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Abstract

In this paper, we introduce a method to get necessary and sufficient stability conditions for
systems governed by 1-D nonlinear hyperbolic partial-differential equations with closed-loop in-
tegral controllers, when the linear frequency analysis cannot be used anymore. We study the
stability of a general nonlinear transport equation where the control input and the measured out-
put are both located on the boundaries. The principle of the method is to extract the limiting
part of the stability from the solution using a projector on a finite-dimensional space and then
use a Lyapunov approach. This paper improves a result of Trinh, Andrieu and Xu, and gives
an optimal condition for the design of the controller. The results are illustrated with numerical
simulations where the predicted stable and unstable regions can be clearly identified.

1 Introduction

Stabilization of systems with Proportional-Integral (PI) controllers has been well-studied in the last
decades as it is the most famous boundary control in engineering applications. The use of PI controllers
in practical applications goes back to the end of the 18th century with the Perier brothers’ pump
regulator [I1, Pages 50-51 and figure 231, Plate 26], [7, Chapter 2] and later on with Fleeming
Jenkin’s regulator studied by Maxwell in [I8]. Of course these regulators were not yet referred as
PI control but in practice they worked similarly. Mathematically the PI control was studied first
by Minorsky at the beginning of the 20th century for finite-dimensional systems [I9]. In the last
decades, the stability of 1-D linear systems with PI control has been well-investigated both for finite-
dimensional systems [2] [I] and infinite-dimensional systems (see for instance [5], 12} 26| 241 [16] 211 25]
for hyperbolic systems) and is now very well-known. For infinite-dimensional nonlinear systems,
however, only few results are known comparatively, most of them conservative [3, Theorem 2.10], [24].
From a mathematical point of view, dealing nonlinear systems is a challenging and very interesting
issue. From a practical point of view, it can be seen as a necessity as numerous physical systems are
based on infinite dimensional nonlinear models that are sometimes linearized afterward. The intuitive
belief that the stability condition for a nonlinear system should be the same as the stability condition
for its linearized counterpart when close to the equilibrium is wrong in general, as shown for example
in [I0].

The reason for this gap in knowledge between linear and nonlinear systems in infinite dimension is
that the main method to obtain the stability of 1-D linear systems with PI control is the frequency (or
spectrum) analysis (e.g. [20]), a powerful tool based on the Spectral Mapping Property which gives,
among other things, the limit of stability from the differential operator’s eigenvalues (e.g. [17, 22} 20]).
This powerful tool is not anymore available when dealing with nonlinear systems. Thus, most studies
use instead a Lyapunov approach that has the advantage of enabling robust results [9, [I5] but as a
counterpart is often conservative, meaning that the stability conditions raised are only sufficient and
not necessary. Among the necessary and sufficient condition one can refer for instance to [3, Theorem
2.9]. Another point to mention is that, for nonlinear systems, the exponential stability in the different
topologies are not equivalent [10].
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In this article we introduce a method to get a necessary and sufficient condition on the stability.
We study the general scalar transport equation with a PI boundary controller which was studied in
[24], and in which the authors obtained a sufficient, although conservative, stability condition.

Not only is this equation interesting in itself [8] but it is also interesting as, even if it is the most
simple nonlinear evolution equation, it already has some of the key features of nonlinear hyperbolic
models whose stabilization has been quite studied in the recent years using various methods [14] 3] 13]
This problem has an associated linearized problem where the first eigenvalues making the system
unstable are discrete and in finite number. We first extract from the solution of the nonlinear problem
the part that would be associated to these eigenvalues in the linear case, using a projector on a
finite-dimensional space. In the linearized problem this projected part of the solution is the limiting
factor on the stability and it is therefore natural to think that it can also be the limiting factor in
the non-linear case. Besides, we know precisely the dynamic of this projection and we can control
precisely its decay. Then, a key point is to find a good Lyapunov function for the remaining part of
the solution. As the remaining part of the solution is not the limiting factor, the Lyapunov function
can be conservative with no harm provided that it gives a sufficient condition that goes beyond the
limiting condition corresponding to the projected part.

2 Stability of non-linear transport equation with PI boundary
condition

We are interested with the following problem

Oz + M2)0,2z =0, (1)
2(0,t) = —k1 X (t), (2)
X =2(L,1), (3)

where ) is a C? function with A(0) = A\ > 0 and kj is a constant. Let 7' > 0, one can show that
the system is well-posed in C°([0,77], H?(0, L)) x C?([0,T]) for initial conditions small enough and
sufficiently regular. More precisely one has [24]

Theorem 2.1. Let T > 0. There exists 5(T) > 0 such that for any ¢o € H?(0,L) satisfying
|¢o| 2 < 8, the system (1)~(3) with initial condition (¢o, Xo) such that

Xo =~k ¢0(0), do(L) = k1 'A(¢0(0))5(0), (4)
has a unique solution (¢, X) € C°([0,T], H*>(0,L)) x C?([0,T]). Moreover there exists C(T) > 0 such

that
|9(t, )mz < C(T) (|¢o(-)|m2) - (5)

The interest of this system comes from the fact that it is the most simple nonlinear system with a
proportional integral control. However it already constitutes a challenge and, to our knowledge, the
most advanced result so far is the following result developed in the recent years [24]:

Theorem 2.2. If 0 < k; < A0)II(2 — v/2)/2L, then the nonlinear system (I)-(3) is ezponentially
stable for the H? norm, where
M(z) = /x(2 — x)e /2 (6)

Note that II(2 — v/2)/2 = 0.34. In [24] it is also shown that this result is conservative. In order to
study this system, it is interesting to compare it with the corresponding linear case namely the case
where A does not depend on z and is replaced by

Oz + A0z = 0. (7)

In this case, a necessary and sufficient condition for the stability can be simply obtained from the
frequency analysis, by looking at the eigenvalues of the system , , . It is easy to see that
these eigenvalues satisfy the following equation [24].

k1—|—ge% =0. (8)



This implies from [6] that the linear system @, , is exponentially stable if and only if

ME@G?> (9)

In the nonlinear case, it is not possible anymore to use a frequency analysis method. One has to
use other methods, as for instance the Lyapunov method, which is one of the most famous as it
guarantees some robustness of the result. This method was for instance used in [24] to prove Theorem
However, this method is often conservative as, except in simple cases, it is often difficult to find
the right Lyapunov function leading to an optimal condition. As stated in the introduction, we tackle
this problem by extracting from the solution the part that limits the stability with a projector and
apply our Lyapunov function to the remaining part. Our main result is the following

Theorem 2.3. The nonlinear system 7 is exponentially stable for the H? norm if

kr € (0, ”;(LO)) . (10)

The sharpness of this nonlinear result is suggested from the linear condition @ This sharpness
can also be illustrated by the following proposition

Proposition 2.4. There exists k1 > wA(0)/2L, such that for any kr € (wA(0)/2L, k1) the nonlinear
system 7 is unstable for the H? norm.

In Section [3| we introduce a new Lyapunov function that can be seen as a good Lyapunov function
for this system but we show why it still leads to a conservative result. In Section [4] we introduce a
projector to extract from the solution the limiting part for the stability. In Section[5|we prove Theorem
2.3| and Proposition [2.4] using the Lyapunov function and the projector respectively introduced in
Section Bl and Section [l In Section [6] we illustrate these results with a numerical simulation.

3 A quadratic Lyapunov function

In this section we first introduce a new Lyapunov function for the system 7. This Lyapunov
function can be seen as a good candidate to study the stability for the H? norm, but, although it
already gives a sufficient condition relatively close to the linear condition (@, we will show that it is
not enough to achieve the optimal condition , which will be the motivation for the next section.
As this part is only here to motivate the method of this paper, we will give a sketch of proof for
a Lyapunov function equivalent to the L? norm, but the same would apply for a similar Lyapunov
function equivalent to the H? norm (see Section .

Let us define Vy : L2(0, L) x R — R by

2

L ) L
Vo(Z,X) ::/0 f(a:)ef*}TGEZQ(x)dx—i— (/0 odex—l—BX) , (11)

where f is a positive C' function to be determined later on and o and 3 are non-zero constants to be
determined later on as well. For any (Z, X) € L*(0,L) x R one has from Cauchy-Schwarz inequality:

min{f(ac)eiﬁx sz elo,L]}, [* 5 9 L ’ v 2
- (/0 Zdz)? + o (/0 de> +28aX (/0 de) + (BX) )
<

<Vo(2,X) < C1 (12100,1) + BX2).

Using that for any p > 0, there exists n; € N* such that

(p+1)a® +b* — 2ab > nﬂ (a®* + ), V (a,b) € R? (13)
1



there exists Cy > 0 such that
1 2 2 2 2
& (1215 0.) +BX%) <V0(2.X) < Co (12[320,0) + BX?) (14)

Thus, our function Vp is equivalent to the norm on L?(0, L) xR defined by |(Z, X)| = (|Z|2LQ(O7L) + 5X2).
It is therefore enough to find f € C'([0,L],(0,+00)), a and B such that Vj is exponentially de-
creasing along all C°([0,7], H? x R) solutions of system f to prove that the null steady-
state of the system 7 is exponentially stable for the L? norm. Let T > 0, and let (z,X)
be a C3([0,T] x [0,L]) x C3([0,T]) solution of the system (I)-(3) (we could get the result for
C°([0,T], H?> x R) later on by density as in [4, Section 4], this will not be done in this section as
it is only a sketch proof). Let us denote Vy(z(z,-), X (t)) by V(). Differentiating Vo with respect to
t, using 7 and integrating by parts one has

L
- [A(z(t,x»f(x)e*%fz%,x)]j+ / MO) f'(2)e %57 22 (1 2)di — 1 / F@)e 5722, 2)da

- AG(a)
—&-u/ )\—Of(x)e 2°(t, x)dx

/ flx)e *o® —zzz + (A2t @) = MO f(x)e” 2022 (¢, x)dw
L
+2 </0 azdx + ﬂX(t)) ( [aAz]OL + /0 a%zzzdx + Bz(t, L)) .

Thus using 7 one has

% ==Xz, L)) f(L)e Nty 2(t, L) / flx)e” pORP 2(t,x)dx + N (2(t,0)) f(0) X2 (t)k?
L — T _ K

— [ MO e 572 )+ / R0 MDD f 4o 5220, )
0 0 0

L
+2 (/ azdr + ﬁX(t)) (—aXoz(t, L) + Bz(t, L) —aki X (t)A(2(t,0)) — a(A(2(t, L)) — Xo)z(t, L))

/ F() Pz 35 22 1 (A(a(t, ) — AO) T ()e™ %572 (1, )

boox
+2 (/ azdx + BX(t)) / a——2zzzdx.
0 0 0z

(16)



We can now choose 8 = Aga. Equation becomes

% = —A(2(t, L))e XL F(L)22(¢, L) (/ Fla)e 5722t 2)de + X (1) )

L 4
+ (A(0)f(0)KT + p)X*(t) — /0 (=A0)f'(x))e %a722(t, 2)dx

-2 / ’ kA (0)2X (t)dx — 202 X(0)kr X2(t)
0

L
9 / a2k (A(2(t,0)) — A(0))2X (t)dz
— 202 (A(2(£,0)) — A(0)(A(2(£, 0)) + A(0))ks X2(2) (17)
+ (A(=(t,0)) = M0)) F(0)RI X(2)

L
42 </ azde + ﬁX(t)) (—a(A(2(t, L)) — Ao)=(t, L))

/ F(@) 522 %5722 4 (A(z) = MO)) ' (2)e 3572 (t, ) de

Eox
+2 </ azdx + ﬂX(t)) / a——z,zdx.
0 0 0z

Using the equivalence between Vy and |z(¢, -)|2 +|X |, there exists a constant C3 > 0, maybe depending
continuously on p but positive for p € [0, 00) such that

L
m (/ f(x)e_T#oIZQ(t,x)dx + X(t)2> > uCsVo, (18)
0

and as A is C!, can be simplified in

% < — uCsVio — A(z(t, L)) f(L)e ™ %o “2%(t, L) "

I+0 ((|z<t, Nz + |X(f>|>3) ’

where O(r) means that there exist n > 0 and C' > 0, both independent of ¢, X, T" and ¢ € [0, T, such
that
(Ir] <m) = (|O(r)] < C4|r|),

and where I is the quadratic form defined by

I:=X?(t) (2a®X(0)%k; — A(0) f(0)k} — p)

g " 20
+/0 (=X0)f'(x))e” 20" 22(t, ) + 2022k A(0) X (t)de. (20)

To ensure the decay of 1}, we would like to make this quadratic form in ¢ and X positive definite with
f > 0. This implies that f is decreasing and k; > 0. If we place ourselves in the limiting favourable
case where I is only semi-definite positive, and f(L) = p = 0, one has

f'(x) (20°X(0)k; — f(0)k}) = —La’k7. (21)
Thus f’ is constant and, as f(L) = 0,
—2X(0)a? f(0)k; + f2(0)k? 4+ L2 a*k? = 0. (22)
With A(0) = Ao, this equation has a positive solution if and only if

4a*ky (\§ — k7L?) > 0. (23)



This is equivalent to |k;| < Ag/L. This is the limiting case, to get I definite positive and Vj expo-
nentially decreasing we would need to add V1 (t) = Vo(z, X) and Vpo(t) = V(zy, X) to make the
Lyapunov function equivalent to the H? norm to deal with O(|z(t, )| = + | X (t)|) as in Section [5] and
we would get the following sufficient condition: k; € (0, Ag/L) which is better that the condition given
by Theorem but conservative compared to the necessary condition @ This motivates the next

section.

4 Extracting the limiting part of the solution

In this section we introduce the projector that will enable us to extract from the solution the limiting
part for the stability. We start by introducing the operator A,

¢ L _)‘0¢w
4 <X> - ( o ) (24)
defined on the domain D(A) = {(¢,X)T|¢p € H*(0,L),X € R,¢(0) = —k;X}. And we note that

looking for solutions to the linearized problem , 12), can be seen as looking for solutions
(¢, X)T € C°([0,T],D(A)) to the differential problem

(-1

As mentioned in Section we know that any eigenvalue g of this projector satisfies which, denoting
Q/\a1 =0, + iw, with (0,,w,) € R?, is equivalent to

Moe7el (w,sin(w,L) — o, cos(w,L)) =k, (26)
wp cos(wpL) + 04 sin(w,L) =0.

Assuming (9, there is a unique solution to that also satisfies w € (—w/2L,w/2L) |23 Page 22].
We denote by g1 the corresponding eigenvalue. In [23] it was shown that this eigenvalue and its
conjugate are the eigenvalues with the largest real part and are the limiting factor to the stability
in the linear case. Although we do not need this claim in what follows, it explains why we consider
this eigenvalue. We suppose that w := wy, # 0. The special case w,, = 0 is simpler can be treated
similarly (see Remark [I]).

We introduce the following projector:

Q1 T 21

p = (g;) € L(D(A),Span{e %", e %0 "}) (27)

defined by

L
p1 (?}) =y (/ qb(x)eﬁxdx + )\Oe*(leX> e %"
0

_ L a1, L _ o,
+ a1 p(z)e> o dr + Age o "X | e %",
0

L o e
D2 (gg) =4 </ gb(x)e%xd:r + )\OeNlJLX> e 2ol
01 0

- L a i _
+ 2 </ d)(x)e%wdm + )\oeiéLX> e ot
01 0

(28)

y“
=

(29)

where Z stands for the conjugate of z and oy := 01/(01 L+ Ao). Here we used a slight abuse of notation
o1

4]
and the notation e *® outside the brackets refers actually to the function z — ¢~ *0” defined on



[0, L]. One can see that p is real even though p; is complex, as p is the sum of a function and its
conjugate. Denoting gl)\al = 0 + 1w, the formulation 7 is equivalent to

( ) (/ d(x)e cos(wax)dx + Mg X (¢t )cos(wL)e"L> (Re(ay) sin(wz)e™"" + Im(ay) cos(wz)e ")
</ d(x)e”® sin(wx)dz + XX (¢ )sin(wL)e”L> (Re(aq) cos(wz)e™ 7 — Im(oy ) sin(wa)e™7%) .

1y cos(wx)e”)

01

( ) (/ B(x)e™ cos(wz)dx + No X (¢ )cos(wL)e"L> <Re(zll)8in(wL)e"L + Tm(

) sin(wL)e"L> .
(30)

01

(/ (x)e?® sin(wx)dr + XX (¢ )sin(wL)e”L> <Re(zll) cos(wL)e 7% — Im(%

However in the following, for simplicity, we will keep the complex formulation. We first show that p
commutes with the differential operator A given by . Indeed one can check that, with

L
Pl =1 (/0 p(x)e™odr + )\Oe*tlJLX> e %, (31)

one has

¢)> _ <<_A0¢x>) _ _ L %L f—lL —i—lw
A = = A - 0" d A 0 L 0
P1,01 ( <X P1,01 ¢(L) [e%} 0/0 (;S (,]j)e T + Aoe ¢( ) e

(32)

L

- <_)\0¢(L)6N1)L + A0(0) + 01 / (b(x)eﬁwdx + /\oe%LQﬁ(L)) e 3”,
0

Using that (¢, X)T belongs to the space {(¢, X) € L*(0, L) x R|¢(0) = —k; X}, together with (§)), one

gets that
¢ r 21 o1, _a
P10 (A <X>> =101 / d(x)e o dr + Ngero "X | e 0"
0

o (2),

As o also verifies we get the same for p; 5,, which is defined as p; ,, in with o1 instead of p;.

Thus from (28) and
(0(2) - (6 (2)), o

Then from (8) and (29), one easily gets that, for any (¢, X) € L*(0, L) xR, p2((¢, X)T) = k7 'p1((¢, X)7)(0),

thus p @) € D(A) and
() 46(2) .

Now, we show that p is a projector, meaning that p o p = p. To avoid overloading the computations,

we denote
L
di = (/ o(x)ero“dr + )\Oe*éLX> , (36)
0

and d, is defined similarly with g, instead of p;. Therefore one has

o B ﬁL o1
() o (o5 (4
0 21 01

L _ g1 _ o1 01 e_i%L - e_%L g1
+ ay (/ dy +die> T3 dy fAger t <d1 +d— >> e X%,
0 01 01

(33)




X

Integrating and using , one has
A5 —5HL 7
10} Ao Ao’ —1 kr dq dq _o1,
= diL )\d——)\————— x
& (p<X @t FAoh 01— 01 o1 ko k))C
S5 RL 1 kr [ di o1
diL+ )\od1— — Ao~ (-1 - 1> e %"
01— 01 01 kr  kr
(5% )L 7 (38)
d - e 1 d _e1
= <d1L+ Ao— + )\0d1e—_ + )\01> e Mo
01 01 — 01 01
dy SR 1 4
<d1L+)\0+)\0d1 —‘y—)\ofl e 2o
01 — 01 01
But, still from , observe that
1 _ &1 ki) (_ei) _
S N ) ) R )
01— 01 01— 01 01
and recall that aq = 01/(01L + Ao), thus
(5 (5)) - 2 st (3) o

Besides we have from and

w(£) =4 (6 (D)0
o (§)or=n (3)

Therefore pop = p. As p is a linear application, this implies in particular that

(%) (%)) - @
Thus, let (¢, X )T D(A), if we deﬁne ¢1 = pi(6, X)7, X1 := pa(¢, X)T and ¢ := ¢ — ¢1 and
X5 := X — X3, one has from (42)) and (28]), as «; # 0
L ,
/ ¢2($)€%zd$ + Agerol X, = / $2() Tl dx + >\0€*0 Xy =0. (43)
0 0
Thus
L o1 Q1
/ Pa(x) (eﬁ(wa) - em(a}*m> dz = 0. (44)
Or equivalently, denoting as previously 01 L= o +iw,
(45)

L
/ B2 (x)e” @D sin(w(z — L))dx = 0.

e In the special case w = 0, we can define p similarly as previously but with a; = &

Remark 1.
1/2 instead. Then still holds, but, as o1 = 01, p is now a projector on the one-dimensional

space Span{ef%w} and is defined by
(6, X)T (/ o(@)e$57de + reS X) (46)

X)T)(L). Nevertheless still holds and is straightforward. In-

and pa((6, X)7) = o7 'p1((9,
p((¢, X)) and (¢2, X2) = (p—¢1,X — X1), and, asw =0

deed, we can still define (qbl,Xl)
. ) holds directly.



e Note that, when w # 0, contains two equations, as p is a projector on a space of dimension
2. Therefore another relation can be inferred from in addition to , namely

L
/0 bo(x)e” ™) cos(w(z — L))dx = =\ Xs. (47)

However this relation will not be used in the following.

5 Exponential stability analysis

In this section we use the results of the above sections to prove Theorem We first separate the
solution of the system in a projected part and a remaining part using the projector defined in Section
[ Then we use the Lyapunov function defined in Section [3] to deal with the remaining part.

Proof of Theorem[2.3 Let T > 0 and let ¢ be a solution to the nonlinear system 7. We suppose
in the following that
|¢(ta')‘H2 <e, Vie [OaT]a (48)

with ¢ € (0,1) to be chosen later on. This assumption can be done as we are looking for a local result
with respect to the perturbations (i.e. the initial conditions), and, from , for any € > 0 there exists
§ > 0 such that if |¢g|g2 < § then holds. Let us assume in addition that ¢ € C3([0,1] x [0,7])
(we will relax this assumption later on using a density argument). Using the last section, we define

the following functions
o1t )\ _ (o, )
(Xi(tw)) 7 ( X(t ) )

¢2(ta$) _ (b(t,l‘) _ (bl(ta'r) (5())
Xo(t,x) X(t) Xi(t) )
We expect to have extracted from (¢, X) the limiting factor for the stability that is now contained in
(¢1,X1). The function (¢1, X;) is a simple projection on a space of finite dimension, it has therefore

a simple dynamic and is easy to control, while we will use our Lyapunov function introduced earlier in
Sectionto deal with (¢2, X2). In other words we will consider the following total Lyapunov function

V(t) =Wi(t) + Va(t), (51)
where V is a Lyapunov function for (¢, X1) to be defined and Va(t) = Va1 (t) + Va2 (t) + V2 3(¢), with
Vo i (t) = Vo (0F L ha(t,-), 0F 1 X (). Recall that the definition of V; is given in (1.

Remark 2. Note that, strictly speaking, this Lyapunov function can be expressed as a functional on
time-independent functions belonging to H?(0,L) x R, using for instance the following notations for
(¢, X) € H*(0,L) x R:

X = ¢(t, L), X := ~A\@(L))D:0(L),

09 = ~N9)0s0, 07 := N (9) (0:0)° — A(9)03¢.

Of course these notations correspond to the time-derivatives of the functions when (X, ) is time-
dependent and a solution of f. The same remark will apply later on for the definition of Vi

given by .

Let us look at ¢,. From the definition of p; given by , D1 = P10, + P1,5, Where py ,, is given
by and p; 5, is given by the same definition with g; instead of p1. Similarly ps = pa,, + P25

with .
Ty _ Pre: (¢, X)")(L)
) =
01
and ps 5, defined similarly but with p; instead of p;. Therefore we can define

(%) = () = (i)

(52)

p2,91((¢?X ) (53)



and we can define its conjugate (¢x;, X5;)" similarly. Thus we can decompose (¢1, X1)T in

(A _ (b)), (0t

Let us now define Vi (t) by

L
Vi(t) = / (6o (1 2)]2 + |0u0n (1, 2)[2 + |92, (1, 2) [P
X (D + [ Xy (02 + X0 (1)

There exists €1 € (0,1) such that for € < £1, one has

1 . . ..
5 min(L,08) (160, Be + X0, 2 + X 2 + 1K, 2)
< V3 < 2max(1,79) (16 iz + X, 2 4+ X0, 2+ 1 X0 )

and therefore

D172 + X012 + [ X0 P + [ X0
< 4|¢91 |?{2 + 4‘X91 |2 + 4|X91 |2 + 4le91|2
< 8max(1, \3)V;.

Differentiating V7 one has

dVi

L
E = / 2Re (atqj)m ¢§1) + 2Re (81&2¢Q1 8t¢§1) + 2Re (8§’¢Q1 8t2¢§1) dx
0 .

+2Re (X, Xy, ) + 2Re (X, X, ) + 2Re (X, %5 ) -
From , , and
8t¢ 1(t7x) _ 8t¢(t7x) _ ¢(t,$)
( X0 (0) ) P ( X(t) ) e (Al ( X(t )) ’

where A; is now defined for any (¢, X)T € D(A) by

o (3) - (274 (3) (3%

(61)

Observe that the commutation property still holds with p,, instead of p, and that p,, is still a

linear operator, thus

() (57 o (- 20)

0
 (Pulbpeltal) (16 o - NNt )
¢Ql<t7L) aleimLflKAO—)\(¢))8w(¢(t,l'))e>‘0$dl‘

. (aﬁ)g(l Ga) <a1e—§§$ Iy (o = X(9)2

10



Besides, let k € {0,1,2}, as X is O, integrating by parts and using ,

/0 (o = A(6)OE0,(0(t, 2))e 557 da

= | (o = A@(t, L))ot D) ST = (o = A(@(2,0)))F 6(£,0)

L
- [T 200 - 2@ odto e
0

0
= N(@(t,2))6u(t, )0k bt w)e 5 da (63)

o1
o &

<

e

., 1/2
& ( | o= A@(t.) = Xttt dw)

I 1/2
X(/o Iaf¢>(tvl')2dz> +0 (|0 o(t, )| [o(t, L)| + 07 (¢, 0)]|6(¢, 0)])

<Co (|07 o(t, L)||(t, L)| + 10F X[|X| + (I¢lo + |6lo) [0F 0] ) ,

where | - |o denotes the C° norm or equivalently the L> norm and Cj is a constant independent of
¢ that depends only on A, g1, L and k;. Thus, using with & = 0, and noting that |¢|o + |¢=|o
can be bounded by |¢|g2 from Sobolev inequality, the last term of is a quadratic perturbation
that can be bounded by (|¢[%. + |X|*> + ¢(t,L)?). One can do similarly with the second and third
time-derivative noticing that

(%) - (o)
n (X(Qf’)éf’t% + (/\6) — >\(¢))3z(3tq5)>
<B§f¢> B <_§0<(Z<t(aL>¢ )) (64)

—N'(8)(¢1)* b2 — 2N (9) 1610 — N () br1¢a
+ +(Ao — A(9))02 (07 ¢) :
0

and noticing that all the quadratic terms in ¢ involve at most a second derivative in ¢. Thus as A is
C?, all the quadratic terms belong to L* and their L' norm can be bounded by |¢|%;;. The L' norm
of the third order derivative can be bounded by (|¢|g2 + | X|? + (0 ¢(t, L))?) using and k = 2.
Therefore, noting from that |0F ¢y (t, L)| < 2|01|0F X, |,

dvi

L
= =2Re(01) / (60, P + 10100, 2 + 10760, [P + 2Re(01) (1K, (D + X0 (0 + 1%, (02)
0

+ 0 (18012 (1602 + X0, |2 + 1 Xpu 2 + 1Ko P 41X 4+ X2 +1X12) )

+C(|bg, 2 + X, )(3(8, L) + (0r62)* (¢, L) + (87 62)* (¢, L)),
(65)

where C' is a positive constant that only depends on A\, g1, k7, L. As Re(p1) < 0 from and ,

dV;
7 <~ 2Re(on)[min(ho, )V

+ 0 ((9erliz + 02l +1Xou | + 1 Xor| + | Ko | + 1 Xa] + 1Kl + | Ka)?)  (69)
+ O |12 + X0, ) (631, D) + 0631, L) + 02631, ).

The first term will imply the exponential decay, while the two other terms will be compensated using
Vs.

11



Let us now look at V5. From 7, , , , and , (¢2, X5) is a solution to the following

system
Outn + 00,01 = (o~ A@)stn -+ (207 4%))
62(1,0) = —k1 Xo(t) (67)
XQ = ¢2(tv L)
Thus acting similarly as in Section 7, and using , we have
Tl < Vi = Mol D) F(D)e 55630, I) — X3(1) (20°X(0)%hs — NO)F(O)RF — )
L
f/ (f)\(())f'(x))e_%zqﬁg(t,:E)d:c+ 202k A\ (0) o X (t)dx (68)
0

)

. . 3
+0((18alas + 1K + 162l + |Xal + el + 5al) ) + Canlolo 6300, )

where Cs 1 is a positive constant independent of ¢ and X. If we look now at the quadratic form in X5
and ¢o that appears, we can see that it is exactly the same as previously in . However, since ¢o
is the complementary of ¢, in ¢, we now have an additional information on ¢5 given by . Thus,
denoting again this quadratic form by I, recalling that A(0) = Ag, and using we have

L B L
I :/ (=Xof'(x))e” Aoacgi)%(t,a:)dzzz + 2a2k1)\0X(t) / d2(1 — KO(x))dx
0 0
+ X2(t) (202 Xkr — Ao f(0)kT — )

L
2., inf (—Aof’(l'))ei%L ( (b%(t,.%‘)dﬂ?) (69>

. 1/2 . 1/2
—2a2k1/\0|X(t)|</0 qsgda:) (/0 (1—/-;9(95))2613;)

+ X2(t) (202 Xkr — Ao f(0)kT — )

where
0(z) == @B sin(w(z — L)) (70)

and k is a constant that can be chosen arbitrarily. As the right-hand side is now a quadratic form in
|p2|r2 and X a sufficient condition for I to be positive is

iEfL](—Aof’(x))e—%L (202 N2k; — Ao f(0)kZ — 1)
xe|0,

L
> (042191)\0)2 (/0 (1- f<a9(:c))2d:v> .

Of course we have all interest in choosing x such that it minimizes the integral of (1 — x6(z))?. We

have
- — KkO(2))?%dx = K? ’ 2(x)dx | — 2k : x)dx
/0(1 O(x))*de = </09()d> 2 (/0 0( )d)JrL. (72)

This is a second order polynomial in s thus, assuming w # 0, its minimum is
(0] (i) -2 ) ()
L+ (i) | i) -2 () [ o
(foL 92(93)d17) ‘

(71)

12



Choosing such k, and f’ constant, condition becomes

e 50 O IE (o2yiy i xar(0)3)

(fOL G(x)dx) ’ (74)

— (kX)L | 1- 0.
(e%hi2o) (LfOL 92(at)dx) g

which is equivalent to
— X (0)R£2(0) + (20°A3ky — p+ F(L)Mk?) Aof(0) — (202A3k; — ) o f (L)

(75)

x5 2 219 (fOL 9(x)dx)2
—e DL(akI)\o) L l—L(fOLHW

We place ourselves in the limiting case, when g = 0 and f(L) = 0. As the left-hand side is a second
order polynomial in f(0), there exists a positive solution f(0) to the inequality if and only if

> 0.

Iy 0(x)dx
. L( (}OL 92(33)356> K2L2 < A2, (76)

Under assumption we can show that this is always verified, this is done in the Appendix. When
w = 0, taking again f’ constant and the limiting case where f(L) = 0 and p = 0, I is definite positive
provided that

— A2 (0)k72(0) + (20°N5kr — i+ f(L)AokF) Ao f(0) )
— (2a272k; — Ao f(L) — eXo * (a2k1)\0)2 L* > 0. (

There exists a positive solution f(0) to this inequality if and only if

k3 < <AL°)2 (78)

but, as g; is real and kr is positive, k; = —(X\o/L)(01L/Xo)e2F/*0 < X\o/L, thus is satisfied.
Thus, by continuity, there always exists p; > 0 and f positive such that I > 0 and therefore

ToL < Vi — (N@(E DAL = Caalolo)di(s, 1)
. . 3 (79)
+0((18alu + 1Xal + ool + 1%2(0)] + 15al0)] + 1a(0)]) ).
Let us now deal with V59 and V5 3. Observe that from , one has for ¢ € C3,
_ 2 o/
0F0n + N@)0.(0162) =0~ A@)0r — pr (M0 7NN X(O000) )
- Al(¢)8t¢aw¢1 - /(¢)at¢aw¢27
07 2 + N9)2(07 p2) =(Ao — /\(¢))5t3m¢1 N (8)07 pOur — 2N ()0, 407, b1
- /\N( ) 8 1¢)1
(( )\0 — XN9))0}0 — N'(0)(0:0)?02¢ — 2N (¢) 0102, — A/(¢)aft¢3z¢>)
0
—2X(¢)0100sup — N (9)07 9D po — N (8) (01 $)? Oy pa.
(80)
and
3t¢2(t’9) = ki Xo(t),  02¢2(t,0) = —krXa(t), (81)

Xy =0iha(t,L), X2=07¢a(t,L).
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From (63), p1((Xo — A(¢))0;,¢) can be bounded by (|¢|32 + | X2 + (03¢(t, L))?) and, from 29).
Oy @1 18 proportional to di¢1. Thus, as all the other terms in the right hand sides are quadratic
perturbations and include at most a second order derivative, the L' norm of the right-hand sides can

be bounded by (|, [7r2 +[02[372 + | X, |+ X2|> +Xo|* +|Xa >+ 62 (t, L) +(0e0(t, L))* +(876(t, L)),
which is small compared to the first-order term in the left-hand sides. Therefore we have, as previously

Tk« uOyVas — Mol D) F(L)e 5 (0021, 1)

— (0F X2)*(t) (20 A((t, 0))*kr — A(9(t,0)) £ (0)k7 — p)

L
—/0 (=Xof'(x))e 20" (0F do)? (L, ) + 202k A(B(t, 0))OF do X () da: (82)

) . 3
+0 ((19ale + Xl + loal + 1520 + 1200 + X200)]) )
_ 2
+ Coldlo |(0F ') (t, L)|”, for k=2, 3,
where C ), are positive constants independent of ¢ and X. Besides, from ,

L
/ O 1o (t, ) (eff(r—L) sin(w(x — L))) dx =0, for k=2, 3. (83)
0

Thus we can perform exactly as for V5 ; and consequently
dVak

Tt < —uCsVas — (Mol L)L) S5E — Caulolo ) [0 alt, D)

. . 3
+0 ((|¢91|H2 + ‘X91| + |¢2|H2 + |X2| + |X2‘ + |X2|) > ) for k = 2,3,

thus, from and ,

3
T2 < Vs =3 (Mot D) F(L)e 455 — Colololol~" ol ) [0F o, 1)

dt —
k=1 (85)
. . 3
+0((19alu + 1Xo |+ oalis + 1% + ol + 5al) ).

This implies from and that
av

- < —min (2Re(p01), 2Re(01) Mo, 1) V

— (M@t D)F(Le 5" = Caloli ) (1028, D) + 10062t LIF + 07026 D) (56)

| 2

.. . .. 3
+0 (Il +1Xa |+ 1Xal + 1Kol + 12l + X0 +152(0)] + 1%a(0)]) )

But from and (57), V is equivalent to the norm (|¢Q1 2 + | Xy |+ [ X |+ 1 X oy | + |2l + | Xa(t)]

. . 2
+ [ Xa(t)| + | X2 (t)|> . Besides, we have from (31)), (56)), and using Cauchy-Schwarz inequality
2\ 3

. 1/2 B 1/2 2
Z (/ ezglwdx> (/ Bf¢2dx> + athe%L
0 0

k=1

o1
ape’o

L
Vi(t) < /lale’wﬁdﬂ
0 01

< s (160 ), + 1X P + XOP +1X0)?)
(87)
where Cj is a constant that does not depend on X or ¢. Also, from , and noting that
P2 =¢ — ¢1 and Xo = X — Xj,

Va(t) < G (I6a(t, )i, + 1Y) + %o (0) + | Xa(0)]2) -
< Co (160, ) By, +1X O + X WP + X))
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This implies that

(102 + 1 X | + 1 X5, + 1Ko | + ]2 + [ Xa(0)] + 1 Xa(0)] + [ X2 (0)])

) . (89)
= O (16l +1X]+ X+ 1X1)..
But from 7 and Sobolev inequality,
(1612 + 1X1 + 1] + 1) = O (19l (90)

Therefore, from (86), (89)-(90), and (48], there exists v > 0 and e» € (0,&1] such that for any
e € (0,e2), one has

A 7 1
7 SV (91)

This shows the exponential decay for V. It remains now only to show that it also implies the ex-
ponential decay for (¢, X) in the H? norm. Observe first that from 7 and there exists
C'7 > 0 independent of ¢ and X such that

V(t) < Crlo(t, ) w2,V t €10, T]. (92)
And from , , and ,

|6t mz + X (O] + [ X (0)] + X (2)]
< 4dmax(1, \2)Vi(t) + CyVa(t) (93)
< max(4, 472, Ca)e "'V (0).

Thus, there exists Cs > 0 independent of ¢ and X such that

|6(t, ) ez < Cse™ ™ (16(0,)|ar2) - (94)

So far ¢ is assumed to be of class C2, however since this inequality only involves the H? norm of ¢,
this can be extended to any solution (¢, X) € C°([0,T], H*(0, L)) x C*([0,T]) of the system (I)—(3)
(see for instance [4] for more details). This concludes the proof of Theorem O

We now prove Proposition [2:4] which follows rapidly from the proof of Theorem [2.3]

Proof of Proposition|2.4. From in the Appendix, one can see that still holds with k; =
mAo/2L. Thus by continuity there exists k; > m\g/2L such that for any kr € (7\o/2L, k1) (76) still
holds and consequently the quadratic form I given by is still definite positive. Suppose now by
contradiction that the system is stable for the H? norm. Then for any € > 0, there exists §; > 0 such
that for any initial condition (¢g, Xo) € H?(0, L) x R such that (|¢o|g2 + |Xo|) < 61 and satisfying
the compatibility condition Xo = —k; '¢(0) and ¢(L) = k; ' A(¢0(0))¢4(0), the associated solution
(¢, X) is defined on [0, 400) and

(I¢lm= +|X]) <e, Vte€[0,+00). (95)
Let © > 0, from and (8F)), using that I > 0,

dvi — 0V,
dt

k=3
+ (©F(L)hoe™%5 = Co(1+0) (I6lue + 1X| + [X] +]X])) (Z !<afl¢z><t,L>\2> (96)
k=1

> 2Re(gl) min()\o, 1)V1 + ,LL@O?,VQ

+0 (16wl + X+ oalas + 1001+ a0+ Ka00)]) ).

where Cy is a constant independent of ¢ and X. We can choose (¢, Xo) satisfying the compatibility
conditions and © > 0 such that ¢ := (V4 — ©V3)(0) > 0, and (|¢o| g2 + | Xo|) < 0 with ¢ to be chosen.
Actually © only depends on the ratio between Vi and V5 thus it can be made independent of ¢ by
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simply rescaling |¢o|g> and [Xo|. Using and there exists 72 > 0 and € > 0 such that, if
(I6]m2 + | X]) <&, then
dVi — 8V,

dt

Thus, from and the stability hypothesis, we can choose ¢ > 0 such that @ holds. This implies
that

> 75(Vi — OVa). (97)

(Vi —OW)(t) > ce™!, V t € [0, +00), (98)
which contradicts . This ends the proof of Proposition O

Remark 3. This last proof is limited by the limit value of k; for which I is not positive definite
anymore. This is due to the fact that we have only extracted the first limiting eigenvalues from
the solution. It is natural to think that we could apply the same method to extract a finite number
of eigenvalues instead and separate (¢, X) in (¢1,X1), its projection on a n-dimensional space, and
(¢2, X2). Then we would deduce more constraints like on (¢a, X2), which would increase the upper
bound of ky for which I defined in 1s definite positive, and thus the bound ky for which Proposition
holds, and maybe, by increasing this number of eigenvalues, prove that this proposition holds for
arbitrary large k1.

6 Numerical simulations

In this section we give a numerical simulation that illustrates Theorem [2.3 and Proposition2.4}

Signal
amplitude

3

15
Design parameter 1

_ 1 .
() o

Figure 1: Example of numerical simulations of ¢(t,0) with respect to ¢ varying between 0 and 10 for
various values of k; between 0.1kj . to 2k ., where kr . = wAo/2L is the critical value of Theorem
and Proposition The black line represents the trajectory for ky = kr.. On the left k; is
larger and the system is unstable, and on the right k; is smaller and the system is stable. The system
parameters are chosen such that A(z) = 1+2x, A\g = L =1, and ¢g(z) = 0.1 on [0, L/2] and ¢o(L) =0
so that ¢g satisfies the compatibility conditions for any k; € [0.1kr ., 2ks,c]. The simulations are
obtained by a finite-difference method.

7 Conclusion
In this article we studied the exponential stability of a general nonlinear transport equation with

integral boundary controllers and we introduced a method to get an optimal stability condition through
a Lyapunov approach, by extracting first the limiting part of the stability from the solution using
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a projector on a finite-dimension space. We believe that this method could be used for many other

systems and could be useful in the futur as, for many nonlinear systems governed by partial differential

equations, the stability conditions that are known today are only sufficient and may still be improved.
In this section we prove under assumption . Note that this is equivalent to

(fromas)

— . (99)
L <fOL 92(a:)dx) kiL?
By definition of g1 (see Section {4) and , we have
w
_ 100
? tan(wl)’ (100)
and using and ({100
Ao sin(wl) _wr
- = _ tan(wl) 101
ki L wL ¢ (101)
Condition thus becomes
(i o))’
x)dx -2
’ s WL et g 50, (102)

I (foL 02(x)daj) + (wL)?

From and the definition of 6 given by , we have

02 +w?’

</L 9(x)dx> = sin4(7;.)L). (104)
0 w

L
/ O(z)dz = . (103)
0
Using (100},

Similarly we have

/L 62 () dz :Uefzf’L(a cos(2wl) — wsin(?wL));— (wz +0%) — 0% —e 2L (0? 4+ w?) . (105)
o do(0? + w?)
Therefore, using again (100 and the fact that (1 + tan=2(wL)) = sin~?(wL),
: ety € T (cos(wL) 4 sin’(wL)) — T s 41
/ 62 (x)dx = | - — - tan(wlL)
0 —4wsin™“(wL) (106)
2 wl
tan(wLl) — 1
:% sin?(wL) tan(wL).
Therefore using (104) and (106]), condition (102]) becomes
.2 2
dsin (iL)@ + 2 (WQL) FEET 1> 0, (107)
(wL) tan(wL)(e“*nw) — 1) (wL)
which is equivalent to
taio(JwLL) 2wz \ sin®(wl)
QT + etan(wl) T —1 > 0 (108)
(eTnteD) — 1) (wL)

Note that, under assumption and from the definition of ¢y, wL € (—7/2,7/2), which implies
that 2(wL)/tan(wL) € (0,2). Hence, let us study the function g : X — (2X/(e® — 1) +¢%X) on (0,2).
Taking its derivative one has

X _ X (eX 1)) — 2XeX
o) = e E e S =R (109
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Taking again the derivative of the numerator of the right-hand side of ((109)), one has

(X =)@ +e¥ (e = 1)) = 2Xe™)) =(e¥ = 1)(e¥(e¥ —1) +¢*¥)

110
+eX24+eX(e® —1)) — 2N —2Xe¥. (110)

Thus using that X < eX — 1 on (0, +0c0) and in particular on (0,2), we get
(X =12+ e (e* —1)) —2XeX)) > (e —1)(eX(e® —1) + 22 —2¢%) > 0. (111)

Hence ¢’ is non-decreasing on (0, 2). But, from (109)), ¢’(0) = 0, therefore g is non-decreasing on (0, 2).
As limx_,0 g(X) = 3, we have

2wl ) s 2
tan(wL) 9_wrt__\ sin“(wl) sin”(wL)
9 tan(wL) -~ 7 _1>3———7 1 112
< s _1) ) O R ) (112)

and, as ¢ — sin(x)/x is positive and decreasing on [0, 7/2], we have

_ 2wl in2

n(w T oAl L 12

g T oty | S@D) 12, (113)
(eQW —1) (wL)? ™

Hence (108 holds and therefore condition holds as well. This ends the proof of under
assumption .
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