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Abstract: Based on a method for right coprime factorizations
of linear systems using matrix elementary transformations, it
is shown that a very simple iteration formula exists for right
coprime factorizations of multi-input linear systems in system
upper Hessenberg forms.  This formula gives directly the
coefficient matrices of the pair of solutions to the right
coprime factorization of the system Hessenberg form, and
involves only manipulations of inverses of a few triangular
matrices and some matrix productions and summations.
Based on this formula, a simple, efficient procedure for
determining a right coprime factorization of a multi-input
linear system is proposed, which first converts a given linear
system into its system Hessenberg form using some
orthogonal similarity transformations and then applies the
iteration formula to the converted system Hessenberg form.
An example demonstrates the usage of the approach.
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|I. INTRODUCTION

Consider the following controllable multi-input linear system:
X = Ax+ Bu (11)
where xOR" is the state vector, uJR" is the input vector,
A and B are known matrices of appropriate dimensions, and B
is of full-column rank. This note is concerned with the
solution of the right coprime factorisation of system (1.1), that
is, to find a pair of right coprime polynomial matrices N(s)
and D(s) of dimensions nxr and rxr, respectivey,
satisfying
(sl —A)B=N(s)D (9 1.2)

Coprime factorisation for linear systems is a basic
problem in control systems theory. It has applications in
many problems and has been investigated by a number of
researchers. Bedlin [1] proposes a numerical computational
algorithm for solution of a coprime factorisation of a transfer
function. Bongers and Heuberger [2] develop a reliable
algorithm to perform a normalised coprime factorisation of

proper discrete-time finite dimensional linear time-invariant
systems. Green [3] develops a coprime factorisation approach
to the synthesis of H-infinity controllers. Armstrong [4]
considers robust stabilisation using a coprime factorisation
approach. Almuthairi and Bingulac [5] and Bingulac and
Almuthairi  [6] propose new computationally simple
algorithms for calculating coprime matrix descriptions, and
also consider the minimal state space realisation problems
based on coprime factorisation. Ohishi et al. [7] proposes a
new speed servo system for a wide speed range based on
doubly coprime factorisation and instantaneous speed
observer. Besides the above, Duan [8] has shown that a
coprime factorisation can be used to parameterise al the
solutions to a generalised-type of Sylvester matrix equations
[8,9,10], and has important applications in eigenstructure
assignment [8,9, 11-15], observer design [16, 17], robust pole
assignment [18, 19] and robust fault detection [20,21]. Duan
[8] gives a simple way for calculating a right coprime
factorisation for a linear system using matrix elementary
transformations. His approach is very efficient for low-order
systems, but is not convenient to use when the system
dimension isrelatively large.

The purpose of this noteis to present a simpler alternative
approach for right coprime factorisation for linear systems. As
is wel known, any controllable linear system can be
transformed by some orthogonal similarity transformation into
a system Hessenberg form. It is aso wel agreed that this
transformation procedure is numerically reliable. The basic
idea in our approach is to first transform the original system
into system Hessenberg form and then to find the solution to
the right coprime factorization of the system Hessenberg form.
The method in [8] is utilized to deduce the right coprime
factorization of a system Hessenberg form. Due to the special
structure of the system Hessenberg form, a very simple
iteration formula for solution to the right coprime factorization
of the system Hessenberg form is established, which gives
directly the coefficient matrices of the pair of solutions to the
right coprime factorization of the system Hessenberg form.
This iteration formula involves only inverses of some
triangular matrices and some matrix productions and
summations, and thus possesses good numerical property and
is convenient to use.



The next section introduces the system Hessenberg forms
for controllable linear systems and states the method in [8] for
solving right coprime factorizations. Section 3 presents the
iteration formula for right coprime factorization of a system
Hessenberg form. An illustrative example is given in Section
4. Concluding remarks follow in Section 5. The proof of the
iteration formulais presented in the appendix.

Il. PRELIMINARIES
For convenience, a linear system in the form of (1.1) will
be also denoted in the following by the matrix pair (A B).
Definition 2.1:

OR™ xR™ issaid to be in system upper Hessenberg form
if

A controllable system (H, Hp)
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where
Hi ORY™Y, 0,j=12,u (2.1b)

m<n<--<ny, =rank(B)=r; m+ny+--+n, =n(2.1c)

and H; ORV" j=12..., 1, are a series of full-row rank
upper triangular matrices.

Regarding the above system Henssenberg form, the
following result holds [22].

Lemma 2.1: For each controllable system (1.1), there
exists an orthogonal matrix T and a system (H, Hg) in
system upper Hessenberg form such that

(TTAT T'b)=(H, Hg) (2.2)

The above lemma states that any controllable system
(A B) can be transformed into a system upper Hessenberg

form.  Moreover, this transformation process is also
numerically  stable because  orthogonal  similarity
transformation is used. In view of this lemma, the following
definition can be introduced for convenience.

Definition 2.2. Let (H, Hg) be a system upper

Hessenberg form, and the relation (2.2) hold for some
orthogonal matrix T. Then (H, Hg) is caled a system

upper Hessenberg form of the system (A B) associated with
the orthogonal matrix T.

Let Ny(s) and Dy (s) be a solution to the right

coprime factorization of the system upper Hessenberg form
(Ha Hpg) definedin (2.1), that is,

(sl =Ha) ™ *Hg =N, (9D;(9) (2.3)

Then the following lemma can be easily shown, which gives
the relation between the coprime factorizations of the system
(A B) and its system Hessenberg upper form.

Lemma 22. Let (Hy Hg) be the system upper
Hessenberg form of system (A B) associated with the
orthogonal matrix T, and N (s) and Dy (s) be a pair of
solution to the right coprime factorization of the system
Hessenberg form (H, Hpg). Then a pair of solution N(s)
and D(s) to the right coprime factorization of system (A B)
is given by

N(s) =TNy (s), D(s)=Dy(s) (2.4

The above lemma indicates a right coprime factorization
of the system (A B) can be immediately obtained when a
right coprime factorization of its system Hessenberg form is
available. To derive aright coprime factorization of a system
upper Hessenberg form, a simple method for solution to right
coprime factorizations of linear systems using matrix
elementary transformations is finaly stated in this section.
This method was first proposed and used by Duan in [8], and
has been frequently used in some of his later works [9-21].
Due to the contrallability of (A B), there exist a pair of
unimodular polynomial matrices P(s) and Q(s) of dimensions
nxn and (n+r)x(n+r), respectively, such that
P(s)[B A-sl]1Q(s)=[I 0] (2.5)
Based on this relation, a solution to right coprime factorization
of system (A B) can be given following the method in [8].
Lemma 4.1: Let Assumption Al hold, and Q(s) be the
unimodular matrix of dimension (n+r)x(n+r) satisfying
(2.5), then a solution to the right coprime factorization for
system (1.1) is given by
D(s)T 0,0
0=aQ(s)g O (2.6)
O A

where a isan arbitrary nonzero scalar.

IIl. THEITERATIVE FORMULA

For convenience, we will use in the following sections
M) to denote the i-th column of the matrix M, and Oy the
zero vector of dimension k.

Suppose that the system upper Hessenberg form given by
(2.1) for the controllable linear system (1.1) has been
obtained. Let

Ng=0, Ny =r and r=ny—n, i=012--, 4 (31)

then it is clear that

g +f+-+r, =1 (3.2
Define
HR =H ORY0, =12 (33)
and partition each H; and Hy;, j=23:-i, =124,

into two parts as follows
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Then, it is easy to see that the matrices HlOR™™
i=12,---,u, are non-singular upper-triangular matrices

since H; , i=12,---,u , areall full-row rank upper-triangular
matrices.
Further introduce
Ol, O O, . xp O
IiL - @ N1 0, IiR =0 N1 r|—1Ij i :].,2,"',/,1 (35)
ri-axni g g |f|—1 g
then it is obvious that
E 18=1, =12 ,u (3.6)
Finally define
0~ -1
DHiR:(HiL) H
-1 -1
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SJ =120, 1 =12, i
0
and

=R BR=WE sz @9
Then the main result in this paper can be stated as follows.

Theorem3.1: Let (H, Hpg) beacontrollable systemin

system upper Hessenberg form. Then a pair of solution
Ny (s) and Dy (s) to the right coprime factorization (2.3) of

thesystem (H, Hg) isgiven by
Dy (s)O
AL (9

EFl,u (S) F2,u (S) F3,u (S) F,up (S) F,u S
50 0 0 - 0 I.f
S —
5:12 () Fp(s) R O
EFll(S) F O
0 | O
E Ir0 E
with
F=-HR, i=12-u (3.10)
and
[Fu (s)= z F (3.11)

BJ —|+l||+2: XNR |=l|2,"',,u

where the coefficients Ff, k=12, j=i+1 j=i+L1i+2 -,

U, =12, u,aregiven iteratively by

D -_ -~ ~

H:'JO: Z }_|+IF||+I—1 H]!_iFi—l_H]!?, Fo =0

§ = (3.12)

E: I Fij ZHJI+IF||+I—1: k=12, j-i+1

jEi+Li+2 -y, =12, 1
with initial values

B :_(ﬁili_':l—1+|'~|i$), Fo=0
Fi=(trL+TR) Fo=0 (3.13)

i :1.2,"',/«(

The proof of Theorem 3.1 is provided in the Appendix.

It follows from Lemma 2.2 and Theorem 3.1 that a
solution to the right coprime factorization of a given
controllable linear system (A B) can aways be obtained
numerically through the following steps:

1. Convert the given controllable linear system (A B)
into system upper Hessenberg form (H, Hg) using
orthogonal similarity transformations.

2. Find a pair of solutions N (s) and Dy (s) to the
right coprime factorization of the system upper
Hessenberg form (H, Hg) using Theorem 3.1.

3. Obtain the pair of solutions N(s) and D(s) to the
right coprime factorization of the origina system (A
B) using the rdlationsin (2.4).

The proposed approach may be used to provide solutions

to generalized Sylvester matrix equations, pole assignment
and observer design in linear systems (refer to [8-21]).

IV. ANILLUSTRATIVE EXAMPLE
In order to show the application of our iterative formula, we

consider a simple system in the form of (1.1) with the
following parameters:

m 1 -10 3 oo
A=H 1 of B= %) 03 (4.1)
@ 0 0f 0 1{

There are respectively the transposes of the matrices A and C
in the example system considered in Duan 1993 [19].
Let

1 0 0O
0
T=0 0 15 4.2)
B 1 0§
Then, it is clear that this matrix T is orthogonal. Moreover, it
can be easily seen that with this orthogonal matrix T system
(A B) can be transformed in to the following upper-triangular
form
—1' 1[] 1o
0051 (4.3)
0 P18 B 0

(Ha Hg)=

Thus for this system we have



U=2, =1 ny=rank(B)=2,ng=r=2
and
=% rn=14r,=0
Therefore, it follows from Theorem 3.1 that a solution to the

right coprime factorisation of the system Hessenberg form
possesses the following structure

[Fp(s) Fae(9)O

0
Dy (s)0_ 5:11(5) Ao
0= (4.4)
ANued Do 10
0 0
ol 0 O
Notice
H,=[1 0], Hy=1, (4.58)
i M -10
Hi;=1 Hyp=[0[0 Hx= 0 (4.5b)
11 22 %)D %) og
we have
Hi =1, H{=0, H} =1, (4.6a)
0o o0 0-10
Hi =1, Hzﬁ:%m Hsz:%)D Hi=0 0 (4.6b)
0 0 000

Sinceboth H- and H} areidentity matrices, we have

HR=HR, Hf=Hf, HR=HR i j=12 @7

Applying formula (3.12), yields

a:ﬁ:_HlRl’:_l (4 8)
5:111 = |1R =1 .
O ag
Fp=-(HpF +HY) = %)D
O [
0 (4.9)
gzlz:l;w;:@%
Eln
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which respectively give
Fll(S) = S_l (411)
oo
and
4?2 - s-10
Fio(s) = 5 0 5 (4.13)

Substituting (4.11-4.13) into (4.4) gives

-1 0O 2 1
—g-
Ng(9=50 15 Dy(9=0
51 Of
Therefore, a pair of solutions to the right coprime factorization
of the original system (A B) are

0
19 @i
sg

-1 00
N =TNy(9=51 0f
HO 1f (4.15)

2_g-1 10
0

D(s) =Dy (s) = %’
g o s

V. CONCLUSION

This note presents a simple, efficient numerical approach for
solution to the right coprime factorization of linear systems. It
is shown that when the given system is converted into system
upper Hessenberg form using orthogonal  similarity
transformations, the solution to the right coprime factorization
of the system can be easily calculated by an iterative formula
which gives directly the coefficient matrices of the solutions to
the right coprime factorization of the system Hessenberg form.
This iterative formula possesses good numerical property
because it involves only manipulations of matrix
multiplications and summations and inverses of a few
triangular matrices. Extensions of the idea in this note to the
case of multi-input singular linear systems will be considered
in a separate paper.
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APPENDIX. PROOF OF THEOREM 3.1 (OUTLINE)

The proof of Theorem 3.1 is composed of three steps.
Thefirst step involves the proof of the following result.

Lemma Al:Let (H,y Hg) be a controllable system in

system upper Hessenberg form. Then a pair of solution
Ny (s) and Dy (s) to the right coprime factorization (2.3) of

thesystem (H, Hg) isgiven by

EDH (S) D_ . |])n 0
ENH 9 E_ QQL(8)Qy-1(S) Q_‘L(S)% r E (AY)
where

gbﬂ |5+1S

O L |R O

0 H H 0
Q=0 O (A2

5 15 I 5

O | O

H f0 H

and thematrix Q, (s) isgiven at the end of the paper.

The second step proves the following result based on
LemmaAl.

Lemma A2:Let (H, Hpg) beacontrollable system in

system upper Hessenberg form. Then a pair of solution
Ny (s) and Dy (s) to the right coprime factorization (2.3) of

thesystem (H, Hg) isgiven by (3.9) with F, i =124,
gven by (310) and the polynomia  matrices
Fi(ORY I, j=i+li+2 o p, 1212,
iteratively by

given

CFi(9)= (8" ~HiNF + (R -H), Fo=0
[Fj(9) = (sl ~Hj)Fja() 3
Fo=0

-2 ~ ~ TR
- kz HikaFic (9 —H R —HT,
=l

I |

JEIHLi+ 20 0, 1 =021

Based on Lemma A2, we can now in the final step derive
theiterative formula (3.12) in Theorem (3.1).



According to Lemma A2, a par of solution
Ny (s) and Dy (s) to the right coprime factorization (2.3) of

the system (H, Hg) is given by (3.9) with the polynomial

55

j=i+Li+2,- 0 =42, 1

. N Xr_ A . s
matrices R (ORI, j=i+Li+2.-, 4, i=12,u, and
given iteratively by the following formula ~ O
~ i sl R, j-a(s) =4dl; kZOF,’i_ls
Fij (s) =sl jLFi,j—l(S) ->H }_,I+1Fi| (s) i-i }
I= _ < Lk k+l
YL AR, Fy =0 (A%) =2, s (A0
j:i+l,i+2,~",,u, i:luzx"',,u ] |+lI L
o Z NEC
and thefollowing initial values
=R+ 6D Subsliting (A6) and (A7) ito (A4, iecs
=(Ii"F,_1+IiR)s—(Hi'i‘F,_1+Hi'f), Fro=0 (A5 Fi(9= 3y IR Gs" - ZOEZI(H i Fiﬁ+|—1%k
L =l =
|_1I2,,'u _|'_|"|_F _|'_|"R
It can be easily seen from (A3) or (A4) and (A5) that the S
. . . . . . =i I._
matrix polynomial F;(s) isof order j—i+1 ins, therefore, = LFJ sl 2' = Fidsk - z ZHHH ,:”H_l%k
it can be written in the form of (3.11). Using (3.11), we can g
i 0~ ~ ~ A
obtain —zH}_,iHFi,?H—l_H}_iFi—l_Hﬁ (A9
i1~ ~ 1=+l =0 -
HoFi(9=SHE Fis® i~
z jl+L |I( ) = z jl+l Z il = |—|:J ' gl EELFlkl}l I;(H]!_,HIFiI,(HI—l%k
= i” IZHH RS Lo S R
Bl _ij,i+IFi,i+I—1_HjiFi -H, Fp=0
IS k=0 1=0
j-i-1g+l L (A6) j=i+l.i+2,"':,u: i:l.2,"',,LI
= z ZH]I+q+lFII+qS . . . .
q=0 k From (A8) the iterative formula (3.12) can be immediately
A K obtained. It follows from (A5) that the initial values are
£ OqZk_ H1|+q+1':ll+q5 obviously given as in (3.13). Thus the whole proof of
Theorem 3.1 is complete.
The Q, (s) matrix mentioned in LemmaA1l:
i a
0 - - - - - - - N - 0
E I, Sli"=H5 -Hb5, -HY% -H{ -HE, 9F-HY -HF o 0 E
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0 I 0
0 ! | 0
O fi O
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