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Balanced truncation model reduction for descriptor systems

We present a generalization of a balanced truncation model reduction method for descriptor systems. This method is
closely related to the proper and improper controllability and observability Gramians and Hankel singular values that
can be computed by solving projected generalized Lyapunov equations. We demonstrate the application of balanced
truncation model reduction to the semidiscretized Stokes equation.

1. Introduction
Consider a linear time-invariant continuous-time descriptor system
Bi(t) = Aa(t)+ Bu(t),  y(t) = Ca(d), (1)

where E, A € R™", B € R™™, C € RP"™, z(t) € IR"™ is the state vector, u(t) € IR™ is the control input,
y(t) € R? is the output. We will assume that system (1) is asymptotically stable, that is, the pencil AE — A is
regular (det(AE — A) # 0 for some A € C) and all the finite eigenvalues of AE — A lie in the open left half-plane.
Descriptor systems arise naturally in many applications such as electrical circuit simulation and semidiscretization
of partial differential equations. The order n of such systems is typically very large, while the number m of inputs
and the number p of outputs are small compared to n.

The model order reduction problem consists in an approximation of system (1) by a reduced order system
Ex(t) = AZ(t) + Bul(t), U(t) = C&(t), (2)

where E, Ae R%¢, B € R%™ and C € RP. The order ¢ of this system is much smaller than the order n of (1).
It is desired that the approximate system (2) is also asymptotically stable and the approximation error is small in
some sense. As a measure of the accuracy of the approximation we can use the H,-norm of an error system given
by |G — Glln.. = supyer [|G(iw) — G(iw)||, where G(s) = C(sE — A)"'B and G(s) = C(sE — A)"'B are the
transfer functions of systems (1) and (2), respectively, and || - || denotes the spectral matrix norm.

There exist various model reduction approaches for standard state space systems (E = I) such as balanced
truncation, Hankel norm approximation and moment matching approximation, e.g., [1, 2]. In this paper, developing
the ideas from [7, 8], we generalize a balanced truncation model reduction method for descriptor systems. Important
properties of this method are that the asymptotic stability is preserved in the reduced order system and there is
a priori bound on the approximation error.

2. Gramians and Hankel singular values

It is well known that balanced truncation model reduction for standard state space systems is closely related to the
controllability and observability Gramians that satisfy standard Lyapunov equations [2]. These Gramians can be
generalized for descriptor systems as follows. The proper controllability Gramian G,. and the proper observability
Gramian Gp, of the continuous-time descriptor system (1) are defined as unique symmetric, positive semidefinite
solutions of the projected generalized continuous-time Lyapunov equations

EGp. A" + AG,.E" = -PBBT P!, Gpe = P.Gpc P, (3)
E"G0A+ ATG,E = —PICTCP,, Gpo = P GpoFl, (4)
where P, and P, denote spectral projections onto the right and left deflating subspaces of AE — A corresponding to
the finite eigenvalues, see [8]. Unlike standard state space systems, the descriptor system (1) has also the improper

controllability Gramian G;. and the improper observability Gramian G;, that are defined as unique symmetric, positive
semidefinite solutions of the projected generalized discrete-time Lyapunov equations

AG; AT — EG,.ET = (I - P)BBT(I - P)7, P.Gi.P =0, (5)
ATgioA - ETgioE = (I - P’r‘)TCTC(I - P’r'); Pngioljl =0. (6)
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The matrices G, BT Gpo E and G;c AT G;, A play the same role for descriptor systems as the product of the controllabi-
lity and observability Gramians for standard state space systems [2]. It has been shown in [8] that all the eigenvalues
of gchTg,,oE and G;cATG;, A are real and non-negative.

Let ny and n be the dimensions of the deflating subspaces of the pencil AE— A corresponding to the finite and
infinite eigenvalues, respectively. The square roots of the ny largest eigenvalues of the matrix G,.ET G, E, denoted
by ;, are called the proper Hankel singular values of system (1). The square roots of the n, largest eigenvalues of
the matrix G;.A7G;, A, denoted by 6, are called the improper Hankel singular values of (1).

Since the proper and improper controllability and observability Gramians are symmetric and positive semide-
finite, there exist full rank factorizations G,. = RPRZ, Gpo = L;Lp, Gic = RiRiT and G;, = LiTLi, where R, Lp,
R; and L; are full rank Cholesky factors. One can show that the non-zero proper Hankel singular values of the
descriptor system (1) coincide with the non-zero singular values of the matrix L,ER,, while the non-zero improper
Hankel singular values of (1) are the non-zero singular values of the matrix L;AR;, see [8].

3. Balanced truncation

A descriptor system (1) is called balanced if the Gramians of (1) satisfy

¥ 0 0 O
gpc*gpo* |: 0 0 :| and gic*gio* |: 0 © :|7
where ¥ = diag(1,...,sn,) and © = diag(fs,...,0,. ). It is well known that every completely controllable, com-

pletely observable and asymptotically stable descriptor system can be transformed to a balanced form [8]. If the
descriptor system (1) has uncontrollable or/and unobservable states that, in fact, correspond to the zero proper and
improper Hankel singular values, then these states can be truncated without changing the input-output relation in
the system. Note that the number of non-zero improper Hankel singular values of (1) is the same as rank(G;. A7 G;, A)
which is estimated as rank(G;. A7 G;,A) < min(vm, vp, ns ), where v is the index of the pencil A\E — A. This estimate
shows that if v times the number m of inputs or the number p of outputs is much smaller than the dimension n,
of the deflating subspace of A — A corresponding to the infinite eigenvalue, then the order of the descriptor system
(1) can be reduced significantly. Moreover, taking into account the input-output energy characterization via the
proper controllability and observability Gramians, see [8], we can conclude that the truncation of the states of the
balanced descriptor system related to the small proper Hankel singular values does not change the system properties
essentially. Note that this does not hold for the improper Hankel singular values. The truncation of the states that
correspond to the small non-zero improper Hankel singular values may lead to an inaccurate approximation.

In summary, we have the following algorithm which is a generalization of the square root balanced truncation
method, e.g., [4] for the descriptor system (1).

Algorithm. Generalized Square Root Balanced Truncation (GSRBT) method.
Input: [E, A, B, C] such that all the finite eigenvalues of \E — A have negative real part.
Output: A reduced order system [E, A, B, 5]

1. Compute the full rank Cholesky factors R, and L, of the proper controllability and observability Gramians
Gpe = RPRZ and Gpo = LZLP that satisfy equations (3) and (4), respectively.

2. Compute the full rank Cholesky factors R; and L; of the improper controllability and observability Gramians
Gic = RiRY and G;, = LT L; that satisfy equations (5) and (6), respectively.

3. Compute the ’'thin’ singular value decomposition L,ER, = [Uy, Ua] E(:)l X(]) ][Vl, VQ]T, where
2
(U, Uz] and [V1, Vo] have orthonormal columns, ¥, = diag(si,...,s,;) and Yo = diag(se;41,--.,5r,)

with rp, = rank(LyERy) and 61 > ... > Gy > Grpp1 = oot > Gy

4. Compute the thin’ singular value decomposition L;AR; = U3@3V3T, where Us and V3 have orthonormal
columns and O3 = diag(6y,...,0, ) with {oo = rank(L;AR;).
5. Compute the matrices W = [L;UlEfl/Q, LiTU3®§1/2] and Ty = [Rlexfl/Q, Rng@;lﬂ].

6. Compute the reduced order system [E, /T, E, 5] = [W}FET,, WFAT,, WIB, CTy).

The computation of the reduced order descriptor system via balanced truncation can be interpreted as the additive
decomposition of the transfer function as G(s) = G, (s) + P(s), where Gy, (s) = Cy(sEf — Af) "1 By is the strictly
proper part and P(s) = Cu(sEs — Aso) ' Bs is the polynomial part of G(s), and then applying the classical
continuous-time and discrete-time balanced truncation model reduction to the subsystems [Ey, Ay, By, Cy] and
[Aoo, Eso, Boo, C |, respectively, where Ey and A, are nonsingular. The reduced order system (2) has the transfer
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function G(s) = Gp(s) + P(s), where G, (s) = Cp(sEy — A;) " By and P(s) = Coo(5Ese — Aoo) " Boo = P(s). In
this case the error system G(s)—G(s) = Gsp(s)—Ggp(s) is strictly proper, and we have the following H.-norm error

bound ||G — G||x. < 2(Se;41 + ...+ Sn,), see [2]. Moreover, we can show that the reduced order system computed
by the GSRBT method is completely controllable, completely observable, asymptotically stable and balanced.

4. Semidiscretized Stokes equation

In this section we apply the balanced truncation model reduction to the descriptor system obtained by spatial
discretization of the instationary Stokes equation that describes the flow of an incompressible fluid. Such a system
has the form (1) with

| L, 0 _ | A A _| B _
e[ 0 [ ] s-[B] c-taal .

where [, is an identity matrix of order ni, A;; € R™"™ is symmetric, negative definite and A5 € IR™"2 has full
column rank, see [9] for details. Using the block structure of the matrices £ and A, we obtain that

II 0
P. = _ =P, 8
{ — (AL App) 1AL AT 0 } ! ®
where IT = I — Ay2(A¥, A19) 71 AL is the orthogonal projection onto KerAT, along ImAs.

Substituting (7) and (8) in the projected generalized continuous-time Lyapunov equations (3) and (4), we find
that the proper controllability and observability Gramians of the semidiscretized Stokes equation (1), (7) can be
computed in factored form G, = R,R] and Gp, = L L, where

R} =[R{, —R{ A1 A1n(A, A1) 7], Ly =[L1, —LiAnAn(AAL) '] (9)

Here R; and L; are full rank Cholesky factors of the solutions X1 = RlRlT and Y1 = LlTLl of the projected
continuous-time Lyapunov equations

A TIX; + X1 TTA L IT = —TIB;», BLI, (10)
MMAITYy, + Y AT = —TICL ChoTI, (11)

where Bio= B1—A11 A1 (A{‘2A12)7IBQ’ Cra=Ci1— CQ(ATQAlQ)ilA{QAll. USiIlg (7) and (9), we have LpERp =L1R;.
Thus, the proper Hankel singular values of the semidiscretized Stokes equation (1), (7) can be computed from the
singular value decomposition of the matrix L R;.

Analogously, we obtain from the projected generalized discrete-time Lyapunov equations (5), (6) that the
improper controllability and observability Gramians of system (1), (7) have the form G;.=R;RY, G;, =LY L;, where

R;= A1p(AipAr2) "By 0 L — Co(Afy A1) AT, CraAia(AfyAr) ™t (12)
(A AR) AT Bl: (AT A) ' Be | ! 0 Co(Af A1)~
It follows from (7) and (12) that
T -1 T —1AT T -1
LAR, — [ 012Alz(AlgAgg(A%2;34$jAlg) AL B, CQ(AIQBMQ) By | _ povom 13)

Hence, to determine the improper Hankel singular values of (1), (7) we have to compute the singular value decom-
position of the matrix L;AR; as in (13) that has only a few columns and rows if m and p are small.

Example. The spatial discretization of the Stokes equation on a square domain [0,1] x [0,1] by the finite
volume method on a uniform staggered 22 x 22 grid leads to a problem of dimension n = ni + no = 1540 with
n1 = 1012 and ny = 528. The dimensions of the deflating subspaces of the pencil A\E — A corresponding to the finite
and infinite eigenvalues are ng = 484 and no, = 1056, respectively. In our ezperiments B € R™! and C € RY™ are
chosen at random. The computations were done on a SUN OS 5.8 workstation with machine precision € = 2.22x 1016
using MATLAB.

Figure 1 shows the 25 largest proper Hankel singular values and eigenvalues of the solutions X171 and Y11 of
equations (10) and (11), respectively, computed by the Hammarling method [3]. One can see that the eigenvalues
decay very fast and, hence, the matrices X11 and Y11 can be well approximated by matrices of low rank. Using the
low rank alternating direction implicit (LRADI) method [5, 6], we have computed the low rank Cholesky factors X,
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Proper Hankel singular values, eigenvalues of X, and Y, | Relative errors for the semidiscretized Stokes equation, I=16
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Figure 1: Proper Hankel singular values and eigenvalues Figure 2: Relative error plots.

of the matrices X717 and Yi;.

Y € RY1216 of the solutions X11 ~ XXT and Y11 = YTY of equations (10) and (11), respectively. The dominant
proper Hankel singular values have been approximated by the singular values of YX. The non-zero improper Hankel
singular values are 81 = 133780.8354 and 05 = 0.4296. We approzimate the semidiscretized Stokes equation by two
models of order £ =16 (£ = 14, lox = 2) computed by the GSRBT method using the full rank factors R, and L, of
the proper Gramians as in (9) and their low rank Cholesky factors given by Ep =[XT, —XTA1A15(AT,Ap)~ 1T
and Zp =[Y, ~YA;1A15(AT,A12)71]. The absolute values of the frequency responses of the full order and reduced
order systems are_not presented since they were impossible to distinguish. In Figure 2 we display the relative
errors ||G(iw) — G(iw)||/||G(iw)| of the two different approximations. One can see that the both reduced order
systems approximate the original one quite well. Note that the computational costs and memory requirements for
the GSRBT method based on the LRADI iteration are much smaller than for standard implementations based on the
direct Lyapunov equation solvers, see [5, 6] for details.
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