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Introduction

The most popular approach in nonlinear control theory is based on differential
geometry [10, 22]. The introduction of differential algebraic methods [7] offered
alternative tools. Today, the algebraic point of view has gained popularity
and the related approach, based on the vector spaces of differential one-forms
over suitable fields of nonlinear functions has been described in [4] for the
continuous-time systems and in [9, 1] for the discrete-time systems. The tools
based on differential one-forms and the related methods based on the theory
of the skew polynomial rings are complementary to the differential geometric
methods, but what is more important, these tools are characterized by their
inherent simplicity and strong similarity to their linear counterparts. The
latter makes these tools a better choice in teaching engineering courses in
nonlinear control and in practical applications.

In this thesis the algebraic approach of differential one-forms is used to pro-
vide a solution for three modeling problems. First, the necessary and sufficient
irreducibility condition for the multi-input multi-output (MIMO) discrete-time
nonlinear control systems has been found together with the method for sys-
tem reduction. Second, the realizability conditions for quadratic input-output
differential (i/0) equation have been formulated directly in terms of system pa-
rameters. Third, an alternative method for computing a certain subspace of
differential one-forms, which allows to simplify the solution of the realization
problem, is presented for a single-input single-output (SISO) system. Addi-
tionally, we have developed computer algebra package NLControl for solving
modeling, synthesis and analysis problems, which is largely based on algebraic
and polynomial approaches and is implemented within Mathematica. More
important functions of the NLControl package are made available over the
internet using webMathematica tools.

The choice of these tasks was motivated by several observations. Most
results on nonlinear identification are achieved for systems, described by i/o
differential equations. At the same time the majority of techniques for non-
linear system analysis and control design are based on state-space description.
To apply the numerous available methods requires realization, i.e. recovering
the state-space model, if possible, starting from the i/o equations. Algebraic
approach of differential one-forms has been applied for studying realization
problem in [4] and in [14], respectively for the continuous- and discrete-time
systems; however, there still exist some gaps related to this topic. In order to
obtain accessible realization, the i/o equations have to be in the irreducible
form. So far the irreducibility conditions were formulated only for SISO sys-
tems, using differential one-forms in [4] and skew polynomials in [31, 13], but
not for MIMO systems.

In course of practical identification process there is a certain freedom when



selecting the mathematical model describing the system. Since an arbitrary
i/o model does not necessarily have a state space representation, it is desirable
to choose a realizable model. Though the realizability conditions given in [4]
are transparent and inherently simple, they are not helpful if we want to check
realizability directly from the knowledge of the model parameters. Therefore,
our aim was to provide suggestions to identifiers, by formulating realizability
conditions for the continuous-time quadratic i/o model in terms of the system
parameters. These conditions generalize the earlier realizability conditions for
bilinear systems [16].

We have found an alternative to the method described in [1] for realization
of discrete-time SISO equation, which is based on skew polynomials. The new
method is faster, more direct and therefore better suited for implementation
in computer algebra packages like Mathematica or Maple, while the algorithm
given in [1] is more general, and applicable also for MIMO case.

And finally, since the solutions of nonlinear control problems require a
huge amount of symbolic computations, additional assistance is provided by
the nonlinear control system software package NLControl developed by us.
The package is based on the algebraic methods of differential one-forms and
skew polynomials, and is developed within (symbolic) software system Math-
ematica.

The thesis is organized as follows. Section 1 gives a short overview of the
linear algebraic and polynomial approach and subsection 2.1 recalls some basic
definitions. In subsection 2.2 necessary and sufficient irreducibility condition
as well as reduction algorithm for discrete-time MIMO systems are introduced.
In subsection 2.3 realizability conditions for continuous-time quadratic systems
in terms of the system parameters are presented. The complete list of second-
and third-order realizable i/o quadratic models is given and two subclasses of
the n-th order realizable i/o quadratic systems are suggested. In subsection
2.4 solution of the realization problem in terms of skew polynomials is formu-
lated for SISO discrete-time system. Section 3 describes NLControl package
together with its web application and also provides some examples. The last
section draws the conclusion. The main results of the thesis are presented in
subsections 2.2, 2.3 and 2.4.
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1 Preliminaries
1.1 Control systems

Throughout the work we consider two representations of the nonlinear control
system, state space and input-output (i/o) equations. A nonlinear multi-input
multi-output (MIMO) control system can be described by the state equations

w(t+1) = fla),
y(t) = hia(t))

in the discrete-time case, or by

u(t)) 0

z = f(z,u)
y = hiz) @)

in the continuous-time case. In both cases x € X C IR™ is a state variable,
u € U C IR™ is an input variable, y € Y C IRP is an output variable,
f:UxX — X and h : X — Y are real analytic functions. The algebraic
method applied in the present work is based on the difference/differential field,
associated with the control system. In order to construct the difference field,
associated with the system (1), the following assumption has to be satisfied:

A1 System (1) is generically submersive, i.e. almost everywhere except on
the set of measure zero, the state transition map in (1) satisfies

rank—— =n.

Note that in the continuous-time case this assumption is not necessary [3].
A MIMO system in the i/o form is described by the set of higher order
difference equations

yit+ni) = Gi(y (@), .. y(t+ny — 1), up(t), ..., up(t + k),
v=1,...,p, k=1,...,m), (3)
1 = 1,...,p

in the discrete-time case, and by the set of higher order differential equations

(niv—1) (evik)

yz(nl) = ¢i(yV7"'7yV y Uks -« -5 Up, )
v=1,....,p, k=1,...,m), 4)
1 = 1,...,p
in the continuous-time case. In both equations u = (uy,...,uy) € U C
IR™ is an input variable, y = (y1,...,yp) € ¥ C IRP is an output variable
and ¢; are real analytic functions. Notations n := ny + ... +n, and a =
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max{a;t, k = 1,...,m, i = 1,...,p} are used for systems (3) and (4). In
order to construct the difference field, associated with the system (3), the
submersivity assumption has to be satisfied again:

A2 System (3) satisfies generically the condition

90i() _
O(y(t),u(t))

Additionally we require that the following assumptions hold for systems (3)
and (4).

A3 System is strictly proper, i. e. ;. <n;, fori=1....,p,k=1,...,m.

A4 Since the mathematical tools we employ require that instead of working
with the equations themselves, we work with their differentials, the systems
#(-) = 0 and ¢(-) + const = 0 are not distinguished for arbitrary constant
value. In order to avoid such situations we fix the constant to be zero.

The assumption A4 is restrictive, but the results of the present work can
be extended to the case when const # 0.

rank

1.2 Difference/differential field; differential forms

Below we give an overview of the algebraic approach based on the differential
one-forms [9, 1, 14]. We provide a detailed exposition for the discrete-time
case, since it is more complicated and then briefly mention the differences of
the continuous-time case.

Consider the system described by the equations (1). Let K denote the
field of meromorphic functions in a finite number of variables from the infinite
set {(0), u;(t), j =1,...,m, t > 0}. Introduce the forward-shift operator
6 : K — K, which is defined by shifting the arguments of the function according
to the rules dx;(t) = z;i(t +1) = fi(-), i =1,...,n, duj(t) = u;(t+1), j =
1,...,m. An important fact to emphasize is that in IC, z;(t +1),i=1,...,n
are not independent variables and should be always replaced by fi(:) from
equations (1). Under assumption Al, ¢ is injective and the pair (IC,0) is a
difference field.

The inverse operator of ¢ is denoted by 6~ and called backward-shift
operator. The difference field (K, d) is not inversive in general, which means
that ~'¢ may not have a pre-image in K for all ¢ € K. Up to an isomorphism,
there exists a unique inversive difference field (K*,¢*), called the inversive
closure of (K,9), such that £ C £*, §* : K* — K* is an automorphism and
the restriction of 0" to I equals §. By abuse of notation, hereinafter we
assume that (K*,6*) is given and use the same symbol to denote (IC,d) and
its inversive closure. A construction of K* for practical computations is given

[1].
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In order to define K* for i/o equations we may associate with the set
of i/o equations (3) its extended state-space system with the input v(t) =

u(t + o + 1), the state z(t) = [yi(t),...

it +nr — 1), yp(t), L yp(t+

np—1), ur(t),...,ur(t+a), ..., um(t), ..., un(t +a)]’ and a state transition

map fe(z(t),v(t)) defined as

Z1 (t + 1) Zg(t)
Zny (4 1) o1(2(1))
Zny ety +1(t 1) Zny .. Anp_1+2(t) (5)
Zng+...+np (t + 1) (bp(z t))
Zn(j—1)(a+1)+k(t + 1) Zn (j—1)(a+1)+k+1(0)
Zn+j(a+1) (t + 1) Uj t)

for j = 1,...,m, k = 1,...,a. After that, K* for equations (3) can be
constructed in a similar manner as for state equations (1).

For the continuous-time case the best reference on algebraic approach of
differential one-forms is [4]. Consider the system described by the equations
(2). Now K denotes the field of meromorphic functions in a finite number of
variables from {x,uék), j=1,...,m, k>0}. Let s : K — K denote the time
derivative operator d/d¢. The pair (K, s) is a differential field.

Over the field IC one can define a vector space £ := span{dy | ¢ € K}.
The elements of £ are called one-forms. In the discrete-time case the operator
0 : K — K induces a forward-shift operator § : £ — £ by

Z a;dp; — Z(éaz‘)d(fss%), ai, 0 €K (6)

and 6! : K — K induces a backward-shift operator 7! : £ — & by

Zaidgoi — 2(571%)(1(571%)’ ai, p; € K. (7)

In the continuous-time case the operator s : X — K induces a derivative
operator s : £ — £ by

Zaidgpi — Z sa;d(p;) + Z a;d(sp;), ai,p; € K.

Definition 1 The relative degree r of a one-form w € £ is defined to be
the least integer such that 0"w ¢ spang{dz(0)} or s"w ¢ spani{dz}, in the
discrete- and continuous-time cases, respectively. If such an integer does not
exist, we set r = oo.

12



A sequence of subspaces {H} } of £ associated with the system (1) is defined
by
Hi1 = spang{dz(0)} (8)
Hipr1 = {w€Hp|owe Hg}, k>1.

Analogously, {H} associated with the system (2) is defined by

Hi = spang{dz} (9)
Hir1 = {weHy|weH}, k>1.

Each H}, contains the one-forms with relative degree equal to k or greater than
k. The sequences (8) and (9) are decreasing. Denote by k* the least integer
such that H1 D ... D Hg D Hir41 = Higr42 = ... = Hoo. The subspaces
H. are invariant with respect to the regular static state feedback and state
coordinate transformation.

Theorem 1 (Frobenius) Let W = spang{wi,...,w,} be a subspace of £. W
1s closed iff dwp Awi A ... ANw. =0 forallk=1,...,r.

Under Frobenius conditions there exists locally a system of coordinates {(1, ..., ¢}
such that W is generated by {d(i,...,d¢{.}. In this case W is said to be com-
pletely integrable.

1.3 Polynomial framework

1.3.1 Non-commutative polynomial ring

Polynomial framework is built upon the framework of differential one-forms.
Below we focus on the discrete-time case, the differences from the continuous-
time case are briefly indicated. A left polynomial is an element which can be
uniquely written in the form

a(0) =Y a 0", a; €K, (10)

=0

where 0 is polynomial indeterminate and a(d) # 0 iff at least one of the

functions a;, i = 0,...,n is nonzero. If ag £ 0, then the positive integer n is
called the degree of the left polynomial a(9) and denoted by d°(a). In addition,
we set d(0) = —o0.

The difference field (K, d) induces a (left) noncommutative skew polyno-
mial ring.

Definition 2 The left skew polynomial ring induced by (IC,¢) is the
ring K[0,0] of polynomials in 0 over K with usual addition, and the non-
commutative multiplication defined by the commutation rule

d-a=4da-0 (11)

13



for any a € K C K[0,6]. A ring is called an integral domain, if it does not
contain zero divisors. This means that if ¢ and b are two elements of the ring
such that ab =0, then a =0 or b = 0.

Lemma 1 [17]
(i) The ring K[D,0] is an integral domain.
(ii) If a and b are nonzero polynomials, then d°(ab) = d%(a) + d°(b).

Moreover, the ring k[0, d] satisfies the (left) Ore condition, which guarantees
that for all nonzero a,b € K]0, ] there exist nonzero ay,b; € K[, d] such that
alb = b1 a.

Elements of such ring are called skew polynomials or non-commutative
polynomials or Ore polynomials [25].

In the continuous-time case the ring of Ore polynomials is induced by the
differential field (K, s) and the commutation rule is given, instead of (11), by

0-a=a-0+s(a) (12)

for any a € K C K0, s].

Since K[0, ¢] is an Ore ring, one can construct the division ring of fractions.
If p(9) = p1(9)p2(0), then p1(9) is called a left divisor of p(0) and p(0) is called
left divisible by p1(9). If for pi(9),p2(0) € K|[0, 9], p.(0) is a left divisor of
p1(0) — p2(0), then p.(9) is called a common left divisor of p1(0) and p2(9). If
the degree of p.(0) is the greatest of all common left divisors of p;(9) — p2(9),
then p.(9) is called the greatest common left divisor (gcld). To find the geld
one can use the left Fuclidean division algorithm. The gcld is only unique up
to multiplication by function from /C, but it can be made unique by requiring
that it has to be monic.

1.3.2 Polynomial matrices

We now consider a class of matrices R(0J) whose elements are polynomials
r(0) € Kl09,9] of finite, but unbounded degree and write KP*?[0, 0] for the
set of p X ¢ matrices with entries in K[0,d]. Like in the linear case where
the polynomials have real coefficients, the polynomial matrix with entries in
K[0, ¢] can be transformed by a sequence of elementary column operations to
the lower left triangular form. This result allows us to obtain the irreducibility
criterion for nonlinear control systems.

Definition 3 The following three elementary column operations E(J) on
the polynomial matrix R(0) are defined

(i) Interchange of columns i and j.

(ii) Multiplication of column i by nonzero scalar in .

14



(iii) Replacement of column 7 by itself plus any polynomial multiplied by any
other column j.

Definition 4 A matrix U(9) € K[9, ] is called unimodular if it is invertible
in K[0, 6], that is, there exists a matrix U~1(9) in K]0, d].

A unimodular matrix U(9) can be obtained from the identity matrix Z by a
finite number of elementary column operations on Z: U(9) = ZFE1(0) ... Ex(0).
Any sequence of elementary column operations on R(0) is equivalent to right
multiplication of R(J) by an appropriate unimodular matrix U(0).

Definition 5 Two polynomial matrices R(d) and R(9) are called column
equivalent iff R(9) = R(9)U(9), where U () is a unimodular matrix.

Definition 6 If three polynomial matrices satisfy the relation P(9) =
CL(0)Q(9), then Cr(0) is called a left divisor of P(J) and P(0) is called a
right multiple of C1(9). A gcld of two polynomial matrices P(9) and Q(0) is
a common left divisor which is a right multiple of every common left divisor
of Q(9) and P(0).

Definition 7 A pair {P(9),Q(0)} of polynomial matrices which have the
same number of rows is said to be relatively left prime if and only if its gclds
are unimodular matrices.

1.3.3 Polynomial system description

We now represent the nonlinear system (3) in terms of two polynomial ma-
trices, with the polynomials from the Ore ring K[, §]. For that we apply the
differentiation operation to (3) and use the relations dy,(t + j) = ¢/dys(t),
dug(t +7) = 0"dug(t) (that follow from (6)) to obtain

P0)dy(t) = Q(9)du(t), (13)

where P(0) and Q(0) are p x p and p x m-dimensional matrices respectively,
whose elements p;;, g;; € K[0]:

Nis—1 ik

. af; 4 of;
is(0) = 6" — —, ik(0) = —F—0"
is(9) ]Z::O Oys(t+7) %k(9) ;&uk(t—i-r)

and dy(t) = [dy1(t), ..., dy,(®)]T, du(t) = [dui(t), ..., dun(t)]T.

2 System reduction and realization

2.1 Introduction

The realization problem is defined as follows. Given a nonlinear system, de-
scribed by the i/o equation of the form (3), find, if possible, the state coor-
dinates z(t) € X C R", z(t) = ¥(y(t),...,y(t + n — 1), u(t),...,u(t + «))

15



such that in these coordinates the system takes the classical state space form
(1) and the sequences {u(t),y(t),t > 0} generated by (1) and (3) coincide.
Then (1) is called realization of (3). Before formulating the realizability con-
ditions, the two important properties of the control systems, accessibility and
observability, are recalled.

Accessibility is the structural property of the nonlinear system that in
the linear case reduces to the controllability property. The necessary and
sufficient condition for accessibility is Hoo = {0} [1]. A nth-order realization
of equation (3) is accessible iff system (3) is irreducible. The necessary and
sufficient irreducibility conditions as well as the reduction algorithm for system
(3) are given in section 2.2.

Definition 8 System (1) is said to be (single-experiment) observable if
the observability matrix has generically full rank, i.e. if

ranklca(h(x(t)), Sh(z(t)),...,0" th(xz(t))) . (14)
0x(t)
This condition reduces to the standard Kalman observability criterion in the
special case of linear systems.

Theorem 2 [14] The nonlinear system described by the i/o difference equa-
tion (3) has an accessible and observable state space realization of order n iff
for 1 <k < a+ 2 the subspaces Hy, defined by (8) are completely integrable.
Moreover, the state coordinates can be obtained by integrating the basis vectors

Of Ha+2 .

In the continuous-time case the solution of the realization problem of the
set of i/o differential equations (4) is analogous. In Definition 8 one has to
replace the forward-shift operator § by the time-derivative operator s = d/dt.

Theorem 3 The nonlinear system described by the set of i/o differential equa-
tions (4) has an accessible and observable state space realization of order n iff
for 1 <k < a+ 2 the subspaces Hy, defined by (9) are completely integrable.
Moreover, the state coordinates can be obtained by integrating the basis vectors

of Hav2-

2.2 Irreducibility conditions for discrete-time systems; system
reduction

The results of the present subsection are based on paper I. Definition of the
irreducible system is based on the concept of autonomous variable.

Definition 9 A (possibly vector-valued) function ¢, (with components) in
K is said to be an autonomous variable for a system (3) if there exist an integer
i > 1 and a non-zero meromorphic function F' (again possibly vector-valued)
such that

F(pr,0¢p, ..., 0" 0.) =0. (15)

16



Definition 10 The system (3) is said to be generically irreducible if there
does not exist any non-zero autonomous variable for the system (3) in a dif-
ference field IC, associated with system (3).

The next two theorems describe the important properties of the polynomial
matrices, necessary to represent the irreducibility conditions for system (3).

Theorem 4 Any p x q (p < q) polynomial matriz R(0) is column equivalent
to the lower left triangular matriz shown below, i. e. one can always find
a sequence of elementary column operations which reduces R(D) to the form

R(9) = [G1(0):0], where

g11(0
921(0)g22(0)

31(9)352(9) - . - 4pp(9)

Furthermore, in the above form, the polynomials gi1(0),. .., gk k—1(0) are of
lower degree than gir(0) for all k = 1,....p if deg gix(9) > 0, and are all
zero, if gii(0) is a nonzero scalar in K.

GL(9) = (16)

Theorem 5 Consider the pair {P(0), Q(9)} of polynomial matrices which
have the same number of rows. If the composite matriz [P(9):Q(9)] is reduced

to lower left triangular form [G(0):0] as in Theorem 4, then G (0) is a gcld
of P(0) and Q(0).

The gcld is, in general, not unique, but it can be made unique by requier-
ing that the polynomials in the diagonal of G1(9) are monic. Irreducibility
conditions are stated by the next theorem, which is the main result of paper

L

Theorem 6 The nonlinear system (3) is irreducible iff the polynomial matri-
ces P(0) and Q(0) in system description (13) are relatively left prime.

If P(9) and Q(9) have non-unimodular gcld G1,(9), then (13) can be rewritten
as

GL(a)w = 07
where w = [wy,...,wp|T is a column-vector of exact differential one-forms (or
can be made exact by multiplying them by the integrating factor). So one can
define w; = dg,; for i = 1,...,p, being elements of P(d)dy(t) — Q(d)du(t).
The reduced system equations are ¢,; = 0,2 =1,...,p.

17



2.3 Realizability conditions of continuous-time quadratic sys-
tems

The results of the present subsection are based on paper II. Consider a single-
input single-output (SISO) case of the system (4) where p = m = 1; and define
o) :==¢1(0), u:=uy, y:=y1, n:=ny and a := aqy,

v =6y, y Y ), (17)

In many practical situations continuous-time i/o models of the form (17)
are deduced from i/o data when no information regarding the structure of the
observed dynamical system is available a priori. Such representations form the
basis of much modern identification theory. Identification therefore involves
model structure selection prior to parameter estimation. In practice, this
involves selecting a form of the nonlinear function ¢(-), @ and n, i.e. specifying
the maximal derivatives for the input and output, respectively, that appear
in equation (17). Typically, ¢ is assumed to be a low order polynomial, most
often a bilinear or quadratic function, and not all possible terms are included
since in most cases a more complex model does not necessarily equate to a
better model.

Our purpose was to find the subsets of quadratic i/o equations

Y = zn: a1 + zn: b= + zn: zn: N )
=1 =1

S gy 373 ey )
=1 j=1 =1 j=1

that are guaranteed to have a state space representation (2) of order n, and as
such are good candidate structures to be used in system identification. Since
the quadratic model (18) is linear in the parameters, it lends itself easily to
the well-established parameter estimation algorithms.

Despite the structural simplicity of the quadratic i/o model, the general
realizability conditions, given in Theorem 3, yield little insight and do not
tell us in terms of the parameters a;, b;, c;;, dij, e;; which quadratic model is
realizable in the classical state space form and which is not. To give a more
general view of the nature of parameter restrictions necessary for realizability,
it is instructive to consider the special cases where n =1, 2, 3.

Note that the first order quadratic i/o model y = ajy + bju + c11yu +
d11y2 +eju?is obviously realizable in the classical state space form, and the
choice x(t) = y(t) will yield the state space model. Propositions 1 and 2 below
consider the cases n = 2 and n = 3, respectively. The computer algebra system
Mathematica-based software was used to obtain the results of Proposition 2,
as well as the results of subsection 2.3.2.

18



2.3.1 The realization of the 2nd and 3rd order quadratic i/o equa-
tions

Proposition 1 The second order quadratic system described by i/o equation
(18) with n = 2 is realizable in the classical state space form iff e;1 = 0, and
for the case c11 # 0 the state equations are

i o= —A
o = e 1 (bzu + egu? + (ag + coou + dogry )Ty
(19)
C21 2
— (a1 + crou+ . + diox1)A+dnA )
11

where A = (1/c%;)[e12 + c11(by — e1t%ci1x9 + co1271 + e12u)], and y = 2.

Example 2 in section 3.8 demonstrates how this result can be obtained
using Mathematica.

Note that the condition, specified for the second-order quadratic system as
e11 = 0 in Proposition 1, has been known as necessary realizability condition
for a long time. This represents the fact, that the highest-order input deriva-
tive has to appear linearly in the i/o equation, see, for example, [5]. Moreover,
the above result follows also from Theorem 1 in [8] if we rewrite the second
order i/o equation as a generalized state equation, containing also the input
derivative 1. The remaining part of Proposition 1, that is sufficiency and the
explicit form of the state equations, is a new contribution.

Condition e;; = 0 agrees also with the earlier result for the 2-nd order
bilinear i/o equation which is always realizable in the classical state space
form [16].

Our results also extend those of [29], which claim that the nonlinear i/o
differential equation of the form

y™ 4 by by
= apu+ an_1uV + ..+ ap_mul™ (20)
+ N(u,y,yM, .y m<n

can be realized in the classical state-space form. Note that the realizable
subclass of the 2nd order quadratic systems, specified in Proposition 1, does
not accommodate into the realizable subclass, given by (20) in proposition,
because of the term c119u + co1yi + (€12 + e21)tu.

Proposition 2 The third order quadratic system described by the i/o0 equation
(18) with n = 3, is realizable in the classical state space form iff either one of
the following set of conditions is satisfied

, 9
(i) c11 =co1 =c31 = e = e =e13 =0, ezn = —bici2 — bidi1.
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(ii) c11 =di1 =e11 =ej2 =0, e;3 = e, c12 = c21.

Remark 1 Condition (ii) extends the earlier condition for the 3rd order
bilinear i/o equation [16]

C11 = 0, C12 = C21. (21)

Note, that condition (i) for bilinear i/o equations yields either by = ¢11 =
c91 = c31 = 0 or ¢11 = co1 = 31 = c¢12 = 0, but the second branch is a special
case of (21).

Remark 2 For identification purposes, the conditions co1 = c12, €29 = €13
in (ii), unless all parameters are equal to zero, are unnatural since there is no
reason to assume that the terms ¢i and §u or @2 and iiu should have equal
coefficients. The same holds for the requirement ess = —bycio — b%du in (i).
For that reason we suggest the following 3rd order realizable i/o equations to
be used for modelling purposes

(a) by =c11 =co1 =c31 =e11 = €12 =e13 =e€32 =0,
(b) ci1=co1 =ci2=di1 =en =ep=e13 =ez =0.

The state equations, corresponding to (a), are given as a special case of
equations (22) for n = 3 (see below). The state equations, corresponding to
case (b) are too complicated to present here.

2.3.2 Two realizable subclasses

The results of Propositions 1 and 2 illustrate the complicated nature of realiz-
ability conditions for i/o quadratic models. For arbitrary n, in order to get the
conditions, one has to go through n — 1 steps. At each step we obtain several
restrictions on system parameters with many branches. All these conditions
can be combined together in very many different ways. They yield peculiar
structures and most of them are probably not important for practical appli-
cations. We suggest below two realizable subclasses of i/o quadratic models.
These two subclasses provide two possible patterns of nonzero coefficients.
Subclass 1 bl = ... = bn_z == O, 11 = ... = Cpn-2 = O, 1 = ... =
copn—2 = 0,...,¢p1 = ... = cpn—2 = 0. The only nonzero elements of e;;
are e,—1,, and e,,. There are no restrictions on d;;. Coefficient matrices
.AT = (ai), BT = (bz), C= (Cij), D= (dzj) and £ = (eij) for i,j = 1, ..., are
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shown below on scheme, where o represents a zero and e a nonzero coefficient

AT = (o ... o @ o) ° °
° °
D =
BT:(O...OOO) . e o o
o o o o
o o e e
o ... 0O e @ : :
C = . .. & = o ... O
: Do o .. o
o o e e
o ... o
Subclasstlz...:bn,gzO, 611:...201’,1,1:0, 21 — ... =
C2n—2 = 0, €31 = ... = C3n-3 = 0,...,Cn71 = ... =Chn-3 = 0, d11 = 0. The
only nonzero elements element of e;; are e,_1, and e, .
o e e
.AT:(O...oooo)
o e e
D = o o e °
BT:(O,,,O...) .
o o o o e
o °
o °
o o o o o
o o °
C =
& = o ... 0 o o o°
o °
o ... o
o °
o ... O O O e

Note that realizability conditions for the first case impose restrictions on
bi, c¢;j and e;; parameters. Further, note that if b; = 0 is required, then so
is ¢;; for all 7. Conversely, note that in the other case, one additional c;;
parameter, and one additional d;; parameter, namely c1,—1 and di; must
also be zero for realizability. But now when compared with the first case,
bn—2,€3,n—2,- -, Cnn—2 may be nonzero. Overall, the two subclasses do not
differ much. The notable restrictions have to be imposed on e;; parameters —
all of them, except e,—_1,, and ey, have to be zero for both cases.

For the 1st subclass we also give the state equations, shown below:

it‘]. =2, .- ’j:n—Z = Tn-1, in—l =—-A

n—1 (22)
Ty = e 1Y (bnu + e,mu2 + Z B;x; + (dllxn — Bn)A + d11A2>
=1
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where

A = — (bn—lcl,n—l + (1+cin—1u)en—1n

n—1

n
Cln—1u\0;
+  Cin—1 E (_e tn=t )Jncn—j—l-l,n—lxj )
7=1

C; 1=1
- Cn—it2m—1 .
B; Ci+7n vt2n , 12>2
Cln—1
1
Ci = apit1+ Cnit1pu+ E dp—it1n—j+1T .
=1

and d;,, is Kronecker delta.

Though the state equations given above were suggested by applying the
realization theory in [4], they can be checked directly by eliminating x from
the state equations.

If we analyze the coefficients related to the quadratic terms, we notice
a remarkable nonsymmetricity in non-zero e (coefficients of cross-products
of different u derivatives) and d (cross-products of different y derivatives)
coefficients. Note that in both realizable subclasses only two e coefficients are
allowed to be non-zero whereas in the first subclass no restrictions are imposed
on the d coefficients at all. In the second subclass only one d element has to
be zero.

2.4 Solution of the realization problem using polynomial ap-
proach in the discrete-time case

The present subsection is based on paper III, which provides an alterna-
tive method for computing the sequence {#Hy} in Theorem 2. If compared
to the earlier method in [1] it is more direct and therefore better suited for
implementation in the computer algebra packages like Mathematica or Maple.
Moreover, the method, described in [1], requires solving a system of equa-
tions, which may fail if the i/o equation is complex, in particular, if it contains
roots. For such systems polynomial method is frequently able to produce the
result. For the discrete-time systems, polynomial method is also noticeably
less time-consuming. However, the method described in [1] is more general,
while polynomial method is applicable only to the SISO systems, given by i/o
equations.

Consider a SISO case of the system (3) where p = m = 1; and define
o) :=¢1(0), u=uy, y:=y1, n:=n; and a := aq

y(t+n) =o(y(t),...,y(t+n—1),u(t),...,u(t + a)), (23)
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and the corresponding polynomial system description (13) with P(9) = p11(9) =
p(0), Q(0) = q11(0) £ q(9). Equation (13) takes now a form

p(0)dy(t) — q(9)du(t) =0, (24)
where

n—1 s
p(0) = 0" =) pid, q(0)=-> ¢
i=0 §=0

The aim is to compute sequence Hy, for equation (23). The solution is formu-
lated in terms the (generalized) shift-and-cut operator . ' : K[9, 8] — K9, 6],
defined as

0c 1 (p(9)) = 071 (p(9) — po)-
The definition of §; 1 is extended to vectors and matrices of polynomial ele-

ments in a componentwise manner. Iterated application of 6. will be consid-
ered in the following and denoted as

k times

o F=6108710... 06 .

c Cc Cc Cc

Theorem 7 ' For the i/o model (23), the subspaces Hy, for k =2,... a+2
can be calculated as

= spang{d ,...,d n—=k ,
o d%(t)’f.{. .y,((%(t ¥ ayﬁtl;: 1), c:lr, 11): 1,... k-2, (25)
where
o= o)) | S8 . (2)

Another task was to compute differentials of the state coordinates.

Corollary 1 For the realizable i/o equation (23) the differentials of the state
coordinates can be calculated as the integrable linear combinations of the one-
forms

wi = 5= [p(d), ¢(9)] [ gg% ] i=1,....n.

3 NLControl package

The present section is based on papers IV and V. The package NLControl
provides basic tools for modeling, analysis and synthesis both for discrete- and
continuous-time nonlinear systems and it is built within computer algebra sys-
tem Mathematica. The reason for developing the package is that nonlinear

'In paper III the theorem was given in slightly different form.
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control systems, unlike their linear counterparts, practically miss a support
of professional software products. For example, both Matlab Control System
Toolbox and Mathematica Control System Professional Suite are applicable
only for linear systems. Some custom-made packages based on symbolic com-
putations for nonlinear control systems have been developed, see for example
[11, 6, 28, 27, 24], but their distribution is extremely limited and only the last
of them implements the methods based on algebraic tools and skew polynomial
rings.

Only these functions of the package, which are included into papers IV and
V are described in present thesis. A few exceptions are made to functions, re-
lated with inversive closure and Ore polynomials, which were omitted from the
articles due to space limitations. Note that Mathematica does not have built-in
functions dealing with noncommutative polynomials. There exists a custom-
made package [21] for computing Groebner basis of Ore polynomial matri-
ces, but the general functionality of the package is very limited. For Maple
there is available a general-purpose Ore polynomial package, called OreTools.
However, neither of these packages is suitable for application in the field of
nonlinear control, because this requires a possibility to define shift/derivative
operator of the Ore ring using control system equations. Therefore it was
necessary to develop all functions dealing with Ore polynomials from the be-
ginning.

3.1 Control systems

Most NLControl functions operate on special data types, or control objects,
that contain the information of the control system. These are StateSpace
and IO.

To perform computations with the systems described by the state equations
in the form (1) or (2), it is necessary to enter the system in the following form:

StateSpacel f, Xt, Ut, t, h, Yt, typel.

In above, fis a list of the components of the state function; Xt, Ut and Yt
define a lists of the state, input and output variables, respectively; ¢ is a time
argument and A defines the output function. The argument type may have one
of the following values: TimeDerivative stands for continuous-time case and
Shift for discrete-time case. The function h and the list Y can be omitted,
in this case StateSpace fills their places with empty lists {}.

To enter the i/o system (3) or (4), one has to use the syntax

I0[egs, Ut, Yt, t, typel,

where the meanings of the arguments Ut , Yt and type are the same as in
the case of StateSpace and the argument egs defines the i/o equation (3) or
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(4). As conventional for Mathematica, instead of the lists of input and output
variables, a single variable may be entered in case of SISO system. However,
StateSpace and IO always embrace the single variable with curly brackets.
This guarantees that SISO and MIMO systems have the same data structure
and consequently, the same programs can handle them. Most of the assis-
tant functions or low-level functions require separate programs for discrete-
and continuous-time systems. The higher level functions (Linearization,
Accessibility, Observability and transformations between different sys-
tem descriptions) can share the same source code for discrete and continuous-
time systems.

The tools of NLControl are not designed for approximate calculations.
Therefore, all real (floating-point) numbers are transformed into rational num-
bers by StateSpace and IO.

Sometimes (and it is obvious from the examples of StateSpace and I0
functions) the form of some objects, determined by Mathematica and NL-
Control package differs from the traditional and familiar form. By this reason
within NLControl package the function BookForm is introduced which displays
such objects in a traditional form.

In NLControl syntax descriptions sseq denotes the StateSpace object, ioeq
denotes the 10 object and ctrisyst can be either of them.

3.2 Inversive closure

In the discrete-time case application of the algebraic formalism requires the
construction of the inversive closure K*, see Section 1.2. That is, for system (1)
we have to find the variable z(¢) C IR™ (that is not unique) and the functions
() such that (z(t),u(t)) = ¥ (z(t + 1), 2(t)). The function

NegativeTimeShifts [ctrisyst ]

finds all the possibilities 2¢(t) to define variable z(t) for system (1) (or (3)).
The function

BackwardShiftOperator [ctrisyst ]

computes for each z'(t) the operator ¢*(-) and chooses one with the simplest
expression. Simplicity is measured by Mathematica function ByteCount. An
alternative syntax

BackwardShiftOperator [ctrisyst, 2(t) ]

allows to find the backward shift operator for the particular set z¢(¢). Finally,
the function returns the backward shift operator in the form {x;(t — 1) —
1(x(t), z(t—=1)),...,xn(t—1) = Yp(x(t), 2(t—=1)),u1(t—1) = Ypy1(x(t), 2(t—
1), .. tum(t — 1) = Yppm(x(t), 2(t — 1))}
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3.3 Sequences of subspaces

NLControl uses a special object

SpanK[{{an,alg,...},{agl,aQQ,...},...}, {xl,xQ,...}, —1, t]

to represent the subspace of one-forms spanned over I by the vectors > j>1 @ijd;
for ¢ > 1. Replacing the third argument by 1 gives a subspace spanned over K
by the vector fields — a mathematical object used for instance in [18, 20]. The
last argument ¢ tells Mathematica that all symbols depending on ¢ are to be
considered as variables, even if they do not appear explicitly in the coordinate
list {[El, T, . . }

To compute the sequence of subspaces {Hy } for the discrete- or continuous-
time control system a function

SequenceH [ctrisyst,n ]

is implemented. The integer n determines how many elements in the sequence
will be computed. Using keyword A1l instead of n allows to find all subspaces
{H1,. .., Hoo}-

By default, the function applies the universal algorithm given in [4], but
for special cases alternative methods also exist. The first alternative, which
can be used only for discrete-time systems, is the recursive formula Hy,11 =
§ Y (HrN6Hy) for k > 1. For that one has to add an option Method->2 as the
last argument of the function. The second alternative is based on the fact that
the elements of the {#} can be computed as the maximal annihilators of the
elements in certain sequence of distributions of the vector fields, [19, 18]. The
latter method has a built-in restriction: if the subspace Hj, is integrable and
Hpy1 is not, then the method can be used to compute all the subspaces up
Hy+1, but not any more for Hy,o and further. The method can be called by
option Method->3. And finally, there is one more alternative for the discrete-
time systems given by SISO i/o equation: this is the polynomial method
described in Section 2.4, which can be called by option Method->4.

The integrability property of the subspace of differential one-forms can be
checked by function

Integrability[oneforms],

where oneforms has to be object SpanK. Actual integration may be performed
by function

IntegrateOneForms [oneforms].
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3.4 Ore polynomials

NLControl uses a special object OreRing to store the information about the
Ore ring were polynomials belong to and about difference/differential field
where polynomial coefficients belong. The easiest way to create the object
OreRing associated with the control system, is to use the function

DefineOreRing[0, ctrisyst ].

Note that we use 0 as a polynomial variable, since 9 is reserved symbol in
Mathematica. It is also possible to work with Ore rings not associated with
any control system. In this case, the object OreRing can be created by

DefineOreRing[d, ¢, Shift],
if the polynomial coefficients are from difference ring, and by
DefineOreRing[d, ¢, TimeDerivative],

if the polynomial coefficients are from differential ring.

Additionally, we define the object representing the Ore polynomial. The
special object is necessary, since Mathematica automatically reorders the fac-
tors connected with standard multiplication operator ”*”, for instance the
expression y[t] x 0 is immediately rewritten as Oylt], which is wrong for the
case of Ore polynomials. Therefore, the Ore polynomial in the form (10) is
represented as

OrePlan,, ...,a1, agl,
where ay, ..., ap are polynomial coefficients. The function
OreSimplify[p, R ]

simplifies the polynomial p, assuming it belongs to the Ore ring R, as described
below. The argument R has to be given as the object OreRing. If there
are relations defined between polynomial coefficients, this yields that certain
expressions in K are equal to zero. The function OreSimplify applies these
relations to polynomial coefficients and then simplifies the result. Note that
these relations are not applied automatically, since the polynomial object OreP
have no information about them. Addition of polynomials may performed by
Mathematica standard ”+” operator, but multiplication requires a special
function

OreMultiply([pi,..., pn, R 1,

which computes a product of polynomials p1,. .., p, from the Ore ring R and
is based on commutation rules (11) or (12). Let p and ¢ be polynomials from
the Ore ring R. Then the following functions can be applied to them:
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LeftQuotient[p, ¢, R ] finds the left quotient of p and g¢.

LeftRemainder[p, ¢, R ] finds the left remainder of p and gq.

LeftQuotientRemandier[p, ¢, R ] returns a list {v, r}, where 7 is
the left quotient and r is the left remainder of p and gq.

LeftGCD[p, ¢, R 1 finds the gcld of p and q.
e LeftLCM[p, ¢, R ] finds the least common left multiple of p and gq.

Corresponding right-side functions are also available.

And finally, there are two functions for matrices with the polynomial entries
belonging to the Ore ring R. Analogously with the standard matrix multipli-
cation function Dot, the function

OreDot[A1,..., A4,, R ]
finds a product of polynomial matrices Ay,..., A,. The function
LowerLeftTriangularMatrix[A, R]

transforms the rectangular polynomial matrix A into lower left triangular form.

3.5 Transformations between different system descriptions

In this subsection functions are described that allow to transform one system
description into another. The function

Reduction[i0eq]

determines whether the system described by the i/o equations is irreducible
or not, and if not, finds the reduced set of i/o equations. In the discrete-time
case the function is based on Theorem 6 and in the continuous-time case an
analogical result proved in [15]. The function

Realization[ioeq, x4[t]&]

determines whether the i/o equation (3) (or (4)) can be transformed into
the state-space form and in case of the positive answer finds the state equa-
tions. In the discrete-time case the function is based on Theorem 2 and in
the continuous-time case on Theorem 3. The second argument x4[t]& is a so
called pure function, which determines the state variables to be denoted as
x1[t], z2[t], . ... Alternative way is to replace the pure function by the list of
state variables, for example by {x1[t],z2[t]}, but in that case one has to be
careful to choose a list with a correct length. The function

I0ToPolynomials [40eq]
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computes the matrices P(9) and Q(9) in (13), given the i/o equations (3).
Analogously, the function finds polynomial representation for the continuous-
time system (4). The function

ClassicStateToI0[sseq]

finds the i/o equations (3) (or (4)) from the state equations (1) or (2), respec-
tively. The function is based on the state elimination method given in [4]. The
function

NormalForm[sseq, &x[t]&]

transforms the system given by the state equations (1) or (2), if possible, into
the normal form which is a good starting point for applying the inversion-based
control algorithms and for computing zero dynamics, [12]. The argument
&4 [t|& determines the new state variables to be denoted as {&1[t], 2[t], .. .}

3.6 Checking the system properties

The function
Accessibility[sseq]

returns True if the system (1) (or (2)) is accessible and False otherwise. In
case the system is not accessible, it can be decomposed into accessible and
non-accessible subsystems by the function

AccessiblityDecompositionl[sseq, &x[t]& 1.
The function
Observability [sseq]

returns True if the system (1) (or (2)) is observable and False otherwise. The
function

ObservabilityDecompositionl[sseq, &x[t]& 1]

decomposes the state equations into the observable and un-observable part.

3.7 Feedback linearization

System (1) is said to be static state feedback linearizable if there exist a state
coordinate transformation z(t) = ®(z(t)) and a regular static state feedback of
the form u(t) = B(x(t),v(t)), with rankx [05(-)/0v] = m, the number of system
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inputs, such that in the new coordinates the compensated system equations
are in the form

jil(t + 1) = i’ig(t)
jiki—l(t + 1) = T (t)
Tip,(t+1) = v(t), i=1,...,m.

The necessary and sufficient conditions for feedback linearizability are:
(i) Hoo = {0},
(ii) Hy is completely integrable for 1 < k < k*,
where k* is an integer k* < n such that, for 0 < k < k*, Hpy1 C Hy but
%k+1 ?é Hk and Hk*—H = Hk*+2 =...= Hoo
The function
Linearizationl[sseq, Tx[t]&, vy[t]l& ]

checks whether the system is feedback linearizable and in the case of affirmative
answer finds the state coordinate change, the feedback and the linear closed-
loop equations.

3.8 Examples

Example 1 Consider the system described by the i/o difference equations

yl(t + 2) = yl(t + 1) — ul(t)yl(t) + ul(t + l)yl(t + 1)
y(t+3) = ya(t+2ua(t+2) +y2(t+1) —ur(t + Ly (t + 1) (27)
=3y1(t + 1) + 3ur (t)y1(t) + y1(t) — ua(t)y2(t).

In order to use any function from the package NLControl, one first has to load
the package by the following command

In[1l:= «NLControl ‘Master’
Let us create the object I0 for this system.

n(2]:= eqgs = {y1[t+2] - y 1 [t+1] —us[t]ly: [t] +us [t+1]y; [t+1],
ya[t+3] = yo[t+2]uy [t+2] + y, [t+1] —u; [t+1]y, [E+1] —
Byi1[t+1] +3ui[t]lyi[t]l +yi[t] —uz[tly2[t]};
Ut = {u; [t], uz[t]};
Yt={y:[t], y2[tl};
ioeq=I0[eqgs, Ut, Yt, t, Shift];

BookForm[ioeq]
yilt+2] = yy[t+1] —u[t]ly; [E] +u [t+1]y, [E+1],
Out[b]= v, [t+3] = (v, [t+2]us [t+2] + vy, [t+1] —ui [t+1]y, [t+1] -

Sy [t+1] + 3u [tly [E] +y  [E] —up[tly, [E]
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Next, we construct an Ore ring associated with the system (27).

In[7]:= K = DefineOreRing[0, ioceq]

Out[7]= OreRing[0,t, {Shift, t—>t+1, t->t-1, 0&},
{{{yi1[i+t], —00 <i<1}, {y,[Jj+t]l, —o0 <j<2},
{ur [k+t], 0<k< oo}, {uz[l+t], 0<1<oo}}, {«id»}}]

The next function finds the matrices P(0) and Q(0) for the system.

In[8]:= {P, Q} = FromIOToOreP [ioceq];
MatrixForm[BookForom[P, K] ]

0%+ (—1-uy [t+11)D +uy [t] 0
Out[9]= 3 2
(3+u [t+1]1)0 + (-1-3u;[t]) O0° —u, [t+2]0° -0+ u, [t]

In[10:= MatrixForm[BookForom|[Q, K]]

w0l ya [£+110 - v, [£] 0
T\ -y [E4110 4+ 3y, (€] vy, [£+218% — vy, [t]

According to Theorem 6, we can find a gcld G1,(0) of P(0) and Q(0) by reduc-
ing the composite matrix [P(9):Q(d)] into lower left triangular form [G'f,(9):0].

In[11]:= PQ = MapThread[ Join, {P, Q}];
MatrixForm[BookForom[
G = LowerLeftTriangularMatrix[PQ, K], K]]

_ yi [£+110 -y [t] 0
Outl12}= <yl [t+1]3 + 3y, [t] 0% - 1>

Since G'1,(0) is not a unimodular matrix, the system (27) can be reduced; that
is we can find the polynomial matrices P(0) and Q(0) defining the reduced
system P(0)dy(t) = Q(0)du(t) from the equations P(0) = G (9)P(d) and

Q(3) = GL(9)Q(0):
In[13]:= MatrixForm[BookForm[P = LeftQuotient [P, G, K], K11
1 _ult]
oupiz= | Y1t yilt]
1 0-uy(t]

In[14]:= MatrixForm[BookForm[é = LeftQuotient[Q, G, K], K]]

1 0
Out[14]= 0 v.rt]
2

For this example the equations P(d)dy(t) = Q(d)du(t) can be easily integrated
to provide the reduced i/o difference equations:
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In[15]:= BookForm|[sp = SimplifyBasis[FromOrePToSpanK [P, é, ioceq]l]l

Out[15]= SpanK[-u;[t]dy;[t] +dy; [t+1] —y; [t]du; [t],
dy;[t] —uz[t]ldy, [t] +dy, [t+1] —y, [t]dus [t]]

In[16]:= psinew = IntegrateOneForms [sp]
Out[le]= {y;[t] —uzl[tly,[t] +y,[1+t], —urltly;[t] +y [1+t]}
So, the reduced i/o equations are

In[17]:= BookForm[IO[Thread[psinew==0], Ut, Yt, t, Shift]]

yilt] —up[t]y, [t] +y,[t+1] = O

outir= —up [tly; [E] +y [E+1] = 0

The above reduction procedure can be also performed by the single command
Reduction[ioeq].

Example 2 This example demonstrates the technique used to obtain the
realizability conditions and state equations presented in Paper II. Consider
the second order quadratic i/o equation (18) with n = 2.

At first, compose the matrices of coefficients A, B,C, D, £ and matrices of
variables U, Y for equation (18) in such way that they could be easily gener-
alized to the systems n > 2.

In[18]:= n=2; s=1;
A =Table[a;, {i, n}];
B =Tablel[b;, {i, s+1}];
C =Table[cio«i+j, {i, n}, {3, s+1}];
D = Table[If[i<=3, dio«i+j, 01, {i, n}, {3, n}l;
€ = Table[If[i<=3, e1o«i+j, 01, {i, s+1},{J, s+1}];
U = Table[Derivative[s+1-i] [u] [t], {i, s+1}];
Y =Table[Derivative[n-i] [y] [t], {i, n}];
MatrixForm/Q{A, B,C, D, &}

a b c c d d e e
Out[26]= N ay o G2 o iz 11 e
az b2 C21 C22 0 d2 0 e

In[27]:= MatrixForm/Q{U, )V}

oupr= { (%), (Y1 IE
ult] ylt]
Next, let us create the i/o equation.

In[28]:= SetOptions[BookForm, TimeArgument —>False];
eq= y(n) [t] —>Expand[AY +BU +CUY +D.Y.Y + EUUT;
ioeq IO[eq, ul[t], y[t],t, TimeDerivative]; BookForm[ioeq]

Out[30]= y” = b2u+622u2 +asy+ czzuy+d22y2 +biu’ +ejpuu’ +

72 4a1y’ + cppuy’ +dipyy’ +cpu’y’ +dipy’?

cz1yu’ +eqqu
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According to Theorem 2, we need to compute the first three elements of the
sequence Hy to check realizability of the system ioeq.

In[31]:= BookForm[Hk = SequenceH[ioeq, 3]]
Out[30]= {SpanK([dy, dy’, du, du’], SpanK[du, dy’, dy],
SpanK[dy, dy’ + (-b1 —e12u —c21y — 2e1qu’ —c11y’)dul}
In[32]:= Integrability/@Hk

Out[32]= {True, True, False}

The subspace H3z is not integrable, thus the system ‘0eq has no classical state
space form. In order to find the restrictions on the coefficients we have to
compute the wedge products in Frobenius’ theorem. For that, convert Hs
from object SpanK to the set of one-forms and denote the one-forms by w; and
w2.

In[33]:= BookForm[{wi, w2} = ToDifferential[Hk[[3]]]]

Out[33]= {dy, dy’ + (-b7 —ei1p2u—-co1y — 2eq7u’ —c11y’)du}
It is clear dwj Awi Aws = 0, since dw; = d(dy) = 0. Next, compute dws Aw; Aws:

In[34]:= coords =Hk[[3, 2]]
Out[34]= {y[t],y’ [t],ult],u’" [t],u”[t]}
In[35]:= BookForm[
Wedge [De [wz, Coordinates —> coords], Wedge(@Q@{wi, w2}]]
Out[35]= -2e31du Ady Adu’ Ady’

Above wedge product is zero iff e;; = 0. So, taking e;; = 0 in equation ioegq
gives us a new realizable system ioeql.

In[36]:= ioeql = ioceq/.ej; —>0;
BookForm[Hk = SequenceH[ioeql, 3]]
Out[37]= {SpanK([dy, dy’, du, du’], SpanK[du, dy’, dy],
SpanK[dy, dy’ + (-by —ejzu~cp1y —cy1y’)dul}

Now the subspace Hs is integrable and according to Theorem 2, by integrating
the basis vectors of Hs gives us the state coordinates for realization.

In[38]:= BookForm[states = IntegrateOneForms[Hk[[3]]], t]

_ 2
C11%(bycyp +e12 + C11 (e1pu+ co1y) +ciiy”) \
2
C11

e

Out[38]= {y,
Finally, we can find the state equations for system ioeql. To make the result

visually shorter, denote the expression bici1 + e12 (1 + criuft]) + criea1zy[t] —
ecnvlle2 25t] in state equations by A.
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In[39]:= {cls, repl} =Realization[ioeq, x4[t]&, states];
BookForm[cls/. (bjci1 +e12 (1 +cyjult]) +
c11 (ca1x1 [t] — e[ty x5 [])) —>A]

X,l = —A/Cil
x', = eicl"u(_A a]_C%l —A Ci1Co1 +A2d11 —Acfl(clzu+d12x1) +
Out[40]= i (-A+ep)u’ —elicy xu’ +

4 2
ciq (bou + eppu” + asxy +

Coou X + dgpx?+biu’ +eppu u’ +ceyyxqu’)/ ¢y

3.9 WebMathematica application

The functions from the package NLControl cannot be used outside the Math-
ematica environment. In order to overcome this limitation we have developed
a webMathematica-based application, that allows certain functions from NL-
Control to be used on the world-wide-web, in such a way that no other software
except for an internet browser needs to be installed in a computer. This allows
these tools to be applied in graduate courses as well as to make them available
to a wider control community and to engineers.

However, the NLControl website has several restrictions when compared
with NLControl running within standard Mathematica. First, only the most
important NLControl functions are available on the website. Currently there
are 15 functions for discrete-time systems, 13 functions for continuous-time
systems and 3 functions for the systems defined on homogeneous time-scales.
Second, the website automatically interrupts all the computations lasting
longer than 30 seconds. The reason is there is only one Mathematica ker-
nel running in the server, which is shared between different users. Third,
equations entered in to the website should be in plain text form, which means
that instead of subscripted variables x1,zs,... one has to use x1,z2,... and
entering Greek letters is uncomfortable, since for example instead of o one
should type \ [Alpha].

The NLControl website is built of jsp (Java Server Pages) files, which
contain elements of several programming languages: Javascript is used for
opening and closing windows and communicating between different windows,
Java is used for choosing random examples from examples library and finally
Mathematica together with webMathematica functions is used to generate the
result. The file structure of the website is simple. For every function there is
one jsp file, individual for discrete- and continuous-time systems, which allows
to enter the input data using html forms. Input data is sent to the other jsp
file, so called result file, which sends the data to Mathematica kernel and after
getting the answer prints it. Most of the functions use the same result file for

discrete- and continuous-time systems, since it allows to decrease the number
of files.
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The developed webpage is available at
http://webmathematica.cc.ioc.ee/webmathematica/NLControl/.

Conclusions

In present thesis three modeling (realization-related) problems of nonlinear
control systems are solved using algebraic approach of differential forms.

Necessary and sufficient condition for the irreducibility of MIMO difference
equations, formulated in terms of the greatest common left divisor of the
polynomial matrices associated with the system equations, is presented. The
condition remarkably coincides with the corresponding result for the linear
systems, yet in the nonlinear case polynomials are defined over the difference
field, and unlike the linear case, belong to a noncommutative polynomial ring.
Analogous irreducibility conditions are also valid for differential equations [15].

Noncommutative polynomials also turned out to be useful for simplifying
the solution of the realization problem. A new formula is presented in terms of
Ore polynomials, which allows to compute the basis of the subspace Hqyo of
differential one-forms that determines the differentials of the state coordinates
for SISO difference equation. Note that in the linear case, our results yield
the results given in [26]. The main advantage of the polynomial method is
shorter computation time and compact program code, if compared to the
algebraic method, based on the solution of the set of nonlinear equations. The
polynomial method of computing H,+2 has been also extended for differential
equation [30].

The third problem studied in this thesis is the realizability of a class of
higher order quadratic i/o differential equations. For the second- and third-
order models sufficient and necessary conditions, in terms of restrictions on
the quadratic model parameters, have been provided to establish whether
it is possible to find a state space representation of the i/o system or not.
The computer algebra package NLControl was used to obtain realizability
conditions for the second- and third-order quadratic equations and realizable
subclasses for the n-th order equations. For higher order quadratic equations
two realizable subclasses were suggested. Note also that earlier results do
not suggest explicit state equations for i/o models. In this thesis we provide
explicit state equations for realizable second order quadratic i/o equations and
for one realizable subclass of quadratic i/o equations for the general case of
arbitrary order n. Future research will be directed towards the development
of general model classes, other than bilinear and quadratic, which can be put
into the state space form, and capture the basic non-linearities of the plants
whilst remaining within limited complexity.

Additionally to above theoretical problems the Mathematica based soft-
ware package NLControl for nonlinear control systems and its webMathemat-
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ica application is described. Not all the tasks that can be solved by NLControl
are included into this thesis. For instance, reduction and realization problem
can be also solved for systems defined on homogeneous time scales [2] and
realization of discrete-time composite systems is possible [23]. NLControl
also provides an alternative approach to differential one-forms — vector fields,
which allow to solve several control problems [20, 19, 18] and are only briefly
mentioned here. Our future goal is to implement more NLControl functions
into webMathematica website, improve the documentation and example li-
brary. Especially, we want to include functions that allow output feedback
linearization and/or decoupling, construct the transfer function from the i/o
equations or from the state equations, find the discrete-time model from the
continuous-time system equations and solve the model-matching problem.
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Restuimee

Kaesoleva dissertatsiooni teoreetilises osas lahendatakes kolm mittelineaarsete
juhtimissiisteemide modelleerimisiilesannet, kasutades selleks diferentsiaalvor-
midel ja mittekommutatiivsetel poliinoomidel baseeruvat algebralist forma-
lismi. Esiteks, on leitud mitme mitme sisendi ja mitme valjundiga diskreetse
mittelineaarse juhtimissiisteemi taandumatuse tarvilikud ja piisavad tingimused.
Need tingimused, mis on formuleeritud siisteemiga seotud mittekommutatiiv-
sete poliinoomide maatriksite suurima tihisteguri abil, annavad ka meetodi
siisteemi taandamiseks. Teiseks vaadeldakse sisend-valjund vorrandiga kir-
jeldatud ruutsiisteemide realiseeritavust. Teist ja kolmandat jarku mudelite
joaks on leitud realiseeritavuse tarvilikud ja piisavad tingimused vahetult ruut-
stisteemi parameetrites. Korgemat jarku mudelite jaoks on vélja toodud kaks
realiseeritavat alamklassi. Kolmandaks on leitud meetod realisatsioonitilesande
lahendamiseks mittekommutatiivsete poliinoomide teooria abil iihe sisendi ja
ithe véaljundiga diskreetse mittelineaarse juhtimissiisteemi jaoks.

T606 teine osa kirjeldab stimbolarvutuse pgorammi NLControl, mis véimaldab
lahendada mittelineaarsete juhtimissiisteemide modelleerimise, analiitisi ja stin-
teesiga seotud iilesnadeid. See tarkvara baseerub samuti diferentsiaalvormide
ja mittekommutatiivsete potinoomide algebralisel formalismil ja on arendatud
tarkvarapaketi Mathematica keskkonnas. Liihidalt on kirjeldatud NLControli
veebisaiti, mis voimaldab kasutada NLControli tdhtsamaid funktsioone inter-
neti vahendusel, ilma Mathematicat lokaalsesse arvutisse installeerimata.
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Abstract

In the theoretical part of this thesis algebraic approach of differential forms,
supplemented by skew polynomial formalism, is applied to three modelling
problems of nonlinear control systems. First, necessary and sufficient irre-
ducibility condition for multi-input multi-output discrete-time control system
is presented. The condition is formulated in terms of the greatest common left
divisor of the skew polynomial matrices associated with the system equations
and it also provides a natural method for system reduction. Second, realiz-
ability of the class of higher order quadratic input-output differential equation
is examined. For the second- and third-order models necessary and sufficient
realizability conditions in terms of the quadratic model parameters have been
provided. For higher order quadratic equations two realizable subclasses were
suggested. Third, the realization problem for single-input single-output dif-
ference equation is solved using the theory of skew polynomials.

The second part of the thesis is devoted to symbolic computer algebra
package NLControl, which allows to solve numerous problems related to mod-
elling, analysis and synthesis of nonlinear control systems, both continuous and
discrete-time case. The package is based on the algebraic methods of differen-
tial one-forms and skew polynomials and it is created within computer algebra
system Mathematica. A brief exposition of the NLControl website, which al-
lows to perform computations with more important NLControl functions over
the internet, without having Mathematica installed into local computer, is also
given.
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