7%
university of 5%,
groningen YL

R

University Medical Center Groningen

University of Groningen

Reduced realization for switched linear systems with known mode sequence
Hossain, Md Sumon; Trenn, Stephan

Published in:
Automatica

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Early version, also known as pre-print

Publication date:
2022

Link to publication in University of Groningen/lUMCG research database

Citation for published version (APA):
Hossain, M. S., & Trenn, S. (2022). Reduced realization for switched linear systems with known mode
sequence. Manuscript submitted for publication.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/lUMCG research database (Pure): http.//www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 13-02-2023


https://research.rug.nl/en/publications/ef60d8c0-9a72-4748-b23c-914c3510a73e

Reduced realization for switched linear systems with known
mode sequence

Md. Sumon Hossain #, Stephan Trenn ?,

& Bernoulli Institute for Mathematics, Computer Science, and Artificial Intelligence, University of Groningen, The Netherlands.

Abstract

We consider switched linear systems with mode-dependent state-dimensions and/or state jumps and propose a method to
obtain a switched system of reduced size with identical input-output behavior. Our approach is based in considering time-
dependent reachability and unobservability spaces as well as suitable extended reachability and restricted unobservability
spaces together with the notion of a weak Kalman decomposition. A key feature of our approach is that only the mode sequence
of the switching signal needs to be known and not the exact switching times. However, the size of a minimal realization will
in general depend on the mode durations, hence it cannot be expected that our method always leads to minimal realization.
Nevertheless, we show that our method is optimal in the sense that a repeated application doesn’t lead to a further reduction
and we also highlight a practically relevant special case, where minimality is achieved.

Key words: Kalman decomposition, reachability, observability, switched systems.

1 Introduction

Realization theory is a classical topic in control theory
and involves finding a (preferably) unique minimal sys-
tems which generate the specified input-output behavior
of a certain class cf. [10, 25]. Moreover, realization theory
provides a theoretical basis for model reduction, system
identification and filtering/observer design. In [2], the
minimal state space realization problem for (continuous)
linear time-invariance systems was first studied based on
hidden pole-zero cancellation techniques and in [10], the
input-output description is revealed by considering the
reachable and observable part of a dynamical system.

Realization theory of switched systems has already been
discussed e.g. in [1, 13, 15, 14, 16, 17, 19, 20] and the
references therein. In particular, in [13], the author com-
bines the theory of rational formal power series with
the classical automata theory to discuss the realization
theory of hybrid systems. Specifically, the cases of arbi-
trary and constrained switching are discussed where the
switching signal is considered as an input. This consid-
eration of the switching signal as an “input” is a com-
mon viewpoint in most of the existing works, i.e. it is not

* This work was partially supported by the NWO Vidi-grant
639.032.733.

Email addresses: s.hossain@rug.nl (Md. Sumon
Hossain), s.trenn@rug.nl (Stephan Trenn).

Preprint submitted to Automatica

possible to use these results when trying to find a (min-
imal) realization for a given switching signal (or given
mode sequence). Without discussing realization theory,
observability and reachability of switched systems have
been studied in [12, 18, 22, 21, 24], the proposed ap-
proach is strongly inspired by these results.

In contrast to many of the existing literature on switched
system, in this paper we view a switched linear systems
as a piecewise-constant time-varying linear systems, in
particular, a (minimal) realization in general depends on
the specifically given switching signal.

To be more specific, we consider the switched linear sys-
tems (SLSs) with a given switching signal of the form

ik(t) = Ag(t):ck(t) + Bg(t)u(t), te (Sk, Sk-i—l)
o {xk(s;) Totsrotsp)e-1(sx ), k€ Q

y(t) = Ca(t)xk(t+)7 t € [sk, Skt1),

(1)
where 0 : R — Q = {0,1,2,...,m} C N is the given
switching signal with finitely many switching times s; <
S < ... < Sy in the bounded interval [to,tf) be of in-
terest and x : (Sk, Sg+1) — R™ is the k-th piece of the
state (whose dimension nj may depend on the mode).
For notational convenience let sg := 1o, sp41 := ty and
let the duration of mode k be denoted by 7, := sg41— Sk,
k €{0,1,...,m}. In the context of realization theory it
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is common to assume that the system starts with a zero
initial condition, i.e. set x_1(t; ) := 0, however, it will
turn out that our approach can easily take into account
the situation of a nonzero initial value. The input and
output are given by v : R — R™ and y : R — R™, re-
spectively. Here, x(¢t~) and z(¢") denote, respectively,
the left- and right-sided limit at ¢, assuming they exist.

For each mode p € {0,1,2,...,m}, the system matri-
ces A,, By, C,, of appropriate size describe the (continu-
ous) dynamics corresponding to the linear system active
on the interval (sg, Sg+1) where o(t) = p. Furthermore,
JIp,q : R"@ — R" is the jump map from mode ¢ to mode
p. Note that due to the different space dimensions the
introduction of a jump map is necessary; on the other
hand, in case all state dimensions are equal, the con-
sideration of a jump map is “optional” and leads to so
called impulsive systems (in particular, our reduced re-
alization results will also provide novel results for this
system class).

It is well known that finding a minimal realization (which
can be interpreted as removing unobservable and un-
reachable states) is a first step towards model reduction
(which furthermore reduced difficult to observe and diffi-
cult to reach states). In [5], a time-varying model reduc-
tion approach is presented for switched linear systems
(with identical state-dimensions and without jumps).
However, the resulting reduced systems is not switched
systems anymore, instead it is fully time-varying and it
is difficult to handle numerically. Therefore, the aim is
to gain insight into a more suitable model reduction ap-
proach by studying the minimal realization problem for
switched systems of the form (1) within this system class.
As already mentioned above, the process of going from a
non-minimal representation (with initial value zero) to
a minimal one can be seen as removing “unreachable”
and “unobservable” states; understanding what the no-
tions “unreachable” and “unobservable” exactly means
in this context allows to generalize these ideas to “diffi-
cult to reach” and “difficult to observe” which then al-
lows to perform model reduction.

The main goal is to find a reduced size switched system
(with the same switching signal o) of the form

(1) = Ay Tk (t) + Bogyult), t € (k. sk41)
ig : {5?\1@(8:) = Jo(s;),a(s;)i:kfl(slz)v ke Q

y(t) = Com@i(th), t € [sk,Skt1),
(2)
which has the same input-output behavior as the original
system .

The single switch case was discussed in our confer-
ence contributions [7, 6] and a preliminary version of
this manuscript is the conference submission [8], which
doesn’t contain all proofs and less details.

We will assume in the following that the switching signal
is fixed, hence by suitable relabeling of the matrices, we
can assume that o(t) = k on (sg, sg+1). Consequently,
we can simply write Ji := o= Ji k—1 and
Jip = (s
more, in some slight abuse of notation, we will speak in

the following of the solution z(+) instead of the different
solution pieces zj(-).

a(s;r)p'(s

~

+),0(s7) = j;%k_l in the following. Further-
k72 “k

This paper is organized as follows. In Section 2, the prob-
lem formulation and preliminaries are given, in particu-
lar, the concept of a weak Kalman decomposition is pre-
sented. In Section 3, the time-varying reachability and
observability spaces are discussed for switched systems,
and we define suitable extended reachable and restricted
unobservable spaces. Section 4 discusses the main results
with the proposed reduction algorithm. Finally, some
numerical results are shown in Section 5.

2 Preliminaries
2.1 Reduced realization: definition

In this section, we introduce some notions and challenges
related to reduced realizations of switched linear sys-
tems (1). Let’s begin with the formal definition of re-
duced realization.

Definition 1 (Cf. [13]) For X, asin (1) we define its
total dimension as follows

dim¥, = Z Ng.
qeQ

Furthermore, we define its input-output behavior as fol-
lows

Be = { (w.9) (1) and z(ty ) =0

Jzg ¢ (sq, Sq+1) = R satisfying }

A switched linear system ig with corresponding input-
output behavior %ﬁ," is said to be a reduced realization of
switched system ¥, if

1) Bl = %f," and

2) dim S, < dim %,,.

In the following we will also discuss minimal realizations,
which are reduced realization of smallest total dimension
under all reduced realizations. It should be noted that
at this point it is not clear that the sequence of reduced
state dimensions is unique for a minimal realization.

For non-switched linear systems, it is well known that a
realization is minimal if, and only if, it is reachable and
observable, however, for SLSs of the form (1) this is not
the case in general as the following example shows:



Example 2 Consider a switched linear system with two
modes

(Ao, Bo, Co) = ([
(A1, B1,Ch) = ([

and the switching signal

~ [0, on(to,s1),
sty = {3 oo ®)

It is easily seen, that each mode is unreachable and un-
observable. However, the switched system is reachable in
the sense that each value ﬂc(t}?) € R3 can be reached from
zero by a suitable input and it is also observable in the
sense that (for a vanishing input) only a zero initial value
leads to a zero output.

On the other hand, the second state is unreachable in the
1st mode and unobservable in the 2nd mode. In partic-
ular, when starting with a zero initial value, for any in-
put the value of the second state does not effect the out-
put (because in the first mode it is identically zero and
in the second mode the corresponding coefficient in the
C-matriz is zero). Therefore, we can remove the second
state without altering the input-output behavior.

Remark 3 The above definition of reduced realization
is mot specifying any method how to obtain a reduced re-
alization from a given switched system. In particular, it
does not take into account constraints like the require-
ment that the reduced state is obtained via a uniform pro-
jection map (cf. [3, 4] in the context of model reduction).
In general, a reduced realization can only be obtained by
considering each mode individually (and by properly tak-
ing into account the effect from the other modes). Fur-
thermore, Example 4 in [6] shows that by removing lo-
cally unreachable and unobservable states in each mode
does not preserve the input-output behavior and hence
does not lead to a reduced system.

Another important challenge for obtaining a reduced re-
alization is the fact, that even when we start with a clas-
sical switched system (i.e. all states have the same di-
mensions and the jump map is the identity), a reduced
realization may have different state-space dimensions
and/or requires the definition of a jump map. This is
illustrated with the following example.

Example 4 Consider a switched linear system with two
modes
E

with switching signal (3) and without jumps. It is eas-
ily seen that the first mode corresponds to a double in-
tegrator, while the second mode corresponds to a single

AO:Alz[
Co=Jlo10],

oo
coo
[lelw)

| men]
Cy=[100],

oo

integrator. Hence a minimal realization is given by the
following switched linear system with mode-dependent
state-dimensions:

on [to,s1) : on [s1,tf) :
Z20=1981z20 + [}]u, 21 =021 +u,
:[01]207 Y=z,
with z1(s1) = [1 0] z0(s1).

The possible mode dependence of a reduced realization
is our main motivation to study switched systems (1)
with mode-dependent state-dimension and jumps, so
that both systems (original system and the reduced
realization) are from the same overall system class.

2.2  Weak Kalman decomposition

In order to obtain a reduced realization in the following,
we will utilize extended reachable and restricted unob-
servable spaces together with the following weak Kalman
decomposition.

Let’s first recall the classical Kalman decomposition
(KD) [10] for a linear system

Ax(t) + Bu(t),
Ca(b), )

\g/
—N—
< 8
—~
NN
([

with A € R**", B ¢ R*"*™, (C e RP*"™ Based on
the reachability and unobservable spaces!, it is pos-
sible to define a coordinate transformation z = Tz

which leads to the following block triangular form
(TAT,T-'B,CT) =

A()ll 1212 Aols ﬁm B,
22 24 B
0 ‘& A a2 ,[02],[002004] )

0 0 0 Ay 0

where ([A(}l ﬁ;;] , [g;]) isreachable and ([A§2 ﬁij] Nie’xen)

is observable.

It is then easily seen that a minimal realization of (4) is
now given by (Asg, Ba, Cs).

It should noted that the above minimal realization is
only valid for vanishing initial values; if arbitrary initial
values are considered, only the unobservable part can
be removed without altering the corresponding input-
output behavior.

Y In fact, T = [V, V2 V3 V*], where im V"' is the inter-
section of the reachable and unobservable space, im[V*, V2]
is the reachable space and im[V', V7] is the unobservable
space.



In the context of switched systems all, but the first mode,
will in general have non-trivial initial states but also not
arbitrary initial states, which means that the classical
KD cannot directly be used to obtain a reduced real-
ization. In addition to consider an extended reachable
space for each mode (due to the—partially-nonzero ini-
tial state) also the local unobservable space may need
to be restricted, due to the fact, that an unobservable
state in the current mode may become observable in the
future and hence cannot be removed without altering
the overall input-output behavior of the switched sys-
tem. This motivates us to define a weak KD which takes
into account an extended reachable space and restricted
unobservable space.

Lemma 5 Consider a classical LTI system (4) and
let R D imB and U C kerC be two A-invariant sub-
spaces (an extended reachable and a restricted unob-
servable space). For any coordinate transformation T =

V.V VY withimV' =R, im[V, V] =R,

im[vl,v3] = U, we have (T_IAT,T_lB, CT) =
ArACA AN 8

([ 0 h A H 7[002004]) -

0 0 A3 a3
0 0 0 A% 0

In particular, Ce**B = C2eA™t B2 forallt € R.

Proof. Since RNYU = im V' is A-invariant there is a ma-
trix A of appropriate size such that AV = V' A" The
A-invariance of R implies that AV’ - irn[V1 , VQ}, hence
there exists A'2, A22 such that AV =V 412 4 72422,
Similarly, A-invariance of U/ implies AV - im[VI,VB],
hence there exists A3, 433 such that AV =V A1 +
7’ A%, Finally, im[Vl,VZ,VS,V4] = R"™ implies exis-
tence of A4, A%* A3 A* such that AV =V A +
VoA L VA3 L 7 A Combining all of the above,
we obtain

0 A22 0 A24
0 0 A33 A34
0 0 0 A%

AV VIV = VIV T

All A12 AIS A14‘|
b

which shows that T&A;Tihi%the desired block structure.
Since im B C R =im[V , V], there exists B!, B? such
that

— — —1-92-—3—4 B}
B=V'B +VB =V V'V 7 [’%] ,
0

from which the desired block strg(r‘tlg of TilB fol-
lows. Finally, ker C 2 U = im[V" V'] implies that

C[V' V] = {0}, and hence, for C? := CV" and C* =
v’

CT=C[V' V'V’ V'=[0c%0c4.

With these block structure, simple matrix multiplication
leads to CeAtB = C2eA”tB2 for all t € R. ]

For the formulation of forthcoming reduction method,
we will need the following notations of invariant sub-
spaces.

Definition 6 For A € R™*" and a subspace L C R", let
(A|Ly:=L+AL+ ...+ A"'L

be the smallest A-invariant subspace containing L. Fur-
thermore, let (here A~1 stands for the preimage, it is not
assumed that A is invertible)

(L]A):=LnATL...nA—(Dg
be the largest A-invariant subspace contained in L. A
Note that for any C' € R™*" we have
(ker C'| A) = ker[CT,(CA)T,... (CA™H)T]T.

Furthermore, it is well known that for a linear system
(A, B,C), the reachable space R is given by R = (A |
im B) and the unobservable space U is given by (ker C' |
A).

Remark 7 Clearly, the choicce R = R and U = U
in Lemma & leads to the well known KD. Furthermore,
any A-invariant subspace R 2 im B will be a super-
set of R, because R is the smallest A-invariant subspace
containing im B; analogously, any A-invariant subspace
U C ker C' will be contained in U. This is the motivation
to call R O R an extended reachable space andU CU a
restricted unobservable space in Lemma 5.

For a linear system (A, B, C') with given extended reach-
able space R and restricted unobservable space U the
weak KD (5) immediately leads to the reduced system
(A2, B2, C?) which can be obtained from (4, B,C) by
suitable left and right projection defined as follows.

Definition 8 For any coordinate transformation T =
[VI,VQ,VS,V4] as in Lemma 5, let
—1 —2 —3 — 1
(WHT,WHT, W), W) =T
such that the sizes of (Wz)—r matches the size ofvi, i=

1,2,3,4. Then W and V" are called the weak-KD left-
projector and weak KD right-projector, respectively. /\



By definition of the weak-KD left- and right-projector,
we have W2V2 =TI and

(A%2, B2,C?) = (W AV, W B,CV").

3 Exact (time-varying) reachability / Unob-
servability spaces

Our reduction approach relies on identifying suitable ex-
tended reachable and restricted unobservable spaces for
each mode of the switched system (1). Towards this goal,
we first provide expression for the exact (time-varying)
reachable and unobservable space for (1) in the follow-
ing. Before doing so, we briefly highlight that the solu-
tion of (1) is given recursively by, for ¢ € [sg, sk+1) and
k=1,...,m,
t
z(t) = M) Ja(sy) —l—/ e (=9 Bru(s)ds.

Sk

(6)

and the output equation is given by

y(t) = Ckx(t)7 te [skvsk+1)ﬂ k:Oal,“'am' (7)

3.1 Ezact (time-varying) reachability space

Definition 9 The reachable space of the switched sys-
tem (1) on time interval [to,t) is defined by

Ry = { x(t7)

We call the switched system (1) reachable (on [to,tf)) if,
and only if,

3 solution (z,u) of (1)
with x(t5) = 0 '

E‘/oytf) =R". AN

To calculate the reachability spaces of (1), the known
reachability information from the previous modes needs
to carry over appropriately to the current mode. Let
Ry = (Ag | im Byg) be the local reachable subspace for
mode k. We will show then that the reachable space at
the end of the k-th mode is defined by the following
recursive equation, k = 1,2, ..., m:

Mg = 7?,07

8
MG =Ry + e M. ®

The intuition behind the sequence (8) is as follows. By
starting with a zero initial value in the initial mode,
clearly Rﬁom) = Ry; continuing recursively, the reach-
able space at the end of mode k, is obtained by propagat-
ing forward the reachable space M7 _; at the end of the

previous mode, i.e. first jump via Ji and then propagate
according to the matrix exponential (the time-evolution
for a zero input). Finally, to take into account the ef-
fect of the input, the local reachable space of mode k is
added. This intuition is formalized as follows.

Lemma 10 (Cf. [11]) For all0 < k < m,

o _ po
k= ™to,sk41)"

In particular, (1) is reachable if, and only if MZ = R™.

Proof. Clearly, M = R,

[to,s1)
that for some k € {1,2,...,m},

. Inductively, assume

2*1 = R([Tto,Sk)’

we will then show that M? = Rﬁo sesn)’ Let zp41 €
M, then there exists x € M7_; and z, € Ry such
that zp11 = e Jixy + . From M7 = thu 1) it
follows that there exists a solution (Z, ) on [tg, si) with

z(07) =0and Z(s;, ) = zk.

In view of (6) the extension of (Z,u) on the interval
[to, ski1) via (B(t), () := (eA*E=%) Jyay,, 0) is a solu-
tion of (1) on the larger interval [to, sg+1). Furthermore,
there exists a solution (Z, &) of mode k on (s, sg4+1) with
I(s;5) =0 and Z(sp, ) = T

By setting (Z(t),u(t)) = (0,0) for all t € [to,sk), it is
easily seen that (Z, u) is a solution of the switched system
(1) on [to, sk+1) with Z(t5 ) = 0.

Altogether, by linearity we have that (z,u) := (Z,u) +
(Z,w) is a solution of (1) on [to, Sk+1) with z(¢; ) = 0 and

$(51;+1) = 53\(51;+1) +§(51;+1) = eA”’“kak + Ty = XTpta,

which implies that z;41 € R‘GO’S,@H). Hence,

g g
Mk < R[to73k+1)'
To show the converse subspace relationship, let xx41 €

Riy.5p.1)> then there exists a solution (z,u) of (1) with

(Sk+1) = Thp1-

From z(s; ) € R,

[to,sk

)= M7_, and

Sk+1

Ty = / eA’“(S’““_S)Bku(s)ds € Ry,
Sk

it follows immediately from (6) that xxy1 = x(sp41) =
e Jix(sy ) + @y € €MFTETME_ |+ Ry = M.



Now if the system (1) is reachable then

Rgfmsmﬂ) =R™,
and consequently,
MZ =R".
This completes the proof. O

From (8), it is clear that the reachable spaces depend on
the switching times (in fact, on the mode duration 7y)
and this dependency cannot be avoided in general as the
following example shows. In particular, the overall reach-
ability of the switched system (1) on [to,t;) depends on
the switching times and how long each mode is active.

Example 11 (Dependency on the switching times)
Consider the switched system (1) given by

Ag=Ay =]
B():B2:[

o= OO
oo
N
—
I
—
= o
ol
[
J—

]7B1:[8]7

with Jio = Jo1 = 1. It is noted that none of the pairs
(A;, B;) are reachable. Consider the switching signal o
with the mode sequence 0 — 1 — 2 and switching times
312, sa. Let {e1,ea} denote the natural basis vectors for

Clearly, Ro = Ro := span{ei}, Ry := {0}, eM7 =

(27 7] and A7 = [§9). Hence

M = Ry = span{er,
MS =Ry + ey MG = span {[S271] ),

g =Ra+e?™J5 1 M{ = span{e; } + span {[snn]}-

If i = km for any k € N then Mg = span{e;}, oth-
erwise, M$ = R2. This clearly shows that the overall
reachability of a switched system depends on the switch-
ing times. A

Note that although M7 O R 2 im By, the space MY,
is not a suitable extended reachable space for the mode
(Ag, By, C) in the sense of Lemma 5, because it is not
Aj-invariant in general. Before addressing this problem
in Section 3.3, we recall first the “dual” space of the
reachability spaces: the unobservable spaces.

3.2 Ezact (time-varying) unobservability space

Definition 12 The unobservable space of the switched
system (1) on time interval [t,ty) is defined by

3 solution (x,u = 0) such that }

U,y =19 a(t*
[t,ts) { z(7) y=20of (1) on[t,ty)

We call the switched system (1) observable (on [to,tf))
if, and only if,
Z/l[io,tf) = {O}

AN

Similar as for the reachable spaces, we aim to express the
unobservable spaces recursively. Starting from the last
mode it is clear that the unobservable space is the same
as the classical unobservable space U, = (ker Cy | Ay).
Recursively, the unobservable space at switch number
k 4+ 1 can now be propagated backwards in time by first
taking the preimage under the jump Ji41 and then fur-
ther propagating it back with the continuous flow of
mode k, i.e. by e"4*™_ Finally, this propagated space
needs to be combined with the local unobservable space
of mode k given by Uy, = (ker C}, | Ag). This motivates
the definition of the following sequence of subspaces,
k=m—1m—2...,0:

N = U, ()
N =Up 0 (e T NG

Lemma 13 (Cf. [23, 11]) . For all0 <k <m,
Nka - Z/[[Zk’tf).

In particular, (1) is observable if, and only if N§ = {0}.

Proof. For k = m, clearly N7 = L{[‘;m,tf). Inductively,
assume now that for k € {m— 1,m—2,...,0}

’ngl = u[ask+1vtf')
and we want to show that then N7 = UG, i)

Let ), € N7, then x, € Uy, and there exists 41 €
i1 = ng+17tf) such that 1 = 1%z Con-
sequently, the unique solution (x,u = 0) of (1) on [sg, ts)
with x(s}i‘) satisfies y = 0 on [sg, sp+1) because xy, € Uy,
and y = 0 on [sg41,tf) because z(sp41) = Tpy1 €
Z/{[‘TSIc £y This shows that xy, € L{[‘,’S £y
+1,tf kstf

Now, let zp € Ll[”Sk t) then the unique solution
(z,u = 0) of (1) on [sk,ts) with x(s)) = z} has zero

output. Consequently, zx11 = x(sﬁrl) UL, iy =

NZpy From zpy = Jppre% ™ ay, it follows that
TE € e’A’“T’“Jk_Jrll{LI?kJrl} c €7AkT'“Jk_+11ng+1 = N¢,
which concludes the proof. O

Similar as for the reachability, the observability of the
switched system in general depends on the switching
time. This is illustrated by considering again Example
11 with an additional output.



Example 14 (Dependency on the switching times)
Recall Example 11 with output submatrices

Co=Cy=101],Cy=][00].
It is noted that none of the pairs (A;, C;) are observable.

Clearly, Uy = Uy = span{e1}, Uy = R?, e=M7 =

[—CgisnTT Sg;:—} and eiAzT = [(1) (1)] Hence

N3 =Us = span{e; },
N? =ty ne M7 I NG = R2Nspan {[S5am 1}

NG =Up Ne ™ J'NY = spanf{e; } Nspan { [ “57% ]}

If 1 = krm for any k € N, then N§ := span{e; }, oth-
erwise N§ = {0}. Therefore, the overall observability of
(1) depends on the switching time. A

Note that similar to the reachability spaces, although the
unobservable spaces N satisfy N7 C Uy, C ker C, they
are not Ag-invariant and hence, they are not restricted
unobservable spaces in the sense of Lemma 5.

3.3 Extended reachable / restricted unobservable spaces

So far, we have seen that the reachability spaces and ob-
servability spaces of (1) depend on the switching time.
Even worse, when looking at the reachable / unobserv-
able space at a particular time ¢ € (sg, sg+1) between
two switches, then it is easily seen that these spaces in
general also depend on the considered time ¢ and a re-
duction method based on the exact reachability / ob-
servability spaces will necessarily result in general time-
varying coordinate transformations / projections (cf. our
previously proposed reduction method [5]) and would
not lead to a reduced system of the desired form (2).

To circumvent this problem, we introduce suitable ex-
tended reachable and restricted unobservable spaces for
the switched system (1). The key idea is based on the fact
that for any subspace H C R", any matrix A € R"*"
and any ¢ € R the following subspace relationship holds:

(H|A) CerHC(A|H). (10)

By replacing the matrix-exponentials in the construc-
tions of the reachable / unobservable spaces by the cor-
responding A-invariant subspace we arrive at the follow-
ing sequences (cf. [23] for the unobservable spaces):

ﬁo = Ro, (11)
Ri =R+ (A | Jkﬁk,ﬁ, k=1,...,m
Qm = uma
(12)

Up =U N (T Uy | Ak), k=m—1,...,0.

In view of (10), it is easy to see that

Re 2 M7 DRy and U, CNJ CU.

In particular, R, = R™ and U, = {0} respectively, are
necessary conditions for reachability and observability
of the overall switched system (5).

Finally, observe that by construction both R;, and U,
are Ap-invariant, i.e. they are extended reachable / re-
stricted unobservable spaces in the sense of Lemma 5
and we are now ready to propose our main result about
the reduction of switched systems of the form (1).

We conclude this section by highlighting an interesting
special case, which is motivated by the following “appli-
cation”: Consider a large scale network whose dynam-
ics can be described by a linear ODE. The network can
be controlled through several actuators at different lo-
cations and several sensors are distributed throughout
the network. However, due to resource limitation at any
given time only one or a limited number of actuators can
be used and the data of only one or a limited number of
sensors is available. This situation can be modelled by
the following switched system (without jumps)

T = Ax + B,u, (13)

y = CO':'E7
where the switching signal is determined by the schedule
of the actuator and sensor usages. In this scenario it
seems rather natural that the mode sequence is fixed a
priori (e.g. to make sure that all sensors and actuators
are equally used), while the time duration may depend
on the actual measured outputs. For this setup we have
the following result:

Proposition 15 (Constant A-case) Consider  the
switched linear systems (13) with corresponding time-
dependent reachability space R‘[’to_t) and unobservable

space U[‘;_’tf), Then for allt € (s, Sk+1) we have

[to.t) = Ry and u[?tf) = Uy,

i.e. the time-varying reachable and unobservable spaces
are piecewise constant and can be calculated recursively
via (11) and (12).

Proof. Inductively, it is easily seen that R‘[;o £ and
L{[‘; ¢;) are A-invariant, from which the claim follows.

4 Main result: Proposed reduction method

‘We now propose a method to compute a reduced real-
ization (2) of (1) for a given switching signal.



Step 1. Compute the sequence of extended reachable
Ro,R1, -+, Ry and restricted unobservable sub-
spaces Uy, Uy, -+ U, as in (11) and (12).

Step 2. Apply Lemma 5 to (A, Bg,Ck) with
(Ri,U,) to compute the weak-KD left- and right-

projectors Wi, Vi , and let
~ s A =2 2 —2 —2
(Ak. Br.Cr) = (WEAVL WiBL GV}
Step 3. Calculate the reduced jump map

=~ =2 _ =2
Jk = Wkakal.

Before showing that the resulting reduced system (2) is
indeed a realization of (1), we first highlight an impor-
tant connection between the solutions of both systems.

Lemma 16 Consider the switched system L, as in (1)
and the reduced system ¥, as in (2) obtained by the left-
and right-projectors Wi(_),Vi(_). If z(+) 4s a solution of
Y, then z(-) := Wi(‘)x(-) is a solution of &,.

Proof. Consider any time interval (sg,sg+1) between
two switches, then, for t € (s, Sk+1),

B(t) = Wei = Wi Apz(t) + WiBu(t)
= [0, Ay, 0,4, (t) + Bful(t),

— —1 —2 =3 —4. | .
where Ty, = [V, Vi, Vi, V)] is the coordinate trans-
formation according to Lemma 5 for mode k. Since

x(t) € Ry, C Ri = im[V},,V;], it follows that

T;lx(t) = [%,2(t)7,0,0] " and hence, as claimed, for all
te (Sk, Sk+1)

Z(t) = ApZ(t) + Bru(t).

In particular, due to unique solvability of linear ODEs,
for any solutions z of ¥, and T of ¥, the following im-
plication holds:

Wia(s]) = 2(sf) = Vt € (sp,5p41) : Waa(t) = 2(t).

To show that & = Wix is indeed a global solution of Sy
it therefore remains to be shown that

=2 =2 _
Wia(s)) = JeWi_qa(sy,). (14)

In fact,

—2 —2 _ =2 = =1 _
Wia(st) = Widia(sy) = Wy Ti—1Ty_12(sy,)

=2 =1 =2 =3 =4 T rlam
=Wide[Vie 1 Vi Vi1 Vil <W’“10x(s’€ ) )
0
From (12) it is easily seen that JipU,_, C U, hence
m Vg € im Vi Vi) = Al g C Uy =
im[V,lC Vi] - kerWi, ie. WkaV}cfl = 0, from which
it follows that

—2 —2 —2 —2 _
Wkw(sk“) =Wk Vi Wy _q2(sy)

as desired. O

As a consequence of the above and of the uniqueness of
solutions it follows that every solution Z of X, with zero

initial value and given input u satisfies = Wix where
x is the solution of ¥, with zero initial value and the
same input u. We will now prove that the corresponding
outputs are indeed equal.

Theorem 17 Consider the switched system X, as in
(1) and the reduced system X, as in (2) obtained by

the above reduction method. Then Y, and fl,, are imput-
output equivalent in the sense that for all inputs u the
output y of (1) with initial condition x(t;) = 0 equals
the output § of (2) with initial condition Z(t, ) = 0.

Proof. The output of ¥, on [s, Sg+1) is given by

t
y(t) = CkeAk(t_sk)ka(s,;) —l—/ Cre* %) Byu(s)ds
sk
= yJ(t) + yu(t)'

Inserting suitable identity matrices we have that

— ml, = _ = i
Y3 = CkaeT’“ Aka(t_sk)Tk 1Jka71Tk711x(S];)?

t J— =—1 = —_
Yu(t) :/CkaeTk A’“T’“(t_s)Tleku(s)ds,
Sk

where Ty, = [V,lc, Vi,Vi, Vi] is the coordinate transfor-
mation according to Lemma 5 for mode k. The special
block structure of the matrices T,:lAka, T;lBk, Ci Ty
implied by Lemma 5 immediately leads to

t ~ ~
Yu(t) :/ Cre™ (=) Byu(s)ds.
Sk



Hence, for showing §(t) = y(t) = y3(t) + yu(t) it remains
to be shown that

ys(t) = Cpeet=s0) . 3(s7). (15)

With similar arguments as used to establish (14)
in Lemma 16 we can show that

0

T;ljkaf1T;i1x(sl;) — (ﬂWiz(s,Z)) .
0

Using the already established fact in Lemma 16, that
Wix(s,;) = Z(s;, ) together with the special block struc-

tures of T,:lAka, T;Bk, CT) we can conclude that
(15) holds. O

Remark 18 (Non-zero initial values) Our method
can easily be adjusted to account for mon-zero initial
values. Assume x(ty ) € Xo for some subspace Xy C R,
then in (8) we just have to replace the initial definition by

Mg = R() + BAOTO J()XO
and in (11) the initial space needs to be adjusted to
Ro :=Ro + (Ao | JoXo),

while the definition of the other subspaces remain un-
changed.

A key feature of our method is that it is independent of
the actual switching times (or mode durations) and only
requires knowledge of the mode sequence. The following
example shows however that the size of a minimal real-
ization depends on the mode durations, hence we cannot
expect that our method results in a minimal realization
in general.

Example 19 Consider a switched system with modes

== (3] a0= 14] 3= 1]
BlzBQ:L(ﬂ,00201:[100],6'2:[110].

with J1o = Jo1 = 1. Assume the mode sequence 0 —
1 — 2. Fiz the switching time duration 71 = /2 for
mode 1. Then the original solution x and outputy of each
time interval can be characterized as follows:

| y(t) = Con(t) = [100]
. y(t) = Cra(t) = [100]

=
—
»
[V
N
I
8
=
V2]
. Ll .o .o
+
NI
SN— S~— S— S~—
I
—

r 1 r 1T 1
*¥O¥% *¥O* ¥ ¥ ¥ O %
L ' L 1L |

r 1T 1
* % ¥ O% %
L 1L |

. y(t) = Coz(t) = [110] o

Clearly, the second and third states do not affect the out-
put for this specific switching signal. In particular, it is
easily seen that the overall input-output behavior is de-
scribed by the (nonswitched) system T = u, y = . How-
ever, if we apply our proposed method, then the sequence
of reachable and unobservable spaces are given by

MT = imBo, N(;r = {O},
g = RS’ NIU = {0}7
MG =R3, N3 = span{es}.

Indeed, the sequences produce a switched system with
modes in dimensions 1, 3 and 2, respectively, instead of
a one dimensional minimal systems. Nevertheless, one
should note that for T # km/2, our method actually pro-
duces a minimal realization. A

The previous example however leads to our believe that
our method results in a minimal realization for almost all
switching times. While we have not been able to prove
this conjecture, we are able to show that our method is
optimal in the sense that a repeated application doesn’t
lead to a further reduction.

Theorem 20 Consider the switched system %, and the
reduced switched system X, resulting from our proposed

method. Let ﬁc,(,) cmdgd(_) be the sequences of reachabil-

ity and unobservability spaces, respectively, of ic,. Then

~

Ro()y =R™0O, U,y ={0}.

In particular, the left- and right-projectors for a potential
further reduction are given by identity matrices, i.e. no
further reduction occurs.

Proof. Our proposed methods yields for each mode k a
coordinate transformation T}, such that (A, B, Ck) is
transformed to

Ail /_31162 AiS Aiél Bi
0 A, 0 A3 = ~ 4

B 0CLO0C 16
0 0 Az?, Ai4 ) Ok 7[ k k] ) ( )
0 0 0 A 0

where (ﬁk,ék,é’k) is the input-output equivalent re-
duced system for mode k. By construction, the ex-

tended reachable and restricted unobservable spaces of
(Ag, Bi, C) are given by

. _JIo _[Io0
szTk{Sé}, Uk:Tk[S?},
00 00
respectively.

Seeking a contradiction assume %k C R"™ (Case I), or
U, # {0} (Case II) for some k.



Case I: For k = 0 we see that from Ry = Ry it follows
that the pair (;1\0, Eo) must be reachable and hence 7/@0 =
R ]R”O Assume now mductlvely that for some k we
have Rk 1= ]R”’“ 1 and Rk - R"". Since Rk is Ak-
invariant and contains im Bk we can choose a coordinate
transformation Tk such that (ﬁk’ §k) is transformed to

(1] 131)

and im T}, (3] = Re. By adjusting the original coordi-
nate transformation Tj we can assume in the following

that (A\k, Ek) is actually equal to (17). In particular, we
then have

(17)

1m[é] = ﬁk = ﬁk + <A\;€ | j}gﬁk,ﬁ.
Since Ry, = (A | Bi) C im[}] we can conclude that,

im (1] 2 (A | JuR_1) = (A | im Ji) D im Jy,. There-
fore (Ag, By, J) is actually transformed to

* /\1* * % « "
0 A’fiz 0 * {Bi} {J:i}
0 . ) 0 5 0
0 0
0 0 * ok
0 0 0 * 0 0

From this we arrive at the following contradiction:

1o = — 2o
im [86] ZRkZRk+<Ak ‘ JkRk,1>§im [000] .
0

00

I
0
0
0
— R™ for all

Hence we have inductively shown that ﬁk
mode k.

Case II: Assume Qk # {0}. Analogously as in Case I,

the contradiction 10
i #m 4]

00
arises, the details are omitted. O

For the special case of constant A-matrices, our method
does in fact result in a minimal realization.

Corollary 21 Consider the switched system (13) with
mode-independent A-matriz. Then the reduced switched
system obtained via our proposed reduction method is
minimal.

Proof. This is a simple consequence from Proposi-
tion 15, because in any mode a smaller reduced model
would necessarily remove some reachable and observable
states and hence cannot lead to the same input-output
behavior.

10

5 Numerical results

In this section, we demonstrate the operation of the pro-
posed reduction method for the switched linear system.
The proposed method is illustrated by means of numer-
ical examples. The source code for the numerical exam-
ples is available from [9].

Example 22 Consider a switched linear system with
modes:

(Ao, Bo, Co) = ([égﬁl},[é} >[101]>7
0—-100 0
(A1, B1,C) = <[é § gg] ; M Joooﬂ)
(A2, Bs, C2) = ([éié},[ﬂ,[mo]),
no=[3 48] 2 G481

Assume the mode sequence 0 — 1 — 2. We apply the
proposed reduction method and the reduced systems can

be obtained as follows.
1 39 _[10
ﬂRrﬂ {). = = [41].

Step 1. Here, Ry =
0 0
], Uy = . Now we compute
l

0 08
Uo = [1} = loo0
00
the sequence of reachable and unobservable spaces:

oroo —

=a

— 1

Ro=Ro= [}

_ _ 10

Ri=Ri+ <A1 ‘ J1,0R0> = |:8(1):| )

00

ﬁg =Ry + <A2 ‘ J2,1ﬁ1> = R3,
10

Uy =ty = [0 1}’

0
m=mm%ﬁ@Mo=M,
0

Uy =Us N (J1g Uy | Ao) = {0}.

Step 2. Via the proposed method, the sequence of left- and
right-projectors are obtained by



The reduced switched system is given by

(Ao, By, Co) =
(Ay, By,Cy) =

WaAVe, WOBO, CoVo) =
(W A1V1,W B, C\V, )

(W
([7 0] (8] [ool),

(2,1,1),

(Ay, B, o) = (WQAQVQ,WQBQ,@vi) = (1,-1,-1).

Step 3. The reduced jump maps are given by

o~ ~

Ji=[5], Ja=T[o-1].

Figure 1 shows the output of the original and its minimal
switched linear system for input u(t) = 1 with switching
times s; = 2 and sy = 5 over [0,6] and clearly both
outputs coincide.

30

== = Original
Reduced

25

20

0 | - —

0 1 2 3 4 5 6
Time(sec)

Fig. 1. Outputs of original system and the proposed reduced
system.

6 Conclusions

In this paper, we have proposed a method for obtain-
ing a reduced realization for switched linear systems
with jumps and mode-dependent state-dimensions; the
switching signal is assumed to be fixed with known
mode sequence. Our reduction method is independent
of the switching times and hence in principle also appli-
cable for state-dependent switched systems if a certain
mode sequence is known a-priori. The proposed reduc-
tion method is based on a weak Kalman decomposition
of each mode by defining suitable extended reachable
and restricted unobservable spaces. We believe, that
our method results in a minimal realization for almost
all switching times, however, a definite answer to this
question is still ongoing research. It cannot be expected
that our method will result in a minimal realization for
all switching times, we provided an example for which
the dimension of the minimal realization depends on the

11

specific switching times. We have so far assumed that all
subspace related operations (intersections, sums, ...)
can be carried out with exact arithmetics, however, for
large scale systems and/or for systems with numerical
coefficient matrices the involved subspace calculations
are in general ill-posed. A suitable adaption of our algo-
rithm utilizing e.g. the singular value decomposition to
carry out the subspace calculations approximately is a
topic of future research.

References

[1] Mert Bastug, Mihaly Petreczky, Rafael Wisniewski,
and John Leth. Reachability and observability
reduction for linear switched systems with con-
strained switching. Automatica, 74:162-170, 2016.
Elmer G Gilbert. Controllability and observability
in multivariable control systems. Journal of the So-
ciety for Industrial and Applied Mathematics, Se-
ries A: Control, 1(2):128-151, 1963.

Ton Victor Gosea, Igor Pontes Duff, Peter Benner,
and Athanasios C Antoulas. Model order reduction
of switched linear systems with constrained switch-
ing. In ITUTAM Symposium on Model Order Reduc-
tion of Coupled Systems, Stuttgart, Germany, May
22-25, 2018, pages 41-53. Springer, 2020.

Ton Victor Gosea, Mihaly Petreczky, Athanasios C
Antoulas, and Christophe Fiter. Balanced trunca-
tion for linear switched systems. Advances in Com-
putational Mathematics, 44(6):1845-1886, 2018.
Md Sumon Hossain and Stephan Trenn. A time-
varying gramian based model reduction approach
for linear switched systems. [FAC-PapersOnLine,
53(2):5629-5634, 2020. 21th IFAC World Congress.
Md Sumon Hossain and Stephan Trenn. Minimal
realization for linear switched systems with a sin-
gle switch. In 2021 Furopean Control Conference
(ECC), pages 1168-1173, 2021.

Md Sumon Hossain and Stephan Trenn. Minimality
of linear switched systems with known switching
signal. In Proceedings in Applied Mathematics and
Mechanics, volume 21, pages 1-3, 2021. open access.
Md Sumon Hossain and Stephan Trenn. Reduced
realization of switched linear systems with known
switching sequence. In International Conference on
Mathematical Modelling (MATHMOD 2022), Vi-
enna, Austria, 2022. to appear.

Md Sumon Hossain and Stephan Trenn. rrSLS - Re-
duced realization for switched linear systems, April
2022, https://doi.org/10.5281 /zenodo.6410136.
Rudolf E. Kalman. Mathematical description of
linear dynamical systems. STAM J. Control Optim.,
1:152-192, 1963.

Ferdinand Kiisters and Stephan Trenn. Duality
of switched DAEs. Math. Control Signals Syst.,
28(3):25, July 2016.

[12] Ferdinand Kiisters and Stephan Trenn. Switch ob-

[9]

[10]

[11]



[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]

servability for switched linear systems. Automatica,
87:121-127, 2018.

Mihaly Petreczky. Realization Theory of Hybrid
Systems. PhD thesis, Vrije Universiteit, Amster-
dam, 2006.

Mihaly Petreczky. Realization theory for linear
switched systems: Formal power series approach.
Systems € Control Letters, 56(9-10):588-595, 2007.
Mihaly Petreczky. Realization theory of linear and
bilinear switched systems: A formal power series ap-
proach - part I: Realization theory of linear switched
systems. ESAIM Control Optim. Calc. Var., pages
410-445, 2011.

Mihaly Petreczky. Realization theory of linear and
bilinear switched systems: A formal power series ap-
proach - part II: Bilinear switched systems. ESAIM
Control Optim. Calc. Var., pages 446-471, 2011.
Mihaly Petreczky, Laurent Bako, and Jan H
Van Schuppen. Realization theory of discrete-time
linear switched systems. Automatica, 49(11):3337—
3344, 2013.

Mihaly Petreczky, Aneel Tanwani, and Stephan
Trenn. Observability of switched linear systems.
In Mohamed Djemai and Michael Defoort, editors,
Hybrid Dynamical Systems, volume 457 of Lecture
Notes in Control and Information Sciences, pages
205—240. Springer-Verlag, 2015.

Mihaly Petreczky and Jan H. van Schuppen. Re-
alization theory for linear hybrid systems. IEEE
Trans. Autom. Control, 55(10):2282-2297, 2010.
Mihaly Petreczky and Jan H Van Schuppen.
Partial-realization theory for linear switched sys-
tems—a formal power series approach. Automatica,
47(10):2177-2184, 2011.

Zhendong Sun and Shuzhi Sam Ge. Switched linear
systems. Communications and Control Engineer-
ing. Springer-Verlag, London, 2005.

Zhendong Sun, Shuzhi Sam Ge, and T. H. Lee. Con-
trollability and reachability criteria for switched lin-
ear systems. Automatica, 38:775-786, 2002.

Aneel Tanwani, Hyunngbo Shim, and Daniel Liber-
zon. Observability implies observer design for
switched linear systems. In Proc. ACM Conf. Hy-
brid Systems: Computation and Control, pages 3 —
12, 2011.

Aneel Tanwani, Hyunngbo Shim, and Daniel Liber-
zon. Observability for switched linear systems:
Characterization and observer design. IEEFE Trans.
Autom. Control, 58(4):891-904, 2013.

Robert L Williams and Douglas A Lawrence. Linear
state-space control systems. Wiley Online Library,
2007.

12



