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1 Ú ó

~5z�]
�FÃÑ&±9Ù¤�5��
¸¯KFÃî­, Cc5ºU�mu��2��­
À. �âI[U
Û 2010 cé�Iº>]
�µ
�(Jw«, ISºþ�muº>]
� 23.8×108

kW, °þk 2 × 108 kW[1]. ºU���«�2)�
�'U
, ��Ø¦^�Ø&, |^ºUu>�±
!�½ö�O~5z�U
, éá¢I[U
�
ü!!U~ü��¡äk­��¿Â. �´duº
UäkÅÄ5Úm�5, AO´�5�º>�\>
�¬é>åXÚ�S�!­½$1±9>U�þ
�5î��]Ô. XJéº>ÑÑõÇ?1áÏý
ÿ, ��¡�±9�N�NÝOy, ~�XÚ�^
Ú;U, ü$
XÚ$1�¤�, ,��¡��±
�âº>�ÑÑõÇÜnSüÙ¦~5U
�u
>þ, �y>åXÚS�!­½�$1. ��éº
>õÇ?1O(/áÏýÿäk­��¿Â.

Cc5IS	Æöéº>õÇáÏýÿÑ�

�þ�ó�. ÙÌ��)ü«�{: �«´Ôn
��{ [2], Ù|^ê�Uíý��(JXº�!º

�ÚíØ�êâ±9�Ä��º>|«���p
��Ôn&E��º>Å|õÇ­�?1ýÿ;,
�«´ÚO��{, �â± �{¤êâïáåX
ÚÑ\�ÑÑ���5N�'X?1ýÿ, X�m
S�{ [3]!k�ùÈÅ{ [4]!�Å -BP { [5] �.
Ôn�{ØI��þ¢ÿ{¤êâ, �´ýÿ°Ý
��; 
ÚO�{I��þ�¢ÿ{¤êâ, �ý
ÿ°Ý�p. ±þÚO�{¥AO´�ÅC�{C
c53º>õÇýÿ¥��
2��A^, ��

�Ð��J, �´A^ù«�{?1ýÿI�b½
º>õÇzUÑäk�²w�º�Cz�F�q
A5 [5]. �,éº>êâ?1�Ï�{¤ÚO5
w, º>�Ü©ÑäkF�qA5, �¢Sþ3,

�¹eº>¿Ø´zFÑäk²w�F�qA
5, ùÒ�º>�O(ýÿ�5
(J. k
Æö
@�º��ÅÄ´�Å�, ¤±º>ÑÑõÇ�´
�Å�, A^VÇÚO��{éº>õÇ?1ÅÄ
«m�©Ûýÿ��
Ð�(J, ,
©Ù¼ê�
À��k²w�Ì*5 [6]. ±þ�{Ñ´�âº>
õÇS��Ì*�.?1ýÿ�. �X·b�Æ�
uÐ,¦����âº>õÇêâS�����*
5Æ?1ýÿ¤��U. ù��;�ýÿL§¥<
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�Ì*5, Jpýÿ�°Ý. �du·bXÚéÐ
©^��4à¯a5, =·bØ�Ã�ýÿ, ¤±
�éäk·bA5�º>õÇ?1A�����
áÏýÿ. k���!�ºÈ�4àUí¬¦º>
ÑÑõÇ¯�Cz, ¤±éº>õÇ�Jc 2—3 h
�ýÿÒ�éþã¯�æ�9��A, ­#N�N
ÝOy, �y>UøA�þ, ¤±éº>õÇ?1
�áÏýÿäk­��²LÚy¢¿Â.

|^·bnØ?1ï�Úýÿ®¤�·b+
��ïÄ9:. ©z [7] Ú [8] ©Oæ^�� Lya-
punov �ê{ÚÛÜg·Aýÿ{é·b�mS�
?1ýÿ, ¿ÏL�ý�y
�{��15. Ü[
äÚ�kf� [9−11] |^��5XÚ� Volterra ?
êÐmª, JÑ
·b�mS�� Volterra g·A
ýÿ{, Ù��â�c®¼��êâÚýÿØ�5
Øä?��.ëê, ¿�Ug·A��l·b�$
Ä;,. 8c®�2�A^�Ï&!��!>fé
|�+�. �du$� VolterraÈÅì3ýÿp�
·bS�Ú�C·bS��äk�½�Û�5 [12],
8cJp Volterra g·Aýÿ{ýÿ·bS�Uå
�ïÄ�Ñ8¥3XÛJp Volterra ýÿÈÅì�
��5¼ê%CUåÚ~��½ëêþ, Ù¥U?
g·AÈÅì�{ [13,14] éJpg·AÈÅì�
ýÿUå�~'�. du Volterra g·AõÚýÿ
{��ÚýÿØ���, 
�� Lyapunov �ê{
ÚÛ�õÚýÿ{K3õÚýÿL§¥,
:�
éØ���, ¤±´Ä�±�Ä^ùü«�{5?
� Volterra g·Aýÿ�{(J±Jpýÿ°Ý,
�©Áãlù�g´XÃJp·b�mS��ý
ÿ°Ý.

�©±{IXBÜ² 2006 c,º>|æ8�
¢Sº>õÇ�mS���ïÄé�,�
u�º
>êâS�´ÄzFÑk�²w�F�qA5, |
^�'5nØéº>êâS�?1
F�'A5
©Û. �
�yº>êâS��·bA5, Äk|
^p&E{5Ú C-C {(½
S���mò´Ú
i\�ê�ëê, ,�éº>êâ?1��m­�,
ÏL�êâþ{¦��� Lyapunov �ê5£Oº
>õÇ�mS��·bA5. Ùg, |^ Volterra g
·Aýÿ{!Û�õÚýÿ{±9�� Lyapunov
�ê{©Oéº>êâS�?1ýÿ. ��, �

Jpº>õÇ�ýÿ°Ý, |^\�ê��Åó
é VolterraÈÅìg·AõÚýÿ{�ýÿ(J?
1
��, ÏL�ý¢~�y
�©¤J�{�k

�5, Ù�|^·bnØ?1º>ýÿJø
�«
k�å».

2 º>õÇêâS��F�'5©Û

©z [5] éº>õÇ�mS�|^�ÅC�
Ú BP ²�ä�{?1ýÿ©Û, �¦º>õÇ
êâ�k�²w�F�qA5, ±B�±�O(�
?1ýÿ. �,l�Ï5w�Ü©�mSº>äk
F�'A5, �¢Sþ, duUíÚ§Ý�E,C
�, éJ�yzU�º�Ñk�r�F�'A5.
�©ÏL�'5nØ©Ûº>õÇêâF�'5.

�'¼ê rk ´�NCþ x(t, k) 9Ùe�±
Ï x(t, k + T ) m�5�'5�¼ê. � k � T , 2T ,
· · · , kT �, rk �L3ØÓ�±Ï��'¼ê��.
��'5¼ê�ÅÄ�²­�, �@�3�ã�m
S, �±Ïê�äk�r��'5; 
XJ�'5
¼ê3�ã�mS�±Ï��ÅÄì�, AO´l
�C�K½ödKC��, K�@�TS�3��
Czì��±ÏØäk�'5.

rk =
Ĉk

σ̂t,k · σ̂t,k+T
, (1)

Ù¥

Ĉk =
1
T

T∑
t=1

(xt,k − x̄t,k)(xt,k+T − x̄t,k+T ), (2)

σ̂t,k =

[
1
T

T∑
t=1

(xt,k − x̄t,k)2
]1/2

, (3)

σ̂t,k+T =

[
1
T

T∑
t=1

(xt,k+T − x̄t,k+T )2
]1/2

. (4)

ÏLé 2006 c 11 �°{IXBÜ²,º>|æ
8�¢Sº>õÇ�mS�?1�'5©Û, ±
(½zF�º>õÇ´Äk�²w�F�qA5.
Ù¥zU 24 h, z 10 min æ8�gêâ. º>|
�½CÅNþ� 97MW,�
�BO�Ú?1ºõ
ÇS�F±Ï�é'©Û, òº>õÇ=z�I
N�, ¿?18�z?n. Ó��
'�`²º>
õÇêâS���'A5, æ^a±ÏS�¼ê
� f(x) = 0.5(0.4 sin(πx/5) + 0.6B(x) + 1), B(x)
� 0—1 �mþ!©Ù��Åþ, æ�ªÇ� 100,
�æ8 20 �±ÏêâS�, º>Úa±ÏS�©
OXã 1 ¤«. Kº>õÇêâ9a±ÏS�±Ï
Sêâ�ê©O� 144 Ú 100.
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ã 2 ���z�±Ï�º>õÇS�Úa±
ÏS���'¼ê�, �±uyäk±Ï�qA
5�a±ÏS���'¼ê�3 18 �±Ï�m
A�CzØ�, 
º>õÇ��'¼ê�3z�±
Ï (zF) �m�,ÅÄ��, ��� 0.9621, ��
� −0.6722, �´�Ü©���F±Ï�'¼êÑ
��½öÑ�K, äkF�qA5. ,
�kXã 2
� 11 � 7 F� 8 F!8 F� 9 F±9 15 F� 16
F�m��'¼êÑy
�K½öK�����
Cz, dd��ºõÇÑÑ¿Ø´zUÑäk²w
�F�qA5, ó�¬ÑyAÏ�¹, �Äù
A
Ï�¹?1ýÿéº>O(ýÿJÑ
#�]Ô,
¤±�©}Á|^·bnØéº>�mS�?1
ýÿ¤��«�UÀJ.
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ã 2 S���±Ï��'¼ê�

Takens ½n [15] @�XÚ�©�G�Cþ�¤
���mÚ��*ÿ�­���mp�ÄåÆ1
��d, ü���m¥�·báÚf�©Ó�, =
��*ÿ�¥�¹kXÚ¤kG�Cþ�üz�

¤k&E. dd5Æ�±��XÚe����G�,
?
���mS��e����ýÿ�, d�·b
&Ò�ýÿ�â. ·b&Ò�ýÿ´l��êâ¥
�EXÚ�d�­���mm©�.

3 S����m­�Ú·bA5£O

3.1 ­­­���������mmm

3­���m¥,�mò´ τ Úi\�êm �
À�´�©­��, ´­���m�Ä:. du¢
S�*ÿS�o´�3½õ½��D(Z6Ú�
OØ�, ¤±º>õÇêâS���mò´ τ Úi
\�ê m ØU?¿��, Ù¥�mò´ τ �À�
�{kg�'¼ê{!²þ £{!p&E{�.
i\�ê�À��{k�Ú'é�ê{ (G-P {)!
��C��{!Cao �{�. �©k^p&E{(
½�mò´ τ .

3.1.1 p&E{(½�mò´ [16]

b�·b�mS�� {x(i), i = 1, 2, · · · , N}.
@o: x(i) �VÇ�Ý� Px[x(i)], Ùò&ÒN
�¤VÇ. - {y(k), k = 1, 2, · · · , N}, L«,�
�mS�, 3 y(k) ?�VÇ�Ý½Â� Py[y(k)].
ü|&ÒÓ�ÿþ� x(i), y(k) �éÜVÇL«
� Pxy[x(i), y(k)]. éuü|&Ò {x(i), y(k)}, �
½ x(i) ���ÿþ�, ýÿ y(k) �²þ&Eþ�
p&E¼ê

I(x, y) =H(x) + H(y) − H(x, y), (5)

H(x) = −
∑

i

Px[x(i)] log{Px[x(i)]}, (6)

H(x, y) = −
∑
i,k

Pxy[x(i), y(k)]

× log{Pxy[x(i), y(k)]}. (7)

H(x) �&Ò {x(i)} ��, H(y) ½Â� H(x) a
q, H(x, y) �é Ü �. 3�m S�� ­ � ¥,
�¦�´ x(t + τ) �é x(t) ���65, ¤±
- (x, y) = [x(t), x(t + τ)]. K VÇ P [x(t)] �
VÇ P [x(t + τ)] � Ï L 3�m S�� ªÇO
���, 
éÜVÇ P [x(t), x(t + τ)] ÏL3²
¡ (x(t), x(t + τ)) þy©�m����{¦�,
�Zò´�m τ ÏL�p&E¼ê�1�4��
5(½.

|^p&E{é�©�º>õÇ�mS�¦
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ò´�m, O�(JXã 3 ¤«. lã 3 �wÑº
>�mS�²þp&E3 τ � 19 ���1�4
��. dup&E{¤���p&E���my
©��êké�'X, Ó�k�«*:@�i\�
ê��mò´´�'�. �Cc5k<@�K�
��m��þ�Ì�Ï�´éÜ m Ú τ �i\I
° τw = (m − 1) τ �(½, ¤±(½i\I°�´
(½·bXÚ��m­�ëê��«�{. ~��
k C-C {�.
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3.1.2 C-C {(½�mò´Úi\�ê
é · b�m S�� {x(i), i = 1, 2, · · · , N},

± m �i \�ê, τ �ò ´�m ­ � � � m,
Xj(i) = {xj(i), xj(i + τ), · · · , xj(i + (m − 1)τ)}
(i = 1, 2, · · · , N )���m¥�:, K�mS��'
éÈ©½Â�

C(m,N, r, τ)

=
1

M2

∑
16j6k6M

θ(r − ‖Xj − Xk‖), (8)

Ù¥ m�i\�ê, N ��mS��Ý, r ���
�»���, τ ��mò´. θ(·)� Heaviside ü 
¼ê

θ(x) =

 0, x < 0,

1, x > 0,

'é�ê�

D(m, τ) = lim
r→0

log C(m, r, τ)
log r

, (9)

Ù¥ log C(m, r, τ) = lim
N→∞

C(m,N, r, τ), 'éÈ

©�\È©Ù¼ê, L«��m¥?¿ü:�må

l�u r �VÇ. ½Â {x(i)} �ÚOþ

S(m,N, r, τ) = C(m,N, r, τ) − Cm(1, N, r, τ),
(10)

Ù¥ S(m,N, r, τ) �N
S��g�'A5, 
�
`�mò´ τ ��� S(m,N, r, τ) �1��":
½é¤k��» r �p�O����m:. ÀJé
A��Ú��ü��» r, ½Â�þ�

∆S(m, τ) =max[S(m,N, rj , τ)]

− min[S(m,N, rk, τ)],

Ù¥ j 6= k, ∆S(m, τ) Ýþ
é¤^�» r ���
 �. nþ¤ã, �`�mò´�� S(m,N, r, τ)
�1��":½ö ∆S(m, t) �1��ÛÜ4�
:. é�©�º>õÇ�mS�?1©Û, � N

� 4416, m = 2, · · · , 14, r = uσ/2, (u = 1, 2, 3, 4).
σ´�mS��IO�, τ � 1, 2, · · · , 200, O�

Scor(τ) =∆S(τ) +
∣∣S(τ)

∣∣
∆S(τ) =

1
nmnu

14∑
m=2

4∑
u=1

S(m,N, r, τ)

S(τ) =
1

nm

14∑
m=2

∆S(m,N, r, τ)

(11)

Ù¥ nm, nu ©O� 13 Ú 4, Ïé Scor(τ) ��Û4
�:��mS��1�����mI�=ò´�
mI� τw.
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ã 4 ∆S(τ) Ú Scor(τ) �ò´�m τ 'X­�

éº>õÇ�mS�^ C-C {¦�� ∆S(τ)
±9 Scor(τ) �(JXã 4 ¤«. lã 4 �wÑ,
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� τ � 18�, ∆S(τ) ��1�4��, ¤±ò´�
m τ � 18, 
p&E{¦�ò´�m� 19. üö
ò´�mÄ���, Ó� Scor(τ) 3 86 ��4��,
¤±i\�êm� 6, ¤±�©é{IXBÜ²,
º>|l 11 � 1 F 0 :� 12 � 1 F 16 :�º>
õÇ�mS�?1��m­�

Y (i) = [x(i), x(i + τ), · · · , x(i + (m − 1)τ)],

i � 1, 2, · · · , N , Y (i) ���m­����, {P
� Yi, Ó��i\�êm� 6, ò´�m τ � 18.

3.2 ººº>>>õõõÇÇÇ���mmmSSS������···bbbAAA555£££OOO

�½�mS��·bA5, �±ÏL©ÛXÚ
´ÄäkÐ©^��¯a55(½. Lyapunov �ê
=´�â�;,´Äk*Ñ$ÄA�5�OXÚ
�·bA5. ��5`, ¢SÄåXÚ·bA5�
±ÏLO��� Lyapunov �ê5?1©Û, ��
� Lyapunov �ê�u"�, XÚäk·bA5; �
�� Lyapunov �ê�u"�, `²XÚk©
:
½ö±Ï); 
��� Lyapunov �ê�u"�, `
²XÚäk­½�ØÄ:. O��� Lyapunov �
ê{Ì�k Wolf {!Jacobian {!�êþ{�. �
©æ^�êâþ{?1O�.

3.2.1 ¦��Lyapunov�ê��êâþ{[17]

3­���m�, Ïé�½;�þ�z�:�
�C�:, =

dj(0) = min
j

∥∥Yj − Yĵ

∥∥,
∣∣j − ĵ

∣∣ > p, (12)

Ù¥ p��mS��²þ±Ï, �±ÏLUþ1Ì
²þªÇ��ê�O, Yj ���m�G�:, dj(0)
�3Ð©���é�C�:�m�ål. Sato ��
O�� Lyapunov �ê�

y(i) =
1

w∆t

w∑
j=1

ln [dj(i)], (13)

λ1(i) =
1

i∆t

1
M − i

M−i∑
j=1

ln
dj(i)
dj(0)

, (14)

Ù¥ ∆t ���±Ï; dj(i) �Ä�;�þ1 j é
�C�C:é²L i �lÑ�mÚ���ål, �
5 Sato U?
�OL�ª,�

λ1(i, k) =
1

k∆t

1
M − k

M−k∑
j=1

ln
dj(i + k)

dj(i)
, (15)

ª¥, k �~ê, �� Lyapunov �ê�AÛ¿Â´
þzÐ©4;���êuÑÚ�OXÚ�oN·
bY²�þ. ¤±(Ü Sato ��Oªk

dj(i) = Cj eλ1(i∆t), � Cj = dj(0), (16)

ü>�éê�

ln dj(i) ≈ λ1(i∆t) + lnCj , (17)

¤±, �� Lyapunov �ê�±Cqw¤ (17)ªù
|����Ç. Ù�ÏL���¦%Cù|��

��, =

y(i) =
1

w∆t

w∑
j=1

ln [dj(i)], (18)

ª¥ w��" dj(i) �ê8.
ÏL�êâþ{éº>| 11 � 1 F 0 :� 12

� 1 F 16 :� 4416 :�º>õÇ�mS�¦�
� Lyapunov �ê, åléê²þ� y(i) �Úê i '
XXã 5 ¤«. �¦�º>�mS���� Lya-
punov �ê� 0.1555 �u", ¤±�y
º>S�
äk²w�·bA5, =�;.�·b�mS�.
Ïd�±|^·býÿ�{?1ýÿ.
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ã 5 º>õÇS���� Lyapunov �ê

4 º>õÇ�ýÿ�.9(J©Û

8c·b�mS�ýÿ�{k VolterraÈÅì
g·A{!�Ûýÿ{!ÛÜýÿ{�. �Ûýÿ
{duò;,¥��Ü:��[Üé�, ¤±ýÿ
°Ý$, Ù�3nØþäk�15 [16]. Volterra g
·Aýÿ{´CcSuÐå5��«ýÿ�{, Ù
�Ié����ÒUé·b�mS�?1ýÿ, k
�ÚýÿÚõÚýÿ, �ÙUgÄ�l·b�$Ä
;,, ýÿ°Ý�p, e¡Äk0� VolterraÈÅì
ýÿ{.
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4.1 Volterra ÈÈÈÅÅÅìììggg···AAAýýýÿÿÿ���...

©z [9, 11] Mï
·b&Ò��5g·Aý
ÿEâ�ÐÚµe, Ù8c®3Nõ+���
2
��A^ [16].
�� � 5 l Ñ Ä å X ÚÑ\� X(n) =

[x(n), x(n − 1), · · · , x(n − N + 1)],ÑÑ� y(n) =
x̂(n + 1), KT��5XÚ¼ê� Volterra ?êÐm
ª�

x̂(n + 1) = F [x(n)]

=h0 +
+∞∑
m=0

h1(m)x(n − m)

+
+∞∑

m1=0

+∞∑
m2=0

h2(m1,m2)x(n − m1)

× x(n − m2) + · · ·

+
+∞∑

m1=0

+∞∑
m2=0

· · ·
+∞∑

mp=0

hp(m1,m2, · · · ,mp)

× x(n − m1)x(n − m2) · · ·x(n − mp)

+ · · · ], (19)

ª¥, hp(m1,m2, · · · ,mp)� p � Volterra Ø.
duÃ¡?êÐmª3¢S¥J±¢y, Iæ

^k��äÚk�¦Ú�/ª [9]. ±���ä¦Ú
/ª�~

x̂(n + 1) = F [x(n)]

=h0 +
N1−1∑
m=0

h1(m)x(n − m)

+
N2−1∑
m1=0

N2−1∑
m2=0

h2(m1,m2)x(n − m1)

× x(n − m2), (20)

(20)ª� Volterra g·AÈÅì. ��5*Ð��
&Ò�

U(n) = [u(n), u(n − 1), · · · , u(n − M − 1)]T,

Ù¥ U(n)�ÈÅì�Ñ\¥þ, � M > N1, N2.
¢SA^¥, ÈÅì��Ý N1 Ú N2 A�

k � �. d Takens i \ ½ n �, � � · b�m
S���� £ã� Ä å X Ú � Ä � 1�, ��
I � m > 2D2 + 1 � C þ, D2 �' é�ê.
� N1 = N2 = m > 2D2 + 1, K·bS�ýÿ
�ý�ì�

x̂(n + 1)

=h0 +
m−1∑
i=0

h1(i)x(n − i)

+
m−1∑
i=0

m−1∑
j=i

h2(i, j)x(n − i)x(n − j). (21)

G�*Ð��Xêo��ê�M = 1 + m + m +
m(m + 1)/2.

½Â�5g·Ak�óÀ�A (FIR)ÈÅì�
Ñ\¥þ U(n) ÚXê�þ�

U(n) =[1, x(n), x(n − 1), · · · , x(n − m − 1),

x2(n), x2(n − 1), · · · ,

x2(n − m − 1)]T, (22)

H(n) =[h0, h1(0), h1(1), · · · , h1(m − 1), h2(0, 0),

h2(0, 1), · · · , h2(m − 1,m − 1)]T, (23)

K (21)ª�L«�

x̂(n + 1) = HT(n)U(n). (24)

(24) ªL«�ÈÅì�æ^g·A�{��m
� � g·A � {, é uÑ\¥þ U(n), Xê¥
þ H(n),�m��g·A�{�±£ã�

d(n) = x(n), x̂(n) = d̂(n),

d̂(n) = HT(n − 1)U(n − 1),

H(n) = H(n − 1) + c
e(n − 1)

UT(n)U(n)
U(n − 1),

e(n) = d(n) − d̂(n),

(25)

ª¥ c���Âñ5�ëê.

4.2 ÛÛÛÜÜÜggg···AAAýýýÿÿÿ���...

Farmer Ú Sidorowich[18] JÑ
·b�mS�
Û�{ýÿg�. Û�{��©�"�Û�{!
\�"�Û�{!��Û�{Ú\���Û�
{Ú�� Lyapunov �ê{�. du\���Û
�{?1õÚýÿ¬O\O�þ�¬�)\È
Ø��":, JÑ
\���Û �{õÚýÿ
�. (add-weighted one-rank local-region multi-steps
method, AOLLM)[19]. ��Û�{@�ýÿ¥��
:éýÿ��K�´�Ó�, 
\���Û�{@
��âØÓ��C:�ål�CD�ØÓ���.

4.2.1 \���Û�ýÿ�Úýÿ�.
�é

Y (i) = [x(i), x(i + τ), · · · , x(i + (m − 1)τ)],
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i � 1, 2, · · · , N , Y (i) ���m­����, {
P� Yi, M ´­���m¥�:��ê, M =
N − (m − 1) τ . ¥%: YM ��C:� YMi, i = 1,
2, · · · , q, ¿�� YM �ål� di, � dmin ´ di ¥
����, ½Â: Yki ����

Pi =
exp(−c(di − dmin))

q∑
i=1

exp(−c(di − dmin))
, (26)

Ù¥ c�ëê, ���¹e��� 1, K��Û��
5[Ü�

YMi+1 = ae + bYMi, i = 1, 2, · · · , q, (27)

Ù ¥, a, b �[ Ü ¤ I �¢Xê, e � q ��
þ, e = (1, 1, · · · , 1)T, YMi+1 ´ YMi üz�Ú�
��:.

�i\�êm = 1�, A^\����¦{k
q∑

i=1

Pi (xMi+1 − a − bxMi)
2 = min . (28)

)þã�§|=���Xê a, b, ò a, b �\�Ú
ýÿúª YM+1 = ae + bYM , =���üz�Ú�
��:ýÿ� YM+1�

YM+1 =(x(M + 1), x(M + 1 + τ), · · · ,

x(M + 1 + (m − 1)τ)), (29)

ùp, YM+1 ¥c (m − 1) �����S�¥®�
�, Ù1 m ��� x(M + 1 + (m − 1)τ) =��S
���Úýÿ� x̂N+1. d=\���Û�{�Ú
ý��..

ò ý ÿ � ��# E \ \ ��m S�¿ ­
E (26) � (29)ª=�¢yõÚý�.

4.2.2 \ � � � Û � ý ÿ õ Ú ý ÿ �
. (AOLLM)

�¥%: YM �ë��þ8 {YMi}, i = 1, 2,
· · · , q, Ùüz k Ú���:8� {YMi+k}, ��Û
��5[Ü�

YMi+k = ake + bkYMi, i = 1, 2, · · · , q. (30)

�â\����¦{k
q∑

i=1

Pi

 m∑
j=1

(
xj

Mi+k − ak − bkxj
Mi

)2

 = min,

(31)

Ù¥ xj
Mi ´ë��þ YMi �1 j ���. ò (31)

ªw¤´'u��ê ak, bk ���¼ê, ü>¦ 

��
q∑

i=1

Pi

m∑
j=1

(
xj

Mi+k − ak − bkxj
Mi

)
= 0,

q∑
i=1

Pi

m∑
j=1

(
xj

Mi+k − ak − bkxj
Mi

)
xj

Mi = 0.

(32)

z{�

ak

q∑
i=1

Pi

m∑
j=1

xj
Mi + bk

q∑
i=1

Pi

m∑
j=1

(
xj

Mi

)2

=
q∑

i=1

Pi

m∑
j=1

xj
Mi+kxj

Mi,

akm + bk

q∑
i=1

Pi

m∑
j=1

xj
Mi

=
q∑

i=1

Pi

m∑
j=1

xj
Mi+k.

(33)

�¤Ý
/ª�α β

m α

 ak

bk

 =

ek

fk

 , (34)

Ù¥

α =
q∑

i=1

Pi

m∑
j=1

xj
Mi, β =

q∑
i=1

Pi

m∑
j=1

(
xj

Mi

)2

,

ek =
q∑

i=1

Pi

m∑
j=1

xj
Mi+kxj

Mi, fk =
q∑

i=1

Pi

m∑
j=1

xj
Mi+k,

K ak

bk

 =

α β

m α

−1 ek

fk

 , (35)

�â¦�� ak, bk, �\ k Úýÿúª YM+k =
ake + bkYM , ��üz k Ú��ýÿ� YM+k �

YM+k =(x(M + k), x(M + k + τ), · · · ,

x(M + k + (m − 1)τ)). (36)

ùp, YM+k ¥�1 m ��� x(M + k +(m− 1)τ)
=��S�� k Úýÿ� x̂N+k.

4.2.3 Äu�� Lyapunov �ê�ýÿ�.
Lyapunov �ê�x
��m¥�NÈÂ Ú

)ä�AÛ5�. Ïd, Lyapunov �ê��þzé
Ð©;���êuÑÚ�OXÚ�·bþ,´��
éÐ�ýÿëê. Ùg�´3{¤�mS���¥
Ïé�q:, �â�q:�üz1�, $^êÆ�
.¼�ýÿ�.
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� λ1�XÚ�� Lyapunov �ê, X(i)�¥%
:, X(n)� X(i) ��C�:,- X(i) � X(n) �
î¼ål� d, K

d = ‖X(i) − X(n)‖ , (37)

K X(i) � X(n) ²�Úüz©O¤� X(i + 1)
Ú X(n + 1), �â�� Lyapunov �ê�Ôn¿Â,
�

eλ1 =
‖X(i + 1) − X(n + 1)‖

‖X(i) − X(n)‖
, (38)

Ù¥ n ��:oê. du�©I�éº>õÇ?
1 2—3 h ��áÏýÿ, ¤±�UÀJõÚýÿ.
¤±|^�� Lyapunov �ê{?1º>õÇõÚ
ýÿ�, zg�?1�Úý�, 2òýÿ���#
E\\��mS�¿­E�Ú Lyapunov �ê{=
�¢yõÚý�.

5 \�ê��Åó

5.1 êêê������ÅÅÅóóó

�Ä� Å L § {Xn, n ∈ T}, é ? ¿ � �
ê n ∈ T Ú?¿� i0, i1, · · · , in ∈ T , ^�VÇ
÷vXe^�:

P{Xn+1 =in+1|X0 = i0, X1 = i1, · · · , Xn = in}

=P{Xn+1 = in+1|Xn = in} (39)

= d�G � � VÇ� � c � ��� � ¤ ? �
G�k', �Ù¦��¤?�G�Ã', @oL
§ {Xn, n ∈ T}�ê��Åó.

5.2 \\\���êêê������ÅÅÅóóó

\�ê��Åó [20] @�3ýÿCþ�G�
�Ø�����:�G�k', 
��Ùc¡e
Z�G�k', ¤±\�ê��Åó�Ùc¡�
�ã�T�ã��'X�rf\�¦Ú±?1k
�/ýÿ.

du Volterra ÈÅìõÚg·Aýÿ{?1
º>õÇ�mS�ýÿ�3,
�m:Ø��U
��, 
 AOLLM {½ö�� Lyapunov �ê{3
ù
:�UØ���, ¤±r AOLLM {±9�
� Lyapunov �ê{�ýÿ(J|^\�ê��Å
óé VolterraÈÅì{ýÿ(J?1��, �±k
�/Jpº>õÇ�ýÿ°Ý. ¤±|^\�ê�

�Åó(½��·býÿ�{3ýÿ:�ýÿØ
�°ÝG�, 2�â�ýÿØ�°ÝG�é�«·
býÿ�{©��A��Xê, ±�� VolterraÈ
Åìýÿ{�(J.

du�·býÿ�{�ýÿØ�°Ý¬��
mu)Cz, |^kS�fïáýÿØ�G��p
��, ù���y[Ü�ã�ýÿ�ÛØ��Û�
�. ù�3ýÿ�ã, ?1�ýÿ�{�ýÿØ�
G��g�'u�, 2U��g�'Xê(½�«
Ú��ê��Åó��­, ù�Ò�±nÜÙ¦�
{�� VolterraÈÅìýÿ{�ýÿ(J.

b½1 n ��m:�ºõÇê� xn (n =
1, 2, · · · , N ), Ù¥ N � Volterra ÈÅìýÿº>
ê� � Úê, �k K « · b ý ÿ � {. K x̂in

(i = 1, 2, · · · ,K) �1 i «�{31 n ��m:
�ýÿ�, W = [w1, w2, · · · , wK ]�K «�{�\
�Xê. ÷v

∑
i

wi = 1, (wi > 0).

|^\�ê��Åó?� VolterraÈÅìg·
AõÚýÿ(J�Ú½6§Xe:

1) 1 i «�{31 n ��m:�ýÿØ�
ein, =

ein =
∣∣∣∣xn − x̂in

xn

∣∣∣∣ , i = 1, 2, · · · ,K, (40)

òØ� ein w¤ x̂in �p��, K¤k�{31 n

��m:�ýÿØ��éA�ýÿ�Ò�¤ K �
��ê|.

2) 1 K «ýÿ�{31 n ��m:�kS�
f½Â�

Sn(〈e1n, x̂1n〉 , 〈e2n, x̂2n〉 , · · · , 〈eKn, x̂Kn〉)

=
K∑

j=1

wj ln(x̂e - index(jn)), (41)

ùp�éêÚ�/ª´�
�BO�.
3) ½Â1 n ��m:����.?��Ø

��

En = ln(xn) − Sn

= ln(xn) −
K∑

j=1

wj ln(x̂e - index(jn)), (42)

4) ± N ��m:?��Ø�²�Ú���8
I¼ê�ï±e`z�.:

minF =
N∑

n=1

E2
n
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=
K∑

n=1

(ln(xn) −
K∑

j=1

wj ln(x̂e-index(jn)))2, (43)

s.t.,
K∑

i=1

wi = 1; wi > 0; i = 1, 2, · · · ,K.

¦��«�{�ýÿ��Xê wi, i = 1, 2, · · · ,K,
=����.�G�üS�(½ýÿ�{(J�
Xê.

5) �â�ýÿ�{3 N ��m:�ýÿØ
�Úþ��(½z«�{3z���m:�ý
ÿG�

ē =
K∑

j=1

N∑
n=1

ein/(KN),

σ =

√√√√ K∑
j=1

N∑
n=1

(ein − ē)/(KN).

(44)

�©�â��{z:�ýÿØ�y©�n«ýÿ
G�, ©O� |ein| 6 0.03�G� 1, 0.03 < |ein| 6
0.08�G� 2 ±9 |ein| > 0.08�G� 3.

6) �â��{�ýÿ(J�EõÚG�=£
VÇÝ
, �©æ^�Úê� 3.

7) ��{�Ø�S� k �g�'Xê rk,

rj,k =

N−k∑
n=1

(ej,n − ēj)(ej,n+k − ēj)

N−k∑
n=1

(ej,n − ēj)2
, (45)

Ù¥ ēj =
1
N

N∑
n=1

ej,n,���{�ýÿØ�þ�.

8) ò1 j «�{��g�'Xê5�z��
(J���Ú��ê��Åó��­

sj,k = |rj,k|
/ M∑

k=1

|rj,k|, (46)

Ù¥ M �ýÿ����ê.

9) òýÿ:c¡n��m:�G���Ð©
G�, (Ü�A�G�=£VÇÝ
, =��ÚG
�=£VÇÝ
éA�1�þ|¤#�VÇ=£
Ý
, ¿ò1 i G���VÇ\�Ú��TG��
ýÿVÇ

pi =
m∑

k=1

skpi,k, (47)

Ù¥ max{pi} ¥éA� i �¤ýÿ�m:�ýÿ
G�.

10) (½��{�ýÿØ�G��L§¥, e
��{3�:?ýÿG�ØÓ, K��U�G��
½ÂüS(½; ek�Ó�G�, K�âéAG�
¥|^\�ê��Åó¦���ýÿVÇ���
^S(½. ¿ò®²ýÿÑ�º>õÇêâ\\�
{¤º>êâ, ¿�K�êâ¥�@�ýÿ(J,
�±ýÿI� N ØC, ­#?\Ú½ (5), �g?1
EÄýÿ, ���ª²L����(J.

6 �~©Û

�©æ^{IXBÜ² 2006 c 11 �Ú 12
� 1 F 0 :� 16 :�êâ, � 4416 �:�êâS
����©êâ?1º>õÇêâS��·bA
5©Û¿�Eý��.�Ôö��. |^ Volterra
ÈÅìg·AõÚýÿ{!Û�ýÿ�ÚõÚ
{!Û�ýÿõÚýÿ{±9�� Lyapunov �ê
{�éº>õÇêâS�?1ýÿ, ýÿ 12 � 1
F 16 :� 20 :�� 24 �:º>õÇCz�¹.
Ù¥du VolterraÈÅì�.��g p ±9Ñ\�
êm 8c�vkÚ��ÀJIO, �©ÏLé' p

� 3!4 Ú 5 ��ýÿ�J, p À� 4 
Ñ\�ê
À�i\�ê 6. o«�{�º>õÇýÿ(JX
ã 6 ¤«. 2òýÿ�.���ýÿ(J�¢S�
º>êâý�?1'�, (½z«�{3z��m
:�ýÿØ�G�, 3dÄ:þ|^\�ê��Å
ó��G�=£VÇÝ
ïáýÿ(J����
.. Ù¥�G���­ W ÏL|^âf+`z�
{¦) (43)ª��. Ù¥�ª�åæ^v¼ê{,
é 30 gâf+`z(J�²þ�¿²L����
�G���­ W � [0.7002 0.1998 0.1], ùÒï
á
 Volterra {ýÿ(J����..

ã 6 º>õÇý¢�±9��{� 24 Úýÿ�
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| ^ Volterra È Å ì g · A õ Ú ý ÿ
{!AOLLM {±9�� Lyapunov �ê{ýÿ 12
� 1 F 20 :� 24 :�º>õÇêâ±9|^\
�ê��Åó��ýÿ���.5?� VolterraÈ
ÅìõÚ{�ýÿ(J. 12 � 1 F 20 :±9 24
:�ýÿ�{�(J±9|^\�ê��Åó�
� VolterraÈÅìõÚ{ýÿ�ýÿ(JXã 7 ¤
«. Ù¥3��ýÿ(J?1���L§¥, =3
(½��{ýÿØ�G��, X 5.2 !Ú½ 1) ¤
ã, duº>õÇêâ3,
���U�", �

;� (40)ª©1�", ÒI�òº>õÇý¢�?
1�"z?n. =òýÿ�ãS�º>õÇý¢�
Ñ\ 1, Ó���{��m:�ýÿ(JÑ\ 1 �
����{�Ø�G�. 3|^\�ê��Åó?
1���, ýÿ(J2~ 1 Ò����ý¢�ýÿ
(J. du�©¤À��ýÿ�ã 12 � 1 F 20 :
� 24 :�º>õÇÑ���u", ¤±�©�º
>õÇêâ?1���ÃI?1�"z?n.

ã 7 º>õÇý¢�±9��{�ýÿ(J

lã 6 �±wÑ, �,Û��ÚõÚ{3ýÿ
å©�ãýÿ��ý¢���Ø�, �´²L 18
��m�m:�ýÿ�, duO�¥\ÈØ��K
�Ù3�¡�m:�ýÿ�Û�õÚ{ýÿØ�

��.

duº>õÇýÿØ����º>|�CÅ
Nþk��'X,�
½þ�µd��{�ýÿ(
J±9|^\�ê��Åó?� Volterra ÈÅì
{�ýÿ(J, ±ISþÊHæ^�8�zþ�Ø
�!8�zýé²þØ�Ú8�zþ��Ø�!
��ýéØ�±9�Nýÿ�é¢S�²þ l
§Ý��éþ�Ø���â�N�«�{�ýÿ
5U.

1) �éþ�Ø� Ere�

Ere =

N∑
i=1

(xi − x̂i)2

N∑
i=1

x2
i

. (48)

2) 8�zþ�Ø� Ermse�

Ermse =
1

Pcap.

1
N − 1

[
N∑

i=1

(xi − x̂i)2
]1/2

. (49)

3) 8�zýé²þØ� Enmae�

Enmae =
1

Pcap.

1
N

N∑
i=1

|xi − x̂i|. (50)

4) 8�zþ��Ø� Enrmse�

Enrmse =
1

Pcap.

√√√√ 1
N

N∑
i=1

(xi − x̂i)2. (51)

5) ��ýéØ� Emae�

Emae =
1

Pcap.
max(|x̂i − xi|), i = 1, 2, · · · , N,

(52)

ª¥, xi�¢S�º>õÇ, x̂i�ýÿ�, N �ýÿ
��m:ê, Pcap. �º>|��½CÅNþ. L 1
©O�Ñ
þãn«ýÿ�{±9|^\�ê�
�Åó�� VolterraÈÅìýÿ{�(J��«Ø
�5U�I.

L 1 �ýÿ�{�Ø�'�

�I¶¡ Volterra { Û�õÚ{ Lyapunov �ê{ ���(J

�é��Ø� 0.02434 0.02741 0.03983 0.00976

8�þ�Ø� 0.0137 0.0121 0.0188 0.0082

8�ýéØ� 0.0505 0.0465 0.0745 0.0316

8���Ø� 0.0644 0.057 0.0882 0.0386

��ýéØ� 0.1574 0.1333 0.1716 0.0830
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lã 7 ÚL 1 �±wÑ, |^\�ê��Åó
����ýÿ�Ä�ÑU3z��m:ÀJýÿ
Ø�����{(J5�� Volterra ÈÅì�ý
ÿ(J, ±¦����(JU;�ý¢��Czª
³, ��N�ý¢� l���ýéØ�=�º
>|�½CÅNþ� 8.3%, 'üÕ=¦^Ù¦n
«�{�Ø�Ñ��. Ó��, VolterraÈÅìõ
Úýÿ{3�«Ø���Iþ`u�� Lyapunov
�ê{, �´lã 7 �wÑ3õÚýÿ��Ï�
� Lyapunov �ê{' Volterra ÈÅì±9Û�ý
ÿ{�ýÿØ���, 
����ýÿ�KÌ�À
JØ������ Lyapunov �ê{�(J?1?
�, ùlý¡�N
\�ê��Åó(ÜkS�f
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Abstract

In order to reveal the internal dynamic property of wind power time series the nonlinear analysis method is used to identify the

chaotic property of wind power set which is the basis for the prediction of the wind power time series. Firstly day correlation property

on wind power time series of a certain wind farmer is analyzed. Secondly the largest Lyapunov exponent of wind power set is calculated

on the basis of phase space construction to verify the presence of chaos in wind power time series. The ultra-short-term predicted of

wind power would produce larger errors by using the Volterra filter multi-step prediction so the predicted results of Volterra filter are

corrected by combining the results predicted by Local-region Multi-steps Method and the largest Lyapunov exponent method with

weighted Markov chain and ordered operator. Finally the prediction on wind power of a certain wind farmer is presented and the

simulation results illustrate that the correction forecasting model improves high predictive accuracy effectively, which provides a useful

reference for wind power prediction by the Volterra filter multi-step method.
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