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Abstract

The aim of this paper is to study the Bounded Input Bounded Output (BIBO) stability of bilinear systems. The

stability of linear systems can be studied by computing their transfer function. In this paper, we use the generating
series (generalization of the transfer function) as a tool for analysing the stability of bilinear systems. In fact, the
generating series G of a bilinear system is a formal power rational series in noncommutative variables. It provides
a formal expression of the output y = £(G) in iterated integrals form.
The stability/stabilization can always be studied from the generating series G: According to expression of G, three
cases occur. In the first case, the output y = £(G) can be explicitly computed; in the second case, this output can
be bounded/unbounded if the input «(¢) is bounded; in the third case, no conclusion about the BIBO stability can
be easily deduced. We look only for a stabilizing constant input u(t) = 7, by studying the univariate series G,,
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I. INTRODUCTION

The stability and the stabilization of dynamical systems have been studied by many authors [7], [8].

The BIBO (Bounded Input Bounded Output) stability is especially interesting for the dynamical systems
describing some biological phenomena (for instance, the modeling of the behavior insulin/glycaemia of
diabetics where biological parameters have to be bounded). In previous papers, we proposed a modeling
of affine dynamical system by bilinear ones [1], [9], particularly in the field of diabetes [5], [6].
The objective of this article is to study the stability of bilinear systems for a single input with drift.
This problem has already been studied by approximate methods [2], [11] or by noting the perturbations
[12]. Our method consists in using the generating series (in noncommutative variables) computed at the
beginning of the modeling of the affine dynamical system, as a rational expression.

Il. PRELIMINARIES
We consider unknown systems assumed to be affine dynamical systems of the form

[0 = w0+ Zunaw "

y = h(2)
with
N 0
« State vector = € V, analytical variety, vector fields g; = Zgz 5 Vi 0<i<m ,

« inputs {u;} piecewise continuous, observation function h: V - IR .
We approximate (3) by a bilinear system, according to the following method:
For any order k£, we compute the generating series Gy of (3) up to order £ and we construct a bilinear
system (By,) the generating series of which is Gi. Then the Taylor expansions of the outputs y(¢) of (¥)
and y(t) of By coincide up to order k. So this approximation of () by a bilinear system (Bjy,) is better
than an approximation by any linear system (L) (from order 3, the Taylor expansions of the associated
outputs becoming generally different (see I11.A)).
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A. Bilinear system
Let B be the bilinear system given by its state equations:

(B){ KO = (Mo+ Y u(t)M)a(t) o

=1
y(t) = Az(t)
« z(t) belongs to an IR—vector space Q,{M;}o<i<m : @ = @ and X : Q — IR are IR—linear.
o inputs {u;}o<i<m are piecewise continuous, (uq(t) = 1 for the drift)
The generating series G [3] of (B) is rational, defined on the alphabet Z = {z;}¢<i<m COrresponding to
{Uz’}ogigmi

G:/\.T(O)—FZ Z )"Mjo"'ijx(O)Zjo"'zju

v>0 70,7, =0

B. Bounded Input Bounded Output Stability: BIBO stability

A dynamical system is Bounded Input Bounded Output stable if and only if its output y(¢) is defined
for every bounded input u(¢) and if for every bounded input, the output is bounded.

I1l. BILINEAR SYSTEM WITH A BOUNDED EXCITATION
We suppose that the dynamical system has a single input with drift:

X() = (My+ u(t)My)x(t
(B){;(w — (A.a:(t) ) 3)

The output y(t) is given by the Fliess equation: y(t) = ¥,c 2 (Glw) f3 6(w) where G is the generating
series of (B) and f; §(w) is the iterated integral of w € Z* = {2, 2. }*. Let us remind

/Oté(e) -

/Oté(vzi) = /Ot (/OT 6(1})) wi(T)dT

Vzje Z NYveZ.

A. Computation and study of the generating series of a bilinear system (B)
If we only know the state equations (B), we can compute its generating series as follows.
1) Computation of the generating series of a bilinear system: :
« Method[9] generalizing the Schutzenberger’s method [13] for computing the rational expression
describing a rational series

1) From the representation (My, My, \,~) of the system (B), the dimension of which is n, we
build a finite weighed automaton < Z, @, v, A, 6 > where

- Q={q, --,q,} is the set of states, Z = {2, 21} is the alphabet, ¢ is the transition map
— ~ is the initial state, A is the set of the final states associated with A

2) From the weighed automaton, we build a rational expression We write the system of equations
satisfied by the automaton at every state ¢; € Q.

Ri=X V43 A0R, 1<j<n, \WeR
=1

where A§?) = ajizo + bjiz1, aj;,b;; € IR. By eliminations, we obtain the rational expression at
q. Ry = A&”—” + AY{‘”RL More precisely, we use the following rule (R):



Fig. 1. weighed automaton cell at state g;

“If R; = AR; 4+ T" for some regular expressions A, I" and for A proper, then R; = A*I'”

And Vp, n > p > 2, we substitute this expression into R, in order to reduce the size of the

system from p to p — 1 equations. Then we obtain, for 1 < k,i < p —1:
(n—P)A(nfp)*A(n—P)

n—p+1 n—
{ A’(“i = Agcz' ? + A, A Pi

n—p+1 n— n— n—p)* 1\ (n—
/\gc p+1) /\56 p)+A§Cp p)Aép p) /\gﬂp)

Then the rational generating series associated with (B) is G = Ry = A&Tl)*)\gn_l)
« Example : bilinear system approximating the electric equation at order 2
The nonlinear differential “electric equation” [4] is given by:

(1) = —kv(t) — kov?(t) + u(?)

By setting
z(t) = v(t), a® = —kz(0) — kyz(0)%, oV = —k; — 2kyz(0), a'? = —2k,
d d
An=a O 4, = —
0TV T

the electric equation can be written as an affine dynamical system
©(t) = Ao(z) + Ar(z)u(t),  y(t) = (t)

Its generating series G is not rational. It can be written as a continued fraction (Fig.2).
(21 + a©2)|(aM2)*
1-C

denoting (z; + a@2,)Cs(aMz)* + 2(0), with
(a%20)* (21 + a@ ) |( ( n )a(l)zo)* ( n )a(2)zo

On: ) >1
1_Cn—|—1 "=

G = + z(0)

A bilinear system (B;) approximating it at order 2 is, by truncating the automaton of G

(By) XO = (< 2<0> 2(1) ) +u(t) (‘f 8))96(75)

y(t) = (x(0) 1) «(t)
The rational expression associated with this automaton is:

Gy = (a(o)zo + 21)(a(1)zo)* + x(0)

(4)

(5)



i c2

C1

Fig. 2. electric series automaton

2) Remark:Computation of the generating series of a linear system : Let a linear system

{)’((t) = Ax(t) + Bu(t)
y(t) = Az(t)

where A, B, X are matricial. Its transfer function is H(s) = \(s.Id — A)~' B, its generating series is

G =Y MA"z(0)zf + > AA"Bziz§ = Az1(Id — 204) "B+ A(Id — %A) " z(0)

n=0 n=0

The poles of G are the inverses of the eigenvalues of A. And then, the stability can be studied by computing
the generating series G = z; %H(;—O) + A(Id — 2pA) 'z(0). And G only contains words z{ and z;zj and
not more general words.

B. Study of the stability of a system according to its generating series
The output y(¢) is obtained by “evaluating its generating series G” [3]:

t
y(0) ==(G) = ¥ (Glw) [ o(w)
weZ* 0
We split the problem of the BIBO stability in several cases according to the form of G.
1) eFirst case: the output y = £(G) can be explicitly computed :
« G is a simple rational expression : G = 2f(c;z;)*, (cizi)*%}, 4,7 =0.1,---, cic; € R
We use some results about the evaluation of a series [10] in the following table.

(for &,,(t) = f§ u(r)dr with £,(0) = 0 and &,,(t) = [y dT =t.)

We study the BIBO stability according to the form of G.
— G = (cozp)* for ¢y # 0 : G represents a (bi)linear system of dim 1, without excitation.

y(t) =Y chlr = e
=0 v

This output is bounded iff ¢y < 0. Then the system is BIBO iff ¢y < 0.

— G = (c12z1)* for ¢; # 0 : G represents a bilinear system of dim 1 without drift.

0o Cié‘ t i .
o) =3 G e
1=0 :



And then the system is not BIBO:

x if ¢; > 0 then for every input «(¢), the primitive of which is £(¢) > 0, the output is unbounded.

* if ¢; < 0 then for every input «(¢), the primitive of which is £(¢) < 0, the output is unbounded.
For every input u(t) > 0, then £(¢) > 0 and the system is PBIBO (positive bounded input
bounded output). Then the system is PBIBO iff ¢; < 0

| Series G | Iterated integral [} 6(G) = (G) |
€ Jy é(e) =
2" §6(zm) = ¢
Tso 2" Jy 8(Sz0 2") = exp(&(1))
()" 38((z")") = exp(&(0) 2z (1) S
Tnzo (=1)722" J§ Enzo (=1)"22" = cos(&,(1))
Sazo (~1)722+ Jy Enzo (~1)%22" = sin(&:(1))

- G =25(coz0)*, 2h(er21)*, 2 (coz0)*, 2V (c121)*, (coz0) 2y, (cr21)*28,...
Let us consider these different cases:
1) G =z(coz0)* forp>1, co #0
G represents a bilinear system of dim p + 1 without excitation.

1 cot = iti
t) = (et — —

This system is not BIBO if ¢ > 0, not BIBO if ¢o < 0and p > 1,is BIBO iff ¢ < 0,p=1
2) G=2(c1z)* forp>0, c; #0

G represents a bilinear single input system of dim p + 1 with drift.

For a constant input «(¢) = 7, the output is

o ; pti 1 et _ z'
t)=)» ¢ — = ! cin
For ¢; > 0, the system is not BIBO (for n > 0), for ¢; < 0, the system is not BIBO (for
n < 0). For (¢; <0, p=1) : u(t) =n > 0 is a stabilizant input.
3) G =z(cozo)* for cg £ 0
G represents a bilinear single input system of dim p + 1 with drift.
For a constant input «(t) = ), the output is

00 tp—l—z -

?J() Zoﬁp e’ Z

i=0 (p+2) B =0

For ¢o > 0, or for (co < 0 p > 1), the system is nelther BIBO (nor PBIBO).
For (co <0, p=1) : u(t) =n >0 is a stabilizant input.



4) G =20(c12)* for ¢; #0
For a constant input «(t) = 7, the output is

(t) i i (p+1i) Pt 1 ( cint pil i iti)
= c — = —(e — cin'—
y pard 177 (p+ ’L)' Czlz prd 177 ’L!

For ¢; > 0, the system is not BIBO (for n > 0), for ¢; < 0, the system is not BIBO (for
n < 0). For (¢; <0, p=1) : u(t) =n > 0 is a stabilizant input.

5) G = (cozo)*2} for ¢g #0
For a constant input «(t) = 7, the output is

— i P 0P ot = it

For ¢y > 0 or for (cy <0, p > 1), the system is neither BIBO (nor PBIBO).
For (co <0, p=1) : u(t) =n > 0 is a stabilizant input.

6) G = (c121)*28 for c; #0
For a constant input «(t) = 7, the output is

t — 20 tp+i 1 cint = % iti
WO = e oy = e = el
For ¢; > 0, the system is not BIBO (for n > 0), for ¢; < 0, the system is not BIBO (for
n < 0). For (¢; <0, p=1) : u(t) =n > 0 is a stabilizant input.
« G is a shuffle product of several generating series G --- G, G = GruwGaw -+ - wG)
We use the theorem proved by M.Fliess [3]
Theorem 1:
G1 and G being the generating series of some affine dynamical systems (3;), (3,), then the system
the output of which is the product of the outputs of (£;) and (X,), has the generating series G wG,.
In other words, (G1wGs) = £(G1)e(Ga).
For instance, if G = (cozo + c121)*, then G = (coz0)*w(c121)* and y(t) = ecotecré)
« G is an exchangeable series (the coefficient of every word is independent of the order of the letters
in the word), G' can be written G = 3=, ;| gigi, 20’ w21 and y(t) = 3, i Giire(20)e(21")
20 11
Ut = Y G

14,1
i0,01 20- 21.

2) eSecond case: the output is bounded/ unbounded if the input «(¢) is bounded. : G is obtained by
concatenating some simple rational expressions

(cozjo) ™z, (cr25, )Pt -+ - 2y (crz, )P* (F)

We use the theorem proved by Hoang Ngoc Minh [10] :

Theorem 2:

For every positive integer k, let us suppose that G, is an exchangeable series and let us denote by g, (£(t))
its evaluation g (£(t)) = gi(t,&1(t), - - -, Em(t)) Where &;(¢) is the primitive of the input «;(¢) cancelling
for t = 0. Then, for every positive integer k, the series Sy = Goz;,G1 - - - 2, G, Where z;,,---,z; are
some letters of Z, has the following evaluation:

s = [ " [ goem)gr (€m) — €r) -+ u(Ed) — Em)da, () - de, ()



Remark : When the BIBO stability is proved, the output can be bounded for G of the form (F).
example G = (0120)*21(CQZQ)*Zl(CgZo)*

t T2
y(t) =/0 (/0 ecm602(72_Tl)ec?’(t_”)u(’rl)dﬁ) u(72)dTmy

For 0 <wu(t) < M, c¢; <0, cg <0, c3<0,then

M2 6ma:c(cl ,€2,¢3)t

IN

y(®) (max(c1, ca) — min(ey, co))(maz(es, max(cy, c)) — min(cz, mazx(cy, cs)))

3) eThird case: no conclusion seems available about the BIBO stability by using G : We look only
for a stabilizing constant input u(t) = n, by studying the univariate series G,,.
We prove the following proposition and corollaries:
Proposition 1
The output (¢(G)), of a single input with drift system, the generating series of which is G, for the input
u(t) = n, is equal to the output (G,) of some system, the generating series of which is G, obtained by
substituting nzg to z; in G.

Proof
t
C@n=( ¥ (Gl [ o),
we{z0,21 }* 0
For u(t) =,
t t t
Jy 8 em) = alrsib [Taah) = gl g
0 0 l!
l ktl
E@m=223 X (Gu)ny
1>0 k=0  |w|,, =k, jw|=l :
Gy = Z Z Z (Glw) Zénka (e(G))y = e(Gy)
>0 k=0 |wl|,, =k, lw|=1
Corollary 1

A necessary condition for BIBO stability of bilinear system, the generating series of which is G, is that,
Vn € IR, the real part of the poles of G, is < 0 and the imaginary poles of G, are single.

Proof

Suppose that for every bounded input «(¢), the associated input y(¢) is bounded. G being rational, then
G, is. G, being a single variable rational series, the BIBO stability can be studied by decomposing it in
partial fractions :

P(z) € C|[z]

And if deg(P(z0)) =0, (Gy) = 0Ly @i eaplait) Tisg (51 )4F
And necessarily, Vi, Real(a;) <0 and (Real(a;) =0) = (e; =1)

Corollary 2

If there exists 7 such that every pole of G, has a negative real part and if every imaginary pole is single,
then u(t) = n is a stabilizing input

Example : Bilinear approximants of the electric equation



1) At order 2

The generating series is, for a(*) # 0:
Go = (21 + a9 2)(aW 2)* + z(0)
By using the theorem 2, Gy1 = z1(aWz)*, Gar = aWz(az)*, with Gy = Gy + Gas + (0),
and e(Ga1) = et fot e_a(l)ndfl(ﬁ) £(Gxn) = a©ea™t f(f g—alm dm
This system is not BIBO for «(!) > 0 and is BIBO for (Y < 0
For instance, for (0) > 0, a® >0, a®) <0, 0< u(t) < M, then y(t) < 2(0) + =4

2) At order 3

The generating series is, for a( #£ 0, a(® # 0:
Gs = (21 + a9 2) (W2 + (21 + a9 2)a® 2)* + 2(0)

. . a® )z
We compute G',, by substituting 7z to 2z, in Gs: G, = 2(0) + 1_a(1);0_0(a+(37))+‘;])a(2)23. If n = —a©®

then ys ,(t) = 2(0) else we decompose G5, in partial fractions for studying the stabilizing inputs.

3) At order £ >3

+a® (1), )*
G, = (n+a 1 )_Zoc)Jl(a %) + 2(0)
with
o (a(%)*((n + @(0))20)‘( ( 711 )@(1)20)* ( ’5 )@(2)20 -
n — 1 — Cn_|_1 y =2

And we study the poles of Gy, ,. For n = —a(®, Gy, = z(0), Vk and the system is stationary.

1V. CONCLUSION

The BIBO stability of bilinear systems cannot be generally studied by using their state equation. The
method, proposed in this paper, consists in using the “evaluation” of their generating series G. If the
generating series is in the following forms - simple rational, obtained by shuffle product, obtained by
concatening some simple rational expressions -, then the use of the generating series provides an answer
about the stability and a bound for the output. According to M.Fliess [4], the generating series of a lot
of dynamical systems (modeling of nonlinear electronic circuits, for instance), can be approximated by a
linear combination of rational expressions of the previous forms. Otherwise, we can look for a stabilizant
input «(t) = n, by using the generating univariate series.
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