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[57] ABSTRACT

A feedback control method for a chaos system that auto-
matically determines a control condition based on a control
bifurcation (CB) phenomenon uses adaptive tracking to
adjust control parameters based on an analysis of the output
of the chaos system, and uses feedback to achieve a control
condition based on the control parameters. Feedback control
is performed irrespective of variations in the parameter of
the chaos system. The feedback control method includes an
adaptive tracking step for analyzing a chaos system output
and for adaptively-tracking a value of a control parameter in
accordance with the analyzed system output, and a feedback
control step for performing feedback control to vary a
system parameter and a state variable of the chaos system in
accordance with the control parameter.

6 Claims, 8 Drawing Sheets
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1
FEEDBACK CONTROL METHOD FOR
CHAOS SYSTEM USING ADAPTIVE
TRACKING

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a feedback control
method for a chaos system using adaptive tracking, and
more particularly to an improved feedback control method
for a chaos system using adaptive tracking that is capable of
automatically searching a control condition based on a
control bifurcation (CB) phenomenon of a feedback control.
The present invention is able to perform feedback control
irrespective of variations of a parameter of a chaos system.

2. Description of the Conventional Art

Generally, the chaos characteristic is presented based on
a nonlinear characteristic of a dynamics system. The non-
linear dynamics system having the above-mentioned chaos
characteristic is called a “chaos system”.

The chaos system is provided concurrently and hierarchi-
cally with various movements such as a chaos movement, a
periodic movement and a fixed point movement, distin-
guishing it from conventional dynamics systems not having
the chaos characteristic. The movements which distinguish
a chaos system from conventional dynamics systems can be
detected by analyzing the bifurcation phenomenon with
respect to variation of the system parameter of the chaos
system.

The bifurcation phenomenon is one of the important
characteristics of the chaos system. Based on this
phenomenon, it is possible to presume that a periodic
resolution and a chaos-based resolution concurrently and
hierarchically exist in one system.

The bifurcation can be expressed as a function of a certain
system parameter. Assuming that the bifurcation is a system
bifurcation (SB), this system bifurcation is referred to as a
system itself.

Controlling the chaos system is referred to as stabilizing
an unstable periodic orbit (UPO), which orbit is provided in
the chaos attractor by slightly applying a perturbation to a
parameter of the chaos system.

One feedback control method used in industry to stabilize
a chaos system is known as the OGY method. The OGY
method was disclosed in 1990 by Ott, Grebogy, and Yorke
of the University of Maryland in the U.S.A. The OGY
method applies a weak feedback perturbation to achieve a
system parameter of the chaos system. As such, this feed-
back control method achieves control using many UPOs
which are internally provided in the attractor. That is, the
OGY method is evaluated as a theoretical basic principle of
the chaos control.

Another feedback control method of the chaos system is
known as an occasional proportional feedback (OPF)
method disclosed by Hunt in 1991. The OPF method
samples one time serial data at a sampling period T and
applies a feedback control based on a difference between a
sampled data and a reference point when the sampled data
is positioned within the previously set control window. The
method is easy to use and is adaptable to a high speed
system.

Yet another feedback control method used to stabilize
chaos systems is a return map method, disclosed by Peng
and Pettrov in 1991. The return map method is directed to
forming a return map from one-time serial data and per-
forming feedback control to stabilize the UPO. The method
is easy to use and has an advantage in using natural period
of the system.
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However, in the above-mentioned OGY method, various
pre-analysis are necessary. That is, a disadvantage of the
OGY system is that it requires the attractor to be reformed
from the time serial data, the position of the UPOs to be
analyzed by checking the data based on the Poincare cross-
sectional surface and characteristics of the UPO which are
determined in accordance with the variation of the system
parameter.

The above-described OPF method, which samples based
on a sampling period T, is also problematic in that it requires
the period to be set to nearly match the natural period of the
system. That is, since the method itself is not systematical,
an experiment-based method is necessary.

A disadvantage of the conventional feedback control
methods used in the conventional chaos systems is that the
answer speed is low since complicated system analyzing
processes must be performed with respect to the chaos
system before performing the feedback control. The above-
mentioned methods are therefore not useful for chaos sys-
tems requiring a quick answer time since the answering time
is delayed due to the complicated system-analyzing pro-
cesses.

SUMMARY OF THE INVENTION

Accordingly, it is an object of the present invention to
provide a feedback control method for a chaos system using
an adaptive tracking, which overcomes the problems
encountered in a conventional feedback control method for
a chaos system.

It is another object of the present invention to provide an
improved feedback control method for a chaos system using
adaptive tracking in which a control condition is automati-
cally searched based on a control bifurcation (CB) phenom-
enon of a feedback control. As such, the improved feedback
control performs feedback control irrespective of variations
in chaos system parameters.

To achieve the above objects, there is provided a feedback
control method for a chaos system using adaptive tracking,
which includes an adaptive tracking step for analyzing a
system answer of a chaos system and for adaptive tracking
a value of a control parameter in accordance with the
analyzed system answer; and a feedback control step for
performing feedback control so as to vary a system param-
eter and a state variable of the chaos system in accordance
with the control parameter which is adaptive-tracked in the
adaptive tracking step.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will become more fully understood
from the detailed description given hereinbelow and the
accompanying drawings which are given by way of illus-
tration only, and thus are not limitative of the present
invention, and wherein:

FIG. 1 is a block diagram of a chaos system adapted to the
present invention;

FIG. 2A is a circuit diagram of a nonlinear dynamics
system of FIG. 1 according to the present invention;

FIG. 2B is a diagram showing a relationship between
voltage and current of the Chua diode of FIG. 2A according
to the present invention;

FIG. 3 is a diagram showing a bifurcation with respect to
a system parameter of FIG. 2A according to the present
invention;

FIG. 4 is a diagram showing a control bifurcation with
respect to a control parameter of a feedback control unit of
FIG. 1 according to the present invention;
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FIG. 5 is a diagram showing a result of an automatic
control of an unstable periodic orbit of one period using a
return map feedback control method and an adaptive track-
ing method of a feedback control unit and an adaptive
control unit of FIG. 1 of the present invention;

FIGS. 6A and 6B are diagrams showing a control bifur-
cation of an adaptive tracking unit of FIG. 1 according to the
present invention;

FIGS. 7A and 7B are diagrams showing the construction
of a control bifurcation on a control parameter plane of an
adaptive tracking unit of FIG. 1 according to the present
invention;

FIG. 8 is a diagram showing an unstable periodic orbit
and an inductive periodic orbit which are present within a
chaos attractor of a chaos system of FIG. 1 according to the
present invention;

FIGS. 9A and 9B are diagrams showing a state variable
with respect to a variation of a parameter of a chaos system
of FIG. 1 according to the present invention; and

FIG. 10 is a table of values of a control parameter in
accordance with a variation of a parameter and a state
variable of a chaos system of FIG. 1 according to the present
invention.

DETAILED DESCRIPTION OF THE
INVENTION

FIG. 1 shows the chaos system adapted to the present
invention. FIG. 1 includes a nonlinear dynamics system 1
having a chaos characteristic, a feedback control unit 2 and
an adaptive tracking unit 3. Feedback control unit 2 has
more than one control parameter. By analyzing information
obtained from a predetermined time serial data outputted
from the nonlinear dynamics system 1, feedback control unit
2 can perturbate the system parameter or the state variable
of the nonlinear dynamics system 1. Adaptive tracking unit
3 analyzes the system answer of the nonlinear dynamics
system 1 controlled by the feedback control unit 2 and
adjusts the control parameter of the feedback control unit 2
when necessary.

The feedback control method of the chaos system using
the adaptive tracking method of the present invention
includes an adaptive tracking step for analyzing the system
answer of the chaos system 1 and for adaptively tracking the
value of the control parameter of the feedback control unit
2. It also includes a feedback control step for performing
feedback control to vary the system parameter or the state
variable of the chaos system 1 in accordance with the control
parameter.

The process of the feedback control method using [an]
adaptive [tracking of the present invention] will now be
explained.

To begin with, the movement equation (or the state
equation) of the conventional nonlinear dynamics system
can be expressed as follows:

X=X, p) s

where X denotes the state variable indicating the state of
the nonlinear dynamics system 1, and p denotes the system
parameter of the nonlinear dynamics system.

The nonlinear dynamics system 1 has a bifurcation char-
acteristic Bif(X,p) from the periodic movement and the
chaos movement. The bifurcation characteristic is derived in
accordance with a variation of the system parameter.

The feedback control unit 2 controls the feedback opera-
tion of the nonlinear dynamics system 1. The control param-
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eter of the feedback control unit 2, which is marked as “q
in FIG. 1, is determined in accordance with the state variable
X of the nonlinear dynamics system 1 and the system
parameter “p”. The feedback control unit 2 generates feed-
back control signals based on the following expression (2)
with references to a continuous control parameter “q” and
the state variable “X”, and varies the system parameter “p”
of the nonlinear dynamics system 1 or the state variable “X”,
by inputting the feedback control signal to the nonlinear

dynamics system 1:
r=sX,q) @-

To control the feedback control unit 2, a predetermined
feedback algorithm such as the OGY feedback control
method, the Occasional Proportional Feedback (OPF)
method, etc may be used.

When analyzing the bifurcation characteristic with
respect to the control parameter “q” of the feedback control
unit 2, the bifurcation characteristic Bif (X,q) is similar to
the bifurcation Bif(X,p) of the nonlinear dynamics system 1.

This bifurcation is called a “control bifurcation”. Using
the above-mentioned control bifurcation, it is possible to
properly control the nonlinear dynamics system 1 using
feedback from the feedback control unit 2, to control the
unstable periodic orbit (UPO) within the chaos attractor by
slowly varying the control parameter of the feedback control
unit 2, and to continuously control the entire chaos move-
ment region.

That is, it is possible to allow the nonlinear dynamics
system 1 to perform a desired movement by varying the
control parameter “q” of the feedback control unit 2.

The adaptive tracking unit 3 is directed to varying the
control parameter “q” of the feedback control unit 2 through
a proper rule h(X) by analyzing the system answer of the
nonlinear dynamics system 1.

There are various methods for analyzing the system
answer of the nonlinear dynamics system 1 using the adap-
tive tracking unit 3. The most well known method involves
forming a two-dimensional Poincare cross-sectional surface
from the attractor, detecting the number of the movement
orbits on the Poincare cross-sectional surface and the dis-
tribution thereof, and then analyzing the system answer.
However, since the movement orbit is expressed in a two
dimensional surface, the process of analyzing the system
answer is complex.

There is an easier method, which involves computing on
immediate maximum value or an immediate minimum value
of the state variable by detecting a predetermined state
variable, and analyzing the system answer based on the
immediate maximum value and the immediate minimum
value and the distribution of the same. Since this method is
performed based on a one-dimensional Scaler, it is very
simple; however, a disadvantage of this method is that other
data may be mixed therein. To overcome the above-
mentioned problem, the immediate maximum value or the
immediate minimum value can be analyzed with respect to
the state variable which is used in the two methods men-
tioned above.

According to the control bifurcation characteristic, there
are two directions. One direction is directed toward the
chaos attractor, and is based on the variation of the control
parameter “q”. The other direction is directed toward the
periodic orbit and the fixed point movement. As the control
bifurcation characteristic is advanced toward the periodic
orbit direction, the maximum or minimum polar distribution
is made narrower.

When the control bifurcation characteristic is controlled
by the periodic orbit, it is possible to detect the period by
counting the number of polar points.
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Therefore, an easy method involves detecting the polar
points of the state variable and the distribution of the polar
points, and counting the number of the same.

In the adaptive tracking unit 3, the system answer of the
nonlinear dynamics system 1 is analyzed by slightly varying
the value of the control parameter toward the positive (+)
direction or negative (=) direction from the value of the
control parameter “q” that causes the feedback control signal
of the feedback control unit 2 to become zero, thus judging
which direction corresponds to the periodic movement.

Thereafter, the system answer generated by the nonlinear
dynamics system 1 is analyzed through the distribution of
the polar points while slowly varying the control parameter
“q” in the periodic movement direction, and the adaptive
tracking is continued so that the nonlinear dynamics system
1 can perform a corresponding periodic movement.

The feedback control method of the chaos system using
the above-mentioned adaptive tracking will now be
explained.

To begin with, as shown in FIG. 2A, the nonlinear
dynamics system 1 will now be explained with reference to
the Chua circuit, and the feedback control unit 2 will now be
explained with reference to the previously described OFF
feedback control method. Here, the Chua circuit includes
Chua diode 11, capacitors C1 and C2, and coil L. The Chua
circuit shown in FIG. 2A represents the typical nonlinear
dynamics system having various chaos characteristics.

FIG. 2B shows the voltage-current characteristic of the
Chua diode 11.

The movement equation (or the state equation) of the
Chua circuit is expressed as follows using a three dimen-
sional movement equation having three state variables X, y,
and z and four system parameters A, B, a, and b:

=41

y=X-y+z

(€
z=—By

where
J=be+¥e(a-b)(pe+1[-|x-1])

The Chua circuit having the above-mentioned movement
equation performs various movements, for example, a peri-
odic movement, a single scroll attractor movement, a double
scroll attractor movement, and the fixed point movement in
accordance with the variation of four system parameters A,
B, a, and b. As shown in FIG. 3, the movements are gleaned
from the bifurcation with respect to the system parameter
“A”.

Thereafter, in the feedback control unit 2, the OPF feed-
back control method will now be explained. When the polar
point of the time serial data received by feedback control
unit 2 from the Chua circuit is within the set control window,
the Chua circuit is feedback-controlled. Specifically, under
these circumstances, the state variables X, y and z and the
system parameters A, B, ¢ and d can be varied via feedback
control based on a feedback control amount C that is
proportional to the difference V.—~Zm between the center
value V; of the control window and the polar point Zm of
the obtained time serial data:

C=k(Vs~Zm) @,

where k denotes a proportional constant.

Here, when the expression V -Vw<Zm<V +Vw is
satisfied, the Chua circuit is feedback-controlled for the
feedback time D, where Vw denotes the width of the control
window.
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As indicated by the expression above, it is possible to vary
the chaos movement of the Chua circuit into the periodic
movement by varying the value of the control parameter. In
addition, as shown in FIG. 4 by the control bifurcation, it is
possible to change a movement other than the periodic
movement by slowly and continuously charging the value of
the control parameter.

FIG. 4 shows an example of the feedback control with
respect to the system parameter A from the state variable,
where the horizontal axis corresponds to control parameter
k, and the vertical axis corresponds to the distribution of the
polar point with respect to the state variable z. That is, as is
shown in the figure, at the point “k=0", where the amount of
the feedback control C becomes zero (0), the chaos charac-
teristic of the single scroll appears. However, the variation
corresponding to periodic movement appears when increas-
ing the control parameter k toward the positive direction (+).

In addition, when continuously controlling the periodic
direction, it appears that the distribution of the polar point is
made narrower. Therefore, pre-analysis, such as that
required by the OGY feedback algorithm, is not necessary to
start the feedback control. However, it is necessary to
slightly vary the selected control parameter (here, K) toward
the positive direction (+) or the negative direction (=) with
respect to the point “k=0" where the amount of the feedback
control becomes zero (0) for the feedback control, thus
analyzing the system answer based on the distribution
characteristic of the polar points and determining the control
direction toward the periodic movement.

That is, the value of the control parameter k is varied
based on the control direction toward the determined peri-
odic movement until a desired periodic movement is per-
formed.

The nonlinear dynamics system 1 will now be explained
with reference to the Chua circuit, and the feedback control
unit 2 will now be explained with reference to the return
control map control method. In the feedback control unit 2,
the return map is constructed based on the local maximum
states from the time serial data outputted from the nonlinear
dynamics system 1.

The VPO corresponds to the point where the data mea-
sured on the return map intersects the diagonal line of the
X,=X,.m- The UPO can be stabilized by the feedback
control. Assuming that the point on the return map corre-
sponding to the UPO is X, and that the local linear
approximation can be determined at the periphery of X, the
following expression applies:

K1 ME~Xp)+Xp ).

where X, denotes “n”-th local maximum point, X
denotes the position of the UPO, and X denotes the propor-
tional constant indicating the movement characteristic of the
chaos system.

Meanwhile, assuming that the width of the control win-
dow is X, , where X, is within the control window, the
feedback perturbation shown in the following expression is
applied to stabilize the UPO:

SP=k(X,~X) (),

where the constant K can be expressed as follows:

k=A(A=1)(8X,./5p) @)

The feedback perturbation, which can be expressed as
shown in expression (7), is applied for a predetermined
perturbation time “d” (kick time). The perturbation time “d”
should be less than the natural period of the chaos system.
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Here, the control parameters include the position X, of
the UPO, the width X, of the control window, the propor-
tional constant ,' and the perturbation time (kick time) .

These control parameters have two directions: the peri-
odic direction and the chaos direction. These directions can
be easily detected by testing a few test points at the periph-
ery of each reference point.

That is, when applying the test feedback in one direction,
the periodic direction is determined to correspond to the
direction in which the answer region of the system is made
narrower, and the chaos direction is determined to corre-
spond to the direction in which the answer region is made
wider.

In addition, the UPO is within the CB route, and the point
is referred to as a predetermined point where the amount of
the feedback perturbation becomes minimum. Therefore,
when roughly knowing the periodic direction and the posi-
tion of the UPO, it is possible to perform control.

To perform adaptive tracking of the UPO, the real time
average X* and the real time deviation 0* of the data within
the control window of the return map must be computed.

The fixed point X of the UPO is controlled to become the
real time average X*, and the proportional constant k is
controlled along the periodic direction so that the real time
deviation 8* becomes minimum. The above-mentioned con-
ditions can be expressed as follows:

Xp(n+1)=Xp(n)+a(X*-X(n) ®.

and

k(n+1)=k(n)+sgn(k(n)),pod* 9,

where o and f§ denote control constants, and sgn(k(n))
denotes the periodic direction.

The return map feedback control method and an adaptive
tracking method will now be explained in more detail.

For example, as an initial condition, the expression X ,=
4.2 is obtained by constructing the return map assuming the
position of the UPO of one period (hereinafter, called the
UPO,). After applying a few test feedbacks, k,=-0.1, the
answer region of the system is narrowed, and the periodic
direction is determined to be negative (-).

When adaptive-tracking from the above-mentioned initial
condition, UPO, is automatically searched and stabilized, as
shown in FIG. §. That is, the position X, of the UPO, is
continuously controlled, and the feedback control signal is
rapidly converged toward zero (0). The control condition of
the UPO,, which is finally obtained as a result of the
adaptive tracking, is “Xz,=4.2385, Ko=-0.2".

The CB phenomenon which appears when varying the X
and k at the periphery of X, and k, is shown in FIGS. 6A
and 6B. FIG. 6A shows the system answer when varying k
from zero (0) to -0.4 by fixing the expression to be X=X,
as the k-mode CB. FIG. 6 shows the system answer when
varying the X from 4.2 to 4.6 by fixing the expression to be
k=k,, as the X, mode CB.

The above-mentioned CB phenomenon appears to have a
predetermined systematic structure in the feedback control.

FIG. 7A shows the distribution of bifurcation toward each
period on the control parameter plane, and FIG. 7B shows
the average value of the feedback perturbation of each
bifurcation point in three dimensions.

As shown in FIGS. 7A and 7B, the UPO is positioned at
the center portion of the CB route, in which the feedback
perturbation is converged toward zero (0). That is, the
adaptive tracking method is directed to a method for auto-
matically searching for the UPO which has the minimum
perturbation along the CB route.
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Another presumption made with respect to the CB phe-
nomenon is that there exist a plurality of periodic orbits.
That is, these periodic orbits are referred to the driven
periodic orbit (hereinafter, called the DPO) which is newly
created in accordance with the feedback control.

What is different between the DPO and the UPO, as
shown in FIG. 8, is that the UPO represents the newly and
externally created periodic orbit in the original attractor
rather than the periodic orbit within the original attractor.
Therefore, to create the DPO, it is necessary to add up to a
predetermined amount of feedback perturbation rather than
the average zero. When a periodic orbit other than UPO is
necessary, and partial system changes are possible, control
may be achieved using many DPOs around the UPO.

Meanwhile, as shown in FIGS. 9A and 9B, when the
system parameter is slowly varied by adapting the adaptive
tracking method, it is possible to maintain the feedback
control. FIG. 9A shows the tracking of the UPO of one
period, and FIG. 9B shows the tracking of the UPO of three
periods.

The control condition of the feedback perturbation with
respect to the system parameter A is explained above with
the construction of the return map which is constructed from
the state variable z.

The above-mentioned return map feedback control
method may be adapted to other control inputs and other
control outputs. A table of exemplary outputs generated by
this method are shown in FIG. 10 In each case, the value k
of the first bifurcation point is obtained via the adaptive
tracking control method.

As shown in FIG. 10, when stabilizing the UPO of one
period, it is possible to use various control inputs and control
outputs based on perturbations such as the parameter per-
turbation and the state variable perturbation.

As described above, the feedback control method of the
chaos system using the adaptive tracking of the present
invention is directed to automatically searching and stabi-
lizing the accurate control condition using an adaptive
tracking method after detecting the information and periodic
direction with respect to the position of the UPO, thus more
easily controlling the feedback control irrespective of the
pre-analysis.

In addition, it is possible to maintain feedback control
through adaptive tracking control when the system is
slightly changed, thus continuously maintaining the control
of the desired orbit, irrespective of the changes of the system
parameter.

When the control target is changed, it is possible to more
easily control the desired adaptive tracking when changing
the control of two periods to four periods.

A more systematic control method can be achieved using
many UPOs existing around the chaos attractor as well as a
control to the UPO.

The feedback control method for a chaos system using an
adaptive tracking can be adapted to a predetermined
experiment-based system of which the movement equation
is not well known. Furthermore, it is possible to achieve
control in the periodic direction and the chaos direction
using one system. As such, the invention can be used to more
systematically control the dynamics including the chaos
phenomenon.

Although the preferred embodiments of the present inven-
tion have been disclosed for illustrative purposes, those
skilled in the art will appreciate that various modifications,
additions and substitutions are possible, without departing
from the scope and spirit of the invention as described in the
accompanying claims.
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What is claimed is:
1. A feedback control method comprising:

adaptively tracking a control parameter by analyzing a
non-linear system output; and

varying at least one of a system parameter and a state
variable of the non-linear system in accordance with
the control parameter using a return map feedback
control method, where a return map is formed by the
return map control method when a local maximum
point is within a control window.

2. A feedback control method comprising:

adaptively tracking a control parameter based on a non-
linear system output by obtaining an immediate maxi-
mum value and or an immediate minimum value of a
predetermined state variable, analyzing the number of
the immediate maximum value and the immediate
minimum value and the distribution of the same, and
analyzing the system answer; and

varying at least one of a system parameter and state
variable of the non-linear system in accordance with
the control parameter.

3. A feedback control method comprising:

adaptively tracking a control parameter based on a non-
linear system output by determining a periodic direc-
tion with respect to the control parameter by analyzing
time serial data which is obtained in accordance with
feedback control when controlling a periodic orbit, and

controlling the control parameter in a direction that con-
verges toward zero by analyzing an average of a
feedback perturbation and a reference deviation in real
time; and

varying at least one of a system parameter and a state
variable of the non-linear system in accordance with
the control parameter
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wherein a point of the periodic orbit is adjusted to become
the average of the feedback perturbation which is
analyzed in real time, and is adjusted to minimize the
reference deviation of the feedback perturbation which
is analyzed in real time.

4. A feedback control method comprising:

adaptively tracking a control parameter by analyzing a
chaos system output; and

varying at least one of a system parameter and a state
variable of the chaos system in accordance with the
control parameter,

wherein the varying step includes varying the system
parameter and the state variable of the chaos system in
accordance with the control parameter.

5. A feedback control method comprising:

adaptively tracking a control parameter by analyzing a
non-linear system output; and

varying a system parameter and a state variable of the
non-linear system in accordance with the control
parameter.

6. A feedback control method for a non-linear system,
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determining a control parameter for the non-linear system
based on a bifurcation characteristic of an output from
the non-linear system, the bifurcation characteristic
comprising a system parameter and a state variable;

generating feedback based on the control parameters; and

adjusting the system parameter and state variable based
on the feedback.



