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QUADRATIC OPTIMAL CONTROL
OF STABLE WELL-POSED LINEAR SYSTEMS

OLOF J. STAFFANS

ABSTRACT. We consider the infinite horizon quadratic cost minimization prob-
lem for a stable time-invariant well-posed linear system in the sense of Salamon
and Weiss, and show that it can be reduced to a spectral factorization prob-
lem in the control space. More precisely, we show that the optimal solution
of the quadratic cost minimization problem is of static state feedback type if
and only if a certain spectral factorization problem has a solution. If both
the system and the spectral factor are regular, then the feedback operator
can be expressed in terms of the Riccati operator, and the Riccati operator
is a positive self-adjoint solution of an algebraic Riccati equation. This Ric-
cati equation is similar to the usual algebraic Riccati equation, but one of its
coefficients varies depending on the subspace in which the equation is posed.
Similar results are true for unstable systems, as we have proved elsewhere.

1. INTRODUCTION

This work treats the infinite horizon quadratic cost minimization problem for
a time-invariant well-posed linear system in the sense of Salamon and Weiss, and
extends the results presented in [37] to externally stable Salamon-Weiss systems
(the unstable case is discussed in [40]). The main idea behind this work is the same
as in [37], and it can be described briefly as follows.

It is well-known that it is possible to solve a certain canonical Wiener-Hopf
factorization problem by a state space method. The problem is to factor D*D,
where D is a stable input/output map and D* is its adjoint, in the form

X*xX =D*D,

where X is a stable input/output map from the control space U into itself with a
stable inverse X 1. The solution X is called a spectral factor of D*D. In the state
space approach we first construct a realization ¥ of D (or alternatively, we assume
that a system W is given whose input/output map is D). Then we pose an infinite
horizon quadratic cost minimization problem in the state space H of ¥, and solve
the algebraic Riccati equation to get the Riccati operator II describing the optimal
cost. From the Riccati operator we get the feedback operator K, and this feedback
operator is then used to construct the spectral factor X.

Although the state space solution of the factorization problem is the most com-
mon one today, it is not the only one available, and it is not universally applicable.
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In particular, it requires a certain smoothness of the symbol of the input/output
map D. Without this smoothness every possible realization of D must have both
an unbounded control operator B and an unbounded observation operator C' (with
respect to the same space), and there has been no general Riccati equation theory
available for that case.

The spectral factorization problem always has a solution (see Lemma 18 below),
even though it has not been known how to compute this factorization in general by a
state space method. Furthermore, there exist some independent ways of computing
the factorization; see, e.g., [16] and [51]. We take advantage of this fact and study
the converse of the problem presented above, i.e., we use the spectral factorization to
solve the quadratic cost minimization problem in feedback form. More specifically,
in Theorem 27 we show that these two problems are equivalent in the sense that
the factorization problem has a solution if and only if the solution of the quadratic
cost minimization problem is of static state feedback type. Moreover, there is a
simple relation between the spectral factor and the feedback solution, which means
that they can easily be computed from each other.

In order to derive the Riccati equation solution to the optimal feedback problem
we have to make one additional assumption, namely that both the input/output
map D and the spectral factor X' are regular together with their adjoints in the
sense of [45] (a much stronger version of this assumption holds in the classical case).
We show that in this case the Riccati operator of an arbitrary realization ¥ of D
satisfies a certain algebraic Riccati equation, and that the feedback operator K
can be computed from II. However, this Riccati equation contains one unexpected
feature (first discovered in [37]): the positive self-adjoint weighting operator in the
quadratic term in the Riccati equation is (X*X)~!, where X is the feed-through
operator of the spectral factor X, instead of the expected (D*D)~!, where D is the
feed-through operator of the input/output map D. If the control and observation
operators are bounded then X*X = D*D, so the new theory agrees with the old
one in this respect. However, it is not true in general that X*X = D*D, and the
computation of X is a nontrivial task. In some cases X can be computed from
a discrete time Riccati equation [41], and there is also a fairly general method
available for the case of a scalar control (see [18, Chapter VII]). An alternative
formula for X*X is given in [40].

As explained above, under certain regularity assumptions we prove that the
Riccati operator (the optimal cost operator) necessarily satisfies a certain Riccati
equation. In the finite dimensional case this is the “difficult” direction to prove, the
converse direction being almost trivial. In our case the converse direction is still
open, partly due to the fact that the Riccati equation that we get is much more
complicated than the classical one. In some sense it resembles the discrete time
Riccati equation; cf. [41]. Moreover, because of the required regularity hypothesis,
it is still an unsettled question what the appropriate conditions are for our results
to apply to boundary control problems for partial differential equations. For time
delay systems the regularity problem is less severe; see the examples in [38].

We work formally in the time domain the whole time, but some of our proofs
are adapted frequency domain proofs, with some added state space features. The
key addition is the facorization of the Hankel operator induced by the input/output
map as the product of the controllability and observability maps. This makes it
possible to connect the state space and the frequency domain theories to each other.
See Definition 1 and the paragraph following Definition 4.
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The first preprints of this paper and [40] were circulated in the spring of 1995, and
a preliminary version was presented in the summer of 1995 at the conference [36]. In
the spring of 1996 we received the preprint [50] where some of the results presented
here and in [40] are also found. That preprint uses quite different notations, it deals
with weakly regular systems, it contains some additional examples (one of which is
essentially the same as the one in [41]), and it carries the analysis further than we
do before resorting to spectral factorization. In particular, [50, Proposition 10.5]
contains one additional Riccati equation valid on the domain of the closed loop
generator in the case where the observation operator is bounded.

There is a significant overlap between some of the results presented here (those
that are not related to spectral factorization) and those in [17]. In that paper the
output operator C' is bounded, but the system need not be stable, and no regularity
assumptions are imposed on the spectral factor (the spectral factor is not even
mentioned). The well-posedness of the closed loop system (our first main result,
presented in Theorem 27) is not studied in [17]. The Riccati equation given in
[17, Theorem 2.2] looks different from our Riccati equation (it does not contain the
nonstandard term), due to the fact that [17, Corollary 4.9] extends the operator
B*II in a different way than our Proposition 36. An example highlighting this
difference is given in [47].

For a further discussion of the existing literature we refer the reader to [38], [40].
The recent literature includes (but is certainly not restricted to) [1], [2], [4], [5], [6],
(7], 9], [12] [13], [14], [20], [21], [23], [24], [25], [26], [27], [28], [30], [31], [42], [48],
[49], [51], and the other papers in our list of references.

We use the following notation:

L(U;Y), L(U): The set of bounded linear operators from U into Y or from U
into itself, respectively.

I: The identity operator.

A*: The (Hilbert space) adjoint of the operator A.

dom(A): The domain of the (unbounded) operator A.

range(A):  The range of the operator A.

R, R", R™: R=(—00,00), RT =[0,00), and R~ = (—o0, 0].

L?(J;U):  The set of U-valued L?-functions on J.

WL2(J;U): The set of functions in L?(J;U) with a (distribution) derivative in
L?(J;U).

C(J;U), CY(J;U): C(J;U) is the set of U-valued continuous functions on J, and

CY(J;U) is the set of U-valued continuously differentiable functions
on J.

BC(J;U), BCY(J;U): BC(J;U) is the set of U-valued bounded continuous func-
tions on J, and BC!(J; U) is the set of U-valued bounded continuously
differentiable functions on J with a bounded derivative.

(s ) e The inner product in the Hilbert space H.

7(t): The bilateral time shift operator 7(¢)u(s) = u(t+s) (this is a left-shift
when ¢ > 0 and a right-shift when ¢ < 0).

T (myu)(s) = u(s) if s € J and (wyu)(s) = 0if s ¢ J. Here J is

a subset of R. This operator is used both as a projection operator
L?*(R) — L*(R) and as an embedding operator L?(.J) — L%(R).

Ty, T_: Ty = 7R+ and T_ = TR-.
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We extend an L?-function u defined on a subinterval .J of R to the whole real line
by requiring u to be zero outside of J, and we denote the extended function by 7 ju.
Thus, we use the same symbol 7; both for the embedding operator L?(J) — L%(R)
and for the corresponding orthogonal projection operator L*(R) — range(my).
With this interpretation, 7y L?(R;U) = L*(R™;U) € L?(R;U) and 7_L*(R;U) =
L*(R~;U) C L*(R;U).

2. WELL-POSED LINEAR SYSTEMS AND TIME-INVARIANT OPERATORS

In order to fix the notation and describe the basic setting we first give a brief
presentation of the Salamon-Weiss class of time-invariant well-posed linear systems,
including only those parts of the theory that we need. This theory has been devel-
oped in [33], [34], [35], [8], [11], and [43], [44], [45], [46] (and many other papers),
and we refer the reader to these sources for additional reading. (Salamon calls these
systems “well-posed semigroup control systems” and Weiss calls them “abstract lin-
ear systems”.) Since we need only externally stable systems here, we restrict our
discussion to this class of systems.

In the externally stable case it is possible to define a well-posed linear system in
a slightly nonstandard way that turns out to be very convenient for our purposes.
Usually the axioms of the system are formulated in terms of operators defined on
local L2?-spaces, but in the stable case it is much more convenient to work with
global L%-spaces. We shall do so throughout, since it simplifies the formulation
significantly; in particular, it leads to a much simpler dual theory. This setting is
also the best one for H>-related work. Parts of this setting are found in [35].

In order to formulate the axioms satisfied by a well-posed linear system we need
the “past time” projection operator m_, the “future time” projection operator 7,
and the bilateral “time shift” group 7(¢). These operate on functions v defined on
R = (—o0,00) in the following way:

u(s), seR™,
0, seRT,

(r-u)(s) = {

_ fuls), seR*,
<7r+u><s>—{0, e
(r(t)u)(s) = u(t +5). t,s€R.

Definition 1. Let U, H, and Y be Hilbert spaces. A (causal) externally stable
(time-invariant) well-posed linear system on (U, H,Y) is a quadruple ¥ = [4 5],
where A, B, C, and D are bounded linear operators of the following type:

(i) A is a strongly continuous semigroup on H;
(ii) B: L*(R;U) — H satisfies A(t)Bu = Br(t)r_u for all u € L*(R;U) and
tcRT;
(iii) C: H — L*(R;Y) satisfies CA(t)z = 7. 7(t)Cx for all z € H and t € RT;
(iv) D: L*(R;U) — L*R;Y) satisfies 7(t)Du = D7(t)u, 7_Drru = 0, and
7.Dr_u=CBufor all u € L>(R;U) and t € R.

If, furthermore, sup,cg+ ||A(f)|| < oo, then ¥ is called stable rather than externally
stable, and if A(t)x — 0 as t — oo for all x € H, then W is called strongly stable.
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The different components of ¥ are named as follows: U is the input space, H the
state space, Y the output space, A the semigroup, B the controllability (or reachabil-
ity) map, C the observability map, D the input/output map, BB* the controllability
gramian, and C*C the observability gramian of .

Remark 2. The same axioms can be used to define an arbitrary (unstable) well-
posed linear system. We simply replace all the L2-spaces by the corresponding
weighted L2-spaces L2 = { f € L} . | (t — e f(t)) € L* }. Here w is an arbitrary
number larger than the exponential growth rate of A. See [39, Section 2] for details.

The axioms listed above describe standard properties of the corresponding maps
induced by exponentially stable systems with bounded control and observation
operators. Whenever we refer to a stable “classical” system, we mean a system of
the following type: we let A be the generator of an exponentially stable semigroup A
on a Hilbert space H, let U and Y be Hilbert spaces, let B € L(U; H),C € L(H;Y),
and D € L(U;Y), and consider the system

2/ (t) = Ax(t) + Bu(t),
(1) y(t) = Ca(t) + Du(t),  t>T

x(T) =z,
where T is a given initial time and x7 a given initial value. We call u the control,
the state, y the output (or observation), A the generator, B the control operator, C
the observation operator, and D the feed-through operator of this classical system.

The state z is required to be a strong solution of (1), i.e., the state x and output y
are given by

x(t) = At —T)xr + /t A(t — s)Bu(s) ds, t>T,

(2) .

y(t) = CA(t — T)or + / CA(t — $)Bu(s)ds + Du(t),  t>T.
T

In this case we define B, C, and D by

0
(3) Bu = /_ A(—s)Bu(s) ds,
(4) Cx = (t— CA(t)z, teR"),
(5) Du = (t — /t CA(t — s)Bu(s) ds + Duf(t), te R) .

Thus, B is the mapping from the control u € L?(R~;U) to the final state z(0) € H
(take T = —o0, z7 = 0, and t = 0), C is the mapping from the initial state zo € H
to the output y € L2(R™;Y) (take T = 0 and u = 0), and D is the mapping from
the control u € L?(R;U) to the output y € L?(R;Y) (take T = —oo and z1 = 0).

We shall also need the concept of an input/output map D without knowing
that it is a part of a well-posed linear system. In this case we apply the following
definition:

Definition 3. Let U and Y be two Hilbert spaces. A bounded linear operator
D: L2 (R;U) — L*R;Y) is called time-invariant iff it commutes with bilateral
time shifts, i.e., 7(t)Du = Dr(t)u for all u € L>(R;U) and all t € R. The Hankel
operator induced by D is the operator mDw_, and the anti-Hankel operator induced
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by D is the operator m_Dmny. The Toeplitz operator induced by D is the operator
w4 Dmy, and the anti- Toeplitz operator induced by D is the operator m_Dr_.

The word “causal” that we have included in the definition of a well-posed linear
system relates to the fact that all the components of W in Definition 1 are causal:

Definition 4. An operator B: L*(R;U) — H is causal [anti-causal] if By = 0
[Br_ = 0]. An operator C: H — L*(R;Y) is causal [anti-causal] if 7_C = 0
[1+C = 0]. An time-invariant operator D: L*(R;U) — L*(R;Y) is causal [anti-
causal] if n_Dry =0 [r1Dr_ = 0], and it is static (or memoryless) if it is both
causal and anti-causal.

Thus, a time-invariant operator is causal iff its anti-Hankel operator vanishes,
it is anti-causal iff its Hankel operator vanishes, and it is static if both its Hankel
operator and its anti-Hankel operator vanish. The condition imposed on the in-
put/output map D in Definition 1 requires D to be a causal time-invariant operator
whose Hankel operator is equal to CB. Intuitively, a causal controllability map B
maps past inputs into the present state, a causal observability map C maps the
present state into future outputs, and future inputs to a causal input/output map
D have no effect on past outputs.

The following result is immediate:

Lemma 5. Let D: L>(R;U) — L*(R;Y) be time-invariant.
(i) The adjoint D*: L?*(R;Y) — L?>(R;U) of D is time-invariant.
(ii) If D is invertible, then the inverse D=1 is time-invariant (but the causality of
D does not imply the causality of D).
(iii) If D is causal then Dny = 74Dy and n_D = 7_Dn_, and if D is anti-causal
then Dn_ = 7w_Drn_ and 74D = 7. Dny.

Below we use this lemma repeatedly without explicit reference.

(Different authors use different names for the same concepts. For example, [32]
use the names “S-analytic” for a causal time-invariant operator and “S-constant”
for a static time-invariant operator, and they identify the class of anti-causal time-
invariant operators with the class of operators whose adjoints are S-analytic. Here
S stands for the (unilateral) Laguerre shift on L2(R*;U); see [32, p. 16].)

Static time-invariant operators have a very simple characterization:

Lemma 6. The set of bounded linear static time-invariant operators
D: L?(R;U) — L3(R;Y) can be identified with the set of bounded linear opera-
tors M € L(U;Y) in the following sense: For every M € L(U;Y) the multiplica-
tion operator u — Mu induced by M 1is a static time-invariant operator mapping
L?(R;U) into L*>(R;Y), and conversely, every static time-invariant operator D has
a representation of this type.

This well-known result can be derived from, e.g., [32, Theorem 5.2C, p. 96] or
[15, Chapter 1].

Corollary 7. The Hankel operator of a causal [the anti-Hankel operator of an anti-
causal] time-invariant operator D: L*(R;U) — L*(R;Y) determines D uniquely,
modulo a multiplication operator u — Mu, where M € L(U;Y).

Proof. If two different causal time-invariant operators have the same Hankel oper-
ator, then their difference is static. O
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Thus, the control and observation operators B and C of a well-posed linear sys-
tem determine the input/output map D uniquely, except for an undetermined mul-
tiplication operator (which in the classical case is represented by the feed-through
operator D in (1)). We remark that every bounded causal time-invariant operator
D can be represented as the input/output map of a strongly stable well-posed linear
system ¥; see [35, Theorem 4.3] or [39, Definition 2.10]. Such a system ¥ is called
a realization of D.

The adjoint of the system ¥ can be defined in two different ways, that differ
from each other through a reflection of the time axis. We shall follow the classical
tradition and let the adjoint system evolve in the backward time direction. To get
this system we use the standard inner products in L?(R;U) and L?(R;Y) (instead
of inner products that reflect the time axis), replace all the operators in Definition 1
by their adjoints, and finally interchange B* and C*. Doing so we get a system of
the following type:

Definition 8. Let Y, H, and U be Hilbert spaces. An anti-causal externally stable
well-posed linear system on (Y, H,U) is a quadruple U* = [g‘: g* ], where A*, C*,
B*, and D* are bounded linear operators of the following type:

(i) A* is a strongly continuous semigroup on H;

(i) C*: L?(R;Y) — H satisfies A*(—s)C*y* = C*7(s)m y* for all y* € L2(R;Y)
and s e R™;
(iii) B*: H — L*(R;U) satisfies B*A*(—s)x* = m_7(s)B*x* for all z* € H and
seR7;
(iv) D*: L>(R;Y) — L?(R;U) satisfies 7(s)D*y* = D*7(s)y*, m+D*n_y* = 0,
and 7_D*r,y* = B*C*y* for all y* € L?(R;Y) and s € R.
If, furthermore, sup,ecg+||A*(t)|| < oo, then ¥* is called stable rather than exter-
nally stable, and if A*(¢)x* — 0 as t — oo for all z* € H, then U* is called strongly
stable.

The different components of ¥* are named as follows: Y is the input space, H
the state space, U the output space, A* the semigroup, C* the controllability map,
B* the observability map, D* the input/output map, C*C the controllability gramian,
and BB* the observability gramian of U*.

It is easy to see that the adjoint of the causal system ¥ in Definition 1 is an anti-
causal system U* of the type described in Definition 8. The two key observations
are that 74 and m_ are self-adjoint, and that the adjoint of the left-shift 7(¢) is the
right-shift 7(—t). The reason for the name “anti-causal” is obvious: all the parts of
the anti-causal system are anti-causal according to Definition 4. By reversing the
time direction in which ¥* evolves we get a causal system of the type described
in Definition 1 (i.e., let R be the reflection operator Ru(t) = u(—t), and replace
C*, B*, and D* by C*R, RB*, and RD*R, respectively). Thus, all results proved
for causal systems can be applied to anti-causal systems, too (with some trivial
modifications due to the reflection of the time direction).

In the classical stable case (1) the adjoint system W* is induced by the (anti-
stable) system

(@) (s) = —A"2"(s) — C"y" (s),
(6) u*(s) = B*z*(s) + D*y*(s),  s<S5,
x*(S) = x%,
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whose strong solution x and output y are given by

S
x*(s) = A" (S — s)zg + / A*(t — s)C*y*(¢) dt, s <8,
(7) * g
u*(s) = B*A*(S — s)zs + / B*A*(t — s)C*y*(t) dt + D*y*(s), s<S.

The different maps of ¥* are now given by

(8) y—/ A()Cy (1) dt
(9) x*:s'—>BA*( s)z*, SER_),

(10) D*y* = (5 — / B* A*(t — s)C*y*(t) dt + D*y*(s), s € R) .

Two of the central notions of a well-posed linear system are still missing, namely
the notions of the controlled state and the output:

Definition 9. Let ¥ = [ ] be a causal externally stable well-posed linear system

n (U,H,Y), and let U* = [B* ¢~ ] be its anti-causal adjoint system on (Y, H,U).
Let 29 € H, a3 € H, u € L*(R;U), and y* € L?*(R;Y). In the time-invariant
setting the controlled state x(t) at time t € R and the output y of ¥ with control

u are given by
<x(t)> <BT(t)u> ’
Y Du

and the controlled state x*(s) at time s € R and the output u* of ¥* with control

y* are given by
z*(s)\ _ (CT(s)y”
u* )\ D*y* )

In the initial value setting with initial time zero, the controlled state x(t) at time
t € R and the output y of U with initial value xo and control u are given by

z(t)\ _ [(A(t) Br(t) xzo \ _ [Alt)xo + Br(t)mru
y )\ C D Tiu) Cxo + Driu ’
and the controlled state x*(s) at time s € R™ and the output u* of ¥* with initial
value z§ and control y* are given by

() _ (A=) Cor(s)) (w5 ) _ (A~ >:vzs +Cr(s)my
(W)= (s S5) () - (M )

Let us remark that the most common problem is the initial value problem for
¥ with initial time zero, and in many papers this is the only one that is treated.
Frequently the adjoint system ¥* is also studied in an initial value setting with a
positive initial time S; see, e.g., [34, Section 5]. This is in particular true in studies

of the finite horizon quadratic cost minimization problem. See [39, Section 2] for
the appropriate definition.
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T4+ U
FIGURE 1. Input/State/Output Diagram of ¥

In the case of the stable classical system (1) and its anti-stable adjoint (6), in
the time-invariant setting the states of ¥ and ¥* are given by

(1) a:(t)z/_t A(t — 5)Bu(s)ds, t€R,

(12) x*(s) = /00 A*(t—s)C*y*(t)dt, seR,

and the outputs are given by (5) and (10). In the initial value setting with initial
time zero the states and outputs of the same systems are given by

(13)  x(t) = A(t)zo + /t A(t — s)Bu(s)ds, teRT,
0
(14) y(t) = CA(t)xo + /t CA(t — s)Bu(s)ds + Du(t), teRT,
0
0
(15)  x*(s) = A*(—s)x +/ A*(t —s)C*y*(t)dt, s€R7,

0
(16) wu*(s) = B*A"(—s)x; +/ B*A*(t — s)C*y*(t) dt + D*y*(s), s€R™.

Compare these formulas to (2) and (7).

An important property of the two different settings is that if we “restrict the
causal time-invariant problem to R™,” then we get an initial value problem, or more
precisely, on RT the state and the output of the causal time-invariant problem are
identical to the state and the output of the initial value problem with zg replaced
by x(0) = Bu. A similar statement is true in the anti-causal case (replace Rt by
R~ and z{ by C*y*).

Remark 10. Because of Definition 9, we also use the alternative notation [ 57| for
the system [£ B].

We use diagrams of the type drawn in Figure 1 to represent the relation between
the state z, the output y, the initial value xg, and the control v of ¥ in the initial
value setting. In our diagrams we use the following conventions throughout:

(i) Initial states and controls enter at the top or bottom, and they are acted on
by all the operators located in the column to which they are attached. In
particular, note that x is attached to the first column and u to the second.

(ii) Final states and outputs leave to the left or right, and they are the sums of
all the elements in the row to which they are attached. In particular, note
that z is attached to the top row, and y to the bottom row.

A similar diagram is used to describe the adjoint system WU*. In the time-invariant

setting we use the same diagram without the initial vector zy and the projection
T4.
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3. QUADRATIC COST MINIMIZATION

This study centers around four problems that are closely connected to each other,
namely quadratic cost minimization, spectral factorization, inner-outer factoriza-
tion, and various types of feedback. The first of these problems is presented here,
the next two are presented in Section 4, and the feedback configurations in Section
5.

We formulate the quadratic cost minimization problem for a causal well-posed
linear system W in the initial value setting with initial time zero:

Definition 11. Let ¥ = [# B] be an externally stable causal well-posed linear
system on (U, H,Y). The quadratic cost minimization problem for ¥ consists of
finding, for each o € H, the infimum over all u € L?(R™;U) of the cost

2
Q(zo,u) = ||yHL2(R+;Y) y
where y = Cxg + Dm4u is the output of ¥ with initial value zy and control w.
As is well-known, the existence of a unique minimizing solution uept of the qua-

dratic cost minimization problem is guaranteed if the input/output map D of ¥ is
coercive:

Definition 12. A bounded linear operator D: L?(R;U) — L2?(R;Y) is coercive
(or bounded from below) iff there exists some € > 0 such that

2 2
||Du||L2(R;Y) € ||u||L2(R;U)
for all u € L%(R;U). Equivalently, D is coercive iff
D*D > el

for some € > 0. Equivalently (by the closed graph theorem), D is coercive iff D is
one-to-one and has a closed range.

Lemma 13. Let ¥ = [“C“ B be an externally stable well-posed linear system on
(U,H,Y).
(i) D is coercive if and only if the Toeplitz operator 74 D*Dw, regarded as an
operator mapping L*>(R*;U) into itself, has a bounded inverse. We denote
this inverse by (. D*Dry )~ L.
(i1) Suppose that D is coercive. Then, for each o € H, there is a unique control
Uopt € L2(RT;U) that minimizes the cost function Q(xzo,u) in Definition 11,
namely

(17) Uopt = — (71 D*Dry) "t D*Cay.

The corresponding state Topt, the output yYopt, and the minimal value of the
cost function Q are given by

(18) Topt = Axo — BTy (14 D* Dy ) "'y D*Cao,
(19) Yopt = (I — P) Cxo,
(20) Q(20, Uopt) = (20,C" (I — P)Cxo) ,

where P = Dry (m+D*Dry )~ tn . D* is the orthogonal projection in L*(R;Y)
onto the range of Dry.. Moreover,

(21) 7T+D*y0pt = 7T+D* (CCEO + D?T.;,_Uopt) = O,

that s, Yopt i orthogonal to the range of Dr.
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Proof. (i) By definition, if D is coercive, then HDUH%P(R;Y) > e||u||2L2(R;U) for some
¢ > 0and all w € L*(R;U). In particular, this implies that [|Driull7.g.yy =
e||7r+u||2L2(R;U), and thus 7 D*Dry is positive and bounded away from zero on
L?(R*;U), hence invertible.

Conversely, if 7, D*Dr, is invertible on L2(RT;U), then it is strictly positive,
and by the time-invariance of D, there is some ¢ > 0 such that for for all u €
L*(R; V),

D700y ull T2 (rovy = IPT(=O)71 7 (E)ull 2 (R v)
= (=) Dryr()ul e msy)
= ||D7T+T(t)u||%2(R;Y)
> 5||7T+T(t)u||%2(R;U)
= 6||U||2L2([1:,oo);U)-

Let t — —o0 to conclude that D*D > el.

(i) If D is coercive, then the cost function Q(x,u) is convex and coercive with
respect to u € L?(R*;U); hence there is a unique minimizing control uep; €
L?*(R*;U). To show that the corresponding output yopt satisfies (21) we argue
as follows. Without loss of generality, let us suppose that U is a real Hilbert space
(if not, then we replace the inner product in U by the real inner product R(,-)),

and let us compute the Fréchet derivative of the cost function Q(zg, u) with respect
to u at the optimal uept. For each variation n € L2(R*;U), we have

dQ(wo, UOpt) (Cxo + D1y uopt, D7T+77>L2(R+;U)

n=2
=2 <y0pt7 D7T+77>L2(R+;U)
=2 <D*y0pta 77>L2(R+;U) .
This is zero for all n € L*(R™;U) iff (21) holds. Clearly, (17) follows from part
(i) and (21). By substituting this value for uepy into zopy = Axg + BTmyuopt,
Yopt = CTo+Dm 1 Uops, and Q(zo, Uept) (and making a straightforward computation)
we get (18), (19), and (20). |

Definition 14. Under the hypotheses of part (ii) of Lemma 13, define

AQ = A - BTW.I,. (7T+D*D7T+)_17T+D*C,

Co = (I — Dry (7 D*Dry) "'y D) C,

ICQ = —(7T+D*D7T+)_17T+D*C,

II=C* (I - Dry(n:D*Dry) 7y D¥) C.
We call 11 the Riccati operator of W.
Thus, according to Lemma 13, Zopt = Ao, Yopt = Co%o, Uopt = Koo, and

Q(:C()a uopt) = <$07 HZEO>H

Lemma 15. Make the same assumption as in part (ii) of Lemma 13, and introduce
the same notation as in Definition 14. Then the following claims are true:
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(i) The operators Ay, Cs, K¢, and I satisfy

As = A+ BTK,
Co =C+ DKy,
I[I=C5Cy =C"Cs = C5C.

(ii) A is a strongly continuous semigroup on H, and C and K¢ are admissible
stable observability maps for A in the sense that Cs € L(H;L?*(R;Y)),
Ko € L(H; L2(R;U)), and

CoAo(t) = mpr(t)Co,
KoAst) = mi7(t)Ko,

for allt € RT.

Proof. (i) This follows from Lemma 13 and Definition 14.

(ii) We fix some ¢t > 0, and consider controls w of the type u = upt, + 7, where
n € L*(R*;U) satisfies m 4yn = 0 but is otherwise arbitrary. Then the state x(t)
at time ¢ and the output y of ¥ are given by

z(t) = @opt (1),

Y(8) = Yopt(s), 0<s<t,
747ty = 717 (E)Yopt + DT(t)N
t) + Dry7(t) (Uopt + 1) -

[

&
[e]
el
&+
—~

We write the cost Q(xp,u) in the form

Qeou) = / (Wopt(5), Yopt ()} s + /tm<y<s>,y<s>>y ds

/ (Wont (), Yoot () 5 + / D)) Ry
0 0

Since wopt is the minimizing control, the derivative of @Q(xo,u) with respect to n
must vanish at the point n = 0, and this implies that (cf. the proof of Lemma 13)

7T+D*7T+T(t)y0pt = 7T+D* (Cxopt (t) + D7T+T(t)uopt) = 0,

ie., (21) holds with o, Yopt, and uept replaced by xopi(t), T+7(t)Yopt, and
74T (t)Uopt, respectively. From this equation we can solve mi7(t)uopt, and get
(cf. Lemma 13 and Definition 14)

T4 T sxo = T4 7()Uuopt = Koyopt () = K A ()0,

74 T(t)Corx0 = 71T () Yopt = CorTopt (t) = Co A ()0,

Ao (s + )20 = Topt(s + 1) = Ac(5)Zopt(t) = Ac(s) Ao (t)zo-

Thus, A is a semigroup, and Ky and Cy are admissible observability maps for
A¢. The strong continuity of A is immediate. |

A stronger version of this lemma was proved independently by Zwart [52].
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4. SPECTRAL FACTORIZATION AND INNER-OUTER FACTORIZATION

As we shall prove below, the quadratic cost minimization problem is closely re-
lated to the spectral factorization problem, where we factor D*D into two invertible
factors, out of which one is causal, and the other is anti-causal:

Definition 16. Let D: L*(R;U) — L?(R;Y) be bounded, linear, and time-invari-
ant. A bounded linear time-invariant operator X: L?(R;U) — L?(R;U) is called a
(canonical and invertible) spectral factor of D*D iff X is causal and has a bounded
causal inverse (this inverse is necessarily time-invariant), and

XX =D*D.

As is well-known, the spectral factorization problem can be reduced to an inner-
outer factorization problem.

Definition 17. Let D: L?(R;U) — L?(R;Y) be bounded, linear, causal, and
time-invariant. An inner-outer factorization of D is a factorization of the form

D =YX,

where both V: L?(R;U) — L*(R;Y) and X: L*(R;U) — L?(R;U) are bounded
linear causal time-invariant operators, ) is an isometry, i.e., Y*)Y = I, and the
range of Xy is dense in L?(R*;U). We call Y an inner factor and X an outer
factor of D.

Note that X7y is the Toeplitz operator induced by X

Lemma 18. Let D: L?(R;U) — L*(R;Y) be bounded, linear, causal, and time-
invariant.

(i) If X is a spectral factor of D*D, then D is coercive and YX = (DX_l) X is
an inner-outer factorization of D. Conwversely, if D is coercive and Y X is an
inner-outer factorization of D, then X is a spectral factor of D*D.

(ii) D*D has a spectral factor X if and only if D is coercive.

(iii) The set of all spectral factors of D*D can be parametrized as JX, where X is
a fized spectral factor and J € L(U) is an arbitrary unitary operator.

(iv) The inverse of the Toeplitz operator w1 D*Dry in part (i) of Lemma 13 can be
written in the form (1. D*Dry )™t = X~ 1w (X*)7L, where X is an arbitrary
spectral factor of D*D.

Inner-outer factorizations (without any coercivity assumptions) can be parame-
trized in the same way; see [32, Theorem B, p. 101].

Proof of Lemma 18. (i) The first claim is obvious. Conversely, suppose that D is co-
ercive, and that Y X is an inner-outer factorization of D. Then D*D = X*Y*YX =
X*X. Thus, in order to prove that X is a spectral factor of D*D, it suffices to show
that & has a bounded causal inverse.

Since D is coercive and ) is an isometry, also A" is coercive; hence X is one-to-one
and has a closed range. By the time-invariance of X', we have X7(t)my = 7(t) X7y
for all ¢ € R, and this combined with the fact that the range of X7 is dense in
L?(R*;U) implies that the range of X is dense in L?(R;U). Thus, & is a bijection
and, by the closed graph theorem, it has a bounded inverse X~!. To prove that this
inverse is causal, it suffices to show that the range of X7, is equal to L2(R*;U).
But this follows from the fact that the range of X7 is both dense in L?(R*;U)
and (by the coercivity of X7 ) closed in L?(R*;U).
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(ii) If D*D has a spectral factor, then D*D is invertible, and D must be coer-
cive. Conversely, if D is coercive, then it follows from [32, Theorem 3.4, p. 50 and
Theorem 3.7, p. 54] that D*D has a factorization X*X where X is outer. By the
argument given above X is invertible; hence X is a spectral factor of D*D.

(iii) To prove the claim about the uniqueness of a spectral factor X, suppose
that both X and Z are spectral factors, i.e.,

X*X=D"D=Z*Z,
and that both X and Z are causal and have causal inverses. Then
Xzl = (x0T 2

The left-hand side is causal and the right-hand side is anti-causal, so these operators
are static and, by Lemma 6,

Xz l=(xn)lz =1

for some operator J € L(U). Thus, X = JZ and Z* = X*J; hence Z2 = J*X =
J*JZ. Since both X and J are invertible, this implies that J is unitary, i.e.,
JJ=JJ" =1

(iv) Use the causality of X and anti-causality of (X*)~! to get

Xl (X ', DDy = X (X)) Tl X Xy
= X ln (XNl
= X ln xn,
= X 'xn,
= 7.
Thus, X~ tr (X*)~1 is a left inverse of 7. D*Dry on L2(R*;U). Since we know

7+ D*Dmy to be invertible, this operator must also be a right inverse of 7. D*Dr. .
|

5. STATIC OUTPUT FEEDBACK, STATE FEEDBACK, AND OUTPUT INJECTION

To connect the quadratic cost minimization problem to the spectral factorization
problem (or alternatively, to the inner-outer factorization problem), we need the
notion of a state feedback, which can be reduced to the notion of a (static) output
feedback. The idea is to feed a part z = Ly of the output y of a well-posed linear
system W back into the input, as drawn in Figure 2. Here L is a bounded linear
operator from the output space into the input space. Then, in the initial value
setting with initial value g and input v, we find that the effective input wu, the
state z(t) at time ¢ > 0, the output y, and the feedback control signal z satisfy the
equations

u=2z+ 740,

x(t) = A(t)zo + Br(t)u,
y = Cxo + Du,
z = Ly,

(22)
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Y cC D
u

Z ++ T4V

FIGURE 2. Static Output Feedback

which formally can be solved as

I —LD) " (LCxo + 4 v),
w(t) = (A(t) 4+ Br(t)L (I - DL)™" c) 2o+ B(I — LD)  7(t)m v,

<
|
—~

I —DL)™ " (Cxo+ Dryv),
I — LD)™ "' L(Cxo+ Dryv).

—~~ o~

We say that the feedback operator L is admissible whenever these equations are
valid:

Definition 19. Let ¥ = [# 5] be an externally stable causal [anti-causal] well-
posed linear system on (U, H,Y). The operator L € L(Y;U) is called an ad-
missible stable output feedback operator for W iff the time-invariant operator I —
LD: L?(R;U) — L*(R;U) has a bounded causal [anti-causal] inverse, or equiva-
lently, iff the time-invariant operator I —DL: L?(R;Y) — L?(R;Y) has a bounded
causal [anti-causal] inverse.

Observe that the inverses are necessarily time-invariant whenever they exist.
That the two different invertibility conditions are equivalent is well-known, and so
are the facts that

As Weiss [46, Section 6] proved, z and y in (23) can be interpreted as the state
and output of another well-posed linear system:

Proposition 20. Let ¥ = [“C4 B be an externally stable causal well-posed linear
system, and let L € L(Y;U) be an admissible stable output feedback operator for U.
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Then the system

v, — (AL Bm} _ [A—I—BTL (I—EL)_lc B(I—LD)__llT
C. Dy (I-DL)""C D (I — LD)
- “é‘ %T: + :[’;]L(I—DL)‘1 [c D]
-[¢ 9] [5]e o0
[t ] fi)er -

is another externally stable causal well-posed linear system on (U, H,Y). We call
this system the closed loop system with output feedback operator L. In the initial
value setting with initial time zero, initial value xo, and control v, the controlled
state x(t) at time t and the output y of ¥y, are given by (23). (An analogous result
is valid in the anti-causal case.)

To get a better feeling for the feedback formula in Proposition 20 we recommend
that the reader carry out the following exercise. If in the classical system (1) we
replace u by uw = Ly + v, then we get a new well-defined system of the same type
iff I — DL is invertible, or equivalently, iff I — LD is invertible. In the new system
the operators [4 B] have been replaced by

[AL BL} _[A+BL(UI-DL)"'C B(I-LD)™!
Cr Dr] | (I-DL)y'C D(I—-LD)™
o = :g g_ + :g} L(I-DL)"'[C D]
. é 4 ﬂL[OL Dy
- g g: + :gi]L[C D].

This formula is probably not that familiar to most readers, since it is not common to
allow a feed-through operator D inside a feedback loop, and the formula simplifies
significantly when D = 0. In addition, the invertibility condition on I — DL drops
out when D = 0. However, there is a striking similarity between this formula and
the one given in Proposition 20. A general well-posed linear system need not have a
well-defined feed-through operator D (see Definition 35), so in the general case it is
not possible to normalize D to be zero. Similar comments apply to our subsequent
feedback formulas.

As the following lemma shows, stability and strong stability are preserved under
stable feedback:

Lemma 21. Let ¥ = [“C“ g] be an externally stable causal well-posed linear system,
and let L € L(Y;U) be an admissible stable output feedback operator for ¥. Then
the closed loop system Wy is stable iff W is stable, i.e., sup,cg+|A(t)|| < oo iff
sup,er+||AL(t)|| < 0o. Moreover Wy, is strongly stable iff W is strongly stable, i.e.,
At)r — 0 ast — oo for all x € H iff A(t)x — 0 ast — oo for allz € H.
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T4V ++ U

FIGURE 3. State Feedback Connection

Proof. The first claim follows from the fact that the difference Ay, — A =
BrL (I —DL)"' C is bounded.
To prove the second claim it suffices to show that

Br(t)L(I — DL) 'Cx — 0 as t — o
for every z € H. Fix « € H, and split the expression above into
Br(t)L(I — DL)™'Cx = Br(t — T)(ry +n_)7(T)L(I — DL)'Cx
= Br(t)m7,00)L(I — DL)"'Cx
+ A(t — T)B7(T)L(I — DL)"'Cx.
Here the first term tends to zero as T — oo, uniformly in ¢ > T', and the second

term tends to zero as t — oo and T is fixed. (|

As we mentioned above, a state feedback can be reduced to an output feedback
as follows. The appropriate connection has been drawn in Figure 3.

Definition 22. Let ¥ = [# 5] be an externally stable causal [anti-causal] well-
posed linear system on (U, H,Y). The pair (IC .7-') is called an admissible stable
state feedback pair for W iff the extended system

A B

|6 &

is an externally stable causal [anti-causal] well-posed linear system, and (O I ) is
an admissible stable output feedback operator for Weys, i.e., I — F has a bounded
causal [anti-causal] inverse.

In the state feedback case with initial value zg and input v, we obtain the
effective input u, the state z(t), the output y, and the feedback control signal z of
Wyt from (22) and (23) by replacing C, D, L, and y by (&), (2), (0 I), and (),
respectively. This leads to the formulas

U =2z+ 740,

x(t) = A(t)zo + BT (t)u,

y = Cxo + Du,

z = Kxo + Fu,

(25)
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uw=(I—F) " (Kzo+7m40),

A(t) + Br(t) (T = F) ™' K) o + B(I = F) ™ r{t)mo,
C+D(I— ]-')_1/6) 2o +D (I — F) 'y,

I—F) " (Kxo+ Fryv).

w
Il
—

We get the closed loop state feedback system W by making the same replacements
in Proposition 20:

Proposition 23. Let ¥ = [é B] be an externally stable causal well-posed linear
system, and let (IC .7-") be an admissible stable state feedback pair for ¥. Then the
system

AQ BQT

) ()

[A+Br(I-F) 'Kk  BUI-F)'r
= <C+D(I—]—")_1IC> <D(1_f)—1)

(I-F)'K (I-F) =1
[ A Bt Bt

16 AL G-

is another externally stable well-posed linear system on (U, H,Y x U). We call this
system the closed loop state feedback system with state feedback pair (IC .7-"). In
the initial value setting with initial time zero, initial value xo, and control v, the
controlled state x(t) at time t and the outputs y and z of W are given by (26).
(An analogous result is valid in the anti-causal case.)

Remark 24. We shall frequently regard the signal v in Figure 3 as an additional
output of the closed loop system. This output has the same observability map
K = (I—F)7K as the output 2, and its input /output map is F5+1 = (I —F)~ L.
A similar remark applies to the signal z* in the adjoint output injection connection
in Figure 4.

The adjoint of the state feedback system Vs is the output injection system drawn
in Figure 4.

Definition 25. Let U* = [4. 0] be an externally stable anti-causal [causal] well-
posed linear system on (Y, H,U). Then the pair (J’S_ ) is called an admissible stable
output injection pair for U* iff the extended system
. _[AT (¢t K
ext — | B* (D* f*)
is an externally stable anti-causal [causal] well-posed linear system, and () is an

admissible stable output feedback operator for ¥, ie., I — F* has a bounded
anti-causal [causal] inverse.
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F1GURE 4. Adjoint Output Injection Connection

The appropriate formulas for the output injection connection are in the initial
value setting

Z¥=ut+ vt
(27) 2 (s) = A" (=s)xj + C 1 (s)m_y™ + K*7(s)z",
u* =B xy + Dr'n_y* + F ¥,
and
2= (I —F) " (B*zh + D r_y* +m_v*),
(28) a*(s) = (A*(—s) P (s) (T — F*) 7! B*) s
+ (C* + K1 —F)! D*) r(s)m_y* + K* (I — F*) " r(s)m_v*,
ut = (I — F) (Bl + Din_y* + Fra_v*).
We shall actually use this system in the time-invariant setting, for which slightly
simpler formulas are valid (set z{; = 0 and delete 7_).

We get the closed loop output injection system ¥ by making the appropriate
replacements in Proposition 20:

Proposition 26. Let U* = [é: TC;*] be an externally stable anti-causal well-posed

linear system, and let (g*) be an admissible stable output injection pair for .
Then the system U given by

T* — Al (CEST ICBT)

°\Bs  (Dy F)

A K (I = F) ' B (C*T+IC*(I—}"*)_1D*T IC*(I—]-'*)_lf)
(I—F*"'B* (I —-F"'D* (I—-F9"' =1

is an externally stable anti-causal well-posed linear system. We call this system the
closed loop output injection system with output injection pair ( J’C__i ) The controlled
state *(s) at time s < 0 and output u* of Wiy in the initial value setting with initial
time zero, initial state xj, and controls y* and v* are given by (28). (An analogous
result is valid in the causal case.)
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6. THE CONNECTION BETWEEN QUADRATIC COST MINIMIZATION AND
SPECTRAL FACTORIZATION

The following theorem is our first main result. It shows that the spectral factor-
ization problem is equivalent to the problem of finding a state feedback solution to
the quadratic cost minimization problem:

Theorem 27. Let ¥ = [“C4 B be an externally stable causal well-posed linear sys-
tem on (U, H,Y), and let D be coercive (in the sense of Definition 12). For each
x0 € H, let zopt, Uopt, and Yopt be the optimal state, control, and output for the
quadratic cost minimization problem (see Lemma 13). Let 11 be the Riccati operator
defined in Definition 14.

(i) If YX is an inner-outer factorization of D (in the sense of Definition 17),

and if E is an arbitrary invertible operator in L(U), then
(K F)=(-myE7'Y*C (I-E'X))

is an admissible stable state feedback pair for ¥, and

Topt Ag A+ BX~ITEK
Yopt = CQ xro = C+ YEK xo
uopt ICQ X_lEK:
A Bx—1r
= C | xo— y T+ Y*Cxo
0 X1
18 equal to the state and output of the closed loop system
[ Ap B A+ BX TEK BX'E
U= |[Cs Do) | = C+YEK YE
L\ Ko Fo X 1EK XTIE -1

[A—BX lrn Y*C BX~'E
= | ((I-Yr, Y")C VE
|\ —x~lm yeC X'E-1

with this feedback pair, initial value xq, initial time zero, and zero control u.
The Riccati operator I1 of ¥ can be written in the following alternative forms:

M =C*C—K*E*EK = C* (I — Ym,Y*)C = C*Cs = CCss.

In particular, 11 is the observability gramian of the closed loop system W .

(ii) Conversely, if (1‘7{2]}22) is equal to the output of some externally stable closed
loop state feedback extension W of U with initial value xg, initial time 0,
zero control u, and some admissible stable state feedback pair (IC .7-'), then
there exists an invertible operator E € L(U) such that YX is an inner-outer
factorization of D, where Y = D (I —F) ' E~' and X = E(I — F). More-
over, K is given by K = —m E~1Y*C. Thus, every state feedback solution of
the quadratic cost minimization problem is of the type described in part (i).

Remark 28. The operator Ym,Y* in the formulas above is equal to the projection
operator P in Lemma 13. The operator I — Y7, Y* can be interpreted as the Riccati
operator of a particular realization of D; see [37].

The explanation for the appearance of the extra undetermined operator E in
Theorem 27 is the following. In the case of the classical system (1) a standard state
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feedback law has the form u = Lz for some bounded linear operator L. The right-
hand side of this feedback equation can be thought of as an extra output of the
original system with the property that the feed-through term has been normalized to
be zero. As we mentioned in connection with the formula for the output feedback
connection, it is not in general possible to normalize the feed-through term of
a well-posed linear system to be zero; to do this we need the extra regularity
condition introduced in Definition 35. If we do not normalize the feed-through
term in the feedback loop to be zero, the we must write the feedback equation
in the form v = Kx + Fu for some bounded linear operators K and F. This
equation is equivalent to the earlier equation u = Lx iff I — F' is invertible, and
L= (I-F)"'K. Define E = (I — F)~!. Then the feedback equation u = Kz + Fu
becomes u = E~1Lx + (I — E~')u, which begins to resemble the actual formula
used in Theorem 27. Notice, in particular, that the “effective” feedback is L = EK
instead of K.

For later reference, let us write out the expression for the extended open loop
system W,y in Definition 22 with the particular state feedback pair (IC .7-') =
(—mE7'Y*C (I — E"'X)) given by Theorem 27, and also the expressions for
the adjoints of Wext and W s:

A B A B

(30) Dext = (/Cc> (2) = <_7T+EC—1y*C> (1_5—1;() ;

A (c* —C*J/(E*)_17T+)
B (D* I—X*(E*)_l)

)

CR S

By (D5
A —cvne @ e (c* (I—Yr V%) —C*yrs (X*)_l)

Proof of Theorem 27. (i) We suppose that Y X is an inner-outer factorization of D.
Let E € L(H) be invertible, and define

(K F)=(-meE71YC (I-E'X)).

We claim that the system Wy defined in (30) is an externally stable well-posed
linear system on (U, H,Y x U). It is obvious that all the operators in this system
are causal, bounded linear operators on their appropriate domains. The only non-
obvious parts of the claim that Wy is well-posed are that

KA(t) = ne7m(t)K, t e RT,
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and that the Hankel operator of F is equal to CB. To compute KA(t), we recall
that E~1Y* is time-invariant and anti-causal; hence
KA(t) = —mL E7'Y*CA(t)
= —n BV r(t)C
= —m, E7'Y*r(t)C
= —m () ETIY*C
= —my ()T ETIY*C
= mr7(t)K.
In the computation of the Hankel operator of F, we use the facts that 7 and —E~1X
have the same Hankel operator, that X = Y*YX = Y*D, that m, +7_ = I, that
E~'Y* is anti-causal, and that the Hankel operator of D is CB:
n Frn_ = —n,E7 ' Xr_
= 1, E71Y*Dr_
=, E7'Y*r, Dr_
= 1, E71y*CB
= KB.

To complete the proof of (i) it suffices to insert the formula for (7, D*Dmry)~?

given in part (iv) of Lemma 18 into the formulas of Lemma 13, and to compare
the result to the output of the closed loop system W with initial time zero, initial
state xg, and zero control wu.

(ii) Conversely, suppose that (#:% ) is equal to the output of some externally
stable closed loop state feedback extension W of W with initial value xg, initial
time 0, zero control u, and some admissible stable state feedback pair (IC .7-").
According to Proposition 23,

Yopt = Coxo = (C + D(I — f)_l IC) Zo,

(33) »
Uopt = ICQCL‘Q = (I - .7:) IC(E().

The first step of this proof is to show that it is possible to write D*D in the
form Z*W, where both Z and W are causal and W has a bounded causal inverse.
Motivated by the formula F = I — E~'X in part (i), we take E = I, and choose
W and Z* to be

W=I-F, Z'=DDW '=DD(I-F)".

Since (IC F ) is an admissible stable state feedback pair for ¥, W = I — F is causal
and has a bounded causal inverse (which makes it possible to define Z* in the way
that we did above).

We claim that Z* is anti-causal. To prove this we choose an arbitrary u €
L?(R;U), and choose x( in the quadratic cost minimization problem to be zq =
Besu. Recall that the Hankel operator of Dy = D (I — F) ' is CsBs since Uy is a
well-posed system, and compute

Yopt = Coxo = CQBQU

=7, Dym_u=m,DI —F) "7_u.
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By (21), m+D*yopt = 0, and this together with the computation above and the
anti-causality of D* shows that 7, Z*r_ = 7, D*D(I — F) 'n_ = 0, i.e.,, Z* is
anti-causal.

By now we know that Z*W = D*D, that Z* is anti-causal, that V is causal
and invertible, and that the inverse of W is causal. Taking adjoints in the equation
Z*W =D*D, we get

W*Z =D*D = Z*W,;
hence
ZWt = (W) D DW= (W) T 27
Since ZW1 is causal and (W*) ™' Z* is anti-causal, the operator (W*) ™' D*DW~1
is static. By Lemma 6, it is equal to a multiplication operator by an operator
M € LU), ie., W) ' D*DW~! = M for some M € L(U). The operator M
must be positive and invertible since (W*)™' D*DW1 is positive and invertible.
Let E € L(U) be an arbitrary invertible operator satisfying E*E = M; for example,
we may take E to be the positive square root of M. Then (W*) ™' D*DW~! = E*E,
ie.,
D'D=W'E*EW=(I—-F)E'E(I-F).
Consequently, if we define
X=E{I-F),

then X is a spectral factor of D*D, and YX = (D (I1-F)" E‘l) (E(I-F))is
an inner-outer factorization of D.

To prove that K must be of the form K = —m E=1Y*C, we observe that by (21)
and (33),

7. D" (c +D(UI—F)! /c) ~0.
Replacing D*D by X*X = (I — F*)E*E (I — F), we get
T+ X*EK = -7, D*C,
which we can solve for K (since E~1 (X*)™! is anti-causal) in the form

K=—-n E7Y(X*)"'D*C = —n E7'Y*C. O

7. THE GENERATORS OF A WELL-POSED LINEAR SYSTEM

By a result due to Salamon [35] (and apparently discovered independently by
Weiss [43, 44]), every well-posed linear system ¥ has a well-defined (unbounded)
control operator B and a well-defined (unbounded) observation operator C, and
formulas (3), (4), (8), (9), (11), (12), (13), and (15) hold in a weak sense (see Remark
30 below). In order to present this result we need some additional definitions.

Let A be the semigroup of the well-posed linear system W on (U, H,Y), i.e., Aisa
semigroup on H. Denote the generator of A by A, and denote the domain dom(A)
of A by W. Choose an arbitrary number « from the resolvent set of A. Then
W = (el —A)~'H, and we can choose the norm in W to be ||z, = ||(a — A)z| -
Let V be the completion of H under the norm H(a[ — A)_leH. Then

WcCcHCV
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with dense and continuous embeddings, (af — A) is an (isometric) isomorphism of
W onto H, and (al — A) extends to an (isometric) isomorphism of H onto V. The
semigroup A can be restricted to a semigroup on W, and extended to a semigroup
on V. The three semigroups that we get in this way are (isometrically) isomorphic,
and we denote them all with the same letter A.

We repeat the same construction with A4 and A replaced by their adjoints A*
and A* to get two more spaces V* = dom(A*) and W*, with

V*CHcCW*

It is possible to identify W* with the dual of W and V with the dual of V* if we
use H as the pivot space.

Proposition 29. Let ¥ = [£4 5] be a causal and U* = [é: zc)**} an anti-causal
externally stable well-posed linear system on (U, H,Y), respectively on (Y,H,U).
These systems have (unique) generating operators [é ]r?], respectively [g: C, } , with
the following properties (the question mark stands for a missing entry):

(i) Ae L(W;H)NL(H;V) is the generator of A, A* € L(V*;H)N L(H; W*)
is the generator of A*, B € L(U;V), C* € L(Y;W*), C € LW,;Y), and
B* € L(V*;U). Moreover, for every sufficiently large real number o, ol —
A has an inverse in L(H;W)N L(V;H), and o — A* has an inverse in
LH; VYN L(W*; H).

(ii) C e LW;WEHE(RT;Y)), B* € L(V; W2 (RT;U)), and (4) and (9) hold for
every x € W and x* € V*. Moreover, for such x and z*, (Cx)’ = CAx and
(B*x*) = —B*A*x*.

(iii) In the time-invariant setting, if u € WLY2(R,;U), then the controlled state
x = Bru and the output y = Du of ¥ satisfyx € BCY(R; H), y € WH(R;Y),
¥ = Bruw = Az + Bu € BCR;H), y = Dv/, and z(t) — 0 and 2/(t) —
0 i H ast — —oo. Analogously, in the time-invariant setting, if y* €
WL2(R;Y), then the controlled state x* = C*1y* and the output u* = D*y* of
U* satisfy ©* € BC*(R; H), u* € WH2(R;U), (2*) = C* (y*) = —A*z* —
C*y* € BC(R; H), (u*) = D* (y*), and 2*(s) — 0 and (z*)' (s) — 0 in H
as s — o0.

(iv) In the initial value setting, if u € WH3(R*;U), zo € H, and Az + Bu(0) €
H, then the controlled state v = Axo+Brmiu and the output y = Cxo+Dryu
of ¥ satisfy

zeC'(RYH), yeW"(R%Y),
2’ = A(Azg + Bu(0)) + Bru' = Az + Bu € C(RT; H),
x(t) is given by (18), and y' = C (Axo + Bu(0)) + Du’. Analogously, in the
initial value setting, if y* € WY2(R™;Y), x5 € H, and A*xj+ C*y*(0) € H,
then the controlled state x*(s) = A*(—s)xy + C*'7(s)m_y* and the output
u* = Bz + D*r_y* of U* satisfy
r* € CYR™; H), u* € WH(RT;U),
(@) (s) = —A"(=s)(A"ag + Cy*(0)) + C*7(s) (")
=—-A"z* - C*'y" € C(R™; H),

x*(s) is given by (15), and (u*) = —B* (A*z§ + C*y*(0)) + D* (y*)'.
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Outline of Proof. Most of these claims follow directly from [34, Lemmas 2.3
and 2.5] and [35, Theorem 3.1 and Lemma 3.2]. The key step is to prove that
B € L(U;V) and C € L(W;Y) and that (4) and (13) hold in the appropriate
spaces, because that enables us to regard [4 5] as a classical system on (U, V,?)
and [ ¢ ] as a classical system on (?, W,Y') (the question marks represent irrelevant
spaces). This makes it is possible to use standard semigroup theory as presented
in, e.g., [29]. To show that x(¢t) — 0 in H as t — —oo in (iii) is suffices to observe
that

2@l = 1B ()ull 4
= [|Br_7(t)ull
= [|Br(t)r(=t)m_71(t)ull 5
= |[Br(t)7(—oo.qu
<|Bllzr2mvy:m) HW(—oo,t]”Hp(R;U) :

which tends to zero as t — —oo. A similar proof with u replaced by u’ shows that
2'(t) — 0in H as t — —oo. To deduce the statements about the adjoint system
U* it suffices to reflect the time axis and to apply the corresponding result for .

|

Remark 30. According to Proposition 29, (4) holds for each € W, and (13) holds
as an equation in H, provided that the integral is interpreted as a Bochner integral
in V. To derive a weak version of (11) we argue as follows. Fix some u € L?(R;U),
and define ur = T(T,00) U and zr = Brur. Then v — ur = T(—oo,r)t — 0 in
L?*(R;U) as T — —oo, so x7(t) — 2(t) = Br(t)u in H, uniformly in t. Moreover,
zr(t) = 0 for t < T. Since we can regard [ 5] as a classical system on (U, V,?)
(the output space is irrelevant), it follows from (2) that

zr(t) = /T A(t — s)Bu(s) ds, t>T.

We conclude that (11) holds in the sense that

t
z(t) = lim A(t — s)Bu(s)ds, teR,
T——oo Jp
where the integral is computed in V', but the limit is taken in H and is uniform in ¢
(we interpret the integral as zero if ¢ < T'). In particular, taking ¢ = 0 we find that

0
Bu= lim A(—s)Bu(s) ds,
T——oo Jp
where the integral is computed in V' but the limit is taken in H. Analogous inter-
pretations are valid for the adjoint equations (8), (9), (12), and (15).

Proposition 29 is not quite sufficient for our purposes. We need a small enhance-
ment, which involves some additional Hilbert spaces. According to Proposition 29,
the values of the states x and x* and their derivatives lie in H, but we need to know
that the states actually lie in some smaller spaces. These smaller spaces are not
uniquely determined. We choose to follow Salamon and use the smallest possible
spaces, instead of the larger spaces introduced by G. Weiss. These smallest possible
spaces are “range spaces” of certain mappings, constructed as follows:
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Lemma 31. Let E € L(X;Y), where X and Y are Banach spaces. For each
y € range(E), let |ly||, = inf{||z||yx | y = Ex}. This defines a norm on range(E)
that makes range(E) a Banach space Z, and this norm is (not necessarily strictly)
stronger than the norm of Y. The operator E induces an isometric isomorphism
of the quotient X /ker(E) onto Z, and E is continuous and open from X onto Z.
If X is a Hilbert space, then so is Z, and then E is an isometric isomorphism of
ker(E)* onto Z.

This result is standard but difficult to find in the literature. The idea is to factor
E into E = Fr, where m: X — X/ker(FE) is the (continuous and open) quotient
map, and F': X/ker(F) is injective [3, Problem F, p. 266], and to let the norm
in range(F) = range(F') be the one induced by F. This makes F' an isometric
isomorphism of X /ker(E) onto Z.

Let ¥ be a well-posed linear system on (U, H,Y) with generating operators
[4 %]. Choose an arbitrary number a from the resolvent sets of A. We denote the
range space (constructed as in Lemma 31) of the mapping (o —A)~' (I B): H x
U — H by Wpg, and the corresponding space that we get by replacing ¥ by its
adjoint by V. These spaces are independent of the particular value of o

The elements of Wp and V& can be characterized in the following way:

Lemma 32. The following conditions are equivalent:

(1) x € Wp;

(ii) « = (oI — A)~' (z1 + Bu) for some 1 € H andu € U;

(ili) = 22 + (ol — A)~tBu for some z2 € W and u € U;

(iv) x € H and Az + Bu € H for some u € U.
Likewise, the following conditions are also equivalent:

(v) z* e V&,

(vi) * = (al — A*)7 (21 + C*y*) for some 3 € H and y* € Y;
(vii) z* = 25 + (o — A*)~LC*y* for some x5 € V* and y* € Y;
(viii) z* € H and A*z* + C*y* € H for some y* €Y.

Proof. The equivalence of (i) and (ii) follows from the definition of Wp. Take
29 = (ol — A)~tx; to show that (ii) and (iii) are equivalent. If z is of the form
(i), then x € H and Az + Bu = —x1 + a(al — A)~! (z1 + Bu) € H, so (iv) holds.
Conversely, if (iv) holds, then (ii) is satisfied with 1 = ax — (Ax 4+ Bu). The
equivalence of (v)-(viii) is proved analogously. |

It is easy to see that
WcCcWpCHandV*CVACH,

with continuous injections.

Obviously, Wp and V3 are dense in H since W and V* are dense in H. However,
W need not be dense in Wp, and V* need not be dense in V3. In particular, in
the realizations discussed in [37] and [38] W is a closed subspace of Wp and V*
is a closed subspace of V. For example, the realization that is denoted by =~ in
[37] is Salamon’s exactly controllable realization which we get by taking H to be
H = L*(R7;U), A(t) to be the unilateral left-shift 7(¢)m— on L2(R™;U), Bu =
7_u, and Cx = 7, Dz [39, Definition 2.10]. For this realization W = W, *(R~; U)
and Wp = WH2(R™;U), so W is a closed subspace of Wg. Salamon introduces
the space Wg in [34] (denoting it by Z) in the special case where the mapping
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(al —A)~* (I B) is one-to-one (a case that he refers to as an abstract boundary
control system; the exactly controllable realization is of this type).
Proposition 29 implies the following result:

Proposition 33. The conclusion of Proposition 29 can be strengthened as follows:
(1) In part (i), v € BC(R;Wg), * € BC(R; V%), z(t) — 0 in Wg ast — —o0,
and z*(s) — 0 in V5 as s — +o0.
(ii) In part (w), x € C(RT; Wg) and 2* € C(RT; V).

Proof. Use the fact that ' = Ax + Bu to write x in the form
= (al — A" (azx — 2’ + Bu).

Since x and z’ are continuous in H and u is continuous in U, this implies that z is
continuous in Wg. The other claims are proved in a similar way. O

Remark 34. By Lemma 32, the spaces Wp and V73 can be characterized as the
spaces of permitted initial values zy and zj in part (iv) of Proposition 29. By
Proposition 33, they are invariant in the sense that the states x and x* in parts
(iii) and (iv) of Proposition 29 stay in these spaces for all time. Moreover, by
Proposition 37 below, they are large enough to contain the domains of all state
feedback perturbations of A and A*.

In general, a well-posed linear system need not have a well-defined feed-through
operator D, so equations (5), (10), (14), and (16) cannot possibly be true in general.
This fact motivated G. Weiss to introduce the class of regular systems. In [45,
Theorem 5.8] Weiss gives eight equivalent characterizations of regularity, one of
which is the following;:

Definition 35. A causal time-invariant operator D: L*(R;U) — L?(R;Y) is reg-
ular iff, for every ug € U, the strong Cesaro mean of order one
1 [t
Dug = lim - D d
to = m - o (Dxgr+uo)(s)ds
exists (here yr+ stands for the characteristic function of R¥, and Dyg+uq is
the step response corresponding to the constant input ug). An anti-causal time-
invariant operator D*: L*(R;Y) — L?(R;U) is regular iff, for every y5 € Y, the
strong Cesaro mean of order one
* : 1 ? * *
D*ys = lim —/ (D*xmr-y0)(t) dt
s—0— 8§ 0
exists (here yr- stands for the characteristic function of R™, and D*xgr+yg is the
step response corresponding to the constant input yg). The operators D: U — Y
and D*: Y — U defined above are called the feed-through operators of D and D*.
The systems ¥ and ¥* are regular iff their input/output maps are regular.

Thus, a system is regular iff its step response has a one-sided limit in the strong
Ci-sense at the origin. It is known [46, p. 38] that the adjoint of a regular in-
put/output map need not be regular.

Let us rewrite equations (5), (10), (14), and (16) in terms of the controlled states
x(t) and z*(s) of ¥ and U* in the common forms

y(t) = Ca(t) + Du(?),
u*(s) = B*z"(s) + D*y*(s).
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Then, as Weiss proved, for regular systems these equations remain valid in a weak
sense:

Proposition 36. Let U and U* be well-posed linear systems on (U, H,Y'), respec-
twely, (Y, H,U), with generating operators [é ?}, respectively [gi 07 ]
(i) W is regular if and only if the strong Abel limit

Cz = lim CAXM —A) 'z
A——+oo

exists for every x € Wp, and ¥* is reqular if and only if the strong Abel limit
B'z* = lim B*AM — A*) 'z*
A——+o00

exists for every x* € V4. The operators C and B defined in this way are
bounded linear operators from Wp into Y and from V3 into U, respectively,
and they are extensions of the operators C € L(W;Y) and B* € L(V*;U).
(ii) In the regular case, denote the feed-through operators of ¥ and ¥* by D and
D*, respectively. Then the conclusion of Proposition 29 can be strengthened
as follows: Both in parts (iii) and (), y = Cx+ Du and u* = B 2* + D*y*.

Proof. Part (i) follows easily from the equivalence of (1) and (4) in [45, Theorem
5.8], and Part (ii) from [45, Remark 6.2]. O

Let us remark that our operator C is a restriction of the operator that Weiss
denotes by Cf, in [45] and by Cj in [46], and also a restriction of Weiss’ operator
C'r. He does not explicitly study B" and the time-invariant setting.

Since W and V* need not be dense in Wp, respectively V{4, the extensions C
and B" are not uniquely determined by Weiss C' and B*. Salamon uses a different
extension K of C in [34, Section 2.2]. As shown in [40], some of our final results
can be extended to the non-regular case through the use of Salamon’s extension
of C' and the corresponding extension of B* instead of our extensions C' and B
(induced by Weiss’ extensions).

In this work we make no explicit use of the notion of the transfer function of the
input/output map of a well-posed linear system, and we refer the reader to [39],
[45], [46], and [50] for discussions of these functions. In our setting, the transfer
function of D is an H°°-function over the right half-plane, and the transfer function
of D* is an H*-function over the left half-plane (in Weiss’ setting, both of these
are defined on right-half planes).

8. THE GENERATORS OF THE CLOSED LOOP SYSTEM

Consider the closed loop output feedback system Wy introduced in Proposition
20. We denote the generating operators of this system by [éi Bf], and in the
regular case by [éi gi } In the classical case we know that these generators are
given by (24), and Salamon and Weiss have extended this relation to general well-
posed closed loop linear output feedback systems.

The generator Ay, of the closed loop semigroup Sy, was computed by Salamon in
[34, Section 4]. His description of the domain dom(Ay) of Az, was incomplete in the
case where the observation operator is unbounded and the control space U infinite-
dimensional, due to the fact that Salamon never makes the connection between
the well-posedness of the closed loop system and the invertibility of the loop gain
transfer function in some right-half plane that Weiss makes in [46, Proposition 3.6].
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However, by combining [34, Lemma 4.4(iii)] with [46, Proposition 3.6] we get a
satisfactory result (presented in [46] in the regular case). We shall not need the
exact result here, but we shall need the following consequence of this result, that
can also be derived from [46, Proposition 6.6].

Proposition 37. Denote the generators of the closed loop system Wy in Proposi-
tion 20 by [éﬁ B?L}, and let Wg, and VC*L be the closed loop versions of Wp and
V¢, respectively. Then Wg, = Wg and Vi = Vi, ; hence dom(Ay) C Wg and
dom(A}) C V4.

Thus, in the sequel we shall throughout replace Wg, and V¢, by Wg and V{,
respectively.

In the regular case the closed loop generating operators have been determined
by Weiss [46]; see, in particular, Theorem 4.7, Proposition 4.8, and Section 7 in
that paper. From there we extract the following results:

Proposition 38. Let ¥ and ¥y be the open and closed loop systems in Proposi-
tion 20, with admissible output feedback operator L.
(i) If both U and ¥* are regular, then both Vi and ¥} are regular, I — DL is
invertible in L(Y), and I — LD 1is invertible in L(U).
(ii) Suppose that U and U* are regular. Denote the generators of ¥ and ¥y, by
[&B] and [éz gﬂ, respectively. Then the relation

A, Byl _[A+BL(I-DL)'C B(I-LD)™"
CL Dr] (I-DL)™'C D(I—LD)™"
holds in the following sense: the equation for Ap is valid on dom(Ay) C
Wpg, = Wg, the equation for Cr, is valid on Wg, = Wpg, the equation for
Dy, is valid on U, and the equation for Bp should be interpreted as E*L =
(I — D*L*)"YB", which is valid on Ve, = V4.
Another different interpretation of the formula By, = B(I — LD)™! is given in
[46, Section 7].
Applying the preceding result with L = (0 I) to the system Wey; in (30), we get
the following result:
Proposition 39. In addition to the hypothesis of Theorem 27, suppose that both

the extended system ey given by (80) and its adjoint system Vi . given by (31)
are reqular, i.e., D, D*, F, and F* are reqular. Denote the generating operators

A B . Ao By
of Wext by [(ch (g)} and the generating operators of ¥ by [(f{g) (5)’8)} (the

regularity of U follows from Proposition 38.)

(i) Under these assumptions the outer factor X and the inner factor Y are reqular
together with their adjoints. If we denote the feed-through operator of X by X
and the feed-through operator of ¥ by Y, then X = E(I — F), X is invertible,
and D =Y X.

(ii) Construct the range space V(*aK) in the same way as the space V3 was con-
structed, except that ¥ is replaced by Veyxs. Then V5 C V(*QK), and the
relation

AQ Bo A—FBX_lEF BX'E

(=) )] 7LGHR) (He)
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holds in the following sense: the equation for A is valid on dom(Ay) C Wg,
the equations for Cs and K are valid on Wg, the equations for Dy and Fs
are valid on U, the equation for Fis is valid on Y, and the equation for B
should be interpreted as E*o = E*(X*)"'B", which is valid on Ve

This follows directly from Theorem 27 and Proposition 38. It is also true that
dom(A¥) C Vi C Ve, Ky With continuous inclusions where Vi is the range space
constructed in the same way as V4 and V(*C K) were constructed, but with ¥ re-
placed by the system [@ 2]. That this inclusion is true follows from the fact that
the closed loop semigroup A depends only on A, B, K, and F, and not explicitly
on C.

We have the following corollary to Theorem 27 and Proposition 38:

Corollary 40. Let the assumption of Theorem 27 hold. If ¥ is reqular and D*D
has a regular spectral factor X, then every spectral factor of D*D is reqular, and
this is the case if and only if the extended system Ueyy in (30) is reqular. If ¥*
is reqular and D*D has a spectral factor X with a regular adjoint X*, then every
spectral factor of D*D has a regular adjoint, and this is the case if and only if
the adjoint extended system W . in (81) is regular. If both U and ¥* are regular
and D*D has a regular spectral factor X with a reqular adjoint X*, then both the
closed loop systems W and W are regular, the feed-through operator X of X is
invertible, and there is a unique spectral factor of D*D with a positive self-adjoint
feed-through operator. Moreover, in this case there is a unique feedback pair (IC, F)
in Theorem 27 for which the feed-through operator of F is zero, namely

(K F)=(-neX2YC (I-X"1X)),

where YX is an arbitrary inner-outer factorization of D, and X is the feed-through
operator of X.

Proof. Most of these claims follow immediately from Theorem 27 and Proposi-
tion 38. To get the unique spectral factor that has a positive self-adjoint feed-
through operator we take an arbitrary spectral factor X with feed-through oper-
ator X, and multiply it to the left by the unitary operator (X*X )1/ 2 X~ where
(X*X)l/2 is the unique positive self-adjoint square root of X*X. To get the unique
feedback pair (IC, F) for which the feed-through part of F is zero we take an arbi-
trary spectral factor X with feed-through operator X, and choose the operator E
in Theorem 27 to be £ = X. O

We remark that the case treated in [37] was regular, and there we throughout
normalized X to have a positive self-adjoint feed-through operator, and took E in
Theorem 27 to be the feed-through operator of X.

9. THE OPEN AND CLOSED LOOP LYAPUNOV EQUATIONS

In the sequel we suppose throughout that D is coercive. We claim that the
feedback operator can be expressed in terms of the Riccati operator, and conversely,
that the Riccati operator can be computed from the feedback operator through a
Lyapunov equation. By combining these two facts we get an algebraic Riccati
equation for the Riccati operator. Since the proof of the fact that the Riccati
operator can be computed from the feedback operator through a Lyapunov equation
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is quite elementary and does not require any regularity assumptions, we start with
this part.

It is possible to develop (at least) three different Lyapunov equations, one for
the open loop system Wy, one for the closed loop system Wy, and a mixture of
these two:

Theorem 41. Let ¥ = [é B be a causal externally stable well-posed linear system
on (U, H,Y) with a coercive input/output map D. Let E be the operator in Theo-

A B
rem 27, denote the generating operators of the system oy in (30) by {(IC() (Z) ] ,

Ao Bo
and denote the generating operators of the system W sin (29) by [ (IC;Q ) (;) } . With
o !

this notation, the Riccati operator I1 of U satisfies the open loop Lyapunov equation
(Axy, Ilxg) y + (21, HAzg) y = — (Cxy,Co)y + (EKz1, EK20) ,
xo,x1 € dom(A),
the closed loop Lyapunov equation
(Avz1, o) 5 + (21, HAs0) y = — (Cox1, Cozo)y , o, 21 € dom(Ap),
and the mixed Lyapunov equation
(Avxy,Ixg) 5 + (21, HAz0) y = — (Covmr, Czo)y , 20 € dom(A), z1 € dom(Ap).

If W is strongly stable, then each of these equations determines II uniquely (as a
function of the other operators).

Proof. By Theorem 27 and Proposition 29, we have for all zp and z; in W =
dom(A) and for all t € RT,

<A(t)l‘1, H.A(t)CL'Q>H = <CA(t)(E1 y CA(t)fCQ>L2(R+;y)
— <EICA(t)IE1 y E’CA(t)Q?0>L2(R+;U)

_ /0 T (CA(s + ), CA(s + o)y ds

~ /OOO (EKA(s + ey, EKA(s + t)ao),, ds
_ / T (CAs), CAs)o)y ds

_ /t - (EK A(s)x1, EK A(s)x0), ds.

Differentiating both sides of this equation with respect to ¢ and taking ¢ = 0, we
get the open loop Lyapunov equation. To get the closed loop Lyapunov equation
we argue in the same way, except that we start from the equation A%IIA5 =
ALC5CoH A Finally, the mixed Lyapunov equation is also deduced in the same
way, starting from the fact that ASIIA = A5CHCA.

To prove that the open loop Lyapunov equation determines II uniquely we argue
as follows. Take zg and x1 in W. Then (Az, T Axg) is continuously differentiable
on R, with the derivate (AAxq,[TAAzg). Thus, if TI satisfies the open loop
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Lyapunov equation, then for each ¢ > 0,

(21, Tx0) gy — (A(t)z1, ILA(t)z0)
_ /0 (CAGYn, CAls)eo)y ds
- /Ot (EK A(s)x1, EK A(s)xo),, ds
= [ (e ooy i
- /Ot (E(Kz1)(s), E(K21)(5))y ds.

Let ¢ — oco. Because of the strong stability of ¥, A(t)xog — 0 and A(t)x; — 0 in
H, and we conclude that

<CL‘1,H[E0>H = <Cx1’C$O>L2(R+;Y) - <E’CZE1,E’CZE0>L2(R+;U) .

This being true for all g and z; in W, we must have Il = C*C — K*E*EX.
The proofs that also the closed loop and the mixed Lyapunov equations deter-
mine IT uniquely are similar (cf. Lemma 21). (]

The uniqueness proofs given above have been adapted from [19, Theorems 3 and
4].

Remark 42. Asis well known, in the classical case the different Lyapunov equations
given in Theorem 41 are equivalent; we can pass from one to another by using the
appropriate version of (24) and the connection between the Riccati operator IT and
the feedback operator K displayed in Theorem 44. A crucial role in these formulas
is played by the feed-through operator D of the original system. Since a general
well-posed linear system does not have a well-defined feed-through operator, it is
difficult if not impossible to pass from one of the Lyapunov equations given above
to another in the general case. Note that the closed loop and mixed Lyapunov
equations are quite elementary, since they are based on the identities II = CxCy
and IT = C5C proved in Lemma 15, but the validity of the open loop Lyapunov
equation is a deeper result.

Corollary 43. Make the same same assumption and introduce the same notation
as i Theorem 41.

(i) The Riccati operator 11 satisfies the equations

Az = — (A'TI+ C*C — K*E*EK)x = — (ASII+ C5C) o, x € dom(A),
HAsz = — (A" T+ C*Cs) z = — (AL + C5C) ,  x € dom(Ap).

In particular, the operators A*Il + C*C' — K*E*EK and A5LIL+ C5C map
dom(A) continuously into H, and the operators A*Il + C*Cy and ANII 4
C5Cx map dom(Ags) continuously into H.

(i1) Construct the range space V(*QK) in the same way as the space V3 was con-
structed, except that W is replaced by Wexe. Then II € L(dom(A); V(g 1)) N
L(dom(Aws); V).
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(i)
II € £L(dom(A);dom(A*)) 4ff C*C — K*E*EK € L(dom(A); H),
IT € £L(dom(A);dom(A%)) iff C5C € L(dom(A); H),
I € L(dom(Aw);dom(A%)) iff C*Cys € L(dom(Ay); H),
II € L(dom(Ap);dom(Af)) iff CHCo € L(dom(As); H).
(iv) T € L(Wg; VE ).

Proof. The first part follows immediately from Theorem 41. To prove parts (ii)
and (iii) it suffices to choose some « in the resolvent set of A* or A%, to add allzg
to both the equations, and to solve the resulting equations for Ilzg. Claim (iv) is
proved in [40]. O

10. THE ALGEBRAIC RiccATI EQUATION

In order to turn the Lyapunov equations developed in the previous section
into algebraic Riccati equations we still need to show that in some sense B*II =
—D*(C + DK). Actually, as we shall see, this equation is not quite correct in the
sense that in some cases we shall have to replace the feed-through operator D of
D by the feed-through operator X of the outer factor X of D, a phenomenon that
was first discovered in [37].

To compute B*II we study some coupled systems, where the output of the orig-
inal open loop system W or the closed loop state feedback system W is used as the
input of the adjoint closed loop system W7 or open loop system ¥*, respectively.
The systems ¥ and ¥y are considered in the initial value setting with initial time
zero, and the adjoint systems W and ¥* are considered in the time-invariant set-
ting on R*. We start with the connection drawn in Figure 5, which will tell us
how B*II behaves on dom(A).

Theorem 44. Make the same assumption and introduce the same notation as in
Proposition 39. Then

EKzx = _(X*)_1 (E*H—i—D*C) x, x € dom(A).

Proof. Let us first remark that B'1I is well-defined, since, by Proposition 39 and
Corollary 43, B™ € L(V(t, ); U) and TT € LIW; Vi, ).
Consider the connection in Figure 5. We take u = 0 and xg € W, and define

z(t) = A(t)zo, y(t) = (Czo)(t) = CA(t)o, teRT.

0 + =
— Ill‘ To

— -
L A Br
4 (cr Ko) c

<
—
N~
R
R RS)
—

0 Yy + s 1
[E*E ]

FIGURE 5. Primal-Dual Connection with Dual Feedback
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Then, by Proposition 29, z € C}(R*; H) and y € WH2(R*;Y). We extend y to
an arbitrary function in W12(R;Y) (for example, define y(t) = y(—t) for t < 0),
and define

t =Chty =C" (I = Yr V") 1y, u* =Dy = E*Y*y.

By the same proposition, z* € BC*(R; H) and u* € WH2(R;U). For nonnegative
t we have (use the anti-causality of Cy and Y*)

y(t) = Cx(t),
x*(t) = CA7(t)Caxo = CLCA(t)xo = ILA(t)zo = (1),
u*(t) = E*(Y*Cy) (t) = —E*E (Ky) (t) = —E*EKA(t)xg = —E*EKz(t).
By Propositions 36 and 39, for all t € R,
u*(t) = Blya™(t) + Diy(t) = E*(X*) ™! (F*:z:*(t) + D*y(t)) .
For nonnegative ¢ we can combine this with the preceding equations and use the

invertibility of E* to get
EKz(t) = —(X*)! (E*Hx(t) + D*C) (%)

In particular, taking t = 0 we find that EKxzo = —(X*)~! (E*H n D*O) zo. O

Corollary 45. In the regular case treated in Theorem 44, the Riccati operator sat-
isfies the open loop algebraic Riccati Equation
(Azy, Hxo) y + (21, TAZg)
= —(Cx1,Cxo)y + < B+ D*C) 1, (X X)7! (E*H n D*O) x0>U ,
xo, 1 € dom(A),
Proof. Combine Theorems 41 and 44. O

Theorem 44 tells us how B Il maps W = dom(A). Tt is an interesting fact that
it is possible to define B II also on W5 = dom(A), but that the resulting formula
differs significantly from the one in Theorem 44:

Theorem 46. With the assumption and notation of Proposition 39, the Riccati
operator 11 satisfies

B'lz+ D*Csz =B Nz +D* (C+ DX 'ERK)z=0, ¢ dom(Ay).
In particular, if D*D is invertible, then

ERaz1 = —X (D*D)"} (E*H + D*ﬁ) z1, 1 € dom(As).

In the classical case, dom(A) = dom(As) and X*X = D*D, so in that case this
theorem is identical to Theorem 44. However, they differ from each other in the
general case. In particular, although X*X is always invertible, D* D need not be
so. See the examples in [38, Section 8] and [41].

Proof. Let us consider the connection in Figure 6. We take v = 0 and zy €
dom(A), and define

(t) = As(t)zo,  y(t) = (Como)(t) = CoAs(t)zo,  tERT.
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FIGURE 6. Primal-Dual Connection with Primal Feedback

Then, by Proposition 29, € C1(R; H) and y € WH2(R;Y), and we can extend y
to a function in W12(R;Y). Define

* *

x* =Cry, u* = D*y.

By the same proposition, * € BC*(R; H) and u* € WL2(R;U). For t € RT we
have, by Proposition 39, by the anti-causality of C* and D* = (X*)~' V*, and by
the fact that Y*Y =1,

y(t) = Cox(t) = (C+ DX 'EK) x(t),

x*(t) = C*7(t)Cyxo = C*Coy Ay (t)xo = LA (t) o = Tx(t),

meut = my (X)) 7Y = Yrp V) Cag = my (X)) (1 YT = (VP Y)mY7) =0,
By Propositions 36 and 39, for all t € R,

u*(t) = B z*(t) + D*y(t),
which for nonnegative ¢ we may combine with the equations above to get
0 =B Mx(t) + D* (C + DX 'EK) x(t).

Take t = 0 to get the claim of Theorem 46. O

The diagrams in Figures 5 and 6 are simplified versions of the more complete
diagrams in [40].

Remark 47. Most of the results in this paper remain true if we throughout replace
the algebra of time-invariant bounded linear operators from L?(R; U) into L?(R;Y)
by some subalgebra, for example, by the algebra studied in [37]. The main exception
is that spectral factorizations and inner-outer factorizations need not exist. In
particular, Theorem 27 remains valid in that setting, too.
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