“Stabilizing” the stabilizing controllers
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Abstract

The main purpose of this paper is to revisit the internal/simultaneous/robust stabilization
problems without assuming the existence of doubly coprime factorizations for the transfer matrices.
Indeed, it has been recently shown in the literature that an internally stabilizable does not generally
admit doubly coprime factorizations. Firstly, we give new necessary and sufficient conditions for
internal stabilizability by means of matrix equalities. On these characterizations, the fact that
internal stabilizability does not imply the existence of coprime factorizations becomes obvious.
Secondly, we recall that a necessary condition for strong stabilizability is the existence of a doubly
coprime factorization for the transfer matrix. Then, using the concept of stable range sr(A) of
a ring A, introduced in (algebraic, topological) K-theory, we prove that sr(4) = 1 implies that
every transfer matrix defined over the quotient field of A and which admits a left- or a right-
coprime factorization is strongly stabilizable. In particular, this result holds for A = H (D),
H(Cy), W, and A(D), solving a question asked by A. Feintuch in [8]. Thirdly, we point out
that the simultaneous stabilization problem is not equivalent to the strong stabilization problem
if the plants do not admit doubly coprime factorizations. Using the fractional ideal approach to
stabilization problems, we give a necessary and sufficient condition for a pair of SISO plants to be
simultaneously stabilizable without assuming the existence of coprime factorizations. Finally, using
the parametrization of all stabilizing controllers of an internally stabilizable SISO plant (which does
not necessarily admit coprime factorizations), we show how to transform the non-linear sensitivity
minimization problem into an affine, and thus, convex minimization problem.

Keywords Internal/strong/simultaneous/robust stabilization problems, parametrization of all
stabilizing controllers, Bass stable range, topological stable range, module theory, theory of frac-
tional ideals, K-theory.

1 Internal stabilization problem

In what follows, we shall use the fractional representation approach to analysis and synthesis prob-
lems developed in [5, 27]. In this theory, the set of all SISO (proper) stable time-invariant linear
systems is defined by means of a commutative integral domain A and the class of all the (stable
and unstable) systems is defined by the quotient field K = Q(A4) = {n/d|0# d, n € A} of A. For
instance, A = RH,, H(C4.), W, A are some examples of integral domains of SISO stable plants
[14, 27]. Let us recall the definitions of internal, strong and simultaneous stabilizations [2, 7, 27].

Definition 1. e A plant, defined by a transfer matrix P € K9%" is internally stabilizable if
there exists a controller C' € K"*? such that the entries of the transfer matrix H(P,C),
defined by (el : el)T = H(P,C) (ul : ud)T (see the figure below), belong to A or, in other
words, if we have:

—1 —1 —1
( 1, -P > _ [ Ug—=PO) y Iy =PC) P € AlHnx(atn) (1)
—C I, c(l,—-PC)™' I,+C(I,-PC)~'P

( I,+P(I,—CP)"'C P(,—CP)!
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Then, C' is called a stabilizing controller of P.

e A plant, defined by a transfer matrix P € K9%"  is strongly stabilizable if there exists a stable
stabilizing controller of P or, in other words, if C € A"*4 internally stabilizes P.

e Two plants, defined by two transfer matrices Py, P, € K" are simultaneously stabilizable
if there exists a controller C' € K"*? which internally stabilizes P; and Ps.

Let us state the first main result of this paper. Up to our knowledge, this simple result is new.

Theorem 1. 1. Let P = D™' N € K9%" be a fractional representation of the transfer matriz
Pand R=(D: —N) € A*") Then, P is internally stabilizable iff there exists a matriz
S = (XT:Y"T ¢ Klatm)xa ywhich satisfies det X # 0 and:

() RS=DX-NY =1,,

XD —-XN
(b) SR = (
YD -YN

Then, the controller C =Y X1 internally stabilizes the plant P.

2. Let P = N D' € K9 be a fractional representation of P and R :~(NT~: ET)T e Alatr)xr,
Then, P is internally stabilizable iff there exists a matriz T = (=Y : X) € K7>(a+r) which
satisfies det X # 0 and:

() TR=-YN+XD=1,,

) e Ala+r)x(g+r)

(b)) RT = ( N ) c Ala+r)x(a+r).

Then, the controller C = X~1Y internally stabilizes the plant P.
Proof. 1 = Let us suppose that there exists a stabilizing controller C' € K"*? of the plant P. Thus,

we have:

Ay = (I, — PC)~! € A1,

Ay = (I, — PC)"1 P e Ar*r,

A3 =C(I,— PC)~L € A™¥q,
Ay=I,+C(I,—PC)tPe A"

Let us define the following matrices:
X=4,D"' Y=A3D"" S=(XT.y"T e Klatrxa,
Then, we have C' = A3 Afl =Y X~!. Moreover, we have

RS = (D —N)S :DAlD_l —NAgD_l = (DA1 —NAg)D_l
=D-NC)(I,-PC)"*D*=D(I,-PC)(I,-PC)*D =1,

and thus, we obtain RS = DX — NY = I, which proves 1.a. Using this identity, we obtain
At=1,-PC=1,-(D'N)(YX H=D'(DX-NY)X '=(XD),

and thus, we have Ay = X D, Ao = X N, A3=Y D and Ay = I, + Y N. Finally, we obtain

XD —-XN Ay —Ay
SR = — e Alatr)x(a+r)
<YD —YN) <A3 L«—A4>

which proves 1.b.



1 < Let us suppose that there exists a matrix § = (X7 : YT)T € K(@+7)%4 gatisfying 1.a, 1.b
and det X # 0. Let us define C =Y X!, Then, using point 1.a, we obtain

I,-PC=I,—(D*'N)(YX Y )=D'"DX-NY)X'=(XD)}
and thus, we have:
(I,-PC)'=XD, (I,-PC)'P=XN,C(I,-PC)*=YD,C(I,-PC)"'P=YN.

Hence, using 1.b, we obtain

—1 —1
apcy=( =P Uy~ PO P (XD XN ) o ganxiatn),
C(I,—PC)"\ I, +C(I,—PC)-\P YD L+YN

and thus, C =Y X! internally stabilizes the plant P = D~ N.
2 = Let us suppose that there exists a stabilizing controller C' € K"*7 of the plant P. Thus,
we have:

Bi=1,+P(I,—CP)~! e A7%4,

By =P (I, — CP) ! e Arxr,

Bz = (I, —CP)~'C € A4,

By= (I, —CP)~te A",
Let us define the following matrices:

Y=D'B;, X=D"'By, T=(-Y:X)e K<t
Then, we have C' = B4_1 Bs = X~1Y. Moreover, we have
TR =—-D'BsN+D 'ByD=D"'(—B3sN+ ByD)
=D '(I,-CP)""(D-CN)=D"'(I, -CP)"' (I, -CP)D = I,
and thus, we obtain TR=-YN+XD-= I,., which proves 2.a. Using this identity, we obtain
BiloL,—CP—1I,— (X'V)(ND) = X (XD-VN) D' = (DX)",

and thus, we have By = DX, By = DY, By = N X and By = I+ NY. Finally, we have

- ( Iy — B gQ ) € Ala+m)x(a+r)

which proves 2.b. o
2 <= Let us suppose that there exists a matrix T' = (=Y : X) € K7x(a+7) satisfying 2.a, 2.b
and det X # 0. Let us define C = X 'Y € K"*4. Then, using point 2.a, we obtain

I,—CP=I,-(X'V)(NDH))=X"'"(XD-YN)D'=(DX)™},
and thus, we obtain:
(I,-CcP)'=DX, P(I,-CP)'=NX, (I,-CP)"*C=DY, P(I,-CP)"'C=NY.

Hence, using 2.b, we obtain

-1 -1 NV NV
H(P,C) = I,+P(I,—CP)"'C P(I,—CP) L LHENY NN
’ (I, —CP)'C (I, —CcP)! DY DX ’

and thus, C = XY internally stabilizes the plant P = N D~ O

The following corollary shows that every stabilizing controller C' of P can be written in the form
C =Y X1, where the matrix S = (X7 : YT)T satisfies 1.a and 1.b.

Corollary 1. Let C € K" be a stabilizing controller of P € K9*".



1. Let P = D™ N be a fractional representation of the plant P and let us define the matrices
X=(D-NC)"'e K™ andY =C(D-NC)~' € K™4. Then, S = (XT : YI)T satisfies
C=Y X!, 1.a and 1.b of Theorem 1.

2. Let P = N D! be a fractional representation of the plant P and let us define the matrices
X = (D CN) Ve K™ and Y = (D —CN)~'C € K™% . Then, T = (=Y : X) satisfies
C=X"1Y, 2.a and 2.b of Theorem 1.

Proof. 1. Let C be a stabilizing controller of P = D! N. Then, using the same notations as in
the proof 1 = of Theorem 1, let us define

X=A4D"'=(I,-PC)'D'=(D-NC)!
Y=A3D'=C(l,-PC)'D'=C(D-NC)!

and S = (X7 : YT)T ¢ K(@+)*4 Then, we have C' = Az A7' =Y X! and the result directly
follows from the end of the proof 1 = of Theorem 1.

2. Let C be a stabilizing controller of P = N D~!. Then, using the same notations as in the
proof 2 = of Theorem 1, let us define

Y=D'Bs=D"'(I,-CP)"'C=(D-CN)'C,
X=D"'B,=D'I,-CP)"'=(D-CN)!

and T = (=Y : X) € K@+ Then, we have C = B;' B3 = X'V and the result directly
follows from the end of the proof 2 = of Theorem 1. O
Corollary 2. Let P € K9%" be a plant and C € K™% qa controller.

1. Let P = D7'N be a fractional representation of P, R = (D : —N) € AP(@+7) and let
us define the following matrices X = (D — NC)™! and Y = C(D — NC)~'. Then, P is
internally stabilized by the controller C iff the matriz

XD —-XN
I, =
YD -YN
is an idempotent (projector) of A+ X(a+7) " pamely T, € AlG+)*(0+7) satisfies I3 = 11;.

2. Let P = ND' e K9 be a fractional representation ofP R = (]\NTT : DT)T e Alatr)xr
and let us define the following matrices X = (D —CN)™' andY = (D — CN)~'C. Then,
P is internally stabilized by the controller C' iff the matrix

- or or )

is an idempotent (projector) of A+ X(a+7) pamely Ty € AlGH)*(0+7) satisfies 12 = .

Finally, the two idempotents I1; and Iy of AT *(+7) satisfy the relation TI; + ITy = gt

S =
< =G
W) 21

Proof. 1. = Let us suppose that C internally stabilizes P. Then, by 1 of Corollary 1, we know that
S = (XT: YT satisfies 1.a and 1.b of Theorem 1. Therefore, using 1.a and 1.b of Theorem 1,
we obtain

Y
=SRSR=S(RS)R=SR=TI,,

1, = ( X ) (D: —N) = SR € Alarnxatn),

which proves that IT; is an idempotent of A+ x(a+r)

1. < Let us suppose that II; is an idempotent of A(@T7)*(@+7)  Let us define the matrix S =
(XT: Y"T ¢ K(a+7)%4 Then, we have II; = SR € A4+7)x W), i.e., condition 1.b is satisfied.
Moreover, we have RS = D(D -~ NC)™' -~ NC(D-NC)"'=(D-NC)(D-NC)™! =
which proves 1.a.



2 can be proved similarly. Finally, using the following standard matrix equalities [27]

(I,—-PC)'=P(I,—CP)'C+1,
(I,-PC)"'P=P(.-CP) 1,
c(I,-PC)yt=(,-CP)7'C,
c(l,-pPC)yt*P=(-CP) ' -1,
we obtain:
XD-NY —-XN+NX
I, +1I, = -~ ~ o~
YD-DY -YN+DX

(l,-ro)'-pP(I.-CP)'c —-(I,-PC)*P+P(.—CP)™!
—1 —1 —1 ) = g
cily-rCe)yt-g-cpP)y'c -Cc(l,-pPC)"'P+(I,—-CP)

O

Corollary 2 can be reinterpreted in a more intrinsic way using module theory [21]. First of all,
let us introduce a few definitions. We refer to [3, 21] for more details.

Definition 2. Let M be a finitely generated A-module [3, 21].

e The A-module M is a called free if M is isomorphic to a finite number of copies of A, i.e.,
there exists m € Z, such that M = A™, where = denotes the isomorphism of A-modules.

e The A-module M is a called stably free if there exist m and n € Z, such that M & A™ = A™,
where @ denotes the direct sum of A-modules.

e The A-module M is a called projective if there exist an A-module N and m € Z, such that
M&N =A™

We easily check that a free A-module is stably free (take n = 0) and a stably free A-module is
projective (take N = A™). Let us give an intrinsic formulation of Theorem 1 and Corollary 2.

Corollary 3. The plant P € K97 is internally stabilizable iff one of the following A-modules
(D : —N)A®*" and AV @+ (NT . DTYT is projective, where P = D' N = N D~ is a fractional
representation of P, R = (D : —N) € A9+ qnd R = (NT . DT)T ¢ Alatr)xr,

Proof. Let P = D~' N be a fractional representation of P with R = (D : —N) € A?*(a+7) We
have the following exact sequence

0 — ker(R) - Aetr By pactr 3)
A — (D:=N)A\
i.e., the A-morphism (R.) : A9"" — R A" (A-linear map) is surjective and 7 is the canonical
injection of ker(R.) in A9tT.
= By Theorem 1, if P is internally stabilizable, then there exists S = (X7 : YT)T ¢ K(atr)xq
satisfying 1.a and 1.b. From 1l.a, we can define the A-morphism (S.) defined by:

R AqtT i, AdtT

e (3

Indeed, (S.) is trivially A-linear and it is well-defined as, for all u € R A" there exists a certain
v € AY" such that © = Rv, and thus, we have Sy = (S R)v € A", Moreover, 1.b means that
(R.)o(S.)=(RS). = (.), ie., the A-morphism (S.) is a right-inverse of the A-morphism (R.).
Then, let us prove that we have the following direct sum:

RAY" @ ker(R.) & A9, (4)

For all A € A7%" let us define p = RX € RAY" and k = (I44r — S R) A. We have « € ker(R.) as,
by condition 1.a, we have Rk = RA—(RS)RA = RA— R\ = 0. Moreover, we have A\ = k+p and
the result follows from the fact that ker(R.) N R A" = ker(R.) Nim(R.) = 0. Finally, using (4),



we obtain that R A" is a direct summand of the free A-module A97", i.e., R A" is a projective
A-module.

< Let us suppose that R A" is a projective A-module. Then, the exact sequence (3) splits
[21], namely, there exists an A-morphism s : R A9"" — A% such that (R.) o s = idg ga+-. The
A-morphism s can be written by means of S € K(@t7)%4 je. we have s(u) = Sp for p € RAITTT
[16]. Hence, we have s(RA%*") = (S R) A%t i.e., we have SR € Alat")x(a+7)  Moreover, we
have (R.)os = (R.)o (S.) = (RS). = idg ga+r, and thus, we obtain (RS)(R AIT") = R A" i.e.,
RS R = R. Finally, we have (RS — I;) R = 0 and using the fact that R = (D : —N) has full row
rank, we obtain RS = I,. O

Corollary 3 was first obtained in [24] with a different proof. See also [14, 16] for different proofs
and equivalent results. Let us also recall some well-known definitions of coprime factorizations.

Definition 3. We have the following definitions [4, 5, 27]:

e A transfer matrix P € K9%" admits a left-coprime factorization if there exist two matrices
R=(D: —N)¢c A7+ and § = (X7 : YT)T € Alat7)x4 such that det D # 0 and:

P=D"!N,
RS=DX—-NY =1,

o A transfer matrix P € K" admits a right-coprime factomzatzon if there exist two matrices
R=(NT: DT)T ¢ At*" and T = (=Y : X) € A7) guch that det D # 0 and:

e A transfer matrix P € K7*" admits a doubly coprime factorization if P admits both a left-
and right-coprime factorization.

We have the following trivial corollary of Theorem 1.

Corollary 4. 1. Let the transfer matriz P € K9%" admit the following left-coprime factorization
P=D"'N, where R=(D: —N) € A7) § = (XT . YT ¢ Alat)xa RS = [, and
det X # 0. Then, the controller C =Y X! € K™9 internally stabilizes P.

2. Let the tmnsfer matriz P € K9%" admit the following right- copmme factorization P = ND 1,
where R = (NT : DT)T ¢ A<Q+T>XT T=(-Y: X)e Axt) TR =1, and det X # 0.
Then, the controller C=X"1Ye K’Xq internally stabilizes P.

Proof. By hypothesis, 1.a of Theorem 1 is satisfied and using the fact that the entries of R and S
are in A, then we have S R € AW@t7)x(a+7) and thus, 1.b is satisfied. Then, the result follows from
1 of Theorem 1. 2 can be proved similarly. O

See [27] for a proof of this well-known result by means of direct computations. From Corollary 4,
we deduce that the existence of a left- or a right-coprime factorization for the transfer matrix P
is a sufficient but not a necessary condition for internal stabilizability. Let us notice that this
equivalence is still open for some classes of systems (e.g., A (resp. W) the integral domain of
BIBO stable continuous (resp. discrete) infinite-dimensional linear systems [4, 27]).

We recall the following necessary and sufficient conditions for the existence of left- or right-
coprime factorization for a transfer matrix.

Theorem 2. 1. Let P= D' N € K9%" be a fractional representation of the transfer matriz P
and R= (D : —N) € A?(@+") Then, P € K admits a left-coprime factorization iff R AIH"
is a free A-module of rank q, namely, we have R A9T™ = A4,

2. Let P = N D~ € K9 be a fractional representation of P and R = (NT : ET)T e Alatr)xr,
Then, P admits a right-coprime factorization iff AV (NT . DTYT s a free A-module of
rank r, namely, we have A (@+7) (NT . DT)T = pAlxr,

This result has been firstly obtained in [24]. See [14, 16] for different proofs and equivalent
results. Hence, the concept of internal stabilizability is equivalent to the fact that certain A-
modules are projective, whereas the existence of a doubly coprime factorization corresponds to the
freeness of the same modules.



Definition 4. [18] A ring A is called a projective-free ring (resp. Hermite ring) if every finitely
generated projective (resp. stably free) A-module is free.

In particular, a projective-free ring is a stably free ring.

Theorem 3. 1. [14, 17] Let us denote by D = {z € C||z| < 1} the open unit disc of C, by
Cy = {s € C|Res > 0} the open right half plane of C and by D" = {z € C"||z] < 1}
the closed unit polydisc of C™. Then, the integral domains RHy,, Hoo(D), Hs(Cy) and
Mpn = {a/b]0 # b, a € Rlzi,...,2,],b(2) = 0 = z € C\D"} are projective-free. In
particular, every internally stabilizable plant admits a doubly coprime factorization.

2. [27] A is a Hermite ring iff every transfer which admits a left-coprime (resp. right-coprime)
factorization admits a doubly coprime factorization (see also [14]).

In (commutative) algebra, the differences between projective, stably free and free modules over
a given ring A have been largely studied since few decades (e.g., Serre’s conjecture (1955), Quillen-
Suslin’s theorem (1976) [13, 21]). A large literature on this subject exists and this problem is
still active nowadays. In particular, (algebraic, topological) K-theory focuses on computing some
invariants such as Ko(A), Ko(A), C(A)... of the ring A in order to check whether or not a finitely
generated stably free (resp. projective) A-module is free [20]. Hence, K-theory develops some
interesting mathematical tools in order to study the difference between internal stabilizable plants
and plants admitting left- or right-coprime factorizations. For instance, see [17] for the recent proof
of Z. Lin’s conjecture on the existence of doubly coprime factorizations for internal stabilizable (in
the sense of the structural stability) multidimensional linear systems. Moreover, see [15] for an
application of the Picard group C(A) in the problem of parametrizing all stabilizing controllers of
an internally stabilizable SISO plant which does admit a coprime factorization. Hence, we believe
that the mathematical tools developed in K-theory should be studied in details in the future.

2 Strong stabilization problem

One of the main purpose of K-theory is also to compute the group K;(A) (resp. SK1(A)) defined
as the quotient of the general group GL(A) of invertible matrices with entries in A (resp. special
group of matrices of determinant 1) by its normal subgroup EL(A) of elementary matrices with
entries in A. In order to “stabilize” the computation of K;(A), H. Bass introduced in [1] the
concept of stable range of a (commutative) ring A. While we were studying K-theory in order
to apply it to stabilization problems, we develop the idea of using the concept of stable range for
the study of the Bézout identities appearing in internal stabilizability and specially in the strong
stabilization problem. In the same period, a private communication with V. Blondel (University of
Louvain-la-Neuve) showed me that he already had the idea to use such a concept in the study of the
strong stabilization problem. More recently, while reading [7, 8], it appeared to us that A. Feintuch
(Ben-Gurion University) had also already used this concept in the study of strong stabilizability.

In this section, we mainly recall some result on the strong stabilization problem recently obtained
in [18] for MIMO plants. First of all, let us introduce some definitions [1, 9, 26].

Definition 5. e A matrix R € A9*P is unimodular if there exists a matrix S € AP*7 such that
RS = I,. In particular, we denote the set of all the unimodular vectors of A**™ by U, (A).
o Let us denote the matrix formed by the columns Ry, ..., R, € A? by col(Ry,...,R,) € AT*P

and let k be a positive integer satisfying 1 < k < r = p — ¢. Then, a unimodular matrix
col(Ry,...,R,) € ATP is called k-stable if there exists a matrix Tj, € AF*(P=F) such that

the ¢ x (p — k)-matrix defined by Ry = col(Ry : ... : Rp_) + col(Rp—p41 : ... : Rp) T} is
unimodular.
In particular, a vector a = (ay : ... : ap) € U, (A) is 1-stable, or simply stable, if there exists a
(n—1)-tuple b= (by : ...:b,_1) € A" ! such that (ay +anby: ...:an_1+apb,_1) € U,_1(4),
i.e., there exists (c; :...:¢,_1) € A" ! such that we have Z?:_ll(ai +anbi)c; = 1.

Definition 6. [1, 9, 26/ The (Bass) stable range sr(A) of A is the least integer n such that every
vector of U,11(A) is stable. If no such integer exists, we set sr(A) = oco.

The following alternative definition of the base stable range was obtained by R. B. Warfield.

Proposition 1. [19] The stable range sr(A) of A is the least integer n such that for every vector
(a1 :...:ant1) € Upy1(A), there exists (¢;)1<i<n+1 € A™T! satisfying:



b4 Z?:ll a;c; =1,

o (c1:...:¢5) €UL(A).
Theorem 4. sr(Hy (D)) = 1 [25], st(RHw) = 2 [27], st(A(D)) = 1 [12], st(W4) = 1 [22],
st(Leo(iR)) =1 [10], st(B(H)) = oo, where H is a separable Hilbert space (e.g. L2(Ry), l2(Z4)) [6].

Remark 1. We have also sr(Ho(C;) = 1 [18]. Let us notice that the stable range of the R-
subalgebra

A={f € Ho(Cy)|f(5) = f(s)}
of Hyo(Cy ) is still not known. We believe that sr(A4) = 2 but we do not know any proof.
Let us introduce some definitions. See [3] for more details.

Definition 7. e A topological space X is noetherian if every decreasing chain
Fi1DFoDF3DFsD...

of distinct closed subsets F; in X is stationary, i.e., there exists n € Z, such that, for all
m > n, we have F,, = F,.

e A non-empty topological set X is irreductible if X is not the union of two proper closed subsets
of X.

e The dimension of X is the supremum of the lengths of all chains F; D F2 D ... D Fy of
distinct non-empty irreductible closed subsets of X.

e Anideal P of A is called primeif zy € P and x ¢ P, then y € P and mazimal if A is the only
ideal strictly containing P. We denote by spec (A) (resp. max (A)) the set of prime (resp.
maximal) ideals in A.

e spec (A) becomes a topological space when it is equipped with the Zariski topology, namely
the topology defined by the closed set of spec(A), parametrized by the ideals I of A, of the
form C; = {P € spec(A)|I C P}. By restriction, max (A) C spec (A4) can also be equipped
with the Zariski topology.

e The Krull dimension of a commutative ring A is the supremum of the lengths of chains
Py CP1 CPs...C Py of distinct proper prime ideals in A.

If A is a noetherian ring [3, 21], then max(A) is a noetherian topological space (see [3]).

Theorem 5. e [1] Let A be a ring such that max(A) is a noetherian topological space of di-
mension d. Then, we have sr(A) < d+ 1.

o [11] If Ais aring (resp. an integral domain) of Krull dimension d, then sr(A) < d+2 (resp.
sr(A) <d-+1).

We have the following corollary of Theorem 5.

Corollary 5. If A is a Dedekind domain, namely an integral domain over which every ideal is
projective (see Definition 2), then sr(A) < 2. This result holds if A is a principal ideal domain.

Let us recall that if P = D' N; = D;' Ny are two left-coprime factorizations of P and
R; = (D; : —N;) for i = 1, 2, then there exists an invertible matrix U € GL4(A) such that
Ry = U Ry [27]. Therefore, we obtain R; is k-stable iff Ry is also k-stable.

Definition 8. Let P € K?*" be a transfer matrix which admits a left-coprime (resp. right-coprime)
factorization P = D™' N (resp. P = N D~'). Then, the transfer matrix P is called left (resp.
right) k-stable if the matrix (D : —N) € A@H)*" (resp. (DT : NT) € A7>(@+7) is k-stable.

Hence, we have the following proposition.

Proposition 2. [18]/ A plant defined by a transfer matriv P € K" is strongly stabilizable iff
P admits a doubly coprime factorization P = D' N = N D! such that the following matrices
(D: —N) € A?@+7) and (DT : NT) € A™@+7) gre respectively v and q-stable.

Therefore, the existence of doubly coprime factorization for the transfer matrix is a necessary
condition for strong stabilizability. We have the following interesting result.



Theorem 6. [18] Let P = D™' N be a left-coprime factorization of P and R = (D : —N) €
A?X(atr) If R s k-stable and s = r — k > 0, then there exist two stable matrices Ty € A¥*9 and
T, € A*XS such that the matriz R, = (D — ATy : —(N,+ATy)) € AT(aH3) gdmits a right-inverse
with entries in A, with the notations:

R:(D —N):( D :—Ns _A) eAqX((PH“).
<
q

Let us define by Sy, = (UT : VT)T € Alat9)xa [ € A9%9, V € A®¥4, q right-inverse of Ry such
that det U # 0. Then, the controller C € K4, defined by

o= (ninwey ) 1"

internally stabilizes P. Moreover, if det(D — ATy) # 0, then the controller Cs = VU1 € K5*4
internally stabilizes Ps = (D — ATy)™Y (N, + ATy) € K9%. Hence, the unstable part of C is only
contained in the transfer matriz Cy = VU ™! and its dimension is equal to s X q.

Similar results also hold for a transfer matriz P admitting a right-coprime factorization.

Up to our knowledge, there is no general algorithm checking whether or not a matrix R is
k-stable. However, we can prove that any matrix R € A9%(@+7) satisfying r > sr(A) is r —sr(A) + 1-
stable (see [18] for more details). Hence, Theorem 6 is always true for s = sr(A) — 1, i.e., the
unstable part of C' can be reduced to a (sr(A) — 1) x g-matrix Cg.4y—1. Let us point out that this
bound only depends on the ring A. Then, we have the following corollary of Theorem 6.

Corollary 6. [18] If st(A) = 1, then every transfer matriz which admits a left- or a right-coprime
factorization is strongly stabilizable. In particular, this result holds for A =W, or A(D).

Moreover, every internally stabilizable plant, defined by a transfer matrix P with entries in the
quotient field of A = Hoo(D) or Hoo(Cy), is strongly stabilizable.

Let us point out that Corollary 6 solves a question asked by A. Feintuch in [8] on the general-
ization of S. Treil’s result [25] for MIMO systems defined over A = Hyo (D) or Hoo (C).

Corollary 7. Ifsr(A) =1, then A is a Hermite ring (see Definition 4). In particular, this result
holds for the rings Hoo(D), Hoo(Cy), A(D), W4 and Loo(iR). Therefore, if a transfer matriz P
with entries in K = Q(A) admits a left- or a right-coprime factorization, then P admits a doubly
coprime factorization.

Proof. Let P be a transfer matrix which admits a left-coprime factorization. Then, using the fact
sr(A) = 1, by Corollary 6, P is strongly stabilizable. But, by Proposition 2, a necessary condition
for strong stabilizability is the existence of a doubly coprime factorization for P. Hence, every
transfer matrix which admits a left-coprime factorization admits a doubly coprime factorization.
The result directly follows from 2 of Theorem 3. O

Up to our knowledge, it is not known whether or not A = A(D) or W, are projective-free
rings, and thus, whether or not every internally stabilizable plant over A admits doubly coprime
factorizations (it is even not known whether or not A [4] is a Hermite ring).

Corollary 8. [18] If st(A) = 1, then every pair of plants, defined by two transfer matrices Py and Py
with entries in K = Q(A), with the same dimensions, and admitting doubly coprime factorizations
is simultaneously stabilized by a controller. In particular, this result holds for A =W, or A(D).
Moreover, if A = Hyo(D) or Hyo(Cy) and Py, Py are two internally stabilizable plants with
entries in K, then there exists a stabilizing controller which simultaneously stabilizes Py and P;.

To finish this section, let us introduce the concept of topological stable range.

Definition 9. [19] If A is a Banach algebra [27], then the topological stable range tsr(A) of A is the
least integer n such that U, (A) is dense in A™ for the product topology. If no such integer exists,
we set tsr(A) = oo.

Theorem 7. tsr(Hy (D)) =2 [23], tsr(A(D)) =2 [19].
Proposition 3. [19] If A is a Banach algebra, then we have sr(A) < tsr(A).

We have the following application of the topological stable range in stabilization problems.



Proposition 4. [18] If A is a Banach algebra such that tsr(A) = 2, then every SISO plant, defined
by the transfer function p=n/d, 0 # d,n € A, satisfies:

| n—nclla<e,

Ve>0, 3(de: ne) € Uz(A): { ld—d, [1<e

If d. # 0, then, in the product topology, p is as close as we want to a transfer function p. = n./d.
which admits a coprime factorization. In particular, this result holds for A = Hy (D) or A(D).

Finally, different concepts of stable ranges have been recently introduced in the literature of Ba-
nach algebras as, for instance, the Bass and (dual) topological stable ranges for (projective) modules
[19]. Their applications for stabilization problems will be studied in forthcoming publications.

3 Simultaneous stabilization problem

The main purpose of this section is to point out that the simultaneous stabilization problem is not
equivalent to the strong stabilization problem if the plants do not admit doubly coprime factoriza-
tions. For simplicity reasons, we shall only consider here the case of SISO systems. The MIMO
case can be handled similarly using the lattice approach developed in [16, 17].

We have recently shown in [15] how the theory of fractional ideals [3] developed in commuta-
tive algebra was a natural mathematical framework for the study of the fractional representation
approach to analysis and synthesis problems. Let us introduce some definitions [3, 15].

Definition 10. o A fractional ideal J of A is an A-submodule of K = Q(A) such that there
exists 0 # a € A satisfying (a) J ={aj|j € J} C A. The set of non-zero fractional ideals of
A is denoted by F(A).

e If I, J € F(A), then their sums, products, intersections and residuals, namely

I+J={a+blacl,beJ}, IJ={>" a;bj|a;, €1, b €Jnecly},
InNJ={a€l,ac J}, I:J={keK|(k)J={kj|jeJ}CI},

belong to F(A).
e A fractional ideal J of A is called principal if there exists k € K such that J = (k).

o A fractional ideal J of A is invertible if there exists I € F(A) such that I J = A. In that case,
J has a unique inverse denoted by J~! and J~! = A : J. We have (J~1)~1 = J.

A principal fractional ideal J = (k), 0 # k € K, is invertible and its inverse is J~! = (1/k).

Example 1. If p € K = Q(A), then J = (1,p) = A+ Ap = {A+ pup| A, p € A} is a fractional
ideal of A because there exist 0 # d, n € A such that p = n/d, and thus, (d) J = (d, n) C A. Then,
theideal A: J={k e K |k, kpe A} ={d € A|dp € A} of A is usually called the ideal of the
denominators of p whereas (p) (A : J) is the ideal of the numerators of p.

Let us recall necessary and sufficient conditions for internal stabilizability or for the existence
of a coprime factorization recently obtained in terms of fractional ideals [15].

Theorem 8. [15] Let A be an integral domain of SISO stable systems and K = Q(A) its quotient
field. Then, we have:

1. p € K admits a coprime factorization iff the fractional ideal J = (1, p) is principal of the form
J = (1/d), where 0 #d € A. Then, p=n/d, where n =dp € A, is a coprime factorization.

2. p € K is internally stabilizable iff the fractional ideal J = (1, p) is invertible, namely we have
JA:J)={a+bp|la,be A: ap, bpe A} = A,

or, equivalently, iff there exist a, b € A which satisfy:

{a—bpzl, (5)

ap € A.

Then, if a #0 (resp. a=0), c=bj/a € K (resp. c=1—b¢€ A) is a stabilizing controller of
p, J71=(a,b) anda=1/(1—-pec),b=c/(1—pc).
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3. c € K internally stabilizes p € K iff the following equality holds:
(I, p)(1,¢)=(1—=peo). (6)

In the following easy lemma, we firstly recall a well-known result (see e.g., [2]) and we secondly
give a necessary and sufficient condition for external stabilizability.

Lemma 1. 1. c € K internally stabilizes 0 iff c € A.
2. ¢ € K externally stabilizes p, namely (pc)/(1 —pc) € A, iff (1, pc) = (1 —pec).

Proof. 1. Using 3 of Theorem 8, ¢ € K internally stabilizes 0 iff (1, 0) (1, ¢) = (1), i.e., iff (1, ¢) = A.
But, we trivially have (1, ¢) = A iff ¢ € A, which proves the result.

2. = Let us suppose that ¢ externally stabilizes p, namely (pc)/(1 — pc) € A or, equivalently,
1/(1—=pec)=1+(pe)/(1 —pc) € A. Therefore, we have:

1= (122) -»po),
pe=(25) (1-po),

= (1,pc) C(1—po).

Moreover, we trivially have the inclusion (1 —pc¢) C (1, pc), which proves the first implication.

1 c .
59 1fpc) = A, which

shows that (pc)/(1 —pc) € A, i.e., ¢ externally stabilizes p. O

< Let us suppose that we have (1, pc) = (1—pc). Thus, we obtain (

Let us give necessary and sufficient conditions for strong and bistably stabilizabilities.

Proposition 5. The following assertions are equivalent:
1. pe K = Q(A) is strongly (resp. bistably) stabilizable,
2. there exists c € A (resp. ¢ € U(A)) such that (1, p) = (1 —pec),
3. there exists c € A (resp. ¢ € U(A)) such that p/(1 —pc) € A.

Proof. Let us suppose that we have 1. Then, there exists a stable (resp. bistable) stabilizing
controller ¢ of p, i.e., ¢ € A (resp. ¢ € U(A)). Then, using (6), we obtain (1, p) = (1 — p¢) because
¢ € A implies (1, ¢) = A, and thus, we obtain 2. Now, let us suppose that we have 2, i.e., there
exists ¢ € A such that (1, p) = (1 — pc). Trivially, 2 is equivalent to (1/(1 —pc), p/(1 —pc)) = A
which, in particular, shows that p/(1 —pc) € A, i.e., we obtain 3. Finally, let us suppose that we
have 3. Therefore, there exists ¢ € A such that p/(1 — pc) € A. Hence, using the fact that ¢ € A,
we obtain (pc)/(1 —pc) € Aand 1/(1 —pc) =1+ (pe)/(1 —pc) € A, which shows that H(p,c),
defined by (1), is A-stable, and thus, ¢ € A internally stabilizable p, i.e., we obtain 1. O

Firstly, using 1 of Theorem 8, we obtain again the fact that a necessary condition for strong
stabilizability is the existence of coprime factorization of the transfer function (see Proposition 2).
Secondly, if p = n/d is a fractional representation of p, with 0 # d, n € A, let us notice that 2 of
Proposition 5 is equivalent to the existence of ¢ € A (resp. ¢ € U(A)) such that:

(L2 =(-")e (;) (d, n) = (;) (d—nc) < (dn) = (d—no). (1)

In particular, if p = n/d is a coprime factorization of p, with do — ny = 1 for certain x, y € A,
then we have 1 =dx —ny € (d, n), i.e., (d, n) = A, and thus, (d —nc) = A. But, (d—nc)=Ais
equivalent to d — nc € U(A). Thus, we obtain the following corollary.

Corollary 9. [2, 27] Let p = n/d be a coprime factorization of p € K. Then, p is strongly (resp.
bistably) stabilizable iff there exists c € A (resp. ¢ € U(A)) such that d —nc € U(A).

Corollary 10. If ¢ € U(A) externally stabilizes p € K, then ¢ bistably stabilizes p.

Proof. Using 2 of Lemma 1, we obtain that (1, pc) = (1 — pc). Now, the fact that ¢ belongs to
U(A) implies that we have (1, pc) = (¢) (1/¢, p) = (1, p), and thus, we obtain (1, p) = (1 —pc),
showing that ¢ bistably stabilizes p by 2 of Proposition 5. O
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Example 2. Let p = (1 +e72%)/(1 — e 2%) € Q(Hwx(C4)) be the transfer function of a wave
equation (see [4, 15] for more details). Then, if we take ¢ = —1 € U(A), then a = 1/(1 —pc) =
(1—e=2%)/2 € A, i.e., c externally stabilizes p. By Corollary 10, we obtain that ¢ bistably stabilizes
p. Similarly for p=1/(s —1) € R(s) and ¢ = —1 € RH.

Using the fractional ideal approach, we were able in [15] to parametrize all stabilizing controllers
for an internally stabilizable plant which does not necessarily admit a coprime factorization.

Theorem 9. [4, 15] Let p € K = Q(A) be an internally stabilizable plant and ¢, a particular
stabilizing controller of p. Then, we have:

1. All stabilizing controllers of p have the form

bt qadd+ @b (I-pe)et+qa+qdd
C(qlv QQ) - 2 2 - _ 2 (8)
at+qa’p+q@b®p (I-pc)+ap+aepc

where a = 1/(1 — pey) and b = ¢, /(1 — pey) satisfy (5), and g1, g2 are any element of A
satisfying a + q1 a2 p + g2 b% p # 0.

2. The parametrization (8) has only one arbitrary parameter iff p*> admits a coprime factoriza-
tion. If p?> = s/r is a coprime factorization of p, then the parametrization (8) becomes

b+qr Ce +qr (1l —pey
cl) = _ Lerarope)

at+qrp l1+qgr(l—pec)p’

where q is any element of A such that a + gpr # 0.

3. If p admits a coprime factorization p = n/d, do —ny =1 for some z, y € A, then we have
a=dz,b=dy and r = d?, and thus, (8) becomes

o(q) = 4T (9)

x+qn’
where q is any element of A such that x4+ qn # 0.

We recover the Youla-Kucera parametrization (9) of all stabilizing controllers [5, 27] as a par-
ticular case of the general parametrization (8). Let us point out that the issue of recognizing when
there exist Youla-Kudera parametrizations or generalized parametrizations (8) with one or two ar-
bitrary parameters is deeply related to the computation of the so-called Picard group C'(A4) of A.
See [15] for more details and the end of Section 1. Let us state the following useful lemma.

Lemma 2. Let ¢; € K be stabilizing controller of p1 € K, ps € K and

by + k
ar+kpy’

c(k) = ke (a%, b%) cay+kpt #£0, (10)

be the parametrization of all stabilizing controllers (8) of p1, where:

ar=1/(1-pic1), bi=c/(1-picr).

Then, we have:

(-pe®) (-pe)
(1 — C(k/’)) - (1 - Cl) (pQ pl)k (11)

Proof. Let us point out that (10) is a compact way to rewrite the parametrization (8) of all stabi-
lizing controllers of p;. The lemma directly follows from the following computations:

(1 —p2c(k))
(1 =p1c(k))

(1—paci)

= (@4 pk) —p2 (b4 k) = (7 = 5

- (p2 —p1) k.

O

Let us give a necessary and sufficient condition for simultaneous stabilizability without requiring
that the transfer functions p; and py € K admit coprime factorizations.

12



Theorem 10. Let ¢; € K be a stabilizing controller of p1. Then, p1 and ps are simultaneously

stabilizable iff there exist a and B € A such that k = (17p016 ozt (kiil)

(“ﬂ““—@—mw):( ! a_ pﬂl). (12)

(1—=pic1) l—pica’l—=pici’'1—piei’1—pray

s satisfies:

Then, the controller
o(k) = cit+k(l—pic)
L+kpr(1—=prc1)

simultaneously internally stabilizes p1 and ps.

Proof. p1 and po are simultaneously stabilizable if there exists a controller ¢ € K which internally
stabilizes p; and py. By 3 of Theorem 8, this is equivalent to:

(13)

o) e=0-pa, [ LrEo=0-pe),
{ (1, p2) (1, ¢) = (1 —p20), - (1, p2) (1, pl)_l = (i:gfi) )

Let (10) be the parametrization of all stabilizing controllers of p; (which is nothing else than (8)
written in a more compact way) . By substituting ¢(k) in (13), then this first equation of (13) is
trivially fulfilled whereas, using the identity defined by (11), the second equation becomes

and thus, we obtain (12). Therefore, p; and ps are simultaneously stabilizable iff there exists
ke (a2, b?) = (1/(1 —p1c1)?, /(1 — p1c1)?) which satisfies (12) or, in other words, iff there exist
2

a, f € Asuch that k = =" + (1_216161)2 satisfies (12). Then, the controller ¢(k) which both
internally stabilizes p; and ps is defined by:

o(k) = b1 +k _ a+k(l—pica)
ar+kpr 14+kpt(1—picr)

O

It seems that the simultaneous stabilization problem has not been yet investigated when the
plants do not admit coprime factorizations. The next corollary allows us to find again different
well-known results when the existence of coprime factorizations for the plants is assumed [2].

Corollary 11. 1. Let p1 = ny/dy, p2 = na/dy € K be two coprime factorizations with:
dixy —niyr =1
Then, p1 and ps are simultaneously stabilizable iff the plant defined by the transfer function

_ (ding —nyds)
p3=
(d2 1 — N2 yl)
is strongly stabilizable.
2. Let p1 € A and po € K. Then, p1 and py are simultaneously stabilizable iff the plant defined

by the transfer function ps — p1 is strongly stabilizable.

Proof. 1. The fact that p; = ny/d; is a coprime factorization with d; 1 — ny y; = 0 implies that
¢1 = y1/x1 is a stabilizing controller of p; and 1/(1 —p1¢1) = di 21, e1/(1 —prc1) = diyi. By
1 of Theorem 8, we have (1, p;) = (1/dy) and (1, p2) = (1/dz), and thus, (1, p1)~! = (d;) and
(a2, b3) = (1, p1)~2 = (d?) (see [15] for more details). Moreover, we easily check that:

I—p2cy dy
— ) =(d — — .
<1—p161) (de 21 —n2y1) <d2>
Now, by Theorem 10, p; and ps are simultaneously stabilizable iff there exists [ € A such that:

(2) ((dexr —moy1) —l(ding —nids)) = <Z;> & ((dyxy —ngyr) —L(dyng —nydy)) = A.
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The last equality is equivalent to (dyx1 — n2y1) — Il (d1n2 — ny da) € U(A). Therefore, by Corol-
lary 9, p; and py are simultaneously stabilizable iff ps = (nody — n1 da)/(d1 n2 — no y1) is strongly
stabilizable.

2. By 1 of Lemma 1, the fact that p; belongs to A implies that ¢; = 0 is a stabilizing controller
of p1. Therefore, by Theorem 10, we obtain that p; € A and py € K are simultaneously stabilizable
iff there exists k = « € A such that (1 — (pa — p1) k) = (1, p2), and thus, by 2 of Proposition 5, iff
p2 — p1 is strongly stabilizable. We can also use 1 with ny =p1,dy =1, 1 =1 and y; = 0. O

Finally, let us show how to find again some known results about simultaneous stabilization when
the assumption of the existence of coprime factorizations is made. See [2] for different proves.

Proposition 6. 1. Let p1 = ny/dy,...,pr = ng/dr € K be k plants which admit coprime
factorizations and dy 1 —nyyy = 1. Then, p1,...,pr are simultaneously stabilizable iff the
plants pry1, ..., p2x—1, defined by

dinl—nidl .
Phtiol = ——, 1=2,...,k,
dix1 —ni

are simultaneously stabilized by a stable controller.

2. Letpy € A and pa,...,pr € K. Then, ¢ simultaneously stabilizes py,...,px iff c/(1—p1c) € A
simultaneously stabilizes the plants ps — p1,...,Pk — P1-

Proof. 1. By 3 of Theorem 8, ¢ internally stabilizes p;, ¢+ = 1,..., k, iff we have the equalities:
(1ap’i) (1’ C) = (1_p’ic)a Z:177k (14)

Using 3 of Theorem 9, we obtain that ¢(q) = (y1+qd1)/(z1+qn1) i
tion of all stabilizing controllers of p;. Hence, taking ¢(q) for ¢, (1

(Lpi) (1, ¢e(q)) = (1 =piclq), i=2,...,k. (15)

By 1 of Theorem 8, (1, p;) = (1/d;) and (1, ¢(q)) = (1/(z1 + gn1)) because p; = n;/d; (resp.
c(q) = (y1 +qdi)/(z1 + gni1)) is a coprime factorlzatlon of p; (resp. ¢(q)). Then, we have

))-
9 = (@) () = (=i ) e

& (di (1 +qn1) —ni (41 + qdi)) = A,
< Juy EU(A) (dixl—niyl)—l—q(dinl—nidl):ui, 1=2,...,k,

is the Youla-Kucera parametriza-
4) becomes:

and thus, by Corollary 9, we obtain that ¢ internally stabilizes p;, i = 1,...,k iff —¢ € A internally
stabilizes the k — 1 plants defined by pgii—1 = (d;n1 —n;dy)/(d; 1 —njyr), for i =2,... k.
2. First of all, let us notice that p; € A implies the following equalities:

(17 pl) = A7
(1ap’i) = (17pi_p1)a 2SZ§ k7
(Le)=1=pic o).

Moreover, using 3 of Theorem 8, we obtain that ¢ simultaneously stabilizes p; € A and p; € K,
i=2,...,k, iff we have (14). But, (14) is equivalent to

(1, ¢)=(1—pio), - (1, e)=Q1~=pic),

(1, pi) (1, ¢) = (1 =pic), 2<i <k, (L pi—=p1)(1=pic,c) =(1—pic), 2<i<k,
]'7 C) = (1_plc)7
1, pi—p1) (1 —p1e) (1, 1—;1C> =1 -pic), 2<i<k,

(
(
{ (17 c)=(1-pic),
=4
(
(
(

b

(2e), 2<i<h,

1-pic

i = D1) (1, 1_;10)
1, C) = (1 -n C),
i = D1) (1, 1_7;10)
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By interchanging p and ¢ in Proposition 5, i.e., (1,¢) = (1 —p1¢) < ¢/(1 —p1¢) € A, the first
equation of the last system is equivalent to ¢/(1 — p1 ¢) € A. Therefore, using 3 of Theorem 8, the
last system means that ¢/(1—p; ¢) € A simultaneously stabilizes the plants po —p1,...,pr—p1. O

Let us notice that, using 1 of Lemma 1, 2 of Proposition 6 can be reformulated as ¢ simultane-
ously stabilizing p1, ..., pr iff ¢/(1 —p1 ¢) simultaneously stabilizes py —p1 =0, p2 —p1,...,Dk —D1-

4 Robust stabilization problem

Let us start by recalling the small gain theorem [4, 27] for SISO plants.

Lemma 3. Let p, c € A. Then, c internally stabilizes p iff 1/(1 —pc) € A or, equivalently, iff ¢
externally stabilizes p. In particular, if A is a Banach algebra and || ¢ ||la< 1/ || p ||a, thenc € A
internally stabilizes p.

Proof. The fact that p, ¢ € A implies that (1, p) = (1, ¢) = A. Hence, using 3 of Theorem 8, we
obtain that ¢ internally stabilizes p iff we have (1, p) (1, ¢) = (1—pc), and thus, iff (1—pc) = A, i.e.,
1—pc € U(A), which proves the first part of the result. Now, if A is a Banach algebra, then we have
l1—a|la<1l=aeU(A). Hence, if we have | ¢ [|a< 1/ || p ||a, then || pc |a<|plla |l clla<]1,
and thus, 1 — pc € U(A), showing that ¢ internally stabilizes p by the first part of the result. O

Now, let us try to investigate how a stabilizing controller ¢ of a plant p is transformed when we
apply some particular linear fractional transformations on p (see Proposition 3 [15]).

Lemma 4. 1. 0# c € K internally stabilizes 0 # p € K iff 1/c internally stabilizes 1/p.
2. Let § € A. Then, c internally stabilizes p € K iff ¢/(1 + 0 ¢) internally stabilizes p + 6.
3. Let § € A. Then, ¢ internally stabilizes p € K iff ¢+ § internally stabilizes p/(1 + 6 p).

Proof. 1. Let us suppose that ¢ # 0 internally stabilizes p # 0. Thus, by 3 of Theorem 8, we obtain
(6). But, we have

6) < (p) (1,1/p) (¢) (1, 1/¢) = (1 =po),
< (1,1/p) (1, 1/c) = (1 =pc)/(pc)) = (1 =1/(pc)),

which shows that 1/c¢ internally stabilizes 1/p by 3 of Theorem 8.

2. Let us suppose that ¢ internally stabilizes p and § € A. Thus, by 3 of Theorem &8, we obtain
(6). Moreover, using the fact that § € A, we obtain (1, p) = (1, p+4) and (1,¢) = (1+d¢, ¢).
But, we have

6) ©(1,p+d)(1+dc,c)=(1—-pec),
&1, p+o)(1+dc) (1, 1T5) = (1-po),
e Wp+o) (1os) = (58) = (1- 0 +9) 55)

which shows that ¢/(1 4 ¢ ¢) internally stabilizes p 4+ 6 by 3 of Theorem 8.
3. The result directly follows from interchanging p and ¢ in point 2. O

In the next proposition, we give new proofs of well-known results on robust stabilization [27].
Proposition 7. 1. Let § € A and ¢ € K be a stabilizing controller of p € K. Then,
(a) c internally stabilizes p+ 6 iff 1 — (6¢/(1 —pc)) € U(A),
(b) c internally stabilizes p/(1+dp) iff 1+ (6p/(1 —pc)) € U(A).
2. Let A be a Banach algebra and ¢ a stabilizing controller of p € K. Then,
(a) for all perturbation § € A satisfying

I
le/(1=pe)lla’

0a<

¢ internally stabilizes p + 6,
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(b) for all perturbation § € A satisfying

.
| p/(1—pc)lla’

6 0la< (17)

c internally stabilizes p/(1 4+ 6 p).

Proof. 1.a. Let ¢ be a stabilizing controller of p. Thus, we have (6). Moreover, the fact that § € A
implies that (1, p) = (1, p+ 6). Hence, by 3 of Theorem 8, ¢ internally stabilizes p + ¢ iff we have:

(Lp+0)(Le)=1—-(p+d)c) Lp) (A, ¢)= (1= (p+d)c),
—pe)=(1—(p+d)o),

(
& (
@(111’:?) A,
¢>1

+d)ec _ _dc
e — 1 — Lo e U(A).

1.b. Let ¢ be a stabilizing controller of p. Thus, we have (6). Moreover, the fact that 6 € A
implies that (1, p) = (1 + dp, p). Hence, by 3 of Theorem 8, ¢ internally stabilizes p/(1 + d p) iff
we have:

(I1+dp,p)(1,¢)=(1—pc+dp),

(1,p)(1,¢)=(1—pc+dp),

(1 s5) o= (1-25)

2.a. Let us suppose that § € A satisfies (16). Then, we have

10e)/A=pe)llasloflalle/M—pe)lla<t,

and thus, 1 — (6¢)/(1 —pc) € U(A), i.e., c internally stabilizes p + § by Lemma 3.
2.b Let us suppose that § € A satisfies (17). Then, we have

1 @p)/(L=pe)a<ldflallp/(=pe)lla<i,
and thus, 14+ (0p)/(1 — pc) € U(A), i.e., ¢ internally stabilizes p/(1 + d p) by Lemma 3. O

The extension to unstable perturbation § (6 € K) will be studied in forthcoming publications.

To finish, let us extend some standard results on robust stabilization for internally stabilizable
plants which do not necessarily admit coprime factorizations. In particular, the following results
show that the main interests of the Youla-Kucera parametrization for robust stabilization problems
[27] are still valid if we use the new parametrization (8) instead of the Youla-Kuéera one.

Proposition 8. Let p € K = Q(A) be a stabilizable plant and w € A a weighted transfer function.

1. Let ¢, be a stabilizing controller of p. Then, all the stable transfer matrices H(p, c(q1, q2)) of
the closed-loop system (1) have the form

2
et et e ey T F O ey R ey
H(p, c(q1, ¢2)) = pen)? X s ;
(e H O e @ ey g T R (1550(’)2)
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for all q1, g2 € A. Hence, all the stable transfer matrices H(p, c(q1, q2)) of the closed-loop
system (1) are affine, and thus, convex in the free parameters ¢1 and g2 € A, namely for all
)‘7 q1, q/17 q2, q/2 S A7 we have:

H(p, cAq1+ (1 =X gy, Mgz +(1=X) g3)) = NH(p, c(q1, g2)) + (1= X) H(p, (a1, ¢3))- (19)
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2. Let A be a Banach algebra with the norm || - ||a. Then, we have the following equality

inf 1-— 20

e ) | w/(1—=pc)lla (20)

= inf ||w < L +p< S @0 >> (21)
q1,q2€A (1 —pC*) (1 - pc*)2 (1 - pC*)2 A,

where Stab(p) denotes the set of all stabilizing controllers of p and ¢, € Stab(p).

3. If p=mn/d is a coprime factorization of p, dx —ny =1 for some x, y € A, then we have:

dnf lw/(=pe) lla= inf wd(@+na) fa-
Proof. 1. If ¢(q1,q2) is the parametrization of all stabilizing controllers of p defined (8), then
H(p,c(q1,q2)) becomes

atqa’p+qgb’p b+ q1a* + go b
H(c(q1,q2)) = ( € A?*?,

ap+qd®p* + @ b?p* bp+qadip+qgbp

where a = 1/(1 —pey) and b = ¢, /(1 — pe,) and ¢, is a particular stabilizing controller of p. Now,
by substituting a = 1/(1 — pc,) and b = ¢, /(1 — pey) in the previous matrix, we obtain (18).
Finally, using the fact that (18) is affine in the arbitrary parameters ¢; and ¢o, we easily check (19).

2. Using the parametrization (8) of all stabilizing controllers of p, we obtain that all the stable
sensitivity transfer function are defined by

1 _ 1 q1 q2 Cz
a—pdm@gy‘a—pa>+p<u—pav*w1—pav>’

where ¢, is a particular stabilizing controller of p. From this result, we easily prove that the
non-linear optimization problem (20) becomes the affine, and thus, convex optimization problem
(21). O

Up to our knowledge, the results stated in Proposition 8 are new. We refer the reader to [17] for
an extension of Proposition 8 to MIMO systems. To finish, let us point out that using the general
parametrization (8) of all stabilizing controllers, any convex optimization problem on the stable
closed-loop system H(p,c) can be rewritten as a convex optimization problem in ¢, go € A.

5 Conclusion

In this paper, we introduced different mathematical concepts coming from module theory, K-theory
and theory fractional ideals in order to investigate the internal/strong/simultaneous/robust stabi-
lization problems. Some new results have been obtained within this new mathematical framework.

In particular, using module theory, we first emphasized the fact that an internally stabilizable
did not generally imply the existence of doubly coprime factorizations for the transfer matrix.
Indeed, the first property is characterized in terms of projective modules whereas the second one
is characterized in terms of free modules. In commutative algebra, it is well-known that projective
modules (resp. invertible fractional ideals) are not generally free (resp. principal) and the study of
projective but not free modules has played a fundamental role in the development of the modern
commutative algebra. It can be tracked back to the work of R. Dedekind on algebraic numbers
theory (in part related to the Last Fermat’s Theorem) and algebraic geometry (algebraization of
B. Riemann’s ideas on complex manifolds). Nowadays, the problem of recognizing whether or not
a stably free (resp. projective) module is free constitutes one of the main parts of the so-called
(algebraic, topological) K-theory. Using the K-theoretic tools (e.g., stable range, topological stable
range), we obtained new results on the strong stabilization problem. Finally, we revisited some
well-known results of stabilization problems without assuming the existence of (doubly) coprime
factorizations. We also refer to [14, 15, 16, 17] for more results in this direction.

Finally, the first main philosophy of R. Dedekind’s work on the theory of ideals is that an ideal
contained more information than just the elements that generated it. The second one is that the
standard algebraic operations can be extended from numbers to ideals. We hope to have convinced
the reader that this natural “algebraic calculus on fractional ideals” can also be useful for the
study of stabilization problems and, in particular, for the internal, strong, simultaneous and robust
stabilization problems.
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