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Delay robust stabilization of an underactuated network of two
interconnected PDE systems

Jean Auriol!, Florent Di Meglio!, and Federico Bribiesca-Argomedo?

Abstract— We detail in this article the development of a
delay-robust stabilizing state feedback control law for an
underactuated network of two systems of two heterodirectional
linear first-order hyperbolic Partial Differential Equations
interconnected through their boundaries. Only one of the
two subsystems is actuated. The proposed approach combines
successive backstepping transformations which allow to rewrite
the original network system as a simple neutral system with
distributed delays for which the control design is easy. The
proposed feedback law is finally proved to be robust to small
delays in the actuation.

I. INTRODUCTION

In this paper we develop a linear feedback control law
that achieves delay-robust stabilization for an underactuated
network of two systems of two heterodirectional linear first-
order hyperbolic Partial Differential Equations (PDEs). More
precisely, the two sub-systems are interconnected through
their boundaries but only one of them is actuated.

The control of network of PDEs is an active research as
this class of systems naturally arises in multiple industrial
processes. Among them, we can cite electric power transmis-
sion across long distance using high voltage direct current
transmission (HVDC) networks [1], [21], [22], where the
electrical interconnection of the transmission lines at the
network nodes leads to a coupling of the corresponding line
PDEs at their boundaries. Similar kinds of networks can
be found considering density-flow systems [6], [7], open
canals [13], [14] or the design of a virtual flow meter
pilot [17]. In most cases, only the PDE located at one
extremity of the network can be actuated. These systems are
consequently underactuated which makes their stabilization
particularly challenging. To tackle this problem, different
approaches have been proposed in the literature. PI boundary
controllers have for instance been considered in [6], [7]
for fully actuated networks (i.e. with one control per set
of heterodirectional PDEs), establishing explicit stability
conditions using appropriate quadratic Lyapunov functions.
In [21], [22], the authors consider a flatness-based design
of a feedforward control of tree-like transmission networks.
Recently, the exact boundary controllability of nodal profile
for quasilinear hyperbolic systems with interface conditions
in a tree-like networks has been assessed in [14], [26] using
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the method of characteristics. However, this last approach is
non-constructive as it does not provide an explicit formula-
tion of the corresponding feedback laws.

Considering linear hyperbolic systems, it has been possible
using the backstepping approach [18] to design stabilizing
control law for a large class of problems [4], [10], [9]. Recent
contributions [2] have highlighted the necessity of a change
of paradigm to achieve delay-robust stabilization, as it has
been observed [11], [19] that for many feedback systems, the
introduction of arbitrarily small time-delays in the loop may
cause instability under linear feedback. The design of delay-
robust control laws has been achieved using the backstepping
approach to rewrite the considered system as neutral systems
with distributed delays [2], [5] and adjusting the analysis
methods developed for time delay systems [15], [16].

The main contribution of this paper is to provide an
explicit control design that ensures the delay-robust sta-
bilization of an underactuated network of two systems
of two linear hyperbolic PDEs systems. This is done by
means of successive backstepping transformations which
allow to rewrite the original network system as a simple
neutral system with distributed delays for which the control
design is easy. Our approach is the following: (i) A Volterra
transformation is constructed, removing some of the in-
domain couplings present in the two subsystems. Due to the
interconnection, some undesirable integral terms appear at
the boundaries between the two subsystems. (ii) A second
transformation is then used to get rid of these terms, moving
them inside the actuated PDE-subsystem. (iii) Using a last
Volterra transformation, it becomes possible to rewrite the
system as a neutral difference system for which a state-
feedback law is constructed. (iv) Finally, the delay-robustness
properties of the system are studied by means of an algebraic
analysis in the Laplace domain.

The paper is organized as follows. In Section 2, we
introduce the model equations and the notations. In Section 3,
we present the stabilization result: combining successive
Volterra transformations, the original system can be rewritten
as a difference delay system for which it is possible to derive
a stabilizing control law. The corresponding feedback system
is proved to be stable to small delays in Section 4.

II. PROBLEM DESCRIPTION
A. System under consideration
We consider the following 2-state linear hyperbolic system
Opur (t, ) + M\ 0puy (t, ) = o7 (2)v1(t, 2), (1)
o1 (t, ) — mOyvi(t, ) = oy (z)ur(t, o), 2)



evolving in {(¢,z) st. ¢ > 0, x € [0,1]}, where A\; > 0
and pq > 0 are the constant transport velocities respectively
associated to equations (1)-(2) and where the in-domain
coupling terms o and o} are continuous functions defined
on [0, 1]. The associated initial conditions are u§(-) = uy (-, t)
and v)(-) = wi(-,t) and are defined in L?([0,1],R). In
addition, u (¢, z) and vy (¢, x) satisfy the following boundary
conditions

u1(¢,0) = g11v1(t,0) + g1202(¢,0), €))
(%1 (t7 1) = plul(ta 1) + V(t)7 (4)

where the coupling terms ¢11 # 0, ¢12 and p; are constant,
where V is an input function (control law) that takes real
values and where vy corresponds to the evaluation at x = 0
of the state U5(¢, ) which is solution of the following linear
hyperbolic system

O 02(t, ) + p20y02(t, ) = 74 (x)us(t, x), ®)
Ovtin(t, ) — ADulin(t, ) = 73 (2)Ta(t, ), (6)

evolving in {(¢,x) s.t. ¢ > 0, = € [—1,0]}, where pug > 0
and Ay > 0 are the constant transport velocities respec-
tively associated to equations (5)-(6) and where the in-
domain coupling terms &5 and &, are continuous func-
tions defined on [—1,0]. The associated initial conditions
are 43(-) = 12(+,0) and ¥9(-) = va(-,0) and are defined
in L?([—1,0],R). We have in addition the following bound-
ary conditions

Ua(t,0) = g2202(t,0) + g21v1(t,0), (N
1_)2(t7 _1) = p2U1(t, _1)a (8)

where the coupling terms g22, g21 and ps # 0 are constant.
System (1)-(8) is depicted in Figure 1.

To simplify the computations in the next sections, we will
rewrite the PDE system (5)-(8) in the space [0, 1] instead
of [—1,0]. To this extent, we consider the new states usz(t, )
and vy (¢, z) evolving in {(¢,z) s.t. t > 0, = € [0,1]} and
defined by ua(t,x) = us(t, —z) and veo(t,x) = Ua(t, —x).
We also define on [0, 1] the continuous functions o (7) =
G5 (—x) and o, (¥) = &, (—x). The interconnected sys-
tem (1)-(4), (5)-(8) consequently rewrites on [0, 1] as

Opur (t, ) + M\ 0pus (L, 2) = o7 (2)v1(t, 2), 9)
o1 (t,z) — mOpvi(t,z) = oy ()ua(t,x),  (10)
Opua(t, ) + NoOpus(t, x) = of (z)va(t, x), a1
Opva(t, ) — polyva(t, ) = o5 (z)ua(t, z), (12)
along with the boundary condition
u1(t,0) = qriv1(t, 0) + qi2v2(t, 0), (13)
vl(t7 1) = plul(ta 1) + V(t)a (14)
ua(t,0) = ga2v2(t,0) + g21v1(t,0), (15)
’Ug(t, 1) = pgul(t, 1). (16)

The corresponding initial conditions are L2([0, 1], R) func-
tions

Remark 1: The positive velocities A1, Ag, p1 and po are
assumed to be constant in this paper but the presented results
can be extended to the case of spatially varying coefficients
whose velocities are C''([0, 1], R)-functions.

B. Problem formulation

The goal of this paper is to design a state feedback control
law V = K[(u1, v, u2,v2)] where K : (L?[0,1])* — R is a
linear operator, such that:

o the state (u,v1,us,ve) of the resulting feedback sys-
tem (9)-(16) exponentially converges to its zero equi-
librium (stabilization problem), i.e. there exists kg >
0 and v > 0 such that for any initial condi-
tion (u,v?,u3,v3) € (L2[0,1])%, for all t > 0

(w1, w1, uz, 02)l| 2 < moe™"[[(ud, o}, ug, v3) | 2.

a7

o the resulting feedback system (9)-(16) is robustly sta-
ble with respect to small delays in the loop (delay-
robustness), i.e. there exists 6* > 0 such that for
any § € [0,9*], the control law V(¢ — ¢) stabilizes (9)-
(16).

A control law that satisfies these two constraints is said
to delay-robustly stabilize (in the sense of [19]) system (9)-
(16). This notion is crucial in so far as it has been proven
in [2] that depending on the boundary couplings, some
systems of PDEs cannot be delay-robustly stabilized. The
main difficulty in this paper, compared to the classical
stabilization problem of linear PDEs [2], [4], [10], [25], is
that the subsystem (ug,v2) can only be stabilized through
the subsystem (uj,v). This induces the following natural
assumption, without which it would not be possible to act
on subsystem (ugz, v2) using the control law V.
Assumption 1: The coefficient go; is not equal to zero.

C. A necessary condition for delay-robust stabilization

It has been proved in [19] that to ensure the existence
of a delay-stabilizing control law for system (9)-(16), it is
necessary for its open-loop transfer functions to have at most
a finite number of poles in the complex right half plane. The
authors have proved in [5] that this condition is equivalent
to requiring system (9)-(16) with zero in-domain couplings
(ie. 0 =0 =0y =0, = 0) to be exponentially stable
in open-loop. The stability properties of linear conservation
laws have been broadly considered in [23], [24], [27] relying
on a systematic use of direct estimates of the solutions and
their derivatives along the characteristic curves. Necessary
and sufficient stability conditions can be obtained by writing
the corresponding complex characteristic equations [15],
[16], [20]. However these conditions often require iterative
optimization methods. In the case of four equations (which
is the considered case here) a simpler condition can be found
in [8]. More precisely, let us define, for H € M, ,(R)
(where M, ;(R) denotes the set of real matrices with 7 rows
and s columns).

Sp, (K) = Inf{[|AHAT!|; A € Dy},
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Fig. 1. Schematic representation of the interconnected system (1)-(8)

where D), ;. denotes the set of p x p real diagonal matrices
with strictly positive diagonal elements. Then, for zero in-
domain couplings the system (9)-(16) is exponentially stable
if and only if the following assumption holds.

0 0 gun q2
Assumption 2: We have Sp; 0 g2 g2 < 1.
pr 0 0 O
0 p2 0 O
We consider that this assumption holds in all what follow.
Let us denote 74 = /\% + % and 5 = /\% + %, the

total transport time of each subsystem. Using the method
of characteristics it is straightforward to prove that the
state v1 (¢, 1) and vz (¢, 0) satisfy for ¢ > 7 + 7

1
v1(t, 1) = prquivr(t — 71, 1) + p1grava(t — N 0) (18)
1
v2(t,0) = paqaova(t — 72,0) + pagarv1 (t — T2 — o 1).
1
(19)

Then using the exponential stability of the considered open-
loop uncoupled service stated by Assumption 2, we can
conclude to the exponential stability of (18)-(19) (in the sense
of [16]).

III. DESIGN OF THE CONTROL LAW

In this section we derive a control law that guarantees the
stabilization of (9)-(16), using the following methodology.
We start using a Volterra transformation to remove the in-
domain coupling terms. Due to this transformation, new
integral terms appear simultaneously in system (uq,v;) and
in the boundary conditions (13)-(15). We then use a second
integral transformation on subsystem (u;,v1) to remove
these integral terms from the boundary conditions and from
the v;-equation. A last Volterra transformation is introduced
to remove undesired terms in the actuated PDE. Finally,
using the method of characteristics, it becomes possible to
rewrite the considered PDEs system as a neutral system for
which the design of a stabilizing feedback law is straightfor-
ward.

A. First Volterra transformation: removing the local in-
domain coupling terms

In this section, we remove the in-domain coupling
terms Uf and o, from equations (9)-(12). This will trans-
form equations (11)-(12) into a system of two transport
equations. More precisely, inspired by [10], let us consider

the following Volterra transformations, defined for i € {1, 2}

(20)

where ai(x) = 0, by(x) = azx(z) = z and be(x) = 1
and where the kernels K are L°°-functions defined on the
triangular domain 77 = {(z,£) € [0,1)?, ¢ < z} while
the kernels K, are L°°-functions defined on the triangular
domain T3 = {(x,€) € [0,1]?, £ > z}. They satisfy the set
of PDEs on their corresponding domain of definition defined
in [10] for ¢ € {1,2} by

(21)
(22)
il KV (2, €) + pide K (2,€) = o ()K" (2,€), (24)

along with the boundary conditions

o5 (x) oy ()
K¥(z,z) = ——2 , KV (z,x) = ——2 , (25
2 (@) Ao +pn’ 2 (z,2) A2 + o (2)
Ky (z,1) = %sz;‘“(x, 1), (26)
VU AQ U
K, (x,l) = M202K2 (x, 1), 27
oy () of (x)
KV (z,2) = ——L , KW (z,z) = —2 , 28
14 (2, 2) N+ i 1 (x, x) N tn (28)
KV(2,0) = qifleU(x,oy (29)
K(z,0) = ’“A K" (z,0). (30)
q11A1

Note that equation (27) is only defined for py # 0 while
equation (30) is only defined for g;; # 0. We have the
following lemma

Lemma 1: [10] Consider system (21)-(30). There exists a
unique solution K", K}, K", K?¥ in L>(7;). Moreover,



there exists L, LY?, L5* L5? in L>(7T3) such that

us(t,z) = an(t, z) — / L5 (x, O)aus(t, )t

1
- / L8P (2,€)Bs(t,€)dE, (1)
€E1
’Ug(t,l’) == /BQ(ta'r) 7/ Lga(I,g)QQ(t,g)dg
1
-~ / L5P(2,6)Ba(t,€)dE. (32)

Note that a similar result holds for the kernels K- 1 - Applying
the backstepping transformation (20) to (9)-(16) yields

o (t, ) + MOpan(t, ) = fi(x)(B2(t,0) + 11(t)) (33)
APt x) — p10:B1(t, ) = fz( )(B2(¢,0) + 11 (t)) (34)
Oras(t, ) + NoOpa(t, z) = (35)
8t52(t7$> MQawBQ ,I‘) = 7 (36)
with the boundary condition
ai1(t,0) = qu1P1(t,0) + q1252(t,0) + q1211 (1) 37
Bi(t,1) = praa(t,1) + V(t) (38)
az(t,0) = q2181(t,0) + q2262(t,0) + I2(t) (39)
ﬁ?(t, ]-) = p2a2(tv 1)7 (40)

1
L) = - / L5°(0,€)as(1,€) + LEP (0,€) B (t, ),

0

q22L§a(Oa 5))052 (ta f)dg

L(t) = / (L5%(0,€)

1
+ / (L57(0,€) — gL (0,€))Ba(t, ),

fl(x) = —)\1Q12K%u($»0)7
fa(x) = =Mqi2 K7 (2, 0),

() = V(t)+ / (I (1,€) — KY(1,€)) i (1, £)de

+ / (K (1,6) — KY¥(1,€)) v (1, €)de.
0

The new control law V/(-) can obviously be rewritten in terms
of V() and o and (1, we choose not doing it due to space
restrictions.

B. Second integral transformation: simplify the boundary
conditions

In this section, we use an integral transformation on the
subsystem (1, 81) to remove the integral terms that appear
in the boundary condition (39). More precisely, we consider
the following invertible affine transformation

1
z1(t,z) = p1(t, x) 7/0 F*(x,8)as(t,&)d¢
- | Paopoa,

0

(41)

where the kernels F® and FP are L°°-functions defined

onU = {(z,€) € [0,1]?} by the following set of PDEs
0. F (2,6) = X0 F* (2,€) = fo(a) L5 (0,€),  (42)
1027 (2,6) + 120 FP (2,€) = fa(0)L57(0,€),  (43)
along with the boundary conditions
F(0,6) = (qzzL “(0,8) — L5%(0,9)), 44
1
FP0,€) = —(a22157(0.6) = L57(0,€)),  (43)
Fo(,0) = 222 pa(3,0) - = fy(a), (46)
H2 H2
Fo(a,1) = BRI (2,1). (47)
2

The following lemma assesses the existence of a solution to
equations (42)-(47).
Lemma 2: Consider system (42)-(47). There exists a
unique solution F*, F# in L>(U).
Proof: The well-posedness of equations (42)-(47) will
be proved in a recursive way. Let us consider the se-
quences x,, and y,, defined for all positive integer n by

Zo = Oa Tpt+1 = mln(17yn + &)7
Yo :07 Yn+1 :mln(laxn“i’%)
2

These sequences are strictly increasing and converge after
a finite number of iterations to 1. We denote N the first
integer for which z = 1 or yy = 1. Let us consider the
property P (k) defined for all 0 < k < N: “The PDE (42)
along with the boundary conditions (44) and (47) admits a
unique L°°-solution on the space R,, = {(z,§) € U, s.t.x <
Ty — ’;—;(f — 1)}. The PDE (43) along with the boundary
conditions (45) and (46) admits a unique L°°-solution on the
space S, = {(z,&) €U, s.t. z < %5 +ynt”

Initialization: Let us consider the domains Ry and Sy as
represented in Figure 2. Let us consider the characteristic
lines associated to (42)-(43) (and pictured in Figure 2).
Using the method of characteristics with the boundary con-
dition (44), we immediately have for (z,£) € Ry

PP, = (L0, +520) ~ 1370, + 52)
+ / fo(z — ms)Lga(O,E-i— Ags)ds,
0
Similarly, we have for (z,¢£) € Sy
FP(@,6) = (0.6 = 22a) ~ 1570, - 2a)
M1 H1

+/ i Ja(z — ﬂlS)Lgﬁ(O,f — H28)ds.
0

Since f, and L; are L* functions, this immediately implies
that P(0) holds.

Induction: Les us assume that the property P(k) (0
N —1) is true. Let us consider (z,£) € Rpy1. If (z,€)
then we already know that F'* is well-defined. If (,

<k<
€ Ro,
§) ¢
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Fig. 2. Representation of the domains Rg and Sgp and of the characteristic
lines associated to equations (42)-(43)

Ro, then using the method of characteristics, we immediately
have

F(a,6) = SR = 21— ), )

1-¢

Pe o
+/ fala — p1s) L5 (0,€ + Aps)ds.
0

Since (,€) € Ry+1, we have © — 52 (1 —§) < zp41. Thus,
the point (z—5%(1-¢), 1) € Sy, and this immediately implies
that F'* is a L>°(Ry1) function. Similar computations can
be done to prove that F¥ is a L>(Sky1) function. This
concludes the recursive proof of the property P(k). The
proof of the well-posedness on the rest of the unit square &/
is now straightforward using the method of characteristics.

|

Transformation (41) maps the system (33)-(40) to the fol-
lowing target system

81&041(757 l‘) + )\laa:al(tv x) = fl (:L‘)(,@g(t, 0) + 1 (t))7 (48)
Orz1(t, ) — p10521(t, ) = —Aaqo1 F*(x,0)21(¢,0), (49)
atag(t, IZ’) -+ Azazag(t, l‘) = O, (50)
6tﬁ2(t7 Jf) - UQaa;ﬁQ(t7 JJ) =0, (51)
along with the boundary condition
al(tv O) = (q11%”1 (ta 0) + quﬂZ(ta 0) + I3(t>7 (52)
Z1 (t, 1) = plal(t7 1) + V(t), (53)
az(t,0) = ga121(t,0) + ga252(t, 0), (54)
Ba(t, 1) = paaa(t, 1), (55)

where

I3(t) = qu2l2(t) + Q11/0 F*(0,8)az(&)dE

1
+an /0 FA(0,€)(€)de, (56)
1
?wsz—Azm@owwa&
1
- /0 FP(1,6)Ba(t,€)dE. (57)

Note that system (48)-(55) can be rewritten entirely in terms
of a, Qg, 527 Z1-
C. A last Volterra transformation

The last step consists in transforming equation (49) into a
transport equation. Then, we consider the following (invert-
ible) Volterra transformation

21 (t,x) = Bi(t,z) — /0 ) R(z,£)B1(t,€)dg,  (58)

where the kernel R is a L°-function defined on the trian-
gular domain 73 = {(z,&) € [0,1]%, £ > x} by

O R(x, &) + 0 R(z, &) = 0, (59)
R(z,0) = — 22928 pay ) (60)
H1

The system (59)-(60) obviously admits a unique solution
defined for (z,¢) € T by R(z,§) = 2282 F%(z — £,0).
This yields the following target system

8ta1(t7x) =+ Alazal(t,x) = fl(l‘)(ﬂg(t, O) + I (t)), 61)

O Pr(t, ) — 10y Ba(t, ) = 0 (62)

Oraa(t, ) + AoOra(t, ) = 0, (63)

OBa(t, ) — p20:P2(t,x) = 0, (64)
along with the boundary conditions

ai(t,0) = g Bi1(t,0) + qi252(t, 0) + I3(t), (65)

Br(t, 1) = prea(t, 1) + Va(b), (66)

az(t,0) = g2181(t,0) + g2232(t,0), (67)

Ba(t, 1) = pacia(t, 1), (68)

where
1
W = [ ROOBEOETO.

In what follows we use the following notations: for any ¢ > 0
and any x € [0, 1] we have

e e

v1(t, @ - t,x

w(t,x) = u;(t,x) , Y(t,z) = a;(t,x) (70)
UZ(ta I‘) BZ(ta 33)

The corresponding initial conditions will be denoted w°
and v°. We can sum up the multiple change of coordinates
we have done by the following theorem



Theorem 1: There exists an invertible bounded linear
map F : (L?([0,1]))* — (L*([0,1]))* such that for every
initial condition w® € (L2([0,1]))4, if v denotes the solution
to (61)-(68) satisfying the initial data v(0,-) = FlwY,
then, w(t,-) = F(v(t,-)) is the solution to (9)-(16) satisfy-
ing w(0,-) = w®. Moreover, there exists four bounded linear
operators KC; : (L2([0,1]))* — R (i € {0,1,2,3}) such that
for any control law V'(¢), we have for all j € {1,2,3}

Vi(t) = Ko(w(t,-)) + V(t). (71)

() = Kj(w(t,-)) (72)

Proof: The proof is straightforward and is not detailed
here. It simply consists in rewriting the successive back-
stepping transformations as linear operators and to compose
them. The invertibility of the operator F is a consequence of
the invertibility of all the transformations. Additional details
can be found in [9]. |

D. Design of the stabilizing control law

In this section we use the specific transport structure of
system (61)-(68) to rewrite it as a system of difference
equations. Using the method of characteristics, system (61)-
(68) can easily be rewritten for ¢t > 71 4+ 75 as

_ 1
Ba(t,0) = pagazfa(t — 72,0) + pagar fr(t — 72 — T b
(73)

1
7a0)

Vi(t) + prgu1Bi(t — 71, 1) + prquaBa(t — N

1

Bi(t, 1) =

+ /0ﬁ (B2t —5,0) + I1(t — 5)) f1(1 — A18)ds

1
I3(t — —
+ p1l3( )\1)

(74)
For almost every ¢ < 71 + 7o, B2(t,0) and j31(¢,1) remain
bounded and can be expressed (see Theorem 1) as functions
of w?, the initial condition of the original PDE system (9)-
(16). We have the following theorem

Theorem 2: Consider the following feedback law defined
for t > 71 + 1 by

V() = ~prau(t = 1) - Kofw(t, )

_pl/ AA=Ms)(F(0 0 0 va(t—s0)")

+ Ki(w(t —s,-)))ds, (75)
where the operators /C; are defined in Theorem 1. Consider
the PDEs system (9)-(16) along with the feedback control
law (75). Then, for any initial condition w° € (L2([0,1]))%,
the state w(t,-) exponentially converges to zero in the sense
of equation (17).

Proof: Using the definition of the operators X; and
the backstepping transformations introduced in the previous

sections, the control law V' (¢) rewrites

V(t) = —Ko(w(t,))

1

o /0 (Ba(t — 5,0) + 1 (t — 5)) fi(1 — Ars)ds.

Thus, system (73)-(74) rewrites

1
— o Ia(t — —
p1ls( )\1)

3 1
Ba(t,0) = paga2fa(t — 72,0) + p2ga1 Bi(t — 72 — o 1)
1

B1(t,1) = prau1Bi(t — 11, 1) + prgr2fa(t — 0).

1

A1
Due to Assumption 2, this system is exponentially stable
and 32(t,0) and B (¢, 1) exponentially converge to zero. This
in turn implies from (62) and (64) that (Bo(t,-) and B (t,-)
converge L2-exponentially to zero. This implies, from the
boundary condition (68) and from (63) that as(¢,-) con-
verges also L2-exponentially to zero. Finally, the same holds
for «y(t,-). Using the invertibility of the operator F, it
implies the convergence L2-exponentially to zero of w(t, ).
This yields the existence of kg > 0 and 79 > 0 such
that ||wl||p2 < koe™?||wP|| 2. This concludes the proof. m

IV. DELAY ROBUST STABILIZATION

In this section, we prove the delay-robustness of the
control law designed in the previous section. We have the
following preliminary result on the structure of the control
law V (¢).

Lemma 3: There exists two functions g and h €
(L>°([0, 71 + 72]))? such that for all ¢t > 74 + 75

T1+T2 B
V(t) = gW)Pr(t — v, 1) + h(v)Ba(t — v, 0)dv.

Proof: 0The proof is straightforward and is not detailed
there due to page limitation. It simply consists in using the
method of characteristics on the different integral terms that
appear in the expression of the control law V'(+) (see [5] for
details). |
Let us consider a small positive delay 6 > 0 on the actuation
input V(-). Due to Lemma 3, system (73)-(74) rewrites

~ 1
B2(t,0) = pagaafa(t — 72,0) + p2qa1B1(t — T2 — i’ 1)

1
- —.0
Y

T1+T2
—5A 9Bt — v — 6,1) + h(w)Balt — v — 6,0)dv

Bi(t, 1) = prquifi(t — 71, 1) + p1qraBa(t

T1+T2 B
- / gw)B1(t — v, 1) + h(v)Ba2(t — v,0)dv.
0
Taking the Laplace transform of this system, we obtain

51 (S 1)
(76)

B2(s,0) = pagase™ *Fa(s,0) + pagare —(raty

_ _1
Bi(t,s) = pigrie” ™ Bi(s, 1) + prqize 17 B2(s,0)

_ _ A 0s nT 2 —vs
(1—e7%) (9(v)B1(s,1) + h(v)B2(s,0))e™ " du.
0
(77



We consequently get the following characteristic quasipoly-
nomial P(s)

P(s) = det(F(s) — (1 —e °*)H(s)),
where
(1 )s
F(s) = 1- P2Q22i5:2: —pagare” T
—p1gize 1 1= piqre™™?

T1+T2
H(S) = /0 (g(V)Bl(S, 1) + h(V)ﬂQ(S, 0))671/st ((1) (1)> .

Consequently, the characteristic equation associated to (76)-
(77) can be rewritten P(s) = 0. It is straightforward to prove
that H (s) is bounded in the complex right-half plane. We are
now finally able to prove that the control law V (¢) as defined
in (75) delay-robustly stabilizes the system (9)-(16).
Theorem 3: The control law V(¢) as defined in (75)
delay-robustly stabilizes the system (9)-(16). That is, there
exists 6 > 0 such that, for all § € [0,0*],V(t — ¢)
exponentially stabilizes the system (9)-(16).
Proof: As the proof is equivalent to the one of [3, Theo-
rem 2], we just recall the main steps. Due to Assumption 2,
the function F(s) is positively bounded on the right-half
plane. The function P(s) has only a finite number of zeros in
the right half plane, where the zeros have finite module [15].
For each of this point, we can prove that there exists §,, > 0
such that for § < d,,, P(s) does not cancel in the right
half plane. It is then sufficient to choose §* = ming d,,(s).
Furthermore, since the principal term of P(s) is precisely the
function F'(s) which is stable by assumption, the asymptotic
vertical chain of zeros of P(s) cannot be the imaginary axis.
This implies delay robust stability since all zeros of P(s) are
in the open left-half complex plane. |

V. CONCLUDING REMARKS

In this paper, a delay-robust stabilizing feedback control
law has been developed for a network of two systems of
two coupled hyperbolic PDEs actuated at only one boundary
of the network. The proposed method combines successive
backstepping transformations that reduce the PDEs network
to a neutral system with distributed delay. The control
design becomes then straightforward. The robustness to small
delays (in the actuation) of the proposed feedback law is
ensured due to the integral structure of the control law. The
delay-robustness properties of the output-feedback controller
(crucial for application on an industrial problem) remains
to be considered. The extension to a network with a larger
number of interconnected systems should also be considered.
Finally, this raises the general question of the stabilization
of underactuated systems. A possible application of these
underactuated system is the stabilization of a Rijke tube, as
this problem has been formulated in [12] as a network of
two PDEs with an ODE sandwiched between them.
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