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Abstract— In this paper we study certain infinite-dimensional
Sylvester equations. The equations are closely related to robust
output regulation of infinite-dimensional systems. If the signal
generator is finite-dimensional or has discrete spectrum and a
complete set of orthonormal eigenvectors, there are some known
sufficient conditions for the decomposing of these Sylvester
equations. In this paper we generalize these conditions to the
case where the signal generator has discrete spectrum and
a complete set of orthonormal generalized eigenvectors. We
also study how these conditions are related to an infinite-
dimensional version of the internal model of finite-dimensional
control theory. We show that under certain assumptions on the
spectra of the closed-loop system and the signal generator these
conditions are equivalent to the concept of an internal model.

I. INTRODUCTION

Recently there has been much work on infinite-dimen-
sional robust regulation theory [1], [2]. In [3], [2] the finite-
dimensional robust controller theory of Francis and Wonham
represented by Huang [4] has been partly generalized to
infinite-dimensional systems. The key idea is that the closed-
loop state x.(t) approaches a dynamic steady state of the
form Yo(t) as ¢ — oo. Here X is the solution of the
associated Sylvester equation and v(t) is the state of the
exosystem ¢ = Sv. The dynamic steady state operator X
can be decomposed into two parts II and I" according to the
decomposition of the extended state space to the state spaces
of the system and the controller. The Sylvester equations can
be decomposed accordingly into

Ins =
rs =

All+ BKT + E
GiI' + Go(CIl + DKT + F)

(1a)
(1b)

For stable closed-loop systems the regulation error e(t) goes
to zero as t — oo if CII + DKT + F = 0. To achieve this,
the controller parameters (Gy, G2) are chosen such that the
above equations decompose into

IIS = AIl+BKI'+FE (2a)
rs = g.r (2b)
0 = CII+DKI'+F (2¢)

This also leads naturally to robust regulation if we choose
the controller parameters such that the equations (1) and (2)
are equivalent for all suitable perturbations of operators A,
B, C, D, E and F. The equation (2c) then implies that
the regulation error goes to zero as t — oo for all these
perturbations and thus the regulation property is robust.
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The main purpose of this paper is to find necessary and
sufficient conditions such that the equations (1) decompose
into equations (2) for all operators (A, B,C, D, E, F'). This
problem is closely related to the Internal Model Principle,
which states that any feedback controller which stabilizes the
closed-loop system also solves the robust output regulation
problem if and only if it contains a suitably reduplicated copy
of the dynamics of the exosystem [5]. This is a well-known
result for finite-dimensional systems and has also been
studied in the case of distributed parameter systems with
finite-dimensional exosystems [6] and infinite-dimensional
exosystems with complete sets of eigenvectors [1].

It has already been shown in [3] that if the exosystem with
system operator S is finite-dimensional, then the equations
(1) and (2) are equivalent for all suitable operators if

R(iwil —G1)NR(G2) = {0}, (3a)
N(G2) = {0} (3b)

and
N (iweI — G1)%1 € R(iwpd — Gy) (3c)

for all k& € Z, where (iwy) are the eigenvalues of the signal
generator and dj, denotes the dimension of the largest Jordan
block associated to the eigenvalue iwy. In [2] this result
has also been generalized to infinite-dimensional exosystems
with complete sets of orthonormal eigenvectors. In this case
the condition (3c¢) becomes redundant.

In [7] it has been shown that for S with discrete spectrum
and a complete set of orthonormal eigenvectors the condi-
tions (3) are both necessary and sufficient for the equations
(1) and (2) to be equivalent. In this paper we extend these
results for a more general exosystem capable of generating
polynomially increasing infinite-dimensional signals. This
type of signal generator is constructed by defining an op-
erator with an infinite number of Jordan blocks.

We also compare the conditions (3) to the definition of
internal model in finite-dimensional control theory. The clas-
sical definition uses the Jordan canonical forms of the system
operators of the exosystem and the controller. Because of
this, the definition cannot be used when these operators
are infinite-dimensional. We generalize the definition for
inifinite-dimensional systems and show that under certain
assumptions the conditions (3) are equivalent to the definition
of the internal model.

The equations (2) are often called the regulator equa-
tions related to the linear system consisting of operators
(A,B,C,D,E,F) and the error feedback controller with
operators (G, Ga, K). Similar equations also exist for non-
linear systems [8]. Even though the Sylvester equations (1)



and (2) are closely related to infinite-dimensional systems,
we consider the equations for general operators without
assumptions on the well-posedness of these systems.

In Section II we introduce the notation and state the basic
assumptions on the considered operators. In Section III we
show that conditions (3) are necessary and sufficient for the
decomposing of the Sylvester equations. The main result
of the section is Theorem 2. In Section IV we generalize
the definition of the internal model for infinite-dimensional
systems and compare it to the conditions (3). The main result
in the section is Theorem 9 which states that under certain as-
sumptions these conditions are equivalent to the definition of
the internal model. Section V contains concluding remarks.

II. NOTATION AND DEFINITIONS

If X and Y are Banach spaces and A : X — Y is
a linear operator, we denote by D(A), N(A) and R(A)
the domain, kernel and range of A, respectively. The space
of bounded linear operators from X to Y is denoted by
L(X,)Y)IfA: X — X, theno(A), 0,(A) and p(A) denote
the spectrum, the point spectrum and the resolvent set of A,
respectively. For A € p(A) the resolvent operator is given by
R\ A) = (N — A)~ L

Let X,Y,U be Banach-spaces and let W be a Hilbert
space. Let {iwy }rez € iR be a set with no finite accumu-
lation points such that the set I, = {l ez ’ W] = W } is
finite for all k € Z.

Let {¢}, | k€ Z,l=1,...,n,} CW where nj, < 0o
for all £ € Z be an orthonormal basis of W, i.e.

W = span{¢j }x, (Dr ') = kSt

We assume there exists some Ny € N such that for every
k € Z we have ny < Ny. For k € Z define an operator
Sk € L(W) such that

2
Sk = iwg (- GLBE + Y (- 1) (iwndl, + of )

1=2
The operator Sj then satisfies (iwgl — Sk)¢r = 0 and
(Sk —iwp )@l = gL~ for all I € {2,...,n;} and thus
corresponds to a Jordan block associated to the eigenvalue
iwg. For k € 7Z define d;, = max{ ng | lel, wi = wg }
This corresponds to the dimension of the largest Jordan block

associated to the eigenvalue iwy.
Define operator S : D(S) CW — W as

Sv = ZSkv, D(S)={veW| ZHSWHQ < o0}
keZ kez
Also, for k € 7Z denote by P the orthogonal projection
P, = Y2 (-, ¢L) ¢l onto the finite-dimensional subspace
W), = span{¢}, k.

Let (A,B,C,D,E,F) be a collection of operators such
that A : D(A) C X — X, B e L(U,X), C € L(X,Y),
D e L(U)Y), E € LIW,X) and F € L(W,Y). These
represent operators of a distributed parameter system
Az + Bu+ Ev, x(0)=x9€ X

Cx+ Du+ Fv

i‘:

where e is the regulation error and v is the state of the
exosystem with o = Sv and v(0) = vy € D(5).

Let (G1,G2, K) be a collection of operators such that
Gi:DG)CZ—Z, Gy € LY, Z) and K € L(Z,U).
They represent the operators of an error feedback controller

2 = Giz+Gee, 2(0)=2z€Z
u = Kz
on the Banach space Z.

The closed-loop system with state x.(t) = (z(t), z(¢))T
on the space X x Z is given by

G = Aee+ Bev, x.(0) = (z0,20)T
e = Cexe+ Dev,
where C, = [C DK], D,=F,
A BK

A, = and Be:{E]

Go.C G1+ G2 DK Go F

For A € p(A) the transfer function of the plant is defined as
P(A\) =CR(MNA)B+D e L(UY).

Throughout this paper we denote by O a collection
(A,B,C,D, E, F) of operators where A : D(A) C X — X,
BeL(UX), CeL(X,)Y), DeL(UY), E e LW X)
and F' € L(WV,Y). It is worthwile to note that these operators
are more general than the operators in a distributed parameter
system, since we do not require that the operator A generates
a Cp-semigroup on X or that the operator G; generates a C-
semigroup on Z.

III. DECOMPOSING OF THE SYLVESTER EQUATIONS

In this section we study the infinite-dimensional Sylvester
equations

s = A+ BKI'+FE (6a)
r's = GiI'+Gy(ClI+ DKT + F) (6b)
and
IS = All+BKI'+FE (7a)
rs = aGr (7b)
0 = CI+DKT +F, (7c)

for operator collections O. The operator equations are con-
sidered on D(S) and the operators II € L(W,X) and
e L(W,Z) are assumed to satisfy TI(D(S)) C D(A) and
T(D(S)) € D(Gy).

We are interested in finding necessary and sufficient condi-
tions for the operators G; and G, such that the equations (6)
and (7) are equivalent for all operator collections O. By this
equivalence we mean that if one of the equations (6) and (7)
has a solution (II,T') such that IT € L(W, X), T € L(W, Z),
II(D(S)) € D(A) and T'(D(S)) C D(G1), then it is also a
solution of the other equation.

To make this consideration meaningful, we present condi-
tions under which the equations (6) have a solution. These
assumptions are in no way minimal and they actually guar-
antee the existence of a unique bounded solution (IT,T'). The
proof of the lemma can be found in [9].



Lemma 1: If O is a collection of operators such that A,
generates a strongly stable Cy-semigroup, for all £ € Z and
1e€{l,...,n} we have B.¢! € R(iwyl — A.)™*+1 and
if

2

) TIBl | < oo,

S an o, A

keZ =1 =

then there exist operators II € L(W, X) and T € L(W, Z)
with II(D(S)) € D(A) and I'(D(S)) C D(G1) such that the
equations (6) are satisfied. B

The following is the main result of this section.

Theorem 2: Assume Z = R(iwr] — G1) + R(Gz) for all
k € Z. The equations (6) and (7) are equivalent for all
operator collections O if and only if

Rliwel —G1)NR(G2) = {0}, VkeZ (8a)
N(G) = {0} (8b)

and
N(iwpI — G)%= 1 € Riwp I —G1) Vk€Z.  (8¢)

]

We will prove the theorem in parts. In Lemma 3 we present
a simpler characterization for the equivalence of the Sylvester
equations. This characterization is from Immonen [1]. The
Lemmas 4, 5 and 6 prove that the decomposing of the
Sylvester equations imply the conditions (8a), (8b) and (8c),
respectively. Finally, Lemma 7 shows that the conditions (8)
imply the decomposing of the Sylvester equations.

Lemma 3: The equations (6) and (7) are equivalent for all
operator collections O if and only if

VALA:  AS=GA+GA = A=0, (9

where A € L(W,Z) is such that A(D(S)) C D(G;) and
AeL(WY) R

Proof: We first prove the necessity of condition (9).
Assume the equations (6) and (7) are equivalent for all
operator collections O and assume AS = GiA + GoA for
A e L(W,Z) and A € L(W,Y) with A(D(S)) C D(G1).
Let A, B, C and D be arbitrary operators and choose I' = A,
II=0,F=—-BKI and F = A — DKT. We then have
II(D(S)) € D(A), T(D(S)) C D(G1) and the equations (6)
are satisfied. Thus also the equations (7) are satisfied. The
equation (7c) now implies

0=CII+DKI'+F=DKI'+A—-DKT = A.

This concludes that (9) is satisfied.

It remains to prove the sufficiency of (9). Assume (9)
is satisfied for all A € L(W,Z) and A € L(W,Y) with
A(D(S)) € D(G1).

It is clear that if the equations (7) are satisfied for some
operators A, B,C, D, E, F\II and T, then also the equations
(6) are satisfied for these operators.

Assume the equations (6) are satisfied for operators A, B,
C,D,E,F,II and T'. If we choose A = CIl + DKT + F

and A = T, then (9) implies 0 = A = CII + DKT + F.
Substituting this into equation (6b) we obtain I'S = GiI.
This concludes that the equations (7) are satisfied. [ ]

The following three lemmas prove the necessity of the
conditions (8) for the equivalence of the Sylvester equations.

Lemma 4: 1f the equations (6) and (7) are equivalent for
all operator collections O, then R (iwrI —G1)NR(G2) = {0}
forall ke Z. 1

Proof: Let k € Z and let w € R(iwil — G1) N R(Ga).
Then there exist z € D(G;) and y € Y such that

w = (iwr] — G1)z = Goy.
Choose A = (-, ¢*)z and A = (-, ¢, *)y. For v € D(S)
(AS = GiA)v = (Sv,¢p*)z — (v, ¢* )Gz
= (v, 9" )(iwe] = G1)z = (v, ¢;*)Goy = GoAw.
Thus we have AS = G1 A+GoA and our assumption together

with Lemma 3 implies that 0 = A¢p* = (op*, op* )y = .
This further implies that w = Goy = 0. [ ]

Lemma 5: If the equations (6) and (7) are equivalent for
all operator collections O, then N'(G3) = {0}. &

Proof: Lety € N(G2) and let ¢ € D(S) with ||¢] = 1.
Choose A =0 € L(W,Z) and A = (-, ¢)y. We then have
R(A) = {0} Cc D(G1), ASv =0 and

GiAv + GoAv = 0+ (v, p)Gay = 0

for any v € D(S). Thus we have AS = G1 A + GoA and our
assumption together with Lemma 3 implies A = 0. Now
0=A¢ = (¢, p)y =y and thus N'(Gs) = {0}. [

To prove the necessity of the condition (8c) we need the
assumption that Z = R(iwgl — G1) + R(Gz) for all k € Z.

Lemma 6: If Z = R(iwgl — G1) + R(Gz) for all k € Z
and the equations (6) and (7) are equivalent for all operator
collections O, then N (iwI — G1)%~1 C R(iwgl — G) for
alkez. i

Proof: Since dy, = max{ n; ’ l €7, w = wg } it
is sufficient to prove the condition (8c) with ny in place of
di. Let k € Z and z € N (iwgI — G1)™* L. Since we have
7Z = R(iwkI — G1) + R(G2), there exist z; € D(G;) and
y € Y such that

z = (iwed — G1)z1 + Gay.
(—1)me .,
nkfl
- (&
H(=1)™ T 9k ) 21
Since 21 € D(G1) and 2z € N(iwxl — G1)™ 1, we have
R(A) C D(G1). Now for all I € {2,...,n, — 1}

(AS — G1M) ¢} = (iwpI — G1)Ag) = (iwp] — G1)™ 12

=0 = G2A¢},

(AS = G1A) @}, = (iwk] — G1)Ad), + A"

= (—l)lfl(iwkl — G1)(iwi I — Ql)"’rl*lz

+ (1) (iwp I — G)" 0 = 0 = Gy A

(10)

Choose A = wF)y and

¢k (iwp I — Gy)™ 1 ! )



and using (10)

(AS = GiA)g* = (iw] — GI)AGR" + Agpr!

= (=1)" " (iwp I — G1)zy + (1) 22

= (=)™ (k] =Gz — 2) = (=1)™ (= Gay)

= Ga ((=1)™ (%", 9" )y) = GaAgp*
This concludes that ASv = GiAv + GaAv holds for all
v € span{¢} }}'*,. Since clearly A¢ =0 and A¢T* = 0 for
all j # k and m € {1,...,n;}, we have for all v € D(S)

ASv = AP, Sv = ASP,v = GiAP,v + GoAPLv
= Gi1Av + G Av

and thus AS = GiA+ G2 A in D(S). Now Lemma 3 implies

0= (=1)"""tA¢* = ||¢p*||?y = y. Substituting this into

(10) we get z = (iwgI — G1)z and thus z € R(iwgl — Gy).

|

Finally, Lemma 7 proves the sufficiency of the conditions
(8) for the equivalence of the Sylvester equations.

Lemma 7: If the conditions (8) are satisfied, then the
equations (6) and (7) are equivalent for all operator collec-
tions O. A

Proof: By Lemma 3 it is sufficient to show that (9)
holds. Let A € L(W,Z) and A € L(W,Y) be such that
A(D(S)) € D(G1) and

AS = GiA + G AL (11)
Let k € Z. Applying the both sides of (11) to ¢, we obtain

(iwr] = G1)Ad) = G2Ad).
Now the conditions (8a) and (8b) imply that A¢,1c =0 and
(iwgl — G1)A¢}, = 0 and the condition (8c) shows that
Apr € N(iwpI—G1) C N(iwpI—G1) %! € R(iwpI—Gy).
Applying the both sides of (11) to ¢? we obtain
(iwr] — G1)AG;, + Adj, = G2 A
Since A¢; € R(iwrI — Gy), the conditions (8a) and (8b)
imply that
A¢r =0,  (iwp —G1)Ad; + Al =0
Since Ag}. € D(G1), we see that A¢7 € D(iwiI —G1)?. Ap-
plying (iwgI —Gy) to the both sides of the latter equation and
using A¢}. € N (iwg ] —G1) we obtain (iwy I — G1)?A¢? =
and the condition (8c) implies
Ap? € N (iwpI—G1)? C N (iwpI—G1)* 1 C R(iwpI—G1).
Continuing the same procedure we see that Aqﬁ%c =0 and
A¢, € N(iwpI—G1)' C N (iweI—G1)™ ™! € R(iwiI—Gr)
forall [ € {1,...,n; — 1}. Applying the both sides of (11)
to ¢, * we obtain
(iwr] — Gr)Agppr + A(bzk_l = Go Ay *

and the conditions (8a) and (8b) imply that A¢;* = 0. Since
k € Z was arbitrary, we have shown that Agzﬁfﬁ = 0 for all

ke€Zandl € {1,...,n;}. Since {¢}} is a basis of W this
concludes that A = 0. ]

IV. CONNECTION TO THE INTERNAL MODEL PRINCIPLE

In this section we study the conditions

R(iwpl —G1) NR(G2) = {0}, VkeZ (12a)
N(G2) = {0} (12b)

and
N(iwpI — G € Rliwp —G1) VkeZ  (12c)

in greater detail. In particular we want to compare them to
the concept of internal model in finite-dimensional control
theory. The classical definition states that if dim Y = p, then
a controller incorporates an internal model of the exosystem
if the following is satisfied [5]: If s € o(S) is an eigenvalue
of S such that d(s) is the dimension of the largest Jordan
block associated to s, then s € o(G1) and Gy has at least
p Jordan blocks of dimension > d(s) associated to s. Since
the operators S can be seen as Jordan blocks of the operator
S, this property can be expressed as

For all k € Z we have dim N (iwg] — G1) > dimY
and G has at leastdim Y independent Jordan chains
of length > dj, associated to the eigenvalue iwy.

13)

We can see that even though the original definition of
the internal model is given using the Jordan normal form,
condition (13) also makes sense if the the controller is
infinite-dimensional. The main purpose of this section is to
compare the conditions (12) to the property (13).

In this section we make the following standing assumption.

Assumption 8: o(S) N o(A) = @ for all considered
operators A. l

The following theorem is the main result of this section.

Theorem 9: Let 0(S)No(A.) = @ and dimY < oo. The
conditions (12) are satisfied if and only if (13) holds. B

We will prove this theorem by proving a series of lemmas.
Since these are also useful results considered separately, we
will prove them using weaker assumptions whenever possi-
ble. In particular it is interesting to see that the conditions
(12) imply the property (13) even if the space Y is infinite-
dimensional.

Lemma 11 proves that the conditions (12) imply that the
condition (13) holds. Lemmas 13, 14 and 15 then prove that
the condition (13) implies conditions (12a), (12b) and (12c),
respectively.

We will start by proving the following useful lemma.

Lemma 10: If o(S) N op(A.) = @, then the operator
(P(s)K)|n(s1—g,) is injective for all s € o(S). B

Proof: Let s € 0(S) and let z € N'(sI — G;) be such

that P(s)Kz = 0. Choose © = R(s, A)BKz € D(A). Now

(s = Ae) m = [QQCCIESJZ (_sIA )xg:)ZBKézDKz}
[—QQ(C’R(S, A%( j—_D?II((zZ+ (sI — g1)2:| - m



Since s € 0(5), we know that s ¢ 0, (A.) and thus sI — A,
is injective. This implies that z = 0. This concludes that the
restriction of P(s)K to N'(sI — Gy) is an injection. ]

The following lemma states that if (12) are satisfied, then
the spaces N (iwrI — Gy) are isomorphic to Y and G; has
dim Y independent Jordan chains of length > dj, associated
to the eigenvalue iwy for all k& € Z. This concludes that
under assumptions of Theorem 9 the conditions (12) imply
that (13) holds, but the result is more general in the sense
that it doesn’t require Y to be finite-dimensional.

Lemma 11: If o(S) N 0(A.) = @ and the condi-
tions (12) are satisfied, then for every k € Z the op-
erator (P (iwy)K)| N (iwp1—g,) 18 an isomorphism between
N (iwgI —Gy) and Y and G; has dim Y independent Jordan
chains of length > dj, associated to the eigenvalue iw;. B

Proof: Let k € Z and denote s = iwy. From Lemma
10 we see that (P(s)K)|xr(s1—g,) is injective and thus it is
sufficient to prove that it is also surjective.

Since o(S)No(A.) = &, we have s € p(A,) and sI — A,
is surjective. Thus for all z € Z there exist 1 € D(A) and
z1 € D(Gy) such that

o=l

_ (s — A)zy — BKz
T | =GoCxy + (s —G1)z1 — GoDK 2

Since o(S)No(A) = @, we have s € p(A) and we get from
the first equation that x; = R(s, A)BK z;. Thus

z = —QQCR(S, A)BKZl + (SI — g1)21 — QQDKzl
=(sI — G1)z1 — GoP(5)K 2. (14)

Let y € Y. Then z = —Goy € R(G2) C Z and we can
choose z1 € D(G1) such that (14) holds. Now

—Goy = (sI — G1)z1 — GoP(s) K2,

& =Gy +GaP(s)Kz1 = (s] — G1)=1
ER(G2) ER(sI-G1)
ggy = QQP(S)Kzl Yy = P(S)K,Zl
< { 0= (SI — Ql)zl < { 0= (SI — gl)Z1

because R(sI —G1)NR(G2) = {0} and N'(G2) = {0}. This
means that for every y € Y there exists z; € N(sI — Gy)
such that y = P(s)Kz and thus (P(s)K)|n(s1—g,) is
surjective.

This concludes that dim N (sI — G;) = dimY. Since
Jordan chains related to linearly independent eigenvectors
are independent, it remains to show that there exists a Jordan
chain of length > dj, related to every 11 € N(sI — Gy).

Since N(sI — G1)! € N(sI — Gy)"*! for all | € N, the
condition (12¢) implies that we have

N(sI—G)) C - CN(sI —G)*"LcR(sI —Gy). (15)

Choose 11 € N'(sI —Gy). Then (15) implies that there exists
1o € D(G1) such that (G; — sI)yo = 1 € D(Gy). This
implies that 1o € D(G?) = D(G; — sI)? and

(G1 — 51?4y = (G1 — sI)yy = 0.

Thus we have 2 € N'(sI—Gy)?. Define {1, }{*, recursively
as follows:

Letl € {3,...,d.}. Assume ¥ € N'(sI — G1)!71. We
have from (15) that there exists ¢; € D(G;) such that

(Gr— sD)y =1 € N(sI = Gi)'" ' CD(sI = Gi)' ",
Thus we have v; € D(G; — sI)! and
(Gr — sI)lpy = (Gy — sI) " Mhy—y = 0.

This implies that 1; € N'(sI — G)".
The resulting set {wl}fi | satisfies

(sI =G1)Y1 =0, (G1—sl) =1,

and thus by possibly adding elements to this set we obtain
a Jordan chain {¢;}]", with length m > dj. [ |

From the previous lemma we see that the conditions (12)
imply that Gy has exactly dim Y independent Jordan chains.
This follows from our assumption o(S) No,(Ae) = @ as is
shown in the next lemma.

lE{Q,...,dk}.

Lemma 12: If o(S)Nop(Ae.) = @, then for all k € Z we
have N (iwx] — G1) < dimY. B
Proof: Let k € Z and denote s = iwy. We have from
Lemma 10 that (P(s)K)|z(s1—gy) € LN (s = G1),Y) is
injective. Using the Rank-Nullity Theorem [10, Thm 4.7.7]
we can conclude that

dim N (sI — G1) =dim R ((P(s)K)|n(s1—g1))
+dim N ((P(s)K)|n(s1-61))
=dimR ((P(s)K)|n(s1-gy)) < dimY.

|

We will now show that if dimY < oo, then the property
(13) also implies that the conditions (12) hold. For this it
is sufficient to assume that ¢(S) N o,(A.) = @. This is
satisfied, for example, whenever the operator A, generates

a strongly stable Cy-semigroup, because then o,(A.) C C~
[11]. The proof is divided into the following three lemmas.

Lemma 13: If 0(S)Nop(A.) = @, dimY < oo and (13)
holds, then R(iwrl — G1) NR(Gz) = {0} forall k € Z. W
Proof: Let k € Z and denote s = iwg. Lemma 12
shows that we must have dim N (sI — G;) = dimY. Let
v € R(sI — G1) N R(Gz). Then there exist y € Y and
z € D(Gy) such that v = Goy = (sI — Gy)z. We will first
show that there exists z; € D(G;) such that

v=GoP(s)Kz = (sI —G1)z1.

We have from Lemma 10 that (P(s)K)|x(s7—g,) is injective
and since dim M (s] —G;) = dimY’, it is invertible. Because
of this we can choose zo € N (sI — Gy) such that

P(s)Kzg=y—P(s)Kz€Y <& y=P(s)K(z+ z).
We then have
GoP(s)K (24 z0) = Goy = (sI — G1)z = (sI — G1)(z + 20)

and thus we can choose z; = z + 2.



Choose z1 = R(s, A)BKz € D(A). As in the proof of
Lemma 10, we see that

(sI = Ae) [ﬁj - [ggp(s>Kzlo+ (sI— gl)zJ - m |

Since sI — A, is injective we have z; = 0, which implies
v=(sI —G1)z1 =0. Thus R(sI —G1) NR(G2) ={0}. m

Lemma 14: 1f o(S)Nop(Ae) = @, dimY < oo and (13)
holds, then NV (G2) = {0}. &

Proof: Lety € N(G2) and k € Z and denote s = iwy.
Lemma 12 shows that dim N (s — G;) = dimY. We have
from Lemma 10 that (P(s)K)|r(s7—g,) is injective and
since dim N (sI —Gy) = dim Y/, it is invertible. This implies
that there exists z; € N (sI—G;) such that y = P(s)Kz; and
thus G2 P(s)Kz = 0. Choose 1 = R(s, A)BKz; € D(A).
As in the proof of Lemma 10, we see that

(s1 — Ac) [ﬁj - [—g2p(s)Kzlo+ (sT - Gl)zj B m '

Since s € o(S5) and o(S) N o,(Ae) = @, we have that
sI — A, is injective and thus z; = 0. This further implies
that y = P(s)Kz; = 0 and thus N (Gs) = {0}. [

Lemma 15: If o(S)Nop(Ac) = @, dimY < oo and (13)
holds, then N (iwg I —G1 )%~ C R(iwxI—G1) for all k € Z.
]

Proof: Let k € Z and denote s = iw;, and N = dim Y.
Lemma 12 shows that we must have dim N (sI — G;) = N.

By our assumption G; has N independent Jordan chains
{¢!}2 with m,, > dj associated to s. Because by the
definition of the Jordan chain we have % € R(sI —G;) for
allm e {1,...,N} and k € {1,...,d; — 1}, to prove the
lemma it is sufficient to show that

N(sI —G)™ Cspan{ ¢l [n <N, I<m} (16)

for m € {1,...,dr — 1}. We will do this using induc-

tion. Since the set {t:}N_; is linearly independent and

Pl € N(sI —Gy) forall n € {1,..., N}, we have
N (sI = Gy) = span{v, 1304

and thus (16) holds for m = 1.
Assume (16) holds for m = j € {1,...,d — 2}. Let
2z € N(sI —G;)7+. Then z € D(G;) and

(sI —G1)z € N(sI —Gy).

a7

Since we assumed (16) holds for m = 7, there exist constants
{al, [n=1,...,N, I=1,...,j} such that

N j N
(sT=Gr)z=Y > ahd=> > an(G —shgyH
n=11[0=1

n=1[=1

where the second equality follows from the fact that {¢,};
are Jordan chains of G; associated to s. This implies

N J
(sT=G)(z+ > > angt) =o.

n=11=1

N

We now have from (17) that there exist constants {a}_,

such that
J

N N

2 E Lo l+1 E 0,1
Z+ anwn - anwn

n=11=1 n=1

and thus z € span{ ol | n<N, I<j+1 } This implies
that (16) holds for m = j 4 1. This completes the proof. W

V. CONCLUSIONS

Necessary and sufficient conditions for decomposing of
certain infinite-dimensional Sylvester equations have been
presented. This property is closely related to robust output
regulation of infinite-dimensional systems. The definition
of the internal model of finite-dimensional control theory
was generalized for infinite-dimensional systems. Using this
generalization it was shown that under certain assumptions
the conditions for the decomposing of the Sylvester equations
are equivalent to the definition of the internal model.

In this paper we have only considered bounded solutions
of the Sylvester equations. A more general theory of robust
regulation may require the dynamic steady state operator X
to be unbounded. Because of this, the results presented in
this paper should be extended to allow unbounded operators
ITand T'.

It was also assumed that the exosystem has pure point
spectrum. One area of further research is considering more
general classes of exosystems.
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