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Fig. 1. Chaotic oscillation circuit with three memories.
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Fig. 2. Phase portraits of typical chaotic attractor: (a) On z-y-z plane; (b) on z-z plane; (c) on u-z plane; (d) on u-y plane.
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Fig. 3. Section of Poincaré: (a) Poincaré projection on z-z; (b) Poincaré projection on u-y.
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Fig. 4. The Lyapunov exponent spectra changing with initial state: (a) The Lyapunov exponent spectra

changing with k1; (b) the Lyapunov exponent spectra changing with k2; (c) the Lyapunov exponent spectra

changing with k3.
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Fig. 5. The Lyapunov exponent spectra and bifurcation diagram changing with the circuit parameter :

(a) Lyapunov exponent spectra; (b) bifurcation diagram.
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Table 1. system dynamic behavior of circuit parameter v in interval [10, 15].

S LE; LE, LE3 LE4 LEs LEs RGN IIFATH
10 < v <105 0 0 — — HRRER
10.5 < v < 14.25 0 — BRI 5] T
1425 <y < 15 0 0 — — JH 4, FIH 2, A1
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6 BlEH Sy BN LE uy TR R

(a) v = 10.35 (JA# 1); (b) v = 10.6 (ARG HIRILEW 5] T);

(c) v = 13.9 (FiREEIRIEER G F); (d) v = 14.35 (A#4); (e) v = 14.4 (M 2); (f) v = 14.8(JAHI 1)
Fig. 6. Phase portraits on u-y plane with the change of circuit parameter v: (a) v = 10.35 (period-1);

(b) v = 10.6 (double scroll hyperchaotic attractor); (c) v = 13.9 (single scroll hyperchaotic attractor);
(d) v = 14.35 (period-4); (e) v = 14.4 (period-2); (f) v = 14.8 (period-1).
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Fig. 7. Transient chaos phenomenon: (a) On u-y plane; (b) time domain waveform of y.
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Fig. 8. With the period of intermittent steady chaotic behavior: (a) On u-z plane; (b) on u-y plane.
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Fig. 9. The Lyapunov exponent spectra and bifurcation diagram changing with initial state: (a) Lyapunov exponent

spectra; (b) bifurcation diagram.
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Fig. 10. Strange attractor: (a) g-¢-P(L); (b)va-W (W (p2)); (c) ip-W (W (p2)); (d) i.-W (M (q)).

K11 BmAWsT  (a) BMEARE; (b) S0jEAAE

Fig. 11. Superposition type attractor: (a) Superimposed front phase diagram; (b) superimposed phase diagram.
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12 ZImZFA#aE RS S KANE (a) i-v; (b) W(W(p1))-W(W(p2)); (c) W(W(p1))-W(M(q));

(d) W(W (p2))-W(M(q))
Fig. 12. Phase portraits for depicting between the memristor energy: (a) i-v; (b) W (W (p1))-W (W (p2));

(c) W(W(1))-W(M(q)); (d) W (W (p2))-W(M(q))-

13 FURE  (a) ARSI T (b) MRS 75 2 ERMILAE; (c) FIIY 2 BRI 5 F 39 1 AR 3L
175 (d) JEAFAI 1 BRIREA

Fig. 13. Phenomenon of coexistence: (a) Coexisting chaotic attractor; (b) coexistence of chaotic attractor
and limit cycle with period-2; (c) coexistence of limit cycle with period-2 and period-1; (d) coexisting limit

cycle with period-1.
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5.2 IREZIZMHSEEINEGEEES

WAL BB RS SEAMOLE S, KR &
IZBEAS BE A S I OC R, WK 12 iR, Bl 12 (a)
SR SEAC L AS W (p2) PSR 0 — v R IR, A3
H T IR <87 F R IZ R . B 12 (b)—(d) 4
SR T A R RAR S Z AR 51, A
BRI L H, PRIZPES 10 BE (5 5 2 AR RE = 2E
ARG, HIR ST RERA SARIZ S R <87
FHICIZE R, PR A IS JE N 517 28 A &
RCIZ R A K.

5.3 HEWSIF

[ € J5i R G0, v IIE, #4618 75 5 H(0.1,
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B EEZSH, Ae B E] o) HICIHAR W (1)
REEAS T [ AR5 TR, Ak 13 (a) Fios.
L3 =3.068, REHI 7 IAFRMKG] THE,
H W5 A EXEFRRI S AR 5. 48 = 3.25
I, A TR G T 5 R W 2 IR IR A A IR,
HOXF R 13 (b). 1024 853 71 3.6 F1 4.0, R4t
BE0 o0l 7 A A 90 2 A PR 5 8 00 1 A PR S A7 A3
17 WL IR PRI 4, 13 () AEL 13 () BT .
2S5 AR, FEAR A 1) oA 25 A ST R TR e R 5
TR FA W 51 2. AEAZBRIR I R g b HAE IR A
/b HRIE, HIEARAEREEAS 5 0T 7T L ILAF R 5]
TR

6 & %

) B A T A A ol 2 1) 0 4 R g 42 P R 2
PHAS ALY, S5 G4 B A5 r A IR IE L R JBe A IR A7
AR = Fh R B EEAIE T — AN SBRIE FL R, 1
WL BN 75T 7V FR AT T A R R B R
oM. WEFUERIA, B = ANZBH 4% BRI R g B —
AL T BE 2 A BB A A8 5 BT A il = 4E 25 1) Y
P AR, R MR T %A AR RS E 1 A (A
A, KA. Lyapunov 8 £0 DA K 43 7 K 45
12 F BUGAE T BS M I IERRTE. R
TR 5] B SV IR L AL DA S T 3 2 T P AR
PEHET 2 T IR RS, WD T ERY. &
BN 5] FEE AR G F R A, A T =AML
PH A8 B RE A5 = 2 A = A I 5] 5~ AH . el Hb,
MRS AR, RAEREE S RRAFHEN T
LA TR 5| ¥ B3 BAM BR324 5 VR 5] i 3k
TG, REZAG AR B&RE. F

IR R A B 1 54T NAE O SCERRGE, (HIX 28
PR IAE T —MZBERM R G A Z .
AR SCAR S B2 BRI L B T T AZ B AR AE s PR
T B T IRIHT, X AT IR FC R B
WE XM TN HANE. dTE— RS
T, 1% R AR E TR RN 3214 mi B 1 =N IRy
AEARAN = A TAFAEARFE M, JE X1 HL B S JOM R G4
g E R A R R BURE, BRI ARG R A2
1 B S HOR I = 2% o Fh 4454, A S8 4= 1
TSN 1547 R, e 1 IRTE RGN B A R ™
AT ROBENLYE. PR R T VR e PR % A R
A S SRR, R AT S 0 PR R RE AN 2 4
PERE.
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Abstract

A memristor is a nonlinear nanoscale-sized element with memory function, and it has an italic type “8” voltage-
current relation curve that looks like a pinched hysteresis loop characteristic. The memristor is utilized to construct
chaotic circuit, which has attracted the attention of the researchers. At present, most of studies focus on applying one or
two memristors to the chaotic circuit. In order to study the multi memristor chaotic circuit, in this work we propose a six-
order chaotic circuit with two flux-controlled memristors and a charge-controlled memristor. A corresponding six-order
nonlinear dynamic differential equation of the circuit state variables is established. The dynamic properties of the circuit
are demonstrated in detail. The analyses of equilibria and equilibrium stability show that the circuit has an equilibrium
located in the three-dimensional space which is constituted by memristor internal state variables, and it is found that the
equilibrium stability is determined by the circuit parameters and the initial states of three memristors. The Lyapunov
exponent spectra and bifurcation diagrams of the circuit imply that it can produce two bifurcation behaviors by adjusting
its parameters, which are Hopf bifurcation and anti-period doubling bifurcation. The hyperchaos, transient chaos and
intermittency cycle phenomena are found in the same system. The dynamical behavior of this circuit is dependent on
the initial state of memristor, showing different orbits such as chaotic oscillation, periodic oscillation and stable sink
under different initial states. Finally, the simulation results indicate that some strange attractors like lotus type and
superposition type are observed when voltage and electricity signal in observing chaotic attractors are generalized to
power and energy signal, respectively. And the attractor production between the energy signals of the memristors are
studied. Specially, when different initial conditions of three memristors are used to simulate the circuit, we can find
the coexistence phenomenon of chaotic attractors with different topological structures or quasi-periodic limit cycle and
chaotic attractor.

The six-order chaotic oscillating circuit is mainly composed of three parts: the parallel connection between a
flux-controlled memristor and capacitor, the serial connection between a charge-controlled memristor and inductor,
and another flux-controlled memristor that is alone and floating, which enriches the application of memristor in high-
order chaotic circuit. Compared with most of other chaotic systems, it has many circuit parameters and very complex
topological structure, which enhances the complexity of chaotic system and the randomness of the generated signal. It
is more difficult to decipher the encrypted information in chaotic secure communication, and thus it has better security

performance and safety performance.

Keywords: memristor, six-order chaotic circuit, floating, dynamics
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