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º··Õè 1

º·¹íÒ

1.1 ¤ÇÒÁà»“¹ÁÒáÅÐ¤ÇÒÁÊíÒ¤Ñ¢Í§»’ËÒ
á¢¹ËØˆ¹Â¹µŒ (robot arm) ä´‰¡ÅÒÂà»“¹Ê̂Ç¹»ÃÐ¡Íº·ÕèÊíÒ¤Ñã¹ÍØµÊÒË¡ÃÃÁÊÁÑÂãËÁ̂ àªˆ¹

ÍØµÊÒË¡ÃÃÁ»ÃÐ¡ÍºªÔé¹Ê̂Ç¹Ã¶Â¹µŒ ÍØµÊÒË¡ÃÃÁ»ÃÐ¡ÍºªÔé¹Ê̂Ç¹ÍÔàÅç¡·ÃÍ¹Ô¡ÊŒ à»“¹µ‰¹ «Öè§·íÒãË‰
ä´‰¼ÅÔµÀÑ³±Œ·ÕèÁÕ¤Ø³ÀÒ¾ Å´àÇÅÒáÅÐµ‰¹·Ø¹ã¹¡ÒÃ¼ÅÔµ

á¢¹ËØˆ¹Â¹µŒ·ÕèÁÕ¡ÒÃãª‰§Ò¹ã¹ÍØµÊÒË¡ÃÃÁÊ̂Ç¹ãË̂ à»“¹á¢¹ËØˆ¹Â¹µŒáººá¢ç§à¡Ãç§ (rigid robot

arm) «Öè§ÁÕ¹íéÒË¹Ñ¡¢Í§µÑÇá¢¹ÁÒ¡ ·íÒãË‰à¤Å×èÍ¹·Õèä´‰ª‰ÒáÅÐµ‰Í§ãª‰¾ÅÑ§§Ò¹ã¹¡ÒÃ¢Ñºà¤Å×èÍ¹ÁÒ¡
ÊÒàËµØ·Õèã¹ÍØµÊÒË¡ÃÃÁÁÕ¡ÒÃãª‰á¢¹ËØˆ¹Â¹µŒáººá¢ç§à¡Ãç§á·¹·Õè¨Ðãª‰á¢¹ËØˆ¹Â¹µŒáººÍˆÍ¹µÑÇ (flex-

ible robot arm) «Öè§ÁÕ¹íéÒË¹Ñ¡àºÒ·íÒãË‰ãª‰¾ÅÑ§§Ò¹¹‰ÍÂáÅÐà¤Å×èÍ¹·Õèä´‰ÃÇ´àÃçÇ¡ÇˆÒ ¡çà¹×èÍ§ÁÒ
¨Ò¡¤ÇÒÁÍˆÍ¹µÑÇ¢Í§á¢¹ËØˆ¹Â¹µŒ·íÒãË‰à¡Ô´¡ÒÃá¡Çˆ§¢Í§á¢¹àÁ×èÍá¢¹ËØˆ¹Â¹µŒÁÕ¡ÒÃà¤Å×èÍ¹·Õè ·íÒãË‰
µÑÇ¤Çº¤ØÁ«Öè§ãË‰ÊÁÃÃ¶¹Ð·Õè´Õ¡Ñºá¢¹ËØˆ¹Â¹µŒáººá¢ç§à¡Ãç§ äÁˆÊÒÁÒÃ¶ãË‰ÊÁÃÃ¶¹Ð·Õè´Õ¡Ñºá¢¹ËØˆ¹
Â¹µŒáººÍˆÍ¹µÑÇ [1, 2] ´Ñ§¹Ñé¹ Ö̈§ä´‰ÁÕ¤ÇÒÁÊ¹ã¨¾Ñ²¹ÒÇÔ¸Õ¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁ·ÕèÊÒÁÒÃ¶ãË‰
ÊÁÃÃ¶¹Ð·Õè´Õ¡Ñºá¢¹ËØˆ¹Â¹µŒáººÍˆÍ¹µÑÇ

ã¹ªˆÇ§»ÃÐÁÒ³ 20 »•·Õè¼ˆÒ¹ÁÒä´‰ÁÕ¡ÒÃ¾Ñ²¹ÒÇÔ¸Õ¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁäÁˆàªÔ§àÊ‰¹ä»à»“¹ÍÂˆÒ§
ÁÒ¡ ´Ñ§·Õèä´‰ÁÕ¡ÒÃÊÃØ»äÇ‰ã¹ [3, 4, 5, 6] «Öè§¾ºÇˆÒµÑÇ¤Çº¤ØÁ·ÕèÍÍ¡áººä´‰ÊÒÁÒÃ¶ãË‰ÊÁÃÃ¶¹Ð·Õè´Õ
ÁÒ¡¡ÑºÃÐººËÅÒÂæáºº ÃÇÁ·Ñé§ÃÐººá¢¹ËØˆ¹Â¹µŒáººá¢ç§à¡Ãç§ [7, 8] «Öè§à»“¹ÃÐººäÁˆàªÔ§àÊ‰¹áºº
Ë¹Öè§

¹Í¡¨Ò¡¹Õéã¹¡ÒÃãª‰§Ò¹¨ÃÔ§ á¢¹ËØˆ¹Â¹µŒ¨ÐÁÕ¤ˆÒ¾ÒÃÒÁÔàµÍÃŒäÁˆ¤§·Õè à¹×èÍ§¨Ò¡ÊÒàËµØËÅÒÂ
»ÃÐ¡ÒÃàª̂¹ ¹íéÒË¹Ñ¡¢Í§ÊÔè§¢Í§·ÕèËÂÔº Ñ̈ºà»ÅÕèÂ¹á»Å§ ËÃ×ÍÊÀÒÇÐ¡ÒÃ·íÒ§Ò¹à»ÅÕèÂ¹á»Å§ä» ´Ñ§
¹Ñé¹µÑÇ¤Çº¤ØÁ·ÕèÁÕÊÁÃÃ¶¹Ð´Õ¨Ö§¤ÇÃ·Õè¨ÐÊÒÁÒÃ¶»ÃÑº¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§µÑÇ¤Çº¤ØÁàÍ§ à¾×èÍª´àªÂ
¡ÒÃà»ÅÕèÂ¹á»Å§¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§á¢¹ËØˆ¹Â¹µŒ à¾×èÍ·íÒãË‰ÊÁÃÃ¶¹Ðâ´ÂÃÇÁäÁ̂à»ÅÕèÂ¹á»Å§ËÃ×Í
à»ÅÕèÂ¹á»Å§áµˆ¹‰ÍÂ Ö̈§ä´‰ÁÕ¤ÇÒÁÊ¹ã¨¹íÒàÍÒÇÔ¸Õ¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ (adaptive control) [9, 10]

ÁÒ»ÃÐÂØ¡µŒãª‰ã¹¡ÒÃ¤Çº¤ØÁá¢¹ËØˆ¹Â¹µŒ [11, 12, 13, 14, 15]

´Ñ§¹Ñé¹§Ò¹ÇÔ¨ÑÂ¹Õé¨Ö§Ê¹ã¨ÈÖ¡ÉÒà·¤¹Ô¤¡ÒÃ¤Çº¤ØÁäÁˆàªÔ§àÊ‰¹áºº»ÃÑºµÑÇ (adaptive nonlinear con-

trol) ÁÒãª‰¤Çº¤ØÁá¢¹ËØˆ¹Â¹µŒáººÍˆÍ¹µÑÇ â´Â¨ÐÈÖ¡ÉÒà©¾ÒÐá¢¹ËØˆ¹Â¹µŒáºº¢‰ÍµˆÍà´ÕÂÇ

1.2 ÇÑµ¶Ø»ÃÐÊ§¤Œ¢Í§ÇÔ·ÂÒ¹Ô¾¹¸Œ
ÈÖ¡ÉÒ¤ÇÒÁà»“¹ä»ä´‰ã¹¡ÒÃ»ÃÐÂØ¡µŒãª‰ÇÔ¸Õ¡ÒÃ¤Çº¤ØÁäÁˆàªÔ§àÊ‰¹áºº»ÃÑºµÑÇã¹¡ÒÃ¤Çº¤ØÁá¢¹ËØˆ¹

Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ



12

1.3 ¢Íºà¢µ¢Í§ÇÔ·ÂÒ¹Ô¾¹¸Œ
� ÈÖ¡ÉÒ¶Ö§¤ÇÒÁà»“¹ä»ä´‰ã¹¡ÒÃ»ÃÐÂØ¡µŒãª‰ÇÔ¸Õ¡ÒÃ¤Çº¤ØÁäÁˆàªÔ§àÊ‰¹áºº»ÃÑºµÑÇ ã¹¡ÒÃ¤Çº¤ØÁ
ÃÐººá¢¹¡Å¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ â´Âãª‰¡ÒÃ í̈ÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒ

� ÍÍ¡áººµÑÇ¤Çº¤ØÁäÁˆàªÔ§àÊ‰¹áºº»ÃÑºµÑÇ à¾×èÍãª‰ã¹¡ÒÃ¤Çº¤ØÁÃÐººá¢¹¡Å¢‰ÍµˆÍà´ÕÂÇáºº
ÍˆÍ¹µÑÇ·ÕèÁÕãª‰ã¹Ë‰Í§»¯ÔºÑµÔ¡ÒÃÇÔ¨ÑÂÃÐºº¤Çº¤ØÁ

1.4 ¢Ñé¹µÍ¹¡ÒÃ í́Òà¹Ô¹§Ò¹
� ÈÖ¡ÉÒÅÑ¡É³ÐÊÁºÑµÔ¢Í§á¢¹ËØˆ¹Â¹µŒáººÍˆÍ¹µÑÇ
� ÈÖ¡ÉÒÇÔ¸Õ¡ÒÃ¤Çº¤ØÁäÁˆàªÔ§àÊ‰¹áºº»ÃÑºµÑÇ
� ÍÍ¡áººµÑÇ¤Çº¤ØÁäÁˆàªÔ§àÊ‰¹áºº»ÃÑºµÑÇÊíÒËÃÑºá¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ

� ·íÒ¡ÒÃ í̈ÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒ (computer simulation) à¾×èÍ·´ÊÍºÊÁÃÃ¶¹Ð¢Í§µÑÇ¤Çº
¤ØÁ·ÕèÍÍ¡áººä´‰

� ·íÒ¡ÒÃ·´ÅÍ§¡Ñºá¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ

1.5 »ÃÐâÂª¹Œ·Õè¤Ò´Ç̂Ò¨Ðä´‰ÃÑº
·íÒãË‰·ÃÒº¶Ö§¤ÇÒÁà»“¹ä»ä´‰ ã¹¡ÒÃ»ÃÐÂØ¡µŒãª‰ÇÔ¸Õ¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁäÁˆàªÔ§àÊ‰¹áºº»ÃÑºµÑÇ ã¹
¡ÒÃ¤Çº¤ØÁÃÐººá¢¹¡Å¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ áÅÐÊÁÃÃ¶¹Ð¢Í§ÇÔ¸Õ¡ÒÃ¤Çº¤ØÁÇÔ¸Õ¹Õé

1.6 â¤Ã§ÊÃ‰Ò§¢Í§ÇÔ·ÂÒ¹Ô¾¹¸Œ
ÇÔ·ÂÒ¹Ô¾¹¸Œ¹Õé»ÃÐ¡Íº´‰ÇÂà¹×éÍËÒ·Ñé§ËÁ´ 6 º·

º··Õè 1 ¡Å̂ÒÇ¶Ö§¤ÇÒÁà»“¹ÁÒáÅÐ¤ÇÒÁÊíÒ¤Ñ¢Í§»’ËÒ ÇÑµ¶Ø»ÃÐÊ§¤Œ¢Í§ÇÔ·ÂÒ¹Ô¾¹¸Œ áÅÐ
¢Íºà¢µ¢Í§ÇÔ·ÂÒ¹Ô¾¹¸Œ

º··Õè 2 ¡Å̂ÒÇ¶Ö§ÅÑ¡É³Ð·ÑèÇä»¢Í§á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ áºº¨íÒÅÍ§·Ò§¤³Ôµ
ÈÒÊµÃŒ áÅÐ§Ò¹ÇÔ¨ÑÂ·Õè¼ˆÒ¹ÁÒà¡ÕèÂÇ¡ÑºÇÔ¸Õ¡ÒÃ¤Çº¤ØÁÃÐºº´Ñ§¡Å̂ÒÇ

º··Õè 3 ¡Å̂ÒÇ¶Ö§ÇÔ¸Õ¡ÒÃ¤Çº¤ØÁÃÐººäÁˆàªÔ§àÊ‰¹ áÅÐä´‰àÊ¹Í¡ÒÃà¾ÔèÁµÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒà¾×èÍ
·íÒãË‰µÑÇ¤Çº¤ØÁ·Õèä´‰ÂÑ§¤§ÁÕÊÁÃÃ¶¹Ð·Õè´ÕàÁ×èÍ¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§ÃÐººÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§ ÃÇÁ·Ñé§ä´‰
áÊ´§¡ÒÃ¾ÔÊÙ¨¹ŒàÊ¶ÕÂÃÀÒ¾¢Í§ÃÐººÇ§»”´·Õèä´‰

º··Õè 4 áÊ´§¼Å¡ÒÃ í̈ÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒ¡Ñºáºº í̈ÒÅÍ§¢Í§á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇ
áººÍˆÍ¹µÑÇ à¾×èÍáÊ´§ãË‰àËç¹¶Ö§ÊÁÃÃ¶¹Ð¢Í§ÃÐºº¤Çº¤ØÁÇ§»”´·Õèä´‰

º··Õè 5 áÊ´§¼Å¡ÒÃ·´ÅÍ§¡Ñºá¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ
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º··Õè 6 à»“¹º·ÊÃØ»áÅÐÊÔè§·Õè¤ÇÃ·íÒ¡ÒÃÇÔ¨ÑÂµˆÍä»



º··Õè 2

á¢¹ËØˆ¹Â¹µŒ¢‰Íµ̂Íà´ÕÂÇáººÍ̂Í¹µÑÇ

ã¹º·¹Õé¡Å̂ÒÇ¶Ö§áºº¨íÒÅÍ§·Ò§¤³ÔµÈÒÊµÃŒ¢Í§á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ áÅÐ§Ò¹ÇÔ¨ÑÂ
·Õè¼ˆÒ¹ÁÒà¡ÕèÂÇ¡ÑºÇÔ¸Õ¡ÒÃ¤Çº¤ØÁÃÐºº´Ñ§¡Å̂ÒÇ

2.1 áºº í̈ÒÅÍ§·Ò§¤³ÔµÈÒÊµÃŒ¢Í§á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ

��
��
��
��
��

��
��
��
��
��

Initial Frame

Rotating Frame

����

����

�

��

����

��

�

��

ÃÙ»·Õè 2.1: á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ

ÃÙ» 2.1 áÊ´§ÅÑ¡É³ÐÍÂ̂Ò§§̂ÒÂ¢Í§á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ ¾ÄµÔ¡ÃÃÁàªÔ§¾ÅÇÑµ¢Í§
ÃÐºº¹ÕéÊÒÁÒÃ¶Í Ô̧ºÒÂä´‰´‰ÇÂÊÁ¡ÒÃ¼ÊÁÃÐËÇˆÒ§ÊÁ¡ÒÃàªÔ§Í¹Ø¾Ñ¹¸ŒÂˆÍÂáÅÐÊÁ¡ÒÃàªÔ§Í¹Ø¾Ñ¹¸ŒÊÒÁÑ
(mixed partial differential equation and ordinary differential equation) â´ÂÊÁ¡ÒÃàªÔ§Í¹Ø¾Ñ¹¸ŒÂˆÍÂ
¨ÐÍ¸ÔºÒÂ¾ÅÇÑµ¢Í§Ê̂Ç¹á¢¹ áÅÐÊÁ¡ÒÃÍ¹Ø¾Ñ¹¸ŒÊÒÁÑ¨ÐÍ¸ÔºÒÂ¾ÅÇÑµ¢Í§Ê̂Ç¹°Ò¹ ÊÁ¡ÒÃ´Ñ§¡Å̂ÒÇ
¤×Í [17]

��
���

���
� �

����
���

� �
	�


	��

�
	 � (2.1)

� � �
	�


	��
�  	 � (2.2)

àÁ×èÍ

 	 �

� �

�

�
���

���
	�����

���

���

���
�

(2.3)

� 	 �� �
�



��� ����

� (2.4)



15

áÅÐÁÕà§×èÍ¹ä¢¢Íºà¢µ (boundary condition) ¤×Í
��� 	 �� (2.5)

��

��

���
�
	 �� (2.6)

���

���

���
�
	 �� (2.7)

��
���

���

���
�
	 ��

�
�
	�


	��
�

���

���

���
�

�
(2.8)

¾ÒÃÒÁÔàµÍÃŒµˆÒ§æÁÕ¤ÇÒÁËÁÒÂ´Ñ§¹Õé
� ¤×Í ¤ÇÒÁÂÒÇ¢Í§á¢¹
�� ¤×Í âÁàÁ¹µŒ¤ÇÒÁà©×èÍÂ¢Í§°Ò¹
� ¤×Í ÁÇÅµˆÍË¹ˆÇÂ¤ÇÒÁÂÒÇ¢Í§á¢¹

�� ¤×Í ÁÇÅ·Õè»ÅÒÂá¢¹
� ¤×Í ÁÍ´ÙÅÑÊ¢Í§ÂÑ§¢Í§á¢¹
� ¤×Í âÁàÁ¹µŒ¤ÇÒÁà©×èÍÂàªÔ§¾×é¹·ÕèË¹‰ÒµÑ´¢Í§á¢¹

áÅÐ � ¤×ÍáÃ§ºÔ´·Õè°Ò¹

àÁ×èÍãª‰ÇÔ¸Õ¡ÒÃáÂ¡µÑÇá»Ã (separation of variables method) ¨Ðä´‰¼Åà©ÅÂ¢Í§ÊÁ¡ÒÃ (2.1) à»“¹

���� �� 	

��
���

�����Æ���� (2.9)

àÁ×èÍ
����� 	 �� �������� ������ �� ��������� ������� ���

	 ������ � ��� (2.10)

�� 	
�

��

�
�

� �

�

� ���	����� �����

�
(2.11)

Æ���� 	 ����� (2.12)

����� 	 ���
� (2.13)

áÅÐ �� ÊÍ´¤Å‰Í§¡ÑºÊÁ¡ÒÃÅÑ¡É³Ðà©¾ÒÐ

� ��� � ��� �
��

�
��� ���

��
�
��� �� � � ����

����

��
��� �� ��� � ��� 	 � (2.14)

àÁ×èÍ � 	 �����, � 	 �����, �� 	 ������ áÅÐ �� 	 ������

à¾×èÍ·Õè¨Ðä´‰áºº¨íÒÅÍ§·Ò§¤³ÔµÈÒÊµÃŒÁÔµÔÍÑ¹µÐ (finite dimension) ¨Ðãª‰à©¾ÒÐ¼Åà©ÅÂ � ªØ´
áÃ¡¢Í§ÊÁ¡ÒÃ (2.9) ã¹¡ÒÃËÒáºº í̈ÒÅÍ§ ÇÔ¸Õ¹ÕéàÃÕÂ¡ÇˆÒ ÇÔ¸Õ¡ÒÃÊÁÁØµÔâÁ´ (assumed modes method)
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·íÒãË‰ÊÒÁÒÃ¶à¢ÕÂ¹¾ÅÑ§§Ò¹¨Å¹Œ ¾ÅÑ§§Ò¹ÈÑ¡ÂŒ áÅÐ§Ò¹·ÕèãË‰á¡̂ÃÐººä´‰à»“¹

� 	
�

�
�
�	

	�

��
�

	


	�

��
���

�
	Æ�
	�

�
�

�

��
���

��
���

���

	Æ�
	�

	Æ�
	�

�
�

�
�
�	

	�

�� ��
���

��
���

���Æ�Æ� (2.15)

� 	
�

�

��
���

 �Æ
�
� (2.16)

! 	 �
�

 �

��
���

���
��

���
�
Æ�

�
(2.17)

àÁ×èÍ

��� 	

��
�� �

����
�

" 	 #
����
�

" �	 #
(2.18)

 � 	 ��

� �

�

�����
���

��
	� (2.19)

«Öè§¨Ðä´‰ÊÁ¡ÒÃ¾ÅÇÑµ¢Í§á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇà»“¹
��$��$ � ��$� �$� �$ �%$ 	 &� (2.20)

àÁ×èÍ

� 	

�
				

� �

��

���

��

������Æ�Æ� � � � � �

� ��� � � � ���

...
...

...

� ��� � � � ���

�
�

� 	

�
				


��
���

��
������Æ� �Æ� �


��
������Æ� � � � �


��
������Æ�

� �

��

������Æ� � � � � �
...

...
...

� �

��

������Æ� � � � � �

�
�

% 	

�
				

� � � � � �

�  � � � � �
...

...
. . .

...

� � � � �  �

�
�

& 	

�
				

�

�
...

�

�
� � $ 	

�
				




Æ�
...

Æ�

�
�

à¹×èÍ§¨Ò¡µÒÁ»¡µÔÃÐÂÐàºÕèÂ§àº¹¢Í§á¢¹¨ÐÁÕ¤ˆÒ¹‰ÍÂ ´Ñ§¹Ñé¹¶‰Òµ‰Í§¡ÒÃÊÁ¡ÒÃ¾ÅÇÑµàªÔ§àÊ‰¹ÊÒÁÒÃ¶
ÅÐàÅÂ¾¨¹ŒäÁˆàªÔ§àÊ‰¹ã¹ (2.20) ·íÒãË‰ä´‰ÊÁ¡ÒÃ¾ÅÇÑµàªÔ§àÊ‰¹à»“¹

���$ �%$ 	 &� (2.21)
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àÁ×èÍ

�� 	

�
				

� � � � � �

� ��� � � � ���

...
...

. . .
...

� ��� � � � ���

�
�

áÃ§ºÔ´·Õè°Ò¹ (� ) ÁÒ¨Ò¡ÁÍàµÍÃŒ¡ÃÐáÊµÃ§ «Öè§ÁÕ¤ÇÒÁÊÑÁ¾Ñ¹¸Œ¡ÑºáÃ§´Ñ¹·ÕèãË‰á¡̂ÁÍàµÍÃŒ¤×Í

� 	 %�

�� �%�
�


'	

�
(2.22)

àÁ×èÍ
� ¤×ÍáÃ§´Ñ¹·ÕèãË‰á¡̂ÁÍàµÍÃŒ

'	 ¤×Í¤ÇÒÁµ‰Ò¹·Ò¹¢Í§ÁÍàµÍÃŒ
%� ¤×Í¤ˆÒ¤§µÑÇáÃ§ºÔ´¢Í§ÁÍàµÍÃŒ
%� ¤×Í ¤ˆÒ¤§µÑÇáÃ§´Ñ¹¢Í§ÁÍàµÍÃŒ

àÁ×èÍËÒ¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹ (transfer function) ¨Ò¡áÃ§´Ñ¹·ÕèãË‰á¡̂ÁÍàµÍÃŒËÃ×ÍáÃ§ºÔ´·Õè°Ò¹ä»ÂÑ§
µíÒáË¹ˆ§»ÅÒÂá¢¹ ¨Ð¾ºÇˆÒ¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹·Õèä´‰ÁÕÊÁºÑµÔà¿ÊäÁˆµíèÒÊØ´ (nonminimum phase prop-

erty) «Öè§à»“¹ÊÒàËµØÊíÒ¤Ñ·Õè·íÒãË‰¡ÒÃ¤Çº¤ØÁá¢¹ËØˆ¹Â¹µŒáººÍˆÍ¹µÑÇà¾×èÍãË‰ä´‰ÊÁÃÃ¶¹Ð·Õè´Õà»“¹ä»
ä´‰ÂÒ¡¡ÇˆÒ¡ÒÃ¤Çº¤ØÁá¢¹ËØˆ¹Â¹µŒáººá¢ç§à¡Ãç§

áºº¨íÒÅÍ§ÍÂˆÒ§§̂ÒÂÍÕ¡áººË¹Öè§¢Í§á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ ä´‰¨Ò¡¡ÒÃ¡ÒÃ»ÃÐÁÒ³
¤ÇÒÁÍˆÍ¹µÑÇ¢Í§á¢¹à»“¹¤ÇÒÁÍˆÍ¹µÑÇ¢Í§¢‰ÍµˆÍ «Öè§¨Ðä´‰áºº¨íÒÅÍ§´Ñ§¹Õé [18]

�
			

�

�	
�

�	

�
� 	

�
			

� � � �

� � � �

�

stiff

���
�
�
�

���
�

� �

stiff��load����

���load

�
�
�

���
�

�
�
�
			




	
�

�	

�
��

�
			


�

�

�

���

��
�

���

�
�� (2.23)

àÁ×èÍ 
 ¤×ÍÁØÁ¢Í§ÁÍàµÍÃŒ 	 ¤×ÍÊ̂Ç¹àºÕèÂ§àº¹¢Í§»ÅÒÂá¢¹ áÅÐ � ¤×ÍáÃ§´Ñ¹ä¿¿„Ò·ÕèãË‰á¡̂ÁÍàµÍÃŒ
áÅÐ

�load 	
�



��� ����

�

%stiff ¤×Í¤ÇÒÁá¢ç§à¡Ãç§ (stiffness) ¢Í§á¢¹

Ê̂Ç¹¾ÒÃÒÁÔàµÍÃŒÍ×è¹æÁÕ¤ÇÒÁËÁÒÂàª̂¹à´ÕÂÇ¡Ñºã¹ (2.1),(2.2) áÅÐ (2.22)

ÊÑ§à¡µÇˆÒáºº¨íÒÅÍ§ (2.23) à»“¹áºº¨íÒÅÍ§àªÔ§àÊ‰¹ÍÑ¹´Ñº 4 áÅÐà»“¹ÃÐººà¿ÊµíèÒÊØ´ «Öè§à»“¹
áºº¨íÒÅÍ§·ÕèÁÕ¤ÇÒÁ¶Ù¡µ‰Í§µÃ§¡ÑºÅÑ¡É³Ð¢Í§ÃÐºº¨ÃÔ§¹‰ÍÂ¡ÇˆÒ (2.20) ËÃ×Í (2.21)
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2.2 §Ò¹ÇÔ Ñ̈Â·Õè¼̂Ò¹ÁÒà¡ÕèÂÇ¡Ñº¡ÒÃ¤Çº¤ØÁá¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ
§Ò¹ÇÔ¨ÑÂà¡ÕèÂÇ¡Ñº¡ÒÃ¤Çº¤ØÁá¢¹ËØˆ¹Â¹µŒáººÍˆÍ¹µÑÇáº̂§ä´‰à»“¹ 2 ¡ÅØˆÁãË̂æ¤×Í §Ò¹ÇÔ¨ÑÂ·Õè·íÒ

¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁâ´Â¾Ô¨ÒÃ³Òáºº í̈ÒÅÍ§ÁÔµÔÍ¹Ñ¹µŒ«Öè§»ÃÐ¡Íº´‰ÇÂÊÁ¡ÒÃàªÔ§Í¹Ø¾Ñ¹¸ŒÂˆÍÂ ¡Ñº
§Ò¹ÇÔ¨ÑÂ·Õè·íÒ¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁâ´Â¾Ô¨ÒÃ³Òáºº í̈ÒÅÍ§ÁÔµÔÍÑ¹µÐ ·Õèä´‰·íÒ¡ÒÃ»ÃÐÁÒ³â´Âãª‰ÇÔ¸Õ
¡ÒÃÊÁÁØµÔâÁ´ËÃ×ÍÇÔ¸Õ¡ÒÃªÔé¹»ÃÐ¡ÍºÍÑ¹µÐ ·íÒãË‰ä´‰ÊÁ¡ÒÃ¾ÅÇÑµ·Õèà»“¹ÊÁ¡ÒÃàªÔ§Í¹Ø¾Ñ¹¸ŒÊÒÁÑà·̂Ò
¹Ñé¹ ·Ñé§¹Õé Bontsema áÅÐ Curtain [19] ä´‰áÊ´§ãË‰àËç¹äÇ‰ÇˆÒµÑÇ¤Çº¤ØÁ·ÕèÍÍ¡áºº¡Ñºáºº í̈ÒÅÍ§ÁÔµÔ
ÍÑ¹µÐ ¨ÐÊÒÁÒÃ¶¹íÒä»ãª‰¤Çº¤ØÁÃÐºº¨ÃÔ§·Õèà»“¹ÃÐººÁÔµÔÍ¹Ñ¹µŒä´‰´Õ ¶‰ÒµÑÇ¤Çº¤ØÁ·Õèä´‰ÁÕ¤ÇÒÁ¤§·¹
(robustness) à¾ÕÂ§¾ÍµˆÍ¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¡ÒÃ»ÃÐÁÒ³¢Í§áºº í̈ÒÅÍ§

ÊíÒËÃÑº§Ò¹ÇÔ¨ÑÂ·Õèãª‰áºº¨íÒÅÍ§ÁÔµÔÍ¹Ñ¹µŒ ·Õè¹ˆÒÊ¹ã¨ä´‰á¡̂

Ding, Tarn áÅÐ Bejczy [20] ä´‰·íÒ¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁâ´ÂÇÔ¸Õ¡ÒÃ·íÒãË‰à»“¹àªÔ§àÊ‰¹ã¹
á§̂ÊÑÒ³à¢‰Ò ÊÑÒ³ÍÍ¡ (input/output linearization) ÊíÒËÃÑºá¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹
µÑÇâ´Âãª‰áÃ§ºÔ´à»“¹ÊÑÒ³à¢‰ÒáÅÐÁØÁ¢Í§°Ò¹à»“¹ÊÑÒ³ÍÍ¡ ¾ºÇ̂Ò¶‰Òá¢¹ËØˆ¹Â¹µŒÁÕ¡ÒÃË¹ˆÇ§
(damping) ¾ÅÇÑµÀÒÂã¹ (internal dynamic) ¨ÐàÊ¶ÕÂÃ

Luo [21] áÅÐ Luo áÅÐ Guo [22] ¾ºÇˆÒ¡ÒÃãª‰¡ÒÃ»„Í¹¡ÅÑº¤ÇÒÁà¤ÃÕÂ´¢Í§á¢¹ (strain

feedback) ÊÒÁÒÃ¶à¾ÔèÁ¾¨¹Œ¡ÒÃË¹ˆÇ§à¢‰Òä»ã¹ÊÁ¡ÒÃàªÔ§Í¹Ø¾Ñ¹¸ŒÂˆÍÂ·ÕèÍ¸ÔºÒÂ¾ÅÇÑµ¢Í§á¢¹ «Öè§
·íÒãË‰Å´¡ÒÃÊÑè¹¢Í§á¢¹áÅÐÃÐºº¨ÐÁÕàÊ¶ÕÂÃÀÒ¾áººàÅ¢ªÕé¡íÒÅÑ§ (exponentially stable) ÍÂˆÒ§äÃ¡ç
µÒÁ ¡ÒÃ¾ÔÊÙ¨¹ŒàÊ¶ÕÂÃÀÒ¾´Ñ§¡Å̂ÒÇä´‰¾Ô¨ÒÃ³Òà©¾ÒÐ¾ÅÇÑµ¢Í§á¢¹ËØˆ¹Â¹µŒË¹Öè§á¢¹à·̂Ò¹Ñé¹ÁÔä´‰¹íÒ
àÍÒ¾ÅÇÑµ¢Í§ÁÍàµÍÃŒÁÒ¾Ô¨ÒÃ³Ò´‰ÇÂ

Ge, Lee áÅÐ Zhu [23] ä´‰àÊ¹Í¡ÒÃ»„Í¹¡ÅÑº¤ÇÒÁà¤ÃÕÂ´¢Í§á¢¹áººäÁ̂àªÔ§àÊ‰¹ áÅÐä´‰¾ÔÊÙ¨¹ŒÇˆÒ
¡ÒÃãª‰¡®¡ÒÃ¤Çº¤ØÁ·ÕèàÊ¹ÍÃˆÇÁ¡ÑºµÑÇ¤Çº¤ØÁáºº¾Õ´Õ ã¹¡ÒÃ¤Çº¤ØÁá¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáºº
ÍˆÍ¹µÑÇ¨Ð·íÒãË‰ä´‰ÃÐººÇ§»”´·ÕèÁÕàÊ¶ÕÂÃÀÒ¾

ÊíÒËÃÑº§Ò¹ÇÔ¨ÑÂÇÔ¸Õ¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ·Õè¾Ô¨ÒÃ³ÒÃÐººÁÔµÔÍ¹Ñ¹µŒ ÁÕàªˆ¹ Luo áÅÐ Sakawa [24]

ä´‰àÊ¹Í¡®¡ÒÃ»ÃÑºµÑÇáºº§̂ÒÂæÊíÒËÃÑºµÑÇ¤Çº¤ØÁ·ÕèàÊ¹Íã¹ [21] à¾×èÍª´àªÂ¼Å¢Í§¡ÒÃà»ÅÕèÂ¹
á»Å§ÁÇÅ·Õè»ÅÒÂá¢¹ de Queiroz, Dawson, Agarwal áÅÐ Zhang [25] àÊ¹Í¡®¡ÒÃ¤Çº¤ØÁ
áºº»ÃÑºµÑÇÊíÒËÃÑºá¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇâ´Âµ‰Í§ÁÕ¡ÒÃãª‰µÑÇ¢ÑºàÃ‰Ò·Õè»ÅÒÂá¢¹ à¾×èÍ
ª´àªÂ¡ÒÃà»ÅÕèÂ¹á»Å§ÁÇÅ·Õè»ÅÒÂá¢¹áÅÐ¤ÇÒÁÍˆÍ¹µÑÇ¢Í§á¢¹

ÊíÒËÃÑº§Ò¹ÇÔ¨ÑÂ·Õèãª‰áºº¨íÒÅÍ§ÁÔµÔÍÑ¹µÐ ·Õè¹ˆÒÊ¹ã¨ä´‰á¡̂

Cannon áÅÐ Schmitz [1] ä´‰·íÒ¡ÒÃÍÍ¡áººµÑÇ¤Çº¤Øºáºº Linear-Quadratic-Guassian

(LQG) ÊíÒËÃÑºá¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ â´Âãª‰ÊÑÒ³ÍÍ¡à»“¹µíÒáË¹ˆ§»ÅÒÂ¢Í§á¢¹
áÅÐ¤ÇÒÁàÃçÇ¢Í§ÁÍàµÍÃŒ ¾ºÇˆÒÊÒÁÒÃ¶ä´‰¼ÅµÍºÊ¹Í§·Õè´Õ¶‰Òáºº í̈ÒÅÍ§·Õèãª‰ã¹¡ÒÃÍÍ¡áººµÑÇ
¤Çº¤ØÁÁÕ¤ÇÒÁ¶Ù¡µ‰Í§¾Í Sakawa, Matsuno áÅÐ Fukushima [2] ä´‰·íÒ¡ÒÃÍÍ¡áººµÑÇ¤Çº
¤ØÁáºº Linear-Quadratic-Regulator (LQR) áÅÐãª‰µÑÇÊÑ§à¡µÊ¶Ò¹Ð (state observer) ÊíÒËÃÑºá¢¹ËØˆ¹
Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ â´Âãª‰ÊÑÒ³ÍÍ¡à»“¹¤ÇÒÁà¤ÃÕÂ´¢Í§á¢¹áÅÐµíÒáË¹ˆ§¢Í§ÁÍàµÍÃŒ
¾ºÇˆÒÊÒÁÒÃ¶ä´‰¼ÅµÍºÊ¹Í§·Õè´Õàªˆ¹¡Ñ¹
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Bayo áÅÐ Moulin [26] ä´‰àÊ¹ÍÇÔ¸Õ¡ÒÃ¤íÒ¹Ç³ËÒáÃ§ºÔ´·Õèµ‰Í§ãª‰ã¹¡ÒÃ·íÒãË‰»ÅÒÂá¢¹ËØˆ¹
Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇµÒÁÃÍÂÊÑÒ³·Õèµ‰Í§¡ÒÃ «Öè§¾ºÇˆÒµ‰Í§ãË‰áÃ§ºÔ´¡̂Í¹·Õè»ÅÒÂá¢¹¨Ð
àÃÔèÁà¤Å×èÍ¹·Õè ¹Ñè¹¤×ÍµÑÇ¤Çº¤ØÁ·Õèä´‰à»“¹µÑÇ¤Çº¤ØÁáºº non-causal Yang, Krishnan áÅÐ
Ang [27] ä´‰àÊ¹ÍÇÔ¸Õ¡ÒÃ¤íÒ¹Ç¹ËÒÁØÁ¢Í§ÁÍàµÍÃŒ·Õè·íÒãË‰»ÅÒÂá¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ
à¤Å×èÍ¹·Õè¨Ò¡µíÒáË¹ˆ§Ë¹Öè§ä»ÂÑ§ÍÕ¡µíÒáË¹ˆ§Ë¹Öè§ã¹àÇÅÒ¨íÒ¡Ñ´

Wang áÅÐ Vidyasagar [28] áÅÐ Rossi, Zuo áÅÐ Wang [29] ä´‰áÊ´§ãË‰àËç¹ÇˆÒÊíÒËÃÑºá¢¹
ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ ¶‰Òà»ÅÕèÂ¹ÊÑÒ³ÍÍ¡¢Í§ÃÐºº¨Ò¡µíÒáË¹ˆ§»ÅÒÂá¢¹·Õèá·‰¨ÃÔ§ä»
à»“¹µíÒáË¹ˆ§Í×è¹¢Í§á¢¹ ¨ÐÊÒÁÒÃ¶·íÒãË‰¡ÒÃÊ̂§ (mapping) ¨Ò¡áÃ§ºÔ´¢Í§ÁÍàµÍÃŒä»ÂÑ§Í¹Ø¾Ñ¹¸Œ
àªÔ§àÇÅÒ¢Í§ÊÑÒ³ÍÍ¡·Õè¡íÒË¹´ãËÁˆà»“¹¡ÒÃÊ̂§áºº¡ÊÒ¹µÔì (passive mapping) «Öè§·íÒãË‰ÍÍ¡áºº
µÑÇ¤Çº¤ØÁ·Õè·íÒãË‰ÃÐººÁÕàÊ¶ÕÂÃÀÒ¾ä´‰§̂ÒÂ

Geniele, Patel áÅÐ Khorasani [30] ä´‰·íÒ¡ÒÃÍÍ¡áººµÑÇª´àªÂáºº»„Í¹ä»¢‰Ò§Ë¹‰Ò (feed-through

compensator) à¾×èÍÇÒ§µíÒáË¹ˆ§ÈÙ¹ÂŒ (zero) ¢Í§á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ äÇ‰ã¹µíÒáË¹ˆ§·Õè
àÊ¶ÕÂÃáÅ‰Çãª‰µÑÇ¤Çº¤ØÁáºº¾ÕäÍ´Õ ã¹¡ÒÃ¤Çº¤ØÁÃÐºº·Õèä´‰

ÊíÒËÃÑº§Ò¹ÇÔ¨ÑÂÇÔ¸Õ¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ·Õè¾Ô¨ÒÃ³ÒÃÐººÁÔµÔÍÑ¹µÐ ÁÕàªˆ¹ Feliu, Rattan

áÅÐ Brown [12] ä´‰àÊ¹Í¡®¡ÒÃ»ÃÑºµÑÇÊíÒËÃÑºá¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇà¾×èÍª´àªÂ¡ÒÃ
à»ÅÕèÂ¹á»Å§ÁÇÅ·Õè»ÅÒÂá¢¹ Amin áÅÐ Morris [14] ä´‰àÊ¹ÍÇÔ¸Õ¡ÒÃ¤Çº¤ØÁáºº Model Reference

Adaptive Control à¾×èÍ¤Çº¤ØÁµíÒáË¹ˆ§¢Í§ÁÍàµÍÃŒÊíÒËÃÑºá¢¹ËØˆ¹Â¹µŒ¢‰Íµ̂Íà´ÕÂÇáººÍˆÍ¹µÑÇ áÅÐ
ä´‰à¾ÔèÁµÑÇª´àªÂ¤ÇÒÁÍˆÍ¹µÑÇà¾×èÍÅ´¡ÒÃá¡Çˆ§¢Í§á¢¹ Rossi áÅÐ Wang [15] ä´‰àÊ¹ÍÇÔ¸Õ¡ÒÃ¤Çº
¤ØÁáºº»ÃÑºµÑÇÍ‰Ò§ÍÔ§áºº¨íÒÅÍ§ (model reference adaptive control) ¡ÑºÃÐºº·Õèä´‰ÁÕ¡ÒÃ¡íÒË¹´
ÊÑÒ³ÍÍ¡ãËÁˆ´Ñ§ã¹ [29]

ã¹ ¸à¹È ¸ÕÃÈÑ¡´Ò¹¹·Œ áÅÐ ÇÑªÃ¾§ÉŒ â¢ÇÔ±ÙÃ¡Ô¨ [31] ä´‰¹íÒàÊ¹Í¡ÒÃ¤Çº¤ØÁ¿’««Õáºº»ÃÑº
µÑÇ (adaptive fuzzy control) ÊíÒËÃÑºá¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇâ´Âãª‰áºº¨íÒÅÍ§·Ò§¤³Ôµ
ÈÒÊµÃŒÍÂˆÒ§§̂ÒÂ·ÕèÁÕÊÁºÑµÔà¿ÊµíèÒÊØ´ â´Âãª‰·ÄÉ®Õ·ÕèàÊ¹Íã¹ Wang [32] áµˆà¹×èÍ§¨Ò¡áºº í̈ÒÅÍ§·Õè¶Ù¡
µ‰Í§ÁÒ¡ÂÔè§¢Öé¹¢Í§á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ¨ÐÁÕÊÁºÑµÔà¿ÊäÁ̂µíèÒÊØ´ «Öè§·íÒãË‰äÁˆÊÒÁÒÃ¶ãª‰
ÇÔ¸Õ·ÕèàÊ¹Íã¹ [32] ¡Ñºáºº í̈ÒÅÍ§·Õè¶Ù¡µ‰Í§ÁÒ¡ÂÔè§¢Öé¹ä´‰ ¨Ö§ÁÕ¡ÒÃàÊ¹ÍµÑÇ¤Çº¤ØÁäÁˆàªÔ§àÊ‰¹áºº»ÃÑº
µÑÇÊíÒËÃÑºÃÐººà¿ÊäÁ̂µíèÒÊØ´ à¾×èÍà»“¹¾×é¹°Ò¹ã¹¡ÒÃ·íÒµÑÇ¤Çº¤ØÁ¿’««Õáºº»ÃÑºµÑÇµˆÍä» «Öè§ä´‰ÃÒÂ
§Ò¹äÇ‰ã¹ ¸à¹È ¸ÕÃÈÑ¡´Ò¹¹·Œ áÅÐ ÇÑªÃ¾§ÉŒ â¢ÇÔ±ÙÃ¡Ô¨ [33] áÅÐ ÇÑªÃ¾§ÉŒ â¢ÇÔ±ÙÃ¡Ô¨ ÁÒ¹¾ Ç§ÈŒ
ÊÒÂÊØÇÃÃ³ áÅÐ à´ÇÔ´ ºÃÃà¨Ô´¾§ÈŒªÑÂ [34]

2.3 ÊÃØ»
á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ à»“¹ÃÐºº·ÕèÍ¸ÔºÒÂä´‰´‰ÇÂÊÁ¡ÒÃàªÔ§Í¹Ø¾Ñ¹¸ŒÂˆÍÂ áÅÐ

ÊÁ¡ÒÃàªÔ§Í¹Ø¾Ñ¹¸ŒÊÒÁÑ «×è§ã¹¡ÒÃÇÔà¤ÃÒÐËŒà¾×èÍÍÍ¡áººµÑÇ¤Çº¤ØÁ¨Ðµ‰Í§ãª‰¤³ÔµÈÒÊµÃŒ¢Ñé¹ÊÙ§ ´Ñ§
¹Ñé¹§Ò¹ÇÔ¨ÑÂÊ̂Ç¹ãË̂¨Ð¾Ô¨ÒÃ³Òáºº í̈ÒÅÍ§â´Â»ÃÐÁÒ³ «Öè§»ÃÐ¡Íº´‰ÇÂÊÁ¡ÒÃàªÔ§Í¹Ø¾Ñ¹¸ŒÊÒÁÑ
à·̂Ò¹Ñé¹
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§Ò¹ÇÔ¨ÑÂ·Õè¼ˆÒ¹ÁÒÊíÒËÃÑº¡ÒÃ¤Çº¤ØÁá¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇÁÕÍÂÙˆà»“¹ í̈Ò¹Ç¹ÁÒ¡ áÅÐ
á¹Ç·Ò§·Õèãª‰ã¹¡ÒÃ¤Çº¤ØÁ¡çáµ¡µˆÒ§¡Ñ¹ä» ÃÇÁ·Ñé§ÁÕ¡ÒÃÇÔ¨ÑÂ¡ÒÃ»ÃÐÂØ¡µŒãª‰¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ
à¾×èÍ¤Çº¤ØÁá¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ »’ËÒÊíÒ¤ÑÊíÒËÃÑº¡ÒÃ¤Çº¤ØÁá¢¹ËØˆ¹Â¹µŒáºº
ÍˆÍ¹µÑÇà¡Ô´¨Ò¡¡ÒÃà»“¹ÃÐººà¿ÊäÁˆµíèÒÊØ´·íÒãË‰¡ÒÃ¤Çº¤ØÁà¾×èÍãË‰ä´‰ÊÁÃÃ¶¹Ð·Õè´Õà»“¹ä»ä´‰ÂÒ¡ áÅÐ
ÇÔ¸Õ¡ÒÃ¤Çº¤ØÁ·Õèãª‰ÍÂÙˆ·ÑèÇä»äÁˆÊÒÁÒÃ¶ãª‰ä´‰ËÃ×ÍäÁˆÊÒÁÒÃ¶ãª‰ä´‰´Õ



º··Õè 3

¡ÒÃ¤Çº¤ØÁäÁˆàªÔ§àÊ‰¹áºº»ÃÑºµÑÇ

ã¹º·¹Õé¡Å̂ÒÇ¶Ö§ ÇÔ¸Õ¡ÒÃÍÍ¡áºº¤Çº¤ØÁäÁˆàªÔ§àÊ‰¹áºº»ÃÑºµÑÇ â´Âã¹µÍ¹ 3.1 ¡Å̂ÒÇ¶Ö§¡ÒÃ¤Çº
¤ØÁ¡‰ÒÇ¶ÍÂ¡ÅÑºáºº»ÃÑºµÑÇ (adaptive backstepping control) ã¹µÍ¹ 3.2 ¡Å̂ÒÇ¶Ö§¡ÒÃ¤Çº¤ØÁäÁˆ
àªÔ§àÊ‰¹ÊíÒËÃÑºÃÐººã¹ÃÙ»áººË¹Öè§ ·ÕèÁÕÊÁºÑµÔà¿ÊäÁˆµíèÒÊØ´ «Öè§à»“¹ÊÁºÑµÔ¢Í§á¢¹ËØˆ¹Â¹µŒáººÍˆÍ¹
µÑÇ â´Â¡ÒÃÁÍ§»’ËÒà»“¹¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁáººµÒÁÃÍÂâ´Â»ÃÐÁÒ³ (approximate output

tracking) ¡Å̂ÒÇ¤×Í¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¡ÒÃµÒÁÃÍÂÁÕ¢¹Ò´ í̈Ò¡Ñ´ áÅÐã¹µÍ¹ 3.3 ¡Å̂ÒÇ¶Ö§¡ÒÃÍÍ¡áºº
µÑÇ¤Çº¤ØÁäÁˆàªÔ§àÊ‰¹áºº»ÃÑºµÑÇÊíÒËÃÑºÃÐººáººà´ÕÂÇ¡Ñº·Õè¾Ô¨ÒÃ³Òã¹µÍ¹ 3.1.2

3.1 ¡ÒÃ¤Çº¤ØÁ¡‰ÒÇ¶ÍÂ¡ÅÑºáºº»ÃÑºµÑÇ
¡ÒÃ¤Çº¤ØÁ¡‰ÒÇ¶ÍÂ¡ÅÑºáºº»ÃÑºµÑÇ (adaptive backstepping control) [6] à»“¹ÇÔ¸Õ¡ÒÃ¤Çº¤ØÁ

áºº»ÃÑºµÑÇ·ÕèÁÕ¾×é¹°Ò¹ÍÂÙˆº¹¡ÒÃÊÃ‰Ò§¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿ (Lyapunov function) â´ÂÁÕ¡ÒÃÍÍ¡áººµÑÇ
¤Çº¤ØÁáººà»“¹¢Ñé¹µÍ¹ (recursive design procedure) ã¹·Õè¹Õé¨ÐáÊ´§ÇÔ¸Õ¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁâ´Â
¡ÒÃ»„Í¹¡ÅÑºÊÑÒ³ÍÍ¡ (output feedback)

¡ÒÃÍÍ¡áºº¨ÐàÃÔèÁ¨Ò¡ÃÐºº·Õè¨Ð¤Çº¤ØÁã¹ÃÙ» observable canonical form:

��� 	 �� � (���) (3.1)

...

���� 	 � � (	��) (3.2)

�� 	 ��� � (	) � *	+ (3.3)

...

����� 	 �� � (�) � *�+ (3.4)

��� 	 �(�) � *�+ (3.5)

) 	 �� (3.6)

ËÃ×Í
�� 	 ��� )(�

�
�������

*

�
+ (3.7)

) 	 ,�� � (3.8)

àÁ×èÍ

� 	

�
				

� � � � � �
...

...
. . .

...

� � � � � �

� � � � � �

�
� � ( 	

�
		

(���

...

(�

�
� � * 	

�
		

*	
...

*�

�
� � ,� 	

�
	
���������

��������

�
� (3.9)

ÃÐºº·Õè¨Ð¤Çº¤ØÁ¨Ðµ‰Í§à»“¹ÃÐººà¿ÊµíèÒÊØ´ áÅÐÃÙ‰à¤Ã×èÍ§ËÁÒÂ¢Í§ *	



22

àÃÒ¨ÐàÃÔèÁ¨Ò¡¡ÒÃÍÍ¡áººµÑÇ»ÃÐÁÒ³Ê¶Ò¹Ð [6] â´Âà¢ÕÂ¹ (3.7),(3.8) à»“¹
�� 	 ��� � �)� +�� 
 (3.10)

) 	 ,�� � (3.11)

àÁ×èÍ
� �)� +�� 	

��
�������	���

�	��

�
+ ���)

�
� 
 	

�
*

(

�
(3.12)

µÑÇ»ÃÐÁÒ³Ê¶Ò¹Ð·ÕèàÃÒãª‰¤×Í
�- 	 ��- �  ) (3.13)

�� 	 ��� � � �)� +�� (3.14)

àÁ×èÍàÅ×Í¡  	 � �� � � � �  ��
� à¾×èÍãË‰àÁ·ÃÔ¡«Œ

�� 	 ��  ,�� (3.15)

à»“¹àÁ·ÃÔ¡«ŒàÎÍÃŒÇÔµ«Œ «Öè§àÃÒ¨Ðä´‰¤ˆÒ»ÃÐÁÒ³Ê¶Ò¹Ðà»“¹
�� 	 - ��� 
 (3.16)

áÅÐÊÒÁÒÃ¶áÊ´§ãË‰àËç¹ä´‰ÇˆÒ ¤ˆÒ¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¡ÒÃ»ÃÐÁÒ³Ê¶Ò¹Ð
. 	 �� �� (3.17)

ÊÍ´¤Å‰Í§µÒÁ
�. 	 ��. (3.18)

àÃÒÊÒÁÒÃ¶à¢ÕÂ¹¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§µÑÇá»ÃÊ¶Ò¹ÐáÅÐ¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ (
) ä´‰à»“¹
� 	 - � �� 
 � . (3.19)

àÃÒÊÒÁÒÃ¶Å´ÍÑ¹´Ñº¢Í§µÑÇ»ÃÐÁÒ³Ê¶Ò¹Ðä´‰ â´Â¡ÒÃãª‰»ÃÐâÂª¹Œ¨Ò¡â¤Ã§ÊÃ‰Ò§¢Í§ � �)� +�

áÅÐ �� ·íÒãË‰àÃÒÊÒÁÒÃ¶à¢ÕÂ¹µÑÇ»ÃÐÁÒ³Ê¶Ò¹Ðä´‰à»“¹
�/ 	 ��/ � ,�) (3.20)

�0 	 ��0� ,�+ (3.21)

- 	 ���
�/ (3.22)

� 	
�
1	 � � � 1� �

�
(3.23)

àÁ×èÍ
1� 	 ��

�0� # 	 �� � � � �� (3.24)

� 	 �
�
����
� / � � � ��/ /

�
(3.25)
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¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁ¨ÐàÃÔèÁ¨Ò¡
�) 	 �� � (���) 	 �� � ),�� ( (3.26)

¨Ò¡ (3.19) àÃÒ¨Ðä´‰ÇˆÒ
�� 	 -� ���

���
 � .� (3.27)

	 -� �
�
1	�� 1	���� � � � 1��� ����

�

 � .� (3.28)

	 *	1	�� � -� �
�
� 1	���� � � � 1��� ����

�

 � .� (3.29)

¨Ò¡ (3.26),(3.29) ¨Ðä´‰ÇˆÒ
�) 	 -� � �� 
 � .� (3.30)

	 *	1	�� � -� � ��� 
 � .� (3.31)

àÁ×èÍ
� 	

�
1	�� 1	���� � � � 1��� ���� � ),��

��
(3.32)

�� 	
�
� 1	���� � � � 1��� ���� � ),��

��
(3.33)

¨Ò¡ (3.24) àÃÒÊÒÁÒÃ¶áÊ´§ãË‰àËç¹ä´‰ÇˆÒ
�1	 	 ��1	 � ,+ (3.34)

´Ñ§¹Ñé¹ÃÐºº·ÕèàÃÒ¨Ð·íÒ¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁ¤×Í
�) 	 *	1	�� � -� � ��� 
 � .� (3.35)

�1	�� 	 1	�� �  �1	�� (3.36)

...

�1	��� 	 1	� �  ��1	�� (3.37)

�1	� 	 1	��� �  1	�� � + (3.38)

«Öè§à»“¹ÃÐºº·ÕèµÑÇá»ÃÊ¶Ò¹ÐÊÒÁÒÃ¶ÇÑ´ä´‰ ÇÑµ¶Ø»ÃÐÊ§¤Œã¹¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁ¤×Íµ‰Í§¡ÒÃãË‰ÃÐºº
ÁÕàÊ¶ÕÂÃÀÒ¾ áÅÐÊÑÒ³ÍÍ¡¢Í§ÃÐºº ) µÒÁÃÍÂÊÑÒ³Í‰Ò§ÍÔ§ )�

àÁ×èÍà»ÅÕèÂ¹µÑÇá»ÃÊ¶Ò¹Ð â´ÂãË‰
2� 	 ) � )� (3.39)

2� 	 1	�� � �3)������ � 4���� " 	 �� � � � � � (3.40)

â´Â �3 ¤×Í¤ˆÒ»ÃÐÁÒ³¢Í§ 3 	 �
��

, 4��� à»“¹¿’§¡ŒªÑ¹¢Í§µÑÇá»ÃÊ¶Ò¹Ð·Õèä´‰¨Ò¡¡ÒÃÍÍ¡áººµÑÇ
¤Çº¤ØÁ àÃÒ¨ÐÍÍ¡áººµÑÇ¤Çº¤ØÁà¾×èÍ·íÒãË‰ 2 	 �2�� � � � � 2�

� ÁÕ¤ˆÒà¢‰ÒÊÙˆ 0 «Öè§¨Ð·íÒãË‰àÃÒä´‰ÇˆÒ )

µÒÁÃÍÂ )�
¢Ñé¹·Õè 1 àÃÒ¨ÐàÃÔèÁ¨Ò¡

�2� 	 *	1	�� � -� � ��� 
 � .� � �)� (3.41)

	 *	2� � *	4� � *	�3 �)� � -� � ��� 
 � .� � �)� (3.42)

	 *	4� � -� � ��� 
 � .� � *	�3 �)� � *	2� (3.43)
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àÁ×èÍ �3 	 3� �3 áÅÐãË‰
4� 	 �3�4� (3.44)

�4� 	 ���2� � 	�2� � -� � ��� �
 (3.45)

àÃÒ¨Ðä´‰ÇˆÒ
�2� 	 ���2� � 	�2� � .� � ��� �
 � *	� �)� � �4���3� *	2� (3.46)

	 ���2� � 	�2� � .� � ��� �
 � *	� �)� � �4���3��*	2� ��*	2� (3.47)

	 ���2� � 	�2� � .� � ��� �
 � *	� �)� � �4���3� �1	�� � �3 �)� � 4��,
�
�
�
 ��*	2� (3.48)

	 ���2� � 	�2� � .� � *	� �)� � �4���3� �� � �3� �)� � �4��,��
� �
 ��*	2� (3.49)

¡íÒË¹´¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿

�� 	
�

�
2�� �

�

�
�
�����
 �

�

�

�*	�

�5
�3� �

�

�	�
.�6. (3.50)

àÁ×èÍ 6�� ���
� 6 	 �� ¨Ðä´‰ÇˆÒ
��� 	 ���2

�
� �

�*	2�2� � �*	��3
�

5

�
5���*	�� �)� � �4��2� � ��3

�
� �
����

�
��� � �3� �)� � �4��,��2� �

��

�
� 	�2

�
� � 2�.� �

�

�	�
.� . (3.51)

àÅ×Í¡
��3 	 �5���*	�� �)� � �4��2� (3.52)

áÅÐ
�� 	 �� � �3� �)� � �4��,��2� (3.53)

àÃÒ¨Ðä´‰ÇˆÒ

��� 	 ���2
�
� � 	�

�
2� �

�

�	�
.�

��

�
�

�	�

�
.�� � .�� � � � �� .��

�
��*	2�2�

� �
�
�
�� � ���

��

�

(3.54)

� ���2
�
� �

�*	2�2� � �
�
�
�� � ���

��

�

(3.55)

¢Ñé¹·Õè 2 ËÒÍ¹Ø¾Ñ¹¸Œ¢Í§ (3.40) ÊíÒËÃÑº " 	 � ¨Ðä´‰ÇˆÒ

�2� 	 �1	�� � �3�)� � ��3 �)� � �4� (3.56)

	 1	�� � �� � �3�)� �
�4�
�)

�
�� �
 � .�

�
�

�4�

��


��
 (3.57)

àÁ×èÍ
�� 	  �1	�� �

�4�
�)

�
-� � �� �


�
�

�4�
�/

���/ � ,�)� �
�4�
�)�

�)�

�

	���
���

�4�
�0�

�� �0� � 0���� �

�
�)� �

�4�
��3

�
��3 (3.58)
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à¹×èÍ§¨Ò¡ 1	�� � �3�)� 	 2� � 4� àÃÒ¨Ðä´‰ÇˆÒ

�2� 	 4� � �� �
�4�
�)

�
�� �
 � .�

�
�

�4�

��


��
 � 2� (3.59)

ãË‰

4� 	 ���2� � 	�

�
�4�
�)

��

2� � �*	2� � �� �
�4�

��

��� (3.60)

�� 	 �� �
�4�
�)

�2� (3.61)

�� 	 �� �
�

�
2�� �

�

�	�
.�6. (3.62)

¨Ðä´‰ÇˆÒ
��� � ���2

�
� � ��2

�
� � 2�2� � �
�

�
�� � ���

��

�
� 2�

�4�

��


�
��� �

��

�

(3.63)

¢Ñé¹·Õè 3 ËÒÍ¹Ø¾Ñ¹¸Œ¢Í§ (3.40) ÊíÒËÃÑº " 	 
 ¨Ðä´‰ÇˆÒ
�2� 	 �1	�� � �3�)� � ��3 �)� � �4� (3.64)

	 1	�� � �� � �3)���� �
�4�
�)

�
�� �
 � .�

�
�

�4�

��


��
 (3.65)

àÁ×èÍ
�� 	  �1	�� �

�4�
�)

�
-� � �� �


�
�

�4�
�/

���/ � ,�)� �
�4�
�)�

�)� �
�4�
� �)�

�)�

�

	���
���

�4�
�0�

�� �0� � 0���� �

�
�)� �

�4�
��3

�
��3 (3.66)

à¹×èÍ§¨Ò¡ 1	�� � �3)
���
� 	 2� � 4� àÃÒ¨Ðä´‰ÇˆÒ

�2� 	 4� � �� �
�4�
�)

�
�� �
 � .�

�
�

�4�

��


��
 � 2� (3.67)

ãË‰

4� 	 ���2� � 	�

�
�4�
�)

��

2� � 2� � �� �
�4�

��

��� � 2�

�4�

��

�
�4�
�)

� (3.68)

�� 	 �� �
�4�
�)

�2� (3.69)

�� 	 �� �
�

�
2�� �

�

�	�
.�6. (3.70)

¨Ðä´‰ÇˆÒ
��� � ���2

�
� � ��2

�
� � ��2

�
� � 2�2� � �
�

�
�� � ���

��

�

�

�
2�
�4�

��

� 2�

�4�

��


��
��� �

��

�

(3.71)

¢Ñé¹·Õè " 	 �� � � � � �� � ËÒÍ¹Ø¾Ñ¹¸Œ¢Í§ (3.40) ¨Ðä´‰ÇˆÒ
�2� 	 �1	�� � �3)���� � ��3)������ � �4��� (3.72)

	 1	���� � �� � �3)���� �
�4���
�)

�
�� �
 � .�

�
�

�4���

��


��
 (3.73)
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àÁ×èÍ

�� 	  �1	�� �
�4���
�)

�
-� � �� �


�
�

�4���
�/

���/ � ,�)� �

����
���

�4���

�)
�����
�

)����

�

	�����
���

�4���
�0�

�� �0� � 0���� �

�
)������ �

�4���
��3

�
��3 (3.74)

à¹×èÍ§¨Ò¡ 1	���� � �3)
���
� 	 2��� � 4� àÃÒ¨Ðä´‰ÇˆÒ

�2� 	 4� � �� �
�4���
�)

�
�� �
 � .�

�
�

�4���

��


��
 � 2��� (3.75)

ãË‰

4� 	 ���2� � 	�

�
�4���
�)

��

2� � 2��� � �� �
�4���

��

��� �

�
����
���

2�
�4���

��


�
�
�4���
�)

� (3.76)

�� 	 ���� �
�4���
�)

�2� (3.77)

�� 	 ���� �
�

�
2�� �

�

�	�
.�6. (3.78)

¨Ðä´‰ÇˆÒ

��� � �

��
���

���2
�
� � 2�2��� � �
�

�
�� � ���

��

�
�

�
��

���

2�
�4���

��


��
��� �

��

�

(3.79)

¢Ñé¹·Õè � ËÒÍ¹Ø¾Ñ¹¸Œ¢Í§ (3.40) ÊíÒËÃÑº " 	 � ¨Ðä´‰ÇˆÒ
�2 	 �1	� � �3)��� � ��3)����� � �4�� (3.80)

	 +� 1	��� � � � �3)��� �
�4��
�)

�
�� �
 � .�

�
�

�4��

��


��
 (3.81)

àÁ×èÍ

� 	  �1	� �
�4��
�)

�
-� � �� �


�
�

�4��
�/

���/ � ,�)� �

���
���

�4��

�)
�����
�

)����

�

	����
���

�4��
�0�

�� �0� � 0���� �

�
)����� �

�4��
��3

�
��3 (3.82)

ãË‰

+ 	 ��2 � 	

�
�4��
�)

��

2 � 2�� � � �
�4��

��

��

�

�
���
���

2�
�4���

��


�
�
�4��
�)

� � 1	��� � �3)��� (3.83)

� 	 ��� �
�4��
�)

�2 (3.84)

��
 	 �� (3.85)

� 	 ��� �
�

�
2� �

�

�	
.�6. (3.86)
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¨Ðä´‰ÇˆÒ
�� � �

�
���

���2
�
� (3.87)

¨Ò¡ (3.87) áÅÐ¢‰Í¡íÒË¹´·ÕèÃÐººµ‰Í§à»“¹ÃÐººà¿ÊµíèÒÊØ´ ·íÒãË‰ÊÒÁÒÃ¶ÊÃØ»ä´‰ÇˆÒÃÐººÇ§»”´ÁÕ
àÊ¶ÕÂÃÀÒ¾ áÅÐ 2 � �

ÍÂˆÒ§äÃ¡ç´Õ ¢‰Í í̈Ò¡Ñ´¢Í§ÇÔ¸Õ¹Õé¤×Íãª‰ä´‰¡ÑºÃÐººà¿ÊµíèÒÊØ´à·̂Ò¹Ñé¹ ·íÒãË‰ÊÒÁÒÃ¶ãª‰¡Ñºáºº í̈ÒÅÍ§ (2.23)

áµˆäÁˆÊÒÁÒÃ¶ãª‰¡Ñºáºº í̈ÒÅÍ§ (2.20) ËÃ×Í (2.21) «Öè§à»“¹áºº¨íÒÅÍ§·ÕèÁÕ¤ÇÒÁ¶Ù¡µ‰Í§áÁˆ¹ÂíÒ
¡ÇˆÒä´‰ ¨Ö§µ‰Í§ÁÕ¡ÒÃÈÖ¡ÉÒÇÔ¸Õ¡ÒÃ¤Çº¤ØÁ·ÕèàËÁÒÐÊÁ¡ÑºÃÐººäÁˆàªÔ§àÊ‰¹à¿ÊäÁˆµíèÒÊØ´ «Öè§¨Ð¡Å̂ÒÇ¶Ö§
ã¹µÍ¹ 3.2 µˆÍä»

3.2 ¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁäÁ̂àªÔ§àÊ‰¹áººµÒÁÃÍÂâ´Â»ÃÐÁÒ³ÊíÒËÃÑºÃÐººà¿ÊäÁ̂
µíèÒÊØ´
µÑÇÍÂˆÒ§¢Í§§Ò¹ÇÔ¨ÑÂà¡ÕèÂÇ¡Ñº¡ÒÃ¤Çº¤ØÁÃÐººäÁˆàªÔ§àÊ‰¹à¿ÊäÁˆµíèÒÊØ´à¾×èÍµÒÁÃÍÂÊÑÒ³Í‰Ò§ÍÔ§

ä´‰á¡̂ Isidori áÅÐ Byrnes [35] ä´‰àÊ¹ÍÇÔ¸Õ¡ÒÃ¤Çº¤ØÁáººµÒÁÃÍÂÊíÒËÃÑº¡Ã³Õ·ÕèÊÑÒ³Í‰Ò§ÍÔ§ä´‰
ÁÒ¨Ò¡ÃÐºº¾ÅÇÑµäÁˆà»ÅÕèÂ¹µÒÁàÇÅÒáÅÐäÁ̂ÁÕÊÑÒ³à¢‰ÒÍ×è¹æ (time-invariant autonomous system)

áÅÐ Devasia, Paden áÅÐ Chen [36] ä´‰àÊ¹ÍÇÔ¸Õ¡ÒÃËÒÊÑÒ³¤Çº¤ØÁà¾×èÍ·íÒãË‰ÃÐººµÒÁÃÍÂ
ÊÑÒ³·Õè¡íÒË¹´ãË‰Å̂Ç§Ë¹‰Ò

Ê̂Ç¹ã¹¡Ã³Õ·ÕèäÁˆ·ÃÒºÊÑÒ³Í‰Ò§ÍÔ§Å̂Ç§Ë¹‰Ò àªˆ¹ã¹¡ÒÃ¤Çº¤ØÁá¢¹ËØˆ¹Â¹µŒãË‰à¤Å×èÍ¹·Õèä»µÒÁ
¤íÒÊÑè§¢Í§¼Ù‰¤Çº¤ØÁ Grizzle, Di Benedetto áÅÐ Lamnabhi-Lagarrigure [37] ä´‰áÊ´§ãË‰àËç¹ÇˆÒ à§×èÍ¹
ä¢ í̈Òà»“¹à¾×èÍ·Õè¨ÐÊÒÁÒÃ¶µÒÁÃÍÂÊÑÒ³Í‰Ò§ÍÔ§ä´‰ÍÂˆÒ§äÁ̂ÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´ ¤×ÍÃÐºº·Õè·íÒ¡ÒÃ¤Çº
¤ØÁ¨Ðµ‰Í§ÁÕÊÁºÑµÔà¿ÊµíèÒÊØ´

´Ñ§¹Ñé¹ã¹¡Ã³Õ·ÕèÃÐºº·Õè¨Ð¤Çº¤ØÁÁÕÊÁºÑµÔà¿ÊäÁˆµíèÒÊØ´ ä´‰ÁÕ¡ÒÃàÊ¹ÍÇÔ¸Õ¡ÒÃ¤Çº¤ØÁà¾×èÍãË‰ä´‰¡ÒÃ
µÒÁÃÍÂâ´Â»ÃÐÁÒ³ (approximate tracking) ¡Å̂ÒÇ¤×ÍÃÐººÊÒÁÒÃ¶µÒÁÃÍÂÊÑÒ³Í‰Ò§ÍÔ§â´ÂÁÕ
¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¡ÒÃµÒÁÃÍÂÍÂÙˆº‰Ò§ àªˆ¹ Hauser, Sastry áÅÐ Kokotović [38] ä´‰àÊ¹ÍÇÔ¸Õ¡ÒÃ·íÒãË‰
à»“¹àªÔ§àÊ‰¹ã¹á§̂ÊÑÒ³à¢‰ÒÊÑÒ³ÍÍ¡â´Â»ÃÐÁÒ³ (approximate input/output linearization) áÅÐ
Getz [16] ä´‰àÊ¹ÍÇÔ¸Õ¡ÒÃ¤Çº¤ØÁà¾×èÍ·íÒãË‰¾ÅÇÑµÀÒÂã¹àÊ¶ÕÂÃáÅÐÊÑÒ³ÍÍ¡¨ÐµÒÁÃÍÂÊÑÒ³
Í‰Ò§ÍÔ§â´Â»ÃÐÁÒ³

ã¹µÍ¹¹Õé¨Ðä´‰Í¸ÔºÒÂÃÒÂÅÐàÍÕÂ´¢Í§ÇÔ¸Õ¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁ·ÕèàÊ¹Íã¹ [16]

¾Ô¨ÒÃ³ÒÃÐººË¹Öè§ÊÑÒ³à¢‰ÒË¹Öè§ÊÑÒ³ÍÍ¡ (single input, single output system) ·ÕèÁÕÍÑ¹´Ñº
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7 	 ��  ã¹ÃÙ»áºº

��� 	 ��

��� 	 ��

...

�� 	 &������ � 8������+

(3.88)

��� 	 ��

��� 	 ��

...

��� 	 &������ � 8������+

(3.89)

) 	 �� (3.90)

àÁ×èÍ
����� 	 ���� � � � � �� ��� � � � � ���

� ¤×Í Ê¶Ò¹Ð¢Í§ÃÐºº
) ¤×Í ÊÑÒ³ÍÍ¡¢Í§ÃÐºº
+ ¤×Í ÊÑÒ³¤Çº¤ØÁ
&�� &�� 8�� 8� à»“¹ ¿’§¡ŒªÑ¹·Õè·ÃÒº¤ˆÒ

ÃÐººÂˆÍÂ (3.88) ¤×ÍÊ̂Ç¹¾ÅÇÑµÀÒÂ¹Í¡ (external dynamics) áÅÐÃÐººÂˆÍÂ (3.89) ¤×ÍÊ̂Ç¹
¾ÅÇÑµÀÒÂã¹ (internal dynamics) ¢Í§ÃÐºº [3]

ÊÑ§à¡µÇˆÒÃÐººã¹ÃÙ»áºº (3.88)–(3.89) ÍÒ¨à»“¹ÃÐºº·ÕèÁÕÊÁºÑµÔà¿ÊäÁˆµíèÒÊØ´¡çä´‰

ÇÑµ¶Ø»ÃÐÊ§¤Œã¹¡ÒÃ¤Çº¤ØÁ¤×Í ¡ÒÃ·íÒãË‰ÊÑÒ³ÍÍ¡¢Í§ÃÐºº ) µÒÁÃÍÂÊÑÒ³Í‰Ò§ÍÔ§ )�

â´Â»ÃÐÁÒ³ àÁ×èÍ )�� �)�� � � � � )���� ÁÕ¢¹Ò´¨íÒ¡Ñ´

¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁ¨ÐàÃÔèÁ¨Ò¡¡ÒÃ¾Ô¨ÒÃ³ÒÃÐºº (3.88) â´Â¶‰Òãª‰¡®¡ÒÃ¤Çº¤ØÁ

+� 	
�&� � 1�

8�
(3.91)

1� 	 )
��
� �

�
���

5�
�
)
�����
� � ��

�
(3.92)

áÅÐàÅ×Í¡ 5�� � � � � 5 à¾×èÍ·íÒãË‰ � ��

��� 5��
��� à»“¹¾ËØ¹ÒÁàÎÍÃŒÇÔµ«Œ (Hurwitz polynomial) ¨Ðä´‰

ÃÐººÇ§»”´ã¹Ê̂Ç¹¢Í§ (3.88) à»“¹
��� 	 ��

...

�� 	 )
��
� �

�
���

5�
�
)
�����
� � ��

� (3.93)
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ËÃ×Í àÁ×èÍãË‰ ,� 	 �� �)�� � � � � )
����
� �� ¨Ðä´‰

�,�� 	 ,��

...

�,�� 	 �

�
���

5�,��

(3.94)

¶‰ÒÃÐºº (3.88)–(3.89) à»“¹ÃÐººà¿ÊµíèÒÊØ´ àÁ×èÍÁÕ¡ÒÃãª‰¡®¡ÒÃ¤Çº¤ØÁ (3.91) ¡ÑºÃÐºº (3.89)

¨Ðä´‰
��� 	 ��

��� 	 ��

...

��� 	 &������ � 8������+�

(3.95)

«Öè§à»“¹ÃÐºº·ÕèÁÕàÊ¶ÕÂÃÀÒ¾áÅÐ¨ÐºÃÃÅØÇÑµ¶Ø»ÃÐÊ§¤Œã¹¡ÒÃ¤Çº¤ØÁ áµˆà¹×èÍ§¨Ò¡ÃÐºº·Õè¾Ô¨ÒÃ³ÒÍÒ¨
à»“¹ÃÐººà¿ÊäÁˆµíèÒÊØ´ ´Ñ§¹Ñé¹ Ö̈§äÁˆÊÒÁÒÃ¶ãª‰¡®¡ÒÃ¤Çº¤ØÁ (3.91) ¡ÑºÃÐºº¨ÃÔ§ä´‰àÊÁÍä»

¾Ô¨ÒÃ³ÒÃÐºº (3.89) àÁ×èÍãª‰¡®¡ÒÃ¤Çº¤ØÁ (3.91) ¨ÐÊÒÁÒÃ¶ËÒ Ø̈´ÊÁ´ØÅ (equilibrium point)

�� («Öè§ÍÒ¨äÁˆàÊ¶ÕÂÃ) ä´‰â´Â¡ÒÃá¡‰ÊÁ¡ÒÃ
� 	 ���

...

� 	 &������� � 8�������+������

(3.96)

ËÃ×Í
&�������8������� � 8�������

�
� &������� � 1�

�
	 � (3.97)

«Öè§¨Ðä´‰¼Åà©ÅÂà»“¹ �� 	 ���� � �� � � � � ��
� áÅÐ ��� à»“¹¿’§¡ŒªÑ¹¢Í§ �� )�� � � � � )���

¨Ò¡ (3.97) ¨Ðä´‰ÇˆÒ
�
&�������

8�������
	
�&������� � 1�

8�������
(3.98)

¹ÔÂÒÁÊ¹ÒÁàÇ¡àµÍÃŒ (vector field)

� 	

�
				


��
...

�

)
��
� �

�
��� 5�

�
)
�����
� � ��

�

�
� (3.99)

¡®¡ÒÃ¤Çº¤ØÁ·Õèãª‰¨ÃÔ§¤×Í

+ 	
�&� � 1�

8�
(3.100)

1� 	 ��
���� �

��
���

��
�
����
� ��� � ��

�
(3.101)
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àÁ×èÍ ��
� ¤×Í Lie derivative ÍÑ¹´Ñº·Õè " µÒÁÊ¹ÒÁàÇ¡àµÍÃŒ � áÅÐàÅ×Í¡ ��� � � � � �� à¾×èÍ·íÒãË‰

�� �
��

��� ���
��� à»“¹¾ËØ¹ÒÁàÎÍÃŒÇÔµ«Œ

àÁ×èÍãª‰¡®¡ÒÃ¤Çº¤ØÁ (3.100) ¡ÑºÃÐºº (3.89) ¨Ðä´‰ÃÐººÇ§»”´¢Í§ (3.89) à»“¹
��� 	 ��

...

��� 	 ����� �

��
���

��
�
������� � ��

� (3.102)

ËÃ×Í àÁ×èÍãË‰ ,� 	 � � ���� � � � � � �
�����
�� �� ¨Ðä´‰

�,��
	 ,��

...

�,�� 	 �

��
���

��,�� � ��

(3.103)

àÁ×èÍ
�� 	

��
���

�
����� � ����

��

�
	 ���)

�����
� ��� �,���� �,����

)
�����
� 	 �)�� �)�� � � � � )

���
� �

¨Ò¡¡®¡ÒÃ¤Çº¤ØÁ (3.100) áÅÐÃÐºº (3.88) ¨Ðä´‰ÇˆÒ
��� 	 ��

...

�� 	 &� �
8�
8�

�
� &� � 1�

� (3.104)

¨Ò¡ (3.88), (3.98) áÅÐ (3.100) ¨Ðä´‰ÇˆÒ
��� 	 ��

...

�� 	 )
��
� �

�
���

5��)
����� � ��� � ��

(3.105)

ËÃ×Í
�,�� 	 ,��

...

�,�� 	 �

�
���

5�,�� � ��

(3.106)

àÁ×èÍ
�� 	 8�

�&������ � 1�
8������

�
&�������� 1�

8�������
�

&�������

8�������
�

&������ � 1�
8������

�
	 ���)

�����
� ��� �,���� �,����

(3.107)
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¡íÒË¹´¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿ (Lyapunov function)

� 	
�

�
,��6�,� �

�

�
,��6�,� (3.108)

àÁ×èÍ 6� áÅÐ 6� ÊÍ´¤Å‰Í§µÒÁÊÁ¡ÒÃ
��
�6� � 6��� 	 ��� ��

�6� � 6��� 	 ��

â´Â·Õè

�� 	

�
				


� � � � � �
...

...
. . .

...

� � � � � �

�5� �5� � � � �5

�
� � �� 	

�
				


� � � � � �
...

...
. . .

...

� � � � � �

��� ��� � � � ���

�
�

¨Ðä´‰ÇˆÒ
�� 	 �

�

�
,�� ,� �

�

�
,��,� � ,��6�*��� � ,��6�*��� (3.109)

ã¹ [16] ä´‰Í¸ÔºÒÂÇˆÒ ��� �� à»“¹¾¨¹Œà¾ÍÃŒà·ÍÃŒàºªÑ¹ (perturbation term) ¢Í§ (3.106),(3.103)

áÅÐà»“¹¿’§¡ŒªÑ¹ÅÔ»ÊŒªÔµÊŒ (Lipschitz function) ã¹ )
�����
� � ,� áÅÐ ,� ¨Ò¡à§×èÍ¹ä¢¤ÇÒÁµˆÍà¹×èÍ§¢Í§

¾¨¹ŒµˆÒ§æã¹ÃÐºº (3.88)–(3.90) ¨Ðä´‰ÇˆÒÁÕ  ��  � «Öè§·íÒãË‰
�6�*���� 6�*����� �  � �  ��,�� ,��� (3.110)

´Ñ§¹Ñé¹¨Ðä´‰ÇˆÒ
�� � ��

�

�
�  ���,�� ,��

�
� �  ��,�� ,��� (3.111)

«Öè§ã¹¡Ã³Õ·Õè  � 9 �
� ¨Ðä´‰ÇˆÒ 1

�� � ��
�

�
�

 �
�
��,�� ,��

�
� � �

�

�
�

 �
�
�
�
�,�� ,��

�
� �

 �
�
� �

��
�

�,�� ,���

�

� ��
�

�
�

 �
�
��,�� ,��

�
� �

 ��
�� � �

(3.112)

áÅÐ¨ÐÊÒÁÒÃ¶¾ÔÊÙ¨¹Œä´‰ÇˆÒ [6] ,�� ,� ¨ÐÅÙˆà¢‰ÒÊÙˆà«µ

�,�� ,��� �
� �

�� � �
(3.113)

áÊ´§ÇˆÒ ¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¡ÒÃµÒÁÃÍÂ¨ÐÁÕ¢¹Ò´¨íÒ¡Ñ´ ¹Ñè¹¤×ÍÃÐººÇ§»”´ÊÒÁÒÃ¶µÒÁÃÍÂÊÑÒ³
Í‰Ò§ÍÔ§ä´‰â´Â»ÃÐÁÒ³

ÊÒÁÒÃ¶áÊ´§á¼¹ÀÒ¾¡ÃÍº¢Í§ÃÐºº¤Çº¤ØÁäÁˆàªÔ§àÊ‰¹áººµÒÁÃÍÂâ´Â»ÃÐÁÒ³ÊíÒËÃÑºÃÐººà¿Ê
äÁˆµíèÒÊØ´ä´‰´Ñ§ÃÙ» 3.2

1ã¹ [16] ä ‰́Í Ô̧ºÒÂà¡ÕèÂÇ¡Ñºà§×èÍ¹ä¢ �� � �

�
Ç̂Ò “There is nothing intrinsic to the form of our controller which allows

us to guarantee that a sufficiently small �� exists for each problem one might encounter. If necessary one could estimate

an upper bound on �� using a computer. . . . By choosing �� and �� such that the closed-loop system has a stable

linearization, however, we know that for an arbitrarily small region about the origin, the origin is exponentially stable. So

in the worst case, we have good regulation in a neighborhood of the origin irrespective of �� .”
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y
x,w

d
(0,n)

u

y

Controller Plant

(3.88)−(3.90)(3.100)

ÃÙ»·Õè 3.1: ÃÐºº¤Çº¤ØÁäÁˆàªÔ§àÊ‰¹áººµÒÁÃÍÂâ´Â»ÃÐÁÒ³ÊíÒËÃÑºÃÐººà¿ÊäÁ̂µíèÒÊØ´

3.3 ¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁäÁ̂àªÔ§àÊ‰¹áºº»ÃÑºµÑÇÊíÒËÃÑºÃÐººà¿ÊäÁ̂µíèÒÊØ´
ã¹ [16] ä´‰àÊ¹ÍµÑÇ¤Çº¤ØÁáºº¤§·Õè (fixed controller) «Öè§ÍÒ¨ãª‰ä´‰äÁˆ´Õ¹Ñ¡ËÃ×Íãª‰äÁˆä´‰ ¶‰Ò

ÃÐººÁÕ¾ÒÃÒÁÔàµÍÃŒ·ÕèäÁˆ·ÃÒº¤ˆÒ ËÃ×Í¾ÒÃÒÁÔàµÍÃŒ·Õèà»ÅÕèÂ¹µÒÁàÇÅÒ ´Ñ§¹Ñé¹ã¹ÇÔ·ÂÒ¹Ô¾¹¸Œ¹Õé¨ÐàÊ¹Í
µÑÇ¤Çº¤ØÁáºº»ÃÑºµÑÇ (adaptive controller) â´Â¡ÒÃà¾ÔèÁµÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒà¢‰Òä» áÅÐ¾ÔÊÙ¨¹Œ
àÊ¶ÕÂÃÀÒ¾¢Í§ÃÐººÇ§»”´ã¹·íÒ¹Í§à´ÕÂÇ¡Ñ¹¡Ñº¼ÅÅÑ¾¸Œã¹µÍ¹ 3.1

ã¹µÍ¹¹ÕéàÃÒ¨Ð¾Ô¨ÒÃ³ÒÃÐºº (3.88)–(3.90) àÁ×èÍ
&������ 	 �&������ � :�������

� 
�� �

8������ 	 �8������ � :�������
� 
�� �

&������ 	 �&������ � :�	 �����
� 
�	 �

8������ 	 �8������ � :�	 �����
� 
�	

(3.114)

â´Â·Õè
�&�� �&�� �8�� �8�� :�� � :�	 � :�� áÅÐ :�	 à»“¹ ¿’§¡ŒªÑ¹·Õè·ÃÒº¤ˆÒ
Ê̂Ç¹ 
�� � 
�	 � 
�� áÅÐ 
�	 à»“¹ ¾ÒÃÒÁÔàµÍÃŒ¤§·Õè·ÕèäÁˆ·ÃÒº¤ˆÒ

3.3.1 µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ
à¹×èÍ§¨Ò¡ 
�� � 
�� � 
�	 áÅÐ 
�	 à»“¹¾ÒÃÒÁÔàµÍÃŒ·ÕèäÁˆ·ÃÒº¤ˆÒ ´Ñ§¹Ñé¹ Ö̈§ í̈Òà»“¹·Õè¨Ðµ‰Í§ÍÍ¡

áººµÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ·Õèãª‰ÁÕ 2 áºº¤×Í µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ·Õè
ãª‰·ÄÉ®Õº·¢Í§àÅÕÂ»Ù¹Í¿ (Lyapunov-based parameter estimator) áÅÐµÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒáºº
¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´ (least square parameter estimator)

µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ·Õèãª‰·ÄÉ®Õº·¢Í§àÅÕÂ»Ù¹Í¿ ÁÕ¢‰Í´Õ¤×ÍÊÒÁÒÃ¶ãª‰¡ÑºÃÐººµˆÒ§æä´‰¡Ç‰Ò§
¢ÇÒ§ â´Âà©¾ÒÐÃÐºº·Ò§¡Å àª̂¹ à¾¹´ÙÅÑÁ¼¡¼Ñ¹ ËÃ×Íá¢¹ËØˆ¹Â¹µŒ [39] áµˆÁÕ¢‰Í´‰ÍÂ¤×Í
ÊÁÃÃ¶¹Ð¢Í§ÃÐºº·Õèä´‰ÍÒ¨¨ÐäÁ̂ÊÙ‰´Õ¹Ñ¡ à¾ÃÒÐã¹¡ÒÃÍÍ¡áºº¨Ð¤íÒ¹Ö§¶Ö§àÊ¶ÕÂÃÀÒ¾à»“¹ËÅÑ¡ Ê̂Ç¹
µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒáºº¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´ à»“¹ÇÔ¸Õ·Õè¾ÂÒÂÒÁ·íÒãË‰¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¡ÒÃ·íÒ¹ÒÂ
¤ˆÒÁÕ¹‰ÍÂÊØ´ ¹Ñè¹¤×ÍÁÕ¡ÒÃ¤íÒ¹Ö§¶Ö§ÊÁÃÃ¶¹Ð»ÃÐ¡Íº´‰ÇÂ ÍÕ¡·Ñé§à»“¹ÇÔ¸Õ¡ÒÃ·Õèà»“¹·ÕèÃÙ‰¨Ñ¡á¾ÃˆËÅÒÂ
áÅÐÁÕ¡ÒÃÈÖ¡ÉÒÊÁºÑµÔµˆÒ§æÍÂ̂Ò§¡Ç‰Ò§¢ÇÒ§ [9] ´Ñ§¹Ñé¹ã¹·Õè¹Õé¨Ö§¨Ðãª‰ÇÔ¸Õ¡ÒÃ·Ñé§ 2 áººà¾×èÍà»ÃÕÂº
à·ÕÂº¡Ñ¹
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µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ·Õèãª‰·ÄÉ®Õº·¢Í§àÅÕÂ»Ù¹Í¿
µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒã¹·Õè¹Õé¤×Í

��� 	 ����� � �� � *�
�
�&� � �8�+� ;�

�
�����

��� 	 ��� �� � �� � *�
�
�&� � �8�+� ;�

�
����

�
(3.115)

áÅÐ
��
�� 	 4��.

�
�6�*�:��

��
�� 	 4��.
�
�6�*�:��+

��
�	 	 4�	.
�
�6�*�:�	

��
�	 	 4�	.
�
�6�*�:�	+

(3.116)

àÁ×èÍ
�&� 	 �&� � :���

�
�� �

�8� 	 �8� � :���
�
�� �

�&� 	 �&� � :��	
�
�	 �

�8� 	 �8� � :��	
�
�	 �

.� 	 �� ���

.� 	 � � ��

(3.117)

â´Â·Õè
�� áÅÐ �� ¤×Í Ê¶Ò¹Ð¢Í§µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ

�
�� �
�
�� �

�
�	 áÅÐ �
�	 ¤×Í ¤ˆÒ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ
;� áÅÐ ;� ¤×Í normalization terms [10]

4�� � 4�	 � 4�	 áÅÐ 4�	 ¤×ÍàÁ·ÃÔ¡«ŒÍÑµÃÒ¡ÒÃ»ÃÑºµÑÇ
�� 	 �

� áÅÐ �� 	 �
��� à»“¹àÁ·ÃÔ¡«ŒàÎÍÃŒÇÔµ«Œ
*� 	 ��� � � � � �� ��� 	 �

*� 	 ��� � � � � �� ��� 	 ��

��� 	

�
				

� � � � � �
...

...
. . .

...

� � � � � �

� � � � � �

�
� 	 ��

���
	

�
				

� � � � � �
...

...
. . .

...

� � � � � �

� � � � � �

�
� 	 ����

¹ÔÂÒÁ
�
�� 	 
�� � �
�� �
�
�� 	 
�� �

�
�� �
�
�	 	 
�	 �

�
�	 �
�
�	 	 
�	 �

�
�	

(3.118)
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¨ÐÊÒÁÒÃ¶à¢ÕÂ¹ (3.115) ä´‰ã¹ÃÙ»

�.� 	 ��.� � *�
�
�
���:�� �

�
���:��+� ;�
�

�.� 	 ��.� � *�
�
�
��	:�	 � �
��	:�	+� ;�

� (3.119)

àÅ×Í¡ ;� áÅÐ ;� ´Ñ§¹Õé
;� 	 �<�

�
�:���

�
� � �:��+�

�
�

�
*��6�.�

;� 	 �<�
�
�:�	�

�
� � �:�	+�

�
�

�
*��6�.�

(3.120)

àÁ×èÍ <� = � áÅÐ <� = � à»“¹¤ˆÒ¤§µÑÇ áÅÐ àÁ·ÃÔ¡«Œ 6� = � ¡Ñº 6� = � ÊÍ´¤Å‰Í§µÒÁÊÁ¡ÒÃ
��
�6� � 6��� 	 ��

��
�6� � 6��� 	 ��

¡íÒË¹´¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿ (Lyapunov function)

� 	
�

�
.��6�.� �

�

�
.��6�.� �

�

�
�
���4

��
��

�
�� �
�

�
�
���4

��
��

�
�� �
�

�
�
��	4

��
�	

�
�	 �
�

�
�
��	4

��
�	

�
�	 (3.121)

¨Ðä´‰ÇˆÒ
�� 	 �

�

�
.�� .� �

�

�
.��.�

� <�
�
�:���

�
� � �:��+�

�
�

�
.��6�*�*

�
�6�.� � <�

�
�:�	�

�
� � �:�	+�

�
�

�
.��6�*�*

�
�6�.� (3.122)

«Öè§ÊÒÁÒÃ¶¾ÔÊÙ¨¹Œä´‰ÇˆÒ [10]

.�� .� 	 
� � 
�

�
�� �
�
�� �

�
�	 �
�
�	 	 
�

��
�� �
��
�� �

��
�	 �
��
�	 	 
�

áÅÐ¤ˆÒ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ¨ÐÅÙˆà¢‰ÒÊÙˆ¤ˆÒ¨ÃÔ§àÁ×èÍÊÑÒ³ã¹ÃÐººÁÕÊÁºÑµÔ persistently exciting

µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒáºº¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´
¡ÒÃÍÍ¡áººµÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒáºº¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´ ¨ÐàÃÔèÁ¨Ò¡¡ÒÃà¢ÕÂ¹ÃÐºº (3.88)

áÅÐ (3.89) à»“¹
�� 	 ������� +� � ��

� ����� +�
� (3.123)

�� 	 ������� +� � ��
������ +�
� (3.124)
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àÁ×èÍ
�� 	 ����� *�� �&� � �8�+�

�� 	 ���
� � *�� �&� � �8�+�

��
� 	 *�

�
:��� :���+

�
��
� 	 *�

�
:��	 :��	+

�


� 	

�

��

��

�


� 	

�

�	

�	

�

*� 	 ��� � � � � �� ��� 	 �

*� 	 ��� � � � � �� ��� 	 ��

��� 	

�
				

� � � � � �
...

...
. . .

...

� � � � � �

� � � � � �

�
� 	 ��

���
	

�
				

� � � � � �
...

...
. . .

...

� � � � � �

� � � � � �

�
� 	 ����

¡íÒË¹´
���
� 	 ���

�
� ���

� (3.125)

���
� 	 ���

�
� ���

� (3.126)

���� 	 ���������� �� (3.127)

���	 	 ���� ���	�� �� (3.128)

áÅÐ
�� 	 ����� (3.129)

�� 	 � ���	 (3.130)

àÁ×èÍ
�� 	 �

� áÅÐ �� 	 �
��� à»“¹àÁ·ÃÔ¡«ŒàÎÍÃŒÇÔµ«Œ

¨Ðä´‰ÇˆÒ
�� 	 ��

� 
� � �.� (3.131)

�� 	 ��
�
� � �.� (3.132)

àÁ×èÍ
��.� 	 ���.� (3.133)

��.� 	 ���.� (3.134)
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«Öè§ �.�� �.� ¨ÐÅÙˆà¢‰ÒÊÙˆÈÙ¹ÂŒáººàÅ¢ªÕé¡íÒÅÑ§

à¹×èÍ§¨Ò¡ �� áÅÐ �� ÁÕ¤ÇÒÁÊÑÁ¾Ñ¹¸ŒáººàªÔ§àÊ‰¹¡Ñº¾ÒÃÒÁÔàµÍÃŒ·ÕèäÁˆ·ÃÒº¤ˆÒ ´Ñ§¹Ñé¹ Ö̈§
ÊÒÁÒÃ¶ÍÍ¡áººµÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒáºº¡íÒÅÑ§ÊÍ§¹‰ÍÂ·ÕèÊØ´ã¹àÇÅÒµˆÍà¹×èÍ§ (continuous time)

ä´‰à»“¹
.� 	 �� ���

�
�
� (3.135)

.� 	 �� ���
�
�
� (3.136)

��� 	 0��� � ���
�
������ ����� = � (3.137)

��� 	 0��� � ���
�
������ ����� = � (3.138)

��
� 	 ���
�
� .� (3.139)

��
� 	 ���
�
�.� (3.140)

ËÃ×Íã¹àÇÅÒàµçÁË¹ˆÇÂ (discrete time) ä´‰à»“¹
.��7� 	 �� ���

�
�
��7� (3.141)

.��7� 	 �� ���
�
�
��7� (3.142)

���7� �� 	
�
� �%��7��

�
�

�
���7�>0�� ����� = � (3.143)

���7� �� 	
�
� �%��7��

�
�

�
���7�>0�� ����� = � (3.144)

�
��7� �� 	 �
��7� �%��7�.��7� (3.145)

�
��7� �� 	 �
��7� �%��7�.��7� (3.146)

%��7� 	 ���7���

�
0� ���

����7���

�
��

(3.147)

%��7� 	 ���7���

�
0� ���

����7���

�
��

(3.148)

àÁ×èÍ
�
�� �
� à»“¹¤ˆÒ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ
.�� .� à»“¹¤ˆÒ¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¡ÒÃ»ÃÐÁÒ³
0�� 0� à»“¹ forgetting factor

����� à»“¹àÁ·ÃÔ¡«Œ¤ÇÒÁá»Ã»ÃÇ¹Ã̂ÇÁà¡ÕèÂÇ (covariance matrix)

3.3.2 µÑÇ¤Çº¤ØÁäÁ̂àªÔ§àÊ‰¹áºº»ÃÑºµÑÇ
à¹×èÍ§¨Ò¡ 
�� � 
�� � 
�	 áÅÐ 
�	 à»“¹¾ÒÃÒÁÔàµÍÃŒ·ÕèäÁˆ·ÃÒº¤ˆÒ ´Ñ§¹Ñé¹¡ÒÃËÒ¡®¡ÒÃ¤Çº¤ØÁ·Õèãª‰

ã¹¡Ã³Õ¹ÕéàÃÔèÁ¨Ò¡
+� 	

� �&� � 1�
�8�

(3.149)

1� 	 )
��
� �

�
���

5�
�
)
�����
� � ��

�
(3.150)

àÁ×èÍ
�&� 	 �&� � :���

�
�� �

�8� 	 �8� � :���
�
�� �

�&� 	 �&� � :��	
�
�	 �

�8� 	 �8� � :��	
�
�	

(3.151)
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â´Â·Õè
�
�� �

�
�� �
�
�	 áÅÐ �
�	 ¤×Í ¤ˆÒ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ

áÅÐàÅ×Í¡ 5�� � � � � 5 à¾×èÍ·íÒãË‰ � ��
��� 5��

��� à»“¹¾ËØ¹ÒÁàÎÍÃŒÇÔµ«Œ ¨Ðä´‰ÃÐººÇ§»”´¢Í§ (3.88)

à»“¹
��� 	 ��

...

�� 	 )
��
� �

�
���

5�
�
)
�����
� � ��

�
� :���

�
�� � :���
�
��+�

(3.152)

¾Ô¨ÒÃ³ÒÃÐºº (3.89) àÁ×èÍãª‰¡®¡ÒÃ¤Çº¤ØÁ (3.149) ¨ÐÊÒÁÒÃ¶ËÒ Ø̈´ÊÁ´ØÅ �� («Öè§ÍÒ¨äÁˆ
àÊ¶ÕÂÃ) ä´‰â´Â¡ÒÃá¡‰ÊÁ¡ÒÃ

� 	 ���

...

� 	 &������� � 8�������+������

(3.153)

ËÃ×Í
&��������8������� � 8�������

�
� �&������� � 1�

�
	 � (3.154)

«Öè§¨Ðä´‰¤íÒµÍºà»“¹ �� 	 ���� � �� � � � � ��
� áµˆà¹×èÍ§¨Ò¡ &� áÅÐ 8� à»“¹¿’§¡ŒªÑ¹·Õè¢Öé¹ÍÂÙˆ¡Ñº¾ÒÃÒ

ÁÔàµÍÃŒ·ÕèäÁˆ·ÃÒº¤ˆÒ ´Ñ§¹Ñé¹ÊÁ¡ÒÃ·Õèãª‰ã¹¡ÒÃËÒ �� ¤×Í
�&��������8������� � �8�������

�
� �&������� � 1�

�
	 � (3.155)

«Öè§¨Ðä´‰ ��� à»“¹¿’§¡ŒªÑ¹¢Í§ �� )�� � � � � )��� � �
�� �
�
�� �

�
�	 �
�
�	

¨Ò¡ (3.155) ¨Ðä´‰ÇˆÒ
�

�&�������

�8�������
	
� �&������� � 1�

�8�������
(3.156)

¡®¡ÒÃ¤Çº¤ØÁ·Õèãª‰¨ÃÔ§¤×Í

+ 	
� �&� � 1�

�8�
(3.157)

1� 	 ��
���� �

��
���

��
�
����
� ��� � ��

�
(3.158)

àÁ×èÍ

,�� 	

�
				


�� � ���

�� � �����

...

�� � ����
� ���

�
� � *� 	

�
				

�
...

�

�

�
�

áÅÐ 6� ÊÍ´¤Å‰Í§¡ÑºÊÁ¡ÒÃ
��
�6� � 6��� 	 ��
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�� 	

�
				


� � � � � �
...

...
. . .

...

� � � � � �

��� ��� � � � ���

�
�

áÅÐàÅ×Í¡ ��� � � � � �� à¾×èÍ·íÒãË‰ �� �
��

��� ���
��� à»“¹¾ËØ¹ÒÁàÎÍÃŒÇÔµ«Œ

àÁ×èÍãª‰¡®¡ÒÃ¤Çº¤ØÁ (3.157) ¡ÑºÃÐºº (3.89) áÅÐãË‰ ,� 	 � � ���� � � � � � �
�����
�� �� ¨Ðä´‰¨Ðä´‰

ÃÐººÇ§»”´¢Í§ (3.89) à»“¹
�,��

	 ,��

...

�,�� 	 �

��
���

��,�� � ���

(3.159)

àÁ×èÍ
��� 	 ���)

�����
� ��� �,���� �,���� ��
��� �.���� �.����

�
 	 ��
�� �
�
�� �

�
�	 �
�
�	 �� )

�����
� 	 �)�� �)�� � � � � )

���
� �

¨Ò¡¡®¡ÒÃ¤Çº¤ØÁ (3.157) áÅÐÃÐºº (3.88) ¨Ðä´‰ÇˆÒ

��� 	 ��

...

�� 	 &� �
8�
�8�

�
� �&� � 1�

� (3.160)

¨Ò¡ (3.88), (3.156), (3.157) áÅÐãË‰ ,� 	 �� �)�� � � � � )
��
� �� ¨Ðä´‰ÇˆÒ

�,�� 	 ,��

...

�,�� 	 �

�
���

5�,�� � ���

(3.161)

àÁ×èÍ

��� 	 ���)
�����
� ��� �,���� �,���� ��
��� �.���� �.���� (3.162)

¡íÒË¹´¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿
� 	

�

�
,��6�,� �

�

�
,��6�,� (3.163)

àÁ×èÍ 6� áÅÐ 6� ÊÍ´¤Å‰Í§µÒÁÊÁ¡ÒÃ
��
�6� � 6��� 	 ��� ��

�6� � 6��� 	 ��
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�� 	

�
				


� � � � � �
...

...
. . .

...

� � � � � �

�5� �5� � � � �5

�
� � �� 	

�
				


� � � � � �
...

...
. . .

...

� � � � � �

��� ��� � � � ���

�
�

¨Ðä´‰ÇˆÒ
�� � �

�

�
,�� ,� � ,��6�*���� �

�

�
,��,� � ,��6�*���� (3.164)

¨Ò¡à§×èÍ¹ä¢¤ÇÒÁµˆÍà¹×èÍ§¢Í§¾¨¹ŒµˆÒ§æ ã¹ÃÐºº (3.88)–(3.90) áÅÐã¹µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ ¨Ð
ä´‰ÇˆÒÁÕ ��� �� «Öè§·íÒãË‰

�� � ��
�

�
� ����,�� ,��

�
� � ���,�� ,��� (3.165)

«Öè§ã¹¡Ã³Õ·Õè �� 9 �
� ¨Ð¾ÔÊÙ¨¹Œä´‰ã¹·íÒ¹Í§à´ÕÂÇ¡Ñ¹¡Ñº¡Ã³Õ·ÕèÃÙ‰¤ˆÒ¾ÒÃÒÁÔàµÍÃŒá¹ˆ¹Í¹ÇˆÒ ,�� ,� ¨ÐÅÙˆ

à¢‰ÒÊÙˆà«µ
�,�� ,��� �

���
�� ���

(3.166)

áÊ´§ÇˆÒ ¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¡ÒÃµÒÁÃÍÂ¨ÐÁÕ¢¹Ò´¨íÒ¡Ñ´ ¹Ñé¹¤×ÍÃÐººÇ§»”´ÊÒÁÒÃ¶µÒÁÃÍÂÊÑÒ³
Í‰Ò§ÍÔ§ä´‰â´Â»ÃÐÁÒ³

ÊÒÁÒÃ¶áÊ´§á¼¹ÀÒ¾¡ÃÍº¢Í§ÃÐºº¤Çº¤ØÁäÁˆàªÔ§àÊ‰¹áºº»ÃÑºµÑÇÊíÒËÃÑºÃÐººà¿ÊäÁ̂µíèÒÊØ´ä´‰
´Ñ§ÃÙ» 3.3.2

y
x,w

d
(0,n)

u

y

Controller Plant

(3.88)−(3.90)

Estimator
Parameters

(3.149)

θ

ÃÙ»·Õè 3.2: ÃÐºº¤Çº¤ØÁäÁˆàªÔ§àÊ‰¹áºº»ÃÑºµÑÇÊíÒËÃÑºÃÐººà¿ÊäÁ̂µíèÒÊØ´

3.4 ÊÃØ»
ã¹º·¹Õé¡Å̂ÒÇ¶Ö§ ¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁäÁˆàªÔ§àÊ‰¹áºº»ÃÑºµÑÇ ÊíÒËÃÑºÃÐººäÁˆàªÔ§àÊ‰¹·ÕèÁÕ

ÊÁºÑµÔà¿ÊäÁˆµíèÒÊØ´ áÅÐäÁˆ·ÃÒº¤ˆÒ¾ÒÃÒÁÔàµÍÃŒá¹ˆ¹Í¹ â´Âãª‰ÇÔ¸Õ¡ÒÃ¤Çº¤ØÁáººµÒÁÃÍÂâ´Â
»ÃÐÁÒ³ áÅÐà¾ÔèÁµÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ â´Â¾Ô¨ÒÃ³ÒµÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒÊÍ§ª¹Ô´¤×Í µÑÇ
»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒáºº·Õèãª‰·ÄÉ®Õº·¢Í§àÅÕÂ»Ù¹Í¿ áÅÐµÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒáºº¡íÒÅÑ§ÊÍ§
µíèÒÊØ´ «Öè§ÊÒÁÒÃ¶¾ÔÊÙ¨¹Œä´‰ÇˆÒÀÒÂãµ‰à§×èÍ¹ä¢Ë¹Öè§ ÃÐºº¤Çº¤ØÁÇ§»”´¨ÐÁÕàÊ¶ÕÂÃÀÒ¾áÅÐ¤ÇÒÁ¼Ô´
¾ÅÒ´ã¹¡ÒÃµÒÁÃÍÂÁÕ¢¹Ò´ í̈Ò¡Ñ´
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¼Å¡ÒÃ í̈ÒÅÍ§áºº ‰́ÇÂ¤ÍÁ¾ÔÇàµÍÃŒ

4.1 ¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁ
¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁ¨Ð·íÒ¡ÒÃÍÍ¡áºº¡Ñºáºº í̈ÒÅÍ§ÍÂˆÒ§§̂ÒÂ¢Í§ÃÐººá¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇ

áººÍˆÍ¹µÑÇâ´Â í̈ÒÅÍ§âÁ´ÍˆÍ¹µÑÇ (flexible mode) à¾ÕÂ§Ë¹Öè§âËÁ´ (� 	 �) áÅÐãª‰ÊÁÁØµÔ°Ò¹·ÕèÇˆÒ
ÃÐÂÐàºÕèÂ§àº¹¢Í§»ÅÒÂá¢¹ÁÕ¤ˆÒ¹‰ÍÂ «Öè§¨Ò¡ (2.21) áÅÐ (2.22) ¨Ðä´‰áºº¨íÒÅÍ§·Ò§¤³ÔµÈÒÊµÃŒ
¢Í§á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇà»“¹

�� 	

�
			

� � � �

� 
� 
� 
�

� � � �

� 
	 

 
�

�
���

�
			

�


�

�


�

�
�+ (4.1)

àÁ×èÍ
� 	 �)� �)� �� ���� ¤×Í Ê¶Ò¹Ð¢Í§ÃÐºº
) ¤×Í µíÒáË¹ˆ§»ÅÒÂá¢¹
� ¤×ÍÃÐÂÐàºÕèÂ§àº¹¢Í§»ÅÒÂá¢¹
+ ¤×Í áÃ§´Ñ¹·ÕèãË‰á¡̂ÁÍàµÍÃŒ

áÅÐ 
�� � � � � 
� ¤×Í¾ÒÃÒÁÔàµÍÃŒ¢Í§áºº í̈ÒÅÍ§ «Öè§ã¹·Õè¹Õé¶×ÍÇˆÒäÁˆÃÙ‰¤ˆÒá¹ˆ¹Í¹áÅÐµ‰Í§·íÒ¡ÒÃ
»ÃÐÁÒ³

ã¹¡ÒÃ í̈ÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒ¨Ðãª‰áºº¨íÒÅÍ§·ÕèÁÕ¤ÇÒÁÅÐàÍÕÂ´ÊÙ§¢Öé¹â´Â í̈ÒÅÍ§âÁ´ÍˆÍ¹µÑÇ
ÊÕèâËÁ´ (� 	 �) à¾×èÍáÊ´§ãË‰àËç¹ÇˆÒµÑÇ¤Çº¤ØÁ·ÕèÍÍ¡áºº¡Ñºáºº í̈ÒÅÍ§ÍÂˆÒ§§̂ÒÂÊÒÁÒÃ¶ãª‰¤Çº¤ØÁ
ÃÐºº·ÕèÁÕ¤ÇÒÁ¶Ù¡µ‰Í§ÁÒ¡¢Öé¹ä´‰ áÅÐÊÒàËµØ·ÕèàÅ×Í¡ãª‰âÁ´ÍˆÍ¹µÑÇÊÕèâÁ´à¹×èÍ§¨Ò¡¢¹Ò´¢Í§µÑÇá»Ã
Ê¶Ò¹Ð·Õèà»“¹âÁ´ÍˆÍ¹µÑÇÍÑ¹´ÑºÊÙ§¢Öé¹¨ÐÁÕ¤ˆÒ¹‰ÍÂÁÒ¡áÅÐ¨ÐÁÕ¼Å¹‰ÍÂÁÒ¡µˆÍÅÑ¡É³Ð¢Í§ÃÐººâ´ÂÃÇÁ

¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§áºº í̈ÒÅÍ§·Ò§¤³ÔµÈÒÊµÃŒ¢Í§á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ·Õèãª‰ã¹·Õè¹Õé
ä´‰¨Ò¡¤ÙˆÁ×Í¢Í§ªØ´·´ÅÍ§á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ [18] «Öè§à»“¹¤ÃØÀÑ³±Œã¹Ë‰Í§»¯ÔºÑµÔ
¡ÒÃÇÔ¨ÑÂÃÐºº¤Çº¤ØÁ ÀÒ¤ÇÔªÒÇÔÈÇ¡ÃÃÁä¿¿„Ò Ø̈ÌÒÅ§¡Ã³ŒÁËÒÇÔ·ÂÒÅÑÂ «Öè§ÁÕ¤ˆÒµˆÒ§æ´Ñ§¹Õé

� ÁÍ´ÙÅÑÊ¢Í§ÂÑ§¢Í§á¢¹ � 	 ��� �� Nm��

� âÁàÁ¹µŒ¤ÇÒÁà©×èÍÂàªÔ§¾×é¹·ÕèË¹‰ÒµÑ´¢Í§á¢¹ � 	  ���! ����� m�

� ÁÇÅµˆÍË¹ˆÇÂ¤ÇÒÁÂÒÇ¢Í§á¢¹ � 	 ���


 kgm��

� âÁàÁ¹µŒ¤ÇÒÁà©×èÍÂ¢Í§°Ò¹ �� 	 � ���� kgm�

� ¤ÇÒÁÂÒÇ¢Í§á¢¹ (à»ÅÕèÂ¹á»Å§ä´‰) � 	 ���� m
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� ÁÇÅ·Õè»ÅÒÂá¢¹ (à»ÅÕèÂ¹á»Å§ä´‰) �� 	 ���� kg

� ¤ÇÒÁµ‰Ò¹·Ò¹¢Í§ÁÍàµÍÃŒ '	 	 ��! �

� ¤ˆÒ¤§·ÕèáÃ§ºÔ´¢Í§ÁÍàµÍÃŒ %� 	 "� "�!" ���� NmA��

� ¤ˆÒ¤§·ÕèáÃ§´Ñ¹¢Í§ÁÍàµÍÃŒ %� 	 "� "�!" ���� Vs

4.2 ¡Ã³Õ·Õèãª‰ã¹¡ÒÃ í̈ÒÅÍ§áºº
¡ÒÃ í̈ÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒ¨ÐáÊ´§ã¹ 5 ¡Ã³Õ¤×Í

1. ¡Ã³ÕÃÙ‰¤ˆÒ¾ÒÃÒÁÔàµÍÃŒá¹ˆ¹Í¹

2. ¡Ã³Õ·ÕèÁÇÅ·Õè»ÅÒÂá¢¹ (��) à¾ÔèÁ¢Öé¹ ���� à»“¹ ���� ��

3. ¡Ã³Õ·ÕèÁÇÅ·Õè»ÅÒÂá¢¹ (��) Å´Å§ ��� à»“¹ ����� ��

4. ¡Ã³Õ·Õè¤ÇÒÁÂÒÇ¢Í§á¢¹ (�) à¾ÔèÁ¢Öé¹ ��� à»“¹ ���� �

5. ¡Ã³Õ·Õè¤ÇÒÁÂÒÇ¢Í§á¢¹ (�) Å´Å§ ��� à»“¹ ��
� �

Ê̂Ç¹µÑÇ¤Çº¤ØÁ·Õèãª‰¨ÐàÅ×Í¡ãª‰µÑÇ¤Çº¤ØÁ 3 áºº ¤×Í
1. áººäÁˆÁÕ¡ÒÃ»ÃÑºµÑÇ
2. áººÁÕ¡ÒÃ»ÃÑºµÑÇ â´Âãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ·Õèãª‰·ÄÉ®Õº·¢Í§àÅÕÂ»Ù¹Í¿
3. áººÁÕ¡ÒÃ»ÃÑºµÑÇ â´Âãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒáºº¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´

¡ÒÃàÅ×Í¡¾ÒÃÒÁÔàµÍÃŒã¹µÑÇ¤Çº¤ØÁ (3.100) â´Â·ÑèÇä»ÂÑ§äÁˆÁÕËÅÑ¡à¡³·Œ·Õèá¹ˆ¹Í¹ áµˆã¹ [16] ä´‰
á¹Ð¹íÒÇÔ¸Õ¡ÒÃË¹Öè§ ¤×Í¡ÒÃËÒÃÐºº·Õèà»“¹¡ÒÃ»ÃÐÁÒ³àªÔ§àÊ‰¹ (linearized system) ¢Í§ (3.104) áÅÐ
(3.102) ¨Ò¡¹Ñé¹ Ö̈§àÅ×Í¡¤ˆÒ 5�� � � � � 5 áÅÐ ��� � � � � �� à¾×èÍãË‰¢ÑéÇ¢Í§ (3.104) áÅÐ (3.102) ÍÂÙˆã¹
µíÒáË¹ˆ§·ÕèàËÁÒÐÊÁ «Öè§ã¹·Õè¹Õé¨ÐãË‰¢ÑéÇ´Ñ§¡Å̂ÒÇÍÂÙˆ·Õè

������� #!��� 

���!"�� #��#��

áÅÐ¨Ðä´‰¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§µÑÇ¤Çº¤ØÁ·Õèãª‰¤×Í

5� 	 �"��#� 5� 	 #�!"#� �� 	 ���## ���� �� 	 !
�!!

ã¹¡Ã³Õ·Õèãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ·Õèãª‰·ÄÉ®Õº·¢Í§àÅÕÂ»Ù¹Í¿ ¡ÒÃËÒàÁ·ÃÔ¡«ŒÍÑµÃÒ¡ÒÃ»ÃÑº
µÑÇ 4�� � 4�	 � 4�	 áÅÐ 4�	 ã¹ (3.116) ¡çÂÑ§äÁˆÁÕËÅÑ¡à¡³±Œ·Õèá¹ˆ¹Í¹àªˆ¹¡Ñ¹ ã¹·Õè¹Õé¨Ðãª‰ÇÔ¸Õ·Õè¨Ð
Í¸ÔºÒÂµˆÍä» «Öè§¾ºÇˆÒ·íÒãË‰ä´‰¼ÅµÍºÊ¹Í§·Õè´Õ
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ã¹µÍ¹áÃ¡¨ÐãË‰ 4�� � 4�	 � 4�	 áÅÐ 4�	 à»“¹àÁ·ÃÔ¡«ŒàÍ¡ÅÑ¡É³Œä»¡̂Í¹ áÅ‰Ç·íÒ¡ÒÃ í̈ÒÅÍ§
áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒà¾×èÍ´Ù¡ÒÃà»ÅÕèÂ¹á»Å§¢Í§¾ÒÃÒÁÔàµÍÃŒ 
� áµˆÅÐµÑÇã¹áµˆÅÐ¤Òº¢Í§¼ÅµÍº
Ê¹Í§ áÅ‰Ç¾ÂÒÂÒÁ»ÃÑº¤ˆÒÊÁÒªÔ¡ã¹àÁ·ÃÔ¡«ŒÍÑµÃÒ¡ÒÃ»ÃÑºµÑÇ à¾×èÍ·íÒãË‰ÍÑµÃÒ¡ÒÃà»ÅÕèÂ¹á»Å§¢Í§
¾ÒÃÒÁÔàµÍÃŒáµˆÅÐµÑÇã¹áµˆÅÐ¤ÒºÁÕ¢¹Ò´ã¡Å‰à¤ÕÂ§¡Ñ¹ â´Â¶‰Ò¾ÒÃÒÁÔàµÍÃŒµÑÇã´à»ÅÕèÂ¹á»Å§ÁÒ¡ ¡ç¨Ð
Å´ÍÑµÃÒ¡ÒÃ»ÃÑºµÑÇ¢Í§¾ÒÃÒÁÔàµÍÃŒµÑÇ¹Ñé¹Å§ (áÅÐ¡ÅÑº¡Ñ¹) ¨¹ä´‰ÍÑµÃÒ¡ÒÃà»ÅÕèÂ¹á»Å§¢Í§¾ÒÃÒ
ÁÔàµÍÃŒáµˆÅÐµÑÇã¡Å‰à¤ÕÂ§¡Ñ¹ ¨Ò¡ÇÔ¸Õ´Ñ§¡Å̂ÒÇ ¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ·Õèãª‰·ÄÉ®Õ
º·¢Í§àÅÕÂ»Ù¹Í¿·Õèãª‰ã¹¡ÒÃ í̈ÒÅÍ§áºº¤×Í

�� 	 �� 	

�
�� �

�� ��

�

4�� 	

�
	
�� � �

� ����� �

� � ���

�
�

4�� 	 #�

4�	 	

�
	
�� � �

� ����� �

� � ���

�
�

4�	 	 � �

ã¹¡Ã³Õ·Õèãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒáºº¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´ ¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ·Õèãª‰¤×Í

�� 	 �� 	

�
�� �

�� ��

�

0� 	 0� 	 ���

����� 	 ����� 	 ����

â´Â ����� áÅÐ ����� ¤×Í¤ˆÒ¤ÇÒÁá»Ã»ÃÇ¹Ã̂ÇÁà¡ÕèÂÇàÃÔèÁµ‰¹¢Í§¤ˆÒ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ«Öè§ã¹·Õè¹Õé
¶×ÍÇˆÒäÁˆ·ÃÒº¤ˆÒ Ê̂Ç¹ 0� áÅÐ 0� ¤×Í¤ˆÒ forgetting factor «Öè§¨ÐÁÕ¼ÅµˆÍÍÑµÃÒ¡ÒÃ»ÃÑºµÑÇ

à¹×èÍ§¨Ò¡àÃÒ¶×ÍÇ̂Ò¾ÒÃÒÁÔàµÍÃŒ¢Í§ÃÐººäÁ̂·ÃÒº¤ˆÒ Ö̈§ãË‰¤ˆÒ ����������� ÁÕ¤ˆÒÁÒ¡äÇ‰
¡ˆÍ¹ ã¹¡Ã³Õ¢Í§á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇã¹§Ò¹ÇÔ¨ÑÂ¹Õé ä´‰ÅÍ§ãª‰ ����� 	 ����� 	

���� ����� ����� ��
�� ���� ¾ºÇˆÒ ¤ˆÒ ����������� ·ÕèÁÒ¡¡ÇˆÒ ���� äÁˆ·íÒãË‰¼ÅµÍºÊ¹Í§
à»ÅÕèÂ¹á»Å§ä»¨Ò¡¡ÒÃãª‰¤ˆÒ ����������� à·̂Ò¡Ñº ���� ÍÂˆÒ§àËç¹à´ˆ¹ªÑ´ ´Ñ§¹Ñé¹ã¹·Õè¹Õé¨Ö§àÅ×Í¡ãª‰
����� 	 ����� 	 ���� Ê̂Ç¹·ÕèäÁˆãª‰¤ˆÒ·ÕèÁÒ¡¡ÇˆÒ¹Õéà¹×èÍ§¨Ò¡ã¹¡ÒÃ·´ÅÍ§¨ÃÔ§¤ˆÒ·ÕèÁÒ¡à¡Ô¹ä»¨Ð·íÒãË‰
ÊÑÒ³Ãº¡Ç¹Ê̂§¼ÅµˆÍ¤ˆÒ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒÁÒ¡
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4.3 ¼Å¡ÒÃ í̈ÒÅÍ§áºº
4.3.1 ¡Ã³ÕÃÙ‰¤ˆÒ¾ÒÃÒÁÔàµÍÃŒá¹̂¹Í¹
ÃÙ» 4.1 áÊ´§¼ÅµÍºÊ¹Í§¢Í§á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ àÁ×èÍÃÙ‰¤ˆÒ¾ÒÃÒÁÔàµÍÃŒá¹ˆ¹Í¹

áÅÐäÁˆÁÕ¡ÒÃ»ÃÑºµÑÇ
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4.3.2 ¡Ã³Õ·ÕèÁÇÅ·Õè»ÅÒÂá¢¹à¾ÔèÁ¢Öé¹ ����
ÃÙ» 4.2 áÊ´§¼ÅµÍºÊ¹Í§¢Í§á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ àÁ×èÍÁÇÅ·Õè»ÅÒÂá¢¹à¾ÔèÁ¢Öé¹

���� áÅÐäÁˆÁÕ¡ÒÃ»ÃÑºµÑÇ

ÃÙ» 4.3 áÅÐ 4.4 áÊ´§¼ÅµÍºÊ¹Í§àÁ×èÍãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ·Õèãª‰·ÄÉ®Õº·¢Í§àÅÕÂ»Ù¹Í¿
â´ÂÃÙ» 4.3 áÊ´§¼ÅµÍºÊ¹Í§àÁ×èÍÁÕ¡ÒÃ»ÃÑºµÑÇä»áÅ‰Ç 48 ÇÔ¹Ò·Õ áÅÐ ÃÙ» 4.4 áÊ´§¼ÅµÍºÊ¹Í§ã¹
ÃÐËÇˆÒ§¡ÒÃ»ÃÑºµÑÇ

ÃÙ» 4.5 áÅÐ 4.6 áÊ´§¼ÅµÍºÊ¹Í§àÁ×èÍãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒáºº¡íÒÅÑ§ÊÍ§µíèÒÊØ´ â´Â
ÃÙ» 4.5 áÊ´§¼ÅµÍºÊ¹Í§àÁ×èÍÁÕ¡ÒÃ»ÃÑºµÑÇä»áÅ‰Ç 24 ÇÔ¹Ò·Õ áÅÐ ÃÙ» 4.6 áÊ´§¼ÅµÍºÊ¹Í§ã¹
ÃÐËÇˆÒ§¡ÒÃ»ÃÑºµÑÇ
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»Ù¹Í¿



48

-10

0

10

20

30

40

50

60

0 5 10 15 20

de
gr

ee

time (second)

-10

0

10

20

30

40

50

60

25 30 35 40 45

de
gr

ee

time (second)

(a) µíÒáË¹̂§»ÅÒÂá¢¹

-6

-4

-2

0

2

4

0 5 10 15 20

de
gr

ee

time (second)

-6

-4

-2

0

2

4

25 30 35 40 45

de
gr

ee

time (second)

(b) ¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¡ÒÃµÒÁÃÍÂ

ÃÙ»·Õè 4.4: ¼ÅµÍºÊ¹Í§ÃÐËÇˆÒ§¡ÒÃ»ÃÑºµÑÇ: ¡Ã³Õ·ÕèÁÇÅ·Õè»ÅÒÂá¢¹à¾ÔèÁ¢Öé¹ ���� áÅÐãª‰µÑÇ
»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ·Õèãª‰·ÄÉ®Õº·¢Í§àÅÕÂ»Ù¹Í¿



49

0

10

20

30

40

50

60

24 24.5 25 25.5 26 26.5 27 27.5 28

de
gr

ee

time (second)

tip position
reference signal

(a) µíÒáË¹̂§»ÅÒÂá¢¹

-0.12

-0.1

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

24 24.5 25 25.5 26 26.5 27 27.5 28

tip
 d

ev
ia

tio
n 

(m
)

time (second)

(b) ÃÐÂÐàºÕèÂ§àº¹¢Í§»ÅÒÂá¢¹

0

0.5

1

1.5

2

2.5

3

3.5

4

24 24.5 25 25.5 26 26.5 27 27.5 28

m
ot

or
 v

ol
ta

ge
 (

vo
lt)

time (second)

(c) áÃ§ Ñ́¹·ÕèãË‰á¡ˆÁÍàµÍÃŒ

ÃÙ»·Õè 4.5: ¡Ã³Õ·ÕèÁÇÅ·Õè»ÅÒÂá¢¹à¾ÔèÁ¢Öé¹ ���� áÅÐãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒáºº¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´



50

-10

0

10

20

30

40

50

60

0 5 10 15 20

de
gr

ee

time (second)

(a) µíÒáË¹̂§»ÅÒÂá¢¹

-4

-2

0

2

4

6

8

0 5 10 15 20

de
gr

ee

time (second)

(b) ¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¡ÒÃµÒÁÃÍÂ

ÃÙ»·Õè 4.6: ¼ÅµÍºÊ¹Í§ÃÐËÇˆÒ§¡ÒÃ»ÃÑºµÑÇ: ¡Ã³Õ·ÕèÁÇÅ·Õè»ÅÒÂá¢¹à¾ÔèÁ¢Öé¹ ���� áÅÐãª‰µÑÇ
»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒáºº¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´



51

4.3.3 ¡Ã³Õ·ÕèÁÇÅ·Õè»ÅÒÂá¢¹Å´Å§ ���
ÃÙ» 4.7 áÊ´§¼ÅµÍºÊ¹Í§¢Í§á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ àÁ×èÍÁÇÅ·Õè»ÅÒÂá¢¹Å´Å§

��� áÅÐäÁˆÁÕ¡ÒÃ»ÃÑºµÑÇ

ÃÙ» 4.8 áÅÐ 4.9 áÊ´§¼ÅµÍºÊ¹Í§àÁ×èÍãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ·Õèãª‰·ÄÉ®Õº·¢Í§àÅÕÂ»Ù¹Í¿
â´ÂÃÙ» 4.8 áÊ´§¼ÅµÍºÊ¹Í§àÁ×èÍÁÕ¡ÒÃ»ÃÑºµÑÇä»áÅ‰Ç 48 ÇÔ¹Ò·Õ áÅÐ ÃÙ» 4.9 áÊ´§¼ÅµÍºÊ¹Í§ã¹
ÃÐËÇˆÒ§¡ÒÃ»ÃÑºµÑÇ

ÃÙ» 4.10 áÅÐ 4.11 áÊ´§¼ÅµÍºÊ¹Í§àÁ×èÍãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒáºº¡íÒÅÑ§ÊÍ§µíèÒÊØ´ â´Â
ÃÙ» 4.10 áÊ´§¼ÅµÍºÊ¹Í§àÁ×èÍÁÕ¡ÒÃ»ÃÑºµÑÇä»áÅ‰Ç 24 ÇÔ¹Ò·Õ áÅÐ ÃÙ» 4.11 áÊ´§¼ÅµÍºÊ¹Í§ã¹
ÃÐËÇˆÒ§¡ÒÃ»ÃÑºµÑÇ
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4.3.4 ¡Ã³Õ·Õè¤ÇÒÁÂÒÇá¢¹à¾ÔèÁ¢Öé¹ ���
ÃÙ» 4.12 áÊ´§¼ÅµÍºÊ¹Í§¢Í§á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ àÁ×èÍ¤ÇÒÁÂÒÇ¢Í§á¢¹à¾ÔèÁ

¢Öé¹ ��� áÅÐäÁˆÁÕ¡ÒÃ»ÃÑºµÑÇ

ÃÙ» 4.13 áÅÐ 4.14 áÊ´§¼ÅµÍºÊ¹Í§àÁ×èÍãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ·Õèãª‰·ÄÉ®Õº·¢Í§àÅÕÂ»Ù
¹Í¿ â´ÂÃÙ» 4.13 áÊ´§¼ÅµÍºÊ¹Í§àÁ×èÍÁÕ¡ÒÃ»ÃÑºµÑÇä»áÅ‰Ç 48 ÇÔ¹Ò·Õ áÅÐ ÃÙ» 4.14 áÊ´§¼ÅµÍº
Ê¹Í§ã¹ÃÐËÇˆÒ§¡ÒÃ»ÃÑºµÑÇ

ÃÙ» 4.15 áÅÐ 4.16 áÊ´§¼ÅµÍºÊ¹Í§àÁ×èÍãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒáºº¡íÒÅÑ§ÊÍ§µíèÒÊØ´ â´Â
ÃÙ» 4.15 áÊ´§¼ÅµÍºÊ¹Í§àÁ×èÍÁÕ¡ÒÃ»ÃÑºµÑÇä»áÅ‰Ç 24 ÇÔ¹Ò·Õ áÅÐ ÃÙ» 4.16 áÊ´§¼ÅµÍºÊ¹Í§ã¹
ÃÐËÇˆÒ§¡ÒÃ»ÃÑºµÑÇ
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4.3.5 ¡Ã³Õ·Õè¤ÇÒÁÂÒÇá¢¹Å´Å§ ���
ÃÙ» 4.17 áÊ´§¼ÅµÍºÊ¹Í§¢Í§á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ àÁ×èÍ¤ÇÒÁÂÒÇ¢Í§á¢¹Å´

Å§ ��� áÅÐäÁˆÁÕ¡ÒÃ»ÃÑºµÑÇ

ÃÙ» 4.18 áÅÐ 4.19 áÊ´§¼ÅµÍºÊ¹Í§àÁ×èÍãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ·Õèãª‰·ÄÉ®Õº·¢Í§àÅÕÂ»Ù
¹Í¿ â´ÂÃÙ» 4.18 áÊ´§¼ÅµÍºÊ¹Í§àÁ×èÍÁÕ¡ÒÃ»ÃÑºµÑÇä»áÅ‰Ç 48 ÇÔ¹Ò·Õ áÅÐ ÃÙ» 4.19 áÊ´§¼ÅµÍº
Ê¹Í§ã¹ÃÐËÇˆÒ§¡ÒÃ»ÃÑºµÑÇ

ÃÙ» 4.20 áÅÐ 4.21 áÊ´§¼ÅµÍºÊ¹Í§àÁ×èÍãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒáºº¡íÒÅÑ§ÊÍ§µíèÒÊØ´ â´Â
ÃÙ» 4.20 áÊ´§¼ÅµÍºÊ¹Í§àÁ×èÍÁÕ¡ÒÃ»ÃÑºµÑÇä»áÅ‰Ç 24 ÇÔ¹Ò·Õ áÅÐ ÃÙ» 4.21 áÊ´§¼ÅµÍºÊ¹Í§ã¹
ÃÐËÇˆÒ§¡ÒÃ»ÃÑºµÑÇ
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ÃÙ»·Õè 4.18: ¡Ã³Õ·Õè¤ÇÒÁÂÒÇ¢Í§á¢¹Å´Å§ ��� áÅÐãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ·Õèãª‰·ÄÉ®Õº·¢Í§
àÅÕÂ»Ù¹Í¿
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ÃÙ»·Õè 4.19: ¼ÅµÍºÊ¹Í§ÃÐËÇˆÒ§¡ÒÃ»ÃÑºµÑÇ: ¡Ã³Õ·Õè¤ÇÒÁÂÒÇ¢Í§á¢¹Å´Å§ ��� áÅÐãª‰µÑÇ
»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ·Õèãª‰·ÄÉ®Õº·¢Í§àÅÕÂ»Ù¹Í¿
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ÃÙ»·Õè 4.21: ¼ÅµÍºÊ¹Í§ÃÐËÇˆÒ§¡ÒÃ»ÃÑºµÑÇ: ¡Ã³Õ·Õè¤ÇÒÁÂÒÇ¢Í§á¢¹Å´Å§ ��� áÅÐãª‰µÑÇ
»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒáºº¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´
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4.4 ÇÔà¤ÃÒÐËŒ¼ÅáÅÐÊÃØ»
¨Ò¡ÃÙ» 4.1 ¾ºÇˆÒã¹¡Ã³Õ·ÕèÃÙ‰¤ˆÒ¾ÒÃÒÁÔàµÍÃŒá¹ˆ¹Í¹ µÑÇ¤Çº¤ØÁÊÒÁÒÃ¶·íÒãË‰µíÒáË¹ˆ§»ÅÒÂá¢¹

µÒÁÃÍÂÊÑÒ³Í‰Ò§ÍÔ§ä´‰´ÕÁÒ¡ â´ÂÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¡ÒÃµÒÁÃÍÂà¾ÕÂ§àÅç¡¹‰ÍÂà·̂Ò¹Ñé¹

¨Ò¡ÃÙ» 4.2–4.6 ¾ºÇˆÒã¹¡Ã³Õ·ÕèÁÇÅ·Õè»ÅÒÂá¢¹à¾ÔèÁ¢Öé¹ ���� àÁ×èÍäÁˆÁÕ¡ÒÃ»ÃÑºµÑÇ¨ÐÁÕ
¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¡ÒÃµÒÁÃÍÂ áÅÐ¨Ðà¡Ô´Ê̂Ç¹¾Øˆ§à¡Ô¹¢Í§¼ÅµÍºÊ¹Í§ Ê̂Ç¹àÁ×èÍ¡ÒÃãª‰µÑÇ»ÃÐÁÒ³
¾ÒÃÒÁÔàµÍÃŒ¨Ð·íÒãË‰¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¡ÒÃµÒÁÃÍÂÅ´Å§ áÅÐ¨ÐäÁˆÁÕÊ̂Ç¹¾Øˆ§à¡Ô¹ ¡ÒÃãª‰µÑÇ»ÃÐÁÒ³
¾ÒÃÒÁÔàµÍÃŒáºº¡íÒÅÑ§ÊÍ§µíèÒÊØ´ ¨ÐÁÕ¡ÒÃ»ÃÑºµÑÇ·ÕèàÃçÇ¡ÇˆÒ¡ÒÃãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ·Õèãª‰·ÄÉ®Õ
º·¢Í§àÅÕÂ»Ù¹Í¿ â´Â¡Ã³Õ·Õèãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ·Õèãª‰·ÄÉ®Õº·¢Í§àÅÕÂ»Ù¹Í¿ ¨Ðãª‰àÇÅÒã¹
¡ÒÃ»ÃÑºµÑÇ»ÃÐÁÒ³ 40 ÇÔ¹Ò·Õ Ê̂Ç¹¡Ã³Õ·Õèãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒáºº¡íÒÅÑ§ÊÍ§µíèÒÊØ´ ¨Ðãª‰àÇÅÒ
ã¹¡ÒÃ»ÃÑºµÑÇ»ÃÐÁÒ³ 20 ÇÔ¹Ò·Õ

¨Ò¡ÃÙ» 4.7–4.11 ¾ºÇˆÒã¹¡Ã³Õ·ÕèÁÇÅ·Õè»ÅÒÂá¢¹Å´Å§ ��� ¡ÒÃãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒáºº
¡íÒÅÑ§ÊÍ§µíèÒÊØ´ÊÒÁÒÃ¶·íÒãË‰¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¡ÒÃµÒÁÃÍÂÅ´Å§ÍÂ̂Ò§ÃÇ´àÃçÇ â´Âãª‰àÇÅÒã¹¡ÒÃ»ÃÑº
µÑÇ»ÃÐÁÒ³ 20 ÇÔ¹Ò·Õ Ê̂Ç¹¡ÒÃãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ·Õèãª‰·ÄÉ®Õº·¢Í§àÅÕÂ»Ù¹Í¿¾ºÇˆÒ
ÊÒÁÒÃ¶Å´¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¡ÒÃµÒÁÃÍÂä´‰ã¹ªˆÇ§áÃ¡¢Í§¡ÒÃà¤Å×èÍ¹·Õèä´‰´Õ áµˆã¹ªˆÇ§»ÅÒÂ¢Í§¡ÒÃ
à¤Å×èÍ¹·Õè¾ºÇˆÒÊÒÁÒÃ¶Å´¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¡ÒÃµÒÁÃÍÂä´‰äÁˆÁÒ¡¹Ñ¡

¨Ò¡ÃÙ» 4.12–4.16 ¾ºÇˆÒã¹¡Ã³Õ·Õè¤ÇÒÁÂÒÇá¢¹à¾ÔèÁ¢Öé¹ ��� ¼Å·Õèä´‰¨Ð¤Å‰ÒÂ¡Ñº¡Ã³Õ·ÕèÁÇÅ·Õè
»ÅÒÂá¢¹à¾ÔèÁ¢Öé¹ ¹Ñè¹¤×Í ¨Ðà¡Ô´Ê̂Ç¹¾Øˆ§à¡Ô¹àÁ×èÍäÁˆÁÕ¡ÒÃ»ÃÑºµÑÇ áÅÐ¡ÒÃ»ÃÑºµÑÇ¨Ð·íÒãË‰¤ÇÒÁ¼Ô´
¾ÅÒ´ã¹¡ÒÃµÒÁÃÍÂÅ´Å§ áÅÐäÁ̂ÁÕÊ̂Ç¹¾Øˆ§à¡Ô¹ â´Â¡Ã³Õ·Õèãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ·Õèãª‰·ÄÉ®Õº·
¢Í§àÅÕÂ»Ù¹Í¿ ¨Ðãª‰àÇÅÒã¹¡ÒÃ»ÃÑºµÑÇ»ÃÐÁÒ³ 40 ÇÔ¹Ò·Õ Ê̂Ç¹¡Ã³Õ·Õèãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ
áºº¡íÒÅÑ§ÊÍ§µíèÒÊØ´ ¨Ðãª‰àÇÅÒã¹¡ÒÃ»ÃÑºµÑÇ»ÃÐÁÒ³ 20 ÇÔ¹Ò·Õ

¨Ò¡ÃÙ» 4.17–4.21 ¾ºÇˆÒã¹¡Ã³Õ·Õè¤ÇÒÁÂÒÇá¢¹Å´Å§ ��� ¼Å·Õèä´‰¨Ð¤Å‰ÒÂ¡Ñº¡Ã³Õ·ÕèÁÇÅ
·Õè»ÅÒÂá¢¹Å´Å§ ¹Ñè¹¤×Í ¡ÒÃãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒáºº¡íÒÅÑ§ÊÍ§µíèÒÊØ´ÊÒÁÒÃ¶·íÒãË‰¤ÇÒÁ
¼Ô´¾ÅÒ´ã¹¡ÒÃµÒÁÃÍÂÅ´Å§ÍÂ̂Ò§ÃÇ´àÃçÇ â´Âãª‰àÇÅÒã¹¡ÒÃ»ÃÑºµÑÇ»ÃÐÁÒ³ 20 ÇÔ¹Ò·ÕÊ̂Ç¹¡ÒÃ
ãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ·Õèãª‰·ÄÉ®Õº·¢Í§àÅÕÂ»Ù¹Í¿ ¾ºÇˆÒÊÒÁÒÃ¶Å´¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¡ÒÃµÒÁ
ÃÍÂä´‰äÁˆÁÒ¡¹Ñ¡

ÊÃØ»ä´‰ÇˆÒµÑÇ¤Çº¤ØÁäÁˆàªÔ§àÊ‰¹áºº»ÃÑºµÑÇÊíÒËÃÑºÃÐººà¿ÊäÁ̂µíèÒÊØ´·Õèä´‰àÊ¹Íã¹º··Õè 3 ÊÒÁÒÃ¶
¤Çº¤ØÁÃÐººá¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇã¹¡Ã³Õ·Õè¤ˆÒ¾ÒÃÒÁÔàµÍÃŒÁÕ¤ÇÒÁäÁ̂á¹̂¹Í¹ ä´‰à»“¹
·Õè¹ˆÒ¾Íã¨ àÁ×èÍãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒáºº¡íÒÅÑ§ÊÍ§µíèÒÊØ´ â´Â¾ºÇˆÒ ÊÒÁÒÃ¶»ÃÑºµÑÇãË‰à¢‰Ò¡Ñº
¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§ÃÐººä´‰ÍÂˆÒ§ÃÇ´àÃçÇ Ê̂Ç¹àÁ×èÍãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒáºº·Õèãª‰·ÄÉ®Õº·¢Í§
àÅÕÂ»Ù¹Í¿¾ºÇˆÒã¹ºÒ§¡Ã³ÕäÁ̂ÊÒÁÒÃ¶·íÒãË‰ÊÁÃÃ¶¹Ð¢Í§ÃÐºº´Õ¢Öé¹ä´‰ áÅÐ¡ÒÃ»ÃÑºµÑÇ¨Ðª‰Ò¡ÇˆÒ
¡ÒÃãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒáºº¡íÒÅÑ§ÊÍ§µíèÒÊØ´
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ÃÙ»·Õè 5.1: ªØ´·´ÅÍ§á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ

ªØ´·´ÅÍ§á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇáÊ´§ã¹ÃÙ»·Õè 5.1 «Öè§ã¹·Õè¹Õéãª‰ªØ´·´ÅÍ§ FLEX-

CAM ¢Í§ Quanser Consulting «Öè§à»“¹¤ÃØÀÑ³±Œã¹Ë‰Í§»¯ÔºÑµÔ¡ÒÃÇÔ¨ÑÂÃÐºº¤Çº¤ØÁ ÀÒ¤ÇÔªÒ
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¢Í§»ÅÒÂá¢¹«Öè§ãª‰áËÅ̂§¡íÒà¹Ô´áÊ§·Õè»ÅÒÂá¢¹áÅÐ¡Å‰Í§·Õè°Ò¹ã¹¡ÒÃÇÑ´ Ê̂Ç¹µíÒáË¹ˆ§¢Í§»ÅÒÂ
á¢¹¨Ðµ‰Í§¤íÒ¹Ç³¨Ò¡¢‰ÍÁÙÅµíÒáË¹ˆ§¢Í§ÁÍàµÍÃŒáÅÐÃÐÂÐàºÕèÂ§àº¹¢Í§»ÅÒÂá¢¹

µÑÇ¤Çº¤ØÁ·Õèãª‰à»“¹«Í¿·ŒáÇÃŒº¹à¤Ã×èÍ§¤ÍÁ¾ÔÇàµÍÃŒ Pentium-133MHz ·Õèãª‰ÃÐºº»¯ÔºÑµÔ¡ÒÃ rt-

Linux «Öè§àª×èÍÁµˆÍ¡ÑºªØ´·´ÅÍ§¼ˆÒ¹ A/D,D/A converter card ¢Í§ MultiQ ·ÕèÁÕ¤ÇÒÁÅÐàÍÕÂ´ 12

ºÔµáÅÐãª‰¤ÇÒÁ¶ÕèªÑ¡µÑÇÍÂˆÒ§ ��� $%

à¹×èÍ§¨Ò¡µÑÇ¤Çº¤ØÁ·Õèä´‰ÍÍ¡áºº µ‰Í§¡ÒÃãª‰¢‰ÍÁÙÅÍ¹Ø¾Ñ¹¸ŒàªÔ§àÇÅÒ¢Í§ÊÑÒ³ÍÍ¡ Ñ́§¹Ñé¹ Ö̈§
µ‰Í§·íÒ¡ÒÃ»ÃÐÁÒ³¤ˆÒÍ¹Ø¾Ñ¹¸ŒàªÔ§àÇÅÒ¨Ò¡
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	? ��� ¤×Í¼Å¡ÒÃá»Å§ÅÒ»ÅÒ«¢Í§ÊÑÒ³¤ˆÒ»ÃÐÁÒ³Í¹Ø¾Ñ¹¸ŒàªÔ§àÇÅÒ¢Í§ÊÑÒ³ÍÍ¡¢Í§ÃÐºº

«Öè§àÁ×èÍ»ÃÐÁÒ³ (5.1) ãË‰à»“¹¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹áººàÇÅÒàµçÁË¹ˆÇÂâ´Âãª‰ÇÔ¸Õ¢Í§ÍÍÂàÅÍÃŒ
� 	

2 � �

�
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àÁ×èÍ � ¤×Í¤ÒºàÇÅÒ¡ÒÃªÑ¡µÑÇÍÂˆÒ§ ¨Ðä´‰¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹áººàÇÅÒàµçÁË¹ˆÇÂà»“¹
	? �2� 	

�@&��2 � ��

2 � � � �@&��
? �2� (5.2)

àÁ×èÍ
? �2� ¤×Í¼Å¡ÒÃá»Å§ Z ¢Í§ÊÑÒ³ÍÍ¡¢Í§ÃÐºº

	? �2� ¤×Í¼Å¡ÒÃá»Å§ Z ¢Í§ÊÑÒ³¤ˆÒ»ÃÐÁÒ³Í¹Ø¾Ñ¹¸ŒàªÔ§àÇÅÒ¢Í§ÊÑÒ³ÍÍ¡¢Í§ÃÐºº
ã¹·Õè¹Õé¨Ðãª‰ &� 	 � $% à¹×èÍ§¨Ò¡¡ÒÃãª‰¤ˆÒ&� ÁÒ¡¡ÇˆÒ¹Õé¨Ð·íÒãË‰ÊÑÒ³Ãº¡Ç¹¨Ò¡¡ÒÃÇÑ´Ê̂§¼ÅµˆÍ
¼ÅµÍºÊ¹Í§¢Í§ÃÐººÁÒ¡

¨Ò¡¡ÒÃ í̈ÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒ ¾ºÇˆÒ¡ÒÃãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒáºº¡íÒÅÑ§ÊÍ§¹‰ÍÂ
ÊØ´ ÁÕÊÁÃÃ¶¹Ð´Õ¡ÇˆÒµÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ·Õèãª‰·ÄÉ®Õº·¢Í§àÅÕÂ»Ù¹Í¿ áÅÐàÅ×Í¡¾ÒÃÒÁÔàµÍÃŒ
¢Í§µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒä´‰§̂ÒÂ¡ÇˆÒÁÒ¡ ÃÇÁ·Ñé§µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒáºº¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´ÂÑ§
ÁÕÇÔ¸Õ¡ÒÃ»ÃÑº¾ÒÃÒÁÔàµÍÃŒã¹àÇÅÒàµçÁË¹ˆÇÂ ·íÒãË‰äÁˆµ‰Í§·íÒ¡ÒÃ»ÃÐÁÒ³ÊÁ¡ÒÃàªÔ§Í¹Ø¾Ñ¹¸Œ¢Í§¡®
¡ÒÃ»ÃÑº¾ÒÃÒÁÔàµÍÃŒàÁ×èÍ¹íÒÁÒãª‰ã¹¡ÒÃ·´ÅÍ§¨ÃÔ§ ´Ñ§¹Ñé¹ã¹¡ÒÃ·´ÅÍ§¨ÃÔ§ Ö̈§ãª‰à©¾ÒÐµÑÇ»ÃÐÁÒ³
¾ÒÃÒÁÔàµÍÃŒáºº¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´à·̂Ò¹Ñé¹ áÅÐãª‰¡ÒÃ»ÃÑº¤ˆÒ¾ÒÃÒÁÔàµÍÃŒã¹àÇÅÒàµçÁË¹ˆÇÂ

¡ÒÃ·´ÅÍ§¨Ð·íÒã¹ 4 ¡Ã³Õ ¤×Í
1. ¡Ã³ÕÃÙ‰¤ˆÒ¾ÒÃÒÁÔàµÍÃŒá¹ˆ¹Í¹
2. ¡Ã³Õ·ÕèÁÇÅ·Õè»ÅÒÂá¢¹ à¾ÔèÁ¢Öé¹ ���� �� (à¾ÔèÁ¢Öé¹ ����) ·ÕèÇÔ¹Ò·Õ·Õè 200

3. ¡Ã³Õ·Õè¤ÇÒÁÂÒÇ¢Í§á¢¹ Å´Å§ ���� � (Å´Å§ ���) ·ÕèÇÔ¹Ò·Õ·Õè 200

4. ¡Ã³Õ·ÕèÁÇÅ·Õè»ÅÒÂá¢¹ à¾ÔèÁ¢Öé¹ ���� �� áÅÐ¤ÇÒÁÂÒÇ¢Í§á¢¹ Å´Å§ ���� � ·ÕèÇÔ¹Ò·Õ·Õè 200

Ê̂Ç¹µÑÇ¤Çº¤ØÁ·Õèãª‰¨ÐàÅ×Í¡ãª‰µÑÇ¤Çº¤ØÁ 2 áºº ¤×Í
1. áººäÁˆÁÕ¡ÒÃ»ÃÑºµÑÇ
2. áººÁÕ¡ÒÃ»ÃÑºµÑÇ â´Âãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒáºº¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´

à¹×èÍ§¨Ò¡ªØ´·´ÅÍ§·Õèãª‰ä´‰¼ˆÒ¹¡ÒÃãª‰§Ò¹ÁÒ¹Ò¹ ·íÒãË‰¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ·Õèá·‰¨ÃÔ§ÍÒ¨ÁÕ¤ˆÒà»ÅÕèÂ¹
á»Å§ä»¨Ò¡·ÕèãË‰äÇ‰ã¹¤ÙˆÁ×Í¢Í§¤ÃØÀÑ³±Œ ´Ñ§¹Ñé¹ Ö̈§·íÒ¡ÒÃËÒàÍ¡ÅÑ¡É³Œ (identification) ¡ÑºªØ´·´ÅÍ§
¨ÃÔ§ «Öè§¨Ðä´‰¤ˆÒ¾ÒÃÒÁÔàµÍÃŒã¹áºº¨íÒÅÍ§ (4.1) à»“¹
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5.1 ¼Å¡ÒÃ·´ÅÍ§
5.1.1 ¡Ã³ÕÃÙ‰¤ˆÒ¾ÒÃÒÁÔàµÍÃŒá¹̂¹Í¹
ÃÙ» 5.2 áÊ´§¼ÅµÍºÊ¹Í§¢Í§á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ àÁ×èÍÃÙ‰¤ˆÒ¾ÒÃÒÁÔàµÍÃŒá¹ˆ¹Í¹

áÅÐäÁˆÁÕ¡ÒÃ»ÃÑºµÑÇ
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ÃÙ»·Õè 5.2: ¡Ã³ÕÃÙ‰¤ˆÒ¾ÒÃÒÁÔàµÍÃŒá¹ˆ¹Í¹ áÅÐäÁˆÁÕ¡ÒÃ»ÃÑºµÑÇ
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5.1.2 ¡Ã³Õ·ÕèÁÇÅ·Õè»ÅÒÂá¢¹ à¾ÔèÁ¢Öé¹ ���� ��

ÃÙ» 5.3 áÊ´§¼ÅµÍºÊ¹Í§¢Í§á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ àÁ×èÍÁÇÅ·Õè»ÅÒÂá¢¹à¾ÔèÁ¢Öé¹
���� �� áÅÐäÁˆÁÕ¡ÒÃ»ÃÑºµÑÇ ÃÙ» 5.4 áÊ´§¼ÅµÍºÊ¹Í§àÁ×èÍÁÕ¡ÒÃ»ÃÑºµÑÇä»áÅ‰Ç 20 ÇÔ¹Ò·Õ áÅÐ
ÃÙ» 5.5 áÊ´§¼ÅµÍºÊ¹Í§ã¹ÃÐËÇˆÒ§¡ÒÃ»ÃÑºµÑÇ
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5.1.3 ¡Ã³Õ·Õè¤ÇÒÁÂÒÇ¢Í§á¢¹ Å´Å§ ���� �

ÃÙ» 5.6 áÊ´§¼ÅµÍºÊ¹Í§¢Í§á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ àÁ×èÍ¤ÇÒÁÂÒÇ¢Í§á¢¹ Å´
Å§ ���� � áÅÐäÁˆÁÕ¡ÒÃ»ÃÑºµÑÇ ÃÙ» 5.7 áÊ´§¼ÅµÍºÊ¹Í§àÁ×èÍÁÕ¡ÒÃ»ÃÑºµÑÇä»áÅ‰Ç 20 ÇÔ¹Ò·Õ áÅÐ
ÃÙ» 5.8 áÊ´§¼ÅµÍºÊ¹Í§ã¹ÃÐËÇˆÒ§¡ÒÃ»ÃÑºµÑÇ
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80

-30

-20

-10

0

10

20

30

220 221 222 223 224 225 226 227 228

de
gr

ee

time (second)

tip position
reference signal

(a) µíÒáË¹̂§»ÅÒÂá¢¹

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

220 221 222 223 224 225 226 227 228

tip
 d

ev
ia

tio
n 

(m
)

time (second)

(b) ÃÐÂÐàºÕèÂ§àº¹¢Í§»ÅÒÂá¢¹

-4

-3

-2

-1

0

1

2

3

4

220 221 222 223 224 225 226 227 228

m
ot

or
 v

ol
ta

ge
 (

vo
lt)

time (second)

(c) áÃ§ Ñ́¹·ÕèãË‰á¡ˆÁÍàµÍÃŒ

ÃÙ»·Õè 5.7: ¡Ã³Õ·Õè¤ÇÒÁÂÒÇ¢Í§á¢¹ Å´Å§ ���� � ·ÕèÇÔ¹Ò·Õ·Õè ��� áÅÐÁÕ¡ÒÃ»ÃÑºµÑÇ



81

-30

-20

-10

0

10

20

30

200 205 210 215 220

tip
 p

os
iti

on
 (

de
gr

ee
)

time (second)

(a) µíÒáË¹̂§»ÅÒÂá¢¹

-8

-6

-4

-2

0

2

4

6

8

200 205 210 215 220

tip
 p

os
iti

on
 (

de
gr

ee
)

time (second)

(b) ¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¡ÒÃµÒÁÃÍÂ

ÃÙ»·Õè 5.8: ¼ÅµÍºÊ¹Í§ÃÐËÇˆÒ§¡ÒÃ»ÃÑºµÑÇ: ¡Ã³Õ·Õè¤ÇÒÁÂÒÇ¢Í§á¢¹ Å´Å§ ���� � ·ÕèÇÔ¹Ò·Õ·Õè ���
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5.1.4 ¡Ã³Õ·ÕèÁÇÅ·Õè»ÅÒÂá¢¹ à¾ÔèÁ¢Öé¹ ���� �� áÅÐ¤ÇÒÁÂÒÇ¢Í§á¢¹ Å´Å§ ���� �

ÃÙ» 5.9 áÊ´§¼ÅµÍºÊ¹Í§¢Í§á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ àÁ×èÍÁÇÅ·Õè»ÅÒÂá¢¹ à¾ÔèÁ
¢Öé¹ ���� �� áÅÐ¤ÇÒÁÂÒÇ¢Í§á¢¹ Å´Å§ ���� � áÅÐäÁˆÁÕ¡ÒÃ»ÃÑºµÑÇ ÃÙ» 5.10 áÊ´§¼ÅµÍºÊ¹Í§
àÁ×èÍÁÕ¡ÒÃ»ÃÑºµÑÇä»áÅ‰Ç 20 ÇÔ¹Ò·Õ áÅÐ ÃÙ» 5.11 áÊ´§¼ÅµÍºÊ¹Í§ã¹ÃÐËÇˆÒ§¡ÒÃ»ÃÑºµÑÇ
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ÃÙ»·Õè 5.11: ¼ÅµÍºÊ¹Í§ÃÐËÇˆÒ§¡ÒÃ»ÃÑºµÑÇ: ¡Ã³Õ·ÕèÁÇÅ·Õè»ÅÒÂá¢¹ à¾ÔèÁ¢Öé¹ ���� �� áÅÐ¤ÇÒÁÂÒÇ
¢Í§á¢¹ Å´Å§ ���� � ·ÕèÇÔ¹Ò·Õ·Õè ���
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5.2 ÇÔà¤ÃÒÐËŒ¼ÅáÅÐÊÃØ»
¨Ò¡ÃÙ»·Õè 5.2 ¾ºÇˆÒã¹¡Ã³Õ·ÕèÃÙ‰¤ˆÒ¾ÒÃÒÁÔàµÍÃŒá¹ˆ¹Í¹¾ºÇˆÒÊÒÁÒÃ¶µÒÁÃÍÂÊÑÒ³Í‰Ò§ÍÔ§

ä´‰à»“¹ÍÂˆÒ§´Õâ´ÂÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´·ÕèÊ¶Ò¹ÐÍÂÙˆµÑÇàÅç¡¹‰ÍÂ à¹×èÍ§¨Ò¡ÁÍàµÍÃŒÁÕªˆÇ§äÃ‰¼ÅµÍºÊ¹Í§
(dead zone) ÍÂÙˆº‰Ò§

¨Ò¡ÃÙ»·Õè 5.3 ¾ºÇˆÒã¹¡Ã³Õ·ÕèÁÇÅ·Õè»ÅÒÂá¢¹à¾ÔèÁ¢Öé¹ ���� �� áÅÐäÁˆÁÕ¡ÒÃ»ÃÑºµÑÇ ¨Ðà¡Ô´Ê̂Ç¹
¾Øˆ§à¡Ô¹ (overshoot) ¢Í§µíÒáË¹ˆ§»ÅÒÂá¢¹ áÅÐÃÐÂÐàºÕèÂ§àº¹¢Í§»ÅÒÂá¢¹¨Ðá¡Çˆ§¡ÇˆÒ¡Ã³Õ·ÕèÃÙ‰¤ˆÒ
¾ÒÃÒÁÔàµÍÃŒá¹ˆ¹Í¹ Ê̂Ç¹¨Ò¡ÃÙ»·Õè 5.4 ¾ºÇˆÒàÁ×èÍÁÕ¡ÒÃ»ÃÑºµÑÇ¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¡ÒÃµÒÁÃÍÂ¨ÐÅ´
Å§ÍÂ̂Ò§ÁÒ¡ áÅÐ¨ÐäÁ̂ÁÕÊ̂Ç¹¾Øˆ§à¡Ô¹¢Í§µíÒáË¹ˆ§»ÅÒÂá¢¹ â´Âãª‰àÇÅÒã¹¡ÒÃ»ÃÑºµÑÇ»ÃÐÁÒ³ 15

ÇÔ¹Ò·Õ

¨Ò¡ÃÙ»·Õè 5.6 áÅÐ 5.7 ¾ºÇˆÒã¹¡Ã³Õ·Õè¤ÇÒÁÂÒÇ¢Í§á¢¹ Å´Å§ ���� � ¡ÒÃ»ÃÑºµÑÇÊÒÁÒÃ¶
Å´¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¡ÒÃµÒÁÃÍÂä´‰´Õ â´Âà©¾ÒÐã¹ª̂Ç§àÃÔèÁ¡ÒÃà¤Å×èÍ¹·Õè â´Âãª‰àÇÅÒã¹¡ÒÃ»ÃÑºµÑÇ
»ÃÐÁÒ³ 15 ÇÔ¹Ò·Õ

¨Ò¡ÃÙ»·Õè 5.9 áÅÐ 5.10 ¾ºÇˆÒã¹¡Ã³Õ·ÕèÁÇÅ·Õè»ÅÒÂá¢¹ à¾ÔèÁ¢Öé¹ ���� �� áÅÐ¤ÇÒÁÂÒÇ¢Í§á¢¹
Å´Å§ ���� � ¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¡ÒÃµÒÁÃÍÂàÁ×èÍäÁˆÁÕ¡ÒÃ»ÃÑºµÑÇ¨ÐÁÕ¤ˆÒäÁˆÁÒ¡ áÅÐ¡ÒÃ»ÃÑºµÑÇ¨Ð·íÒ
ãË‰¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¡ÒÃµÒÁÃÍÂÅ´Å§ÍÕ¡àÅç¡¹‰ÍÂ

ÊÃØ»ä´‰ÇˆÒ¨Ò¡¡ÒÃ·´ÅÍ§¡ÑºÃÐºº¨ÃÔ§¾ºÇˆÒµÑÇ¤Çº¤ØÁ·ÕèàÊ¹Íã¹º··Õè 3 ÊÒÁÒÃ¶¤Çº¤ØÁªØ´·´
ÅÍ§á¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇä ‰́´Õ¾ÍÊÁ¤ÇÃ áÅÐÊÒÁÒÃ¶»ÃÑºµÑÇãË‰à¢‰Ò¡ÑºÃÐºº·Õèà»ÅÕèÂ¹
á»Å§ä»ä´‰ÍÂˆÒ§ÃÇ´àÃçÇ â´Â¼ÅµÍºÊ¹Í§ÁÕÅÑ¡É³Ðâ´ÂÃÇÁ¤Å‰ÒÂ¡Ñº¼ÅÅÑ¾¸Œ·Õèä´‰¨Ò¡¡ÒÃ í̈ÒÅÍ§áºº
´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒ áÊ´§ãË‰àËç¹ÇˆÒµÑÇ¤Çº¤ØÁ·ÕèÍÍ¡áººÊÒÁÒÃ¶¹íÒä»ãª‰ã¹·Ò§» Ô̄ºÑµÔ



º··Õè 6

º·ÊÃØ»áÅÐÊÔè§·Õè¤ÇÃ·íÒ¡ÒÃÇÔ Ñ̈Âµ̂Íä»

6.1 º·ÊÃØ»
ÇÔ·ÂÒ¹Ô¾¹¸Œ¹Õé·íÒ¡ÒÃÈÖ¡ÉÒ¶Ö§¡ÒÃ»ÃÐÂØ¡µŒãª‰µÑÇ¤Çº¤ØÁäÁˆàªÔ§àÊ‰¹ã¹¡ÒÃ¤Çº¤ØÁá¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍ

à´ÕÂÇáººÍˆÍ¹µÑÇ â´Âã¹àº×éÍ§µ‰¹ä´‰àÊ¹Í¡ÒÃãª‰à·¤¹Ô¤¡ÒÃ¤Çº¤ØÁ¡‰ÒÇ¶ÍÂ¡ÅÑºáºº»ÃÑºµÑÇã¹¡ÒÃ
¤Çº¤ØÁ áµˆà¹×èÍ§¨Ò¡ÇÔ¸Õ¡ÒÃ´Ñ§¡Å̂ÒÇÁÕ¢‰Í í̈Ò¡Ñ´·íÒãË‰äÁˆÊÒÁÒÃ¶ãª‰¤Çº¤ØÁÃÐºº¨ÃÔ§ä´‰ ¨Ö§ä´‰àÊ¹Í
à·¤¹Ô¤¡ÒÃ¤Çº¤ØÁÃÐººäÁˆàªÔ§àÊ‰¹ÍÕ¡áººË¹Öè§ ã¹¡ÒÃ¤Çº¤ØÁá¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ
áÅÐä´‰ÈÖ¡ÉÒ¡ÒÃãª‰µÑÇ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒà¾×èÍ»ÃÐÁÒ³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§ÃÐºº·Õè¨Ð¤Çº¤ØÁ â´Â
ÇÔ·ÂÒ¹Ô¾¹¸Œ¨ÐàÃÔèÁ¨Ò¡¡ÒÃÍ¸ÔºÒÂÃÒÂÅÐàÍÕÂ´¢Í§á¢¹ËØˆ¹Â¹µŒáººÍˆÍ¹µÑÇ áºº¨íÒÅÍ§·Ò§¤³ÔµÈÒÊµÃŒ
áÅÐ§Ò¹ÇÔ¨ÑÂ·Õè¼ˆÒ¹ÁÒà¡ÕèÂÇ¡Ñº¡ÒÃ¤Çº¤ØÁÃÐºº´Ñ§¡Å̂ÒÇ ¨Ò¡¹Ñé¹ä´‰Í¸ÔºÒÂÇÔ¸Õ¡ÒÃÍÍ¡áººµÑÇ¤Çº
¤ØÁäÁˆàªÔ§àÊ‰¹à¾×èÍ·íÒãË‰ÊÑÒ³ÍÍ¡¢Í§ÃÐººµÒÁÃÍÂÊÑÒ³Í‰Ò§ÍÔ§ä´‰â´Â»ÃÐÁÒ³ áÅÐÍ Ô̧ºÒÂÇÔ¸Õ
¡ÒÃ»ÃÐÁÒ³¾ÒÃÒÁÔàµÍÃŒ¢Í§ÃÐººäÁ̂àªÔ§àÊ‰¹ ÃÇÁ·Ñé§ä´‰·íÒ¡ÒÃ¾ÔÊÙ¨¹ŒàÊ¶ÕÂÃÀÒ¾¢Í§ÃÐººÇ§»”´·Õèä´‰
ÊØ´·‰ÒÂä´‰¹íÒàÍÒµÑÇ¤Çº¤ØÁ·ÕèàÊ¹Íä»·´ÊÍº¡Ñºá¢¹ËØˆ¹Â¹µŒ¢‰ÍµˆÍà´ÕÂÇáººÍˆÍ¹µÑÇ ·Ñé§¡ÒÃ í̈ÒÅÍ§
áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒáÅÐ¡ÒÃ·´ÅÍ§¡ÑºÃÐºº¨ÃÔ§ ¾ºÇˆÒÊÒÁÒÃ¶¤Çº¤ØÁÃÐººä´‰´Õ áÅÐÊÒÁÒÃ¶
»ÃÑºµÑÇãË‰à¢‰Ò¡Ñº¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ·ÕèäÁˆ·ÃÒº¤ˆÒá¹ˆ¹Í¹¢Í§ÃÐººä´‰ÍÂˆÒ§ÃÇ´àÃçÇ

6.2 ÊÔè§·Õè¤ÇÃ·íÒ¡ÒÃÇÔ Ñ̈ÂµˆÍä»
� à¹×èÍ§¨Ò¡ã¹¡ÒÃ¾ÔÊÙ¨¹ŒàÊ¶ÕÂÃÀÒ¾¢Í§ÃÐºº¤Çº¤ØÁ·Õèä´‰ ¾ºÇˆÒÃÐºº¨ÐÁÕàÊ¶ÕÂÃÀÒ¾â´ÂÁÕà§×èÍ¹
ä¢ ´Ñ§¹Ñé¹ Ö̈§¤ÇÃ¨ÐÁÕ¡ÒÃÈÖ¡ÉÒÇÔà¤ÃÒÐËŒà§×èÍ¹ä¢´Ñ§¡Å̂ÒÇãË‰ªÑ´à¨¹ÂÔè§¢Öé¹ àªˆ¹ÈÖ¡ÉÒ¶Ö§ÇÔ¸Õ·Õèãª‰
·´ÊÍºà§×èÍ¹ä¢´Ñ§¡Å̂ÒÇä´‰ÍÂˆÒ§§̂ÒÂæã¹·Ò§»¯ÔºÑµÔ

� à¹×èÍ§¨Ò¡ÇÔ¸Õ¡ÒÃ¤Çº¤ØÁ·Õè¹íÒàÊ¹ÍÊÒÁÒÃ¶ãª‰¡ÑºÃÐººäÁˆàªÔ§àÊ‰¹ä´‰ ´Ñ§¹Ñé¹ Ö̈§¤ÇÃÁÕ¡ÒÃ·´ÊÍº
ÇÔ¸Õ·Õè¹íÒàÊ¹Í¡ÑºÃÐººäÁˆàªÔ§àÊ‰¹Í×è¹æàª̂¹ÃÐººá¢¹ËØˆ¹Â¹µŒËÅÒÂ¢‰ÍµˆÍáººÍˆÍ¹µÑÇ ËÃ×ÍÃÐºº
Í×è¹·ÕèÁÕÇÑµ¶Ø»ÃÐÊ§¤Œ¡ÒÃ¤Çº¤ØÁã¹¡ÒÃµÒÁÃÍÂÊÑÒ³
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38. Hauser, J.; Sastry, S. and Kokotović P. Nonlinear Control Via Approximate Input-Output

Linearization: The Ball and Beam Example. IEEE Transactions on Automatic Control.

Vol. 37, No. 3, (March 1992) : 392–398.

39. Slotine, J-J. E. and Li, W. Applied Nonlinear Control. Prentice-Hall, 1991.



91

»ÃÐÇÑµÔ¼Ù‰ÇÔ Ñ̈Â

¹ÒÂ¸à¹È ¸ÕÃÈÑ¡´Ò¹¹·Œ à¡Ô´àÁ×èÍÇÑ¹·Õè 28 ¡Ã¡¯Ò¤Á ¾È. 2519 ·Õè¡ÃØ§à·¾ÁËÒ¹¤Ã à»“¹ºØµÃ
¢Í§¹ÒÂ¸ÕÃÐ ¸ÕÃÈÑ¡´Ò¹¹·Œ áÅÐ ¹Ò§¨ÃÃÂÒ ¸ÕÃÈÑ¡´Ò¹¹·Œ ÊíÒàÃç¨¡ÒÃÈÖ¡ÉÒ»ÃÔÒÇÔÈÇ¡ÃÃÁÈÒÊµÃŒ
ºÑ³±Ôµ ÊÒ¢ÒÇÔÈÇ¡ÃÃÁä¿¿„Ò ¨Ò¡ Ø̈ÌÒÅ§¡Ã³ŒÁËÒÇÔ·ÂÒÅÑÂ ã¹»•¡ÒÃÈÖ¡ÉÒ 2539 áÅÐÈÖ¡ÉÒµˆÍã¹
ËÅÑ¡ÊÙµÃÇÔÈÇ¡ÃÃÁÈÒÊµÃŒÁËÒºÑ³±Ôµ ÀÒ¤ÇÔªÒÇÔÈÇ¡ÃÃÁä¿¿„Ò ¤³ÐÇÔÈÇ¡ÃÃÁÈÒÊµÃŒ ¨ØÌÒÅ§¡Ã³Œ
ÁËÒÇÔ·ÂÒÅÑÂ ÊÑ§¡Ñ´Ë‰Í§»¯ÔºÑµÔ¡ÒÃÇÔ¨ÑÂÃÐºº¤Çº¤ØÁ àÁ×èÍ ¾È. 2540 ÃÐËÇˆÒ§·íÒ§Ò¹ÇÔ¨ÑÂä´‰ÃÑº·Ø¹
Ê¹ÑºÊ¹Ø¹¨Ò¡â¤Ã§¡ÒÃÈÔÉÂŒ¡‰¹¡Ø¯Ô ¢Í§ÀÒ¤ÇÔªÒÇÔÈÇ¡ÃÃÁä¿¿„Ò Ø̈ÌÒÅ§¡Ã³ŒÁËÒÇÔ·ÂÒÅÑÂ áÅÐ¨Ò¡
ÈÙ¹ÂŒà·¤â¹âÅÂÕÍÔàÅç¡·ÃÍ¹Ô¡ÊŒáÅÐ¤ÍÁ¾ÔÇàµÍÃŒáËˆ§ªÒµÔ (NECTEC)
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