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$�^_lmo��5�r!��(�
��$� [18]�2t�����!�}B$�	
$���,cu��!�����$3�����!�}Br�Z���}'z
%���ocu$�JN	 [22]owxr�$D!Z�$�!'
���hd���
$�s�!^_
�$`a���opqrsJ=�$cu
M|����Z$~1!A
BECF"$�7
:�-��s�!A`lm$	`�n�$�n}�J=��(�!
���$�#��
p�����F}K��B��!6�0�����!�-Ev��
���!�o 9�o�$�s�1�"B����D!lm$16
B�$�Z$s�!
lmn�o!}pqrs��,
�����&�!8"��$4E$�!8"/o2
E6^�o�8"x�!�$2E�^�+2�,$1"}~�%HE���$H&
&
G���6�0�����!�ox$s�����}Br�8"x�!�$16o
'>$�-!2E�^$16}~D�C
&d}j;��f���v$D	"
�
�$��-
'#85}$$�i(��$� [25]�$��)!K��B�$���
����(��D	��o�n$�s�}�!�����!�k$lmn�}~��
�!(
�$�
��o��-F;}!Z�$��o	`}n�$��-
p�-
���
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1.2 K85$LE

0>$G7$2!K85��!6�0�����!�-()*+)��!�oJxr
s�����}B$��(����,$9Co�E-$����,cu}:r�4
0$$�;��02$ 2E����

1. 2t�����!e{|}~��!(
�$�
��

2. 3���}B$�n0".�>

>q 1.$�
��}+r��!2�$�����!�oJx$��-}~��H&$�
^_lm$n�o!}pq$�p�
���Z$s�!3�����!�$F"�".
83o	`}�@r!�i�cu;?$2���,ocu$�p�
���2t����
�!���,cu��!A@���rsJN	 [22]$B}DN	 [23]�Hlm	 [24]��

���DN	�!�
��opqrscu
M|��D!��$%)|oB��-��
-
-��Z$~1!�
��oJ=$��^�����!�
��rs�9!��
,�W$,
Ihd-��s�!��B�
p�-���&�!Hlm	�3����
�!�$AB��`o�r��!lmo�%|��r�$�s�!lm}~�16
�
��!2�M���}~��z�}wr�$��r$r!3�����!�}B$�J
=�$cu��!8���}~�%���o 9�o�9@r�$��
��!lmn
�o!}pq$�s�}��#��E}J=�$��
p�-����pJ� [26][27]

��!()*+)��!�-0EA	oJxrsv���*���$
����7��
�,}Br�!lmn��]��� PQ] [26] [27]ox$�3�����!�}B$�J
=�ocu$��-�!lmn�opqrs��,o�nr�$��Z��!lmn�
�]$&����PQ]owx$��-�!lmn�o!}pqrs��,$�no�
;$�
&�!>q 2.$��n0".}+r��!8"x�!�$2E� ?}F�rsFd

$� ?���!+2�,$1"}5�rs�� ()|��*!*f�'��)$n�

p�����A<$Fd� ?��}+r��!�!�$2E� ?}F�rs� ?@
`o���^
�C}16ob���Z$s�!�!�d�2E? 3000 rpm(50 Hz)0

2$��n0F"o�>�o��-
p�-���Fd� ?}$
���n0".o
�$�s�}�!B1$�� ?�&=ECF"$%)|oB��$�N$ [28] [29]�
�pJ� [28]��!v���*���$
����7���,}Br�!��F"o�
$�%���owx$��-�!��*�2E}F�rs����$~�wW2�5
�$�9,�^$n0o�nr�$��&�!�pJ� [29]��!�^�}Br�FM
$%���owx$��-�!6�W~$n0o�nr�$��Z��!Fd� ?
�5=�%)|�!�o�$���%���owx$��-�!Fd� ?��$n0
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o�n$��&�!8<$���r}�� ?@`
;GE���s�!%�!����
��
�o3B$��-�z�$�<B
2.-�� [30]�Z$s�!2t�����!
e{|}~��!(
�$�
��}~������r$r!+2�,$1"}~
���$B���LC���s�!jB���
_xrs�9}()*+)��!�$
���
��r!��}B$�<B".
��$��9
���Z$s�!()*+
)��!�$�����opqr!".��o��8}n���]$i�
���
����}!K��B��6�$0�"}5�rs��}~D���!�o�r�$
�s�!c��6�7���}~����� ?
�^r!��,$Ihd�!��$
���}B$�n0".$��om��Z$s�!F"�^}Br���*)"opq
rs��,$i�
�����
0>$;�$�no�;r�!��,$cuo#%�6WE�'�!�-r��!0
2$#E
yE���

(a) �5F�H���:�� ?3%���9�!2>�

6�0�����!�$~�()*+)��!�$��� ?F"o�dr!Z
$F"o4}��F"o��}�n$�?#���o9Co�;$�

(b) :;D�HINPQ 2RSTUVWXY��Z�[\!3>�

�����!�k$^_lm}Br�!PQ]owxr!lmn�o!}pqr
s 2t�����!���,$cuo�;$�

(c) FD<G?3M�D0HINPQ��Z[\!4>�

8"x�!�$2E�^}Br�!Fd� ?}%)|�!�o�$���%�
��!0�!��J=%����ocu$��-�!Fd� ?}$
�4�F
"o�r!Fd� ?��$n0o�;$�

(d) ��	
��%XY����NKOHINPQ��Z�[\!5>�

jB���}Br�&$�()*+)��!�$�����}Br�!��
� ?}$
�()*+)��!�$�Ahd� [28]$~����^$n0opq
rs�D	�J=�owx$��-�!��}~�".��n�o�;$�

(d) F������ !"	#�HINPQ��Z�[\!6>�

��B�}F
$����!�$� ?�^}Br�!H∞�� [31]∼ [33]ox$
�� ?�^}��*)�J=�ocur!��n0".$��n�o�;$�

��$�8"o!6��}B$�?Cey�z!e{|$~�����}~DI� ·

'>$��
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1.3 KOJ$9@

K�J�#�$>$�9@��$D!02}Z$��o=$��

B 1> =O
K85$C�};�G7-!85$�Eo�i}$��

B 2> 2���AC�3M$%��	
K85$��B���������$��o=$!3�����!�}Br�
� ?F"$�do#$!��F"o��}�n$�?#���o9C$���
�}!��,$4K9@-K85$./}�$�=$��

B 3> PQK�� :;D�HINPQ 2RSTUVWXY��Z[\
B 2>�9Crs3�����!�$?#���o4}!lmn�opqrs 2t
�����!���,$cuo#%�Z���!lmn��]-��PQ]$��
o=$!Z$�]}1��3�����!�}B$�J=�$cuo#$!��
}~D�8"o'>$��

B 4> FD<G?�3MD0HINPQ��Z[\
8"x�!�}~�Fd� ?$��n0opqrs��,cuo#%�Z��
�!��$� ?@`
�&����-}C�r!Fd� ?�$��n0".�
>o�n$���%���$cuo#$!2t�����!���,}wx$��

B 5> ��	
��%XY����NKOHINPQ��Z[\
%HE���}B$�!()*+)��!�$�����opqrs��,c
uo#%�Z���!()*+)��!�$���
��rs:}!���!
�$� ?@`o��_�^
H&r�$��-}C�r!()*+)��!�
��;}��� ?}$
���n0".�>o�n$�J=�$cuo#%�

B 6> F������ !"	#�HINPQ��Z[\
��B�$F"�^}B$���*)"opqrs��,cuo#%�Z���!
��B�}F
$����!�$� ?
�^r�$��-}C�r!H∞��,
cu$� *���� ?$�^opqrs*+?ocur!3�����!
�}Br�� ?�^}��*)�J=�$cuo#%�

B 7> 7O
K85}~D��s@�-:8$./}�$��-���
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B2>

2=@8AC$3M�%���

2.1 ��

���	
����!��B>��G�:���0���J�4��7�����
�!��B>��� ?"#&'(I)*+�,F�!K��B>�65-./19;<
DEHL./19;<D�NOP�QRE S�����!H5TUVW* X65�
-YZ[\ ]�^_ `a\(bc��,Z���!�7P���d��GIe��
��fg���!hij�k9l<D�Qm(InE �,
Ko*�!65-./19;<Dpqrs	ts'#<D�uv?F��wxP!

Z�F��y�#&'z�fg,65-./19;<D�#&'z�bP��!{|}
*�~65-�<rd�`abc����P�?"#&'�Qm��Xf�|����
�,P�P!K��*���65-./19;<D��s����E��|����(
���|��!��� 65-./19;<DE���`abc(� �,���!
����EP�������!�	��� �¡¢(£¤*+�!¥¦�§¨�©Eª
]«W ����¬#&'EP�®¯�,�°!rs	ts'#<D�bP��!6
5-�±���BP�²Y³j(¤�X!65-./19;<D�§¨�«W´�,Z
���!K��*�!µwuv?F��y�?"#&'�QmP!¶�·<D�¸x�
¹�{E*#&'z�fg,QmP�#&'�º»��!¼./19;<D�BP��
7P���d�p�µ½µ¾�pS�¿À��,
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�

�

�

�

? 2.1: ��������4

I 2.1: ���L>
HU L>

# �K�#<D
� 65-./19;<D
� rs	ts'#<D
� %<��'

2.2 2=@8AC$	M

? 2.1�K�����B>*+���������4�!? 2.2�Z�F
QR�<
�,���¼L>�I 2.1�<�E�*+�,�������!65-./19;<
D!rs	ts'#<D!�K�#<D!%<��' (KYOWA�!LMB-A-50N)��Q
��|���, !�K�#<D�D%<��'�����|�(!K��*��
��EO�!:�
���P���,µ:���E�³��� �(!�K�#<D�
6²P�:�����µ����G*+�,
? 2.3�!��������	
�Q�*+�,���	
��!I 2.1�<P���
����0��!J�41;�fg DSP(Digital Signal Processor)!�K�#<D�6
²�¹�s��<D!65-./19;<D�6²�¹��<r�'�pq�<r.
��!rs	ts'#<D�6²�¹��<r.��!%<��'.�� (KYOWA�!

CDV-700A)��Q��|�,?�!r������!ua��<r�'������Y!
uv�rs	ts'#<D�����Y!f �%<��'*¿��|�����<�,�
�� f �!AD� 4�"P�DSPF�&�9}|!65-./19;<DErs	t
s'#<D�BP��7�|�J�4�p�¼���Y(7;�|�,¼���Y�!
DA� 4�"P�.'%(TU ua!uvE �!¼�<r.���"P��<r�'�
pqrs	ts'#<D��Y�|�, !�K�#<D�!)��s��<D�
"P��
TU�p�G*�+,?nE �pg����|�,¼Q�)-�./�0
5�7$�,
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(a)<;?

m�����
p���

f�x�	
p���

���
 
���	��

�u�	�

��� �  ���
m����

(b)JLCL?

? 2.2: �������F
QR

D/A

Controller for
voice coil motor

Servo amp.

Servo amp.

r

f

uair

uvcm

DSP

Controller for
pneumatic actuator

Piston

Air compressor

Servo valve

D/A

A/D

Load cell

Object

VCM

cylinder
Air

Regulator

Inverter

Abrasive
motor

revolution n
target

? 2.3: ��������	
�Q�
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P�����

D�a���a�	

A��  �a	b
�

f�x
d ��
��u�

(f��	 c�	��
����)

c�����ll
d ��
��u�

(f��	 �
�v� valv
)

? 2.4: 65-�±���F
Q�

650%���!�

? 2.4�65-./19;<D�F
QR�<�,65-./19;<D�!B8�
�65<�-Y: (:-)�pS��	�� (�²
)(6²��,K��*�!J��
65<�t��l�����x�65-��W�>B*!~g�°�65<�65-�
�<r�'�*��P!:-�@$�¹�, !�±��F��s��������
{E*!6²;�65�O|�K�,���!�s�����%<±�(�pS��	
��(6²����!¶���7�±��EH$!�²�9(��¤��,K��*
�!t��l������x-Y� 0.15 MPaEP���,

�!����

? 2.5��<r�'� (ISD�!MODEL58)��4�!I 2.2��<r�'���^
�!? 2.6��<r�'��F
QR�Z|�|<�,K��*����<r�'��
-Y���*+�!h�G�(������P��'/#<D!pq���¶"#'
�p�Q��|���,°�� 32=+�!&'*<�!��-*<�!G5*<��
+�|��!��-Y,-�&'-� 1.5./ 99.*+�,���¶(�NE�+�
1O!O|[\���[\� 50 .E �(!"#'�3�EI�-E�-Y45�?

CP��²��,��+FG�!.'%(HL6²����!;MTUE�Q<���

/TU�+FG�?C��,�Y-�!�<r.���"P�;MH-�HLP�H[
�ts'�DH��{E�p��'/#<D�6²P�!���¶��z�¹�{E*
���� [34],
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? 2.5: �<r�'���4

I 2.2: �<r�'���^
[B 65

&'- 0.1/ 9.8 MPa

��-Y 0/ 100.&'-
[\ 50 L/min

0.69 MPa-Y45

:��YH[ 100 mA(75 Ω)

%	
±�	 4. 05
2j -40!/ 150!

ControlExhaust Provision

Nozzle

CoilArmature

Flapper

? 2.6: �<r�'��F
QR

8KM�!�

K��*�����������!E@�+,�¹��K���L5P����l	
DC#<D(���|���,{�1O!#<D�+,?�HLP�Fxuv?�+,
?²(H@P!�����G�Nz�¹�)0E �,? 2.7����l	 DC#<D
(Orientalmotor�!BLFM230-A)�+O?�!I 2.3�#<D4¬����|�	s�

1�(������	D�	s�1�(�<��	�<�,#<D4¬��	s�1�
(������	D(���|��!����	D 6�*s��<D�Q�P���,
�5�����	D(���ON-OFF��x�=�*7�JP�!4¬H[�°8�
�¯���,I 2.3p�!	
��-�1O����	D�Tr1E Tr6(ON>B� 
�,{�E�!4¬H[�UA��WA�[|���!UA�N6!WA� S6�	
L�|!%<D� 30 deg+,��,I 2.3�	
���7�J�{E*!%<D(+,
�� [35],
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U

V

W

Tr4 Tr5

Tr2Tr1 Tr3

Tr6

+

-

? 2.7: ���l	DC#<D�+O?

I 2.3: ����	D�	s�1�(�<��	
%��� # � � � � � � 	 
 10 11 12 13

Tr1 ON ON ON ON ON
Tr2 ON ON ON ON
Tr3 ON ON ON ON
Tr4 ON ON ON ON
Tr5 ON ON ON ON
Tr6 ON ON ON ON ON

U N - S S - N N - S S - N N
V - N N - S S - N N - S S -
W S S - N N - S S - N N - S

������!�!�!�%��

? 2.8�rs	ts'#<D�F
QR�!? 2.9�$�6²8a�<�,K��*B
>E �rs	ts'#<D�!�x;�rs	ts'!�²;������L@��
��Q��|���,? 2.9p�!rs	ts'�	L�¹�{E*LB(H@P!�
x;E�²;�4�50�HHY(H@��,{|(6²¡YE �!�²;*+��

����L@�?D°8�6²P!�����z�¹�,�<r.���;MH- 5 V

�BP!rs	ts'#<D� 200 mA�H[([|�pg��7�|���,
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V���� ����
M����t H��a

N��ay	�u	

M����t

st�t�r

	�v�b��

? 2.8: rs	ts'#<D�F
QR

N
S

N

N
S

S
Voice Coil

N
S

N

N
S

S

N
S

S
N
S
N

S
N
S
N

N
S

Magnet

? 2.9: rs	ts'#<D�6²8a
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Servo Air
Cylinder

KLC Clpf

Pneumatic Servo System Load Cell

Servo
ValveAmp. [MPa]

Load

[N] [V]

Load
Voltage

FFT analyzer

INSine Sweep OUT

PressureCurrent

[A]

? 2.10: 65-�±��uv?F�wx;��%�/¬?

2.3 650%����!�$���2

K@*�!FFT.'�s�����65-./19;<D�uv?F��wxP!$
�uv?F��y�?"#&'�Qm��,

2.3.1 	
�������$<G?F�

FFT.'�s� (NF��!FRA5097)����!�8vA0�p�!65-./19
;<D���YH-��%<��'�p�¿��|����H-}*�uv?F��w
x��,? 2.10�!65-./19;<D�uv?F�wx;��%�/¬?�<�,
 !?�KLC �%<��'�H-� c?!Clpf �%<��'.��F�4}|�
%<¶	�Q'D*+�,
? 2.11�!65-./19;<D�uv?F��<�,{�1O!�8v�?I� 0.1

V!0.3 V!0.5 VEP�wxP���,?�!E¬( 0.1 V�?I!�¬( 0.3 V�?
I!µ¬( 0.5 V�?I*+�,? 2.11p�!K�����B>*+�65-./19
;<D�!225 Hz�?²#<��MP���,{|�!65�-=��p���)-�
§¨*+� [36] [37], !65-./19;<D�uv?F���8v�?I�?CP�
�zP �,P�(S�!�¬¥¦�§¨Z?I�?CP�65�-=���z�L
�~�EP!¬#&'EP�#&'z��,
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10
0
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−100

−50

0

Frequency [Hz]

G
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n 
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B
]

10
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1

10
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−900

−720

−540

−360

−180

0

Frequency [Hz]

P
ha

se
 [d

eg
]

0.1 V
0.3 V
0.5 V

? 2.11: 65-�±���uv?F�

I 2.4: %<��'�¶�·<D
KLC [V/N] ωlc[rad/s]

0.1 2π · 1000

2.3.2 	
�������$%��2

K9*�!wxP�65-./19;<D�uv?F��y�!?"#&'�Qm�
�,? 2.10��!wxP�uv?F���%<��'�F�~4}|�����!%<
��'�F:��H-� c?pq%<¶	�Q'D�F���NP�!?"#&'
�Qm��,%<��'�ECb?�<��<�,

GLC = KLC · Clpf (2.1)

Clpf =
ωlc

s+ ωlc

(2.2)

{{*!ωlc�@Euv?*+�, !(2.1)�pq (2.2)��¶�·<D�I 2.4�
<�,
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I 2.5: 65-./19;<D?"#&'�¶�·<D
Kair ωa1[rad/s] ζa ωa2[rad/s] La[s]

4.8 2π · 4.5 0.03 2π · 225 4.0× 10−3

10
0

10
1

10
2

−60

−40

−20

0
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G
ai

n 
[d

B
]

10
0

10
1

10
2

−900

−720

−540

−360

−180

0

Frequency [Hz]

P
ha

se
 [d

eg
]

Experiment
Plant model

? 2.12: 65-�±��?"#&'�uv?F�

65-./19;<D�6?#<�E$V;4��NP!(2.1)��%<��'�4�
�<��ECb?*#&'z��,

Pair = Kair ·
ωa1

s+ ωa1

·
ω2
a2

s2 + 2ζaωa2s+ ω2
a2

·GLC · e−Las (2.3)

{{*!Kair�%s�!ωa1�@Euv?!ωa2�6?3uv?!ζa�8?c?!La�
�	
��F:��$V;4*+�,I 2.5�QmP�?"#&'�¶�·<D�!?
2.12�65-./19;<D?"#&'�uv?F��<�,?�!�¬(µ¾�p�
F�|�uv?F�!µ¬(QmP�?"#&'�uv?F�*+�,?"#&'�µ
½F��pX�CP���,
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Cba Pair
r +

−

f

? 2.13: 65-�±���B������d��%�/¬?

2.3.3 	
�������?3%��$BE�8>

A9*QmP�65-./19;<D?"#&'����!65-./19;<D�
B������d��k9l<D�QmP!$�º»��¿À��,? 2.13�!65-
./19;<D�B������d��%�/¬?�<�,?�!Cba�65-./19
;<D�B���Q<���/J�4*+�,{{*!�Q<���/J�4Cba�!6
?#<��%s�D8!=+ 0x���Jpq�<r���h�z���EP�!
"�1�Q'DEPIJ�4���P���,�Q<���/J�4�ECb?�<��
<�,

Cba =
(

Kbap +
Kbai

s

)

·
s2 + 2ζn1ωns+ ω2

n

s2 + 2ζn2ωns+ ω2
n

(2.4)

{{*!Kbap�HL%s�!Kbai�@+%s�!ζn!ωn�$|�|"�1�Q'D�8
?c?pq3uv?*+�,? 2.14�J�4Cba�uv?F��!I 2.6��7¶�
·<D�$|�|<�,
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? 2.14: J�4Cba�uv?F�

I 2.6: �Q<���/J�4Cba��7¶�·<D
Kbap Kbai ζn1 ζn2 ωn[rad/s]

5.4 150 0.03 0.99 2π · 225

QmP��k9l<D�y$�!�7P�J�4�����d���P!F��Ie
��,? 2.15�65-./19;<D�B������d��=ECF��!? 2.16

����D�F��$|�|<�,? 2.15p�!��d�0xM��!%s�M� 11.7

dB! AM� 66.3 deg*+���!0x�(=+��J�|���,�°!? 2.16p
�!L 20 Hz��<r����JP���,
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? 2.15: 65-�±���B������d��=ECF�
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? 2.16: 65-�±���B������d����D�F�
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? 2.17: 65-�±���B������d�W�	
��1Ev

<�!QmP���d�µ½�µ�P!�x�� (10 N)*	
���Y02;���
��wx��,? 2.17�!10 s* 0.5 N�	
���Y�02P�E�����1E�
<�,?�!E¬����Y!�¬�µ¾v!µ¬��k9l<�%�v�<�,?
2.17p�!µ¾vE�k9l<�%�v�NX�CP��!65-./19;<
D?"#&'�º»�(�G*��,
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Load Cell

Servo
Amp.

FFT analyzer

INSine Sweep

Current

[A]

+

+
[N]

Load
KLC [V]

Load
Voltage

Clpf

OUT

Motor
Voice Coil

fixed voltage[V]
Pneumatic Servo System

? 2.18: rs	ts'#<D�uv?F�wx;��%�/¬?

2.4 %������!�$���2

K@*�!65-./19;<DE¸^�!FFT.'�s�����rs	ts'
#<D�uv?F��wxP!$�F��y�?"#&'�Qm��,

2.4.1 ������%��$<G?F�

FFT.'�s�����!�8vA0�p�!rs	ts'#<D���YH-��
%<��'�p�¿��|����H-}*�uv?F��wx��,? 2.18�!rs
	ts'#<D�uv?F�wx;��%�/¬?�<�,rs	ts'#<D�x3
�Y(¤����!65-./19;<D�������2¯�I)(+�,$���!
uv?F�wx;�!65-./19;<D� 1 V�H-�02P���,
�8v�?I� 0.5 VEP�wx��,? 2.19�!rs	ts'#<D�uv?F�
�<�,? 2.19p�!rs	ts'#<D� 225 Hz�?²#<��MP���,{|�!
K��B>*+�65-./19;<DErs	ts'#<D(�BE S�����
*+���!65-./19;<D¸^!65�-=��p���)-�§¨*+�,
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? 2.19: rs	ts'#<D�uv?F�

I 2.7: rs	ts'#<D?"#&'�¶�·<D
Kvcm ζv ωv[rad/s] Lv[s]

0.095 0.03 2π · 225 0.5 · 10−3

2.4.2 ������%��$%��2

wxP�rs	ts'#<D�uv?F��y$�!?"#&'�Qm��,65-
./19;<D�#&'zE¸^!%<��'�F�!rs	ts'#<D�?²#<
�E$V;4��NP�#&'z��,<��rs	ts'#<D�ECb?�<�,

Pvcm = Kvcm ·
ω2
v

s2 + 2ζvωvs+ ω2
v

·GLC · e−Lvs (2.5)

{{*!Kvcm�%s�!ωv�6?3uv?!ζv�8?c?!Lv��	
��F:��
$V;4*+�,I 2.7�QmP�?"#&'�¶�·<D�!? 2.20�rs	ts'
#<D�uv?F��<�,?�!�¬(rs	ts'#<D�µ½F�!µ¬(Qm
P�rs	ts'#<D�?"#&'�uv?F�*+�,rs	ts'#<D�?"
#&'�!µ½F��NX�CP���,
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Experiment
Plant model

? 2.20: rs	ts'#<D?"#&'�uv?F�

2.4.3 ������%��$BE�8>

A9*QmP�rs	ts'#<D?"#&'����!rs	ts'#<D�B�
�����d��k9l<D�QmP!$�º»��¿À��,? 2.21�!rs	ts
'#<D�B������d��%�/¬?�<�,?�!Cbv�rs	ts'#<D�
B���Q<���/J�4*+�,uv?F��wxE¸^�!65-./19;<
D��xH-�02P!���2¯���,{{*!�Q<���/J�4 Cbv�!6
?#<��%s�D8!=+ 0x���Jpq�<r���h�z���EP�!
"�1�Q'DE PIJ�4���P���,���!���YKO�+H���EP
�!2<%s¶	�Q'D���P���,�Q<���/J�4�ECb?�<��
<�,

Cbv =
(

Kbvp +
Kbvi

s

)

·
s2 + 2ζn1ωns + ω2

n

s2 + 2ζn2ωns + ω2
n

·
(

s

s+ ωbvh

)2

(2.6)

{{*!Kbvp�HL%s�!Kbvi�@+%s�!ζn!ωn�$|�|"�1�Q'D�8
?c?pq3uv?!ωbvh�%s¶	�Q'D�@Euv?*+�,? 2.22�J�4
Cbv�uv?F��!I 2.8��7¶�·<D�$|�|<�,
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Pneumatic Servo System
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? 2.21: rs	ts'#<D�B������d��%�/¬?
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? 2.22: �Q<���/J�4Cbv�uv?F�

I 2.8: �Q<���/J�4Cbv��7¶�·<D
Kbvp Kbvi ζn1 ζn2 ωn[rad/s] ωbvh[rad/s]

65 52000 0.03 0.99 2π · 225 2π · 5

QmP��k9l<D�y$�!�7P�J�4�����d���P�F�Ie�
fg,? 2.23�rs	ts'#<D�B������d��=ECF��!? 2.24�
���D�F��$|�|<�,? 2.23p�!��d�0xM��%s�M� 10.3 dB!
 AM� 71.5 deg*+�!0x��=+��J�|���,
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? 2.23: rs	ts'#<D�B������d��=ECF�

<�!QmP���d�µ½�µ�P!�x�� (10 N)*	
���Y02;���
��wx��, !�x���65-./19;<D�p�2��|�,? 2.25�!
10 s* 0.5 N�	
���Y�02P�E�����1E�<�,?�!E¬����
Y!�¬�µ¾v!µ¬��k9l<�%�v�<�,? 2.25p�!µ¾vE�
k9l<�%�v�NX�CP��!rs	ts'#<D?"#&'�º»�(�
G*��,
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? 2.24: rs	ts'#<D�B������d����D�F�
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? 2.25: rs	ts'#<D�B������d�W�	
��1Ev
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Cair Pair
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? 2.26: �MJN��d��%�/¬?

2.5 @87$4K9@$2B

? 2.26�!�M�����������|�����d (05!�M�E��)��
%�/¬?*+�,?�!Cair�65-./19;<D�B��J�4!Cvcm�rs	
ts'#<D�B��J�4!e����� rE��� f E��:!d����<�,�
M�*�!²:+�3uv?�ωc = 2π · 10 rad/s E�xP!¼./19;<D�²:u
v?��l�Q'D�pS�+�P���,65-./19;<D�B��J�4Cair

�!ωcp�Duv?���²:���EP�!"�1�Q'DE PIJ�4�p�Q�
�|�,�°!rs	ts'#<D�B��J�4Cvcm�!ωcp�huv?���²
:Ers	ts'#<D�����YKO (±5 V)�+H���EP�!2<%s¶	
�Q'D!1<%<¶	�Q'D!"�1�Q'D!PJ�4�p�Q��|�,¼J�
4�ECb?�<��<�,

Cvcm = Kvp ·
(

s

s+ ωh

)2

·
ωl

s+ ωl

·
s2 + 2ζn1ωns+ ω2

n

s2 + 2ζn2ωns+ ω2
n

(2.7)

Cair =
(

Kap +
Kai

s

)

·
s2 + 2ζn1ωns+ ω2

n

s2 + 2ζn2ωns+ ω2
n

(2.8)

{{*!Kap!Kvp�HL%s�!Kai�@+%s�!ζn!ωn�$|�|"�1�Q'
D�8?c?pq3uv?!ωl�%<¶	�Q'D�@Euv?*+�,¼J�4�
¶�·<D�!¼J�'<�(�>P �pg�!;f�8���x�|�,I 2.9�
µ:��7�|�¶�·<D�!? 2.27�¼J�4�uv?F��<�,?�!�¬�
rs	ts'#<D�B��J�4Cvcm!µ¬�65-./19;<D�B��J�4
Cair�<P���,
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I 2.9: �MJ�4��7¶�·<D
ωh[rad/s] Kvp ωl[rad/s] Kap

2π · 5 110 2π · 100 4.0

Kai ζn1 ζn2 ωn[rad/s]

120 0.03 0.99 2π · 225
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? 2.27: �MJ�4�uv?F�

? 2.28��7P�¼J�4�p���� r����� f}*����D�F��!?
2.29��� d����� f }*���M-F��$|�|<�,?�!�¬��M��
p�����d�F�*+�!H3���65-./19;<DCB�B����d�
F��µ¬*<P���, !65-./19;<DCB�B����d�J�4�!
A@*<P� (2.4)�����,
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Pneumatic servo system
Dual−stage actuator system

? 2.28: �M��d����D�F�
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? 2.29: �M��d�4jF�
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? 2.30: #<D6²;����1E

? 2.28��!65-./19;<DCB�B����d�BP�!2C./19;<
DEP��M�*�!h���%s�! A6�2A*����,P�P!²:+�u
v?*+� 10 Hz6K�F�(NzP���,�°!? 2.29��!65-./19;<
DCB*� 10 Hz0�*���B��4j( 0 dB0�E S��!$�uv?�*
����M-��{E(*� �,$|��BP�!2C./19;<D�B���M
�*�!10∼60 Hz���M-F��8�P���~��!5∼10 HzI6*4j(hX
 S���,{|���>�!./19;<D4�²:�>�p�§¨*+�,
K��B>�:�������!H29`�1F�50��	
��+���s�¶
'	>���E!#<D�+,?�¸4P�Fxuv?��(�x�|�,A<��<
r���3�P�Duv?�����M-�G�2A��{E*!���§¨�BZ�
�N��B�¹�{E(*��,$�1O!./19;<D4�>(�<r��F*H
@��{E��!$��>M��In*+�,�°!8<�BP��!#<Dx3+,
? 3000 rpm (50 Hz)05���M-F��8��¹�{E(I)*+�,K��B>*
�#<D+,? 3000 rpm;�:����Y(:���{E(��S��!$�§¨
� 10.05�M�������!? 2.29���M-F�� 50 Hz*−20 dB05EP
 W|� � �,? 2.30�!�x�� (10 N)>B* 10 s*#<D�x3+,? 3000

rpm*6²�¹�;����<�,? 2.30p�!#<D�6²�¹�{E*���1E
(?²�E �!�x������|�� �,$���!�K#<D�p�?²�M
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? 2.31: rs	ts'#<D���YKO;����1E

���!65-./19;<D�x3�Y( 50 N�BP�rs	ts'#<D�x
3�Y� 0.8 NE¤��,$���!rs	ts'#<D����Y�� ±5 V��Y
��(+�,P�(S�!rs	ts'#<D�J��G ,-��+�������
(H@P�1O!rs	ts'#<D����Y(KOP!���B���B�G(N
z���G�(+�,? 2.31��x�� (10 N)>B��� 10 s* 2.0 N�	
��

��02;����1E�!? 2.32�$�E��¼���Y�$|�|<�, !�
¬�rs	ts'#<D��Y��( �1O�1E�<P���,? 2.31pq 2.32

p�!rs	ts'#<D����Y(KOP�E�!	
�����B��1E(?
²�E S��!�B�(NzP���,P�(S�!rs	ts'#<D����
Y(KOP�:!�GNz�:¤��M¯�<�(I)E �,
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? 2.32: rs	ts'#<D���YKO;�¼���Y

�°!K��B>�F:��6?#<��65�-=��50P���Y�p�H@

����!��46Z²:>7��z�p�uv?�²(@$�,$���!uv?�
²�BP���d�I0xz!+�����ij�Nz(@$�1O~�x�|�,?
2.33�!�x��!10 N��>B�� 0.5 N�	
����02;����1E�<�,
?�!�¬(uv?�²A�"k''#&'�W�1E!µ¬(uv?�²;�1E
*+�,? 2.33p�!uv?�²(H@��{E�pS�;N?²(H@P!	
��

���B���B�G(NzP���,P�(S�!6?uv?(�²P�1O��
�~��d(0x*+�!����ij�Nz�M���%�	��G�CJ��{E
(I)E �,

2.6 ��

���	
����!`aF������#&'�Qm�!J�4��7pqh
ij �k9l<DQm���I)*+�,F�!K��� 2��� �./19;<
D(NOP�QRE S����!µ½1E��µ�����?"#&'�Qm(�
X5��|�,
Ko*�!¼./19;<D�µ½F��wxP!$�F��y�?"#&'�Qm
P�,QmP�#&'�º»��!¼./19;<D�BP���d�QmP!µ½µ
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nominal model
variation model

? 2.33: uv?�²;�W�	
����02;����1E

¾�pS��GP�,���!2��./19;<D�J�P���d�yKQ��<
P!K���������P�,K������05�<�,

• ./19;<D4��>M�

• #<D6²�p�Fxuv?���M-

• ���YKO�p��GNz�M�

• �����F��²�B��%�	��G��J

{|�����BP�!$|��M��NP���d��7��;�,
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B3>

4�M@$9N��2C%����!�@

87�	

3.1 =


2����������LE��650����������<������ 
G?"#�F:&J��'� G?H(��)*�2+,-&<�./13�;/AD
ID�KO�P�/������&QR./3�STU������V�F:WX
UYZ[,-)*\]^./A_`�aDb 2�������Uc./2+,-d�
��2+,-ef�g������UcD[hijiklUmnopq�&rsD�
F: G?�tu\�vi[�b\�wx�F:&yzD[J{|&rs./b}U�
~���\���i��WX&�tU�,./13����;ZbA
h1��������������V�WX�,&<�./,-drs���SO

�;/PQ� [26] [27]&�R./APQ�� G?"#��F:WXJ{Uc./���r
s��\���i/b}�gJ{|������rs���D\��3����& OA
�`���PQ�&R�[WX�,&yzDb,-d�rsUO�[¡¢/ArsDb
,-d�£¤¥��¦~ef&R�b<§UY¨©ªvi/A

3.2 PQ«¬®

������������V�WX�,&L�Db,-drs��3D[�PQ�
[26] [27]&¯°./APQ���2O�P�/������&QRDbefUcD[��
�����V�WX�,&yzDb,-d&rs./���SO�;¨������
�wx�±²³´&µ}/F:tu¶ G?&rs·\��Ur¸./13\���J
{|rs���D\��3��¹º&£./A» 3.1U�PQ�UR�/,-d�¼½¾
¿»&a.A»À�C0�C1�C2�J{|�;¨�GSISO& SISO (Single-Input Single-

Output)3��DbÁÂ�ÃÄd,-cÅ3¸Æ./AÇÈU�PQ�&R�b,-d
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C1 Pvcm

C2 Pair
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» 3.1: PQ�&R�b 2�������,-d�¼½¾¿»

rs�UO�[¡¢/A

3.2.1 F:JN3<G?$@D

���EC³? P�QUY¨���³?PQ&¸Æ./A

PQ :=
C2Pair

C1Pvcm

(3.1)

11��

P =
Pair

Pvcm

, Q =
C2

C1
(3.2)

�;¨�P �g������UYZ[µ�/EC³?�Q�J{|UY/PQ�rs
o%�������;/A1�3��PQ�%��¹¥I��g�������±²
�ÇÈ�³´3�/A

a). |PQ| ≪ 1 (|C1Pvcm| ≫ |C2Pair|) ! �����q����±²\;	E
b). |PQ| ≫ 1 (|C1Pvcm| ≪ |C2Pair|) ! 650�%�
�±²\;	E
c). |PQ| = 1 (|C1Pvcm| = |C2Pair|) ! g������±²\��

Ç�I��PQ�%��8 G?\g�������F:tu¶ G?3�/13
���I�;¨�QUY¨F:tu¶ G?&MUrs2��;/A

3.2.2 SISO����GSISO$0D���

�U�GSISO��¸¥&©�./AGSISO��» 3.1Y¨������i/A

GSISO = C1Pvcm + C2Pair (3.3)
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C2

C1

Pair

Pvcm−

Q P
+

» 3.2: P $Y�QUY/�2Eop�%�¾,-d�¼½¾¿»

GSISO\�¸�;/b}U�����:\JA�L�U$�/�H�LUB�./Y�
UgJ{|&rs./IM\;/A

C1Pvcm + C2Pair = 0 (3.4)

11��(3.4)�� (3.2)�Y¨��U�7��/A

1 +
C2Pair

C1Pvcm

= 1 + PQ = 0 (3.5)

(3.5)���» 3.2Ua. P $Y�QUY/�2E�op�%�¾,-d (Ç9�PQ

op�%�¾,-d [27])�¹¥�D�3�D�Ah1��PQop�%�¾,-d
&�¸^./Q&rs./13��GSISO��¸¥&����/A

3.2.3 �	
��!4$�>�@

�U�������V�WX�,&©�./A������V�WX�*��F
:tu¶ G?U$�/ PQop�%�¾,-d�0w��UY¨µ�/A11��
F:tu¶ G? ωcUc./³? PQ�0w Phpq(jωc)��������i/A

Phpq(jωc) = Ph2(jωc)− Ph1(jωc) (3.6)

�À�Ph2(jωc)$Y� Ph1(jωc)��ωcU$�/ PairC2$Y�PvcmC1�0w¹¥�;
/A_¡Dbg�������±²³´Y¨�ωc� PQop�%�¾,-d�%�
�8 G?�;/b}�PQop�%�¾,-d�0w��PM ���3�/A

PM = 180− |Phpq(jωc)| (3.7)

» 3.3U�ωcU$�/GSISO�Ä�v |GSISO|3 PM �³´&a.A» 3.3Y¨�ÇÈ
�³´\�¨lOA

PM < 60 ⇔ |GSISO| < |C2Pair| = |C1Pvcm|

PM > 60 ⇔ |GSISO| > |C2Pair| = |C1Pvcm|
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PM < 60[deg]

GSISOPairC2

PvcmC1

PairC2 GSISO

PM > 60[deg]
PvcmC1

» 3.3: ωcU$�/Gsiso�Ä�v30w���³´

.�$��PM \ 60 degLK�3��|GSISO|�g�������±² |C1Pvcm|$Y
� |C2Pair|Y¨>v��/b}�» 2.28À� 10 Hz_8�%��¹¥I�LICD=¹
¥U%���È\H@./Ah�b}�PM& 60 degÇ���./13�%���È&
���������VWX&�,./Q�rs&L�.A
�5�rsU:D[�Q��J{|C1�C2� (3.4)��:&yzDb�¸�<�2�

(m½�)�³?���i�����AS��J{| C0��GSISOUcD[,-d��
¸¥�D=¥�&yzD[rs./IM\;/A�$�C13C2U6�./9��C03
D[�2�4\2��;/13&�5D[$�A

3.3 �	M
��N�2�%����!�
�7��

3.3.1 2�@�A��$PQ�$E�

_��¡¢bPQ�&��,-cÅ�;/2+,-efU�R./Ars��3D[�
F:tu¶ G?&ωc = 2π · 10 rad/s�PQop�%�¾,-d�0w��PM& 60

degÇ�3./A
» 3.4U P � G?¹¥&a.A»À��¿������q���� G?¹¥&�
G¿�650�%�
� G?¹¥&�<¿�P � G?¹¥&a.A1�¹¥&�U�
_��rs� U=�Q&rs./A�����q���Uc./J{|C1��,-
°²�"O#�3� G?"#�?&�'&LEU���%��opq�&�R./A
S��650�%�
Uc./J{|C2��F:tu¶ G?ωcU$�/650�%
�
3�����q����0w&>v�D�0w�� PM���&LEU�0w(
�J{|&�R./AÇ����I��J{|C1$Y�C2&��3./A

C1 =
s

s+ ωhp

·
ωlp

s+ ωlp

(3.8)

C2 = Kle

s+ ωle

αs+ ωle

(3.9)

11��ωhp�)���opq��*� G?�ωlp�½���opq��*� G?�
Kle�ωle�α�hiji0w(�J{|�%���¶ G?� G?�F+´?�;/A
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» 3.4: P � G?¹¥

(3.8)�$Y� (3.9)�I��Q�EC³?���3�/A

Q = Kle

(s+ ωhp)(s+ ωlp)(s+ ωle)

ωlps(αs+ ωle)
(3.10)

I 3.1UrsDbgJ{|�����&�» 3.5UQ� G?¹¥&hijia.A»
À��¿�J{|C1� G?¹¥&�G¿�J{|C2� G?¹¥&�<¿�Q� 
G?¹¥&a.A

I 3.1: Q�rs�����
Kle ωhp[rad/s] α ωle[rad/s] ωlp[rad/s]

0.039 2π · 5 0.2 2π · 20 2π · 300
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» 3.5: Q� G?¹¥

» 3.4$Y�» 3.5Y¨�PQ� G?¹¥�» 3.6Ua.¹¥3�/A» 3.6Y¨�PQ

op�%�¾,-d�%��8 G?\10 Hz3�¨�%���� 9.9 dB�0w�
� 97.9 degUY¨_¡�rs��&KbD[�/Ah�72�» 3.7Ua.GSISO� 
G?¹¥Y¨�ωcU$�/WX (.�$��%���È)\G=��[�/A
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» 3.6: PQ� G?¹¥
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» 3.7: GSISO� G?¹¥

�U�GSISOUcD[J{|C0&rs./A» 3.7�GSISO�¹¥I��C0U� (2.3)

�UaDb6? G? ωa2Uc1./6?��%�%���'&LE3Db%¾�op
q�\IM�;/Av�U�,-dAB��¸¥��3����#�ÃÄ&LEU�PI
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» 3.8: C0� G?¹¥

I 3.2: C0�rs�����
ωn[rad/s] ζn1 ζn2 Kp Ki

2π × 225 0.03 1.0 100 12000

J{|&�2DbAC0�EC³?&��Ua.A

C0 =
s2 + 2ζn1ωns+ ω2

n

s2 + 2ζn2ωns+ ω2
n

·
(

Kp +
Ki

s

)

(3.11)

11��ζn�ωn�hiji%¾�opq��'?´?�¶ G?�Kp�+N%���Ki

�@t%���;/A» 3.8UJ{| C0� G?¹¥&�I 3.2Urs�����&
a.A

3.3.2 �%��!���$��8>

_9�rsDbgJ{|& 2�������,-dU�RDb3��,-¥�&�
?C���n����UY¨©ª./A» 3.9U PQ�&R�b2+,-d�S=EC
¹¥ (f/e)&�» 3.10U�����¿»&�» 3.11ULICD=¹¥ (f/r)&�» 3.12

U3M�0¹¥ (f/d)&hijia.A»À�G¿�» 2.26Uc1./=	,-d�¹
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» 3.9: PQ�UY/2+,-d�S=EC¹¥

¥�<¿�PQ�&R�b,-d�¹¥�;/A» 3.9$Y� 3.10Y¨�D0��%��
�� 7.03 dB�0w�� 96.5 deg3�t��¸¥\��vi�%��8 G?� 46.8

Hz��ÃÄD[�/A» 3.11Y¨�PQ�&R�/13�F:tu¶ G? ωc_8�
WX�16&�,D�����#�'�#^\<�vi[�/Ah�72�» 3.12Y¨
� G?"#�3M�0¹¥\ÄIU2Avi[�/ADID�50 HzU$�/3M0
=�−3 dB3�Z[�/b}�3`K�aDb−20 dBÇÈ&KBD[���Ah�b
}�#E? 3000 rpm(50 Hz)ÇÈ����#E�4?F&�,./b}U��J�3M
�0¹¥&2A./J{|&rs./IM\;/A
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» 3.10: PQ�UY/2+,-d������¿»
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» 3.11: PQ�UY/2+,-d�D=¹¥



B 3` WX�,&yzDb 2�������,-drs 43

10
0

10
1

10
2

−35

−30

−25

−20

−15

−10

−5

0

5

10

Frequency [Hz]

G
ai

n 
[d

B
]

Conventional
Proposed

» 3.12: PQ�UY/2+,-d�3M�0¹¥

3.4 <8�>

_��rsDb,-d�£¤¥&�<5<§UY¨©ª./A<§��S¸2+C (10

N)�2D��b�B���%¾m3M02;�2+C&�¸./A» 3.13U 10 s� 0.5

N��%¾m3M&��b3��2+C&�» 3.14Uh�;�g�������,-
°²&hijia.A»À�G¿�=	�&�RDb2+,-d�1E�<¿� PQ�
&�RDb2+,-d�1E�;/A» 3.13$Y�» 3.14Y¨�PQ�&R�/13�
������V�WX&�,D�=	,-dY¨$�������N&�,D��%¾
m3MUc./��¥����&<�D[�/A11��S¸2+ (10 N)&�=UDb
3��10 ∼ 10.35 sV��L@&+3./3�=	�UcD[ 50.1!��,¤2&F
�i[�/A
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» 3.13: PQ�UY/2+,-dU$�/�%¾m3M02;�2+C1E
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» 3.14: PQ�UY/2+,-dU$�/�%¾m3M02;�g,-°²
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3.5 7


�`���650������3�����q���&QRDb2������
�UY/2+,-efUcD[�������V�F:WX&�,D[����#�
'�#^&<�./,-d�rs&�ZbAh���3D[�F:tu G?&MUr
¸2��;/PQ�&�RDbAPQ�&R�/13��g������V�WX&
�,D�IOLICD=¹¥$Y�3M�0¹¥&2ADbAh�72��%¾m3M
Uc./��¥�\��D�S¸2+ (10 N)&�=UDb3��=	�UcD[�%¾
m3M��L@& 50.1!�0DbA
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B4>

FD<G?$3MM0$9N��@87

�	

4.1 =


�Kef����K:�#E6FU5�./���#E�4?F\2+,-dUc.
/3M3D[:RD�LI2+��D=¥�\]^./13$C�i[�/A����
��2+,-efU�¨���ib¼��n�DC����6FUYZ[�����6
F\#E G?U�4Db¹¸ G?3M3D[:RD�2+C1EU16&��/A
h1��������¹¸ G?U%����&£./6?opq�!Ç9�3M
J{opq��&rs./13��¹¸ G?U$�/�*¹¥&2AD�¹¸ G?
3M&�0./A�`���3MJ{opq���M$Y�rsUO�[¡¢/Ars
Db3MJ{opq��£¤¥��¦~ef&R�b<§UY¨©ªvi/A

4.2 �!���	2E
�¬1�

�9����KR����#E?F\2+,-dU��/16UO�[©ª./A�
$�;R./,-d��_`�rsDb» 3.1�,-d&R�/A2+LIC& 10 N�
S¸3D�����#EB*& 1200�1800�2400�3000 rpm3Db3��2+©±C
&» 4.1Ua.A» 4.1����;V1EG7�È��h������q�;/A
» 4.1Y¨�#E G?U�4Db�t�?F\2+CU+>D[�/A¹U�#E
 G?\���/UOi[2?²\Ä���/b}�h�16�8�U�i/A11��
����#E?F\16./ 30 Hz ∼ 50 HzU$�/3M�0¹¥��» 3.12UaD
b3$¨−20 dBÇ��;/b}����#E?FUcD[�0\�t����ADb
\Z[�1�16&�0./�b�J{|&¯°./13\IM3�/A
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» 4.1: ���6F;�2+©±C

4.3 FD<G?3M¬M0�«

¹¸ G?�3M�0¹¥&��v$/��3D[�%�q5@UCLDb G?
�7��UO�[¡¢/ASTE�op�%�¾,-dU±²�3M\2$Zb¼½¾
¿»&�» 4.2Ua.A»À�C�op�%�¾J{|�P �,-cÅ�r�LIC�
y�,-N�d�3M&a.A1���%��3M�0¹¥Gd��3M dI�,-N y

���¹¥���3�/A

Gd =
1

1 + CP
(4.1)

(4.1)�Y¨�3M�0¹¥�S=EC³?L = CP �µ�/A.�$����� G?
ω rad/sU$�[�S=EC³?\ |L(jω)| > 03�/Y�UC&rsD[3M�0¹¥
& |Gd(jω)| < 13D� G? ω��3M�0¹¥&��v$/Ah1��S=EC³?
�%�q5@&R�[�¹¸ G?3M&�0./b}�>7&��IU./A



B 4` ¹¸ G?�3M�0&yzDb,-drs 48

r
C P

d

y+

−

++

» 4.2: STE�op�%�¾,-d

(4.1)��aDbEC³?\�¸�;/32¸D���� G?ω rad/s�#d(jω)�
@cC�F>�

|Gd(jω)|
2 =

1

|1 + L(jω)|2

=
1

(1 + a)2 + b2
(4.2)

3I.13\��/A11� a�b�

a = Re[L(jω)] (4.3)

b = Im[L(jω)] (4.4)

�;¨�(4.2)��tJ (1 + a)2 + b2�JA�L�U$�/:I (−1�j0)I�S=EC
³? L(jω)���5u�F>U�D��1�5u& R(jω)3./3 (4.2)�����I
$/A

|Gd(jω)| =
1

|R(jω)|
(4.5)

(4.5)������ G?U$�/3M�0¹¥�Ä�v\������¿»�U$�/
:I (−1�j0)I�S=EC³?�%�q5@���5u��?�;/13&aD[�
/ADb\Z[�op�%�¾,-d\ G?ωU$�/3M�t&�0./b}�
>7�

|R(jω)| > 1 (4.6)

�;¨�3M�t&AI./>7�

|R(jω)| < 1 (4.7)

�;/A» 4.3�������¿»�U$�/3M�0¹¥�Ä�v&a.;�8m½¾
� (x-y�L!JA�L�z<!|Gd(jω)|)�;/A
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» 4.3: �����¿»���3M�0¹¥

6 L(jω)\ 360 deg×n(n��?)&À?U ±90 degÇF�H(�;/ÁÂ�%�q
5@������¿»��1H�L&�2./133�¨�%���Ä�vUY��
|Gd(jω)| ≤ 1\�ªvi/ADb\Z[�¹¸ G?�3M�0¹¥&��v$/ÁÂ
U��J{|C\ (4.6)��>7&Kb.Y�U G? ωU5=�6?¹¥& OY�
Urs./IM\;/A

4.4 FD<G?3M¬M0��N�
�7��

4.4.1 3MJ�%��$@7

4.2��¡¢b3$¨�����#E? nU�4Db3M G?6K��3M�0¥
�&��v$/b}U��S=EC¹¥U$�[h� G?�%��&Ä��D�0w
&±90 deg(JA�L��1H�L)3.i���Ah1��¹¸� G?�5=�%�
���&£./6?opq�&����3MJ{opq�Crf 3D[rs./A

Crf =
s2 + 2ζrf1ωrfs+ ω2

rf

s2 + 2ζrf2ωrfs+ ω2
rf

(4.8)

11��ζrf�ωrf �hiji6?opq��'?´?�¶ G?�;/ACrf � ωrf �
0 deg�h�6K�0w\ 180 deg�0./b}�g�����&rs./:�ωrf U
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» 4.4: 2�������,-d�S=EC¹¥

$�/S=EC³?�0w¹¥&±90 deg(JA�L��1H�L)�H(F3./13
��op�%�¾,-d��¸¥&����/A» 4.4U�_`� PQ�UY¨rs
Db 2�������,-d�S=EC¹¥&a.A»À��¿�������Q
R;�¹¥G2stage(= C0C1Pvcm + C0C2Pair)&�G¿������q���CB�¹¥
Gvcm(= C0C1Pvcm)&�<¿�650�%�
CB�¹¥Gair(= C0C2Pair)&hiji
a.A» 4.4Y¨�3M G? 30 ∼ 50 HzU$�/g0w¹¥��G2stage\−76 ∼ −85

deg�Gvcm\ −50 ∼ −60 deg�Gair \−134 ∼ −183 deg�;/AG2stage$Y� Gvcm

��_¡Db�¸>7&KBD[�/b}�3MJ{opq�&�2D[$�¸¥\�
�vi/ADID�Gair� ωrf 6K�0w¹¥�±90 deg�H(3�;/b}�3MJ
{opq�&�2DbÁÂ��t��¸¥&��./13\����A
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» 4.5: 3MJ{opq�Crf �¹¥

I 4.1: 3MJ{opq�Crf �rs�����
���B* [rpm] ζf1 ζf2 ωsf [rad/s]

1800 0.084 0.002 2π · 30

2400 0.084 0.002 2π · 40

3000 0.084 0.002 2π · 50

S��PQ�UY¨�ωrf�6�������q����±²\;	E3�/Y�Ur
svi[�/b}�J{| C2U3MJ{opq�&�2./3��bUF:WX\H
@./2�¥\;/ADb\Z[�3MJ{opq�������q���Uc./J
{| C1U�2./¢��;/AÇ���&yzD�,-d��¸¥&�tUyzD�
\��3M G?U$�[�LI3./−20 dBÇÈ�3M�0¥�&<�./3MJ
{opq�&rsDbA» 4.5UrsDb3MJ{opq� Crf� G?¹¥&�I 4.1

Urs�����&a.A»À��¿� 1800 rpm(3M G? 30 Hz)Uc./3MJ{
opq��¹¥�G¿� 2400 rpm(3M G? 40 Hz)Uc./3MJ{opq��¹¥�
<¿� 3000 rpm(3M G? 50 Hz)Uc./3MJ{opq��¹¥�;/A» 4.5Y
¨�¹¸ G?�5=�%����&£./¹¥\<���[�/A
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» 4.6: 3MJ{opq�&�2Db2+,-d�S=EC¹¥

4.4.2 2C�	
��!@�7�$E�

_9�rsDb3MJ{opq�Crf &2+,-d��2D�?C���n����
UY/¹¥I2&��A» 4.6U3MJ{opq� Crf &�2Db2+,-d�S=E
C¹¥&�» 4.7U3M�0¹¥&�» 4.8ULICD=¹¥&a.A»À�S�:¿
�3MJ{opq�L�2;�¹¥��¿� 30 Hz�3MJ{opq��2;�¹¥&�
G¿� 40 Hz�3MJ{opq��2;�¹¥&�<¿� 50 Hz�3MJ{opq��
2;�¹¥�;/A» 4.6Y¨�3MJ{opq�&�2./13��3M G?�%
����&£D�3M G?6K�0w¹¥�±90 deg�H(F�;/b}��¸¥
\��vi[�/Ah�72�» 4.7Y¨�g3M G?U$�/3M0=�−30 dBÇ
È3�¨�2.4��r¸DbLI;M�;/−20 dBÇÈ&KBD[�/A
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» 4.7: 3MJ{opq�&�2Db2+,-d�3M�0¹¥
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» 4.9: 2�������Uc./�%q�¾���,-d�¼½¾¿»

S���3M�0¹¥&+;Dbb}U�» 4.8I�LICD=¹¥\]^D[�/A
h�b}��%q�¾���,-d&rs./13�LICD=¹¥�2A&»/A�
$��%q�¾���,-d��KMOUO�[����AU5:DbA
K���� 2�������,-d&�RD[�/b}�op�%�¾J{|3
�MU�op�%o��%J{|$������V�WX�,&yzD[rs./
IM\;/Ah�b}�3.1��¡¢b PQ�&R�[J{|&rs./A» 4.9U�2

�������Uc./�%q�¾���,-d�¼½¾¿»&a.A»À�Fp�
m½�^opq��F1������q���Uc./op�%o��%J{|�F2�
650�%�
Uc./op�%o��%J{|�P ∗�$�;V&=�bm����
?3�%q�Gf �LI°² rI�2+C f���¹¥�;/A1�3��<5¹¥\�
FD��i��Gf ����EC³?�I���/A

Gf = FpF1e
−Lvs + FpF2e

−Las (4.9)

gop�%o��%J{|��PQ��rs� U=Z[rsvi/A�%q�¾�
��,-d&R�/b}�P $Y�Q����¸Ævi/A

P =
e−La

e−Lv

� Q =
F2

F1
(4.10)

11��rs��3D[F:tu¶ G?& 10 Hz�PQop�%�¾,-d�0w
��& 60 degÇ�3./APQ�UY¨�J{| F1�,-°²"O�#�3� G?
"#�?&�'&LEU���%��opq�&�R./AJ{| F2� PQop�%
�¾,-dU$�/0w����&LEU�0w(�J{|30wCiJ{|&�R
./A�$�m½�^opq�Fp� 3��½���opq�&�R./A
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I 4.2: op�%o��%J{|�rs�����
ωfh[rad/s] Kf2 ωfl[rad/s] αfl

2π · 10 0.67 2π · 80 0.2

ωfd[rad/s] αfd ωpl[rad/s] -

2π · 75 7.5 2π · 500 -

Ç����I��F1�F2$Y� Fp����EC³?3�/A

F1 =
s

s + ωfh

(4.11)

F2 = Kf2 ·
s+ ωfl

αfls+ ωfl

·
s+ ωfd

αfds+ ωfd

(4.12)

Fp =

(

ωpl

s+ ωpl

)3

(4.13)

��À�ωfh�)���opq��*� G?�Kf2�%���ωfl�αfl�0w(�J
{|�¶ G?$Y� G?�F+´?�ωfd�αfd�0wCiJ{|�¶ G?$Y�
 G?�F+´?�ωpl�½���opq��*� G?�;/AI 4.2UgJ{|��
���&�» 4.10UgJ{|� G?¹¥&a.A»À��¿� F1� G?¹¥�G
¿� F2� G?¹¥�<¿� Fp� G?¹¥&a.AgJ{|UY¨�PQ� G?
¹¥�» 4.11Ua.¹¥3�/A» 4.11Y¨�%��8 G?\ 10 Hz�0w��\
97 deg3�Z[$¨�_¡Dbrs��&KbD[�/A
rsDbJ{|&�» 4.9�,-dU�R./A» 4.12U 2�������Uc.
/�%q�¾���,-d�LICD=¹¥&a.A»À�G¿� 1<M*,-d�¹
¥�<¿��%q�¾���,-d�¹¥&a.A» 4.12Y¨��%q�¾���,-
d&R�/13�LICD=¹¥�2A\<���[�/A



B 4` ¹¸ G?�3M�0&yzDb,-drs 56

10
0

10
1

10
2

−20

−10

0

10

Frequency [Hz]

G
ai

n 
[d

B
]

10
0

10
1

10
2

−180

−90

0

90

Frequency [Hz]

P
ha

se
 [d

eg
]

F
1

F
2

F
p

» 4.10: gop�%o��%J{|� G?¹¥
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» 4.12: 2�������Uc./�%q�¾���,-d�LICD=¹¥

4.4.3 3M<G?JF;$0D�I2

_9���3M G?\S¸3D[5O&(}[�b\�<:U�����#E G
?�;!9!3�^./b}�3M G?$�F./A1�ÁÂ�3M G?��^U
Â$$[3MJ{opq�Crf &�^v$i�Y�A�$�I 4.1I�3MJ{opq
��'?´?�g G?��S�C�;/b}�ωrf �C��&�^v$/A» 4.13��
3MJ{opq���^Uc./,-d��¸����^&aD[�/A» 4.13Y¨�
L 100 HzÇÈ��,-d��¸�;/AS��100 HzY¨$�# G?��%���
��0w��\6U�3�¨�,-d\��¸3�/\�����¸3#E?Ç�� 
G?�;/b}�1�"#�3MJ{opq�&�R./IM���A
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» 4.13: 3MJ{opq��¹¸ G?��^Uc./�¸����^

4.5 <8��	�>

_��rsDb,-d�£¤¥&�<5<§UY¨©ª./A11��LI2+C�
10 N�S¸3DbA» 4.14I� 4.16U�hiji����B*Uc./2+©±C&
a.A»À�G¿\3MJ{opq��2;�<¿\J{opq�&�2D[���;
�G7�;/A
» 4.14I� 4.16Y¨�3MJ{opq�&�2./13�g���B*U$�/3M

�16&�tU�0��[�/A6BEU��30 Hz�3MUcD[ 92.1!�40 Hz�
3MUcD[ 90.9!�50 Hz�3MUcD[ 94.8!��0¤2\<���[�/A
�U�30 HzI� 50 Hz���3M G?�F&A¸D[<§&�ZbA» 4.17��
����°²E0Uc./3M G?�³´�;/A�»I�N·�+N³´U;/b
}�°²E0>JU�$�[3MJ{opq�������&C�9�.i�Y�A�
FB*& 1 Hz/sUr¸D�30 HzI� 50 Hz��3M G?\�FDb3��2+C&
�¸./A» 4.18U3M G?��F�&�» 4.19U2+©±C&a.A» 4.19Y¨�
3MJ{opq�UY¨3M G?�F;U$�0¤2&F/13\��/A6BEU
��30 HzI� 50 Hz�3M G?�^UcD[�88.6!��0¤2\F�i[�/A
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» 4.15: ���6F; (2400rpm)�2+©±C
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» 4.17: ���°²E033M G?�³´
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4.6 7


K`����KR����#E?U�4D[H@./¹¸ G?3MUc./�0¥
����&yzDb,-d�rs&�ZbAh��0��3D[�����#E?F�
h�#E?U�4Db¹¸� G?�t&£./13UCLD�¹¸� G?U%��
��&£./6?opq�&�RDbAv�U�6?opq���2UYZ[]^D
bLICD=¹¥UcD[�2<M*,-d&�R./13�2ADbAh�72�30�
40�50 Hzhiji�3MJ{opq�&�2./13��30 Hz�� 92.1!�40 Hz

�� 90.9!�50 Hz�� 94.8!��0¤2&FbAv�U�30 ∼ 50 Hz�3M G?
�FUcD[$�3MJ{opq��rs G?&���#E G?3�4./13�
c12��;/13&aD�88.6!��0¤2&FbA
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5.1 =�

�5�M�������������6�0��� "��#H&'D3()*+
,-�.1/�2-4)#2:*;<'�?ACEG#.&'4)*IJ/�LP�Q
RSTUVWX�YC�Z[*;�\]#�IJ^#�4)_`*ab#cd&'ef
ghC�LP�2-.i#jk/�lm��n#o�pqmT*rs,t�()uv#
wxVyz�\
{|���5���2-4)IJ^#}~/�mTS����V�� �����

��������������S�_�]�#��&�lm�_�#�����]��
�V��&L���V��/�|h��lm�_���S���dV� �EG¡0]
�S��V�¢/\,£#����������S2-4)*IJ/�¤#��6�0
��� "��¥S���V¦ §z�|h�¨©ªCmT¡0V� ��«uv¬S
®�¯°±V�¢/\²���IJ^Swx�o³IJV��&L���S��#
´�'µ¶�\��&L2-·S¸¹���º»¼½VM�LW¾#o ¿À/�\

5.2 ÁÂÃÄÂÅÆÇÈÉÊËÌÍÎÏÐÑÒÓ

5.2.1 ÔÕÖ×ØÙÚÛÜÝÞßàá

¼½������������S2-4)#±0.8 NS2:*; �?ACEG*
}~&LZ[#����������S2-4)*IJ/�|h*�z£t�\� 5.1

#����������S2-4)2:Vâã&L2-·Säåæ�ç�Vè/\�é�
uv�o³ u

′

v�2:êëS���������S2-4)�fvcm�o³ fair�ì��� 
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� 5.1: ���������S2-4)2:Vâã&L2-·Säåæ�ç�

"��S()uvC�;�\C�����������S2-4)S47�02hC�\

−0.8 ≤ uv ≤ 0.8 ⇔ u′
v = uv

uv > 0.8 ⇔ u′
v = 0.8

uv < −0.8 ⇔ u′
v = −0.8

||�����������S2-4)IJ*uvC#yz�wxV�W¾#o ¿À
/�\� 5.2S±�#��DuvS>�$£����������*()�Y�uvo
 AY� d = 2.0 NS�%æ�EGV�ã&LhYS6�0��� "��S2-4)�
2�#���������S2-4)V�� 5.3#uvC1EV{t�tè/\� 5.2o
 �?ACEG*UM&LZ[����C1V�����	�����&Lh&'
��
��������S2-4)*IJ&'��\{S���� 5.3o ��%æ�EG#
./�¡0�¯*Nd&�;mT*}~&'��\{SLP�|S2-4)IJ#s
�/�;mTS¡2V��&L2-·S��V�¢/\
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� 5.2: �%æ�EG!2.0 N��2^Sì��� "��#./�2-4)_`
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5.2.2 %������!�@8ÔÕÖ×;ß?FßM0J�

ê²�è&LD ����������S2-4)*IJ/�|h#o<'EG¡0
�¯*Nd&�;mT*}~/�\||���$�mTS}~��V��/�\W¤
S¼½���ì��� "��S()CV�N/�|h��Y��,£#������
���2-4)IJS¸L�1EVH3/�|h*�YC�\{|��ê²�qC&L
Wp1EV�W#:X/��� ���VM�'�mT}~��S��V�	\� 5.4

#��DuvS>�$£ d = 2.0 NS�%æ�EGV�ã&L^Suv()V�� 5.5

S±�#6�0��� "��S2-4)V�2�#���������S2-4)V�
� 5.6 S±�#6�0��� "��Suv() faV�2�#���������Su
v() fvV�� 5.7#���������uv()V�_�2�&L��V{t�tè
/\�é�Gç*4)IJ*C�Z[S1E�Wç*4)IJ*;�Z[S1E�;�\
� 5.4�o³ 5.5o ����������S2-4)*IJ&C�t
��%æ�EG
#.&'mT�}~&C�\���� 5.6S��o ����������2-4)S
IJ#o<'���������¥Suv()#�mT*}~/�*�6�0��� 
"��¥Suv()#�mTªC1E�}~&'�C�\� 5.7o �}~&LmT�
210 HzS�_���V4�� �{S�_��2-.iS¸/�lm��nS�_�
h��/�\0±S��$£����������S2-4)*IJ/�|h#o<'�
4)_`*ab#cd&efghC�LP�lm��nSwx#o lmmT*rs,
t�h�z£t�\{t��PQKS�����TU�N�_���S�>¡2#<�
*½$t'� �lm�_���S]����,tC�\3²�è&L PQK#o�2
-·�
�lm��n#.&'���C0#�æ��	��Vãz'�����V�<'
��S��;�LP�� 2.29S��]�$£
�£$Co	#�lm�_�#����
��* 0 dB0±�; �lmmT*¡0,tC�\&L*<'�lm�_���S�
�]���V��&L2-·S��*I��;�\
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� 5.4: �� ���#o��%æ�EG!2.0 N��2^SuvC1E
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� 5.6: �� ���#o��%æ�EG!2.0 N��2^Sì��� "��()
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5.3 ÁÂÃÄÂÅÆÇÈÉÊËÌÍÎ$9N��ÉÊ7@�

5.3.1 @8�ß3M

ê²�è&LlmmT#.&'�lm�_���S���dV�¢&L���S��
V���lmmTS¡0V��\6Bª#�����������Slm�_���#
�����]�#��&�lmmTS}~V¡2/����V��/�\������
������S2-4)IJ^#����������S���*p¯&C�LP�2
-·ABS�¯�6�0��� "��CB#S���/�\{SLP�������
���2-4)IJ^#��lmmTS¡0V��&L���V6�0��� "��
¥#¦ §z'F4/�\� 5.8#����������2-4)IJ^#}~/�l
mmTS¡0V��&L2-·Säåæ�ç�Vè/\D02-·��������
���2-4)IJ^#}~/�lmmTS¡0V�ªh&'�lm�_�#����
��������S����V��&L���CpsV��/�\,£#�������
���S2-4)*IJ&'��4�6�0��� "��¥S���C2VlmmT
S¡0V��&L���C ′

2#¦ §z�|h��lmmTS¨©ªC¡0V��\C
�����S¦ §z�02S47���t�\

−0.8 ≤ uv ≤ 0.8 ⇔ C2

uv > 0.8 or uv < −0.8 ⇔ C ′
2

5.3.2 %������!�ß�?<G?�Kß	
E2

$��Cps S��#´�'µ¶�\EG#./���]���%����ç�±�
(−1, j0)Véh&LC�1ES��� 0 dB02#.1/�|h*�£t'��\{
SLP�lm�_������]�V��/�LP#��{S�_����*±90 deg

!J��LS�H�L�S��j#�k/�|h*R$&�\� 2.19S��������
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I 5.1: CpsS���%���
ζps1 ζps2 ωps[rad/s]

0.008 0.4 2π · 190

�S�_�]�$£�lm�_�#������−142 deg �;�LP���V 52 deg

0±?P����V��/�|h�����V��\�5����æ��	��Sé
�_�o 9�¥S��?�]�V3M&'�lm�_���S���dV»��\
��&L�æ��	��CpsSEC4���<��IX,t�\

Cps =
s2 + 2ζps1ωpss+ ω2

ps

s2 + 2ζps2ωpss+ ω2
ps

(5.1)

||��ζps�ωps���æ��	��S8�7��o³��_��;�\�æ��	�
�S��?�]�V3M/�LP�é�_��lm�_�o ��¥#�D/�\I
5.1#�æ��	��S���%���V�� 5.9#CpsVâã&L���������
S�_�]�Vè/\�é�Gç* CpsLâã^S]��Wç*âã^S]��;�\
� 5.9o �CpsVâã/�|h#o<'lm�_�#�����*−72 deghC �¡
0>7hC�±90 degS��j#$<'��\���BS���C1�C2�C0S��
��CpsVâã&L���������V�A2-.i P ′

vh&'PQKV�M/�\|
|���CpsS¹�V�G/�LP�#²���&L2-·hFM# (3.8)�(3.9)�o³
(3.11)�S���V�M&�I 3.1�o³ 3.2#è&L�%���VM�' 2���� 
"��2-·S2-�¯V¿À/�\� 5.10#�CpsVâã&L2-·S��]�Vè
/\�é�Gç*=�2-·S]��Wç*CpsVâã&LZ[S2-·S]��;�\
� 5.10o �lm�_�#������������S��]�V��/�|h��l
m�_���S���d*WX�Y'��\
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I 5.2: C ′
2S���%���

K ′
le α′ ω′

le[rad/s]

0.05 0.2 2π · 20

ζrf1 ζrf2 ωrf [rad/s]

0.8 0.002 2π · 210

5.3.3 650%����!�ØB$Ú@4�J=�ß�7

������������S2-4)*IJ/��4������������#.
/�����p¯&C�LP�2���� "��2-·�6�0��� "��CB
#./�2-·hE2hC�\� 5.11#�6�0��� "��CB#./�2-·S
��]�V�� 5.12#��EC]�V{t�tGç�è/\� 5.11o �lm�_�#
������* 0.2 dB�;�LP�lmmT#.&'	�C¡0¹�VF£tC�\{
SLP�lmmTS¡0V��&L¦
z���C ′

2V��/�|h��lmmTS¨©
ªC¡0V��\� 5.12o �lm�_�#������]�* −38.7 dB���]�
*−530 deg�;�LP�lm�_�S���AAh���V 80 deg0±?$���$
L� 180 deg0±C£�����*I�hC�\�5���lm�_�#�����
�V¸&�{S�_����V 180degC£��lm�	��V�M/�hl#�=�
2-·hFM�TU�N�_������� "��4S��:V+,-/�LP��
�?����V�M/�\C ′

2SEC4��<��IX�Y�\

C ′
2 = K ′

le ·
s+ ω′

le

α′s+ ω′
le

·
s2 − 2ζrf1ωrfs+ ω2

rf

s2 + 2ζrf2ωrfs + ω2
rf

(5.2)

||��K ′
le�ω′

le�α′���?����S������_���_�cTH7��ζrf�
ωrf �lm�	��S8�7����_��;�\I 5.2#C ′

2S���%���V��
5.11#C ′

2¦
z^S��]�V�� 5.12#��EC]�V{t�tWç�è/\� 5.12

o �lm�	��V�M/�|h��lm�_�#������VAA,����V
¡0>7�;���j#PL���� 5.11o lm�_���S���dVWX&'
��\
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� 5.13: D02-·#����%æ�EG!2.0 N��2^SuvC1E

5.4 <8�>

ê²���&L2-·VM�'����������S()2¯Cuv0±S?AC
EG#./�¡0�¯V�WpW¾#o ¿À/�\W¾���DuvC (r = 10 N)�
2&´�L>����%æ�EG�ã^SuvCVBD/�\� 5.13# d = 2.0 NS�
%æ�EG�ã^SuvC1EV�� 5.14#{S^Sì��� "��S2-4)V�
� 5.15#uvC1EV�_�2�&L^S�%���V{t�tè/\�é�Gç*=
�2-·S1E�Wç*D02-·S1E�;�\� 5.13�o³ 5.14$£�����
�����S�����o³6�0��� "��#./�¦
z��#o �lm�
_���#������dVWX&��%æ�EG#./�¡0�¯*°±&'��\
{S���� 5.15o ���������S2-4)IJ#o�lmmTSwxV 47

!¡0�Y'��\0±S��o �D0�KS¸¹�*�G,tL\
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� 5.14: D02-·#����%æ�EG!2.0 N��2^Sì��� "��#./�
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� 5.15: WBuvC1ES�_�2���



B 5² ���������S2-4)IJV��&L2-·�� 76

5.5 7�

²���2-4)IJ^#}~/�mT#.&'�{S}~��S��hmT¡0
V��&L2-·S��V�<L\mT2�S���{SmT�2-.i#jk/�l
m��nS�_���V4$|h$£����������S2-4)*IJ/�|h
#o<'���������¬S4)*efghC �lmmT*rs,t;mT*
}~&L\{|��lm�_���S���dSLP�lm�_�#��������
����S����VWX/����V��/�hl#�6�0��� "��#.&
'����������4)IJ^#lmmT¡2V��&L¦ §z���V��&
L\{S���2-4)IJ^#}~/�lmmTSwxV 47!¡0&L\
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�

6.1 =�

�5�M��2-.i���pqlmmT*6�S0=�#s�&L
�)#o 
rs,t�LP��½46�TU>7Scd#o lm�_�cT*~��\3²�è
&L�2-·���lm��n#.&'�æ��	��V�M&'lm�_�S��
��8V�<L*��æ��	��*abC]��;�LP�_�cT#.&'	�#
���V¡z�|h*(���2-·Se0Dd�;���2-	�SNd*~��Z
[*AD,t�\&L*<'�lm�_�*cT&LZ[#��'
2-·*0D�;
 �$´2-·SNdV¡2/�å
���¯VC�/�|h*I��;�\
{|��²���H∞2-·��SO����lm�_�cT#./�å
���

VM#��&L2-·��V�	\C��||�5/�!å
����h�2-·S
å
��0D��o³EG¡0�¯Så
���V¢/\6Bª#��3²���&L
�A2-.i#.&'lm�_�cT#./�å
���V��&Lv�4�V�D&�
�A·#./�å
�����S��V�	\

6.2 ����ÏÐÑÒÓ

3²�è&L2-·#��'�lm��nS���� (3.11)#è/h� �æ��	
��#o������V�<'��LP�lm�_�cT^#�lm��nS����
8*e	�hC �2-·Se0Dd�EG#./�¡0�¯SNd*�A,t�\�
6.1S±���6�0��� "��S���]��; �2��lm�_���S�
A�Vè&'��\�é�cT*�G�Y��_�]�V#D è&'��\� 6.1o
 ���%��_� 226 Hz#.&' ±5 !ScT*�G,t'� �{ScT���
46��½>�*���;�\W¤S2�>���|t£ScT*~��LP�|Sl
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� 6.1: 6�0��� "��S�_�]��o³lm�_���S�A�

m�_�cT*uv2-�¯#yz�wxV�C�� ���%�#o �;/�\C
��2-.i����%��_�$£9�¬cT/�Z[�0D��o³¡0�¯¬
Swx*L��Y�$�+,�LP�||����¬−5 !cT*~�L 215 HzSZ[
V¿À/�\� 6.2SGç��lm�_�* 215 Hz#cT&L¤S��]�V�� 6.3

SGç��Duv!10 N�S>�$£ 0.5 NS�%æ�EGV�ã&LhYSuvC1
EV{t�tè/\� 6.2o �lm�_�cT#o<'lm�_���S��]�*
Nd&'��\{S���� 6.3o ��%æ�EG#./�¡0�¯*Nd&';
mT*}~&'��\02���lm�_�cT#./�å
���¯V��/�LP
#�H∞2-·��SO���å
��C�����V»��\
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� 6.2: PQK#o�2-·#./��_�cT^S��]�
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� 6.4: H∞2-#o�D02-·Säåæ�ç�

6.3 H∞ÉÊÏÐÑ����$9N��ÉÊ7@�

6.3.1 0H2%���ß�7

H∞2-·�����H∞���VM�'2-.iS@T#./�0Dd>7V��
d&�{tVKL/���V��/�\{|�����d�%��#.&'����d
8:�]�cT#./�å
��0D�V;L��v�4�����]�V�`/�v
�4�VAD/�|h��EG¡0�¯�D=�¯ESQRS�¯VKB/����V
F(/�|hV2¯h/�\02���lm�_�cT#./�å
���¯V��&
Lv�4�S��V�	\
� 6.4#�H∞�����#M�� 2���� "��2-·Säåæ�ç�Vè/\

�é�Ch�G0#./�����Eç��$tLG���d�%���Wu�Wt�Ws�
v�4��u�2-4)�e��«C#./�J:�rd��«C?9�o³EGC�S
EI4)?9�z�2-NVè/\� 6.4o �G�<��D5,t�\
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(6.1)

±���Ws� rd$£ z3$�S��4� S(= 1/(1 + ChG0))#./�v��Wt� rd$

£ z2$�S����4� T (= (ChG0)/(1+ChG0))#./�v��Wu� rd$£ z1$�
SEC4�ChS#./�v��;�\H∞2-������<�#è/ rd$£ì z$�
SEC4�#.&'�H∞���* γ02hC�ChV��/�\
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6.3.2 Ü$4?ß�7

ChS#./�v�4�Wu��lm�_�cT#./�å
���V��&'��/
�\/C���lm�_�ScT#./�å
���V��/�LP�lm��nV=
�L�%�����V��%����Gnh&L^�G0hS>Kª8:Me#.&'|
S8:VJ	o	Cv�4�V��/�\/C���Me�<��D5,t�\

Me(s) =
G0(s)−Gn(s)

Gn(s)
(6.3)

� 6.5#�Me�o³v�4�S�NVè/\�é�Gç*Me�Wç*v�4�S��
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I 6.1: v�4�S���%���
Kwu ζr1 ζr2 ωr1 ωu1 ωu2 Kwt

140 0.6 0.1 2π · 226 2π · 1.8 2π · 100 0.45

ωt1 ωt2 Kws ωs1 ωs2 ωs3 ωs4

2π · 500 2π · 200 1.8 2π · 60 2π · 0.1 2π · 8 2π · 6.5

�]��;�\� 6.5o �cT#.&'å
���V��/�LP#��Wç�è/
]�So	#MeVJ	v�4�V��/t
o�\||��Me�lm�_���#�
�����V¸/�LP�Wu#� 2<Slm�	��V�M/�\,£#�=�2-
·hFES2-�¯V��/�LP�3.3@�è&L=�2-·S]�V;�#���
Ct?��	��VDã/�\0±o �WuSEC4��<�hC�\

Wu(s) = Kwu ·
s+ ωu1

s+ ωu2
·

(

s2 + 2ζr1ωr1s+ ω2
r1

s2 + 2ζr2ωr2s+ ω2
r2

)2

(6.4)

||��Kr�����ζr1�ζr2�o³ ωr1�ωr2�lm�	��S8�7�h��_��
;�\
�������4� T #./�v�4�Wt#��L 100 HzSD=�¯S��V�ª

#�1<S��Ct?��	��V�M/�\�����4� S#./�v�4�Ws

#����_����êµS=�2-·hFES�¯V��&�AB�S���V 6 dB

02h/�|hV�ª#�2<S��Ct?��	��V�M/�\{|��Wt�o³
WsSEC4�V<��yz�\

Wt(s) = Kwt ·
s+ ωt1

s+ ωt2

(6.5)

Ws(s) = Kws ·
s+ ωs1

s+ ωs2
·
s+ ωs3

s+ ωs4
(6.6)

||��Kwt�o³Kws�����ωt�o³ ωs���Ct?�����o³lm�	
��S��_��;�\C��Wu#�M&Llm�	��0ES�%��������
����DM#�$Y�=�2-·Sì]�#.&'v�4�S5���]�*J	o
	#��&L\I 6.1#��&Lìv�4�S�%���V�� 6.6∼6.8#ìv�4�
S5���]�V{t�tWç�è/\
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� 6.8: W−1
s �o³ SS���]�

6.3.3 H∞@8ØÙÚJ=�ßF=$3M�0@GßI2

��&Lv�4�VM�'�G0#./�ChVF(&L\� 6.9#�ChS�_�]�
Vè/\� 6.9S Ch#o �r$£ì z$�S]�*7D,t�\� 6.6∼6.8#ìv�
4�#.1&L2-N$�S�_�]�V{t�tGç�è/\
<#���,tL���V 2���� "��2-·#�M&�2-�¯V¿À/�\
� 6.10#�H∞2-#o� 2���� "��2-·S��]�Vè/\�é�Eç�
PQK�S2-·S]��Wç�D02-·S]��Gç�lm�_�cT^#���
D02-·S]��;�\� 6.10o ���%��_� (226 Hz)#.&' ±5!Sc
TV��&L���V��/�|h#o<'�cT#./��¯NdS¡2VWX&'
��\
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