
gyrator (which itself defines a Dirac structure). The systematic derivation of the
resulting interconnected Dirac structure will be studied in Sect. 6.

In case of a Dirac structure modulated by the state variables x and the state space
X being a manifold, the flows fs = —x are elements of the tangent space T\ X
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at the state x € X, and the efforts eg are elements of the co-tangent space 7, X.
Still, locally on X', we obtain the kernel representation (3.11) for the resulting port-
Hamiltonian system, but now the matrices Fs, Es, F and E will depend on x.

The important special case of input—state—output port-Hamiltonian systems as
treated before

. oH
X = J(X)g(x) +g(u,
xeX,

r. OH
y=¢ (x)—8 (x),
X

can be interpreted as arising from a hybrid input—output representation of the Dirac
structure (from eg, u to fs, y). If the matrices J, g depend on the energy variables
x, then this is again a modulated Dirac structure.

In general, by a combination of the hybrid representation and the constrained
input—output representation, it can be shown [9] that, locally, any port-Hamiltonian
system can be represented in the following way:

. s

X = J(x)a(X) +g(x)u + b(x)A,

y=gT(x)a—H(x), xeX, (3.16)
ox

0= (v,
0x

where yTu denotes the power at the external port, and 0 = bT (x) %(x) represents
the algebraic constraints.® Note that the Hamiltonian formulation of mechanical sys-
tems with kinematic constraints, as discussed in Sect. 2.7.1, leads to this form; see
in particular the constrained Hamiltonian equations (2.38) and its Lagrangian coun-
terpart (2.36).

Example 3.2 (Coupled masses—Internal constraints) Consider two point masses
m1 and mo that are rigidly linked to each other, moving in one dimension. When
decoupled, the masses are described by the input—state—output port-Hamiltonian
systems

pi=F
pi i=1,2 (3.17)
Vi = mi»

with F; denoting the force exerted on mass m;. Rigid coupling of the two masses is
achieved by setting

v = vy, Fi=—-F. (3.18)

8The equality 0 = bT(x)%—’;(x) also has the interpretation (well-known in a mechanical system
context) that the constraint input b(x)A is ‘workless’; i.e., the evolution of the value of the Hamil-
tonian H is not affected by this term.
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This leads to the port-Hamiltonian differential-algebraic system

][4

m (3.19)
m
0=[1 —1] p_zl
my
where A = F| = — F, now denotes the internal constraint force. The resulting inter-

connected system no longer has external ports. On the other hand, external ports for
the interconnected system can be included by either extending (3.17) to

pi =F + F,'eXta
Di
V= i=1,2 (3.20)
L
1

with F£*' and v$*" denoting the external forces and velocities, or by modifying the
interconnection constraints (3.18) to e.g. F1 + F>» + F*' =0 and v| = vy = v,
with F* and v denoting the external force exerted on the coupled masses, re-
spectively the velocity of the coupled masses.

Remark 3.2 Note that in the above port-Hamiltonian description of the two cou-
pled masses the position variables ¢g;,i = 1,2, of the two masses do not come
into play, while the interconnection is not described by the alternative formulation
q1 = q2, F1 = —F,, but instead by v; = vy, F1 = —F;. The positions ¢;,i =1, 2,
can be included, albeit somewhat redundantly, by extending the port-Hamiltonian
descriptions p; = Fj,v; = IZ—" of the two masses to the input—state—output port-
Hamiltonian systems

. Di
q9i = —,
m;
pi=F
Di
Vv = —
mi

with Hamiltonians H;(q;, pi) = % (not depending on g¢;!). Imposing again the

‘port-Hamiltonian’ interconnectionl constraints v = vy, F; = —F> this leads to a
total system having as conserved quantity (Casimir) q; — g». Thus the fact that
v1 = vy implies g1 = ¢»> only up to a constant (since this constant disappears in
differentiation) is reflected in the initial condition of the extended total system.
Note furthermore that specifying constraints as constraints on the velocities is
in line with the use of kinematic constraints in mechanical systems. In general,
such kinematic constraints can be integrated to geometric (position) constraints if
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integrability conditions are satisfied (such as in the simple case v; = v); otherwise
the kinematic constraints are called nonholonomic.

Since it is easy to eliminate the Lagrange multipliers in any constrained input—
output representation of the Dirac structure, cf. (3.8), it is also relatively easy to
eliminate the Lagrange multipliers in any port-Hamiltonian system. Indeed, con-
sider the port-Hamiltonian system (3.16). The Lagrange multipliers A are eliminated
by constructing a matrix b (x) of maximal rank such that

bt (x)b(x) = 0.
Then, by pre-multiplication with this matrix 5 (x), one obtains the equations
b (x)k = bﬂx)J(x)aa—f(x) +bh(0)g (),
y=gT(x)%—ZI(x), xeX (3.21)

osz<x)%—H(x),
X

without Lagrange multipliers. This is readily seen to be a kernel representation of
the port-Hamiltonian differential-algebraic system.

Example 3.3 (Example 3.2, continued) Consider the system of two coupled masses
in Example 3.2. Pre-multiplication of the dynamic equations by the row vector [1 1]
yields the equations

pL_p
mi ma

p1+p2=0, =0 (3.22)

which constitutes a kernel representation of the port-Hamiltonian DAE system, with

matrices
1 1 0 O
F=|:O 0] and E=|:1 _1]. (3.23)

Remark 3.3 Consider the representation (3.16) without the external port corre-
sponding to the input and output variables u, y. Furthermore assume that b(x) is
given as

dg
b(x) = —J(X)a—(X)
X
for a certain mapping ¢ = (¢1, ..., ¢,)7, where m = dim A, satisfying additionally

¢i
0x

8 .
IO xy=0, i j=1,...,m.
0x
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Then the constraints b7 (x) %—;’ (x) =0 can be rewritten as

d
& _o.
dt
Replacing the constraints ‘fi—‘f = 0 by their time-integrated version ¢(x) = 0, one

obtains the constrained system

X = J(x)a—H(x) — J(x)a—w(x)k
B dx ax (3.24)

0=¢x).

If additionally J(x) is the standard symplectic form, then this is the starting point
for the classical Dirac theory of Hamiltonian systems with constraints, leading to
the concept of the Dirac brackets defined by J(x), the Hamiltonian H, together
with the constraint functions ¢; (x),i =1, ..., m; see [11, 28].

4 Analysis of Port-Hamiltonian DAEs

In this section we will analyse a number of key aspects of port-Hamiltonian
differential-algebraic systems, and discuss how the specific structure yields advan-
tages as compared to general differential-algebraic (DAE) systems.

First of all, we will study the index of port-Hamiltonian differential-algebraic
systems, and the possibilities to solve the algebraic constraints. Then we will study
the algebraic constraints from a geometric point of view, directly based on the Dirac
structure of the system. This coordinate-free approach shows how different coordi-
nate representations can be chosen to express the algebraic constraints; each with
their own advantages and disadvantages. Next it will be shown how the geometric
theory of algebraic constraints can be dualized to the study of Casimir functions
(conserved quantities independent of the Hamiltonian). In the last section we will
show how the port-Hamiltonian structure naturally leads to stability analysis, us-
ing the Hamiltonian (or a combination of the Hamiltonian and a Casimir function)
as a Lyapunov function for the differential-algebraic system. Finally, we will pro-
vide some observations concerning the (lack of) well-posedness of port-Hamiltonian
differential-algebraic systems in case of nonlinear resistive characteristics.

4.1 Analysis and Elimination of Algebraic Constraints
An important problem concerns the possibility to solve for the algebraic constraints
of a port-Hamiltonian differential-algebraic system. In case of the representation

(3.21), the algebraic constraints are explicitly given by

Osz(x)%—H(x). 4.1)
X
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In general, these equations will constrain the state variables x. However, the precise
way this takes place depends on the properties of the Hamiltonian H as well as of
the matrix b(x). For example, if the Hamiltonian H is such that its grad1ent (x)
happens to be contained in the kernel of the matrix b7 (x) for all x, then the algebralc
constraints (4.1) are automatically satisfied, and actually the state variables are not
constrained.

In general, under constant rank assumptions, the set

X, = {x eX| bT(x) (x) }

will define a submanifold of the total state space X, called the constrained state
space. In order that this constrained state space qualifies as the state space for a port-
Hamiltonian system without further algebraic constraints, one needs to be able to
restrict the dynamics of the port-Hamiltonian system to the constrained state space.
This is always possible under the condition that the matrix

bT(x) (x)b(x) 4.2)

has full rank. Indeed, under this condition, the differentiated constraint equation

(V7 w) =
0= b (x)—(x) =x*x+b (x) (x)b(x)k 4.3)

dt

(with * denoting unspecified terms) can always be uniquely solved for A, leading
to a uniquely defined dynamics on the constrained state space X,. Hence the set
of consistent states for the port-Hamiltonian differential-algebraic system (the set
of initial conditions for which the system has a unique ordinary solution) is equal
to the constrained state space &;. Using terminology from the theory of DAEs, the
condition that the matrix in (4.2) has full rank ensures that the index of the DAESs
specified by the port-Hamiltonian system is equal to one. This can be summarized
as

Proposition 4.1 Consider the port-Hamiltonian dlﬁ"erentlal algebraic system rep-
resented as in (3 21), with algebraic constraints bT(x) + (x) = 0. Suppose that the

matrix bT(x) (x)b(x) has full rank for all x € X. Then the system has index
one, and the set of consistent states is equal to X,.

Hence under the condition that bT(x) (x)b(x) has full rank, then the alge-

braic constraints b7 (x) %1; (x) =0 can be ellmmated, leading to a set of ordinary
differential equations defined on the constrained state space A;. Of course, in the
nonlinear case the explicit elimination of the algebraic constraints may be difficult,
or even impossible.

If the matrix in (4.2) does not have full rank, then the index of the port-
Hamiltonian differential-algebraic system will be larger than one, and it will be
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necessary to further constrain the space &, by considering apart from the ‘primary’
algebraic constraints (4.1), also their (repeated) time-derivatives (sometimes called
secondary constraints). We refer to [23, 28] for a detailed treatment and conditions
for reducing the port-Hamiltonian DAE system to a system without algebraic con-
straints in case J(x) corresponds to a symplectic structure.

4.1.1 The Linear Index One Case

In the linear case the explicit elimination of the algebraic constraints under the
assumption that the matrix in (4.2) has full rank proceeds as follows.

Consider a linear port-Hamiltonian system, without energy-dissipation and ex-
ternal ports, given in constrained input—output representation,

x=J0x+Gr, J=—-JT, 0=0T,
, 1, (4.4)
0=G" Qx, H(x):ix Ox.

As before, the constraint forces GA are eliminated by pre-multiplying the first equa-
tion by the annihilating matrix G, leading to the DAE system

(5 =% e

The corresponding matrix pencil
G+ G+JQ
S|:0:|_|:GTQ 4.5)
is non-singular if GT QG has full rank, and in fact, the system has index one if and
only if GT QG has full rank.
In this case the algebraic constraints GT Qx = 0 are eliminated as follows. As-

sume throughout (without loss of generality) that G has full rank. Then define the
linear coordinate transformation

1
Zz[iﬂz[gT}p; Vi “.6)

leading to the transformed system

0

s T -T -1 — 710
;= (vavh)(v-Tov )(Vx)+VG)\_JQz+[GTG}A, @7

0=G6Tox=[0 G7G]0z,

where J = vJvT, Q =yT QV‘I. Since GT G is assumed to have full rankj this
(Q2)1 ]

means that the constraint G Qx = 0 amounts to (Qz)2 = 0, where Oz = [(Q |
2)2
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Hence the system reduces to the port-Hamiltonian system without algebraic con-
straints

s =01(0n = 01205, 021)z1, (4.8)

where z; = G1x are coordinates for the constrained state space X, = {x € X |
GTox =0).

4.1.2 Elimination of Kinematic Constraints

An important example of differential-algebraic port-Hamiltonian systems are me-
chanical systems subject to kinematic constraints, as discussed in Sect. 2.7. The
constrained Hamiltonian equations (2.38) define a port-Hamiltonian system with
respect to the Dirac structure D (in constrained input—output representation)

D= {(fs,e& fc.ec)|10=[0 AT(q)]es,ec =[0 BT (q)]es,

[ o 1 0 0 k
e[ B [0 T [0 Jrrext) o

The algebraic constraints on the state variables (g, p) are thus given as
r, OH
0=A (q)g(q,p). (4.10)

The constrained state space is therefore given as the following subset of the phase
space (¢, p):

)
Xe=1(.pI|A (Q)E(%p)=0 . (4.11)

We may solve for the algebraic constraints and eliminate the resulting constraint
forces A(g)X in the following way [37]. Since rank A(g) = k, there exists locally
ann x (n — k) matrix S(g) of rank n — k such that

AT(@)S(g) =0. (4.12)

NOW deﬁneﬁ: (p~19ﬁ2) = (ﬁlv--wﬁnfk: ﬁn7k+lv-~~v15n) as

pl:=5"(q)p,

Sl _ ok =2 _mk
p eR"", pTeR". (4.13)
p*=AT(q)p.

It is readily checked that (¢, p) — (g, p', p?) is a coordinate transformation. In-
deed, by (4.12), the rows of S” (¢) are orthogonal to the rows of A7 (). In the new
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coordinates, the constrained Hamiltonian system (2.38) takes the form (see [37] for
details), * denoting unspecified elements,

Ol
g 0, S@@) ]| %
pll=|-S"@ p"ISi,Sila)i; * 3—,511
ﬁz * ES * oH

3p2

. 0 (4.14)
+ 0 A+ | Be(g) |u,
AT()A(q) B(q)

OH oH
AT~ =AT (@A) ;= =0
% ap

with H (g, p) the Hamiltonian H expressed in the new coordinates g, p. Here, S;
denotes the ith column of S(g), i =1,...,n —k, and [S;, S;] is the Lie bracket of
S; and S}, in local coordinates g given as (see e.g. [1, 23])

. 5:1@) = (), 9Si g 4.15
[Si. Sil(g) = E(q) 1(‘])_% i(q) (4.15)

with j and a denotlng the n x n Jacobian matrices. Since A only influences

the p° dynamlcs and the constraints A7 (q) (q p) = 0 are equivalently given by

W(q, p) = 0, the constrained dynamics is determlned by the dynamics of ¢ and

p!, which serve as coordinates for the constrained state space X

J0H,
; 7. p) 0
‘q = ~l
I:ﬁl] Je(g. p )tﬁl ’ )} + [Bc(q)}u, (4.16)

where H.(q, p') equals H(q, p) with p? satlsfymg o5 2 =0, and where the skew-

symmetric matrix J.(q, p') is given as the left-upper part of the structure matrix in
(4.14), that is,

[ o S@q)
’C("’p)‘[—ST@z) <—pT[Si,s,~]<q)>,»,,] “4.17)

where p is expressed as function of ¢, p, with 5> eliminated from % =0. In fact,

for the Hamiltonian H given as

- 1 -
H(q, p)= EﬁTM‘l(q)ﬁ +P(q)
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with M (g) =N _l(q) the transformed mass matrix for the pseudo-momenta, and
V(g) the potential energy, it follows that

1
H(q.p") = EﬁlT(Nu — Ni2(@)NR (@ N21 () B + P ().

Furthermore, in the coordinates ¢, p, the output map is given in the form

OH
y= [Bf(q) ET(q)] o (4.18)
ap?
which reduces on the constrained state space &, to
OH ,
y=BZ(q)al31 (q.5"). (4.19)

Summarizing, (4.16) and (4.19) define an input—state—output port-Hamiltonian sys-
tem on X, with Hamiltonian H, given by the constrained total energy, and with
structure matrix J. given by (4.17).

Example 4.1 (Example 2.4, continued) Define according to (4.13) new p-coordinates

p] = p(/)’
P2 = Ppo + pxcOs@ + pysing,
(4.20)
P3 = Px — PoCOs @,
P4 = py — ppsing.
The constrained state space X, is given by p3 = p4 =0, and the dynamics on A is
computed as

- 0H,
ox
cos g 9H,
sing 9813[
30
ome | T
de
dHc
ap1
dH,
Sz

04

S D =

ui

B
0 0 0 -1
P2 | | —cos¢p —sing —1 0

=[]
»w| Lp |

where H.(x,y,0, ¢, p1, p2) = 3P + 1 p5.

SO = O OO
—_

- o O O OO

S = O O OO

.
o O O

421
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4.2 The Geometric Description of Algebraic Constraints
of Port-Hamiltonian DAEs

We will start by considering port-Hamiltonian differential-algebraic systems with-
out external and resistive ports, described by a Dirac structure D and a Hamiltonian
H . Define for every x € X the subspace

Pp(x) :={a € T¥X | 3X € T, X such that (@, X) € D(x)}. 4.22)

This defines a co-distribution on the manifold &X'. Then it follows from the definition
of a port-Hamiltonian system that the algebraic constraints are given in coordinate-
free form as

oH
—(x) € Pp(x). (4.23)
0x

Thus from a Dirac structure point of view algebraic constraints may only arise if the
Dirac structure D is such that its associated co-distribution Pp is not equal to the
whole cotangent bundle 7*X, that is, if Pp(x) is a strict subspace of 7, X

The particular equational representation of the algebraic constraints depends on
the chosen representation of the Dirac structure. For example, if the Dirac struc-
ture and the port-Hamiltonian system is given in constrained input—output repre-
sentation (3.21), then the algebraic constraints are, as discussed above, given by
bT (x) %—Iz(x) = 0. On the other hand, if the Dirac structure is given in image repre-
sentation as

D) ={(X,0) e X x T} X | X =E" (x)A, 0 = FT (x)1} (4.24)

then the algebraic constraints amount to the satisfaction of

oH . T
ax (x) eim F* (x). 4.25)

In the case of external ports, the algebraic constraints on the state variables x may
also depend on the external port variables. A special case arises for resistive ports.
Consider a Dirac structure

{(X.a, fr.er) €D(x) C T X x TFX x Fg x Fp} (4.26)

with the resistive flow and effort variables satisfying a relation R( fr, eg) = 0. Then
the gradient of the Hamiltonian has to satisfy the condition

oH
a(x) € {oz eTIX 13X, fr.er € Ty X x Fr x Fg

such that (X, &, fr, er) € D(x) and R(fr,er) =0}.

Depending on the resistive relation R(fr, er) = 0 this may again induce algebraic
constraints on the state variables x.
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4.2.1 Algebraic Constraints in the Canonical Coordinate Representation

A particular elegant representation of algebraic constraints arises from the canoni-
cal coordinate representation. We will only consider the case of a system without
resistive and external ports. For a constant Dirac structure D, there always exist
(linear) canonical coordinates such that the Dirac structure is described by (3.7). If
on the other hand D is a modulated Dirac structure on a manifold X, then only if
the Dirac structure D satisfies an additional integrability condition,’ we can choose
local coordinates x = (g, p, r, s) for X (with dim ¢ = dim p), such that, in the corre-
sponding bases for (fy, fp, fr, f5) for Ty X and (e, e, e, e5) for T} X, the Dirac
structure on this coordinate neighborhood is still given by the relations (3.7).
Substituting in this case the flow and effort relations of the energy storage

. oH
fq__Q9 eq_ aq )
. oH
fp:_pv epza_v
p 4.27)
) oH
fr=-, er:?’
. oH
fs=-5, eszg

into the canonical coordinate representation (3.7) of the Dirac structure yields the
following dynamics:

. 0H
9=—(q,p,r9),

ap
. BH( )
p=——"4,p,r,S),

dq (4.28)

F=0,

oH
Oz—(qvpsrvs)'

as

The variables ¢, p are the canonical coordinates known from classical Hamilto-
nian dynamics, while the variables r have the interpretation of Casimirs (conserved
quantities independent of the Hamiltonian), see Sect. 4.3. The last equations % =0
specify the algebraic constraints present in the system; in a form that is reminiscent
of the first-order condition for optimality in the Maximum principle in optimal con-
trol theory.

The condition that the matrix in (4.2) has full rank (implying that the system has

index one; cf. Proposition 4.1) is in the canonical coordinate representation equiv-
alent to the partial Hessian matrix B()szl being invertible. Solving, by the Implicit

For more details regarding the precise form of the integrability conditions see Sect. 7.
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Function theorem, the algebraic constraints %—I: =0 for s as a function s(q, p,r)
reduces the DAEs (4.28) to the ODEs

. 0H
qg=—-—(q,p,r),
ap

) 9H (4.29)
PZ _—(qa p5r)7
dq

=0,

where I-_I(q, p,r):=H(q,p,r,s(q, p,r)).

4.3 Casimirs of Port-Hamiltonian DAEs

Consider a port-Hamiltonian differential-algebraic system without external and re-
sistive ports, with Dirac structure D involving fs, es. Similarly to (4.22) we may
define the following, smaller, co-distribution:

Pp(x):={a e TfX | (a,0) € D(x)} (4.30)

This co-distribution will characterize the conserved quantities that are independent
of the Hamiltonian H. In fact, it can be seen that Pp = G%, where Gp is the
distribution on X defined as

Gp(x):={X € T X | Ja € T} X such that (a, X) € D(x)}. 4.31)

Now, let C : X — R be a function such that € (x) € Pp(x). Then

aTC

o Clxm) = (x(t))x(t) = (4.32)
for all possible vectors x(¢) occurring in the system equations; independently of the
Hamiltonian H. Such functions C : X — R are called the Casimirs of the system,
and are very important for the analysis of the system. Note that the existence of
finding functions C such that £-€ (x) € Pp(x), x € X is related to the integrability
of the co-distribution Pp, and thus to the integrability of the Dirac structure D, cf.
Sect. 7. Thus the Casimirs are completely characterized by the Dirac structure of

the port-Hamiltonian system.
Similarly, we define the Casimirs of a port-Hamiltonian differential-algebraic
system with a resistive relation to be all functions C : X — R satisfying (0, e =
3X € .0,0) € D. Indeed, this will imply that

d alc

EC = a—x(x(t)))'c(t) =0 (4.33)
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for every possible derivative vector X occurring in the system equations, indepen-
dently of the Hamiltonian and of the resistive relations.'”

Example 4.2 In the case of a spinning rigid body (Example 2.3) the well-known
Casimir is the total angular momentum p)zc + p% + p? (whose vector of partial deriva-
tives is indeed in the kernel of the matrix J(p) in (2.30)).

Similarly, in the LC-circuit of Example 2.5 the total flux ¢p; + ¢» is a Casimir for
u=0.

Example 4.3 Consider a mechanical system with kinematic constraints (2.38) and
u =0. Then (0, e¢) € D if and only if

0 I 0
0:[_1 O}Jr[A(q)})\, [0 AT(g)]e=0.

Partioning e = [Z] this means that e, = A(g)A, or equivalently, e, € im A(q).
Since in general A(g) is depending on ¢, finding Casimirs involves an additional
integrability condition, see also Sect. 7. In fact, Casimirs correspond to vectors
e, € im A(g) which additionally can be written as a vector of partial derivatives
%(g) for some function C(g) (the Casimir). In the case of Example 4.1 it can be
verified that this additional integrability condition is not satisfied, corresponding to
the fact that the kinematic constraints in this example are completely nonholonomic.

In general it can be shown [37] that there exist as many independent Casimirs as
the rank of the matrix A(q) if and only if the kinematic constraints are holonomic,
in which case the Casimirs are equal to the integrated kinematic constraints.

4.4 Stability Analysis of Port-Hamiltonian DAEs

As we have seen before, any port-Hamiltonian differential-algebraic system, with-
out control and interaction ports, satisfies the energy balance (2.16), that is,

L ek fr <0. (4.34)
dt
This immediately follows from the power-conserving property of Dirac structures.
As a consequence, the Hamiltonian H qualifies as a Lyapunov function if it is
bounded from below.

Recently, the notion of Lyapunov functions for general nonlinear DAE systems
was studied in depth in [18]; also providing a formal treatment of asymptotic sta-
bility. Let us show, again by exploiting the properties of Dirac structures, how the

10However it can be shown [26] that if (4.33) holds for some non-degenerate resistive relation then
it has to hold for all.
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Hamiltonian H of a port-Hamiltonian differential-algebraic system also defines a
Lyapunov function in this set-up.!! Consider a port-Hamiltonian system without
control and interaction ports, whose Dirac structure D is given in kernel represen-
tation as, see (3.9),

{(fs.es. fr.er) | Fs(x) fs + Es(x)es + Fr(x) fr + Er(x)eg =0}  (4.35)

with
Fs(x)E§ (x) + Es(x)F§ (x) + FR(X)ER (x) + Er(x) F (x) =0, 36
rank [ Fs(x) Es(x) Fr(x) Eg(x)]=dim fs+ dim fx.
It follows that D is equivalently given in image representation as
fs=E§Mx),  es=Fg (0)rx),
(4.37)

fR=EROAMx),  er=F}()r(x).

The resulting port-Hamiltonian system for a Hamiltonian H is thus given by the
equations

. T oH T
X =—Eg(x)A(x), —— () = Fg (x)A(x),
dx (4.38)
frR=ER@A(X),  er=Fgx)r(x)
(together with energy-dissipating constitutive relations). In particular
TH
T z= F§ AT (x)Fs(x)z (4.39)

for all vectors z; in agreement with one of the requirements for H being a Lyapunov
function as stated in [18]. It also follows from here that (using the first line of (4.36))

H = -2 (x)Fs(x)k = =T (x) Fs(x) E§ (x)A(x)
= 1" (@) FRO)ER (0)A(x) = ep fr <0 (4.40)

being another condition in the formulation of [18].

Finally, if H does not have a minimum at a desired equilibrium x*, then a well-
known method in Hamiltonian dynamics, called the Energy-Casimir method, is to
use in the Lyapunov analysis, next to the Hamiltonian function, additional conserved
quantities of the system, in particular the Casimirs. Indeed, candidate Lyapunov
functions can be sought within the class of combinations of the Hamiltonian H and
the Casimirs. For more information we refer to e.g. [24, 25, 31]. Most of this litera-
ture is however on port-Hamiltonian systems without algebraic constraints, and the

U7 thank Stephan Trenn for an enlightening discussion on this issue.
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presence of algebraic constraints poses new questions. For example, the necessary
conditions for a Lyapunov function only have to hold on the subset of the state space
where the algebraic constraints are satisfied.

4.5 Ill-posedness Due to Nonlinear Resistive Characteristics

In the above we have largely confined ourselves to differential-algebraic port-
Hamiltonian systems without resistive relations. The presence of such resistive re-
lations, especially in the nonlinear case, may pose additional difficulties. In partic-
ular, well-posedness problems may arise for port-Hamiltonian systems where the
flow variables of the resistive ports are input variables for the dynamics, while the
resistive relation is not effort-controlled. We will not elaborate on this (difficult)
topic, but confine ourselves to an example (taken from [10]) illustrating the prob-
lems which may arise.

Example 4.4 (Degenerate Van der Pol oscillator) Consider a degenerate form of the
Van der Pol oscillator consisting of a unit capacitor

0=1, V=0 (4.41)

in parallel with a nonlinear resistor given by the characteristic
1 3
(fr.er) =, V)|V=—§I +14. (4.42)

This resistive characteristic is not voltage-controlled, but instead is current-
controlled. As a consequence, Eqs. (4.41) and (4.42) define an implicitly defined
dynamics on the one-dimensional constraint submanifold R in (/, V) space given
by

1
R:{(I,V)|V+§I3—I=O}.

Difficulties in the dynamical interpretation arise at the points (—1, —%) and (1, %).
At these points V is negative, respectively positive (while the corresponding time-
derivative of I at these points tends to plus or minus infinity, depending on the
direction along which these points are approached). Hence, because of the form of
the constraint manifold R it is not possible to “integrate” the dynamics from these
points (sometimes called impasse points) in a continuous manner along R.

For a careful analysis of the dynamics of this system we refer to [10]. In particu-
lar, it has been suggested in [10] that a suitable interpretation of the dynamics from
the impasse points is given by the following jump rules:

1 2 2 2 12 22 443
((15)=(5) (1) (23)  es
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The resultant trajectory (switching from the region I < —1 to the region I > 1) is
a ‘limit cycle’ that is known as a relaxation oscillation. For related examples in the
context of constrained mechanical systems we refer to [5].

Existence and uniqueness of solutions is guaranteed if the resistive relation is
well-behaved and the DAEs are of index one as discussed in the previous Sect. 4.1.
Indeed, consider again the case of a port-Hamiltonian system given in the con-
strained input—output representation

. aH

x=[J(x) - R(x)]ﬁ(x) + g()u + b(x)A,

y=gﬁﬂ9£ux xeX. (4.44)
ox

0=b" (1) 22 (1),
ax

Imposing the same condition as before in Sect. 4.1, Proposition 4.1, namely that the
matrix
r, 9*H
b" (x)—— (X)b(x) (4.45)
ox
has full rank, it can be seen that there is a unique solution starting from every feasible

initial condition xg € X,. Furthermore, this solution will remain in the constrained
state space X, for all time.

Example 4.5 A simple, but illustrative, example of a case where multiple solutions
arise from feasible initial conditions can be deduced from the example of a linear
LC-circuit with standard Hamiltonian H (Q, ¢) = % 0%+ ﬁq&z, where the voltage
across the capacitor is constrained to be zero:

. 1
Q=Z¢+)»,

. 1

_1 4.46
¢ CQ’ (4.46)
0=L0

==0

Here A denotes the current through the external port whose voltage is set equal
to zero. Since bT(x)%zT};’(x)b(x) in this case reduces to % it follows that there is a
unique solution starting from every feasible initial condition. Indeed, the constrained
state space X, of the above port-Hamiltonian system is given by {(Q, ¢) | O =0},
while the Lagrange multiplier A for any feasible initial condition (0, ¢¢) is uniquely
determined as A = —%qﬁ. On the other hand, in the singular case where C = oo
the Hamiltonian reduces to H(Q, ¢) = ﬁqﬂ and the constraint equation 0 = %Q
becomes vacuous, i.e., there are no constraints anymore. In this case the Lagrange
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Fig. 4 Boost circuit with L D
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multiplier A (the current through the external port) is not determined anymore, lead-
ing to multiple solutions (Q(#), ¢ (¢)) where ¢ (¢) is constant (equal to the initial
value ¢p) while Q(¢) is an arbitrary function of time.

5 Port-Hamiltonian Systems with Variable Topology

In many cases of interest it is useful to model fast transitions in physical sys-
tems as instantaneous switches. Examples include the description of elements like
diodes and thyristors in electrical circuits, and impacts in mechanical systems.
Within the port-Hamiltonian description, one obtains in all these cases an (ideal-
ized) model where the Dirac structure is not constant, but depends on the position
of the switches. On the other hand, the Hamiltonian H and the resistive relations are
usually independent of the position of the switches.

In both examples below, we thus obtain a switching port-Hamiltonian system,
specified by a Dirac structure D; depending on the switch position s € {0, 1}"* (here
n denotes the number of independent switches), a Hamiltonian H : ¥ — R, and a
resistive structure R. Furthermore, every switching may be internally induced (like
in the case of a diode in an electrical circuit or an impact in a mechanical system)
or externally triggered (like an active switch in a circuit or mechanical system).

Example 5.1 (Boost converter) Consider the power converter in Fig. 4. The circuit
consists of an inductor L with magnetic flux linkage ¢y, a capacitor C with electric
charge g¢ and a resistance load R, together with a diode D and an ideal switch S,
with switch positions s = 1 (switch closed) and s = 0 (switch open). The diode is
modeled as an ideal diode with voltage-current characteristic vpip =0, withvp <0
and ip > 0.

The state variables are the electric charge Q¢ and the magnetic flux linkage ¢,
and the stored energy (Hamiltonian) is the quadratic function % Q% + ﬁ(p% Note
that there are four modes of operation of this system corresponding to the positions
of the active switch (open or closed) and the diode (voltage- or current blocking).
Two out of these four modes correspond to an algebraic constraint: namely Q¢ =0
if the switch is closed and the diode has vp = 0, and ¢ = 0 if the switch is open
and the diode has ip = 0. (These two exceptional modes are sometimes called the
discontinuous modes in the power converter literature.)
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Fig. 5 Model of a bouncing pogo-stick: definition of the variables (lef?), situation without ground
contact (middle), and situation with ground contact (right)
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Example 5.2 (Bouncing pogo-stick) Consider the example of the vertically bounc-
ing pogo-stick in Fig. 5: it consists of a mass m and a massless foot, intercon-
nected by a linear spring (stiffness k and rest-length x¢) and a linear damper d. The
mass can move vertically under the influence of gravity g until the foot touches the
ground. The states of the system are taken as x (length of the spring), y (height
of the bottom of the mass), and p (momentum of the mass, defined as p := my).
Furthermore, the contact situation is described by a variable s with values s = 0 (no
contact) and s = 1 (contact). The total energy (Hamiltonian) of the system equals

1 1
H(x,y, p)=k(x = x0)* +mg(y + yo) + %,,2, (5.1)

where yj is the distance from the bottom of the mass to its center of mass.

When the foot is not in contact with the ground (middle figure), the total force
on the foot is zero (since it is mass-less), which implies that the spring and damper
forces must be equal but opposite. When the foot is in contact with the ground
(right figure), the variables x and y remain equal, and hence also x = y. For s =0
(no contact) the system can be described by the port-Hamiltonian system

dl=x —% 0 0 k(x — xq)
i yi=] 0 0 1 n;g 5.2)
p 0 -1 0 o

i.e. two independent systems (spring plus damper, and mass plus gravity), while for
s = 1, the port-Hamiltonian description of the system is given as

0 0 1 k(x — xo)
—|yl=l0 o0 1 mg . (5.3)
P 1 -1 —d L
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In this last case the resistive force —dx is added to the spring force and the gravi-
tational force exerted on the mass, while for s = 0 the resistive force is equal to the
spring force.

The two situations can be taken together into one port-Hamiltonian system with
switching Dirac structure as follows

PE: =loo s k(x — x0)
o yl=1] 0 0 1 mg . (5.4)
p —s =1 —sd %

In addition, the conditions for switching of the contact are functions of the states,
namely as follows: contact is switched from off to on when y — x crosses zero in the
negative direction, and contact is switched from on to off when the velocity y — x
of the foot is positive in the no-contact situation, i.e. when % + s(x — xp0) > 0.

In the present modeling of the system no algebraic constraints arise in any of
the two modes. It should be noted, however, that this is critically on the assumption
of a massless foot. Indeed, if the mass of the foot is taken into the account then
another state variable (namely the momentum of the foot) needs to be taken into
account, while the contact situation would correspond to this extra state variable
being constrained to zero.

We note that because the Hamiltonian function is common to all the modes of the
switching port-Hamiltonian system it still can be employed for the stability analysis,
see e.g. [6, 14]. Clearly this presents enormous advantages as compared to the sta-
bility analysis of general switched differential-algebraic systems [18]. The presence
of algebraic constraints in (some of) the modes poses another question: the specifi-
cation of the instantaneous reset of the state at the moment of switching in order to
satisfy the algebraic constraints of the mode which is active immediately after the
switching time. This involves the determination of consistent state reset rules. For
a rather complete analysis in the context of switching electrical circuits we refer to
the treatment in [6, 35]. The study of reset rules and mode selection is a classical
subject in mechanical systems; see [5] and the references therein. For the related
theory of complementarity hybrid systems we refer to [41, 42].

6 Interconnection of Port-Hamiltonian Systems
and Composition of Dirac Structures

Crucial feature of network modeling, analysis and control is ‘interconnectivity’ or
‘compositionality’, meaning that complex systems can be built from simpler parts,
and that the complex system can be studied in terms of its constituent parts and the
way they are interconnected. The class of port-Hamiltonian systems completely fits
within this paradigm, in the sense that the power-conserving interconnection of port-
Hamiltonian systems again defines a port-Hamiltonian system. Furthermore, it will
turn out that the Hamiltonian of the interconnected system is simply the sum of the
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Fig. 6 The composition of
Dy and Dp

Hamiltonians of its parts, while the Dirac structure D of the interconnected system
is solely determined by the Dirac structures of its components. This is clearly of
immediate relevance for port-Hamiltonian differential-algebraic systems, since, as
we have seen, the algebraic constraints are determined by the overall Dirac structure
D, in particular its co-distribution Pp, and the overall Hamiltonian.

6.1 Composition of Dirac Structures

In this subsection, we investigate the composition or interconnection properties of
Dirac structures. Physically it is clear that the composition of a number of power-
conserving interconnections with partially shared variables should yield again a
power-conserving interconnection. We show how this can be formalized within the
framework of Dirac structures.

First, we consider the composition of two Dirac structures with partially shared
variables. Once we have shown that the composition of two Dirac structures is again
a Dirac structure, it is immediate that the power-conserving interconnection of any
number of Dirac structures is again a Dirac structure.!? Thus consider a Dirac struc-
ture D4 on a product space Fi x J, of two linear spaces F] and >, and another
Dirac structure Dp on a product space F, x F3, with also F3 being a linear space.
The linear space 7 is the space of shared flow variables, and ;' the space of shared
effort variables; see 6.

In order to compose D4 and Dp, a problem arises of sign convention for the
power flow corresponding to the power variables (f2,e2) € 72 x F5. Indeed, if
(e | f) denotes incoming power (see the previous section), then for

(fi,e1, fa,ea) € Dy C F X.7:1*X.7:2X.7:;<

the term (e4 | f4) denotes the incoming power in D4 due to the power variables
(fa,ea) € F2 x F;, while for

(fB.eB, f3.€3) € Dp C Fo X F5 X F3 x F3

the term (ep | fp) denotes the incoming power in Dp. Clearly, the incoming power
in D4 due to the power variables in F x F7 should equal the outgoing power from

128ee [2] for a direct approach to the composition of multiple Dirac structures.
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Dp. Thus we cannot simply equate the flows f4 and fp and the efforts e4 and ep,
but instead we define the interconnection constraints as

fa=—fB€Fa, ea=epe ;. (6.1)

Therefore, the composition of the Dirac structures D4 and Dp, denoted Dy || Dp,
is defined as

Dy | Dp:={(f1.e1, f3.€3) € Fi x Fi x F3 x F3 | I f2,€2) € Fa x Fy
st.(fi.e1, f2.€2) € Dy and (— fa, €2, f3,€3) € Dp}. (6.2)

The fact that the composition of two Dirac structures is again a Dirac structure has
been proved in [9, 30]. Here we follow the simpler alternative proof provided in
[7] (inspired by a result in [21]), which, among other things, allows one to obtain
explicit representations of the composed Dirac structure.

Theorem 6.1 Let Dy and Dp be Dirac structures (defined with respect to
Fi1 x Ff x Fp x F5, respectively Fp x Fy x F3 x Fj, and their bilinear
forms). Then Dy || Dp is a Dirac structure with respect to the bilinear form on
Fi1 x Fi x F3 x F3.

In the following theorem, an explicit expression is given for the composition of
two Dirac structures in terms of a matrix kernel/image representation.

Theorem 6.2 Let F;,i = 1,2,3 be finite-dimensional linear spaces with
dim F; = n;. Consider Dirac structures Dy C Fy x F{ x Fo x F},ng =dim Fy x
Fr=ni+ny, Dp C Fr X ]-"5" X F3 xf;‘,ng =dim F, x F3 =ny + n3, given by
relaxed matrix kernel/image representations (Fa, Ea) = ([F1 | F24], [E1 | E24])),
with Fp and Ea n'y x na matrices, n'y > ny, respectively (Fg, Eg) = ([F2p |
F3),[Eap | E3]), with Fg and Ep n’y x np matrices, n’y > np. Define the
(n'y +n'y) x 2ny matrix

Foa Eja
M= 6.3
|:_FZB E281| ©.3)

and let L4 and Lg be m x n;‘, respectively m x n/B, matrices (m := dimker MT),
with

L=[Ls|Lg]l, kerL=imM. (6.4)
Then
F=[LaFi|LpF3], E=[LAE:|LpE3] (6.5)
is a relaxed matrix kernel/image representation of D4 || Dp.

Remark 6.1 The relaxed kernel/image representation (6.5) can be readily un-
derstood by pre-multiplying the equations characterizing the composition of Dy
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with Dp

0, (6.6)

F1 E1 FzA E2A 0 0 f2
0 0 —Fp Ep F E;

by the matrix L :=[L4|Lp]. Since LM = 0 this results in the relaxed kernel repre-
sentation

LaFifi+LaEre1+LpF3f3+ LpEzes =0 6.7
corresponding to (6.5).
Instead of the canonical interconnection constraints f4 = — fp, e4 = ep (cf.

(6.1)), another standard power-conserving interconnection is the ‘gyrative’ inter-
connection

fa=es, fp=—ea. 6.8)

Composition of two Dirac structures D4 and Dp by this gyrative interconnection
also results in a Dirac structure. In fact, the gyrative interconnection of D4 and Dp
equals the interconnection Dy || Z || Dp, where Z is the gyrative (or symplectic)
Dirac structure

fra=—ers, fiB=eja (6.9)
interconnected to D4 and Dp via the canonical interconnections fj4 = — fa,ej4 =
eaand frp=—fp,e;p =ep.

Example 6.1 (Feedback interconnection) The standard negative feedback intercon-
nection of two input—state—output systems can be regarded as an example of a gy-
rative interconnection as above. Indeed, let us consider two input—state—output sys-
tems as in (2.41), for simplicity without external inputs d and external outputs z,

. 0H,;
xi =[Ji(x;) — Ri(xi)]g(xi) + gi (xi)u;,
0H,

Vi =gf<xi)a—xl"(x,-),

3 x; €X; (6.10)

fori =1, 2. The standard feedback interconnection

up=—yz, uy =yi (6.11)
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is equal to the negative gyrative interconnection between the flows u1, u, and the
efforts yi, y2. The closed-loop system is the port-Hamiltonian system

[x']] _ [Jl ()= Rix)  —g10)g] (x2) ] i (x1)
|| el () h0n) = R || My

with state space X7 x X, and Hamiltonian Hj(x1) + H (x2). This once more em-
phasizes the close connections of port-Hamiltonian systems theory with passivity
theory.

6.2 Interconnection of Port-Hamiltonian Systems

The result derived in Sect. 6.1 concerning the compositionality of Dirac structures
immediately leads to the result that any power-conserving interconnection of port-
Hamiltonian systems again defines a port-Hamiltonian system. This can be regarded
as a fundamental building block in the theory of port-Hamiltonian systems. The
result not only means that the theory of port-Hamiltonian systems is a completely
modular theory for modeling, but it also serves as a starting point for design and
control.

Consider k port-Hamiltonian systems (&;, F;, D;, H;), i = 1,..., k, intercon-
nected by a Dirac structure D on F| X --- x Fy X F, with F a linear space of flow
port variables. This can be seen to define a port-Hamiltonian system (X', F, D, H),
where X :=X| x--- x X, H := H; + --- + H, and where the Dirac structure D
on X x F is determined by Dy, ..., Dy and Dy. Indeed, consider the product of
the Dirac structures Dy, ..., D; on (X] x F1) X (X2 x Fp) X -+ x (X x Fr), and
compose this with the Dirac structure D; on (Fy X --- x Fy) x F. This yields a
total Dirac structure D modulated by x = (x1,...,x;) € X = & X - -+ A} which is
point-wise given as

D(x1,...,xx) C Ty, X1 X TX*IXI X oo X Ty X X T;‘;{Xk x F x F*.

Finally we mention that the theory of composition of Dirac structures and the
interconnection of port-Hamiltonian systems can be also extended to infinite-
dimensional Dirac structures and port-Hamiltonian systems [17, 26].

7 Integrability of Modulated Dirac Structures

A key issue in the case of modulated Dirac structures is that of integrability. Loosely
speaking, a Dirac structure is integrable if it is possible to find local coordinates for
the state space manifold such that, in these coordinates, the Dirac structure becomes
a constant Dirac structure, that is, it is not modulated anymore by the state variables.
As we have seen before, in particular in the context of the canonical coordinate
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representation (Sect. 3.1.4), this plays an important role in the representation of
algebraic constraints (as well as in the existence of Casimirs).

First let us consider modulated Dirac structures which are given for every x € X
as the graph of a skew-symmetric mapping J (x) from the co-tangent space 7, X’ to
the tangent space T, .

Integrability in this case means that the structure matrix J satisfies the conditions

n

> [Jl] (x

=1

(X)—j(x)+Jk(X) ”(x)] . 0 k=1,.

(7.1)
In this case we may find, by Darboux’s theorem (see e.g. [1]) around any point xg
where the rank of the matrix J(x) is constant, local coordinates x = (g, p,r) in
which the matrix J(x) becomes the constant skew-symmetric matrix

0 —Ir O
. 0 0]. (7.2)
o 0 O

Such coordinates are called canonical. A skew-symmetric matrix J(x) satisfying
(7.1) defines a Poisson bracket on X, given for every F, G : X — R as

T
{(F,G}= EJ()C)E. (7.3)
0x 0x

Indeed, by (7.1) the Poisson bracket satisfies the Jacobi-identity
{F.{G,K}} +{G.{K,F}} + |K.{F,G}} =0 (7.4)

for all functions F, G, K.

The choice of coordinates x = (g, p, r) for the state space manifold also induces
a basis for 7, X and a dual basis for T X. Denoting the corresponding splitting
for the flows by f = (fy4, fp, fr) and for the efforts by e = (ey, ep, e,), the Dirac
structure defined by J in canonical coordinates is seen to be given by

D= {(fqv fp’ fr’eqaep’ er) | fq = —¢€p, fp =¢€q, Sr 20}- (7.5)

A similar story can be told for the case of a Dirac structure given as the graph
of a skew-symmetric mapping w(x) from the tangent space 7, X’ to the co-tangent
space T.F X'. In this case the integrability conditions take the (slightly simpler) form

9 9 do;
w”()+ ki oy + 22k oy =0, i jk=1,....n. (7.6)
0x; 0X;

The skew-symmetric matrix w(x) can be regarded as the coordinate representation
of a differential two-form w on the manifold X, that is, v = Z?:szl dx; Ndxj,
and the integrability condition (7.6) corresponds to the closedness of this two-form
(dw = 0). The differential two-form w is called a pre-symplectic structure, and a
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symplectic structure if the rank of w(x) is equal to the dimension of X. If (7.6)
holds, then again by a version of Darboux’s theorem we may find, around any point
xo where the rank of the matrix w(x) is constant, local coordinates x = (¢, p, s) in
which the matrix @ (x) becomes the constant skew-symmetric matrix

0
—1I;
0

O O

0
0. (1.7)
0

Such coordinates are again called canonical. The choice of coordinates x = (g, p, s)
as before induces a basis for 7, X’ and a dual basis for 7 X'. Denoting the cor-
responding splitting for the flows by f = (fy, fp, fs) and for the efforts by e =
(eq, ep, e5), the Dirac structure corresponding to @ in canonical coordinates is seen
to be given by

D= {(fqv fpv vaet]veps es) | fq = —¢€p, fp =é€q, s ZO}- (7.8)

In case of a symplectic structure the variables s are absent and the Dirac structure
reduces to

D:{(fqvfp’eq’epﬂfq:_ep’ fp:eq} (7.9)

which is the standard symplectic gyrator.
For general Dirac structures, integrability is defined in the following way.

Definition 7.1 ([12]) A Dirac structure D on X is integrable if for arbitrary pairs
of smooth vector fields and differential one-forms (X1, «1), (X2, a2), (X3,3) € D
we have

(Lx,a2 | X3) + (Lx,03 | X1) + (Lxy01 | X2) =0 (7.10)

with Ly, denoting the Lie-derivative.

Remark 7.1 (Pseudo-Dirac structures) In the usual definition of Dirac structures
on manifolds (see [8, 12]), this integrability condition is included in the definition.
Dirac structures that do not satisfy this integrability condition are therefore some-
times called pseudo-Dirac structures.

The above integrability condition for Dirac structures generalizes properly the
closedness of symplectic forms and the Jacobi identity for Poisson brackets as dis-
cussed before. In particular, for Dirac structures given as the graph of a symplectic
or Poisson structure, the notion of integrability is equivalent to the Jacobi-identity
or closedness condition as discussed above (see e.g. [8, 9, 12] for details).

Note that a constant Dirac structure trivially satisfies the integrability condition.
Conversely, a Dirac structure satisfying the integrability condition together with an
additional constant rank condition can be represented locally as a constant Dirac
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structure. The precise form of the constant rank condition can be stated as follows.
Recall that for any Dirac structure D, we may define the distribution

Gpx)={XeT X | e T X st (X,a) € D(x)}
and the co-distribution
Pp(x)={aeT;X|3X € T X s.t. (X, @) € D(x)}.

We call xq a regular point for the Dirac structure if both the distribution Gp and the
co-distribution Pp have constant dimension around xg.

If the Dirac structure is integrable and x¢ is a regular point, then, again by a
version of Darboux’s theorem, we can choose local coordinates x = (¢, p, r, s) for
& (with dim g = dim p), such that, in the resulting bases for (f;, fp, fr, fs) for Ty X
and (eq, ep, e,, e5) for T} X, the Dirac structure on this coordinate neighborhood is
given as (see (3.7))

fa=—¢p,
=8e .
Tr=¢ (7.11)
fr =0’
e, =0.

Coordinates x = (g, p,r,s) as above are again called canonical. Note that the
choice of canonical coordinates for a Dirac structure satisfying the integrability con-
dition encompasses the choice of canonical coordinates for a Poisson structure and
for a (pre-)symplectic structure as above.

Explicit conditions for integrability of a Dirac structure can be readily stated in
terms of a kernel/image representation. Indeed, let

D={(f.e)| F(x)f + E(x)e =0}
={(f,e1 f=ET(0)r, e=FT (A, LeR").

Denote the transpose of ith row of E(x) by Y;(x) and the transpose of the ith row of
F(x) by Bi(x). The vectors Y;(x) are naturally seen as coordinate representations
of vector fields while the vectors 8; (x) are coordinate representations of differential
forms. Then integrability of the Dirac structure is equivalent to the condition

(Ly,Bj | Y} + Ly, B | Yi) + (Ly,Bi | Yj) =0 (7.12)

for all indices i, j, k=1, ...,n.

Another form of the integrability conditions can be obtained as follows. In
[8, 9, 12] it has been shown that a Dirac structure on a manifold X" is integrable
if and only if, for all pairs of smooth vector fields and differential one-forms
(X1,a1), (X2,a2) € D, we have

([X],Xz],l'xldo{z—ixzdoé] ~|—d(0[2|X1>)€D. (7.13)
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Using the definition of the vector fields Y; and differential forms g;,i =1,...,n, as
above, it follows that the Dirac structure is integrable if and only if

(IYi, ;1 iv,dBj —iv,dBi +d(B; | Y;)) € D (7.14)
forall i, j =1,...,n. This can be more explicitly stated by requiring that
FoLY;, Yj1(x) + E(x) (iv,dBj(x) — iy, dfi(x) +d(B; | Yi)(x)) =0  (7.15)

foralli, j=1,...,n and for all x € X'. See for more details [9].

Example 7.1 (Kinematic constraints) Recall from the discussion in Sect. 2.7.1 that
the modulated Dirac structure corresponding to an actuated mechanical system sub-
ject to kinematic constraints A7 (¢)¢ = 0 is given by

D={(fs,€s,fc,ec)|0=[0 AT(g)]es, ec =[0 BT(q)]es,

o 1 0 0 k
P ) P S O R P

Complete necessary and sufficient conditions for integrability of this Dirac structure
have been derived in [9]. Here we only state a slightly simplified version of this
result, also detailed in [9]. We assume that the actuation matrix B(q) has the special
form (often encountered in examples) where every jth column (j =1,...,m) is

given as
0
aC;
25 @)

for some function C;(g) only depending on the configuration variables g. In this
case, the Dirac structure D is integrable if and only if the kinematic constraints are
holonomic.

It has been shown in Sect. 2.7.1 that, after elimination of the Lagrange multipli-
ers and the algebraic constraints, the constrained mechanical system reduces to a
port-Hamiltonian system on the constrained submanifold defined with respect to a
Poisson structure matrix J.. As has been shown in [37], J, satisfies the integrability
condition (7.1) again if and only if the constraints (2.33) are holonomic. In fact, if
the constraints are holonomic, then the coordinates s as in (3.7), (4.28) can be taken
to be equal to the ‘integrated constraint functions’ g, _;, ..., q, of (2.35).

It can be verified that the structure matrix J. obtained in 2.4, see (4.21), does
not satisfy the integrability conditions, in accordance with the fact that the rolling
constraints in this example are nonholonomic.
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8 Conclusions

In this paper we have surveyed how the port-Hamiltonian formalism offers a sys-
tematic framework for modeling and control of large-scale multi-physics systems,
emphasizing at the same time the network structure of the system (captured by its
Dirac structure) and the energy-storage and energy-dissipation (formalized with the
help of Hamiltonian functions and resistive relations). In many cases of interest this
will lead to the description of the system dynamics by a mixed set of differential
and algebraic equations (DAEs); however, endowed with a (generalized) Hamilto-
nian structure. We have shown how the identification of the underlying Hamiltonian
structure offers additional insights and tools for analysis and control, as compared
to general differential-algebraic systems.

In this paper we have confined ourselves to lumped-parameter, i.e., finite-
dimensional, models. The port-Hamiltonian framework, however, has been suc-
cessfully extended to distributed-parameter models (see e.g. [39]), corresponding
to infinite-dimensional Dirac structures. Therefore an important venue for further
research concerns the analysis within the port-Hamiltonian framework of mixed
systems of differential, algebraic, as well as of partial differential equations.
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Initial value problem, 64
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Kirchhoff laws, 102, 183 Multiport model, 109
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ODE blocks, 141 Network modeling, 174
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block in KCF, 141
L differential operator, 151
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Laplace integral, 155 -
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Laplace transform, 155
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differential-algebraic system, 183, 188
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Spectrum
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strongly, 10, 25, 27, 32, 40
State, 5
feedback, 39
State space model, 98, 124
Strict equivalence, see “equivalent, strictly”
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Switched DAEs, 169
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Switching port-Hamiltonian system, 213
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Tellegen’s theorem, 180
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-based model, 107
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proper, 116
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Uncertainty, 63
Underdetermined part
of KCF, 141
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\%
Van der Pol oscillator, 211
Voltage source, see “source, voltage”
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WCE, see “Weierstrall canonical form”
Weierstrall canonical form, 142
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