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For a linear continuous-time control system in Hilbert space with state
x(t) is associated a discrete-time system where the state variable is zj, =
(x((k 4+ 1)h) + x(kh))/2, with small h. This allows to introduce a discrete
derivative Az, = (z((k + 1)h) — 2(kh))/h. The obtained discrete-time sys-
tem has structural properties with a similar formulation as continuous sys-
tem. Stability is equivalent to the fact that the spectrum of the state oper-
ator of discrete-time system is in the left half plane, Lyapunov and Riccati
equation are similar.
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1 Introduction

We are concerned with systems described by equations

z(t) = Ax(t)+ Bu(t),
{y<t> — Ca() W

where x, u and y take values in Hilbert spaces X, U and Y respectively. A, B
and C are linear operators. B is bounded and A is the infinitesimal generator
of a Cp-semi-group of bounded operators S(t), ¢ > 0. The mild solution of the
system (1) is given by:

mwzsamwﬁfsa—ﬂBmﬂw

A direct discretization of the mild solution gives a discrete system with bounded
operators

h
F = S(h), G:/SHB&,H:C
0
respectively for the state, input and output:

Tkl Fxp, + Guy, 2)
ye = Huxy,
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where xp, = x(kh),yr, = y(kh) and ug, = u(kh).

Another way to obtain a discrete-time system from (1) is to use the transfer
function, say T'(s) = C(sI — A)"!B. One can introduce (see for example [6, 3]
for the case of infinite dimensional systems) a new transfer function Ty(w). Let

Tafw) = T(—). 3)

Under the assumption that T'(s) is exponentially stable, Ty is holomorphic and
stable outside the unit disc. It is well known (see for example [3]) that Ty(w) is
the transfer function of a discrete-time system (Ag, By, Cyq, Dyg):

Td(w) = Cd(wI — Ad)_le + Dd,

where
Ag=(I—-A)7'(I+4), Bs=V2(I-A)7'B

and
Cqa=V20(I - A", Dy=C(I-A)"'B.

Some properties of this discrete system are given in [6] (see also [3], pp. 212-213).
In particular, the relation of this system and the original one (1) are discussed.
In [4, 6] are investigated the problems of realization, exponential and asymp-
totic stability for the discrete system obtained from Ty(s) which is not rational
function. The corresponding state space is obtained by realization techniques.
However it is not clear which connection exists between the continuous-time and
the discrete-time states.

The relation (3) introduced earlier for the case of finite dimensional systems al-
lows to obtain properties for discrete-time system from continuous-time systems.
Since the early fifties, several developments of continuous-time and discrete-time
systems were done in parallel ways. This is the consequence of the different
formulation of generic control problems and results. However, as both forms
of solutions are computable (Lyapunov and Riccati equations, linear quadratic
problems, etc.), the difference between formulations does not induce difficulties.
The problem induced by these difference appeared in the late 80s up to now,
especially through the robust control problems. In fact, the main idea for unifi-
cation of continuous and discrete time theories used in some specialized problems
is the Tustin transform (3).

A recent contribution has been brought by Bergeon [2] in order to extend
this idea and to formalize the relation between the continuous and the discrete
systems. The author shaw that every problem formulation and every design
available in continuous-time domain can be translated, without loss of generality
and simplicity, in the discrete-time domain.

Our purpose is to extend this approach to infinite dimensional systems and to
study the specificity, if any, of this case. This approach amounts to putting:

Ti+1 + Tk
= (=

- (4)
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and

Az = w (5)

where z, = x(kh) as for the system (2). In this paper the following assumption
is made: h > 0 is chosen such that the operator I + S(h) = I + F' is bounded
invertible. The following discrete-time state space system can be associated to

(1):
{Azk = Fyz + Gaug, (6)

yr = Haz, + Equy,

where the operators Fy, Gy, Hyq, E4 are defined later (7). In this system, zj is
the “state” and Az is the “derivative”. The new term Ej4uy is the consequence
of the discretization: strictly proper system become proper. For this system
several control problems are discussed. The main results are that this system
is a pseudo-continuous version of the continuous-time system (1). It is shown
also that several formulations are similar to those of continuous-time system:
Lyapunov and Riccati equations, stability and stabilizability conditions.

2 State representation of discrete-time system

In this section, we show how the system (6) is obtained and how this system
converge, in some sense, to the system (1).

Theorem 2.1 Let x(t) be the mild solution of the system (1) and x) = xz(kh)
and up, = u(kh) for h >0 and k € N and let z;, and Azy be given by (4) and (5).
Then zy, is the solution of the equation

Az, = Fyzp + Gauy,
and the output yy is given by
Yk = Hazp + Equg,
where the operators Fy, Gy, Hy and Eg are bounded and expressed by the relations:

Fy=3(F -D(F+D)7, Gy=FF+1)7'G, o
2

Hy=2H(F +1)7!, E;=-H(F+I)"'G.
The operator F + I = S(h) + I being bounded invertible by the choice of h.

PrROOF.  Let us choose first h such that S(h) + I is bounded invertible. If
p(S(h)) denote the resolvent set and o(S(h)) the spectrum of S(h). Then it is well
known [7] that (4 ¢ o(S(h)), where o(.) is the spectrum of the corresponding
operator A. This means that if A € 0(A), and if A\ # 2kmi, then —1 € p(S(h))
and S(h) + I is bounded invertible. These values of h are said admissible. It is
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easy to see that h may be chosen arbitrary small. From the definition of z; and
the relation (2) between xp,q and xx, we get

2z = Fap + Guy + xp = (F + Ixg + Guy,

which gives
z,=2F+ 1) 2y — (F+ 1) 'Guy,. (8)

In the same way, we get for Az the relations:

1 1

From (8), we obtain

Az, = %(F —D(F+1)"z - %(F — D)(F+1)"'Guy + %Guk-

As
(F-DF+D'G=(F+I-2)(F+1)"'G=G-2(F+1)7'G,
this gives
Az = 2(F —I)(F + D) e + 2 (F + 1) Gug.
and then

Az, = Fazp + Gauy
with F; and G4 given by (7).
For the output relation, from (8), we have
yr = Hrp = 2H(F + 1) 'z, — HF + 1) 'Guy,
which gives
yr = Haz + Equg,
with the needed operators H,; and Ej. |

Remark 2.2 The original continuous-time system is strictly proper:

lim T(s) =0.

The discrete-time system is only proper. If the continuous-time system is proper,

1.e. given by
(t) = Ax(t)+ Bul(t), )
y(t) = Cxz(t) + Du(l),

then, in the corresponding discrete-time system, the operator Eg will be given by
E;=D—-H(F+1)"'G.

This is the case when the output is not modified. One can also consider a new
output y;, = Hzy, but this means that we observe in fact Hxyy1 also and this
system is not causal.
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The above discrete-time representation may be called pseudo-continuous repre-
sentation and converge, when h — 0, to the continuous-time system in the sense
given by the Theorem 2.3 and related results of the following section.

The above mentioned properties show that this approach is quite different
from that of the construction of pseudo-continuous system from discrete system
via the Tustin transformation (see [3] for the infinite dimensional case).

Theorem 2.3 For all v € D(A), v € X and u € U, we have

lim Fyag = A li =B lim Hgx = H lim Fqu =

Lim Fazo zo, lim Gqu u, lim Hyz @, lim Equ 0,
the value of h being admissible. If the operator A is bounded, then the limits exist
in the uniform operator topology.

Proor. Note that

Fy= %(F ~D((F+I) ' =2(F + I)‘lFT_I.

As A is the infinitesimal generator of the semigroup S(t), we have

F—-1T . Sh) -1
xO:flzl—>mo %xO:Axo, (10)

lim
h—0

for all zg € D(A). On the other hand,

%%(F+I)$:}L%(S(h)+1)l‘:2$ (11)

for all z € X because of strong continuity of the semigroup. Then, for sufficiently
small h,
[(S(h) + Dz|| = ||l=].

This gives
]l = [[(S(h) + D)(S(h) + D)~ a]| > [I(S(h) + 1)~ ],
which implies ||(S(h) + I)~!|| < 1. Then

12(S(h) + D~ e — x| < (S(h)+ D712z — (S(h) + D)z ||
< |22 = (S(h) + I)z|.

and by (11), this gives

}llin% 2AF +1) e = }llim 2(8(h) +1)'x =

—0
Then, by a simple calculation and using (10), we get, for xg € D(A),

_1S(h)—1

h Trog = AJZQ.

}lzl—>InOFdx0 = }{11}1%)2(501) +1)
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Consider now the operator Gy = %(F + I)7!G. For all u € U, we have (see for
example [7]):

.1 .1 b
}ILILI%) EG = }ILILI%)E/O S(7)Budr = Bu,
and then

.2 1
}ILI—%E(F+I) Gu = Bu.

The other limits may be calculated in the same way.
If A is bounded, then S(t) = ¢! is uniformly continuous, and all the limits are
in the uniform operator topology. |

This means that the system (Fy, Gq, Hy, E4) asymptotically closed to the
original continuous-time system. This may be also seen by remarking that if
t = kh, then for an initial condition 2y € D(A) and a control function v € C' we
have

li = x(t lim Az = z(t).
fim 2 = o(0) iy Az = #()

If the initial condition is not in D(A) and u € Ly, p > 1, the derivative must be
understood in the weak sense (see [3, 7]).

3 Stability and stabilizability

3.1 Stability

The first problem under investigation is that of stability. We consider here only
exponential stability for continuous-time system and power stability for discrete-
time system. Other concepts of stability mat be considered in a similar way.

Definition 3.1 The system (1) is said exponentially stable if there exists con-
stants M > 1 and o > 0 such that

IS < Me™, ¢ >0.

The discrete-time system (2) is said power stable if there exists constants N > 1
and 0 < v < 1 such that

[F"]| < Nv", neN.

This means that for u(t) =0, t > 0 (respectively up, = 0,k € N) the solution of
both systems verify

00 o0
An&mﬁa<m S ]2 < 00
1=0

As in this case 2z, = £y, power stability of systems (2) and (6) are equivalent.
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Theorem 3.2 The system (6) is power stable if and only if the spectrum of Fy,
noted o(Fy) is in the interior of the left half plane:

o(Fy) CC_g={s:R(s) < —p}.
The corresponding Lyapunov equation is
E;P+ PFy;=—Q,
for positive definite linear bounded operator Q.

ProOF. It is well known (cf. for example [3, 5, 8]) that the discrete-time system
(2) is power stable if and only if 7(F') < 1, where r(F') is the spectral radius:

r(F) =sup{|A\| : A€ o(F)}.

The transformation 5
FHQ:Ew_Dw+D*

maps in the same way the spectrum of F':

WAHMZ%Q—DQ+94,A¢—L
The spectrum of F' is in the interior of the unit ball if and only if o(Fy) C C_g,
because the application ¢ maps the open unit ball into the open left half plane.
On the other hand the condition o(Fy;) C C_g is equivalent to the existence of
positive solution of the Lyapunov equation [3]: F;P + PF; = —(Q, with self-
adjoint, positive definite operator Q. |

3.2 Stabilizability
The above result on stability induce similar criterion on stabilizability.

Definition 3.3 The system (1) is said stabilizable iff there exists a linear bounded
operator K such that the semigroup generated by A+ BK is exponentially stable.
The system (6) is power stable iff there exists a linear bounded operator K such
that Fy + GaK4 is power stable.

There are several conditions of exponential and power stabilizability. All the
known conditions may be extended to the pseudo-continuous system (6) provided
that F; + GqK, is power stable iff o(Fy + G4K4) C C_g for some positive 5. In
particular, the stabilizability condition may be formulated via the solution of a
Riccati equation.

Theorem 3.4 The system (6) is stabilizable if and only if there exist a positive
operator Py such that:

FjPy+ PyFy — PyGyGyPy+ Q =0,
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and the stabilizing feedback is given by Kq = —G}P;. The relation between the
feedback Ky and the feedback stabilizing the discrete-time system (2), say K, is
given by Ky =2K(F +GK +1)7%, and K = (2I — K4G) ' K4(F + I), under the
condition that 2 € p(K4G), where p(.) is the resolvent set of the given operator.

PROOF. The condition of power stability implies the condition of stabilizability
using the Riccati equation (cf. [9]).

Suppose that K is the stabilizing feedback for the system (2), then u; = Ky, is
the stabilizing control and zxy1 = (F + GK)zy is the closed loop state. Then

22, = (F + GK)zy, + xy,

which gives
z, =2(F+GK + 1)1z,

the bounded invertibility of the operator F'+ GK + I is garanted by the stability
condition of F'+ GK. Hence,

up =2(F +GK + 1)1z,

is the stabilizing feedback for the pseudo-continuous system (6). In an analogous
way, under the assumption that 2 € p(K;G), one obtains

K = (2I — K4G) ' K4(F + 1),

which ends the proof. |

Hence, the Riccati equation for the system (6) is of the same form as for the
continuous-time system. Note that as A and A* are not defined on all the space
X, the corresponding Lyapunov and Riccati equations are given on D(A) (see
3, 9]).

4 Further control problems

The approach developed in Section 2 and 3 may be also extended to other control
problems: linear quadratic optimal control problem, detectability, asymptotic
observers, etc.

For the problem of detectability and asymptotic observers, the results can be
obtained from Section 3 by duality. All the calculation are the same.

For the linear quadratic optimal control problem one can follow the exam-
ple considered in [3]. A continuous-time system (A, B,C, D) is induced from a
discrete-time system (Ag, By, Cy4, Dg) by the relations:

A= (Ag—D)(Ag+1)7", B=v2(A4+1)"" By,

C=V2Cq(Ag+1)"', C=Dyg—Cq(Ag+1)'By, (12)
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and the linear quadratic optimal problem is considered for the continuous-time
system (A, B,C,D). It is shown that the optimal solution is obtained via a
continuous type Riccati equation.

The same calculation may be made for our pseudo-continuous system (6), and
as in the finite dimensional case [2], one can obtains similar formulation for the
LQ problem.

5 The input-output relation

In this section we show that the transfer function may be calculated in the same
way as for the continuous-time system using the state-space expression of the
pseudo-continuous system.

Let £ denote the discrete Laplace transform (in fact the so called z-transform).
By L(x}) we mean the Laplace transform of the sequence {x¢,z1,...}. Assume
that the initial condition zgp = 0. Then we have L(zy11) = (L(zy), where ( is
the discrete Laplace variable, and

¢+1 (-1

E(Zk) = ?E(xk), E(Azk) = Tﬁ(l’k)

From both relations, we obtain

_2¢—1
Putting
_2¢—1
AT (13)
we get

L(Az) = wL(z),

which gives the Laplace transform of the pseudo-derivative. Applying this calcu-
lus to the pseudo-continuous system (6), leads to

L(ye) = [Ha(w] — Fa) ™' Ga + Ba] L(wy).
This means that the input-output relation is given by the transfer function
@(w) = Hd(wI — Fd)_lGd + Ed.

The relation (13) between the Laplace variables of the discrete-time system (2)
and the pseudo-continuous system (6) is also a Tustin transform like the transform
(3), but is applied to the exact discrete system (2) in order to obtain a (pseudo)
continuous-time system which is also exact, closed to the continuous-time system
(1) and with similar properties. Hence, this approach is quite different from the
classical one.
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6

Conclusion

From a continuous-time system and its direct discretized system was obtained
a pseudo-continuous time system with properties similar to continuous system.
Several control problems have the same formulation and characterization for the
pseudo-continuous and continuous-time systems. This allows to have the same
framework for continuous-time and this kind of discrete-time system. Then, re-
sults obtained for continuous system may be extended in an analogous way to
the pseudo-continuous systems where the state remains discrete.
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