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ABSTRACT

This thesis presents new dual chaotic attractors. The dual-mode chaotic system
comprises inductorless Chua’s circuit and a chaotified Wien bridge oscillator. The objective
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Auy x sdudumalaasuesiifign

vxeU :p(xt)eU for t>0
'ti”,] o(x,1) = A 2.1

2. dafsnainluliTuediuaniiszisuau (Sensitive dependence on the initial
conditions) 61l x Judumalaasvesinfign wae s Wuwaiwansinbsansusiuuds

36>0 VX(0)<s, €¢>0, Fyes:
X(0) - y(0)| < &, |x(t) - y(t)|>& 22
3. fafsgaluaiunsanenidulengesls (Indecomposebility) wiluslil attractor ¥nafiy
Endoussiy attractor fis1earueiing ¢
dmvauantAnddyiuansitmfegaidueaiu Ae aueudddlidedniudu Jade
WasuwlasAnsusulisstuiisandndes dumdaasiarlidnvasiianstulasdudady
annsadarmalilly e Lyapunov exponents Gauanadunisiaasues x e 1an t léde

Ix(t) =|x(0)e* (2.3)

Tos 24 10ue1 Lyapunov iflesanndifsgasadu Aetulufifione 3 98 Fedudoulyd
waninulanoA 1SRy YesaNnIsfl (2.2) A1 Lyapunov wasfirnisvainisiadeudily 3 N
(xy,2) wdvalanduuin 1 e ieuansfirmienisiuenaindu (stretch) VBUAULATVDIFININA
wazitelvishAsgrogluveuiun axdesiian Lyapunov 1uaunilaen ileuansnisiuidn (fold)
wawilen Lyapunov 18y 0 agwilsdn ileuanaiirnisvesnisivavesindege  viienanldii &
ﬁaﬁa@mﬁ@%ﬂu 3 fAuaziduoarunda &1 10y Lyapunov iuniige uay 4, 1Ouan
Lyapunov ﬁﬁaaﬁqm W&9AN Lyapunov 835vUUazuansA A, > A, =0> A, afidn (+,0,)

Ingluszuuniiveuwna A, + 4, + A, <0



2.3 2995994 Chua

1935 Chual7] WWulsasdiannsedind farunsaassdygruearuiilnuvainvaney
wnfign wavadalaine lneasasusznovgunsaiindudadu 4 f wazgunsalildidudududn
167

QVC1 oVCc?
R
IR I
> =
— 4 T, - — [

gih‘?i 2.2 9995 Chua

2993 Chua wandlagsguil 2.2 FeuszneulumegUnsaiiiludadu 4 @ feduiuuseq 2
1, St 1 67, FAEIUNILTAEY 1 0 wazsaumunbildudady 16 wansamnnuea
syuulanaaunsi (2.20)

Cl%=i(vc2 —ve,)- f(ve,)
dve 1 .
C, dt2 =E(VC1—VC2)+'L (2.20)
di
d—t3:—vc2

Tng

i, = f(vy) = vaR+%(Ga—Gb)ﬂvR+Bp‘—‘vR—Bp‘} (2.21)



= [ wa 2
ANAUNTTN (2.21) 1WUNTUARIAANURVDIAUATUNIUAULUY 3-segment (3-segment
odd-symmetric voltage-current characteristic) vasmmumuildidudadunse Chualalen

Tnefinnududu G,,G, uazqaussdu breakpoint 88l v, = —B, wag vp = B, laed

v-i characteristic ¥8¢ Chua lalen uannagun 2.6

I

gﬂﬁ 2.3 v-i characteristic 984 Chua lalan

aun1soYNUS (differential equation) wandluauns (2.20) sudussuu autonomous
dynamical system w3alifieansdqauduanaeuendigisuy ssuvanansanilndayayiod
AUAMANURTITUYA (natural dynamics) e R,L uae C,,C, w333 Chua danduuinain
ﬁ;@ﬁLLamﬁqwé’wuazam Fadnumuiilidudaduasianudiediadyao

Hlevhnswasusudsluvesaunisaniie (state equation) luaunis (2.20) Teglugud
1451515 (dimensionless)



K Kaly-x- 1(x)
dr
o k(x-y+2) (2.22)
dr
dz
e
dr 2
Tny
1
f(x) = bx+§(a—b)ﬂx+ﬂ—|x—ﬂ} (2.23)
L1 &
XEV01’yEVc2,ZEiLR
BP BP Bp
21e% 2 T \ Ok
a_cl’ﬂ_ L7\ g0, (2.24)
a=RG,,b=RG,

NFUT 2.4 Landfaeg19faf9galuy Chua (1) WUU scroll LABd (U) KUY scroll 4
NUTUATUATIMIANRAERSTEIUGS IAEMMUARAINITILNDTAI 9 MIUFIIU AIaznanIna
lngagiBenluuni 4



05y S

JU# 2.4 ffsgauluy Chua Ly 3 81 () wuu scroll e (¥) wuu scroll ¢

10
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4

2.4 faniladugunad Wein bridge

v v
[

Fatudndauanns Wein bridge WWuussindaiuilndygiudidnnseindiiadadyyin
ﬂﬁugﬂl%ﬁ (sine wave) frfindyeynas Wein bridge @1u150a3519538209A2708 7019310
Ima&hﬁwLﬁmﬁmmwmﬁugmasﬁéfmwummﬂ bridge circuit %qgﬂﬁwmima Max Karl Werner
Wien Tu a.a. 1891 dwisunisinrianudiumuniglu lngrsasusenausieaunsal fmuniu
I 4 F7 wazduNUUsEy U 2§ IiENsaas 198015 ve1eMeRIuUINTINAUIeas
NSOIMAUAILALANY (Bandpass filter) Tufiuasdounduiuuuin (Positive feedback)

29esTUaRsRsgUR 2.5 meshuruansnsldnussadaiameslnevhlunionnisniuaunis
Sudyanaleesaludlaeldvaonld nmeldSeulaiiia Ry = R, = R waz €, = C, = C Aud
vean1sduLyliRsannIs (2.7)

rt/ 7 oot 2.7)

Tnsfieulasndndygranaiesline

Rb

0% ey

Vn
\\\“\\\k Vout
A0(s)
¢ /
N

||
s T RS . AL
cz
' R e
21 =—1 RzCzS + 1
RiCis +1 2= —————
GND Cas

5UN 2.5 1asimiiulladayayias Wein bridge
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Ul 2.6 Max Karl Wermer Wien (A.f1. 1866 — 1938)[25]

2.5 AauzuusI5Y (Abstract Art)

ANUMLNEYBIANT Aauz (Arh) Anenanusd wuneds nsnsevimsenisudnieanle 9
fiAsnnTyed 1esnnuywdaninsann Ainsyt uenusy Jusuins $an dudauazasse
a¥e WPy sunsu ihlauasdudals fanisatieassananu Inauindumiuasany
PR ARG HEC PRFGTEETY 3%(5]’5U’iiﬁ]ﬂLLazﬂ’J’mﬁ%uL?UQMWﬂﬂdﬂyﬂﬂaﬁﬁlﬂ Aadziinannisnsgsi
Feuanseandensnannsensnsvinmeile 017 mstiy Msenm nsenvadn SwihliAnua
uildeuaansadiusfuiireiiiiiio milaiemsensldssmedauing 4 wazide sl
ndnvaliamy n1studes nisilous vienamuilddunuinisuazauin agnan1suses
mas MIwssninoiFesdunaznisudaunazasind Taoduiiugumshanudilateumng
Y04A191 Aavy sEndefnefugiseuseuIneinug

Aavzunasssy (Abstract Art) Wunismanmlunisdeansisnnumnedie 3 uavarowdu
iloassdndrunsoliiifudndru liflgusie sunvuidaaunazanes Tnefidadzuusssudy
ANULANANTENINANNTELTUNTETETTANIMNENTTIVD N TNUNIAURaUE Taeguln
Tudsing q azilavSeuvansenluegradiulada duivliidesnisdnwieinuinisidide fu3
wazidluniuw 9auszasdvosRatiufiainsassfnasy

Aaduriuusniifdfegnansmanimunusssaduniminaves Roboto Crippa Aaludnyvid
Gl %aﬁ%ﬁmag’lwﬁw a.f. 19211972 rfansanniwnadindeadsfudyaneauiddnvase
a’lﬂLﬁuiliﬁhﬂﬁ]WﬂLﬁ‘NVI’NmiIﬂf\]?Uaﬂﬁiyjiyj’lm@aiuﬁﬁiﬂiﬂf\]ﬁﬁauﬁ%ﬁﬂ@ﬁﬁa\i‘ﬂquLLaS’QJI\‘I%WJ"N
doviquiiu faguil 2.7
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;J‘U‘i?'i 2.7 fr9g13rauTe Clippa Jaaiw spirale 3aly A, 1951[2]

' '
a A a

F9RaUUNAFDLABINIINITIINAINLTIUINGTTY AD Mark George Tobey Aaludys1f
[ ; =
i

gﬂ‘ﬁ 2.8 §19819NaUYea Tobey Faamm Morning Glass 1alu a.e. 1975[2]

- = a v ¢ . . = & ° aa A %
unilnanifarssunssudivial (Literature Review) Failunisiiauenguiiieites
endnusivinu wu Jeudafge Ysgiiamuduuiuasieasvesves Chua wazdaniie
[ . . ) £ 1 @ ad o a Aav & o aa A [ a
doyayreu Wein bridge udu luundeldiduismsdniiumsidedadmguiiiiertesainuni 2
ilglunsaniiunsidy



uni 3

A5N1SANUUIIUIRY

3.1 MANNITOBNUUUKAZATINAEYEYIUDAIULUUEDILNUA
Tuanentinudinaueisnsasredygyrueaiuluvassantuy laglddiassdyaaeau
LUU Wien bridge[25] 5auiu299luailagld2993 Chual8] sUsznausegunsnivenednyin
Waoeiaindy
Naiﬁﬁ%auaﬁuﬂmﬂugﬂﬁ 3.1 Faflunundndiuiuvesusasiviuniie fasadyain Wien
bridge UsgnaulUprgaunsalasiedaeiol : Uy, was R,RoR5R4C,Cs tunsatiiuauLay
Toraueuuzifsafiuanunaniadoures Wien bridee Usznausiegunsaiairadyaalunis
AHUIY - Us Wag Rs,RsR7
AUN1TY09199585 198 ey U Wein bridge @a

dVy (Kog=1Vp Vy Vi

C
A R, R, R, (3.1)
dV,  (Kg=1V, Vs
) ke \Val
dt R, R,
o b el Lomrs Ao R,
Wenleulvvessyuunlilianosdmsu C, = C; uway Ko =R—+1
3
ansedlval (3.1) Tiduguuuy
{vzl_ 1 {KO—Z —}
Vol R,C|Kg-1 -
S PR (3.2)

Py P . . a PR v a aa
WATITUAIAT YYD IULUY Wein bridge Taedl @uni1sMneInudanassd @1u1se
= <3
WeulUu

V| 1 [Kp+Ki-2 - v,
Vy| RoC|Kg+Ky—1 —1]V3+K,Hys(v) (3.3)
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5UN 3.1 1995a379deysyad Wein bridge

[

Inga9959zdfmnnlndya ueulauuy Wein bridge @unisvaasgiivelausuuzingdny

Fawmesda anunsoswdu

T N et kg I v,
Vo| RC|Kg+Kyi=1 —1]Vs+K,Hys(v) (3.4)
R o Qo N\ oJ Ry ‘@
Ky =2t +1Aedhsnsunssasversuuulinduinauas K, ==+ aT1ms9818299598 184Uy
5 5

nauwaves U, Nanaemuaiau feidu hysteresis fiuandluguil 3.2 Avunseauanuduiives

poUuoud (op-amp) g vz AsTIRulduazgev* V- audEau 91n399stugun 3.5 A

° Rz &
i = o
)\/Sat ATUUA P Ry +R, YUTULIN

1 Y] a Y 1 R K R
Praunsaaulnidratuisaasuielaindu [#— L
R1+R2 R1+R2

au150A199ws e utnNd Iy VE=@-p- pKOVE wsasulndivndnvesisasdamesda A

1-K,
1+K,

v=Vs - plko +ky )V, T [27] Tnediteulavesiniilindygaeaiunadu p=



Hys(v)

V+

sat

+
Py

V+

sat

3‘1]17; 3.2 Baneivaieidu (The hysteresis function)

16

9T aueNuanslusuil 3.3 Ais 199583 19dyaIeaIuLUY Chua Ysenaulddae

guUNIlasdyI : U, wae Ri,R2R5RsCoCs MaMYBY : U; wag Ro,RyR.C; ALliunN1sai

@1%5U7995 Chua
19959¢LANII995989 Chua Inefiauniseanaludl

CMZ Vi

V2
A2
1 AT (V1)

CZ%:V_1+ L—i,v
dt R R, R

dVy (Ko =1V, Vs
C;—2= LA

dt R, R,
R
AV
R
- {F—— VW
C3 R
—I_J;. 2
= >‘
— R,
U,
L R, 2
- W
%RE

g‘dﬁ 3.3 2995 Chua laglgauueul (op-amp)
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I —RRl Y v I a 1
R = (R+R)) aﬂﬂm%‘ﬂ@ﬂﬂQWNWWUV}WUINL“lNLﬁua']ll'ﬁﬂLLa@I\‘]L‘TJu

h(V ):val‘*'%(Ga_Gb)qV1+Bp|_|V1_Bp|) (3.6)

= 1 _ 1 &, N a v Y o W
VlVL‘Wu Ga :_R_ ag Gp _R_ L‘U‘L!ﬁ!@maqﬂsﬂ@QU?L?QJ@WUIULL@%@WUU@ﬂ@]']lla']@‘ULLag
a b

R o 1 1% L i i = o a W
By = —2—Vy, tJugaininveLdulAsiuukentudiuiuanlugui 3.0 33 vy, 1Junseiududa

PR, +R,

yesoaUoud (op-amp)

Gb I," )

sal

= "1
> / ~ B P

JUN 3.4 Snvaganizrensdudaduvewiniuni

Lﬁaﬁna%ﬁagﬂﬁ 3.1 uag 3.2 auduazlaasas1dyyrueaiuluvassluun (Dual-
mode chaotic oscillator) adunsianilesld @3at S, wae S, Wneloadadnisiaud s, e
@ntnisvienuil S, I wasadiedyanas Chua vheu Tunsdeasuilaedeaindnisiiay
7 51 Yn,admdnisviaud S, 1n 2199585198 ey eu Wein bridge 1191
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. .
5U# 3.5 1asiiiladyaraeatuiuudedinig (Dual mode chaotic oscillator)
(A. 3993 Wein bridge 2. 39359849 Chua)

3.2 fanulindyyrnealunuus (Couple chaotic oscillator)
Tuinginustazisufiansanannaunisiuguresiniladyyiaeaiuiuud lagldies
Chua @99299% lpedaunisassaludl

X = a(y-x-f(x))+3,(x x)

y = xy-z+o,(y-y)

Z=-py+o,(z-2) (3.7)
X' = ay-x-f(x))+o, (x-x)

Y= XYz 4oy (yy)

1'=-py'+d,(z-z)

Inarviunen x(resp. y,2) Wildiudaiiladyameauwuugvinni was 8,(rep. 8y, 82) Ao

HAEN ALY

3.2.1 5%UU x-couple

n13s1aesiiiiunistalasluga9as Chua $1uau 2 2easlaen1sdige x 9912993 Chua
meteile Wazyiin1IN19i1en x; 91M2935 Chua MFuYLIINsIFeuses ufF UMY
Usualdiiovhmamaruangaufigaiivinliaees Chua faesdlasludld
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GND GND

gﬂﬁ 3.6 1933 x-couple MUUAAT Ry7 = 10 KQ

1NFUN 3.6 LAAINITNAGBINTINAT LAgAIRIaNNTAD

X = aly-x-f0))+o,(XX) X' = ay'-x"-F(x))+3, (x-x")
y=xy+z y'=x-y-z' (3.8)
i=-py 2'=-py’

W 8, =R, / Ry UIZUUNAIUAD

p = ag- ap- Sjap-20,P
4= p-g+r (3.9)
r=-pq

p -a-Si-20y o O1p
AR
i 0 -f 0llr

lagvinisinaedlaunisidlusinsudtaeaniunsaluuaeuiawes Inemvuaeiigunsal

A 9 ANAITIN 3.1



M13197 3.1 gUnsaliNldd1aed3933 x-couple

20

AMUAIUNIU (R)

fuuszq (C)

paUweut (op-amp)

R, = 2009
R, = 200Q
R; = 6.5k
R, = 3kQ

Rs = 4kQ

Ry = 1.4k
R, = 4kQ

Rg = 1850kQ
Ry = 200Q
Ry = 2009
R,y = 6.5k
Ry, = 3kQ
Rys = 0kQ
Ry, = 1.0kQ
Rys = 4kQ
Ry = 1850kQ

R17 = 10kQ

= 100nF
100nF
= 5nF
100nF
100nF
= 5nF

U, = LF351
U, = LF351
U; = LF351
U, = LF351
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18

o

3.7 1993 x-couple Nlglunis

U
Y

(a3 90 996A1)

&z = Y o 1Y £%4 - = " 1 ¥ o ¥ L% v
wnansiiluenansianulidmiumsldnuiions@nwiviniu lleugnlviluldusslovdaunisen

Lidnsdilag vivdu BnviamulilvanuUasion wazdesdndatadvedenalsnasainisiluly



Tneiinan1snaasanama Uil

n133AgA Vo), My) sibAAnn1selaslugiuy x-coupled

2.0v

1.6V

1.2V

0.8V |

0.4V

Viy)

22

31n3U7 3.8 nan1sdnaedlaenisidlusunsudiassaniunisal Wem Ry, = 10kQ lagyin

N33R V), V(x) vibiansaslasluguuug (Coupled synchronization)

3.5V

2.8V

24V

1.4V

0.7V

2.8V

2.1¥

sUT 3.8 nansnaaesaninga V), Viy) (1)

A4y 07V [ 0TV 14

24V

28V

3.5

31n3U7 3.9 nan13dnaedlasnisidlysunsudinesaniunisal Wem Ry, = 10kQ lagvin

3
L]

U

T T T T
“1av 0.7V oo 0.7V 1.4V

i

Vix)

3.9 HANTNARBINIAYA V(X),V(X) (2)

T
28V

3.5
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31NFUN 3.10 Han13naedlaenisldlsunsudiastaniunisal e Ry, = 10k lngvi
N13309a V(x1),V(y1) viliiannisgalastuguuy x-coupled

2,57, Viy)

2.0v

1.5V

0.5V

0.0v

v
1.5V

-2.0v-

V- T T T T T T
4.0V B &y -2AvV 1.6V 0.8V [ 0.8V 1.6Y 24V v 4.0¢ 4.8V

sUT 3.10 HanMaaesIn TR Vix1)y1) (1)

1N3UN 3.1 Han13dnaedlagnsldlusunsudiaesaniunisal Wiedn Ry, = 10k laevin
N33 V(x1),V(x1) vnlvinnistslastuduuug (Coupled synchronization)

My 4

v T T T T T T T T
4.0V X 24V A6V 0.8V 0.0v 0.8v 16V 24V v a.0v 4.8V
Vix1)

;J‘Uﬁ 3.11 wamswmammﬂi’mm V(x1),V(x1) (2)
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3.2.2 33UU y-couple
n1391ae9tidun1selasiudaaas Chua 91w 2 1995laeni5id19n v 9111395 Chua

Negeile kagyiin1sN1TUIgN v 3103935 Chua N9ANUYNLYIINISLEBURBNIUAIATUN U

USudnld ievihnsmaniimungaunianivifliies Chua saesddlasiudla

IR R i R
—l == ==  — ==

— C1I — C2 EL

- (2

AN
|
|
10y,
I
1l
7
|
lagg)

_l GND

gﬂﬁ 3.12 1933 y-couple MUUAAT Ry, = 10KQ

dl gj 1 5 U A
"U'WﬂEU‘Vl 3.12 WAMINITVINADINITHIAT INURIAIELNITAD

X = a(y-x-f(x)) X'= a(y-x-f(x))
y=xy+z+o,(y-y) Y =Xz 40, (xx") (3.10)
i=-py 2'=-py’
dlo 6, =R, I R, fiszuuiieiufe
p = og- ap- Sjap-20,P
g =p-g+r (3.11)
F=-pq
%39
0] [-e-si20, « O]p
I
0 -5 0llr

r
Ingyinisinasalaenisldlusunsudnassaniunisaluureuiiames lneivunafigunsel

B9 9 FIMITNIN 3.2



M13197 3.2 9UnsalNlddnaed3eas y-couple

25

AMUAIUNIU (R)

fuuszq (C)

paUweut (op-amp)

R, = 2009
R, = 200Q
R; = 6.5k
R, = 3kQ

Rs = 4kQ

Ry = 1.4k
R, = 4kQ

Rg = 1850kQ
Ry = 200Q
Ry = 2009
R,y = 6.5k
Ry, = 3kQ
Rys = 0kQ
Ry, = 1.0kQ
Rys = 4kQ
Ry = 1850kQ

R17 = 1OOQ

= 100nF
100nF
= 5nF
100nF
100nF
= 5nF

U, = LF351
U, = LF351
U; = LF351
U, = LF351
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RMGRN

o

3.13 2995 y-couple 7il4lun1s

SUN
U

(DU 90 89e1)

&z = Y o 1Y £%4 - = " 1 ¥ o ¥ L% v
wnansiiluenansianulidmiumsldnuiions@nwiviniu lleugnlviluldusslovdaunisen

Lidnsdilag vivdu BnviamulilvanuUasion wazdesdndatadvedenalsnasainisiluly
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31N3UN 3.8 wan1531aedlaenisldlusunsudnasdaniunisel Wed1 Ry, = 100Q Tagyi
n133nga VO),M(y) iliAnn1sslaslugbiiuu y-coupled

Lav. Viy)

1.5V
1.2v
0.9V

0.6V

Ul 3.14 namsvnaesa1nings Voo Vly) (1)

1N3UN 3.11 Han13dnaedlagnstdlusunsudiaesanIunisel 1ler1 Ry; = 100Q lagii
n33n9a Vy),V(y) vilifinnsdelastuduuug (Coupled synchronization)

Ny 4

V- T T T T T T T T
2.0V A8V A.2v 08V 0.4V 0.0V 0.4v 0.8v 12v 1.6V 20V
Viy)

UM 3.15 wan1snaaesaningm Viy)\V(y) (2)
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31N3UN 3.8 wan1531aedlaenisldlusunsudnasdaniunisel Wed1 Ry, = 100Q Tagyi

N133090 V(x1),V(y1) viliiannisgadasluguuy x-coupled

1.5V

1.2v

0.9v—

0.6V

0.3V

0.0v

sUT 3.16 HansMAaesINTRge Vix1) Vy1) (1)

1N3UN 3.17 Han13dnaedlagnstdlusunsudiaesaniunisel 1ler1 Ry; = 100Q lagii

M3Ingn Viy1)Myl) vilmannsgalaslugiuug (Coupled synchronization)

Vi)

0.9V
0.6V
0.3V

0.0v

Y-
-8V T
-0V -6V .2V

gﬂﬁ 3.17 HaN5NARRININYA V(y1),V(y1) (2)
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uniinanidismssuiunside Fwdadu 2 %ade fe 1) ndnmsesnuuuuasadieduyn
sarunvvdednun Tnefiiformuszneu wWu fadredayann Wien bridge, Sameidadleidu
(The hysteresis function), 2935 Chua, 8nwagian1zaadn1siiduldaduvesiiaiuniu uay
asinlindygiaealuluuadluun (Dual-mode chaotic oscillator) 2) Tolusunsudiass
a#n1un150] 29950AULUUE 11U 2935 x-couple 21495 y-couple LHudu tetnansllusunsy
$raesaniunsaliild \dusedrdunisigunsaiadsasueianeass Tuundeluidunisiwadily

TUSHATUTIIADIENIUNITAUIINUNT 3 U IURANISNAADY



undi 4
NANISNAAD

1

Tuuniiunsiignisduiiunside luuni 3 Fauvadu 2 wade fe 1) ndnnisesnuuy
wavaddygrmeaiusuvdesinun lnedidomdsenou 1wy fasedaaia Wien bridee,
Bane3daileidu (The hysteresis function), 2995 Chua, dnwaizianizveinishdidudaduues
AFIUNIU Laz23aTAnIdadyyraealuluuasdluua (Dual mode chaotic oscillator)
2) 1l sunIud1a09a01un190d 39950AIUKUUA 19U 3995 x-couple 2995 y-couple tTusu
wmnaesasgUnsalueiannaes e lilddyan0ea7uIN995989 Chua S1UI 2 995 UAZNS
1124950a7UV89 Chua uvidaiwilndaideaiuwuuaaduun lugdiuusie 9 819 x-couple,
y-couple, Chaotic Communication Systems, Chaotic masking system WHudu ﬁﬂgﬂ‘ﬁ' 4.1

eNEEEEEEREENNEY
P & “llllllllllll..

L
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n
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n
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4.1 WaN1SNNanIN1sMa293s5 Chua

HaNINaBLsNItIUNANISNARBIN15AB1993 Chua Tuidesdy Wedunisvhaudile
5aéhﬁ"1Lﬁmé’i’fycyﬂmamwﬁguﬁugm Imaﬁqﬂmaﬁﬁnmiwﬁ 4.1 iiunan1smaass Tnensideue
Rg = 0Q, 8009, 1.2kQ, 1.6kQ, 2kQ aua1au wrasdreliiinssuansmiesaiuuan (Vee) dan
Wty +9 Thad wazunassgluiiinssuansanisdiuau (Vee) danvafu -9 Taas lewanis

NaaInaralUl

M15197 4.1 gunsalnldlun1snnaeseas Chua

AMUAIUNIY (R)

Fiuse (Q)

paUweutd (op-amp)

R, = 2000
R, = 200
R; = 6.5k
R, = 3k
Rs = 4kQ
Rg = 1.0k
R, = Gk
Rg = 0-2k2

Cl 3 100nF
C, = 100nF
C3 = 5nF

U; = LF351
U, = LF351

31J17i 4.2 19353 Chua
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910507 4.3 115Mn@892995 Chua LlBA1ANNFIUNIY Ry = 00 nsdliilddaumdeily
Tawuna upuueuAounuIai(ms) Aunsidiu 2.5 ms/div uazunussreaussulniiann
ASOUAILAUYTEY vy 1Az v, (V) fiuesraiu 1 V/div 1 V/div mugdsu waﬁlﬁé’ﬂﬁﬂsmgwami
uealu

Mair

(50 Tela [l

EDG
FiHz

5UN 4.3 nan1sldanmnudiumu Rg = 02 1u393s Chua

NN3UN 8.4 MIMARBsI993 Chua WlerAuF LMY Rg = 4000 3@l anilenily
TAwunaT uAULBLABLNLLIAI(MS) NPT IdIY 2.5 ms/div uaziknussreauseiulniiann
ATOUAAUYSEY vy was v, (V) fimsndan 1 Vdiv 1 V/div audisu waﬁléﬂ?uﬂﬁmgwamﬁ
usaiu

G NSTER

5Ufi 4.4 wansldaramnudumu Ry = 400Q 141935 Chua
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N3V 4.5 NM13MAa89I995 Chua leAANFumy Ry = 8009 nsdifildiumieatiily
Tawuna upuueuAounuIai(ms) Aunsidiu 2.5 ms/div uazunussreaussulniiann
ATOUANAUYIEY vy was vy (V) fiumsdn 1 V/div 1 V/div mudadu maﬁlﬁ{%uﬂsmgmams
shusauifivunananigud 4.4

Mair

iy

Ui 4.5 wamsldermnudumu Ry = 800 111993 Chua

911307 4.6 NM15MAADI2993 Chua lileANAMNNFUML Ry = 1200Q nsdlfildamileath
Tulaiuian wnuLeuReunuaI(ms) fnsidau 2.5 ms/div sasinusereausasuliinnn
ATOURBAUYSEY vy wag v, (V) fiumsndan 1 Vdiv 1 V/div audsu waﬁléﬂ?uﬂﬁmgwamﬁ
iueauivuImanas mﬂgﬂﬁ 4.5

5% 11T K Ly al B or, IVIE L

M2t

5Ui 4.6 wansldamnudumu Ry = 12009 112395 Chua
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9N3UT 4.7 M3NAAB995 Chua WlaAAmiunu Rg = 1600Q nsdifldmumiatily
Tawuna upuueuAounuIai(ms) Aunsidiu 2.5 ms/div uazunussreaussulniiann
ATOUANAUYTEY vy was vy (V) fiumsdn 1 V/div 1 V/div mudadu maﬁlﬁ{%uﬂsmgmams
fueaiu 2 gn

Mair

(50 Tela [l

WCH1  EDGE

B 2. 5167 3kH:

gﬂﬁ 4.7 wanslgAAusIuNIL Ry = 16002 Tuasas Chua

NNIUT 4.8 MINAABIAT Chua WeMANuFLNIY Ry = 20009 nsdifldamilenily
TPua knuuouRaununa(ms) funasdn 2.5 ms/div uasunudedorussiilaiinnasen
FuUsey vy wez vy (V) Fanasrdau 1 Wdiv 1 V/div anudisu maﬁlﬁﬁmifmgmamﬁﬂ’m
987U 2 gn AdeRUTUT 4.7 unnssiuiimAnudiusIngfegun 4.8

5Uii 4.8 wansldarmnudumu Ry = 20009 111395 Chua
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4.2 NANTIINAADINIFIADIIAT x-couple

HANIINAABILTUNISH87995 Chua $7uaU 2 2995 faldnanddludrduudaluund 3
Tnefnsfnunefinns1ed 3.1 \iunalaen1siudsuan Ry, > 2.72k0 3eazviliiees Chua
waeninnsdalasludiu lngldnansmeassdsiolll

mﬂgﬂﬁ 4.9 N5NAA8Ia5 x-couple Falaslud Wiorauduniu Ry, = 20009 n5di
Msieailulawmiat unuuoufownuiai(ms) iuasidau 2.5 ms/div wavunusanon
wssnulnihanasouduiuUsey v, wag v, (V) fiupsiaau 1 V/div 1 V/div mudisu wafildisu
UsInguan1sseAulaiieusaiu 2 gn

R0 oTa

i oy

SO0

5UN 4.9 M3gaulalousaiu 2 an NAn Ry, = 2.72kQ

mﬂgﬂﬁ 4,10 NNIVAABTINAT x-couple Falastud Weraudiumu Ry, > 2000Q 56
Tdmdonilulamunar LnuusuRsununaIims) fAunsidi 2.5 ms/div uazunusaes
wsssulnimnaseudiulszy vy uag vy (V) fimsdn 1 V/div 1 V/div audisiu wanaua
Wumiloudunseaeaduriuiaseny n1siinn1sdalaslud
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Fall

gﬂ‘ﬁ 4.10 x-couple Flpslud

4.3 NANISNNABINISANDINDT y—couple

HaNISNAaesaztdunISHe9995 Chua 371U 2 2995 aeldnandsludreiundsluund 3
Tnednisdanuadfinnsned 3.2 Wiunalaeniswdsusn Ry, = <100Q 3sazilsines Chua
waeninnstslasludiu lngldnansneassssollil

mﬂgﬂﬁ 4.11 n13WARBL9aS x-couple Falastud Werarudaumu Ry, > 20009 N5
T damdorilulawuna wnuusufsunuaai(ms) fspsdin 2.5 ms/div uasinussaes
wssulnihnneseusaiulszy vy wag v, (V) fiumsndau 1 V/div1 Vdiv audndu naiiléisu
UsINHANITITIEAULENRLEaIU 2 gn

UM 4.11 M3seauiaiiousaiu 2 gn e Ry, < 1009
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1NFUN 4.12 159198093935 y-couple Falasiug LilAANAIUNIY Ry; = 1009 N3
ToFmidertilulamuial LnuusuAskAULIaI(ms) 1U10T18U 2.5 ms/div LazunUuAIRD A
wsssiulnfmnaseudniulssy vy waz v, (V) Inesid 1 V/div 1 V/div muaidu wanana

Wumilawdunseaaaduriuiauaiy n1siianisalasiug

EEg

il

LN T AT
SO0

B CHL EDR
B7.7 ]

g‘d‘ﬁ 4.12 y-couple Fslaslue

4.4 WANIINAABIINITDAIULUU Wein bridge
Widedarilun1svaanifel9950aULUY Wein bridge Anwinanisnaassiiouily

Uszgndldiuaanseaiuning q Minaueunludnaau

C1
i Ay

RE& U2

o
VEE

2.3
g RT

28k

5UT 4.13 2995087ULUY Wein bridge
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mmsasdmiudusiidedyyruduaziieulivusuddaidu nan1smaasslagnisuiu
R, lun3aseaiuuuy Wein bridge 5U7 4.13

91n3UT 4.14 N15MAABII9950AIUUUY Wein bridge n3dliilddinilenilulamuiian
uAuLauABuNUIa(ms) fisnaTdiu 1 ms/div uazunuisierussiiliihnnaseufifiuus
v, WAz v, (V) finmsndau 10 V/div 10 V/div anudisu WEPINAFYQ10IDAIULUY Wien bridge
Tulpuiuiaan anudl = 2.36476 kHz

G INETER

"aleaIULUU Wien bridee Tulmiuiian m1ud = 2.36476 kHz

o
(o
=b
B
—_
inY
€
2
2

afm'gﬂﬁ 4.15 N15NARIINTTBATURUY Wein bridee nsa@iildindeninlulauiaa
LUUBURBRALLIAN(MS) Tl nsadan 250 ks/div uazunussaeawseiulniiinnasousaifiv
Useq vy kay vy (V) finas1din 1 V/div 2 V/div anudisu waninadnaeatukuy Wien
bridge FhfsgavaI ANA = 2.16678 kHz

G INSTER

M0UBAIULUY Wien bridge fMfagnoaiIu ANA = 2.16678 kHz

CaN
c
=D
P
—_
[S,]

€

R

2
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91n3U7 4.16 113MAADII9959AIULUY Wein bridge nsdiildiumiorilulatuuiia
uAuLeUABINLNA(MS) Tinasdn 1 ms/div wazunussdorussiuliihnnasoudfiulsey
v, WAz v, (V) fiunsaan 10 V/div 10 V/div anudsu uwandnadayey 10eaIuwuy Wien bridge
Tulaiunan @l = 1.97359 kHz

@CH!  EDGE
81, 57359k Hz

"eaILLUY Wien bridee Tulmuuiaan mud = 1.97359 kHz

Ca
(=
=D
s
—_
(o)}

€
@
2

NFUN 4.17 N15NARBII9ITAIURUY Wein bridge nsalnldsamilediilulaiuuiian
! a 1 ¢ 3 & 1 (% | Y @
LNULBUABKNWLIA(MS) NUNIIAIU 250 ks/div WazunuatApaILssiulihanasoudLiy
U5eq vy Uae v, (V) 3831874 1 V/div 2 V/div a1dnny wansnady aealuiuy Wien
bridge faRsRnBRIL AIIUA = 2.20368 kHz

Rall

Ul 4.17 dayaaueaIuiun Wien bridge ffsgmeadu Aadl = 2.20368 kHz
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4.5 WIMeNTEYUUARAIUAUIUIINFULINS TN
ﬁ’ﬁaﬁﬂumiﬁwamﬁﬁaﬁaﬁwLﬁmé’agmﬁmammmuamiwmLﬁaLmeqmiﬂizqﬂﬁ
mssnufals ngthvuemiuivesdyaasnldausoldtunemes Weldilulugadmivaing
WuBus Doodle Feuanifiaufeguil 4.18 uay wan1snaaeudufissnismaasndeady
L‘ﬁaﬁﬂmLLu’mwLLawwﬁﬂﬂmWﬂJaﬂmiﬂizqﬂﬁé’mvﬁgmamuﬁﬁﬁLauaiumu'iﬁ’aﬁﬁ’uﬁaﬂz

5UN 4.18 vjugus Doodle (N. WARKENWALNBUYINIY V. KAAIENYAENITYINNIL)

dlethuwamnudvesdyaauildannsaldduuemss LﬁaI%LﬂuIm@aﬁﬁw%“Ua%’ﬂaﬁuauﬁ
Doodle flanN502MAgULNsTIY KATLFFIUT 4.19 - 4.22 faazifiuldinnwdsnanildnums
Huuwssaudsoralfidunmitundsld efeud 4.21 fuguit 4.22 Sufinmaeiinadeunnnin
filailsoglugud 4.19 uagguil 4.20 Fadunsidenlesseninsdumnnsvesnisldnmasslunm
WIFTIH
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U 4.20 UnAanviueus Doodle WUl 2




a2

Tagauwnislunin 4.21 duldisy Fibonaca wagnnildegludiunisvesgaiuesy
Fibonacci A® sutangwu (ellyfish)

Ul 4.21 392199nsjuBus Doodle wuul 1 Ty Fibonacci

dmMTUALESUAINATIINGUT 4.22 1denisdudunmialpelddyameaiuiuvasdluuns
laannnisArulalangaunis Chua 21n58U1U x-y lnefilade (-8/7,-5/7) Feldarnisifiines
(@=15.6, B=1) WagAIUAU (x4,y,) = [0.1,0.1]
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3UN 4.22 5Una1nsueus Doodle 2 Tdwsu Fibonacci Inemsgusiumnisiaglddanoaiu
wuuaeslvun

uninanamanisnaass Fwtady 5 e fo 1) wanimaassniarensas Chua lned
dleyUsznay 1 2) HANMIMIAGEINIIAEITS x-couple 3) KANTVIARBINIIABAITT y-couple
4) HANINARDINITOAIUUUY Wein bridge 5) wuIn1nsiuguieaIuivnunjuuIusssy
1AgdN158NAI9819INAIUNTTINANIWMTIUINTI TUWTIUNBUAUNAIUNITINAVD UL UA
Doodle Ul 4.19 LilouuImanisuszgnalinisdiudavs Tuundeluidunisagunanisise
wazdaiauouueilldinyuarideluunit 14 Welifaulaléfnuuasdosonsmiafoaduils
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mu"ié’ﬂﬁiﬁﬁwmiﬁﬂmLLazé’hﬁwLﬁmé’migwm@mmwwjL‘ﬁaLLu’mwmsUszqﬂﬁmﬂﬁm
Aavy laglalne1auaudAves19as Chua hay Wein bridge unldludajueud Doodle
assAafranufavzuiusssy Wetdunuimslifuatuiifesdnnuimeinuinermans
wardmnssuiug annsorlUldresels

o/

5.1 d@3Unan1sIe
nanIaBiisBetesitavetsAteilananudiluund 1 lneannsoagunanisiduls
Fstaluil
wansiuvesiusudldvguiitesuiiesdlsznauidoiididyie dorudiiega

v o a o

1493984 Chua Fanulindeyqiad Wein bridge wazAausuusssy (Abstract Art) laadindnnns

[

PonlUULazasdyIMeaIuLuUdAedluNe loeilnsrusznau WU diasedyain Wien bridge,
Sauna3daileidu (The hysteresis function), 2995 Chua, dnwaizianizuesnisldidudaduves
FIATUNIU LA NATMINNTAF Y 108Uk UUEINNA (Dual mode chaotic oscillator)
TngldlusunsudnaetanIumsaluLAsuiames 1ngnnaediuaaaTenIuLuLA U 3935 x-couple
2435 y-couple (usu tterwanisTilusunsudiaosaniunsalfile 1Wusegrdlunmsihgunsal
93989003 ANAABY NENNMTENRUVLAZAS I F LI sea kLY AR A F9lFRAN1TNAADY
flosAusznau 5 adeiidifyiie 1) nan1snnasenisneasas Chua Inefidondsynou 1y
2) NANIFNAABINNIADINAT x-couple 3) NANITNARBINITHDIIAT y-couple 4) NANITNAABINAT
987UkUY Wein bridge 1a¥5) WuIN19N1TUIUEUABAIUAUIUIINFURINTTIN Lneding
gNAIBENHAIIUNITININNINTIVINGITTUUTHULNE UAUNAITUNITI1AVBI%UEUA Doodle

SUN 4.16 1iawuIN1NsUszanAlniaauRaly

Y 9
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N13E319AININALUUAN 9

v =R
n.1 AININALLUU Lorenz
[ v = Ayy o Ay I o ¢
Wudafegausnfidnduidunulag EN Lorenz[15] 91nN1583519uUUI1809081N 50
99 HeRIne1veINTUIHUVEIEN1IINA InswuuTIaadLandld Mmuaun1seuRusadu 3 fe

X' = —ax+ay (n.1)
y =rx—y—xz (n.2)
z' = -bz +xy (n.3)

Mnaunmsdunsuanmslvatasenisanmsthauion — lngenmasounylvatuiigs
uaze meduazangsziuans Wesinussisgavadlan Tasnstedeudiludnunizaumu fuus
x Auagfunistheindou uazduds y wae z asdunisiansnssatsvesmudousey 1 29
Uiy Lorenz 1ol a=10, b = 8/3 uazen  r. AvuabidunsiwesauaulaeUsy
TiguaaIg 9

PNAUNT (N.4) WIRAUAGVETEUL 1y x'=y'=2'=0 wld y=xz=r-1 uaz
x2 =y?=h(r-1) ﬁqﬁuizw%ﬁﬁ;mamaaﬂ 3. 90 Ao P° = (0,0,0) La¥

Y

=

P* = (i\/b(r—l),i\/b(r—l), r—l)ImegmazJaaﬁ P ay PTazAnTu WeaAd r>1 9anaunis

¥
Yo A

1 (n.4) \iemAnaudRvessuy ¥1N15%1A1 Jacobian matrix Jauandlanadl

oX oy oz
3|y oty oy (n.4)
oXx oy oz
| OX o0y oz |
TagAn Jacobian matrix U93@n"59 (n.4) Sian
0 8 0
J={r-z -1 —x|. (n.5)
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A

aunspuautAvesssuumlan |J — | laefignauga Pollaunisnuaudine

A +(@+b+DA* +(a—ar+ab+b)i+ab(l-r) (n.6)

A

uarfigaauga P* faunsnuaudine
A +(@+b+DA% +b(a+r)i+2ab(r-1) (n.7)

i eigen Faduruanmainssuvasszuumldanty [3-4|=0 duiuilgpauna Poly
nstl 1 <1 e eigen a3 Aasdudniwosfuaunieagdnudievasszuny S (S Plane)
wazdvn 1> 1 udasyuuaziian eigen 1 andudnaSeuinegsinuuanvesssuiu S aedwnnli
index n UARSSIUIUANTINBYMUYINTDITTUIU S U 1o T >1 szuvasiian index = 1 uaz
Witidundassaziviandoudiduazean (Saddle point index 1) dwiufignauna Pt s
Antwdle r>1 fodu &% a, = (a+b+1), a, =(a+nb, a, =2ab(r-1) whnndeulvves
Routh-Hurwizt ssuuasiliatiosnmnieléidouly e a, 0, a, >0 , a; >0 30 a,a, —a, >0

FaPeule

(@a+b+1)(a+r)b—2ab(r-1)>0 (n.8)

g/ -
v v a

WuNRENna P* suuariiadsnIn o

t a(@a+b+3)

9
T (n.9)

-v) v v v 7 v 470 d! o v a =
warlumeamsanunua a=10, b=8/3 waza s r >E Fevyliszuuldiiadesnn

'
= 1

fyeauna P azdesnduuin 1 a1 agnisnugievesssuny S wazlsyndu o+ jw 1 gay
frurnilovesssuny S Feflgaauna Pt 4 dulrasasuansnslvadiuasueenvdelioniy
eigen Tdnwandu Spiral saddle index 2 fstiurnqaauna 17 P unumslvadiuayina
ponuazdign P* unumsivaituazvyuesnud ndsnAzusudundeasliaunsaoonain
fispeld drudlemgalasenainanauga P winelnadndauga P vide P~ uasiiaos
Pillazunugaiusenisentasmusouiraunaivie vanduitiganauna Pe damgnsauiia
Aanstranludnuasvainvanevseuanianiny  (Chaotic  attractor) uasifieuansinszuy
Lorenz \Huszuuiifiveuiumen divergence vesmsivavesinfagn desegluiouly
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oFx oFy OFz
=+ —"F+—<

oXx oy oz
wazdusuAT Lyapunov 984350V Lorenz 3iAn 4, = 0.9,4, =0, 4, = —14.57

VE 0 (n.10)

n.2 A2799AY89 Chen

Jushisgadunulag Chen20] TagiAnanmsmuauszuy Lorenz Wilulufirmaiivia
adosnmisiunde  shlisruuiiduenuegudlidueaunnty - dslnensevhdnenslien
MRty v8s5EUU Lorenz wiauansld

X"=—ax+ay (n.11)
y ' =CX—=y-XzZ+U (n.12)
z'=-hz+xy (n.13)

lngArnuAuilen U =KX+ K,y + K,z 9naunis (n.12) anansavnynaunavesszuulag

v v Y by 4 a9 y 1
W x=y=2-0 wnvsliynaunagausnien P°=(000) hazdleld x=y azla Z:EX2

) ~ e~ S 4a 1 1 1
AausrUUaEiiynaNnasn 2 9 P* A X = yzak3 iz\/k3 +4(b+k, +k,-11), z :EXZ

NAUNI3(2.12) 1A Jacobian matrix Ya95zUUlARAB

—-a a 0
A 2\of €2 7 (K A7 I =X (n.14)
y X -b

lngfigmauna (0,0,0) A1k, Lifinadenisiinen eigen fenlik; =0 AsupauNs

2 +a A? +a,d+a, (n.15)

e a,=(a+b-k,+1), a2=(ab-ac+a+b+az+x*-ka-k,a-k,b) waz
a3 = (ab—abc +ax? + axy + abz — k,ab — k,ab) 91nideulvves Routh-Hurwitz ifieliszuu

Lifivafiosnin seuu Chen donli k, =a k, =1+c  dsdu virliladdinrunulnife
u=-ax+(l+c)y hlwaun1suesszuu Chen uansls
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X' =—ax+ay (n.16.1)
y'=(c-a)x-ay-xz (n.16.2)
2'=-bz+xy . (n.16.3)

=~ v < . . .
naunsielwszuulluszuu dissipative

OFx oFy oF

VF ===
oXx oy oz

=-a+c-b<0 (n.17)

52UU Chen \denli a=35b=8/3,c = 28 Jaduflegauna P° 9zile1 eigen 1w saddle

index 1 LLazﬁﬂmauﬂa P* A eigen Wu  spiral saddle index 2  uwayszuuiian
4, =218,2,=0,4, =-11.85

53UV Chen [@onl# a=35b =8/3,c = 28 Fuduilegauga P axilAn eigen 1 saddle

index 1 LLazﬁﬁ;mauﬂa P* A eigen Ju  spiral saddle index 2  wagszuuden
4, =2.18,4, =0,4, =-11.85
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W89INT Lorenz ke Rossler WWRUNUaNNTAEITUNITATNAAASY 108U fondl
dlaAnwLAgIRUNITassd Yy 1ealIuLuulnl Ao J.C. Sprott Fslaldmauiimesmiaunisoaiu

Y
%

nanuafiUululalaeeslugy Jerk function (X = J(%,%, X)) & pugeilasdunuulaiudady
WUUEE 9 1 #2 Ineaunsy Sprott AuNURGel

A1999 1.1 NTaTIdYIaleaiu third-order ODE systems Wag Lyapunov exponents

Initial conditions Lyapunowv exponents

System (x.x.x) (base )
F=—2017 %+ tl—x (0.0, =1) 0.055. 0, —2.072
F=—2.8Bx*x+x? (+0.5. —1. 1) 0.002. 0. —0.002
F=—044%—2x*(x"—1) (0. 0. 0) 0.105. 0. —0.545
F=—05i—xi*txtx’ (0. =1. 0) 0.094. 0. —0.594
F=—2x=x(|x|—1) +=(—1. —1.1) 0.003. 0. —0.003
F=—06x—x=(|x|—1) (0. 0. 0) 0.036. 0. —0.636
F=—03%—03x—D(x)+1 (0. 0. 0) 0.042. 0. —0.342
F¥=—03%—03x—R(x)—1 (0. 0. 0) 0.042. 0. —0.342
F=—29x+(0T7x—D(x)+1) =(0. —0.5, 0.5) 0.003. 0. —0.003
F=—29x+(0T7x—R(x)—1) =+(0.05. —0.5) 0.003. 0. —0.003
F=—0.5%—x—x+ sgn(x) (0. 1. 0) 0.152. 0. —0652
F=—0.5%— %+ x—sgn(x) (0. 1. 0) 0601. 0. —1.101
X¥=—07x—x—x+H(x) (0. 1. 0) 0.085. 0. —0.785
¥=—04x—x—x+25(x) (0. 1. 0) 0.072. 0. —0.472
¥=—04x—x+x—25{x) (0. 1. 0) 0.091. 0. —0.491
F=—0.19 % —x—x+ 2 tanh(x) (0. 1. 0) 0.128. 0. —0.318
¥=—019%—x+x— 2 tanh(x) (0. 1. 0) 0.067. 0. —0.257
F=—37x*(x—x%) (0. 0.5 1) 0.002. 0. —0.002
¥=—06x+28x—x"—x (0. 1. 0) 0.034. 0. —0.634
XF=—07F—x+x—x7 (0. 1. 0) 0.138. 0. —0.838
F=—0355—x—x+x" (0. 1. 0) 0.082, 0. —0.432
F=—0.2%F— %+ sin(x) (0. 1. 0) 0123, 0. —0323
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Abstract This paper presents new dual chaotic attractors. The
dual-mode chaotic system is comprised inductorless Chua’s
circuit and a chaotify Wien bridge chaotic s oscillator. The
objective of the proposed circuit is to teach undergraduate
students. The proposed circuit is simple and can be rapidly
constructed in the laboratory. Two potential applications are
provided for arts and music.

Keywords—Chaotic oscilator, Engineering Education, Music
Engineering.

I. INTRODUCTION

Applications of chaos theory to engineering fields has
attracted attention from researchers in many arcas. The
property of chaotic synchronization with the same parameter
system and random-liked noise can be applied for modulation,
spread spectrum and secure communication[1]. In modern
cryptography technique, a sensitive to initial condition
property is useful for encryption text, voice, image and video
signal[2]. The chaotic phenomena due to the nonlinear
element in circuits or systems are important in control and
power electronics systems[3,4]. Not only in engineering
society, the behaviors of well-known chaotic electronics or
Chua’s circuit can be obtained aesthetic picture gallery by
using computer simulation[5].

In music engineering, chaotic systems are also applied for
generating and controlling of sound signals, some reseacher[6]
used chaotic circuits for construction of music instrument.

As aforementioned, the topic of study of nonlinear chaotic
dynamics for undergraduate engineering students such as
telecommunication, information, electronics including music
engineering are necessary. In engineering education, [7]
demonstrated how to study the Lorenz, Rossler, Ueta and
some simple chaotic circuits by PSPICE simulation. The
hardware implementation of Lorenz, Rossler and Duffing
system construction for students in laboratory experiments is

presented in [8], however, these systems are not simple for a
short-time and low-cost experiment. Hence, in this paper, we
show a simple dual-mode chaotic circuit that can be operated
from negative resistance and feedback oscillator point of
views which is simple to construct.

This paper is organized as follows. Section II reviews
chaotic oscillators by using negative resistance and feedback
oscillator techniques. In Sec.I1I, the proposed dual-modes are
presented. All results of PSpice simulation are shown in Sec.
IV . Applications of a drawing robot and a guitar effect are
illustrated in Sec V, and finally, Sec.VI concludes of paper.

II. CHAOTIC OSCILLATOR

The report of Chua’s circuit which is autonomous circuit
invented by L.O Chua was published in 1984[9], Chua’s
circuit is the first chaotic circuit realized from passive
electronic components and an active one which is a nonlinear
negative resistor called Chua’s diode. The double-scroll
obtained from Chua’s circuit that is rigorous mathematical
proof is shown in[10]. Simple implementation on RLC
resonant circuit to piecewise-linear circuits and Chua’s circuit
is presented in [11]. The first version of non-autonomous
Chua’s circuit[12] is modified from an original Chua’s circuit
by replacing LC resonant circuit with a sinusoidal driven
source. In [13], the researcher implements an inductorless
Chua’s circuit using the same concept from [12] by exploiting
Wien bridge oscillator for substituting RLC resonant. To
construct a chaotic circuit from a linear system using nonlinear
feedback, the system in [14] consisted of the unstable second-
order linear system with hysteresis feedback is employed. In
[15], the system is a double-scroll liked-chaotic dynamic
system used three basic integrator circuits to implement the
third-order stable linear system feedback with a comparator
circuit. The chaotic circuit that can be exhibited two modes via
a switching method called a mixed-mode chaotic oscillator is
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proposed in[17] by combining an autonomous chaotic circuit
[9] with non-autonomous Chua’s circuit[12]. The inductorless
Chua’s circuit modified an autonomous circuit in the first
mixed mode is constructed [13]. The feedback of linear
circuits with a nonlinear element to generate a chaotic signal
have been proposed by the authors in [18] with two mixed-
mode as combination of autonomous/non autonomous
second/third-order chaotic circuits.

III. DUAL-MODE CHAOTIC OSCILLAOR

In this paper, we present a dual-mode chaotic using a
chaotic Wien bridge oscillator[20] combined with the new
proposed of the Chua’s circuit [19] consisting of only two
operational amplifiers.

The proposed circuit shown in Fig.l having the
common core of each mode is a Wien bridge oscillator
consisted of operational amplifier: U, and Rj,R,,R;,R,,Cy,Cs

A hysteresis feedback
operational amplifier: U,

chaotifying Wien bridge consists of
and Rs,Rs, R, We use U,

and R,,R,,R. to implement a non-linear negative resistance for

Chua’s circuit.
The circuit equation of Wein bridge oscillator circuit is

v, (Ko-DV, V5 T

Cz_:——_—_
di R R R
dv. Ky —1V; 1%

il _ (Ko =DV, 15 (1)
dt R, R,

To find condition of the unstable system for ¢; =C, and

K, :%H , we rearrange (1) to the form
3

Vy|. 1 [Ke=2/-1
A\ R X Yy

Ry,
AA%AY%
+
CI::VI
—_ U
R —
= ANV

Fig. 1 Dual mode chaotic oscillator

The characteristic equation of the matrix (2) is

A —(K,+3)A+1, the unstable condition is obtained when
K, >3 . Consider when switch S, is on and switch s, is off

The circuit then exhibits Chua’s circuit. The state equation is
given by

Czﬁ:ﬂ+{i_;}Vz_ﬁ

d R |R, R R,
C}ﬁz (Ko—DVy 73 3)
dt R, R,
' RR, .. .
where R =——— The characteristics of nonlinear
(R+Ry)

resistance can be expressed as

hv) =Gy +%(Ga _Gb)q"l +B, —|"1 _Bp|) “4)

where G, = —RL and G, :RL are the slopes of the inner and
a b

5 . R .
outer regions respectively, and B, = n “R V.. 1s the break
a T

point of the piecewise-linear curve shown in Fig. 2, where

V.,

sat

is saturation voltage of an operational amplifer.

i

sat

Vsar -B

Fig. 2 Characteristics of the nonlinear resistor

When switch s, is off and switch S, is on, the circuit
exhibits the chaotic Wein bridge oscillator. The state equation
with hysteresis feedback can be written as

V| 1 |[Kg+Kj=2 -1 V,
Vil RC| Ky +Ky =1 —1] V3 +K,Hys(v) | (©

R . . . . .
where K =R—4+1 is the non-inverting amplifier gain and
S

K, = —% is the inverting amplifier gain of U, respectively.
5

The hysteresis function shown in Fig.3 defined saturation

level of op-amp are ¥Z,. Voltage trip valve at low and high

are Vv~ respectively. From the circuit in Fig.1, voltage trip

. RK R
valve can be explained as | =—2=2 - ——1L_|y* Define
Ri+R, R +R,)"

— RZ
R +R,

P , We now can rewrite voltage trip valve as
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v* =(1-p-pk)V*. Input voltage of hysteresis circuit
iSv="V; - plky +k)V, . In[19], the condition of chaotic

. . . 1-K
oscillation is set as p= 2
1+ K,
Hys(v)
A
V.\':ﬂ
Y
Vir Via
Vet

Fig. 3 The hysteresis function

IV. SIMULATION AND EXPERIMENT RESULTS

The construction of the proposed circuit is shown in Fig. 2.
All operational amplifiers are LF351. Electronic

switches are implemented using CD4066 with supply + 9V.
The valves of passive components are

R, =Ry =200Q, R; = 3KQ, R, = 6.8KQ,C, = C; = 0.1uF and

R, = R, =4KQ,R. =1.4KQ,C; =0.005uF .
In the simulation using Pspice, to exhibit the double-scroll
attractor, the waveforms of voltages are shown as following.
When switch §,is on and switch 5, is off the circuit is
operated in inductorless Chua’s circuit mode. The wave forms
viand v, are shown in Fig.4 and the double-scroll projection
of real circuit construction for 7, and 7, with R=1.6KQ is
shown in Fig.5. When switch §, is off and switch s, is on,
the circuit exhibits in the chaotic Wein bridge circuit mode.
The wave forms of ¥, and ¥;are shown in Fig.6 and the
double-scroll projection of 7, and 7;of the real circuit
construction is shown in Fig.7.

A
T

|

(b)

Fig. 4 Simulation results of inductorless Chua’s circuit mode. (a) The wave
forms of ¥} and (b) The wave forms of ¥,

Fig. 5 Experiment result of chaotic attractor of inductorless Chua’s circuit
mode

=

(b)

Fig. 6 Simulation results of chaotic Wein bridge circuit mode. (a) The wave
forms ¥, and (b) The wave forms /3
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Fig.7 Experiment result Chaotic attractor of chaotic Wein bridge circuit mode

For switching, we apply the controlled pulse Sms to toggle
between each mode. Figure 8 shows the wave form of 7, in
dual-chaotic mode using PSpice simulation.

Fig. 8 Simulation result wave form of 7, in dual mode chaotic
oscillator

V. APPLICATION OF THE DUAL MODE CHAOTIC OSCILLAOR

Two examples of potential applications are a simple drawing
machine and the tremolo effect are introduced to students. To
achieve these objectives, we implement the circuit shown in
Fig. 2 to operate at low frequency around 10 Hz. The valves of
passive components are

R, =Ry =2KQ, Ry = 3KQ, R, = 6.8KQ,C, = C; = 10uF and

R=14KQ,R, = R, = 40KQ, R, =1.4KQ,C, = 0.47uF .

Fig. 9 Drawing robot

1) The Drawing Robot
The idea of this application is to use the output pulse from the
hysteresis circuit U; of the chaotic Wein bridge mode. The

drawing robot shown in Fig. 9 consists of a set of color pens
attached to a handle with a motor having a counterbalance.
Due to the motor driven by a signal from the chaotic circuit,
the drawing line pattern is different from using a normal
vibrating motor. This experiment can be done by using single-
low frequency chaotic Wien bride oscillator and low
frequency Chua’s circuit

i/p o/p

Chaotic
Circuit
Oscillator

Fig.10 Chaos tremolo effect

2) The Tremolo Effect

The tremolo[21] is a periodic variation of loudness of an
instrument. The rate of loudness variation can be set by
modulating triangular or square waves with frequency of 1-10
Hz. From the conventional tremolo, in nonlinear electronic
experiment, a low frequency voltage 7, of the dual mode
chaotic circuit can be replaced by suing a triagle/square wave
generator. The block diagram of the experiment with guitar
input signals can be shown in Fig.10. The voltage control
amplifier can be implemented in laboratory by using
operational transconductance amplifiers.

VI. CONCLUSION

In this paper, the dual-mode chaotic oscillator for arts
and music has been illustrated. Potential applications for art
and music are also previded. The future work will be focused
on applications of the proposed oscillator for nonlinear-
dynamical electronics courses in engineering.
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