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Introduction

1.1 Background

Hybrid systems constitute a particular class of systems, whose behavior is modeled
considering both discrete and continuous dynamics. In particular, such systems
involve a class of linear/nonlinear systems and result from the interaction of
continuous time subsystems with discrete events. More precisely, the internal
variable of each system is regulated by a set of differential equations. Each of the
separate systems are labeled as a discrete mode and the transitions between the
discrete states may result in a jump in the continuous variable.

Switched systems are considered as a subclass of hybrid systems; a switched
system is a dynamical system that consists of a finite number of subsystems or
modes and a logical rule that orchestrates switching between these subsystems.
The main property of switched systems is that these systems switch among a finite
number of subsystems and the discrete events interacting with the subsystems are
governed by a piecewise continuous function called the switching signal. However,
one can classify switched systems based on the dynamics of their subsystems, for
example continuous-time or discrete-time, linear or nonlinear and so on. Switched
linear systems (SLSs) are dynamical systems formed by a collection of linear
continuous state models which are switching among them according to a discrete
signal.

During the last decades and because of the great number of applications,
switched systems have been widely studied. In particular, switched systems have
applications in control of aeronautical and mechanical systems, automotive indus-
try, modelling of electronic switching systems and power converters. Considering
time-dependent switching signals lead to time-varying systems, but linearity is
not lost. Only when considering state dependent switching signals or when con-
sidering the switching signal as an input, one can arrive at a nonlinear system. In
this thesis, switched linear systems are considered whose switching is depending
on time. Therefore, the standard qualitative properties for standard systems can
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not be applied, but it is necessary to find specific tools for them. For a detailed
characterization of switched systems, cf. [46, 76, 127].

With the ever-developing technologies in various engineering applications
(microelectronics, micro-electro-mechanical systems, electromagnetism, fluid dy-
namics, control design, etc.), more and more mathematical systems with very
large dimensions have to be simulated and solved. In some cases, these systems
lead to analyzing large-scale and complex dynamical systems. Although, the
computational speed and performance of the modern computers are increasing;
simulation, optimization or real time controller design for such large-scale systems
are still difficult due to extra memory requirements and additional computational
complexity. Model order reduction (MOR) is a useful tool for dealing with such
complexity, wherein one seeks a simpler model that can then be used as an effi-
cient surrogate model to the original model, cf. [2, 3, 14, 107, 116] for motivations,
applications, restrictions and techniques of MOR.

Differential-algebraic equations (DAEs) have become an important tool for
modelling and simulation of constrained dynamical systems, such systems be-
long to a class of dynamical systems that are characterized by both algebraic and
differential constraints; DAEs are also known as descriptor systems or singular
systems. DAEs naturally occur when modelling linear electrical circuits, simple
mechanical systems or, in general, linear systems with additional linear algebraic
constraints. DAEs have been studied widely in both the engineering community,
and in the numerical linear algebra community. DAEs have then been discovered
to be suitable for modelling a vast variety of problem in economics [80, 81], demog-
raphy [24], mechanical systems [23, 39], multibody dynamics [35, 115], electrical
networks [5, 29, 34, 89], fluid mechanics [52, 79], chemical engineering [32, 91]
and they are also particularly important in the simulation and design of very
large-scale integrated circuits. The theory of DAEs is well developed and mature
cf. [23, 24, 25, 29, 41, 68, 108, 110] and the references therein.

Switched DAEs arise when the system changes suddenly and the switch-
ing between the systems is induced by faults or an external switching rule, cf.
[27,28, 66, 75,110, 141] for details. Switches or component faults induce jumps in
certain state variables, and it is common to define additional jump maps based
on physical arguments. In order to allow for jumps in the solution, the problem
is embedded into a distributional solution framework. It turns out that general
switched DAEs can have not only jumps in the solutions but also Dirac impulses
and/or their derivatives. In particular, the dynamics of switched descriptor sys-
tems are determined by the switching among different modes, where each mode
is characterized by a set of linear differential equations and algebraic constraints.
A mathematical representation of this class of systems can be obtained in terms of
switched linear differential-algebraic equations, cf. [22, 43, 86]. It can be shown
that the classical distribution space discussed in [118] is not sufficient as a solution
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space for switched DAEs (the reason is that this space is too large). Further-
more, the problem is solved in [135] where the author proposes the space of
piecewise-smooth distributions as an underlying solution space. Several modeling
and control aspects related to switched DAE have been considered in the literature,
e.g., [16,19, 53,77, 85,132,137, 138, 139, 149] and the references therein.

1.2 Realization theory

Realization theory is one of the main topics in control theory analysis, it involves
finding (necessary and sufficient) conditions to construct a (preferably) unique
minimal system which generates the specified input-output behavior of a certain
class cf. [66, 143]. Moreover, realization theory provides a theoretical analysis
for model reduction, system identification and filtering-observer design. In fact,
realization theory and model reduction are closely related to each other with
respect to the input-output behavior. Kalman, founder of modern control theory,
originally championed the realization theory. In [44], the minimal state-space
realization problem for (continuous) linear time invariant (LTI) systems was first
stated by hidden pole-zero cancellation techniques and in [66], the input-output
description reveals only the reachable and observable part of a dynamical system.
Recently, many approaches have been discussed for the realization theory of
hybrid/switched systems, e.g. in [10, 95, 96, 97, 98, 99, 100, 102, 146] and the
references therein.

The realization problem for hybrid systems was first formulated in [54] without
solution and the problem has evolved in many directions. Recently, in [95] the
author combines the theory of rational formal power series with the classical
automata theory to discuss the realization theory of hybrid systems. Unlike in the
classical case, the author studies realizability of a family of input-output maps
instead of a single input-output map. In particular, for most of the proposed
methods, the switching signals are viewed as “input”. Moreover, the authors in
[140] have discussed the detection of temporal properties for piecewise-constant
rank systems (PCR), indeed a PCR system differs from the switched linear system
because the time-instants are a priori fixed and the linear system over each time
interval is time-varying.

In contrast to the existing literature, this thesis is devoted to the cases where the
switched system is considered as a piecewise-constant time-varying linear system,
in particular, a minimal realization in general depends on the given switching
signal. Several minimal realization approaches have been developed in the context
of time-varying systems, and they are classified by constant rank systems, piece-
wise constant rank systems, global and intervalwise Kalman decomposition, cf.
[31, 64, 66, 67, 140]. Most available methods have considered differential Kalman
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decomposition and some drawbacks are summarized in [64]. It is well known that
realization theory of a system class relies on the reachability and observability of
that system class. However, some unified approaches towards reachability and
observability have been studied actively during the past couple of decades for
switched systems as well as switched DAEs, cf. [17, 19, 70, 71, 72, 73, 130, 133].

To the authors’ knowledge, there are few results available for realization theory
of the system class considered in this thesis. Hence, it is essential to focus more on
such classes of switched systems.

1.3 Model reduction

Model reduction has been studied for decades by researchers from multidisci-
plinary fields which include mathematicians, scientists and engineers from widely
different communities. System-theoretic MOR approaches usually deal with a
system under investigation described as a large-scale set of ordinary differen-
tial/difference equations (ODEs) or differential/difference-algebraic equations,
whose dynamics are expressed in terms of a set of state variables.

The main objective for MOR is to derive some reduced order model (ROM)
characterized by a significantly smaller number of states, and whose response
approximates the original system response according to well defined criteria. In
this setting, a reduction is required in order to replace the original large-scale
description of individual components with an accurate and robust reduced model,
so that a global system-level numerical simulation becomes feasible. That is, given
a full order model, the objective of model reduction is to find a ROM such that the
input-output behavior of these two models are close in some appropriate sense.
Model reduction methods are quite well developed for linear systems as well as
time-varying systems. Some well known methods are reviewed in the following
which will be recalled later in this thesis.

Time-invariant systems

There are two well known model reduction methods for linear systems which are
currently in use: singular value decomposition (SVD) based and Krylov subspace
based methods, for an overview cf. [2, 15, 55, 145].

One of the most common approach of the SVD-based methods is the so-called
balanced truncation (BT), which was first introduced by Mullis and Robert in [87,
88], and later in the systems and control literature by Moore in [84]. The key
steps in this technique are the computation of the so-called Hankel singular values
(HSVs) which are the eigenvalues of the balanced reachability and observability
Gramians. Then, one can identify which states are difficult to control and difficult
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to observe (and vice versa). In particular, the states are ordered on the basis of
their influence on the input-output behavior according to the singular values of
the Hankel operator, which is the operator that maps past inputs energy to future
outputs energy. These energy functions are quadratic functions characterized by
the so-called reachability and observability Gramians. Then, by truncating the
states corresponding to the smallest Hankel singular values, a reduced model is
obtained which then approximates the given original system. Nowadays, balanced
truncation is considered as a popular projection-based method for its simplicity;
the construction is based on simple linear algebra decomposition’s and there is
no need to first choose a set of essential parameters. Furthermore, it has several
desirable theoretical properties such as preservation of stability and availability of
an error bound, cf. [14, 36, 45, 94]. The Gramian-based methods include optimal
Hankel norm approximation [45], frequency weighted balanced truncation [36],
singular perturbation approximation [78], dominant subspaces projection [93],
dominant pole algorithm [111], positive real [55], bounded real [90].

Another important category for model reduction is the Krylov subspace based
model reduction. Nowadays, moment matching using Krylov subspaces is one
of the best choices for reduced order of large-scale systems, cf. [30, 37, 40, 105].
This approach consists in projecting the dynamical system onto Krylov subspaces,
computed by an Arnoldi [38] or Lanczos process [7]. Then, the reduced system is
obtained by matching the moments (and/or Markov parameters) of the original
and reduced systems where the moments are the coefficients of the Taylor series
expansion of the transfer function around a suitable expansion point. One very
clear disadvantage of Krylov subspace methods is that the dimension of Krylov
subspaces quickly becomes large, in many cases even prohibitively large. Unlike
the SVD-based methods, stability of the reduced model constructed by Krylov
methods is not guaranteed and no a prior error bound exists, cf. [4, 6, 63, 123].

Time-varying systems

Balanced truncation for linear time-varying systems has been developed ine.g., [61,
94,121, 122, 142]. In [121] and [142], input-output balancing was discussed for
various Gramians, and some necessary and sufficient conditions are given for
input-output balancing. In particular, model reduction is considered there for
exponentially stable and uniformly completely reachable and observable systems.
In [142], three different types of time-varying balancing are proposed, so-called
fixed-interval, infinite-interval and sliding-interval balancing, based on three different
approaches for computing the time-varying Gramians. Furthermore, in [121]
uniform and infinite-interval balanced realizations are investigated, and stability
of the reduced system is studied in [122]. In this thesis, a switched system is
considered as a special class of a time-varying system.
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Differential-algebraic equations

Balanced truncation based model reduction technique for DAEs was first intro-
duced in [82, 125] and then, it is studied extensively in [13, 82, 126]. In the context
of DAESs, balanced truncation can be applied by decoupling the DAEs into the
slow and fast subsystems, and then reduce them separately. In practice, it is not
necessary to compute these subsystems explicitly since it is an expensive task and
numerically ill-conditioned for large-scale systems. Instead, one can define two
pairs of reachability / observability Gramians, and then by truncating the states of
the balanced system corresponding to the small Hankel singular values, one can
then approximate a reduced system for the given DAEs.

Switched linear systems

During the last few years, considerable attention has been dedicated to the prob-
lem of model reduction for switched linear systems and some techniques have
been proposed. In the context of switched linear systems, almost, all model re-
duction techniques are made for an input-output approach. One idea of them is
to reduce independently each subsystem alone, and construct desired reduced
system by collecting all reduced subsystems. In that case, the switching signal
is just reproduced into the reduced model, and then for the same input, both
subsystems and corresponding reduced subsystems will have outputs which are
very close with respect to a certain norm. Then, one can use the available best
model reduction approach; balanced truncation or Hankel norm approximation.
Another approach is to consider the whole system at once, in that case, the original
switched system is equivalent to the special class of time-varying system. In
particular, for each switching time interval the systems are given by the linear
time-invariant system.

Recently, much work has been done in the area of model reduction for switched
linear systems, the related work can be categorized as follows. In [92], a model
reduction approach has been proposed for switched systems with autonomous
switching which depends on continuous outputs. In [83], a simultaneous balancing
transformation is proposed which is based on reachability /observability Gramians
for each mode (in same dimension) and the assumption that all Gramians can
simultaneously be transformed into a diagonal form. In [106], new reachability
and observability Gramians in a bilinear framework have been introduced for
linear switched systems and the reduced model is constructed by computing
global projection matrices from the Gramians which satisfies generalized Lya-
punov equations. An interesting model reduction method utilizing a so-called
envelope system for switched linear systems is proposed in [117], which is based
on the idea of embedding the solution behavior of the switched system into the so-
lution behavior of a certain non-switched system; then standard model reduction
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techniques can be applied to the envelope system.

Generalized Gramians-based approaches are proposed in e.g., [11, 47, 51, 101,
103, 119, 120], those approaches are considered only for quadratically stable sys-
tems, and the Gramians are then the solutions of certain linear matrix inequalities
(LMlIs). Furthermore, an improvement of the underlying approaches are reviewed
ine.g., [48, 49, 50, 114] by introducing new Gramians and its system-theoretical
properties; again, certain stability assumptions are made.

None of above model reduction approaches consider the switched system as
a piecewise-constant linear time-varying system, i.e. the question how to reduce
a switched system for a given (and known) switching signal. Later, it will be
seen that the specific mode sequences as well as the mode durations influence the
size of the minimal realization, hence it is reasonable to conclude that in case of
a known switching signal, the size of a reduced system which approximates the
original input-output behavior sufficiently well, will also depend on the particular
switching signals. Consequently, it can be shown that all of the above approaches
will usually not result in the “best” reduced model for a specific switching signal.
This motivates to study the minimal realization and model reduction for a class of
switched systems with jumps.

Overall the motivation of this thesis is: Starting from non-minimal switched
linear systems, new algorithms are developed to find a minimal realization which
has the same response characteristics and capture some features of the original
system. Later, balanced truncation is utilized to reduce the minimal system into a
lower dimensional system that preserves the main characteristics of the original
system.

1.4 Contribution of the thesis

So far, from the overview of the previous section, it can be concluded that real-
ization theory and model reduction method for switched systems with known
switching signal are not available in the existing literature. In particular, the
time-varying nature of switched systems is not investigated.

The main objective of this thesis is thus to develop methods of realization theory
as well as model reduction procedure of switched systems. In particular, this thesis
is concerned about switched systems, given by ordinary differential equations with
jumps, or differential-algebraic equations. Herein, two distinct parts are pursued.
First, reduced realization of switched linear systems with known switching signal
are developed by defining suitable reachable /unobservable subspaces. Secondly,
model reduction techniques are discussed for both switched linear systems and
switched DAEs as well. These contributions are discussed in Sections 1.4.1 and
1.4.2, respectively.
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1.4.1 Reduced realization for switched linear systems

In the first part of the thesis (Chapters 3 and 4), realization theory is developed for
switched linear systems with jumps where the switching signal is assumed to be
fixed with known mode sequence. As mentioned above, switched linear systems
are considered in this thesis as a piecewise-constant time-varying linear system.
It is well known that a minimal realization for linear systems is just given by its
reachable and observable parts. However, in the context of switched systems,
this property is not true, even if each of the modes are reachable and observable
independently.

In Chapter 3, switched linear systems with a single switch are considered.
The problem of minimal realization is discussed and some results are presented.
The key idea is to extend the reachable subspace of the second mode to include
nonzero initial values (resulting from the first mode) and also extend the observ-
able subspace of the first mode by taking information from the second mode
into account. Moreover, 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. A minimal realization is obtained by first reducing
the input-extended second mode, then reducing the output-extended of the first
mode and finally, reduce the jump map between the modes. Furthermore, the
method can be applied in arbitrary switching time duration wherein the overall
time duration for the switched linear system is finite and given.

In Chapter 4, switched linear systems with mode-dependent state dimensions
and/or state jumps are considered and a method is proposed to obtain a switched
system of reduced size with identical input-output behavior. In particular, the
method of Chapter 4 is very different and not directly comparable with the method
used in Chapter 3. The time-varying reachable and unobservable subspaces for
switched systems are reviewed and suitable extended reachable and restricted
unobservable subspaces are defined. Then, a weak Kalman decomposition is in-
troduced based on the extended reachable and restricted unobservable subspaces,
and a reduced realization is obtained which has same input-output behavior as
original systems. A key feature of the approach is that only the mode sequence of
the switching signal needs to be known, 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 the method always leads to minimal realization.
Nevertheless, it is shown that the method is optimal in the sense that a repeated ap-
plication does not lead to a further reduction. Furthermore, a practically relevant
special case is highlighted, where minimality is achieved. Finally, motivated by an
example it is conjectured that the reduced switched system has a minimal order
for almost all switching time duration.
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1.4.2 Model reduction for switched systems

Contrary to the previous section, the second part of the thesis deals with the devel-
opment of model reduction techniques for switched systems where a coordinate
transformation is investigated to find an approximation for the given switched
system. As mentioned earlier, in this thesis switched systems are considered
as a special class of time-varying systems, so it is expected that the coordinate
transformation is also time-varying.

In Chapter 5, a time-varying approach is proposed to find a reduced model
for switched linear systems. The key idea is first to approximate the piecewise-
constant coefficient matrices of the switched linear system by continuously time-
varying coefficient matrices and then apply available balanced truncation for
(continuously) time-varying linear systems. The method provides a good reduced
system which approximates the original switched system. It is shown that the
original system and its approximation preserve some error bounds. However,
the reduced system is not a simple switched system anymore, therefore, another
method is investigated in Chapter 6.

In Chapter 6, a novel model reduction approach is investigated for switched
linear systems with known mode duration. The propose method is based on a
suitable definition of (time-varying) reachability and observability Gramians and
it is shown that these Gramians satisfy precise interpretations in terms of input
and output energy. Based on balancing the midpoint Gramians, a mode-wise
model reduction is proposed to obtain a switched linear system of smaller size
which then approximates the original system.

In Chapter 7, switched DAEs in continuous time are considered and the aim is
to find a reduced realization as well as a lower dimensional model for switched
DAEs. First, it is shown that the given switched DAE is input-output equivalent
to a switched ODE with jumps and impulses which has input dependent jumps
and Dirac impulses in the output. Under some conditions, these additional terms
can be avoided to obtain a switched ODE with jumps and impulses. Secondly, a
model reduction method via the techniques given in Chapter 6 is applied to obtain
a good approximation and thereto, unreachable inconsistent states are removed
first via the method discussed in Chapter 4.

In Chapter 8, a model reduction approach for singular linear switched systems
(SLSSs) in discrete time is proposed. The result relies on the assumption that the
given SLSS is jointly index-1. The key idea of the proposed method is to use first
the one-step-map from [1] and find a time-varying system which has identical
input-output behavior as the given SLSS. Then, available balanced truncation for
time-varying systems in discrete time is adapted; moreover, the initial/final values
given in Chapter 5 are also considered for the computation of forward reachability
and backward observability Gramians.
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1.5 Origins of the chapters

The following parts of this thesis are already published or submitted for publi-
cation. Chapter 3 has been presented at the European Control Conference (ECC
2021) and published in [59]. A brief version of Chapter 4 will be presented at the
10th International Conference on Mathematical Modelling (MATHMOD 2022) in
Vienna, Austria, and this chapter has also been submitted for journal publication.
A brief version of Chapter 5 has been presented at IFAC World Congress 2020 and
published as [58]. Chapter 6 has been submitted for journal publication. Chap-
ter 7 is currently under preparation for journal publication. Chapter 8 has been
accepted to 25th International Symposium on Mathematical Theory of Networks
and Systems (MTNS 2022), Bayreuth, Germany. All publications are joint work
with Stephan Trenn and Chapter 8 is also joint work with S. Sutrisno.



Preliminaries

2.1 Introduction

This chapter discusses the preliminaries required for the development of realiza-
tion theory in Chapters 3, 4, and model reduction procedures in Chapters 5, 6, 7
and 8. The notation as used throughout this thesis is introduced in Section 2.2.
Section 2.3 contains the system classes which are considered in this thesis. In
Section 2.4, some important notions for reachability, observability and minimality
are given.

2.2 General notation

In this section, some notation is given which will be used throughout the thesis.
More specific notation that is used in one or only a few chapters will be defined
within the chapters themselves.

The sets of natural, real, and complex numbers are defined by N, R, and C,
respectively. Let R” (C™) denote the linear space of vectors with n real (complex)
components. Moreover, the set of real (complex) m x n matrices is denoted
by R™*™ (C™*"). Let S be a subspace of R", then S+ denotes the orthogonal
complement of S in R" with respect to the usual scalar inner product (z,y) = 2 "y.

For a matrix 4, AT denotes the transpose of A. The image of a matrix A € R™*"
is denoted by im A and defined as

imA={AveR™ | veR" } CR™
The kernel of A is denoted by ker A and defined as

kerA:{veR”‘ Av =0 }QR”.
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For some matrix M € R™*"™ and set M C R", the image of M under M
is MM = { Mz |z € M } and for M C R™ the preimage of M under M is
M *M:={zeR" | MzeM }.

Let M, N be two subspaces of a vector space V, then the sum of the subspaces
M and N is defined by

M+N={m+n| meMneN }.

Furthermore, if M N N = {0}, then the sum is called direct and is denoted as
M@ N.

The class £5(I) represents the class of functions z : I — R™ for some I C R
which are bounded in the £2 norm, denoted by ||z|2 and defined as ||z(?)|3 :=
7 |lz(t)|? dt; |z| is used for absolute value. The notations x(¢~) and z(¢") denote,
respectively, the left- and right-sided limit of « at ¢, where it is implicitly assumed
that they exist when used.

2.3 System classes

In this thesis, different system classes are considered in the scope of realization
theory and model reduction. The system classes considered in this thesis are
presented briefly in this section.

Linear time-invariant systems In continuous time, a linear time-invariant (LTT)
system is a set of differential equations of the form

8.
—~
~+
~—
Il

Az(t) + Bu(t), teR,

2.1)
Cx(t) + Du(t),

<

—~
~+

~
Il

where A € R"*", B € R™*™, C € RP*" and D € RP*™. Here, A is the system
(state) matrix, B the input (control) matrix, C' the output matrix, and D the feed-
forward matrix. The state x(t) is in the n-dimensional state-space represented by
a vector whose evolution in time follows a state vector trajectory. A time-invariant
system is asymptotically stable if all the eigenvalues of the system matrix A have
negative real parts. All solutions of the system are continuous and differentiable
almost everywhere. Solutions depend on z(0) = z and on u(-). Such systems are
often denoted by (4, B, C, D).

Linear time-varying systems For a time-varying system the matrices 4, B, C
and D are varying over time, in contrast to a time-invariant system (where the
matrices have constant entries). Such systems are the subject of Chapter 5 and
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have the state-space model

(2.2)

where A(t) € R™*", B(t) € R"*™, C(t) € RP*", D(t) € RP*™, in particular, the
state dimension is constant over time.

Generalized state-space system Generalized state-space systems (or descriptor
systems, or differential-algebraic equations) are characterized by the equation

|
SN
=

I

Az(t) + Bu(t), teR,

(2.3)
Cx(t) + Du(t),

<

—~
~

~—
|

where E and A not necessarily have to be square. However, only square systems
are considered in this thesis.

If E is nonsingular, the generalized state-space system can be transformed into
the state-space form (2.1). By convention, the system is in this case said to be of
index zero.

If £ is not invertible, the system containes some algebraic equations in addition
to the differential equations. Such systems are the subject of Chapter 7, and the
discrete time case is considered in Chapter 8.

Switched linear systems

Before introducing “general” switched linear systems, first the so-called switching
signal needs to be introduced.

Assumption 2.1 (Switching signal). The switching signal o : R — N is right-
continuous and in each compact interval there are only finitely many discontinu-
ities.

If o is constant on (—o0, s9) for some sy € R, then the above standard as-
sumptions guarantee that the set of all switching times of ¢ can be written as
{sk €R| keN }withs, < sgyiforallk € N. Let 7, := s11 — si denotes the
mode duration of mode k. A switching signal o : [to,%7) — {0,1,--- ,m} is said to
be in standard form if

o(t)=Fk fort € [sk,Skt1),

where sg := tp and sp4q 1= ty.
For example, a switching signal o : R — {0, 1, 2} is illustrated in Figure 2.1
with switching time intervals 7;, i =0,1,2.
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2

T1

70

0

| | |
tp  s1 S9 ty t

Figure 2.1: Switching signal o : R — {0, 1,2} with intervals 7y, 71, T between
switches.

Definition 2.2 (Switched linear systems). A switched linear system is a dynamical
system given by

iy(t) = AoyTk(t) + Bonyu(t), t € (Sk,Sk+1),
EU : {mk(s:) Ja(sz),a(s;)xk_l(slz)’ ke N? (24)
y(t) = Coyzi(t) + Doyu(t), teR,

whereo : R —M={0,1,2,...,m} C Nis the given switching signal with finitely
many switching times s; < s < - < s, in the bounded interval [to, ;) of interest
and xy, : (sk, Sg+1) — R™* is the k-th piece of the state (Whose dimension n, may
depend on the mode k).

For notational convenience, let sg := to, sn+1 = ty and let the duration of mode
k be denoted by 73, := sp11 — sk, k € {0,1,...,m}. In the context of realization
theory and model reduction, it is common to assume that the system starts with a
zero initial condition, i.e. set z_1(¢; ) := 0. The input and output are given by u
and y, respectively.

For eachmode p € {0,1,2,...,m}, the system matrices A,, B,, Cp, D,, of appro-
priate size describe the (continuous) dynamics corresponding to the linear system
active on the interval (s, sx+1) where o(t) = p. Furthermore, J, , : 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 consideration of a jump map is “optional”
and leads to so called impulsive systems.

It will be assumed in the thesis that the switching signal is fixed, hence by
suitable relabeling of the matrices, it is assumed that o (t) = k on (s, ka). Conse-

quently, one can simply write Jj, := Jo(s;) o(sp) = J k-1 and jk = Ja(s;),g(s;) =

jk} k—1 in the following.
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Furthermore, in some slight abuse of notation, one can speak in the following
of the solution z(-) instead of the different solution pieces x(-). The solution
of switched linear system (2.4) is given recursively by, for ¢t € [sj, sx4+1) and

=1,...,m,
t
.’E(t) _ eAk(t—Sk)ka(S;) +/ eAk(t—S)Bku(S) dS, (25)
Sk

and the output equation is given by

y(t) = OkI(t) + Dku(t)a te [Slm Sk’-‘rl)a k= 07 17 cee M (26)

2.4 Reachability, observability and minimality

The notions of reachability and observability of state-space system are central
topics in standard realization theory. Furthermore, reachability and observability
as well as minimality of systems are considered in the scope of model reduction.
It is well known in system theory for continuous time systems that the concepts
of controllability / reachability are dual to determinability / observability, but for
switched systems this is not the case, c.f. [70].

24.1 Reachable and unobservable subspaces

Before introducing the reachable and unobservable subspaces, the following nota-
tion concerning A-invariant subspaces is introduced.

Definition 2.3. For A € R"*" and a subspace £ C R", let
(A|L)y:=L+AL+---+ AL

be the smallest A-invariant subspace containing £. Furthermore, let (here A™!
stands for the preimage, it is not assumed that A is invertible)

<[’ ‘ A> = LNA LN .nA (- Dp
be the largest A-invariant subspace contained in L.

Reachability investigates to what extent one can influence the state by a suitable
choice of the control.

Definition 2.4. An LTI system (2.1) is said to be reachable in [to,¢f], if for all
x¢ € R™, there exists an input v : [to,t f] — R™ such that the system is driven from
initial state z(to) = 0O to the final state z(ty) = zy.
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Theorem 2.5 ([124]). The system (2.1) is reachable if and only if
(A]imB) =im B+ A(im B) + - -- + A" *(im B) = R".
In particular, the reachability matrix
C(A,B):=[B AB --- A" 'B]

is of full rank, i.e., rank C(4, B) = nand soimC(A, B) = (A | im B) = R".

Observability is the dual concept of reachability in the system-theoretic sense.
Observability investigates to what extent it is possible to reconstruct the state =
when the input v and the output y are known. One often can measure the output
and prescribe the input, whereas the state variable is hidden.

Definition 2.6. An LTI system (2.1) is said to be observable in [ty, t], if for any
given input u the initial state (%) can be uniquely determined from the observed
output y on [to, t¢].

Theorem 2.7 ([124]). The system (2.1) is observable if and only if
(ker C'| A) = {0}.

Actually, the largest A-invariant subspace contained in ker C can also be written

as
(ker C' | A) = ker O(C, A),
C
CA
where O(C, A) = . is the observability matrix.
CAnfl

Note that similarity transformations do not affect reachability and observabil-
ity.

2.4.2 Minimality

The notion of minimal realization is motivated by finding a system of smallest
state-space dimension which has the same input-output map as a given system.
For a given input-output map, minimality is characterized as follows.

Theorem 2.8 ([2]). A state-space realization is minimal if and only if it is reachable and
observable.

Consider the linear system (2.1) with system matrices A, B,C, D. The well
known Kalman decomposition (KD), first established by Kalman [66], gives a
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coordinate transformation
T=W V» Vi Vi,

where im V is the intersection of the reachable and unobservable subspace,
im[V4 V3] is the reachable subspace and im[V; V3] is the unobservable sub-
space. Then, the system matrices A, B, C, D can be transformed to the following
block triangular form

All A12 AIS A14 Bl
0 A2 0 A% |B?
0 0 A3 A%’ 1o0
0 0 0 A% 0

(T™'AT,T7'B,CT,D)= o ¢ o ¢*,D|,

11 412 17 22 424
where ({AO i”] , {22 ) is reachable and ({AO j44} ,[C? C’ﬂ) is observ-

able. In fact, a minimal realization is now given by (422, B%,C?, D).

2.4.3 Reachability and observability Gramians

Definition 2.9. Consider the system (2.1) with zero initial value on the interval
[to,tf]. Then, the reachability function F} : R™ — R is defined by, for some
te [t(), t f]

Fi(zy) = inf/ u(r) Tu(r) dr,

u
to
where u : [tg,t) — R™ is an input signal that steers the system from z(¢y) = 0 to
x(t) = x4.

Theorem 2.10 ([2, 84]). Assume that the system (2.1) is reachable then
¢
P(t) = / ATt BRT A (=10 47
to
is positive definite, and the reachability function satisfies
Fl(x;) = al P(t) ;.
Here, P(t) is called the reachability Gramian.

This relation states that any state z; that lies in an eigenspace of P(t)~! corre-
sponding to large eigenvalues (which are equal to the eigenvectors of P(t) with
small eigenvalues) requires more input energy to control. The reachability function
thus gives the least amount of energy needed to reach a certain state ;.
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Lemma 2.11 ([2]). Consider the system (2.1) with the reachability Gramian P(t) for
somet € [to,ty|, the input

u(t) := BTed 0Pt )" (g — eAr10)5)

steer the system from x(to) = xo to x(ty) = xy on the interval [to, ts] and that this is
the input with minimal energy fttof u(r) Tu(r)dr = (zp — A=) ag) T P(tp) " () —

A(tffto)

e xo) achieving this.

The observability function gives the output energy associated to some state z;.

Definition 2.12. Consider a solution of the system (2.1) with zero input on the
interval [t,ts], then the observability function F! : R" — R is defined as, for
t € [to,ty)

Fi(z,) = / " y(r) Ty(r) dr,

where y(t) is the output of (2.1) for z(t) = ;.
Theorem 2.13 ([2, 84]). Consider a system (2.1) and let

t
Q(t) := / T AT T 0 dr
t
which is positive semidefinite. Then, the observability function is given by

Fi(z:) = 2] Q(t)z,.

Here, Q(t) is called the observability Gramian and the system is observable if Q(t) is
positive definite.

Similar to reachability, the state that lies along one of the eigenvectors of Q(¢)
with small eigenvalues is difficult to observe. Therefore, the states that are difficult
to control and observe are less important. In particular, the balancing-based MOR
methods are based on identifying and truncating the less important states from the
systems. This observation suggests that reduced order models may be obtained by
eliminating those states that are difficult to reach or difficult to observe, for details
c.f. [36, 45, 84, 148].

If all the eigenvalues of A in (2.1) have negative real part, it can be shown that
for t — oo, the matrix P(t) converges to a constant matrix P and, for t — —oo,
the matrix Q)(t) converges to a constant matrix @), and they satisfy the following
algebraic Lyapunov equations

AP + PAT + BBT =, (2.7)
ATQ+QA+CTC =o. (2.8)
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Moreover, the Lyapunov equations can be solved by direct solvers cf. [8, 56] as
well as iterative solvers cf. [14, 62].

Remark 2.14. In case of infinite time interval, asymptotic stability guarantees the
existence (i.e., boundedness) of the Gramians whereas the property positive definite
ensures reachability / observability of systems.

Clearly, the combination of the reachability and observability functions pro-
vides a characterization of the importance of the state components with respect
to the input-output behavior. In general, it is not easy to identify importance of a
state in arbitrary coordinates from an input-output perspective.
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Reduced realization for switched linear
systems with a single switch

3.1 Introduction

As discussed in Chapter 1, realization theory is a classical topic in the area of
systems and control. In general, the aim of realization theory is to construct a
state-space model from a given input-output behavior of a system.

Realization theory of switched systems has already been discussed in e.g.,
[10, 95, 97, 98, 99, 102] and the references therein. In particular, the cases of
arbitrary and constrained switching are discussed where the switching signal is
considered as an input. This consideration of the switching signal as an “input”
is a common viewpoint in most of the existing works, i.e. it is not possible to use
these results when trying to find a (minimal) realization for a given switching
signal (or given mode sequence).

In contrast to much of the existing literature on switched systems, in this thesis,
a switched linear system is viewed as a piecewise-constant time-varying linear
system, in particular, a (minimal) realization in general depends on the specifically
given switching signal. It is well known that finding a minimal realization (which
can be interpreted as removing unobservable and unreachable states) is a first
step towards model reduction (which furthermore reduces difficult to observe and
difficult to reach states).

To be more specific, the switched linear system (2.4) (from Chapter 2) is con-
sidered with a single switch and the main goal is to find a reduced size switched
system (for the same switching signal) of the form

A
Sy {fk(s;;) = jg(sz)?g(slz)azk_l(sk ), (3.1)
y(t) = Coy@r(tT) + Dogyu(t), t€ [sk,sk41),

which has the same input-output behavior as the original system (2.4).
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It is well known that the feedthrough term Dju does not play any role in the
analysis of realization theory as well as model reduction, hence in the following,
this term is avoided.

This chapter is organized as follows. In Section 3.2, the problem formulation
and preliminaries are given with the characterization of reachability and observ-
ability of SLSs. Section 3.3 discusses the main results with the proposed algorithm
and some simulation results.

3.2 Problem setting

In this section, some notions and challenges related to reduced realization of
switched linear systems of the form (2.4) are introduced. The formal definition of
reduced realization is given at first.

Definition 3.1 (cf. [95]). Given the switched linear system (2.4), the total dimension

is defined as
dim ¥, := Z Ng.
keM

Furthermore, its input-output behavior is given by
o Izt (Sk, Sk+1) — R™* satisfying (2.4)
B, = { (w,9) ‘ and z(t; ) =0 '

A switched linear system 3, with corresponding input-output behavior B is
said to be a reduced realization of switched system %, if

1) Bie = Bi° and

2)dim 8, < dim %,.

In the following, minimal realizations for the single switch case will also be
discussed, 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 switched linear systems
with single switch case, this is not the case in general as the following example
shows.
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Example 3.1. Consider a switched linear system with two modes

0.1 0 0 1
(Ag, By, Cp) = 0 02 0],[0],rt 1 0],

2 00
(A, B1,C1) =[]0 01 of,|1|,[t 0 1]|,/i=10 3 0
005

{0, on (to,sl), (3 2)

1, on(s1,tf).

It is easily seen, that each mode is unreachable and unobservable. However,
the switched system is reachable in the sense that each value x(t;) € R? 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 unob-
servable in the 2nd mode. In particular, when starting with a zero initial value,
for any input the value of the second state does not effect the output (because in
the first mode it is identically zero and in the second mode the corresponding
coefficient in the C-matrix is zero). Therefore, one can remove the second state
without altering the input-output behavior.

Remark 3.2. The above definition of reduced realizations is not specifying any
method how to obtain a reduced realization from a given switched system. In
particular, it does not take into account constraints like the requirement that the
reduced state is obtained via a uniform projection map (cf. [49, 50] in the context
of model reduction). In general, a reduced realization can only be obtained by
considering each mode individually (and by properly taking into account the
effect from the other modes).

It is important to note that a naive approach to reduce each individual mode
by removing unreachable and unobservable states will not work in general, this is
illustrated with the following example.

Example 3.2. Consider a switched linear system with modes

wnca=((s 3] )
wmen=(s 3] 0 )
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with switching signal (3.2) and without jump.

It is clearly observed that the second state is not observable in the first mode
and not reachable in the second mode, hence one may be tempted to remove this
state to obtain an (unswitched) minimal realization given by

1=z +u, y=2x. (3.3)

However, it is easily seen that a non-zero input leads to a non-zero second state
during the first mode, which then will effect the output of the second mode, i.e.
system (3.3) obtained by simply reducing each mode individually does not have
the same input-output behavior as the original switched system.

Another important challenge for obtaining a reduced realization is the fact,
that even when one starts with a classical switched system (i.e. all states have the
same dimensions 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 3.3. Consider a switched linear system with two modes

000 1
A()—Al— 1 0 0, B():B1: O,
000 0

Co=1[0 1 0], Ci=[1 0 0],

with switching signal (3.2) and without jumps. It is easily seen that the first mode
corresponds to a double integrator, while the second mode corresponds to a single
integrator. Hence, a minimal realization is given by the following switched linear
system with mode-dependent state dimensions:

on (tg, 81) :

lto, 1) on [si,ty):

Zo = 0 Oz+ 1u 21 =10 +

0 — 1 0 0 0 B zZ1 = 21 u,
Yy = 21,

yz[() 1}2’0,

with z1(s1) = [1 0] z0(s1).

The possible mode-dependence of a reduced realization is the main motivation
to study switched system (2.4) with mode-dependent state dimensions and jumps,
so that both systems (original system and the reduced realization) are from the
same overall system class.

In Section 3.3, a method will be proposed which takes into account the effect of
the different modes have on each other. Although, this method will not simply
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consider a minimal realization of each mode individually, the method of reducing
a given (unswitched) linear system to a minimal one will play an important role
and is recall first.

3.3 Minimal realization

The minimal realization of a linear system with non-zero initial values is given
in Section 3.3.1 and the minimality for switched linear systems is discussed in
Section 3.3.2.

3.3.1 Minimal realization for linear systems

Consider a linear system
(3.4)

with A € R"*"™, B € R"*™, C' € RP*™,

As discussed in Section 2.4.2, the well known Kalman decomposition (KD)
is a coordinate transformation « = Tz which leads the system matrices to the
following form

All A12 A13 A14 Bl
0 A22 0 A24 B2
0 0 A3 A%’ |0
0 0 0 A* 0

(T7'*AT, T7'B,CT) =

11 712 1 22 424
where ({A() i”] , {gz}) is reachable and ({AO ﬁ44} ,[C? 04]) is observ-

able. A minimal realization of (3.4) is now given by (A?2, B%,C?).

This method is based on the assumption that the initial value is zero. If arbitrary
initial values are considered, it is easy to see that only the unobservable states can
be removed. In the context of switched systems, the initial values for the second
mode are neither zero nor completely arbitrary, but are constraint to the reachable
subspace of the first mode, this motivates to find a minimal realization for the
linear system

o . {@(t) = Az(t) + Bu(t), z(0) € X, 35)

y(t) = Ca(t),

where Xy C R" is the subspace of relevant initial values.
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Inspired by the fact, that the ODE & = Az with initial condition z(0) = zo
has the same solution as the impulsive ODE & = Ax + x¢0, z(07) = 0 (see
Appendix B.5), the following input-extended system corresponding to (3.5) (cf. [57]
in the context of model reduction) is proposed as follows

EXO.{i:e(t)_Axe(t)Jr[B Xo] [u(t)y £.(0) = 0, e

uo(t)
Ye(t) = Cx, (t)a

where im Xy = Aj. Now apply the KD on the extended system and obtain a
minimal extended realization

EY ~ = o u(t) :| ~
~ Te(t) = Aco(t) + | B, X , Z.(0) =0,
S0 { ) 0 [ 0} [uo(t) © 3.7)
Ye(t) = Aefe(t)a
and the corresponding minimal realization
. Z(t) = AZ(t) + Beu(t), #(0) = 7o € im Xy,
z%;{f) A0+ Bult), 3(0) =50 € im Ky o8
y(t) = C.x(t).

The properties of the reduced system 5% can be formalized in the following
lemma.

Lemma 3.3. Consider X% as in (3.5) and $% g5 in (3.8) obtained by first extending
(3.5) to (3.6), then reducing it via the KD to a minimal extended realization (3.7) and
finally removing the extension. Then, £ and 5% are input-output equivalent in the
sense that for all trajectories (x,w,y) satisfying (3.5), there exists T such that (Z,u,y)
satisfies (3.8). Furthermore, % has the minimal state dimension under all systems which
are input-output equivalent to 0.

Proof. The output equation of X as in (3.5) with initial value z(0) = z € Xj is
given by

t
y(t) = Cetay —|—/ CeAt=7) Bu(r) dr. (3.9)
0

Construct an input-extended system ¢ as in (3.6), and let 79 = Xz for some
20, where the columns of X, form the basis of &j. Then, the system (3.5) is input-
output equivalent to system (3.6) with the input uy = 2¢d, where § denotes the
Dirac delta distribution.
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Again, the output equation of £ as in (3.6), can be written by

Ye(t) = /Ot CeAlt=") (B X LZ((?)] dr

-/ O AT B X M@J ar,

where T is the KD transformation matrix which transforms (4, [B, Xy], C) into a
KD, i.e.

_* * Xk
T_lAT: 0 Ae 0 = :

0 0 % =%

_O 0 0 =«

_>|< *

B xil=|% 0l or=lo 6. o0 4.

0 0

| 0 0

So utilizing T—1eAT = eT*IAT,

Ye(t) = Ot@e&-@f) [Ee XO} LZ(("?J dr, (3.10)

which is the output of minimal extended realization as in (3.7). Again, for ug = 29,
equation (3.10) can be written as

- t R
Ye(t) = Coee'Tg + / Coe =7 Cou(r)dr, (3.11)
0

where 79 = X, 070 and it represents the output equation for (3.8) with the solution
Z. Therefore, for any arbitrary trajectories (z,u, y) satisfying (3.5) there exists
such that (Z, u, y) satisfies (3.8).

2nd part: By construction, it is true that £ is the minimal realization of %,
Consider a system X% which is input-output equivalent to ¥*. Then, for all
zo € Ay, there exists 7o € Xp such that for all input u(-),

y(-su, w0) = Y(+, u, To).

Inspired by [57], an input-extended system %% as in (3.7) can be constructed for
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¥% syuch that
~ u u
ye(’7 |: :| aO> = ye('7 |: :| 30)7 VU,UO- (312)

uo uo
Then
dim X% = dim 22 > dim 0 = dim 2,

because ifo has by construction the minimal state dimension under all (extended)
systems satisfying (3.12), i.e., ©*° has indeed the minimal state dimension under
all systems which are input-output equivalent to $*. O

3.3.2 Minimal realization for switched linear systems: single
switch

In this section, a method is proposed to find the minimal realization of switched
linear systems
(A03B0700)7 on (t0351)7

(AlvBlvcl)v on (Slvtf)v

where A; € R"*" B, € R"*™: (C; € RP*™ € {0,1} with the single switching
signal given by (3.2) and jump matrix is given by J;.

(3.13)

The proposed technique consists of three main steps. First, a minimal real-
ization of the second mode is constructed by taking into account the reachable
subspace of the first mode. Second, a minimal realization of the first mode is found
by taking into account the observable states of the second mode. The final step
consists of defining the reduced jump map from first mode to second mode.

Step 1: Reduction of second mode

As discussed above, the second mode does in general not start with initial value
zero, instead the values of x(s] ) covers the whole reachable subspace

RQ = 1m[B0 AoBO s 14807130]7

consequently z(s{) € J1Ro.
Using the method described in Section 3.3.1, the second mode is extended to
(A1, By, C,) with
By :=[B; JiRyl,

where im Ry = R and the reduction method is applied to obtain the reduced
mode (ﬁl, ]§1, 61) which is input-output equivalent with the second mode (under
the assumption that the initial values for the second mode are determined by the
reachable states of first mode).
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Step 2: Reduction of first mode

Restricted to the first interval, all unobservable and unreachable states can be re-
moved from the first mode without changing the input-output behavior. However,
some unobservable, but reachable state from the first mode may become observ-
able in the second mode and hence, the input of the first mode may indirectly
influence the output of the second mode (via the initial value for the second mode).
Therefore, the following general problem is arrived: Given a linear system (3.4)
and a subspace £ C R" of indirectly-observable states, find a minimal realization
of (3.4) which does not “remove” indirectly-observable states.

To be more precise, assume that the reduction of (3.4) is achieved via a left
projection II; and a right projection II,, i.e. II;II, = I and the reduced system of
(A, B, C) is given by

(A, B,C) = (ILAIL,, 1, B, CI1,.).

In particular, ker II; corresponds to the removed states. The condition that the sub-
space of indirectly-observed states £ is not “removed” by the reduction procedure,
can be formalized by the condition

kerl_[l NL= {0}

Similar as in Step 1 where the input matrix is extended to enlarge the reachable
subspace, a method is now proposed to extend the output matrix for extending
the observable subspace, i.e. consider

Ze(t) = Az (t) + Bu(t), z.(0) =0,

»E . C

) wet) = [ LT] o (t), (3.14)

where im L = L. Very similar as before, one can utilize the KD to obtain a minimal
realization of (3.14) given by

~

SE AR (3.15)
Ye(t) = ET Z ().

Removing the additional rows in the output matrix, the proposed minimal realiza-
tion of (3.4) is obtained which does not “remove” states from L:

s {”'““) -
70

A7
N (3.16)
C.a2(t).
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Now, investigate the properties of the reduced system SE

Lemma 3.4. The two systems (3.4) and (3.16) have the same input-output behavior.
Furthermore, let 11, and 1L, be the two projectors transforming (3.4) into (3.16), i
ILIL =1, A = I, AIL,, B = 1I,B and C = C1I,, and assume L is contained in the
reachable subspace, then

kerII; N £ = {0}.

Proof. The output equation of system (3.4) is
t
t) :/ Ce=7) Bu(r)dr
0
t C .
= /O I 0 {LT} Tl AT =1 By(7) dr,

where T is the transformation for obtaining a KD for (A, B,[CT L"), i.e.

_* k k3 *_ *
poiap = |0 Ae O g | Be
0 0 = x|’ 0|’
0 0 0 x 0
Clp_fo G o 4]
LT)" "o LT 0 =«

Now, together with
(I 0] [LCT] T = {0 C. 0 *} . T leAT = T AT,
the output equation is given by

t -~ ~
:/ C’eeA"(t_T)BEu(T) dr = g(t),
0

where () is the output of minimal realization as in (3.16).

2nd part: Let the transformation matrices to obtain a KD of system (3.14) be

Wi

PO PO ~ Wo
T=\V Vo V3 Vul, T'= |~
1 2 3 4 W3
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-
Clearly, I, = /I/I72, I, = Vs, im L C im {LC-'F} =: (ker C.)* and it follows that
. 1\
C.A PN —
imL C [ker | - (im[V1 v2]) —im[W, W/
CeAn71

Furthermore, by assumption £ is contained in the reachable subspace, im L C
im[V4 V3] (the reachable subspace). Hence,

imL Cim[V; V4N im[WQ—r WI]
Consider an arbitrary z € im L Nker IT;. From II, z = 0 and
z€imL C im[‘A/l ‘72],
it follows that there exists 21, 2o such that z = ‘71,21 + 17222, SO
0=1II;z = Hl‘7121 + Hl‘/}ng = 29,

where Hl\A/l =0, Hl‘A/g = I. Therefore, z = 17121 and
W —
.S = W ST T\ T
z €imV; = ker H/\:), C ker [Wj = (lm[WQT WJ]) .

4

Altogether,
- N
zeim[W, Wiln (im[%T WJ]) = {0}

This concludes that

kerII; N £ = {0}.

The proof is now complete. O

The following statement is intuitively clear, however, the formal proof is not
yet available and therefore it is formulated as an open conjecture.

Conjecture 3.5. Let (A, B, C) be a system which is input-output equivalent to
(3.4) and which is obtained via a projection method with left-projector 1. If
kerII; N £ = {0} then, the state dimension 7 of (4, B,C) is at least the state
dimension of (3.16).
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Step 3: Reduced jump map

Assume the mode (Ao, By, Cy) before the jump J; : R™ — R™ was reduced
by a projection method with left- and right-projectors I19 and 112, and the mode
(Ay, By, Cy) after the jump was reduced by left- and right-projectors I1} and II}.
Then, the reduced jump Ji : R™ — R™ is defined as

Jy = I} Jy 100, (3.17)

3.3.3 Algorithm and results

Combining all results from above sections, overall the algorithm is summarized as
follows.

Step 1a. Compute the reachable subspace Ry = im Ry of the first subsystem
(Ao, By, Cp) and extend the input matrix of the second mode to

El = 1m[B1 J1R0].

Step 1b. Calculate the KD of (A;, B1,C1) with corresponding transformation
matrix 7} and, left- and right-projectors II}, II} (i.e. the corresponding rows and
columns of T~ Land T1) and let

Ay, By, 0 = (TIFATLL, T By, O TTY).
l r 1 r

Step 2a. Calculate the subspace £y = Ro N Fy =: im Lg of additional observable
states, where Fy = im Fy for some full column rank matrix Fy € R™ *xng such that
J1Fy = Vj fora full column rank matrix Vi € R"0*"% with im Vg’ := im ITXNim J;.
Then extend the output matrix of the first mode as

Cp :=im {CO} .

Lg

Step 2b. Calculate the KD of (A, By, Cp) with corresponding transformation
matrix Ty and, left- and right-projectors I1), I1Y (i.e. the corresponding rows and
columns of T; " and Tp) and let

(Ag, By, Co) = (IT AoI1), 119 By, ColIy).
Step 3. Calculate the reduced jump Ji according to (3.17). The overall reduced

switched system is then given by

~ 5’5\0 = 20530 + Eou, on (to, 81), @\0(83_) =0,
Yo N
1

?ﬂl\l = A\lfl’\l —+ Elu, on (Sljtf)7 'fl(s ) = Jlfo(sl_).
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The steps of the algorithm are illustrated by the following example.

Example 3.4 (Example 3.1 revisited). Recall the switched linear system in Exam-
ple 3.1 and apply the reduction method to Example 3.1.

10
0 0
01

Step 1b. Via the KD of the extended second mode (Ay, [By J1Ro], C1], the left-
and right-projectors are obtained by

Step 1a. Ry = (reachable subspace of first mode (Ay, By, Cp)).

1 0
H}—[é 8 (1’] m=lo o,
0 1
and the corresponding reduced second mode
(ﬁl,ﬁl,él):(H%Alﬂi,H}Bl,Clﬂi):({062 ﬂ,m,[l 1]).

0
Step 2a. Calculate im J; NII} = im [ 0
1

o O =

= 1im VOJ = Jl]:O with .Fo =im [

o O =

0

0

1
0 1

Step 2b. Via the KD of the extended first mode (Ao, Bo, [C;, Lo| "), the left- and
right-projectors are obtained by

1 0

0 0f,

0 1

1 00
) = 0=

and the corresponding reduced first mode is given by

10
and then im Ry N Fy = im [O 0] =:1im Lg.

(A\Ové()aao) = (H?A0H27HZOB0,COH2) - <|:001 003:| ’ |:1:| ’ [1 O]) .

Step 3. The reduced jump map is given by

~ 2 0
Jy =T} ,100 = {0 5} .
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Figure 3.1 shows the output of the original and its reduced switched linear
system for input u(¢) = 1 and switching signal (3.2) with switching time s; = 2
and clearly both outputs coincide.

= = +Original
Reduced

0 0.5 1 1.5 2 25 3
Time(sec)

Figure 3.1: Outputs of the original system and its reduced system for Example 3.4.

Consider now Example 3.1 with the reversed switching signal

. 17 on (t0751)7
o1 (t) = {07 on(ss.t) (3.18)

and the same jump matrix J;. The reduced realization is obtained as follows.

0
1
0

Step 1b. Via the KD of the extended 2nd mode (4o, [By J1R1], Cy), the left- and
right-projectors are given by

1 0

0 1f,

0 0

and the corresponding reduced second mode is given by

Step 1a. Ry = (reachable subspace of first mode (A1, By, Ch).

1 00
1 _ 1 _
Hl_[o 1 0]’ =

(Ao, By, Co) = (I} A1}, II} By, CollL) = ({0(.)1 002} ’ H 1 1]) '
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Step 2a. Calculate im J; N 11} = im

o O =
S = O

1
= 1mV1] = Jlfl with fl =im |0
0

o = O

0
and thenim R N F; =im [1| =:im L;.

o

Step 2b. Via the KD of the extended first mode (Ao, Bo, [C;, L1]"), the left- and
right-projectors are obtained by

T

0
m=7Jp 1 0, m=|1/,
0

and the corresponding reduced first mode is given by
(A1, By, Ch) = () A, TI0, TIY By, C1T19) = (0.1,1,0).

Step 3. The reduced jump map is

ﬁ—mLM—F]
3

Figure 3.2 shows the output of the original and its reduced system for input
u(t) = 1 and switching signal (3.18) with switching time s; = 2 and clearly both
outputs coincide.

= = Original

T T T T
9 Reduced |
8 1
7r 1

Output
(&)

0 . . - I
0 0.5 1 1.5 2 25 3

Time(sec)

Figure 3.2: Outputs of the original system and its reduced system for Example 3.4
with reversed switching signal.
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3.3.4 Correctness of algorithm

Theorem 3.6. Consider the switched linear system ¥, with the single switch switching
signal (3.2) and the reduced system ¥, obtained via the above algorithm. Then, both
systems are input-output equivalent in the sense of Definition 3.1.

Proof. Consider the switched system X, as in (3.13) then the output equation is
given by

t
Coe =) Byu(r) dr, t € [to, 51),
to
yo(t) = A ! A !
Cle 1(t—sl)J1$0(S;)+/ Cle 1 (t—T )B1u(7") dT’, te [Sl,tf).

v ()

From Lemma 3.4,
t t N
/CQBAO(t?T)BQU(T) de/ Coe*=7) Bou(r) dr.
to to

Furthermore, from zo(s7 ) = 1% (s7 ) and C1 Tyt ATt = [0 CyIILeM A1l 4]
*

I} J, 110

and T, ' 110 = , it follows that

0

yy(t) = Crett=s1) xo(s7)
— Oy Tyl AT Es) oL 110 B (s7)
= Oyl AT (=sOTTL 7y T10 Zo (s7)
= deﬁl(t—sﬂfl Zo(sy)
=ys().

Now from Lemma 3.3,
t t N
/ CleAl(t_T)Blu(T) dr = / CleAl(t_T)Blu(T) dr.
S1 S1

The above results conclude that

ya(t) = /y\a(t) vit,

where ¥, (t) is the output of the reduced system S, O
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Theorem 3.7. The reduced system S, has minimal total dimension under all possible
input-output equivalent system of ¥, provided Conjecture 3.5 is true.

Proof. Consider a system ¥, with modes (ﬁo, BO, 5’0), (ﬁl, El, C~'1) and jump map
J; which is input-output equivalent to ¥,,.

First of all, this implies that the second mode (Al7 Bl, Cl) with initial values
Tg € J1R0 (720 is the reachable subspace of 1st mode (AO, By, C’o)) is input-output
equivalent with the original second mode (A:, By, C1) with initial value =y €
J1Ro (Where R is the reachable subspace of the 1st mode (Ao, By, Cp)). Hence,
Lemma 3.3 yields ny > n;.

Furthermore, input-output equivalence implies that for £, as calculated in
Step 2a, the left-projector I19 used to obtain Ay, has to satisfy ker II? N £y = {0}.
Hence, Conjecture 3.5 implies 19 > . Altogether,

dim ﬁg = (ﬁo + /ﬁo) < (ﬁo + ﬁl) := dim ig.

Therefore, 3, has minimal total dimension under all possible input-output equiv-
alent system of ¥,,.
O






Reduced realization for switched linear
systems

4.1 Introduction

In Chapter 3, a reduced realization for switched linear systems is discussed for
single switch case. In this chapter, a method is proposed for reduced realization of
switched linear systems with general switching signals. Nonetheless, the results
in this chapter differ from those in Chapter 3 in a way that the methods presented
in this chapter do not directly rely on the system matrices but only the (unique)
extended reachable / restricted unobservable subspaces. Without discussing
realization theory, observability and reachability of switched systems have been
studied in e.g., [71, 104, 127, 128, 134], the proposed approach is strongly inspired
by these results.
Recall the switched linear system with general switching signals (as in (2.4)) of
the form
xk(t> = Aa(t)xk(t) + Ba(t)u(t)v t € (sk, 8k+1)
¥, {xk(szr) = Ja(s:),a(s;)xkfl(slz)’ keN 4.1)
y(t) = Coyan(t™), t€ [sk,s111),

and the reduced size (with the same switching signal ¢) as in (3.1) of the form

~

i‘\k(t) = A\U(t)i?k@) + Eg(t)u(t), te (Sk, 5k+1)
= Jo(syos)Th-1(s; ), kEN (4.2)

S, {@(Q) =
y(t) = Cop@r(t™), tE [sk,s811),

which has the same input-output behavior as the original system X,.

As already highlighted in Chapter 3, a mode-wise reduction is not possible in
general. Furthermore, Example 3.1 in Chapter 3 showed that a switched system
which is reachable and observable, is not necessarily minimal. In order to obtain
a reduced realization in the following, the notion of extended reachable and
restricted unobservable subspaces will be introduced and utilized in the weak
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Kalman decomposition.

This chapter is organized as follows. In Section 4.2, some preliminaries are
given with the characterization of reachability and observability of SLSs and
extended reachable / restricted unobservable subspaces are proposed. Section 4.3
discusses the main results and provides a reduction algorithm. Finally, some
numerical results are shown in Section 4.4.

4.2 Preliminaries

As mentioned in Chapter 3, the well known Kalman decomposition is only valid
for vanishing initial values; if arbitrary initial values are considered, only the un-
observable part can be removed without altering the corresponding input-output
behavior. In this section, an extended version of the Kalman decomposition, weak
Kalman decomposition will be introduced which is crucial for further analysis of
non-minimal switched systems with extended reachable and restricted unobserv-
able subspaces. Later, the exact reachable/unobservable subspaces as well as
the proposed extended reachable / restricted unobservable subspaces will be dis-
cussed. Some examples are given to show that overall reachability / observability
of switched systems depend on the switching times.

421 Weak Kalman decomposition

In the context of switched systems all, apart from 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 realization.

In addition to consider an extended reachable subspace for each mode (due
to the partially nonzero initial state) also the local unobservable subspace 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 system. This motivates
to define a weak KD which takes into account an extended reachable subspace
and restricted unobservable subspace.

Lemma 4.1 (Weak Kalman decomposition). Consider a classical LTI system (A, B, C')
and let, R 2 im B and U C ker C be two A-invariant subspaces (an extended reachable
subspace and a restricted unobservable subspace). For any coordinate transformation

T=v' vV 7V V“] withim V' := RNY, im [Vl V2] — R, im [Vl V‘j —u,
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leads to the following block triangular form

Al 1 A12 A13 A14 Bl
0 A22 0 A24 32
0 0 A3 A0
0 0 0 A% 0

(T 'AT, T 'B,CT) =
In particular, Ce/'B = C2eA”tB2 vt € R.

Proof. Since RNU = im V' is A-invariant there is a matrix A'! of appropriate size
such that AV' = V' A'1. The A-invariance of R implies that AV Cim [Vl Vz} ,

hence there exists A2, A%2 such that
AV =T A2 1 77422,

Similarly, A-invariance of & implies AV C im [Vl VB} , hence there exists 413,
A33 such that
AV =V A 1 7745,
Finally, im V7V Vv 2 re implies existence of A, 4?4, 434, A% such
that ‘
AV =V AM L7242 L 70434 L T A
Combining all of the above,

All A12 A13 A14

1 2 —3 4] [ —2 —3 -] | 0 A* 0 A%
At VOV V=V VOV e gl
0 0 0 A#

which shows that T AT has the desired block structure. Since im B CR=
im {71 VQ} , there exists B!, B2 such that

B=V131+V232:[V1 Vv v

from which the desired block structure of T 'B follows. Finally, kerC D U =
im {71 VJ} implies that C [7' V] = {0}, and hence, for C2 := CV" and C** :=
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074, it follows that
cT=clvt v v v'|=[0 ¢ o ¢
With these block structure, simple matrix multiplication leads to
Cel'B = %A B2 Wt e R
This completes the proof. O

It is well known that for a linear system (A, B, C), the reachable subspace
R is given by R = (A | im B) and the unobservable subspace U is given by
U = (ker C' | A) as Definition 2.3.

Remark 4.2. Clearly, the choice R =R and Y = U in Lemma 4.1 leads to the well
known KD. Furthermore, any A-invariant subspace R 2 im B will be a superset of
R, because R is the smallest A-invariant subspace containing im B; analogously,
any A-invariant subspace Y C ker C will be contained in /. This motivation to
call R D R an extended reachable subspace and U C U a restricted unobservable
subspace in Lemma 4.1.

For a linear system (A, B, C) with given extended reachable subspace R and
restricted unobservable subspace U, the weak KD (4.3) immediately leads to the
reduced system (4?2, B2, C?) which can be obtained from (4, B, C) by suitable
left- and right-projections defined as follows.

Definition 4.3. For any coordinate transformation T = v Vv 74] as in
Lemma 4.1, let

e

—2

Wol=77"

w

W

such that the sizes of (Wi)T matches the size of V', 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-projectors, WV = I and
(A%, B2,0?) = (W AV, W’ B,CV").

4.2.2 Exact (time-varying) reachable subspace

The proposed reduction approach in this chapter relies on identifying suitable
extended reachable and restricted unobservable subspaces for each mode of the
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switched system (4.1). Towards this goal, first provide expression for the exact
(time-varying) reachable and unobservable subspaces for (4.1) in the following.
Before doing so, it is briefly highlighted from Chapter 2 that the solution of (4.1) is
given recursively by, for t € [sg, sg+1) and k=1,...,m,

t
z(t) i= e Ja(s;) +/ e =9 Bu(s) ds, (4.4)

Sk

and the output equation is given by
y(t) = Crx(t), t € [k, Sk+1), £ =0,1,...,m. (4.5)

Now in the following, the formal definition of the reachable subspace of (4.1) is
given.

Definition 4.4. The reachable subspace of the switched system (4.1) on time
interval [to, t) is defined by

Rty = { x(t™) | Fsolution (z,u) of (4.1) with z(t5) =0 }.
The switched system (4.1) is called reachable (on (to,ty)) if, and only if,

Ftoif) =R™
To calculate the reachable subspaces of (4.1), the known reachability informa-
tion from the previous modes needs to carry over appropriately to the current
mode. Let R, = (A, | im By) be the local reachable subspace for mode k. It will
be shown that the reachable subspace at the end of the k-th mode is defined by
the following recursive equation, k = 1,2, ..., m:

Mg = Ro,

46
MG =Ry 4 e LM 46

where 7, := sp41 — Sk is the duration of mode k.

The intuition behind the sequence (4.6) is as follows. By starting with a zero
initial value in the initial mode, clearly R‘[’to’sl) = Ro; continuing recursively, the
reachable subspace at the end of mode k, is obtained by propagating forward the
reachable subspace M{_; at the end of the previous mode, i.e. first jump via Jj
and then propagate according to the matrix exponential (the time-evolution for a
zero input). Finally, to take into account the effect of the input, the local reachable
subspace of mode k is added. This intuition is formalized as follows.
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Lemma 4.5 (Cf. [70]). Forall0 < k < m,

M{ =R,

[to,sk+1)"

In particular, (4.1) is reachable if, and only if M7 = R"n.

Proof. Clearly, M§ =Rf, . . Inductively, assume that for some k € {1,2,...,m},

o _ o
k—l_R

[to,sk)?

it will then be shown that M{ = R?,

[to,sk+1)"

Let 2141 € M, then there exists 2, € M7_, and x,, € Ry, such that x;11 =
eAnTe Jixy + 2, From M§_| = R‘[’to)Sk), it follows that there exists a solution (Z, )
on [tg, s) with Z(07) = 0 and Z(s;, ) = x.

In view of (4.4), the extension of (Z, @) on the interval [tg, sx41) via (Z(¢), u(t)) :=
(eAr(t=sk) Jy 14, 0) is a solution of (4.1) on the larger interval [to, sk41). Further-
more, there exists a solution (7, ) of mode k on (s, sx4+1) with Z(s{) = 0 and
E(SI;_H) = x,.

By setting, (z(t),u(t)) = (0,0) for all t € [to, sx), it is easily seen that (z,u) is a
solution of the switched system (4.1) on [to, sx+1) With Z(¢5 ) = 0.

Altogether, by linearity it is true that (z,u) := (Z,%) + (%, u) is a solution of
(4.1) on [to, Sk+1) with z(t; ) = 0 and

x(sl:—i-l) = a(51;4-1) + 5(8;4-1) = ek Tk + Ty = Tiy1,
which implies that zj1 € Rﬁo.skﬂ)' Hence,

M C RS,

[to,sk+1)"

To show the converse subspace relationship, let z;41 € tho Y then there exists
a solution (z,u) of (4.1) with z(sg4+1) = ZTp+1-

From xz(s;’) € RY, ;) =Mj_,and

Sk)
Sk4+1

Ty = / eA(rr1=9) By(s) ds € Ry,
Sk

it follows immediately from (4.4) that x5+ = z(sp41) = eAkTE Jrx(sy ) + 2o €
AR MG+ Ry = M.

Now if the system (4.1) is reachable, then

o — an7

[to,5mt1)
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and consequently,
M7 =R".

This concludes the proof. O

From (4.6), it is clear that the reachable subspaces depend on the switching
times (in fact, on the mode durations 7;;) and this dependency cannot be avoided
in general as the following example shows. In particular, the overall reachability
of the switched system (4.1) on (o, tf) depends on the switching times and how
long each mode is active.

Example 4.1 (Dependency on the switching times). Consider the switched sys-
tem (4.1) given by

AozAzz[O 0}7 AlZ[O _1}7

00 1 0
1 0
BO:B2: |:0:|7 Blz |:0:|7

with J; = J, = I. Itis noted that none of the pairs (A;, B;) are reachable. Consider
the switching signal ¢ with the mode sequence 0 — 1 — 2 and switching times s,
so. Let {eq, eo} denote the standard basis vectors for R?.

Clearly, Ry = Ry = span{e1}, R; := {0}, N7 = {COST e T] and

sint cosT

1 0
AxT _
e [O J . Hence

MG =Ro = span{e; },

T =Ry +eMTIIIMG = span{ {00371} } )

sinmy

9 =Rao+ eA2T2 JaM{ = spanf{e; } + span{ {COS Tl} } .

sin 7

If 71 = km for any k € N then M3 = span{e; }, otherwise, M§ = R2. This clearly
shows that the overall reachability of a switched system depends on the switching
times.

Note that, although M{ D R, O im By, the subspace MY is not a suitable
extended reachable subspace for the mode (A, By, C) in the sense of Lemma 4.1,
because it is not Aj-invariant in general. Before addressing this problem in Sec-
tion 4.2.4, recall first the “dual” subspace of the reachable subspaces: the unob-
servable subspaces.
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4.2.3 Exact (time-varying) unobservable subspace

Definition 4.6. The unobservable subspace of the switched system (4.1) on time
interval [t, ) is defined by

U,y ={ (") | 3solution (z,u = 0) such thaty = 0 of (4.1) on [t, ¢f) }.

The switched system (4.1) is called observable (on [to,ty)) if, and only if,

Uﬁovtf) == {0}

Similar as for the reachable subspaces, it is aimed to express the unobservable
subspaces recursively. Starting from the last mode it is clear that the unobservable
subspace is the same as the classical unobservable subspace U,, = (ker Cy, | Ap).
Recursively, the unobservable subspace at switch number k + 1 can now be
propagated backwards in time by first taking the preimage under the jump Jj4+1
and then further propagating it back with the continuous flow of mode £, i.e. by
e~A*7_ Finally, this propagated subspace needs to be combined with the local
unobservable subspace of mode k given by U, = (ker C}, | Ax). This motivates the
definition of the following sequence of subspaces, k =m—1,m—2,...,0:

N7 =U,,

o —ApTE T— o (47)
NZ o=Up N (e T NG -

Lemma 4.7 (Cf. [70, 133]). Forall0 < k < m,

NY =US,

[skots)”
In particular, (4.1) is observable if, and only if N§ = {0}.

Proof. For k = m, clearly N7 = U, +,)- Inductively, assume now that for £k €
{m—1,m—2,...,0},
1= u[(;k+htf)’

and it will be shown that N7 = ug, £

Let z;, € N, then z;, € Uy, and there exists xp41 € N7, | = U[Zk+1,t_f) such
that 251 = Jpp1e* ™y Consequently, the unique solution (z,u = 0) of (4.1)
on [sk,ts) with z(s;") satisfies y = 0 on [s, sy+1) because z;, € Uy and y = 0 on
[Sk+1,tr) because z(sg4+1) = Tp41 € Z/I[‘;Hhtf). This shows that ), € Z/I[‘Zk,tf).

Now, let z;, € U7, , . then the unique solution (z,u = 0) of (4.1) on [sy,ty)
with z(s;") = x; has zero output. Consequently, zj11 = z(s;’, ;) € UG, iy =
NZ, . From apyy = Jppie®s™ay, it follows that o, € e J L {zp41} C

e~ A7k Jo L NZ, = N7, which concludes the proof.

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

Example 4.2 (Dependency on the switching times). Recall Example 4.1 with output
submatrices

Co=Co=1[0 1], Ci=[0 0].

It is noted that none of the pairs (4;, C;) is observable.

Clearly, Uy = Us = spanf{e }, U =R?, e~ MT = [ cosT SIDT} and e—427 —

—sinT cosT
1 0
{0 1] . Hence,

N3 = Uy = span{e; },

NY =ty ne M7 ING =R?*N span{ [ cos T } } ,

—sinTy

NS =Uyne A7 JTINT = span{e; } N span{ [ oS } } .
—sin7
If 7y = km for any k € N, then N§ := span{e; }, otherwise Ny = {0}. Therefore,
the overall observability of (4.1) depends on the switching times.

Note that, similar to the reachable subspaces, although the unobservable sub-
spaces N, satisfy Ny, C Uy, C ker C, they are not Ai-invariant and hence, they are
not restricted unobservable subspaces in the sense of Lemma 4.1.

424 Extended reachable / restricted unobservable subspaces

So far, it is seen that the reachable and unobservable subspaces of (4.1) depend on
the switching time. Even worse, when looking at the reachable / unobservable
subspaces at a particular time ¢ € (si, sx+1) between two switches, then it is easily
seen that these subspaces in general also depend on the considered time ¢ and a
reduction method based on the exact reachable / unobservable subspaces will
necessarily result in general time-varying coordinate transformations / projections
(cf. Chapter 5) and would not lead to a reduced system of the desired form (4.2).
To circumvent this problem, suitable extended reachable and restricted unob-
servable subspaces are introduced for the switched system (4.1). The key idea is
based on the fact that for any subspace % C R™ and any matrix A € R"*", the



50 4. Reduced realization for switched linear systems

following subspace relationship holds for all ¢:
(M| A) CeMH C(A|H). (4.8)

By replacing the matrix exponential in the constructions of the reachable /
unobservable subspaces by the corresponding A-invariant subspace, the following
sequences (cf. [133] for the unobservable subspaces) can be derived:

ﬁo = Ro,

_ _ (4.9)
Ry =R+ (A | JrRp—1), k=1,...,m;

Qm = um7

B (4.10)
gk ::Z/{km<Jk+1ZAk+1 |Ak>, k:m_l,...70.

In view of (4.8), it is easy to see that
Rk D M7 DRy and Uy C N7 CU.

In particular, R,, = R™ and U, = {0} respectively, are necessary conditions for
reachability and unobservability of the overall switched system (4.1).

Finally, observe that by construction both Ry, and U,, are Aj-invariant, i.e.
they are extended reachable / restricted unobservable subspaces in the sense
of Lemma 4.1 and now one can propose the main result about the reduction of
switched systems of the form (4.1).

This section is concluded by highlighting an interesting special case, which
is motivated by the following “application”: Consider a large-scale network
whose dynamics can be described by a linear ODE. The network can be controlled
through several actuators at different locations 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)

i = Ax + Byu,
(4.11)
y = 00'1‘7

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 the following
result is given:
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Proposition 4.8 (Constant A-case). Consider the switched linear system (4.11) with cor-
responding time-dependent reachable subspace Rf, ) and unobservable subspace U L)
Then, for all t € (s, Sk+1),

Rﬁo7t) == ﬁk and M[?‘:,tf) == Qk,

i.e. the time-varying reachable and unobservable subspaces are piecewise-constant and can
be calculated recursively via (4.9) and (4.10).

Proof. Inductively, it is easily seen that Rf, ;) and U, , are A-invariant, from

which the claim follows. O

4.3 Proposed reduction method

In the following, a method is proposed to compute a reduced realization (4.2)
of (4.1) for a given switching signal with known mode sequence.

Step 1. Compute the sequence of extended reachable Ry, Ry, ..., R, and
restricted unobservable subspaces U,,U;, ..., U, asin (4.9) and (4.10).
Step 2. Apply Lemma 4.1 to (A, By, Cx) with (R, U,,) to compute the left-

and right-projectors W, Vs , and let
(A\lm By, ék) = (WiAkviaszk, Ckvi) :
Step 3. Calculate the reduced jump map

=~ =2 . =2
Jk = Wkakal.

Before showing that the resulting reduced system (4.2) is indeed a realization
of (4.1), first highlight an important connection between the solutions of both
systems.

Lemma 4.9. Consider the switched system ¥, as in (4.1) and the reduced system S, as
in (4.2) obt‘aiﬁd2 by the left- and right—pArojectors Wi(,) ) Vi(,). If x(-) is a solution of ¥,
then 2(-) :== W x(") is a solution of 3.

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

(Sk» Sk+1), . , , ,
2(t) = Wii = W, Apx(t) + W, Bu(t)

=0 Ay 0 T 'z(t) + B2u(t),
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= =1 =2 —3 4] . . . .
where T}, = [Vk Vi Vi V| is the coordinate transformation according to

Lemma 4.1 for mode k. Since z(t) € R, ,) € Ry = im[V, V3, it follows

that T, z(t) = [+ 2(t)T 0 0]T and hence, as claimed, for all ¢ € (s, 11)
Z(t) = AZ(t) + Bru(t).

In particular, due to unique solvability of linear ODEs, for any solutions z of ¥,
and z of X, the following implication holds:

Wea(sh) = 3(s)) = Vt € (sp, s641) : Wea(t) = 3(2).

To show that ¥ = Wix is indeed a global solution of S, it therefore remains to be
shown that , ,
Wiea(sh) = JWp_1z(sy). (4.12)

In fact,

—2 —2 _ —2 = =1 _
WM(SZ) =Wy Jxz(s,) = Wik Th1Ty_12(sy)

*

—2 [ =2 =3 4 We_ z(sy)
=Wy Jk [qu Vit Ve kal} k_lo 4§

0
From (4.10), it is easily seen that Jj, U;,_; C U, hence
, 1 . =1 =3
imJy Vs CimJi (Vi Vi | = J Uy
CU, =im [V,ﬁ. Vﬂ C ker W5,
ie. W JuV4_y = 0, from which it follows that
2 T2 2 =2 _
Wia(s)) = WiV, Wi _2(sy,)
as desired. 0
As a consequence of the above and of the uniqueness of solutions, it follows

that every solution Z of S, with zero initial value and given input u satisfies
T= Wix where z is the solution of ¥, with zero initial value and the same input
u.

Now it can be proved in the following that the corresponding outputs are
indeed equal.
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Theorem 4.10. Consider the switched system ¥, as in (4.1) and the reduced system S,
as in (4.2) obtained by the above reduction method. Then, $, and ., are input-output
equivalent in the sense that for all inputs u the output y of (4.1) with initial condition
z(ty ) = 0 equals the output y of (4.2) with initial condition Z(ty ) = 0.

Proof. The output of ¥, on [sy, sk+1) is given by

t
y(t) = Cre=t=s0) Ja(s;)) +/ Cre =9 Byu(s) ds
Sk
Inserting suitable identity matrices,

Ys = Cﬁkeﬂlf"j’“(t*S’“)TZIJka_lﬁ_llx(S;Z),
o T AT ()]

yu(t):/ Oy Treln ATkt " Bru(s) ds,
Sk

where T}, = [V,t v, V. Vﬂ is the coordinate transformation according to

Lemma 4.1 for mode k. The special block structure of the matrices T;lAka,
T;lBk, Ci T, implied by Lemma 4.1 immediately leads to

ot R N
yu(t):/ Cre* (=9 Byu(s) ds.

k

Hence, for showing 7(t) = y(t) = y5(t) + yu(t), it remains to be shown that
ys(t) = Cre™ =0 Jia(s;)). (4.13)
With similar arguments as used to establish (4.12) in Lemma 4.9, it can show that

*
= =72 —
Jk,k_lwkl‘(sk )
0
0

=1 = ==—1 _
Tk Jkaflkal.’L‘(Sk) =

Using the already established fact in Lemma 4.9, that Wix(s,:) = (s, ) together
with the special block structures of T;lAka, T;lBk, Cy T}, it can be concluded
that (4.13) holds. O

Remark 4.11 (Non-zero initial values). The proposed method can easily be adjusted
to account for non-zero initial values. Assume z(t,) € &} for some subspace
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Xo C R”, then in (4.6) the initial definition just needs to be replaced by
7= Ro + e T A,
and in (4.9), the initial subspace needs to be adjusted to
Ro := Ro + (Ao | JoXo),

while the definition of the other subspaces remain unchanged.

A key feature of the proposed 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
realization depends on the mode durations, hence one cannot expect that the
proposed method results in a minimal realization in general.

Example 4.3. Consider a switched system with modes

0 0 0 00 0 1
Ag=Ay=10 0 0|, A;=|0 0 —1|, By= 1],
0 0 0 01 0 0
1
Bi=By= (0|, Co=Ci=[1 0 0], Co=[1 1 0],
0

with J; = J; = I. Assume the mode sequence 0 — 1 — 2. Fix the switching
time duration 7 = 7/2 for second mode. Then, the original solution = and the
corresponding output y of each time interval can be characterized as follows:

t € (to,s1): x(t) = |*]|, y(t) = Coz(t)=[1 0 0] |*|,
L0 L0
te (s, s14+3): z(t) = |*|, y(t)=Crz(t)=[1 0 0] |*|,

z(s2) =w(s1+5) = |0],

t € (so,tf): z(t)= |0, y(t) =Coz(t)=1[1 1 0] |0

*

Clearly, the second and third state do not effect the output for this specific switch-
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ing signal. In particular, it is easily seen that the overall input-output behavior is
described by the (nonswitched) system Z = u, y = #. However, if the proposed
method is applied, the sequence of reachable and unobservable subspaces are
given by
M7 =im By, Ny = {0},
§=R% N7 ={0},
MG =R3, N3 = span{es}.

Indeed, the sequences produce a reduced switched system with modes in di-
mensions 1, 3 and 2, respectively, instead of a one dimensional minimal system.
Nevertheless, one should note that for 7; # k7/2, the proposed method actually
produces a minimal realization.

The previous example however indicates that the proposed method results in
a minimal realization for almost all switching times. While it has not been possible
to prove this conjecture, it is possible to show that the proposed method is optimal
in the sense that a repeated application does not lead to a further reduction.

Theorem 4.12. Consider the switched system %, and the reduced switched system Sy
resulting from the proposed method. Let ﬁa(_) and ZZ{U(_) be the sequences of extended
reachable and restricted unobservable subspaces, respectively, of S Then

Ro(y =R™0O, U, ={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. The proposed methods yields for each mode & a coordinate transformation
T, such that (Ay, By, Cy) is transformed to

A oapap a4y o
0 Ay 0 AX| |By
0 0 AB AM||o
0 0 0 AM| |o

Jo oo ]| (4.14)

where (/Tk, §k, ék) is the input-output equivalent reduced system for mode k. By
construction, the reachable and unobservable subspaces respectively, are given by

Ry =Ty U, =Ty

O N O O

I 0 1
0 1 0
0 0}’ 0
0 0 0
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Seeking a contradiction assume Ek C R™ (CaseI), or u © 7 {0} (Case II) for
some k.

Case I: For k& = 0, it can see that from Ry = Ry, the pair (ﬁo, EO) must be
reachable and hence, ﬁo = ﬁo = R™. Assume now inductively that for some &,

ﬁk’—l = Rﬁk_l and Ek- g Rﬁk.

Since 7%;C is Ek—invariant and contains im Ek, choose a coordinate transformation
T'). such that (A, By) is transformed to
> , (4.15)

(

= | = - . . .=
and im T, [0] = Rj. By adjusting the original coordinate transformation 7',

AL
0 A

B}
0

)

assume in the following that (Ay, By) is actually equal to (4.15). In particular,
. I = ~ ~ ~=
im |:0:| =R =Rk + <Ak | JkRk_1>.

Since ﬁk = <A\k | §k> - im |:I

O] , it follows that

im [é] S (Ay | TR 1) = (A |im J) D im Jp.

Therefore, (A, B, Ji) is actually transformed to

*k * k b3 * *
0 A\}f :\k * E’i J’i
0 A2 {1 O0f]]LO
0 0 - 0 0
0 0 * 0 0

From this one can arrive at the following contradiction:

= ﬁk =Rp+ <Ak ‘ Jkﬁk,ﬁ C im

O O O M~

O O ~N O

o o o ~
—
O~
o O
—_ =
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Hence, it has inductively been shown that Ek = R™, for all modes k.
Case II: Assume U, # {0}. Analogously as in Case I, the contradiction

Uy, # im

O O O~
O N O O

arises, thus the details are omitted. O

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

Corollary 4.13. Consider the switched system (4.11) with mode-independent A-matrix.
Then, the reduced switched system obtained via the proposed reduction method is minimal.

Proof. This is a simple consequence from Proposition 4.8, 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. O

4.4 Numerical results

This section demonstrates the operation of the proposed reduction method for the
switched linear system. The proposed method is illustrated by means of numerical
examples. The source code for the numerical examples is available from [60].

Example 4.4. Consider a switched linear system with modes:

2 0 1 1
(Ao, Bo,Co)=| {0 1 0 |,[0|,[1 0 1]],
10 0 -1 0
0 -1 0 0] [0
1 0 00 1
(A1, B,,Ch) = o o 1 ol'lo 00 0 1],
0 0 0 2 0
1 0 1 0
(A2732502) = 0 1 0 , 1 , [O 1 0] N
o -1 2| |1
(1) ; (1) 2 1 0 0
le s J2— 01 0 1
0 0 1 00 2 1
0o -1 1
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Assume the mode sequence 0 — 1 — 2. Now apply the proposed reduction
method and the reduced realization can be obtained as follows.

R
Step 1. Here, Ry = |0|, Ry = 0 O,Rzz 0 1|, Uy=|1|,U1 = 00 1
0 0 0 01 0 0 0 O
1 0
Uy = |0 0]|. Now the sequence of reachable and unobservable subspaces is
01
computed:
1 0
Ro=Ro= |0, Ri=Ri+(A1|JiRo) = 0 ol
0
00
ﬁg = RQ + <A2 ‘ J2ﬁ1> = R3,
Lo :
Q2:u2: 0 0 ) g1:u1ﬁ<J2_1g2|Al>: 1 ?
0 1 0

Uy =Uo N <Jf1 U, | Ao) = {0}.

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

Y 1 1

(WOvVO) = -2 |0 ’
| —2 0
07 1o

—2 —2 0 1 0 1

(Wlavl) - O 0 ) O O )
10 0 0 0
01" To

—2 —2

(W27V2) = -1 , [ —1 .
L 0 -1
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The reduced switched system is given by
~ s =2 =2 2 =2
(A07 BO7 CO) = (WOAOVOu WOBU7 COVO) = (27 17 1) 3
(A1, B,,C)) = (WfAlvf,WfBl, clvf) - Q(l) 01} : m [0 o]> ,
(As, B, Co) = (W§A2V§,W§Bz,cﬁ§) = (1,-1,-1).

Step 3. The reduced jump maps are given by

jl:|:(1):|7 =0 —1].

Figure 4.1 shows the output of the original and its reduced system for input
u(t) = 1 with switching times s; = 2 and s2 = 5 over [0, 6] and clearly both
outputs coincide.

30

=== = QOriginal
Reduced

25

0 . —— -
0 1 2 3 4 5 6
Time(sec)

Figure 4.1: Outputs of the original system and the proposed reduced system.

4.5 Discussion

In this chapter, a method is proposed for obtaining 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. The proposed
reduction method is independent of the switching times and hence in principle
also applicable for state dependent switched systems if a certain mode sequence is
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known a-priori. The proposed reduction method is based on a weak Kalman de-
composition of each mode by defining suitable extended reachable and restricted
unobservable subspaces. It is conjectured that the proposed 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 the proposed
method will result in a minimal realization for all switching times, an example
is provided for which the dimension of the minimal realization depends on the
specific switching times.

So far, it is assumed that all subspace related operations (intersections, sums,
pre-images) 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 the proposed
algorithm utilizing e.g. the singular value decomposition to carry out the subspace
calculations approximately is a topic of future research.
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systems






Model reduction (time-varying) for
switched linear systems

5.1 Introduction

In Chapters 3 and 4, realization theory is discussed for switched linear systems.
This chapter investigates the model reduction method for switched linear systems
by considering the overall system as a time-varying system.

As mentioned in the introduction (Chapter 1), model reduction techniques turn
out to be an important tool in the context of the simulation of various applications
and problems. In the last decades, switched systems gained much interest as a
modelling framework with applications, cf. [76, 127]. MOR of switched systems is
highly relevant for large-scale applications in the systems and control community.
It is well known that the key purpose of MOR is to find a lower order approxi-
mation of a dynamical system which can be used in simulation and optimization
instead of the original system.

Consider the switched linear system (as in (2.4) without state jumps) of the
form

. {yb(t) = Apx(t) + Boyu(t), teR, (5.1)

y(t) = Comyz(t),

where o : R — M = {0,1,2,...,m} with finitely many switching times s; < s2 <
83 < --+ < §p in the bounded interval [to, t ;) of interest. The system matrices are
A; € R™*™ B, € R"*™ (C; € RP*", where i € M and n is the number of state
variables, called the order of the subsystems. It is noted that all states have the same
dimension. Here, the k-th mode is active in the interval [sg, sx41), k =0,1,...,m
and the duration of k-th mode is 7, = sx+1 — Sx. The input function v is assumed
to be piecewise continuous and bounded. For notational convenience, let sg := to,
Suy1 =ty of length 7, := sp41 — s, k€ {0,1,2,...,m}.

As discussed in Chapter 1, there are some approaches on MOR of switched
systems e.g., [11, 49, 83, 92, 101, 103, 106, 117, 119, 120]. However, it is clear
from the previous chapter that the (time-variant) switching signal recognises
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switched systems as a special time-varying system. In contrast to these existing
works, the main gap is to find a (time-varying) model reduction depending on
a given (known) switching signal. While some results are available on model
reduction for general linear time-varying systems, e.g., [61, 94, 121, 122, 142], they
usually assume at least continuity of the coefficient matrices (which of course is
not satisfied for switched systems). This limitation provides indeed an interesting
topic to analysis model reduction of switched systems in a time-varying nature
which will be discussed here.

The chapter is organized as follows. In Section 5.2, the research problem is
illustrated with a simple example, why a naive model reduction approach is not
working. In Section 5.3, balanced truncation is reviewed for general time-varying
systems. In Section 5.4, model reduction of switched linear systems is discussed
by proposing an approximating time-varying system. Finally, Section 5.5 contains
some numerical results.

5.2 Problem statement

As mentioned in Chapter 1, the key idea of model reduction is to represent a
complex dynamical system by a much simpler one, this may refer to many dif-
ferent techniques. Moreover, only projection-based method, known as balanced
truncation is presented here which is considered as a prominent projection-based
model reduction method (cf. [14]).

In projection-based technique, the original state variables z is approximated
by a vector 7 so that the system (5.1) can be approximated by the reduced system

o {f“’ -
()

nZ(t) + Byyu(t), teR,

o (5.2)
CoT(t),

where the system matrices are A; € R™>", B; € Rr>m C; € RP*" for i € Mand
7L Nn.

A question arises: Is the balanced truncation approach applicable to switched
systems by reducing each individual subsystems independently? The following
simple example shows that the naive idea of balanced truncation does not work in
general.

Example 5.1. Consider the switched linear system (5.1) with system matrices

—-0.5 0.01 0.001
AO:A1:|:001 _05:|7BO:C(;|—:|: 1 :|7

1
Bi=01 = {0.001} ’
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and the switching signal is given by

o(t) = {O on [0, 1), 5.3)

1 onl1,2).

Applying standard balanced truncation for linear systems on the two intervals
[0,1) and [1, 2) separately, the same one-dimensional reduced order model can be
obtained by

z(t) = —0.57(t) + u(t),

y(t) = z(1).
Figure 5.1 shows the output of the original and reduced system with the input
u(t) = (sin(5t) + 0.05)e~-5%. Clearly, the output of the reduced model does not

match the original output after the switch, although each individual mode is
approximated sufficiently well with a small (known) error bound.

= Original
===='Reduced |

t (sec)

Figure 5.1: OQutputs of the original system and 1st order reduced system for Exam-
ple5.1.

The above example shows, that a piecewise balanced truncation method will
not result in good approximations of a switched system in general. The underlying
problem is the time-varying nature of the switched system, so a method will be
proposed to use a time-varying balanced truncation method for the switched
system (5.1).
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5.3 Balanced truncation for time-varying systems

In this section, balanced truncation of general time-varying systems on a finite
time interval is discussed. Consider the linear time-varying system

(5.4)
with time-varying (continuous) system matrices A(-), B(-) and C(-).

5.3.1 Reachability and observability Gramians

It is well known that balanced truncation relies on reachability and observability
Gramians. This section deals with balancing of general time-varying systems, so
the time-varying reachability and observability Gramians are reviewed first. In-
spired by [113, 121, 142], the time-varying reachability and observability Gramians
are defined as follows.

Definition 5.1. Consider the linear time-varying system (5.4) with system matrices
A(-), B(-) and C(-). The time-varying reachability and observability Gramians at
t € [to,ts] are defined as

P(t) :== Py + /t ®(t,7)B(t)B(t) " ®(t, 1) dr, (5.5)
Q)= Qs + /t Lo )T C() OB ) dr, (5.6)

where Py, () are some symmetric positive semidefinite matrices and ®(¢, 7) is the
transition matrix of the system, satisfying for all ¢t and 7,

0
a@(t, T)=A(t)®(¢,7),

with the initial condition ®(7,7) = I.

It can be shown that these Gramians are the solution of the following differen-
tial Lyapunov equations:

P(t) = A(t)P(t) + P(t)A(t)T + B(t)B(t) ", (5.7)
Q) = —(A[H) Q) + QIA() + C(t) C(1), (5.8)

with initial/final conditions P(to) = Py, Q(ty) = Qy.
However, all existing works have considered zero initial /final Gramians and
then the analysis is only carried out for the compact time interval (o, %), cf.
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[74, 121, 142]. Here, the choice for non-zero initial/final Gramians is made due to
the fixed time interval [to, t¢]. In the case Py = 0, Q@ = 0, the reachability Gramian
will be zero at the starting point and gradually builds up while the observability
Gramian decreases and will be zero at the final time. Those points are therefore
singular points for the balancing transformation and will being unbounded as ¢
approaches to ¢ or t¢. This motivates to consider nonzero initial /final Gramians.

Remark 5.2. If the dynamical system is considered on the whole time axis (as is
usually for the time-invariant case, then P, and Qs are chosen such that P(—oc0) =
0 and Q(o0) = 0. This however makes it necessary to assume that the linear system
is asymptotically stable. This chapter is only interested in the behavior on the finite
interval [to, ], which basically arbitrarily assign the values for ) and Q; in other
words, one can choose arbitrarily how the system behaves outside the interval of
interest as long as it is exponentially stable. Moreover, the choice of the initial /final
Gramians is crucial in the sense that they play an important role for the magnitude
of the time-varying Gramians. In the context of time-varying case, two versions
can be proposed for the initial/final Gramians. One choice would be to assume
that the first mode is active in whole past i.e., (—o0, to] and the Gramian of the first
mode is considered as the initial reachability Gramian. Similarly, by assuming
that the last mode is active in whole future i.e., [t;, c0) and the Gramian of the
last mode is considered as the final value for observability Gramian. However, in
this case the computation of infinite Gramians are only possible for stable modes,
so it is more restricted for the considered systems. On the other hand, a second
choice could be the identity matrix which would not affect the direction of the
states which are difficult to control and difficult to observe. By scaling the identity
matrix with a smaller magnitude, one can restrict the influence of these artificial
initial/final Gramians relatively to the time-varying Gramians and also for the
bounded time-varying coordinate transformation matrices.

Note that, P(t) and Q(¢) are both symmetric and positive semidefinite for
all t € [to,ts]. It is assumed that the input-output balancing with respect to the
reachability and observability Gramians is defined over specific time intervals.
Hence, no assumption is needed with regard to the stability of the system.

Remark 5.3. The pair (A(-), B(-)) is completely reachable on [y, t] if, and only
if Py is positive definite, and the pair (A(-),C(-)) is completely observable on
[to, tf] if, and only if Q is positive definite. In the literature [142], on time-varying
Gramians P(-), Q(:), the notions of boundedly completely reachable/observable
is defined with following inequalities:

O<al < Pt)<al <oo, VteR,

0<BI<QI) <BI<oc0, VteR,
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forany0 <a<a<ooand0 < g8 < 3 < co. However, these are equivalent to the
notions of the finite time interval if Py and @)y are positive definite.

5.3.2 Balancing and model reduction

As mentioned earlier, the balancing of a system is accomplished by a transfor-
mation of the state vector. In time-varying systems, such a transformation is
also time-varying and it is common to restrict the class of allowed coordinate
transformations so called Lyapunov transformations.

Definition 5.4. The mapping T : [to,t;] — R™*™ is called a Lyapunov transforma-
tion (or, short, Lyapunov) iff T'(t), T(t)~' and 7'(t) are well defined and bounded
on [to, t f] .

Now it highlights that bounded reachability /observability ensures that the
Gramians P(-) and Q(-) are Lyapunov transformations.

Lemma 5.5. If Py and Qs are positive definite then P(-) and Q(-) are Lyapunov.

Definition 5.6. The linear time-varying system (5.4) is called balanced on [to, ts] if
there exists positive definite P, Qs such that

P(t) = Q) =E(t), Yt € [to, ],
where Z(¢) is a diagonal matrix.

Theorem 5.7. For every time-varying system (5.4) on [to, t¢] with Py and Q¢ which
are positive definite, there exists a Lyapunov transformation T' such that the transformed
system is balanced on [ty, t ;] and the transformed system matrices are given by

Proof. Consider Py and Q) are positive definite then P(t) and Q(t) are Lyapunov
forallt € [to,ts]. Consider the Cholesky decomposition of the reachability and
observability Gramians:
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where Z(t) is a diagonal matrix containing the Hankel singular values (HSVs)
and let, the HSVs are ordered decreasingly, i.e., &1 (t) > &(t) = -+ = &,(t) > 0,
t € [to,t f].

It is shown in [142] that for any continuous system, there exists a continuously
differentiable nonsingular transformation matrix 7'(t), t € [to, tf], defined as

Under these transformation, it is easily seen that the reachability and observability
Gramians transform to

with Py = T'(to) ' PoT(to)” " and Q; = T'(ty) ' QT (ts) " ".
In particular,
PHQ(t) =T(t) " P()QHT(t).
Then, the input-output equivalent balanced system of (5.4) is obtained by

z(t) = A()T(t) + B(t)u(t),
y(t) = C(t)z(t),

where the transformed system matrices are given by

A(t) =T ()" (AT () - T(1)),
B(t) :=T(t)"'B(t),
C(t) = C(H)T(t)

Hence, the transformed system is balanced with the Gramians P(t), Q(t). O

For balanced system, one can decide which HSVs are important and so the
singular value decomposition can be divided into two parts:

2@t) 0

0 E) v W}Tv

where all HSVs in Z(t) are larger than all HSVs in Z(t).
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According to the partition, an input-output equivalent (balanced) system has
the form
z(t)
EHR

v =[ew cw] [54)].

At) 412(t)

0] _|
An(t)  A(t)

(1)

(5.9)

where Z(t) € R”, A(t) € R™", B € R™*™, (' € RP*", r < n is the dimension of =.
By deleting the lower part, the reduced (and balanced) system of (5.9) is given
by
z(t) = A)z(t) + B(t)u(t),
j(t) = C(t)a(t).

The error bound for time-varying system (5.4) can be computed as follows.

(5.10)

Theorem 5.8. ([113, Thm 1]). Assume the system (5.4) has a balanced reduced realiza-
tion (5.10) on [to, t¢] with

() = diag(E(-),E()),
where each singular value §;(-), i =r+1,...,nin 2(-) is either nonincreasing or non-

decreasing over time. Then, the ROM is balanced by 2() = diag(&1(-), &), & ()
and

Iy —ylle, <2 ( Y. sup fk(t)> [z,

k—rt1 tE[tosts]

The overall procedure for the reduced system is summarized by the following
algorithm.

Step 1. Compute the Cholesky decomposition

Step 2. Calculate the singular value decomposition

Zt) 0

0 2@ v V(t)r’

where E ( ) = diag(&1(t), ..., & (1)) and () = diag(&r41(2), . . ., En(t)).
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Step 3. Compute the reduced system (5.10) with

5.4 Balanced truncation for switched systems via ap-

proximations

As mentioned earlier, the available balanced truncation for time-varying systems
assume that the coefficient matrices are at least continuous. However, the switched
system (5.1) has discontinuous coefficient matrices.

5.4.1 Approximated switched systems

In order to still be able to use the existing methods, the following approximation
of the switched system (5.1) is proposed by the following (continuously) time-
varying systems:

5. {a'ce(t) = A (D)z(t) + B-(u(t), z(ty) =0, 5.11)
ys(t) = Cs(t)l%(t)a

where A.(+), B:(+) and C.(-) are defined as follows, for sufficiently small ¢ > 0,
(Aa(t)7 Bs(t)7 CE(t)) = (A07 Bo, CO)a S [th 51)7

t—s; .
Ai—l"’T(Ai—Ai—l) 1t e [8,‘,81‘4—8},
Ai it e (5i+575i+1]a

€

Bi_1+55(B; — Biy) :té€[s;,si+el,
B:(t) = [ ]
Bi it e (5i+€75i+1]7

€

C:(t)
qu 1t e (SZ‘+€,5¢+1],

{ Ci_1+ L=y (Cz — Ci—l) it e [Si, Si +€],

wherei=1,...,m
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Remark 5.9. It is clear that the coefficient matrices in time-varying system (5.11)
are bounded and continuous even for small ¢, since the term *=* € (0,1), V
t € (si,8; + €). Furthermore, the coefficient matrices are differentiable almost
everywhere, however, the derivatives grow proportional to 1 /.

The solution of the time-varying state equations in system (5.11) is given by

2o(t) = Bt to)a- (to) + / ®.(t, 7)B.(r)u(r) dr,

to

where ®.(t, 7) is known as state transition matrix.

The error of the approximation can be derived as follows.

Theorem 5.10. Consider the system (5.1) and its approximation (5.11) with the same
input u, and let x and x. be the corresponding solutions. Then, there exist € > 0 and a
constant ¢ > 0 such that for all ¢ € (0,¥)

|z<(t) — 2(t)]| < ce, Vt € [to, 7). (5.12)

Proof. Clearly, fort € [tg, s1), ||xe(t) — z(t)|| = 0. Assume that the statement is true
on [sx—_1, sk ), then for some ¢4

lze(t) — 2(t)]] < ck—1&, Vt € [Sk—1, Sk]. (5.13)
Now for e > 0,
|ve(sk +€) — (sk +e)l| = | Pe(sk + &, sk)we(5K) — P8k + €, 81) 2 (s1) |

Sk+e
+/ |@2(sk +£.7) — B(si + 1) | dr

k
<P (55 + &, s8) |||z (55) — 2(s1) || + [|[®=(sx + &, 51) — B(sk + &, s8) ||| (sn)
+e||Po(sk + €, 56) — P(si + &, 86) || ]|u]-

From Taylor’s theorem, ®.(sx +¢, sx) = [ +0(e), || Pc(sk +¢, si)|| < ¢1, and hence,
[ (s e, 1)~ B sy, ) | < cac. Again, (s < (s1—to) [9(s. o) 1]l = @i
Now putting all together, it follows that

lze(sk +€) — z(sk +€)|| < crck—1€ + cacre + cocse? = Cpe,

where ¢, = c1c5-1 + 2 + cacze. Inductively, the proof can now be concluded. It
is clearly seen that the constant c in (5.12) depends on the input u, on the length of
the interval [to,t;) and on the (magnitude of the) matrices A; and B;.

O
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Remark 5.11. A similar bound for the output does not hold for all t € [to,ty),
in general the output of (5.1) is discontinuous (because the C-matrix switches)
while the output of (5.11) is continuous. Nevertheless, away from the switching
times (where C.(t) = C,()) the error bound (5.12) trivially carries over to a
corresponding error bound for the outputs.

The main goal is now to derive a reduce model for the approximate sys-
tem (5.11) of the form

ig : {/x\s(t) = gs(t)fv\e(t) + Bs(t)u(t)v EU\(tO) =0, (5.14)

Ve (t) =

5.4.2 Computational aspects of Gramians

In literature, there exist several different approaches for computing the Gramians
for linear time-varying systems, e.g., in [65, 113, 121, 122, 142]. The Gramians can
be computed either by solving the differential Lyapunov equations (5.7), (5.8) (see
[12]), or by explicitly computing the transition matrix and integration. For the
latter approach the following property of the Gramians can be exploited.

Lemma 5.12. Given the time steps so < s1 < --- < s, k € N, the Gramians defined in
(56.5) and (5.6) at s; can be calculated recursively as follows

P.(s;) = ®c(s4,8i-1)Pe(5i-1)®. (54,5i-1)
+ / " @ (si,7)B.(r)BI (1)@ (s:,7) dr,
Si—1
Qe (5i) = ] (si41,5:)Qc(5i41)Pe(Sit1,51)

Sit1
+ / (I);r (Ta Sl)CeT (T)Ca (T)(I’E (7'7 51) dr,

fori=1,2,... k.

Proof. This is simple consequence from the definition and the property of the
transition matrix, in particular,

¢E(8i77—) = ¢E(8ia Sifl)q)é‘(sifla/r))
foranyi=1,2,...,kand 7 € R. O

Remark 5.13. From Lemma 5.12, it is clear that computation of Gramians could
be expensive, however, this computation will speed up for the special (piecewise
constant) structure of the considered switched linear system.
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In the following, balanced truncation given in Section 5.3.2 can be applied
to the system (5.11) with (A.(t), B:(t), Cc(t)) and the balancing transformation
matrices are computed using the Gramians.

Lemma 5.14. Assume Py and Q¢ are positive definite. Then, there exists a Lyapunov
transformation Ty : [to, t¢] — R™*"™ such that for all t € [to,ts],

Ts(t)ilpe(t)Ta(t)iT = Te(t)TQs(t)Te(t) = Ee(t)a
for a diagonal matrix = (t). In fact,
T:(t) = Re(t)Us(t)Es(t)71/27

Ts(t)_l = Es(t)_lmvs(t)TLea)Ta

where U.(t)=Zc (t)V-(t) " is the singular value decomposition of R.(t)" L.(t), and where
Re(t)Re(t)" = P-(t) and L.(t)L(t)T = Q.(t) are the Cholesky decompositions of P-
and Q)., respectively.

Proof. First observe that from positive definiteness of Py and @y, it follows that
P.(t) and Q.(t) are positive definite for all ¢, which ensures that P.(t)Q.(t) is
invertible, hence =, (t)~'/2 is well defined.

Furthermore, it can be shown that all involved matrices to define T, are Lya-
punov. From Theorem 5.7,

P.(t):=T.(t) ' P.()T.(t)" " = E.(t),
@s(t) =T (t)TQs t)T(t) = Zc(t).

O

Corollary 5.15. Consider the system (5.1) and its time-varying approximation (5.11)
(with sufficiently small €). With the balanced form in Lemma 5.14, one can find a reduced
system as in (5.14) which approximates the original system (5.1).

5.5 Numerical results

In this section, two examples are presented to illustrate the proposed method.
First, recall the Example 5.1 and then a switched linear system is considered with
two modes where the system matrices are arbitrarily generated.

Example 5.2 (Example 5.1 revisited). Recall the switched system from Example 5.1
and approximate it as in (5.11) with ¢ = 0.1 and € = 10~3. Figure 5.2 shows the
output of the approximation compared to the output of the original switched
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system and it is clearly visible that indeed (5.11) is a good approximation of (5.1)
for sufficiently small €.

Next from Lemma 5.14, apply the proposed reduction technique. It is ex-
pected that a first order reduced (time-varying) system approximates the original
switched system well. Figure 5.3 shows that for the given input as Example 5.1
the output of the first order reduced system is a good approximation of the output
of the original switched system.
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Figure 5.2: Outputs of the original system and its approximation with ¢ = 0.1 and
€ = 0.001 for Example 5.2.
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Figure 5.3: Outputs of the original system, approximation with ¢ = 0.001, and 1st
order reduced system for Example 5.2.
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Example 5.3. Consider a randomly generated switched linear system with modes

—0.74 0.3 0.2 -0.01 —0.06
0.965 -143 =05 0.8 —0.26
Ao = 0.922 —0.0487 —0.44 0.03 0.054 |,
—0.98 0.28 0.31 —-0.764 0.07
—-0.634 —-1.26 0.534 0.662 —0.48

By=[2 14 11 —006 0.08]
Co=[25 2 16 002 -0.03],
Ay = Ay — 0.5I5(I denotes identity matrix),
Bi=[25 18 03 06 —1]",
Ci=[15 14 07 01 02],e=10"

Consider u(t) = (sin(5¢) + 0.05)e~"-" and the switching signal o : [0,6] — {0, 1}

In Figure 5.4, it is seen that the first singular value is significantly larger than
the others (by taking P.(0) = Q.(6) = 0.2I). Hence, by applying the proposed
balanced truncation method and by truncating the small four singular values
one can obtain a first order reduced model. Figure 5.5 displays the output of the
original switched system, its full order approximation with ¢ = 0.001 and the first
order reduced system which shows that they are nicely matching.

3.5

Singular values (5‘ 1))
n

t (sec)

Figure 5.4: Hankel singular values of pointwise Gramians for Example 5.3.
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35
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25

Figure 5.5: Outputs of the original system, approximation with e = 0.001, and 1st
order reduced system for Example 5.3.

Note that from Figure 5.4, it is apparent that the truncated Hankel singular
values do not satisfy the assumption in Theorem 5.8, hence, currently to make a
general statement about the error bounds is not possible for this example.

5.6 Discussion

In this chapter, a time-varying approach have been presented for proposing a
reduced order approximation of switched linear systems. The key idea is to
approximate the discontinuous switched system by a continuously time-varying
system and use available balanced truncation methods for time-varying linear
systems. Some error bounds are also proposed. Two numerical examples illustrate
the applicability and good performance.

The overall error bound is composed of two error bounds: One between the
switched system and its (full order) approximation and another error bound comes
from the time-varying balanced truncation. For the former quantitative bounds are
not yet available and for the latter it is not clear yet, how smaller values for ¢ effect
the error bound. Furthermore, calculation for the time-varying Gramians may be
computationally infeasible for higher-order systems and it has to be investigated
whether efficient approximation methods can be derived. Finally, it is noted that
the reduced model is not a simple switched system anymore. Hence, the model
complexity significantly increases and an alternative approach will be presented
in Chapter 6.






Model reduction for switched linear
systems

6.1 Introduction

As discussed in Chapters 1 and 5, several approaches of model reduction for
switched linear systems have been proposed, e.g., [11, 48, 49, 50, 101, 103, 119, 120].
It is mentioned that none of the existing model reduction approaches consider
the switched system as a piecewise-constant linear time-varying system for a
given switching signal. Consequently, all of the existing methods which do not
consider a known switching signal will usually not results in the best reduced
switched system for a specific switching signal. Moreover, a reduced realization
of switched systems is proposed in Chapter 4 and, observed that the minimal
realization depends on the specific mode sequences as well as the mode durations.

In Chapter 5, a model reduction method is discussed for switched linear
systems where the switched system is considered as a (fully) time-varying system.
The main idea was to first approximate the given time-varying system by assuming
continuity of the coefficient matrices with a sufficiently small tolerance and then
apply balanced truncation for the time-varying system. However, even when
relaxing the continuity assumptions (e.g. by approximating the switched system
with a continuous piecewise linear system) the resulting reduced system is fully
time-varying and not piecewise-constant as usually desired. Furthermore, the
studies on reduced realization of switched systems also showed that the reduced
switched system will in general have mode-dependent state dimension and it is
necessary to consider jump maps between the states of the different modes.

Likewise, in the case of model reduction it is reasonable to aim for a reduced
switched system with mode-dependent state dimension and to consider jumps of
the states at the switches. In order to stay within the same system class, recall the
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switched linear system (2.4) with a given switching signal

T (t) = Aoryrr(t) + Bogyu(t), t € (Sky Skt1),
Eo‘ : {xk(s;:) Jg(s;r)ﬁg(sg)xk—l(sg)v ke Ma (61)
y(t) = Commu(th), t € [sk,skt1),

and the main aim of this chapter is to obtain a lower dimensional SLS (with the
same switching signal o) of the form

/x\k(t) = Aa(t)ﬁc\k(t) + Ea(t)u(t), t € (Sky Sk+1)s
io— : {ik(sz) = j\o(sz),a(s;)?ﬁk—l(slz)’ keM, (6.2)
§(t) = Con@(th), 1€ sk s041),

where 7j, € R, 1, < ny and the output y of the reduced system is similar to the
output y of the original system (for the same input).

This chapter is organized as follows. In Section 6.2, the problem formulation is
reviewed with a simple example, then the definition and characterization of the
time-varying reachable and unobservable subspaces of the switched linear system
(6.1) are recalled. In Section 6.3, the time-varying reachability and observability
Gramians are proposed and their relationship to the corresponding reachable and
unobservable subspaces is highlighted; furthermore, a precise connection to input-
and output energy is proven. Then, in Section 6.4 a mode-wise midpoint balanced
truncation method is proposed to obtain a reduced model which disregards si-
multaneously difficult to reach and difficult to observe states. It also provides a
discussion about the numerical implementation of the algorithm and its feasibility
for large-scale systems. Finally, in Section 6.5 some numerical experiments are
provided which illustrate the effectiveness of the approach.

6.2 Preliminaries

In this section, some problem setting and preliminaries for switched systems are
given.

From the Example 5.1, it is clear that the naive idea of balanced truncation

does not work in general. There are two underlying main reason why mode-wise
balanced truncation will in general not work for switched systems:
1) Balancing each mode individually results in a mode-dependent coordinate trans-
formation, so even without reducing the state dimension, the resulting switched
system will not preserve the input-output behavior unless an additional state-jump
is introduced to take into account the mode-dependent coordinate transformations;
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2) A mode-wise reduction removes difficult to observe and difficult to reach states
in each mode, however, a difficult to observe state in one mode may be easily observ-
able in another mode, hence in order to approximately preserve the input-output
behavior, one should not be removed such a state.

In order to resolve the second issue, the (time-varying) reachable and unob-
servable subspaces of switched systems will be recalled first. Recall the formal
definition of the reachable subspace (Definition 4.4) and unobservable subspace
(Definition 4.6) on the intervals [to, t) and [t, ), respectively.

Definition 6.1. The reachable subspace of the switched system (6.1) on time
interval [to, t) is

o _ 3 solution (x, u) of (6.1)
Rito.t) = { )] it z(ty) =0 '
The switched system (6.1) is called reachable (on (to,ts)) if, and only if,
R[to’tf) — an-
Definition 6.2. The unobservable subspace of the switched system (6.1) on time

interval [t, ) is

3 solution (z, u = 0) such that
u[t,tf) = { $(t+) ‘ ( ) }

y=0of (6.1)on [t,t5)
The switched system (6.1) is called observable (on [to, tf)) if, and only if,
u[to,tf) - {0}

In [70], it is shown that the exact (time-varying) reachable and unobservable
subspaces can be calculated by the following recursive formulas. The reachable

subspaces are given by, for k = 1,2,...,m,
R[to,t) :ROa te (t0751]a (6 3)
Rito,t) = eART JERto,s0) T Rk, t € (S, Sk+1],
and the unobservable subspaces are given by, fork =m—1,m—2,...,0,
u[t,tf) :um7 te [vatf)a
(6.4)

u[t,tf) = (eiAk(sk+17t)J];_:1Z/I[Sk+l7tf)) mZ/{k, te [8k,8k+1).

Here, Ry := (Ax | im Bg) and Uy, := (ker Cy | Ay) are the classical local reach-
able and unobservable subspaces of mode k, and J,; stands for the preimage
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(the jJump maps are not assumed to be invertible and are rectangular in general
anyway).

It should be noted that these subspaces do not contain quantitative information
about how easy/difficult it is to reach a reachable state or observe an observable
state. Consequently, while these subspaces are quite helpful to derive a reduced
realization, they cannot be used directly to obtain reduced model which discards
difficult to reach and difficult to observe states. To quantify reachability and
observability, it is necessary to introduce suitable Gramians.

6.3 Exact (time-varying) Gramians for switched linear
systems

The proposed reduction method is a generalization of the well established balanced
truncation method and therefore relies on a suitable definition of Gramians which
then need to be balanced.

6.3.1 Reachability Gramian

Consider the system (6.1) with the mode (A, By, C)) and the k-th switching
time duration 7 := spy1 — si. Moreover, it is seen from Section 4.2.2 that the
reachable subspaces of the overall switched systems depend on the switching
time durations. This motivates to propose following recursive definition for the
reachability Gramians of (6.1), fork =1,2,...,m

Pg(t) = Po(t), te [to, 81),

PE(t) = e o PE_ (50) I e (7 4 Pelt), t€ [k, skpn), o
where Py (t) = f:k eAn(T=s1) B B;eAkTv (7=s%) d7 is the classical reachability Gramian
of mode k on the interval (s, t).

The intuition behind the sequence is as follows: Since the first system starts
with zero initial value, the reachability Gramian in the first mode is the classical
reachability Gramian of the first mode. Continuing recursively, the Gramian
between the switching time s; and s is obtained by propagating forward the
Gramian just before switch £ in time, i.e., first jump via J;, and then propagating
according to the matrix exponential and finally, take into account the classical
reachability Gramian for mode k.

First it will be shown that the reachability Gramian Py (t) indeed spans the
reachable subspace Ry, ).
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Lemma 6.3. Forallk =0,1,... mandt € (sk, Sp+1),
lmpg(t_) = R[to,t)'

In particular, (6.1) is reachable on [to,t) i.e., Ry, 1) = R™ fort € (s, sx+1] if, and only
if, P7(t™) is positive definite (and hence nonsingular).

Proof. It is well known (see e.g. [2]) that R, +) = Ro = Fo(t) = im Pg (t~) for all
t € (to, s1]. Proceeding inductively, assume that for some k£ < m,

imP_1 (s ) = Rito,s0)-
From (6.3), the reachable subspace at ¢ € (s, si+1] is given by
Ritory = €M) LRy o) + Rie (6.6)

Furthermore, P7_, (s, ) is by construction symmetric and positive semidefinite,
hence P{_,(s;,)*/? is well defined and im Pg_, (s}, ) = im P¢_, (s}, )*/? and, there-
fore,

im e T (P (50))% = MU Ry ).

Note that for any matrix M, im M = im(MM ") and consequently
im e (70) T (PP ()% = im e ) PR (s0) )T et (07,

Together with Ry, = im P,(¢) and the general fact that im(M; + Ms) = im My +
im M for any two symmetric positive semidefinite matrices M; and M, of the
same size, one can now conclude from (6.6) the desired subspace equation

im Py (t7) = im eA"'(t_s")JkP,‘cll(sg)J,;reA;r(t_s’“) + im Py (%)

= R[toyt)‘

As already highlighted above, by definition P7 (¢7) is symmetric and positive
semidefinite. Consequently, positive-definiteness of Py (¢ ™) is equivalent to invert-
ibility which in turn is equivalent to im Py (t~) = R"*. O

Remark 6.4 (Singularity of reachability Gramian). If the switched system (6.1)
is reachable for all ¢ € (to,ts), i.e. Rpy,,.) = R™ fort € (si,spy1], Lemma 6.3
implies that the reachability Gramians Py (t~) are all nonsingular. However,
the right limits at the switching times Pg(s)) = JyP7_,(s;,)J,| are in general
singular, because a full row rank assumption has not been made on the jump
map Jj (which in fact cannot hold if ny > n;_1). In particular, any time-varying
coordinate transformation defined in terms of the singular Py (¢~) will result in an
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unbounded behavior to the right of each switching time (unless the corresponding
jump map Jj, has full row rank).

One of the main theoretical results will now be presented which is the connec-
tion of the reachability Gramian with minimal input energy required to reach a
given final state in a given time.

Theorem 6.5 (Reachability Gramian and input energy). Consider the switched system
(6.1) with zero initial value and given switching signal. For some t € (sg, Sg41) C
(to,ty) assume that the corresponding reachability Gramian P (t) as well as the classical
Gramians Py (t) and all previous Gramians P{ (s; ), j = 0,1,...,k — 1 are positive
definite. Then, for all x; € R™*

t
min/ u(r) Tu(r) dr = x;r’P,‘c’(t_)flwt,
u t()
where the minimum is taken over all u : [to,t) — R™ which result in a solution of (6.1)
with x(t~) = x,. In other words, the directions of eigenvectors of P (t~) corresponding
to the smallest eigenvalues require the most energy to be reached from zero.

Proof. Fort € (to, s1], Lemma 2.11 (with ¢y = 0) already shows the claim of the
theorem. Proceeding inductively, assume that the claim is shown for ¢t = sy,
and it will be then shown for ¢t € (sg,sk+1]. In particular, the minimal input
energy to reach any z from zero on the interval [to, s;,) is given by 2" PZ_, (s} )2
and from Lemma 2.11, it follows that the minimal input energy to reach any
x; from Jyz is given by (z; — e =56) i )T P (8) =Y (2 — eA*(1) ] 2), where
Py(t) = fstk eAk(T*S’f)Bk.BkTeAZ(T*Sk)dT. Clearly, to reach z; from zero on the
time interval [to, ) with minimal energy, one needs to find z* which minimize the
sum of the minimal energy to reach z on [to, si) and the minimal energy to reach
x¢ from Jiz on [sg, t), i.e. it needs to be shown that

min (ZTP];T,1 (Sl;)_lz + (mt _ eAk(t—sk)sz)TPk(t)—l («Tt _ eAk(t—Sk) sz))
= x;rP,‘c’(t)_lmt.
The above minimization has the form

min(z' Mz —2¢'z + a),
z

with M:Pk"_l(s,;)‘H—JJeAZ(t_sk)Pk(t)_leA’“(t_S’*’)Jk, c'=x] Py(t) teArlt=sr) g,
a =z Py(t)"1z,. Note that, M is the sum of a symmetric positive definite matrix
PZ_,(s;)~! and a symmetric positive semidefinite matrix and hence, it is itself a
symmetric positive definite matrix. Consequently, the unique minimizer is given
by z* := M ~!c and the minimal value is then a — ¢" M ~'c. Hence, it remains to
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be shown that

Pt = P e M R = e
1 .
_ (eAk(t*Sk)Jk’Plgil(s’;)J];reAkT(tfsk) + Pk(t))

Recall the well known Woodbury matrix identity which states that for any G €
Rnroxmo (G € R™*™ jnvertible and F; € R"1%"o,

(FiGoF] +G)) ' =G -G 'R(Gy + F Gy R) T R G

With Gy = PJ_(s;, ), G1 = Pi(t), F1 = eAr(t=sr) J this identity equals exactly
the desired relationship (6.7). O

Before presenting the main results, the observability Gramian of switched
system is discussed as follows.

6.3.2 Observability Gramian

The following recursive definition is proposed for the (time-varying) observability
Gramian of the switched system (6.1):

Q1) = Qu(t), L [smty),
Qz (t) = eAJ(SkJrlit)JkT-‘rl QZ-H(8$+1)Jk+1€Ak(Sk+lit) + Qk (t)7 te [Skv Sk+1)a
(6.8)
where Qi (t) := [+ e (1= O Cpek (544177 d7 is the classical observability
Gramian of mode k on the interval (¢, sg41).

The intuition for this definition is that starting from the time-limited observ-
ability Gramian of the last mode, the observability Gramian for the interval (¢, ;)
is composed of the Gramian for k + 1-st mode on (s11,t;) which is propagated
backwards in time under the jump J,1; together with the matrix exponential
of k-th mode and the classical observability Gramian of mode & on the interval
(t, sg+1). It will now be shown that the kernel of the observability Gramian is
indeed the unobservable subspace of the switched system.

Lemma 6.6. Forallk =m,...,0and ¢ € [sk, Sk+1),
Z/[[t,tf) = ker QZ (t+)

In particular, (6.1) is observable on [t,ty) i.e., Uy .y = {0} for t € [sy, sk41) if, and only
if, Q7 (t) is positive definite.

Proof. 1t is well known (see e.g. [2, Prop. 4.10]) that Uj;;,) = Un = Qu(t) =
ker Q7 (tT) for all t € [sy, tf). Proceeding inductively, assume now that for some
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k<m,
u[3k+17tf) = ker Qg#*l(sz-&-l)’

and it will be shown that for ¢ € [sg, sg+1),
u[t,tf) = ker Qg(t-‘r)

First observe that QF, (s{", ;)!/? is well defined because QF (s ;) is symmet-
ric and positive semidefinite, furthermore, ker Q7 (s, ;) = ker Q7 (s, )"/
Together with the general property M~ ker N = ker N M for arbitrary suitable

matrices M and N, it follows that
e_Ak(SIH»l_t)J];:l ker Q(lerl(SL-l) — ker Qz+1(s;+1)1/2<]k+1614k(5k+1_t).

Utilizing further that for any matrix A, it holds that ker M = ker M TM, then
Uiti,) is equal to

ker (eAI(“‘k+1—t)Jl;r+1 QZ+1(SZ+1)Jk+leAk(sk+l—t)) N Uy,

Since Uy, = ker Qi (t) for all ¢ € [sg, Sk+1), the claim follows from the fact that
ker(My + Ms) = ker(M;) Nker(My) for any two positive semidefinite matrices M,
and M. Now positive-definiteness of Q7 (¢) is equivalent to invertibility which
in turn is equivalent to ker Q7 (¢*) = {0}. This completes the proof. O

Before stating the relationship between the observability Gramian and the
output energy, similar to Remark 6.4 a remark about the singularity of the observ-
ability Gramian is given in the following.

Remark 6.7 (Singularity of observability Gramian). By Lemma 6.6, the observability
Gramian Qf (t*) is nonsingular for all ¢ € [sg, sk+1) C [to, ty) if, the switched
system is observable for all ¢ € [to,tf), i.e. Uj;,¢,) = {0}. However, the left limit
at the switching times QF (s;,,) = J,, 1271 (s{,1)Jk+1 is in general singular,
because any full column rank assumption is not made on the jump matrix J;4
(which in fact cannot be satisfied if ny > ng11).

Theorem 6.8. (Observability Gramian and output energy). Consider a solution of
the switched system (6.1) with zero input on the interval [t,t;) for t € [sk, Sk+1) and
corresponding observability Gramian QF (t). Then, the corresponding output satisfies

/t Ly Ty(r) dr = a(£9) T QL )a(t"). (6.9)

In other words, states values at time t which are in the direction of an eigenvector corre-
sponding to the smallest eigenvalue of QF (t) produce only a small amount of output
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energy and are therefore hard to observe.

Proof. Fort € [su,tyr), y(1) = eA""Yz(tT) and hence,

/t "y Ty(r) dr = 2(tH) T Qu(b)x(th) = QI(EH).

Proceeding inductively, assume now that forsome k =m—1,m—2,...,0,
ty
/ y(T)Ty(T) dr = w(s;r-H)T Qg+1(3$+1)x(5$+1) (6.10)
Sk41

and it will then be shown that for all ¢ € [sy, sy+1) the equation (6.9) holds for any
solution z(-) of (6.1) with zero input on [t, ). Then,

/t 7 () () dr = / ) Ty dr + / )Ty ar

Sk+1

For 7 € [t,sp11), y(7) = e*(T=Yz(tT) and hence
/ Ty Ty dr = ()T Qu(B ().
t

From (6.10) together with z(s/, ) = Jes1ed(5:1=D2(tT), it can be concluded

that f;}fﬂ y(7) Ty(7)dr is equal to

x(t+)T€A;(‘gk+1_t)J’2—+1Qg+1(SZ’+1)Jk+1eAk(3k+l_t)x<t+).

Altogether, it arrives at (6.9). O

6.4 Midpoint balanced truncation

6.4.1 Motivation and algorithm

For any specific time t € (sg,sk4+1) C (to,ty), the corresponding reachability
Gramian P{(t~) and observability Gramian Qf (t*) give precise quantitative
information about which state direction is difficult to reach from zero on the
interval [to,t) and which state direction is difficult to observe from the output on
[t,tr). While in the reduced realization context, the property of unreachability or
unobservability is to some degree independent from the actual mode duration,
this is not the case for the quantitative measure of reachability or observability.
In fact, the values of the integrals in the definitions of the Gramians explicitly
depend on the mode duration and due to the positive semidefinite nature of the
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involved matrices, the magnitude of the Gramians will increase with an increased
mode duration. This implies that it is in principle not possible to have a good
model reduction method for switched systems which is independent of the mode
duration.

In addition to the dependence of the Gramians on the mode duration, the
Gramians also depend on the time ¢t € (s, sx+1) within a given mode. Since the
goal is to obtain a switched linear system of the form (6.2) as a reduced model, each
mode needs to be reduced in a time-invariant fashion and it needs to be decided
which information of the time-varying Gramians is utilized for the reduction
method. In the following, it is proposed to take the Gramians evaluated at the
midpoints
Sk + Sk+1

2
of each mode as the basis of the model reduction, i.e. the following midpoint
Gramians are considered:

gk = ak:0517"'5m7

fg = Plg(gk)’
@Z = Q¢ (gk)-

In particular, the implicit assumption is made that a state-direction which is diffi-
cult to reach/observe at the midpoint of a mode is also difficult to reach/observe
in the whole time interval (s, sp+1) in which mode & is active.

The key intuition behind the midpoint Gramians is that mode k needs to be
active for a while so that one can really see which states are easy to reach in
this mode (i.e. the corresponding reachability Gramian is changed sufficiently).
The same applies to the observability Gramian, but there it is needed to stay
long enough in mode k. So, in this sense, the middle point is ‘optimal” as any
other choice would make relative reachability and observability properties smaller
compared to the already calculated reachability /observability properties from the
past/future. Another aspect to consider is the potential singularity of the Gramians
around the switching times as pointed out in Remarks 6.4 and 6.7, which indicates
that balancing each mode based on Gramians close to the switching times would
lead to coordinate transformations which are close to being singular; again this
motivates to choose the midpoint Gramians because they are “farthest away” from
potential singularities.

As a first step of the model reduction, it is first necessary to identify states
which are simultaneously difficult to reach and difficult to observe (quantified via
the midterm Gramians). This can be achieved by constructing a mode-dependent
coordinate transformation z;, = Ty in such a way that the corresponding mid-
point Gramians (w.r.t. to the new coordinates) become equal and diagonal (i.e.
balanced). Before continuing the discussion, it is highlighted how a mode-wise
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coordination transformation effects the form of the switched system and the corre-
sponding Gramians.

Lemma 6.9. Consider the switched system (6.1) and a mode-wise coordinate transfor-
mation z, = Tyxy, for a family of invertible matrices Ty, € R™*™  k € M. Then, the
input-output behavior of (6.1) with zero initial value is equal to the input-output behavior

of

Ti(t) = ApZ,(t) + Bru(t), t € (s, Sit1),
S, {gk(s;) = Ju@no1(sy), keM, (6.11)
y(t) = Cpdp(th), t €[5k, 5011),
where
Ay =T AT Y, B =TiBr, Cip=CiT; ",
and
Jp = TkaT];jl.

Furthermore, the corresponding Gramians satisfy
PRt =TiPL (DT}, QX(t) =T, ' QI(OT, ",

in particular, the eigenvalues of Py (t)Qy, (t) are invariant under mode-wise coordinate
transformations.

Proof. This can easily be verified inductively. O

Remark 6.10 (Necessity of jumps). It should be noted that a mode-wise coordinate
transformation applied to a switched linear system without jumps necessarily
introduced jumps of the form J;, = Tkaf_ll.

The following lemma is a well known result and shows how a balancing
coordinate transformation can be found.

Lemma 6.11 ([84]). For P,Q € R™*™ symmetric and positive definite, there exists
invertible T € R™*™ and a diagonal positive definite matrix = € R™*™ such that

TPT' =2=T7"TQT~"

Infact, T = Z7Y2VTLT and T~' = RUZY/2 where P = RR" and Q = LL" isa
Cholesky decomposition and R"L = UZV' " is a singular value decomposition.

The idea is now to carry out a mode-wise balancing of the original switched
system (6.1) based on the midpoint Gramians to obtain the transformed switched
system (6.11) whose corresponding midpoint Gramians are equal and diagonal.
Then, one can remove all state-components (in the balanced coordinate system)
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corresponding to sufficiently small entries in the diagonal balanced midpoint
Gramians to obtain a reduced system which will have a similar input-output
behavior because only those state-components have been removed which are
simultaneously difficult to reach and difficult to observe.

The overall midpoint balanced truncation method is summarized in Algo-
rithm 1. Note that, the algorithm will only be able to run successfully if each
midterm Gramian is nonsingular, which in view of Lemmas 6.3 and 6.6 implies
that the switched system is reachable and observable at each midpoint of each
mode. If this condition is not satisfied, it is possible to first eliminate unreachable
and unobservable states via the method proposed in Chapter 4.

Algorithm 1: Midpoint balanced truncation
Data: Modes (A, Bi, Ck, Ji), k = 0,1, ..., m, switching times sy,

k=0,...,m+ 1, reduction threshold ¢, or desired reduction size
Tk gnk,k:O,l,...A,m.A PN
Result: Reduced modes (Ag, By, Ck, Ji), k =0, .
1 Compute the sequence of midpoint reachability Gramlans Py, 731 o PY

2 Compute the sequence of midpoint observability Gramians Q. , O, _,,...,

3 fork=0,...,m do

4 | if P, and O nonsingular then
5 Compute Cholesky decompositions P, =: R, R, and O, =: L;L; .
6 Compute singular value decomposition R} Ly, =: U,Z;V," with
decreasing diagonal entries in =j,.
7 In case threshold ¢, is given: choose maximal 7 < ny such that
ri-th entry of =, is bigger than ¢y,.
8 Calculate transformation matrices T := Z~1/2V," L] and
T, ' = RUE"Y2
9 Define left-projector I1%, as the first 7, rows of T}, and the
r1ght—pro]ector IT; as the first 7, columns of 7}, '.
10 Compute: Ay, = Hl LARILY, By, =1L ! By, Cp 1= CiI1%.
1 if £ > 0 then
12 Compute: Jj, := ITLJ,IT7_ .
13 end
14 end
15 else
16 Abort: Midterm Gramians not positive definite, no balanced
truncation possible, apply reduced realization algorithm first.
17 end

18 end
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6.4.2 Numerical aspects

The main motivation for model reduction is usually that the state dimensions of
the original system is very large so that running (many) simulations or designing
feedback controllers is not feasible. Hence, it is necessary to critically reflect
whether the proposed reduction method is in fact feasible for large-scale systems.
Clearly, the calculations of the midpoint Gramians (lines 1 and 2) in Algorithm 1
are by far the most expensive part of the whole method, followed by the Cholesky
decompositions (line 5) and the singular value decomposition (line 6). Since the
latter are also used in classical balanced truncation methods, there are already
many efficient implementations available and they will not be further discussed
here.

In the following, only the calculation of the reachability Gramians will be dis-
cussed, because the calculation of the observability Gramians is just a “transposed”
version thereof.

In order to obtain the midpoint reachability Gramians, one needs efficient meth-
ods for 1) the calculation of the classical reachability Gramians Py (gy) and Py (sg+1)
for each mode k on the intervals [si, gx) and [sg, sg+1); and 2) the left- and right-
multiplication action of the matrix exponential e(9x=5k) = ¢4x7:/2 on the already
calculated matrix JiPZ_,(s;. )J, . Note that, eAe(ser1750) = ATk = (eArTr/2)2
which can be utilized in the calculation of the matrix e+ J, PZ_, (s} )J;] e ™.

The calculation of the classical reachability Gramian fot eA"BBTeA 7dr for
a given matrices A, B and a time duration ¢ has already been addressed in the
context of time-limited balanced truncation [42], with further investigations in
[33, 69, 109]. In particular, it can be shown that the reachability Gramian P(t;) =
fttol eAT=t0) BBT ¢A" (—t0) 47 for # = Az + Bu considered on the interval (to,t1]
is the solution of the Lyapunov equation

AP+ PAT + BBT — Altimt) gpTeA  (h-to) —

Hence, the calculation of Py (gy) and Py (sx41) reduces to the ability to efficiently
calculate the matrix exponential and the ability to efficiently solve a Lyapunov
equation. These are standard numerical tasks and efficient implementations
exist for example in Matlab. The overall calculation of the midpoint reachability
Gramian is summarized in Algorithm 2.

For switched systems (6.1) with state dimensions up to one thousand, the ma-
trix exponentials and the solution of the Lyapunov equations can be obtained on a
current laptop within seconds with the standard Matlab functions expm and 1yap,
so the proposed method is already feasible for many practical problems without
any further code optimization and sophisticated approximation techniques. How
to adapt the approach to very large-scale systems (state dimensions in the order of
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millions) is a numerical challenge but outside the scope of this chapter.

Algorithm 2: Computation of midpoint reachability Gramians

Data: Modes (A, By, Ji), k=0, 1,...,mand mode durations 7,
k=0,...,m.

Result: Midpoint Gramians P;, k =0, ..., m.
1 Initialization: F§ = 0.
2 fork=0,1...,m do
3 Calculate: Fj, 15 :=e¢
4 | Obtain Py ;/, as solution of the Lyapunov equation
ApPyj2+ Prj oAl + BB — F,ﬂ,1/2B,€B,€TF,L/2 =0.
5 | Calculate: P, := Fk,l/QJ’CPIg—lJI;rF]Il/2 + Py 1/2-
6 Calculate Fy, := (Fj,1/2)°.
Obtain P, as solution of the Lyapunov equation

AP, + f)kA;r + BkBl;r - FkBkB;F];r =0.
8 if k < mthen

Aka/Q

9 | Calculate PZ, | := FyJyPZ_,J, Fy| + Pu.
10 end
11 end

6.5 Numerical results

In the following, some academic examples are presented to illustrate the proposed
method. First, the Example 5.1 is revisited, which was used to motivate that a
naive mode-wise balanced truncation is not resulting in a suitable reduced system.

Example 6.1 (Example 5.1 revisited). Consider the switched linear system from
Example 5.1 with system matrices

—-0.5 0.01 0.001
Ag= A = By=CJ =
o [0.01 —0.5]’ 0= o { 1 }

1
Bi=01 = [0.001} ’

and a switching signal ¢ : [0, 2) given by ¢(t) =0on [0,1) and ¢(¢) = 1 on [1,2).
The proposed method is applied to obtain a reduced system, the steps are
given as follows.

Step 1. Following Algorithm 2, the midpoint Gramians of the time intervals [0, 1)
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and [1, 2) are calculated:

o [ 1075  0.0013]
10.0013  0.3935|

o [0.3935 0.0052]

Pr= 100052 0.3834)
o - [0.3834  0.0052]

0 10.0052 0.3935]°
—o  [0.3935 0.0013]
Ql =

0.0013 1077 |°

Step 2. The corresponding balanced Gramians are

(1]

~_ [03935 0
0T =17 0 0.0006]

Since the last diagonal entry is significantly smaller than the first, one can re-
duce both modes to first order without significantly influencing the input-output
behavior.

Step 3. The calculated left- and right-projectors according to Algorithm 1 are
obtained by
-
S — 0.0164 0.0033

.
=l = —0.9999 -1
I, IT) = .
(I, I0) ([—0.0033} ’ [—0.0164]>
Step 4. The corresponding first order reduced switched system is then given by
(Ao, Bo, Co) = (ﬁf)Aoﬁg,ﬁéBo,coﬁg) = (—0.4998,1,1),
(Ay, By, Cr)=(T0, AT T, By CiTy ) =(—0.4998, -1, 1),

and the jump matrix is given by J1 = —0.0066.

Figure 6.1 depicts the output of the original switched system and its 1st order
approximation with input u(t) = (sin(5t) 4+ 0.05)e~->!. Clearly, both outputs
match nicely. The related relative errors between the two outputs are depicted in
Figure 6.2, which shows that the relative error is less then 0.5%.

In the following, a larger system is considered with more switches and also
mode-dependent state dimensions.
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= = = Original
Reduced | 4

0 0.2

0.8 1 12
Time(sec)

04 06

Figure 6.1: Outputs of the original system and the proposed 1st order system.
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Figure 6.2: Relative errors of the original system and the proposed 1st order system.

Example 6.2. Consider a switched linear system with modes:

(Ag, By, Cp) =

(A17Bl7cl) =

r0.2 01 001 002] [2 37"
002 01 02 oo01| |3]| |o7

03 002 05 001 |-2|"| 1 )
004 01 001 06] 1] loo1
0.2 001 0 1 0.1

01 01 02|, 02|, ]001 ,
L0 01 -03] [-002] [0.004
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08 01 0 —01 001 1 11"
007 05 0 01 0 2 )
(A2,Bs,Co) = | |01 02 03 o001 o |,| -1],]02| [,
01 0 0 01 o001] [-02| |o1
0 0 01 0 04| |01] |02
03 1 0 0
Ji=lo1 02 01 -1,
0 01 0 1
[ 1 01 0
002 —02 0.1
J=10 o001 o01],
01 0 1
0o 0 1

and a switching signal given by o(t) = 0on [0,2), o(t) = 1 on [2,3) and o(t) = 2

on [3,5). A reduced system is obtained as follows:

Step 1. Following Algorithm 2, the midpoint Gramians are calculated for the time
intervals [0, 2), [2,3) and [3,5):

[ 5.7006
7.0498
—5.1347

L 3.8804

[ 23.6495
~11.9148
| 2.6197

[91.0695
19.9927
0.9495
14.3635
| 5.0961

[14.2249
7.2736
6.3552
L —2.8392

[ 7.9665
3.6209
| —1.0210

7

b
Il

7.0498 —5.1347  3.8804
8.8000 —6.3863  4.7298
—6.3863 4.6396 —3.4675|’
47298 —3.4675  2.6942
~11.9148  2.6197

8.4388  —1.4232|,

~1.4232  0.2991
10.9927  0.9495 14.3635 5.0961
10.1823 —1.8749 22150 1.0600
~1.8749  0.8944  0.5362 0.0800] ,
2.2150  0.5362  2.4461 0.8301
1.0600  0.0800  0.8301 0.3060
72736 6.3552 —2.8392
10.4901  4.4036  —7.4309
4.4036  3.0521 —2.2824|’
—7.4309 —2.2824  5.8998
3.6209 —1.0210

1.6646 —0.4353] ,
—0.4353  0.1814



96 6. Model reduction for switched linear systems

21060 —3.6360 0.3586  —0.1436
—3.6360  6.3082 —0.6224 0.2310
9, = | 03586 —0.6224 0.0614 —0.0226
—0.1436  0.2310 —0.0226  0.0193
0.3697 —0.6410 0.0632 —0.0237

Step 2. The corresponding balanced Gramians are

r10.3447 0 0 0
- 0 1.0422 0 0
-0 0 0 00020 0 |’
0 0 10-6
[10.5854 0
=, = 0 0.2399 ,
L0 0  0.0063
[10.6192 0 0
0 0.5082 0
T, = 0 0  0.0014 0
0 0 1075
0 0 0

0.3697
—0.6410
0.0632
—0.0237
0.0651

0

10710

With a truncation threshold of 0.1, the reduced dimensions is two for all three

modes.

Step 3. The calculated left- and right-projectors according to Algorithm 1 are

obtained by

=l —=r
(Hov Ho) =

=l —=r

(Hlvnl) =

—1.1180
—0.8135
—0.5399

| 0.4345

[—0.8674
—0.3935
| 0.1122

—0.4453
0.7694

(T, TI) =| | -0.0759

0.0301
—0.0782

1.0923 T
—1.8677
0.0753
1.9427 |

—0.0995]
—0.3247

—0.4054 |

—0.0207] "
—0.2092
0.0226
0.1375
0.0182

r—0.7395
—0.9227
0.6694

| —0.4972

[—1.4672
0.6475

| —0.1586

—2.3741
—0.0888
—0.1811
—0.4449
—0.1374

0.2032 ]
—0.0423
—0.0653]| |’
0.3624 |

1.8930 7
—4.0771| |,
0.3347 |

—7.8328
—4.4533
0.9209
—0.7821
—0.4051
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Step 4. Applying the left- and right-projectors according to Algorithm 1, the
reduced switched system (6.2) is given by

(Ao, B, Co) = (ThoAoTTy, TTy Bo, Colly)

[0.0264 0.0389] [—3.1623] 72.2001_—r
|—1.1032 0.4960] " | —1.6263] " | 0.5182 | ’

—0.2028 0.3664] [—0.9483] [—0.1466_ T)

0.1619 |

(A\laglaal) = ( Alﬁ;aﬁlBhClﬁ;)
( 0.0385  0.2969] ’ —0.1563_7

(s, By, Co) = (T AxTTy T, By, CoTy

_ [ 10.6373 0.7872 1.1555 —2.3047 '
~ 1 |0.0500 0.6001] " |[—0.4875] | 1.0988 ’
i 0.8566 0.1279}

0.0722 0.1011]°

0.4940 0.0110
0.0205 —0.1383] "

=~ =l =r
hzlhmz{

7y = TLTT — {

Figure 6.3 depicts the output of the original switched system and its approximation
for the input u(t) = 0.5sin(0.5t). Clearly, both outputs match nicely. The related
relative errors between the two outputs are depicted in Figure 6.4, which shows
that the relative error is less then 0.5%.

35 T T
= = = Original
Reduced

Qutput

0 O.‘5 1‘ 1.‘5 é 2.‘5 f; 3.‘5 1‘1 4.‘5 5

Time(sec)
Figure 6.3: Outputs of the original system and the proposed reduced system with
truncation threshold 0.1.
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Figure 6.4: Relative errors of the original system and the proposed reduced system

with truncation threshold 0.1.
Next, another reduced system is computed by considering the larger threshold
0.25, then the dimensions of the reduced modes will be 2, 1 and 2, respectively.
Figure 6.5 shows that the input-output behavior and the related relative errors
between the two outputs are depicted in Figure 6.6, which still results in a good

approximation (but the relative error is already significantly larger).

35 T
= = = Original
Reduced

3L ]
251

e 27

3

g

=3

(¢]

4

45

5

2

25 3 35
Time(sec)

Figure 6.5: Outputs of the original system and the proposed reduced system with

truncation threshold 0.25.
Finally, consider another larger threshold 1.5, then the dimension of each

reduced mode will be one. The input-output behavior is depicted in Figure 6.7
which does not result in a good approximation especially in the last mode.
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Figure 6.6: Relative errors of the original system and the proposed reduced system
with truncation threshold 0.25.
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Figure 6.7: Outputs of the original system and the proposed reduced system with
truncation threshold 1.5.

The examples show that there is clear relationship between the size of the
removed eigenvalues of the balanced Gramians and the error between the output
of the original and reduced system. However, it is not clear whether an explicit
error bound similar to the classical balanced truncation method can be obtained.

99
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6.6 Discussion

In this chapter, a reduction method is proposed for switched linear systems. First,
suitable reachability and observability Gramians are defined such that they pro-
vide precise quantitative information about how difficult to reach/observe a state
is at a specified time. Based on this information, a mode-wise midpoint balanced
truncation method is proposed which results in a reduced switched system whose
input-output behavior is similar to the original one. Some numerical issues are
discussed and for moderately large sized original systems the proposed method is
applicable, while for very large-scale systems (e.g. millions of state variables) the
proposed method is not directly applicable and further adjustments are necessary.
Furthermore, no error bound is given at the moment, although due to the proven
energy interpretation the method results in a very good approximation of the
input-output behavior.



Model reduction for switched DAEs

7.1 Introduction

As mentioned in the Introduction (in Chapter 1), DAEs naturally occur for mod-
elling and simulation in many applications such as multi-body systems, circuit
simulation, control theory, fluid dynamics, and many other areas. Many practical
systems nowadays exhibit impulsive dynamical behaviors due to abrupt changes
at certain instants during the dynamical processes.

Switched DAEs arise when the system dynamics undergo sudden structural
changes and the dynamics of each mode are algebraically constrained. In particu-
lar, switched DAEs occur when dynamic behaviors change suddenly by failure or
an external (given) switching signal, cf. [66, 75, 110, 141] for details.

Consider the switched DAEs of the form

Eqy)®(t) = Aoyz(t) + Boyu(t), x(to) =0,

7.1)
y(t) = Comyx(t),

where ¢ : R — M and, z,u,y denote respectively, the state, input and output.
Throughout this chapter, regularity (as forthcoming Definition 7.1) of the matrix
pairs (E;, A;) will be assumed. The active mode is defined by the quadruple
(Ex, Ag, By, Cy) in appropriate dimension. If Ej, = I for all k € M, system (7.1) is a
switched linear system (studied in the previous Chapters).

In general, E}, is not assumed to be invertible, which means that in addition
to differential equations the state « has to satisfy certain algebraic constraints. At
a switching instant the algebraic constraints before the switch and the algebraic
constraints after the switch do not match in general, i.e., the state variable has to
jump in order to satisfy the algebraic constraints after the switch. These induced
jumps are a major difference to switched ODE without jumps. Another major
difference is the possible presence of Dirac impulses in the state variable z in
response to a state jump, see [136] for details.
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Clearly, switched DAEs allow jumps and impulsive behaviors in the solution
at switching times, moreover, a distributional solution theory for switched DAEs
is well investigated in [135]. As was pointed out in this work, switched DAEs
are particularly challenging as they give rise to behaviors that are found neither
in regular switched systems, nor in LTI DAEs. Despite these difficulties, many
properties of such systems are now understood, cf. [43, 70,71, 77, 112, 129, 131,
134, 136, 146, 147]. To the author’s best knowledge, model reduction of such
system is first investigated in this chapter.

The chapter is organized as follows. In Section 7.2, some preliminaries for
linear DAEs are given. In Section 7.3, it is shown that a switched DAE can be
written as a switched ODE with jumps and impulses and it will be proven that both
systems have the same input-output behavior. Some conditions are provided here
such that the switched ODE has no input dependent jump and no Dirac presents
in output. In Section 7.4, the model reduction procedure is discussed. The reduced
realization is computed first by removing the unreachable and unobservable states
via the method discussed in Chapter 4 and then a reduced system is computed via
the method proposed in Chapter 6. Finally, these results are illustrated by means
of an example in Section 7.5.

7.2 DAE preliminaries

In this section, some notations and properties are discussed for the (non-)switched
DAE
Ei(t) = Ax(t) + Bu(t),
y(t) = Ca(t),
where £, A € R"*", B € R"*™ and C € RP*",

As discussed in Chapter 1, the algebraic constraints may cause that the solu-
tions of an initial value problem are no longer unique or that there does not exist
solutions at all. Furthermore, the inhomogeneity has to be consistent with the DAEs
in order for solutions to exist. A comprehensive representation of the solution
theory of general LTI DAEs along with possible distributional solutions based on
the theory is developed in [135], see Appendix B for a concise recapitulation.

(7.2)

7.2.1 Regularity and quasi-Weierstrass form

Regularity of a matrix pair is closely related to the solution behavior of the cor-
responding DAEs. In particular, regularity is necessary and sufficient for the
property that for every sufficiently smooth inhomogeneity the DAE is solvable
and the solution is unique for every consistent initial value. To show sufficiency,
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one can return to the problem of finding an appropriate canonical form, which can
be derived on the basis of the Jordan canonical form of a single matrix cf. [68].

Definition 7.1 (Regularity). A matrix pair (E, A) is called reqular if, and only if,
det(E's — A) € R[s] is not the zero polynomial. Furthermore, the DAE Ei(t) =
Ax(t) + Bu(t) and the switched DAE (7.1) will be called regular, if and only if,
the matrix pairs (E, A), (Ex, Ax), k € N are regular, otherwise they are said to be
singular.

Following theorem for Quasi-Weierstrass Form (QWF) is an important character-
ization of regularity.

Theorem 7.2 (Quasi-Weierstrass Form, cf. [18, 41]). A matrix pair (E, A) is reqular
if and only if, there exists invertible matrices S, T € R™*™ such that

(SET, SAT) = (B ;}B ?D (7.3)

where N € R"*"N ig nilpotent,t J € R X" (n; := n — ny) and I stands for an
identity matrix of appropriate size. The decoupling (7.3) is called quasi-Weierstrass form.

Under the regularity assumption, for every regular matrix pair (£, A) there
exists unique subspaces V, W C R™ with V & W = R" such that for any choice of
full column rank matrices V, W with im V' =V and im W = W, the nonsingular
matrices T = [V W] and S = [EV AW]|~! transform into a decoupled DAE
according to (7.3) with an ODE part

v = Jv + Byu,

and a nilpotent DAE part
Nw = w + Byu.

Note that, the first subsystem is called slow subsystem and the second subsys-
tem is known as fast subsystem. The matrices J and N depend on the specific
coordinates chosen for V and W, but in the original coordinates in R" these dy-
namics are of course independent of the coordinates chosen for V and W (for
details see [29]). In the original coordinates, the dynamics can be described by
defining following projector and selectors.

1Recall that a matrix N € R™X" is called nilpotent, when there is a v € N such that N¥ = 0; the
smallest number v with this property is called nilpotency index of N.
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Definition 7.3. Consider a regular matrix pair (£, A) and its QWF (7.3) by choos-
ing transformation matrices .S, T'. Then, the consistency projector is

I 0],
H(E,A) ::T|:0 0:|T s

the differential selector is

: I 0
diff .
e, .T{O 0] s,

the impulse selector is

: 00
mmp e
TP, ._TL) I] S.

Note that the projectors do not depend on the specific choice of S and T (see
[135, Section 4.2.2]). In general, it is obvious that the differential projector and im-
pulse selectors are not projectors because they are not idempotent 2. Furthermore,
the consistency projector is the unique projector onto V along W. These projector
and selectors are crucial for providing an explicit solution formula for DAEs, in
particular, the specific choice of QWF is not necessary but it suffices to find the
unique subspace decomposition V & W = R".

7.2.2 QWTF via Wong sequences

The two subspaces V and W can efficiently be calculated by a direct approach via
the so called Wong sequences (first given in [144]) which are defined as follows:

VW.=R"  V*l.= A"YEVY), ieN,
. ) _ (7.4)
wo.={0}, Vtl.= E~1(AW’), jeN,

where M~1(N) := {z € R" | Mz € N'} denotes the preimage of a linear subspace
N C R"™ of a matrix M € R"*™. After finitely many steps the sequences in (7.4)
converge and the limits are given by

V= ﬂ Vi oW = U W

ieN ieN
Furthermore, it is easily seen that

ker A CV*, kerE C W*.

Note that the QWF can be formulated by the Wong sequences as follows.

2 A matrix I1 is called idempotent if, and only if, IT? = TI.
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Theorem 7.4. (QWF via Wong sequences [135, Thm. 4.2.4]). Consider the regular matrix
pair (E, A) with corresponding Wong limits V* and W*. For any full rank matrices V
and W such that imV = V* and im W = W¥*, the invertible matrices T := [V W],
S:=[EV AW]|~! transform (E, A) into QWF (7.3).

7.2.3 Explicit solution formula
Assume that the regular DAEs (7.2) is decoupled into two subsystems

0(t) = Ju(t) + Byu(t),

) (7.5)
Nuw(t) = w(t) + Byu(t),

where N is nilpotent whose nilpotent index is denoted by v.
It is clear that the ODE v(t) = Juv(t) + B,u(t) has a unique solution

¢
v(t) = ety +/ e’ ) Bu(s) ds,
0

for any integrable input u(t¢) and any given initial value vy.
The nilpotent subsystem N (t) = w(t) + B,u(t) has a unique solution

v—1
w(t) ==Y N'B,u(t),
=0

with nilpotency index v € N and u(t) is v-times piecewise continuously differen-
tiable. It is necessary that the input function u(t) is sufficiently smooth and the
initial value wq satisfies

v—1
wp = — Z N?B,u(0).
=0

For any scalar € > 0, the properties of u(7), 0 < 7 < t — € have no contribution to
w(t). This shows an interesting phenomenon between the substates v and w: v(t)
represents a cumulative effect of u(7), 0 < 7 < t, with no relation to u(t) while
w(t) responses so rapidly that it instantaneously reflects the properties of u(t) at
time ¢. This is why they are called the slow and fast subsystems respectively.

The solution formula discusses above so far, depends on the non-unique system
matrices T, J, N, B,,, By, and is therefore not coordinate free. In order to find a
coordinate free, geometric solution formula define as follows:
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Adiff — ?IEHA)A Bdlff H?IEHA)B Cdif‘f — CH(E A)s

Eimp . HI(TEPA)E Blmp EYEPA)B Clmp — C(I — H(E,A))

The solution formula based on the projected matrices is formalized as follows.

Theorem 7.5. (Explicit solution formula [136, Thm. 6.4.4]). Consider the triplet
(E, A, B) from (7 2) with regular matrix pair (E, A) and corresponding projectors I g a),
H(lff ,4) and H( 1) 0 Definition 7.3. Calculate A4t pdiff - pimp  Bimp g4y (7.6), then
for a given smooth input w, all solutions of the DAE (7.2) satisfy

n—1

t i . . . . o
tH(E,A)a:(O) + / eAd'ff(tfs)Bdlﬁ‘u(S) ds — Z(Elmp)zB1mpu(z) (t)
0 i=0

Adiff

xz(t) =e

(7.7)

Remark 7.6. For a regular matrix pair (E, A) with QWF (7.3) and the decomposition
YV & W = R", it is seen that

. I 0 J 0
dli'f dlff -1
AN AT A= T[O O}SA_T[O O]T :

0 0 0 0
unp imp —1
E™P =T3P, E = T[ }SA T[ N]T :

Moreover, im AY C V = im I 4) = im AT, and im E™P €W = im T3P, .
Consequently, the solution x given by (7.7) can be decomposed as
T = xdiff o ximp

with 74 (¢) € V and 2'™P(¢) € W for all t € R, and they are the unique solutions
of

ff _ Adiffxdiff + Bdiﬁu, Idif‘f(o) _ H(E,A)ZL'(O),

Eimpjjimp _ ximp + Bimpu.
Furthermore, the following equivalence holds

Ei = Az <= &= A"z and 2(0) € im (g 4).
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Finally, observe that

im Adiff C V*, im Bdiff C v*,
im E™P C W*,  im B'™P C W*.

An important feature for DAEs is the so called consistency space, defined as
follows.

Definition 7.7. The consistency space is defined by

V(E,A) = { xo € R

3 smooth solution (x, u) of
Ei = Az and z(ty ) = xo '

Definition 7.8. The augmented consistency space is defined by

V(E,AyB) = { rg € R"”

3 smooth solution (z, u) of
Ei=Ax+ Buand z(ty) =z¢ [~

Lemma 7.9. ([17, Corollary 4.5]). Consider the reqular DAE (7.2) then,

Vig,a) =V =imllg 4y and Vg ap =V @ (E'™P | im B™P).,

7.2.4 Initial trajectory problems

The inconsistent initial value can only occur, when it is assumed that the DAE (7.2)
does not hold in the past but that the past trajectory was governed by something
else or given. It also arises in the context of switched DAEs. In fact, for given input
u and the initial value at some ¢y € R, the solution satisfies

n—1
w(to) = Mg, a)z(to) — Y (E™P)' B™Pul (1),
=0

==y tq

then x(t¢) is restricted to the affine subspace
im H(E,A) + Ly, tg - (78)

For switched DAEs (7.1), these mode-dependent affine subspaces are not equal.

In that case, the study of inconsistent initial values come into play. To under-

stand the problem, an initial trajectory problem (ITP) corresponding to (E, A, B) is
constructed by

x(foo,o) = x?fooﬁ)’

. (7.9)
(Ex)[O,oo) = (A:L' + Bu)[O,oo)v
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where 2° is some given (past) trajectory. In general, the trajectory z° will not
evolve within the affine subspace (7.8), while the solution = will have to evolve in
the subspace (7.8) for positive times.

Consequently, any solution « will exhibit a jump in response to an inconsistent
initial value, but the derivative of this jump appears as a Dirac impulse in the
expression Ed. The restriction to the open interval (0, c0) would neglect this
Dirac impulse, the restriction to the closed interval [0, c0) keeps the Dirac impulse
in the second equation of (7.9) and hence, the past trajectory can influence the
future. Furthermore, distributional solutions are necessary for which a restriction
to intervals is well defined. The space of piecewise-smooth distribution Dpycoe
(see Appendix B) satisfies these requirements and it is possible to prove the
following existence and uniqueness result for the ITP (7.9) embedded into this
special distributional solution space.

Theorem 7.10. (Existence and uniqueness of ITP solutions, [136, Thm. 6.5.1]). Consider
the ITP (7.9) with regular matrix (E, A). Then, for all initial trajectories z° € DE oo

and all inputs w € DI oo, there exist a unique x € Dy oo which satisfies the ITP (7.9).

7.3 Equivalent solution for switched DAEs

The main objective of this section is to find a switched ODE whose solution
represents the solution of switched DAEs.

7.3.1 Switched ODEs with jumps and impulses

The switched DAEs (7.1) can be expressed as the switched ODE with jumps and
Dirac impulses of the form

z = A8y + Bty on (sg, sk41),
a(sy)  =T(a(s;) +Uy),  2(tg) =0, (7.10a)
w = Cglﬂz—i-DkU, on (Sk,8k+1),
nil . . . .
wlsk] = = Ce(BF™) ™ 2(s;)80) + U™, (7.10b)
=0
where .
Uy =Y (B B uld (s)),
j=0

Dy = —Cy[E"™B™, ... (B =D B,
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-
U := [uT,uT,...,u(”_l)T} ,

n—1
U = 3 CulE) (U6 = BIP(u) Vs )
=1

with uy, := Ulsy,s0p1)"
In the following, it will be seen that the switched ODE (7.10) with jumps and
impulses gives a solution formula for the switched DAE (7.1).

Theorem 7.11 (Connection between (7.1) and (7.10)). The switched DAE (7.1)
with reqular matrix pair (Ey, Ay) has the same input-output behavior as the switched
ODE (7.10) with jumps and output-impulses.

Proof. To simplify the notation, assume in this proof that the input u is smooth on
each interval (sg, sx+1), however, the following arguments remain valid even for
the general case that u is a piecewise-smooth distribution.

Let z denote the solution of the switched DAEs (7.1) and z the solution of the
ODE (7.10) for the same input u. The proof can be divided into three steps as
follows.

Step 1: It is first shown that z = Iz on (s, sp+1) where IIj, is the consistency
projector for mode k. From Theorem 7.5, the solution of switched DAEs (7.1) is
given by, for ¢t € (s, Sk+1)

_ t _ ol ,
a(t) = e e (sy ) + / AR ity (1) dr — S (BPY B (1),
Sk 1=0

(7.11)
and it is easily seen that (I — ITy)z(t) = — S0 (E™) B Pu) ().
For k = 0 (on (%o, 51)), the solution is given by, for ¢ € (9, s1)

t , [t .
2(t) = / M=) BTy 7y dr — 3 (BPY B U (1)
to i=0

= 2(t) + (I —Io)x(t).

This implies that z(t) = IIpx(¢). Inductively, assume that for ¢ € (s, Sg+1), 2(t) =
Myx(t) and z(s;, ;) = Hgx(s;, ). Now for t € (spy1,5k+2),

t
diff _ diff [, .
z(t) = eAk+1(t_Sk+1)Hk+1x(sk+1) + / ek (=) Bt o (1) dr
Sk+1
n—1

=D (B B @),
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and for (7.10), it follows that

t
2(t) — A (t=skt1) 2(s7, 1)+/ A (- ) B 4 (7) dr.

Sk+1

Furthermore,

t
ASE (4— — ABE (4~ diff
i qa2(t) = et (s ) + e =7 B u(7) dr,
Sk41

and from U, , = (I — IIx)x(s; ), it follows that

2(5;-1) = Hk+1(2(312+1) + Ul;,—l) = Hk+1$(51;+1)~

Consequently, it follows that z(t) = IIxy12(t). Therefore, the statement is true for
k + 1 and hence, forall k € {0,1,...,m},

z(t) = Mx(t), t € (Sk, Sk+1)-

Step 2: It is shown that the corresponding outputs on (s, s+1) are equal. The
output equation on (s, sy+1) is given by, t € (s, Sk+1)

y(t) = Cr(t)
= Ci (M0, + I — TIi ) (t)
_ Cgiﬂz(t) _¢, i(Eimp)iB;‘:npu(i)(t)
= w(t)

Step 3: Finally, it is shown that the impulse parts of the outputs are equal. The
impulse solution with Dirac impulses and jumps at the switching times ¢ = sy, is
given by (see Appendix B.8):

n—1 n—1
wlskl=— > (B)Fa(sy)0) — S (EP) BI (u) Vs,
1=0 i=1

where uy = uy, s, , ). Hence, the impulsive output is given by

Sk

ylsk] = Cra[sk]

n—1

:—ZC By (s)6l) — ZC ESP) B (ug) sk



7.3. Equivalent solution for switched DAEs 111

n—1 n—1
== OB 2(s5) = D (B B u) (s,7) | 68—
i=0 j=0

n—1

3" CL(E™) B (ug) D [s4]
=1

n—1 n—1
= _ Z C’k(Elzmp)le(S;)(;g? + Z Ck(E;Cmp)i (U];(;gi) _ B;Cmp(uk)(i) [Sk])
i=0 1=1
:Tﬂbkh
where U = Y00 (E5 ) B 00 (s7).
This completes the proof. O

As mentioned earlier, a method is proposed for reduced realization of switched
ODEs with jumps in Chapter 4, and Chapter 6 discusses model reduction method
for the reduced realization of switched ODE with jumps. In this chapter, it will be
shown how the results of previous chapters can be used and then it is important
to highlight the main differences between the switched ODE (7.10) with jumps
and impulses, and switched ODE (2.4) with jumps. These differences can be
distinguished into three cases.

Case I: Additional input dependent jump (U, # 0) may occur in (7.10a), e.g., for
mode k
2(si) = Hy(z(sy ) + Uy).

Case II: Input dependent feedthrough term DU # 0 can appear in the output
of (7.10a) as
w = Cyf 2 + D,U.

Case III: Additional Dirac impulse in the output (7.10b) induced by an inconsis-
tent state before the switch as well as by the input

n—1
wlsk] ==Y Ce(BP) M 2(s;)88) + U™

=0

In the context of reduced realization and model reduction (discussed in Chapters 4
and 6, respectively), these differences can be handled under some assumptions
which will be discussed as follows.
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7.3.2 Solution for input free jump

From equation (7.10a), it is visible that an additional input dependent term

n—1
Uy, =1 Y (B2 Y B uY) (sy),
j=0

appears in the state jumps which is a significant difference to switched ODE with
jumps. Currently, it is not possible to handle this input dependent term in jumps.
Therefore, the following result is important for further analysis.

Theorem 7.12. The switched system (7.10a) has no input dependent jump if, and only if,
I (E,"0)7 By, = 0, ¥j > 0.

In particular, a sufficient condition for an input independent jump rule of (7.10a) is
L™ = 0,Vk € {1,...,m}.

Proof. The solution of (7.10a) has an input independent jump rule if, and only if,
II,U, =0,ie.

n—1
e > (B B hu)(s))) =0,
§=0

which is true if, and only if,

My (E8) B™ =0, Vj > 0. (7.12)
Furthermore, since E,ffq = HiknlplEk._l and B,ifrfpi = HikniplBk_l, the condi-
tion (7.12) is satisfied if .
I, IT,™ = 0.
O

7.3.3 State dependent Dirac impulse free output
The impulse output from (7.10b) is given by

n—1
wlsk] = = Cu(EB™) M a(s;)80) + UM, (7.13)
1=0

The presence of Dirac impulses in response to inconsistency initial values reduces
the unobservable subspaces, hence the methods used in previous chapters cannot
be directly used. Therefore, following result gives a necessary condition for
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impulse free output (there could still be impulse coming from U, ,icmp, but these do
not influence the observability properties at all).

Theorem 7.13. The output of system (7.10) has no Dirac impulse induced by inconsistent
initial values if the following sufficient condition holds

Cr(B™) Rip—1 = {0}, i = 1,2, .

Here, Ry is the extended reachable subspace (introduced in Section 4.2.4) for mode k — 1
of the switched system (7.10a).

Proof. It is clear that the output equation (7.13) will not contain Dirac impulses
induced by an inconsistent value z(s,) if

Cr(BM)YH2(s;) =0,i=0,1,2,---.
From Chapter 4, z(s;;) € Rity,5,) € Rik—1,
Cr(E™P) M Remy = {0}, i=0,1,2,--,
which gives a sufficient condition. O

It is noted that for the case when C’k(E}Cmp)iﬁk,l # {0}, i = 1,2,..., the
unobservable subspaces for the mode k need to be adjusted. Anyway, this chapter
will not pursue this case.

7.4 Model reduction

In this section, a model reduction method will be discussed for the switched
DAE (7.1). It is well known that the additional feedthrough term (which does not
depend on state variable) in the output equation does not affect the analysis of
realization theory and model reduction techniques. Furthermore, the additional
impulsive output depending on the input only is also not effecting the reduced
realization and model reduction.

The overall procedure can be summarized in three main steps as follows:

Step 1: Under the assumptions in Theorems 7.12 and 7.13, a switched DAE of the
form (7.1) or, switched ODE as in (7.10) is transformed to following switched
ODE with jumps and impulses:

3= AUy 4 BITy on (sk, Sk41),
2(sf) =Tea(sy,),  z(ty) =0, (7.14)

=0
_ ~diff
w=Cy"z+ DpU, on (sg,Sk+1),
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together with the additional impulsive output

w(sy] = U™, (7.15)

Step 2: From the system (7.14), the unreachable and unobservable states can be
removed via the method proposed in Chapter 4 with the corresponding
left- and right-projectors (W2, V2), k = {0,1,...,m}. Then, the reduced
realization is given by

Z= A% 4 B3y on (s, sps1),
2(s +) = Jii(sy), E(ty) =0, (7.16)
=CIZ 4 DU, on (sk, Skr1),

with unaltered impulsive output (7.15), and ADE _ P2 Adiff 2 pdiff
W2 BAfE Odiff — odifl 72 and 7, = W2II, V2 . Then, the system (7.16) has
the same input-output behavior as (7.10) and (7.14).

Step 3: Finally, under the assumption that the midpoint Gramians of the sys-
tem (7.16) are nonsingular, a reduced model can be obtained from system
(7.16) via the algorithm given in Chapter 6. Let the corresponding left- and
right-projectors be given by (ﬁﬁc,ﬁ;), k = {0,1,...,m}. Then, the reduced
system is

h= AU h + By, on (s, k1),

h(sy; ) = Jih(s), hitg) =0, (7.17)
Cdlﬁh+DkU, on (Sk78k+1),

where Adift — T, /Tgiffﬁ;;, B — T, Bdf, C4f — CUfT], and J; =
10, Ji I,,_, and with unaltered impulsive output (7.15).

7.5 Numerical results

This section demonstrates the steps of the proposed reduction techniques for a
switched DAE. The proposed method is illustrated by a numerical example.

Example 7.1. Consider a switched DAE of the form (7.1) with two modes

110000 100000 0.7 1 AT
piggae] [ d B uRE] [a8] [
— 001000 0.
(Eo, Ao, Bo, Co) = 000100|>| 00-1000 |>| 01 || o002 ;
000000 000 00-—1 0.1 ~0.1
000001 000010 0.2 0.2
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lon [2,4).

0on [0,2), and o ()

and the switching signal is given by o (t)

After some matrix calculation, the matrices for QWEF (7.3) of the given switched

DAE are obtained by

N —
—-o ococo
oo (=)o)
— ooco

—_

[ — -
co~o -
— —~
cooT o
oo oo
a7 oo Too
—_ —_

T 1T 1

cocoo—~ coooo—

cooco—o cooo—o
cooHoo coo—oo
co~ooo co-ooo

o-oco0o o-oooo

HOO0000 —Hoo00O

T 1
[ololelol o]

—
00000_

[elelelolelw]
(Xl lelele]

—
| jalelelele]
iplelelelale]
L 1

T 1
OSOoOo OO

—
000007

SoO —=HOO
[elelolelelw)]

—
O | oo
iplelelelale]
L 1

N———

(S0, T, Jo, No) =

~
Il

(SlalejlaNl)

2 =0, and the 2nd mode has

0. All three projectors and selectors (7.6) are given by

Clearly, the 1st mode has index-2 because, Ny # 0,

index-1 because N;

/N
r 1 T 1
[slelelel e} OO OoO—HO
[=lelelelele}] OOoOOoOHOO
[=lelelelele}] [=]elelelele)
[=lelelelele}] [=]lelelelele]
coocococo ocoococoo
L 1 L 1
r 1 ) 1
coocococo  ocooocoo
coocococo  ocooocoo
coo-HoO ocooooo

(ool lelele]
—
| "Oooo

il =leleleloe)
L 1

COoO—HOOO
—

O | o0

—00 000

L 1

T 1
[elolelelele]

[e]elelelelo]
[slelelelele] [elelelelels)]
SOoOOoO—HOO [slelelelele)]
CO—HOOO [lelolelele)]
O—HOOOO (=l lelelele]
Ll =lelelele) jalelelelele)]
L 1 L 1
N———— N————
Il I
~— —
o) o
m (=] m —
= =
& o=
= =
TOo T~
= =
5 =
= =
~— ~—

and then, the projected matrices are given by

imp
0

) =

diff
0 70

,C,

imp diff diff imp
0 7A0 7BO 7BO

(E

imp
1

)

diff
) Cl ) O

imp 4 diff diff imp
1 aAl 7Bl 7B1

(B

imp
1

imp
0

imp
0

imp
0

0Oand C1 F =

B

= 0 (sufficient condition), IT; E,
0. From Theorem 7.12 and 7.13, the switched ODE as in (7.14) which is input-

Step 1: Clearly, II;11
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output equivalent to the given switched DAE, is constructed by

(A" B, ).

diff pdiff ~diff (718)
(Al ’B 1 701 ) )

with the jump matrix II; and feedthrough terms DoU and D,U are calculated

from the impulsive matrices (CI™P, EX™P B™), i € {0,1} and the derivatives of

the input. Clearly, the additional Dirac impulse term ;™ = 0.

Step 2: From the method discussed in Chapter 4 for reduced realization, the pair

of left- and right-projections is obtained by

[0 0 05 0] 1 -1 2 =2]
0o 0 -1 -1 1 0 0 -1
e~ o -1 1 0o -1 -2 -1 0 0
2 2\
(W, Vo) = 1 -2 —05 1 -1 -1 0 0 ’
0 0 0 0 0O 0 0 0
0 0 0 o] o o0 o0 0]
0 01 ' [1 0]
05 —1 2 0
—~ 0 -1 2 -1
(Wi, Vi) = o ol |1 o0
0 0 0 0
0 o] [0 0]
Then, the reduced realization is given by
(Adncf Bglff Cdlff) (WO Adlff V'O ’WO Bglff Cdlff )
3 2 0 0 0117 [-0.82]"
_ -5 -3 0 0 —0.21] [-2.02
Tl 1-05 —25 4 =25’ 0o || 2 ’
3 1 2 -1 —0.09 —2.2

(A\?iﬂ'7 Eldiﬁ" aldiﬁ') _ (Wl Adlff Vl ,Wl Bdlﬂ' Cdlﬂ )
(-1 =05 0.05 0.08
~\L2 0 J'[-002]"[-0.01f )’

and the jump matrix is calculated as

j1=WfH17§= [0.5 0 0 —0.5}

1 10 1
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Figure 7.1 shows the output of the original system and the proposed reduced
realization for input u(t) = sin(¢) with switching time s; = 2 and clearly both
outputs coincide.

T T
= = = Original
Reduced | 4

0 0.5 1 1.5 2 25 3 35 4
Time(sec)

Figure 7.1: Outputs of the original system and the reduced realization.

Step 3: Consider the reduced realization
(28137 B(()iiff’ 58115) :
(A, B o).

and the jump matrix is given by J;. Now the model reduction method via
Chapter 6 is applied. Following Algorithm 2, the midpoint Gramians are given by

70.0040 —0.0090 0.0206  0.0037
p_ |~0.0090 00219 —0.1085 -0.0352
7 100206 —0.1085 23316 09919 |’
[ 0.0037  —0.0352 0.9919  0.4298
p_ [18:8692  —7.0257
YT |—7.0257 26184 |
1.1030  —3.3867  6.0882  —4.5096
0 —3.3867 28.8824 —44.7221  35.9538
0 =

6.0882  —44.7221 70.2726 —56.0252]°
—4.5096 35.9538 —56.0252 44.8814
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0.0018  —0.0007

@1 =1 90007 0.0005

The corresponding balanced Gramians are obtained by

8.9481 0 0 0

_ | 0o 01168 0 0

=0 0 0 00015 0 |’
0 0 0 1077

_ 02136 0

-t [ 0 0.0007] '

With a truncation threshold of 0.1, the dimension of the reduced modes will be 2
and 1, respectively. Then, the left- and right-projectors are obtained by

02496 2.1017 7 [—0.0074 —0.1669

(ﬁl ) — 1.7767  2.3227 0.0298  0.3396
02707 12,8013 —0.6869| ' |—0.5050 0.6531 ’
2.2290  1.9020 —0.2106  0.5313

.
=l —=r —0.0920 —9.3980
(I, 1) = <[ 0.0386 ] ’ { 3.4997 ]) '
Applying the left- and right-projectors according to Algorithm 1, the reduced
switched system is given by

(A‘(Ohff’B iff Cdlff) (Ho A(hff HOaHo Bdlff Cdlﬂ )
2.5147 —0.4561] [—0.6012] [—0.6008]
—0.4745  0.7582 | 7 |—0.4277| " | —0.4120 ’
( .A\cliiff’ B\iiiff7é\(li1ff (Hll Adlff H1 H1 Bd1ff Cdlff )
= (-

1.4290, —0.0054, —0.7868) .

The reduced jump map is given by

Ji =T, 7 Ty = [-0.0166  0.0593] .

Figure 7.2 depicts the output of the original switched DAE and its approximation
for the input u(t) = 0.5sin(0.5¢). Clearly, both outputs match nicely. The related
relative errors between the two outputs are depicted in Figure 7.3, which shows
that the relative error is less then 1%.
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T T
= = = Original
Reduced | 4

Output

0 0.5 1 15 2 25 3 3.5 4
Time(sec)

Figure 7.2: Outputs of the original system and the proposed reduced system.

0.01

0.009 | %
0.008 | i
I
0.007 i
0.006 3 i
‘:7\ 0.005 3
ool 3
0.003 | P
0.002 i .

0001 / i -

Time(sec)

Figure 7.3: Relative errors of the original system and the proposed reduced system.

7.6 Discussion

In this chapter, a reduction method for switched DAEs is proposed. First, a
formula is derived which shows that the switched DAEs can be transformed to
a switched ODE with jumps and impulses, which preserves same input-output
behavior. The proposed formula contains input dependent jumps, and Dirac
impulses may occur in output at the switching times. However, these additional
terms can be eliminated by assuming some conditions. In particular, due to the
algebraic constraints the model reduction method from Chapter 6 cannot be used



120 7. Model reduction for switched DAEs

directly, instead the inconsistent states which are unreachable need to be removed
first with the method from Chapter 4. At this moment, it is not proven how to
deal with the input dependent jumps and Dirac impulses coming from the states.



Model reduction for singular linear
switched systems in discrete time

8.1 Introduction

In Chapter 7, a model reduction method for switched DAEs is presented in
continuous-time. This chapter is devoted to model reduction of singular lin-
ear switched systems in discrete time. The key motivation of this chapter comes
from [1] where authors have proposed a solution formula for SLSSs which is
time-varying system in discrete time. Loosely speaking, the dynamics of a SLSS in
discrete time with certain property can be recovered from a time-varying system.

Consider the SLSSs in discrete time of the form

Eyaya(k +1) = Ay (k) + Bogyu(k),

y(k) = Comya(k), k €N, (8.1)

where z(k) € R" is the state attime k e Mand o : N - M= {0,1,2,...,m},m € N,
is the switching signal with the switching times 0 < 51 < s3 < -+ < s, in the
bounded interval [ko, kf) := {ko, ko + 1,..., ks — 1} of interest.

The system matrices are F;, A; € R"*", B, € R™*™, (C; € RP*", wherei € M.
The matrices F; are in general singular, which is related to the presence of (mode-
dependent) algebraic constraints. Assume that the i-th mode is active in the
interval [s;, s;41), fori = 0,1,...,m (where sy := 0) and define the duration of the
i-th mode as 7; = s;11 — s; — 1. This chapter is concerned about the input-output
behavior of (8.1) so assume in the following that x(0) = 0.

There are already some existing results on MOR for switched systems for
discrete time case, e.g. [9, 10, 21, 120]. However, in contrast to the existing
literature, here, the system (8.1) is viewed as a time-varying linear system. In
particular, the reduction generally depends on the specifically given switching
signal and results in a time-varying reduced model. The concept of balanced
realization to time-varying systems (in continuous-time) is discussed in [26, 74, 121,
142] and provides some inspiration for this work; in particular, for the proposed
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balanced truncation of switched linear systems in Chapter 5. The resulting reduced
model is not a switched system anymore, but fully time-varying, which is not very
practicable to the continuous time case. However, in discrete time, such a fully
time-varying reduced model may still be feasible in practical applications and is a
motivation to apply this time-varying balanced truncation to SLSS (8.1).

This introduction concludes with an example, which illustrates the fact that a
straight forward mode-wise reduction to obtain a reduced switched system does
not work in general.

Example 8.1. Consider an (ordinary) switched linear system in discrete time
composed by two modes with

-1 0.01  0.001

Ag=A; =001 -1 0.001],
0.001 0.0002 -1
3 0.001
By=C, =| 01 |,B =¢C] =001
0.001 3

The switching signal is given by o(t) =0ont € [0,4) and o(t) = 1 on [4,7].

4
. 3 T
—- A~ Original system N
50 an
—- -~ Reduced system // \'\\‘\, ﬂ 1
/ \ \
/ AR // \'\ A /
/ \ \ K 3
5 ! A // \ RN /
R | / ER SR ¥,
. / \ RN /S
N v/ \ /' ‘/ ‘\ /‘ N
S vy NS A
4 vy \‘ /
\
50E I I I )‘l/ I h
0 1 2 3 4 5 6 7
4 T
>
ol
R »
S > »
ot
4 e : : ‘ :
0 f 9 3 4 5 6
t

Figure 8.1: Comparison between outputs of original system and its reduced system.
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It is easily seen that on each of the intervals [0,4) and [4, 7], the following one
dimensional reduced order model is a good approximation for the input-output
behavior of the individual modes

2k +1) = —2(k) + 3u(k),
(k) = 33 (k).

However, when considering the overall switched system, the input-output behav-
ior of the reduced system is not a good matching with the original input-output
behavior, see Figure 8.1.

The remaining chapter is structured as follows. In Section 8.2. some results
are presented for the so-called one-step-map which play an important role for an
explicit solution formula for SLSS (8.1). Section 8.2.2 provides the computation
procedure of time-varying balanced realizations in discrete time. In Section 8.3,
time-varying balanced truncation method for SLSS (8.1) is discussed. Finally, some
numerical results are presented in Section 8.4.

8.2 Preliminaries

In this section, it is shown that the solutions of a SLSS can equivalently expressed
in terms of a time-varying system.

8.2.1 Equivalent solution of SLSSs and time-varying systems

For the existence and uniqueness of the solution of the SLSS (8.1), the following
assumption is needed, cf. [1].

Assumption 8.1. The SLSS (8.1) is jointly index-1, i.e.
Si®ker E; =R", Vi, jeM,
where S; = A; ! (im E;).

Under the jointly index-1 assumption, the solution of (8.1) with 2(0) = 0 exists.
This solution is unique and satisfies the following lemma.

Lemma 8.2 ([1]). Assume the SLSS (8.1) is jointly index-1. For a given switching signal
o, there exist corresponding matrices Ay, By, and Fy, such that all solutions of (8.1) with
x(0) = 0 satisfy

a(k+1) = Aga(k) + Bru(k) + Feu(k+1), keM (8.2)
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Proof. Let o(—1) := ¢(0) and, for k € M,

Zk =V, (k) = A;(k)’a(ﬁ_l) 0 V_l (83&)
AL k1o Ao om-ny 0] T
~ i B!
By =V | =+ o(k),ok-1) , (8.3b)
: _*Ai(kﬂ),a(k)B;(k),a(k—n
~ 0
Fy = Vo(k) _ B2 ) (83C)
L o(k+1),0(k)
where - _
Al 0 g B; . g
[—A?j. I } =V G AW, [Bij} =V, 'G;} B,
1,] nz 2,]
0 0 _
Gij=FEi+AQij Qij=1V, Vi
0 I,
here V; := [g} ... g K™ *' ... hP]such thatg},...,¢" and B/*H! ... hP are
the bases of S; and ker E;, respectively, for i = 1,...,n. The remaining proof is
similar to the proof of [1, Thm. 5.1] and is therefore omitted. O

Remark 8.3. The one-step-map from z(k) to z(k + 1) depends on the modes at time
k —1, kand k 4 1. This implies that the allowed space of consistent initial values
also depends on the choice of o(—1), here, it will be assumed that o(—1) = ¢(0).
As pointed out in [1, Rem. 5.2], the effect of a different choice of o(—1) is not yet
fully understood and is still under investigation; nevertheless, since the initial
condition z(0) = 0, this is of no further concern here. This is considered as one of
the assumptions considered in this study.

Motivated by Lemma 8.2, consider the following time-varying surrogate sys-
tem for (8.1) with a given switching signal o:
a(k+1) = Aga(k) + B Fe] a(k),
y(k) = Ckx(kj)a ke M,

(8.4)

u(k)

where z(0) = 0, u(k) = [u(k +1)

}, C := Cy(1) and Kk, Ek, ﬁk are given by (8.3).

Writing @ = [ 7{1

is clear that (8.1) and (8.4) have the same input-output behavior.

} u, where Ti{u}(k) := u(k + 1) denotes the time-shift operator, it

Note that the solution of a jointly index-1 SLSS (8.1) does not exist for any
initial value z(0) € R™. In fact, the consistency space of jointly index-1 (8.1),
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under the assumption o(—1) = ¢(0), is im V(g iy ! B2 0 . This
(0),0(0) (0),5(0)
has some implications on the relationship between system (8.1) and (8.4) in terms
of observability and reachability. Here, observability means that if the input and
output are identically zero on [ko, k), the state has to be zero as well. On the other
hand, reachability means that for each z; € R", there exists an input such that
the corresponding solution satisfies z(ks — 1) = xy. Clearly, reachability of (8.1)
implies a reachable time-varying surrogate system (8.4), whereas observability
of (8.1) does not imply the observability of its surrogate system (8.4). However,
observability of (8.4) implies that (8.1) is also observable.

The main goal is to find a reduced size time-varying system for the time-

varying system (8.4) of the form

Bk + 1) = AZ(k) + [Ek ﬁk] [u (Z(_’i) 1)] :

(8.5)
g(k) = Cra(k), ke,

with reduced system matrices 4; € R"*7, B, F, € R"*™ C; € RP*" and 7t < n,
such that § ~ y for input u. Due to the input-output equivalence between (8.1)
and (8.4), the reduced system (8.5) will also be a good surrogate model for the
original switched system (8.1).

8.2.2 Balanced truncation for time-varying systems

First the balanced truncation of time-varying systems in discrete time is reviewed,
for details see [26, 121, 142]. Consider a time-varying system in discrete time of

the form
x(k+1) = Agx(k) + Bru(k), k€ ko, ky),

y(k) = Cu(h) 50

with corresponding system matrices Ay, By, Cy, k € [ko, ky).

8.2.3 Time-varying Gramians

Reachability and observability Gramians play an important role in balancing-
based theory.

Definition 8.4. The time-varying reachability and observability Gramians of (8.6)
are defined recursively by, for k € [ko, kr)

P(k) = A1 P(k —1)A;_y + Bi_1B)_y, (8.7)
Q(k) = A Q(k + 1) Ay, + Cy Ck, (8.8)
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with some positive semidefinite initial/final values P(ko) = Py and Q(ks) = Qy,
the intuition for these initial/final values are given in Remark 5.2.

Note that, the reachability Gramian is constructed forward in time, while the
observability Gramians evolve backward constructions. It is clear that P(k) and
Q(k) are both symmetric and positive semidefinite for all k& € [k, k¢]. Due to the
finiteness of the interval [ko, k¢), no assumption is needed with regard to stability
of the system.

8.2.4 Balanced realization

As mentioned in Chapter 5, the system (8.6) will be balanced if the Gramians are
equal.

Definition 8.5. The system (8.6) is balanced on time interval [k, k] if there exist
positive definite matrices Py, Q¢ such that

where Z(k) is a diagonal matrix at time &.

From [26] and Theorem 5.7, one can find a time-varying coordinate transfor-
mation as T(k) = T'(k)z(k) with positive definite Py, @y such that the system (8.6)
is balanced. Under these transformation, it is easily seen that the corresponding
Gramians satisfy

Then, the input-output equivalent balanced system of (8.6) is given by

Z(k + 1) = Ayz(k) + Bru(k),
y(k) = Cra(k),

where the transformed system matrices are obtained by Ay := T'(k + 1) A, T'(k)~!,
Fk = T(k + 1)B}€, ék = CkT(k)_l.
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8.3 Model reduction

Consider the time-varying system (8.4). Assume that the corresponding time-
varying reachability and observability Gramians for (Ay, [By, Fi], Ci) , are given
by P(k) and Q(k) respectively, with some initial / final Gramians Py, Q ;. Now an
assumption is needed for model reduction methods.

Assumption 8.6. Assume a transformation T such that the balanced Gramians of
(8.4) are obtained by

T(k)P(K)T(k)" =T (k)" TQK)T(k) " = E(k),

and let, the (uniformly) partitioned form Z(k) =

:E)k) E?k)] where all diagonal

entries in Z(k) are significantly smaller than those in Z(k) and Z(k) € R"*™,

With the Assumption 8.6, consider the singular value decomposition

E(k)Tf(k):[ﬁ(k) U(k)} égk) E?k) [V(k) V(k)]T,

where R(k)R(k)T = P(k) and L(k)L(k)T = Q(k) are obtained by a Cholesky
decomposition. Then, the reduced system of the form (8.5) can be obtained by
Ay =Tk + 1) AT (k),
B R] =m0+ [B R,
Cy, == Cpll" (k).
where the left- and right-projectors are calculated as

~

(k) := E(k)~ V2V (k) TL(k)T € R™*™,
" (k) := R(k)U(k)2(k)~Y? € R™*™.

8.4 Numerical results

This section illustrates the proposed method by providing an example.
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Example 8.2. Consider a SLSS (8.1) with two modes

10 0 01 1 0 0 0] [0.02] [-0.17 "
1100 [1 010 2 0.1
Ey. Ay, B -
(Eo, Ao, Bo, Co) 00 1 o0/’]1 1 1 o0]”] 1| |01 '
000 o0 lo0oo 1] lo2] 9
10 0 0] [1 0 0 0] [0.01
0100/ 0110 2
(El,AhBl,Cl)— 001 0 9 101 0 ) 0.5 700 5
000 o0 looo 1] lo1]

Consider a switching signal ¢ : [0,9) — {0,1},

U(k):{(l) :ZE[O,4)U[7,9),
ckel4,7).

It can easily be verified that the pairs (Ey, Ag) and (E1, A1) are jointly index-1.
Hence, by Lemma 8.2, the time-varying system (8.4) is obtained with the following
system matrices

[1 0 0 o] [o0.02]
0 0 1 0] [1.98
: 1 k=0,1,2,3,7,8,
1 110 1
o 0000 0
(Ag, Bg) = - 4 L
1 0 0 o] [o01
0110 2
, k=4,5,6,
1 01 0 0.5
00 0 0 |0 ]
o
0
k=0,1,2,6,7,8,
0
- —0.2
Fk: - -
0
0
tk=3,4,5.
0
| —0.1]




8.4. Numerical

results

The corresponding reachability and observability Gramians are calculated re-
spectively, P(k) and Q(k) for k € [0,9) with initial/final values Py = 0.002I and
Q ¢ = 0.0021. The corresponding HSVs are depicted in Figure 8.2 and it is apparent
that the last two HSVs are significantly smaller than the first two. Hence, a two
dimensional reduced system is obtained which approximates the time-varying

system (8.4) and hence, the original SLSS.

Figure 8.2: Hankel singular values of balanced Gramians at each time instance.

The computed two dimensional reduced systems at each time steps are given

< 2
o
151
i L
05 — S
s i e S—————
1 2 3 4 5 6 7 8

by (A\kv [Ekaﬁk]vék) =

(
(
(
(
(
(

[0.9206
|—0.0107

[0.9761
| —0.0058

[0.9887
| —0.0027

[1.1336
| —0.4762

[0.9856
|—0.0019

[0.9719
|—0.0036

—0.0051]
0.0012 |

~0.0071]
—0.0076

—0.0116]
—0.0071

~0.0155]
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—0.0335]
0.1912 |

—0.0475]

0.0701 |

[—1.8615
|—0.0535

[—1.0832
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[—0.7265
|—0.0445

[—0.3934
|—0.0311

[—0.2249
|—0.0536

[—0.1850

| —0.0047

0.0046]
0.6305 |

0.0074]
0.6287]

0.0117]
0.8861 |

0.0143]
0.4016]

0.0206]
0.4158)

0.0286]

0.2986

[—0.1410]
|—0.6334]

[—0.2387]
|—0.6332]

[—0.3859)]
| —0.4449)

[—0.7193]
|—0.4515]

[—1.0114]
| —0.4262

[—1.3323]

| —0.5423)
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—0.8119  0.0689 0.1196 —0.5938] | 0.5432

0.9471  0.0834| |—0.1026 0.1118] [—2.8391 ’

—0.0047 0.0125] |—0.0261 0.4245] |—0.1943 '
Consider randomly generated input u(-) with 4(0) = 0, and the input-output
behavior is calculated for the system (8.4) and its reduced system with relative
errors. Figures 8.3 displays the outputs, the input signal, and the relative errors

for original system and the proposed two dimensional reduced system. Clearly,
both outputs match nicely and the relative error is less then 6%.

([0.8014 —0.0770] [—0.1249 0.0523} {—1.4777{)

6 . —
—-4 —- Original system ‘/,/
4|~ 4~ Reduced system 4
2 A=
o /_‘/" ]
of AT * ]
== 1 I I I I |
1 2 3 4 5 6 7 8
2
~ 1F . | 3 'S 4
S N
= | 4 » »
* ot > ]
1 L L | } 1 |
1 2 3 4 5 6 7 8
0.06[ T T T =
- s T T
E|.004r = S T |
| 7 \
2> ’ N
<l 002t s N ,
a - .
/4/< ’\
0 L L 1 | | R -
1 2 3 4 5 6 7 8
k

Figure 8.3: Outputs and relative errors of original system (8.4) and the proposed
2nd order approximation.

Next, another initial /final value of the Gramians is considered by increasing
the magnitudes as Py = 0.5 and Q ¢ = 0.51. With the same input sequence as
in Figure 8.3, the input-output behavior with the relative error is depicted in
Figure 8.4, which shows that the choice of the initial /final values of Gramians
plays an important role in the error analysis. Therefore, it is concluded that taking
small magnitude with identity matrix could be the best choice for the initial /final
values of the Gramians.
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T B
—-#—-Original system "/,/'//'/4
4{—-4—-Reduced system — o T
g =T = ‘7*/
>2F /:,1-/»/ 1
—- :::.‘:.':t": -
O~ =~ “ ‘ ‘ ‘ i i 4
1 2 3 4 5 6 7 8
2
~ 1r > » .
S N
= > » »
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— |~
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Figure 8.4: Outputs and relative errors of the original system (8.4) and the proposed
2nd order approximation with initial /final values Py = 0.51, Q ¢ =0.51.

8.5 Discussion

In this chapter, a model reduction method for index-1 singular linear switched
systems is presented. The key novelty is the viewpoint of the SLSS as a piecewise-
constant time-varying system. First, an input-extended time-varying system
is presented which has identical input-output behavior as the original index-1
SLSS. Then, a time-varying reduced system is proposed by applying balanced
truncation for time-varying system which approximates the original SLSS. For the
computation of Gramians in discrete time, the initial / final Gramians are also
considered. An example is given for the performance of the reduced system.






Conclusions

9.1 Conclusions

In this thesis, the reduced realization and model reduction for switched systems
have been considered. It has been mentioned in introduction (Chapter 1) that
existing realization methods generally do not consider the switched system as a
piecewise-constant time-varying linear system, they allow the switching signal
as an input. It has been seen that a reduced realization in general depends on the
specifically known switching signal. Therefore, the main objective of this thesis
was the construction of reduced realization and model reduction procedures on
this system class. Later, the proposed methods have been used for underlying
problem of switched DAEs and finally, model reduction for singular switched
system in discrete time has been investigated.

The main contributions of the thesis can be summarized as follows:

¢ In Chapter 3, a method for reduced realization of switched linear systems
with mode-dependent state dimensions has been proposed and the technique
has been investigated only for single switch case. The key novelty is the
viewpoint of switched systems as a piecewise-constant time-varying system.
A reduced realization is obtained by first constructing an input-extended
version of the second mode, and an output-extended version of the first
mode and then, removing unreachable and unobservable states and finally,
reduce the jump map between the modes. More specifically, the proposed
technique consists two main steps; first, a minimal realization of the second
mode is constructed by taking into account the reachable subspace of the
first mode. Secondly, a minimal realization of the first mode is calculated by
taking into account the observable states of the second mode. The method is
basically relies on the Kalman decomposition of each mode and on finding
the reachable and observable states for each mode individually.
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9. Conclusions

In Chapter 4, a reduced realization procedure has been proposed for switched
linear systems with fixed switching signal and known mode sequence; the
results is extended for general switching signals. It has clearly been shown
that the reachable and unobservable subspaces of the given switched system
depend on the switching time duration which results in a reduced (fully)
time-varying systems. To circumvent this problem, suitable extended reach-
able and restricted unobservable subspaces have been defined according
to the known mode sequences and a sequence of corresponding projectors
is obtained. To do so, a weak Kalman decomposition based on extended
reachable / restricted unobservable subspaces is introduced which allows
the proposed extended reachable / restricted unobservable subspaces, and
which then can be used to remove certain unreachable and unobservable
states for each mode. The computed reduced switched system then preserves
the same input-output behavior as the original system. A conjecture has
been stated that the resulting reduced system has minimal size for almost
all switching times and it is not possible to reduce it further. An example is
provided to claim that, in general the dimension of the minimal realization
depends on the specific switching times.

In Chapter 5, a model reduction procedure has been proposed for switched
linear systems where each mode has the same state dimension. The key
feature is the time-varying nature of switched systems. The methods has
two main steps; first, a continuously time-varying system is proposed which
approximates the (discontinuous) switched system by allowing some errors
and secondly, available balanced truncation for time-varying linear systems
is applied to find a lower order reduced system. Moreover, balanced trun-
cation is reviewed in finite time horizon with initial/final condition of the
Gramians. Finally, it has been shown that the reduced system approximates
the original switched linear system; some error bounds are also proposed.

In Chapter 6, a model reduction method has been investigated for switched
linear systems with known mode duration. It has been shown that the time-
varying reachability /observability Gramians of a switched linear system
depend on the mode duration and they provide quantitative measure for
the states at a specified time. It has also been proved that the proposed
Gramians provide a quantitative measure for the input-output energy. A
midpoint based balanced truncation has been investigated for a balanced
system with similar input-output behavior as the given system. Moreover,
these Gramians matrices span the original reachable/observable subspaces
for switched systems. The computation of Gramians and some numerical
issues have also been discussed so that the proposed method is applicable
for moderately large-scale system.



9.2. Future work 135

In Chapter 7, switched DAEs have been studied, and a switched ODE with
jumps and impulses is constructed which has identical input-output be-
havior as the original switched DAE. Under some assumptions, a reduced
realization can be computed for the proposed switched ODE with jumps
via the method given in Chapter 4, and the computed reduced system has
the same input-output behavior as the original switched DAE. Finally, the
model reduction method from Chapter 6 has been applied to obtain a good
approximation of the input-output behavior. Numerical example has been
illustrated the results of the two reduction processes.

In Chapter 8, singular linear switched systems are considered in discrete time.
It has been shown that under some assumptions, certain time-varying system
has the same input-output behavior as the given singular switched system.
Balanced truncation has been proposed for the time-varying system to obtain
a lower dimensional time-varying system which then approximates the
original singular system. There, the reachability and observability Gramians
are also computed by introducing initial/final values. Finally, an example
demonstrates the proposed reduction techniques.

9.2 Future work

In what follows, some ideas are provided for future work. In Chapters 3 and 4, re-
duced realization is gained insight with some results for continuous time switched
systems. These results are also of interest for the discrete time case. Furthermore,
the minimality is not proven yet, and is still on ongoing research. Since all opera-
tions in the reduced realization method are calculated with exact arithmetic, the
computational efficiency of the proposed method in large-scale setting is not clear
at the moment, and further research is necessary.

Mode-wise balanced truncation method is developed in Chapter 6 by defining
suitable Gramians; no error bound is proven, although, the proposed Gramians
have a precise energy interpretation. Finding a suitable error bound is impor-
tant topic for future research. Numerical issues for computation of Gramians is
discussed there, while for very large-scale setting the proposed method is not
applicable without further investigation.

Model reduction for switched DAEs is investigated by making the assumptions
that the DAE does not produce state dependent Dirac impulses in output at switch-
ing time and that the jump map is independent from the input. It is of interest to
extend the existing model reduction methods such that these assumptions are not
necessary anymore.






Some basics on linear algebra

In this appendix, a self-contained introduction is presented to some control theory
tools that are useful in this thesis.

Lemma A.1 ([20]). Let A : R™ — R" be a linear mapping, and S1 and Sy are subspaces
of R™. Then, the following statements holds:

(i) (ker A)l =im AT and (im A)l =ker AT,
(ii) (S1+ S2)t = Si NSy and (S1 N So)*t = St + Sy .

Definition A.2. A symmetric matrix A € R"*" is positive semidefinite if 2" Az > 0
for all z € R"™. Again, if 27 Az > 0 for all z # 0, then A is called positive definite.

Definition A.3 (Cholesky decomposition). Let A € R™*" be a positive definite
matrix. The Cholesky decomposition is given by

A=R'"R,
where R is lower triangular with positive diagonal elements.

Theorem A.4 ([2]). For every matrix A of rank r, there exists orthogonal matrices U and
V such that

A= UEVT = iuifivi,
i=1

where U = [uy ... Up - Uy and V = [v1 ... 0. - - vy,], and 2 = diag(&; ... & 0...0)
contains the singular values of A.






Distribution theory

B.1 Review of classical distribution theory

In this section, some well known results for the analysis of switched DAEs are

reviewed from [135].

Let C> := { f : R — R | f is arbitrarily often differentiable } be the space of
smooth functions. The support of f € C* isgivenbysupp f :==cl{z € R | f(z) #0 }
where cl M is the closure of the set M C R. The space of test functions C5° : R — R
is given by

Co?:=={peC>™ | suppypisbounded }.

Definition B.1 (Distributions). The space of distributions, denoted by D, is then
the dual of the space of test functions, i.e.,

D:={D:C5 — R | D islinear and continuous } .

Here, continuity is with respect to a certain topology on the space of test functions.

The main two properties of distributions are 1) that they can be interpreted as
generalized functions, and 2) that they are arbitrarily often differentiable. To be
more precise, let L1 1, be the space of locally integrable functions, then

Ll,loc_>D7f_>f]D) :@H/f@,
R

is well defined (i.e. fp is indeed a distribution) and an injective homomorphism.
For i > 1, the i-th derivative of an arbitrary distribution D € D is given by

DY (p) := DUV, p € CFF,
where D) (p) := —D(y). Distributions can be multiplied with smooth functions:

(aD)(p) := D(avp), a« € C®, D € D, p € C5°.
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The simplest distribution which is not induced by a function is the Dirac impulse.
The Dirac impulse at t € R is given by

e :C5" = R, 0= () := (1)

The Dirac impulse is the distributional derivative of the so called Heaviside function

]l[0,00)I le

dp
VieR: 6 = a(]l[t,oo))]l))-

B.2 Piecewise-smooth distributions

Switched DAEs of the form E,i& = A,z + B,u, y = Cx do not have classical
solutions as the consistency spaces of different modes do not have to coincide
and then jumps or Dirac impulses might occur. However, it can be shown that
the space of distributions is not a suitable solution space as it is “too large”. In
general, it is impossible to define restrictions to intervals and multiplications for
distributions, for details see [135, Thm 2.2.2]. To overcome this problem, the space
of piecewise-smooth distributions is introduced in [135].

Definition B.2 (Piecewise-smooth functions, [135]). The space of piecewise-smooth
functions is defined by

CI(;‘?V = { Z Dpg g0y

1€Z

(ai)igz S (COO)Z, { t; € R | i1 €7 }
locally finite with t; < ¢;41,7 € Z ’

Definition B.3 (Piecewise-smooth distributions, [135]). The space of piecewise-
smooth distributions is given by

DprOC = { f]D) +ZDt

teT

f e, Dy € span{d;, &y, -} },

where T' C R is locally finite, and span{d,, d;, - - - } denotes the set of all finite linear
combinations of the Dirac impulse at t € R and its derivatives. The set Dpyco~ is a
subspace of D and closed under differentiation and restriction to intervals.

B.3 Distributional solution

Definition B.4 (Classical solution). A classical solution of DAE Ei(t) = Ax(t) +
f(t) is any differential function z € C!(R — R") such that Ei(t) = Az(t) + f(t)
holds for all £ € R.
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Lemma B.5. The ODE & = Ax + Bu with initial condition x(0) = xo has the same
solution as the impulsive ODE & = Ax + Bu + x¢d, 2(07) = 0on (0, c0).

Proof. The (distributional) solution of system & = Az + Bu + dpxo with 2(07) =0
is given by

x=e / e~ (Bu + doxo),

where H =: fo— D € Dpwee for D € Dpye, is the distributional antiderivative
operator such that H' = D and H(0~) = 0. Since e 4% = I, it follows that

A —A. A
e /e dozo = €" w1l 00),

which is the solution of system & = Ax + 06 with (0~) = 0. O

Lemma B.6 ([136]). For (E, A, B) = (I, A, B), the unique solution of the corresponding
ODE-ITP (7.9) is given by

x = xt()foo,O) + ((eA‘mO(O_))D + et / eA‘Bu>

[0,00)

Lemma B.7 ([136]). For (E, A, B) = (N, I, B) with nilpotent N, the unique solution
of the corresponding DAE-ITP (7.9) is given by

v—2 v—1 i

7 — i 7 d*
Pl N0~ TN B )
=0 i=0

where 1 < v < n is the nilpotency index of N and 5 denotes the i-th derivative of the
Dirac impulse 6.

Lemma B.8 (Solution of switched DAEs, [136]). Consider the reqular switched DAE
Eoi = Az + Bou with switching signal o : R — N. Then, for every u € Dy, ¢, there
exists a unique (distributional) solution x € D - satisfies the following properties: for
any t € (sk, Sk+1)

z(th) = eAiiff(t_s’“)Hkx(s,;) + (eAiiff'/
v—1

~Srymao
=0

— diff .
e 'B,‘g‘ﬁu>
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and the impulsive part at the switching times sy, is given by

v—2

i — diff . im i _ 3

z[sk] = (eA% o /7 ek 'B,‘j“%) [sk] — Z(Ek Pytla(s, )5;3
i=0

v—1
(BB (uy) D sy,
1=0

where (ug) D [sy] 1= Z;;B uCI D (50 — wp[sk] D, up o= s, 5, ), 6 denotes
the i-th derivative of the Dirac impulse 0.
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Summary

This thesis addresses several problems related to reduced models of switched
systems. In particular, three switched system classes are considered; switched
linear systems as well as switched differential-algebraic equations in continuous
time, and singular linear switched systems in discrete time. In general, the study
aims to find a reduced model for a given switched system with fixed switching
signal and known mode sequence. The proposed solutions studied in this thesis
can be distinguish into two main parts.

Part I deals with reduced realization for switched linear systems with known
mode sequence. First, some results are given for the single switch case. The key
feature of the method is to obtain a reduced realization by removing certain states
from an input-extended second mode and output-extended first mode, and this can
be done by applying Kalman decomposition. The reduced system preserves the
same input-output behavior as original systems. Secondly, a technique is proposed
for reduced realization for switched linear systems with general switching signals.
It is shown that the reachable and unobservable subspaces of a switched system
are time-varying and depend on the switching time duration. A weak Kalman
decomposition based on extended reachable / restricted unobservable subspaces is
introduced to overcome the problem of time variance. Based on this weak Kalman
decomposition, it is possible to remove certain unreachable and unobservable
states for each mode. The proposed reduced system has the same input-output
behavior as original switched systems. Finally, it is conjectured that the proposed
reduced system has a smallest order for almost all switching time duration.

Contrary to Part I, Part I deals with model reduction techniques for switched
linear systems and switched differential-algebraic equations. First, the discontinu-
ity property in the time-varying nature of switched systems is approximated by a
continuous time-varying system by introducing some errors. Thereto, balanced
truncation for time-varying system is applied to obtain a reduced system which
then approximates the original switched system. For large-scale systems, the over-
all computation for the reduced system may be computationally infeasible. Later,
another method is proposed for a known mode sequence and the reduced system
preserves then the system classes. The quantitative information for each mode
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is carried out by defining suitable Gramians and, these Gramians are exploited
at midpoint of the given switching time duration. Finally, balanced truncation
leads to a mode-wise reduction. The proposed method provides a good model
with suitable thresholds for the given switched system. Moreover, the proposed
method is applicable in a moderately large-scale setting.

A model reduction method for switched differential-algebraic equations in
continuous time is proposed. A switched linear system with jumps and impulses
is constructed which has the identical input-output behavior as original systems.
The resulting switched linear system contains then two additional features; state
dependent Dirac impulses at switching time instant and input dependent jumps.
Then, assuming some conditions, a reduced realization can be obtained via the
method proposed in Chapter 4 which preserves the same input-output behavior
as the original switched differential-algebraic equation. Later, an approximation is
obtained via the method given in Chapter 6.

Finally, a model reduction approach for singular linear switched systems in
discrete time is studied. It is shown that the solution of the given singular system
can be recovered by an input-extended time-varying system. Then, balanced
truncation for time-varying systems in discrete time is implemented to obtain an
approximation. The choice of initial /final values of the reachability and observ-
ability Gramians are also investigated.

Summarizing, several methods are developed in this thesis for reduced realiza-
tion and model reduction for switched linear systems as well as singular switched
systems.



Samenvatting

Dit proefschrift behandelt verschillende problemen gerelateerd aan gereduceerde
modellen van zogenaamde switched systems. In het bijzonder worden drie klassen
switched systems beschouwd: switched linear systems, switched differential-
algebraic equations in continue tijd, en singular switched systems in discrete tijd.
In het algemeen is het doel van de studie om een gereduceerd model te vinden
voor een bepaald switched system met een vast switching signal en een bekende
volgorde van modi. De voorgestelde oplossingen die in dit proefschrift worden
bestudeerd kunnen worden onderscheiden in twee hoofdonderdelen.

Deel I behandelt gereduceerde realisatie voor switched linear systems met
bekende volgorde van modi. Eerst worden enkele resultaten gegeven voor het
geval van een enkele switch. Het belangrijkste kenmerk van de methode is om
een gereduceerde realisatie te verkrijgen door bepaalde toestanden te verwijderen
uit een input-extended tweede modus en output-extended eerste modus. Dit
wordt gedaan door Kalmandecompositie toe te passen. Het gereduceerde systeem
behoudt hetzelfde ingangs-uitgangsgedrag als het originele systeem. Ten tweede
wordt een techniek voorgesteld voor gereduceerde realisatie voor switched linear
systems met algemene switching signals. Er wordt aangetoond dat de bereikbare
en niet-waarneembare deelruimten van een switched system in de tijd variéren
en afhankelijk zijn van de duur van de switching time. Een zwakke Kalmande-
compositie op basis van uitgebreide bereikbare / beperkte niet-waarneembare
deelruimten wordt geintroduceerd om het probleem van tijdsvariantie op te lossen.
Op basis van deze zwakke Kalmandecompositie, is het mogelijk om bepaalde
onbereikbare en niet-waarneembare toestanden voor elke modus te verwijderen.
Het voorgestelde gereduceerde systeem heeft hetzelfde ingangs-uitgangsgedrag
als het originele switched system. Ten slotte wordt verondersteld dat het voor-
gestelde gereduceerde systeem de kleinste orde heeft voor bijna alle duur van
switching times.

In tegenstelling tot deel I, behandelt deel II modelreductietechnieken voor
switched linear systems en switched differential-algebraic equations. Ten eerste
wordt de discontinuiteitseigenschap van tijdsvariante switched systems benaderd
door een continu tijdsvariant systeem door enkele fouten te introduceren. Daartoe
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wordt gebalanceerde afkapping voor het tijdsvariant systeem toegepast om een
gereduceerd systeem te verkrijgen dat dan het oorspronkelijke switched system
benadert. Voor grootschalige systemen kan de totale berekening voor het geredu-
ceerde systeem rekenkundig onhaalbaar zijn. Later wordt een andere methode
voorgesteld voor een bekende volgorde van modi, en het gereduceerde systeem
behoudt dan de systeemklassen. De kwantitatieve informatie voor elke modus
wordt uitgevoerd door geschikte Gramianen te definiéren en deze Gramianen
worden gebruikt halverwege de gegeven duur van de switching time. Ten slotte
leidt gebalanceerde afkapping tot een modusgewijze reductie. De voorgestelde
methode biedt een goed model met geschikte drempelwaarden voor het gege-
ven switched system. Bovendien is de voorgestelde methode toepasbaar in een
gematigd grootschalige setting.

Een modelreductiemethode voor switched differential-algebraic equations in
continue tijd wordt voorgesteld. Er wordt een switched linear system met spron-
gen en impulsen geconstrueerd dat hetzelfde ingangs-uitgangsgedrag heeft als
het originele systeem. Het resulterende switched linear system bevat dan twee
extra functies: toestandsafhankelijke Dirac impulsen op switching times en in-
gangsafhankelijke sprongen. Vervolgens kan, onder bepaalde voorwaarden, een
gereduceerde realisatie worden verkregen via de methode voorgesteld in Hoofd-
stuk 4 die hetzelfde ingang-uitgangsgedrag behoudt als de originele switched
differential-algebraic equation. Later wordt een benadering verkregen via de
methode gegeven in Hoofdstuk 6.

Ten slotte wordt een modelreductiemethode voor singular linear switched
systems in discrete tijd bestudeerd. Er wordt aangetoond dat de oplossing van het
gegeven singular system kan worden teruggevonden door een input-extended
tijdsvariant systeem. Vervolgens wordt gebalanceerde afkapping voor tijdsvari-
ante systemen in discrete tijd geimplementeerd om een benadering te verkrijgen.
De keuze van begin-/eindwaarden van de bereikbaarheids- en de waarneembaar-
heidsgramianen worden ook onderzocht.

Samenvattend zijn er in dit proefschrift verschillende methoden ontwikkeld
voor gereduceerde realisatie en modelreductie voor zowel switched linear systems
als singular switched systems.
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