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Abstract: Linear constant-coefficients control systems with out-
put on arbitrary time scales are studied. Kalman criteria of control-
lability and observability are extended to such systems. The main
problem is to find criteria for an abstract input/output map to have
a realization as a system on the time scale. Two different character-
izations of realizability are proved. They extend the classical results
obtained for continuous-time and discrete-time systems. Minimal
realizations and their uniqueness are also studied.
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1. Introduction

The problem of realization of an input-output map means finding a dynamical
state-space system with input and output, able to reproduce, when initialized
at some state, the given input/output behavior. In the linear case the results
obtained for continuous-time and discrete-time are very similar. A natural ques-
tion is whether these two cases may be unified in one more general theory.
Calculus on time scales, originated by Stefan Hilger (1988), seems to deliver
a perfect language for unification of continuous-time and discrete-time theories.
A time scale is a model of time. It is an arbitrary closed subset of the real
line. Besides the standard cases of the whole line (continuous time) and the set
of integers (discrete time), there are numerous examples of other time models,
which may be partly continuous and partly discrete. The delta derivative of
a real function defined on the time scale is a generalization of the classical
(time) derivative for continuous time and the finite forward difference for the

'The work supported by the Bialystok Technical University grants No.
W/IMF/1/04 and W/IMF/3/06



770 7. BARTOSIEWICZ, E. PAWLUSZEWICZ

discrete time. Similarly, the integral of a real function defined on the time scale
is an extension of the Riemann integral in the continuous time and the finite
sum in the discrete time. As a consequence, differential equations as well as
difference equations are naturally accommodated in this theory. We recall the
basic facts on systems of linear delta differential equations. However we drop
the assumption about regressivity of the matrix of coefficients of the system.
Regressivity implies existence and uniqueness of forward and backward solutions
of the system of linear delta differential equations (see Bohner, Peterson, 2001).
In the problems we study here only forward solutions are needed and they exist
without the regressivity assumption.

In this paper we consider linear constant-coefficients control systems with
output, defined on time scales. The state space model described by delta differ-
ential equations and output equations gives rise to the input/output map with
an integral operator on the time scale. The standard problem is now to con-
struct a state-space representation of an abstract input / output map and to give
conditions for this map that allow for such a representation. The main result
(Theorem 5) may be seen as an extension of the classical criterion (see, e.g.,
Brockett, 1970). However, one has to take into account that the input/output
map for a system on a time scale is not in general a convolution operator in
the standard sense (either continuous or discrete). This makes the theory more
complicated. It is much easier to construct a realization with time-varying ma-
trices. This was done by L.V. Fausett and K.N. Murty (2004), who studied
systems with coefficients depending on time.

In the continuous-time case the input/output map (or the transfer matrix)
is often represented by the Markov parameters, which may be defined as the
derivatives at 0 of the kernel matrix of the convolution operator that defines
the input/output map. We introduce the Markov parameters for input/output
maps on time scales and show that the input/output map has a state-space real-
ization if and only if the Markov parameters satisfy a linear recurrence equation.
However, a theory of power series on time scales is missing, so we have to assume
something that allows to recover a function from the sequence of its derivatives
at some point (we call this analyticity).

We also show that, like in the theory of continuous-time systems, one can
always reduce the dimension of the state space of the constructed realization
so that the reduced system is controllable and observable (i.e. minimal). For
completeness we add a section devoted to these properties, showing that the
standard Kalman conditions (see, e.g., Kalman, Falb and Arbib, 1969; Sontag,
1990) are still valid for systems on time scales. These results were earlier an-
nounced in Bartosiewicz, Pawluszewicz (2004) and, partly, in Fausett, Murty
(2004). But Bartosiewicz, Pawluszewicz (2004) contained only sketches of the
proofs. On the other hand, the proof of the Kalman condition for controllability
in Fausett, Murty (2004) (Theorem 3.4) is correct only for the time scale equal
to R (i.e. in the classical continuous-time case), as the standard continuous-
time exponential matrix and its properties were used in the calculations. In the
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general case the proof is more complicated and we give it here.

The first attempt to unify the theories of continuous-time and discrete-time
control systems was undertaken by R.H. Middleton and G.C. Goodwin (1990).
They studied controllability, observability and realizations of linear systems.

2. Calculus on time scales

For convenience of the reader we give here a short introduction to differential
calculus on time scales. This is a generalization of the standard differential
calculus, on one hand, and the calculus of finite differences, on the other hand.
Then we describe the inverse operation — integration. This will allow to solve
differential equations on time scales. More material on this subject can be found
in Bohner, Peterson (2001).

A time scale T is an arbitrary nonempty closed subset of the set R of real
numbers. The standard cases comprise T =R, T = Z, T = hZ for h > 0. We
assume that T is a topological space with the relative topology induced from R.
If ty,t1 € T, then [tg,t1] denotes the intersection of the ordinary closed interval
with T. Similar notation is used for open, half-open or infinite intervals. For
t € T we define

e the forward jump operator ¢ : T—T by o(t) := inf{s € T : s > ¢t} if

t#supT and o(sup T) = sup T;
o the backward jump operator p : T—T by p(t) == sup{s € T : s < t} if
t #inf T and p(inf T) = inf T;

o the graininess function p : T—[0,00) by p(t) == o(t) —t.

If o(t) > t, then ¢ is called right-scattered, while if o(t) < t, it is called left-
scattered. If t < sup T and o(t) = t then t is called right-dense. If ¢ > inf T and
o(t) =t, then t is left-dense.

We define also the set T* := {t € T : ¢ nonmaximal or left-dense}. Thus
T* is obtained from T by removing its maximal point if this point exists and
is left-scattered. The delta derivative, introduced in Definition 1, will be well
defined only on T*. Finally, we denote f := f o ¢ for any function f: T—R.

ExaMPLE 1 a) If T = R then for any ¢t € R, o(t) = ¢t = p(t); the graininess
function u(t) = 0.

b) If T = Z then for every t € Z, o(t) = t + 1, p(t) = t — 1; the graininess
function u(t) = 1.

c) Let ¢ > 1. We define time scale T = ¢Z := {¢* : k € Z}U{0}. Then o(t) = qt,
p(t) = 2 and p(t) = (¢ — 1)t for all ¢t € T.

DEFINITION 1 Let f : T—R and t € T*. The delta derivative of f at t, denoted
by f2(t), is the real number (provided it exists) with the property that given any
e there is a neighborhood U = (t — 6,t + 0) N'T (for some & > 0) such that

(f(a(t)) = f(s) = f2()(a(t) = 5)| < elo(t) —s|
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for all s € U. Moreover, we say that f is delta differentiable on T* provided
fA2(t) exists for all t € T*.

REMARK 1 In general, the function ¢ may not be delta differentiable.

REMARK 2 i) If T = R, then f : R—R is delta differentiable at ¢ € R iff
20t = Stht w = f'(t) exists, i.e. iff f is differentiable in the ordinary
sense at t.

ii) If T = Z, then f : Z—R is always delta differentiable at every ¢ € Z with

ro ) = BRI = (e 1) - £(1).
i) T = ¢7, then fo@t) = %_I{t(t) for all t € T, ¢t # 0 and for all functions

(
f:T—-R. !

Delta derivatives of higher order are defined in the standard way: f A% will
denote the delta derivative of order k. We often drop the word ‘delta’ and talk
only about derivatives and differentiability.

EXAMPLE 2 The delta derivative of ¢ is ¢ + o(t). This means that the second
delta derivative of t> may not exist.

A function f : T—R is called regulated provided its right-sided limits exist
(finite) at all right-dense points of T and its left-sided limits exist (finite) at all
left-dense points of T. A function f : T—R is called rd-continuous provided it
is continuous at right-dense points in T and its left-sided limits exist (finite) at
left-dense points in T. It can be shown that

e f is continuous = f is rd-continuous = f is regulated

e ¢ is rd-continuous.

A continuous function f : T—R is called pre-differentiable with (the region of
differentiation) D, provided D C T, T* \ D is countable and contains no right-
scattered elements of T, and f is differentiable at each t € D. It can be proved
that if f is regulated then there exists a function F' that is pre-differentiable
with region of differentiation D such that F'2(t) = f(t) for all t € D. Any such
function is called a pre-antiderivative of f. Then the indefinite integral of f
is defined by [ f(t)At := F(t) + C where C is an arbitrary constant. Cauchy
integral is defined by

/f(t)At = F(s) — F(r) forall r scT".

A function F : T—R is called an antiderivative of f : T—R provided F*(t) =
f(t) holds for all t € T*.

REMARK 3 It can be shown that every rd-continuous function has an antideriv-

b
ative. Moreover, if f(t) > 0 for all a <t <b and [ f(7)A1 =0, then f = 0.



Realizations of linear control systems on time scales 773

b b
EXAMPLE 3 a) If T =R, then [ f(7)A7 = [ f()dr, where the integral on the

a

a
right is the usual Riemann integral.
b

b 71
b) If T = hZ, h > 0, then [ f(r)AT = 5 f(th)h for a < b.
a t=%

REMARK 4 An antiderivative of 0 is 1, an antiderivative of 1 is ¢, but it is not
2
possible to find a closed formula of an antiderivative of t: the derivative of % is
tro(t) _ ¢4 pl)
2 2

3. Exponential function. Linear systems on time scale
Let us consider the system of delta differential equations on time scale T:

x5 (t) = Ax(t), (1)
where x(t) € R™ and A is a constant n X n matrix.

PROPOSITION 1 Equation (1) with initial condition x(tg) = xo has a unique
forward solution defined for all t € [tg, +00).

Proof. See Bohner, Peterson (2001). [ |

The matriz exponential function (at to) for A is defined as the unique forward
solution of the matrix differential equation X© = AX, with the initial condition
X (tg) = I. Tts value at t is denoted by ea(t, tp).

REMARK 5 When the matrix A is regressive, i.e. I + p(t)A is invertible for
any t € T*, the solution of (1) is unique and global, Bohner, Peterson (2001).
Roughly speaking, regressivity of the matrix A means that we can solve equation
(1) both backward and forward. In control theory we need usually only forward
solutions, so we do not assume this property.

EXAMPLE 4 a) If T =R, then e(t,ty) = eA(t~t0),

b) If T = Z, then ea(t,t0) = (I + A)t=to),

c) If T = g%, ¢ > 1, then ea(qto, to) = [1i_g (I + (¢ — 1)q'toA) for k > 1 and
to > 0.

Let us consider now a nonhomogeneous system
a2 (t) = Ax(t) + f(t) (2)
where f is rd-continuous.

THEOREM 1 Let tg € T. System (2) for the initial condition z(tg) = xo has a
unique forward solution of the form

x(t) = ea(t,to)xo +/ ea(t,o(r))f(r)AT. (3)

to
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Proof. For a regressive matrix A the theorem was demonstrated in Bohner,
Peterson (2001). In the general case the proof is the same, but we can claim
only existence of a forward solution. [ |

THEOREM 2 (Putzer Algorithm) Let A be an n x n matriz and to € T. If
A1, ..., Ay are eigenvalues of A, then fort > tg

n—1
eA(t, to) = Z ’I“H_l(t, to)Pi
=0

where r(t,t9) := (r1(t,t0), ..., n(t, t0))T is the forward solution (evaluated att)
of the initial value problem

M 0 0 0
1 X O 0 1
0 1 A\ 0 0
TA = s T, T(to) - . )
0 .
0
0 0 1 A\

and the matrices Py, Py, ..., P, are recursively defined by Py = I and
Pk+1 = (A - >\k+1I)Pk, for k = 0,1,...,77,7 1

Proof. 1t is similar to the one given under regressivity assumption for matrix A
in Bohner, Peterson (2001). ]

PROPOSITION 2 The following properties hold for every t,s,r € T such that
r<s<t:

1) eA(tvt) =1I;

ii) ea(t,s) = e, (s,t) under the regressivity condition;

iii) ea(t,s)ea(s,r) = eal(t,r);

iv) Aea(t,s) = eal(t,s)A.

Proof. Property i) follows from the definition. Property ii) was shown in Bohner,
Peterson (2001). Property iii) follows from the uniqueness of forward solutions
of delta differential equations.

iv) Fix s € T and consider function F(t) = Aea(t,s) — ea(t,s)A for t > s.
Then F(s) = 0. Moreover F2(t) = A%ea(t,s) — Aea(t,s)A = A(Aea(t,s) —
ea(t,s)A) = AF(t). F solves delta differential equation F*(t) = AF(t), F(s) =
0. By Proposition 1 we have F' = 0, which gives the result. |

Let €®0(t) = ea(t,ty). It is easy to see that €% is infinitely many times
A A

differentiable at ¢y and (efg)Ak (tg) = AF.
Let syea(s) = ea(to, s) for s < tg. Then ea(t,s) = e (t) - 1,ea(s).
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PROPOSITION 3 (y,e4)>(s) = —(t,ea 0 0)(s)A for s < p(to).

Proof. Let pu(s) > 0 and s < tg. Then, from the definition of delta derivative, it
follows that

(10ea)™(8) = —=[ealto,o(s)) — ealto. )]

to€A - ‘LL(S) A\lOo, A\lO,

1

= @[eA(tOJ(S)) —ealto,o(s))ea(o(s), s)]
ea(o(s),s) —ea(s,s
() A0 —ea(s)

u(s)

= —e(to,0(s))A.

Now, let u(s) =0 and As > 0 be such that s + As < ¢y. Then we have

ealto, s+ As) —ealto, s)

(tOeA)A (s) = lim

As—0 As
. ealto, s+ As) —ea(to, s+ As)ea(s + As, s)
= lim
As—0 As
. —ea(to, s+ As)lea(s+ As,s) —ea(s,s)]
= lim
As—0 As

= —€A (t(), O'(S))A

Similarly for As < 0. Now we also admit the case s = tg if p(tg) = to. [ |

4. Controllability and observability

Let n € N be fixed. In this section we shall assume that the time scale T consists
of at least n + 1 elements.

Let us consider a linear control system with output, denoted by X, and
defined on the time scale T:

y(t) = Cx(t) (4b)

where t € T, z(t) € R, u(t) € R™ and y(t) € R". Recall that:

e System X is controllable if for any two states xg,z1 € R™ there exist
to,t1 € T, t1 > to, and a piecewise rd-continuous control u(¢), t € [to, t1],
such that for o = z(to) one has z(t1) = 1.

e Two states 1,z € R™ are indistinguishable if for every control u and for
every time ¢ € domu = [tg, t,] the value of the output y(t) corresponding
to w is the same for both initial conditions z(tg) = x1 and x(tg) = xs.
System X is observable if any two indistinguishable states are equal.

e System X is minimal if it is both controllable and observable.
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Let us consider the set of all points that can be reached at time ¢; starting
from xo at time to (reachability set). It will be denoted by Ry, (to,t1). Observe
that for o = 0 this set is a linear subspace of the state space R".

THEOREM 3 Assume that the interval [to,t1] consists of at least n+1 elements.
The following conditions are equivalent:

i) Ro(to, t1) =R"

ii) rank(PyB, P\ B, ..., P,_1B) =n

iti) rank(B, AB, ..., A""1B) = n.

Proof. i) = ii) Let us assume that rank(PyB, P B,..., P,—1B) < n. This im-
plies that the rows of the matrix (PyB, P\ B, ..., P,_1B) are linearly dependent
and there exists a constant vector v # 0 such that

v'PpB=v'PB=...=v"P,_1B=0.

From the Putzer’s algorithm we obtain that

t1

T = /eA(tl,a(T))Bu(T)AT = /im+1(t170(7'))PiBu(7')AT-

to to
Then
n—1
IETEDY / riv1(ty, o(7))wT P,Bu(t) AT =0
i=0 %

for all controls. So, every state x; reachable from 0 lies in the hyperplane of R™
orthogonal to v. Hence, the reachable set Rq(to,t1) is not equal to R™.

1) = iii) Let rank(PyB, P\ B,...,P,_1B) = n and let us assume that
rank(B, AB, ..., A" 1 B) < n. This assumption implies existence of a nonzero
vector v such that vT A*B =0 for i = 0,1,...,n — 1. From the definition of the
matrices P; it follows that

Py= (A= MI)(A—= 1) ... (A= \I) (5)

or in the polynomial form

k
Pe=A"taf AF 44 dfAtafl =) af A (6)
=0

k .
where a¥ are coefficients defined by (5). Then vI'P,B = Y afvTA'B = 0
i=0
for Kk = 0,1,...,n — 1. This means that matrix (PyB, P\B,..., P,_1B) has
dependent rows. Hence contradiction.
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i91) = 1) Let us assume that Ro(to,t1) # R™. Then there exists a vector
v # 0 such that for all controls u

t1

o7 / ea(ts, o(r))Bu(r)Ar = 0. (7
Let us take

u(r) = BTeA(tl, O'(T))TU. (8)
This gives

t1

/UTeA(tl, o(1))BBY ea(t,0(1)) vAT =0

to
which implies vTe4(t1,0(7))B = 0 for all 7 € [tg,t1). Continuity of ;,e4 and
density of o([to,t1]) in the interval [o(tg), o(t1)] implies that vTea(t1,7)B =0
for all 7 € [o(t),t1]. Thus, in particular, vI' B = 0. The left hand side of this

equation is delta differentiable with respect to 7 (Proposition 3). Subsequent
derivatives and the density argument as above give

vlea(ty, 7)AB = 0 for 7 € [02(to), 1]

vlea(ty, 7)A" 1B =0 for 7 € [0"(to), t1].

For 7 = t; wehavevT A*B =0,k =0,1,...,n—1,sorank[B, AB, ..., A" ' B] <
n. |

From the proof of Theorem 3 we get

COROLLARY 1 Let the interval [to,t1] consist of at least n + 1 elements. Then
Ro(to,t1) is spanned by the columns of the matriz (B, AB,..., A" 'B).

COROLLARY 2 Let g € R™ and the interval [tg,t1] consist of at least n + 1
elements. Then Ry, (to,t1) = R" < rank(B, AB,..., A" 'B) = n.

Proof. This follows from the fact that R, (to,t1) = ea(t1, to)zo + Ro(to, t1) and
Theorem 3. u

COROLLARY 3 The system X is controllable if and only if
rank(B, AB,...,A""1B) = n.

Proof. If the condition rank(B, AB, ..., A" 1 B) = n is satisfied, then, by Corol-
lary 2, any state x1 can be reached from any other state xy on any time interval



778 7. BARTOSIEWICZ, E. PAWLUSZEWICZ

[to,t1] consisting of at least n + 1 elements. On the other hand, if the condi-
tion rank(B, AB, ..., A" B) = n is not satisfied, then, by Corollary 1, for any
to,t1 € T, to < t1, Ro(to,t1) is contained in the proper subspace of R™ spanned
by the columns of (B, AB,..., A" 1B). Thus, there are states that are not
reachable from xy = 0 whatever ¢y and ¢; are chosen. [ |

Observability is characterized in a similar way.

THEOREM 4 The following conditions are equivalent:
i) the system X is observable

C

CA
it) rank ) =n.

CA™1
Proof. Without loss of generality we may assume that B = 0 (controls do not
influence the indistinguishability relation). Then we have y(t) = Cea (¢, to)xo.
Assume that ii) is satisfied and let y(t) = 0 for t > to. Then also yo" (t) =0 for
t > tg, so yAk(t) = CAFe4(t,tg)ro = 0 and yAk(to) = CA¥zy = 0 for k > 0.
Then

C
CA
can
Hence zy = 0. This gives observability of X.
C
CA
Now, let us assume that rank . < n. Then there exists a nonzero
can
C Ch
CA Cch
vector v € R™ such that . v = 0. This implies that . v=20
cArt CP,_1

or, in the equivalent form, CPyv =0,...,CP,_1v = 0. The Putzer’s algorithm
implies that Cea(t,tp)v = 0 for t > ty. So, for g = v we have y(t) = 0 for
t > tg. This means that ¥ is not observable. [ |

5. Markov parameters and state-space representation

Let us fix tg € T. In this section we shall assume that the set of those ¢t € T that
are greater than to is infinite. This assumption allows for computing (delta)
derivatives at tg of arbitrary order.
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Consider system ¥ given by (2) and assume that z(tg) = 0. Then for any
piecewise rd-continuous input w : [tg, 00)—R™ and any ¢ € [tg, 00)

y(t) = / Bs(t, o (7)) u(r) AT, (10)

to

where ®x(t,s) = Cea(t,s)B. The map Sy defined by
SZ(U) =Y,

where u and y are input (control) and output (observation), respectively, related
by (10), is called the input/output map of the system X.

Now let us assume that S is an abstract input/output map acting on the
input u as follows

t

S(u)(t) = / B(t, o(7))u(r) A, (11)
to

where @ : (¢,s) — ®(t,s) € R™*™, is defined for all t > s > ty. To have the

integral well defined we assume that for any ¢ > to, the map s — ®(¢,s) is

rd-continuous.

We are interested in finding a state-space representation of S, i.e. we are
looking for a system 3, described by constant matrices A, B and C, such that
the maps S and Sy, coincide. This is equivalent to finding representation for the
kernel ® of the integral operator S, of the form

O(t,s) = Ceal(t,s)B

for tg < s < t. It should be obvious that ® must satisfy some conditions to have
such representation. We want to find these conditions and construct matrices
A, B and C, when they exist.

The problem stated above has known solutions for two standard time scales:
T=Rand T = Z.

If T = R then ®x(t,s) = CeA*=%) B. Thus it is enough to study the function
Uy (t) = Ce'B, as

(I)g(t, s) = ‘I/E(t —3).

The (standard) derivatives of Uy at tg = 0 are called Markov parameters of the

system X. It is clear that \Il(zk) (0) = CA*B.
If now the abstract input/output map S is a convolution operator

S(u)(t) = /O W(t - 7)ulr)dr

whose kernel matrix ¥ is assumed to be analytic, then the Markov parameters
of the map S are defined as

My, = 3" (1), k> 0.
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The realization problem of the input-output map reduces now to finding, if
possible, matrices A, B and C such that M, = CA¥B. It is well known that
such matrices exist if and only if the Markov parameters My, k > 0, satisfy a
linear recurrence condition of the form

Mp+k + ap_lMp_Hk +...t+a My +aMp=0 (12)

for some ag, ai,...,ap—1 € R and all k£ > 0.

If T = Z then the system X takes on the form
z(t+1) — z(t) = Az(t) + Bu(t), y(t) =Cx(t), t € Z
and similar calculations lead to the following form of Uy
Us(t)=C(I + A)'B, teZ;.
Now, the delta derivative is the forward difference, so
2" () = O(I + A)'A*B,

and once again the Markov parameters of 3 become C A¥B, k > 0. The solution
of the problem is then exactly the same as in the continuous-time case.

REMARK 6 Usually a discrete-time system is described by a difference equation
of the form:

z(t +1) = Az(t) + Bu(t), y(t) =Cz(t), te€Z;. (13)

If we assume a zero initial condition, then the input/output map is given by the
discrete convolution

y(t+1)=>_ CA"*Bu(k),

k=0

of the sequences (CA¥B)>o and (u(k))r>0. Thus the Markov parameters
C A* B show up directly in the description of the input/output map of the sys-
tem.

The cases of T = R and T = Z may be easily unified and extended to the
case of homogeneous time scales, for which p is constant. For general time scales
the theory is more complicated as ®x (¢, s) cannot be expressed as a function of
t — s. Nevertheless, basic ideas may be transferred to an arbitrary time scale.

Let ¥ be a system of the form (4). Then ®x(t,s) = Cea(t,s)B. Let L (t) :=
Py (t,to). Then @R (t) = Ce’ () B, so ®Y is infinitely many times differentiable
at to. We now define the Markov parameters:

My, = (D19)2" (o).
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It is clear that My = CAFB. Observe that the Markov parameters do not
depend on tg.

Let S be an input/output map given by (11). To find a realization of S one
needs to find ¥ such that & = ®x5. The following theorem gives necessary and
sufficient conditions for existence of realization. One can see it as an extension
of a similar result in Brockett (1970). The proof of the ’if” part contains a
construction of matrices A, B and C that define X.

THEOREM 5 There exists a system X such that ® = ®x if and only if for
each t1 € T, t1 > tg, there exist matriz valued delta differentiable functions
Gty : [t1,00)—=R"™™"™ and Hy, : [to, t1]—=R™ ™, such that the following conditions
hold:

i) for all t1 > 0" Y(to) the matriz ftil Hy, (0(s))H{ (0(s))As is invertible and
the matrices ([, H{ (s)HT (0(5))As)( [ Hy, (0(5))HE (0(s))As) ™1, Hy, (1) and
G, (t1) do not depend on ty;

ii) ®(t,s) = Gy, (t)Hy,y (8) for any t1 > to and s <t <t, t, t1,s € T;

iii) for any t; € T and s <t < t: Gf; (t)Hy, (0(5)) + Gy, () HE (s) = 0.

Proof. Necessity. Let Gy, (t) := Ceal(t,t1) for t > t; and Hy, (s) := ea(t1,s)B
for s < t;. Then for s <t; <t

O(t,s) = Cealt,t1)ealt,s)B = Gy, (t)Hy, (s) (14)

so ii) is satisfied. iii) follows from the fact that (e{)*(t) = Ae}(t) and
(t,e4)?(s) = —,ea(0(s))A and from the commutativity condition Aea(t,s) =
ea(t, s)A. Invertibility of the matrix ftil Hy, (0(s))H{ (0(s))As in the condition
i) is equivalent to controllability (see Bartosiewicz, Pawhliszewicz, 2004) of ¥
and, in general, may not be satisfied. Then the standard procedure is to restrict
the system to the reachable set from 0, which is a linear subspace of the state
space. The input/output map does not change and the reduced system becomes
controllable, so the modified matrix j:;l Hy, (0(s))H{ (o(s))As becomes invert-
ible. A simple computation shows that the other matrices that appear in i) are
equal, respectively, to —A, B and C, so they do not depend on ;.

Sufficiency. Let us assume that ®(¢,s) = Gy, (t)Hy, (s) for any t; > ¢o and
s < t; <t. Then, multiplying the equation in iii) by Hg; (o(s)) and integrating
with respect to s over the interval [tg, t1], we get

GAt) [ He(o(s)H (0(s))As = G, (8) [ HE(3)HT (o(s)) s,

to t()
Define (for t; > 0" 1(t))
i1 t1

A= ([ H($)HL(0()2s)( | Hy(o(s)HE (0(s)2s) "

to to
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Then Gy, satisfies GtA1 (t) = G, (t)A so that Gy, (t) = G, (t1)ea(t,t1). Then,
substituting Gy, to iii) we have

G, (t1)ea(t, t1)AHy, (a(s)) + Gy, (t)ea(t, t1)He (s) = 0
and
Gy, (t1)ea(t,tr)[AH,, (0(s)) + H{ (s)] = 0. (15)

The solution of AHy, (o(s)) + Ht? (s) =01is Hy, (s) = eal(t1, 8)Hy, (t1).

By defining B := Hy, (t1) and C := Gy, (1) we obtain ®(t,s) = Cexl(t, s)B
for all s < t¢; <t. As this holds for arbitrary ¢; > t; and A, B and C do not
depend on t1, this equation is satisfied for all £ > s > ;. [ |

Assume now that ®° is infinitely many times differentiable at s for every
s > to, Let us define the Markov parameters of the input/output map S as:

Mg = (2°)2 (s)

where s > tg.

To express necessary and sufficient conditions for existence of realization
using the Markov parameters, we need a stronger assumption on ®. We say
that ® is analytic at s > 1o, if ®° is uniquely determined by M}, k > 0, and
that ® is analytic, if ®° is analytic at every s.

REMARK 7 Usually analyticity means that the function can be expanded in
a power series. This implies the property we need, i.e. derivatives at some
point determine (at least locally) the function. Though power functions and
polynomials on time scales are well defined (see Bohner, Peterson, 2001), to our
knowledge, the theory of power series on time scales does not exists. Once such
a theory is developed, the concept of analyticity defined above could be made
more standard. For T = R or T = Z power series and analyticity are either well
known or easy to define. This can be extended to time scales that are unions of
closed intervals and discrete sets.

THEOREM 6 Assume that ® defining S is analytic. The input/output map S
has a realization if and only if the Markov parameters M; do not depend on s
and there are p € N and ag, a1,...,ap—1 € R such that for all k > 0

Mp+k + ap_lMp_Hk + ...+ a1M1+k + agM; = 0. (16)

Proof. If the input/output map S has a realization, then ®(t,s) = Cex(t,s)B
for some matrices A, B and C. Thus M} = CA*B, they do not depend on s
and (16) follows from the Cayley-Hamilton theorem for A.

Or OT . 7040[7"
IT OT PN 7(11L«
I

On the other hand, if (16) holds, then for A = Or -

0r Op ... —ap il
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I,
0y
B=| .| and C = (My,M,...,M,_1) we obtain M, = CA*B, k > 0.
0y
Analyticity of ® implies that ®(¢,s) = Cea(t,s)B for all t > s > ty,. This
means that A, B and C' define a realization of S. [ |

EXAMPLE 5 Let T = |J [2k,2k + 1]. For s € [2],2] + 1] and ¢ € [2k, 2k + 1] let
keZ

s e~ (t=9) — g=2(t=9) fork =1
Ot 5) = @*(t) = {e‘Q(t_S_kH)(—1)k_l'H for k # I.

Then, for any s <t < 20+ 1 and ¢ € N we have

(@S)Ai(t) _ (71)1'67(1575) . (72)1-672@75)
so for s <2041, Mf = (—1)" — (=2)" = (—1)%(1 — 29).
Now let s =20+ 1. Then for 2l +2 <t <2l +3
((I)QlJrl)A* (t) _ (_2)1'672(1572172),
so, in particular, (®2H1)A (2] + 2) = (—2)%. Hence, by induction, we get
(®2H1)A (21 4+ 1) = (—1)*(1 — 27), which gives that for every s € T
M; = (-1)"(1-2").

Thus, M does not depend on s. Moreover, the Markov parameters satisfy the
linear recurrence condition M; o + 3M; 1 + 2M; = 0. Hence the realization is
given by the matrices

A(? :;) B<(1)), C =(0,1).

Observe that the realization is controllable and observable. One can also find
the matrices Gy, (t) and Hy, (s), which factorize ®(t, s) for each t; € [s,t]. They
are given as follows:

th (t) _ (6_(t_t1) _ 6_2(t_t1), _e—(t—tl) + 26_2(t_t1)),

267(15175) o 672(t175)

Htl (S) - <e—(t1—s) _ e—2(t1—s)
for k=1 and

Gy (1) = (—1)} 771 (e, =itk

Hy(s) = (—1)P—l—1 e—2(ti—s—p+0)
" B 672(t1757p+l)



784 7. BARTOSIEWICZ, E. PAWLUSZEWICZ

for t7 € 2p,2p+ 1] and I < p < k. Similarly for the cases | = p < k and
l<p=k.

EXAMPLE 6 Let T = |J [2k, 2k 4 1] and let
kEZ

q)s(t) _ ef(tfskarl) (72)197[

for t € [2k,2k + 1] and s € [2],2] + 1]. Then, for any s < t < 2] + 1 we
have (®%)2(t) = —e~ =), so (®*)?(s) = —1, and for s = 2] + 1 we have
(@*)2(s) = —3. This means that the Markov parameters depend on s, so a
realization does not exist.

As usual, realizations are not unique. From a practical point of view one
would like to have a realization, for which the state space has the minimal
possible dimension. This is equivalent to finding a minimal realization (i.e.
controllable and observable).

THEOREM 7 For matrices A € Myxn, B € Myxm, C € M.y, there exist
a natural number @i and matrices A € Mixs, B e M xm, C e M, w7 such
that Cea(t,tg)B = Cej(t,to)B for any t € [to,+0o0) and the pair (A, B) is
controllable and the pair (A,C) is observable.

Proof. The classical proof works well for all times scales. Let us assume that
the pair (4, B) is not controllable and rank[A|B] = I < n. It is known that

there exists a nonsingular matrix P € M, x, such that PAP~1 = {ASI 312}
22

B .

and PB = |~ 1|, A1 € Mixi, A2 € Mn_tyx(n-1), B1 € Mixm, and the pair

(A11, By) is controllable. For t € [tg, +00) let

-1 _ Sll(t) SlQ(t) — |€ 11(t7t) e 12(tat)
Pey(t,to)P _[ 0 522(15)] ._[A 0 0 6222(t’t3)].

Then
Cea(t,to)B = CP ' Pea(t,to)P"'PB

S11(t) Slg(t):| [Bl

= [Cl; 02] |: 0 522 (t) 0

] = 151 (H) By

for some matrix Cf.

If the pair (A, C) is not observable, then in a similar way one can show that
Cea(t,tg)B = Crea,, (t,t0)B; for some matrices Aq1, B, C1, any t € [tg, +00),
and the pair (A1, C1) being observable. ]

COROLLARY 4 For any function U there exists its minimal realization (A, B, C')
such that the pairs (A, B) and (A, C) are, respectively, controllable and observ-
able.
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PROPOSITION 4 If Y and ¥ are two minimal realizations of the same input/output
map, then the dimensions of their state spaces are equal.

This is a standard fact for continuous time systems. The proof is algebraic
and the time scale does not appear in it. One can show that the dimension of a
minimal realization is equal to the rank of the Hankel matrix associated to the
input-output map

My M, M,
M, M, M;

My M; M,

DEFINITION 2 Let ¥ and ¥ be two systems given by matrices A, B, C' and A,
B, C~', respectively. Assume that for both systems the state space is R™, the space
of input values is R™ and the space of output values is R". We say that % and
3 are isomorphic if there is a nonsingular n x n matriz S such that A = S~1AS,
B=S"'Band C=CS.

REMARK 8 An isomorphism of systems corresponds to a linear change of co-
ordinates of the state space defined by the matrix S. Isomorphism of systems
is an equivalence relation in the set of all systems with the same dimensions of
states, inputs and outputs.

PROPOSITION 5 Two isomorphic systems have the same input/output map.

Proof. Let A = S7'AS, B = S7'B and C = CS for a nonsingular matrix
S. Then S~1(e')2(t)S = S™1ASS™Le4(t, to)S. This means that e (¢, to) =
S~lea(t,t9)S and Ce;(t,to)B = CSS~tea(t,t9)SS™ B = Cealt,to)B. This
gives equality of the input/output maps of the two systems. [ |

THEOREM 8 If Y and ¥ are minimal realizations of the same input/output map,
then they are isomorphic.

The proof of Theorem 8 is exactly the same as in the classical case T = R,
because only linear algebra is used.
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