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2) SCHR [36] F H I AR A A T 3 —04 1
ﬁj\ﬁmﬁj@%é}fﬂg @—/L/F, T‘f%%%‘ﬁﬁj\i‘ﬁqjﬁﬁﬂﬁ%% G — 0.5 2 —0.6
HHr Lyapunov J7v%. @ 3CH H 3509 & SN R- 02 05 15

L3E X, (21) 3 (pp. 793)H 5(t) = §D, 18 DIs(t)
WA IEM T, A R-L 3 S HCR 3 R A LA H G2 AR5 B B 5 G & B T T
Y RGWIE A 0 B A L. KR 3, 6.2, 8.9880 (Wi &R 1 HIZ&At). Fr
E6  RUUITEEMN KRG MR T, 15 DA YE I # 3, A = diag[1,1,1]. IR 5h £ S8 Fi
1 AERA R 2 Z R TP 7 Lyapunov R 3L 1E B F 48 B RIME 2% A% 3 o 2(0) = [1,1.4,1]7T,
SCHR [2] A0 [34] A, iR g 3K b R 1 R 2 By y(0) = [~1,-2,3.5]T. Hu(t) = 0 RG24 L
Rt RS Dea(t) = —az®(t) (HF0 < a < 1, a = 0.95FRIHEMEI R (WE1).

(b)

le(t)
ya(t)

—40 —20 0 20 40
x1(t) y1(t)

1 BWMARSZ  (a) M5 E Lotka-Volerra £4; (b) /75 Lit R4
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1.5
(a) 2ty (b)
1.0 ) W
1
0.5 I
I 0 |
0 |
|
—0.5 ] -t
—1.0 " L L . 9
0 1 2 3 4 5 0 1 2 3 4 5
i) /s f$1a) /s
1 4
4y, (c) (d)
| 27
3 | t|
5 | 0 T/
\ .
1 M b
0 —4
0 1 2 3 4 5 0 1 2 3 4 5
IRFTE) /s IRFTE) /s

B2 (MTIRE) FPER  (a) o1 (t)(54k) My (0 (BL); (b) x2(2)(504k) My (1) (ELL); () =3(t)(SRLR) A
ys(t) (RELK); (d) I IRZE e (t) (HE£R), ea(t) (4AKIER) Ml es(t) (SR4K)

20 T T T T 30 T T T T
(a) (b)
15 1
20
= = 10
s &)
0 AL
—10 .
0 1 2 3 4 5
18] /s 18] /s
10 T T T T 250
(c)
200
5 4
. 150
Z o0
S 100
-5
50
. 10 1 1 1 1 0 1 1 1 1
0 1 2 3 4 5 0 1 2 3 4 5
i) /s i) /s

B3 EHIEMBRRASH () ui(t); (b) ua(t); () us(t); (d) 01 (HELk), [|02(8)]] (x3Lk) A (|05 (2)]|
(R%)

B R AN L =R (L), y(t), ult). NT uy(t) (reap., ua(t), us(t)), WA1w X T 45515
B RGN is 5, 07 5 PR IRATH e(t) KB i fE X 8] [-5,15] (reap., [-5,15], [-5,5]) &
x(t) My(t). XFTei(t), ea(t) Mes(t), ALK LEHL W BRI SR e e 2, BRI — NSO 2.5, ua (t),
T ALy AR AR IX (8] [—3, 3] b 1 vy iy Y AR S wo (6) RN SR oA HUER — AN S 80 (-4, 2,8,14],
& BR S (B e AT B S 4 i o -3, -1, 1, 3), wz () X5 B SR & BRI R = AN 280N [—4, -1, 2,5).
EAIMSECN {[1.2],[-3,-1,1,3]}. X Tl & TRAEBY 252 51T iz 5B 08 I # Ny
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4% = 4096. M RS S M YIME 61(0), 02(0) F1
03(0) ik 4096 4EIBENL M 2. X A H RS
BRI N T 5 B 75 22, (R 28 ¥ oA 5 2
FESERE iRy Xt

il S8k = 5, 0 = 08,
i = 700, i = 1, 2, 3. B R SUIEIT R Z B
HHEVIE N €£(0) = &(0) = 1, &(0) = 1.5.

G ELE R 2 A 3. IEanE 3 Frik, X2
A BT S U BN R AT B A U SAE B R, R 4%
AT K, SH p B BRI T 1R
B RGIRE R S5k, o BN, HA
Bl 2 T )0 22 OSSO P R, i B 1 T A
W RS BA RGBT MERE. B34 H T A
KA RASHSHN BB, BT 62 (20)
HEH RS R, b BE R AR SR, A2
s = E IR EUD, FERE ISR 0 B FAS
3. B3 (d) 45t B R BH R G S HUN R O,
BIRSEY LI ELEOR, AH2 )60, (¢)|| EHRIE A K,
AR WA R T E B ARG LIRS T
L RIEEZAES

5 & W

FEF 3B Lyapunov 2 g RIS & TH B &N
EORY] 7] 25 425 i) 4 40 23 BB 2 880 B B A, SE T
A AR FR R ) 1 5 AR HRTE R [FD . AR
TIEA TR BRI 0 RIS TR, G BRI P
THEEE 1. IR 775 Lyapunov B 73 £
BrFEie 7 RSB ERE IR AT T B SR AE
1) P AR 428 1) <2 I 40 H o VR 9 R g 4 o () o R R
FEAER — 28 pa) @ R A SO T7i2, 1R 2 B EWHR
ARG AN [F] D T VR DUHET 20 B R 4t
Hiok. 7B R O R I 28 P AR S R
B, EHA PSR, e BRE sl DL AR B A
RN FAE T (W RN X S SEEL A E TR
FRGE ) IE NBOR 45 2 1 7 R .

SE3H

[1] Podlubny I 1999 Fractional differential Equations (New
York: Academic Press)

[2] LiY, Chen Y Q, Podlubny I 2009 Automatica 45 3690

[3] Wang D F, Zhang J Y, Wang X Y 2013 Chin. Phys. B
22 100504

(4]

(5]

33]

(34]
[35]

070503-8

Yuan L G, Yang Q G 2012 Commun. Nonlinear Sci.
Numer. Simul. 17 305

Li R, Zhang G J, Yao H, Zhu T, Zhang Z H 2014 Acta
Phys. Sin. 63 230501 (in Chinese) [Z24%, 5K)" %, #k4%2,
A, dkERE 2014 P)BEZER 63 230501)

Aghababa M P 2012 Commun. Nonlinear Sci. Numer.
Simul. 17 2670

Mahmoud G M, Mahmoud E E 2012 Nonlinear Dyn. 67
1613

Kim S H, Park P, Jeong C 2010 IET Control Theory
Appl. 4 1828

Kiani B A, Fallahi K, Pariz N, Leung H 2009 Commun.
Nonlinear Sci. Numer. Simul. 14 863

Ma S Q, Lu Q S, Feng Z S 2010 Int. J. Nonlinear Mech.
45 659

Li Z J, Zeng Y C 2013 Chin. Phys. B 22 040502

Zhou P, Ding R, Cao Y X 2012 Nonlinear Dyn. 70 1263
Huang L L, Qi X 2013 Acta Phys. Sin. 62 080507 (in
Chinese) ¥, 555 2013 ¥H R 62 080507]

Zhang R X, Yang S P 2010 Chin. Phys. B 19 020510
Yang L X, Jiang J 2014 Commun. Nonlinear Sci. Nu-
mer. Simulat. 19 1496

Liu J G, Huang L. H, Meng Y M 2013 Int. J. Adapt.
Control Signal Process. 27 1086

Hosseinnia S H, Ghaderi R, Ranjbar A N, Mahmoudiana
M, and Momanic S 2010 Computers and Mathematics
with Applications 59 1637

Yin C, Dadras S, and Zhong S M 2012 Journal of the
Franklin Institute 349 2078

Pan L, Zhou W N, Fang J A, Li D Q 2010 Commun.
Nonlinear Sci. Numer. Simulat. 15 3754

Senol B, Ates A, Alagoz B B, Yeroglu C 2014 ISA Trans-
actions 53 189

Essounbouli N, Hamzaoui A, Zaytoon J 2006 Control
Intell. Systems 34 12

Tong S C, Tang J, Wang T 2000 Fuzzy Sets and Systems
111 153

Tong S C, He X L, Zhang H G 2009 IEEFE Trans. Fuzzy
Syst. 17 1059

Boulkroune A, Tadjine M, M’ Saad M, Farza M 2010
Fuzzy Sets and Systems 161 797

Tong S C, Liu C L, Li Y M 2010 /EEE Trans. Fuzzy
Syst. 18 845

Liu H, Yu H J, Xiang W 2012 Acta Phys. Sin. 61
180503 (in Chinese) [X|1H, RF%E, M 2012 Y# %
& 61 180503]

Tong S C, Li'Y M 2012 IEEE Trans. Fuzzy Syst. 20 168
Liu H, Yu H J, Xiang W 2012 Chin. Phys. B 21 120505
Pan Y P, Er M J 2013 IEEE Trans. Fuzzy Syst. 21 1123
Tong S C, Li'Y M 2013 IEEE Trans. Fuzzy Syst. 21 134
Yang Y, Hua C C, Guan X P 2014 IEEE Trans. Fuzzy
Syst. 22 631

Wang L X 1994 Adaptive Fuzzy Systems and Control:
Design and Stability Analysis (Englewood Cliffs: Pren-
tice Hall) pp120-144

Trigeassou J C, Maamri N, Sabatier J, Oustaloup A 2011
Signal Processing 91 437

Shen J, Lam J 2014 Automatica 50 547

Lin T C, Kuo C H 2011 ISA Transactions 50 548


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1088/1674-1056/22/10/100504
http://dx.doi.org/10.1088/1674-1056/22/10/100504
http://dx.doi.org/10.1016/j.cnsns.2011.04.005
http://dx.doi.org/10.1016/j.cnsns.2011.04.005
http://wulixb.iphy.ac.cn/CN/abstract/abstract62876.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract62876.shtml
http://dx.doi.org/10.1016/j.cnsns.2011.10.028
http://dx.doi.org/10.1016/j.cnsns.2011.10.028
http://dx.doi.org/10.1007/s11071-011-0091-6
http://dx.doi.org/10.1007/s11071-011-0091-6
http://dx.doi.org/10.1049/iet-cta.2009.0346
http://dx.doi.org/10.1049/iet-cta.2009.0346
http://118.145.16.217/magsci/article/article?id=14969880
http://118.145.16.217/magsci/article/article?id=14969880
http://dx.doi.org/10.1016/j.ijnonlinmec.2010.03.003
http://dx.doi.org/10.1016/j.ijnonlinmec.2010.03.003
http://dx.doi.org/10.1088/1674-1056/22/4/040502
http://dx.doi.org/10.1007/s11071-012-0531-y
http://wulixb.iphy.ac.cn/CN/abstract/abstract53263.shtml
http://118.145.16.217/magsci/article/article?id=17371314
http://dx.doi.org/10.1016/j.cnsns.2013.09.021
http://dx.doi.org/10.1016/j.cnsns.2013.09.021
http://118.145.16.217/magsci/article/article?id=19944083
http://118.145.16.217/magsci/article/article?id=19944083
http://118.145.16.217/magsci/article/article?id=14981168
http://118.145.16.217/magsci/article/article?id=14981168
http://dx.doi.org/10.1016/j.cnsns.2010.01.025
http://dx.doi.org/10.1016/j.cnsns.2010.01.025
http://dx.doi.org/10.1016/j.isatra.2013.09.004
http://dx.doi.org/10.1016/j.isatra.2013.09.004
http://www.ncbi.nlm.nih.gov/pubmed/15376841
http://www.ncbi.nlm.nih.gov/pubmed/15376841
http://dx.doi.org/10.1016/S0165-0114(98)00052-9
http://dx.doi.org/10.1016/S0165-0114(98)00052-9
http://dx.doi.org/10.1109/TFUZZ.2009.2021648
http://dx.doi.org/10.1109/TFUZZ.2009.2021648
http://dx.doi.org/10.1016/j.fss.2009.04.011
http://dx.doi.org/10.1016/j.fss.2009.04.011
http://dx.doi.org/10.1109/TFUZZ.2010.2050326
http://dx.doi.org/10.1109/TFUZZ.2010.2050326
http://wulixb.iphy.ac.cn/CN/abstract/abstract49772.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract49772.shtml
http://dx.doi.org/10.1109/TFUZZ.2011.2171189
http://118.145.16.217/magsci/article/article?id=17405740
http://dx.doi.org/10.1109/TFUZZ.2013.2244899
http://dx.doi.org/10.1109/TFUZZ.2012.2204065
http://dx.doi.org/10.1109/TFUZZ.2013.2269694
http://dx.doi.org/10.1109/TFUZZ.2013.2269694
http://dx.doi.org/10.1016/j.sigpro.2010.04.024
http://dx.doi.org/10.1016/j.sigpro.2010.04.024
http://dx.doi.org/10.1016/j.automatica.2013.11.018
http://118.145.16.217/magsci/article/article?id=15093281

32 % R Acta Phys. Sin. Vol. 64, No. 7 (2015) 070503

[36] Lin T C, Lee T Y, Balas V E 2011 Chaos, Solitons & [39] Ahmed E, El-Sayed A M A, El-Saka H A A 2007 J.
Fractals 44 791 Math. Anal. Appl. 325 542

[37] Aguila-Camacho N, Duarte-Mermoud M A, Gallegos J [40] Li J H, Chen G R, Yu X H, Leung H 2004 IEEE Trans.
A 2014 Commun. Nonlinear Sci. Numer. Simulat. 19 Circuits Syst. I 51 2476
2951 [41] Lia J H, Yu S M, Leung H, Chen G R 2006 IEEE Trans.

[38] Costa P R, Hsu L, Imai A K, Kokotovic P 2003 Auto- Clircuits Syst. I 53 149

matica 39 1251

Adaptive fuzzy synchronization for uncertain
fractional-order chaotic systems with unknown
non-symmetrical control gain”

Liu Heng"? Li Sheng-Gang"’ Sun Ye-Guo?  Wang Hong-Xing?

1) (College of Mathematics and Information Science, Shaanxi Normal Universtiy, Xi’an 710119, China)
2) (Department of Mathematics and Computational Science, Huainan Normal University, Huainan 232038, China)

( Received 21 October 2014; revised manuscript received 5 November 2014 )

Abstract

In this paper the synchronization problem for the uncertain fractional-order chaotic systems with unknown non-
symmetrical control gain matrices is investigated by means of adaptive fuzzy control. Fuzzy logic systems are employed
to approximate the unknown nonlinear functions. We decompose the control gain matrix into a positive definite matrix,
a unity upper triangular matrix, and a diagonal matrix with diagonal entries +1 or —1. The positive matrix is used to
construct the Lyapunov function; the diagonal matrix is employed to design the controller. Based on the fractional Lya-
punov stability theorem, an adaptive fuzzy controller, which is accompanied by fractional adaptation laws, is established.
The proposed methods can guarantee the boundedness of the involved signals as well as the asymptotical convergence
of the synchronization errors. It should be pointed out that the methods for using quadratic Lyapunov function in the
stability analysis of the fractional-order chaotic systems are developed in this paper. Based on the results of this paper,
many control methods which are valid for integer-order nonlinear systems can be extended to control fractional-order

nonlinear systems. Finally, the effectiveness of the proposed methods is shown by simulation studies.

Keywords: fractional chaotic system, adaptive fuzzy control, fractional adaptation law
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