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Instability conditions for reaction-diffusion-ODE systems

Mathieu Bajodek, Hugo Lhachemi, Giorgio Valmorbida

Abstract—This paper analyzes the stability of a reaction-
diffusion equation coupled with a finite-dimensional controller
through Dirichlet boundary input and Neumann boundary out-
put. Going against the flow, we intend to propose numerical
certificates of instability for such interconnections. From one
side, using spectral methods, an analytical condition based on
root locus analysis can determine the instability regions in the
parameters space and can sometimes be tested. On the other side,
using Lyapunov direct and converse approaches, two sufficient
conditions of instability are established in terms of linear matrix
inequalities. The novelties lie both in the type of system studied
and in the methods used. The numerical results demonstrate the
performance of the different criteria set up in this paper and
allow us to conjecture that these conditions seem to be necessary
and sufficient.

Index Terms—Distributed parameter systems, Stability of lin-
ear systems, Reaction-diffusion, Semidefinite programming.

I. INTRODUCTION

Physical phenomena of heat, particles, or electric charge
flows are modeled by reaction-diffusion equations [30]. In
these systems, the inputs and outputs often appear at the
boundaries. Therefore, to stabilize or regulate the state of a
reaction-diffusion system, boundary measurements and actua-
tion are imposed. Moreover, for practical reasons, stabilizing
control laws are often required to be finite-dimensional and
linear. The interconnection between the system and the con-
troller thus leads to a non-standard linear infinite-dimensional
system, which makes its stability analysis a tough task [26],
[27]. This paper studies this class of interconnections aiming
at developing numerical methods for the stability analysis and
proposes conditions allowing us to conclude on the stability in
the space of the system’s parameters, namely the reaction and
diffusion coefficients as well as the finite-dimensional terms.

Sufficient conditions for the stability of interconnections
between a partial differential equation (PDE) and an ordinary
differential equation (ODE) can be obtained by structuring
Lyapunov functional as the sum of two quadratic terms, one
associated to the infinite-dimensional part [29] and another
one related to the ODE dynamics [32]. Such an approach,
imposing negative derivatives along the trajectories of the
coupled system, leads to pessimistic stability estimates. To
these limited Lyapunov functional structures, crossed terms
between PDE and ODE variables can be introduced with
particular parametrizations of the Lyapunov functional [34]
using Legendre [3], spectral [33] or Fourier [23] terms. In [22],
an input-to-state analysis based on the small-gain theorem
is also presented. These techniques reduce conservatism and
simplify the design approach, although they remain only
sufficient conditions for stability.
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On a different vein, backstepping methods aim to design
state feedback controllers with boundary actuation by fixing
an inherently stable target system [25], [37]. Nevertheless,
the panel of target systems is limited and the technique,
in general, requires an additional step of discretization of
the control [1] and may lack the robustness addressed by
dynamical finite-dimensional controllers [22]. To get free of
instability phenomena or loss of robustness, an anticipation
stage to the design process is needed and studied in this paper.

In this paper, we approach the stability analysis of reaction-
diffusion PDE and ODE interconnections from a different
angle by proposing sufficient conditions of instability for
the system. Therefore, we establish conditions to identify
unstable systems thus allowing us to determine regions of
parameters yielding unstable trajectories [7], [26]. Combined
with sufficient stability conditions, our result enables us to
obtain inner and outer approximations of the stability regions
in the state of parameters. The study of instability conditions
has been considered for transport PDE coupled with an ODE
(time-delay systems) [13], [15], [28], [35], which inspired
us to include the case of reaction-diffusion PDE and ODE
interconnected systems. Our study will look in particular at
spectral or quasi-spectral projection methods.

Section II presents our linear reaction-diffusion-ODE sys-
tem and its characteristics. From one side, Section III deals
with spectral analysis. In the Laplace domain, using a Riesz
decomposition of our operator, the stability relies on the
location of the roots of the characteristic equation [10] (as
for time-delay systems [35]). On the other side, Section IV
uses Lyapunov analysis. In the time domain, the existence of
a positive Lyapunov operator is crucial [12] (as for time-delay
systems [24], [28]). Direct and converse Lyapunov instability
conditions are then proposed with the help of projections on
sub-spaces of the infinite-dimensional state space. Section V
is finally devoted to two examples. Particular attention is paid
to the simple case of scalar systems for illustrative purposes.

Notation: In this paper, the set of natural, real, complex
numbers, real matrices of size n X m and of symmetric positive
definite matrices of size n are denoted by N, R, C, R™*™ and
S?, respectively. For any s € C, Re(s) and Im(s) represent
its real and imaginary parts and i = /—1. The notation e
stands for the j-th vector of the canonical basis of R". For
any square matrix M, M > 0 means that M belongs to
S} and He(M) = M + MT, where M " is the transpose
of matrix M. Denote also its determinant det()M), adjugate
adj(M) and kernel ker(M ). Moreover, A* will be used for the
adjoint of operator A. We also consider functions cosh(o) =
“4e” sinh(0) = €= and sinhe(o0) = €55, We
finally set H := R™ x L%(a,b) and H? := R™ x H?(a,b),
where L? is the space of square integrable functions and
H? the second order Sobolev space. In H, define the scalar




product by ([Z1]|[%2]) = o z2 + fable(G)zg(H)db‘ and the

associated norm ||[%]]|* = |#|2 + f: |2(0)|d0, where | - | is

the Euclidean norm. Lastly, introduce the Kronecker function
. 0 it 0#60, .

do,(2) = 2(6,) it 6—=6, and the notation span(S)

for linear combinations of the vectors in the set S.

II. PROBLEM STATEMENT
A. Reaction-diffusion and ODE interconnected system

Consider one reaction-diffusion equation interconnected
through the boundaries to a set of n, ODEs

z(t) = Ax(t) + BOpz(t,0,),

8tz(t, 9) = (1/539 + )\)Z(t, 9), Vo e (0, 91'), (1)

{z(t,o) } _ [Cm(t)]

Z(t,@i) 0 ’
for all ¢ > 0, where matrices A € R X" B ¢ Rr=X1
C € R'™*"= and where scalars A € R, v > 0, §; > 0 and

90 € [Oa 97}

This interconnection is representative of a control loop of a
reaction-diffusion system, where the PDE part is the plant and

the ODE part corresponds to the dynamics of the controller.
We associate the following linear operator to system (1)

Ao [A Béo, 0% ] |

0 vdpg+ A )

on the domain D given by
D= {[2] e R xH2(0,0.)| [§ 230 121 =0}, @)

In the Laplace domain, an irrational transfer function can
describe the reaction-diffusion part. Indeed, considering zero
initial conditions, we have

sZ(s,0) = (vOgg + \)Z(s,0), VO € (0,6,),
{[Z(S,O)} _ [C’X(s)] 4)
Z(S,Qi) 0 !

Solving this reaction-diffusion equation with respect to the
Laplace variable s, the distributed transfer function from
CX(s) to Z(s,0) is given by

o[V 1 1 1'n
(5,0)= e—V 520 e\/?ei e~V 20 ol
sinh( s;%_e)) )
= , V00,0,

sinh <\/? 91->

for all s € C\{—V(%)Q—&-)\}k

ing transfer function from the input C'X(s) to the output

007 (s,0,)
cosh<\/ =2 (0, — 00)>
0;sinhc (,/ SVAGZ-)

leading to the follow-

H(s) = 0pG(s,0,) = — (6)

Let A(s) := det(sl,, —A— BH(s)C). The point spectrum
of operator A are solutions to

A(s) = 0. 7

Remark 1: Compared to time-delay systems [35], the
transfer function of the transport equation e~" (or delay
h > 0) is the irrational transfer function H(s) in (6), which

is holomorphic on the set C\ {—V(’;—’T)z + )\}k , namely a
: N
meromorphic function. © a

B. Riesz decomposition

We focus here on the modal decomposition of the operator
A to deduce the existence and analytic properties of the
semigroup generated by A on the infinite-dimensional state
space H := R"= x L%(0,6;).

Lemma 1: The point spectrum of operator A in (2), namely
the roots of A(s) as in (7), are isolated and of finite algebraic
multiplicity.

Proof : The proof is given in [38, Lemma 2] or [14,
Lemma 1]. It relies on the existence of a sufficiently large
scalar 4 such that (u — A)~! exists and is compact in H. O

The point spectrum of .4 will be denoted by {sy, }ren in the
sequel.

Remark 2: As a consequence of Lemma 1, there is a finite
number of roots {sy}ren contained in any compact subset of
C. J

Lemma 2: There is a set of generalized characteristic
functions' {F%}ren of A in (2), which forms a Riesz basis
for H.

Proof : The proof is similar to [38, Theorem 1]. It consists in
considering the ODE as an external perturbation of the PDE.
The characteristic roots of (1) are solution of (7) and verify

s [ =20) (=00

for some rational fraction R(s), whose numerator and de-
nominator are of degrees n, — 1 and n, respectively. The
detailed expression of R(s) can be obtained similarly to [38,
Appendix 1], but is not needed here. Only the property

R(s) = O (1) will be used. Denoting & = |/320;, we
§—00
obtain
) cosh (O' 0i;00)
(60 o efcr) :0(60 + e*J)R(IJ(O'/Qi) + )\) W
)
Hence, arranging the terms in (9) gives
cosh(o 4i-Y%
2o 1+ (TR(Z/(O'/ei)2 + )\)CEST(?)) (10)
, cosh(ae%e") ,
1— 0; AN — 7
oRW(a/0:) + % cosh(o)

'A generalized characteristic function JFj, associated to the characteristic
root sy, is non null and satisfy (sg — .A)‘S]-—k = 0, for a positive integer d.



and letting o — oo yields

1
e =1+ O () .
oc—oo \ O

From Rouché’s theorem [9, Theorem 5.3.8], we show that
there exists an integer n from which the roots {o }x>n of (7)
are algebraically and geometrically simple and expressed as

=Xy _ikr s O (1> .
14 k—oo ]f

Following Appendix A, the corresponding normalized charac-
teristic functions Sp = {Fj}r>n of A in D are expressed
as

(1)

12)

O =

. isinh(oy,
adj((v(ok/0:)°+A)In, —A)B Cadj((u<a,:/ei>§+kx)>zn, 75

isinh (Uk 619;9 )
(13)

Using Taylor’s expansion of sinh, equations (12),(13) lead to
the following #-uniform asymptotic behavior

0 1
o= [ +,0 (1)
Consider now the sequence Sp := {e]=,---
where 0
Ey = |:sin( Q’A’Qfe)) :| .

This canonical sequence Sg forms a complete orthogonal basis
of H. By comparing the sequences Sg and Sr on H, we obtain

Z\\Ekan? (k> < oc.

Modified Bari’s theorem in [20, Thm 6.3] concludes the
proof. (]

Fk =

(14)

ae% ) Ek}k)EN

15)

(16)

As a consequence of Lemma 2, system (1) with an initial
condition {jgg” in H is well-posed. More precisely, the

operator A in (2) generates a holomorphic semigroup for
H [10, Theorem 3.2.14].

C. Problem statement

Recall first the definition of asymptotic stability [21].
Definition 1: The equilibirum of system (1) is globally
asymptotically stable if the two following properties hold.
(i) Lyapunov stability: For all € > 0, there exists § > 0 such
Il <4, we have H[ Et”
€ H, the solutlon

} € 'H converges to the origin as t — oc.

that, for any ||[ 3%

o

(ii) Global attractivity: For any [%J]
x(t
zgtg

In [22, Chapter 8], stability properties are discussed for
reaction coefficient A < 0 and state matrix A Hurwitz. In [2],
[3], cases of unstable PDE and unstable ODE are respectively
studied and present numerical formulations to verify sufficient
conditions of stability.

In the rest of the paper, we focus on necessary conditions
of stability and aim at obtaining numerical conditions of in-
stability. Using spectral and temporal approaches, respectively
in Sections III and IV, we determine when the assumptions

(1)-(i1) in Definition 1 do not hold. In other words, we wish
to solve the following problem.

Problem 1: Determine sets on the space of parameters
(A, B,C,v,\,0;,0,) € RieXne 5 Rraxl x RIX7e x R in
which system (1) is not globally asymptotically stable.

ITI. SPECTRAL ANALYSIS

Stability properties are often characterized by the poles’
location. Root locus analysis enables to study the charac-
teristic roots in terms of variation of the system parame-
ters. For transport-ODE interconnections (time-delay systems),
the literature abounds [8], [35] and numerical solutions are
proposed [6], [17]. Here, we follow a similar path to study
reaction-diffusion-ODE systems.

A. Spectral condition

From [10, Theorem 3.2.8], the following general theorem
is stated.

Theorem 1: System (1) is globally asymptotically stable if

and only if all the solutions of (7) have a strictly negative real
part.
Proof : We denote by {Fj}ren and {F }ren the generalized
characteristic functions associated to the characteristic roots
{ok}ren of A and {o}}ren of A*, such that {Fj}ren
and {F}}ren are biorthogonal. We also denote by d) the
dimension of the k-th generalized characteristic space, which
verify § = 1, for any k& > n according to the proof of
Lemma 2. The semigroup 7 (¢) generated by the operator .4
is then given by

n—1 0k

=) akatle™ (|

k=1 d 0
+ E eskt
zo

for some scalars ay, 4 and for any [7]] in H. The trajectories

=(t) } = T (t)[2°] satisfy both items (i) and (ii) in

Definition 1 1f and only if supRe(s) < 0, which concludes
keN

20 11 F&) Fr
(17

|]:k ]:k, tZO,

given by {

the proof. ]

B. Modified spectral condition

With the change of variable o = S;)‘ 0;, the characteristic

equation (7) rewrites as

det((vo® + \)I,, — A— BH(0)C) = 0, (18)
where the function H is given by
_ o[ e/ 1771 117N
H(U) T 971 |:_6000/6,;:| |:eﬂ ea:| |:O:| . (19)

Corollary 1: System (1) is globally asymptotically stable if
and only if all the solutions o of (18) satisfy
(Re(0/0;))"

(Im(0/6;))* < —%. (20)



(a) Stability condition before
the change of variable.
Im(o

\/e@
/1N y

(c) Stability condition after the (d) Stability condition after the
change of variable, for A < 0. change of variable, for A > 0.

(b) Stability condition after the
change of variable, for A = 0.

Im(o)

e(o)

Fig. 1: Tllustration of Theorem 1 and Corollary 1.

Proof : Assume that 0 = Re(o) +ilm(o) is solution of (18).
Then, =2 = Re(c/0;)? — Im(0/0;)? + 2iRe(0/0;)Im(c/6;)
is solution of (7). From Theorem 1, Re(s) < 0 is a necessary
and sufficient condition of asymptotic stability. Since v > 0,
it can therefore be rewritten equivalently as in (20). (I

Even though Theorem 1 and Corollary 1 present necessary
and sufficient conditions for global asymptotic stability of
system (1) (see Fig. 1), they require the knowledge of the
entire point spectrum of A, which is difficult to obtain in
general. On the other hand, it is possible to compute a subset
of the point spectrum. Therefore, Theorem 1 or Corollary 1
will only be used as sufficient instability conditions, that is,
if at least one characteristic root has a positive real part, then
the origin of (1) is unstable.

Remark 3: The conditions in Theorem 1 or Corollary 1 are
similar to the ones detailed in [4] for fractional differential
systems. J

Remark 4: In practice, note that the solutions of (18)
are related to the eigenvalue problem of a neutral time-delay
system. The characteristic equation (18) is then easier to study
than (7). Indeed, matrix pencils [18] or discretization [5]
techniques can be used to plot the root locus graphic. a

IV. LYAPUNOV ANALYSIS

The stability analysis of linear infinite-dimensional systems
can also be studied by Lyapunov methods [11], [12]. For
transport-ODE interconnections, a necessary and sufficient
condition of stability is based on the positivity of a converse
Lyapunov operator written in terms of the Lyapunov delay
matrix [24]. Approximate solutions and numerical tests using
a finite number of parameters are then proposed [19], [28].
This section presents a similar formulation to obtain instability
certificates for reaction-diffusion-ODE systems.

A. Lyapunov functional
For any [7] € H, let us introduce the quadratic functional

0;

V([2]) = 2" P +2 / T Q(0)2(0)d0

L

with P € S, T(01,02) = T " (62, 01) and bounded functions
Q € L*(0,0;)" and T € L?((0,0;) x (0,6;)).

For any [7] € D, its time derivative along the trajectories
of system (1) is given by

(21)
T(61,605)2(02)d61d0,.

V([Z])=

N | =

TP(Az+Bdyz(0,))+092"(0,) / ebTQ(e)z(e)de
0

0;
+a / (ATQ6)=(6)+Q(8) (vuo + \)=(6))d6

L

This last expression will be used below in the proof of
Theorem 2.

Theorem 2: System (1) is globally asymptotically stable if
and only if there exist scalars 7,72 > 0 and a Lyapunov
functional V of the form (21) satisfying

{71 I1211P < v((z)),
V(2D < = lI[2])1%,

Proof : The sufficiency is verified by application of
the Lyapunov theorem in the Hilbert space H as in [11,
Corollary 2]. The necessity follows from [11, Theorem 1].
Indeed, assuming that the system is asymptotically stable,
the converse Lyapunov operator P solution of the Lyapunov
equation A*P + PA = —T is expressed as

0= / T (T[]t

where 7 is the semigroup generated by 4. Using the expres-
sion (17) of T leads to

91,92)(1/89292 +)\) (02)(101(2192 (22)

v[Z] e,
V(%] € D.

(23a)
(23b)

(24)

= Z Z T (SN Fi) (Ful Fio) Frry  (25)
k=1k'=1
where the integral Zj, ;- is given by
Thyr = _/ ﬁk,k’(t)e(sk+sz/)tdt,
0
with
Ok 6k’
: /
B (£) = ;)d,z oy, dt (ak, at ) if k<nork' <n,
1 if k>nand k' > n,

and with scalars oy, 4 introduced in (17). The biorthogonality
of the generalized characteristic functions {Fy}ren of A,
{F} ren of A* simplifies the expression

ZIkk

o 1FR) T (26)



where the integral is computed with integration by parts

5k 6 1)+
53 Coeayiras fkn
Tek =1 d= Od’ e(sx))
“oR ( ) otherwise.
e(Sk
Therefore, the converse Lyapunov functional
V(D) = (=PI, VimleH, @27

can be written in the form (21). On one side, [11, Theorem 2]
ensures the boundedness of P and gives Re(s;) < 0 for
all k € N which guarantees the positivity of P and the
validity of (23a). On the other side, along the trajectories of
system (1), the inequality (23b) holds. This completes the
proof. (]

B. Direct Lyapunov condition

For a given integer n € N, consider a set of linearly
independent functions {¢y }reqo,....n—1} in L*(0,6;) which is
(P1) orthonormal with the usual L2(0,6;) scalar product,
(P2) closed under differentiation.

For instance, sets of Legendre polynomials {l; } yen or trigono-
metric functions {cos(knrg%)7 sin(lmre%)}k.eN satisfy properties
(P1)-(P2).

In this subsection, we intend to perform a projection
of the infinite-dimensional spaces H and D (3) into the
finite-dimensional subspace spanned by the sequence S,, :=

{e?za T 7e2i7<)0k}k€{0,...,n71}s that are
H, :=span(S,) CH, D,:=H,NDcCD.

For any (x,z) € H,, using the orthonormal property (P1),
the state z can be decomposed in a finite number of terms as
follows

n—1 0;
§%@va

with @,, = [¥o -
in (21) is equal to

0;
)z(T)dT = @I (0)/0 D, (7)z(7)dr,
(28)

Pn—-1 ]T € R™ !, the Lyapunov functional

T
T — . * + , z
V([ z ]) - |:f091 <I>,,,(‘r)z(7')d7':| \Ijn |:f061 <I>n(7—)z('r)d7—:| ) (29)
with matrices
0;
Qu= [ Q0)2,(0)dd € R™>", (30)
0
0; [0;
T, = / D, (01)T(01,02),) (02)d61 02 € ST
o Jo

For any (z, z) € H,, using the differentiation property (P2),

() = A, ®,(0), VO €06, 31)

for some differentiation matrix A, € R"™ ™ with known
coefficients, the Lyapunov functional’s derivative (22) is equal
to

e x T__ x
V([ z D = |:f09i <I>,,L(‘r)z(7')d7'i| \I]n |:f09i &, (1T)z(T)dT | (32)

with matrices
- \Ilzz \I/a:z (nz+n)x(ng+n)
\PnHe({O ‘I’zz])ER ,

U,, = PAcR"™ ",
U,. = PB® (0,)A) + (M, +AT)Qn+1Qn(A])? € R™=>",
V., =A,0,(0,)B"Qy + T,y (M, 4+1v(A])?) € R™*™,
(33)
Moreover, considering (x,z) € D, the expression of V
will be restricted to D in (3). In other words, the vector
i @n(i)z(T)dT need to satisfy

{c —®(0)

s (34)

Hfo B0 () (T)dT:| =0.
This constraint (34) can be seen as a projection of the finite-

dimensional state &, = } on the matrix kernel

0, r
fo P, (7)z(7)dT

I1,, = ker[c 2, (0) }

0~ (6:) (35

Matrices W, and W . are expressed with a finite number of
parameters via the triplet of matrices (P, @, T;,). We can then
deduce an instability criterion in the form of a semidefinite
programming test based on the feasibility of two affine matrix
inequalities.

Theorem 3: For a given n € N, if there is no triplet of
matrices (P, Qp,T;,) € S}* x R™»*™ x S such that ¥} > 0
and I1,) W'TI,, < 0, then system (1) is unstable
Proof :  Assume that system (1) is globally asymptotically
stable. Then, there exist scalars 71,72 > 0 and a triplet of
functions (P, @, T') such that the Lyapunov functional V given
by (21) satisfy inequalities (23) that are recalled below

n IEP < V2D, V[Z] € H,
V([2]) < = 2117, VIZ]eD.

In particular, these inequalities are also verified on the subsets
H,, C H and D,, C D, respectively. It gives then a triplet of
matrices (P, Qn,T,) such that

&n? < €TV En,  VE, ER™TT

o ) R™=+n such that

c -3 .
(6 atio 6 =0
(36)
which means that ¥}' = 0 and II] W, T, < 0. By
contraposition, the theorem’s statement holds. |

Remark 5: Note that the condition in Theorem 2 gives an
outer estimate of the feasible set in the space of parameters for
the integral inequalities (23). It naturally leads to a sufficient
instability condition. Following [16] and using the add-on
QUINOPT (QUadratic INtegral OPTimisation) on Yalmip, it
might be possible to also have an inner estimate of the integral
inequalities (23). g



C. Converse Lyapunov condition

In this subsection, we exploit the solution of the Lyapunov
equation A*P + PA = —W, for an arbitrary diagonal and
positive operator W = [} 9] Indeed, for 6, = 6, the partic-
ular triplet (P, Q,T) associated to such an converse operator
P satisfies the following equations (see Appendix B-A for
calculation details)

He(PA+vQ'(0)C) = —1I,,,, (37a)
vQ"(0)+ (AT +A,)Q(0)+vC 0y, T(0,0)=0, (37b)
Q0)=0, PB+vQ(0;)=0 (37c)
(v0,0, + VDpy0, +2N)T(01,0) =0, (37d)
T(0,0) =0, vT(0;,0)+B'Q) = (37¢)
(90, — 00,)T(6,0) = =5 (370

According to [12, Theorem 1], the statement below holds.
Theorem 4: For w > 0, consider the Lyapunov functional V
of the form (21) where (P,Q,T) satisfy (37). System (1) is
globally asymptotically stable if and only if there exists a
scalar v > 0 such that for all [%] € H the following inequality

holds
I < V(L))

Proof : Tt parallels the proof of Theorem 2. For more details,
one can refer to [11], [12]. O

(38)

Since inequality (38) cannot be tested numerically, we
propose an alternative as a sufficient condition of instability.
Corollary 2: For a given n in N, define matrix ¥} by (30)
where (P, Q,T) satisfy (37) with w > 0. If Ul is not positive
definite, then system (1) is unstable.
Proof : Assume that U;I is not positive definite. Consequently,

[)gj} € R"*"\{0} such that

SI \Iljrlfn < 0. Then, by orthogonality of the functions @,
we have

there exist a state &, =

V() <0, for [£] = | X1 | € H\fo}.

The previous inequality shows that the converse Lyapunov
functional is negative for a particular state in H,, C H. By
application of Theorem 4, we conclude that system (1) is
unstable. ]

For the case n = 0, the following corollary holds.

Corollary 3: If the matrix P solution of (37) with w > 0 is
not positive definite, then system (1) is unstable.

Remark 6: Note that Corollaries 2 and 3 extend Theorem 3
and can be used when the Lyapunov converse function is
known. Obtaining such a function is far from trivial in the
general case. a

V. NUMERICAL RESULTS
A. A scalar example
The example below allows a complete and simple paramet-
ric study by considering n, = 1.
Example 1: Consider system (1) with A=a € R, B=0b €
R,C=1,60;=0,,veRand A € R.

N fi with a = =2
N ---fi witha=0
— f1 with a =2

o fo with b= —1
--fo withb=0
—fowithb=1

Values of f; and f,
o

-5 0 5
Real part of the Laplace variable Re(s)

Fig. 2: Spectral condition with A =0, v =6, = 1.

The influence of the PDE parameter A and the ODE parameter
a, which are known to rule the stability of both equations
separately, is investigated in the sequel.

1) Spectral analysis: The characteristic equation (7) is
given by

s—a-+ 39)

0;sinhc(y/2=20;)

Considering real solutions s = Re(s),
condition of instability. For any % <
unstable if the coefficient a satisfies

b
0;sinhc(4/ _7)‘01)

This condition means that there is no real positive in-
tersection between f1(s) = —Re(s) + a and fa(s) =
b . It is illustrated in Fig. 2, where the func-
0; blnhC(\/inc(V) 20,
tions f; and fy are plotted in blue and magenta colors. For
instance, when A = 0, we find the instability condition a > b
For b = 0 (without interconnection), both systems have to be
stable separately.

Remark 7: Note that the limitation to 2 < (7 ) is due to
the fact we only consider the first branch of the above function
f2 in the spectral analysis. J

Remark 8: When b < b,,,q. With

L a
ds 0;sinhe(

we obtain a sufficient
(7-)%, the system is

a> (40)

bmax

s;)\ 01)

the criterion (40) is a necessary and sufficient stability condi-
tion applying Theorem 1. a

2) Direct Lyapunov condition: Theorem 3 can be used
with Legendre polynomials or Fourier trigonometric functions
normalized on the interval [0, 6;]. Firstly, we remark that the
use of trigonometric functions is much more restrictive than
Legendre polynomials. Indeed, only trigonometric functions
can be generated on [0, 6;] with Fourier basis [31]. Secondly,
the instability condition depends on the order n. When n
increases, the certified instability regions grow. On Fig. 3, we
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Parameter a

Fig. 3: Lyapunov direct condition with b= —1, v =6, = 1.

applied Theorem 3 with respect to point-wise values of a and
A. The unstable points are represented with red points, whose
size shrinks with the order n. From the order n = 10, we
notice that there is no more improvement and that the estimate
seems to converge to the unstable region colored in red.

3) Converse  Lyapunov  condition:  Consider the
triplet (P,Q,T) as the solution of (37), where T is a
piece-wise separable function [36]. This solution can be
expressed as follows (see Appendix B-B for calculation
details)

a@i . - - Oéei b . —-A
P= 5 sinhc( 791-), Q) =— 5 ;smhc( 79),
T(61,02) =

(cosh(\/?ﬂl) + 7 sinh(\/?\ﬁl)) Sinh(\/§02)%7

f0r0§02§01§1,

T(62,01), otherwise, @)
where .
a= (b — ab;sinhc(y/ 7}0,)) ,
ﬂ _ a cosh(4/ %01) (43)
b %Afasinh(\/?&-)’
w— a(2)? /N2
cosh(y/ %Gi)-&-ﬁ sinh(4/ _7)‘01) ’
It satisfies
0;
VD = —lel = [P0 @)

For this particular case, the converse Lyapunov analysis re-
ported by Corollary 3 can be implemented. For w > 0, if
a < 0 then system (1) is unstable. It is equivalent to the
spectral criterion (40). The corresponding area is colored in
red on Fig. 3.

4) Comparison: A comparison between the three previous
results is reported in Fig. 3. From one side, the spectral condi-
tion (40) and the Lyapunov converse condition certify that the
red area is unstable and that the black line shows the boundary
between stable and unstable sets. From the other side, the
Lyapunov direct condition with Legendre polynomials at order
n = 10 provides red points when it is unstable and green
squares when we cannot conclude.

For b = —1 and v = 6; = 1, one can see that even if both
the PDE and the ODE are stable, the interconnection might be
unstable. Intead, for b = 1, the interconnection can stabilize
unstable subsystems.

Lastly, the spectral method and the converse Lyapunov
method are restricted to simple cases and require the above
analytical calculations (such as the computation of the right-
most characteristic root). The Lyapunov direct method is much
more tractable and does not need pre-processing. It is also
easily extendable to multi-dimensional reaction-diffusion PDE
cases, other sets of system’s parameters and other boundary
conditions (Neumann or Robin types).

B. Multivariable ODE example

Consider a matrix case, where A is Hurwitz and \ > 0. It
can be seen as a linear finite-dimensional controller at order
n, = 2 of an unstable reaction-diffusion equation.

Example 2: Consider system (1) with A = [ % 4], B =
[6].C=[10,y>0,A>0,0;,>0,0,=(1-a)f; and
a € (0,0.5).

We focus on the instability phenomena occurred when the
sensor or actuator location (6; or 6,) varies.

1) Spectral analysis: The characteristic equation (7) is
given by

cosh(y/ =2 ab;)

sinhe(y/5>26;)
For real solutions s = Re(s), we obtain a sufficient
|14

condition of instability. For any 6; < (X)27T’ Example 2 is
unstable if the coefficient « satisfies

1 —A
< ————cosh™! <4Sinhc(\/9i)> . (46)

/=29, v
This condition means that there is no real positive in-
tersection between f3(s) = —(Re(s) + 2)? and fi(s) =

cosh( 71{5(5)_}(101-) .. .
- Z . It is illustrated on Fig. 4, where the
Rc(.i)f)\ei)

(s+2)? - 0. (45)

sinhc
functioils f3 and f, are plotted in blue and magenta colors.
Forv =X =1, a=0.3 and §; = 3, the pole s ~ 0.2 yields
an unstable the closed-loop system in Example 1. On Fig. 5,
we depict condition (46) as a black line. We can certify that
Example 2 is unstable for the parameters on the right of the
black line (red area) and stable on the left.

2) Direct Lyapunov condition: The numerical condition
Ut = 0 and II] ¥, 11, < O in Theorem 3 is tested with
Legendre polynomials at order n = 10. On Fig. 5, for
point-wise values of 6; and % = 1 — o, a green square
means that the condition succéeds, and a red point that it
fails. Applying Theorem 3, for red parameter values, the
interconnected system in Example 2 is unstable.

3) Comparison: Actually, for multivariable cases (n, > 1),
the closed form of the converse Lyapunov functional satis-
fying (37) is unknown. Then, we only compare the spectral
condition (46) and the semidefinite programming condition
given by Theorem 3. Once again, as shown in Fig. 5, both
results are similar. An unstable region is detected when 6; or
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Real part of the Laplace variable Re(s)

Fig. 4: Example 2 with v = A =1 and g—? =0.7 (a=0.3).
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Fig. 5: Example 2 with v = A = 1.

% increase. It is also important to mention that the spectral
condition enables to prove instability for a set of continuous
parameters whereas the direct Lyapunov condition applies to

a set of discrete parameters.

VI. CONCLUSIONS

This paper deals with a reaction-diffusion PDE coupled with
an ODE. We developed instability tests to determine the role of
several parameters on the behavior of the linear interconnected
system. We propose three sufficient instability conditions: an
eigenvalue test based on the spectral approach, a semidefinite
programming test based on the direct Lyapunov approach, and
a positive definiteness test based on the converse Lyapunov
approach.

From a numerical point of view, we computed the sets of
parameters for which the closed-loop system is unstable. We
proved that the stability property of the interconnected system
is independent of the stability of the PDE or ODE separately.

Future work will extend the Lyapunov direct and converse
methods to convex hulls of parameters and multi-dimensional
PDE cases. Our theoretical results in terms of Riesz spectral
decomposition could also lead to design controllability tests
or control design strategies.

APPENDIX A
EXPRESSION OF SOME CHARACTERISTIC FUNCTIONS

Assuming that L;Z’zt(te))l = es;et{zf(’jg)] is a non null
solution of system ies that

1) imp
sk Xy = AXy + B0s Zi(0o),

skZk(0) = vZl(0) + N\Z,(0), V0 €(0,0,), 47)
Zx(0) =CXy, Zr(6;)=0.
From the ODE part, the vector X}, satisfies
det(spl,, — A) Xy = adj(sil,, — A)BOgZi(0,). (48)
From the PDE part, the function Zj, satisfies
sinh ( Sk; A@-) Z3,(0) = sinh ( S’“; A ;- 0)) CXy.

By derivation and evaluation at 6, the coupling gives
det(sgl,,—A)—Cadj(skl,,—A)BH(sr) = 0< A(sg) =0.

(49)

Cadj(skIn, —A)B 09 Zi(0,) in C

det (s I, —A) sinh(y/ Sp2 01»)

and for sy solution of A(sy) = 0, we obtain that

Xk _
Zr(0) | —

Then, for any u =

sinh( S 6;
) i

adj(sklnw —-A)B Cadj(sgIng —A)B u,

(50
sinh( Sklij*(e,;—e))

solve (47). To conclude, F} := [ Zf(k@) i is the normalized
characteristic function of A in D associated to the character-
istic root s solution of (7).

APPENDIX B
CONVERSE LYAPUNOV FUNCTIONAL

A. Kernels equation

Consider (P,Q,T) in S%* x L?(0,6;)"= x L*((0,6;) x
(0,6;)) such that T(6,,02) = T(02,01) and that the Lya-
punov functional V in (21) satisfies along the trajectories of
system (1)

1 1 b:
Vs =3l = 5 [ s(0)Fao.
2 2 o

5 (D

Applying integration by parts to the expression of Vin (22)
leads to

0;
2P Az+3T PBOy=(0:)+002T(6:) / BTQ(6)=(6)d8
0

0;
vaT / (AT 40099+ AL, )Q(0)=(0)d0+va T [Q(0)0p=(0)]"
0
0;

—va " [09Q(0)2(0)]0 +v /0 21(0) [T(0,7)0,2(7))5 d6

0;
-y /O 21() ([aTT(e,T)z(T)]§+[aTT(9,T)Z(T)]gi> 40

Gi 91‘
+ / / 27(01) (1,0, + N)T (61, 62)2(02)d0, 6
0 JO

1 0
:fwﬁfﬂj 12(6)2de.
2 2 J,



Boundary conditions z(0) = Cx and z(f;) = 0 allow to
simplify in

xT(PA+uQ’(0)C+%)x—f—xT(PB—&—VQ(Qi))agz(ei)

0;
taT / ((AT +v09g+ Mo, )Q(0) +1CTlimd, T (6, T)) 2(0)d0
0 T

+0p2 ' (6;) /0 e(iBQ(e)—i-UTT(@, 0;))z(6)do

0;
—vz"Q(0)8y2(0) —V/ 27 (0)T(0,0)9p2(0)d6

0

g

0;
—v / 21(6) ( lim 0,7(6,7)— lim aTT(9,7)+> 2(0)dé
0 T—0— T—0t 2

+ / / 27(01) (10,0, + N)T (61, 602)2(02)d0;doy = 0.
o Jo
Symmetric properties satisfied by the matrix P and the func-

tion 7' allow us to conclude that the constraints in (37) need
to be satisfied.

[1]
[2]

[3]
[4]

[5]

[6]

[7]

[8]

[9]

B. Kernels solution [10]
Assuming that function 7' is a separable function on the .
triangle {(61,05) € [0,1]2|6; > 61}, the PDE part (37d)
leads to
h h [12]
T(6:,602)= h(y/ —=6 inh(y/ —6
(01,02)=| 51 cosh( » 1) + B2 sinh( » 1) [13]
[—A [—A
53 COSh( 792) + ,84 sinh( 702) s [14]
v v
(52)
where (1, 82, B3 and (34 are some scalars to be fixed. Nor- [15]
malizing 5; = 1, the boundary conditions (37c),(37¢),(37f)
give . 5 [16]
w (53) 7
B3 =0, Bs = 7
Moreover, the ODE part (37b) allows to fix 8]
acosh(y/=26;)
By = . G
b/ =2 — asinh(y/=26;) 1ol
Then, the last constraint (37a) imposes
(L)? =
aT(Gi, 91) - b@ng(Gi, 0) = — B s (55) [21]
which means that (22]
22/ [23]
w = .
(cosh(, / %Oi)—i—ﬂ sinh( ,,)‘91)) (b — af;sinhe( l/)‘9i)>[24]
(56)
Lastly, denoting (25]
cosh(y/=26;) + Bsinh(y/=26;) [26]
a = b 3 w, ﬁ = ﬁ?v (57)
GNAVa [27]

we recover the solution provided in (42)-(43).
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