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Abstract

We analyze controllability and observability conditions for second order descriptor
systems and show how the classical conditions for first order systems can be generalized
to this case. We show that performing a classical transformation to first order form may
destroy some controllability and observability properties. To avoid this, we will derive a
canonical form and new first order formulations that do not destroy the controllability
and observability properties. As an example, we demonstrate that the loss of impulse
controllability in constrained multi-body systems is due to the representation as first
order system.
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1 Introduction

We study linear second order constant coefficient descriptor control problems of
the form

Mi + Gi + Kz = Bu, (1)
Yy = Cu, (2)
2(0) = 20, #(0) = iy (3)

with coefficients M, G, K € R™", C' € RP", and B € R*™. Here R™’ denotes the
vector space of n x ¢ real matrices, = is the state, u the input or control, and y
the output of the system. In particular, we study descriptor systems, where the
matrix M is singular and despite the fact that formally & and & occur in (1), we
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require that & only has to exist outside the kernel of M and that & has to exist
outside the kernel of G.

All the results in this paper also carry over to the complex case, and they
can also be easily extended to systems of higher than second order, but for ease
of notation and because this is the most important case in practice, we restrict
ourselves to the real second order case.

In the following we denote by I or I, the identity matrix of size n x n and by
AT the transpose of a matrix A. We denote a matrix with orthonormal columns
spanning the right nullspace of the matrix M by S, (M) and a matrix with or-
thonormal columns spanning the left nullspace of M by T,,(M). These matrices
are not uniquely determined although the corresponding spaces are. Neverthe-
less, for simplicity, we speak of these matrices as the corresponding spaces.

Second order descriptor systems arise in the control of constrained mechanical
systems, see e.g. [14, 19, 23, 36, 38, 39, 40], in the control of electrical and
electromechanical systems [2, 3], and in particular in heterogeneous systems,
where different models are coupled together [37].

Usually, in the classical theory of ordinary differential equations and classical
state space systems, (i.e. descriptor systems where the leading coefficient is the
identity), second order systems are turned into first order systems by introducing
new variables for the first derivative. This gives rise to linear first order descriptor
(or generalized state-space) systems of the form

E¢ = A¢+ Biu, (4)
y = ¢, (5)
£€0) = &. (6)

Let us briefly recall some results for first order descriptor systems, see e.g. [4,
9, 12, 44]. In contrast to classical state space systems, where F = I, the response
of a descriptor system can have impulsive modes [10, 18, 43] if the input function
u is not sufficiently smooth. For this reason often the system is considered in the
distributional setting, which would mean that in (4) an impulsive term §FExg is
added. But here we are interested only in classical solutions in the sense that Mi
and Gi exist, and we explicitely want to avoid impulsive terms in the solution,
and thus we do not use this formulation.

The response of system (4) can be described in terms of the eigenstructure
of the matrix pencil aF — fA. The pencil and the corresponding system (4)—(5)
are said to be regular if det(aFE — 3A) # 0 for some (a, 3) € C2. Regular systems
are solvable in the sense that (4) admits a classical solution ¢ : R — R” with &
differentiable in the image of F for all sufficiently smooth controls v and consistent
initial conditions &, [9, 12, 44].

For regular pencils, generalized eigenvalues are the pairs (o, 3) € C%\ {(0,0)}
for which det(aF — 3A) = 0. If § # 0, then the pair represents the finite eigenvalue
A=a/p. If =0, then («, 3) represents an “infinite” eigenvalue. In the following,
for simplicity, we use the notation with .

The solution and many properties of the free descriptor system (with u=10)
can be characterized in terms of the Weierstrafl canonical form (WCF) for regular
matrix pencils.



Theorem 1 [16] If A\E — A is a regular pencil, then there exist nonsingular matri-
ces X = [ X, Xoo ] eER™ and Y = [ Y, Yo } € R™™ for which

\ & (1 0
and . )
Y J 0
YTAX:[YOZ}A[XT Xoo]:_o I], (8)

where J is a matrir in Jordan canonical form whose diagonal elements are the
finite eigenvalues of the pencil and N is a nilpotent matriz, also in Jordan form.
J and N are unique up to permutation of Jordan blocks. [

Usually, the index of nilpotency v of the nilpotent matrix N in (7) is called
the differentiation index or index of the system and if E is nonsingular, then
the pencil is said to be of index zero. In recent years the theory of descriptor
systems has been extended to rectangular, time varying and even nonlinear sys-
tems and different index concepts, in particular the strangeness index, have been
introduced, see [30] for a recent textbook. The strangeness index generalizes the
index of a linear descriptor system to over- and underdetermined linear and non-
linear systems and it uses a slightly different counting, i.e., systems of the form
(4) with an index of at most one have a strangeness-index zero and are called
strangeness-free. For all other systems where the differentiaon index is defined
it is the strangeness index plus 1. Since we restrict ourselves to square systems,
we will only use the differentiation index v and call it the index of the system.

In the notation of (7)—(8), classical solutions of (4) take the form

E(t) = Xpz1(t) + Xooza(t),
where

s = Ja+Y B, 9)
Nzy = ZQ—FYozBl’LL.

This system admits the explicit solution

t
21(t) = ethl(to)—i-/ e =)y T Blu(s) ds,
to
v—1 dl ‘
2(t) = _Z@(N’Yo{Blu(t)), (10)

where v is the index of the system. Equation (10) shows that for regular systems
that are not of index at most one, in order to have classical, continuous solutions,
the input u has to be sufficiently smooth and to ensure a smooth response for
every continuous input u, the system must be regular and of index at most one.
This property may, however, be achieved by feedback. If this is the case then the
system is said to be regularizable.



Equation (10) also shows that the initial condition & is restricted. For a given
input function u, the set of consistent initial conditions is given by

S= {szl + X022

v—1 i
HER, =) (%(NZYOZBW)(O)> } . (11)

=0

The set R of reachable states or reachable set of (4) from the set S of consistent
initial conditions is S itself [44].

Coming back to second order descriptor systems and their first order repre-
sentations, one should note first that there is no unique way of performing this
transformation to first order, see [33] for large vector spaces of first order for-
mulations in the context of eigenvalue problems. As a consequence, the solution
space and the set of admissible controls may be different for different first order
formulations. This has recently been shown in the context of the numerical solu-
tion of higher order differential-algebraic systems [35, 41]. There, it also has been
demonstrated that the classical first order formulations may even lead to false
results if certain smoothness conditions are not met or if the initial conditions
are not chosen properly.

Let us illustrate these difficulties with the well-known example of mechanical
multibody systems.

Example 2 Consider a simplified, linearized model of a two-dimensional, three-link mobile
manipulator [22]. The Lagrangian equations of motion in its linearized form are given by a
linear second order system

Mys + Goz + Koz = Bou— Hl¢,
Hyz = 0,
where M, represents the nonsingular mass matrix, Gy the coefficient matrix associated with

damping, centrifugal, gravity and Coriolis forces, Ky the stiffness matrix and Hy the con-
straint, whereas ¢ is a vector of Lagrange multipliers.

Setting = = { il } = [ ;) }, and adding an output equation
2

y=Cz= [ Cy O]ar,
we obtain a descriptor system of the form (1)—(2) given by
My 01 . Gy 0] . K, HY [ By
[o O]JH[O O}er[Ho o | = o™
Yy = [ C() 0 ]$

If one would follow the usual approach for ordinary differential equations then one would
introduce a new state vector, often called descriptor vector,
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Under the usual assumptions that My is invertible and that Hy has full row rank, it is easy

to check that the resulting descriptor system has blocks of size 4 in the Weierstra3 form

associated with the eigenvalue co and thus an index v = 4. It follows that the input functions

have to be at least three times continuously differentiable to obtain a continuous solution.
As a simple example consider the system

1 0. 1 0. 1 1 1
[00]x+[00}$+[10]$—[0}u (12)
which has the structure of a constrained and damped mechanical system. The classical first
order version yields

10 00 1 0 11
00 00 0 0 10
E= 001 0| A= -1 0 00
0 001 0 -1 0 0
A transformation (E, A) = P(E, A)Q with
0 0 0 -1 0 0 -1 -1
-1 1 -1 0 1 0 0 0
P= o -1 1 o0 |’ @= 0 0 0 1
1 0 0 0 -1 0 O
yields the Weierstrafl canonical form
0 1 ’ 0 0 10 ‘ 0 0
o 0 01 0 0 1(0 0
(B,4) = 0 0|0 1|10 0|1 O ’
0 0]0 O 0 0/0 1

which consists only of one block associated with the eigenvalue oo of size 4.

This classical approach, however, is usually not taken in practice, since on one hand it
would introduce the unnecessary derivative of the Lagrange multiplier ¢, which may not be
differentiable and also this approach would require extra initial values associated with (ﬁ(to)
which usually are not available. In practice, one therefore uses the knowledge about the
structure of the system and introduces the reduced descriptor vector

&1 z
=& |=| =
3 ¢
In this way one obtains a first order descriptor system of the form
My 0 0| -Gy —-Ko —HF By
0 0 0 |&= 0 —Hy 0 E+ | 0 |u, (13)
0 I 0 I 0 0 0

y=[0 Co 0]¢

which has index v = 3.



For the simple system (12) the first order formulation (13) has

100 -1 -1 -1
E=]1000],A= 0 -1 0
010 1 0 0

If we use the transformation (E, A) = P(E, A)Q with

-1 0 0 0 -1 0
P=| 00 -1],Q=|0 o0 -1],
01 0 1 1 1

then we obtain the Weierstrafl canoniocal form

o 010 100
(B,Ay=1|l0o o0 1,010
000 00 1

which has only one block of size 3.

From this example we see that different first order formulation lead to differ-
ent index and therefore to different differentiabilty requirements for the input
functions u which we assume to be at least piecewise continuous functions.

But there is a second difficulty which both first order formulations in Ex-
ample 2 share, that is connected to the controllability and observability of the
descriptor system and its first order formulations.

To describe this second difficulty we return again to our review of results for
first order descriptor systems (4)—(5). Typically one or more of the following
conditions are essential for most classical control design aims.

CO0: rank[aE — BA, Bi] =n for all (o, 3) € C2\ {(0,0)};
C1l: rank[]AE — A, B;]=n for all A € C; (14)
C2: rank[E, AS«(E), Bi] =n.

A regular first order descriptor system is called completely controllable or C-
controllable if CO holds [44] and controllable in the reachable set or R-controllable
if condition C1 holds. The system is called strongly controllable or S-controllable,
if C1 and C2 hold [5]. C-controllability ensures that for any given initial and final
states &g, {; there exists a piecewise continuous control u that transfers the system
from & to & in finite time [44], while S-controllability ensures the same for any
given initial and final states in the reachable set, i.e. &), {; € R. Systems that
satisfy Condition C2 are called controllable at infinity, impulse controllable, or
I-controllable [11, 27, 43]. For these systems, impulsive modes that arise from a
high index of (E, A) can be avoided by a suitable linear feedback, see [4, 5]. It
has been shown in [12] that a first order descriptor system is C-controllable if
and only if it is R-controllable and rank[ E B ] = n. To have S-controllability,
however, the condition that rank[ E B ] = n is not needed as the following
example shows.



Example 3 Consider the artificial example

0 0 i 01 -t 0 "

0 0 100 1
The associated pencil (E,A) is mnot regular but obviously the system is I-
controllable, since a piecewise continuous input does not lead to impulsive be-

haviour. It is also easy to verify that the system is R- and S-controllable but not
C-controllable.

Observability for descriptor systems is the dual of controllability. Consider
the following conditions:

00: rank aEC— pa ] =n for all (a,8) € C*\ {(0,0)};
1
[ AE - A
O1: rank e ] =n for all A € C; (15)
[ E
02: rank | TL(E)A | =n.
L G

A regular descriptor system is called completely observable or C-observable if
condition OO0 holds, observable in the reachable set or R-observable if condition
02 holds and strongly observable or S-observable if conditions O1 and O2 hold.
A system that satisfies condition O2 is called observable at infinity, impulse-
observable or I-observable. Analogous to the controllable case a system is C-

E
o ] =n, see [12].

Note that the conditions (14) are preserved under equivalence transformations
of the system and under state and output feedback. Analogous properties hold
for (15).

Classical design approaches in control require the system to be at least S-
controllable and S-observable, see [12, 30, 34]. But it is well-known that in
many practical examples, e.g. in the context of constrained mechanical systems,
the resulting system in neither of the first order formulations as described in
Example 2 is I-controllable and /-observable.

observable if and only if it is R-observable and rank [

Example 4 Consider the first order formulation (13) in Example 2 with

My 0 0 -Gy —-Ko —HI By
E=| 0 00}, A= 0 —Hy O ,Bi=| 0 |,Ci=[0 Cy 0].
0 I 0 I 0 0 0
Here we immediately see that
My 0 0 —HI By
[ E ASw(E) Bi]=| 0 00 0 0
0 I 0 0 0



does not have full row rank if constraints are present, and hence the system is not I-
controllable. Similarly,

Mg 0O O

E 0 0 0

TEEYA | = 0 I 0

Cq 0 —Hop O

0 Co O
does not have full column rank either, i.e. the system is not [-observable. Furthermore,
neither [ E B ] has full row rank, nor CE } has full column rank and hence the system

1

is neither C-controllable nor C-observable.

It should be noted that a first order system that is regular and of index
at most one is always I-controllable, since already rank[E, AS.(F)] is full, which
follows directly from the Weierstraf3 canonical form.

Since the conditions of I-controllability and I-observability are so important, it
has been discussed for the first order case in [6] for linear systems with constant
coefficients and in [7, 26, 29, 31] for linear variable coefficient and nonlinear
systems (see also [30]), how systems that are not I-controllable can be modified
either by index reduction or by feedback to have this property. It has also been
argued in [6] that if the system is not I-observable, then the modeling of the
system should be reconsidered, since this means that impulsive modes may arise
within the system but are not observed.

In view of all these difficulties it is a natural question to ask whether the choice
of the first order formulation may be the reason for the described difficulties with
the I-controllability and I-observability. To analyze this question is the topic of
the present paper which is organized as follows.

In Section 2 we derive normal forms that allow to check the controllability
and observability conditions and the construction of adequate first order formu-
lations. In Sections 3 and 4 we then derive the controllability and observability
conditions for second order systems analogous to C0, C1, C2 and O1, O2, O3.
We demonstrate that we can always find first order formulations which are guar-
anteed to be I-controllable and I-observable, so that the described difficulties can
be avoided. We finish with some conclusions.

2 Normal forms

In this section we will discuss partial normal forms for matrix triples. The general
results for matrix tuples can be found in [35].

Definition 5 Two second order descriptor systems of the form (1) with system
matrices (M,G,K,B) and (M,G, K, B) are called strongly equivalent if there exist
nonsingular matrices P € R™", () € R™" and V € R™™ such that

M =PMQ, G=PGQ, K = PKQ, B= PBV. (16)

A~

We write (M,G,K,B) ~ (M,G, K, B).



Canonical forms under strong equivalence are only known for the case of ma-
trix pairs, giving the Weierstrafl and Kronecker canonical forms, [15, 16]. For
matrix triples or larger tuples such canonical forms are not known. Condensed
forms which present partial information about the invariants associated with the
eigenvalue oo and the singular chains have recently been given in [35]. We will
recall and extend these results below.

Another class of equivalence transformations that is studied in matrix poly-
nomials are unimodular transformations such as adding the \a multiple of one
row to another (or the same for columns) without increasing the degree of the
polynomial. The analogue of these transformations in the context of descriptor
systems is well studied [30] and has been discussed in the context of higher order
systems in [35]. We reformulate these transformations using the concept of dif-
ferential polynomials, see e.g. [25]. Let R[D;] be the set of i-th order differential
polynomials with coefficients in R, i.e.

2 ]

d
+...4a—|a€R, k=0,1,...,i}.

d d
R[D;] :={ao + a1— + a2 g

e de?
Since we do not want to increase the order of the polynomial, we consider only
the following restricted transformations.

Definition 6 Systems Mi + Gz + Kx = Bu and Mi + Gi + Kz = Bu, with
M, G, K,M,G’,K € }R”’",B,B € R™™ are called order preserving unimodularily
equivalent, or opu-equivalent if there exists P € R[Dy|"™" with constant nonzero
determinant such that

P(Mi + Gi + K& — Bu) = Mi + Gi + K2z — Bu.

The concept of opu-equivalence requires that the order of differentiation in z,u
does not increase. In Section 4 we will make use of analogous transformations
which do not increase the order of differentiation in z but allow that derivatives
of the input function v are introduced. To distinguish these two types of transfor-
mations we call the latter ones state order preserving unimodularily equivalences,
or sopu-equivalences.

We will also discuss the following type of feedbacks.

Definition 7 Systems Mi + G + Ko = Bu and M% + Gi + Kz = Bi are called
equivalent under proportional feedback if there exists a matrixz Fy of appropriate
dimension such that K = K + BFy.

They are called equivalent under first order derivative feedback if there exists a
matrix F1 of appropriate dimension such that G =G + BFy.

After introducing the definitions, we now describe a condensed form under
strong equivalence.

Theorem 8 Consider the system (1). Then there exist nonsingular matrices
P,Q € R™" such that the coefficients in the transformed system

Mi + Gt + Ki — Bu= PMQi + PGQi# + PKQ# — PBu (17)



that is obtained by setting v = QT have the following form

Ty01,2) 0 0 0O 0 0 00 0 0 x % 0 0 *x x
0 L2 0 0O 0 0 00 0 0 * % 0 0 * x
0 0 I 0,2 0O 0 0 0 O 0 0 * % 0 0 * =
0 0 0 Ij2» 0 0 0 O 0 0 x % 0 0 *x x
0 0 0 0O 0 0 0 0 0 0 0 * I, o 0 0 0
0 0 0 0 0 0 00 0 0 0 0 0 Iyay 0 0
0 0 0 0O 0 0 0 0], I 012 0 0 0 0 0O 0 0],
0 0 0 0O 0 0 00 0 I.a2y 0 O 0 0 00
0 0 0 0O 0 0 00 0 0 0 0 0 0 00
0 0 0 0O 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0O 0 0 0O 0 0 0 0 0 0 00
0 0 0 0O 0 0 0O 0 0 0 0 0 0 00
| 0 0 0 0o 00O0O0Of [ O 0 0 0 0 0 0 0 |
[0 x 0 % 0 % 0 x| By
0 + 0 % 0 % 0 =% By
0 * 0 * 0 * 0 =% Bi3
0 * 0 * 0 * 0 = 1?4
0 * 0 * 0 * 0 =% Bs
0 * 0 * 0 * 0 x Bg
0 * 0 * 0 x 0 x| B , (18)
0 * 0 * 0 * 0 x Bs
0 0 0 0 0 0 I, O By
0 0 0 0 I,o,y 0 0 O Bio
0 0 I, 2 O 0 0 0 0 Buy
T012 0 0 0 0 0 0 0 B
0 0 0 0 0 0 00 212
- - | Bz |

where (012 5(12) 502) 0.1 ) q1) ¢ gnd v are nonnegative integers and the
blocks denoted by * are not specified

Proof. This result follows directly from Theorem 12 in [35] with f = Bu. [
Based on Theorem 8 we can then show the following result.

Theorem 9 Consider system (1)—(2). Then there exists a sequence of strong and
opu-equivalence transformations such that the transformed system

Mi+ Gi+ Ki = Ba

has the form

>
>
>
>

(1 0 0 0] [ G 0 Gz 0] Ky Ky Kiz 0 B
0 0 0 O 0 I 0 0 K21 K22 K23 0 BQ
000 O0/|-: Gy 0 0 0]: K31 K3» Ks3 0| . Bs | .

T + T + N ~ N T = ~ u,
000 0 0 0 0 0 Ky Kio Ky 0 By
0000 0 0 0 0 0 0 0 0 Bs
L0 0 0 0| . 0 0 0 0] 0 0 0 I 0
y=[C1 Gy C3 Cy]é,

10



where

T

AT AT
L

T
L3 Ty

37 1"

&= :

and, furthermore, Bg,B4 and B; have full row rank.

Proof. A detailed constructive proof is given in Appendix A. O

Theorem 10 Consider system (1)—(2). Then there exists a sequence of strong
and opu-equivalence transformations, as well as proportional feedbacks and first
order derivative feedbacks such that the transformed system

Mi+ Gi+ Ki = Ba

has the form

I 000 711 0 Gz 0 Ky K Kiz 0 By
0000]:= 0 I 0 0]: Koy Koy Koz 0 |. | By | .
o000l 0o 0 0o ol 0o o o ol |5 |"
00 0 O 0O O 0 o0 0 0 0 I 0
y=[C1 Cy C3 Cy i, (19)
where .
QAU:[iflT fng fng 554T] ,

and Bs has full row rank.
Proof. A detailed constructive proof is given in Appendix B. [

Remark 11 It should be noted that even though the proofs to Theorems 9 and 10
as well as that of the condensed form (18) are constructive, see [32, 35] in gen-
eral, they cannot be implemented in a numerically reliable way. As an alternative
way, for matrix pencils, staircase algorithms have been constructured that deter-
mine the structural information in the condensed forms via orthogonal transfor-
mations, see e.g. [13, 42].

We can use the normal form (19) to derive a first order formulation which, as
we will show later, avoids the difficulties of other first order formulations.

Corollary 12 Consider system (1)—(2). Then there exists a bijective map between
the solutions of (1) and the components &,. .., & of the first order system E{ =
A€ 4+ Byia given by

I1Gin 0 Giz 0 0| -Kiy —Kia —Kiz 0 By
o0 I 0 0] 0| —Ko1 —Koy —Ko3 0 By
0| 0 0 0 O0]éE=]0] 0 0 0 0 |&+| By |4,
0 0 0 0 O 0 0 0 0 —TI 0
0] I 0 0 0 I 0 0 0 0 0
y=[0 C Oy C3 Cy]¢& (20)

11



where Bs has full row rank,
T 2 X A .
¢=[d & & & & =[af o & 25 i
and & = [ 21 21 21 2l ]T is a solution of (19).
Furthermore, the first order system (20) is I-controllable.

Proof. By solving for & in the last block row of (20) we obtain (19) which is
equivalent to (1)—(2).

The I-controllability of (20) follows immediately from the definition, since in
this case

I Gii 0 Giz 0 —Ki3 0 3;1
0 0 I 0 0|—Ky 0 |B
[E,ASw(E),B]=10 0 0 0 0| 0 0 | Bs
00 0 0 0] 0 —I|0
(0 I 0 0 0[-Giz 0]0 |

has full rank. 0O

Remark 13 The bijectivity of the map in Corollary 12 follows from the fact that
strong equivalence transformations form a bijection and that the linear combina-
tion of derivatives of equations that do contain the output (opu-equivalence) does
not change the solution sets of classical solutions.

If the system is considered in the distributional setting, then one has to be
careful with opu-equivalences, since then the impulse-order may change but the
smooth parts of the solution are still mapped in a bijective way. See [17, 30] for
a detailed discussion of this issue.

Let us illustrate these results with some examples.

Example 14 Consider the artificial second order descriptor system (1) with

0 1 0 0 1
wewa[3 1o 2o 1]

Since this is in fact a first order system, we can check its I-controllability using
condition C2 with £ =G, A= —K, By = B and see that

rank [ E AS.(F) B]:rank[g (1)‘—01‘3]:2

But if we perform the classical transformation to first order, then we obtain

00}10 0
. 0 0|0 1 - 0
E= 000—1’B_T
-1 00 © 0
In this case
1 00 0|1 o010
01 00[0 1]0
[EASW(E)B]:oooooql’
00000 010



does not have full row rank and hence the system is not I-controllable.

In this system we can easily reduce the classical first order formulation to one
which is I-controllable by carrying out an index reduction procedure on the first
order formulation.

The previous example seems artificial but a similar phenomenon arises for
constrained mechanical systems.

Example 15 Consider again the system (12). The first order version (13) yields

1 00 -1 -1 -1 1
E=|(000]|, A= 0 -1 0 |, Bi=]|0],
010 1 0 0 0

which is obviously not I-controllable.
If, however, we use the construction to the normal form (19), then we obtain
a system with
M=0 G=0, K=K, B=B,

and this system is I-controllable.

We see from these examples that the choice of the first order formulation is
important. While the classical first order formulation of the system may not be
I-controllable, the normal form (19) allows to obtain a first order formulation
that is I-controllable.

Remark 16 A natural question that arises is whether we could not just formally
first introduce a first order formulation and then perform index reduction via
transformation to normal form, including opu-equivalence transformations. This
is indeed possible if the original triple is regular, i.e., det(\2M + G+ K) # 0, since
it is then known that the length of chains associated with the eigenvalue oo is
kept invariant under the classical companion formulation [20]. This is not true
any longer if det(\2M + \G + K) vanishes identically as the following example of
[8] shows. For the singular matriz polynomial

r=[ Y10

the right nullspace is x(\) = ex which creates a chain of length 1 and the left
nullspace is y(\) = [ —1 A2+ ] which gives yg = —e1, y1 = €3, Yo = ey and thus
the chain has length 3.

Considering the first companion linearization, we get

10‘00 10‘00
0 0/0 O 0 0|1 0
V=X —oTT 0| | =T 0l0 0

0 0/0 1 0 —1(0 0

13



The right and left nullspace vector-polynomials are

0 1
A 22—\
1 0

and clearly the right chain does not have the same length as in the original matrix
polynomial.

Furthermore, performing a first order formulation first may substantially
change the sensitivity of the problem, in particular when computing the index
reduction, see [35] for an illustrative example.

Thus it is generally preferable to perform index reductions and reformulations
on the original data which is the second order pencil.

In the next section we will show how we can use the condensed forms of this
section to check the different controllability and observability conditions directly
for second order systems and how to derive first order formulations that preserve
these conditions.

3 Controllability for second order systems

For a descriptor system (1)—(3), the following definitions extend the concepts of
C-controllability and C-observability to second order descriptor systems.

Definition 17 Consider a system as in (1)—(3). A set R CR" is called reachable
from xzg, 20, if for every x; € R there exists a piecewise continuous input function
u that transfers the system in finite time from x(to) = x¢ to xy.

A set R C R" x R" is called R2-reachable from z, o, if for every z;,iy € R
there exists a piecewise continuous input function u that transfers the system in
finite time from x(ty) = xo, ©(to) = <o to x¢,&r. The system is called

i) C-controllable if for any xo and iy and any vy € R", there exist a time t; and
a piecewise continuous input function u : [to,t7] — R™ such that x(t;) = xy;

1) strongly C2-controllable, if for any xo, 0 and any z;,i5 € R", there exist a
time t; and a piecewise continuous input function u : [to,t;] — R™ such that

x(ty) = xyp, @(tf) = 2y;

141) R-controllable if any state x; in the reachable set R can be reached from
any admissible xg, oo tn finite time;

1w) R2-controllable if any state and derivative (xy,is) in the R2-reachable set
can be reached from any admissible zg, o in finite time.

Using the normal form (19) we may variation of C2-controllability, which is better
adapted to the problem.
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Definition 18 A system in normal form (19) is called C2-controllable, if for any
#(0),21(0) and any iy € R", & ; € RI™@)  there exists a time ty and a piecewise
continuous input function u : [ty,tf] — R™ such that &(t;) = Ty, &(ty) = T1 5.

We immediately see that a strongly C2-controllable second order descriptor
system is also C2-controllable, a C2-controllable second order descriptor system
is also C-controllable and that an R2-controllable second order descriptor system
is also R-controllable.

For the analysis of controllability conditions let us first discuss the case that M
is invertible, i.e. we have an implicitely defined second order ordinary differential
equation. Then it is known that C-controllability is equivalent to C2-, strong C2-,
R2- and R-controllability and all five are characterized by the Hautus criterion
[1, 24],

rank [ MM +AG+K B |=n, forall A€ o(M, G, K), (21)

where o(M,G, K) denotes the spectrum of the matrix polynomial P(\) = \2M +
AG + K, i.e. the roots of det P()\).

Strong C2-controllability and R2-controllability is trivially characterized via
the classical (companion) first order form.

Corollary 19 Consider a second order descriptor system (1) and its classical
(companion) first order form

¥ ) e8]

i) System (1) is strongly C2-controllable if and only if (22) is C-controllable.
1) System (1) is R2-controllable if and only if (22) is R-controllable.

To characterize the other controllability conditions for second order descriptor
systems, we make use of the condensed forms of Section 2. From (19) we see that
for a consistent initial condition in the variables that occur only in first order
we can only prescribe initial values and not initial derivatives. This immediately
implies the following corollary.

Corollary 20 i) A second order system in normal form (19) is C2-controllable
if and only if the associated first order system (20) is C-controllable.

i1) A second order system in normal form (19) is R2-controllable if and only
if the associated first order system (20) is R-controllable.

We can illustrate the difference between strong C2-controllability and C2-
controllability by the following example.

Example 21 Consider the following C2-controllable second order system in nor-

mal form (19)
R HEEHE Ot
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The first order formulation given in Corollary 12 is given by

1o 0] TJoloo 1
0[0 1 |é={0[1 0[&+]0]u
0[1 0 10 0 0

This system is C-controllable, since

a 0 O0]1
rank [ aE—BA By |=| 0 -8 a|0 | =3 forall (a,3) € C?\{(0,0)}.
-6 a 010

But the classical first order formulation

0 0 0 O 1
|0 110} |o0
Tl =T o0lo oo |"
0O —-1]0 O 0
18 not C-controllable
a 0 0 0]1
rank [ oF — §A By | = 2 _OB g 8 8 24 for B=0
0 B 0 «a|O0

and hence the original system is not strongly C2-controllable. It is easily checked
that both first order formulations are R-controllable.

In order to study I-controllability we will make use of different types of feed-
back.

Definition 22 Consider a second order descriptor system (1)—(2).

i) The system is called proportionally I-controllable if there exists a state
feedback u = 1 — Fyx such that the closed loop system with the coefficients
(M,G, K + BFy) is regular and of index at most one.

i1) The system is called differentially I-controllable if there exists a first order
derivative feedback u = 4—Fii such that the closed loop system (M,G+BF, K)
is regular and of index at most one.

111) The system is called proportionally and differentially I-controllable or just I-
controllable if there exist a proportional and a first order derivative feedback
u = U — For — Fi& such that the closed loop system (M,G + BF,,K + BFy) is
reqular and of index at most one.

It is straightforward to show that strong equivalence transformations preserve
all types of controllability for second order descriptor systems.

The same is true for proportional and first order derivative feedback. On
the other hand opu-equivalence transformations preserve C-, C2- and strong C2-
controllability as well as R- and R2-controllability but may turn a system that is
not I-controllable into one that is I-controllable.
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Example 23 Consider the first order descriptor system (4) given by

10 0] 0 0O 1
00 O0([&E+]0 1 01 E=|1|uw.
0 00 1 00 0
The system ts not I-controllable, since
10 0j0 0|1
rank [ E AS.(E) By |=rank |0 0 0|1 0|1 | =2,
0 0 0|0 0]O0

but if we apply the opu-equivalence transformation of multiplying by

10
p=|01 o0 |,
00 1

from the left, then we obtain the I-controllable system

000 0 0O 1

00 0|é+l010fle=1]11u

000 1 00 0
As we will see below, a combination of opu-equivalence transformations and pro-
portional and first order derivative feedbacks together always allows to make
a second order system regular and of index at most one, which then implies
I-controllability. See also [30, 31] for similar results in the first order case.

In the following we derive algebraic characterizations for the different control-

lability conditions. We begin with systems in normal form (19).

Theorem 24 Consider a second order descriptor system (1) in normal form (19)
and let (20) be the first order system derived from this normal form.

i) The first order system (20) is R-controllable if the system matrices of the
normal form (19) satisfy (21).

1) System (20) is I-controllable.

111) System (20) is C-controllable if and only if it is R-controllable and the 4th
row in (19) is void.

Proof. Let n; be the size of the component ;. To see that i) holds, we observe
that (20) is R-controllable if and only if

M MG —Ki  —Kiw MNas—Kis 0 B

rank | 0 0 0 0 0 By |=n+mn,
0 0 0 0 -1 0
—1 =Y 0 0 0 0

17



and this is the case if and only if

0 —)\2I + )\G’u — Ku —Klg )\613 — Klg 0 Bl

rank | ( 0 0 0 0 By |=n+n,
0 0 0 0 -1 0
I 0 0 0 0 0

which holds if and only if

NI+ MG — K1 Kz MGiz—Kiz 0 B

rank — Ko M — Ko —Ko3 0 By | _ n.
0 0 0 0 Bs
0 0 0 —I 0

By comparison with (19) we see that this holds if and only if
rank [ ~NM+)G—-K B ] =n for all A € C, which proves the assertion.

ii) We first carry out a strong equivalence transformation by a change of basis
that eliminates Gy, Gi3, and turn (20) to the form

I 0 000 0 Kiu Ko Kizg 0 By
0 0 I 00]|. 0 Ko Koy Koz 0 By
00 00O0([é&+l0 0 0 0 0lé=|RB;|a
0 0 000 o 0 o0 0 I 0
0 -I 000 I Gu 0 Gz 0 0

This system is I-controllable if the matrix

I 0 000 Kig 0 By
0 0 I 00 Koy3 0 By
0 0 000 0 0 Bj
00 000 0 I 0
(0 =T 000 Gis 0 0 |

has full row rank. But this follows since Bg has full row rank.

iii) Since, see e.g. [4], a first order descriptor system is C-controllable if it
is R-controllable and [ E B ] has full row rank, we can just check this rank
condition. In the given case this matrix has the form

I G 0 Gi3 0 B
0 0 I 0 0 By
0 0 0 0 0 Bs]|,
0 0 0 0 0 0
0 -1 0 0 0 0

and since B; has full row rank, this matrix has full row rank if and only if the 4th
block row is void. Considering system (20), we see that this holds if and only if
the part &5 is void. But {5 = 24 and thus we have finished the proof. [
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Theorem 25 Consider a second order descriptor system (1) in normal form (19).
Then the 4th component &4 in (19) is void if and only if rank[ M G B ] =n.

Proof. From the proof of Theorem 10 we see that the component z, is void if
and only if there is no rank deficit in [ Bg E% Bﬂ B%; E% ]T, with Eg, R Bis
as in (18).

It remains to show that this is equivalent to rank [ M G B ] = n. Since this
rank is invariant under strong equivalence transformations, it remains to show
that rank[ M G B ] =nin (18) if and only if [ B Bf, B}, Bf, B ]T has
full row rank. But

rank[ M G

o
I

= rank

O O O O OO NO OO O oo
O O O OO NO OO OO oo
O O O OO OO O NOOOO
O O O O O OO NO OO OO

O O OO OO OO DO ¥ Xk Kk K

O O O O OO OO K Xk X KK

O OO OO OO OO K Xk Xk KX

O O OO OO OO DO ¥ X Kk K
L

= rank

O 0O 00000000 O~ND OO0 OO ~O
>Swgtboooooooo
o

T
O OO O O ODDODODDODODOO N OO0 OO OO O OO OO N
O OO O O ODODODOONODO OO OO OO OO NOO
O OO O O OO OONODODO OO0 OO0 O ~NO OO
S O O OO ONODODODOODO OO OO oo oo o oo
S O O OO NODODODODODOODO OO oo oo oo o oo
O O O DD O DDOONDODODODODODO O OO OO oo oo o oo
O OO DD O OO NODODODDODODOD OO O OO O oo o oo

[

and hence the assertion follows.

Theorem 26 Consider a second order descriptor system (1) and the correspond-
ing classical (companion) first order form (22). Then (22) is C-controllable if
and only if (1) is R2-controllable and rank[M, B] = n.

Proof. System (22) is C-controllable if and only if

aM — G —BK B

BI ol 0o |7

rank
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Setting 5 = 0 gives rank[M, B] = n and ( # 0 gives the R2-controllability condition.
0

Obviously, for a second order descriptor system (1), rank [ NM+)\G+K B ]
is invariant under strong equivalence transformations, proportional and first order
derivative feedback and opu-equivalence transformations. Thus, we can combine
these results with Corollary 19 and 20.

Corollary 27 A second order descriptor system of the form (1) is

i) R2-controllable if and only if

rank[A2M+)\G+K B]:n, for all A € C.

i1) C2-controllable if and only if it is R2-controllable and

rank[M G B]:n.

ii1) strongly C2-controllable if and only if it is R2-controllable and

rank[M B]:n.

Let us illustrate this result with an example.
Example 28 Continuing with the data of Example 15, we obtain

N4+A+1 1 1

rank [ A2M + A\G + K B]—rank[ ) 00

]—2forall)\€©

Hence, the system is R2-controllable, while

rank[M G B]—rank[o 00 0 0

10101}_17

and thus the system is not C2-controllable.

To characterize I-controllability we use the condensed form (18) which can be
obtained by using only strong equivalence transformations.

Theorem 29 Consider a second order descriptor system (1) in condensed form
(18). The system is

i) proportionally I-controllable if and only if in (18) the 7th and 8th block row
are void and the matrix [ B%FO Bfg ]T has full row rank;

i) first order derivative I-controllable if and only if in (18) the 10th to 12th
block row are void and the matriz [ B7T BST BlTB ]T has full row rank;

ii1) proportional and first order derivative I-controllable if and only if in (18)
the matriz [ §7T Bg Bfo Bfg ]T has full row rank.
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Proof. From the proof of Theorem 10 we observe the following.

a) If in (18) the 7th and 8th block rows are void, then we do not need a first
order derivative feedback to make the system regular and of index at most one.
If these are not void, then proportional feedback is not enough to achieve this.

b) Similarly, if in (18) the 10th to 12th block rows are void, then we do not
need a proportional feedback to make the system regular and of index at most
one. If these are not void, then first order derivative feedback is not enough to
achieve this.

c) If in (18) the matrix

- - . rm 1T
[ BT B BL, ... BL]
has full row rank, then we do not need opu-equivalence transformations to make
the system regular and of index at most one. If there is a rank deficit, then
proportional and first order derivative feedback is not sufficient to make the
system regular and of index at most one.

Then with ¢) we obtain iii), with a) and c) we obtain i) and with b) and c) we
get ii). [

Theorem 29 shows that the condensed form (18) and the canonical from (19)
allow to check the different controllability properties for second order descriptor
systems. For mathematical elegance and simpler description it would also be nice
to have a coordinate-free algebraic characterization. This is given in the following
theorem.

Theorem 30 Consider a second order descriptor system (1) and its condensed
form (18) and let s(012), 5002 501 gnd s(12) be the integer quantities defined in
Theorem 8. Then the system 1is

i) proportionally and first order derivative I-controllable if and only if
rank[ M GSL KS* B ] = n, where the columns of the matriz S, form

a basis of kernel M, the columns of S% form a basis of kernel[ ZATfG] \
1

M
kernel | ZIG |, the columns of Z, form a basis of kernel MT and those of
ZTK
MT
Zs form a basis of kernel [ ar ];

i) proportionally I-controllable if and only if it satisfies i) and s(0:12) — (1.2) — 0,

ii1) first order derivative I-controllable if and only if it satisfies i) and 5(0.1,2)

502 = 501 — 0,
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Proof. i) In the condensed form (18) we have that
[ M GSY, KS% B|=

I 01,2 0 0
0 1 1,2 0

s

0 1 0,2

s

o O O
o O O

)
=
&
o O O O O

I 0,1

=NeNeNeNeNeNoNeNoNeNeNeNe)
CoO 000000000 OO
o0 o000 o0o0O0O0 0 OoOoO
=NeNeNeNoNeNoNoNoNeNeNeNa)
o
-~
=
cCooofoocoocoocooo
%

O O O OO OO oo oo
O O O OO o oo oo

O O O O O O o oo

O OO OO o o o oo

O O O O o o O

O O O O o o o

O O O OO OO OO Kk Kk X X
O O O OO OO OO Kk K XK

Thus, rank[M GSL KS2 B] = n if and only if the matrix

[B7T BST B{O BE ]T has full row rank. Then by Theorem 29 iii) the
system is proportionally and first order derivative I-controllable.

It remains to show that rank[ M GSI KS% B | is invariant under strong
equivalence. For this let

M = PMQ, G =PGQ, K = PKQ, B= PBY,

and let Z;, Zs, S’éo, S’go be the corresponding subspaces. Since Mv = 0 if and
only if PMQu = 0 if and only if MQv = 0, we obtain QSL, = SL and analogously
PTZ, = Z, and PTZ; = Z;. Since, furthermore

a]=0e [ oo o Jorms

zra zIP~'PGQ zra
and ~
M PMQ M
ZIG |v=0s | ZIP'PGQ |v=0« | ZIG | Qu=0,
ZTK ZI'P='PKQ ZTK

we have QS’gO = S2. Thus, altogether we have
rank[M,GSL, KS2., B]
= rank[PMQ, PGQQ~'S! , PKQQ~15%, PBV]
= rank[M, GSL , KS%, B].

This finishes the proof of i). Parts ii) and iii) then follow from Theorem 29. 0O

Remark 31 If in Theorem 30 we have M =0, then S, =1, Z; = I, Z3 is a basis
of kernel GT', and S2, is a basis of

G
kernel G \ kernel [ ZiK ] .
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Thus, rank [ M GSl, KS2 B | =rank| G KS2 B ]. In this case, the con-
densed form is

Loy 0 00 0 * 0 = Bs |
0 I 00 0 * 0 = By
0, 0 0 0 0|, 0 0 I, 0, | By :
0 0O 00 Ion 0 0 O Bl()
0 0 0 0 0 0 0 0 Bys
and thus
[ Tony 0 0 0|0]| Bs ]
0 Iy 0 0[]0 Be
rank [ G KS%. B]=rank| 0 0 0 0|I,| By | =rank[ G KSw(G) B].
0 0 0 0|0 |B
| 0 0 0 0|0|By |

This shows that Theorem 30 is a direct generalization of the I-controllability
results for first order systems.

Example 32 Continuing with FExample 14, we obtain that the system is
proportionally and first order derivative I-controllable if and only if
rank [ G KSx(G) B | = n, which we have seen already. Since M = 0 we have
s(01.2) — 4(1.2) — 4(02) — 0 gnd, thus the system is proportionally I-controllable as
well as first order derivative I-controllable.

Example 33 In Example 2 we have that

GS;:{H, zZIG=[0 0], ZiK=[H 0],
and
v M
kernel [ P } \ kernel | ZT'G | =0.
1 ZTK

Then rank [ M GSL, KS2 B |=3<n=5, i.e. the system is not I-controllable.

We also have similar characterizations of C- and R-controllability.

Theorem 34 Consider a second order descriptor system (1) and its first order
formulation (20). Let R be the reachable set of (20) and let

0

&
Il
O O O O O
O O O ~NO
O O ~NO O
O ~NO O O

0
0
0
I
be partitioned as E in (20). Then the following are equivalent:
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i) The system is C-controllable.

i) In the first order formulation (20) for & (ty),...

there exist ty and an input function u :

£2fa' . 755(75]0) = £5f'

1i1) The system is R-controllable and Im(Ey) C R.

[to,tf] — Rm, such that fg(tf)

755(750) and §2f7-"7£5f7

tw) The system is R-controllable and rank[ M G B ] =n.

Proof. The equivalence of i) and ii) is obvious. To prove the other equiva-
lences, consider the first order system (20). Carrying out a strong equivalence

transformation with

I 000 0
0000 —TI
P=l0T 00 0],Q=
001710 0
00071 0

O O O~

oo~

O ~N O O

from left and right, respectively, we obtain the system

Ki1 Kio Ki3
Gi3

0
0

I 0000 0
071000], -1 G O
0071 00]|&+] 0 Ky Ko Ko
00000 0 0 0
00000 0 0 0

0

782N

0
0
0
0
1

o O O O

Since B; has full row rank, we can compress its columns and

where £ = Qé.

eliminate with the full-rank part upwards. This gives the system
10000 0 Kn Kip Kis
071000], I G 0 G
0011 00/[&+]| 0 Koy Ky Ko
00 0 0O 0 0 0 0
000 0O 0 0 0 0

~ o O O

0 B

0 0

0 By [“1]
I 0 2
0 0

Choosing a proportional feedback u; = vy — 54,u2 = vy, which does not change
the R-controllability or the reachable set R, we obtain a closed loop system

E¢ + A€ = Bu of the form

10000 0 Ku K2 Kiz 0 0 B
07000 |~ Gy 0 G oOf |0 0 |
0 0TI 00 5‘1‘ 0 K?l KQQ Kgg 0 §: 0 BQ |: ’U; :| .
00 00O 0 0 0 I 0 I 0

00 00O 0 0 0 0 I 0 0

Eliminating further in the second coefficient matrix, we get

I 00/00 0 Kin Kia|0 0 ~Ki3 B

071 0(00|, |-I Gu 01]00]| |-Gz 0

00 710 0|&+| 0 Ky Ko|0 0|E=| —Koz By [Z;]
0 0 0]0 O 0 0 0 |I O 1 0

00 00 O 0 0 0 |0 I 0 0
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This system has the form
o x0T ] )
Following [12], we can determine the reachable set as
R =R™ @ K(N, By),
where n; = rank(F), ng =n —n; and
(N, By) = Im[By, NBy, N*Bs, ..., N"271By].

Since N = 0 we obtain that

I 0000
I o 07 0/0 0
R=Im |5z =Im| 0 0 1|0 0
2 0 0 0|7 0

00 0/0 0

Incorporating the change of variables in the beginning, it remains to show that

o

11 13

C Im (24)

OO O M~
oo ~NO O
O~ OO
~Oo oo o
OO OO M~
oo o~
OO ~NO O
o~ o Y

if and only if rank [ M G B | = n. But (24) holds if and only if if the last row is
void, which is by Theorem 25 the case if and only if rank [ M G B ] =n. 0O

Theorem 35 The second order descriptor system (1) is R-controllable if and only
if for the corresponding first order system (23) the matriz

01 017,- _ _ -
[0 0 I][Bl,AlBl,A%Bl,...,All 1B

has full row rank.

Proof. From [12] it is known that for a first order system in the form (23)
the reachable set is R = R™ @ Im(K(N, By)) and the reachable set from ¢ = 0 is
R(0) = Im(K (A1, B1)) @ Im(K(N, By)). Thus, the first order system is R-controllable
if and only if Im(K(A, B;)) = R™. The second order descriptor system has in its
state only the variables &, ..., &4, the other variables come from the transformation
to first order and are not relevant. Hence the proof follows. [

We conclude this section with a summary of the obtained results. We have
shown that natural extensions of the rank conditions C0, C1, C2 allow to char-
acterize C-, C2-, strong C2- R-, R2- and I-controllability for second order sys-
tems but that the common transformations to first order form may destroy the
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I-controllability. This implies two possible routes for second order descriptor
systems. Either one works directly with the second order form and avoids the
transformation to first order, or one performs a transformation to first order
that preserves the I-controllability. The latter approach would require the com-
putation of the normal form (19). If a first order formulation is desirable then,
however, it is essential to first regularize the system and to reduce the differen-
tiation index to at most one.

4 Observability of second order descriptor systems

In this section we derive the corresponding observability conditions for second
order descriptor systems and analyze, in particular, the duality between con-
trollability and observability. For this we will need the subspace spanned by
the right eigenvectors and principal vectors corresponding to the finite eigenval-
ues of \2M + \G + K, see [21]. We call this space the right finite eigenspace of
A2M 4+ A\G + K, and denote by P, the projection onto this space.

Definition 36 Consider a system as in (1)—(2). The system is called

i) C-observable if from an output y = 0 for the input u = 0 it already follows
that the system has only the trivial solution x = 0;

ii) R-observable if from an output y = 0 for the input u = 0 it already follows
that the solution = satisfies P,ox = 0.

11) I-observable if the impulsive behaviour of the solution is uniquely determined
by the impulsive behaviour of the output y and the jump behaviour of the
input u.

Remark 37 Since for the trivial solution also its derivative vanishes, it makes no
sense to define a concept like C2-observability.

Because the transformation from (19) to (20) leaves input and output un-
changed and the impulsive behaviour of the newly introduced variables is uniquely
determined by the impulsive behaviour of the old variables, I-observability of
second order systems is a direct generalization of I-observability for first order
systems. Thus, it follows immediately, that a system (19) is I-observable if and
only if the corresponding first order system (20) is I-observable.

Theorem 38 Consider a second order descriptor system (1)—(2), in normal form
(19) and let (20) be the first order system derived from this normal form. Then
the system (19) is R-observable if and only if the first order system (20) is R-
observable.

Proof. Let Pr,g be the projection onto the right finite eigenspace of A2M+AG+K,
with M, G, K as in (19) and let P,; be the projection onto the right finite
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eigenspace of \F + A, with E, A as in (20). If we choose the partitioning as in
(19), then

>
O O M~
O O ~NO

So, if (19) is R-observable and if we set u = 0 and y = 0, then it follows that
#1 =0 and thus also #; = 0. From the fifth block row of (20) it then follows that
¢ = 21 = 0. Accordingly ¢ has the Form ¢ = [0,27]7. Because

, I 0
P, = , 2
! { 0 Pro } (25)

it follows that Pr’lﬁ = 0 and so (20) is R-observable. For the converse, observe

x

From P, £ =0 and (25) it then follows immediately that P93 =0. O

It is again straightforward to show that strong equivalence preserves all types
of observability for second order descriptor systems. The same is true for opu-
equivalence transformations. Proportional or first order derivative feedback on
the other hand may change the observability properties.

that the solution ¢ of (20) has the form ¢ = { g} }, where Z is the solution of (19).

Example 39 The second order descriptor system Mi+Gi+ Kz = Bu, y = Cx, with

1 0 0
M: 0 7G: 1 ,K: 0 5
i 0 0 1
[0
1 00
B = ? ’C_[o 10}

is clearly C-observable, because from u = 0 one obtains z3 = 0 and from y = 0
one gets r1 = 9 = 0. For the proportional feedback u = v + x3 and the closed loop
system with input v we obtain

R 1 R 0 R 0
M = 0 ,G: 1 ,K: 0 ’
I 0 0 0
[0
1 00
B = (1) ’C_[010}

Here we can no longer make any statement about x3. Similar examples can be
constructed using first order derivative feedback. Analogously one can also show
that R-observability is not invariant.

To see the non-invariance of I-observability, consider a modification of sys-

tem (12)
R I ER P CI T
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Using as input the Heaviside function H(t) which is 0 fort <0 and 1 for

t > 0, the solution is 1 = H(t) and o = —H(t) — H — H, but this impulsive
solution is not observed in the output y = r;. Choosing the proportional feedback
u = —T9 + x1 + v, we obtain ro = v and x; solves the second order differential

equation i1 + 21 +x1 +x2 =0. A jump in the input v will be integrated and hence
the output cannot contain impulsive parts if the input is piecewise continuous,
i.e. all potential impulsive parts of the solution (of which there are none) are
observed in the output.

The non-invariance under proportional or first order derivative feedback poses
a problem in so far as we cannot use Theorem 10 to construct a system that can
be correctly transformed to first order. For this reason we proceed in a different
way and make use of Theorem 14 in [35] which implies the following result.

Theorem 40 Consider a second order descriptor system (1)—(2) with differen-
tiation index v and suppose that Bu is v — 1 times continuously differentiable.
Then there exists a sequence of strong equivalence transformations and sopu-
equivalence transformations such that the transformed system has the coefficients

(M, G, K, B) =

Ip 0 0 0 1 0 0 Gig

0 00 0 0 Ip 0 0

0 00 0]’ 0 0 0 O ’
0O 0 0 O 0 0 0 O

f:fl,l f:ﬁ,z 0 f:(1,4 E})l

Kyp Koo 0 Koy By

0 0 I, 0 "| B3

0 0 0 0 B,

where M,G, K € R"™" and B ¢ R[D,, ">,

Note here that we allow sopu-equivalences, which do not increase the differ-
entiation order of z but may introduce derivatives of u.

Remark 41 In contrast to Theorem 10, the transformed system with coefficients
as in Theorem 40 requires derivates of u. But since we only consider u = 0 to
check R- and C-observability this is not a problem.

Now that we have a transformation to normal form that preserves R-, C- and I-
observability, we immediately observe that the first order duality of controllability
and observability [12, 28] also holds in the second order case if the particular
output y = Cx is used, since transposing and changing the roles of B and C’ can
be carried out also in the specific reduction order given by (20). Thus we have
the following immediate consequences for the dual system to (1) given by

MTi+GTi + KTz = 0. (27)

Theorem 42 Consider a second order descriptor system (1)—(2). The system is
C-observable if and only if the dual system (27) is C2-controllable.

28



Proof. Let (1)—(2) be in normal form (19). The system is C-observable if and
only if the corresponding first order system (20) is C-observable. This, however,
is the case if and only if the dual first order system is C-controllable, see e.g. [12].
But the dual first order system is C-controllable if and only if the dual second
order system is C2-controllable. [

The result for R-observability is analogous.

Theorem 43 Consider a second order descriptor system (1)—(2). The system is
R-observable if and only if the dual system (27) is R2-controllable.

Proof. Using Theorem 38 the proof is analogous to that of Theorem 42. [

Theorem 44 Consider a second order descriptor system (1)—(2). The system is
I-observable if and only if the dual system (27) is proportionally and first order
derivative I-controllable.

Proof. The proof is analogous to that of Theorem 42. 0O

For completeness we will also present coordinate free algebraic conditions
that can be immediately derived from the duality between controllability and
observability.

Corollary 45 A a second order descriptor system (1)—(2) is
i) R-observable if and only if

MM+ MG+ K
rank c =n;

ii) C-observable if and only if it is R-observable and

M
rank | G | =n,

C

i1) I-observable if and only if

M

TLG

12K
C

rank =n,

where the rows of the matriz T. form a basis of cokernel M and the rows
of T2, form a basis of

cokernel [ M GZy ] \ cokernel [ M GZy KZj ]),

the columns of Zs form a basis of kernel M and those of Z5 form a basis of

kernel [ ]\éf ] .

Remark 46 In the output equation (2) we could have also considered a term C)i.
If such a term is present, then we can still transform to the form (19) and
investigate the observability. In this case, however, the duality may be lost if
derivatives of 1o,...,T5 occur.
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5 Conclusion

We have shown how to extend the analysis of controllability and observability
conditions to second order descriptor systems. We have demonstrated that the
straightforward idea of using a classical first order formulation and then applying
the first order results does not work, because in particular I-controllability and
I-observability are not invariant under this transformation to first order. We
have derived normal forms which can be used to check the controllability and ob-
servability conditions and from which we can obtain new first order formulations
which preserve I-controllability and I-observability.

All the presented results can be extended to nonreal, rectangular and also
higher order descriptor systems.
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A Proof of Theorem 9
We first use Theorem 8 to transform the system to condensed form (18).
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Step 1:
To avoid fill-in in later steps we perform a column-compression |0, Blg] = Bi3WW on
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Bi3 and eliminate upwards in B with the full-rank part Bi3 using strong equiva-

lence transformations. This gives the form

Then we perform a full-rank decomposition of Bj;. Let UBoV

N

echelon form of Biy; and let

diag(U,I1,1,1,1,1,U,1,1,1,1,U,1I)

P:

diag(U~Y,I,1,1,1,1,1,1).

Q=
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Performing a strong equivalence transformation with P, () and V leads to the

form

0

0 0

I 01

Id(l)
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Upward elimination with the identity matrix in the third last column of the B

matrix leads to the form

0

0 0

I 01

Iy

0

0
0
0
0
0
0
0
1
0

*

0 0

I .2

0 0
0
0
0
0

0
0

2
6
2

5
2

)

1
6
1

5
1

72

72

2
8

1

B3

0 0|0 O
0 0|0 O
0 0|0 O
0 00 O
0 00 O
0 0|0 O
0 0|0 O
0 0|0 O
0 0|0 O
0 0|0 O
0 00 O
0 0|0 O
0 0|0 O
0 0|0 O
0 00 O
0 0|0 O

oS O OO

~ o oo

0
0
0
0

Iy

0
I 0.2

1.2

0 0

0

0
0
0
0
0
0
0
0
0
0
0

oS O O O

I 0.1
0
0

0
0
0
0

0
0

I 0.2
0

oS O OO

oS O O O

E

36



A corresponding decomposition of B}, and upward elimination yields
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Finally, we perform the above steps for Bg and obtain
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Eliminating to the left in rows 13 to 18 of K using strong equivalence transfor-

mations leads to the form
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From this form we see that



The derivates of these components have to be 0 as well, and thus we can use an
opu-equivalence transformation to completely decouple them. By removing the
corresponding equations and variables from the system, we temporarily reach the
form

I 0 0 0 |0 O0]0 O x 0 x x|k 0 |*x x
0 0 0 0 |0 0]0 O x 0 ok ok [x 0 |x %
0 I,ay O 0 |0 O]O0 O * 0 x x|x 0 |x x
* 0 I 0 |0 0]0 O x 0 ok x|[x 0 |x %
* 0 0 0 (0 0]0 O x 0k x[x 0 |x x
0 0 0 Iyu»|0 0]0 O * 0 *x x|x 0 |*x x
0 0 0 0 |00[00O x 0 =+ x|I 0 ][00
0 0 0 0 |00/00 « 0 % x/0 0 |00
0 0 0 0 |00/0O0O|,[0 0 000 Im|0 0],
0 0 0 0 |00[00O I 0 000 00O
00 0 0 |00/00O0 0O 0 000 0|00
0 0 0 0 /00|00 0 Ian» 0 0/0 0 |0 O
0 0 0 0 |00[00O 0O 0 000 0 [0O0
00 0 0 |00/00O 0 0 000 0|00
00 0 0 (00|00 0 0 000 0|00
0O 0 0 0 |00/00O 0O 0 00j0 0 ]00
L0 0 0 0 [0O0j0OO0O] LO 0O 0O0[0 0|0 O

[0 = 0 |0 |0 =] [ Bf Bf B} Bf B} 0 ]

0 « 0 |0 *|0 =x Bi, B%, B}, Bi, B}y 0

0 « 0 x|0 x|0 = By By B3 By B 0

0 x 0 %[0 %[0 = By, B3, B3 B3 B} 0

0« 0 x|0 =|0 = B3y, B3, Bj, Bj B 0

0 x 0 |0 %[0 x Bi B} B} B{f B 0

0 x 0 [0 %[0 = BY, B B3 By B 0

0 « 0 x|0 x|0 = B, Bi, B2 Bj, B} 0

0« 0 /0 =|0 x|, BY B B} B§ By 0

0 x 0 [0 %[0 = Bl B B} B B} 0

0« 0 x|0 x|0 = Bi, B3, B3, Bj, B2 0

0 x 0 |0 %[0 x BY B} B} Bi B} 0
000O0[0O0fI 0 o 0 o0 I 0 0
000O0[I 000 o 0 I 0 0 0
007 0[0O0f00 o I 0 0 0 0

I 00 0[00J00 I 0 0 0 0 0

o0 o0o0[0O0lOO] L O 0 0 0 0 Bys|

The undesirable nonzero blocks in M and G can be removed by simple block
Gaussian elimination without changing the structure of the other matrices. This
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gives

[T 0 0 0 |0 0|0 OT [ = 0 x x|0 0 |*x *]
0 0 0 0 |0 0|0 O * 0 * x [0 0 |x x
0 I,a» O 0 |0 OO0 O * 0 * x [0 0 |x x
0 0 1 0 0 00 O * 0 * %[0 0 * %
0 0 0 0 0 00 O * 0 * %[0 0 * %
0 0 0 I;» |0 0|0 O * 0 * x| 0 0 |x =
0 0 0 0 |0 0|0 O * 0 * x| 0 |0 O
0 0 0 0 |0 0|0 O * 0 * x[0 0 |0 O
0 0 0 0 |0 0|0 OFf,|O 0 0 0[O0 I;nl|O0 O],
0 0 0 0 |0 0|0 O I 0 0 0j]0O O |0 O
0 0 0 0 |0 0|0 O 0 0 0 0j]0O O |0 O
0 0 0 0 |0 0|0 O 0 I;ay O 0[O0 O |O O
0 0 0 0 |0 0|0 O 0 0 0 0j]0O O |0 O
0 0 0 0 |0 0|0 O 0 0 0 0j]0O O |0 O
0 0 0 0 |0 0|0 O 0 0 0 0j]0O O |0 O
0 0 0 0 |0 0|0 O 0 0 0 0j]0O O |0 O
| 0 0 0 0 |0 0|0 O] [O 0 0 0|0 0 |0 O

[0 «= 0 |0 |0 =7 [ Bf B B} Bf B} 0 ]

0 % 0 %0 %0 = Bi, B}, B}, Bi, B} 0

0 « 0 %[0 %[0 = B B3 B3 By By 0

0 0 %[0 *|0 = BY B% B3 B3 B} 0

0 « 0 |0 *|0 = BY, B% B3 Bj B} 0

0 « 0 |0 *|0 =x Bf B? B} B} B} 0

0 « 0 |0 %[0 = BY, B B3 B B O

0 « 0 |0 *x|0 = BY, B: B3 Bi, B 0

0 = 0 |0 |0 = |,| BE B2 B B B 0 (28)
0 « 0 |0 *|0 = Bf B?Z B3 B B2 0

0 x 0 [0 *|0 = BY, B%, B3 Bi, B3 0

0 « 0 |0 *|0 =x Bf B2 B Bf B O

0 00 0|0 O|I O 0 0 0 I 0 0

0 00 0| 0|0 O 0 0 I 0 0 0

0O 0 I 0[O0 0|0 O 0 1 0 0 0 0

I 0 0 0|0 O0]0 O I 0 0 0 0 0

|00 0 0|0 0|0 O] [ O 0 0 0 0 Bis |

The identities in B are now such that the corresponding block of B has full row
rank. We again transform this system to condensed form and repeat the above
steps until again the corresponding block of B has full row rank in the condensed
form. We proceed with this until we obtain a system in condensed form (18)

where the part of B associated with By up to Bis has full row rank.
Step 2:
To treat B; and Bg we temporarily merge x; and x2 to one new state. This gives
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0 Is(o,2)

I
0

To avoid fill-in we again compress B3 and eliminate upwards with the full-rank

part. This yields

0

I 01
0
0

0
0
0
0

I 0.2)

O O O *

B3
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Then we perform a full-rank decomposition of B; and obtain
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.,xg and elim-

inate xo in the second equation using the derivate of the 8th equation with an

If we write this again as a descriptor systems with variables z,..
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opu-equivalence transformation, then we get

The part z2 now only appears in first order equations, thus we have moved it
into another block. We can proceed by iterated use of above steps and bring-
ing the resulting system to condensed form we obtain the form (18), where the

Bz
blocks { Be
element of G, combine the blocks appropriately and incorporate the previously
removed completely decoupled states in the system again. Since the blocks that
we compress get smaller and smaller, this iterative process will stop after finitely

] and By up to Bjs have full row rank. If we now eliminate the (5,4)

many steps, and we get the form

I

O OO OO

where B3, By and

B Proof of Theorem 10

At first we proceed analogously to the proof of Theorem 9 to reach the form (28),

0

D coococoocoo
oo oo o

o O O oo

0

but we then use feedback.

O O *x O *

0

OO O O ~NO

OO O O ¥

O O OO oo

= have full row rank.
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0 0 0 0 0 0|11, O B B 0
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0 0 Loz O 0 0|0 O Bi, B} 0

x x 0 0| 0 0]0 0 Bi, B} 0
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Step 1:
We choose the input u as

x1 + vy,

ul

x3 + vo,

u2

x5 + vs,

us

T7 + vy,

Ug

= Us,

Us

and write the system with its new input as

b
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Now we eliminate upwards with the identity matrices in B and add the cor-

responding equations to the last block so that B3z still has full row rank.
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0

Again this will happen after

)

B3 |

0

0 00 O
0 00 O
0 00 O
0 00 O
0 0j0 O
0 00 O
0 00 O
0 00 O
0 0j0 O
0 00 O
0 00 O
0 00 O

0
0
0
0
0

0 Id(z)

0
0
1

Iz

0
0

0

0

0
0
0
0
0
0
0

0 0 0 0|0 0]0 O

We can transform this system to condensed form again and repeat the above
steps until the desired block equation vanishes.

finitely many steps.

Then we perform Step 2 from the proof of Theorem 9 and get

0 0

I 01
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01 00
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Writing this again as a descriptor system, as before, r5 only appears in first
order equations, but to remove the component z; from the considered block we

have to use first order derivative feedback.
Step 2:
First we eliminate upwards in B

10 0 0 |0 0|0 O x 0 % % 0 0 |* =
0 0 0 0 (0 0[O0 O E I 0 * * %
0 0 I0.2 0 |0 0|0 O x 0 x x 0 0 |* =
0 0 0 Iy |0 0|0 O x 0 x x 0 0 |* =
0 0 0 0 |0 0|0 O], x* 0 0 x| Lo 0 |0 O
0 0 0 0 |0 0|0 O * 0 0 0 0 Iyay |00
0 0 0 0 |0 0|0 O I 0 0 0 0 0 |0 O
0 0 0 0 |0 0|0 O 0 I 00 0 0 |0 O
10 0 0 0 [0 0|0 O | 10 0 0 O 0 0 |0 O

[« % 0 %x|0 x|0 =] [0 B 0 ]

* x 0 |0 x|0 = OBg 0

« % 0 %[0 %[0 = 0 B2 0

* % 0 %x|0 *x|0 =x 0 B 0

* x 0 |0 x[0 =% OBg 0

* %« 0 %[0 %[0 = 0 B 0

* x 0 %0 x|0 = I 0 0

x %« 0 x|0 *%x|0 x 0 O 0

L0 0 0 0|0 0]O0O O] L O 0 Bz |

Finally, we choose u; = &1 + v; and get

[T 0 0 0 [0 0|0 07 [ 0 * = 0 0 |* =
0 0 0 0 0O 00 O * ok ok ok 0 * * ok
0 0 Lo 0 [0 0|0 O * 0 % % 0 0 |* =
0 0 0 Iy |0 0|0 O x 0 * % 0 0 |[* =
0 0 0 0O |0 0|0 O], * 0 0 x| Lo 0 |0 O
0 0 0 0 [0 0|0 O * 0 0 0 0 Iyoy |00
0 0 0 0O [0 0|0 O 00 0O 0 0 |0 O
0 0 0 0 [0 0|0 O 0 I 00 0 0 |0 O
10 0 0 0 |0 0|0 O | |0 0 0 O 0 0 |0 O
[« % 0 %x|0 |0 «7 [0 B2 0 ]

x % 0 %[0 x|0 =x 0 B2 0

*x x* 0 x|0 x|0 = 0B§ 0

* x 0 |0 *|0 = 0 B 0

* % 0 x|0 %[0 = 0 B2 0

* % 0 x|0 %[0 = 0 B2 0

* % 0 %x|0 x|0 = I 0 0

* % 0 %x|0 x|0 = 0 0 0

L0 0 0 0]0 0|0 O] [0 0 Bis

In this way we obtain that the 7th equation is purely algebraic and moves into
another block.

By a finite number of iterative applications of Steps 1 and 2 we bring the
system to the form (18) without the 3rd and 4th block equation. If we then
perform a strong equivalence transformation to eliminate the (5,4) element of G

and incorporate the removed decoupled equations to the system, we obtain the
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system in the desired form

O OO~

* *x O O

* *x O O

* *x O O

oS O O O

*x O O O

O ~N O O

* O O O

[esR en e B an)

oS O O O

o O O O

N O O O

O

where B3 has full row rank.

49



