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º··Õè 1

º·¹íÒ

1.1 ¤ÇÒÁà»“¹ÁÒáÅÐ¤ÇÒÁÊíÒ¤Ñ¢Í§»’ËÒ

¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁâ´ÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (immersion and invariance control)

à»“¹ÇÔ¸Õ¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁÊíÒËÃÑºÃÐººäÁˆàªÔ§àÊ‰¹ ·Õèãª‰ËÅÑ¡¡ÒÃ¡ÒÃ½’§ã¹ (immersion) áÅÐ¤ÇÒÁÂ×¹-

Â§ (invariance) «Öè§ÊÒÁÒÃ¶ãª‰»ÃÑº»ÃØ§µÑÇ¤Çº¤ØÁ·ÕèÍÍ¡áººâ´Âãª‰áºº¨íÒÅÍ§ÍÑ¹´ÑºÅ´ãË‰ÊÒÁÒÃ¶¹íÒä»

ãª‰¡ÑºÃÐºº¨ÃÔ§·ÕèÁÕÍÑ¹´ÑºÊÙ§¡ÇˆÒä´‰ ¹Í¡¨Ò¡¹ÕéáÅ‰ÇÇÔ¸Õ¡ÒÃ¹ÕéÂÑ§ÊÒÁÒÃ¶¹íÒä»ãª‰»ÃÑº»ÃØ§µÑÇ¤Çº¤ØÁáºº¤§-

·Õè (fixed controller) ãË‰à»“¹µÑÇ¤Çº¤ØÁáºº»ÃÑºµÑÇ (adaptive controller)ÍÕ¡´‰ÇÂ â´Â·ÕèäÁˆ¨íÒà»“¹µ‰Í§

ãª‰¤ÇÒÁÃÙ‰à¡ÕèÂÇ¡Ñº¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿ ¨Ö§àËÁÒÐÊíÒËÃÑºã¹¡Ã³Õ·ÕèàÃÒÃÙ‰µÑÇ¤Çº¤ØÁ·Õè·íÒãË‰àÊ¶ÕÂÃÊíÒËÃÑºáºº

¨íÒÅÍ§ÍÑ¹´ÑºÅ´·ÕèÃÐºØ (nominal reduced order model)«Öè§àÃÒÍÂÒ¡ãË‰ÁÕ¤ÇÒÁ¤§·¹áÁ‰ÇˆÒ¨ÐÁÕ¼Å¢Í§

¾ÅÇÑµÍÑ¹´ÑºÊÙ§ (higher order dynamics)¡çµÒÁ

Astolfi and Ortega [1]ä´‰àÊ¹ÍÇÔ¸Õ¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁÊíÒËÃÑºÃÐººäÁˆàªÔ§àÊ‰¹´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹

áÅÐ¤ÇÒÁÂ×¹Â§áÅÐ»ÃÐÂØ¡µŒãª‰à·¤¹Ô¤´Ñ§¡ÅˆÒÇà¾×èÍÍÍ¡áººµÑÇ¤Çº¤ØÁ·íÒãË‰àÊ¶ÕÂÃ (stabilizing controller)

áÅÐµÑÇ¤Çº¤ØÁáºº»ÃÑºµÑÇ ÊíÒËÃÑºÃÐººÂ¡ÅÍÂ´‰ÇÂáÁˆàËÅç¡ (magnetic levitation) µÑÇ¤Çº¤ØÁµÒÁÃÍÂ

(tracking controller)ËØˆ¹Â¹µŒ¢‰ÍµˆÍáººÍˆÍ¹µÑÇ (flexible joint robot)áÅÐÃÐºº visual servoingà»“¹µ‰¹

ÃÐººÃÍ§ÃÑºáººáÍç¡·Õ¿ (active suspension) à»“¹ÊˆÇ¹»ÃÐ¡ÍºÊˆÇ¹Ë¹Öè§ã¹Ã¶Â¹µŒ·Õè·íÒË¹‰Ò·Õè

Å´áÃ§¡ÃÐá·¡áÅÐ¡ÒÃá¡Çˆ§·Õèà¡Ô´¢Öé¹¡ÑºµÑÇÃ¶àÁ×èÍà¡Ô´¡ÒÃÃº¡Ç¹¨Ò¡¾×é¹¶¹¹ «Öè§¨Ð·íÒãË‰¼Ù‰¢Ñº¢ÕèÁÕ¤ÇÒÁ

ÊºÒÂã¹¡ÒÃ¹Ñè§ÁÒ¡¢Öé¹¡ÇˆÒ¡ÒÃãª‰ÃÐººÃÍ§ÃÑºáºº¡ÊÒ¹µŒ (passive suspension)

ã¹¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁÃÐººÃÍ§ÃÑºáººáÍç¡·Õ¿ ªˆÇ§áÃ¡à»“¹¡ÒÃÍÍ¡áººáºº¨íÒÅÍ§ÍÑ¹´Ñº

Å´«Öè§ÁÕÅÑ¡É³Ðà»“¹ÃÐººàªÔ§àÊ‰¹ â´ÂÅÐàÅÂ¾ÅÇÑµ¢Í§µÑÇ¢ÑºàÃ‰Ò«Öè§ÁÕ¤ÇÒÁäÁˆàªÔ§àÊ‰¹ áµˆã¹¤ÇÒÁà»“¹¨ÃÔ§

àÃÒäÁˆÊÒÁÒÃ¶ãª‰áÃ§¨Ò¡µÑÇ¢ÑºàÃ‰Òà»“¹ÊÑÒ³à¢‰Ò¢Í§áºº¨íÒÅÍ§ÍÑ¹´ÑºÅ´ä´‰ ´Ñ§¹Ñé¹ã¹§Ò¹ÇÔ¨ÑÂã¹ÃÐÂÐ

µˆÍÁÒ¨Ö§à»“¹¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁÊíÒËÃÑºáºº¨íÒÅÍ§ÍÑ¹´ÑºàµçÁ áÅÐÂÑ§ÁÕ¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁáºº

»ÃÑºµÑÇâ´ÂÊÁÁµÔÇˆÒµÑÇá»Ã·ÕèäÁˆ·ÃÒº¤ˆÒ¤×Í¾ÒÃÒÁÔàµÍÃŒ¢Í§µÑÇ¢ÑºàÃ‰Ò à¹×èÍ§¨Ò¡¾ÒÃÒÁÔàµÍÃŒºÒ§¤ˆÒ¢Í§µÑÇ

¢ÑºàÃ‰ÒÁÑ¡¨ÐÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ áÅÐÁÕ¼ÅÍÂˆÒ§ÁÒ¡µˆÍÊÁÃÃ¶¹Ðã¹¡ÒÃ¤Çº¤ØÁ

´Ñ§¹Ñé¹§Ò¹ÇÔ¨ÑÂ¹Õé¨Ö§Ê¹ã¨ÈÖ¡ÉÒÇÔ¸Õ¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ ÁÒãª‰

¤Çº¤ØÁÃÐººÃÍ§ÃÑºáººáÍç¡·Õ¿ â´ÂÁÕ¨Ø´»ÃÐÊ§¤Œ¡ÒÃ¤Çº¤ØÁ¤×Í·íÒãË‰ÃÐººÁÕàÊ¶ÕÂÃÀÒ¾ áÅÐÁÕÊÁÃÃ¶¹Ð

·Õè¹ˆÒ¾Íã¨ áÁ‰ÇˆÒ¨ÐäÁˆ·ÃÒº¤ˆÒ¾ÒÃÒÁÔàµÍÃŒã¹ÃÐººÍÂˆÒ§¶Ù¡µ‰Í§áÁˆ¹ÂíÒ áÅÐ¹íÒ¼Å¡ÒÃ¤Çº¤ØÁ·íÒãË‰àÊ¶ÕÂÃ

´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§à»ÃÕÂºà·ÕÂº¡Ñº¼Å¡ÒÃ¤Çº¤ØÁ·Õèä´‰¨Ò¡¡ÒÃãª‰µÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§

à¹×èÍ§¨Ò¡µÑÇ¤Çº¤ØÁ¡‰ÒÇ¶ÍÂËÅÑ§àËÁÒÐÊíÒËÃÑº¡ÒÃ¤Çº¤ØÁÃÐººäÁˆàªÔ§àÊ‰¹ «Öè§ã¹¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁ

´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§¡çãª‰¡ÒÃ¤Çº¤ØÁ¡‰ÒÇ¶ÍÂËÅÑ§ã¹¡ÒÃ¤Çº¤ØÁÃÐººà»„ÒËÁÒÂ (target sys-



2

tem) áÁ‰ÇˆÒµÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§¨ÐÊÒÁÒÃ¶·íÒãË‰ÃÐººÃÍ§ÃÑºáººáÍç¡·Õ¿ÁÕàÊ¶ÕÂÃÀÒ¾ä´‰ áµˆàÁ×èÍ

ÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´¢Í§¾ÒÃÒÁÔàµÍÃŒã¹µÑÇ¢ÑºàÃ‰ÒºÒ§¤ˆÒ ¼Å¡ÒÃ¤Çº¤ØÁ¨ÐÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§ä»¨Ò¡à´ÔÁÁÒ¡

ÊíÒËÃÑº¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§¨Ðà»ÃÕÂºà·ÕÂº¡Ñº¼Å¡ÒÃ¤Çº¤ØÁ·Õè

ä´‰¨Ò¡¡ÒÃãª‰ÇÔ¸Õ¿’§¡ŒªÑ¹»ÃÑº¨Ù¹ ÇÔ¸Õ¿’§¡ŒªÑ¹»ÃÑº¨Ù¹áÁ‰ÇˆÒ¨ÐÊÒÁÒÃ¶á¡‰»’ËÒàÃ×èÍ§¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¾ÒÃÒ-

ÁÔàµÍÃŒä´‰ áµˆÁÕÇÔ¸Õ¡ÒÃÍÍ¡áºº·Õè¤ˆÍ¹¢‰Ò§«Ñº«‰Í¹áÅÐÂØˆ§ÂÒ¡ áÅÐ¡®¡ÒÃ»ÃÑº»ÃØ§¤ˆÒ¾ÒÃÒÁÔàµÍÃŒäÁˆÊÒÁÒÃ¶

¹íÒä»ãª‰¡Ñº¡ÒÃ¤Çº¤ØÁáººÍ×è¹ä´‰

1.2 ÇÑµ¶Ø»ÃÐÊ§¤Œ¢Í§ÇÔ·ÂÒ¹Ô¾¹¸Œ

à¾×èÍÍÍ¡áººµÑÇ¤Çº¤ØÁäÁˆàªÔ§àÊ‰¹ÊíÒËÃÑºÃÐººÃÍ§ÃÑºáÍç¡·Õ¿·ÕèÁÕ¡ÒÃÃº¡Ç¹áÅÐÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹

ã¹¾ÒÃÒÁÔàµÍÃŒ â´Âãª‰ÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ áÅÐà»ÃÕÂºà·ÕÂºÊÁÃÃ¶¹Ð¢Í§ÃÐººàÁ×èÍãª‰µÑÇ¤Çº¤ØÁ

áºº¡‰ÒÇ¶ÍÂËÅÑ§ áÅÐµÑÇ¤Çº¤ØÁáºº¿’§¡ŒªÑ¹»ÃÑº¨Ù¹

1.3 ¢Íºà¢µ¢Í§ÇÔ·ÂÒ¹Ô¾¹¸Œ

ÈÖ¡ÉÒ·ÄÉ®Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ ·íÒ¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁ´‰ÇÂÇÔ¸Õ¡ÒÃ·íÒãË‰àÊ¶ÕÂÃáºº¡ÒÃ

½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ áÅÐµÑÇ¤Çº¤ØÁáºº»ÃÑºµÑÇ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ ÇÔà¤ÃÒÐËŒ¼ÅÅÑ¾¸Œ·Õèä´‰

¨Ò¡¡ÒÃ¤Çº¤ØÁ áÅÐà»ÃÕÂºà·ÕÂº¼ÅÅÑ¾¸Œ·Õèä´‰¡Ñº¡ÒÃãª‰µÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ áÅÐµÑÇ¤Çº¤ØÁáºº

¿’§¡ŒªÑ¹»ÃÑº¨Ù¹

1.4 ¢Ñé¹µÍ¹¡ÒÃ´íÒà¹Ô¹§Ò¹

1. ÈÖ¡ÉÒ·ÄÉ®Õ¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§

2. ·´ÅÍ§ÍÍ¡áººµÑÇ¤Çº¤ØÁ·íÒãË‰àÊ¶ÕÂÃ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§¡ÑºÃÐººÂ¡ÅÍÂ´‰ÇÂáÁˆàËÅç¡

áÅÐÍÍ¡áººµÑÇ¤Çº¤ØÁáºº»ÃÑºµÑÇ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§¡ÑºÊÁ¡ÒÃ Van der Pol

3. ÈÖ¡ÉÒáºº¨íÒÅÍ§¾ÅÇÑµ¢Í§ÃÐººÃÍ§ÃÑºáººáÍç¡·Õ¿

4. ÍÍ¡áºº¡ÒÃ¤Çº¤ØÁÃÐººÃÍ§ÃÑºáººáÍç¡·Õ¿´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§

5. ÇÔà¤ÃÒÐËŒ¼ÅÅÑ¾¸Œ·Õèä´‰¨Ò¡¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ áÅÐà»ÃÕÂºà·ÕÂº

¼ÅÅÑ¾¸Œ·Õèä´‰¨Ò¡¡ÒÃãª‰µÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ áÅÐµÑÇ¤Çº¤ØÁáºº¿’§¡ŒªÑ¹»ÃÑº¨Ù¹

1.5 »ÃÐâÂª¹Œ·Õè¤Ò´ÇˆÒ¨Ðä´‰ÃÑº

1. ¤ÇÒÁÃÙ‰ã¹¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§

2. ¤ÇÒÁà¢‰Òã¨à¡ÕèÂÇ¡ÑºÊÁÃÃ¶¹Ð¢Í§ÃÐºº·Õè·íÒ¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§
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1.6 â¤Ã§ÊÃ‰Ò§¢Í§ÇÔ·ÂÒ¹Ô¾¹¸Œ

ÇÔ·ÂÒ¹Ô¾¹¸Œ¹Õé»ÃÐ¡Íº´‰ÇÂà¹×éÍËÒ·Ñé§ËÁ´ 6 º·

º··Õè 1 ¡ÅˆÒÇ¶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 ¡ÅˆÒÇ¶Ö§·ÄÉ®Õ¡ÒÃ¤Çº¤ØÁÃÐººäÁˆàªÔ§àÊ‰¹ «Öè§»ÃÐ¡Íº´‰ÇÂ ¡ÒÃÇÔà¤ÃÒÐËŒàÊ¶ÕÂÃÀÒ¾, ¡ÒÃ

¤Çº¤ØÁ¡‰ÒÇ¶ÍÂËÅÑ§, ¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ´‰ÇÂ¿’§¡ŒªÑ¹»ÃÑº¨Ù¹, ¡ÒÃ¤Çº¤ØÁ·íÒãË‰àÊ¶ÕÂÃáºº¡ÒÃ½’§ã¹

áÅÐ¤ÇÒÁÂ×¹Â§ áÅÐ¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§

º··Õè 3 ¡ÅˆÒÇ¶Ö§ÅÑ¡É³Ð·ÑèÇä»¢Í§ÃÐººÃÍ§ÃÑºáººáÍç¡·Õ¿ áºº¨íÒÅÍ§·Ò§¤³ÔµÈÒÊµÃŒ §Ò¹ÇÔ¨ÑÂ·Õè

¼ˆÒ¹ÁÒ áÅÐ¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁ´‰ÇÂÇÔ¸Õ¡‰ÒÇ¶ÍÂËÅÑ§

º··Õè 4 ¡ÅˆÒÇ¶Ö§¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁ·íÒãË‰àÊ¶ÕÂÃÊíÒËÃÑºÃÐººÃÍ§ÃÑºáººáÍç¡·Õ¿´‰ÇÂÇÔ¸Õ¡ÒÃ

½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ áÅÐáÊ´§¼Å¡ÒÃ¨íÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒà»ÃÕÂºà·ÕÂº¡ÒÃ¤Çº¤ØÁÃÐËÇˆÒ§ÇÔ¸Õ

¡‰ÒÇ¶ÍÂËÅÑ§áÅÐÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ã¹¡Ã³Õ·ÕèÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´¢Í§¾ÒÃÒÁÔàµÍÃŒã¹¡ÒÃ¤Çº¤ØÁ

º··Õè 5 ¡ÅˆÒÇ¶Ö§¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇÊíÒËÃÑºÃÐººÃÍ§ÃÑºáººáÍç¡·Õ¿´‰ÇÂÇÔ¸Õ¡ÒÃ

½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ áÅÐÇÔ¸Õ¿’§¡ŒªÑ¹»ÃÑº¨Ù¹ áÅÐáÊ´§¼Å¡ÒÃ¨íÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒà¾×èÍà»ÃÕÂº

à·ÕÂº¼Å¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇÃÐËÇˆÒ§ÇÔ¸Õ¡ÒÃÍÍ¡áºº·Ñé§ÊÍ§

º··Õè 6 à»“¹º·ÊÃØ»áÅÐÊÔè§·Õè¤ÇÃ·íÒ¡ÒÃÇÔ¨ÑÂµˆÍä»



º··Õè 2

·ÄÉ®Õ¡ÒÃ¤Çº¤ØÁÃÐººäÁˆàªÔ§àÊ‰¹

ã¹º·¹Õé¨Ð¡ÅˆÒÇ¶Ö§·ÄÉ®Õ¡ÒÃ¤Çº¤ØÁäÁˆàªÔ§àÊ‰¹ â´Âã¹µÍ¹ 2.1 ¡ÅˆÒÇ¶Ö§¡ÒÃ¾Ô¨ÒÃ³ÒàÊ¶ÕÂÃÀÒ¾

¢Í§ÃÐººäÁˆà»ÅÕèÂ¹µÒÁàÇÅÒ ã¹µÍ¹ 2.2 ¡ÅˆÒÇ¶Ö§¡ÒÃ¤Çº¤ØÁ¡‰ÒÇ¶ÍÂËÅÑ§ ã¹µÍ¹ 2.3 ¡ÅˆÒÇ¶Ö§¡ÒÃ

¤Çº¤ØÁáºº»ÃÑºµÑÇ´‰ÇÂ¿’§¡ŒªÑ¹»ÃÑº¨Ù¹ áÅÐã¹µÍ¹ 2.4 ¡ÅˆÒÇ¶Ö§¡ÒÃ¤Çº¤ØÁáºº½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§

2.1 ¡ÒÃÇÔà¤ÃÒÐËŒàÊ¶ÕÂÃÀÒ¾

·ÄÉ®ÕàÊ¶ÕÂÃÀÒ¾ÁÕÊˆÇ¹ÊíÒ¤ÑÍÂˆÒ§ÁÒ¡ã¹¡ÒÃÇÔà¤ÃÒÐËŒÃÐºº »’ËÒàÃ×èÍ§àÊ¶ÕÂÃÀÒ¾ã¹¡ÒÃÈÖ¡ÉÒ

¾ÅÇÑµ¢Í§ÃÐººÁÕÍÂÙˆËÅÒÂáºº áµˆã¹·Õè¹Õé¨Ð¡ÅˆÒÇ¶Ö§»’ËÒàÊ¶ÕÂÃÀÒ¾¢Í§¨Ø´ÊÁ´ØÅ ¨Ø´ÊÁ´ØÅ¨ÐàÊ¶ÕÂÃ¶‰Ò

·Ø¡¼Åà©ÅÂ·ÕèàÃÔèÁµ‰¹¨Ò¡¨Ø´ã¡Å‰à¤ÕÂ§¡Ñº¨Ø´ÊÁ´ØÅ¨ÐÂÑ§¤§ÍÂÙˆã¡Å‰à¤ÕÂ§¡Ñº¨Ø´ÊÁ´ØÅàÁ×èÍàÇÅÒ¼ˆÒ¹ä» ¶‰Òà»“¹

ÍÂˆÒ§Í×è¹ËÁÒÂ¤ÇÒÁÇˆÒ¨Ø´ÊÁ´ØÅäÁˆàÊ¶ÕÂÃ áÅÐ¨Ø´ÊÁ´ØÅ¨ÐàÊ¶ÕÂÃàªÔ§àÊ‰¹¡íÒ¡Ñº¶‰Ò·Ø¡¼Åà©ÅÂ·ÕèàÃÔèÁµ‰¹¨Ò¡

¨Ø´ã¡Å‰à¤ÕÂ§¡Ñº¨Ø´ÊÁ´ØÅáµˆäÁˆà¾ÕÂ§áµˆ¨ÐÂÑ§¤§ÍÂÙˆã¡Å‰ áµˆÅÙˆà¢‰ÒÊÙˆ¨Ø´ÊÁ´ØÅàÁ×èÍàÇÅÒà¢‰Òã¡Å‰Í¹Ñ¹µŒ

2.1.1 ÃÐººäÁˆà»ÅÕèÂ¹µÒÁàÇÅÒ

¾Ô¨ÒÃ³ÒÃÐººäÁˆà»ÅÕèÂ¹µÒÁàÇÅÒ

ẋ = f(x) (2.1)

â´Â·Õè f : D ⊂ Rn → Rn à»“¹¡ÒÃÊˆ§ÅÔ»ÊªÔµªŒà©¾ÒÐ·Õè (locally Lipschitz)1 ÊÁÁµÔÇˆÒ x̄ ∈ D à»“¹¨Ø´ÊÁ´ØÅ

¢Í§ (2.1) ¨Ðä´‰

f(x̄) = 0

¨Ø´»ÃÐÊ§¤Œ¢Í§àÃÒ¤×ÍÈÖ¡ÉÒàÊ¶ÕÂÃÀÒ¾¢Í§¨Ø´ x̄ à¹×èÍ§¨Ò¡¨Ø´ÊÁ´ØÅã´æ ÊÒÁÒÃ¶¶Ù¡àÅ×èÍ¹ãË‰ÁÒÍÂÙˆ·Õè¨Ø´

¡íÒà¹Ô´ä´‰â´Â¡ÒÃà»ÅÕèÂ¹µÑÇá»Ã y = x− x̄ «Öè§¨Ðä´‰ÇˆÒ

ẏ = ẋ = f(x) = f(y + x̄) , g(y), â´Â·Õè g(0) = 0

¨ÐàËç¹ä´‰ÇˆÒÃÐººã¹µÑÇá»ÃÊ¶Ò¹Ð y ÁÕ¨Ø´ÊÁ´ØÅ·Õè¨Ø´¡íÒà¹Ô´ ´Ñ§¹Ñé¹â´Â·ÕèäÁˆà»“¹¡ÒÃÊÙàÊÕÂ¤ÇÒÁÁÕ¹ÑÂ·ÑèÇ

ä» àÃÒ¨ÐÊÁÁµÔÇˆÒ f(x) ÊÍ´¤Å‰Í§¡Ñºà§×èÍ¹ä¢ f(0) = 0 àÊÁÍ áÅÐ¨ÐÈÖ¡ÉÒàÊ¶ÕÂÃÀÒ¾¢Í§¨Ø´¡íÒà¹Ô´

x = 0

¹ÔÂÒÁ 2.1 ãË‰ x = 0 à»“¹¨Ø´ÊÁ´ØÅ¢Í§ (2.1) àÃÒ¨Ð¡ÅˆÒÇÇˆÒ

1àÃÒ¨Ð¡ÅˆÒÇÇˆÒ¿’§¡ŒªÑ¹ f à»“¹¡ÒÃÊˆ§ÅÔ»ªÔµªŒà©¾ÒÐ·Õè¶‰Ò f µˆÍà¹×èÍ§º¹ [a, b]×D ÊíÒËÃÑººÒ§â´àÁ¹ D ⊂ Rn áÅÐ [∂f/∂x] ÁÕ
¨ÃÔ§áÅÐµˆÍà¹×èÍ§º¹ [a, b]×D



5

1. ¨Ø´ x = 0 ÁÕàÊ¶ÕÂÃÀÒ¾ (stable)¶‰Ò¡íÒË¹´ ε > 0 ãË‰ áÅ‰Ç¨ÐÁÕ δ = δ(ε) > 0 ·Õè·íÒãË‰

‖x(0)‖ < δ ⇒ ‖x(t)‖ < ε, ∀t ≥ 0 (2.2)

2. ¨Ø´ x = 0 äÁˆÁÕàÊ¶ÕÂÃÀÒ¾ (unstable)¶‰ÒäÁˆÊÍ´¤Å‰Í§¡Ñºà§×èÍ¹ä¢¡ÒÃÁÕàÊ¶ÕÂÃÀÒ¾

3. ¨Ø´ x = 0 ÁÕàÊ¶ÕÂÃÀÒ¾àªÔ§àÊ‰¹¡íÒ¡Ñº (asymptotically stable)¶‰Ò¨Ø´ÊÁ´ØÅÁÕàÊ¶ÕÂÃÀÒ¾áÅÐÊÒÁÒÃ¶
ËÒ δ ·Õè·íÒãË‰

‖x(0)‖ < δ ⇒ lim
t→∞

x(t) = 0 ∀t ≥ 0 (2.3)

¶‰Ò (2.2) ËÃ×Í (2.3) à»“¹¨ÃÔ§ÊíÒËÃÑº·Ø¡æ x(0) ∈ Rn àÃÒ¨Ð¡ÅˆÒÇÇˆÒ àÊ¶ÕÂÃÀÒ¾´Ñ§¡ÅˆÒÇà»“¹àÊ¶ÕÂÃÀÒ¾Ç§

¡Ç‰Ò§ (global stability)ËÃ×Í àÊ¶ÕÂÃÀÒ¾àªÔ§àÊ‰¹¡íÒ¡ÑºÇ§¡Ç‰Ò§ (global asymptotically stability)

·ÄÉ®Õº· 2.1 ãË‰ x = 0 à»“¹¨Ø´ÊÁ´ØÅ¢Í§ (2.1) áÅÐ D ⊂ Rn à»“¹â´àÁ¹·ÕèÁÕ x = 0 à»“¹ÊÁÒªÔ¡ ãË‰
V : D → R à»“¹¿’§¡ŒªÑ¹·ÕèËÒÍ¹Ø¾Ñ¹¸Œä´‰ÍÂˆÒ§µˆÍà¹×èÍ§ «Öè§ÁÕÊÁºÑµÔ´Ñ§¹Õé

1. V (0) = 0

2. V (x) > 0 ã¹ D − {0}

3. V̇ ≤ 0 ã¹ D

¨Ðä´‰ÇˆÒ¨Ø´ x = 0 ÁÕàÊ¶ÕÂÃÀÒ¾ ¹Í¡¨Ò¡¹Õé¶‰Ò

4. V̇ ≤ 0 ã¹ D − {0}
¨Ðä´‰ÇˆÒ¨Ø´ x = 0 ÁÕàÊ¶ÕÂÃÀÒ¾àªÔ§àÊ‰¹¡íÒ¡Ñº

¾ÔÊÙ¨¹Œ ´Ùä´‰ã¹ [7]

¿’§¡ŒªÑ¹ËÒÍ¹Ø¾Ñ¹¸Œä´‰ÍÂˆÒ§µˆÍà¹×èÍ§ V ·ÕèÊÍ´¤Å‰Í§¡Ñºà§×èÍ¹ä¢ 1–3 àÃÕÂ¡ÇˆÒ ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿

(Lyapunov function)

·ÄÉ®Õº· 2.2 (B-K theorem) ãË‰ x = 0 à»“¹¨Ø´ÊÁ´ØÅ¢Í§ (2.1) áÅÐãË‰ V : Rn → Rn à»“¹¿’§¡ŒªÑ¹ËÒ
Í¹Ø¾Ñ¹¸Œä´‰ÍÂˆÒ§µˆÍà¹×èÍ§ «Öè§ÁÕÊÁºÑµÔ´Ñ§¹Õé

1. V (0) = 0 áÅÐ V (x) > 0, ∀x 6= 0

2. V (x) →∞ àÁ×èÍ ‖x‖ → ∞

3. V̇ (x) < 0, ∀x 6= 0

¨Ðä´‰ÇˆÒ¨Ø´ x = 0 ÁÕàÊ¶ÕÂÃÀÒ¾àªÔ§àÊ‰¹¡íÒ¡Ñºã¹Ç§¡Ç‰Ò§

¾ÔÊÙ¨¹Œ ´Ùä´‰ã¹ [7]

ÊÑ§à¡µÇˆÒ¶‰Ò¨Ø´¡íÒà¹Ô´ x = 0 à»“¹¨Ø´ÊÁ´ØÅ·ÕèÁÕàÊ¶ÕÂÃÀÒ¾àªÔ§àÊ‰¹¡íÒ¡Ñºã¹Ç§¡Ç‰Ò§¢Í§ÃÐºº ¨Ðä´‰ÇˆÒ

ÁÑ¹µ‰Í§à»“¹¨Ø´ÊÁ´ØÅà¾ÕÂ§¨Ø´à´ÕÂÇ¢Í§ÃÐºº
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2.1.2 ·ÄÉ®Õº·¤ÇÒÁÂ×¹Â§¢Í§ÅÒ«ÒÅ

á¹Ç¤Ô´¢Í§·ÄÉ®Õº·¤ÇÒÁÂ×¹Â§¢Í§ÅÒ«ÒÅ (LaSalle’s invariance theorem)¤×Í ¶‰Òã¹â´àÁ¹

ÃÍºæ ¨Ø´¡íÒà¹Ô´ àÃÒÊÒÁÒÃ¶ËÒ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§Í¹Ø¾Ñ¹¸ŒµÒÁá¹ÇÇÔ¶Õ¢Í§ÃÐººÁÕ¤ˆÒ¡Öè§Åºá¹ˆ¹Í¹ áÅÐ

àÃÒÊÒÁÒÃ¶áÊ´§ãË‰àËç¹ä´‰ÇˆÒ äÁˆÁÕá¹ÇÇÔ¶Õã´æ ÊÒÁÒÃ¶ÍÂÙˆ·Õè¨Ø´·Õè V̇ (x) = 0 Â¡àÇ‰¹·Õè¨Ø´¡íÒà¹Ô´ ¨Ðä´‰ÇˆÒ¨Ø´

¡íÒà¹Ô´ÁÕàÊ¶ÕÂÃÀÒ¾àªÔ§àÊ‰¹¡íÒ¡Ñº

ãË‰ x(t) à»“¹¼Åà©ÅÂ¢Í§ (2.1) àÃÒ¨Ð¡ÅˆÒÇÇˆÒ ¨Ø´ p à»“¹ ¨Ø´ÅÔÁÔµºÇ¡ (positive limit point) ¢Í§

x(t) ¶‰ÒÁÕÅíÒ´Ñº {tn} â´Â·Õè tn →∞ àÁ×èÍ n→∞ áÅÐ x(tn) → p àÁ×èÍ n→∞ à«µ¢Í§¨Ø´ÅÔÁÔµºÇ¡ ¢Í§

x(t) ·Ñé§ËÁ´àÃÒàÃÕÂ¡ÇˆÒ à«µÅÔÁÔµ (limit set) ¢Í§ x(t)

àÃÒ¨Ð¡ÅˆÒÇÇˆÒà«µ M à»“¹ à«µÂ×¹Â§ (invariant set)¢Í§ÃÐºº (2.1) ¶‰Ò

x(0) ∈M ⇒ x(t) ∈M, ∀t ∈ R

¹Ñè¹¤×Í¶‰Ò¼Åà©ÅÂÍÂÙˆã¹ M ·ÕèàÇÅÒË¹Öè§ ÁÑ¹¨Ðµ‰Í§ÍÂÙˆã¹ M ·Ø¡àÇÅÒ

àÃÒ¨Ð¡ÅˆÒÇÇˆÒà«µ M àÃÕÂ¡ÇˆÒà»“¹ à«µÂ×¹Â§·Ò§ºÇ¡ (positively invariant set)¢Í§ÃÐºº (2.1) ¶‰Ò

x(0) ∈M ⇒ x(t) ∈M,∀ ≥ 0

º·µÑé§ 2.1 ãË‰ D ⊂ Rn ¶‰Ò¼Åà©ÅÂ x(t) ¢Í§ (2.1) ÁÕ¢Íºà¢µáÅÐÍÂÙˆã¹ D ÊíÒËÃÑº t ≥ 0 áÅÐà«µÅÔÁÔµ·Ò§
ºÇ¡ (positive limit set)L+ à»“¹ à«µäÁˆÇˆÒ§ (nonempty set)¡ÃÐªÑº (compact)áÅÐÂ×¹Â§ ¨Ðä´‰ÇˆÒ

x(t) → L+ àÁ×èÍ t→∞

ÊíÒËÃÑº¾ÔÊÙ¨¹Œ´Ùä´‰ã¹ [7]

·ÄÉ®Õº·µˆÍä»àÃÕÂ¡ÇˆÒ ·ÄÉ®Õº·¤ÇÒÁÂ×¹Â§¢Í§ÅÒ«ÒÅ

·ÄÉ®Õº· 2.3 ãË‰ Ω ⊂ D à»“¹à«µ¡ÃÐªÑº«Öè§à»“¹à«µÂ×¹Â§·Ò§ºÇ¡¢Í§ÃÐºº (2.1) ãË‰ V : D → R à»“¹
¿’§¡ŒªÑ¹ËÒÍ¹Ø¾Ñ¹¸Œä´‰ÍÂˆÒ§µˆÍà¹×èÍ§ â´Â·Õè V̇ ≤ 0 ã¹ Ω ãË‰ E à»“¹à«µ¢Í§¨Ø´ã¹ Ω «Öè§ V̇ = 0 áÅÐãË‰ M
à»“¹à«µÂ×¹Â§·ÕèãËˆ·ÕèÊØ´ã¹ E ¨Ðä´‰ÇˆÒ¼Åà©ÅÂã´æ ·ÕèàÃÔèÁµ‰¹ã¹ Ω ¨ÐÅÙˆà¢‰ÒÊÙˆ M àÁ×èÍ t→∞

¾ÔÊÙ¨¹Œ ãË‰ x(t) à»“¹¼Åà©ÅÂ¢Í§ (2.1) ·ÕèàÃÔèÁµ‰¹ã¹ Ω à¹×èÍ§¨Ò¡ V̇ (x) ≤ 0 ã¹ Ω ´Ñ§¹Ñé¹ V (x(t)) ¨Ðà»“¹

¿’§¡ŒªÑ¹Å´¢Í§ t à¹×èÍ§¨Ò¡ V (x) à»“¹¿’§¡ŒªÑ¹µˆÍà¹×èÍ§º¹à«µ¡ÃÐªÑº Ω ¨Ðä´‰ÇˆÒ V (x) ÁÕ¢Íºà¢µº¹ Ω ãË‰

V (x(t)) ÁÕ¢Íºà¢µà»“¹ a àÁ×èÍ t→∞ áÅÐà«µÅÔÁÔµ·Ò§ºÇ¡ L+ ÍÂÙˆã¹ Ω à¾ÃÒÐÇˆÒ Ω à»“¹à«µ»”´ ÊíÒËÃÑº

·Ø¡ p ∈ L+ ¨ÐÁÕÅíÒ´Ñº tn â´Â·Õè tn →∞ áÅÐ x(tn) → p àÁ×èÍ n→∞ ¨Ò¡¤ÇÒÁµˆÍà¹×èÍ§¢Í§ V (x) ¨Ðä´‰

V (p) = lim
n→∞

V (x(tn)) = a

´Ñ§¹Ñé¹ V (x) = a º¹ L+ à¹×èÍ§¨Ò¡ L+ à»“¹à«µ¡ÃÐªÑº «Öè§¨Ðä´‰ÇˆÒ V̇ (x) = 0 º¹ L+ ´Ñ§¹Ñé¹

L+ ⊂M ⊂ E ⊂ Ω

à¹×èÍ§¨Ò¡ x(t) ÁÕ¢Íºà¢µ ¨Ò¡º·µÑé§ 2.1) ¨Ðä´‰ÇˆÒ x(t) ÅÙˆà¢‰ÒÊÙˆ L+ àÁ×èÍ t → ∞ ´Ñ§¹Ñé¹ x(t) ¨Ö§ÅÙˆà¢‰ÒÊÙˆ M

àÁ×èÍ t→∞
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2.2 ¡ÒÃ¤Çº¤ØÁ¡‰ÒÇ¶ÍÂËÅÑ§

¡ÒÃ¤Çº¤ØÁ¡‰ÒÇ¶ÍÂËÅÑ§ à»“¹¡ÃÐºÇ¹¡ÒÃ·íÒÊÅÑºä»ÁÒÃÐËÇˆÒ§¡ÒÃàÅ×Í¡¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿áÅÐ¡ÒÃ

ÍÍ¡áºº¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹Ð ã¹¡ÒÃÍÍ¡áºº¨Ðáºˆ§ÃÐºº·Õè¾Ô¨ÒÃ³ÒÍÍ¡à»“¹ÃÐºº·ÕèÁÕÍÑ¹´ÑºÅ´

Å§ËÃ×Íà»“¹ÃÐººÊà¡ÅÒÃŒ¡çä´‰ ¡ÒÃ¤Çº¤ØÁ¡‰ÒÇ¶ÍÂËÅÑ§ÊÒÁÒÃ¶¹íÒä»ãª‰¡Ñº¡ÒÃá¡‰»’ËÒ´‰Ò¹àÊ¶ÕÂÃÀÒ¾,

¡ÒÃµÒÁÃÍÂ áÅÐÃÐºº·Õèµ‰Í§¡ÒÃ¤ÇÒÁ¤§·¹

ËÅÑ¡¡ÒÃàº×éÍ§µ‰¹

¾Ô¨ÒÃ³ÒÃÐºº

η̇ = f(η) + g(η)ξ (2.4)

ξ̇ = u (2.5)

â´Â·Õè [ηT , ξ]T ∈ Rn+1 ¤×ÍÊ¶Ò¹Ð u ∈ R ¤×ÍÊÑÒ³à¢‰Ò¢Í§ÃÐºº áÅÐ f : D → Rn, g : D → Rn

à»“¹¿’§¡ŒªÑ¹·ÕèÃÙ‰¤ˆÒáÅÐÁÕ¤ÇÒÁ»ÃÑºàÃÕÂº (smoothness)ã¹â´àÁ¹ D ⊂ Rn ·ÕèÁÕ η = 0 à»“¹ÊÁÒªÔ¡ â´Â·Õè

f(0) = 0

à»„ÒËÁÒÂã¹¡ÒÃÍÍ¡áºº¤×Í ÍÍ¡áººµÑÇ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹Ðà¾×èÍ·íÒãË‰ÃÐººÇ§Ç¹»”´ÁÕàÊ¶ÕÂÃ

ÀÒ¾·Õè¨Ø´¡íÒà¹Ô´ (η = 0, ξ = 0)

ÊÁÁµÔÇˆÒÃÐººã¹ÊÁ¡ÒÃ (2.4) ÊÒÁÒÃ¶·íÒãË‰ÁÕàÊ¶ÕÂÃÀÒ¾ä´‰´‰ÇÂµÑÇ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹Ð·ÕèÁÕ

¤ÇÒÁ»ÃÑºàÃÕÂº ξ = φ(η) â´Â·Õè φ(0) = 0 áÅÐ¨Ø´¡íÒà¹Ô´¢Í§

η̇ = f(η) + g(η)φ(η)

ÁÕàÊ¶ÕÂÃÀÒ¾àªÔ§àÊ‰¹¡íÒ¡Ñº ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿ V (η) ·ÕèàÅ×Í¡µ‰Í§ÊÍ´¤Å‰Í§¡Ñºà§×èÍ¹ä¢

∂V

∂η
[f(η) + g(η)φ(η)] ≤ −W (η), ∀η ∈ D (2.6)

â´Â·Õè W (η) à»“¹¿’§¡ŒªÑ¹ºÇ¡á¹ˆ¹Í¹ áÅÐàÁ×èÍºÇ¡à¢‰ÒáÅÐÅºÍÍ¡¾¨¹Œ g(η)φ(η) ·Ò§´‰Ò¹¢ÇÒ¢Í§ÊÁ¡ÒÃ

(2.4) ¨Ðä´‰

η̇ = [f(η) + g(η)φ(η)] + g(η) [ξ − φ(η)] (2.7)

ξ̇ = u (2.8)

¨Ðä´‰á¼¹ÀÒ¾¡ÃÍº¢Í§ÃÐºº¤Çº¤ØÁ (2.7)–(2.8)´Ñ§ÃÙ» 2.2

¶‰Ò¡íÒË¹´µÑÇá»ÃãËÁˆ

z = ξ − φ(η)

¨ÐÊÒÁÒÃ¶à¢ÕÂ¹ÊÁ¡ÒÃ (2.7) áÅÐ (2.8) ä´‰à»“¹

η̇ = [f(η) + g(η)φ(η)] + g(η)z (2.9)

ż = u− φ̇ (2.10)
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´Ñ§¹Ñé¹¨Ðà¢ÕÂ¹á¼¹ÀÒ¾¡ÃÍº¢Í§ÃÐºº¤Çº¤ØÁ (2.9)–(2.10)ä´‰´Ñ§ÃÙ» 2.3 ¨Ò¡ÃÙ» 2.3 ¨Ð´ÙàÊÁ×Í¹ÇˆÒ −φ(η)

¡‰ÒÇ¶ÍÂËÅÑ§ (backstepping)¼ˆÒ¹à¤Ã×èÍ§ËÒ»ÃÔ¾Ñ¹¸Œ

∫
g(η)

∫

f(·)

j s+
u ξ η

f(η)

- - - - -

6

�

ÃÙ»·Õè 2.1: á¼¹ÀÒ¾¡ÃÍº¢Í§ÃÐºº¤Çº¤ØÁ (2.4)–(2.5)

∫
g(η)

∫

f(·) + g(·)φ(·)

j j s+ +
u ξ η

−φ(η)

- - - - - -

�

66

ÃÙ»·Õè 2.2: á¼¹ÀÒ¾¡ÃÍº¢Í§ÃÐºº¤Çº¤ØÁ·Õè¾Ô¨ÒÃ³ÒËÅÑ§¨Ñ´ÃÙ»µÑÇá»Ãã¹ÊÁ¡ÒÃ (2.4) ãËÁˆ

j j s+ +
u z η

−φ̇

- -

6

- - - -

�

6

∫
g(η)

∫

f(·) + g(·)φ(·)

ÃÙ»·Õè 2.3: á¼¹ÀÒ¾¡ÃÍº¢Í§ÃÐºº¤Çº¤ØÁ (2.9)–(2.10)

¶‰ÒÊÁÁµÔÇˆÒ f, g áÅÐ φ à»“¹¿’§¡ŒªÑ¹·ÕèÃÙ‰¤ˆÒ ¨ÐÊÒÁÒÃ¶¤íÒ¹Ç³ φ̇ ä´‰¨Ò¡¤ÇÒÁÊÑÁ¾Ñ¹¸Œ

φ̇ =
∂φ

∂η
[f(η) + g(η)ξ]

¶‰ÒãË‰ v = u− φ̇ ÃÐºº¨ÐÅ´ÃÙ»Å§àËÅ×ÍÍÂÙˆã¹ÃÙ»¡ÒÃµˆÍÍ¹Ø¡ÃÁ ´Ñ§¹Õé

η̇ = [f(η) + g(η)φ(η)] + g(η)z (2.11)

ż = v (2.12)
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«Öè§ÁÕÃÙ»áºº¤Å‰ÒÂ¡ÑºÃÐºº·ÕèàÃÔèÁµ‰¹¾Ô¨ÒÃ³Ò áµˆÊˆÇ¹»ÃÐ¡ÍºáÃ¡¤×ÍÊÁ¡ÒÃ (2.11) ¨ÐÁÕàÊ¶ÕÂÃÀÒ¾àªÔ§

àÊ‰¹¡íÒ¡Ñº·Õè¨Ø´¡íÒà¹Ô´àÁ×èÍÊÑÒ³à¢‰Ò z = 0 ¶‰ÒàÅ×Í¡¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿ÊíÒËÃÑºÃÐºº·Ñé§ËÁ´à»“¹

Va(η, ξ) = V (η) +
1
2
z2

¨Ðä´‰ÇˆÒ

V̇a =
∂V

∂η
[f(η) + g(η)φ(η)] +

∂V

∂η
g(η)z + zv ≤ −W (η) +

∂V

∂η
g(η)z + zv

«Öè§¶‰ÒàÅ×Í¡

v = −∂V
∂η

g(η)− kz, k > 0

¨Ðä´‰ÇˆÒ

V̇a ≤ −W (η)− kz2

áÅÐà¹×èÍ§¨Ò¡ φ(0) = 0 à¾ÃÒÐ©Ð¹Ñé¹¨ÐÊÃØ»ä´‰ÇˆÒ¨Ø´¡íÒà¹Ô´ (η = 0, ξ = 0) ÁÕàÊ¶ÕÂÃÀÒ¾àªÔ§àÊ‰¹¡íÒ¡Ñº ¶‰Ò

á·¹¤ˆÒ v, z áÅÐ φ̇ Å§ã¹ÊÁ¡ÒÃ (2.10), (2.12)̈ ÐËÒ¤ˆÒ¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹Ð ä´‰à»“¹

u =
∂φ

∂η
[f(η) + g(η)ξ]− ∂V

∂η
g(η)− k [ξ − φ(η)] (2.13)

¶‰ÒÊÁÁµÔ°Ò¹·Ñé§ËÁ´à»“¹¨ÃÔ§ã¹Ç§¡Ç‰Ò§áÅÐ V (η) äÁˆÁÕ¢Íºà¢µµÒÁá¹ÇÃÑÈÁÕ (radially unbounded)

¨Ðä´‰ÇˆÒ¨Ø´¡íÒà¹Ô´ÁÕàÊ¶ÕÂÃÀÒ¾àªÔ§àÊ‰¹¡íÒ¡Ñº

·Õè¡ÅˆÒÇÁÒ·Ñé§ËÁ´ÊÒÁÒÃ¶ÊÃØ»à»“¹·ÄÉ®Õº·ä´‰´Ñ§¹Õé

·ÄÉ®Õº· 2.4 [7] ¾Ô¨ÒÃ³ÒÃÐºº (2.4)–(2.5) áÅÐãª‰ φ(η) ã¹¡ÒÃ·íÒãË‰ÁÕàÊ¶ÕÂÃÀÒ¾ â´Â¡ÒÃ»„Í¹¡ÅÑº
Ê¶Ò¹ÐÊíÒËÃÑº (2.4) â´Â·Õè φ(0) = 0 áÅÐ V (η) à»“¹¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿ «Öè§ÊÍ´¤Å‰Í§¡Ñºà§×èÍ¹ä¢ (2.6)

ÊíÒËÃÑº¿’§¡ŒªÑ¹ºÇ¡á¹ˆ¹Í¹ W (η) ºÒ§¿’§¡ŒªÑ¹ ¨Ðä´‰ÇˆÒµÑÇ¤Çº¤ØÁ»„Í¹¡ÅÑºã¹ (2.13) ¨ÐÊÒÁÒÃ¶·íÒãË‰¨Ø´
¡íÒà¹Ô´¢Í§ÃÐºº (2.4)–(2.5) ÁÕàÊ¶ÕÂÃÀÒ¾ä´‰ â´ÂÁÕ V (η) + 1

2 [ξ − φ(η)]2 à»“¹¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿ áÅÐ
¶‰ÒÊÁÁµÔ°Ò¹·Ñé§ËÁ´à»“¹¨ÃÔ§ã¹Ç§¡Ç‰Ò§áÅÐ V (η) äÁˆÁÕ¢Íºà¢µµÒÁá¹ÇÃÑÈÁÕ¨Ðä´‰ÇˆÒ¨Ø´¡íÒà¹Ô´¢Í§ÃÐºº
(2.4)–(2.5)ÁÕàÊ¶ÕÂÃÀÒ¾àªÔ§àÊ‰¹¡íÒ¡ÑºÇ§¡Ç‰Ò§

¾Ô¨ÒÃ³ÒÃÐºº (2.4)–(2.5)ã¹¡Ã³Õ·ÑèÇä»ÁÒ¡¢Öé¹

η̇ = f(η) + g(η)ξ (2.14)

ξ̇ = fa(η, ξ) + ga(η, ξ)u (2.15)

â´Â·Õè fa áÅÐ ga ÁÕ¤ÇÒÁ»ÃÑºàÃÕÂºã¹ªˆÇ§â´àÁ¹·ÕèÊ¹ã¨¹ÔÂÒÁ

ua = fa(η, ξ) + ga(η, ξ)u

¶‰Ò ga 6= 0 ã¹ªˆÇ§â´àÁ¹·ÕèÊ¹ã¨¨Ðä´‰ÊÑÒ³à¢‰Òà»“¹

u =
1

ga(η, ξ)
[ua − fa(η, ξ)] (2.16)

«Öè§ÊÒÁÒÃ¶Å´ÃÙ»ÊÁ¡ÒÃ (2.15) ãË‰ÍÂÙˆã¹ÃÙ»áººà¤Ã×èÍ§ËÒ»ÃÔ¾Ñ¹¸Œ (integrator form)ä´‰à»“¹ ξ̇ = ua
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¶‰ÒÁÕ¡ÒÃ·íÒãË‰ÃÐºº¤Çº¤ØÁÁÕàÊ¶ÕÂÃÀÒ¾â´Â¡ÒÃ»„Í¹¡ÅÑºÊ¶Ò¹Ðâ´Â·Õè φ(η) áÅÐ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿

V (η) ÊÍ´¤Å‰Í§¡Ñº·ÄÉ®Õº· 2.4 ÊíÒËÃÑºÊÁ¡ÒÃ (2.14)¨Ðä´‰

u = φa(η, ξ) =
1

ga(η, ξ)

{
∂φ

∂η
[f(η) + g(η)ξ]− ∂V

∂η
g(η)− k [ξ − φ(η)]− fa(η, ξ)

}
(2.17)

ÊíÒËÃÑº¤ˆÒ k > 0 ºÒ§¤ˆÒáÅÐ

Va(η, ξ) = V (η) +
1
2

[ξ − φ(η)]2 (2.18)

µÑÇÍÂˆÒ§ 2.1 [7] ¾Ô¨ÒÃ³ÒÃÐºº

ẋ1 = x2
1 − x3

1 + x2

ẋ2 = u

«Öè§ÍÂÙˆã¹ÃÙ» (2.4)–(2.5)â´Â·Õè η = x1 áÅÐ ξ = x2 àÃÒàÃÔèÁµ‰¹¾Ô¨ÒÃ³ÒÃÐººÊà¡ÅÒÃŒ

ẋ1 = x2
1 − x3

1 + x2

â´Â·ÕèÁÍ§ x2 à»“¹ÊÑÒ³à¢‰Ò áÅÐÍÍ¡áºº¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑº x2 = φ(x1) à¾×èÍ·íÒãË‰¨Ø´¡íÒà¹Ô´ x1 = 0
àÊ¶ÕÂÃ¶‰ÒàÅ×Í¡

x2 = φ(x1) = −x2
1 − x1

¨Ðä´‰
ẋ1 = −x1 − x3

1

áÅÐ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿ V (x) = 1
2x

2
1 ¨ÐÊÍ´¤Å‰Í§¡Ñº

V̇ = −x2
1 − x4

1 ≤ −x2
1, ∀x1 ∈ R

¨Ò¡·ÄÉ®Õº· 2.4 àÃÒ¨Ðä´‰µÑÇ¤Çº¤ØÁ

u =
∂φ

∂x1
(x2

1 − x3
1 + x2)−

∂V

∂x1
− [x2 − φ(x1)]

= −(2x1 + 1)(x2
1 − x3

1 + x2)− x1 − (x2 + x2
1 + x1)

·Õè·íÒãË‰¨Ø´¡íÒà¹Ô´ x = 0 ÁÕàÊ¶ÕÂÃÀÒ¾ã¹Ç§¡Ç‰Ò§ áÅÐ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿ÊíÒËÃÑºÃÐººÇ§Ç¹»”´¤×Í

Va(x) =
1
2
x2 +

1
2
(x2 + x2

1 + x1)2

2.2.1 ¡ÒÃ·íÒãË‰àÊ¶ÕÂÃ¢Í§ÃÐººäÁˆàªÔ§àÊ‰¹ã¹ÃÙ»áºº»„Í¹¡ÅÑºâ´Âá·‰

â´Â¡ÒÃ»ÃÐÂØ¡µŒ¡ÃÐºÇ¹¡ÒÃ ¡ÒÃÇ¹ÃÍºÃÐËÇˆÒ§¡ÒÃËÒ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿¡Ñº¡ÒÃÍÍ¡áººµÑÇ¤Çº-

¤ØÁ¢Í§¡ÒÃ¤Çº¤ØÁ¡‰ÒÇ¶ÍÂËÅÑ§àÃÒ¨ÐÊÒÁÒÃ¶·íÒãË‰ÃÐººäÁˆàªÔ§àÊ‰¹ã¹ÃÙ»áºº»„Í¹¡ÅÑºâ´Âá·‰ (strict-feedback

from) ÁÕàÊ¶ÕÂÃÀÒ¾ä´‰àªˆ¹¡Ñ¹
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ÃÐººäÁˆàªÔ§àÊ‰¹ã¹ÃÙ»áºº»„Í¹¡ÅÑºâ´Âá·‰ÁÕÃÙ»áºº´Ñ§¹Õé

ẋ = f0(x) + g0(x)z1

ż1 = f1(x, z1) + g1(x, z1)z2

ż2 = f2(x, z1, z2) + g1(x, z1, z2)z3
...

żk−1 = fk−1(x, z1, . . . , zk−1) + gk−1(x, z1, . . . , zk−1)zk

żk = fk(x, z1, . . . , zk) + gk(x, z1, . . . , zk)u

â´Â·Õè

• x ∈ Rn áÅÐ z1, . . . , zk ∈ R

• f0, . . . , fk ÁÕ¤ˆÒà»“¹ÈÙ¹ÂŒ·Õè¨Ø´¡íÒà¹Ô´

• gi(x, z1, . . . , zk) 6= 0 ·Ø¡¤ˆÒ 1 ≤ i ≤ k ã¹ªˆÇ§â´àÁ¹·ÕèÊ¹ã¨

àÃÔèÁµ‰¹¾Ô¨ÒÃ³ÒÃÐººÂˆÍÂ

ẋ = f0(x) + g0(x)z1 (2.19)

ż1 = f1(x, z1) + g1(x, z1)z2 (2.20)

â´ÂÁÍ§ z1 à»“¹ÊÑÒ³à¢‰Ò áÅÐÊÁÁµÔÇˆÒàÃÒÊÒÁÒÃ¶·íÒãË‰ÃÐººÂˆÍÂ (2.19)–(2.20)ÁÕàÊ¶ÕÂÃÀÒ¾ä´‰´‰ÇÂ

¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹Ð z1 = φ0(x) â´Â·Õè φ0(0) = 0 ÊÑ§à¡µÇˆÒÃÐºº (2.19)–(2.20)·Õè¾Ô¨ÒÃ³Ò¹Õéà»“¹

¡Ã³Õ¾ÔàÈÉ¢Í§ÃÐºº (2.14)–(2.15)â´Â·Õè

η = x, ξ = z1, u = z2, f = f0, g = g0, fa = f1, ga = g1

ãª‰ÊÁ¡ÒÃ (2.17)–(2.18)̈ Ðä´‰¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹Ð

φ1(x, z1) =
1
g1

[
∂φ0

∂x
(f0 + g0z1)−

∂V0

∂x
g0 − k1(z1 − φ)− f1

]
, k1 > 0

áÅÐ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿

V1(x, z1) = V0(x) +
1
2

[z1 − φ(x)]2

µˆÍä»¾Ô¨ÒÃ³ÒÃÐºº

ẋ = f0(x) + g0(x)z1

ż1 = f1(x, z1) + g1(x, z1)z2

ż2 = f2(x, z1, z2) + g1(x, z1, z2)z3
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«Öè§à»“¹¡Ã³Õ¾ÔàÈÉ¢Í§ÃÐºº (2.14)–(2.15)â´Â·Õè

η =

[
x

z1

]
, ξ = z2, u = z3, f =

[
f0 + g0z1

f1

]
, g =

[
0

g1

]
, fa = f2, ga = g2

àÁ×èÍãª‰ÊÁ¡ÒÃ (2.17)–(2.18)̈ Ðä´‰¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹Ð

φ2(x, z1, z2) =
1
g2

[
∂φ1

∂x
(f0 + g0z1) +

∂φ1

∂z1
(f1 + g1z2)−

∂V1

∂z1
g1 − k2(z2 − φ1)− f2

]
, k2 > 0

áÅÐä´‰¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à»“¹

V2(x, z1, z2) = V1(x, z1) +
1
2

[z2 − φ2(x, z1)]
2

àÁ×èÍ·íÒµÒÁ¡ÃÐºÇ¹¡ÒÃ¹Õé«íéÒ¨¹¤Ãº k ¤ÃÑé§¨Ðä´‰¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹Ð ·Õè·íÒãË‰ÃÐºº·Ñé§ËÁ´ÁÕ

àÊ¶ÕÂÃÀÒ¾à»“¹ u = φk(x, z1, . . . , zk) áÅÐ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿ Vk(x, z1, . . . , zk)

2.3 ¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ·Õèãª‰¿’§¡ŒªÑ¹»ÃÑº¨Ù¹

ã¹¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁáºº»ÃÑºµÑÇâ´ÂÇÔ¸Õ¿’§¡ŒªÑ¹»ÃÑº¨Ù¹ (tuning function) ¡®¡ÒÃ¤Çº¤ØÁ¨Ð

¶Ù¡ÍÍ¡áººÍÂˆÒ§«íéÒæ ã¹áµˆÅÐ¢Ñé¹µÍ¹·ÕèµˆÍà¹×èÍ§¡Ñ¹µÒÁÅíÒ´Ñº àÃÒ¨ÐÍÍ¡áºº¿’§¡ŒªÑ¹¡ÒÃ»ÃÑº¨Ù¹à¾×èÍãª‰

ã¹¡®¡ÒÃ»ÃÑº»ÃØ§¾ÒÃÒÁÔàµÍÃŒ áµˆ¡®¡ÒÃ»ÃÑºµÑÇ·Õèä´‰¨Ò¡¡ÒÃÍÍ¡áººã¹áµˆÅÐ¢Ñé¹µÍ¹äÁˆãªˆ¡®¡ÒÃ»ÃÑº-

µÑÇ·Õè¨Ð¹íÒÁÒãª‰ áµˆµÑÇ¤Çº¤ØÁ¨Ðãª‰¿’§¡ŒªÑ¹¡ÒÃ»ÃÑº¨Ù¹àËÅˆÒ¹Õéã¹¡ÒÃª´àªÂ¼Å¢Í§¤ÇÒÁ¼Ô´¾ÅÒ´ã¹ÊÀÒÇÐ

ªÑèÇ¤ÃÙˆ¢Í§¡ÒÃ»ÃÐÁÒ³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ (parameter estimation transients)¿’§¡ŒªÑ¹»ÃÑº¨Ù¹µÑÇÊØ´·‰ÒÂà·ˆÒ¹Ñé¹·Õè

¨Ð¶Ù¡¹íÒÁÒãª‰à»“¹¡®¡ÒÃ»ÃÑº»ÃØ§¾ÒÃÒÁÔàµÍÃŒ·Õèá·‰¨ÃÔ§

ËÅÑ¡¡ÒÃàº×éÍ§µ‰¹

á¹Ç¤Ô´¾×é¹°Ò¹¢Í§¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇµÒÁá¹ÇàÅÕÂ»Ù¹Í¿¤×Í ¡ÒÃÍÍ¡áºº¡®¡ÒÃ¤Çº¤ØÁáÅÐ

¡®¡ÒÃ»ÃÑº»ÃØ§¾ÒÃÒÁÔàµÍÃŒà¾×èÍ»ÃÐ¡Ñ¹ÇˆÒÍ¹Ø¾Ñ¹¸Œ¢Í§¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿·ÕèàËÁÒÐÊÁ¨ÐÁÕ¤ˆÒäÁˆà»“¹ºÇ¡àÊÁÍ

ÊÔè§·ÕèàÃÒµ‰Í§¡ÒÃËÒã¹¡ÒÃÍÍ¡áººÁÕ 3 ÊÔè§¤×Í ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿, ¡®¡ÒÃ¤Çº¤ØÁ áÅÐ¡®¡ÒÃ»ÃÑº»ÃØ§

¾ÒÃÒÁÔàµÍÃŒ

¾Ô¨ÒÃ³ÒÃÐººäÁˆàªÔ§àÊ‰¹

ẋ = f(x) + F (x)θ + g(x)u, x ∈ Rn, u ∈ R (2.21)

â´Â·Õè θ ∈ Rp à»“¹àÇ¡àµÍÃŒ¢Í§¾ÒÃÒÁÔàµÍÃŒ¤§µÑÇáµˆäÁˆ·ÃÒº¤ˆÒáÅÐ f(x), F (x) áÅÐ g(x) à»“¹¿’§¡ŒªÑ¹·Õè

ÁÕ¤ÇÒÁ»ÃÑºàÃÕÂº à¾×èÍ¤ÇÒÁ§ˆÒÂã¹¡ÒÃÇÔà¤ÃÒÐËŒàÃÒÊÁÁµÔÇˆÒ f(0) = 0, F (0) = 0 ´Ñ§¹Ñé¹ x = 0 à»“¹¨Ø´

ÊÁ´ØÅ¢Í§¾ÅÒ¹µŒ

ã¹¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇÊˆÇ¹ÁÒ¡¨Ðãª‰ËÅÑ¡ÊÁÁÙÅ¤ÇÒÁá¹ˆ¹Í¹ (certainty equiva-

lence principle) ã¹¡ÒÃÍÍ¡áºº ã¹¡Ã³Õ·ÕèÃÙ‰¤ˆÒá¹ˆ¹Í¹¢Í§ θ̂ ÊÁÁµÔÇˆÒ§Ò¹¢Í§àÃÒã¹·Õè¹Õé¤×Í¡ÒÃÍÍ¡

áºº¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹Ð u = αc(x, θ) «Öè§·íÒãË‰¨Ø´ÊÁ´ØÅ x = 0 ÁÕàÊ¶ÕÂÃÀÒ¾à·ÕÂº¡Ñº¿’§¡ŒªÑ¹

àÅÕÂ»Ù¹Í¿ Vc(x, θ) (µÑÇË‰ÍÂ “c” ËÁÒÂ¶Ö§ “certainty equivalent”) àÃÒÃÙ‰ÇˆÒ Vc(x, θ) à»“¹¿’§¡ŒªÑ¹ºÇ¡
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á¹ˆ¹Í¹ áÅÐäÁˆÁÕ¢Íºà¢µµÒÁá¹ÇÃÑÈÁÕã¹µÑÇá»Ã x ÊíÒËÃÑº¤ˆÒ θ ·Ø¡¤ˆÒáÅÐÁÕ¿’§¡ŒªÑ¹ W (x, θ) «Öè§à»“¹

¿’§¡ŒªÑ¹ºÇ¡á¹ˆ¹Í¹ã¹ x ÊíÒËÃÑº¤ˆÒ θ ·Ø¡¤ˆÒ«Öè§·íÒãË‰

∂Vc

∂x
[f(x) + F (x)θ + g(x)αc(x, θ)] ≤ −W (x, θ)

á¹Ç¤Ô´¢Í§¢Í§ËÅÑ¡¡ÒÃÊÁÁÙÅ¤ÇÒÁá¹ˆ¹Í¹¤×Íá·¹·Õè θ ´‰ÇÂ¤ˆÒ»ÃÐÁÒ³ θ̂ «Öè§ä´‰ÁÒ¨Ò¡¡®¡ÒÃ

»ÃÑº»ÃØ§¾ÒÃÒÁÔàµÍÃŒ
˙̂
θ = Γτ(x, θ̂) (2.22)

â´Â·ÕèàÁ·ÃÔ¡«ŒÍÑµÃÒ¢ÂÒÂã¹¡ÒÃ»ÃÑºµÑÇ (adaptation gain matrix)Γ ÁÕ¤ˆÒºÇ¡á¹ˆ¹Í¹ àÃÒµ‰Í§àÅ×Í¡ u áÅÐ

τ à¾×èÍ»ÃÐ¡Ñ¹ÇˆÒÍ¹Ø¾Ñ¹¸Œ¢Í§¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿ÁÕ¤ˆÒäÁˆà»“¹ºÇ¡ÊíÒËÃÑºÃÐºº (2.21) áÅÐ (2.22) ¿’§¡ŒªÑ¹

àÅÕÂ»Ù¹Í¿·ÕèàÅ×Í¡¤×Í

V (x, θ̂) = Vc(x, θ̂) +
1
2
θ̃T Γ−1θ̃

â´Â·Õè¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¡ÒÃ»ÃÐÁÒ³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¤×Í

θ̃ = θ − θ̂

á¹Ç¤Ô´¢Í§¡ÒÃ¤Çº¤ØÁ»ÃÑºµÑÇáºº¿’§¡ŒªÑ¹¡ÒÃ»ÃÑº¨Ù¹ ¤×Í»„Í§¡Ñ¹äÁˆãË‰ÊÀÒÇÐªÑèÇ¤ÃÙˆ¢Í§¡ÒÃ»ÃÐÁÒ³¤ˆÒ

¾ÒÃÒÁÔàµÍÃŒ ·íÒÅÒÂ¤ÇÒÁäÁˆà»“¹ºÇ¡¢Í§Í¹Ø¾Ñ¹¸Œ¢Í§¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿

¹ÔÂÒÁ 2.2 àÃÒ¨Ð¡ÅˆÒÇÇˆÒÃÐºº
ẋ = f(x) + F (x)θ + g(x)u (2.23)

ÊÒÁÒÃ¶·íÒãË‰àÊ¶ÕÂÃáºº»ÃÑºµÑÇã¹Ç§¡Ç‰Ò§ (globally adaptively stabilizable)¶‰ÒÁÕ

1. ¿’§¡ŒªÑ¹ α(x, θ̂) «Öè§ÁÕ¤ÇÒÁ»ÃÑºàÃÕÂºº¹ (Rn \ {0})× Rp â´Â·Õè α(0, θ̂) ≡ 0

2. ¿’§¡ŒªÑ¹»ÃÑºàÃÕÂº τ(x, θ̂) áÅÐ

3. àÁ·ÃÔ¡«ŒÊÁÁÒµÃºÇ¡á¹ˆ¹Í¹ Γ ·ÕèÁÕÁÔµÔ p× p

«Öè§¾ÅÇÑµÔ¢Í§µÑÇ¤Çº¤ØÁ

u = α(x, θ̂) (2.24)
˙̂
θ = Γτ(x, θ̂) (2.25)

»ÃÐ¡Ñ¹ÇˆÒ¼Åà©ÅÂ¢Í§ (x(t), θ̂(t)) ÁÕ¢Íºà¢µã¹Ç§¡Ç‰Ò§áÅÐ x(t) → 0 àÁ×èÍ t→∞ ÊíÒËÃÑº θ ∈ Rp ·Ø¡¤ˆÒ
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2.3.1 ÃÐºº»„Í¹¡ÅÑºâ´Âá·‰

¾Ô¨ÒÃ³Ò¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁ»ÃÑºµÑÇà¾×èÍ·íÒãË‰¨Ø´ÊÁ´ØÅ ys ¢Í§ÃÐºº»„Í¹¡ÅÑºâ´Âá·‰ (paramet-

ric strict-feedback system)ÁÕàÊ¶ÕÂÃÀÒ¾ã¹Ç§¡Ç‰Ò§ â´ÂÁÍ§ x1 à»“¹ÊÑÒ³ÍÍ¡

ẋ1 = x2 + ϕ1(x1)T θ

ẋ2 = x3 + ϕ2(x1, x2)T θ

...

ẋn−1 = xn + ϕn−1(x1, . . . , xn−1)T θ

ẋn = β(x)u+ ϕn(x)T θ

(2.26)

â´Â·Õè θ ∈ Rp à»“¹àÇ¡àµÍÃŒ¢Í§¾ÒÃÒÁÔàµÍÃŒ¤§µÑÇáµˆäÁˆ·ÃÒº¤ˆÒ, β áÅÐ F = [ϕ1, . . . , ϕn] à»“¹¿’§¡ŒªÑ¹äÁˆ

àªÔ§àÊ‰¹·ÕèÁÕ¤ÇÒÁ»ÃÑºàÃÕÂºã¹ Rn áÅÐ β(x) 6= 0, ∀x ∈ Rn

àÃÒàÃÔèÁ·íÒãË‰ÃÐººàÊ¶ÕÂÃáºº»ÃÑºµÑÇã¹ÊÁ¡ÒÃáÃ¡¢Í§ (2.26) â´ÂÁÍ§ x2 à»“¹¡ÒÃ¤Çº¤ØÁàÊÁ×Í¹

ã¹¢Ñé¹µÍ¹·Õè i ÃÐººÂˆÍÂÍÑ¹´Ñº i ¨Ð¶Ù¡·íÒãË‰àÊ¶ÕÂÃâ´ÂÍÒÈÑÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿ Vi â´Â¡ÒÃÍÍ¡áºº

¿’§¡ŒªÑ¹·íÒãË‰àÊ¶ÕÂÃ αi áÅÐ¿’§¡ŒªÑ¹»ÃÑº¨Ù¹ τi ÊˆÇ¹¡®¡ÒÃ»ÃÑº»ÃØ§¾ÒÃÒÁÔàµÍÃŒ θ̂ áÅÐ¡ÒÃ¤Çº¤ØÁ»„Í¹

¡ÅÑº u ¨Ð¶Ù¡ÍÍ¡áººã¹¢Ñé¹µÍ¹ÊØ´·‰ÒÂ´Ñ§µˆÍä»¹Õé ÊÑ§à¡µÇˆÒã¹¢Ñé¹µÍ¹·ÕèÊÒÁà»“¹¢Ñé¹µÍ¹·ÕèÊíÒ¤Ñã¹¡ÒÃ

ÍÍ¡áºº

¢Ñé¹µÍ¹·Õè 1 ¡íÒË¹´µÑÇá»Ã¼Ô´¾ÅÒ´

z1 = x1 − ys

z2 = x2 − α1

¨Ñ´ÃÙ»ÊÁ¡ÒÃáÃ¡ã¹ (2.26) ãËÁˆà»“¹

ż1 = z2 + α1 + w1(x1)T θ (2.27)

à¹×èÍ§¨Ò¡ÁÕ¤ÇÒÁáµ¡µˆÒ§¡Ñ¹ã¹áµˆÅÐ¢Ñé¹µÍ¹àÃÒ¨Ð¹ÔÂÒÁ àÇ¡àµÍÃŒ¶´¶ÍÂ (regressor vector)µÑÇáÃ¡à»“¹

w1(x1) , ϕ1(x1)

¾Ô¨ÒÃ³Ò¡ÒÃ·íÒãË‰ (2.27) àÊ¶ÕÂÃâ´Â¾Ô¨ÒÃ³Ò¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿

V1(x, θ̂) =
1
2
z2
1 +

1
2
θ̃T Γ−1θ̃ (2.28)

«Öè§ÁÕÍ¹Ø¾Ñ¹¸Œ¤×Í

V̇1 = z1(z2 + α1 + wT
1 θ̂)− θ̃T Γ−1( ˙̂

θ − Γw1z1)

àÃÒÊÒÁÒÃ¶¡íÒ¨Ñ´à·ÍÁ θ̃ ã¹ V̇1 ´‰ÇÂ¡®¡ÒÃ»ÃÑº»ÃØ§¾ÒÃÒÁÔàµÍÃŒ ˙̂θ = Γτ1 â´Â·Õè

τ1(x1) = w1(x1)z1 (2.29)



15

¶‰Ò x2 à»“¹¡ÒÃ¤Çº¤ØÁ¨ÃÔ§ àÃÒ¤ÇÃãË‰ z2 ≡ 0 ¹Ñè¹¤×Í x2 ≡ α1 à¾×èÍ¨Ð·íÒãË‰ V̇1 = −c1z2
1 àÃÒàÅ×Í¡

α1(x1, θ̂) = −c1z1 − w1(x1)T θ̂ (2.30)

áµˆà¹×èÍ§¨Ò¡ x2 äÁˆãªˆ¡ÒÃ¤Çº¤ØÁ¨ÃÔ§ àÃÒäÁˆÊÒÁÒÃ¶ãË‰ z2 ≡ 0 áÅÐàÃÒäÁˆãª‰ θ̂ = Γτ1 à»“¹¡®¡ÒÃ»ÃÑº»ÃØ§

¾ÒÃÒÁÔàµÍÃŒ áµˆàÃÒÃÑ¡ÉÒ τ1 à»“¹¿’§¡ŒªÑ¹¡ÒÃ»ÃÑº¨Ù¹µÑÇáÃ¡áÅÐÂÍÁãË‰ÁÕ¾¨¹Œ¢Í§ θ̃ ã¹ V1

V̇1 = −c1z2
1 + z1z2 − θ̃T (Γ−1 ˙̂

θ − τ1) (2.31)

¾¨¹Œ z1z2 ã¹ÊÁ¡ÒÃ (2.31) ¨Ð¶Ù¡¡íÒ¨Ñ´ã¹¢Ñé¹µÍ¹µˆÍä» ¨Ò¡ α1(x1, θ̂) ã¹ (2.30) ¨Ðä´‰ÃÐººÂˆÍÂ¢Í§ z1
à»“¹

ż1 = −c1z1 + z2 + w1(x1)T θ̃ (2.32)

¢Ñé¹µÍ¹·Õè 2 ã¹¢Ñé¹µÍ¹¹ÕéàÃÒ¾Ô¨ÒÃ³Ò x3 à»“¹¡ÒÃ¤Çº¤ØÁàÊÁ×Í¹ã¹ÊÁ¡ÒÃ·ÕèÊÍ§¢Í§ (2.26) ãË‰

z3 = x3 − α2 (2.33)

àÃÒ¨Ñ´ÃÙ» ẋ2 = x3 + ϕ2(x1, x2)T θ à»“¹

ż2 = z3 + α2 −
∂α1

∂x1
x2 + w2(x1, x2, θ̃)T θ − ∂α1

∂θ̂

˙̂
θ (2.34)

àÃÒ¨Ð¹ÔÂÒÁàÇ¡àµÍÃŒ¶´¶ÍÂµÑÇ·ÕèÊÍ§ w2 à»“¹

w2(x1, x2, θ̂) = ϕ2 −
∂α1

∂x1
ϕ1 (2.35)

ã¹¢Ñé¹µÍ¹¹ÕéàÃÒ¨Ð·íÒãË‰ÃÐºº (z1, z2) àÊ¶ÕÂÃâ´Âãª‰¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿

V2 = V1 +
1
2
z2
2

«Öè§Í¹Ø¾Ñ¹¸Œ¤×Í

V̇2 = −c1z2
1 + z2

[
z1 + z3 + α2 −

∂α1

∂x1
x2 + wT

2 θ̂ −
∂α1

∂θ̂

˙̂
θ

]
+θ̃T

(
τ1 + w2z2 − Γ−1 ˙̂

θ
)

àÃÒÊÒÁÒÃ¶¡íÒ¨Ñ´à·ÍÁ θ̃ ¨Ò¡ V̇2 ´‰ÇÂ¡ÒÃàÅ×Í¡¡®¡ÒÃ»ÃÑº»ÃØ§¾ÒÃÒÁÔàµÍÃŒ ˙̂θ = Γτ2 â´Â·Õè

τ2(x1, x2, θ̂) = τ1 + w2z2 =
[
w1 w2

] [ z1

z2

]
(2.36)

¶‰Ò x3 à»“¹¡ÒÃ¤Çº¤ØÁ¨ÃÔ§ ¨Ðä´‰ z3 ≡ 0 àÃÒµ‰Í§¡ÒÃãË‰ V̇2 = −c1z2
1 − c2z

2
2 «Öè§·íÒä´‰â´Â¡ÒÃÍÍ¡áºº α2

α2(x1, x2, θ̂) = −z1 − c2z2 +
∂α1

∂x1
x2 − wT

2 θ̂ +
∂α1

∂θ̂
Γτ2 (2.37)

àÃÒ¨Ðà¡çº τ2 à»“¹¿’§¡ŒªÑ¹»ÃÑº¨Ù¹µÑÇ·ÕèÊÍ§ã¹¾¨¹Œ Γτ2 «Öè§á·¹ ˙̂
θ ã¹ (2.37)ÍÂˆÒ§äÃ¡çµÒÁàÃÒäÁˆãª‰ ˙̂θ = Γτ2

à»“¹¡®»ÃÑº»ÃØ§¾ÒÃÒÁÔàµÍÃŒ ´Ñ§¹Ñé¹¨Ðä´‰ V̇2 ¤×Í

V̇2 = −c1z2
1 − c2z

2
2 + z2z3 + z2

∂α1

∂θ̂
(Γτ2 − ˙̂

θ) + θ̃T (τ2 − Γ−1 ˙̂
θ)
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ÊÍ§à·ÍÁáÃ¡ã¹ V̇2 à»“¹Åºá¹ˆ¹Í¹ áÅÐà·ÍÁ·ÕèÊÒÁ¨Ð¶Ù¡¡íÒ¨Ñ´ã¹¢Ñé¹µÍ¹µˆÍä» á·¹ (2.37) Å§ã¹ (2.34)

ÃÐººÂˆÍÂ (z1, z2) ¨Ðà»“¹[
ż1

ż2

]
=

[
−c1 1

−1 −c2

][
z1

z2

]
+

[
wT

1

wT
2

]
θ̃ +

[
0

z3 + ∂α1

∂θ̂
(Γτ2 − ˙̂

θ)

]
(2.38)

¢Ñé¹µÍ¹·Õè 3 ¨Ò¡ÊÁ¡ÒÃ·ÕèÊÒÁã¹ (2.26) àÃÒãË‰

z4 = x4 − α3

áÅÐ¨Ñ´ÃÙ» ẋ3 = x4 + ϕ3(x1, x2, x3)T θ ãËÁˆà»“¹

ż3 = z4 + α3 −
∂α2

∂x1
x2 −

∂α2

∂x2
x3 + w3(x1, x2, x3, θ̂)T θ − ∂α2

∂θ̂

˙̂
θ (2.39)

â´Â·ÕèàÇ¡àµÍÃŒ¶´¶ÍÂµÑÇ·ÕèÊÒÁ w3 ¹ÔÂÒÁà»“¹

w3(x1, x2, x3, θ̂) = ϕ3 −
∂α2

∂x1
ϕ1 −

∂α2

∂x2
ϕ2 (2.40)

ã¹¢Ñé¹µÍ¹¹ÕéàÃÒ¨Ð·íÒãË‰ÃÐºº (z1, z2, z3) àÊ¶ÕÂÃàÁ×èÍ¾Ô¨ÒÃ³Ò¨Ò¡¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿

V3 = V2 +
1
2
z2
3

«Öè§Í¹Ø¾Ñ¹¸Œ¤×Í

V̇3 = −c1z2
1 − c2z

2
2 + z2

∂α1

∂θ̂
(Γτ2 − ˙̂

θ)

+z3

[
z2 + z4 + α3 −

∂α2

∂x1
x2 −

∂α2

∂x2
x3 + wT

3 θ̂ −
∂α2

∂θ̂

˙̂
θ

]
+θ̃T

(
τ2 + w3z3 − Γ−1 ˙̂

θ
)

(2.41)

àÃÒÊÒÁÒÃ¶¡íÒ¨Ñ´à·ÍÁ θ̃ ¨Ò¡ V̇3 ´‰ÇÂ¡®¡ÒÃ»ÃÑº»ÃØ§¾ÒÃÒÁÔàµÍÃŒ ˙̂
θ = Γτ3 â´Â·Õè τ3 ¤×Í¿’§¡ŒªÑ¹¡ÒÃ

»ÃÑº¨Ù¹µÑÇ·ÕèÊÒÁ

τ3(x1, x2, x3, θ̂) = τ2 + w3z3 =
[
w1 w2 w3

]
z1

z2

z3

 (2.42)

¶‰Ò x3 à»“¹¡ÒÃ¤Çº¤ØÁ¨ÃÔ§ ¨Ðä´‰ z4 ≡ 0 àÃÒµ‰Í§¡ÒÃãË‰ V̇3 = −c1z2
1 − c2z

2
2 − c3z

2
3 «Öè§·íÒä´‰â´Â¡ÒÃÍÍ¡

áºº α3 à»“¹

α3(x1, x2, x3, θ̂) = −z2 − c3z3 +
∂α2

∂x1
x2 +

∂α2

∂x2
x3 − wT

3 θ̂

+
∂α2

∂θ̂
Γτ3 + ν3 (2.43)

â´Â·Õè ν3 à»“¹¾¨¹Œá¡‰ä¢ (correction term)·Õè¨ÐàÅ×Í¡ãË‰àËÁÒÐÊÁã¹ÀÒÂËÅÑ§ á·¹ (2.43) ã¹ (2.41)¨Ðä´‰

˙̂
θ = ˙̂

θ − Γτ3 + Γτ3 − Γτ2

= ˙̂
θ − Γτ3 + Γw3z3 (2.44)
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(2.41)ÊÒÁÒÃ¶¨Ñ´ÃÙ»ãËÁˆä´‰à»“¹

V̇3 = −c1z2
1 − c2z

2
2 + z3

(
ν3 −

∂α1

∂θ̂
Γw3z2

)
+z3z4 +

(
z2
∂α1

∂θ̂
+ z3

∂α2

∂θ̂

)
(Γτ3 − ˙̂

θ) + θ̃T (τ3 − Γ−1 ˙̂
θ) (2.45)

áÅÐÃÐººÂˆÍÂ (z1, z2, z3) ¨Ð¡ÅÒÂà»“¹
ż1

ż2

ż3

 =


−c1 1 0

−1 −c2 1

0 −1 −c3



z1

z2

z3

+


wT

1

wT
2

wT
3

 θ̃

+


0

−∂α1

∂θ̂
Γw3z3

ν3

+


0

∂α1

∂θ̂
(Γτ3 − ˙̂

θ)

z4 + ∂α2

∂θ̂
(Γτ3 − ˙̂

θ)

 (2.46)

¶‰Ò x4 à»“¹¡ÒÃ¤Çº¤ØÁ¨ÃÔ§ àÃÒÍÂÒ¡ä´‰ z4 = 0 áÅÐ¡®¡ÒÃ»ÃÑº»ÃØ§¾ÒÃÒÁÔàµÍÃŒ ˙̂θ = Γτ3 àÇ¡àµÍÃŒÊØ´·‰ÒÂ

ã¹ÊÁ¡ÒÃ (2.46)¨Ðà»“¹ÈÙ¹ÂŒ ÍÂˆÒ§äÃ¡çµÒÁ à·ÍÁ·Õè·íÒãË‰äÁˆàÊ¶ÕÂÃ −∂α1

∂θ̂
Γw3z3 ÂÑ§¤§ÍÂÙˆ ¨Ò¡ (2.45) àÅ×Í¡

ν3 à»“¹

ν3(x1, x2, x3, θ̂) =
∂α1

∂θ̂
Γw3z2 (2.47)

àÃÒäÁˆãª‰ ˙̂θ = Γτ3 à»“¹¡®¡ÒÃ»ÃÑº»ÃØ§¾ÒÃÒÁÔàµÍÃŒ áÅÐ¨Ðä´‰ V̇3 à»“¹

V̇3 = −c1z2
1 − c2z

2
2 − c3z

2
3 + z3z4 (2.48)

+
(
z2
∂α1

∂θ̂
+ z3

∂α2

∂θ̂

)
(Γτ3 − ˙̂

θ) + θ̃T (τ3 − Γ−1 ˙̂
θ) (2.49)

áÅÐÃÐººÂˆÍÂ (z1, z2, z3) ¨Ð¡ÅÒÂà»“¹
ż1

ż2

ż3

 =


−c1 1 0

−1 −c2 1− ∂α1

∂θ̂
Γw3

0 + ∂α1

∂θ̂
Γw3 −1 −c3



z1

z2

z3

+


wT

1

wT
2

wT
3

 θ̃

+


0

0

z4

+


0

∂α1

∂θ̂
∂α2

∂θ̂

 (Γτ3 − ˙̂
θ) (2.50)

àÁ·ÃÔ¡«Œã¹ÃÐºº (2.50) ÁÕ¤Ø³ÊÁºÑµÔ·ÕèÊíÒ¤Ñ¤×Íà»“¹àÁ·ÃÔ¡«ŒÊÁÁÒµÃàÊÁ×Í¹ (skew symmetry matrix)«Öè§

à¡Ô´¨Ò¡¡ÒÃàÅ×Í¡ ν3 ã¹ (2.47)

¢Ñé¹µÍ¹·Õè i ãË‰

zi+1 = xi+1 − αi (2.51)

àÃÒ¨Ñ´ÃÙ» ẋi = xi+1 + ϕi(x1, . . . , xi)T θ ãËÁˆà»“¹

żi = zi+1 + αi −
i−1∑
k=1

∂αi−1

∂xk
xk+1 + wi(x1, . . . , xi, θ̂)T θ − ∂αi−1

∂θ̂

˙̂
θ (2.52)
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â´Â·ÕèàÇ¡àµÍÃŒ¶´¶ÍÂµÑÇ·Õè i ¹ÔÂÒÁà»“¹

wi(x1, . . . , xi, θ̂) = ϕi −
i−1∑
k=1

∂αi−1

∂xk
ϕk (2.53)

¨Ø´»ÃÐÊ§¤Œ¢Í§àÃÒ¤×Í·íÒãË‰ÃÐºº (z1, . . . , zi) àÊ¶ÕÂÃàÁ×èÍ¾Ô¨ÒÃ³Ò¨Ò¡¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿

Vi = Vi−1 +
1
2
z2
i (2.54)

«Öè§ÁÕÍ¹Ø¾Ñ¹¸Œ¤×Í

V̇i = −
i−1∑
k=1

ckz
2
k +

(
i−2∑
k=1

zk+1
∂αk

∂θ̂

)
(Γτi−1 − ˙̂

θ)

+zi

[
zi−1 + zi+1 + αi −

i−1∑
k=1

∂αi−1

∂xk
xk+1 + wT

i θ̂ −
∂αi−1

∂θ̂

˙̂
θ

]
+θ̃T

(
τi−1 + wizi − Γ−1 ˙̂

θ
)

(2.55)

àÃÒÊÒÁÒÃ¶¡íÒ¨Ñ´à·ÍÁ θ̃ ¨Ò¡ V̇i ´‰ÇÂ¡®¡ÒÃ»ÃÑº»ÃØ§¾ÒÃÒÁÔàµÍÃŒ ˙̂θ = Γτi â´Â·Õè

τi(x1, . . . , xi, θ̂) = τi−1 + ziwi =
[
w1 . . . wi

]
z1
...

zi

 (2.56)

ã¹¡ÒÃ¡íÒ¨Ñ´¾¨¹Œ zi+1 àÃÒµ‰Í§¡ÒÃãË‰ V̇i = −
∑i

k=1 ckz
2
k ´‰ÇÂ¡ÒÃÍÍ¡áºº αi à»“¹

αi(x1, . . . , xi, θ̂) = −zi−1 − cizi +
i−1∑
k=1

∂αi−1

∂xk
xk+1 − wT

i θ̂

+
∂αi−1

∂θ̂
Γτi + νi (2.57)

â´Â·Õè νi à»“¹¾¨¹Œá¡‰ä¢·Õè¶Ù¡àÅ×Í¡áÅ‰Ç áÅÐ

˙̂
θ − Γτi−1 = ˙̂

θ − Γτi + Γτi − Γτi−1

= ˙̂
θ − Γτi + Γwizi (2.58)

àÃÒ¨Ñ´ÃÙ» V̇i ãËÁˆà»“¹

V̇i = −
i−1∑
k=1

ckz
2
k + zi

[
zi+1 + νi −

∂αi−1

∂θ̂
(Γτi − ˙̂

θ)
]

+

(
i−2∑
k=1

zk+1
∂αk

∂θ̂

)
(Γτi−1 − ˙̂

θ) + θ̃T (τi − Γ−1 ˙̂
θ)

= −
i−1∑
k=1

ckz
2
k + zi

[
zi+1 + νi −

i−2∑
k=1

zk+1
∂αk

∂θ̂
Γwi

]
(

i−1∑
k=1

zk+1
∂αk

∂θ̂

)(
Γτi − ˙̂

θ
)
− θ̃T (τi − Γ−1 ˙̂

θ) (2.59)
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áÅÐà¢ÕÂ¹ÃÐººÂˆÍÂ (z1, . . . , zi) ã¹ÃÙ»áºº


ż1
...

żi

 =



−c1 1 0 · · · 0 0

−1 −c2 1 + σ23 · · · σ2,i−1 0

0 −1− σ23
...

...
...

...
...

...
...

... 1 + σi−2,i−1 0

0 −σ2,i−1 · · · −1− σi−2,i−1 −ci−1 1

0 0 · · · 0 −1 −ci




z1
...

zi



+


wT

1

...

wT
i

 θ̃ +



0

σ2,izi

...

σi−1,izi

νi


+


0
...

0

żi+1

+


0

∂α1

∂θ̂
...

∂αi−1

∂θ̂

 (Γτi − ˙̂
θ) (2.60)

â´Â·Õè

σjk(x, θ̂) = −∂αj−1

∂θ̂
Γwk (2.61)

àÅ×Í¡¾¨¹Œá¡‰ä¢à»“¹

νi(x1, . . . , xi, θ̇) =
i−2∑
k=1

zk+1
∂αk

∂θ̂
Γwi , −

i−1∑
k=2

σk,izk (2.62)

à¹×èÍ§¨Ò¡àÃÒäÁˆãª‰ ˙̂θ = Γτi à»“¹¡®¡ÒÃ»ÃÑº»ÃØ§¾ÒÃÒÁÔàµÍÃŒ ´Ñ§¹Ñé¹¨Ðä´‰ V̇i à»“¹

V̇i = −
i∑

k=1

ckz
2
k + zizi+1 +

(
i−1∑
k=1

zk+1
∂αk

∂θ̂

)
(Γτi − ˙̂

θ) + θ̃T (τi − Γ−1 ˙̂
θ) (2.63)

áÅÐ¨Ðä´‰ÃÐººÂˆÍÂ (z1, . . . , zi) à»“¹


ż1
...

żi

 =



−c1 1 0 · · · 0

−1 −c2 1 + σ23 · · · σ2i

0 −1− σ23
...

...
...

...
...

...
... 1 + σi− 1, i

0 −σ2i · · · −1− σi−1,i −ci




z1
...

zi



+


wT

1

...

wT
i

 θ̃ +


0
...

0

żi+1

+


0

∂α1

∂θ̂
...

∂αi−1

∂θ̂

 (Γτi − ˙̂
θ) (2.64)

¢Ñé¹µÍ¹·Õè n ã¹¢Ñé¹µÍ¹ÊØ´·‰ÒÂàÃÒãË‰

zn = xn − αn−1 (2.65)
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áÅÐ¨Ñ´ÃÙ»ÊÁ¡ÒÃÊØ´·‰ÒÂ ẋn = β(x)u+ ϕn(x)T θ à»“¹

żn = βu+ ϕT
nθ −

n−1∑
k=1

∂αn−1

∂xk
(xk+1 + ϕT

k θ)−
∂αn−1

∂θ̂

˙̂
θ

= βu−
n−1∑
k=1

∂αn−1

∂xk
xk+1 + wn(x, θ̂)T θ − ∂αn−1

∂θ̂

˙̂
θ (2.66)

â´Â·ÕèàÇ¡àµÍÃŒ¶´¶ÍÂµÑÇÊØ´·‰ÒÂ¹ÔÂÒÁà»“¹

wn(x, θ̂) = ϕn −
n−1∑
k=1

∂αn−1

∂xk
ϕk (2.67)

àÃÒ¨ÐÍÍ¡áºº¡ÒÃ¤Çº¤ØÁ¨ÃÔ§ã¹¢Ñé¹µÍ¹¹Õé à¾×èÍãË‰ä´‰¡®¡ÒÃ»ÃÑº»ÃØ§¾ÒÃÒÁÔàµÍÃŒ·Õèá·‰¨ÃÔ§¤×Í ˙̂
θ = Γτn

áÅÐ¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑº u ·Õè·íÒãË‰ÃÐººàµçÁ (2.26)ÁÕàÊ¶ÕÂÃÀÒ¾àÁ×èÍ¾Ô¨ÒÃ³Ò¨Ò¡¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿

Vn = Vn−1 +
1
2
z2
n

=
1
2
zT z +

1
2
θ̃Γ−1θ̃ (2.68)

à»„ÒËÁÒÂ¢Í§àÃÒ¤×Í·íÒãË‰ V̇n äÁˆà»“¹ºÇ¡

V̇n = −
n−1∑
k=1

ckz
2
k +

(
n−2∑
k=1

zk+1
∂αk

∂θ̂

)
(Γτn−1

˙̂
θ)

+zn

[
zn−1 + βu−

n−1∑
k=1

∂αn−1

∂xk
xk+1 + wT

n θ̂ −
∂αn−1

∂θ̂

˙̂
θ

]
+θ̃T

(
τn−1 + wnzn − Γ−1 ˙̂

θ
)

(2.69)

ã¹¡ÒÃ¡íÒ¨Ñ´ θ̂ ÍÍ¡¨Ò¡ V̇n àÃÒàÅ×Í¡¡®¡ÒÃ»ÃÑº»ÃØ§¾ÒÃÒÁÔàµÍÃŒà»“¹

˙̂
θ = Γτn(z, θ̂) = Γτn−1 + Γwnzn

, ΓW (z, θ̂)z (2.70)

â´Â·ÕèàÁ·ÃÔ¡«Œ¶´¶ÍÂ W »ÃÐ¡Íº´‰ÇÂàÇ¡àµÍÃŒ¶´¶ÍÂ w1, . . . , wn

W (z, θ̇) =
[
w1 · · · wn

]
(2.71)

ÊÑ§à¡µÇˆÒ
˙̂
θ − Γτn−1 = Γτn − Γτn−1 = Γwnzn (2.72)

àÃÒàÅ×Í¡¡ÒÃ¤Çº¤ØÁ u ·Õè·íÒãË‰¾¨¹Œã¹Ç§àÅçº¤Ù³¡Ñº zn ã¹Ç§àÅçºà·ˆÒ¡Ñº −cnzn

u =
1
β

(
−zn−1 − cnzn +

n−1∑
k=1

∂αn−1

∂xk
xk+1 − wT

n zn +
∂αn−1

∂θ̂
Γτn + νn

)
(2.73)

áÅÐàÅ×Í¡ νn à¾×èÍãË‰ V̇n à»“¹

V̇n = −
n−1∑
k=1

ckz
2
k +

(
n−2∑
k=1

zk+1
∂αk

∂θ̂

)
(Γτn−1 − ˙̂

θ) + znνn (2.74)
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àÃÒ¨Ñ´ÃÙ» V̇n ãËÁˆà»“¹

V̇n = −
n−1∑
k=1

ckz
2
k + zn

(
νn −

n−2∑
k=1

zk+1
∂αk

∂θ̂
Γwn

)
(2.75)

â´Â·Õè νn ¶Ù¡àÅ×Í¡à»“¹

νn(x, θ̂) =
n−2∑
k=1

zk+1
∂αk

∂θ̂
Γwn , −

n−1∑
k=2

σk,nzk (2.76)

«Öè§¨Ðä´‰

V̇n = −
n∑

k=1

ckz
2
k (2.77)

ÃÐººÇ§Ç¹»”´¤×Í

ż = Az(z, θ̂)z +W (z, θ̂)T θ̃ (2.78)

˙̂
θ = ΓW (z, θ̂)z (2.79)

â´Â·Õè

Az(z, θ̂) =



−c1 1 0 · · · 0

−1 −c2 1 + σ23 · · · σ2n

0 −1− σ23
...

...
...

...
...

...
... 1 + σn−1,n

0 −σ2n · · · −1− σn−1,n −cn


(2.80)

ÃÐºº (2.78) àÃÕÂ¡ÇˆÒÃÐºº¼Ô´¾ÅÒ´ ¨Ò¡ (2.77) áÅÐ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿¡íÒÅÑ§ÊÍ§ (2.68) àÃÒ¨ÐàËç¹ä´‰ÇˆÒ

ÃÐºº (2.78)–(2.79)ÁÕ¨Ø´ÊÁ´ØÅ·Õè (z, θ̃) = (0, 0) áÅÐ¨Ø´ÊÁ´ØÅÁÕàÊ¶ÕÂÃÀÒ¾

2.4 ·ÄÉ®Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§

2.4.1 ¡ÒÃ·íÒãË‰àÊ¶ÕÂÃáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§

á¹Ç¤Ô´¾×é¹°Ò¹¢Í§ÇÔ¸Õ¹Õé¡ç¤×Í¡ÒÃâ»Ãà¨¡µŒÃÐºº·Õè¾Ô¨ÒÃ³ÒÅ§º¹ÃÐºº·ÕèÁÕÊÁºÑµÔ·Õèµ‰Í§¡ÒÃ àÃÒ¾Ô¨ÒÃ³Ò

ÃÐºº

ẋ = f(x, u) (2.81)

â´Â·Õè x ∈ Rn áÅÐ»’ËÒ¡ÒÃ·íÒãË‰ÃÐººÁÕàÊ¶ÕÂÃÀÒ¾â´Â¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹Ð

u = u(x) (2.82)

à¾×èÍ·íÒãË‰ÃÐººÇ§Ç¹»”´ÁÕàÊ¶ÕÂÃÀÒ¾àªÔ§àÊ‰¹¡íÒ¡Ñºà©¾ÒÐ·ÕèËÃ×Íã¹Ç§¡Ç‰Ò§ ÇÔ¸Õ¡ÒÃá¡‰»’ËÒ¹Õéáºˆ§ä´‰à»“¹

2 ¢Ñé¹µÍ¹

¢Ñé¹µÍ¹áÃ¡¤×Í¡ÒÃËÒÃÐºº¾ÅÇÑµà»„ÒËÁÒÂ (target dynamical system)«Öè§ÁÕàÊ¶ÕÂÃÀÒ¾àªÔ§àÊ‰¹

¡íÒ¡Ñºà©¾ÒÐ·Õè (ËÃ×Íã¹Ç§¡Ç‰Ò§)

ξ̇ = α(ξ) (2.83)
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â´Â·Õè ξ ∈ Rp áÅÐ p < n áÅÐ¡ÒÃÊˆ§ x = π(ξ) áÅÐ¿’§¡ŒªÑ¹ c(x) «Öè§

f(π(ξ), c(π(ξ))) =
∂π

∂ξ
(ξ)α(ξ) (2.84)

á¹ÇÇÔ¶ÕÊ¶Ò¹Ð x(t) ã´æ ¢Í§ÃÐºº

ẋ = f(x, c(x)) (2.85)

¤×ÍÀÒ¾©ÒÂ¢Í§¡ÒÃÊˆ§ π(·) ¨Ò¡ÇÔ¶Õ¢Í§ÃÐººà»„ÒËÁÒÂ (3) (¡ÒÃÊˆ§ π : ξ → x à»“¹ ¡ÒÃ½’§ã¹ (immersion)

à¹×èÍ§¨Ò¡¤ˆÒÅíÒ´ÑºªÑé¹¢Í§ π à·ˆÒ¡ÑºÁÔµÔ¢Í§ ξ ¹‰ÍÂ¡ÇˆÒ n)

¢Ñé¹µÍ¹·ÕèÊÍ§¤×Í¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁà¾×èÍ·íÒãË‰áÁ¹Ôâ¿Å´Œ (manifold) x = π(ξ) ÁÕÊÁºÑµÔ´Ö§

´Ù´áÅÐÃÑ¡ÉÒãË‰á¹ÇÇÔ¶ÕÊ¶Ò¹Ð¢Í§ÃÐººÇ§»”´ÍÂÙˆã¹¢Íºà¢µË¹Öè§ ´Ñ§¹Ñé¹àÃÒ¨Ðä´‰ÇˆÒÃÐººÇ§Ç¹»”´·ÕèàÃÒÊ¹

ã¨¨ÐÁÕ¾ÄµÔ¡ÃÃÁàªÔ§àÊ‰¹¡íÒ¡ÑºàËÁ×Í¹ÃÐººà»„ÒËÁÒÂ·Õèµ‰Í§¡ÒÃ

§Ò¹ÇÔ¨ÑÂ·Õè¼ˆÒ¹ÁÒ

• A. Astolfi áÅÐ R. Ortega [1] àÊ¹Í·ÄÉ®Õ¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁà¾×èÍ·íÒãË‰àÊ¶ÕÂÃ áÅÐ¡ÒÃ

¤Çº¤ØÁáºº»ÃÑºµÑÇ ÊíÒËÃÑºÃÐººäÁˆàªÔ§àÊ‰¹â´Âãª‰ËÅÑ¡¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ áÅÐ¾ÔÊÙ¨¹ŒàÊ¶ÕÂÃ-

ÀÒ¾¢Í§ÃÐººàÁ×èÍãª‰µÑÇ¤Çº¤ØÁ·ÕèÍÍ¡áºº ¡ÒÃ¤Çº¤ØÁ·íÒãË‰àÊ¶ÕÂÃàËÁÒÐÊíÒËÃÑºã¹¡Ã³Õ·ÕèàÃÒÃÙ‰¡ÒÃ

¤Çº¤ØÁ·íÒãË‰àÊÕÂÃÊíÒËÃÑºáºº¨íÒÅÍ§ÍÑ¹´ÑºÅ´·ÕèÃÐºØ «Öè§µ‰Í§¡ÒÃãË‰ÁÕ¤ÇÒÁ¤§·¹àÁ×èÍà·ÕÂº¡Ñº¾ÅÇÑµ

ÍÑ¹´ÑºÊÙ§ â´ÂáÊ´§ÇÔ¸Õ¡ÒÃÍÍ¡áºº¡ÑºÃÐººÂ¡ÅÍ§´‰ÇÂáÁˆàËÅç¡ ¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ´‰ÇÂÇÔ¸Õ

ÁÕ¢‰Í´Õ¤×ÍäÁˆµ‰Í§·íÒ¡ÒÃÍÍ¡áºº¡®¡ÒÃ¤Çº¤ØÁãËÁˆ â´ÂáÊ´§ÇÔ¸Õ¡ÒÃÍÍ¡áºº¡ÑºÃÐººá¢¹¡ÅÍˆÍ¹

µÑÇ

• D. Karagiannis, E. Mendes, A. AstolfiáÅÐ R. Ortega [2] ÍÍ¡áºº¡ÒÃ¤Çº¤ØÁáºº

»ÃÑºµÑÇ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ ¡ÑºÇ§¨Ã full-bridge boost PEP à¾×èÍãË‰áÃ§´Ñ¹ÍÍ¡

ÊÒÁÒÃ¶µÒÁÃÍÂáÃ§´Ñ¹à¢‰Òä´‰áÅÐ¤ØÁ¤ˆÒáÃ§´Ñ¹ÍÍ¡ã¹¢³Ð·ÕèÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§âËÅ´ â´ÂÊÁÁµÔÇˆÒ

¤ÇÒÁµ‰Ò¹·Ò¹âËÅ´à»“¹¾ÒÃÒÁÔàµÍÃŒ·ÕèäÁˆ·ÃÒº¤ˆÒã¹ÃÐºº ¹íÒ¡®¡ÒÃ»ÃÑº¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ·ÕèÍÍ¡áºº

´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ áÅÐÇÔ¸Õ Nonlinear PI ä»ãª‰¡ÑºµÑÇ¤Çº¤ØÁ·ÕèÍÍ¡áºº´‰ÇÂÇÔ¸Õ Feed-

Forward, Feedback LinearizationáÅÐ Internal Model à»ÃÕÂºà·ÕÂº¡Ñº¼Å¡ÒÃ¤Çº¤ØÁ´‰ÇÂÇÔ¸Õ

Passivity-Based¾ºÇˆÒãË‰ µÑÇ¤Çº¤ØÁ·ÕèÍÍ¡áºº´‰ÇÂÇÔ¸Õ Feed-Forward, Feedback Linearization

áÅÐ Internal Model ·Õèãª‰¡®¡ÒÃ»ÃÑº¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ áÅÐµÑÇ¤Çº-

¤ØÁáºº Passivity-BasedãË‰¼ÅµÍºÊÀÒÇÐã¹ÊÀÒÇÐªÑèÇ¤ÃÙˆ·Õè´Õ¡ÇˆÒ áµˆµÑÇ¤Çº¤ØÁ·ÕèÍÍ¡áºº´‰ÇÂÇÔ¸Õ

Feed-Forward, Feedback LinearizationáÅÐ Internal Model ·Õèãª‰¡®¡ÒÃ»ÃÑº¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ´‰ÇÂÇÔ¸Õ

Nonlinear PIãË‰¤ÇÒÁ¼Ô´¾ÅÒ´¢Í§áÃ§´Ñ¹ÍÍ¡·ÕèÊÀÒÇÐÍÂÙˆµÑÇ¹‰ÍÂ¡ÇˆÒ

• R. Ortega, L. Hsu áÅÐ A. Astolfi [3] àÊ¹ÍÇÔ¸Õ¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁáºº»ÃÑºµÑÇ

ÊíÒËÃÑºÃÐººËÅÒÂµÑÇá»ÃáººàªÔ§àÊ‰¹´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ â´ÂÍÍ¡áºº¡®¡ÒÃ»ÃÑº¤ˆÒ

¢Í§¾ÒÃÒÁÔàµÍÃŒ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ à¾×èÍãª‰¡Ñº¡ÒÃ¤Çº¤ØÁáºº MRAC á·¹¡®¡ÒÃ

»ÃÑº¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ´‰ÇÂÇÔ¸Õ parameterization¡®¡ÒÃ»ÃÑº¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁ
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Â×¹Â§ÊÒÁÒÃ¶¹íÒä»ãª‰¡Ñº¡ÒÃ¤Çº¤ØÁ·ÕèÊÍ´¤Å‰Í§à§×èÍ¹ä¢¼ˆÍ¹¤ÅÒÂ¢Í§ symmetry conditionä´‰ áÅÐ

·íÒãË‰ÃÐººÁÕàÊ¶ÕÂÃ¶Ò¾áºº»ÃÑºµÑÇã¹Ç§¡Ç‰Ò§

• H. Rodriguez, A. Astolfi áÅÐ R. Ortega [4] ÍÍ¡áºº¡ÒÃ¤Çº¤ØÁÃÐººà¤Ã×èÍ§¡Å

ä¿¿„Ò (electromechanical system)´‰ÇÂÇÔ¸Õ adaptive partial state feedbackµÑÇá»Ã-

Ê¶Ò¹Ð·ÕèÇÑ´¤ˆÒ¤×Í ¡ÃÐáÊä¿¿„Ò áÅÐµíÒáË¹ˆ§àªÔ§¡Å µÑÇá»Ã·Õè»ÃÐÁÒ³¤ˆÒ¤×Í âÁàÁ¹µÑÁ ¾ÒÃÒ-

ÁÔàµÍÃŒ¢Í§¾ÅÑ§§Ò¹ÈÑ¡ÂŒàªÔ§¡Å áÅÐ¤ÇÒÁµ‰Ò¹·Ò¹¢Í§ÊàµàµÍÃŒ ÍÍ¡áººµÑÇ¤Çº¤ØÁ·íÒãË‰àÊ¶ÕÂÃ

´‰ÇÂÇÔ¸Õ interconnection and damping assignment (IDA)¡®¡ÒÃ»ÃÑº¤ˆÒ¾ÒÃÒÁÔàµÍÃŒÍÍ¡

áºº´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ ÇÑµ¶Ø»ÃÐÊ§¤Œã¹¡ÒÃ¤Çº¤ØÁ¤×Í¤Çº¤ØÁâÃàµÍÃŒãË‰ÍÂÙˆ·ÕèµíÒáË¹ˆ§

·Õèµ‰Í§¡ÒÃ ¨Ò¡¼Å¡ÒÃ¨íÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒ¾ºÇˆÒµÑÇ¤Çº¤ØÁÊÒÁÒÃ¶¤Çº¤ØÁµíÒáË¹ˆ§âÃàµÍÃŒ

ãË‰ÁÕ¡ÒÃµÒÁÃÍÂµíÒáË¹ˆ§·Õèµ‰Í§¡ÒÃä´‰ áÅÐµÑÇ»ÃÐÁÒ³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒÅÙˆà¢‰ÒÊÙˆ¤ˆÒ¨ÃÔ§

• R. Ortega, A. AstolfiáÅÐ L. Hsu [5] àÊ¹Í¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ´‰ÇÂÇÔ¸Õ MRAC ·Õè

ÍÍ¡áººµÑÇ»ÃÐÁÒ³¤ˆÒÊ¶Ò¹Ð áÅÐµÑÇ»ÃÐÁÒ³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§

• A. Astolfi, L. Zachi, L. Hsu, R. OrtegaáÅÐ F. Lizarralde [6]¹íÒÇÔ¸Õ¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁáºº

»ÃÑºµÑÇ·Õè¹íÒàÊ¹Íã¹ [3] ÁÒÍÍ¡áºº manipulator systemsà¾×èÍãË‰µíÒáË¹ˆ§»ÅÒÂá¢¹ËØˆ¹Â¹µŒÁÕ¡ÒÃ

µÒÁÃÍÂã¹àªÔ§ÃÐ¹Òºâ´Âãª‰ fixed cameraáÅÐÊÁÁµÔÇˆÒ camera calibrationáÅÐ robot dynamicsÁÕ

¤ÇÒÁäÁˆá¹ˆ¹Í¹ ãª‰µÑÇ¤Çº¤ØÁ kinematic controllerã¹¡ÒÃ·íÒãË‰ÃÐººàÊ¶ÕÂÃ ¨Ò¡¼Å¡ÒÃ¨íÒÅÍ§áºº

´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒáÅÐ¡ÒÃ·´ÅÍ§¡ÑºÃÐºº¨ÃÔ§¾ºÇˆÒá¢¹ËØˆ¹Â¹µŒÊÒÁÒÃ¶µÒÁÃÍÂÊÑÒ³Í‰Ò§ÍÔ§ä´‰

·ÄÉ®Õº· 2.5 [1] ¾Ô¨ÒÃ³ÒÃÐººäÁˆàªÔ§àÊ‰¹ã¹ÃÙ»áºº

ẋ = f(x) + g(x)u (2.86)

â´ÂÁÕÊ¶Ò¹Ð x ∈ Rn áÅÐÊÑÒ³¤Çº¤ØÁ u ∈ Rm ãË‰ x∗ ∈ Rn à»“¹¨Ø´ÊÁ´ØÅ·Õèµ‰Í§¡ÒÃ·íÒãË‰àÊ¶ÕÂÃ áÅÐ
ãË‰ p < n

ÊÁÁµÔÇˆÒàÃÒÊÒÁÒÃ¶ËÒ¡ÒÃÊˆ§

α(·) : Rp → Rp π(·) : Rp → Rn c(·) : Rp → Rm

φ(·) : Rn → Rn−p ψ(·, ·) : Rn×(n−p) → Rm

·ÕèÊÍ´¤Å‰Í§¡Ñºà§×èÍ¹ä¢´Ñ§µˆÍä»¹Õé

(H1) ÃÐººà»„ÒËÁÒÂ (Target system)ÃÐºº
ξ̇ = α(ξ) (2.87)

·ÕèÁÕÊ¶Ò¹Ð¢Í§ÃÐººà»“¹ ξ ∈ Rp ÁÕ¨Ø´ÊÁ´ØÅ ξ∗ ∈ Rp ·ÕèÁÕàÊ¶ÕÂÃÀÒ¾àªÔ§àÊ‰¹¡íÒ¡Ñº áÅÐ x∗ = π(ξ∗)

(H2) à§×èÍ¹ä¢¡ÒÃ½’§ã¹ (Immersion condition)ÊíÒËÃÑºàÇ¡àµÍÃŒ ξ ∈ Rp ·Ø¡àÇ¡àµÍÃŒ

f(π(ξ)) + g(π(ξ))c(π(ξ)) =
∂π

∂ξ
α(ξ) (2.88)

(H3) áÁ¹Ôâ¿Å´Œâ´Â¹ÑÂ (Implicit manifold)

{x ∈ Rn | φ(x) = 0} = {x ∈ Rn | x = π(ξ) ÊíÒËÃÑº ξ ∈ Rp ºÒ§àÇ¡àµÍÃŒ} (2.89)
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(H4) ¡ÒÃ´Ö§´Ù´¢Í§áÁ¹Ôâ¿Å´Œ áÅÐ¤ÇÒÁÁÕ¢Íºà¢µ¢Í§á¹ÇÇÔ¶Õ (Manifold attractivity and trajectory

boundedness)á¹ÇÇÔ¶ÕÊ¶Ò¹Ð¢Í§ÃÐºº

ż =
∂φ

∂x
[f(x) + g(x)ψ(x, z)] (2.90)

ẋ = f(x) + g(x)ψ(x, z) (2.91)

ÁÕ¢Íºà¢µ áÅÐÊÍ´¤Å‰Í§¡Ñºà§×èÍ¹ä¢
lim

t→∞
z(t) = 0 (2.92)

¨Ðä´‰ÇˆÒ x∗ à»“¹¨Ø´ÊÁ´ØÅ·ÕèÁÕàÊ¶ÕÂÃÀÒ¾àªÔ§àÊ‰¹¡íÒ¡Ñº¢Í§ÃÐººÇ§Ç¹»”´

ẋ = f(x) + g(x)ψ(x, φ(x))

¾ÔÊÙ¨¹Œ ¡ÒÃ¾ÔÊÙ¨¹Œáºˆ§à»“¹ 2 ¢Ñé¹µÍ¹ â´Â¢Ñé¹µÍ¹áÃ¡¨Ð¾ÔÊÙ¨¹ŒÇˆÒ¨Ø´ÊÁ´ØÅ x∗ ÁÕàÊ¶ÕÂÃÀÒ¾àªÔ§àÊ‰¹¡íÒ¡Ñº

ã¹Ç§¡Ç‰Ò§ áÅÐã¹µÍ¹·ÕèÊÍ§¨Ð¾ÔÊÙ¨¹ŒÇˆÒÃÐººÇ§Ç¹»”´ÁÕÊÁºÑµÔàÊ¶ÕÂÃáººàÅÕÂ»Ù¹Í¿

¨Ò¡ (H4) ¾Ô¨ÒÃ³Ò·Ò§¢ÇÒ¢Í§ (2.90) ¤×Í φ̇ ¨ÐàËç¹ä´‰ÇˆÒá¹ÇÇÔ¶ÕÊ¶Ò¹Ð¢Í§ÃÐººÇ§Ç¹»”´¨ÐÁÕ

¢Íºà¢µ¨íÒ¡Ñ´à¹×èÍ§¨Ò¡à§×èÍ¹ä¢ (2.92) áÅÐá¹ÇÇÔ¶Õ¨ÐÅÙˆà¢‰ÒÊÙˆáÁ¹Ôâ¿Å´Œ φ(x) = 0 «Öè§¹ÔÂÒÁã¹ (H3) ¨Ò¡

(H1) áÅÐ (H2) ¨Ðä´‰ÇˆÒáÁ¹Ôâ¿Å´ŒÁÕÊÁºÑµÔÂ×¹Â§áÅÐÁÕàÊ¶ÕÂÃÀÒ¾ÀÒÂã¹àªÔ§àÊ‰¹¡íÒ¡Ñº ´Ñ§¹Ñé¹á¹ÇÇÔ¶Õ·Ñé§

ËÁ´¢Í§ÃÐººÇ§Ç¹»”´¨ÐÅÙˆà¢‰ÒÊÙˆ¨Ø´ÊÁ´ØÅ x∗
á¹ÇÇÔ¶ÕÊ¶Ò¹Ðã´æ ¢Í§ÃÐººÇ§Ç¹»”´¤×ÍÀÒ¾©ÒÂ¢Í§¡ÒÃÊˆ§ π(·) ¢Í§á¹ÇÇÔ¶ÕÊ¶Ò¹Ð¢Í§ÃÐººà»„Ò

ËÁÒÂ«Öè§ÁÕàÊ¶ÕÂÃÀÒ¾àªÔ§àÊ‰¹¡íÒ¡Ñº (¨Ò¡ (H1)) ÂÔè§ä»¡ÇˆÒ¹Ñé¹ÊíÒËÃÑº¤ˆÒ ε1 > 0 ã´æ ¨ÐÁÕ δ1 > 0 ·Õè·íÒãË‰

‖ξ(0)‖ < δ1 áÅÐ ‖ξ(t)‖ < ε1 â´Â regularity¢Í§ π(·) ¨Ðä´‰ÇˆÒÊíÒËÃÑº¤ˆÒ ε > 0 ã´æ ¨ÐÁÕ δ > 0 «Öè§·íÒãË‰

‖π(ξ(0))‖ < δ ⇒ ‖π(ξ(t))‖ < ε

à§×èÍ¹ä¢¡ÒÃÅÙˆà¢‰Ò (2.92) ÊÒÁÒÃ¶¼ˆÍ¹¤ÅÒÂÅ§ä´‰ à¹×èÍ§¨Ò¡ã¹¡ÒÃ¾ÔÊÙ¨¹Œ¡ÒÃÅÙˆà¢‰ÒàªÔ§àÊ‰¹¡íÒ¡Ñº¢Í§

x(t) ÊÙˆ x∗ ¹Ñé¹ÍÒÈÑÂà§×èÍ¹ä¢à¾ÕÂ§¾Í¤×Í

lim
t→∞

g(x(t))(ψ(x(t)), z(t))− ψ(x(t)), 0)) = 0

¹ÔÂÒÁ 2.3 àÃÒ¨Ð¡ÅˆÒÇÇˆÒÃÐººã¹ÃÙ»áºº (2.86) à»“¹ÃÐºº·íÒãË‰àÊ¶ÕÂÃä´‰áºº I&I (I&I-stabilizable) â´Â
ÁÕ¾ÅÇÑµà»„ÒËÁÒÂ ξ̇ = α(ξ) ¶‰ÒÊÁÁµÔ°Ò¹ (H1)–(H4) ã¹·ÄÉ®Õº· 2.5 à»“¹¨ÃÔ§

µÑÇÍÂˆÒ§ 2.2 [1] ¾Ô¨ÒÃ³ÒÃÐººÂ¡ÅÍÂ´‰ÇÂáÁˆàËÅç¡ (magnetic levitation) ·Õè»ÃÐ¡Íº´‰ÇÂÅÙ¡àËÅç¡áÅÐ
Ê¹ÒÁáÁˆàËÅç¡·ÕèÊÃ‰Ò§â´ÂáÁˆàËÅç¡ä¿¿„Ò â´Â·Õè¿ÅÑ¡«ŒäÁˆÍÔèÁµÑÇ (unsaturated flux)à»“¹ä»µÒÁÊÁ¡ÒÃ λ =

L(θ)i àÁ×èÍ λ ¤×Í¿ÅÑ¡«Œ θ ¤×ÍµíÒáË¹ˆ§ÃÐËÇˆÒ§¨Ø´ÈÙ¹ÂŒ¡ÅÒ§¢Í§ÅÙ¡àËÅç¡¡ÑºµíÒáË¹ˆ§»¡µÔ áÅÐ»ÃÐÁÒ³
¤ÇÒÁàË¹ÕèÂÇ¹íÒà»“¹ L(θ) = k/(1− θ) ÊÁ¡ÒÃ¾ÅÇÑµ¢Í§ÃÐºº¤×Í (−∞ < ξ2 < 1)

∑
T

:


ξ̇1 = −

R2

k
(1− ξ2)ξ1 + w

ξ̇2 =
1
m
ξ3

ξ̇3 =
1
2k
ξ21 −mg

(2.93)
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â´Â·Õè ξ = (ξ1, ξ2, ξ3) »ÃÐ¡Íº´‰ÇÂ ¿ÅÑ¡«Œã¹µÑÇàË¹ÕèÂÇ¹íÒ ξ1, µíÒáË¹ˆ§ÅÙ¡ºÍÅ ξ2 áÅÐâÁàÁ¹µÑÁ¢Í§ÅÙ¡
ºÍÅ ξ3

w ¤×ÍáÃ§´Ñ¹·Õè¨ˆÒÂãË‰¡ÑºáÁˆàËÅç¡
m ¤×ÍÁÇÅ¢Í§ÅÙ¡àËÅç¡
R2 ¤×Í¤ÇÒÁµ‰Ò¹·Ò¹¢Í§¢´ÅÇ´
k ¤×Í¤ˆÒ¤§µÑÇºÇ¡«Öè§¢Öé¹¡Ñº¨íÒ¹Ç¹ÃÍº¢Í§¢´ÅÇ´
ã¹ÃÐººä¿¿„Ò·ÕèÁÕ¡íÒÅÑ§µíèÒ¨ÐÊÒÁÒÃ¶ÅÐàÅÂ¾ÅÇÑµ¢Í§µÑÇ¢ÑºàÃ‰Ò (actuator) ä´‰ ´Ñ§¹Ñé¹¨Ö§ÊÁÁµÔÇˆÒ

µÑÇá»Ã·Õèãª‰¤Çº¤ØÁÃÐºº ¤×Í w ã¹¡Ã³Õ¹Õé àÃÒÊÒÁÒÃ¶·íÒãË‰µíÒáË¹ˆ§¢Í§ÅÙ¡àËÅç¡ −∞ < ξ2∗ < 1

ÁÕàÊ¶ÕÂÃÀÒ¾ã¹Ç§¡Ç‰Ò§â´Âãª‰¡ÒÃÍÍ¡áºº´‰ÇÂÇÔ¸ÕµˆÒ§æ àªˆ¹¡ÒÃ·íÒãË‰àÊ¶ÕÂÃ´‰ÇÂ¡ÒÃ»„Í¹¡ÅÑº (feedback

linearization),¡ÒÃ¡‰ÒÇ¶ÍÂËÅÑ§ (backstepping)ÏÅÏ
ã¹ÃÐºº·ÕèÁÕ¡íÒÅÑ§¢¹Ò´¡ÅÒ§¶Ö§¢¹Ò´ãËˆ áÃ§´Ñ¹ w ¨Ð¶Ù¡ÊÃ‰Ò§¢Öé¹â´ÂÇ§¨ÃàÃÕÂ§¡ÃÐáÊ (rectifier)

·ÕèÁÕ¤ÇÒÁ¨Øä¿¿„ÒÍÂÙˆ´‰ÇÂ «Öè§¾ÅÇÑµ¢Í§µÑÇ¢ÑºàÃ‰ÒÊÒÁÒÃ¶áÊ´§ä´‰ã¹ÃÙ»¢Í§Ç§¨Ã RC â´Â·ÕèáÃ§´Ñ¹¤Çº¤ØÁ
¤×Í u ´Ñ§¹Ñé¹áºº¨íÒÅÍ§ÍÑ¹´ÑºàµçÁ¢Í§ÃÐººÂ¡ÅÍÂ´‰ÇÂáÁˆàËÅç¡«Öè§ÃÇÁ¾ÅÇÑµ¢Í§µÑÇ¢ÑºàÃ‰Ò´‰ÇÂ¤×Í

∑
:



ẋ1 = −
R2

k
(1− x3)x1 + x2

ẋ2 = −
1
Ck

(1− x3)x1 −
1

R1C
x2 +

1
R1C

u

ẋ3 =
1
m
x4

ẋ4 =
1
2k
x2

1 −mg

(2.94)

â´Â·Õè x1, x2, x3, x4 ¤×Í ¿ÅÑ¡«Œ áÃ§´Ñ¹·Õè¤ÃˆÍÁµÑÇà¡çº»ÃÐ¨Ø µíÒáË¹ˆ§¢Í§ÅÙ¡àËÅç¡ áÅÐâÁàÁ¹µÑÁ µÒÁ
ÅíÒ´Ñº

ã¹¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁÊíÒËÃÑºÃÐººãËÁˆ (2.94)ÍÒ¨¨Ðµ‰Í§ãª‰àÇÅÒ ´Ñ§¹Ñé¹àÃÒÍÒ¨¨Ð»ÃÑºáµˆ§¨Ò¡
µÑÇ¤Çº¤ØÁ·ÕèàÃÒÁÕÍÂÙˆáÅ‰Çâ´Âãª‰ÇÔ¸Õ·íÒãË‰àÊ¶ÕÂÃáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ã¹¡ÒÃÍÍ¡áºº â´Â¾Ô¨ÒÃ³Ò
(2.93) à»“¹ÃÐººà»„ÒËÁÒÂâ´Â·Õè w = w(ξ) à»“¹¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹ÐÊíÒËÃÑºÃÐºº ∑T ã¹Ç§Ç¹»”´

´Ñ§¹Ñé¹¨Ðä´‰ÇˆÒÊÁÁµÔ°Ò¹ (H1) à»“¹¨ÃÔ§ ´Ñ§¹Ñé¹ÊÔè§·ÕèàËÅ×Í¤×Í¡ÒÃáÊ´§ÇˆÒ (H2)–(H4) à»“¹¨ÃÔ§ «Öè§·íÒ
ä´‰â´ÂàÅ×Í¡¡ÒÃÊˆ§

π(ξ) = col(ξ1, w(ξ), ξ2, ξ3)

â´Â¡ÒÃàÅ×Í¡ãË‰ π1 = ξ1, π3 = ξ2 áÅÐ π4 = ξ3 àÃÒ¨Ðä´‰áÁ¹Ôâ¿Å´Œã¹ÃÙ»áººÍÔ§¾ÒÃÒÁÔàµÍÃŒ x = π(ξ) ¤×Í

φ(x) = x2 − w(x1, x3, x4) = 0

´Ñ§¹Ñé¹¨Ðä´‰ÇˆÒà§×èÍ¹ä¢ (H3) à»“¹¨ÃÔ§ àÃÒµ‰Í§¡ÒÃÍÍ¡áºº ψ(x, z) à¾×èÍãË‰á¹ÇÇÔ¶ÕÊ¶Ò¹ÐÅÙˆà¢‰ÒàªÔ§àÊ‰¹
¡íÒ¡Ñº ¨¹·íÒãË‰¾ÅÇÑµ¢Í§¾Ô¡Ñ´¹Í¡áÁ¹Ôâ¿Å´ŒËÁ´ä» ´Ñ§¹Ñé¹¨Ò¡ (2.90)¨Ðä´‰ÇˆÒ

ż =
1
Ck

(1− x3)x1 −
1

R1C
[x2 − φ(x, z)]− ẇ (2.95)

¶‰ÒàÅ×Í¡ãË‰ ż = −(1/R1C)z ¨Ðä´‰

ψ(x, z) = x2 − z +R1Cẇ +
R1

k
(1− x3)x1 (2.96)
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µˆÍÁÒàÃÒ¨ÐáÊ´§ãË‰àËç¹ÇˆÒ w(x1, x3, x4) ÊÒÁÒÃ¶·íÒãË‰á¹ÇÇÔ¶ÕÊ¶Ò¹Ð¢Í§

ż = − 1
R1C

z

ẋ1 = −R2

k
(1− x3)x1 + x2

ẋ2 = − 1
R1C

z + ẇ(x)

ẋ3 =
1
m
x4

ẋ4 =
1
2k
x2

1 −mg

ÁÕ¢Íºà¢µ¨íÒ¡Ñ´ã¹¾Ô¡Ñ´ (z, η, x1, x3, x4) â´Â·Õè

η = x2 − w(x1, x3, x4)

¨Ðä´‰ÃÐºº

ż = − 1
R1C

z

η̇ = − 1
R1C

z

ẋ1 = −R2

k
(1− x3)x1 + w(x1, x3, x4) + η

ẋ3 =
1
m
x4

ẋ4 =
1
2k
x2

1 −mg

«Öè§¨ÐàËç¹ä´‰ÇˆÒ z ¨ÐÅÙˆà¢‰ÒÊÙˆ¨Ø´ÊÁ´ØÅáººàÅ¢ªÕé¡íÒÅÑ§ ´Ñ§¹Ñé¹ η ÁÕ¢Íºà¢µ¨íÒ¡Ñ´áÅÐÅÙˆà¢‰ÒÊÙˆ¨Ø´ÊÁ´ØÅ «Öè§ÊØ´
·‰ÒÂáÅ‰ÇàÃÒ¨Ðä´‰¡ÒÃ¤Çº¤ØÁà»“¹

u = w(x1, x3, x4) +R1C

[
ẇ +

1
Ck

(1− x3)x1

]
¼Å¡ÒÃ¨íÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒ

àÁ×èÍ¾Ô¨ÒÃ³ÒÃÐººà»„ÒËÁÒÂâ´ÂÊÁÁµÔãË‰µíÒáË¹ˆ§·Õèµ‰Í§¡ÒÃ¢Í§ÅÙ¡àËÅç¡¤×Í ξ2,ss àÃÒ¨Ðä´‰¨Ø´
ÊÁ´ØÅ·Õèµ‰Í§¡ÒÃ·íÒãË‰ÁÕàÊ¶ÕÂÃÀÒ¾¤×Í ξss = [

√
2kmg, ξ2,ss, 0] àÅ×Í¡ÍÍ¡áººµÑÇ¤Çº¤ØÁÊíÒËÃÑºÃÐººà»„Ò

ËÁÒÂ´‰ÇÂÇÔ¸Õ·íÒãË‰à»“¹àªÔ§àÊ‰¹
¹ÔÂÒÁ

z = ξ − ξss

v = w − wss

¨Ðä´‰ÃÐºº·Õè»ÃÐÁÒ³à»“¹àªÔ§àÊ‰¹
ż = Az +Bv

â´Â·Õè
A =

∂F

∂ξ

∣∣∣∣
(ξss,wss)

, B =
∂F

∂w

∣∣∣∣
(ξss,wss)

áÅÐ

F =


−
R2

k
(1− ξ2)ξ1 + w

1
m
ξ3

1
2k
ξ21 −mg





27

¨Ðä´‰

A =


−
R2

k
(1− ξ2,ss)

R2

k
ξ1,ss 0

0 0
1
m

ξ1,ss

k
0 0

 , B =

 1
0
0



àÁ×èÍ·íÒ¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹Ðâ´ÂãË‰

v = −Kz

¨Ðä´‰µÑÇ¤Çº¤ØÁà»“¹

w = wss −K(ξ − ξss)

= wss − k1(ξ1 − ξ1,ss)− k2(ξ2 − ξ2,ss)− k3ξ3

â´Â·Õè
wss =

R2

k
(1− ξ2,ss)

√
2kmg

â´Âã¹·Õè¹ÕéÊÁÁµÔãË‰µíÒáË¹ˆ§¢Í§ÅÙ¡àËÅç¡·Õèµ‰Í§¡ÒÃ ξ2,ss ¤×Í −0.05

áÅÐãª‰¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ´Ñ§¹Õé [7]

R1 = 10 Ω

R2 = 10 Ω

C = 10−6 F

k = 0.01 N/m·s

m = 0.01 kg

g = 9.81 m/s2

¶‰ÒàÅ×Í¡ÇÒ§µíÒáË¹ˆ§¢ÑéÇÍÂÙˆ·Õè −10, −11 áÅÐ −12 ¨Ðä´‰¤ˆÒ k1 = −1017, k2 = 47.27 áÅÐ k3 = 81.73 ·íÒ
¡ÒÃ¨íÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒÊÍ§¡Ã³Õ¤×Í x3(0) = 0 (àÊ‰¹ºÒ§) áÅÐ x3(0) = −0.1 (àÊ‰¹·Öº)

¨Ò¡¼Å¡ÒÃ¨íÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒ¨ÐàËç¹ä´‰ÇˆÒ¡ÒÃ¤Çº¤ØÁ·ÕèÍÍ¡áºº´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁ
Â×¹Â§ÊÒÁÒÃ¶¤Çº¤ØÁÅÙ¡ºÍÅãË‰ÍÂÙˆã¹µíÒáË¹ˆ§·Õèµ‰Í§¡ÒÃä´‰

2.4.2 ¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§

á¹Ç¤Ô´ËÅÑ¡¢Í§ÇÔ¸Õ¹Õé¤×Í ¹Í¡¨Ò¡¡ÒÃ¤Çº¤ØÁáººÊÁÁÙÅ¤ÇÒÁá¹ˆ¹Í¹ (certainty-equivalent con-

trol) µÒÁ»¡µÔáÅ‰Ç àÃÒ¨Ðà¾ÔèÁ¾¨¹ŒãËÁˆà¢‰Òä» â´Â¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁ·Õèà¾ÔèÁà¢‰ÒÁÒ¹ÕéáÅÐ¡®¡ÒÃ»ÃÑº-

¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ (parameter update law)à¾×èÍãË‰ÃÐººÊÍ´¤Å‰Í§¡Ñºà§×èÍ¹ä¢ I&I

ÃÙ»áºº¢Í§»’ËÒ ¾Ô¨ÒÃ³Ò»’ËÒ¡ÒÃ·íÒãË‰àÊ¶ÕÂÃ¢Í§ÃÐººã¹ÃÙ»áºº (2.86)ÀÒÂãµ‰ÊÁÁµÔ°Ò¹µˆÍä»¹Õé

(H5) (àÊ¶ÕÂÃÀÒ¾) ÁÕ¿’§¡ŒªÑ¹ÍÔ§¾ÒÃÒÁÔàµÍÃŒ (parameterized function)ψ(x, θ) â´Â·Õè θ ∈ Rq ÊíÒËÃÑº

¾ÒÃÒÁÔàµÍÃŒäÁˆ·ÃÒº¤ˆÒ θ∗ ∈ Rq ºÒ§µÑÇ·Õè·íÒãË‰ÃÐºº

ẋ = f∗(x) = f(x) + g(x)ψ(x, θ∗) (2.97)
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(¡) (¢)

(¤) (§)

ÃÙ»·Õè 2.4: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººÂ¡ÅÍÂ´‰ÇÂáÁˆàËÅç¡àÁ×èÍãª‰áºº¨íÒÅÍ§ÍÑ¹´ÑºÊÙ§
(¡) ¿ÅÑ¡«Œ (¢) µíÒáË¹ˆ§¢Í§ÅÙ¡ºÍÅ (¤) âÁàÁ¹µÑÁ (§) ÊÑÒ³¤Çº¤ØÁ

ÁÕ¨Ø´ÊÁ´ØÅ·ÕèÁÕàÊ¶ÕÂÃÀÒ¾àªÔ§àÊ‰¹¡íÒ¡Ñºã¹Ç§¡Ç‰Ò§·Õè x = x∗

¹ÔÂÒÁ 2.4 àÃÒ¨Ð¡ÅˆÒÇÇˆÒÃÐºº (2.86) ÀÒÂãµ‰ÊÁÁµÔ°Ò¹ (H5) ÊÒÁÒÃ¶·íÒãË‰àÊ¶ÕÂÃ´‰ÇÂÇÔ¸Õ I&I áºº
»ÃÑºµÑÇä´‰ (adaptively I&I stabilizable)¶‰ÒÃÐºº

∑
:

{
ẋ = f(x) + g(x)ψ(x, θ̂ + β1(x))
θ̂ = β2(x, θ̂)

(2.98)

·ÕèÁÕÊ¶Ò¹Ð¢ÂÒÂ (extended state)x, θ̂ áÅÐ¡ÒÃ¤Çº¤ØÁ β1 áÅÐ β2 ÊÒÁÒÃ¶·íÒãË‰àÊ¶ÕÂÃ´‰ÇÂÇÔ¸Õ I&I â´ÂÁÕ
¾ÅÇÑµà»„ÒËÁÒÂà»“¹ ∑

T

: ξ̇ = f∗(ξ)

¨Ò¡ÊÁ¡ÒÃáÃ¡ã¹ (2.98) ¨ÐàËç¹ÇˆÒã¹á¹Ç·Ò§ I&I ¹Ñé¹àÃÒäÁˆä´‰ãª‰ËÅÑ¡¡ÒÃÊÁÁÙÅ¤ÇÒÁá¹ˆ¹Í¹

¡ÅˆÒÇ¤×ÍäÁˆä´‰ãª‰¤ˆÒ θ̂ ¨Ò¡µÑÇ»ÃÐÁÒ³¤ˆÒ ˙̂
θ = β2 ã¹¡®¡ÒÃ¤Çº¤ØÁ Ψ(x, θ) â´ÂµÃ§ áµˆãª‰ θ̂ + β1 á·¹
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2.4.2.1 ¡Ã³Õ¾ÅÒ¹µŒÍÔ§¾ÒÃÒÁÔàµÍÃŒáººàªÔ§àÊ‰¹

àÃÒÊÒÁÒÃ¶¡ÅˆÒÇä´‰ÇˆÒ¾ÅÒ¹µŒÍÔ§¾ÒÃÒÁÔàµÍÃŒáººàªÔ§àÊ‰¹àÁ×èÍ¾ÅÒ¹µŒÊÍ´¤Å‰Í§ÊÁÁµÔ°Ò¹ (H6) µˆÍ

ä»¹Õé

(H6) ¾ÅÒ¹µŒÍÔ§¾ÒÃÒÁÔàµÍÃŒáººàªÔ§àÊ‰¹ (Linearly parameterized plant)Ê¹ÒÁàÇ¡àµÍÃŒ f(x) ÊÒÁÒÃ¶

à¢ÕÂ¹ãË‰ÍÂÙˆã¹ÃÙ»

f(x) = f0(x) + f1(x)θ∗ (2.99)

àÁ×èÍ f0(x) : Rn → Rn áÅÐ f1(x) : Rn → Rn×q à»“¹¿’§¡ŒªÑ¹·Õè·ÃÒº¤ˆÒ

ÊÁÁµÔÇˆÒ (H5) áÅÐ (H6) áÅÐÊÁÁµÔ°Ò¹µˆÍä»¹Õéà»“¹¨ÃÔ§

(H7) ¡ÒÃ´Ö§´Ù´¢Í§áÁ¹Ôâ¿Å´Œ áÅÐ¤ÇÒÁÁÕ¢Íºà¢µ¢Í§á¹ÇÇÔ¶Õ (Manifold attractivity and trajectory

boundedness)ÁÕ¿’§¡ŒªÑ¹ β1 : Rn → Rq ·Õè·íÒãË‰·Ø¡á¹ÇÇÔ¶Õ¢Í§ÃÐºº¼Ô´¾ÅÒ´

ẋ = f∗ + g(x)[Ψ(x, z + θ∗)−Ψ(x, θ∗)] (2.100)

ż = −
[
∂β1

∂x
f1(x)

]
z (2.101)

ÁÕ¢Íºà¢µáÅÐÊÍ´¤Å‰Í§¡Ñºà§×èÍ¹ä¢

lim
t→∞

[Ψ(x(t), z(t) + θ∗)−Ψ(x(t), θ∗)] = 0

ÃÐºº (2.86)ÁÕ¤Ø³ÊÁºÑµÔ·íÒãË‰àÊ¶ÕÂÃ´‰ÇÂÇÔ¸Õ I&I áºº»ÃÑºµÑÇ

¹Í¡¨Ò¡¹Õé¶‰ÒµÑÇ¤Çº¤ØÁÊÍ´¤Å‰Í§¡Ñºà§×èÍ¹ä¢ÅÔ»ªÔµÊŒ (Lipschitz condition)

|Ψ(x, z + θ∗)−Ψ(x, θ∗)| ≤M(x)|z|, ∀z ∈ Rq

ÊíÒËÃÑº¿’§¡ŒªÑ¹ M(x) : Rn → R > 0 ºÒ§µÑÇ ¨Ðä´‰ÇˆÒ (H8) ÊÒÁÒÃ¶á·¹ä´‰´‰ÇÂÊÁÁµÔ°Ò¹ 2 ¢‰ÍµˆÍä»¹Õé

(H7’) ÁÕ¿’§¡ŒªÑ¹ β1 : Rn → Rq ·Õè·íÒãË‰

∂β1

∂x
f1(x) +

[
∂β1

∂x
f1(x)

]T

≥M2(x)I > 0 (2.102)

(H7”) ÁÕ¿’§¡ŒªÑ¹äÁˆÁÕ¢Íºà¢µµÒÁá¹ÇÃÑÈÁÕ V : Rn → R ≥ 0 ·ÕèÊÍ´¤Å‰Í§¡Ñºà§×èÍ¹ä¢

∂V

∂x
f∗(x) ≤ 0

lim
‖x‖→∞

sup

∥∥∂V
∂x f∗(x)

∥∥∥∥∂V
∂x g(x)

∥∥ ≤ K <∞

¾ÔÊÙ¨¹Œ ÊÁÁµÔ°Ò¹ (H1) à»“¹¨ÃÔ§¨Ò¡¼Å¢Í§ÊÁÁµÔ°Ò¹ (H5) áÅÐµ‰Í§¡ÒÃËÒ¡ÒÃÊˆ§ π(ξ) áÅÐ c(π(ξ))[
x

θ̂

]
= π(ξ) =

[
π1(ξ)

π2(ξ)

]
c(π(ξ)) =

[
c1(π(ξ))

c2(π(ξ))

]
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«Öè§ÊÍ´¤Å‰Í§¡ÑºÊÁ¡ÒÃ FBI (Francis-Byrnes-Isidori)

∂π1

∂ξ
f∗(ξ) = f(π1(ξ)) + g(π1(ξ))Ψ(π1(ξ), π2(ξ) + c1(π1(ξ)))

∂π2

∂ξ
f∗(ξ) = c2(π(ξ))

àÁ×èÍ c1(π(ξ)) à»“¹¿’§¡ŒªÑ¹ã´æ ¼Åà©ÅÂ¢Í§ÊÁ¡ÒÃ FBI ¤×Í

π1(ξ) = ξ

π2(ξ) = θ∗ − c1(π(ξ))

ãË‰ β1(ξ) = c1(π(ξ)) ¨Ðä´‰à§×èÍ¹ä¢áÁ¹Ôâ¿Å´Œâ´Â¹ÑÂã¹ÊÁÁµÔ°Ò¹ (H3) à»“¹

φ(x, θ̂) = θ̂ − θ∗ + β1(x) = 0 (2.103)

á·¹¤ˆÒ¡®¡ÒÃ¤Çº¤ØÁ

Ψ(x, θ̂ + β1(x))

àÃÒ¨Ðä´‰

ẋ = f(x) + g(x)Ψ(x, θ̂ + β1(x))

ÊÁ¡ÒÃ¢Í§¾Ô¡Ñ´¹Í¡áÁ¹Ôâ¿Å´Œ (off-the-manifold coordinates)¤×Í

z = θ̂ − θ∗ + β1(x)

«Öè§àÁ×èÍËÒÍ¹Ø¾Ñ¹¸Œ¨Ðä´‰

ż = β2(x) +
∂β1

∂x
[f0(x) + f1(x)θ∗ + g(x)u]

´Ñ§¹Ñé¹àÅ×Í¡¡®¡ÒÃ»ÃÑº¤ˆÒ¾ÒÃÒÁÔàµÍÃŒà»“¹

β2 = −∂β1

∂x

(
f0(x) + f1

[
θ̂ + β1(x)

]
+ g(x)u

)
(2.104)

¾Ô¨ÒÃ³Ò¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿ÊíÒËÃÑºÃÐºº¼Ô´¾ÅÒ´ (2.106), (2.107) ã¹ÃÙ» W (x, z) = V (x) +

(ρ/2)|z|2 â´Â·Õè V (x) ¤×Í¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿ ÊíÒËÃÑºÃÐºº ẋ = f∗(x) áÅÐÊÍ´¤Å‰Í§ÊÁÁµÔ°Ò¹ (H7”) áÅÐ

ρ > 0 ¨Ò¡ÊÁÁµÔ°Ò¹ (H7’) áÅÐ¨Ò¡ÍÊÁ¡ÒÃ¢Í§ÂÑ§ (Young’s inequality)Í¹Ø¾Ñ¹¸Œ¢Í§ W (x, z) ÊÒÁÒÃ¶ÁÕ

¢Íºà¢µÊíÒËÃÑº·Ø¡¤ˆÒ α > 0 ¤×Í

Ẇ ≤ ∂V

∂x
f∗ +

1
2α

∣∣∣∣∂V∂x g(x)
∣∣∣∣2 +

α

2
M2(x)|z|2 − ρzT ∂β1

∂x
f1(x)z

¨Ðä´‰ÇˆÒÊÁÁµÔ°Ò¹ (H7’) áÅÐ (H7”) à»“¹¨ÃÔ§¶‰ÒàÅ×Í¡ ρ > α áÅÐ α ÁÕ¤ˆÒÁÒ¡à¾ÕÂ§¾Í
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2.4.2.2 ¡Ã³Õ¡ÒÃ¤Çº¤ØÁÍÔ§¾ÒÃÒÁÔàµÍÃŒáººàªÔ§àÊ‰¹

àÃÒÊÒÁÒÃ¶¡ÅˆÒÇä´‰ÇˆÒ¡ÒÃ¤Çº¤ØÁÍÔ§¾ÒÃÒÁÔàµÍÃŒáººàªÔ§àÊ‰¹àÁ×èÍ¡ÒÃ¤Çº¤ØÁÊÍ´¤Å‰Í§ÊÁÁµÔ°Ò¹

(H8) µˆÍä»¹Õé

(H8) ¡ÒÃ¤Çº¤ØÁÍÔ§¾ÒÃÒÁÔàµÍÃŒáººàªÔ§àÊ‰¹ (Linearly parameterized control)¿’§¡ŒªÑ¹ Ψ(x, θ) ÊÒÁÒÃ¶

à¢ÕÂ¹ãË‰ÍÂÙˆã¹ÃÙ»

Ψ(x, θ) = Ψ0(x) + Ψ1(x)θ (2.105)

àÁ×èÍ Ψ0(x) áÅÐ Ψ1(x) à»“¹¿’§¡ŒªÑ¹·Õè·ÃÒº¤ˆÒ

ã¹¡Ã³Õ¢Í§¡ÒÃ¤Çº¤ØÁÍÔ§¾ÒÃÒÁÔàµÍÃŒáººàªÔ§àÊ‰¹àÃÒÊÁÁµÔÇˆÒ¡ÒÃ»„Í¹¡ÅÑºÊ¶Ò¹ÐÍÂÙˆã¹ÃÙ» (2.105)

áÅÐÊÁÁµÔÇˆÒÊÁÁµÔ°Ò¹ (H5) áÅÐ (H8) à»“¹¨ÃÔ§áÅÐÁÕ¿’§¡ŒªÑ¹ β1 : Rn → Rm ·Õè·íÒãË‰ÊÁÁµÔ°Ò¹µˆÍä»¹Õé

à»“¹¨ÃÔ§

(H9) ¡ÒÃ·íÒãË‰à»“¹¨ÃÔ§ä´‰ (Realizability) (∂β1/∂x)f∗(x), áÅÐ f∗ «Öè§¹ÔÂÒÁã¹ (2.97) à»“¹ÍÔÊÃÐ¨Ò¡

¾ÒÃÒÁÔàµÍÃŒ·ÕèäÁˆ·ÃÒº¤ˆÒ

(H10) ¡ÒÃ´Ö§´Ù´¢Í§áÁ¹Ôâ¿Å´Œ áÅÐ¤ÇÒÁÁÕ¢Íºà¢µ¢Í§á¹ÇÇÔ¶Õ (Manifold attractivity and trajectory

boundedness)·Ø¡á¹ÇÇÔ¶Õ¢Í§ÃÐºº¼Ô´¾ÅÒ´

ẋ = f∗(x) + g(x)Ψ1(x)z (2.106)

ż =
[
∂β1

∂x
g(x)Ψ1(x)

]
z (2.107)

ÁÕ¢Íºà¢µáÅÐÊÍ´¤Å‰Í§¡Ñº

lim
t→∞

g(x(t))Ψ1(x(t))z(t) = 0

¨Ðä´‰ÇˆÒ (2.86)ÁÕÊÁºÑµÔ·íÒãË‰àÊ¶ÕÂÃä´‰´‰ÇÂÇÔ¸Õ I&I áºº»ÃÑºµÑÇ

¾ÔÊÙ¨¹Œ ¨Ò¡ÊÁÁµÔ°Ò¹ (H5) (H8) áÅÐ (H9) ¨Ðä´‰ÊÁ¡ÒÃ¼Ô´¾ÅÒ´ (2.106)áÅÐ (2.107)¶‰ÒãË‰

z = θ̂ − θ∗ + β1(x)

ÊÁ¡ÒÃ (2.107)¨ÐÍÂÙˆã¹ÃÙ»

ż = β2(x) +
∂β1

∂x
[f∗(x) + g(x)Ψ1(x)z]

áÅÐàÅ×Í¡¡®¡ÒÃ»ÃÑº¤ˆÒ¾ÒÃÒÁÔàµÍÃŒà»“¹

β2 = −∂β1

∂x
f∗(x)

µÑÇÍÂˆÒ§ 2.3 ¾Ô¨ÒÃ³ÒÊÁ¡ÒÃ Van der Pol

ẋ1 = x2 (2.108)

ẋ2 = −x1 + ε(1− x2
1)x2 + u (2.109)
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â´Â·Õè ε à»“¹¾ÒÃÒÁÔàµÍÃŒ·ÕèäÁˆ·ÃÒº¤ˆÒ ¨Ø´»ÃÐÊ§¤Œ¢Í§¡ÒÃ¤Çº¤ØÁ¤×Í·íÒãË‰¨Ø´ÊÁ´ØÅ·Õè¨Ø´¡íÒà¹Ô´ÁÕàÊ¶ÕÂÃ
ÀÒ¾

ã¹¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁ·íÒãË‰àÊ¶ÕÂÃ¹Õé àÃÒ¨ÐÊÁÁµÔãË‰ ε à»“¹¾ÒÃÒÁÔàµÍÃŒ·Õè·ÃÒº¤ˆÒ¡ˆÍ¹
àÁ×èÍãª‰¡ÒÃÍÍ¡áºº´‰ÇÂÇÔ¸Õ·íÒãË‰à»“¹àªÔ§àÊ‰¹ ¨Ðä´‰¡ÒÃ¤Çº¤ØÁà»“¹

ua = −ε(1− x2
1)x2 + a1x1 + a2x2

â´Â·Õè a1 < 1 áÅÐ a2 < 0 à»“¹¤ˆÒ¤§µÑÇ
àÁ×èÍãª‰¡ÒÃÍÍ¡áºº´‰ÇÂÇÔ¸Õ¡‰ÒÇ¶ÍÂËÅÑ§ ¨Ðä´‰¡ÒÃ¤Çº¤ØÁà»“¹

ub = −ε(1− x2
1)x2 − 3x2

1x2 − b1(x3
1 + x2)

â´Â·Õè b1 > 0 à»“¹¤ˆÒ¤§µÑÇ
¡ÒÃÍÍ¡áºº¡®¡ÒÃ»ÃÑº»ÃØ§¾ÒÃÒÁÔàµÍÃŒ
àÅ×Í¡ÃÐººà»„ÒËÁÒÂà»“¹

ẋ1 = x2 (2.110)

ẋ2 = −x1 + θ∗(1− x2
1)x2 + u(x, θ∗) (2.111)

â´Â·Õè θ∗ ¤×Í ε áÅÐÃÐºº·ÕèàÃÒÊ¹ã¨¤×Í

ẋ1 = x2 (2.112)

ẋ2 = −x1 + θ∗(1− x2
1)x2 + u(x, θ̂ + β1(x)) (2.113)

˙̂
θ = β2(x, θ̂) (2.114)

à§×èÍ¹ä¢áÁ¹Ôâ¿Å´Œâ´Â¹ÑÂã¹ÊÁÁµÔ°Ò¹ (H3) ¤×Í

φ(x, θ̂) = θ̂ − θ∗ + β1(x) = 0

¾Ô¡Ñ´¹Í¡áÁ¹Ôâ¿Å´Œ¤×Í
z = θ̂ − θ∗ + β1(x)

«Öè§àÁ×èÍËÒÍ¹Ø¾Ñ¹¸Œ¨Ðä´‰
ż = β2(x) +

∂β1

∂x
[f0(x) + f1(x)θ∗ + g(x)u]

â´Â·Õè
f0(x) =

[
x2

−x1

]
, f1(x) =

[
0

(1− x2
1)x2

]
, g(x) =

[
0
1

]
(2.115)

´Ñ§¹Ñé¹¶‰ÒàÃÒàÅ×Í¡
β2 = −∂β1

∂x

(
f0(x) + f1(x)

[
θ̂ + β1(x)

]
+ g(x)u

)
(2.116)

áÅÐàÅ×Í¡
β1(x) = k(1− x2

1)
x2

2

2
(2.117)

â´Â·Õè k > 0 à»“¹¤ˆÒ¤§µÑÇ ¨Ðä´‰¡®¡ÒÃ»ÃÑº»ÃØ§¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¤×Í

˙̂
θ = β2(x) = kx1x

3
2 − k(1− x2

1)[−x1 + (1− x2
1)x2(θ̂ + β1) + u] (2.118)

áÅÐ¾ÅÇÑµ¢Í§¾Ô¡Ñ´¹Í¡áÁ¹Ôâ¿Å´Œ¤×Í

ż = −
[
k(1− x2

1)
2x2

2

]
z (2.119)
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«Öè§¨ÐàËç¹ÇˆÒá¹ÇÇÔ¶Õ¢Í§¾Ô¡Ñ´¹Í¡áÁ¹Ôâ¿Å´ŒÁÕ¢Íºà¢µ¨íÒ¡Ñ´áÅÐÅÙˆà¢‰ÒÊÙˆ¨Ø´¡íÒà¹Ô´ à¹×èÍ§¨Ò¡¾¨¹Œ k(1 −
x2

1)
2x2

2 ≥ 0 àÊÁÍ
¼Å¡ÒÃ¨íÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒ

¡íÒË¹´ãË‰ ε = 1 áÅÐ¾ÒÃÒÁÔàµÍÃŒã¹¡ÒÃ¤Çº¤ØÁáºº»ÃÐÁÒ³ãË‰à»“¹àªÔ§àÊ‰¹·ÕèÇÒ§µíÒáË¹ˆ§¢ÑéÇ·Õè −5

áÅÐ −4 ¤×Í a1 = −19 áÅÐ a2 = −9 ÊˆÇ¹¾ÒÃÒÁÔàµÍÃŒ¢Í§µÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§¤×Í b1 = 5

ËÅÑ§¨Ò¡¡ÒÃ»ÃÑº¨Ù¹¾ÒÃÒÁÔàµÍÃŒã¹¡ÒÃ¡®¡ÒÃà»ÅÕèÂ¹á»Å§¾ÒÃÒÁÔàµÍÃŒàÅ×Í¡ k = 1 ·´ÅÍ§¨íÒÅÍ§
áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒ 2 ¡Ã³Õ¤×Í (1) θ̂(0) = 0.8 áÅÐ (2) θ̂(0) = 1.2 â´ÂãË‰ x1(0) = 2.5 áÅÐ x2(0) = 2.5

ä´‰¼Å´Ñ§ÃÙ»·Õè 2.5 ¶Ö§ 2.10µÒÁÅíÒ´Ñº
¨Ò¡¼Å¡ÒÃ¨íÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒ¨ÐàËç¹ä´‰ÇˆÒ¡®¡ÒÃ»ÃÑº»ÃØ§¾ÒÃÒÁÔàµÍÃŒ·ÕèÍÍ¡áºº´‰ÇÂÇÔ¸Õ¡ÒÃ

½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ ÊÒÁÒÃ¶¹íÒÁÒãª‰¡ÑºµÑÇ¤Çº¤ØÁáºº·íÒãË‰à»“¹àªÔ§àÊ‰¹ áÅÐµÑÇ¤Çº¤ØÁ¡‰ÒÇ¶ÍÂËÅÑ§ä´‰
â´Â·Õèá¹ÇÇÔ¶ÕÊ¶Ò¹Ð¢Í§ÃÐººäÁˆà»ÅÕèÂ¹ä»¨Ò¡¡ÒÃ¤Çº¤ØÁáºº¤§µÑÇÁÒ¡¹Ñ¡ áÅÐ θ̂ + β1(x) ÅÙˆà¢‰ÒÊÙˆ¤ˆÒ·Õè
á·‰¨ÃÔ§¢Í§ ε ÍÕ¡´‰ÇÂ
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ÃÙ»·Õè 2.5: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººàÁ×èÍãª‰¡ÒÃ¤Çº¤ØÁáºº·íÒãË‰à»“¹àªÔ§àÊ‰¹áÅÐ θ̂(0) = 0.8

¡ÒÃ¤Çº¤ØÁáºº¤§·Õè (àÊ‰¹·Öº) áÅÐ¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ (àÊ‰¹ºÒ§)

ÃÙ»·Õè 2.6: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººàÁ×èÍãª‰¡ÒÃ¤Çº¤ØÁáºº·íÒãË‰à»“¹àªÔ§àÊ‰¹áÅÐ θ̂(0) = 1.2

¡ÒÃ¤Çº¤ØÁáºº¤§·Õè (àÊ‰¹·Öº) áÅÐ¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ (àÊ‰¹ºÒ§)

(¡) (¢)

ÃÙ»·Õè 2.7: θ̂ + β1 àÁ×èÍãª‰¡ÒÃ¤Çº¤ØÁáºº·íÒãË‰à»“¹àªÔ§àÊ‰¹
(¡) θ̂(0) = 0.8 (¢) θ̂(0) = 1.2



35

ÃÙ»·Õè 2.8: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººàÁ×èÍãª‰¡ÒÃ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§áÅÐ θ̂(0) = 0.8

¡ÒÃ¤Çº¤ØÁáºº¤§·Õè (àÊ‰¹·Öº) áÅÐ¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ (àÊ‰¹ºÒ§)

ÃÙ»·Õè 2.9: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººàÁ×èÍãª‰¡ÒÃ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§áÅÐ θ̂(0) = 1.2

¡ÒÃ¤Çº¤ØÁáºº¤§·Õè (àÊ‰¹·Öº) áÅÐ¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ (àÊ‰¹ºÒ§)

(¡) (¢)

ÃÙ»·Õè 2.10: θ̂ + β1 àÁ×èÍãª‰¡ÒÃ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§
(¡) θ̂(0) = 0.8 (¢) θ̂(0) = 1.2
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2.5 ÊÃØ»

ã¹º·¹Õé¡ÅˆÒÇ¶Ö§à§×èÍ¹ä¢¡ÒÃÁÕàÊ¶ÕÂÃÀÒ¾¢Í§ÃÐºº, ¡ÒÃ·íÒãË‰ÃÐººàÊ¶ÕÂÃ´‰ÇÂÇÔ¸Õ¡ÒÃ¤Çº¤ØÁ¡‰ÒÇ-

¶ÍÂËÅÑ§«Öè§à»“¹¡ÒÃ·íÒÊÅÑºä»ÁÒÃÐËÇˆÒ§ ¡ÒÃàÅ×Í¡¿’§¡ŒªÑ¹·íÒãË‰àÊ¶ÕÂÃáÅÐ¡ÒÃàÅ×Í¡¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿,

¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ´‰ÇÂÇÔ¸Õ¿’§¡ŒªÑ¹¡ÒÃ»ÃÑº¨Ù¹«Öè§ÁÕËÅÑ¡¡ÒÃã¹¡ÒÃàÅ×Í¡¡®¡ÒÃ»ÃÑº»ÃØ§¾ÒÃÒÁÔàµÍÃŒ

à¾×èÍ¡íÒ¨Ñ´¤ÇÒÁ¼Ô´¾ÅÒ´ã¹ÊÀÒÇÐªÑèÇ¤ÃÙˆ¢Í§¡ÒÃ»ÃÐÁÒ³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ äÁˆãË‰·íÒÅÒÂ¤ÇÒÁäÁˆà»“¹ºÇ¡ã¹

Í¹Ø¾Ñ¹¸Œ¢Í§¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿ áÅÐ¡ÒÃ¤Çº¤ØÁÃÐºº

¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§«Öè§ÁÕ 2 áºº¤×Í ¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº-

¤ØÁ·íÒãË‰àÊ¶ÕÂÃ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ áÅÐ¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§-

ã¹áÅÐ¤ÇÒÁÂ×¹Â§ «Öè§¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁ·íÒãË‰àÊ¶ÕÂÃ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ àËÁÒÐÊíÒËÃÑº

¡Ã³Õ·ÕèÃÙ‰¾ÅÇÑµÍÑ¹´ÑºÅ´¢Í§ÃÐºº·Õèµ‰Í§¡ÒÃÍÍ¡áºº ¡ÒÃ¤Çº¤ØÁ¹ÕéÊÒÁÒÃ¶·íÒãË‰ÃÐººÍÑ¹´ÑºÊÙ§ÁÕàÊ¶ÕÂÃ-

ÀÒ¾ã¹Ç§¡Ç‰Ò§ä´‰

ÊˆÇ¹¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ ¨ÐÁÕá¹Ç·Ò§µˆÒ§¨Ò¡

¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇÇÔ¸ÕÍ×è¹ ¤×ÍäÁˆä´‰ãª‰ËÅÑ¡¡ÒÃÊÁÁÙÅ¤ÇÒÁá¹ˆ¹Í¹ áÅÐ¡ÒÃÍÍ¡áºº

äÁˆµ‰Í§¡ÒÃ¡íÒ¨Ñ´¾¨¹Œã¹ÊÁ¡ÒÃÍ¹Ø¾Ñ¹¸Œ¢Í§¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿ ã¹¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹

áÅÐ¤ÇÒÁÂ×¹Â§ ¡®¡ÒÃ»ÃÑº»ÃØ§¾ÒÃÒÁÔàµÍÃŒ¨Ðá¡‰ä¢»’ËÒ¡ÒÃäÁˆ·ÃÒº¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ áµˆÇÔ¸Õ¹ÕéÂÑ§ÁÕ¢‰Í

¨íÒ¡Ñ´¤×Íãª‰ä´‰¡Ñº¾ÅÒ¹µŒÍÔ§¾ÒÃÒÁÔàµÍÃŒáººàªÔ§àÊ‰¹áÅÐ¡ÒÃ¤Çº¤ØÁÍÔ§¾ÒÃÒÁÔàµÍÃŒáººàªÔ§àÊ‰¹à·ˆÒ¹Ñé¹



º··Õè 3

ÃÐººÃÍ§ÃÑºáººáÍç¡·Õ¿

ã¹º·¹Õé¨Ð¡ÅˆÒÇ¶Ö§áºº¨íÒÅÍ§·Ò§¤³ÔµÈÒÊµÃŒ¢Í§ÃÐººÃÍ§ÃÑºáººáÍç¡·Õ¿ §Ò¹ÇÔ¨ÑÂ·Õè¼ˆÒ¹ÁÒà¡ÕèÂÇ

¡ÑºÇÔ¸Õ¡ÒÃ¤Çº¤ØÁÃÐºº´Ñ§¡ÅˆÒÇ áÅÐÇÔ¸Õ¡ÒÃÍÍ¡áººÃÐººÃÍ§ÃÑºáººáÍç¡·Õ¿´‰ÇÂÇÔ¸Õ¡‰ÒÇ¶ÍÂËÅÑ§

3.1 áºº¨íÒÅÍ§ÃÐººÃÍ§ÃÑº

ÃÐººÃÍ§ÃÑº (suspension system)à»“¹ÃÐºº·ÕèÍÍ¡áººÊíÒËÃÑºÅ´¤ÇÒÁÊÐà·×Í¹ã¹Ã¶Â¹µŒà¹×èÍ§

¨Ò¡¤ÇÒÁäÁˆÃÒºàÃÕÂº¢Í§¾×é¹¶¹¹ Å´¤ÇÒÁàÊÕÂËÒÂ¢Í§ªˆÇ§ÅˆÒ§¢Í§ÂÒ¹¾ÒË¹Ð áÅÐªˆÇÂãË‰¼Ù‰â´ÂÊÒÃã¹

ÂÒ¹¾ÒË¹ÐÁÕ¤ÇÒÁÃÙ‰ÊÖ¡¾Ö§¾Íã¨ã¹¡ÒÃâ´ÂÊÒÃ ¡ÒÃÍÍ¡áººÃÐººÃÍ§ÃÑº·Õè´Õ¹Í¡¨Ò¡¨ÐªˆÇÂãË‰ÊÁÃÃ¶¹Ð

ã¹¡ÒÃ¢Ñº¢Õè¢Í§ÂÒ¹¾ÒË¹Ð´ÕáÅ‰Ç ÂÑ§ªˆÇÂÅ´¤ˆÒãª‰¨ˆÒÂã¹¡ÒÃºíÒÃØ§ÃÑ¡ÉÒÂÒ¹¾ÒË¹ÐÍÕ¡´‰ÇÂ

¨Ø´»ÃÐÊ§¤Œã¹¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁ¤×Í »ÃÑº»ÃØ§¤ÇÒÁ¾Ö§¾Íã¨¢Í§¼Ù‰â´ÂÊÒÃã¹¡ÒÃ¹Ñè§ â´ÂÅ´

¤ÇÒÁàÃˆ§·Õèà¡Ô´¢Öé¹¡ÑºµÑÇÃ¶ ã¹¢³Ðà´ÕÂÇ¡Ñ¹¡çµ‰Í§¾ÂÒÂÒÁãË‰¤ˆÒ suspension travel (¼ÅµˆÒ§ÃÐËÇˆÒ§µíÒáË¹ˆ§

µÑÇÃ¶áÅÐµíÒáË¹ˆ§Å‰ÍÃ¶) ÍÂÙˆã¹¢Íºà¢µ·Õè¡íÒË¹´ áÅÐÃÑ¡ÉÒÅ‰ÍÃ¶ãË‰ÊÑÁ¼ÑÊ¡Ñº¶¹¹µÅÍ´

ÃÐººÃÍ§ÃÑºÊÒÁÒÃ¶áºˆ§ä´‰à»“¹ 3 »ÃÐàÀ·ä´‰á¡ˆ ÃÐºº¡ÊÒ¹µÔì (passive system),ÃÐºº¡Öè§áÍç¡-

·Õ¿ (semi-active system)áÅÐÃÐººáÍç¡·Õ¿ (active system) ã¹ÂÒ¹¾ÒË¹ÐÊˆÇ¹ãËˆ¨Ð¹ÔÂÁãª‰ÃÐºº

¡ÊÒ¹µÔì «Öè§ÊˆÇ¹»ÃÐ¡Íº¢Í§ÃÐººÃÍ§ÃÑºª¹Ô´ÃÐºº¡ÊÒ¹µÔìäÁˆÁÕ¡ÒÃ¨ˆÒÂ¾ÅÑ§§Ò¹ãË‰á¡ˆÃÐººÃÍ§ÃÑº á¼¹

ÀÒ¾¢Í§ÃÐººÃÍ§ÃÑº¡ÊÒ¹µÔìáÊ´§ã¹ÃÙ»·Õè 3.1 ÊˆÇ¹ÃÐººÃÍ§ÃÑº¡Öè§áÍç¡·Õ¿¨ÐÁÕÊˆÇ¹»ÃÐ¡ÍºµÑÇË¹ˆÇ§¡ÒÃ

ÊÑè¹ÊÐà·×Í¹·Õè»ÃÑº¤ˆÒä´‰ (driver-adjustable shock absorber)«Öè§ÊÒÁÒÃ¶àÅ×Í¡»ÃÑº¤ˆÒ¡ÒÃË¹ˆÇ§ã¹µÑÇË¹ˆÇ§

¡ÒÃÊÑè¹ÊÐà·×Í¹ (shock absorber)à¾×èÍãË‰àËÁÒÐÊÁ¡ÑºÊÀÒ¾¢Í§¾×é¹¶¹¹áÅÐ¤ÇÒÁ¾Íã¨¢Í§¤¹¢Ñº á¼¹

ÀÒ¾¢Í§ÃÐººÃÍ§ÃÑº¡Öè§áÍç¡·Õ¿áÊ´§ã¹ÃÙ»·Õè 3.2

ÊíÒËÃÑºÃÐººÃÍ§ÃÑºáÍç¡·Õ¿¹Ñé¹ ¾ÅÇÑµ¢Í§ÃÐºº¨ÐÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§à¾×èÍµÍºÊ¹Í§µˆÍ¡ÒÃÃº¡Ç¹

¨Ò¡¾×é¹¶¹¹ã¹ÃÐººÃÍ§ÃÑºáÍç¡·Õ¿¨ÐÁÕÊˆÇ¹»ÃÐ¡Íº·Õè¨ˆÒÂ¾ÅÑ§§Ò¹ãË‰¡ÑºÃÐºº «Öè§¨ÐÊÑÁ¾Ñ¹¸Œ¡Ñº¡ÒÃà¤Å×èÍ¹

·Õè¢Í§µÑÇÃ¶áÅÐÅ‰ÍÃ¶ ÃÐººÃÍ§ÃÑºáÍç¡·Õ¿â´Â·ÑèÇä»ÁÕá¼¹ÀÒ¾´Ñ§ÃÙ»·Õè 3.3 áÅÐ¨ÐÁÕµÑÇÃÑºÃÙ‰ (sensor)

«Öè§ÇÑ´»ÃÔÁÒ³àªˆ¹ ¤ÇÒÁàÃçÇ¢Í§µÑÇÃ¶ã¹á¹Ç´Ôè§, suspension travel,¤ÇÒÁàÃçÇ¢Í§Å‰ÍÃ¶ã¹á¹Ç´Ôè§ áÅÐ

¤ÇÒÁàÃˆ§ã¹á¹Ç´Ôè§¢Í§Å‰ÍÃ¶ËÃ×Í¢Í§µÑÇÃ¶

ÊÁÃÃ¶¹Ð¢Í§ÃÐººÃÍ§ÃÑºâ´Â·ÑèÇä»¨Ð¢Öé¹ÍÂÙˆ 3 »’¨¨ÑÂ¤×Í [21]

1. ¡ÒÃÃº¡Ç¹¨Ò¡¾×é¹¶¹¹ÁÕ¼ÅµˆÍµÑÇÃ¶à¾ÕÂ§ã´

2. ÃÐÂÐ pitch áÅÐ¡ÒÃâ¤Å§ (roll) ·Õèà¡Ô´¢Öé¹

3. ÂÒ¹¾ÒË¹ÐÊÒÁÒÃ¶µÍºÊ¹Í§µˆÍ¡ÒÃ¤Çº¤ØÁä´‰´Õà¾ÕÂ§ã´
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Unsprung Mass

Sprung Mass

����������
Spring Damper

ÃÙ»·Õè 3.1: ÃÐººÃÍ§ÃÑº¡ÊÒ¹µÔì

Unsprung Mass

Sprung Mass

����������

�
�

��Spring Variable damper

ÃÙ»·Õè 3.2: ÃÐººÃÍ§ÃÑº¡Öè§áÍç¡·Õ¿

Unsprung Mass

Sprung Mass

����������
Spring

Damper

Actuator

ÃÙ»·Õè 3.3: ÃÐººÃÍ§ÃÑºáÍç¡·Õ¿

¡ÒÃ·Õè¡ÒÃÃº¡Ç¹¨Ò¡¾×é¹¶¹¹ÁÕ¼ÅµˆÍµÑÇÃ¶á¤ˆäË¹ ¨Ð¾Ô¨ÒÃ³Ò¨Ò¡¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶·Õèà¡Ô´¢Öé¹àÁ×èÍ

à¡Ô´¤ÇÒÁäÁˆÃÒºàÃÕÂº¢Öé¹º¹¼ÔÇ¶¹¹ ÃÐÂÐ pitch áÅÐ¡ÒÃâ¤Å§ ·Õèà¡Ô´¢Öé¹ÃÐºØä´‰¨Ò¡¤ˆÒ suspension travel

ÊÒàËµØ·Õèµ‰Í§ãË‰¤ÇÒÁÊíÒ¤Ñ¡Ñº¤ˆÒ suspension travel¤×Í¢Íºà¢µ¢Í§¤ˆÒ suspension travel¶Ù¡¡íÒË¹´´‰ÇÂ

ÅÑ¡É³Ð·Ò§¡ÒÂÀÒ¾¢Í§ÃÐººÃÍ§ÃÑº «Öè§¢Íºà¢µ¢Í§¤ˆÒ suspension travel¹Õé¨ÐÁÕ¼ÅÍÂˆÒ§ÁÒ¡µˆÍ¤ÇÒÁÃÙ‰

ÊÖ¡¾Ö§¾Íã¨¢Í§¼Ù‰â´ÂÊÒÃ áÅÐà¡³±ŒÊØ´·‰ÒÂ¤×ÍµíÒáË¹ˆ§¢Í§Å‰Í·Õè¨ÐÂ¡ÅÍÂÍÍ¡¨Ò¡¾×é¹àÁ×èÍÁÕ¤ÇÒÁäÁˆÃÒº

àÃÕÂºº¹¼ÔÇ¶¹¹ «Öè§ÊÒÁÒÃ¶µÃÇ¨ÊÍºä´‰¨Ò¡µíÒáË¹ˆ§·Õèà»ÅÕèÂ¹ä»¢Í§Å‰Í àÃ×èÍ§¹ÕéÊíÒ¤ÑÁÒ¡à¾ÃÒÐÇˆÒ¡ÒÃ
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ÃÑ¡ÉÒãË‰Å‰ÍÃ¶ãË‰ÊÑÁ¼ÑÊ¡Ñº¼ÔÇ¶¹¹µÅÍ´àÇÅÒ¨Ð·íÒãË‰¡ÒÃàÅÕéÂÇ, ¡ÒÃàºÃ¡ ´Õ¢Öé¹áÅÐ¤ÇÒÁàÃˆ§·Õèà¡Ô´Å´Å§

·Õè¼ˆÒ¹ÁÒÁÕ§Ò¹ÇÔ¨ÑÂ·Õè¹ˆÒÊ¹ã¨´Ñ§¹Õé

• M. Sunwoo, Ka C. CheokáÅÐ N. J. Huang [17]ÍÍ¡áººµÑÇ¤Çº¤ØÁáºº»ÃÑºµÑÇÊíÒËÃÑºáºº

¨íÒÅÍ§ÍÑ¹´ÑºÅ´¢Í§ quarter car modelâ´Âãª‰ÇÔ¸Õ Model Reference Adaptive Controlâ´Âãª‰

áºº¨íÒÅÍ§Í‰Ò§ÍÔ§ (preference model)à»“¹ÃÐººÃÍ§ÃÑº·ÕèÍÍ¡áººâ´Âãª‰ÇÔ¸Õ skyhook damping (ãË‰

áÃ§¨Ò¡µÑÇ¢ÑºàÃ‰ÒÊÒÁÒÃ¶µÒÁÃÍÂáÃ§·Õèµ‰Í§¡ÒÃä´‰) ·íÒãË‰ÃÐººÁÕ¤ÇÒÁ¤§·¹àÁ×èÍÁÇÅ¢Í§µÑÇÃ¶áÅÐ

Ê»ÃÔ§ÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§ áÅÐÊÒÁÒÃ¶Å´¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ä´‰ 30-50 à»ÍÃŒà«ç¹µŒ àÁ×èÍà·ÕÂº¡ÑºÃÐºº

ÃÍ§ÃÑº¡ÊÒ¹µÔì áµˆ¤ˆÒ suspension travel¡çÊÙ§¡ÇˆÒÃÐººÃÍ§ÃÑº¡ÊÒ¹µÔì´‰ÇÂ

• A. Alleyne áÅÐ J. K. Hedrick [16]ÍÍ¡áººµÑÇ¤Çº¤ØÁáºº»ÃÑºµÑÇÊíÒËÃÑºáºº¨íÒÅÍ§¾ÅÇÑµÍÑ¹´Ñº

ÊÙ§¢Í§ quarter car modeĺ ‰ÇÂÇÔ¸Õ¡ÒÃ¤Çº¤ØÁÅ×è¹äËÅ (Sliding Control) áÅÐãª‰ËÅÑ¡¡ÒÃ skyhook

damping áÅÐÍÍ¡áººµÑÇ»ÃÐÁÒ³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§µÑÇ¢ÑºàÃ‰Ò·Ñé§ÊÒÁ¤ˆÒ¤×Í α, β áÅÐ γ ´‰ÇÂÇÔ¸Õ

Lyapunov analysis¾ºÇˆÒáÃ§¨Ò¡µÑÇ¢ÑºàÃ‰ÒÊÒÁÒÃ¶µÒÁÃÍÂáÃ§·Õèµ‰Í§¡ÒÃä´‰´Õ áÅÐ¼Å¡ÒÃ¤Çº¤ØÁ´Õ

¡ÇˆÒÃÐººÃÍ§ÃÑº¡ÊÒ¹µÔì·Õè¤ÇÒÁ¶ÕèäÁˆÊÙ§ÁÒ¡à·ˆÒ¹Ñé¹

• J.-S. Lin áÅÐ I. Kanellakopoulos [11]ÍÍ¡áººµÑÇ¤Çº¤ØÁ´‰ÇÂÇÔ¸Õ¡‰ÒÇ¶ÍÂËÅÑ§ÊíÒËÃÑºáºº¨íÒÅÍ§

¾ÅÇÑµÍÑ¹´ÑºÊÙ§¢Í§ quarter car modelâ´ÂÊÒÁÒÃ¶»ÃÑº»ÃØ§ÀÒÇÐ¶ˆÇ§´ØÅ ÃÐËÇˆÒ§ suspension travel

áÅÐ ride quality ä´‰â´Â¡ÒÃãª‰Ç§¨Ã¡ÃÍ§äÁˆàªÔ§àÊ‰¹ «Öè§¨Ð·íÒãË‰¤ˆÒ suspension travel¾ÂÒÂÒÁ

·Õè¨ÐÍÂÙˆã¹¢Íºà¢µ·Õè¡íÒË¹´ µÑÇ¤Çº¤ØÁ·ÕèÍÍ¡áººãË‰¼Å¡ÒÃ¤Çº¤ØÁ·Õè´Õ¡ÇˆÒÃÐººÃÍ§ÃÑºáºº¡ÊÒ¹µÔì

áÅÐ¡ÒÃ¤Çº¤ØÁ·ÕèÍÍ¡áºº´‰ÇÂÇÔ¸Õ¡‰ÒÇ¶ÍÂËÅÑ§·Õèãª‰Ç§¨Ã¡ÃÍ§àªÔ§àÊ‰¹

• J.-S. Lin áÅÐ I. Kanellakopoulos ÍÍ¡áººµÑÇ¤Çº¤ØÁáºº»ÃÑºµÑÇÊíÒËÃÑºáºº¨íÒÅÍ§

ÍÑ¹´ÑºÊÙ§¢Í§ quarter car model ´‰ÇÂÇÔ¸Õ¿’§¡ŒªÑ¹»ÃÑº¨Ù¹ [13] áÅÐ Modular Adap-

tive Design [14] à¾×èÍ»ÃÑº»ÃØ§ÊÁÃÃ¶¹Ð¢Í§ÃÐººàÁ×èÍÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ã¹¾ÒÃÒÁÔàµÍÃŒ¢Í§µÑÇ¢Ñº-

àÃ‰Ò ¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇÊÒÁÒÃ¶·íÒãË‰ÃÐººÁÕÊÁÃÃ¶¹Ð´Õ¢Öé¹¡ÇˆÒ¡ÒÃ¤Çº¤ØÁ·ÕèÍÍ¡áºº´‰ÇÂÇÔ¸Õ

¡‰ÒÇ¶ÍÂËÅÑ§ [11] áÅÐÊÒÁÒÃ¶Å´¤ÇÒÁàÃˆ§·Õèà¡Ô´¢Öé¹¡ÑºµÑÇÃ¶ä´‰ â´Â·Õèãª‰µÑÇ»ÃÐÁÒ³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ

à¾ÕÂ§¤ˆÒà´ÕÂÇà·ˆÒ¹Ñé¹

• Y. P. Kuo áÅÐ T.-H. S. Li [18] ÍÍ¡áººµÑÇ¤Çº¤ØÁÊíÒËÃÑºáºº¨íÒÅÍ§Å´ÍÑ¹´Ñº¢Í§ quarter

car model ´‰ÇÂ¡ÒÃ¤Çº¤ØÁáºº PI/PD â´ÂÍÒÈÑÂËÅÑ¡¡ÒÃ GA-Based Fuzzy ´‰ÇÂµÑÇ¤Çº¤ØÁ

fuzzy PI à¾×èÍÅ´¤ÇÒÁàÃˆ§·Õèà¡Ô´¢Öé¹¡ÑºµÑÇÃ¶ áÅÐµÑÇ¤Çº¤ØÁ fuzzy PD à¾×èÍ»ÃÑº»ÃØ§¡ÒÃá¡Çˆ§µÑÇ¢Í§

µÑÇÃ¶ áÅÐãª‰ÍÑµÃÒà»ÅÕèÂ¹á»Å§¢Í§¡ÒÃÃº¡Ç¹¨Ò¡¾×é¹¶¹¹à»“¹µÑÇµÑ´ÊÔ¹ã¨ «Öè§ä´‰¼Å¡ÒÃ¤Çº¤ØÁ´Õ

¡ÇˆÒÃÐººÃÍ§ÃÑº¡ÊÒ¹µÔì áÅÐ¡ÒÃ¤Çº¤ØÁàªÔ§àÊ‰¹àËÁÒÐÊÁ·ÕèÊØ´ ÊÒÁÒÃ¶Å´¤ÇÒÁàÃˆ§·Õèà¡Ô´¢Öé¹¡ÑºµÑÇ

Ã¶áÅÐ¤ˆÒ suspension travelä´‰

• I. Fialho áÅÐ G. J. Balas [15]ÍÍ¡áººµÑÇ¤Çº¤ØÁÊíÒËÃÑºáºº¨íÒÅÍ§¾ÅÇÑµÍÑ¹´ÑºÊÙ§¢Í§ quarter

car model´‰ÇÂÇÔ¸Õ Linear Parameter-Varying Gain-SchedulingÁÒãª‰»ÃÑº»ÃØ§¡ÒÃ¤Çº¤ØÁ·ÕèÍÍ¡áºº
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´‰ÇÂÇÔ¸Õ H∞ áÅÐ·íÒ¡ÒÃ»ÃÑº»ÃØ§¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§ weighting functions«Öè§¾Ô¨ÒÃ³Ò¨Ò¡¤ˆÒ¢Í§

suspension travelá¹Ç¤Ô´¤Å‰ÒÂ¤ÅÖ§¡Ñº¡ÒÃãª‰Ç§¨Ã¡ÃÍ§äÁˆàªÔ§àÊ‰¹ã¹¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁ´‰ÇÂÇÔ¸Õ

¡‰ÒÇËÅÑ§ µÑÇ¤Çº¤ØÁ·ÕèÍÍ¡áººä´‰ÊÒÁÒÃ¶»ÃÑº»ÃØ§ÀÒÇÐ¶ˆÇ§´ØÅÃÐËÇˆÒ§ suspension traveláÅÐ ride

quality ä´‰

• M. C. Smith áÅÐ F.-C. Wang [19] ÍÍ¡áººµÑÇ¤Çº¤ØÁÊíÒËÃÑºáºº¨íÒÅÍ§ÍÑ¹´ÑºÊÙ§àªÔ§àÊ‰¹¢Í§

quarter car, half caráÅÐ full car model·Õè»ÃÐÁÒ³¾ÅÇÑµ¢Í§µÑÇ¢ÑºàÃ‰ÒáººÍ¹Ø¡ÃÁ ãË‰à»“¹àªÔ§àÊ‰¹

´‰ÇÂÇÔ¸Õ controller parameterizationâ´Â¹Í¡¨Ò¡¤ÇÒÁäÁˆÃÒºàÃÕÂº¢Í§¾×é¹¶¹¹ áÅÐ¨Ð¤íÒ¹Ö§¶Ö§¼Å

¨Ò¡ ¤ÇÒÁà©×èÍÂà¹×èÍ§¨Ò¡¡ÒÃàºÃ¡áÅÐ¡ÒÃàÅÕéÂÇ´‰ÇÂ (¹Ñè¹¤×Í¨ÐÁÕ¡ÒÃâ¤Å§¢Í§µÑÇÃ¶´‰ÇÂ) «Öè§ä´‰¼Å

¡ÒÃ¤Çº¤ØÁ´Õ¡ÇˆÒÃÐººÃÍ§ÃÑº¡ÊÒ¹µÔì

ÅíÒ´ÑºµˆÍä» àÃÒ¹íÒàÊ¹Íáºº¨íÒÅÍ§ÍÂˆÒ§§ˆÒÂä´‰á¡ˆ ÃÐººÃÍ§ÃÑº¡ÊÒ¹µÔì áÅÐÃÐººÃÍ§ÃÑºáÍç¡·Õ¿

ÃÐººÃÍ§ÃÑº¡ÊÒ¹µÔì

áºº¨íÒÅÍ§ quarter-car ¶Ù¡ãª‰ÁÒ¡ã¹¡ÒÃÍÍ¡áººáÅÐÇÔà¤ÃÒÐËŒÃÐººÃÍ§ÃÑºà¹×èÍ§¨Ò¡§ˆÒÂáÅÐÂÑ§

ÊÒÁÒÃ¶ºÍ¡¶Ö§ÅÑ¡É³ÐÊíÒ¤ÑËÅÒÂæ ÍÂˆÒ§¢Í§áºº¨íÒÅÍ§áººàµçÁä´‰ ÃÙ» 3.4 áÊ´§áºº¨íÒÅÍ§ quar-

ter carÃÐººÃÍ§ÃÑº¡ÊÒ¹µÔì «Öè§ÁÕÊˆÇ¹»ÃÐ¡Íº¤×ÍÅ‰Íà´ÕèÂÇ (single wheel)áÅÐà¾ÅÒ·Õèàª×èÍÁµˆÍ¡ÑºµÑÇÃ¶â´Â

ÁÕÊ»ÃÔ§áºº¡ÊÒ¹µÔì (passive spring)áÅÐµÑÇË¹ˆÇ§ (damper)ÍÂÙˆÃÐËÇˆÒ§à¾ÅÒ¡ÑºµÑÇÃ¶ ã¹¢³Ð·ÕèÂÒ§Å‰ÍÃ¶

ãª‰áºº¨íÒÅÍ§à»“¹Ê»ÃÔ§·ÕèäÁˆÁÕ¡ÒÃË¹ˆÇ§

ÊÁ¡ÒÃ¾ÅÇÑµ¢Í§ÃÐºº¤×Í

Mbẍs +Ka(xs − xw) + Ca(ẋs − ẋw) = 0

Musẍw +Ka(xw − xs) + Ca(ẋw − ẋs) +Kt(xw − r) = 0
(3.1)

â´Â·Õè

Mb ¤×Í ÁÇÅ¢Í§µÑÇÃ¶

Mus ¤×Í ÁÇÅ¢Í§Å‰ÍÃ¶

xs ¤×Í µíÒáË¹ˆ§·ÕèµˆÒ§ä»µíÒáË¹ˆ§»¡µÔ¢Í§µÑÇÃ¶

xw ¤×Í µíÒáË¹ˆ§·ÕèµˆÒ§ä»µíÒáË¹ˆ§»¡µÔ¢Í§Å‰ÍÃ¶

Ka áÅÐ Kt ¤×Í ¤ˆÒÊÑÁ»ÃÐÊÔ·¸Ôì¢Í§Ê»ÃÔ§

Ca ¤×Í ¤ˆÒÊÑÁ»ÃÐÊÔ·¸Ôì¢Í§µÑÇË¹ˆÇ§

r ¤×Í ¡ÒÃÃº¡Ç¹¨Ò¡¾×é¹¶¹¹

¡íÒË¹´µÑÇá»ÃÊ¶Ò¹Ð x1 = xs, x2 = ẋs, x3 = xw áÅÐ x4 = ẋw àÃÒ¨ÐÊÒÁÒÃ¶à¢ÕÂ¹ÊÁ¡ÒÃÊ¶Ò¹Ðä´‰à»“¹

ẋ1 = x2

ẋ2 = − 1
Mb

[Ka(x1 − x3) + Ca(x2 − x4)]

ẋ3 = x4

ẋ4 =
1

Mus
[Ka(x1 − x3) + Ca(x2 − x4)−Kt(x3 − r)]

(3.2)
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ÃÐººÃÍ§ÃÑºáÍç¡·Õ¿

ÃÐººÃÍ§ÃÑºáÍç¡·Õ¿¤×ÍÃÐººÃÍ§ÃÑº¡ÊÒ¹µÔì·ÕèÁÕ¡ÒÃà¾ÔèÁµÑÇ¢ÑºàÃ‰ÒäÎ´ÃÍÅÔ¡ÊŒà¢‰Òä»ÃÐËÇˆÒ§à¾ÅÒ¡ÑºµÑÇ

Ã¶ ÃÙ»·Õè 3.5 áÊ´§¡ÒÃµˆÍáºº¢¹Ò¹ «Öè§ÁÕÊÁ¡ÒÃ¡ÒÃà¤Å×èÍ¹·Õè¤×Í

Mbẍs +Ka(xs − xw) + Ca(ẋs − ẋw)− ua = 0

Musẍw +Ka(xw − xs) + Ca(ẋw − ẋs) +Kt(xw − r) + ua = 0
(3.3)

â´Â·Õè ua ¤×ÍáÃ§¤Çº¤ØÁ¨Ò¡µÑÇ¢ÑºàÃ‰ÒäÎ´ÃÍÅÔ¡ÊŒ ÊˆÇ¹µÑÇá»ÃÊ¶Ò¹ÐµÑÇÍ×è¹æ ¹ÔÂÒÁàËÁ×Í¹ã¹áºº¨íÒÅÍ§

ÃÐººÃÍ§ÃÑº¡ÊÒ¹µÔì (¶‰Ò ua = 0 ¨Ðä´‰ÇˆÒÊÁ¡ÒÃ¢Í§ÃÐººÃÍ§ÃÑºáÍç¡·Õ¿¨ÐÅ´ÃÙ»Å§à»“¹ÊÁ¡ÒÃ¢Í§ÃÐºº

ÃÍ§ÃÑº¡ÊÒ¹µÔì)

àÁ×èÍ¹ÔÂÒÁµÑÇá»ÃÊ¶Ò¹Ð x1 = xs, x2 = ẋs, x3 = xw áÅÐ x4 = ẋw áÅÐãË‰ ua à»“¹ÊÑÒ³à¢‰Ò¨Ð

ä´‰ÊÁ¡ÒÃÊ¶Ò¹Ð¤×Í

ẋ1 = x2

ẋ2 = − 1
Mb

[Ka(x1 − x3) + Ca(x2 − x4)− ua]

ẋ3 = x4

ẋ4 =
1

Mus
[Ka(x1 − x3) + Ca(x2 − x4)−Kt(x3 − r)− ua]

(3.4)

3.2 ¾ÅÇÑµ¢Í§äÎ´ÃÍÅÔ¡ÊŒ

µÑÇ¢ÑºàÃ‰ÒäÎ´ÃÍÅÔ¡ÊŒ·ÕèàÃÒãª‰ã¹¡ÒÃÍÍ¡áºº¤×Í ÅÙ¡ÊÙºáººÅÔé¹¡Ò¡ºÒ· (four-way valve-piston sys-

tem)áÃ§ ua ¨Ò¡µÑÇ¢ÑºàÃ‰Ò¤×Í

ua = APL (3.5)

â´Â·Õè

A ¤×Í ¾×é¹·ÕèË¹‰ÒµÑ´ÅÙ¡ÊÙº

PL ¤×Í áÃ§´Ñ¹·Õè¡´Å§·ÕèÅÙ¡ÊÙº

¨Ò¡ Merritt [12] Í¹Ø¾Ñ¹¸Œ¢Í§ PL ËÒä´‰¨Ò¡ÊÁ¡ÒÃ

Vt

4βe
ṖL = Q− CtpPL −A(ẋs − ẋw) (3.6)

â´Â·Õè

Vt ¤×Í »ÃÔÁÒµÃ·Ñé§ËÁ´¢Í§ÅÙ¡ÊÙº (total actuator volume)

βe ¤×Í ÁÍ´ØÅÑÊàªÔ§»ÃÔÁÒµÃÂÑ§¼Å (effective bulk modulus)

Q ¤×Í ¡ÒÃäËÅ¢Í§ÀÒÃÐäÎ´ÃÍÅÔ¡ÊŒ (hydraulic load flow)

Ctp ¤×Í ÊÑÁ»ÃÐÊÔ·¸Ôì¡ÒÃÃÑèÇäËÅ·Ñé§ËÁ´ (total leakage coefficient)¢Í§ÅÙ¡ÊÙº

áÅÐ ¡ÒÃäËÅ¢Í§ÀÒÃÐÅÔé¹à«ÍÃŒâÇ (servovalve load flow)ÁÕÊÁ¡ÒÃ´Ñ§¹Õé

Q = Cdwxv

√
1
ρ

[Ps − sgn(xv)PL] (3.7)
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ÃÙ»·Õè 3.4: áºº¨íÒÅÍ§ quarter-car«Öè§ÁÕÊˆÇ¹»ÃÐ¡Íºà¾ÕÂ§Ê»ÃÔ§áººÊ¡Ò¹µÔìáÅÐµÑÇË¹ˆÇ§à·ˆÒ¹Ñé¹
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ÃÙ»·Õè 3.5: áºº¨íÒÅÍ§ quarter-car ÊíÒËÃÑºÃÐººÃÍ§ÃÑºáÍç¡·Õ¿·ÕèÁÕ¡ÒÃµˆÍµÑÇ¢ÑºàÃ‰ÒäÎ´ÃÍÅÔ¡ÊŒ¢¹Ò¹¡ÑºÊ»ÃÔ§áºº
¡ÊÒ¹µÔìáÅÐµÑÇË¹ˆÇ§

â´Â·Õè

Cd ¤×Í ÊÑÁ»ÃÐÊÔ·¸Ôì¡ÒÃäËÅÍÍ¡ (discharge coefficient)

w ¤×Í à¡Ãà´ÕÂ¹µŒ¾×é¹·ÕèÅÔé¹ËÅÍ´´‰ÒÂ (spool valve area gradient)

xv ¤×Í ¡ÒÃ¡ÃÐ¨Ñ´¢Í§ÅÔé¹¨Ò¡µíÒáË¹ˆ§»”´ (valve displacement from its closed position)

ρ ¤×Í ¤ÇÒÁË¹Òá¹ˆ¹¢Í§àËÅÇäÎ´ÃÍÅÔ¡ÊŒ (hydraulic fluid density)
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Ps ¤×Í ¤ÇÒÁ´Ñ¹»„Í¹ (supply pressure)

ÃÙ»·Õè 3.6: µÑÇ¢ÑºàÃ‰ÒäÎ´ÃÍÅÔ¡ÊŒ

ÍÂˆÒ§äÃ¡ç´ÕàÃÒµ‰Í§¡ÒÃÃÇÁ¡Ã³Õ·Õè Ps − sgn(xv)PL ÁÕ¤ˆÒà»“¹Åº´‰ÇÂ ´Ñ§¹Ñé¹àÃÒ¨Ö§á·¹ (3.7) ´‰ÇÂ

Q = sgn[Ps − sgn(xv)PL]Cdwxv

√
1
ρ

[Ps − sgn(xv)PL] (3.8)

ÊíÒËÃÑºÅÔé¹ËÅÍ´´‰ÒÂ (spool valve)¨Ð¶Ù¡¤Çº¤ØÁ´‰ÇÂÊÑÒ³à¢‰Ò u «Öè§ÍÒ¨¨Ðà»“¹¡ÃÐáÊä¿¿„ÒËÃ×Í

áÃ§´Ñ¹ä¿¿„Ò ¾ÅÇÑµ¢Í§ÅÔé¹ (valve dynamics)ÊÒÁÒÃ¶»ÃÐÁÒ³´‰ÇÂÃÐººàªÔ§àÊ‰¹ÍÑ¹´ÑºË¹Öè§·ÕèÁÕ¤ˆÒ¤§µÑÇ

àÇÅÒà»“¹ τ 1 ´Ñ§ÊÁ¡ÒÃ

ẋv =
1
τ

(−xv + u) (3.9)

àÅ×Í¡µÑÇá»ÃÊ¶Ò¹Ð x1 = xs, x2 = ẋs, x3 = xw, x4 = ẋw, x5 = PL áÅÐ x6 = xv ¨Ðä´‰ÃÐººÇ§Ç¹»”´¤×Í

ẋ1 = x2

ẋ2 = − 1
Mb

[Ka(x1 − x3) + Ca(x2 − x4)−Ax5]

ẋ3 = x4

ẋ4 =
1

Mus
[Ka(x1 − x3) + Ca(x2 − x4)−Kt(x3 − r)−Ax5]

ẋ5 = −βx5 − αA(x2 − x4) + γx6w3

ẋ6 =
1
τ

(−x6 + u)

(3.10)

â´Â·Õè

α =
4βe

Vt
, β = αCtp, γ = αCdw

√
1
ρ

1¡ÒÃ»ÃÐÁÒ³¹Õé¨Ðãª‰ä´‰´Õ¶‰Ò¤ÇÒÁ¶ÕèÊÙ§äÁˆÊÙ§ÁÒ¡¹Ñ¡ «Öè§à»“¹áºº·Õè¼Ù‰ÍÍ¡áººÃÐººÃÍ§ÃÑºáÍç¡·Õ¿ãª‰ã¹âÃ§§Ò¹ÍØµÊÒË¡ÃÃÁ·ÑèÇä»
ÊíÒËÃÑºáºº¨íÒÅÍ§·ÕèÅÐàÍÕÂ´¡ÇˆÒ¹Õé«Öè§ÃÇÁ¤ÇÒÁäÁˆà»“¹àªÔ§àÊ‰¹áºº stiction áÅÐà¢µäÃ‰¼ÅÊ¹Í§¨Ð¾ºã¹áºº¨íÒÅÍ§¢Í§ÇÒÅŒÇÃÒ¤Ò
á¾§
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áÅÐ

w3 = sgn[Ps − sgn(x6)x5]
√

[Ps − sgn(x6)x5] (3.11)

3.3 ¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§

3.3.1 Ç§¨Ã¡ÃÍ§äÁˆàªÔ§àÊ‰¹

ã¹·Õè¹ÕéàÃÒµ‰Í§¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁà¾×èÍÅ´áÃ§·ÕèÊˆ§ÁÒ¶Ö§¼Ù‰â´ÂÊÒÃ·Õè¹Ñè§ÍÂÙˆã¹Ã¶ ¹Ñè¹¤×ÍàÃÒµ‰Í§

¤ØÁ¤ˆÒµÑÇá»ÃÊ¶Ò¹Ð·Õèà»“¹¤ÇÒÁàÃˆ§¢Í§µíÒáË¹ˆ§µÑÇÃ¶ (¡ÅˆÒÇ¤×Í ẋ2) ´Ñ§¹Ñé¹¶‰ÒàÃÒàÅ×Í¡áÃ§¨Ò¡µÑÇ¢ÑºàÃ‰Ò

à»“¹ ua = Ka(x1 − x3) +Ca(x2 − x4) «Öè§¨Ð·íÒãË‰ ẋ2 = 0 àÁ×èÍ¹íÒ¡ÒÃ¤Çº¤ØÁ¹Õéä»á·¹ã¹ (3.4) ¨Ðä´‰ÃÐºº

Ç§Ç¹»”´à»“¹

ẋ1 = x2

ẋ2 = 0

ẋ3 = x4

ẋ4 = − Kt

Mus
(x3 − r)

(3.12)

àÁ×èÍ¾Ô¨ÒÃ³Ò¾ÅÇÑµÈÙ¹ÂŒ (zero dynamics)¢Í§ÃÐººÇ§Ç¹»”´¨Ð¾ºÇˆÒÁÕÃÐººÂˆÍÂ·ÕèäÁˆàÊ¶ÕÂÃ ¤×ÍµíÒáË¹ˆ§

¢Í§Ã¶áÅÐ¤ÇÒÁàÃçÇ¢Í§Ã¶ «Öè§ÁÕÅÑ¡É³Ðà»“¹à¤Ã×èÍ§ËÒ»ÃÔ¾Ñ¹¸Œ 2 µÑÇ (double integrator)áÅÐÃÐººÂˆÍÂ·Õè

á¡Çˆ§ ¤×ÍµíÒáË¹ˆ§¢Í§Å‰ÍÃ¶áÅÐ¤ÇÒÁàÃçÇ¢Í§Å‰ÍÃ¶ ¹Ñè¹¤×ÍàÁ×èÍÁÕ¼Å¨Ò¡¡ÒÃÃº¡Ç¹¨Ò¡¾×é¹¶¹¹ µíÒáË¹ˆ§

¢Í§Å‰ÍÃ¶¨ÐÁÕ¡ÒÃá¡Çˆ§ áÅÐµíÒáË¹ˆ§¢Í§µÑÇÃ¶¨Ðá¡Çˆ§áÅÐÅÙˆÍÍ¡¨Ò¡µíÒáË¹ˆ§»¡µÔ

¶‰ÒàÃÒÍÍ¡áºº¡ÒÃ¤Çº¤ØÁâ´ÂàÅ×Í¡µíÒáË¹ˆ§¢Í§Ã¶ x1 à»“¹µÑÇá»Ã·Õèµ‰Í§¡ÒÃ¤ØÁ¤ˆÒ ¨Ðä´‰ÇˆÒ

(x1, x2) ¤×ÍÃÐººÂˆÍÂ·Õèµ‰Í§·íÒãË‰ÁÕàÊ¶ÕÂÃÀÒ¾ ã¹¢³Ð·ÕèÁÕ¾ÅÇÑµÈÙ¹ÂŒ¤×ÍÃÐººÂˆÍÂ (x3, x4) àÁ×èÍàÅ×Í¡

ua ·Õè·íÒãË‰ÃÐºº·Õèµ‰Í§¡ÒÃ·íÒãË‰ÁÕàÊ¶ÕÂÃÀÒ¾à»“¹

ẋ1 = x2

ẋ2 = −c1x1 − c2x2

(3.13)

â´Â·Õè c1, c2 > 0 ¨Ðä´‰¾ÅÇÑµÈÙ¹ÂŒà»“¹

ẋ3 = x4

ẋ4 =
Mb

Mus
(c1x1 + c2x2)−

Kt

Mus
(x3 − r)

(3.14)

á·¹¤ˆÒ x1 = x2 = 0 Å§ã¹ (3.14) àÃÒ¨Ðä´‰¾ÅÇÑµÈÙ¹ÂŒà»“¹

ẋ3 = x4

ẋ4 = − Kt

Mus
(x3 − r)

(3.15)

¨Ðä´‰ÇˆÒ¾ÅÇÑµÈÙ¹ÂŒÁÕ¡ÒÃá¡Çˆ§ ¹Ñè¹¤×Íá¹Ç·Ò§¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁáºº¹Õé áÁ‰¨ÐÊÒÁÒÃ¶¡íÒ¨Ñ´¤ÇÒÁ

äÁˆÁÕàÊ¶ÕÂÃÀÒ¾¢Í§ÃÐººÂˆÍÂ (x1, x2) ä´‰ áµˆ¾ÄµÔ¡ÃÃÁ¢Í§ÃÐººÇ§Ç¹»”´¡çÂÑ§¤§äÁˆÁÕàÊ¶ÕÂÃÀÒ¾µÒÁ·Õè

µ‰Í§¡ÒÃ à¹×èÍ§¨Ò¡ÁÕÃÐººÂˆÍÂ·ÕèÁÕ¡ÒÃá¡Çˆ§
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¶‰Òµ‰Í§¡ÒÃ·íÒãË‰ suspension travelÁÕ¤ˆÒ¹‰ÍÂ ¨Ðä´‰ÇˆÒµÑÇá»Ã·Õèµ‰Í§¤ØÁ¤ˆÒ¤×Í x1 − x3 áµˆÍÂˆÒ§äÃ

¡çµÒÁ¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁ¡ç¨ÐÁÕ»’ËÒ¡ÒÃá¡Çˆ§¢Í§ÃÐººÂˆÍÂÍÂÙˆ ´Ñ§¹Ñé¹¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁÇÔ¸Õ¹Õé

¨Ö§äÁˆÊÒÁÒÃ¶¹íÒÁÒãª‰ä´‰

´Ñ§¹Ñé¹àÃÒ¨Ö§µ‰Í§àÅ×Í¡µÑÇá»Ã·Õè¶Ù¡¤ØÁ¤ˆÒãËÁˆà¾×èÍá¡‰»’ËÒ¡ÒÃá¡Çˆ§¢Í§ÃÐººÂˆÍÂ [11] ä´‰àÊ¹Í¡ÒÃ

àÅ×Í¡µÑÇá»Ã

z1 = x1 − x̄3 (3.16)

â´Â·Õè x1 ¤×ÍµíÒáË¹ˆ§¢Í§µÑÇÃ¶ áÅÐ x̄3 ¤×ÍµíÒáË¹ˆ§Å‰ÍÃ¶ x3 ·Õè¼ˆÒ¹Ç§¨Ã¡ÃÍ§

x̄3 =
ε

s+ ε
x3 (3.17)

«Öè§¡ÒÃàÅ×Í¡Ç§¨Ã¡ÃÍ§áºº¹Õé¨Ð·íÒãË‰¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁÁÕ¡ÒÃ¶ˆÇ§´ØÅ¢Öé¹ÃÐËÇˆÒ§ ride quality áÅÐ

ªˆÍ§ÇˆÒ§ã¹¡ÒÃá¡Çˆ§·Õèãª‰ (rattlespace usage)«Öè§ä´‰¨Ò¡¡ÒÃàÅ×Í¡¤ˆÒ ε

• ÊíÒËÃÑº¤ˆÒ ε àÅç¡æ Ç§¨Ã¡ÃÍ§ã¹ (3.17) ¨ÐÁÕÅÑ¡É³Ðà»“¹Ç§¨Ã¡ÃÍ§¼ˆÒ¹µíèÒ (low-pass filter)´Ñ§¹Ñé¹

µÑÇá»Ã·Õè¶Ù¡¤ØÁ¤ˆÒ z1 ¨ÐÁÕ¤ˆÒã¡Å‰à¤ÕÂ§¡ÑºµíÒáË¹ˆ§¢Í§Ã¶·Õèà»ÅÕèÂ¹ä» x1 ã¹¡Ã³Õ·Õè¤ÇÒÁ¶Õè¢Í§¡ÒÃ

Ãº¡Ç¹¨Ò¡¾×é¹¶¹¹ÁÕà¾ÕÂ§¤ÇÒÁ¶ÕèÊÙ§à·ˆÒ¹Ñé¹ áµˆã¹¡Ã³Õ·Õè¡ÒÃÃº¡Ç¹¨Ò¡¾×é¹¶¹¹ÁÕ¤ÇÒÁ¶ÕèµíèÒÁÒ¡æ

(ÁÕ¤ˆÒ¤§·ÕèËÃ×ÍÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§ª‰Ò) ¨Ð·íÒãË‰¤ˆÒ·ÕèÊÀÒÇÐÍÂÙˆµÑÇ¢Í§ z1 ã¡Å‰à¤ÕÂ§¡Ñº suspension

travel x1 − x3 ´Ñ§¹Ñé¹¡ÒÃá¡Çˆ§´íÒÃ§µÑÇ (sustained oscillation)̈ Ð¶Ù¡¡íÒ¨Ñ´ áÅÐÃÐººÃÍ§ÃÑºáÍç¡·Õ¿

¨Ð¡íÒ¨Ñ´à¾ÕÂ§á¤ˆ¡ÒÃÃº¡Ç¹¨Ò¡¾×é¹¶¹¹·ÕèÁÕ¤ÇÒÁ¶ÕèÊÙ§à·ˆÒ¹Ñé¹ «Öè§·íÒãË‰à¡Ô´¤ÇÒÁàÃˆ§ã¹á¹Ç´Ôè§¢¹Ò´

ãËˆáÅÐ·íÒãË‰¼Ù‰â´ÂÊÒÃÃÙ‰ÊÖ¡äÁˆÊºÒÂ

• ã¹¡Ã³Õ·Õè ε ÁÕ¤ˆÒÁÒ¡æ Í§¤Œ»ÃÐ¡Íº¤ÇÒÁ¶ÕèÊÙ§¢Í§¡ÒÃÃº¡Ç¹¨Ò¡¾×é¹¶¹¹¨ÐÊÒÁÒÃ¶¼ˆÒ¹à¢‰ÒÁÒ·Õè

µÑÇ¡ÃÍ§ä´‰ ´Ñ§¹Ñé¹µÑÇá»Ã·Õè¶Ù¡¤ØÁ¤ˆÒ z1 ÁÕ¤ˆÒã¡Å‰à¤ÕÂ§¡Ñº suspension travelx1 − x3 (à¹×èÍ§¨Ò¡µÑÇ

¡ÃÍ§ÁÕá¶º¤ÇÒÁ¶ÕèÊÙ§·íÒ¨Ö§ãË‰ x̄3 ≈ x3 «Öè§¨Ðà»“¹¼ÅãË‰ÃÐººÃÍ§ÃÑºáÍç¡·Õ¿á¢ç§¢Öé¹ (ÁÕ¡ÒÃµ‰Ò¹¡ÒÃ

à¤Å×èÍ¹·ÕèÁÒ¡¢Öé¹) áÅÐ¨ÐÅ´ªˆÍ§ÇˆÒ§ã¹¡ÒÃá¡Çˆ§ (rattlespace use)«Öè§¨Ð·íÒãË‰¼Ù‰â´ÂÊÒÃÃÙ‰ÊÖ¡äÁˆÊºÒÂ

¨ÐàËç¹ä´‰ÇˆÒ¡ÒÃ·ÕèàÃÒ¡íÒË¹´¤ˆÒµÒÂµÑÇ¢Í§ ε ¨Ð·íÒãË‰à¡Ô´ÀÒÇÐ¶ˆÇ§´ØÅÃÐËÇˆÒ§ ride qualityáÅÐªˆÍ§

ÇˆÒ§ã¹¡ÒÃá¡Çˆ§ ÊÔè§·ÕèàÃÒµ‰Í§¡ÒÃ¤×ÍãË‰¤ˆÒ ε ÁÕ¤ˆÒàÅç¡æ à¾×èÍ»ÃÑº»ÃØ§ ride quality áÅÐ ε ÁÕ¤ˆÒãËˆæ à¾×èÍ

Å´ suspension travel«Öè§á¹Ç·Ò§·Õè¨Ð¹íÒ¤Ø³ÊÁºÑµÔ·Ñé§ 2 ÁÒÃÇÁ¡Ñ¹â´Âãª‰¢¹Ò´¢Í§ suspension travelà»“¹

à¡³±Œã¹¡ÒÃàÅ×Í¡à¹‰¹ÇÑµ¶Ø»ÃÐÊ§¤ŒÍÂˆÒ§ã´ÍÂˆÒ§Ë¹Öè§ã¹¡ÒÃ¤Çº¤ØÁ â´Âãª‰à¡³±Œ´Ñ§¹Õé

• ã¹¢³Ð·Õè suspension travelÁÕ¤ˆÒ¹‰ÍÂæ ¡ÒÃ¤Çº¤ØÁ¤ÇÃ¨ÐÁÕÇÑµ¶Ø»ÃÐÊ§¤Œà¾×èÍà¹‰¹·Õè¤ÇÒÁÊºÒÂ¢Í§¼Ù‰

â´ÂÊÒÃ ¹Ñè¹¤×Íá¶º¤ÇÒÁ¶Õè¢Í§Ç§¨Ã¡ÃÍ§¤ÇÃ¨ÐÁÕ¤ˆÒµíèÒæ

• àÁ×èÍ¢¹Ò´¢Í§ suspension travelÁÕ¤ˆÒãËˆ¢Öé¹ ¡ÒÃ¤Çº¤ØÁ¤ÇÃ¨ÐÁÕ¨Ø´»ÃÐÊ§¤Œà¾×èÍ»„Í§¡Ñ¹¤ˆÒ suspen-

sion travelà¡Ô¹¢Íºà¢µâ´Âãª‰Ç§¨Ã¡ÃÍ§·ÕèÁÕá¶º¤ÇÒÁ¶ÕèÊÙ§

àÁ×èÍ¹íÒá¹Ç¤Ô´¢‰Ò§µ‰¹ÁÒãª‰ã¹¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁ [11] ¨Ö§á·¹Ç§¨Ã¡ÃÍ§àªÔ§àÊ‰¹ã¹ (3.17)

´‰ÇÂÇ§¨Ã¡ÃÍ§äÁˆàªÔ§àÊ‰¹ ·ÕèÊÒÁÒÃ¶»ÃÑºá¶º¤ÇÒÁ¶Õèä´‰µÒÁ¢¹Ò´¢Í§ suspension travel·Õèà»ÅÕèÂ¹ä»

˙̄x3 = −(ε0 + κ1ϕ(ζ))(x̄3 − x3) (3.18)
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ÃÙ»·Õè 3.7:¿’§¡ŒªÑ¹äÁˆàªÔ§àÊ‰¹ ϕ(ζ) ·Õè¹ÔÂÒÁã¹ (3.19)

â´Â·Õè ε0 > 0 áÅÐ κ1 ≥ 0 à»“¹¤ˆÒ¤§µÑÇ, ζ = x1 − x3 ¤×Í suspension traveláÅÐ¿’§¡ŒªÑ¹äÁˆàªÔ§àÊ‰¹ ϕ(ζ)

¹ÔÂÒÁâ´Â

ϕ(ζ) =



ζ −m1

m2

4

, ζ > m1

0 , |ζ| ≤ m1ζ +m1

m2

4

, ζ < −m1

(3.19)

â´Â·Õè m1 ≥ 0 áÅÐ m2 > 0 (´ÙÃÙ»·Õè 3.7 »ÃÐ¡Íº) áÅÐ¶‰Ò κ1 = 0 Ç§¨Ã¡ÃÍ§äÁˆàªÔ§àÊ‰¹ (3.18)¹Õé¡ç¨Ð¡ÅÒÂ

à»“¹Ç§¨Ã¡ÃÍ§àªÔ§àÊ‰¹ (3.17) â´Â·Õè ε = ε0

¤ÇÒÁäÁˆà»“¹àªÔ§àÊ‰¹¹Õé¨ÐÁÕà¢µäÃ‰¼ÅÊ¹Í§ (deadzone)ã¹ªˆÇ§ −m1 ≤ ζ ≤ m1 ¹Ñè¹¤×ÍµÃÒºà·ˆÒ·Õè

¢¹Ò´¢Í§ suspension travel¹‰ÍÂ¡ÇˆÒ m1 ¤ÇÒÁäÁˆàªÔ§àÊ‰¹¨ÐÂÑ§äÁˆ»ÃÒ¡®¼Å ã¹ªˆÇ§¹Ñé¹á¶º¤ÇÒÁ¶Õè¢Í§

Ç§¨Ã¡ÃÍ§äÁˆàªÔ§àÊ‰¹ã¹ (3.18) ¨ÐÁÕ¤ˆÒ¤§·ÕèáÅÐà·ˆÒ¡Ñº ε0 «Öè§¤ˆÒ ε0 ¹ÕéÊÒÁÒÃ¶àÅ×Í¡ä´‰µÒÁ¤ÇÒÁµ‰Í§¡ÒÃ

(Ç§¨Ã¡ÃÍ§äÁˆàªÔ§àÊ‰¹¨Ð¡ÅÒÂà»“¹µÑÇ¡ÃÍ§àªÔ§àÊ‰¹«Öè§¨ÐãË‰ ride quality·Õè´Õ) ·Ñ¹·Õ·Õè suspension travelÁÕ¤ˆÒ

ÍÂÙˆ¹Í¡à¢µäÃ‰¼ÅÊ¹Í§¤ÇÒÁäÁˆà»“¹àªÔ§àÊ‰¹ ϕ(ζ) ¨Ð»ÃÒ¡®¢Öé¹ «Öè§¤ˆÒ·Õèà¾ÔèÁ¢Öé¹ÍÂˆÒ§ÃÇ´àÃçÇ¢Í§ ϕ(ζ) ¨ÐÁÕ

¼ÅãË‰á¶º¤ÇÒÁ¶Õè¢Í§Ç§¨Ã¡ÃÍ§à¾ÔèÁ¢Öé¹ÍÂˆÒ§ÃÇ´àÃçÇ´‰ÇÂ «Öè§¨Ð·íÒãË‰¨Ø´»ÃÐÊ§¤Œ¢Í§¡ÒÃ¤Çº¤ØÁà»ÅÕèÂ¹ä»

à»“¹¡ÒÃ·íÒãË‰¤ˆÒ suspension travelÁÕ¤ˆÒ¹‰ÍÂ

3.3.2 ¡ÒÃÍÍ¡áººâ´ÂÇÔ¸Õ¡‰ÒÇ¶ÍÂËÅÑ§

µÑÇá»Ã·Õèµ‰Í§¡ÒÃ¤ØÁ¤ˆÒã¹·Õè¹Õé¤×Í z1 ã¹ (3.16)¢Ñé¹µÍ¹¡ÒÃÍÍ¡áºº¤×Í

¢Ñé¹µÍ¹·ÕèË¹Öè§ ãª‰ z2 à»“¹¡ÒÃ¤Çº¤ØÁàÊÁ×Í¹ (virtual control) ã¹ÊÁ¡ÒÃ ż1 «Öè§¨Ðä´‰µÑÇá»Ã¼Ô´¾ÅÒ´
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z2 = x2 − α1 â´Â·Õè α1 à»“¹¿’§¡ŒªÑ¹·íÒãË‰àÊ¶ÕÂÃµÑÇáÃ¡ àÁ×èÍËÒÍ¹Ø¾Ñ¹¸Œ¢Í§ z1 ä´‰

ż1 = ẋ1 − ˙̄x3

= x2 + (ε0 + κ1ϕ(ζ))(x̄3 − x3)

= x2 + (ε0 + κ1ϕ(ζ))(x1 − z1 − x3)

= z2 + α1︸ ︷︷ ︸
x2

+(ε0 + κ1ϕ(ζ))ζ − (ε0 + κ1ϕ(ζ))z1 (3.20)

ÁÍ§ x2 à»“¹¡ÒÃ¤Çº¤ØÁàÊÁ×Í¹áÅÐ¹ÔÂÒÁ z2 = x2 − α1 àÅ×Í¡¿’§¡ŒªÑ¹·íÒãË‰àÊ¶ÕÂÃµÑÇáÃ¡à»“¹

α1 = −c1z1 − (ε0 + κ1ϕ(ζ))ζ (3.21)

´Ñ§¹Ñé¹¨Ðä´‰

ż1 = −c1z1 − (ε0 + κ1ϕ(ζ))z1 + z2 (3.22)

¢Ñé¹µÍ¹·ÕèÊÍ§ ¹ÔÂÒÁ x̄5 = µx5 â´Â·Õè µ à»“¹¤ˆÒ¤§µÑÇºÇ¡«Öè§ãª‰»ÃÑº¢¹Ò´ (rescale)¢Í§ x5 (¡ÒÃ»ÃÑº

¢¹Ò´ªˆÇÂÅ´¤ÇÒÁ¼Ô´¾ÅÒ´àªÔ§àÅ¢ã¹¡ÒÃ¤íÒ¹Ç³) áÅÐãª‰ x̄5 à»“¹¡ÒÃ¤Çº¤ØÁàÊÁ×Í¹ã¹ÊÁ¡ÒÃ ż2 áÅÐ

¹ÔÂÒÁµÑÇá»Ã¼Ô´¾ÅÒ´ z3 = x̄5 − α2 â´Â·Õè α2 à»“¹¿’§¡ŒªÑ¹·íÒãË‰àÊ¶ÕÂÃµÑÇ·ÕèÊÍ§ àÁ×èÍËÒÍ¹Ø¾Ñ¹¸Œ¢Í§ z2 ¨Ð

ä´‰

ż2 = ẋ2 − α̇1

= − 1
Mb

Ka(x1 − x3) + Ca(x2 − x4)−
A

µ
(z3 + α2︸ ︷︷ ︸

x̄5

+ g2 (3.23)

â´Â·Õè

g2 = −α̇1

= c1[−c1z1 − (ε0 + κ1ϕ(ζ))z1 + z2] + (ε0 + κ1ϕ(ζ))(x2 − x4) + κ1
dϕ

dζ
(x2 − x4)ζ (3.24)

àÅ×Í¡¿’§¡ŒªÑ¹·íÒãË‰àÊ¶ÕÂÃµÑÇ·ÕèÊÍ§ α2 à»“¹

α2 =
µMb

A

[
−c2z2 − z1

1
Mb

[Ka(x1 − x3) + Ca(x2 − x4)− g2]
]

(3.25)

´Ñ§¹Ñé¹¨Ðä´‰ (3.23) à»“¹

ż2 = −c2z2 − z1 +
A

µMb
z3 (3.26)

¢Ñé¹µÍ¹·ÕèÊÒÁ àÅ×Í¡ x6w3 à»“¹¡ÒÃ¤Çº¤ØÁàÊÁ×Í¹ã¹ÊÁ¡ÒÃ ż3 «Öè§¨Ðä´‰µÑÇá»Ã¼Ô´¾ÅÒ´à»“¹ z4 =

x6w3 − α3 â´Â·Õè α3 à»“¹¿’§¡ŒªÑ¹·íÒãË‰àÊ¶ÕÂÃµÑÇ·ÕèÊÒÁ àÁ×èÍËÒÍ¹Ø¾Ñ¹¸Œ¢Í§ z3 ä´‰

ż3 = ˙̄x5 − α̇2

= −βx̄5 − µαA(x2 − x4) + µγ (z4 + α3)︸ ︷︷ ︸
x6w3

+g3 + (d3 + n3h3)r (3.27)
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â´Â·Õè w3 ¹ÔÂÒÁã¹ (3.11)áÅÐ

n3 =
µMbKt

AMus

d3 = n3

(
Ca

Mb
− ε0

)
h3 = −κ1ϕ(ζ)− κ1

dϕ

dζ
ζ

g3 = −µMb

A

{
− (c2 + c1)

(
−c2z2 − z1 +

A

µMb
z3

)
+ c1κ1

dϕ

dζ
(x2 − x4)z1

+[c21 + c1(ε0 + κ1ϕ(ζ))][−c1z1 − (ε0 + κ1ϕ(ζ))z1 + z2]

+
1
Mb

[Ka(x2 − x4) + Caw1]− (ε0 + κ1ϕ(ζ))w1

−2κ1
dϕ

dζ
(x2 − x4)2 − κ1

d2ϕ

dζ2
(x2 − x4)2ζ − κ1

dϕ

dζ
w1ζ

}

w1 = −mt[Ka(x1 − x3) + Ca(x2 − x4)−Ax5] +
Kt

Mus
x3

= ẋ2 − ẋ4 +
Kt

Mus
r

mt =
1
Mb

+
1

Mus

àÅ×Í¡¿’§¡ŒªÑ¹·íÒãË‰àÊ¶ÕÂÃµÑÇ·ÕèÊÒÁ α3 à»“¹

α3 =
1
µγ

[
−c3z3 −

A

µMb
z2 − b3h

2
3z3 + βx̄5 + µαA(x2 − x4)− g3

]
(3.28)

¨Ðä´‰ (3.27) à»“¹

ż3 = −c3z3 −
A

µMb
z2 + µγz4 + d3r + n3h3r − b3h

2
3z3 (3.29)

¢Ñé¹µÍ¹·ÕèÊÕè à¹×èÍ§¨Ò¡¡ÒÃ¤Çº¤ØÁ¨ÃÔ§ (actual control) u »ÃÒ¡®ã¹ÊÁ¡ÒÃ ż4 ´Ñ§¹Ñé¹¨Ö§ÊÒÁÒÃ¶ËÒ¡ÒÃ

¤Çº¤ØÁ u ä´‰ã¹¢Ñé¹µÍ¹¹Õé àÁ×èÍËÒÍ¹Ø¾Ñ¹¸Œ¢Í§ z4 ä´‰

ż4 =
d

dt
(x6w3)− α̇3

=
1
τ

(−x6 + u)w3 −
1

2|w3|
|x6|w2 + g4 + (d4 + n4h4)r (3.30)

â´Â·Õè

n4 = n3 =
µMbKt

AMus

w2 = −βx5 − αA(x2 − x4) + γx6w3

=
1
µ

˙̄x5 = ẋ5

d4 = (c3 + c2 + c1)
d3

µγ
+

Kt

γAMus
(αA2 +Ka −mtC

2
a + ε0mtCaMb)
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h4 =
1
µγ

(c3 + c2 + c1 + b3h
2
3)h3 +

1
µγ
b3h

2
3

(
Ca

Mb
− ε0

)
− 1
µγ

{
2κ1

d2ϕ

dζ2
(x2 − x4)ζ −mtCaκ1

dϕ

dζ
ζ

−c1κ1
dϕ

dζ
z1 −mtCaκ1ϕ(ζ) + 4κ1

dϕ

dζ
(x2 − x4)

}

g4 = − 1
µγ

{
− (c3 + c2 + c1 + b3h

2
3)
(
−c3z3 −

A

µMb
z2 + µγz4 − b3h

2
3z3

)
− A

µMb
z̄2 + µβw2 + µαAw1 − 2b3z3h3h̄3 + ḡ4

}

ḡ4 =
µMb

A

{
− (c2 + c1)(−c2z̄2 − z̄1) + c1κ1

d2ϕ

dζ2
(x2 − x4)2z1

+c1κ1
dϕ

dζ
w1z1 + 2c1κ1

dϕ

dζ
(x2 − x4)z̄1

+[c21 − 1 + c1(ε0 + κ1ϕ(ζ))]¯̄z1 +
1
Mb

(Kaw1 + Caw̄1)

−6κ1
dϕ

dζ
(x2 − x4)w1 − (ε0 + κ1ϕ(ζ))w̄1 − 3κ1

d2ϕ

dζ2
(x2 − x4)3

−κ1
d3ϕ

dζ3
(x2 − x4)3ζ − 3κ1

d2ϕ

dζ2
(x2 − x4)w1ζ − κ1

dϕ

dζ
w̄1ζ

}

h̄3 = ḣ3 = −2κ1
dϕ

dζ
(x2 − x4)− κ1

d2ϕ

dζ2
(x2 − x4)ζ

z̄1 = ż1 = −c1z1 − (ε0 + κ1ϕ(ζ))z1 + z2

z̄2 = ż2 = −c2z2 − z1 +
A

µMb
z3

¯̄z1 = ˙̄z1 = −(c1 + ε0 + κ1ϕ(ζ))z̄1 − κ1
dϕ

dζ
(x2 − x4)z1 + z̄2

w̄1 = −mt[Ka(x2 − x4) + Caw1 −Aw2] +
Kt

Mus
x4

= ẇ1 −mtCa
Kt

Mus
r

àÅ×Í¡¡ÒÃ¤Çº¤ØÁà»“¹

u =
τ

w3
α4 (3.31)

â´Â·Õè¿’§¡ŒªÑ¹·íÒãË‰àÊ¶ÕÂÃµÑÇÊØ´·‰ÒÂ¤×Í

α4 = −c4z4 − µγz3 − b4h
2
4z4 +

1
τ
x6w3 +

1
2|w3|

|x6|w2 − g4 (3.32)

àÁ×èÍá·¹¤ˆÒ (3.31)–(3.32)Å§ã¹ (3.30)¨Ðä´‰

ż4 = −c4z4 − µγz3 + d4r + n4h4r − b4h
2
4z4 (3.33)
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3.3.3 ¡ÒÃÇÔà¤ÃÒÐËŒàÊ¶ÕÂÃÀÒ¾

¨Ò¡¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁâ´ÂÇÔ¸Õ¡‰ÒÇ¶ÍÂËÅÑ§¨Ðä´‰ÃÐºº¼Ô´¾ÅÒ´Ç§Ç¹»”´´Ñ§¹Õé

ż1 = −c1z1 − (ε0 + κ1ϕ(ζ))z1 + z2

ż2 = −c2z2 − z1 +
A

µMb
z3

ż3 = −c3z3 −
A

µMb
z2 + µγz4

ż4 = −c4z4 − µγz3 + d4r + n4h4r − b4h
2
4z4

(3.34)

â´Â·Õè c1, c2, c3, c4, b3 áÅÐ b4 à»“¹¤ˆÒ¤§µÑÇºÇ¡ áÅÐ n3, d3, h3, n4, d4 áÅÐ h4 ÁÕ¤ˆÒµÒÁ·Õèä´‰áÊ´§ÁÒáÅ‰Ç

¾Ô¨ÒÃ³Ò¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿

V =
1
2
(
z2
1 + z2

2 + z2
3 + z2

4

)
(3.35)

¨Ò¡ (3.34)¨Ðä´‰Í¹Ø¾Ñ¹¸Œ¢Í§ (3.35)¤×Í

V̇ = z1ż1 + z2ż2 + z3ż3 + z4ż4

= −(c1 + ε0 + κ1ϕ(ζ))z2
1 − c2z

2
2 − c3z

2
3 − c4z

2
4

+d3z3r + n3h3z3r − b3h
2
3z

2
3 + d4z4r + n4h4z4r − b4h

2
4z

2
4 (3.36)

à¹×èÍ§¨Ò¡àÃÒäÁˆ·ÃÒº¤ˆÒ¡ÒÃÃº¡Ç¹¨Ò¡¶¹¹ r ´Ñ§¹Ñé¹àÃÒ¨Ö§äÁˆÊÒÁÒÃ¶¡íÒ¨Ñ´¾¨¹Œ¤Ù³ä¢Ç‰ (cross

term) ã¹ (3.36)´‰ÇÂ¡ÒÃ¤Çº¤ØÁ u ä´‰ ÍÂˆÒ§äÃ¡çµÒÁ¢Íºà¢µ¢Í§ÊÑÒ³¼Ô´¾ÅÒ´¶Ù¡»ÃÐ¡Ñ¹´‰ÇÂ¤ˆÒ¤§µÑÇ

ºÇ¡ c1, c2, c3, c4, b3 áÅÐ b4 àÃÒÊÒÁÒÃ¶à¢ÕÂ¹ (3.36) ãË‰ÍÂÙˆã¹ÃÙ»¡íÒÅÑ§ÊÍ§ÊÁºÙÃ³Œä´‰´Ñ§¹Õé

V̇ = −(c1 + ε0 + κ1ϕ(ζ))z2
1 − c2z

2
2 −

1
2
c3z

2
3 −

1
2
c4z

2
4

−c3
2

(
z3 −

d3

c3
r

)2

+
d2
3

2c3
r2 − c4

2

(
z4 −

d4

c4
r

)2

+
d2
4

2c4
r2

−b3
(
h3z3 −

n3

2b3
r

)2

+
n2

3

4b3
r2 − b4

(
h4z4 −

n4

2b4
r

)2

+
n2

4

4b4
r2

≤ −(c1 + ε0 + κ1ϕ(ζ))z2
1 − c2z

2
2 −

1
2
c3z

2
3 −

1
2
c4z

2
4

+
(
d2
3

2c3
+

d2
4

2c4
+
n2

3

4b3
+
n2

4

4b4

)
r2 (3.37)

¨Ò¡ (3.37) ¨ÐàËç¹ä´‰ÇˆÒÊíÒËÃÑºÊÑÒ³Ãº¡Ç¹¨Ò¡¶¹¹·ÕèÁÕ¢Íºà¢µã´æ ÊÑÒ³¼Ô´¾ÅÒ´·Õèà¡Ô´¢Öé¹¨ÐÁÕ

¢Íºà¢µ¨íÒ¡Ñ´ à¹×èÍ§¨Ò¡ V̇ ¨ÐÁÕ¤ˆÒÅºàÁ×èÍÊ¶Ò¹Ð¼Ô´¾ÅÒ´ z1, z2, z3 áÅÐ z4 ÁÕ¤ˆÒÁÒ¡¾Í «Öè§¨Ðà»“¹¨ÃÔ§

ÊíÒËÃÑº¡ÒÃàÅ×Í¡¤ˆÒ¤§µÑÇºÇ¡ c1, c2, c3, c4, b3 áÅÐ b4 ¶Ö§áÁ‰ÇˆÒ¤ˆÒàÅç¡ÁÒ¡æ ¢Í§¤ˆÒ¤§µÑÇàËÅˆÒ¹ÕéÍÒ¨¨Ð·íÒ

ãË‰à¡Ô´¤ÇÒÁ¼Ô´¾ÅÒ´·ÕèÁÕ¢¹Ò´ãËˆ¨¹ÂÍÁÃÑºäÁˆä´‰

¾ÅÇÑµÈÙ¹ÂŒ (Zero Dynamics)

ã¹¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁ¡‰ÒÇ¶ÍÂËÅÑ§àÃÒ¨Ðä´‰ÃÐºº¼Ô´¾ÅÒ´ÍÑ¹´ÑºÊÕè (·ÕèÁÕµÑÇá»ÃÊ¶Ò¹Ð¤×Í z1,

z2, z3 áÅÐ z4) ÍÂˆÒ§äÃ¡çµÒÁ ÃÐººÃÍ§ÃÑºµ‰¹áºº (original suspension system)»ÃÐ¡Íº´‰ÇÂµÑÇá»Ã
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Ê¶Ò¹Ð·Ñé§ËÁ´ 7 µÑÇá»Ã (ÃÇÁÊ¶Ò¹Ð x̄3 ·Õèà»“¹ÊÑÒ³ÍÍ¡¨Ò¡Ç§¨Ã¡ÃÍ§äÁˆàªÔ§àÊ‰¹ã¹ (3.18)) ´Ñ§¹Ñé¹

¾ÅÇÑµÈÙ¹ÂŒ¢Í§ÃÐººÇ§Ç¹»”´¨Ö§»ÃÐ¡Íº´‰ÇÂÊ¶Ò¹Ð 3 µÑÇá»Ã ã¹¡ÒÃËÒ¾ÅÇÑµÈÙ¹ÂŒàÃÒãË‰ÊÑÒ³ÍÍ¡

y = z1 = x1 − x̄3 ≡ 0

´Ñ§¹Ñé¹àÃÒ¨Ðä´‰

ẏ = x2 + (ε0 + κ1ϕ(ζ))(x̄3 − x3) = 0 (3.38)

ÿ = − 1
Mb

[Ka(x1 − x3) + Ca(x2 − x4)−Ax5]

+κ1
dϕ

dζ
(x2 − x4)(x̄3 − x3)

+(ε0 + κ1ϕ(ζ))[−(ε0 + κ1ϕ(ζ))(x̄3 − x3)− x4] = 0 (3.39)

á·¹¤ˆÒ (3.38)áÅÐ (3.39)Å§ã¹ (3.18)áÅÐ (3.10)¨Ðä´‰¾ÅÇÑµÈÙ¹ÂŒ

˙̄x3 = −(ε0 + κ1ϕ(ζ̄))ζ̄

ẋ3 = x4

ẋ4 =
Mb

Mus
[−(ε0 + κ1ϕ(ζ̄))ζ̄ − x4]

(
ε0 + κ1ϕ(ζ̄) + κ1

dϕ

dζ
ζ̄

)
− Kt

Mus
(x3 − r)

(3.40)

â´Â·Õè ζ̄ = x̄3 − x3 ¶‰Ò κ1 = 0 ¨Ðä´‰ (3.40) à»“¹
˙̄x3

ẋ3

ẋ4

 =


−ε0 ε0 0

0 0 1

−ε20 Mb

Mus
ε20

Mb

Mus
− Kt

Mus
−ε0 Mb

Mus



x̄3

x3

x4

+


0

0
Kt

Mus

 r (3.41)

ãª‰ Routh-Hurwitz criterion¨Ðä´‰ÇˆÒàÁ·ÃÔ¡«Œ 3 × 3 à»“¹àÁ·ÃÔ¡«Œ Hurwitz ¡çµˆÍàÁ×èÍ ε > 0 ´Ñ§¹Ñé¹¨Ðä´‰ÇˆÒ

¾ÅÇÑµÈÙ¹ÂŒà»“¹ÃÐººàÊ¶ÕÂÃáººàÅ¢ªÕé¡íÒÅÑ§ÊíÒËÃÑº ε > 0 ·Ø¡¤ˆÒ

µˆÍä»¾Ô¨ÒÃ³Ò (3.40) ã¹¡Ã³Õ·Õè κ1 > 0 áÅÐ r = 0

˙̄ζ = −ε̄ζ̄ − x4

ẋ3 = x4

ẋ4 =
Mb

Mus

(
−ε̄ζ̄ − x4

)
ϕ̄− Kt

Mus
x3

(3.42)

â´Â·Õè

ε̄ = ε0 + κ1ϕ(ζ̄) > 0

ϕ̄ = ε̄+ κ1
dϕ

dζ̄
ζ̄ > 0

ã¹¡ÒÃáÊ´§ÇˆÒ (3.42) à»“¹ÃÐººàÊ¶ÕÂÃàªÔ§àÊ‰¹¡íÒ¡ÑºàÃÒ¾Ô¨ÒÃ³Ò

V0 =
1
2
ε̄2ζ̄2 +

1
2
Kt

Mb
x2

3 +
1
2
Mus

Mb
x2

4 (3.43)
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ËÒÍ¹Ø¾Ñ¹¸Œä´‰à»“¹

V̇0 = εκ1
dϕ

dζ̄

(
−εζ̄ − x4

)
ζ̄2 + ε2ζ̄

(
−εζ̄ − x4

)
+
Kt

Mb
x3x4

+x4

[(
−ε̄ζ̄ − x4

)
ϕ̄− Kt

Mb
x3

]
= −ε̄2κ1

dϕ

dζ̄
ζ̄3 − ε̄κ1

dϕ

dζ̄
x4ζ̄

2 − ε̄3ζ̄2 − ε̄3ζ̄x4 − ε̄ϕ̄x4ζ̄ − ϕ̄x2
4

= −ε̄2
(
ε̄+ κ1

dϕ

dζ̄
ζ̄

)
ζ̄2 −

(
ϕ̄+ ε̄+ κ1

dϕ

dζ̄
ζ̄

)
ε̄ζ̄x4 − ϕ̄x2

4

= −ε̄2ϕ̄ζ̄2 − 2ϕ̄ε̄ζ̄x4 − ϕ̄x2
4

= −ϕ̄
(
ε̄ζ̄ + x4

)2
≤ 0 (3.44)

â´Â¡ÒÃãª‰·ÄÉ®Õº·¤ÇÒÁÂ×¹Â§¢Í§ÅÒ«ÒÅ¨ÐÊÒÁÒÃ¶ÊÃØ»ä´‰ÇˆÒ¨Ø´ÊÁ´ØÅ
(
ζ̄, x3, x4

)
= (0, 0, 0) ¢Í§ÃÐºº

(3.42) ÁÕàÊ¶ÕÂÃÀÒ¾àªÔ§àÊ‰¹¡íÒ¡Ñº à¹×èÍ§¨Ò¡à»“¹à«µÂ×¹Â§ ·ÕèãËˆ·ÕèÊØ´¢Í§ (3.42) «Öè§ÀÒÂã¹¨Ð»ÃÐ¡Íº

´‰ÇÂà«µ·Õè¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿ÁÕÍ¹Ø¾Ñ¹¸Œà·ˆÒ¡ÑºÈÙ¹ÂŒã¹à«µ E =
{(
ζ̄, x3, x4

)
∈ R3 | V̇0 = 0

}

3.3.4 ¡ÒÃ¨íÒÅÍ§¼ÅµÍºÊ¹Í§´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒ

áºº¨íÒÅÍ§¢Í§ÃÐººÇ§Ç¹»”´»ÃÐ¡Íº´‰ÇÂ 3 ¡Ã³Õ¤×Í ÃÐººÃÍ§ÃÑº¡ÊÒ¹µÔì, ÃÐººÃÍ§ÃÑº·Õèãª‰Ç§¨Ã

¡ÃÍ§àªÔ§àÊ‰¹áÅÐÃÐººÃÍ§ÃÑºáÍç¡·Õ¿·Õèãª‰Ç§¨Ã¡ÃÍ§äÁˆàªÔ§àÊ‰¹â´Âãª‰¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ´Ñ§¹Õé [9, 10]

Mb = 290 kg

Mus = 59 kg

Ka = 16812 N/m

Ca = 1000 N/m · s

Kt = 190000 N/m

α = 4.515× 1013 N/m5

β = 1 s−1

γ = 1.545× 109 N/(m5/2 kg1/2)

τ = 1/30 s

Ps = 10342500 Pa (1500 Psi)

A = 3.35× 10−4 m2

à¹×èÍ§¨Ò¡¤ÇÒÁ´Ñ¹»„Í¹ Ps ÁÕ¤ˆÒÁÒ¡ ´Ñ§¹Ñé¹àÃÒ¨Ö§ãª‰ µ = 10−7 »ÃÑº¢¹Ò´Ê¶Ò¹Ð x5 à¾×èÍ»ÃÑº»ÃØ§

¤ÇÒÁáÁˆ¹ÂíÒàªÔ§µÑÇàÅ¢

ÊÁÁµÔÇˆÒ¢Õ´¨íÒ¡Ñ´ã¹¡ÒÃÍÍ¡áºº¤×Í [11]
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ÃÙ»·Õè 3.8: ¡ÒÃÃº¡Ç¹¨Ò¡¾×é¹¶¹¹àÁ×èÍ a = 0.025

• suspension traveläÁˆà¡Ô¹ ±8 cm

• ¡ÒÃ¡ÃÐ¨Ñ´ÅÔé¹ËÅÍ´´‰ÒÂ (spool valve displacement)äÁˆà¡Ô¹ ±1 cm

à¹×èÍ§¨Ò¡ w3 à»“¹µÑÇËÒÃã¹¡®¡ÒÃ¤Çº¤ØÁ (3.31) ´Ñ§¹Ñé¹¨Ö§µ‰Í§ÁÕ¡ÒÃ»„Í§¡Ñ¹¡ÒÃËÒÃ´‰ÇÂÈÙ¹ÂŒ â´Â

ãË‰

w3 =

{
0.5 ¶‰Ò 0 ≤ w3 ≤ 0.5

−0.5 ¶‰Ò −0.5 ≤ w3 < 0

áÅÐàÅ×Í¡¡ÒÃÃº¡Ç¹¨Ò¡¾×é¹¶¹¹·ÕèÁÕÅÑ¡É³Ð´Ñ§¹Õé

r =

{
a(1− cos 8πt), 0.5 ≤ t ≤ 0.75

0, àÁ×èÍà»“¹ÍÂˆÒ§Í×è¹
(3.45)

àÁ×èÍãË‰ a ÁÕ¤ˆÒà»“¹ 0.025, 0.038áÅÐ 0.055¨Ðä´‰¤ÇÒÁÊÙ§¢Í§ bump·Ñé§ 3 ¡Ã³Õ¤×Í 5, 7.6áÅÐ 11 cmµÒÁ

ÅíÒ´Ñº áÅÐàÅ×Í¡¾ÒÃÒÁÔàµÍÃŒã¹¡ÒÃ¤Çº¤ØÁ´Ñ§¹Õé

c1 = c2 = c3 = c4 = 200

b3 = b4 = 0.01

ε0 = 1.5

m1 = 0.055

m2 = 0.005
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¶‰ÒàÅ×Í¡ m1 ÁÒ¡à¡Ô¹ä»¤ˆÒ suspension travel¡çÁÕâÍ¡ÒÊà¡Ô¹¢Íºà¢µ·Õè¡íÒË¹´ áµˆ¶‰ÒàÅ×Í¡ m1 ¹‰ÍÂ

ä»¨Ðà»“¹¡ÒÃà¹‰¹¡ÒÃ¤ØÁ¤ˆÒµÑÇá»Ã x1 à»“¹ËÅÑ¡ ã¹·Õè¹ÕéàÃÒãË‰¢Íºà¢µ¢Í§ suspension travelà»“¹ ±8 cm

¨Ö§àÅ×Í¡¤ˆÒ m1 à»“¹ 5.5 cm à¾×èÍãË‰Ç§¨Ã¡ÃÍ§ (3.18)ÁÕªˆÇ§¡ÒÃ·íÒ§Ò¹äÁˆàªÔ§àÊ‰¹ÍÂÙˆ¾ÍÊÁ¤ÇÃ

·íÒ¡ÒÃ¨íÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒà»ÃÕÂºà·ÕÂºÃÐËÇˆÒ§ÃÐººÃÍ§ÃÑº¡ÊÒ¹µÔì (àÊ‰¹»ÃÐ) ÃÐººÃÍ§

ÃÑºáÍç¡·Õ¿·ÕèäÁˆä´‰¾ÂÒÂÒÁ¨Ð»„Í§¡Ñ¹¤ˆÒ suspension travelà¡Ô¹¢Íºà¢µ ¤×Íãª‰ κ1 = 0 (àÊ‰¹ºÒ§) áÅÐÃÐºº

ÃÍ§ÃÑºáÍç¡·Õ¿·Õèãª‰ κ1 = 0.0125 (àÊ‰¹·Öº) «Öè§¨ÐáÊ´§ ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶, µíÒáË¹ˆ§¢Í§µÑÇÃ¶, µíÒáË¹ˆ§

¢Í§Å‰ÍÃ¶ áÅÐ suspension travelã¹¡Ã³Õ·Õè¢¹Ò´¢Í§¡ÒÃÃº¡Ç¹¨Ò¡¾×é¹¶¹¹áµ¡µˆÒ§¡Ñ¹ 3 ¤ˆÒ´Ñ§¹Õé

1. ÃÙ»·Õè 3.9 ãª‰ a = 0.025 m (road bumpÊÙ§ 5 cm)

2. ÃÙ»·Õè 3.10 ãª‰ a = 0.038 m (road bumpÊÙ§ 7.6 cm)áÅÐ

3. ÃÙ»·Õè 3.11 ãª‰ a = 0.055 m (road bumpÊÙ§ 11 cm)

(¡) (¢)

(¤) (§)

ÃÙ»·Õè 3.9: ¼ÅµÍºÊ¹Í§¢Í§ÃÐºº·Õèãª‰¡ÒÃ¤Çº¤ØÁ´‰ÇÂÇÔ¸Õ¡‰ÒÇ¶ÍÂËÅÑ§àÁ×èÍ a = 0.025

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
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¨Ò¡¼Å¡ÒÃ¨íÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒã¹ÃÙ»·Õè 3.9 ¨ÐàËç¹ÇˆÒã¹¡ÒÃ¤Çº¤ØÁ·Ñé§ 3 áºº äÁˆÁÕáººã´

·Õè¤ˆÒ suspension travelà¡Ô¹¢Íºà¢µ áÅÐÃÐººÃÍ§ÃÑºáÍç¡·Õ¿ÊÒÁÒÃ¶»ÃÑº»ÃØ§ ride qualityä´‰ «Öè§¤ÇÒÁàÃˆ§

¢Í§µÑÇÃ¶Å´Å§à¡×Íº 70 à»ÍÃŒà«¹µŒ áÅÐµíÒáË¹ˆ§¢Í§µÑÇÃ¶Å´Å§à¡×Íº 80 à»ÍÃŒà«¹µŒàÁ×èÍà·ÕÂº¡ÑºÃÐºº

ÃÍ§ÃÑº¡ÊÒ¹µÔì à¹×èÍ§¨Ò¡ |ζ| < m1 µÅÍ´ªˆÇ§¡ÒÃ¨íÒÅÍ§áºº ÃÐººÃÍ§ÃÑºáÍç¡·Õ¿·Ñé§ 2 áºº¨Ö§ãË‰¼Å¡ÒÃ

¨íÒÅÍ§áºº·ÕèàËÁ×Í¹¡Ñ¹ ¡ÃÒ¿¢Í§·Ñé§ 2 áºº¨Ö§·Ñº¡Ñ¹

ã¹ÃÙ»·Õè 3.10 ¨ÐàËç¹ÇˆÒÃÐººÃÍ§ÃÑºáÍç¡·Õ¿·Õèãª‰ κ1 = 0 à»“¹¡Ã³Õà´ÕÂÇ·Õè¤ˆÒ suspension travelà¡Ô¹

¢Íºà¢µ ´Ñ§¹Ñé¹ã¹¡Ã³Õ¹Õé¤ÇÒÁàÃˆ§¢¹Ò´ãËˆ¨Ð¶Ù¡Êˆ§ä»ÂÑ§µÑÇÃ¶ ã¹¢³Ð·Õè¤ˆÒ suspension travel¢Í§ÃÐºº

ÃÍ§ÃÑºáÍç¡·Õ¿·Õèãª‰ κ1 = 0.0125 äÁˆà¡Ô¹¤ˆÒ¢Íºà¢µ áµˆÂÑ§à¡Ô´¤ÇÒÁàÃˆ§¢Öé¹àÅç¡¹‰ÍÂ·ÕèÁÒ¡¡ÇˆÒ¢Í§ÃÐºº

ÃÍ§ÃÑº¡ÊÒ¹µÔì áµˆÃÐººÃÍ§ÃÑºáÍç¡·Õ¿¨Ð·íÒãË‰¼Å¢Í§¡ÒÃÃº¡Ç¹¨Ò¡¾×é¹¶¹¹ä»ÊÙˆ¼Ù‰â´ÂÊÒÃ¹‰ÍÂ¡ÇˆÒÃÐºº

ÃÍ§ÃÑº¡ÊÒ¹µÔì ã¹ÃÙ»·Õè 3.11 ¤ˆÒ suspension travel¢Í§·Ñé§ÃÐººÃÍ§ÃÑº¡ÊÒ¹µÔìáÅÐÃÐººÃÍ§ÃÑºáÍç¡·Õ¿·Õè

ãª‰ κ1 = 0 ¨Ðà¡Ô¹¢Íºà¢µ «Öè§¨Ð·íÒãË‰à¡Ô´¤ÇÒÁàÃˆ§¢¹Ò´ãËˆÊÙˆµÑÇÃ¶ ã¹¢³Ð·ÕèÃÐººÃÍ§ÃÑºáÍç¡·Õ¿·Õèãª‰

κ1 = 0.0125 à»“¹à¾ÕÂ§¡Ã³Õà´ÕÂÇ·Õè¤ˆÒ suspension traveläÁˆà¡Ô¹¢Íºà¢µ
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(¡) (¢)

(¤) (§)

ÃÙ»·Õè 3.10:¼ÅµÍºÊ¹Í§¢Í§ÃÐºº·Õèãª‰¡ÒÃ¤Çº¤ØÁ´‰ÇÂÇÔ¸Õ¡‰ÒÇ¶ÍÂËÅÑ§àÁ×èÍ a = 0.038

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
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(¡) (¢)

(¤) (§)

ÃÙ»·Õè 3.11:¼ÅµÍºÊ¹Í§¢Í§ÃÐºº·Õèãª‰¡ÒÃ¤Çº¤ØÁ´‰ÇÂÇÔ¸Õ¡‰ÒÇ¶ÍÂËÅÑ§àÁ×èÍ a = 0.055

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶

3.4 ÊÃØ»

ÃÐººÃÍ§ÃÑºáººáÍç¡·Õ¿à»“¹ÃÐºº·ÕèÍ¸ÔºÒÂä´‰´‰ÇÂÊÁ¡ÒÃÍ¹Ø¾Ñ¹¸ŒäÁˆàªÔ§àÊ‰¹ ã¹¡ÒÃÍÍ¡áºº¡ÒÃ

¤Çº¤ØÁÊíÒËÃÑºáºº¨íÒÅÍ§ÍÑ¹´ÑºÅ´«Öè§à»“¹ÃÐººàªÔ§àÊ‰¹ ÊÒÁÒÃ¶ãª‰¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁáººàªÔ§àÊ‰¹

ÊˆÇ¹ã¹¡ÒÃÍÍ¡áººáºº¨íÒÅÍ§ÍÑ¹´ÑºàµçÁ «Öè§ÃÇÁ¾ÅÇÑµ¢Í§µÑÇ¢ÑºàÃ‰Ò ¨ÐÁÕ¤ÇÒÁäÁˆà»“¹àªÔ§àÊ‰¹ ´Ñ§¹Ñé¹ã¹

¡ÒÃÍÍ¡áºº¨Ö§ÁÕ¤ÇÒÁÂØˆ§ÂÒ¡ÁÒ¡¡ÇˆÒ¡ÒÃÍÍ¡áººÃÐººÍÑ¹´ÑºÅ´

§Ò¹ÇÔ¨ÑÂ·Õè¼ˆÒ¹ÁÒÊíÒËÃÑº¡ÒÃ¤Çº¤ØÁáººáÍç¡·Õ¿ÁÕÍÂÙˆà»“¹¨íÒ¹Ç¹ÁÒ¡ áÅÐá¹Ç·Ò§·Õèãª‰ã¹¡ÒÃÍÍ¡

áºº¡çáµ¡µˆÒ§¡Ñ¹ä» §Ò¹ÇÔ¨ÑÂã¹ÃÐÂÐáÃ¡¨Ðà»“¹¡ÒÃÍÍ¡áººÊíÒËÃÑºÍÑ¹´ÑºÅ´à·ˆÒ¹Ñé¹áÅÐÂÑ§äÁˆÁÕ¡ÒÃ¤íÒ¹Ö§

¶Ö§¢Íºà¢µ¢Í§¤ˆÒ suspension traveláµˆ§Ò¹ÇÔ¨ÑÂã¹ÃÐÂÐËÅÑ§¨Ðà»“¹¡ÒÃÍÍ¡áººÊíÒËÃÑºÍÑ¹´ÑºàµçÁáÅÐ

¤íÒ¹Ö§¶Ö§¤ˆÒ suspension travel ´‰ÇÂ »’ËÒÊíÒ¤Ñ¢Í§¡ÒÃ¤Çº¤ØÁÃÐººÃÍ§ÃÑºáººáÍç¡·Õ¿¤×Í¡ÒÃÅ´

¤ÇÒÁàÃˆ§áÅÐ¡ÒÃá¡Çˆ§·Õèà¡Ô´¢Öé¹¡ÑºµÑÇÃ¶ áÅÐ¾ÂÒÂÒÁãË‰¤ˆÒ suspension travelÍÂÙˆã¹¢Íºà¢µ·Õèµ‰Í§¡ÒÃ
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¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁÃÐººÃÍ§ÃÑº´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§

ã¹º·¹Õé¨ÐáÊ´§ÇÔ¸Õ¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁÃÐººÃÍ§ÃÑº´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ áÅÐà»ÃÕÂº-

à·ÕÂº¼ÅµÍºÊ¹Í§¢Í§µÑÇ¤Çº¤ØÁ·ÕèÍÍ¡áºº´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ ¡ÑºÇÔ¸Õ¡‰ÒÇ¶ÍÂËÅÑ§ â´Â¡ÒÃ

¨íÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒ ã¹¡Ã³Õ·ÕèÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´¢Í§¾ÒÃÒÁÔàµÍÃŒµˆÒ§æ ã¹ÃÐºº

4.1 ¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁÃÐººÃÍ§ÃÑºáÍç¡·Õ¿´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§

ã¹¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§¹Ñé¹ àÃÒ¨Ðáºˆ§¡ÒÃÍÍ¡áººà»“¹ÊÍ§¢Ñé¹

µÍ¹ ã¹¢Ñé¹µÍ¹áÃ¡¨ÐÍÍ¡áººµÑÇ¤Çº¤ØÁÊíÒËÃÑºáºº¨íÒÅÍ§ÍÑ¹´ÑºÅ´¡ˆÍ¹ áÅÐã¹¢Ñé¹µÍ¹·ÕèÊÍ§¨Ð¹íÒ¡ÒÃ

¤Çº¤ØÁ·Õèä´‰¨Ò¡¡ÒÃÍÍ¡áººã¹¢Ñé¹µÍ¹áÃ¡ÁÒãª‰ã¹¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁÊíÒËÃÑºáºº¨íÒÅÍ§ÍÑ¹´ÑºàµçÁ

¢Í§ÃÐººÃÍ§ÃÑºáÍç¡·Õ¿

4.1.1 ¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁÊíÒËÃÑºÃÐººà»„ÒËÁÒÂ

àÅ×Í¡ÃÐººà»„ÒËÁÒÂà»“¹ÊÁ¡ÒÃÍÑ¹´ÑºÅ´¢Í§ÃÐººÃÍ§ÃÑºáÍç¡·Õ¿´Ñ§¹Õé

ξ̇1 = ξ2

ξ̇2 = − 1
Mb

[Ka(ξ1 − ξ3) + Ca(ξ2 − ξ4)− ua]

ξ̇3 = ξ4

ξ̇4 =
1

Mus
[Ka(ξ1 − ξ3) + Ca(ξ2 − ξ4)−Ktξ3 − ua]

(4.1)

àÁ×èÍãª‰ÇÔ¸Õ¡ÒÃ¡‰ÒÇ¶ÍÂËÅÑ§ÍÍ¡áºº¡ÒÃ¤Çº¤ØÁ ua ÊíÒËÃÑºÃÐºº (4.1) ã¹·íÒ¹Í§à´ÕÂÇ¡Ñºã¹µÍ¹

3.3.2¨Ðä´‰

ua = Mb

{
−(c1 + c2)z2 + (c21 − 1 + c1(ε0 + κ1ϕ(ζ)))z1 − (ε0 + κ1ϕ(ζ))z1 − κ1

dϕ

dζ
(ξ2 − ξ4)ζ

}
+Ka(ξ1 − ξ3) + Ca(ξ2 − ξ4)

â´Â·Õè c1, c2 > 0 à»“¹¤ˆÒ¤§µÑÇ áÅÐ z1 = ξ1 − ξ̄3, z2 = ξ2 − α1 â´Â·Õè

α1 = −c1z1 − (ε0 + κ1ϕ(ζ))ζ
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4.1.2 ¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁÊíÒËÃÑºÃÐººÍÑ¹´ÑºàµçÁ¢Í§ÃÐººÃÍ§ÃÑºáÍç¡·Õ¿

¾Ô¨ÒÃ³ÒÊÁ¡ÒÃÍÑ¹´ÑºàµçÁ¢Í§ÃÐººÃÍ§ÃÑºáÍç¡·Õ¿

ẋ1 = x2

ẋ2 = − 1
Mb

[Ka(x1 − x3) + Ca(x2 − x4)−Ax5]

ẋ3 = x4

ẋ4 =
1

Mus
[Ka(x1 − x3) + Ca(x2 − x4)−Kt(x3 − r)−Ax5]

ẋ5 = −βx5 − αA(x2 − x4) + γx6w3

d

dt
(x6w3) = −x6w3

τ
− 1

2|w3|
|x6|w2 +

w3

τ
u

(4.2)

â´Â·Õè

w2 = −βx5 − αA(x2 − x4) + γx6w3

w3 = sgn[Ps − sgn(x6)x5]
√

[Ps − sgn(x6)x5]

àÅ×Í¡¡ÒÃá»Å§ x = π(ξ) à»“¹ 

x1

x2

x3

x4

Ax5

x6w3


= π(ξ) =



ξ1

ξ2

ξ3

ξ4

ua(ξ1, ξ2, ξ3, ξ4)

ub(ξ1, ξ2, ξ3, ξ4))


(4.3)

¨Ðä´‰ÊÁ¡ÒÃ¢Í§áÁ¹Ôâ¿Å´Œã¹ÃÙ»áººÍÔ§¾ÒÃÒÁÔàµÍÃŒ¤×Í

φ(x) =

[
Ax5 − ua

x6w3 − ub

]
=

[
0

0

]
(4.4)

áÅÐ¾Ô¡Ñ´¹Í¡áÁ¹Ôâ¿Å´Œ¤×Í [
Z1

Z2

]
=

[
Ax5 − ua

x6w3 − ub

]
(4.5)

àÅ×Í¡

ub =
Aα

γ
(x2 − x4) +

1
γA

(βua + u̇a) (4.6)

¨Ðä´‰

ẋ5 = −βx5 − αA(x2 − x4) + γ

(
Aα

γ
(x2 − x4) +

1
γ

(
βua

A
+
u̇a

A

))
+ γ(x6w3 − ub)

= −βx5 +
βua

A
+
u̇a

A
+ γZ2

Aẋ5 = −βAx5 + βua + u̇a +AγZ2

Aẋ5 − u̇a = −β(Ax5 − ua) + γAZ2
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´Ñ§¹Ñé¹¨Ðä´‰

Ż1 = −βZ1 + γAZ2 (4.7)

áÅÐ

Z̈1 + βŻ1 − γAŻ2 = 0

àÅ×Í¡

Ż2 = − 1
γA

(b1Ż1 + b2Z1)

¨Ðä´‰

Z̈1 + (β + b1)Ż1 + b2Z1 = 0

¶‰Òµ‰Í§¡ÒÃÇÒ§µíÒáË¹ˆ§¢ÑéÇ¢Í§¾ÅÇÑµ¾Ô¡Ñ´¹Í¡áÁ¹Ôâ¿Å´Œ ·Õè −p1 áÅÐ −p2 ¨Ðµ‰Í§àÅ×Í¡ãË‰

p1 + p2 = −(β + b1)

p1p2 = b2

¨Ò¡
d

dt
(x6w3)− u̇b = Ż2

¨Ðä´‰

d

dt
(x6w3)− u̇b = − 1

γA
(b1Ż1 + b2Z1)

d

dt
(x6w3) = u̇b −

1
γA

(b1Ż1 + b2Z1)(w3

τ

)
u =

x6w3

τ
+

1
2|w3|

|x6|w2 −
1
γA

(b1Ż1 + b2Z1) + u̇b

¨Ðä´‰¡ÒÃ¤Çº¤ØÁ¤×Í

u =
(
τ

w3

){
x6w3

τ
+

1
2|w3|

|x6|w2 −
1
γA

(b1Ż1 + b2Z1) + u̇b

}
(4.8)

â´Â·Õè

u̇a = Mb

{
− (c1 + c2)ż2 + (c21 − 1 + c1(ε0 + κ1ϕ(ζ)))ż1 + c1κ1

dϕ

dζ
(x2 − x4)z1

−(ε0 + κ1ϕ(ζ))w1 − 2κ1
dϕ

dζ
(x2 − x4)2 − κ1

d2ϕ

dζ2
(x2 − x4)2ζ − κ1

dϕ

dζ
w1ζ

}
+Ka(x2 − x4) + Caw1 (4.9)
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üa = Mb

{
− (c1 + c2)z̈2 + (c21 − 1 + c1(ε0 + κ1ϕ(ζ)))z̈1 + c1κ1

dϕ2

dζ
(x2 − x4)ż1

+c1κ1
d2ϕ

dζ2
(x2 − x4)2z1 + c1κ1

dϕ

dζ
w1z1 + c1κ1

dϕ

dζ
(x2 − x4)ż1

−(ε0 + κ1ϕ(ζ))w̄1 − κ1
dϕ

dζ
w1 − κ1

d2ϕ

dζ2
(x2 − x4)3 − 2κ1

dϕ

dζ
(x2 − x4)w1

−κ1
d3ϕ

dζ3
(x2 − x4)3ζ − 3κ1

d2ϕ

dζ2
(x2 − x4)w1ζ − κ1

d2ϕ

dζ2
(x2 − x4)3

−κ1
dϕ

dζ
w̄1ζ − κ1

dϕ

dζ
w1(x2 − x4)− κ1

d2ϕ

dζ2
(x2 − x4)3

−2κ1
dϕ

dζ
(x2 − x4)w1

}
+Kaw1 + Caw̄1 (4.10)

u̇b =
Aα

γ
w1 +

1
γ

(
βu̇a

A
+
üa

A

)

z̈1 = −c1ż1 − (ε0 + κ1ϕ(ζ))ż1 − κ1
dϕ

dζ
(x2 − x4)z1 + ż2 (4.11)

z̈2 = −c2ż2 − ż1 (4.12)

áÅÐ

w1 = −mt[Ka(x1x3) + Ca(x2 − x4)−Ax5] +
Kt

Mus
x3

= ẋ2 − ẋ4 +
Kt

Mus
r

w̄1 = −mt[Ka(x2 − x4) + Caw1 −Aw2] +
Kt

Mus
x4

= ẇ1 −mtCa
Kt

Mus
r

¾Ô¨ÒÃ³Òá¹ÇÇÔ¶ÕÊ¶Ò¹Ð¢Í§ÃÐºº

Z̈1 = −(1 + b1)Ż1 − b2Z1

ẋ1 = x2

ẋ2 = − 1
Mb

[Ka(x1 − x3) + Ca(x2 − x4)−Ax5]

ẋ3 = x4

ẋ4 =
1

Mus
[Ka(x1 − x3) + Ca(x2 − x4)−Kt(x3 − r)−Ax5]

Aẋ5 = −Aβx5 −AαA(x2 − x4)−Aub +Aγz2

d

dt
(x6w3) = −x6w3

τ
− 1

2|w3|
|x6|w2 +

w3

τ
u
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«Öè§¤×ÍÃÐºº

Z̈1 = −(1 + b1)Ż1 − b2Z1

ẋ1 = x2

ẋ2 = − 1
Mb

[Ka(x1 − x3) + Ca(x2 − x4)− ua]− Z1

Mb

ẋ3 = x4

ẋ4 =
1

Mus
[Ka(x1 − x3) + Ca(x2 − x4)−Kt(x3 − r)− ua] +

Z1

Mus

¨ÐàËç¹ä´‰ÇˆÒ¶‰Ò Z1 ÅÙˆà¢‰ÒÊÙˆÈÙ¹ÂŒáººàÅ¢ªÕé¡íÒÅÑ§ÍÂˆÒ§ÃÇ´àÃçÇ¨Ðä´‰ÇˆÒ x1, x2, x3 áÅÐ x4 ÁÕ¢Íºà¢µ¨íÒ¡Ñ´ «Öè§

¨Ð·íÒãË‰ÃÐººÁÕ¤Ø³ÊÁºÑµÔàËÁ×Í¹ÃÐººà»„ÒËÁÒÂ ÍÒ¨¡ÅˆÒÇä´‰ÇˆÒ¡ÒÃ¤Çº¤ØÁ·ÕèÍÍ¡áºº·íÒãË‰ÃÐººàÊ¶ÕÂÃ

â´Â¡ÒÃ¡íÒ¨Ñ´¼Å¢Í§¾ÅÇÑµÍÑ¹´ÑºÊÙ§ÍÍ¡¨Ò¡¾ÅÇÑµà»„ÒËÁÒÂàÊÁ×Í¹¡ÒÃÅ´·Í¹¡ÒÃÃº¡Ç¹ÍÍ¡¨Ò¡ÃÐºº

¼Å¡ÒÃ¨íÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒ

·íÒ¡ÒÃ¨íÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒâ´Âãª‰¤ˆÒ¾ÒÃÒÁÔàµÍÃŒàªˆ¹à´ÕÂÇ¡Ñº¡ÒÃ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§

áÅÐãË‰ p1 = p2 = 1200 àÁ×èÍãË‰ a = 0.025, 0.038 áÅÐ 0.055 (¤ÇÒÁÊÙ§¢Í§ road bumpà»“¹ 5, 7.6áÅÐ 11

cm) ¨Ðä´‰¼Å´Ñ§ÃÙ» 4.1, 4.2áÅÐ 4.3 µÒÁÅíÒ´Ñº

¨Ò¡ÃÙ» 4.1 ¶Ö§ 4.3 ¨ÐàËç¹ÇˆÒàÁ×èÍÁÕ¡ÒÃÃº¡Ç¹¨Ò¡¾×é¹¶¹¹·Õè¤ÇÒÁÊÙ§µˆÒ§æ µíÒáË¹ˆ§µÑÇÃ¶¨ÐÁÕ

¡ÒÃá¡Çˆ§¡ˆÍ¹·Õè¨Ð¡ÅÑºÊÙˆµíÒáË¹ˆ§à´ÔÁ áÊ´§ãË‰àËç¹ÇˆÒµÑÇ¤Çº¤ØÁ·ÕèÍÍ¡áºº´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹-

Â§ÊÒÁÒÃ¶·íÒãË‰ÃÐººÃÍ§ÃÑºáÍç¡·Õ¿àÊ¶ÕÂÃä´‰àÁ×èÍÁÕ¡ÒÃÃº¡Ç¹¨Ò¡¾×é¹¶¹¹·Õè¤ÇÒÁÊÙ§ÃÐ´ÑºµˆÒ§æ ¨Ò¡ÃÙ»

4.1 áÅÐ 4.2 ¨ÐàËç¹ÇˆÒ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ÁÕ¤ˆÒäÁˆÁÒ¡¹Ñ¡ à¹×èÍ§¨Ò¡¤ˆÒ suspension traveläÁˆà¡Ô¹¢Íºà¢µ

áµˆã¹ÃÙ»·Õè 4.3 ¨ÐÁÕ¤ÇÒÁàÃˆ§¢¹Ò´ãËˆ¶Ù¡Êˆ§ä»ÂÑ§µÑÇÃ¶à¹×èÍ§¨Ò¡¤ˆÒ suspension travelÁÕ¡ÒÃà¡Ô¹¢Íºà¢µ

àÁ×èÍà»ÃÕÂºà·ÕÂº¡Ñº¡ÒÃãª‰µÑÇ¤Çº¤ØÁ¡‰ÒÇ¶ÍÂËÅÑ§ ã¹ÃÙ» 3.9 ¶Ö§ 3.11 ¾ºÇˆÒÁÕ¤ÇÒÁáµ¡µˆÒ§¡Ñ¹¤×Í áÁ‰µÑÇ

¤Çº¤ØÁ·ÕèÍÍ¡áºº´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶¨ÐÁÕÊˆÇ¹¾Øˆ§à¡Ô¹ (overshoot) ·ÕèÁÒ¡

¡ÇˆÒ¡Ã³ÕµÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ áµˆÁÕÊˆÇ¹¾Øˆ§¢Ò´ (undershoot)·Õè¹‰ÍÂ¡ÇˆÒáÅÐµíÒáË¹ˆ§¢Í§µÑÇÃ¶¡çÁÕ

¡ÒÃá¡Çˆ§µÑÇ¹‰ÍÂ¡ÇˆÒ´‰ÇÂ áÅÐ·Õè¤ÇÒÁÊÙ§ road bump à»“¹ 11 cm àÁ×èÍãª‰µÑÇ¤Çº¤ØÁ¡‰ÒÇ¶ÍÂËÅÑ§¨ÐäÁˆ

à¡Ô´¤ÇÒÁàÃˆ§¢¹Ò´ãËˆÊˆ§ä»ÂÑ§µÑÇÃ¶ à¹×èÍ§¨Ò¡¤ˆÒ suspension traveläÁˆà¡Ô¹¢Íºà¢µ ¹Ñè¹¤×ÍµÑÇ¤Çº¤ØÁ

¡‰ÒÇ¶ÍÂËÅÑ§¨ÐÊÒÁÒÃ¶»„Í§¡Ñ¹¤ˆÒ suspension traveläÁˆãË‰à¡Ô¹¢Íºà¢µä´‰´Õ¡ÇˆÒµÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹

áÅÐ¤ÇÒÁÂ×¹Â§
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(¡) (¢)

(¤) (§)

(¨) (©)

ÃÙ»·Õè 4.1: ¼ÅµÍºÊ¹Í§¢Í§ÃÐºº·Õèãª‰¡ÒÃ¤Çº¤ØÁ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§àÁ×èÍ a = 0.025

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶ (¨) Z1 (©) Z2
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(¡) (¢)

(¤) (§)

(¨) (©)

ÃÙ»·Õè 4.2: ¼ÅµÍºÊ¹Í§¢Í§ÃÐºº·Õèãª‰¡ÒÃ¤Çº¤ØÁ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§àÁ×èÍ a = 0.038

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶ (¨) Z1 (©) Z2
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(¡) (¢)

(¤) (§)

(¨) (©)

ÃÙ»·Õè 4.3: ¼ÅµÍºÊ¹Í§¢Í§ÃÐºº·Õèãª‰¡ÒÃ¤Çº¤ØÁ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§àÁ×èÍ a = 0.055

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶ (¨) Z1 (©) Z2
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4.2 ¼Å¡ÒÃà»ÃÕÂºà·ÕÂº¼ÅµÍºÊ¹Í§ÃÐËÇˆÒ§µÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§

áÅÐµÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ã¹¡Ã³Õ·ÕèÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´¢Í§¾ÒÃÒÁÔàµÍÃŒã¹¾ÅÒ¹µŒ

ã¹¡ÒÃà»ÃÕÂºà·ÕÂº¼ÅµÍºÊ¹Í§ÃÐËÇˆÒ§µÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ áÅÐµÑÇ¤Çº¤ØÁ

áºº¡‰ÒÇ¶ÍÂËÅÑ§ã¹¡Ã³Õ·ÕèÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´¢Í§¾ÒÃÒÁÔàµÍÃŒã¹¾ÅÒ¹µŒ ä´‰¨íÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒ 21

¡Ã³Õà¾×èÍáÊ´§ ¤ÇÒÁàÃˆ§·Õèà¡Ô´¢Öé¹¡ÑºµÑÇÃ¶, µíÒáË¹ˆ§¢Í§µÑÇÃ¶, ¤ˆÒ suspension traveláÅÐµíÒáË¹ˆ§¢Í§Å‰Í

Ã¶ ´Ñ§ÃÙ» 4.4 ¶Ö§ 4.24µˆÍä»¹Õé

ÃÙ» 4.4 ¡Ã³Õ»¡µÔ (ãË‰ a = 0.040)

ÃÙ» 4.5 ¡Ã³Õ·Õè Mb à¾ÔèÁ¢Öé¹ 20%

ÃÙ» 4.6 ¡Ã³Õ·Õè Mb Å´Å§ 20%

ÃÙ» 4.7 ¡Ã³Õ·Õè Mus à¾ÔèÁ¢Öé¹ 20%

ÃÙ» 4.8 ¡Ã³Õ·Õè Mus Å´Å§ 20%

ÃÙ» 4.9 ¡Ã³Õ·Õè Ka à¾ÔèÁ¢Öé¹ 20%

ÃÙ» 4.10 ¡Ã³Õ·Õè Ka Å´Å§ 20%

ÃÙ» 4.11 ¡Ã³Õ·Õè Ca à¾ÔèÁ¢Öé¹ 20%

ÃÙ» 4.12 ¡Ã³Õ·Õè Ca Å´Å§ 20%

ÃÙ» 4.13 ¡Ã³Õ·Õè Kt à¾ÔèÁ¢Öé¹ 20%

ÃÙ» 4.14 ¡Ã³Õ·Õè Kt Å´Å§ 20%

ÃÙ» 4.15 ¡Ã³Õ·Õè τ à¾ÔèÁ¢Öé¹ 20%

ÃÙ» 4.16 ¡Ã³Õ·Õè τ Å´Å§ 20%

ÃÙ» 4.17 ¡Ã³Õ·Õè A à¾ÔèÁ¢Öé¹ 5%

ÃÙ» 4.18 ¡Ã³Õ·Õè A Å´Å§ 10%

ÃÙ» 4.19 ¡Ã³Õ·Õè α à¾ÔèÁ¢Öé¹ 5%

ÃÙ» 4.20 ¡Ã³Õ·Õè α Å´Å§ 10%

ÃÙ» 4.21 ¡Ã³Õ·Õè β à¾ÔèÁ¢Öé¹ 20%

ÃÙ» 4.22 ¡Ã³Õ·Õè β Å´Å§ 20%

ÃÙ» 4.23 ¡Ã³Õ·Õè γ à¾ÔèÁ¢Öé¹ 10%

ÃÙ» 4.24 ¡Ã³Õ·Õè γ Å´Å§ 5%

ã¹ÃÙ»àÊ‰¹·ÖºáÊ´§¼ÅµÍºÊ¹Í§¢Í§ÃÐººàÁ×èÍãª‰µÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ áÅÐàÊ‰¹

ºÒ§áÊ´§¼ÅµÍºÊ¹Í§¢Í§ÃÐººàÁ×èÍãª‰µÑÇ¤Çº¤ØÁ¡‰ÒÇ¶ÍÂËÅÑ§
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(¡) (¢)

(¤) (§)

ÃÙ»·Õè 4.4: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººã¹¡Ã³Õ·ÕèÃÐºØàÁ×èÍãª‰µÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ (àÊ‰¹ºÒ§) áÅÐµÑÇ¤Çº¤ØÁáºº¡ÒÃ
½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (àÊ‰¹·Öº) àÁ×èÍ a = 0.040

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
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(¡) (¢)

(¤) (§)

ÃÙ»·Õè 4.5: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººã¹¡Ã³Õ Mb à¾ÔèÁ¢Öé¹ 20 % àÁ×èÍãª‰µÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ (àÊ‰¹ºÒ§) áÅÐ
µÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (àÊ‰¹·Öº) àÁ×èÍ a = 0.040

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
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(¡) (¢)

(¤) (§)

ÃÙ»·Õè 4.6: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººã¹¡Ã³Õ Mb Å´Å§ 20 % àÁ×èÍãª‰µÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ (àÊ‰¹ºÒ§) áÅÐ
µÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (àÊ‰¹·Öº) àÁ×èÍ a = 0.040

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
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(¡) (¢)

(¤) (§)

ÃÙ»·Õè 4.7: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººã¹¡Ã³Õ Mus à¾ÔèÁ¢Öé¹ 20 % àÁ×èÍãª‰µÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ (àÊ‰¹ºÒ§) áÅÐ
µÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (àÊ‰¹·Öº) àÁ×èÍ a = 0.040

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
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(¡) (¢)

(¤) (§)

ÃÙ»·Õè 4.8: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººã¹¡Ã³Õ Mus Å´Å§ 20 % àÁ×èÍãª‰µÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ (àÊ‰¹ºÒ§) áÅÐ
µÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (àÊ‰¹·Öº) àÁ×èÍ a = 0.040

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
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(¡) (¢)

(¤) (§)

ÃÙ»·Õè 4.9: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººã¹¡Ã³Õ Ka à¾ÔèÁ¢Öé¹ 20 % àÁ×èÍãª‰µÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ (àÊ‰¹ºÒ§) áÅÐ
µÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (àÊ‰¹·Öº) àÁ×èÍ a = 0.040

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
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(¡) (¢)

(¤) (§)

ÃÙ»·Õè 4.10: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººã¹¡Ã³Õ Ka Å´Å§ 20 % àÁ×èÍãª‰µÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ (àÊ‰¹ºÒ§) áÅÐ
µÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (àÊ‰¹·Öº) àÁ×èÍ a = 0.040

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
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(¡) (¢)

(¤) (§)

ÃÙ»·Õè 4.11: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººã¹¡Ã³Õ Ca à¾ÔèÁ¢Öé¹ 20 % àÁ×èÍãª‰µÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ (àÊ‰¹ºÒ§) áÅÐ
µÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (àÊ‰¹·Öº) àÁ×èÍ a = 0.040

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
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(¡) (¢)

(¤) (§)

ÃÙ»·Õè 4.12: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººã¹¡Ã³Õ Ca Å´Å§ 20 % àÁ×èÍãª‰µÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ (àÊ‰¹ºÒ§) áÅÐ
µÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (àÊ‰¹·Öº) àÁ×èÍ a = 0.040

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
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(¡) (¢)

(¤) (§)

ÃÙ»·Õè 4.13: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººã¹¡Ã³Õ Kt à¾ÔèÁ¢Öé¹ 20 % àÁ×èÍãª‰µÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ (àÊ‰¹ºÒ§) áÅÐ
µÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (àÊ‰¹·Öº) àÁ×èÍ a = 0.040

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
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(¡) (¢)

(¤) (§)

ÃÙ»·Õè 4.14: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººã¹¡Ã³Õ Kt Å´Å§ 20 % àÁ×èÍãª‰µÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ (àÊ‰¹ºÒ§) áÅÐ
µÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (àÊ‰¹·Öº) àÁ×èÍ a = 0.040

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
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(¡) (¢)

(¤) (§)

ÃÙ»·Õè 4.15: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººã¹¡Ã³Õ τ à¾ÔèÁ¢Öé¹ 20 % àÁ×èÍãª‰µÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ (àÊ‰¹ºÒ§) áÅÐ
µÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (àÊ‰¹·Öº) àÁ×èÍ a = 0.040

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
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(¡) (¢)

(¤) (§)

ÃÙ»·Õè 4.16: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººã¹¡Ã³Õ τ Å´Å§ 20 % àÁ×èÍãª‰µÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ (àÊ‰¹ºÒ§) áÅÐ
µÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (àÊ‰¹·Öº) àÁ×èÍ a = 0.040

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
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(¡) (¢)

(¤) (§)

ÃÙ»·Õè 4.17: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººã¹¡Ã³Õ A à¾ÔèÁ¢Öé¹ 5 % àÁ×èÍãª‰µÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ (àÊ‰¹ºÒ§) áÅÐ
µÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (àÊ‰¹·Öº) àÁ×èÍ a = 0.040

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
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(¡) (¢)

(¤) (§)

ÃÙ»·Õè 4.18: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººã¹¡Ã³Õ A Å´Å§ 10 % àÁ×èÍãª‰µÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ (àÊ‰¹ºÒ§) áÅÐ
µÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (àÊ‰¹·Öº) àÁ×èÍ a = 0.040

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
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(¡) (¢)

(¤) (§)

ÃÙ»·Õè 4.19: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººã¹¡Ã³Õ α à¾ÔèÁ¢Öé¹ 5 % àÁ×èÍãª‰µÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ (àÊ‰¹ºÒ§) áÅÐ
µÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (àÊ‰¹·Öº) àÁ×èÍ a = 0.040

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
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(¡) (¢)

(¤) (§)

ÃÙ»·Õè 4.20: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººã¹¡Ã³Õ α Å´Å§ 10 % àÁ×èÍãª‰µÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ (àÊ‰¹ºÒ§) áÅÐ
µÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (àÊ‰¹·Öº) àÁ×èÍ a = 0.040

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
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(¡) (¢)

(¤) (§)

ÃÙ»·Õè 4.21: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººã¹¡Ã³Õ β à¾ÔèÁ¢Öé¹ 20 % àÁ×èÍãª‰µÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ (àÊ‰¹ºÒ§) áÅÐ
µÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (àÊ‰¹·Öº) àÁ×èÍ a = 0.040

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
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(¡) (¢)

(¤) (§)

ÃÙ»·Õè 4.22: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººã¹¡Ã³Õ β Å´Å§ 20 % àÁ×èÍãª‰µÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ (àÊ‰¹ºÒ§) áÅÐ
µÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (àÊ‰¹·Öº) àÁ×èÍ a = 0.040

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
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(¡) (¢)

(¤) (§)

ÃÙ»·Õè 4.23: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººã¹¡Ã³Õ γ à¾ÔèÁ¢Öé¹ 10 % àÁ×èÍãª‰µÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ (àÊ‰¹ºÒ§) áÅÐ
µÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (àÊ‰¹·Öº) àÁ×èÍ a = 0.040

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
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(¡) (¢)

(¤) (§)

ÃÙ»·Õè 4.24: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººã¹¡Ã³Õ γ Å´Å§ 5 % àÁ×èÍãª‰µÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ (àÊ‰¹ºÒ§) áÅÐ
µÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (àÊ‰¹·Öº) àÁ×èÍ a = 0.040

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
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µÒÃÒ§·Õè 4.1: ¤ÇÒÁäÇ¢Í§¼ÅµÍºÊ¹Í§¢Í§ÃÐººÇ§Ç¹»”´µˆÍ¡ÒÃà»ÅÕèÂ¹á»Å§¢Í§¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ
ã¹¾ÅÒ¹µŒ

¾ÒÃÒÁÔàµÍÃŒ à»ÍÃŒà«¹µŒ¡ÒÃà»ÅÕèÂ¹á»Å§ ¼Å¡ÃÐ·ºã¹¡ÒÃ¤Çº¤ØÁ ¼Å¡ÃÐ·ºã¹¡ÒÃ¤Çº¤ØÁ
áºº¡‰ÒÇ¶ÍÂËÅÑ§ áºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§

Mb +20% ´Õ¢Öé¹àÅç¡¹‰ÍÂ ´Õ¢Öé¹àÅç¡¹‰ÍÂ
−20% àÅÇÅ§àÅç¡¹‰ÍÂ àÅÇÅ§àÅç¡¹‰ÍÂ

Mus +20% àÅÇÅ§àÅç¡¹‰ÍÂ àÅÇÅ§àÅç¡¹‰ÍÂ
−20% ´Õ¢Öé¹àÅç¡¹‰ÍÂ ´Õ¢Öé¹àÅç¡¹‰ÍÂ

Ka +20% äÁˆàËç¹¡ÒÃà»ÅÕèÂ¹á»Å§ äÁˆàËç¹¡ÒÃà»ÅÕèÂ¹á»Å§
−20% äÁˆàËç¹¡ÒÃà»ÅÕèÂ¹á»Å§ äÁˆàËç¹¡ÒÃà»ÅÕèÂ¹á»Å§

Ca +20% äÁˆàËç¹¡ÒÃà»ÅÕèÂ¹á»Å§ äÁˆàËç¹¡ÒÃà»ÅÕèÂ¹á»Å§
−20% äÁˆàËç¹¡ÒÃà»ÅÕèÂ¹á»Å§ äÁˆàËç¹¡ÒÃà»ÅÕèÂ¹á»Å§

Kt +20% àÅÇÅ§àÅç¡¹‰ÍÂ àÅÇÅ§àÅç¡¹‰ÍÂ
−20% àÅÇÅ§àÅç¡¹‰ÍÂ àÅÇÅ§àÅç¡¹‰ÍÂ

τ +20% àÅÇÅ§àÅç¡¹‰ÍÂ àÅÇÅ§àÅç¡¹‰ÍÂ
−20% ´Õ¢Öé¹àÅç¡¹‰ÍÂ ´Õ¢Öé¹àÅç¡¹‰ÍÂ

A +10% àÅÇÅ§ÁÒ¡ àÅÇÅ§àÅç¡¹‰ÍÂ
−10% àÅÇÅ§ÁÒ¡ àÅÇÅ§àÅç¡¹‰ÍÂ

α +10% àÅÇÅ§ÁÒ¡ àÅÇÅ§àÅç¡¹‰ÍÂ
−10% àÅÇÅ§ÁÒ¡ àÅÇÅ§àÅç¡¹‰ÍÂ

β +20% äÁˆàËç¹¡ÒÃà»ÅÕèÂ¹á»Å§ äÁˆàËç¹¡ÒÃà»ÅÕèÂ¹á»Å§
−20% äÁˆàËç¹¡ÒÃà»ÅÕèÂ¹á»Å§ äÁˆàËç¹¡ÒÃà»ÅÕèÂ¹á»Å§

γ +10% àÅÇÅ§ÁÒ¡ àÅÇÅ§àÅç¡¹‰ÍÂ
−10% àÅÇÅ§ÁÒ¡ àÅÇÅ§àÅç¡¹‰ÍÂ

¨Ò¡ÃÙ» 4.4 ¨ÐàËç¹ÇˆÒã¹¡Ã³Õ»¡µÔ ¤ÇÒÁàÃˆ§·Õèà¡Ô´¢Öé¹¡ÑºµÑÇÃ¶àÁ×èÍãª‰µÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹

áÅÐ¤ÇÒÁÂ×¹Â§ ¨ÐÁÕÊˆÇ¹¾Øˆ§à¡Ô¹ÊÙ§¡ÇˆÒµÑÇ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§àÅç¡¹‰ÍÂ áµˆÁÕÊˆÇ¹¾Øˆ§¢Ò´·Õè¹‰ÍÂ¡ÇˆÒ

¨Ò¡ÃÙ» 4.5 ¶Ö§ 4.16 áÅÐ 4.21 ¶Ö§ 4.22 ¨ÐàËç¹ÇˆÒã¹¡Ã³Õ·ÕèÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¾ÒÃÒÁÔàµÍÃŒ

Mb,Mus,Ka, Ca,Kt, τ áÅÐ β ã¹ªˆÇ§ ±20% ¼Å¡ÒÃ¤Çº¤ØÁ·Ñé§ÊÍ§ÇÔ¸Õ¨ÐäÁˆáµ¡µˆÒ§¨Ò¡à´ÔÁÁÒ¡¹Ñ¡

áµˆàÁ×èÍÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¾ÒÃÒÁÔàµÍÃŒ A,α áÅÐ γ ã¹ªˆÇ§ ±10% ¼Å¡ÒÃ¤Çº¤ØÁ´‰ÇÂÇÔ¸Õ¡‰ÒÇ¶ÍÂËÅÑ§

¨ÐµˆÒ§ä»¨Ò¡à´ÔÁÁÒ¡ ã¹¢³Ð·Õè¡ÒÃ¤Çº¤ØÁ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§¼Å¡ÒÃ¤Çº¤ØÁ¨ÐäÁˆà»ÅÕèÂ¹ä»

¨Ò¡à´ÔÁÁÒ¡¹Ñ¡ áµˆµÑÇ¤Çº¤ØÁ·Ñé§ 2 áººÂÑ§¤§ÊÒÁÒÃ¶ÃÑ¡ÉÒãË‰¤ˆÒ suspension travelÍÂÙˆã¹¢Íºà¢µ

·Õè¡íÒË¹´ä´‰ â´Â¨Ò¡ÃÙ» 4.17, 4.19 áÅÐ 4.24 ¨ÐàËç¹ÇˆÒ¡Ã³Õ·Õè A,α ÁÕ¤ˆÒà¾ÔèÁ¢Öé¹¨Ò¡à´ÔÁ 5%

áÅÐ γ Å´Å§¨Ò¡à´ÔÁ 5% àËç¹ä´‰ÇˆÒ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶·Õèãª‰µÑÇ¤Çº¤ØÁ¡‰ÒÇ¶ÍÂËÅÑ§¨ÐÊÙ§¡ÇˆÒ¡Ã³Õ·ÕèÃÐºØ

ÁÒ¡ ã¹¢³Ð·Õè¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶·Õèãª‰µÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶¨ÐÊÙ§¡ÇˆÒ

¡Ã³Õ·ÕèÃÐºØà¾ÕÂ§àÅç¡¹‰ÍÂà·ˆÒ¹Ñé¹ áÅÐ¨Ò¡ÃÙ» 4.18, 4.20 áÅÐ 4.23 ¨ÐàËç¹ÇˆÒ¡Ã³Õ A,α ÁÕ¤ˆÒÅ´Å§

¨Ò¡à´ÔÁ 10% áÅÐ γ à¾ÔèÁ¨Ò¡à´ÔÁ 10% àËç¹ä´‰ÇˆÒ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶·Õèãª‰µÑÇ¤Çº¤ØÁ¡‰ÒÇ¶ÍÂËÅÑ§¨ÐÁÕ

¡ÒÃá¡Çˆ§µÑÇÊÙ§¡ÇˆÒ¡Ã³Õ·ÕèÃÐºØÁÒ¡ ã¹¢³Ð·Õè¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶·Õèãª‰µÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹-
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Â§¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶¨ÐÁÕ¡ÒÃá¡Çˆ§µÑÇÊÙ§¡ÇˆÒ¡Ã³Õ·ÕèÃÐºØà¾ÕÂ§àÅç¡¹‰ÍÂà·ˆÒ¹Ñé¹

4.3 ÊÃØ»

¨Ò¡¼Å¡ÒÃ¨íÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒ ¨ÐàËç¹ÇˆÒµÑÇ¤Çº¤ØÁáºº¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ÊÒÁÒÃ¶

·íÒãË‰ÃÐººÃÍ§ÃÑºáººáÍç¡·Õ¿ÁÕàÊ¶ÕÂÃÀÒ¾ä´‰àªˆ¹à´ÕÂÇ¡ÑºµÑÇ¤Çº¤ØÁ¡‰ÒÇ¶ÍÂËÅÑ§ áÅÐÁÕ¤ÇÒÁ¤§·¹µˆÍ

¤ÇÒÁ¼Ô´¾ÅÒ´¢Í§¾ÒÃÒÁÔàµÍÃŒã¹¾ÅÒ¹µŒ´Õ¡ÇˆÒµÑÇ¤Çº¤ØÁ¡‰ÒÇ¶ÍÂËÅÑ§ áµˆÁÕ¢‰ÍàÊÕÂ¤×Í¡ÒÃÃÑ¡ÉÒãË‰¤ˆÒ sus-

pension traveläÁˆãË‰à¡Ô¹¢Íºà¢µàÅÇ¡ÇˆÒµÑÇ¤Çº¤ØÁ¡‰ÒÇ¶ÍÂËÅÑ§ã¹¡Ã³Õ·Õè bumpÁÕ¤ˆÒÊÙ§ÁÒ¡



º··Õè 5

ÇÔ¸Õ¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁáºº»ÃÑºµÑÇÊíÒËÃÑºÃÐººÃÍ§ÃÑºáººáÍç¡·Õ¿

ã¹º·¹Õé¡ÅˆÒÇ¶Ö§ÇÔ¸Õ¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ â´Âã¹µÍ¹ 5.1 ¡ÅˆÒÇ¶Ö§¡ÒÃÇÔà¤ÃÒÐËŒ

¾ÒÃÒÁÔàµÍÃŒ ¾Ô¨ÒÃ³Ò¶×§¡ÒÃàÅ×Í¡¾ÒÃÒÁÔàµÍÃŒ·ÕèäÁˆ·ÃÒº¤ˆÒ·Õè¨Ð¹íÒÁÒãª‰ã¹¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ ã¹

µÍ¹ 5.2 ¡ÅˆÒÇ¶Ö§¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁ»ÃÑºµÑÇ´‰ÇÂÇÔ¸Õ¿’§¡ŒªÑ¹¡ÒÃ»ÃÑº¨Ù¹ ã¹µÍ¹ 5.3 ¡ÅˆÒÇ¶Ö§¡ÒÃ

ÍÍ¡áºº¡ÒÃ¤Çº¤ØÁ»ÃÑºµÑÇ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ áÅÐã¹µÍ¹ 5.4 áÊ´§¼Å¡ÒÃ¨íÒÅÍ§áºº

´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒà»ÃÕÂºà·ÕÂº¼Å¡ÒÃ¤Çº¤ØÁÃÐËÇˆÒ§ÇÔ¸Õ¿’§¡ŒªÑ¹¡ÒÃ»ÃÑº¨Ù¹ áÅÐ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§

5.1 ¡ÒÃÇÔà¤ÃÒÐËŒ¤ÇÒÁäÇ¢Í§¼ÅµÍºÊ¹Í§µˆÍ¡ÒÃà»ÅÕèÂ¹á»Å§¾ÒÃÒÁÔàµÍÃŒã¹µÑÇ¤Çº¤ØÁ

¼ÅÅÑ¾¸Œ¨Ò¡¡ÒÃãª‰µÑÇ¤Çº¤ØÁäÁˆàªÔ§àÊ‰¹¤×ÍÊÒÁÒÃ¶»ÃÑº»ÃØ§ÀÒÇÐ¶ˆÇ§´ØÅÃÐËÇˆÒ§ ride quality áÅÐ

suspension travelã¹¡ÒÃÍÍ¡áººÃÐººÃÍ§ÃÑºáººáÍç¡·Õ¿ä´‰ ÍÂˆÒ§äÃ¡çµÒÁ¼ÅÅÑ¾¸Œ¨Ò¡»ÃÑº»ÃØ§¹ÕéÍÂÙˆã¹

ÊÁÁµÔ°Ò¹·ÕèÇˆÒàÃÒÃÙ‰¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ·Ø¡µÑÇ¢Í§ÃÐººÍÂˆÒ§áÁˆ¹ÂíÒ ã¹¡ÒÃÈÖ¡ÉÒ¤ÇÒÁäÇÊÁÃÃ¶¹Ð¢Í§ÃÐºº

Ç§Ç¹»”´µˆÍ¡ÒÃá»Ã¤ˆÒ¢Í§¾ÒÃÒÁÔàµÍÃŒ¢Í§µÑÇ¤Çº¤ØÁ·ÕèµˆÒ§ä»¨Ò¡¾ÒÃÒÁÔàµÍÃŒã¹¾ÅÒ¹µŒàÃÒãª‰¤ˆÒ¤§µÑÇ¨Ò¡

[10]

µÒÃÒ§·Õè 5.1 ÊÃØ»¼Å¢Í§¼Å¡ÃÐ·º¨Ò¡¤ÇÒÁ¤ÅÒ´à¤Å×èÍ¹ã¹¡ÒÃ»ÃÐÁÒ³¢Í§¾ÒÃÒÁÔàµÍÃŒµˆÒ§æ ·Õè

ãª‰ã¹µÑÇ¤Çº¤ØÁàÁ×èÍà·ÕÂº¡Ñº¤ˆÒ¨ÃÔ§¢Í§¾ÒÃÒÁÔàµÍÃŒã¹ÃÐºº ¨Ò¡µÒÃÒ§¨ÐàËç¹ä´‰ÇˆÒ¾ÒÃÒÁÔàµÍÃŒ Mb,Mus,

Ka, Ca,Kt áÅÐ τ à»“¹¾ÒÃÒÁÔàµÍÃŒ·ÕèÁÕ¼Å¡ÃÐ·ºµˆÍÊÁÃÃ¶¹Ð¢Í§ÃÐººàÅç¡¹‰ÍÂ «Öè§ÊÁÃÃ¶¹Ð¢Í§ÃÐºº

¨Ð´Õ¢Öé¹¶‰ÒàÃÒ»ÃÐÁÒ³¤ˆÒ Mb,Mus, Ca ËÃ×Í τ ÁÒ¡à¡Ô¹ä» áÅÐ»ÃÐÁÒ³¤ˆÒ Ka ËÃ×Í Kt µíèÒà¡Ô¹ä»

¨Ò¡µÒÃÒ§·Õè 5.1 ¨ÐàËç¹ä´‰ÇˆÒ A,α áÅÐ γ ¤×Í¾ÒÃÒÁÔàµÍÃŒÊÒÁµÑÇ·ÕèÁÕÍÔ·¸Ô¾ÅµˆÍÊÁÃÃ¶¹Ð¢Í§ÃÐºº

ÁÒ¡·ÕèÊØ´ ÊÁÃÃ¶¹Ð¢Í§ÃÐºº¨ÐáÂˆÅ§ÁÒ¡¶‰Ò¡ÒÃ»ÃÐÁÒ³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒÊÒÁ¤ˆÒ¹ÕéÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´ «Öè§

´ÙàËÁ×Í¹ÇˆÒ¤ÇÃ¨Ðµ‰Í§·íÒ¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇÊíÒËÃÑº¾ÒÃÒÁÔàµÍÃŒ·Ñé§ÊÒÁµÑÇ áµˆÍÂˆÒ§äÃ¡ç

µÒÁ¨Ò¡§Ò¹ÇÔ¨ÑÂ·Õè¼ˆÒ¹ÁÒ [13] ¾ºÇˆÒã¹¡Ã³Õ¡ÒÃ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ ¶‰Ò¡ÒÃ»ÃÐÁÒ³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ

¢Í§ A, α áÅÐ γ ÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´ (ã¹ªˆÇ§ ±10% ¢Í§¤ˆÒ·Õè¶Ù¡µ‰Í§) áµˆÇÔ¸Õ¡ÒÃ·Õè»ÃÐÁÒ³¤ˆÒ¢Í§

à·ÍÁ αA
γ ãË‰ÁÕ¤ˆÒã¡Å‰à¤ÕÂ§¡Ñº¤ˆÒ¨ÃÔ§¢Í§¾ÅÒ¹µŒ¨Ð·íÒãË‰ÊÁÃÃ¶¹Ð¢Í§ÃÐººÇ§Ç¹»”´ÁÕ¤ÇÒÁã¡Å‰à¤ÕÂ§¡Ñº

ÊÁÃÃ¶¹Ð¢Í§ÃÐººÇ§Ç¹»”´ ã¹¡Ã³Õ·ÕèäÁˆÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¡ÒÃ»ÃÐÁÒ³¤ˆÒã¹µÑÇ¤Çº¤ØÁ

¹Ñè¹¤×ÍàÃÒäÁˆ¨íÒà»“¹µ‰Í§·íÒ¡ÒÃ»ÃÐÁÒ³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ·Ñé§ÊÒÁ¤ˆÒã¹¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁáºº»ÃÑº-

µÑÇ ´Ñ§¹Ñé¹àÃÒÊÒÁÒÃ¶àÅ×Í¡»ÃÐÁÒ³à¾ÕÂ§¤ˆÒÊÑÁ»ÃÐÊÔ·¸Ôì αA ¡çà¾ÕÂ§¾Í à¹×èÍ§¨Ò¡¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¾ÒÃÒ-

ÁÔàµÍÃŒ γ ÊÒÁÒÃ¶¶Ù¡ª´àªÂä´‰µÒÁ·Õè¡ÅˆÒÇÁÒáÅ‰Çâ´Â¡ÒÃ»ÃÑº¤ˆÒ αA áÁ‰ÇˆÒ¡ÒÃ»ÃÑº¤ˆÒ¨ÐÅÙˆÍÍ¡¨Ò¡¤ˆÒ

¤ÇÒÁ¨ÃÔ§¡çµÒÁ ¨Ò¡¼Å¹Õé¨Ð·íÒãË‰àÃÒÊÒÁÒÃ¶àÅ×Í¡»ÃÐÁÒ³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒºÒ§¤ˆÒ¢Í§¾ÅÒ¹µŒà¾×èÍãË‰ÃÐºº

ÁÕÊÁÃÃ¶¹Ð·Õè´Õä´‰ «Öè§¨Ðà»“¹¡ÒÃà¾ÔèÁ¤ÇÒÁ«Ñº«‰Í¹¢Í§¡ÒÃ¤Çº¤ØÁ¹‰ÍÂ·ÕèÊØ´´‰ÇÂ
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µÒÃÒ§·Õè 5.1: ¤ÇÒÁäÇ¢Í§¼ÅµÍºÊ¹Í§¢Í§ÃÐººÇ§Ç¹»”´µˆÍ¡ÒÃà»ÅÕèÂ¹á»Å§¢Í§¤ˆÒ¾ÒÃÒÁÔàµÍÃŒã¹µÑÇ-
¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§

¾ÒÃÒÁÔàµÍÃŒ à»ÍÃŒà«¹µŒ¡ÒÃà»ÅÕèÂ¹á»Å§ ¼Å¡ÃÐ·º
Mb +20% ´Õ¢Öé¹àÅç¡¹‰ÍÂ

−20% àÅÇÅ§àÅç¡¹‰ÍÂ
Mus +20% ´Õ¢Öé¹àÅç¡¹‰ÍÂ∗

−20% àÅÇÅ§àÅç¡¹‰ÍÂ
Ka +20% àÅÇÅ§àÅç¡¹‰ÍÂ

−20% ´Õ¢Öé¹àÅç¡¹‰ÍÂ
Ca +20% ´Õ¢Öé¹àÅç¡¹‰ÍÂ∗

−20% àÅÇÅ§àÅç¡¹‰ÍÂ
Kt +20% àÅÇÅ§àÅç¡¹‰ÍÂ

−20% ´Õ¢Öé¹àÅç¡¹‰ÍÂ∗

τ +20% ´Õ¢Öé¹àÅç¡¹‰ÍÂ∗
−20% àÅÇÅ§àÅç¡¹‰ÍÂ∗

A +10% àÅÇÅ§ÁÒ¡
−10% àÅÇÅ§ÁÒ¡

α +10% àÅÇÅ§ÁÒ¡
−10% àÅÇÅ§ÁÒ¡

β +20% äÁˆàËç¹¡ÒÃà»ÅÕèÂ¹á»Å§
−20% äÁˆàËç¹¡ÒÃà»ÅÕèÂ¹á»Å§

γ +10% àÅÇÅ§ÁÒ¡
−10% àÅÇÅ§ÁÒ¡

∗ ËÁÒÂ¤ÇÒÁÇˆÒ¡ÒÃÊÃØ»äÁˆà»“¹áººà´ÕÂÇ¡Ñ¹ (uniform) µÅÍ´·Ñé§ªˆÇ§ã¹¡ÒÃ¨íÒÅÍ§áºº

5.2 ¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁ»ÃÑºµÑÇ´‰ÇÂÇÔ¸Õ¿’§¡ŒªÑ¹¡ÒÃ»ÃÑº¨Ù¹

àÃÒ¨Ð¾Ô¨ÒÃ³Ò θ = αA à»“¹¾ÒÃÒÁÔàµÍÃŒ·ÕèäÁˆ·ÃÒº¤ˆÒã¹ÃÐºº áÅÐàÃÒÊÒÁÒÃ¶ÍÍ¡áººµÑÇ¤Çº¤ØÁ

áºº»ÃÑºµÑÇâ´Âãª‰¡ÒÃ»ÃÐÁÒ³ θ̂ â´Âãª‰ÇÔ¸Õ¡ÒÃ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§¡Ñº¿’§¡ŒªÑ¹¡ÒÃ»ÃÑº¨Ù¹ «Öè§ã¹ÊÍ§

¢Ñé¹µÍ¹áÃ¡ ¢Ñé¹µÍ¹¡ÒÃÍÍ¡áºº¨ÐàËÁ×Í¹¡Ñº¡ÒÃÍÍ¡áºº´‰ÇÂÇÔ¸Õ¡ÒÃ¡‰ÒÇ¶ÍÂËÅÑ§áºº¸ÃÃÁ´Ò

¢Ñé¹µÍ¹·ÕèË¹Öè§ ãª‰ z2 à»“¹¡ÒÃ¤Çº¤ØÁàÊÁ×Í¹ (virtual control) ã¹ÊÁ¡ÒÃ ż1 «Öè§¨Ðä´‰µÑÇá»Ã¼Ô´¾ÅÒ´

z2 = x2 − α1 â´Â¿’§¡ŒªÑ¹·íÒãË‰àÊ¶ÕÂÃµÑÇáÃ¡ α1 ¤×Í

α1 = −c1z1 − (ε0 + κ1ϕ(ζ))ζ (5.1)

¢Ñé¹µÍ¹·ÕèÊÍ§ ¹ÔÂÒÁ x̄5 = µx5 â´Â·Õè µ à»“¹¤ˆÒ¤§µÑÇºÇ¡«Öè§ãª‰»ÃÑº¢¹Ò´ (rescale)¢Í§ x5 (¡ÒÃ»ÃÑº

¢¹Ò´ªˆÇÂÅ´¤ÇÒÁ¼Ô´¾ÅÒ´àªÔ§àÅ¢ã¹¡ÒÃ¤íÒ¹Ç³) áÅÐãª‰ x̄5 à»“¹¡ÒÃ¤Çº¤ØÁàÊÁ×Í¹ã¹ÊÁ¡ÒÃ ż2 áÅÐ

¹ÔÂÒÁµÑÇá»Ã¼Ô´¾ÅÒ´ z3 = x̄5 − α2 â´Â¿’§¡ŒªÑ¹·íÒãË‰àÊ¶ÕÂÃµÑÇ·ÕèÊÍ§ α2 ¤×Í

α2 =
µMb

A

[
−c2z2 − z1 +

1
Mb

[Ka(x1 − x3) + Ca(x2 − x4)− g2]
]

(5.2)
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áÅÐ

g2 = −α̇1

= c1[−c1z1 − (ε0 + κ1ϕ(ζ))z1 + z2] + (ε0 + κ1ϕ(ζ))(x2 − x4) + κ1
dϕ

dζ
(x2 − x4)ζ (5.3)

¢Ñé¹µÍ¹·ÕèÊÒÁ àÅ×Í¡ x6w3 à»“¹¡ÒÃ¤Çº¤ØÁàÊÁ×Í¹ã¹ÊÁ¡ÒÃ ż3 â´Â·Õè w3 ¹ÔÂÒÁâ´Â (3.11)«Öè§¨Ðä´‰µÑÇá»Ã

¼Ô´¾ÅÒ´à»“¹ z4 = x6w3 − α3 â´Â·Õè α3 à»“¹¿’§¡ŒªÑ¹·íÒãË‰àÊ¶ÕÂÃµÑÇ·ÕèÊÒÁ àÁ×èÍËÒÍ¹Ø¾Ñ¹¸Œ¢Í§ z3 ä´‰

ż3 = ˙̄x5 − α̇2

= −βx̄5 − µαA(x2 − x4) + µγ (z4 + α3)︸ ︷︷ ︸
x6w3

+g3 + (d3 + n3h3)r (5.4)

â´Â·Õè w3 ¹ÔÂÒÁâ´Â (3.11)áÅÐ

n3 =
µMbKt

AMus

d3 = n3

(
Ca

Mb
− ε0

)
h3 = −κ1ϕ(ζ)− κ1

dϕ

dζ
ζ

g3 = −µMb

A

{
− (c2 + c1)

(
−c2z2 − z1 +

A

µMb
z3

)
+ c1κ1

dϕ

dζ
(x2 − x4)z1

+[c21 + c1(ε0 + κ1ϕ(ζ))][−c1z1 − (ε0 + κ1ϕ(ζ))z1 + z2]

+
1
Mb

[Ka(x2 − x4) + Caw1]− (ε0 + κ1ϕ(ζ))w1

−2κ1
dϕ

dζ
(x2 − x4)2 − κ1

d2ϕ

dζ2
(x2 − x4)2ζ − κ1

dϕ

dζ
w1ζ

}

w1 = −mt[Ka(x1x3) + Ca(x2 − x4)−Ax5] +
Kt

Mus
x3

= ẋ2 − ẋ4 +
Kt

Mus
r

mt =
1
Mb

+
1

Mus

¹ÔÂÒÁ θ̃ = θ − θ̂ â´Â·Õè θ = αA ¤×Í¾ÒÃÒÁÔàµÍÃŒ·ÕèäÁˆ·ÃÒº¤ˆÒ áÅÐ θ̂ ¤×Í¡ÒÃ»ÃÐÁÒ³¤ˆÒ¢Í§ θ

àÅ×Í¡¿’§¡ŒªÑ¹·íÒãË‰àÊ¶ÕÂÃµÑÇ·ÕèÊÒÁ α3 à»“¹

α3 =
1
µγ

[
−c3z3 −

A

µMb
z2 − b3h

2
3z3 + βx̄5 + µθ̂(x2 − x4)− g3

]
(5.5)

¨Ðä´‰ (5.4) à»“¹

ż3 = −c3z3 −
A

µMb
z2 + µγz4 + d3r + n3h3r − b3h

2
3z3 + µθ̃φ3 (5.6)

â´Â·Õè φ3 = −(x2 − x4)

¾Ô¨ÒÃ³Ò¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿

V3 =
1
2
(z2

1 + z2
2 + z2

3) +
1
2Γ

(µθ̃)2
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àÁ×èÍËÒÍ¹Ø¾Ñ¹¸Œ¨Ðä´‰

V̇3 = z1ż1 + z2ż2 + z3ż3 −
1
Γ

(µθ̃)(µ ˙̂
θ)

= −(c1 + ε0 + κ1ϕ(ζ))z2
1 − c2z

2
2 − c3z

2
3 + d3z3r + n3h3z3r − b3h

2
3z

2
3

+θ̃
1
Γ
µ(µ ˙̂

θ − Γφ3z3) (5.7)

à¾×èÍ·Õè¨Ð¡íÒ¨Ñ´à·ÍÁ θ̃ ã¹ (5.7) àÃÒãË‰

µ
˙̂
θ = Γτ3 = Γφ3z3

â´Â·Õè τ3 = φ3z3 ¤×Í¿’§¡ŒªÑ¹¡ÒÃ»ÃÑº¨Ù¹µÑÇáÃ¡

¢Ñé¹µÍ¹·ÕèÊÕè à¹×èÍ§¨Ò¡¡ÒÃ¤Çº¤ØÁ¨ÃÔ§ (actual control) u »ÃÒ¡¯ã¹ÊÁ¡ÒÃ ż4 ´Ñ§¹Ñé¹¨Ö§ÊÒÁÒÃ¶ËÒ¡ÒÃ

¤Çº¤ØÁ u ä´‰ã¹¢Ñé¹µÍ¹¹Õé àÁ×èÍËÒÍ¹Ø¾Ñ¹¸Œ¢Í§ z4 ä´‰

ż4 =
d

dt
(x6w3)− α̇3

=
1
τ

(−x6 + u)w3 −
1

2|w3|
|x6|w2 + g4 + (d4 + n4h4)r (5.8)

â´Â·Õè

n4 = n3 =
µMbKt

AMus

w2 = −βx5 − θ(x2 − x4) + γx6w3

=
1
µ

˙̄x5 = ẋ5

d4 = (c3 + c2 + c1)
d3

µγ
+

Kt

γAMus
(Ka −mtC

2
a + ε0mtCaMb)

h4 =
1
µγ

(c3 + c2 + c1 + b3h
2
3)h3 +

1
µγ
b3h

2
3

(
Ca

Mb
− ε0

)
− 1
µγ

{
− A

Mb
θ̂ + 2κ1

d2ϕ

dζ2
(x2 − x4)ζ −mtCaκ1

dϕ

dζ
ζ

−c1κ1
dϕ

dζ
z1 −mtCaκ1ϕ(ζ) + 4κ1

dϕ

dζ
(x2 − x4)

}

g4 = − 1
µγ

{
− (c3 + c2 + c1 + b3h

2
3)
(
−c3z3 −

A

µMb
z2 + µγz4 − b3h

2
3z3 + µθ̃φ3

)
− A

µMb
z̄2 + µβw2 + µθ̂w1 + µ

˙̂
θ(x2 − x4)− 2b3z3h3h̄3 + ḡ4

}

ḡ4 =
µMb

A

{
− (c2 + c1)(−c2z̄2 − z̄1) + c1κ1

d2ϕ

dζ2
(x2 − x4)2z1

+c1κ1
dϕ

dζ
w1z1 + 2c1κ1

dϕ

dζ
(x2 − x4)z̄1

+[c21 − 1 + c1(ε0 + κ1ϕ(ζ))]¯̄z1 +
1
Mb

(Kaw1 + Caw̄1)

−6κ1
dϕ

dζ
(x2 − x4)w1 − (ε0 + κ1ϕ(ζ))w̄1 − 3κ1

d2ϕ

dζ2
(x2 − x4)3

−κ1
d3ϕ

dζ3
(x2 − x4)3ζ − 3κ1

d2ϕ

dζ2
(x2 − x4)w1ζ − κ1

dϕ

dζ
w̄1ζ

}
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h̄3 = ḣ3 = −2κ1
dϕ

dζ
(x2 − x4)− κ1

d2ϕ

dζ2
(x2 − x4)ζ

z̄1 = ż1 = −c1z1 − (ε0 + κ1ϕ(ζ))z1 + z2

z̄2 = ż2 = −c2z2 − z1 +
A

µMb
z3

¯̄z1 = ˙̄z1 = −(c1 + ε0 + κ1ϕ(ζ))z̄1 − κ1
dϕ

dζ
(x2 − x4)z1 + z̄2

w̄1 = −mt[Ka(x2 − x4) + Caw1 −Aw2] +
Kt

Mus
x4

= ẇ1 −mtCa
Kt

Mus
r

àÅ×Í¡¡ÒÃ¤Çº¤ØÁà»“¹

u =
τ

w3
α4 (5.9)

â´Â·Õè¿’§¡ŒªÑ¹·íÒãË‰àÊ¶ÕÂÃµÑÇÊØ´·‰ÒÂ¤×Í

α4 = −c4z4 − µγz3 − b4h
2
4z4 +

1
τ
x6w3 +

1
2|w3|

|x6|ŵ2 − ĝ4 (5.10)

â´Â·Õè

ŵ2 = −βx5 − θ̂(x2 − x4) + γx6w3

ĝ4 = − 1
µγ

{
− (c3 + c2 + c1 + b3h

2
3)
(
−c3z3 −

A

µMb
z2 + µγz4 − b3h

2
3z3

)
− A

µMb
z̄2 + µβŵ2 + µθ̂w1 + µ

˙̂
θ(x2 − x4)− 2b3z3h3h̄3 + ˆ̄g4

}

ˆ̄g4 =
µMb

A

{
− (c2 + c1)(−c2z̄2 − z̄1) + c1κ1

d2ϕ

dζ2
(x2 − x4)2z1

+c1κ1
dϕ

dζ
w1z1 + 2c1κ1

dϕ

dζ
(x2 − x4)z̄1

+[c21 − 1 + c1(ε0 + κ1ϕ(ζ))]¯̄z1 +
1
Mb

(Kaw1 + Ca ˆ̄w1)

−6κ1
dϕ

dζ
(x2 − x4)w1 − (ε0 + κ1ϕ(ζ)) ˆ̄w1 − 3κ1

d2ϕ

dζ2
(x2 − x4)3

−κ1
d3ϕ

dζ3
(x2 − x4)3ζ − 3κ1

d2ϕ

dζ2
(x2 − x4)w1ζ − κ1

dϕ

dζ
ˆ̄w1ζ

}
áÅÐ

ˆ̄w1 = −mt[Ka(x2 − x4) + Caw1 −Aŵ2] +
Kt

Mus
x4

àÁ×èÍá·¹¤ˆÒ (5.9)–(5.10)Å§ã¹ (5.8) ¨Ðä´‰

ż4 = −c4z4 − µγz3 + d4r + n4h4r − b4h
2
4z4 + µθ̃φ4 (5.11)
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â´Â·Õè

φ4 = −
[

1
2µ|w3|

|x6|+
1
µγ

(−c̄3 + β +mtMbφ̄4)
]
φ3

c̄3 = c1 + c2 + c3 + b3h
2
3

φ̄4 =
Ca

Mb
− (ε0 + κ1ϕ(ζ))− κ1

dϕ

dζ
ζ

¾Ô¨ÒÃ³Ò¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿

V4 =
1
2
(z2

1 + z2
2 + z2

3 + z2
4) +

1
2Γ

(µθ̃)2

àÁ×èÍËÒÍ¹Ø¾Ñ¹¸Œ¨Ðä´‰

V̇3 = z1ż1 + z2ż2 + z3ż3 + z4ż4 −
1
Γ

(µθ̃)(µ ˙̂
θ)

= −(c1 + ε0 + κ1ϕ(ζ))z2
1 − c2z

2
2 − c3z

2
3 − c4z

2
4 + d3z3r + n3h3z3r − b3h

2
3z

2
3

+d4z4r + n4h4z4r − b4h
2
4z

2
4 + θ̃

1
Γ
µ(µ ˙̂

θ − Γ(φ3z3 + φ4z4)) (5.12)

à¾×èÍ·Õè¨Ð¡íÒ¨Ñ´à·ÍÁ θ̃ ã¹ (5.12) àÃÒãË‰

µ
˙̂
θ = Γτ4 = Γ(φ3z3 + φ4z4)

â´Â·Õè τ4 = φ3z3 + φ4z4

5.3 ¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁ»ÃÑºµÑÇ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§

¾Ô¨ÒÃ³ÒÃÐºº

ẋ1 = x2

ẋ2 = − 1
Mb

[Ka(x1 − x3) + Ca(x2 − x4)−Ax5]

ẋ3 = x4

ẋ4 =
1

Mus
[Ka(x1 − x3) + Ca(x2 − x4)−Kt(x3 − r)−Ax5]

ẋ5 = −βx5 − θ∗(x2 − x4) + γx6w3

ẋ6 =
1
τ

(−x6 + u(x, z + θ∗))

â´Â·Õè

θ∗ = αA



96

àÅ×Í¡¾ÅÇÑµà»„ÒËÁÒÂà»“¹

ẋ1 = x2

ẋ2 = − 1
Mb

[Ka(x1 − x3) + Ca(x2 − x4)−Ax5]

ẋ3 = x4

ẋ4 =
1

Mus
[Ka(x1 − x3) + Ca(x2 − x4)−Kt(x3 − r)−Ax5]

ẋ5 = −βx5 − θ∗(x2 − x4) + γx6w3

ẋ6 =
1
τ

(−x6 + u(x, θ∗))

â´Â·Õè u(x, θ∗) à»“¹¡ÒÃ¤Çº¤ØÁ·ÕèÍÍ¡áººâ´ÂÇÔ¸Õ¡‰ÒÇ¶ÍÂËÅÑ§·Õè·íÒãË‰á¹ÇÇÔ¶ÕÊ¶Ò¹Ð¢Í§¾ÅÇÑµà»„ÒËÁÒÂÁÕ

¢Íºà¢µ¨íÒ¡Ñ´áÅÐÅÙˆà¢‰ÒÊÙˆ¨Ø´¡íÒà¹Ô´

àÃÒ¨Ðä´‰à§×èÍ¹ä¢áÁ¹Ôâ¿Å´Œâ´Â¹ÑÂã¹ÊÁÁµÔ°Ò¹ (H3) à»“¹

φ(x, θ̂) = θ̂ − θ∗ + β1(x) = 0

ÊÁ¡ÒÃ¢Í§¾Ô¡Ñ´¹Í¡áÁ¹Ôâ¿Å´Œ (off-the-manifold coordinates)¤×Í

z = θ̂ − θ∗ + β1(x)

«Öè§àÁ×èÍËÒÍ¹Ø¾Ñ¹¸Œ¨Ðä´‰

ż = β2(x) +
∂β1

∂x
[f0(x) + f1(x)θ∗ + g(x)u]

´Ñ§¹Ñé¹àÅ×Í¡¡®¡ÒÃ»ÃÑº¤ˆÒ¾ÒÃÒÁÔàµÍÃŒà»“¹

β2 = −∂β1

∂x

(
f0(x) + f1

[
θ̂ + β1(x)

]
+ g(x)u

)
(5.13)

â´Â·Õè

f0(x) =



x2

−
1

Mb
[Ka(x1 − x3) + Ca(x2 − x4)−Ax5]

x4

1

Mus
[Ka(x1 − x3) + Ca(x2 − x4)−Kt(x3 − r)−Ax5]

−βx5 + γx6w3

−
1

τ
x6


áÅÐ

f1(x) =



0

0

0

0

−(x2 − x4)

0


g(x) =



0

0

0

0

0

1

τ
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àÅ×Í¡

β1(x) = k sgn[−(x2 − x4)]x5 (5.14)

â´Â·Õè k > 0 à»“¹¤ˆÒ¤§µÑÇ

¨Ðä´‰¡®¡ÒÃ»ÃÑº¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¤×Í

˙̂
θ = β2(x) = −∂β1

∂x

(
f0(x) + f1

[
θ̂ + β1(x)

]
+ g(x)u

)
= −k sgn[−(x2 − x4)](−βx5 − (x2 − x4)(θ̂ + β1(x)) + γx6w3) (5.15)

áÅÐ¾ÅÇÑµ¢Í§¾Ô¡Ñ´¹Í¡áÁ¹Ôâ¿Å´Œ¤×Í

ż = −[k(x2 − x4) sgn(x2 − x4)]z (5.16)

«Öè§¨ÐàËç¹ÇˆÒá¹ÇÇÔ¶Õ¢Í§áÁ¹Ôâ¿Å´ŒÁÕ¢Íºà¢µ¨íÒ¡Ñ´áÅÐÅÙˆà¢‰ÒÊÙˆ¨Ø´¡íÒà¹Ô´

5.4 ¼Å¡ÒÃ¨íÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒ

àÃÒ¨íÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒã¹ 4 ¡Ã³Õ´Ñ§¹Õé

¡Ã³Õ·Õè 1 àÁ×èÍ α à»“¹¾ÒÃÒÁÔàµÍÃŒ·ÕèäÁˆ·ÃÒº¤ˆÒáÅÐ θ̂(0) ÁÕ¤ˆÒÁÒ¡¡ÇˆÒ¤ˆÒ¨ÃÔ§ 10% (θ̂(0) =

1.6638× 1010 N/m5)

¡Ã³Õ·Õè 2 àÁ×èÍ α à»“¹¾ÒÃÒÁÔàµÍÃŒ·ÕèäÁˆ·ÃÒº¤ˆÒáÅÐ θ̂(0) ÁÕ¤ˆÒ¹‰ÍÂ¡ÇˆÒ¤ˆÒ¨ÃÔ§ 10% (θ̂(0) =

1.3613× 1010 N/m5)

¡Ã³Õ·Õè 3 àÁ×èÍ γ à»“¹¾ÒÃÒÁÔàµÍÃŒ·ÕèäÁˆ·ÃÒº¤ˆÒáÅÐ γ ÁÕ¤ˆÒÁÒ¡¡ÇˆÒ¤ˆÒ¨ÃÔ§ 10% (γ = 1.6995 ×

109 N/(m5/2 kg1/2))

¡Ã³Õ·Õè 4 àÁ×èÍ γ à»“¹¾ÒÃÒÁÔàµÍÃŒ·ÕèäÁˆ·ÃÒº¤ˆÒáÅÐ γ ÁÕ¤ˆÒ¹‰ÍÂ¡ÇˆÒ¤ˆÒ¨ÃÔ§ 10% (γ = 1.3905 ×

109 N/(m5/2 kg1/2))

àÃÒ¨Ð·íÒ¡ÒÃ¨íÒÅÍ§áººà»ÃÕÂºà·ÕÂº¡ÒÃ¤Çº¤ØÁ 3 áºº´Ñ§¹Õé¤×Í ¡ÒÃ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ã¹

¡Ã³Õ·Õè·ÃÒº¾ÒÃÒÁÔàµÍÃŒ·Ø¡µÑÇ (àÊ‰¹·Öº), ¡ÒÃ¤Çº¤ØÁáºº¿’§¡ŒªÑ¹»ÃÑº¨Ù¹ (àÊ‰¹»ÃÐ) áÅÐ¡ÒÃ¤Çº¤ØÁáºº

»ÃÑºµÑÇ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (àÊ‰¹ºÒ§)
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(¡) (¢)

(¤) (§)

(¨) (©)

ÃÙ»·Õè 5.1: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººàÁ×èÍ α à»“¹¾ÒÃÒÁÔàµÍÃŒ·ÕèäÁˆ·ÃÒº¤ˆÒáÅÐ θ̂(0) = 1.6638× 1010 N/m5 àÁ×èÍãª‰¡ÒÃ
¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ã¹¡Ã³Õ·Õè·ÃÒº¾ÒÃÒÁÔàµÍÃŒ·Ø¡µÑÇ (àÊ‰¹·Öº), ¡ÒÃ¤Çº¤ØÁáºº¿’§¡ŒªÑ¹»ÃÑº¨Ù¹ (àÊ‰¹»ÃÐ) áÅÐ
¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (àÊ‰¹ºÒ§)

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
(¨) ¤ÇÒÁ´Ñ¹¢Í§µÑÇ¢ÑºàÃ‰Ò (©) µÑÇ»ÃÐÁÒ³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ µθ̂ (àÊ‰¹»ÃÐ) áÅÐ µ(θ̂ + β1) (àÊ‰¹ºÒ§)
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(¡) (¢)

(¤) (§)

(¨) (©)

ÃÙ»·Õè 5.2: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººàÁ×èÍ α à»“¹¾ÒÃÒÁÔàµÍÃŒ·ÕèäÁˆ·ÃÒº¤ˆÒáÅÐ θ̂(0) = 1.3613× 1010 N/m5 àÁ×èÍãª‰¡ÒÃ
¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ã¹¡Ã³Õ·Õè·ÃÒº¾ÒÃÒÁÔàµÍÃŒ·Ø¡µÑÇ (àÊ‰¹·Öº), ¡ÒÃ¤Çº¤ØÁáºº¿’§¡ŒªÑ¹»ÃÑº¨Ù¹ (àÊ‰¹»ÃÐ) áÅÐ
¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (àÊ‰¹ºÒ§)

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
(¨) ¤ÇÒÁ´Ñ¹¢Í§µÑÇ¢ÑºàÃ‰Ò (©) µÑÇ»ÃÐÁÒ³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ µθ̂ (àÊ‰¹»ÃÐ) áÅÐ µ(θ̂ + β1) (àÊ‰¹ºÒ§)
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(¡) (¢)

(¤) (§)

(¨) (©)

ÃÙ»·Õè 5.3: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººã¹¡Ã³Õ γ = 1.6995× 109 N/(m5/2 kg1/2) áµˆ¶×ÍÇˆÒ γ à»“¹¾ÒÃÒÁÔàµÍÃŒ·ÕèäÁˆ·ÃÒº
¤ˆÒ àÁ×èÍãª‰¡ÒÃ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ã¹¡Ã³Õ·Õè·ÃÒº¾ÒÃÒÁÔàµÍÃŒ·Ø¡µÑÇ (àÊ‰¹·Öº), ¡ÒÃ¤Çº¤ØÁáºº¿’§¡ŒªÑ¹»ÃÑº¨Ù¹
(àÊ‰¹»ÃÐ) áÅÐ¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (àÊ‰¹ºÒ§)

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
(¨) ¤ÇÒÁ´Ñ¹¢Í§µÑÇ¢ÑºàÃ‰Ò (©) µÑÇ»ÃÐÁÒ³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ µθ̂ (àÊ‰¹»ÃÐ) áÅÐ µ(θ̂ + β1) (àÊ‰¹ºÒ§)



101

(¡) (¢)

(¤) (§)

(¨) (©)

ÃÙ»·Õè 5.4: ¼ÅµÍºÊ¹Í§¢Í§ÃÐººã¹¡Ã³Õ γ = 1.3905× 109 N/(m5/2 kg1/2) áµˆ¶×ÍÇˆÒ γ à»“¹¾ÒÃÒÁÔàµÍÃŒ·ÕèäÁˆ·ÃÒº
¤ˆÒ àÁ×èÍãª‰¡ÒÃ¤Çº¤ØÁáºº¡‰ÒÇ¶ÍÂËÅÑ§ã¹¡Ã³Õ·Õè·ÃÒº¾ÒÃÒÁÔàµÍÃŒ·Ø¡µÑÇ (àÊ‰¹·Öº), ¡ÒÃ¤Çº¤ØÁáºº¿’§¡ŒªÑ¹»ÃÑº¨Ù¹
(àÊ‰¹»ÃÐ) áÅÐ¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ (àÊ‰¹ºÒ§)

(¡) ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ (¢) µíÒáË¹ˆ§¢Í§µÑÇÃ¶ (¤) suspension travel (§) µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
(¨) ¤ÇÒÁ´Ñ¹¢Í§µÑÇ¢ÑºàÃ‰Ò (©) µÑÇ»ÃÐÁÒ³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ µθ̂ (àÊ‰¹»ÃÐ) áÅÐ µ(θ̂ + β1) (àÊ‰¹ºÒ§)



102

¨Ò¡ÃÙ»·Õè 5.1 áÅÐ 5.2 ¨ÐàËç¹ÇˆÒ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶·Õèãª‰µÑÇ¤Çº¤ØÁáºº»ÃÑºµÑÇÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ

¤ÇÒÁÂ×¹Â§¨ÐÁÕ¡ÒÃá¡Çˆ§µÑÇ¹‰ÍÂ¡ÇˆÒ¡ÒÃ¤Çº¤ØÁáºº¿’§¡ŒªÑ¹»ÃÑº¨Ù¹ áÅÐµÑÇ»ÃÐÁÒ³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§

¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§¡çÁÕ¡ÒÃÅÙˆà¢‰ÒÊÙˆ¤ˆÒ¨ÃÔ§·Õèã¡Å‰à¤ÕÂ§¡ÇˆÒÇÔ¸Õ¿’§¡ŒªÑ¹»ÃÑº¨Ù¹

¨Ò¡ÃÙ»·Õè 5.3 áÅÐ 5.4 ¨ÐàËç¹ÇˆÒ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶·Õèãª‰µÑÇ¤Çº¤ØÁáºº»ÃÑºµÑÇÇÔ¸Õ¡ÒÃ½’§ã¹

áÅÐ¤ÇÒÁÂ×¹Â§¨ÐÁÕ¡ÒÃá¡Çˆ§µÑÇ¹‰ÍÂ¡ÇˆÒµÑÇ¤Çº¤ØÁáºº¿’§¡ŒªÑ¹»ÃÑº¨Ù¹àªˆ¹¡Ñ¹ áÅÐµÑÇ»ÃÐÁÒ³¤ˆÒ¾ÒÃÒ

ÁÔàµÍÃŒ¢Í§·Ñé§ 2 ÇÔ¸Õ¡ç¨ÐÁÕ¡ÒÃÅÙˆà¢‰ÒÊÙˆ¤ˆÒ·ÕèàËÁÒÐÊÁà¾×èÍª´àªÂ¤ÇÒÁ¼Ô´¾ÅÒ´¢Í§¾ÒÃÒÁÔàµÍÃŒ γ ¤×ÍàÁ×èÍ

¾ÒÃÒÁÔàµÍÃŒ γ ÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´ä» ±10% µÑÇ»ÃÐÁÒ³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ θ̂(0) ¡ç¨ÐÅÙˆà¢‰ÒÊÙˆ¤ˆÒ ±10% ¢Í§¤ˆÒ

¨ÃÔ§àªˆ¹¡Ñ¹ «Öè§¨ÐàËç¹ÇˆÒµÑÇ»ÃÐÁÒ³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹-

Â§¡çÁÕ¡ÒÃÅÙˆà¢‰ÒÊÙˆ¤ˆÒ·Õèª´àªÂ·Õèã¡Å‰à¤ÕÂ§¡ÇˆÒÇÔ¸Õ¿’§¡ŒªÑ¹»ÃÑº¨Ù¹

5.5 ÊÃØ»

¨Ò¡¼Å¡ÒÃ¨íÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒ ¨ÐàËç¹ÇˆÒµÑÇ¤Çº¤ØÁáºº»ÃÑºµÑÇ·ÕèÍÍ¡áººâ´ÂÇÔ¸Õ¿’§¡ŒªÑ¹-

»ÃÑº¨Ù¹ áÅÐÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ÊÒÁÒÃ¶»ÃÑº»ÃØ§ÊÁÃÃ¶¹Ð¢Í§ÃÐººÃÍ§ÃÑºáººáÍç¡·Õ¿ä´‰´Õ¡ÇˆÒ

¡ÒÃ¤Çº¤ØÁáºº¤§·Õèã¹¡Ã³Õ·ÕèÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´¢Öé¹ã¹¡ÒÃ»ÃÐÁÒ³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ áµˆµÑÇ¤Çº¤ØÁáºº»ÃÑº-

µÑÇâ´ÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ÊÒÁÒÃ¶ÃÑ¡ÉÒ¼ÅµÍºÊ¹Í§¢Í§ÃÐººãË‰ã¡Å‰à¤ÕÂ§¡Ñº¡Ã³Õ·ÕèÃÐºØ¡ÇˆÒ¡ÒÃ

ÍÍ¡áºº´‰ÇÂÇÔ¸Õ¿’§¡ŒªÑ¹»ÃÑº¨Ù¹ áÅÐ¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇâ´ÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§

ÂÑ§ÁÕ¢Ñé¹µÍ¹¡ÒÃÍÍ¡áºº·Õè§ˆÒÂ¡ÇˆÒáÅÐ¡®¡ÒÃ»ÃÑº¤ˆÒ¾ÒÃÒÁÔàµÍÃŒÁÕ«Ñº«‰Í¹¹‰ÍÂ



º··Õè 6

º·ÊÃØ»áÅÐÊÔè§·Õè¤ÇÃ·íÒ¡ÒÃÇÔ¨ÑÂµˆÍä»

6.1 º·ÊÃØ»

ÇÔ·ÂÒ¹Ô¾¹¸Œ¹ÕéÈÖ¡ÉÒ¡ÒÃ»ÃÐÂØ¡µŒãª‰·ÄÉ®Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ ã¹¡ÒÃ¤Çº¤ØÁÃÐººÃÍ§ÃÑºáºº-

áÍç¡·Õ¿ â´ÂàÃÔèÁ¨Ò¡Í¸ÔºÒÂÇÔ¸Õ¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁ·íÒãË‰àÊ¶ÕÂÃ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ áÅÐ

¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ ¨Ò¡¹Ñé¹¨Ö§Í¸ÔºÒÂÃÒÂÅÐàÍÕÂ´¢Í§

ÃÐººÃÍ§ÃÑºáººáÍç¡·Õ¿ áºº¨íÒÅÍ§·Ò§¤³ÔµÈÒÊµÃŒ áÅÐ¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁà¾×èÍãª‰¡ÑºÃÐºº¹Õé

ÊØ´·‰ÒÂä´‰¹íÒàÍÒµÑÇ¤Çº¤ØÁ·ÕèàÊ¹Íä»·íÒ¡ÒÃ¨íÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒ ¾ºÇˆÒÊÒÁÒÃ¶¤Çº¤ØÁÃÐººä´‰´Õ

áÁ‰ÇˆÒ¨ÐÁÕ¡ÒÃÃº¡Ç¹¨Ò¡¾×é¹¶¹¹ËÃ×Í¾ÒÃÒÁÔàµÍÃŒ¢Í§ÃÐººà»ÅÕèÂ¹á»Å§ä» ÊˆÇ¹ã¹¡Ã³Õ·Õèãª‰¡ÒÃ¤Çº¤ØÁ

áºº»ÃÑºµÑÇ¾ºÇˆÒµÑÇ»ÃÐÁÒ³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒÊÒÁÒÃ¶»ÃÑºµÑÇà¢‰ÒËÒ¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ·ÕèäÁˆ·ÃÒº¤ˆÒ¢Í§ÃÐºº

ä´‰ÍÂˆÒ§ÃÇ´àÃçÇ ¨Ò¡¼Å¡ÒÃ¨íÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒÊÒÁÒÃ¶ÊÃØ»¢‰Í´ÕáÅÐ¢‰Í¨íÒ¡Ñ´¢Í§ÇÔ¸Õ¡ÒÃÍÍ¡áºº

¡ÒÃ¤Çº¤ØÁ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ä´‰´Ñ§¹Õé

¢‰Í´Õ

1. ã¹¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁ·íÒãË‰àÊ¶ÕÂÃÊíÒËÃÑºÃÐººÍÑ¹´ÑºÊÙ§äÁˆ¨íÒà»“¹µ‰Í§ÍÍ¡áºº¡ÒÃ¤Çº¤ØÁãËÁˆ

·Ñé§ËÁ´ áµˆÊÒÁÒÃ¶¹íÒ¡ÒÃ¤Çº¤ØÁÊíÒËÃÑºÃÐººÍÑ¹´ÑºÅ´ÁÒ»ÃÑº»ÃØ§à¾×èÍ¹íÒä»ãª‰¡ÑºÃÐººÍÑ¹´ÑºÊÙ§

ä´‰

2. ÊÁÃÃ¶¹Ð¢Í§ÃÐººÍÑ¹´ÑºÊÙ§àÁ×èÍãª‰¡ÒÃ¤Çº¤ØÁ·íÒãË‰àÊ¶ÕÂÃ·Õè»ÃÑº»ÃØ§ÁÒ¨Ò¡¡ÒÃ¤Çº¤ØÁÃÐººÍÑ¹´Ñº

Å´ã¡Å‰à¤ÕÂ§¡ÑºÊÁÃÃ¶¹Ð¢Í§ÃÐººÍÑ¹´ÑºÅ´àÁ×èÍãª‰¡ÒÃ¤Çº¤ØÁ·ÕèÍÍ¡áººÊíÒËÃÑºÃÐººÍÑ¹´ÑºÅ´

3. ¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁáºº·íÒãË‰àÊ¶ÕÂÃÁÕ¤ÇÒÁ¤§·¹ÊÙ§µˆÍ¤ÇÒÁ¼Ô´¾ÅÒ´¢Í§¾ÒÃÒÁÔàµÍÃŒã¹¾ÅÒ¹µŒ

4. ã¹¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇäÁˆ¨íÒà»“¹µ‰Í§ÍÍ¡áºº¡ÒÃ¤Çº¤ØÁãËÁˆ ¡®¡ÒÃ»ÃÑº¤ˆÒ¾ÒÃÒ-

ÁÔàµÍÃŒ·ÕèäÁˆÁÕ¤ÇÒÁ«Ñº«‰Í¹ÁÒ¡ áÅÐ¢Ñé¹µÍ¹¡ÒÃÍÍ¡áºº§ˆÒÂ

5. ¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ ¨Ðä´‰¡®¡ÒÃ»ÃÑº¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ·ÕèäÁˆ¢Öé¹ÍÂÙˆ¡Ñºª¹Ô´¢Í§¡ÒÃ

¤Çº¤ØÁ·íÒãË‰àÊ¶ÕÂÃ

6. µÑÇ»ÃÐÁÒ³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ·Õèä´‰¨Ò¡ÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ ¨Ð»ÃÑºµÑÇãË‰à¢‰ÒÊÙˆ¤ˆÒ¨ÃÔ§ä´‰´Õ¡ÇˆÒÇÔ¸Õ

¿’§¡ŒªÑ¹»ÃÑº¨Ù¹·ÕèÍÍ¡áººÁÒà¾×èÍ»ÃÐ¡Ñ¹àÊ¶ÕÂÃÀÒ¾à·ˆÒ¹Ñé¹

7. ·Ñé§¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁ·íÒãË‰àÊ¶ÕÂÃ áÅÐµÑÇ¤Çº¤ØÁáºº»ÃÑºµÑÇ µÑÇ¤Çº¤ØÁÊÒÁÒÃ¶ÃÑ¡ÉÒãË‰

ÊÁÃÃ¶¹Ð¢Í§ÃÐººäÁˆà»ÅÕèÂ¹ä»ÁÒ¡¹Ñ¡ã¹¡Ã³Õ·ÕèÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´¢Í§¾ÒÃÒÁÔàµÍÃŒã¹¡®¡ÒÃ¤Çº¤ØÁ
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¢‰Í¨íÒ¡Ñ´

1. ã¹¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁ·íÒãË‰àÊ¶ÕÂÃ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§ µ‰Í§ÃÐÁÑ´ÃÐÇÑ§àÃ×èÍ§¡ÒÃà¡Ô´

áªçµàµÍÃÔ§ (chattering)

2. ã¹¡ÒÃÍÍ¡áººµÑÇ¤Çº¤ØÁ·íÒãË‰àÊ¶ÕÂÃ ¡®¡ÒÃ¤Çº¤ØÁ·ÕèÍÍ¡áººÊíÒËÃÑºãª‰¡Ñº¾ÅÇÑµà»„ÒËÁÒÂµ‰Í§

ÊÒÁÒÃ¶ËÒÍ¹Ø¾Ñ¹¸Œä´‰

3. ã¹¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇ ÍÒ¨ÁÕ¡Ã³Õ·ÕèµÑÇ»ÃÐÁÒ³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒÍÒ¨ÁÕ¤ˆÒµˆÒ§¨Ò¡

¤ÇÒÁà»“¹¨ÃÔ§ÁÒ¡ «Öè§äÁˆàËÁÒÐã¹¡ÒÃ¹íÒÁÒãª‰¡ÑºÃÐºº·ÕèÁÕ¤ÇÒÁÍˆÍ¹äËÇµˆÍ¾ÒÃÒÁÔàµÍÃŒÁÒ¡æ

6.2 ÊÔè§·Õè¤ÇÃ·íÒ¡ÒÃÇÔ¨ÑÂµˆÍä»

1. à¹×èÍ§¨Ò¡¡ÒÃàÅ×Í¡¾ÅÇÑµ¢Í§¾Ô¡Ñ´¹Í¡áÁ¹Ôâ¿Å´ŒÁÕ¼ÅÍÂˆÒ§ÁÒ¡µˆÍÊÁÃÃ¶¹Ð¢Í§ÃÐºº ´Ñ§¹Ñé¹¨Ö§¤ÇÃ

ÁÕ¡ÒÃÈÖ¡ÉÒÇÔà¤ÃÒÐËŒ¶Ö§á¹Ç·Ò§¡ÒÃàÅ×Í¡¾ÅÇÑµ¢Í§áÁ¹Ôâ¿Å´Œ

2. à¹×èÍ§¨Ò¡ÇÔ¸Õ¡ÒÃ¤Çº¤ØÁáºº»ÃÑºµÑÇâ´ÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¡ÒÃÂ×¹Â§ÁÕ¢‰Í¨íÒ¡Ñ´·Ò§¡ÒÃÍÍ¡áºº¤×Í ¾Ò-

ÃÒÁÔàµÍÃŒäÁˆ·ÃÒº¤ˆÒã¹ÃÐººµ‰Í§à»“¹áºº¾ÅÒ¹µŒÍÔ§¾ÒÃÒÁÔàµÍÃŒáººàªÔ§àÊ‰¹ ËÃ×Í¡ÒÃ¤Çº¤ØÁÍÔ§¾Ò-

ÃÒÁÔàµÍÃŒáººàªÔ§àÊ‰¹ ´Ñ§¹Ñé¹¨Ö§¤ÇÃ¾Ñ²¹ÒÇÔ¸Õ¡ÒÃÍÍ¡áººã¹¡Ã³Õ·Õè¾ÒÃÒÁÔàµÍÃŒäÁˆ·ÃÒº¤ˆÒäÁˆÍÔ§¾ÒÃÒ-

ÁÔàµÍÃŒáººàªÔ§àÊ‰¹ ËÃ×Í¡ÒÃ¤Çº¤ØÁäÁˆÍÔ§¾ÒÃÒÁÔàµÍÃŒáººàªÔ§àÊ‰¹
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ÀÒ¤¼¹Ç¡



ÀÒ¤¼¹Ç¡ ¡

¡ÒÃãª‰â»Ãá¡ÃÁã¹¡ÒÃ¨íÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒã¹ÇÔ·ÂÒ¹Ô¾¹¸Œ

·Ø¡â»Ãá¡ÃÁ·Õèãª‰ã¹ÇÔ·ÂÒ¹Ô¾¹¸Œ¹Õé¡ˆÍ¹·íÒ¡ÒÃ¨íÒÅÍ§áººãË‰µÑé§¤ˆÒ Solver options ã¹ Simulation

parametersÊíÒËÃÑº·íÒ¡ÒÃ¨íÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒ´Ñ§¹Õé

Type := Fixed-step ode5 (Dormand-Prince)

Fixed step size := 10−6

Mode := Auto

â´ÂÁÕµÑÇá»Ã·Õèãª‰ã¹¡ÒÃ¨íÒÅÍ§áºº´Ñ§¹Õé

µÒÃÒ§·Õè ¡.1: µÑÇá»Ã·Õèãª‰ã¹áºº¨íÒÅÍ§
µÑÇá»Ã ¤ÇÒÁËÁÒÂ

Mb ÁÇÅ¢Í§µÑÇÃ¶ (Mb)

Mu ÁÇÅ¢Í§Å‰ÍÃ¶ (Mus)

Ka ¤ˆÒÊÑÁ»ÃÐÊÔ·¸Ôì¢Í§Ê»ÃÔ§ (Ka)

Ca ¤ˆÒÊÑÁ»ÃÐÊÔ·¸Ôì¢Í§µÑÇË¹ˆÇ§ (Ca)

Kt ¤ˆÒÊÑÁ»ÃÐÊÔ·¸Ôì¢Í§Ê»ÃÔ§ (Kt)

A ¾×é¹·ÕèË¹‰ÒµÑ´ÅÙ¡ÊÙº (A)
al α

be β

ga γ

Ps ¤ÇÒÁ´Ñ¹»„Í¹ (Ps)
ta τ

K1 κ1

mu 10−7

¡.1 ¡ÒÃ¤Çº¤ØÁÃÐººÃÍ§ÃÑº´‰ÇÂÇÔ¸Õ¡‰ÒÇ¶ÍÂËÅÑ§

ä¿ÅŒ·Õèãª‰ (Matlab mdl-file)

backstepping.mdl

â»Ãá¡ÃÁ¹Õéãª‰ã¹¡ÒÃ¨íÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒã¹¡Ã³ÕÃÐººÃÍ§ÃÑºáººáÍç¡·Õ¿·Õèãª‰¡ÒÃ¤Çº¤ØÁáºº

¡‰ÒÇ¶ÍÂËÅÑ§
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¢Ñé¹µÍ¹¡ÒÃãª‰â»Ãá¡ÃÁ

1. ãÊˆ¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§¡ÒÃ¤Çº¤ØÁ·ÕèºÃÃ·Ñ´¤íÒÊÑè§

2. ¡´»ØƒÁ run

3. ã¹¡ÒÃ¨íÒÅÍ§áººã¹¡Ã³Õ·ÕèÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¾ÅÒ¹µŒãË‰á¡‰ä¢¾ÒÃÒÁÔàµÍÃŒã¹ºÅçÍ¡¿’§¡ŒªÑ¹ Plant1,

Plant2, Plant3 Plant4áÅÐ Plant5 (ºÅçÍ¡¿’§¡ŒªÑ¹ÊˆÇ¹·Õèà»“¹¾ÅÒ¹µŒ¨ÐÁÕÊÕ¿„Ò)

4. ã¹¡ÒÃ¨íÒÅÍ§áººã¹¡Ã³Õ·ÕèÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´ã¹µÑÇ¤Çº¤ØÁãË‰á¡‰ä¢â´Â¾ÔÁ¾Œ¤ˆÒ¾ÒÃÒÁÔàµÍÃŒãËÁˆã¹ºÃÃ·Ñ´

¤íÒÊÑè§ä´‰àÅÂ

5. ã¹¡ÒÃ»ÃÑº¤ˆÒ¤ÇÒÁÊÙ§¢Í§ Bump ãË‰á¡‰ä¢¾ÒÃÒÁÔàµÍÃŒã¹ºÅçÍ¡ Bump (ÊÕÊ‰Á)

6. ã¹¡ÒÃ¨íÒÅÍ§áººã¹¡Ã³Õ·Õè¡ÒÃ¤Çº¤ØÁãª‰Ç§¨Ã¡ÃÍ§äÁˆàªÔ§àÊ‰¹ ãË‰µÑé§¤ˆÒ κ0 = 0 ·ÕèºÃÃ·Ñ´¤íÒÊÑè§

â´Â·Õè

µÒÃÒ§·Õè ¡.2: µÑÇá»Ã¢Í§â»Ãá¡ÃÁ backstepping.mdl

µÑÇá»Ã ¤ÇÒÁËÁÒÂ
x1 µíÒáË¹ˆ§¢Í§µÑÇÃ¶
x2 ¤ÇÒÁàÃçÇ¢Í§µÑÇÃ¶
x3 µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
x4 ¤ÇÒÁàÃçÇ¢Í§Å‰ÍÃ¶
x5 áÃ§´Ñ¹·Õè¡´Å§·ÕèÅÙ¡ÊÙº
x6 ¡ÒÃ¡ÃÐ¨Ñ´¢Í§ÅÔé¹¨Ò¡µíÒáË¹ˆ§»”´
ux ÊÑÒ³¤Çº¤ØÁ

accx ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶

¡.2 ¡ÒÃ¤Çº¤ØÁÃÐººÃÍ§ÃÑº´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§

ä¿ÅŒ·Õèãª‰ (Matlab mdl-file)

iand.mdl

â»Ãá¡ÃÁ¹Õéãª‰ã¹¡ÒÃ¨íÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒã¹¡Ã³ÕÃÐººÃÍ§ÃÑºáººáÍç¡·Õ¿ãª‰¡ÒÃ¤Çº¤ØÁáºº

¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§

¢Ñé¹µÍ¹¡ÒÃãª‰â»Ãá¡ÃÁ

1. ãÊˆ¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§¡ÒÃ¤Çº¤ØÁ·ÕèºÃÃ·Ñ´¤íÒÊÑè§

2. ¡´»ØƒÁ run
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3. ã¹¡ÒÃ¨íÒÅÍ§áººã¹¡Ã³Õ·ÕèÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¾ÅÒ¹µŒãË‰á¡‰ä¢¾ÒÃÒÁÔàµÍÃŒã¹ºÅçÍ¡¿’§¡ŒªÑ¹ Plant1,

Plant2, Plant3 Plant4áÅÐ Plant5 (ºÅçÍ¡¿’§¡ŒªÑ¹ÊˆÇ¹·Õèà»“¹¾ÅÒ¹µŒ¨ÐÁÕÊÕ¿„Ò)

4. ã¹¡ÒÃ¨íÒÅÍ§áººã¹¡Ã³Õ·ÕèÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´ã¹µÑÇ¤Çº¤ØÁãË‰á¡‰ä¢â´Â¾ÔÁ¾Œ¤ˆÒ¾ÒÃÒÁÔàµÍÃŒãËÁˆã¹ºÃÃ-

·Ñ´¤íÒÊÑè§ä´‰àÅÂ

5. ã¹¡ÒÃ»ÃÑº¤ˆÒ¤ÇÒÁÊÙ§¢Í§ Bump ãË‰á¡‰ä¢¾ÒÃÒÁÔàµÍÃŒã¹ºÅçÍ¡ Bump (ÊÕÊ‰Á)

6. ã¹¡ÒÃ»ÃÑºµíÒáË¹ˆ§¢ÑéÇ¢Í§áÁ¹ÔâÅ´ŒãË‰»ÃÑºã¹ºÅçÍ¡¿’§¡ŒªÑ¹ Control (ÊÕà·Ò)

â´Â·Õè

µÒÃÒ§·Õè ¡.3: µÑÇá»Ã¢Í§â»Ãá¡ÃÁ iandi.mdl

µÑÇá»Ã ¤ÇÒÁËÁÒÂ
i1 µíÒáË¹ˆ§¢Í§µÑÇÃ¶
i2 ¤ÇÒÁàÃçÇ¢Í§µÑÇÃ¶
i3 µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
i4 ¤ÇÒÁàÃçÇ¢Í§Å‰ÍÃ¶
i5 áÃ§´Ñ¹·Õè¡´Å§·ÕèÅÙ¡ÊÙº
i6 ¡ÒÃ¡ÃÐ¨Ñ´¢Í§ÅÔé¹¨Ò¡µíÒáË¹ˆ§»”´
ui ÊÑÒ³¤Çº¤ØÁ

acci ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶

¡.3 ¡ÒÃ¤Çº¤ØÁÃÐººÃÍ§ÃÑºáºº»ÃÑºµÑÇ´‰ÇÂÇÔ¸Õ¿’§¡ŒªÑ¹»ÃÑº¨Ù¹

ä¿ÅŒ·Õèãª‰ (Matlab mdl-file)

tuningfunction.mdl

â»Ãá¡ÃÁ¹Õéãª‰ã¹¡ÒÃ¨íÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒã¹¡Ã³ÕÃÐººÃÍ§ÃÑºáººáÍç¡·Õ¿ãª‰¡ÒÃ¤Çº¤ØÁáºº

»ÃÑºµÑÇ´‰ÇÂÇÔ¸Õ¿’§¡ŒªÑ¹»ÃÑº¨Ù¹

¢Ñé¹µÍ¹¡ÒÃãª‰â»Ãá¡ÃÁ

1. ãÊˆ¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§¡ÒÃ¤Çº¤ØÁ·ÕèºÃÃ·Ñ´¤íÒÊÑè§

2. ¡´»ØƒÁ run

3. ã¹¡ÒÃ¨íÒÅÍ§áººã¹¡Ã³Õ·ÕèÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¾ÅÒ¹µŒãË‰á¡‰ä¢¾ÒÃÒÁÔàµÍÃŒã¹ºÅçÍ¡¿’§¡ŒªÑ¹ Plant1,

Plant2, Plant3 Plant4áÅÐ Plant5 (ºÅçÍ¡¿’§¡ŒªÑ¹ÊˆÇ¹·Õèà»“¹¾ÅÒ¹µŒ¨ÐÁÕÊÕ¿„Ò)

4. ã¹¡ÒÃ¨íÒÅÍ§áººã¹¡Ã³Õ·ÕèÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´ã¹µÑÇ¤Çº¤ØÁãË‰á¡‰ä¢â´Â¾ÔÁ¾Œ¤ˆÒ¾ÒÃÒÁÔàµÍÃŒãËÁˆã¹ºÃÃ·Ñ´

¤íÒÊÑè§ä´‰àÅÂ
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5. ã¹¡ÒÃ»ÃÑº¤ˆÒ¤ÇÒÁÊÙ§¢Í§ Bump ãË‰á¡‰ä¢¾ÒÃÒÁÔàµÍÃŒã¹ºÅçÍ¡ Bump (ÊÕÊ‰Á)

6. ã¹¡ÒÃ»ÃÑº¤ˆÒ¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ adaptive gainãË‰»ÃÑºã¹ºÅçÍ¡¿’§¡ŒªÑ¹ Adaptive Law (ÊÕá´§)

â´Â·Õè

µÒÃÒ§·Õè ¡.4: µÑÇá»Ã¢Í§â»Ãá¡ÃÁ tuningfunction.mdl

µÑÇá»Ã ¤ÇÒÁËÁÒÂ
ax1 µíÒáË¹ˆ§¢Í§µÑÇÃ¶
ax2 ¤ÇÒÁàÃçÇ¢Í§µÑÇÃ¶
ax3 µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
ax4 ¤ÇÒÁàÃçÇ¢Í§Å‰ÍÃ¶
ax5 áÃ§´Ñ¹·Õè¡´Å§·ÕèÅÙ¡ÊÙº
ax6 ¡ÒÃ¡ÃÐ¨Ñ´¢Í§ÅÔé¹¨Ò¡µíÒáË¹ˆ§»”´
uax ÊÑÒ³¤Çº¤ØÁ

accax ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶

¡.4 ¡ÒÃ¤Çº¤ØÁÃÐººÃÍ§ÃÑºáºº»ÃÑºµÑÇ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§

ä¿ÅŒ·Õèãª‰ (Matlab mdl-file)

adaptiveiandi.mdl

â»Ãá¡ÃÁ¹Õéãª‰ã¹¡ÒÃ¨íÒÅÍ§áºº´‰ÇÂ¤ÍÁ¾ÔÇàµÍÃŒã¹¡Ã³ÕÃÐººÃÍ§ÃÑºáººáÍç¡·Õ¿ãª‰¡ÒÃ¤Çº¤ØÁáºº

»ÃÑºµÑÇ´‰ÇÂÇÔ¸Õ¡ÒÃ½’§ã¹áÅÐ¤ÇÒÁÂ×¹Â§

¢Ñé¹µÍ¹¡ÒÃãª‰â»Ãá¡ÃÁ

1. ãÊˆ¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§¡ÒÃ¤Çº¤ØÁ·ÕèºÃÃ·Ñ´¤íÒÊÑè§

2. ¡´»ØƒÁ run

3. ã¹¡ÒÃ¨íÒÅÍ§áººã¹¡Ã³Õ·ÕèÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´ã¹¾ÅÒ¹µŒãË‰á¡‰ä¢¾ÒÃÒÁÔàµÍÃŒã¹ºÅçÍ¡¿’§¡ŒªÑ¹ Plant1,

Plant2, Plant3 Plant4áÅÐ Plant5 (ºÅçÍ¡¿’§¡ŒªÑ¹ÊˆÇ¹·Õèà»“¹¾ÅÒ¹µŒ¨ÐÁÕÊÕ¿„Ò)

4. ã¹¡ÒÃ¨íÒÅÍ§áººã¹¡Ã³Õ·ÕèÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´ã¹µÑÇ¤Çº¤ØÁãË‰á¡‰ä¢â´Â¾ÔÁ¾Œ¤ˆÒ¾ÒÃÒÁÔàµÍÃŒãËÁˆã¹ºÃÃ·Ñ´

¤íÒÊÑè§ä´‰àÅÂ

5. ã¹¡ÒÃ»ÃÑº¤ˆÒ¤ÇÒÁÊÙ§¢Í§ Bump ãË‰á¡‰ä¢¾ÒÃÒÁÔàµÍÃŒã¹ºÅçÍ¡ Bump (ÊÕÊ‰Á)

6. ã¹¡ÒÃ»ÃÑº¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ k ã¹áÁ¹Ôâ¿Å´ŒãË‰»ÃÑºã¹ºÅçÍ¡¿’§¡ŒªÑ¹ Adaptive Law (ÊÕá´§) ËÃ×Íà«çµ

¤ˆÒã¹ºÃÃ·Ñ´¤íÒÊÑè§¡çä´‰

â´Â·Õè
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µÒÃÒ§·Õè ¡.5: µÑÇá»Ã¢Í§â»Ãá¡ÃÁ adaptiveiandi.mdl

µÑÇá»Ã ¤ÇÒÁËÁÒÂ
ai1 µíÒáË¹ˆ§¢Í§µÑÇÃ¶
ai2 ¤ÇÒÁàÃçÇ¢Í§µÑÇÃ¶
ai3 µíÒáË¹ˆ§¢Í§Å‰ÍÃ¶
ai4 ¤ÇÒÁàÃçÇ¢Í§Å‰ÍÃ¶
ai5 áÃ§´Ñ¹·Õè¡´Å§·ÕèÅÙ¡ÊÙº
ai6 ¡ÒÃ¡ÃÐ¨Ñ´¢Í§ÅÔé¹¨Ò¡µíÒáË¹ˆ§»”´
uai ÊÑÒ³¤Çº¤ØÁ

accai ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶
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µÒÃÒ§·Õè ¡.6: ºÅçÍ¡¿’§¡ŒªÑ¹ã¹¡ÒÃâ»Ãá¡ÃÁ backstepping.mdl

ºÅçÍ¡ ¤ÇÒÁËÁÒÂ ÃÐºº
Plant 1 ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ − 1

290 [16812(x1 − x3) + 1000(x2 − x4)− (3.35e− 4)x5]
Plant 2 ¤ÇÒÁàÃˆ§¢Í§Å‰ÍÃ¶ 1

59 [16812(x1 − x3) + 1000(x2 − x4)
−190000(x3 − r)− (3.35e− 4)x5]

Plant 3 Í¹Ø¾Ñ¹¸Œ¤ÇÒÁ´Ñ¹ −x5 − (4.515e13)(3.35e− 4)(x2 − x4)
¢Í§µÑÇ¢ÑºàÃ‰Ò +(1.545e9)x6w3

Plant 4 w3 sgn[10342500− sgn(x6)x5)
√
|10342500− sgn(x6)x5|

Plant 5 ẋ6 30(−x6 + u)

Bump ¡ÒÃÃº¡Ç¹¨Ò¡¾×é¹¶¹¹ a(1− cos(8πt)), 0.5 ≤ t ≤ 0.75
dz1 ż1 −200z1 − (1.5 + κ1ϕ(ζ))z1 + z2

dz2 ż2 −200z2 − z1 + A
µMb

z3

dz1bar ¯̄z1 −(200 + 1.5 + κ1ϕ(ζ))z̄1 − κ1
dϕ
dζ (x2 − x4)z1 + z̄2

h3 h3 −κ1ϕ(ζ)− κ1
dϕ
dζ ζ

h3bar h̄3 ḣ3 = −2κ1
dϕ
dζ (x2 − x4)− κ1

d2ϕ
dζ2 (x2 − x4)ζ

h4 h4
1

µγ (600 + 0.01h2
3)h3 + 1

µγ 0.01h2
3

(
Ca

Mb
− 1.5

)
− 1

µγ

{
2κ1

d2ϕ
dζ2 (x2 − x4)ζ −mtCaκ1

dϕ
dζ ζ

−200κ1
dϕ
dζ z1 −mtCaκ1ϕ(ζ) + 4κ1

dϕ
dζ (x2 − x4)

}
g2 g2 200[−200z1 − (1.5 + κ1ϕ(ζ))z1 + z2]

+(1.5 + κ1ϕ(ζ))(x2 − x4) + κ1
dϕ
dζ (x2 − x4)ζ

g3 g3 −µMb

A

{
−−400

(
−200z2 − z1 + A

µMb
z3

)
+ 200κ1

dϕ
dζ (x2 − x4)z1

+[2002 + c1(1.5 + κ1ϕ(ζ))][−200z1 − (1.5 + κ1ϕ(ζ))z1 + z2]
+ 1

Mb
[Ka(x2 − x4) + Caw1]

−(1.5 + κ1ϕ(ζ))w1 − 2κ1
dϕ
dζ (x2 − x4)2

−κ1
d2ϕ
dζ2 (x2 − x4)2ζ − κ1

dϕ
dζ w1ζ

}
g4 g4 − 1

µγ

{
− (600 + 0.01h2

3)
(
−200z3 − A

µMb
z2 + µγz4 − 200h2

3z3

)
− A

µMb
z̄2 + µβw2 + µαAw1 − 0.02z3h3h̄3 + ḡ4

}
g4bar ḡ4

µMb

A

{
− 400(−200z̄2 − z̄1) + c1κ1

d2ϕ
dζ2 (x2 − x4)2z1

+200κ1
dϕ
dζ w1z1 + 2c1κ1

dϕ
dζ (x2 − x4)z̄1

+[39999 + 200(ε0 + κ1ϕ(ζ))]¯̄z1 + 1
Mb

(Kaw1 + Caw̄1)
−6κ1

dϕ
dζ (x2 − x4)w1 − (1.5 + κ1ϕ(ζ))w̄1 − 3κ1

d2ϕ
dζ2 (x2 − x4)3

−κ1
d3ϕ
dζ3 (x2 − x4)3ζ − 3κ1

d2ϕ
dζ2 (x2 − x4)w1ζ − κ1

dϕ
dζ w̄1ζ

}
w1 w1 −mt[Ka(x1 − x3) + Ca(x2 − x4)−Ax5] + Kt

Mus
x3

w1bar w̄1 −mt[Ka(x2 − x4) + Caw1 −Aw2] + Kt

Mus
x4

w2 w2 −βx5 − αA(x2 − x4) + γx6w3
alpha1 α1 −200z1 − (1.5 + κ1ϕ(ζ))ζ

alpha2 α2
µMb

A

[
−200z2 − z1

1
Mb

[Ka(x1 − x3) + Ca(x2 − x4)− g2]
]

alpha3 α3
1

µγ

[
−200z3 − A

µMb
z2 − 0.01h2

3z3 + βx̄5 + µαA(x2 − x4)− g3

]
Control u τ

w3

[
−200z4 − µγz3 − 0.01h2

4z4 + 1
τ x6w3 + 1

2|w3| |x6|w2 − g4

]



114

µÒÃÒ§·Õè ¡.7: ºÅçÍ¡¿’§¡ŒªÑ¹ã¹¡ÒÃâ»Ãá¡ÃÁ iandi.mdl

ºÅçÍ¡ ¤ÇÒÁËÁÒÂ ÃÐºº
Plant 1 ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ − 1

290 [16812(x1 − x3) + 1000(x2 − x4)− (3.35e− 4)x5]
Plant 2 ¤ÇÒÁàÃˆ§¢Í§Å‰ÍÃ¶ 1

59 [16812(x1 − x3) + 1000(x2 − x4)
−190000(x3 − r)− (3.35e− 4)x5]

Plant 3 Í¹Ø¾Ñ¹¸Œ¤ÇÒÁ´Ñ¹ −x5 − (4.515e13)(3.35e− 4)(x2 − x4)
¢Í§µÑÇ¢ÑºàÃ‰Ò +(1.545e9)x6w3

Plant 4 w3 sgn[10342500− sgn(x6)x5)
√
|10342500− sgn(x6)x5|

Plant 5 ẋ6 30(−x6 + u)

Bump ¡ÒÃÃº¡Ç¹¨Ò¡¾×é¹¶¹¹ a(1− cos(8πt)), 0.5 ≤ t ≤ 0.75
dz1 ż1 −200z1 − (1.5 + κ1ϕ(ζ))z1 + z2

dz2 ż2 ẋ2 − α̇1

z1barbar z̈1 −(200 + 1.5 + κ1ϕ(ζ))z̄1 − κ1
dϕ
dζ (x2 − x4)z1 + z̄2

ddz2 z̈2 −200ż2 − ż1

w1 w1 −mt[Ka(x1 − x3) + Ca(x2 − x4)−Ax5] + Kt

Mus
x3

w1bar w̄1 −mt[Ka(x2 − x4) + Caw1 −Aw2] + Kt

Mus
x4

w2 w2 −βx5 − αA(x2 − x4) + γx6w3
alpha1 α1 −200z1 − (1.5 + κ1ϕ(ζ))ζ

ua ua
µMb

A

[
−200z2 − z1

1
Mb

[Ka(x1 − x3) + Ca(x2 − x4)− g2]
]

Mb

{
− 400z2 + (39999 + 200(1.5 + κ1ϕ(ζ)))z1

−(1.5 + κ1ϕ(ζ))z1 − κ1
dϕ
dζ (ξ2 − ξ4)ζ

}
+Ka(ξ1 − ξ3) + Ca(ξ2 − ξ4)

dua u̇a Mb

{
− 400ż2 + (39999 + 200(1.5 + κ1ϕ(ζ)))ż1

+200κ1
dϕ
dζ (x2 − x4)z1 − (1.5 + κ1ϕ(ζ))w1

−2κ1
dϕ
dζ (x2 − x4)2 − κ1

d2ϕ
dζ2 (x2 − x4)2ζ − κ1

dϕ
dζ w1ζ

}
+Ka(x2 − x4) + Caw1

ddua üa Mb

{
− 400z̈2 + (39999 + 200(1.5 + κ1ϕ(ζ)))z̈1

+200κ1
dϕ2

dζ (x2 − x4)ż1 + 200κ1
d2ϕ
dζ2 (x2 − x4)2z1

+200κ1
dϕ
dζ w1z1 + 200κ1

dϕ
dζ (x2 − x4)ż1 − (1.5 + κ1ϕ(ζ))w̄1

−κ1
dϕ
dζ w1 − κ1

d2ϕ
dζ2 (x2 − x4)3 − 2κ1

dϕ
dζ (x2 − x4)w1

−κ1
d3ϕ
dζ3 (x2 − x4)3ζ − 3κ1

d2ϕ
dζ2 (x2 − x4)w1ζ − κ1

d2ϕ
dζ2 (x2 − x4)3

−κ1
dϕ
dζ w̄1ζ − κ1

dϕ
dζ w1(x2 − x4)− κ1

d2ϕ
dζ2 (x2 − x4)3

−2κ1
dϕ
dζ (x2 − x4)w1

}
+Kaw1 + Caw̄1

ub ub
Aα
γ (x2 − x4) + 1

γA (βua + u̇a)

dub u̇b
Aα
γ w1 + 1

γ

(
βu̇a

A + üa

A

)
Control u

(
τ

w3

){
x6w3

τ + 1
2|w3| |x6|w2 − 1

γA (b1Ż1 + b2Z1) + u̇b

}
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µÒÃÒ§·Õè ¡.8: ºÅçÍ¡¿’§¡ŒªÑ¹ã¹¡ÒÃâ»Ãá¡ÃÁ tuningfunction.mdl

ºÅçÍ¡ ¤ÇÒÁËÁÒÂ ÃÐºº
Plant 1 ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ − 1

290 [16812(x1 − x3) + 1000(x2 − x4)− (3.35e− 4)x5]
Plant 2 ¤ÇÒÁàÃˆ§¢Í§Å‰ÍÃ¶ 1

59 [16812(x1 − x3) + 1000(x2 − x4)
−190000(x3 − r)− (3.35e− 4)x5]

Plant 3 Í¹Ø¾Ñ¹¸Œ¤ÇÒÁ´Ñ¹ −x5 − (4.515e13)(3.35e− 4)(x2 − x4)
¢Í§µÑÇ¢ÑºàÃ‰Ò +(1.545e9)x6w3

Plant 4 w3 sgn[10342500− sgn(x6)x5)
√
|10342500− sgn(x6)x5|

Plant 5 ẋ6 30(−x6 + u)

Bump ¡ÒÃÃº¡Ç¹¨Ò¡¾×é¹¶¹¹ a(1− cos(8πt)), 0.5 ≤ t ≤ 0.75
dz1 ż1 −200z1 − (1.5 + κ1ϕ(ζ))z1 + z2

dz2 ż2 −200z2 − z1 + A
µMb

z3

dz1bar ¯̄z1 −(200 + 1.5 + κ1ϕ(ζ))z̄1 − κ1
dϕ
dζ (x2 − x4)z1 + z̄2

h3 h3 −κ1ϕ(ζ)− κ1
dϕ
dζ ζ

h3bar h̄3 ḣ3 = −2κ1
dϕ
dζ (x2 − x4)− κ1

d2ϕ
dζ2 (x2 − x4)ζ

h4 h4
1

µγ (c3 + c2 + c1 + b3h
2
3)h3 + 1

µγ b3h
2
3

(
Ca

Mb
− ε0

)
− 1

µγ

{
− A

Mb
θ̂ + 2κ1

d2ϕ
dζ2 (x2 − x4)ζ −mtCaκ1

dϕ
dζ ζ

−c1κ1
dϕ
dζ z1 −mtCaκ1ϕ(ζ) + 4κ1

dϕ
dζ (x2 − x4)

}
g2 g2 200[−200z1 − (1.5 + κ1ϕ(ζ))z1 + z2]

+(1.5 + κ1ϕ(ζ))(x2 − x4) + κ1
dϕ
dζ (x2 − x4)ζ

g3 g3 −µMb

A

{
−−400

(
−200z2 − z1 + A

µMb
z3

)
+200κ1

dϕ
dζ (x2 − x4)z1 + [2002 + c1(1.5 + κ1ϕ(ζ))]
×[−200z1 − (1.5 + κ1ϕ(ζ))z1 + z2]

+ 1
Mb

[Ka(x2 − x4) + Caw1]
−(1.5 + κ1ϕ(ζ))w1 − 2κ1

dϕ
dζ (x2 − x4)2

−κ1
d2ϕ
dζ2 (x2 − x4)2ζ − κ1

dϕ
dζ w1ζ

}
g4hat ĝ4 − 1

µγ

{
− (800h2

3)
(
− 200z3 − A

µMb
z2 + µγz4

−0.01h2
3z3

)
− A

µMb
z̄2 + µβŵ2 + µθ̂w1

+µ ˙̂
θ(x2 − x4)− 0.02z3h3h̄3 + ˆ̄g4

}
g4barhat ˆ̄g4 µMb

A

{
− 400(−200z̄2 − z̄1) + 200κ1

d2ϕ
dζ2 (x2 − x4)2z1

+200κ1
dϕ
dζ w1z1 + 400κ1

dϕ
dζ (x2 − x4)z̄1

+[39999 + 200(ε0 + κ1ϕ(ζ))]¯̄z1 + 1
Mb

(Kaw1 + Ca ˆ̄w1)
−6κ1

dϕ
dζ (x2 − x4)w1 − (1.5 + κ1ϕ(ζ)) ˆ̄w1

−3κ1
d2ϕ
dζ2 (x2 − x4)3 − κ1

d3ϕ
dζ3 (x2 − x4)3ζ

−3κ1
d2ϕ
dζ2 (x2 − x4)w1ζ − κ1

dϕ
dζ

ˆ̄w1ζ

}
w1 w1 −mt[Ka(x1 − x3) + Ca(x2 − x4)−Ax5] + Kt

Mus
x3

w1bar w̄1 −mt[Ka(x2 − x4) + Caw1 −Aw2] + Kt

Mus
x4

w2 w2 −βx5 − αA(x2 − x4) + γx6w3
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µÒÃÒ§·Õè ¡.9: ºÅçÍ¡¿’§¡ŒªÑ¹ã¹¡ÒÃâ»Ãá¡ÃÁ tuningfunction.mdl (µˆÍ)
ºÅçÍ¡ ¤ÇÒÁËÁÒÂ ÃÐºº
alpha1 α1 −200z1 − (1.5 + κ1ϕ(ζ))ζ

alpha2 α2
µMb

A

[
−200z2 − z1

1
Mb

[Ka(x1 − x3) + Ca(x2 − x4)− g2]
]

alpha3 α3
1

µγ

[
−200z3 − A

µMb
z2 − 0.01h2

3z3 + βx̄5 + µθ̂(x2 − x4)− g3

]
Control u τ

w3

[
−200z4 − µγz3 − 0.01h2

4z4 + 1
τ x6w3 + 1

2|w3| |x6|w2 − g4

]
phi4 φ4 −

[
1

2µ|w3| |x6|+ 1
µγ (−c̄3 + β +mtMbφ̄4)

]
φ3

Adaptive law θ̂ Γ
µ (φ3z3 + φ4z4)
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µÒÃÒ§·Õè ¡.10:ºÅçÍ¡¿’§¡ŒªÑ¹ã¹¡ÒÃâ»Ãá¡ÃÁ adaptiveiandi.mdl

ºÅçÍ¡ ¤ÇÒÁËÁÒÂ ÃÐºº
Plant 1 ¤ÇÒÁàÃˆ§¢Í§µÑÇÃ¶ − 1

290 [16812(x1 − x3) + 1000(x2 − x4)− (3.35e− 4)x5]
Plant 2 ¤ÇÒÁàÃˆ§¢Í§Å‰ÍÃ¶ 1

59 [16812(x1 − x3) + 1000(x2 − x4)
−190000(x3 − r)− (3.35e− 4)x5]

Plant 3 Í¹Ø¾Ñ¹¸Œ¤ÇÒÁ´Ñ¹ −x5 − (4.515e13)(3.35e− 4)(x2 − x4)
¢Í§µÑÇ¢ÑºàÃ‰Ò +(1.545e9)x6w3

Plant 4 w3 sgn[10342500− sgn(x6)x5)
√
|10342500− sgn(x6)x5|

Plant 5 ẋ6 30(−x6 + u)

Bump ¡ÒÃÃº¡Ç¹¨Ò¡¾×é¹¶¹¹ a(1− cos(8πt)), 0.5 ≤ t ≤ 0.75
dz1 ż1 −200z1 − (1.5 + κ1ϕ(ζ))z1 + z2

dz2 ż2 −200z2 − z1 + A
µMb

z3

dz1bar ¯̄z1 −(200 + 1.5 + κ1ϕ(ζ))z̄1 − κ1
dϕ
dζ (x2 − x4)z1 + z̄2

h3 h3 −κ1ϕ(ζ)− κ1
dϕ
dζ ζ

h3bar h̄3 ḣ3 = −2κ1
dϕ
dζ (x2 − x4)− κ1

d2ϕ
dζ2 (x2 − x4)ζ

h4 h4
1

µγ (600 + 0.01h2
3)h3 + 1

µγ 0.01h2
3

(
Ca

Mb
− 1.5

)
− 1

µγ

{
− A

Mb
θ̂ + 2κ1

d2ϕ
dζ2 (x2 − x4)ζ −mtCaκ1

dϕ
dζ ζ

−200κ1
dϕ
dζ z1 −mtCaκ1ϕ(ζ) + 4κ1

dϕ
dζ (x2 − x4)

}
g2 g2 200[−200z1 − (1.5 + κ1ϕ(ζ))z1 + z2]

+(1.5 + κ1ϕ(ζ))(x2 − x4) + κ1
dϕ
dζ (x2 − x4)ζ

g3 g3 −µMb

A

{
−−400

(
−200z2 − z1 + A

µMb
z3

)
+ 200κ1

dϕ
dζ (x2 − x4)z1

+[2002 + c1(1.5 + κ1ϕ(ζ))][−200z1 − (1.5 + κ1ϕ(ζ))z1 + z2]
+ 1

Mb
[Ka(x2 − x4) + Caw1]

−(1.5 + κ1ϕ(ζ))w1 − 2κ1
dϕ
dζ (x2 − x4)2

−κ1
d2ϕ
dζ2 (x2 − x4)2ζ − κ1

dϕ
dζ w1ζ

}
g4 g4 − 1

µγ

{
− (600 + 0.01h2

3)
(
−200z3 − A

µMb
z2 + µγz4 − 200h2

3z3

)
− A

µMb
z̄2 + µβw2 + µθ̂w1 − 0.02z3h3h̄3 + ḡ4

}
g4bar ḡ4

µMb

A

{
− 400(−200z̄2 − z̄1) + c1κ1

d2ϕ
dζ2 (x2 − x4)2z1

+200κ1
dϕ
dζ w1z1 + 2c1κ1

dϕ
dζ (x2 − x4)z̄1

+[39999 + 200(ε0 + κ1ϕ(ζ))]¯̄z1 + 1
Mb

(Kaw1 + Caw̄1)
−6κ1

dϕ
dζ (x2 − x4)w1 − (1.5 + κ1ϕ(ζ))w̄1 − 3κ1

d2ϕ
dζ2 (x2 − x4)3

−κ1
d3ϕ
dζ3 (x2 − x4)3ζ − 3κ1

d2ϕ
dζ2 (x2 − x4)w1ζ − κ1

dϕ
dζ w̄1ζ

}
w1 w1 −mt[Ka(x1 − x3) + Ca(x2 − x4)−Ax5] + Kt

Mus
x3

w1bar w̄1 −mt[Ka(x2 − x4) + Caw1 −Aw2] + Kt

Mus
x4

w2 w2 −βx5 − θ̂(x2 − x4) + γx6w3
alpha1 α1 −200z1 − (1.5 + κ1ϕ(ζ))ζ

alpha2 α2
µMb

A

[
−200z2 − z1

1
Mb

[Ka(x1 − x3) + Ca(x2 − x4)− g2]
]

alpha3 α3
1

µγ

[
−200z3 − A

µMb
z2 − 0.01h2

3z3 + βx̄5 + µθ̂(x2 − x4)− g3

]
Control u τ

w3

[
−200z4 − µγz3 − 0.01h2

4z4 + 1
τ x6w3 + 1

2|w3| |x6|w2 − g4

]
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»ÃÐÇÑµÔ¼Ù‰à¢ÕÂ¹ÇÔ·ÂÒ¹Ô¾¹¸Œ

¹ÒÂ¾ÅÊÔ·¸Ôì ÊÑ¹¸¹¾Ô¾Ñ²¹Œ¡ØÅ à¡Ô´àÁ×èÍÇÑ¹·Õè 22 ¡Ã¡®Ò¤Á ¾.È. 2523 ·Õè¡ÃØ§à·¾ÁËÒ¹¤Ã à»“¹ºØµÃ

¹ÒÂÂ§ ÊÑ¹¸¹¾Ô¾Ñ²¹Œ¡ØÅ áÅÐ ¹Ò§ÇÔÀÒ ÊÑ¹¸¹¾Ô¾Ñ²¹Œ¡ØÅ à»“¹ºØµÃ¤¹·ÕèÊÍ§ã¹¨íÒ¹Ç¹¾Õè¹‰Í§·Ñé§ËÁ´ÊÒÁ¤¹

ÊíÒàÃç¨¡ÒÃÈÖ¡ÉÒ»ÃÔÒÇÔÈÇ¡ÃÃÁÈÒÊµÃºÑ³±Ôµ ÀÒ¤ÇÔªÒÇÔÈÇ¡ÃÃÁä¿¿„Ò ¨ØÌÒÅ§¡Ã³ŒÁËÒÇÔ·ÂÒÅÑÂ ã¹»•

2544 áÅÐÈÖ¡ÉÒµˆÍã¹ËÅÑ¡ÊÙµÃÇÔÈÇ¡ÃÃÁÈÒÊµÃÁËÒºÑ³±Ôµ ÀÒ¤ÇÔªÒÇÔÈ¡ÃÃÁä¿¿„Ò ¤³ÐÇÔÈÇ¡ÃÃÁÈÒÊµÃŒ

¨ØÌÒÅ§¡Ã³ŒÁËÒÇÔ·ÂÒÅÑÂ ÊÑ§¡Ñ´Ë‰Í§»¯ÔºÑµÔ¡ÒÃÇÔ¨ÑÂÃÐºº¤Çº¤ØÁ àÁ×èÍ ¾.È. 2544

¼Å§Ò¹¹íÒàÊ¹Íã¹¡ÒÃ»ÃÐªØÁÇÔªÒ¡ÒÃ
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