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THE SINGULAR H, CONTROL PROBLEM WITH
DYNAMIC MEASUREMENT FEEDBACK*

A. A. STOORVOGELfY

Abstract. This paper is concerned with the H,, problem with measurement feedback. The problem is
to find a dynamic feedback from the measured output to the control input such that the closed-loop system
has an H,, norm strictly less than some a priori given bound y and such that the closed-loop system is
internally stable. Necessary and sufficient conditions are given under which such a feedback exists. The
only assumption that must be made is that there are no invariant zeros on the imaginary axis for two
subsystems. Contrary to recent publications no assumptions are made on the direct feedthrough matrices
of the plant. It turns out that this problem can be reduced to an almost disturbance decoupling problem
with measurement feedback and internal stability, i.e., the problem in which we can make the H norm
arbitrarily small.

Key words. quadratic matrix inequality, Riccati equation, almost disturbance decoupling, measurement
feedback, internal stability
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1. Introduction. After the original formulation of the H,, problem in [22] much
work has been done on the solution of this problem. Initially almost all the work was
done in a mixture of time-domain and frequency-domain techniques (see [1], [4], [5])-
In the last few years two new methods have evolved: the polynomial approach (see
[9]) and a time-domain approach (see [2], [8], [121, [13], [20]).

This paper handles the problem in the time domain. This has the advantage that
we directly obtain an upper bound on the necessary dynamic order of the controller,
namely, the dynamic order of the original plant. A similar result was obtained in [10]
and [11] using frequency domain techniques. Moreover, in our opinion, the results
are more intuitive.

In the above-mentioned literature it was assumed that there are no invariant zeros
on the imaginary axis and that the direct feedthrough matrices of the plant are
nonsingular. In literature two methods have been proposed to tackle the H,, problem
without these assumptions:

* Apply a small perturbation on the output matrices such that these assumptions
are satisfied for the perturbed system. Then solve the H, problem for the
perturbed system. If the perturbation satisfies some prerequisites then a control-
ler works for the original system if it works for the perturbed system. However,
we do not know a priori how large the perturbations are allowed to be. Hence
if for a certain perturbation no suitable controller exists, then we are not sure
whether or not a suitable controller exists for a smaller perturbation (see [19]).

¢ Apply a transformation in the frequency domain:

) (e>0).

ste
1+es

G(s)> G(s)= G(

If we can find a suitable controller for the original system, then we can find a
controller for the transformed plant for £ small enough. Vice versa, if for some
€ there exists a suitable controller for the transformed system then the same
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controller is a suitable controller for the original system. This approach has the
same disadvantage as the previous one since it is not clear how small we should
choose e. Another problem is that we still must make the assumption that the
transfer matrix from control input to output is left invertible as a rational matrix
(see [15]).

Recently, in the case of state feedback, a method of handling the singularity of
the direct feedthrough matrix (see [18]) without the above-mentioned disadvantages
was proposed. In the present paper we shall develop a method of handling these
singularities in the case of measurement feedback. Our results reduce to the known
results in [2] and [20] in case these singularities do not occur.

The necessary and sufficient conditions under which there exists an internally
stabilizing dynamic compensator which makes the H., norm strictly less than some a
priori given bound vy are formulated in a way that differs from those found in recent
publications [2], [20]. In these papers the results are formulated in terms of two Riccati
equations. However in the case where there are singularities of the direct feedthrough
matrices, these Riccati equations do not exist. We have two quadratic matrix inequalities
that replace the role of these Riccati equations. The solution of each of these quadratic
matrix inequalities must satisfy rank conditions. Moreover, we have a condition which
couples these two matrix inequalities. The spectral radius of the product of the two
solutions of these matrix inequalities should be smaller than a certain a priori given
upper bound. In the regular case the first rank condition together with the quadratic
matrix inequality reduces to a Riccati equation and the second rank condition guaran-
tees that it is a stabilizing solution of the Riccati equation.

The proof of our main result only uses the result for the state feedback H,, control
problem. Our proof will use ideas used in [2] to solve the regular H,, problem with
measurement feedback but is independent of the results in [2] and is entirely self-
contained.

The outline of the paper is as follows. In § 2 we formulate the problem and present
the main result. Moreover, we show that in the regular case and the state feedback
case this result reduces to the known results in [2] and [18], respectively. In § 3 it is
shown that the conditions for the existence of a suitable compensator as given in our
main theorem are necessary. It is also shown that the problem of finding such a
compensator is equivalent to finding such a compensator for another system, i.e., it is
shown that any compensator which internally stabilizes this new system and makes
the closed-loop H, norm less than y has the same properties when applied to the
original system and vice versa. This new system has some desirable properties and
using these properties in § 4, it is shown that for this new system we can even make
the H,, norm arbitrarily small. In § 5 a method for finding the desired compensator is
discussed. We finish in § 6 with some concluding remarks. The proofs of § 3 are given
in Appendix B since they are rather technical. Appendix A introduces a number of
suitably chosen bases and some of the properties the system matrices have in these
new bases. These will be needed in Appendix B.

2. Problem formulation and main results. We consider the linear, time-invariant,
finite-dimensional system:
X= Ax+ Bu + Ew,
(2.1) S:ly=Cx+ D,w,
z=Cyx+ D,u,

where x € R" is the state, u € &™ the control input, we ®' the unknown disturbance,
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y € R the measured output, and z€ %7 the unknown output to be controlled. A, B,
E, C,, C,, D,, and D, are matrices of appropriate dimensions. We would like to
minimize the effect of the disturbance w on the output z, using the measured output
y, by finding an appropriate control input u. More precisely, we seek a dynamic
compensator F described by the following equations:

5= Kp+ L
EF,{p p+ Ly,

(2.2) :
u= Mp+ Ny,

such that after applying the feedback u = Fy in the system (2.1), the resulting closed-
loop system, whose transfer matrix is denoted by Gy, is internally stable and has
minimal H, norm, i.e., such that

(2.3) | Grllo= sup o[ Gr(iw)]

is minimized over all possible dynamic feedback laws F that make the closed-loop
system internally stable. Here o[ M] denotes the largest singular value of the matrix
M. Internally stable means that when w =0 then for every initial state of the system
and controller the state of the system and controller in the interconnection both converge
to zero as t - oo, If the controller is given by (2.2} and the system is given by (2.1) this
is equivalent to requiring that the following matrix is asymptotically stable:

A+ BNC, BM)

(24 (A e B

Although this is our ultimate goal, in this paper we shall derive necessary and sufficient
conditions under which we can find a dynamic feedback law which makes the resulting
H,, norm of the closed-loop system strictly less than some a priori given bound y and
such that the resulting closed-loop system is internally stable.

A central role in our study of the problem above will be played by the quadratic
matrix inequality. For any y >0 and matrix P€ """ we define the following matrix:

AP+ PA+CIC,+y *PEE'P PB+ CZTDZ)

2.5 F.(P):=
(2:5) +(P) ( B'P+DIC, DJID,

If F,(P)=0, we say P is a solution of the quadratic matrix inequality at y. We also
define a dual version of this quadratic matrix inequality. For any y>0 and matrix
Qe R"" we define the following matrix:

AQ+QAT+EET+4y72QCTC,Q QC[+ ED1T>

eo G0 CotDET oot

If G,(Q)=0, we say that Q is a solution of the dual quadratic matrix inequality at 7.
In addition to these two matrices we define two polynomial matrices, whose role is
again completely dual:

(2.7) L,(P s)=[sI—-A—y*EE"P -B],
25) M,(Q, )= [sI—A—.yC QC; cz]_

We note that L (P, s) is the controllability pencil associated with the system:
(2.9) x=(A+y ?EE"P)x+ Bu,
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while M, (Q, s) is the observability pencil associated with the system:
X=(A+7y’QC; C)x,

(2.10)
y=—-Cx.
We define the following two transfer matrices which again play a dual role:
(2.11) G(s)=CysI—A)'B+D,,
(2.12) H(s)=C,(sI-A)'E+D,.

In the formulation of our main result we also require the concept of invariant zero of
the system == (A, B, C, D). These are all s € € such that

I—-A -B I-A —-B
(2.13) rank (s c D )<normrank(s c D )

Here “normrank” denotes the rank of a matrix as a matrix with entries in the field of
rational functions. Moreover let €*(%°, ¢ ) denote all s € € such that Re s> 0 (Re s =
0, Re 5 <0). Finally, let p( M) denote the spectral radius of the matrix M. We are now
in the position to formulate our main result.

THEOREM 2.1. Consider the system (2.1). Assume that the systems (A, B, C,, D,)
and (A, E, C,, D,) have no invariant zeros in €°. Then the following two statements
are equivalent:

(i) There exists a linear, time-invariant, finite-dimensional dynamic compensator F
of the form (2.2) such that by applying u= Fy in (2.1) the resulting closed-loop
system, with transfer matrix Gg, is internally stable and has H,, norm less than
Y, ie, |Gello< 7.

(i) There exist positive semidefinite solutions P, Q of the quadratic matrix inequalities
F,(P)z0 and G,(Q) =0 satisfying p(PQ)<y’, such that the following rank
conditions are satisfied

(1) rank F,(P)=normrank G,
(2) rank G,(Q) =normrank H,

L,(Ps)
(3) rank( F.(P)

(4) rank (M (Q, s) G,(Q))=n+normrank HVse €°U €".

Remarks.

(i) Note that since P=0 and Q =0 the matrix PQ has only real and nonnegative
eigenvalues.

(ii) The construction of a dynamic compensator satisfying (i) can be done
according to the method as described in § 5. It turns out that it is always possible to
find a compensator of the same dynamic order as the original plant.

(iii) By Corollary A5 we know that a solution P of the quadratic matrix inequality
F,(P)=0 satisfying (1) and (3) is unique. By dualizing Corollary A5 it can also be
shown that a solution Q of the dual quadratic matrix inequality G,(Q)= 0 satisfying
(2) and (4) is unique. The existence of P and Q can be checked via a state-space
transformation and investigating a reduced order Riccati equation.

(iv) We shall prove this theorem only for the case y=1. The general result can
then be easily obtained by scaling.

Before we prove this result we look more closely at the result for two special cases.

State feedback: C,= I, D, =0. In this case we have y = x, i.e., we know the state
of the system. The first matrix inequality F,(P)=0 together with rank conditions (1)

) =n+normrank G Vse €°U €",
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and (3) does not depend on C, or D, so we cannot expect a simplification there.
However G,(Q) does get a special form:

AQ+QAT+EET+y7?QC;C,Q Q)

Q 0
Using this special form it can be easily seen that G,(Q)=0 if and only if Q =0. For
the rank conditions it is interesting to investigate the normrank of H. We have
(2.15) normrank H = normrank (s — A)'E = rank E.

(2.14) 6,(@)-(

It can be easily checked, by using (2.15), that Q =0 satisfies rank conditions (2) and
(4). The condition p(PQ)< v is trivially satisfied when Q =0. We find that in this
case condition (ii) of Theorem 2.1 becomes:

There exists a positive semidefinite solution P of the matrix inequality F,(P) = 0 such
that the following two rank conditions are satisfied:

(1) rank F,(P)=normrank G,
L,(P,s)

) =n+normrank G Vse €°U €",
F,(P)

(2) rank (

which is exactly the result obtained in [18].

Regular case: D, surjective and D, injective. In this case it can be shown, in the
same way as in [18], that F,(P)=0 together with rank condition (1) is equivalent to
the condition

A'P+PA+C,; C,+y *PEE"P—(PB+C]D,)(DID,) Y (B"P+DIC,)=0.

The dual version of this proof can be applied to the dual matrix inequality G,(Q)=0
together with rank condition (2). These conditions turn out to be equivalent to the
condition:

AQ+QAT+EE"+y 2QCIC,Q—(QCT+ ED] (D, D)) (C,Q+D,ET)=0.

The two remaining rank conditions (3) and (4) turn out to be equivalent with the
requirement that the following two matrices are asymptotically stable:

A+y2EE"P-B(DJD,) " (B"P+ D, C)),
A+y72QC; C,—(QC{ +ED{)(D,D{)™'C,.

Together with the remaining condition p(PQ)<1v”, we thus re-obtain exactly the
conditions derived in [2] and [6].

3. Reduction of the original problem to an almost disturbance decoupling problem. In
this section the implication (i)=>(ii) in Theorem 2.1 will be proven. Moreover, in case
the conditions (ii) of Theorem 2.1 are satisfied, we shall show that the problem of
finding a suitable compensator F for the system (2.1) is equivalent to finding a suitable
compensator F for a new system which has some very nice structural properties. In
the next section the H,, problem for this new system will be tackled. In the remainder
of this paper we assume y=1. The general result can be easily obtained by scaling.
Define F(P), G(Q), L(P, 5}, and M(Q, s) to be equal to F,(P), G(Q), L,(P, s), and
M, (Q, s), respectively.

LemMA 3.1. Assume that (A, B, C,, D,) and (A, E, C,, D,) have no invariant
zeros on €°. If there exists a linear, time-invariant, finite-dimensional dynamic compensator
F such that the resulting closed-loop system is internally stable and has H,, norm less
than one, then the following two conditions are satisfied:
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(i) There exists a solution P =0 of the quadratic matrix inequality F(P) = 0 satisfy-
ing the following two rank conditions:

(1) rank F(P)=normrank G,

L(P,s)
(2) rank( F(P)

(ii) There exists a solution Q=0 of the dual quadratic matrix inequality G(Q)=0
satisfying the following two rank conditions:
(1) rank G(Q) =normrank H,
(2) rank (M(Q, s) G(Q))=n+normrank H Vse ¢°U €".

Proof. Since there exists an internally stabilizing feedback which makes the H,
norm less than one for the problem with measurement feedback there certainly also
exists an internally stabilizing feedback which makes the H, norm less than one in
the full information case, i.e., the case where both x and w are known. This implies,
according to [18], that there exists a matrix P satisfying the conditions in (i). By
dualization it can be easily shown that there also exists a matrix Q satisfying the
conditions in (ii). 0

Assume there exist P and Q satisfying the conditions in parts (i) and (ii) of
Lemma 3.1. We make the following factorization of F(P):

T
(3.1) F)=(Gr)Cor Do)
Dp
where C,p and Dp are matrices of suitable dimensions. This can be done since

F(P)=0. We define the following system:
%p= (A+EE"P)xp + Bup + Ewp,

(3.2) EP: yp:(C1+D1ETP)xP+ DIWP’
Zp — Cz,pxp +DPuP-

) =n+normrank G Vse €°U €".

LeMmma 3.2. Let P satisfy Lemma 3.1(i). Moreover let an arbitrary linear time-
invariant finite-dimensional compensator F be given, described by (2.2). Consider the
following two systems, where the system on the left is the interconnection of (2.1) and
(2.2) and the system on the right is the interconnection of (3.2) and (2.2):

z w ZP ‘ wP
2 ZP
(33) ) u Yp Up
ZF ZF

Then the following statements are equivalent:

(i) The system on the left is internally stable and its transfer matrix from w to z has
H,, norm less than one.

(ii) The system on the right is internally stable and its transfer matrix from wp to
zp has H,, norm less than one.

Proof. See appendix B for the proof. g

If for the original system (2.1) there exists an internally stabilizing, linear, time-
invariant, finite-dimensional compensator such that the resulting closed-loop matrix
has H, norm less than one then, by applying Lemma 3.2, we know that the same
compensator is internally stabilizing for the new system (3.2) and yields a closed-loop
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transfer matrix with H., norm less than one. Hence if we consider for this new system

the two quadratic matrix inequalities we know from Lemma 3.1 that there exist positive

semidefinite solutions to these inequalities satisfying a number of rank conditions. We

shall now formalize this in the following lemma. Define Ap:=(A+ EE"P) and Cp=

(C,+ D,E"P). Then for arbitrary X and Y in 2”*" we define the following matrices:

(3.4) Fx) = <AI,X+XAP +C;pCop+XEE™X XB+ C{PDP>
B'X+D}C,p D.Dp ’

(3.5) G(Y)= (APY+ YAR+EET+YC]pCopY YCTp+ ED{)
C,pY+DE" D, DY ’

(3.6) L(X,s)=[sI—-Ap—EE'X -B],

- I-Ap—YCI,.C
(3.7) M(Y,s):= [s P 2P 2”’].

_Cl,P
Moreover, we define two new transfer matrices:
(38) G—(S):z CZ’I)(SI—Ap)ilB'FDP,
(3.9) H(s)=C, p(sI—Ap) 'E+D;.

Lemma 3.3. Let P and Q satisfy part (i) and part (ii) in Lemma 3.1, respectively.
Assume (A, B, C,, D,) and (A, E, C,, D,) have no invariant zeros on €°. Then we
have the following two results:

(i) X =0 is a solution of the quadratic matrix inequality F(X)=0 and satisfies

the following two rank conditions:

(1) rank F(X)=normrank G,

L(X, s)

2 k| =
(2) ran ( F(X)
(ii) There exist a matrix Y satisfying the quadratic matrix inequality G(Y) =0

together with the following two rank conditions:

(1) rank G(Y) =normrank H,

(2) rank (M(Y,s) G(Y))=n+normrank H Vse €°U €",

if and only if I — QP is invertible. Moreover, in that case Y'=(I—QP) 'Q is

the unique solution. This matrix Y is positive semidefinite if and only if

(3.10) p(PQ)<1.

Proof. See Appendix B for the proof. O

Proof of (i)=(ii) in Theorem 2.1. The first part can be obtained directly from
Lemma 3.1. By Lemma 3.2 we know that also for the transformed system X, there
exists a dynamic compensator which internally stabilizes the system and makes the
H,, norm less than one. By applying Lemma 3.1 to this new system, this implies that
there exists a matrix Y =0 satisfying Lemma 3.3(ii). Hence by Lemma 3.3 we have
(3.10) and therefore all the conditions in Theorem 2.1(ii) are satisfied. 0

In the remainder of this section we assume that the conditions of Theorem 2.1(ii)
are satisfied.

In order to prove the implication (ii)=>(i) in Theorem 2.1 we transform the system
(3.2) once again. This time, however, we use the dualized version of the original
transformation. By Lemma 3.3 we know Y = (I — QP) 'Q =0 satisfies G(Y)=0. We
factorize G(Y):

= Ep T T
(3.11) G(Y)=<D ’Z)(Ep,o Dpyo)

) =n+normrank G Vse €°U €.
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where Ep, and Dp, are matrices of suitable dimensions. We define the following
system:

Xpo = ApoXpo™t Brolrot Epow,
(3.12) Zpo:{vro=Cirpo + Dpow,
Zp,Q = CZ,pxP,Q + DP“P,Q,

where
(313) AP,Q:: Ap+ YC;:PCLP:
(3.14) Bpo=B+ YC; pDp.

By applying Lemma 3.3 to the system X, with the corresponding matrix inequalities
we note that X o = 0and Yp, = 0satisfy the matrix inequalities and the corresponding
rank conditions for this new system. It can be shown that this implies that

I—-A —B
(3.15) rank <s ke RQ) =n+rank (C,p Dp) Vse6°UE"

Gp Dp
and
1—-Ap —E E
(3.16) rank (s re P’Q) = n+rank ( P’Q> Vse 6°U %",
CI,P DP,Q DP,Q

By applying Lemma 3.2 and its dualized version the following corollary can be
derived.

COROLLARY 3.4. Let an arbitrary compensator F of the form (2.2) be given. The
Jfollowing two statements are equivalent:

(i) The compensator F when applied to the system 2., described by (2.1), is internally
stabilizing and the resulting closed-loop transfer matrix has H,, norm less than one.

(ii) The compensator F when applied to the system Xp, described by (3.12), is
internally stabilizing and the resulting closed-loop transfer matrix has H,, norm less than
one.

In the next section we shall show how to solve the H,, problem for a system
satisfying the extra conditions (3.15) and (3.16). It turns out that for this new system
we can even make the H, norm arbitrarily small.

4. The solution of the almost disturbance decoupling problem. Assume that the
following system is given:
X= Ax+ Bu + Ew
(4.1) :dy=Cix+ Dyw,
z=C,x+ D,u,

such that the following two conditions are satisfied:

I—-A —B
(4.2) (s ) —n+rank(C, D,) Vse®°U%"
and

I-A -E E
(4.3) (S c, D1)=n+rank(Dl> Vse €°U 6".

From the previous section we know that if the conditions in part (ii) of Theorem 2.1
are satisfied then it is always possible to transform our system into a new system that
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satisfies the conditions (4.2) and (4.3). Moreover, if a compensator F given by (2.2)
internally stabilizes this new system and makes the H,, norm of the resulting closed-loop
transfer matrix smaller than one, then it does the same with the closed-loop system
associated with the original system. In fact, we shall prove a stronger result.
THEOREM 4.1. Assume system (4.1) is given satisfying (4.2) and (4.3). Then for
all € >0 there exists a linear, time-invariant, finite-dimensional dynamic compensator F
such that the closed-loop system is internally stable and has H,, norm less than e.
Remark. We note that even if for this new system we can make the H, norm
arbitrarily small, for the original system we are only sure that the H, norm will be
less than one. It is very well possible that a compensator for the new system yields an
H,, norm of say 0.0001 while the same compensator makes the H,, norm of the original
plant only 0.9999.
Before we can prove this result we have to do some preparatory work. We first
have to introduce a number of subspaces from geometric control theory as follows.
DEFINITION 4.2. Assume we have a system

= Ax + B
ECi.{x X u,

4.4
( ) y= sz -+ Dzu.

We define the strongly controllable subspace I (Z.;) as the smallest subspace I of R"
for which there exists a mapping G such that

(4.5) (A+GC,)T < T,
(4.6) Im (B+GD,)c 7.

We also define the subspace J,(2,;) as the smallest subspace I of R" for which there
exists a matrix G such that (4.5) and (4.6) are satisfied and, moreover, A+ GC,|R"/ T
is asymptotically stable. It is well known that these subspaces are well defined in this
way. A system is called strongly controllable if its strongly controllable subspace is
equal to the whole state space.

We also define the dual versions of these subspaces as follows.

DEFINITION 4.3. Assume we have a system

s, {X=Ax + Ew,

4.7 it
S y=Cx+ Dju.

We define the weakly unobservable subspace V(X ;) as the largest subspace ¥ of #"
for which there exists a mapping F such that

(4.8) (A+EF)V <Y,
(4.9) (C,+D,F)¥V ={0}.

We also define the subspace 7,(2,;) as the largest subspace %" for which there exists
a mapping F such that (4.8) and (4.9) are satisfied and, moreover, A+ EF|¥ is
asymptotically stable. It is well known that these subspaces are well defined in this
way. A system is called strongly observable if its weakly unobservable subspace is equal
to {0}.
In order to calculate these subspaces the following lemma will come in handy.
LEmMMA 4.4. T(X,;) equals the limit of the following sequence of subspaces:

To(Z)=0, T (Eu)={xeR"|3xe T:(Z,), uc R™ such that

(4.10) .
x = AX + Bu and C,x+ D,u = 0}.
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It is well known (see [16]) that T,(2.) (i=1, 2, ) is a nondecreasing sequence of
subspaces that attains its limit in a finite number of steps. In the same way V' (2 ,;) equals
the limit of the following sequence of subspaces:

VoZa)=R", Vi1(Ca)={xeR"|Iiic R, such that

(4.11)
Ax+ Etie V(3y) and C;x+ D,ii =0}.

Moreover, if G is a mapping such that (4.5) and (4.6) are satisfied for T = T(X.) and
if F is a mapping such that (4.8) and (4.9) are satisfied for V' = V(Z4), then we have
the following two equalities:

(412)  T,E)=[TE.)+Z(A+GCHIN(T(Su)+ C5 im D,| A+ GC),
(4.13)  V,(Ea)=VEa)NZ,(A+EF)+ < A+ EF|¥(34) N E ker D).

Here &,(A+ GC,) denotes the modal subspace of the matrix A+ GC, with respect to the
closed right halfplane and &,(A+ EF) denotes the modal subspace of the matrix A+ EF
with respect to the open left halfplane. Finally, (A+ EF|V(Z4) N E ker D,) denotes the
smallest A+ EF invariant subspace containing V(X)) E ker D, and {(J(Z.)+
Cy'im D,|A+ GC,) denotes the largest A+ GC, invariant subspace contained in
FE)+C, im D,.

Proof. The proof is almost entirely well known except possibly (4.12) and (4.13)
in case the D-matrices are unequal to zero. This can be proven by first showing that
there exists a G satisfying (4.5) and (4.6) for which (4.12) holds and after that, showing
that the equality is independent of our particular choice of G satisfying (4.5) and (4.6).
The same can be done for (4.13). Details are left to the reader. 0

We can express the rank conditions (4.2) and (4.3) in terms of these subspaces
(see [31, [17]) as follows.

LEMMA 4.5. Let system (4.1) be given. The rank condition (4.2) is satisfied if and

only if

(4.14) Ve(Be)+ T () =R"™
The rank condition (4.3) is satisfied if and only if
(4.15) V(Ea) N T (Zw)={0}.

Here X; is given by (4.4) and X, is given by (4.7).

Using this we can derive the following lemma.

LeEMMA 4.6. Let system (4.1) be given satisfying (4.2) and (4.3). For all € > 0 there
exist mappings F and G such that A+ BF and A+ GC, are asymptotically stable and,
moreover,

(4.16) I(C,+ D.F)(sI —A—BF) | o<e&
and
(4.17) |(sI = A= GC)(E+GD))|| <.
Proof. By Definition 4.3 we know there exists a mapping F such that
(4.18) (A+BF)YV,(30) < Vo (Za),
(4.19) (Co+ D)V (2) ={0},

and moreover, A+ BF ] V. (2.;) is asymptotically stable. Define the canonical projection

M:R">R"/V(2). By (4.19) there exists a mapping C such that C,+ D,F=CIL
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Moreover, by (4.18) there exists a mapping A such that TI(A+ BF) = AIl. Finally,
define B:=T1IB and the system:

p=Ap+ Bu,

4.20 DI _
( ) s {z=Cp+D2u.

It can be easily shown by induction using the algorithm (4.10) that 7,(24) =I17:(2.)
fori=0,1, .. Hence we have

*aj(zfs) = H‘aj(ztn) :H{g(zct)_i- ng(Zci)} = H%n = %n/v/.g(zci)'

This implies that the system (4.20) is strongly controllable.

Define F, such that (C+ D,F,)"D,=0 and define M such that ker D,=im M. Tt
can be easily checked that 7(2,) = J(A+ BF,, BM, C + D,F,, 0). Hence by Theorem
3.36 of [21] we know there exist an F such that

(4.21) I|(C_+D2Fo) e((x+épo>+§Mﬁ)t“1<£

and such that A+ BF,+ BMF is asymptotically stable.
Define = F+ (Fy+ MF)II, then

(4.22) A+BF|¥,(3.)= A+ BF|Y,(2,),
(4.23) TI(A+ BF) = (A+ BF,+ BMF)TI.

It can be easily shown that this implies that A+ BF is asymptotically stable. Moreover,
we have

(4.24) (Cy+ D5F) e P = (C + D, Fy) e A+ Bro+ M

for all +> 0. Using (4.24), we find for all s € i® (use that |e*'|=1):

[(Cy+ D,F)(sI —(A+ BF))!| =

J (C,+ D, F) e ATBR =Dt gy “

(¢}

= [T et Dy ey

0
— ”(C2+ DZF) e(A+BF)t“1

= “(é + D, F,) e(<5+§Fg)+§Mﬁ),”1

lIA

E.

This implies (4.16). Therefore F satisfies all the requirements of the lemma. The
existence of a G such that A+ GC is asymptotically stable and such that (4.17) is
satisfied can be obtained by dualization. 0

We can now prove Theorem 4.1.

Proof of Theorem 4.1. Let £ > 0. We first choose a mapping F such that

(4.25) [(Co+ DyF)(sI —A—BF) || <e/3||E| "

and such that A+ BF is asymptotically stable. This can be done according to Lemma
4.6. Next choose a mapping G such that

(4.26)  |(sI —A=GCy) (E+GD))|<min{e/3| DF| ", | E[l | BF|| "}
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and such that A+ GC, is asymptotically stable. Again Lemma 4.6 guarantees the
existence of such a G. We apply the following dynamic feedback compensator to the
system (4.1):

y= Ap+ Bu+ G(C,p—
(427) ZF’G:{p p+Bu+G(Cip-y),

u=Fp.

The closed-loop system is given by (where e = x—p):

(x) (A-I—BF —BF )(x>+< E )
= w
5 0 A+GC E+GD,)
(4.28) 3.4 ¢ 1/Ae !
x
z=(C,+ D,F —DZF)( >
e
It is clear that this is an internally stabilizing feedback. We now calculate the transfer
matrix from w to z of this system:

(C,+ D,F)(sI—A—BF) 'E
—(C,+ D,F)(sI —A— BF) 'BF(sI-A— GC,) (E+ GD,)
—D,F(sI —-A—GC,)"(E+GD,).

Using (4.25) and (4.26) it can easily be shown that this closed-loop transfer matrix
has H, norm less than e. ]

We are now able to complete the proof of Theorem 2.1.

Proof of the implication (ii)=(i) of Theorem 2.1. Since we can transform the
original system into a system satisfying (4.2) and (4.3) we know by Lemma 4.1 that
we can find an internally stabilizing dynamic compensator for this new system which
is such that the closed-loop transfer matrix has H,, norm less than one. By applying
Corollary 3.4 we know that this compensator F satisfies the requirements in Theorem
2.1(i). O

5. The design of an admissible compensator. In this section we shall give a method
to calculate a dynamic compensator F such that the closed-loop system is internally
stable and, moreover, the closed-loop transfer matrix has H,, norm less than one. We
shall derive this F step by step, using the following conceptual algorithm.

(i) Calculate P and Q satisfying part (ii) of Theorem 2.1. This can, for instance,
be done using Lemma A4. If they do not exist or if p(PQ)= 1, then there
does not exist a dynamic feedback satisfying part (i) of Theorem 2.1 and
we stop.

(ii) Perform the factorizations (3.1) and (3.11). We can now construct the system
2po as given by (3.12).

We now start solving the almost disturbance decoupling problem for the system (3.12)
we obtained in step (ii). As in § 4 we shall rename our variables and assume that we
have a system in the form (4.1). We set ¢ = 1. We have to construct matrices F and G
such that (4.25) and (4.26) are satisfied and, moreover, such that A+ BF and A+ GC,
are asymptotically stable. We shall only discuss the construction of F. The construction
of G can be obtained by dualization.

(iii) Construct ¥,(Z.) by using Lemma 4.4.

(iv) Construct an F such that (4.18) and (4.19) are satisfied and, moreover, such

that A+ BE| V() is asymptotically stable.
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(v) Define the canonical projection II: " > R"/¥,(Z) and the mappings A,

(vi)

(5.1)

(vii)

(viii)

Downloaded 05/20/15 to 131.155.151.137. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

B, and C satisfying:
(1) TI(A+ BF) = ATl,
(2) B=1IB,

(3) C,+D,F=CIIL.

Construct the system X, as given by (4.20).

Construct F, such that (C+ D,F,)™D,=0 and M such that im BM =
B ker D,. Define the following matrices:

(1) A=A+ BF,,

(2) B:=BM,

(3) C:=C+D,F,,
and the system

s ‘{)&=Ax+l§u,
Melz=Cx

In this way we obtained a strongly controliable system (5.1), for which we have to
find a static feedback F such that the closed-loop system is internally stable and such
that the closed-loop impulse response satisfies the £, norm bound &/3}| E||”". We shall
use a method for this which was given in [21].

We construct a new basis for the state space. We shall construct it by
induction. Choose x; € ker CNim B and v1 such that x, = ﬁvl If x, does
not exist go to item (viii). Assume {x;, - -, x;} and {Ul, <+, v} are given.
Denote by ¥; the linear span of {x;, - x} If {Ax +im B) Nker Cc ¥,
and im BNker Cc ¥, then goto step (vm) Otherwise, if (Ax +im B)N
ker C z i, then choose v such that Ax, + Bv cker C and Ax;+Bv# &,. Set
Xipg = Ax; +Bv and v =0, (If (Ax +im B) ﬂker C < &%, then choose v
such that Bveker C and Buzy Set x,+1——Bv and v, =0 Set i=i+1
and repeat this paragraph again.

Define #*(ker C)=¥,. Define a linear mapping F such that Fx;=uv,, j=

1,:--,iand e)gtend it to the whole state space. In [21] it has been shown
that AR%(ker C)+im B=9(Z,,)=R". Therefore it is easily seen that we
can extend {x,, -, x;} to a basis of #" which can be written as
ﬁvlyAFﬁvly Tt ’Ag‘évla
ﬁvz, AFEUQ, tty, A;%Evz,
ﬁvj, AF EUJ‘, sy, Arlé E'Dj,
whe~re Ap= A+ I§If and for t~hose k=1,---,jfor which r, =1 we have I§vk,
ApBuy, -+ -, A% "By, eker C.
(ix) We define the following sequence of vectors. For i=1, - - -, j we define:

1 -1
xi’l(n) = (I+; AF) BU,‘

1 -1
x;2(n) :=(1+;AF) Agpx; (n)

1
Xiper(n) = (I+; Ap) Arx;, (n).
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Since x,»,k(n)—>A’;_11§v,- asn—->oofori=1,---,jand k=1, -+, r+1it can

be easily seen that for n sufficiently large the vectors {x;,(n), i=1,---,;

k=1,---,r;+1} are linearly independent and hence form a basis of #"

again. Let N be such that for all n> N these vectors indeed form a basis.
(x) For all n> N define a linear mapping F, by

ani,l(n) =—ny
ani,z(") i=—n’y,
ani,rﬁl(n) =—n""o,.

This determines F, uniquely. Define F, = F+F,. It is shown in [21] that
the spectrum of A+ BF, is the set {—n}. Moreover, we have

lim ||C e 550 =0,
n—->o0

Choose n such that the impulse response satisfies the required £, bound
e/3||E|”". This F, is internally stabilizing and satisfies the ¥; bound. Now
we can construct the F we were looking for:
(xi) Define F = F+(F,+ MF,)IIL This F is internally stabilizing and is such that
(4.25) is satisfied.
We construct G by dualizing the construction of F and the required dynamic com-
pensator is finally given by (4.27).

6. Conclusion. In this paper we have given a complete treatment of the H,, problem
with measurement feedback without restrictions on the direct feedthrough matrices.
It remains however an open problem how we can treat invariant zeros on the imaginary
axis. Other open problems are the minimally required dynamic order of the controller
and the behaviour of the feedbacks and closed-loop system if we make the bound vy
tighter. The latter problem has been investigated previously. It is possible that the
infimum can only be attained by a nonproper controller (see [4]). But using the ideas
of this paper it is perhaps possible to characterize whether or not this problem arises.

Finally, it would be interesting to characterize all solutions. In our opinion it is,
however, in general not possible to obtain a characterization similar to the one obtained
in [2]. This is due to the fact that the so-calied central controller can be nonproper.

In our opinion this paper gives support to our claim that the approach to solve
the H,, problem in the time-domain is a much more intuitive and appealing approach
than the other methods used in recent papers.

Appendix A. A preliminary system transformation. In this section we shall choose
bases in input, output, and state space that will give us much more insight into the
structure of our problem. Although these decompositions are not necessary in the
formulation of the main steps of the proof of Theorem 2.1, the details of the proof
are very much concerned with these decompositions. It will be shown that the matrices
defining our systems in these bases have a very particular structure. For details we
refer to [18]. We shall display this structure by writing down the matrices with respect
to these suitably chosen bases for the input, state, and output spaces.

Our basic tool is the strongly controllable subspace. This subspace has already
been defined in Definition 4.2.
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We shall give one property of the strongly controllable subspace at this point
which will come in handy in the sequel (see [7], [16]).
LeEMMA Al. Consider the system (4.4). The system is strongly controllable if and

only if

sI-A —B
(A1) (02 D;)

has rank n+rank (C, D)) for all s €.

We can now define the bases for the system (2.1) which will be used in the sequel.
It is also possible to define a dual version of this decomposition but we will only need
this one. First choose a basis of the control input space &™. Decompose Z™ = U, D U,
such that U, =Xker D, and %, arbitrary. Choose a basis u;, u,, -, u, of #™ such

that u,, u,, -, u; is a basis of U, and u,.,, " -, u,, is a basis of U,.
Next choose an orthonormal basis z,, z,, - - -, z, of the output space R* such that
zy,*+,z is a basis of im D, and z,,," * *, z, is a basis of (im D,)". Because this is

an orthonormal basis this basis transformation does not change the norm ||z}
Finally, we choose a decomposition of the state space " =%, @ Z,® %5 such
that =9 )N Cy im D,, £,® %, = J(Z.) and ¥, arbitrary. We choose a corre-

sponding basis x,, x,, - -, X, such that x,,- -, x, is a basis of &, x4, ", X, s a
basis of &, and x,,,, ", X, is a basis of Z;.
With respect to these bases the maps B, C,, and D, have the following form:
¢, D, 0)
( ) ( 1 2), 2 (Cz)’ 2 ( 0 0 >
where 132 is invertible. Next, we define a linear mapping Fy: R"— R™ by
-D;'¢ 0
(A3) F,= ( (2) 1) and hence C,+ D, F,= (é )
2

We have the following properties of this decomposition which are proven in [18].
LemmA A2. Let F, be given by (A3). Then we have

(i) (A+BF X T (2)NC5'im Dy) = T (),
(ii) im B, J(2),
(i) F(2)NC;"im D, < ker C,.
By applying this lemma we find that the matrices A+ BF,, B, C,+ D,F, and D,
with respect to these bases have the following form:

Ay 0 A B, O
A+BFy,=[ Ay Ay Anl, B={B,, Byp]|
(A4) Az Ay Ag B;, B,
0 0 0 D, 0
C2+D2F0:< ), D2=( 2 ).
Cyi 0 Cy 0 0

We decompose the matrices él and E correspondingly:
E,
(A5) C = (Cn Cpo Ci), E=|E,).
E,
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These matrices turn out to have some nice structural properties, which have been
shown in [18].
LemmA A3. We have the following properties:
(i) C,; is injective,
(ii) the system

— A22 A23 B22
(A s [(0 2 () o nio]

is strongly controllable,
(iii) we have

Cy 0

(A7) normrank G =rank ( 0 152),
where G is the transfer matrix defined by G(s)'= C,(sI —A) 'B+ D,.

We need the following results from [ 18] which connects the conditions of Theorem
2.1 to the matrices as defined in [A4].

LeMMA A4, Assume Pe R"™" is symmetric and F(P)=0. Then we have the
following:

(i) PI(2)=0, ie., in our decomposition P can be written as

P, 00
(A8) P=[0 o0 o]
0 0 0

(ii) If P has the form (A8), then
R(P))=P,A;,+ AP+ CleC21+Pl(ElE;r‘Bu(DAzTDAz)AIBITl)Pl
~(PiA;+ C3 Ci)(CCoy) (AL P+ C35Cyy) 20

Moreover, R(P,)=0 if and only if rank F(P)=normrank G.
(iii) If R(P,) =0, then we have

(A9)

L(P,
rank ( Ig(;)s))> =n+normrank G Vse €°U €"

if and only if
Z(P)= Ay, +EETP,— B, (D] D) ' Bl\P,~ Ais(CHCos) (ALP+ CLCyy)
is an asymptotically stable matrix. Moreover, in that case also the matrix
Ay~ Bu(DID,) Bl P~ As(CCoy) (ALP,+ CLCyy)

is an asymptotically stable matrix.
CoOROLLARY AS5. If there exists a matrix P =0 such that F(P)=0 and moreover:

(i) rank F(P)=normrank G,

L(P, 5)

) =n+normrank G Vse €°U €",
F(P)

(ii) rank(
then this matrix is uniquely defined by the above inequality and the corresponding two
rank conditions.

Proof. By Lemma A4 a solution P must be of the form (A8) where P, is a solution
of the algebraic Riccati equation R(P,;)=0 such that Z(P,) is asymptotically stable.
Denote the Hamiltonian matrix corresponding to this algebraic Riccati equation by
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H; then we have

o w(2)=( Dz

Since a Hamiltonian matrix has the property that A is an eigenvalue if and only if —A
is an eigenvalue of H, we know that an n-dimensional invariant subspace W of H
such that H | % is asymptotically stable must be unique. This implies that P, is unique
and hence also P is unique. 0

Appendix B. Proofs concerning the system transformations. In order to prove
Lemma 3.2 we must first do some preparatory work. We first recall the following lemma
from [2] which we shall use in the sequel.

LemMA Bl. Suppose we have the following interconnection of two systems %, and
2,, both described by some state-space representation:

A w
2,
(B1) y .
2,

Assume 2, is internally stable and its transfer matrix L from (}) to () satisfies L"L=1
where L™ (s) = LT (—s). Moreover, assume that if we decompose L:

(BZ) L=: (Lll L12>
L21 L22

compatible with the sizes of w, u, z, and y, we have L, € H,, and lim,_,.. L,,(s)=0. Then

the following two statements are equivalent:

(i) The closed-loop system (B1) is internally stable and its closed-loop transfer matrix
has H,, norm less than one.

(ii) The system 3., is internally stable and its transfer matrix has H,, norm less than
one.

Proof. This is a well-known result although written down here in a different way.
Note that if the closed-loop system (B1) is internally stable, then X, is stabilizable and
detectable. This can be shown either by writing down the closed-loop differential
equation or by noting that an unstable uncontrollable mode in 3, cannot be controlled
by y and hence is still unstable and uncontrollable in the closed-loop system and the
same for an unstable unobservable mode. The result in this form can then be obtained
by using the work in [14]. 0

We shall now assume that we have chosen the bases described in Appendix A.
Let P satisfy the conditions of Lemma 3.1(i). Hence we know P has the form (AS8).
It is easily shown that it is sufficient to prove the lemma for one specific choice of C, p
and Dp. We define the following matrices:

(B3) Cn:( Dy(DID,) 'BLP+C,  Cp CB),

Cr3(C33Cx) (AGP+C3Cy) 0 Oy
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_ (D, 0\,
(B4) Dp-—(o 0)(—D2)-

By writing down F(P) in terms of the chosen bases and by using the fact that P,
satisfies the algebraic Riccati equation R(P,) =0 where R(P,) is defined by (A9), it
can be checked after some effort that these matrices indeed satisfy (3.1). We define
the following matrices:

(B5) A=A, ~A(CLCy) (ALP,+CLC,) - B (DID,) 'BLP,,
(B6) C,=—(DNH'B]\P,,

(B7) Coi= Cy — Cos(CLCy) (ALP+ CLCy),

(B8) B, =B,,D;,

(B9) Bi=A(CHCy) 'CL-PICH(I - Cu(CLCy)'CR),

where T denotes the Moore-Penrose inverse. We now define the following system:

Xy = Axu +(§11 I§12)u+ Ew,
Yu = —EITPIXU +w,

C, I 0
ZU=<~)xU+< >u
C, (U

We have the following properties of the system X ;.
Lemma B2. The system X, is internally stable. Let U denote the transfer matrix of
Sy from () to (3v). We have U™ U = I where U™ (s):= U" (—s). If we decompose U

U, U
(B11) U:=< ! ‘2>
Uy Uz

(B10) P

compatible with the sizes of u, w, y,;, and z;, then we have U] € H,, and lim,_, ,, U,,(s) =0.
Proof. The fact that =, is internally stable and that U] € H,, follows directly
from the fact that A and A+ E,ET P, are asymptotically stable by Lemma A4(iii). The
fact that lim,_ . U,(s)=0 can be checked trivially. It can be easily checked using
Lemma A4(ii) that P, is the controllability gramian of X,. Moreover, we have

-~

(@) G D) e ) (G
0 0 I (c'?l) N BT,

B12 "
(B12) I (0 0) G, ET

P, =0.

This can be checked by simply writing out and using the fact that
ker Py ker (I — Cy3(C 33 Cy3) ' C25) Csy.
The result that U ~ U = [ then follows by applying Theorem 5.1 of [5]. |

Proof of Lemma 3.2. We have our special choice of C, p and Dp given by (B3)
and (B4). As we have already noted, taking this special choice for Cp and Dp is not
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essential. We shall first compare the following two systems:

ZU w
z w 2u
X Yo =Wpl o A¥Z %
(B13) y u g Xp g
I T s
i Yp Up
§ L 5, .

The system on the left is the same as the system on the left in (3.3), and the system
on the right is described by the system (B10) interconnected with the system on the
right in (3.3). We decompose the state of X, x into x;, x,, and x; according to the
choice of bases described in Appendix A and decompose the state of Xp into x; p,
X, p, X3,p Of corresponding sizes. (Note that 2 and X, have the same state space R".)
Writing out all the differential equations using the decompositions of the matrices
given in (A3)-(A5) we find

( /%y — % p A+EETP, 0 0\ /xy—x.p 0
X |= * A+BNC, BM x» |+| E+BND, |w,
p * LC, K p LD,
Xy —Xy.p
z=(+ C,+D,NC, D,M)| x, |+D,NDow.
L 4

The * denotes matrices which are unimportant for this argument. The system on the
right is internally stable if and only if the system described by the above set of equations
is internally stable. If we also derive the system equations for the system on the left
in (B13) we immediately see that, since A+ E,E[ P, is asymptotically stable, the system
on the left is internally stable if and only if the system on the right is internally stable.
Moreover, if we take zero initial conditions and both systems have the same input w,
then we have z = z,, i.e., the input-output behaviour of both systems are equivalent.
Hence the system on the left has H, norm less than one if and only if the system on
the right has H, norm less than one.

By Lemma B2 we may apply Lemma B1 to the system on the right in (B13) and
hence we find that the closed-loop system is internally stable and has H, norm less
than one if and only if the dashed system is internally stable and has H, norm less
than one.

Since the dashed system is exactly the system on the right in (3.3) and the system
on the left in (B13) is exactly equal to the system on the left in (3.3), we have completed
the proof. O
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We will now prove Lemma 3.3. In fact, we will prove the dual version of this
lemma since this is much more convenient to us. We first factorize G(Q):

(B14) G(Q)= ( f;z)wé DY).

Define A,:= A+ QC; C, and B, = B+ QC; D, and the system:
Xo =Apxo+ Bougp + Eow,
(B15) 20:{Yo=Cixo + Dow
zo= Coxo + Dsug.

By using the well-known facts that F stabilizes X if and only if F” stabilizes X7 and
|Gllo=|G" ||, we can derive the following dualized version of Lemma 3.2 for this
dual system as follows.

LemMma B3. Let Q satisfy Lemma 3.1(ii). Moreover, let an arbitrary linear time-
invariant finite-dimensional compensator F be given, described by (2.2). Let the following
two systems be given where the system on the left is the interconnection of (2.1) and (2.2)
and the system on the right is the interconnection of (B15) and (2.2).

Z i %o LY
) 2o
(B16) y . o ug
Zr Xk

Then the following statements are equivalent:

(i) The system on the left is internally stable and its transfer matrix has H,, norm
less than one.

(ii) The system on the right is internally stable and its transfer matrix has H., norm
less than one.

We now investigate how the matrices appearing in the matrix inequality and the
rank conditions look like for this new system 2,

n ALX +XAo+CTC,+XEoELX XBo+CID
(B17) F(X)==( ¢ Txiple. o T )
BQX+D2 C2 DZ D2
. AoY+ YAL+E,EL+YCTC,Y YCT+ELDS
(B18) G(Y>:=( ¢ A DD Q),
C,Y+DgE} DoD}
(B19) L(X,s)=(sI —Ao—EoELX —By),
. I-A,—YC,C
(B20) MY, )= (S e~ T2 2).
-C,
Moreover, we define two new transfer matrices:
(B21) G(s)=Cy(sI —Ag) 'Bo+ D,
(B22) H(s)=C\(s1 —Ag) 'Eo+ Dg.

Using these definitions we have the following result.
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LeMMA B4. Let Q satisfy Lemma 3.1(ii). Then Y =0 is the unique solution of the
quadratic matrix inequality G( Y) = 0 satisfying the following rank conditions:

(1) rank G( Y)= normrank H,

(2) rank (M(Y, s) G( Y))=n-+normrank H Vse €°U €*.

Proof. Tt is trivial to check that G(0)=o0. Moreover, since G(O) =G(Q) and
M0, s) = M(Q, s) it remains to show that normrank H = normrank H. We have

_Cl DQ

sI—Ay EoE§ DQE5>

=normrank (M(Q,s) G(Q))—n

normrank H = normrank (

=normrank (

= normrank H.

Y is unique by Corollary AS. This is exactly what we had to prove. O
LeMMA B5. There exists a solution X of the matrix inequality F(X)= 0 satisfying
the following two rank conditions:

(1) rank F(X)=normrank G,

rL(X, s)

E(X) ) =n+normrank G Vse €°U 4",

(2) rank(

if and only if I — PQ is invertible. Moreover, in that case the solution is unique and is
given by X =(I — PQ)™'P. We have X Z0 if and only if

(B23) p(PQ)<1.
Proof. We first make a transformation on F (X):
T (o LRI
(B25) :<ATX+XA+TC‘2TC‘2+XMX )iB )
B™X D] D,
where
(B26) A= A+ BF,+ Q(C,+ D,F,))"(C,+ D,Fp),
(B27) C,:= C,+ D,F,,
(B28) M:=(A+BF,)Q+Q(A"+F¢B")+ EE"+QC, C,Q,

and F, as defined in (A3). We also transform the second matrix appearing in the rank
conditions:

I 0 —QF]

L(X, 5) I 0
W(X,s)=|0 I (I+XQ)Fq ( N )( )
o o I F(X) J\F(I+QX) I

sl —A—MX -B

= ATX+XA+CIC,+XMX XB
B™X . DID,



Downloaded 05/20/15 to 131.155.151.137. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

THE SINGULAR H,, CONTROL PROBLEM 181

We have the following equality:

~ I-A, —B
(B29) normrank G = normrank (S © Q) -n
C, D,
I QC;\(sI-A, -B
(B30) = normrank (0 QI 2 )(s c, N Df) -n
I-A -
(B31) = normrank (s C Dz) —n =normrank G.

Therefore the conditions that X = 0 has to satisfy can be reformulated as:
(i) F.(X)z0,

(ii) rank F,(X)=normrank G,

(iii) rank W(X, s) =normrank G+n Vse €°U €".
Moreover, we note that T(A, B, C,, D,)= T(A, B, C,, D,). This can be shown by using
the fact that the new system is obtained by a state feedback and an output injection
(note that B = B+ Q(C,+ D,F,)"D,) and it is well known that the strongly controllable
subspace is invariant under feedback and output injection. This can easily be shown
using the algorithm (4.10). We now choose the bases from Appendix A. By Lemma
A4(i) we know that if X exists then it will have the form

X, 0 0
(B32) x=[0 0 0
0 0 0

for some positive semidefinite matrix X;. Note that there is small difference since M
is not necessarily positive semidefinite, but it can be easily seen from the proof in [18]
that this difference is not important. We use this decomposition for X and the
corresponding decompositions for P and Q:

P00 Qun OQn 0O
(B33) P=|10 0 0}, Q=(0Qun Qn Q)
0 0 0 Qi Qs Qs

Together with the decompositions for the other matrices as given in (A4)-(A5) we can
decompose F,.(X) correspondingly:

XA+ ALX,+ CLCy+ XM Xy 0 X Ap+ChGCy XiByy 0

0 0 0 0 0
ALX,+CLC,, 0 CLC, 0o o],

BT X, 0 0 DID, 0

0 0 0 0 0

where

(B34) A, =A,+0Q,CLC,,+QisCLC,,

(B35) A=A+ Q,CLCy+ Q1CLC o,

(B36) M, =A,Q,;+A;05+0Q.,AL+ QAL+ EE]

+ QIIC;(CZIQII + C23QIB) + QI3CZS(C21Q11 + C23Ql3)‘



Downloaded 05/20/15 to 131.155.151.137. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

182 A. A. STOORVOGEL

The rank condition rank F,.(X)=normrank G is, according to Lemma A3(iii),
equivalent with the condition that the rank of the above matrix is equal to the rank
of the submatrix

C5C 0
(B37) ( Zz) = 13{132).
Therefore the Schur complement with respect to this submatrix should be zero. This
implies that if we define
R(X))=X,A, + A X,+ C],C, + X,(M,, - B,,(DID,)"' B, X,
—~(X1A;3+ CC)(CHCos) (ALX, + CLCyy),

then X, should satisfy R(X,)=0.Moreover, if we decompose W(X, s) correspondingly,
then we can show by using elementary row and column operations that for any matrix
X in the form (B32), where X, satisfies R(X,) =0, that for all s €, W(X, s) has the
same rank as the following matrix:

sI—Z(X,) 0 0 0 0

* sI—Ay —Ax 0 —By

* —As sI-As;; 0 —Bsy
(B38) 0 0 0 0 o0 ’

0 0 0 0 0

0 0 I 0 0

0 0 0 I o0

0 0 0 0 0
where

(B39) Z(X;)=A,+M,; X,~ B, (D} D,)'B],X,~ Aj;(CLCy) (ALX,+ CLCy)).
The matrix

sl —As —Ax —B,,
(B40) '—A32 SI - A33 '—B32
0 I 0

has full row rank for all s€ ¥ by Lemma A3(ii) and Lemma Al. Hence the rank of
the matrix (B38) is n+normrank G for all s€ €*U €° if and only if the matrix Z(X,)
is asymptotically stable. Using this we can now reformulate the conditions that X; =0
must satisfy:

(i) R(X,)=0,

(il) Z(X,) is asymptotically stable.
That is, X, should be the positive semidefinite stabilizing solution of the algebraic
Riccati equation R(X,;)=0. Denote the Hamiltonian corresponding to this ARE by
H..,. We know that P; is the stabilizing solution of the algebraic Riccati equation
R(P,)=0 as given by (A9). Denote the Hamiltonian corresponding to this algebraic
Riccati equation by H,4. Then it can be checked that

(1 Qu I -Qu
(B41) Hold_(o I >Hnew(0 I )
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Since P; is the stabilizing solution of the Riccati equation corresponding to the
Hamiltonian H, 4 we know that the modal subspace of H,4 corresponding to the open
left halfplane is given by

I
(B42) %g(Hold) = Im ( ).
P,
Combining (B41) and (B42), we find
I _Qll I I"Q11P1>
Z,(H, =1 = .
(B43) (o) = Im (0 I )(Pl) Im( P,

Therefore we know that there exists a stabilizing solution to the algebraic Riccati
equation ﬁ(Xl) =0 if and only if I —Q; P, is invertible and in that case the solution
is given by X, = P,(I — Q,,P,)”". This implies that X = P(I — QP) '=(I — PQ)™'P. The
requirement X =0 is satisfied if and only if p(PQ) <1, which can be checked straight-
forwardly. This completes the proof. 0
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