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Two sided boundary stabilization of heterodirectional linear coupled
hyperbolic PDEs

Jean Auriol! and Florent Di Meglio?

I. INTRODUCTION

Abstract— We solve the problem of stabilizing a general class
of linear first-order hyperbolic systems using actuation at both
boundary of the spatial domain. We design a novel Fredholm
transformation similarly to backstepping approaches to derive
a full-state feedback law and a boundary observer enabling
stabilization by output feedback. This yields an explicit full-
state feedback law that achieves the theoretical lower bound
for convergence to zero.

This article solves the problem of boundary stabilization

of a general class of coupled heterodirectional linear first-
order hyperbolic systems of Partial Differential Equations
(PDEs) in minimum time, with arbitrary numbers m and
n of PDEs in each direction. The actuation is applied on
both boundaries. Research on controllability and stability of
hyperbolic systems are crucial in so far as these equations
are predominant in modeling physical systems: traffic flow
[1], heat exchanger [25], open channel flow [8], [11] or
multiphase flow [12], [13], [14] can be modeled using
systems of first-order hyperbolic PDEs. The first step was an
explicit computation of the solution along the characteristic
curves in the framework of the C'' norm [15], [18], [22]. A
next step ([6], [7]) was the design of dissipative boundary
conditions for nonlinear hyperbolic system using Control
Lyapunov Functions methods. Thus, in [10] control laws
for a system of two coupled nonlinear PDEs are derived,
whereas in [5], [7], [20], [21], [23] sufficient conditions
(that impose restrictions on the magnitude of the coupling
coefficients) for exponential stability are given for various
classes of quasilinear first-order hyperbolic system.
More recently, the backstepping approach has enabled the
design of stabilizing full-state feedback laws. These con-
trollers are explicit, in the sense that they are expressed as a
linear functional of the distributed state at each instant. The
(distributed) gains can be computed offline.

Comparing results obtained via backstepping design with
existence results for stabilizing controllers reveals a gap.
In [19], an extensive review of controllability results for
linear hyperbolic systems is given, along with the theoretical
lower bounds for convergence times. These bounds vary
according, mainly, to the number and location of available
actuators. Backstepping results have, until now, focused on
single-boundary actuation, see e.g. [10] for the case of two
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coupled PDEs, [16] for an arbitrary number of PDEs or [?]
for a minimum-time result in the general (single boundary
actuation) case.

When actuation is applied at both boundaries, the literature
usually focuses on design of dissipative boundary conditions
to stabilize the system. This does not guarantee stabilization
in the minimum theoretical time, and is only possible for
small coupling terms between PDEs, but can generally be
achieved using static boundary output feedback, which is
much less computationally intensive. Recently the problem
of stabilizing a system of two coupled PDEs with control
at both sides has been solved in [?] in the case of reaction-
diffusion PDEs and for 2-state heterodirectional linear PDEs
with equal transport velocities. A generalization of this
result for a general system of two hyperbolic PDEs is given
in [?].

The main contribution of this paper is a generalization of
this result with the design of a minimum time stabilizing
controller in the general case of heterodirectional hyperbolic
PDEs with actuation at both boundaries. A proposed
boundary feedback law ensures finite-time convergence
of the states to zero in minimum time. The minimum
time defined [19] is the largest time between the different
transport times in each direction.

Our approach, similar to the one presented in [?] is the
following. Using a Fredholm transformation, the system is
mapped to a target system with desirable stability properties.
This target-systemm is designed as an exponentially stable
cascade. The well-posedness of the Fredholm transformation
is a consequence of a clever choice of the domain on which
the kernels are defined and of the cascade structure of
the target system. A full-state feedback law guaranteeing
exponential stability of the zero equilibrium in the £2-norm
is then designed. This full-state feedback law requires
full distributed measurements. For this reason we derive a
boundary observer relying on measurements of the states at
the anti-collocated boundaries. The proof of the invertibility
of the Fredholm transformation is non-trivial and uses an
operator-approach inspired by the one developed in [9].

The main technical difficulty of this paper is to prove well-
posedness of the Fredholm transformation. Interestingly,
the transformation kernels satisfy a system of equations
with a cascade structure akin to the target system one.
This structure enables a recursive proof of existence of the
transformation kernels.



The paper is organized as follows. In Section II we
introduce the model equations and the notations. In Section
IIl we present the stabilization result: the target system
and its properties are presented in Section III-A. In Section
II-B, we derive the integral transformation and we present
the domains on which the kernels are defined. The well-
posedness of the kernel equations is proved in Section IV.
This proof uses an important theorem which is given in
Appendix in order to make the whole paper more readable.
In Section V we prove the invertibility of the Fredholm
transformation using an operator approach. The control
feedback law and its properties are given in Section VI. In
Section VII we present the uncollocated observer design.
This observer is obtained with the a similar approach
than the one developed for the control law. Finally, some
simulation results are given in Section VIII. We conclude
this article with some remarks presented in Section IX.

II. PROBLEM DESCRIPTION

A. System under consideration
We consider the following general linear hyperbolic sys-
tem which appear in Saint-Venant equations, heat exchangers
equations and other linear hyperbolic balance laws (see [3]).
u(t, ) + Au,(t,2) = ST u(t, 2) + ST o(t,z) (1)
vi(t, ) — A v (t, ) = X" Tu(t,z) + X" "v(t,z)  (2)

evolving in {(t,z)| t>0,
linear boundary conditions

x € [0,1]}, with the following

u(t,0) = U(t), v(t,1) = V(1) )
where
w=(u...un)?, v=(v1...0m)7 4
A 0 M1 0
AT = , AT = 5)
0 >\n 0 Hm
with constant speeds:
iy < < —pp <0< A << Ay (6)

and constant real coupling matrices

S = {0 hcicnagi<n BT = {0 T hicicnagi<m
(7N

57 = {o;; hicigcmigien BT = {05 h<igm,1<i<m
(3

The initial conditions denoted uy and vy are assumed to
belong to L?([0, 1]). In the following we denote

i
Vi, j aij = 9
J o aij N, 9
We also define
1
= ; = 1
“ 1§1§I£}r%j§m |a” 2 | ( O)

Remark 1: @ can be written as ay; with k£ € [0,n] and
[ € [0,m] (the uniqueness is not guaranteed). For this
particular solution we denote \ and fi the corresponding
transport velocities.

Remark 2: The coupling terms are assumed constant here
but the results of this paper can be adjusted for spatially-
varying coupling terms.

B. Well-posedness and operator formulation

We can rewrite the system in the abstract form

HORRORI

where the operators A and B can be identified through their
adjoints. The operator A is thus defined by

A :D(A) C (L*(0,1))"™ — (L*(0,1))"t™

UAYIR —Atu, + a4+ 3t v (12)
v Av, +X Tu+3X 0

(1)

with

D(A) = {(u,v) € (H'(0,1))""u(0) = v(1) = 0} (13)
A is well defined and its adjoint A* is

A* :D(A*) C (L*(0,1))""™ — (L*(0,1))""™

u Au, + (ST Tu+ (2-HTV
() = e en (e, oo

with

D(A") = {(u,v) € (H'(0,1))"™[u(1) = v(0) = 0}
15)

The operator B is defined by

<B (g) , <z1> >= 21 (0)'ATU + 2(1)TA™V  (16)

22

s (2) = (20

C. Control problem

Its adjoint is

a7

The goal is to design feedback control inputs U(t) =
(UL(t),..., U, ()T and V(t) = (Vi(t),..., Viu(t))T such
that the zero equilibrium is reached in minimum time ¢t = ¢p,

where
; { 1 1 }
= max< —, —
F M1 A1

This “minimum time” is the time needed for the slowest
characteristic to travel the entire length of the spatial domain.
The existence of a control law reaching the null equilibrium
in time tg is proved in [19] using a method of characteris-
tics. To the best of our knowledge, no explicit feedback law
has been designed to achieve this goal. Previous approaches
yield

(18)

« exponential stability for small coupling terms when two-
sided static output feedback is used [3].



1 1

« finite-time stability in time /\i + % > max ¢ —, }
. o moA

when one-sided backstepping design is used, i.e with

one controlled boundary only.

o finite-time stability in time max when only

)
A

two equations are considered [CITEI%]
In the second case, the system is mapped with a Volterra
transformation to a target system that has a cascade structure,
which is natural for backstepping. In the latter case, a
Fredholm transformation is used to map the system to a
target system with desirable properties of stability. In the

following we use a combination of these two approaches.

III. CONTROL DESIGN

The control design is based on a modified backstepping
approach: using a specific transformation, we map the system
(1)-(3) to a target system with desirable properties of sta-
bility. However, unlike the classical backstepping approach
where a Volterra transformation is used, we use a Fredholm
transformation here.

A. Target system design
We map the system (1)-(3) to the following system

ai(t,r) + Aty (t,x) = Q(z)a(t,z) + T(x)B(t,z) (19)

Bu(t,x) — A Ba(t, ) = Qx)B(t, z) + T(2)a(t,z) (20)
with the following boundary conditions
a(t,00=0 p(t,1)=0 21

while © and 2 € L°°(0,1) are upper triangular matrices
with the following structure

wii(z) wia(z) win ()
@ =| °
Wn—1,n 1({17) wn*l’n(x)
0 .. 0 Wn,n(x)
(22)
w1(r)  w12(w) @1.m ()
@) =| Y
. . (D'm—lﬂn—l('r) w’m—l,’m(x)
0 . 0 a)mﬂn(x)
(23)

The coefficients of the matrices I'(z) and I'(z) are defined
by
Vi<i<n VI<j<m

o0 if a;>a or x<ay
FZJ (.’E) - { Yij (Jj) otherwise
(24)
Vi<i<m Vi<j<n
~ B 0 if aji§1_a or T > aj;
Lij(z) = { i (x) ohterwise
(25)

Besides, the following lemma assesses the finite-time con-
vergence of the target system.
Lemma 1: The system (19)-(20) reaches its zero equilib-
rium in finite-time ¢ = max{y, ;;} = 5.
Proof: V1 <i<mn,V1l<j<n,system (19)-(20) can
be rewritten as

al(t, ) + Mol Zw”’
+ Z%p hia,, 1 (2)BP(t,2)  (26)
Bg(t»ff N‘Jﬂj Z%p (L, )
+ Zm 2)hjo,a,, ()P (t, )  (27)
where, for any interval I, h; is defined by
1 if zel
mo={ 5 e o8)
with the convention
%](x) =0 if ajj > a 29)
’%j(l‘) =0 if a;<1—-a 30)

By induction, let us consider the following property P(s)
defined forall 1 <s<n
P(s): VYp>n+1-—s,

if tz)\i then oF(z,t) =

P
Initialization: The initialization can be proved using a similar
technique than the one presented bellow in the induction and
is not detailed here.
Induction: Let us assume that the property P(s — 1) (1 <
s < n) is true. We denote » = n + 1 — s Integrating the
r*" line of (26) along its characteristic lines and using the
boundary condition a”(¢,0) = 0, yields:

o’ (t,x) = /OM Zwrp(x — )P (t — v,z — A\v)
p=r

+ Z’er(f - )\Tz/)h[aml] (z = )P (t — v,z — N\ov)dy
p=1
(€29)
with z € [0,1] and t > 5=. Consequently, Vp > r:
T Ao T x
t> — = (1-22) = <t——
N o N Sty
Ar
=1-—)w<t—— WWwel0,—]
Ap p r
iy T — AV
Ap
=aP(t—v,x—A\v)=0 (32)



The last implication uses the fact that P(s — 1) is true. Let

us now consider the following property P;(q) defined for all

1<g<m

Vi > 1-— x’
Hq

Pi(q) : VT > arg, Bi(t,x) =0
Initialization: The initialization can be proved using a similar
technique than the one presented bellow in the induction and
is not detailed here.

Induction: Let us assume that the property Pi(qg — 1) (1 <
g < m) is true. Integrating the ¢'* line of (27) along
its characteristic lines and using the boundary condition
B4(t,0) = 0, yields:

l—=x

" Gaplpgy + 2)BP(t — v, gy + @)
pP=q

6q(t,$) =

0

+ 3 Vip(pg¥ + 2)hig 0, (Hev + 2)aP (t = v, gy + )dv
p>r

(33)
with 1 > 2 > a4, and ¢t > ===, Consequently, Vp > ¢ and
Yv € [0 ,1;—””] such that pgv + z < apq (in order to have
Ri0,a,,] (1qv + ) # 0):

11—z x A T L
t> =t — — > ( P = )1+ )
Hq Ap tq(Ap + 1) Mg Ap
T a T Kq
=t — — > (2 )1+ 1)
Ap Hq Hq Ap
St— — > (1+ @)V
p Ap
=>t—v > el 1
p

Consequently, using the fact that P(s — 1) is true, it yields
Y € [0, 1;—;] such that pgv 4+ 2 > apq

aP(t —v,pqv+2) =0 34
Consequently the second sum in (33) is always null for ¢ >
(¢ —1) is true, we can

51mp11fy the ﬁrst sum removing most of the terms. We can
rewrite (33) as:

1—=x

Bt z) = / " gy + 2)BU(t — v, pg + 7)dv (35)
0

with 1 > 2 > a,q, and ¢t > 1# . Consequently 39(t,z) =0
and P;(q) is true. This achieves the proof of Pj(q) for all
1<g<m.

For a given p we now focus on the following term of (31)

Yrp (T = AeV)Dq,, 1) (@ = ANev) BP(E — v, 2 — Apv)  (36)
This term can be non null only if
T — ANV >an Yvel|o, )\i] (37)

T

Consequently, this result combined with the fact that ¢ > Ai
yields

t—l/Zarp_ 1 21—$+)\rV
As Ar + fhp Ar + fhp

1-— Ar
> 1 TTEAY (3
Hp

Using P1 we can deduce that (36) is always null if £ < &
(v €0, D Consequently, combining this result with (32)
we can rewrlte (31) as

o’(t,x) = /AT Wer(x — Apv)a" (t — v, — Av)  (39)
0

with z € [0,1] and ¢ > & Consequently it yields

X

N (40)

Vre[0,1], t> — =aP(z,t)=0
It achieves the recursion. It is then quite straightforward to
prove a similar result for 8. Consequently we have

1
Vi> —, afz,t)=0 41
A1
1
Vit > —, Blx,t)=0 (42)
H1
This concludes the proof. [ ]

Using an operator framework, system (19)-(20) rewrites

)

The operator A is defined by

(43)

Ao+ D(Ap) € (L*(0,1))* — (L*(0,1))?

Q Ata, +Qa+ T8
5) — ( A=, + Q8+ Ta ) “4)
with

D(Ap) = {(a,5) €

Ap is well defined and its adjoint A is

(H'(0,1))*|a(0) = B(1) =0} (45)

AG : D(4G) € (L*(0,1))% — (L*(0,1))”
«@ alAT +aTQ+ pIT r
5) — (ﬂ{A + AT + aTI‘) (46)
with

D(A7) = {(a, B) € (H'(0,1))?|a(1)

B. Fredholm transformation

= p(0) =0} 47

1) Definition of the transformation: In order to map the
original system (1)-(3) to the target system (19)-(21), we use
the following transformation



a(t,z) = u(t,x)
7§m+1
thpa@ [ (K@
z, §)u(t, §) + N(z,&)v(t, €))dE
(48)

y§ult, §) + Lz, §)v(t, §))dg

B(t,z) = v(t, x)
bt )
+ hioa () / (K (2, €)u(t, €) + Lz, €)u(t, €))de

T / (VI (x €)u(t, €) + N(z, €)o(t,€))de

(49)

where we recall that for any interval I, h;(z) is defined by

if zel

else (50)

hi(z) :{ :

We define the following triangular domains, depicted in
Figure 1:

To={(z,€) zel0,a, z<¢< §+1} 51)
— {0 relal] %(1—w)<§§x} (52)

The kernels K, L, K and L are defined on 7. The kernels
M,N,M and N are defined on 7;. They are assumed
continuous in their domains of definition. They all have yet
to be defined.

Remark 3: One may think that due to the use of the h-
functions, the transformation presents a discontinuity in x =
a. Nevertheless, one can check that the right and left limits
are equal since the integrals vanish and that consequently we
do not have any discontinuity.

Remark 4: Since a(0) = (1) = 0 the two control laws
U and V can be computed as functions of (u,v).

Remark 5: This transformation is a Fredholm transforma-
tion and can be rewritten using integrals between O and 1 as
follows

ot 2) = ult,z) - / Qur (2, E)ult, €) + Qualer, Yot €)de

(53)
1
ﬁ(tﬂ (ﬂ) = ’U(t,l’) - A Q21(£U,§)U(t,f) + QQQ(%,&)’U(L&)dé—
(54)
with
Qll(xvf) = —K(fE g)h ,7%m+1](£)h[0,5,](x)
— M(z, f) % (1— m),z](f)h]a,l](x) (55

Qi2(,§) = —L(x, ) [z,— Ex+1] (©)hjo.a ()
— N(z, f)h% 1-x),x] (©ha,y (@) (56)

Q21(x,§) = —I_((x 'f) —Eat1] (f)h[o,rz} (m)
- M(x 5) % (1— I)@](f)h]a,l](x) (57)

Q22('ra§) = _E(‘T7€)h[a¢ —%x—i—l] (f)h[O@] (1:)
N(xﬂg)h[%(l—x)7;§] (f)h]a,l] () (58)

Remark 6: Since «(0) = §(1) = 0 the two control laws
U and V can be computed as functions of (u,v).

2) Kernel equations: We now differentiate the Fredholm
transformation (48)-(49) with respect to time and space to
compute the equations satisfied by the kernels. We start
with the a-transformation (48).

If x < a: Differentiating (48) with respect to
and using the Leibniz rule yields

space

ay(t,x) = uw(f x) Ki(x,x)u(t,a?)i— L(z,z)v(t, x)
i i i
— XK(J?, —Xm + 1)u(—§m +1)
— %L(m, —%x + l)v(—%m +1)

Ky (2, 8)ult,§) + La(z,§)v(t, €))dE (59)

_|_
H\I
>
8
+
—
—

Differentiating (48) with respect to time, using (1), (2) and
integrating by parts yields

oyt z) =
+ K(z,2)Atu(t,z
— K(x

AT (t, ) + ST u(t, z) + 2T o(t, )
— L(z,z)A"v(t, x)
I T
,— 595 + 1)A T u(t, f_jx +1)
+ L(x, —%ﬁ + 1A w(t, —%:c +1)
—Ea1
w7 (e O u(t. ) + Lelr, OA ot €))de

' (60)
Plugging these expressions into the target system (19)-(20)
yields the following system of kernel equations

0 =% —ATK(z,2) + K(z,2)AT — Q(2) (61)
0=""" —A"L(z,2) — L(z,2x)A~ — () (62)
0=- %A*L(x,_—%aﬂrl) +L(x,i§x+ DA~ (63)
0 :%A+K(z, f%x +1) + K(z, f%x FDAT (64
0 =A* K, (2,8) + Ke(x, AT + K(, )%

+ L(2, )27 — Q2)K(2,€) — T(2)K(2,§)  (65)
0 :A+Lz('r7§) - L&(%f)A— + K((E,f)z+_

+ L(2,§)277 = Q(z)L(w,§) — D(x)L(z,€)  (66)



if > a: Similarly we get

0=t + AT M(x,z) — M(z,2)AT — Q(z) (67)
0=X""+A*N(z,z) + N(z,2)A~ — I'(z) (68)
A A A
0=—=A"N(z,—=(z—1)) + N(z,—=(z — 1))A~
z (z, ﬂ(ﬂ«“ ) + N(z, ﬁ(x )
(69)

A A A
0:7A+M y T T _1 +M y T T _1 A+ 70
7 (z,—Z(@= 1)+ M(z, —Z (@ —1))AT (70)

0 =A"M,(2,&) + Me(z, AT + M (2, §)EFT

+ N(z,)2 " = Q(2)M(z, &) —T(z)M(x,€) (71)
0=A"N,(z,¢) — Ne(z, A~ + M(z, &))"~

+ N (2,37 = Qa)N(2,&) = T(x)N(z,8) (72

We now compute the kernels for the -transformation
if x < a: Differentiating (49) with respect to space and time
and then plugging into the target system (19)-(20) yields the
following system of kernel equations

0=S""+AK(z,2) + K(z,z)AT — T'(2) (73)
0=X""—A" L(m x) + L(z,2)A~ — Q(x) (74)
0=— K(z, —/\—x FDAY 4 /;A R(z, —%x +1) (75)
0 :§A‘E(x, —%x 1)+ Lz, —)\ix LDAT (76)
0=—A"K,(2,8) + Ke(x, AT + K (2, )2

+ L(z, )27 = QU)K (2,&) —T(2)K(2,€) (77
0=—AL,(2,6) — A Le(z,&) + K(z,6) 51

+ L(2, )27 = Q) L(z,€) = T(x)L(z, &) (78)
if > a: Similarly, we get
0="1"—-A"M(z,z) — M(z,z)AT — T(z) (79)
0=""+A"N(z,2) — N(z,z)A~ — Q(z) (80)
0 :%A‘N(az7 —é(x — 1))+ N(z, %(m —1)A™ @81
0=— iAM(x, - ) (x —1)) + M(z, i\(x —1)AT

(82)

0=~ A"My(,8) + Me(z, AT + M(z, X

+ N(z,6)27F - Q(x) (2,6) = T(x)M(z,&) (83)
O:*AiNz(xag)fA ( £)+M(‘T £)E+7

+N (2,637 = Qa)N(2,§) —T(@)N(z,£)  (84)

The well-posedness of all these kernel equations is assessed
in the following theorems

Theorem 1: Consider system (61)-(66) and (73)-(78).
There exists a unique solution K, L, K and L in L>(7p)

Theorem 2: Consider system (67)-(72) and (79)-(84).
There exists a unique solution M, N, M and N in L>(T7)
The proof of these theorems is described in the following
section and uses the cascade structure of the kernel equations
(which is due to the particular shapes of the matrices (2, Q,
Tand T)

IV. WELL-POSEDNESS OF THE KERNEL EQUATIONS

In this section we prove Theorem 1. The proof of The-
orem 2 is quite similar and is not detailed here. The proof
follows three steps:

« First, we develop the kernel equations and the associated
boundary conditions.

o Then we define a particular sequence in which to solve
the equations using the properties of the matrices I' and
L.

« Finally, this sequence is used in a recursive approach to
complete the proof.

For every iteration of the recursion we prove that the i*"

line of the system of kernel PDEs K;;, L;; (resp. K;j, L;;) is
well-posed. This proof involves the following well-posedness
theorem.
Theorem 3: Consider the following system of hyperbolic
equations
€j0:Fj(2,8) + v, 0 Fj(2,€) =

where F' = (Fy ... F,1,,) is defined on the triangle D:

D={(z,§|lr <& crf<ci—cx di€>di —dow}

(86)

where the coefficients c1, co, d1, ds are all positive (examples
of such domains are given on Figure...). The corresponding
boundary conditions are defined on a closed subset R;
included on the boundary of the domain 9D

Fyr, = f; 87

Assume

o that the homogeneous system, obtained by taking
Y(x,€) = 0 in (85) along with boundary conditions
(87) is well-posed;

o that there exists a; > 0 such that the following
inequalities holds for all j =1,...,.n4+m

V(z,) €D ajej(z)+v;(§) <—5<0 (88)
Then the system (85) with boundary conditions (87) has

an unique solution F' € L>°(D).
Proof: The proof of this theorem is given in Appendix.
|
Remark 7: A necessary and sufficient condition for the
first assumption to be satisfied is that, forevery j =1...n+

m the characteristics defined by the ¢;, v; uniquely connect

each point of 7 to D;.

A. Development of the kernel equations

We only focus on the kernels K,L, K and L defined
on Ty since the proof is similar for the remaining kernels.
Developing (61)-(66) and (73)-(78) we get the following set
of kernel PDEs:



for1<i<n,1<j3<n

N0 Kij (2, ) + X0 K (2, €) = Zak+Klkx§
- Zam in(7,€) + Z (@, Hwip()
p=1 i<p<n
+ 3 Ky Olip(z)  (89)

1<p<m

for1<i<n,1<53<m

AiazLij(xag) ,UfjafLm z,§) = Zakj ik(x, §)
720;]4_ Kip(z,8) + Zmengp x)
p=1 i<p<n
+ Y Ly, OTip(x)  (90)
1<p<m
for1<i<m,1<j53<n
pi0y Kij (2, €) — X0 Ky (,€) = Zﬁ*m z,8)
+ Zam in(2,€) — Z (2, )wip(z)
p=1 i<p<m
Y Kp(@,OTip(z) O
1<p<n

for1<i<m,1<53<m

ngj ir(@,€)

iOpLij(z, ) + 1O Lij(x, &) =
+ Z(’;}_Eip(x»f) - Z Lpi(x,8)@ip(x)
p=1 i<p<m

- Z Lm(l’,f)

1<p<n

with the following set of boundary conditions (in order to
make the whole content more readable we have removed the
domains of definition of the indices)

Kij(z,1— %x) -0 (93)
o+t
T )\j
I & _
ij(, ~3% +1)=0 95)
Lij(a,0) = ——— > (96)
iz, x) = P>
AN TE T
pj i
(A—Z - )\)Llj(x, 1—=2)=0 97
iy - i B
(=X + ,uli)Kij(x, 32 +1)=0 (98)

+—

o
Vo < Qij Lij(ZE,’I') = 7)\‘ j—,u (99)
i j
£ Rij(z, ) o (100)
ifl—a;; >a (T, r) = —
g B X+ i

We add the following arbitrary boundary conditions (in order
to have a well-posed system)

ifl—a;; <a Kij(o,f) =0 (101)
Besides, (61) imposes
Vi<j o owij(z) =N\ — N)Ky(z,2) + 0T (102)

and (62) imposes

Vag; <z <1 7i(w) ==+ pi)Lij(z,2) + 05~

(103)
Similarly (74) imposes
Vi<j wij(x) = (uj — pi) Lij(z, ) + 05,7 (104)
and (73) imposes
VO <z <aji ij(x) = (i + N)Kij(@, ) + 0"
(105)

This induces a coupling between the kernels through equa-
tions (89), (90), (91) and (92) that could appear as non linear
at first sight. However, the coupling has a linear cascade
structure due to the particular shapes of the matrices €2, €2,
T and T. We now define two sequences r; and 7; that will
be used in a recursive proof of the well-posedness. Some of
these equations with the corresponding characterisitc lines
are represented on Figure 1 and Figure 2.

éA
1

NG

Fig. 1. Representation of the K-kernels and the L-kernels (a;; > a)

Remark 8: The artificial boundary condition we add for
the kernel K is not a degree of freedom since it has no
impact on the control law and on the stability of the target
system.
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Fig. 2. Representation of the L-kernels (a;; < @)

B. Definition of the sequences r; and 7;

In this subsection we define two sequences r; and #; that
we are going to use in the recursive proof. Let us consider
the matrices A and A defined by the following relations

. . 0 if a;;>a

Vi<i<nVli<j<mA;= K

SEPSNVLS IS B 1 else

(106)

i o
VISiSmVISjSHAij:{(l) glsea”—l ¢
(107)

These matrices have exactly the same structure as the matri-
ces I and I'. We have the following results (the proofs are
quite straightforward and are omitted there).

Lemma 2: A =1— AT
The proof relies on the fact that due to the definition of a
(Equation (10)), if a;; > @ then a;; > 1 — a.

Lemma 3: If A;; =0then Vb >4 Ay; =0

Lemma 4: If A;; =0then Vk <j Ay, =0
The two previous lemmas use the fact that a;; < a;41,; and
aij > a; j+1. Same results hold for A.

Lemma 5: Either the last line of A or the last line of A
is null.

Proof: Let us assume that the last line of A is non-
null. Consequently, Vj € [1,n] a;, < 1—a and particularly
Gnm < 1 —a. This implies a,,, < a (due to the definition
of @) and it yields A,,, = 0. Using the previous Lemma
concludes the proof. [ ]
In the following we denote s; (resp S;) the number of
coefficients which are equal to 1 in the i*" line of A (resp
A). For 0 < i < n+ m, we define the sequences 7; and 7;

if 7o —7; > 8p, 21
{ if ro —7; > 87,1

then 7,41 =1r;—1
then 7,41 =7;—1

Tig1 =14
Titl =T
where 1o = n + 1, 7o = m + 1. We use the convention
S0 = 8¢ = O0.

Theorem 4: The sequences r;, 7; are well defined. More-
OVET Tptm = Tntm = 1
Proof: To prove that the sequences are well defined we
need to prove that for any 0 < ¢ < n +m one and one only
of the following assumptions is true

(108)
(109)

To — T3 2 Sp;—1
To—Ti 2 Sf—1
We start by proving that at least one of the two assumptions

is true. By contradiction let us assume that none of them
hold. Consequently we have, for some i

(110)
(111)

To—Ti < Sp;—1

ro— T < Sf—1

e By definition of s,,_;, we have exactly s,,_1 coefficients
that are equal to 1 on the (r; — 1)*" line of the matrix
A. Using Lemma 2 yields that we have exactly m — s,, 1
coefficients equal to 1 on the (r; — 1)** column of A

e By definition of 57,1, we have exactly 57,1 coefficients
that are equal to 1 on the (7; — 1)** line of A. Consequently
A,:i_l,girl = 1. Adjusting Lemma 3 to A yields that on
the (n + 1 — 57,_1)*" column of A we have at least 7; — 1
coefficients equal to 1.

e Since n+1—355 < r; we get n+1—55 < r;—1. It means
that the column n + 1 — 55, is located lefter than the column
r; — 1. Consequently, using Lemma 3, we must have a larger
number of coefficients equal to 1 on the column r; — 1 than
on the column n + 1 — 55,. This implies

m—Sp,—1 =7 —1 (112)

which is a contradiction with (110). To achieve the proof of
the well posedness of the two sequences r; and 7;, we need
to prove that the two assumptions (108)-(109) cannot both
be true. This is quite straightforward uses the same ideas. If
we assume that (109) holds, then n + 1 — 55, > r; implies
that the column n + 1 — &, of A is located strictly righter
than the column r; — 1 and that consequently (Lemma 4),
the number of coefficients equal to 1 on the former column
is larger than the number on the later. This implies

m— s, 1 <7i—1 (113)

and consequently (108) is false. The same holds when (108)
is true. [ ]
The following lemma makes the link between the matrices
A,A, and T, T.

Lemma 6: The matrix T'(z) has at least m — s; null-
coefficients on its ‘" line. Similarly, the matrix ['(x) has
at least n — §; null-coefficients on its :*" line.

Corollary 1: ¥i <n,¥j <m —s;, I'(z);; =0 and Vi <
m,V] S n—3S;, f‘(l’)” =0

Proof: The proofs of this lemma and of this corollary
are quite straightforward noticing that the matrices I" (resp.
I') and A (resp. A) have exactly the same structure and that
consequently the properties described above can be easily
extended to I" and T. [ ]



C. Induction hypothesis

By induction, let us consider the following property P(q)
defined for all 1 < g < m 4+ n:

Vrg <i<n, Vi, <i<m,V1<j<nVl<d<m,
V1 < j < n, V1l <d < m, the problem (89)-(100) where
Q, Q, T and T are defined by (102)-(104) has an unique
solution K;; (-, ), Lia(-, )K”( Y, Lzg(-,-) € L*(To).

Initialization : For ¢ = 1, we have either (r1 = n
and 71 = m+ 1) or (rp = n+1 and 71 = m) due to
Theorem 3. Assuming that 71 = n and 71 = m + 1, system
(89)-(100) rewrites as follow

for1<j<n

A0 K (2,€) + X0 Ky (2,€) = Z% w(x, €)
00 Lup (@, €) + Koj(2, €)o7t
p=1
(114)

for1<j<m

)\naanj(I7 ) H“JaﬁLn] T g

ngj nk(2,€)
n

o Z O-;_j_K”P(x7 5) + Lnj (I, 5)0':{;r
p=1

(115)

with the corresponding set of boundary conditions. The
well-posedness of such system is quite straightforward
using [16] or Theorem 3. The initialization still holds for
r1r =n+1and r; = m.

Induction : Let us assume that the property P(q — 1)
(1 < g <n+m-—1)is true. We consequently have that
Vrg—1 <1 <n, Vrg_1 <i<n, V1 <5< n,Vl<d<m,

V1<j<mn V1< d < m, Ki;(,-), Lia(:,-), K5(-,-), and
L;;(-,-) are bounded.

In the following we assume that 7, = 7,_; (and that
consequently 7, = r4_1 — 1). The result still holds if
T4 = rq—1 and the proof is similar. We denote i = .
Using the induction hypothesis yields that V1 < j < n,
Vlgdgm,qu—rq_lgzgani(,) and L;;(-, -

are well-posed.

Rewriting equation (89) yields

— N0 Kij(,8) — X\jOcKyj(x,€) = Zak Kin(x,€)
+ Z m Lip(z,€) — Z Kpj(2,¢€)
p=1 i<p<m

((Ap = i) Kip(, ) + U;;_ﬂ
Z Kpj(x7§)h[aip,l}($)'((Ai'i'ﬂp)Lip(x’x)'i'U;;:)

1<p<m
(116)
with the boundary conditions

o+t

Ai = Aj
The one-but-last sum uses the expression of K; for i <
p < m. This term is known and bounded for p > ¢
(induction assumption). For p = 4, A\; = A, and the term
()\p — )\JK”,(.’E” (x, f, S), Tij (.’L‘, 6, S)) cancels.

Using Corollary 1 and relation (103) it is possible to rewrite
the last sum as

oo Ky 9o+

m+1—s;<p<m

Kij(],‘, 1 —

%Js):() Kij(z,z) = P>

()‘Z + IU‘P)LiP(xﬂ 5))h[aij,1] (QL')

(117)
Using the definition of r;, we have
8i < 8i—1 =81 <M+ 1-7,
= m—s52>7,—1 (118)

Consequently, the last sum uses the expression of K,,; for
7q < p < m which is known according to the induction as-
sumption. Therefore, all the non-linearites that could appear
at first sight of the kernel equations actually involve terms
that have been computed in the previous iterations and that
are bounded. We can rewrite (116) as

n
> O (@, ) Kir(,€)

k=1

+ 50t (2.6)Lan(e, £)ds
k=1

— X0 Kij(7,8) — A\jOeKij(x, ) =

(119)

where the coefficients C;f and Cy ;" are known and
bounded (since they are either constants or computed during
the previous iteration of the recursion).

Similarly, we can rewrite (90) as

n

> Ct (@, O Kin(x, €)

k=1

+30 G (0, Ll €)ds
k=1

—Xi0z Lij(x, &) + p1;0¢ Lij(z,§) =

(120)

where the coefficients C’k_j+ and C,;~ are known and
bounded. Moreover we have the boundary condition

BB, (a: 1- ﬁx) =0

121
i A A (121)



and

Ai o
1 ] Q J

Each L;; has a discontinuity line defined by { = 1— %m The
characteristics are integrated in opposite directions on each
side of the discontinuity: away from the £ = z boundary
for ¢ < 1 — i—zx and away from the line & = 1 — %
for ¢ > 1 — ‘;\—’x Therefore the parameters o and ¢ of
Theorem 3, which have to satisfy (88) for all L;; on the
domain on which the equations are considered, vary on each
side of the discontinuity of all the kernels. Therefore, in what
follows, we define a sequence of triangular domains, depicted
on Figure 3, on which there exists « and ¢ satisfying (88).
More precisely, assuming that a;; > a (this specific case
will be presented in Remark XX), for all £ < m + 1 such
that a;; < a (with the convention a;(,,11) = 0), consider
the domains 7j:

Ti={@l<e e<1-Hda ¢>1-L
Toi1 ={@O0<z<e <1-La) (123)

The equations can be solved successively on these triangles,
starting from the rightmost one. Their are represented on
Figure 3.

1

1
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456\
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7+
i
T
k
|
| T1
|
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\ | AN
| | 7
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| | |
| | |
| | 71
0 e Ay a I~
Fig. 3. Representation of the triangles Ty

The trace of the solution on the boundary of a given Ty
provides boundary conditions of the system considered on
Tht1.

By induction, let us now consider the property Q(k) defined
for all k£ such that a;; < a by: The system (119)-(122) is
well-posed on T, N Ty.

Initialization: Let ko such that ajx, < @ < aiy—1)-
On Ti, N Ty, equations (119) and (120) can be simply

rewritten, for [ =1...n +m as

€lawﬂ($,§) + Vlaﬁﬂ('raf) = Zl($7§)F(x7£) (124)

where F' = (K;1...K;pn,Li1,... L; )T The functions ¢
and v; are defined according to the location of the boundary
condition by

=X if 1 <n

€ = —X; if I>n and [—n <k (125)
+\; else
=\ if [ <n

v = 4 if I>n and [—n <k (126)
—pu  else

The homogeneous system, obtained by taking ¥;(x,£) = 0
along with the corresponding boundary conditions is well-
posed. If we choose ay,, such that

/J‘ko_l :Mk0*1+uk0<%

< 127
N ke 2 ¥ (127)
we easily get
—ap i — A if 1 <n
Q€+ = _ako/\i+ﬂl if I>n and [—n <k
+ogo i — . else
77“’“0‘;7”’“0 -\ if 1<n
= 7_%“7;_’%0 +pu; if I>n and
7+“’“°_21+“’“0 —py  else
(128)

In the first case, the result is always negative. If | — n < ko,
< pry, < LroFhko-1 Consequently, for the second case
the result is still negative. The same holds for the third case.
Consequently, the two hypothesis of Theorem 3 are verified
and we can conclude to the well-posedness of the kernel
equations on 7g,. This concludes the initialization.

Recursion If we assume that Q(k) holds (for kg > k < m)
we can easily prove using Theorem 3 that Q(k + 1) holds.
The well-posedness of the homogeneous system is direct
using Q(k) and one can easily check that the second
hypothesis of the theorem holds choosing a41:

(129)

with the convention ft,,+1 = pm, + 1. Moreover this iteration
provides us the boundary condition for the next triangle. This
concludes the proof.

Remark 9: 1If a;1 < a, the previous result still holds taking
a0 = G.
This proves the well-posedness of the i*" line of the kernels
K and J on Ty. Consequently P(g) is true and the well-
posedness of the kernels K, L, K, L on Ty is proved.

l—n <k



V. INVERTIBILITY OF THE FREDHOLM
TRANSFORMATION

Unlike the Volterra transformation, the Fredholm trans-
formation is not always invertible. In [9], the authors prove
the invertibility of such a transformation in the case of a
first-order integro-differential hyperbolic equation. In [?] the
invertibility of the transformation is proved in the scalar case.
In this section we use similar arguments (in particular we rely
on the Fredholm alternative) to prove the invertibility of our
transformation.

1) Operator formulation of the Fredholm transformation
and properties: In this subsection we rewrite the previous
Fredholm transformation using operators. This will lead to
some relations verified by the adjoint operators. The Fred-
holm transformation (53)-(54) can be written as an operator

. U .
P acting on . More precisely we have

P=Id—Q

(5)=()

where Q : (L?(0,1))"*™ — (L2(0,1))"*™ is the integral
operator defined by

w) _ [ (Qul@, &u(t,€) + Qua(x, (L, &)
@ <> - /o (Qm(%é)U(t,f) + Q22<x,s>v<t,s>) fiz
(132)

(130)

(131)

Its adjoint is:

0" (u) _ /1 (Qu@,x)u(t,ﬁ) +Qzl<s7x>v<t,5>> it
0

v Q12(£7x)u(t7£) +Q22(£7$)’U(t,f)
(133)
One can easily check that:
Q*(D(A")) C D(A7) (134)

U . .
The control <V> can also be rewritten using operators

IR

r() = [ (g o

(135)

— o
I I
SN~—
<
—
u@k
7ar%
N
N———
QL
~

Consequently P and I satisfy the following relation:

AoP =PA+ PBT (139)
Taking the adjoints, this is equivalent to
P*Aj = A*P* 4+ T"B*P* (140)

2) The Fredholm alternative: We give first the following
useful lemmas:
Lemma 7: ker P* C D(A{) = D(AY)
Proof: Let us consider z € ker P*. Consequently we
have P*z = 0. We can rewrite it

2 _ [ (Qule)n () + Qa6 )n(t8)
(> “ <Q12<f’ 7)1 (1 €) + QS mm(m)ﬁjn

If we evaluate the first line for x = 1 and the second one
for x = 0, using the fact that Q11(£,0) = @21(£,0) =
Q12(§7 1) = Q22(§7 1) = 07 we get

21(1) = 2(0) =0 (142)

Consequently z € D(A§) and we can write
kerP* C D(Ap) (143)
|

Lemma 8: ker P* C ker B*
Proof: Let us consider z € ker P*. Consequently we
have P*z = 0. We can rewrite it

(1) = [ (Guemag et u
(144)

If we evaluate the first line for x = 0 and the second one
for x = 1, using the fact that Q11(¢,1) = @21(£,1) =
Q12(£,0) = Q22(&,0) = 0, we get

21(0) = 22(1) =0 (145)

Consequently z € ker B* and we can write
kerP* C kerB* (146)
|

Lemma 9: YA € R ker(A\d — A§)N ker B* = {0}
Proof: Let us consider v € ® and z € ker(vId— Aj)N
ker B* = {0}. Consequently we have

(136) ( 21 (b 2)EAY + 21 (8, 2)TQ + 20(t, )T — vz (¢, 2)T ) _ (O>

Using (43) and (131) yields —2zo(t, z)g;A* ¥ 2o(t, )T 4 21 (6, 2)TT — vzo(t, )T 0
(147)
d
dt <g) = 4o (g) = AoP <Z) (137)  with the boundary conditions

Moreover using (11) and (131) we get
d (o d p(u Consequently (using the Cauchy-Lipschitz’ theorem) we
dt (5) B %( (v>) have z = 0 u

_ pA () | PBU ()

We can now state the following theorem
Theorem 5: The map P* = Id — Q™ is invertible

(138)



Proof: Since Q* is a compact operator we can use
the Fredholm alternative (e.g [4]): Ids — Q™ is either non-
injective or surjective. Consequently it suffices to prove that
P* is injective. In addition, the Fredholm alternative also
gives [4]

dim ker(Id — Q") < +o0 (149)

By contradiction we assume that ker P* # {0}. We first
prove that ker P* is stable by Aj. We have ker P* C D(A}).
Let then consider z € ker P*. Using (140) we can obtain

P*A5z =0 (150)

We thus have Afz € ker P*. Consequently the restriction
Ap e Of A to ker P* is a linear operator from ker P* to
ker P*. Since the dimension of ker P* is finite we can find
at least one eigenvalue v. Let e € ker P* be a corresponding
eigenvector (by definition e # 0). We have e € ker P* and
so e € ker B*. Moreover we have Aje = ve. Consequently

e € ker(vld — Aj) NkerB* (151)

which contradicts Lemma 5 and concludes the proof. |

VI. CONTROL LAW AND MAIN RESULTS
We now state the main stabilization result as follows:
Theorem 6: System (1)-(2) with the following feedback
control laws

U@z—Aummmwa+uawm@M§<wm

1
V() = [ (0L u(t.0)+ N1Lol ) (153
where K, L and M, N are defined by (61)-(66) and (79)-
(84), reaches its zero equilibrium in finite time tr, where
tp is given by (18). The zero equilibrium is exponentially
stable in the L2-sense.

Proof: Notice that evaluating (48) at x = 0 yields (152)
and evaluating (49) at x = 1 yields (153). Since the kernels
are invertible, there exists a unique operator S such that

(v) =5 (5)

Applying Lemma 2 implies that («, 3) go to zero in finite
time tp, therefore (u,v) converge to zero in finite time tp
|

(154)

VII. UNCOLLOCATED OBSERVER DESIGN AND OUTPUT
FEEDBACK CONTROLLER

In this section we design an observer that relies on the
measurements of u at the right boundary and v at the left
boundary, i.e we measure

Y1 (t)
Yya(t)

(155)
(156)

=u(t, 1)
=(t,0)

Then, using the estimates given by our observer and the con-
trol law (152)-(153), we derive an output feedback controller.

A. Observer design
The observer equations reads as follows
Ge(t, ) + AT, (t, x) = ST Fa(t, z) + ST o(t, x)
— Pri(z)(a(t, 1) — u(t, )) Pi(0(t,0) —v(t,0)) (157)
0 (t, ) + A0 (t, ) = X7Vt x) + X770t @)
— Por(z)(a(t, 1) — ult, 1)) — Pa2(9(t,0) — v(¢,0)) (158)
with the boundary conditions
U(t),

a(t,0) = W(t,1) =

where Pyi(-), P21(+), Pi2(-) and Ps3(-) have yet to be
designed. This yield the following error system

V(t) (159)

Ge(t,z) + ATy (t, x) = ST Hat, z) + ST a(t, z)
— Pu(z)u(t,1) — Pra(x)o(t,0) (160)
Ot ) + A0 (t ) = BT a(t, z) + B 0(t, @)
— Poy(x)a(t, 1) — Paa(x)9(t,0) (161)
with the boundary conditions
w(t,0) =0, o(t,1)=0 (162)

B. Target system design
We map the system (1)-(3) to the following system

ai(t,z) + AT, (t,z) = Q(z)a(t, ) + T(x)B(t, ) (163)
Bi(t,z) — A~ B (t,x) = Q(z)B(t,x) + T(z)a(t,z) (164)

with the following boundary conditions
a(t,0)=0 4(t,1)=0 (165)

while Q and Q € L>(0,1) are upper triangular matrices
with the following structure

wii(z) wip() wi ()
Q@) =] °
N . wn—l,n—l(x) wﬂ—lyn(z)
0 0 Wn,n(x)
(166)
wi,1(z)  w12() @1,m (1)
Ay =| ° .
Wm—1,m 1( ) @m—l,m(‘r)
0 0 ‘Drn,m(x)
(167)

The coefficients of the matrices I'(z) and I'(z) are defined
by
Vi<i<n V1I<j<m

0 if a;>1-a
Ty = ij
@) { Yij () hja,; 1() else
(168)



Vi<i<m V1i<j<n

Lij(a) = { !

if aijgl—(_l

Vi (2)h0,a;,1 () else
(169)
where, for any interval I, h; is defined by
1 if zel
hi(x) = { 0 else (170)

We recall the following result

Lemma 10: The zero equilibrium of (163)-(164) with
boundary conditions (165) and initial conditions (a, 3°) €
£2([0,1]) is exponentially stable in the £? sense.

C. Fredholm transformation

1) Definition of the transformation: In order to map the
system (160)-(161) to the target system (163)-(165), we use
the following transformation

u(t,z) = a(t,z)
+—hmg_aﬂx)g[;(Aacu5>aay§>+»L1@;5>Bu;£»d£

1
3/ My (z,€)alt, €) + Ni(z, €)B(t, €))de
—cz+1

—%(Jc—l)

s

+ by @)

0

1
+/Jmu@mm@+mu@wwm@>
’U(tax) = ﬂ(t,l’)
+hmba@K/(KN%OMLO+EN%OMtOM§

0

(171)

+/ My (x,€)alt, €) + Ni(z, €)B(t, €))de
—Lx+1

>

2 ]
44mﬁﬂuxé (By (2, )alt, €) + L (2, €)B(1, €))de

+/EM%&W@+NM%Ww®%) (172)

We define the following triangular domains

(173)

Ti={(z,90 <z <1,

The kernels Ki,L;, K; and L; are defined on 7;.
M, Ny, M; and N; are defined on 7. They are continuous
in their domains of assumed definition. They all have yet to
be defined.

(K1 (2, &)a(t,&) + Li(z,)B(¢,€))dE 0=—A"(K1)a(z,) + (K1)e(w, AT — X7~

2) Kernel equations: Differentiating the Fredholm trans-
formation (171)-(172) with respect to time and space yields
the following system of equations.

0=S"" - ATKi(x,2) + Ki(x,2)AT — Q(z) (175)
0=X"" —A"Li(z,2) — Li(x,2)A~ —I'(z) (176)
0="1T+ A Ki(z,z) + Ki(z,2)AT — T'(z) (177)
0=""+A"Li(z,2) — Li(z,2)A~ — Q(x) (178)
A A A
0=-— ﬁA+K1(1‘, —ﬁ(x —1)) — Ky(z, —ﬁ(x —1)AT
(179)

——é + ;v—é:r— - x—éx— -
0=—ZA"h( —=(@—1) =L@ -2 -1))A

(180)
A A _ A
0 :ﬁA7K1(x, —%(a: —1)) — Ky (=, —ﬁ(a: —1))AT
(181)
A A . A
0 :ﬁA_L1(w, —ﬁ(:zc - 1)) + Ly (z, —ﬁ(m —1)A™
(182)

0 :A+(K1)w<x7£) + (Kl)ﬁ(mvf)A+ - Z++K1(.’L‘,§)
— St Ky(2,8) + Ki(2,6)Q(x) + Li(z,6)T ()
(183)
0 =AT(L1)o(2,8) + (L1)e(w, §)AT = B Li(,€)
— St Ly(2,8) + Li(z,6)Q(z) + Ky (2, ) (x)
(184)
B _1($,§)
=YK (2,8) + Ki(2,)Q(2) + L (2, €T (2)
(185)
0=—A"(L1)a(2,8) = (L1)e(z, A =277 L(,€)
= ST Li(2,8) + Li(,)Qx) + Ki (2, §)T(2)
(186)

A similar system can be obtained for the kernels M, IV, M
and N. Moreover the observer gains are given by

Pri(z) = My (1, 2)A" (187)
Pyy(x) = My(1,2)A™ (188)
Piy(z) = L1(0,2)A~ (189)
Pao(x) = L1(0,2)A~ (190)

The complete proof of the well-posedness of system (175)-
(186) is not detailed here. However, one can notice that
considering the following alternatives variables (x,y) =
(1—¢&,1—x) the triangle 7 is mapped on 7 and the triangle
T{ is mapped on T7. The corresponding kernel equations (or
at least their transposed) are extremely similar to the ones
obtained in Section III and consequently the well-posedness
proof detailed in Section IV can easily be adjusted to assess
the well-posedness of system (175)-(186).

D. Output feedback controller

The estimates can be used in a observer-controller to
derive an output feedback law yielding finite-time stability
of the zero equilibrium



Lemma 11: Consider the system composed of (1)-(3) and
target system (157)-(159) with the following control law

Ut) = - / (K(0,€)a(t,€) + L(0,€)i(t, £))de  (191)

Vi) = - / (VI(L, €)(t, €) + N(LE)o(t,€)de (192)

where K, L and M, N are defined by (61)-(66) and (79)-
(84). Its solutions (u, v, 4, v) converge in finite time to zero

Proof: The convergence of the observer error states
u,? to zero for ty < t is ensured by Theorem 7, along
with the existence of the backstepping transformation. Thus,
once tp < t, v(t,0) = ©(¢,0) and one can use Theorem 6.
Therefore for 2ty < t, one has (u, v, 4, ) = 0 which yields
(u,v) =0. |

VIII. SIMULATION RESULTS

In this section we illustrate our results with simulations on
a toy problem. The algorithm we use follows the proof of
Theorem 1. It solves the equations (89)-(105) transforming
them into integral equations, computing the characteristic
lines and finding the fixed point, solution of the kernel
equations. These kernels are then used to compute the control
law. The numerical values of the parameters are as follow.

n:m:2, )‘1:2a )\2:4 ,LL1:2, M2:5
(193)
1 1 1 1
++ +- _
S _<1 1) > _(1 1) (194)
2 2 2 2
-+ _ - _
5 _<2 2) 5 _<2 2) (195)

The parameters values are chosen such that

« the system is unstable, in particular not stabilizable by
a static feedback law, and
o there is a large benefit in using the presented re-
sult compared to [2] since the minimumltime tp, =
N 0.5) is the half of ¢z, " + " 1.
Figure 4 pictures the £2-norm of the state (u,v) in open
loop, using the control law (152)-(153) presented in this
paper and using only a one-sided control-law (with only
two actuators) based on the one developed in [2]. While
the system in open loop is unstable (the £2-norm diverges),
it converges in minimum time tp1 = max{y, ;} = 0.5
when controller (152)-(153) is applied, as expected from
Theorem 6 and in time t2 = § + - = 1 when the
controller from [2] is applied. Figure 5 pictures the total
control effort U (t) defined by U(t) = U2(t) + UZ(t) in the
case we have only a one-boundary controller and defined by
U(t) = UZ(t) + U2(t) + V2(t) + V2(t) in the case we have
a two-boundary controller. One can notice that the control
efforts are equivalent.

max(

Open loop
81 Minimum-time control (4controls)|
Minimum-time control (2controls)

L? norm

o . . :
0 0.2 0.4 06 08 1 12 14 16 18 2
Time s

Fig. 4. Time evolution of the L2-norm in open loop and using two different
controllers

0.7

Minimum-time control (4controls)
Minimum-time control (2controls)| |

0.6

0.5

0.4

Control

0.3

0.2

0.1

o . . .
0 0.2 0.4 0.6 0.8 1 12 14 16 18 2
Time [s]

Fig. 5. Controller dynamics

IX. CONCLUDING REMARK

Using a backstepping approach we have presented a stabi-

lizating boundary feedback law for a general class of linear
first-order system controlled in both boundaries. Moreover,
the zero equilibrium of the system is reached in minimum
time ¢y which is the largest time between the two transport
times in each direction.
Besides, the presented result narrows the gap with the
theoretical controllability results of [19]. These results, al-
though they do not provide explicit control law, ensure
exact minimum-time controllability with less control inputs
than what is currently achievable using backstepping. More
generally, this raises the question of the links between
controllability and stabilization by backstepping. In particular
future works will consider first-order systems with a smaller
number of controls in each boundary.

APPENDIX

In this appendix, we prove Theorem 3. Assume that
the assumptions of Theorem 3 hold then the system (85)
with boundary conditions (87) has an unique solution F' €



L*°(D). Classically (see [17] and [24]), the proof follows
three steps:
« First, we compute the characteristic lines
e In each domain the equations are transformed into
integral equations.
« Finally, a method of successive approximations is used
to find a solution to the integral equations.

A. Transformation into integral equations

The first assumption of Theorem 3 yields the existence
and uniqueness of characteristic curves defined as follows.
For each 1 < j < n+ m and (x,£) € D, we now define
the following characteristic lines (x;(z,¢&, ), &;(z, &, -)) cor-
responding to equation (85)

drs

{ %(x,{,s) =€ S€ [O,Sf(x,f)] (196)
Z‘j(l‘ 570) = mg(xag)v xj(x,@sf(x,f)) =T

{ (ffj (x,§8)=v; sE€ [O,Sf(x,f)} (197)
§i(2,6,0) = E)(x,€), &(x,& 5] (2,6) =¢

These lines originate at the point (2)(z, ), &9 (x,£)) located
on the boundary of the domain and terminate on (z,&).
Integrating (85) along these characteristics and using bound-
ary conditions (87) yields

Fj(x,g) = f](M]O(Ivé-aS))+

57 (2,6)
[ s0nee ) rong s ass)
0
where we denote M;(x,&,s) = (z(x,&,s),&(x,&,s)) and
B. Method of successive approximations

In order to solve (198) we use the method of successive
approximations. We define

5P (2,€)
%W@@=A 5, (M; (. €, 7)) F(M; (2, £, 57))ds

(199)
We now construct the sequence F? defined by
F%z,6)=0 (200)
MY (2,8, 57))
FPi(z,€) = :
fn+m(M(0n+m) (l‘,f, Sj))
@y [FP)(x,€)
+ : (201)
(I)(n—O—m) [Fp](%g)

Consequently, if the sequence FP has a limit, then this limit
is a solution of the integral equation and therefore of the
original system.

We define the increment AF? = FP — FP~!, Provided the
limit exists one has

F(z,§) = lim FP(z,§) =

p——+oo

ZAF"x{“

We now prove the convergence of the series.

(202)

C. Convergence of the successive approximations series

The proof of convergence is based on the following
Lemmas.

Lemma 12: Assume that (88) holds. then for all j =
1...n+1, (z,§) € D, the following function is strictly
increasing

¢£C£ s € [ (33 5)] _axj(‘ra§75)_§j(xa§75)
+ (a+1) (203)
Proof: The proof is trivial. Recalling (88) yields
G e(s) = —ae; —v; >0 (204)
This concludes the proof. [ ]

Lemma 13: For all j = 1...n+m the following inequal-

ities hold

Sj (x,€)
/0 (—owij(@,€,8) — &j(@,€,8) + (a+ 1))Pds
1((a+1)—ax— &Pt

< (205)
Proof: C0n51der the t%llowmg change of variables
T = ¢pe(s) (206)

It yields

5j (=€)
A (—awy(@,6,5) — &(2,6,5) + (o + 1))Pds

—ax—E+2 Pq
— / _ra (207)
—a20(2,6)—€0 ()42 Q€ ~ V)
Using (88) this yields
Sf(zxg)
[ s s+ gwe oy
0
(—az = £+ (a + 1)PH!
olp+1)
—az?(z, &) — £9(z,€) + (a+ 1))PH!
| (caad(@,9) - w0 +(a+ 1) o08)
5(p+1)
Since (z9(z, ),f (z,€)) € D and since o > 0, one has
—ax(x,§) — ( x,€) + a+ 1 > 0 which yields the result.
]
Lemma 14: Let M > 0 be such that
M>3%5 (209)
where ¥ is defined as
= b)) F

||£]]
If for some 1 < ¢ and some f > 0 one has, for all (z,€) €Ty
MP(—ax — &+ (a+1))P

max
(z,£)€D || F||#0

Vi=1l...m+n |AF;’($,§)\§ o
@11
Thenone has Vj =1...m+n
p+1(_ _ p+1
AP (g g < M (0T S @ )T )

(p+1)!



Proof: Assume that (211) holds for some fixed 1 < p.
Let us consider 1 < j < (m + n).

AR (@, €)] = |95[AF7)(z,€)]

s¥ (2,6)
< / 15 (Mij (2, €, 5,)) AFP (M; (2, €, ;) ds

(213)
Using (211) this yields
) A CEIN
arEgl<s [T
0
((Oé + 1) — O[I‘j(x, 67 S) B gj('ra 67 S))pdS
p!
SMP (—ax — €+ (a+1))PH
< 214
f 5 (p+1)! @14)
which yields the result using (209) |

Proof: We now prove the Initialization. Denoting

| fi(@, ) (215)

f= max  max
(z,§)€To j=1...n+m

one has
Vi =1...n+m|AF}(z,6)| = |f;(M](z,€))| < f (216)

Then, using Lemma 10, one can prove by recursion that

+oo
D IAFP(z, )| < feMTermtter) 17
p=0
Defining F' as
+oo
F(z,§) = I;AFP(I, £) = Jim. FP(z,€) (218)

and taking the limit p — oo in (201) yields the result. |
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