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Chaotic circuits have been widely used in the teaching of nonlinear dynamics disciplines, where
a common practice is pedagogically based on the circuit point of view. Chua’s circuit is the
most popular platform for the demonstration of its components with rich dynamical patterns.
However, engineering students majoring in control systems are more familiar with feedback
systems rather than physical electronics with nonlinear components. This may lead to some
difficulty in understanding the nonlinear properties of Chua’s circuit, at least on first sight. This
paper provides an alternative approach to teaching and learning chaotic oscillators by using the
inherent understanding of feedback systems with simple modules at the undergraduate level.
Utilizing the idea of chaotification, which means to make a nonchaotic module chaotic, the
modules consist of only four blocks yet can generate more than thirty types of chaotic patterns
via their various combinations. Conceptually, the blocks can be assembled as various mixed-mode
chaotic circuits. Functionally, the blocks are easy-to-use in a Simulink-like fashion. Structurally,
they are a LEGO-like educational kit. With low-cost implementation employing a few op-amps
for each block, the newly proposed modules are simple, self-instructional and suitable for teaching

and training students in school laboratories and in experimental environments.

Keywords: LEGO; Simulink; education; chaotic oscillator; mixed-mode circuit.

1. Introduction

Exploiting chaos properties for applications in
sciences is an interesting research topic in engi-
neering community especially in various fields of
electrical engineering. In electronic systems, the
complex noise-like property is used to improve elec-
tromagnetic interference (EMI) in power convector
[Hong et al., 2010] and can be applied as testing
signals both for analog and mixed-mode circuits
[Ma et al., 2008; Addabbo et al., 2010]. In con-
trol engineering, the generated chaotic signal is uti-
lized in path planning for mobile robots [Sooraksa &
Klomkarn, 2010], enhancing the motion capability

of walking micro-robots [Buscarino et al., 2007], and
increasing efficiency of industrial liquid mixing pro-
cesses [Zhang & Chen, 2007].

In computer and information engineering, the
rich variety of dynamical behaviors can be served
as a random source of cryptography [Yalcin et al.,
2004], and be exploited for a pattern generator in
chaos computing [Ditto et al., 2008]. In communi-
cation engineering, synchronized property is a great
source producing potential applications for radar
[Liu et al., 2007] and secure communication [Tam
et al., 2006].

As far as the above applications are concerned,
the study of chaotic dynamics for the undergraduate
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majoring in electrical engineering has become
important and is a powerful tool to transform fun-
damental knowledge into chaotic products for cre-
ative economy. A question is how to give lecture and
set up a laboratory experiment such that a concept
of design and construction chaos is clear, concise,
and coherent with engineering nature. Starting from
the engineering point of view, the design and con-
struction of chaotic circuit as major building tool
boxes for the applications are practical in order to
introduce the student to understand chaotic dynam-
ics and related behaviors. In [Tam et al., 2006], a
chaotic oscillator for education purpose is presented
by introducing the third-order autonomous chaotic
oscillator modified from a formal sinusoidal oscilla-
tor. Although the circuit contains a few elements,
easy-to-build and simple-for-measurement, it only
exhibits a single scroll attractor. To obtain a vari-
ety of chaotic dynamical behaviors, the well-known
Chua’s circuit is an excellent example, it is a useful
education tool for high school students to learn and
play creating fascinating music and amazing arts
from the chaotic attractor [Bilotta et al., 2010]. For
a computer based laboratory setup at undergrad-
uate student level, PC Chua [Torres et al., 2005]
that demonstrates control and synchronization by
a personal computer, is proposed. For an inten-
sive study and implementation, the practical guide
to construct Chua’s circuit in Field Programmable
Analog Array: FPAA, presenting mix-mode chaos
and guiding to laboratory setup, can be found in
the monograph [Kili¢, 2010].

However, Chua’s circuit concept lies on a cir-
cuit based design. The circuit consists of a nonlin-
ear negative resistor and passive components such
as resistors, capacitors and requires one inductor.
For a student, when conducting a hands-on labo-
ratory experiment, starting with the circuit is easy
when constructing but may be difficult in re-scaling
frequency. In addition, for those who are beginners,
the circuit does not easily realize a suitable induc-
tor without prior knowledge of an equivalent gyra-
tor. Trying to understand behaviors of a nonlinear
element in the circuit without a background in phys-
ical electronics or electromagnetics may be a bit of
a challenge.

In fact, the students are already familiar with
the second-order linear system in fundamental engi-
neering courses such as differential equation, signal
and systems, automatic control or feedback con-
trol. Embracing the concept of the second-order
one, and extending by adding one more integrator

to the system, a chaotic system can be achieved by
applying the Poincare Bendixson theorem [Hirsh &
Smale, 1974]. The theorem states a necessary con-
dition for an n-dimensional continuous vector field
to be chaotic; to obtain such a system, n must be
greater or equal to 3. Adopting this concept, the
construction of a chaotic circuit in the laboratory
becomes simple when a lecturer starts teaching with
a background concept of the second-order system,
and then extending to the third-order nonlinear
system with Poincare Bendixson theorem. In other
words, a chaotic system can be obtained by chao-
tification transforming the second-order ordinary
system to be the third-order chaotic system with
a feedback loop [Tang & Zhong, 2003]. To visual-
ize the chaotic dynamical behaviors throughout the
chaotification process, before carrying out an exper-
iment, students are encouraged to use graphical
software such as MATLAB/Simulink [Chaturvedi,
2010] to simulate chaotic systems.

This paper presents an alternative approach to
enhance the effectiveness of laboratory pedagogy by
using chaotification approach instead of introduc-
ing Chua’s circuits to undergraduate students for
the construction and understanding of chaotic phe-
nomena. To achieve this objective, the functional
level electronic design as module based chaotic cir-
cuit introduced in [Yu et al., 2007] is adopted. In [Yu
et al., 2007], the module provides three-scroll and
butterfly attractor scrolls. Unlike [Yu et al., 2007],
instead of using multiplier device in nonlinear mod-
ules, we adapt the module by using simple nonlinear
devices designed as Simulink-like function blocks
with only four simple blocks and three external
sources. Structurally the four blocks have a LEGO-
like structure consisting of a core module possess-
ing the property of the second-order linear system,
an auxiliary module having an extended integrator
and two nonlinear modules. Possible combination
of selecting elements out of the four provides four
main chaotic models and various chaotic mixed-
mode attractors ranging from a single scroll to com-
plex scroll chaotic attractors. Apparently more than
30 chaotic patterns are obtained.

This paper is organized as follows. In Sec. 2,
three autonomous chaotic systems and two nonau-
tonomous chaotic systems used in the experiment
are reviewed. Providing both pulse and sine drives
for the nonautonomous system in this paper can be
considered as some extension of the past research
illustration of module-based chaotic circuits design.
In other words, the multiscroll patterns generated
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by a sine wave drive is fulfils the gap of miss-
ing members in the collection of complete mod-
ules. This point alone is one of the contributions
by the authors besides creating the new educa-
tional kit. Four main models derived from typical
forms of chaotic equations are also briefly illus-
trated. Some example of Simulink model and the
simulation results are provided as well. In Sec. 3,
the electronic circuits implemented in each mod-
ule are explained. A combination of utilizing the
modules from the models for generating a chaotic
attractor is demonstrated in Sec. 4, while the
results are shown in Sec. 5. Section 6 concludes the

paper.

2. System Models

In this section, a brief review of four typical chaotic
forms called system equations or system models is
presented as a basic guideline for the study. A fam-
ily of chaotic signals can be easily generated by
varying the parameters of the model and combin-
ing them. From system perspective, each model can
be viewed as a block library containing designed
parameters. The main models are presented as
follows.

2.1. Model I: The third-order
autonomous chaotic system I

In order to construct a third-order circuit with non-
linear feedback concept for laboratory experiment,
a family of simple chaotic circuits can be written
in a single third-order ordinary differential equa-
tion called “jerk equation,” introduced by Sprott
[2000]. The families of the simple Sprott’s circuit
using a few operational amplifiers (OAs) and simple
nonlinear elements, provided single or double-scroll
attractors, are easy to construct. To realize a sim-
ple Sprott’s circuit, [Elwakil & Kennedy, 2001]
shows that integrator summer architecture with the
signum function as a nonlinear feedback can be real-
ized to generate double scroll-like chaotic attrac-
tors. To increase the number of scroll attractors
from the jerk architecture, generating a grid scroll
chaotic attractor using hard limit series as nonlin-
earity was suggested by [Yalcin et al., 2002]. For
another implementation to increase the complexity
of the attractor, YU and others [Yu et al., 2005]
proposed a nonlinear modulating function to gen-
erate n-scroll attractors. However, generating dou-
ble scroll and complex scroll from the general jerk

or the modified general jerk circuit as appeared
in [Elwakil & Kennedy, 2001; Yalcin et al., 2002
using the relatively expensive current conveyor were
exploited. And in [Yu et al., 2005], the coefficients
of the linear circuit require on adjustment of pre-
cision, not being easy to realize in the laboratory
experiment at an undergraduate level.

In this paper, we simplify the construction of
the third-order autonomous chaotic system which
can obtain a wide range of chaotic signals from a
single scroll to complex scrolls by only jumping the
connectors and adding an external driving function
in the laboratory test bed. The proposed model,
Model 1, is specified as follows:

z 01 o|[z yp(t)
vy =|-1 a 1| ly| + 0 (1)
4 0 0 —-1{L= f(x) + z,(t)

where f(z) = a nonlinear function, a is the rate of
divergence of an unstable system, and z,(t), y,(t)
are optional external driving pulse functions.

The system equation (1) consists of the third-
order linear system, a nonlinear element and driv-
ing pulses. In linear system, states = and y are the
second-order unstable subsystems. Adding the state
as a hyperplane, the third-order nonlinear dynami-
cal system in (1) is dissipative, and has a negative
eigenvalue and a pair of complex conjugates with
positive real part. The equilibrium point (0,0, 0) is
an index-2 spiral-saddle point. Since the system is
unstable on the z—y plane, the trajectory scrolls are
away from the equilibrium point. To fold the tra-
jectories, nonlinear elements in Egs. (2a)—(2d) can
be employed. In Model I, the Heaviside function in
Eq. (2a) is applied to obtain a single scroll, while
the signum function in Eq. (2b) and the hysteresis
function in Eq. (2c) are enforced to generate double
scrolls. To assign single or double scroll, the satu-
rating function in Eq. (2d) can be used for generat-
ing chaotic signals by threshold control [Lii et al.,
2008]. The method is as simple as adjusting the gain
of the amplifier in the system. To generate multi-
scroll attractors, the staircase function in Eqgs. (2e;)
and (2eq) together with external driving pulse func-
tions x,(t) and y,(t) are used to alter the equilib-
rium of the system. All nonlinear functions used
herein are summarized as:

1 >0
H(a:):{

2a
0 <0 (22)
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where L = |z/k|, k is amplifier gain,
f(z) = 2{sgn(z + v1) + sgn(z — v1)} (2€1)
f(z) = {sgn(z) + sgn(z + vi)sgn(z —v1)}  (2e2)

and v; is the reference voltage associated with the
creation of the new equilibrium. In order to explain
the relative structure between Simulink models and
the module based chaotic oscillators, Fig. 1 gives
an example of Simulink model for the simulation
of Model 1. Based on our experiences, the students
can use the nonlinear function in Eq. (2e;) with
the external driving signal to generate a 6-scroll
chaotic attractor. We encourage the reader to sim-
ulate and figure out the parameters to obtain such
a system as a good exercise. Note that, in the sim-
ulation model, integrator, amplifier and summing
building blocks are provided and some of the nonlin-
ear functions such as the signum and the saturation
building blocks can be selected from the math oper-
ation and discontinuity block library of Simulink.

Simulink model of the third-order autonomous chaotic system I, Model I, with the staircase function using Eq. (2e1).

The Heaviside and the hysteresis functions can be
setup from the relay block diagram.

In Fig. 1, the nonlinear equation (2e;) is repre-
sented by summing output Relays 1 and 2 in which
parameter setup is shown in Table 1, the ampli-
tude and frequency of y,(t) is =1 and 0.2rad/s, the
simulation result of the Simulink model is depicted
in Fig. 2(c). To illustrate more effects on selecting
the nonlinear functions, Figs. 2(a) and 2(b) show
simulation results of system equation (1) with the
Heaviside and the signum function, respectively. As
can be seen from the figures, choices of nonlinear-
ity alter the equilibrium and folding patterns of the
trajectories. All simulations set parameter a repre-
senting the rate of divergence of an unstable system
equal to 0.085.

2.2. Model II: The third-order
autonomous chaotic system I1

In the previous subsection, we investigate that using
the signum function in Model I, the state space of

Table 1. Setup parameter for relays of the Simulink model
in Fig. 1.
SW SW Oo/P o/P
Relay On Point  Off Point When On ~ When Off
1 2 2 4 0
1 2 2 4 0

Note that O/P stands for outputs.
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Fig. 2. Simulink simulation results of Model I: (a) with the Heaviside function, (b) with the signum function, (c) with the

staircase function (2e;).

the system is divided into two subsystems by sep-
arating in parallel to the z-axis. Applying the out-
come by extending the one-dimensional z-axis onto
the two-dimensional x—z plane and using a simi-
lar approach, the third-order chaotic system of the
modified type can be expressed as

! 01 o0 [z Yp(t)
yv|i=1|[-1 a of [y| + |flz+2) (3)
2 0 0 —1f Lz Ha + 2)

where f(z + z) is a nonlinear function, y,(t) is an
optional external driving pulsed signal. To gener-
ate double scrolls, we set f(x + 2) as the signum

function of Eq. (2b). In similar manner, the multi-
scroll chaotic attractors can be obtained by using

flz+2) =2{sgn(z + z 4+ v1) + sgn(z + z — v1)}
(4a)
fz+2)= %{sgn(a: +2) +sgn(x + z+v1)

x sgn(z + z —v1)}. (4b)

The staircase functions in Egs. (4a) and (4b)
are modified from the staircase functions in
Egs. (2e1) and (2e2) with scaling factor 1/2.

Note that the eigenvalves of Model II posses
the same property as those of Model I, except the
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Fig. 3. Simulink model of the third-order autonomous chaotic system II, Model II, with the staircase function (4a).

system has coupled the state z by feeding it back
to the nonlinear function. In simulation, Simulink
model of Model II employing the nonlinear func-
tion (4b) with the external driving signal y,(t) =
+0.5 is illustrated in Fig. 3. The summing of sig-
nal outputs of Relays 1-3 with scaling 1/2 are
obtained corresponding to the nonlinear function in
Eq. (4b). Setup parameters for the relays are shown
in Table 2.

An 8-scroll chaotic attractor obtained from the
system in Fig. 3 is shown in Fig. 4(b). A simpli-
fied version of the nonlinear function as the signum
function f(z + z) can be shown by the double-scroll
pattern in Fig. 4(a).

2.3. Model III: The second-order
autonomous chaotic system

To demonstrate a simple chaotic oscillator, the
second-order autonomous chaotic system is

Table 2. Setup parameter for relays of the Simulink
model in Fig. 3.
SW SW o/P o/pP
Relay On Point Off Point When On  When Off
1 0 0 1 -1
2 2 2 2 0
3 -2 -2 0 -2

exploited and the state equation can be described as:

R [ A

where hys(z) is the hysteresis function and a is
the rate of divergence of an unstable system which
equals to 0.085.

This system is proposed in [Cook, 1985] and
has a simple structure. A detailed study of chaotic
behaviors corresponding to Model III is presented
in [Moreno et al., 2001]. The model consists of an
unstable second-order linear system with a hystere-
sis feedback. This linear system has complex con-
jugate eigenvalues on the right-half plane (RHP)
with two unstable focuses on the z—y plane pro-
viding a stretch mechanism for the dynamic tra-
jectory. The hysteresis element can be used as a
switch or folding mechanism to excite the trajectory
to another unstable plane. Since the model is obvi-
ously a simple system, computer simulation is not
provided in this subsection. The readers are referred
to [Cook, 1985; Moreno et al., 2001] for more infor-
mation. However, experimental results correspond-
ing to Model III are given in Sec. 4. It is worth
noting that, during a laboratory class, the lecturer
may mention about the hardware realization corre-
sponding to this model which may be simple as a
flip-flop with two comparators forming a memory.
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(a)

Fig. 4. Simulation results of Model II: (a) with the signum function, (b) with the staircase function (4b).

2.4. Model 1V: The nonautonomous
chaotic oscillator

In the previous subsections, all models are auton-
omous types. This subsection presents Model IV
which is a nonautonomous chaotic oscillator. To
generate a chaotic attractor from a nonautonomous
system, the system consists of the second-order lin-
ear circuit and a nonlinear element in the feed-
back loop is driven by time-varying sinusoidal signal
[Mykolaitis et al., 2000]. The system is realized by
a comparator as the signum function [Mykolaitis
et al., 2000] implying the potential application in
secure communication [Milioua et al., 2007]. A dif-
ferent approach in realizing the system can be
achieved by exploiting a saturating amplifier as
a threshold controller for the nonlinear element
[Mohamed et al., 2010].

To model the module based chaotic oscillator,
the nonautonomous chaotic oscillator system is con-
structed by using the equation:

!
-1 Bl i) @
Y -1 —afly fs(wt)
where f,(t) can be selected as sinusoidal or periodic
pulse driving signals with angular velocity w.

The system equation (6) consists of the second-
order stable linear system with a sign function
in the feedback loop driven by the sinusoidal
signal. The system can generate a double-scroll
chaotic attractor. We can also modify the sys-
tem to obtained multiscrolls by using the nonlinear
function as described in Eqs. (2e1) and (2e2).

(b)

In [Ozoguz & Elwakil, 2004], the sinusoidal
force is replaced by pulse excitation and can be
proved that strange attractors exist in the system.
This can be done by adding the sign for a nonlinear
transconductor. The nonautonomous chaotic sys-
tem illustrated in Eq. (6) is a dissipative system and
can be analyzed as the fourth-order autonomous
chaotic system by transforming the sinusoidal and
pulse forcing functions into a second-order system.

To demonstrate some simulation examples,
Simulink model of Model IV with sinusoidal
driving signal that exploit the nonlinear function in
Eq. (2e2) having parameters as in Table 1 is shown

1 5] 1

s s
Integrator2 Integrator1

o+ o+

Sine Wave

Tl

Relay 1

=

Relay 2

A e

Relay 3

+

Fig. 5. Simulink model of the nonautonomous chaotic sys-
tem, Model III, with the staircase function using Eq. (2e2).
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Fig. 6. Simulation results of the nonautonomous chaotic system, Model IV: (a) with the signum function driven by sinusoidal
signal, (b) with the staircase function (4b) driven by sinusoidal signal, (c) with the Heaviside function driven by pulse signal.

in Fig. 5, where the simulation result is shown in
Fig. 6(b). The damping coefficient of second-order
system is —0.025 and the amplitude and frequency
of the sinusoidal wave are 1 and 1.1rad/s, respec-
tively. For the case of using the signum function as
the nonlinear element with sinusoidal driving signal,
a double-scroll attractor in Fig. 6(a) is obtained.
Figure 6(c) shows the use of the Heaviside function
and pulse driving signal with setup amplitude and
frequency equal to £0.5,0.2 rad /s, respectively. We
will see later that the simulation results obtained
in this section agreed with experimental results by
using the modules in the next section.

3. Circuit Modules

Instead of starting from circuits to systems, our
approach in this section is for a top down designed
educational material — from systems to circuits.
According to Gestalt psychology [Gray, 2010], we
realize that the learning perception is best under-
stood as an organized whole pattern rather than
as separate parts. In this section, we describe how
to design and construct circuit modules based on
the guideline of the system models in the previous
section.

From Simulink diagrams, the main block dia-
grams in Figs. 1-3 are the second-order linear
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Fig. 7. Experiment modules: (a) Module A: The two-integrator loop module, (b) Module B: The extended integrator module,
(¢) Module C: The programmable nonlinear function module, (d) Module D: The staircase function module.
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system consisting of two integrators and feedback
coefficient amplifiers. For an autonomous chaotic
system in Figs. 1 and 2, the third integrator is used
to extract the third-order linear system. For each
simulation in the previous section, the nonlinear
block is assigned by using Eqgs. (2a)—(2d) to obtain
a single scroll or double scroll. Similarly, Eqgs. (2e;),
(2e2), (4a) and (4b) are assigned to obtain a multi-
scroll chaotic attractor.

Therefore in the experimental setup, the four
modules of circuits depicted in Fig. 7 are imple-
mented to accomplish the construction of all pro-
posed models in the previous section. These four
modules are described in the following.

3.1. Module A: The two-integrator
loop module

This main module, Module A, is depicted in
Fig. 7(a) used for assigning the states z and y of
the linear systems in Eqs. (1), (3), (5) and (6). The
second-order system is the main part of the linear
system for Models III and IV and is a subsystem
used for connecting with the state z in the linear
part of Models I and II. This circuit module consists
of an inverting integrator OA;, an inverting ampli-
fier OAs and a summing inverting integrator OAg.
It is a closed-loop second-order system, where the
states ¢ and y are outputs of OA; and OA3. And
the output of state x is a feedback input of itself. In
order to assign the complex conjugate poles moving
between the LHP and the RHP, the coefficients of
the output of the state y can be selected by using an
analog multiplexer. The negative and positive coef-
ficients are defined as R f; and R f; respectively. The
time constant of an integrator setting frequency of
the chaotic oscillator is 1/R,C'. To connect the main
module with another module, the input terminals A
and B selected by an analog multiplexer can be used
to connect with the linear function in Module B.
Pins f(z) and f(z+ 2) are used for connecting with
the nonlinear function in Module C.

3.2. Module B: The extended
integrator module

This module is shown in Fig. 7(b). The module con-
sists of a lossy integrator and a summing amplifier.
The integrator is implemented by OAs and a resis-
tor R, and a capacitor C used for the extension of
a second-order module to a third-order linear sys-
tem. The summing amplifier OAg is designed for a

mixed-mode operation by adding a signal from the
nonlinear device and the driving signal generator.

3.3. Module C: The programmable
nonlinear function module

In this module, OA3 shown in Fig. 7(c) is assigned
as a nonlinear function. To activate the Heaviside,
the sign, the saturate and the hysteresis functions,
this can be done by setting switches 2a—2c to select
the feedback resistor and the output voltage of
the OA. The operational functions of switches are
shown in Table 3.

Because voltage bias of OA is in the range of
+15V, and the saturation output is in the opera-
tional range of +13.5V; therefore, suitable diodes
D1-D4 are identified as 1N914 which can be used
to limit the voltage of the nonlinear function and to
scale the behavior of the chaotic signals.

3.4. Module D: The staircase
function module

The module is depicted in Fig. 7(d). Module D
consists of operational amplifiers: OAg—OA;; which
are realized as nonlinear functions described by
Egs. (2e1), (2e2), (4a) and (4b) to set the equilib-
riums of chaotic systems of Models I, II and IV.
Detail configuration for composing the circuit mod-
ules to be a system model via interconnection is
shown in Sec. 4. To make a module functional as
Egs. (2e;) and (4a) or as Egs. (2e2) and (4b), this
can be done by setting analog multiplexers S3,—S3.
to connect with resistors R, and R}, accordingly.
For all functional modules, an operational ampli-
fier LF 351 is supplied with +15V supply voltage.
The analog multiplexer in use is an IC CD4052 hav-
ing two inputs multiplexed with the £12V supply
voltage functioning as an automatic switch. The
switch enables the student to select the desired
input as can be seen from the output later in the
next section that the three- or four-chaotic scrolls
can be obtained accordingly.

Table 3. Parameter configuration of switches
for activation of selected function.

Function S2a Sap Sac
Heaviside Off Off Off
Signum On Off Off
Saturate On Off On
Hysteresis On Off Off
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Note that circuit components used throughout
this paper are: R, = 10k2, Ry =20k2, R. = 50kS2,
R4 =1.5kQ, Rpy = 50k, and C' = 3nF.

4. Modules to Models

In previous sections, we first presented a whole pic-
ture of the chaotic systems as models in Sec. 2 and
then described separated elements of the designed
circuits as the block modules in Sec. 3. For logi-
cal presentation throughout this paper, we apply
the reasoning structure in dynamic programming
using the Bellman’s optimality principle [Lewis &
Syrmos, 1995] to achieve optimal learning. The key
idea suggests that after working backward from the
goal to the initial point as the top-down approach,
we then work forward from the initial point to com-
plete the goal as the bottom up approach. Analogi-
cally, adopting the Gestalt’s learning concept [Gray,
2010], the top down pedagogy is proposed in the
transition from Secs. 2 and 3. The transition from
Secs. 3 and 4 can be considered as the bottom up
learning process in dynamic programming establish-
ing a progressive learning for students.

To benefit from psychological learning theory,
this section has adopted the “learning-by-doing”
concept in the progressive learning theory founded
by John Dewey [1938]. Knowing properties of each
block modules from Sec. 3, this section presents
how the circuit Modules A-D based on chaotic
oscillators can be composed to construct the system
Models I-IV spanning from autonomous chaotic

4
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Module B

P

f(x)

/(x)

Module C or D

z B oo

1479

system, nonautonomous chaotic system to mixed
mode chaotic ones. The known property of each
block is a self-instruction in the sense of LEGO-like
style. The combination is dependent on the designer
where the choices are free to be chosen. For exam-
ple, some selected six chaotic system models can be
established by using the four circuit block modules.
The demonstration is performed as follows.

4.1. Experimental set up for
Model 1

To set up the third-order autonomous chaotic sys-
tem, Model I, the two-integrator loop module or the
main module or Module A and the extended inte-
grator module or Module B are used to compose the
assigned system. For a nonlinear version, the model
can be achieved by combining the third-order lin-
ear system with a programmable nonlinear function
or Module C. Output choices to be single or dou-
ble scrolls are dependent on the assigned function
which can be the Heaviside, the signum, the sat-
urate or the hysteresis functions. The connection
diagram and the block layout of this experimen-
tal set-up are shown in Fig. 8. Here, for the main
module, the analog multiplexer is set to position A
in order to operate in unstable mode. The connec-
tion diagram shows that output of the main module
is connected to the input x of the nonlinear mod-
ule. And the output z of the extended integrator
module is connected to input A of the main mod-
ule. Finally, the programmable nonlinear function

_I'L,‘l;,ﬁ)

| :
+ =
5

Fig. 8. Experimental set up for Model 1.
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module output is connected to input f(z) of the
extended integrator module.

To set up the multiscroll attractor, the stair
case function module, Module D, is used as a nonlin-
ear function instead of selecting the programmable
nonlinear function, Module C. In this experiment,
the complexity of the chaotic attractor can be
increased by applying the external driving pulse sig-
nal with amplitude +2 to the inputs zp(t) and y,(t)
of the extended integrator and the main module to
extend more scrolls in the x and y axes, respectively.

4.2. Ezxperimental set up for
Model IT

In the experiment of the third-order autonomous
chaotic system in Model II, all modules are used
to compose the required system as shown in Fig. 9.
To exhibit a double-scroll attractor, an analog mul-
tiplexer in the main module (Module A) is set to
position A and the programmable nonlinear func-
tion (Module C) is set to be the signum function.
In order to set up a multiscroll chaotic oscillator,
the stair case function module (Module D) is used
as a nonlinear function to obtain 3 or 4 scrolls. The
connection diagram of this experiment is shown in
Fig. 9, according which, the output of the staircase
function module (or the programmable nonlinear
module) is connected to the input f(z + z) of the
main module and the extended integrator module
(Module B). In this operational configuration, the
system can increase scrolls in the y axis by driving

Soxd) o xl)

}o
+ :
1x)+ft1)

Module B

the pulse signals with magnitude -1V at the input
yp(t) of the main module.

4.3. Experimental set up for
Model 11T

In this configuration, the main module (Module A)
and the programmable nonlinear function module
(Module C) are used for setting up the experi-
ment. The experimental configuration is illustrated
in Fig. 10. In the figure, the analog switch in the
main module is set to position A for exhibiting an
unstable second-order linear system and the pro-
grammable nonlinear function module is assigned
for the hysteresis function.

4.4. Ezxperimental set up for
Model IV

In this experiment, the set up for the nonau-
tonomous chaotic oscillator can be divided into
two schemes. The first scheme shown in Fig. 11,
a nonautonomous chaotic oscillator using pulse
excited with the Heaviside or the signum function
as a nonlinear function is set up by using the main
module and the programmable nonlinear function.
From the system equation of Model IV, a second or
a linear system is a stable system. To achieve this
mode, the analog multiplexer is set to position B.
The 1kHz square wave pulsed with amplitude +1V
is applied to excite an input (B) of the main
module.

flx+z)|

Module C or D

Fig. 9. Experimental set up for Model II.
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S(x)

Slx ) —0

Module C

Fig. 10. Experimental set up for Model III.

In the second scheme, a nonautonomous chaotic
system with a sinusoidal driver can be obtained.
The double scrolls can be achieved when using the
programmable nonlinear function module as the
signum function. Likewise, the system exhibits three
or four scrolls when using the staircase function
module.

The experimental set up configuration is the
same as the first scheme except the sinusoidal signal

y{e) o

(x)
f("') - —o

Module C or D

Fig. 11. Experimental set up for Model IV.

is applied to excite at input B of the main module.
And the staircase function module is used as a non-
linear function for the experimental set up to obtain
the 3- or 4-scroll chaotic oscillator.

4.5. Experimental set up for the
mized-mode chaotic oscillators

In this experiment, the module based chaotic sys-
tem can be set up to generate a mixed-mode chaotic
oscillator exhibiting behaviors in between Models I
and IV. In other words, the mix-mode model can
be generated by hybridizing or interconnecting the
main module, the extended integrator and the pro-
grammable nonlinear function modules. Alterna-
tively, the programmable nonlinear function mod-
ule can be interchanged with the stair case function
module. In the main module, analog multiplexers
Sia and Sj;, can be switched between inputs A or B
and between unstable or stable by controlling from
the external pulse signal driver at the terminal A/B.
Variation of the mixed-mode schemes are demon-
strated as follows.

In the first scheme, the mixed mode lies in
between an autonomous chaotic system in Model I
and a nonautonomous chaotic system with the driv-
ing pulse signal in Model IV. In this mode, the pro-
grammable nonlinear function module is set as the
Heaviside or the signum function. The scheme is
shown in Fig. 12. In the figure, the driving pulse
generator and the output of the nonlinear module
are connected to inputs f(t) and f(z), respectively.
Output of the extended integrator f(z)+ f(t), which
is added between the signal from the nonlinear mod-
ule and the driving pulse, is connected to termi-
nal B of the main module. And the output 2 of the
extended or the third-order integrator is connected
to terminal A of the main module. The switched
control signal applied to the control terminal A/B
has square pulses with £12V amplitude.

For the second mixed-mode scheme, the
autonomous chaotic system in Model I is mixed
with the mnonautonomous chaotic system in
Model IV and with the sinusoidal driving pulse sig-
nals using the signum function as a nonlinear ele-
ment. The configuration of this scheme is the same
as shown in Fig. 12 but the sinusoidal signal is
applied to the terminal f(t) of the extended inte-
grator instead.

The third mixed-mode scheme is multiscroll
chaos that occurs in between an autonomous
chaotic system in Model I and a nonautonomous
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system in Model IV by selecting the staircase non-
linear function used together with the main and the
extended integrator models.

4.6. Ezxperimental set up of the
pseudo 7-scroll chaotic
attractor

The last demonstration for the experimental set
up in this section is the pseudo 7-scroll chaotic

L v, ()
A [ R
Ax+3 17,\',(1) - - 1 z B :_.——j’\'— + 1 + 1 x
M s 1) . P 5 s A
+ +
fix+z) +

+
] ]_4
Sx) A,

Module B

Experimental set up for a mixed mode chaotic oscillator.

oscillator. To achieve this mode, Model I or Model 11
consisting of the main module, the extended inte-
grator and the staircase functions can be composed
together. The pseudo 7-scroll pattern is exhibited
by swapping back and forth between the 3-scroll
and 4-scroll modes, as the name implies. Due to the
limitation of the human eyes, the pattern seems to
be appear in seven scrolls by our visual memory illu-
sion. An analog multiplexer in the staircase module
is controlled by the external pulse signal generator.

Fig. 13. Experimental set up for the pseudo 7-scroll chaotic oscillator.

f(x+2)

Module D
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The amplitude and the frequency of switching pulse
in the mixed-mode and the pseudo 7-scroll exper-
iment set up are £12V and 200 Hz. The configu-
ration of this mode is exhibited in Fig. 13. Exper-
imental results from the module block topology in
this section will be presented in the next section.

5. Experimental Results

From the experimental set up in Sec. 4, var-
ious chaotic models can be obtained by using

the designed block modules. This section aims to
present experimental results in accordance with
some selected possible configurations of using block
modules presented in the last section.

5.1. Results from Model 1

To begin with, the third-order autonomous chaotic
system of Model I that provides a single-scroll or
double-scroll chaotic attractor can be obtained by
setting the programmable nonlinear function in a

(c)

Fig. 14.

(d)

Experimental results of the chaotic circuits of Model I: (a) using the Heaviside function, (b) using the signum

function, (c) using the hysteresis function, (d) using the saturate function gain k = 5.2, (e) using the saturate function gain
k = 7, (f) using the signum function with the 1V driving pulse at zp(t), (g) using the signum function with the +1V driving
pulse at yp(t). Note that, for all subfigures, we set z = 1V/div and y = 1V/div.
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(2)
Fig. 14. (Continued)

(b)

Fig. 15. Experimental results of the multiscroll chaotic circuits of Model I: (a) using the staircase function (2e;), (b) using
the staircase function (2ez), (c) using the staircase function (2e;) with the 2V driving pulse for xp(t), (d) using the staircase
function (2e;) with the £2V driving pulse for yp(t), (e) using the staircase function (2e;) with the +2V driving pulse for
both zp(t) and yp(t), (f) using the staircase function (2e;) with the £2V driving pulse for zp(t), (g) using the staircase
function (2e2) with the £2V driving pulse for y,(t), (h) using the staircase function (2e2) with the +2V driving pulse both
for zp(t), yp(t). Note that the axes of subfigures (a)—(e): z = 2V/div and y = 2V/div and for (f)-(h): z = 1V/div and
y =2V/div.
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(c) (d)
(e) ()

()
Fig. 15. (Continued)
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(e) ()

Fig. 16. Experimental results of the setup system Model II: (a) using the signum function, (b) using the signum function
with the 1V driving pulse for, (c) using the staircase function (2e;), (d) using the staircase function (2e;) with the 1V driving
pulse for, (e) using the staircase function (2e2), (f) using the staircase function (2e2) with 1V driving pulse for. Note that all
subfigures: z = 1V/div and y = 1V/div.
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Fig. 17. Experimental results of the system Model III. Note
that axes £ = 2V/div and y = 1 = 2V/div.

variety of choices as the Heaviside, the signum, the
hysteresis and the saturate functions having voltage
gains 5 and 7. The results of this experiment are
shown in Figs. 14(a)-14(e) respectively. The four-
scroll chaotic attractor is also shown in Figs. 14(f)
and 14(g) achieved by using the signum function
in system Model I with 2V driving external pulse
signals for x,(t) and y,(t).

By replacing the programmable nonlinear func-
tion in Model I with the staircase function, the
chaotic system can be obtained as a 3-scroll and
4-scroll attractor as shown in Figs. 15(a) and 15(b)
by applying voltage level at the terminal V. of
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the staircase function module. Figures 15(c), 15(d),
15(f) and 15(g) are the 6-scrolls and the 8-scrolls
generated from the system in Model I having the
nonlinear equations (2e;) and (2e3) by driving
external pulse signals to the terminals z,(t) or y,(t).
Figures 15(e)-15(h) are two-dimensional grid scrolls
which can be obtained by applying pulse signals to
both z,(t) and z,(t).

5.2. Results from Model 11

Figure 16(a) shows the result of the experimen-
tal set up corresponding to Fig. 9 for Model II,
which is a double- scroll chaotic attractor obtained
by using the signum function. In addition, exper-
imental results of the system Model II using the
staircase function is a 3- or 4-scroll chaotic attrac-
tor shown in Figs. 16(c) and 16(e). To increase
the number of scrolls of both systems in Model 11
using the signum and the staircase functions, mul-
tiscroll attractors are shown in Figs. 16(b), 16(d),
16(f), that are obtained as the extended forms
of double-, 3- and 4-scroll systems in Figs. 16(a),
16(c), 16(e) along the y-axis by injecting the exter-
nal pulse signal to the terminal y,(¢) in the main
module.

5.3. Results from Model 11T

Figure 17 shows the results of the chaotic oscillator
in system Model II1. Figures 18(a) and 18(b) show

(a)

Fig. 18.

(b)

Experimental results of the system Model IV: (a) using the Heaviside function with the driving pulse signal, (b) using

the signum function with the driving pulse signal, (c) using the signum function with the driving sinusoidal signal, (d) using
the staircase function (2e;) with the driving sinusoidal signal, (e) using the staircase function (2e3) with the driving sinusoidal

signal. Note that z = 2V /div and y = 2V /div.
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Fig. 18.

results of the experimental setup corresponding to
the nonautonomous chaotic oscillator excited by
the external pulse signal with the Heaviside or the
signum functions, respectively.

5.4. Results from Model IV

In Fig. 18(c), a double-scroll chaotic oscillator is
obtained from the nonautonomous chaotic system
using the signum function with the sinusoidal sig-
nal driving force. By using the staircase module
instead, 3- and 4-scrolls are obtained and shown in
Figs. 18(d) and 18(f).

(e)
(Continued)

5.5. Results of the mixed-mode
models

For a mixed-mode chaotic oscillator, results of the
experimental set up of Scheme 1 which is the third-
order autonomous chaotic system mixed with a
second-order nonautonomous chaotic system with
the pulse excitation using the Heaviside and the
signum functions as the nonlinear elements are
shown in Figs. 19(a) and 19(b), respectively. For the
mixed-mode Scheme 2 the nonautonomous chaotic
system Model IV is excited with the signum func-
tion by the sinusoidal signal, the results of the
experimental is shown in Fig. 19(c).
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Figures 19(d) and 19(e) are the 3 and 4-scroll
chaotic attractors obtained from the experimental
set up of the mixed mode Scheme 3, where the
staircase function and the external pulse driving
force are used to compose the main module. Finally

the pseudo 7-scroll chaotic pattern obtained from
toggling an analog multiplex switch in the nonlin-
ear module multiscroll chaotic system in Models I
and II is shown in Figs. 19(f) and 19(g). As can be
seen in the figures that the real 3-scroll and 4-scroll

(c)

(d)

Fig. 19. Experimental results of the mixed-mode chaotic circuit: (a) Scheme 1 using the Heaviside function (b) Scheme 1
using the signum function (¢) Scheme 2 (d) Scheme 3 using the staircase function (2e;) (e) Scheme 3 using the staircase
function (2eg) (f) The pseudo 7-scroll pattern using the staircase functions (2e1) and (2e2) (g) The pseudo 7-scroll pattern

using the staircase functions (4a) and (4b).
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Fig. 19.

patterns are visualized by adding to 7-scrolls. The
fast switching effect cannot be caught in a snapshot
even by an analog 200 Hz oscilloscope.

6. Conclusions

The objective of this work is to design and construct
a few block modules that can generate many chaotic
signals for engineering students at the undergradu-
ate level. The pedagogy and teaching strategy for
using these proposed tool kits are carried out by
considering students’ background in the second-
order dynamic system or a feedback system. Under
this assumption, the chaotification approach can
be alternatively introduced rather than using the
well-known Chua’s circuit for conducting the lab-
oratory experiment. For fruitful learning results,
students are first introduced to system models and

(Continued)

then the property is explored and philosophy of
the circuit modules designed and its topological
terminology.

Familiarizing with the circuit modules, the stu-
dents are then encouraged to experiment by com-
posing the modules corresponding to the various
system models for constructing various chaotic pat-
terns as simple as wire jumping to interconnecting
the subsystems. In this paper, more than 30 chaotic
patterns can be obtained from possible combina-
tion of only the four block modules. Each module
is cost-effective, so relatively inexpensive multipli-
ers are required and is easy-to-implement by using
only a few op-amps. Simulation results agree with
the experiment revealing the effectiveness of the
designed educational kit. The readers are encour-
aged to construct the kit by using the design guide-
line provided in this paper.
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