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Fig. 1. Circuit schematic: (a) Flux-controlled memristor circuit; (b) equivalent Circuit of flux-controlled memristor.
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Table 1.  The valueof system parameters.
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Fig. 2. Phase portrait and Poincaré map of typical chaotic
attractor in y — z plane: (a) Phase portrait; (b) Poincaré

map.
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Fig. 3. Bifurcation and Lyapunov exponent spectrum with parameter ~: (a) Bifurcation diagram; (b) Lyapunov exponent spectrum.
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Fig. 4. Bifurcation and Lyapunov exponent spectrum with parameter c: (a) Bifurcation diagram; (b) Lyapunov exponent spectrum.
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Fig. 5. Parameter mappings: (a) Parameter v and b; (b) parameter ¢ and b; (c) parameter v and &; (d) parameter ¢ and £.
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Table 4.  Different colors and the corresponding dynamical state.
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FE 7(d) iR, X5 3, [ 4 S HAseAs
—3. 240.708 < v < 0.82 0, AT LAFR BN JUFPAS R 45
FEIAF 5| T [FIREHL, 7F1.048 < ¢ < 1.37 [
W, RGO 5 FIAF NG, i I AE A
Rk U X PP 2RSS A, F I8 Bk

W 5| Z i S IS SRS A, I BRPA ST 1Y
AN FERIME 2 ] B Z R b i e 5 | .
& 8 FHIEl 9 JE7s AR BRI 430 S 5 | 78] 6(a)
B 7(a) FIE 7(c) XFRE, 10, B 11 SR 5 | 4
K 6(b). & 7(b) K& 7(d), MR ARIE R B W2 5.
Hrp, K8 5E 10 B Sy = 0.74, HAWSH%
1R, BEIARRIGSH RS | IR FRRIY A,
& 10 SEEE SRR 5| T X 401 9 L fEm 5|2
A RGeS S A A A 1L A 2. S
191 3 FEE, HATHE ST AN (£1079,0,0, F0.45),
(£1079,0,0,0), (£107°,0,040.45), (+107°,0,0+
0.5) & (£107°,0,0, £ 0.9). B4k, WS H c = 1.274,
196 B4 {H (£0.45,0,0,0), (£0.8,0,0,0) 5 (£0.1,0,

5 NIFERIMEX A 2G|

Table 5. Coexisting multiple attractor with different initial condition.

24 GRSt AT
¥ =074 FEATIAE SR F (£107°,0,0,7045)
FA R (£0.1,0,0,0),(£1079,0,0, £0.45)
AR, ZEA 3 (£107°,0,0,=+0.45), (+0.4,0,0,0), (£1079,0,0+0.5)
S IR (£0.8,0,0,0), (£1079,0,0,+0.9)
c=1274 FEATIAT SRS T (£1077,0,0,50.45)
FA R (£0.1,0,0,0), (£1079,0,0,0)
SRS (£0.45,0,0,0), (£1079,0,0 £ 0.45)
S AR (£0.8,0,0,0), (£10~°,0,0,+0.9)
3.50
(a)
1.75 | (—0.4,0,0,0)
® 0F
(0.4,0,0,0)
—1.75 -
—3.50 1 1 —5.0 1 1 1
— -1 1 —4 -2 0 2 4
x x

K8 Z%vy=0.74, x — z VIl _EAFWIE T 2RI 5] T

(a) ZEASLAF A 3; (b) Ze A AP IR 5 22 7 L A7 TR0 1

Fig. 8. For different initial value, phase diagram of coexisting attractors in  — z planes when v= 0.74: (a) Coexisting attractors of

period-3; (b) coexisting attractors of chaos and period-1.
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0, 0) AIFF3I 9 B S IR T 3, TR TG-S R4 1 W TR GEW 5 o AR AR AT AE, 151 9 Je
Sl HE; ARE 1L BT R B e A s T, A B 11 Pk IR BT R BLAY I 5] T as S AR LIE S 1A 8,
AR 1, 5 70 A R P B AR (E 73 50 (£107°9, P10 A — 2k, (HH 2 BUE 28 3R IME R RN 22501
0,0,¥0.45), (£107°,0,0,0)} (£1079,0,0,+0.9). AR, 5 248 AR, NS B A i oL

5 6
(a)
3 —
(~0.45,0,0,0)
1L e ( N .8,0,0,0)
. - A AN
-1ir e (0.8,0,0,0) ,
(0.45,0,0,0) Ll (0.1,0,0,0)
73 -
_5 ] ] ] _6 ] ]
~3.50 —1.75 0 1.75 3.50 45 —15 15 45
x xr

9 Z¥c=1.274, -z VI EAFRVHET SRR T T (a) ZA A 3; (b) ZEA AR S 2R A7 A1
Fig. 9. For different initial value, phase diagram of coexisting attractors in z — z planes when ¢ = 1.274: (a) Coexisting attractors

of period-3; (b) coexisting attractors of chaos and period-1.

*Ta)
a
(1079,0,0,0)
/(1079,0,0,0.5)
L
N
_1 ~
(~10-2,0,0,—0.5)
(~10-9,0,0,0)
73 1 1
-3 —1 1 3
xT T

K10 Z8~y=0.74, o — z VI EAFEYHE T O LSMIEARS T (o) 24034 3, 247 1 5STRER A (b) £
A SLAFIR I 5 22 A7 S A2 T ) 2
Fig. 10. For different initial value, phase diagram of coexisting attractors in « — z planes when y= 0.74: (a) Coexisting attractors

of period-3, period-1 and fixed point; (b) coexisting attractors of chaos and period-2.

4.5 6
(a) (b)

1079,0,0,0.9
/(10*9,0,0,0.45) (107,0,0,0.9)

(—10-2,0,0,0)
1.5
(—1079,0,0,0.45)
N * n 0

(109,0,0,—0.45)

—1.5
_3t+ (—1079,0,0,0)
(—1079,0,0,—0.45) (=10-9,0,0,-0.9)
_45 1 1 1 —6 1 1
—3.2 —1.6 0 1.6 3.2 —4.5 —1.5 1.5 4.5
x x

K11 ZHe=1.274, 2 — 2 FH EAFEWETHZFIFRT T (2) ZH 7R 3 5REAR A (b) ZHrRES £
A1

Fig. 11. For different initial value, phase diagram of coexisting attractors in x — z planes when ¢ = 1.274: (a) Coexisting attract-

ors of period-3 and fixed point; (b) coexisting attractors of chaos and period-1.
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VERERPIAR [ E ST T 2 IR R D, A
FEE 10(b) T REL, REILBH RS (4) IR
T SEAEAE.

g5 1, s A S S | B AR SR, T IE R
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R T EIZEICIZ TR, RS (4) i
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ALBTIR, HINRERY S T - i g PRI,
AR A BT B S B B TE S R G S HEIE
SEUCE BB 7 R, T S B IR T
. A YRS T B e - IR BB R BT (4),
A S A B BB, A Euler il — [
Tekk-PESE AR LUER, FA R E MRS LS — &
ML ZE, MR s & (5), Hi=1,2,
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W, 4 B9 0.5, UEK A BE N 0.0001.
yi(n—i—l) = yin“‘h (Kil + 2K;9 + 2K;3 + Ki4) /6 (5)
FIASHER IR IE
Kﬂ (Z = 1,2,3,4) :
K =a(yzn + 2,)
Ko = =b[zn + (=m + n|wn|) yn/E] (6)
K31 = ¢(yn — xp — 0.122,) ’
Ky =—yn
Kp(i=1,2,3,4):
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P YA H JifHmodule XB Y4 Y module XB
module K4 |« A < module K4 |« R TR K41
/y/z/w_start HHE K, z/y/z/w_start HHE K LRGSR
JHmodule XB YA H JiHmodule XB A
HE TR K./ » module K4 > O EHTRKS » module K4
vhll{E HH Ko ISR K3

12 TUZAFE P il i e 14
Fig. 12. The flow chart of calling order.

(b)

Kl 13  FPGA SiWEE SR (a) SLWERIE (b)y-2 A (¢)y, 2 PR T &
Fig. 13. The hardware connection diagram and the result of implementation: (a) The hardware connection diagram; (b) phase dia-

gram in y-z plane; (¢) timing diagram of the term y and 2.

14 FESH c = 12740 2 V1 WA A BIHE S FRIELE, Chl = 500 MV, Ch2 = 500 MV (a) #1{i# (107°,0,0,0), 2=l
JEH 15 (b) %IME K (107°,0,0,0.45) , £ J& ] 3; (c) HI{H N (107°,0,0,0.9), A MIE; (d) #I{H N (—1072,0,0,0), 4 0 J& ] 1;
(o) BEH (—107°,0,0, — 0.45) A7 WA 3; (1) BEH (—10°,0,0, — 0.9), £ WL

Fig. 14. The phase diagram of coexistence attractors with different initial conditions at ¢ = 1.274 in 2~z plane, Chl = 500 MV,
Ch2 = 500 MV: (a) The initial value as (10_9, 0,0, 0), left period-1; (b) the initial value as (10_97 0, 0,0.45), left period-3; (c) the
initial value as (10_9,0,0,0.9), left period-3; (d) the initial value as (—10_9,07 0, 0)7 right chaos; (e) the initial value as
(=1072,0,0, — 0.45), right period-3; () the initial value as (—107°,0,0, — 0.9), right chaos.
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FL R BR O 25 AT BIAFAEE. Sl XS RO 5 | 4
FRUIE FR G5 SRS B PRI LSRR, 73
PrzAZ B 2R GEAE RS BRI 51 8 1Y 2R 845 1. [
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TS 75 Z RS A AT SR a R e s
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Abstract

The lack of the relationship between flux and charge has been made up for by the memristor which is
suitable to constructing chaotic circuits as a nonlinear element. Commonly, the memristor-based chaotic
systems are constructed by introducing the model of memristor into various classical nonlinear circuits, and
more special and abundant dynamic behaviors are existent in these memristive systems. With the deepening of
research, several novel nonlinear phenomena of memristor circuits have been found, such as hidden attractors,
self-excited attractors and anti-monotonic characteristic. Meanwhile, multistability of a memristor-based circuit
explained by the coexistence of multiple attractors with different topological structures is a typical phenomenon
in a nonlinear system, and it is also one of the hotspots in this field. In addition, the chaotic sequences
generated by the memristive circuits are used as additional signals for information transmission or image
encryption. Therefore, the study of modeling memristor systems and analyzing various nonlinear behaviors is of
certain valuable.

In this paper, a four-dimensional flux-controlled memeristive circuit is constructed by introducing an active
memristor with absolute value into an improved Chua’s circuit, and the special dynamic behaviors are observed.
Through the bifurcation diagrams and Lyapunov exponent spectra, the symmetric bifurcations are shown, and
the symmetric system states in parameter mappings are found. Besides, the distribution maps of memristive
circuit are used to analyze the multistability in a symmetrical attraction domain, and the corresponding phase
diagrams are depicted to confirm the existence of multistability. Furthermore, the circuit experiments of the
flux-controlled memeristive circuit are implemented by the field programmable gate array simulation, and the
experimental results are obtained on a digital oscilloscope, which proves the physical implementability of the

memristor-based system.

Keywords: flux-controlled memristor circuit, symmetrical dynamic behaviors, multistability, field

programmable gate array
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