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17.1 �


�� 1965�Cooley�Tukey�����������������
�� (Fourier Transform) !"#$%&'()*+�,-./012/
03/04567089:;0<=0>?/0@8A�BCD���
��EFGHHIJK�������L�'�����MNOPQRS
TU�VWX�YFZ[\����4]^�_R�`abKcd��
���eYWf���,ghgi (Laplace Transform)A�!j(%k'
Klm_�ghgi��nX�'�����ao�pqrstuvK

FZw(xyz&{k'ghgi���cWX�|}~����
����������'(a��yz&Km�_�������Mo
R�y�� �O��6�,�t_��VW������ Xaox
yz&R��K��r��Wa���������� FFTTRS�X'
�a�-.��R�y�xyz&K

FZ;v�� �ST¡4R���¢4�£ST¡4R���¤
6��m�45¥¦§���¨©�����Kª«§¬­®¯�°n
PQ±²®³UK,B´µ¶���B·¸¹Mº$t�»'K�� 
¼½�)¾¿`�Àuª«§RÁL��Â·ÃÄV'ªÅ��K

�������RÆ;ÇÈ�ÉÊ���rËF�ÌÍÎK®ÏÐ
WÉÑÒÓÔ�ÕÖK����FX·D×ØE��� FFTA�X�¥
¦ÙÚG4RÛ4R�����K���m4�ÜÝÛ4R�����
��� FFTR�FFTC�ÃÞß�� ���FFTCS�àÃÞß���
��FFTSC��®ÁRáâ����FFT2D�FFT2SCK
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17.2 ïðñòóô

FZõa�-.ö�� (17.1)(÷Ãøù )ú�X�'Duhamel¤6|
}a�,� (17.2)K

�y(t) + 2�
 _y(t) + 
2y(t) = f(t) (17.1)

y(t) =
1

p
1� �2


Z t

0
f(� )e��
(t��) sin[

q
1 � �2
(t� � )] d� (17.2)

ªûüËúý+ (Time domain)E67þ�cW|}õúý+Ë¤6�a
� (ÿ�úý+67nX'FZR��6ö�45�þ)K

°nX�� f(t)�FSTU¡4 (WSTT XÙÚ���°�VT �

�ºa�z&R�	 )�����¢4 (Fourier series)
��


f(t) =
1

2
a0 +

1X
n=1

an cos(
2�n

T
t) +

1X
n=1

bn sin(
2�n

T
t) (17.3)

��
an =

2

T

Z T

0
f(t) cos(

2�n

T
t) dt (17.4)

bn =
2

T

Z T

0
f(t) sin(

2�n

T
t) dt (17.5)

n r���6��
 (a)�F��� 1
2
a0(������)� (b)F���

��!n = 2�n=T ���� an� bnE���� (Harmonic loading)K
,drf(t)6��)��6�RÒ� Xab�� !)��6�"

'Rz&��r)z&�®t� oO��6R#z&,$

yp(t) = 
�2f

1

2
a0 +

1X
n=1

an[(1� �2n) cos!nt+ 2��n sin!nt]

(1� �2n)
2 + (2��n)2

+
1X
n=1

bn[(1� �2n) sin!nt� 2��n cos!nt]

(1� �2n)
2 + (2��n)2

g (17.6)

��
�n = !n=
 (17.7)

!n = n!1 =
2�n

T
(17.8)

_�&�t_$�R��� Xo� (17.1)R@�K��A; BX����
�y(0)� _y(0)aoK

yc(t) = e��
t(A sin(
q
1 � �2
t) +B cos(

q
1 � �2
t)) (17.9)

r f(t)6��)¾��E��6���67a�� (17.1)Eöþü���
+ (Frequency domain)67þK
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17.3 +,-./01/23ô

�'Euler4�Xr���¢4E cos� sin567�Û4849�K
c�

sinn� =
1

2i
(ein� � e�in�) (17.10)

cosn� =
1

2
(ein� + e�in�) (17.11)

M�
f(t) =

1

2
a0 +

1X
n=1

an cos(
2�n

T
t) +

1X
n=1

bn sin(
2�n

T
t) (17:3)

=
1X

n=�1

Cne
i!nt (17.12)

��
Cn =

1

T

Z T

0
f(t)e�i!ntdt (17.13)

Cn =
1

2
(an � ibn) (17.14)

C
�n =

1

2
(an + ibn) (17.15)

:�f(t)X���� (17.12)RÛ4849��cdX; ei!nt�FÈ<"'
¡4�=µ»-ö�� (17.1)�Xo

y(t) = Hne
i!nt (17.16)

�� Hn =
1

(
2 � !2n) + 2�
!ni
(17.17)

� (17.1)��!� (17.12)R f(t)"'RO��6Rz&X'>tÆ;o

yp(t) =
1X

n=�1

HnCne
i!nt (17.18)

?Ú� (17.6)��!FÃß (@Þß)6�"'Rz&���Ãß�ÞßA
¾6����� (17.18)Ð�!FÛ4849�R6� ei!nt"'Rz&�
����FG®B849�R6��CWz&L4HnY�ÇD�E&'
_Y�öÂK

°� (17.18)�RL4Cn�Hn��Û4�&'õm4*+Y�FG

c�"'¡4 f (t),�m4��Wz& y(t)Ó�n�m4Kw(dH�I
ÇÈÍÎ,$
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(1)J?ÚõÛ4849�R� (17.13)�� (17.18)��n5��K5K�
ÿf(t)�m4ú�Cn�C

�nF�L�ÜÝÛ4�ECne
i!nt�C

�ne
�i!ntnL

�ÜÝÛ4�cdA§®tÒÓ·MNO4�6KªPQD�R� (17.13)

Ó���ÃKn5��� (17.4)�� (17.5)S��Ãn5RÆcK
(2)�?Úw(� (17.1)RmL4�� (@WfmL4�� )�Wz&L4
Hn�H

�nÓ�ÜÝÛ4wKEHnCne
i!nt�H

�nC�ne
�i!ntnÓ�ÜÝÛ4

w�A§®tÓ�TMNO4�6���oUm4Rz&�cdÛ4'
(m4VW�XYZ[\K

17.4 +,-./]/^_`a {bc+,-de

õ���¢4�

f(t) =
1X

n=�1

Cne
i!nt (17:12)

Cn =
1

T

Z T

0
f(t)e�i!ntdt (17:13)

Cn5R¥¦Xk'f9g¤þ�r t = 0hT ý6�NA6a¡4�Ki

�t = t1 =
T

N
; �! = !1 =

2�

T

�
tk = kt1 = k�t; !n = n!1 = n�!

o
!ntk = (�!�t)nk = (

2�

N
)nk (17.19)

�Xr� (17.12)�� (17.13)7�

fk =
1X

n=�1

CnW
�kn (17.20)

Cn =
1

N

N�1X
k=0

fkW
nk ; n = 0;�1;�2; . . . ;�N=2 (17.21)

= 0 ; jnj > N=2 (� (17.21)Rjklm ) (17.22)

��
W = e�2�i=N (17.23)
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vY� (17.13)�� (17.21)X�[$�OU

(1)� (17.21)�� (17.13)R¤6��f9g¤þw¯R4��÷�¤6x
�6�a�x�K
(2)� (17.21)¦oRCnPQSTU�WST�N�n 

Cn = CN+n = C2N+n = � � � ; C
�n = CN�n = C2N�n = � � � (17.24)

(3)� (17.13)¦oRCn�XSTU�Cÿn5ymúCn5yHK
(4)ÿ f(t)�m4ú�� (17.13)�� (17.21)RCn�C

�n��ÜÝÛ4wK
z{_�OU��(17.21)RCnw&(�(17.13)RCnR�	�n = 0;�1;�2;
. . . ;�N=2Kd�	|RCn�'� (17.21)��NG f(t)5÷Xþ\Ä$¦
b�Ó����}�,� (17.22)M�Kcd�� (17.20)¥¦fkRt#�	
&6�n = 0;�1;�2; . . . ;�N=2�°�(Cn�C

�nRSTU�Wt#�	
nX6� n = 0; 1; 2; . . . ; N�1�°�?ÚCN�n~=�C

�nR5 (n � N=2)

�dHõ¥¦HnCnú�&?Ú�cd

fk =
N�1X
n=0

CnW
�kn (17.25)

Cn =
1

N

N�1X
k=0

fkW
nk; n = 0; 1; 2; . . . ; N�1 (17.26)

�?Ú� (17.26)�R fk� t = 0hTýR����¡4�� t = k�t)HR
5��f9g¤þaCnR¤6K�� (17.25)�RCn�!RB��¡4�
�ÿ ! = n�!úQ5�WÞR5�}K� (17.25)�� (17.26)FZü�¨
©����� (w )K

17.5 �����/]+,-�ò

�� f(t)�£STU¡4�,$�.��XrW;�ST T = 1E
¡4�:;K,d���¢4������V·�'(X��STE¡
4�W������F¤6��E6ü����¤6K õ���¢4�

f(t) =
1X

n=�1

Cne
i!nt (17:12)

Cn =
1

T

Z T

0
f(t)e�i!ntdt (17:13)



458 ãäåæ çèéêëìíî
ÿT !1ú�iCn = F (!n)�!�=µ_�o

f(t) =
1X

n=�1

F (!n)e
i!nt�! (17.27)

F (!n)�! =
1

T

Z T

0
f(t)e�i!ntdt (17.28)

�'�! = 2�=T �iW�w( d!�o

f(t) =

Z
1

�1

F (!)ei!td! (17.29)

F (!) =
1

2�

Z
1

�1

f(t)e�i!tdt (17.30)

� (17.29)�� (17.30)FZü����¤6 (w )K
m'_�_á�R���¤6�'45¤6þ¥¦��Ë$gR~�

(1)��¥¦z&RÁ?�	� t = 0hT K
(2)� t = 0h T ý�|R f(t) = 0K,�B�}~X|}��}�c�
t > T R f(t)B�� t = 0h T ýRz&�� t < 0R f(t)R��X' t = 0

R����¥µKcd�� (17.30)R¤6�	�� 0! TK
(3)r t = 0hT ý6�NA6� i�t = T=NK
(4)� (17.30)RF (!)���¡4�°X�S¥¦! = n�!RF (n�!)�i
W�R�! = 2�=T K
(5)��_�5~�:;Ò�� (17.29)�� (17.30)R���¤6��

fk =
2�

T

1X
n=�1

FnW
�kn (17.31)

Fn =
T

2�N

N�1X
k=0

fkW
nk ; n = 0;�1;�2; . . . ;�N=2 (17.32)

= 0 ; jnj > N=2 (� (17.32)Rjklm ) (17.33)

��
W = e�2�i=N (17.34)

(6)� (17.32)RFn¬�STU�°X'FnR�	�n = 0;�1;�2; . . . ;�N=2
� jnj > N=2RFn5�� (17.32)�'NG fk¥¦�Wjklm�B·k'
����}�,� (17.33)M�K
(7)� (17.31)Rt#�	&6� n = 0;�1;�2; . . . ;�N=2K°�( Fn �
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W�knRSTU�Wt#�	nX6�n = 0; 1; 2; . . . ; N�1Kcd
fk =

2�

T

N�1X
n=0

FnW
�kn (17.35)

Fn =
T

2�N

N�1X
k=0

fkW
nk; n = 0; 1; 2; . . . ; N�1 (17.36)

(8)vY� (17.25)(17.26)�� (17.35)(17.36)�,i
Cn = (

2�

T
)Fn (17.37)

�á���®BKcdÕ�_£STUR¡4 f(t)�nX;�STTRS
T¡4���ST¡4:;�S�STT��z&67RÁ?�	K
(9) Cn = (2�=T )Fn = �!FnX;�r��6 ¡4F (!)õ!n��!=2 � ! �
!n +�!=2�	qR5¡�õ!nFHK
(10)cM·¦oRFnR×m����!N=2 = �N=T �m(d��RFn�

%���}KEM¢'RN=T&£m@�t = T=N&£HK
(11)ÿ T @�!¤�ú�Nym��Cn@Fny\Ä�·¦oR���	
Y¥KÿN¤�ú� T ym (�!yH )��Cn@FnyB\�·¦oR�
��	Y¦Kÿ�t = T=N ¤�ú�N� T ym (�!yH )��·¦oR
���	B�K
(12)FZ$�z&67ú�N;T;�t)5@��, [�F ]M�KW�	§
�N = 256h 4096�T = 10:24h 40:96¨��t = 0:005h 0:10¨K

[�F ] �'RSTT=N�t(¨ )

Nn�t 0.005 0.010 0.020 0.050 0.100

256 - - - 12.80 25.60

512 - - 10.24 25.60 51.20

1024 - 10.24 20.48 51.20 -

2048 10.24 20.48 40.96 - -

4096 20.48 40.96 - - -

17.6 +,-./©+,-�ò]ª«

� (17.12)R���¢4��� (17.29)R���¤6�¬¨©ùÒ6
­��� (17.25)�� (17.35)R¨©�����KW�Cn�FnRÁL��
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(17.37)w&Ò�� (17.25)�� (17.35)m�_DFûEK°A§Õ�_Q
®²®³:�m�6÷(¯g���I�°±�²W³BH,$��³
~R' (�³�´F )


(a) ST¡4 f(t)����¢4L4Cn

(b) £ST¡4 f(t)����¤6F (!)

(c) fk������Cn

´F ���¢4µ¤6���

(1) Cn�¨©¡4 (�®²Aý¶RDelta function)�F (!)���¡4K
Fn���¡4õ! = !nH_R¡45KCn�X;�rF (!)õ!n��!=2 �
! � !n + �!=2ýR5¡�õ!nH_K
(2) Cn�Fn�£ST¡4�Cÿn ! 1ú�Cn ! 0�Fn ! 0K°c¤
6¥¦Rw¯jk�·�Cn�Fnn�ST¡4KcdÓ�i jnj > N=2R



17.6 éêë%&�éêëtus�� 461

Cn�Fn�}K
(3)ÿ f(t)�m4ú�Cn�C

�n�Fn�F
�n��ÜÝÛ4wK

(4)�� (17.12)¦oR f(t)�ST¡4��� (17.29)¦oR f(t)�£ST
¡4�°�� (17.25)�� (17.35)¦oR fk��ST¡4K� (17.12)��
QD¥¦¢4��� (17.25)SDN¸Y¥�RCn� �Q�5R��W
jk��¹¥µ¥�Rº»�÷K�� (17.29)Rf(t)L�¤6¦o��£
ST¡4�°6�� (17.35)�a�=¼¤6ÒÓ�Vf(t)��ST¡4�
WST�T = 2�= �!Kÿ�!yHúXVST T ���³½´áK�ÿ
�! ! 0ú�T !1 XV f(t)��£ST¡4K

´á ST�ùw��L4R�¾
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(5)w(£STC£Q��	R¡4R:;
FZ¥¦z&�QF¤�R
Á?�	��W� t = 0hT1K�X¿� t = 0hT1ýR¡4��Ò��d
�¡4ÀÁT ¨�Ûb[K ~�W�STTRST¡4��X�'��
�¢4RÕ�:;�nX��d��	�| (t < 0� t > T1)R¡45�}
� X�'���¤6RÕ�:;KA§õ¥¦� (17.25)�� (17.35)ú
�Xk'YmRT¥¦K

17.7 ,ÂFFT ÃÄÅÆÇ]ÈÉÊË

õÌFÍ÷��-.ö�� (17.18)

�y(t) + 2�
 _y(t) + 
2y(t) = f(t) (17:1)

!ST¡4f(t)"'RO��� (17.18)

yp(t) =
1X

n=�1

HnCne
i!nt (17:18)

��
Cn =

1

T

Z T

0
f(t)e�i!ntdt (17:13)

Hn =
1

(
2 � !2n) + 2�
!ni
(17:17)

����
yc(t) = e��
t(A sin(

q
1� �2
t) +B cos(

q
1 � �2
t)) (17:9)

w(!£ST¡4f (t)"'ú�&6'���¤6�°Õ�_~X;�S
T¡4:;KBv'���¢4@���¤6�×Ò{Xù�¨©���
��KcdO���

yk =
N�1X
n=0

YnW
�kn (17.38)

��
Yn = HnCn (17.39)

Cn =
1

N

N�1X
k=0

fkW
nk; n = 0; 1; 2; . . . ; N�1 (17:26)

Hn =
1

(
2 � !2n) + 2�
!ni
(17:17)


