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1 Ú ó

·b&Ò±Ùû½5Ú�Å5�éáÚ�, =
·bäk�Å5�qØ´ý��½����Å$
Ä; éÐ©G��¯a�6�A5, 3Ï&��9
Ù�'+�¼�
2��A^ [1−3]. Cc5, <�
é·bÏ&?1
�\�ïÄ, �UÑy
Ãõ·
bÏ&�Y [4−10]. Ù¥��´ëêN� [11]. ëê
N�´3ÂuXÚÓÚ�Ä:þ?1�, ëê�C
z�·bÓÚ�{, T�Y|^éëê�¯a5?
1��Ï&. ± ��Ï&�Y¥·bXÚ�õê
´�ê��, |^©ê�·b?1ëêN�Ï&�
ïÄ���. �ê��©´©ê��©�A~, �
ê�·bXÚ´é¢S·bXÚ�n�z?n, |
^©ê��È©�fU
�O(/£ã¢S·b
XÚ�ÄåÆA5 [12]. du©ê�·bXÚäk
��E,�ÄåÆ1�, ¤±òÙ^uÏ&��,
äk�p�S�5. �©Äuw�C(���nØ
Úg·A��Eâ, �O
�«#�©ê�È©w
�¡, ¿�O
��g·A��ì, U
¦©ê�

·bXÚì?ÓÚ. T��ì��¹��°ÄCþ,
ÃØ´3�O�´3M�¢yþÑò´u¢y. |
^ëêN��n, ¢y
êi��Ï&. ÏL>´
�ý±9�ï¢SM�>´éÙ?1
�y. >´
nØ©Û!�ý±9¢SM�>´þy¢
T�
{�k�5Ú�15. ��Y¥�ID4�´·b
&Ò=��¤ÓÚÚ&E�D4L§, äk�p�
A^d�.

2 ü°ÄCþ©ê�·bÓÚ

�n�©ê�·bXÚ�Ø��

Dα
t x = f1(x, z),

Dα
t z = f2(x, z),

(1)

Ù ¥Dα
t = dα/dtα, 0 < α < 1, x ∈ R2, z ∈ R1.

f1 Ú f2 ´��5ëY�©¼ê, f1(0, 0) = f2(0, 0)
= 0.
�
£ãT#��O�Y, ±eb�´7I�.
bbb��� 1 ¼ê f1(x, z) 3 z= 0 ��S´ëY

²w�, fXÚ Dα
t x = f1(x, 0) éu¤k� x '
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u x =0 ´ì?½�.
���555 1 XÚ (1)��Ïª, A��¹
¤k©

ê�·b�Ø�XÚ.
���555 2 ¼ê f1(x, z) 3 z= 0 ��S´ëY

²w�, �Ò´`kü��u"�~ê λ0, λ1 ÷
v ||f1(x, z)−f1(x, 0)|| 6 λ0|z|, � ||x||1 6 λ1|z|.
Ïd, éu·bØ�XÚ (1) ª�3ü��ê p1, p2

Ú��v
���ê λ 2 ÷v

||f2(x, z)|| 6 p1||x||1+p2|z| 6 p1λ 1|z|+p2|z| 6 λ 2 |z|.

�
¦XÚ (1)½3²ï: x = 0, z= 0,·�
3Ø�XÚ (1) ¥\\��g·A��ì u, Ø�
XÚ (1) C�

Dq
t x = f1(x, z),

Dq
t z = f2(x, z) + u,

(2)

Ù¥
u = −k|z|sign(s), (3)

s�w�¡, L�ª�

s = Dα−1
t z +

∫ t

0

cz(τ)dτ, (c > 0), (4)

k �g·AÇ�

k̇ = θ|z||s|, (θ > 0). (5)

½½½nnn 1 3÷vw�¡ (4) ªÚg·AÆ (5) ª
�^�e, l?¿Ð�ÑuÉ�Ø�XÚ (3) ´ì
?½�.

yyy²²² �XÚ3w�¡ (4) þwÄ�, I÷vX
e^�:

s = Dα−1
t z +

∫ t

0

cz(τ)dτ = 0, (6)

ṡ = Dα
t z + cz = 0, (7)

u´��w�ÄåÆL�ª

Dα
t z = −cz. (8)

w,À� c >0,(8) ªìC½, = lim
t→∞

z = 0.

db� 1, �� lim
t→∞

x = 0.

Ïd lim
t→∞

x = 0, lim
t→∞

z = 0.

e¡y²l?¿Ð©^�Ñu�Ø�XÚ (3)
÷vw�^� s(t) = 0.

À� Lyapunov ¼ê�

V (t) =
1
2
s2 +

1
2θ

(k − k∗)2, (k∗ > λ 2). (9)

V (t) é�m��ê�

V̇ (t) =sṡ + (k − k∗)k̇/θ=s(Dq
t z + cz)+(k − k∗)k̇/θ

= s(f2(x, z) − k|z|sign(s) + cz) + (k − k∗)|z||s|

6 λ 2|z||s| − k|z||s| + (k − k∗)|z||s|

= −(k∗ − λ 2)|z||s| 6 0. (10)

�âoæÊìÅ½5nØ,limt→∞s = 0, Ó��
â (9) ª, `²Tw�¡´ì?½�. =, ÏLü
�Cþ u = −k|z|sign(s) U
¦Ø���XÚ (3)
½.

e¡ÏLü�¢S~f5�yT�Y�k�
5.

~~~ 1 ·�ÀJ©ê� Arneodo XÚ [13]

Dα
t x1 = x2,

Dα
t x2 = x3,

Dα
t x3 = ax1 − bx2 − cx3 − dx3

1,

(11)

Ù¥ a =5.5, b=3.5, c=1, d= 1, XÚ (11)�°ÄXÚ,
�AXÚ�

Dα
t y1 = y2,

Dα
t y2 = y3,

Dα
t y3 = ay1 − by2 − cy3 − dy3

1 ,

(12)

Ø�XÚ (e = y − x)�

Dα
t e1 = e2,

Dα
t e2 = e3,

Dα
t e3 = ae1 − be2 − ce3 − d(x2

1 + x1y1 + y2
1)e1.

(13)
w,, XJ e1 = 0, K (13) ªòC�

Dα
t e2 = e3,

Dα
t e3 = ae2 − ce3.

éu¤k� e2, e3 'u e2=0,e3=0 ´ì?½�.
¤±XJ- x = (e2, e3)T, z = e1, (13) ªò÷vb
� 1, Ïd (13) ª�Ø���XÚ´

Dα
t e1 = e2 − k|e1|sign(s),

Dα
t e2 = e3,

Dα
t e3 = ae1 − be2 − ce3 − d(x2

1 + x1y1 + y2
1)e1.

(14)
�AXÚ (12)�

Dα
t y1 = y2 − k|e1|sign(s),

Dα
t y2 = y3,

Dα
t y3 = ay1 − by2 − cy3 − dy3

1 ,

(15)

Ù ¥ s = Dα−1
t e1 +

∫ t

0
ce1(τ)dτ , k̇ = θ|e1||s|,

(θ > 0).

�â½n 1,Ø���XÚ (14) ª´½�, =
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°ÄXÚ (11) ÏLüCþ°Ä¦��AXÚ (15)
ÓÚ.

~~~ 2 U?�©ê� Liu ·bXÚ� [14]

Dq
t x1 = a(x2 − x1) + x2x3,

Dq
t x2 = bx1 − cx2 − x1x3,

Dq
t x3 = x2

1 − dx3,

(16)

Ù¥ q = 0.9, a = 10, b = 20, c = 2, d = 10.
± (16) ª�°ÄXÚ, �AXÚ�

Dq
t y1 = a(y2 − y1) + y2y3,

Dq
t y2 = by1 − cy2 − y1y3,

Dq
t y3 = y2

1 − dy3,

(17)

Ø�XÚ (e = y − x)�

Dα
t e1 = a(e2 − e1) + x2e3 + y3e2,

Dα
t e2 = be1 − ce3 − x1e3 − y3e1,

Dα
t e3 = y1e1 + x1e1 − de3.

(18)

w,, XJ e2 = 0 K (18) ªòC�

Dα
t e1 = a(e2 − e1) + x2e3 + y3e2,

Dα
t e3 = y1e1 + x1e1 − de3.

éu¤k� e1, e3 'u e1=0, e3=0 ´ì?½�.
¤±XJ- x = (e1, e3)T, z = e2, (18) ªò÷vb
� 1, Ïd (18) ª�Ø���XÚ´

Dα
t e1 = a(e2 − e1) + x2e3 + y3e2,

Dα
t e2 = be1 − ce3 − x1e3 − y3e1 − k|e2|sign(s),

Dα
t e3 = y1e1 + x1e1 − de3.

(19)
�AXÚ (17)�

Dq
t y1 = a(y2 − y1) + y2y3,

Dq
t y2 = by1 − cy2 − y1y3 − k|e2|sign(s),

Dq
t y3 = y2

1 − dy3,

(20)

Ù ¥ s = Dα−1
t e2 +

∫ t

0
ce2(τ)dτ , k̇ = θ|e2||s|,

(θ > 0).
�â½n 1,Ø���XÚ (19) ª´½�, =

°ÄXÚ (16) ÏLüCþ°Ä¦��AXÚ (20)
ÓÚ.

3 n�©ê�·bXÚÏ^üCþ°
ÄÓÚ>´

Ï L c ¡ � ©Û·� ® ² y ² T Ó Ú ì

� k � 5, T Ó Ú ì � > ´ X ã 1 ¤ «. Ù
¥ © ê �

1
sa

(a=0.9) > ´ ü � > { � Ú > N

� [15] � C19 = 0.441µF, C20 = 0.487µF, C21 =
0.2937µF, R1 = 63.1MΩ, R8 = 1.598MΩ,R51 =
0.01581MΩ. 3±e�>´¥¤^�©ê�>´ü
��>NÚ>{þ�d�.

4 ëêN�êiÏ&

3ëêN�êiÏ&¥·�±U?�©ê
� Liu XÚ�~5?1`². U?�©ê� Liu X
Ú�ÓÚc�Ü©®²�
y², e¡·�ÏL>
´�ý5�yÓÚ��ì�k�5. æ^>´�ý
²� Multisim 11 ?1�ý. ���áÚfXã 2
¤«, �g� x1–y1 �ã, x1–z1 �ã, y1–z1 �ã.
�\ÓÚ��ì��, °ÄXÚ��AXÚXÚ
G�U
é¯��ÓÚ. (x1,y1) �ÓÚØ�üzX
ã 3 (a) ¤«, (x2,y2) �ÓÚØ�üzãX 3(b) ¤
«, (x3,y3) �ÓÚØ�üzXã 3(c) ¤«.

�Ä�¢S�>{>N��Ø�ã 1 ¤«
�>{>N�°Ý, À� C19 = 0.43µF,C20 =
0.47µF, C21 = 0.3µF, R1 m ´, R8 = 1.6MΩ,
R51 = 15.8kΩ 5�M�>´¢�, ���� 
ãXã 4 ¤«. ÏL��ý(Jã 2 �'é`²M
�¢y´¤õ�.

3°ÄXÚ (16) ¥, - b = 20× [1−∆b′ · s(t)],

Ù¥ s(t)��D�êi&E s(t) =

 0

1
, ∆b′ ��

�ëþ, � ∆b′ = 0.12 �, XÚE,?u·bXÚ
¿���AXÚØ¬�)²wCz, ÏL�D�ê
i&E s(t) ò°ÄXÚ�ëê b N�� 20(s(t)=0)
Ú 17.86(s(t)=1) ü�ê�¥.

©ê� Liu ·bXÚëêN�êiÏ&>´
ãXã 5 ¤«. � s(t) = 0, b = 20 �, �AXÚ�
°ÄXÚÓÚ, � s(t) = 1, b = 17.86 �, �AXÚ
�°ÄXÚØÓÚ, ù��Âö=�AXÚÏL�
ä´ÄÓÚ5¡E&E s(t). òêi&Ò 0,1 =C
�p$>Ø, ,�|^p$>Ø5°ÄØ�m',
¦ b 3 20 Ú 17.86 �m��. Ly3>´¥Ò´&
Ò3>{ R81(5kΩ) Ú R82(5.6kΩ) �m��. |^
Ø�m'�OëêN�ì, >´ãXã 5 ¥ëêN
�XÚÜ©¤«. 3�Âà, - S = |y1 − x1|, >´
ãXã 5 ¥&E¡EXÚÜ©¤«.
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ã 1 üCþ°ÄÓÚ��ì>´ã

ã 2 ·bXÚ�ýáÚf (q= 0.9)

ã 3 XÚÓÚØ�üzã (q= 0.9)

ã 4 ·bXÚM�>´¢�� ã (q= 0.9)
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ã 5 ·bXÚëêN��êiÏ&
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ã 6 >´�ý�ux&EÚ�Â&E�G�ã

ã 7 ¢SM�>´ux&EÚ�Â&E�G�ã

s(t) = 0, b = 20 �, °ÄXÚÚ�AXÚÓÚ,
S = 0; s(t)=1, b = 17.86 �, °ÄXÚÚ�AXÚ
ØÓÚ, S>0. S=0 éAD4�&E 0, S>0 éAD
4�&E 1, ù�Òr&E¡EÑ5
. >´�ý�
�Â&EÚux&E�G�ãXã 6 ¤«. �ï¢
SM�>´ux&EÚ�É&EG�ãXã 7 ¤
«.

lã 6 Úã 7 ¥�±wÑØ+´3>´�ý
¥�´¢SM�>´¥, �ux�&Ò�$>Ø�
�Â��&E���$>Ø, �ux��Å&Ò�
�p>Ø�, �Â��Ò´�"�p>ØóÀ. d
d��, ux�&E3�Âà¡E�éÐ.

5 ? Ø

3?1ëêN�êiÏ&L§¥°ÄXÚ�
áÚf�ã 2 �Ó. 3Ï&L§¥XÚ�±
·b
G�, ¿�Ï�ëê�UCéáÚf�)²w�
Cz.

ã 8 (a) x1 � y1 �ÓÚ�ý�ã; (b) x2 � y2 �ÓÚ�ý�ã; (c) x3 � y3 �ÓÚ�ý�ã

ã 9 (a) x1 � y1 �ÓÚM�>´�ã; (b) x2 � y2 �ÓÚM�>´�ã; (c) x3 � y3 �ÓÚM�>´�ã
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ã 10 10Hz �ux&ÒÚ�É&Ò�G�ã

ã 11 100Hz �ux&ÒÚ�É&Ò�G�ã

ã 12 1kHz �ux&ÒÚ�É&Ò�G�ã

�°ÄXÚ?1ëêN��Q�÷v�Âà
U
²w��äÑÓÚ�Ä, é&E?1O(�¡
E, Ó����yux�·b&ÒØU�)²w�
Cz±�yÏ&���5, �ö´éá�. 3�y
&E�(¡E��¹eé°ÄXÚÚ�AXÚ�
�?1é'. x1 � y1 �ãXã 8(a) ¤«. x2 � y2

�ãXã 8(b) ¤«. x3 � y3 �ãXã 8(c) ¤«.
3�ã¥þ��~Ä��^��, �±
�Ð�Ó

Ú5, `²ux�·b&Ò�u)²w�UC, l
å�
��Ï&��^. éA�M�>´���
ãXã 9(a),(b) Ú (c).

XÚ3ëêN�L§¥üXÚe���ÓÚ
I��½��m, eux�êi�Å&ÒªÇ�p
�, 3�ÂàòÑy�õ��è, DÑò¬�}. �
DÑ�Å&Ò� 10Hz �ux&ÒÚ�É&Ò�
G�ãXã 10 ¤«; DÑ�Å&Ò� 100Hz �u
x&ÒÚ�É&Ò�G�ãXã 11 ¤«; DÑ�
Å&Ò� 1kHz �ux&ÒÚ�É&Ò�G�ãX
ã 12 ¤«.

6 ( Ø

·�ïÄ
n�©ê�·bXÚ�ÓÚ¯K,
�O
�«#�©ê�È©w�¡, ¿�O
��
g·A��ì¢y
©ê�·bXÚì?ÓÚ. ¤
�O���ì��¹��°ÄCþ, �O{ü, ´
uó§þ¢y. äk�½�nØ¿ÂÚ¢^d�.
ÏLü�äN©ê�·bXÚ�y
¤JÑ�Ó
Ú�Y�k�5. ©ê�·bXÚ�E,�Äå
Æ1�, ?1Ï&äk�p�S�5. |^¤JÑ
�©ê�·bXÚ�ÓÚ�Y, ·��O
ëê
N�Ï&�Y, òêi&Ò=C�>ØCz|^
Ø�m'é�AXÚ�ëê?1N�, ¦�AXÚ
�°ÄXÚ3ÓÚ�ØÓÚ�mC�, �Â�ÏL
é S = |y1 − x1| �>´�O¢y&E�¡E. T�
Yéu�a©ê�·bXÚëêN�Ï&Ï^. �
ý¢�`²ux��ÅªÇ�$�, &ED4��
n�, �XªÇ�O\&ED4n�§Ýk¤eü,
é�pªÇ�êi�Å&ÒDÑ�¯Kk�?�
ÚïÄ.
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Abstract

Based on the sliding mode variable structure control theory and the adaptive control technique, a single-state adaptive-feedback

controller containing a novel fractional integral sliding surface is developed to synchronize a class of fractional-orderchaotic systems.

According to the modulation-parameter principle, using single driving variable for a fractional order chaotic system, a kind of digital

communication scheme is presented. The results of the circuit stimulation and the circuit experiment show that the information can be

received and sent successfully, which demonstrates the feasibility and the effectiveness of the scheme.

Keywords: fractional-order chaotic system, single controller,adaptive synchronization,parameter modulation
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