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2.3 ������� !"# (Absorber) �$�%

�

2.3.1 :������?@�E

X����`����ì�ÐÑÄ'�àÔ�Óçèuâãä (Ab-

sorber)ÝÞX­'ÐÑÄ�ß�âãä5Õ3ñ÷ø1�d'3ñ~Ø�ÿ
`	Ü(	­�÷ø1�H9x3ñ�¼k!�xy�|D��âãä�ª
�p�¼õö�ÓÔ"

D��âãäóß�ï/ 2.7()����óß1 ~Fmotor óß� Mecha'
��Vj x1(t)��Õ÷ø1�D{ªÛy Mass '-9��³ÓÔ�õö!
÷ø1��óßõö HéªÛD{9³��"Õ ”Active Vibration Absorber

� 2.7:*+����,�

with LQG Control in Optical Disk Drive” [2] �`fg�ñ���������
oÁÃ� h��`w­3ñ��!�.	­��Óçè!D���Óçè
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"@�óÀåÁ�Ã�`��­Ë3ñÞÔä���3ñ!Ò
���1õ
ö �/þ^ 3�$1L45Ò
��Ü­�ÓÔ"

��������ì�D��âÓä�1%þ./�/ 2.8()�å�
�óß1 ~Fmotor óß �VCM ���3ñ3^�1 ~FV CM 45 ~Fmotor (Ü­
�Vj"

� 2.8:����%&'()�-+,�

2.3.2 FG9�

`���� VCM ì��Óçè absorber �çè�/ 2.5()�ÀÇ��
1/�/ 2.8()�Ò
��×Ô ÓÔ�D{y Mecha'�(`��Ü­�
$1` ~Fmotor ()��Ë��Ü­�$1Âs!£ÙÚÛ!×ò�Ùþ­[
M(`��Ü­�$1()­ ( 2.2)

~Fmotor = pω2ejωt (2.2)

=� pËÑØ�£ÙÚeÛ ;

ω ËÑØ×ò ;

t Ë ¡"
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` x1,x2 <#�( Mecha/Mass �Vj/m1,m2 <#�( Mecha/Mass �
eÛ�Á�Ã��ÂsË

i = b(x1 − x2) (2.3)

8y$Ôþ�á()áË

 m1ẍ1 + c1ẍ1 + k1x1 + c2(ẋ1 + ẋ2) + k2(x1 + x2) + iKf = ~Fmotor = pω2ejωt

m2ẍ2 + c2(ẋ1 + ẋ2) + k2(x1 + x2)− iKf = 0
(2.4)

Õ Design of an Adaptive Dynamic Absorber to Reduce Optical Disk Drives Vi-

bration at Multiple Rotating Speeds”[6] fÇ��Ê+ß1%¶
���ÿ��
ï

�� x1 = |X1|ejωt−φ1/x2 = |X2|ejωt−φ2 <#Ë'�$Ôþ�á�Vj\�
8y
|x1| =

√
{[(k2 + bKf )− ω2m2]∆R + c2ω∆I}2 + {c2ω∆I − [(k2 + bK2)− ω2m2]∆I}2

∆2
R + ∆2

I

pω2

|x2| =

√
[(k2 + bKf )∆R + c2ω∆I ]2 + [c2ω∆R − (k2 + bKf )∆I ]2

∆2
R + ∆2

I

pω2

(2.5)

=�
φ1 = arctan{c2ω∆R − [(k2 + bKf )− ω2m2]∆I

[(k2 + bKf )]∆R + c2ω∆I
}

φ2 = arctan{c2ω∆R − (k2 + bKf )∆I

(k2 + bKf )∆R + c2ω∆I
}

∆R = m1m2ω
4 − [m1(k2 + bKf ) +m2(k1 + k2 + bKf ) + c1c2]ω2 + k1(k2 + bKf )

∆I = −[m1c2 +m2(c1 + c2)]ω3 + [c1(k2 + bKf ) + c2k1]ω

Õ¶
�²³ ( 2.2) �fÇ��VjH£ÙÚÛ­[M�À Mecha

�sVj÷�� 123 � h�TÎ5å 123  Ç��æÓ9³���(`�
��`)	 ( 2.3) �� ?Ã�Âs;
7�yÒÔæÓ�9³"

2.3.3 HIJ��

��Ë�CS���:��Oú���NO3ñÿ`���L�¡"
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���	�ï/()�Ò
��ûòÖ×� Mecha'�|3ñ$1��
�`�:ä��3ñõö!Ò
�� ��:ÿ���DöEÂäóß��
���'�����ð��3ñ!Ò
��$1 �õö�1"

Õx�ñ���o��ÅÆþ:(`���`¶C VCM sÔ� Mecha

'�ÓÔ�ð¢Â¢s�TÕÒ
��@Ôä��ß£¤ñ¼ò¥¦�(`
õöð�3ñÂ
 10Hz ���õö§Ô�(` Mecha '�ÓÔTð��§
Ô�õö
6"

���²³�¿�¡����¶P�T¡���ñ	���Oú"



�$�

%&
�� LQG'()*

�X×����ð,- LQG �þ:+ß��>���Ç��"��,
-Ç�� !"#�¨LêB LQG þ:+ß���Ç�'(ó�3';

�ó�©² ”Applied System Identification”[5] ,-�6789:ä�[��
` ”Adaptive Filter Theory”[4] ËÒ�,-�	���` ”Fundamentals of linear

state space systems”[7] ªX«P�,- LQG þ:��ß���` Matlab �;
Ç��²³"

3.1 &'()*+���

�$Ôþ�á�¼¬jÇ�&-�����$Ôþ�á×%­&-'¡
()á"

3.1.1 KL�MNOPQRSTU	VN

��¼¬��`� ( 2.4) ×%­ ( 3.1)�&-'¡()á"

 ẋ = Ax+B1u1 +B2u2

y = Cx
(3.1)

15



Ö 3× ��Ç�! LQGþ:,- 16

=�

A =


0 0 0 0

−k1/m1 −c1/m1 k1/m1 c1/m1

0 0 0 1

k1/m2 c1/m2 −(k1 + k2)/m2 −(c1 + c2)/m2

,A ËÇ��&-×j

ab

B1 =


0

−1/m1

0

−1/m2

,B1 ËÅÆ1QRab

B2 =


0

0

0

1/m2

,B2 Ë��$1QRab

C =
[

0 0 1 0
]
,C ËQjab

3.1.2 RSTU	VN�WXYZ3[\

<#Ë Mecha d'.� VCM '.��.í<�ÕÛ! VCM ��.Õ
Û�5ßx�ç VCM ����úk!�Ë Mecha !­®K¡�xy�5
VCM '�xy!Ë Mecha !­®¡�H9�úk!�ÀÞª¯�`�Õ?
äCÛÛ8��ª¯�`ÕÇ�Ê+��ñ°78y"

3.2 LQG,-.�/,0&'�12

Õx�����Ç�� VCM ��1þ!Ò
��£��(`����
�;3é@ß� LQGþ./"
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3.2.1 ]<3 LQG�^������3�^�

Õx�>��± VCM å­ÅÆ1��5ÕxÅÆ1!²ÅÆ�$1�
? ���1�-�(`����� VCM !Ò
����1��ñQRa
b()��ï/ 3.1()��5FïL�z{Î5�L8yÇ��Ò
��
�$1�����­�×B,-"

� 3.1:./#012� LQG34�

3.2.2 _`abBc,-��3de

�Ç��Ò
��sÔ���³�oÒ
��Ö× �Ò
��WxÇ
��|�$1���8y��5�³ VCM T3�sÔ��³ÓÔOPÎð
o�ñ$1OP©á�(`":`3é�þ:4FCÛ"

���ß�þ:53y¡FCÛ��$1OP�þá���)	ÓÔ%
(����$1Ü­ MechaÓÔ5`3ñ¿�´µ�Å¶$Ô��ï/ 3.2(
)"
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]^1!_^1�ð·ÛÂs! V�£��%¸¹ê��ô3ñ×ò
ï�]^1�'3ñ=å�ÂsÃ^!�'3ñ=å� Vº»Í5òÞ�
]^1�'ÂsÃ^! VÃ^���`ì�_^1"

� 3.2:1256,7896,3:����

���>��ó�5�4þ^�æÓ�VCM $1�d�þ^T5�4
��(`��`dò0ÛC¼Ùþ^�dò.�ó�¶C�4þ^�óß1
Âs�¶C�þ:5`ÛC�]^1�'3ñÃ^7å­dRÇ��_^
1�F�Õ DAQ 6½
6789:ä$åjL�¾T� Mecha ò.!¿�
� Mechaò.� ?j=å�Ã^7å�¯ Àá �dò0Ûy�]^1
�'Ã^�Ë#×òï���d�Ç�'�_^$1Âs7"

 V ?5Õdò0Á�st.�]­�Ö×st.�þ^�ådò0
ÛC�Ç�dò.òÞÕABCò?Ûy�ò.ËÌ. ËÕÂ^1TC_
^1�[¿þ^�����Ö�×,-?ä Ã'��Ä	ÄØ¨.\Å3
>"
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3.3 LQG�����

LQG53>&-'¡()áË�Æ�ÅÆþ:��`6789:äTC
jÇ�&-�¨�' LQR�åjL�`VX��ab�yÅÆ�9³"�X
sB�°�j�åðßy�����P¶
�í<ÇÈÉ �«Ý [7][5][4]"

3.3.1 fg��OPQhi��

Õx�>���ß� DAQ 6Ë NI � 6221�Qjõö�� 10KHz �5Õ
x���ßÊÁgQRÀÁ��Qj�|�û��y 5000Hz�� ÅÆ��
ßcû�ìËõöé�Ë DAQ 6":�ya QjÀjÛ�ársOÌ�
|¬ß Matlab� c2d�	Í�Ç�"#8y�ab×%­�ìËõö 5000Hz

�45Ç�"

3.3.2 jklmno

6789:ä5)	( 3.2�$å��NOTC¿��Ç�&-�À
( 3.156789:ä$å���ðßy� !�=�!53ñ¦Î¼¬�
eO�=7½Â�`9.�eOT½ÂTCÇ��&-½¾¿� W�ÏÐ
Ç�¿�&-�ò.T½Ñ���>�����Ò��Ý�5ßLTCÇ�
&-|�|3ñ�s�7��"
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; 3.1:<=>?@)�AB;�;


! ¼¬ o.
x Ç�&-^Û M by N

A Ç�&-×jab M by M

C Qjab N by M

Q1 Ç�eO¦ ¨ab M by M

Q2 QjeO¦ ¨ab N by N

x̂ TC&-^Û M by N

G 678Ã^ M by N

α c�^Û N by N

R α � ¨k!ab N by N

K x̂− x� ¨k!ab M by M

; 3.2:<=>?@CD;

�� 6789:�� �åþá
�Ò3 TCÇ�&- x̂ = Ax+B1u1 +B2u2

�Òý Qj^ÛsI α = y − cx̂

�Òª c�QjsI ¨k!ab R = CKCT +Q1

�Ò� c�678Ã^ G = AKCTR−1

�ÒÍ TCTC&- x̂ = x̂+Gα

�ÒÎ c�&-sI ¨k!ab K = AKAT − AKCTR−1CKAT +Q2
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3.3.3 LQR��

)	 [5] �f��23&-ÅÆ��`V���abË3ñ�¼@!�
ab�TÎ5êÓ�23MÅÆÇ���|úª	¤�� !ß Matlab��
lqr 	Í��`åj(`��`V��ab"Õx�ß PC àá DAQ 6óÅ
Æ�(`` dlqr	ÍÔàìËõö��8y��`��`V��ab"

��)	 ” ¦ÔÅÆÇ���! Matlab Õ� ”[12] �(vy�þ:��
LQR �� Q/R  !<#7ÖË Q = 1e5B2B

′
2/R = 1e−5 ¬ß Matlab �� lqr

	Í�åj Kl =
[

1825.1 −6.4208 109640 805.9
]
�|dR LQR ��ÅÆ�

�Ç�:w/!mÇ�:w/�/ 3.3()"

� 3.3:EFGHIJKLM�@N�

��*�+ß'�Õx���ßz{uì6Hñ�ÃºóÅÆ�(`�
���d'ìË ¡` dlqr�	Í�j=á�ÅÆab����'��`ì
Ëõö 5KHz8y�ÅÆabË Kl =

[
1825.1 −6.4208 109640 805.9

]
"
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3.4 3456

�3sB���;ò.!dò.noQjÃSOPª¯ñ¨k�`ae
OÈÉ�z{��;'lA=Û/�`������!�;�²³¡ �
¡"

3.4.1 Kalman Filtering*p#$

¬ß Kalman Filtering�þ:�;TCjÇ��(o&-�������
��3ñî�ÐÑÄÖ×Ü­�$1�| Mecha '��ñ$1Õ ” ÐÑÄÆ
ã�&K��²÷ ”[11] p�q��&*+	j`3ñ�¼õö��:å­
QROP"

¨± Mecha'�ÓÔOP�`}$3ñ�:QR�Õx��ÕABCò
?8y�ò.OP�£�Õx���5NO�;�Ë��Hrst%j�å
�²³4FMN��4F`dò.OPQR�åó�`ò.OPQRT�`
8y ��²³"

Õx���ß6789:ä�Ý��xTCÇ��&-^Û�(`��
��Ç�eO!CÛeO<#×Ë 10−7/10−7��Ë��;�íî��ô�
`w­"eO�£4F�¼ËØ��Õ5äå:�eOËØ ���no�
[��Ò��ðjÛô'ab determineËØ�íîÀjÛrs"

����;�íî�|��Ç��TC&-�¾³7!¿�&-�¾³
7�|£��¾³7lA6789:ä�pÙò.��*&-�¾³7Ë
x =

[
0 0 0 0

]′
! x̂ =

[
0 10−2 10−4 10−2

]′
"

���lA 0 y 0.1 x�íî���`lAyTC&-��[�
6�
Õ/ 3.4�`wjÂ
y� 0.5 x��Ç�p¼�TC&-�� Mecha ò.T
�ô!�*&-�� Mechaò.Õá�"
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� 3.4:OP<=>?@)78
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� 3.5:EF 1e−2 QRST�<=>78!U

� 3.6:� 3.5�VW�X



Ö 3× ��Ç�! LQGþ:,- 25

F���wy/ 3.5!/ 3.65QROPdReO 1e−2 cd�²³�!K
Þ�²³ NKï6789:ä�qóTC�9³
I��£�Õx×ò
�<�� 4000rpm y 10000rpm K¡���$1�Âs� 0.5N 3.3N K¡�(
`eO�Ê�9³£ð�Êy���²³�(`��Î±�'eO¢\"

� 3.7:EF 1e−3 QRST�<=>78!U

Õ/ 3.7!/ 3.8÷ÛdReO 1e−3 ���UÅÆíÿ��Ê���`¢\£
�"
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� 3.8:� 3.7�VW�X
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3.4.2 LQGqr�*p

)	 3.1.3 sB�êB���`fg�Þ3sB�;�²³dR3ñ@
!ab��`�y��æ�ÓÔ�Ý��(`����;�/ÿ�� 0 y 1

xq)UdRÅÆä�Õ/ 3.4�fÇ�Â
� 0.4 x`��yp-�(`�
�� ¡Ë 1x� hsÔÅÆä�²³�ï�U/()"

��T�=�ÐÑÄ@ß�õöïNO�;lAÅÆä�9³�?�À
�!/ 3.3²³e#3Þ�½û×òï�;²³Æã�9³ðæÚ����
;�Ç��iãõï�Æã9³"

� 3.9: 4000rpmY(OP
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� 3.10: 6000rpmY(OP

� 3.11: 8000rpmY(OP
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� 3.12: 10000rpmY(OP

� 3.13:Z(
[\�Y(OP
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� 3.14:]^
�_`a DAQ<bcdefg

� 3.15:� 3.14�VWhi
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F�lAÙ>ÓÔò.!KdR VCM ù��ÃS¨k�Õ/ 3.14!
/ 3.15�`wjÃSÂs!Ù>ÓÔò.�ô53 �TÎQjÃS!��
ÓÔò.�ô53 �OP��ñÛ/����'o}x�� ?dò0Û
.�Ü�y�������ÅÆ&-�T�`Ý}$3ñlþj÷�TÎ5
5Þ�`TCjÇ�&-K��"�dR Kl `V��ÅÆ�À�ß4F�
TCj�ÓÔò.3 dR�þ:Ü�Ûßà
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%&,-

�3× ­����,-�>���Ù>�¨L,-���ß�Uy?
ä�`a�'?ä��ú`aJ�KL���<=���²³`a!�;�
²³FMN��PI@ú"

4.1 ,078��9#12

�3sB��ðWx�ßy�?ä�á,-�Tðvy?ä��ßJ�
KL�`a�����L�*+ß"

4.1.1 ��sLo

�P��@ÔäKÞ����ÿ`,-3ï���póm����5
Õ¼â!×â�í<	­�ÝÞÐÑÄ�ß���`ËãÌýä�ª 4�
"å��ËÒ��Ë�����3ñþ^Ö×��¢í�¼â'æù���
Õ$çQRÃ��
6Ü­¢í¼âÄÒ;
���×aL¶Ô×â�¢í
¼âÄÒ
6`�)	×âÖ×�Vè;
�¼â'�ù�Á�Ã���Ä
Ò��ÕÄÒÀ¡óß1�8��Ö×"
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