Computation of minimal order dynamic covers for periodic systems

A. Varga

Abstract— Minimal dimension dynamic covers play an im-
portant role in solving the structural synthesis problems of
minimum order functional observers or fault detectors, or in
computing minimal order inverses or minimal degree solutions
of model matching problems. We propose numerically reliable
algorithms to compute two basic types of minimal dimension
dynamic covers for a linear periodic system. The proposed
approach is based on a special reachability staircase condensed
form, which can be computed using exclusively periodic orthog-
onal similarity transformations. Using such a condensed form
minimal dimension periodic covers and corresponding periodic
feedback/feedforward matrices can be easily computed. The
overall algorithm has a satisfactory computational complexity
and is provably numerically reliable.

I. INTRODUCTION

We consider linear periodic time-varying systems of the

form
e(k+1) = Agx(k)+ Byu(k) 1)
y(k) Cra(k) + Dyu(k)

where the matrices A, € R"+1%X" B, € R"+1Xm,
Cy € RP*™ D). € RP*™* are periodic with period N > 1.
The periodic system (1) will be alternatively denoted by
the periodic quadruple S := (Ag, Bk, Ck, D). The vector
of state-dimensions n = [ny, na, ---,ny | characterizes
the state-space order of the periodic system. The series and
parallel coupling of two periodic systems S; of order ny and
So of order ny we denote simply with S; xSs and S; & Sa,
respectively, and both have orders n; + ns.

The main motivation to address the computational aspects
of determining minimal dimension periodic dynamic covers
is the solution of the least order detector design problem
formulated in [1]. The approach suggested in [1] extends to
periodic case the design method of least order fault detectors
for standard systems proposed in [2]. The main computation
consists of determining a Type II minimal dynamic cover
by using reliable numerical algorithms proposed in [3].
Recently, an alternative solution to the least order design
problem for standard systems has been proposed [4] using
Type I dynamic covers. It is aimed to extend this approach
to periodic systems by developing analogous algorithms to
compute periodic minimal dynamic covers.

The basic computation in the above problems consists
of determining, for given periodic systems S; and Sy with
the same number of outputs, an appropriate periodic system
S such that §; @ (Sy * S) has the least possible state-
space order. Assume that S1 = (Ag, By1,Ck, Di,1) and
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Sy = (Ag, Bi,2, Ck, Dy 2), such that the compound system
(Aka[Bk,l Bk72],0k,[Dk71 Dk,g]) is a minimal state-
space realization. In analogy with the results of [5] for
standard systems, we recast the above problem to compute
a periodic state feedback matrix Fj and a periodic feed-
forward matrix G to achieve that the system S°¢ :=
(Ag+ By, 1 Fy, B, 1Gr+ By 2, Cr+ Dy 1 Fi, Dy 1G4 D 2)
becomes maximally unreachable. Different instances of this
problem for standard systems appear in solving various
structural synthesis problems, as for example, the design
of minimum order functional observers [6], determining
minimal order inverses [7] or computation of minimal de-
gree solutions of rational equations [5], [8], with important
applications in fault detection [2], [9], [10]. In all these cases,
the proposed solution procedures reformulate these problems
as minimum dynamic cover problems. A prerequisite for
extending these results to the periodic case is the availability
of similar computational tools.

The computational problem of determining minimal order
dynamic covers for standard state space systems has been
recently addressed in [3]. The proposed computational al-
gorithm is essentially a modified staircase reachability form
computation as that proposed in [11]. A similar algorithm for
periodic systems has been proposed recently [12], and this
algorithm serves as basis to develop a similar cover design
algorithm for periodic systems.

In this paper we propose a numerically reliable and
computationally efficient approach to compute a periodic
feedback matrix Fj, and a possibly nonzero periodic feedfor-
ward matrix G, to achieve the largest reduction of state-order
of ST, We solve the problems of determining both F}, and
G}, or only Fj, which lead to largest reduction of state-order.
We solve these problems by computing periodic orthogonal
bases for periodic subspaces representing minimal dimension
dynamic covers of Type II and Type I, respectively (according
to the terminology of [6] for standard systems). The main
computational ingredient in these computations is bringing
the system matrices into special condensed forms which
exhibit the structural information necessary to solve the
problem. For the matrices in these condensed forms the
computation of appropriate F} and Gy, is a simple, almost
trivial task, and a minimal realization for ¢ can be simply
determined without additional computations.

The algorithm to compute the condensed form has two
stages: (1) an orthogonal reduction of the structured periodic
pair (Ay,[By1Br2]) to a special reachability staircase
form; and (2) a non-orthogonal transformation to zero addi-
tionally a minimum number of elements followed by special



row/column block permutations. The orthogonal reduction
part is based on employing techniques similar to those used
in the reachability staircase form algorithms for periodic
systems [12]. This part involves many rank decisions which
can be computed by using reliable techniques (e.g., singular
values based rank evaluations). The non-orthogonal part of
the reduction does not involve any rank computations and
is performed to allow an easy computation of appropriate
feedback/feedforward matrices. The overall algorithm has
a satisfactory computational complexity and is provably
numerically reliable.

In the last part we also address shortly the solution
of minimum cover problems with stability constraints. In
the case the minimum cover problem with stabilization is
solvable, we propose a reliable computational solution to
this problem by exploiting the existing parametric freedom
in the cover determination problem.

II. COMPUTATION OF TYPE II PERIODIC MINIMAL
DYNAMIC COVERS

The computational problem which we solve is the follow-
ing: given the periodic pair (A, By) with Ay, € R+ %"k,
By € R™ ™™ and B, partitioned as By = [By1 By.2]
with By 1 € R™+7™ ) By o € R™+1%™2_ determine the
periodic matrices Fj, and G} such that the periodic pair
(Ar + Bi1Fk, By Gr + Bi,2) is maximally unreachable.
This problem can be recast (see [5] for the standard case)
to compute a periodic subspace Vj having least possible
dimension satisfying

(Ak + Bk_yle)Vk
span (By,1Gi, + By 2)

If we denote By 1 = span By, and Bj 2 = span By, o, then
the above conditions can be rewritten also as conditions
defining a Type Il dynamic cover (see [13], [6])

AV C Vigr + B
Bro C Vig1 + B

The computation of the minimal dynamic covers relies
on the reduction of the periodic pair (Ag,[Bk1 Bk2]) to
a particular condensed form, for which the solution of the
problem is simple. This reduction is performed in two stages.
The first stage is an orthogonal reduction which represents
a particular instance of the reachability staircase procedure
of [11] applied to the periodic pair (A, [Bg1 Bk,2]). This
procedure can be seen as an extension to the periodic case
of the basis selection approach of [6] by employing only
orthogonal transformation and therefore will be useful to
construct both Type II and Type I minimal covers. In the
second stage, additional zero blocks are generated in the
reduced matrices using non-orthogonal transformations and
by applying appropriate feedback and feedforward matrices.
From the resulting overall periodic transformation matrix,
a periodic basis for the minimum dynamic cover can be
easily obtained. In what follows we present in detail these
two stages.

C Vi
C Vit

2

Stage I: Special Reachability Staircase Algorithm

1.Set j=1, =0, t=2, ") = my, v} = mg, A = 4,
BY) = By, BE) = Ba, Zy = I, fork=1,...,N.

2.For k=1,..., N, compute the orthogonal matrix Uy11
to compress the matrix B,gl_l) € R+ )xnls g
a full row rank matrix

(4)

; App_ 14— v

-1 kit—1,t—3 k41,1
UkT+1,1Bl(cJ,1 )= { 0 } (7)

G Pr+1,1
j—1
L1
3.Fork=1,..., N, compute U,€T+171B,(€{2_1) and partition it
in the form
()
yr  pU-b ._ Apit—1,t—2 Vey1,1
k+1,1Pk 2 = X J
G Prt1,1
-
Vio
4.For k=1,..., N, compute the orthogonal matrix U1 2
) G-
to compress the matrix X, € R (#1717 1) Xy

to a full row rank matrix

()
Apiti—2 | Vig1o
Ugs1,2Xk ::{ 0 )

Gty Pr+1,2

j—1

V2

5.For £k = 1,...,N, compute the transformed matrix

diag(1, UL, 1 o) UL, 1 AY DUy diag(I, Uy,2) and parti-
tion it in the form

Akt—1,0-1 Ake—1t Akt—1,41 ”i(cj,+)1,1
Akt t—1 At Akt 41 V;ii)l )
BY)  BY, A 0
L k.2 k Prt1,2
v vl e

6.For k=1,...,N, compute fori =1,...,t —2

Api—1Ugdiag(I, Uk 2) == [Akiii—1 Akt Akt ]
S0 )
k1 k,2 Pk2

7.Fork=1,...,N
Zk «— deiag(Irk, Uk,l) diag(ITk“’V;(ji’ Uk-’Q)

8.Fork=1,...,N, 1, «— 1}, +1/,gfi —|—1/,(CJ7%; ifp,(g’)2 =0 for
k=1,...,N, then / = j and Exit 1.

9.1t vi) + v = 0 for k = 1,...,N, then t — t —2,
E:j—l,ExitZ; else, j«— 7+ 1, ¢t t+2, and go to
Step 2.

At the end of this algorithm Ay := ZF, Ay Z), and By, :=

Z}\ | By have the following forms



Aj, * Th+1
O A; Nk+1 = Tht1

Tk Nk — Tk

ne |4

where the periodic pair (A}, B}) is reachable, and A7, is the
unreachable part of Aj. The pair (A}, B,) is in the special
staircase form with

Ay

Tk+1
Nkg4+1 — Tk4+1

Api, -1 Ak,0lAk11 Akz - Ag2e—2 * *

O ApolAr21 Akoz - - Aggo20—2 * *

L o O |Apz1Apza: - Aggzo0—2 * *
(Bl Ayl = ) 0] Apapo—o * *

0] Ak;42"'

0 O | O O -Apoporo* * |
LU=

whf(:r)e Akgj 12j 3 € ]R’”‘*’ll Vi1

R"<+1.2%"> " are full row rank matrices for j=1,...¢

To compute a Type II minimal cover, in the second
reduction stage we use non-orthogonal upper triangular
periodic transformation matrices Uy, = diag (U}, I, —,, ) to
annihilate a minimum set of blocks in Aj. Assume U] has
an upper block diagonal structure, with the diagonal blocks
identity matrices of the same size as the column dimensions
of the blocks Ay, of Aj. Moreover the supra-diagonal
block structure U] corresponds to that of Aj and the
corresponding blocks are denoted similarly. The following
procedure performs the second reduction stage by exploiting
the full row rank of submatrices Ay.2;—1,2:—3 to zero the
blocks Aj.0i—1,24, for j =t—1,¢,...,¢ in block row 2t — 1
of Aj.

and Ak;gjg];z €

Stage II: Special reduction for Type II Covers
Fork=1,...,N,set U] =1I,,.
fort=20,0—-1,...,2

for j=t—1,t,...,¢

For k=1,..., N compute Uy;2:—3,2; such that

Ap2e—1,20—3Uk;2t—3,25 + Ag;oe—1,25 = 0
for k=1,... N

Fori=1,2,...,2t — 1 compute

Apiizj  Aksi2j + Aki2e—3Uk20-3 .25
For ¢ = 25 — 2,...,2¢ compute

Apoi—3,i — Akoi—3, — Ukg1,00-3,2 Aki2j,i

end
end

end

At the end of Stage II, the upper triangular periodic matrix
Uy, contains the accumulated non-orthogonal transformations
performed in the reduction. Let Aj := U _HAkUk, and
Bk = [Bk,l Bkﬁz] = Uk:+1Bk7 be the system matrices
resulted at the end of Stage II. Define also the periodic
feedback matrix Fj € R™ ™™ partitioned column-wise
compatibly with Ay

F, =[O0 Fy2 -+ Fro0—2 O Fj 2]
where F}; o; are chosen such that Ay _1F) 25+ Ag1,2; =0
for j = .,£. Choose also G}, such that A _1Gy +
Ap1,0 = 0. These choices are always possible since Ay,q 1
has full row rank.

With the computed B r and GG we achieved that

A1 O
O  Apapo
SO . O 0]
[Bz’;l B£,1Gk + B;Z,z = O O
- O O -
_Ek;ll_O e 0 x O]
Apor Agpoo -+ Agoo—o *  *
o~ Agz O -+ O * O
kHBealk = | O Apas - Apase—s * %
o O “Ap2e20—2 * *

where the elements with bars have been modified in Stage
1L

Consider now the permutation matrix defined by

O Ial|--| O O o)
k,2
O O |[---] 0 TIw [9)
k,2

Pl=|Ta O [---]O0 19) 1) (3)

k,1

O O I O 9]

k,1
o O |[---]o0 O [In v |

If we define Vi, = Z,UpPy and F = [F}, 0]V, %,
overall we achieved that

then
. vk,1
Vis1(Br1Gr + By 2) = 0]
0]

*
*

vk,l *
Viti(Ak + BiaF)Ve = | O Ay
O O A

=3

where



Api2,0[Aki2,2 Ak;2,4 Api2,20
. . O |Aga2 Agaa Apia20
[Bra | Akl = . . , .
0 o O Ap2020-2 Ak20,20
Ak Ak e Api1,20-1
. Apsi Arsgs Ap.300-1
k2 = ) . )
0 O  Apor—120-3 Agge—120-1

It follows by inspection that the periodic pair (A 1, BIM)
is reachable. Thus, by the above choice of F} and Gy, the
dimension of k-th reachability subspace has been reduced by
Zle z/,(;)1 The first n}, := Zle I/,(cl)z columns Vj 1 of Vj
satisfy 5

AVier = Vg1 A1 — Bea Fi Vi,

B2 = Vit1,1Br1 — Bi,1Gk

and thus, according to (2), span a Type II periodic dynamic
cover of dimension nj, for the pair (A, [ Bx,1 Bk,2]). Using
arguments similar to the standard case (see [6]), the following
result can be shown:

Theorem 1: The Type Il periodic dynamic cover V =
span V}, 1 has minimum dimension n’.

III. COMPUTATION OF TYPE [ PERIODIC MINIMAL
DYNAMIC COVERS

The computational problem which we solve in this section
is the following: given the periodic pair (A, By) with Ay €
R™+1%™ B, € R™+*™ and B, partitioned as By =
[Br1 Bgso] with By € R™ XM By 5 € RM+H17XM2
determine the periodic state feedback matrix Fj such that
the pair (A + By 2 F), Bi,1) is maximally unreachable. This
problem is equivalent to compute a periodic subspace Vj
having least possible dimension satisfying

(Ag + Br 2 Fr) Vi
span By, 1

C Vit
C Vi1

These conditions can be rewritten also as conditions defining
a Type I periodic minimum dynamic cover which are similar
to the standard case [13], [6]

AV
Bi.1

To compute Type I covers, we perform first the Stage I
orthogonal reduction on the periodic pair (A, [Bk 1, Bk.2]),
as done in the previous section. However, at Stage II
the non-orthogonal reduction annihilates a different set
of blocks in Aj. The following procedure performs the
second reduction stage by exploiting the full row rank
of submatrices Ay ;2 to zero the blocks Ag o1, for
j=tt+1,...,0in row 2t of Aj.

C Vit + Bk,Q

4
C Vit @)

Stage II: Special reduction for Type I Covers
Fork=1,...,N,set U] =1I,,.
fort=¢,0—-1,...,2
for j=tt+1,...,¢
For k=1,..., N compute U2 2;—1 such that

Aot ot—2Uk2t—-225—1 + Aky2e2j—1 =0

for k=1,...,N,

Fori:=1,2,...,2t compute

Apiioj—1 — Apioj—1 + Akiot—2Ug20—2.2j1
For i =25 — 3,...,2¢ compute
Appt—2,i «— Arai—2 — Ukt1,20-22j-14k;2j- 1,
end
end
end
Let Ay := U, AxUy and By = [ By1 B2 ] := U By,
be the system matrices resulted at the end of Stage II. Define

also the feedback matrix Fj, € IR™?*"™* partitioned column-
wise compatibly with Ay

F=[Fj1 O F3 -+ O Fro-1 O O]

where Fk,2j—1 are such that Ak;Z,OFk,Qj—l + Ak,;gygj_l =0
forj=1,... L
Consider now the permutation matrix defined by

(1o, O || O O] O
0O O Io O] O
Fl=|"0 Io[-][0 0] 0
O O O L. | O

o0 o |- 0 O [In_. |

If we define V), = Z,,U, Pi. and F}, = fk kal, then overall
we achieved that

) B 1
Vk:-lBk’l = 0]
| O
[ vk,l * *
ijrll (Ak + Bk,QFk>Vk = O Ak’z * ;
0 0 4

where



Ak;l,—l Ak;l,l ék;l,{a *
N O |Ag3z1 Arss *
[ Bra|Aka] = . . . ) .
0 0 O  Apor—120—3 *

Ap2,2 Apza Api2,20

o Ak;4,2 Ak;4,4 v Ak;4,2€

A2 = :
0 O Apoeoi—2 Ak

It follows by inspection that the pair (fvlk,l, Bkyl) is
reachable. Thus, by the above choice of Fy, we reduced by
Zle V/E»Z)z the dimension of the k-th reachable subspace. The

s

first nf == Y0, 1/,?)1 columns Vj, 1 of Vj, satisfy

AV = V1141 — BroFiVien, Biji = Vig1,1Bea

and thus span a Type I periodic dynamic cover of dimension
nj, for the pair (Ag,[Bk,2 Bk,1]). The following result can
be shown extending the results of [6]:

Theorem 2: The Type I periodic dynamic cover Vi =
span V. 1 has minimum dimension n".

IV. NUMERICAL ASPECTS

The key reduction of system matrices to the special
reachability form can be performed by using exclusively
periodic orthogonal Lyapunov transformations. It can be
shown that the computed condensed matrices Ay and By
are exact for matrices which are nearby to the original
matrices Ay and By, respectively. Thus this part of the
reduction is numerically backward stable. In implementing
the algorithm, the row compressions are usually performed
using rank revealing QR-factorizations with column pivoting
[14]. To make rank determinations even more reliable, QR-
decompositions and singular value decompositions can be
combined (see [11]).

The rank revealing QR-decomposition is performed by
employing Householder transformations, and these transfor-
mations are immediately applied to By, Ay and Zj, without
accumulating them in Uy ; and Uy 2. Thus, the reduction is
essentially the same as that required to compute the periodic
Hessenberg form of the periodic matrix Ay, which amounts
in worst case to 7/3n3N floating-point operations (flops),
where n is the maximum state dimension. Note that for
solving the motivating original problem, the accumulation
of Zj is not even necessary, since all right transformations
can be directly applied to C}.

The computations at Stage II to determine a basis for
the minimal dynamic cover and the computation of fead-
back/feedforward matrices involve the solution of many,
generally overdetermined, linear equations. For the compu-
tation of the basis for V., we can estimate the condition
numbers of the overall transformation matrix by computing
|Vl = ||Uk||%. If this norm is relatively small (e.g.,
[Vk||2 < 10000) then practically there is no danger for a
significant loss of accuracy due to nonorthogonal reduction.

Note that it is very important to compute these condition
numbers, since large values of them provide a clear hint
of possible accuracy losses. In practice, it suffices to look
at the largest magnitudes of elements of Uj used at Stage
II to obtain equivalent information. For the computation of
the feedback/feedforward matrices, condition numbers for
solving the underlying equations can be also easily estimated.
For the Stage II reduction, a simple operation count is
possible by assuming all blocks 1 x 1 and this amounts to
about n3/4N flops.

V. MINIMUM COVERS WITH STABILIZATION

In some applications it is important to achieve simultane-
ously that the resulting feedback is stabilizing. For a Type
II cover, this amounts to determine F}, G and V) such
that the resulting periodic /ulk_l has characteristic values in
an appropriate stability domain €~ (e.g., interior of the unit
circle). This goal can not always be achieved, but it is always
possible to move a maximum number of characteristic values
in this domain. To show how this is possible, consider the
matrix pair (P,CTHAkPk,PkTHBk), where A, and Bj, are
the resulting matrices at the end of Stage II and P! is the
permutation matrix (3). The matrices of this pair have the
form

~O Ek;12
By By
P]?+1Bk _ 821 522
0] 0]
%k;ll A:k;12 %k;l?; *
= Ap. Ap. Ao *
PT A P — k21 Ak22 Ak2s
R O  Apsas Apss| *
O 0] O | Aj

where the periodic pair (Zk;n,ék;lg) is reachable, and
Ek;Zl has full row rank. Note that the Stage II special
reduction achieves basically to zero the blocks /le;gl, while
the periodic feedback matrix F} and feedforward matrix Gy,
achieve additionally to zero Avk;zl and Ek;gz, respectively,
by exploiting the full rank property of Ek;gl.

Consider the transformation matrix

I O Ol|o
| X I 0|0
=1 o o 1|0

O O O]I

partitioned in accordance with the structure of P,;f +1ngk.
It follows that

~O Ek;lQ
_ = Bg. By..
Tk+11P131+1Bk = 821 822
0 0

Akar + A2 Xk Agiz Agpis| *

Toh PLaARP T = | 98 ke ks
o1 o1 Ak PeTy Apis2 X A3z Agaz| *
1) O O |4



where we denoted with bars the changed quantities. If we
choose X, such that Aj.32X, = 0, we can preserve the
structure of the original pair (P, Ay Py, PL, | By,). Thus,
defining Vi, as V = Z,UyPiTy, we can compute the
feedback and feedforward matrices Fj and Gy exactly as
before.

With T} chosen as above, the resulting ;1;,@71 is Zk;ll +
Ek;uX r and we can try to exploit this parametric freedom
to move the characteristic values of Ek;ll to stable locations.
The following straightforward computations are necessary
for this purpose:

1) For k = 1,...,N, compute X;¥ with orthonormal
columns such that span X ,iv is the right nullspace of
Ak;32- _

2) Compute a periodic Fj, to place a maximum number
of characteristic values of Ay;11+Ag;12X ,év F}, into the
stability domain C .

3) Define X = X,iVFk.

All steps of this algorithms can be performed using nu-
merically reliable computations. The computation of X Nis
straightforward, since Ay,;3o is part of a staircase form. Thus,
no further rank determination is necessary and X N results
from an RQ-like decomposition of Aj.32 which exploits the
full row rank of its leading nonzero rows. To determine
Fj, the most appropriate method is to apply a partial
pole assignment technique like that of [15], provided the
dimensions of Aj.;; are constant. This approach can easily
accommodate with non-stabilizable pairs, by moving only
the reachable unstable eigenvalues of Ap;11 into €. If the
pair (Ag.11, Ag;12X, ,]CV ) is stabilizable then this algorithm can
assign all unstable eigenvalues to arbitrary stable locations
using minimum norm local feedbacks. In this way, the norm
of X} is minimized as well and thus also the condition
number of the transformation matrix 7. A similar approach
can be devised for determining Type I minimal covers with
stabilization. If the periodic matrix Aj.;; has time-varying
dimensions, then an enhanced version of the algorithm of
[15] must be still developed.

A specific aspect of determining minimal dynamic covers
is the non-uniqueness of the resulting periodic solution
triple (Fx, G, Vi ). This non-uniqueness manifests at several
points of the proposed approach and can have negative or
positive influence on the stabilizability properties determined
by the triple (Ag;11, Ag;12, Ak;32). For example, selecting
differently at Stage I the linearly independent columns in
B,i] N Y and B,(C]; D or computing differently the blocks of
Uy at Stage II when solving the underdetermined linear
systems can lead to different minimal covers and different
stabilizability properties. For numerical implementations, we
recommend those solutions which ensure the best numerical
properties of the proposed approach (e.g., selecting indepen-
dent columns using column pivoting or determining least-
norm solutions of all underdetermined linear systems).

VI. CONCLUSIONS

We proposed efficient algorithms to compute two types of
periodic minimal dynamic covers, which have many potential
applications in various structural synthesis problems of linear
discrete-time periodic systems. The proposed algorithms rely
on the extensive use of orthogonal transformations. The use
of non-orthogonal transformations at the final step of the
reduction process allows also to obtain a precise estimation
of possible accuracy losses induced by the overall reduction.
Thus the proposed algorithm, although not numerically sta-
ble, can be considered numerically reliable.
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