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b \�]_^

Z
c \edf^

\ @hgji4k l d�^d�\!dnm B ^Vo Zp
q'\�]_^ rs\�]_^

3 ^%t 1J:O1�?OWXIL243>?<1Uu�1�?wv�T43�PLIyx�3�PL->?OIs/'1�PRu43�?H3�WA1J:O?<- ` IQP&F_INFV:O1�W93X?<1�:<?O-(3>K�IL->243�:<-{z1D3(F_IL2�:<-�:OILG�3�WA1�2�:O1|F_:O3>=�IQPL1>}
= ^�~ -�FV:O- ` � @�i>i4��/'1J:O1�?OWAIQ243>?<1�IQPXx�3�PL->?O1�3�?O1�S>ILWA1 r(�	\ ]_^ /'1�PQPe� T4F<G�I�:H3 rs\�]_^ v�T43�24/�-�F_T4PXF<ILF_:<1�W93�3�S(ILFOGJ-(2�-G�->2�:<1�WXu�->?H3�241�3�WA1�2(:O1�ILPy/'INFV:OT�?O=�- b \�]_^ ��� 1UIQPy?OIQ��1�?OIQWA1�2�:O- q'\ ]_^ � 5�F_IL2hB ] }G ^�~ -�FV:O- `�� @�i>i4�f/�ILF<1�S(243�?O1�v�T43>PQIQ:O3�:<ILxf3>WA1�2�:<16IQP�/�IL3>S>?H3�WAW93wu�->PN3�?O1�/'I��;�0v�T�INF_:�/�1�P'S>T�3>/�3>S>2�-;/�I�3�2�1�PQPL- ` c \edf^ }� 3>PLG�->PN3�?O1;1�FO3�:<:O3>WX1�2�:<1UPQ1DIL2�:<1�?OF<1�K�IQ-(2�IyGJ-(2�Pe� 3(F<F<1U?<1�3�PL1�1�/�IRGJ-(?<?OILF<u�->24/'1�2�:<I�x�3�PL->?OI�/�1�PLPL3Au�T4PLFO3�K�IQ-(2�1;�w}
/ ^�~ -�FV:O- `�� @�i>i4�4:O?O3(G�G�IL3>?<1�v�T43>PQIQ:O3�:<ILxf3>WA1�2�:<1�I�/'IN3�S(?O3>WXWAI�3>F<IQ2�:<->:<INGJI�/'I���-'/'1�/'1�PLPQ1A3�WAu�IL1�K�K�1�1X/'1�PLPL1�� 3>F<I�/'1�PS(T43>/�3>S>2�-X/'IR3>2�1�PLPQ- ` c \ed�^ }1 ^�� ?O3(G�G�IL3>?<1+v�T43�PLIQ:O3�:OIQx�3>WX1�2�:<1.ILP;PLT�->S(-�/'1�PLPL1�?H3>/'INGJI;/�1�PUF_INFV:O1�W93�?O1J:O?<-�3�K�IL->2�3�:<-�3�P�x�3�?OIL3>?<1./'1�P;u43>?O3>WA1J:<?O- ` }� ?O3(G�G�IL3>?<1wILPsPLT�->S(-X/'1�PQPL1U?O3(/'INGJIsF_IN3�u�1�? `�� iAGH��1�u�1�? ` � i�} � 3�PNGJ-(PL3>?<1�1�FO3�:<:O3�WA1�2(:O1�I�u�T42(:OIR/'Iy/'IL?H3�W93�K�IQ-(2�1/'1�PsPQT4->S>-A/'1�PQPL1U?O3(/'ILG�I!}�¡¢24/�ILG�3�?O1|v�T43>P�z1�ILPsu�T�2�:O-A/�1�PsPLT�->S(-X/'1�PQPL1U?O3(/'INGJIy3XGJT�IyG�->?O?<INF_u�->2�/'1�ILPsWAIQ24IQWA-X:<1�WXu�-{/'I3(F<F<1�F_:O3>WX1�2�:<-X£s¤�u�1�?wILPyF_INFV:O1�W93X?<1�:<?O-(3>K�IL->243�:<-4}
� ^ M IyGJ->2�F_IN/'1�?OI�IQPy/'IN3�S(?O3>WAWA3�/'Iy�6-'/'1|/�1�PLPQ13>WXu4IQ1�K�K�1 \ :O?O3�:_:<-jGJ-(2(:OIQ20T�- ^ 1	/'1�PLPL1{� 3>F<I\ :<?H3�:_:O-�1�u�T�2�:<- ^ ?OIQu�->?<:O3�:<-�3�¥�3�2�GJ-4} t 1J*:O1�?OWXIL243>?<1�I�u43>?O3>WA1J:<?OI&¦§1�¨f©D1X¨ o /�1�PLPL3?O1J:O1U3X?OI�:H3�?H/'-X1�3�2�:<INGJILu�-

ª \!df^ � \ @ m ¨�© df^�\ @ m ¨ o df^\ @ m ¦&¨ © df^J\ @ m¬«V­® df^
IL2�WX-'/'-./43�ILWAu�-(?<?O193�P#F<INFV:O1�W93�?<1�:<?O-(3�*K�IQ-(243�:O-�T�2jW93�?OS>IL2�1A/'I�� 3>F<1{¯�° �²± i�³f}M I6u�->2�S�3.¨ o � B�¨f©A1	F_I6T':<ILPLIQK�K�InIQP6x�3�PL-�*?O1�´_?O1�3>PQ1�µ+/'1�PLPe� 3�:_:<1�20T43�K�IQ-(2�1 \ 24->2�v�T�1�P�*PL-+´<3(F_IL2�:<-�:OILG�-(µ ^ 241�P�u�T42(:O-�GJ1�2�:<?H3�PL1n/�1�PLPL3?O1J:O1UG�->?O?<1�:_:O?<INGJ1(}

10
−1

10
0

10
1

10
2

−60

−50

−40

−30

−20

−10

0

10

20

30

40

                                                                                                                 rad/sec

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
ga

in
 (

db
) 

an
d 

ph
as

e 
(d

eg
re

es
)

bode plots of gain (−) and phase (−.)
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S ^ M I&GJ->2�F_IN/'1�?OI�IQP&F_1�S>T�1�2(:O1DF_INFV:O1�W93X2�->2�PLIQ2�1�3�?O1U?<1�:<?O-(3�K�IQ-(243�:O-4Y
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À

½ ¾½ º½ ¿

t 1J:O1�?OWXIL243>?<1UPe� 3>24/�3�WA1�2(:O-{v�T43�PLI�:H3�:OIQx(-A/�1�PLPL3X��T�24K�IL->2�1�/'1�F<G�?<IQ:_:OIQx�39Á \ ÂÃ^ /'1�PLPN3A2�->2	PLIQ243>?<IQ:fz3 r � rs\ ¸�^ 1�/'INFOGJT'*:O1�?O1>�0IQ2�:<1�?<WAIL2�Is/'Isu�?O1�F<1�2�K�3�-XWA1�2�-A/'Is-(FOGJILPLPL3>K�IL->2�I�3�T':O-(F<-(F_:<1�2�T�:<1>�0PN3�F_:O3>=�ILPQIQ:fz3X/'1�PsF<ILF_:<1�W93�?O1J:O?<-�3�K�IL->2�3�:<-�2�1�Pu�T42(:O-9/'Iy->?OILS>IL2�1 \ i�Ä�i ^ }� ^ � 3>PLG�->PN3�?O1;PN3A?<INF_u�-(F_:O3 rs\�ÅR^ 3>PsS>?H3>/'ILWA-�T�24I�:H3�?OIQ- ¸&\ ÅR^ � @U/�1�PRF<1�S(T�1�2�:<1UF<ILF_:<1�WA39/�IQ243>WAILG�-A/�ILFOGJ?O1J:O-4Y
rs\�Å{m @ ^ � i4k 7 r�\ ÅR^sm�Æ�\�ÅR^ rs\ i ^ � i

@



���������	��
���
��������&
����������������!� 
6"%$&�������'��
 
>
!).,+-'/'1�243�*65�7{8;:_:O->=�?O1A@�B>B0CU*#ÇwILF<u�-�FV:O1
3 ^%È � 1�v(T�3�K�IL->241|G�3�?H3�:_:O1�?OILF_:<ING�3X/'1�PRF_INF_:<1�W93X?O1J:<?O-(3>K�IL->243�:<-{z1

@ m ` \ @ngji4k l df^d�\!d�m B ^_o � i É d�Ê6m @�Ë d o m�\ Ë�@ng�i�kÌl ` ^<d�m `�� i
È 3XG�->?O?<INF<u�-(24/'1�2�:O1;:H3�=�1�PLPL3A/'IRÇw->T':O�jz1|PN3AF_1�S>T�1�2�:<1

� @ Ë�@hg�i�kÌl `5 @�Ë `@ @�Ë \ Ë�@ng�i�kÌl ` ^ g ` É `Í�ÏÎOÐÑi ` É ` � i
¡¢PRF<INFV:O1�W93X?<1�:<?O-(3�K�IQ-(243�:O-{z1DF_:O3�=4IQPL1Uu�1�?wIRF<1�S>T41�2�:<Isx�3�PL->?OIs/'I `

i �Ò` � B Êl � @�7�l�k Ë ��`�Ó
È 3�u4T�PLFO3�K�IQ-(2�1|� Ó GJ-(?<?OILF<u�->24/'1�2�:<1U3�Psx�3�PL->?O1UPQILWAI�:O1 ` Ó � @�7�l�k Ë�x�3�PL1

� Ó �ÕÔ Ë�kL@wÖÕ5'k Ë�7 ±
= ^ M Isu�->24S(3 `×� @�i(i�} ~ 1�?6IQPsu4?<IL24GJILu�IL-X/�IyF_-�x0?H3�u�u�-(F<IQK�IQ-(2�1;/'1�S>PLI�1JØ�1J:_:OI!�4P!� T4FOGJIQ:O3XÙ \!df^ u�T&z-X1�FOF<1�?O1�1�F_u�?O1�FOFO3�GJ-(WA1F<->WAW93A/'1�IyG�->2�:<?OIQ=4T':<IR/�1�?OIQx�3�2�:OIy/�3�PLP!� IL2�S>?O1�FOF_-Aª \!df^ 1�/�3�Py/�ILF_:<T�?O=�-{Ú \!df^ Y

Ù \!df^ � c�Û \edf^ Ú \ed�^�m cDÜ \!df^ ª \ed�^ � c \edf^@ m ` c \!df^ Ú \!df^Rm ` c \!df^@ m ` c \ed�^ ª \!df^
M -�FV:OI�:OT�1�2�/'-9F_Iy->:_:OIQ1�2�1

Ù \edf^ � \ @hgji4k l df^d�\!dnm B ^Vo#m l�i \ 5|g df^Ý ÞJß àc�Û \!df^
Ú \!df^Rm l>i \ 5;g df^d�\!d6m B ^Vo�m l�i \ 5�g df^Ý Þáß àcDÜ \ed�^

ª \ed�^

t 3�PLP!� 3�2�3�PLILF<I>F<x>->PQ:O3h3>P>u�T42(:O-;â ^ FO3�u�u4IL3>WX-wGH�41�u�1�? `×� @�i>inILP(F<INFV:O1�W93Dz1�F_:O3>=�IQPL1>�fu�1�?�GJT�I�IQP(x�3�PL->?O1�3h?<1�S>ILWA1 r(�	\�]_^/'1�PQPe� T4F<G�I�:H3Xu�T&z-91�FOF<1�?O1|G�3�PNGJ->PN3�:O-XF<1�WAu�PLINGJ1�WA1�2(:O1DT':<ILPLIQK�K�3�2�/'-AIQPw´OGJ-(24GJ1�:_:<-�µ�/�Is��T�2�K�IQ-(2�1�/'Is?OILF<u�-�FV:H3A3�?OWX-(2�ING�3�Y
r � \�]_^ � l c�Û \ i ^ym 5�ã cDÜ \Qä B ^ ãVF<IQ2 \�]Rm�å;q�æ�ç cDÜ \Lä B ^éè�^

/'-�x(1 c�Û \ i ^ � @@�i>i Ä cDÜ \Qä B ^ � g;l�i \ 5�g ä B ^@ � l�Ë m 7�l�i ä/�3AG�T�I ã cDÜ \Qä B ^ ã � l>i Ô 5 m Ë4@
Ô @ � l>Ë o m 70l�i o � i�k � 5(5>5>5

åwq�æ�ç cDÜ \Lä B ^éè �ëê g�3�?HGá:O3>2 B5 gj3>?OGJ:O3�2 70l�i@ � l�Ë Öì@(k 7 ± B \ ?H3>/ ^ � Ë�7�kQ@�B(l ³
¡¢Pyx�3>PQ-(?<1U3X?<1�S>ILWX1 r(�	\ ]_^ /'1�PLPe� T4FOGJIQ:O3�z1Dv�T�24/�IyIQP&F_1�S>T�1�2(:O1

r � \ ]_^ Ö�i4k i � m i�k ± 7(7>7(7#F_IL2 \ B ]ym @>k 7 ± B ^
G ^�~ -�FV:O- `�� @�i>i4�0IQPyS(T43>/43�S>24-X/'Iy3>2�1�PLPL-A/�1�PRF<ILF_:<1�W93�z1

` c \ed�^ � l�i \ 5�g d�^d(\ed6m B ^_o
¡¢P�GJ->?O?OILF<u�-(24/'1�2(:O1�/'IN3�S>?H3�WAW93A/'I��w�'v�T�ILF_:;u�1�?���í ç i�Ähî è z1�WA-(F_:<?H3�:O-9IQ2.ï�ILS4}R@(} È � 3>F<IQ2�:O-�:<-9x(1�?<:<ING�3>PQ1�ð�¤A/'1�P
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ï�IQS(T�?O3�@(Y t IN3�S>?H3�WAW93X/'IR�w�'v�T�INFV:;/�1�PyS(T43>/�3>S>2�-X/'IR3>2�1�PLPQ- ` c \ed�^ }
/'IN3�S(?O3>WAWA3X/'Iy�;�0v�T�INF_:Dz1

ð�¤ � @�i(iË�@ ÿ gwi�kÌl|g 5B�� � gwi�k Ë>B4@ ±
t 3�PLP!� 3�2�3�PLILF<I�/'I4F_:O3>=�IQPLIQ:fz3DF<x>->PQ:O3|3�P4u�T�2�:<-�3 ^ F<I4/'1�:<1�?<WAIL243|� 3>G�IQPLWA1�2�:<1hPe� IL2�:<1�?OF<1�K�IQ-(2�1hð��wGJ-(2AP!� 3>FOF_1n?O1�3>PQ1n2�1�S(3�:OIQx(-

ð � � l�i(iB Ê Ö�i�k ± Ë�l�Ë
� 3�PL1UIQ2�:<1�?OF<1�K�IQ-(2�IyF<Is�43XIQ2+GJ-(?<?OINF_u�->24/�1�2�K�3�/'1�PQPN3Xu�T�PNF<3>K�IL->2�1|��� � Ô Ë�kL@ � 5�k Ë>7 ± }

/ ^�~ 1�? `×� @�i(i��'ILPsS>T43(/�3�S(2�-X/�IR3�2�1�PQPL- ` c \!df^ z1UILPRF_1�S>T�1�2�:<1
` c \ed�^ � l�i \ 5�g d�^d(\ed6m B ^_o

¡6/'IL3>S>?H3�WAWAI�3(F_IL2�:<->:<INGJIs/'IR�6-'/'1U/'1�PLPQ1D3>WXu4IQ1�K�K�1U1U/'1�PLPL1�� 3(F_Iy/�1�PsS>T�3>/�3>S>2�-X/'Iy3�2�1�PQPL- ` c \!df^ F_-(2�-XWX-�FV:O?O3�:<I�IL2ï�ILS4}45'}�¡¢PRS>T43(/�3�S(2�-�3(F_IL2�:<-�:OILG�-X/�1�PRF<ILF_:<1�W93�u�1�?w� � 5%z1
ã c ¤ \ 5 ä�^ ã � l>iË4@ � i4k ± @fC �D� gh7�kQ@�BU/'=

1 ^�È � 1�v(T�3�K�IL->241|G�3�?H3�:_:O1�?OILF_:<ING�3X/'1�PRF_INF_:<1�W93X?O1J:<?O-(3>K�IL->243�:<-{z1
@ m ` \ 5|g df^5 d�\!d6m B ^Vo � i

È � 3>24/�3�WA1�2(:O-�v�T43>PQIQ:O3�:<ILx>-�/�1�PsPLT�->S(-�/'1�PQPL1�?H3>/�ILG�I�3>P�x�3>?<IN3�?O1�/'1�P�u43�?H3�WA1J:O?<- ` z1|WA-(F_:<?H3�:O-�IL2�ï�IQS�} � u�1�? `�� i1UIL2	ï�ILS4} � u�1�? `�� i�}¬¡¢P&GJ1�2�:O?<-A/'1�S(PQI&3>F<IQ2�:<->:<Iyð ¤ z1|ILPRF_1�S>T�1�2�:<1
ð ¤ � g 5>i5 � gD@�i

¡�u�T�2�:OI�/'I�/'IQ?H3�W93>K�IL->2�1w/'I�/'1J:O1�?OWAIQ243>2�-DT�S(T43�S(PQIN3�24/�-U3�K�1�?O-DPN3D/'1�?OIQx�3�:O3D/'1�PQPe� 1�v�T43�K�IQ-(2�1wG�3>?O3�:_:<1�?<INF_:<ING�3|?<INF<u�1�:_:<-3(/ d Y bb d�� \ 5Ug df^d�\!dnm B ^ o�� � i É \!dnm B ^Jç d o m B d�m�\ 5|g df^J\ � d�m B ^¢è � i
�
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ï�IQS(T�?H3�7�Y È T�-(S>-A/'1�PLPQ1D?H3>/�ILG�Iy/'1�PLPL3���T�24K�IL->2�1 ` c \ed�^ 3�Psx�3�?OIL3>?<1U/'1�Pyu43�?H3�WA1�:<?O- `�� i�}
/�3AG�T�I \!d�m B ^�\!d o g � d gjB ^ � i
¡#:<?O1Du�T�2�:<IR/�IR/'IL?O3>WA3>K�IL->2�1UF<->2�-Xu�-�F_ILK�IL->2�3�:<IsIL2

� © � gwB4Ä � o � � m Ô 70l5 � 74k Ë(l�7 � Ê � � g Ô 7�l5 � gD@>k Ë(l�7
¡¢PUWAIQ24IQWA-§:<1�WAu�-Ò/�IU3(F<F<1�F_:O3>WA1�2�:<-�£ ¤ F<IU�43�IL2ÕG�->?O?<INF<u�-(24/'1�24K�3�/'1�P|u4T�2�:<-ë/'ID/'IQ?H3�W93>K�IL->2�1 � Ê }���/�1�FOF<-G�->?O?<INF_u�->2�/'1�ILPyx�3�PL->?O1 `×� 7(B4kQ@ �

� ^ ¡¢P�F_INFV:O1�W939�43{T�2.W93�?OS>IL2�1�/'I&� 3>F<1�¯�° � ± i(³|IL2�GJ-(?<?OINF_u�->24/�1�2�K�3X/�1�PLPL39u4T�PLFO3�K�IQ-(2�1D� Ó � i�kýC�l�}n¡¢P&GJ1�2�:<?O-{/'1�PLPL3?O1J:O1U3X?OI�:H3�?H/'-X1�3�2�:<INGJILu�-Ax0IL1�2�1Du�-(F_:<-AIL2�� � u�1�?w24->2�IQ2�:<?O-'/'T�?O?<1UT�PQ:<1�?<IL->?OIsFV� 3(F<3>WA1�2�:<IsIL2+v(T41�Pyu�T42(:O-4}
@

Ô ¨�©H¨ o � � Ó Ä ¨ o � B>¨�© É ¨�© � @� Ó Ô @�i � i�k 7�5�@ ±
È � 3�:_:<1�20T43�K�IQ-(2�1 å 2�1�GJ1�FOFO3�?OIL3�u�1�?�ILWAu�-(?<?O19ILP#W93�?OS>IL2�1{/'I#� 3>F<1{x>-(PQT':O-�z1 å � @��>5'kÌ5�7 � g�C�/�=y} � 3>PQ1{x(1�PL->?O1x0IL1�2�1Uu�-(F_:<-AT�S>T�3�PL1U3>PQPe� 3�:_:O1�20T43>K�IL->2�1D/'1�PQPN3X?<1�:<1DGJ-(?<?O1J:O?<INGJ1|2�1�PRu�T�2�:<-9GJ1�2�:<?H3�PL1>Y

¨�© m ¨ o¦R¨�© m «_­® � @5'kÌ5�7 É ¦ \ @ m « ­« � ^¦ o�m «_­«�� � å
! ©
/�3AG�T�I

¦ o gÒ@�i å ! © ¦ m B � i É ¦ � @�i5 å ! © g#" @�i>i7 å ! o gjB
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