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1 Introduction

We consider model order reduction for linear time-invariant continuous-time differential-algebraic
systems or, also called, descriptor systems, of the form

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

(1)
y(t) = Cz(t) + Du(t),
where £, A € R™", B € R», C € RP" and D € RP"™. Here, u, x and y denote, respectively,
the input, state and output of the system, and x¢ € R”™ is the initial value. We call n the order
of system (1). The aim of model reduction is the approximation of (1) by

Ei(t)
y(t)

of order ¢ < n. A typical requirement for the reduced-order model (2) is that it almost recapi-
tulates the input-output behavior of the original model (1).

For standard state space systems with £ = I, a popular family of model reduction methods are
those related to balancing and truncation, see, e.g., (Gugercin and Antoulas 2004, Moore 1981).
These methods are based on the consideration of two energy functionals: one for the required
supply, i.e., the minimal energy that has to be put into the system to steer to a given state vector
x, and the other one for the available storage, i.e., the maximal energy that can be extracted from

AZ(t) + Ba(t), o)
CZ(t)+ Dul(t)
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the system initialized by x. Those states x with large required supply and small available storage
do not contribute significantly to the input-output behavior of the system and can, therefore, be
eliminated without considerably changing the transition behavior of the system. An important
property of balancing-related model reduction methods is that they provide computable a priori
error bounds.

In Lyapunov-based balanced truncation (Moore 1981), available storage and required supply
are determined via Lyapunov matrix equations. This method can be applied to asymptotically
stable systems only, and an H,-norm error bound in terms of Hankel singular values is provided.
This allows to determine the Lo-distance between the outputs y and y of systems (1) and (2)
driven by a square integrable input u = .

Another balancing-related model reduction method is linear-quadratic Gaussian (LQG) ba-
lanced truncation (Jonckheere and Silverman 1983). Available storage and required supply are
defined via integrals over sum of squares of inputs and outputs, and they can be determined by
solving certain algebraic Riccati equations. This method is not restricted to asymptotically stable
systems anymore, and it provides error bounds in the gap metric which is, roughly speaking,
a measure for the distance of the dynamics of two systems. By the results in (Georgiou and
Smith 1990), the availability of a priori error bounds in the gap metric makes LQG balancing
perfectly suitable as a model reduction method for unstable plants, and can, therefore, be used
for the design of low-order controllers (Curtain 2003).

Lyapunov-based balanced truncation has been generalized to descriptor systems in (Stykel
2004). This method requires the solution of generalized Lyapunov equations which involve so-
called spectral projectors that decouple the system into differential and algebraic components.
A drawback of this approach is that numerical computation of such projectors may be ill-
conditioned and is, in general, impossible without further knowledge of the structural properties
of the system.

In this paper, we aim to extend LQG balanced truncation to descriptor systems. The method
we introduce is not based on a decoupling of differential and algebraic parts but rather considers
descriptor systems as a whole. It is based on the generalized algebraic Riccati equations of type

AXT + X AT + BBT — (XCT + BDT)(1 + DDT)~1(CXT + DBT) =0,

3
EXT - XET =0, )

and

ATY + YTA+OTO - (YTB+CTD)(I + D'D)~"Y(BTY + DTC) =0,

ETY - YTE =0. @
This kind of equations has been considered previously in (Kawamoto et al. 1999, Xin 2008, Zhang
et al. 2009, Yang et al. 2001) in the context of linear-quadratic optimal control of descriptor
systems. The problem with those results on solvability of (3) and (4) is that they impose the too
strong requirement of impulse-freeness of the system (Yang et al. 2001), or they are based on
rather abstract theoretical conditions on the involved matrices (Kawamoto et al. 1999, Xin 2008,
Zhang et al. 2009), which are, in general, difficult to verify. Besides developing an LQG balanced
truncation model reduction method for descriptor systems, we also present novel solvability
criteria for the generalized Riccati equations (3) and (4) in terms of systems theoretic properties
of descriptor systems, such as strong stabilizability and strong detectability.

This paper is organized as follows. Section 2 introduces the notation and some background
material from linear algebra and systems theory. In Section 3, we analyze the generalized alge-
braic Riccati equations (3) and (4) and give criteria for the existence of stabilizing solutions of
these equations. Section 4 deals with LQG balanced truncation model reduction for descriptor
systems. An error bound in the gap metric is also given. Finally, in Section 5, we present some
numerical examples.



2 Matrix and Control Theoretic Preliminaries

Throughout this paper, R™" denotes the set of n x m real matrices, whereas Gl,(R) stands for
the set of n x n real invertible matrices. We denote by R(s) the field of real rational functions,
and by R(s)™™ the set of n X m matrices whose entries belong to R(s). The set of complex
numbers with negative real part is denoted by C~. We denote by AT and A*, respectively, the
transpose and the conjugate transpose of a matrix A. The rank, the image and the kernel of A
are denoted by rank A, im A and ker A, respectively. Furthermore, o(A) stands for the spectrum
of a square matrix A. Within block matrices, the symbol x represents unspecified blocks. The
identity of size n is denoted by I, or simply by I, if the dimension can be obtained from the
context. We use A > 0 (A > 0), if the matrix A is symmetric, positive definite (semi-definite),
and A'/2 stands for a matrix square root of A > 0. Finally, || - || denotes the Euclidean vector
norm or the spectral matrix norm. The latter is defined as a maximal singular value of a matrix.

Let sE—A be a matrix pencil with £, A € R™". Then sE— A is called regular if det(sE—A) # 0.
A pencil P(s) = sE — A is called even if P(—s)T = P(s), i.e., if E = —ET and A = AT.

For a regular pencil sE— A, finite eigenvalues are the numbers A\ € C such that det(\E—A) = 0.
If E is singular, then sE — A has also an eigenvalue at infinity. A pencil sE — A is called stable
if all its finite eigenvalues belong to C~. Any regular pencil sE — A can be transformed into the
Weierstrafl canonical form

I, 0

WET:[O N

| w3

01,

where W, T € Gl,(R), J € R"" is in Jordan form and N € R™=""= ig nilpotent (Gantmacher
1959). The eigenvalues of J are the finite eigenvalues of sE — A, and N corresponds to the
eigenvalue at infinity. The index of nilpotency of IV is called the index of sE — A. In case of the
index of s — A being not greater than one, we speak of impulse-freeness.

Definition 2.1: A subspace V C R" is called right deflating subspace of a pencil sE — A with
E,A € R™" if for a full column rank matrix V € R™* with imV = V, there exists an [ < k
and matrices U € R™! and E, A € RY* such that EV = UE and AV = Ufl, or, equivalently,
(sE — AV =U(sE — A).

For system (1) with B € R™™, C € RP", D € RP™ and E, A € R™" such that the pencil
sE — A is regular, a transfer function G € R(s)P™ is given by

G(s) =C(sE— A)~'B+D.

Conversely, we refer to (1) as a realization of G and denote it also by [E, A, B,C, D]. The
symbol X, ,, , stands for the set of systems with n-dimensional state, m-dimensional input and
p-dimensional output, and we write [E, A, B,C, D] € X, 1, p.

A transfer function G € R(s)P™ is called proper if limg_, o G(s) exists. If, moreover,
limg oo G(s) = 0, then G is called strictly proper. A transfer function G € R(s)?™ is called
stable, if all its poles are in C~. To expedite calculations with transfer functions, we also use the

notation
G(s) = {%} _

We now recall the concept of system equivalence (Dai 1989, p. 10).

Definition 2.2: Two systems [E;, A;, B;, Ci, D;| € ¥y, p, @ = 1,2, are called system equivalent
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if there exist W, T € Gl,(R) such that

|:8E1 — A1 B1:|

ool [Panllon)

0 I, Co  Da| |01,

It is easy to see that system equivalence is an equivalence relation on Y, ,,, and that two
equivalent systems have the same transfer function.

Using the transfer function, certain norms and distance measures for linear control systems
can be introduced. The space RH5' consists of all strictly proper and stable functions in R(s)™.
For g € RHY', the Ha-norm is given by

1 [ )
lillo = \/ 3 | et

It is well-known (Zhou et al. 1996, p. 97) that the Ha-norm induces an inner product and, via
inverse Laplace transform, the space RH5' can be isometrically and densely embedded in the
Lebesgue space L£5'(RT) of square integrable R™-valued functions defined on R™ = [0, 00).

The space H%" consists of all analytical and bounded pxm-valued functions. We further define
RHE™ = HE" NR(s)P™, i.e., RHE™ consists of all stable and proper functions in R(s)?™. The
Hoo-norm of G € RHE™ is defined by

1Glloc = sup [|G(iw)]-
w€eR

A (right) coprime factorization of G € R(s)P™ is given by a function [11\\1/1 with N € RHZ™

and M € RH"™™ such that G(s) = N(s)M~!(s), and there exist X, € RH">™ and Y, € RHP
that satisfy the Bézout identity

X, (s)M(s) + Y, (s)N(s) = L.
A coprime factorization is called normalized, if, additionally, the equation
M7 (—s)M(s) + N7 (—=s)N(s) = I,,,

holds true. The range
. IM| [ Mg| m m+p
lm[N}_{[Ng] .gGRHQ}CHZ

of a normalized coprime factorization expresses the graph of G, i.e., the frequency domain coun-
terpart of the set of input-output pairs of system (1) that realizes G.

Using normalized coprime factorizations, another distance measure for general transfer func-
tions can be introduced.

Definition 2.3: Let transfer functions G1, G2 € R(s)P™ with normalized coprime factoriza-
tions [MlT, NlT]T and [MQT, NQT]T be given. Let 1I;,1I5 : RH?+p—>RH2m+p be orthogonal
projectors such that

imIl; = im [Ml] , im Iy = im {Mﬂ .



Then the gap between G1 and Go is defined via
3g(G1, G2) = [ — T2l f(pgr+ey.

where || ]| L(rH-+v) denotes the norm of bounded linear operators mapping RH;”JFP into RH, .
It is shown in (Vidyasagar 2001) that d4(-,-) fulfills the axioms of a metric. The gap metric
can alternatively be characterized as follows.

Theorem 2.4: (Sefton and Ober 1993) Let transfer functions Gi, Ga € R(s)P™ with norma-

lized coprime factorizations [ MY, NlT]T and [ MY, Ng]T be given. Then

5g(G1, GQ) = Imax {gg(Gl, Gg), gg(GQ, Gl)} s

where gg(Gl, Ga) is the directed gap between Gy and Go that is given by
M; Mo
] - [Nl

Similarly to standard state space systems (Lancaster and Rodman 1995), certain system theo-
retic conditions such stabilizability and detectability will be needed to guarantee the solvability
of generalized algebraic Riccati equations. For descriptor systems, these concepts are defined
as follows, see (Bunse-Gerstner et al. 1999, Dai 1989). We will present the definitions purely

in terms of linear algebraic properties of the matrices involved in (1). For a systems theoretic
interpretation of all these concepts, see (Zhou et al. 1996, Sec. 2 & 3)

Definition 2.5: Let E, A € R™»" B € R™ and C € RP". Let r = rank F and Z;, Z, € R™"™"
be full rank matrices such that im Z; = ker ET and im Z, = ker E.

i) The triple (E, A, B) is called finite dynamics stabilizable, if rank[\E — A, B] = n for all
A e C\C .

ii) The triple (E, A, B) is called impulse controllable, if rank[ E, AZ,, B| = n.

iii) The triple (E, A, B) is called strongly stabilizable, if it is both finite dynamics stabilizable and
impulse controllable.

iv) The triple (E, A, C) is called finite dynamics detectable, if rank[ \ET — AT, CT] = n for all
AeC\C .

v) The triple (E, A, C) is called impulse observable, if rank[ ET, AT Z;, CT] = n.

vi) The triple (E, A, C) is called strongly detectable, if it is both finite dynamics detectable and
impulse observable.

We further call the realization [E, A, B, C, D] finite dynamics stabilizable (detectable), impulse
controllable (observable), strongly stabilizable (detectable), if the respective property is fulfilled
by the triple (E, A, B) ((E,A,C)).

-

04(G1,G2) = inf
g( ! 2) Qelﬁ?é"”

3 Generalized Algebraic Riccati Equations

In this section, we discuss the solvability and solution structure of the generalized algebraic
Riccati equations (3) and (4). For reasons of duality, we focus on equation (4) in most cases. As
for standard Riccati equations (Lancaster and Rodman 1995), the set of solutions of generalized
algebraic Riccati equations is by far not unique. Before we specify solutions of particular interest,
we introduce the matrices

Rx=I1+DD", Ry =1+D"D. (5)
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It is not difficult to see that Rx > 0 and Ry > 0. Furthermore, it follows from DTR)_(1 = R;lDT
that

I-DRy'D" =Ry, I-D'Ry'D=Ry" (6)
Thus, we may rewrite the generalized algebraic Riccati equations (3) and (4) as

(A— BDTRY'C)XT + X(A— BDTRY'C)T + BRy'BT — XCTRY' CXT =0,
EXT —XET =0,

and

(A— BR,'DTC)'Y + YT(A— BRy'DTC) + CTRY'C — YTBRy'BTY =0,
ETY - YTE =0,

respectively.

Definition 3.1: Solutions X,Y € R™" of the generalized algebraic Riccati equations (3) and
(4) are called stabilizing, if the pencils

sE— (A— (XCT + BDT)R{'C),
sE — (A— BR,/Y(B"Y + DT C))

are both stable and impulse-free.

Note that equations in (4) are slightly more special than the equations
ATY +YTA+Q+Y'RY =0, E'Y-YET =0

with symmetric matrices @, R € R™" considered in (Kawamoto et al. 1999, Xin 2008, Zhang
et al. 2009). There solvability conditions were presented, which are based on the inertia of certain
matrices composed of A, @ and R. However, these conditions lack of system theoretic interpre-
tation and are difficult to check in practice. The work (Yang et al. 2001) studies the generalized
algebraic Riccati equation (4) with D = 0 and also additionally presumes the rather strong and
needless assumption that the pencil AE — A is impulse-free.

It immediately follows that strong stabilizability and strong detectability are necessary for the
existence of stabilizing solutions of (3) and (4). The following theorem includes that sufficiency
holds as well.

Theorem 3.2: Let [E,A,B,C,D] € ¥,m, be strongly stabilizable and strongly detectable.
Then the following holds true:

(i) There exist the stabilizing solutions X and'Y of the generalized algebraic Riccati equations
(3) and (4), respectively.
(ii) The stabilizing solutions X1 and X2 of (3) and Y1 and Yz of (4) satisfy EX{ = EXT and
ETY; = ETY,.
(iii) A solution X of (3) is stabilizing if and only if EXT > 0.
(iv) A solution'Y of (4) is stabilizing if and only if ETY > 0.
(v) There exist the stabilizing solutions X andY of (3) and (4), respectively, such that I+XYT
15 invertible.

3.1 Awuxziliary Results for Generalized Algebraic Riccati Equations

First, we prove several auxiliary facts which we require for the proof of Theorem 3.2.
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Lemma 3.3: (Kawamoto et al. 1999) Two stabilizing solutions Y1 and Y2 of the generalized
algebraic Riccati equation (4) satisfy ETY, = ETY5.

Lemma 3.4: Let [E,A,B,C,D] € ¥, ,, be strongly stabilizable and strongly detectable.
A solution Y of (4) is stabilizing if and only if ETY > 0.

Proof Using (5) and (6), we rewrite the generalized algebraic Riccati equation (4) as
ATy +YTA+C"C =0, E'Y=YTE,

where £ = E, A = A~ BRy'(BTY + DTC) and ¢ = [CTR"?, YTBR,'*|T. The strong
detectability of (E, A, C) clearly implies the strong detectability of (E, A, C'). Then the desired
equivalence is now a direct consequence of the results in (Takaba et al. 1994) on generalized
Lyapunov equations. O

The following lemma establishes a relation for solutions of the generalized Riccati equations
for two equivalent systems. The proof is straightforward and, therefore, omitted.

Lemma 3.5: Let a realization [E, A, B,C, D] € ¥,, 1 be given and let W, T € GlL,(R). Then
X and Y are stabilizing solutions of (3) and (4), respectively, if and only if, for E = WET,
A=WAT, B=WB, C =CT, the matrices

X=wxTT and Y=wTyrT
are stabilizing solutions of

AXT 4+ XAT + BBT — (XCT + BDT)(I + DDT)"Y(CXT + DBT) =0,

EXT - XET =0,

ATY +YTA4+CTC — (YTB +CTD)(I+ DTD)"YBTY + DTC) =0,

ETY —YTE =o.
An essential feature of solutions of standard algebraic Riccati equations is their correspondence
to certain eigenspaces of Hamiltonian matrices. This concept is now extended to generalized

Riccati equations. The role of eigenspaces of Hamiltonian matrices is now inherited by deflating
subspaces of the even matrix pencils

- CTRY'C —sET + (A— BDTRO)T

Hx(s) = [sE +A— BDTR;'C —BRy'BT ’ Q
B BRy'BT —sE+ A - BR,'DTC

Hy(s) = LET + (A - BRy'DTCO)T -CTRY'C (®)

for the generalized algebraic Riccati equations (3) and (4), respectively. It can be easily verified
that (4) is equivalent to

Hy (s) [E}] - [YIT} (sE — A+ BR;(B"Y + DTC)).

In the following lemma, the eigenstructure of Hy (s) is analyzed.

Lemma 3.6: Let [E, A, B,C, D] € 3, ,, be strongly stabilizable and strongly detectable. Then
the pencil Hy (s) is reqular, impulse-free and has no finite eigenvalues on the imaginary axis.
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Proof First, we prove that Hy (iw) is invertible for all w € R. This will imply that Hy (iw) is
regular and has no purely imaginary finite eigenvalues. Let x1,x9 € C™ satisfy

BR,'BT —iwE + A — BRy'DTC] [21] _ 0 ()
iwET + (A— BR,'DTC)T ~CTRC Ta|
Then
x| BRy'BT ~iwE + A — BRy'DTC) [
0= _ T - -1 T \T T p-1
z2| |iwE" +(A—BRy, D'C) C'RyC T2

= 2{BRy' BTz + 23CT Ry Cas
+ 2f(—iwE + A — BRy'DTO)xgy — 3 (iwET + AT — CT' DR BT )a4.

Since the first two summands are real and nonnegative, and the last two summands are purely
imaginary, the positive definiteness of Rx and Ry implies that BT2; = 0 and Czy = 0. Then
(9) gives rise to (—iwE + A)xy = 0 and (iwET + AT)z; = 0. Thus, due to finite dynamics
stabilizability and finite dynamics detectability of [E, A, B, C, D], we obtain that z; = 0 and
o = 0.

It remains to show that the index of Hy (s) is at most one. Assume that x1¢, 29, r11, 221 € R"
such that

0 —E] [z10] _, BR,'BT A—BRy'DTC] [x10] [0 —E] [211
ET 0 | |z20] 7 [(A-BRy'DTC)T -CTR'C zoo|  |ET 0 | |z:

In particular, we have ET219 = 0 and Exo9 = 0. Then a multiplication of the second equation
from the left by the row vector [z7), —zd;] gives

l’{OBR}_/lBTl‘lO + JJQTOCTR)_(ICQZQO
+ 21y(A — BRy'DTO)agg — 233 (A — BRy'DTO) 'y
= —arlTOE:cgl — :UZTOET:UH =0
Applying the same argumentation as before, we obtain that BT 219 = 0 and Cxag = 0. Therefore,
FExog =0, Axgy=—FEz9;, Cux =0,
ETz10=0, ATz19=FETzy, BTzy0=0,

or, equivalently,

E ET
ZFA| 290 =0, ZFAT | 219 =0.
C BT

The assumption of impulse observability and impulse controllability then leads to 19 = 0 and
zog = 0. O

Lemma 3.7: Let [E, A, B,C,D] € ¥, ,p be strongly stabilizable and strongly detectable and
let r = rank E. Then Hy (s) has a unique r-dimensional deflating subspace V corresponding to
the eigenvalues in the open left half-plane. Furthermore, vI Hy (s)v =0 for allv € V.

Proof Since Hy (s) is impulse-free and has no purely imaginary finite eigenvalues, the deflating
subspace corresponding to the finite eigenvalues is of dimension 2r. The existence of a unique
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r-dimensional deflating subspace V corresponding to the eigenvalues in C™ is now a consequence
of the results in (Thompson 1976) for even matrix pencils.
Let V,U € R?™" and A_ € R™" with imV =V and o(A_) C C~ satisfy

Hy (s)V =U(sI — A_).

Then for Hy (s) = s — A holds U = £V and, thus, EVA_ = AV. Using 7 = —€ and AT = A4,
we obtain that

VIEVAL =VTAV = ATVTETY = ATV eV
Hence, VTEV fulfills the Lyapunov equation
AT(VTEV) + (VTEVYA_ = 0.
Since A_ is stable, we get VIEV = 0. Hence, VT AV = VTEVA_ = 0. Altogether, we have

VT Hy (s)V = 0 or, equivalently, v" Hy (s)v = 0 for all v € V. O

Lemma 3.8: Let [E,A,B,C,D| € X, ,, strongly stabilizable and strongly detectable and
let ¥ = rank E. Let V be an r-dimensional deflating subspace of Hy(s) corresponding to the

eigenvalues in C™. Let V1, Vo € R™" such that V = im [“2] . Then rank(EV,) = r.

Proof Let Wi, W5 € R™" and A_ € R"™" with 0(A_) C C™ satisfy

BR,'BT —sE+A—BR,'DTC] [V _ [w (sT— A
sET + (A - BR;'DTO)T ~CTR'C Vo = [W2 w7

Then

0 —E] V] , _ BR,'BT A— BRJ'DTC [V
ET 0 | |Vo] "7 7 [(A=BR'DTO)T  —CTRYC | | Vo)

The stability of A_ clearly implies its invertibility.
Assume now that rank(EVa) < r. Then we can show that the space ker(EV,) is A~ -invariant.
For any v € ker(EV3), we find that w = A~v fulfills

BRy'B"Viw + (A — BRy' DT C)Vow = 0. (10)
Making use of this identity, we obtain that
o [w]” BRy'BT  A—BR;'DTC| [Viw
" Vaw| [(A-BRy'DTO)T  —CTRYC | [Vaw
=w! Vil (A — BRy'DTC)'Viw — w? V5 CT R CVaw
=((A — BRy' DT C)Vow)"Viw — w? V5 CT R CVow
= —w' V' BR' BT Viw — w Vi CT R CVaw
and, hence, BTVjw = 0 and CVaow = 0. Once again using (10), we get AVow = 0. The finite
dynamics detectability of (E, A, C) particularly implies that [0- E — AT, CT| = [-AT, CT'] has

full row rank. Hence, VoA~ v = Vow = 0. Thus, ker(EV3) is A”'-invariant. This implies that
ker(EV3) is also A_-invariant.
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Let the columns of V € R™™ ry > 0, form a basis of ker(EV2). Then the columns of the

matrix
Vio| _ |1V
Vao 210
span an ro-dimensional deflating subspace of Hy (s). Therefore, there exist Ay € R with

o(Ag) Co(A_) C C™ and Wyg, Woy € R™" such that

BRy'BT —sE+ A~ BRy'DTC) Vio] _ [Wio] (o7 _ 4
sET + (A— BRy'DTC)T —~CTRY'C Vao] — [Wao "

By argumenting as before, we obtain that BT Vi = 0 and C'Vay = 0. Then the relation

0 —sE+ Al |V W,
ot T V] = [ e - a0

holds true. In particular, for an eigenvector vg € C™\{0} of Ay corresponding to the eigenvalue
A € C, we have

(—/\ET - AT)VH)UO = —WQ()()\[ - Ao)’l)() =0.

Together with BT Vigug = 0, this implies that (Vigvg)*[ —AE— A, B] = 0. Due to the assumption
of finite dynamics stabilizability, we have Vigug = 0. This implies Wagvy = 0. Since, on the other

hand, we have Wigvg = —EVapvg = 0, the relation
ro = rank [“28] = rank [%;g] <79
holds true. This is a contradiction. Thus, rank(EV3) = r. O

We now characterize a set of stabilizing solutions in the case where E has a special structure.

Definition 3.9: We call a realization [E, A, B,C, D] € ¥, , , with r = rank E' semi-ezplicit if

_ |40 _ A Are B B
E_[O 0}7 A_[Am 1422]7 B_[Bg]’ C=[C1 G, (11)

where Ay € R™, Ajp € R™"7, Agp € R"™7, Agy € R"7"", By € R™™, By € R"™™™ and
C1 € RPT Oy € RPTT,

Note that any realization can be transformed into a semi-explicit form by computing, for
example, a singular value decomposition of E. The name semi-explicit is due to the property
that E structured as in (11) causes that a part of the derivative of the state vector occurs
explicitly, while the remaining part is of pure algebraic nature.

Lemma 3.10: Let [E, A, B,C,D| € ¥, m, be a strongly stabilizable and strongly detectable
realization in the semi-explicit form (11). Let V be an r-dimensional deflating subspace of Hy (s)
corresponding to the eigenvalues in C~ and let
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for some Vi1,Vo1 € R"", Vig, Voo € R"™ ™", Then Vay is invertible. Moreover, Y € R™™ is
a stabilizing solution of the generalized Riccati equation (4) if and only if

Y = V11V211 -1 0 ,
(Vig = YoVa2) Voo Yo

where Yy € R"™"""" solves the quadratic equation
(Ago — BoRy DT )Yy + Yyl (Aa — BoRy' DT Cy) + CI R Cy — Yy BoRy'BI Yy = 0. (12)

Proof The invertibility of V51 follows from Lemma 3.8. The remaining statements are proven in
Lemma 1 of (Kawamoto et al. 1999). O

3.2 Proof of Theorem 3.2

We are now prepared to prove the main result of this section. For the generalized Riccati equation
(4), the statements (ii) and (iv) of Theorem 3.2 immediately follow from Lemmas 3.3 and 3.4.
The corresponding results for (3) can be obtained by duality. Since (i) is a direct consequence
of (v), it remains to show (v) only.

By Lemma 3.5, we have that for invertible matrices W, T € R™", stabilizing solutions X
and Y of the generalized algebraic Riccati equations (3) and (4) are related to those associated
with the system [E, A, B,C, D] = [WET,WAT,WB,CT,D] via X = WXTT, v =w-TyT
Consequently, I+ XY7T = W1 +X YT)W and, hence, it suffices to prove the statement for the
semi-explicit case (11) with, additionally, Ags = AL, < 0. Such a form can always be achieved
by an appropriate choice of W and T'.

Let
Viix Vity
. | Viax . | Viay
Vv = im , Vy =im
X Vaix Y Vory
Vaox Vaoy

with Vi1x, Vo1x, Viiy, Veiy € R™", Viox, Vaox, Viay, Vaoy € R™™ ™" be the r-dimensional stable

deflating subspaces of the pencils Hx(s) and Hy(s) as in (7) and (8). Then by Lemma 3.10

stabilizing solutions of (3) and (4) are given by

VixVaik 071" ViyVay 0
TT, y =wT

71
(Vigx — XqVoox)Varx X4 (Vigy — YoVazy)Vary Yo

X=w"!

9

where X, Yy € R"™""~7 solve the equations
(Ago—Bo DT R Co) XT + Xo(A2a—BoDT RV Co) T+ BoRy B — XC3 Ry C2X] =0, (13)
(Ago— Ba Ry DT Co)TYy + Yy (A2e— BaRy' DT Co) + CT ROy — Y BaRy'BI Yo = 0. (14)

Lemma 3.4 implies that the matrices —V; XV2_1}( and —VHYVQBI, are both symmetric and
positive semi-definite. Then I + (=V;y Vo x)(=Vi1y Vary) is invertible. Hence, it suffices to
show that there exist solutions Xy and Yy of (13) and (14) such that I + X,Y{ is invert-
ible. Since (E, A, B) is impulse controllable and (E,A,C) is impulse observable, we have
rank[ Aga, Ba] = rank[AgQ, C’QT ] = n — r. Furthermore, since A = 0 is the only eigenvalue of Ags
which is not in C™, the triple (I, Asg, Bs) is stabilizable and (I, A2, C2) is detectable. Hence,



12

the triples (I, Agg — BQR;lDTCQ, Bs) and (I, Ags — BQDTR)_(:LCQ, () are also stabilizable and
detectable, respectively. Using the theory for standard algebraic Riccati equations (Lancaster
and Rodman 1995), equations (13) and (14) have symmetric solutions such that Xy, > 0 and
Yp > 0. As a consequence, the matrix [ + XOYOT is invertible. Hence, this also holds true for
I+XxYy7T.

3.3 Lyapunov -based Balanced Truncation for Coprime Factorization

We now show that the stabilizing solution Y of the generalized Riccati equation (4) can be used
to construct a normalized coprime factorization of the realization [E, A, B,C, D] € %, ,p of
G € R(s)P™. The subsequent result is proven in (Liu et al. 1997) for the case D = 0. Since
an extension to general D is straightforward, we omit the proof.

Theorem 3.11: Let a realization [E,A,B,C,D] € ¥,y of G € R(s)P"™ be strongly sta-
bilizable and strongly detectable, and let Y be a stabilizing solution of the generalized algebraic
Riccati equation (4). Then a normalized right coprime factorization of G is given by

E— A— BK|BR;'?
> ‘ _}I 2 SErcf — Arcf|Brcf
_ % 7| = (15)
Y_1/2 Cret |Drcf ’
C+DK |DRy

where K = —RyY(BTY + DT0).

Next we prove that the stabilizing solutions of the generalized algebraic Riccati equations (3)
and (4) solve certain generalized Lyapunov equations associated with the realization (15) of the
normalized coprime factorization of G.

Theorem 3.12: Let a realization [E, A, B,C, D] € ¥,, 1., of G € R(s)P"™ be strongly stabiliz-
able and strongly detectable, and let X andY be the stabilizing solutions of the generalized Riccati
equations (3) and (4) such that I + XY is invertible. Then the matrices P = (I + XYT)71X
and Q =Y solve the generalized Lyapunov equations

Ayt PT 4+ PAL; + By BL; = 0, E.tPT — PET, =0, (16)
AT Q4+ QT At + CLiCrs =0,  EL.Q — QT Eyt = 0, (17)

where Eyet Arct, Bret and Cies are as in (15).
Proof Equation (17) directly follows from (4) and the definition of FEi¢f, Ayer, Brer and Cics.
In order to show (16), we first observe that the relation E,sPT = PET, is an immediate
consequence of

ETr+vxh)y=u+YT'xX)ET, (I4+xyD)'xX=XxT+YTXx)""

For the remaining part, consider the identities

— (I + XY")B,tBL(I +YX') = ~BR,'B" — XYT"BR;'B" - BR,'B'YXT
~ XYTBR'BTY X7, (18)

— BR'BT = (A- BD"RJC)XT + X(A - BDTRC)' — XCTRY OXT, (19)

~ TR C = (A- BRy'DTC)'Y + YT (A - BR;'D'C) - YT BR,'B"Y. (20)
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Substituting (20) in (19) and (19) in (18), we obtain that

BuBL, = (I + xYT)™! ((A — BDTRFC)XT + X(A— BDTRF )T
+ XYT(A- BR,/'DTC)XT + X(A- BR,/'DTC)Tv xT
~ XYTBRy'BT'Y X" - XYTBR,'B”

—~ BRy'BTYXT — XYTBR;lBTYXT) (I+YXxT)™
Reordering the terms in the right-hand side, we have

BB, = (I+ xYT)! ((I + XYT)(A - BRyY(B™Y + DTC))XT

ref —
+ X(A— BRyYBTY + DTC)(I + YXT)) (I+YyxT)~

= Ayt PT + PAL

rcf-

Thus, equation (16) is fulfilled. O

Theorem 3.12 shows that solutions P and @) of the generalized Lyapunov equations can be
constructed from the stabilizing solutions X and Y of the generalized Riccati equations (3) and
(4). Tt is also well known for standard systems, that the solutions can be used for model reduc-
tion by balanced truncation. We will now present an accordant result for stable and impulse-free
descriptor systems [E, A, B,C] € ¥,,,, and can be seen as an alternative to (Stykel 2004)
for Lyapunov-based balanced truncation of descriptor systems. In the following lemma we con-
sider balanced truncation of semi-explicit realizations. One can show that the solutions of the
Lyapunov equations (16) and (17) have the structure

*~lol o[

Similar as in the case of standard systems, we may apply a further state space transformation
which preserves semi-explicit structure and, moreover, the blocks I' and © in the transformed
Gramians are diagonal.

Lemma 3.13: Let a stable, impulse-free and semi-explicit system [E, A,E,Cu', D] € Xnmyp
be given and let r = rank E. Let P,Q € R™™ fulfill the corresponding generalized Lyapunov
equations

APT + pAT + BBT =0, EPT - PET =0, o)
21
ATQ+QTA+C"C =0, ETQ-QTE=o.

Further, assume that for some diagonal matrices T' = diag(y,...,%) € R and
© = diag(¥,...,Y,) € R™ with non-negative numbers v1,...,%r, 9, ..., such that

M1 > y22 > o > e > ep1er1 > - 2> Y0y

there holds
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Then for

[0 o
Se= [0 OI,H]

and the matrices E = SyEST, A= 8,AST, B=S,B, C = CSI P=S,PSF, Q= SiQS¥ holds

APT + PAT + BBT =0, EPT - PET =0,

RO e (22)
ATQ+QTA+CcTCc =0, ETQ-QTE=0.
Moreover, the transfer function
~ sk — A|B
G(s) = = 23
()= |51 23)

fulfills
IG - Gl <2 Z VYV (24)
k=t+1

Proof The validity of (22) follows by simple calculations. To show (24), we first make use of
(Takaba et al. 1994) to see that the solvability of (21) implies that sE — A is impulse-free. As
a consequence, we have that for the partition as in (11) the matrix Ay € R™ """ is invertible
and G can be represented as

G(s) =(C1 — CaAgy Ag1) (sl — (A1 — A12A55 A )) " (By — A1 Agy By).

Analogously, partitioning system (23) as

= |10 ~ Ay Ap ~ B ~

E = , A= |-, B=|<|, C= ,

[0 0} {Am A2J {BJ 1G]
we have AVQQ = A22, EQ = BQ, 62 = CQ and, for S’ = [Ig 0477«_@], AVH = SAHST, Avlg = SAH,
/Tgl = Ay ST, El = B, ST, 5’1 = SCy. Consequently, G is given by
G(s) =(Cy — CaAgy Ag))(sly — (A1 — A1aAy) A1) ™! (B1 — A1nAgy By)
=((C1 — Ca Az A)S")(sIp — S(A11 — AnAgy A1) ST) T (S(B1 — A1243, Ba)),

Since, furthermore (21) implies that

0 =(A11 — A12A5 Ao))T +T'(A1g — Ajp Ay Agr)”
+ (By — A1pA5) Bo)(By — A1aA5) Bo)T,

0 =(A11 — A19A5} A21)TO + O(A11 — A1p A5y Agy)
+(C1 — CoAs) Aoy)T(Cy — O A% Agy),

the inequality (24) is now a direct consequence of the results for the error bound of standard
balanced truncation for systems governed by ordinary differential equations (Glover 1984). O
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4 LQG Balanced Realizations

In this section, we present an LQG balanced truncation model reduction method for the de-
scriptor system (1) which relies on the stabilizing solutions X and Y of the generalized Riccati
equations (3) and (4).

4.1 LQG Gramians and LQG Balancing

First, we define LQG Gramians and LQG balanced realizations for descriptor systems. This will
lead to a new set of invariants forO descriptor systems, namely, LQG characteristic values.

Definition 4.1: Let [E, A, B,C, D] € ¥, ,, be strongly stabilizable and strongly detectable,
and let X and Y be stabilizing solutions of the generalized Riccati equations (3) and (4), re-

spectively. We call the matrices EXT and ETY, respectively, the LQG controllability Gramian
and the LQG observability Gramian of [E, A, B,C, D].

Note that, in contrast to stabilizing solutions of the generalized algebraic Riccati equations
(3) and (4), the LQG Gramians are unique by Theorem 3.2 (ii). Furthermore they have the
following energy interpretation. Consider the available storage, i.e., the maximal energy that can
be extracted from system (1), given by

o [ 9 9 Ei = Az + Bu, z(0) = xo,
Tosta) == _px {= [T+ w)Par | FE=art B -

The results in Katayama and Minamino (1992) imply that this functional can be expressed via
the LQG observability Gramian as

Jas(xo) = xgETYxO.

A similar connection exists between the LQG controllability Gramian and the required supply,
i.e., the minimal energy required to steer to a given final state x¢g € R, which is defined by

0
Totan) = _guin { [l 4 lyolpar | P4

Ei = Az + Bu, z(0) = x, }
w€ Ly (RT)™ '

If system (1) is controllable, we may use a similar argumentation as in the proof of Lemma 3.8
to see that rank E/ = rank(£X7). Then the required supply is given by

jrs(l'O) = xg(EXT)_$07

where (EX7)~ is the symmetric (1,2)-pseudoinverse (Campbell and Meyer 1979) of EXT.

Definition 4.2: A semi-explicit realization [E, A, B,C,D] € %,,,, of G € R(s)»™ with
r =rankFE is called LQG balanced, if there exists ¥ = diag(oy,...,0,) with o1 > ... > 0, > 0,
such that the LQG Gramians fulfill

T _ v |2 0
XE' =FE'Y = {0 ol
The values o1, ...,0, are called LQG characteristic values of [E, A, B,C, D].

Note that for the semi-explicit LQG balanced realization [E, A, B, C, D], the stabilizing solu-
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tions of the generalized Riccati equations (3) and (4) have the form

X:[g j Y:E 2] (25)

The zero blocks in X and Y evidently occur due to the special structure of E in (11) and the
relations EXT = XET and ETY = YTE in (3) and (4).

We now prove the existence of LQG balanced realizations and the invariance property of the
LQG characteristic values.

Theorem 4.3: Let [E,A,B,C,D] € ¥, be a strongly stabilizable and strongly detectable
realization of G € R(s)P™. Then the following holds true:

(i) [E, A, B,C, D] is system equivalent to a semi-explicit realization [E, A, B,C, D] with the
LQG Gramians

X 0000 00 00
0% 000 00000

XET=10 0000/, ETY=[00%300 (26)
00000 00000
00000 00000

for some ¥ = diag(o1,...,0%) >0, X3 >0 and X3 > 0.
(ii) Let [E,A,B,C,D] be as in (i), r =rank E and

000 0 O
Sk_[OOOOIn_JGR :

Then [Ey, Ay, By, Cy, D] = [SRESF, Sk AST,8,B,CST, D] € Spinrimyp is an LQG bal-
anced realization of G.

(iii) The values o1, ...,0x are invariants of G, i.e., they do not depend on the particular semi-
explicit realization of G.

Proof
(i) Without loss of generality we can assume that the realization [E, A, B,C, D] is already
semi-explicit. The equations EXT = XET > 0 and ETY = YTE > 0 then imply the
structure

=10 v=00 @

where X7 = Xf >0and Y7 = YlT > 0. By Theorem 3.22 of (Zhou et al. 1996), there exists
Ty € GI(R) such that

Y000 0 00

r 10200 Tome1 |00 00
T1X1T1_0000’T1Y1T1_00230
0000 00 0 0

It follows from Lemma 3.5 that for

[0 oo
w5 =% o)
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the realization [E, A, B,C, D] = [WET,WAT,WB,CT, D] has the desired properties.
(ii) Defining X; = S XS} and Y}, = S,Y S} with X and Y as in (26), we have

CXTsF =co,xt, S, AXTST = A X[,

28
BTy sl =BI'x, — S, ATy ST = Aly,. 2%)
These relations imply that EbXbT and EbTY}; are the LQG Gramians of the system
[Ey, Ap, By, Cy, D]. Moreover, by construction of Sk, we can infer that this realization is
LQG balanced. It remains to show that the transfer function of this realization is G.
By Theorem 3.11, we have G(s) = N(s)M~!(s) with N(s) and M(s) as in (15).
Lemma 3.13 and (28) imply that

(55, EST — Sy(A — BRy"(BTY + DTC))ST|S, BRy'/?
= ~RyY(BTY + DTC)ST Ry,

(C — DRyNBTY + DTC))ST DRy'?

sy, — Ay + ByRy (BI'Y, + DTCy)| ByRy ]
= —Ry' (B]Y; + DTCy) Ry

Cy — DRyN BTV, + DTC,) | DRyY? |

Using Theorem 3.11 once again, we obtain that
G(s) = N(s)M ™ (s) = D + Cy(sEy — Ay) "' By,

ie., [Eb,flb, By, Cy, D] € Ej mp is an LQG balanced realization of G.
(iii) This result follows from the fact that the transformations leading one semi-explicit realiza-
tion into another have the form

[ Wy [Tt 1
L R I A

for some 77 € Gl.(R), Ty, Wy € R"™™ " T3, W3 € Gl,—(R). Using this structure together
with Lemma 3.5, the corresponding results for the standard case (Zhou et al. 1996, p. 75)
can be used to obtain the desired result. 0

4.2 LQG balanced truncation

The above construction of an LQG balanced realization may be seen as an errorless model
reduction method that removes uncontrollable and unobservable states of [M?, N7]7. In the
following, we introduce model reduction of descriptor systems by LQG balanced truncation,
which is based on further removing the states corresponding to the small LQG characteristic
values. Using the energy interpretation for the LQG Gramians, we may conclude that such states
have large required supply and small available storage.

Theorem 4.4: Let a realization [E, A, B,C,D] € S, of G € R(s)P™ be given with the
LQG Gramians EXT and ETY as in (26) and let the LQG characteristic values satisfy oy >
.z 0op> 001> ... > 0 > 0. Then for

I, 000 O

_ l4+n—rmn
Sé_[OOOOInJER :
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the system (E,E,E,é,D) = (SEESZT, SgAS?,SgB,C’Sg,D) € Xpin—rmp 8 LQG balanced and
its transfer function G(s) = C(sE — A)™'B + D satisfies the gap metric estimate

,(G,G) <2 Z (29)

Proof By using the same argumentatlon as in the proof of part (ii) of Theorem 4.3, we
obtain that the matrices X = SXS[ and Y = SgYST are the LQG Gramians of the
realization (E,A,B,C,D), which is LQG balanced. Since, by Theorem 3.12, the matrices
P = I+ XY")71X and Q = Y fulfill the generalized Lyapunov equations (16) and (17)
and, moreover, the function f(x) = 22/(1 + 2?) increases monotonically on [0, 00), we can apply
Lemma 3.13 to obtain that the normalized coprime factorization

[@@

sE — A+ BRy"(B"Y + DTC)|BR;"”
N (8)]

= —Ry"(BY + DTC) R,'?
C — DRy (B'Y + DTC) |DR;'"”

of G satisfies

~ k
H[IYE_M] <2y A (30)
N -N jf_l'_lﬁ/l—'—o-?
Then the gap metric error bound (29) immediately follows from Theorem 2.4. O

Remark 1: It is important to note that it is not required to compute stabilizing solutions
which have the additional property that I + XY7 is invertible. This is because, in the proof
of Theorem 4.3, only the LQG Gramians EXT > 0 and ETY > 0 (and not the full stabilizing
solutions X and Y') were used to construct the LQG balanced realization. Roughly speaking,
this means that the x-blocks in (27) do not play a role for the construction of an LQG balanced
realization. The existence of stabilizing solutions X and Y with invertible I + XY 7 is only used
for the solution structure of the generalized Lyapunov equations (16) and (17) and, hence, for
the proof of the gap metric error bound (29).

Remark 2: For an accordant block partitioning

4 00 o [An Az A | B R
E=101_,0|, A=|Ay Ap As3|, B=|B|, C=]|C1,Cy Cs
0 0 0 A3y Aszp Az B3

of a realization [E, A, B,C,D] € %, m, of G € R(s)"™ with the LQG Gramians EX” and
ETY as in (26) and the LQG characteristic values o1 > ... > oy > opy1 > ...,0r > 0, the

reduced-order model by LQG balanced truncation is given by [E, A, B,C, D] € ¥¢1y_ymp with

~ |10 ~ A1 Az ~ |B1 ~
e I O B R

LQG balanced truncation, therefore, only eliminates differential variables while letting the al-
gebraic constraints unchanged. It is possible to reduce the algebraic part by eliminating the
uncontrollable and unobservable components (Varga 1990).
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In the time domain, the gap metric error bound (29) has the following interpretation. For
normalized coprime factorizations

SErer — Arcf‘Brcf
Cref ‘Drcf

)

[M(s)} _ [SErcf _Arcf|Brcf:| , ll\N/I(S)] _

Cret |Drcf /N/ (S)

the set of input-output pairs of the original and reduced-order models can be parameterized as

Breti(t) = Avet(t) + Bretv(t), Ereti(t) = AerZ(t) + Buerv(t),
u(t)| _ at)] A o~ (31)
0] = Cusstt) + Dusvto) 5] = i)+ Dure ()

where v : RT — R™ is the so-called driving variable (Weiland 1994). The property of the coprime
factorization being normalized, means that both systems in (31) are inner (Zhou et al. 1996,
pp. 357). This implies that the La-norms of the driving variable and the input-output pairs

coincide, i.e.,
[ y ] C [ ; }
Y ) y

Hence, the Ho-error bound (30) for the coprime factor system gives rise to the following behav-
ioral error bound.

= [lvllz.-

Lo

Lemma 4.5: Let
[ﬂ e LTP(RY)

be an input-output pair of the descriptor system (1) with x(0) = 0. Then there exists an input-
output pair

[;ﬂ € L7 (R)

of the descriptor system (2) with z(0) = 0 such that
k
<2 &

=50l =2 2 ]

We now aim to give a constructive approach to LQG balanced truncation. It is obvious that,
for the construction of a reduced-order model, there is no need to compute first a full LQG
balanced realization as in part (i) of Theorem 4.3, and then truncate the states corresponding
to the small LQG characteristic values. Instead, we can combine these two steps similarly to the
classical balanced truncation (Tombs and Postlethwaite 1987).

By Theorem 3.2 (iii) and (iv), the LQG Gramians have the property that X ET > 0 and
ETY > 0. Then there exist factorizations

Lo

EXT = ERRTET, E'Y=ETLTLE (32)
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for some full row rank matrices L and RT. Computing a singular value decomposition

1 0

LER = [Uy, Uy ] {0 5,

] Vi, 18] (33)

where [Uy, Uy | and [Vy, V4| are orthogonal, ¥ = diag(oq, ..., 0¢) and X9 = diag(oy1,...,0%),
we can determine the projection matrices

1/2

W, = [LTU,s7Y?, 7)), T, =|RVix; A 7, (34)

where Z,., Z; € R™"™" are full column rank matrices satisfying im Z, = ker F, im Z; = ker ET.
Then the reduced-order system [E, A, B,C,D| = W!ET, Wl AT, Wl B,CT,,D] is semi-
explicit and LQG balanced. Indeed, we have

B wTET, — = PuTLERV,E? sVPUTLEZ,| [I o]
CT |l ZPERE? ZIEZ, 00}’
WTXETW, — STVAUTLXETLTU, STY? sTYAUTLXETZ)| [2 o]
¢ |l ZrxETLuE ZIXETZ, 0 0]’
T Ty _ = PVIRTETY RV ST ST VPVIRTETY 2, [2 o}
¢ ‘| Z'E"YRvz ZTEYTZ, 0 0]

We summarize the LQG balanced truncation method for descriptor systems in the following
algorithm.

Algorithm 1: LQG balanced truncation for descriptor systems.
Given a realization [F, A, B, C, D] of a strongly stabilizable and strongly detectable descriptor

system (1) with » = rank E, compute an LQG balanced realization [E, A, B, C, D] of a reduced-
order model (2).

(1) Compute full rank matrices Z,, Z; € R™"~" such that im Z, = ker F and im Z; = ker ET.
(2) Compute the full rank factors L € R and R € R™" such that FXT = ERRTET and
ETY = ETLTLE by solving the generalized algebraic Riccati equations (3) and (4).

(3) Compute a singular value decomposition (33).
(4) Compute the reduced-order system

E=W}/ET, A=W[AT,, B=W}/B, C=CT,, D=D

with the projection matrices W, and T} as in (34).

5 Examples

In this section we present two numerical examples to demonstrate the feasibility of the proposed
LQG balanced truncation model reduction method for descriptor systems. The computations
were done on IBM RS 6000 44P Model 270 with machine precision ¢ = 2.22 x 10'6 using
MATLAB 7.9.0.

To present the accuracy of the reduced order models, we plot the norm of difference between
the normalized coprime factorizations of the reduced order model and those of the full order
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Figure 1. Coprime factor error plot and error bound for Example 5.1

models. That is, we plot

M(iw) — M(iw)
H [N(m) - ’N(m)] H (35)

for a frequency range w € [107°,105]. Note that, since the coprime factorizations are normalized,
i.e.

M(iw) ||| _
H [N(zw)] H =1 foralweR,
the computed error is the equal to the relative error. Furthermore we present the error bound,

computed by (29).

Example 5.1 As a first example we consider a mechanical system with holonomic constraints.
Such a system can be described by model equations in the form (1), where the system matrices
have the following blockstructure

I 0 I 0 0
E = M , A=|K D-GT|, B=|By|, C=][C1,CsCs]. (36)
0 G 0 0 0

Here M, K, D are the mass, stiffness and damping matrices respectivel,and y G is the full row
rank constraint matrix. This system is stable and has index 3. The system dimensions are
n = 1001, m = 2 and p = 3. We approximate the resulted unstable system by a reduced order
model of dimension [ = 20. To show that the presented model reduction approach works also for
unstable models, we destabilize this system by a proportional state feedback. Figure 1 displays
the relative error (35) and the computed error bound (29)

Example 5.2 We consider now the instationary Stokes equation describing the flow of an
incompressible fluid in a domain (Schmidt 2007, Section 3.7.1). Discretization of this equation
by a finite volume method on a uniform staggered grid leads to the descriptor system (1) of
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Figure 2. Relative error plot and error bound for Example 5.2

index 2 with the matrix coefficients

10 A Alﬂ [Bl]
B— , A= , B=|P, c=o.C
0o ¥ 0 [©1. C2]

In our experiments, the system dimensions are n = 2640, m = 3 and p = 2. Since the sys-
tem is neither strongly stabilizable nor strongly detectable we first remove the states that are
not impulse controllable and not impulse observable using the staircase-based algorithm form
(Varga 1990). As a result we obtained a system of state space dimension 869. This system was
then approximated by a reduced model of dimension ¢ = 38. The relative error (35) and the
corresponding error bound are presented in Figure 2.

6 Conclusion

In this paper we have presented the linear-quadratic Gaussian (LQG) balanced truncation
method for linear time-invariant differential-algebraic systems. This method is also applicable to
unstable systems, provides an error bound in terms of the gap metric and is based on balancing
the solutions of certain generalized algebraic Riccati equations. We have also presented systems
theoretic conditions on the solvability of these equations.
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