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Efficient strategy for the occasionally proportional feedback method in controlling chaos
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In this work, the generic mechanism of the occasionally proportional feedi@®k technique in control-
ling chaos has been explored extensively. Except for stabilizing the unstable states that are embedded in the
chaotic attractors, the OPF method is also found to generate a great number of new states during the control
processes. The forms and characteristics of these new states have been addressed. Moreover, we clarify the
roles of the parameters in the OPF method and this clarification leads to a practical and systematic approach in
adjusting the parameters for control. To demonstrate the validity, an analogous electronic circuit of the resis-
tively shunted Josephson junction oscillator is employed in addition to a numerical illustration of the logistic
mapping.[S1063-651X99)15805-7

PACS numbdis): 05.45.Gg

I. INTRODUCTION trolling chaos. In addition whether or not thleducedstates
under the OPF are the unstable states embedded orithie
Since Ott, Grebogi, and YorkK®GY) suggested a general nal chaotic attractor remains to be addressed. Recently, Ga-
method for stabilizing the unstable periodic orbits embeddedias et al. have described some theoretical results concerning
within chaotic attractors in 199@], a number of researchers the choice of control parameters and the possibilities of suc-
have already demonstrated that chaos can be useful in a vaessful OPF contrdl10]. They concluded that better control
riety of fields[2—9]. The OGY algorithm is based on target- results could be obtained provided that the unstable eigen-
ing the stable manifold of a particular unstable orbit by in-vector of the target is parallel to the coordinate that is used
troducing a controlled perturbation to a system parameteifor computing the control signal. Inaba and Nitanai discussed
This general way to control chaos has promised great succetise number of unstable periodic orbitdPQO’s) that can be
in applications. Under such inspiration, more and more apstabilized via the OPF method in the voltage pulse generator
plications are designed based on the chaotic regime for itgl1]. To some extent, Ogorzalek modified Hunt's OPF con-
versatility and flexibility. However, the OGY control needs a troller, which obviates the need for an external synchronizing
complicated calculation in the dynamical controlling pro- signal[12]. In the meantime, Tsubone and Saiton also de-
cesses as a whole. It has to calculate the stable and the wived some theoretical analysis in a piecewise linear circuit,
stable eigenvalues and eigenvectors of the chosen fixed poistich that the function of the OPF method can be guaranteed
on the Poincarsection for their respective steps throughout[13]. However, to find the embedded UPO’s, there remains
the execution of control. Practically, how @ifectively, ex- no systematic method in adjusting the control parameters of
actly, and insistentlytarget the states in accordance with the OPF methofl12]. Therefore, the subject concerning how
one’s wishes becomes the most important and current subjetd definitely and systematically explore the relation between
for the study of the use of chaos. the control parameters in the OPF technique and the final
Based on the idea of the OGY method, Peng, Petrov, andontrolled states of the systems would be of theoretical and
Showalter subsequently proposed an occasional proportiongtactical interest.
feedback OPH method, which can simplify the computation  In this paper, the subject of how to systematically retrieve
substantially 2]. Hunt further implemented the OPF method the embedded UPQ'’s in the OPF control will be studied
in an electronic circuit for controlling the chaos of a diode extensively. To establish the control applicability of the OPF
resonatof3] and Royet al. also succeeded in taming chaos method, the influence of each control parameter will be ex-
in a laser system via the OPF technid@6]. Indeed, be- plored in detail. It then turns out that a key clue for system-
cause of very little dependence on systems and because therécally adjusting the parameters in the OPF method could be
is no need for any complicated computation, the OPF techextracted. Section Il, therein, will outline the essential idea
nique has the potential to be employed in a wide range obf the OPF method. Then the selection of the control param-
applications. Nevertheless, the generic mechanism of OPF &ers of the OPF method will be illustrated and this brings
not known completely so far. As a result, during the opera-out an efficient algorithm of the OPF control. In addition, to
tion of the OPF method, people need to pursue the propererify the analytical results and the systematic control steps,
ranges of the control parameters to achieve the goal of corthe application to the logistic map will be demonstrated in
the numeric calculations. Also, in Sec. lll, the resistively
shunted Josephson juncti@RSJ oscillator[14—17] with ex-
*Present address: Nonlinear Science Group, Department of Phyternal periodic driving will be also employed to demonstrate
ics, National Cheng-Kung University, Tainan 70101, Taiwan. the validity of our algorithm for the OPF control. All of the
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the system could stay almost unperturbed as the control had
achieved. At that time, the control signal will eventually be
eventually close to zero.

Synce

Window
Comparator

Cor C°"’°’ However, the control signal may not be infinitesimal for a
different setting ofC,.;. Thus, the final controlled state in
SH_|—|switch the Poincaresection may deviate away the desired taiget
_ In such a case, the system will be perturbed a little. Let us
FIG. 1. Block diagram of the OPF control method. take the case of the period-1 state as an illustration. The fine

evaluation can be understood as follows. At tith step of

emphas.is in this section wiII_be placed on an analqgous eleGhe control, the system parameter, sawill be perturbed as
tronic simulator as a practical demonstration. Finally, the

summary and conclusion are given in Sec. IV. AF,=Fn11—Fn=aCy(Y,—Crey), )

Il. THE OPF METHOD where « is a proportional constant that is dependent on the
. _ process of the modulation &f and independent of the OPF
'_I'he operations of Fhe OPF control method will be de'lgontrol. Meanwhile, the unstable fixed poivif will also be
scribed here briefly. Figure 1 shows the content of the OP erturbed toy* corresponding to the variation &F at the
method. There are three essential parameters in the OPF e Fn P 9
trol: the reference @), the window width C,,), and the nth step of the controlYg can be linearly approximated as
gain value Cg4). From the left-hand side of Fig. 1, the sys-
tem respons&,qg, is compared with the referen€g.¢. The
difference is fed into the “window comparator” and the “S/
H” blocks. The S/H block is a sample-and-hold unit to store
the different desired values. Her€,, defines the width of Asa consequence, the first return map functiol¥ gairound

the window comparator to allow the control performed.y* could be approached in a linear approximation around
Also, the clock “sync” is introduced to set up the working "

*
time in the “timing” block. If the difference betweeB,, Ve as
and C,.; is less than the window widtg,,, in accordance
with the clock sync, the timing block will trigger the S/H
block to sample the different value, and to hold this value for
later. At the same time, the timing block will also close the =mY,+(1—m)
“switch” such that the held value in the S/H block can be

amplified by the gainCq in the “gain” block. Then, the

amplified value is feedback to perturb the chosen systeriheremis the slope of the return map ¥f and the change
parameter. onmis negligible. From Eq(3), the period-1 fixed poinY}

Whenever the difference is larger than the window widthfollows Y., =Y,=Y¢ and
C., in accordance with the clock sync, the timing block will

.o, aY . JY
YE~YE+ AF=YE+aCy(Ya—Crenoe. ()

Yo =M(Yp)=YE +m(Yo= Y )

. oY
YE+aCy(Yn— Cref)ﬁ , (3

open the switch such that the control signal will not operate AY | Cref

on the system. In this case, it means that the system response 1- acgﬁ N

Siespis away fromC,¢. In practice, due to the characteristic YE=YE F (4)
“ergodic” feature of the chaotic states, sooner or later, the 1—aC ﬂ

system responsg,qs, Will come close to the level o€, 99F

again as time goes on. After a few cycles of operation, the
chaotic response of the system will be tamed into a regulafhus, asC,e is set close toYg, Y will be close toY§ .
wave form. Otherwise,Y? will be away fromYE , and as a resul\F is
not negligible. This means
A. The ReferenceC, ¢

To ex_plore the generic mechanism.of the OPF method, let AF=aCy(Y: —Cref) = a—ch(Y; ~Crer). (5
us consider the control parametgyf.; in the OPF method 1—aC ‘9_
first, which gives the position of the window center for the 99F
control operation. It is worthwhile to note that only the dis-
crete responses of the system need to be considered, and tdew one can figure out that most of the controlled states
time intervals are defined by the sync signals. This is becausgenerated by the OPF control will be new when the feedback
the OPF control only changes its amount of feedbac#ti$a ~ control is not negligible. In such a way, whexF is large
cretetime. Let the sequence of the,'s be the sampling of enough, the status of the system is shifted and could possibly
Siesp at the time defined by the sync. That is, the Poincaréoe switched out of the chaotic region. Under the circum-
section ofS;¢p. In this section, the fixed point is denoted as stance, the linear approximation analysis ¥ will not
Y§ . The control operation is performed only when the sys-work. Nevertheless, the OPF can turn the chaotic states of
tem responseY,, is away fromC,.; within the allowable the system into the simple motions ¥} in a wide range of
range of the window widtiC,,. We note thaC,.; relates to  C,.;. But, differentC,; results in different final states cre-
the desired targetf . Obviously, wherC,; is close toYf , ated by the OPF control.
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the longer the transient time will be. MoreoveiNt) is
found in the form ofC,,”. Here,y~ —1.010 for the case of
F=0.92. Unfortunately, settin@,, as large as possible can-
not guarantee the success of a fast and correct control. In
fact, if C,, is too large, a large amount of feedback will occur
to the control signals such that the dynamical behavior that
represents the whole system consists ofténget systenand
the OPF control unit and is no more limited only to the
target system. As a result, the final dynamics often will be
out of the original design.
Lot . L ) Nevertheless, the control results should not be sensitive to
105 104 1073 1072 C, in some situations. As long as the regular motion is
o achieved, the value of,, will not influence the final con-
trolled states.

10*

103:—
< Np >

102 -

FIG. 2. Relation between the average transient iterat{dhs
and the window widtrC,, for the OPF control on the logistic map. C. The Gain value C
: g

The ¢ symbols denote the data that are averaged over 250 random .
initials for eachC,,, and the solid line i€, "% Here, the pa- The control paramete€y determines the amount of the

rameterF of the logistic map is 0.92. feedback from the OPF control to the system. In practical
applications, to know how to adju&l, is important. If an
B. The window width C,, effectiveCq is known, a great effort can be saved in control.

Next, the influence of the window widtl,, is consid- Let us eXP'Ore its mfluenqe. .

ered. In fact, the value of the control paramey; will For a S|mple*pre§e|_1tat|on, the refererig; is set to the
determine how faiv* could be away fromy* , sinceC,, is same level ofYE . Similarly, .th.e iteration ofY,, is given in
a maximum difference betweer, and C,o;. Accordingly, Eqg. (3). As a result, the deviation for each step follows:
the largerC,, is, the more allowed controlled states are. That

is, for larger(smalley C,,, there will be a widernarrowej AYo i 1=Yn, 11— YE=
range ofC,.; to achieve the control. Naturally, it should be
satisfied for the controlling process théf is located within

-
the window centered aE,o; with width C,,. The condition T Yn converges tovg, it must be|AY,,1/AY,[<1 asn
can be written as becomes large enough. Consequently, @jcan further be

rewritten as

Y
AY,. (9)

m+(1—m)acgﬁ

|Y: _Cref|$cw- (6)
Y
From Eq.(4), the lower limit of C,, for the corresponding m+(1—m)anﬁ <1. (10
Cief, thus, is found to be
% Therefore,
F
e —(W $CW, (7)
1-aCqoz ay\ 1 _ 1+m/[ oaY\? — &Y<o
d aﬁ < g —m aﬁ it ( —m)ﬁ

wheree is the relative error betwee@,.; and Y§ and de-

fined as YE — C,ef|/| YE|. Equation(7) is useful for practical Of

applications. Because it is very difficult to s€t.; exactly . .

equal toYZ , there always exists a nontrivial least value of _ 1+m ﬂ) <C <( ﬁ) i (1—m)ﬁ>0

C,, to achieve the control. The less the precision is, there- 1—m oF TS gF ~

fore, a largerC,, will be required. (13)
On the other handC,, is related to the transient time

required for a successful control. Wh€y, is small, the OPF  This inequality provides the range of effecti@, for suc-

control will need a longer transient time, since it will take a cessful control.

few tries to reenter the region around the level setChy;

andC,, to reoperate the control. Take the logistic map D. Efficient Strategy of Control

Yo:1=4FY,(1-Y,) (8) According to the analysis above, in what follows, the
steps for efficiently employing the OPF control in applica-

as an example, wheigis a constant defined betwef®1].  tions are proposed.
When the target is aimed at the unstable period-1 stéfe ( (1) Learn the dynamics of the system through the return
=1-1/F) for the arbitrary case, saly=0.92, the average map without the OPF control.
times of the transient iteratiogNy) for various C,, are (a) Locate one desired fixed point on the return map.
shown in Fig.2. The values diNt) are averaged over 250 (b) Evaluate the slopen of the mapping function of the
random initials ofY,, for eachC,,. Obviously, the les€,, is,  return map at the chosen fixed point.
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1.0 - - - - achieved. In this demonstration, it shows that our control
algorithm can really provide a good guidepost for effectively
choosing the control parameters of the OPF method. It saves
a great deal of effort of finding out the proper setting of the
OPF control. At least our control algorithm has improved the
efficiency of employing the OPF control on the logistic map.
To be further shown below, the OPF control method is
robust and easy to implement in the practical applications.
- ; 1 With the controlling scheme above, the desired states can be
- L achieved fast and effectively. Next, as a real-model demon-
‘ ; ] stration of validity, the control algorithm shown above will
: 1 be applied to the RSJ oscillator.

Xn

0.1

0 5000 10000 15000 20000 25000
Iterations IIl. APPLICATION TO THE RSJ OSCILLATOR

FIG. 3. OPF control results of the logistic map according to our  For the nonlinear RSJ oscillating system with an external
control algorithm, where=0.92. The OPF control is turned on at driving force, the equation of motion follows:
the 5000th iteration to the target period-1 state and changes its
setting every 5000 period iterations to target the period-2, period-4,
and period-8 states, respectively. All of the parameters in the con- - . . .
trol process are listed in Table I. X+ xkx+sinx=F sinot, (12)

(c) Evaluate the gradient vectarY/dF of the chosen
fixed point under the variation of the accessible parameter
the system.

(2) Apply the OPF control on the system.

(d) Set up the control referend®,.; at the same level as

O\ﬁherex denotes the damping constaft,and w represent

the amplitude and the frequency of the external periodic
driving force, respectively. For the external driven RSJ os-
cillator, it can be utilized to describe the equation of motion

the located fixed point. of the phase difference across the Josephson junction under
(e) Adjust the control gairC, within the limits described ~the microwave illumination. It can also be visualized as the
by the inequality equatio(lll).g dynamic motion of the swept angle of the pendulum

(f) Set up the control widtlC,,, starting from a small [14,18,19, the charge density wajd 9], parametric ampli-
value that is greater than the lower limit in the inequality fiers [20,21], etc. Thus, the achievement of the control of
equation(7). chaos on the RSJ oscillator will provide a good reference for

(9) If the control fails, go back and chan@®, to another & wide range of practical applications. Here, instead of a
value and adjust,, a little larger. Repeat the previous stepsdirect numerical simulation, the RSJ oscillating system is
(e) and(f) again until the control achieved. Practically, most constructed in analogous electronic circy2g)].
of cases need only one trial. Without the loss of generality, the value efis chosen as

To show the validity, numerically, the logistic mgfg.  0.1. A phase diagram of the RSJ oscillator is shown in Fig. 4.
(8)] is employed to tame the chaotic states under the OPMainly, the route to chaos is the Feigenbaum period-
control according to the control algorithm above. In Fig. 3, itdoubling route. Meanwhile, the window of the period-3 state
illustrates the results of the OPF control according to ouiis observed within the chaotic regime. Fig. 5 shows the bi-
control algorithm. From the start to the 5000th iteration is thefurcation diagram ofY,, with F as the varying parameter. It
free running of the logistic map only. It is a chaotic motion. shows that the route to chaos is a Feigenbaum period-
Then, the OPF control is turned on at the 5000th iteration taloubling cascade and a reverse cascade. As expected, the
target the period-1 state and all three control parameters @&sults observed through the electronic simulator are in good
the OPF control are changed for the different desired statemgreement with the previous numerical rep¢#3].

(p—2, p—4, andp—8) every 5000 periods in sequence. All As a typical presentation, we take the RSJ oscillator
of the parameters in the control process are listed in Table bround the region centered at the point ©~0.68, F
After the control is turned on, each desired state is soon to be 2.20, andk=1.0. Let us follow the recipe proposed in the

TABLE I. Control parameters for different targets in the logistic map.

Iterations Period Cu Cret Cq Estimation forC, Lower limit of C,,
0—5000
5000~ 10000 1 0.001 0.7283 +2.00 +0.8590~ + 3.3856 0.000244
10000~ 15000 2 0.001 0.3935 -—1.00 —1.4061—0.5156 0.000058
15000~ 20000 4 0.001 0.5702 +0.70 +0.5697 +0.9008 0.000448
20000~ 25000 8 0.002 0.6597 +0.52 +0.4975- +0.5672 0.001202
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I
1.6 1 1 1 1 1 1 1 1 1 '1-6 -1.0 -0.4 Yn

0.60 0.61 062 063 064 065 066 067 068 069 0.70 . .
] w FIG. 6. First return map of the RSJ oscillator @t 0.68, F

=2.22, andk=1.0.

FIG. 4. Phase diagram of the RSJ model witk 1.0. The re-
gion marked ad>,, denotes the solutions with periodstates. The It is noted that most of the controlled states generated by
chaotic states are observed in the region marked “chaos.” Thighe OPF control are new. For example, the RSJ oscillator
diagram is generated based on the observation of our electroniwithout control could have only a finite humber of period-1
circuit. UPO’s, and these UPO’s are discrete. However, with the

last section. Figure 6 shows the typical return may ef To
avoid the discontinuity, due to them2displacement opera-

tions atx= =+, Y,, is defined as the voltages ®fsampled
every time interval of Zr/ w. It is well known that the inter-
sections of the first return map curve and the 45° line are the
locations of the period-1 fixed points of the system. Since the
tangent slope of the map function at the intersection is
smaller than—1, this fixed point is unstable. Similarly, those
periodn unstable fixed points can be detected on tile
order return map.

To check the influence of the control parameté€s,; and -0.6 -1.0 -14 Cref
C,, are first scanned without any specific choice. In Fig. 7,
the typical result is shown — maini\G,. is continuously
scanned from-1.3 to — 0.8 for C,,=0.1, 0.3, and 0.5, re-
spectively. The regular states can be establishe@,asis
scanned. The occurrence of the controlled states with
period-1 or period-2 fixed points are very common, while
high periods of states can also be achieved correspondingly.
Consequently, one can expect that the OPF control method
will nicely control chaos on the RSJ oscillator system, pro-
vided that one can properly adjust the parameters. As a mat-
ter of fact, these easily obtained low-period states are good
enough for the general purpose of controlling chaos in the -0.6 -1.0 -1.4 Cpy
practical application$§24,25.

0.6 -1.0 -14 Cyy

2.0 2!4 F FIG. 7. Bifurcation diagram o_f the RSJ oscilla_t(_)r wh&g is
varied from—1.3 to— 0.8, andC,, is fixed at a specific value fdg)
FIG. 5. Bifurcation diagram of the RSJ oscillator caused by aC,,=0.1, (b) C,,=0.3, and(c) C,,=0.5. The rest of the parameters
variation of F from 2.0 to 2.5, wherev=0.68 and«=1.0. areCy4=0.5, ®=0.68, F=2.22, andk=1.0.
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T T T T T T T 2.18 .
04r F=2130 7] ' ' ‘ '
F=215+
0.2 - (2) F=216 0 A 217 | e <& 7
F=217 x :
0or ] 216 | X + o .
Cg 0.2 1 :
o4l % % % | F 2151 >< + % 7
0.6 E 2.14 | -
0.8 I 1 213 + o < 7
10 | 1 Il i 1 1 Il
000 005 010 015 020 025 030 035 040 2.12 . ' L !
Cu 1 0.8 06 04 0.2 0
Cy
T T T T T T T
041 F=213¢ _ _
0.2+ F=215+ A FIG. 9. Comparison between the theoretical results and the ex-
0.0k g = g%g 5’ 4 perimental data of the effective range@f for variousF andC,, at
02l (b i x=1.0 andw=0.68 in the case of the period-1 state. Theand ]
o4l i symbols denote the lower and the upper limits from the theoretical
Cy 06 L data, respectively. Symbols and ¢ denote the lower and the

- 8 @ &= upper limits of the experimental data.
08 F 4
-1.0 © 4
12k ] demonstration, based on the RSJ model, has succeeded
i 1 in showing the validity of the control algorithm. The

' ' ' : : : : OPF method is robust in taming the chaotic states of
the system into the desired regular forms. As a matter of fact,
in addition to extracting out the unstable states embedded
FIG. 8. EffectiveC, range toC,, of the period-1 case for vari- in the chaotic states, the OPF method could also generate
ousF at k=1.0 andw=0.68.(a) is the upper limit andb) is the & great number of new states. The form of new states has
lower limit of Cy. been addressed and determined in the way of linear
approximation. Here, it might be worth noting that, as to the
OPF control, a continuous band of period-1 orbits have beeachievement of generating new states, the OPF technique, in
found by adjustingC,. only (as shown in Fig. ¥ Therefore, some sense, is similar to that of the periodic impulsive
these new generated states will not simply obey the dynanmethod[26]. However, its contents are out of the scope of
ics of the RSJ oscillator, but the whole dynamics, whichthis work.
consists of the RSJ oscillator and the OPF control. Moreover, It is worthwhile to summarize the influence of the control
as CW increased(from 0.1 to 0.5, as shown in Fig.),7the parameterscw, Crefy and Cg in the OPF control. The
width of the range oC,., for achieving control in periodic reference paramete€,,; indicates the level of the final
motions, gets wider and wider. This verifies what we ad+arget. In the meantime, th€,o; could cause the final
dressed above: the larg&, is, the more controlled states controlled state to be away from the original unstable orbits.
can be found. _ _ On the other hand, the window widtl,, is found to
Next, the effective range @ is checked by varyin€,,. e insensitive to the final control states. However, before
The effective range o€, for various biasF and different  the control is achieved, a larg€x, will reduce the transient
values ofC,, in the period-1 case is shown in Fig. 8. One cantime for the system to the target, and this also increases
see that the effective range 6f, for the desired controlled the chance of the occurrence of new states. As to the gain
states is independent of the valuesdyf. Thus, one can see value C,, the effective range has been derived. We noted
that the controlled states are not sensitiveC{pas the con-  that the effective range ot is independent of,,, which
trol has been achieved. . fits our simulation results. As we have demonstrated, a
As we have derived above, the effective range of thesystematic procedure for employing the OPF method can be
gain valueC4 follows the inequality equatior{11). We  established based on the adjustment of these three

presented the comparison between the analytic result and th@yrameters, and this should be helpful in employing the OPF
data from the analogous electronic circuits in Fi). The  control for application.

good fitness between the analysis and the observation
strongly supports our analysis and the control algorithm we
proposed.
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