Adv Comput Math (2018) 44:1845-1886 @ CrossMark
https://doi.org/10.1007/s10444-018-9610-z

Balanced truncation for linear switched systems

Ion Victor Gosea! © . Mihaly Petreczky? -
Athanasios C. Antoulas™* . Christophe Fiter’

Received: 27 June 2017 / Accepted: 17 April 2018/
Published online: 21 May 2018
© The Author(s) 2018

Abstract We propose a model order reduction approach for balanced truncation of
linear switched systems. Such systems switch among a finite number of linear sub-
systems or modes. We compute pairs of controllability and observability Gramians
corresponding to each active discrete mode by solving systems of coupled Lyapunov
equations. Depending on the type, each such Gramian corresponds to the energy
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associated to all possible switching scenarios that start or, respectively end, in a
particular operational mode. In order to guarantee that hard to control and hard to
observe states are simultaneously eliminated, we construct a transformed system,
whose Gramians are equal and diagonal. Then, by truncation, directly construct
reduced order models. One can show that these models preserve some properties of
the original model, such as stability and that it is possible to obtain error bounds
relating the observed output, the control input and the entries of the diagonal
Gramians.

Keywords Model order reduction - Switched systems - Balanced truncation -
Infinite Gramians - Controllability - Observability

Mathematics Subject Classification (2010) 93A15 - 93A30 - 93B11 - 93CO05 -
93C10

1 Introduction

In recent years, the need for accurate mathematical modeling of physical and arti-
ficial processes for simulation and control has been steadily increasing. To cope
with it, inclusion of more detail at the modeling stage is required, which inevitably
leads to analyzing larger-scale, more complex dynamical systems. Such high dimen-
sional systems are often linked to spatial discretization of underlying time-dependent
coupled partial differential equations (PDE).

In broad terms, model order reduction (MOR) is concerned with finding efficient
computational prototyping tools to replace such complex and large models by simpler
and smaller models that capture their dominant characteristics. Such reduced order
models (ROM) could be used as efficient surrogates for the original model, replacing
it as a component in larger simulations. For details on different MOR techniques, we
refer the readers to the book [1] and to the surveys [4, 6].

Hybrid systems are a class of nonlinear systems which result from the interac-
tion of continuous time dynamical subsystems with discrete events. These systems
are hence described by both discrete and continuous states, inputs and outputs. The
transitions between the discrete states may result in a jump in the continuous inter-
nal variable. The discrete dynamics is determined by a finite-state deterministic
automaton equipped with outputs (the so-called Moore automaton).

Switched systems constitute a subclass of hybrid systems, in the sense that the
discrete dynamics is simplified, i.e. any discrete state transition is allowed and the set
of discrete events coincides with the set of discrete states.

A switched system is a dynamical system that consists of a finite number of sub-
systems and a logical rule that orchestrates switching between these subsystems.
These subsystems or discrete modes are usually described by a collection of differen-
tial or difference equations. The discrete events interacting with the subsystems are
governed by a piecewise continuous function, i.e. the switching signal.

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. In this
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work we analyze continuous-time linear switched systems (LSS) with reset maps
(or coupling/switching matrices). The latter term refers to matrices that scale the
continuous state at the switching times.

Hybrid and switched systems represent useful models for distributed embedded
systems design where discrete controls are routinely applied to continuous processes.
In particular, switched systems have applications in control of mechanical and aero-
nautical systems, power converters and also in the automotive industry. For a detailed
characterization of theses classes of dynamical systems, we refer the readers to the
books [16, 19, 37, 38]. In the past years, hybrid and switched systems have received
increasing attention in the scientific community, which can be partly explained by the
fast development of the switch control research area (see [18, 24, 40]). In this con-
text, adaptive control techniques based on switching between different controllers are
used to achieve stability and improve transient response. The study of the properties
of hybrid and switched systems includes such topics as stability (see [13, 37, 40]),
realization including observability/controllability (see [27, 30]), analysis of switched
DAEs (see [21, 39]) and numerical solutions (see [17]).

In some cases, the complexity of verifying and assessing general properties of
these systems is very high so that the use of these models is limited in applications
where the size of the state space is large. A useful tool for dealing with such com-
plexity is MOR. A very prolific MOR method that has been continuously developed
over the years is balanced truncation (BT). It was initially introduced in the systems
and control theory in [23, 26]. The main idea behind BT is to transform a dynamical
system to a balanced form defined in such a way that appropriately chosen control-
lability and observability Gramians are equal and diagonal. Then a reduced-order
model is computed by truncating the states corresponding to the small diagonal ele-
ments of the Gramians. For more details on BT especially from a practical point of
view (i.e. application to large scale systems, solution of Lyapunov equations etc.),
see [7, 20].

In this paper we present a model order reduction algorithm for linear switched
switched based on balanced truncation. We consider linear switched systems whose
linear subsystems may have different state-space dimensions, and where the change
of the discrete mode is accompanied with a change in the continuous state using
linear reset maps. As it is usual in balanced truncation, the proposed method is based
on the following steps. First, observability/controllability Gramians are calculated.
Then, using these Gramians a state-space transformation is calculated such that after
the application of this state-space transformation, the observability and controllability
Gramians are equal to each other and they are diagonal. Finally, the reduced model
is obtained by discarding those states which correspond to small diagonal elements
(referred to as singular values) of these Gramians.

In this paper we propose the definition of new type of Gramians for LSS. More
precisely, for each discrete mode we define observability/controllability Grami-
ans.We propose two definitions of observability/controllability Gramians: one defini-
tion defines observability/controllability Gramians as solutions of an LMI, the other
one defines them as solution of Sylvester equations. The latter Gramians satisfy the
LMIs of the first definition. Note that both the LMIs and the Sylvester equations
mix Gramians which belong to different discrete modes. The proposed Gramians
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exist even if the underlying LSS is not exponentially stable for all switching signals,
but only for slow enough switching signals. Furthermore, we present an analytical
error bound for the L, norm of the difference between the outputs of the original
and reduced LSS. This error bound is formulated in terms of singular values of the
Gramians. However, this error bound is valid only for slow enough switching signals,
i.e., for switching signals with large enough dwell time. Recall that dwell time is the
minimal amount of time spent in each discrete mode.

Considerable attention has been dedicated in recent years to the problem of MOR
for linear switched system. The related work can be grouped into the following categories.

In [14, 41, 43, 44] the matrices of the reduced order model were obtained by
solving a set of LMIs, and the papers in this group differ from each other in the
specific assumptions they imposed on the system at hand and the form of the LMIs
employed. More precisely, for a given dimension of the reduced model and for a
given error bound these papers propose a set of LMIs, solution of which can be used
to calculate the matrices of the reduced order model. The L, gain of the system
representing the difference between the input-output behavior of the original and
the reduced model is then bounded by the fixed error bound. The advantage of [14,
41, 43, 44] is that error bounds are available. The disadvantage is that the proposed
conditions are only sufficient, and the trade-off between the dimension of the reduced
model and the error bound is not clear. Moreove, the computational complexity of
solving those LMIs might be to high. In contrast to [14, 41, 43, 44], the current paper
proposed a method, whose applicability depends on the existence of solution for a few
simple LMIs which are necessary to find the observability/controllability Gramians.
Once the existence of these Gramians is assured, the model reduction method can
be applied. Moreover, there is an analytic error bound and the trade-off between
the approximation error and the dimension of the reduced system is formalized in
terms of the singular values of those Gramians. Furthermore, under some very mild
assumptions, the Gramians can be obtained by solving Sylvester equations instead
of LMIs. Another difference with respect to [14, 41, 43, 44] is that we consider a
more general class of switched systems: in contrast to [14, 41, 43, 44] the switched
systems considered are allowed to have reset maps and the linear subsystems may
have different state-space dimensions.

In [25], a model reduction method is proposed for switched systems with
autonomous switching, i.e. switching which depends on continuous outputs. The
proposed method is based on balanced truncation of the linear sub-models. How-
ever, [25] proposes no error bounds. In contrast, in this paper we consider switched
systems with external switching (the switching signal is an external input), and we
provide analytic error bounds.

In [9-11] balanced truncation for discrete-time switched systems was studied.
The balanced truncation was based on discarding those states which correspond to
the small singular values of the Gramians. The Gramians themselves were defined
as solutions of the LMIs. An analytic error bound based on singular values of the
Gramians was provided. However, the model reduction procedure of [9-11] provided
a reduced model whose linear subsystems at each discrete mode depended on the
switching signal and often they may not exist. switching signal. More precisely, if
q (k) denotes the discrete mode at time step k, the matrices of the reduced model had
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to satisfy Aqiy = Lqa+1)Agtr Rqo)> Batty = Lqe+1)Bgw)s Caty = Aquo Rgh)
where (A, B;, C,) and (A,, B, C,) are the matrices of the linear subsystem asso-
ciated with the discrete mode ¢ for the original and reduced models respectively, and
l_,q, R, are suitable rr_1atrices. For example, if the switching signal is 123121, then
Ay = L3A2R; and A = L1A2R» has to hold simultaneously. In [10,11] no con-
ditions are provided to guarantee that this is possible. Moreover, if we consider the
switching signal 121124, then we get a different set of equalities which A, should
satisfy. That is, the model reduction algorithm of [9-11] need not always yield a
well-posed switched system, even if the Gramians exist, moreover, the parameters of
this switched system will depend on the switching signals. In contrast to [9-11], in
this paper we deal with continuous-time switched systems, and the parameters of the
reduced model do not depend on the time-varying switching signals (of course, the
parameters of each linear subsystem will depend on the discrete mode the subsystem
is associated with).

In [22] a model reduction algorithm is proposed which is based on finding observ-
ability/controllability Gramians for each linear subsystem and then bringing them
into a diagonal form by a common state-space transformation. Moreover, [22] pro-
poses necessary and sufficient conditions for the existence of such a transformation.
In contrast to the current paper [22] presents no error bound for the difference
between the input-output behavior of the original and of the reduced model. More-
over, in contrast to [22] we consider systems with reset maps and linear subsystems
whose dimensions may vary according to the discrete state.

In [2, 3, 34] model reduction procedures based on moment matching is proposed.
In contrast to the current paper, those methods do not allow for analytical error
bounds. However, in [2, 3] it is guaranteed that the reduced model will have the
same input-output behavior for certain switching signals. As to [34], in contrast to
the present paper, it considers switched systems with autonomous switching and it
proposed a model reduction procedure which guarantees that the reduced model has
the same steady-state output response to certain inputs as the original model.

In [31, 35, 36] model reduction based on generalized observability/reachability
Gramians are proposed. The method of [31, 35, 36] applies only to quadratically
stable linear switched systems. Here, quadratic stability means that there exists a
common quadratic Lyapunov function for all the linear subs-systems. Quadratic sta-
bility is known to be sufficient but not necessary for the linear switched system to be
exponentially stable for any switching signal and zero continuous input. The Grami-
ans at hand are solutions of a certain LMI. After calculating a solution of the LMI, a
linear state-space transformation is applied to the original model such that the observ-
ability Gramian becomes diagonal and equals the controllability Gramian. Then the
states corresponding to small singular values of these Gramians are thrown away.
Furthermore, in [31] an analytical error bound is presented which involves the singu-
lar values of the Gramians. The current paper can be seen as an improvement upon
[31, 35, 36]. The algorithm proposed in this paper can be applied to switched sys-
tems which are not quadratically stable, and like in [31, 35, 36] there is a clear error
bound and trade-off between the size of the reduced order model and approxima-
tion error. However, the price we pay for it is that the error bound is valid only for
switching signals with a sufficiently large dwell time. Another improvement upon
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[31, 35, 36] is that we consider switched systems with reset maps and with linear
subsystems whose dimensions are not necessarily the same.

The definitions of Gramians proposed in this paper are inspired by the definitions
previously encountered for the case of bilinear and stochastic systems (see [5, 42]).

Finally, it is worth mentioning that MOR for LSS is related to the notion of approx-
imate bisimulation introduced in [15]. The paper [15] does not directly address model
reduction. Instead, it proposes a definition of simulation relations among hybrid sys-
tems. Informally, an approximate simulation relation between two hybrid systems
is a multivalued map between their state spaces, which approximately respects the
dynamics and the output map of the systems at hand. As a consequence, if two hybrid
systems are related by an approximation simulation relation, then their outputs will be
close to each other. If one of the hybrid systems has a simpler structure, for example,
it is a finite-state transition system, then the existence of a approximation simulation
relation allows to use the simple system for control synthesis or verification. While
the general goal of model reduction and of finding approximate simulation relations
is the same (both aim at replacing a complex model by a simpler one), the details a
very different. In particular, in model reduction, the aim is to replace a model with
a model of the same type but with less states. For example, a switched system is
replaced by another switched system with a smaller number of states. In contrast, the
goal in using approximate simulation relations is to replace a hybrid/nonlinear sys-
tem by a finite-state transition system, which is approximately similar to the original
system. A formal comparison between classical model reduction approaches and the
ideas of [15] would certainly be very useful, but it would go beyond the scope of this
paper.

The paper is organized as follows; in the second section, we introduce continuous-
time linear switched systems in a formal way. Furthermore, we provide a charac-
terization of input-output mappings in time domain corresponding to such systems.
Section 3 describes the procedure of constructing infinite energy Gramians for the
simplified case with only two discrete modes. Next, in Section 4 we provide a sys-
tem theoretic interpretation of such Gramians (for the general case with D modes).
Furthermore, we formally introduce the balancing algorithm followed by the MOR
step, i.e. the truncation. A measure of the quality of approximation by reduction
is provided by means of a error bound. Additionally, we investigate the possibility
of preserving system theoretic properties such as stability, for the reduced system.
Section 5 is designated for the numerical experiments while a summary of the
findings and the conclusion are presented in Section 6.

2 Linear switched systems

Definition 1 A continuous time linear switched system (LSS) is a control system of
the form:
ol { X(t) = As(nX(t) + Bs(hu(r) )
"y = Conx(),
where Q = {1,2,..., D}, D > 1, is a set of discrete modes, o (¢) is the switching
signal, u is the input, x is the state, and y is the output.
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The system matrices A, € R"*% B, € R%*" C, € RP*", where q € L,
correspond to the linear system active in mode g € €2, and Xg is the initial state. We
consider the E; matrices to be invertible. Furthermore, the transition from one mode
to another is made via the so called switching or coupling matrices Ky, 4, € R"%2*"
where q1, g2 € Q.

Remark 1 The case for which the coupling is made between identical modes is
excluded, Hence, when q; = ¢» = ¢, consider that the coupling matrices are identity
matrices, i.e. K; 4 = I,,q.

The notation X = (ny,n2,...,np, {(Ay, By, Cplg € 2}, {Ky, 4:1119i, git1 €
Q}) is used as a short-hand representation for LSSs described by the equations in (1).
The vectorn = (n1 ny --- np ) is the dimension (order) of X.

The restriction of the switching signal o (¢) to a finite interval of time [0, T'] can
be interpreted as finite sequence of elements of 2 x R of the form:

v(o) = (q1, 11)(q2, 12) . . . (qk, t),

where g1,...,qr € Qand0 <ty <th <---<fr e Ry, t1 +---+ 1t =T, such
that for all t € [0, T] we have:

q1 if 1 €[0,n],
o) = | 2 e n+n]

g ifteti+...+tic1,1+...+ti—1+ 4], for2 <i <k.
In short, by denoting T; :=# + ...+ ti—1 +t;, To:=0, Ty := T, write

i if 1 €10, 7],
0= {% if te(Ti—1, Til, i > 2. 2)

Intuitively, the switching signal defined above specifies that in the interval [7;_1, T;)
the mode ¢; is active and hence the continuous state and output change according to
the linear system associated with this mode, i.e.,

X(t) = Agx(t) + Byu(r), y@) = Cyx(1). 3)

Remark 2 (The number of entries of the vector x(¢) changes with time) Note that the
continuous state depends on the discrete mode, in fact, the dimension of the space
it belongs to changes when the discrete mode changes. This is due to the fact that
the state-space dimension of linear systems associated with different modes can be
different.

Note that in order to define x, the (3) are not sufficient, as the initial state of the

differential equation in (3) is not specified. This calls for a careful and formal defini-
tion of what we mean by a solution of an LSS. To this end, denote by PC (R, R"),
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P.(R4, R™), the set of all piecewise-continuous, and piecewise-constant functions,
respectively.

Definition 2 A tuple (x,u, 0,y), where x : Ry — Uil R", u € PC(R4+,R™),
o € P.(R;,Q),y € PC(R4, RP) is called a solution, if the following conditions
simultaneously hold:

1. The restriction of x(¢) to [T; 1, T;) is differentiable, and satisfies X(t) = Ay, x(¢)
+Bu(?), and x(7;) = Ky, ¢;., I}HTl x(1).
t/ 1

2. Forallt e Ry, y(t) = Cy(x(¢) holds.

Remark 3 (Existence and uniqueness of solution) The solution of a linear switched
system is unique for every initial state, continuous input and switching signal. More
precisely, for every initial state xq, input signal # and switching signal o, there exists
a unique function x : Ry — Uiil R"™, andy : Ry — R? which satisfies the con-
ditions of Definition 2, and such that x(0) = xg. It is sufficient to show that there
exists a unique functionx : Ry — Ul.; 1 R% such that x(0) = xo and which satisfies
the conditions of Definition 2. In order to show existence, for every i € N, define
the functions z; : [Ti—1, T;] — R" recursively as follows: let zo : [0, T1] — R™
be the solution of the differential equation z1(t) = Ay z1(¢) + By, u(r) with the
initial state z1(0) = x(0), and if z; is defined, then let z; 1 be the solution of
the differential equation z;11(t) = Ay, 2i+1(f) + By, u(?) with the initial state
zi+1(T}) = Kgy; 4;4,2i (T}). Define now x by x(¢) = z;(¢) forall t € [T;_y, T;) for all
i € N. Itis clear that x satisfies Definition 2. Assume that X : R, — Ul'; | R" satis-
fies the conditions of Definition 2 and X(0) = x(0). We will show by induction that
for every i € N, the restrictions of X and x to [T}, T;+1) are equal. Indeed, for i = 0,
consider he restriction of X to [0, T}) is a solution of the differential equation z;(¢) =
Ay, 21(t) + By u(z) with the initial condition z;(0) = x(0) = x(0), and hence by the
uniqueness of solutions of differential equations, restriction of X to [0, T7) equals the
restriction of zg to [0, T7), and the latter equals the restriction of x to [0, 7). Assume
that the induction hypothesis is true for i < k. In particular, this implies that the

restrictions of x and X to [Ty, Tr+1) are equal. In particular, lim x(z) = lim X(¢),
1,/ Ti41 t /Tt

and hence x(7; =K lim x(¢) = K Iim X(t) = X(Tx11).
I nce X(Ti+1) Gh+1:9k+2 t/’lTkH Q) Ght1.9k+2 t/}%lﬂ (1) (The+1)

Since the restrictions of x and X to [T+, Tx+1) are solutions of the same differen-
tial equation Zx41(f) = Ay, 2k+1() + By, u(z) with the same initial condition
2k+1(Tk+1) = X(Tr+1) = X(Tx+1), by uniqueness of the solution of a differential
equation, the restrictions of x and X to [T} 1, Tg12) are equal.

The switching matrices Ky, 4., allow having different dimensions for the subsys-
tems active in different modes. If the K, 4., matrices are not explicitly given, it is
considered that they are identity matrices.

The input-output behavior of an LSS system can be described in time domain
using the mapping f(u, o). This particular map can be written in generalized kernel
representation (as suggested in [28]) using the unique family of analytic functions:
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g, Rk—>R1’andh Rk—>R1’X’”Wlthq1,...,qke§2,k}lsuch
that for all pairs (u, o) and for T =1 +1t)+ -+ tx we can write:

fu, 0) (1) = g, (1 o w{j/ aidior o (i —To lip 1, - OU(T+Ti_dT, ()
i=1

where the functions g, h are defined for k > 1, as follows,

_ Atk Agi_q k=1 Ayt
€. qrngy T 120 TE) = Cy e’ ¥ Ky e 1" Ky r.q, Ko™ %0,  (5)

_ Ayt Ay k-1 Ayt
hy g @12, 1) = Cge® ¥ Ky, | @™ %=1 Ky ) g0y Kgg671" By (6)

In the rest of the paper, we will make the following assumption.

Assumption 21 If X is an LSS of the form (3), we assume that forallg = 1,..., D, A, is
stable, i.e. all eigenvalues of A, have a strictly negative real part.

Assumption 1 implies that each linear subsystem of the LSSs are stable. However, this
does not imply that the LSS at hand is stable for any switching signal, see [16, 19, 37, 38] for
counter-examples.

Remark 4 (Role of minimallity) Since in this paper we aim at proposing a MOR method for
LSS, it is natural to discuss the issue of LSS of minimal order realizing a certain input-output
function. Indeed, transforming an LSS to a minimal order one, while preserving its input-
output behavior could be a first step toward model order reduction. There exists a complete
realization theory and a minimization algorithm for linear switched systems [27, 29]. Accord-
ing to this theory, a linear switched system is called minimal, if the sum of the dimensions
of its LTI subsystems is minimal among all the linear switched systems describing the same
input-output function. It is also shown that minimality is equivalent to observability and reach-
ability of the linear switched system. Here, observability means that any non-zero continuous
state will yield a non-zero output for a suitable switching signal, and reachability means that
the span of all states reached by varying continuous input and switching signals is the whole
state-space. It is well known [27, 29] that a linear switched system can be observable (respec-
tively reachable), without any of its LTI sub-systems being observable (respectively reachable).
Based on this observation, it can be shown by means of counter-examples that minimality of
a linear switched system does not imply that of its LTI sub-systems, i.e., it can happen that a
linear switched system is minimal, but the LTI subsystems are not. For this reason we do not
assume minimality of the LTI subsystems, as it would exclude a large class of input-output
behaviors which are realizable by linear switched systems.

In particular, [27, 29] propose algorithms for transforming a linear switched system to a
minimal one, while preserving its input-output function. Hence, that minimization algorithm
can be considered as a primitive model reduction algorithms, which eliminates those states
which do not contribute to the input-output behavior of the system. Note that the minimization
algorithm produces a system whose input-output behavior is exactly the same as that of the
original system, while the goal of model reduction is to produce a system whose input-output
behavior is sufficiently close, but not necessarily the same as that of the original system. Since
the former goal is a special case of the latter one, minimization algorithms can be viewed as
subclasses of model reduction algorithms. However, since they aim at preserving exactly the
same input-output behavior, they tend to produce too large systems.
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1854 1. V. Gosea et al.

Naturally, before applying any model reduction to a linear switched system, one can use
the minimization algorithm of [27, 29] to obtain a smaller linear switched system model.

However, in this paper we prefer not to restrict attention to minimal LSS, as it is not neces-
sary and in fact would lead to technical complications. More precisely, the proposed algorithm
could yield non-minimal models, even if applied to minimal LSS. Since the main analytical
result of the paper is proven using repeated application of the model reduction procedure for
eliminating one single state, assuming minimality could lead to technical difficulties. Indeed,
if our assumptions include minimality of the LSS at hand, then after applying the model reduc-
tion procedure to eliminate one state, we might end up with an LSS which is not minimal.
Then, we could no longer apply the same model reduction algorithm to this reduced LSS. We
could minimize this reduced LSS. However, for the proof we need this LSSs to be balanced
with Gramians which are diagonal and which are sub-matrices of the balanced Gramians of
the original LSS. It is not clear if applying the minimization algorithm will preserve these
properties.

The remark that the proposed algorithm may result in non-minimal LSS might seem
counter-intuitive. Intuitively, the proposed algorithm, like all the other balanced truncation
algorithms, will eliminate certain poorly controllable and poorly observable states. However,
we have no proof that the proposed algorithm will eliminate unobservable or unreachable
states. In fact, it is known that the balanced truncation algorithm from [31] may result in non-
minimal models. Note that in our algorithm we require that the observability and reachability
Gramians are positive definite. While in the LTI case this would imply minimality of the LTI
system, it is not clear if our assumptions imply minimality of the switched system. In fact,
the counter-example of [31] is a strong indication that this is not the case. However, since the
Gramians proposed in this paper are different from that of [31], formally we cannot be certain.
All these issues require further research.

3 Energy Gramians for LSS for two modes

The purpose of this section is to provide some intuition behind the general definition of Grami-
ans which will be presented in Section 4 later on. For simplicity of the exposition, we first
consider the simplified case D = 2 (the LSS system switches between two modes only). This
situation is encountered in most of the numerical examples in the literature we came across.
see Section 4.

3.1 Setup and notations

Assume that there are two discrete modes, i.e., D = 2. Depending on the values of the

switching signal o (), the original system X switches between the following subsystems,

¥ { X1(1) = Axi (1) + Bru@), | %, { X2(1) = Ao (1) + lel(f) e
y(#) = Cixq (0. y(#) = Coxa (1),

where dim(X1) = n; (i.e.x; € R" and A} € R">*"1 By, C]T € R") and also dim(X,) = ny
(i.e. x € R™ and Ep, A; € R"2*"2 B,, C2T € R"). Notice that we allow both the two
subsystems to be written in descriptor format (having possibly singular E matrix).

Denote, for simplicity, with K; the coupling matrix when switching from mode 1 to mode
2 (instead of K ) and, with K>, the coupling matrix when switching from mode 2 to mode 1
(instead of K3 1) with K| € R"*"! and K, € R"1*"2,
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In the following, for the first two levels we present the generalized kernels, which were
previously defined in (6), i.e.,

hi(t;) = C1eA1"By,
hy (1) = Cre2'1B,.

hy 2 (t, 1) = C1eA11KpeA22B,,

Level 1 :
eve { ho 1 (t1, 2) = CoeM21 K eM2B, .

,Level 2 : {

Consider a LSS system X as described in (1) with two operational modes, i.e D = 2 and
Q = {1, 2}. Consider dim(X;) = ny for k = 1,2 and let K; € R"2*"t and K, € R"1*"2 be
the coupling matrices.

Definition 3 For v € {1, 2}, let Q""" and QT be the ordered sets containing all tuples that
can be constructed with symbols from the alphabet 2 = {1, 2} and that start (and respectively
end) with the symbol v. Also, no two consecutive characters are allowed to be the same. Hence,
explicitly write the new introduced sets as follows:
Qlt ={), 1,2, 1,2, 1,...}, T ={2),2. 1,2, 1,2),...}, ®)
Qb =((), 2, D, (1,2,D,..}, @7 ={2),(1,2,2,1,2),...). )

Definition 4 Let the " unit vector of length k be denoted with

e =100,....1,....0]" eRF, e;(¢) =1, if¢ =iande;(£) =0, else.

In some contexts we may use the alternative notation e; ; to emphasize its dimension k. The
identity matrix I; € R¥** can be written as I; = [ej & ek ... ekl Also,let Oy, € Rkx¢
be an all zero matrix. When k = ¢, we use the notation 0; =€ R¥*¥ or simply 0 when the
dimension is clearly inferred.

3.2 Level k switching - an intermediate step
3.2.1 Reachability Gramians

Introduce the following level k energy functional g, . . (fi,t2, ..., f) : Rf — RN xm,

corresponding to the switching sequence (g1, g2, ..., qk) € QF, as

.....

r _ Agn Ayt Ay, tk
gql,qz,...,qk (1,12, ..., 1) = €70 K‘]Z»‘]le “ K%,qz o 'K(wa]k—le U qu' (10)

By fixing the first element of the tuple (q1,q2, ..., qk), i.e., g1 € {1,2}, note that
(91, g2, - - -, qk) can either be an element of QL+ or of Q%+ (as introduced in Definition 4).
If we choose g; = 1, then it follows that (g1, g2, ..., qr) € VT. Examples of energy
functionals associated to sequences from 2" T, are for instance the following
gi(tn) = eMIBy, gl (1, 1) = M K2eA By, gl 5 (11, 12, 13)

= MK MK AIBBY, L.

In general, define the level k infinite Gramian corresponding to mode q1 € {1, 2} as

.....

(11)
Note that due to Assumption 1, the infinite integrals in (11) are well defined. By making
use of the recurrence relation

r _ (As N r
g 120 1) = (R Ky, g Vg0 40 (0,13, 1),

,,,,,

@ Springer



1856 1. V. Gosea et al.

it follows that the k™ Gramian corresponding to mode 1 (or respectively mode 2) can be written
in terms of the (k — 1)™ Gramian corresponding to mode 2 (or mode 1), as

r r T
PP —/ / AK g 0)8 g e (&g (20 1))

A * A *
(e qlthqzm) dtl---dfk=/(; e qlthqzm(/Q 8apeq (125 -+ 1)

. T
(ng’_“’qk(l‘g,...,tk)) dtz...dtk)K;;, e "ltldl‘l

o0
=/ eAnlKy, 4 PR ”ngqe alldy,. 12)
0

Next, introduce the linear reachability Gramians for the case with no switching. They are
denoted with P(l), correspond to mode ¢ € {1, 2}, and can be defined as

P = [Ty (g ) dr = " A BT A dr (13)
e’ = ), B8 = aPq :
It is a well known result that Pf,l) satisfies the following Lyapunov equation:
APV +PVAL +B,B! =0. (14)

Proposition 1 With Assumption 1, the level k reachability Gramians corresponding to modes
1 and 2 from (11) are the unique solutions of the recursive systems of linear equations:

AP + PPAT + K PY VKD =0, (15)
AP+ PPAT + K PEVKT =0, (16)
where k > 1 and P,(jll) is as in (14).

Proof of Proposition 2 By multiplying the equality in (12) with A, to the left and with Agl to
the right, we write

o0
Aqlpgf) ng)AT _fo AqleA‘“"qu,qlP;’;_l)Kg e ‘/l“dtl

[o¢]
+ / eAnKy, 0 PSTVKE e 41"AT dt
0
_ *© d AqlflK Pk ])KT "ltld[ Pk I)KT
~ dn \°¢ a.q1€ 1 Kr.a: aq°
Hence it follows that, for g1, g2 € {1, 2} with q1 # q2, we write
103) (AT *k=DgT  _
Ay Py + Py Ay, + Ky, qIP K0 =0,
which proves the statements in (15) and (16). O
3.2.2 Observability Gramians
Define the level k energy functional gzk _____ s (tr, ... 1o, 11) : RE — RP*Mar | corresponding
to the switching sequence (gx, . . ., ¢2, q1) € QF, as
A -
g;kﬂk—l,...ﬂl (tks oo 12, 11) = queAq"tkKQk—l,qke o1 1k ]KQk—qu—l o 'quqqzeAqltl an
By fixing the last element of the tuple, i.e., ¢ € {1, 2}, note that (g, ..., g2, q1) can either

be an element of 27! or of Q72 (as introduced in Definition 4).
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If g1 = 1 is chosen, then it follows that (gx, gk—1, ..., q1) € $2F. Examples of energy
functionals associated to sequences from 21!, are the following

Ayt Aot Ayt
gi(n) = Cie™, gf (1) = Cre™2K e,
Ayt Agt Ayt
g5, (3, 12, 1) = CreAB KoMK M

Define level k infinite Gramian corresponding to mode g1 € {1, 2} as

Note that the infinite integrals in (18) are well-defined due to Assumption 1. By using the
following recurrence relation,

0 o0 Ay 1
Sorgrg Ts -2, 1) = 8o q3,q2(fk,--.,ts,tz)(qu.qze alt),

the k™ observability Gramian corresponding to mode 1 (or respectively mode 2) can be written
in terms of the (k — 1) observability Gramian corresponding to mode 2 (or respectively mode
1), as

o0 o0
Ay 1 _ Al T o T
(Kgy goe™n™)dty ... dy = / e Ky g 0 (5o W - 2)

0
A
& (i .,tz)dtz...dtk)quﬁqze i dry
% AT T k1) A
— t
- ~/0 e lK‘IMIzgf(Iz Kg, g €™ " d11. (19)

The linear observability Gramian (for the case with no switching) Q((Zl) which corresponds
to mode g € {1, 2}, can be written as

(1) *© o T o *© ATt T Ayt
Qy :/0 (g) gq(t)dt:/O Al C et dr. (20)

It is a well known result that Q;l)

AT + oA, +Clc, =o. @1

satisfies the following Lyapunov equation:

Proposition 2 With Assumption 1, the level k observability Gramians corresponding to modes
1 and 2 defined in (18) are the ungiue solution of the recusive systems of linear equations

AT o + o, + KT ki =0, (22)
AT o + oPA; + K5 Q¥ VK, =0, (23)

where the starting point is represented by the linear Gramians (with no switching) Ql(lll) in (21)
that correspond to the first level.

Proof of Proposition 4 By multiplying the identity in (19) with AZI to the left and with A, to
the right, we write
o0
T o) A — T ALUKT k=1 Agt
Ay qu + qu Ay —/0 Ag e qu,ngqz K, g0 0" dn
2.41

[o¢]
Al tipeT k—1 A
- /0 K, QE]Z 'Ky goe1"1 Ay, diy

© d T
_ - A, iy T (k—1) Ayt _ kT k=1)
__/0 dn (e 1Ky 9 Kypgae™ dfl) =-K;, 6% Kpa-
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Hence it follows that, for g1, g2 € {1, 2} with g1 # g2, we write

T o) (k) T (k—1) _
Afn qu + qu Afll + qu,qz qu Km,qz =0.

which proves the statements in (22) and (23). O

3.3 Infinite Gramians and Lyapunov equations

Next, we will propose a definition of reachability/observability Gramians which collects level
k reachability/observability Gramians. We will start with reachability Gramians.

Definition 5 Introduce the infinite reachability Gramian P,, corresponding to mode g €
{1, 2} of the LSS system X as

o0
Py =3 PO — P PO (24)
k=1
in terms of the multivariate functions g; in (10) or matrices 77(511‘) in (11).

Note that P, is computed by taking into account the inner products of energy functionals
associated to all possible switching sequences (of any length k) that start in mode g .

Definition 6 Introduce the infinite observability Gramian Q,, corresponding to mode g €
{1, 2} of the LSS system X as

o0
Q=) oW =09 +oP +... 25)
k=1

Note that Q,, is computed by taking into account the inner products of energy functionals
associated to all possible switching sequences (of any length k) that end in mode ¢;.

Note that the existince of the newly defined Gramians is not evident. The following result
from [42] addresses the existence of the newly defined Gramians. In a nutshell, it states that
this holds if the norm of the coupling matrices is sufficiently small. In order to state this result,
we need the following notation. Write the matrices {P,, A;, B, Cy}, g € {1, 2} and {K,, 4.},
q1, g2 € {1, 2} in block-diagonal format, as

X1 0 | 0 Ky
XD_[0 Xz],Xe{A,B,C,P}, KG_[Kz 0]. (26)
Proposition 3 If
2
Ap is stable and ||[Kq|l = max([Ki |, K2 ) < 70[ 27

where o, B > 0 are such that |e*?'|| < Be™® . for all t € R.y,! then the infinite sums in
(24)—(25) are absolutely summable, and hence the reachability and observability Gramians in
(24) — (25) exist.

Note that if Ap is stable, then there always exist constants «, 8 > 0 such that lleAr!|| < Be~? holds.
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Infinite reachability/observability Gramians satisfy Sylvester equations.

Proposition 4 Assume (27) of Proposition 3 holds. Then the infinite reachability Gramians

defined in (24) satisfy the following system of generalized coupled Lyapunov equations

{AlPl + PiAT + K, PoKT + B BT =0, 28)

APy + PoA] + K1 PIK] + BoBY = 0.

Proof of Proposition 5 By adding the equalities stated in (15) and (16) for k > 2 as well as the
one corresponding to k = 1 (in (13)), it follows that

o0
1 AT T k T k—1 T
(AqIP‘;I) + P‘;])Aql + B‘IlBtIl) + Z (A’IIPI;I) + 73‘IlAql + K‘IL‘IIPtgz )K‘hv‘ﬂ) =0
k=2

k k k
= Aql (Zlfil 77151)) + (Zl?i] Pq(l))Agl + Kl{zafh ( Zlfil P;I))ng,ql + BqlBgl =0.
= Ay Py +PCI1A17/-1 +Kq2,q|P41K171-2,q1 +Bq1Bz7;1 =0 Vg #q2 € {1,2},
which shows the validity of the equalities introduced in (28). O

Proposition 5 Assume (27) of Proposition 3 holds. Then the infinite observability Gramians
defined in (25), satisfy the following system of generalizaed coupled Lyapunov equations

ATQ| + Q1A + KT Q:K; +CICy =0,
AT O+ QA + KX Q1K, +C C, =0,

in terms of the multivariate functions g; in (10) and matrices ng) in (18).

(29)

Proof of Proposition 6 By adding the equalities stated in (22) and (23) for k > 2 as well as the
one corresponding to k = 1 (in (20)), it follows that

T H )] T T T H® (k—=1)
(Aq1 Q‘]l + Q‘]l A‘]l + Cq1Cq|) + Z/?O=2 (Aq1 QQI + QQIA‘]I + K;,qz qu Kl]l’qz)

(k) k) (k
=0= A7 (202 Q4)) + (X202, Q1)Ay + Ki o (282 Q) Ky, g + Cl Cy =0.

= Agl Q‘Il + Q‘IIAQI + K;,qz Qme]lm + CZI qu =0 Vg #q € {1,2},
which shows the validity of the equalities presented in (29). O

Remark 5 Instead of solving the two equations in (29) separately, one can solve one equation
ApPp + PpAp, + KqPpKg + BoBp =0, (30)
and recover the reachability Gramians PP and P, as block diagonal entries of Pp.

Remark 6 Additional to (26), write the matrices {Q,}, ¢ € {1, 2} in block-diagonal format,
Q1 0

as Qp = [ 0 O ] Hence, instead of solving the two equations in (29) separately, one can

solve one equation
ADQp +QpAp + KGQpKq + ChCp =0 31)
and recover the observability Gramians as the block diagonal entries of Qyy.

For high order examples, it is not trivial to solve such generalized Lyapunov equations as

(30) and (31). A possible approach is to approximate these solutions with truncated sums of
positive definite matrices,

H H
Pp~Y PR, QY QY. H>1, (32)
k=1 k=1
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where Pg ) and Qg‘ ) can be written as solutions of regular Lyapunov equations,
ApPy + Py Ap + KqPy VK =0,
ADQY + Q¥ Ap + KGQY "Kq =0, k>2.

For practical applications, solving many such Lyapunov equations is expensive. One can com-
pute low rank factors instead of the full solutions to speed up the calculations ad avoid memory
problems (for example, by using the toolbox in [32]).

4 Extension to LSS with D > 2 modes

Below, we extend the definitions of reachability/observability Gramians presented above for
the case D = 2 to the general case of D > 2 modes.
To this end, let 2 = {1,2,..., D}, D > 2 and fix the starting mode gq; € 2. Introduce

the switching scenario (g1, q2, ..., qk) € QF. Since we exclude equal neighboring modes, i.e.
qj # qj+1, 1 < j < k— 1, it follows that there are (D — %=1 ways of choosing such a
switching sequence (g1, q2, - . ., qx). For D = 2, there was only one possible sequence chosen
uniquely.

For general number of modes D, we have to take into consideration the inner products
corresponding to all sequences. Hence we adapt the definition of Pq(/f) from (11) as follows
D

(k) o0 o0 D
— r
G RS D DU D APRRCHAR Y

@=L, p#q qk=L. qr#qi—1

T
(gf“_yqz_,“_qu (1,12, ..., 1)) dtidty .. .d1. (33)
. k . " . .
where g;lyqzyqu (t1,t2, ..., 1)t RY —> R"1*™ is defined in the exactly same way as in (10),
but now for the general case of D > 2, i.e.,
Ayt Ayt Ayt
g;l¢‘12~,--~7qk(11’ D, ... 1) =e 1Ky, 5,722 Ky; g, Ky g €7 % By, .
Note that the infinite integrals in (33) are well defined, due to Assumption 1. Again, one can
write a recurrence relation by fixing the mode indexes g3, . .., g,
D
r _ Ay 1 r
gttt = Y (MK g )8 (1 ).
@=L, @27#q1

Next, it follows that the k™ reachability Gramian corresponding to mode ¢; can be written in
terms of the (k — 1) reachability Gramians corresponding to modes Q \ {¢1}, as

D
o0 T
PR = f > eAqlfquz,qlP;’;*)K;Me"ql”dn. (34)
0 =1, p#q

k)

Similarly, we adapt the definition of th from (18) as follows

D

ja— r
Q' = /0. /0 Z Z 81 (115 12 1)

=1, p#q ak=1, qr#qr—1

T
(g;qu2 ’’’’’ qk(l‘l,l‘z,...,tk)) dtidty . ..dt. 35)
where gl o (tk, .. 12, 10) Rk — RP*"a1 ig defined as in (36), i.e.,
0 _ Ay, ti Ay tk—1 Ayt
AR (tks - 2, 1) = Cye™ ¥ Ky, | g e %1% Ky, 5 g, Ky €™ (36)
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Similarly to the reachability Gramians, k™ observability Gramian corresponding to mode ¢
can be written in terms of the (k— 1) observability Gramians corresponding to modes £\ {¢1},
as

k Ag i\ T pk—1 Al

o= > et P VK g Mo, (37
=1, 274

Note that the infinite integrals in (33)—(35) are well defined, due to Assumption 1. Again,

one can write a recurrence relation by fixing the mode indexes g3, . . ., gk,

D
A
gt )= > (A Kyy 08 (a1 1),
@=L, @#q

Next, it follows that the k™ reachability and observability Gramian corresponding to mode
g1 can be written in terms of the (k — 1) reachability respectively observability Gramians
corresponding to modes 2 \ {q1}, as

D

o0
TR D DY T T
@=L, @27#q1
o D
= 3 Kgg et tPEDKD oA aldry. (39)
@=L, @27#q1

Definition 7 Define the infinite reachability Gramian corresponding to mode g1 € €2, as

o0
Py =) P (40)
k=1

Definition 8 Define the observability Gramians as

D
=2 o @
q1=1
Similarly to the case of D = 2, the question of existence of infinite reachabil-

ity/observability Gramians arises. It turns out that there exist an extension of Proposition 3 to
the general case D > 2. Again, the justification of what we propose comes from Theorem 2 in
[42], which addresses the existence of bilinear infinite Gramians for MIMO systems. In order
to present the announced result, we need the following notation, which is an extension of (26)
defined for D = 2.

Let iy : {1,...,n} — {1,...,n} be a cyclic permutation of index k where k €
{0, 1, ..., n —1}. The explicit rule is given by 7' (£) = mod(k +¢€,n), €€ {l,...,n}, while
the permutation 7;' can also be written as,

o= 1 2 n 7 “2)
mod(k +1,n) mod(k +2,n) ... mod(k+n,n)
k, ifl<k<g<n—-1
mod : {1,...,2n—1} = {1,...,n}, modk,n) =13 n, ifk=n

k—n, ifn+1<k<2n-1
Introduce the permutation matrix ®; € R"*" corresponding to 7/, that has the 2% row
equal to the unit vector e, o) . Note that @@ , =1, and (¢I>")T @ . kel{0,...,n}
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For example, write

001
123 123 123
3 3 3 3
fO_(123>’ ’1_<231>’ f2_<312>’andq’ = (1)?8

Forall X € {A,B,C, P, Q}and k € {1, ..., D — 1}, consider the notations

Xl O 0 lefg,k(l) 0 e 0
0 X;... 0 -D 0 Kz’fg_k@) .. 0
Xp = . Kq, = ¥ , . 43
0 0 0 0 0 . 0
0 0 ..Xp 0 0 ...Kp.p p

=D D 5D L. . . S
where @, € R2i=1 %% Xi=1 i g a block-permutation matrix written in terms of <I>,? , by replac-
ing its one entries with identity matrices I,;; of appropriate dimensions. For example, choose

D = 3 and k = 2, and write the matrix <i>§ as:

0 0 I,
&,; =|L, 0 0 e ROt+n2tn3)xni+ny+n3)
01, 0
Note that, following the definition of ®7, we can write that <i>z = <I>Z:IZ§+"3
Proposition 6 Assume that
V2
Ap is stable and |T|| < Ta (44)

where ' = /|| ZkD;]l KQkK& | and the scalars o, B. o, B > 0 are such that ||eAP?|| < Be™*"

holds for all t € Ry. Then the infinite sums (33)—(35) are absolutely convergent, and hence
the reachability Gramians in (33) and observability Gramians (41) are well-defined.

Hence, the existence of the new proposed Gramians is assured when, basically, the norm
of the coupling matrices is sufficiently small. Note also that, if D = 2, the exact result from
(27) is obtained. Note that we can generalize the results form Remark 3 and 4 for the case
with D modes. Moreover, the equations satisfied by the reachability Gramians P;, for i €
{1,2, ..., D} can be extended from (28), as follows

D
AP +PAl+ Y K PKl, +BB =0, (45)
j=1. j#i
if the condition (44) of Proposition (6) holds. Similarly, if the condition (44) of Proposition (6)
holds, then the system of generalized Lyapunov equations
D
ATQ; + QiA; + Z KiT,ijKi,j +CI'c; =o. (46)
=1 j#i

is satisfied by the matrices Q;, € Q.

Remark 7 One can rewrite the D equations stated in (45) as one equation in the following way,
D-1

ApPp +PpAjf, + ) Kq,PoKg +BopBf = 0. (47)
k=1
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Remark 8 Similarly, we can rewrite the equations in (46) as only one equation,

D—1

ApQp + QpAp + Y K{, QoKq, + CHCp = 0. (48)
k=1

The Gramians introduced in Definitions 7 and 8 are mainly going to be used for the original
possibly large-scale system. In this case, we would like to avoid computing the Gramians as
solutions of LMIs (as in [31]). Additionally, we present a more relaxed definition of Gramians
which will turn out to be useful for model reduction.

Definition 9 Let M > 0 be a constant The collection of matrices {P; > 0}['; | 18 said to be
M -relaxed reachability Gramians, if they satisfy the following collection of LMI,
Vie(l,2,...,D}: AiPi + PAl + MP; +B;B! <0
D
Vge(l.2,....D}: Y Ki,PKl, >0 (49)
i=1,i%q

Similarly, the collection of matrices {Q; > O}i'; | is said to be M-relaxed reachability
Gramians, if they satisfy the following collection of LMI.

Vie(l,2,....,D}: AT Q; + QA + MQ; + CI'C; <0,

D
Vge{l.2,....D}: Y K QK4 >0. (50)
i=1,i#q

Note that there might exist several M -relaxed reachability/observability Gramians.

Remark 9 (Relationship between Gramians and relaxed Gramians) Let {Pq}(?:1 be infinite
reachability Gramians according to Definition 7 and assume that for all ¢ € {1,2,..., D},

Zf;l’#q K Pi qu is strictly positive definite. Then for all ¢ € {1, 2, ..., Q} there exists
M, > Osuch that ZD K,;qP,'KiT’q > M,P, and hence, by taking M = min;)=1 M

i=1,i#q q>
{Pq}f:l satisty (49) for a suitable constant M > 0. Similarly, if {Qq}qD: | are infinite observ-
ability Gramians according to Definition 8, and assume that for all ¢ € {1,2,..., D},

zf; Lisq KZ,;‘ Qi KlT o 1 strictly positive definite. Then there exists a constant M > 0 such that
{Qq }le satisty (50) for a suitable constant M > 0. That is, under mild assumptions, infinite
reachability (resp. observability) Gramians are also M-relaxed reachability (resp. observabil-
ity) Gramians for a suitable constant M > 0. Note that the converse is not necessarily
true.

5 Main results
In this section, we will provide a collection of results that involve the new defined infinite
Gramians. In particular, these results will correspond to the more general case with D discrete

modes, as presented in Definitions 7, 8 and 9. In this section, we will assume the following.

Assumption 51 There exist M > 0 and positive definite matrices {pq}¢?=1’ {Qq }521 such
that they satisfy (49)—(50).
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In particular, if Assumption 2 holds, then the sets of M-relaxed reachability and observ-
ability Gramians are not empty. Moreover, in this case, all the linear subsystems are stable, i.e.
Assumption 1 holds. Finally, if there exists infinite reachability and observability Gramians
Pl {Qq}q > for which 372, . Ki PiK] > 0,32, .. Kl QK > 0, forall
q=1,2,..., D, then by Remark 9 they satisfy Assumption 2.

5.1 Energy bounds relating the input or output signals
First, we present the system theoretic interpretation approach; one can write upper and lower

bounds of the energy of observation and respectively, of the energy of control in terms of the
quantities Q; and P;.

5.1.1 Observability Gramians

Lemma 1 Consider an LSS X as defined in (1) which satisfies Assumption 2. Consider the M -
relaxed observability Gramians {Q }5):] from Assumption 2. Then, there exists a dwell time
w > 0 such that for any switching signal o of the form (2), with t; > wu, ¥Yi > 1, and any

solution (x,u, 0,y) of X with zero input u(t) = 0, the following holds

t
X070, x0 > [ 3T Gyds. Vi =0, (51)
0

where q1 € 2 represents the index of the first discrete mode in which X operates.

Proof of Lemma 1 1t is easy to see that KlT] QiK;j,i,j = 1,..., D are positive semi-
definite, hence there scalars y; ; > 0 to satisfy the following inequalities y;, JKT 9iK;; <
Q;.Introduce y = min y; ; and M = min M;. Choose the minimal dwell times as ;t =
i,jEQ, i#] ieQ
lny

——+. For any piecewise continuous switching signal o : R — € satisfying the conditions
in (2) and with minimal dwell time u, we will prove the bound stated in (51). Recall that Q,
satisfies (50). Let x(z) the corresponding solution to (1), and also introduce the functions

[ x(0)Qyx(1), 1 €[0,11)
V(x(1)) = { XT(t)QZ[‘X(Z), f T T i52 " (52)
[ eMx()T Qg x(t), t €10,11)
W(x(1)) = { eM(f—Ti—l)Vl(x(z))’ telli. T). i>2" (53)

where T; = Zle | te. By considering the uncontrolled case, the input function is considered

to be u(z) = 0, Vt. Using that dx(’) = Ay x(t), write the derivative of V() from (52) for
t €[Ti—1, Th),
AV (x(t dx” (¢
D~ O 0ux0) 45T (1024, T =X (0(A] Qy + QA X0,

Fort € [T;—1, T;), compute the time derivative of W(x(t)) as defined in (3) in terms of the one
corresponding to V (x()), as

M — Me M(—T;_ 1>V(x(t))+€M(t Ti- 1)@
o dat
eM(f*E‘—l)(MV(x([)) + xT(t)(AqT,. Qu + Qq,»qu)X(t))
= eM(f*Tifl)XT(l)(Azi Qg + QqAg + MQ[)X(Z)' 4
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By substituting the inequality in (50) into the above relation (54), and using that y(¢) =
C;x(t), t € [Ti—1, T;), it follows that

IW (x(t
7;’;( D < oMoy Ty, (55)
Introduce the following notation
x(T;7) = ,l}r? x(1), V(x(T;) = ;l}n; V@), W(T;)) = tl}r? W (x(0). (56)
By integrating the inequality (55) from T;_; to t € [T;_1, T;), it follows that
t t
Wx@) — Wx(Ti—)) < — / eME~Ti-Vy() T y(s)ds < — / y() y(s)ds. (57)
Tio1 Ti
From (52) and (53), it follows that
Wx(T;) = MTTDv (1) = MV (T, (58)
and additionally, using that x(7;) = K, 4, X(T;"), write
W(T)) = VX(T) = X" (K], Qg Ky X(T). (59)
From (59) and using that y = min y; ;, write
ijeQ, ij "
1 _ _ 1 _
Wx(T;) < ;X(T,- ) Qix(T7) = ;V(X(Tl- ). (60)

By combining (58) and (60), we can write
—Mt;

W(T)) < S—Wx(T)). ©1)

Since switching signals o with minimal dwell time u are considered, it follows that#; > u =

e M < iy Since, by definition u = —mvy, we get that ‘f;m" < 1. Therefore, from (61), it
follows that
Wx(T))) < W(T;)). (62)
Putting together the inequalities in (57) and (62), it follows that
T;
W&(T)) — Wx(Ti-1)) < — / y() y(s)ds. (63)
Ti—1

Now using the convention 7p = 0 and adding all the inequalities in (63), we obtain
¢ T

4
D WET) = WETi-)) < =) / Y ¥(s)ds
i=l =1y
T
= W(Ty) — Wx(0) < — / ¥y y(s)ds. (64)
0
Since W (x(T;)) = XT(T()QqHIX(Tg) > 0, from (64) it follows that,
T,
W (x(0)) > [ y) y(s)ds, Ve <O0. (65)
0

Now using that W (x(0)) = x(0)T Q4,x(0), the result in (51) is hence proven.
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5.1.2 Reachability Gramians
Lemma 2 Consider an LSS X as defined in (1) which satisfies Assumption 2 holds. Let
{Py }521 be the M -relaxed reachability Gramians from Assumption 2. Then, there exists 1 > 0
such that for any switching signal o in (2), with minimal dwell time u (i.e. t; > @ and any
solution (x,u, o,u) of X withx(0) = 0, the following bound holds
T;
xT(T[)Pq_[]x(T[) < / u’ (s)u(s)ds. (66)
) 0

h T,)=1 t).
where x(T,) t}nTl[x()

Proof of Lemma 2 Since forevery i # j € 2, K j,,'Pj_IK]T’ ; are positive semi-definite, there

exist scalars y; ; > 0, such that y; ;K j,jlpflK;i < Pfl. Introduce y = rgln# vi,j and
’ i,je i#j
let p = —lnﬁy. For any piecewise continuous switching signal o : R — € satisfying the

conditions in (2) and with minimal dwell time p, we will prove the bound stated in (66). Recall
that P, satisfies (49). By multiplying the inequality (49) with Pf‘ both to the left and to the
right, we write
AlP + P A+ MPT + PTIBB P! <0 ©7)

Let x(¢) be the corresponding solution to (1), and also introduce the function
x ()P, 'x(1), t € [0, 1),
X' (OP, '), 1t € [Ti-1, Th), i >2
Using that X(r) = Ay, x(¢) + B, u(?) and the definition of V (x(1)) in (68), for t € [T;_1, T;),
we have

AV (x(r)

ot

V() = { 68)

— WOty +xT (VP BD — xT (1) (AL P+ P A )x(0)
+2x()T P, ' Byu(),
and by using the inequality in (67), it follows that

w + MV (x(1) < —x(t)" P, "By, Bl P, 'x(t) + 2x(1)" P, ' By u(t)
= —IB] P, 'x(t) —u®)|3 +u®) u(). (69)
Hence, the following inequality holds as,
IV x(®)
“ar +MVE®) <u®)u@), 1 e[, T). (70)

By denoting W (x(1)) = eM~T) v (x(r)), fort € [T;_1, T}), it follows that

oW (x(1)) JMG-T) ( ad V(x(t))
ot
and by combining (70) and (71) and integrating from T; 1 to t, we obtain

+ MV(x(t))) an

t
W(x(t)) — W(x(T;-1)) < / M=yl (syu(s)ds. (72)
Tio1

Following the same line of thought as in Section 4.1.1, one can show that the following holds:
Wx(T;)) < WE(T;")), where Wx(T;7)) = I}ﬂnTl W(x(t)) fori > 0 and Wx(07)) =
t /1
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W (x(0)). By combining this statement with the inequality in (72), and by using the fact that
eM6=T) < 1, Vs € [Tj_1, T}), one can write

T; T;
W) - WET— ) < [ M~ Tal (syus)ds < [ u? ()u(s)ds
T Ti-1
4 ¢ T
sinces —T; 0= Y W(T;,) — W(TZ) <X [ ul(9)u(s)ds
i=1 i=1T_
Ty
= WE(T,)) — Wx(07) < [ul (s)u(s)ds. (73)
0

Since x(0) = 0, it follows that W (x(07)) = 0. Also, from the definition of the function W,
it is clear that W(x(7,)) = V(x(T, ")) = XT(T[)PZIX(T[). Hence, from (73), we directly
conclude that

T,

xT(Te*)Pq;'x(Tl*) < /uT(s)u(s)ds, Ve > 1, (74)
0
which proves the result in (66). O

5.2 Balancing transformation and truncation

In this section, we introduce the procedure for model order reduction by balanced truncation,
and we prove a bound of the approximation error.

Procedure 51 Let X = (n1,n2,...,np, {(Aq, By, Clg € @}, {Ky; 41119, giv1 € 2}) be
a linear switched system. Define the balanced LSS Y = (n1,n2,...,0p, (A, qu C,lg €
Q}, {Kyi gi4119i. gi+1 € 2}) as follows

1. Compute M-relaxed reachability {P, > 0}{1;: | Gramians which satisfy (49) and M-
relaxed observability Gramians {Q, > 0}5:1 which satisfy (50).
2. Find square factor matrices Uy so that P, = UqUZl-. Additionally, compute the eigenvalue
decomposition of the symmetric matrix UqT Q,Uy, as
T 2yT
U, QU; = VALY,

where A, is a diagonal matrix with the real entries sorted in decreasing order.
3. Construct the transformation matrices S, € R"*" as follows

S; = AJ*VIu, L. (75)

4. The matrices corresponding to the balanced realization X are computed in the following
way (for any ¢, q1, g2 € Q2)

Aq = SquS_l, Bq =848y, Cq = CqS_l, quyqz = ququqqu;ll- (76)

Proposition 7 Condsider the matrices Py = SqP,SL, Oy = (S;I)TQ(, g =
1,2,..., D. Then for every g = 1,2,..., D, 754 =A; = Qq, and {ﬁq}qD:]’ {Qq},li):l are

M-relaxed reachability and observability Gramians respectively of X.
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Proof To prove these results, proceed as follows
T 12T 71 T 124 Ty—1\T 1/2yT 172
SyPySy = (A 7V, U ) (U UL ) (A 7V U = A/ VIV A" = Ay,

and similarly for the observability transformed Gramian. The following result holds for any
ieQ

D
AiA,' + A,AlT + MA; +l_3i]_3iT <0, Z Kj,iAjK;i >0, (77)
=Lz
D
A/ A+ AR+ MA; +C/C <0, Y K AK > 0. (78)

J=1 i

We will prove only the first inequality since the proof for the second is similar. By multiplying
the equation in (49) corresponding to mode i with S; to the left and with SiT to the right, we
write

SiAPST + 8P ATS! + MS;P,ST +S:BBI'ST <0=
(SiASTY(SiPST) + (SiPiST) (S HTATST) + MS;P;ST +S:B;B]ST <0
= AiA; + AA] + MA; + BB <0.
Finally, if we multiply Zf;l,i# Kj,;PjKJT-J- > 0 by S; in the left and by SiT on the right,

it follows

D
S > K PKIS >0=

J=Lisj

D D -

Y K STHES;PSHSHKESH= Y KjiAK;; >0
J=Li#j J=Li#j

That is, (77) holds.
O

After the system is rewritten in the equivalent balanced realization, the next step will be

to construct a reduced order system by eliminating states similar as to the linear case with no
switching. One can partition the balanced realization of the original LSS X in the following

way
-11 -12 -1 =11 =12
- A A _ B - _1 =2 _ K . K.~
A= |2 2| Bi=| |, G=[e &, K =] 2% i, a9
=it [R ) eler el wo- [

<11 B | P ool N .
where A;” e R K, .R"7>* B; eR", C; € R!%"i  The truncation orders are chosen to
be less than the dimensions of the subsystems, i.e. r; < n;.

<o~ —

Definition 10 Consider the balanced LSS ¥ from Procedure 51 and consider the par-
titioning of its system matrices as in (79). Define the reduced order LSS X =
(r1,72, ..., 1D, {(Ag, By, Cp)lg € 2}, {Ky, 4,4, 19i- g1 € 2}) as follows

N 1 o S1 A 5 BN =11
Aj=A,. B, =B, C,=C,. Ky, =K, .. (80)

where r, < ng and g, q1, g2 € Q.
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By writing the dynamics of both the original balanced system ¥ and the reduced system 3,
as
X(1) = Ay X(1) + Bgu(n), X(1) = A, k() +Byu(), 1 €[fi1. Th), @1)
and continuing with the transition of the state variable from mode ¢; to mode ¢g;+ at time T;
again for both systems

— A

X(T) =Ky g;14 tl}n; X(1), X(T) =Kg.q:, tl}nTl x(0), (82)

we finally conclude that the original output and the one corresponding to the reduced LSS are
written as

¥(6) = CgX(1) = Cgx(1) = y(1). (1) = Cp k). (83)
We also partition the balanced Gramians corresponding to the system X as
A=Y 0 A er A erE (84)
0 A;

By plugging in the matrices in (79) and (84), into the equation (77)—(78), it follows that

Ail,&i + AZAIT + MIA\I‘ +1§,]§IT < or,- Z IA(J",'AJ'IA(;Z- > Or,- (85)
j=Li#j

AT A AA ~ AT A D AT ~ A

A A+ AA +MA +C G <0, Y K AK; >0, (86)
j=Li#

Hence, the reduced-order diagonal matrices 1A\,-, i € K are also M-relaxed reachabil-
ity/observability Gramians of the reduced system X.

5.2.1 Error bound

In this section we present a bound on the Ly norm of the difference between the observed
outputs corresponding to the original LSS and to the reduced LSS. We will show that this
bound depends on the L; norm of the chosen control input and on the neglected elements
of the balanced reduced Gramians. Some of the derivations presented here are inspired from
techniques used prior in the dissertations [8, 33] and in the more recent contribution [5], that
provides a bound for BT applied to stochastic systems.

We assume that all pairs of the original Gramians (P;, Q;), defined as the solutions of the
equations (45) and (46), are transformed through the corresponding balanced transformations
V;,into (A;, A;) where A; are diagonal matrices (i € €2).

Recall the inequalities (77) and (78). By multiplying the first inequality of (77) with A"
to the left and to the right, one can again write that

AJAT FATA + MAT + ATTBB] AT <0, (87)
From (87) and (78) it directly follows that the following relations hold for any vectors z and v
2(Aiz +Biv)A; 'x < VI3 — MzT A 'z, (88)
22" A] Az < —||Ciz)2 — M2T Ajz. (89)

Next, foralli € {1, 2, ..., D}, proceed to partition the transformed Gramians A;
Aiz[%ig], Bi €R. (90)

@ Springer



1870 1. V. Gosea et al.

Let B = meg( Bi. Let (X,u, 0,y) be a solution of X. By splitting the state variable X(¢) as
S

X(t) = [ X1(t) X2(0) ]T, with X; (t) € R"~!, %,(¢) € R, introduce real valued vectors
Note that the following holds:
y(@O) = §(@) = Cyx, (1), t €[Ti—1, Th).
Define the function
V(%o (1), Xe(1)) = X0 () Ag;Xo(t) + B X (DT (DAL'%c(0), t € [Ti-1. Ty (92)

Lemma 3 The temporal derivative of the function V, as defined in (92), satisfies
ot
forallt € [Ti_, T;).

<=MV @) + 4% u®)|3 - lly@®) — O3, (93)

Proof of Lemma 3 By putting together (79), (80) and (81) and by using the notation in (91), we
can write that

. 0 0 _

Xo(1) = Aqixo(t)"' |:B§,(Z)i|u(t) + [Agil(t)}x(t)v %94)

. _ 2 0 0 _

Xc(1) = Agxc(1) + 2B u(r) — |:B§‘_ ) i| u(t) — [Afﬁl o ] X(1). (95)
By using (94) and the inequality in (89), one can write that

d o 0 r
EXDU) Agixo(t) = 2x, (t)AinU(t)+2<|:B§iu(t)+A3,.lf((T)i| Aq,'Xo(f))

< —Mx] (1) Ay X (1) = 11Cg %o (D13 + 200 =—Mx] (VA %0 (1)

—ly@® =313 + 225, (96)
where
o =[] [ 2 1[5
By, u(t) + Ay X(1) 0 B, X2 (1)
= B, (B2 u(n) + A2'%(0) % 0. )

Similarly, by using (95) and the inequality in (88) for z = x.(¢) and v = 2u(¢), one can show
that

L7 A %e0) = 2(Ag xe0) + By 20(0) A7 X 1)

dt
-2 ([ 0 L TA'IX‘O))
B un) + AL k@) | 0
< =MxL (A, % (0) + 4u®)[3 - 2e. 98)
where
o - [ o0 }T{[\;] 0 Mil(t_)ﬁ((z)]
B, u(®) + A, x(t) 0 /3(;1 % (1)
= ﬁfZI(BZ;“(t) +A3}5‘(1))T§2(1). (99)
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From (97) and (99), observe that o, = ,351, o.. Hence, by adding the inequality in (96)
with the one in (98) multiplied by ,621_ , it follows that

d d
X0 AgXo(1) + B —Xe ()T AZIXe(6) < =M (%0() AgiXo (1)

dt
+ Brxe (T AL %) = Iy (@) — FOII3 + 48, )13,

and by using the definition of V (¢) in (92), it automatically proves the result in (93).
O

Introduce the concatenation of the state variables and of the coupling matrices
corresponding to the (balanced) original and reduced systems, ¢ € [T;_1, T;)

- X _ ~ K, o 0 _ _
X(t) — [zg;] c Ran,- 1’ KQi,LIi+1 — [ 416Q1+1 Kq ) j| e Rani 1><2nq,. l.
iqi+1
) (100)

From (82) and (100), it follows that X(7;) = Ky, 4., l}n% x(t). Note that the function
t /1

V defined in (92), can also be written as a function of X(¢), as

— T —
V(i(t)):i(;)Tﬁqii(t):[;g;} Rq[igﬂ telli_1,Tp), (101)

where the matrices Rq € R?a~1x214=1 are defined for any ¢ € £, as

- A A A1 A1
- Aq 0 _A‘I 5 Aq 0 q
Ry=| 0 B 0 |+5 01 By 01

L —A; 0 Ay A, 0 A,

r —1

A~ ~A—1 N N

Ay + ﬁqu 0 —A,+ ﬂgAq

= 0 28, 0 . (102)
N a1 " A —1

LA +BA, 0 A +B2A,

First, we present a result for one step reduction. The L, norm of the output error
computed as the differences between the original output and the output corresponding
to the reduced system is bounded by the norm of the input.

Theorem 1 Let ¥ = (ny,nz,...,np, {(Ag, By, Cy)lg € Q}, {Ky; 4:4116i5 gi+1 €
}) be a linear switched system. Assume that X satisfies Assumption 51.

Let X be a reduced order LSS from Definition 2 withr; =n; —1,i =1,2,..., D,
ie.,

L= —1,nm—1,....np—1{A,, By, Clg € @}, (Ky; 4,19, gi+1 € Q).

There exists 1 > 0 such that for any switching signal o of the form (2) with minimal
dwell time p (i.e. t; > |, Vi), and any contro} inputu € Lr(R™), if (x,u,0,y) isa
solution of X and (X, u, 0,¥) is a solution of £ and x(0) = 0, x(0) = 0, then

Iy —ll2 < 2Bllull. (103)
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Proof of Theorem I Choose u = _1117;/ as the minimal dwell time for the switching
signal o (), where y € (0, 1) is such that yf(;éf{l;f(q’,; < ﬁq, q.9 €{1,2,...,D}.

Such a constant y > 0 exists, since the matrices R, are strictly positive definite
g=1,...,D.
Introduce the function W (X(r)) = eM~Ti-Dy(x(r)), for ¢t € [Tj_1, Tj). It
follows that
IWE@) eM(z—Ti,1><3V(i(f))
ot ot

Let ©(t) = 4% lu(®)|13 — lly(t) — y(*)|13. From (93) and (104), we write that

oW (x(1)) <
ar

Repeating the reasoning from the proof of Lemma 2, it follows that

n MV(i(t))). (104)
eM(l‘—Ti—I)(..)(t)’ telT;—1,T;). (105)

- Te
X (TR, X(T)) g/ O(s)ds, V&> 1. (106)
0

where X(7,) = 1}117] X(t). Since IA{q/Z > 0, then fOTK O(s)ds > 0, V¢ > 1. By

t/ 1y
allowing T, — oo and by using the definition of the function ®, we can write

2 [ 2 = 2
4p / lu(s)llzds > / lly(s) — y(s)ll2ds.
0 0

Hence, the result in (103) has been proven. O]
Remark 10 By partitioning the set of discrete modes in two disjoint subsets, as

Q = {L,2,...,D} = Q1 Q, we emphasize two different cases when reducing
the system X

q € Q21 = perform reduction by 1 of the LTI subsystem in mode q, (107)
q € Q22 = donot change the LTI in mode q.
Next, introduce the balanced Gramians corresponding to the two subsets, as
IA\g 0 A
Ay = 0 B | for € 21, and Ay = Ay, forl € Q). (108)
¢

We conclude that the bound in (103) still holds for the setup that was introduced in
(107), as follows

Iy —¥ll2 < 2Bllull2, B = max . (109)

KGQ]
Here, the selection of the scalar 8 is restricted only to diagonal Gramians correspond-
ing to the discrete modes from €21. The proof is similar to the one just presented and

will be skipped for brevity reasons.

Next, we will present a more general result by extending Theorem 1 from one
step reduction to reduction to any dimension by allowing possibly different reduction
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levels for each active mode g € 2. Consider that the diagonal Gramians associated
to the original and reduced systems can be written as

O0g4,1 0 04,1 0
Ay = eRM*Mma A, = e R (110)
0 Oq.n, 0 04,1,
forq € {1,2,...,D}and oy 1 =2 042 = ... 2 Oq.r, > e Ogn, > 0. For ¢ e
{1,2,..., &}, introduce the following diagonal matrices
Uq,l O Uq,l 0
Ay = Cifi <ng—ry, (Ag= ,ifi>ng—ry
0 Og,ng—i+1 0 Oq,rq

(111)
Similarly, let (A, € R'¢t*7et, B, € R'at*™i, (C, € RPi*"at (K, 40 €
R’42:¢*"a1.¢ be the (1, 1) blocks of the matrices defined in (79);

) A _ B, ] - i ] K
Aq:{zq }7Bq:{—lq}acq:[ecq| }:quyqzz[zm’qz }

(112)
ng —4, if£ <ng—ry

forr, y = {
q,¢ ;
rg, ifl>ng—r,

Definition 11 Using the matrices introduced in (112), construct the family of
reduced linear switched systems {X, |0 < £ < &} with & = maé((nq —71y),as
q€

0= (r1e 205 TD.0s {(KAq’K ﬁq,z éq)|q € Q}, {(Zin,quWi, gi+1 € 2}).
(113)

Note that for £ = 0, the element )_:0 coincides to the original LSS in balanced

format, i.e. ):?0 = X. Moreover, when £ = £, it follows that fﬁg = fl, with £ as
introduced in Definition 13.

Proposition 8 If X satisfies Assumption 51, then so do {ﬁ e |0<tl<E}

Proof From (85) — (86) it follows that ) ¢ has a non-empty set of M-relaxed reach-
ability and observability Gramians, since ¢Ay, ¢ = 1,2,..., D are M-relaxed

reachability and observability Gramians of 3. Hence, Assumption 51 holds. O

Theorem 2 Let ¥ = (n1,n2,...,np, {(Ag, By, Cy)lg € Q}, Ky, 4:1119i- giv1 €
QY}) be a linear switched system which satisfies Assumption 51 and let ¥ be a reduced
order system obtained from X introduced in Definition. There exists u > 0 such that
for any switching signal o of the form (2) with minimal dwell time u (i.e. t; > ., Vi),
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such that for any control input u € Lo(R™), if (x,u,0,y) is a solution of X and
(x,u,0,¥) is a solution of X and x(0) = 0, x(0) = 0, then

ly — .V||2 2ﬁ||”||21 (114)
where B = , = max Og.n,—0+1-
Zzl Ne, Ne t<ng—rg, qEQ q,ng—t+1

Proof of Theorem 2 We start by applying the result of Theorem 1 (for one step reduc-
tion) as adapted in Remark 10 (allowing adjustable reduction levels for different
modes), to Xy_1 and X, forall £ € {1, 2, ..., &}. Consider the following two subsets
of Q,

={qgeQ<n,—ry, B =1{qeQt>ng;—ry.
Note that % is the result of a one-step reduction applied to % 1 and by Proposition
8 it satisfies Assumption 51. Next, denote with §, and §,_; the outputs corresponding
to the systems 3, and, respectively % for input u € L,, switching signal o (¢)
with minimal dwell time u, and initial zero states, i.e., (X, u, o, ¥;) is a solution of
3 and %, (0) = 0 fork = €, ¢ — 1.
From (109), it follows that

I¥¢-1 = Yell2 < 2nellull. (115)

For £ = 0, the output ¥, coincides to the output of the original LSS in balanced
format, i.e. , = y. Furthermore, when ¢ = &, it follows that §z = ¥, with § as in

Section 4.3, i.e. the output of the reduced-order LSS 3 from Definition 13. By adding
the inequalities in (115) for all values of £ in {1, ..., &}, it follows that

le.w 1= el < ZZWIIUII2=>IIZ(W 1 =90l < 2B]lull2

=1 =1
= [1¥o — Yell2 < 28]ull2,
which implies that the result in (114) is thus proven. O

Example 1 To clarify the notation used in the proof of Theorem 2, we present a
simple example for D = 3,1ie. 2 = {1,2,3}. Assume n; = 3, Vg € Q and the
choose reduction orders 1,3 and respectively, 2 for modes 1,2 and respectively, 3.
Also, note that £ = rneagiz((nq —rg) =2.

q

S 20 ={1,2,3}, 2B =0
fq ] = (e ={13), @={2} aud
q 2 2
ng—rq | 2101 Q2r ={1}, 23 ={2,3}
rat | £=0 ] {=1 | (=2
g=1 3 2 1
q=2 3 3 3
qg=3 3 2 2
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The values r, ¢ represent the intermediate reduction orders for each subsystem. More-
over, the transition of the diagonal Gramians gAq for £ € {0,1,2} is made as
follows: A

Step £ = 0 — At this step, write the original balanced Gramians Ay, = A4, g €

Q.

A o1 0 0 ) o1 0 0 A o310 0 0

()A1= 0 1,2 0 ,,OA2= 0 022 0 ,,0A3= 0 032 0
0 0 o13 0 0 o023 0 0 o33

Step £ = 1 — Error bound: ||y — ¥;1l2 < 2max(oy 3, 03,3)[[u]l2.

02,1 0 0
11\1=|:0‘1’1 0 ],IAQZ 0 02,2 0 ,1A3=|:O-?)’1 UO j|
0 0 023 3.2

Step £ =2 — Error bound: [|§; — ¥, 2 < 2071 2]ul2.

R . 02,1 0 0 . o 0
A1 =o011,20,=| 0 o2 O ,2A3=|: ?)’1 o :|
0 0 023 3.2

By combining the two inequalities from steps 1 and 2, it follows that
ly — ¥ll2 < 2(max(0y 3, 03,3) + 01.2) [ull2.

Remark 11 (Choice of the model order) The idea behind the choice of the model
order of the reduced system is the following. After bringing the original model to bal-
anced form, as described in Procedure 1, we choose each integer r,; in such a manner

that the diagonal elements o, rgHls s Ogun,—r, aIe small, more precisely, such that
&
B=> n, n = max Og.ng—t+1 is small, where § = max co(ng — ry).
=1 L<ng—ry, g€

The choice of the model order is not unique. First, it is determined by how much
approximation error we would like, and it represents a trade-off between the order of
each linear subsystem and the bound B of the estimation error. However, even if we
fix the approximation error, there are several choices of the dimensions of the linear
subsystems of the reduced model. For example, assume for example that we are deal-
ing with two modes D = 2, n; = 5,n2 = 3,011 = 20,012 =10,013 =5,014 =
0.08, 015 =0.02and 02,1 = 30,022 = 0.9, 023 = 0.1. Then, if we set r; = 3 and
ry = 3, then £ = 2, and the guaranteed error bound is 8 = 014 + 01,5 = 0.1. How-
ever, we can achieve the same error bound by choosing r; = 5 and r, = 2. That is, the
same approximation error can be achieved either by discarding 2 states in the linear
system associated with mode 1, or discarding 1 state in the linear system associated
with mode 2. However, if we are satisfied with an error bound 8 = 0.2, then we could
taker; = 3and r, = 2, i.e., we discard 2 states from the linear system associated with
mode 1 and we discard 1 state from the linear system associated with mode 2. Indeed,
in this case then the analytical error bound will be 8 = 01 4401 54+023+022 = 0.2.
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5.2.2 Using Gramians instead of M -relaxed Gramians

Computing M-relaxed Gramians requires solving LMIs and it is computation-
ally demanding. Moreover, M-relaxed Gramians are not unique. Hence, instead of
using M-relaxed Gramians, it could be more advantageous to use infinite reacha-
bility and observability Gramians defined in Definition 7-8. Note that by Remark

9, if {Pq} g=1° {Qq}D are infinite reachability and observability Gramians and
Y iz KigPKL, > 0,30, L Kl QK] >0, forallg =1,2,..., D, then
by Remark 9 the 1nf1n1te reachability and observability Gramians are also M relaxed
reachability and observability Gramians respectively. Hence, the balanced trunca-
tion procedure presented in Section 5.2 can be applied to infinite reachability and
observability Gramians.

More precisely, let X = (n1,n2,...,np, {(Ag, By, Cy)lg €
Q}, {Ky gi119i,giv1 € R}) be an LSS, and let {Pq}q 1> {Qq}f=1 be infinite
reachability and observability Gramians. Let us apply Procedure 51 to X using
the Gramians {Pq}f 1 {Qq}D The balanced LSS Si is such that the matrices

75,1 = SqPng, Qq = ( ) S, ! are diagonal and equal to Ay,g=1,2,...,D.

Moreover, the matrices Aq = Pq, Qq are also infinite reachability and observablhty
Gramians as they satisfy

D
A,‘Ai—}-A,’AiT—i- Z Kj,iAjK?,i‘i‘EiBi =0, (116)

D
_T - - - _T_
A Ai+AA+ Y K AR +CCi=0. (117)

Let ¥ be the reduced LSS obtained according to the Definition 2, using the infinite
reachability and observability Gramians P, = Q, = A;, ¢ = 1,2, ..., D. Note that

the reduced Gramians Aq, g = 1,2,..., D are no longer infinite reachability and
observability Gramians. More precisely, they satisfy the following inequalities

D
At AA + Y K AR
=1, j#i

+BB <0, (118)

D
AT ~ A A N A A ~T
A; A+ AA; + § K; i+ €

L

é,‘ <0ri' (119)

However, even though the reduced Gramians A; are not infinite reachability and
observability Gramians of the reduced order LSS, the error bound of Theorem 2 still
applies. In fact, this was exactly the motivation behind introducing relaxed Gramians.
Recall that the proof of the error bound in Theorem 2 relies on repeated application of
Theorem 1 and on the fact that truncated LSS are also balanced. The latter presents an
error bound for the case when only one state is discarded from each linear subsystem
during the truncation step. Theorem 1 remains true even when the balanced trun-
cation procedure is formulated only for infinite reachability/observability Gramians
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instead of the relaxed ones. However, if the balanced truncation was formulated only
for infinite reachability and observability Gramians as opposed to relaxed reachabil-
ity and observability Gramians, then the repeated application of Theorem 1 would
no longer be possible, as the truncated LSS would not be balanced (since the trun-
cated matrices A, do not satisfy the definition of infinite reachability/observability
Gramians).

5.2.3 Stability preservation

Stability preservation is a very sought after property when devising MOR techniques.
As pointed out in [19], a switched system is stable if all individual subsystems are
stable and the switching is sufficiently slow to permit the transient effects to vanish
after each switching time. In this book, Chapter 3.2 presents stability under slow
switching with multiple Lyapunov functions.

We present a definition of stability in a uniformly exponentially sense and with
imposing again the condition of a minimal dwell time p. This definition was initially
introduced in [19]. Moreover, we will show that the reduced order models constructed
through the proposed balancing reduction technique, satisfy the conditions of this
particular type of stability.

Definition 12 A linear switched system X as described in (1), is uniformly exponen-

tially stable with dwell time p if there exist constants K, M > 0 such that for any
solution (X, u, o, y), the inequality holds for any ¢ > 0,

IX(®)ll2 < Ke ™ |x(0) 2. (120)

for a control input considered to be zero (i.e. u = 0) and the switching signal o ()
having minimum dwell time p > 0.

Lemma 4 Consider an LSS X which satisfies Assumption 51. There exists a constant
w > 0 such that X is uniformly exponentially stable with a dwell time (.

Proof of Lemma 4 Let y be such that ngl,qz QnKy.qp < Qg forall g1,q92 €
{1,2,..., D}. Since by Assumption 51, we have Kgl’qz 94, Ky, > 0, such a

constant y > 0 exists. Let u = _%, and hence
—05MpuyeT
¢ K 020 Kg1.00 < Qg1 (121)

Let (x,u, 0,y) be a solution of the LSS with u = 0 and switching signal o =
(g1, 11)(q2, t2) ... with minimum dwell time © > 0 (ie. ; > p, Vi). Again,
set V(x(1)) = XT(I)qu.X(t), vVt € [Ti—1, T;). From (50), it directly follows that
w < —MV (x()). Next, introduce the function

Wx(1) = eMTDy (x(r)) = eMT-0xT (1) Q,x(1), Vt € [Ti—1, Th),
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and hence, the inequality BW(x(t 2 < 0 holds. Using the same notations as in (56), we
get that W (x(¢)) < W(X(T,_l)) = eMU*Tz‘—l)V(x(z)) < V(X(T;_1)). Then
Vxm) < e MYV (To), Vi e [T, T, (122)

Now using that x(7; 1) = K, i hm x(1), and setting x(7;,_ ) = 11;1’1 x(1),
—1 i—1

V&(Ti—1) =x" (7 DK! | Q0K aX(TZ ). (123)
From (121) and (123), we get that
Vx(Ti-) < MXTT7 ) Qinix(T ) = My (T, (124)
By plugging in t = T; in (122) and using (124), it follows that
V(x(Ty) < e MIHOMIY (x(T;_p)). (125)
By putting all the relations in (125) together (k € {1, 2, ..., i}), write that
V(x(Ty) < e MU0V (x(T;_p)) < e MEHI1=0V (x(T;-2))

< ... < e MTIE0SI v (x(0)). (126)

Since t > T, = ;{ 11 tr and by using the fact that the system has minimum

dwell time p in each operational mode, i.e. ty > wu, it follows that r > (i — 1)u.
Furthermore, by putting together (122), (124) and (126), the results hold V¢ €
[Ti-1, T),
V(x(@)) < e Ma=Ti—1) ,0.5Mu ,—M(T;—1—(0.5i— I)M)V(X(O))
— ¢ MU=05G=DI)y (x(0)) = ¢~ M! OSME=Dity (x(0)) =
e M1 05My (x(0)) = MV (x(0)). (127)

N

In the last step, we used that + > 0.5( — 1)u. Choose €, ¢ > 0 such that for all
q €{1,2,..., D}, the following inequality holds for

0, <1, < ¢7Q. (128)

Since Qq > 0, such a choice of €, ¢ always exists. From (127) and (128), it follows
that forallr € [T;_1, T;)

Ix()13 = x()x(t) < p*x(1)T Qu;x(1) = P>V (x(1)) < ¢p?e "MV (x(0))
¢2

= ¢?e O Mix(0)T Q, x(0) < e M x(0) 3.

By choosing K = f—z, a = 0.5M the result of Lemma 4 is proven (from Definition

15). O
From Proposition 8 and Lemma 4 we can conclude the following.

Corollary 1 If Assumptions 51 hold for the original LSS model X, then X is expo-

nentially stable with dwell time 1 > 0, and the reduced-order LSS model 3, defined
Definition 2, is also exponentially stable with the same dwell time (L.

@ Springer



Balanced truncation for linear switched systems 1879

6 Numerical examples
6.1 First example - a small system with 3 modes

Consider the case for which D = 3. The reachability Gramians P;, i € {1, 2, 3},
satisfy the following equations

AP +771A1T + K2,1772K2T,1 + K3,1P3K§1 +B1B1T =0,
A2Py + PoAL + K 2PiIK] , + K32P3K] , + BoBY =0,
A3P; + 'P3A3T + K1,3771K1T,3 + K2,3P2K£3 + B3B3T =0.

which can be compactly written as

ApPp + PpAj, + Kq,PoKq, + Ka,PpKg, +BoBj, =0, (129)
where Ap, Bp and Pp are as in (26) and also
0 Ky; 0 0 0 Kj,
K(:[1 = 0 0 Kso |, K(I2 =[Kj2 0 0 . (130)
Kiz 0 0 0 K3 0

Similarly, the observability Gramians Q;, i € {1,2, 3}, satisfy the following
equations

AT Q1 + Q1A + K[, QK » + K] | O3K] | + C[C; =0,
AT Q)+ QA+ K] Q1K + K] 393Ky 3+ C]Co = 0,
A Q3+ QA3+ K] Q1K + K] ,QK;, + C]C3 =0,
which can also be compactly written as
ApQp + QpAp +Kg, QpKa, +Kgq,QKa, + CpCp =0, (131)

where Ap, Cp and Qp are block diagonal as in (43) and K¢, as in (130) fori € {1, 2}.
Choose the following system matrices for X, as

-1 0 0 20 0 40 0
A= 0 -80 |, Ah=| 0 -90 |, As=| 0 =30 |,

0 0 -5 0 0 —6 0 0 —7

— 5

C 1 1 . Ci=[-113].
Bi=| 2 |,B=|-1[,B3=|-2],{C=[12-]],

—1 3 1

: 2 C=[-31-4]

1-10 02 -1 Ki»=M — -

2 12=M/7, Ky3=M/4, K3 1=M/6,

M=|02 3|, N=|11-1],

10 % 00 -3 K> 1=N/5, K3,2,=N/3, K;3=N/2.
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Next, compute the balanced diagonal Gramians A; as,

[0.6174 0 0 ] 04183 0 0

A = 0 00816 0 LAy = 0 0.1514 0 ,
|0 0 0.0419 | 0 0 0.0138
(03311 0 0

Az = 0 00948 0 .
|0 0 0.0172

As for Example 4.1, consider the values of the reduced orders for the three subsys-
tems, as r| = 1, ro = 3 and r3 = 2. We recover the system matrices of the reduced
LSS X as,

77330 —2.9578 —1.4537 -
Al=-14152, A,=| 1.6867 —0.9066 —0.5297 |, &:—ﬁ'ggég g'gigg .,

—0.5775 1.1507 —8.3605 : : §
A o[22k e 249927
B;=-1.3006, B,=| 0.0221 ,B3=[O'2190},C1=1.2875, C,=1031821 .,

—0.0636 : 0.2538 |

& = [~12857 ~0.5313], Ko = [—0.6887 ~0.5866 —0.1771 ]

—0.2778 —0.5806 —0.0555
K31 = [—0.3449 0.1360].

From Example 4.1, it follows that the following bound holds, i.e. |y — ¥ll2 <
2(max(01’3, 033) + 01,2) [lall2 = 2(0.0816 + 0.0419) = 0.2471|ul|>.

Consider the switching signal o (¢) depicted in Fig. 1, which is characterized by
the sequence of elements (1, #1)(3, 1) (1, £3)(2, ta) . . . (2, 19) (3, t10) with dwell times
to = Os and #1¢9 = 15s. By choosing the control input as u(t) = 1/2 sin(20¢)e /% +
1/20¢7/%, and performing a time domain simulation, we display in Fig. 1, the
outputs of the original and reduced systems ¥ and 3.

The absolute value of the difference between the two outputs is presented in Fig. 2.

6.2 Second example - a CD player system

For the next experiment, consider the CD player system from the SLICOT benchmark
examples for MOR (see [12]). This linear system of order 120 has two inputs and
two outputs. We consider that, at any given instance of time, only one input and
one output are active (the others are not functional due to mechanical failure). For
instance, consider mode j to be activated whenever the j# input and the j* output
are simultaneously failing (where j € {1, 2}).

In this way, we construct an LSS system with two operational modes. Both subsys-
tems are stable SISO linear systems of order 120, i.e. we can write n; = ny = 120.
This initial linear switched system (which will be denoted with X) is reduced by
means of the new balanced truncation procedure (which we refer to in the follow-

ing as BT1) to obtain fBTl and also by means of the balancing method proposed in
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Switching signal o(t)
3 L
2 ‘ \

1 -

0 5 10 15

Time domain simulation: the output signals

0.1 T T .
—Original LSS
---Reduced LSS - BT|
of *—o—o T
015 5 10 15

Times (sec)

Fig. 1 Switching signal o (¢) and output y(¢) corresponding to both X and b3

[22] (which we refer to in the following as BT2) to obtain )AJBTz. In the later refer-
ence, it has been shown that, if certain conditions are satisfied (see Corollary IV.3 in
[22]), a simultaneous balanced truncation technique can be applied to LSS. In most
practical examples, the existence of a global transformation matrix is not guaran-
teed. Hence, in [22], the authors propose instead a method of balancing the so-called
average Gramians, i.e. Pyyg = % S 2, Piand Quyy = % P 9.

We first proceed with a frequency domain simulation. By varying the frequency
variable w in the interval [10°, 10%]rad/sec, we compute the frequency response
corresponding to mode j € {1,2}, i.e. the magnitude of the function H; =
Cjl;;, —A j)_lB ;j»in the specified frequency range. The frequency response of the
two original subsystems is depicted in Fig. 3.

Output error between the original LSS and the reduced one

Error

Time(t)

Fig. 2 Absolute value of the output error: |y — ¥
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Frequency response of the original LSS
_____ A\ — %! subsystem
10°F S 11" subsystem[
10°F '
10-10 1 1 1 . 1 1 " 1 i
10° 10 10 10° 10 10° 10°
Frequency(w)

Fig. 3 Frequency response of the original subsystems

Next, we compute reduced order models using both of the reduction methods dis-
cussed above, i.e. BT1 and BT2. The truncation orders for the reduced systems are
chosen to be the same for each mode, i.e k1 = kp = 33. In Fig. 4, we depict the
magnitude of the frequency domain approximation error between the original system

¥ and the reduced ones, i.e. iBTl and fZBTZ. The figure presents the error for each
mode, separately.
Let X; be the subsystem of the LSS X that corresponds to mode j € {1, 2}, as

BT1 ~BT2 .
j and X j which denote

~BT1’
the mode j subsystem corresponding to the LSS ¥ and, respectively, to the LSS
~ BT2
.

introduced in (7). The same applies for the notations b3

Next, for both reduction methods, we compute the relative approximation errors
for both modes. This is performed with respect to the H, norm, where x € {2, oo}.

FError in frequency domain - mode 1

B —BT1
10 e T T __\\/\ﬁ-‘\ . T BT2
10+ AVVAN
1 0'8 L I I I 1 1
10° 10" 102 10° 10* 10° 108
Frequency(w)
Error in frequency domain - mode 2 —BT1
LU e Y\ — 212
1007
107 0L | | | | |
10° 10 10? 10° 10* 10° 106
Frequency(w)

Fig. 4 Approximation error in frequency domain
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Table 1 Relative approximation error for the two modes in the 7, and Ho, norms

Ho BT1 BT2 Hoo BT1 BT2
Mode 1 5.6988 - 107° 1.1934.107° Mode 1 5.0901 - 1077 2.8864 - 10~
Mode 2 6.0980 - 1077 1.4349 107 Mode 2 3.3007 - 1078 3.0832-1077

~ BT1
More specifically, the value of ||ZfT — X jll#, /11X ll9, is calculated for the BT1

method, while £}~ — ;ll3, /%I, is calculated for the BT2 method.

The numerical results are presented in Table 1. Note that, for both types of norms
and for each of the two operational modes, the balanced truncation method we
propose produces lower errors than those of the one introduced in [22].

As for the first example, we compare the time domain response of the original
linear switched system with the ones corresponding to the two reduced models. We
use the same signal as in Section 5.1 as control input, i.e. u(¢) = 1/2 sin(20¢)e /2 +
1/20e7! /2. The switching times #; are randomly chosen within [0,10]sec so that #; >
0.5sec, Vi.

The switching signal o is depicted in the upper part of Fig. 5, while in the lower
part of Fig. 5, the outputs of the three LSS (original one and the two reduced ones)
are displayed.

Notice that the output of the original system X is well approximated when using
any of the two MOR methods.

Finally, by inspecting the time domain error between the original response and the
one corresponding to the two reduced models (depicted in Fig. 6), observe that the
new proposed method generally produces better results. The error curve correspond-
ing to the BT1 method is below the error curve corresponding to the BT2 method for
most of the points on the time axis.

Switching signal o (t)
2 [ T T T T T T T T

1 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
Time domain simulation: the output signals [—Reduced LSS - BT1
T T T T T Reduced LSS - BT2
------ Original LSS

' "-I‘-l_.,au..‘-..—.'s,j’\, VAVAN ,~‘\..--...-~..¢-._.. ....... - o

Fig. 5 Time domain simulation
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Output error between the original system and the reduced ones

—BT1

10'6(WW?M | {\!\1 e .BTz_

Error

o

[e¢]
—
——
=

10-10 L

10712
0 2 4 6 8 10

Fig. 6 Time domain approximation error

We conclude that the new proposed balancing method produces better results than
the one proposed in [22], in the sense that the original output is better approximated
for this particular choice of LSS and control input. Moreover, our method can be
applied to LSS with subsystems having different dimensions n;, i € Q2 and provide
reduced order models again with possibly different dimensions r;, i € 2 in different
modes. The other method is constrained to having n; = ... = np so that the compu-
tation of the average Gramians P,, and Q,, is possible. Also, for BT2 it is assumed
that a common Lyapunov function exists, which is arguably restrictive. Moreover,
another advantage is that one can derive an error bound of the output error for the
new proposed method, as presented in Section 4.2.1. This is also true for the second
method proposed in [22].

7 Conclusion

In the current work, we have proposed a balanced truncation procedure for the class of
linear switched systems which is based on the computation of infinite energy Grami-
ans. These special matrices can be computed by solving generalized Lyapunov equations
instead of solving systems of LMIs. The new balancing method has several advantages.

We provided connections between the new Gramians and system theoretical quan-
tities (observation and controlling energy), by means of lower or upper bounds.
Moreover, it turned out that an error bound involving the inputs, outputs and the trun-
cated entries of the Gramians, could be derived. Finally, by applying the proposed
procedure, the reduced order LSS can be proven to be uniformly exponentially stable
with certain minimum dwell time, given that the original LSS also had this property.

Acknowledgments Open access funding provided by Max Planck Society.

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, dis-
tribution, and reproduction in any medium, provided you give appropriate credit to the original author(s)
and the source, provide a link to the Creative Commons license, and indicate if changes were made.

@ Springer


http://creativecommons.org/licenses/by/4.0/

Balanced truncation for linear switched systems 1885

References

11.

12.

13.

14.

15.

18.

19.

20.

21.

22.

23.

24.

25.

. Antoulas, A.C.: Approximation of large-scale dynamical systems. SIAM available at. https://doi.org/

10.1137/1.9780898718713 (2005). http://epubs.siam.org/doi/abs/10.1137/1.9780898718713

. Bastug, M.: Model Reduction of Linear Switched Systems and LPV State-Space Models. Ph.D. thesis,

Department of Electronic Systems, Automation and Control, Aalborg University (2015)

. Bastug, M., Petreczky, M., Wisniewski, R., Leth, J.: Model reduction by nice selections for linear

switched systems. IEEE Trans. Autom. Control 61(11), 3422-3437 (2016)

. Baur, U., Benner, P., Feng, L.: Model order reduction for linear and nonlinear systems: a system-

theoretic perspective. Arch. Comput. Meth. Eng. 21, 331-358 (2014)

. Benner, P, Damm, T., Cruz, Y.R.R.: Dual pairs of generalized lyapunov inequalities and balanced

truncation of stochastic linear systems. IEEE Trans. Autom. Control 62(2), 782-791 (2017)

. Benner, P., Gugercin, S., Willcox, K.: A survey of projection-based model reduction methods for

parametric dynamical systems. SIAM Rev. 57(4), 483-531 (2015). 10.1137/130932715

. Benner, P., Stykel, T.: Model order reduction for differential-algebraic equations: A survey. In:

Surveys in Differential-Algebraic Equations IV, Part of the series Differential-Algebraic Equations
Forum, chap. 3, pp. 107-160. Springer (2017)

. Besselink, B.: Model reduction for Nonlinear Control Systems with Stability Preservation and Error

Bounds. Ph.D. thesis, Eindhoven University of Technology (2012)

. Birouche, A., Guilet, J., Mourillon, B., Basset, M.: Gramian based approach to model order-reduction

for discrete-time switched linear systems. In: Proceedings of the 18th Mediterranean Conference on
Control and Automation, pp. 1224-1229 (2010)

. Birouche, A., Mourllion, B., Basset, M.: Model reduction for discrete-time switched linear time-delay

systems via the Hy, stability. Control. Intell. Syst. 39(1), 1-9 (2011)

Birouche, A., Mourllion, B., Basset, M.: Model order-reduction for discrete-time switched linear
systems. Int. J. Syst. Sci. 43(9), 1753-1763 (2012)

Chahlaoui, Y., Dooren, P.V.: A collection of benchmark examples for model reduction of linear time
invariant dynamical systems (2002). http://slicot.org/20-site/126-benchmark-examples-for-model-
reduction

Daafouz, J., Riedinger, P., Iung, C.: Stability analysis and control synthesis for switched systems: a
switched Lyapunov function approach. IEEE Trans. Autom. Control 47(11), 1883—1887 (2002)

Gao, H., Lam, J., Wang, C.: Model simplification for switched hybrid systems. Syst. Control Lett. 55,
1015-1021 (2006)

Girard, A., Julius, A.A., Pappas, J.G.: Approximate simulation relations for hybrid systems. Discrete
Event Dyn. Syst. 18(2), 163-179 (2008)

. Goebel, R., Sanfelice, R.G., Teel, A.R.: Hybrid Dynamical Systems: Modeling, Stability, and

Robustness. Princeton University Press (2012)

. Hamann, P., Mehrmann, V.: Numerical solution of hybrid systems of differential-algebraic equations.

Comput. Methods Appl. Mech. Eng. 197, 693-705 (2008)

Landau, I.D., Lozano, R., M’Saad, M., Karimi, A.: Multimodel adaptive control with switching chap.
13, pp. 457-475. Adaptive Control, part of the series Communications and Control Engineering
Springer London (2011)

Liberzon, D.: Switching in Systems and Control. Birkhduser (2008)

Mehrmann, V., Stykel, T.: Balanced truncation model reduction for large-scale systems in descrip-
tor form. In: Benner, P., Mehrmann, V., Sorensen, D.C. (eds.) Dimension Reduction of Large-Scale
Systems, chap. 45, pp. 83—115. Springer (2005)

Mehrmann, V., Wunderlich, L.: Hybrid systems of differential-algebraic equations - Analysis and
numerical solution. J. Process. Control 19, 1218-1228 (2009)

Monshizadeh, N., Trentelman, H.L., Camlibel, M.K.: A simultaneous balanced truncation approach to
model reduction of switched linear systems. IEEE Trans. Autom. Control 57(12), 3118-3131 (2012)
Moore, B.: Principal component analysis in linear systems: controllability, observability, and model
reduction. IEEE Trans. Automat. Control 26, 17-32 (1981)

Narendra, K.S., Driollet, O.A., Feiler, M., George, K.: Adaptive control using multiple models,
switching and tuning. Int. J. Adapt. Control Signal Process. 17, 87-102 (2003)

Papadopoulos, A.V., Prandini, M.: Model reduction of switched affine systems. Automatica 70, 57-65
(2016)

@ Springer


https://doi.org/10.1137/1.9780898718713
https://doi.org/10.1137/1.9780898718713
http://epubs.siam.org/doi/abs/10.1137/1.9780898718713
http://slicot.org/20-site/126-benchmark-examples-for-model-reduction
http://slicot.org/20-site/126-benchmark-examples-for-model-reduction

1886 1. V. Gosea et al.

26.

27.

28.
29.
30.

31.

32.
33.
34.
3s.
36.
37.
. Sun, Z., Ge, S.S.: Stability Theory of Switched Dynamical Systems. Springer (2011)
39.
40.
41.

42.
43.

44.

Pernebo, L., Silverman, L.: Model reduction via balanced state space representation. IEEE Trans.
Automat. Control 27, 382-387 (1982)

Petreczky, M.: Realization theory for linear and bilinear switched systems: formal power series
approach - Part I: realization theory of linear switched systems. ESAIM Control. Optim. Caluculus
Var. 17, 410-445 (2011)

Petreczky, M., van Schuppen, J.H.: Realization theory for linear hybrid systems. IEEE Trans. Autom.
Control 55(10), 2282-2297 (2010)

Petreczky, M., van Schuppen, J.H.: Partial-realization theory for linear switched systems - a formal
power series approach. Automatica 47, 2177-2184 (2011)

Petreczky, M., Tanwani, A., Trenn, S.: Observability of switched linear systems. In: Hybrid Dynami-
cal System — Control and Observation, from Theory to Application. Springer Verlag (2013)
Petreczky, M., Wisniewski, R., Leth, J.: Balanced truncation for linear switched systems. Nonlin-
ear Analysis: Hybrid Systems. Special Issue related to IFAC Conference on Analysis and Design of
Hybrid Systems (ADHS 12) 10, 4-20 (2013)

Saak, J., Kohler, M., Benner, P.: M-M.E.S.S. 1.0.1, The Matrix Equations Sparse Solvers Library
(2016). http://www.mpi-magdeburg.mpg.de/projects/mess

Sandberg, H.: Model Reduction for Linear Time-Varying Systems. Ph.D. thesis, Department of
Automatic Control. Lund Institute of Technology, Sweden (2004)

Scarciotti, G., Astolfi, A.: Model reduction for hybrid systems with state-dependent jumps. IFAC-
PapersOnLine 49(18), 850-855 (2016)

Shaker, H.R., Wisniewski, R.: Generalized gramian framework for model/controller order reduction
of switched systems. Int. J. Syst. Sci. 42(8), 1277-1291 (2011)

Shaker, H.R., Wisniewski, R.: Model reduction of switched systems based on switching generalized
gramians. Int. J. Innov. Comput. Inf. Control 8(7(B)), 5025-5044 (2012)

Sun, Z., Ge, S.S.: Switched Linear Systems: Control and Design. Springer (2005)

Trenn, S.: Switched differential algebraic equations. In: Advances in Industrial Control, Dynamics
and Control of Switched Electronic Systems, chap. 6. Springer Verlag (2012)

Vu, L., Chatterjee, D., Liberzon, D.: Input-to-state stability of switched systems and switching
adaptive control. Automatica 43(4), 639-646 (2007)

Zhang, L., Boukas, E., Shi, P.: u-Dependent model reduction for uncertain discrete-time switched
linear systems with average dwell time. Int. J. Control. 82(2), 378-388 (2009)

Zhang, L., Lam, J.: On H; model reduction of bilinear systems. Automatica 38, 205-216 (2002)
Zhang, L., Shi, P, Boukas, E., Wang, C.: H-infinity model reduction for uncertain switched linear
discrete-time systems. Automatica 44(8), 2944-2949 (2008)

Zheng-Fan, L., Chen-Xiao, C., Wen-Yong, D.: Stability analysis and Hy model reduction for
switched discrete-time time-delay systems. Math. Probl. Eng. 15 (2014)

@ Springer


http://www.mpi-magdeburg.mpg.de/projects/mess

	Balanced truncation for linear switched systems
	Abstract
	Introduction
	Linear switched systems
	Energy Gramians for LSS for two modes
	Setup and notations
	Level k switching - an intermediate step
	Reachability Gramians
	Observability Gramians

	Infinite Gramians and Lyapunov equations

	Extension to LSS with D 2 modes
	Main results
	Energy bounds relating the input or output signals
	Observability Gramians
	Reachability Gramians

	Balancing transformation and truncation
	Error bound
	Using Gramians instead of M-relaxed Gramians
	Stability preservation


	Numerical examples
	First example - a small system with 3 modes
	Second example - a CD player system

	Conclusion
	Acknowledgments
	Open Access
	References


