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—~ for the control of nonstationary systems, which are characterized by
n+l &Hl . SO, P parameters t_hat drift over t_ime. When 'cc_)ntrol is initiat_@d;an be

~ set to an arbitrary value (with the restriction that the sigry ahust
/7\ \ match that ofyidea1). After each measurement of,, 2™ is estimated
! f ‘ . e x using [22]
I~ 1 - . .

Ln—1

H 3 N-—-1
[ : L S *
2 f N A} A ! Ty = N (4)

: Equation (4) converges to* because consecutive, alternate on
i Sl either side ofz* due to the flip-saddle nature &f.
: B AR At each iteration, afterz* is reestimated via (4), the RTAMI
- i & \ v technique evaluates whether the estimatg sfiould be adapted. The
/l/ TN value of ¢ is not adapted if the desired control precisiorfwhich
: ~ should be slightly larger than the standard deviation of the system

. : <
_— : \ noise) has been achieved. Control precisiont@tbeen achieved if
P T T SR |20 — 2y 1| > ¢ (5)

X xn is satisfied by at leasE out of the N previous data points, where

2, _, is the estimate of:* that was targeted for a given,. The

Fig. 1. First-return map of a system described by (1) showing that the iddaf N factor is used [instead of a single evaluation of (5)] to reduce

épn (3) shifts the map fromf(n, pn) 10 f(wn, pn + épn) such that the he jnfluence of noise and spurious points.

nex.t .SySEem state point is forced &, = £" rather than its expected If the desired control precision has not been achieved [i.e., (5) has

position &1 been satisfied by at lea&t out of the NV previous data points], then
the magnitude of; is adapted in accordance with the perturbation

requires no learning stage and is thus more appropriate (than curdyriamics shown in Fig. 2. As shown in Fig. 2,¢f= gidea1, then

model-independent control techniques) for real-world systems thhe perturbation moves the state point from its current posgtiofx )

cannot afford the time for precontrol analysis. to & (m) (as in Fig. 1). If|g| is too large (i.e.¢p is too small, which
moves the attractor to a position similar to that of the open diamonds
Il. THE RTAMI CONTROL TECHNIQUE in Fig. 2), then the state point moves from its current positigrto

The RTAMI control technique is designed to stabilize the fIip‘:jl posmor_l » clos_er tog” than \_/vou‘ld _be expecte(L(Jr_l) without a
saddle unstable periodic fixed poigt — [«*, «*]" (where su- perturbation. Iflg| is too small (i.e.$p is too large, which moves the

perscriptT denotes transpose arjd”, =*]” is a 2 x 1 column attractor to a position similar to that of the open triangles in Fig. 2),

vector) of a system that can be described effectively by a unimo QF” the state p0|r_1t moves fr_om |ts_ Cu”?”t pos '@r.]to a position
; . A) on the same side of the line of identity. This is in contrast to the
one-dimensional map

expected alternation of consecutive state points on either side of the
Tnt1 = f(Tn, Pn) (1) line of identity due to the flip-saddle nature gf. The criterion

where z,, is the current value (scalar) of one measurable system sign (n, — Tn—1) = sign (L,—1 — Tn—2) (6)
variable,z,, 4. is the next value of the same variable, andis the
value (scalar) of an accessible system parametar indexn. The
control technique perturbs such that

is satisfied when two consecutive state poirts. (i, z,—2] and
[xn, xn—1]) lie on the same side of the line of identity. The RTAMI
technique increases the magnitudegofi.e., g»+1 = gnp, Wherep

Pn =D+ Opn (2) is the adjustment factor) if (6) is satisfied for at ledsbut of the

N previous data points. As with the evaluation of control precision
(5), the L/N factor is used [instead of a single evaluation of (6)] to
reduce the influence of noise and spurious points.

wherep is the mean parameter value, aid, is a perturbation [3],
[12], [13], [19]-[21] given by

Spn = Tn — Tn ®) If the magnitude ofy is not increased [as dictated by (6)], then the
gn magnitude ofg is decreased (i.egn+1 = gn/p) if
where z;, is the current estimate of", and ¢, is the control 1 N2 Jeniit = af o] = |2ni — 2F |
sensitivityg at indexr. The ideal value of is the sensitivity of:* to v P " S — no | ==l e % (7)
perturbationsy;q.a; = 62 /6p. As described in [14], control can be R it T n—icg

achieved for a range of control sensitivitigguin < 9] < [glmax- AS  Equation (7) is satisfied if, on average, the distajace ; — 27 _; _4|
shown in Fig. 1, without any perturbation (i.ép. = 0), the current between a given data point, _; and its corresponding fixed-point es-
state point,, would move to¢,+1 (via the dotted arrow). However, timatex, _,_; is not at least% smaller than the distan¢e, _;_| —
the control perturbation of (3) shiftf(z.., p.) t0 f(an, po +6pa)  a%_,_,| between the previous data point_; , and the previous
such thatr, maps tox),,, = «* instead ofi,, 1. On the first-return fixed-point estimater’ _,_,.
map, this shift appears as the movement ofto &, (via the solid  |f neither (6) nor (7) is satisfied, thepis not adapted because
vertical arrow in Fig. 1). When the map is returnedfta:., p..) for is properly approaching the estimate f.

the next iteration, the next state point will B, ; ~ ¢*, as desired

for control. Il. APPLICATION OF THE RTAMI CONTROL TECHNIQUE

Learning-stage dependent technigues use static values ford/or . . .
g, as estimated from a precontrol time-series recording. In contrast,T0 test the RTAMI control technique, we considered thenbin

the RTAMI technique repeatedly estimates and ¢g. In addition to map with an adjustable parametég, as given by
eliminating the need for a learning stage, this adaptability allows 2 =1.0= A2 | + Bx,_y (8)
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Fig. 2. First-return map of a system described by (1) showing the results 0 2000 4000 6000 8000
of control perturbations that are: ideal (squares), too small (diamonds), and
too large (triangles). (b)
0.0 -
where B = 0.3. For the control trials, the éhon-map state point g o5l I W ,
was €, = [xn, 2,41]" and the control parameter was, (i.e., v
. — . T
pn = A, in (2) such thatd, = A + 6A4,,). Fig. 3 showsz,,,
A, and g, versusn for a representative &hon-map control trial TOEN . € N € N, €
(WhereN = 10,¢ = 0.001,L = 3, r = 5%, andp = 1.005. We 0 2000 4000 6000 8000

found that the RTAMI technique is effective for a wide range of n
parameter values a¥, ¢, L, r, andp.). For 1< n < 1000, 4 was

set to 0.90 [Fig. 3(b)], corresponding to a stable precontrol period- ©

2 orbit [Fig. 3(a)]. The initial value fory [ = —0.76, Fig. 3(c)] Fig. 3. (a)zn. (b) An. (C) gn versusn for a representative RTAMI control
was randomly selected from a uniform distributierL.15 < ¢ < @l of the Henon map (8).

—0.15. Atn = 1000, the RTAMI control technique was activated,

and the underlying unstable period-1 fixed point was quickly located

and stabilized. Initially, the control perturbations were quite large (tR&rameter regime or nearly-continuous transitions between regimes
perturbations were capped such that 0<L04 < 1.35) because the for tracking. _ o _

state point was far from the targeted fixed point. However, as control! "€ RTAMI control technique is inherently robust to noise and
converged, the perturbations became sm@al,( ~ 10~'). During outliers becauseV system values are used in the adaptation of

control, the magnitude of was decreased, as dictated by (7), untipoth ;r; andg, i.e., the effects of spurious values_ are smoothed via
an appropriate value foy was found. Stabilization was maintained®veraging. To demonstrate that the RTAMI technique can be used to
until » = 3000, when control was inactivated addwas shifted to CONtrol noisy, nonstationary systems, we considered téeoH map

1.0, corresponding to a stable period-4 orbit./At= 4000, control With additive correlated noise, as given by

was reactivated using another randomly-selected initial valuey for #n =1.0— Apa®_, + Brp_ s+ 1 (9)

(y = —0.27), and the new underlying unstable period-1 fixed point

was quickly located and stabilized. During control, the magnitude ¥fhere the correlated noisg, was given by the expression (derived
g was increased, as dictated by (6), until an appropriate value 1Br [15])

g was found. Stabilization was maintained until= 6000, when D
control was inactivated and was shifted to 1.2, corresponding to e = 1nre” ™) 4, 1= em (/)] (10)
chaos. At = 7000, control was reactivated using another randomly- "
selected initial value foy (¢ = —0.60), and the underlying unstableywhere D, = 1.0, 7, = 200, and¢, is Gaussian white noise with
period-1 fixed point of the chaotic system was quickly located angro mean and unity standard deviation. Fig. 4 shewsA,., and
stabilized. During control, the magnitude of was decreased, asg, versusn for a representative control trial (wher® = 10,
dictated by (7), until an appropriate value fpwas found. For each ¢ = 0.003,L = 3, r = 5%, andp = 1.005) of the Hnon map
of the three control regions of Fig. 3, the stabilizetl was within with additive correlated noise. For £ n < 1000, A was set
107° of the analytically-derived:*, thereby, demonstrating that theto 1.2, corresponding to chaos. At = 1000, the RTAMI control
RTAMI technique converged to the real unstable periodic fixed pointgchnique was activated with a randomly selected initial value for
Fig. 3 demonstrates that the RTAMI control technique, which dogs(y = —0.81). Stabilization of the underlying unstable period-1
not require a learning stage, is capable of controlling a system “firRed point was quickly achieved. The inset in Fig. 4(a) shows the
the fly,” as it jumps between different parameter regimes. This é®rrelated fluctuations (introduced hy) in the stabilized fixed point.
in contrast to current model-independent techniques which requirkis inset shows that the RTAMI control technique is capable of
either separate precontrol estimates of a system’s dynamics for ettelsking the movement of a nonstationary unstable periodic fixed
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N - No control
C1 - Period-1 control
C2 - Period-2 control

Fig. 4. (@)x,. (b) A.. (C) g versusn for a representative RTAMI control

trial of the H&non map with additive correlated noise (9). A magnified plot [e]

of the correlated fluctuations in,, (for 2400< n < 2600) is shown in the
inset in (a).

point. Stabilization was maintained untl = 3000, when control

FUNDAMENTAL THEORY AND APPLICATIONS, VOL. 44, NO. 10, OCTOBER 1997

parameter regimes and initial values fgr 2) capable of on-the-

fly control as a system is switched between parameter regimes;
3) robust to additive noise; and 4) capable of stabilizing higher-
order UPQ’s. The RTAMI technique is quite versatile, as we have
used it to stabilize UPO's in the é¢fion map, the logistic map, a
discrete-time model of a physiological system (atrioventricular nodal
alternans), and a continuous-time model of an oscillatory chemical
reaction (the Belousov—Zhabotinsky reaction). These developments
suggest that the RTAMI control technique is practical for real-
world systems.
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