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Abstract. The Loewner framework for model reduction is extended to the class of linear
switched systems. One advantage of this framework is that it introduces a trade-off between accuracy
and complexity. Moreover, through this procedure, one can derive state-space models directly from
data which is related to the input-output behavior of the original system. Hence, another advantage
of the framework is that it does not require the initial system matrices. More exactly, the data used
in this framework consists in frequency domain samples of input-output mappings of the original
system. The definition of generalized transfer functions for linear switched systems resembles the
one for bilinear systems. A key role is played by the coupling matrices, which ensure the transition
from one active mode to another.
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1. Introduction. Model order reduction (MOR) seeks to transform large, com-
plicated models of time dependent processes into smaller, simpler models that are
nonetheless capable of accurately representing the behavior of the original process
under a variety of operating conditions. The goal is an efficient, methodical strat-
egy that yields a dynamical system evolving in a substantially lower dimension space
(hence requiring far fewer computational resources for realization) yet retaining re-
sponse characteristics close to the original system. Such reduced order models could
be used as efficient surrogates for the original model, replacing it as a component in
larger simulations.

Hybrid systems are a class of nonlinear systems which result from the interaction
of continuous time dynamical subsystems with discrete events. More precisely, a
hybrid system is a collection of continuous time dynamical systems. The internal
variable of each dynamical system is governed by a set of differential equations. Each
of the separate continuous time systems is labeled as a discrete mode. The transitions
between the discrete states may result in a jump in the continuous internal variable.
Linear switched systems (LSSs) constitute a subclass of hybrid systems; the main
property is that these systems switch among a finite number of linear subsystems.
Also, the discrete events interacting with the subsystems are governed by a piecewise
continuous function called the switching signal.

Hybrid and switched systems are powerful models for distributed embedded sys-
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tems design where discrete controls are routinely applied to continuous processes.
However, the complexity of verifying and assessing general properties of these sys-
tems is very high so that the use of these models is limited in applications where the
size of the state-space is not too large. To cope with complexity, abstraction and
reduction are useful techniques. In this paper we mainly analyze the reduction part.

In the past years, hybrid and switched systems have received increasing attention
in the scientific community. For a detailed characterization of this relatively new class
of dynamical systems, we refer the reader to the books [25, 38, 39, 19]. Such systems
are used in modeling, analysis and design of supervisory control systems, mechanical
systems with impact, and circuits with relays or ideal diodes.

The study of the properties of hybrid systems in general and switched systems in
particular is still the subject of intense research, including the problems of stability
(see [15, 38]), realization including observability /controllability (see [31, 32]), and
analysis of switched differential-algebraic equations (DAEs) (see [27, 40]) and of their
numerical solutions (see [20]).

Recently, considerable research has been dedicated to the problem of MOR for
linear switched systems. The most prolific method that has been applied is balanced
truncation (or a Gramian-based derivation of it). Techniques that are based on bal-
ancing have been considered in [18, 13, 10, 37, 28, 34, 30]. Also, another class of
methods involves matching of generalized Markov parameters (known also as time
domain Krylov methods) such those in [8, 7]; Hoo-type reduction methods were de-
veloped in [42, 11, 43]. Finally, we mention some publications that are focused on the
reduction of discrete LSSs, such as [41, 12].

An LSS involves switching between a number of linear systems (the modes of the
LSS). Hence, to apply balanced truncation techniques to a switched linear system,
one may seek a basis of the state-space such that the corresponding modes are all in
balanced form. It may happen that some state components of the LSS are difficult
to reach and observe in some of the modes yet easy to reach and observe in others.
In that case, deciding how to truncate the state variables and obtain a reduced order
model is not trivial. A solution to this problem is proposed in [28], where it is shown
that the average Gramian can be used to obtain a reduced order model. This method
will be used as a comparison tool for our new MOR method.

In this paper, we focus on extending the Loewner framework (see [6]) for reducing
LSSs. This method can be viewed as a special subclass of rational Krylov methods,
also referred to as moment matching or interpolatory methods. Roughly speaking, in
the linear case, interpolatory methods seek reduced models whose transfer function
(and possibly some of its derivatives) matches the transfer function (and possibly some
of its derivatives) of the original system at selected frequencies. For the nonlinear case,
these methods require appropriate definitions of transfer functions.

The paper is organized as follows. In section 2, the formal definition of continuous
time LSSs is provided. Furthermore, we introduce the generalized transfer functions
for LSSs as input-output mappings in frequency domain. Section 3 includes a brief
introduction of the Loewner framework for the class of linear systems with no switch-
ing. In section 4, we present the extension of the Loewner framework for LSSs with
two modes. This is done in order to familiarize the reader with basic ideas without
having to use heavy notation. Then, in section 5, we propose extensions of the results
introduced in the previous section to the general case of LSSs that switch amongst
D > 2 modes. Afterward, in section 6, we discuss the practical applicability of the
new introduced method by means of three numerical examples (one of which is large
scale). In those examples, we compare our algorithms with the balanced truncation
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algorithm of [30] for illustration purposes. Finally, in section 7, we present a summary
of the findings and the conclusions.

2. Linear switched systems.

DEFINITION 2.1. A continuous time linear switched system (LSS) is a dynamical
system described by the following equations:

5 E,1yx(t) = Ayyx(t) + Bonyu(t), x(0) = xo,
y(t) = Cox(t),

where Q = {1,2,...,D},D > 1, is a set of discrete modes, o(t) is the switching
signal, u is the input, X is the state, and y is the output.

The system matrices Eq, A, € R"*" B, € R"*™ C, € RP*" where g € Q,
correspond to the linear system active in mode q € Q, and x¢g € R™s is the initial
state. Here, ny,no,...,np,m and p are positive integers and qs € Q is the mode in
which the system is initialized. We consider the E; matrices to be invertible. Fur-
thermore, the transition from one mode to another is made via the so-called switching
or coupling matrices K, 4 € R"7*" where q,¢ € Q.

(1)

Remark 2.1. The case for which the coupling is made between identical modes
is excluded. Hence, when ¢ = ¢, consider that the coupling matrices are identity
matrices, i.e., Ky 4 =1,,.

The notation 3 = (nlv nz,...,np, {(Eqv Aq7 Bqa Cq)|q S Q}v {K(I76|Q7 q € Q}?XO)
is used as a shorthand representation for LSSs described by the equations in (1).
The vector n € NP, where n = [ niy Ng -+ Np ] is the dimension (order) of X.
The linear system which is active in the gth mode of ¥ is denoted with 3, and it is
described by (where 1 < ¢ < D)

5, E X, () = Ayx,y(t) + Bgu(t), x(tx) = xx,
’ y(t) = Cyx4(t).

The restriction of the switching signal o(t) to a finite interval of time [0,T] can
be interpreted as a finite sequence of elements of Q x R of the form

v(o) = (q1.t1)(q2, t2) - - - (qw, tr),

where q1,...,qs € Qand 0 < t; <to < -+ <tp € Ry, t; + -+t =T, such that
for all ¢t € [0, T] we have

(2)

q1 if te [O,tl),
g2 if te [tl,t1+t2),

t) = .
o(®) g if tefti+-+tio,ti+ 0+t + 1),

g if tefti 4+ +tp_1,t1+ - +tg_1+tr)
In short, by denoting T; :=t1 + --- +t;_1 + t;, Ty : =0, Ty :=T, write

q1 lf te [O,Tl),
a(t) = . .
q; if te [Ti—laTi)7 1> 2.

Denote by P (R4, R™), P.(R4, R™) the set of all piecewise-continuous and piecewise-
constant functions, respectively.
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DEFINITION 2.2. A tuple (x,u,0,y), wherex : Ry — Ui’;l R™, u € Po(Ry,R™),
o € P.(Ry,Q), y € Pc(Ry,RP), is called a solution if the following conditions si-
multaneously hold:
1. The restriction of x(t) to [T;—1,T;) is differentiable and satisfies Eq,x(t) =
A x(t) + Bu(t).
2. Furthermore, when switching from mode q; to mode q;11 at time T;, the fol-
lowing holds:

E X(TZ) = Kinqu

qi+1 tl}yrl,%wl X(t)'

3. Moreover, for allt € R, y(t) = C,)x(t) holds.

The switching matrices K, 4,., allow having different dimensions for the subsys-
tems active in different modes. For instance, the pencil (A, E4,) € R™a %" while
the pencil (A E,,,) € R"+1 i1 where the values ng, and ng,,, need not be
the same.

If the K, 4,,, matrices are not explicitly given, it is considered that they are
identity matrices.

The input-output behavior of an LSS can be formalized in the time domain as
a map f(u,o0)(t). This particular map can be written in generalized kernel represen-
tation (as suggested in [33]) using the unique family of analytic functions g, ... 4.
Rﬁ — RP and hy,,. g, : R’i — RP*™ with q1,...,qr € Q, k > 1, such that for all
pairs (u,c0) and for T = t1 + to + - - - + tx we can write

qi419

k t;
f(uvg)(t) :g01,Q2,~-~7Qk(t17t27"'7tk)+Z/ hQi»q'i+1,~~~7Qk(ti_Tvti+1,'"7tk)u(T+Ti—1)dT,
i=170

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

(3)

_ A, teye Ay tho1pe > Aty
€q1,92,--,qk (tl’ lo,... atk) - que h K(Ik—l»le kot K(Ik—Z»qk—l T qu,qze 17" Xo,
(1) ~

_ Ay tiye Ay th-1T7 % Ayt T
thtIz,-»-,%(tl?t%'"7tk) - C%e ok quc—h(IkG A K%—2,qk—1 "'KQ1,Q26 By

Note that for the functions defined in (3) and (4) we consider the E,, matrices to be in-
corporated into the Ay, and By, matrices (i.e., A, = E 1A, By, = E_'B,,). More-

over, the transformed coupling matrices are accordingly written Ky, 4., = E;Lin,qu'
In the rest of the paper, the LSSs we are studying are assumed to have zero
initial conditions, i.e., xo = 0. Hence, only the h functions in (4) are relevant for
characterizing the input-output mapping f.
The behavior of the input-output mappings in the frequency domain is in turn
characterized by a series of multivariate rational functions obtained by taking the
multivariable Laplace transform of the regular kernels in (4), as for

ch (81) = CQ1 ‘I)lh (Sl)Bqu HQ17Q2 (31, 52) = qu ‘I)th (Sl)qu,th (}Qz) (SQ)qu
HQ1,Q2¢13 (817 52, 83) = Clh (I)lh (Sl)qu’th <I)qz (SQ)K%,LD (I)qz (53)BQ37 s

In general, for k > 3, write the level k generalized transfer function associated to the
switching sequence (g1, g, ..., qx), and evaluated at the points (s1, sa,...,sk), as

(5) Hq17q27~~»v(Ik (517 52y Sk) = qu (I)!h (Sl)quth q)th (52) T qu7Qk—1(I)Qk (Sk)BQk’
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where ®,(s) = (sE, — A,)7!, ¢; € {1,2,...,D}, 1 <j < k. These functions are the
generalized transfer functions of the linear switched system 3.

By using their samples, we are able to directly construct (reduced) switched mod-
els that interpolate the original model—a generalization of the Loewner framework
to LSSs.

We construct LSS reduced models by means of matching samples of input-output
mappings corresponding to the original LSS and evaluated at finite sampling points
(as opposed to other approaches; see [7, 8], where the behavior at infinity is studied in-
stead, i.e., by matching Markov parameters). For the explicit derivation of these types
of transfer functions, which is based on the so-called Volterra series representation,
we refer the reader to [35].

Remark 2.2. Conceptually, the initial state of an LSS is part of its definition,
since it is impossible to define the input-output map of an LSS without fixing such
a starting state. In this paper we consider only the case when the initial state is
zero. Note that the classical Loewner framework (as introduced in [26]) uses only the
input-output behavior from the zero initial state.

The proposed extension of the Loewner framework aims at finding a reduced
system whose generalized transfer functions match those of the original LSS. That
is, the proposed method takes into account only the input-output behavior from the
zero initial state.

For the case of LSSs, one could include nonzero initial states by including them as
an additional column into one of the matrices B;, but the system theoretic interpre-
tation of the thus obtained generalized transfer functions and their moments remains
unclear.

Remark 2.3. Certain issues might arise when the matrices E, are allowed to be
singular such as the existence of a solution of the LSS (Definition 2.2) or the formal
definition of time-domain kernels in (4). The case of descriptor LSS (with singular
E, matrices) was treated in detail in [40]. In this paper we assume that the matrices
E, are invertible to avoid further complications.

Remark 2.4. The structure of the transfer functions in (5) is similar to that of
the functions recently introduced in [4], for the class of bilinear systems. This is
because one can formulate an LSS as a bilinear system by introducing additional
input signals. Nevertheless, there are some restrictions; i.e., this works only for LSSs
with no coupling matrices and that have the same state dimension in each mode. For
the case D = 2, introduce the signal a(t) = ¢ — 1 if the system operates in mode
q € {1,2}. Then, write the dynamics of the LSS, by merging the individual dynamics
of the two modes, as

x(t) = Aix(t) + (A2 — Ap)x(t)a(t) + Byu(t)(1 — a(t)) + Bau(t)u(t),
or equivalently, emphasize the bilinear multiple input format as

x(t) = APUx(t) + NYIx(t)u(t) + NYx(t)a(t) + NSx(t)u(t)a(t) + Bhilu(t)
+ Bbla(t) + BYa(t)a(t),

where AP = A; NS = Ay, — A, Nl = Nbil = o, BY = By, B, = 0, and
Bg“ = B, — B;. Hence, rewrite the above differential equation equivalently as

3 3
X(t) = APMx(t) + > NP'x(H)uy(t) + Y BYui(t),
i=1 i=1
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where the three control inputs are u; = u, uy = 1, and ug = uat. That is, solutions of
LSSs are solutions of a bilinear system with a very specific structure and with specially
chosen inputs. In particular, the continuous input u and the switching signal have to
be merged into a new artificial input us. Note that not all solutions of the bilinear
system correspond to solutions of an LSS: for the correspondence to hold, us should
take values 0, 1 and ug should satisfy uz = usuy.

3. Interpolatory MOR methods and the Loewner framework. Consider
a linear system defined by matrices E € R"*" A € R"*™ B € R"*™ C € RP*" with
transfer function H(s) = C(sE — A)~!'B. Given left interpolation points {z;|1 < j <
q} C C, with left tangential directions {£;|1 < j < ¢} C CP, and right interpolation
points {A;|1 < i < k} C C, with right tangential directions {r;|1 < i < k} € C™, find
a reduced-order system E, A, B, C such that the resulting transfer function ﬂ(s) is a
tangential interpolant to H(s):

(6) EjTI:I(Mj) = E?H(,uj), j=1,...,q, and HO\)r; = H\)r,, i =1,... k.

Interpolation points and tangent directions are selected to realize appropriate MOR
goals. If, instead of state space data, we are given input/output data, the result-
ing problem is hence modified. Given a set of input-output response measurements
specified by left driving frequencies {y;|1 < j < ¢} C C, using left input directions
{£;|1 < j < ¢} C CP, producing left responses {v;|1 < j < ¢} C C™, and right driv-
ing frequencies {\;|1 < ¢ < k} C C, using right input directions {r;|1 < i < k} Cc C™,
producing right responses {w;|1 < i < k} C CP, find (low order) system matrices E,
A, B, C such that the resulting transfer function I:I(s), is an (approximate) tangential
interpolant to the data:

(1) €H(y) = v

i, J=1,...,¢, and I:I()\i)rl- =w;, i1=1,...,k
For details on interpolatory or moment matching MOR methods, we refer the reader

to [17, 3].

3.1. Overview of the Loewner framework for linear systems. The ap-
proach we discuss in this section is data-driven. After collecting input/output (e.g.,
frequency response) measurements for some appropriate range of frequencies, we con-
struct models which fit (or approximately fit) the data and have reduced dimension.
The key is that larger amounts of data than necessary are collected and the essential
underlying system structure is extracted appropriately. Thus an advantage of this
approach is that it can provide the user with a trade-off between accuracy of fit and
complexity of the model.

The Loewner framework was developed in a series of papers; for details we refer
the reader to [1] as well as [26, 24, 23, 5, 21]. For a recent overview see [6].

3.2. The Loewner pencil. We will formulate the results for the more general
tangential interpolation problem. We are given the right data, (A;;r;, w;), i =1,...,k,
and the left data, (u;; Ef, VjT), j=1,...,q; it is assumed for simplicity that all points
are distinct. The dimensions are as in (6), (7). The data can be organized as follows:
the right data are

A =diag[\i,..., \] € CFF R =[ry,...,1] € C"™F, W = [wy,..., w,] € CP¥F,
and the left data are

M = diag [p1, . .., ftq] € CT% LT = [£y,...,£,] € CTP, VT = [vy,...,v,] € CT*™,
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Then, the associated Loewner pencil consists of the Loewner and shifted Loewner
matrices. The Loewner matriz L € C9** is defined as

T T T T
virn—€iwi  viTp—£ Wy

H1—A1 H1—Ag

T T T T
v, r1 71541 w1 o vV, Tk 7Zq Wi

Hqg—A1 Hq—Ak

Note that the matrix L satisfies the Sylvester equation ML — LA = VR — LW.
Suppose that the underlying transfer function is H(s) = C(sE — A)~!B, and define
the generalized observability /controllability matrices as

C(/.llE — A)_l
(8) O= : , R= [(AlEfA)*lB ()\kEfA)*lB].
C(,E - A)!
It readily follows that the Loewner matrix can be factored as L = —OER. The shifted
Loewner matriz Ly € C1*F is defined as

,ulvfrl—lfwl)\l . /nvlTrk—llka/\k
H1—A1 H1—Ak
L, =
uqvgrl 7£Zw1)\1 Mqv:‘;rk 7£Zwk/\k
Hq—A1 Hq—Ak

Note that the matrix LLg satisfies the Sylvester equation MLy —L;A = MVR —LWA
and can be factored in terms of the generalized controllability /observability matrices
as Ly = —OAR. Finally, notice that the following relations hold: V= CR, W =
OB.

3.3. Construction of reduced order models. We will distinguish two cases,
namely the right amount of data and the more realistic redundant amount of data
cases. The following lemma covers the first case.

LEMMA 3.1. Assume that k = q, and let (Ls, L) be a regular pencil such that
none of the interpolation points \;, p; are its eigenvalues. Then E = —L, A =
—Ls, B=V, C =W is a minimal realization of an interpolant of the data; i.e.,
the rational function H(s) = W (LLs — sLL) =YV interpolates the data (the conditions
in (7) are hence matched).

If the pencil (Lg, L) is singular, we are dealing with the case of redundant data.
In this case, if the assumption

(9) rank (yL — L) = rank [ L

L, ] =rank [L Ly]=r<k

is satisfied for all v € {\;|1 <4 < k}U{p;|1 <j < ¢}, we consider the following SVD
factorizations:

(10) (L L, | =Y®sOXOT, [ i } Y@@ (X )T,

where YV, X2 e CF*k_ The projection matrices Y € CF*" and X € CF*" are
obtained by selecting the first 7 columns of the matrices Y and X(?)| respectively.
The following result is used in practical applications.
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LEMMA 3.2. A realization (E, A, B, C) of an approzimate interpolant is given by
the system matrices E = -YTLX, A=-YTL,X, B=YTV, C=WX. Hence,
the rational function H(s) = WX(YTL X —sYTLX)"'YTV approzimately matches
the data (the conditions in (7) are approzimately fulfilled; i.e., H(\;)r; = w; + €] and
E?H(uj) = v]+(€5)T, where the residual errors are collected in the vectors €] and €5).

Thus, if we have more data than necessary, we can consider (Lg, L, V, W) as a
singular model of the data. An appropriate projection then yields a reduced system
of order k (see [26, 2]).

A direct consequence is that the Loewner framework offers a trade-off between
accuracy and complexity of the reduced order system by means of the singular values
of L.

Remark 3.1. For an error bound that links the quality of approximation to the
singular values of the Loewner pencil (which is valid only at the interpolation points
i; and J;), we refer the reader to [6].

Remark 3.2. For the classical Loewner framework applied to linear systems (see
[26]), it is not mandatory that the samples used in the modeling step come from
systems with an invertible E matrix. We believe that, similarly to the LTI case,
the Loewner framework can be extended to LSSs for which the matrices Ej are not
invertible. Indeed, since one needs to evaluate the multivariable transfer functions
on certain frequency grids, the only condition that is mandatory is that the pencils
(A;, E;) are regular for all ¢ € Q. This is because the resolvent of such pencils enters
the transfer functions for various interpolation points s, as described in (5).

4. The Loewner framework for LSS: The case D = 2. The characteriza-
tion of linear switched systems by means of rational functions suggests that reduction
of such systems can be performed by means of interpolatory methods. In the follow-
ing we propose a way to generalize the Loewner framework to LSSs by interpolating
appropriately defined transfer functions on a chosen grid of frequencies (interpolation
points).

As for the linear case, the given set of sampling (interpolation) points is first
partitioned into the two following categories: left interpolation points, {4;|1 < j <
¢} C C, and right interpolation points, {\;|1 <i < k} C C.

In this paper we consider the case of SISO linear switched systems, and thus the
left and right tangential directions can be considered to be scalar (i.e., taking the
value 1). The transfer functions which will be matched are no longer single variable
functions (they depend on multiple variables as described in (5)). Hence, the structure
of the interpolation points used in the new framework will be modified. Instead of
having singleton values as in section 3, we will use n-tuples that include multiple
singleton values.

For simplicity of the exposition, we first consider the simplified case D = 2 (the
system switches between two modes only). This situation is encountered in many
numerical examples from the literature. Nevertheless, all the results presented in this
section can be generalized for a higher number of modes in a direct way (as presented
in section 5). Depending on the switching signal o(t), we have either

s El)-(l (t) = A1X1 (t) + Blu(t), or . EQXQ(f) = Agxg(t) + Bgu(t),
y(t) = Crxa (1) () = Caxal0),

where dim(X;) = n; (ie., x; € R™ and E;,A; € Rm*™ B, CT ¢ R™) and also
dim(X3) = ny (i.e., Xo € R™ and Ey, Ay € R"2X"2 B, CT € R"2).
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Denote, for simplicity, by K; the coupling matrix when switching from mode 1 to
mode 2 (instead of K 2) and by Ks the coupling matrix when switching from mode
2 to mode 1 (instead of K 1) with K; € R™2*™ and Ky € R™*"2.

Let ®,(s) = (sE, — A,) 7, for g € {1,2}, s € C, so that det(sE;, — A,) # 0. The
generalized transfer functions corresponding to the first three levels are written as

Level 1

H;i(s1) = C1®1(s1)Bu, Hj(s2) = C2®2(s2)Bo,
Level 2

H1,2(31782) = 014’1(81)K2<I)2(82)B2, H2,1(82,81) = CQ(§2(52)K1(I)1(51)B1;
Level 3

H1,2,1(51, 52, 53) = Cl‘I’l(51)K2‘1’2(52)K1‘I’1(53)B17
H2,1,2(817 52, 83) = 02‘1’2(81)K1‘I’1(82)K2‘I’2(83)B2~
DEFINITION 4.1. Consider two LSSs ¥ = (n1, no, {(Ei, A, B;, CL)|Z e Q},
{Ki7j|i7j S Q}v 0) and z= (nla n2, {(EivAia Bia Cl)‘z € Q}v {Ki,j|i7j S Q}v 0) with
Q = {1,2}. These systems are said to be equivalent if there exist nonsingular matrices
Z]L, Zf“ € R "™ g0 that

Q)

E; = ZF'E;ZF, A; =ZFA;ZE, B; =2ZtB;, C;=C;zl je{1,2},

and also K; = ZQLIAQZ{Q”, K, = ZfKQZQR. In this configuration, one can easily
show that the transfer functions defined above are the same for each LSS and for all
sampling points si.

4.1. The generalized controllability and observability matrices. Let X
be an LSS as described in (1) with dim(Xg) = ng for k = 1,2 and let K; € R"2*™
and Ko € R™*"2 he the coupling matrices. Before stating the general definitions,
we first clarify how the newly introduced matrices are constructed through a simple
self-explanatory example.

Ezample 4.1. Let U be a set with £ = 12 elements, interpreted as left interpolation
points, where U = {u1, ug, ... p12}. Partition U as U = Uy U Us, where Uy =
{8, 1Y i D P} and Uy = {p8?, Y u? p? 6wV}, Here, U;
contains points associated to mode ¢. Introduce the nested multi-tuples corresponding
to each mode of the LSS as

(M(ll)) ( )7
1 ’ 2 3
Mode 1: pf" = (1) 60 p? = (1, 1), u§)={(u§3)),
M2 ,MS I
(82, 5P, ),
( (2))7
(5"),
Mode 2: u'gl)_ ?1) (1) ugz): (H(12)7H§12))7 Nég):{(uég)).
(1’ ), (2 D )
7.u“3 7
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We explicitly write the generalized observability matrices O; and Oy as follows:

[ C1 @1 (i) ]
Co @2 (1) K @1 (1)
Ci &, (1)
Co®y(1y)) K, @
C1 &1 (1Y) Ko o (41
C, & (uf”
Cs ‘1’2(N§1)
C1 @1 (i) Ko @2 ()
C2 @2 (11”)
C, &, (p (2))K q>( 2)
C2 ®2(u”) K1 @1 (4 ) ®(us)
C2 & (1s))

O, )
(1 (2)) i
K; (Mé ))

)
)
)

O,

For an interpolation point ,u(l) the subscript j is related to the mode with which
the point is associated. This rnode is given by the residue 7(j), where n(j) = 1if j
is odd and n(j) = 2 if j is even. The superscript ¢ stands for the block index. In
this particular example, we considered three such blocks for each of the two modes
with the following dimensions: p; = 2, p = 3, and p3 = 1 (here p; represents the
dimension of the block index ¢ for i € {1,2,3}).

DEFINITION 4.2. Given a nonempty set X, denote by X' the set of all ith tuples
with elements from X. Introduce the concatenation of two tuples composed of elements
(symbols) ay,...,ca; and B, ..., [B; from X as the mapping ® : X' x X7 — X7 with
the following property:

(041,042,..-,041')@ (61aﬂ27"'7ﬁj) = (a1;a2a"'7ai761a627"'7ﬁj)'

In the following we denote the £th element of the ordered set uéi) by ug-i) (€) (where

((2) (2 (2

j € Qandi>1). For instance, u( )(3) T R ) For convenience, use the

notation H1’271(/1452), uf), ué )) instead of Hq 2 1) ((ﬂg ),ui2)7ué2))) when referring to
the function evaluation:

Hyoq (17, 1P, 18?) = €18 (1)Ko @ (1)K, @1 (1) B

DEFINITION 4.3. Let V = {\1,Aa,..., A} C C be a set composed of k right in-
terpolation points. Partition V into two sets V1 and Vo, as ¥V = V1 U Vs, where

1) V=0 1<g<my, 1<i<H}, Vo= <g<my, 1<i<H Y

Here, V1 and Vo correspond to interpolation points associated to the Ist mode and,
respectively, associated to the IInd mode. Let & > 1 be a positive integer. For each
1=1,...,, introduce the blocks of right ith tuples in terms of the points from (11)
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as

(12) | |
Or), o).
02, 7), 0P, A).

o) 08P A, o) 9D,
1 )=

()\giglz‘*3’ Tt >\4(li)? Ag”)? (Agirz%*Q’ R )\gi)a )\g))7
(Agir)nifl’ )\ggli*% B )‘1(31)7 AgZ))v ()\(21721“ )\gzguf?n ceey AE,LZ)a )\gi))a

where & is the number of blocks and m; is the dimension of the index i block so that
the equality my + -+ +m_o = k holds. Finally, define the nested right multi-tuples
as

(13) A= {Ag”,)\g?),...,)\g”)}, As — {Ag”,)\;?),...,xg”)}.

Note that the right tuples in (12) are constructed based on the following recurrence
relations (where ,\5”(1) = ()\gl)) and )\g)(l) = (/\g))):
) A= 05 )eA g-1. A9 = () @A (9 - 1),

DEFINITION 4.4. Let U = {p1, pi2, .-, ik} C C be a set composed of k left inter-
polation points. Partition U into two sets Uy and Uz, as U =U; U Uy, where

(15) U ={us) N<h<pj, 1<i< L), Up={p§)1<h<p;, 1<j< L)

Here, Uy and Us correspond to interpolation points associated to the Ist mode and,
respectively, associated to the IInd mode. Let £ > 1 be a positive integer. For each
j=1,...,%, introduce the blocks of left jth tuples in terms of the points from (15)
as

(16)
) 9,
(15", 1§), (15, u$),
L) _ (u?)j 1 ). L) (1S, 1§, 1),
(W, 6, ) ), (s, 1§, us) o),
(8", 1§, ) o, ) ), (s 1 o sy i),

where £ > 1 is the number of blocks and p; is the dimension of the index j block.
Additionally, note that the equality p1+ - -+ +pw = £, holds. Finally, define the nested
left multi-tuples as

1 2 < 1 2 £
(17) My = {u§),u§),---7u§ )}7 My = {ué),ué),m,ué )}.

Note that the left tuples are constructed based on the following recurrence rela-
tions (where p{) (1) = (,u(lj)) and pi (1) = (,uéj))):

18)  w?' () =pP(h-1) o (u5),), P (h)=p?h-1)e (1)
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Condition 4.1. The right interpolation points A\, u € {1,2,...,k}, are chosen
in such a way that they do not coincide with the poles of any of the subsystems X

or ¥s. More exactly, the following conditions are imposed for all i = 1,..., % and
g=1,....,my
(19) det(\S) | E1 — Ap) #0, det(\)Es — Ag) # 0.

We associate the following matrices to the set of right tuples in (12):

R = [2107) By, @1(A) K2 @A) Ba, .o, #1000 ) Ko K1 @1(07) Ko #2(0\") Bz |
R = [@:0087) Ba, @200 K1 @1(A)) B, .., @A), ) K- Ko @2 (0)) Ki @1(A) B

where ¢ =1,..., and Rgi) € C"a*™i ig attached to Al(;) for ¢ € {1,2}.

DEFINITION 4.5. For the LSS X in (1), introduce the generalized controllability
matrices R1 and Ro associated to the right multi-tuples A1 and Aq, respectively, as
follows:

(20)
Ry = [Rgll R, .., RW} eCmxk, Ry =RV, R, ..., Rg)@] € Craxk,

Condition 4.2. The left interpolation points u,, v € {1,2,...,¢}, are chosen in
such a way so that they do not coincide with the poles of any of the subsystems X

or X,. More exactly, the following conditions are imposed for all j = 1,...,.Z and
h=1,...,p;:
(21) det(liéjh),lEl — Al) 75 O, det(,uéjh)Eg — Ag) 75 0.

Next, associate the following matrices to the set of right tuples in (16), as

C1 &1 (")
) Ca o (s ) Ky @1 (1)
Olj — . E(CPJ’an’ j:17~-.,$,
Co &(ps) Ky @1 (1) Ky -+ Ky @1 (i) )
Ca®o(u”)
; C1 @1 (") Ko ®a(pf
05’ = L >. el eCrXma j=1..., 2.

C: q’l(ﬂgj)) K> ‘I’Q(Méj)) K, Ky QQ(MQQJ)

DEFINITION 4.6. For the LSS X in (1), introduce the generalized observability
matrices O1 and Oy associated to the right multi-tuples @, and py, respectively, as
follows:

1 1
oM oM
(22) O, = : cCHrm, O, = : € Ctne,
< <z
o of?

DEFINITION 4.7. Forv € {1,2}, let Q¥'" and Q™" be the ordered sets containing
all tuples that can be constructed with symbols from the Q = {1,2} and that start (and,
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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:

(23) QYT ={(1),(1,2),(1,2,1),...}, Q*T ={(2),(2,1),(2,1,2),...},
(24) Q+’1 = {(1)7 (2a 1)7 (1a 2, 1)> .- '}a Q+’2 = {(Q)a (17 2)3 (27 1, 2)7 .- }

Remark 4.1. In the following we denote the fth element of the ordered set Q**
with Q“*(¢). For example, one writes QY+ (4) := (1,2,1,2). Moreover, we have
Q"?(3)@Qh*(2) = (2,1,2,1,2).

The compact notation Hg+.1(pt1(2)) is used instead of Ha y (142, pt3), where p1(2) :=
(M27 ,LL3) .

DEFINITION 4.8. Let the ith unit vector of length k be denoted by e;, =10 ..., 1,

.,0)T € R*. Additionally, let Ok, € R**¢ be an all zero matriz.

In the following, use the notation H to emphasize that we are referring to the
generalized transfer functions corresponding to the LSS 3.

DEFINITION 4.9. We say that an LSS ¥ = (nl,ng,{(Ei,Ai,Bi,Ci)ﬁ € Q},
{Kli,j € Q},0) matches the data associated with the right tuples {A\1, ... A}
as well as with the left tuples {ugl), .. .,p,b } a,b € Q, and corresponding to the
original LSS X = (n1,na, {(E;, A;,B;,C;)|i € Q}, {K jli,j € Q},0), if the 2(k*+2k)
relations
(25)

Hqa (1Y (1) = Ha, W(ul (R)), Hquagn(u (1) = Haeza (15 (h),
Hg: () (A (9) = Hauor () (A (), Hazr () (X7 (9)) = Hazor () (X7 (9)),
(4)

Hq i meqe o) (B (1) @ A5 (9)) = Horameqe- o) (1Y () @ AY(9)),
Hq 2 meqit o) (15 (1) © A7 (9)) = Hor2meqrs o) (15 (1) @ A (g)),

hold for j=1,....,, h=1,...,pj, andi=1,...,¢,g=1,...,m;, where
p+pt+Fpy=mi+me+--+muy =k

The following lemma extends the rational interpolation idea for linear systems
approximation to the linear switched system case.

LEMMA 4.1 (interpolation of LSS). Let ¥ = (ny,ne, {(E;, A;,B;,C;)|i € Q},
{K, ;li,j € Q},0) be an LSS of order (ni,ns). Consider that the number of left and
right interpolation points is the same for each mode, i.e., { = k. Additionally, assume
the matrices in (20) and (22) have full rank, i.e., rank(R;) = rank(QO;) = k, i €
{1,2}. An order k reduced LSS 3 = (n1,na, {(Ei, Ai, By, Ci)li € Q},{Ki li,j €
Q},0) is constructed by projection, i.e., by using right and left projectors chosen as

X, =Ri, Xo=Ry and Y{ =0y, Y3 =0,.

The projected matrices corresponding to the Ist subsystem 3 are computed as
(26)
E; =Y{EX;, Ai=Y{AX,, Bi=Y{B;, C=CX,, Ki=Y]KX,,

while the projected matrices corresponding to the IInd subsystem 33, can also be com-
puted as
(27)

By = YIE,X,, Ay =YTA;X,, By=YIB,, C;=0CyX,y, Ky=Y7 K;Xo,.
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It follows that the reduced-order system 3 matches the data of the system X (as it
was previously introduced in Definition 4.9).

Proof of Lemma 4.1. For simplicity, assume that we have one set of right multi-
tuples and one set of left multi-tuples with k interpolation points for each mode. This
corresponds to the case . = % = 1 and m; = p; = k (using the notation introduced
in Definitions 4.3 and 4.4). For the first mode, write down the interpolation points as
follows:

(28)

{ A={(A1)s (A3, 22), ooy (Nakmty oo g Ae) b

1 = {(N’l)v (/L27:U'3)a tey (M27N37 v 7[1’216—1)} .
For the second mode, write down the interpolation points as follows:

{ Ar=1{(N2), A, M)y (Namsey X2 M) )y

(29)
po = {(n2), (1, pea), oo (s pray o pion) § -

It follows that the interpolation conditions stated in Definition 4.9 can be rewritten
by taking into account the aforementioned simplification as

(30) 2k conditions: { .. % () (#2(7)) = Hare ) (1 (7)), jell,.. . k),
Q+2() (H2(5)) = Hat2(5) (12(5))s

(31) 2k conditions: Hort (M) = Hauey (M), o {1,...,k},
Q2+ (i) (A2(7)) = Ha+ () (A2(7)),

(32)

k* conditions: {HQ+'1(j)©Q2v+(i)(N1(j) © X2(i)) = Hara(yeqe+ ) (11 (1) © A (i),

(33)

kz COTLditiOTLS.‘ {HQ+’2(j)@Q1*+(i) (/.1,2(]) © )\1(2)) = I:IQ+)2(j)@Q1*+(i) (N2(]) © )\1(2))
With the assumptions in (28) and (29), it follows that the associated general-

ized controllability and observability matrices defined previously in (20) and (22) are
rewritten as

Ri=[®1(M)B1, 21(X3)Ko®2(A2)Bs, ..., ®1(Aog—1)Ko -+ Ko®s(A\2)Bo] € C™*F,
Ra = [ ®2(A2)Ba, ®2(A)Ki1®1(A\1)B1,..., P2(Aop)K; -+ K1®1(A\)By] € C*F,

[ C1®1(p1)

Co®o(12)K1P1(p13)
0, = )

Co®o(p2)K1®1 () - - - K1 ®1(por—1)
Co®o(pu2)
C1 Py (1)Ko Pa(pa)

Cl’lﬁ(ul)Kzi’z(/M) co Kz'I’z(/LQk)

with O;, Oy € CF*". Additionally, introduce the notation ®;(s) = (sE — A)~!.
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From (26) and (27), using that X; = R; for i = 1,2, it readily follows that

(a) (i)l(Al) B1 = €1 L and (b) él()\%—l) KQ ei_lvk = eivk, § = 2, ey k’,

5

(C) éz()\g) BQ =€ and (d) ég()\gz) Kl ei_Lk = ei,k, 7= 2, ceey k‘

These equalities imply the right-hand conditions in (31). Similarly, from (26) and
(27), using that YjT = Oj for j = 1,2, it follows that

(e) Cy®q(u1) =ef, and (f) e?ll’ng‘i)g(/ng) = e}:k, i=2,...,k,
(g) Cao®s(p2) =ef, and (h) e?flKlél(ugj,l) = e;{k, J=2,...,k,

which imply the left-hand conditions in (30). Finally, with X = R, YI = O, and
combining (a)—(h), all interpolation conditions in (32) and (33) are hence satisfied.0

Remark 4.2. For instance, in Example 4.2, the conditions stated in (48) are sat-
isfied.

4.1.1. Sylvester equations for @ and R. The motivation behind this sub-
section is closely related to building parametrized reduced order models. The idea is
that one can use only one sided interpolation conditions, either left as in (30) or right
as in (31), to reduce the original LSS. Then, one can choose the free parameters to
impose additional conditions (not necessarily interpolatory).

Further development of this strategy was studied in [4] (in section 4.4) for the
case of generalized Sylvester equations for bilinear systems.

The generalized controllability and observability matrices satisfy Sylvester equa-
tions. To state the corresponding result we need to define particular quantities. First
introduce the vectors

(34) R = [e{"nl e{mx] € Rle’ LT - [elT7p1 efpz] € RIXZ’

where m; +---+m_ =k and p; + --- + pe = £. Next, introduce the block-shift
matrices

(35)
0 1 0
Sp = blkdiag [T,y ..., Jo ],
R ) gl Tl T‘%] where J, = | - - - e R¥X,
S. = blkdiag [J7 ..., JT ], 00 --- 1
00 --- 0

Finally, we arrange the left interpolation points in the diagonal matrices My, M, €
Rexe as

(36)

M, = blkdiag[M{", M? .. M) M, = blkdiag[ M"Y, M, ..., M),
where M{ = diag[ut’, u§,..., p5) 1] and MY = diag[u’, u,.... u§);
we used the MATLAB notation “blkdiag,” which outputs a block diagonal matrix

with each input entry as a block. Also, arrange the right interpolation points in the
diagonal matrices A;, A; € RFXF ag

(37) Ay =blkdiag[A", AP .. AV A, =blkdiag[ALY, AP AV,

where A = diag A\, AP, A8 ] and A = diag NS, AP, Al .

2m; 2m;
The next results represent extensions of the linear case and hence follow naturally.
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LEMMA 4.2. Consider that the assumption in Condition 4.1 holds; i.e., (19) is
valid. Then, the generalized controllability matrices R1, Ro defined in (20) are the
unique solutions of the following coupled Sylvester equations:

(38)

AR +KoReSr + BIR =ER1A4,
AsRo + KiRi1Sr + BoR = EoRoAs.

Proof of Lemma 4.2. Assume again, for simplicity of the proof, that the assump-
tions made in (28)—(29) are valid. Hence, we have one set of right multi-tuples for
each of the two modes with same number of interpolation points k (with k& even).
Multiplying the first equation in (38) on the right with the unit vector e j, we obtain

39) ARV +B; = MERY o RY = (\ME; - A) !B, = &,(\)By,

where Rl(.j) is the jth column of R; (with j < k and 7 € {1,2}). Thus the first column
of the matrix which is the solution of the first equation in (38) is indeed equal to the
first column of the generalized controllability matrix R1. By multiplying the second
equation in (38) on the right with the unit vector e j, we obtain

(40) ARV + By = MERY & RY = (\Ey — Ay) !By = $,()\2)Ba.

Thus the first column of the matrix which is the solution of the second equation in
(38) is indeed equal to the first column of the generalized controllability matrix Ro.
By multiplying first equation in (38) on the right with the jth unit vector e;j, we
obtain

(41) Alej) +K2jo71) — >\2j71E1R(1j) N jo) = (M\yj1 By —Al)‘lKQjo*”.

By multiplying the second equation in (38) on the right with the jth unit vector e; x,
write:

(42)  ARY + KiRVTY = M EoRY) & RY) = (Mg, By — Ag) KGRV Y.

From (41) and (42) we derive the following linear recursive system of equations:
(43) Ry = @1(%s;-1)KaR5 .
RY) = @y KiRY ™Y,

with initial conditions (39) and (40). Hence, by solving the recursive system of equa-
tions, we conclude that any solution of (38) is given by pairs of generalized con-
trollability matrices defined as in (20). Conversely, it automatically follows that the
matrices defined in (20) satisfy the relations in (38). In this case, the assumption
made in Condition 4.1 ensures that the equations are solvable.

This proof can be straightforwardly adapted from the simplified case in (28)—(29)
to the more general case of interpolation tuples considered in (12)—(16). |

LEMMA 4.3. Consider that the assumption in Condition 4.2 holds; i.e., (21) is
valid. Then, the generalized observability matrices O1 and Oz defined by (22) satisfy
the following coupled generalized Sylvester equations:

(44) O1A1 +SpL0:K; + LC; = MO Eq,
02A5 + S1,01 Ko + LCo = MyO2Es.
Proof of Lemma 4.3. Similar to the proof of Lemma 4.2. 0
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4.2. The generalized Loewner pencil.

DEFINITION 4.10. Given a linear switched system 3 as defined in (1), let {R1, Rz}
and {01,003} be the controllability and observability matrices defined in (20), (22),
respectively, and associated with the multi-tuples in (13), (17), respectively. The
Loewner matrices Ly and Ly are defined as

(45) ]Ll = —01 E1 ,R,l, Lg = —02 Eg RQ .
Additionally, the shifted Loewner matrices ILs; and Lgy are defined as
(46) L =—01A1 Ry, Liyo=-05A5Ro.

Also define the quantities

(47) W, =C; Ry, Vi =0:By, d B =0:K Ry,
W, = Cy Ry, Vo =0, By, By = 01 Ky Ro.

Remark 4.3. In general, the Loewner matrices defined above need not have only
real entries. For instance, it may happen that the samples points are purely imaginary
values (on the jw axis). In this case, we refer the reader to section 4.3.1 in [4]. We
propose a similar method to enforce that all system matrices have only real entries.
In short, the sampling points have to be chosen as complex conjugate pairs; after
the data is arranged into matrix format, use projection matrices as in (4.26) in [4] to
multiply the matrices in (45), (46), and (47) to the left and to the right. In this way,
the LSS does not change as pointed out in Definition 4.1.

Remark 4.4. Note that Ly and L (where k € {1,2}), as defined above, are
indeed Loewner matrices; that is, they can be expressed as divided differences of
appropriate transfer function values of the underlying LSS (see the following example).

Ezxample 4.2. Given the LSS described by (C;,E;,A;,B;) (D = 2 and j €
{1,2}), consider the ordered tuples of left interpolation points: {(u1), (u2,us)},

{(/J,g), (M17M4)} and right interpolation points {()\1), (/\3,)\2)}, {()\2), (/\4,)\1)}.
The associated generalized observability and controllability matrices are computed as
follows:

_ C1®1(p1) _ Ca®2(p2)
01 = Co®o(u2) K1 ®1(13) :| , Oz |: C1P3(u1)Ko®Pa(pa)
Rl = [ @1()\1)B1 @1()\3)K2‘I)2(A2)B2 ] s Rz = [ ‘13'2()\2)]32 ‘I>2()\4)K1‘I)1()\1)B1 ] .

The projected Loewner matrices can be written in terms of the samples in the following
way:

M H; (p1)—Hi (A1) H; o (p1,A2)—H;i 2(A3,22) 7
H1—A1 H1—A3
L, = =—-0:E Ry,
H2,1(H27M3)—H2,1(1L27)\1) H2,1,2(IL27,1137>\2)—H2,1,2(H27)\3,A2)
L 13 —A1 13 —A3 i
M Ho (p2)—Ha(A2) Haz 1 (p2,2A1)—Hz,1(A1,M\1) 7
H2—A2 B2—Aq
Ly = = —03E>R5.
Hi o(p1,pa)—Hi o(p1,22)  Hion(pa,pa,Aa)—Hi 21 (p1,24,21)
L Ha—A2 fa—Aa i

The projected shifted Loewner matrices can also be written in terms of the samples
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as
1 Hy (pa)—=A1Hy (A1) p1Hy o (p1, 2)=A3Hy 2(A3,A2) ]
11—\ 1—A3
Ly = =-01A1Rq,
3Ha 1 (p2,pu3) =M Ha 1(p2,M1)  paHa1,2(ps2,p3,22) —A3Ha 1,2 (p2,A3,A2)
L 13 —A1 13 —A3 J
poHo (p2)—A2Ha (A2) p2Haz 1 (p2,A1)=AaHa 1(Ag,A1) ]
H2—A2 H2—Ag
Lsp = = —02A5R;.
paH1 2 (p1,pa)—AoHy 2(p1,A2)  paHy 21 (pa,pm4,20) —AaHi 2.1 (p1,A4,A1)
L fa—A2 fa—A4 i

The same property applies for the V; and W vectors and E; matrices:

H; (1) Ha (p2)
V= =B Vo = = 0,B
! [Hz,l(ﬂz,u:a) bt Hy o (1, p1a) e

W, = [ H;(A1) Hi2(As, A2) } =CiRi, W= [ Ho(X2) Ha (A, A1) ] = C3Ro,

=, = [ Ho 1 (p2, A1) Hy 1 2(p2, A3, A2) } — 0K Ry
Hio(p,pa, M) Hign2(p1, pa, Az, A2) ’

- H; o(p1, A2) Hi (g1, Aa, A1) }
=y = ’ ' = 01 K>2Ros.
2 [ Ho 1 2(p2, 3, A2)  Haq2,1(pt2, pi3, Aa, A1) 1

It readily follows that, given the original system 3, a reduced LSS of order two
can be obtained without computation (matrix factorizations or solves) as

E, =OER, A=0AR, N=0ONR, B=0B, C=CR.
This reduced system matches sixteen moments of the original system, namely

four of Hi/Hy: Hi(p1), Ha(p2), Hi(A1), Ha(X2),
three of Hyo: Hyo(p1, pta), Hia(p1, A2), Hi2(A3, A2),
three of Hy @ Ha1(p2, p3), Haj1(p2, A1), Ha1(Ag, M),

(48)
oneof Hyo1: H172,1,2(M1,M47)\3,/\2)a
one of Hyq191: Haq1(p2, 113, A1, A1);
i.e., in total 2(2k + k?) = 16 moments are matched using this procedure. O

4.2.1. Properties of the Loewner pencil. We will now show that the quan-
tities defined earlier satisfy various equations which generalize the ones in the linear
or bilinear case.

The equations that are presented in this section are used to automatically find
the Loewner and shifted Loewner matrices by means of solving Sylvester equations
(instead of building the divided difference matrices from the computed samples at the
sampling points).

PROPOSITION 4.1. The Loewner matriz 1Ly and the shifted Loewner matriz Lg,
(corresponding to mode 1) satisfy the following relations (where L, R, A, My, Sy, Sr
are given in (34), (35), and (36)):

(49) Lsy =LAy + ViR + EoSrR,
(50) Ly, = MyL, + LW, + Sp.E,.
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The Loewner matriz Ly and the shifted Loewner matriz Lgo (corresponding to mode
2) satisfy the following relations:

(51) Lso =LoAs+ VoR + E; SR,
(52) Lso = Moo + LW5 4 Sp,Es.

Proof of Proposition 4.1. By multiplying the first equation in (38) with O; to the
left, we obtain

O1A 1R +01KaRoSr +0:B1R = 0,E;R1A; = —Ls; +E3Sr + ViR = 7L1A1,

and hence relation (49) is proven. Similarly we prove (51). By multiplying the first
equation in (44) with R; to the right, we obtain

O1A1R1+SLO:K 1 R1+LC1 Ry =M 01E1Ry = —Lg; +S1L.E1+LW; = —M;L,,

and hence relation (50) is proven. Similarly we prove (52). 0

PROPOSITION 4.2. The Loewner matrices Ly and Ly satisfy the following Sylvester
equations:

(53) M;L; —L1A; = (ViR —LW;,) 4 (E2Sr — SLE,),
(54) M;yLls — LoAgy = (VoR — LW3) 4+ (E1Sr — S1.E»).

Proof of Proposition 4.2. By subtracting (49) from (50) we directly obtain (53),
and also, by subtracting (51) from (52) we directly obtain (54). |

PROPOSITION 4.3. The shifted Loewner matrices Ly, and Lo satisfy the following
Sylvester equations:

(55) MLy — Ly Ay = (M ViR — LW Ay) + (M E,Sg — SLE1A1),
(56)  MaLyy — LygAs = (MaVoR — LW5Ay) + (MoE; Sk — SLE2A»).

Proof of Proposition 4.3. By subtracting (49) after being multiplied with M; to
the left from (50) after being multiplied with A to the right, we directly obtain (55).
A similar procedure is applied to prove (56). d

Remark 4.5. The right-hand side of (53)—(56) contains constant {0,1} matrices
(i.e., R,L, Sr, S.) as well as matrices (i.e., V;, W;, E;, j € {1,2}) which are directly
constructed by putting together the given sample values as pointed out in Example
4.2

4.3. Construction of reduced order models. As we already noted, the in-
terpolation data for the LSS has a different format from the one used for the linear
case without switching, as higher order transfer function values are matched as shown
in the previous sections. However, the procedure itself is similar to the one previously
presented in section 3, i.e., in Lemma 3.1.

LEMMA 4.4. Assume that k = £ and that the interpolation points are chosen to
satisfy the conditions in (19) and (21). Moreover, assume that the Loewner matri-

ces L1 and Lo are invertible. Then, a realization of a reduced order LSS > that
matches the data of the original LSS X (as introduced in Definition 4.9) is given by
the following matrices:

B, =-L,, Aj=-L,, B,=V,, C,=W . .
{ 1 1 1 1 1 1 1 1 and K1=E1, KQZEQ.

E, = —Ls, A, = —Lso, B, = Vo, C, = Wo,
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If k = n, then the proposed realization is equivalent to the original one (as in Defini-
tion 4.1).

Proof of Lemma 4.4. This result directly follows from Lemma 4.1 by taking into
consideration the notation introduced in (45)—(47). d

In the case of redundant data, at least one of the pencils (Ls;, L;) is singular
(for j € {1,2}), and hence we construct pairs of projectors (X;,Y}) (Corresponding
to mode j) similar to (10). The MOR procedure for approximate data matching is

presented as follows.

Procedure 1. Consider the rank revealing singular value factorization of the fol-
lowing matrices composed of the Loewner and shifted Loewner matrices corresponding
to mode j € {1,2} as

_ [ g o ] N T
1 1 1 1
L J J
v e (T, oM &) <
=Y,;’S;/(X;’) +Y;’S; /(X
e
Li |_[vo vo]1]8~° O @ <@ 17
HEER I AED
(57) =YPsP(x)T +Y(2)S(2)(X(2)) :

where Yy),Xg—i) € RF*" and S§-i) € R"*" for ¢ € {1,2}. The projected system

matrices corresponding to subsystem X; are computed as

- 1 2) A 1 2
E; = —(Y")TL,x?, A; = —(Y!")TL,; X,
B; = (YW)Tv,, €, =W,;X{ forje {1,2}.
Moreover, the projected coupling matrices are computed in the following way:
Kl _ (Ygl))Talng), Kg (Y(l))Tr—w X( )

By choosing r; as the numerical rank of the Loewner matrix L; (i.e., the largest
neglected singular value corresponding to index r; 41 is less than machine precision
€), ensure that the Ej matrices are not singular. Hence, construct a reduced order
LSS denoted with 3 that approximately matches the data of the original LSS 3. If
the truncated singular values are all 0 (the ones on the main diagonal of the matrices
§§Z))7 then the matching is exact.

We provide a qualitative rather than quantitative result for the projected Loewner
case. The quality of approximation is directly linked to the singular values of the
Loewner pencils which represent an indicator of the desired accuracy. For linear
systems with no switching, an error bound is prov1ded in [6] as a quantitative measure.

The dimensions of the subsystems 3, and 22, corresponding to the reduced order
LSS, need not be the same (i.e., r1 # r2). In this case the coupling matrices are no
longer square.

The projectors are computed via singular value factorization of the Loewner ma-

trices. The use of the Drazin or Moore—Penrose pseudo inverses also holds (as shown
in [2]).
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5. The Loewner framework for linear switched systems: The general
case. In this section we are mainly concerned with generalizing some of the results
presented in section 4. Most of the findings can be smoothly extended to the cases with
more complex switching patterns (more modes). By enforcing a prefix/suffix closure
structure in the proposed framework, we can show that all interpolation conditions
can be written in matrix equation format.

DEFINITION 5.1. LetT' and © be finite sets of tuples so thatT',© C UZ‘;I QF x CF
so that T' has the prefiz closure property, i.e.,

(qlaq27"',qia)‘l7"'7)‘i) EF:(q27"'aQi7)‘27"'a)‘i) EFVZ>27
and © has the suffix closure property, i.e.,

(ql,qg,...,qj,ul,...,,uj)6@:>(ql,...,qj_l,,ul,...,,uj_l)6@Vj>2.

Now consider the specific subset I'; (for any ¢ € Q) of the set I, defined in the
following way:

Fq = {(Q1,(I27 .. '7qi7>\17 o '7)\i) el | q =4q, 1 < 6F}7 §F = max(|w|)/2
wel

Denote the cardinality of I'y by k; = card(I'y) and explicitly enumerate the elements
of this set as follows: ', = {w,gl),w((f), e ,wék")}. Consider the following function

(mapping) r : I'; — C"*! that maps a word form I'; into a column vector of size ng:

r((q, q2,---,4i, /\17 ceey /\z)) = ‘Pq(Al)quq@!lz ()‘2) o KQi;Qifléfh'()\i)BQi'

Next, construct the controllability matrix R, corresponding to the mode ¢ of the
system X as follows:

(58) Rq = |: I‘(’LU((II)) I‘(w((lz)) I'(U)((]kq)) :| c Cnaxka

Similarly, define the specific subset ©, (for any ¢ € Q) of the set © in the following
way:

@q = {(qlan7 cees gy 1y .. 7Nj) el | q; = 4, ] < 5@}3 5@ = mang}D/Q

w
Consider the cardinality of ©, to be the same as the one of T'y, i.e., k, = card(0,).
Although this additional constraint is not necessarily needed, we would like to en-
force the construction of reduced systems with square matrices Ay and E;. Next we
explicitly enumerate the elements of this set as follows: O, = {vél), v((lz), e ,vék‘I)}.
Consider the following mapping o : ©, — C'*™e that maps a word form 6, into a
row vector of size ngy:

0(((]1’ q2;..-,45-1,4, 415 - - - 7Mj)) = CLh (I)Lh (Ml)qu,lh (I’lh (MQ) T Kqug'—lq)q(Mj)'

Next, construct the observability matrix O, € Cka*"a corresponding to the mode gq
of the system X as follows:

T T T 1T n
59 0=[ow) ow?) o opi) | ec

Consider the following example to show how the general procedure is extended from
the linear case (no switching) to the case when switching occurs.
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Ezample 5.1. Take D = 3 (three active modes) and hence Q = {1,2,3}. The
following interpolation points are given: {si,ss,...,s18} C C. The first step is to
partition this set into two disjoint subsets (each having 9 points):

left interpolation points : {1, pa, ..., o}, right interpolation points: {1, A2, ..., Ag}.

The set T" is composed of three subsets I' = T'y | T’ |JI's which are defined by imposing
the previously defined suffix closure property as

I' = {(17 >‘1)’ (1737 Ad, )‘3)7 (17 3,2, A7, X, >‘2)}7
F2 = {(27 >\2)7 (27 17 >\57 )‘1)7 (27 17 37 )‘87 )‘47 )\3)}7
s ={(3,X3), (3,2, A6, A2), (3,2, 1, Ag, A5, A1) }.

To the sets I'; we attach the following controllability matrices R;:
= [ P(\1) P1(A)K31P3(A3)Bs P1(A7)K31P3(A6) K2 3P2(A\2)B2 ] ;
= [ Bo(A2) Po(A5)Ki12P1(M)B1 ®2(As)Ki 2P1(Aa) K3 1P3(A3)B3 ] ;
=[ ®3(%3) P3(N6)K23P2(X2)By ®3(Ng)Ka23P2(A5)Ky2®1(A1)By |.

In the same manner, the set © is composed of three subsets © = ©1 | O3 ©3. These

are defined by means of imposing the previously defined prefix closure property as
follows:

(1 M]-) 3’1’u3’l‘t4)7(1727]‘)”17”57/’67)}7
(2 M2) ( :ula:u5)7(2??”2)#27“67“8)}7
(3,#3), (2a 3a M2, H6)7 (37 1a 35 H37H4,H9)}-

To the sets ©; we attach the observability matrices O; defined as follows:

{
{
{

C1®1(p1) Ca®2(u2)
O = C3®3(u3)K1,3P1(1a) , O = C1®1(p1)Ko1P2(us) ,
C1®1(p1)K2,1P2(us)Ki1,2P1(17) Ca®3(u2)K3,2®3(us)Kao,3P2(18)

C3®P3(u3)K1,3P1(1na)K3,1P3(19)

5.1. Sylvester equations for R, and Og. In this section we would like to gen-
eralize the results presented in Lemmas 4.2 and 4.3 and hence extend the framework
to a general number of operational modes denoted with D.

C3®3(u3)
05 = [ Co®2(p2)K3 2®3(u6) ]

DEFINITION 5.2. Introduce the special concatenation of tuples composed of mized
elements (symbols) from the sets Q and C, as the mapping with the following property:

(1 ®B1) © (2 ® B2) = ((061 © az) @ (b1 @52)),

where ai € Q% and By, € C* foriy, ji, > 1 and k= 1,2.
DEFINITION 5.3. For g,i = 1,...,D, let Sig) = | Sgg)(l) S(-g)(k‘g) | €

(2
R¥*ks be constant matrices that contain only 0/1 entries constructed so that Sgg) (1) =
0,1 and foru=2,...,k, we write

g if 3 4wl = (g, \) ow Y
(60) S\ (u) = {eu Lk i FXEC, stowy = (g, ) Owi
0,1 else.
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Also, introduce the matrices R(®) and A; which are defined similarly as in (34)

and (37),
(61)
RO =[el,, - el ]eR>M A =blkdiag[Al", AP, ..., Al eRbk

where the diagonal matrices Az(.a), a=1,...,, contain the right interpolation points

associated to mode i. For a set " with general structure (as in Definition 5.1), it follows
that the controllability matrices R; € R™**i 1 < i < D, satisfy the following system
of generalized Sylvester equations:

D
AR+ KRS + BiRW = B R 1A,

=1

D
o) AoRy + Y KioRiS{” + BoR® = EyRoAs,
62 Pt

D
ApRp+ Y KipRiS{"” + BpRP) = EpRpAp.

i=1
Note that Sz@ = O, 1;, and if ky = ko = --- = kp = k, the above-defined matrices
Sgg ) satisfy the following equality Vg € Q:
D
(63) >89 = blkdiag [T, ..o, I ]
i=1

where J; is the Jordan block of size | defined in (35).
To directly find Ry, g = 1,2, 3, for the case presented in Example 5.1, we have
to solve the following system of coupled generalized Sylvester equations:

ARy + K5 1 RS + BiR = E; Ry Ay,

ARy + K1,2R15§2) +BoR = ExRoAy,
AsRs + Kj 5RoSY + B3R = EsR3As,

where
A 0 O A 0 0 0 0
A= 0 X 0 |, Ay= 0 Xs 0 |, A= X O |,
0 0 M\ 0 0 Ag 0 Ao

oo oo

0 1
1 2 3
R=[10 0],s{=s®=s= 8 8

This corresponds to the case k1 = ko = k3 =3, # =1, and m; = 3.

. ) _ INT BT
DEFINITION 5.4. Forh,j=1,...,D,letT;" = | (T§ )) (1)...(T§ )) (kp) 17 €

R4 be constant matrices that contain only 0/1 entries constructed so that (Tyl))T(l)
= 04,1 and forv=2,...,k, we write

(64) (Tgh))T(v) _ {eu—ugj if 3peC, st w,(f) = wg-vfl) © (h, 1),
0,1 else.
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Also, introduce the following matrices:
(65)

WA T T 0. . 1 2 <z 0;x¥t
L) =Tlel, - el,, ] e RS, My = blkdiagM|", M, MP)] e RG*4,
where the diagonal matrices M§-U) forv =1,...,¢; contain the left interpolation points
associated to mode j. For a set © with general structure (as in Definition 5.1), one
can conclude that the observability matrices O; € R&>m 1 < j < D, satisfy the
following system of generalized Sylvester equations:

D

O1A; + ZT;I)OJ»KL]‘ +LYC; = M 0, Ey,
=1
]D

O2A5 + 3 TP 0Ky j + LA Cy = MyOsEs,

(66) =1

D
OpAp+> TV OKp; +LP)Cp = MpOpEp.

j=1
Note that Tg-j) = 0y, 1,5 and if {1 = ly = --- = {p = ¢, the square matrices Tgh) S
R satisfy the following equality Vh € Q:

D
(67) ST = bikdiag [J,,,....3,,]"

j=1

Again to find the matrices O, h = 1,2, 3, in Example 5.1, it is required to solve
the following system of coupled generalized Sylvester equations:

O1A1 + T§1)03K1,3 + T§1)02K1,z +LC, =M;0,E;,

O2A5 + T§2)01K2,1 + Té2)03K273 +LC; = MyOzE,,
O3A3 + ng)OQK:s,z + T§3)01K3,1 + LC3 = M303Es3,

where
1251 0 0 j25) 0 0 U3 0 0
Mi=| 0 pa O |, Ma=| 0 pus O |, M3=| 0 pu 0 [,
0 0 wpur 0 0 ps 0 0 o
000 000
TV =T =1 =11 0 0], TV=T =T =10 0 0], L=es.
000 010

This corresponds to the case ¢1 = o = ¢3 = 3, £ = 1, and p; = 3. Note that the
relation in (67) holds, i.e., TS + TV = T + T =17 4 T = J7T.

Throughout this section, we chose cycling switching to make the exposition more
comprehensible and to directly relate it to the case D = 2. The cyclic property of the
switching scenarios comes naturally in many applications (for example in the boost
power converter model in [9, section 5.2]) but does not necessarily need to be enforced
in our framework (Definition 5.1 is not constrained to only such types of switching).
Consequently, in Example 5.1, the construction of the sets I'y is indeed cyclic, while
the sets ©f do not possess this property.
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5.2. The Loewner matrices. For the case of linear switched systems with D
active modes, the generalization of the Loewner framework includes one important
feature. Instead of only one pair of Loewner matrices (as in the linear case without
switching, which is covered in section 3), we define a pair of Loewner matrices for
each individual active mode, and hence in total D pairs of Loewner matrices.

DEFINITION 5.5. Given a linear switched system X, let {R;|i € Q} and {O,|j €
Q} be the controllability and observability matrices associated with the multi-tuples T';
and ©;. The Loewner matrices {L;| ¢ € Q} are defined as

(68) L= -O,E Ry, Ly= -0y By Ry, ..., Lp = —OpEp Rp.
Additionally, the shifted Loewner matrices {L;| i € Q} are defined as
(69) Li1 =—-01A1R1, Lo =—03A2Rs,..., Lip =—0OpApRp.
Also introduce the matrices Vi, j € @

W, =CiRi, V;=0,B;, and B, = O, K, Ri.

Remark 5.1. The number of Loewner matrices, shifted Loewner matrices, W; row
vectors, and V; column vectors is the same as the number of active modes (i.e., D).
On the other hand, the number of matrices &, ; increases quadratically with D (i.e.,
in total D? matrices).

Remark 5.2. Note that the matrices IL; and Lg; as defined in (68) and (69) (for
i € {1,2,...,D}) are indeed Loewner matrices; that is, they can be expressed as
divided differences of generalized transfer function values of the underlying LSS.

PROPOSITION 5.1. The Loewner matrices Ly, satisfy the following Sylvester equa-
tions:

D
(70)  MaLy —LoAy = (VAR —LW,) + (Ej,hsg.h) - Tg”)ah,j), heQ.
j=1

PROPOSITION 5.2. The shifted Loewner matrices Lgj, satisfy the following Sylvester
equations:
(71)
D
MLy, — LonAn = (Mp ViR = LW, AL) + > (MyE80" — T8, ;A4 ), h e Q.

Jj=1

Remark 5.3. The proof of the results stated in (70)—(71) is performed in a similar
manner as for the results obtained for the special case D = 2 in section 4 (i.e., for
(53)—(56)).

5.3. Construction of reduced order models. The general procedure for the
case with D switching modes is more or less similar to the one covered in section 4.3
(where D = 2).

LEMMA 5.1. Let IL; be invertible matrices for 1 < j < D, such that none of the
interpolation points X;, ux are eigenvalues of any of the Loewner pencils (Ls;, Lj).
Then, the matrices

B;=V,, C;=W;, K,;;=5,;}, i,je{l,...,D},

EYVEl 5

{B; =-L;, A;=-L
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form a realization of a reduced order LSS 3 that matches the data of the original LSS
Y. If kj = nj for 1 < j < D, the proposed realization is equivalent to the original
one.

The concept of an LSS matching the data of another LSS in the case D > 2 is
formulated in a similar manner to the case D = 2, which is covered in Definition 4.9.
Also, the definition of equivalent LSSs for the case D > 2 is formulated similarly as
to Definition 4.1.

In the case of redundant data, at least one of the pencils (L
j€{1,...,D}). The main procedure is presented as follows.

sj, LLj) is singular (for

Procedure 2. Consider the rank revealing singular value factorization of the ma-
trices composed of the Loewner matrices IL; and of the shifted Loewner matrices L
as in (57), this time for j € {1,...,D}. Again, Xg-e),Y]@) € RFix7i, S;Z) € R™ %73,
j=1{1,...,D}, and £ = {1,2}. Here, choose r; as the numerical rank of the Loewner
matrix L; (i.e., the largest neglected singular value corresponding to index r; + 1 is
less than machine precision €). The projected system matrices computed as

. 1 2 A 1 2
B, = (") LXP, A = —(Y{) L, X,
B; = (Y\))Tv;, €;=W,;X forje{1,....D}

and the projected coupling matrices computed as

K;; = (Y\)7E;X® vi,je{l,...,D}

form a realization of a reduced order LSS denoted by b3 that approximately matches
the data of the original LSS 3. Each reduced subsystem X; has dimension r;, j €
{1,...,D}.

Remark 5.4. If the truncated singular values are all 0 (the ones on the main
diagonal of the matrices S;), then the interpolation is exact.

6. Numerical experiments. In this section we illustrate the new method by
means of three numerical examples. We use a certain generalization of the balanced
truncation (BT) method for LSS (as presented in [28]) to compare the performance of
our new introduced method. The main ingredient of the BT method is to compute the
the controllability and observability Gramians P; and Q; (where i € {1,2,...,D}) as
the solutions of the following Lyapunov equations:

(72) AP,E! + E,;P;A] + B,B] =0,
(73) ATQE, +EI'P,A;, + CTC, =0.

6.1. Balanced truncation. In [28] it was shown that, if certain conditions are
satisfied, the technique of simultaneous balanced truncation can be applied to switched
linear systems. In some special cases, the existence of a global transformation matrix
Vpai is guaranteed, provided that (Corollary IV.3 in [28])

1. The matrices P;Q; and P;Q; commute for all 4,5 € {1,2,...,D}.
2. The conditions P;Q,; = P;Q; are satisfied for all ¢,j € {1,2,...,D}.
Hence, it follows that

(74) Vbalpivg;l = Vb_a? szl;ll = Ui7

where U; are diagonal matrices. Although conceptually attractive as a MOR method,
in general the conditions are rather restrictive in practice. This motivates the search
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for a more general MOR, approach for the case where simultaneous balancing cannot
be achieved.

The problem of finding a balancing transformation for a single linear system can
be formulated as finding a nonsingular matrix such that the following cost function
is minimized (see [1]):

(75) f(V) = trace[VPVT + VT QVv1].

For the class of LSSs with distinct operational modes, we hence have to minimize not
one but a number of D cost functions:

(76) fi(V) = trace[VP, VT + V-1Q, V™| ic{1,2,...,D}.

If the conditions of Corollary IV.3 from [28] hold, simultaneous balancing is possible,
and there exists a transformation V which simultaneously minimizes f; for all ¢ =
1,2,...,D. Instead of having D functions as in (76), one can introduce a single overall
cost function (i.e., the average of the cost functions of the individual modes). Define
the function f,, as in [28]:

(77)

D
1
fa(V) = 5 > trace[VP, VT + VO,V = trace[VPa, VT + V= 1Q,, V™,
i=1
where

1 & 1 &
(78) ,Pavzﬁizzlpi; Qavzﬁizzlgi-

In the case of LSSs, the BT method computes a basis where the sum of the eigenvalues
of P; and Q; over all modes is minimal. Hence, minimizing the proposed overall cost
function provides a natural extension of classical BT to the case of LSS.

It follows that the transformation V that minimizes the cost function in (77) is
precisely the one which balances the pair (P, Qqp) of average Gramians.

By applying V to the individual modes and truncating, a reduced order model is
obtained. After applying the transformation V, the new state-space representations
of the individual modes need not be balanced. Nevertheless, as stated in [28], it
is expected to be relatively close to being balanced. Moreover, a downside of this
method is given by the fact that it does not allow different state-space dimensionality
for different modes.

6.2. First example. As a first example we consider the simple model of an
evaporator vessel from [29] (see Figure 1). There is a constant inflow of liquid into a
tank as well as an outflow that depends on the pressure in the tank and the Bernoulli
resistance Rp. To keep the level of fluid in the evaporator vessel at or below a pre-
specified maximum, an overflow mechanism is activated when the level of fluid L in
the evaporator exceeds the threshold value L. This causes a flow through a narrow
pipe with resistance R, and inertia I that builds up flow momentum p. The system
is modeled in two distinct operation modes: mode 1, where there is no overflow (the
fluid level is below the overflow level), and mode 2, where the overflow mechanism is
active. The ordinary differential equations describing the system in the two operation
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modes are given by

[ég}{i}{_(]ﬁp _lgRb}{g]Jr{f?n}(model),
I 0
0 C

[ Hﬂ:[_ﬁp —1}RbH§]+[f?n} (mode 2).

Additionally, note that the observed output ¥ is chosen to be the average of the two
system variables p and L, i.e., y = (p+ L)/2 (for both modes). Assuming the system
is initially in mode 1, the inflow then causes the tank to start filling, which causes an
outflow through resistance R;. In this mode the outflow through the narrow pipe is
zero. If L exceeds the level Ly, a switch from mode 1 to mode 2 occurs at the point
in time when L = Ly,

~™ LE\'
C
I s ol
o
a
R
vTF f

out sump

F1G. 1. Schematic of the evaporator vessel [29].

In the following, use the parameters R, = 1,R, = 0.5, = 1,C = 1, fi, =
1, Lsp, = 0.08 and compute the following system matrices:

10 -3 0 0 11
MOdeLEl[O 1],A1[0 1 7B1{1}701[2 E]’

10 -1 1 0 11
MOdGQ.EZ—[O 1],A2—[_1 1 7B2—{1}vc2—[2 E]

The coupling matrices are chosen to be identity matrices, i.e. K; = Ko = I,. Next,
consider the following tuples of left and right interpolation points corresponding to
each mode, as

{M — {(~1.5),(=2,1)}, {A2 — {(1), (1.5, —1.5)},
= {(2),(0,05)}. s = {(0), (2,~0.5)}.

Hence, following the procedure described in section 4, we recover the following system
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matrices:
_1 23 1 19 1
T 3 240 A.— | 3 240 . _ | 6 [ _1
Model: Ex=| 5 7 |, Ai=| 5 7 |, Bi=] 7 , Ci=[ -1 is ]
3 B 3 B 3
3 _1 -3 1 1
. 16 3 AL 16 2 o 2 A, — [ 5 1
Mode 2 : Eg = E , Ao = a7 , Be = 1 >CQ—[16 2]
120 9 120 30 5

Note that the recovered realization is equivalent to the original one (no reduction has
been enforced since the task was to recover the initial system only). The coupling
matrices are also computed:

6.3. Second example. For the next experiment, consider the CD player system
from the SLICOT benchmark examples for MOR (see [14]). 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). More precisely, consider mode j to be activated whenever the
jth input and the jth output are simultaneously failing (where j € {1,2}).

In this way, we construct an LSS with two operational modes (hence D = 2). Both
subsystems are stable SISO linear systems of order 120. This initial linear switched
system ¥ will be reduced by means of the Loewner framework to obtain >, and by
means of the balanced truncation method proposed in [28] to obtain 3 5. Denote
with 3 L; and > B, the jth linear subsystem corresponding to 3N 1, and respectively,
to 23

The frequency response of each original subsystem is depicted in Figure 2. Note
that an amplitude scaling of the original system was performed in order to enforce a
similar gain for each of the two subsystems.

Frequency response of the original LSS

7 : : : :
AN —I” subsystem
10°F S, ---11"? subsystem
10—5 L
.
10710 \ \ \ \ \ o
10° 10* 102 10° 10* 10° 10°

Frequency(w)
FiG. 2. Frequency response of the original subsystems.

For the Loewner method, we choose 120 logarithmically distributed interpolation
points in the interval [101,10°]5. In Figure 3(a), we depict the singular value decay of
the appended Loewner matrices, i.e., [L; Ls;], j € {1,2}. These matrices are used in
Procedure 1, i.e., in (57). Note that the Loewner matrices L; and the shifted Loewner
matrices L,; are defined as in section 4.2. Additionally, Figure 3(a) depicts the decay
of the Hankel singular values of the averaged Gramians corresponding to X, as defined
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in (78). We observe that the 80th value attains machine precision (¢ ~ 10716) in the
case of the Loewner matrices, while in the case of the balancing procedure, the same
truncation order provides a 10~ decay. The decay presented in Figure 3 is a good
indicator for choosing the desired truncation order.

Singular value decay

10 \\\ ‘ ‘ ‘ ‘ ‘ —Mode 1 (LSS) . . S?ngnlnr V‘HIH(- de(‘,‘d‘y

---Mode 2 (LSS) 10° —Mode 1 (LSS)
Averaged Gramians| t ~+-Mode 2 (LSS)

--Mode 1 (no switch)
. 5_; Pooe [*®-Mode 2 (no switch)

1020k

10 1050

10 20 30 40 50 60 70 80 90 100 110 120 0 10 20 30 40 50 60 70 80

(a) Appended Loewner matrices + averaged (b) Appended Loewner matrices.
Gramians.

F1a. 3. Decay of the singular values for different matrices.

For both reduced order systems, 3, and B, we decide to truncate at order
k1 = ko = 27 for the two subsystems. This choice was made so that the neglected
singular values corresponding to all three curves in Figure 3(a) are less than the chosen
tolerance value, i.e., ¢, = 107%. More specifically, this corresponds to the following

values for the 27th singular value: aé? = 1.5498-1077 for the first Loewner subsystem

(2)

and 0227 = 8.5741 - 1078 for the second Loewner subsystem. The last kept singular

value corresponding to the averaged balanced model is higher, i.e., ag) =1.5516-109.
Hence, we would like to emphasize that the singular value decay is faster for Loewner
compared to BT and thus certain errors can be achieved with lower order models.

Additionally, in Figure 3(b) we present the singular value decay of appended
Loewner matrices [L; Ls;], j € {1,2}, defined as in section 4.2 (the LSS case for
which samples of higher order transfer functions are used in the process). The first
and second curves correspond to these quantities. In the same figure, we present
the singular value decay of appended Loewner matrices defined as in section 3.2 (the
classical linear case with no switching and in which only samples of first order linear
transfer functions are used in the process). The third and fourth curves correspond to
these quantities. Note that the singular value decay of the latter matrices is slightly
slower than that of the first matrices.

Error in frequency domain - mode 1

104F ‘ ‘ hi Y '—Loewner|]
O W |y | TN =
108 | | . . | J

10° 10 10 10° 10 10° 10°

Frequency(w)
Error in frequency domain - mode 2
1 T — Loewner

101 o~ BT 1
oA M AN :

10° 10 10* 10°

Frequency (w)

FiG. 4. Frequency domain approximation error.
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We assess the performance the two MOR methods mentioned above in the fol-
lowing ways: depicting the frequency domain simulation error, computing the Ho and
H~ norms of the error subsystems, and depicting the time domain simulation error.

First, start by comparing the quality of approximation of the frequency response.
In Figure 4 the frequency domain error is depicted for both MOR methods (Loewner
and BT).

Observe that the error curve corresponding to the Loewner method is lower than
that of the BT method for most of the frequency points considered in this experiment.
This behavior is especially noticeable in the low frequency range. If one compares the
maximum of the error, i.e., the H, norm, then one can notice that for mode 1 the
Loewner method produces a higher peak error, while for mode 2, the Loewner method
produces a lower peak error.

Next, we explicitly compute the relative approximation errors for each mode indi-
vidually, for both reduction methods, with respect to the Hy norm. More specifically,
132, — 252, /11252, for the Loewner method, and [|Xp; — 3|3, /(| 2;#, where
j € {1,2} for the BT method. Additionally, we compute the H, norm relative errors,
ie., ||ﬁ]Lj — Xjl|1o /1123 for the Loewner method, and ||Zp; — X% /(12 #.
where j € {1,2} for the BT method. The results are presented in Table 1. Note that,
for mode 1, the balanced truncation method produces slightly lower errors, while for
mode 2, the errors corresponding to the Loewner method are lower.

TABLE 1
Relative approzimation error for the two modes in the Ha and Ho norms.

Ho Loewner Bal trunc Hoo Loewner Bal trunc
Mode 1 | 3.9210-10—° | 2.0303-10~° Mode 1 | 3.3888-10~° | 5.5266 - 10~ F
Mode 2 | 9.9040-10-% | 2.2922.10~5 Mode 2 | 2.6036-10—7 | 6.3798-10—"

Finally, we compare the time domain response of the original linear switched
system against the ones corresponding to the two reduced models. We first use a
simple sinusoidal signal, i.e., u(t) = cos(t)/10, as the control input. The piecewise-
constant signal in the upper part of Figure 5(a) represents the switching signal. The
switching times are chosen within the interval [0,10] seconds so that fast switching
is also exhibited. More precisely, note that in the range [5.5,7]s, this signal switches
between modes 1 and 2 much more frequently than in the rest of the time axis.

As can be seen in the lower part of Figure 5(a), the output of the LSS is well
approximated for both MOR methods (all three curves are indistinguishable from one
another). The blue circles located on the observed output curve in the lower part of
Figure 5(a) are used to mark the switching times.

Finally, by inspecting the time domain error between the original response and the
responses coming from the two reduced models (depicted in Figure 5(b)), we notice
that the error curve corresponding to the Loewner method is two orders of magnitude
below the error curve corresponding to the BT method for most of the points on the
time axis.

Additionally, we repeat the time domain simulation experiment depicted in Fig-
ure 5 by considering another control input signal. Let u(t) = (leﬁo:l sin(wyt))/10 be
a richer frequency spectrum signal, where the frequency points wy are logarithmically
spaced in the interval [1,50]. We also choose another switching signal o(t), with ran-
dom switching times (and with no particular imposed conditions to the frequency of
switching). In Figure 6 we depict the switching signal, the observed output, and the
approximation error. Similar conclusions to the ones mentioned above for the results

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 04/26/18 to 193.175.53.21. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

DATA-DRIVEN MOR OF LSS B603

Switching signal o(t) 10 ‘Om pln‘cn’or i‘n time ‘domah‘l i
oF T T T T T T T T 3 o
BT
15 4 .
100+ ;
o 1 2 3 4 5 6 7 8 9 10 g 108
B [—Original LSS &
, Tiane dowmain simulation - Outpu|”peduceq LSS - Loewner ‘
Reduced LSS - BT
100 ‘ |
0
2 i . . . . . A 1012 . . . . . . ,
0 1 2 3 4 5 6 7 8 9 10 0 2 3 4 5 A 6 7 8 9 10
Time(t) Time(t)

(a) The switching signal and the output. (b) Approximation error of the output signal.

Fic. 5. Time domain simulation—first choice of input.

in Figure 5 can be drawn by inspecting Figure 6.

Switching signal o(t)

2fF L L ' L L ' L ' . 1 Output error in time domain [y
10f BT
15F q |
\ 1 |

{ P | |

1 L L T L L T L T L < I | k
0 1 2 3 4 5 6 7 8 9 10 i f ” i

| ”
8 9

Time domain simulation - Output
(a) The switching signal and the output. (b) Approximation error of the output signal.

Magnitude
N
)
%
—
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Times(t) Time(t)

Fic. 6. Time domain simulation—second choice of input.

6.4. Third example. For the last experiment, consider a large scale LSS con-
structed as in [22] from the original machine stand example given in [16]. In this
example, the system variability is induced by a moving tool slide on the guide rails of
the stand (see Figure 7). The aim is to determine the thermally driven displacement
of the machine stand structure. Following the model setting in [16], consider the heat
equation with Robin boundary conditions. Using a finite element (FE) discretization
and denoting the external influences as the system input z, we obtain the dynamical
heat model

(79) Eth}.((t) = Ay (t)X(t) + B (t)z(t),

describing the deformation independent evolution of the temperature field x with the
system matrices Eyp,, Ay (t) and By (t). The variability of the model is described
by time dependent matrices Ay, (t) and By, (¢). This leads directly to the linear
time varying system described by (79). Since model reduction for LTV systems is
a highly storage consuming procedure, the authors of [22] exploit properties of the
spatially semidiscretized model to set up an LSS consisting of LTI subsystems only.
As described in [16], the guide rails of the machine stand are modeled as 15 equally
distributed horizontal segments (see Figure 7). Any of these segments is said to be
completely covered by the tool slide if its midpoint lies within the height of the slide.
On the other hand, each segment whose midpoint is not covered is treated as not in
contact, and therefore the slide always covers exactly five segments at each time. This
in fact allows the stand to reach 11 distinct, discrete positions given by the model
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Fi1G. 7. Schematic of the tool slide on the guide rails of the stand [22].

restrictions. In this way, one can define the subsystems of the LSS as follows:

(80)

s . [ Bk = Alx+ B2,
y =Cx,

where ¢ € {1,...,11}. Note that the change of the input operator By, (¢) is hidden
in the input itself, since it is sufficient to activate the correct boundary parts by
choosing the corresponding columns in By, via the input z‘. Therefore, the input
operator By (t) := By, becomes constant and the input variability is represented by
the input z%:

(81) z; forie{1,...,15}.

' z;, segment ¢ is in contact,
0 otherwise

Here, z; € R is the thermal input as described in [22]. The only varying part influ-
encing the model reduction process left in the dynamical system is the system matrix
Ath(t) = Afh

Since the application of this example is to study the thermally driven deformation
at particular points, the output equation y = Cz is used to explicitly select these
points (such as the ones located around the tool center point or around the connections
to neighboring assembly groups). The rows of the matrix C are unit vectors with
only 0 and 1 values, and hence the output y contains selected entries of the internal
variable x.

After the finite element discretization was performed, obtain an LSS with 11
active modes (denote it by X). Each subsystem has dimension n = 16626. The E and
C matrices are the same for all modes of the LSS. The B matrices have 6 columns
(corresponding to different inputs), and the C matrix has 9 rows (corresponding to
different outputs). All the aforementioned matrices are saved in sparse format.

The proposed extension of the Loewner method to LSSs (described in sections 4
and 5) can be generalized in a straightforward manner to the MIMO case similarly to
the linear case (see [6]) by introducing left and right tangential direction vectors.

In the following experiments, we take into consideration three active modes (the
first, the third, and the fifth). This corresponds to the particular case of D = 3
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(treated in section 5). Furthermore, consider only the pairs of the first and third
inputs as well as the first and third outputs to be activated at any time, for each of
the three modes. Hence, the measurements used in the Loewner framework are 2 x 2
matrices.

We analyze a simplified model composed of three modes and certain input/output
pairs in order to ensure that the numerical results can be depicted in a clear and
distinguishable manner (without overcrowding the figures).

All subsystems are stable linear systems of order 16626 in sparse format. The
large scale LSS X will again be reduced, as in the second example, by means of the
Loewner method and the balanced truncation method proposed in [28].

We perform a time domain simulation to investigate the approximation quality
of the observed output, which in this case has two components. More exactly, the
choice of outputs is as follows: the first output represents the 9163rd entry of the
deformation vector x, while the second output is the 9814th entry of x.

The singular values of the frequency response of each original subsystem are
depicted in Figure 8, More exactly, for all three modes and for each frequency point
jw, compute the two singular values corresponding to Hy,(jw) € C2*2.

_______ :
— 1% subsystem

) --11"? subsystem
10 e ——— - -1 subsystem| |
1074}
7 1

\
10° 10" 107 10°

Frequency(w)
Fic. 8. Frequency response of the original subsystems.

For the Loewner method, we choose 200 logarithmically spaced interpolation
points in the interval [1076,5-10°)5. The decay of the singular values of the appended
Loewner matrices [L; L,;] corresponding to mode j for j € {1,2,3} is presented in
Figure 9. We notice that all three curves are close to each other and already the 100th
singular values attain machine precision. Additionally, in the same figure one can ob-
serve the decay of the approximate averaged Hankel singular values corresponding to
3. Of course, one cannot compute exact Gramians for the large order system but
only approximate low rank factors by using, for instance, such software tools as in
[36].

For the Loewner reduced order LSS (i.e., 31), we decide to truncate at order k =
66 for all three subsystems. This corresponds to eliminating the singular values that
are smaller than 10713 (for each of the three appended Loewner matrices). The same
truncation order is chosen for the reduced order model computed via BT for which
the last kept singular value (before the balancing truncation procedure is applied) is
ot = 8.0693 - 10711

In the upper part of Figure 10, the control input signals u; and us are depicted:

_L. —t/500 . L /500 _ 1
(82) up(t) = 5 sin(t/20)e + 55°¢ , us(t) = 0
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Singular value decay
10° : T

T
—Mode 1 (LSS)
---Mode 2 (LSS)
- -Mode 3 (LSS)

Averaged Gramians | |

10°

10—10

10-15

50 100 150 200 250

Fi1c. 9. Decay of the singular values of the different matrices.

As can be observed in the x axis of this figure, the running time of the performed
experiment is 1 hour (the control is active from time t; = 0s to time ¢, = 3600s). In
the lower part of Figure 10, the switching signal o : R — {1, 2,3} is presented. Note
that the time axis is restricted from 380 to 440 seconds. The switching signal follows
a simple periodical rule by repeating the sequence of modes (1,2,3,2,1).

The control input signals
T T

0. T T Input 1
0. Input 2|
0. i i
AV AV VA NN
-0. i
-04L I I I I I L4
0 500 1000 1500 2000 2500 3000 3500
Switching signal o(t)

3F T T T ]

oL

1 I I I h I

380 390 400 410 420 430 440

Time(t)
FiG. 10. The control and switched input signals.

Next, compare the time domain response of the original LSS against the ones
corresponding to the two reduced models. Notice that the two outputs of the LSS are
well approximated for both MOR methods, as can be seen in Figure 11 (the upper
part depicts the first observed output, while in the lower part, the second output is
shown). As for Figure 5 in section 6.3, the blue circles included on the output curves
are used to mark the exact time instances when switching occurs. Again, the time
axis is restricted from 380 to 440 seconds.

Finally, we inspect the time domain error between the original response and the
responses of the two reduced models (depicted in Figure 12). Note that the time axis
is again restricted to one minute, in between [380,440] seconds. We observe that the
error curve corresponding to our proposed method is always below the error curve
corresponding to the BT method in the considered time range.

7. Summary and conclusions. In this paper we address the problem of model
reduction of linear switched systems from data consisting of values of high order
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Fic. 11. Time domain simulation.
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FiGc. 12. Time domain approximation error.

transfer functions. More specifically, we have extended the Loewner framework to
the reduction of LSS. The Loewner approach to model reduction, first developed
for linear time-invariant systems (see [6] for a survey), was later extended to linear
parametrized systems [5, 21] and to bilinear systems [4].

The underlying philosophy of the Loewner framework is to collect data and then
extract the desired information. For the case of linear switched systems, the data must
be computed a priori rather than measured (as for linear systems with no switching
where one can use vector network analyzers (VNAs), for instance). Having the re-
quired data, the next step would be to arrange it into matrix format. We have shown
that the Loewner matrices (which represent the recovered E and A matrices of the
underlying LSS) can be automatically calculated as solutions of Sylvester equations.
In the proposed framework, the transition/coupling matrices can be recovered from
the given computed data as well. Since these matrices need not be square, they allow
having different dimensions of the reduced state-space in different modes.

Three numerical examples demonstrate the effectiveness of the proposed ap-
proach. The quality of approximation for the reduced models was determined by
performing both frequency and time domain tests. We have chosen a generalization
of the classical balanced truncation method to LSS for comparison purposes. As op-
posed to most of the balancing methods we encountered in the literature (see [13],
[10], [37], and [34]), the method we choose (i.e., [28]) does not require solving systems
of LMIs (linear matrix inequalities) which might be difficult for very large systems
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such as the one in section 6.4. The results of the new proposed method turned out to
be overall better than the ones obtained when using the BT method. More precisely,
we would like to emphasize that the Loewner method seems to be able to achieve
approximation accuracy similar to that of the BT method, but with lower dimension
of the reduced order models constructed. This observation is confirmed by the faster
decay of the singular values computed for our method as compared to the decay of
the (averaged) Hankel singular values corresponding to the BT method (presented in
Figures 3 and 9).

In section 6.3, we also investigated switching signals o (t) that exhibit a fast switch-
ing behavior (hence smaller dwell times) in a particular time interval (Figure 5(b)).
We conclude that there are no reasons to suspect that our method will fail for such
cases.

In general, stability preservation of the reduced order model is still an open issue
for moment matching MOR methods, even for linear systems. In fact, even for linear
systems, the Loewner framework does not guarantee preservation of stability. Since
the model order reduction method presented in this paper is a direct extension of
the Loewner framework for linear systems, in general, it will not preserve stability.
However, although it is likely that under suitable assumptions the proposed method
could be modified to preserve stability, this remains a topic of future research.

The Loewner framework is conceptually a data driven MOR method that builds
reduced order models that interpolate the frequency response of the large scale orig-
inal system. In principle, this method requires only data and not solving any type
of equations. In the linear case, the data can be measured using VNAs (vector net-
work analyzers). In the nonlinear case (as for bilinear, quadratic-bilinear, or linear
switched), the data is obtained by direct numerical simulation (DNS). In the LSS case,
no equation needs to be solved (the data is gathered and put together in the fashion
described in the paper). The computational complexity of our proposed method is
related to the DNS process. Hence, one needs to compute samples of the generalized
transfer functions (in the case for which these values are not provided via real time
measurements). This can be performed in a fast way by avoiding the explicit inversion
of the matrices w; B, — A}, and using, for example, Gaussian elimination instead.
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