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LQG BALANCING FOR DISCRETE-TIME
INFINITE-DIMENSIONAL LINEAR SYSTEMS

MARK R. OPMEER* AND RUTH F. CURTAIN ¥

Abstract. In this paper, we study the existence of linear quadratic gaussian (LQG) -balanced
realizations for discrete-time infinite dimensional systems. LQG-balanced realizations are those for
which the smallest nonnegative selfadjoint solutions of the control and filter Riccati equations are
equal. We show that the control (filter) Riccati equation has a nonnegative selfadjoint solution if and
only if the system is output (input) stabilizable. Our main result is that the transfer function of a
discrete-time linear system has an approximately controllable and observable LQG-balanced realiza-
tion iff it has an input and output stabilizable realization. The corresponding control and filter Riccati
equations have unique nonnegative selfadjoint solutions. Moreover, approximately controllable and
observable LQG-balanced realizations are unique up to a unitary state-space transformation. Finally,
we show that the spectrum of the product of the smallest nonnegative selfadjoint solutions of the
control and filter Riccati equations is independent of the particular realization.

Key words. balanced realization, discrete-time system, infinite-dimensional system, LQG-
balanced realization, normalized factorization, Riccati equations
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1. Introduction. Simple models are normally preferred over complex ones in
control systems design. Sometimes it is obvious how to construct a simple model for
a physical system, but sometimes it is not obvious what the characteristics essential
to the controller design of a physical system are. One way of obtaining a simple
model in this last case is to first obtain a sophisticated model that takes every aspect
that could be of interest into account and then perform model reduction on this
sophisticated model. A simple model reduction procedure was introduced by Moore
[10] and is now a textbook subject (see e.g. Zhou and Doyle [22], Chapter 7). The
method proposed by Moore consists of truncating a balanced realization. A balanced
realization (also called Lyapunov- or internally balanced) is a realization for which
the controllability and observability gramians are equal and diagonal. This procedure
is only applicable to stable systems. Alternatively for unstable systems one can use
truncations of a LQG-balanced realization, which for rational transfer functions always
exists. A LQG-balanced realization is a realization for which the smallest nonnegative
selfadjoint solutions of the standard LQG control and filter Riccati equations are equal
and diagonal. This method was proposed by Verriest [17], [18] and further developed
by Jonckheere and Silverman [7]. For an alternative treatment see Mustafa and Glover
[11]. The discrete-time case was considered in Hoffmann et al. [6].

In the case that the system is infinite-dimensional, the model/controller approxi-
mation becomes essential. One would like to use the methods of balanced truncation
and LQG-balanced truncation in this case too. The existence of Lyapunov-balanced
and LQG-balanced realizations for irrational transfer functions is however nontrivial.
Sufficient conditions for the existence of Lyapunov-balanced realizations were proven
by Young [20], [21]. The purpose of this article is to give necessary and sufficient
conditions for the existence of LQG-balanced realizations for discrete-time infinite-
dimensional systems.
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The proof is based on the correspondence between the Riccati equations of the
plant and the Lyapunov equations of a certain closed-loop system and the result
of Young on the existence of Lyapunov-balanced realizations. Although discrete-time
systems have bounded operators, there are a number of features that make the infinite-
dimensional case more complicated than the finite-dimensional case. One is that input
and output stabilizability, the natural infinite-dimensional generalizations of stabiliz-
ability and detectability, are not sufficient to obtain unique solutions of the control
Riccati equation. Another is that the natural factorization generated by the closed-
loop system need not be coprime. These uniqueness and coprime properties were
key features in the finite-dimensional proofs. Consequently, we have been forced to
develop different proofs, predominantly algebraic in nature, to get around these com-
plications. We exploit the factorization idea previously used by Meyer and Franklin
[9] (see also Ober and McFarlane [12]) for the finite-dimensional continuous-time case.

This article is organized as follows. We begin by reviewing the known finite-
dimensional theory on discrete-time LQG-balancing in Section 2. In Section 3 we
review the relevant theory of discrete-time infinite-dimensional systems, and in par-
ticular the linear quadratic regulator problem for this class of systems. Some of our
results appear to be new. The previous standard results (e.g. Halanay and Ionescu
[5]) assume a type of “exponential” stabilizability that is too strong for our purposes.
In Section 4 we review the relevant theory on Lyapunov-balanced realizations for
discrete-time infinite-dimensional systems. The key result on the connection between
normalized factorizations and the linear quadratic regulator theory is developed in
Section 5. In Section 6 we define the LQG-characteristic values and show that they
are system invariants. In Section 7 we derive many algebraic relations between the
solutions of the control and filter Riccati equations and the Lyapunov equations of the
closed-loop system. The often tedious algebraic proofs are relegated to the Appendix.
Finally, all of the results from the previous sections are linked up in Section 8 to
prove our main result: an input and output stabilizable discrete-time system posesses
an approximately controllable and observable LQG-balanced realization. These real-
izations are unique up to a unitary state-space transformation. This represents an
elegant generalization of the finite-dimensional theory under minimal assumptions.

2. LQG-balanced realizations: the finite-dimensional case. In this sec-
tion we review some of the results on finite-dimensional LQG-balanced realizations.
We consider systems of the form

(2.1) Tpy1 = Axp + Bu, 2(0) =20 yn = Czp + Dug,

where A, B,C, D are matrices of compatible dimensions. For simplicity we consider
the linear quadratic regulator (LQR) problem for the cost functional

oo
T(wo,u) =Y unl® + llynl®,
n=0

where y is given in terms of xg and u by (2.1). The LQR problem counsists of finding
for a given zo that u for which J(xg,u) is minimal. As is well-known, this problem
has a unique solution when (4, B, C, D) is minimal: the optimal input u™® is given
by the state feedback u™® = —(I + D*D + B*QB)~1(D*C + B*QA)x,,, where Q is
the unique nonnegative solution of the Riccati equation

A*QA—-Q+C*C = (C*D + A*QB)(I + D*D + B*QB) ' (D*C + B*QA),



LQG-BALANCING FOR DISCRETE-TIME INFINITE-DIMENSIONAL LINEAR SYTEMS 3

and the optimal cost is given by J(zg,u™") = (xg,Qx). By duality the ‘optimal
filter cost’ is given by (zg, Pxo), where P is the unique nonnegative solution of the
Riccati equation

APA* — P 4 BB* = (BD* + APC*)(I + DD* + CPC*)"'(DB* + CPA").

The quantity (xo, Pxo) can be interpreted as a measure of the difficulty of recon-
structing the initial state x¢ from noisy measurements. The eigenvalues of the prod-
uct PQ are similarity invariants. It was shown by Fuhrmann and Ober [3] that the
square-roots of the eigenvalues of PQ (called the LQG-characteristic values) are the
singular values of a certain Hankel operator associated with the system. These in-
variants can be interpreted as a measure of how important the subspace generated
by the eigenvector is for the compensator design. This can be seen from the LQG-
balanced realization. A LQG-balanced realization is a realization of the plant such
that P = @ = A, where A is the diagonal matrix containing the LQG-characteristic
values. Let \; be the square root of an eigenvalue of PQ with eigenvector x; of length
one. Then, in the LQG-balanced realization, the optimal cost with initial condition
x; is A\; and the difficulty of reconstructing this initial state from noisy measurements
is also A;. The idea behind LQG-balanced truncation is to restrict the system to
the subspace generated by the eigenvectors corresponding to the largest eigenvalues.
Since this subspace is most important for compensator design, the system obtained by
LQG-balanced truncation seems to be a reasonable approximation. There is a bound
on the distance between a plant and a LQG-balanced truncation of the plant in terms
of the discarded LQG-characteristic values, see Mustafa and Glover [11, Section 8.4.5].

The existence of LQG-balanced realizations in the finite-dimensional case is easily

proven as follows.
1. Start with a minimal realization (A, B,C, D) and compute the solutions @
and P of the Riccati equations.
2. Write PY/2QP'/? = UA?U*, with A diagonal.
3. Let T := Q2UAY/2,
Then it is easily seen that (TAT 1, TB,CT~!, D) is a LQG-balanced realization.

In the infinite-dimensional case this proof no longer works. The main problem is
that the singular value decomposition performed at step two cannot always be made
in the infinite-dimensional case (one has to assume a compactness condition). Even
if it can, then usually the singular values form a sequence with zero as limit point
and the operator A~1/2 mentioned at the third step is unbounded. Because of this
unboundedness, it is unclear whether the expressions TAT ~! and TB make sense.
To avoid the problems mentioned above we take a different approach. This approach
was already mentioned in the introduction: we use the known result for the existence
of Lyapunov-balanced realizations. In this article we only consider the existence of
LQG-balanced realizations. The study of the properties of truncated LQG-balanced
realizations will be done elsewhere. In slight contrast with the definition above we will
call a realization LQG-balanced if P = ). We do not require that they are ‘diagonal’,
since this is not always possible in infinite dimensions.

3. Discrete-time infinite-dimensional systems. In this section we review
that part of the theory of discrete-time infinite-dimensional systems that we need in
this article. Discrete-time systems for infinite-dimensional systems have been treated
in a number of texts (e.g. [1], [5], [16]). However, the standard treatments of the linear
quadratic theory assume the strong concept of power stabilizablity, i.e. the existence
of an F such that ||(A+ BF)"|| < MA" for some constants M > 0,0 < A < 1 and
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all positive integers n. Unfortulately, this concept is not suitable for a nice theory of
LQG-balanced realizations. So in this section we re-examine the basic concepts under
weaker stabilizability assumptions.

A discrete-time infinite-dimensional system or simply a system is a quadruple of
bounded operators (A, B,C, D) € L(X)x LU, X)x L(X,Y)x L(U,Y), where X, U, Y
are separable Hilbert spaces. For an input v and initial condition z¢ the state x and
output y of the system are defined by

(3.1) Tpt1 = Axp + Bu, x(0) =29 yn = Cxy + Duy,.
The observability map C of a discrete-time system (A, B, C, D) is defined by
(3.2) (Cx); == CA'z icN.

The discrete-time system (A, B, C, D) is said to be approzimately observable if ker C =
{0} (see Curtain and Zwart [1]). There are many generalizations of the finite-dimensional
concept of observability to an infinite dimensional setting and the concept of approx-
imate observability is one of them. Our main use of approximate observability is that
realizations may, without loss of generality, be assumed to be approximately control-
lable and observable. This may not always be the case for other generalizations of
‘observability’. Here approximately controllable and observable plays the role that
‘minimal’ plays in finite dimensions.

The discrete-time system (A, B, C, D) is said to be output stable if the image of C
is contained in I2(N;Y). The observability gramian Lc of an output stable system is
defined as L¢ := C*C. We now give an alternative characterization of output stability
in terms of solutions of a certain Lyapunov equation.

LEMMA 3.1. Let (A, B,C, D) be a discrete-time system. The following are equiv-
alent statements.

1. The system is output stable,
2. the observation Lyapunov equation

(3.3) A*LA-L+C*C=0

has a nonnegative selfadjoint solution.
If one (and hence both) of the above holds, then the observability gramian is the
smallest nonnegative selfadjoint solution of the observation Lyapunov equation.

Proof. We first show the implication 1. implies 2.. It is easily seen that the
observablity gramian is given by the formula Lo = Y o0 ) A**C*C A" and substituting
this into the observation Lyapunov equation shows that it is a solution.

The implication 2. implies 1. is proven as follows. Suppose that the observation
Lyapunov equation has a nonnegative selfadjoint solution L. Then multiplying (3.3)
from the left with A*™ and from the right with A™ and summing from n = 0 to N
gives

N N N
Z A O C A" = ZA*nLAn o Z A*nJrlLAnJrl
n=0 n=0 n=0
=L AXNTILANTL < 1,

Letting N — oo shows that L¢ is a bounded map and so C is bounded. That L¢ is
smaller than any other nonnegative selfadjoint solution of the observation Lyapunov
equation is obvious from the above inequality. O
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The following result shows that strong stability implies the uniqueness of solutions
of Lyapunov equations. We remind the reader that an operator A is called strongly
(or asymptotically) stable if for all € X we have A"z — 0 as n — 0.

LEMMA 3.2. Let (A, B,C, D) be output stable and let A be strongly stable. Then
the observability gramian is the unique nonnegative selfadjoint solution of the obser-
vation Lyapunov equation (3.3).

Proof. According to Lemma 3.1 the observability gramian is a nonnegative self-
adjoint solution of the observation Lyapunov equation, so we only have to show that
it is the unique nonnegative selfadjoint solution. Let L be a nonnegative selfadjoint
solution of the observation Lyapunov equation. Then, as in the proof of Lemma 3.1
we have for all N € N

N N N
ZA*nC*CAn — ZA*nLAn _ ZA*nJrlLAnJrl . A*N+1LAN+1.

n=0 n=0 n=0

We then have for all z,y € X

N
(Z A C*CA™x,y) = (La,y) — (LAN 1o, ANT1y),

n=0

Letting N — oo and using that A is strongly stable we have for all z,y € X

(ch7y> = <L$7y>

This implies that L = L. Since L was an arbitrary nonnegative selfadjoint solution
this implies that L¢ is the unique nonnegative selfadjoint solution of the observation
Lyapunov equation. O

A discrete-time system (A, B,C, D) is called output stabilizable if there exists
an F € L(X,U) such that (A + BF,0,[F;C + DFJ],0) is output stable. Output
stabilizability is a necessary and sufficient condition for the solvability of the LQR
problem. To show this we first review some well-known results on the LQR problem
in infinite dimensions. For a system (A, B, C, D) with input, state and output related
by (3.1) we consider the cost functional

T(woyu) ==Y unl* + llynll*-
n=0

The well-known linear quadratic requlator problem is: find a sequence uw™™ such that
J(zo,u™") < J(wg,u) for all sequences u. A system is said to satisfy the finite
cost condition if for every initial state xo there exists a u such that J(zp,u) < oo.
Just as in the finite-dimensional case one can prove that if the finite cost condi-
tion is satisfied, then there exists a unique optimal control u™", we actually have
J(x0,u™n) < J(wg,u) for all other sequences u and J(xq,u™ ") = (zg, Qxo), where
Q@ is the smallest nonnegative selfadjoint solution of the Control Algebraic Riccati
Equation (CARE) associated with the system (A, B, C, D)

(34) A*QA-Q+C*C = (C*D+ A*QB)(S + B*QB) ' (D*C + B*QA),

where S := I + D*D. Moreover, ™" can be given by a state feedback. All of this
can be found for example in Curtain and Zwart [1, Exercise 6.34]. The operator @
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is called the optimal cost operator. The following lemma gives conditions that are
equivalent to the finite cost condition.

LeMMA 3.3. The following statements about a discrete-time system
(A, B,C, D) are equivalent.

1. The discrete-time system is output stabilizable.

2. The discrete-time system satisfies the finite cost condition.

3. The CARE (3.4) of the discrete-time system has a nonnegative selfadjoint
solution.

Proof. Suppose the discrete-time system is output stabilizable. Then there exists
an F such that (A + BF,0,[F;C + DF],0) is output stable, denote the observability
map of this system by Cr. Add the equation u := Fz to the equations (3.1). Call the
solution (u,x,y) of this set of equations @, Z,y. Then [@,§] = Crao and since Cp is
bounded we see that [, 7] has finite /2 norm. That is: J(zo,%) < oo and the system
satisfies the finite cost condition.

An outline of the proof that 2. implies 3. can be found in Curtain and Zwart [1,
Excercise 6.34].

For the implication 3. implies 1. we will show that the feedback F := —(B*QB+
I+ D*D)"Y(D*C + B*QA), where Q is a solution of the CARE (3.4) is output sta-
bilizing. We will do this by showing that @ is a solution of the observation Lyapunov
equation of the system (A+ BF, 0, [F;C+ DF],0). So we want to show that () satisfies

(A+ BF)*Q(A+ BF) — Q + [F*,C* + F*D"| [ CfDF ] —0.

This is equivalent to

(3.5) A*QA—Q+C*C + F*(B*QB + I + D*D)F

+F*(B*"QA+ D*C) + (A*"QB+ C*"D)F = 0.
Substituting for F in (3.5) we obtain
A*QA—-Q+C*C = (C*D + A*QB)(S + B*QB) ' (D*C + B*QA),

which is precisely the CARE (3.4). O
The controllability map B of a discrete-time system (A, B,C, D) is defined for
finitely nonzero U-valued sequences u by

(3.6) Bu:=> A'Bu_;,.
=0

The discrete-time system (A, B, C, D) is said to be approzimately controllable if ker B* =
{0}. The discrete-time system (A4, B, C, D) is said to be input stable if B extends to
a bounded map from [2(Z~;U) to X. The controllability gramian Lp of an input
stable system is defined as Lp := BB*. A discrete-time system (A, B,C, D) is called
input stabilizable if there exists an L € L(Y, X) such that (A+ LC,[L, B + LD],0,0)
is input stable. The following dual results of the results proven earlier hold.

LEMMA 3.4. Let (A, B,C, D) be a discrete-time system. The following are equiv-
alent statements.

1. The system is input stable,
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2. the control Lyapunov equation
(3.7 ALA* - L+ BB* =0

has a nonnegative selfadjoint solution.
If one (and hence both) of the above holds, then the controllability gramian is the
smallest nonnegative selfadjoint solution of the control Lyapunov equation.

LEMMA 3.5. Let (A, B,C, D) be input stable and let A* be strongly stable. Then
the controllability gramian is the unique nonnegative selfadjoint solution of the control
Lyapunov equation (5.7).

LEMMA 3.6. The following statements about a discrete-time system
(A, B,C, D) are equivalent.

1. The discrete-time system is input stabilizable.
2. The dual system (A*,C*, B*, D*) satisfies the finite cost condition.
3. The Filter Algebraic Riccati Equation (FARE)

(3.8) APA* — P+ BB* = (BD* + APC*)(R + CPC*)"'(DB* + CPA*),

where R := I+ DD*, of the discrete-time system has a nonnegative selfadjoint
solution.

We now give a condition under which the CARE (3.4) has a unique nonnegative
selfadjoint solution.

LEMMA 3.7. Let (A, B,C,D) be an input and output stabilizable discrete-time
system. Let QQ be a nonnegative selfadjoint solution of the CARE (3.4) and assume
that Ag := A — B(S + B*QB)~(D*C + B*QA) is strongly stable. Then Q is the
unique nonnegative selfadjoint solution of the CARE (3.4).

Proof. For the proof we need the following algebraic relations which are proven in
the Appendix (Lemmas 10.3 and 10.4). Suppose @1 and P; are nonnegative selfadjoint
solutions of the CARE and FARE respectively and define Ag, similarly to Ag above
and Ap, := A — (BD* + AP,C*)(R + CP,C*)~1C, then the following relation holds

(3.9) I+ PiQ1)Ag, = Ap, (I +PiQn).

The following algebraic relation is also proven in the Appendix (Lemma 10.4). If
(21 and Q2 are nonnegative selfadjoint solutions of the CARE and Ag, and Ag, are
defined similarly as Ag above, then

(3.10) Q1 — Q2= A0, (Q1 — Q2)Aq, .
With induction it follows that for all n € N we have
(3.11) Q1 — Q2= A5 (Q1 — Q2)Ap, -

Using these facts we now prove the statement. Since (A, B, C, D) is input stabilizable
there exists a nonnegative selfadjoint solution P of the FARE (3.8). Since Aq is
assumed to be strongly stable and equation (3.9) shows that Ap is similar to Ag we
have that Ap is strongly stable. Now let Q be an arbitrary nonnegative selfadjoint
solution of the CARE. According to equation (3.9) A is similar to the strongly stable
operator Ap and hence is strongly stable. Since AQ is strongly stable there exists for
every © € X a real number ¢, such that for every n € N we have ||AZ~2:L'H < ¢z. By
the uniform boundedness theorem this implies that there exists a real number ¢ such
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that for every n € N we have ||A%H < ¢. Using equation (3.11) with Q1 = @ and
Q2 =Q we have for all z € X and n € N

1@~ @)zl = 451(Q — Q) Azl < IAZ' 1Q — Q| A%zl < ¢ [|Q - QI [|Agz].

Since Aq is strongly stable the right-hand side converges to zero as n — oo. This
implies that the left-hand side is zero and so Q=Q.0

The input-output map D of a discrete-time system (A, B,C, D) is defined for
finitely nonzero U-valued sequences u by

(3.12) (Du)i := Y  CA'Buy_i_1 + Duy,.
1=0

The discrete-time system (A, B,C, D) is said to be input-output stable if D extends
to a bounded map from 12(Z; U) to I*(Z;Y).
We define the transfer function G of a system (A, B, C, D) by

(3.13) G(z) =D+ CA'B:!
1=0

for those z for which the sum converges absolutely. Note that it converges absolutely
for |z| < 1/r(A) (r(A) denotes the spectral radius of A) and it is equal to D +
Cz(I—2zA)71B for those z. It is obvious that the transfer function of a system can be
constructed from the input-output map and vice versa, in this sense transfer functions
and input-output maps are equivalent notions. Given a transfer function G we call
any system (A, B,C, D) such that (3.13) holds a realization of the transfer function.
We note that the functions that appear as transfer functions of discrete-time infinite-
dimensional systems are exactly the operator-valued functions that are analytic on
some disc centered at the origin.

The (time-domain) Hankel operator T' of a system is defined as I' := CB where
C and B are the observability and controllability maps of the system, respectively. It
is easily seen that the Hankel operator does not depend on the particular realization,
but only on the input-output map.

4. Lyapunov-balanced realizations. In this section we review some results
from Young [20], [21] and Ober and Wu [13] and translate them in terms more suit-
able for our purposes. The following result on the existence of Lyapunov-balanced
realizations was proven by Young [20], [21]. We recall that an input and output stable
system is called Lyapunov-balanced if its controllability and observability gramians
are equal (again: we do not require them to be ‘diagonal’).

LEMMA 4.1. Ewvery transfer function which has a bounded Hankel operator has an
approximately controllable and observable Lyapunov-balanced realization. Moreover,
approximately controllable and observable Lyapunov-balanced realizations are unique
up to a unitary transformation.

The next corollary gives an alternative condition for the existence of Lyapunov-
balanced realizations.

COROLLARY 4.2. A transfer function has a Lyapunov-balanced realization if and
only if it has a realization that is both input and output stable.

Proof. Since a Lyapunov-balanced realization is input and output stable one
implication is immediate. If the transfer function has a realization such that both its
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controllability map B and observability map C are bounded then its Hankel operator
I" = CBis bounded and Lemma 4.1 shows that it has a Lyapunov-balanced realization.
d

The following result was proven by Ober and Wu [13].

LEMMA 4.3. Let (A, B,C, D) be Lyapunov-balanced and approzimately control-
lable and approzimately observable. Then A and A* are strongly stable.

Combing Lemmas 4.3, 3.2 and 3.5 we have the following corollary.

COROLLARY 4.4. The gramian of an approximately controllable and approxi-
mately observable Lyapunov-balanced realization is the unique nonnegative selfadjoint
solution of both the control and the observation Lyapunov equation.

5. Normalized factorizations. In this section we generalize a result of Meyer
and Franklin [9] on the connection between normalized factorizations and linear
quadratic regulator theory to the infinite-dimensional case. This result will allow
us to relate LQG-balanced realizations to Lyapunov-balanced realizations of a nor-
malized factorization of the given transfer function.

Given an output stabilizable discrete-time system (A, B, C, D) with optimal cost
operator @Q we form the optimal closed-loop system

(51) A=A+ BF, B:=BW Y2 (C:=[F;C+DF], D:=[I;D]W~/2
where
W:=S+B*QB, S:=I1+D*D, F:=-W Y(D*C+ B*QA).

(Note that we use the notation [—; —] for a block column vector and [—, —] for a block
row vector.) We first remark that the F' above is the optimal state feedback operator
for the LQR problem. We obtain the optimal closed-loop system from the system
(A, B,C, D) by choosing u = Fx 4+ W~1/2¢ and considering @ as the input of this
new system and [u;y] as the output. This amounts to closing the loop by the optimal
state feedback operator, considering the input and output of the plant as the new
output and prefiltering the new input.

Our first result in this section states that that the optimal cost operator of the
plant equals the observability gramian of the optimal closed-loop system.

LEMMA 5.1. Let (A, B,C, D) be an output stabilizable discrete-time system. De-
note its optimal cost operator by Q and define its optimal closed-loop system by (5.1).
Denote the observability gramian of the optimal closed-loop system by Lco. Then
Q=1Lc.

Proof. From the discussion above it is obvious that if @ = 0, then the output of
the optimal closed-loop system is [u y™1]. the optimal input and output of the
plant. From this it follows that

min.
)

min

(Lo, an) = (Can,Ca) = | | Yo | I? = TCa0,u™) = (@20, 20).

Since this holds for all z( in the state space we have Q = L. O

The next lemma shows that the observability gramian of the optimal closed-loop
system satisfies two additional equations.

LEMMA 5.2. Let (A, B,C, D) be an output stabilizable discrete-time system. De-
note its optimal cost operator by QQ and define its optimal closed-loop system (/1, B,C, D)
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by (5.1). Denote the observability gramian of the optimal closed-loop system by L.
Then

(5.2) B*L¢

+D*D=1

03¢

7

(5.3) B*L¢

+D*C =0.

s

Proof. The equations (5.2) and (5.3) are readily verified using (5.1) and the fact
that Q@ = Lo from Lemma 5.1. O

An input-output map D is called inner if it maps [2(Z;U) into [*(Z;Y) and
satisfies D*D = I. In the next lemma we give necessary and sufficient conditions on
a realization for the input-output map to be inner.

LEMMA 5.3. Let (A, B,C, D) be an output stable realization of the input-output
map D. Denote the observability gramian of this system by Lo. If

B*LeB+ D*D =1,
and
B*LcA+D*C =0,

then D is inner. If the system (A, B,C, D) is approzimately controllable then these
conditions are also necessary.
Proof. We take uy equal to u at the k-th position and zero elsewhere and compute

0 m <k
(Dug)m =< Du m=k
CA™k=1By, m >k

We define v; similarly to uy above and compute for k& > ¢

0 n<k
(Dug)n, (Dv;)p) = { (Du,CA*="=1By) n=
(CA"=F=1Bu, CA"~~1By) n>k

We then compute

o0

(Duk,Dvi> = Z ((Duk)na(pvi)n>

n=—oo

= (Du, CAF="=1By) + Z (CA"*=1Bu, CA" "1 Bv)
n=k+1

o0

= (u, D*CA*""'Bo) + > (u, B* A" *1C*CA 1 AAM T By)
n=k+1

= (u, (D*C + B*Lc A)AF— 1 By).
(u, (
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By the assumptions we thus have (Duy, Dv;) = 0 for k > i. Then obviously (Duy, Dv;) =
0 for k # 1.
For k =i we have

o0

(Duk,Dvi> = Z ((Duk)na(pvi)n>

n=—oo

= (Du,Dv)+ Y (CA"*'Bu,CA" "~ Bu)
n=k+1

(D*Du,v) + > (B*AC*CA'Bu,v) = ((D*D + B*LcB)u,v).
7=0

By the assumptions we thus have (Duy, Dv;) = (u,v) for k = i.
Let u and v be finitely nonzero sequences. Then

n n
u = E uPer, wv= E v'e;,

k=—n i=—n

where u®,v* € U and e; is the element of I2(Z; U) with a one at the j-th position and
zeros elsewhere. Then

n

(Du, Dv) Z Z (uFex), D(v'e)) = > (D(we;), D(v/e;))

k=—ni=-n j=—n

n

= Z (w07 = (u,v).

j=—n

From the above we have for every finitely nonzero sequence u that ||Du|| = |Ju||. Since
the set of finitely nonzero sequences is dense in [2(Z;U) this implies that D has a
continuous extension to a map from [%(Z;U) to [*(Z;Y), so D is stable. Further,
since this extension satisfies (Du, Dv) = (u, v), we must have D*D = I, so D is inner.

Suppose that D is inner and the realization is approximately controllable. Since
D is inner we have for all ¢ < 0 that (Dug, Dv;) = (ug,v;) = 0 where ug and v;
are defined as above. From the above we see that this implies that (u,(D*C +
B*LcA)A™"'Bv) = 0. Since this holds for all u € U we must have (D*C +
B*LcA)A= 1By =0 for all v € U and i < 0. This implies that for finitely nonzero
U-valued sequences z we have (D*C + B*LcA)Bz = 0. Since the system is approxi-
mately controllable the set of elements of the form Bz is dense in the state space so
D*C + B*LcA =0 on a dense set and by continuity on the whole state space.

Since D is inner we have (Dug, Dvg) = (ug,vo), where ug and vy are as above.
This implies that ((D*D + B*L¢B)u,v) = (u,v) for all u,v € U and hence D*D +
B*LoB = 1. 0

Combining Lemmas 5.2 and 5.3 we have the following.

COROLLARY 5.4. Let (A, B,C, D) be an output stabilizable discrete-time system.
Then the input-output map of its optimal closed-loop system is inner.
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We can recover the system (4, B,C, D) from its optimal closed-loop system as
follows.

LEMMA 5.5. Let (A, B,C, D) be an output stabilizable discrete-time system. Let
(A, B,C, D) be its optimal closed-loop system defined by (5.1). Partition C' and D in
the obvious way as C = [él;ég] and D = [Dl;Dg]. Then Dy is boundedly invertible
and

(54) Ai= A— BD'Ch, Bi= BDTY, Ci=Co— DoDr'Ch, D= DyDyh.

Proof. That D; is boundedly invertible is obvious from its definition. The iden-
tities (5.4) follow from simple algebraic manipulations. O

To relate the input-output maps of the plant and its optimal closed-loop system
we first study the series interconnection of two systems.

Consider two systems (A1, By, C1, D1) and (Az, Ba, Ca, D2) such that the output
space of the first system and the input space of the second system are equal. Define
the series interconnection of these two systems as the system we obtain by choosing
the input of the second system equal to the output of the first system. Obviously, the
input-output map of the series interconnection is DDy, the composition of the input-
output maps of the first and second system. A realization of this series interconnection
is the following

_ Al 0 . Bl . B
A[B2cl A2]’ B[Ble}’ Ci[DQCl’ 02}7 D = DsDs.

If we apply the invertible state space transformation

1]

to this realization we obtain another realization of the series interconnection, namely

_ Ay 0 _ By
G5 A=A, 4 B0y - A Ag]’ BS_[BngBl]’

Co=[ DoCi 4 Cy, Cy ], Dy=DyDy.

We first use the series interconnection to obtain a result about the invertibility of
input-output maps.

LEMMA 5.6. Let (A,B,C,D) be a system with input-output map D. If D is
boundedly invertible, then the input-output map D of the system
(A— BD'C,BD~',—D~'C,D™") satisfies DD = I = DD. Thus in this case the
input-output map D has an inverse.

Proof. Using equations (5.5) we see that the series interconnection of the two
given systems has a realization

a4 ABOch], B, - [ Jé] c.=[0. -D'C], D.=TI.

From this we see that C;A¥ B, = 0 for all k£ > 0 and so the input-output map of the

series interconnection is the identity. This implies that DD = I. The other equality
mentioned follows from interconnecting the systems in the opposite order. O
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We now state the relation between the input-output map of a plant and its optimal
closed-loop system.

LEMMA 5.7. Let (A, B, [C1; Cy], [D1; D3)) be a system such that Dy is boundedly
invertible. Denote its input-output map by [M;N]. Define the system (A, B,C, D) by
(5.4) and denote its input-output map by D. Then D = NM~1L,

Proof. The realization (A, B, [Cy; Ca],[D1; Do) of [M;N] gives us (by Lemma
5.6) the following realization (A, By, Cy, D1) of M~

Ay =A-BD;'Cy,, B, =BD;', C,=-D;'C;, Dy=Di"
It also gives us the realization (As, B, Ca2, Da) of N:
AQZ/L BQZB, CQZOQ, DQZDQ.

Using (5.5) we obtain the following realization of the series interconnection which has
input-output map N M1

_[A-BD{'¢y o] _[4 0 [ BDy*] [ B
As = 0 A]{o A}’ BS[ 0 o]’

CS:[CVQiDQD;lCVl; CVQ}:[C, C/’Q}, DSZDQD;1:D,

where we have used (5.4). It follows that D, = D and C;A* By = CA*B for all k > 0.
This implies that NM~! =D. O

We call an input-output map [M;N] a right factor of the input-output map D if
M1 is the input-output map of a system, D = NM~! and M and N are stable. We
call the factor normalized if [M; N] is inner. From Lemmas 5.5 and 5.7 and Corollary
5.4 we have the following.

COROLLARY 5.8. Let (A, B,C, D) be an output stabilizable discrete-time system.
Then the input-output map of its optimal closed-loop system is a mormalized right
factor of the input-output map of the plant.

We next state a result about the uniqueness of a normalized right factor. We
remark that we can interpret an operator V in £(U) as a map V from [?(Z;U) into
itself by (Vu)r = Vuy,.

LEMMA 5.9. If the input-output map of a system has a normalized right factor
[M; N7, then all normalized right factors of this input-output map are {[MV;NV] :
V e L(U) unitary}.

Proof. Let [M;N] be an arbitrary normalized right factor of D. Since [M;N] is
normalized we have

M M+N*N =1.
Multiplying this equality with M ~* from the left and M~! from the right we obtain
I+D*D=M*M""

Since the left-hand side of this equation does not depend on the particular factor
we have for two normalized factors [M1;/N7] and [M2; N3] of D that M * M ! =
M5 * M5!, which implies

(5.6) MEMT* = M5 M;.
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The operator on the right-hand side of (5.6) is the input-output map of some system
(namely, the series interconnection of the systems corresponding to M; and Mg b,
Define uy to be the sequence equal to u at the k-th position and zero elsewhere. Then
M3 L Myuy, is equal to zero at the positions ¢ with i < k. The operator on the left-
hand side of (5.6) is the adjoint of the input-output map of some system (namely, the
series interconnection of the systems corresponding to Mo and /\/lfl). This implies
that M3M7 *uy, is zero at the positions ¢ with ¢ > k.

Since M3M7* = M5 M; we must have that M5 ' Mjuy, is equal to zero at all
positions except possibly the k-th one. So My ! M, is a constant operator V. So
M = MyV.

We have Nl = DMl = DMQV = NQV.

It remains to be proven that V is unitary. We have that V = M5 'M; and so
V* = MiM5* = M7 My = V! by (5.6). This proves that V is unitary. 0

In the finite-dimensional case the transfer function of the optimal closed-loop
system is known to be a normalized coprime factorization. In the infinite-dimensional
case this is still an open problem.

6. Some algebraic relations. In Section 5 we proved that the optimal cost
operator equals the observability gramian of the optimal closed-loop system. This
can also be interpreted as follows: the smallest nonnegative selfadjoint solution of
the control algebraic Riccati equation equals the smallest nonnegative selfadjoint so-
lution of the observation Lyapunov equation of a certain closed-loop system. In this
section we show that a similar result holds for all nonnegative selfadjoint solutions
of the control algebraic Riccati equation. We also study the relation between non-
negative selfadjoint solutions of the filter algebraic Riccati equation of the plant and
nonnegative selfadjoint solutions of the control Lyapunov equation of the closed-loop
system.

The CARE closed-loop system (A, B, C, D) associated with an output stabilizable
discrete-time system (A4, B,C,D) and a nonnegative selfadjoint solution @ of the
CARE (3.4) is defined by (5.1). For the special case that @ is the smallest nonnegative
selfadjoint solution of the CARE (3.4) the CARE closed-loop system is equal to the
optimal closed-loop system defined earlier.

Lemma 5.5 holds in this more general case, which is obvious from its proof.

LEMMA 6.1. Let (A, B,C, D) be a discrete-time system such that its CARE (3.4)
has a nonnegative selfadjoint solution Q. Let (A, B,C, D) be its CARE closed-loop
system defined by (5.1). Partition C' and D in the obvious way as C = [C1; Cs] and
D = [Dy; Ds). Then Dy is boundedly invertible and (5.4) holds.

This lemma implies that the input-output map of the CARE closed-loop system
is a factor of the input-output map of the plant by Lemma 5.7. If @ is not the
smallest nonnegative selfadjoint solution of the CARE the factorization need not be
normalized (see e.g. [15, Example 3.1.2]).

We now show that if a system is approximately controllable or observable, then
its CARE closed-loop system is too.

LEMMA 6.2. Let (A, B,C,D) be an output stabilizable discrete-time system and
let Q be a nonnegative selfadjoint solution of its CARE (3.4). If (A,B,C,D) is
approzimately controllable, then its CARE closed-loop system is too. If (A, B,C, D)
is approzimately observable, then its CARE closed-loop system is too.

Proof. As is well-known a system (A, B, C, D) is approximately controllable (ob-
servable) iff (A + BKC, B, C, D) is approximately controllable (observable). With
K = —W~Y2[I,0] we see that the CARE closed-loop system is approximately control-
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lable (observable) iff (A, B, C, D) is approximately controllable (observable). Obvi-
ously (A, B) = (A, BW~1/2) is approximately controllable iff (A, B) is approximately
controllable and (A,C) = (A, [F;C + DF]) is approximately observable if (4, C) is
(but not only if). O

In the next four lemmas we prove a correspondence between the Riccati equations
of a system and the Lyapunov equations of its CARE closed-loop system. Because
this requires some extensive algebraic manipulations we have relegated some of the
proofs to the Appendix.

LEMMA 6.3. Let (A, B,C, D) be an output stabilizable discrete-time system and
let Q be a nonnegative selfadjoint solution of its CARE (3.4). Let (A, B,C, D) be its
CARE closed-loop system defined by (5.1). Then

(6.1) B*QB+D*D =1,

(6.2) B*QA+D*C =0,

and @ is a solution of the observation Lyapunov equation of (/1, B.C, D)
(6.3) A*QA-Q+C*C =0.

Proof. The equations (6.1) and (6.2) are readily verified using (5.1). Equation
(6.3) is more complicated and the proof is given in the Appendix. O

LEMMA 6.4. Let (A, B, [C1;Cs), [D1, Da)) be a discrete-time system such that Dy
is boundedly invertible and define the discrete-time system (A, B,C,D) by (5.4). If
the nonnegative selfadjoint operator Q satisfies the two equations (6.2) and (6.3) then
Q is a solution of the CARE (3.4) of (A, B,C, D).

Proof. See the Appendix. 0

LEMMA 6.5. Let (A, B,C, D) be an input and output stabilizable discrete-time
system and let Q be a nonnegative selfadjoint solution of its CARE (3.4) and P be
a nonnegative selfadjoint solution of its FARE (3.8). Let (A,B,C,D) be its CARE
closed-loop system defined by (5.1). Define L := (I + PQ)~'P. Then L is a solution
of the control Lyapunov equation of (A, B,C,D):

(6.4) ALA* — L+ BB* =0.

Proof. See the Appendix. 0

LEMMA 6.6. Let (A, B, [C1;Cs), [D1, Da)) be a discrete-time system such that Dy
is boundedly invertible and define the discrete-time system (A, B,C,D) by (5.4). If
the nonnegative selfadjoint operators Q and L satisfy the four equations (6.1), (6.2),
(6.3) and (6.4) and I — QL is boundedly invertible then L(I — QL)™' is a solution of
the FARE (3.8) of (A, B,C, D).

Proof. See the Appendix. O

If Q and P are the smallest nonnegative selfadjoint solutions of their respective
Riccati equations then the operator L := (I + PQ)~!'P defined in Lemma 6.5 is
actually the smallest nonnegative selfadjoint solution of the Lyapunov equation (6.4).
To prove this we first prove the following lemma. We note that the Hankel norm of
an input-output map is the norm of the associated Hankel operator.

LEMMA 6.7. Let (A, B,C, D) be an input and output stabilizable discrete-time
system. Then the Hankel norm of the input-output map of the optimal closed-loop
system (5.1) is strictly smaller than one.
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Proof. Denote the optimal cost operators by P and @, the gramians of the
optimal closed-loop system by Lp and Lo and the Hankel operator of the opti-
mal closed-loop system by I From Lemma 5.1 it follows that @ = Lo. From
Lemma 6.5 we know that (I + PQ)~!P is a solution of the control Lyapunov equa-
tion and hence by Lemma 3.4 we have Ly < (I + PQ)~'P. This implies that
Lév/2LBLlc/2 < Q1/2(I+ PQ)_1PQ1/2 _ ([+ QI/QPQl/Q)_lQl/QPQl/Q- Now ||F|| —
ITT*|| = »(IT*) = r(CBB*C*) = r(C*CBB*) = r(LoLp) = r(Ly*LpLY?) <
(I + QY?PQY?*)~1Q'Y/2PQ'/?). Next we show that if X is a nonnegative self-
adjoint operator, then (I + X)~'X < I. The inequality (I + X)~'X < I is equivalent
to X(I + X) < (I + X)?, which is equivalent to 0 < I + X, which is true since X
is nonnegative. Finally, we apply this last result with X := Q'/2PQ'/? to obtain
Il <r((I+X)'X)<1.0O

Lemma 6.7 has the following corollary.

COROLLARY 6.8. Let (A, B,C,D) be an input and output stabilizable discrete-
time system. Let Lp and Lo denote the gramians of an input and output stable
realization of the input-output map of the optimal closed-loop system (5.1). Then
T(LBLC) < 1.

We now show for an approximately observable system that if @ and P are the
smallest nonnegative selfadjoint solutions of their respective Riccati equations then the
operator L := (I +PQ)~!P defined in Lemma 6.5 is actually the smallest nonnegative
selfadjoint solution of the Lyapunov equation (6.4).

LEMMA 6.9. Let (A, B,C,D) be an approximately observable input and output
stabilizable discrete-time system. Let QQ and P denote the optimal cost operators of
the system and its dual, respectively. Define L := (I + PQ)~'P. Then L is the
controllability gramian of the optimal closed-loop system (5.1).

Proof. We have by Lemma 5.1 that @ = L¢, the observability gramian of the
optimal closed-loop system and by Lemma 6.5 that L = (I + PQ)~'P is a solution of
the control Lyapunov equation of the optimal closed-loop system. Since the control
Lyapunov equation of the optimal closed-loop system has a nonnegative selfadjoint so-
lution the optimal closed-loop system is input stable and has a controllability gramian
L which satisfies L < L. From Lemma 6.8 we know that I — Lo Lp is boundedly
invertible and hence by Lemma 6.6 we have that P.= Lp(I—- L(;LB)_1 is a solution
of the FARE (3.8) of the system (A, B,C, D). We thus have P < P. We now use
Lemma 10.9 from the Appendix with X; := P, X5 := P and Y := L¢ = Q to con-
clude that L = (I + PQ)~'P < (I + PQ)"'P = Lp. Since we already had L < L
we must have L = Lp. Note that approximate observability ensures that Q@ =Y > 0.
d

7. LQG-characteristic values. In this section we show that the spectrum of
the product of the optimal cost operators of a system and its dual does not depend
on the realization, but only on the input-output map. This generalizes the result
from finite-dimensional theory that the eigenvalues of PQ are similarity invariants.
We define the LQG-characteristic values of an input and output stabilizable discrete-
time system to be the square roots of the spectral values of the product of the optimal
cost operators P and ). We first prove the following lemma on the spectrum of PQ.

LEMMA 7.1. Let (A, B,C, D) be an approximately observable input and output
stabilizable discrete-time system. Let QQ and P denote the optimal cost operators of
the system and its dual, respectively, and let Ly and Lo denote the gramians of the
optimal closed-loop system (5.1). Then X € o(PQ) iff \/(1+X) € o(LpLc).
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Proof. From Lemmas 5.1 and 6.9 we have that LgLc = (I + PQ)™'PQ, from
which it follows that PQ = (I — LpLc) 'LpLe. Let A € C — {—1} and define
wi=A(1+A), then A = p/(1 — p). We have

A — PQ = ﬁ] — LpLe(I — LpLe)™!

- ﬁ (I — (1= p)LpLe(I — LpLe) ™'

= ﬁ (w(I — LpLc) — (1 — p)LpLe]l (I — LpLe)™!

= L(,u — LpLe)(I — LgLe)™t.
L—p
This shows that A € o(PQ) iff u=A/(1+X) € o(LgLc). O

The following lemma gives the desired result.

LEMMA 7.2. Let (A;,B;,C;, D) with i = 1,2 be two approzimately observable
input and output stabilizable discrete-time systems. Let QQ; and P; denote the optimal
cost operators of the system and its dual, respectively. If the two systems have the
same input-output map, then the spectra of P1Q1 and PoQ2 are equal, with the possible
exception of zero.

Proof. Denote the gramians of the optimal closed-loop system of (A;, B;, C;, D)
by Lp, and Lc,. Then according to Lemma 7.1 the Lemma would be proven if
the nonzero elements in the spectrum of Lp, L¢, equal the nonzero elements in the
spectrum of Lp, L¢,. Since the input-output map of both optimal closed-loop systems
is a normalized factor of the input-output map of the plant by Lemma 5.8 there
exists a unitary V such that [Ma; N3] = [M1;N1]V by Lemma 5.9. For the Hankel
operators of the optimal closed-loop systems this implies I'y = 'y V', which implies
that I'xsI's = I'1I'f. Since the nonzero elements in the spectrum of LpLo = BB*C*C
equal the nonzero elements in the spectrum of I'T* = CBB*C* by Lemma 10.10 from
the Appendix this shows that the nonzero elements in the spectrum of Lp, L, equal
the nonzero elements in the spectrum of L, Lc,. O

8. LQG-balanced realizations. In this section we prove the existence and
some properties of LQG-balanced realizations. We first show that the input-output
map of the optimal closed-loop system has a Lyapunov-balanced realization.

LEMMA 8.1. Let (A, B,C, D) be an output stabilizable discrete-time system. Then
the input-output map of the optimal closed-loop system has an approrimately control-
lable and approximately observable Lyapunov-balanced realization.

Proof. Lemma 5.8 shows that the optimal closed-loop system is input-output
stable. This implies that the Hankel operator of the optimal closed-loop sytem is
bounded and Lemma 4.1 then shows that the input-output map of the optimal closed-
loop sytem has a Lyapunov-balanced realization. 0

From this Lyapunov-balanced realization we can construct a LQG-balanced real-
ization of the plant.

THEOREM 8.2. Let (A, B,C, D) be an input and output stabilizable discrete-time
system. Then the input-output map of the system (A, B,C, D) has a LQG-balanced
realization.
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Proof. Denote the approximately controllable and approximately observable Lyapunov-
balanced realization of the input-output map of the optimal closed-loop system by
(A, B,C, D). Denote the equal controllability and observability gramians of this re-
alization by L. Define

A= A= BD\Ch, By:i= BDT', Cy:i=Cy— DsD'Ch, Dy i= DoDy

Then (Ag, Bs, Cs, D) is a realization of the input-output map of (A, B, C, D) accord-
ing to Lemma 5.7. Since the input-output map of the optimal closed-loop system
is inner (Lemma 5.8) and (4, B,C, D) is approximately controllable we know from
Lemma 5.3 that B*LB + D*D = I and B*LA + D*C = 0. From Lemma 6.4 we
see that L is a solution of the CARE of the system (A, Bs, Cs, Ds). From Corollary
6.8 we known that I — L? is boundedly invertible and Lemma 6.6 now tells us that
L(I — L?)7! is a solution of the FARE of the system (As, Bs, Cs, Ds). From Lemma
4.3 we know that A is strongly stable. Using Lemma 3.7 we see that this implies
that L is the unique solution of the CARE of the system (As, By, Cs, D;). Assume
that the FARE of the system (As, Bs, Cs, Ds) has two nonnegative selfadjoint solu-
tions P, and P». From Lemma 6.5 we see that (I + PLL)"'P; and (I + P,L)" 1P,
are solutions of the control Lyapunov equation of the optimal closed-loop system of
(A, Bs, Cy, Dy), which is the balanced realization (A, B, C, D). From Lemma 4.4 we
see that (I + PLL)"'P, = (I + P,L)~'P, which implies that P, = P,. We recall
that if a system (A1, B1,C1, D1) has a solution @ to its CARE and P to its FARE
and S is a boundedly invertible operator then the system (SAS~!,SB,CS~! D)
has a solution S™*QS~! to its CARE and SPS* to its FARE. It is easily seen that
I — L? is a nonnegative operator (for example using that the Hankel operator has
norm smaller than one), from which is follows that S := (I — L?)~'/* is well-defined.
Define (A, B;,Cy, D;) = (SAsS™Y, SB,, CsS™1, Dy). Then the system (4, By, C;, D;)
has L(I — L?)~%/? as the unique solution to both its CARE and its FARE. O

We now prove that LQG-balanced realizations are essentially unique.

LEMMA 8.3. Let (A, B,C, D) be an approzimately controllable and approzimately
observable LQ)G-balanced realization. Then all approximately controllable and approx-
imately observable LQG-balanced realizations of the same input-output map are given
by {(TAT~Y, TB,CT~',D): T € L(X) unitary}.

Proof. It is obvious that the given realizations are indeed LQG-balanced, it re-
mains to be proven that these are all approximately controllable and approximately
observable LQG-balanced realizations. Let (A1, B1,C1, D1) and (As, B, Ca, D2) be
two approximately controllable and approximately observable LQG-balanced realiza-
tions of the same input-output map. Let @1 and Q2 be the optimal cost opera-
tors of the respective systems. Define S; := (I + Q?)Y/* and (A%, BY,C? DY) =
(S;A;S;71,8;B;, CiS; ', D;) for i = 1,2. Then (A%, BY,C?, D?) has Q% := Q.(I +
Q?)~1/? as its optimal cost operator and P? := Q;(I + Q?)'/? as the optimal cost
operator of its dual system. Let (A?,BZI-’,C'S,D?) be the optimal closed-loop sys-
tem of (A?, BY, C? DP). Using Lemmas 5.1 and 6.9 we see that they are Lyapunov-
balanced realizations with gramians L; := Q;(I + Q?)~'/2. According to Lemma
5.8 the input-output maps of (A%, BY, C?, D?) and (A%, BY,C3, Db) are normalized
factors of the input-output map of (A, By,Cy, D1) (which equals the input-output
map of (Az, Ba,Co,D3)). By Lemma 5.9 there exists an operator V' such that
[Ma; No] = [M;M1]V. Tt is easily seen that (A%, BYV,C%, DYV) is a Lyapunov-
balanced realization of [M1; N1]V = [M2; N>]. From Lemma 6.2 it follows that both
(A%, BbV,C?, DbV) and (A%, BY, C5, Db) are approximately controllable and approxi-
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mately observable Lyapunov-balanced realizations of the input-output map [Ma; N3].
From Lemma 4.1 it follows that there exists a unitary 7" such that

(TAST—, TRV, T, Dbv) = (AL, BS, C5, DY).
Using equations (5.4) for i = 1,2 we see that
(TAST', 7B, CYT~, DY) = (A5, BS, C%, D).
It now follows that
(S;'TS A STIT ™18y, 8, TS By, C1 ST TSy, Dy) = (Ag, B, Cy, D5).

To complete the proof that (A1, By, C1, D1) and (As, Ba, Co, Ds) are unitarily equiv-
alent we prove that S, 'T'S; = T or equivalently 7'S;T~! = Sy. Since (I +Q?)~! =
I —[Qi(I+Q%)~Y?2 =1~ L? we have S; = (I + Q?)~"/* = (I — L?)"/* and since
Ly =TLT~! we then have

Sy =(I—L2) V=1 - L3 VA1~ =T8T

This proves that all approximately controllable and approximately observable LQG-
balanced realizations of the same input-output map are unitarily equivalent. O

The following lemma states what the proof of Theorem 8.2 already indicated,
namely that the filter and control Riccati equations of an approximately controllable
and approximately observable LQG-balanced realization have unique nonnegative self-
adjoint solutions.

LEMMA 8.4. Let (A, B,C, D) be an approzimately controllable and approzimately
observable LQG-balanced realization. Then both the CARE (3.4) and the FARE (3.8)
of (A, B,C, D) have a unique nonnegative selfadjoint solution.

Proof. As in the proof of Lemma 8.3 we construct the approximately controllable
and approximately observable realization (A%, B®, C®, D®) and the approximately con-
trollable and approximately observable Lyapunov-balanced realization (Ab, Bb C?, Db).
From Lemma 4.3 we know that A® is strongly stable. Lemma 3.7 shows that the CARE
of (A, B, C" DY) has a unique nonnegative selfadjoint solution. Obviously this im-
plies that the CARE of (4, B,C, D) has a unique nonnegative selfadjoint solution.
From Lemma 4.4 we know that the control Lyapunov equation of (A%, B®, C®, D?) has
a unique nonnegative selfadjoint solution. As in the proof of Theorem 8.2 it follows
that the FARE of (A%, BY, C?, D) and hence the FARE of (4, B, C, D) has a unique
nonnegative selfadjoint solution. O

9. Conclusions. We have proven the existence of LQG-balanced realizations for
the class of transfer functions that are analytic on some disc centered at the origin and
have a (infinite-dimensional) realization that is both input and output stabilizable.
We have also proven that approximately controllable and approximately observable
LQG-balanced realizations are essentially unique and that the Riccati equations of
approximately controllable and approximately observable LQG-balanced realizations
have unique nonnegative selfadjoint solutions. Analogous continuous-time results and
error-bounds for truncations of LQG-balanced realizations will be given elsewhere.

10. Appendix.
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10.1. Miscellaneous results on Riccati operators.

LEMMA 10.1. Let P and Q be nonnegative selfadjoint operators. Define

(10.1) Ap:=A— (BD* + APC*)(R + CPC*)"'C
(10.2) Ag:=A—B(S+B*QB) ' (D*C + B*QA)
(10.3) A:=A—-BS™'D*C.

where S :=1+ D*D and R:= 1+ DD*. Then

(10.4) Ap(I+PC*R™'C)=A=(I+BS'B*Q)Aq
(10.5) Ag=(I+BS'B*Q)'Ap(I + PC*R™'C)
(10.6) Ap = (I+BS 'B*Q)Aq(I + PC*R'C)~".

Proof. We prove that Ap(I+PC*R™1C) = A. The equality A = (I+BS~'B*Q)Aq
is proven similarly. By writing out Ap in full we have

Ap(I+ PC*R™'0)
= A(I + PC*R™'C) — (BD* + APC*)(R + CPC*)"'C(I + PC*R™'(C),
= A(I + PC*R™'C) — (BD* + APC*)(R + CPC*)"Y(R+ CPC*)R™'C,
= A+ APC*R™'C — (BD* + APC*)R™'C = A~ BD*R™'C

= A-BS™'D*C,

since D*R~! = S=!D*. This completes the proof of (10.4). Equations (10.5) and
(10.6) easily follow from (10.4). O

Note that in the above lemma we have not assumed that P and @ are solutions
of the Riccati equations.

We now prove that the Riccati equations can be written in several different but
equivalent versions.

LeEmMmA 10.2.

1. P is a nonnegative selfadjoint solution of

(10.7) ApP(I +C*R™'CP)A} — P+ BS™'B* =0,
where Ap is defined by (10.1), iff it is a nonnegative selfadjoint solution of
(10.8) AP(I+C*R™'CP)"'A* — P+ BS™'B* =0,

where A is defined by (10.3).
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2. P is a nonnegative selfadjoint solution of (10.7) iff it is a nonnegative self-
adjoint solution of the FARFE (3.8).
3. @ is a nonnegative selfadjoint solution of

(10.9) AH(I+QBS™'B*)QAq —Q+ C*R™'C =0,
where Ag is defined by (10.2), iff it is a nonnegative selfadjoint solution of
(10.10) A*Q(I+BS 'B*Q) 'A-Q+C*R™'C =0,

where A is defined by (10.3).
4. Q 1is a nonnegative selfadjoint solution of (10.9) iff it is a nonnegative self-
adjoint solution of the CARE (3.4).
Proof. We shall prove the equivalence of the filter equations; the equivalence of
the control equations is similar.
1. The equations (10.7) and (10.8) are equivalent iff the following holds

(10.11) AP(I+C*R™'CP) 'A* = ApP(I + C*R™'CP)A3%.

We use Lemma 10.1 (which tells us that A = Ap(I + PC*R™1C)) to write the left-
hand side of equation (10.11) as

Ap(I + PC*R™'C)P(I + C*R™'CP)""(I+ C*R™'CP) A},

which is indeed equal to the right-hand side of equation (10.11).

2. To prove the equivalence of (10.7) and (3.8) we substitute in (10.7) for Ap from
(10.1) and for (I +C*R~1CP)A% we substitute A* (using (10.4)) and then substitute
(10.3) for A. We then get

(A~ (BD* + APC*)(R+ CPC*)"'C)P(A* —C*DS™'B*) — P+ BS™'B* = 0.
Rewriting this gives

APA* — P+ BB* = (BD* + APC*)(R+ CPC*)"'CPA*
—(BD* 4+ APC*)(R + CPC*)"'CPC*DS™'B* + APC*DS™'B*

—BS~'B* + BB*.

We now focus on the last two lines of this last equation. We note that I — S~ =
D*DS~! and we can thus rewrite these last two lines as

—(BD* + APC*)(R+ CPC*)"*CPC*DS™'B* + APC*DS™'B* + BD*DS™'B*
and this can be rewritten as
(BD* + APC*)(R + CPC*)"'[-CPC* + R+ CPC*|DS™'B*.
Noting that RDS™! = D we see that this is equal to
(BD* + APC*)(R + CPC*)"'DB*.

This completes the proof of the equivalence of (10.7) and (3.8). O
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We now show that the known relationship between Ag and Ap extends to the
infinite-dimensional case.

LEMMA 10.3. Let (A, B,C,D) be an input and output stabilizable discrete-time
system and let QQ be a monnegative selfadjoint solution of its CARE (3.4) and let P
be a nonnegative selfadjoint solution of its FARE (3.8). Define Ap and Ag by (10.1)
and (10.2), respectively. Then

(I+PQ)Ag = Ap(I + PQ).

Proof. We use the FARE (10.7) to write
P=ApP(I + C*R™'CP)A} + BS™'B*,
which leads to
I+PQ=1+ApP(I+C*R'CP)A}3Q+ BS™'B*Q
and so
(I+PQ)Ag =+ BS 'B*Q)Aq + ApP(I + C*R™'CP)ALQAg.
We use (10.5) to write the right-hand side as
Ap(I+PC*R™'C) + ApP(I + C*R™'CP)A}LQAq.
Rearranging gives
Ap + ApP[C*R™'C + (I + C*R™'CP)ALQAg]
and using (10.5) again we obtain
Ap + ApP[C*R™'C + AH(I + QBS™'B*)QAq).

According to the CARE (10.9) the term in square brackets equals (). So the above is
equal to Ap(I + PQ). O

We now prove a relation concerning the difference of two solutions of a Riccati
equation.

LEMMA 10.4. Let (A, B,C, D) be an output stabilizable discrete-time system and
let Q1 and Q2 be nonnegative selfadjoint solutions of its CARE (3.4). Define Ag,
and Ag, similarly to (10.2). Then

Q1 — Q2= A5, (Q1 — Q2)Aq, -

Proof. Subtract the form (10.9) of the CARE for 1 and Q2 to obtain
(10.12) Q1 — Q2 = Ag, (I + QiBS™'B*)Q1Aq, — AH,(I + Q2BS™'B)Q2Aq,.
According to Lemma 10.1 (say with P = I) we have
(10.13) Ag, = (I + BS™'B*Q2) "Ap(I + PC*R'C)

= (I +BS™'B*Q2) (I + BS™'B*Q1)Aq, .
Combining equations (10.12) and (10.13) we obtain
Q1 — Q2= A5, (I + Q2BS™'B*)Q1Aq, — AH,Q2(1 + BS™'B*Q1)Aq,

= A*QQ (Ql - Q2)AQ1 .
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10.2. Proofs for Section 6. In this section we prove the relationships between
the CARE and FARE of a system and the control and observation Lyapunov equations
of its CARE closed-loop system (Lemmas 6.3, 6.4, 6.5 and 6.6).

LeEMMA 10.5. Suppose that the system (A, B, [Cy; Cy], [D1; Dy)) is such that Dy
is boundedly invertible and that there exists a nonnegative selfadjoint operator V' such
that

(10.14) B*VA+D*C =0.
Define the system (A, B,C, D) by (5.4) and S =1+ D*D and R:= 1+ DD*. Then

1. A=A-B(S+ BV*VQ)_l(D*C + B*VA),

2. AVA-V +C*C=A"(I+VBS™'B*)WA-V +C*R™!C.

Proof. We first prove the equality
(10.15) SCy = —(B*VA+ D*C).
From (10.14) and (5.4) we obtain
DiB*VA+ D;Cy + D5Cy = 0.
So
C,=-B*VA—-D*Cy = -B*VA - D*(C+ DC))
and this yields (10.15):
SCy = (I +D*D)Cy, = —B*VA — D*C.

We now prove the first equality stated in the lemma. We take the just proven equality
(10.15) and substitute A = A + BC} to obtain

SCy, = —(B*V(A+ BCy) + D*C).
So

(S+B*VB)C, = —(B*VA+ D*C).
We now solve for C; and substitute to obtain

A=A+ BC,=A—-B(S+B'VB)"YB*VA+ D*C).
We now prove the equality
(10.16) C*C = A*VBS™'B*VA+C*R™'C.
We have
O C = CrCy + GG
and substituting for Cy from (5.4) gives
C*C = CiCy + (C + DCY)*(C + DCY).

Finally, substituting for C; from (10.15) and simplifying gives the result.
The second equality stated in the lemma follows easily from (10.16). O
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Proof of Lemma 6.3  We only have to prove (6.3). Noting (6.2), we apply
Lemma 10.5 with V := @ to the CARE closed-loop system. Since A defined by (5.1)
equals Ag defined by (10.2) we have

A*QA-Q+C*C=A5(I+QBS™'B*)QAq —Q+C*R™'C.

Since @ is a solution of the CARE (3.4) of (A, B, C, D) the right-hand side of this
equation is zero by Lemma 10.2 and we have shown (6.3). O

Proof of Lemma 6.4 By assumption there exists a nonnegative selfadjoint
such that B*QA + D*C = 0. We apply Lemma 10.5 with V := Q to obtain A = Ag
given by (10.2) and

A'QA-Q+C*C=A5(I+QBS™'B")QAq —Q+C*R™'C.

The left-hand side of this equation is zero since by assumption @ satisfies (6.3). This
proves that the right-hand side is zero and Lemma 10.2 now shows that @ is a solution
of the CARE of the system (A, B,C, D). O

LEMMA 10.6. Let a system (A, B, [C'l; C'Q], [Dl; Dg]) with Dy boundedly invertible
be given and assume that a nonnegative selfadjoint operator V exists such that

B*VB+D*D =1.

Define the system (A, B,C, D) by (5.4). Then we have
1. B'VB+S=D;*Di",
2. BB*(I +VBS~'B*) = BS™'B*.
Proof. 1. The given equation for V translates to

D;B*VBD, + D{D, + D;D*DD; =1

and multiplying from the left with D] * and from the right with Dy ! gives the result.
2. The first equality implies that (S+B*V B)~! = DD} and so B(S+B*V B)™1B* =
BB*. Hence

B*(I+VBS™'B*) = B(S+ B*VB) 'B*(I + VBS™'B¥)

= B(S+ B*VB) '(S+ B*VB)S™'B* = BS™'B*

which proves the second equality. 0

We now prove Lemma 6.5.

Proof of Lemma 6.5 We remark that L = (I + PQ)™'P = P(I + QP)~! and so
we have to show that

(10.17) AP(I +QP)"'A* — P(I +QP)~' + BB* = 0.

Recalling that A = Aq from (5.1) and (10.2) and using Lemmas 10.1 (10.5) and 10.3
we can substitute A = (I + BS™'B*Q)"'Ap(I + PC*R™'C) and (I + QP)™1A* =
A% (I +QP)~! to obtain for the left-hand side of (10.17)

(I +BS™'B*Q) 'Ap(I + PC*R™'C)PAL(I +QP) !

~P(I+QP)™' + BB*
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= (I +BS™'B*Q) " '[Ap(I + PC*R™'C)PA} — (I + BS™'B*Q)P

+(I +BS™'B*Q)"'BB*(I + QP)|(I + QP)~ L.

We now apply Lemma 10.6 with V := Q to obtain (I+BS~'B*Q) " 'BB* = BS~'B*
and so we obtain for the left-hand side of (10.17)

(I +BS™'B*Q) '[Ap(I + PC*R™'C)PA} — (I + BS™'B*Q)P

+BS™'B*(I+QP)|(I+QP)".

The term in square brackets is zero according to the FARE (10.7) and we have proven
(10.17). O

Proof of Lemma 6.6 We first recall from the proof of Lemma 6.4 that
A = Ag where Ag is defined by (10.2) and that equation (10.6) holds with Ag = A.
Define P := L(I — QL)™' and define Ap by (10.1). The second step in the proof is
establishing the identity

(10.18) (I - LQ)Ap = A(I — LQ)
or by (10.6) the equivalent identity
(10.19) (I -LQ)YI+ BS™'B*Q)A = A(I — LQ)(I + PC*R™'C).

Since P = L(I — QL)™' = (I — LQ)~'L the right-hand side of equation (10.19) is
equal to

A—ALQ+ ALC*R™!C.

We substitute Q — C*R™'C = A*(I + QBS~'B*)QA (this identity holds because Q
is a solution of the CARE, see (10.9)) to obtain for the right-hand side of (10.19)

A— ALA*(I + QBS™'B*)QA.

The control Lyapunov equation tells us that ALA* = L — BB* and so the right-hand
side of (10.19) is equal to

A—L(I+QBS™'B*)QA+ BB*(I+QBS 'B*)QA.

Substituting BB*(I + QBS~'B*) = BS~!'B* from Lemma 10.6 with V = Q we
obtain for the right-hand side of (10.19)

A—L(I+QBS™'B*)QA+ BS™'B*QA,

which is equal to the left-hand side of (10.19). This proves (10.18). We now make the
third and last step of the proof that P is a solution of the FARE. We start with the
control Lyapunov equation

ALA* — L+ BB* =0

and substitute A = (I-LQ)Ap(I—LQ)~! from (10.18) and A* = (I+C*R~ICP)A%L(I+
QBS™1B*)~! from (10.6) to obtain

(I-LQ)Ap(I —LQ) 'L(I+C*R'CP)Ap(I +QBS~'B*)™!
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—L+ BB*=0.

We multiply by (I — LQ)~! from the left and by (I + QBS~!B*) from the right to
obtain

ApP(I +C*R™'CP)A}, — P(I +QBS™'B*)

+(I — LQ)"'BB*(I + QBS™'B*) = 0.
We again use the fact that BB*(I + QBS~'B*) = BS~'B* to obtain

ApP(I+C*R'CP)A} — P— PQBS™'B*

(10.20) +(I - LQ)"'BS™'B* =0.

Using that P = (I — LQ)~ 'L we see that the sum of the two last terms of the left-
hand side of (10.20) equals BS—!B*. This proves that P is a solution of the equivalent
version (10.7) of the FARE. O

The following lemmas are needed in the proof of Lemma 6.9.

LEMMA 10.7. Let X be a boundedly invertible nonnegative selfadjoint operator
on a Hilbert space H. Then X <T iff X' > 1I.

Proof. Assume that X < I. Then for all z € H we have (Xz,z) < (x,x). Define
y := X2z, Then (y,y) < (X~'y,y). Since X is boundedly invertible all elements in
H are of the form X!/2z for some = € H and we have proven that X ~! > I. The “f’
part of the statement is proven similarly. 0

LEMMA 10.8. Let S and T be nonnegative selfadjoint operators on a Hilbert space
H. Then (I+T)" 1> T+ S)"Liff T <5.

Proof. Tt is easy to see that (I+T)~' > (I+S)~ iff I > (I+T)"/?(I+8)~ (I +
T)Y/2. By Lemma 10.7 this is true iff I < (I +T)~"/2(I + S)(I + T)~'/? and this is
trueiff I+ T <I1+5.0

LEMMA 10.9. Let X1 and Xo be nonnegative selfadjoint operators and Y a posi-
tive selfadjoint operator on a Hilbert space H. Then Xo > X7 iff (I + XQY)_lXQ >
(I + X1Y)71X1.

Proof. Since Y is positive and thus has dense range we have X, > X, iff
Y1/2X,Y1/2 > Y12 X,Y1 /2, Using Lemma 10.8 this is true iff

I—YYV2(I+ X0 V) 1 XoYY2 = (I + YV2X, 71/t

<T+YV2X vVt Ty V(1 4+ X Y) X Y2

This is true iff Y1/2(1+X2Y)_1X2Y1/2 > Y1/2(1+X1Y)_1X1Y1/2 and again using
that Y has dense range this is true iff (1 + XoY)"1 Xy > (I + X1Y) "1 X;. O

10.3. Proofs for Section 7. In this subsection we prove a lemma used in the
proof of Lemma 7.2.

LEMMA 10.10. Let Hy, Hy be separable Hilbert spaces, Z € L(Hy,Hs), T €
L(Hz, Hy) and X #0. Then A€ o(ZT) iff N\ € o(TZ).

Proof. Suppose that A € p(ZT) and A # 0. Then we have

%(1 + TN - ZT)'Z)Y N -TZ)=1
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1
= (M — TZ)X(I + T\ - ZT)"'2)

and this implies that AI — T'Z has a bounded inverse; i.e., A € p(T'Z). O

That A # 0 is really needed follows from the example of the left and right shift
on [?(N). If we compose them in one way we get the identity, but the other possible
composition is not invertible.
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