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The purpose of this paper is to present the first laboratory confirmation

of chaos as measured from Chua's circuit. Oscilloscope tracings of the chaotic

attractors associated with several piecewise-linear resistor characteristics

are consistent with those obtained recently by Matsumoto via computer
simulation.

Research sponsored by the Office of Naval Research Contract N00014-76-
C-0572 and Semiconductor Research Corporation SRC82-11-008.

ft

Guo-Qun Zhong was a visiting scholar at the University of California,
Berkeley. He is now with Guangzhou Research Institute of Electronic
Technology, Academia Sinica, Guangzhou, People's Republic of China.



1. Introduction

Recently chaos has been observed by computer simulation of a very simple

3rd order reciprocal autonomous circuit containing only one 2-terminal nonlinear

resistor [1]. However, a typical property of chaotic systems is that the solu

tion of the associated differential equations is very sensitive to initial

conditions [2]. Hence, due to truncation errors inherent in any computer simu

lation, this chaotic behavior must be interpreted with great care and caution

[3]. In order to confirm that the circuit is truly chaotic (i.e. the chaos is

free of numerical artifacts) it is highly desirable to build an accurate

laboratory model of this circuit and observe its behavior experimentally.

This letter presents two circuit realizations for demonstrating chaos from

Chua's circuit. The first realization uses 2 op amps and 6 resistors to realize

a specific v-i characteristic (Fig. 1(b)). At the cost of 2 additional resis

tors, circuit realization II allows other piecewise-linear characteristics with

any prescribed parameters to be synthesized. Using various combinations of cir

cuit parameters several chaotic attractors have been experimentally measured

from this circuit.

2. Circuit Realization I

Consider the circuit shown in Fig. 1(a) and the piecewise-linear v-i charac

teristic shown in Fig. 1(b). The 5.6 Q resistor is inserted in series with the

inductor to sense the current i, and has negligible effects on the measured
waveforms and chaotic attractors. The op amp circuit used to realize this non

linear resistor and its measured v-i characteristics are shown in Figs. 2(a)-(b).

Figures 3(a), (b) and (c) show the measured chaotic attractors in the (i, ,Vc,)-
plane, (iL,VC2)-plane and (Vc,-VC2)-plane, respectively. The measured signals

for Vc1, Vp« and i, along with their measured spectra are shown in Figs. 4(a)-
(b), (c)-(d) and (e)-(f), respectively. These measurements confirm that the

circuit in Fig. 1(a) with the nonlinear resistor realized by Fig. 2(a) is indeed

chaotic.

3. A More General Realization

In this section we present the design procedure for synthesizing a 5-segment

odd-symmetric v-i characteristic with any_ prescribed set of parameters nig, m-j,

m2J ^Bl anc* ^B2 as snown in Fl9* 5 using the circuit shown in Fig. 6. This
flexibility allows us to observe a large variety of chaotic attractors different

from that of Fig. 3.
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Design Procedure: Circuit Realization II

Given (mQ, m,, itu, E„-., EB2) choose any convenient m,, <0 such that
the following two inequalities are satisfied

m0-m1 Es 11>

v^u^ (2)
mrm2 Es l >

where E denotes the saturation voltage of the op amp. (We assume the positive

and negative saturation voltage of the op amp to be equal in magnitude. For

details and further generalization see [4].) The resistance values can then

be obtained using the following formulas:

Step 1

Choose any convenient R« > 0 and calculate

R - Es"EBl R
1 E 21 hBl C

R.j+R2
R4 =(mQ-m^Rg

\
R3 =(mQ^+m^JR^l

Step 2

Choose any convenient Rg > 0 and calculate

5 EB2 6

R - , VR6
"8 (nym^Rg

R8
R7 =^-m^jRg-l
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Remark

Conditions (1) and (2) must be satisfied to insure positive resistance
values.

As an example let us realize the v-i characteristic shown in Fig. 1(b)

using this procedure. For this characteristic we have mQ = 1, m, =- .5,
m2 =- .8, EB1 =7.5V and EB2 = 2.5V. Choosing a typical op amp (National/
8035 741 CN) with Es = 13V and m^ =- .6 we find

1+.5-.6 . 7.5
1+.5 13

and

-.5+.6 . 2.5
-.5+.8 13

Therefore, conditions (1) and (2) are satisfied. Calculating the resistance

values we obtain:

R1 =733 B, R2 =1 KB, R3 = 28.9 KB, R4 = 1.15 KB

R5 = 4.20 KB, R6 =1 KS2, R? = 23.6 KB, Rg = 17.3 KB

The measured v-i characteristic shown in Fig. 7 is virtually identical to that

shown in Fig. 1(b).
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Figure Captions

Fig. 1. (a) Chua's chaotic circuit, (b) v-i characteristic of the nonlinear

resistor in (a).

Fig. 2. (a) Op amp circuit realization I of the v-i characteristic in Fig. 1.
(b) Measured v-i characteristic of (a). Scale i : 2ma/div, v: 4v/div.

Fig. 3. (a) Chaotic attractor projected onto (i,,Vp, )-plane. Scale Vp, : 2v/div,

\i: tS?/d1v-
(b) Chaotic attractor projected onto (i, ,Vc2)-plane. Scale Vc2 :.5V/div,

vt^div-
(c) Chaotic attractor projected onto (Vp, ,VC2)-plane. Scale Vp, :2V/div,
Vc2: 2V/div.

Fig. 4. (a)-(b) Steady state waveform and spectrum for Vp,.

(c)-(d) Steady state waveform and spectrum for Vc2.
(e)-(f) Steady state waveform and spectrum for i,.

Fig. 5. General form of v-i characteristic to be realized.

Fig. 6. Op amp circuit realization II for the v-i characteristics of the form

shown in Fig. 5.

Fig. 7. Measured v-i characteristic using op amp circuit realization II.

Scale i : 2 ma/div, V : 4v/div.
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