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MBI R GUAFAEAN A (VI ) RORE I, X A 56 L
BURFRR AR L5328, AT RS 2R R UTURGS A
WORA I, R T GRS AR S 2
M) 5 A 2 e, T 3 SR AT R BRAT b IR R B35
ERL b, SR AN ARG FR G T AN TR RUBE RN, 6
T R ARG A 2 ROBE PRl R 35 (A I AR AR R4
(152 b R LB LA — e e i

AL SR ARG R G AN ) R RN
BT ER ICHLER, QA7 T 5 0 BeZe ARG R = 1 DY
By~ OB G R G (R, JE B e A R R
AT A AR ML I3 1 A B 2 K, A1 B s 1)
IR R ESSE SN OITESETE AR N ¢ AR
ZEih, FECRGAAAERAGPIAS R P I 1) ROEE (AR 5
A Tk TCAH N 7 SO ¥R 2R G 1T e R AR S o
FRIHD E (053 20 500, S5 G AT, 25 T P A
[0 Fx X Fold/Fold J& 1% & A1 Fold/Hopf )& 1]
PERIG, FH487R T PSR R AR 1) 43 2 AL,

2 B A

P SRS PR 2 — SRARETE R &L, A 0 Bl
FePE AR IO 2 i 1 (B 1) i H R GUAR i) 4,
[ B AT 2 5 18 11 2 B G A RAE S0 R 5
1Ol — B AT R Bl AR MR AE (K R G
— 7 PR R SRR TR, 198 TiF %
A E BT L5 3L 18],

Rl L2
W=
ir2
Ly ? ir1
+ +
Ry C T=_ Ver Co ::_ Ve % R,

Ry

Vo

B s R
FPIRNATHTAE G RGP AN [R] R RN, 7E
eI B AR ) AZ AR YR Vg (B 1), FEAH R
B )RR AT LA oy 119
diLl/dl‘ = (iLlR() — VC])/Ll +VG,
dipp/dt = (Voo —Ver —ir2R1) /Lo,
dVei/dt = (G(Ver) + i +ir2) /Ci,

dVer/dt = —(ip1 + V2 /R2) / Ca, (1)
% Wl 2 B AR LR YR G(Ver) = PVer +
E(Pl — P)(|Ver + Eo| — [Ver — Eol), A W22 4F W
T Vo = Agsin(ot), 5I N4 x =i 1Ry /Ey, y =
ir2R1/Eo, u=Vei/Eo, v=Ve2/Eo, t = VLiCiT, NI
(1) AT LR R i N o E

dx/dt = a(—Bx—u)+Asin(Q7),

dy/dt=vy(-y—u+v),

du/dr=n(x+y)+g(u),

dv/dt=—-6(x+cv), (2)

=

a=R\/C/Li, B=Ro/Ri,
Y=RiVRICi/L, §=+/LiCi/(RiC),
c=Ri/Ri, n=+/Li/C/Ry,
a:\/IWP, b:\/sz,
A=AGR\\/LIC\/Ey), Q=08\/LC,

g(u) :bu+%(a—b)(|u+1|—|u—1\).

AR, IHEARZAE R G (2) UAE u = £1 JAFAE
HARCI AL, TR, 25 28 48 A [ A 403 5 8 90
Jl A 2 A7 e A S I BRI, 237 R AN R RO 2K
J32, 3 B0 T R e 9 AR 335 10 74 41 FH 1) 22 A8
AREIGATH PO NIRRT R %8 )
FHRFE, BRUTHARGHT  ZO0 AT IR, AT
T BRGNS T o B

3 )P R R B

1 W B 3 R (R RS R R TR [ g1
i 2 I R e 3, TR, AN UTRLAS BIBOR & K 70 20
AT A AR SR o 28, o ORI EE AR
R, W RIA IR G, A fE i s F
AN L. R 23 A FEAH N (R s T X S LT g
AR A3 ERAT hy, 0 T 7 A5 R AR B B BILA, A8 3R
MBI T P .

TR R IHBUI I w = Asin(Q71), ®R
G E AN o, 4 FIREINE Q < o I, W
FEAE— A AR IR 3 B A I A B P 9w A8 AR
AN, WA, 7R R GeRE—[EARR G I Y W,
Bl 7 € [T, To+ W), Forf Ty A TFLRTEHI IR LG £, w
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BARTE wa = Acos QTy Fl wg =Acos Q(Ty +¥) 2
AR, BT wa 5 we ARFHRIE, DA IEAE BRI 8] B
YN, w oAl DL H A, R SEAT O ) 32 2
w B wa AT we 2 8] R 58— 3 ABLH B A (1) B ¥R
RYEURIE, T w KB A0 RS 3 4 21,
IEAE Q < o IV, BUARBEAR w 251 [—A,A] Z 1Ak,
T AE k25 S AR O R I )Y B, w T LI A
P w55, eI U0 R BAE BA R g ] BLA A
N ER R G, BT EWG RS, LA N
i ;BRSP4 5

L ZG () AW w = Asin(Q1), A
A 73 AR AN A PR W AT, AR N R S
XABRG A IR N

dx/dt=a(—Bx—u)+W,
dy/dt=vy(-y—u+v),
du/dt=n(x+y)+g(u),
dv/dt=—-6(x+cv), (3)

Horp g(u):bu+%(a—b)(|u+l|—|u—l|). T
G(u) M3 Be e VERe P, 28 40 11 1) 1 1 A7 A5 T A
G 4 i Zip = {(x,y,u,v) € RYu= %1}, N
1M 28 G 1R 25 23 Te) A ) 20 O en A D6 i 23 i
R =N AFE X8 Dy = {(x,y,u,v)“u| < 1},
D_ ={(x,y,u,v)|u < —1}, Dy = {(x,y,u,v)|u > 1}.

3.1 [XiE Dy FHIF RS R E R TN

FED IR Dy T, RGAAFAE — DV A Ey =
(my/M,my/M,m3/M,ms/M), L M = a(Bac —
Bc—c—1), my =cla—1)w, my = (a+c)w, m3 =
—(c+ D)w, mg = (a— 1)w, HF2 2 P i AR (1 HF
MEZ WA RGE, £oxhy

Po(l) :aol4+all3+a212+a3l +as, @)
o
ap=1, a=-06c—a+y+ap,
ay = ofy+agc—aaf —yva—afdc+a+y—ydc,
a3 = ofy— afydc—ydc— adc+ aaf éc + yade
—afyatay,
as = afyadbc—Say—aydc—afydc.
B, B Z 50 2 51 ar > 0, ajap —a3z > 0,

az(aray — az) —ajag > 0 I, FA R (1 57 7 45 AE A
P EAT SRR, R A3 Eo i ke sE /.

3.2 X D PTG R REREM
FEPIIX IR D+ 1, FRGERIAF LA M — 1 0
Ey = (n1/N,n2/N,n3/N,ns/N), Hrf
N=oa(—Bc—1+bBc—c),
n = c(aa—ab—w-+wb),
ny = —abfc+wb—oab+ aa+cw+ ofca,
ny= —obfc+cw+afca+w,
ng= —ab+oa—w+wb.
Fh B b, SRR LR AT 2 T, 45— 46
A
Pi(A) =boA* + b1 A° + byA* +b3sA + by, (5)
Hrp
bp=1, bj=aff—b+y—9c,
by=y—v8c—afdc+a—yb+bdc—afb+ afy,
by = —oafyb—aBfydc+ybdc+ afbdc+ afy
—odc+ay—ydce,
by= —ayd—aydc+afybdc— afydc.
P, 4 2 50 2 45 1F by > 0, biby — b3 > 0,

b3(b1by — b3) — b3by > 0 I, PL(A) = O (W FT A5 fiRt (1)
SEHRYI N A, W Ex AW RRE ).

4 J7 3L E R R G0 2 Hf

BHE SRR A, AN IR 5 DX R P ik
ERGENE, P AEARF N BAT A, PECS B
Rl Db, B G A X p P A R R 2 A
FRAE LA 7 B AR

4.1 Xig Dy FRITE SIS
HHARFIE 2 T3 (4) ] 50, P4l 55 Eo A7 AE R
Feoks =X, P 2 S 300 2 4
FBy: ai1=0(a; >0, ajay—a3 >0, a3 >0) (6)

I A7 7E LA AR, W] e 3 B0 0™ AL B R L
LS S8 )

HB() .oazayap; —asz — a%a4 = 0,
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(a1 >0, ajay—az >0 (7

A7 AR — XAl AR, FTRER= 4 Hopf 4347, ‘5808 1)
IRHAT N,

42 Xig D, PRIEESHL S

BT R RRPE, Do o (1)1 i a5 B AT A (R 1R AR A

J5 R, DALl AH N b A7 7 55 AR ] 1R 2R A 45 1 S FL 53
i, (5) KT, M S HEE L

FBy : b4=0(b1>0, biby — b3z >0, b3>0) (8)

INAEAE PR RIS, 7] g4 5 B0 22 TR kiR

LG T 9 250 2
HB. : b3(b1b2 — b3) — b%b4 =0
(bl > 0, b1b2 —b3 > 0) (9)

INAEAE - STABREAR, RS 2 Hopt /3 %7, S 8RS
P R AT 4.

43 HHRELERIERESE

N E T RGN X, e
ERNRS (3) B = HAR R &S, v AFTH
J” X Clarke ‘7443 2]—~] X Jacobian #iF, KR
A

J(£1) ={qJo+(1—-q)J1x, Vg € [0,1]}, (10)
e Jo Ry 53 B3R 7R 3 S T PR 3P4l A R IR
R, MR 15 X Jacobian FE B E T FE N

Prii(A) = qlaoA* + a1 A3 + axA® + azd +ay)

+ (1 —q)(bol4 +b1/13 —I—bzlz
+ b3 +by), (11)
5B ZHL g, 57 SR Jacobian A B Gy
EH. B
a=1.6,
§=1,
K 2(a) F1 (b) AN TS5 c=0.1 Flc = 0.2 i
] X Jacobian AiFE J (1) BFIRFIEE 7347150

T e=0.1, 24 g = 0.9219, HAFE Hh 275 527
T 2l g, A ) X Jacobian HiFE 2 AT &
FREME (B 2(a)), Ui 24 R Gl o B e g 40 St

B=15,
a=-5.5,

Y=2.0,
b=0.9, (12)

I A, AT AE = 2R AR R M Fold 2 %5, 4T ¢ =0.2, 4
g =0.0004 iF, FLAHR IR X Jacobian A %7 R 4l
RER, B AR T — X2 AR, 1Y ¢ = 0.401 B, JL
AT 2 S R i, BT P A RAREAEAL IXUE, *Y
HBYZ K g A0 ARALE 1, 8 RV AR G 4
Grif, L) X Jacobian Hi B2 77 AR 2 IR Uy 7,
AR H A 7 A EAE Fold 43 7 (RS AE, R I
HAT Hopf 73 %% (4FAE, B EIAEH B Fold/Hopf 7
. VAR, BRI 5 Hopf 43 7 AH M. (1 4% 35 A1 4
0.9210.

K2 BE4HBY 2 5 ) X Jacobian H B R AE il 28
(@) c=0.1;(b)c=0.2

R ARG 4 S AR LA R, R
TR R PR & IPSE R e eN T N Wi
WA T ZH c=0.1 il c = 0.2 i, Dy Al DL X1,
HST A AR S PR AE AR, X T ¢ = 0.1, S R 2ILE Do
DI P AN R R R A Eo 7B SRS Dy AR E

1 Hopf 459378, BIHEH B Fold/Hopf 7372 .
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F 1 RSP0 2 R R AR 5 2 A=7.0TF c=0.1 Flc=0.2 N RS HAHE & HAH
FE( FHAAHE OB E CAGEILREES
c=0.1 A0 = 0.0076 M 3 ATLUE Y, RGERIN T R R
HoosemeeLen ABEREA RS, SO B 55 R R0,
Mo oomsoses : S B 4R 5 1 AR A B AT 1 S B
Af, = —1.6828 £ 0.4605i BRI ERAE, RN B R R IR .
=02 A9 =0.1165
20y = 39759+ 1.062i  AKE I A 5.1 %&3pfE
A9 = —1.8648 Fold/Hopf 43 7
llﬁ2:0.0019j:049211i R jglﬁﬁj:%ﬁﬂ‘/ﬂ\:qj B‘]ﬁj\@ﬁ[‘%u, Elﬂiﬁéﬂ]
i =—1.65194+0.4188i o .
= SINFEHAE M S, il A B, 8 s
ST P 240 0 A Pk ¥ 52 B JE B SRS AR & A% W) 5
5 BAIRG R EALE T ~

P, o (3) 3K R B &R g, LBk

| _ AR (x,3:2) = (01 (0),31(2),21(2)). AL
HRYE Q) TR FREOE o0 ik () 4 P L

AR, R B RIRG IS, 2425 5, 19 5 G5 00 AT B, 1T L (eow) 3% (v, w)
(12) 2NHE I, TS ¢ = 0.1 [ R G181 4 SESP LB, b ow = Asin(Qr), 1R 9
FN o =0.964, M 7E ¢ = 0.2 i, HFE A RN SN (x,w) =[x (1), Asin(Q7)] 5 (y,w) =
@ = 0.921, ILITECEAIZE Q = 0.02, BRI vi(7), Asin(Q7)]. HT w=Asin(Q1) A& H 5K
5 RG A AR 2 AR 2R, TR 2 ™ R A28 &, AR (x,w) = [x1(1),Asin(271)] 2%
PEANT SRR 00, [ 3 A IS TR (vow) = [y (2), Asin(Q1)] b A0 .

2 -

50000 50400 50800

6
15105 0 5 _qp s 50000 50400 50800
€T T

(b)

K3 REIRG I E TR (2) c=0.1; (b) c=0.2
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5.2 YFREY Fold/Fold 5 % %%

K425t T c=0.1 B RGEAE (u,x) F (u,y)
T F AR B, I IR 2R e 2 IR ok L 2R ) R SO A R iR
Y. GG 3 R A () 4 R B AR IR I ] g A ]
A DU H, I % R 4 5 A7 76 A PR A [R] (9 [ B,
— & AR T 22 118 B, 6 T 5 R R R LR A
(quiescent state), — & AHX Fll 4 ) R MR 4R 7, 0F T
PR AS (spiking state).

K4 (a) u-x “PIFIAHIEL (b) u-y FHIFIAH

TR A e TR A7 AR P9l L1 70 254700,
BRI ATUBLAS BIBCR Z5 1 20 2 DL NOR 25 1037C
BUS I oy &5, TR BATT & £ e S A P oK 20 A P ol
ATFPIRZS Z 18R 70 ZE RS R, B S 45 T (wyu)
ST AR N B AT B DA B dw/dt 5w Z (8]
KA.

5.3 RAIRHUH

JE M3 506 AR 3 T B o T 4 43 S, i
T B B IS 2R G0 A8 AN () DX (P-4 A A T SO P T
(wyu) B Z TE M8 (WL 5(a)), Hoh 7w 2 5t
T -2 [0 (18 H ) 350 43 S AN Rt s P4 058, 1T 6 X 8k D

T OGRS M AR B, U I b 108 5 AR

HI4HT B B 5 g = 0.9219 I, | X Jocabian B A5 %
FROEAE, VB0 R AR ARG 20 S 2y v REs
774 Fold 43 %, TR WL 5(b) v BAK IR, 76 Ay A2
dw/dt <0, KBRS 288 X I8 Fold 43 % &
BN Ay s R Z TS HhER IR P St R G £
E_ BRER.

—-0.1 0 0.1

w

€5 XFRMY Fold/Fold SRR ML (a) w-u F3AH BRI A
RGOV 55 7 DA 2 S E N (b) w 5w KRR

ik Dy X8 205, RGEAE X Do
DN i o T s A 1L g S (K (£
A1 =0.0076, A, 3 = —3.9788 £ 1.064i, A4 = —1.8500,
M Ay AEBUE AR, IR Z T Ay 25
Ao R RE EEH, 3Kt R LUMATI N ) I 18] O R4S 21
ESE (LK 3(a)).

ML R XK Dy FIE Ay s, BEITARGHE 70
FHifl 2y LR, BARPUE R D, bRl RE s EAR
WAL Fold 73 %, H %7 4 I F AR KA.

MIEL 5b) WU B, BB AE Ay AT Ay
(1 DX FR) 5 2R S AE - AE Ay R Ag s Ak 359 A2
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dw/dt <0, BWEIBIEAE Ay REIE L ST 2y HEA
X3k Dy, IMAE Ay R IEE 2 #EAXEL D_, 1=

(RIBkERIR S, T 7 X 3k D_ v, E AR 1, It A
PP B R T RGE I E-, k=R BRR, 5 80%
L) Fold 43 78 AT R .

FHRE M, H T BUEAE ARG 70 i 2y, 2 [4)
L Do DX, A2 AR RN HR G AT N, 0 A 1
KPR HIUURAS, Ui Dy IO Sl A,
R Fold 43 75 ENAE Do XIS (MU,

BUE N Ay mUTFIR, FEIX I D his ), 1EIX
WD TR S O A, = —0.0172+
0.9644i, A3, = —1.6828 -+ 0.4605, 111 I 47 75— 5k
S 20 X /0N 100 R P A2 PR I S R TR AR,
TERE) Ay 5181 Z 8 MhZe P17 ith 2 (1) N - S AFAE—
ST (RO B, MBI N Ay BTS2k, 4%
7 P A A LA 5 e L ol N R 1 P
i 2R (K 4 2 i A2, AT 3 BORIR IR 547 A, % B
TR AR RO .

RGN e K AE Do X 8 3% ST
ST 2k, MBI B A B dw/dT =0, Bl S
dw/dt >0, S8 RS E w K8, 250
IR Xy B Ay S, RAESAE Ay MR Fold
GrEEAT O, SR SRR X 4k Dy £ Xy, B
As 5Bk X8 Dy 8] Z T i1 i 2 i b
3C, JErE R Do XA A R PR AT A s 3
BT Ag I dw/dT =0, £ dw/dt 280 5 fE, il

w1788 Ak Tk R I S Al m] DL e IR 8 5
FH, HREEE w=Asin(Q7) T A=7.0, 5 w ¥
fHTE [-7.0, +7.0] KOG 24k, iTE w A2
AN T = 21/ Q = 100m N, HB &2
PN DURCS AP AN ORI R, AN RIEFE 2 )3
Fold 73 7% 1%4%, = A0 #r X [1) Fold/Fold &K, 7% 1&
BT AR S V-1l i 2 LR SR AR I AR T, AT
MR Z A RFR AR/ Fold/Fold .

5.4 ¥t#REY Fold/Hopf # % %%

BB e =02 B, REMAT o kAEAAL,
6 45 T A5 I EEE (WL 3(b)) 7E (u,x) T (u,y)
M E¥se, v LA W, i R g 3R, 1H

A AT BT DX, 25 A AR LA 25 0 TR A FR A
R AEAR ] A

6 (a) u-x “FHIAIAIEL (b) u-y FHTFIAIE

5.5 BRAIRHUH

BT 45T (w,u) >FTHD_AH Y. RS e AH P L&
dw/dt 5 u Z AKX R. EREE c=02 1, X
H 8 RGATAERE PR ER, %0 BRI =R S w
IHUE A K.

BB RGN AT ARG 2 S 2 18 By
s, TR dw/dt < 0, R G 0 40 5 i
X35 Do, 1M 4% B 240 g = 0.401 I}, | X Jocabian
FiBE A7 AE BRFAEAE, 5 LR M A A, BE R4
EAREHE o i - BT By Ak AE T Fold 4
W RAEBRIR IS, % D_ v REE PR ER (KR 5,

X 1, Do H B A Eo 3. 22315
HUEEAE X B Do T4 1 HE A 20 = 0.1165,
Aoz =—3.9759 £ 1.0621i, A4 = —1.8648, BT~ A; #f
XN, DR B ER A s By BI04 By HORL R EL A1,
TEIRUURLAS. RGN By TFH, NI D_
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THERBL, BB w AR AL, )T OB R G R
Il 7+ Hopf 43 7%, 72U MR, LLI BRI AL 1)
PRI AR E (0, (A T w AT BB R G2
A, Mo AR A, P DU S R A [ S A R A

12

3
—6
—12
12
3
—6h
—12

&7 XIFRI Fold/Hopf i KM  (a) w-u F 45 AH E FXT N 5
10 RGO 43 3 LR EHE 4y R AN (0) w 55 u SRR

RGN By THIGHE D_ Wizgl, T w i

224K, 774 Hopf 73 &, 3 EUKIR 1 Wk 5. =%
HERNIE w = —T7 AR & B3 I, B2 (9% 3 Wi (4
BL PN, BRI FHf 2 B By, 58 OX R K
WAz, HIXARYE, FIFELE By 27 E Fold 73 %,
T 7 i X8 Do B2y FH1iT 2y EI¥ Bs i,
FEXI D 75 Hopf 70 7, 43 RGN TTBISHE
O A, JF5 XD I RSN, i s 2 [
B By s, e AN R .
TEZI R G i R, Fold 43 718145 2 48 I
RASTENVURA, 1 Hopf 73 % S B AR K MNVTRE
[ RIBCRAS, FIRERR Ao R pedk. s Bk
XARAAE/ A Fold/Fold 5 R AL AN [R] £ 5 2 ] e
ANIF, TR AR £ RURR R IA 2 1) 5 e, DR E 3R
IR 3R A /IR Fold/Hopf %

6 % i

X B ARG 4 S ) A A S )
S TG LI, Il B 2R 4t 1) ] A AR 2 TR
TER R FEPE I, 27 A PSRN, S8R R ;.
T A RGP i R SRR E I, AR b T
P 1 Fold Ml Hopf S8 AN[R) 43 2547 2y S L= 4
PF, BB T S SECT R R G RHE, 207
T AR TR AS FHUOR A5 1 7= A2 D BR] B EAH I (1) 43

2 H 5/34 Fold/Hopf 4 p i i A ik 9, JF 4 5 i ke
FHIE, 258 T PIRP AR R I 55 IO A, 4B T AN 7%
AN 7 A B L
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Mechanism of bursting oscillations in non-smooth
generalized Chua’s circuit with two time scales”
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Abstract

By introducing periodically alternate current source as well as suitable values for the parameters to ensure that there exists order
gap between the natural frequency and the exited frequency, a two-time scale namely, a fast-slow coupled non-smooth generalized
Chua’s circuit model is established. Based on the corresponding generalized autonomous system, the stabilities of the equilibrium
points in different regions are investigated, from which the critical conditions related to different types of bifurcation forms are obtained.
At the same time, combining the theory of Clarke derivative, different types of non-conventional bifurcation models which may occur
when the trajectory passes across the non-smooth boundaries are explored. Furthermore, with the combination of the generalized
phase portraits, two typical periodic bursting phenomena namely, the Fold/Fold and Fold/Hopf periodic bursters, and their associated

bifurcation mechanisms are analysed in detail.

Keywords: non-smooth, generalized Chua’s circuit, two time scales, bifurcation mechanism
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