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Arm Interface
Board

Digital axis servo boards

Analog axis servo boards

M M M MM M

Arm cable board

DRV−11 parallel

custom backplane

custom backplane

Power amplifiers
(linear)

Motors
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Digital servo boards Analog servo boards

LSI−11/02
CPU

DLV−11J
quad
serial port
board

DRV−11
parallel
i/o board

Unimate
Arm
Interface
board

Clock
terminator
board

Arm
cable
board

J1 J2 J3 J4 J5 J6 J1 J2 J3 J4 J5 J6

VAL host computer 39 40 41 42 43 44 45 48 49 50 51 52 53 54 57 58

Paddle boards,
current demand
to drivers
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Arm
Interface
Board

16

16
Data in

Data out

CSR0 (cmd/data)

REQB (error)

REQA (ready)

NDR
(New data ready)

DTRANS
(Data transferred)

Servo data

SEL

CMD

INTTOL

/ATTN

XFER_REQ

/HIBYTE

/DATASTB

8

6

4

6

6

to digital servo boards via the
Puma backplane

to HOST computer via
ribbon cables
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U1F
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ê
count
U6D
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Data in

Data out
Servo data
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CSR0

NDR

/XFER_ACK

SEL

CMD

WJCRL

REQA

servo data

/XFER_REQ

NMI

/CTUP

joint 0
interrupted

joint 1
interrupted

joint 2
interrupted

joint 0 joint 1 joint 2

joint address
counter incremented

2 bytes of data
written by digital servo

command latched

for vector mode only

DTRANS

Command written

Host reads
data from 
joint 0

Host reads
data from 
joint 1

Ò 05L9?IHJP�kWfq¬«�=N�02op0K8ML¯ZIP£EJ>D05T74�;B69H�1YPRCFEJ69H$o¼6WZIP&HJPR>DZI0K8ML3f

8@?Ior[°P£H&ÀMPRT7Z
§�69;�E S
PO4 P£H 1Y6\CR69o^o¼>98
Z:¸�69HJZ�f y SMP£8¹E S
POC�>9HFZ�054�4 P�T5PRCFEJPRZã>98MZÊå�¬«®Wô�ó ó3ô3õ\074
>D4 4 P£H EJPRZ¼E SMP�>9»3074 l HJ6WC�PR4 4 69H&054�0K8@EFPFH HG? l EJPRZ�f

3���û�� [I?M4RfaNeSM054 [I?
4e054 l HJ6R1*05ZIPRZ\0K8 l >9HJ>DT5T5P�TMEJ6O>DT5T�4 PFHG1Y6¯C�>9HJZA4e>98MZ´054e>DC£EJPRZ¼? l 698:698MT2U^[WU¼EGSMP
4 P�T5PRCFEJPRZpC�>9HJZ�f NeSMP�CR69o�op>98MZ:C�698M4G074bEF4e69;Q[M0KEJ4�¬OEJ6pjO69;QE SMP�4 P£H 1Y6^C�69o^op>98MZp¸e69HJZ�f

3×� ö�÷�ø � ¨ ���;� [I?M4Rf�NeSM054�[M05ZI0KHJP�C£EJ05698M>DT ¿ ÂB[M0KE&[I?M4&054�?M4 PRZ´EJ6¯E HJ>98M4b;ûPFH � ²9ÂB[
02EJ4�69;=ZI>9EF>r[�P£E¦¸�PRPF8
E SMP�« 6D0K8WE�4 P£H 1Y6´CR>9HJZI4�>98MZãE SMP¯>9H o 028WEJP£H ;B>DCRPOC�>9HFZ�f Ò 69Hg4 PFHG1Y6´C�>9HFZ�¸�HF02EJPR4R_°4 05L98M>DTJå�æ@çè¤�é ¯ ô028MZA07CR>9EJPR4·¸�S
07C S�[@UWEJP^E SMP^>9H o}0K8@EJP£H ;B>DCRP¯oO?M4bErT7>9EFC Sé>98MZzå � ö ¯ ö ��¯ ¤¹T5>9EJC SMPR4�EGSMP¼ZA>9EJ>3f Ò 69H
HJP�>DZA028ML3_;å�æ@çè¤�é ¯ ô^4 P�T5PRCFEJ4�¸�SM05C S´[WU@EJP&E S
P�>9H oò0K8WEJPFHG;B>DC�P&oO?
4bEeoO?
T2EJ0 l T5PF»p698WEJ6OE SMP�ZI>9EJ>O[A?M4Rf

3 ç ¦�¯±¯«ù ª�[A?M4Rf¹NeSM054�[I?
4�SM>D4¯698MPæT70K8MP l P£H¯4 P£H 1Y6ãCR>9HJZ�f
ª=>DC Sé[°6D>9HFZÓ>D4 4 P£H EJ4O0KEJ4OT50K8MP¹¥B>DC£EJ0K1YP
SM07L9S°§ ¸�SMP£8\EGSMP�028IÂBEF6DT7P£HJ>98MCRP�C�698MZA02EJ05698´054eE HG?MPDfaNeSM054e054e?M4b?
>DT7TKU¼¸$SMPF8æE SMP�P£8MC�6WZIP£HJ4e0K8MZI05CR>9EJP
E SMPO« 6D0K8WE¼054¯¸&0KE SM0K8Æ>�4 l P�CR0KÀMP�ZéZA074bEF>98MC�Pæ;�HJ69o EGSMP´ZIPR4bEJ0K8M>9EJ05698 ¥B4 P£E EJ>9[MT5P¼[WUéE SMP�(*ª=N�) � N
C�69o^op>98MZM§£f

3 ö ¯�¯±¦ [A?M4Rf¼NeSM054�[I?M4�074g4 02op05T7>9H�EJ6\EGSMP�ç ¦�¯�¯ ù ª�[I?M4Rf¼cþ[�6D>9HJZÁ>D4 4 P£H EJ4�0KEJ4�ö ¯±¯�¦ T5028MP�¥B>DC£EJ0K1YP
T76R¸�§Í¸$SMPF8p0KE�S
>D4e>98æPFH HF69HeCR698MZI0KEJ05698³_@69H�S
>D4eZIP£EJPRCFEJPRZ¯>OÇRPFHF6O028
ZIPF»r¸�SMP£8\0K8¼SW?I8WEeÇRP£HJ6�0K8MZIP£»
o¼6WZIP�f�NeSMP�T56DLD07CR>DT�-�+Æ69;³>DT7TAö ¯�¯±¦ T70K8MPR4 054=>�1D>D05T5>9[MT7P$>D4 E S
P�ó3ô*õ�¤¯4 05L98M>DTM69;�E SMP�>9H oþ0K8@EFPFH ;û>DC�P�f

Ò 05L9?IHJPR4&kWfq¬^>98MZãkWf¶®^4bSM6�¸/ZAPFEJ>D05T54�69;QE SMP�EJ0Ko¼0K8ML�HFP�T5>9EJ05698M4bSM0 l 4�0K8@1Y6DTK1YPRZ�028´HFP�>DZI0K8ML^>98MZ\¸$HJ02EF028MLOEF6
E SMP�>9»3074 l HJ6@CRPR4 4 69HJ4Rf
³¥´¶µ�´�� �.¾J¼2ïÞ¹�î Ü�¹r¿ôÝÞî�ÝìÜ�¼�ï%ò ¹¥¾�ð�Ù0Û�Ü�Ù;Û
NeSMP$c&)¦¤ÿCR698@EJ>D0K8M4=>98æc&.�'�i ¿3� ² � ²�C SM>98I8
P�T ¿ ÂB[
02E�c&.�'È;û69HeZI05LD0KEJ07ÇR0K8ML=« 6D028WE l 69EJPF8WEJ0569opPFEJP£Ha4 05L98M>DT54Rf
<�69HJP�o¼6WZIP£H 8:<:>9HGX � CR698@EGHJ6DT7T5P£HJ4R_*028
C�TK?MZI0K8ML�E S
6D4 P&[I?M05T2E�[@U Ý >R¸e>D4G>9X*0û_3?IEF07T507ÇRP�> � i9ÂB[M0KE&C�698W1YP£H EJP£Hsf
NeSMP$c&.�'ù69?IE l ?AE=074=E HJ0KÂ¢4bEJ>9EJPRZ¯698WEJ6�E S
P�028WEJP£H 8M>DTIZA>9EJ>·[A?M4a¸�SMP£8¼0KE�074aHJPR>DZ�_�[I?IE�698MTKU¯E SMP$T76R¸|69HJZAPFH
¿ 69H � i9ÂB[M0KEJ4�>9HJP�4 05L98M0KÀMC�>98WEsfaNeSMP�C�698W1YP£H EJP£H�SM>D4�> � iDi § 4�C�698W1YP£HJ4 05698´EJ0Ko¼P�f

� h



CSR0

NDR

/XFER_ACK
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servo data

/XFER_REQ

NMI

/CTUP

joint 0
interrupted

joint 1
interrupted

joint 2
interrupted

joint 0 joint 1 joint 2

joint address
counter incremented

2 bytes of data
read by digital servo

command latched

Command
written

Joint 0
data written

Joint 1
data written

Joint 2
data written
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pos: B 0.007581, f 0.545064, r2 0.979807

neg: B 0.005757, f -0.307835, r2 0.975420

peqsr0tvu�w�¾�ynx�{µ�µwP�A�Tt´u�wP�È�&�0�K�0uÅ�Kt´ucu�w>�)�k¤¸�A�K�ct5�A���9�/���0���0uÅ�L­)tv���Å¹-�A�9���ArAw ¥±¹-w>u��Tt5�NÃc�Aq¡���Å¹-wH�����Pq9�3�/°��0u
Ãc�Aq9�)��x�yZ�e})�^w>u�q9�&w>�����A�����Aq9�����`�0��� ��q9��wH�`�0° ² wH�T�`Úv���0u�w·�L­��P®~�Fy

&-�Aq9�)� ¬?·Â ¬ ·
r ® · ¬ ¹Â ¬ ¹

r ® ¹ ®
� ��y À0� Ý ��yÿÁA¾ À � yÿÁ � w>Âa¾ Âa��y À £A£ Âa��yÿ¾AÝ À Â � yÿÁAÝAwKÂa¾ � yÿÁA£Aw>Âa¾
x ��y � Á � ��y � x � ��yÿÝ-x0£Aw>Âa¾ ÂaÝ À y � w>Âa¾ Â3z0��yÙÝAw>Âa¾ Âa��y<z0� À wKÂa¾ ��yÙ£ � z0w>Âa¾
¾ ��y �P� Á ��y � � À � y<z0£Aw>Âa¾ Âa��y � À £ Âa��y � ¾-x Âa��yÿÝ-zAx0wKÂa¾ � yÿ¾A£Aw>Âa¾
Á � Á�y<z0wKÂa¾ �A� ynx0w>Âa¾ � Á�yÿÁAw>Â � Â3x � yÙ£Aw>Âa¾ Â �P� yÙÝAw>Âa¾ Â3zAz�yÿÝAwKÂ � z � y<x0w>Â �
À À y<zAx0wKÂa¾ Ý�ynx � w>Âa¾ ÝA¾�yÿÁAw>Â � Â � ¾�y � w>Âa¾ Â � Á�y À w>Âa¾ Â3z � yÿ£AwKÂ � £-x�y � w>Â �
� À yÿÁAÁAwKÂa¾ ¾�yÙÝ � w>Âa¾ ÁA��yÿ¾Aw>Â � ÂaÝ�ynx � w>Âa¾ Â � ��y À w>Âa¾ Âa¾A¾�y � wKÂ � ¾ � y<z0w>Â �

§F� ² �swN¾�y � { �µwP�A�Tt´u�wP�Å°�uKq��>��qs�0���5�0u��0��wK��w>u�� 1 ���0���0u]u�wK°¸wKu�w>���HwP�k¤¸½~� �0���&½~����� uK�A��¥>yß�ß�A�cq¡�Kq¡¹-wN�0���
��wHrA�0��q9¹-wZÃm�Aq¡��� ¹-wH�s�)�Hq¡�3���0u�wbq¡�5�vq��H�0��wH� ² �"�c­�wb�Tt´��w>u��c�>u�q9�v���Hy�§�­�wb�P�A�9tv�"� ® q����c­�wN��wH�0�¶�0°È® · �0���® ¹ y
§`­�wà�P¹-w>u��ArAwÅ�T��qs�K�Kq��0���H¹-wKuàx0�¶�cu�qs�A�s�~®`�A�b���0Ü-w>��y·§`­�w¿�L���0���v�0u��µ�´wK¹�q��0�Kq��0��®��A��¹-w>uc�k­�qsr0­�°��0u]Ãc�Aq9�)�
� ªv�0u��0tv��� �P��Á �0°F�m­�w���wH�0��ª+�P�0�"���0uKwP����� À%Á �0°F�c­�wb��wP�0�¬°��0u~�c­�wb®~u�qs�T�ßÃc�Aq¡�����Hy

*Ä(�' É >B2">6;
§`­�w �ßt´�&��u�� ² �0�"t��cwH�à�3®��/�vq9¼BwKuKwK�����cq�èHwµ�0°b���0���0u 1 �0��wk°��0u"�c­�w ² �A�cwµ�0}�wP��¤<Ãc�Aq9�)�K� � Âa¾-¥��0���
�0���0�c­5wKu]°��0u]�c­�w`®~uKq��T���0}�wP�b¤<Ãc�Aq9�)�K� Á0Â � ¥>ye�b�0���¿�0�¶�m­�wP�mw`���0���0u��]q��]�vq ¾&�>t��9�����·Úv�5�^ª)�0���"�c­�w~���0���0u��
�c­�w>���cwH�¡¹-wH�e�0u�w~tv���s� ² wP�swH�^y:§`­�w>u�w~qs� �T�^wH�Kt5���0��qs�0�"� ² �0tv���c­�w`���0��tv°��A�>�ctvu�w>u��0���"���)�vwH�vq9� ø � úSª)�0����q¡�
qs� �T�mu��0��rA�9�Åuctv���0u�wH���c­5�0�Z�m­�w~���0���0u��]�0u�weMn�T�^wH�Pqs�A�s� N ���0�)t´°��A�K�mtvu�wH� ² ������wH�>�cu����Ku��0°î�Z°¸�0u ¢ ��q9���0��qs�0��y
ºa�"q��Å�H�0���HwPq9¹A� ² �sw��m­��0�Å�vq9¼BwKuKwK���Å�S���^wP�à�0°N�&�0�K�0uÅ­��P¹-w ² wHwK�(t��cwH� ² � ¢ ��q9�&�0�Kq��0�$�H¹-wKu"�c­�w"�-wH�0u��Hy
§F�0uc�¯�0���$»`w3Ãc�HèK�$w>���A��y¹ø � z�ª � Ý�úb­��P¹-wk�´t ² �sq��T­5wP���cw>¹-w>u��A�~���0�^wKuK���0�©���0��q9�vt��s�0���0u��P�0���cu��A� ² �A�mwP�
�0�Û�c­5wà°ît������+�����0��qs�à�����vwH�Z�0�5�Û�Pq9��w"�c�0tvuK�PwH�¿�0°~���0���0uÊ���0u��0��wK�KwKuà�v�0���µ�A�¿§F�0um�Ûw>�Å�A��ycø � £�ú`�0���ò·���0u�øÙ£�úayÛ§`­�w�°��0uc��wKuà­��A�Å�����0�c�cu�q ² tv��qs�0�/°¸�0uÅ�&�0�K�0uÅ���0u��0��wK�KwKuÅ�´�0����ë«t��0�KwP�^ªe®~­�qs��w��c­�w����0�c�KwKu
ë-t��0��wH�ËÊS���0�)tv°¸�A�K�ct´u�wKu N ���T�^wP�Hq¡Ú5�P�0��qs�0����ÌÊ°��0u~�c­�w ² �A�cw����0���0u��~�0���9�)y §`­�w��c�0tvu��Hw·�0°�§ß�0uc� N �~�v�0���Å°��0u
�c­�w"®~u�qs�T�Ê�&�0�K�0u�� ø � Ý�ú~qs�¿���0�ÅrAq9¹-wK��y ê��P®��A�c�0Ü�q`���0�)t´°��A�K�mtvu�w¿�c­�w��etv��� À0� � t´���vw>uÅ��qs�HwK���Hw«ª��0���
�v�0���"�0�µ�c­5w����0���0u���t��cwH�µq¡�k�m­��0�~���A�c­�q9��w·®��A�~�vu��H¹+qs�vwH� ² �¬�c­�w������H�A�:�vqs�T�cu�q ² tv�K�0u7yZ§`­��A�mw·���0���0u��
�0u�wk§ß�0�&�ArA�H®`�È§~½N¾A� À ¾A½á°��0u"�c­5w ² �A�cw«ª`�0���$§~½N¾A� À x0½á°��0uÅ�m­�w¶®~u�qs�T�7y bN�P®�wK¹-w>u¬�c�0��wk�0°b�c­�wH�cw
���0u��0��w>��w>u��`�0�v�^wH�0u~�vq9¼Bw>u�wK���~���¿�m­��A�cwbë«t5�0��wP� ² �¬§F�0uc� �0����ò·���0u7y

xAz



+
Ωl

1

G

1

Jeffs B+
Km

-

Ωm

τC

Im

armature
dynamics

Coulomb
friction

gearbox

τm τ

τdist

peqsr0tvu�w±¾�yÿ¾�{l»������cÜ��vqs�Ar0u��0� �0°Z���0���0ub��wH�c­��0��qs�P�A���+�)�5�0�&qs�H�Hy
¬ h�Í Â Ï u�w>�vu�wH�cw>�)���N�́ q��T�mtvu ² �0���Hwb���0u�ë-t�w

�+t�wN���"�s�A�A�¶°��0u��HwH�̀ �0uNtv�v�����vwH��wH�&���)���0��qs�P� y

|©�P�0�"���sw>��w ² �����cÜ±�́ q��Ar0u��0� �0°��c­�w]���0���0ue�T���T��w>� �+�)�5�0�&qs�H�Fq��e�L­��P®~�"q9�Åpeqsr0tvu�w�¾�yÙ¾b�0���Å�A�c�Ltv��wP�
�&uKq�rAqs�µ�cu��0���T��qs�c�cqs�0��y�§̀ ­5w±���0���0ub���0u�ë-t�w¿�H�0���T���0���7ª¦Î {Êª�qs�·�¬rA�Aq¡���c­��0�bu�wH�s�0��wP�N���0���0u��>tvucu�w>�)�N�K�
�0uc���0�ctvuKwl�K�0u�ë«t5w ¬

{©é7Î {�ùR{ ¤̧ ¾�yÙ¾-¥
�0���kqs�̀ °��A�s�s�P®�wP� ² �¬�¿Úvu��T�cÂa�0uK�vwKul�T���ArAwbu�w>�vu�wH�cwK����q9��r±�c­5w��0um�&�0�mtvu�wb�+�����0��q��H�

Ï {©é
¬

ÐÒÑ ­#­ ÷Q}=® ¤¸¾�yÙÁ-¥

®~­�w>u�w Ï {ýqs�`���0���0u~¹-wH�����Hq¡�3�-ªoÐÒÑ ­#­ �m­�w·w>¼BwH�K��q9¹-w�q¡��w>uc��qs�¿�+t5w����¿�m­�w·�0um�&�0�mtvu�wb�0���k�sq¡�´ÜBªv�0����®Ä�m­�w
¹�q��c�H�0t��`°îu�q��>��qs�0�¶��t�w��K�¿�&�0�K�0uN�0���&�mu��0���T��qs�c�cqs�0��y�§�­�w·�m�0Âa�P�A�s��wH�ÔÓÖÕs×�ØÚÙ�Û|Ü�×sÙ�Ý�Þ?ß�ÝÆÕ�q��lrAq¡¹-w>� ² �

õa{©é x ®ÐÒÑ ­#­ ¤¸¾�y À ¥

� �0t��s�0� ² °�u�qs�K�Kq��0��ª
¬ ±
ª:�vwH�c�>u�q ² wH� ² �$¤�¾�y<xA¥>ª:qs�±�¶���0�´Âa��q9��wH�0u·°�t´���K�Kq��0���0°]¹-wP�s�)�Hq9�S���c­��0�Ê�0�v�^�A�cwH���m­�w

�0uc���0�ctvuKw ���0u�ë-t�w«y�§�­�w`°�u�qs�>��q��0���0���"q¡��w>uc��qs�b���0u��0��wK�KwKu��e�0uKw~�¡t´���^wH�±¹A�A�9t�wH�ßuKwK�vuKwP�cw>����q¡�5r~�c­�w`���0���0u
q9���cwH�¡°��0���b�c­�wF�cuK�0���T��q��m�cq��0�b��wH�c­��0��qs�T��y�peq¡���A�s�9�-ªK�c­5wKu�weqs�^�`u�wH�+t��>��q��0��rAwH�0u:�����+u�q9¹-wF�c­�wF���0��q9�vt��s�0���0u
�sq¡�vÜ�y

|~�"wHë«t5q¡¹A�A�sw>�)�ß�Pq9u��>t�q¡��°��0uF�c­5wZ�mwKuc¹-�N���0���0ueqs�FrAq9¹-wK��q¡�Åpeqsr0tvu�w]¾�yÿÁ�y�§`­5q��F�L­��P®N���&�0�K�0ueq¡�"�^wH�v�0���Hw
�H�0���´u�q��mq¡��rbu�wH�cqs�T���0���HwAª�à6{�ª+�+t5w~���±�c­�wN�0um�&�0�mtvu�w`®Nq9���vq9��r��0��� ² uct��T­�wH�Hª«�0�5�&q9���+t��>���0���Hw«ªÒá�{Êª���t�w
�����c­�wN�0uc���0�ctvuKw~®Nq¡�5�vq¡�5r�y3à Â qs���c­�wN�T­�tv��� u�wH�cqs�T���0u�®~­�qs�c­��vu��P¹�qs�vwP���c­�wN�>tvucuKwK����°�wPwH� ² �A�cÜ"�mq�r0���A�v�K�
�c­�w��>tvucu�w>�)�������0��y`§`­�w�wP�swH�K�cuKq��H�A�����)���0��qs�P�l�0u�w±w>� ² �)�´q�wH�¶q9�k�c­�wbu�wH���0�Kq��0���L­�q¡� °��0u~���0���0uN��w>uc��q¡�5�A�
¹-�A�9���ArAw

�T{¯éK÷�Î§{�â�} ÷�áÔ{�ãm{�} ¤	à Â }Tà¹{�¥�ãg{ } � ± ¤¸¾�y � ¥
®~­�qs�c­Å­��A���H�0���^�0��w>�����F�+t�w]��� ² �A�cÜÅ�]�µp�ªdq9���+t��>���0���HwAª u�wH�cqs�T���0���Hw`�0���9×sß�Ûåä�Ù�×�äÚÞåß%ä�Õ�Û?äæÜªÙ�Ýåç�Ü è�Õ�évÕ�Û¦×sÕ
u�wH�T�^wP�>��q9¹-wP�9�)yZ§`­�w����0�m��wKu�q��N�"�T���A�s���H�0���T���0���~¹-�A�9���ArAw¿�+uK�0��ª��3����q��H�A�s�¡�¬�0u��0tv��� � ��� � y À � ø Ý�úSª�®~­5q��c­
®Nqs��� ² w�q�r0���0uKwP�¶­5wKu�w«yß§�­�wb�c�0Âa�P�A�s�swP�=Õ�ÝÆÕs×�äæé�Üª×sÙ�Ý"Þåß�ÝÆÕ`qs�~rAq9¹-wK� ² �

õ Ñ é x à6{áÔ{ ¤¸¾�ynzA¥

x0£



E

R

Lmim
Rm

s

b
ê

s

Ec

mv

v

peqsr0tvu�wb¾�yÿÁ�{`�+�c­�w>���0��q��N�0°ß�&�0�K�0uNwP�swH�K�cuKq��H�A���&���vwH��y

�F�0uK�0�&w>��w>u |~uc���T�cu��0�5r §F�0uc� ê��P®��A�c�0Ü�q �eu�w>°�w>ucu�wH�Ð�{ n x0Ý � w>Â � � ÝA£0Â � x0�A�AwKÂ � x0�A�Aw>Â �Ð�{ 
 ÁA�AÝAw>Â � x0�A¾Aw>Â � x0�A�AwKÂ � x0�A�Aw>Â �Ð�{ ë x0ÝAÝAw>Â � x0�-x0w>Â � x0�A�AwKÂ � x0�A�Aw>Â �Ð�{�ì ¾ À w>Â � � £�yÙ¾Aw>Â � x0�AwKÂ � ¾A¾Aw>Â �Ð�{ í ¾ À w>Â � � £�yÙ¾Aw>Â � x0�AwKÂ � ¾A¾Aw>Â �Ð�{ î ¾A¾Aw>Â � � £�yÙ¾Aw>Â � x0�AwKÂ � ¾A¾Aw>Â �
§F� ² �sw]¾�ynx�{ � �0�"���0u�qs�c�0�Å�0°´�&�0�K�0uFq9��wKum��q��~¹«�A�¡t�wH��°îu��0�É�cw>¹-wKu��A���c�0tvu��HwH� 1 ���0���0uFu�w>°�w>u�wK�5�PwH��¤dÜ+re� 
 ¥>y
Zßíîì�í]\ �døZû´üdó)ñ�õ
§`­�w>u�wN�0u�wb�3®`�¿�H�0�"�^�0��wK�����]�0°Fq9��w>uc��qs�ÈM<�cwPw>� N)² ���m­�w~���0���0u7yZ�N��wbqs�`�+t�wN���Ê�c­�w~�c­�wNu�qsrAqs�+Â ² �)�+�"�sq9�vÜ
�+�����0��q��H�¦MÙu�w���wH�K�KwP� N �c­vu��0t�r0­��c­�wNrAwH�0u~�L�+�T�KwK��ª)�0���"�c­�wN�0�c­5wKu��+t�wN�����c­�w~u��0���0�Kq¡��rà�0uc���0�ctvu�w«y�§�­�w
���0���A��q9��wKum��q��l�cwK�K���c­�w�tv�v�^w>u ² �0tv�5�±�0�Å�A�H�PwH�swKu��0�Kq��0��ªA�0���¿�A�s�c�N�0¼BwH�K�����c­�w]�����P�0�Kq��0�à�0°v�c­�w���wP�c­��0�5q��H�A�
�^�A��w ² � ¤�¾�y À ¥>y

�+w>¹-w>u��A���m�0tvu��HwP�~�0°��0um�&�0�mtvu�wbq¡�5wKuc�Kq��Å�v�0�K�Å�0u�w±�H�0�"���0u�wH�¶q9�µ§F� ² �sw·¾�y<x�y`|~uc���T�cu��0�5r N �1øÿx�ú�¹A�A�¡t5wP�
¤��s�A�A�/u�w>°�w>u�wK�5�PwH�/�0���(q¡���H�9t��vq9��rk�cu��0���L�&qs�c�cqs�0�Èq¡��w>uc��qs�-¥·®�wKuKw&�vq9¹�q��vwH� ² �=ï 
Í ªß°�u��0� §F� ² �sw�|Êynx�ªß�K�
rAq9¹-w~�c­�w ¹«�A�¡t�wH�e��� ² t��s�0��wH�^yF§`­�wH�cw`wH�T��q9���0��wP�e�0uKw ² �A�cwH���0�"���0�K�A�vq¡�5wKuc�Kq��N��wP�A�Ltvu�wH���0���c­5wFÃc�Aq9�)�e®Nq9�c­
wH�T��q9�&�0�KwP�Ê��q9�vÜ�q¡�5wKuc�Kq��N�Tt ² �cu��A�>��wH�·�0���àq��e�Tt ² ÃcwH�>�:���Nr0u�wH�0��wH�T�ew>ucu��0uF®l­�wKuKwZ�sq9�vÜ±q9��w>uc��qs�~qs�:­�qsr0­�y�pvuK�0�
Ü����P®N�swH�vrAw`�0°����0���0ue�mq¡��qs���0u�q9�3�·�c­5w ¹A�A�9t�w�°��0ue���0���0u]xN�cwPw>���F�0���0���A�s�0t��Hy����A�9t�wH�erAq¡¹-w>� ² �¿§F�0uc��ø � £�ú
�0u�w ² �A�cwH�k�0���0�µtv�vÜ����P®l�µ�c�0tvu��Hw��0°��v�0���Å°��0uN�0uc���0�ct´u�w·q9��w>uc��qs��ª ² tv�N�A�s�c�"q¡���H�9t��vwb�0��wP�L��q¡���0��wb°��0u
�c­�wÊq¡�5wKuc�Kq��"�0°e�c­�wÊ�T­��0°��K�N�0���µrAwP�0uK���0°��c­5w��cuK�0���T��q��m�cq��0���T�+�L��wK� °��0uN�c­5w ² �A�cwà�0}+wH�Hyl§�­�wP�mw±q9��wKum��q��
�H�0�)�cuKq ² t´��q��0�5�¿�0u�w¶rAw>��w>u��A�s�¡�(��wH�c�Å�c­��0�$x Á �0°N�c­�w����0���A�`�0�5� �H�0t��s�Û�vu��A�>��qs�P�A�s�¡� ² w¶qsr0���0u�wH�^y(§�­�w
¹-w>uc�k�vq9¼Bw>u�wK���NwH�T��q9���0��wP���0°��0uc���0�ctvu�wbq9��w>uc��qs�ÅrAq¡¹-w>��q¡� �c­�w���q9��w>u��0�ctvu�wN���P�¬u�w���wP�>�~�´q¡¼Bw>u�w>�)�~�����vwH���
�0°����0���0ubt��cwH�µq¡���c­�w�u�� ² �0���b�P�0�5�Pw>uc��wH�^y�§`­5w·�vu�w>°�w>ucu�wH�¶¹A�A�9t�wH�l°¸�0u��m­�w ² �A�mw¿�0}+wH���0u�w ² �A�cwH���0���
�H�0���cw>���Tt��b�0°]�&�0��tv°��A�>�ctvuKwKuN¹A�A�9t�wH��uK�0�c­�w>u��m­��0�/|~um�&�L�cu��0��r�ª��+t5w±���&�m­�wÅ�P�swH�0u��¡���0�5�0�&�A�s�0t��b¹A�A�9t�w
�0°e�0��w��0°F­�qs� ² �A�mw����0���0ulq¡��w>uc��qs�¿wH�T��q9���0��wP� y�ºa��w>uc��qs�Å�0°F�c­�wb�+u�q9¹-w��T­��0°��7ª���w>}�q ² �swb�P�0t´����q9��r¿�0�5�krAwP�0u
®Nqs��� ² w`���0u�wN�mq�r0��q9Ú��H�0�)��°��0u]�c­�w�®~u�qs�T�]�0}+wH�HyZpvu�wHë-t�wK�5�K�Êu�wP�L���0�5�cw`��wP�A�Ltvu�w>�&w>�����eq¡� �+wH�K�Kq��0��¾�yÿÁ¿�0u�w
�H�0���cqs�T��w>�)�N®Nq9�c­µ�c­5w±­�qsr0­�wKub¹A�A�9t�wH�b�0° |~um�&�L�cu��0��r��0���µ�c­�w>u�w>°��0u�w·�m­�wP�mw±�0u�w¿���0Ü-w>���A���m­�w·�vuKwK°�w>ucu�wH�
¹A�A�9t�wH�Hy

� ­5�0��rAwNq¡���sq¡�´Ü"q¡��w>uc��qs�N®Nq9�c­��P�0�vÚ5r0tvu��0��qs�0�"­��A� �Ê�cqsr0��q¡Ú5�P�0���]wK¼BwH�K���0���c­�w~�+�����0��qs�P���0°^�c­�w~�0}�q��
�H�0�)�cuK�A�������0�¶�0�5�¶�>u�wP�0�KwP���¿�cqsr0��q9Ú��H�0�)���c­��A�s��w>��rAw~°��0u��P�0���cu��A���´wP�cqsr0�¬q¡°�q¡��qs�Z���Ê�A�c­�qswK¹-wb�T��� ² q��sq¡�3�Å�0���
�^wKum°��0uc���0���HwN�P¹-w>uN�c­�wbwK����q9u�w��P�0�vÚ5r0tvu��0��qs�0�k�T�5�A�Pw«y

x0Ý



�F�0u��0��w>��wKu |~um�&�L�cu��0��r �F�0t��Qø �P� ú � �+º3�~�Î { x ��y � £AÝ ��ynx ÀAÀ ��y<xAx0¾Î { Ã ��ynx � Ý ��ynxAx0� ��y<xAx �Î {'ð ��ynx0�-x ��ynx0¾AÝ ��y<x0ÁA�Î {òñ ��yÙ�-z À ��yÙ�-z0£ ��yÿ� � ÝÎ {'ó ��yÙ� �A� ��yÙ�-z0� ��yÿ�-zAxÎ {'ô ��yÙ� �A� ��yÙ�-z0Ý ��yÿ� �A�
§F� ² �sw·¾�yÿ¾�{ �µwP�A�Ltvu�wH�&���0���0u`�K�0u�ë«t5w·�H�0���T���0�����]ÂZ���0���0u�u�w>°�wKuKwK���HwH��¤�½~�¬�0|b¥>y

Zßíîì�í�ì 
N÷^ü�õXÒZû(ù+÷�øÔ_ ó«õ�ø:ó
p��0uN�¿�^w>uc���0��wK���]�&�Ar0�5wK�N� � ���0���0ul�c­�wN���0u�ë-t�w��0��� ² �A�cÜ �]� p(�0u�w±rAq9¹-wK� ² �zø Ý�ú¬

é öx�÷�ø ù { éiÎ { ù { ¤¸¾�yÙ£-¥

��ù é öx�÷�ø ¯° éiÎ {ú¯° ¤¸¾�yÙÝ-¥
®~­�w>u�w ø q��b�c­�wÊ�&�Ar0�5wK��qs�2�´tv}µ�+t�wÊ���&�c­5w±Ú�wH���^ª ö �c­�wÊ�)tv� ² w>ub�0°��0uc���0�ctvu�w�®Nq¡�5�vq¡�5rA�Hª5�0��� ° �m­�w
���0���0u��T­��0°��b�0�5rA��w«y·º¸°��¬�P�0�5�cq��L��wK���b�cw>�b�0°�tv��q9���Nq��Nt��mwP�^ªB�Tt��c­��A�Ê�+º�ªv�c­�w>�µ�c­�w±�K�0u�ë«t5w±�H�0���T���0����q¡�
½~�¬�0|É�0��� ² �A�cÜ�Âa�]� p��H�0���T�K�0�)�lq¡�k�b�K� u��A�¶®Nqs���B­��H¹-w·�c­�wb�c�0��wb�)t´�&w>u�qs�P�A��¹A�A�9t�w«yû é�ÓÖÙ%äæüÚévÕ�évÕsÙ�×�äæÜªß�Û�q��F�m­�wZ®�wH�0Ü-wK��q9��rb�0°��c­�w �vtv}Ê�vw>���cq9�S�à�0°��c­�w���w>uc���0��w>�)�����Ar0��wK�eÚ5wP�s�^ª ² �±�m­�w
���µp ¤�ÓÖÙ�ý%Û¦Õ�ä�ß�þ�ÓÖß%äæÜ0ÿ�Õ���ß�év×sÕ]�&wH�A�TtvuKwP�kq9�µ|~�"�opw>u�w>Â��ctvuc�5��¥`�+t�wb���"�0uc���0�ctvuKw·�>tvucu�w>���7y §`­�qs�N�P�0t5���
�^�0��w>�)��qs�A�s�¡���H�0t��cwÅ�c­�w"���0u�ë-t�w"�P�0�5�T���0���±���µ�vwH�>u�wP�A�mw��A�Å�0um�&�0�mtvu�wÅ�>tvucu�w>�)�àq��àq¡���>u�wH�A�cwH�^y8bN�H®`w>¹-w>u
�A�H�P�0u��´q¡��r¬���kê�wK�AÃm� ø Ý�ú]�c­�w��´tv}��vwK�5�cq¡�3��q9���KuKwP�A�cwH���0�Å�0��w"wK�5�/�0°`�m­�w¿�^�A��w"�0���È�vwP�>u�wH�A�cwH�±�0�±�m­�w
�0�c­�w>u7ª«���Aq9�)���Aq9��q9��r·�m­�wN�P¹-w>u��ArAw��vtv}"�vw>���cq9�S�)ye�)­��0t��s���m­�w,�vtv}"�vw>���cq9�3� ² wH�H�0�&w~�K�)�Ê���H® �0�~�0�5w�w>���
�0°`�m­�wÅ���A�sw«ª^�^w>uc���0��wK�����vw>Â��&�Ar0�5wK��qsèH�0��q��0�È�H�0���)�H�>tvu7y¶| °�u�wHë«t5wK���±�H�0t��cw"�0°l�vwKÂ����Ar0��w>��qsèP�0�Kq��0�Èq��
�P¹-w>ucÂa�>tvucu�w>���·�0���T�K�0uc��q9��r"�0u·��tvu�q9��r&�´wP�HwP�sw>u��0��qs�0��yl| u�wP��t��K�Kq��0���0°��vtv} �vw>���cq9�S�µ�swH�A�v�N����uKwP�+t5�K��qs�0�
�0°F���0uKë«t�wb�H�0���T���0��� ² � ¤¸¾�yÙ£-¥>y

§F� ² ��w¿¾�yÿ¾k�H�0�"���0u�wH�l��wH�A�Ttvu�w>��wK�����N�0°����0u�ë-t�w¿�H�0���T�K�0�)�Ê�0°��c­�w±u�� ² �0�bt��cwH��q¡���c­�qs�N®`�0umÜBª5®Nq9�c­
�c­��A�mwZ� ² ���Aq¡�5wP� ² ���0�c­�w>u:uKwP�cwH�0u��c­�w>u��^°��0uF�0�c­5wKuß�ßt´�&� À0� �~uK� ² �0�K�Hy:§`­�we¹A�A�9t�wP��q¡�Ê�c­�w��H�A�¡tv�"�Ê­�wP�A�´wP�M � �+º3�~� N ®`w>u�wb� ² ���Aq9��wH� ² ���Å�P�A�s��wH�Ar0t�wNt��cq9��r��c­�wb�P�0�"���0����wP�c­´��q�ë-t�wN�0°ß�0�v���9�+q9��r·Ü����H®~�k�s�A�A�v� �K�
u�� ² �0��Ãc�Aq¡�����Êq¡�È���A�mq¡��qs�0�È�P�0���cu��A�F�����vw"�0��� ��wH�A�Ttvu�q9��r&�m­�wÅ�Kt´ucu�w>�)��u�wHë«t�q9u�wH���K�¶u�wH�cq��L�·�c­5�0�±�s�A�A�^y
���A�9t�wP�ßq¡�¿�m­�w��P�A�9tv�"�±­�wH�A�vwH� M<|~uc���T�cu��0��r N ®�wKuKw �H�0�"�vtv��wH��°îu��0�ý�c­�w����0}+q9�¿tv� �K�0u�ë«t5w �0���à�Ktvumu�wK���
�v�0���Êq¡�zønx�úayZ§ß�0uc� ø � z�ú^rAq9¹-wP�]�c­�w~���0u�ë-t�w~�H�0���T�K�0�)�]°��0u]�c­�w ² �A�cwN�0}�qs� ���0���0u��]�A� ��y<x À Ýe½~� � |�¤��0�v���0ucÂ
w>�)���9�k°�uK�0�Æ�c­5w±���0�)tv°¸�A�K�ct´u�wKu N �~�L��wH�Hq¡Ú��H�0��qs�0�B¥>y�§�­�w¿ê��P®��A�c�0Ü+qe�´�0���¶q9���vqs�P�0�Kw·���0u�ë-t�w¿�H�0���T�K�0�)���N�0°
��y<x À ¾��0�5�k��yÙ�AÝ À ½~� � |É°��0u ² �A�mw·�0���¬®~u�qs�T�`���0���0u��]u�wH�T�^wP�>��q9¹-wP�9�-y

� �0�5�cq��´wKu�� ² ��w�¹A�0u�qs�0��q��0��qs�b�cwHwK��q9� §ß� ² ��wÊ¾�yÙ¾�ª ² tv�b�A���F¹«�A�¡t�wH�~°��0ub�c­�w ² �A�cw±���0���0u��0u�wà��wH�c�N�c­��0�
§F�0uc� N �]¹A�A�¡t5wAye§`­�qs�`���P� ² w��+t�wN���Å�s�A�c�~�0°ß�&�0�K�0u~���Ar0��wK�Kq�èH�0��qs�0�kq9�¶�c­�wbu�� ² �0����q¡��¹-wP�L��q�rA�0�KwP�^ª+�H�0�"Â
���0u�wH�±���~�m­�w ÊT�A�F��wK® ÌN�P�0���´q¡��qs�0�¿�0°´�c­�w]�cwKum¹-�~�&�0�K�0u��Hy:|~���0�c­�w>ue�c�0t´u��Pw]�0°�w>ucu��0ueqs�:�c­5wß��wH�A�Ttvu�w>��wK���
�vu����HwP�+t´u�w·q9���cwH�9° 1 �cq9���Hw·�c­5w`Ãc�Aq9�)�bqs�~���0�N���P¹�q9��r��m­�w±�s�A�A�µ���0u�ë-t�w±qs�~u�wH�cq��L��wP� ² � ² �0�c­µ�m­�w·���0���0u
�0���Å�c­�w��T��qs�K�Kq��0�Å��wH�c­��0��qs�T��y^¨����H�+��ø � x�ú�t��cwH�Å�0��wP�s� ² �0u��0��w �´u��)�HwH�+tvu�w ² �A�cwH�Å�0���m­�w`®��0ucÜÅq9�)¹-�A�9¹-wP�
q9�ku��Aqs�cq¡�5r¿�0���k�s�P®�wKuKq¡��r"�¿���A�c�~�m�Å�A�~���Å�P�0�5�PwH���0t´�`�c­�w�w>¼BwP�>���~�0°F°îu�q��>��qs�0��y

Zßíîì�í¶Z �µü�è$õ´ó#ÒZü-û�ñ�è�Ó~ûT�]õ^øZù�û
peqsr0tvu�wÅ¾�yÿÁµ�T­��P®��·�c­�w¿���0���0uà�0uc���0�ctvu�wÅq9�"�^wP�v�0�5�PwGà6{�} ÷�á�{Êª�®~­�w>u�wGà6{Äqs�·�m­�wÅu�wP�mq��T�K�0���PwÅ��t�w
���¿�c­5w��0um�&�0�mtvu�w~®Nq9���vq9��r¿�0��� ² uct��L­�wP� ª)�0����á�{ qs�~q¡�5�+t��>���0���HwN�+t�wN���¿�c­�wb�0uc���0�ct´u�w~®Nq9���vq9��r�yßp��0u
�c­�wl�ßt´�&� À0� �¿�0uc���0�ctvuKw~q¡�5�+t��>���0���Hw`qs� �s�P® ¤��0u��0tv�5� � �Fb ø � Ý�úî¥Z�0�5�&�0°���q9�c���sw~�cqsr0��q9Ú��H�0���Pwl�cq¡�5�Pw`�m­�w
���0���0uNqs�~�+u�q9¹-w>� ² �¶�"�>tvucu�w>�)���c�0tvuK�Pw«y

|~uc���0�ct´u�wFu�wH�cq��L���0���HwAª#à6{�ª0q����cq�r0�5q¡Ú��H�0���:q9�¿�vw>��w>uc��q¡�5q¡��r��c­�wF���0}�q¡�àtv�ý�A�c­�qswK¹«� ² ��w�Ãm�Aq¡����¹-wH�s�)�Hq¡�3�
² �µ¤�¾�ynxAxA¥ ² t´� qs���vq ¾&�>t��9�e���b�&wH�A�TtvuKw~�vq9u�wP�>���9�-y:�NwH�cqs�T���0���Hw`��wP�A�Ltvu�w>�&w>���e�0°:�Ê�T���0��qs�`���0���0u]w>})­�q ² q9���

¾A�



|~}+qs� �e})�v�0y ê��P®��A�c�0Ü�q §F�0uc�
»��A�cw x�y � � y � � y �
��u�qs�T� � y<z ¾�yÿ£A¾ Â

§F� ² �sw�¾�yÙÁ�{ � �0�"���0u�qs�c�0� �0°Ê��wP�A�Tt´u�wP�¯�0���Ç���0��tv°��A�>�ctvu�w>u N �Å¹A�A�¡t5wP�¬�0°Å�0uc���0�ctvu�wkuKwP�cqs�T���0�5�PwÛ¤ Ï ¥>y
�e})�^w>u�q9�&w>�����A�vu�wH�Tt��9���`� ² �K�Aq¡��wH�&t5�cq¡�5rk¤�¾�y � �-¥Py

���T�cu��0��rµ���0���0uÅ�^�A�cq9��qs�0���vw>��w>���vw>���Hw&��t�w&��� ² umt��T­��0�����H�0�"�¿tv���0�Kq��0�$w>¼BwP�>���HyÛ| �P�0��¹-wK����qs�0���A�ÝÆß#×��ÒÕsç%þ�évß%ä�ß�é ä�Õ���ä��A�s�c�k�Ttv¼Bw>u����c­�qs�±w>¼BwP�>�¿�0���Èq¡���cu����+t��HwH���c­5w¿�&wH�c­��0��qs�H�A�ß�´u�� ² �swK� �0°������cÜ+q9��r¶�m­�w
���0���0u¿�L­��0°��±®�q¡�c­5�0tv�·uKwK���P¹�q9��rk�c­�wÅ���0���0u±°îu��0� �c­�wÅu�� ² �0�7yk�µwP�A�Ltvu�w>�&w>�����·�0� �k�&�H¹+q9��rk���0���0u
�¿t��L�N�A���s�P®É°��0ul�c­�w±w>¼BwH�K�b�0° ² �A�cÜ �]� p�y � �0� ² q9��q9��rk¤�¾�y � ¥`�0���Û¤�¾�yÿ¾-¥~�0���µqsr0���0u�q9��r"q¡�5�+t��>���0���Hwl®�w
�H�0�k®~u�q9��w n {

n
Â é à6{ }Tà Âà Â } Î 
{ ¯°à Â�¬ { ¤�¾�y � �-¥

®~­�w>u�we�c­�w]�cwH�P�0�5�·��w>uc�ýu�w>�vu�wH�cw>�)���^�c­�w�w>¼BwP�>�e�0° ² �A�cÜà�]� p�ªP®~­5q��c­¿���H� ² w��&q9��q9��q�èHwP� ² �±q9���>u�wP�A�mq¡��r
�c­�wµ���0uKë«t�w��s�A�A� �0� �c­�wµ���0���0u7ªb�0���³u�wH�+t��Hq¡�5r/�c­�wµu��0���0�Kq��0���A���T�^wHwP�^y n { �0��� n

Â
�0u�wÈ�vq¡uKwP�>���9�

��wP�A�Ltvu�� ² �sw��0���Ç®�wKuKw °¸wP�©�����0�ýpepe§ �0���A�¡��èHwKuk®l­�q��c­ �P�0�"�vt´��wP�$�c­�wµ�cuK�0���T°�w>u&°îtv���>��q��0�Fy §�­�w
�T���T��w>� w>})­�q ² q9��wH��rA����� �H�0­�w>u�wK�5�Pw«ª:�0��� �c­5wÅ���H®Ä°�u�wHë-t�wK�5�K�µrA�Aq9�/®��A�·t5�cwP�����kwH�T��q9���0��wGà6{Ä�cq9���Hwà Â qs�·Ü����P®l��y�§`­�w¿uKwP�cqs�T���0�5�Pw¿¹A�A�9t�wH��°¸�0u·�c­5w ² �A�cw"�0����®~u�qs�T�·���0���0uK�·�vw>��w>uc��q¡�5wP�µq9� �m­�q��b°��A�T­5q��0�
�0u�w¿�Ltv�"�&�0uKq�èHwP� q¡��§F� ² �sw±¾�yÿÁ¶�A�s�0��r"®Nq9�c­µ���0�)tv°¸�A�K�ct´u�wKu N �~�´�0����°¸�0uN�c­�wÈM<�cq9��q��s�0u N ê��P®��A�c�0Ü�qe�etv���
���0���0u��HyF§`­�w�wK}��^wKuKq¡��w>�)����rAq¡¹-w��c­�w`�H�0�"���swK��w����0���0u��Hq¡u��>t�q9�Fu�wH�cqs�T���0���Hw q9���H�¡t5�vq¡�5rN�P�0���cu�q ² tv��qs�0���F��t�w
���¿�c­5w��s�0��rÅtv� ² q��sq��H�A�B�P� ² ��w«ª+q¡����w>uc���A��u�� ² �0�~®Nq9u�q9��r�ª+�0���k�H�0�v��wH�K���0uK�Hy

*Ä(+* ���È;D;L9,w62 50>i>
	
§`­�w ¢ �5q¡���0��wÅ�>tvucu�w>���±�s�)�0�(q���q9���5��w>��wK����wH��q9�È�0���A���ArµwH�swP�>�cu��0��qs�H���0�È�c­�wÅ�c� �P�A�s��wH�7Ù�Û¦Ù�ÝÆßvý���Õ�é�ÿ%ß
² �A�0u��^ª��0��w·�^w>uN�0}+qs�Hªv®Nq¡�m­�q¡� �c­�w��P�0���cu��A�s��w>u ² �A�cÜ����s�0��w«y]| ² �s�)�cÜ �vqs�Ar0u��0�á�0°e�m­�w ¢ �5q¡���0��wÊ�Ktvumu�wK���
�s�)�0� q��~�L­��P®~� q¡� peq�r0t´u�wb¾�y À yZ§�­�wN�cu��0���T°¸wKu]°�tv���>��qs�0���0°F�c­�w ² �s�)�cÜ"���0ucÜ-wH�A×sß�Ó�ÞåÕ�Û���Ù%ä�ß�éß®`�A�l�vwK�KwKucÂ
��q¡�5wP�±°îu��0�Ä�0�5�A�¡���cqs�e�0°��m�c­�wK���0��qs�H�cøÿx0��ú5�0���Å�A�c�Ttv��q9��rbq��´wP�A���0�vÂa�0�"� ² w>­��H¹+qs�0tvu7yF§`­�w��P�0�"�^wK�5�c�0���0u
q9���P�9t��vwH�F�0��q9�)��wHr0u��0���0u0ª«�A�v�vq9��rb�0���0��w>�vÂa�s�)�0�Å�^�A�sw~�0�e�c­�wl�0u�q�rAq9�"q9�&�0uK�vwKue�K�·�A�c­�qsw>¹-w~§Z���^w � �T���T��w>�
�c­��0u��A�>��w>u�qs�T��qs�P�eq9���Ktvumu�wK���e°��A�s���H®Nq9��r�yß§`­5w`u�w>�&�Aq9��q9��rb�+�����0��q��H���0u�wN�0��°�u�wHë«t�w>���Hq�wH�F®�wP�s� ² wK�-�0�5�à�m­�w
u��0��rAw"�0°lq¡����w>u�wP�L�7ª��0����®Nq��s� ² wÅq�r0���0uKwP��q¡�(�Tt ² �mwPë-t�w>�)�b���)�´wP�sq¡�5r�y�§`­�w¿¹-�A�9���ArAw"rA�Aq¡�(�0°`�c­5w ² �����cÜ
���0ucÜ-wH�HÞåß�
'Õ�é�Ù�Ó�Þ5Ý�Ü �'Õ�é>ªaxBsBª�­5�A� ² wPw>�¶��wH�A�Ttvu�wH�¶�A�~�0�´�vu��P}�q9�&�0�KwP�9� x À ��y

� t´ucu�w>�)�e°�wHwH� ² �A�cÜÅqs�Z°îu��0� �Ê�T­)t´�)��u�wH�cqs�T���0u�q9�¶�cw>u�qswP�e®Nq9�c­Å�c­5w`���0���0u7yß§�­�w~�T­�tv�������0u�w~���<x Ï �0���
���ÿ¾AÝ Ï °��0u��c­�w ² �A�cwN�0���"®~u�qs�T�^Ãc�Aq9�)���eu�wH�T�^wH�K��q9¹-wH�¡�)y:§`­�w~­�qsr0­"°��0uc®��0u����5�0�c­�rA�Aq¡��ª)�´�0�&q9���0��wH� ² �Å�m­�w
�H�0���^w>���c�0���0ul�T���ArAw«ª�uKwP�Tt5�¡����q¡�¬�c­�w��P�s�A�cwH�+Âa�s�)�0� rA�Aq¡��ª?Î Í ª ² wHq¡�5r¿rA�P¹-w>uc��wH� ² ���c­�wN°�wHwH� ² �A�cÜ����0�c­

Î Í é ãm{
����� é x �

� �Ù� ��� à Â ¤�¾�y �A� ¥

§`­5w~�&wH�A�TtvuKwP�¿°�uKwPë-t�w>���K�àu�wP�L���0�5�cw~�0°^�c­�wFÃc�Aq9��� � �Ktvumu�wK�����s�)�0�¬q��]�T­��H®~�¬q¡��peqsr0tvu�w~¾�y � ª+�0�����m­�w
���Ar0��q9�ct��vwÊ�0���µ�v­��A�cwÊ�P�0�vÚ´uc�Æ�m­�w¿�0���A�9�)�Kq����&���vwH�F� ² �P¹-w«y·§`­�w�u�wP�L���0�5�cw±qs�����0�b���&ÁA�A�XbNèÅ®~­5q��c­
qs���H�0���cqs�T��w>���Å®Nq¡�m­$|~uc���T�cu��0��r N �AøÙÁ�úN� ² �cw>uc¹A�0��qs�0���c­��0���>tvucu�w>���Å�T��w>���Å�����c­�w&���0���0u��cw>�c���sw¶q9�©��wH�c�
�c­��0� À �A�eÞ^�7y·§`­�w�t��cw¿�0°]���Kt´ucu�w>�)�b�c�0t´u��PwÊ���&��u�q¡¹-w��c­�w±���0���0ubw>¼BwH�K��q9¹-wH�¡�µwH�sq¡��q9���0��wH�~�c­�w·���0���0u N �
wH��wH�K�mu�q��H�A���^�A��wb°�u��0���c­5w��H�s�A�cwP��Âa�����0�k�cu��0�5�T°�w>u`°�tv�5�K��qs�0��y

§`­5w���wH�A�Ttvu�wH�¶�>tvucu�w>���~�s�)�0�k�mu��0���c�H�0���+t��>���0���HwN�0°�wH�A�c­µ�0}+qs�Nqs�~�Ttv�"���0u�qsèPwH�&q9�µ§F� ² ��w�¾�y À y §�­�w
rA�Aq9���¿�0u�w��P�0�5�cq��L��wK�����9�µ­�qsr0­�wKuÊ�c­��0�Û�´u�wP�´q��>��wH� ² �©¤�¾�y �A� ¥Pª ² tv�Ê���k���0u�wÅ�c­��0��w>}���wH�>��wP��rAq9¹-wK�Û�m­�w
���A�swKuK�0���Pwµ�0°à�P�0�"�^�0��w>�)�K�àt5�cwP�©q9�Ç�c­5wk¹A�0u�qs�0t��&rA�Aq9� �L���ArAwP� ë y�§�­�wk���0}+q9�¿tv� �Ktvumu�wK����q¡� §F� ² �sw
¾�y À qs�bwP�T�Kq¡���0��wH�¶°�u��0� �c­�wÊ�&wH�A�TtvuKwP�¶�mu��0���c�H�0���+t��>���0���Hw��0���µ�c­�w·���0}�q¡�àtv� �Ktvumu�wK���b�s�)�0���+u�q9¹-w±�0°
n Í � é � �F�&yð Ä¦��~��������������	�	�����0~����������,�0���s�����v����}��	~���� �0������¤������-¤��	~��0� �0�	�����z�

¾ �



à p
à��

n�! 
Â ·#"  

$&%�'ó)( x % ó $ x %�*+'

����� ,
,
, - ,

-
��ù

� �Ù� � ���  

ãm{�T{
.!/)021�354�687�9:/); < /+9=/);�>?021�3A@�7+4�BC3

D)E)F�4+9.GF�;:;H3A4+9JI�K

L /)M 9N7PO+3#I�K

,
Q /�RG3A;S7+021
xBsx�T ñJ( x % ó $VU T * ( x % ó '?$ x % * '$&%�'?$ ÃAT ô)( x % ô '

peqsr0tvu�w�¾�y À {F»`�s���cÜ±�vqs�Ar0u��0� �0°v���0���0ue�>tvucuKwK���F�s�)�0�Fy ��ù q��:�m­�we�&�0�K�0u ² �A�cÜÊ� �µp�ª��T{Û���0���0uF��w>uc��q¡�5�A�
¹-�A�9���ArAwAª��0����à p �m­�wb�0���5��q9Ú�w>u N �]�0tv�c�´tv�~q9�"��wH�v�0���Hw«y

10
1

10
2

10
3

10
4

-12

-10

-8

-6

-4

-2

Freq (Hz)

M
ag

 (
dB

)

10
1

10
2

10
3

10
4

-300

-250

-200

Freq (Hz)

P
ha

se
 (

de
g)

peq�r0tvuKw�¾�y � { �µwH�A�Ttvu�wH�±Ãc�Aq9��� � �Kt´ucu�w>�)�l�����0�k°�u�wHë-t�wK�5�K�Åu�wH�T�^�0���cw�ãm{ � �����Ay
*Ä(AW �K>1G ?F-�wi9cC G >B2">6;ë4�w±C uX�È;D;L9,w62ZY:50>i>
	�C\[GwÈ46G -su�7
§`­�w���wP�A�Tt´u�wP�k�mu��0���T°�w>u~°�t´���K�Kq��0� ² w>�S®�wHwK�µ���0���0ub�>tvucu�w>���N�0���µ���0���0uN¹-wP�s���Pq9�S� °��0u�Ãc�Aq9�)� � q��brAq9¹-wK�
q9�$peq�r0tvuKw¶¾�y<z�ª]�A�s�0��r�®Nq¡�m­$��Úv�m��wP�È�cu��0���T°¸wKuÅ°�t´���K�Kq��0��yÛ§`­�w��cu��0���L°�wKuà°�tv���>��qs�0�$�P�0ucuKwP�T�^�0���´�±�����
�sq¡��wH�0u�qsèP�0�Kq��0�"�0°^�c­�w]���0�vÂa�sq¡��wH�0u����)�vwH�+�0°�peqsr0tvu�w`¾�yÿ¾·°¸�0u �����0uc��qs�>t����0u��sw>¹-wP���0°^w>}+�Hq¡�K�0��q��0�Fy�§`­5w`Úv�c��wH�
���)�´wP�Bqs� Ï {

��� � é x0Á��ÙÁ
¤¸¾ � �ÙÁ-¥ u��A� � � � � ¤�¾�y � xA¥

®~­�qs�c­¶­5�A�~�Å���A�sw��0� À bNèAy�pvu��0� peq�r0t´u�w·¾�yÿ¾Å�0���/¤¸¾�y �A� ¥ �m­�w������vwH�´uKwP�T�^�0���mw�qs�~rAq9¹-wK� ² �
Ï {
����� é Î§{-Î ÍÐÒÑ ­#­ ÷�}T®�Ñ ­�­ ¤�¾�y � ¾-¥

®~­�w>u�w ÐÒÑ ­#­ �0����®�Ñ ­#­ �0u�w��c­�w]wK¼BwH�>��q¡¹-w�q¡�5wKuc�Kq��N�0���Ê¹+qs�c�H�0t��:°�u�qs�>��q��0���+t�w����~���0���0u��0���±�cuK�0���T��q��m�cq��0�Fy
pvu��0� �c­5wà��wH�A�Ttvu�wH� ² u�wH�0Ü °�uKwPë-t�w>���K���0�5�/|~uc���T�cuK�0��r N �Êq¡�5wKuc�Kq���¹A�A�¡t5w ønx�ú]�0°N¾A¾ ��� �

¹ î Ü�r0� 
 �m­�w

¾-x



&-�Aq¡��� Î Í ¤�| � ��¥ ùR{  #]A^ ¤�|b¥
� Âa��yÿ£A£A¾ £�yÿ£A¾
x Âa��yÿ£-zAz £�y<zAz
¾ Âa��yÿ£-z0Á £�y<z0Á
Á Âa��yÿÁAÁ-x Á�yÿÁ-x
À Âa��yÿÁAÁ-x Á�yÿÁ-x
� Âa��yÿÁAÁAÝ Á�yÿÁAÝ

§F� ² �sw¶¾�y À {k�µwP�A�Tt´u�wP�(�Ktvumu�wK���Å�s�)�0���mu��0���c�H�0���+t��>���0���HwH�±�0����wH�T��q9���0��wP�����0}+q9�¿tv� �>tvucu�w>�)�0y�§�­�w
��wP�A�Ltvu�w>�&w>���`qs�~�"�¡t´���^wH�&rA�Aq9�k°�uK�0���c­�w��~| � ��w>uc��q9���A��¹-�A�¡���ArAwb���"�>tvucu�w>�)���s�)�0�µ�0t´�c�vtv�7y

10
-1

10
0

10
1

10
2

5

10

15

20

25

30

35

Freq (Hz)

M
ag

 (
dB

)

Model

peqsr0tvu�w¶¾�y<z�{k�µwP�A�Tt´u�wP�µÃm�Aq¡��� � �&�0�K�0u"�0�����Kt´ucu�w>�)�Å�s���0���cu��0���T°¸wKu¿°îtv���>��q��0�Fª Ï { � �����dªZ®Nq9�c­�Úv�c��wH�
���)�´wP��u�wH�T�^�0���cw«y

wH�T��q9�&�0�KwP��wK¼BwH�>��q¡¹-wb¹�q��c�H�0t��`°îu�q��>��qs�0�kqs�

®�Ñ ­#­ é³¾A¾ ��� �
¹ î � ¾ � �ÙÁÊé � �ÿ�AÁ ��� �

¹ ë ½~��� � u��A�+� ¤�¾�y � Á-¥

�)t ² �T��q9�ctv��q9��rb�c­�wH�cwN°�u�qs�K��qs�0�k�0�5�kq¡�5wKuc�Kq��±¹«�A�¡t�wH�`q9�����ÅwPë-t��0��qs�0�Û¤�¾�y � ¾-¥`rAq9¹-wP�
Ï {
����� é Î§{-Î Í

¤�¾A¾ � � �
¹ î ¥3÷Q}³¤ � �Ù�AÁ � � �

¹ ë ¥ ¤�¾�y � À ¥

��ë«t5�0��q¡�5rà�m­�w���tv��w>u��0���0u~®Nq9�c­�¤�¾�y � xA¥>ª��0���kt��cq9��rÅÜ)�5�P®~��Î Í °�u��0� §F� ² �sw�¾�y À ��wH�A�v�~���"�0��wH�T��q9�&�0�Kw
�0°F���0uKë«t�wb�H�0���T���0���N�0°e���ÿ� � ��y

§`­5wÅwP�T�Kq¡���0��wH�µwK¼BwH�>��q¡¹-w¿¹�qs�c�P�0t5�l°îu�q��>��qs�0��q����cqsr0��q¡Ú5�P�0�����9�µr0u�wH�0��wKub�c­5�0� �c­5w±��wP�A�Tt´u�wP�µ¹A�A�9t�w¿�0°
¾-z ��� �

¹ î ½~��� � uK�A�¶°�u��0� §F� ² ��wb¾�y � yZ§`­�qs�~qs�~�Å�P�0�5�cwPë-t�w>���Hw��0°ß�c­�wb��q9��wH�0u~qs�vw>�)��q9Ú��H�0��qs�0�¶��wH�c­v��qsë«t5w
t��cwH�·®l­�q��c­Ê�+qswH���v�^�c­�w<M<�T���A���9Âa�cqsr0���A� N u�wH�T�^�0���cw«y:§`­�w�w>¼BwP�>��q9¹-wZ¹�q��m�P�0t��^°�u�qs�K�Kq��0�Êq¡�5�P�9t��vwH���b�Tt ² �T���0����qs�A�
�H�0�)�cuKq ² t´��q��0�¯�+t�w���� � �0t5���0� ² °�u�qs�K��qs�0�©���0uc��qs�Kt5���0u��9�©�0�µ�s�P® �T�^wHwP�:y � �0t��s�0� ² °îu�q��>��qs�0�Ç���H� ² w
�sq¡��wH�0u�qsèPwH�$t��cq9��r��cq9�)t��m�Aq��v�A�b�0u¬u��0���v�0� q9�v�vtv�¬�vwH�c�>u�q ² q¡��rÈ°�tv���>��qs�0���&rAq9¹�q¡��r(�0�ýwK¼BwH�>��q¡¹-w�¹�q��c�H�0t��
�v�0�"��q9��r¿�0° ®�Ñ ­�­ é7® } s

¬
r_ xa`cbd

¤�¾�y �P� ¥

®~­�w>u�w
`ebd q����c­�wb�b����¹-wH�����Pq9�3�-ªv�0����sÅé � �<xAzk¤��cq9�)t5�c�Aq��´�A�ô¥]�0u6sÅé � � � ¾ ¤îu��0���v�0�¬¥>y

¾A¾



&-�Aq9�)� ¬
�PfVg�gCh

¬�­
i
Â Ñ

� � x0� À0�
x x0�A� Ý-z
¾ �A� � À x
Á xAx � �
À xAx � �
� x � � �

§F� ² �swµ¾�y � {È�µ�0}�q¡�àtv� ���0uKë«t�wÛ¤¸���A�A�$u�w>°�wKuKwK���HwH��¥¿�0�¶�>tvucuKwK���¶�s���0�³�0���$°�t��mwµ�Ktvumu�wK������q9��q¡�K�Hy¯|N�s�
���0u�ë-t�wH�`q9�µ½~��y

§`­5wk���0uKrAwKÂa�cqsr0���A�`uKwP�T�^�0���mw&���P� ² w��&wH�A�TtvuKwP� ² ���T��w>��u�wH�T�^�0���cw���wP�L���HªZ�0�����c­5wP�cw¬q¡�5�vq��H�0��w¬�
�¿t��c­ ­�q�r0­5wKulrA�Aq¡� 1 �0�v�´u��P}�q¡���0��wH�9�¶x0�A�FuK�A� � � � ��y�pvu��0� ¤�¾�y � ¾-¥ �c­�wb� � rA�Aq¡��q��Î {�Î Í®�Ñ ­�­ ¤�¾�y � zA¥

®~­�qs�c­µ�swP�A�´�~���"�0��wP�T�Kq¡���0��w��0°�wK¼BwH�>��q¡¹-wb¹�q��c�H�0t��~°�uKq��>��qs�0�k�0° � x ���È� �
¹ î ½~��� � u��A�^y`|N�bw>})�^wH�K��wH�¶�0�

�c­�w�­�q�r0­5wKu]�T�^wHwP�^ªA�c­�qs�ewP�T�Kq¡���0��w~qs���P�s�A�cw>u����·�c­5w`��wP�A�Tt´u�wP�¿¹�qs�c�P�0t5�Z°�uKq��>��qs�0�"�P��w�¾��Hq�w>�����0°:§F� ² ��w~¾�y � y

Zßí �Zí]\ j8ÒZü-ü-û�ø:ó¬õ�ø��ÉóA÷�ü�õXÒ�ûÛö�ñ�è©ñôó�_
�µ�0}+q9�¿tv� ���0���0u±�>tvucuKwK���b�vu��P¹�qs�vwP�b�0�Ètv�v�^wKu ² �0tv�5���0�È���0���0ub���0u�ë-t�wAy¿�Ç­5wK���c­�w±���0���0uÊqs�·�T�K�0Â
��qs�0���0uc�)ª)�c­�w��Ktvumu�wK���~qs�`�sq9�&q9��wH�¶�0���9� ² ���c­�wb�0uc���0�ctvuKwluKwP�cqs�T���0�5�Pw

ù {Xk)l é n kà¹{ ¤�¾�y � £-¥

®~­�w>u�w n k¬q��±�m­�wÅ�&�0}�q9�¿tv� �0�"���sq¡Ú�w>u�¹-�A�¡���ArAw�®~­�qs�c­Ûqs�¿ÁA�0� °��0u±�m­�w"�ßt´�&��yµpvu��0� �c­�w"�0uc���0�ct´u�w
u�wH�cqs�T���0���Hw±�v�0�K�&rAq9¹-wK�Èq9��§F� ² �sw¿¾�yÙÁ¬q¡���H�0� ² wà�T­��P®l���m­��0�N�c­�w±���0}�q¡�àtv�á�>tvucuKwK���brAq¡¹-w>� ² �(¤�¾�y � £-¥
qs�N�Tt ² �T�K�0�)��qs�A�s�¡��r0u�wH�0��w>uN�c­��0�k�c­5w·�sq¡��q9�~q9�"���A�mwP� ² �¶�m­�w·�>tvucuKwK���N�s�)�0�µq9���cwH�9°Ly`�µ�0}+q9�¿tv� �>tvucu�w>�)�lq��
�c­�t��N�&°îtv���>��q��0���0°Z�m­�w¿�>tvucu�w>�)�������0��ª5���0�b�0uc���0�ct´u�w·u�wH�cqs�T���0���Hw«y�§`­�w¿�Lt��T���Aq9��wH�k�Kt´ucu�w>�)�bqs�b��q9��q¡��wH�
°�tvum�c­�w>u ² � �c­�w·°ît��cwH�Hª´�0u��Hq¡u��>t�q9� ² u�wH�0Ü-w>u��Hª´®~­5q��c­��0u�wÊu��0��wH�µ�0�·ÁA| �0����x0| °¸�0u��m­�w ² �A�mw¿�0���k®~u�qs�T�
���0���0u��bu�wH�T�^wP�>��q9¹-wP�9�-y"§`­�w¿°�t��mwÅ��q9��q¡�����0u�w"�0u��0tv�5��­��A�9°]�c­�w¿���0}+q9�¿tv� �A�c­�q�w>¹A� ² �sw ² ���m­�w"�Ktvumu�wK���
�s�)�0��y

¢ �cq9��r±���0}�q¡�àtv���>tvucu�w>�)���v�0����°�u��0� §F� ² ��wN¾�y À ª��0�5��Ü����P®l�¶���0���0u]���0u�ë-t�wb�P�0���L���0�)�K�Hª«�c­�w~���0}�Â
q9�¿tv��Ãc�Aq9���±���0u�ë-t�wH�±�H�0� ² w"�P�0�"�vtv�KwP�^y&§ß� ² ��w"¾�y � �T­��H®N�±�c­�wH�cw¿���0}�q¡���¶°��0uà�c­�wÅ�H�A�cw&�0°��Ktvumu�wK���
�sq¡��q9���`�+t5wl�K�¿�c­�w��Ktvumu�wK���������0�µ�0uN°�t��mwAy

Zßí �Zí�ì �¬õBù!mon£8qp õ^øÔ�ÉõLè�Ó`ö�ñ�@�ûvü�ú�÷�öôóAõBò�û�_0õ�ó	Ò�ü-õ�ó-ñ�÷:ø
|ÆuK� ² �0�"���0��q9�vt��s�0���0uÅ®Nq9�c­$rAwH�0u�wP�$�cu��0�5�T��q��c�mq��0����wH�HwP�c�m�0u�q��9�/­5�A��­�qsr0­$���0���0u��T�^wPwH�v�Hª �0�����c­�t��
­�qsr0­ ² �A�cÜ��]�µp�y:§`­�qs�·u�wH�Tt��9����q¡�È�cqsr0��q¡Ú5�P�0���¿�+�����0��qs�ÅwK¼BwH�K�K�±�+t�wÅ���¬u�wP��t��PwH���&�0�K�0u±���0u�ë-t�wÅ�0���
�0�"���sq¡Ú�w>u:¹-�A�9���ArAw��c�0�ctvu��0�Kq��0��ye�)t��c­àwK¼BwH�>���e�0u�w����0uc��qs�Kt5���0u��9�Ê�cq�r0�5q¡Ú��H�0���:®Nq9�c­¿�c­5w �etv���~u�� ² �0�F®~­5q��c­
­��A�N�"u�wH���0��q9¹-wH�¡�¬���H®É�&�0}�q9�¿tv� �0�"����q9Ú�w>u`¹-�A�9���ArAw«ylpeqsr0tvu�w�¾�yÙ£��T­��H®N�~�c­�wH�cw�wK¼BwH�K�K�~¹-wKuc���P�swP�0uK�¡� 1
���0}+q9�¿tv� �Ktvumu�wK���^�vw>�&�0�5�·qs���0�´����qswH� ² t´���c­5we�A�K�ct5�A�0�&�0�K�0uF�>tvucu�w>�)�B°��A�s�s���0¼Åu��0�5q��v�9�b�A�����0���0u��T�^wHwP�
u�qs�cwH�Hy � �0� ² q9��q¡�5r�¤�¾�yÿÝ-¥e�0���µ¤�¾�y � ¥>ª«�0����q�r0�5�0u�q¡�5r����0���0u]q9���+t��>���0���Hw`�cq9���Hw`�T�KwP�A�+���T���0��w`¹-wH�s�)�Hq¡�3�Å�0���
�>tvucu�w>�)�l�0u�w��A�c�Ttv��wH�^ª)�c­�wN¹-�A�¡�K�ArAw±�H�0���T�cu��Aq9���~�H�0� ² w�®~uKq¡�c�KwK�¬�A�

»�¯° Î {�} ¬
Î { àer�»�F n k ¤�¾�y � Ý-¥

®~­�w>u�w�àer�q��:�m­�we���0���A�-�Pq9u��>t�q9��u�wH�cqs�T���0���Hw��P�0�"�vuKq��cq9��r��0uc���0�ctvu�weu�wH�cqs�T���0���HwAª#à6{Û�0���Ê�0�"����q9Ú�w>uF�0tv�m�vtv�
q9���^wH�v�0���Hw,à
kAy��Nq��cq9��r ² �A�cÜ��]� pÈ�A���m�¿�vq9�&q9��qs�T­�wH�F�c­�w~���0uKë«t�wN�H¹A�Aqs��� ² �sw~°�u��0� �c­�w~�A�>�ct��0���0u��+tvuKq¡��r

¾AÁ



0 0.2 0.4
-150

-100

-50

0

Time (s)

S
ha

ft 
an

gl
e 

(r
ad

m
)

0 0.2 0.4
-600

-400

-200

0

200

qd_max = -439.5

Time (s)

S
ha

ft 
ve

lo
ci

ty
 (

ra
dm

/s
)

0 0.2 0.4
-6

-4

-2

0

2

I_mean = -0.2877

I_max = -4.312

Time (s)

M
ot

or
 c

ur
re

nt
 (

A
)

peqsr0tvu�w�¾�yÙ£�{~�µwP�A�Ltvu�wH�&���0���0ub�0���k�>tvucuKwK���N�s�)�0�kuKwP�T�^�0���mw�°��0ub�"�T�KwK�µ�>tvucuKwK���~�vw>���0���k�0°Q��� � é � ��y
�µ�0���0u~�0�5rA��w«ª)¹-wP�s�)�Hq9�S���0���¬�Ktvumu�wK����¹-wKuK�Tt�� �Kq¡��wN�0u�wb�T­��H®~��y ¯¶ {Xk)l qs� �c­5w��L��wP�A���"�T���0��wN¹-wH�����Pq9�3�-ª)�0���ã { Ñ k)s qs�ß�m­�wN�T��wH�A�+�Å�T�K�0��wN�Kt´ucu�w>�)�7y:§`­5w~Úv��q9��w`u�qs�cw>Â���q¡��w��0�&�c­5wN�Ktvumu�wK�����T��w>��u�wP�L���0�5�cw~qs�Z��t�w~���·�m­�w
�0����q¡Âa�A�sqs�A�cq¡�5r¿Ú��¡�KwKu�t��cwH�^yß§`­5w·�c�0�"���sq9��r¿q9�)��w>uc¹A�A�Bqs� À ���Hy

�A�H�PwH��w>u��0��qs�0� ¬
k)t)k Í f é�¤ n kBx ¯° Î {b¥ Î {à r ¤�¾�ynx0�-¥

bN�P®�w>¹-wKub�+t´u�q¡�5r¿�vwH�PwH��w>u��0��qs�0��ª ² �A�cÜ¬�]�µpÛ®`�0ucÜ��`���àq¡���>u�wH�A�cwb�&�0�K�0u~�>tvucu�w>�)�]®~­�qs�c­kqs�`�c­5wK� ��q9��q¡��wH�
² �&�c­5w·�>tvucu�w>���`�s�)�0���0uN°�t��cw«y^�©­�w>�k�c­�wb°�u�qs�>��q��0�5�A�v���0u�ë-t�w·wHë-t��A���]�c­�w��P¹A�Aqs�s� ² ��wb���0u�ë-t�w¬

r } ¯° ®�é ¤ n k¦xL¯° Î§{b¥ Î {à r ¤�¾�ynx � ¥

�c­�w�Ãc�Aq9���~¹-wP�s���Pq9�S�¬�sq¡��q9�`�+t5w����Å�0�"���sq9Ú�wKu�¹-�A�¡�K�ArAw·�c�0�mtvu��0��qs�0�

¯° t Â k Ï é n k#Î {îxÔàer ¬ ràer3® }TÎ 
{ ¤�¾�ynxAxA¥

qs�N�0�c���Aq9��wP�:y |~uc���0�ctvu�wbu�wH�cq��L���0���HwAª|àer�ª��0���k°�u�qs�K�Kq��0��ª+�cw>uc¹-w����"���H®`w>uN�c­�qs�~¹A�A�9t�w ² wH���H®ý�c­��0�N��t�w��K�
² �A�cÜ¬�]� p��A�s�0��w«yZ§`­�wb�H�0ucu�wH�T�^�0���vq9��r±���0���0uN�>tvucuKwK���`qs�

ùAt
Â
k Ï é ® n k }=Î { ¬ ràer3® }TÎ 
{ ¤�¾�ynx0¾-¥

�e}���w>u�q9��wK�����N®`w>u�wÅ�H�0���+t��>��wH��q¡��®~­�qs�c­ �m­�w±���0}+q9�¿tv� �Ktvumu�wK�����vw>�&�0�5� ®��A�±�0�´����qswH� �K�kwP�A�c­
�>tvucu�w>�)�]�s�)�0�Fª)�0�����m­�w`���0���0u]���A�mq¡��qs�0���0�����Ktvumu�wK����­�qs�T���0uc�¿uKwP�H�0u��vwH�^ª)�A�]�T­��P®l�¶q9�¶peqsr0tvu�wl¾�yÙ£�yZ§�­�w
q9��q¡�Kq��A���Ktvumu�wK���~�^wH�0Üµq��b�0�v�´u��P}�q¡���0��wH�9�¶�c­�w����0}+q9�¿tv� �Kt´ucu�w>�)�Nw>}���wH�>��wP�¬°�u��0� §ß� ² ��wÊ¾�y À ª ² tv�N°��A�s���

¾ À



&-�Aq¡��� �µwP�A�Ltvu�wH� �Z�L��q¡���0��wH�¯° t Â k Ï ùAt
Â
k Ï ¯° t Â k Ï ùAt

Â
k Ï

� � x0� x�y � � ÁAÝ ¾�y<x
x �P� ¾ ��y<x � �P�-À � yÿ¾
¾ � x0Ý ��yÿÁ-x � À x � y<z
Á ÁA� � ��y À0� À ¾AÁ ��yÿ£AÁ
À ¾ �A� ��yÿ¾AÝ À��P� ��y<z À
� ÁAÁA� ��y<x0Ý À zAz ��y À��

§F� ² �sw�¾�ynz�{ � �0�"���0u�qs�c�0���0°bw>}���w>u�q9��wK�����A�e�0����wH�T��q9���0��wP��¹-wP�s���Pq9�S�(��q9��q¡�K�±�+t�w"��� ² �A�cÜ(� �µpý�0���
�0�"���sq¡Ú�w>u¿¹-�A�9���ArAwk�c�0�mtvu��0��qs�0��yÈ��wH�s�)�Hq¡�3�Û�0�5���Ktvumu�wK���"�sq¡��q9���¿�0u�wkwH�T��q9���0��wH� ² �¯¤�¾�y<xAxA¥à�0�5� ¤�¾�ynx0¾-¥
u�wH�T�^wP�>��q9¹-wP�9�)y^��wH�����Hq¡�3�¶q9�ku��A���¶�0���0���k�>tvucu�w>���~q9�µ|~�"���Hy

�0¼È�+t�w·�K��¹-�A�9���ArAw¿�c�0�mtvu��0��qs�0���A�N�&�0�K�0ub�T�^wPwH�¶u�qs�cwH�Hy��¯q¡�m­��0tv�N�c­�qs�~w>¼BwP�>�b�c­�w��&�0�K�0ub�T�^wPwH�k®`�0t5���
t��9��q9�&�0�KwP�9� ² wÊ��q9��q¡�KwP� ² �¶°îu�q��>��qs�0��y`§F� ² �sw·¾�y<z"�P�0�"���0u�wH�N�H�0���´tv��wH�&���0}+q9�¿tv� Ãc�Aq9���N¹-wP�s�)�Hq9��q�wH�~�0���
�>tvucu�w>�)�K�F®Nq¡�m­��m­�w`u�wH�Tt��9���e�0°�wK}��^wKu�q9��wK�����F�mq¡��qs���0u������c­��0�]��wH�A�vq9��rb���±peqsr0tvu�w~¾�yÿ£�yß§�­�w~wH�T��q9�&�0�KwP�e°��0u¯° t Â k Ï �0u�w`rAw>��w>u��A�s�¡��­�qsr0­�wKuß�c­��0�Å�c­�w���wP�A�Ltvu�wH�±¹A�A�9t�wP� ª7�^wKum­��0���:��t�w ���~�5wPrA�swP�>��q9��rN�c­�w]�0�"����q9Ú�w>uF�0tv�mÂ
�vtv�euKwP�cqs�T���0�5�Pwb¤�®~­�qs�c­Å­��A�F���0� ² wHwK�Å��wH�A�Ttvu�wH��¥>yF�µwH�A�Ttvu�w>��wK������°¸�0u�Ãm�Aq¡������xb�0���Å¾·�0uKw~�P�0�"���sqs�P�0��wH�
² �&�c­5w�w>¼BwH�K�l�0°er0u��P¹�q9�S��®~­�qs�c­kw>¼BwP�>��q9¹-wP�9���A�v�v�~�Å�H�0�vÚ�r0t´u��0��qs�0�k�vw>�^wK���´wK�������0u�ë-t�wN��wKum�����¶¤�¾�y<x0�-¥>y
§F���P�0t´�)��w>ub�c­�qs�Hª5r0u��H¹+q9�3�µ���0u�ë-t�w·®��A�·�H�0�"�vtv��wH�µ�0���µ�c­�wà�P�0ucuKwP�T�^�0���´q¡��r"�>tvucu�w>���b�Tt ² �cuK�A�K��wH�¶°�uK�0�
�c­��0�Ê��wP�A�Tt´u�wP�:y¬|]�¿¹-�A�¡�K�ArAw¶�c�0�ct´u��0��qs�0��ª��c­�w"�Kt´ucu�w>�)�àq��¿rAw>��w>u��A�s�¡���0u��0tv�5�Û¾A� Á �0°`�c­�wÅ���0}�q¡�¿t´�
�>tvucu�w>�)�l�A�c­�qswK¹A� ² ��w ² �¶�c­�wN�^�P®�w>uN�0�"����q9Ú�w>u7y

Zßí �Zí¶Z 8 �G
vu6����_Añ�è Ò]ö�õ´ó)ñ�÷:ø
|á�H�0�"���swK��w¬�+ºL� ¢ ¨:º3½Nêá���)�vwH�`�0°b�c­5w&���0���0u��0�����>tvucu�w>�)�"�s���0�Çqs�"�T­��H®~�$q¡�©peqsr0tvu�w¬¾�yÙÝ�yÇ§`­5q��
���)�´wP��q��N���T��q9¼����0�vÂa�sq¡��wH�0ub�T���T��w>� �0���µq��N�c­�t��~¹-w>uc�k�m���H® �K���mq¡�¿t5���0��w«y~§`­�w·­5q�r0­vÂa�0uK�vwKuN�^�A�swP�N��t�w
���¶���0���0uÊq9���+t��>���0���HwÅ�0�����c­�wÅ�>tvucu�w>�)�Ê�s�)�0�(�P�0�"�^wK�5�c�0���0uÊ�0u�w"�0u��0tv����¾A�A�k��q9�&wH�b°��A�T��w>u·�m­��0� �m­�w
�v�0��q9���0�)�^��wP�c­5�0��q��H�A�0�^�A��we�0°��c­�wF���0���0u7y:½N�0�vÂa�sq9��wP�0uKq¡��qswH���0u�w�q9�)�mu��)��t��PwH� ² ��¹-�A�9���ArAw]�c�0�ctvuK�0��q��0���0���
� �0t��s�0� ² °îu�q��>��qs�0��yß§�­�w�uKwP�+t5�PwH�¶�0u��´wKu��&���vwH��ªvpeqsr0tvu�wb¾�y � ��ªv­��A�N�cq9��q��s�0u`���0�´Âa��q9��wH�0uN�c­��0u��A�>��w>u�q��L��q��H�
² tv���v��wH�l�5�0��­5�P¹-w¿�c­�wÊ­�q�r0­´Âa�0u��vw>u��^�A�swP� ª5q��N�¿t5�c­�°¸�A�T��w>u��K�¶q9�)��wHr0u��0��w«ª5�0����qs���K� ² w±�vuKwK°�w>ucu�wH�k°��0u
�cq9�¿t��s�0��qs�0���´tvuc�^�A�cwH�Hy±º¸���>u�wH�A�cq9��r&�c­5w±¹A�A�9t�wÅ�0°�à6{ � ² �P¹-wÅ�c­��0��q9�/§F� ² ��wÅ¾�yÿÁ¶�A�s���H®N�·�m­�w±���)�´wP�:�K�
���0u�wN�A�H�KtvuK�0��wP�9�¿�vuKwP�vqs�>�e�c­�wN�c�0�ct´u��0��qs�0�&�L��wHwH�Å�0���&�>tvucuKwK���7yF§`­�qs�Z�H�0t��s� ² w~�H�0���cqs�vw>u�wH���A�]�A�s���H®Nq¡�5r
°��0u~�m­�wb�Ktvumu�wK�����9�"tv�v���)�´wP�swP���0�"���sq¡Ú�w>u~�0t´�c�vtv��q¡�"�^wH�v�0���HwAy

*Ä(xw y�9¦5�>£u�-32�[�50>i>
	
¨:q9Ü-wÅ�c­�wÅ�>tvucu�w>���±�s�)�0�FªB�m­�w ¢ ��q9�&�0�Kwà¹-wH�s�)�Hq¡�3���s�)�0�(q��Êq¡�"���swK��w>�)�KwP�µq9�Û�0���A�s�ArkwH��wH�>�cu��0��qs�P���0�/�m­�wÙ�Û¦Ù�ÝÆß�ýv��Õ�é�ÿ�ß ² �A�0u��^ye| ² �����cÜ��vqs�Ar0u��0� �0°F�c­�w~¹-wH�s�)�Hq¡�3�¬�����0�kqs�`�T­5�P®~�µq9�kpeqsr0tvu�wN¾�y �A� ªv�0���kq9���P�9t��vwH�
�c­�w����0���0u��0�����Kt´ucu�w>�)�"�s�)�0� ² �s���cÜ+�"�A�9u�wP�A���Û�vqs�c�>t��c�cwH�^y(§�­�wkrA�Aq9���ËÎ{z�k Í s(�0���TÎ t Ñ f �0u�w �cwK� ² �
�cu�q9�"�^�0���·�N¾ � ¤]ò·|Nº3½b¥±�0���Û�bx0ÝÛ¤��b��¨ß� � º3§�¿�¥·uKwP�T�^wH�K�Kq¡¹-wH�¡���0� wP�A�c­$�0���A�s�Arµ�cw>uc¹-� ² �A�0u��^y §�­�w
¢ ��q9���0��q��0���ßt´�&�b�v��wH�:���0�et��cw]�N���A�c­��0��w>��wKuß���N�&wH�A�TtvuKwZ���0���0uF¹-wH�s�)�Hq¡�3�)y�ºa���T��wH�A�¿�b¹-wP�s���Pq9�S�Ê�cqsr0���A�
qs�`�T���)�m­�wP�mq�èHwP�"°�u��0���m­�wN�&�0�K�0u N �]q9���KuKwK��w>�)���A��w>���H�)�´wKu��vt��s�cwP��t��cq9��r¿�Å�mq¡�"���sw~°�u�wHë«t5wK���>�Å���¿¹-�A�9���ArAw
�H�0�)¹-w>uc��w>u7ªF�cq¡�5�PwÅ�c­�w¿�´t����mwà°îu�wPë-t�w>���>�µq��Ê�vu��0�^�0uc��qs�0���A�F���k�L­��0°���¹-wP�s�)�Hq9�S�)y¶§`­�w"rA�Aq¡� �0°`�c­�w"�vqsrAq9���A�
���A�c­��0��w>��w>u`­��A� ² wHwK� wK}��^wKuKq¡��w>�)���A�s�9�"�vwK�KwKuc��q9��wH����� ² w

Î Ï k ± Ð é ��|  Ï { é ¾AÁ ��� �
¹ ë �b� � uK�A�+� ¤�¾�ynx0Á-¥

¾ �



Model of Puma joint 1

2
Torque
disturb

-
+
+

Sum2

wTau

Eb

Im 

3
Vel

2
Im

1
Pos

Amplifier
voltage

limit

1/s
Integrator

6.0

Input
gain

.2

Shunt

+
+

Sum1

.22

Eb
const

.22

Torq
const

1

300e-6s+.0016
Mech

1

0.00283s+4.5

Elec

+
-

Sum

-1e5

s
I.loop

compensator

1
Current
demand

f(u)
Coulomb

peq�r0tvuKw�¾�yÿÝ�{ �+ºL� ¢ ¨:º3½Nê �����vwH�����b§N�b�Ê{7Ãc�Aq9��� � ���0���0u~�0��� �Ktvumu�wK���~�s���0�µ�+�����0��q��H�Hy

Joint 6 using friction data from pcc 27/6/93
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