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Computation of transfer function matrices of periodic systems

A. VARGAT

We present a numerical approach to evaluate the transfer function matrices of a periodic system corresponding to lifted
state-space representations as constant systems. The proposed pole-zero method determines each entry of the transfer
function matrix in a minimal zeros-poles-gain representation. A basic computation is the minimal realization of special
single-input single-output periodic systems, for which both balancing-related as well as orthogonal periodic Kalman
forms based algorithms can be employed. The main computational ingredient to compute poles is the extended periodic
real Schur form of a periodic matrix. This form also underlies the solution of periodic Lyapunov equations when
computing minimal realizations via balancing-related techniques. To compute zeros and gains, numerically stable fast
algorithms are proposed, which are specially tailored to particular single-input single-output periodic systems. The new
method relies exclusively on reliable numerical computations and is well suited for robust software implementations.
Numerical examples computed with MATLAB-based implementations show the applicability of the proposed method to

high-order periodic systems.

1. Introduction

Among the open computational problems listed in a
recent survey (Varga and Van Dooren 2001), the com-
putation of the transfer function matrix of a periodic
system is one which has some useful applications. For
example, the evaluation of frequency-response for a
periodic system, can be conveniently done by using the
transfer function matrix corresponding to a constant
system lifted representation. Furthermore, for the
manipulation of periodic systems, the state-space to
transfer function matrix conversion is a useful trans-
formation which must be provided by any software
toolbox devoted to periodic systems.

In this paper we consider time-varying periodic
systems of the form

x(k + 1) = Ayx(k) + Bru(k) 0
(k) = Crx(k) + Dyu(k)

where the matrices A, € R*"" B, € R"*" (C, ¢
R D, € R”*™ are periodic with period K> 1. The
importance of considering periodic systems with time-
varying state dimensions has been revealed by the mini-
mal realization theory of periodic systems (Colaneri and
Longhi 1995, Gohberg et al. 1992). It is important to
note that even for constant dimension periodic systems,
the corresponding minimal order (i.e. reachable and
observable) state-space realizations have, in general,
time-varying state dimensions. Time-varying dimensions
are also paramount importance in solving appropriate
model reduction problems (Longhi and Orlando 1999,
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Varga 2000 a). Interestingly, periodic systems with time-
varying dimensions have been already considered in
earlier papers (Grasselli and Longhi 1991, Gohberg
et al. 1992), but only recently the development of
numerically reliable algorithms has been addressed.
Among the first general algorithms for periodic systems
with time-varying dimensions are those to compute
minimal realizations (Varga 1999), to perform model
reduction (Varga 2000a) and to compute system zeros
(Varga and Van Dooren 2002).

Most theoretical results for the analysis of periodic
systems (Bittanti and Colaneri 1996) are based on two
lifting techniques which allow to reformulate a problem
for the time-varying periodic system (1) as an equivalent
problem for a time-invariant discrete-time system of
increased dimensions. The first lifting approach, pro-
posed by Meyer and Burrus (1975), involves forming
products of up to K matrices. Apart from being com-
putationally expensive, the explicit computation of the
matrices of the lifted system can lead to numerical diffi-
culties for any algorithm performing on such a model.
The second lifting approach appears in the works
of several authors (Park and Verriest 1989, Flamm
1991, Grasselli and Longhi 1991) and leads to a large
order standard system representation with sparse and
highly structured matrices. Although these lifting tech-
niques are useful for their theoretical insight, their
sparsity and structure may not be suited for numerical
computations. This is why, in parallel to the theoretical
developments, numerical methods have been developed
that try to exploit efficiently this structure.

In this paper we propose a numerically reliable
approach to evaluate the transfer function matrix
corresponding to the above-mentioned lifted state
space representations. The proposed pole-zero method
determines each entry of the transfer function matrix
in a minimal zeros-poles-gain representation. For this
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purpose, a minimal periodic realization for each entry
of the transfer-function matrix is necessary to be com-
puted. The corresponding single-input single-output
periodic system has a very particular form which can
be exploited by devising specially tailored algorithms
for all necessary computations. To compute minimal
realizations both balancing-related as well as ortho-
gonal periodic Kalman forms based algorithms can be
employed. A basic numerical ingredient to compute
minimal realizations via balancing-related techniques
and also system poles is the extended periodic real
Schur form of a product of rectangular matrices
introduced by Varga (1999). This form represents a
generalization of the periodic real Schur form
(Bojanczyk et al. 1992, Hench and Laub 1994) of a
product of square matrices. The algorithms to compute
these forms are numerically stable and have a low com-
putational complexity. To compute zeros and gains,
numerically stable structure exploiting algorithms are
developed.

The proposed method is numerically reliable, relying
exclusively on using orthogonal and well-conditioned
transformations. This is why, all computed quantities,
like poles, zeros or gains can be considered as exact
for a slightly perturbed original system. This guarantees
a certain form of numerical stability for the overall
computation. The new method is well suited for robust
software implementations. Numerical examples com-
puted with MATLAB-based implementations show the
applicability of this method to high order periodic
systems.

Notation: To simplify the presentation we use some
special notation of periodic matrices. For a K-periodic
matrix X; we use alternatively the script notation

X = diag(Xpe, Xjeqrs - o> Xieyk—1)

which associates the block-diagonal matrix X, to the
cyclic matrix sequence X; i=k,...,k+ K—1 starting
at time moment k. We reserve the script notation X
(i.e. without subscript) for X' =X"|. The script notation
is consistent with the standard matrix operations as for
instance addition, multiplication, inversion as well as with
several standard matrix decompositions (Cholesky,
QR, SVD). We denote with o X the K-cyclic shift

O’Xk = diag(Xk+1,...,Xk+K,1,Xk)

of the cyclic sequence X, i=k,...,k+K—1.

By using the script notation, the periodic system (1)
will be alternatively denoted by the quadruple (A, By,
Cr, Dy) or (A, B, C, D) if k=1. The transition matrix
of the system (1) is defined by the n;xn; matrix
D4(j,0) = Aj_1Aj_5--- A;, where D (i, i) := I, The state
transition matrix over one period @,(j + K, j) € R
is called the monodromy matrix of system (1) at time j

and its eigenvalues are called characteristic multipliers
at time .

2. Transfer function matrices of periodic systems

To define the transfer function matrix (TFM) of the
periodic system (1), we consider the time-invariant
representations corresponding to the two associated
lifted systems introduced in Meyer and Burrus (1975),
Park and Verriest (1989) and Flamm (1991), respec-
tively. The lifting technique of Meyer and Burrus (1975)
uses the input—output behaviour of the system over time
intervals of length K, rather than 1. For a given sam-
pling time k, the corresponding mK-dimensional input
and pK-dimensional output vectors are

ub(h) = [u' (k + hK) - u' (k + hK + K — 1)]*
vih) = [y (k +hK) -y (k + hK + K — D)]'
and an ny;-dimensional state vector is defined as
xE(h) := x(k + hK)
The lifted system has the form
xi(h+1) = Fexi(h) + G (h)
vi(h) = Hixi(h) + Liug (h)
where
FF = @,k + K, k)
G =[P4k + K,k +1)B;,  ®,4(k+ K,k +2)Byy,

< Bkl
_ c.
Conn®a(k + 1,K)

Hf =

| Chrx-1P4(k + K —1,k)

© D, 0 )

Ly Dy - 0

L =

L Li,xk1 Lik> -+ Di

with Lk’,"jZ C]ﬁL[,]@A(k +i— 1, k +j)Bk+_1;1, for i=
2,....K, j=1,2,...,K—1and i > .

The system (2) is called the standard lifted system at
time k of the given K-periodic system (1). The associated
TFM is

Wi(z) = HE (21, — FO) 7' GE + Lt (3)

and depends on the sampling time k. Obviously
WkLJrK(z): WE(z) and the TFMs at two successive
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values of k are related by the relation (Grasselli and
Longhi 1988)

0 Ik 0 7
Wk (2) = pE=)) | L m
k+1 (Z) |:Z]p 0 Wk (Z) Im(K—l) 0

Thus, computing a single TFM for an arbitrary k is
sufficient to determine all TFMs at K successive time
values.

The second lifted representation we consider is called
the cyclic lifted system (Park and Verriest 1989, Flamm
1991). Consider the cyclic shift matrix

0 T 0 1"/<+1<7|
[nk . 0

Z, = .
0 [ &) 0

and define, similarly as done by Park and Verriest (1989)
for constant dimensions, the cyclic lifted system at time
k, with mK inputs and pK outputs, as the time-invariant
system
xf (h+ 1) = FExE + GEuf (h) "
Vi (h) = Hig xt (h) + Li uic (h)

where
(FE, G HE L) = (ZAv, ZiBy, Ci, D)

The state dimension of this system is u = Z,K:]n,- and
its pK x mK TFM is

Wi (2) = Hi (s, — F{) ™' G + L

The relationships between the TFMs of the two
lifted systems is (Bittanti and Colaneri 1996)

WE(z) = A,z YWEE)A,©2) (5)
where
Aj(z) = diag(l, 21, ..., 25 7' I}}

Thus, the TEFM of the cyclic lifted system can be
easily determined from the TFM of the standard lifted
system. Conversely, having the TFM ch (z), we com-
pute WE(ZX) using the relation (5) and then replace z
by z.

For the computation of the TFM, we can also use
the so-called stacked lifted representation of Grasselli
and Longhi (1991). This is a time-invariant descriptor
system representation of the form

EZxy(h+ 1) = Foxi(h) + GRuk(h) } ©

e(h) = HExX(h) + Liug (h)

where G = Z, By, Hy =Cy, Li = D, and

_)‘Ink 0 T 0 Ak+K71
A =, 0 0
F{ —AE} = : : :
0] 0] L s 0]
o 0o Ajvx—2 iy,
(7)

The TFM of the stacked lifted system is
Wi2) = HRE; — F)T G + Li

and it is easy to show that Wf (z) = WE(2), that is, the
TFMs of the stacked and standard lifted systems are
the same.

3. Computational approach

In this section we propose an efficient computational
approach to determine W(z) := W (z), the TFM at time
k=1 of the standard lifted system (2). The TFMs for
other time moments k=2, ..., K or for the cycled lifted
system (4) can be easily obtained by simple algebraic
manipulations via the relation (5). Before starting our
developments, we discuss shortly possible approaches
relying on existing algorithms for standard systems.

A straightforward approach to compute the
pK x mK TFM W(z) is to apply to the standard lifted
system (2) the pole-zero method of Varga and Sima
(1981) or the characteristic polynomial based method
of Misra and Patel (1987). This amounts of either com-
puting successively the poles, zeros and gains or the
numerator and denominator polynomials corresponding
to minimal realizations of the individual input—output
channels. However, because the construction of the stan-
dard lifted system involves matrix multiplications, this
approach is certainly not recommendable for numerical
computations. To avoid matrix multiplications, we can
employ the same approach to the cyclic lifted system
and compute the TFM of the standard lifted system
via relation (5). Alternatively, we can compute the
TFM of the stacked lifted system, which is the same as
that of the standard lifted system. In this case we can
apply a similar pole-zero approach but for descriptor
systems (Varga 1989). In both cases, the required
computational effort and computer storage can be
prohibitive for large dimensions or large periods.

The following conceptual procedure serves as the
basis to describe the proposed approach to compute
an element w;;(z) of W(z) in the zeros-poles-gain form

Hfﬁl (Z - pt)
starting from the stacked lifted system (6).

wi(z) =y
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Pole-zero algorithm:

1. Compute a minimal realization (/i —ZE, 1;, c, c?)
of the subsystem corresponding to the (j,i)th
input—output channel of the stacked lifted system
(FY —zE}, G}, HY  LY).

2. Compute the gy finite poles p,,t =1,..., quasAthe
finite generalized eigenvalues of the pair (4, E).

3. Compute the ¢. finite zeros p,t=1,...
the descriptor system (4 — zE, b, ¢, d).

,q- of

4. Choose a real z, satisfying |zo| > 1, that is neither
a pole nor zero and compute the gain

. . R W q-
y= (é(zoE — A7 b+ d) [ - pt)/ []Go—w)
=1 =1

The basis of this conceptual procedure is the method
proposed by Varga (1989) for descriptor systems. This
procedure is numerically reliable, since each step can
be performed using numerically reliable algorithms.
However, because ignoring the structure of the problem,
the computational complexity of this approach is too
high. To compute a single element of W(z), the compu-
tational complexity is, in the worst case, of order O(i*),
where u = ZIKZ , 1;. For example, in the case of a peri-
odic system with constant state dimensions n;=n, the
computational complexity is O(K>n’) instead of a desir-
able complexity of O(Kn®) as formulated by Varga and
Van Dooren (2001) for a satisfactory algorithm for
periodic systems. In what follows, we show that such a
computational complexity can indeed be achieved by
cleverly exploiting the problem structure. For this
purpose, we discuss each step of the above algorithm
and indicate how the underlying computations can be
efficiently done.

3.1. Computational ingredients

The use of condensed forms of the system matrices,
obtained under orthogonal transformations, is a basic
ingredient for solving many computational problems for
periodic systems (Varga and Van Dooren 2001). Such
condensed forms can be obtained by using a Lyapunov
transformation with an orthogonal transformation
matrix 2

(A, B,C.D) = (02" AZ,02"B,CZ, D) (8)

It is_well-known that the transformed periodic system
(A, B,C,D) has the same TFM as the original system
(A,B,C,D). The main usage of transforming the
system matrices to a particular coordinate system in
which they are condensed, is that the solutions of
many computational problems often become straight-
forward. For an efficient algorithm to evaluate the
TFM of a periodic system two categories of condensed

forms will play a central role: the (extended) periodic
real Schur form and the periodic reachability/observ-
ability Kalman form. We discuss each of these forms
and indicate efficient and numerically stable algorithms
for their computations below.

3.1.1. Periodic real Schur form. For periodic systems
with constant dimensions, the periodic real Schur form
(PRSF) is the basic numerical ingredient to solve peri-
odic Lyapunov equations or to compute the poles of
periodic system. According to Bojanczyk et al. (1992),
given the matrices 4, € R™", k=1,...,K, there exist
orthogonal matrices Zy, k=1,...,K, Zg,:=Z;, such
that

Ay = Zi AcZy, ©)
Where/iK is in real Schur form (RSF) and the matri-
ces A, for k=1,...,K—1 are upper triangular.

Numerically stable algorithms to compute the PRSF
have been proposed in Bojanczyk er al. (1992) and
Hench and Laub (1994). By using these algorithms, we
can determine the orthogonal matrices Z;, k=1,..., K
to reduce the cyclic product Ag---A4,A4; to the RSF
without forming explicitly this product. For A; in
a PRSF, the computation of the eigenvalues of Ay ---
A, A, becomes very straightforward. The computation
of the PRSF is numerically stable and has a computa-
tional complexity O(Kn>).

A main application of the PRSF is the computation
of the poles of the TFM W;(z). For a minimal periodic
system, the poles are defined as the eigenvalues of the
monodromy matrix @,(k+ K, k)= Ajyx_1- A1 Ax.
The poles are independent of k and can be easily
computed by reducing the K-periodic matrix A; to
a PRSF. Moreover, in the case of a square system
(i.e. with same number of inputs and outputs) with an
invertible Dy, the zeros of W(z) can be determined
as the poles of the inverse periodic system (A;—
B, D;'Cr, — ByD;', D;'Cr, D), thus as the eigenvalues
of @, _pp1colk+ K, k).

For systems with time-varying dimensions, the
extended periodic real Schur form (EPRSF) represents
a generalization of the PRSF which allows to address
many problems with varying dimensions. According
to Varga (1999), given the matrices A, € R"™+ ",
k=1,...,K, with ng,;=n; there exist orthogonal
matrices Z, € R"™*"™, k=1,...,K, Zg,1:=Z,, such
that the matrices

~ f‘ik,n /Ik,lz
Ay = Al AnZy = [ - (10)
0  Ap»

are block upper triangular, where /Ik, 11 € REPE /Ik, » €
ROk =0x(u=0) for  k=1,...,K and n=min{n}.
Moreover, /IK’” is in RSF,fiMl for k=1,...,K—1
are upper triangular and Ay for k=1,...,K are
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upper trapezoidal. The computation of the EPRSF is
numerically stable and has a computational complexity
O(Kn®), where n=max{n;}.

The poles of a minimal order periodic system with
time-varying dimensions are, as before, the eigenvalues
of @ ,(k + K, k) and can be computed using the EPRSF
of A,. However, for time-varying dimensions, the poles
set depends on the sampling time, and for a given k, it
is formed from a so-called core set, representing the
eigenvalues of @, (k+ K,k), and n —n null poles.
Note that the core poles are independent of k. For a
square-system with invertible Dy, the zeros can be com-
puted as before, being the poles of (A, — B, Dy 'Cy,
—BD;', Dy 'C, Di ). In this case, the system zeros for
a given sampling time k are formed from a core set of
ny zeros and n; — n null zeros.

3.1.2. Periodic Kalman reachability and observability
forms. The periodic Kalman reachability  form
(PKRF) and the periodic Kalman observability form
(PKOF) have been introduced by Grasselli (1984) for
periodic systems with constant-dimensions and recently
extended by Helmke and Verriest (2003) to systems with
time-varying state, input and output vector dimensions.
It was recently shown by Varga (2003), that this form
can be computed using an orthogonal Lyapunov trans-
formation. Specifically, every K-periodic system (A, B,
C, D) is orthogonally Lyapunov equivalent to a K-
periodic system (A, B,C, D) in the PKRF

- A, x - By ~ .
i, = . B=| &=[c
¢ [0 AJ ¢ [0] e=la al

(11)

where Aj € R Bl e R"=>"  Ci. e RP*'* and the
subsystem (A", B",C", D) is completely reachable. The
TFMs of the corresponding standard lifted-representa-
tions of this subsystem and of the original system (1) are
the same (Colaneri and Longhi 1995). The unreachable
characteristic multipliers of the system (1) are the eigen-
values of @ +(K + 1, 1).

By duality, the PKOF can be computed using an
appropriate orthogonal Lyapunov transformation. In
this form the transformed system matrices have the form

- A7 0 - B, .
A = = N B = - N C = Co 0
g [* AJ g [%} e=Lck o]
(12)

where A}, € R¥+>% By ¢ RI+>™ - CP € RP*% and the
subsystem (A°, B, C°, D) is completely observable. The
TFMs of the standard lifted-representations corre-
sponding to this subsystem and to the original system (1)
are the same (Colaneri and Longhi 1995). The unobserv-
able characteristic multipliers of the system (1) are the
eigenvalues of @ (K + 1, 1).

The computation of reachability/observability
Kalman decompositions by using orthogonal transfor-
mations has been listed among the open computational
problems of periodic systems in the recent survey of
Varga and Van Dooren (2001). The recently proposed
algorithms by Varga (2003) to compute these forms
are strongly numerically stable (i.e. the computed
condensed forms are exact for an original system with
slightly perturbed matrices) and have a worst-case
computational complexity of O(Kn®). The main applica-
tions of these algorithms is the computation of minimal
realizations of periodic systems.

3.2. Computation of minimal realizations

The minimal realization problem at Step 1 of the
Pole-Zero Algorithm has a very particular structure.
To simplify notation, we denote by (F—zE, G, H, L)
the stacked lifted system (F} — zE?, Gy, H}, L}) (at time
k=1) and let G; and H, be the jth-column of G and the
ith-row of H, respectively, and let L;; be the element (i, ;)
of L. We want to compute a minimal realization of the
system (F—zE, G;, H;, L;;). The matrices G; and H; have
a very special structure. Since i and j can be uniquely
expressed as

i=—Dp+it, J=W—=1m+s

it follows that H; can be constructed only from ¢, ,, the
row t of Cy, and G; can be constructed only from by, s
the column s of By, as

Hi=[0-0 ¢, 0-:0] (13)
Zj\’: M Zf:«[ﬂ i

G=[0-0 b, 001 (14

nKJrZ/?: i Z/[::if/--%—] "k
Further, L; is defined as
dp 5. if L =14
ij _ L, s, . j
0, if ¢; # ¢;

where d,_, is the element (z,5) of D,,.. The single-input
single-output system (F —zE,G;, H;, L;) can be inter-
preted as a stacked lifted system corresponding to a
particular single-input single-output periodic system
(A, B,C, D), with time-varying dimensions ny, and py
of the input and output vectors, respectively. For this
periodic system, all input vector dimensions are zero
excepting my=1 and all output vector dimensions are
zero excepting p,=1. Alternatively, we can consider
a periodic system with constant input and output vector
dimension (m; = p; = 1) but with zero B, for k#s and
zero C for k+#t and appropriate D,. In both cases,
we can now apply minimal realization procedures to
(A, B,C, D) to obtain the minimal order periodic system
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(.;l, IAS',(AZ, 15) with the corresponding stacked minimal
realization (4 — AE, b, ¢,d), at Step 1 of the Pole-Zero
Algorithm. In what follows, two classes of minimal reali-
zation approaches are described, each of them having
some advantages when applied to the above problem.
Both approaches are able to address the computation of
minimal realizations for periodic systems with time-
varying state, input and output vector dimensions.

3.2.1. Balancing-related — minimal  realization. We
shortly present the main steps of a balancing-related
minimal realization approach for stable periodic systems
(Varga 1999) applied to the periodic system (A, B,C, D)
defined in the previous section. The minimal realization
procedure involves the computation of two truncation
matrices £ and 7 such that the matrices of the minimal
order system (A B C D) are obtained as

A=oLAT, B=oLB, C=CT, D=D (15

The computation of truncation matrices relies on the
reachability grammian P and observability grammian
Q, which satisfy the periodic Lyapunov equations

oP = APA" + BB' }

. 16
0=A"c0A+C'C (16)

Since these grammians are non-negative definite, they
can be expressed in Cholesky factorized forms P=SS"
and Q=RTR, where S, and R, for k=1,...,K are
ny, X ng upper triangular matrices.

For each k, consider the singular value decomposi-
tion of R;Sj in the partitioned form

RSk = [ Ur.y U/c.z][z(:)k 8][ Vi1 Vk,z]T (17)
where X, € R, e R™*%, Ve R"** and
Zk > 0. From the above decomposmon define, with
S =diag(%,,...,Zx), the truncation matrices

L=S"UlR, —T=sV,E'? (18)

which are used to determine the reduced system matri-
ces is (15). In the corresponding stacked lifted system
(A AE, b c, d) resultlng at Step 1 of the Pole-Zero
Algorithm, both ¢ and b have entirely similar structures
with H, in (13) and G; in (14), having respectively,
Zk \rx and rg 4> | r, zeros in their leading
positions, and the appropriate number of zeros in the
trailing positions.

The key computation in determining £ and 7 is the
solution of the two periodic Lyapunov equations in (16)
with time-varying dimensions directly for the Cholesky
factors of the grammians. A numerically reliable
procedure for this computation has been proposed by
Varga (1999). Since the computation of truncation
matrices (and also of the minimal realization) can be
done using only the Cholesky factors (square-roots) of

Gramians, the above method is called the square-root
method. This method leads to a guaranteed enhance-
ment of the overall numerical accuracy of computations.

The resulting minimal system (.21, B,C, D) is balanced,
because the corresponding grammians are equal and
diagonal. However, to obtain a minimal realization
from a non-minimal one we do not actually need to
obtain a minimal realization which is balanced, since
this could involve ill-conditioned (i.e. nearly rank defi-
cient) truncation matrices £ and 7, if the original
system is poorly scaled. Since £7 =1, the pair (£,7)
defines a projector 7L, in analogy to the case of
standard systems. For any invertible W, the pair of
truncation matrices (W~ 'L,7W) defines the same
projected system, but in a different coordinate form.
Thus, to avoid potential accuracy losses, an alternative
to balancing is to combine the square-root technique
with a balancing-free approach to compute truncation
matrices.

In the balancing-free square-root method of Varga
(1999), we compute additionally two QR decomposi-
tions

Sy, =TX, R'U, =2y (19)

where X and ) are non-singular matrices and 7 and
Z are matrices with orthonormal columns. With the
already computed 7 we define the corresponding £ as

L= 2" (20)

The minimal realization (;l, B, é, D) is obtained as in
(15). For the purpose of the Pole-Zero Algorithm, this
approach is that one to be preferred.

The computational complexity of the approach of
Varga (1999) to determine a minimal realization is
O(Kn®). The most time-consuming operation in this
process is the solution of the two periodic Lyapunov
equations satisfied by the grammians. When employing
the procedure of Varga (1999) for this purpose, the first
step of the solution method is the reduction of the
periodic matrix 4; to an EPRSF. Then, the Cholesky
factors of the grammians are computed directly by
solving reduced periodic Lyapunov equations (i.e. with
Aj in EPRSF). Since for each element of the pK x mK
TFM the minimal realization problem involves the same
periodic state matrix, the reduction to EPRSF has to be
done only once to put the original periodic system in
a coordinate form with the state matrix in EPRSF.
This is achieved by applying a Lyapunov similarity
transformation as in (8) with the appropriate periodic
orthogonal transformation matrix Z.

The minimal realization method based on balancing
technique is not restricted to asymptotically stable
periodic systems. For an unstable system, a simple scal-
ing can be used to enforce the stability of the starting
representation. For instance, it is possible to replace
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only A; by ad;, where 0<a <1 is chosen such that
ad(K+1,1) has eigenvalues in the open unit disc.
For the a-scaled system, we can apply either the
square-root or balancing-free square-root approach to
determine a minimal system. Finally, the computed 4,
needs to be rescaled to /il/oc.

The balancing-related approach relies on the compu-
tation of the EPRSF of A4, and involves the solution
of two non-negative definite periodic Lyapunov equa-
tions. This algorithm is numerically reliable, since each
computational step relies on strongly backward stable
algorithms. The main advantage of this algorithm is that
the K rank decisions necessary to obtain the state-vector
dimensions of a minimal realization are performed only
once at the end of the algorithm. Thus, this approach is
very reliable in determining the orders of the minimal
realizations.

3.2.2. Kalman forms based minimal realization. The
orthogonal reduction of the periodic triple (A, B,C) to
the periodic Kalman structural forms, PKRF and
PKOF, can be used to devise a strongly numerically
stable periodic minimal realization algorithm with a
lower computational cost than the balancing-related
approach. The procedure to compute minimal realiza-
tions is conceptually straightforward, and involves the
successive elimination of the unobservable and unreach-
able parts of the system. A two steps procedure is
formalized below:

Minimal realization procedure:

1. Compute the PKOF of the periodic triple
(A, B, (~1) to obtain a completely observable
realization (A°, B%,C°).

2. Compute the PKRF of the observable periodic
triple (A, B’,C°) to obtain the minimal realiza-
tion as the completely reachable part (A B, C)

This algorithm is strongly backward stable since it
can be shown that the computed minimal realization
is exact for an original system with slightly perturbed
matrices (Varga 2003). For a system with constant
state dimension n, the above procedure performs in
the worst-case (i.e. the system is reachable and observ-
able) about QKrﬁ operations. Thus, the actual number
of necessary operations to determine a minimal realiza-
tion for a single entry of the TFM is usually much less
than for the balancing-related approach. Additional
gain can be achieved if the first step is performed only
once for each of Kp rows of H. This can be achieved
by performing the first step on the triple (A, B, C), where
C is the periodic matrix constructed for H;, the jth
column of H. Comparing computational efforts of the
two approaches, it is expected that for system with a

large number of entries or large periods, the difference
between the two procedures to become less significant.

Remark: At the end of the minimal realization proce-
dure, the resulting system (A B C D) is in a particular
PKRF. The periodic matrix Ak is in an extended periodic
Hessenberg form (EPHF), where all A, are upper
trapezoidal or upper triangular excepting, say 4,, whose
leading square block is upper Hessenberg. The index s
corresponds to the only non-empty column matrix B
resulting from G; of the form (14), where the column
matrix B has all elements zero excepting the first one.
Furthermore, the only non-empty row matrix C results
from H; of the form (13). The only matrix ].3,c with
non-empty rows and columns corresponds to the case
when k=s=1.

3.3. Computation of poles and zeros

To compute the poles of the periodic system
(A B.C. D) the eigenvalues of the monodromy matrix
@4(K+1,1) must be determined. This computation
can be done without forming this matrix product expli-
citly, by reducing the K-periodic matrix A4; to the PRSF
in the case of constant dimensions, or to the EPRSF in
the case of time-varying dimensions. Note that when
employing the periodic Kalman forms based minimal
realization approach, the resulting periodic pair (A B)
is in the PKRF. In this condensed form, the periodic
matrix A4, is already in an EPHF, which represents the
starting form to compute the EPRSF (Varga 1999).
Therefore, this first reduction step is not anymore
necessary to be performed to compute the system poles.

The zeros of the descriptor system (A — zE b ¢, d)
representing  the stacked lifted representation of
(A B C D) are defined as the Smith zeros of the
structured system pencil

$G) = [A;ZE Z} 1)

To compute system zeros, it is possible to exploit the
structure of this pencil by eliminating most of its simple
eigenvalues at infinity. We present here only the main
idea of the procedure to compute the finite zeros. A
more general algorithm which allows to compute the
infinite zeros and the Kronecker structure has been
recently developed by Varga and Van Dooren (2002).

Consider S(z), a system pencil with permuted block
rows and columns

— A ~ —_

S$ - o . 0
o S -1, - 0]
So=| . : (22)
o Sval _fol
L —zTx 0 - 0 § |
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with
N 1. B . I (0]
S,‘ — AAI Bil , Tl — [ i+l ]
C;, D; o O
fori=1,...,K Herer,i=1,..., Kare the time-varying

dlmensmns of the state vector of the minimal order
periodic system (A B C, D).

Consider the orthogonal transformation matrix U,
to compress the matrix

o] o]
A to
S, 0
where R; is a full row rank matrix. Applying UIT to the

first two blocks rows of .g'(z) we obtain for the non-zero
blocks

UT gl _fl (0] _ |: * Rl * :|
"o 8 -1 S, 0 -T,
which defines the new matrices S, and 7,. Then, cons-
truct the transformations U, fori=2, ..., K — 1 such that

o8 & ][5, 5
0 Sy —Ty Sim 0 =Ty
where R; is a full row rank matrix. Applying the trans-

formations U; successively to the ith and (i + 1)th block
rows of the pencil S(z), we get the reduced pencil

* Ry % - *
* O R - x
* O O - Ry,
Sx—zTx |O O -+ O

which is orthogonally similar to the original system
pencil S(z). Since the matrices R; have full row rank,
the subpencil Sy — zTx contains all finite zeros of the
original pencil. This pencil has column and row dimen-
sions at most r; + 1. To compute the finite zeros of the
periodic system, we can now apply a general algorithm,
like that of Varga (1996), to compute the finite eigen-
values of this low-order subpencil. This method requires
a system with constant state dimension r=r; about
2 x (13.3 K+27.5)r flops (floating point operations) in
the worst case.

Remark: When using the periodic Kalman forms
based minimal realization approach, it is possible to
exploit the particular structure of the resulting matrices
(see the remark in the previous subsection). For
example, in the case s=¢ and D, #0, the zeros
are the e1genva1ues of the product Ag---Agx
(A BD C)AS 1---A4; and can be computed via
the EPRSF. Computational effort saving arises by
observing that the factors of this product are already

in an EPHF. In the case l}v = 0, the finite zeros can be
isolated by applying a special non-orthogonal similarity
transformation to the pencil (22), which corresponds
to a particular periodic output injection L; acting only
at time moment k =s. Let j be the least index such that
Cs1,7 # 0. By choosing l:y of the form

LY =100 ~agg41,/851,0- 0]
j

a null element is introduced in position (j+ 1, j) of As—i—
L C It can be shown that the product AK Am X
(A + L C )Av 1- Al becomes block upper triangular,
with the trailing (r; —j) x (r; —j) block containing the

—j finite system zeros. Thus, the finite zeros can be
computed via the EPRSF of the (n;, | —j) x (1, — j) sub-
matrices in the trailing positions of the above factors.
Once again the factors of this product are in an EPHF.
Similar simplifications can be achieved also in the case

S L.

3.4. Computation of gain

To compute the gain, the main computation is to
solve the linear system Hw=g, where H :ZOE —A
and g = b. This is a potentially large order structured
linear system with

Hy, H g
Hy, Hpy
H =

Hyg g1 Hg g

ZOII‘I _AK g1

—/il 1,,2 &

= 5 g =

—Ax I, 8K

where only the non-zero block elements of H are shown,
and g is partitioned according to the block row structure
of H. The solution vector w is obtained in a partitioned
form similar to that of g

w=[ul wl o Wkl

The standard Gaussian elemination method (Golub
and Van Loan 1989) to solve the linear equation Hw =g
has two main steps. First, the LU factorization of H is
computed by using partial pivoting, to obtain PH= LU,
where P is a permutation matrix, L is a unit lower
triangular matrix and U is an upper triangular matrix.
Then, by using forward and backward substitutions,
the solution w is computed as w=U"'L™'Pg. For the
particular structure of H above, it can be easily observed
that the resulting L is block-bidiagonal, and U has
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non-zero blocks only on the main diagonal, first supra-
diagonal and in the last block column. For the efficient
solution of the equation Hw =g, it is advantageous to
combine the LU factorization step with the solution
steps by applying the elementary row transformations
also to the right-hand side g, such that in parallel with
the computation of non-zero blocks of U we also com-
pute L™'Pg. The following algorithm can be used for
this purpose.

Algorithm:

if K=1, then solve (z/, — fil)w = g and exit
Comment. Compute the block-LU factorization
PH=LU and g < L' Pg.
fori=1,...,K—1
Compute the LU factorization

H. U.
Pl u — Ll L
i )=+ 6]

Compute
Uiin1 | Uik | &
Hipy v | Hiv x| 8im1
I9) H. A
=L7'P; PK| &
Hir i [ Hivk |8k
end
Comment. Compute w=U'g by backward
substitution.
Solve Uggwgx=gx and
Uk 1.xk-1wk1=8k—1— Uk_1.64Wk-

fori=K-2,...,1
Solve Ul‘l'W,':g,'— Ui,i+1vvi+l — Ui,KWK
end

The main computations in this algorithm are the
K—1 successive LU decompositions of (r;+r; 1) X r;
matrices and the application of r; elementary transfor-
mations to (r; +r;q) X (r; +rx + 1) matrices. For a
constant system with dimension r=r; this algorithm
performs about 5/°/6 flops to compute the LU-decom-
position of a 2r x r matrix and additionally, 2+ flops to
apply r elementary transformations (Golub and Van
Loan 1989). Thus, the soluion of the equation Hw=g
with the above algorithm can be computed with about
max{3(K — 1)r*,*/3} flops.

4. Examples

Example 1: Consider the 2-periodic single-input single-
output system described by the following matrices

0 1
A] = . B] = 5 Cl = 17
0.5 0

A, =[0 05], B =1, G=[1 0], D,=0

D]ZO

where the state-space dimensions are n; =1, n, =2. This
system is in a minimal balanced state-space representa-
tion and is asymptotically stable. The corresponding
TEM of the standard lifted system is a 2 x 2 rational
matrix. To compute the (1, 1) element of W(z) we form
the corresponding periodic system

0 ~ 1 -
Al = > Bl = s Cl = la
0.5 0

A, =[0 05], B, =1, C,=[0 0], Dy=0

D, =0

This system is not minimal and the minimal reali-
zation has all state dimensions zero. Thus, the corre-
sponding entry is wy(z) =0.

To compute wir(z), we form the corresponding
periodic system

0 - 0 ~ ~
Al = > Bl = s Cl = 1’ Dl =0
0.5 0

4,=[0 05], B,=1, C,=[0 0], Dy=0

which has a minimal realization with constant state
dimensions 1y =r, =1

D, =0

DAz = O

C =1
¢, =0,

B =0,
B =1,

This system has a pole at p=0.25, but has no finite
zeros. The resulting gain is 1, thus wi,(z) = 1/(z — 0.25).

To compute wyi(z), we form the corresponding
periodic system

0 . 1 ~ ~
A] - 5 Bl = 5 C] :O, D] - 0
0.5 0

A, =[0 05], By=0,

This system has a minimal realization with state dimen-
sions r; =0 and r, =1, thus 4, C;, 4, and B, are 1 x 0,
1 x0,0x1and0 x 1 (empty) matrices, respectively, and
the rest of matrices are

This system has no poles and no zeros, but it has a non-
zero gain equal to 1. Thus, w,(z)=1. The element
Wao(z) is zero. The resulting TFM of the standard lifted
system at sampling time k=1 is

1
z—0.25
1 0

Wi(z) =
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Example 2: Consider the 3-periodic single-input single-
output system

AIZ-O 1-, B1:-3-, C1:[0 1], D1:1
0 0] L0
(1 27 [0

Az__o 0_7 BZZ_ _’ C2:[2 4]3 D2=3

A3__0 0_, B3:_0—, C;=[3 1], Dy=1
|1 4] | 1]

with state dimensions n; =n, =n3 =2. This system is not
minimal and not asymptotically stable.

The corresponding TEM of the standard lifted system
is a 3 x 3 rational matrix. We only show how to compute
element w;(z). The corresponding periodic system

Alz_o 1-, é1:_3-, Ci=[0 1], D=1
[0 0] L 0]

Azz_l 2_, [;22_0_, C,=[0 0], Dy=0
[0 0] 0]

A3=_O O_, B3=_0_, C;=[0 0], D;=0
1 4] 1 0]

has a minimal realization with constant state dimensions
ri=r,=r3=1 given by

A, =-1, B =3 C =-1, D=1
1&2:1, §2:0, CAz:O, DAZZO
/13:—1, B\:;:O, 63:0, DA3:0

This system has a pole at p=1 and a zero at u=—2.
The resulting gain is 1, and thus wy(z) =(z+2)/(z—1).
The computed TFM of the periodic system at sampling
time k=1 is

z+2 4 1
W)= 6z 3z+5 2
o 9z z+11 z+42

Example 3: Consider a discrete-time periodic system
originating from a continuous-time periodic model of a
spacecraft pointing and attitude system. This system has
one input and two outputs, and is described in Pittelkau
(1993). The continuous-time linearized state space model
of the spacecraft system is described by the matrices

r 0 0 0.05318064 0
e 0 0 0 0.05318064
| —0.001352134 0 0 —0.07099273
L 0 —0.0007557182 0.03781555 0
r 0
0
B(t)= —6 .
0.1389735 x 10~ sin(wy 1)
| —0.3701336 x 1077 cos(wy?)
M ooo 0
C= , D=
10100 0

where wy,=0.00103448rad/s is the orbital frequency.
Notice that 4 is a constant matrix with all its eigen-
values on the imaginary axis. The matrix B(f) is how-
ever a time-dependent periodic matrix with the period
2m/wy. The discretized system for different sampling
periods K has been used by Varga and Pieters (1998)
to design periodic output feedback controllers for this
system. For a given K, the corresponding sampling
period is 7T=2m/(woK). The matrices of the discrete-
time periodic system can be computed explicitly as 4;, =
exp(4T), B, = f(llgl)T M= B(r)dr. To show the
applicability of our algorithm to periodic systems
with large periods, we computed the TFM for K=120.
Since the corresponding TFM is an 240 x 120 rational
matrix, we will illustrate only the computation of
element 0)100’100(2).

For reference purposes we give the matrices of the
discretized periodic model which results for K= 120 and
T=50.61468s

09506860  0.0429866  0.4827320 —2.5564383
| —00409684 09721628  1.3617328  0.508 1454
7| 200122736 0.0363280 —0.8671394 —0.6014295
—0.0346225 —0.0072209  0.3203622 —0.8456626
02220925
o | ~0.1300536 k—1
B, =107 x cos| 27 ——
0.1877217 K
—0.0271167
0.503 5620
0.4241087 k—1
1073 in( 27—
I 01218290 Sm(” K)
0.3583826

The computed poles, zeros and the gain of the transfer
function wg,100(z) are, respectively

p1 = 0.7626 + 0.6469i,
Py = 0.7626 — 0.6469i,
p3 = 0.9942 + 0.1077i,
ps = 0.9942 — 0.1077i

y=23273 x 107¢

11 = 0.3029 + 0.6419i
11> = 0.3029 — 0.6419i
115 = 0.9685

Thus, the resulting transfer function is

2.3273 x 107°8(z* — 1.5742° 4+ 1.09z — 0.4879)
4 —3.51423 +5.03322 = 3.514z+ 1

Wigo,100(2) =

Note that the order of the stacked lifted system is 480.
Although the direct application of algorithm of Varga
(1989) to this system is still feasible, it is certainly too
expensive to solve this problem.

In table 1, computational times are given to deter-
mine a single element of the TFM for different values of
K. The computations have been done on a 866 MHz PC
running MATLAB 6.5 under Windows ME. For minimal
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realizations, the periodic Kalman forms based pro-
cedure has been used.

K 20 40 80 120 240

Time (s) 0.06 0.17 0.22 0.44 0.88

Table. 1 Computational times for a single element.

It is easy to see that the computational time varies
almost linearly with K, and this confirms our claim for a
computational complexity of O(Kn’) of the proposed
approach. In contrast, when applying the algorithm of
Varga (1989) to the stacked lifted system, the times for
K=120 and K=240 are 1.98 and 15.05s, respectively,
which clearly indicates a computational complexity of
O(K*n).

5. Conclusion

A reliable numerical algorithm has been proposed to
compute the TFM corresponding to lifted representa-
tions of periodic systems. The proposed algorithm is
generally applicable to periodic systems with time-
varying state dimensions. The individual entries of the
TFM are obtained in a cancelled, minimal zeros-poles-
gain form, regardless of whether the original system is
minimal or not.

The proposed algorithm relies on the extensive use
of orthogonal transformations. A main step in the
proposed algorithm is the computation of minimal peri-
odic realizations. This can be done by either performing
exact model reduction based on accuracy enhancing
balancing-free square-root techniques or by applying a
recently developed algorithm based on reachability/
observability Kalman structural forms. Note that the
latter approach is strongly numerical stable relying
exclusively on structure preserving orthogonal similarity
transformations. For the subsequent computation of
poles, zeros and gains, numerically stable algorithms can
be employed as well. The overall procedure is oriented
towards an efficient software implementation using
available high performance numerical linear algebra
software. A prototype implementation has been per-
formed for MATLAB and relies, among others, on the
generalized zeros computation tools available in the
Descriptor Toolbox (Varga 2000 b).

The computational complexity of the proposed
algorithm for one entry of the TFM is O(Kn’) and is
much less than the computational complexity O(K’n?)
resulting when applying existing procedures (Varga
1989) directly to the stacked lifted representation of
the periodic system. However, the worst-case overall
computational complexity for a system with m-inputs

and p-outputs involving the computation of pK x mK
elements can be still significant for large values of the
period K. Therefore, this problem is perfectly suited
to be solved on parallel machines, since all pK x mK
elements can be computed independently in parallel.
The proposed approach can be extended to compute
the TFM of periodic descriptor systems of the form

Ex(k 4+ 1) = Ayx(k) + Bu(k)
(k) = Cpx(k) + Dru(k)

where the descriptor matrix E; can be, in the most
general case, rectangular. The main necessary com-
putational ingredient (to be developed) for such a
method is an efficient algorithm to compute minimal
realizations of periodic descriptor systems. Note that
to compute finite poles, finite zeros and gains, the algori-
thms proposed in this paper can be readily extended
to the descriptor case.
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