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Real-time experimental control of a system in its chaotic and nonchaotic regimes
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Current model-independent control techniques are limited, from a practical standpoint, by their dependence
on a precontrol learning stage. Here we use a real-time, adaptive, model-indep@R@iamMI) feedback
control technique to control an experimental sgste- a driven magnetoelastic ribbon — in its nonchaotic and
chaotic regimes. We show that the RTAMI technique is capable of tracking and stabilizing higher-order
unstable periodic orbits. These results demonstrate that the RTAMI technique is practical for onitbe-flp
learning stagecontrol of real-world dynamical system$§1063-651X97)50710-(

PACS numbdss): 05.45+b, 75.80+q

Model-independent chaos control techniques, the first of- 5p,, wherep is the nominal parameter value, add, is a
which was developed by Ott, Grebogi, and Yofkd, have  perturbation3,4,20—22 given by
been applied to a wide range of physical and physiological
systemg2-11]. Recently, similar techniques have been de- Xn—XE
veloped to stabilize underlying unstable periodic orbits opn= ; 1)
(UPQO’s in nonchaotic dynamical systerf$2—-18. In gen- Gn
eral, model-independent control techniques use feedback . . .
perturbations to stabilize a dynamical system about one of itg/her_e.x,.] 1S the_ current estlr_nate of, andgr? is the con_tr.ol
UPO’s. In contrast to traditional control techniqueghich ~ SenStivityg at indexn. The ideal vzlue of is the sensitiv-
require knowledge of a system’s governing equatipns 'Y Of X* t0 perturbationspges= 0x*/6p. As described in
model-independent techniques are inherently well-suited foRef-[23], control can be achieved for nonideal valueg)of
“plack-box” systems because they extract all necessary conte rang€ g|min<|9|<|g|max- (Prior to control, it is not pos-
trol information from a premeasured time series. The flex-Siblé o determing i, or gmax Without an analytical system
ibility of model independence in current dynamical control Model or a learning stage.
techniques, however, does not come without limitations. The AS shown in Fig. 1, the current state pogjtwould move,
precontrol time-series measurement and the corresponding

system-dynamics estimation comprise a “learning” stage. Xx A

For some real-world systemg.g., cardiac arrhythmigs n+l | §n+1 f(x,,p+dp)

however, unwanted dynamics must be eliminated quickly, IS

and thus the time required for a learning stage may be un- -f(xn,p")ll /1\\ \

available. i '
Recently, a real-time, adaptive, model-independent i '

(RTAMI) control technique, was developgtl] to stabilize I i .

flip-saddle UPQ’s in chaotic and nonchaotic dynamical sys- i g

tems that can be described effectively by a unimodal one- [l = "l -------- \»

dimensional map. Because the RTAMI technique does not
require a precontrol learning stagee., it operates in real [ H :
time) it is practical for on-the-fly control of dynamical sys- | i PN
tems. In Ref[19], the RTAMI technigue was successfully /
applied to a wide range of model systems in their nonchaotic : /
and chaotic regimes. Here, we apply the RTAMI control
technique to an experimental syste— a driven magneto- :
elastic ribbon — in its nonchaotic and chaotic regimes. : N S T T
The RTAMI technique is designed to stabilize the flip- *
saddle unstable periodic fixed poigt=[x*,x*]" (where n
superscripfl denotes transpose af* ,x*]" is a 2x 1 col-
umn vectoy of a system that can be described effectively by £ 1. First-return map showing thap, [Eg. (1), with g
a unimodal one-dimensional mag. ;= f(xy,pn), wherex,  =g,,.1 shifts the map fronf(x,,p,) t0 f(X,, P+ p,) such that
is the current valuéscalay of one measurable system vari- the next system state point is forceddp. ,~ &, rather than to its
able,x,; is the next value of the same variable, gugis  expected positios;,. ;. These data, shown for illustrative purposes,
the value(scalaj of an accessible system paramepert  are from simulations of the Belousov-Zhabotinsky chemical reac-
index n. The control technique perturlgssuch thatp,=p tion.
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in the absence of a perturbatidire., 6p,=0), to %nﬂ (via N - No control

the dotted arrow However, the control perturbation of Eq. C1 - Period-1 control

(1) (corresponding t@=Qigea) Shifts f(Xy,pn) to f(Xy.pPn C2 - Period-2 control

+ 8p,,) such thatx,, maps tox;,, ;=x*, instead ofk,, ;. On

the first-return map, this shift appears as the movemesgy, of
to £, (via the solid vertical arrow in Fig.)LWhen the map is
returned tof(x,,p,) for the next iteration, the next state
point will be &, ,~ &, as desired for control. In a physical
system, due to noise, measurement errors, and the instabilit
of &, perturbations are required at each iteration to jld
within the neighborhood of*.

Learning-stage dependent techniques use static values fc
x* and/org, as estimated from a precontrol time-series mea-
surement. In contrast, the RTAMI technique repeatedly esti-
matesx* andg. In addition to eliminating the need for a
learning stage, this adaptability allows for the control of non-
stationary systems. When control is initiatgdcan be set to

500 1000 1500 2000 2500

2o Wiemersosiorst——

Cl LN c2 1N
PRl PR Sl el i R B R Dl |

500 1000 1500 2000 2500

an arbitrary valudwith the restriction that the sign gf must 0
match that ofgiqeq; if the signs do not match, control will ¢
. . . . 0.00
fail). After each measurement gf,, x* is estimated using 001 F
0.02
S “E
x* = n—i , 2 -0.04 -
2N ? B o ey
. S . 0 500 1000 1500 2000 2500
whereN is the number of past data points included in the n
averagd24]. Equation(2) converges tx* because consecu-
tive x,, alternate on either side of* due to the flip-saddle FIG. 2. @ X;, (b) Hyge, @and(c) g,, versus drive cyclen for a
nature of&*. RTAMI control trial of the chaotic magnetoelastic ribbon. The re-

At each iteration, aftex* is re-estimated via Eq2), the  spective control stages are annotatedain (b), and(c).
RTAMI technique evaluates whether the estimate of
should be adapted. The value gfis not adapted if the de- g,+1=0,p, Wherep is the adjustment factpif Eq. (4) is
sired control precisiore has been achieved. Control preci- satisfied for at leadt data points out of th&l previous data

sion hasnot been achieved if points. As with the evaluation of control precisipig. (3)],
. the L/N factor is usedinstead of a single evaluation of Eq.
[Xp—Xp-1]>€ (€©)) (4)] to reduce the influence of noise and spurious data points.

. - . . If the magnitude ofy is not increasedlas dictated by Eq.
is satisfied by at leadt data points out of thé\ previous (4)], then the magnitude df is decreased i, is not con-

data points, where_, is the estimate ok* that was tar- verging rapidly(at a rate governed hy) to £ . Specifically,
geted for a giverx,. The L/N factor is usedinstead of a magnitude of is decreasedi.e., g,. 1=, /p) if
single evaluation of Eq(3)] to reduce the influence of noise

and spurious data points.

If the desired control precision has not been achidved -
Eq. (3) has been satisfied by at ledsdata points out of the N=o [Xn_i—1—=Xr_i ol
N previous data poinisthen the magnitude df is adapted
in accordance with the expected perturbation dynafiié$ Equation (5) is satisfied if, on average, the distance
If 9= 0iqeal» then the perturbation moves the state point from|xn7i_x*7.71| between a given data poirt,_; and its cor-
it.s currer)t positiorg, to £* (as in Fig. 3. I.f |g] is too Iarge. respond?nglg fixed-point estimate;_;_, is not at leastr %
(i.e., op is too smal), then the state point moves from its smaller than the distandg, ;_,—x*_,_,| between the pre-

current position, to a position closer tg&* than would be . . . ) R .
expected without a perturbation.|tf| is too small(i.e., 5p is vious data poinky i -, and the previous fixed-point estimate

too large, then the state point moves from its current posi-X"*i*2 ; . - .

tion &, to a position on the same side of the line of identity. If neither Eq.(4_) nor Eq. (5) is Sat'Sf_'ed' thery IS not
(This is in contrast to the expected alternation, due to th@fapted because is properly approaching the estimate of
flip-saddle nature of*, of consecutive state points on either X
side of the line of identity. The criterion

N-1
1 IXn—i—1=Xn—i— ol = [Xn—i—= X324l

r%. (5

The experimental system we considef28] consists of a
gravitationally buckled magnetoelastic ribbon driven para-
SO X, — Xp— 1) = SOMX—1— Xp—2) (4) metrically by a sinusoidally varying magnetic field. The rib-
bon is clamped at its lower end and its positiois measured
is satisfied when two consecutive state poirits,(1,X,_2] once per drive period at a point a short distance above the
and[x,,X,_1]) lie on the same side of the line of identity. clamp. The ribbon’s Young’s modulus can be varied by ap-
The RTAMI technique increases the magnitudegofi.e.,  plying an external magnetic field. The applied magnetic field
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FIG. 3. (&) X,, (b) Hye, and(c) g, versus drive cyclen for a
RTAMI control trial of the magnetoelastic ribbon in two different
nonchaotic regimegstable period-4 regime &n<1250) and

stable period-2 regime (125=2000)].

is Hapg= Hact Hacsin(2rft), whereH . is the dc-field am-
plitude, H . is the ac-field amplitude, antl is the ac-field

[i.e., pn=H g such thatH yo,=Hget+ 6Hgenl-

Figure 2 shows a typical RTAMI control tridlvith Hg.
=0.302 OeH,=1.037 Oe,f=0.9 Hz,N=10, €=0.01,L
=3,r=5%, andp=1.025). Atn=250, following a period
tivated. The initial control perturbation&ig. 2(b)] were too
the neighborhood of the fixed poif@nd hold it within that
neighborhool [Fig. 2(@)]. Thus,|g| was decreasefhs dic-
period-1 fixed point. Note that although EQ) is only valid
in the linear region of*, the value ofg required to pullg,
lization of & (i.e., |9|min=|9/=<|d|may - Also note that it is

move &, into the neighborhood of* could alterp to a

saddle nature of*, consecutive perturbation@xcluding
those influenced by noise or whég| is too small are op-

change into the stable regime @ is followed by a
parameter-regime change away from the stable regings .of

FIG. 4. (a) x versusH 4 for a RTAMI tracking trial(dark pointg
overlaid onto the corresponding bifurcation diagrah).g for the

tracking trial shown in(a).

parameter-regime shift that is used to captéfewhen it is
stable, in order to drag it back into the unstable regime.

Stabilization was maintained until=1250, when control
was deactivated. Ah=1500, stabilization of the system’s
unstable period-2 fixed point was activatg2b|. Period-2
stabilization was quickly achieved by updating the estimates
frequency. To apply the RTAMI control technique to the for x; and g and applying control interventions at every
magnetoelastic ribboi 4. was used as the control parameterother iterate rather than at every iterate.

Figure 3 shows a RTAMI control triglwith H4=0.258
Oe,H,=1.037 Oe,f=0.9 Hz,N=10, e=0.00{27], L=3,
r=5%, andp=1.025) that demonstrate@) on-the-fly con-
trol of a system that is switched rapidly between different
of chaotic ribbon motioncorresponding to a two-piece at- parameter regimes ar(d) stabilization of UPO’s which un-
tractop, control of the unstable period-1 fixed point was ac-derlie stable higher-period orbits in a nonchaotic system. At
n= 250, following a period of stable period-4 ribbon oscilla-
small (becauség| was too larggto move the state point into tion, control of the system’s underlying unstable period-2
fixed point was activated. Aftelg| was decreased, as dic-
tated by Eq.(5), period-2 stabilization was achieved and
tated by Eq.(5)] until the magnitude of the perturbations maintained until n=500, when the control target was
increased and the state point converged to the unstabkwitched from the underlying unstable period-2 fixed point
to the underlying unstable period-1 fixed point. Period-1 sta-
bilization was maintained untih=750, when control was
into the neighborhood of* was also suitable for the stabi- deactivated. Aln=1000, period-1 stabilization was reacti-
vated directly from the stable period-4 oscillation. Period-1
possible that the large parameter perturbations required tstabilization was maintained until=1250, when control
was deactivated an#lly, was changed tdH4=0.210 Oe,
regime where&* is stable. However, because of the flip- corresponding to a stable period-2 oscillation. it 1500,
period-1 stabilization was activated directly from the stable
period-2 oscillation. Note that the magnitudegfncreased
posite in polarity, thereby ensuring that a parameter-regimand decreaseldFig. 3(c)], as dictated by Eq$4) and(5), for
the different unstable periodic fixed points and parameter

regimes.

Thus, the large perturbations should not be mistaken for a In addition to controlling a dynamical system in its non-



RAPID COMMUNICATIONS

R3752 CHRISTINI, IN, SPANO, DITTO, AND COLLINS 56

chaotic or chaotic regimes, the RTAMI technique is capablescribed for Fig. 2in which the value ofy required to pullg,

of “tracking” [12-16,22 an unstable periodic fixed point jnt the neighborhood of* was suitable for controfi.e.,
from its stable period-1 regime through multiple period—|g|mm$|g|<|g|max)_ WhenHy>0.311 Oe||g|<|g|mi, Was
doubling bifurcations into the chaotic regime, and vice Versgequired to pullg, into the neighborhood of* . Thus, once
(i.e., from its chaotic regime back to its stable period-1 re-z ‘antered the neighborhood &f , oversized perturbations
g|me)._ Figure 4 shows.a tracking trial in which the RTAMI [28] were delivered that promptly repelléd from & before
technique was usedwith H,=1.037 Oe,f=0.9 Hz, N 4o magnitude of could be increased.

=10, €=0.00, L =3, r=5%, andp=1.001) to track the In this paper, we have shown that the RTAMI technique
unstable period-1 fixed point froml4:=0.311 Oe(chaotic  ¢4n pe used to control an experimental system. Specifically,
regimg to Hy.=0.144 Oe(stable period-1 regimeFigure e have controlled the motion of a driven magnetoelastic
4(a) shows the tracking trialdark point$ overlaid onto the  (ippon in its period-2 regime, period-4 regime, and chaotic
corresponding bifurcation diagram, while Figbfishows the  regime. We have demonstrated that the RTAMI control tech-
correspondingy. Note that|g| was largesti.e., most nega- pjgue is capable ofi) on-the-fly control as a system is
tive) when the slopedx/ 5Hg of the period-1 fixed point in  swjitched between parameter regim@s, stabilizing higher-
Fig. 4(a) was largest, angg| was smallesti.e., least nega- order UPO’s, andiii) tracking a UPO through multiple bi-
tive) when the slopeSx/ 6H ¢ of the period-1 fixed pointwas  fyrcations. These results demonstrate that the RTAMI tech-

smallest. This further demonstratesbecause Gigear  nique is versatile and practical for real-time control of real-
= ox/6Hqo) that the RTAMI technique effectively adapgs  world systems.

The RTAMI control technique was unable to stabilize the
unstable period-1 fixed point of the driven magnetoelastic
ribbon in the chaotic parameter regirhig.>0.311 Oe. This This work was supported by the National Science Foun-
control failure resulted from the fact that the valuegofe-  dation(D.J.C., J.J.GQ, the ONR/ASEE Postdoctoral Fellow-
quired initially to moveé,, into the neighborhood of* was  ship Program(V.l.), the Office of Naval Research Physical
not within the range ofj values suitable for stabilizing* . Sciences DivisionM.L.S., W.L.D), and the NSWC Inde-
This is in contrast to the case whefg,<0.311 Oe(as de- pendent Laboratory Internal Research Progtafi_.S.).
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