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^���AE£�;.D4¼êkXeA«µ

G(s) =
Ke−τs

Ts + 1
(1)

G(s) =
Ke−τs

(Ts1 + 1)(Ts2 + 1)
(2)

G(s) =
Ke−τs

(Ts1 + 1)(Ts2 + 1)(Ts3 + 1)
(3)

G(s) =
Ke−τs

(Ts + 1)n
(4)

G(s) =
Ke−τs

s(Ts + 1)n
(5)

w,§co«þ�gïé�§���«�Ãgïé�"
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�XÚ�Ñ\u�Czþ�∆U§@o§�.¼C�U(s)�∆U/s"�âD
4¼ê�½Â§ÑÑy(t)�.¼C�Y (s)�

Y (s) = G(s) · U(s) (6)
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�XÚ�Ñ\u�Czþ�∆U§@o§�.¼C�U(s)�∆U/s"�âD
4¼ê�½Â§ÑÑy(t)�.¼C�Y (s)�

Y (s) = G(s) · U(s) (6)

�â.¼C�ª�½n§éugïé�ª(1)�ª(4)§y(∞)�3§Kk

y(∞) = lim
s→0

Y (s) · s = lim
s→0

G(s) · U(s) · s = K ·∆U
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�XÚ�Ñ\u�Czþ�∆U§@o§�.¼C�U(s)�∆U/s"�âD
4¼ê�½Â§ÑÑy(t)�.¼C�Y (s)�

Y (s) = G(s) · U(s) (6)

�â.¼C�ª�½n§éugïé�ª(1)�ª(4)§y(∞)�3§Kk

y(∞) = lim
s→0

Y (s) · s = lim
s→0

G(s) · U(s) · s = K ·∆U

=gïé�����ê�

K =
y(∞)

∆U
(7)

3²;�E£¥§gïé�����êK8cþæ^ª(7)§Ù¥y(∞)�
���A­��­��§=ÑÑ��ª�"
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éuª(5)ù��Ãgïé�§y(∞)Ø�3§�y′(∞)%�3"dª�½
nµ

y′(∞) = lim
s→0

s2 · Y (s) = K ·∆U

=Ãgïé�����ê�

K =
y′(∞)

∆U
(8)
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éuª(5)ù��Ãgïé�§y(∞)Ø�3§�y′(∞)%�3"dª�½
nµ

y′(∞) = lim
s→0

s2 · Y (s) = K ·∆U

=Ãgïé�����ê�

K =
y′(∞)

∆U
(8)

w,§y′(∞)����A�ª��Ç§§´���Ay(t)ìC���Ç"

�uD4¼ê�X�¢τ§��þæ^8ÿ���A­��C"���m
�Ý���§��±e�Cq¤���d�¢�«O§P�τ0"

e¡���E£´3���êKÚX�¢τ0®���¹e?1�"
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1 ��.5¢��!�E£

�â.¼C���§§����A­�´�^K�ê5Æþ,�­�§
=

y(t) =

{
0, 0 ≤ t < τ

K4U(1− e−
t−τ
T ), t ≥ τ

(9)
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1 ��.5¢��!�E£

�â.¼C���§§����A­�´�^K�ê5Æþ,�­�§
=

y(t) =

{
0, 0 ≤ t < τ

K4U(1− e−
t−τ
T ), t ≥ τ

(9)

ò���A­�z�ÃÏg­�s(t) = y(t)/y(∞)§=3��­�þ§@
½Ù#�­��y(∞) = 1"�Ù¥§Ú�^ÃÏg���A­�"éu
ª(1)�XÚ§��ÃÏg���A­��

y(t) =

{
0, 0 ≤ t < τ

1− e−
t−τ
T , t ≥ τ

(10)
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1 ��.5¢��!�E£

�â.¼C���§§����A­�´�^K�ê5Æþ,�­�§
=

y(t) =

{
0, 0 ≤ t < τ

K4U(1− e−
t−τ
T ), t ≥ τ

(9)

ò���A­�z�ÃÏg­�s(t) = y(t)/y(∞)§=3��­�þ§@
½Ù#�­��y(∞) = 1"�Ù¥§Ú�^ÃÏg���A­�"éu
ª(1)�XÚ§��ÃÏg���A­��

y(t) =

{
0, 0 ≤ t < τ

1− e−
t−τ
T , t ≥ τ

(10)

�t = T + τ�§y(t)=0.632"âd§·�3���A­�þé�y(t) =
0.632¤éA��m§~��¢τ§=�XÚ��m~êT"
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1 ��.5¢��!�E£

�â.¼C���§§����A­�´�^K�ê5Æþ,�­�§
=

y(t) =

{
0, 0 ≤ t < τ

K4U(1− e−
t−τ
T ), t ≥ τ

(9)

ò���A­�z�ÃÏg­�s(t) = y(t)/y(∞)§=3��­�þ§@
½Ù#�­��y(∞) = 1"�Ù¥§Ú�^ÃÏg���A­�"éu
ª(1)�XÚ§��ÃÏg���A­��

y(t) =

{
0, 0 ≤ t < τ

1− e−
t−τ
T , t ≥ τ

(10)

�t = T + τ�§y(t)=0.632"âd§·�3���A­�þé�y(t) =
0.632¤éA��m§~��¢τ§=�XÚ��m~êT"
3¢SE£L§¥§���AØ�½�Ð´äkK�ê5Æþ,�­
�§���´Xã1¤«�S.�±Ï­�§KXÚ�æ^��D4¼ê
5Cq§��æ^ü«�{"

? ��{

? ü:{
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? ��{

3S.­��Cz�Ç�¯?����§©O��m¶t9���A�
ìC�y(∞) ��u(0, τ)Ú(t0, y(∞))§ù�=��
ª(1)��¢τ§

�m~ê�T = t0 − τ"

ëêτÚT�ù«¦){��¡�ã){§Ù`:´AO{ü"�é
u�
¢S�A­�ÏéT­�����Ç?¿�´¯§Ì*Ï��
'��"
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? ü:{

3y(t)þÀ�ü��I�(t1, y(t1))Ú(t2, y(t2))§��¦0, y(t1), y(t2)ù
n�ê��mk²w��É=�"K{

y(t1) = 1− e−
t1−τ

T

y(t2) = 1− e−
t2−τ

T , t2 > t1 > τ
(11)

ª¥y(t1), y(t2)©OP�Y1, Y2")�{
T = t2−t1

ln(1−Y1)−ln(1−Y2)

τ = t2 ln(1−Y1)−t1 ln(1−Y2)
ln(1−Y1)−ln(1−Y2)

(12)

XJÀJy(t1) = 0.39Úy(t2) = 0.63ùü��½�§@oτÚT�z
�τ = 2t1 − t2§T = 2(t2 − t1)"w,§ù��O��~{ü"éu±
þ(J§��3

t3 ≤ τ y(t3) = 0
t4 = 0.8T + τ y(t4) = 0.55

t5 = 2T + τ y(t5) = 0.87

ùA:þé¢S­��[Ü°Ý?1u�"
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2 ��gïé��E£

éuäkD4¼êª(2)�XÚ§ò���A­�z�ÃÏg­�§�X
�¢τ®�§�{üå�§�τ = 0"d.¼C��ÃÏg���A­�
�

y(t) = 1 +
T1

T2 − T1
e−

t
T1 − T2

T2 − T1
e−

t
T2 (13)
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2 ��gïé��E£

éuäkD4¼êª(2)�XÚ§ò���A­�z�ÃÏg­�§�X
�¢τ®�§�{üå�§�τ = 0"d.¼C��ÃÏg���A­�
�

y(t) = 1 +
T1

T2 − T1
e−

t
T1 − T2

T2 − T1
e−

t
T2 (13)

-2T = T1 + T2§¿Ú\ÃÏg�mt∗ = t
2T"PT ∗

1 = T1

2T§T ∗
2 = T2

2T §K

y(t∗) = 1 +
T ∗

1

T ∗
2 − T ∗

1
e
− t∗

T∗1 − T ∗
2

T ∗
2 − T ∗

1
e
− t∗

T∗2 (14)

-4 = T ∗
1 − T ∗

2§KT ∗
1 = 1+4

2 §T ∗
2 = 1−4

2

y(t∗) = 1 +
1 +4
24

e−t∗ 2
1+4 +

1−4
24

e−t∗ 2
1−4 (15)

ª(15)��y(t∗), t∗, ∆ùn�ëêk'"e?�Ú/-y(t∗) = 0.7§ù
�ª(15)C��¹t∗7Ú∆ü�ëêþ�ÛªL�ª"ù�±ÏLO�¦
Ñt∗7Ú∆�m�ê�éA'X"ÏL±�­��±uy§�4230Ú1�
mCz�§t∗7��31.2NCCÄ§���éØ�Ø�L1.7%"Ïd§·
��½t∗7 = 1.2§ù3ó§þ´#N�"

http://www.nudt.edu.cn


��.5¢��!�E£

��gïé��E£

��j{Zgïé�� . . .

p�gïé��E£

gï�Né��E£

Ãgïé��D4¼ê . . .

¡È{

Home Page

Title Page

JJ II

J I

Page 12 of 28

Go Back

Full Screen

Close

Quit

lÃÏg­�y(t)þé�y(t7) = 0.7¤éA��mt7§��

T =
t

2t∗
=

t7
2t∗7

=
t7
2.4

(16)

q3­�y(t∗)þ§-t∗ = t∗4 = 0.4§Kdª(15)(½
y(t∗4)�∆�'X"
{ü/Py(t∗4) = y∗4§±Ñ42�y∗4�'X­�§3ãþy∗4?é�éA
�42�"���Cq�²�úª

y∗4 = 0.191 + (0.33− 0.191)42 (17)

3y(t∗)­�þ§é�y∗4��(��3y(t)­�þ§é�t4 = 0.8TéA
�y4)"
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1. e0.191 ≤ y∗4 ≤ 0.33�§K�dª(17))�∆§l
�T1ÚT2"KD4
¼ê�

G(s) =
1

(T1s + 1)(T2s + 1)
(18)

¢ÿ­�y(t)�dT1ÚT2O�Ñ5�(JA3t = t7§t = t4?¬Ü"
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1. e0.191 ≤ y∗4 ≤ 0.33�§K�dª(17))�∆§l
�T1ÚT2"KD4
¼ê�

G(s) =
1

(T1s + 1)(T2s + 1)
(18)

¢ÿ­�y(t)�dT1ÚT2O�Ñ5�(JA3t = t7§t = t4?¬Ü"
2.ey∗4 < 0.191�§Aæ^D4¼ê

G(s) =
e−τs

(Ts + 1)2 (19)

5Cq£ã"3y(t) = 0.191?é�éA�mt2§d�{
τ = (3t2 − t7)/2
T = (t7 − τ)/2.4

(20)

¢ÿ­�y(t)�dτÚTO�Ñ5�(JAT3y∗0 = 0, y∗2 = 0.191, y∗7 =
0.7?­Ü"e¢ÿ­�3t8 = 1.6T + τ?§y∗8 = 0.48¶3t20 = 4T +
τ?§y∗20 = 0.91§Ø�Ø�K@�Ü�"
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1. e0.191 ≤ y∗4 ≤ 0.33�§K�dª(17))�∆§l
�T1ÚT2"KD4
¼ê�

G(s) =
1

(T1s + 1)(T2s + 1)
(18)

¢ÿ­�y(t)�dT1ÚT2O�Ñ5�(JA3t = t7§t = t4?¬Ü"
2.ey∗4 < 0.191�§Aæ^D4¼ê

G(s) =
e−τs

(Ts + 1)2 (19)

5Cq£ã"3y(t) = 0.191?é�éA�mt2§d�{
τ = (3t2 − t7)/2
T = (t7 − τ)/2.4

(20)

¢ÿ­�y(t)�dτÚTO�Ñ5�(JAT3y∗0 = 0, y∗2 = 0.191, y∗7 =
0.7?­Ü"e¢ÿ­�3t8 = 1.6T + τ?§y∗8 = 0.48¶3t20 = 4T +
τ?§y∗20 = 0.91§Ø�Ø�K@�Ü�"
3.ey∗4 > 0.33�§KAæ^��.5\¢�D4¼êª(1)5£ã"
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3 ��j{Zgïé��E£

éuäkD4¼ê

G(s) =
Kω2

0

s2 + 2ξω0s + ω2
0

(21)

�XÚ( ω0¡�g,ªÇ§ξ�{ZXê)"
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3 ��j{Zgïé��E£

éuäkD4¼ê

G(s) =
Kω2

0

s2 + 2ξω0s + ω2
0

(21)

�XÚ( ω0¡�g,ªÇ§ξ�{ZXê)"�ξ < 1�§¡�j{ZXê"
3��Ñ\-ye§XÚÑÑwyÑ²w���y�"æ^.¼C�§
��ÙÃÏg­��

y(t) = 1− e−ξω0t√
1− ξ2

sin(
√

1− ξ2ω0t + φ) (22)

Ù¥tan φ =

√
1−ξ2

ξ "Y ∗
1ÚY ∗

2©O´1�!�Å¸�éu1�pÝ§��
�m�Tz"

Y ∗
1 = e

− πξ√
1−ξ2 , Y ∗

2 = e
−3 πξ√

1−ξ2
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dY ∗
1ÚTz)�

ξ =
1√

1 + (π/ ln Y ∗
1 )2

, ω0 =
2π

Tz

√
1− ξ2

(23)

^Y ∗
2�u�"
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4 p�gïé��E£

���A­��å©Cz�Ýéú�§Ñ´��±þ�L§"ùp�n
�gïé�D4¼ê�4:Ñ´K¢ê§ù�§ÃÏg���A­��

y(t) = 1 + Ae−t/T1 + Be−t/T2 + Ce−t/T3 (24)

�E£�ëêk�m~êT1, T2ÚT3§XêA, BÚC"
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4 p�gïé��E£

���A­��å©Cz�Ýéú�§Ñ´��±þ�L§"ùp�n
�gïé�D4¼ê�4:Ñ´K¢ê§ù�§ÃÏg���A­��

y(t) = 1 + Ae−t/T1 + Be−t/T2 + Ce−t/T3 (24)

�E£�ëêk�m~êT1, T2ÚT3§XêA, BÚC"

b�T1 ≥ T2 ≥ T3§ù�§��mØäO��§ª(24)��ü�
�Ae−t/T1�'�±�Ñ§=�t → T1�§Tª{z�y(t)

.
= 1 + Ae−t/T1"

=
ln |(y(t)− 1)| = ln |A| − t/T1 (25)
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4 p�gïé��E£

���A­��å©Cz�Ýéú�§Ñ´��±þ�L§"ùp�n
�gïé�D4¼ê�4:Ñ´K¢ê§ù�§ÃÏg���A­��

y(t) = 1 + Ae−t/T1 + Be−t/T2 + Ce−t/T3 (24)

�E£�ëêk�m~êT1, T2ÚT3§XêA, BÚC"

b�T1 ≥ T2 ≥ T3§ù�§��mØäO��§ª(24)��ü�
�Ae−t/T1�'�±�Ñ§=�t → T1�§Tª{z�y(t)

.
= 1 + Ae−t/T1"

=
ln |(y(t)− 1)| = ln |A| − t/T1 (25)

òln |(y(t) − 1)|��±uãþ§î¶��mt§=�éê�Iã"X
ã2.4¤«§A�ÎÒ�y(t)− 1�ÎÒ�Ó§KA, T1�±��"
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3��AÚT1±�§�t → T2�§Ø�Äª(24)¥������^§@o
Cqky(t)

.
= 1 + Ae−t/T1 + Be−t/T2"=

ln |(y(t)− 1− Ae−t/T1)| = ln |B| − t/T2 (26)

æ^þ¡Ó���{��|B|ÚT2��§B�ÎÒ�y(t) − 1 − Ae−t/T1�
Ó"
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Ón�CÚT3��"dd§�í2�n�XÚ"�¢Sþ§�n�p�§
du±ã°Ý�K�§�¡��m~êÚXêO(5C�"

3�����A­��§æ^_.¼C�=�é��D4¼ê

G(s) = K

(
A

T1s + 1
+

B

T2s + 1
+

C

T3s + 1

)
(27)
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5 gï�Né��E£

3¢SXÚ¥kù���/§=õ��m~ê�Ó(½�~�C)�f�!
Gé3�å§|¤ª(4)¤«�D4¼ê"D4¼êª(4)�E£��©�
��{Ú�:{"
1. n=2��/
eXÚ����N.5é�§G(s) = 1

(Ts+1)2§KÃÏg����A­�

�

y(t) = 1−
(

1 +
t

T

)
e−t/T (28)

Ù��!���ê©O�

y′(t) =
t

T 2e
−t/T (29)

y′′(t) =
1

T 2

(
1− t

T

)
e−t/T (30)

dy′′(t)t=t1 = 0§)�$:�t1 = T"
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·���±r±þ��D4¼ê^��.5�!5Cq§����D4
¼ê�

G(s) =
e−0.283Ts

2.717Ts + 1
(31)

2. n=3��/
éun�.5�!G(s) = 1

(Ts+1)3§ÙÃÏg���A­��

y(t) = 1−
[
1 +

t

T
+

1

2
(
t

T
)2

]
e−t/T (32)

$:�t1 = 2T"��^��.5�!5Cq§

G(s) =
e−0.805Ts

4.5Ts + 1
(33)
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3.���/
�
;���{¤�5�":§·��±3ÃÏg­�þ·�ÀJü�
:§~XÀ�y(t1) = 0.4§y(t2) = 0.8ü:§ÿ�t1Út2"
�t1/t2 = 0.32�§���.5�!§τ = 0§�m~ê�

T =
t1 + t2
2.12

(34)

�0.32 < t1/t2 < 0.46�§æ^ª(2)£ã��°(§Ù¥T1ÚT2���{
T1 = t1+t2

2.16

T2 = 1.74t1/t2−0.55
T1

(35)
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�t1/t2 = 0.46�§����Né�§�m~ê�

T1 =
t1 + t2
4.36

(36)

�t1/t2 > 0.46�§æ^n > 2��Né�£ã"k²�úª

√
n = 1.075t1/(t2 − t1) + 0.5 (37)

�[n]§Ø�< ±0.1%"
T = t1+t2
2.16n§n = 1 ∼ 16§Ø�< ±2%"
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6 Ãgïé��D4¼êE£

éuD4¼êª(5)£ã�é�§dẏ(t)­�§=À-�A­�E£�
�G0(s)§KXÚ�D4¼ê�

G(s) =
1

s
G0(s) (38)

�¢τ§��XêK�����"

XJÀ-�A­��Ø�§æ^þãD4¼ê£ãXÚ§�I�
éTÚn?1E£"Xã2.6¤«§3¢S­�y(t)þÿÑy(t1)��§|
^n�y(t1)/b�'X§XL2.1¤«§�����ên��"
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L2.1 XÚ�ên�y(t1)/b�'X

n 1 2 3 4 5 6
y(t1)

b 0.368 0.271 0.224 0.195 0.175 0.161

��±d²�úª

n =
1

2π

[
b

y(t1)

]2

− 1

6
(39)

���ên��§�m~êdt1Ún¦�§�T = t1/n"

e¦Ñn�L�§Xn > 6§=�y(t1)/b < 0.161�§�±^��.5¢�
�!5Cq(n = 1, T = t1)"
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7 ¡È{

�ÄXÚ�D4¼êXe

G(s) =
1

ansn + an−1sn−1 + · · ·+ a1s + 1
(40)

XÚ�D4¼ê��©�§�3X��éA�'X§Ïd§�±ÏL¦
��©�§�Xê5E£XÚ�D4¼ê"
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7 ¡È{

�ÄXÚ�D4¼êXe

G(s) =
1

ansn + an−1sn−1 + · · ·+ a1s + 1
(40)

XÚ�D4¼ê��©�§�3X��éA�'X§Ïd§�±ÏL¦
��©�§�Xê5E£XÚ�D4¼ê"3¦�XÚ����êK±
�§·����ÃÏg���Ay(t)(�τ = 0)"�õêgï�ó���é
��y(t)�±^eª£ã5Cq

an
dny(t)

dt
+ an−1

dn−1y(t)

dt
+ · · ·+ a1

dy(t)

dt
+ y(t) = 1 (41)
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7 ¡È{

�ÄXÚ�D4¼êXe

G(s) =
1

ansn + an−1sn−1 + · · ·+ a1s + 1
(40)

XÚ�D4¼ê��©�§�3X��éA�'X§Ïd§�±ÏL¦
��©�§�Xê5E£XÚ�D4¼ê"3¦�XÚ����êK±
�§·����ÃÏg���Ay(t)(�τ = 0)"�õêgï�ó���é
��y(t)�±^eª£ã5Cq

an
dny(t)

dt
+ an−1

dn−1y(t)

dt
+ · · ·+ a1

dy(t)

dt
+ y(t) = 1 (41)

¡È{�Kþ�¦Ñn�?¿���Xê§±n = 3�~§5¿�

d3y(t)

dt
|t→∞ =

d2y(t)

dt
|t→∞ =

dy(t)

dt
|t→∞ = 0, y(t)|t→∞ = 1 (42)
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òª(41)�y(t)�£�m>§3[0, t]þÈ©§�

a3
d2y(t)

dt
+ a2

dy(t)

dt
+ a1y(t) =

∫ t

0
[1− y(t)]dt (43)
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òª(41)�y(t)�£�m>§3[0, t]þÈ©§�

a3
d2y(t)

dt
+ a2

dy(t)

dt
+ a1y(t) =

∫ t

0
[1− y(t)]dt (43)

½Â

F1(t) =

∫ t

0
[1− y(t)]dt (44)
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òª(41)�y(t)�£�m>§3[0, t]þÈ©§�

a3
d2y(t)

dt
+ a2

dy(t)

dt
+ a1y(t) =

∫ t

0
[1− y(t)]dt (43)

½Â

F1(t) =

∫ t

0
[1− y(t)]dt (44)

Kdª(42)�Ñ�Ð!ª�^���§�t →∞�§

a1 =

∫ ∞

0
[1− y(t)]dt (45)
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Xã¤«§a1�ê���uã¥�ÒKÜ©�¡È"
òªa1y(t)£�m>§½Â

a3
dy(t)

dt
+ a2y(t) =

∫ t

0
[F1(t)− a1y(t)]dt = F2(t) (46)

|^ª(42)�§�t →∞�§

a2 = F2(∞) (47)

http://www.nudt.edu.cn


��.5¢��!�E£

��gïé��E£

��j{Zgïé�� . . .

p�gïé��E£

gï�Né��E£

Ãgïé��D4¼ê . . .

¡È{

Home Page

Title Page

JJ II

J I

Page 28 of 28

Go Back

Full Screen

Close

Quit

Xã¤«§a1�ê���uã¥�ÒKÜ©�¡È"
òªa1y(t)£�m>§½Â

a3
dy(t)

dt
+ a2y(t) =

∫ t

0
[F1(t)− a1y(t)]dt = F2(t) (46)

|^ª(42)�§�t →∞�§

a2 = F2(∞) (47)

Ó�/§�½Âa3y(t) =
∫ t

0 [F2(t)− a2y(t)]dt = F3(t)§�a3 = F3(∞)"�
gaí§en ≥ 2§½Â

Fn(t) =

∫ t

0
[Fn−1(t)− an−1y(t)]dt (48)

��
an = Fn(∞) (49)

¡È{�`:´¿©|^
���A�z�:&E§Ï
äkér�È
ÅõU"
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