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Summary

We are revisiting the problem of adaptive observer design for systems that are
constituted of an Ordinary Differential Equation (ODE), containing a glob-
ally Lipschitz function of the state, and a linear Partial Differential Equation
(PDE) of a diffusion-reaction heat type. The ODE and PDE are connected in
series and both are subject to parametric uncertainties. In addition to nonlin-
earity and uncertainty, the system complexity also lies in the fact that no sensor
can be implemented at the junction point between the ODE and the PDE. In
the absence of parameter uncertainty, nonadaptive state observers are available

featuring exponential convergence. However, convergence is guaranteed only

UNICAEN, 14000, France.

) I under the condition that either the Lipschitz coefficient is sufficiently small or
Email: fouad.giri@unicaen.fr

the PDE domain length is sufficiently small. To get around this limitation, and
also to account for parameter uncertainty, we develop a design that involves
two concatenated adaptive observers, covering the two subintervals of the PDE
domain. The proposed design employs one extra sensor, providing the measure-
ment of the PDE state at an inner position close to the ODE-PDE junction point.
Both observers are shown to be exponentially convergent, under ad-hoc persis-
tent excitation (PE) conditions, with no limitation on the Lipschitz coefficient
and domain length.
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1 | INTRODUCTION

A great deal of interest has been paid, over the past 15 years, to control design for systems modeled by ODEs and PDEs
connected in cascade, series, and other ways.!® The interest is motivated by their modeling ability in several practi-
cal areas, for example, oil drilling and gas industry (Krstic and Bekiaris-Liberis, 2013). Although most works have been
focused on designing controllers, the problem of observer design has also been given much interest. In the seminal work
of? an observer design approach has been developed for ODE-PDE and PDE-ODE cascades, where the ODE might repre-
sent system dynamics, while the PDEs might represent distributed sensors or actuators. The obtained observers provide
online estimates of the (finite-dimensional) state vector of the ODE and the distributed state of the PDEs supposed to be
heat diffusion type. A key design feature was a matrix transformation injected in the observer gain, making the PDE state
estimation error system autonomous (independent of the ODE state error system) and exponentially stable. The work of?
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was pursued in references 7-9 extending the observer design approach for ODE-PDE systems with nonlinear dynamics
in the ODE or in the PDE. Further extensions were completed in references 8-10 leading to sampled-data observers.

In addition to system nonlinearity, parameter uncertainty is also a crucial issue in observer design problems. Then, one
needs adaptive observers providing not only state estimates but also parameter estimates. Over the past three decades, a
huge research activity have been devoted to adaptive observer design but a small portion of the research effort concerned
infinite-dimensional systems governed, entirely or partly, by PDEs. Furthermore, most existing adaptive observers for
PDEs are in fact state estimators emerging within the framework of adaptive output-feedback control!* (Smyshlyaev and
Krstic, 2007a; Smyshlyaev and Krstic, 2007b; Smyshlyaev and Krstic, 2010).!27'7 In that framework, exact parametric
estimation is not necessary for the achievement of reference tracking. It is relatively recently that boundary adaptive
observers featuring exponential convergence have been developed for PDEs with (constant) uncertain parameters in the
domain or boundaries, (e.g.,'®'°) for linear and semi linear parabolic PDEs,?*?! for nonlinear wave PDEs,?>?? for coupled
first-order linear hyperbolic PDEs. Adaptive observers for ODE-PDE cascades, with parameter uncertainties in the ODE
and/or the PDE, have been developed in references 24,25. The latter constituted an interesting progress in observer design
but the results only concern linear ODEs and linear PDEs of some types.

The above description highlights two major limits in the existing works on observer design for ODE-PDE systems:
(i) where parameter uncertainty is present, the system is not allowed to be nonlinear; (ii) where Lipschitz nonlinearities
are involved, Lipschitz coefficient and PDE domain length are not allowed to be simultaneously large. In the present
study, we aim at pushing the above limits that is, allowing the ODE part to contain (globally) Lipschitz nonlinearity
with arbitrary Lipschitz coefficient and the PDE part to be diffusion-reaction type with arbitrary domain length. Besides,
we allow both parts to contain parameter uncertainties and exclude the possibility of implementing any sensor at the
interface between the ODE and PDE. Finally, the available sensors only provide measurements of the state at sensor
positions; the state spatial derivatives at sensor positions are not accessible to measurements. These constraints make the
problem of observer design more challenging. We develop a new solution involving two concatenated observers, whose
implementation requires two sensors (Figure 1). One sensor is implemented at the PDE boundary, the other is placed
within the PDE domain close to the ODE-PDE interface point. The first observer operating autonomously makes use of
the measurements provided by both sensors. It provides estimates, not only of the PDE state, but also of the state spatial
derivative, along the domain portion located between both sensors. The second observer provides state estimates of the
ODE and that of the PDE on the rest of the domain. It relies not only on the measurements provided by both sensors but
also on the estimate (provided by the former observer) of the space-derivative of the PDE state. Therefore, the first observer
is expected to provide accurate estimates of the PDE state and its space-derivative. We will prove that this requirement
is met whatever the length of the domain. Both observers are designed combining variants of the backstepping design
approach®!126 as well as high-gain observer principle to cope with system nonlinearity. Exponential stability of the error

Cascade ODE-PDE system

Nonlinear ODE Diffusion-reaction PDE u((): t)

state X (t), parameter 0 state u(x, t), parameter 7 -
u(xlﬂ t)
ODE-PDE observer : Y
on subdomain PDE observer on
X <x<D @, (xy, t) subdomain 0 < x < x4
x (X1,
] 7
{} Cascade observer V
state estimates X (t),1(x,t), 0(t) state estimates a(x, ), Uy (x, £), (1)

forx, <x<D, t>0 a(x,t), for0<x <x;,t>0

FIGURE 1 System structure and observer structure
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systems is established for both observers using suitable Lyapunov functional. A preliminary version of this work has been
submitted to the IFAC Workshop on Adaptive and Learning Systems. The conference paper did not account for parameter
uncertainties in the ODE and PDE and did not include the technical proofs.

The paper is organized as follows: the observer design problem under study is formally stated in Section 2; observer
design is dealt with in Section 3 and the obtained observers are analyzed in Section 4; simulation results ae presented in
Section 5; a conclusion ends the paper. For convenience, some proofs are placed in the Appendix and useful notation and
inequalities are recalled here:

Notation and inequalities. Euclidean norms in R” and R™"™ are denoted | |. L?[0, D] denotes the Hilbert space of
square integrable functions f : [0, D] — R" and ||f|| denotes the associated L?-norm. H'[0, D] is the Sobolev space of abso-
lutely continuous functionsf : [0, D] — R" with 3—£ € L?[0, D]; H*[0, D] is such that % , Z—Z € L?[0,D].Forany f € H'[0, D]
such that f(0) = 0 or f(D) = 0, one has:

D 2 D d 2
/ If(9)]2dx < 4D / i) dg, Wirtinger’s inequality
0 7 Jo | dg
D d 2
max |f(¢)[* <D / ) dg, Sobolev’s inequality
0<¢<D 0

2 | PROBLEM STATEMENT

Specifically, the system is described as follows:

X() = AX(t) + fF(X(®) + ()6 + U(t), forallt> 0 €))
U(x, t) = Ue(x, t) + bu(x, t) + w(x, )y, forallx € [0,D),t>0 2)
u(D,t) = CX(t), forallt>0 3)

uy(0,6)=0, forall t>0 4)

with any initial conditions X(0) € R", u(x, 0) = ug(x) € R, where

1 0 0
0 :
A=|: = w0 [eR™, (5)
0 0 0 1
0 0 - 0 0
C= [1 0 -vononn 0] e R, 6)
fi Xy
X1, X
fon =| BER ™
fuX)
forallX = [X; ... X, TeRr U= Ui ... U T & R". The rest of the notation are defined as follows:

« X() € R" and u(x,t) € R respectively denote the state vector of the finite-dimensional subsystem (1) and the
infinite-dimensional subsystem (2); U(¢) is a known input signal.
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« 6 € R™ and 5 € RP are constant unknown parameter vector, but the integer m > 0 and p > 0 as well as the real
parameter b > 0 are known;

« ¢ € C°(Ry,R™™) and y € C° ([0,D] x Ry, R™P) are known bounded function an ¢y and yy denote the upper
bounds
du = sup |pO*, wy = sup [y (x, o1k

0<t<o0 0<x<
0<t<o

« f € C'(R",R")is aknown function such that |fx(X)| < ff < o0, VX € R", for some real f; > 0, where fx(.) denotes the
Jacobian of f.

We seek an observer that would be able to provide accurate online estimates of the system states, X(t) and u(x, t), and
the system parameter vectors 6 and #, based only on the input signal U(¢) and online measurements of:

u(0,t) and u(xy,t), fort>0 (8)

That is, the measurements are provided by a boundary sensor, implemented at positions x = 0, and an inner sensor
implemented at x = x; with 0 < x; < D.

The complexity of the estimation problem at hand comes from numerous factors: (i) nonlinearity of system dynamics
in Equation (1) and parameter uncertainties in both Equations (1) and (2); (ii) the signal u(D, f) at the junction point
is not accessible to measurements; (iii) the length D of the PDE domain is arbitrarily large; (iv) the inner sensor does
not provide measurements of the spatial derivative u, (x;, ) which is time-varying and unknown, unlike the boundary
derivative u,(0, t) which is null all the time.

We aim at showing that the above state and parameter estimation problem has a solution provided that D —x; is
sufficiently small, that is, if the inner sensor is implemented sufficiently close to x = D. For convenience, we let

5:D—X1 (9)

3 | OBSERVER DESIGN
3.1 | System reformulation
For convenience, we introduce the following notation:

w(x, t) = u(x, t),for x € [0,x1], t>0 (10)

The new variable w(x, t) differs from u(x, t) in that, the former is only defined on [0, x; ] while the latter is defined on [0, 1].
Then, system (1)-(4) can be given the following cascade representation, involving two subsystems:
Subsystem 1I:

X() = AX(t) + fFX(@®) + ()6 + U(t), forallt>0 (11)
U(x, t) = U(x, t) + bu(x, t) + w(x, )y, forallx € (x;,D),t>0 (12)
u(D,t) = CX(t), uy(x1,t) = wy(x1,t) forall t>0 (13)

with accessible measurements y;(t) = u (xy, t), for t > 0.

Subsystem 2:
WX, £) = Wy, £) + bw(x, ) + w(x, )y, forallx € (0,x;),t>0 14)
wy(0,t) =0, forall t>0 (15)
w(x;,t) =y(t), forall t>0 (16)

with accessible measurements yo(f) £ u(0, f) = w(0, t), for t > 0.
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In the next subsection, we will design two adaptive cascaded observers: the first observer will provide online estimates
7(t) and W(x, t) of  and u(x, t) on [0,x;]; the second observer will provides estimates of X(¢), 6, and u(x, t) on [x;, D].
Note that subsystem 2 is fully defined, while Subsystem 1 is not. Indeed, the boundary condition u, (x;, t) is unknown
in Subsystem 1, making the approach of’ inapplicable to (11)~(13) even in the case of no parameter uncertainty. This
issue will partly be coped with by showing that the observer, which we will develop for subsystem 2, provides an estimate
of u, (x1, t) that is exponentially convergent to its true value. Such analysis is a new feature with respect to the relevant
existing works.

Remark 1. (a) Subsystem 1 generalizes the ODE-PDE cascade systems studied in references 2,7,8,10. With respect to
(w.r.t),? Subsystem 1 includes constant uncertain parameters (terms in  and #), nonlinear dynamics in (11) (introduced
through the term f(X(¢))). Compared to,”®1° Subsystem 1 not only includes uncertain parameters but also, and mainly, it
does not assume the spatial derivative u, (x;, t) to be known.

(b) Observer design for isolated parabolic PDEs (not cascaded with ODEs) has been dealt with in reference 11; see
also.'®1 In addition to being part of a cascade configuration, the complexity of the parabolic Subsystem 2 also lies in
parameter uncertainty, which is not the case in reference 11.

3.2 | Cascade observer design

3.2.1 | Observer design for subsystem 2

Inspired by existing works, for example,'31%26 we consider the following observer to get estimates of w(x, t) on [0, x;] as
well as estimates of #:

Wi(x, £) = Wi(x, 1) + bv(x, 1) + w(x, H7(t)

— Kx) (W(0, ) = yo(®)) + v1(t),for x € (0,x1),¢ > 0 17)
W, b =y(t), forall t>0 (18)

W, (0,1) = g (W(0,) = yo(1)), forall £>0 (19)
K(x) = %Iz (W) for x € [0,x1) (20)

where I,(.) denotes the modified Bessel function of order 2.26 In (17), 7(¢) is an estimate of # and v, (¢) is an extra innovation
term. To determine these quantities, we first define the estimation errors,

Subtracting each equation in (14)-(16) from the corresponding equation in (17)—(19) gives:

Wi(x, £) = WX, £) + biv(x, ) + w(x, 17i(t)

— KQ)W(0,t) +vi(x,t), forallx € [0,x1),t>0 (21)
W(x,t) =0, forall t>0 (22)

_ b
wy(0,t) = EW(O, t), forall t>0 (23)

where we have used (10) and the fact that y; () £ u (x1, t) and yo(t) £ u(0, t) = w(0, t). We now introduce the following
decoupling transformation (to remove uncertain parameters)>’:

21(x, 1) = Wix, t) — ACx, )7(t) (24)
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and v (t) be selected as follows:

Also, using (22)-(23), it follows from (24):

BENABDELHADI ET AL.
where A(x, t) € C! ([0, DI x R,, R>P ) is defined later. Differentiating (24) w.r.t time gives, using (21):
Z1,1(X, 1) = Wi, 1) + b(x, 1) + y (x, D)(1)
= Z1x(X, £) + bza (x, 1) — K(x)21(0, )
+ (A%, £) + bACK, 1) + w(x, 1) = K(X) A0, £) — Ai(x, 1) 71(t)
+ v1(x, £) — A, bif(t), forallx € [0,x1),t>0 (25)
Equation (25) suggests to let A(x, t) be governed by the vector PDE,
A, ) = A3, £) + DA, £) + w(x, £) — K(x) A0, t),
forallx € [0,x),t >0 (26)
V10, £) = A, D)ii(8) = A, HA(E) @7)
Note that b is a scalar while A(x, ¢) is a row vector. Doing so, Equation (25) boils down to:
20(6 1) = 21X, 1) + b2a (X, 1) — K(0)22(0, 1) (28)
21 (1, 8) = =4 00, D 7(0) (292)
b _
21.(0.1) = S0(0,1) = 4:(0. (1)
= 22,00+ 240,076 = 42(0, (1) (29)
These suggest to set the boundary conditions of (26) as follows
b
A (x19 t) = 05 )’X(O’ t) = 5)’(0’ t) (30)
2 (0.0 = 0and 21(0,0 = 22,0, (31)
To design an estimator of # we rewrite (24) as follows, at x = 0:
Note that A(0, t) is fully defined by (26) and (30). Also,
W(0, t) = W(0, ) — w(0, t) = W(0, t) — yo(t) (33)

isan available information. It turns out that Equation (32) is affine in 7j(¢). Then, the following least-squares type algorithm

will prove to be a suitable estimator of #:
i) = 1(t) = =R®)A" (0, (0, )

R(®) = R(t) — R()AT(0, ) A(0, DR(?)

(34

(35)
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with arbitrary 7(0) € RP, R(0) € RP*? and R(0) = RT(0) > 0. Clearly, Observer 1 is constituted of the state estimator
(21)-(23), the auxiliary filter (26) and (30), and parameter estimator (34)-(35).
3.2.2 | Observer design for subsystem 1

Inspired by, we consider the following observer structure for the system described by (10)-(13):

R(t) = AR + FRW) + pOBE) + UD)
— aAT'M(D)L (W (x1, 1) — y1 (1)) +v3(1), forall £>0 (36)

Ui, ) = U(x, t) + bUCx, 1) + w(x, H7(t)

— ak(x) (& (1, ) = y1(8)) + V2, 1), for x € [x1,D),t> 0 (37)
(D, t) = CX(t), forall t>0 (38)

U (1, 1) =Wy (1, 1), forall t>0 (39)

k(x) = CM(x)L (40)

with arbitrary initial conditions X (0) and #i(x, 0) € H? [x;, D]. In Equations (36) and (40), M € C*® ([x, D], R™") is defined
as follows:

M"(x) = (aA — bDM(x), forx € (x1,D] (41)
M@)=ILM (x1)=0 (42)

where M’ and M" refer to %[ and %w, respectively.

In (36)-(41), A = diag (1, i, P ) and a > 1is any real scalar; L € R" is any vector such that the matrix A — LC'is

4 anfl
Hurwitz; existence of L is not an issue because the pair (4, C) is observable. The rest of notation in (36)—-(40) are defined
as follows: 7(¢) is the estimate of # provided by the estimator (34)-(35); é(t) is an estimate of the parameter vector 6; v,(x, t)
and v;(¢) are extra innovation terms, yet to be defined.
The solution of (41)-(42) is analytic and expresses in term the following globally convergent series:

< (= x)*
M) =1+ gf(aA — bD)! o *€ [x1,D] (43)

An immediate property is that the matrices A and M(x) commute:
M(x)A = AM(x), forall x € [x1,D] (44)
where I denotes the identity matrix.

To complete the observer design, we need to define the extra innovation terms v,(x, t) and v;(¢t) and the parameter
estimator of 6. To this end, introduce the following estimation errors,

X(0) = X(t) — X(0), i(x, ) = 0(x, £) — u(x, ) (45)

Also, by definition, y; () £ u (x;, t) and so 1 (x;, t) — y1(t) = @i (x;, t). Then, subtracting each equation in (11)-(13) from the
corresponding equation in (36)-(38), we obtain:

X(t) = AX() + fR(®) - X (D) + p1)d(D)
— aAT'M(D)Lii (x;,t) +v3(t), forallt> 0 (46)
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fty(x, ) = Tl (x, t) + bli(x, t) + w(x, H)(t)

— ak(o)it (x1, ) + v (x, t),for x € [x1,D),t >0 47
iD,t) = CX(t), forallt>0 (48)
Ty (X1,1) = Wy (x1,t), forallt>0 (49)

The following couple of transformations is a key point in the observer design:
Z(t) = M~ (D)AX (1) — n(1)6(2) (50)
22(x, £) = (x, t) = CM()M ™ (D)AX (1) — 72(x, (D) (51)

where y1(t) € R™™ and y,(x, t) € R™" will be defined later. At this point, it is worth recalling the following well-known
properties:

AA = aAA, CA=C (52)
Using these properties, it follows from (46) and (50):

Z(tH) = M YD)AAX(t) + M~Y(D)A (f()?(t)) —f(X®)) + M~ (D)AG(1)(t)
— aLii (x,, 1) + M~Y(D)Avs(t)

— 108 - n®OD)
= aAZ(t) + M‘l(D)A(f()A((t)) - f(X(®)) — aLit (x1, 1)
+ (aAn(®) + M (D)AG(D) — 7,(1)) 6(D)
+ M{D)Avs(t) - 1 (DA(t) (53)

Using (50)-(51), the term aLii (x, t) expresses as follows:

—aLii (%, 1) = —aLz, (x1, t) — aLCM (x1) MY (D)AX(t) — aLy, (x1,t) 0(¢)
= —aLCZ(t) — aLz; (x1,t) — (aLCy1(t) + aLy; (X1, 1)) 6(t) (54)

where we have used (42) in the last equality. Using (54), Equation (53) rewrites as

Z(t) = a(A — LOZ(t) — aLz, (x1, t) + M (D)AFX () — FX(1))
+ (aAh(t) + M (D)AP(t) — 7,(t) — aLCy1(t) — aLy, (x1, t)) o(t)
+ M YD)Avs(6) — n (D@ (55)

Let y1(¢) be governed by the ODE
71(8) = a(A = LO(8) + MTY(D)Ag(t) — aLys (x1, 1) (56)
and the action v3(¢) be defined by
V() = AT MDD (57)
In view of (56)—(57), equality (55) takes the simpler form

Z(t) = a(A = LOZ(t) — aLzy (x1, 1) + M7 (D)AF(X () - fX(1))) (58)
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Similarly, differentiating (51) w.r.t time gives, using (46)-(47) and (40):

224X, £) = Tiy(x, £) — CMOOM ™ (D)AX(E) — 124X, 0(E) — 72(x, DO(E)
= Tl (x, t) + bii(x, t) + w(x, Dij(t) — ak(x)ii (X1, t) + va(x, 1)
— CMx)M~Y(D)AAX(¢)
— CMEOM T D)AFE D) - fX(1))) — CMOM ™ (D)A(1)A(t)
+ CM@)M Y (D)AaAIM(D)Lii (x1, t) — CM(x)M ™ (D)Avs(t)

= 72406, 00(0) = 2. A1)
= Zoxe(X, £) + bZa(x, )
+ [CM" ()M (D)A + bCM(x)M ™" (D)A — CM(x)M ™" (D)AA] X(t)
— CMEOM ™ (D)A(F(X (D) — fX (D) + bya(x, HB(D)
+ 72006, DO() + w (X, D7) — CM)M ™ (D)AG(1A(1)

+ Vy(x, 1) = CMOM ™ (D)Avs(t) — y2.(x, DB(t) — y2(x, HO(D) (59)
By (41), (44) and (52), we have:
CM" x)M~Y(D)A + bCM(x)M Y (D)A — CM(x)M~1(D)AA =0 (60)
Using (60), Equation (59) simplifies as follows

224(%, 1) = Zp(X, ) + b2a(x, ) — CMEOM ™ (D)A(FX (1)) — F(X (1))
+ (r2x(, 1) + bya(x, £) = CMOM ™ (D)AP(1) — y2.4(x, 1)) ()
+ 1,0, ) — 1206, DAE) — CMEOM ™ (D) Avs(£) + w(x, Dii(t) (61)

Let the auxiliary variable y,(x, t) be governed by the following vector PDE:
12406, 1) = 720X, 1) + by2(x, t) — CM(x)M ™~ (D)Agh(t) (62)
Note that b is a scalar while y,(x, t) is a row vector. The extra innovation action v,(x, t) is set as follow:

VX, ) = 72(x, H0(t) + CM()M (D) Avs(2)
= (12(x, ) + CMX)71(£)) O(t) (63)

where the last equality is obtained by using (57). In view of (62)—(63), Equation (61) becomes:

2246, 1) = Zpa(%, ) + b2a(x, 1) — CMOM T (D)A (f (R (1)) — f(X(0)))
+ y (D) (64)

Let us now set boundary equations for (64) and (62). From (51) one gets, using (48) and (52):
2D, 1) = —2(D, )0(t) (65)
One also gets from (51), using (49), and (42):

Zax (X1, 1) = Wy (X1, 1) — y2.x (01, 1) O(2) (66)
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In the light of (65)-(66), we let

r2(D,t) =0 (67)
Yox (%1, 8) =0 (68)

Doing so, (65)-(66) yield:
22(D,t) =0 and zZpx (1, 1) = Wy (X1, £) (69)

The last step in Observer 2 design is one of building up an estimator of the parameter vector 6. To this end, introduce
the estimation error

6=0-0 (70)
Then, Equation (51) written for x = x; gives, using (50) and (42):

0 (x1, 1) = CM (1) M~ (D)AX () + 72 (1, £) O() + 22 (%1, 8)
= (Cn(@) + y2 (a1, 1) 8(1) + 22 (x1, 1) + CZ(0)
= AO() + 2(b) (71)

where we have used the fact that M (x;) = I (due to (42)) and let
A(®) 2 Cri() + 72 (1, 1) (72)
2t) £ 22 (01, ) + CZ(2) (73)

using (42). It will be shown that Z(f) can be made exponentially vanishing, under appropriate assumptions. Then, based
on Equation (71), one can estimates 8 by using the following least squares type estimator:

8() = 0(t) = —SOAT (1) 0, 1) (74)
S(t) = S(t) — S(OAT(OA)S(E) (75)

with arbitrary 8(0) € R™ and S(0) € R™™ ig symmetric positive definite. This completes the design of Observer 2, which
is constituted of the state estimator, defined by (36)-(44) and (63), the auxiliary filters, defined by (62) and (67)-(68), the
parameter estimator defined by (74)-(75) and (72)-(73).

For convenience, the whole cascade observer thus designed is recapitulated in Table 1.

Remark 2. Observer for Subsystem 1 differs from?3 in that it is adaptive and accounts for nonlinear dynamics. The differ-
ence lies in the state estimator (76) which contains the extra innovation term depending on the parameter estimate rate
0. Besides, the new observer includes parameter estimator (87)-(88) and auxiliary filter (90). W.r.t,” the present observer
features its adaptive nature. Furthermore, the observer provides estimates of the unknown signal u, (xi, t) (using (86))
which signal was assumed to be known (equal to zero) in reference 7.

4 | OBSERVER ANALYSIS

This section is devoted to analyzing the two observers designed in the previous section, and recapitulated in Table 1. The
observer for subsystem 2 will be analyzed first and the corresponding results will be based upon in the analysis of the
observer of subsystem 2. While all analysis results are stated in the present section, the corresponding technical proofs
will be provided later in a separate section.
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TABLE 1 Connected adaptive observers

Adaptive observer for subsystem 2

Wy, 1) = Wy, 1) + bW, £) + w(x, D) — KEo)W(O, t) + A, 1ii(t),

forx € [0,x,),t>0

00, £) = 1(8), Wa(0,8) = Iz’w«), B, forallt>0

K(x) = %IZ (\/bx(le —x)), for x € [0,x;)
ii(t) = n(t) = —R(t) A7 (0, (O, 1)
R(t) = R(H) = R©)AT(0, A0, OR(?)

w(0, t) = W(0, ) — yo(t)

with yo(£) £ u(0, 1), y1(£) 2 u (x;,t) and arbitrary initial values of 7(0) € RP and positive definite R(0) € RP*® .

A(e, £) = A3, ) + DA, ) + w(x, £) — K(x)A(0, ), forallx €[0,x),t>0

A0 =0, A0 = 20,0
with arbitrary W(x, 0) € H? [0, x,], 7(0) € RP, and positive definite R(0) € RP*P, A(x,0) € H?[0,x,].

Adaptive Observer for Subsystem 1.

?A((t) = AR (1) + FX(®) + ¢OB(D) + U(t) — aA™ M(D)L (@0, 0 -y () + A_1M(D)}'1(t)5(l),
forallt >0

1, (x, 1) = T (X, £) + A, £) + w(x, D7) — aCMEOL (T (X1, £) — y1.(5)) + (r2(x, 1) + CM(x)71 (1)) o,
forx € [x;,D),t >0

A, 1) = CX(0), iy (1, 8) = Wy (01, 8), forallt>0
() = 8(t) = —SOAT (D)L (xy, 1)
S(t) = S(t) — SOAT(A®D)S()
71(8) = a(A = LO)y1 (t) + M~ (D)Ad(t) — aLy; (X1, 1)
72006, 1) = 720X, £) + bya(x, 1) = CM()M ™ (D)A (1)
AW £ Cn() + 72 (1, 0)

72D, 1) = y2x (X1,8) =0

(76)
77
(78)
(79)
(80)

(81

(82)

(83)

(84)

(85)
(86)
(87
(88)
(89)
(90)
(91)

(92)

where a > 1 is arbitrary, L is such that A — LC is Hurwitz and M(x) is defined by (41)-(43), with arbitrary X(0),

fi(x,0) € H? [x;, D], (0) € R™, S(0) € R™™ and S(0) = ST(0) > 0.
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4.1 | Analysis of observer of subsystem 2

In this subsection, we will state stability properties of the z;-system and the A-system. Based on these properties, stability
results will be established for the i-system and 7-system. The analysis will make use of the following technical lemma:

Lemma 1. Consider the heat type PDE
G, 1) = G, £) + @(x, t), forx € [0, L),t > 0 (93)
for some real L > 0, with boundary condition:
¢{(L,t)=0 and £(0,t)=0 (94)

and any initial condition £(.,0) € H?(0, L), where {(x,t) € R? and ¢(x,t) € C° ([O,L] x Ry, Rlxq),for some integer q.

1) If ¢(.,.) = 0then both {(x, t) and &, (x, ) exponentially converge to zero, in the sup norm, as t - oo. Accordingly, there
exists a real constant f, > 0 such that

a) maxeepor) [£(X, )] < fodoe™ " b) maxyepr |5x(X, 1) < foVoe %!

with fo = L o = ZLLZ and 9 = [, ¢, 0dx + [, {2(x, 0)dx.
2) If p(x,t) and @y(x, t) are bounded and ¢(L, t) = 0 then

a) maXyepor) [(x, £)| is bounded; b) maxyejor [&(x, )| is bounded

The proof of Part 1 is quite standard (see e.g.,*®). It makes use of the Lyapunov functional V = % fOLC 2(x, Hdx +

% fOLCf (2, t)dx. Part 1b relies on the analysis of the new initial-value problem:
w (X, 1) = wx(x, t), forxe(0,L), t>0
w(0,t) =0 and wy(L,t) =0, for t>0

with initial condition w(x, 0) = {(x, 0), for all x € [0, L).

Proposition 1. Let z; be described by (28) and (31), where K(x) is given by (20) then, there exists a real constant f; > 0
such that:

max |zi(X,t)| < f191e” (95)
x€[0.x,]

max _|z1.(x, t)| < pr9e ! (96)
x€[0.x,]

for any initial condition z,(.,0) € H? (0, x;), with 61 = ZXL; asinLemma 1 and 9, = /()Lz%(x, 0)dx + /Oszx(x, 0)dx.

The system described by (28), (31), and (20) is idenltical to the system described by (5.9)-(5.11) and (5.33)-(5.34) in
reference 26. The reader is deferred to the analysis provided there.

Proposition 2. Consider the A-system described by (26) and (30), where K(x) is given by (20). Then, for any bounded initial
condition A(.,0) € H?(0,x,), both A(x, t) and its spatial derivative A.(x, t) are bounded functions.

Proof of Proposition 2. Part 1: proof that A(x, t) is bounded. m

The system described by (26) and (30) is identical to the system described by (28) and (31), except for the external term
w(x, t) in the former. We therefore consider again the (invertible) transformation

AX) = &E(x) — / PO Y)EW)dy (97a)
0
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with

L <\/b (G =9 = (a —x>2)>
p(x,y) = —b(x1 —x) (97b)

\/b (G = p)° = (a —%)?)

Just as in reference 26, chap. 5), it can be shown that (97) transforms the A-system into the following system

gt(x’ t) = éxx(xs t) + W(x7 t) (98)
E(x,t) =0and &(0,£) =0 (99)

with y(x, t) defined by the invertible transformation:

(. 0) = 0 1) — / P T, Dy (100)
0

Note that y(x, t) is bounded because so is w(x, t). Letting ¢ = &, ¢ = y, the problem (98)—(99) turns out to be identical
to (93)—(94). Applying Lemma 1 (Part 2a) it follows that max.ejo,; |£(x, t)| is bounded and, due to the invertibility of (97),
S0 is maxyepo.ry | A(X, ).

Proof of Part 2 of Proposition 2 (proof that A,(x, t) is bounded). Again, letting ¢ = &, ¢ = w and L = X, it follows apply-
ing Part 2b of applying Lemma 1 that maxyeqo 1) |£x(x, £)| is bounded. Furthermore, applying Leibniz integral rule, one gets
from (97):

Ax() = &x(%) — p(x, X)E(X) — / Dx(x, Y)E()dy
0

= &0 — 2 (6= ) 600 - / G5 YE)dY (101)

0

Let us compute py(x,y). Letting y = b ((x; —y)* — (x; — x)*) implies that ‘;—ﬁ = 2b (x; — x) and, from (98), p(x, y) writes in
the simpler form:

=-b(; —x Il(ﬁ)
p(x,y) = =b(x; — x) N7
Then, it readily follows that
( . Il(\/?)_b( );[ (V2] % vz ~h(V7) x 2
Vx . P
I/ o7 (0 (VZ) +E(v7) ) x y7 = 1i(V7)
= \/_ (x1 —Xx) i p

( (V) — 2b%(x; — x)? L(v7) won
G V7

where the penultimate equality is obtained (using property [A14] in Appendix of?°). It well known that the functions I
and I, are continuously differentiable and increasing on [0, +oo[. On the other hand, as 0 <y < x < X, it is easily seen
that0 < y < bxf. Finally, we know that (see properties (A16)-(A17) in Appendix of?°):

1 /e\"
In(e)Na(E) fore ~ 0 (103)
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This show that there is no singularity on the right side of (102), as y — 0. It turns out that @(x, y) is continuously dif-
g y g ™ y

ferentiable on the closed set 0 <y < x < x;. Therefore, g—i(x, y) is bounded on that closed set. As £(x) and &,(x) are both
bounded on [0, L], it follows from (101) that so is A,(x). This completes the proof of Proposition 2.

Proposition 3. Consider the ij-system described by (34)-(35) and assume the vector signal A(0, t) to be persistently exciting
(PE) in the sense that, there exist real T > 0, e > 0 such that:

t+T
/ AT(0, 5) A0, s)ds > g0, Vt (104)
t

Then, the parameter estimation error 7(f) converges exponentially to the origin.

Proof of Proposition 3. The PE condition (104) ensures that the adaptation gain matrix R(t) is uniformly invertible and its
inverse is bounded and stay away from zero.”® Accordingly, there exist positive real ry and ry such that:

rol < R7Y(t) < I, Vt (105)
| |

Then, it follows from (35) that R~1(¢) is governed by the following differential equation:

drR!
dt

() = =R7'(®) + A7(0, 1) A(0, t) (106)
Now, consider the Lyapunov function candidate:
V) =i R (107)

Differentiating both sides of (107) w.r.t time gives, using (34) and (106):

. Tp-1. . AR
Vi =27 R+ i ——i

dt
= =277 AT(0, H(0, t) — 7T R4 + ii* A7(0, ) A(0, )i
= —V1 — L AT(0, ) A0, t)ij(t) — 2777 AT (0, )21 (0, t) (108)

where the last equality is obtained using (32). Applying Young’s inequality to the last term of (108), this implies:
Vi <=V1+20,0) (109)
By Proposition 1, z7(0, t) converges exponentially to zero. Then, it follows from (109) that V; (t) converges exponentially
to zero and, due to (105) and (107), so does #(t). Proposition 3 is proved.
Remark 3. The parameter estimator (79)-(80), providing the estimates 7, is a least-squares with unit forgetting factor. It
generalizes as follows, by using a forgetting factor an arbitrary forgetting factor p > 0:
7(t) = =R@®AT(0, (0, 1)

R(t) = pR(t) — R(HAT(0, ) A(0, H)R(t)

Doing so, inequality (116) becomes V| < —pV7 + zf(o, t) which, together with (107) and (105), implies that the con-

vergence rate of 7(t) is comparable to the slowest function among ¢ 3" and z1(0, t). By Proposition 1, the rate of latter is
2

comparable e 1! with ¢; = inz only depending on the system parameter x;. It turns out that the maximal convergence
1

rate of 7j(t) cannot exceed that of e=1f |

Proposition 4. Consider the W-system described by (21)-(23), with K(x) and v(x, t) given by (20) and (27). Assume that
the PE condition (104) holds. Then, one has the following properties:
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1. There exist real constant o, > 0 and p, > 0 such that one has, for any initial condition z,(.,0) € H? (0,x):

max |W(x, 1)| < fe”  and max_ |W(x, H)| < fre” %! (110)
x€[0x; xe[0x;]

2. Using Part 1, it immediately follows from (10) that:

[liIJ}l (We(x, ) — ux(x, 1)) =0, forallx € [0,x1], (111)
Proof of Proposition 4. From (24) one has W(x, t) = z1(x, t) + A(x, t)7j(t). By Propositions 1 and 3, 7;(x, t) and #j(t) exponen-
tially converge to zero as t — +oo, uniformly in x, and by Proposition 2, A(x,t) is bounded. Then, it follows that W(x, t)
exponentially converge to zero as t — +oo, uniformly in x. This proves the first part of Proposition 4. (]

To prove the second part of Part 1, we differentiate (24) w.r.t x, which gives W.(x, t) = z1x(x, t) + Ac(x, £)7j(¢). Again,
Propositions 1 and 3 ensures that z; . (x, ) and 7(¢) exponentially converge to zero as t — +oo, uniformly in x. Proposition 2
ensures that A,(x, t) is bounded. Therefore, W, (x, t) exponentially converge to zero as t — +o0, uniformly in x. Proposition
4 is proved.

Remark 4. (1) We have already noted in Remark 3 that, even if we use a forgetting factor p > 1 in the parameter estimator
2
(79)-(80), the convergence rate of 7(t) cannot be made higher than that of e~ with 7 = 2XL2 It turns out that the rate of

convergence of W(x, t) = z1(x, ) + A(x, t)7(t) cannot be made higher than that of e~91%.2) Part 2 of Proposition 4 will prove
to be crucial in the analysis of the observer of Subsystem 1.

4.2 | Analysis of observer of subsystem 1

The first step in the analysis consists in showing that the auxiliary signals y,(f) € R™™ and y,(x, t) € R are bounded.

Proposition 5. Consider the y,-system described by (90), its boundary conditions (92), and 5 = D — x;. Let the distance §
2

(between the sensor placed at x = x; and the ODE-PDE junction point x = D) be such that 6 < Z—b. Then, for any bounded

initial condition y,(.,0) € H? (x1, D), |y2(x, t)| is a bounded function.

Remark 5. Note that 6§ may be arbitrarily large when b = 0, that is, in the case of no reaction effect.

Proof of Proposition 5. Consider the Lyapunov functional candidate:

D

D
1 1
Wy =3 / 72, Dy (6, Ddx + = / V22X, D)y (X, D)dx (112)

Differentiating this w.r.t time gives using (90) and (92), and applying integration by part and Wirtinger’s inequality:

D D
W, = / Y2.(x, D)y (x, H)dx + / Y2, )75 (6, H)dx

1 1

4b6
=y

P 2 b 2 ¢ b Ko
< —/ |72.(x, )] “dx + / |72.0x, )] "dx + 5/ |720x, 0)2dx + 2
1 b 1 1
- / Y2406, )75 (X, D)dx (113)
X

for any ¢ > 0, with

D
Ko = max / |CMEOM ™ (D)AG(D)|*dx < +o0,
>0/,
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where the last inequality in (113) has been obtained using Young’s inequality. The last term on the right side of (113)
develops further as follows using (90) and integrating by part:

D D D
- / Y2406 )73 (X, Hdx = — / |Y2.ec(, 1)l — / bya(x, )y, (X, )

D
+ / CMEOM ™ (D)AG(1)y T (x, dx

1

D
4
_/ |y2,xx(x,t)|2dx+ b‘s/ | V2,00, t)| dx
+ & D| (e, 1) Px + 2 (114)
2 Y2,50c( X, 2g

X

Combining (113) and (114) yields, applying Wirtinger’s inequality:

Wzs—<1—‘trﬁ>/ o, )P+ /m(x )dx

- (1-%- —)/ ot 0+ 2

2 4bs ¢ Ko
<-Z(1-22_S w4+ X0 115
< 25( b 2) o+ 8 (1)

4b6 4b6

where the penultimate inequality is obtained using the fact that < land letmg < 1 - =2.Tt follows from (115) that

W, is bounded and, in view of (112), so is /x 1 Yax (%, t)yz’x(x, t)dx. Then, using (92) and applylng Sobolev’s inequality, it
follows that |y,(x, t)| is bounded. This ends the proof of Proposition 5.

Proposition 6. Consider the y,—system defined by (56), where a > 1 is any real scalar, L € R" is such that A — LC is
Hurwitz, M(x) is defined by (41)-(42). Then, for any bounded initial condition y1(0) € R™™, |y1(t)| is bounded.

Proof of Proposition 6. Let y1(t) be written in column form, that is, y1(t) = [y11 712 ... V1im], Where y;; € R" denotes the jh
column of y1(t). Then, the matrix differential Equation (56) turns out to be equivalent to m vector differential equation of the
Sform:

710 = a(A = LO)yyj(t) + M~ (D)Ag;(t) — aLyy (x1, £) (116)

where ¢; denotes the j column of ¢ and yy; is the j" component of y,. To analyze (116), consider the Lyapunov function
candidate:

Wi = 7Pr (117)
where P is any symmetric positive definite matrix satisfying the inequality
P(A-LC)+(A-LO)TP < ul (118)

with u > 0 is an arbitrary real. Note that P exists because A — LC is Hurwitz. Differentiating (117) this w.r.t time gives,
using (56):

Wy = 71TjP71j + Y§P71j
< —ap|ny|* + 2r;PM~(D)Ady(t) — 2y PaLyy; (x1, 1)

4|PM~Y(D)Ag; 4|PaLy,j (x;,¢t
< a;|71j|2+ | (D) ¢j| + | aLys; (0 )|
au au

(119)
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where the last inequality is obtained applying Young’s inequality. The two last terms on the right side of (119)
are bounded (either by assumption or by Proposition 5. Then, in view of (117), it follows from (119) that |yy|
is bounded. [

We now come to the main step, in the analysis of the observer for Subsystem 1, that consists in investigating the stability
of the error system constituted of the Z— system described by Equation (58), the z,— system described by Equation (56) and
associated boundary conditions (69), and the §— system described by (74)-(75). The stability analysis will be performed
on the basis of the following Lyapunov functional candidate:

D
W, = ZT(t)PZ(t) + g / 2, Hdx + 26" (1S (0)6(t) (120)

<
2
where S(¢) is the solution of (75) and P is as in (118) with a > 0 and ¢ > 0 are arbitrary real. Note that P exists because
A — LC is Hurwitz. Clearly, the functional V, (Z, 22, 5) is clearly positive definite in Z and z, (considering the L, norm

for the latter). For V, (Z,z2,0) to be also positive definite in 6, the (nonnegative) matrix S(t) must be uniformly positive
definite. This is actually the case if the following PE condition holds (e.g.,?):

t+T,
/ AT(SA@S)ds > €11, Vt (121)
t

for some real constants T; > 0, e; > 0. In the sequel, we will assume that (121) holds so that, there exist positive real sy
and s; such that:

sol < S7Ht) < siI, vt (122)
Then, it follows from (75) that S(¢) is governed by the following equation:

ds
dt

() = =S71 ) + AT(OA®) (123)

which is immediately obtained. The main result is summarized in the following theorem:

Theorem 1. Consider the (Z,z,,0) — system described by Equations (56), (58), (69) and (74)-(75), where > 1, L € R",
and M(x) are as in Proposition 6, and 6§ = D — x;. Assume that the PE condition (121) holds. Then, there exists a real
a* > 0 such that, if « > a* then:

1) There exists 6* > 0 so that if 5 < §* then:
a) |Z(b)], fxlng(x, t)dx, and |0(t)| all converge to zero, exponentially.

b) |X(®)| and fx thz(x, t)dx exponentially converges to zero.
2) In the case where the system includes no nonlinearity (f = 0) and no reaction effect (b = 0), then Properties a and b of part

1 hold with no limitation on é that is, the latter is arbitrary in [0, D] which implies that only the sensor placed at x = 0 is
need.

Proofof Theorem 1. Part 1. Differentiating (127) this w.r.t time gives, using (58), (56) and (74)-(75) and, when clear, omitting
the argument t to alleviate the expressions:

b ~ & ~ -1 ~
Wi =2"PZ+2"P7 +a / 2206, DZ2(x, ydx + 2¢0" S710 + cf" dSt 0
X1

< —au|Z|? = 2aZ"PLz, (x1, 1) + 2Z"PM Y (D)A(F(X) — f(X))

D D
+ a / 220%, DZ2x(, 1) + @ / bz3(x, )
X X
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D
- a/ 206, HCMEOM ™ (D)A(F(X) — f(X))dx

D
+a / 26, D (x, (D)

1

— 2e0" ATt (e, t) — B S0 + B ATAD (124)

where the last inequality is obtained using (123). The different terms on the right side of (124) are bounded from above in the
sequel. Applying Young’s inequality to the second term gives:

2a|PL|?
—2aZ"(t)PLz, (x1,t) < Rl 1Z(@t)|* + alPL]

tas X1, B)|?
> |Z2 (x1, )]

2a8|PL|* [P
< Wiz + % / 2, (x. )dx (125)
X;

1 |

where the last inequality is obtained using (69) and applying Schwartz inequality.

To deal with the sixth term on the right side of (126), the mean value theorem is first used:
AFR®) - X)) = A /O 1fx(X(t) +sX(t))dsX (t)
= <A /0 le(X(t) + sf((t))dsA—l) M(D)Z(t)
+ <A /0 1fx(X(t) +SX(t))dsA‘1> M(D)y:(t)0(2) (126)

with fx denoting the Jacobian matrix of f, where we have used (50) to get X(t) = A™'M(D)Z(t) + A" M(D)y1(£)8(¢). Using
(126) we have:

2Z"(OPM (D)AFX (1) — FX (1))
1
=2ZT(PM~(D)A / fx(X(®) + sX(£))dsA~M(D)Z(t)
0
1
+ 2ZT@PM~Y(D)A / fx(X(0) + sX(0)dsA" M (D)y, (H)6(t) (127)
0

Using the fact that « > 1 and the particular forms of f and A, we have:

1
A / fxX @) + sX(0)dsa™| < p; (128)
0

Then, applying Young’s inequality, it follows from (127) that:

22" () PM (D)A(FX (D) - FX(1)

< K1BIZOP + 262801 Z(0)]10(0)]
< <K1 + %) 1Z(t))* + ?I@(t)l2 (129)
with

k1= 2|PM D) IMD)], 52 = [PM(D)] IM(D)lsup [, (0) (130)
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Applying an integration by parts, the fourth term on the right side of (124) develops as follows, using (69):

D D
a/ ZZ(xs I)ZZ,)OC(x, t)dx = —az (X1, t) ﬂ)x (X1, t) - a/ Zg’x(xs t)dx

1 1

D D
= awx (X1, t) / ZZ,x(x’ t)dx - a/ Zix(xv t)dx

1

a_.» ags [P 2 P 2
< Ligen+ %S [ 2 nde-a | 2 0nds (131)
% 2/, @ .

1

using (69) and Young’s inequality, for any real ¢ > 0.
Applying Young’s inequality, the seventh term on the right side of (124) is bounded from above as follows:

2
a .. .\2
—|7(t
> +2gln()l
asgwm

D
< 2(x, dx + 2 |7(H)|? 132
< % /x1z2(x,) + 210 (132)

D
a / 206, Dy (e, D) dx < %(

D
/ 26, Dy (x, 1)dx

for any real ¢ > 0, with
wu= sup |y,

x€[0,D],>0

The eighth term on the right side of (125) is dealt with as follows, using (127) and (128):
D pas
—a/ 22(x, )CM)M ' (D)A(f(X) — f(X))dx
X1
D
= —a/ 220x, HCM ()M~ (D)dx
X

1
X <A / fxX(@) + sX(t))dsA—1> (MD)Z(t) + M(D) (H)0(1))
0

sa's’;f’“ / (x t)dx+i|za>|2 Oﬁ =262 (133)

for any ¢ > 0, with k3 = |[CM(x)M~'(D)|, k4 = k3|M(D)|?, ks = k3)|M(D)y1(t)|>, where the last inequality is obtained
applying Young’s inequality.

The last triplet of terms on the right side of (124) develops as follows, using (71) and (60):

—2¢0" ATt Gy, ) — 0 S0 + B ATAG
= —c6"S710 — c§" ATAG — 2¢6" AT%(t)

D
< —c6'S71 + % / 25 (x, H)dx + §|Z(t)|2 (134)

X

Using (134), (133), (132), (131), (129) and (125), inequality (124) gives (omitting t-argument):

. aprk.
ng—l(a—ﬂ—ﬁf<K1+Q)—£—§>ZTPZ
p

o \ 2 2 40
2a8|PL|> acs asdpsk b
u 2 2 2 % x




9% BENABDELHADI ET AL.
WILEY

Ky aofrks\ - B
3 c_ﬂf 2 oPrKs 515
2S0 4SQ

a | . a -
+ Zln(t)l2 + ZW’Z‘ (a1, 1) (135)

using Wirtinger’ where p, denotes the smallest singular value of P and sy is as in (122).
We let ¢ = 1/a and c be sufficiently large so that the following inequality holds:

Prk2  aofrk
C—£—¢>O

250 45 (136)
We let a be sufficiently large so that:
ﬂ_ﬂf<,(1+ﬂ>_%_f>0 (137)
2 2 40 2
We set the arbitrary coefficient ¢ to ¢ = 1/a, and let a be sufficiently large and 6 be small enough so that:
. 2a8|PLI* agsé  adfks ¢ _ _2a8|PL]> 5 adfxs ¢ >0 (138)

U 2 2 2 U 2 2 2

Using (138) and applying Wirtinger’s inequality to the second term on the right side of (135), it follows from the
latter that:

D
Wi < —61ZTPZ — o, / 2, t)dx — 036" S716
X1

a.n a, . 2
+ = X1, t) + —|n(t
> Wx (0. ) + 217D

< —oWs+ S} () + S1A) (139)
with
o = min (o1, 62, 03) (140)
op=—t (2 _p (K +Q)—aﬂf'(4—5 (141)
YT\ 2 T, 40 2
2 2a8|PL|? asprx
or= 2 (2 (g 20OPLE 5Ol ) _ (), S (142)
a \ 452 y 2 2 2 2
K a K
0_322 C—ﬂf 2 OﬁfS (143)
a 250 45

where 6 is assumed to be small enough so that ¢, > 0. By Proposition 3 and Proposition 4, the last couple of term on the
right side of (139) converge to zero exponentially. Then, from (139) it follows that W3 exponentially converges to zero and,
from (120), so do |Z(t)|, |6(t)| and /x ng(x, t)dx. This proves Part 1a.

Proof of Part 1b. From (50) one has X(t) = A"'M(D)Z(t) + A~*M(D)y,(t)8(t). Using Part 1a, it follows that X(t) exponen-
tially converges to zero. Furthermore, we get from (51):

D D
/ e, D = 2 / 2 D+ k6 KO + 165100 (144)
X Xy

Using Part 1a again, it follows from (144) that fx Dlﬁ(x, t)|>dx exponentially converges to zero. This proves 2 and
completes the proof of Theorem 1. m



BENABDELHADI ET AL. 97
WILE Y—I—

Proof of Part 2. In the case where f = 0 and b = 0, one has f; = 0 and so requirements (136)-(138) boils down to:

c>0 (145)
L) (146)
2 2
2a6|PL|?
a_u_é_§>o (147)
U 2 2

letting ¢ = 1/a in the last inequality. The first inequality is satisfied by assumption. The second can be easily satisfied
by letting a be large enough. The last inequality can be satisfied by letting a be large enough; whatever are the val-
ues of the other parameters on the right side of (147). Then, (139)-(143) hold with the following simpler expressions
of 61,02, 03:

1 /au c>

__ Ll (o ¢ 148
o1 po(2 : (148)

2 2a8|PL|?
(72:2 . a_u_é_@ _ Sym (149)

a \ 462 u 2 2 2

o= (150)

a

where a is let to be large enough so that o, > 0, this is possible whatever are the values of the various parameters on the
right side of (142), especially that of 6. n

Remark 6. (a) Theorem 1 (Part 1) generalizes a similar results in references 2,3 in that the observer convergence
is presently achieved in presence of parameter uncertainty and nonlinear dynamics. The price paid to obtain this
generalization is the implementation of a second sensor close to the junction point between the ODE and PDE blocks.

b) Theorem 1 (Part 1) also generalizes the result of,”*!° not only because it holds in the presence of parameter uncer-
tainty, but also because it shows that the length D of the PDE domain is allowed to be arbitrarily wide, provided two
sensors are used. The sensor that is close to the junction point (placed at x = x;) provides the measurements of u(x, t)
on [x;, D], whereas the farer sensor (placed at x = 0) provides online line estimates of the rate u, (x;, t). The latter was
assumed to be null in references 7,8,10.

¢) The result in Part 2 of Theorem 1 is quite comparable to that of,? that is, convergence is ensured whatever the length
of the PDE domain. But, the progress made in the present results lies in the fact that it holds in the presence of parameter
uncertainty.

d) Part 1 of Theorem 1 holds if 6 is small enough so that o, > 0. It is of interest to find out the largest value of  for
which Part 1 holds. It might not be practical to use (142) as this involves several terms that are not necessarily avail-
able. The point is that no rigorous method is currently available for determining the maximal admissible value of the
parameter 6. In this respect, let us first note that the requirement o, > 0 is a sufficient condition, i.e. the set of admis-
sible values of § is larger than that defined by the condition ¢, > 0. Second, the interest of (142) lies in the fact that, it
shows that ¢, only depends on the system model (not on the states). That is, some suitable values of § can be found a pri-
ori by running the observer of Table 1 in simulation several times, for different values of 6, using the same experimental
data set.

5 | SIMULATION

Example 1. Here we consider a practical example where the ODE part in system (1)—(4) represents a heat transfer by
radiation. It is shown in many places (e.g.,>) that such a heat transfer is described by a second-order ODE of the form (1)

with:
X, T,
X(t) = é dTbox ) B= 02)(19
21 I e
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0 0
X0) = (t) = ., 0eR,
JeEm l—fzmafo ] o L’)Zmax sin(Za)t)] €

where Tp,y is the temperature of the enclosure closed and 8 designates the conversion efficiency. The various parameters
are given the numerical values 6§ = 0.9, fnax = 5.1071, Popmax = 170, @ = 1007 rd/s. The PDE part of system (1)-(4) is
characterized by values D = 10,x; = 9.8, b = 0.2, n = 0.6, and w(x, t) = 0.5(1 + tanh(x)) (3 sin (wy1t) — 4(sin (a),,,zt))z)

with w1 = 237; 0y, = 107.

It turns out that the matrix function M(x), defined by (41)-(43), expresses as follows, for x € [x;, D]:

cos (\/E(x—xﬂ) % sin (\/E(x—xl))

Meo = 0 cos(\/z(x—xl)>

The observer of Table 1 is used with the gain value a« = 2 while the gain L is selected so that the matrix A — LC has
the pair of eigenvalues (—0.5, —0.6). Furthermore, even though the function f(X) is polynomial, it is presently Lipschitz
because the variable X; is physically bounded by a known value Xj .. In the considered application we let X34, = 20.
Then, it is sufficient to replace f(X) by f(g2(X)) where ¢»(X) denotes the projection of X on the domain {X/ |X1| < Ximax}-
Such projection does not alter the convergence properties of the observer. The initial values of the system states are
given the values u(x, 0) = uo(x) = 3,X(0) = [(3)], while the observer is initialized with 7i(x, 0) = 0,X 0) = [8] ,W(x, 0) =
0, A(x, 0) = 0,7(0) = 0,8(0) = 0, R(0) = 1, S(0) = 1.

The components of the state vector X(¢) and their estimates are plotted on Figure 2, along with the associated esti-
mation errors. Figure 3 shows the time-evolution of the estimation &(x, t) = U(x, ) — u(x, t), while Figure 4 shows the

<l
68
>
Sef - ]
> ="
-4 _ = 4
s Lo--
2 ]
m2
©
°
=0 L
X 0 5 10 15
time
)
©
b
®
£
N
x
=)
(o}
e
(7]
©
=) L
S -1
x 0 5 10 15
time
1
1) AP e
©
o
T -1
>
-2
-3 L
0 5 10 15

time

X2-tilda

time

FIGURE 2 Components of X(t) and their estimates (top) and the associated estimation errors (bottom)
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FIGURE 3 Estimation error ii(x, t) = U(x, t) — u(x, t)
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FIGURE 4 Top: parameter 6 (dashed) and its estimates 0 (solid). Bottom: parameter » (dashed) and its estimates 7 (solid).
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X1(dashed) ; X1hat(solid)

time

X2(dashed) ; X2hat(solid)

time

FIGURE 5 Components of state vector X(¢) and their estimates

u-tilda(x,t)

15

FIGURE 6 Estimation error ii(x, t) = U(x, t) — u(x, t)

evolution of parameter estimates 8 and 7. The figures show that all estimates converge to their true values confirming
thus the theoretical result of Theorem 1.

Example 2. We now consider an academic example with system (1)-(4) being characterized by the various parameters
values,
D=10,x; =9.8,b=0.1,0=0.5,y=0.6,n=2

B 0.3 cos (wy11t)

B l(O.S sin (co(,,nt))2 —0.2cos (a)(,,zzt)]
w(x, ) = 1.5(1 + tanh(x)) <O.3 sin (wy1t) — 0.4(sin (wv,zt))2>

—0.3sin (X7) — 0.2 sin (X3)

00 = l 0.5 — 0.2sin (X;) ] 0

w11 = 0.27; 0y = 037, wypo = 0.17; 01 = 2.37; w0y = 7.

It turns out that the matrix function M(x), defined by (41)-(43), expresses as follows, for x € [x;, D]:

M) = cos (\/E(x—xl)) % sin (\/E(x _x1)>
0 cos(ﬁ(x_xl))
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FIGURE 7 Top: parameter 6 (dashed) and its estimates ) (solid). Bottom: parameter  (dashed) and its estimates 7 (solid).

The system is excited by the input signal,

0, 2 (cos (wjn1 t) + cos (winzt))]
0

U@ = [

with w1 = 0.17, wiy = 0.77, and the state initial values are: uy(x) = 2, X(0) = [_21 .

The observer of Table 1 is used with the gain value @ = 2 while the gain L is selected so that the matrix A — LC has the
pair of eigenvalues (—0.5, —0.6). The observer is initialized with the values:

i(x,0) = 0,X(0) = m ,(x, 0) = 0, A(x, 0) = 0,7(0) = 0,9(0) = 0,R(0) = 1, S(0) = 2.7

The components of the state vector X(¢) and their estimates are plotted on Figure 5, along with the associated estimation
errors. Figure 6 shows the time-evolution of the estimation &i(x, t) = U(x, t) — u(x, t), while Figure 7 shows the evolution
of parameter estimates 6 and 7. Clearly, all estimates converge to their true values confirming thus the theoretical result
of Theorem 1.
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FIGURE 8 Components of X(t) and their estimates in case of inner sensor position x; = 8.5

u-tilda(x,t)

5
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FIGURE 9 Estimation error &i(x, t) = f(x, t) — u(x, t) in case of inner sensor position x; = 8.5. It confirms that &i(x, t) diverges when x
goes away from x; = 8.5 approaching the inlet boundary.

To highlight the relevance of implementing the inner sensor sufficiently close to the ODE-PDE connection point, we
letx; = 8.5. The simulation results show substantial deterioration of the observer performances as illustrated by Figures 8
and 9. The former shows that the estimate X (t) gets away from its true value X(f) as time increases. Figure 9 shows that
the estimation error @i(x, t) = U(x, t) — u(x, t) does no longer converge to zero.

6 | CONCLUSION

The problem of observer design for ODE-PDE cascades, that involve heat PDE, is revisited in this paper. Com-
pared to existing observers for this class of systems, our solution consists of two observers connected in series. Both
observers are adaptive compensating for parameter uncertainty in the ODE and the PDE. The first observer, described
in Table 1, provides online estimates of the PDE state over the sub-domain [0,x;], based on boundary measurements
u(0,t) and u (x1,t). The second observer, described in Table 1, provides online estimates of the ODE state and the
PDE state over the sub-domain [x;, D], based on the measurements of u (xi, ), provided by the inner sensor, and
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the estimates I, (x;, t) provided by the first observer. Compared to the existing one-sensor observers for ODE-PDE
systems, the new cascaded-observer enjoys two features: (i) observer exponential convergence is guaranteed for arbi-
trarily large PDE domain; (ii) being adaptive nature, the observer compensates for parameter uncertainties in the ODE
and PDE. This study may be pursued in many direction, for example, considering the case of time-varying uncertain
parameters 0 and .
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