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An experiment on B�enard{M arangoni t ime-dependent convection shows evidence of an am-
plitude tur bulent regime in the temperature signal which is modeled by a delayed dynamical
system. Applicat ion of a control procedure, which pertur bs the value of the delay t ime, leads
to the contr ol of such dynamical regime, by suppression of phase defectsand stabilizat ion of
the regular oscillations. The control technique is robust against the presenceof large amounts
of noise.

1. I ntr oductio n

The original idea of Ott, Grebogi and Yorke [Ott
et al., 1990] on chaos control has generated many
di�er ent theoretical schemes and experimental ap-
plications facing theproblemof controllin g unstable
periodic orbits (UPO's) in chaot ic concentrated sys-
tems (CS), that is in systems modeled by ordinary
di� erent ial equat ions.

Controllin g spatially extended systems (ES),
i.e. systems ruled by part ial di� erent ial equat ions
whose order parameter y is a m-dimensional vec-
tor (m � 1) in phase space, with k components
(k � 1) in real space,is st ill an open problem. Even
though some proposals have been put forward for
the casek = 2 [Lu et al., 1996],experimentally im-
plementable tools have not yet beenintr oduced for
the contr ol of unstable periodic patterns (UPP) in
extended systems.

The link between CS and ES is provided
by delayed dynamical systems (DS), i.e. systems

ruled by

_y = F (y; yd) ; (1)

y = y(t), dot denotes temporal derivativ e, F is a
nonlinear funct ion, yd � y(t � T), and T is a t ime
delay.

Theevidenceof theanalogy betweenDS and ES
was given experimentally for a CO2 laser with de-
layed feedback [Arecchi et al., 1992]and supported
by a theoretical model [Giacomelli & Politi, 1996].

TheDS to ES conversion is based on a two vari-
able t ime representat ion, de�ne d by t = � + �T ,
where 0 � � � T is a continuous space-like variable
and � is a discrete temporal variable [Ar ecchi et al.,
1992]. In this framework, the long range interac-
t ions introduced by the delay can be reinterpreted
as short range interactions along the � direct ion
(yd � y(�; � � 1)) and the formation and propaga-
tion of space-time structures, as defects and/ or spa-
tiotemp oral intermitten cy can beidenti� ed [Ar ecchi
et al., 1992;Giacomelli & Politi, 1996].
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For delays T larger than the period of oscilla-
tion of the system, the behavior of a DS is analo-
gous to that of an ES with k = 1. Namely, DS may
display phase defects, i.e. points where the phase
suddenly changes its value and the amplitude goes
to zero. In this paper we show evidence of these
phase defects in a recent experiment on B�enard{
Marangoni convection [Mancini & Maza, 1997],and
we propose a control technique to suppress them.
The contr ol restores regular patterns with in an
amplitude turbulent regime, which implies thepres-
ence of a large number of defects. The contr ol e� -
ciency persists even in presence of a large amount
of noise.

2. The Experim ent and
The D elayed Dy nam ical Mo del

The experimental setup is depicted in Fig. 1. A
cylindrical cell (diameter 128 mm) con�ne s a 
ui d
layer of silicon oil (Pr ' 3000) with the free sur-
face open to the atmosphere and heated from the
bottom. The heater does not cover the whole of the
container giving open boundaries for theheat ing. A
convective instabilit y driven by buoyancy and tem-
perature dependent surface tension (80% and 20%,
respect ively), takes place as the heat ing is increased
giving rise to a station ary planform [Fig. 1(a)]. This
patter n is composed of four convective cells located
on the heater region, but the 
 ow is developed over
all the container size.

Following an imaginary drop of 
ui d t raveling
with the 
 ow in oneof thesecells, thedrop is heated
while tr aveling near the bottom over the heater,
rises up to the centre, t ravels out near the surface
unt il it becomes cold and then falls down near the
lateral boundaries. Finally, the drop is fed back to
the heater regioncompleting a round tr ip in a mean
time T [Fig. 1(b)].

If the heat ing is furt her increased a t ime-
dependent regime arises, generat ing spat io-
temporal modulations of the station ary velocit y
and temperature �e lds. The origin of this behavior
is related with a thermal boundary layer instabilit y
which give rise to thermals or \h ot plumes" which
are draggedby the 
 ow along the cell. This behav-
ior can be seenin the space-time imageof Fig. 1(c).
An experimental measurement of the temperature
at the center of the cell shows modulated oscilla-
tions which have a power spectrum composed by
two frequencies clearly di�er entiated (plus their

Fig. 1. (a) Imageof the stat ionary planform below the t ime-
dependent regime. (b) Cross-secti on of the experimental
setup. Ab ove the ti me-dependent threshold, the thermals
coming from the thermal boundary layer generate hot drops
which are draggedby the 
 ow along the convective cells in a
mean time T . (c) Time-dependent regime observed from the
planform. Th e white t races in the spat iotemporal diagram
correspond to the e� ect of the hot drop t raveling near the
surface in the x-axis direct ion. See [Mancini & Maza, 1997]
for futher details.

nonlinear combinat ions terms). One of these
frequencies corresponds to a relaxation oscillation
inside the thermal boundary layer, the other one
corresponds to the characterist ic t ime necessary for
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Fig. 2. (a) Experimental t ime behavior of the temperature signal. Vert ical axis report s the temperature at the center of the
cell near the botto m and hori zontal axis reports the ti me in seconds (T ' 330 sec.). (b) Expanded view of the signal wit hin
the box which exhibits a phase jump (indicated by the arrow).

a round tr ip of a thermal along the convective
cell. Further details on the experiment and a de-
tailed discusion of th is mechanism can be found in
[Mancini & Maza, 1997].

If the temperature of the heater is furt her in-
creased, a chaot ic regime is reached. In this regime,
an experimental measurement of thetemperature at
the center of the cell yields the data in Fig. 2. The
signal shows trains of modulated oscillations, inter-
rupt ed by localized events (phasedefects), wherein
the phasechanges suddenly and the amplitude de-
creases to zero. Figure 2(b) highlights the presence
of a phase defect with in the data.

The experimental con�g urat ion provides a
natural delayed interaction between thermals and
thermal boundary layer since it reiterates at each
position the local value of the order parameter
after a time delay T, which equals the t ime lag
necessary for the tr ip of the cell. Moreover, it
involves a pertubated state far from the time
dependent convect ion threshold. We propose a
nonlinear model for the experimental temperature

signal:

_A = "A + � 1

� Z 1

0
A2(t � t0)f (t0)dt0

�
A

+ � 2

� Z 1

0
A4(t � t0)f (t0)dt0

�
A ; (2)

_" = �
�

S �
� 1

�
" � kA2

�
: (3)

Here, all quantities are real. A represents the
temperature, " is a t ime dependent control param-
eter, � 1; � 2; � 1; k are suitable � xed parameters, �
is a measure of the ratio betweenthe characteristic
time scales for A and ", and S is a measure of the
power provided to the system.

The relaxation oscillations of the temperature
in Fig. 1(b) are represented by the normal form
of a Hopf bifurcation [Eq. (2)], in which the satu-
rat ing terms include a delayed funct ion modulated
by f (t0) to account the delayed act ion of the ther-
mal inside the convective cell. Equation (3) mod-
els the slow evolut ion (� < 1) of the linear gain " ,
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which is enhanced by the external heat ing (S) and
depressed by the convect ive mot ion (� kA2) which
tends to uniformize top and bot tom temperatures.
In general f (t0) is a Gaussian-type function which
expresses the lateral heat di� usion of the thermal to
themain 
 ow. However, we will consider thecase of
a perfectly localized pulseusing a Dirac delta func-
tion located a t0 = T. The model can be wri t ten
as:

_A = "A + � 1A2(t � T)A + � 2A4(t � T)A ; (4)

_" = �
�

S �
� 1

�
" � kA2

�
: (5)

Even though Eqs. (4) and (5) have been here
intr oduced for modeling a speci� c experimental
situation (a chaotic tr ansition associated with
quasiperiodicity), they are in fact rather general.
When T = 0 ; S < 0; � 1 > 0; � 2 < 0; � > 0;
� 1 > 0; k > 0, they model an excitable system,
producing the so-called Leontovitch bifurcat ion, ev-
idence of which has beenshown experimentally on
a CO2 laser with int racavity saturable absorber
[Plaza et al., 1997]. For T 6= 0, they are similar
to the models already intr oduced to describe self-
sustained oscillations of con�ne d jets [Ville rmaux &
Hop�nger, 1994],or memory inducedlow frequency
oscillations in closedconvection boxes[Viller maux,
1995], or even the pulsed dynamics of a fountain
[Viller maux, 1994].

Adjusting pump and delay parameters (S and
T) in Eqs. (4) and (5), the system enters thechaotic
region. This region, in fact, is split into two di�er -
ent regimes. For low T values, chaos is due to a
local chaot ic evolut ion of the phase, whereas no ap-
preciable amplitude 
uc tuat ions are observed. Thi s
regime is called phaseturbulence (PT) . By increas-
ing T, a tr ansition toward amplitude turbulence
(AT) is observed. In AT, thedynamics isdominated
by the amplitude 
uc tuat ions, and a large number
of defects is present . Both PT and AT have coun-
terpart s in a one-dimensional complex Ginzburg{
Landau equation, for which the parameter space
shows a tr ansition from a regime of stable plane
waves toward PT (Benjamin{Fair instabilit y), fol-
lowed by another tr ansition to AT with evidence of
space-time defects [Montagne et al., 1996] .

3. Th e Cont rol

The aim of the present paper is to contr ol AT by
an adaptiv e technique recently int roducedfor chaos
recognition [Ar ecchi et al., 1994], and applied to

chaos control on CS [Boccaletti & Arecchi, 1995],
chaos synchronizat ion [Boccalet t i et al., 1997], tar-
geting of chaos[Boccaletti et al., 1997]and � lter ing
of noise from chaotic data sets [Boccaletti et al.,
1997]. A direct application of such a technique
to Eqs. (4) and (5) has been already provided in
[Boccaletti et al., 1997]. In that case, a small con-
t inuous perturbat ion U(t) of the local value of the
temperature leads to the suppression of the phase
defects, and restores the regular Hopf oscillations.
Here we show an alternat ive strategy for the con-
t rol of AT, whereby t iny cont inuous modi�c at ions
of the parameter T lead to a local control of the
phaseof the signal. In order to prove the e�c acy of
our method we use the system in Eqs. (4) and (5)
in the AT regime. Here, the t ime delay is propor-
tional to the spatial extension of the system. We
will show that very small pert urbat ions of the t ime
delay are su�c ient for the control of phasedefects.

Let us, therefore, consider the modi� ed system

_A = "A + � 1A2(t � (T + U(t))) A

+ � 2A4(t � (T + U(t))) A ; (6)

_" = �
�

S �
� 1

�
" � kA2

�
: (7)

The contr ol algorith m which selects U(T) can
be summarized as follows. At t ime tn+1 = tn + � n
(� n being an adapt ive observat ion t ime interval to
belater speci�e d), theobserver de�ne s thevariat ion
A(tn+1 � TH ) � A(tn+1 ) betweenthe actual and the
delayed values of A (TH being the Hopf period).
The corresponding variat ion rate

� n+1 =
1
� n

log
�
�
�
�
A(tn+1 � TH ) � A(tn+1 )

A(tn � TH ) � A(tn )

�
�
�
� (8)

allows to selecta new time interval

� n+1 = � n(1 � tgh(g� n+1 )) ; g > 0 (9)

and consequently a new observation at the t ime
tn+2 = tn+1 + � n+1 . In the following we pert urb T
by adding iteratively to it a controllin g term given
by

U(t) =
1

� n+1
(A(t � TH ) � A(t)) : (10)

The details of the algorith m have beengiven in
[Ar ecchi et al., 1994; Boccaletti et al., 1997]. For
relat ively small pert urbat ions, thefollowing approx-
imation holds. Let h� i denote the average of the
f � ng set, then Eq. (9) can be written as

� n+1 ' h � i (1 � g� n+1 ) (11)
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(a) (b)

Fig. 3. (a) Space(� )-ti me(� ) representation of the cont rollin g processfor Eqs. (6) and (7). � 1 = 1 , � 2 = � 1=16, � = 0 :8,
� 1 = 0 :8, k = 11, S = 7 , TH = 1 :95. T = 50, AT regime. The dynamics is dominated by amplitude 
uctua t ions, with the
presence of defects. Phase defects appear as dislocations in such a representation. Th e algorit hm (K 1 = 0 :3; K 2 = 0 :07)
suppressesthe defects and restores the regular oscillation. Arrow indicates the instant at which cont rol is switched on.
(b) The behavior of the t ime delay T + U(t).

Fig. 4. T = 50, AT wit h 10% noise. Cont rol wit h K 1 = 0 :3;
K 2 = 0 :07: Same st ipulat ions and parameters as in the cap-
t ion of Fig. 2. Arrows indicate the instant at which cont rol
is switched on.

where (i) � n has been replaced with its ensemble av-
erage,and (ii) the tgh function has beenlinearized.
In the same way, Eq. (8) can also be linearized as

� (t) '
1

h� i

_A(t) � _A(t � TH )
A(t) � A(t � TH )

(12)

where the discret ized stroboscopic observat ions
have been approximated with a cont inuous inspec-
tion. Combining Eqs. (11) and (12) into Eq. (10),
this reduces to

U(t) = K 1(A(t � TH ) � A(t))

+ K 2( _A(t � TH ) � _A(t)) (13)

wit h K 1 = 1=h� i and K 2 = g=h� i 2. The conse-
quences of this approximat ion are relevant . First
of all, for K 2 = 0 one recovers the Pyragascontrol
method [Pyragas, 1992]. However, in our case, K 1
and K 2 can be independent ly selected, and this in-
tr oducesan extra degree of freedom with respect to
[Pyragas, 1992].

In Fig. 3 we report the application of our
method to Eqs. (6) and (7). The desired oscillation,
which in the space-t ime representat ion gives riseto
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a roll set, is contr olled in AT [Fig. 2(a)]. Figure2(b)
report s the behavior of U(t), which is vanishing up
to the instant at which contr ol is switched on.

Let us now discuss the robustness of our pro-
cedureagainst external noise. For this purpose,we
add white noise to the measured A values before
the onset of the adapt ive feedback control. In such
a case, the noise doesnot act additiv ely, since it af-
fects the calculation of U(t), hence the local value
of the t ime delay. As a consequence, the noise acts
dynamically on the evolution of the system. A rel-
evant result is that our method is robust against
large amounts of noise, as it can be appreciated in
Fig. 4 where the contr ol is achieved with in AT for
10% noise.

4. Conclusio n

We show that is possible to contr ol delayed dynam-
ical systems applying small pert urbat ions on the
tim e delay variable. The contr ol algorith m is eas-
ily implementable. The robustness of this method
against noise has beenveri� ed. The proposed pro-
cedure would imply an experimental setup wherein
the contr ol is achieved by modifying the cell length.
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