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Relations between modules associated to input-output nonlinear
equations with delays and their realizations

Zbigniew Bartosiewicz, Arvo Kaldmie, Ulle Kotta, Malgorzata Wyrwas

Abstract— The relations between a control system with delays
given by a nonlinear input-output equation and its realization
are addressed. The algebraic formalism based on rings of
polynomials over the rings associated with the considered
systems and modules of differential one-forms is used to show
the relations between submodules corresponding to the input-
output equation and its realization.

I. INTRODUCTION

Control systems can be described in different ways. One of
the descriptions is given by an input-output (i/0) equation.
In this case there is no state of the system, we have only
the relation between inputs, outputs, and their derivatives at
different delayed time instances. It is well known that some
/0 equations can be described in the state space form called
a realization. Therefore the other description is associated
with control system given in the state space. We will consider
both types of descriptions and explore the relations between
certain algebraic structures related to them.

Studying the realization problem for systems with delays
by using the algebraic formalism based on differential al-
gebra and one-forms can be difficult because the algebraic
objects characterizing the i/o equation and its realization
are different. Most previous results simply ignore the issue.
The possible reason for the latter is that if the order of the
realization is equal to the order of the i/o equation then
there exists a simple isomorphism between the corresponding
algebraic structures. However, if one studies lower order
realizations, then the map between the algebraic structures
has more complicated characteristics. In [5] a kind of sketch
is provided for addressing difficulties arising in case of
unequal orders of system representations. This aspect will
be handled in this paper in a full mathematical rigor. The
purpose of the current paper is to describe the relationship
between certain rings and modules associated with an i/o
equation and its realization. Compared to [5] we use rings of
analytic functions instead of fields of meromorphic functions.
In our opinion rings are more useful for describing the
relations between the algebraic structures associated to i/o
equations and their realizations. The map &, which appears
in the definition of realization, is not always injective. This
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happens if the dimension of realization is lower than the
order of the input-output equation. Then the considered map
& cannot be an isomorphism, so its kernel is not trivial.
This map £ may be extended to a map between the fields
of fractions of rings A (associated to an i/o equation) and
A (associated to a realization) only if it is injective. If
additionally this map is surjective, then it is an isomorphism.
Obviously, it is better to have an isomorphism, because there
is then one-to-one correspondence between the rings (and
their fields of fractions), which is transferred to one-to-one
correspondence between different modules. Unfortunately,
if the dimension of realization is lower than the order of
the input-output equation, then the map ¢ cannot be an
isomorphism on both levels: rings and modules. But then
one gets a nice interpretation when we restrict the considered
map & to the map from H, to Hoo. Then the isomorphism
appears in a different context. Namely, the image im £|__ is
isomorphic to the quotient module H. /ker £|3__. Therefore
in this paper we take into account a more general approach
where the rings of left polynomials are over the ring while in
[5] the rings of polynomials over the field were considered.

The presented relations can provide a framework for
analyzing and designing control systems, in particular for
constructing minimal realizations, i.e. for transforming a
higher order differential equation relating the system outputs
and inputs into a set of first order differential equations
(the so-called state equations), which are observable and
accessible. Besides helping to address minimal realization
problem, the suggested relationship may be useful when
addressing problems whose proofs require to move from one
system representation (input-output equation for instance) to
the other representation (state equations). Moreover, these
relations can help in understanding system behaviour and
determining the system properties as for instance accessibil-
ity, controllability or observability. Additionally, thanks to
the presented relationship engineers can develop algorithms
for computing different realizations for a retarded type time
delay i/o equation.

The paper is organized as follows. In Section II we present
the description of control systems with one input and one
output and introduce the algebraic approach that allows to
check whether the state-space system is an realization of the
considered single-input single-output equation. In Section III
we study observability and accessibility of considered sys-
tems. Section IV is devoted to presenting the realizability
problem and the relation between modules associated with an
input-output equation and its realization. Finally, an example
to illustrate our results is given.



II. CONTROL SYSTEMS WITH DELAYS

Let us recall from [1],
notations used in the paper.

[5] the methodology and basic

A. Description of control systems

Let us start with a single-input and single-output (SISO)
nonlinear retarded time-delay system, described by the fol-
lowing input-output (i/0) equation

uCV(t —jd), ..., u(t —jd);5 =0,1...,p),

where F' is analytic in some open subset of R™(P+1) x
R*(P+1) | d is the delay that is assumed to be a non-negative
real number, and p is a non-negative integer, corresponding
to the maximum multiple of the delay d, which is present
in (1). The variables 3 (t — jd) and u(") (¢ — jd) denote the
ith time derivative of the output y and the input u at delayed
time ¢ — jd, respectively.
The control systems can be also described by

(D

@(t) =f(a(t — jd);ult — jd);j =0,...,q) @)
y(t) =h(z(t —jd);j =0,...,q)
for some q € {0} UN, where z(t) = (z1(t),...,za(t))T €
X CR", u(t) e U C Rand y(t) € Y C R, where X,

U and Y are open, and functions f = (fi,..., fz)? and h
are analytic in their domains. Similarly as in (1), d is the
delay that is assumed to be a non-negative real number, and
g is a non-negative integer, corresponding to the maximum
multiple of the delay d present in (2).

B. Rings and operators associated with control systems

Similarly as in [1] and [5], one can introduce rings
and operators associated with systems. Then some modules
defined over these rings are used to check systems’ properties
like observability or accessibility.

Denote by A the ring of analytic functions depending on
a finite number of variables from the set Y U U, where

YV ={yD[j]: i=0,...,n—1,j € {0} UN},

U :={uP[j]: i,j € {0} UN}. )

The variables y¥[j] and w(Y[j] in (3) correspond to
y@D(t — jd) and u?(t — jd), though they are not seen as
functions of time, but as independent variables. For the sake
of simplicity, y[j], y™"[j] and y?[0] are also denoted as
ylj], y[j] and y( ), respectively. Similar simplified notations
are also used for u(Y)[j]. Then, the i/o equation (1) can be
rewritten as follows:

y™ = Fy" I,

u*Y[j), ...

where F' € A.

Let A be the corresponding ring of analytic functions in
a finite number of variables from the set {z[;], u("[j]; i, €
{0} UN}. The variables x[j] and u(?[j] correspond to z(t —
jd) and u(® (t — jd). Again they are not seen as functions of
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time, but as independent variables. Then (2) can be rewritten
as follows:

& =f(z[jl;uljl;j=0,...,9)
y =h(zlj;j=0,...,9).

For the systems (4) and (5) algebraic setting that allows to
study for instance system’s realizability or accessibility is
described in [9], [5].

Similarly as in [5], on the ring .4 a time-derivative operator
d/dt : A — A and a delay operator D : A — A are defined.
Since the time derivative of y(*) (t — jd) is y**1) (t — jd) and
its (one-step) time delay is y*) (¢ — (j + 1)d), it is natural to
define the operators d/dt and D such that d/dt(y[j]) :=
yt[5] and D(y[j]) := yD[j +1]. However, because the
set Y contains only time-derivatives up to the order n — 1,
then d/dt(y(™~V[j]) := DI F(-). The operators d/dt and D
act in a similar manner on u(")[;]. Moreover,

®)

d/dt( Gy D [j];uP[j];i =0,...k;5=0,...,5)) ==
G iy ©
;;)(a() Al + 5o D)
and
DGO u i =0, ki =0...8) =
Gy +15;uD[j+1)i=0,...,kj=0,...,5)
for G € A.

In the case of A one defines a time-derivative operator

d/dt A — A and the delay operator D:A— Aina
similar manner as above, namely d/dt(xl[ ]) fi()), @
1,...,7, D(z;[j]) = @i[j +1], i = 1,...,7, and moreover,
M&@uMW@Mﬂ:anku:m.,ﬁ):
(X pocd/aali)
j=0 “i=1 wilJ] ®)
k A
0
(1)1
# 2 g ).
D(G (il ul ;i =0,..., k5 =0,...,5)) == ©)
Galj+1;uP[j+1];i=0,...,k;j=0,...,5)

for and G € A.

C. Modules associated with control systems

Consider modules £ := span 4{dp : ¢ € A} and £ :=
span z{dy : ¢ € A} of one-forms, where d : A — £ and
d: A — & are defined as standard differentials of a function
from the rings A and A. Next, the time-derivative operators
d/dt : A — A, d/dt : A — A and time-delay operators
D:A— A D: A— A are extended to the modules &, &.
Note that every element w € £ (v € & ) can be represented

as
w=Y adg; (@=) adg;) (10)
i=1 i=1



for some functions a;,p; € A (a;,0; € fl) and integer
r. Based on these representations, time-derivative operators
pi&—=E& i & — £ and time- -delay operators § : &€ — &,
5 : & — & are defined on &, € as follows:

M(;aid%) = (;t(az)d%—kald(i(%)))a (11)

() -3

T

>

=1

r

>

=1

d

d, .
dt(az)dapl-l-ald((it((pi))) , (12)

) (Z aid%> = D(a;)d(D(g1)), (13)
i=1 =1

5(2&1&@) =Y D(a;)d(D(¢:)) - (14)
i=1 =1

The operators D and D are used to define left polynomial
rings A[9] and A[0], respectively. Addition is defined in
A[9], A[9] as usual, but for multiplication the following rules
are used: Yo = D(¢)d for ¢ € A and J¢p = D((ﬁ)ﬁ for
¢ € A. The polynomials in A[¢] (A[0)]) act as operators on
£ (&) by the rule Yw = §(w) for all w € & (W& = §(&) for
all @ € ). Now, the one-forms can be alternatively viewed
as elements of the modules

N = span 45 {dp | ¢ € A}, (15)

N = spanAw]{dgp | ¢ € /l} (16)

1) Properties of modules: Unlike a vector space, not every
module has a basis. The modules, that do have bases, are
called free modules. Similarly as in [9], A[¢] and A[9)]
satisfy the left Ore condition, i.e. for all a[d],b[¥] € A[V]
there exist nonzero a; [9], b1 [9] € A[V] such that a; [9]b[V]
by [0]a[V] (similarly for the ring A[¢)]), and any two bases of
a free module over such a ring have the same cardinality,
which is called the rank of the free module and denoted
as rank (F) for a free module . The definitions presented
below will be given for the ring A[J] and the module N/,
but they also hold for A[9] and .

Definition 1: [9] The closure of a submodule F of N,
denoted by cl 49 (F), is defined as cl 4[9)(F) := {w € N |
30 # p € A[Y], s.t. p(¥)w € F}. If the closure of the
submodule F is equal to itself, then F is said to be closed.

A property of free submodules F is that the closure
cl ap9)(F) is the largest free submodule, containing F, and
having the same rank as F, see [9]. One also has the
following result.

Lemma 2: [1] A finitely generated closed submodule F
of NV is always free.

One is often interested in free modules, whose elements
can be written as linear combination of k& (where k is the
rank of the free module) exact elements, i.e. dy;, v; € A,
i =1,...,k, over the ring A[¢]. Such modules are called
integrable.

Definition 3: [6] A set of one-forms {wi,...,wx}, lin-
early independent over A[{], is said to be integrable if
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there exist k independent functions {¢, ..., ¢}, such that
span g {w1, - - - ,wk } = span g {der, ..., depk}

If the set of one-forms {wi,...,wy} is integrable, then
the corresponding submodule span 4y {w1, ..., wk} is said
to be integrable. R

Note that the time-derivative operators d/d¢ and d/d¢ can
be extended to polynomials p € A[¢J] and p € A[0] naturally
in the following manner

d d,

A ; AL (17)

a Eg

P = ; @) (18)
where p(1) = Y0 pit, pi € A p(0) = S0 pid, i €
A i=0,... k.

2) Submodules associated with control systems: In the
modules N and N one can define the following sequences
of submodules:

Hy ::spanAw]{dy("_l) dy, du®™Y L dud (19
Hiv1 :={w e H;| plw)eH;}, i>1
and
Hy :=span ;. {dz1,...,dz;
1i=span gy {1 } 20)

Hivr ={0 e Hi| Q&) € A}, i

associated with systems (4) and (5), respectively.

Sequences (H;)ien and (ﬁi)z‘eN are non-increasing and
converge to a submodules H., and Hoo respectively, i.e.
there exist k and k such that Hy = H; =: Hoo forall j >k
and 7-[ = ’H =: oo for all j> k, see [9]. Similarly as in
[9] and [1], the submodules #; and ’Hz, i € N, are closed
and free.

The properties of the submodule ., are presented in [1].
Some of them are recalled in the following.

Lemma 4: [1] A one-form w € N (& € N) belongs to
Hoo (7—[00) if and only if there exists k£ € N such that w, u(w),

o WP (W) (@, f(@), ..., f¥(@)) are linearly dependent over

AW] (A[)). A

Since the submodules H ., and H ., are the limits of nonin-
creasing sequences of submodules, they can be alternatively
defined as follows:

Moo= {we | ph) et k200 @D

and

Hoo :={0eH | pF@) ey, k>0}. (22

Taking into account (21) and (22) one gets

Proposition 5: The submodules H., and 7—100 are the
biggest invariant submodules of #H; and H, with respect
to p and i, respectively.

Theorem 6: [1] The submodule H., (’HAOO) is always
integrable.



ITII. PROPERTIES OF CONSIDERED CONTROL
SYSTEMS

One of the properties of control systems in the form (2)
(or equivalently, in (5)) is observability. Different notion
of observability for time-delay systems of the form (5) are
described in [3].

Definition 7: [3] System (5) is weakly observable if there
exist polynomials &; € fl[ﬁ] i=1,...,n, such that

&;(9)dw; € span gy {dh*7V . dh,

i (23)
du™2) . ,du},

where ¢ = 1,...,7. When &; can be chosen as ¢&;(dJ) =
1 for ¢ = 1,...,n, then system (5) is said to be strongly
observable. If there exist N > 7. such that

dzx; € spanAw]{dh(N_1 ., dh, du(N_Q), ooy dul,
where i = 1,...,
observable.
Observe that (23) is equivalent to

n, then system (5) is said to be regularly

di € cl 4, (spanAw]{dh(ﬁ_l ,dh, du™=2
Directly form Definition 7 one gets:
Proposition 8: If system (5) is strongly observable, then

it is regularly observable. Moreover, regular observability of

(5) implies its weak observability.

Let g be an r-dimensional vector with entries g; & A

Then 0g/0x denotes the r x 7 matrix with entries

@), Za

e>0
Let us define the rank of a matrix over /1[19] as the number
of linearly independent rows.
Definition 9: The least nonnegative integer s such that

9 (h,...,hs=D)
or
is called the observability index of (5).

Proposition 10: System (5) is weakly observable if and
only if its observability index equals to 7.

g
Ox

ag] 19[6./4[ ]

o (h,....h)
rank Al9) =rank Al9] 5 24)

Proof:  Let the observability index of (5) be s,
oh
dz
i.e. the rows of the matrix A := are lin-
RIS
ox

early independent over A[J] and the rows of the matrix
oh

ox
are linearly dependent over A[J] for i > s,
h(®)
Oz ) @
ot anl ant
where (Ze 0 Bz1[q] 0 >izo Bzall] ) €
. A
(A[ﬁ]) . Since dh() = dh( >d + dh( )d + ah((1)> du® +

., du}).
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an i—1)

dh
drM
Adx =
dn-1)
0 0 0 du
on) 0 0 du®
- . (25)
(=1) Ay (e1) (s—1) —
P T o) \dul?
wherem ZZOQ(Z?J(>) Ve AW, j=0,...,5s—2.If

s = 7, then A is a 7 X 7 matrix with entries in the ring A[¢].
Since the ring .A[1J] satisfies the left Ore condition, the Gauss
elimination can be applied (by adding a linear combination
of rows, see [2]) and system (25) can be transformed to the
form

s—1 s—2
a;(0)dz; = B;(0)dhD) + ) "y (0)du®)  (26)
j=0 k=0

and consequently, one gets the weak observability of (5).

For s < 7, A is a s X 7 matrix with entries in the
ring A[9] and rank AwA < s. Then it is not possible to
transform matrix A to a diagonal form and hence (25) cannot
be transformed to the form (26). Consequently, (5) is not
weakly observable. [ ]

Another property associated with the considered systems
is their accessibility that can be defined by using the idea of
autonomous one-forms.

Definition 11: Let w € N and & € N. The one form w
(w) is called the autonomous one-form of system (4) (system
(5)) if there exist polynomials oy € A[J] (Gy € A[9)), £ =

.,k such that the following relation holds

k k
Y@ @) =0 Q_di'@=0), @D
=0 =0
where k € {0}UN, and the one-forms w, pu(w), ..., u*~1(w)

@, p(@), ..., [*=1(&)) are linearly independent over A[v]
(A[ID.

Definition 12: We say that system (1) is accessible if there
is no nonzero autonomous one-form of (1). Similarly, system
(2) is accessible if there is no nonzero autonomous one-form
of (2). Otherwise the considered systems are said to be non-
accessible.

Similarly as in [1] one can show that

Proposition 13: w is an autonomous one-form of (1) ((2))
if and only if w € Hoo (Hoo)-
Corollary 1A4: System (1) ((2)) is accessible if and only if



IV. REALIZATIONS OF I/0 EQUATION

In this section we study the realizability of (4) (or equiv-
alently, (1)). Let £ : A — A be the map given by

D) == difdti (h(alt + 5] £ =0, q));
i=0,....,n—1,7€ {0}UN,
(@M]j]) =Ml k,j € {0} UN;
GV, ylil ™), ul]) -
GEW™ VD, - - i), E@™[]),
5 &(ulf]), je{0}UN.
Definition 15: System (5) is called a realization of (4) if
the map ¢ satisfies the condition

EF V], oyl uC Y,
j=0,1...,p))=h"

§
§

(28)

suljl; 29

where A" = dn /dt" (h(z[€]; £ = 0,...,q)).

Remark 16: Observe that if we replace X in realiza-
tion (5) by a smaller open subset X’, then we still get a
realization of (4).

Using the introduced rings and their modules similarly as
in [7], [5], one can formulate the conditions that guarantee
the existence of realization (2) of i/o equation (1).

Theorem 17: [7] There exists a strongly observable real-
ization (2) of dimension n = n of i/o equation (1) if and
only if H,4; is integrable.

Basing on the results given in [5] we get

Proposition 18: There exists a weakly observable and
accessible realization (2) of (1) with n < n if and only
if (1) is non-accessible and H,y; is integrable.

A. Relation between rings and modules for an i/o equation
and its realization

Let (5) be a realization of i/o equation (4). Then A is the
ring of functions depending on a finite number of variables
from the set Y U U and A is the ring of functions in finite
number of variables from the set {z[j],u"[;];i,5 € {0} U
N}. In rings A and A we have respectively a time-derivative
operators d/dt : A — A, d / dt : A — A, the delay operators
D:A— A D: A — A the polynomial rings A[J],
A[9] and the modules N, N of one-forms. Observe that the
operators d / dt and D act on A similarly as d/d¢ and D act
on A.

Note that £ : A — A defined by (28) is a homomorphism
of rings and obviously, £ 0 D = Do £. Moreover, one can
easily show the following proposition holds.

Proposition 19: Let G € A. Then ¢ (£(G)) = L(&(G)).

There exists a natural extension of the homomorphism &
to the polynomial rings. Namely, & : A[0] — A[J] is a
homomorphism of rings defined by

3 (Z W) =& (i),
=0 =0

d
dt
O

(30)
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where a; € A, p>0and i =0,...,7. Moreovgr, one can
extend the map £ to the modules and £ : N — A is a map
of modules defined as follows

n—1 K
Z aldy(l) + Z b]du(])
=0 7=0

n—
= S (e()) + e

i=0
where a;,b; € A[9], i = 0,...,n —1, kK > 0 and j
0,...,. Additionally, it is easy to show using induction
principle that the following proposition holds.

Proposition 20: Let v € N. Then £(p*(v))) = k¥ (£(v))
for k£ > 1.

Now, we give relation between submodules ., and 7:100
that are associated with accessibility property, see Corol-
lary 14.

Proposition 21: Let Hoo C N and 7:[00 C N be submod-
ules given by (21) and (22), respectively. Then

E(Hoo) € Hoo (32)

Proof: Let v € Hyo. By Lemma 4, w € H if and
only if there exists & € N such that w,...,u* (v) are linearly
dependent over A[d], i.e. 2% a;(9) (v) = 0. By (28) we

get £(0) = 0 and consequently, E(Zfzo a;(Npt (v)) =

0. It is equivalent to 27 o &l (9))E(pt (v)) 0.
Usmg the fact that &(uf (v)) at(E(v)) we get

>io &(@i(9))ji’ (€(v)) = 0. Hence by Lemma 4, &(v) €
co- |
If M is a subset of the module A, then A[J]M means the
submodule of N generated by M.
Corollary 22: By relation (32) given in Proposition 21
and the fact that H., is closed one gets

Now, let us study the properties of the map £ with regard
to observability.

Proposition 23: 1f realization (5) of (4) is weakly observ-
able, then n < n.

Proof: Weak observability means that for: =1,...,n
there are o;[9], Bi;[9], k0] € A9, 5 = 0,...,7 — 1,
k=0,....7—2 such that a;[9)dz; = 3" 015”[ ]dh(i)
S 2 yik[9)du®). Since dh¥), j = 0,...,7 — 1, contain
dx;, © = 1,...,7, and «o;[9]dz; are linearly independent,
dh), j =0,...,7 — 1, must also be linearly independent.
From the definition of realization dh, ...,dh(") are linearly
independent over A[9J] (modulo du(®)). So 7 < n. |

Observe that Proposition 23 gives only a necessary condi-
tion for the weak observability of a realization. The sufficient
and necessary condition for this property can be expressed
by using modules N and N as follows:

Theorem 24: Realization (5) of (4) is weakly observable
if and only if

€2
) du) |

cl 4 ADIEN) = N . (34)
”=" Assume that the realization is weakly
Then by Proposition 23, n < n and

Proof:
observable.



for i = 1,...,n there is o;[J] € /l[ ] such that
a;[U]dz; € span 4 {£(dy D), &(du®), 5 0,...,n —
1ak = Oa"'aﬂ - 2} - SpanA[ﬁ]g( ) [ ]g('/\/’)

Moreover du® ¢ A[ﬂ}ﬁ(N ) for k > 0. Therefore N C
clA[ﬁ],é}[ﬁ]g(N). Bei:ause N is closed and £(N) C N, then
cl 419 AWIEN) S N This gives (34).

”<=" Assume that (34) holds. This implies that for i =
1,...,7 there is a;[0] € A[J] such that

Z IBU dy(J + Z ’Y?k
= Z Bi;[9]dh9) + Z Vi [0] du®)
Jj=0 k=0

for some x> 0, Bi;[9], vir[9] € A[0]. Assume that n < 7.
Since in dh() only du, . ..,dul=1) can appear, (35) implies
that kK < n — 2 < n — 2. This means that the realization is
weakly observable. Now assume that n < n. First observe
that for I > 7 dh,...,dh"= D dh(®) are linearly dependent
modulo du®, k > 0, so for some e;[9] € /l[ﬂ], j =
0,...,n—1,1>n, we get gy9[I]dh+...c15_1[0]dh"1) 4
eu[9)dh® = 0 (mod du'®), k > 0). Using left fractions of
the ring A[J] we get dh) = —y[0]Vey[0]dh + ... +
en[¥] Ve a1 [9]dh(*~Y for I > . After substituting it
to (35) we can express «;[¢]dz; as a linear combinations
of dh,...,dh(" V) and duf’“), k > 0. Now observe that
Bis[¥ Jess [0~ = &5500)"L5:[9] for some &,,[0], Bi;[9] €

A[Y] (from left Ore property). Multiplying both sides of (35)
by £;;[0] from the left allows to eliminate this denominator
from the right-hand side of (35). Continuing this procedure
allows for elimination of other denominators. This means
weak observability of the realization. [ ]
From Proposition 23 we get the following implication:

Corollary 25: If a realization is strongly or regularly
observable, then nn < n.
Similarly as for the weak observability modules N and
N can be used to check whether a realization is regularly
observable and the following theorem holds:

Theorem 26: A realization (5) of (4) is regularly observ-
able if and only if

ddx; = &(du k)

(35)

§WN)

N (36)

after possibly reducing the state space of the realization.

Proof: "< Assume that £(N) = N. Then for
every ¢ = 1,...,n dx; = Z;L:_Olf(aij[ﬁ])f(dy(j)) +
SrooEBiDEu®) = I ay[0]dhD +

S _o Bir[9)du®  for some oy (0], B[] € A[J] and
ausld) = &y [9)) € AW), Buld) = £(Bul]) € AW]. As
in the proof of Proposition 23 and Theorem 24 we can
show that dh,...,dh™ Y must be linearly independent
and Kk < n — 2. Then n > n and the realization is regularly
observable.

=" Assume that the realization is regularly observable.

Then, from Proposition 23, n > n, and for ¢ = 1,...,n
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there are &;; (0], Bir[9] € A[9] such that

m—1 m—2
doy = Y ay[dhD) + 3 Bu[0)du®  (37)
j=0 k=0

for m > n. For j > n, dh¥) is a linear combination
of dh,...,dh Y du... du™2 so we can assume that
m < n. The right-hand side of (37) belongs to a codistribu-
tion spanned by dh\)[r], du®[r], where j = 0,...,n — 1,
k=0,....,n—2,r =0,...,s. After restricting to some
smaller set we may assume that this codistribution has a
constant dimension. Using Lemma 6.2 in [8] we get z; =

Gi(dh D [r],u®[r],j =0,....,n -1,k =0,...,n— 2,7 =
Oa' ) £(¢ (dyj)[ ] u(k)[rLj = 07"'7” - ]-ak =
0,...7n—2,7"—0,...7 s)) for some analytic functions ¢;,
i=1,...,7 and some s > 0. This means that £(A) = A,
50 also £(N) = N [ |

From the proof of Theorem 24 it follows that when the
realization (5) is regulary observable, then £ : A — A is an
epimorphism. Moreover, the following Proposition holds:

Proposition 27: If system (5) is a regularly observable
realization of (4), then

E(Hoo) = Hoo - (38)
_ Proof: By Proposition 21 one gets (32). Let us prove
Hoo € §(Hoo) Let © € Heo. Then using the fact that

EN) = N and £(A) = A, one gets §(v) = o for some
v € N. Since for some k£ € N and &; € A[9], i =0,...,k,
S Oal(ﬁ)ﬂi( ) =0 and &; = &(ay) for a; € A[9 ] one
gets £(X1_o (D) (v)) = 0. Hence 3 a; (9)p'(v) €
Hoo By Lemma 4 there exist 5; € A[Y], j =0,...,¢ such
that S4_ 8;(0)! (ZZMM%M(D—OTMH
¢k A\ ds -

>33 ,0)(]) e =0

j=0 i=0 s=0
and consequently, by Lemma 4 we get v € Ho [ |

Proposition 28: If system (5) is a weakly observable
realization of (4), then

el g AN (Hoo) = o (39)
Proof: By Corollary 22 one gets (33). Therefore one
has to show that Hoo C cl 45 A[V]¢(Hoo ). Assume that w €

Hoo. Then there are &[0, B[0) | € A[¥] and w € N such that
a[)e = BY]E(w). As @ € Hoo, then & = a[J|w € Heoo
as well. This means that @9 € H, = spatl 4 19]{d9[:]7] =
.,n} for i > 0. Thus (BWIEW))D € Hy for i > 0.
From BlY)E(w) € H, it follows that &(w) € Hy (Hy is
closed). Then, similarly fi(£(w)) € #; and consequently
(Ew)D € Hy for i > 0. But (§(w)@ = £w®), so
E(w®) € H;. Weak observability of realization (5) implies
that w(® € H; for i > 0, which means that w € Ho [ |
Proposition 29: If € : N' — N is injective, then 7 > n.
Proof: Assume that £ : N' — N is injective. Then
dh®) = ¢(dy®), k = 0,...,n — 1 are linearly inde-
pendent Note that dh = Y7 | api[¥)dz; and dh®) =
S G [9)da; + Z; “o Brj[9lduD, k= 1,...,n —1 for



A[9] and one forms: dx;, i = 1,...,

i [V], Brs 9] € n,
du?), j =0,...,n— 2 are linearly independent. Hence we
get n > n. |

Proposition 30: If realization (5) of (4) is weakly ob-
servable and £ : N — N is injective, then n = n and
rank Hoo = rank Hoo

Proof: Weak observability of realization and injectivity
of & imply that 7 = n. Moreover, {(Hoo) is a free mod-
ule (over A[Y]) whose rank is equal to rank H.,. Since
spanAw]f(’Hoo) is also a free module (over /l[ﬁ}) of the
same rank, then rank H., = rank cl gpgy5Pan 45 & (Hoo)
rank Ho

Corollary 31: f £ : N — N is bijective, then 7 = n.

From Propositions 21 and 29 one gets the following
property:

Proposition 32: 1If realization (5) of (4) is accessible and
¢ is injective, then i/o system (4) is accessible.

Theorem 33: 1If realization (5) is strongly observable, then

rank Hoo = rank Heo + 1 — 7. (40)

Proof: Strong observability implies that &(Hoo) = Hoo.
Then Hoo = Moo /ker €, where ker & = {w € Hoo : £(w) =
0}. Since ’ﬂoo and H., are free, so is ker&. Let us find
its basis. From strong observablhty we get that dh(?) =

i i [9)dhD) + 3237 o Bir[0]du® fori =n,...,n—1
and &;; (0], Bix[9] € A[9]. Therefore &;;[0] = &(vi;[0]) and

Bik[¥] = £(Bix[]) for avi; (9], B[] €

n—1

w; = dy¥ — Z a;;[V]dy
=0

for i =n,...,n—1. Observe that w;,...,w,_1 are linearly
independent. It can be shown that they belong to H., and
they span ker ¢. This implies that rankker{ = n — n and
rank Hoo = rank Heo + 1 — . [ |

Remark 34: Using similar techniques one can show that
(40) holds under the assumption that realization (5) is weakly
observable. This fact was earlier proved in [5] using different
methods.

Example 35: [5] Consider the retarded second order i/o
equation

A[Y], and

s—1
O =" Bix[0]du® € ker ¢

k=0

1) = 2u(ty? + WO = uu(;t)_ D)) L oe—1). @
From [5] the system
Z1(t) = 2u(t)x2(t) +u(t — 1)
@a(t) = ul(t) (42)

y(t) = z1(t)

is a realization of (41). It is strongly observable but not
accessible, since dx1 — (224 +A19)dx2 is an autonomous one-
form of (42). Then £ : A — A is given by

E(ylj]) = 21lj],
&y ]) = ulj + 1] + 2ulj]z2[j], j € {0} UN,
(D)) == u[5],4,5 € {0} UN.

1‘1[

ulj
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Note that ¢ is an isomorphism of rings. Moreover Hy =
span j g {dw1,dza} = span 5 {{(dy),{(dv)}, where
(D, u, ull]) Vol and Hoo = span g {dry —
(2wz + 9)drs} = span Ay {&(dy — (29 + ﬁ)dw)} Let
v =y —9* — Y[1]. Then Ho, := span 4y {dv}. Since
dv dy — (20 + 9)dy, one gets £(Hoo) = Hoo. see
Proposition 27. Then dv is an autonomous one-form of (41)
and ¢ is an isomorphism of modules H.o and .. Let us
consider now a weakly observable and accessible realization
of (41) given by

z(t) = u(t)
y(t) =z(t)? +z(t —1) “43)
(see [5]). Then
(i) = 5] + i + 1],

E(yV]) = 2x[5]ulj] + ulj + 1),
£ D4]) :== uP[5],4,5 € {0} UN.

Then one gets H; = span g {da} = span 4 {£(dv))}

and Ho, = {0}. Note that &(dv) = &(dy — dyp® — dy[1]) =
d¢(y) — dx? — dz[1] = 0, so £(He) = {0} and Proposition
28 holds. Then £ is not injective and ker €|y = Hoo

V. CONCLUSIONS

The paper addresses the problem of relations between the
rings and modules associated with single-input single-output
time-delay nonlinear i/0 equations and their realizations. The
algebraic approach based on polynomial tools and modules
of differential one-forms is used to study those relations. We
plan to use these methods to transform a given realization to
a better one, e.g. observable or accessible.

REFERENCES

Z. Bartosiewicz, A. Kaldmie, U. Kotta, E. Pawluszewicz, A. Simha,
and M. Wyrwas. Accessibility and system reduction of nonlinear
time-delay control systems. IEEE Transactions on Automatic Control,
66(8):3781-3788, 2021. DOI:10.1109/tac.2020.3028566

M. Bronstein, M. Petkovsek, An introduction to pseudo-linear algebra,
Theoret. Comput. Sci. 157(1):3-33, 1996.

C. Califano and C. H. Moog. Observability of nonlinear time-delay
systems and its application to their state realization. IEEE Control
Systems Letters, 4(4):803-808, 2020.

M. Halas and M. Anguelova. When retarded nonlinear time-delay sys-
tems admit an input-output representation of neutral type. Automatica,
49:561-567, 2013.

A. Kaldmae, Z. Bartosiewicz, U. Kotta, and M. Wyrwas. Minimal
Realizations of Nonlinear Time-delay Systems. [EEE Transactions
on Automatic Control, published online, 26 January 2023, DOIL:
10.1109/TAC.2023.3240124.

A. Kaldmie, C. Califano, and C. H. Moog. Integrability for non-
linear time-delay systems. /EEE Transactions on Automatic Control,
61(7):1912-1917, 2016.

A. Kaldmie and U. Kotta. Realization of time-delay systems. Auto-
matica, 90:317-320, 2018.

A. J. van der Schaft. On realization of nonlinear systems described
by higher-order differential equations, Mathematical Systems Theory,
19(3):239-275, 1987.

X. Xia, L. A. Marquez-Martinez, P. Zagalak, and C. H. Moog. Analysis
of nonlinear time-delay systems using modules over non-commutative
rings. Automatica, 38(9):1549-1555, 2002.

[1]

[3]

[4]

[6]

[7]
[8]

[9]



