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Abstract

The control problem of fractional order Chen chaos system based on fractional order Takagi-Sugeno
fuzzy model is studied. The Takagi-Sugeno fuzzy model for fractional order Chen chaos systems is
given, and a parallel distributed compensate fuzzy controller is designed to asymptotically stabil-
ize the model. Then effectiveness of the approach is tested on fractional order Chen chaos system
with ¢ =0.95.
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1. 5]

TR FE A B A R i OB R B E 13 ) R BENLAT . 1963 4F, Lorenz [1]RIN 1 #FRHA
CHIEAN.” B Lorenz YIRS, 2 HH V28T BITRTE R G AN BT 1 . 1999 ARG IR R KL T
5 Lorenz 1R RGAH SAE AT AN B 2 241 Chen J&iE R 4E[2] 315, B £ X%T Chen iRl RS
W 4518 [4] [5] [6] [717742 T o [RIINF 43 BB vt R 48 O AH SC B ) 2 oL s i) S R B 46 1 j B AR 3] 1)z
(R RVE H B S PR o Gn: SCHR[STRFE 1 — Pt it 23 BB R E R G I3 15 AT . FREE S, VR
Pl K A0 n) @ 408 Chua R 40 TR 5 A0 inl @E SCRR[O] - dEAT T4 SCHR[L0]1 18 T B A
TR 7 B VRTE R G [R5 r) s SCRR[LL] 90T T 43 28 Chen VR R G810 Js 0 70 X EE I8

H A 2% Takagi Al Sugeno 7E 1985 £ H! T Takagi-Sugeno R £ 45[12] [13], HAF AW AR £ 1
R GEN — KA RIMEM RGRIIE, St RG22 M@ LSR8 RSOk SR . B A A
Takagi-Sugeno R AR Y SRAF 72 Al 2 1 VR 2 5 1) 45 1) 5 )20 45 Il H AT L 48 BR F 9 VR A R 1 3 2
TiEZ o . SCER[141AF 5T T 2T Takagi-Sugeno HEALIKIAE PDC WL 5% 10 PR 2542 i) 25 75 TRl 25 1) o 1)
R SCER[AS1HE T BB BRI 2 25 60 Lorenz-Stenflo 2 45 B4 Il AN [R5 ) L, SCHR[16]7%5 0 T M\ &
I Takagi-Sugeno Hk 5 o e R [R5 (8 FH 1)@ H X it i 3 B2 B T 840 Takagi-Sugeno
BB R G RIE R HITTFT . A SCHE T2 BB Takagi-Sugeno #58 2 4e FRG S 1 2038 Chen YR R4t
) Takagi-Sugeno BURIBEY, 1518 1 0 BB Chen YT 2R St 4% i) 1] 7
2. ¥ Takagi-Sugeno #2#1 R %t
2.1. Caputo Y HHH S

TE5T BN AR o3 BB BEAN R R I SR R b, VR 22 22 BRI S0 N 5% AN [ £ 1 B 25t T 23 BB B
SrHIE L. HECE F B Grinwald-Letnikov (G-L) 2452 X, Riemann-Liouville (R-L)% 2 X Al Caputo B &

S, AT Caputo 2473 HiBi A 3 IR 2
5E X 1[17]: Caputo BB st o3 i€ XN

ik

Cnha 1 t f(r)
° D f(t):r(r_a)ja(t_r)(il)rdr,(r—1Sa<r) )

Hhr() & gamma %, reN . 9 THRTIE, ASCHH DY R (D HT .
2.2. 38K Takagi-Sugeno R R S

Takagi-Sugeno FRIFAY [ 724 2 H it 2 AL B AR LE M RGN B BT VEZ — . IR RS — I
BIRIHELR M R Ge, AN SCHRIH 7350 Takagi-Sugeno HORH AR T KA 72 AE 26 14 23 29 Chen YR 2 S 4% il )
Bl H RN A5 B Takagi-Sugeno R R 45 .
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e 14> B Takagi-Sugeno #8 R 4t

Rulei: If z (t) is M, and... z, (t) is M;

Then {D“x(t) = Ax(t)+Buf(t)

x(0) =%,

Horr, i=12,,r, r REHHEEAUREE, M (j=12,, p) REMIES, z,(t), -z, (t) LR,
AELRRAS . MINE HZ . (1) eR"Z2RELE, u(t)eR"ZMALE, o(0<a<l) 25N
Takagi-Sugeno M R G MM % . A eR™ M B eR™ &R K O M KRB, W 475 5K
Takagi-Sugeno R R G 4 n] DL R N R g
D"‘x(t):;:hi (z(t))(Ax(t)+Bu(t)) @

x(0) =X,

e 20=[2(0). 20 20] 0 E0)=w@0)/Sn ) - w(z0)=TTm, ()

i= j=1

M, (2, (6)) 2 2, (t) EBEHI A M, PO B e, ELIG 2.

NS4 53 # i Takagi-Sugeno B 3R 2 Gt HERS E IS8 .
SIEL 1 [18]: W RAFE—MRIFRIEESERE Q. FEFEM, (1=12,-,r), FEfF UK LMIs o7

AQ-BM, +(AQ-BM,) <0, i=12,-r, ®3)
AQ—BiMj+AjQ—BjMi+(AQ—BiMj+AjQ—BjMi)T <0, 1<i<j<r, (4)
] 53 BB Takagi-Sugeno B 1348 R 45 (2) /& i it A 2 1 .
3. S8 Chen B &R S

3.1. B Chen BiE&RSE

4 HO Chen I A RGURIBEHIE, Jh x(t) =[x (1), %, (1), % (t) ] FIRIERGHERA
B, a. b Ml c FRIBHERGENZH, o LB HH 2 0<a<1:
DX, (1) =a(x; ()= (1)),
D, (1) = (c=a) % (t) = (1) % (t) + ¢x, 1), (5)
DX, () = =bxg () +x, (1) %, (1).
b, a=35, b=3, c=280, Ma=095M, HHx(0)=[-9 -5 14]" W HARIHIZ %K Chen RLiHY
REHZE AL 1 FTR.
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Figure 1. Chaotic behaviors of the fractional order Chen system
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3.2. S3¥Hr Chen JRERLHY Takagi-Sugeno HHjHEE

A543 B Chen YR VA R 40105 B Takagi-Sugeno BUMIRIR . B x, e[-d,d], d>0, IR
PEIRTE RGO FE AT AL RV A FR I o SR x (1) TEVBERIRN I AT PR &, /2 Chen YRR 4t
A AR B R T 2 43 B0 Takagi-Sugeno AR A5 7 .

Rule 1: If x,(t) is F,(%(t)),then D“x(t)=Ax(t);

Rule 2: If x (t) is F,(x(t)),then D“x(t)=Ax(t).

Heebx(t) =[x, (t), %, (1), x3(t)]

-a a o0 -a a o0
A=lc-a ¢ -d|, A =|c-a ¢ d
0 d -b 0 -d -b

S 54 P 6 A
R (% (1) = (¥2)(L-% (t)/d)
F, (% (1) =(Y2)(1+x(t)/d)
SV Chen I Z4E1 4 IR 4 5O Takagi-Sugeno BUHHHLE AT 37 -

D“x(t)= 3 F (2(t) AX(1) ©
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3.3. ET ¥ Takagi-Sugeno =M ARG 2 ¥ Chen SRR HVITH!

AT &I T3 B b Takagi-Sugeno BRI ) 73 K Chen Tt A SE 2 [FLEL, - RISHE 70 B b 7
TERGEHIEE R . ARBON 70l Chen VRIH R SEME MNP HIAMA LT -

D (t) =a(%, (1) =% (1)),
D8, ()= (¢ )% (6) % (6% () %, (1) u 1) %
DX, () = =bxg () +x, (1) %, (1).

AR XT3 BB Chen VR R S0 BB FE AT 43, % R Gulte it il )5 040 BB Takagi-Sugeno BB AL Ay

Rule 1: If x,(t) is F(%(t)),then D“x(t)=Ax(t)+Bu(t);

Rule 2: If x (t) is F, (X (t)) then D*x(t)=Ax(t)+Bu(t).

Hrh, B =B, =[010]

FIH PDC BETHBOMI I %S, 25 58 LA RO F b 0«

Rule 1: 1 x,(t) is F (% (t)),then u(t)=—Kx(t);

Rule 2: If x (t) is F,(x(t)),then u(t)=-K,x(t).

U 25 G52 1A RSO 42 ] 2 i L1 A

u(t)=—22: F (% (1)) Kix(t), i=1,2 (8)
i=1
R Fmgs RN, AR RZE) 2> 206 Takagi-Sugeno AT R 48 Al Ay :
D*x(t) = X X0 (2(1))(A - BK, )x(t) ©
i=1l j=1

WRIESIE 1, WRAAE—DNRRIEEEE Q, MM LM, , 3 FHEF LMIs oz, 4B
Takagi-Sugeno Bk 3R R g ftfa e it HARES R SEHIE K, =MQ™7 (i=12),
AQ-BM, +(AQ-BM,)" <0
AQ-B,M, +(AQ-B,M,)" <0
AQ-BM, + AQ-B,M, +(AQ-BM, +AQ-B,M,) <0 (10)
EH AT T PR v L, SAFFEX AR IE E 5B RE Q. HFEM, &M, , (43 0L EZRPEAE A SRR, 2
HHr Chen JRIE RS TTHIE . 5% a=35, b=3, c=28, JEd=30%AA. A, B Matlab
SRR LRI FEARSER, TR R0 BRI AT R
0.1782 0.0213 -0.0049

0.0213 0.4162 0.0004
—0.0049 0.0004 0.5926

Q=

M, =[12.8975 16.4537 -2.9931]

M, =[13.0224 16.2451 5.2164]

S TARA R AR K, = M,Q (1=12), T
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K, =[67.9598 36.0601 —4.5110]
K, =[69.1121 354868 9.3520]

R FAT 73 AT AN R A,

u(t)= > F (% () Kx(1), =12

i=1

BRBUM R, TR RGBS B BH u(t) . RSB Chen TRIERZE, X4 W A
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Figure 2. Control results of the fractional order Chen system
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Figure 3. Control curve of the fractional order Chen system
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4, 4Eig

AICVR T 20 8B Chen VBT R G ROTE I F . 1 S5 41 7 72 b Takagi-Sugeno Bt 2 4t b JiAz &

oA o FAENT 73 HHr Chen VR RS 170 #P Takagi-Sugeno RO R GERR, R I EASAS 21 70 2
¥ Takagi-Sugeno 5Ok 5 4t (8% € A0 25 1H5 70 B Chen VR RGEHEATIEH] o ASCXB 4L o = 0.95 ] Chen
TR RGHAT O H, B0 120 %F) Takagi-Sugeno #4 R GExT 73 2 Chen YR 5 G2 il G 2t

ZE&UWH
BV A TR R E % B (I H %5 . 17JK0394) ;7 ¢ il == 2 B A% 4 BT Jk 4 100 B
(2017ky0208).
SEEk
[1] Lorenz, E.N. (1963) Deterministic Nonperiodic Flow. Journal of the Atmospheric Sciences, 20, 130-141.

(2]
(3]
(4]
(5]
(6]
(7]
(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
(18]

https://doi.org/10.1175/1520-0469(1963)020<0130:DNF>2.0.CO;2

Chen, G. and Ueta, T. (1999) Yet Another Chaotic Attractor. International Journal of Bifurcation and Chaos, 9, 1465-1466.
https://doi.org/10.1142/S0218127499001024

Ueta, T. and Chen, G. (2000) Bifurcation Analysis of Chen’s Equation. International Journal of Bifurcation and Chaos,
10, 1917-1931. https://doi.org/10.1142/S0218127400001183

Sprott, J.C. (2015) New Chaotic Regimes in the Lorenz and Chen Systems. International Journal of Bifurcation and
Chaos, 25, Article ID: 1550033. https://doi.org/10.1142/S0218127415500339

Zhang, F., Liao, X., Mu, C., et al. (2017) On Global Boundedness of the Chen System. Discrete & Continuous Dy-
namical Systems-B, 22, 1673. https://doi.org/10.3934/dcdsbh.2017080

Algaba, A., Dominguez-Moreno, M.C., Merino, M., et al. (2015) Study of the Hopf Bifurcation in the Lorenz, Chen
and L{ Systems. Nonlinear Dynamics, 79, 885-902. https://doi.org/10.1007/s11071-014-1709-2

Leonov, G.A. and Kuznetsov, N.V. (2015) On Differences and Similarities in the Analysis of Lorenz, Chen, and Lu
Systems. Applied Mathematics and Computation, 256, 334-343. https://doi.org/10.1016/j.amc.2014.12.132

El-Sayed, A.M.A., Nour, H.M., Elsaid, A., et al. (2016) Dynamical Behaviors, Circuit Realization, Chaos Control, and
Synchronization of a New Fractional Order Hyperchaotic System. Applied Mathematical Modelling, 40, 3516-3534.
https://doi.org/10.1016/j.apm.2015.10.010

Odibat, Z., Corson, N., Aziz-Alaoui, M.A., et al. (2017) Chaos in Fractional Order Cubic Chua System and Synchro-
nization. International Journal of Bifurcation and Chaos, 27, Article ID: 1750161.
https://d0i.org/10.1142/S0218127417501619

Khamsuwan, P., Sangpet, T. and Kuntanapreeda, S. (2018) Chaos Synchronization of Fractional-Order Chaotic Sys-
tems with Input Saturation. Journal of Computational and Nonlinear Dynamics, 13, Article ID: 090903.
https://doi.org/10.1115/1.4039681

Cermak, J. and Nechvatal, L. (2019) Stability and Chaos in the Fractional Chen System. Chaos, Solitons & Fractals,
125, 24-33. https://doi.org/10.1016/j.chaos.2019.05.007

Takagi, T. and Sugeno, M. (1985) Fuzzy Identification of Systems and Its Applications to Modeling and Control. IEEE
Transactions on Systems, Man, and Cybernetics, SMC-15, 116-132. https://doi.org/10.1109/TSMC.1985.6313399

Tanaka, K. and Sugeno, M. (1992) Stability Analysis and Design of Fuzzy Control Systems. Fuzzy Sets and Systems,
45, 135-156. https://doi.org/10.1016/0165-0114(92)90113-I

Asemani, M.H. and Vatankhah, R. (2017) NON-PDC Observer-Based T-S Fuzzy Tracking Controller Design and Its
Application in CHAOS Control. Asian Journal of Control, 19, 969-982. https://doi.org/10.1002/asjc.1451

Yang, C.H., Wu, C.L., Chen, Y.J., et al. (2015) Reduced Fuzzy Controllers for Lorenz-Stenflo System Control and
Synchronization. International Journal of Fuzzy Systems, 17, 158-169. https://doi.org/10.1007/s40815-015-0032-5

Chadli, M. and Zelinka, 1. (2014) Chaos Synchronization of Unknown Inputs Takagi-Sugeno Fuzzy: Application to
Secure Communications. Computers & Mathematics with Applications, 68, 2142-2147.
https://doi.org/10.1016/j.camwa.2013.01.013

Podlubny, I. (1999) Fractional Differential Equations. Academic Press, San Diego, CA.

Li, Y. and Li, J. (2014) Stability Analysis of Fractional Order Systems Based on T-S Fuzzy Model with the Fractional
Order 0<a <1. Nonlinear Dynamics, 78, 2909-2919. https://doi.org/10.1007/s11071-014-1635-3

DOI: 10.12677/0rf.2020.102012 121 1B 51


https://doi.org/10.12677/orf.2020.102012
https://doi.org/10.1175/1520-0469(1963)020%3C0130:DNF%3E2.0.CO;2
https://doi.org/10.1142/S0218127499001024
https://doi.org/10.1142/S0218127400001183
https://doi.org/10.1142/S0218127415500339
https://doi.org/10.3934/dcdsb.2017080
https://doi.org/10.1007/s11071-014-1709-2
https://doi.org/10.1016/j.amc.2014.12.132
https://doi.org/10.1016/j.apm.2015.10.010
https://doi.org/10.1142/S0218127417501619
https://doi.org/10.1115/1.4039681
https://doi.org/10.1016/j.chaos.2019.05.007
https://doi.org/10.1109/TSMC.1985.6313399
https://doi.org/10.1016/0165-0114(92)90113-I
https://doi.org/10.1002/asjc.1451
https://doi.org/10.1007/s40815-015-0032-5
https://doi.org/10.1016/j.camwa.2013.01.013
https://doi.org/10.1007/s11071-014-1635-3

	Stability of Fractional Order Chen Chaos Based on Takagi-Sugeno Fuzzy Model
	Abstract
	Keywords
	基于分数阶Takagi-Sugeno模糊模型的分数阶Chen混沌系统的控制
	摘  要
	关键词
	1. 引言
	2. 分数阶Takagi-Sugeno模糊系统
	2.1. Caputo型分数阶导数
	2.2. 分数阶Takagi-Sugeno模糊系统

	3. 分数阶Chen混沌系统
	3.1. 分数阶Chen混沌系统
	3.2. 分数阶Chen混沌系统的Takagi-Sugeno模糊模型
	3.3. 基于分数阶Takagi-Sugeno模糊系统的分数阶Chen混沌系统的控制

	4. 结论
	基金项目
	参考文献

