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�Ä��üÑ\üÑÑ��5�ØCXÚ§Xã¤«"

ã¥y(t)�*ÿ�§u(t)�®�Ñ\§e(t)´"þ�xD("dy(t)��ó
À�A¼êg(τ)��O�ĝ(τ)"�.�ÑÑ�

ŷ(t) =

∫ +∞

0
ĝ(τ)u(t− τ)dτ (1)
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æ^�g.OK¼ê

J =

∫ +∞

0
[y(t)− ŷ(t)]2dt = min (2)
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æ^�g.OK¼ê

J =

∫ +∞

0
[y(t)− ŷ(t)]2dt = min (2)

=

J = lim
T→+∞

1

T

∫ T

0
[y(t)− ŷ(t)]2dt = min (3)

ª¥T�È©�m"y3��âXÚ�Ñ\ÑÑêâ§(½�.�óÀ�
A�O�ĝ(τ)§¦Ø�OK¼ê�4��"ù´��C©¯K"kéO
K¼ê?1z{

J = lim
T→∞

1

T

∫ T

0
y2(t)dt− 2 lim

T→∞

1

T

∫ T

0
y(t)ŷ(t)dt + lim

T→∞

1

T

∫ T

0
ŷ2(t)dt (4)

þª11��®��*ÿ�§12�Ú13�©O�
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1

T

∫ T

0
y(t)ŷ(t)dt =

1

T

∫ T

0
y(t)

∫ ∞

0
ĝ(τ)u(t− τ)dτdt
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1

T

∫ T

0
y(t)ŷ(t)dt =

1

T

∫ T

0
y(t)

∫ ∞

0
ĝ(τ)u(t− τ)dτdt

=

∫ ∞

0
ĝ(τ)

[
1

T

∫ T

0
y(t)u(t− τ)dt

]
dτ
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1

T

∫ T

0
y(t)ŷ(t)dt =

1

T

∫ T

0
y(t)

∫ ∞

0
ĝ(τ)u(t− τ)dτdt

=

∫ ∞

0
ĝ(τ)

[
1

T

∫ T

0
y(t)u(t− τ)dt

]
dτ

=

∫ ∞

0
ĝ(τ)Ryu(τ)dτ

1

T

∫ T

0
ŷ2(t)dt =

1

T

∫ T

0

[∫ ∞

0
ĝ(τ)u(t− τ)dτ ·

∫ ∞

0
ĝ(λ)u(t− λ)dλ

]
dt

=
1

T

∫ T

0

[∫ ∞

0

∫ ∞

0
ĝ(τ)ĝ(λ)u(t− τ)u(t− λ)dτdλ

]
dt

http://www.nudt.edu.cn


4.1ëY���'©Û{

4.2|^MS��Ñ\ . . .

2. ^MS��Ñ\&Ò . . .

3. 4í�{

4. ^MS��Ñ\&Ò . . .

Home Page

Title Page

JJ II

J I

Page 6 of 26

Go Back

Full Screen

Close

Quit

1

T

∫ T

0
y(t)ŷ(t)dt =

1

T

∫ T

0
y(t)

∫ ∞

0
ĝ(τ)u(t− τ)dτdt

=

∫ ∞

0
ĝ(τ)

[
1

T

∫ T

0
y(t)u(t− τ)dt

]
dτ

=

∫ ∞

0
ĝ(τ)Ryu(τ)dτ

1

T

∫ T

0
ŷ2(t)dt =

1

T

∫ T

0

[∫ ∞

0
ĝ(τ)u(t− τ)dτ ·

∫ ∞

0
ĝ(λ)u(t− λ)dλ

]
dt

=
1

T

∫ T

0

[∫ ∞

0

∫ ∞

0
ĝ(τ)ĝ(λ)u(t− τ)u(t− λ)dτdλ

]
dt

=

∫ ∞

0

∫ ∞

0
ĝ(τ)ĝ(λ)

[
1

T

∫ T

0
u(t− τ)u(t− λ)dt

]
dτdλ

=

∫ ∞

0

∫ ∞

0
ĝ(τ)ĝ(λ)Ruu(τ − λ)dτdλ

J�óÀ�A¼êĝ(τ)�¼ê§¦δJ = 0§='uĝ(τ)�C©"
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δJ = 0− 2
∫∞

0 δĝ(τ)Ryu(τ)dτ + 2
∫∞

0

∫∞
0 δĝ(τ)ĝ(λ)Ruu(τ − λ)dτdλ

≡ 0
(5)

= ∫ ∞

0
δĝ(τ)

[
Ryu(τ)−

∫ ∞

0
ĝ(λ)Ruu(τ − λ)dλ

]
dτ ≡ 0

��

Ryu(τ) =

∫ ∞

0
ĝ(λ)Ruu(τ − λ)dλ (6)

ù���
J�4��7�^�"
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δ2J = 2
∫∞

0

∫∞
0 δĝ(τ)δĝ(λ)Ruu(τ − λ)dτdλdτdλ

= lim
T→∞

2
T

∫ T

0

[∫∞
0 δĝ(τ)u(t− τ)dτ

]2
dt > 0

(7)

=��
J�4���¿©^�"dª(6)

Ryu(τ) =

∫ ∞

0
ĝ(t)Ruu(τ − t)dt (8)

ùÒ´E£¥~^�Wiener–Hopf�§"

dd��§1e·�®ÿ�g�'¼êRu(τ)Úp�'¼êRyu(τ)§KÏ
L¦)òÈ�§ª(8)§Bk�U¼��£é��óÀ�A¼ê"
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æ^�'{ÿ½é��A5k��wÍ�A:§=ù«�{�|Z6U
å�r"ù´Ï�=¦�3Z6§��ÀJ�Z6pØ�'�Ñ\ÿÁ
&Ò§Ò�±�Ñ�ÅZ6�K�"

3���¹e§¦)Wiener–Hopf�§´'�(J�"�´§��£é�
�Ñ\ÿÁ&Òæ^xD(§�§ÒN´)Ñ
"xD(�g�'¼ê
´��δ¼ê

Ruu(τ) = δ(τ) ·Ruu(0) = δ(τ) · σ2
u (9)

òª(9)�\ª(8)§=�

Ryu(τ) = ĝ(τ) · σ2
u (10)

ĝ(τ) =
1

σ2
u

Ryu(τ) (11)

ª(11)L²µ�Ñ\ÿÁ&Ò�xD(�§Ñ\&Ò�ÑÑ&Ò�m�p
�'¼ê�óÀ�A¼ê¤'~'X"ù��¦)´é{ü�§�´§
3¢SA^¥��kXe(Jµ�´xD(3EâþJ±¢y¶�´d
uCzÃ5Æ§J±ÏL����1ìò§\\XÚ"Ïd§ëY.x
D(Ñ\==äknØþ�¿Â"
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ùpéC©�½Â�{ü�`²§¤¢C©´gCþ��Cz�§¼ê
�Czþ"

δJ =
∂

∂α
J(x + αδx) |α=0 (12)
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4.2|^MS��Ñ\&Ò��'©Û{
1.lÑ�{
MS�´Ì�±Ï�Np · 4t§g�'¼êCquδ¼ê��«�ÅS�§
ÙÚOA5CquxD("
MS��g�'¼ê�

RM(τ) =

{
a2 τ = 0, Np, 2Np, · · ·

− a2

Np
τ 6= 0, Np, 2Np, · · ·

(13)

Npv
�(ÀJNp¦MS��Ì�±Ï�uL§�LÞL§�
m)§a�MS��ÌÝ"
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�êâ�æ��m�uMS�£ óÀ±Ï4t§KWiener–Hopf�§��
¤lÑ/ª

RyM(τ) =
∞∑

j=0

ĝ(j)RM(τ − j)4t (14)

�MS��Ì�±ÏNp4t�uXÚ�LÞL§�mTs�§óÀ�A3�
m�uNp4t�Ä�þP~�""u´

RyM(τ) =

Np−1∑
j=0

ĝ(j)RM(τ − j)4t (15)

�'¼ê�O�

RyM(τ) =
1

Np

Np−1∑
i=0

M(i− τ)y(i) (16)
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ª(13)�\ª(15)§=�

RyM(τ) =
(Np + 1)a24t

Np
ĝ(τ)− a24t

Np

Np−1∑
j=0

ĝ(j) (17)

-

C =
a24t

Np

Np−1∑
j=0

ĝ(j) (18)

é��­½�XÚ5ù§C´k.~ê§
�é�(Np¿©�)"K

ĝ(τ) =
Np

(Np + 1)a24t
[RyM(τ) + C] (19)

�
JpE£óÀ�A�°Ý§p�'¼êRyM(τ)�æ^õ±ÏêâO
�§=

RyM(τ) =
1

rNp

rNp−1∑
i=0

M(i− τ)y(i) (20)

http://www.nudt.edu.cn


4.1ëY���'©Û{

4.2|^MS��Ñ\ . . .

2. ^MS��Ñ\&Ò . . .

3. 4í�{

4. ^MS��Ñ\&Ò . . .

Home Page

Title Page

JJ II

J I

Page 14 of 26

Go Back

Full Screen

Close

Quit

2.^MS��Ñ\&Ò��g�¤�{
-k = 0, 1, 2, · · · , Np − 1§�âª(15)��Np��5éá�§

RM(0)ĝ(0) + RM(−1)ĝ(1) + · · ·+ RM(−Np + 1)ĝ(Np − 1) = RyM(0)/4t
RM(1)ĝ(0) + RM(0)ĝ(1) + · · ·+ RM(−Np + 2)ĝ(Np − 1) = RyM(1)/4t

· · · · · ·
RM(Np − 1)ĝ(0) + RM(Np − 2)ĝ(1) + · · ·+ RM(0)ĝ(Np − 1) = RyM(Np − 1)/4t

(21)
þª��Ý
/ª

RMĜ = RyM/4t (22)
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Ù¥

RM =


RM(0) RM(−1) · · · RM(−Np + 1)
RM(1) RM(0) · · · RM(−Np + 2)

· · · ...
RM(Np − 1) RM(Np − 2) · · · RM(0)


= − a2

Np


−Np 1 · · · 1

1 −Np · · · 1

· · · ...
1 1 · · · −Np


dª(22))�

Ĝ = R−1
M RyM/4t (23)
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du 
−Np 1 · · · 1

1 −Np · · · 1

· · · ...
1 1 · · · −Np




2 1 · · · 1
1 2 · · · 1

· · · ...
1 1 · · · 2



=


−(Np + 1) 0 · · · 0

0 −(Np + 1) · · · 0

· · · ...
0 0 · · · −(Np + 1)

 = −(Np + 1)I

��

R−1
M =

Np

(Np + 1)a2


2 1 · · · 1
1 2 · · · 1

· · · ...
1 1 · · · 2

 (24)


dª(16)§p�'¼ê�±�¤

RyM =
1

Np
M · Y (25)
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òª(24)Úª(25)�\ª(23)§�ª)�

Ĝ =
Np

(Np + 1)a24t


2 1 · · · 1
1 2 · · · 1

· · · ...
1 1 · · · 2

 M · Y (26)

Ù¥
Ĝ =

[
ĝ(0) ĝ(1) · · · ĝ(Np − 1)

]T

RyM =
[

RyM(0) RyM(1) · · · RyM(Np − 1)
]T

Y =
[

y(0) y(1) · · · y(Np − 1)
]T

M =


M(0) M(1) · · · M(Np − 1)

M(−1) M(0) · · · M(Np − 2)

· · · ...
M(−Np + 1) M(−Np + 2) · · · M(0)


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3.4í�{
dª(25)§1i���g�'¼ê��O�R

(i)
yM(τ)�

R
(i)
yM(τ) =

1

i + 1

i∑
j=0

M(j − τ)y(j) (27)

�
3�E£XÚ�óÀ�A§òþª�¤4í�/ª

R
(i)
yM(τ) =

i

i + 1
R

(i−1)
yM (τ) +

1

i + 1
M(i− τ)y(i) (28)

Ù¥R
(i−1)
yM (τ)�1i− 1���g�'¼ê"
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�âª(23)Úª(28)§1i���óÀ�A�O��

Ĝ
(i)

= R−1
M R(i)

yM/4t =
i

i + 1
R−1

M R(i−1)
yM /4t +

1

i + 1
R−1

M M(i)y(i)/4t

=��4í/ª�

Ĝ
(i)

=
i

i + 1
Ĝ

(i−1)
+

1

(i + 1)4t
R−1

M M(i)y(i) (29)

Ù¥M(i) =
[

M(i) M(i− 1) · · · M(i−Np + 1)
]T
§Ĝ

(i−1)
�æ��

1i− 1���óÀ�A�O�"
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4.^MS��Ñ\&ÒE£óÀ�A�Ú½
(1) �OXÚ�LÞL§�mTsÚXÚ��pó�ªÇ(½��ª
Çfmax)§±TsÚfmax��ÀJMS�ëê��â"

(2)êâ7L¦�Uõ/�¹XÚ�Ä�A5&E"ùÚÑ\&Ò�ÀJ
ké�'X"Ïd§¢��c�°%/ÀJMS��ëê"�XÚ�ª
ÇA5�C$ÏÈÅA5�§MS��ëê∆tA÷veã^�

1

3∆t
≥ fmax (30)

À½∆t��§2d(Np − 1)∆t > Ts(½Np��§��/�

Np = (1.2 ∼ 1.5)
Ts

∆t
(31)

ª(30)L²§MS��ª�7LCXXÚ�ª�§ù�âU¿©-yXÚ
�¤k��"ª(31)L²§MS��Ì�±Ï7L�uXÚ�LÞL§�
m§±�y�m�uNp∆t�§óÀ�AP~�Cu""
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(3) MS��ÌÝaØUÀJL�§±�XÚ?\��5«½K�)�¶
��ØUL�§±�y�½�&D'"

(4)æ8êâ��5¿§�XÚf\þMS��§du�"Ð©^���
^§XÚ�ÑÑ3�ã�mS´�²­�"�
�yE£°Ý§�;m
ùã�²­L§§���l1��Ì�±Ïm©æ8êâ"

(5)êâ��Ø�6©þ§^�ä����?1ÈÅ?n"

(6)|^ª(20)O�p�'¼êRyM(τ)"

(7)�Ö�þC = −RyM(Np − 1)"

(8)|^ª(19)O�óÀ�A�O�ĝ(k)"

(9)æ^_MS�½M3S���E£�Ñ\&Ò§E£�Ú½´���§
�A�O�úª��ìí�"
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~4.1 Xã4.2¤«�æ^íN-��~Ø\9¬§¬.§ÝÉ¤\-�
þ�K�"duíN-�6þÉz�Øå���§�z�Øå��¬§
��XÚ�Ñ\��Cþ"y3�ÿ½-�þ�¬§�m�Ä�'X"

¢��§39­½ó¹(832e)�Ä:þ§3z�Øå­½�þ2N\�
<ó6Ä§=ÌÝ�±0.03kg/cm2�MS�Øå&Ò"\9¬�9.5�
�§LÞL§�mTsØ�u50©¨§���MS��±ÏTp = 60min"
e�S��ÝNp = 15§KÄ�>²�m∆t = Tp/Np = 4min"ù�=
¦ÏLÃÄ�ªUCz�Øå5¢y¤�¦�<ó6Ä�´�U�"�
z�ØåÅÄÌÝ�±0.03kg/cm2�§¬.§Ýk²w�ÑÑ�A§�
ÅÄ��Ø�L3e§Ï
��é�Ø¬?\��5«"ã4.3�MS�
�\1���ÿ��3�±Ï�P¹­�"3�±Ï�§Ý­�y(t)Ø��
­E§ù´duP¹¤LØ�±9ó¹���k�Å5ÅÄ��ÏE¤
�"
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�
¼�§Ý�A�²­L§§�3Øå6Ä\\1�Ì�±Ï�m©P
¹êâ§XL4.1¤«"(�Ø
ð½�830e)"
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L4.1 �'©Û{E£\9¬Ä�A5�êâ?nL

k 0 1 2 3 4 5 6 7

y(k) 2.06 1.85 1.84 1.79 1.08 0.68 0.44 0.80

y(k + Np) 1.82 1.82 2.03 2.03 1.03 0.68 0.52 0.86

y(k + 2Np) 2.01 1.67 1.70 1.82 1.04 0.59 0.38 0.81

RyM(k) -0.0093 -0.0087 0.0064 0.0109 0.0076 0.0026 -0.0016 -0.0019

ĝ(k) -0.13 0.03 3.96 5.13 4.27 2.97 1.87 1.80

y′(k) 0 0.03 3.99 9.12 13.39 16.36 18.23 20.03

k 8 9 10 11 12 13 14

y(k) 1.91 2.38 2.47 2.51 3.05 2.69 1.94

y(k + Np) 1.78 2.50 2.50 2.32 3.28 2.82 2.04

y(k + 2Np) 1.91 2.55 2.28 2.56 3.13 2.70 2.06

RyM(k) -0.0039 -0.0077 -0.0094 -0.0085 -0.0071 -0.0100 -0.0088

ĝ(k) 1.28 0.29 -0.16 0.08 0.44 -0.31 0.0

y′(k) 21.31 21.60 21.46 21.54 21.98 21.67 21.67
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|^L4.1O�p�'¼êRyM(k)"¿O�óÀ�A�O��

ĝ(k) =
15

4× 0.032 × 16
[RyM(k) + C] (32)

Ù¥�C = −RyM(14) = 0.0088"O�(JXL4.1¤«"¦p�'¼ê
�§¦^'�¿v�êâ§�JpE£�°Ý"
deªO�ü ���A�lÑ�

y′(k) =
k∑

l=0

g(l) k = 0, 1, · · · , Np − 1 (33)

dóÀ�A�O�ĝ(k)Úü ���A�O�y′(k)xÑg(t)Úy′(t)�­
�§5¿�~��mþj��©¨"dãwÑ§dXÚäkX�òτ0 =
3.3min§��y′(t)­�/G�CuL{Z��XÚ����A§ÙD4
¼ê�/ª�

G(s) =
K

1 + a1s + a2s2e
−τ0s (34)

ª¥�Xêþ�dü ���A­�y′(t)¦�"
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K = y′(∞) = 21.67(◦C · cm2/kg)

d¡È{¦�
a1 = 12.6, a2 = 41.1

u´§XÚ�D4¼ê�

G(s) =
21.67

1 + 12.6s + 41.1s2e
−3.3s (35)
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