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1 Introduction

We denote by M, (C) the space of com-
plex matrices having p rows and n columns,
and in the case which p = n we write M, (C).

We consider the set M of pairs of matrices
(E, A) representing families of singular linear
time invariant systems in the form Ei = Ax
with B, A € Mpy,(C).

Singular linear systems are found in engi-
neering systems such as electrical circuit net-
work, power systems for example. They can
be treated under different point of view.

A manner to understand the properties of
the system is treating it by purely algebraic
techniques. The main aspect of this approach
is defining an equivalence relation preserving
these properties.

Having defined an equivalence relation,
the standard procedure then is to look for a
canonical form, that is to say to look for a
pair of matrices which is equivalent to a given
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pair and which has a simple form from which
we can directly read off the properties of the
corresponding singular system. In order to
obtain the canonical reduced form we try to
find a complete system of invariants for pairs
of matrices. The proposed approach can be
applied to obtain a canonical reduced form
of systems where feedbacks and output injec-
tions are considered.

In this paper we deal with equivalence re-
lation between systems accepting one or both
of the following transformations: basis change
in the state space and premultiplication by
an invertible manifold. A canonical reduced
form can be derived associating a matrix pen-
cil to the system characterized by two sets of
minimal indices (row and column minimal in-
dices), and sets of finite and infinite elemen-
tary divisors (the classical invariants). In this
paper we present an alternative complete sys-
tem of structural invariants based in compu-
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tation of the ranks of certain matrices, which
permits an easy characterization of the equiv-
alence classes. An alternative system of struc-
tural invariants also based in computation of
the ranks of certain matrices for standard sys-
tems was obtained by Garcia-Planas and Ma-
gret in [10], and for generalized regularizable
systems a collection of invariants was also ob-
tained by Garcia-Planas in [9]. The Kronecker
canonical form provides a variety of applica-
tions in control systems theory as we can see
in [4], [13] among others.

The paper is organized as follows

In section §2, a brief resume of notations
is presented.

In section §3, an equivalence relation is de-
fined.

In section §4, a matrix pencil is associated
to the pair of matrices. After to observe that
the strict equivalence of the pencils, is related
to the equivalence relation of the pairs, it is
possible to make use of the Kronecker reduced
form for pencils in order to obtain a canonical
reduced form for pairs of matrices.

In section §5, A complete system of invari-
ants for pairs of matrices under equivalence
relation considered, is obtained.

In section §6, as application we obtain a
reduced form of a pencil associated to a singu-
lar system under proportional and derivative
feedback as well proportional and derivative
output injection.

And finally in §7 conclusions are pre-
sented.

2 Notations

In the sequel we will use the following no-
tations.
- I, denotes the n-order identity matrix,

- N denotes a nilpotent matrix in its re-
duced form N = diag(Ny,...,Np), N; =

0 Inifl
- J denotes the Jordan matrix J =
diag(Jl, ey Jt), Ji = diag(Jl-l, ey Jis), Jl']. =
NI+ N,

- L = diag = (L1,...,Lg), Lj = (In, 0) €
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Man(nj+1)(C)7
- R = diag(Ry,...
Mnjx(nj+l)(0)'

Ry), Ry, = (0 I,) €

3 Equivalence relation

The description equation for mathematical
model may be obtained by selecting appropri-
ate state variables. The selection of these vari-
ables is not unique having no uniqueness of the
model. So we are interested in to study the re-
lationships between the state variable models,
defining an appropriate equivalence relation.

The standard transformations in state
space: z(t) = Pz1(t), and premultiplication
by an invertible matrix: QFEZ(t) = QAx(t),
realized over generalized systems relate them
in the following manner, two systems are re-
lated when one can be obtained from the other
by means of one, or both, of the transfor-
mations considered. In fact, this transforma-
tions define an equivalence relation in the cor-
responding space of pairs of matrices in the
following manner.

Definition 1 two pairs of matrices
(Ei, A;) € M, i = 1,2, are equivalent if and
only if there exist matrices P € Gl(n;C) and
Q € Gl(p;C) such that

(E2,A2) = (QE1P,QAP),

That we can write in a matrix form in the fol-
lowing manner

E, 0y (Q 0 Ey 0 P 0

0 Ay) \0 Q@ 0 A 0 P

It is straightforward the following propo-
sition.

Proposition 1 The equivalence relation
defined over the space of pairs of matrices, is
an equivalence relation.

Clearly, the relation defined possesses re-
flexivity, transitivity, and symmetry.

Generally, the matrices P and ) which
transfer a pair of matrices (FEq, A1) to the
equivalent pair (FEs, A2) are not unique.
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Example 1 The pairs

=)0
(0000

are equivalent because of, for Q) = <2 _11//22>

and

0 1
and P = (1 _3
(QE1P,QAP).

) we have that (FEq, Ag) =

4 Associated pencil

Given a pair of matrices (E, A) € M we
can associate in a natural way the following
matrix pencil H(A) = A\E + A. It is easy to
proof the following proposition

Proposition 2 Two pairs of matrices in
M are equivalent if and only if the associated
pencils are strictly equivalent.

Proof. Straightforward.
O
As a consequence we can apply Kro-
necker’s theory of pencils of matrices as pre-
sented in [7].

Corollary 1 Let (E,A) € M a pair of
matrices. Then, the associated pencil is equiv-
alent to A\F + G with

L T R T
F= L n , and G = R J .
N I

Remember the definition of eigenvalue of
a pair of matrices, necessary for construction
of matrix J in the canonical reduced form.

Definition 2 Let (E, A) € M be a pair of
matrices and H(X) its associated pencil. The
value \g € C is an eigenvalue of H(\) if and

only if

rank H(X\g) < rank H(\).
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We denote by o(E, A), the spectrum of the
pencil, that is to say the set of eigenvalues of
the pencil:

o(E,A) =
{\i € C|rank H()\;) < rank H(\)}.
It is easy to observe that o(FE,A) is an

empty set or it is a finite set.
Example 2 a) Let

a3 (12

for all Ao # 0 we have rank H()\p)
rank H(A) = 3 and for A\g = 0 rank H(0) =
2 <rank H()A). Then

o(E, A) = {0}.

b) Let

H(A):AE+A:>\<8 (1)>+<(1] ?)

for all Ao we have rank H(\g) = rank H(\) =
3. Then
o(E,A) =10.

Proposition 3 The eigenvalues are in-
variant under equivalence relation considered.

Proof.

rank Ho(\;) = rank (\;Fy + As =
=rank Q(\E1 + AP =
= rank QH;(\;) P = rank Hi(\;).

We observe that the associate pencil to the
pair (E2, A2) in example 1, is in its Kronecker
reduced form.

‘We can obtain the Kronecker canonical re-
duced form computing a collection of discrete
and continuous invariants.

Theorem 1 Let (AE+A) be a matrix
pencil under strict equivalence. FEach equiva-
lence class is characterized by the following set
of structural invariants.

i) w1 > -+ > wg > 1: Segre characteristic
of infinite zeroes.

ii) k1(A) = - = ki (A) = 1 Segre char-
acteristic of eigenvalue .
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ZZZ) 61 Z Z 67.6 > €T€+1 — i — 67- — O
column minimal indices.
w) (m > >m, >4 = =m=0:

row minimal indices.

Corollary 2 Let \E + A € Myx, be a
matriz pencil. Then

(i !
=3, qwit+ i Z;(=1) ki (Xi) + 2252 mit
doisy €+ re + 1o

s u (A Te
p=> i wit Xy Z;(:l) kj(No) + 205 et
22"21 ni + Iy + lo.

where ro = 1 —1¢ and lp = | — [, denote the
number of zero columns and zero rows respec-
tively.

Definition 3  Given a pair of matrices
(E,A), we call rank of the pair and we will

denote by ry, to the rank of the associated pen-
cil H(N):

rn, = rank (E, A) = rank (AE + A).

3 Sequences of matrices associ-
ated to (F, A)
Let (E, A) € M be a pair of matrices, for

all £ =1,2,... we define the following matri-
ces.
Hl _E7
Ha = (g E) J
E
AE
M, = A 'E ’
A B
C= (%)
E
AFE
A FE
CZ— . . )
B
A
01=:(EA),
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: E A

E A
Of:< S )7
"E A

JL=AE+ A,
Fo(N) = (M \gia) s

AE+A
E  AE+4A

Te(A) = g

AE+A
, for

B AB+A
all A e C.
Remark 2 We are interested in J;(\) for
A €o(E,A). For other values of A the matri-
ces Jy(A) are full rank for all ¢.

Proposition 4 The ranks of the matrices
He, Te(N), Co, Oy, for all € =1,2,...

variant under equivalence relation considered.

Proof.

Let (E1, A1) and (Fa, Az) two equivalent
pairs of matrices, then there exist invert-
ible matrices @ and P such that (Es, Ay) =

(QE1P7 QAlp) 807
Es
Az Eo
Az Es

are in-

.Az' Eo

Eq
(Q ) o (P )
"Q - " p
Ay By

A1 E1
Consequently, matrices Hy(FE1, A1) and
H¢(E2, As) have the same rank.
Analogously, we can prove the invariance
of ranks of the other matrices. O

We denote by

- TZ'[ = rank Hy,

- r¢(A\) = rank Jp(A),
- rg = rank Cy,

- rf = rank Oy.

Example 3
Let (E,A) with E = <(1) 8) and A =
01
0 0
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1. =1
2. r?zﬂ
3. re(N) =14
416 =0+1
5 szﬁ

Theorem 2
matrices of rank ry,. Then, for allf =1,2,...

rzi =rpl — 7 min{l,w;}

re(A) =1l — TN min{e, ki (M)}

¢ =rpl+ Y0 min{l, ¢}

7’? =r,l+ Zi”zl min{¢, n; }

Proof. Because of proposition 3, it suf-
fices to compute these collection of numbers,
for an equivalent pair such that the associated
pencil is in its Kronecker reduced form. O

(A similar result is obtained in [12]).

It is easy to deduce the following results.
Corollary 3 For all pair (E, A) € M we
have

s =rp—71,
]()‘) =Tn—T1 ()‘)7
re = rf — Tp,
I, = r? — T, and
Tn = TnH—l—l - TZzi = chH-l - Tg =

S

= rr(?—i-l =7y = Tagr1(A) = ra(A).

Proof. For ¢ =1, we have

=r,-1—=>7  min(1,w;)
=rp,—(1+.5.41)=r, —s.

H
51

Analogously, we can deduce the other ex-
pressions.
(]
Example 4 Taking the same pair in the
example 3, we have
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Let (E,A) € M be a pair of
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1. s=0
2. (AN =0
3. re=1
4. 1,=0

Corollary 4 For all pair (E, A) € M we
have

s u (s
Th =) ioqwit le‘:1 Z;(:l) ki(Ai)+
+D g €+ D i

Theorem 3 Let (E,A) € M a pair of
matrices. Then

1. The numbers
§1 = rf — 27“8{

Se41 :T’Z_l—QTZ{—i-TZ_‘_I, (=1,2,...

determine the quantity of blocks of size
£ corresponding to the infinite zeroes in
the Kronecker reduced form of the asso-
ctated pencil.

2. The numbers
J1(A) = 711(A) = 2r9(N)

Jer1(A) =11 (A) = 2rp(A) + 1e—1(N),
=12, ...

determine the quantity of Jordan blocks
of size ¢ associated to the eigenvalue \

of the pencil H(X).

Proof. It suffices to compute the ranks of
the matrices H; of a Kronecker reduced form
pencil. Il

Remark 3 let (E,A) € M a pair of ma-
trices and H()\) its associated pencil. If A is
not in the spectrum of H(A), we have that
Je(A\) =0, £=1,2,....

Theorem 4 ([17])
pair of matrices. Then,

Let (E,A) € M be a
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1. the numbers
ry = —Tg + 27"1Z

ry = —7‘§+1+2rf —rf_l, £=23,...

determine the quantity of column mini-
mal indices of size £ appearing in \E +

A,
2. the numbers
I = —7“59 + 27“{9

ly :—rﬁl—l—%f—rgl, (=23, ...

determine the quantity of row minimal
indices of size £ appearing in A\E + A.

5 An alternative complete sys-
tems of invariants

Now we construct an alternative method
to obtain the canonical reduced form of a pen-
cil AE + A. These method is deduced from
the following numbers rif, ry()\), rg y r?,
(=1,2,....

Definition 4  For all pair of matrices
(E, A), we will call infinite zeros numbers and

we will write TCO to
rfo =r, — 7“?
TSO :r?—r;i—i-rn
220 —rzi_l —r?—}—rn, (=23,...

Proposition 5 Let (E,A) € M be a
pair and H(N) its associated pencil. FEach
rgo,é = 1,2,... determine the quantity of
blocks corresponding to the infinite zeroes of
size greater than ¢ — 1, that they appear in
H(N). The r°C-numbers verify:

O >rCO > - >7’elo >rel+1 -=0.
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Proof.
S= rnp— r{{
§—81 = r}i—rg +Tn

Corollary 5 The infinite zeroes indices
(w1, wa,...,ws) are the conjugate partition of

the set of non zero numbers rgo.

Definition 5  For all pair of matrices
(E,A), we will call Jordan numbers corre-

sponding to the eigenvalue A and we will write
FO(\), to

Proposition 6 Let (E,A) € M be a
pair and H (M) its associated pencil. FEach

Z O(\),£=1,2,... determine the quantity of
Jordan blocks of size greater than £ —1 associ-
ated to the eigenvalue \ appearing in \E'+ A.
The 7°9 -numbers verify:

€O\ > -

Proof.

Corollary 6 The Segre characteris-
tic (k1(A), k2(A), .., ki) (N)) is the conjugate

partition of non zero rCO(/\) numbers.
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Definition 6  For all pair of matrices
(E, A), we will call column minimal numbers

and we will write TiC(’) to

r§9 =n—r,

0 = —r,

r§0 =S —r§ —r,

co _,C C _

Y =1y —ri_,—Th (=2,3,...

Proposition 7 Let (E,A) € M be a
pair of matrices and H(X) its associated pen-
cil each rico number determine the quantity of
column minimal indices of size greater than
{ — 1 that appear in A\E + A. These rfo—
numbers verify

co co coO co _ .. _
rg” >y 2...27%27127%2 —...=0
Proof.
T=TetTo= n—Tp
Te = Tf—rn
Te —T1 = rg—rf—rn

-1 _ C C _
Te =D iqTi= Ty —Tj1—Tn, £=2,3,...

U
Corollary 7 let (k{,..., ky_, f,€+1,...,ﬁ;i)
co_

be the conjugate partition of the non zero r
numbers. Then the non-negative numbers

%

(€1,...,6.,0,...,0) =
(B =1, kS, — 1,k . —1,... ke —1)

T

coincide with the column minimal indices that
appear in AE + A.

As a consequence we have.

Corollary 8 AE+ A has column full rank
if and only if r, = n.

Corollary 9 Let AE+ A be a pencil hav-
ing column full rank. Then, for each £, matri-
ces Co(E, A) have column full rank.

Proof.

rfo+-~-+7“go:rg—ﬁrn:rg—ﬁnzo.
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0

Definition 7  For all pair of matrices
(E,A), we will call row minimal numbers and

CO ¢o

we will write r;

cO _
7o

=pP—Tn
co _ .0
co _ .0 @
co _ .0 O _
rg =1y =T, —Th {=2,3,...

Proposition 8 Let (E,A) € M be a
pair of matrices and H(X) its associated pen-
cil each rfo number determine the quantity of
row minimal indices of size greater than ¢ —1
that appear in AE + A. These rfo—numbers

verify

CO cO CO _ —
g >z > = =0

Proof.

l=l,+lo= p—ry

l, = r?—rn
ly—1l = r?—r?—rn

ln_Zf;l: T?—T‘g),l—rn,ZZZ,?),...
Il

Corollary 10 Let (k],..., kZ}, kZ]H, e

kln) be the conjugate partition of the non-zero
¢ numbers. Then
(771,...,7]177,0,...,0) =

(K =1,k =1,k 1.,k —1)

n _
I,+1
coincide with the row minimal indices that its

appear in A\E + A.

Corollary 11 AE + A has full row rank
if and only if r, = p.

Corollary 12 Let AE + A a pencil hav-
ing full row rank. Then for all £, the matrices

O¢(E, A) have full row rank.
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Proof.
T§O+---+r§(l):rfffrn:rfffp:()

O

As a consequence we have the following re-
sults.

Theorem 7 The pencil HA) = AE+ A
has full column and row rank if and only if
p=n and r, =n.

Theorem 8  For all pair of matrices
(E,A) € M, the collection of numbers
i) 160 > ... nglo ngglz...:(),
ii) 7“862~-- 27"%26_1 27"%26:--~:0,
i11) T‘OEOZ-“ 27‘2?1 ZTZO:---ZO,

> 8RN =158 (V) =

reC

iv) Tfio)\) > ..
:07

constitute a complete system of invariants.

Proof. The non-zero r-numbers permit us
to deduce the collection of numbers

)w > 2ws>1

i) k) > > k() = 1L A €
o(E,A)

i) e > >€. >€ 41=-=6=0

iv) 7712"'7”7,>nl7,+1:"':77l:0

that correspond with the structural invariants
of the associated pencil to the pair of matrices.
O

6 Application to the systems
under proportional and deriva-
tive feedback as well propor-
tional and derivative output in-
jection

We consider the set of quadruples of ma-
trices (E, A, B, C') representing families of sin-
gular linear time invariant systems in the form

Ei(t) :A:L‘+Bu}

y =Cx (1)

with E, A € Myxn(C), B € Myym(C) and
C € Myxn(C).
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These equations arise in theoretical areas
as differential equations on manifolds as well
as in applied areas as systems theory and con-
trol, [14], [16].

Many interesting and useful equivalence
relations between singular systems have been
defined. We deal with the equivalence relation
accepting one or more, of the following trans-
formations: basis change in the state space,
input space, output space, operations of state
and derivative feedback, state and derivative
output injection and to pre-multiply the first
equation in (1) by an invertible matrix. That
is to say.

Definition 8 Two quadruples
(Ei, Ai, Bi, Cy), i = 1,2, are equivalent if and
only if there exist matrices P € Gl(n;C),Q €
Gl(p;C), R € GI(m;C), S € Gl(q;C),
FEFE € Mpnl©), FEFS € Myuq(C)
such that

Ey =QE\P+ QB/FE + FpC\P,
Ay = QAP+ QB F} + FACyP,
By = QB1R,
Cy =S5CP,

To consider proportional and derivative
feedback as well proportional and derivative
output injection is implicit in definition of con-
trollability and observability character of the
system.

Definition 9 A system (E,A,B,C) is
controllable if and only if

rank (E B) =n,
rank (sE + A B) =n, Vs €C,

Proposition 10 Let (E, A, B,C) be a
controllable system. Then, there exists:

a) a derivative feedback FB such that
rank (E + BFP]JB) =n,

b) a proportional feedback F¥ such that
rank (A + BFE) =n.

Definition 10 A system (E, A, B,C) is
observable if and only if

FE
rank o) = n,
sE+ A
ank( c >:n, Vs € C,
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Proposition 11  Let (E,A,B,C) be a
observable system. Then, there exists:

a) a derivative output injection F}g such
that rank (E + FgC) =n,

b) a proportional output injection FE such
that rank (A + FEC) =n.

Given a  quadruple of  matrices
(E,A,B,C), we can associate the following
matrix pencil.

AME+A AB B
AXC 0 0],
C 0 0

P\ =

and we have the following proposition.

Proposition 9 Two quadruples are
equivalent under equivalent relation considered
if and only if the associates matriz pencils are
strictly equivalent.

So, we can compute the complete systems
of invariants obtained in §5, to obtain quali-
tative properties of the system.

Corollary 13 Let P(\) be a matriz pen-
cil associated to the quadruple (E,A,B,C).
Then P(X) its is equivalent to the pencil given
in Corollary 1, \F + G with

L T R T
F=( v, ),a=( *#,
N Is

Remark 4 Given a quadruple of ma-
trices (E, A, B, C), will call eigenvalues of the
quadruple to the eigenvalues of the associate
pencil P()), and we denote by o(FE, A, B,C)
the spectrum of the pencil.

Obviously, the collection of eigenvalues of
a quadruple are invariant under equivalence
relation considered.

7 Conclusion
We consider pairs of matrices (F, A), rep-

resenting singular linear time invariant sys-
tems in the form E#(t) = Axz(t) with E, A €
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Mpxn(C) under equivalence that accept ba-
sis change in the state space and premultipli-
cation by an invertible matrix. After to ob-
serve that this equivalence corresponds with
strict equivalence defined over associated pen-
cil AE+ A and the Kronecker reduced form can
be used, in this paper we obtain an alternative
collection of invariants that they permit us to
deduce the canonical reduced form.
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