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Purpose of the tutorial

e | do not know why you are locked up with me for a 4h
tutorial in control theory! | only have some hints.

e At least, | know how the story started. ..
e The purposes of the tutorial are to:

1. Give a short introduction to control theory.

2. Show that some connections exist between control theory
and commutative algebra (Lombardi, Coquand, Quitte...):

Fractional ideals, lattices, projective/stably free/free modules,
Priifer/Bézout domains, coherent rings, projective free rings,
stable range, minimal generating systems. ..



Plan of the tutorial

e The plan of the tutorial is:
1. Single-input single-ouput systems:

An introduction to the fractional ideal approach to
stabilization problems

2. Multi-input multi-ouput systems:

An introduction to the lattice approach to stabilization
problems



Control theory
¢ Control theory can be divided into 3 main steps:

1. Modeling problems: find a correct mathematical model for a
real system coming from mechanics, electrical engineering,
mathematical physics, biology. ..

2. Analysis problems: analysis of the properties of the system
(controllability, observability, stabilizability. . .).

ul vyl

3. Synthesis problems: construction of a feedback controller
which stabilizes and optimizes the performances of the
closed-loop system, study the robustness issues. . .
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History & assumptions

¢ History of control theory:
1. Prehistory: Watt (1769), Maxwell (1868), Lyapunov (1907),

2. Frequency-domain approach (Black, Nyquist, Bode, 1930-40),

3. Time-domain approach (Bellman, Pontryagin, Kalman,
1957-60): state-space systems, controllability, observability,
optimal control, Kalman filter. ..

4. Robust control (Zames, Desoer, Francis, Doyle, 1980-90),
p-synthesis, Linear Matrix Inequalities (LMls). ..

5. Future?

e We shall only study time-invariant linear systems defined by:
1. ordinary or partial differential equations,

2. differential time-delay equations.
e We shall focus on

synthesis problems within a frequency-domain approach.



An introduction to the fractional ideal approach to
stabilization problems
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Linear control systems

Laplace transform

Transfer function

Signal spaces and algebras

Stability

Fractional representation approach

Analysis problems

Synthesis problems

Theory of fractional ideals

NSC for internal/strong/robust stabilizability

. Parametrization of all stabilizing controllers



Linear control systems

1. Finite-dimensional linear systems:
z(t) =z(t) + u(t), z(0)=0, y(t)==z(t).
2. Infinite-dimensional linear systems:
2.1 Differential time-delay equations: h€ R, , i.e,, h > 0,
z(t) = z(t) + u(t), z(0) =0,
{ 0, 0<t<h,

y(t)= z(t—h), t>h

2.2 Partial differential equations:

&z o2
S0 - a’ a6t =0 xe[o.,
z(x,0) =0, %(X,O) =0,




Laplace transform
L(Ry)={feRy =R | f 1= [;"[F(t)| dt < +oo}.
e Definition: Let f € Ry = [0, +00o[— R be a function such that:
JaeR: e *'feli(Ry).

Then, the Laplace transform of f is defined by:
+o0o
L(F)(s) = / e StF(t)dt, VseCpo={seC|Res>al.
0

o Notation: We also denote £(f) by 7.
1 t>0, 1

e Example: Y = { 0 t<0 L(Y)= o L(5) =1,
n _ (n+1)l n —\t _ (n+1)|
L(t"Y) = prs L(t"e "Y) = (s £t

(s+ )

L(e ™ cos(wt)Y) = Gt



Properties
e Theorem: If f is Laplace transformable, then we have:
1. f is analytic and bounded in Co = {s € C| Res > a}.

2. IAf g is a Laplace transformable function such that
f(s)= A(s) in C,, for some o € R, then f = g

3.1 (Fxg)(t fo f(t—7)g(r)dr, t >0, then:
f*g :?g
[ f(t—h), t>h, N ks
4. 1f g(t) = { 0 O<t<h then g(s) = e " f(s).
5. If f is n times differentiable for t > 0 and f(), ... (" are

Laplace transformable, then:

n—1

F(s) = s"F(s) = > s" 1 F1(04).
i=0



Transfer functions
¢ Ordinary differential equation:

z(t)=z(t) + u(t), z(0)=0 =7Z(s)= s i 0 u(s).
¢ Differential time-delay equation:
z(t) = z(t) + u(t), x(0) =0, .
(o 0<t<h, :?“):(f_;)ﬁ(s)’
Y(t)_{ z(t—h), t>h,
e Wave equation:
gztj(x, t) — a° gf;(x, t) =0, ; .
z(x,0) =0, %(Xa0)=0, = 3(s) = (e as_e_h : )a(s).
2(0,t) = u(t), z(I,t) =0, (1-¢)
y(t) = z(x, 1),




Explicit computations

0%z , 0%z
ﬁ(x, t)—a @(X7 t)—O,
2(x,0) = 0, gﬁm®=ﬁ
z(0,t) = u(t), z(l,t)=0, y(t)=2z(x,t),
622 2 822 . dZE(x,s) 2 ~ o
ﬁ(x,t)—a ﬁ(x,t)—o = ax2 - Z(X,S)—O7
= Z(x,s) = A(s) e 5% + B(s) e3 *.
A(s) = %453(5)7
{ 2(0,s) = U(s), GO
~ = _2a,
Z(l,s) =0, B(s)=—-+= L




Transfer functions

¢ Heat equation:

2
&(x, t) — A2 0z 2(x t) =0,
ot Ox (eA(I—y)ﬁ _ e M I-X) ﬁ)
z(x,0) =0, =y(s) = Erar=s u(s).
z(0,t) = u(t), z(I,t)=0,
y(t) = Z(?’ t)v

e Telegraph equation:

( 9%z 0%z
92 (x,t) — a° ) (x,t) — kz(x,t) =0,
0z Tk

7(x,0) =0, —-(x,0)=0, = (s) = e Xa(s).

z(0,t) = u(t), limy—jooz(x,t) =0,

y(t) = z(x, 1),




Transfer functions

e Electric transmission line:
( OV
Ox

ol oV

a(x, t) + CE(X, t)+ G V(x,t) =0,
V(x,0)=0, [I(x,0)=0,

V(0,t) = u(t), limy_ioo V(x,t)=0,

V(Y, t) :yl(t)7 /(Y7 t) :y2(t)7
}7\1(5) — ef\/(Ls+R)(CerG)?/lj(s)7
=
)//\2(5) _ Cs+G e—\/(Ls—i-R)(Cs—&-G Yﬁ(s).

- Ls+R

(x,t) + L%(X, t)+ RI(x,t) =0,




Kernel representation (convolution)

¢ Inverse Laplace transform:
~ 1 a+ioo R
f(t) =L (f) (t) = — et f(s)ds = f(t), a>a, t > 0.

2mi a—i oo

¢ Ordinary differential equation:

t
= y(t) = /0 e "u(r)dr, t>0.

¢ Differential time-delay equation:

5(s) = :__h;) i(s) = y = (ﬁl (j‘_”l» i,
h

—~



Kernel representation (convolution)

¢ Wave equation:

=Yy(s) = (e‘i? SO0 g2l o= (21-%) oo o-2ie )a(5)7
Sy 0) = i (e - 2255) - S u (¢ - 201%).

e Telegraph equation: k = 3° > 0.
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Signal spaces
e Let us define the right half plane C; = {s € C|Res > 0}.
e The Hardy algebra H..(C, ) is defined by:

Hx(C4) = {analytic functions f in C | || f ||co= sup |f(s)| < +oo}.

seCy

Hs(C4) is a commutative Banach algebra.

e The Hardy vector-space H,(C. ) is defined by:

H>(C4) = { analytic functions f in C |
o . 1/2
I £ llo=supser, ([ 1F(x+ iy)ldy) " < +o0)

H>(C4) is a Hilbert space and Hx(C.) = L(L2(R+)), where:

1/2

() = (g ke~ | ([ ls(P o) < oo}



L2(R+) — L2(R+)-stabi|ity

e Theorem:
1. Va, b€ Hoo(Cy), VI, g€ Ho(Cy): af + bg € Ha(Cy).
2. The linear operator

/\ZHQ((C+) — HQ(C+),

u — hu,
is bounded, i.e.:
dom(A) = {u € Ho(Cy) | A(u) € H2(C)} = Ha(Cy),

iff h € Hyo(C4). Then, we have:

hu
I Alle (Ha(Ca) Ho(Ca)) = sup ez
0#£ucH>(Cy) | ull2

=[h oo -



Example

¢ Hx(Cy) as p has a pole at 1 € C4,

s—1

=N H2((C+) — H2(C+),
1 is unbounded,
-1

i y=

= A\ L2(R+) — L2(R+), )
is unbounded,
u — y=e'Yxu,

domA = ( ) Ho(Cy), domA=(5—2etY)*Lo(Ry).

1 . 1
® U — e_t Y € L2(R+): ” u ||2: %, u = ﬁ € H2(C+),
P Hy(C L =L((sht)Y
=y =g ¢ H(C), 7 =L(Ghe)Y).

o y(t)= [y e e dr = (sht) Y ¢ Lr(Ry).



Example

e—hs

s—1

op= ¢ Hx(C4) as p has a pole at 1 € C4,

= A: H2((C+) — Hz((CJr),
e—hs is unbounded,
D"

=\ L2(R+) — L2(R+),

i y=

. is unbounded.
u — y=e""Y xu,

1 ~ 1
eu=etYelLh(Ry) |ul= 7 U= € Hy(Cy),
efhs efhs

== S EHR(C), 5 = £(Gh(E— ) Y).

oy(t)= [ et hTe T dr = (sh(t - h)) Y ¢ La(Ry).



Example

X

@I

_X _
a°—e

e The transfer function p = € * is such that
l—e

N
LY

a

ki, keZ

L~ _|

| p|lco= +00 as p has poles at s, =

= pis not Hy(C,) — Ho(C)-stable.
1
e The transfer function p = B ¢ Hoo(Cy) as || p [Joo= +00.

= /\ . H2((C+) — H2(C+),
is unbounded,

~ 1
u — y=-u,
S
=M LL(R —  Ly(Ry),
(%) () is unbounded.

u — y(t)= fot u(T) dr,

u(t) = Y/(t+1) € L(Ry), [[ull=1, y=1In(1+1) ¢ Lo(Ry).



Signal spaces

o Li(Ry) = {f: [0, +oo[= R| || f [1= [y [f(t)| dt < +o0},

—+o00

ll(Z-‘r) = {a : Z-‘r = {0717 .- } —R ’ H (ai)i€Z+ ||1: Z |ai‘ < +OO}'
i=0

e Definition: The Wiener algebra A is defined by:

A={f=g+> 5 aiden | &clilRy) (a)icz, €h(Zy),
O=ho<h <h<..}

e A is a commutative Banach algebra w.r.t.:
I lla=ll g llx + I (ai)iez. |1 -

o A={L(f)|fed}, |Flz=Ilflla



Lo(Ry) — Lo (R )-stability
e Theorem: Let p € [1, +o0].
1.Va,be A, Vf,gelp(Ry): axf+bxge l,(Ry).
2. The linear operator

A Loo(Ry) — Loo(Ry),
u +— hxu,
is bounded, i.e., domA = Loo(R.), iff h € A and:

[ hxufloo

I A2l (®y) Loo(Re))=  SUP =) hllz.

0#£u€loo(Ry) | ufloo

3. f € A'is analytic and bounded in C; = {s € C | Res > 0}
and continuous on / R:

17 oo <1 F 150 AC Huo(Cs) (€75 € Hao(C)\A).

4. BIBO-stability = L,(R.) — L,(R,)-stability.



Examples
o L ¢ HolCy) = 21 ¢ A (A C Hoo(CTy)).

Let e 'Y € Lo(Ry), | e 'Y |loo=1. Then, we have:

y(t) = /Ot e T e Tdr = (sht) Y ¢ Loo(Ry).

e—hs —hs

C ¢ Hoo(Cy) = &5 ¢ A Let us take e 'Y € Loo(Ry)

sS—

.p:eal—%%:gHoo((CJr)ﬁpej, ie.
—e

—+oo —+00
h= Zé(t_%) — 25(,5_2,1;7;) ¢ A.
n=0 n=1

= The 3 plants are not BIBO stable.



Control theory

e Let the open-loop U+—— y = pu be unstable.

’Control theory: stabilization by feedback.‘

e Is it possible to find a controller ¢ such that the closed-loop is
stable V/l]l, U € H2(C+) (V ui, U € LOO(R+))7

ul +, €l yl
\_ ¢
+
y2 b e2 +/\ u2
/
+

e Can we parametrize the set of stabilizing controllers of p?

e Is it possible to find robust/optimal controllers ¢ of p?



The fractional representation of plants

e (Zames) The set of transfer functions has the structure of
an algebra (parallel +, serie o, proportional feedback . by R).

e (Vidyasagar) Let A be an algebra of stable transfer functions
with a structure of an integral domain (ab=10, a# 0= b=0)
and its the field of fractions:

K=Q(A)={p=n/d | 0#d, ne A}.

’ K represents the class of systems‘

p € A= pisstable, pec (K\A) = pis unstable.

e (Zames) The algebra A of stable transfer functions has to
be a normed algebra so that we can consider the errors in the
modelization & approximation of the real plant by a model

(e.g., Ais a Banach algebra:
lablla<lallallblla [I1]a=1).



Quotation

“...As soon as | read this, my immediate reaction was ‘What is so

difficult about handling that case? All one has to do is to write the

unstable part as a ratio of two stable rational functions!" Without

exaggeration, | can say that the idea occurred to me within

no more than 10 min. So there it is the best idea | have had
in my entire research career, and it took less than 10 min.

All the thousands of hours | have spent thinking about
problems in control theory since have not resulted in any
ideas as good as this one. | don’t think | know what the
‘moral of this story’ really is !"',

“... It turns out that this seemingly simple stratagem leads to
conceptually simple and computationally tractable solutions to
many important and interesting problems.”

M. Vidyasagar, “A brief history of the graph topology”, European
J. of Control, 2 (1996), 80-87.



Examples

e Let RHoo = R(s) N Hso(C) be the algebra of
exponentially-stable finite-dimensional plants, i.e.:

RHs = {n/d € R(s) | degn < degd, d(5) =0= Res < 0}.

1
1 ()1 s
p_s—1_<sl)7 s+1° s+1

€ RHy = p € Q(RH).
s+1

e A: algebra of BIBO-stable co-dimensional plants:

e—hs
e hs s+1 e~hs s—1

P17 (ﬂ)’ s+1" s+1
s+1

e A= peQ(A).

e Hy(C,): algebra of Ly(R,)-stable co-dimensional plants:

1 —2s
p= Eltizi € Q(Hwo(Cy)): 14e7%%, 1—e7° € Hy(Cy).



(Weakly) coprime factorization
e Let A be an algebra of stable transfer functions and:
K = Q(A)={n/d, 0#d, ne A}

e Definition: A transfer function p € K is said to admit a weakly
coprime factorization if:

30#4d,n€eA: p=n/d, YkeK: kn kdec A= keA

e Definition: A transfer function p € K is said to admit a
coprime factorization over A if:

30#d,n,x,y€eA: p=n/d, dx—ny=1
e A coprime factorization is a weakly coprime factorization:

keK: kn kde A = k= (kd)x—(kn)y € A.



Examples
e Example: Let A= RH, and p = ( 0y € R(s). Then,

d= 61D __ca

1
p=1gq n= (s+1) (s+2)° (s+1) (s12)

is not a weakly coprime facorization as:
(s+2)n= (s+1) €A,

(s+2)d =g e A

(s4+2) € Q(A) =R(s), (s+2) ¢ A, {

e Example: Let A= RH,, and p = ﬁ € R(s). Then,

n 1 (s—1)

= n= ) d = € Aa
P= (s+1) (s+1)
is a coprime factorization of p as we have:
-1 1
(-1 _ (g =1, x=1, y=-2

(s+1) (s+1)



Internal stabilizability

e Let A be an algebra of stable transfer functions, K = Q(A).
e Let p € K be a plant and ¢ € K a controler.

e The closed-loop system is defined by:

<U1>_ 1 —p (el> y1 = € — u,
Uo —c 1 e )’ Yo = €1 — uj.

¢ Definition: c internally stabilizes p if we have:

1 —p - = o
_ _ —pc —pc 2x2
H(p,c) = = . ) e A%<,
—c 1 1-pc 1—pc

= c is then called a stabilizing controler of p.




Example

e Example: A= RH,,, K = Q(A) =R(s).
_ s+1 s(s+1
{ P= (sil)’ N { & ((25+1)) up + ‘(2s+(1)(s)—T) 2,
(=s+1) (s+1)

, = e 1t 3

(2s+1) Y2

= c does not internally stabilize p because:

s(s+1)

@51 1)(s 1) ¢ [bo (polein1€Cy),

e Example: A= RH,,, K = Q(A) =R(s).

s o s—1 s
P= (-1 N €1 = —Es+1§ U= e Y2
c=2, 9 (s—1) (s—1)

€ = 72 () 17 (541 Y2

= c internally stabilizes the plant p.



Strong and simultaneous stabilizations

e Let A be an algebra of stable transfer functions, K = Q(A).

e Definition: p € K is strongly stabilizable if there exists a
stable controller c, i.e., c € A, which internally stabilizes p.

e Definition: The plants p1,...,p, € K are simultaneously
stabilizable if 3 ¢ € K which internally stabilizes p1, ..., pn.
e Interests of the strong stabilization:

Safety, good ability to track reference inputs.

e Interests of the simultaneous stabilization:
The controller is designed to stabilize a family of plants, e.g.:

operating conditions, failed modes, loss of sensors/actuators,
changes of operating points.



Examples

e Example: Let A= RH,,. The plant p = (Sfl) is strongly

stabilized by ¢ = —2 € A as we have:

I (s—1) p 1 c  2(s—1)
l1-pc (s+1) 1-pc (s+1) 1—-pc  (s+1)°
e Example: Let A= H,(C;). The plant p = gjz:izg e Kis
strongly stabilized by ¢ = —1 as we have:

I 1—e2s p 14+ e72s c 1—e2s
l-pc 2 ’1—pc 2 ’'1—pc 2

e Example: Let A= RH,,. The plants defined by

_ 1 _ 2s
PGy PTG

are simultaneously stabilized by ¢ = —2 Eilg




Robust stabilizability
e Let A be a Banach algebra of stable transfer functions
(e.g, A=Hy(Cy), A AD), W,).

e Definition: Let c € K = Q(A) be a stabilizing controller of
p € K. Then, c robustly stabilizes p if there exits ¢ > 0 such
that c internally stabilizes one of the family of plants:

1. Additive perturbations:
Bi(p.8) = {p+3 V3 €A, | §]a< e}
2. Multiplicative perturbations:
Ba(p,8) = {p/(1+35p) |V €A, |5 ]la< e}.
3. Relative additive perturbations:
Bs(p,8) = {p(1+0) | V6 € A, ||5]la< e).
4. Relative multiplicative perturbations:

Ba(p.8) = {p/(1+8) V5 € A, | 5 [la < e}



Theory of fractional ideals
e Let A be an integral domain and K = {n/d |0 # d, n € A}.

e Definition: A fractional ideal J of A is an A-submodule of K
(Vaj,aa €A, VYm,meJ: aym+amclJ),
such that 40 # d € A satisfying:

(d)J 2 {ad|ac J} CA

e Example: Let A be an algebra of stable transfer functions and
p € K = Q(A) a transfer function. Then,

J=(1,p)EA+Ap
is a fractional ideal of A as:
d0#d,n€A: p=n/d = (d)J=Ad+AnCA.

.y:pU:>(1, *p)(y U)T:O:>J:(17 *p):(l)p)



Theory of fractional ideals
e Definition: A fractional ideal J of A is integral if J C A.
e Example: If p € A, then J = (1, p) = A. Conversely,
J=(1,p)=(1) = IncA: p=nl=necA
= the transfer function p is stable iff J = (1, p) = A.
e Definition: A fractional ideal J of A is principal if 3k € K :
J=(k)2 Ak={ak|ac Al

e Example: J = (1, p) is principal iff there exists 0 # k € K such
that J = (k), i.e., iff there exist 0 # d, n, x, y € A s.t.:

1=dk, k=1/d, -
p=nk, & ¢ p=n/d, & dx—ny =1
k=x—yp 1/d =x—y(n/d), '

= the transfer function p admits a coprime factorization
p=n/diff J=(1/d), i.e., Jis principal.



Example
o let A= H((C+)andp—( )GK Q(A).
e Let J = (1, p) be the fractional ideal of A defined by 1 and p.
e We have J = (jﬂ) as we have:

= () (7).

| EF=(r2(557)) r2es @

p=25n= (se;i), d= g;ig is a coprime factorization of p:

(*) & (:1) <1+2 (1_56__(;_1)»(;:1) (—2e) = 1.




Theory of fractional ideals

e Proposition: Let F(A) be the set of non-zero fractional
ideals of A and /, J € F(A). Then, we have:

IJ={> qmeaibilaicl b ecJ}ecF(A),
{ I:J={keK|(k)JCI} e F(A).
e Example: Let p € K and J = (1, p). Then, we have
A:dJ={keK|k kpecAl={dcA|ldpecA}
is called the ideal of the denominators of p.

p admits a weakly coprime factorization p = n/d iff:

J0#d,n€A: A:(d,n)={ke€K|kd, knc A} = A,
SA((d)(L,p)=Ac(A:)):(d=A
SdHA:N)=AsA:J=(d).



Example

e Let A be the Banach algebra of analytic functions in the unit
disc D whose Taylor series converge absolutely, i.e.:

+o0o +0o0
W, = {f(z) = Za;zi \ Z |lai| < +oo} :
i=0 i=0

e A is the algebra of the BIBO-stable causal filters.

C(lz
e Let us consider the transfer function p = e (1,2):

n=(1-z 3e_(11%i) €A,

( ) = p=n/d € Q(A).
d=(1-2z)3 €A,

e Let us consider the fractional ideal J = (1, p) of A.

e Theideal A: J={d € A| dp € A} is not finitely generated.

See R. Mortini & M. Von Renteln, “Ideals in Wiener algebra”,
J. Austral. Math. Soc., 46 (1989), 220-228.

= p does not admit a (weakly) coprime factorization.



Example

e The disc algebra A(D) is the Banach algebra of holomophic
functions in the open unit disc D = {z € C | |z| < 1} which are
continuous on the unit circle T={z € C | |z| = 1}.

e We have n:(l—z)e_(%)eA, d=(1-2) €A

1+z

= p=n/d=e (1%) € QA), J=(1,p).

e A:J={decA|ldpe A} ={d € A|d(1) =0} is a maximal
ideal of A which is not finitely generated.

See R. Mortini, “Finitely generated prime ideals in H* and A(D)",
Math. Z., 191 (1986), 297-302.

= p does not admit a (weakly) coprime factorization and
p is not internally stabilizable.



Theory of fractional ideals

e Definition: J € F(A) is invertible if 3/ € F(A):
1J=A
e Proposition: If J is an invertible fractional ideal of A, then:
I=A:J={keK|(k)JCA}
e If J is an invertible fractional ideal of A, we then denote by:
I=J1
e Proposition: If J is invertible, then we have:

U Ht=1



Theory of fractional ideals
e Let p€ K and J = (1, p). If Jis invertible, then we have:
1cJA:))=(1, p){decA|dpecA})={at+Bp|a, BEA:J}

a—bp=1,

& da, be A { apc A bpeA.

If a # 0, then ¢ = b/a € K satisfies:

1 P

H(p, c) = < l_cpc 1—1PC > - < Z aap > € A%,

l-pc 1-pc

= ¢ = b/a internally stabilizesp (a=0=c=1-b IS p).
e If p is internally stabilizable, then there exists ¢ € K s.t.:

1
a= €A ap=—L _ca b ¢
1—pc 1—pc

= € A.
1—pc

Let | =(a, b). Then,a—bp=1clJ=IlJ=A=1=J1



Example
olet A= Hu(Cy) p=(Z55€ QA), J=(1 p)

—s

ged (&5, 53) =1 = A: J={deAldpe A} = (51).

e p is internally stabilizable iff 3a, bc A: Jst. a—bp=1:

_ (s=1
a=(53) x.

&S dx, yeA: b—(

s-i—l)y7
a—bp=1
bp—1<:><5+1> (x=—py)=1 @x-5+1+py

X — (s+1)+e Sy

= s—1

= ((s+1)+e*y(s))(1) =0=y(1) = —2e.

1—e (-1



Example continued

e Therefore, we have:

a= () (142 (==2)) €Ay,

b=-2e (5})cA: Y,

—bp=1.
= a stabilizing controller c of p is defined by:
b 2e(s—1) B 2e(s—1)

T T -1 r2(1_eG D) si1_2e 6D

e J=(1, p)is invertible, J71 = A: J = (s+1>

=J=U1H)1= ($> is principal = p admits the coprime
factorization:

dx—ny=1.



SC for internal stabilizability
e Let A be an algebra of stable transfer functions and K = Q(A).
e Let p€ K and J = (1, p) a fractional ideal of A.
e p admits a coprime factorization iff J is principal.
e p is internally stabilizable iff J is a invertible fractional ideal.
o If J=(k),0# k € K, then J=1 = (1/k)

= the existence of a coprime factorization is a sufficient
condition for internal stabilizability.

e p=n/d is a coprime factorization, dx —ny =1, x € A, y € A,

a=dx,
= { b d = ¢ = b/a=y/x is a stabilizing controller of p.
=ay,

(a—bp=dx—(dy)p=dx—ny =1,
a, be A, ap=nx€eA, bp=nycA)



Strong stabilizability
e p is strongly stabilizable iff there exists ¢ € A such that:

1 p

e GA’ ap: :CaEA.
1—-pc 1—pc

a €A b

T1- pc
Using the fact that ¢ € A, we obtain:

S (3 b) = () = ((L-pe) ) = J= (I ) = (1 po).
e We suppose that there exists ¢ € A such that (1, p) = (1 —pc)

l1=d(l1—pc), p=n/d,
=
p=n(l-poc), d—nc=1,

-1
= 1 =p _ d n c A2x2
—c 1 dc d ’

i.e., ¢ € A internally stabilizes p, i.e., p is strongly stabilizable.

=3d0#d,necA: {



Example

o let A= H, ((C+) KZQ(A), p = 8:8;7:236;(-

e We have J = ( _25> because:
1=(1-e2) gy
(1+e2) -2 1
(1—e29) (1+e™) (1—e2s)’
1 _1+1(1+e’25)
(1—e25) 2 2(1—e2s)
po (Lte™)
= coprime factorization (1—e29)’
ll-e2)+i(1+e29)=1
= ¢ = —1 is a stable stabilizing controller of p.
e We check that 1—pc:1+p:ﬁ

=J=(1,p)=(1/(1-e2%))=(1-po).



Robust stabilization
e c € K = Q(A) internally stabilizes p € K iff:

(L. p)(L. c) = (1 - po).

e Let § € A. c internally stabilizes p and p + § iff we have:

{ 1, p)(1,c)=@1-pc), { 1, p)(1,c)=@1-po),

=4
(Lptd)(Lc)=(1=(p+d)c), L (Lp)(l,c)=1-(p+d)c),
(1 p)(1, &) = (1- po), 1S p.
< 1—(p+9)c dc < (6¢)
( 1-pc >_<1_1—p6)_A’ o pg VA

e If Ais a Banach algebra, then (small gain theorem):
[1—alla< 1=acUA)={acA|FbeA: ab=ba=1}.
= a sufficient condition for robust stabilization (c/(1 — pc) € A) is:

Iolla< (Ic/(X=pc)lla)~"



Robust stabilization
e Let 0 € A. c internally stabilizes p and p/(1 + ¢ p) iff we have:

{ (L p)(1,¢)=(1~-po),
(1 ﬁ) (10 = (1- 25).

@{ (l—pC)
1+5p, ,o)=1—pc+dp),
(L, p) (1, ) (1—pC)
L) ()
clIS p,
A ~__(9p)

(1-pc)
= a sufficient condition for robust stabilization (p/(1 — pc) € A) is:

I6lla< (Ip/(L=pc)la)~

€ U(A).



A few more results

e “IS" stands for “internally stabilized/-zable” .

e "CF" stands for “coprime factorization”.

e Proposition: Let § € A, p, c € Q(A).

1. If pis IS by c, then p admits a CF < ¢ admits a CF.
2. pis IS and p admits a weakly CF < p admits a CF.
3. pisISbyce p+6islS by c/(1+0c).

4. pisISby c < p/(1+0p)is IS by c+ 4.

5. pisISbyc< 1/pisIS by 1/c.

6. p is externally stabilized by c, i.e,, pc/(1 —pc) € A, iff:
(1, pe) = (1 = pe).

7.p=n/dCF, c=5s/r CF. pisIS by c & dr—ns e U(A).



Summary

e Let A be a ring of stable transfer functions and K = Q(A).

e Let p € K be a transfer function.

e Let J = (1, p) be a fractional ideal of A and:
A:J={decA|dpecA}l

e Theorem: 1. pisstable iff J=Aiff A: J=A.

2. p admits a weakly coprime factorization iff:
J0#deA: A:J=(d).

Then, p=n/d, (n=dp € A), is a weakly coprime factorization.

3. p is internally stabilizable iff J is invertible, i.e., iff:

da,be A, a—bp=1 apeA
If a# 0, then ¢ = b/a is a stabilizing controller of p and:
Jt=(a b), a=1/(1-pc), b=c/(1-pc).



Summary
4. c € K internally stabilizes p € K if we have:
(Lp) (1, c)=@1—pc).
5. ¢ € K externally stabilizes p € K (pc/(1 — pc) € A) iff:
(1, pc)=Q1—po).
6. p is strongly stabilizable iff there exists ¢ € A such that:
(L, p)=@0-po)

7. p admits a coprime factorization iff (1, p) is principal. Then,
there exists 0 # d € A such that

(1, p) = (1/d)

and p = n/d is a coprime factorization of p (n=dp € A).



Classification of the rings A

e Theorem: Let A be a integral domain of stable transfer
functions and K = Q(A).

1. Every transfer function p € K admits a weakly coprime
factorization iff A is a GCDD, i.e., any two elements of A admits
a greatest common divisor.

2. Every transfer function p € K is internally stabilizable iff A is
a Priiffer domain, i.e., any f.g. ideal of A is invertible.

3. Every transfer function p € K admits a coprime factorization
iff Ais a Bézout domain, i.e., any f.g. ideal of A is principal.

e RH., is a PID = GCD, Priifer and Bézout domains.
Hs(C4) is a GCDD but is not a Priifer and a Bézout domain.

(3%, y € Hao(Cy) : dx—ny =1 infacc, (Jd(s)| + [n(s)]) > 0

ged(e™, 1/(s+1)) =1, infsec, (Je”*|+(|1/(s+1)]) =0.)
o« A 777



Pre-Bézout rings

e Definition: An integral domain A is a pre-Bézout ring if, for
every d, n € A such that there exists a greatest common divisor
[d, n] of d and n, then there exist x, y € A satsifying:

dx—ny=1[d, n].

e Example: The disc algebra A(D) is the Banach algebra of
holomophic functions in the open unit disc D = {z € C | |z| < 1}
which are continuous on the unit circle T = {z € C | |z| = 1}.
Then, A(D) is a pre-Bézout ring.

e Proposition: Let A be a pre-Bézout ring. Then, we have:
1. p € Q(A) admits a weakly coprime factorization.
<~

2. p € Q(A) admits a coprime factorization.



Stable range

e Definition: A ring A has a stable range of A equals 1 if, for
every (d, n) € A2 admitting a right-inverse (x, —y)" € A?,

ie., dx—ny=1,
there exists ¢ € A such that:
d—nceUA)={acA|IbcA: ab=ba=1}.

e Theorem: Let A be a integral domain of transfer functions and
K = Q(A). Then, every transfer function p € K which admits a
coprime factorization is strongly stabilizable iff sr(A) = 1.

e Example: The following Banach algebras

Hu(@), Hul(Ci), AD), Wi, Lu(iR),
have a stable range equals to 1 (sr(RHx) = 2!)

(Treil 92, Jones/Marshall/Wolff 86, Rupp 90).



RH.. C A C Hy(CS)

" ... The foregoing results about rational functions are so elegant
that one can hardly resist the temptation to try to generalize them
to non-rational functions. But to what class of functions?
Much attention has been devoted in the engineering
literature to the identification of a class that is wide enough
to encompass all the functions of physical interest and yet
enjoys the structural properties that allow analysis of the
robust stabilisation problem”,

N. Young, “Some function-theoretic issues in feedback
stabilization”, in Holomorphy Spaces, MSRI Publications 33, 1998,
337-349.



Parametrizations of all stabilizing controllers

e Theorem: Let ¢ be a stabilizing controller of p € Q(A),
a=1/(1-pc),b=c/(1—pc)and J= (1, p). Then, all
stabilizing controllers of p are

b+ a%q1 + b%qo
ata’pq+b’pg’

(%)

where g; and g» any element of A: a+a’pgq + b>pgo # 0.

c(q1, q2) =

1. (%) depends on only one free parameter
& p? admits a coprime factorization p> = s/r.

2. If p? admits a coprime factorization p> = s/r,

b+rgqg

——, Vg€eA: a+rpg#0.
atrpq

(x) & c(q) =
3. If p admits a coprime factorization p = n/d, dx —ny = 1:

_y+dgq
(*)<:>C(q)_ X+nq’

VgeA: x+nqg#0.



K. Mori, CDC 1999, 973-975

e Let A=R[x?, x3] be the ring of discrete time delay systems
without the unit delay.

e A is used for high-speed circuits, computer memory devices.
e p=(1-x})/(1—x2) € QA), J=(1,p).
e Using (1 — x3) (1 +x3) = (1 — x2) (1L + x® + x*), we get

(1= 1+ x2+xY)
P " 1)

A:J=(1-x% 1+ x3)is not principal because (x + 1) ¢ A.

= p does not admit a (weakly) coprime factorization.



e As A:J=(1-x% 1+ x3), we then get:
JA: DN=0-x%1+x31-x31+x%+x%.

e We have (1 +x3)/2+(1-x3)/2=1€ J(A:))

a=(1+x3)/2€A:J,
= b=—(1-x2)/2€A:J,
a—bp=1,
= c=b/a=—(1—x?)/(1+ x3) internally stabilizes p.
e JTl=(1-x21+x3)=J72=(1-x2?2 (1+x3)?).

e (x+1) ¢ A= J2is not principal ideal of A.

= all stabilizing controllers of p have the form:

“(1-X)+ (1= Pa+(1+x) e
1+x3)4+(1-x)1-x)ga+1+x3)1+x2+x*)q’

c(g1,q2) = (

for all g1, g2 € A such that the denominator exists,



V. Anantharam, IEEE TAC 30 (1985), 1030-1031
e A=Z[iV5], p=(1+iV5)/2€ K=Q(iV5), J=(1,p).
e Using 2 x 3= (14i+v5)(1—iv5) =6, we get
p=(1+iV5)/2=3/(1—iV5),
and A: J=(2,1—i+/5) is not a principal ideal of A.
= p does not admit a (weakly) coprime factorization.
e J(A: ))=(2,1+iv5,1—-i+/5,3)= A as we have
—2+43=(=2)—(-14iV5)p=1,
= ¢ = (1 —i+/5)/2 internally stabilizes p.
e J72=(2,1-iv5)?=(2)

_(1-ivB)—2g
éc(q)_2—(1+i\/§)q’ VqeA.




Example

e It is well-known that the unstable plant p = e~ °/(s — 1) is
internally stabilized by the distributed delay controller:

c=-2e(s—1)/ (s+1—2e*(5*1)>.

3= (e = (t12e 20 € Hoo(Cy),

(s+1)
2e(s—1
b = 1_Cpc —_ fs(j_l)) c Hoo((c-t,-),
— _ e=s (st1-2e (D)
ap= (1—ppc) - (se+1) > (s_el) € Hoo(Cy).
e We obtain that all stabilizing controllers of p have the form:
—2e41 2 A2
= = (2 () mrade

7e7(571) e—S
1+2 <1T>+/ &5
e This is the Youla-Kucera parametrization obtained from the
following coprime factorization p = n/d:

e—

= d= D (2gn (12 () gt




Example: Smith predictor
e Let us consider the transfer function:
p=poe '°, po€ RHy, TE€R,.
epcA=Hy(Cy)=p=n/d, whered=1and n=p.

=- the parametrization of all stabilizing controllers of p is:

q

c(q) =

= Let ¢y € R(s) be a certain stabilizing controller of py.

)
1-poco

()] . (@)
1+poco(e ™ —1) 1—co(po—p)
internally stabilizes p and is called Smith predictor. We have:

pc(q.) :< Po Co >e_75'

1—pc(a) 1—poco

= Gx = € RH,, C A.

= c(qs) =




Convexity of H(p, c)

e Let c be a stabilizing controller of p € Q(A).

¢ All stabilizing controllers of p are given by
(1-pc)a+aq+qc?
(1-pc)+ap+aqpc?
Va,eA: (I-pa)+qp+aqpc’#0.

c(q1, q2) =

e The closed-loop system
1 p
o)z tmpe 1-pe - becomes :
e B < 1 u .
2 l-pc 1-pc 2

Ly + gy e e 4 + 2
< pe TN ey TR Eoay Tee T pc)2 R T pey )

(pcs)?

1
I—ZC*+q11pC2+q21pC) l—pc*+q1(1 pcz—'—qzlpc)2

=VA€A: H(p, c(Aqi+(1-2A)q1, Ag2+ (1 - 1) q3))
=AH(p, c(q1, q2)) + (1 = A) H(p, c(a1, 93))-



Sensitivity minimization
e Let A be a Banach algebra (Hoo(Cy), A, W,...).
e Let ¢ be a stabilizing controller of p € Q(A) and:
a=1/(1-pc), b=c/(1—pc)eA
e Let w € A be a weighted function. Then, we have:

inf || w/(1=pc)[la= inf | w(ata®pqi+b’pan) lla (¥)
cEStab(p) g1, g2€A

= (%) is now a convex problem.
e If p=n/d is a coprime factorization of p, dx —ny =1,
=a+a’pq+bipg=d(x+qn).
VeA g, A qg=x>q1+y?q, where:
q=d*(1-2ny)q, q=n*1+2dx)q.

inf || wd .
(x) & inf || wd(x+nq)a



Open questions
e What are the algebraic properties of A7

e Let Z(A) be the group of invertible fractional ideals of A and
P(A) the group of principal fractional ideals of A.

= C(A) =Z(A)/P(A)
is sometimes called the Picard group of A. Question: C(A)?
e s it possible to develop a theory of divisors over H,(Cy)?
o Let p1, p» € K= Q(A). When do we have:
(1, p2) = (1, p1) & 30 F ke K: (L, p2) = (k) (L, p1) 7

e The simultaneous stabilization problem is open when
pi € Q(A), i=1,...,n, do not admit coprime factorizations:

JceQA): (1, p)(l,c)=(1—pic), 1<i<n?
e A={f € Hu(C4) | f(5) = f(s), Vs € C,}.
Question: sr(A) =27
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