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Abstract— Based on our recently established solu-
tion characterization of switched singular descriptor
systems in discrete time, we propose a time-varying
balanced truncation method. For that we consider the
switched system on a finite time interval and define
corresponding time-varying reachability and observ-
ability Gramians. We then show that these capture es-
sential quantitative information about reachable and
observable state directions. Based on these Grami-
ans we formulate a time-varying balanced truncation
method resulting in a fully-time varying linear system
with possible varying state dimensions. We illustrate
this method with a small dynamic Leontief model,
where we can reduce the size to one third without
altering the input-output behavior significantly. We
also show that the method is suitable for a medium
size random descriptor system (100 x 100) resulting in
a time-varying system of less then a tenth of the size
where the outputs of the original and reduced system
are indistinguishable.

I. INTRODUCTION

We consider singular switched linear systems in dis-
crete time given by

Eo(k)x(k + 1) = Ag(k)l‘(k) + Bg(k)u(k)

y(k) = Cogyz(k) + Dy(ryu(k), o

where z(k) € R™ is the state at time instant k¥ € N
and 0 : N - M= {1,2,--- ,m}, m € N, is the switching
signal defined on a bounded time interval [ko,ks] =
{k(),k() + 1,,]€f} of interest, E“AZ S Rnxn7 B; €
R»*™m C; € RP*™ and D; € RP*™ are the system’s
matrices with ¢ € M and FE; in general singular. In the
context of model reduction, we are interested in the
input-output behavior of the system and thus, w.l.o.g.,
we assume in the following that z(0) = 0.

Sytems governed by (1) appear in numerous practical
applications, such as circuit simulation, computational
electromagnetics, fluid dynamics, and mechanical and
chemical engineering; see [10], [18].

Our goal is to reduce the size of the system description
without significantly altering the input-output response
of the overall system, commonly known as Model Order
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Reduction (MOR). It typically addresses systems de-
scribed by large-scale sets of ordinary differential (in con-
tinuous time) or difference equations (in discrete time) as
well as differential or difference-algebraic equations, also
known as singular systems. In this context, the primary
goal of MOR is to develop a compact reduced-order
model with a significantly smaller number of states, while
approximating the true system response according to
well-defined criteria. Here, reduction is needed to replace
the original large-scale system descriptions with accurate
and robust reduced-order models. In other words, given
a full-order model of a dynamic system, the aim of model
reduction is to find a reduced-order model such that the
input-output behavior of both models remains closely
aligned in an appropriate sense.

In parallel to MOR, switched systems have been widely
studied over the last decades for modeling in appli-
cations such as mechanical and aeronautical systems,
power converters, and the automotive industry (see e.g.
[9], [15]). MOR methods for switched ordinary (non-
singular) systems have been developed in [12], [5] for
the continuous-time case and [2], [1], [13], [3] for the
discrete-time case. The existing methods use the concept
of balanced realization (see also [14], [17], [4], [8]). A
balanced truncation method is also recently proposed
in [6] for model reduction of singular linear switched
systems in continuous time. The resulting reduced model
is no longer a switched system but is fully time-varying,
which is less practical for the continuous-time case. How-
ever, in discrete time, such a fully time-varying reduced
model may still be feasible for practical applications,
which motivated us to apply this time-varying balanced
truncation approach to system (1).

In this paper, we propose a method inspired by the
well-known balanced truncation method, wherein suit-
able reachability and observability Gramians are first in-
troduced to quantify how easily or difficultly certain state
directions can be reached or observed. Next, coordinate
transformations are applied to balance these Gramians,
revealing which state directions are simultaneously hard
to reach and observe. Finally, the reduction removes
the state directions that are most difficult to reach and
observe. Here, for system (1), we focus our attention to
the case that the reduction process is tailored to the
specific switching signal, which allows for a more efficient
reduction but requires complete knowledge of the switch-
ing signal. Furthermore, the reduction is considered on
a finite time interval of interest, which on one hand
is in most practical situations more relevant than the



consideration of an infinite time interval and on the other
hand does not require any stability assumptions on the
system.
II. PRELIMINARIES

Consider a general time-varying linear system in dis-

crete time given by
x(k+1) = Agx(k) + Bru(k), @)
y(k) = Crz(k) + Dyu(k),

where k € [ko, ky], z(k) € R”, u(k) € R™, y(k) € RP and
Ay, B, Cy, Di, are matrices of appropriate size.

Definition 1 (Gramians): The (time-varying) reacha-
bility Gramian Py, € R™*"™ for (2) is recursively given by
P, :==0and for k =ko+1,ko +2,...,kf

Py = Ap1Pec1 Af_y + Buo1 By,

z(ko) = 0,

The (time-varying) observability Gramian Q € R™*™ is
recursively given by Qy, := C’kaC’k.f and for £ = ky —
Lk;—2,...,1

Qr = AZQI@—&-IAI@ + C,;FC;C
Lemma 2: Consider the (time-varying) coordinate
transformation z = Tpx, then the corresponding trans-
formed system is given by

2(k+1) = Agz(k) + Bru(k),
y(k) = Crz(k) + Dyu(k),

where Ak = Tk_—&-llAka’ Bk = Tk__'_llBk, ék = Oka, and
Dy, = Dy. Furthermore, the corresponding Gramians Py
and Qj satisfy

pk = Tk_lkak_T and Qk = TJQka
Proof: This follows in a straight-forward way by
plugging in the corresponding definitions. ]
With the above definition of the Gramians it can be
shown that the Gramians are tightly connected with the
reachability and observability properties of (2).
Theorem 3: Cousider (2) with corresponding Grami-
ans P, and Qg, then

Z(k‘o) = 0,

A Fu : [ko, k — 1] = R™ and solu-
TR tion x of (2) s.t. x(k) = xp '
0=yk)=ylk+1)=...=y(ky)
ker Qi = < x), | for solution of (2) on [k, kf] with 5,

u=0 and z(k) = xx

i.e. im Py equals the reachability space Ry of (2) con-
sidered on the time interval [ko, k] and ker Qj, equals the
unobservability space Uy, of (2) considered on the time
interval [k, ky].

Proof: Tt is easily seen that the reachability space
satisfies Rp41 = ARy +im By. Since Rg = {0} = im P,
we just need to show that im Py; = Rg4+1 under the
inductive assumption that P, = Rj. For that consider
any symmetric factorization P, = Li L], then, utilizing
the fact that for any matrix we have im M =im MM T,

Rit1 = Apim P +im By, = Apim Ly + im BkB]I
= im ALy (Ax L) " +im By B}l =im Pyyq.

We see that the unobservable space satisfies Uy, =
ker C, and Uy = ker C} N A,:lb{kﬂ. Since for general
matrices M we have that ker M = (im M "), we see that
ker Qp, = (imCT)+ = (ikaf)L = ker Q,; and using
the induction assumption ker Qx+1 = Uk41 together
with the symmetric factorization Q41 = R,IHR;H_l, we
arrive at the following:

ker Qp, = (im A} R} Ryy1Ax +im C} Cy)*
= ker Ry1 A4y, Nker Cj, = A; ' ker Ry41 Nker Cy,
= Ak_,1 ker Uy, 11 Nker Cy, = Uy,.
|
Furthermore, the Gramians do not only provide qual-
itative information about reachability and observability,
but also quantitative information (which is crucial for the
upcoming model reduction method) as highlighted in the

following Theorem.
Theorem 4: For all x;, € im P, we have that!

-
T P,ka

k—1
= min { Z u(0) Tu(l)

l=kq

u is s.t. solution x
of (2) satisfies (k) =z [’

i.e. the reachability Gramian provides information about
the minimal control energy required to reach a (reach-
able) state. Furthermore

kg
2 Qrrr = Y _y(0) Ty(0),
=k

where y(k),y(k +1),...,y(ky) is the output of (2) con-
sidered on [k, kf] with v = 0 and z(k) = xy, i.e. the
observability Gramian provides information about the
output energy visible from the given initial state.

Proof: For k > £ > ko, define the fundamental
matrices ®(k, ¢) of (2) as

(I)(]{,f) = Ak_lAk_g ce Ag+1Ag, (b(f,g) = 1.
Then, since z(kg) = 0, we have
k—1
2(k) =" ®(k,{+ 1)Byu(l). (3)
£=kqo

Furthermore, we see easily by induction that

k—1
Pe=> @k, +1)BB/ @k, (+1)T,
l:ko
kg
Qr=>_O(t,k) C/Cd(L k).
l=k

Consider the control @ on [ko, k| defined by

a(0) = B ®(k, 0 +1)" Py

1Here PT denotes any symmetric pseudo-inverse of Py with
Py p! Pj, = Py, for example the well known Moore-Penrose pseudo-
k
inverse.



Then with this control, system (2) has the solution x
satisfying xz(ko) = 0,2(k) = zx. Indeed, plugging this
input into (3) we get
k—1
z(k) =Y ®(k,L+1)B;B] ®(k, L +1)" Play
f:ko
= PkP]ILBk

By assumption, z; € im Py, i.e. there exists z € R"
such that z;, = P,z and hence PkP,ixk = PkPngzk =
szk = Tk-
Now we define a scalar product for controls u,v on
[k‘o, k‘]
k

Then, for arbitrary u for which the solution of system
(2) satisfies z(ko) = 0, z(k) = xx, we have

w(l) "Bl ®(k, £+ 1) Play, W
4

& T
- <Z Ok, L+ 1)Bgu(£)> Play,
l=ko

(23) ng,;f:z:k

sz,Ia:k =0 and

(u,u) = (G, 4) + 2(u — 4, 4) + (u — G, u — 4)
= (4, q) + {(u — G,u — q)
> (a, )
fx,;rP,ka

This concludes the first part of this theorem.

Now, for (k) = z and u = 0, we have z({) =
®(¢, k)xy. This implies that y(¢) = Co®(¢, k). There-
fore,

ky ky
D) Ty(0) = w[ (L k)Tl Ced(t, k)
o=k o=k
= szkxk.
The proof is complete. [ |

Definition 5: The system (2) is called balanced if all
Gramians are diagonal and for all k € [k, k| there exists
diagonal matrices Xy, X7, X9 such that

Py, = diag(Xg, X7, 0,0) and Qr = diag(X, 0, X7, 0),

where the corresponding block diagonal matrices in P
and @y, have equal sizes (0 x 0 is allowed). Furthermore,
it is assumed that all diagonal entries of ¥, 3,3} are
positive and for ¥j are ordered from largest to smallest.

Theorem 6: There always exists a time-dependent co-
ordinate transformation such that (2) becomes balanced.
Proof: In view of Lemma 2 it suffices to consider

the coordinate transformation T} for each k individually
(although the resulting transformed system matrices will
depend on the coordinate transformation at T} and
Ty+1, the transformed Gramians will only depend on
T). Hence the problem can be reduced to the following
question: Given two symmetric positive definite matrices
P and @ find a coordinate transformation 7' such that
T-'PT-T and TTQT have the block structured as in
Definition 5. The existence of such a transformation is
well known, see e.g. [19, Thm. 7.5], whose proof is also
constructive and can be used for the implementation of
the reduction algorithm. [ ]

III. MODEL REDUCTION PROCEDURE
The model reduction procedure consists of four main
steps:
Step 1: Obtain surrogate system

We assume that the switched singular system (1) is
solvable for all input signals, which can be characterized
via the recently introduced notion of switched index-1
w.r.t the considered switching signal o for the family
{(E;, A;, B;)}, for details see [16]; therein, an equivalent
surrogate system is given, which takes the form

r(k+1) = Poipy1),ommr(k)
+ U k1), () U(E) + VG i1y oy ul(k + 1)
y(k) = Coyz(k) + Do ryulk).
This can be rewritten as
w(k + 1) = Apz(k) + Byu(k),
y(k) = Crz(k) + Dyu(k),

where u(k) := [ u(k)

u(k+1)} and

Ak = Po(i1),0(0)0 Br = Y5 0t1),000) Yotkt1),000)):
Cr := Co(), Dy, := [Dy 1y, 0],
Step 2: Calculate Gramians for surrogate system

With Py, = 0, define Py, recursively for k = ko+1, ko+
2,...,ky as follows

Py = gk—lpk—lle;r_l + Ek_1§1;r_1,

and with Qg,4+1 := 0, defined Q. recursively for k =
ke ky—1,...,ko

Qi = A} Qe Ay + C Cy.

Remark 7: It should be noted that the calculated
reachability Gramians for the surrogate systems are not
necessarily exactly related to the reachability properties
of the original singular switched system. This is because
for the surrogate system it is assumed that the inputs
ur and up4q are independent of each other, however,
from the definition it is clear that they are in fact not



fully independent because the last components of wuy, are
always equal to the first components of 1. This means
in particular, that the actual reachability spaces of the
original singular switched system are in general smaller
than the reachability spaces of the surrogate system.
However, in the context of model reduction this means
that we overestimate the reachability properties of the
original systems and may not reduce as much as possible.

Step 3: Calculate time-varying balancing transformation

For k € [ko, k] find a balancing coordinate transfor-
mation Tk, i.e. it holds for all k € [ko, ks] that

T, 'PT, T = diag(Zk, 27, 0,0),
T,) QuTy, = diag(Xy, 0,37, 0).

These balancing transformations can be calculated using
the constructive proof of [19, Thm. 7.5].

(6)

Step 4: Decide on reduction size and obtain reduced model

Denoting the diagonal entries of ¥i as si1,52,...,8n,
and given a desired threshold e, > 0 for k = kg, kg +
1,...,ks choose the minimal value r;, € N such that
Srpt1 < € (where sy, 11 := 0). Alternatively, a desired
reduction size r; can be chosen directly. Now define the
left- and right-projection matrices Hff and II}, as the
first 7, rows of T} 1 and the first 7, columns of Ty,
respectively. The reduced switched system is then given
by

#(k+1) = Aga(h) + B [6%) |,
§ = Cra(k) + Dyu(k),

where
Ak = HZ_HAVJ.CHZ, ék = H;C-HB/W ék = 5/€HZ

Remark 8 (Error bounds): It is well known that the
classical (non-time-varying) balanced truncation method
can provide a-priori error bounds. In the continuous time
case some error bounds can also be obtained for time-
varying balanced truncation, see [11], however, we are
not aware of any error bounds available for the discrete-
time case with possibly singular Gramians. Nevertheless,
in view of the clear energy-interpretation of the Gramians
as established in Theorem 4 it is our strong believe that
error bounds in terms of the neglected singular values
sk, k > r, can be established, however this is ongoing
research.

IV. SIMULATIONS

A. Dynamic Leontief model example

Consider the switched dynamic Leontief model
z(k) = Loz (k) + Cogr) (a:(k +1)— m(kj)) +d(k), (7)

where z(k) is the vector of output levels at the time k =
ko, ki,..., k¢, d(k) is the vector of final demands (the
input in this model), o : N — M is the switching signal, £,
is the Leontief input—output matrix, and €; is the capital
coefficient matrix, ¢ € M. After rearranging terms, (7)

takes the form (1) with E; = €;, A; = I—-£,+¢; and B; =
1. For illustration we consider (7) with data from [7] for
mode 1 and for the second mode, we assume a complete
one-sided decoupling of the third sector from the other
two sectors (e.g. by suddenly stopping supplying goods
to the other sectors in response to politically imposed
export restrictions):

0.30 0.30 0.30 0.30 0.30 0.30
£1=1,0400.100.50 | , &9 = |0.40 0.10 0.50

0:30 0.50 0. 0 0 0
0,30 0.40 0.45

¢ :{ 0 0 } ¢y =¢4.
1 0.60 0.80 0.90 | ’ 2 !

As an output we choose the total production, i.e. y(k) =
Cg(k)x(k) with Cl = CQ = [1, 1, 1]

The family of matrix triplets {(Ej, As, Bi)}ieqo,1y is
jointly index-1 [16] with the corresponding surrogate
system (5) given by:

SIS Do~ Dy 0~
0.26 0.11 0.57 0.35 0.27 0.64 0.50 0.39 0.91
0.28 0.12 062 0.38 029 0.68 0:39 0.30 0.70
0.20 0.13 0.65 0.10 0.31 0.72 0:30 0.23 053

c ~ c ~ c ~

Ui, ~ Ui, ~ Vs o~

0.16 0 0.32 0.16 0 0.32 0.23 0 0.46
0.17 0 0.35 0.17 0 0.35 0.18 0 0.35
0.18 0 0.37 0,18 0 0.37 0.13 0 0.27
a o~ a ~ a o~
\11171 ~ \11172 ~ \:[1272 ~
-0.74 032 0.37 -0.74 0,32 0.37 -0.80 024 0.40
20,04 -0.73 0.02 20,04 -0.73 0.02 20,04 -0.73 0.02
0.53 0.44 -0.26 0.53 0.44 -0.26 0.57 0.49 -0.28

With the switching signal o(k) = 1 for k& € [0,4]
and o(k) = 2 for k € [5,9], we arrive at the time-
varying linear system (2) where Ay = Dy (kt1),0(k), Br =
(W8 t1),000) Yohi1),o0m): Ok = Co(k). We apply our
proposed reduction method to reduce this system to a
scalar time-varying system r = 1. Then the reduced
system is given by

~

k|l1|23]4]5]|6]|7] s8] o9

Aj || 0 0.85/-0.91]-0.94/-0.97)-0.97|0.95|-0.89
Ch Il 0 fo.31[0.51|-0.620.78|-1.10[1.54| 2.18|-3.28
and R

By =[1.0202.050.63 1.51 -0.33 ],
By =[08301.670.511.22-025],
Bs = [-0.73 0 -1.46 —0.44 -1.06 0.22] ,
By =1[06701.340.18 058 -0.09 ] ,
Bs = [-0.48 0-0.96 -0.12 -0.40 0.06 ] ,
Bg = [0.35 0 0.70 0.06 0.23 -0.03 ] ,
B; =10.2500.49 0.01 0.14-0.00 ] ,
Bg = [-0.16 0-0.33 0.08 0 -0.04] .

The corresponding output comparison for some ran-
domly chosen input is shown in Fig. 1.

B. Large scale academic example

We also illustrate the performance of our proposed
reduction method for a large scale random descriptor
system (1), where n = 100, rank E; = 50, i € M = {1, 2},
m = p = 1. We consider the time interval [ko,kf] =
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Fig. 1. Comparison of output of a Leontief model with the output

of the reduced model (top figure) and the output error (middle
figure) for a randomly chosen input (bottom figure)
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Fig. 2. Comparison of the output of a random descriptor system
and the output of the reduced system.

[1,26] and the switching signal o with switching se-
quence (1,2,1,2,1) and switching times (6,11, 16,21).
The threshold for the singular values of the balanced
Gramians is chosen to be ¢, = 0.1 for all k € [k, k]
and the corresponding time-varying balanced truncation
methods results in a reduced model with sizes

(0,2,4,6,6,6,7,7,7,7,7,7,7,7,7,7,7,7,7,6,6,5,4,3,2,1).

For some randomly chosen input the corresponding origi-
nal output and the output of the reduced system is shown
in Figure 2.

V. CONCLUSION AND OUTLOOK

We have presented a comprehensive model reduction
method for switched singular systems in discrete time.
We consider the (realistic) situation of approximating
the input-output behavior on a finite time interval and
we make the (somewhat restrictive) assumption that the
switching signal is completely known on that interval.
This allows to treat the switched system as an instance
of a time-varying linear system and to introduce time-
varying reachability and observability Gramians (the
former defined forward in time, the latter backwards
in time). These Gramians are defined in terms of the
recently introduced surrogate system of the singular
switched system; they capture the essential quantita-
tive reachability and observability properties which then
form the basis of our time-varying balanced truncation
method.

There are still a couple of remaining issues. The first
one is the dependence of our method on the knowledge
of the switching signal, which in some situations (e.g.
when switching is due to scheduled maintenance) is
not a limitation, but in other situations (e.g. when the
switching is due to faults or is itself considered an input
signal) is significantly restricting the applicability of
our method. However, the reachability and observability
properties strongly depend on the switching signal, hence
any method valid for arbitrary switching signals will
not result in the best possible reduction for individual
switching signals. It is the topic of future research to
investigate this trade-off between an effective reduction
tailored to specific switching signals and a less effective
switching-signal-independent reduction method. Another
open issue is the establishment of an error bound, which
is available for the classical balanced truncation (time-
invariant and consideration of an infinite time interval),
but it is not fully clear whether such an error bound can
be derived for our method as well. Finally, numerical
experiments reveal that for large scale examples (1000
or more states) numerical issues may arise (e.g. the
calculate Gramians are not positive definite anymore due
to numerical inaccuracies); additionally for such large
scale problems a naive implementation of our method
may not be feasible anymore and would require some
taylored code optimization.
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