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Multi-Stability Analysis of an Active Charge-Controlled
Memristive System and Circuit Implementation

Li Chuang,Min Fuhong, Ll Yanmin
(School of NARI Electrical and Automation, Nanjing Normal University ,Nanjing 210023, China)

Abstract: In the paper,a new type of five-dimensional memristive chaotic system is easily implemented by replacing a
nonlinear resistance in the Chua’s circuit with an active charge-controlled memristor. Firstly,the stable equilibrium and
unstable equilibrium point sets of the system are analyzed theoretically by establishing the dimensionless equation. Next,
through Lyapunov index spectrum, bifurcation diagram and phase track diagram,the coexistence phenomena of the system
with respect to the changes and initial condition is studied. When different initial conditions are used,the system displays
the coexistent phenomenon of chaotic attractors with different topological structures or several limit cycles with different
attraction domains,as well as the phenomenon of multiple attractors of several periodic limit cycle and chaotic attractors
with multiple topological structures. Finally, based on multisim circuit simulation model, the simulation results are
consistent with the numerical simulations and relevant theoretical analysis. These show the correctness of dynamic
analysis and the physical realizability of the system,and lay a foundation for expanding the application in encryption.

Key words: active charge-controlled memristor, Chua’s circuit, memristive chaotic system , multi-stable coexistence

20 et 70 4RAR, SEFEAR T Rl 585 /D H B AR Al v I AR A B A G 7 A M DR T T A A
HL 0] 5 RGP IAEAE  HFEX e e otz B #R Y ( lmﬁvzm%ﬁ) B F] 2008 4 5 A ,%jé.:éﬂ
i%ﬁﬁ?ﬁkiﬁf Nature %385 _FRIE TIZBHAR RSB . BUJS , BF9E N BIF 4R 4 7 (0 62 B 25 10 4 7 1F

58 A5 HADIUA (1 F BT AR B AL G U B T SUAE A TR A8 38 17z i . g rh
%IME%’% PO B AR RE S AR 25 2y S B HL TR VR ¥ , SCHR[ 3-7 ] © BRI il FR B AE R A Y. B T8
ST BH AR R T AR GTTH  BOARMERE R 357, A2 BH 28 78 J sl 8] p T vk 4 ) (i FH. RO 4otk , B i
FEN AR FABTAR R S 2 FE S AIZBHA LR | 53 DURRIR N5 44 (%) L B A 28] SUAZBH A
FUES , X1 BE IR 28 50 (A AR 43 B R0 S0 56 L B UL S 3 T B AR

AR TG RGN RS R SRS A BN TR AR TN, RS BGm 77 e TR

15 H #5:2018-06-30.

BEE&WA . EKHRPEI 4 (61871230) LA T 7 AEBHIF-5 SCBRATH 115 B (KYCX18_1220) .
BIRBCR A KE L, W, #4798 7 ) AEZePE L 55 R 48, E-mail : minfuhong@ njnu.edu.cn




B RIVE R =4 ( TR R 19 B 1 (2019 4F)

IR R R M RSB, R Gta S N RGP UGR[0 A= AN [ ) 3z Sl
i, — I RYIB SRS A BRA. RGERES ™ HET055 2 W5 | T AP MIFR Z R 21875, ARG
PRI 5 | 5 e B 5 | S R AR SR 2L, A TR I, — Lo Ll 3l )~ R e 2
SRR R G AP S | I — AR ATy, RS TR Il R A e Y A7 B G A 4 T ) ) B SR
TARER . SCHR[ 11-16 ] EXFAZBHIRTE R GE R 2R S A, FFFEN BORE AN [R] RO T2 BHAS Y 5 | A5 28 i
IR SN Lorenz 2248 Chua HLEE  Shinriki UGS, oM AT AE A A7 5| 7 sl A7 RGO 51 1. SCRR
[ 14 ] R AN C BN ARAE N Lorenz REGEHIESBIN, Beit th— A PUB TR IE R S8, 304 T IR
F G BEIC R SRS T R A5 | T IEAFBIG. SCHR[ 15 ] FHARBARA IR R A2 B AR U 25 R A 5 |
ASEECHL AT B — D PUBHZBL R G, 704 R A P e A 2 R i A2 B R LA 3 R W 1 3 1224
NEZREASNE. SCRL 16 132 T — B I BR G, Bt Shinriki AL FPARZEME AL G5 — B2 )
EALEMIR, RELE s AW | T A BSAFR RS | B DAL SR — N — el DA f B 0
P RGE LRSI G AN BT — D TR G 2 SRR,

BT U, A TR T — S AL BLAR 9 AR IRTE R SE , b T HEAT JORASE S0 i LA AR R P18
H RGBS A O RSB SRR AR LA T . W X R G2V R R R A E e
MZRRER, SO REIR T R Gtis sh S BUE ™ A ) 37 IR 125 18 R G R IR RS2 15 A A
ST A R SEAF G . IO R B2 A | ZR e 2 A TR 30 4 bl K O TR B 5 | 3 A7 AN R 5 Y
2 JA IR BRI LA LIRS [+ JEL S 5 A A BB A5 A [l S 25 4 TR T 5 | 3 3647, SR e oz ik, i B
AL ICHE, BT SEE TAZBL AR GERIRLNL i 7L . SCIR A SRR W] i B S 30 5 BE A 4 R e —
B, At — PR EAC RGN I BEE T 2R

1 RGBSR

1.1 HFER

SCHR[ 17-18 1A 48 T SR BH #5458 Ay ot A B g Y, SR FAT VR Ay 2 A BH A B Sl i 58 % 4, FLAA A

E Ny
M(q)=de(q)/dg=m+ng’. (1)
A, 28 m Fon A, B m<O.

— AT AT VR AT A2 LA 0 T TR i B AN P 1 BT, Pl 20 LK PG e G4 3 o B SR B B A
HLZE , P SRR — M2 B 5 AN S TTIF Ry, BT X REfY 5 AR AE 0002 0,0, ,0, 0,9, o1 g
SE iR AR A AR

WG TCAF AR e e S R R U R AT e A, T DA 55 R BT 1 FE B RIRES T 7R
di, /di=(v,~i, M(¢))/L,,

di, /dt=(v,-v,)/L,,

dv,/dt==(i, +i,,+0,/R)/C,, (2) L
dv,/dt=i, /C,, e
dg/dt=i, .
A w=iy,y=iy,,z=0,u=0,,0=q,a=1/L,b=1/C,, * "
e=1/C,,L,=1,R=1, AR M(0) = mem? Ttz " T ¢ vwTG R

BHLARA AR 2 (2) AT LR - - -

M(q)

x=a(z—xM(v)),

y=z-u,

z==b(y+x+z), (3) -

. B 1 BiREEIZEE B REE

u=cy Fig.1 Active charge-controlled memristor-based
v=x. circuit schematic




2 [, AU R S SR ST K s 5

KA vy, z,u,0 NRGEHPIRESZE T ;a,b, ¢ Ml m,n 53 HFR R G S BN A0 BB R ) 280

WHERGESBEN a=9,0=30,c=17,m=-1.2 Fl n=1.2 WK HN(107°,0,0,0,0) , BG4 IR I
W5 FanfE 2 s, FIH Wolf’s 11519 Lyapunov $8%%°k L, =0.257 1,L,=0,L,=0,L,=-7.251 4, L,
—16.449 2, %J v i) Lyapunov 4E%00 d, =3.574 6. £5 LT , REGESECT AOAT U far 5 12 BHL L % AR 200 1]
RABELLL I Lyapunov 4EECERULEA T 1% 14 BH I 2R B 2 1R T 4R 35 Y.

0.6

p

03r

x(?) z(0)
(a) x— -1 (b) z—u -1

B2 EERSIFHEE

Fig.2 Phase diagrams of chaotic attractors

1.2 PR
P BRIR T 22 G2 18 VA 5 A 3 AT T e — A bl b ) s B A TR 1 AN BRSNS - A
R R T2 M (3) ARG 3 g 2 et TR SR X (3) 1y P A AR M B A
% x=y=z=u=0v=0,132(3) WP S NES A
A={(x,y,z,u,v) lx=y=z=u=0,v=1}. (4)
1 AT SR, BV R GE - s FE A o Bl FEPAT BV (3) |, IR B R GEHY Jacobi FHIEA -

[(—aM(l) 0 a 0 O
0 0 1 -1 0
J,= -b -b -b 0 Of. (5)
0 c 0 0 O
1 0 0 0 O]

K M (L) = m+nl’. S EA A R RN
SN =X+ (b+aM (1) ) A +(b+ctab+abM (1) ) A’ +(be+abM (1) +acM (1) ) A*+(abe+abeM (1) )A=0.  (6)
RESEIEI a=9,0=30,c=17,m=-1.2 Fl n=1.2, 3250 1 Fl 2250, R(6) AT AL R .
A( A +a, A’ +a,A  +a +a,) = 0. (7)
AHa,=10.8°+19.2,a,=3241"~7 ,a,=507.61+2.4 ,a, =5 5081°-918. [ 33E 5 il PRk 2101 )7 L0 &
B AR EL, AE Routh-Hurwitz F20E 2544, TUR 22 500X 5 R 10 P AR B B SRR Y FE 2 2 A28

a,>0,
a,a,—a;>0,
> (8)
a,(a,a5-a,a,)-a;>0,
a,(a,(aya,-a,a,) —a;)>0.
A AT L AR T
0.408 2<111<0.4763 5% 111>0.895 3. (9)

AR BRI ER (ELW 220 (9) VBRI IR (E 0% W R S (3) 12 sh Ll R #i fa g 1. [
Z A L ATRE VLA
111<0.408 2 5% 0.476 3<111<0.895 3. (10)
A E IR A (10) AR (8, RS (3) AR AERUE Y, B T BRI BRI 055 AT



B RIVE R =4 ( TR R 19 B 1 (2019 4F)

2 RGP

BRI 28 1 H for EAT TCAZAE T AN IR A IC BRI IR 18 25 5 BUC B B AR Ze vk pR AR A2 U (753 &R
iz gt oy th B — S LAE o0, TR R G WA R ER — A RESEEA T, i PRSP R (E
AR BA AR R Geia shBadk. im0 5 BE 2R 58 2508 A B0 A7 AT 9 LA R DR A0 48 sk 28 1 7 A 1) 22
Fas4.

2.1 KESHEI TS

WERGEBEN a=9,0=30,m=-1.2 Ml n=1.2, URFESE ¢ WD ESE IR RGREA R -
() 4325 B LA B AN ) Lyapunov #8808 WK 3 FiR. Bl 3(a) PRESEL ¢ 28B40 25 i % 1 w0 B IR 2543
#2A(107,0,0,0,0) F1(-107*,0,0,0,0) ; & 3(b) B Lyapunov $8§ %k  £5 F#I{E 4 (107,0,0,0,0). H
3ALUE N, RGEI 1A EIHE A BRI IAE AU I A7 LR IR MW 5 | A F 58 2 A iy 3l ) 2
1.

MBS c=17.85 BF, RGBT THE M v AARFIIE | 57 X S8 ICTA A B 20805 i R GEas 17 4l R R AR PR Bl
W B, RGEHEA T IRMPIRZS L8 11 8 28 0 A7 73 7K Lyapunov 844 LE, 7EZ(H A IE(E Z [ 481k, 4
c=17.85 HI KW}, RG ik AR 4385, LE, >0,LE, =0 I LE, =0, Jf H#k A7 2 AR 41k &
¢=17.922 B}, RGILAE T M B—A T 7 M O BEE SR, REM SR G RINEIB1T. 7
18.15<c<18.19 P, RGE MILAF I IR 5 | 728 IR 3 28 0 N T A2 R 3 2. BAE ¢=18.20 244,
R G PRt I A EAL R A G ATRIEES , BERHEIENG S | J ik Uk, S8 ¢ 7 X[ 18.45,19.3] 1,
REIB NN EIAZS , FEE AR A 2 B e AR 1 25, #5385 ARAE R 3(a) MR 3(b) HAY R [R)3E 3l X ek gk
BRI RGBSR e (8, 25 T x—y il _EARGUE A 4 fos , 307 BRSO G R RO
AR A3 BN N R G IR S5k (107,0,0,0,0) F1(-107,0,0,0,0).

@ 0sr
B . W e et
N: 0 \j f AL
T 05k L ‘]
= L/
S o-10f g

N S 15 ‘ ‘
2
5 —4r )
g /
é -1 L, L,

—0.4LL | | ] % ~18 i T / ]
17.8 18.3 18.8 19.3 17.8 18.3 18.8 19.3
c v(0)
(a) BTN 5 (b) Lyapunovfg 45k

B3 B8 c TUMHAES Lyapunoy
Fig.3 Bifurcation diagrams and Lyapunov spectrum with the change of ¢

2.2 REFERN SRS

X R ) RGBS, 3 AR IR A (£(0),0,0,0,0(0) ) HEAEAZ PR AR AS 5 2 (0) A1
NCBHAIEAIRAS v(0) VE R T ZESH, R 43225 18] Lyapunov 18 508 FI 5| 7546 2 46 77 A 1 2 W 5| 3L 17 47
H AT SRR

WG 51 (x(0),0,0,0,0(0) ) H 2 (0) ZEX A [ 1.2, 1.2 ] NASAL HL 0 (0) = 0 B, AH R FR 248 48 4
5375 B x 5 Lyapunov $880E AN E 5 FiR. 7T UL, 537 €5 Lyapunov 8505 3 AR — 8. ZEXTFRIX[H][ 1.2,
-0.344 ] F1[0.344,1.2 ] N, RGEH BA S S AR I AR AR L b0 I 5 (a) R T RGEMA
BB B R 1, 2 DA% R o 2 AR B, JF 8 D 2 R 1 S 2 BRI S TR 5 | AR A e i
FIEAG R IR PE L. AEIX 8] (-0.344,0.344) JE I, R G A WA B NG A 1 e 5 |, A0 N 1Y
5(b) MEL RN RS HA — P IE(ER Lyapunov $8 %8, i~Z{E 1) Lyapunov F8EFIA T {E 1 Lyapunov $5
B CIREAS T 16 (0) BRI, RAEBITHIE LS H T 2 (0) AT S A RIMZEA F R 5| 8074, B RS 17
W BOR BOSS E 2E RE AT . TR TRUE i R rh, RGBS L iR FE5 14 7 A= 25 Fh Az Ak,

— )



2 AT AL R G SR ST B S

0.6 0.6
03+ 03+
ER ES
0.3 031
0.6 1 1 1 | 0.6 1 1 1 |
-2 -1 0 1 2 -2 -1 0 1 2
x(f) x(1)
(@) c=17.9, HNEILLT (b) c=17.922, JEW73LA7
0.6 0.6
03 03
= Of = O
0.3} -03F
—0.6 1 1 1 | —0‘6 1 1 1 |
-2 -1 0 1 2 -2 -1 0 1 2
x(t) x(t)
(c) c=18.9, JEll2t47 (d) c=19.25, JEIWII3EALF

B4 AESHc £GT,MBESHH(107°,0,0,0,0)F1(-107°,0,0,0,0) B RS R EE
Fig.4 Under different c,coexisting attractors with initial conditions(107¢,0,0,0,0)and(-107%,0,0,0,0)

BN IFAEAT R AR A AR LU N AN )13 sh S i A7 45

FIEWIR A1 (x(0),0,0,0,0(0)) 1 o(0)ER /T ZSEH v(0)= 0. |1 TR x(0) 4 0 RS
ToE IR X x (0) BUH £107° 25 REE— DA /N3, 5] 75 28 58 (9400 46 18T LA S BA o ~F-
FCH BRI RASTE X (8] FAR A RS AR 5 19 3 75 LA SAH I Y Lyapunov 158 805 G &l 6 . Hr,
P 6(a) A X3 T AN DX T 43 0% 0 (0) = 10l 2 (0) = =107, & 6 (b) o7 L F #8443 R «(0) =
107°F1 x(0) = —10"°B 1 Lyapunov 5. AMEMELH], 4 «(0) = 1070, REAEXIL 1 (1932 b i ik
Sy TS 3 AT A SIS 40 2 TR i X 1 1) f O 748 S TE AL 7R X8k 1T F2 Sl e i 1 A DA S5 TR A
2SR 3 2 N RS P R A I AR AR BT — A s, TR R B BB ZE 24 0, - FFT 0
RFA. Y x(0)= 1070, RGEAED IR 1 A iz s Ak 43 5IXT R +(0) = —107° B REAE XL 1 F1 1 Yz

L4y 2 071 g
x N
ol
i
0.7 ~
Ni‘ 8
=
2
0r 5
>
=]
=
=
g
-0.7 : : : ‘ =
-1.2 -0.6 0 0.6 1.2
x(0) x(0)
(a) /> 251 (b) Lyapunovig 5

5 WIMAEMH x(0) 9% EF0 Lyapunov 5 it

Fig. 5 Bifurcation diagrams and Lyapunov spectrum with different x(0)



P UM R A2 2R (TR R ) 5519 B3 1151 (2019 4F)

AT . A, 18 6(a) BRATRE XI55 (10) Frtiid AT E XU EEA — 2. ZG LA B, x(0)
BB RS T RS REICBHAIE v (0) 22 BB J1 22470, RBCBHAIEAS AL, RGtiz shis b A 4, A
AER 20 5]+ 2 FhEEoR.

X SR S 9 K (2(0) ,y(0),0,0,0) FI(x(0),0,0,0,0(0)), EDZr 514387 x(0) Fl y(0) [F] it
1k, x(0) Fl v(0) A AR AL T 2R Gt i SRR T, Wi 7 Fias. Xk a] LAXT He oA A2 B A0 (-5 ARAZ BELA (i %
RGEFPRES AT, 24 x(0) FEX [ -1,1],y(0) X[ -1, 1] WAEFLET, R G ARRlE SRS 5 A
WE 7(a) Fis; 4 x(0) FEX A [ -1,1],0(0) FEX B [ -1, 1] NARFLIE, R G801 2 B 3 J1 2447 R
K 7(b) FiR.

4.5

3.0

=1,2,3.4,5)
LL S
S W O W
T T g 1

. ?ﬁ; L1 J
F 15 5
B % 051 ! | | '
% | |
5 0
0 & -05F [ |
Z 10 : {
Q — 1.
-1.5 % -1.5 | I | L | | |
-1.0 : -1.0 -0.5 0 0.5 1.0
v(0) v(0)
(a) M (x(0)= = 10) (b) Lyapunov#g i (x(0)= = 10™)

B 6 IZBEMBIRE v(0) T E5SEES Lyapunov 355

Fig. 6 Bifurcation diagrams and Lyapunov spectrum with different v(0)

1.0 1.0

0.5

¥(0)
(=)

1(0)
(=]

1.0 -1.0 :
-1.0 =05 0 0.5 1.0 -1.0  -05 0 0.5 1.0
x(0) x(0)
() HEAAF(x(0), ¥(0),0,0,0) (b) BUEZEIT A (x(0), ¥(0),0,0,0)

E7 FAEMEFENRSE
Fig.7 Basins of attraction in different planes

M7 BTRIZE B (0) F1 y(0) AR L, B EGEI2 SPR IR BRI 20 A 1, 70 A1 L 56 T JRUs 0 A
H e IS, PRI A — R NA— B A, 24 y(0) = 0 A 518 5 B it B 3h
J12AA T A T EL T AR A y (0) 775 BB A 2 oM e 5 |5 AE RS 1. B 2 (0) #1 v (0) R
AR AN RIE SR AR AR 87 B S AL R S T I X Rt , HAE «(0) = £107° AR B2 8L 3l ) 247
N 6 HA—EL FPARIBUENRE AFIIZSPRE, I BRI R FRERR R, ik 1 R,

e UL IR, 18] 7 A AN B8 DX I 7 1973 BIARAS S AN [) JA U BB A BRBA. A — LB [X S )
B IX 3 AR th T 2 AN [R]ZE Sh Pl A7 i Y.

S T HE g i G M S B 2R A 1 T #1 B ARFRAEHELNEHRES
E E/‘J gig\ 7\& fﬂ% ﬁ{ E ii?%$ Iﬁj%ﬂ ﬁ ,ﬂ; I'ZH *H J_\')Z Table 1 The different motion states with different color
H’J*ﬁ?ﬂﬂl@,ﬁn@l ] %%,%%W*ﬁ@ﬁﬁﬂﬁ i in the basin of attraction
AT BRE A, R R R ey MG me B MR RE RE

USRI 432 FPIRAS. % x(0) Al y(0), R BERA REARSA(S) AW 1(PL) FMI2(P2) AM4(P4)  RM(C)
0. /N




%1, A IR R G SR SHT K B

HAE v (0) AT S AL PR HAE W 5] 1 (2 S «(0) BIFTS, REG07  BySEAe e 5| 2[R 26
1, BT IR X RR, GnlEl 8 (a) ~ &l 8 (c) Arzn. [l b Bk e A7 W 5 | - 52 JE 1 3 2, IR 2 4 X6F g 174
Lyapunov F88(4°4 (0, -, -, -, =). XT x(0) Fl v(0) , #HWUEA T AR, RGE 7= A iy I AF g 51 5
SEARFZEAL  nE 8(d) ~ B 8(f) FizR. AEXFRRIL S F A2 NIAHRYE Lyapunov T8EUfE 764 22 5, A&l 8 (d)

Y SR 4 FIESE SO Y Lyapunov $8E053 90 (0, -, =, =, =) FI (=, =, =, =, =) . K 8(f) PRy E
LR XTI A Lyapunov 385005k (+,0,-,-,-) #1(0,0,-,-,-).
1.6 1.6 1.2 710.5,03,00,01
[0.9,0.9.0,0,0]

0.8 0.8 0.6
= 0 = 0 = 0
-0.8 -~ -0.8 -0.6
(<0.9,-0.9,0,0,0) (0503000
~1.6 | | | ] 1.6 | | | ] 12 | | I ]
-6 -3 0 3 6 -6 -3 0 3 6 -32 -1.6 0 1.6 32
x() x() x(7)
(a) A 1A (b) S 2L A7 () JA3dLAE
1.2 0.7.080.00] /7 1.2 7 [0.2,0.8,0,0,-0.7] 1.2
0.6 N 0_9,0,0, 0.6 0.6
£ o S g o g o
-0.6 -0.6 -0.6
/(=0.7,-0.8,0,0,0) > (-0.2,0,0,0,7) /' (-0.5,0,0.0.7)
_12 | | ] _12 | | | ] _12 | 1 | ]
-1.0 -0.5 1.0 0.5 1.0 -3.0 -1.5 0 1.5 3.0 -32 -1.6 0 1.6 32
x(1) x(1) x()
(d) A adLAE (e) TRIEML 5| FIAF (f) B S IUA L A7

8 FEWMGAERE THLE

Fig. 8 The coexisting attractors with different initial conditions

3 REMHLE DT H I

FUFHIZSEMOA B TLOS2CP AR 25 AD633 A A s B 7T 52 B (3) BTk ) A 2k
BN 9 R, Horh o,y 2, w0 AP IARER 5 AR H B I 1) oL 25 Pl FOMR S A8 B, X PR P 2P
Gy, NSRS ALK M, U 75 Mo, BIRT SRR SCHR b 1 B AL 1 MR 5 R

Rl O FITBE THAOAZ BELHL B SR, I B R B2 ADG33 25 R KK 0.1, T LA EIHE 42
LR 3% ARG (2) BB I

dx 1 1 R, R, |

= z= x| —Vi+—" |,

dr R,C, 10R,C, \R, 10R,

dy 1 1

—= z— u,

dz R,C, R,C,

dz 1 1 1

- = Z X Y, (11)

de = R,C; RC; R G,

dl_ 1

de R,C.

dv_ 1

de RyCs

N 1 1 R, R, 1 1
\? . 11 S 3 ] /El?ﬁ;%" . = = N =—.n= \b: = \C=
B (1) ) MR, W15 S8 a R.C, 10R,C, m R, n 10R, oo 1 R..C. c
1443 R..C,

SRS A B R S BRI 2 PR



T ST R 2 2 e ( TR AR 5519 BE 1 191(2019 4F)
Ci
Il Y
I 4,
1 uF X R,
F—isv X
—X Rzn 1kQ
——NA— GOLVVOV
1 MQ v,
el L —t
= 10 kQ
” 15V -V
fap AL BEAR R
— R, R, R,
VW NV A%
x v 111.11 kQ 10 kQ 10 kQ
¢ 1 A2 2 -15V
Mq 6
— A AN i .
11.11 kQ A L o
0.1V/VOV
15V
u Ru ICIZ R, R, R, |C|4
— VW 1 Wy 1
IMO 1 uF 10 kQ 10 kQ 58.82 kQ 1 uF
-15V -15V -15V
-z Rm
’—/\/\/\,— y u
1 MQ S -
15V 15V 15V
X R\s |C| R|7 Rm
S VVV I
. 33.33 kQ | uF 10 kQ 10 kQ
27 pliibiE] _15V ~15 V|
y Rlo
z -z
33.33kQ A I
z RM
— " N— L L
33.33kQ 15V 15V
9 FNEVIZBE IR A B O R IR
Fig.9 Circuit simulation of novel memristor-based system
F2 WEZIEREHERNSHIE
Table 2 The values of circuit parameters
L% S5 ZHE LR S SHUE
HFLAS R,(i=2,4,5,8,9,12,13,17,18) /kQ 10 AR C(i=1,2,3,4,5)/pF 1
FLRHAS R,(i=10,11,20) /MQ 1 HLFHEE R,(i=14,15,16) /kQ 33.33
LAY R, /kQ 1 LAY Ry /kQ 12
L FH A Ry /kQ 11.11 L FHAS R, /kQ 111.11
FLBHAR Ryo /KO 58.82 ERHIR V,/V -1

FERLADL R B 05 B, T L B R L BELES R o T AR IZ BRI R GE R S 5L o, T H B P B 500 R (B 1Y
BB M FIR 4538 R G0 IE SR ARIRES. SR ATl B S0 E I A7 B BBy B4 5 I E R, =55.87 kQ
BIZ8 c=17.9, 125 C, BIRITAEIESY BN 1074V =107 V, A A RIEAIE D 0,43 840 & 10(a) ik
(PRI L7, B R, =58.82 kQ, SRJG A BISE S €, URIIAME A 0.72 V A1-0.72 V, HAx i 454
WAE N 0, A3 AE IR AR 10(b) iR, £ LA €, F C5 BRI IRTE S 9% 1074 V #1-0.22 V, Fi4p
B E R -107" VR 0.22 V, HAH A RIRIES R 0,15 2] 0 40LUR B/ & 10 (c) FiR. HHLEE C,
Cs WRITRTE S MICH 0.5 V F10.14 V, B4 518E R1-0.5 V F1-0.14 V, TR B A PIEAIE N 0, 36T i
SURAE AT FRI 5 | FIEAE Q& 10(d) Frr.

AL AR RESE ¢ T, REHBRIE AW URIN A2 R A 5 ULRETHY MATLAB $0{E 1
HLEA B B — B0, B PSR A0 R s S B fer A BT T R G i vl AT, Ry itk — AR 5T S B s 1



%1, A IR R G SR SHT K B

LS SE A PHIR P R GEBEE 1 LA,

0.6 4.0
20F
g s o
2.0
NI
X —4.0 [ | |
-2 -0.9 0 0.9 2 -1.2 -0.6 0 0.6 2
x(f) x(1)
(a) Him LAY (b) Jli23EA7
1.5 4.0
750.0 [ 20
s or S o
-750.0 |- 20F
15 \ \ \ 4.0 ! \ \
-2 -0.9 0 0.9 2 -1.2 -0.6 0 0.6 2
x(1) x(?)
(c) FUUSRHIEAE (d) AF BXTFRIL S| T3 A7

E 10 Multisim (FEE£FHEHE
Fig. 10 The coexisting attractors by Multisim

4 4hik

AR SCHR Y — AT PR B AS ) TLAEO 60 RS0, R % AR BRI 2R 50 BLA £ 5 8l )1 24k
It Lyapunov $8 803 732 B AR B P S5 R (e BT B, S W1 LB A2 BLIREDE AR e vl 2 B0 400 TR
RIS S IR SR MRS TR AR S A AR R AT . ARSONZ M ERTSE T R GE18 8™ R W 2 Fa 25|
TIAFIUL, 3N R G S BRI L R GRS B B A BE L B ML T4 TEAR R IR 5 1F T, RS
S BN R+ DAS A BT T 5 | 7 A e A [R]85 | ) 2 J S BR BR A7 L2 B AN [ o S0 80 1 A BIR B
SRR RIRIEN T | i IEAE. e i FT R B E it T R GE R BEII £ BCAS SR A0 e )
AN FIARF TR T I 5 | 32 L S SR T A S B A FIE(EL D7 ELAS R

[ &3k | (References)

[1] CHUA L O. Memristor—the missing circuit element[ J]. IEEE transactions on circuit theory,1971,18(5) :507-519.

[2] STRUKOV D B,SNIDER G S,STEWART D R, et al. The missing memristor found[ J]. Nature ,2008,453(7191) :80-83.

[3] BET, AR, AL ST S R RL JESAR 89— B SUIZBL AR [J]. #7244l 2015,43 (10) - 2192~
2132.
WU H G,BAO B C,XU Q. First order generalized memristor emulator based on diode bridge and series RL filter[ J]. Acta
electronica sinica,2015,43(10) :2129-2132.(in Chinese)

(4] DIBLL, FIRA, TR, 45 7 AU B A TR 0l v i S H A PR v g R (7] B 7 5 {8 8 %441, 2016, 38 (10)
2681-2688.
MIN F H,WANG Z L, WANG E R, et al. New memristor chaotic and its application to encryption[ J]. Journal of electronics &
information technology,2016,38(10) :2681-2688.(in Chinese)

(5] XUART R, R L, AF. GBS SO BHASHLIR B SE ke (1] W34 ,2014,63(18) : 187301.
LIU D Q,CHENG H F,ZHU X, et al. Research progress of memristors and memristive mechanism[ J]. Acta physica sinica,
2014,63(18) ;187301.(in Chinese)



B RIVE R =4 ( TR R 19 B 1 (2019 4F)

[6]

[10]

[11]

[12]

PR, B LI, 255578, S REAR AT A P AP BELAS A TR v BB SO B[ 1] #3241, 2013,62(23) :230502.
HONG Q H,ZENG Y C,LI Z J. Design and simulation of chaotic circuit for flux-controlled memristor and charge-controlled
memristor[ J]. Acta physica sinica,2013,62(23) :230502.(in Chinese)

FAGT, BT, Bl ST BLAR A IR R S S O BEHLP S A [ 1] PB4, 2017,66(3) :030502.

WU J N,WANG L D,DUAN S K. A memristor-based time-delay chaotic systems and paeudo-random sequence generater[ J].
Acta physica sinica,2017,66(3) :030502.(in Chinese)

YUAN F, WANG G Y, WANG X W. Extreme multistability in a memristor-based multi-scroll hyper-chaotic system [ ] ].
Chaos,2016,26(7) .073107.

PENG G Y,MIN F H. Multistability analysis, circuit implementations and application in image encryption of a novel memris-
tive chaotic circuit[ J]. Nonlinear dynamics,2017,90(3) :1607-1625.

PATEL M S, PATEL U, SEN A, et al. Experimental observation of extreme multistability in an electronic system of two
coupled Réssler oscillators[ J]. Physical reviewe E,2014,89(2) :022918.

AT LAFLA, WO, 2. T — B SUAZBEL &) SC IR IR 55 A I [ ) ] B4, 2014,63(24) :240505.

YU Q,BAO B C,HU F W, et al. Wien-bridge chaotic oscillator based on first-order generalized memristor[ J]. Acta physica
sinica,2014,63(24) :240505. (in Chinese)

AL, BLAFT, ARBE, 45 1B ARG R GRS | T LBl i 2R )] BT, 2016,65(18) £ 180501.

BAO H,BAO B C,LIN Y,et al. Hidden attrctor and its dynamical characteristic in memristive self-oscillating system|[ J].
Acta physica sinica,2016,65(18) ;180501.(in Chinese)

SPROTT J C,LI C B. Comment on“How to obtain extreme multistability in coupled dynamical systems”[J]. Physical reviewe E,
2014,89(6) :066901.

LA, PN STHE , AR . BT ICBHL &R S5 Lorenz B TRIE R 48 M U SE L 7] 324k ,2016,65(19) ,190502.
RUAN J Y,SUN K H,MOU J. Memristor-based Lorenz hyper-chaotic system and its circuit implementation[ J]. Acta physica
sinica,2016,65(19) :190502. (in Chinese)

XU Q,LIN Y,BAO B C,et al. Multiple attractors in a non-ideal active voltage-controlled memristor based Chua’s circuit[ J].
Chaos solitons and fractals,2016,83 :186-200.

KENGNE J, TABEKOUENG Z N, TAMBA V K, et al. Periodicity, chaos, and multiple attractors in a memristor-based
Shinriki’s circuit[ J]. Chaos,2015,25(10) :103126.

LI Q D,ZENG H Z,LI J. Hyperchaos in a 4D memristive circuit with infinitely many stable equilibria[ J]. Nonlinear dynamics,
2015,79(4) :2295-2308.

DANG X Y,LI C B,BAO B C et al. Complex transient dynamics of hidden attractors in simple 4D system[ J ]. Chinese physics B,
2015,24(5) :050503.

[FTiERm#F TR K]



