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ABSTRACT This paper proposes an adaptive scheme for the boundary stabilization of thermoacoustic
instability in the Rijke tube system using the backstepping method. The mathematical model of the system
is characterized by a 2 x 2 linear hyperbolic partial differential equation (PDE) coupled with a first-order
ordinary differential equation (ODE) in a non-strict-feedback form. Recently, a full state feedback controller
has been developed to stabilize the system, assuming that the parameters of the model are known. We take into
account the most common uncertain parameters which result in the coefficients of the first-order ODE system
being unknown parameters. The technique of adaptive identifier is then used along with the normalized
gradient algorithm to achieve the parameter update laws. The adaptive control law is obtained by replacing
the output of the identifier and estimated parameters in the non-adaptive state feedback control law. The
adaptive control law is then manipulated such that it uses a few measurements of the PDE states. According
to the stability analysis of the system, the proposed controller guarantees that all closed-loop system states
are bounded, while the ODE-PDE system states are convergent to zero. Performance of the proposed scheme
is evaluated by the simulation examples.

INDEX TERMS Adaptive stabilization, backstepping method, ODE-PDE system, Rijke tube, thermoacous-
tic instability.

I. INTRODUCTION
A. MOTIVATION

area, the acoustic pressure perturbs the heat release rate,
while the coil feeds energy into the acoustic field, which

Thermoacoustic instability phenomenon is a serious chal-
lenge affecting the structure of steam and gas turbines, indus-
trial burners, and propulsion systems [1]. This instability
arises from the unstable feedback coupling between the heat
release rate and acoustic pressure [2]. The Rijke tube is an
academic set-up that provides an accessible platform to study
the thermoacoustic instability. Fig. 1 illustrates the basic
Rijke tube apparatus composed of a vertical open-ended glass
tube, with a high length to diameter ratio and a heater coil
placed at the lower half of the tube [2]. The coil transfers heat
to its adjacent air volume, which then expands and results in
acoustic pressure and velocity oscillations [3]. At the heating
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can lead to their resonant growth. For some critical value of
the heat power, the tube will begin to hum loudly, which is
the manifestation of instability [2]. A speaker mounted near
the bottom of the tube is used as an actuator to suppress the
oscillations.

A practical example fitting into the Rijke tube model is
the thermoacoustic instability phenomenon happening in the
combustion process of the gas turbine engine. As illustrated
in Fig. 2, the combustor is an area of the gas turbine where the
chemical reaction of fuel and air occurs. The air is supplied
by the compressor which increases the air pressure. The
combustor adds energy to this pressurized air by spraying fuel
and igniting it so that the high-temperature pressurized gas
is released. The products of combustion are then converted
into work by the turbine. The potential coupling between the
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FIGURE 1. lllustration of the main components of the Rijke tube [2].

pressure and heat release rate can generate thermoacoustic
instability, which results in large vibrations and damage to the
components of the turbine [1]. The feedback control issues
appearing in combustion instabilities of gas turbine engine are
also present in the Rijke tube experiment [5]. The injection
of fuel into the flowing air that causes combustion in the
combustor resembles the injection of heat into the air within
the Rijke tube. The heat release is dynamically coupled to
the acoustic in both systems, which causes thermoacoustic
instability.

B. LITERATURE REVIEW

The earliest efforts to stabilize thermoacoustic instability
that relies on the finite-dimensional approximation of the
system include passive controllers [6], linear quadratic
regulator controllers [7], and phase shift controllers [8].
Later, by the continuum backstepping method for the partial
differential equations (PDEs), the boundary stabilization of
thermoacoustic instability in the Rijke tube modeled by a
wave PDE containing a destabilizing term at its uncontrolled
boundary has been addressed in [9] and [10]. These studies
primarily have assumed that the flame front appears at the
boundary. In [11], the Rijke tube with an in-domain heating
element is considered, and the boundary feedback control
law is designed, which exponentially stabilizes the system.
However, the heat release dynamics which models the
interaction between the heating element and the surrounding
air has been neglected.

Recently, a more realistic model of the Rijke tube system
has been taken into account; it considers both the in-domain
heating element and the heat release dynamics. The model
is described by a 2 x 2 linear hyperbolic partial differential
equation (PDE) coupled with a first-order ordinary differen-
tial equation (ODE). The 2 x 2 PDE acts like a wave equation
and represents the dynamics of the acoustic velocity and
pressure along the tube, and the ODE models the heat release
dynamics. The non-strict-feedback connection between the
PDE and ODE, and the Dirac delta distribution applied to
model the heat release as a point source term make the design
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FIGURE 2. Gas-turbine schematic [4].

and analysis more challenging. Assuming the parameters of
the model are known, [5] develops a full state feedback
boundary controller to stabilize the system by introducing
an integral transformation with Volterra and Fredholm terms.
However, in practical applications, the mathematical model
of the system has uncertain parameters; these include the
unknown heat release time constant, the unknown steady-
state velocity, and the unknown wire temperature [5]. This
motivates us to design an adaptive backstepping controller for
the stabilization of the ODE-PDE Rijke tube model.

Adaptive backstepping control of PDEs with uncertain
parameters has also been studied in the recent years
and several constructive approaches which can be broadly
classified as Lyapunov-based design, passivity-based design,
and swapping-based design have been developed [12]. For
hyperbolic PDEs, adaptive control of a single hyperbolic
PDE with a non-local source term has been presented in
[13]. The method has been later extended to second-order
hyperbolic PDEs [10], 2 x 2 coupled linear hyperbolic PDEs
[14], [15], n + 1 coupled linear hyperbolic PDEs [16], and
general n + m coupled linear hyperbolic PDEs [17]. Over the
last two decades, the backstepping control of ODEs coupled
to PDEs with both known and unknown parameters has
been extensively investigated in the literature, such as [18],
[19], [20], [21], [22], [23], [24], [25], and [26]. Recently,
adaptive control of linear 2 x 2 hyperbolic PDEs coupled
with an uncertain ODE has been considered in [27] and [28].
However, in these studies, the ODE-PDE connection is in
the strict-feedback form, and the input matrix of the ODE is
assumed to be known.

C. CONTRIBUTIONS

This paper focuses on the linearized ODE-PDE model of
the Rijke tube system wherein the coefficients of the ODE
are unknown. The objective is to design an adaptive control
law for the boundary stabilization of the system using
the infinite-dimensional backstepping approach. The salient
feature of the backstepping method is that it leads to an
explicit control law. To design the controller, we do not
use the finite-dimensional approximation of the plant by
performing spatial discretization. Instead, we develop our
adaptive scheme for the nondiscretized plant in the continuum
domain, which is more elegant as it is independent of the
discretization scheme. Moreover, as mentioned in [12], if
one first obtains the spatially discretized version of the plant
and then applies finite-dimensional adaptive backstepping
methods for ODEs [29], [30], [31], the control gains do not
converge upon grid refinement.
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There are a number of challenges in the adaptive control
of the ODE-PDE Rijke tube model considered in this paper.
First, the model has a discontinuity point in the domain that
is raised by the Dirac delta distribution. As a consequence,
careful attention should be paid when designing the update
laws to ensure the boundedness and square integrability of the
relevant signals. Second, both the state and input coefficients
of the ODE subsystem are unknown and the controller
can have access to them through an infinite-dimensional
dynamics which has infinite eigenvalues on the imaginary
axis [5]. These issues make us follow an identifier-based
adaptive control. The proposed adaptive scheme consists
of two modules, namely, the adaptive identifier and the
controller. The adaptive identifier module has two roles:
(i) providing the update laws for the online estimation of
the unknown parameters, and (ii) reconstructing the ODE
state of the Rijke tube model as the identifier output.
The controller module receives the online estimates of the
unknown parameters, along with the identifier output, and
provides the adaptive control law. This adaptive control law
is reformulated, such that it requires a few measurements of
the PDE states along the tube.

Another challenging task is to show that the proposed
controller-identifier pair guarantees closed-loop stability,
which is carried out with a rigorous perspective. Specifically,
we propose an infinite-dimensional adaptive backstepping
transformation that converts the system along with the control
law into a new system called the target system, which is
more convenient for stability analysis. The boundedness
and regulation of the target system are meticulously laid
out with a suitable Lyapunov function. The backstepping
transformation is invertible, which enables us to establish the
norm equivalence between the target system and the original
system. The effects of disturbances, nonlinear heat release
dynamics, and actuator dynamics on the performance of the
proposed scheme are studied using numerical simulations.
For clarity, the comparisons with the recent results are
summarized as follows:

o As compared to the previous results in [32], [33],
[34], and [35], which rely on the finite-dimensional
approximation of the system, the proposed adaptive
scheme takes into account the distributed features of
the system. Moreover, using the continuum version
of the backstepping method, we meticulously laid out
the stability analysis of the complete feedback system
consisting of the ODE-PDE Rijke tube model and the
proposed infinite-dimensional adaptive control law.

« Different from adaptive control designs [9], [10], this
paper focuses on the more realistic model of the
Rijke tube system that takes into account the heat
release dynamics and both the downstream and upstream
parts of the tube. In fact, the plant is extended from
an anti-damped wave PDE to the non-strict-feedback
connection of a PDE and an ODE, which is more
challenging.
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TABLE 1. Notation.

Notation ~ Definition
R Set of real numbers
R+ Set of non-negative real numbers
a(+) Dirac delta distribution
f1¢) Ordinary derivative of f(-)
J{0) Ordinary derivative of f(-) with respect to rime
Oz f Partial derivative of f with respect to «
sup S Supremum of S on the interval 7
T
La(T) The space of functions u(x,t),u : Z x Rt — R
2 whose spatial L2(Z) norm defined by
lu@®)|| = ([, u? (@, t)dz)"/? is finite
r The space of time functions f : Rt — R
P whose p-norm defined by || fll, = ([~ \f(t)|pdt)1/p
for p € [1, 00) is finite
r The space of time functions f : Rt — R whose
oo

infinity norm defined by || f||cc = sup |f(¢)| is finite
>0

o Compared with recent results on the adaptive control of
a2 x 2 coupled hyperbolic PDE cascaded with an ODE
through the boundary [27], [28], this paper solves a more
challenging problem in which the ODE is connected
not at the boundary, but rather, at an interior point of a
2 x 2 system of coupled hyperbolic PDE via a Dirac
delta distribution. In fact, the Rijke tube model falls
into a special class of the so-called sandwich systems
[36]. Moreover, we consider the situation in which the
unknown parameters exist at the state and the input
coefficients of the ODE.

D. ORGANIZATION

The remainder of this paper is organized as follows: Section
II presents the adaptive control problem under consideration
and Section III reviews the non-adaptive scheme. The
proposed adaptive scheme is discussed in Section IV, and
the stability analysis of the closed-loop system is investigated
in Section V. Simulation studies are then presented in
Section VI and conclusions are provided in Section VII.

E. NOTATION
Table 1 shows the notations adopted in this paper.

Il. PROBLEM STATEMENT
The linearized ODE-PDE model of thermoacoustic oscilla-
tions in the Rijke tube system is described by [2]

1
afv(xy t) + __axp(x, t) = 07
P

- -1
8 P(x, 1) + yPoyv(x. 1) = ~ 8 = 20)Q(0).

10(1) = —Q@) +f' )Ty — T gas)V(x0, 1), ey
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with the boundary conditions

PO,t)=U@), PU,t)=Zv(,1), 2)

where (x,1) € [0,1] x RT and f(v) = L,(k + «y+/]V]). The
parameters of the model (1)-(2) are given in Table 2. The PDE
states v(x, #) and P(x, t) represent the fluctuations of acoustic
velocity and pressure along the tube, respectively. The ODE
state Q(t) represents the heat power release by the coil located
atxg € (0, [/2). This ODE state is connected to the PDE states
via the Dirac delta distribution, §.

The Rijke tube model (1)-(2) can be reformulated through
applying the Riemann coordinates [11]

1
P(x, 1) = E(Rl(x, 1)+ Ra(x, 1)),

v(x, 1) = (Rl(x, t) — Ra(x, t)), 3)

1
2V yPp
into a 2 x 2 transport PDEs convecting in opposite directions
with a point source term

y —1
A
y —1
O Ro(x, 1) — ANOxRy(x, 1) = 1 3(x — x0)Q(2),

O@t) = —¢ Q1) + ¢(Ri(x0, ) — Ra(x0, 1)), “)

OR1(x, 1) + ANoxRi (x, 1) =

3(x — x0)Q(2),

with the boundary conditions

Ri1(0,t) = —Ry(0, 1) +2U(t), Ry(l,t) =aRi(,1), (5

f,(v)(Tw_T as’) 1_J

where ¢ = 1/1, ¢ = —=%, A Jv= and
B 214/ yPp P

o = Z;—gi. Assuming that the parameters of the model are

known, a full state feedback boundary controller has been
developed in [5].

From a practical standpoint, there are uncertain parameters
in the mathematical model of the system; these include the
unknown heat release time constant, T, unknown steady-
state velocity, v, and unknown wire temperature, T, [5].
The uncertainty in these parameters leads to the unknown
coefficients, ¢ and c, of the ODE system (4). The goal is
to develop an adaptive control law U(z) that stabilizes the
system (4)-(5) in which ¢ and c are treated as unknown
parameters and can be estimated by an adaptive mechanism.

The uncertain parameters t, v and 7;, in the ODE system
of (1) are assumed to belong to some intervals. Therefore,
we consider the following assumption for the coefficients ¢
and ¢ in the ODE system of (4).

Assumption 1: There exist positive and known constants
&, E and ¢, ¢ such that ¢ € [5, E] and ¢ € [c, c].

lll. OVERVIEW OF THE NON-ADAPTIVE SCHEME

The proposed adaptive stabilization scheme builds upon a
recent effort [5] which considered the boundary stabilization
of (4)-(5) when all parameters of the model are known. As a
foundation for our work, in this section, we briefly review the
design procedure of the non-adaptive scheme of [5].
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TABLE 2. The parameters of the Rijke tube model (1)-(2).

Description

Steady-state pressure P
Steady-state velocity ?
Steady-state density P
Steady-state gas temperature 9a
Fluid thermal conductivity K

Empirical constant Ko
Reflection loss Zr,
Length of the tube l
Tube cross-section A
Heater coil position 0
Heat capacity ratio ¥
Heat release time constant T
Wire temperature Tw
Wire length lw

At first, the spatial domain of the system is folded at the
discontinuity point, xp, raised by the Dirac delta distribution.
Specifically, by introducing the folding transformation

X
=, x € [0, xo]
=17, (6)
——, x€lx.l]
1 —xo

along with the new state variables

Rii(x,t) = Ri(x,1), x €]0,x0]
Rip(x,t) = Ra(x,1), x €10, x0]
Roi(x,t) = Ri(x,t), x € [xp,!]
Ry(x, 1) = Ro(x, 1), x € [xo, (] (N

the Rijke tube model (4)-(5) is reformulated as

R 1(z, 1) + A19:R11(z, 1) = 0,
0rR12(z, 1) — A19;R12(z, 1) = 0,
0 R21(z, 1) — A20:R21(z, 1) = 0,
0 R22(z, 1) + A20;Raa(z, 1) = 0,
O@t) = —¢0(t) + ¢(Ri1(1, 1) — Raa(1, 1)), 3

with the boundary conditions

R11(0, 1) = —R12(0, 1) + 2U (1),

Ria(1, 1) = Ryo(1, 1) + 1Q(1),

Ry1(1,1) = Ri(1, 1) + 10(1),

R»(0, 1) = aR21(0, 1), )
where ¢; = %, A = XAO and My = l_>‘x0.

As the next step, the infinite-dimensional backstepping
method is used to determine the control law. The basic idea of
this method is to use an invertible integral transformation with
bounded kernels along with a control law to transform the
original system into the so-called target system with desirable
stability properties. For this purpose, the stable target system
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is chosen as The well-posedness of (15) is shown in [5], and the explicit

solutions of the kernels are obtained as
0;S11(z, 1) + \19:S1(z, 1) = 0,

0 R12(z, 1) — M9;R12(z, 1) = 0,
0R21(z, 1) — A\20:R21(z, 1) = 0,
0rR22(z, 1) + A20;R22(z, 1) = 0,
0(t) = = (¢ +c16) Q) + ¢(Sn (1, 1) — Raa(1, 1)),

(=g
o(z) = —cre M1, z€[0,1]
K@ &) = Aigo<z—s+ D),
1

A2

C& =1 . Al N\
with the boundary conditions —)\—290(2 N )\_2(S —D), &>1+4 ,\_1(Z -D
(16)
S11(0,1) =0,
Ria(1,1) = Ryo(1, 1) + ¢1Q(1),
Roi (1, 1) = Su(l, 1),
R2»(0,1) = aRy1(0, 1).

The state feedback control law is obtained by substituting
the boundary conditions S11(0,7) = 0 and R1(0,¢) =

(11 —R12(0,1) +2U(¢t) into (12) as [5]

1 1
This target system has a cascade structure and the boundary U = ) (R12(0, n+ /0 K(0, &)R11(§, 1)d§
condition S11(0, ) = 0 has a crucial role in the stability of
the system. Notice in particular that the unforced transport

PDE for Sii(z,t) drives the transport PDE for Ry((z, t),
which subsequently drives the transport PDE for Ry»(z, t).
Therefore, S11(z, 1) = 0, Vi > )\]_1, and then Ry (z, 1) =
0, VvVt > )\1_1 + )\2_1, and subsequently Ry (z,t) = 0, Vt >
ATt 20 Forr > AT +2)5 1, we have Q@) = — (¢ +
c1c)Q(t) and Ri2(1, 1) = ¢1Q(t). Therefore, Q(t), and then,
R1>(z, t) approaches zero.

In order to map (8)-(9) into (10)-(11), the invertible
backstepping transformation is introduced as

1
Sz, 1) = Rii(z, 1) —/ K(z,&)R11(§, )d&

1
+/0 G(0,5)Rx2 (8, 1)d§ +<0(0)Q(t))- 7)

Experimentally, the control law (17) can not be used for the
boundary stabilization of thermoacoustic oscillations in the
Rijke tube due to the requirement of full state measurement
[5]. Therefore, a full state observer for the Rijke tube using a
single boundary acoustic pressure sensor has been presented
in [37].

In what follows, we develop an adaptive control law using
a few measurements of states, while the coefficients of the
first-order ODE in (4) are unknown.

IV. PROPOSED ADAPTIVE SCHEME

In this section, an adaptive control scheme is proposed for the
stabilization of thermoacoustic instability in the Rijke tube
model (4)-(5) with the unknown parameters ¢ and c. The
proposed adaptive scheme is formed by combining an online
parameter estimator with a control law inspired by the known
parameter case.

1
—/0 G(z, §)Rn(E, dE — p(2)Q(1),  (12)

where K(z,&) is the kernel of a Volterra-type integral

transformation defined on
%:{(z,é)eRxR|O<z<§<l}, (13)

A. UPDATE LAWS

In this section, we consider the design of the adaptive laws

for online estimation of the unknown parameters. Consider

the heat release dynamics in the Rijke tube model described

by

and G(z,&) is the kernel of a Fredholm-type integral
transformation defined on

T ={z8§eRxR 0<EL], 0<z<1}. (14
By matching the system (8)-(9) and the target system (10)-
(11), the kernel equations are obtained as

0@t) = —¢0@) + c(Ri1(1, 1) = Rp(1, 1)), (18)

where ¢ and c are the unknown parameters to be estimated.
To develop the estimator, we first convert the dynamical
model (18) into the static parametric model where the
unknown parameters appear in a linear form and then
we use the standard gradient algorithm. By taking the
Laplace transform on both sides of (18), ignoring the initial
conditions, we have

0:K(z,8) + 0:K(z,§) =0,
0:G(z, &) + ﬁazG(Z, &) =0,
A2

A10:0(2) — C9(2) =0,
MK (z, 1) = cp(z) =0,
AG(z, 1) + cp(z) = 0,
G(z,0) = 0. (15)

5Q(s) = —£Q(s) + ¢(Ru1(1, 5) — Roa(1, 9)), 19)
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where s denotes the Laplace variable. Let y| be a positive real
number, then

(s +106) = (1 = £)0®) +¢(Ru(1,5) = Rn(1, ),

(20)
which is equivalent to
O(s) Ri1(1,5) — Rp(1, 5)
= — . 21
@) = (v §)S+yl c — (21)
Define
a(s) = O(s)
s+ Y1 ’
r(s) = Ri1(1, 5) — Roo(1, S)’ 22)
s+ Y1
or, in the time domain
q(t) = —y19(t) + Q).
i) = —nr@ + (Rul.n = Ra(Ln).  @3)
Then, we can represent (21) in the time domain as
o) = (y1 — £)q@) + cr(®) + €(@), (24)

where €(¢) is due to the initial conditions. According to
Lemma 1 of Appendix A, €(¢) is an exponentially decaying
signal. Using E(I) and ¢(r) as the estimates of ¢ and c,
respectively, in analogy with (24), we generate the estimated
value Q(t) of Q(t) as

o) = (v — é:(t))q(t) +c(t)r(t). (25)
We also define the parameter estimation errors as
L) =¢—i(), &) =c—2eQ), (26)
and the identifier error as
(1) = Q@) — (1),
=01 + (£() — y1)gt) — eOr@t) + €(t). (27

Now, using the normalized gradient algorithm with projection
[39], the update laws of the ODE coefficients are derived as
follows

£(t) = Projg, 11(6(1), (1),

&(t) = Proji, & (61), 7e(1)).

() = — Q(1)q(t)
¢ T 20+ 20y
) = pp 2O 28

2—’
L+ g%(t) +r2(n)
where the positive constants p1 and w, are the adaptation
gains and the standard projection operator is defined in the

following way

0 é(t)zg, (1) <0
()10 ¢@)=¢, w@)>0
1  otherwise.

PrOj[gg] (2(1), T (f)) =

(29)

VOLUME 11, 2023

The other operator Proj. z(¢(1), 7(t)) is defined similar
to the operator (29), both of which are used to keep
the parameter estimates in the intervals of Assumption 1.
According to Theorem 2.4.2 in [39], the identifier (25)
with filters (23), and the update laws (28) with the initial
conditions 2(0) € [¢,¢] and &0) € [c, ¢] satisfy the
following properties

C(t), (1) € Lo,
o)
V14 G20 +r2@)

L@, &1) € L2 N Loo.

€ LyrNLx,
(30)

B. CONTROL LAW

The proposed adaptive controller is obtained by substituting
the estimation of unkpown parameters, i.e., £ (¢) and ¢(¢), and
the identifier output Q(¢) into the control law (17), as follows

1 L
U = E(Ru(o, H+ /0 R0, & DRy (E, 1)dE

1
+/0 G0, &, DRx(E, NdE + (0, I)Q(t)), €19

where
G=Diw®

Pz, 1) = —cre M

e .

K@ &)= —"¢@z—&+1,1),
A1
07
E<1+ %(Z -1
A~ 1
G(z, &, 1) = ¢ 32
R I 2
2 2 A
Es>14+2¢@-1)
Al

In the sequel, the control law (31) is revisited such that it does
not require the measurement of the entire distributed states
R11(z, t) and R2»(z, t). To this end, from the transport PDEs

O R11(z, 1) + M ORy1(2, 1) =0,

0:R22(z, 1) + A20R2(z, 1) = 0, (33)
we have
Z
Ri(z,t) = R11(0, 1 — /\—1), (34)
Z
Ry (z,1) = Roo(0, 1 — )\—)- (35)
2
Moreover, from (7), we have
z z
R11(0,t — —)=Ri1(0,r — —),
11( /\1) 1( )\1)
z z
R»(0,t — —)=Ry(,t — —), 36
22( )\2) 2( )\2) (36)
and
R12(0, 1) = R2(0, ). 37
121771
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The Rijke tube model
a,v(x, t) +%(3XP(X, t)=0

0,P(x, ) +yPov(x 1) =L -

» . , _
QM) = —Q) + f W) Ty — Tgas)v(xo,t)
P(0,6) =U(t), P(Lt)=Zv(,t)
(@, t),P(i,t), i=0,1
R1(0,) = P(0,t) + |ypPv(0,1),
u)

s —xp0e | Wxo,t), Q1))
—

11y
U(t) ——(RZ(O t) —ce 11 Q) — clc(t)f e~ (t=0X(® Ry (0, o)dﬂ+clc(t)f AZ Al (t_s+ﬂ_ﬂ){(t) Rz(l,H)d9>

Adaptive identifier

q(t) = —r19() + Q)

r:{ #(0) = —nr(0) + 2 [ypPu(x, )

Identifi
A© = (11 =) a(®) +eOr©

£ = Projy ({0, ),
Update Laws: -

&(t) = Projiz (€(6), 7e(1),

(e® - aw)a®
1+q2() +r2(t)
(e - 0w)r®
w0l e® o

() = -

Ry(i,t) = P(i,t) — |ypPv(i,t), i=0,1

‘_
({GRIGRIG)!

Control law
FIGURE 3. Proposed scheme for adaptive stabilization of the ODE-PDE Rijke tube model. The model parameters are given in

vP

Table 2, and ), =xio,>\2=ﬁand>\= -

Therefore, the control law (31) can be rewritten as

1
U(t) = 1(R2(0 z)+/ K, &, R (0,1 — %)dg
0
1
+ / G0, &, Ry (I, t — )\i)dé + ¢(0, t)@(t)).
0 2
(38)

By substituting the kernels (32), and using the change of
variables o =t — )% and =1 — )\%, we arrive at

1 RGN
U@ = E(Rz(O, 1) —cre Q@)

—c18(t) / e 1=XOR (0, 0)do
1

1
bYy T
+ 1) / . Ak 0p (. 6)d6)

(39)

where Q(t) is given by (25), and from (23), (7) and (3),
we have

4(t) = —y19(1) + O(t),
(1) = —y1r(t) + (Ri(x0, 1) — Ra(x0, 1))

—y1r(t) + 24/ ¥ pPv(x0, 1). (40)

The block diagram of the proposed scheme for the adaptive
stabilization of the ODE-PDE Rijke tube model system is
depicted in Fig. 3. Note that, we use (3) to express R1(0, 1),
R»(0, t), and R>([, t) in terms of (v(i, 1), P(i, t)), i=0,1 as

R1(0,1) = P(0, 1) + /¥ pPV(0, 1),

Ry(i, 1) = P(i, 1) — /Y pPv(i, 1), i=0,1
It can be seen that the proposed scheme requires only the
measurements of P(0, 1), P(l, t), v(0, t), v(l, t), v(xg, t) and
Q(t), rather than the entire distributed states of the system.

(41)
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V. STABILITY ANALYSIS

Theorem 1: Consider the closed-loop system consisting of
the plant (4)-(5), identifier (25) and (40), update laws (28)
and the control law (39). Let Assumption 1 hold and the
initial conditions satisfy (R;(x, 0), Ra(x,0)) € Ly([0,I]) x
L ([0, I]), Q(0) € R, 8(0) elg, ¢]and &(0) € [c, ¢]. Then

IR, Ot), gt), r(t) € LoN Lo, i=1,2
lim [|Ri(t)]| =0,
1—>00

lim Q) =0, lim Q) =0,
=00 11— 00

lim ¢(t) =0, lim r(1)=0 42)
=00 11— o0

Proof: We consider the dynamical system governing
(Ri(x, 1), Ro(x, 1), o), q(1), r(1)) and establish the bound-
edness and regulation results stated in Theorem 1 for | Ry (¢)||,
[[R2(D)]], Q(t), q(t), r(t). The boundedness and regulation of
Q(t) can then follow from (24). The proof is carried out using
the following four steps.

Step 1: System equations and folding transformation: In
this step, we derive the governing equations of the system
(Rl(x, 1), Ro(x, 1), Q(t), q(), r(t)), and use the folding trans-
formation to translate the discontinuity point of the system to
the boundary conditions. From (25) and (40), we have

O() = —¢(g(t) + &) (r)
+ (11 = 2@0) (= nig®) + Q1))
+ E(t)( —y1r(®) + (Ri(xo, 1) — Ra(xo, t)))
~E0q +E0r0 + (n = o) Q)
0(t)+0(1)

—71((n = E0)aw) + ewrw))

o)
+ &0 (Ritvo, 1) = Ra(xo. 1)
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= £ ()q(t) + er@) + (n — £0)0@)
— 20 + &) (Ri(x0, 1) — Ra(x0, 1)).

Therefore, the (Ry(x, 1), Ra(x, 1), o), (1), r(t))-system
is governed by

(43)

y—1
A

; Lstr = x0)000),

O(t) = —E@O@) + &) (Rio. 1) — Ra(xo. 1))
—E(Dq() + ) + (n — £(0)0),
§(t) = —y19(t) + O(t) + O(1),

dR1(x, 1) + ARy (x, 1) = 8(x — x0)Q(1),

|4

OiRy(x, 1) — ANoxRa(x, 1) =

(1) = —y1r(t) + (Ri(x0, 1) — Ra(x0, 1)), (44)
with the boundary conditions
Ri(0, 1) = —Ra(0, 1) +2U (1),
Ry(l, 1) = aRi (1, 1), (45)

where the control law U(¢) is given by (39).
Now, we use the folding transformation (6) along with the
state variables (7) and rewrite (44)-(45) as
0 R11(z, 1) + A\19.R11(z, 1) = 0,
9:R12(z, 1) — \19:R12(z, 1) = 0,
0:R21(2, 1) — A20;R21(2, 1) = 0,
0:R2(z, 1) + A20;R22(z, 1) = 0,

Ot) = —E®00) + &) (R (1. 1) — Rn(1, 1))
— E()q(t) + ) + (n — £0))0),
g(t) = —y1q(t) + O(t) + O(1),

M) = —yir@) + (Ri1(1, 1) — Raa(1, 1)), (46)
with the boundary conditions
R11(0, 1) = —R12(0,1) + 2U (1),
Rio(1, 1) = Roo(1, 1) + ¢10(1) + ¢10(t),
Roi(1, ) = Ri1(1, 1) + c10(t) + 1 0(t),
R2(0,1) = aR21(0, 1), 47)

where the control law U (¢) is given by (31).

Step 2: Backstepping transformation and target system: In
this step, we propose an infinite-dimensional backstepping
transformation that converts the system (46)-(47) along with
the control law (31) into the new system called the target
system, which is more convenient for stability analysis.
The backstepping transformation is invertible, enabling the
establishment of the norm equivalence between the target
system and the original system.

Consider the infinite-dimensional backstepping transfor-
mation

1
S11(z, 1) = Ri1(z, 1) —/ K(z, & DR11(E, 1)dE

Z

VOLUME 11, 2023

1
- /0 G(z, & DR (E, NdE — §(z, HO(1), (48)

where the kernels IA((Z, £ 1), G(z, &, 1) and ¢(z, t) satisfy
%K(z. &, 1)+ Kz £,1)=0,
~ A ~
9:G(z. £.1) + )\—lazG(z, £,1)=0,
2
M4z, 1) — E(O@(z, 1) =0,
MKz 1, 1) — &gz, 1) = 0,
MGz, 1, 1)+ &)@z, 1) =0,
G(z,0,1) = 0. (49)

The transformation (48) and the kernel equations (49) are
adaptive versions of (12) and (15), respectively, where the
unknown parameters ¢ and c are replaced by the adaptive
identifier estimates ;:(t) and ¢(¢), and the ODE state Q(¢)
is replaced by the adaptive identifier output Q(t). Similar
to (15), the kernel equations (49) are well-posed and by
replacing ¢ and ¢ with g:(t) and ¢(¢) in (16) the explicit
solutions of the kernels are obtained as (32). The inverse
transformation of (48) is [38]

Rii(z, 1) = S1i(z, 1)

1
4 / NG & 0Sn(E DdE + x G0, (50)

where

1
K@) = W) + / N £ W (£, DdE,
1
Wz 1) = ¢z NO() + /0 Gz & DR (E, 1)dE,

. £
N(Z,E,t):K(z,E,t)—l—/ K(z,0,t)N(0,&,t)do. (51)

As shown in Lemma 2 of Appendix A, the backstepping
transformation (48) maps the system (46)-(47) along with the
control law (31) into the target system

0:S11(z, 1) + A19:511(z, 1)

!
— —/ &K (z, &, R (€, dE

1
_ /O 8,6z, £, DR (E. DA — 3,6(z, DO)

+ L(DP(z, (1) — DGz, (1)
— (n = ¢0)g HO®),
0:R12(z, 1) — AM19;R12(z, t) =0,
0:R21(2, 1) — M20;R21(z, t) =0,
0iR2(z, 1) + A20;R00(z, 1) = 0,

0) = — () + 1) 0) + &) (S (1, ) = Ra(1,1)

= L0 + &0 + (v = £0)0(),
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q(1)
= —y19(t) + O(t) + O(1),
0]
= —nr0—adO+ (S0 -Ra(,n), (2
with the boundary conditions
511(0,1) =0,
Ria(1,1) = Ra(1, 1) + ¢1Q() + ¢10(1),

Roi(1,1) = S11(1, 1) + 1 0(1),
R>»(0, 1) = aR»1(0, 1). (53)

Step 3: Boundedness and regulation of the target system: In
this step, we establish the boundedness and regulation of the
target system (52)-(53). In other words, we prove

IS11O, IR12, IR0, IR22(DI| € L2 N Lo,
O(1), q(t), r(t) € L2 N Loo, (54)

and
lim [|S;M) =0, lim [[Rp@)|| =0,
=00 11— 00
lim |[Ro1(#)|| =0, lim [[Rx(8)|| =0,
t—00 t—>00
lim O(r) =0, lim ¢(t)=0, lim r(t)=0.  (55)
t—>00 t—0o0 t—00

The main idea is to consider a Lyapunov function candidate
and show that it satisfies the differential inequality (A27). The
boundedness and regulation results (54) and (55) can then
follow from Lemma 5 of Appendix A.

To begin with, consider the Lyapunov functional

1 1
V) = bl/ ¢Sz t)dz—i-/ R, (2, 1)dz
0 0

1 1
+ by / ¢“R3,(z, t)dz + b3 / e *R3,(z, 1)dz
0 0
by ~ bs bs
+ =X () + =) + ——r(1), (56)
2 2y 29

where b;,i = 1,..., 6, are the positive parameters that will
be determined later. The time derivative of (56) along the
solutions of (52)-(53), is

V(t) = —2bi )\ /O 1 e %S11(z, 1)3,511(z, t)dz
—2b1/01ezsu(z, t)/zl 9K (z. & DR11(E, dEdz
— 2by /0 1 e S811(z. 1) /0 | 3Gz, & DRy (E, NdEdz
b, /0 112 DGz, DO
+ 2by /0 1 e Sz, t)gé(t)é(z, 1)q(t)dz

1 .
b, / 511 DO DDz
0
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1
=2 - 20) [ esu npe 0@
0
1

+2A / FRix(z. 00-R1x(z. 1)dz

0

1
+ 2)\2b2/ €“Ry1(z, 1)0,R21(z, )dz
0

1
—2X\ob3 / e “Rp(z, )3, R (z, t)dz
0

— by () + 160) 0*0)

+ bal(t)(S11(1, 1) — Rn(1, 1)) Q(1)
— b (Nq(OO() + bad(OrDO(D)
+ b4 (71 = £0) 000() — bsg*(1)

bs ~ bs ~ 2
+ —q()Q) + —q()Q(t) — ber~(1)
4! 4!

b ~ b
S0 + 2 r()(S1i(1, 1) — Ry (1, 1)).
Y1 Y1
(57)

Applying the Cauchy-Schwartz and Young inequalities to the
inverse transformation (50) yields

IR < a1 IS @I + a2 ||Raa(0)))? + a30%(1),  (58)

where the positive constants o1, oz and o3 depend on the
bounded kernels ¢(z, 1), K (z, &, t) and G(z, &, 1). Using (A8)-
(A17) in Lemma 3 of Appendix A along with (57) and (58),
we have

V() < (1 + b2 + 20gbe! — Alble’l)sfl(l, )
— MR%(0,1) + (A2b3a2 — Azbz)R%I(O, )
+ (1 + 522 430! — Azbge—l)R§2(1, )
1
+ (6 . )qbl) / 282 (2. t)dz
0
1 1
— A / ¢R}y(z, t)dz — /\zbz/ ¢“R3, (2, dz
0 0
1
— \abs / e *R3,(z, )dz + b1 [18,9 (1)1 Q% (1)
0
1 1
- 2
+ b%/o /0 (3K (z, &, 1)) dédz(al IS11(0)11
+ R + ag@z(t))

+ b7 /0 1 /0 l (3:6(z. £, ) dEdz]| R ()2

+ BASOIREAOFD + B 1200
+ (% +3Me'e? + 200bye! 3

O+ DG+ RIG0ID)

(1) +ri@)
1+ q%(t) + r(1)

1 A2
x (1 20+ 20 )Q @)
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+(3+3Nele} = by e + 18) ) 22

1 5z 1 ,:
+ Ebizz(t)qza) + Ebieza)ﬂ(t)

bs 14+¢? bg
+ (29 = bs)g* (1) + (—5—H() = be) ().
12! 2 n
(59
Choosing the positive parameters b; as
2 2
bg < Lz’
1 +cy
bs < ylz,
2
by > 3+ 3)\1€1c1
§+cic
2-2
by > 1+ byc” + 3)\161’
: Ape!
by > a’bs,
1+ b2c% 4+ 2\obse! 6
by > max | — =} 60
| = max o1 N (60)
we have
V() < —pV @) + GOV + (@), (61)
where
, {Albl ~6 2(ba(C+c10—-3 =3Melc)
M:mln N\, A2, 9
by by
bs (1 + c)bg
2101 = 3. 2n0 - 9k
Y1 2)/1

1ol
0@ = p((al +ay +ot3)b%/0 /0 (3K (z &, t))zdédz

1 1
+ b7 /0 /0 (0:G(z, &, r))zdsdz+b%lla,¢(t)||2
+ DGO (1) + BIG)12E3 )
1
+ 2(5 + 3/\16‘%61 + Z)szelcf

(1)
1+ q%(t) + r3()

1 A 1 2
+ Ebﬁzz(r) + Ebic%)),

-5 1
+ 01+ Db + D)

1
pe— , (62)
min {bje~!, by, bze~ !, %, 2%, 2%
and
1 1 1.2
0 = (E +3A1e! + 2abae! 3
0%(1)

-5 1
+ 01+ G0+ D) (©3)

1+ q2@) +r2()’
Using (61), along with Lemma 4 and Lemma 5 of Appendix
A, we conclude that

V() e L1 N Lo, tl_l)rgo V() =0. (64)
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TABLE 3. The simulation parameters of the Rijke tube.

Symbol Value Symbol  Value
L 1.4m p 1.2kg/m3
p 10° Pa A 0.0046 m?
c 4.55 x 103 W.sec.m/kg a -0.95
¢ 1.06 x 103 1/sec ~ 1.4
ot
Q)
-100
-200 :
0 0.1 0.2
time(sec)
(a)
0
Q(t) -100
-200
0 0.05 0.1
time(sec)
(b)

FIGURE 4. Basic performance of the proposed scheme when the coil is
located at x = L' _ 0.175: (a) the open-loop response of the heat power
release, (b) the glosed-loop response of the heat power release. It can be
seen that the proposed adaptive scheme accelerates the state
convergence to zero.

By V(1) € L1 N Lo, we have

IS1 I, IR, [IR21(D11, IR22() 117 € L1 N Loo,

QX (1), (1), r2(t) € L1 N Lo, (65)

which gives the boundedness properties (54). Also,
by tgngo V(t) = 0, the regulation properties (55) are obtained.

Step 4: Boundedness and regulation of the system (4)-(5):

In this step, we establish the boundedness and regulation
of the closed-loop system given by (42). The boundedness
and regulation of Q(t), q(t) and r(t) are previously obtained
in (54)-(55). Using (24), we get Q(t) € Lo N Lo and
tl—l>rgo Q(t) = 0. From (6) and (7), we have

l X0 1
/Rf(x,t)dxzf R%(x,t)dx+/ R3(x, t)dx

0 0 X0

1 1
_ / R, (2, 1)dz + / R0z (66)

0 0
therefore,
IRIOI* = IR + R (D)1 (67)
In a similar manner, we get
IR2()11* = [IR12()1* + [IR22(0) 1. (68)
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2, T~ o005 &
772) 0 o timekse/
(b)

FIGURE 5. Open-loop responses of the PDE states when the coil is located at xy = % = 0.175: (a) the evolution of the
acoustic velocity v(x, t), (b) the evolution of the acoustic pressure P(x, t). Note that the spatial domain x in (a) and (b)
is broken into two intervals, before and after the discontinuity point xo = 0.175. It can be seen that the open-loop
system has oscillating responses that converge to zero after a relatively long time.

Using (58) and the results of (54)-(55), we get |R11(2)|| €
L> N Lo and zl—lglo [IR11(®)|| = 0. Therefore, with the help of
(67)-(68) along with (54)-(55), we arrive at |[R;(t)|| € L2 N
Lo and tl_l)rgo IRi(t)|| = 0, for i = 1, 2. This completes the
proof of Theorem 1. |
VI. SIMULATION RESULTS

In this section, we numerically illustrate the basic perfor-
mance of the proposed scheme along with its ability to handle
the additive disturbances, nonlinearities of the model, and
the actuator dynamics. To this end, we select the model
parameters of the Rijke tube according to Table 3. The initial
conditions of the plant are Q(0) = 2, (Ri(x, 0), Ra(x, 0)) =
(70sin(x), —20sin(x)) forx < xo, and (R;(x, 0), Rz(x, 0)) =
(10sin(x), 50 sin(x)) for x > xo.

A. BASIC PERFORMANCE

In this section, a simulation example is presented to evaluate
the basic performance of the proposed adaptive scheme. The
simulation is performed for two cases of the heater coil
positions. The adaptive identifier parameters are set to y;
2, u1 = 500 and pp = 100. The initial conditions of the
identifier are ¢(0) = 0.1 and r(0) = 0.2, and the initial
estimates are ;:(O) = 1300 and ¢(0) = 3700. The simulation
study cases are as follows.

Case 1: The heater coil is located at xp = é = 0.175,
which results in \; = 1951.8 and A\, = 278.82. The open-
loop response and the closed-loop response of the ODE state
Q(t) are shown in Figs. 4 (a) and (b), respectively. It can be
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seen that the open-loop system has oscillating behavior that
converges to zero after a relatively long time. However, the
proposed adaptive scheme accelerates the state convergence
to zero. The responses of the PDE states v(x, #) and P(x, t) for
the open-loop system and the closed-loop system are shown
in Figs. 5 and 6, receptively. Note that the spatial domain x is
broken into two intervals, before and after the discontinuity
point xo = 0.175. It can be seen that the proposed adaptive
scheme effectively cancels the oscillating behavior of the
open-loop system and accelerates the PDE states convergence
to zero. Figs. 7 (a) and (b) show the evolution of the control
law and the identifier error Q(t) = Q0@ — Q(t), receptively.
It can be seen that the proposed method is successful and
the identifier error converges to zero. The online estimates
of the unknown parameters ¢ and c, and the parameter
estimation errors E(t) and ¢(¢) are shown in Figs. 8 (a) and
(b), respectively. As expected, the parameter estimates do
not converge to the true values, since the adaptive regulation
problem does not ensure the persistence of excitation for
parameter convergence. However, the parameter estimation
errors are bounded according to (30).

Case 2: The position of the heater coil is xg €=
0.525, which results in \; = 650.6 and \» 390.36.
The open-loop response and the closed-loop response of the
ODE state Q(¢) are shown in Figs. 9 (a) and (b), respectively.
It can be seen that the open-loop system is unstable and the
proposed adaptive scheme effectively stabilizes the system.
The results of the simulations for the PDE states v(x, ¢) and
P(x, t) of the open-loop system and the closed-loop system
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FIGURE 6. Closed-loop responses of the PDE states when the coil is located at xy = L — 0.175: (a) the evolution of
the acoustic velocity v(x, t), (b) the evolution of the acoustic pressure P(x, t). Note that the spatial domain x in (a)
and (b) is broken into two intervals, before and after the discontinuity point x, = 0.175. Compared with Fig. 5,
it can be seen that the proposed adaptive scheme effectively reduces oscillations along the tube and accelerates

the state convergence to zero.

50

v |

-50

0 0.05 0.1
time(sec)

(a)

0 0.05 0.1
time(sec)

(b

FIGURE 7. Basic performance of the proposed scheme when the coil is located at xo = % = 0.175: (a) the evolution of the
control law U(t), (b) the identifier error Q(t). The proposed method is successful and the identifier error converges to zero.

are presented in Figs. 10 and 11, receptively. We can see
that the PDE states of the uncontrolled plant quickly grow,
however, with the proposed adaptive scheme, the instability
is quickly suppressed and the PDE states converge to the
zero equilibrium. The control effort U(¢) and the identifier
error Q(t) are shown in Figs. 12 (a) and (b), respectively.
One can see that the identifier error is quickly brought to
zero. The estimates of the unknown parameters and the
parameter estimation errors are shown in Figs. 13 (a) and (b),
respectively. Due to the lack of persistency of excitation in
the adaptive regulation problem, the estimation of parameters
do not converge to the true values. However, the parameter
estimation errors are bounded according to (30).

B. ROBUSTNESS PERFORMANCE

To present the control design and its stability analysis more
clearly, this paper only deals with the parametric uncertainties
of the Rijke tube model under the assumption that the plant
is free of disturbances and nonlinearities. In this section,
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we numerically illustrate the ability of the proposed scheme
to handle the additive disturbances, nonlinearities of the
model, and the actuator dynamics.

1) DISTURBANCE ATTENUATION

In this section, we numerically demonstrate the disturbance
attenuation property of the proposed adaptive scheme. To this
end, we assume that the heat release dynamics of the Rijke
tube model is affected by an additive disturbance d(¢). In this
case, the system is described by

y —1

A

y —1
0iRa(x, 1) — NoxRo(x, 1) = 1 8(x — x0)Q(1),

O@t) = —¢ Q1) + ¢(Ri(x0, 1) — Ra(x0, 1)) + d(1),  (69)

0iR1(x, 1) + ANoxR1(x, 1) = 8(x — x0)Q(1),

with the boundary conditions

R1(0,1) = —R2(0, 1) + 2U(t), Ra(l,t) = R (L, 1). (70)
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FIGURE 8. Basic performance of the proposed scheme when the coil is located at xy = L _0.175: (a) the online estimates of the

unknown parameters ¢ and ¢ whose true values are ¢ = 1060 and ¢ = 4550, (b) the parameter estimation errors Z(t) and c(t).
As expected, the parameter estimates do not converge to the true values, since the adaptive regulation problem does not ensure
the persistence of excitation for parameter convergence. However, the parameter estimation errors are bounded according to

(30).

x10*

0 0.05 0.1
time(sec)

(a)

0 0.05 0.1
time(sec)

(b)
FIGURE 9. Basic ?erformance of the proposed scheme when the coil is
located at xy = 3 = 0.525: (a) the open-loop response of the heat power
rel , (b) the de d-loop resp of the heat power release. It can be
seen that the open-loop system is unstable, and the proposed adaptive
scheme effectively stabilizes the system.

The disturbance d(¢) is assumed to have a uniform distribu-
tion in the range [—5, 5]. The adaptive identifier parameters
are set to y1 = 2, u1 = 500 and up = 100. The initial
conditions of the identifier are ¢(0) = 0.1 and r(0) = 0.2,
and the initial estimates are Z’(O) = 1300 and ¢(0) = 3700.
The simulation results are presented in Figs. 14-16. The
results confirm the desirable disturbance attenuation of the
proposed adaptive scheme with a high degree of immunity to
the additive disturbance.
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2) EFFECT OF NONLINEARITIES AND UNMODELED
DYNAMICS

In this section, we study the effectiveness of the proposed
scheme when it applies to a more complex model with
nonlinear heat release dynamics. To this end, we assume the
heat release power is described by the nonlinear ODE [2]

TQ(I) = —0@) + Ly(Ty — _gas)(K + v/ [V(xo, ). (71

Moreover, we take into account the actuator dynamics which
can be regarded as a source of uncertainty in practice. To this
end, we assume the control law takes the form of

1 1 i,
U = H(S)[ERZ(O, - 5eie AO(1)

1 t ~
— Ecla(r) / 1 e~ =EDR (0, 0)do
=57

1 1
1 I=55FXT (4 pr Ll 1y:
+§c12(r)/ Ce (=05 Az)“”Rz(Z,e)de],
=3

(72)

where s denotes the Laplace variable, and the notation H (s){-}
represents the time domain output of a system with the
transfer function H(s). In fact, we assume the proposed
control law (39) goes through a linear ODE with transfer
function H(s) acting as an actuator dynamics. We set the
model parameters to T = 0.94 x 1073 sec, ly = 1.1 m,
T,, = 993 K, Tgm = 287.35 K, ¥ = 0.026, x, = 0.005 and
X0 = % = 0.525. It is assumed that the actuator dynamics is
described by the transfer function H(s) = Y% The adaptive
identifier parameters are setto y; = 200, u1 = 500 and up =
100. The initial conditions of the identifier are g(0) = 1 and
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FIGURE 10. Open-loop responses of the PDE states when the coil is located at xg = 3l ~ 0.525: (a) the evolution of the
acoustic velocity v(x, t), (b) the evolution of the acoustic pressure P(x, t). Note that tﬁe spatial domain x in (a) and (b) is
broken into two intervals, before and after the discontinuity point x, = 0.525. It can be seen that the PDE states of the
uncontrolled plant quickly grow.
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FIGURE 11. Closed-loop responses of the PDE states when the coil is located at x5 = %’ = 0.525: (a) the evolution of the
acoustic velocity v(x, t), (b) the evolution of the acoustic pressure P(x, t). Note that the spatial domain x in (a) and (b) is
broken into two intervals, before and after the discontinuity point xo = 0.525. Compared with Fig. 10, it can be seen that with
the proposed adaptive scheme, the instability is quickly suppressed and the PDE states converge to the zero equilibrium.
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FIGURE 12. Basic performance of the proposed scheme when the coil is located at x, = %’ = 0.525: (a) the evolution of the

control law U(t), (b) the identifier error Q(t). The proposed method is successful and the identifier error is quickly brought to
zero.
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FIGURE 13. Basic performance of the proposed scheme when the coil is located at x, = 3 _ 0.525: (a) the online estimation of

the unknown parameters ¢ and ¢ whose true values are ¢ = 1060 and ¢ = 4550, (b) the parameter estimation errors Z(t) and ¢(t).
Due to the lack of the persistency of excitation in the adaptive regulation problem, the estimation of parameters do not converge

E. Aarabi et al.: Adaptive Backstepping Stabilization of Thermoacoustic Instability

to the true values. However, the parameter estimation errors are bounded according to (30).

r(0) = 2, and the initial estimates are 2(0) = 1300 and ¢(0) =
3700. The simulation results are presented in Figs. 17-19.
It is worth mentioning that the steady state solution of (71)
is 0% = L,(T,, — Tgas)k = 18.46, and we plot the deviation
of Q(¢) from Q* in Fig. 17 (a). It can be seen that the proposed
adaptive controller successfully stabilizes the system despite
the coexistence of the nonlinear heat release dynamical model
and actuator dynamics.

VII. CONCLUSION AND FUTURE WORKS

In this paper, we have presented an adaptive control design
for stabilizing the thermoacoustic instability of the Rijke
tube described by an ODE-PDE system with the most
common uncertain parameters in practice. The stability
analysis based on the backstepping method ensures the
boundedness and regulation to zero of the ODE-PDE states.

nonlinear heat dynamics, and actuator dynamics. To conclude
this paper, we briefly highlight some limitations and future
opportunities for extending the results of this article.

« In this paper, the adaptive controller is designed based
on the linearized ODE-PDE Rijke tube model. In future
work, the control design would be extended for a more
accurate model including nonlinearities.

« In this paper, the effects of actuator dynamics and exter-
nal disturbances are studied via simulation examples.
However, the stability proof of such cases remains open
which can be investigated for future research.

« In this paper, the adaptive stabilization of the ODE-
PDE Rijke tube model is achieved by a continous-in-
time control law. It would be desirable to design a
suitable sampling scheme which ensures the closed-loop

The proposed adaptive scheme can be easily implemented stability.
since it requires only a few measurements of velocity and
pressure along the tube. The numerical simulations illustrate APPENDIX A

the effectiveness of the proposed scheme when it applies
to a more complex model including additive disturbances,

121780

Lemma 1: The signal €(¢) in (24) exponentially converges
to zero.

VOLUME 11, 2023



E. Aarabi et al.: Adaptive Backstepping Stabilization of Thermoacoustic Instability

IEEE Access

s

0 0.02 0.04 0.06 0.08 0.1

time(sec)
@
40} ‘
HRl(t)” WEW
20 do o0 o1
0 0.02 0.04 0.06 0.08 0.1
time(sec)
(b)
40} ‘
IR0 W
20+ 3 01

0 0.02 0.04 0.06 0.08 0.1

time(sec)
©

FIGURE 14. Disturbance attenuation property of the proposed scheme
when the heat release dynamics is affected by an additive disturbance
according to (69); the time responses of: (a) the heat power release Q(t),
(b) the spatial L,-norm of R, (x, t), (c) the spatial L,-norm of R, (x, t). The
results confirm the desirable disturbance attenuation of the proposed
adaptive scheme with a high degree of immunity to the additive
disturbance.

Proof: From (24), we have €(t) = Q(t) — (y1 — {)q(t) +

cr(t). By taking the time derivative of €(¢) and substituting
dynamics of ODE system (18) and filters (23), we obtain

(1) = Q@) — (y1 — O§(t) — cir(t)
=—y10@) + yi(y1 — )q) + yicr(t)

= —y1€(t), (AD)

which is an exponentially stable system, meaning that €(¢) €
L> N Lo and €(¢) tends to zero as ¢ tends to oo.

Lemma 2: The backstepping transformation (48) maps the
system (46)-(47) along with the control law (31) into the
target system (52)-(53).

Proof: By taking the time derivative of (48), inserting (46)
and using integration by parts, we obtain

1
0,511z, 1) = R 1) — / 8K (2, &, DR (5. 1)dE

Z

+ MK 1, 0OR1(1, 1) — MK (2, 2, )R11(2, 1)

1
Y / 0K (2, &, DR (€, 1)dE

1
—/ 3,G(z, £, DR (&, 1)dE

0
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+ MGz, 1, DRn(1, 1) — \aG(z, 0, 1)R22(0, 1)
1
- )\2/0 0:G(z, &, )R (8, 1)d§

— 09z 00() — (2 = EO0W)
+ &(t)(R11(1, 1) — Raa(1, 1))
— {00 + E0rn) + (1 = E0)00).
(A2)
By taking the spatial derivative of (48), we get
3.511(z, 1) = .Ri1(z, 1) + K(z, z, )R11(z, 1)

1
—/ 9K (z, £, DR (£, dE

:
— /0 1 3.G(z. &, HRn(E, & — 3.9(z. HO1).
(A3)
By using
9K (z, &, 1)+ 0.K(z, &,1) =0,
3Gz, &,1) + ;—;azé(z, £,1)=0,
A4z, 1) = L@z, 1) = 0, (Ad)
and
MKz 1,1) — eD@z 1) =0,
MGz, 1, 1) + &0)g(z, 1) = 0,
G(z,0,1) =0, (A5)
along with
dR11(z, 1) + A\0:R11(z, 1) = 0, (A6)

we have

0:S11(z, 1) + A109:811(2, 1)

1
__ / 8K (z. £, DR\ (€. 1)dE

1
- /O 8,6z, £, DRy(E, DE — 3,9(z. DOD)

+ 2O Dt — 0P Dr(D)
— (11 — L)z HO).

The remainder equations of (52)—(53) are obtained by
substituting S11(1,¢) = Ry1(1, 1) + ¢1Q(¢) and the control
law (31) into (46)-(47). This completes the proof of Lemma
2.

Lemma 3: For the time-derivative of the Lyapunov func-
tion given by (57), the following holds:

(A7)

1
2 / ¢3Sz, 0,811 (2. )i
0
1
— e IS2(1 0 + / ¢35, (2. 1)dz, (A8)
0
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FIGURE 15. Disturbance attenuation property of the proposed scheme when the heat release dynamics is affected by an
additive disturbance according to (69): (a) the evolution of the control law U(t), (b) the identifier error Q(t). The proposed
method is successful in attenuating the disturbance and the identifier error is brought to zero.
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FIGURE 16. Disturbance attenuation property of the proposed scheme when the heat release dynamics is affected by an
additive disturbance according to (69): (a) the online estimation of the unknown parameters ; and c whose true values are
¢ = 1060 and ¢ = 4550, (b) the parameter estimation errors ¢(t) and c(t). The errors are bounded according to (30).

2 /0 le_ZRzz(z, 1)d,R2(z, 1)dz + b} ( /0 1 /0 1 (atl?(z,é,t))zdsdz) IRLOI,  (A12)
= e 'R3,(1,1) — &®R%,(0, 1) + /0 le_ZR%Z(z, 1dz, (A9) —2by /O 1e*2511(z, ) /0 1 3Gz, &, DR0(E, 1)dEdz
2 /0 leZRlz(z, 10:R12(z. 1)dz < /0 1e‘zS%](z, 1)dz
<3¢ (Rh1.0 + o 140) (] 1 / (0,66 O dsd:) IRnOIF, (AL3)
— R3,(0,1) — /O ¢*R3,(z, 1)dz, (A10) o, /01 25112 D86, DO

1
2/ €Ry1(z, 1)0;R21(z, 1)dz o .
0 ) </0 7871 (2, Dz + b8, (1) 0% (1),

2! (5121(1, 0+ c%Qz(z)) ) .
1 2, / ¢3S 11 (2 N9z DED(D)d:

— R3,(0, t)—/ Ry (2, dz, (A11) ° '
1 o < / 252, 2. Ddz + RIS 0),

— 2b / eS11(z, 1) / K (z, & DR11(E, dEdz o
10 ¢ —2b1/ e %S11(z, NP(z, t)é(t)r(t)dz
< / ¢33,z 1)dz 70
0 < /0 353 (2. Ddz + BHIGOIPE20r@),

(Al14)

(A15)

(A16)
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FIGURE 17. Effect of the nonlinearities and actuator dynamics on the
performance of the proposed scheme; the time responses of: (a) the heat
power release Q(t), (b) the spatial L,-norm of R, (x, t), (c) the spatial
L,-norm of R, (x, t). It can be seen that the proposed adaptive controller
successfully stabilizes the system despite the coexistence of the
nonlinear heat release dynamical model and actuator dynamics.

1
=201 (1 = E0) [ eSu i 000

1
< /0 e7383(z, dz + by + OGP0 (1).  (A1T)

Proof: (A8) is verified using integration by parts along with
S11(0, ) = 0. Similarly, for (A9), we use integration by parts
along with R2(0,1) = aR»((0, ). (A10) is verified using
integration by parts along with the inequality

RA(1,1) < 3(R§2(1, 1)+ A0 + c%Q%t)), (A18)

which is obtained by expanding R1,(1,7) = (Rx(l, 1) +
c1 Q(t) + ¢y Q(t))2 and using the Young inequality. Similarly,
(A11) is verified using integration by parts along with the
inequality

R3(1,1) < 2(5121(1, 1+ c%QZ(z)), (A19)

which is obtained by expanding R%l(l, ) = (S1 (1,1 +
cl Q(t))2 and using the Young inequality.

The inequality (A12) is obtained with the help of the Cauchy-
Schwartz and Young inequalities as follows

i 1
—2171/ e Sz, I)/ 9K (z, £, DR11(E, 1)dEdz
0 z
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1 1
=—2h / e 3810 / e 28,K(z, & DR11(§, Ndédz
0 z
1
S/ e787,(z, 1)dz
0
1 [ 5
+ b} / e( / 0K (2 € DR E NdE) dz
0 z
1
< / e 78?2, 1)dz
0
1 1 . ) 1
+b%/ / (atK(Z9§ﬂt)) dg/ R%1(§,l)d§dz
0 JO 0
1
=< / e 87z, )dz
0

1 1
+b%/0 /O (atk(z,s,t))zdsdzuRu(t)nz. (A20)

The inequality (A13) is obtained in a similar manner. The
inequality (A14), is obtained with the help of the Cauchy-
Schwartz and Young inequalities as follows

1
2, / 3511z 0,6z, DOz
0
1
= —2b1/ 675511(2, t)efia,é(z, HO(t)dz,
0
1 1
< / ¢7382(z, )dz + b? / e (3¢ (z 1) 0P (1dz
0 0

1
< /0 382, (2, Dz + B39 () 120X(0). (A21)

The inequalities (A15)-(A17) are obtained in a similar
manner.

Lemma 4: For the functions £{(¢) and £»(¢) in (62)-(63),
we have
L1(1), £2(1) = 0
L1(2), €2(2) € Ly,

vVt >0,
(A22)

Proof: The positiveness of £1(¢) and £,(¢) is obvious. From
(30), we have o) € L5 N L. This means that

) V1R O)+r2()
% € L1;subsequently, £>(¢) € L1. Toprove £1(t) €
L1, we first show the following inequalities

10,0017 < G-,
1 - .
1K1 < 25570 + 253800,
1 Al

Ecl

~ Cl 2x A
18, GO < 2(-=)2 () + 2(~——)*22().  (A23)
A2 A2
To this end, by (32), we have
—1 @Dio :
e N 2, (A2

0:9(z,1) = —
1 @(2, 1) Cl N

therefore,
2 ! 2
16 0)I1> = / (9. 0) dz
0
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FIGURE 18. Effect of the nonlinearities and actuator dynamics on the performance of the proposed scheme: (a) the evolution of
the control law U(t), (b) the identifier error Q(t). The proposed scheme is successful and the identifier error Q(t) converges to
zero despite the presence of the nonlinearities and actuator dynamics.
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FIGURE 19. Effect of the nonlinearities and actuator dynamics on the performance of the proposed scheme: (a) the online
estimation of the unknown parameters { and ¢ whose true values are ¢ = 1060 and ¢ = 4550, (b) the parameter estimation errors

(t) and c(t). The errors are bounded according to (30).

1y
(Al) £5(1).

< (A25)
In a similar manner, other inequalities of (A23) are obtained.
Moreover, from (30), we have 2(1‘), c(t) € Lo N Lyo. This
means that

£2(t), &3(t) € L. (A26)
Using the expression of £1(¢) in (62), along with (A23) and
(A26), we conclude that £1(¢) € L. This completes the proof
of Lemma 4.

Lemma 5 ([40]): Let V(t), £1(t) and £,(t) be real-valued
functions defined for r > 0. Suppose

V@), £1(1), £2(t) > 0
L), £2(t) € Ly,

vt >0,

V() < =V @) + L0V (E) + £2(1), (A27)

where p is a positive constant. Then
V() e L1N Lo, lim V(1) =0. (A28)

—>00
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