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Minimal realization of nonlinear MIMO equations in state-space form:
polynomial approach

Juri Belikov, Ulle Kotta and Maris Ténso

Abstract— The realization of nonlinear input-output equa-
tions in the classical state-space form can be studied by the
polynomial approach in which the system is described by two
polynomials from the non-commutative ring of skew polynomi-
als. The aim of the present paper is to apply the polynomial
methods to the realization problem. This allows to simplify the
step-by-step algorithm based on certain sequences of subspaces
of differential one-forms. The presented new formula allows
to compute the differentials of the state coordinates directly
from the polynomial description of the nonlinear system. This
method is more clear, straight-forward and therefore better
suited for implementation in different computer packages such
as Mathematica or Maple. The developed theory and algorithm
are illustrated by means of several examples.

Index Terms—nonlinear control system, continuous-time
system, input-output model, polynomial method, state-space
realization.

I. INTRODUCTION

To describe the behavior of the real-life processes one
frequently uses input-output (i/0) models. This allows to
represent the object of practical interest in a compact and
convenient form by means of differential equations. How-
ever, despite the simplicity of this approach, state-space
description usually becomes the basis for analysis and control
of nonlinear systems. Thus, the problem one encounters and
the main goal of this paper is to bridge the gap between two
modeling approaches and to present the algorithm allowing
one to construct a minimal state-space model from an arbi-
trary set of nonlinear higher order i/o differential equations,
whenever possible.

The state-space realization problem of nonlinear i/o mod-
els has a relatively long history. Some of the results on this
subject may be found in [1], [2], [3], [4], [5] for continuous-
time systems and in [6], [7], [8], [9], [10] for discrete-time
systems, respectively. A great number of existing results have
been obtained for single-input single-output (SISO) systems.
However, multi-input multi-output (MIMO) case has not
been left aside, what may be confirmed, for instance, by [5],
[11], [12], [13], [14]. The comparison of different methods
and the explicit relations between them have been reported
in [3] and [12] for SISO and MIMO cases, respectively.
One of the popular approaches is based on the algebraic
formalism using the theory of differential one-forms [1]. The
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coordinate-free necessary and sufficient realizability condi-
tions were formulated in terms of integrability of certain
subspaces of one-forms. The algorithm for calculating the
subspaces and the state coordinates was given as well. On
the other hand, there exists a polynomial approach for the
study of this problem in which the system is described by two
polynomials from the non-commutative ring of skew poly-
nomials [4], [15]. This technique represents the objects in a
more compact form and allows to simplify and reduce the
number of steps during calculations. Polynomial approach
has been used so far to study the reduction of nonlinear i/o
equations [16], the linear i/o [17] and transfer equivalence
[18], controllability [19] and used also in introducing the
concept of transfer function into the nonlinear domain [20],
[21]. Thus, it has been already proved itself as a practical
and reliable mathematical tool.

The aim of this paper is to use the straight-forward
polynomial method in order to extend the realization algo-
rithm presented in [4] to the MIMO case. The proposed
algorithm combines well with the existing results for the
reduction problem [16]. Both the results of [16] and this
paper rely on system description in terms of two polynomial
matrices. Moreover, it is known that if the system under
consideration is not in the irreducible form, then the state-
space realization is not minimal, i.e. accessible. Our result
can be also understood as a generalization of the polyno-
mial realization algorithm obtained in [22] for linear time-
invariant systems. Apart from the fact that in [22] the kernel
representation, without the inputs and outputs specified, is
used as a starting point, the main difference comes from
the fact that [22] deals with discrete-time systems. Thus,
when adapting its results to the continuous-time case we
had to replace the cut-and-shift operator, used to compute
the state coordinates, by computation of the left quotients of
two non-commutative polynomials. Finally, note that method
may be easily implemented in any computer algebra system,
for instance, in Mathematica or Maple.

The paper is organized as follows. Section II recalls the
basic notions from the algebraic framework [1] and defines
the realization problem studied in this paper. In the next
section a polynomial system description is given. In Section
IV the main result is presented, followed by the examples.
Section V concludes the paper.

II. PROBLEM STATEMENT AND ALGEBRAIC
FRAMEWORK

Consider a continuous-time MIMO nonlinear system, de-
scribed by a set of higher order i/o differential equations,
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relating the inputs w,, v = 1,...,m, the outputs y,, v =

1,...,p and a finite number of their time derivatives
y'L(nl) = d)i(yllvyua e 7yz(/nw> v = 17 e 7p7
uv,uv,...,uq()”’“),v =1,...,m) (1)
for i = 1,...,p. In (1) u = [u1,...,u,]T € R™,
y = [y1,...,yp]T € RP and ¢; are real analytic functions.
Notations n := ny + --- + n, and r := max{r,,i =

1,...,p,v = 1,...,m} are used below for system (1).
Moreover, we assume that the following assumptions hold
for system (1).

Assumption 1: System (1) is strictly proper, i.e. 7, < n;.

Assumption 2: System (1) is in the canonical form, which
means that n;, < min{n;,n,}.

Note that if the system under consideration is not in form
(1), then it can be transformed into (1) using the approach
proposed in [23], at least locally.

The realization problem is defined as follows. Given a
nonlinear system, described by the set of the i/o equations of
the form (1), find, if possible, the state coordinates x € X C
R", 2 =YYy, Yo, - - - Y i, ,u(r“’)) such that
in these coordinates the system takes the classical state-space

form ) A )
T = T,u
y = hiz) @

such that z(t) € X C R", and the sequences {u(t),y(¢),t >
0}, generated by (2) (for different initial states), coincide
with those, satisfying equation (1). Then (2) will be called
a realization of (1). A system (1) is said to be realizable if
there exists a realization of the form (2) for it.

Next, we recall only the basic aspects of the algebraic
formalism for nonlinear control systems, described in [1].
Let IC denote the field of meromorphic functions in a finite
number of the independent system variables

(n;— 1)2_1

C:{yhyiv"wyl - Dy

(l“) ,2o=1,...,m,l, > 0}.

: K—K denote the time derivative operator <.

Let s &
Then the pair (IC,s) is differential field [24]. Over the
field K one can define a differential vector space, £ :=
spany {dy | ¢ € K} spanned by the differentials of the
elements of . Consider a one-form w € & such that
w = Zi a;dy;, a;,p; € K. Its derivative w is defined by

A sequence of subspaces {H};>, of £ is defined by

Hi = spang{dy;,dy;,... ,dyi(""_l),i =1,...,p,
duy, dity, ..., dul” v =1,... m},
Hir1 = {wG”Hk ‘we%k},kZL
(3)
Note that there exists an integer £* such that 71 D Ho D
- D Higr DO Hprg1 = Hirgqo = -+ =t Ho. Now,
we assume that the i/o differential equation (1) is in the
irreducible form. The latter means that H., is trivial, i.e.
Ho = {0}. An nth order realization of equation (1) is

accessible if and only if system (1) is irreducible, see [1].

System (2) is said to be single-experiment observable if
the observability matrix has generically full rank
h h(z),...,s" th
e, A @) 5h(@). ... 5" h(a)

ox
We say that w € £ is an exact one-form, if there exists
& € K such that d¢ = w. A one-form w for which dw =
0 is said to be closed. A subspace is integrable or closed,
if it has a basis which consists only of closed one-forms.
Integrability of the subspace of one-forms can be checked
by the Frobenius theorem.

Theorem 1 ([25]): Let V = spangc{wi,...,wx} be a
subspace of £. V is closed if and only if
dwi Awi A~ Awe =0 4)
forallt=1,..., k.

Theorem 2 ([1]): The nonlinear system, described by the
set of irreducible i/o differential equation (1), has an ob-
servable and accessible state-space realization iff for 1 <
k < r + 2 the subspaces Hj, defined by (3) are completely
integrable. Moreover, the state coordinates can be obtained
by integrating the basis vectors of H,o.

III. POLYNOMIAL SYSTEM DESCRIPTION

Polynomial framework is built upon the linear algebraic
framework. The differential field (X, s) induces a ring of the
left differential polynomials K[; s]. The elements of K[9; s]
can be uniquely written in the form a(d) = Y. a;0" ",
a; € K, where 0 is a formal variable and a(0) # 0 if
and only if at least one of the functions a;, ¢ = 0,...,n
is nonzero. If ay # 0, then the positive integer n is called
the degree of the left polynomial a(d) and may be denoted
by deg a(9). The addition of the left polynomials is defined
in the standard way. However, for a € K the multiplication
is defined by

0-a:=a-0+s(a).

Lemma 1 ([18]): Let a € K. Then 9" - a € K]0; s, for
n>0,and 0" -a=3 1 (})s"¥(a)0".

Lemma 2 ([1]): Let F € K. Then s(dF) = d(sF) = dF.

A ring is called an integral domain, if it does not contain
any zero divisors. This means that for any two elements a
and b of the ring, ab = 0 implies either a = 0 or b = 0.

Proposition 1 ([26]): The ring K[0; s] is an integral do-
main.

Let us define 9%dy, := d(s*y,) = dy¥) and d'du, =
d(slu,) = dug), kkv=1,...,p,v=1,....mand [ > 0
in the vector space £. Since every one-form w € &£ has the
form

p n—1

=22 RS
v=11=0

v=1 j=0

where a,4,b,; € K, so w can be expressed in terms of the
left differential polynomials in the following way

P n—1
:Z<Zalﬂ )dywrz waa duy.
v=1

v=1
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A left differential polynomial can be considered as an
operator acting on vectors y = [y1,...,Y,]7 and u =
[, .., w7 from € as (X0, a;0")(ad¢) = Y a;(0'-
a)d¢ with a;, € K and d¢ € {dy,du}, where by Lemma
Lo-a=3_()s")d" It is easy to note that
O(w) = s(w), for w € E.

The nonlinear system (1) can be represented in terms of
two polynomial matrices. By differentiating (1) we obtain

P N

09;
W =303 Ia -
v=1a= 0a

-y Z a@ du<ﬁ> =0 (5

v=1f—0 0
for i = 1,...,p. Next, using relations 9%dy, = dy'®,

8Pdu, = duSF ), we can rewrite (5) as
P(0)dy + Q(9)du = 0, (6)

where P(0) and Q(0) are p X p and p X m-dimensional ma-
trices respectively, whose elements p;,,(9), g;,,(0) € K|[0; 3]
and

Niy
- pr,aaa,ifi =,
piv(0) = Ny
pr a0 i i # v,

Tiv

Qiv (a) - - Z Qiu,ﬁaﬁa
B=0

€ ,C Qiv,p =
(6) describes the behavior of system (l) in terms of two
polynomial matrices P(9), Q(9) in derivative operator 9 :=
s over the differential field K. Further, the notations p;.(9) :=
[pi1(9), ..., pip(9)] and ¢;.(0) = [q:1(0), ..., qim ()] are
used for row vectors of P(9) and Q(0), respectively.

Since K[9; s] is an Ore ring, one can construct the division
ring of fractions. If p(9) = p1(9)p2(9) and deg(p1(9)) > 0,
then p;(0) is called a left divisor of p(0).

To find the left divisor one can use the left Euclidean
division algorithm, see [27]. Note that, in order to perform
the left Euclidean division algorithm, it is sufficient that s
be an automorphism. The main idea behind this algorithm
is that for given two polynomials p;(0) and p3(0) with
deg(p1(9)) > deg(p2(9)), there exists a unique polynomial
~(0) and a unique left remainder polynomial p(9) such that

p1(9) = p2(9)7(9) + p(9) and deg(p(9)) < deg(p2(9)).
IV. REALIZATION

Now, we introduce the certain one-forms in terms of which
our main result will be formulated. Let

wit = [pi1(0)  ¢:.1(9)] EZ] (7

whereas p;,.o = (a) (B) € K. Equation

fori=1,...,p,1=1,...,n; where p;. ;(9) and ¢;. ;(0) are
Ore polynomials, which can be recursively calculated from

the equalities

pi1-1(0) = 0-pii(0) + &1, degii=0, ®)
¢i-1-1(0) = 0-¢-1(0) +7v.1, degvi.;=0
with the initial polynomials p;.o(0) := p;.(0) and

Theorem 3: For the input-output model (1), the subspaces
Hy for k=1,...,r+ 2 can be calculated as

P, L=1,...,n4,
dug, ..., dug"_kﬂ),v =1,...,m}. (9
Proof: ~ The proof is by mathematical induction.
Throughout the proof we assume that ¢,» = 1,...,p and
v=1,...,m.
First, we show that formula (9) holds for £ = 1. Taking
k =11n (9), yields

Hy =spanc{w;;, i =1,...

H1 =span{wii, [ =1,...,n4du,,... ,dufjr)}.

In order to simplify the following discussion note that (8)
can be rewritten as

pi0(0) = 0" pi1(0) + Ei 1 (0),
Gi.0(0) =0" - qi. 1 (0) + T4.1(9), degTy 1(9) <.

Suppose | = n;. According to (7), w; n, = Pi. n, (0)dy +
i-n; (0)du. Due to the structure of the i/o equations,
deg(p;i(9)) = n; and p;(9) is monic. It follows from
(10) that p;; »,(0) is a left quotient of p;;(0) and 0™, thus
Diin; (0) = 1. Degrees of all other polynomials {p;, (9),i #
v, q;.(0)} are strictly less than n;, which means that quotient
of any polynomial {p;,(9),i # v,¢;.(0)} and 9™ is zero.
Consequently, w;,,, = dy;. Next, we take | = n; — 1 and
compute wj n,—1. Since deg(p;;(0)) = n,; and p;(0) is
monic it follows from (10) that p;; ,,,—1(0) is the first degree
polynomial in the form 0 + «, a € K. At the same time
the left quotients {piy, n,—1(0),% # v, ¢i.n;—1(0)} are just
functions from K. Thus,

deg Z;. () < I,
egZ;.1(0) < (10)

m
Win;—1 = dyz + Oédyz + Z piu,nifldyl/ + Z qiv,niflduv~

v=1, v=1
vF#i

Since we have represented w; ,—1 as a linear combination
of dy;, dy,,du, € Hi, we can replace w;,,—1 by dy,.
Continuing in this fashion it is possible to show that #;
agrees with (3).

Assume next that formula (9) holds for £ and we prove it
to be valid for k + 1. The proof is based on the definition of
the subspaces Hy. We have to prove that

dum=*), (11)

calculated according to formula (9), satisfies condition (3).
First, we will show that the one-forms w;;,du,...,
du("=*) are in Hp. It is obvious, since we have assumed
formula (9) to hold for k.
Second, we have to prove that the derivatives of the basis
one-forms of (11) belong to Hy. By (7), we have

o'.)i’l = [a 'pi~,l(8) 9- Qi‘,l(a)} |:jz:| ’

Hi+1 = span{w; 1, du, . . .,
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Using relations (8) yields

. d
Wi = [pig-1(0) =&y Gio1—1(0) — Vi [dﬂ . (12)
After reordering terms in (12) we get
. d
Wig = [Pig—1(0)  Gi-1—1(0)] [dﬂ -
d
—[&0 ] {dfj] L a3

The one-form w;; is now represented as a sum of two
terms. To deal with the first term, we consider two separate
cases. In case | = 1 the first term yields p;.o(0)dy +
¢i-0(0)du = p;.(9)dy + ¢;-(0)du = 0 due to polynomial
system description (6). In case | = 2,...,n;, the first
term of (13) equals to w;;—1 by (7), thus it is in Hj. As
for the second term of (13), it is a linear combination of
dy;,du, € Hp, since the elements of &.; and ;. ; are
functions from K. Therefore, w;; € Hy for I = 1,...,n,.
Finally, we observe that the derivatives of the rest of the basis
one-forms in (11) are dt,,, ... ,duq(f_kﬂ), which are also in
‘Hi. Thus, we have proved that Hj 1, computed according
to (9), agrees with definition (3). |

Remark 1: The differentials of the state coordinates can
be found from the subspace H, s, see Theorem 2. Though
in case of the realizable i/o equation, H, o, defined by (9),
is completely integrable, the one-forms w; ; fori =1,...,p,
l =1,...,n;, are not necessarily always exact. Therefore,
one has to find for H, o a new integrable basis, using the
linear transformations.

Example 1: Consider the system

g1 = u2yr + U1y2

yés) = —u1y1 + y1Y2 — Uo

(14)

that can be described by two polynomial matrices in the
following way

)= (051 )
and
Qo) = (0 ).
From (14) one can get that n; = 2,ny = 3,n1; =

1,77/12 = 0,’1121 = 1,77,22 =1 and 11 = 1,T12 = O,T21 =
0,799 = 2. Thus, for system (14), n = ny + ny = 5 and
r = max{rii, 12,721,722} = 2. Next compute, according
to (8), the left quotients of the elements in matrices P(0)
and Q(0) as

p10(0) q1.0(9)] = [0? —u2d —in —y20 —in],
(p1100) q1.1(0)] =[0—uz 0 -y 0],
(p1.2(0) q1.2(0)]=[1 0 0 0

and
[P2.000) 2.0(0)] = [w0—9y2 & —y10 n 0?],
[p2.1(0) q21(0)] =[u1 *—wy 0 9],
[p2,2(0) @22 =[0 @ 0 1],
[p2.,3(0) q23(0)]=[0 1 0 0].

Further, recall that dy = [dy;,dys]?, du = [duy,dus]?.
Since r = 2, according to Remark 1 and using (7), the last
subspace of the one-forms H, o = H4 = spany{w; ;} for

1=1,2,j =1,...,n; can be represented in the following
form
dy .
wig=[0—u2s 0 —yz 0 dul = dyr — uedy1 —
- deUh

wia=[1 0 0 0] [gﬂ = dyr,

d
wo1 = [ul 02—y 0 6] [dzﬂ =
= urdy;s + dij2 — y1dy2 + die,

w22 = [0 8 0 1} |:((:11:Z:| = dyz —|—du2,

woz=[0 1 0 0] [jﬂ = dyo.

Though the subspace H, is completely integrable, w;
and wo 1 are not exact and we have to replace them by
integrable linear combinations of one-forms from H,4 to
obtain the differentials of the state coordinates

dzy = w12 = diy

dzy = wo,3 = dy.

dzs = wi1 +uswie —uiwaz = d(1 — uiye)
dey = w2 2 = d(g2 +u2)
des = wo1 —wmwis+yiwes = d(lie + U2)

In these coordinates the system has the classical state-
space form

T1 = uixe + T3

j)g = X4 — U2

T3 = usxs + ur(ug(xe +1) —x4)
ry = X5

{t5 = x1($4 — Ug) — ul(ulxz + 1'3)
y = I,

Y2 = X2

Example 2: Consider a hopping robot, consisting of a body
and a single leg, that can be described by the i/o equations
as [1]

o= 2493

Jo = —BYivs (15)
g —  _wt2myiiiys

3 my%

where m is the mass of the leg, J the inertia momentum of
the body, y; denotes the length of the leg, yo the angular
position of the body, and y3 the angular position of the leg.
Moreover, u; and us control the orientation of the body with
respect to the leg and the length of the leg, respectively.
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Like in the previous example, (15) can be described by
two polynomial matrices as follows

> — 43 0 —2y1930
. 2
P(9) = 27”3193 o "o
2035 _ (u1+my1y1ys) 0 92+ 2y
Y1 my1 Y1
and
0 1
Qoy=( 0 0
_ 1 0
2
myy

From (15), n = 5 and r = 0. Next, compute, according to
(8), the left quotients of the elements in matrices P(0) and

Q(0) as

P11(0) qu1(®)] =10 0 —2y193 0 0]
[P1200) q.200)]=[1 0 0 0 0],
P21(0) @2a@] =0 1 ™ o o,
[Ps.a(0) @1(0)] = [22 0 942 0 0],
[p3.2(0) g3.2(0)]=[0 0 1 0 0
Further, recall that dy = [dy;,dys,dys]?, du =
[duy, dus]”. By (7), we get the following basis one-forms

of the last subspace Ho
. d
wip=[0 0 —2yys 0 0 {dﬂ =
= dg1 — 2y1y3dys,
wia=[1 0 0 0 0 EZ] = dyi,

I[-

w21 =

Y1
—d
7 Ys,

; d
20 v _
0 9+2 0 0 [du}

o
— {2743

i Y
del +djs + Ly,
Y1 Y1

wso=1[0 0 1 0 0] {jﬁ]:dyg.

Flnally, we get Ho = spang{dy; — 2y193dys, dyr, dys +
"”’1 dys, 23,3 B dy; + dgs + le " dys, dys}. Simplifying the ba-
51s one- forms the subspace can be rewritten as Ho =
spany{dyi, dy1, dys, dys, dys}, which is closed. Therefore,
the state equations are

T1 = @2

i’g = % + $1$§

iy = —Zaizs

Ty = Ts

$.5 — _u1+2;1§%m2r5
Yy = 71

Y2 = 73

Ys = 24

It should be mentioned that since equations (15) do not
include derivatives of the control variables u1, us, we need to
integrate the elements of the subspace H2, which according
to (3) is always in this form, see [1] for details. In fact, we
can skip intermediate computations and directly write out
the state space realization of i/o equations (15); however,
we decided to show them to illustrate the theory presented
above.

Example 3: Consider the “ball and beam” system [28],
whose input is the angle and whose output is the ball
position. The input-output equation of the system is

mR2(yiu? — gsin(u))

o 6
4 J + mR? ’ (16)

where the constant parameters J, R, m represent, respec-
tively, the inertia, radius and mass of the ball, and g is the
gravitational constant.

Equation (16) can be described b}g two polynomlals
p(0) = 0 — 4 and g(0) = —ZpE + it
From (16), n = 2 and r» = 1. Note that due to the fact that
(16) is a single-input single-output system with p =m =1,
one can simplify notation as pi10 = Po,qi1,0 = ¢o, €tc.
Next compute, according to (8), the left quotients of the
polynomials p(9) and ¢(9) as

pl(a) = 0, Q1(a) =
p2(0) = 1, (0) = 0.
Since » = 1, according to Remark 1 and using (7), the

elements of the last subspace H3 can be represented in the
following form

_ 2mR%yu
J+mR2>

2mR2yi

=p1(0)dy + q1(0)du = dy — TRz u,

= p2(0)dy + ¢2(0)du = dy.

. . mR2yu
Finally, we get H3 = spany{dy,dy — ZJ_;_fndé; du}. By
Frobenius condition (4) the subspace 3 is not closed, and
therefore, the i/o equations (16) do not admit the classical

state-space realization.

V. CONCLUSIONS AND FUTURE WORKS

In this paper the minimal (accessible and observable) re-
alization problem of nonlinear MIMO systems described by
the set of i/o differential equations is addressed. The explicit
formulas for deriving the differentials of the state coordinates
were proposed, based on the polynomial representation of
the system. Note that from the computational point of view
the approach of this paper if compared to the earlier results
has a number of advantages. First, it is straight-forward,
meaning that there is no need to compute step-by-step all
the Hj subspaces in order to find H,,o as was proposed
in [1], or the sequence of distributions Sy as in [14], or
iterative Lie brackets of the vector fields as in [11]. In other
words, using the polynomial representation of the system,
one can immediately find the last subspace H, ;2 with one-
forms defining the differentials of the state coordinates. In
addition, we have implemented the algorithm from [1] and
the one presented in this paper in Mathematica package
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NLControl [29], [30], and conclude that the program code
of the introduced algorithm is shorter and more compact
compared to the previous methods. The method suggested in
this paper can be easily implemented within any symbolic
programming language.

The possible direction for the future extension of this
work is to construct the polynomial realization method
for i/o equations defined on time scale, i.e. unifying the
study of differential and difference equations, as well as
for nonlinear system where the system variables are not
partitioned into inputs and outputs, i.e. for the model used
in the so-called behavioral approach, see, for example, [31]
and [22]. Moreover, comparison of our results with those
in the recent paper [5] needs detailed study at least by
five reasons. First, the different mathematical tools are used.
Second, whereas we are looking for generic solution valid
everywhere except perhaps on a manifold of zero measure,
the paper [5] is searching the solution around a specific
(fixed) equilibrium (working) point. Third, in our paper
like in the linear case, the minimality of the realization is
defined as being accessible and observable whereas in [5]
it is defined by minimality of the state dimension. Fourth,
the starting point of the realization in the MIMO case is
a canonical form of the set of i/o equations. This paper
and [5] consider different canonical forms, respectively the
extensions of Popov and Hermite canonical forms. Finally,
this paper does not consider the case when the system is
represented by the implicit set of differential equations, since
the problem of transforming this set into the Popov form was
studied in [14].
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