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A BEHAVIORAL APPROACH TO TIME-VARYING
LINEAR SYSTEMS. PART 2: DESCRIPTOR SYSTEMS*
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Abstract. In the sequel to [A. Ilchmann and V. Mehrmann, SIAM J. Control Optim., 44 (2005),
pp. 1725-1747], we discuss a behavioral approach for linear, time-varying, differential algebraic (de-
scriptor) systems with real analytic coefficients. The analysis is “almost global” in the sense that
the analysis is not restricted to an interval I C R but is allowed for the “time axis” R\T, where T is
a discrete set of critical points, at which the solution may exhibit a finite escape time. Controllable,
observable, and autonomous behavior for linear time-varying descriptor systems is characterized.
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1. Introduction. In [12], a behavioral approach was developed for linear time-
varying systems with real analytic coefficients. In this paper, this approach will be
studied for the specific case of linear time-varying descriptor systems described by
differential-algebraic equations of the form

E(t) &(t) A(t)z(t) + B(tu(t),
y(t) CH)z(t) + Ftu(?),

with real analytic matrices A € A", B € A>™ C € AP F € AP*™ where
E € A" is allowed to be singular in the sense that rk E(t) < min{l,n} for some
t € R. Throughout this paper, the nomenclature as introduced and listed in [12] will
be used.

As in [12], we make use of the skew-polynomial rings A[D] and M[D] (see [6, 13])
of differential polynomials with coefficients in 4, M, respectively, and indeterminate
D representing the differential operator %, and the multiplication rule Df = fD+ f.
The algebraic object

(1.1)

R(D) = iRZ—Di € M[D]?*? = M9*4[D]

=0

acts on C°°-functions w via
R(&)w(t) = 3 Ri(t)wl(t)

In this notation, time-varying descriptor systems (1.1) may be rewritten as

(1.2) R($)w =0,
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where

_[ED-A -B 0

T, 17 17T
-C  —F I, |’ o I

R(D) and w=[z7,u",y

Systems of differential algebraic equations (often called descriptor systems) play
an important role in modelling and control of multibody systems, electric circuits, or
coupled systems of partial differential equations; see [1, 9].

The analysis of the behavior of (1.1) has to cope with three essential difficulties.
First, the solutions of time-varying systems may exhibit critical points, i.e., a finite
escape time. Second, descriptor systems behave quite differently from classical state
space systems (i.e., E = I, in (1.1)). For state space systems, the function u(-) can be
considered as an input function free to choose, and initial conditions can be arbitrary.
This is in general not true for descriptor systems (1.1), since descriptor systems may
contain algebraic constraints, which restrict the solutions, the set of possible inputs,
and also the initial values to some manifold. Third, some of the constraints that arise
(the hidden constraints) are not explicit and thus it is not clear how to choose the
underlying spaces for the descriptor variables x, u,y. Finally, the analytic property of
the solution or behavior is local, which is in contrast to the global algebraic properties
of R(D). These difficulties are illustrated by the following example.

Ezample 1.

(i) The scalar differential equations ti = —z, t?¢ = —x, ti = z, have local

solutions t — t~1 e!/t t, respectively. Hence at ¢t = 0 the solution might be
rational with a pole, not even analytic, or does not have any pole, respectively.

(ii) The variables x1, ..., x4, us,us of the descriptor system (1.1) with
01 00 1 0 0 0 0 0
0 01 0 01 0 O 1 0
b= 0 0 0 0]’ A= 00 0 0]’ B= 0 1]’
0 0 0O 0 0 0 O 0 0
C=[0 0 0 1], F=015

satisfy the equivalent description
e =0, To =21, Yy =24, T3 =22+ Uj .

Thus, us is constrained to be 0 and cannot be freely chosen, as it could in the
case of state space systems. The variables ;1 and x4 can be viewed as input
or state variables; the system description does not determine this.
Note also that if we choose the input u; as a step function, then either xg
is chosen as input as well to compensate the delta distribution in u; (since
X1 = &9 = &3 —1U1), or we may have to enlarge the solution space to allow that
x1 is a delta distribution. But even if we do so, then we have the problem
that z; is not observable from the output y, which means that internally
the system has impulsive parts of the solution, which are not observed. For
many types of practical systems, such as, for example, mechanical systems,
this would be a disaster: impulses in the solution cannot be tolerated. 0
Example 1 indicates that the behavioral viewpoint, where state-, output-, and input-
variables are not distinguished, seems the appropriate concept for the analysis of
descriptor systems. The behavioral approach has been introduced by Willems [25, 26,
27, 28]; see also the textbook [21] and [12] for a general presentation.
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Motivated by Example 1 and as introduced in [12], we study, for R(D) € M[D]?*?,
local solutions of R(:)w = 0 belonging to

CP(RY) := {w e C®(I,RY)|IC R an open interval with t € I}, t€R,
as the almost global behavior given by the kernel representation

kerR = {we ngv(Rq)| R(L)w(r) = 0 for almost all 7 € R} .

The local behavior
ker; R = {we C?(Rq)‘ R(:L)w(r) =0 for all 7 € dom w}, teR,
becomes a real vector space if endowed, for wy,ws € ker; R, with addition
(w1 +we) (1) = wi(T) + wa(r) V7 € domw; Ndomws,

and obvious scalar multiplication.

We also have to consider those points of the real axis, where the local solution is
no longer extendable.

DEFINITION 1.1. Consider the descriptor system (1.2). The set of critical points,
where the solution is not defined, is given by

there exists, for some € > 0, a C*° function
w: ' —et') >Rliorw: (t',t' +¢) - R?
which solves (1.2) and cannot be extended to
(t' —e,t'] or [t/,t' +¢), respectively.

(1.3) TS .=+ cR

Note that for the three differential equations in Example 1(i), the sets of critical
points are {0}, {0}, @, respectively.

Since E in (1.1) is real analytic, it follows that for almost all £ € R, the rank of
the matrix E(f) € R™*™ is equal to rk4 E, and the set of critical points is a discrete
set. It is an open problem to characterize the set of critical points. However, we will
determine discrete sets which include all critical points.

We define the appropriate behavior, i.e., the solution space, of (1.2) on the time-
axis R\T, where T is discrete and includes the set of critical points of (1.2). Control-
lability and observability are defined in terms of trajectories (descriptor variables),
which is a conceptual generalization of controllability and observability for state space
systems. For these systems in [5] controllability and observability have been studied
in terms of derivative arrays. In [4] a first behavior-like approach for analytic coef-
ficients has been discussed. A more general approach that allows for larger classes
of coefficients and that can also be implemented numerically has been introduced in
[16]. In [11] a first approach in the spirit of the present paper was presented for
scalar systems. A completely different approach results from the study of differential-
algebraic equations; see [1, 8, 17]. A general solvability theory for nonsquare linear
time-varying systems was first given in [15] and analyzed for control problems in a
behavioral context in [4, 18, 22]; see also [16] for the general nonlinear case. In these
papers, however, mainly the concept of regularization has been discussed, i.e., the
problem of finding appropriate feedback that makes the system regular and also de-
creases the index. Here we consider controllability and observability in the behavioral
context.
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This paper is organized as follows. In section 2, we define critical points and fol-
low the concepts of [15, 22] by deriving condensed forms for time-varying descriptor
systems (1.2) to determine sets covering the critical points. In section 3, controllabil-
ity is defined, algebraically characterized, and related to the well-known concepts of
controllability. In section 4, we apply results from [12] and briefly discuss autonomous
behavior and observability for descriptor systems.

2. Condensed forms. In this section, condensed forms with respect to state
and input transformations are studied for time-varying descriptor systems (1.2). The
condensed form allows us to classify the solution sets and to identify the constraint
manifolds for the variables. These forms are akin to the forms derived in [4, 17, 18].

The construction of the condensed forms is based on the computation of analytic
singular value decompositions that were introduced in [2] for analytic matrices and
that are also valid for real analytic matrices. This result states that for a matrix
function A € AX™ there exist real orthogonal matrix functions U € AX!, V € A™X"
and a diagonal matrix ¥ € A" where r = rkA, such that

oo 20
vt = [2 9]

It should be noted, though, that, in contrast to the usual singular value decomposition
for matrices, the diagonal elements of ¥(t), in general, cannot be chosen positive or
in descending order. In this way, however, the analytic singular value decomposition
is not uniquely defined. Essentially, there is freedom to perform orthogonal trans-
formations in the spaces associated with multiple singular values. This freedom can
be removed by choosing minimal variation curves or by always choosing the analytic
singular value decomposition to be closest to a reference point [3, 20].

THEOREM 2.1. Consider a time-varying descriptor system of the form (1.2) with

ED-A -B 0

R(D):[ -C -F I,

} € A[D](+P) X utmtn)
(i) There exist orthogonal matrices Uy € A Vi € A™X™ so that

2.1) {Ul 0 Vi 0]

LI

corresponds to the descriptor system

Ygt1 = Anzi + Apzs + Aizzs + Bu,
0 = A21 X1 -+ Ea T2 -+ B2 u,
0 = Az + Bsu,
(2:2) 0 = Apx,
0 = Ol—ua
y = Ch + Cozo + 03 r3 + Fu,

where £q € A4 %, € A% are diagonal and invertible over M with d =
tk E, and Bs € AV, Ay € AMX4 with full row rank; i.e., v = 1k Bs,
f=1kA4y, andv =d+a+ v+ f. All matrices are real analytic and of
conforming formats.
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(ii) There exist orthogonal matrices Uy € AL Vo € AP W € APXP 7 ¢
A™X™ g0 that

Vs
(2.3) 0
0

o N o

0
s o[V 2

corresponds to the following descriptor system in condensed form.:

Yad1 = Anzy + Aaxe + Arzxs + Araxs + Aiszs + Briug + Biaua,

0= Agw1 + X2 + Boiuy + Bagua,
0= Asiz1 + Yout,
(24) 0= Yyws,
0=0;—.,
y1 = C11m1 + Craza + X3 + Cisws + Friur + Fiaus,
y2 = Co1m1 + Coax2 + Cosws + Forur + Faoua,

where ¥q,3., 5,25, 3, are diagonal matrices that are invertible over M
and have sizes d,a,y, f,w, respectively. Furthermore, v=d+a+ v+ f and
all matrices are real analytic and of conforming formats.

(iii) There exist matrices U € AU=P)*XU=P) "V € M™*" inyertible over M, X €
MPXU=P) W e APXP orthogonal, Z € A™*™ orthogonal, a scalar function
o € A, and a permutation matriz P € Atmx(mtm) 5o that

[ O'DId — 12111 —A13 —A14 —Blg 0 0 0 0 0
0 0 0 X;'By |I, 0 0[]0 0
0 0 0 0 0 If 0/0 0
=| X7'45 0 0 0 0 0 I,|]0 0
0 0 0 0 0 0 0[O0 O
0 -, 0 —o'Fi|0 0 0|I, 0
—071Cy 0 0 —o0'Fp|0 0 0|0 I,

corresponds to the meromorphic descriptor system in standard condensed
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form
olyt; = Anzy +  [Ais, A, Bio) | x4 |,
U2
o [0 0 0 - By 1
x - 0 0 0 0 3
2.6 5 - . ’
(2.6) uy | -S4 000 0 ”
T3
Y1 Yo 0 o7'F;
{?ﬁ} B 01021]:514—[ 0 0 o 'Fyp z;l ’
where

(2.7 o(t) :=det Xq(t) det £,(¢t) det X, (t) det X¢(t) forallt e R,

and all matrices are real analytic and of conforming formats. The integers
d,a,v,w, f are invariants of (1.2).

Proof. The proof is constructive using a sequence of real analytic singular value
decompositions. When multiplying with D, we will always use the product rule with-
out saying so.

(i) Consider the first equation of (1.1) and choose orthogonal matrices U €
ALV e APX7 50 that

wom-cwo--n[§ 2 )-[[3 8]o-[ 3 22 [2])

where ¥4 € A%*? with d = rkE is diagonal. B
Next, choose orthogonal matrices U € AU=dx(=d) '} ¢ A(n=d)x(n—d) g5 that,

I 0 0
:{Id 0}[1%(1)),_1%] 0 g 0

0 U 0 I,
Yg 00 Ay A A By
= 0 0 0 D - 421 g 0 ’ 52 ’
0 0 O As; O 0 B3

where ¥, € A**? is diagonal and invertible over M. Finally, choose an orthog-
onal U e Al-d-a)x(—d=a) g4 that [IdO*” g}[R(D), —B| has the form (2.2) with
Bs € AY*™ ~ = rkBs = rkBs, and Ay € A/ f = 1k Ay;. Performing all
the transformations also on C' and partitioning analogously shows (2.2).

(ii) We apply the so-called indez reduction process as introduced in [18] to (2.4):
Fix f variables of z1, corresponding to some f linearly independent columns of Ayq,
i.e., choose a unitary matrix Q € A% such that 4,,Q = [A, A% ] with Ag, € AF*f
is invertible over M. Then
xa
% :l = Qxla

0= A4z = Agll‘? + Aflx?, |: :
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and so

. - . d _
it = —(Aq) " ada! - = (4307148 o,

Inserting &¢ into the differential equation of (2.2) leaves d — f differential equations.
Note that we may have introduced meromorphic functions by the inverse of A%, and
its derivative. A multiplication from the left with a real analytic function yields a
description in the form (1.1); however, the d differential equations have been reduced
to d — f differential equations and we may apply part (i) again. This index reduction
process stops after finitely many iterations, and we arrive at the following condensed
form:

Sgi1 = Apzy + Apze + Apzs + Auzs + DB,
0 = Apazy + .z + Bsu,
(2.8) 0 = A31£L’1 + Bgu,
0 = + Xyxy,
0 = 0,
y = Ciy + Coxg + Caaz + Cuzg +  Fu,

where ¥4, ¥4, X are diagonal matrices, invertible over M, and of sizes d, a, f, respec-
tively, and B3 € AY*™ has full row rank over A.

As a final step we perform an analytic singular value decomposition of Cs, Bs,
respectively, and derive (2.4).

(iii) Using the fact that the fourth equation in (2.4) implies that x5 = 0, which
can be extended even at points where X is singular, we can eliminate all terms

invoking x5 from all the other equations. This corresponds to multiplying (2.4) from
the left first by

1, 7A122;1 7[311 — Algznggl}E;1 0 0 0 0
0 1, —3212;1 0 0 0 0
0 0 I, —A;s%;0 00 000
0 0 0 Iy 0 0 0
0 0 0 0 I, O 0
0 —CuE;l —Fuz,?l 0 0 1, 0
L 0 —02221;1 —F212ﬂ71 0 0 0 Ip,w ]
and then by
oSyt 0
0 Ilfder

and from the right by

I, 0 0 0
—[A21 = Bu¥ Az N L 0 0
—Cnzyt 0 I 0 ,
0 U I(n7u+f+m+p) x (n—v+ f+m+p)
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yielding the transformed system

oiy = Apa + Aysms + Apgwg + Biaus,
0= YaTa + 0 Bogua,
0= Agia; + Yyuy,
(2.9) 0= Yys,
0=0;—v,
Y1 = Y3+ o~ Fiaus,
yo =0 Corzy + o~ Fosus,
where all matrices are real analytic. This proves (2.6). a
Remark 1.

(i)

(i)

(vii)

If the descriptor system (1.2) is time-invariant, then all transformations in
Theorem 2.1 may be chosen as constant matrices and ¢ = 1. In this case, the
condensed forms in Theorem 2.1 are well known; see, for example [3].

To derive (2.2), only an orthogonal transformation on the variables z in (2.1)
has been applied. To derive (2.4), the transformations on the variables  and
u have not been mixed.

To derive (2.6), we have used nonsingular transformations on z and orthogo-
nal transformations on u. If we allow further linear combinations (which for
classical systems where y, z, and u are fixed a priori as outputs, states, and
controls, respectively, correspond to state feedback or output feedback), then
we can simplify (2.6) further by removing blocks such as Asy or by intro-
ducing almost everywhere invertible diagonal blocks in diagonal positions of
the transformed matrices E or A. Note that the transformation of derivative
feedback is not an equivalence transformation, because under derivative feed-
back the characteristic quantities d, a,y, f, w are not invariants and hence the
properties of the system may be altered by this transformation completely;
see [18].

The description (2.6) is not quite of the form (1.1), since the coefficients of
1 and wug in y; and ys may have poles at the zeros of o.

An immediate consequence of (2.6) is that the variables in x; represent cou-
plings between algebraic equations and differential equations that are not
influenced by u;. Systems where such couplings between differential equa-
tions and algebraic equations occur are typically called high index systems.
For a detailed discussion of different index concepts see [1, 8, 17]

The transformation leading to (2.6) does not invoke any differentiation of wu.
Hence, if the variables denoted by w are classified as inputs a priori, then no
extra differentiability conditions for these variables arise; see [4, 18].

The condensed forms (2.1), (2.4), and (2.6) allow us to detect candidates for
critical points, given by

(2.10) TS Cc Tr:={t €eR|o(¥')=0}.

As can be seen from the first system considered in Example 1(i), the set
T% = () can be a strict subset of Tr = {0}.

The reader may wonder why we display equations of the form 0 = 0 in the
condensed form. These arise typically when automatic modelling systems are
used and describe redundant equations in the system. |
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To characterize controllability we will need the following staircase form which
generalizes the staircase form of Van Dooren [24] to systems with analytic coefficient
matrices.

LEMMA 2.2. For real analytic matrices A € A"*", B € A"*"™ there exist orthog-
onal matrices P € A™*"™ and Q € A™*™ so that

PT 0
(2.11) P[ DI, —A,-B | [ 0 0 ]
DI,, — A1 —Aps —Ay 51 —A s -B; 0
- ’ ) . _Asf2,sfl
_[Asfl,sf% 0] DInS,l - Asfl,sfl _Asfl,s 0 0
0 0 0 DI, — A s 0 0

where nqg > no > -+ > ng_1 >ng > 0, ng_1 >0, and By € A™*™ and Ai7i_1 €
A"ix™ gre invertible over M fori=1,...,s — 1.

Proof. A constructive proof is given by the following generalization of the so-
called Staircase Algorithm to systems with real analytic coefficients. Whenever we
use ¥ in the following, it denotes a diagonal matrix.

Step 0. Choose orthogonal Ug € A™*", Vg € A™*™ g0 that

B=U} [ EOB 8 ] Ve € A" with invertible X5 € A"t X"t
and set
Ay = UgAUL +UgUE = [ ’3“ ﬁ” } with Ay, € A—ma)xn
21 22
_ _ g 0
By = UpBVp = [0 0].
Then, using the product rule, we have
Ut o
Us [ Dzn_A,_B}[ i V] — [ DI~ Ao,-By ] .

Step 1. If ny < n and Ag; # 0, then choose orthogonal Uy € A(—m1)x(n—n1)
Vo1 € A™M*™t g0 that

A21 = U21 l: 2021 8 :| Vg{ S A(ninl)xnl with invertible 221 S .An2><n2,
and set
vVE 0

P = 21 } ,

! [ 0 UL

T . p pT V2T1V21 ‘ 0

A = P AP, PP = .

1 1AL + L1y + 0 UleUgl
B, = ViYgs,
n ., By 0 nxn
B, = [ 0 0 } eA .
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Using the product rule, for some Agy € A—11-12)Xn2 thig gives

P, [ DI, — Ay, ~By | [ }ET I?n } = pr, - A1, -B |
| %
— | DI, — | [Z00] | =
0 |Asz =

Step 2. If n1 + ne < n and Asy # 0, then choose orthogonal matrices Usy €

A(n—nl—nz)x(n—nl—n2)7 ‘/'312" € A"2%X"2 gq that

A32 = Usy [ 282 8 ] ng e Aln—mi—n2)xXn2  with invertible Y3g € AM3XM3,
and set
P2 = dlag {I7L17V3€7U£} ’
AZI = ‘/:))75221;
Ay = P,API +PPT
_ N ‘ % * 0 0
_ ‘/3'15[221’ O] % * —+ 0 Vgg‘/E’)Q
0 UhAssVao  # 0 0

Y32 0] =
0 0]

Then, for some A3 € A(M—m1—n2-n3)xns

PLPE 0 ]

PQPI[DInA07BOj||: 0 I

= [ DI, — Ay, —B; }

* * * * * * B4
Agl 0 * * * * 0
= | DI, — ,— | —
0 0 232 0 * * 0
0 0| 0 0fAy = 0

Step 3. In the remainder of the proof we proceed analogously as in Step 2
and terminate after finitely many steps with the form (2.11). This completes the

proof. ]
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Ezample 2. As an example consider the model of a two-dimensional, three-link
constrained mobile manipulator studied in [10]; see also [12]. This model leads, after
linearization along a trajectory, to a system of the form

Mo() () + Do(t) 2(t) + Ko(t) 2(t) = Sou(t) + FT u(t),

(2.12) Fo (1) 0

where M, Do, Ko € C*(I,R3*3) and Sy, F{ € R**? with Sy having full rank. In-
troducing the eight-dimensional variable z(t) = [z(t)T, 2(t)T, u(t)T]T results in the
equivalent descriptor system description (1.1) with F' =0,

I3 0 0 0 I3 0 0
(2.13) B(t)= {0 Mo(t) 0|, A(t)=|-Ko(t) —Do(t) Fj |, B=|S|,
0 0 0 Ey 0 0 0

and the specification of C is left open for the time being.

The critical points of (2.13) include those values of ¢ where the mass matrix My(t)
changes rank. This happens, for example, when two arms of the manipulator are in
one straight line.

Without loss of generality (by using an appropriate permutation of the basis),
we may assume that the coordinate system for the Lagrange multipliers is such that
Fy = [F; 0] with nonsingular F; € R?*? and if we partition

o[ fe ] e (30 46
o= D) Bed ] s=[ 3]

with K11 (t), M11(t), D11(t), S1 € R?*? and all other formats accordingly, then system
(2.13) may be written as

I, 0 0 0 0 1
0 1 0 0 0 T2
0 0 Mpa(t) M) 0 is
0 0 Mo(t) Mx(t) O T4
0 0 0 0 0 T5
0 0 I 0 0 T 0
0 0 0 1 0 T2 0
= Kll(t) Klg(t) Dll(t) Dlg(t) FiT I3 + Sl u.
Kgl(t) ng(t) Dgl(t) Dgz(t) 0 T4 SQ
F1 0 0 0 0 I5 0

Since F) is constant and nonsingular, we obtain 1 = 0 and #; = 0. Inserting this
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and changing the order of equations and blocks leads to

1 0 0 0 0 To
0 Mll(t) M12<t) 0 0 il‘g
0 M21 (t) M22 (t) 0 0 j?4
0 0 0 0 0 Ts5
0 0 0 0 0 1

0 0 1 0 0 T2 0

Klg(t) Dll(t) D12(t) FlT 0 I3 Sl

= K22 (t) D21 (t) D22 (t) 0 0 T4 + SQ U
0 0 0 0 F1 Is5 0
0 Iy 0 0 0 1 0

We can repeat the reduction process once more by using that zz = 0, and hence
&3 = 0, which gives a system

1 0 0 0 O o
0 My(t) 0 0 0 iy
0 Mpa2(t 0 0 0 i3
0 0 0 0 O Ts
0 0 0 0 O 1

0 1 0 0 O T2 0

Kgg(t) DQQ(t) 0 0 0 T4 SQ

= Klg(t) Du(t) 0 FiT 0 T3 + Sl u.
0 0 0 0 F1 Is 0
0 0 IQ 0 0 T 0

Since the mass matrix My is positive definite almost everywhere, we can eliminate
the block M5 and obtain the system

1 0 0 0 077 42
O Mgg(t) O 0 O i4
0 0 0 0 O T3
0 0 0 0 O T
0 0 [0 0 0]
0 1 0 0 0 T2 0
Kzg(t) Dgg(t) 0 0 0 T4 SQ
(2.14) = | Kio(t) Dia(t)| 0 FF 0 zg |+ 5 |u
0 0 0 0 F1 Is 0
0 0 IQ 0 0 T 0

This system is essentially (apart from diagonal matrices ¥) in the condensed form
(2.2), with

) 0 0 FT 0 S,
Sy = S Sa=|0 0 R |, B=]| o0
' [ 0 Me(t) ] L o 0 "o

It is then obvious how the more refined forms (2.4) and (2.6) can be determined. O
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3. Controllability. In this section we discuss the concept of controllability for
descriptor systems of the form (1.2). Recall that (local) controllability for general sys-
tems of the form R()w = 0, where R(D) € M[D]9*4, is introduced in [12, Def. 3.1]
and discussed in [12, Rem. 3.2].

Remark 2. For descriptor systems with constant coefficients, several different
controllability concepts have been introduced; see [3, 7, 19].
(i) System (1.1) with constant coefficients is called
R-controllable iff rk[AE — A, B]is full for all A € C,

I-controllable ifft rk[E, ASw, B] is full,
where S, spans the kernel of F,

strongly controllable iff the system is R-controllable and I-controllable.
We stress that these algebraic characterizations are sometimes misleading in
the literature, since it is sometimes assumed that the rank of [E, B] is full
and sometimes not.
It follows that if system (1.1) is square and time-invariant (thus, in particular,
[ =n), then system (1.1) is I-controllable if and only if n—(d+a+~v+ f) = 0.
The constants a,d, f,7y are defined in Theorem 2.1(ii). I-controllability is
related to regularization and index reduction; i.e., in particular it is needed
to avoid impulsive solutions in the case of nondifferentiable input functions.
In our framework this concept is not relevant.
(ii) If the descriptor system (1.2) is time-varying, then [12, Def. 3.1] is new; see
[5, 22, 18] for a discussion of different controllability concepts for time-varying
descriptor systems.
(iii) For time-invariant state-space systems, i.e. (1.1) with E = I,,, the algebraic
conditions can be checked numerically via the Staircase Algorithm of [24]. In
a similar fashion Lemma 2.2 may be used to check controllability for time-
varying systems.
(iv) For time-invariant systems (1.2), [12, Def. 3.1] corresponds to the concept of
R-controllability. This follows from Theorem 3.1 below. 0
Theorem 2.1 and Lemma 2.2 put us in a position to characterize controllability of
time-varying descriptor systems (1.2).
THEOREM 3.1. Consider a time-varying descriptor system (1.2) and assume that
R(D) has full row rank over M[D]. Consider the condensed form (2.6) and o as
defined in (2.7). Set, for notational convenience,

G(t) = All(t>7 S(t) = [Alg(t)7 A14<t), Bm(t)], U(t) = [l‘g(t)T, $4(t)T, UQ(t)T]T .

Then the following conditions are equivalent:
(i) (1.2) is locally controllable almost everywhere.
(ii) R(D) is right invertible over MID].
(iii) (2.3), respectively (2.4), is locally controllable almost everywhere.
(iv) R(D) := [0DI; — G, S] is right invertible over M[D].
v) In the staircase form (2.11) of the pair [DIy — G, S|, the lower block is not
present; i.e., ng = 0.
(vi) There exists a discrete set T C R such that for every

0 1 )
[%},[i%}& kery R

v
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and for every open interval I C R\T and all ty € 1, there exists t1 > to, t1 € 1,
and [z7 v € kery R, such that

z1(t) { iggg } ift € (—oo,to) NR\ T,
[ u(t) ] N [ﬁgﬂ it € [t1,00) AR\ T.

Proof.

(i) & (ii): This is proved in [12, Prop. 3.6].

(ii) < (iil): The equivalence of local controllability almost everywhere of (1.2)
and (2.4), respectively (1.1) and (2.6), follows from (2.3) by invoking orthogonality of
U25 ‘/27 VV’ Z.

(ii) < (iv): By (2.5), there exist invertible matrices U e MUHP)x1+p) ¢
Mvtmp)x(ntm+p) oo that, (1.1) is related to (2.6) in the form (1.2) by the transfor—
mation

ED-A —-B 0

R

oDI; — A 0 —Aj3 —Ay 0 0 —Bis 0 0 7

0 3, 0 0 0 0 —DBy 0 0

Az 0 0 0 0 -%, 0 0 0

(3.1) = 0 0 0 0 -3 0 0 0 0

0(1—1)xd 0 0 0 0 0 0 0 0

0 0 —oX, 0 0 0 —Fi, ol, 0
| —Co 0 0 0 0 0 —Fpn 0 ol ]

The right-hand side is right invertible if and only if ] —v =1l —-d—-a—~vy—f =0
(which is a consequence of the full row rank assumption) and [cDI; — G, S] is right
invertible over M[D].

(iv) & (v): By Lemma 2.2 there exist orthogonal matrices P and @ so that
PloDI; — G, S|[ 5 &1 is of the staircase form (2.11). Note that o does not affect
the staircase form. Now the equivalence (iv) < (v) follows immediately since B; and
Am‘—l are invertible over M for i =1,...,s — 1.

(ii) < (vi): This equivalence follows readlly from [12, Def. 3.1] and from (3.1),
since the set of zeros and poles of the coefficients of U and V is a discrete set. O

Note that the assumption that (1.2) has full row rank over M[D] is equivalent to
l—d—a—~—f=0in (2.6).

Note further that the characterization in Theorem 3.1(ii) does not require a rein-
terpretation of variables as is done in [4]. Moreover, in contrast to the case of con-
trollability of state space systems, here u;(+) in (1.1) is not a “free input” variable.

For standard time-invariant state space systems (i.e., F = I,), the right invert-
ibility of R(D) in Theorem 3.1 is derived differently in [21, Thm. 5.2.10].

Remark 3. For time-varying systems (1.1) with E = I,,, i.e., state space systems,
it is well known that controllability of the system yields that it can be controlled in an
arbitrary short time. The interval I in [12, Def. 3.1] can be replaced by any arbitrary
short open interval T C I. This also holds true for descriptor systems (1.2), since
R(D) in Theorem 3.1(iv) can be viewed locally as a state space system, namely, at
those ¢ € R where o(t) # 0; note that the zeros of o are a discrete set. An alternative
and constructive proof is given in [12, Thm. 3.3] for general systems of the form

R($)w=0. ul
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Ezample 3.

(i) R(D) = [t?D + 1,1] has right inverse [0,1]7, and hence, by Theorem 3.1,
R(&$)w = 0 is controllable.

(ii) Revisit the linearized model (2.13) of the three-link constrained mobile manip-
ulator. In Example 2 it is shown that (2.13) is equivalent to (2.11). Rewriting
(2.11) in the form (1.2) and invoking that Mas is invertible over M and F} is
nonsingular, it is easy to see that the corresponding R(D) is right invertible.

Therefore, by Theorem 3.1, the linearized model (2.13) is controllable. a

4. Observability and autonomous behavior. In [12, sect. 4], the concept of
autonomous behavior ker®'*R also has been introduced, and it has been shown that
the behavior of a system (1.2) (and hence also of (1.1)) can be decomposed into the
direct sum of a controllable and an autonomous behavior. It also immediately follows
from the results in [12] that an autonomous behavior ker?"*R of the system (1.2)
is invariant under all transformations (2.1), (2.2), (2.4), (2.10). Loosely speaking,
an autonomous behavior consists of those solutions which are uniquely determined if
they are known on an arbitrarily small open interval. For systems (1.2) we have to
cope with the problem of finite escape time.

Ezample 4. Consider a time-varying state space system (1.2) with £ = I,,. By
[14] there exists T € A™*™ invertible over A so that the coordinate transformation
z := T~ 'z converts (1.1) into

Fgal) = Au®z®) + Awnp®)zt) + Bi(hu),
(4.1) don(t) = Az (t)22(1),
y(t) = Ci(t)zi(t) + Ca(t)ze(t)  + F(t)u(t),

with all matrices real analytic of conforming formats, and controllable subsystem
L21(t) = A1 (t)z1(t) + Bi(t)u(t). Since (4.1) is a state space system, finite escape
time does not occur and the controllable and autonomous subspaces can be described
globally. Set

R(D) = 0 DI - AQQ 0 0
-4 —Cy -F -,
Then, for all t € R,
ker®™ R = {w = [T 2F uT, yT)T e C°(R,RTmHP)) ’ R(%)w =0 A 29 = O}

and

~ B i = =
kertautR = {w - [2?7 ng UT7 yT]T € C™® (R,R(n—i-m-i-p)) f(:dto)wz2 27142212 2207 }

is an autonomous behavior, and, hence, in the original coordinates, we have

) 0
0 Im+17

T) 0

contr .
kery""" R = { 0 Iy

] ker®™ R @ { ] ker{™R  VteR.

Remark 4. Consider a time-varying descriptor system (1.1) in the condensed form
(2.6). If (2.6) were controllable, then ker*R = {0} would be the only autonomous
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behavior of (2.6). To see this, note that x3,x4,us are free to choose and hence
cannot be a nonzero component of an autonomous behavior. Furthermore, since
[cDI;—G, S] is controllable by Theorem 3.1(iii), it follows that x; is uniquely (modulo
initial condition) determined by x5, 24, ug, and hence also not a nontrivial component
of an autonomous behavior. Finally, (2.6) yields that the remaining components
T3, X5, U1, Y1, Y2 are uniquely determined by x3, 24, uz, r1. This shows ker®™ R = {0}.

If (2.6) is not controllable but has a nontrivial uncontrollable subspace, then there
exists ker®™ R # {0} which is determined by the uncontrollable subspace as for state
space systems; see Example 4. 0

In [12] it has also been discussed how one behavior can be observed from another.
We refer to this paper for the definition of adjoints and observable behavior which
generalize well-known concepts of observability, such as for time-varying state space
systems (see, for example, [23]) and time-varying Rosenbrock systems (see [13]). It has
also been shown that local observability and local controllability are dual concepts.

An application of [12, Thms. 5.5 and 5.6] to descriptor systems (1.2) yields the
following result.

THEOREM 4.1. Consider a descriptor system (1.2) with R(D) = [R1(D), Ra(D)]
partitioned as

- [#24], w-[ 2 5]

Then the following are equivalent:
(i) The trajectory x is locally observable from (u,y) almost everywhere.
(ii) Ry1(D) is left invertible over M[D].
(iii) The matriz

O’Dfd~— All —A13 —12114
— A3z 0 0
(4.2) 0" E o
7071021 0 0

is left invertible over M[D], where the matrices in (4.2) are from the con-
densed form (2.4).
Proof. The equivalence (i)« (ii) follows from [12, Thms. 5.5 and 5.6]. To see
(ii)« (iii), note that left invertibility of Ry(D) is equivalent to

I O’DId 712111 0 7/113 7/114 0
0 -, 0 0 0
U 0 —As; 0 0 0 0
[X W }RQ(D)V = 0 0 0 0o -
0 0 0 0 0
0 0 -3, 0 0
—071Cy 0 0 0 0 |

being left invertible, where U, X, V, W are specified in Theorem 2.1(iii). Since [{ {]
and V are invertible over M, the latter holds true if and only if (4.2) is left invertible.
This completes the proof. 1]

Ezample 5. Consider again the linearized model (2.13) of the three-link con-
strained mobile manipulator. Suppose that the positions can be measured, corre-
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sponding to the additional equation

Z1
X2
[0 0 I, 00
(4.3) Y=lo o o 10|
T4
x5

In Example 2 we have shown that x; = 0 and x3 = 0 and thus 2; = 0 and 3 = 0,
and permuting the variables accordingly to (2.14), we obtain

€2
T4
0 0|0 0 0
(44) y{o 0010} 3
Ts5
T

Hence by Theorem 4.1, z is observable from (u,y) with respect to the system (2.13),
(4.3) or, equivalently, system (2.11), (4.4) if and only if

D-1 0 0 0 0
—Kos Moo D — Dog 0 0 0
— klg —ﬁlg 0 —FlT 0
(4.5) 0 0 )
0 0 —1I 0 0
0 0 0 0 0
o 0 0 0 0
is left invertible over M[D]. Since F} is invertible over M, (4.5) is left invertible if
and only if | D-1 9 ] is invertible over M[D]. Summarizing, x is observable
—Kaz M2z D—Da
from (u,v) almost everywhere if and only if Ky is invertible over M. d

5. Conclusion. We have introduced a general behavioral approach to linear de-
scriptor systems with real analytic coefficients. We have characterized autonomous,
controllable, and observable behavior and have generalized results on time-varying or-
dinary differential equations and on time-invariant linear algebraic-differential equa-
tions. The results have been illustrated by several examples, which demonstrates
that the approach also helps in understanding practical problems such as constrained
multibody systems.
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