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Abstract. The paper presents a computation-oriented necessary and sufficient accessibility condition for the set of nonlinear higher-
order input-output differential equations. The condition is presented in terms of the greatest common left divisor of two polynomial
matrices, associated with the system of input-output equations. The basic difference from the linear case is that the elements of the
polynomial matrices belong to a non-commutative polynomial ring. The condition found provides a basis for finding the accessible
representation of the set of input-output equations, which is a suitable starting point for the construction of an observable and
accessible state space realization. Moreover, the condition allows us to check the transfer equivalence of two nonlinear systems.
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1. INTRODUCTION

Controllability is one of the fundamental concepts of mathematical control theory. In the nonlinear case
the famous Kalman rank condition branches into many different controllability notions, and among them,
the accessibility property stands out as a conceptually tractable and intuitively clear concept [23]. The
special notion of controllability, accessibility, refers to the case where every non-constant function of the
state is eventually influenced by the control variable of the system and hence cannot satisfy any autonomous
differential equation [6].

Our study is motivated by three sources. The first of them is the fundamental problem of accessibility
itself. There exist input—output (i/0) equations of interest that lack state-space realizations and therefore the
techniques that rely on state-space characterization of accessibility are unsuitable for such systems. Second,
the accessibility property plays a crucial role in the minimal realization problem; and third, accessibility is
related to the concept of transfer equivalence of two systems.

The goal of this paper is to suggest an accessibility definition as well as a computation-oriented
necessary and sufficient accessibility condition for nonlinear systems, described by the set of higher-order i/o
differential equations, not necessarily transformable into the state-space form. Our accessibility definition is
based on the concept of autonomous variable, introduced in [21], since this definition is not directly linked
to the state and is therefore flexible to be applied to various system classes. Formerly, this concept was
called irreducibility of i/o equations but it is more natural to call it accessibility since in the case of the
realizable i/o equations, our definition agrees with that given for the state equations: accessible i/o equations
have accessible realization. This is demonstrated by Example 2 below.

* Corresponding author, maris@cc.ioc.ee
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The results of this paper are based on the conference paper [13]. Compared with [13], in the present
paper irreducible system representation (accessible subsystem) is related to the recently introduced concept
of transfer matrix of the nonlinear system [8,9], whereas that in [13] was based on the notion of an irreducible
differential form, associated with the control system [6]. Moreover, the notion of the transfer equivalence of
systems is now defined via the equality of transfer matrices, exactly like in the linear case, and the reduction
problem is straightforwardly addressed. Furthermore, the proof of the main theorem is improved (while
only the sketch of the proof was given in [13]) and the role of non-uniqueness of the greatest common left
divisor to the solution is explained. Finally, comparison with alternative algebraic accessibility criteria is
added. Note that the single-input single-output (SISO) case was studied in [27]. For discrete-time nonlinear
systems the accessibility property was examined in [16], though the paper itself was focused on finding
the minimal realization of the set of i/0 equations and accessibility was studied only from the viewpoint of
irreducibility of the i/o description of the system. The irreducibility problem for the SISO case has also been
treated in [12], being a generalization of [27] to the systems defined on homogeneous time-scales.

The paper is organized as follows. Section 2 describes the differential field and a polynomial matrix
representation, associated to nonlinear systems. Using the polynomial matrix description, in Section 3
necessary and sufficient accessibility condition is given. Section 4 is devoted to the system reduction and
concept of transfer equivalence. In Section 5 the obtained results are compared with the results of [4] and
illustrated by two examples, one realizable in the state-space form and the other not. Section 6 draws the
conclusions and drafts some future goals of study.

2. POLYNOMIAL MATRIX DESCRIPTION

Consider a multi-input multi-output (MIMO) nonlinear system described by the set of higher-order i/o
differential equations relating the inputs u;, k = 1,...,m, the outputs y;, i = 1,..., p, and a finite number
of their time derivatives:

yl(ni) = ¢i(yj7yj7"'7y§'nij)7j: 1»---7197 uk>uk7"'7u/(<rik)>k: 17"'7m)7

i=1,....p.

ey

In (1) ¢; are supposed to be real analytic functions. Notations u := [uy,...,un], ¥ := [1,...,p|"
n:=nj+---+np,and r:= max{ry } are used below for system (1). Moreover, we assume that the indices

in (1) satisfy the relations

’

np<ny <Ky, < ng,
nij <ni, j<ib, mpSng, > @)
rik < n;.

The conditions (2) mean that Eqs (1) are assumed to be in the form which is an extension of the echelon
canonical matrix fraction description, introduced in [22] for linear systems. This form is preferred since
it allows the explicit definition of the time-derivative operator in the differential field, associated with the
control system. This aspect is important in Mathematica® implementation (see below). However, the main
results of the paper may also be proved (using a somewhat different mathematical setup) for the implicit
system description. Moreover, if the well-defined i/0 equations are not in the form (1), one may apply the
i/0 equivalence transformations' from [11,24,25] to bring the system equations into the form (1).

Below we give a brief exposition of the linear algebraic approach, following [6]. Let & denote the
(ni—1)

ring of analytic functions in a finite number of (independent) variables from the set ¢’ = {yi,...,y; Ji=

' The transformation is called i/o equivalence transformation if the set of solutions of the original equations is the same as that
of the transformed equations.
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I,...,p, u,(f), k=0,...,m, B > 0}. Define the time derivative operator d/dt : #Z — %, associated with

system (1). For that purpose we first define d/dr for the elements of ¢

d .

$yl(a) ::yl(aﬂ), i=1,...,p,x=0,....n;—2,
d (-1 .
Eyl(n )::d)i(‘)? lzl?"'vpa

d 1
au,(f) ::u,({ﬁJr ), k=1,....m, >0,

and then for a({yga),u,(f)}) € Z by

Sometimes the notation ¢ := d/dt(a) is also used. Note that whenever yl("i) occurs in the expression,
it has to be replaced by ¢;(-) determined by the i/o equations (1). The pair (#,d/dt) is a differential
ring (see [10]). The ring Z is an integral domain, i.e. it does not contain any zero divisors. That is,
Va,b € Z,ab=0=a=0o0rb=0. Let ¥ := %\ {0}, and consider the set of left fractions denoted as
A = .9 1%. Elements of ¥ are meromorphic functions in the form b~ 'a, where a € Z, b € .. Since
Z is an integral domain, the set .# proves to be the field of fractions. The derivative operator d/df can now

be extended so that d/df : # — # . For b~'a € ¢ we define

% (b7'a) == (b*)"'(ab—ab), ac %, be 7.
Thus the pair (#",d/dt) is a differential field.

Over the field %" one can define a vector space & := span , {d¢ | ¢ € #}, spanned by the ordinary
differentials of the elements of .#". For the definition of the operator d : #° — & see [6]. The paper [7]
demonstrates when and how the operator d as used in this paper differs from Kihler differentials. The
derivative @ of @ =Y ; o;d@; € &, where ;, @; € %, is defined by @ = Y; &;d@; + o;d¢;. Note that operators
d and d/dr commute, i.e. fora € ¢,

d d .
&(da) =d <dta> = da. 3)

We say that @ € & is an exact one-form if @ = da for some a € JZ". A one-form @ for which dw = 0 is
said to be closed. Every exact one-form is closed, but the converse holds only locally (see [6]). A subspace
is said to be closed or integrable if it has a basis which consists only of closed one-forms.

For system (1) a sequence of subspaces .71 D -+ D i D | = Hiryo = - - =: Fs of & is defined
by

A = span_y {dy\* | dulP)},
Her1 = {0 € A | @ € Y, K=,

4

where j=1,....,p,k=1,....om,0=0,...,nj—land B =0,...,r.
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2.1. Non-commutative ring of polynomials

The differential field .#" and the differentiation operator d/d¢ induce a non-commutative ring of left
differential polynomials . [s;d/dt]. A polynomial p € ¢ [s;d/df] can be uniquely written as

P =PmS" + pmoas™ .+ pis+ po, )

where s is a formal variable and p; € JZ for i = 0,...m. Polynomial p # 0 iff at least one of the functions
pi is non-zero. If p,, # 0, then the integer m is called the degree of p and denoted by deg(p). We set
additionally deg(0) = —oo. The addition of the polynomials is defined in the standard way. However, for
a € X C 4 [s;d/dt] the multiplication is defined by the commutation rule

s-a:=as—+a. (6)

It is easy to see that for s a=as*+2is+d, a € A, and in general, for n > 0 we obtain s"-a =

"o (Ma"si, where (%) is binomial coefficient.

i
Proposition 1. [18] The ring 2% [s;d/dt] is an integral domain.

If p = p1p2 and deg(p;) > 0, then p; is called a left divisor of p. The degree of p satisfies
deg(p) = deg(p1) +deg(p2) = di + da, since there are no zero divisors in ¢ [s;d/dz]. To find the left
divisor, one can use the left Euclidean division algorithm (see [5]). The main idea behind this algorithm
is that for given polynomials p; and p; in the forms (5), with deg p; > deg p», there exists a unique left
quotient polynomial y; and a unique left remainder polynomial p3 such that

p1=p2n +p3, deg p3 <deg p.

2.2. Polynomial matrices

We now consider a class of matrices P whose elements are polynomials p € /¢ [s;d/df] of unbounded
degree. We write % [s;d/dt]"*4 for the set of v X ¢ matrices with entries in .# [s;d/dt]. The purpose of this
subsection is to show that like in the linear case when the polynomials have real coefficients, the polynomial
matrix with entries in . [s;d/d¢] can be transformed by a sequence of elementary column operations to the
lower left triangular form. This result allows us to obtain later the accessibility criterion.

Definition 2. The following three elementary column operations on the polynomial matrix P are defined:
1. interchange of columns i and j,

2. multiplication of column i by nonzero scalar in &,

3. replacement of column i by itself plus any polynomial multiplied by any other column j.

Definition 3. A matrix U € . [s;d/dt]"*" is called unimodular if it is invertible in % [s;d/dt]"*", that is,
there exists a matrix U~ € X [s;d/dt]"" such that UU~! =U~U =1,.

Any sequence of elementary column operations on P is equivalent to post multiplication (right
multiplication) of P by an appropriate unimodular matrix Ug.?

Definition 4. Two polynomial matrices P and P will be called column equivalent iff one of them can be
obtained from the other by a sequence of elementary column operations.

The matrix P is thus column equivalent to P if and only if P = PUg where U is a unimodular matrix.

2 Similarly, any sequence of elementary row operations on P is equivalent to premultiplication (left multiplication) of P by an
appropriate unimodular matrix Uy..
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Theorem 5. Any g x v (¢ < v) polynomial matrix P is column equivalent to the lower left triangular matrix
shown below, i.e. one can always find a sequence of elementary column operations which reduces P to the
lower left triangular form where P =[G 0] and

gn O ... O
g1 g» ... 0
G=1. . . )
8q1 8q2 -+ 8qq
Furthermore, in the above form, the polynomials gi1,...,8kk—1 are of lower degree than gy for all

k=1,...,vifdeg g > 0, and are all zero if gy is a nonzero scalar in % .

Proof. 1f the first row of P, p; Z 0, one may choose a polynomial of the least degree from its elements
and, by permutation of the columns, make it the new (1,1) entry j;;. We then apply the left Euclidean
division algorithm to every other nonzero entry in the first row. That is, we divide every other nonzero
element py; in the first row by p1; obtaining the quotients §;; and remainders 7|; according to the relationship
P1i = P11G1; + 71; where either §; = 0 or deg 7j; < deg p11. We then subtract from each nonzero ith column
the first column multiplied by §y;. If not all of the remainders 7|; are zero, we choose one of the least
degree and make it the new (1,1) entry by another permutation of the columns. The purpose of repeating
this process as many times as necessary is to reduce step by step the degree of the polynomial element in
the (1,1) entry. Since the degree of the (1,1) entry is finite, this repeated process ends at some steps, in
particular, when all of the remaining elements of the first row are identically zero.

Next consider the second row of this matrix and, ignoring the first column for the moment, apply the
above procedure to the elements beginning with the second column and second row. In this way we zero all
the elements to the right of the (2,2) entry.

If the (2,1) element is of equal or higher degree than that of the (2,2) element, the division algorithm
can be employed to reduce the (2, 1) element to the remainder term associated with the division of the (2, 1)
entry by the (2,2) entry, or to zero if both elements are scalars. Continuing in this manner, with the elements
beginning with the third column and third row next, we eventually reduce P to the appropriate form. g

Definition 6. If three polynomial matrices satisfy the relation P = Cp Q, then Cy, is called a left divisor of P
and P is called a right multiple of C;. The greatest common left divisor (gcld) of two polynomial matrices
V and W is a common left divisor which is a right multiple of every common left divisor of V and W.

Theorem 7. Consider the pair {P,Q} of polynomial matrices which have the same number of rows. If the
composite matrix [P|Q] is reduced to the lower left triangular form |Gy | 0] as in the proof of Theorem 5,
then Gp, is a gcld of P and Q.

The proof is analogous with the discrete time case (see [16], Theorem 10) and therefore omitted.

The gcld is, in general, not unique, since any two gclds, G} and G2, are related by definition as
G} = GIW,, G? = G}W,, where W; and W, are polynomial matrices and if G} is nonsingular, then W,
and W, are unimodular. The concept of a gcld now enables us to extend to the matrix case the notion of a
pair of relatively left prime polynomials.

Definition 8. A pair {P,Q} of polynomial matrices which have the same number of rows is said to be
relatively left prime iff their gclds are unimodular matrices.

The notion of a pair of relatively left prime polynomial matrices implies the inability to factor some
non-unimodular matrix from the left side of both members of the pair.

2.3. Polynomials as the operators

A left differential polynomial a € #"[s;d/df] may be interpreted as an operator a(s) : & — &. Define for
j=1,...,p,k=1,....m,and dy;,du; € &

sdy; :=dy;, sduy = di. (8)
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It is natural to extend (8) for a = Y* ja;s' as a(s)(adl) := ¥X yai(s’- «)d¢ with a;, a0 € # and d¢ €
{dy1,...,dy,,duy,...,du,}. Using (8), every one-form

p nj—1 m !
0=y Y ajad\”+ Y Y b pduf) €&,
i=1a=0 k=1B=0

where a; o, b g € # and £ > 0, may be expressed in terms of the left differential polynomials as

nj—1 m 4
0= Z ( Z aj,asa> dy;+ Z <Z bk,ﬁsﬁ) dug == [ai(s),...,ap(s)]dy +[b1(s),...,bu(s)]du,

where a; = Z’g;ol ajos®, by = Zfi:o bk’ﬁsﬁ ,dy =[dyy,... ,dyp]T, and du = [du, ... ,dum}T. It is easy to see
that s = @, for w € &.

2.4. Polynomial description of linearized equations

By applying the operator d to (1) we obtain fori=1,...,p
. LT moTik ) 6,
dyz( ) - Z Z Eba) dyg'a) - Z Z ?3)d”l(<ﬁ) =0. €))
j=1a=00y; k=1p=0 du,
Since dyg.a) = s%dy; and du,(f ) = B dug, (9) can be rewritten as
P(s)dy+ Q(s)du =0, 10)

where P € J[s;d/dt]”*? and Q € # [s;d/dt]P*™ are polynomial matrices, whose elements p;;,qix €
A [s;d/de] are

nij
st— Z Pijas® ifi=j, i
pij = w0 gk =—Y. qups’, (11)
=Y pijas®ifi#j, p=0
a=0
whereas 2 2
1 1
Pij,azayﬁq)Gc%/y Qik,ﬁ:W€%~

Equation (10) describes the (globally) linearized system, associated with Eqgs (1).

3. ACCESSIBILITY OF THE i/o EQUATIONS
Definition 9. [6] A non-constant (possibly vector) function® ¢: (with components) in & is said to be an

autonomous variable for system (1) if there exist an integer L > 1 and a non-zero meromorphic (again
possibly vector) function F such that

Flon oV, .. o) =0. (12)

3" In the notation ¢ the subscript r is abbreviation from the word reduced, not a varying index.
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Note that ¢, denotes a variable as well as a function of y,u, and their time derivatives. While ¢; is a
function of y and u\/), 0 <i<n—p, 0< j<n—pu, it is also governed by the autonomous differential
equation (12). For any initial condition, the solution ¢; is uniquely determined by this autonomous
differential equation and is consequently independent of the external input u. In this sense @ is an
autonomous variable which represents the lack of controllability of the nonlinear system [21].

The notion of autonomous variable can be used to define the accessibility of the nonlinear system (1) as
follows:

Definition 10. System (1) is said to be accessible if it does not admit any non-constant autonomous variable.
Otherwise the system is called non-accessible.

Theorem 11. The nonlinear system (1) is accessible iff the polynomial matrices P and Q in (10) are
relatively left prime.

Proof. Sufficiency. The proof is by contradiction. Suppose that P and Q are relatively left prime but contrary
to our claim, system (1) is not accessible. Then, according to Definition 10, there exist (at least one) function
¢ € % ,aninteger 4 > l,and F = (Fy, ... ,Fp)T, such that (12) holds. Denote @ := F (¢, ¢, .. ., (pr(”)). Then
Qe

T ar
dgy = zz 294 +zz P, (13)

j=1i=0 k=1 j=0 l/tk

and

& OF
d<P—Zi(9 gder, (14)

where ¢ < n— . Since s'dy; = dyg_’?

terms of left differential polynomials:

dy du,
or SRA . 0. Lodgr .
d‘#’rZ(Z CREREED Mo or ) : +<Z R Yeu R R B

i=0 dy|' i=0 8y§f) j=0 8u1 j=0 duy, du
m

, sdu, = dul?), and skdg, = de*), (13) and (14) can be rewritten in

= P(s)dy+O(s)du
and

"dq)r G(s)do.

5L oo

Then the equation d@ = 0 can be rewritten as G(s)[P(s)dy + Q(s)du] = 0. The remaining part of the proof
relies on the fact that p 4 v differential forms, defined by p rows of P(s)dy — Q(s)du and v rows of do,
are dependent. In order to simplify the proof, we assume that F contains a single element, i.e. F = (F})
and v = 1. The proof of the general case is analogous. Let d@; := Y. ; pi;(s)dy; — Y qi(s)dug, i =1,...,p,
where p;; and g are the elements in the ith rows of the matrices P and Q, respectively. Then there exist
o; € X ,i=1,...,p, at least one of them non-zero such that d¢ = ):le a;d¢;. Without loss of generality
one can assume that ¢¢; # 0. Then we have

G(s)dg, o 0 ... do,
d o 1 ... 0 d
(.P2 =/ . . . ] (PZ (15)

do, 0 0 ... 1 do,
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yielding
de +Gls) -2 ... -2 de,
de, 0 1 ... 0 de,
do, 0 o ... 1 do,

1A ap
0 1 ... 0

G =
0 0 1

Since degG = 1 > 0, the geld of the matrices P and Q, i.e. the matrix Gy is not unimodular. Hence P and
Q are not relatively left prime.

Necessity. The proof of the necessity part is by contradiction. Assume that system (1) is accessible but
the matrices P and Q are not relatively prime. The latter means that P and Q have a gcld Gy, in the form (7),
which is not unimodular, such that Eq. (10) can be written as

P(s)dy+ Q(s)du = G (s)[P(s)dy + O(s)du] = GL(s)® = 0, (16)

where N N
o =[o,...,w0,)" = P(s)dy+ QO(s)du (17)

is a column-vector of irreducible differential one-forms.

We proceed to show that the components of one-form ® are exact or can be made exact by multiplying
@ with a unimodular matrix U from the left. The elements of @ may be classified as follows: they are either
differentials of the original irreducible equations (integrable by definition) or the elements of .7, defined
by (4). According to [1], the subspace %, is closed. This means that its basis vectors are exact or can be
made exact by multiplying @ with a certain unimodular matrix U from the left. This just corresponds to
changing the gcld G, by G.U ! =: G}, note that Gy is unique up to multiplication with the unimodular
matrix from the right. From (16) we now obtain

Gr(s)U "W = G(s)U 'de. = G} (s)de, = 0,

where d; = [d¢y1,...,d¢;,]T. The vector of one-forms G} (s)d¢; = P(s)dy + Q(s)du corresponds to the
original linearized equations (10) and is thus integrable. This means that the coefficients of polynomials
in G either depend only on the components of ¢, or are real numbers. Since G} is non-unimodular, there
exists at least one component of F', for instance F;, and at least one component of ¢, for instance ¢;;, such

that F;(. .., r(J“ ) ,...) =0, u > 1. According to Definition 9, the system admits autonomous variable @; j» and

hence (1) is not accessible. O

Remark 12. Observe that unimodular G; will give u = 0 in (12), whenever the equations Fi(:) =
0,...,F,(-) = 0 are transformed into the form (1); see also the following example.

Example 1. Let dgy = d(1 —u1), d@r = d(¥2 — u2y1), and

y1—up —s
G = ;
L <—y1 +u s+ 1>
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be unimodular but involving polynomials of degree 1. Then Gz[d¢@,; d@y]T yields, after integration of the
one-forms,

Wi = —2 + oyt +unyy + 51— Yiur + Jui =0, (18)
Vo i = o — upy1 — Uy + Y2 — tay1 — 537+ Yius + sui = 0.

Obviously y; = Fi(-) = — ¢ + %(Pfl =0,y =F() =@+ ¢ — %(prz1 = 0, which creates an illusion as
if w =1 in F and system (18) is reducible. Next, transform Eqs (18) into the form (1). It can be done
following the algorithm in [11], but for this simple example it is easy to see that ¥ + Y, = yp —upy; =0
and Yy + Yy + Y = %(yl — u1)2 = 0. The obtained equations

1=y —u; = 0,
lI//1 .}’1 1 (19)
Yy :=y2—upy1 = 0
are in the form (1), and now Fl’ = 1, FZ’ = @, thus g = 0. Finally, note that by the results of [11],
unimodular transformation d = U (s)d¢, means that systems ¢ = 0 ja ¢, = 0 are i/o equivalent.

4. SYSTEM REDUCTION AND TRANSFER EQUIVALENCE

Note that the gcld of polynomial matrices P and Q is not unique. If Gy, is a gcld of P and Q, then multiplying
it by a unimodular matrix from the right, we get another gcld of P and Q. In general, we get the class of
matrices (gclds) that are column equivalent, i.e. one of them can be obtained from the other by a sequence of
elementary column operations. Therefore, if a gcld is unimodular, then all gclds must be unimodular. Taking
from the class of column equivalent matrices different gclds, we get different vectors @ = P(s)dy — Q(s)du
that are, however, i/o equivalent [11].

By the proof of Theorem 11 the irreducible differential forms ® are either exact or can be made exact
by multiplying @ from the left by a unimodular matrix U. So, one can write P(s)dy — Q(s)du = d¢;, where
de. =[dey,...,d¢,| T, and P=U P, 0 =UQ. Then the equations ¢;(-) = 0 are called irreducible equations
of system (1).

System reduction. If G; is the non-unimodular gcld of P and Q, system (1) is not accessible. In such
a case one may find the accessible (irreducible) subsystem ¢,(-) = 0. The matrices P and Q, describing
the irreducible system, are relatively left prime and their gclds are unimodular matrices. If Gy is non-
unimodular, then the procedure of finding the new system ¢, = 0 is called system reduction. If Gy, is
unimodular, then system (1) is already in irreducible form, the new system @, = 0 is i/o equivalent with (1)
(see [11]), and no reduction occurs. System reduction can be performed by the following algorithm:

Algorithm
Input: Set of i/o equations in the form (1)
Output: Set of reduced i/o equations ¢ =0
1. Compute matrices P and Q as in (10)
2. Find G, := gcld(P, Q)
3. If G is unimodular Then *System is irreducible’ Else B
(a) Solve the equations P = G.P and Q = G, Q for P and Q
(b) @ := Pdy + Qdu
(c) Integrate w i.e. find unimodular matrix U and ¢; such that U = d¢;
(d) Return irreducible equations @, = 0

Transfer equivalence. From the ring .’#"[s;d/dz] one can construct a non-commutative field of fractions,
which is required to describe the transfer matrix of the nonlinear system. Define a set ¥ := % [s;d/d¢]\ {0}.
Consider the set of left fractions denoted by # (s;d/dt) = ¥ ~'.#[s;d/dt]. Elements of .# (s;d/dt) are
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left fractions in the form b~'a, where a € #[s;d/dt], b € ¥. Since the ring % [s;d/dt] is an integral
domain, % (s;d/dr) is the field. Then one can consider a class of matrices, whose elements are left
fractions f € J# (s;d/dt) (see [8]). Let % (s;d/dt)”*™ be the set of p x m matrices with their entries
from .# (s;d/dt). Multiplying the globally linearized system equations (10) from the left by P~! allows us
to rewrite (10) as
dy = P! (5)0(s)du,

whenever the i/o equations (1) are independent, i.e. whenever the Dieudonné determinant of the matrix P is
nonzero [14]. The inverse matrix P~ € % (s;d/d¢)”*? can be computed by the Gauss—Jordan elimination
method, adapted for non-commutative polynomials in [20]. If the polynomial matrices P and Q are not
relatively left prime, i.e. P = G- P and Q = G - Q (Gy, is the non-unimodular gcld of P and Q), we get

dy =P (s)Q(s)du = P~ (s) G; ' (s) GL(s) Q(s)du = P~ (s) Q(s)du.

Therefore, system (1) can be characterized by a matrix from .# (s;d/d¢)?”"™. In our case it is the matrix
F =P 'Q =P !'Q. Note that every matrix of left fractions from .# (s;d/d¢)"*", represented in the form
A~!B, does not correspond to a control system, since the set of one-forms A(s)dy + B(s)du is not necessarily
integrable.

Definition 13. [8] A matrix F € ¢ (s;d/dt)””" such that dy = F(s)du is said to be the transfer matrix of
the MIMO nonlinear system (1).

Definition 14. Two systems ¥| and ¥, defined by the equations of the form (1), are called transfer equivalent
if they have the same transfer matrix.

From the above definition we can conclude that the irreducible set of equations is transfer equivalent to
the original system description (1).

5. DISCUSSION, EXAMPLES, AND MATHEMATICA® IMPLEMENTATION

In this section we first compare the notion of accessibility, introduced in this paper, with the notion of
controllability, as it is defined in [4] for the set of i/o equations. The comparison obviously holds only for
the subclass of systems studied in [4], that is for systems, defined by polynomial equations in variables y,
v, ¥, etc. over the field of rational functions of the variables u, u, ii, etc. For this class of systems the two
notions practically coincide. Really, controllability is defined as R being differentially algebraically closed
in the differential field %, defined by the system equations (1). This just means that system (1) does not
admit a variable ¢, € % that satisfies an autonomous differential algebraic equation F (¢, ¢y, .. ., q)r(“ )) =0
for some u > 1. Note that in our paper F may be a meromorphic function. Moreover, the paper [4] does not
provide a method for finding the accessible (irreducible) system description, though the method for checking
accessibility is given in [17].

The algorithms for checking the accessibility and reduction of a non-accessible (reducible) system have
been implemented in the computer algebra system Mathematica® as a part of the package NLControl,
devoted to modelling, analysis, and synthesis problems of nonlinear control systems. The functions are also
available on the NLControl website www.nlcontrol.ioc.ee. The main benefit of the website is that the user
does not need Mathematica® to be installed into a local computer; only internet connection and a browser
are necessary to run the functions. Note the difference in terminology: on the NLControl website the
accessibility of the i/o system can be checked using the function Irreducibility. The irreducible equations,
which also represent the accessible subsystem, can be found by the function Reduction.

Example 2. Consider the system described by the i/o differential equations
Vi = —y2+ugy2 +y2u1 +yaur — Y1 — Y2 +ury2 +uay2 — ¥, 20)
Vo = =3y +2uyys + 3uayy — 3y1 — 2y2 + 2i1y2 + yaiiy + ur .
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System (20) satisfies conditions (2). Linearized equations of (20) as in (10) are determined by the
polynomial matrices

P s2+s 2+ (1 —uy —uz)s+1—up — iy — 1y
o —3s s3—u1s2—|—(2—2u1)s+3—2u1 —3M2—ii1 ’

0— —y25 =2 —Y25 —y2— Y2
Y252 — 2925 — 2y2 — 3 =3y '

According to Theorem 7, one can find a gcld Gy, of P and Q by reducing the composite matrix [P|Q] into
the lower left triangular form |G | 0]. Following the algorithm in the proof of Theorem 5 yields

G — »2 0
L —yos? =205+ —Fo S+ —s+2)°

Since Gy is not a unimodular matrix (the maximum degree of the polynomials on the main diagonal is higher
than 0), system (20) is not accessible. It also means that the system can be reduced. That is, one can find
the polynomial matrices P and Q that define the reduced linearized system equations P(s)dy + Q(s)du =0
by solving P = G Pand Q = GLQ for P and é respectively*:

1.2 1 12 1—uj—u 1—ur—iut—tr
~ —S - —S N
P = <Y2 +y2 + + ) ,

2 » 2
K s—up —uy+1

~ g _i_1_2
Q—( § 2 § )’2).
- -2

In the reduction process we have assumed that y; # 0, (i.e. y, € .%). This guarantees that the coefficients
of the polynomials are from the field .Z". Now, by (17), the one-forms @; and @, may be found, such that
Gr(s)[@r, @] = 0:

1 1 1—up—uy—u 1 —u—u
O =—dj) + —dji + ——————dyr + ————dy>
»2 » » 2
1 . .
+*)~52—yfzdu1 —dbll — <1+)’2> dug—duz, (21)
Y2 Y2 y2

0y = dy; + (1 —uy — uz)dys +dys — yoduy — yadus.

Note that the one-form m, is exact, w, = d@y,, but ®; is only closed, and one has to multiply it by an
integrating factor y; to obtain the exact one-form d¢;; = y,®;. Altogether, it means multiplying ® by the

unimodular matrix
_(y» O
v=(5 1)

from the left, which can be considered as choice of the different gcld®

1 0
!/ -1 _
GL=GU _<—s2—|—1 s3+s2—s+2>'

Indeed, the system P(s)dy + Q(s)du = 0 may be rewritten as

G U™'U (2’;) =G (s)U <((j’,;> =G| (s) (gg;;) = 0.

4 For the sake of simplicity the polynomial coefficients (elements of .%") are written in the form &= a~1'b. No confusion is
caused since only left fractions are considered.
5 Recall that the gcld of P and Q is not unique.
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The reduced i/o equations can be found by integrating d¢;; and d¢;,:

Y2 — Uy — yauiy — yalip + Y1 + Y2 —uyy2 — ugy2 + 1 +y2 =0, 22)
y2 —u1y2 —usyr +y1 +y2 =0.

Note that system (20) can be rewritten as Fi(-) = ¢;1 = 0, F>(+) = @11 + 200 — P2 — @r1 + Pro + P10 = 0,
but the reduced Eq. (22) are not in the form (1). It is easy to notice that Eq. (22) can be simplified further
and transformed into the form (1), using the linear i/o equivalence transformations [11]. Namely, choosing
Q=0 — P2 =y2 —upy2+y1 and @, := @, — @2 = u1y2 —y2 yields the i/o equivalent system description

V1= U2y2 —y2, Y2 = U1y2. (23)
Replacing (22) by (23) may be just interpreted as a different choice of the gcld

—  (s+1 s
GL_(3 s2+2>'

Really, note that matrices G’L and Gy, are column equivalent due to the relation

G =GV, where V = (s—lkl i)

-1 _ 1 )
Vo= <—1 s+1/°
Therefore

Gu(5)[Plo)ay ~ Glsyan] =Gus) [Py — Qi) =G (5 112 o (S, 3% al.

§S—Uup )

is a unimodular matrix since

Now the one-forms, corresponding to the irreducible equations, are simpler

5 > _ (dy1 4 (1 —u2)dys — yodup
Pls)dy = Q(s)du = < dyz —u1dyr — yodu > ’
and are both exact. Their integration will yield the irreducible i/o equations (23). According to Defini-
tion 14, systems (20) and (23) are transfer equivalent. Finally, note that (20) can be rewritten as Fi(-) =
O+ 0+ 0, = 0, FZ() - 3¢r1 — 0 +2¢r2 =0.
As recalled in the introduction, reduction of the i/o equations is an integral part of finding the minimal
realization. The state-space description

%= f(x,u), y=h(x), x(1) € R" (24)

is said to be a realization of the set of the i/o equations (1) if equations (1) and (24) have the same solution
sets {u(z),y(t)}. System (1) is called realizable if the state-space form (24) exists for it. The realizability
property can be checked using the sequence of subspaces (4): system (1) has an observable realization in the
form (24) iff the subspace .71, r being the highest order of input derivative in (1), is integrable. Integrating
the basis vectors of .77 yields the state coordinates [3]. Moreover, note also that the realization of the i/o
equations (1) is accessible, iff Eq. (1) are irreducible [6].

Observe that the realization of the reducible Eq. (20), as expected, is not accessible. Indeed, the
state variables for system (20) may be defined as x; =y, X0 = y2, X3 = Yo — U1y2, X4 = yp — Youl] — U1y2,
X5 =y1 — Upy2, which yield the state equations X; = uoxp +Xxs, Xp = U X2 + X3, X3 = X4, X4 = —3xp — 2x3 — 3x5,
Xs = —xp —ujxy; —x3 — x4 —xs. According to [6], the system is accessible iff 77, = {0}. For the state
equations above we obtain %, = span ,{dxs,dxs,dxs +dxs} # {0}.

For Eq. (23) one may choose the state variables as x; = y; and x, = y,, and then the state equations have
the form x; = (up — 1)x, %, = uyx,. For the latter system %, = {0}, thus the accessibility condition is
fulfilled.
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The i/o equation in Example 3 below lacks the state-space form.

Example 3. Consider the model of “ball and beam”, [6,19], described by the SISO equation

(I:z —|—m)ji+mgsinu—mru2 =0, (25)
where angle u is the input of the system, y is the position of the ball and is considered as the output of the
system, J, R, m, and g are constant parameters.

Compute 7 = span ,{dy,dy,du,du}, 7% = span , {dy,dy,du}, and 7, = 5 = span_, {dy,Ady —
2mR*yudu}, where A = J +mR?. The subspace .73 is not integrable and thus the i/o equation (25) is not
realizable. However, the accessibility of (25) may be checked directly by Theorem 11. Globally linearized
equations (10) for system (25) are represented by matrices

J
P= (<m+R2>S2+mﬂ2> ; Q= (2myis—gmcosu).

Since P and Q both contain a single element, the transformation of the composite matrix [P|Q] into
the triangular form reduces to the computation of the gcld of two polynomials. We obtain G, = (y) =
(—[Ag*cosu?® + 8Ay*u* + 2gy((3A — 2J)u® sinu + 3Aiicosu) + 2Ayi(3gcosu + 4yii) + y*(8(J — A)u* +
8Aii® — 4Aui)]/(2Ryi)? ). For it € ., we assume that i # 0. Since degy = 0, the matrix Gy, is unimodular
and thus, system (25) is, by Theorem 11, accessible.

Example 4. In the paper it was silently assumed that F(0,...,0) = 0 in (12), yielding ¢, = 0. This
assumption is not natural in the nonlinear case, though widely used in the literature (for instance in [6]).
However, in some (rare) cases such assumption may yield a situation when the irreducible one-form for the
system can be found, while the reduced i/o equations do not exist [26]. Such an example is given by the i/o
equation

¢ = ju—yi=0. (26)

In [26] it was shown that the minimal realization® of (26) is not accessible. The irreducible form of (26)
is @ = y/u, but taking ¢, = 0 results in a degenerate i/o equation y = 0. For this reason system (26) is
considered irreducible in [26] (and its realization minimal), and it serves as a counterexample for the fact
that the minimal realization is accessible. This conclusion is in disagreement with the classical realization
theory. Replacing the assumption F(0,...,0) =0 by F(c,0,...,0), as done in [2], allows us to avoid such
mismatch. However, understanding c as a variable leads to several irreducible equations (one for each fixed
¢). Establishing a theory without the restriction F(0,...,0) = 0 brings along unexpected results. Namely,
a time-invariant reducible i/o equation of the form (1) may admit only a time-varying irreducible equation;
thus extension is neither trivial nor direct (see more in [15]).

Computing the transfer function for system (26) yields: p := py| = us® — s, ¢ := q11 = ys — y. Transfer
function f := p~'q = (us* —is) "' (ys — ). Since p and g have the gcld g7 := g1 = u®s with the degree 1
and from p = g; p, ¢ = g1 ¢, we obtain p = (1/u)s and g = (y/u?). So, the transfer function may be reduced:
f= ﬁ_lgzlchYZ p '¢g=s"1(y/u). It is obvious that y/u = 0 is a singular point of the transfer function f.
Moreover, since @ = kF (@1, @;) = u>@, one has to assure that u # 0.

6. CONCLUSIONS

The paper presented accessibility definition and a computation-oriented necessary and sufficient
accessibility condition for nonlinear multi-input multi-output differential equations which are formulated
in terms of the gcld of the polynomial matrices associated with the globally linearized system equations.

6 In the sense of state dimension.
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Note that the polynomials are defined over the differential field, and unlike the linear case, belong to a
non-commutative polynomial ring. On the basis of the above condition a constructive algorithm using
the Euclidean left division is suggested to examine the system accessibility. The proposed condition and
algorithm are consistent with those for the linear system and SISO nonlinear system in [27]. Note that
though the accessibility property can be checked within the polynomial approach, this is not so with the
system reduction. The algorithm described in this paper results in the vector of one-forms o = [y, ..., wp]T
related to the irreducible system description. To find the irreducible equations themselves, one has to
integrate @. Though the set of one-forms y,...,®), is, in principle, proved to be integrable, in general
one has to multiply @ with the unimodular polynomial matrix from the left to make the components of the
one-forms exact. This amounts to finding another gcld from the class of all column-equivalent gclds.

Recall that the reduction algorithm, based largely on the proof of Theorem 7, does not necessarily result
in the reduced equations of the form (1). Though there exist the algorithm to transform the reduced equations
into such a form [11], it would be nice to develop the reduction algorithm that will give directly the reduced
equations in the form (1).

’
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Mittelineaarse juhtimissiisteemi ligipadsetavuse tingimus poliinoomide terminites
Ulle Kotta, Maris Tonso ja Yu Kawano

Lineaarse siisteemi juhitavuse mdistet voib mittelineaarsete siisteemide jaoks iildistada mitmel erineval
viisil, kdesolevas artiklis on uuritud iiht véimalikku iildistust, nimelt siisteemi ligipddsetavust. On esitatud
tarvilik ja piisav tingimus mittelineaarse siisteemi ligipddsetavuse kontrollimiseks, kusjuures siisteem on
kirjeldatud sisendeid ning véljundeid siduvate kdrgemat jarku diferentsiaalvorrandite abil. Téisdiferentsiaali
operaatorit kasutades on siisteemi vorrandid lineariseeritud globaalselt ja seejérel esitatud kahe maatriksi
abil, mille elemendid on lineaarse siisteemi korral poliinoomid iile reaalarvude korpuse, kuid mittelineaarse
stisteemi korral (mittekommutatiivsed) poliinoomid iile meromorfsete funktsioonide korpuse. Siisteem on
ligipddsetav parajasti siis, kui maatriksite suurim vasakpoolne iihistegur on unimodulaarne, st selle poord-
maatriks on samuti poliinoommaatriks. Esitatud tingimus lubab kontrollida ka selliste siisteemide ligi-
pidsetavust, mis ei ole kirjeldatavad olekuvorrandite abil. Suurima vasakpoolse iihisteguri abil saab leida
mittelineaarse siisteemi ligipdédsetava alamsiisteemi, mis on sobiv ldhtepunkt jélgitavate ja ligipdfisetavate
olekuvérrandite leidmiseks. Uhtlasi vdimaldab tingimus kontrollida kahe mittelineaarse siisteemi ekviva-
lentsust, kusjuures ekvivalentsetena mdistame siisteeme, mille iilekandemaatriksid on vordsed.



