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º··Õè 1

º·¹íÒ

1.1 á¹ÇàËμØ¼Å

¡ÒÃ¡ÅÑè¹à»“¹¡ÃÐºÇ¹¡ÒÃ·ÕèÊíÒ¤ÑÍÂˆÒ§Ë¹Öè§ã¹ÃÐººÍØμÊÒË¡ÃÃÁ»”âμÃà¤ÁÕ ¡ÃÐºÇ¹¡ÒÃ¡ÅÑè¹¤×Í¡ÒÃáÂ¡
ÊÒÃ¼ÊÁÍÍ¡¨Ò¡¡Ñ¹ â´ÂÍÒÈÑÂ¤ÇÒÁáμ¡μˆÒ§¢Í§¤ÇÒÁÊÒÁÒÃ¶ã¹¡ÒÃ¡ÅÒÂà»“¹äÍ¢Í§ÊÒÃ ÊÒÃ·ÕèÁÕ Ø̈´
à´×Í´μíèÒ¡ÇˆÒ¨ÐÁÕ¤ÇÒÁà¢‰Á¢‰¹ÊÙ§ÍÂÙˆã¹¼ÅÔμÀÑ³±Œ·Õèä´‰ÍÍ¡ÁÒ·Ò§μÍ¹º¹¢Í§ËÍ¡ÅÑè¹ â´Â·ÑèÇä»¡ÒÃ¤Çº¤ØÁ
ËÍ¡ÅÑè¹ÁÕ Ø̈´»ÃÐÊ§¤Œ´Ñ§¹Õé

� áÂ¡ÊÒÃ¼ÊÁÍÍ¡¨Ò¡¡Ñ¹ãË‰ä´‰¤ÇÒÁà¢‰Á¢‰¹¢Í§ÊÒÃ¼ÅÔμÀÑ³±ŒμÒÁ·Õè¡íÒË¹´ »’¨ Ñ̈Â·ÕèÁÕ¼ÅμˆÍ¤ÇÒÁ
à¢‰Á¢‰¹¢Í§ÊÒÃ¼ÅÔμÀÑ³±Œ ä´‰á¡̂ ¡ÒÃà»ÅÕèÂ¹á»Å§ÍÑμÃÒ¡ÒÃ»„Í¹ÊÒÃáÅÐ¤ÇÒÁà¢‰Á¢‰¹¢Í§ÊÒÃ·Õè»„Í¹
à¢‰Ò¡ÅÒ§ËÍ ¡ÒÃà»ÅÕèÂ¹á»Å§¢Í§ÊÀÒÇÐáÇ´Å‰ÍÁ¢Í§ËÍ¡ÅÑè¹ ´‰ÇÂàËμØ¹Õé¤Ø³ÀÒ¾¢Í§ÊÒÃ¼ÅÔμÀÑ³±Œ
·Õè¡ÅÑè¹ä´‰ÍÒ¨äÁ̂à»“¹ä»μÒÁ¢‰Í¡íÒË¹´

� »„Í§¡Ñ¹áÅÐ Ñ̈´¡ÒÃ¡Ñº¤ÇÒÁ¼Ô´¾ÅÒ´«Öè§ÍÒ¨à¡Ô´¢Öé¹¨Ò¡¡ÒÃ´íÒà¹Ô¹¡ÒÃ¡ÅÑè¹ ã¹¡ÒÃÍÍ¡áººμÑÇ¤Çº
¤ØÁ¤ÇÃ¾Ô¨ÒÃ³ÒÊÑÒ³¤Çº¤ØÁ¢Òà¢‰Ò ËÃ×ÍÊÑÒ³¢ÒÍÍ¡´‰ÇÂ à¾×èÍãË‰ÍØ»¡Ã³ŒμˆÒ§æ ÁÕ¤ÇÒÁ
»ÅÍ´ÀÑÂ áÅÐÅ´»’ËÒã¹¡ÒÃºíÒÃØ§ÃÑ¡ÉÒÃÐºº

¡ÒÃ¤Çº¤ØÁËÍ¡ÅÑè¹ Ö̈§¹Ñºä´‰ÇˆÒà»“¹»’ËÒ·Õè¹ˆÒÊ¹ã¨áÅÐ·‰Ò·ÒÂ à¹×èÍ§¨Ò¡¤Ø³ÅÑ¡É³Ð¢Í§ËÍ¡ÅÑè¹·Õèà»“¹ÃÐºº
ËÅÒÂÊÑÒ³¢Òà¢‰Ò-ËÅÒÂÊÑÒ³¢ÒÍÍ¡ ÁÕ¤ÇÒÁäÁ̂à»“¹àªÔ§àÊ‰¹ ÁÕ¡ÒÃ¡ÃÐ·íÒÃÐËÇˆÒ§¡Ñ¹ÃÐËÇˆÒ§¤Ùˆ¼Å
μÍº áÅÐ¡ÒÃÃº¡Ç¹μ̂Ò§æ ÁÕ¼ÅμˆÍ¤Ø³ÀÒ¾¢Í§¼ÅÔμÀÑ³±Œ ÍÕ¡·Ñé§ã¹¡ÒÃ»ÃÐÂØ¡μŒãª‰·ÄÉ®ÕÃÐºº¤Çº¤ØÁ
ÊÁÑÂãËÁ̂ÃˆÇÁ¡Ñº¡ÃÐºÇ¹¡ÒÃ¢Í§ËÍ¡ÅÑè¹ í̈Òà»“¹μ‰Í§ÍÒÈÑÂ¡ÒÃÊÃ‰Ò§áºº í̈ÒÅÍ§·Ò§¤³ÔμÈÒÊμÃŒà¾×èÍãª‰ã¹¡ÒÃ
ÇÔà¤ÃÒÐËŒáÅÐÊÑ§à¤ÃÒÐËŒ¡ÒÃ¤Çº¤ØÁ¢Ñé¹ÊÙ§ à¾×èÍãË‰¡ÃÐºÇ¹¡ÒÃ·íÒ§Ò¹¢Í§ËÍ¡ÅÑè¹ÁÕ¤ÇÒÁ¹ˆÒàª×èÍ¶×Í áÅÐÁÕ
»ÃÐÊÔ·¸ÔÀÒ¾ÊÙ§ÊØ´

¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁ¢Ñé¹ÊÙ§ÁÕ¤ÇÒÁÊíÒ¤ÑμˆÍÇÔÈÇ¡ÃÃÁÃÐºº¤Çº¤ØÁã¹¡ÃÐºÇ¹¡ÒÃÍØμÊÒË¡ÃÃÁ ÇÔ¸ÕË¹Öè§
¤×Í ¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§ (model predictive control) [1, 2] ËÃ×Í·ÃÒº¡Ñ¹ã¹ª×èÍ
¢Í§ ¡ÒÃ¤Çº¤ØÁ¢Íºà¢μà¤Å×èÍ¹·Õè (moving horizon control: MHC) ËÃ×Í¡ÒÃ¤Çº¤ØÁ¢Íºà¢μ¶´
¶ÍÂ (receding horizon control: RHC) à»“¹à·¤¹Ô¤Ë¹Öè§·Õè¹ÔÂÁÊíÒËÃÑº¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁã¹ÃÐºº
¾ÅÇÑμ·ÕèÁÕ¼ÅμÍºÊ¹Í§ª‰Ò àªˆ¹¡ÒÃ¤Çº¤ØÁ¡ÃÐºÇ¹¡ÒÃã¹ÍØμÊÒË¡ÃÃÁ»”âμÃà¤ÁÕ ÍØμÊÒË¡ÃÃÁàÂ×èÍäÁ‰áÅÐ
¡ÃÐ´ÒÉ áÅÐã¹¡ÒÃ¤Çº¤ØÁ·̂ÍÊ̂§¡ŠÒ« [1, 2, 3, 4] ã¹·Ø¡æ ¤ÒºàÇÅÒ ¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº
¨íÒÅÍ§μ‰Í§¡ÒÃ¼Åà©ÅÂ¢Í§»’ËÒ¡ÒÃËÒ¤ˆÒàËÁÒÐÊØ´áººÍÍ¹äÅ¹Œ à¾×èÍ¤íÒ¹Ç³ËÒÊÑÒ³¢Òà¢‰Ò¤Çº¤ØÁ
àËÁÒÐÊØ´º¹àÇÅÒ·Õèà¨ÒÐ¨§ã¹Í¹Ò¤μ ËÅÑ¡¡ÒÃ¹Õéà»“¹·ÕèÃÙ‰¨Ñ¡¡Ñ¹ã¹ª×èÍ ¢Íºà¢μàÇÅÒ (time horizon) áÁ‰
ÇˆÒ ³ àÇÅÒ¡ÒÃªÑ¡μÑÇÍÂˆÒ§¤ÃÑé§¶Ñ´ä» »’ËÒ¡ÒÃËÒ¤ˆÒàËÁÒÐÊØ´ÁÕÃÙ»áººãËÁ̂áÅÐÁÕ¼Åà©ÅÂ«Öè§¢Öé¹ÍÂÙˆ¡Ñº
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¡ÒÃÇÑ´ÊÑÒ³ãËÁ̂ áμˆà¡³±Œ¡ÒÃ¤Çº¤ØÁ·Õèä´‰¨Ò¡¡ÒÃÍÍ¡áººμÒÁ»’ËÒ¡ÒÃËÒ¤ˆÒàËÁÒÐÊØ´¨Ð¶Ù¡àÅ×Í¡
ãª‰ ³ àÇÅÒ¡ÒÃªÑ¡μÑÇÍÂˆÒ§¹Ñé¹ â´Â¡ÒÃËÒ¤ˆÒàËÁÒÐÊØ´áººÍÍ¹äÅ¹ŒÊÒÁÒÃ¶Å´ÃÙ»·ÑèÇä»ãË‰à»“¹»’ËÒ¢Í§
â»Ãá¡ÃÁàªÔ§àÊ‰¹ (linear programming) ËÃ×Íâ»Ãá¡ÃÁ¡íÒÅÑ§ÊÍ§ (quadratic programming) ¡çä´‰

àÁ×èÍ¹íÒ¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§ÁÒ»ÃÐÂØ¡μŒ¡ÑºÃÐºº ÁÕ¤ÇÒÁà»“¹ä»ä´‰·Õè¨Ð¹íÒà§×èÍ¹ä¢ºÑ§¤Ñº
¢Í§ÍÊÁ¡ÒÃº¹μÑÇá»Ã´íÒà¹Ô¹¡ÒÃ (manipulated variables) áÅÐμÑÇá»Ã¡ÃÐºÇ¹¡ÒÃ (process variables)

ÁÒ¾Ô¨ÒÃ³ÒÃˆÇÁ¡Ñº¡ÒÃ¤Çº¤ØÁª¹Ô´¹Õé ËÑÇ¢‰Í¶Ñ´ä»¨Ð¹íÒàÊ¹Í¤ÇÒÁà»“¹ÁÒ¢Í§¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº
¨íÒÅÍ§ ÃÇÁ¶Ö§§Ò¹ÇÔ¨ÑÂ·Õèà¡ÕèÂÇ¢‰Í§

1.2 §Ò¹ÇÔ Ñ̈Â·Õè¼̂Ò¹ÁÒ

¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§ ¡íÒà¹Ô´¨Ò¡á¹Ç¤Ô´·Õè¹íÒáºº í̈ÒÅÍ§·ÕèªÑ´à¨¹¢Í§¡ÃÐºÇ¹¡ÒÃã¹¡ÒÃÍÍ¡
áººμÑÇ¤Çº¤ØÁâ´Âãª‰¡ÒÃ·íÒ¹ÒÂ¤Ø³ÊÁºÑμÔ¢Í§ÊÑÒ³¢ÒÍÍ¡ã¹Í¹Ò¤μ [4] ¡ÒÃ·íÒ¹ÒÂÍÒ¨¡ÃÐ·íÒä´‰¨Ò¡
¡ÒÃËÒ¼Åà©ÅÂã¹»’ËÒ¡ÒÃ¤Çº¤ØÁáººàËÁÒÐÊØ´ÍÍ¹äÅ¹Œ áÅÐÁÕ¡ÒÃμÔ´μÒÁ¤ÇÒÁ¼Ô´¾ÅÒ´¢Í§¤ÇÒÁáμ¡
μˆÒ§ÃÐËÇˆÒ§ÊÑÒ³¢ÒÍÍ¡·Õè¶Ù¡·íÒ¹ÒÂ ¡ÑºÊÑÒ³Í‰Ò§ÍÔ§·Õèä´‰¨Ò¡¡ÒÃÍÍ¡áºº áÅÐËÒ¤ˆÒμíèÒÊØ´ÊÑÒ³
¤Çº¤ØÁº¹¢Íºà¢μã¹Í¹Ò¤μ ¤ˆÒ·Õèà»“¹ä»ä´‰¨Ðμ‰Í§ÍÂÙˆÀÒÂãμ‰à§×èÍ¹ä¢ºÑ§¤Ñºº¹ÊÑÒ³¢Òà¢‰ÒáÅÐà§×èÍ¹ä¢
ºÑ§¤Ñº¢Í§ÊÑÒ³¢ÒÍÍ¡ ÍÂˆÒ§äÃ¡çμÒÁ áºº í̈ÒÅÍ§·Õèãª‰ã¹¡ÒÃ·íÒ¹ÒÂ¨íÒà»“¹μ‰Í§ÊÍ´¤Å‰Í§¡Ñº¡ÃÐºÇ¹
¡ÒÃ¨ÃÔ§ ã¹·Ò§»¯ÔºÑμÔÍ§¤Œ»ÃÐ¡Íº¨Ò¡ÀÒÂ¹Í¡ÃÐººáÅÐ¡ÒÃÃº¡Ç¹μ̂Ò§æ ÃÇÁ¶Ö§¤ÇÒÁäÁ̂à»“¹àªÔ§àÊ‰¹
¢Í§ÃÐºº Ê̂§¼Å·íÒãË‰¤Ø³ÅÑ¡É³Ð¢Í§¡ÃÐºÇ¹¡ÒÃà»ÅÕèÂ¹á»Å§áÅÐÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹à¡Ô´¢Öé¹ ÃÐºº¤Çº
¤ØÁ·ÕèãË‰ÊÁÃÃ¶¹ÐàËÁÒÐÊØ´ÊíÒËÃÑºáºº í̈ÒÅÍ§à¨ÒÐ¨§ àÁ×èÍ¹íÒä»»ÃÐÂØ¡μŒ¡ÑºÃÐºº¨ÃÔ§ÍÒ¨·íÒãË‰ä´‰¼ÅμÍº
·ÕèàÅÇä´‰ [5] ¨Ö§ÁÕ¡ÒÃà¾ÔèÁàμÔÁ¡ÒÃÇÔà¤ÃÒÐËŒ¤ÇÒÁ¤§·¹ã¹¡ÒÃ¤Çº¤ØÁª¹Ô´¹Õé ¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂ
áºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹à»“¹¡ÒÃ¤Çº¤ØÁª¹Ô´Ë¹Öè§·ÕèÁÕ¡ÒÃÈÖ¡ÉÒÍÂˆÒ§¡Ç‰Ò§¢ÇÒ§ [2, 4] â´Â
ÁÕ Ø̈´»ÃÐÊ§¤Œà¾×èÍ·íÒãË‰ÃÐººÁÕ¤ÇÒÁ¤§·¹μˆÍÊÀÒÇÐ¤ÇÒÁäÁˆá¹ˆ¹Í¹ ¡ÅÂØ·¸Œ¡ÒÃ¤Çº¤ØÁÊíÒËÃÑº¢Íºà¢μ
ÊÑÒ³¢Òà¢‰Ò í̈Ò¡Ñ´¤×Íãª‰ÅíÒ´Ñº¢Í§ÊÑÒ³¢Òà¢‰ÒàËÁÒÐÊØ´¡̂Í¹Ë¹‰ÒàÇÅÒ � àªˆ¹à´ÕÂÇ¡ÑºÅíÒ´Ñº¢Í§
ÊÑÒ³¢Òà¢‰Ò·Õèà»“¹ä»ä´‰ã¹àÇÅÒ ��� áÅÐ¾ÂÒÂÒÁºÑ§¤ÑºãË‰¿’§¡ŒªÑ¹μ‰¹·Ø¹·Õèà»“¹ä»ä´‰ (feasible cost func-

tion) ³ àÇÅÒ � � � ãË‰¹‰ÍÂ¡ÇˆÒ¤ˆÒμ‰¹·Ø¹àËÁÒÐÊØ´ã¹àÇÅÒ � «Öè§ËÅÑ¡¡ÒÃ¹Õé¹íÒàÊ¹Í´‰ÇÂáºº¨íÒÅÍ§¤ÇÒÁ
äÁˆá¹ˆ¹Í¹â´Â Zheng [6] ã¹¡Ã³Õ·Õè¾Ô¨ÒÃ³Ò¢Íºà¢μÊÑÒ³¢Òà¢‰ÒáÅÐÊÑÒ³¢ÒÍÍ¡Í¹Ñ¹μŒ à¾×èÍ¤ÇÒÁ
ÊÐ´Ç¡ã¹¡ÒÃÇÔà¤ÃÒÐËŒàÃÒ»ÃÐÂØ¡μŒ¡®¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹ÐãË‰à»“¹»’ËÒàªÔ§ÁÔμÔ¨íÒ¡Ñ´ [3] ³ àÇÅÒ
¡ÒÃªÑ¡μÑÇÍÂˆÒ§ ¢Íºà¢μº¹àËÁÒÐÊØ´º¹¿’§¡ŒªÑ¹μ‰¹·Ø¹ÊÁÃÃ¶¹Ð¡Ã³ÕàÅÇÊØ´ã¹¢Íºà¢μÍ¹Ñ¹μŒä´‰¨Ò¡¡ÒÃ
ºÑ§¤Ñº¿’§¡ŒªÑ¹¡íÒÅÑ§ÊÍ§¢Í§Ê¶Ò¹ÐãË‰Å´Å§ã¹áμˆÅÐàÇÅÒàªÔ§·íÒ¹ÒÂ ¶‰Ò¡ÒÃ¤íÒ¹Ç³¡®¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑº
àËÁÒÐÊØ´¹íÒÁÒ»ÃÐÂØ¡μŒãª‰ã¹àÇÅÒ � � � áÅ‰Ç¢Íºà¢μº¹·Õèà»“¹ä»ä´‰ ³ àÇÅÒ � � � ¨Ðμ‰Í§ÁÕ¤ˆÒ¹‰ÍÂ¡ÇˆÒ
¢Íºà¢μº¹àËÁÒÐÊØ´ ³ àÇÅÒ � áººá¼¹¹Õé¢ÂÒÂä»ÊÙˆÃÐººá»Ãà»ÅÕèÂ¹μÒÁàÇÅÒ â´Âáºº¨íÒÅÍ§»’¨ Ø̈ºÑ¹
·ÃÒº¤ˆÒá¹ˆ¹Í¹ áμˆÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ã¹áºº¨íÒÅÍ§Í¹Ò¤μ

â´ÂÊ̂Ç¹ãË̂§Ò¹ÇÔ¨ÑÂã¹Í´Õμ·Õè¼ˆÒ¹ÁÒ¹íÒàÊ¹Í¡ÒÃÇÔà¤ÃÒÐËŒàÊ¶ÕÂÃÀÒ¾¤§·¹ã¹ÃÐºº·ÕèÁÕ¤ÇÒÁäÁ̂á¹ˆ
¹Í¹ [3, 6] àªˆ¹ §Ò¹¢Í§ Zheng áÅÐ Morari [5] ¹íÒàÊ¹Í¡ÒÃÇÔà¤ÃÒÐËŒ¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·Õè
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ÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹â´Â·íÒ¡ÒÃ»ÃÑº»ÃØ§»’ËÒ¡ÒÃËÒ¤ˆÒμíèÒÊØ´·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤ÑºáººÍÍ¹äÅ¹ŒãË‰à»“¹»’ËÒμíèÒ
ÊØ´-ÊÙ§ÊØ´ (min-max problem) »’ËÒ¹Õéà»“¹¡ÒÃËÒ¤ˆÒμíèÒÊØ´¢Í§¿’§¡ŒªÑ¹ Ø̈´»ÃÐÊ§¤Œã¹¡Ã³ÕàÅÇÊØ´ ¾Ô¨ÒÃ³Ò
ã¹ÃÐººÊÑÒ³¢Òà¢‰Òà´ÕèÂÇáÅÐÊÑÒ³¢ÒÍÍ¡à´ÕèÂÇ´‰ÇÂ¼ÅμÍºÊ¹Í§ÍÔÁ¾ÑÅÊŒ¨íÒ¡Ñ´ áÅÐãË‰¢Íºà¢μ¤ÇÒÁ
äÁˆá¹ˆ¹Í¹º¹ÊÑÁ»ÃÐÊÔ·¸Ôì¢Í§¼ÅμÍºÊ¹Í§ÍÔÁ¾ÑÅÊŒ ÍÂˆÒ§äÃ¡çμÒÁ à·¤¹Ô¤¡ÒÃ¤íÒ¹Ç³ÍÂˆÒ§§̂ÒÂÊíÒËÃÑº¡ÒÃ
ÊÑ§à¤ÃÒÐËŒμÑÇ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹·ÕèàËÁÒÐÊÁÊíÒËÃÑº¹íÒä»»ÃÐÂØ¡μŒãª‰¨ÃÔ§
(implement) áººÍÍ¹äÅ¹Œ â´ÂÃÇÁàÍÒáººá¼¹¤ÇÒÁäÁ̂á¹ˆ¹Í¹ËÅÒÂÃÙ»áºº¹Ñé¹ÁÕ¤ÇÒÁμ‰Í§¡ÒÃáÅÐ í̈Ò
à»“¹ÂÔè§ [3]

§Ò¹ÇÔ¨ÑÂ¹íÒàÊ¹Í ¡ÒÃ»ÃÐÂØ¡μŒÊÑ§à¤ÃÒÐËŒ¡ÒÃ¤Çº¤ØÁ¨Ò¡§Ò¹¢Í§ Kothare áÅÐ¤³Ð [3] â´Âà©¾ÒÐ
ÍÂˆÒ§ÂÔè§à·¤¹Ô¤¡ÒÃ¤Çº¤ØÁ¡ÃÐºÇ¹¡ÒÃ·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹μÒÁËÅÑ¡¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§´‰ÇÂ
¡ÒÃËÒ¤ˆÒàËÁÒÐÊØ´ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ (linear matrix inequalities: LMIs) [7] ¨ÐàËç¹ÇˆÒ
à·¤¹Ô¤¹Õéà»“¹¾Ñ²¹Ò¡ÒÃ¢Í§¡ÒÃ¤Çº¤ØÁ«Öè§ÁÕ Ø̈´à´ˆ¹ÍÂÙˆ 2 »ÃÐ¡ÒÃ »ÃÐ¡ÒÃáÃ¡ »’ËÒ¡ÒÃËÒ¤ˆÒ
àËÁÒÐÊØ´ÀÒÂãμ‰ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ÊÒÁÒÃ¶¤íÒ¹Ç³ã¹àÇÅÒ¾ËØ¹ÒÁ (polynomial time) º̂ÍÂ¤ÃÑé§
ÁÕ¤ÇÒÁμ‰Í§¡ÒÃà»ÃÕÂºà·ÕÂºàÇÅÒã¹¡ÒÃÇÔà¤ÃÒÐËŒ¼Åà©ÅÂÊíÒËÃÑº»’ËÒ¤Å‰ÒÂ¡Ñ¹ ´‰ÇÂàËμØ¹Õé ¡ÒÃËÒ¤ˆÒ
àËÁÒÐÊØ´ÀÒÂãμ‰ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ÊÒÁÒÃ¶¹íÒä»»ÃÐÂØ¡μŒãª‰¨ÃÔ§áººÍÍ¹äÅ¹Œä´‰ »ÃÐ¡ÒÃ·ÕèÊÍ§¤×Í
àÃÒÊÒÁÒÃ¶ÊÃ‰Ò§áººá¼¹¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§ã¹áμˆÅÐàÇÅÒ ´‰ÇÂ»’ËÒ¡ÒÃËÒ¤ˆÒàËÁÒÐÊØ´
ÀÒÂãμ‰ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ÃˆÇÁ¡Ñºà§×èÍ¹ä¢¢Í§ÊÑÒ³¢Òà¢‰Ò´íÒà¹Ô¹¡ÒÃáÅÐÊÑÒ³¢ÒÍÍ¡ áÅÐÃÒÂ
ÅÐàÍÕÂ´¢Í§¤ÇÒÁäÁˆá¹ˆ¹Í¹ã¹¡ÃÐºÇ¹¡ÒÃ ÍÕ¡·Ñé§ÂÑ§ÃÑº»ÃÐ¡Ñ¹¤Ø³ÊÁºÑμÔ¤ÇÒÁ¤§·¹á¹ˆ¹Í¹´‰ÇÂ Kothare

áÅÐ¤³Ð [3] ãª‰¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ (single Lyapunov function: SLF) ã¹¡ÒÃÇÔà¤ÃÒÐËŒ
àÊ¶ÕÂÃÀÒ¾¤§·¹ÊíÒËÃÑº¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁª¹Ô´¹Õé «Öè§ãË‰¼ÅÅÑ¾¸Œ·ÕèÁÕ¤ÇÒÁÍ¹ØÃÑ¡ÉŒ [8, 9, 10] μˆÍ
ÁÒ Cuzzola áÅÐ¤³Ð [8] ¹íÒàÊ¹Í¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ (parameter-dependent

Lyapunov function: PDLF) à¾×èÍ»ÃÑº»ÃØ§ãË‰¤ˆÒ¢Íºà¢μº¹¡Ã³ÕàÅÇÊØ´ÁÕ¤ÇÒÁÍ¹ØÃÑ¡ÉŒ (conser-

vatism) ¹‰ÍÂ¡ÇˆÒ¡ÒÃÇÔà¤ÃÒÐËŒ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ áÅÐ¾Ñ²¹Òà¾ÔèÁàμÔÁã¹Ê̂Ç¹¢Í§à§×èÍ¹ä¢ºÑ§¤Ñº
ÊÑÒ³¢Òà¢‰ÒáÅÐÊÑÒ³¢ÒÍÍ¡ãË‰ÁÕ¤ÇÒÁÊÍ´¤Å‰Í§¡Ñº¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿ãËÁˆ´‰ÇÂ ÁÕ¢‰ÍÊÑ§à¡μÇˆÒáºº
¨íÒÅÍ§·Õèãª‰¾Ô¨ÒÃ³ÒÁÕÃÙ»áººà»“¹¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¾ÍÅÔâ·¾ áÅÐÇÔà¤ÃÒÐËŒàÊ¶ÕÂÃÀÒ¾ÊíÒËÃÑºÃÐººàªÔ§
àÊ‰¹äÁˆá»Ãà»ÅÕèÂ¹μÒÁàÇÅÒ (linear-time invariant: LTI) à·̂Ò¹Ñé¹ ã¹àÇÅÒ¶Ñ´ÁÒ Mao [11] ä´‰»ÃÑº»ÃØ§
§Ò¹¢Í§ Cuzola áÅÐ¤³Ð â´Â¹íÒàÊ¹Íº·¾ÔÊÙ¨¹ŒãËÁˆ à¾×èÍãË‰ÃÐººàªÔ§àÊ‰¹·Õèá»Ãà»ÅÕèÂ¹μÒÁàÇÅÒ (linear-

time varying: LTV) ÊÒÁÒÃ¶ÍÍ¡áººä´‰´‰ÇÂ¡ÒÃÇÔà¤ÃÒÐËŒ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ ÍÂˆÒ§äÃ
¡çμÒÁáºº í̈ÒÅÍ§¢Í§¤ÇÒÁäÁˆá¹ˆ¹Í¹ÂÑ§¤§ÁÕÃÙ»áººà»“¹¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¾ÍÅÔâ·¾à·̂Ò¹Ñé¹

ã¹¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§ »’¨ Ñ̈ÂÍÕ¡»ÃÐ¡ÒÃË¹Öè§«Öè§ÁÕ¤ÇÒÁÊíÒ¤ÑμˆÍ¡ÒÃ
¾Ô¨ÒÃ³ÒÍÍ¡áºº¤×Í àÇÅÒ¡ÒÃ¤íÒ¹Ç³ (computational time) Cassavola áÅÐ¤³Ð [12] ÃÇÁ·Ñé§ Lee

áÅÐ Park [9] ä´‰¡Å̂ÒÇÇˆÒ »’ËÒ¡ÒÃÍÍ¡áººÊíÒËÃÑºáºº í̈ÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¾ÍÅÔâ·¾ ¨Ðãª‰àÇÅÒ
¡ÒÃ¤íÒ¹Ç³ÁÒ¡ áÅÐ¨íÒ¹Ç¹¢Í§ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹¨Ðà¾ÔèÁ¢Öé¹áººàÍ¡«Œâ¾à¹¹àªÕÂÅμÒÁ¨íÒ¹Ç¹áºº
¨íÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹ ËÃ×Í Ø̈´ÂÍ´¢Í§¾ÍÅÔâ·¾ ´Ñ§¹Ñé¹ Ö̈§ÁÕ§Ò¹ÇÔ¨ÑÂ·Õèà¡ÕèÂÇ¢‰Í§¡Ñºáºº í̈ÒÅÍ§¤ÇÒÁäÁ̂
á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ Lee áÅÐ Park [9] ¹íÒàÊ¹Í¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§ÊíÒËÃÑºáºº í̈ÒÅÍ§
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¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ â´Âãª‰¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ ÍÂˆÒ§äÃ¡çμÒÁ ã¹§Ò¹
¢Í§ Lee áÅÐ Park [9] áºº¨íÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹·Õè¾Ô¨ÒÃ³ÒäÁˆ»ÃÒ¡¯¤ÇÒÁäÁˆá¹ˆ¹Í¹ã¹à·ÍÁ¢Í§àÁ·
ÃÔ¡«Œ¢Òà¢‰Ò (input matrix: B) ¨Ò¡»ÃÐà´ç¹´Ñ§¡Å̂ÒÇ ã¹§Ò¹ÇÔ¨ÑÂ¹ÕéàÃÒ¾Ô¨ÒÃ³Òáºº í̈ÒÅÍ§·ÕèÃÇÁ¤ÇÒÁäÁˆá¹ˆ
¹Í¹àÁ·ÃÔ¡«Œ¢Òà¢‰Ò â´Â»ÃÐÂØ¡μŒËÅÑ¡¡ÒÃ¢Í§ Kothare áÅÐ¤³Ð [3], de Oliveira áÅÐ¤³Ð [13] Mao

[11] ÃÇÁ·Ñé§ Feng áÅÐ¤³Ð [10] à¢‰Ò´‰ÇÂ¡Ñ¹ ãË‰à»“¹»’ËÒ¡ÒÃËÒ¤ˆÒàËÁÒÐÊØ´ÀÒÂãμ‰ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§
àÊ‰¹ ÊíÒËÃÑº¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹¢Í§áºº¨íÒÅÍ§¤ÇÒÁäÁ̂
á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ â´Âãª‰¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ áÅÐá¡‰»’ËÒ´‰ÇÂâ»Ãá¡ÃÁ¡Öè§
¨íÒ¡Ñ´à¢μ (semi-definite program: SDP) ¾Ã‰ÍÁ·Ñé§Â¡μÑÇÍÂˆÒ§àªÔ§μÑÇàÅ¢ã¹ÃÐººμˆÒ§æ ÃÇÁ¶Ö§ÃÐººËÍ
¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´»ÃÐ¡Íº

1.3 ÇÑμ¶Ø»ÃÐÊ§¤Œ

1. à¾×èÍÊÃ‰Ò§áºº í̈ÒÅÍ§àªÔ§àÊ‰¹ÊíÒËÃÑºÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´ ´‰ÇÂ·ÄÉ®Õ¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ
¡ÃÐºÇ¹¡ÒÃÍÂˆÒ§§̂ÒÂ áÅÐÇÔà¤ÃÒÐËŒ¤ÇÒÁäÁˆá¹ˆ¹Í¹ã¹áºº¨íÒÅÍ§´‰ÇÂâ¤Ã§ÊÃ‰Ò§¤ÇÒÁäÁ̂á¹ˆ¹Í¹
àªÔ§¢Íºà¢μ¹ÍÃŒÁ

2. »ÃÑº»ÃØ§à·¤¹Ô¤¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹ ´‰ÇÂ¡ÒÃÇÔà¤ÃÒÐËŒ¿’§¡ŒªÑ¹
àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ à§×èÍ¹ä¢ÊÑÒ³¢Òà¢‰ÒáÅÐà§×èÍ¹ä¢ÊÑÒ³¢ÒÍÍ¡ ÊíÒËÃÑºáºº
¨íÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ à¾×èÍ·íÒãË‰¢Íºà¢μº¹ã¹¡Ã³ÕàÅÇÊØ´ÁÕ¤ÇÒÁÍ¹ØÃÑ¡ÉŒÅ´Å§
¾Ã‰ÍÁ·Ñé§Â¡μÑÇÍÂˆÒ§ÃÐººμˆÒ§æ »ÃÐ¡Íº

3. à¾×èÍ»ÃÐÂØ¡μŒà·¤¹Ô¤¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹ »ÃÐ¡Íº´‰ÇÂà§×èÍ¹ä¢
ºÑ§¤ÑºÊÑÒ³¢Òà¢‰ÒáÅÐÊÑÒ³¢ÒÍÍ¡ Ã̂ÇÁ¡Ñºáºº í̈ÒÅÍ§·ÕèÃÇÁ¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§¡ÃÐºÇ¹¡ÒÃ
ËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´ ´‰ÇÂ¡ÒÃ¤Çº¤ØÁÊÑÒ³¢ÒÍÍ¡áººÍÍ¿äÅ¹Œ

1.4 ¢Íºà¢μ¢Í§ÇÔ·ÂÒ¹Ô¾¹¸Œ

1. ÃÐºØàÍ¡ÅÑ¡É³Œ¢Í§¡ÃÐºÇ¹¡ÒÃËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´ ´‰ÇÂ¡ÒÃÇÔà¤ÃÒÐËŒ¼ÅμÍºÊ¹Í§¢Ñé¹ºÑ¹ä´
áºº¨íÒÅÍ§·Õèä´‰à»“¹áºº í̈ÒÅÍ§àªÔ§àÊ‰¹ ä´‰¨Ò¡¡ÒÃ»ÃÑºà»ÅÕèÂ¹ÊÑÒ³¤Çº¤ØÁàÅç¡¹‰ÍÂÃÍº Ø̈´·íÒ
§Ò¹ ¾Ã‰ÍÁ·Ñé§ÇÔà¤ÃÒÐËŒ¤ÇÒÁäÁˆá¹ˆ¹Í¹ã¹áºº¨íÒÅÍ§´‰ÇÂâ¤Ã§ÊÃ‰Ò§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ

2. ÍÍ¡áººμÑÇ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹ÊíÒËÃÑºáºº í̈ÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹
´‰ÇÂ¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹ÐáººÍÍ¹äÅ¹ŒáÅÐÍÍ¿äÅ¹Œ ÃÇÁ¶Ö§¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊÑÒ³¢Ò
ÍÍ¡áººÍÍ¿äÅ¹Œ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ

3. ¾Ñ²¹Òà·¤¹Ô¤¡ÒÃ¤Çº¤ØÁã¹¢‰Í 2 ãË‰ÁÕ»ÃÐÊÔ·¸ÔÀÒ¾áÅÐÊÁÃÃ¶¹Ð·Õè´ÕÂÔè§¢Öé¹ â´Â¡ÒÃÇÔà¤ÃÒÐËŒ´‰ÇÂ
¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ ¾Ã‰ÍÁ·Ñé§à»ÃÕÂºà·ÕÂº¼ÅÅÑ¾¸Œ·Õèä´‰¨Ò¡¡ÒÃ»ÃÑº»ÃØ§ ´‰ÇÂμÑÇ
ÍÂˆÒ§ÃÐººª¹Ô´μˆÒ§æ
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4. »ÃÐÂØ¡μŒà·¤¹Ô¤¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹ ÃˆÇÁ¡ÑºÃÐºº¨íÒÅÍ§¢Í§
ËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´

1.5 ¢Ñé¹μÍ¹ã¹¡ÒÃ í́Òà¹Ô¹§Ò¹

1. ÈÖ¡ÉÒáÅÐàÃÕÂ¹ÃÙ‰ÅÑ¡É³Ð·Ò§¡ÒÂÀÒ¾¢Í§ÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´ áÅÐÃÐºº¡ÒÃ¤Çº¤ØÁáºº
¡ÃÐ¨ÒÂμÑÇã¹Ë‰Í§»¯ÔºÑμÔ¡ÒÃÇÔ¨ÑÂÃÐºº¤Çº¤ØÁ

2. ÃÐºØàÍ¡ÅÑ¡É³Œ¢Í§¡ÃÐºÇ¹¡ÒÃËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´ ¨Ò¡¹Ñé¹ÇÔà¤ÃÒÐËŒáÅÐÊÃ‰Ò§áºº í̈ÒÅÍ§àªÔ§
àÊ‰¹·ÕèÁÕâ¤Ã§ÊÃ‰Ò§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ

3. ÈÖ¡ÉÒáÅÐ¤‰¹¤Ç‰Òº·¤ÇÒÁ·Õèà¡ÕèÂÇ¡Ñº¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹ÊíÒËÃÑº
áºº¨íÒÅÍ§·ÕèÁÕâ¤Ã§ÊÃ‰Ò§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ â´Âã¹¡ÒÃÍÍ¡áºº¡íÒË¹´ãË‰à»“¹»’ËÒ
¡ÒÃËÒ¤ˆÒàËÁÒÐÊØ´àªÔ§¤Í¹àÇ¡«Œã¹ÃÙ»ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹

4. à¢ÕÂ¹â»Ãá¡ÃÁ¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁâ´Âãª‰â»Ãá¡ÃÁ MATLAB/SIMULINK áÅÐ¹íÒà¤Ã×èÍ§Á×Í
YALMIP (YALMIP toolbox) [14] ´‰ÇÂâ»Ãá¡ÃÁ¡Öè§ í̈Ò¡Ñ´à¢μÁÒãª‰á¡‰»’ËÒ¡ÒÃËÒ¤ˆÒàËÁÒÐÊØ´

5. ¨Ò¡¢‰Í 3 »ÃÑº»ÃØ§à·¤¹Ô¤¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹ â´Â¡ÒÃ
ÇÔà¤ÃÒÐËŒ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ ¨Ò¡¹Ñé¹Â¡μÑÇÍÂˆÒ§»ÃÐ¡ÍºáÅÐà»ÃÕÂºà·ÕÂº

6. ÈÖ¡ÉÒáÅÐ í̈ÒÅÍ§ÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´¨Ò¡ [15] ´‰ÇÂâ»Ãá¡ÃÁ MATLAB /SIMULINK ÃÐºØ
àÍ¡ÅÑ¡É³ŒáÅÐÍÍ¡áººμÑÇ¤Çº¤ØÁàªˆ¹à´ÕÂÇ¡Ñº¢Ñé¹μÍ¹μÒÁ¢‰Í 2 à¾×èÍà»“¹á¹Ç·Ò§ã¹¡ÒÃ»ÃÐÂØ¡μŒ
ÍÍ¡áºº¡Ñº¡ÃÐºÇ¹¡ÒÃ¨ÃÔ§μˆÍä»

1.6 »ÃÐâÂª¹Œ·Õè¤Ò´Ç̂Ò¨Ðä´‰ÃÑº

1. ¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ´‰ÇÂÇÔ¸ÕÇÔà¤ÃÒÐËŒ¼ÅμÍºÊ¹Í§¢Ñé¹ºÑ¹ä´à»“¹ÇÔ¸Õ¡ÒÃÃÐºØàÍ¡ÅÑ¡É³ŒÍÂˆÒ§§̂ÒÂ ÊÒÁÒÃ¶
¹íÒÁÒ¾Ô¨ÒÃ³ÒÊÃ‰Ò§áºº í̈ÒÅÍ§·Ò§¤³ÔμÈÒÊμÃŒÊíÒËÃÑº¡ÃÐºÇ¹¡ÒÃ·Ò§ÍØμÊÒË¡ÃÃÁ¨ÃÔ§ä´‰ ÍÕ¡·Ñé§
¡ÒÃÇÔà¤ÃÒÐËŒ¤ÇÒÁäÁˆá¹ˆ¹Í¹ã¹áºº¨íÒÅÍ§´‰ÇÂâ¤Ã§ÊÃ‰Ò§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ ·íÒãË‰
áºº¨íÒÅÍ§·Õèä´‰¤ÃÍº¤ÅØÁáºº í̈ÒÅÍ§·Õèà»“¹ä»ä´‰·Ñé§ËÁ´ ÃÇÁ¶Ö§¤ÇÒÁäÁ̂á¹ˆ¹Í¹«Öè§à¡Ô´¨Ò¡¡ÒÃÃº
¡Ç¹·Õèà¡Ô´¨Ò¡Í§¤Œ»ÃÐ¡ÍºÍ×è¹ æ ÀÒÂ¹Í¡¡ÃÐºÇ¹¡ÒÃ

2. à¢‰Òã¨ËÅÑ¡¡ÒÃ áÅÐÊÒÁÒÃ¶ÍÍ¡áººμÑÇ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹Ã̂ÇÁ
¡Ñºáºº¨íÒÅÍ§·ÕèÁÕ¤ÇÒÁá¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ ÃÇÁ¶Ö§»ÃÐÂØ¡μŒà·¤¹Ô¤¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº
¨íÒÅÍ§ÃˆÇÁ¡Ñº¡ÃÐºÇ¹¡ÒÃËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´

3. àÁ×èÍ¹íÒà§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢Òà¢‰Ò´íÒà¹Ô¹¡ÒÃ áÅÐà§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢ÒÍÍ¡ÁÒ¾Ô¨ÒÃ³ÒÃˆÇÁ
¡Ñº¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁã¹¡ÃÐºÇ¹¡ÒÃ¨ÃÔ§ ÊÒÁÒÃ¶·íÒãË‰ÍØ»¡Ã³Œ¤Çº¤ØÁáÅÐÍØ»¡Ã³ŒμÃÇ¨ÇÑ´ã¹
ÃÐººÁÕ¤ÇÒÁ»ÅÍ´ÀÑÂáÅÐÅ´¤ÇÒÁÊÙàÊÕÂ·ÕèÍÒ¨à¡Ô´¢Öé¹¨Ò¡¡ÒÃ´íÒà¹Ô¹¡ÒÃä´‰
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1.7 â¤Ã§ÊÃ‰Ò§¢Í§ÇÔ·ÂÒ¹Ô¾¹¸Œ

ã¹º·¶Ñ´ä»àÃÒ¨Ð¡Å̂ÒÇ¶Ö§·ÄÉ®Õàº×éÍ§μ‰¹·Õèà¡ÕèÂÇ¢‰Í§¡Ñº§Ò¹ÇÔ¨ÑÂ¹Õé â´Â¨ÐÍ¸ÔºÒÂâ¤Ã§ÊÃ‰Ò§¢Í§áºº í̈ÒÅÍ§
¤ÇÒÁäÁˆá¹ˆ¹Í¹ ¡ÅÂØ·¸Œã¹à·¤¹Ô¤¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§ ¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§
·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹ áÅÐ·ÄÉ®Õ¢Í§ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹¾ÍÊÑ§à¢» ¨Ò¡¹Ñé¹¨Ðà¢‰ÒÊÙˆ¡ÒÃºÃÃÂÒÂ
¶Ö§ÅÑ¡É³Ð·Ò§¡ÒÂÀÒ¾¢Í§ËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´ ·ÄÉ®Õ¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ ¡ÒÃËÒ¼ÅÊÑÁÄ·¸Ôì (re-

alization) áÅÐ¡ÒÃÇÔà¤ÃÒÐËŒ¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ ¾Ã‰ÍÁ·Ñé§áÊ´§¼ÅÅÑ¾¸Œ·Õèä´‰¨Ò¡¡ÒÃÃÐºØ
àÍ¡ÅÑ¡É³Œ¡ÃÐºÇ¹¡ÒÃËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´ àÁ×èÍàÊÃç¨ÊÔé¹ã¹Ê̂Ç¹¹Õé àÃÒ¨Ð¹íÒàÊ¹ÍÇÔ¸ÕÍÍ¡áºº¡ÒÃ
¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢¤§·¹ ´‰ÇÂ¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹ÐáÅÐ¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑº
ÊÑÒ³¢ÒÍÍ¡ ·Ñé§ã¹Ê̂Ç¹¢Í§¡ÒÃÇÔà¤ÃÒÐËŒ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ áÅÐ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡Ñº
μÑÇá»ÃàÊÃÔÁ ËÅÑ§¨Ò¡¹Ñé¹ àÃÒ¨Ð¹íÒàÊ¹ÍμÑÇÍÂˆÒ§àªÔ§àÅ¢¡ÑºÃÐººμˆÒ§æ áÅÐà»ÃÕÂºà·ÕÂº¼ÅÅÑ¾¸Œ¾Ã‰ÍÁ
ÊÃØ» ¶Ñ´ä»¨Ð¹íÒàÊ¹Í¼Å¡ÒÃ¨íÒÅÍ§´‰ÇÂ¤ÍÁ¾ÔÇàμÍÃŒ¢Í§¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§¡ÑºÃÐººËÍ
¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´ à¾×èÍà»“¹á¹Ç·Ò§ã¹¡ÒÃ»ÃÐÂØ¡μŒ¡ÑºÃÐºº¨ÃÔ§ã¹âÍ¡ÒÊμˆÍä» ÅíÒ´ÑºÊØ´·‰ÒÂà»“¹º·
ÊÃØ»ã¹§Ò¹ÇÔ¨ÑÂ¹ÕéáÅÐ¢‰ÍàÊ¹Íá¹Ð



º··Õè 2

·ÄÉ®Õàº×éÍ§μ‰¹

ã¹º·¹Õé àÃÒ¡Å̂ÒÇ¶Ö§ËÅÑ¡¡ÒÃáÅÐ·ÄÉ®Õàº×éÍ§μ‰¹ à¹×éÍËÒ´Ñ§¡Å̂ÒÇà»“¹¾×é¹°Ò¹ÊíÒ¤Ñ áÅÐªˆÇÂãË‰à¢‰Òã¨à¹×éÍ
ËÒ¢Í§§Ò¹ÇÔ¨ÑÂ¹Õé ËÑÇ¢‰ÍáÃ¡áÊ´§»ÃÐàÀ·¢Í§áºº í̈ÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹ ËÑÇ¢‰Í·Õè 2.2 ¨Ð¡Å̂ÒÇ¶Ö§¡Å
ÂØ·¸Œ¢Í§¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§ ¨Ò¡¹Ñé¹ã¹ËÑÇ¢‰Í·Õè 2.3 ¨ÐÍ¸ÔºÒÂ¶Ö§¡ÒÃ»ÃÐÂØ¡μŒ·ÄÉ®Õ¤ÇÒÁ¤§
·¹ÃˆÇÁ¡Ñºà·¤¹Ô¤¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§ àÁ×èÍà¢‰Òã¨¶Ö§·ÄÉ®Õ¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§
ËÑÇ¢‰Í·Õè 2.4 ¨Ð¡Å̂ÒÇ¶Ö§·ÄÉ®ÕàÊ¶ÕÂÃÀÒ¾¤§·¹ÊíÒËÃÑºÃÐººàÇÅÒÇÔÂØμ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿ áÅÐÍ¸ÔºÒÂ
·ÄÉ®ÕÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹à»“¹ËÑÇ¢‰ÍÊØ´·‰ÒÂ

2.1 áºº í̈ÒÅÍ§ÊíÒËÃÑºÃÐºº·ÕèÁÕ¤ÇÒÁäÁ̂á¹ˆ¹Í¹

ã¹¡ÒÃ¤Çº¤ØÁ¤§·¹ àÃÒÊÒÁÒÃ¶ í̈Òá¹¡»ÃÐàÀ·¢Í§áºº¨íÒÅÍ§·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ ÍÍ¡à»“¹ÊÍ§áºº
´‰ÇÂ¡Ñ¹¤×Íáºº¨íÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¾ÍÅÔâ·¾ (polytopic uncertain model) áÅÐáºº¨íÒÅÍ§¤ÇÒÁ
äÁˆá¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ (norm-bounded uncertain model) áºº¨íÒÅÍ§àËÅ̂Ò¹Õéà¡Ô´¢Öé¹¨Ò¡¤ÇÒÁáμ¡
μˆÒ§¢Í§¢Ñé¹μÍ¹¡ÒÃÊÃ‰Ò§áºº í̈ÒÅÍ§áÅÐ¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ [3]

2.1.1 áºº í̈ÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¾ÍÅÔâ·¾

¾Ô¨ÒÃ³Òáºº í̈ÒÅÍ§áººàªÔ§àÊ‰¹á»Ãà»ÅÕèÂ¹μÒÁàÇÅÒã¹ÃÐººàÇÅÒÇÔÂØμ´Ñ§μˆÍä»¹Õé

��� � �� � 	������� �
��������

���� � ����� (2.1)�
	��� 
���

�
� �

���� � �� ¤×ÍμÑÇá»ÃÊ¶Ò¹Ð, ���� � ��� ¤×ÍÊÑÒ³¤Çº¤ØÁ¢Òà¢‰Ò, ���� � ��� ¤×ÍÊÑÒ³¢ÒÍÍ¡, �
¤×Íà«μ¢Í§¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¾ÍÅÔâ·¾ ¡íÒË¹´´‰ÇÂ

� � ��

��
	� 
�

�
�
�
	� 
�

�
� � � � �

�
	� 
�

��
(2.2)

�� áÊ´§¶Ö§¡ÒÃá¼ˆàªÔ§¤Í¹àÇ¡«Œ (convex hull) ´Ñ§ÃÙ»·Õè 2.1(¡) ã¹¡Ã³Õ·Õè
�
	��� 
���

�
� � áÅ‰Ç¼ÅÃÇÁ

¢Í§¨íÒ¹Ç¹ºÇ¡ ������ ������ � � � � ����� ÁÕ¤ˆÒà·̂Ò¡Ñº � áÊ´§¤ÇÒÁÊÑÁ¾Ñ¹¸Œ´Ñ§¹Õé
�
	��� 
���

�
�

��
���

�����
�
	� 
�

�
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àÁ×èÍ � � � áºº¨íÒÅÍ§ÊÍ´¤Å‰Í§¡Ñº¡Ã³Õ·Õè¾ÒÃÒÁÔàμÍÃŒ¢Í§ÃÐººàªÔ§àÊ‰¹àÇÅÒÂ×¹Â§ (linear time-

invariant system) μÑÇÍÂˆÒ§¢Í§áºº í̈ÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¾ÍÅÔâ·¾ ÍÒ·Ôàªˆ¹ ã¹¡Ã³Õ·Õè¾Ô¨ÒÃ³Ò
ÃÐººáººäÁˆàªÔ§àÊ‰¹ àÃÒÊÒÁÒÃ¶ËÒáºº¨íÒÅÍ§´‰ÇÂ¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œâ´Â»ÃÑºà»ÅÕèÂ¹ÊÑÒ³¢Òà¢‰ÒàÅç¡
¹‰ÍÂ ³ Ø̈´·íÒ§Ò¹μˆÒ§æ ¼ÅÅÑ¾¸Œ·Õèä´‰à»“¹áºº¨íÒÅÍ§áººàªÔ§àÊ‰¹ËÅÒÂ¨Ø´·íÒ§Ò¹¤ÃÍº¤ÅØÁ¤ÇÒÁäÁˆà»“¹
àªÔ§àÊ‰¹ã¹ª̂Ç§´íÒà¹Ô¹¡ÒÃ·Ñé§ËÁ´ àÃÒÊÒÁÒÃ¶»ÃÐÂØ¡μŒáºº¨íÒÅÍ§¤ÇÒÁ¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¾ÍÅÔâ·¾ (2.1)-

(2.2) ÃˆÇÁ¡ÑºμÑÇÍÂˆÒ§¢‰Ò§μ‰¹ â´Â¨Ø´ÂÍ´¢Í§¾ÍÅÔâ·¾ä´‰¨Ò¡áºº¨íÒÅÍ§àªÔ§àÊ‰¹·Õè¨Ø´·íÒ§Ò¹μˆÒ§æ ¨ÐàËç¹
ÇˆÒàÃÒÊÒÁÒÃ¶ÇÔà¤ÃÒÐËŒ¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¾ÍÅÔâ·¾ÃˆÇÁ¡ÑºÃÐºº¨ÃÔ§ä´‰

2.1.2 áºº í̈ÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ

áºº¨íÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ ËÃ×Íáºº¨íÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹»„Í¹¡ÅÑºáººÁÕâ¤Ã§ÊÃ‰Ò§
(structured feedback uncertainty) à»“¹áºº í̈ÒÅÍ§àªÔ§àÊ‰¹àÇÅÒÂ×¹Â§·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ ËÃ×Í¡ÒÃÃº¡Ç¹
(perturbation) »ÃÒ¡¯ã¹Ç§»„Í¹¡ÅÑº áÊ´§´Ñ§ÃÙ»·Õè 2.1(¢) áÅÐÊÒÁÒÃ¶à¢ÕÂ¹áºº¨íÒÅÍ§ã¹ÃÙ»¢Í§ÊÁ¡ÒÃ
»ÃÔÀÙÁÔÊ¶Ò¹Ðä´‰´Ñ§¹Õé

��� � �� � 	���� �
���� �
�����

���� � ����� �������� ��������

���� � ����� ������� �������� (2.3)

���� � �����

â´Â·Õè � ¤×ÍàÁ·ÃÔ¡«ŒºÅçÍ¡·áÂ§ÁØÁ ´Ñ§ÊÁ¡ÒÃ

� �

�
������

Æ�

Æ�
. . .

Æ	

	





� (2.4)

Æ
 � �
�� � ��� , �Æ
����� � ���Æ
���� � �� � � �� 	� � � � � �� � 	 
 á»Ãà»ÅÕèÂ¹μÒÁàÇÅÒáÅÐäÁ̂ÁÕ¤ÇÒÁ í̈Ò

(memoryless) � à»“¹μÑÇ´íÒà¹Ô¹¡ÒÃÊÑ§ÇÑμ¹Ò¡ÒÃ (convolution operator) ÊíÒËÃÑºÃÐºº¾ÅÇÑμàÇÅÒÂ×¹Â§·ÕèÁÕ
àÊ¶ÕÂÃÀÒ¾ ´‰ÇÂ¹ÍÃŒÁ 
� μÑ´»ÅÒÂ (truncated 
�-norm) ¹‰ÍÂ¡ÇˆÒ � ´Ñ§¹Õé

��
���

�
���
� �
��� �

��
���

�
���
� �
���� � � �� 	� � � � � �
� �� 	 


¡íÒË¹´ Æ
 áμˆÅÐμÑÇà»“¹ºÅçÍ¡Êà¡ÅÒÃŒ«íéÒ (repeated scalar block) ËÃ×ÍºÅçÍ¡àμçÁ (full block) â´ÂÍ¸ÔºÒÂ¶Ö§
Í§¤Œ»ÃÐ¡Íº¢Í§áºº í̈ÒÅÍ§ àªˆ¹ ¤ÇÒÁäÁˆà»“¹àªÔ§àÊ‰¹ ¾ÅÇÑμËÃ×Í¾ÒÃÒÁÔàμÍÃŒ·ÕèäÁˆ·ÃÒº¤ˆÒ áºº í̈ÒÅÍ§·Õè
¶Ù¡ÅÐàÅÂ à»“¹μ‰¹
ã¹¡Ã³Õ¢Í§ÃÐººàªÔ§àÊ‰¹á»Ãà»ÅÕèÂ¹μÒÁàÇÅÒ ÃÐºº·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁμÒÁÊÁ¡ÒÃ (2.3)

ÊÍ´¤Å‰Í§¡ÑºÃÐºº·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¾ÍÅÔâ·¾μÒÁÊÁ¡ÒÃ (2.1) ´‰ÇÂ¤ÇÒÁÊÑÁ¾Ñ¹¸Œ´Ñ§μˆÍä»¹Õé

� �
��
	�
��� 
 �
�����

��
(2.5)
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�
���� ����

�

�
�� ��

�

�
�� ��

�

�
�� ��

�

�
�� ��

�

�

� � ��

�� ��� ���

�� �� ���

Æ�

Æ�
. . .

Æ	

�

� �

�
�����
��

��
...

�	

	




�� �

�
�����
��

��
...

�	

	




�

(¡) (¢)

ÃÙ»·Õè 2.1: â¤Ã§ÊÃ‰Ò§áºº í̈ÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹ (¡) ¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¾ÍÅÔâ·¾ (¢) ¤ÇÒÁäÁˆá¹ˆ¹Í¹
àªÔ§¢Íºà¢μ¹ÍÃŒÁ

¶‰Ò ���� � 
� ���� � 
� � 	 
 áÅ‰ÇÊÁ¡ÒÃ¨ÐÊÍ´¤Å‰Í§¡ÑºÃÐººàªÔ§àÊ‰¹àÇÅÒÂ×¹Â§·ÕèÃÐºØ (nominal LTI

system)

2.2 ¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº í̈ÒÅÍ§

¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§ÁÕÃÙ»áºº»’ËÒ¤Å‰ÒÂ¡Ñº¡ÒÃËÒ¼Åà©ÅÂ«íéÒã¹»’ËÒ¡ÒÃ¤Çº¤ØÁàËÁÒÐÊØ´
Ç§à»”´ ÀÒÂãμ‰à§×èÍ¹ä¢¾ÅÇÑμ¢Í§ÃÐººáÅÐà§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢Òà¢‰ÒáÅÐÊÑÒ³¢ÒÍÍ¡ ÃÙ»·Õè 2.2

áÊ´§ãË‰àËç¹¶Ö§á¹Ç¤Ô´àº×éÍ§μ‰¹ã¹á¹Ç·Ò§¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§ ·Õè¢Öé¹ÍÂÙˆ¡Ñº¡ÒÃÇÑ´ ³ àÇÅÒ �
μÑÇ¤Çº¤ØÁ¨Ð·íÒ¹ÒÂ¾ÄμÔ¡ÃÃÁ¾ÅÇÑμ¢Í§ÃÐººº¹á¹ÇÃÒºàªÔ§·íÒ¹ÒÂ (prediction horizon: ��) ã¹Í¹Ò¤μ
áÅÐÇÒ§á¹Ç·Ò§¢Í§ÊÑÒ³¢Òà¢‰Ò´íÒà¹Ô¹¡ÒÃº¹á¹ÇÃÒº¡ÒÃ¤Çº¤ØÁ (control horizon: ��) «Öè§¨Ðμ‰Í§ÁÕ
¤ˆÒ¹‰ÍÂ¡ÇˆÒËÃ×Íà·ˆÒ¡Ñºá¹ÇÃÒºàªÔ§·íÒ¹ÒÂ �� ¹Ñè¹¤×Í ¡ÒÃ¤íÒ¹Ç³ËÒ¤ˆÒμíèÒÊØ´¢Í§¨Ø´»ÃÐÊ§¤ŒÊÁÃÃ¶¹ÐÇ§
à»”´ ¶‰Òã¹ÃÐººäÁˆ»ÃÒ¡¯ÊÑÒ³Ãº¡Ç¹ áºº í̈ÒÅÍ§¢Í§¡ÃÐºÇ¹¡ÒÃÊÍ´¤Å‰Í§¡ÑºÃÐºº¨ÃÔ§ áÅÐ»’ËÒ
¤ˆÒàËÁÒÐÊØ´ÊÒÁÒÃ¶ËÒ¼Åà©ÅÂº¹á¹ÇÃÒºÍ¹Ñ¹μŒ (infinite horizon) ä´‰ áÅ‰ÇÊÑÒ³¢Òà¢‰Ò·Õè¤íÒ¹Ç³
³ àÇÅÒ � � 
 ÊÒÁÒÃ¶»ÃÐÂØ¡μŒ¡ÑºÃÐºº ³ àÇÅÒ � 	 
 ä´‰ ã¹·Ò§» Ô̄ºÑμÔ ¼Å¨Ò¡¡ÒÃÃº¡Ç¹
áºº¨íÒÅÍ§¢Í§¡ÃÐºÇ¹¡ÒÃ·ÕèäÁˆÊÍ´¤Å‰Í§¡ÑºÃÐºº¨ÃÔ§ áÅÐá¹ÇÃÒº¡ÒÃ·íÒ¹ÒÂ¨íÒ¡Ñ´ Ê̂§¼ÅãË‰¾ÄμÔ¡ÃÃÁ
¢Í§ÃÐºº¨ÃÔ§áμ¡μˆÒ§¨Ò¡¡ÒÃ·íÒ¹ÒÂã¹Í´Õμ ¡ÒÃ¤Çº¤ØÁª¹Ô´¹Õé»ÃÐÂØ¡μŒ¡ÒÃ»„Í¹¡ÅÑºÃˆÇÁ¡Ñºà·¤¹Ô¤¡ÒÃ
¤Çº¤ØÁ·íÒãË‰à¡Ô´ÊÑÒ³¢Òà¢‰ÒÇ§à»”´àËÁÒÐÊØ´¨¹¶Ö§àÇÅÒ¡ÒÃªÑ¡μÑÇÍÂˆÒ§¤ÃÑé§¶Ñ´ä»à·̂Ò¹Ñé¹ ¨Ò¡¹Ñé¹¨Ðãª‰
ÊÁ¡ÒÃÊ¶Ò¹Ð¢Í§ÃÐººãËÁ̂ ³ àÇÅÒ � � � áÅÐ·íÒ«íéÒ¢Ñé¹μÍ¹¡ÒÃ·íÒ¹ÒÂáÅÐ¡ÒÃËÒ¤ˆÒàËÁÒÐÊØ´ â´Â
¡ÒÃ¤Çº¤ØÁáÅÐá¹ÇÃÒºàªÔ§·íÒ¹ÒÂ¨ÐàÅ×èÍ¹ä»¢‰Ò§Ë¹‰Ò¨¹¡ÃÐ·Ñè§ÊÔé¹ÊØ´¡ÃÐºÇ¹¡ÒÃ

2.2.1 ¿’§¡ŒªÑ¹ Ø̈´»ÃÐÊ§¤Œ

§Ò¹ÇÔ¨ÑÂ¹ÕéÊ¹ã¨ã¹¡Ã³Õ¡ÒÃ¤Çº¤ØÁàªÔ§Í¹Ñ¹μŒ (infinite control) áÅÐá¹ÇÃÒºàªÔ§·íÒ¹ÒÂÍ¹Ñ¹μŒ ¹Ñè¹¤×Í �� �

�� � � à»“¹·Õè·ÃÒº¡Ñ¹´ÕÇˆÒ á¹Ç¤Ô´àªÔ§Í¹Ñ¹μŒÃÑº»ÃÐ¡Ñ¹àÊ¶ÕÂÃÀÒ¾ÃÐºØ¢Í§ÃÐººÇ§»”´ â´Â¨Ø´»ÃÐÊ§¤Œ
¢Í§¡ÒÃ¤Çº¤ØÁ¤×Í¡ÒÃËÒ¤ˆÒμíèÒÊØ´¢Í§¿’§¡ŒªÑ¹μ‰¹·Ø¹¡íÒÅÑ§ÊÍ§àªÔ§àÊ‰¹ã¹á¹ÇÃÒºÍ¹Ñ¹μŒ (infinite horizon
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linear quadratic cost function) áÊ´§´Ñ§¹Õé

����� �

��

��

�
��� � �������� � ��� � ��� � �������� � ���


(2.6)

àÁ×èÍ ��� � ��� áÊ´§¶Ö§Ê¶Ò¹Ð ³ àÇÅÒ � � � ä´‰¨Ò¡¡ÒÃ·íÒ¹ÒÂÀÒÂãμ‰¡ÒÃÇÑ´ ³ àÇÅÒ � áÅÐ ��� � ���
áÊ´§¶Ö§ÊÑÒ³¢Òà¢‰Ò¤Çº¤ØÁ ³ àÇÅÒ � � � ä´‰¨Ò¡¡ÒÃ¤íÒ¹Ç³´‰ÇÂ¡ÒÃËÒ¤ˆÒμíèÒÊØ´¢Í§ÊÁ¡ÒÃ (2.6) ³
àÇÅÒ � â´Â·ÕèàÁ·ÃÔ¡«Œ¶ˆÇ§¹íéÒË¹Ñ¡ � áÅÐ � à»“¹àÁ·ÃÔ¡«ŒÊÁÁÒμÃáÅÐºÇ¡á¹ˆ¹Í¹

2.2.2 à§×èÍ¹ä¢ºÑ§¤Ñº

ã¹·Ò§»¯ÔºÑμÔ ÃÐºº¤Çº¤ØÁ í̈Ò¹Ç¹ÁÒ¡ÍÂÙˆÀÒÂãμ‰à§×èÍ¹ä¢ºÑ§¤Ñº à¹×èÍ§¨Ò¡¢Õ´ í̈Ò¡Ñ´·Ò§¡ÒÂÀÒ¾¢Í§¡ÃÐºÇ¹
¡ÒÃ àªˆ¹ ¡ÒÃÍÔèÁμÑÇ¢Í§ÇÒÅŒÇ áÅÐà§×èÍ¹ä¢¡ÒÃ´íÒà¹Ô¹¡ÒÃ´‰ÇÂ¢Õ´ í̈Ò¡Ñ´·Ò§´‰Ò¹¤ÇÒÁ»ÅÍ´ÀÑÂ ÊÔè§àËÅ̂Ò¹Õé
·íÒãË‰ÁÕ¢‰Í í̈Ò¡Ñ´ã¹ÊÑÒ³¢Òà¢‰Ò¤Çº¤ØÁáÅÐÊÑÒ³¢ÒÍÍ¡¢Í§¡ÃÐºÇ¹¡ÒÃ [2, 3, 4] à§×èÍ¹ä¢ºÑ§¤Ñº
ÊÑÒ³¢ÒÍÍ¡â´Â»¡μÔÊÒÁÒÃ¶¼ˆÍ¹¤ÅÒÂ (relax) ËÃ×ÍÅÐàÅÂä´‰ áμˆà§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢Òà¢‰Ò¨Ðμ‰Í§
¾Ô¨ÒÃ³Ò¢Íºà¢μá¹ˆ¹Í¹ (hard boundary) àÊÁÍáÅÐäÁˆÊÒÁÒÃ¶½ƒÒ½–¹ä´‰ ¤ÇÒÁÊÒÁÒÃ¶ã¹¡ÒÃ Ñ̈´¡ÒÃà§×èÍ¹
ä¢ºÑ§¤Ñº à»“¹ Ø̈´à´ˆ¹¢Í§¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§ÊíÒËÃÑº¡ÃÐºÇ¹¡ÒÃ·Ò§ÍØμÊÒË¡ÃÃÁ

¾Ô¨ÒÃ³Ò¢Íºà¢μ Ø̈´ÂÍ´ã¹áμˆÅÐÍ§¤Œ»ÃÐ¡Íº (componentwise peak bound) ¢Í§ÊÑÒ³¢Òà¢‰Ò
��� � ��� áÅÐ¹ÍÃŒÁáººÂØ¤ÅÔ´·ÕèÁÕ¢Íºà¢μº¹ÊÑÒ³¢ÒÍÍ¡ ��� � ��� ´Ñ§μˆÍä»¹Õé

���� � ��� � ����	� � � �� � � � � ��� �� 	 
� � 	 
 (2.7)

���� � ����� � ���	� �� 	 
� � 	 � (2.8)

� ���

futurepast

Future
inputs

� ���

input horizon

output horizon

��� � ����

Predicted outputs ��� � ����

�

ÃÙ»·Õè 2.2: ÃÙ»áºº¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§
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� áÅÐ � à»“¹àÇ¡àμÍÃŒ·ÕèÁÕ í̈Ò¹Ç¹ÊÁÒªÔ¡à·̂Ò¡Ñº �� áÅÐ �� μÒÁÅíÒ´Ñº â´Â·Õè ��� � ��� áÊ´§¶Ö§ÊÑÒ³
¢ÒÍÍ¡ ³ àÇÅÒ � � � ·Õè¶Ù¡·íÒ¹ÒÂ´‰ÇÂÊ¶Ò¹Ð¢Í§ÃÐºº·ÕèàÇÅÒ � à§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢ÒÍÍ¡ÁÕ¡ÒÃ
¡íÒË¹´â´Âá·‰º¹á¹ÇÃÒºÍ¹Ò¤μ (future horizon) ¹Ñè¹¤×Í � 	 � áÅÐäÁˆãªˆ·ÕèàÇÅÒ»’¨ Ø̈ºÑ¹ � � 
 à¾ÃÒÐ
ÊÑÒ³¢ÒÍÍ¡»’¨ Ø̈ºÑ¹äÁˆÊÒÁÒÃ¶¡íÒË¹´´‰ÇÂ¡ÒÃ¤Çº¤ØÁã¹»’¨ Ø̈ºÑ¹ËÃ×ÍÍ¹Ò¤μä´‰ ´‰ÇÂàËμØ¹Õé¡ÒÃ¡íÒË¹´
à§×èÍ¹ä¢ºÑ§¤Ñºã´æ º¹ � ·ÕèàÇÅÒ»’¨ Ø̈ºÑ¹ Ö̈§äÁˆÁÕ¤ÇÒÁËÁÒÂ

2.3 ¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº í̈ÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹

àÁ×èÍ¡Å̂ÒÇ¶Ö§ÃÐºº¤Çº¤ØÁ·ÕèÁÕ¤ÇÒÁ¤§·¹ àÃÒËÁÒÂ¶Ö§ÃÐºº¤Çº¤ØÁÁÕàÊ¶ÕÂÃÀÒ¾ áÅÐÊÍ´¤Å‰Í§¡Ñº¢‰Í
¡íÒË¹´ÊÁÃÃ¶¹Ðã¹¢Íºà¢μ¤ÇÒÁäÁˆá¹ˆ¹Í¹ã¹áºº í̈ÒÅÍ§ à¾×èÍãË‰ÁÕ¤ÇÒÁà¢‰Òã¨ÁÒ¡ÂÔè§¢Öé¹ ÍÒ¨¡Å̂ÒÇä´‰
ÇˆÒ»ÃÐ¾¨¹Œã´æ ·Õèà¡ÕèÂÇ¢‰Í§¡Ñº¤ÇÒÁ¤§·¹ (robustness) ã¹¢Ñé¹μÍ¹ÇÔ¸Õ¡ÒÃ¤Çº¤ØÁà©¾ÒÐ ¨Ðμ‰Í§Í‰Ò§
ÍÔ§¶Ö§¢Íºà¢μ¤ÇÒÁäÁ̂á¹ˆ¹Í¹·Õè¡íÒË¹´äÇ‰àªˆ¹à´ÕÂÇ¡ÑºàÊ¶ÕÂÃÀÒ¾áÅÐà¡³±ŒÊÁÃÃ¶¹Ð áÁ‰ÇˆÒÁÕ¡ÒÃ¾Ñ²¹Ò
·ÄÉ®ÕÁÒ¡ÁÒÂÊíÒËÃÑº¡ÒÃ¤Çº¤ØÁ¤§·¹¢Í§ÃÐººàªÔ§àÊ‰¹ áμˆÂÑ§ÁÕÊ̂Ç¹¹‰ÍÂ·Õè¡Å̂ÒÇ¶Ö§¡ÒÃ¤Çº¤ØÁ¤§·¹·ÕèÁÕ
à§×èÍ¹ä¢ºÑ§¤Ñº»ÃÐ¡Íº [2, 3]

2.3.1 àÊ¶ÕÂÃÀÒ¾¤§·¹

ã¹¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§ ÊÒÁÒÃ¶áº̂§¡ÒÃÍÍ¡áººàÊ¶ÕÂÃÀÒ¾¤§·¹ÍÍ¡à»“¹ÊÍ§¢Ñé¹μÍ¹ [3]

¢Ñé¹μÍ¹áÃ¡¤×Í¡ÒÃ¡íÒË¹´ Ø̈´»ÃÐÊ§¤ŒÊÁÃÃ¶¹Ð áÅÐ¾Ô¨ÒÃ³ÒÍ§¤Œ»ÃÐ¡Íº¢Í§¤ÇÒÁäÁ̂á¹ˆ¹Í¹ ´‰ÇÂ¡ÒÃ
¤íÒ¹Ç³¡ÒÃ¤Çº¤ØÁàËÁÒÐÊØ´à¾×èÍ¹íÒä»ÊÙˆàÊ¶ÕÂÃÀÒ¾¤§·¹ ¨Ò¡¹Ñé¹ ¢Ñé¹μÍ¹·ÕèÊÍ§à»“¹¡ÒÃÍÍ¡áººà§×èÍ¹
ä¢ºÑ§¤Ñº¤§·¹ «Öè§¨Ðμ‰Í§ÃÑº»ÃÐ¡Ñ¹ÇˆÒÊÑÒ³·Õè¾Ô¨ÒÃ³Òã¹à§×èÍ¹ä¢ºÑ§¤Ñº ¨Ðμ‰Í§ÍÂÙˆã¹¢Íºà¢μ·Õè¡íÒË¹´
ÊíÒËÃÑº·Ø¡æ ¾ÄμÔ¡ÃÃÁ¢Í§¤ÇÒÁäÁˆá¹ˆ¹Í¹ã¹ÃÐºº·Ñé§ËÁ´

2.3.2 ÊÁÃÃ¶¹Ð¤§·¹

¨Ò¡¡ÒÃ¤‰¹¤Ç‰Ò·ÄÉ®Õ¡ÒÃ¤Çº¤ØÁ¤§·¹â´ÂÊ̂Ç¹ãË̂áÅ‰Ç ¨Ð¡íÒË¹´ÊÁÃÃ¶¹Ð¤§·¹´‰ÇÂÊÁÃÃ¶¹ÐàÅÇÊØ´
ã¹¢Íºà¢μ¤ÇÒÁäÁˆá¹ˆ¹Í¹·Õè¡íÒË¹´ ÁÕ¤ÇÒÁ¾ÂÒÂÒÁÍÂˆÒ§ÁÒ¡ã¹¡ÒÃÊÑ§à¤ÃÒÐËŒ¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂ
áºº¨íÒÅÍ§¤§·¹ áμˆÊ̂Ç¹ãË̂¨Ð¾º¡Ñº¤ÇÒÁ¼Ô´¾ÅÒ´ã¹à·ÍÁ¢Í§μíÒáË¹ˆ§àÊ¶ÕÂÃÀÒ¾¤§·¹ ËÃ×Í¡ÒÃ
»ÃÐÂØ¡μŒ¨ÃÔ§áººÍÍ¹äÅ¹Œ [3] ÊíÒËÃÑºÃÒÂÅÐàÍÕÂ´ã¹Ê̂Ç¹¹Õé¢ÍãË‰ÈÖ¡ÉÒà¾ÔèÁàμÔÁã¹ [4, 16]

ã¹§Ò¹ÇÔ¨ÑÂ¹Õé ¹íÒ¡®¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹ÐÁÒ¤íÒ¹Ç³ËÒ¤ˆÒμíèÒÊØ´¢Íºà¢μº¹ÊÁÃÃ¶¹Ð¤§·¹
´‰ÇÂ¡ÒÃãª‰¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿ã¹¡ÒÃÃÑº»ÃÐ¡Ñ¹àÊ¶ÕÂÃÀÒ¾¤§·¹ ÊíÒËÃÑºÃÒÂÅÐàÍÕÂ´¢Í§¤ÇÒÁäÁˆá¹ˆ¹Í¹
â´Â·ÑèÇä»áÅ‰Ç »’ËÒ¡ÒÃËÒ¤ˆÒàËÁÒÐÊØ´ÊÒÁÒÃ¶áÊ´§ã¹à«μÀÒÂãμ‰ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ «Öè§à»“¹
à·¤¹Ô¤¡ÒÃËÒ¼Åà©ÅÂ·ÕèÁÕ»ÃÐÊÔ·¸ÔÀÒ¾ â´Âá¹Ç¤Ô´Ê̂Ç¹ãË̂Í‰Ò§ÍÔ§¨Ò¡§Ò¹¢Í§ Kothare áÅÐ¤³Ð [3]



12

2.4 ·ÄÉ®ÕàÅÕÂ»Ù¹Í¿ÊíÒËÃÑºÃÐººàÇÅÒÇÔÂØμ

ã¹Ê̂Ç¹¹Õé¨Ð¡Å̂ÒÇ¶Ö§·ÄÉ®ÕàÊ¶ÕÂÃÀÒ¾àÅÕÂ»Ù¹Í¿ÊíÒËÃÑºÃÐººàÇÅÒÇÔÂØμ ¡ÒÃ¾Ô¨ÒÃ³ÒàÊ¶ÕÂÃÀÒ¾¨Ðãª‰¼Å
μˆÒ§¢‰Ò§Ë¹‰Ò (forward difference) ´Ñ§áÊ´§

�� ������ � � ���� � ���� � ������

·ÄÉ®ÕμˆÍä»¹Õé ä´‰ãË‰à§×èÍ¹ä¢ í̈Òà»“¹ÊíÒËÃÑºÃÐººàÇÅÒÇÔÂØμ·ÕèÁÕàÊ¶ÕÂÃÀÒ¾
·ÄÉ®Õº· 2.1 àÊ¶ÕÂÃÀÒ¾ã¹ÃÐººàÇÅÒÇÔÂØμ
¾Ô¨ÒÃ³ÒÃÐººàÇÅÒÇÔÂØμ´Ñ§μˆÍä»¹Õé

��� � �� � �������

àÁ×èÍ � � �� áÅÐ ���� � �� ÁÕ¤Ø³ÊÁºÑμÔ ��
� � 
 ÊÁÁμÔãË‰¿’§¡ŒªÑ¹Êà¡ÅÒÃŒ � ��� μˆÍà¹×èÍ§ã¹Ê¶Ò¹Ð �
´Ñ§¹Ñé¹

� ��� � 
� �� �� 


�� ��� � 
� �� �� 


� �
� � 


áÅ‰ÇÊ¶Ò¹ÐÊÁ´ØÅ � � 
 ÁÕàÊ¶ÕÂÃÀÒ¾àªÔ§àÊ‰¹¡íÒ¡Ñº (asymptotically stable) àÁ×èÍ � ��� ¤×Í
¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿
ÊíÒËÃÑº¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¾ÍÅÔâ·¾μÒÁÊÁ¡ÒÃ (2.1) áÅÐ (2.2) áÅÐ¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ
μÒÁÊÁ¡ÒÃ (2.3) áÅÐ (2.4) á¹Ç·Ò§â´Â·ÑèÇä»¤×ÍμÃÇ¨ÊÍº¡ÒÃÁÕÍÂÙˆ¢Í§¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿ «Öè§äÁˆ¢Öé¹
¡ÑºÊ¶Ò¹Ð¢Í§ÃÐººà¾ÕÂ§ÍÂ̂Ò§à´ÕÂÇ áμˆ¢Öé¹ÍÂÙˆ¡ÑºμÑÇá»ÃàÊÃÔÁ¢Í§¤ÇÒÁäÁ̂á¹ˆ¹Í¹´‰ÇÂ ¿’§¡ŒªÑ¹´Ñ§¡Å̂ÒÇ
¹ÕéàÃÕÂ¡ÇˆÒ ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ (parameter-dependent Lyapunov function: PDLF)

ã¹§Ò¹ÇÔ¨ÑÂ¹Õé àÃÒÊ¹ã¨ã¹ÃÐºº¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁà»“¹ËÅÑ¡ «Öè§ÊÒÁÒÃ¶áÊ´§¹ÔÂÒÁ¢Í§
”àÊ¶ÕÂÃÀÒ¾¤§·¹” ä´‰´Ñ§¹Õé
¹ÔÂÒÁ 2.1 àÊ¶ÕÂÃÀÒ¾¤§·¹ã¹ÃÐººàÇÅÒÇÔÂØμ
ÃÐººàÇÅÒÇÔÂØμ·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹μÒÁÊÁ¡ÒÃ (2.3) ¡Å̂ÒÇä´‰ÇˆÒÁÕàÊ¶ÕÂÃÀÒ¾¶‰Ò¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿´Ñ§μˆÍä»
¹Õé

� �� � �� � ��� � ����� ���� � ������ � ���� ����� 	 
� (2.9)

� ���� � ��� �

	�
���

���� � ���� � � 	 


àÁ×èÍ � ���� � ��� � � ���� � ���� � 
 «Öè§·íÒãË‰ �� ��� � 
 à»“¹¨ÃÔ§ÊíÒËÃÑº¤ˆÒÊ¶Ò¹Ð ���� � �� ·ÕèÊÍ´
¤Å‰Í§¡ÑºÊÁ¡ÒÃ (2.3) áÅÐμÑÇá»ÃàÊÃÔÁ¤ÇÒÁäÁˆá¹ˆ¹Í¹·Õèà»“¹ä»ä´‰ Æ����� � � �� 	� � � � � � ÁÕ¤ˆÒäÁˆà·̂Ò¡Ñº
ÈÙ¹ÂŒ ·íÒ¹Í§à´ÕÂÇ¡Ñ¹ ÃÐººàÇÅÒÇÔÂØμ·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹μÒÁÊÁ¡ÒÃ (2.3) ¡Å̂ÒÇä´‰ÇˆÒÁÕàÊ¶ÕÂÃÀÒ¾¤§·¹
¶‰Ò¡®¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹Ð ���� � ����� ÁÕ¨ÃÔ§ ¹Ñè¹¤×Í¼ÅÅÑ¾¸Œ¢Í§ÃÐººÇ§»”´ÁÕàÊ¶ÕÂÃÀÒ¾¤§·¹
ÊíÒËÃÑºμÑÇá»ÃàÊÃÔÁ¤ÇÒÁäÁˆá¹ˆ¹Í¹·Õèà»“¹ä»ä´‰·Ñé§ËÁ´
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ã¹¤ÇÒÁà»“¹¨ÃÔ§ äÁ̂ÁÕÃÙ»·ÑèÇä»ÊíÒËÃÑº¡ÒÃ¡íÒË¹´ � ��� à»“¹¿’§¡ŒªÑ¹¢Í§¤ÇÒÁäÁ̂á¹ˆ¹Í¹ Æ��� á¹Ç·Ò§
»¯ÔºÑμÔ¹ÕéÊÒÁÒÃ¶¡ÃÐ·íÒä´‰â´Â¾Ô¨ÒÃ³ÒàÁ·ÃÔ¡«ŒàÅÕÂ»Ù¹Í¿à´ÕÂÇ � ��� � � à¾×èÍãË‰ÊÁ¡ÒÃ 2.9 ÊÍ´¤Å‰Í§
¼Åà©ÅÂ·Õèä´‰¨Ò¡ÇÔ¸Õ¡íÒÅÑ§ÊÍ§¤×ÍàÊ¶ÕÂÃÀÒ¾·Õè»ÃÐàÁÔ¹º¹à«μ¡ÃÐªÑº (compact set) ÂÔè§¡ÇˆÒ¹Ñé¹àÁ·ÃÔ¡«Œ
àÅÕÂ»Ù¹Í¿à´ÕÂÇ � ·ÕèÊÍ´¤Å‰Í§¡Ñºà§×èÍ¹ä¢ã¹º·¹ÔÂÒÁ 2.1 ÊÒÁÒÃ¶ËÒä´‰¨Ò¡¡ÒÃá¡‰»’ËÒ´‰ÇÂÍÊÁ¡ÒÃ
àÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹·ÕèÁÕ»ÃÐÊÔ·¸ÔÀÒ¾ ÍÂˆÒ§äÃ¡çμÒÁ àÊ¶ÕÂÃÀÒ¾¡íÒÅÑ§ÊÍ§´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ¾ºÇˆÒÁÕ
¤ÇÒÁÍ¹ØÃÑ¡ÉŒ [8, 9]

ã¹¤ÇÒÁ¾ÂÒÂÒÁ·Õè¨Ð·íÒãË‰¤ÇÒÁÍ¹ØÃÑ¡ÉŒÅ´Å§ àÃÒ¹íÒàÊ¹Íá¹ÇÇÔ¸ÕÊíÒËÃÑºÊÃ‰Ò§¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§
¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁã¹¡Ã³ÕàÇÅÒÇÔÂØμμÒÁÊÁ¡ÒÃ 2.9 ¢‰Í´Õ¢Í§à§×èÍ¹ä¢àÊ¶ÕÂÃÀÒ¾ãËÁ̂¹Í¡¨Ò¡ãË‰¼ÅÅÑ¾¸Œ·Õè
ÁÕ¤ÇÒÁÍ¹ØÃÑ¡ÉŒ¹‰ÍÂ¡ÇˆÒá¹ÇÇÔ¸Õ¡íÒÅÑ§ÊÍ§´‰ÇÂàÅÕÂ»Ù¹Í¿à´ÕÂÇáÅ‰Ç ÂÑ§»ÃÐ¡Íºä»´‰ÇÂÍ§ÈÒ¤ÇÒÁÍÔÊÃÐ (de-

gree of freedom) ·Õèà¾ÔèÁ¢Öé¹ «Öè§ÂÍÁãË‰¡®¡ÒÃ¤Çº¤ØÁäÁˆ¢Öé¹ÍÂÙˆ¡ÑºàÁ·ÃÔ¡«ŒàÅÕÂ»Ù¹Í¿ [11, 13]

à·¤¹Ô¤¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹·Õè¹íÒàÊ¹Íã¹§Ò¹ÇÔ¨ÑÂ¹Õé ãª‰¿’§¡ŒªÑ¹
àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁã¹¡ÒÃÇÔà¤ÃÒÐËŒ â´Â»ÃÐÂØ¡μŒà§×èÍ¹ä¢à¾ÕÂ§¾Í¨Ò¡ [9, 10, 11, 13]

2.5 ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹

ã¹Ê̂Ç¹¹Õéà»“¹¡ÒÃá¹Ð¹íÒÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ áÅÐ»’ËÒ¤ˆÒàËÁÒÐÊØ´ÀÒÂãμ‰ÇÔ¸ÕÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹
â´ÂÊÑ§à¢» ÊíÒËÃÑºã¹ÃÒÂÅÐàÍÕÂ´¢ÍãË‰ÈÖ¡ÉÒà¾ÔèÁàμÔÁ¨Ò¡ [7]

2.5.1 º·¹ÔÂÒÁ

ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ (linear matrix inequalities: LMIs) ¤×ÍÍÊÁ¡ÒÃàÁ·ÃÔ¡«Œã¹ÃÙ»áºº

� ��� � �� �

��

��

�
�
 � 
 (2.10)

¡íÒË¹´ãË‰ � � �� ¤×ÍμÑÇá»Ã áÅÐàÁ·ÃÔ¡«ŒÊÁÁÒμÃ �
 � � �
 � ���� � � � 
� � � � �� ÊÑÅÑ¡É³ŒÍÊÁ¡ÒÃ
ã¹ (2.10) ËÁÒÂ¤ÇÒÁÇˆÒ � ��� à»“¹ºÇ¡á¹ˆ¹Í¹ (positive definite) ¹Ñè¹¤×Í ��� ���� � 
 ÊíÒËÃÑº � � ��

·Ø¡¤ˆÒ·ÕèäÁˆà»“¹ÈÙ¹ÂŒ
àªˆ¹à´ÕÂÇ¡Ñ¹ àÃÒáÊ´§ÍÊÁ¡ÒÃ·ÕèäÁˆãª̂ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹â´Âá·‰ã¹ÃÙ»áºº´Ñ§¹Õé

� ��� 	 
 (2.11)

ÊÑÅÑ¡É³Œã¹ÍÊÁ¡ÒÃ (2.11) ËÁÒÂ¤ÇÒÁÇˆÒ � ��� à»“¹¡Öè§ºÇ¡á¹ˆ¹Í¹ (positive semi-definite) ¹Ñè¹¤×Í
��� ���� 	 
 ÊíÒËÃÑº � � �� ·Ø¡¤ˆÒ

¤Ø³ÊÁºÑμÔ¢Í§ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹·ÕèÊíÒ¤ÑÍÂˆÒ§Ë¹Öè§¤×Í ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ � 
����� �


� � � � � � 
����� � 
 ÊÒÁÒÃ¶áÊ´§ã¹ÃÙ»ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹à´ÕèÂÇä´‰´Ñ§¹Õé

� ��� � ����� 
������ � � � � � 
������ � 


¤ÇÒÁÊÑÁ¾Ñ¹¸Œ¢‰Ò§μ‰¹áÊ´§»ÃÐ¾¨¹Œ·ÕèÁÕà§×èÍ¹ä¢ÊíÒ¤Ñ ¶‰Ò¡íÒË¹´»’ËÒà¡ÕèÂÇ¡ÑºÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹·Õè
ËÅÒ¡ËÅÒÂ »’ËÒ´Ñ§¡Å̂ÒÇäÁˆ¨íÒà»“¹μ‰Í§¡íÒË¹´â¤Ã§ÊÃ‰Ò§ãËÁ̂ áμˆ¨ÐÊÃ‰Ò§ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ãËÁˆ·Õè



14

ÁÕ¢¹Ò´ãË̂¡ÇˆÒá·¹ ¤Å‰ÒÂ¡ÑºàÁ·ÃÔ¡«Œ¡ÒÃ Ñ̈´ËÁÙˆ (combination matrix) ¢Í§ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹·Ñé§
ËÁ´

ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ÁÕ»ÃÐâÂª¹ŒÍÂˆÒ§ÁÒ¡ã¹»’ËÒ¡ÒÃ¤Çº¤ØÁ â´Âà©¾ÒÐÍÂˆÒ§ÂÔè§ã¹ºÃÔº·¢Í§
§Ò¹ÇÔ¨ÑÂ¹Õé ÊÒÁÒÃ¶ Ñ̈´ÃÙ»áººãË‰à»“¹»’ËÒ¹Õéä´‰ ¡ÒÃá¡‰»’ËÒ´‰ÇÂÇÔ¸Õ¹ÕéÊÒÁÒÃ¶ËÒ¼Åà©ÅÂ·ÕèÁÕ»ÃÐÊÔ·¸ÔÀÒ¾
áÅÐàª×èÍ¶×Íä´‰ ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹¹ÔÂÒÁà§×èÍ¹ä¢ºÑ§¤ÑºàªÔ§¤Í¹àÇ¡«Œ áÅÐ»’ËÒ¹íÒä»ÊÙˆ¡ÒÃËÒ¤ˆÒμíèÒ
ÊØ´ËÃ×Í¡ÒÃËÒ¤ˆÒÊÙ§ÊØ´¢Í§¿’§¡ŒªÑ¹ÊÑÁ¾ÃÃ¤ (affine function) ÀÒÂãμ‰à§×èÍ¹ä¢ºÑ§¤ÑºÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§
àÊ‰¹«Öè§¢Öé¹ÍÂÙˆ¡ÑºªÑé¹¢Í§»’ËÒ¡ÒÃËÒ¤ˆÒàËÁÒÐÊØ´àªÔ§¤Í¹àÇ¡«Œ ´‰ÇÂàËμØ¹Õé¨Ö§¹íÒ·ÄÉ®Õ¡ÒÃËÒ¤ˆÒàËÁÒÐÊØ´
àªÔ§¤Í¹àÇ¡«ŒÁÒãª‰à¾×èÍãË‰ä´‰»ÃÐÊÔ·¸ÔÀÒ¾ÊÙ§ÊØ´

¤Ø³ÊÁºÑμÔ·ÕèÊíÒ¤ÑÍÕ¡ÍÂ̂Ò§Ë¹Öè§¢Í§ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹¤×Í ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒäÁˆàªÔ§àÊ‰¹áºº¡íÒÅÑ§ÊÍ§
ÊÒÁÒÃ¶ Ñ̈´ãË‰ÍÂÙˆã¹ÃÙ»ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ä´‰´‰ÇÂÊ̂Ç¹àμÔÁàμçÁ¢Í§ªÙÃŒ (Schur complement)

·ÄÉ®Õº· 2.2 Ê̂Ç¹àμÔÁàμçÁ¢Í§ªÙÃŒ
¡íÒË¹´ãË‰ ���� � ����� �  ��� �  ���� áÅÐ !��� ÁÕ¤Ø³ÊÁºÑμÔÊÑÁ¾ÃÃ¤º¹μÑÇá»Ã � áÅ‰ÇÍÊÁ¡ÒÃ
àÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ �

���� !���

!����  ���

�
� 
 (2.12)

ÊÁÁÙÅ¡ÑºÍÊÁ¡ÒÃàÁ·ÃÔ¡«Œ
 ��� � 
� ����� !��� �����!���� � 


ËÃ×ÍÊÁÁÙÅ¡Ñº
���� � 
�  ���� !���������!���� � 


·ÄÉ®Õ·ÕèÊíÒ¤Ñã¹»’ËÒÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ÍÕ¡ÇÔ¸ÕË¹Öè§¤×Í ¡ÃÐºÇ¹§Ò¹àÍÊ (S-procedure)

º̂ÍÂ¤ÃÑé§à§×èÍ¹ä¢ºÑ§¤Ñº·Õè¾ºà»“¹¿’§¡ŒªÑ¹¡íÒÅÑ§ÊÍ§μÔ´Åº àÃÒÊÒÁÒÃ¶¡íÒË¹´ÃÙ»áººÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§
àÊ‰¹·ÕèÁÕ¤ÇÒÁÍ¹ØÃÑ¡ÉŒ áμˆÁÕ»ÃÐâÂª¹Œã¹á§̂¢Í§¡ÒÃ»ÃÐÁÒ³ã¹à§×èÍ¹ä¢ºÑ§¤ÑºμÒÁ·ÄÉ®Õ´Ñ§μˆÍä»¹Õé
·ÄÉ®Õº· 2.3 ¡ÃÐºÇ¹§Ò¹àÍÊÊíÒËÃÑº¿’§¡ŒªÑ¹¡íÒÅÑ§ÊÍ§áÅÐà»“¹ÍÊÁ¡ÒÃâ´Âá·‰
¡íÒË¹´ãË‰ ��� � � � � �� � ���� ¤×ÍàÁ·ÃÔ¡«ŒÊÁÁÒμÃ àÃÒ¾Ô¨ÒÃ³Òà§×èÍ¹ä¢´Ñ§μˆÍä»¹Õéº¹ ��� � � � � ��

����� � 
� �� �� 
 ´Ñ§¹Ñé¹ ���
� 	 
� � � �� � � � �� (2.13)

¨ÐªÑ´à¨¹¶‰Ò
"� 	 
� � � � � "� 	 
 à»“¹¨ÃÔ§ ´Ñ§¹Ñé¹ �� �

��

��

"
�
 � 
 (2.14)

áÅ‰Çà§×èÍ¹ä¢·Õè (¡.4) ¤§ÍÂÙˆ ÊÑ§à¡μÇˆÒ (2.14) ¤×ÍÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ã¹μÑÇá»Ã �� áÅÐ "�� � � � � "�

μÑÇÍÂˆÒ§¡ÃÐºÇ¹§Ò¹àÍÊ ÊÁÁμÔ¾Ô¨ÒÃ³Òà§×èÍ¹ä¢º¹μÑÇá»Ã � ÊíÒËÃÑº # �� 
 ·Ø¡¤ˆÒ áÅÐ $ ÊÍ´¤Å‰Í§¡Ñº
à§×èÍ¹ä¢ $�$ � #��# �

#

$

�� �
	�� � �	 �



�� 


��
#

$

�
� 
 (2.15)
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»ÃÐÂØ¡μŒ·ÄÉ®Õº· 2.3 ¢Í§¡ÃÐºÇ¹§Ò¹àÍÊ ÍÊÁ¡ÒÃ¢‰Ò§μ‰¹ÊÁÁÙÅ¡Ñº¤ˆÒ " 	 
 ´Ñ§¹Ñé¹
�
	�� � �	� "� �



�� �"%

�
� 


¨ÐàËç¹ÇˆÒ»’ËÒã¹¡ÒÃËÒ¤ˆÒ � � 
 ´Ñ§àªˆ¹ÍÊÁ¡ÒÃ (2.15) ÊÒÁÒÃ¶áÊ´§ä´‰´‰ÇÂ»’ËÒÍÊÁ¡ÒÃàÁ·ÃÔ¡«Œ
àªÔ§àÊ‰¹ (ã¹àÁ·ÃÔ¡«Œ � áÅÐμÑÇá»ÃÊà¡ÅÒÃŒ " )

2.5.2 ¡ÒÃá¡‰»’ËÒÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹

¡ÒÃá¡‰»’ËÒÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ â´ÂÊ̂Ç¹ãË̂áº̂§ÍÍ¡à»“¹ 2 ÇÔ¸Õ [7] ä´‰á¡̂ ÇÔ¸ÕàªÔ§·Ã§ÃÕ (Ellipsoid

method) áÅÐÇÔ¸Õ Ø̈´ÀÒÂã¹ (Interior Point method) â´ÂÁÕÃÙ»áºº·Õèà¢‰Òã¨§̂ÒÂ áÅÐÁÕ»ÃÐÊÔ·¸ÔÀÒ¾ ã¹ÇÔ¸Õ
àªÔ§·Ã§ÃÕ¨ÐàÃÔèÁμ‰¹´‰ÇÂ¡ÒÃ¾Ô¨ÒÃ³Ò·Ã§ÃÕ �
�� â´ÂÁÕ¤ˆÒàËÁÒÐÊØ´ÍÂÙˆã¹¢Íºà¢μ·Ã§ÃÕ¹Ñé¹ ¶‰Ò»ÃÒ¡¯ÇˆÒ¤ˆÒ
àËÁÒÐÊØ´ÍÂÙˆ¹Í¡¢Íºà¢μ »’ËÒ¨ÐäÁˆÊÍ´¤Å‰Í§¡Ñºà§×èÍ¹ä¢áÅÐ·íÒãË‰ÍÑÅ¡ÍÅÔ·ÖÁËÂØ´´íÒà¹Ô¹¡ÒÃ ã¹¡Ã³Õ·Õè
¤ˆÒàËÁÒÐÊØ´ÍÂÙˆã¹·Ã§ÃÕáÅ‰Ç¨Ð¤íÒ¹Ç³μÑ´ÃÐ¹ÒºÍÍ¡à»“¹ÊÍ§Ê̂Ç¹ ¤ˆÒàËÁÒÐÊØ´¨ÐÍÂÙˆã¹Ê̂Ç¹Ë¹Öè§¢Í§·Ã§ÃÕ
·Õè¶Ù¡μÑ´ ã¹¡ÒÃ·íÒ«íéÒ¤ÃÑé§¶Ñ´ä»¢Í§ÍÑÅ¡ÍÃÔ·ÖÁ ¨Ð¤íÒ¹Ç³·Ã§ÃÕ �
�� ·ÕèÁÕ¤ˆÒàËÁÒÐÊØ´ÍÂÙˆ áÅÐ¨Ð·íÒ«íéÒμÒÁ
¢Ñé¹μÍ¹´Ñ§¡Å̂ÒÇ¨¹ÊÔé¹ÊØ´¡ÃÐºÇ¹¡ÒÃ

ÍÕ¡ÇÔ¸ÕË¹Öè§¤×Í ÇÔ¸Õ Ø̈´ÀÒÂã¹ à»“¹ÇÔ¸Õ·ÕèÁÕ¾Ñ²¹Ò¡ÒÃÍÂ̂Ò§μˆÍà¹×èÍ§ áÅÐÁÕ»ÃÐÊÔ·¸ÔÀÒ¾ÁÒ¡¡ÇˆÒÇÔ¸ÕàªÔ§
·Ã§ÃÕ á¹Ç¤Ô´ËÅÑ¡¤×Í á·¹»’ËÒ¤ˆÒàËÁÒÐÊØ´·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº

����� ����

������� �� � ��� � 


´‰ÇÂ»’ËÒ¤ˆÒàËÁÒÐÊØ´·ÕèäÁˆÁÕà§×èÍ¹ä¢ºÑ§¤Ñº

����� � &���� � '���

àÁ×èÍ & � 
 ¤×ÍμÑÇá»ÃàÊÃÔÁ¶̂Ç§¹íéÒË¹Ñ¡ (penalty parameter) ���� à»“¹¿’§¡ŒªÑ¹ÊÑÁ¾ÃÃ¤ áÅÐ '��� ¤×Í
¿’§¡ŒªÑ¹¢ÇÒ§¡Ñé¹ (barrier function) á¹Ç¤Ô´¢Í§ÇÔ¸Õ¹Õé¤×Í ËÒμÑÇμíèÒÊØ´ ��&� ã¹ �� áÅÐ¾Ô¨ÒÃ³Ò¾ÄμÔ¡ÃÃÁ
¢Í§ ��&� àªˆ¹à´ÕÂÇ¡ÑºμÑÇá»ÃàÊÃÔÁ¶̂Ç§¹íéÒË¹Ñ¡ &

à¤Ã×èÍ§Á×ÍÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ (LMI toolbox) ã¹â»Ãá¡ÃÁ Matlab ÃÇÁ·Ñé§à¤Ã×èÍ§Á×Í YALMIP

[14] ·Õèãª‰ã¹§Ò¹ÇÔ¨ÑÂ¹Õé à»“¹â»Ãá¡ÃÁÊíÒàÃç¨ÃÙ»·Õèãª‰ÊíÒËÃÑº¡ÒÃËÒ¼Åà©ÅÂã¹»’ËÒ·Õèà»“¹ä»ä´‰ áÅÐ»’ËÒ
¤ˆÒàËÁÒÐÊØ´ Ø̈´»ÃÐÊ§¤ŒàªÔ§àÊ‰¹ÀÒÂãμ‰à«μ¢Í§ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹¹Ñè¹¤×Í

����� (��

������� �� � ��� � 


àÁ×èÍ ( ¤×ÍàÇ¡àμÍÃŒ¨íÒ¹Ç¹¨ÃÔ§·ÕèÁÕ¢¹Ò´àËÁÒÐÊÁ áÅÐ � ¤×ÍàÁ·ÃÔ¡«ŒÊÁÁÒμÃ àÁ×èÍà«μ
ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹à»“¹¤Í¹àÇ¡«ŒáÅ‰Ç »’ËÒ¨Ö§à»“¹¤Í¹àÇ¡«Œ´‰ÇÂ áÅÐÊÒÁÒÃ¶ËÒ¼Åà©ÅÂÇ§¡Ç‰Ò§
(global solution) ÀÒÂã¹¤ÇÒÁáÁˆ¹·ÕèÃÐºØäÇ‰ä´‰ ÊíÒËÃÑºã¹ÃÒÂÅÐàÍÕÂ´¢Í§à¤Ã×èÍ§Á×ÍÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§
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àÊ‰¹ ¢ÍãË‰ÈÖ¡ÉÒà¾ÔèÁàμÔÁã¹ [17] áÅÐà¤Ã×èÍ§Á×Í YALMIP ÊÒÁÒÃ¶ÈÖ¡ÉÒà¾ÔèÁàμÔÁä´‰ã¹ [14]

»’ËÒÀÒÂãμ‰ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ à»“¹¡ÒÃá¡‰»’ËÒËÅÑ¡·ÕèÊíÒ¤Ñã¹§Ò¹ÇÔ¨ÑÂ¹Õé â´Â»’ËÒ
ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ÊÒÁÒÃ¶ËÒ¼Åà©ÅÂã¹àÇÅÒ¾ËØ¹ÒÁä´‰ ¹Ñè¹ËÁÒÂ¤ÇÒÁÇˆÒ¡ÒÃ¤íÒ¹Ç³ÁÕ¤ÇÒÁ«Ñº
«‰Í¹¹‰ÍÂ áÅÐ´‰ÇÂ¤ÇÒÁÊÒÁÒÃ¶´Ñ§¡Å̂ÒÇ Ö̈§à»“¹ÊÔè§ í̈Òà»“¹ÍÂˆÒ§ÂÔè§ÊíÒËÃÑº¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§
à¾×èÍÊÒÁÒÃ¶»ÃÐÂØ¡μŒ¨ÃÔ§áººÍÍ¹äÅ¹Œä´‰

2.6 º·ÊÃØ»

ã¹º·¹Õéä´‰¡Å̂ÒÇ¶Ö§·ÄÉ®Õàº×éÍ§μ‰¹·Õèà¡ÕèÂÇ¢‰Í§¡Ñºáºº í̈ÒÅÍ§·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ á¹Ç·Ò§¡ÒÃ¤Çº¤ØÁàªÔ§
·íÒ¹ÒÂáºº¨íÒÅÍ§ ·ÄÉ®ÕàÊ¶ÕÂÃÀÒ¾¤§·¹ áÅÐ»’ËÒÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹«Öè§à»“¹¾×é¹°Ò¹·ÕèÊíÒ¤Ñ
ÊíÒËÃÑº§Ò¹ÇÔ¨ÑÂ â´Âº·¶Ñ´ä»¨Ð¡Å̂ÒÇ¶Ö§¾ÄμÔ¡ÃÃÁ¾ÅÇÑμáÅÐáºº¨íÒÅÍ§·Ò§¤³ÔμÈÒÊμÃŒ¢Í§ËÍ¡ÅÑè¹áÂ¡
ÊÒÃÊÍ§ª¹Ô´ ¨Ò¡¹Ñé¹¨Ðà¢‰ÒÊÙˆ·ÄÉ®Õ¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ¢Í§¡ÃÐºÇ¹¡ÒÃ áÅÐ·ÄÉ®Õ¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂ
áºº¨íÒÅÍ§ã¹ÅíÒ´Ñº¶Ñ´ä»



º··Õè 3

¡ÒÃÃÐºØàÍ¡ÅÑ¡É³ŒÊíÒËÃÑºÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´

àÁ×èÍàÃÒ·ÃÒº¶Ö§·ÄÉ®Õàº×éÍ§μ‰¹¨Ò¡º··Õè¼ˆÒ¹ÁÒáÅ‰Ç ã¹º·¹Õé¨Ð¡Å̂ÒÇ¶Ö§¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ¢Í§¡ÃÐºÇ¹¡ÒÃ
ËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´ «Öè§à»“¹ÃÐºº·ÕèμÑé§ÍÂÙˆã¹Ë‰Í§»¯ÔºÑμÔ¡ÒÃÇÔ¨ÑÂÃÐºº¤Çº¤ØÁ ÀÒ¤ÇÔªÒÇÔÈÇ¡ÃÃÁ
ä¿¿„Ò Ø̈ÌÒÅ§¡Ã³ŒÁËÒÇÔ·ÂÒÅÑÂ â´Âã¹Ê̂Ç¹áÃ¡¨ÐÍ¸ÔºÒÂ¶Ö§¾ÄμÔ¡ÃÃÁ áÅÐÅÑ¡É³Ð·Ò§¡ÒÂÀÒ¾¢Í§
ÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´ ¨Ò¡¹Ñé¹¨Ð¹íÒàÊ¹Í·ÄÉ®Õ¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ¢Í§¡ÃÐºÇ¹¡ÒÃ, ¡ÒÃËÒ¼Å
ÊÑÁÄ·¸Ôì (realization) áÅÐ¡ÒÃá»Å§¼Ñ¹áºº í̈ÒÅÍ§ãË‰ÍÂÙˆã¹ÃÐººàÇÅÒÇÔÂØμ ã¹Ê̂Ç¹ÊØ´·‰ÒÂ¨ÐáÊ´§¡ÒÃ
ÇÔà¤ÃÒÐËŒáºº¨íÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹´‰ÇÂâ¤Ã§ÊÃ‰Ò§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ â´Âã¹áμˆÅÐÊ̂Ç¹¨Ð
¹íÒàÊ¹Í¡ÒÃÇÔà¤ÃÒÐËŒÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´ ³ Ë‰Í§»¯ÔºÑμÔ¡ÒÃÇÔ¨ÑÂÃÐºº¤Çº¤ØÁ »ÃÐ¡Íº¡ÒÃ
¾Ô¨ÒÃ³Ò

3.1 ÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´

ÃÐººËÍ¡ÅÑè¹à»“¹ÃÐººËÅÒÂÊÑÒ³¢Òà¢‰Ò-ËÅÒÂÊÑÒ³¢ÒÍÍ¡ ÁÕ¤ÇÒÁäÁ̂à»“¹àªÔ§àÊ‰¹ ÁÕ¼Å¡ÃÐ·º
ÃÐËÇˆÒ§Ç§ÃÍº¡ÒÃ¤Çº¤ØÁÊÙ§ ÍÕ¡·Ñé§ÁÕ¡ÒÃÃº¡Ç¹¡ÑºÃÐººËÅÒ¡ËÅÒÂÃÙ»áºº àªˆ¹ ¡ÒÃà»ÅÕèÂ¹á»Å§ÍÑμÃÒ
¡ÒÃ»„Í¹à¢‰Ò·Õè¡ÅÒ§ËÍ � (feedrate) ËÃ×Í¡ÒÃà»ÅÕèÂ¹á»Å§¤ÇÒÁà¢‰Á¢‰¹¢Í§ÊÒÃ·Õè»„Í¹à¢‰Ò �� (feed com-

position) à»“¹μ‰¹ Ê̂§¼ÅãË‰¡ÒÃ¤Çº¤ØÁ¡ÒÃ·íÒ§Ò¹¢Í§ËÍ¡ÅÑè¹à»“¹»’ËÒ·ÕèÂÒ¡ áÅÐ¹ˆÒÊ¹ã¨ÍÂ̂Ò§ÂÔè§ Ø̈´
»ÃÐÊ§¤ŒËÅÑ¡¢Í§¡ÒÃ¤Çº¤ØÁ¡ÒÃ·íÒ§Ò¹¢Í§ËÍ¡ÅÑè¹â´Â·ÑèÇä»¤×Í ¡ÒÃ¤Çº¤ØÁ¤Ø³ÀÒ¾¢Í§ÊÒÃ¼ÅÔμÀÑ³±Œ·Õè
ä´‰¨Ò¡¡ÒÃ¡ÅÑè¹ãË‰ÁÕ¤ÇÒÁºÃÔÊØ·¸ÔìμÒÁ¢‰Í¡íÒË¹´ [15, 18] «Öè§ã¹·Õè¹Õé¡ÃÐºÇ¹¡ÒÃ¡ÅÑè¹¤×Í¡ÒÃáÂ¡ÊÒÃ¼ÊÁ
â´ÂÍÒÈÑÂ¤Ø³ÊÁºÑμÔ·Ò§¡ÒÂÀÒ¾¤×Í Ø̈´à´×Í´·Õèáμ¡μˆÒ§¡Ñ¹¢Í§ÊÒÃÊÍ§ª¹Ô´ à¾×èÍãË‰ä´‰¤ÇÒÁà¢‰Á¢‰¹¢Í§
¼ÅÔμÀÑ³±ŒμÒÁμ‰Í§¡ÒÃ

ËÅÑ¡¡ÒÃ¾×é¹°Ò¹¢Í§¡ÒÃ¡ÅÑè¹àÃÔèÁ¨Ò¡¡ÒÃãË‰¤ÇÒÁÃ‰Í¹á¡ˆÊÒÃ¼ÊÁ·Õè°Ò¹ËÍ àÁ×èÍÊÒÃ·ÕèÁÕ¤ÇÒÁË¹Ò
á¹ˆ¹μíèÒ¡ÇˆÒà´×Í´à»“¹äÍÃ‰Í¹ äÍÃ‰Í¹¹Õé¨ÐÅÍÂ¢Öé¹ÊÙˆªÑé¹¢Í§ËÍ·ÕèÍÂÙˆÊÙ§¢Öé¹ä»áÅÐ¶̂ÒÂà·¤ÇÒÁÃ‰Í¹ãË‰¡ÑºÊÒÃ
¼ÊÁã¹ªÑé¹·ÕèÊÍ§¢Í§ËÍ ¤ÇÒÁÃ‰Í¹·ÕèÁÒ¡ÑºäÍÃ‰Í¹¨Ð·íÒãË‰ÊÒÃ¼ÊÁã¹ªÑé¹¹Ñé¹à´×Í´ ¨Ò¡¹Ñé¹¨Ð¡ÅÒÂà»“¹äÍ
Ã‰Í¹áÅ‰Ç Ö̈§¶̂ÒÂà·¤ÇÒÁÃ‰Í¹ãË‰¡ÑºªÑé¹¶Ñ´ä» ¡ÃÐºÇ¹¡ÒÃàËÅ̂Ò¹Õé¨Ð´íÒà¹Ô¹¡ÒÃä»¨¹¶Ö§ÂÍ´ËÍ ¹Í¡¨Ò¡¹Õé
¶‰Ò¢Í§àËÅÇã¹ªÑé¹ã´äÁˆÊÒÁÒÃ¶ÃÐàËÂ¡ÅÒÂà»“¹äÍä´‰ ¢Í§àËÅÇ¼ÊÁ¹Ñé¹¡ç¨ÐäËÅÊÇ¹·Ò§¡ÑºäÍÃ‰Í¹à»“¹ÊÒÃ
»„Í¹¡ÅÑºÀÒÂã¹ (internal reflux) Å§ÊÙˆªÑé¹·ÕèÃÐ´ÑºμíèÒ¡ÇˆÒ ·íÒãË‰ÊÒÃ¼ÊÁã¹ªÑé¹·ÕèÍÂÙˆÊÙ§¡ÇˆÒÁÕ¤ÇÒÁºÃÔÊØ·¸ÔìÁÒ¡
ÂÔè§¢Öé¹ ¢¹Ò´¢Í§ËÍ ¨íÒ¹Ç¹ªÑé¹¢Í§ËÍ áÅÐμÑÇá»ÃÍ×è¹ æ ·Õèμ‰Í§¡ÒÃ¤Çº¤ØÁ àªˆ¹ ÍØ³ËÀÙÁÔã¹áμˆÅÐªÑé¹¢Í§
ËÍ ¨Ð¶Ù¡ÍÍ¡áººãË‰àËÁÒÐÊÁ¡Ñº¢‰Í¡íÒË¹´¢Í§¼ÅÔμÀÑ³±Œ·Õèμ‰Í§¡ÒÃ¡ÅÑè¹ ¹Í¡¨Ò¡Ê̂Ç¹¢Í§ËÍ¡ÅÑè¹áÅ‰Ç
ÃÐººËÍ¡ÅÑè¹ í̈Òà»“¹¨Ðμ‰Í§ÁÕ¡ÃÐºÇ¹¡ÒÃÍ×è¹ æ »ÃÐ¡Íºã¹¡ÃÐºÇ¹¡ÒÃ¡ÅÑè¹ÍÑ¹ä´‰á¡̂ ËÁ‰Íμ‰Á«íéÒ ÇÒÅŒÇ
»„Í¹¡ÅÑºÂÍ´ËÍ à¤Ã×èÍ§¤Çº¤ØÁ à¤Ã×èÍ§Á×ÍÇÑ´μˆÒ§æ à»“¹μ‰¹ ÊíÒËÃÑºËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´ã¹Ë‰Í§»¯ÔºÑμÔ
¡ÒÃ·ÑèÇä» ÁÕÅÑ¡É³Ð¤Å‰ÒÂ¡ÑºËÍ¡ÅÑè¹ã¹Ë‰Í§»¯ÔºÑμÔ¡ÒÃÇÔ¨ÑÂÃÐºº¤Çº¤ØÁ´Ñ§ÃÙ»·Õè 3.1 â´Â¨íÒÅÍ§ÃÐººÁÒ
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¨Ò¡ËÍ¡ÅÑè¹¢¹Ò´ãË̂·Õèãª‰ã¹ÍØμÊÒË¡ÃÃÁ¡ÒÃ¡ÅÑè¹¨ÃÔ§
á¼¹ÀÒ¾ËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´áÊ´§´Ñ§ÃÙ»·Õè 3.2 «Öè§ÁÕâ¤Ã§ÊÃ‰Ò§áºº �� � [19] ÍØ»¡Ã³Œàº×éÍ§

μ‰¹·Õèãª‰ã¹¡ÒÃ¤Çº¤ØÁ¡ÒÃ¡ÅÑè¹ä´‰á¡̂
1. ÅíÒμÑÇ¢Í§ËÍ (column) »ÃÐ¡Íº´‰ÇÂªÑé¹ (Tray) ¨íÒ¹Ç¹ËÅÒÂªÑé¹«Öè§ÁÕ¡ÒÃáÅ¡à»ÅÕèÂ¹¤ÇÒÁ
Ã‰Í¹ÃÐËÇˆÒ§äÍÃ‰Í¹ áÅÐ¡ÒÃ»„Í¹¡ÅÑºÀÒÂã¹ËÍ ÊíÒËÃÑºËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´ã¹Ë‰Í§»¯ÔºÑμÔ¡ÒÃ
ÇÔ¨ÑÂÃÐºº¤Çº¤ØÁ ÁÕ í̈Ò¹Ç¹ªÑé¹ 8 ªÑé¹ [20]

2. à¤Ã×èÍ§¤Çºá¹ˆ¹ (condenser) à»“¹ÍØ»¡Ã³Œ«Öè§¤Çºá¹ˆ¹äÍÃ‰Í¹·ÕèÍÍ¡¨Ò¡ÂÍ´ËÍãË‰à»“¹¢Í§àËÅÇ ´‰ÇÂ
¹íéÒ·ÕèÍØ³ËÀÙÁÔË‰Í§

3. ´ÃÑÁ»„Í¹¡ÅÑº (reflux drum) ¤×ÍÀÒª¹ÐÃÍ§ÃÑº¢Í§àËÅÇ·Õè¡ÅÑè¹ä´‰àÁ×èÍ¼ˆÒ¹¡ÒÃ¤Çºá¹ˆ¹¨Ò¡à¤Ã×èÍ§
¤Çºá¹ˆ¹áÅ‰Ç ¢Í§àËÅÇÊˆÇ¹Ë¹Öè§ÍÒ¨äËÅÍÍ¡à»“¹¼ÅÔμÀÑ³±ŒÂÍ´ËÍ (top product ��) ÍÕ¡Ê̂Ç¹¨Ð
äËÅ¡ÅÑºà¢‰ÒÊÙˆÅíÒμÑÇ¢Í§ËÍ·Ò§ÇÒÅŒÇ»„Í¹¡ÅÑº (reflux value) à¾×èÍ¤Çº¤ØÁ¤ÇÒÁà¢‰Á¢‰¹¢Í§¼ÅÔμÀÑ³±Œ
ÂÍ´ËÍ áÅÐà¾×èÍãË‰ÊÒÃ·Õè¡ÅÑè¹ÁÕ¤ÇÒÁºÃÔÊØ·¸ÔìÁÒ¡ÂÔè§¢Öé¹ ÊÑ´Ê̂Ç¹¢Í§ÊÒÃ·Õè»„Í¹à¢‰ÒÊÙˆÅíÒμÑÇ¢Í§ËÍμˆÍ
ÊÒÃ·Õè¡ÅÑè¹ä´‰à»“¹¼ÅÔμÀÑ³±ŒàÃÕÂ¡ÇˆÒ ÍÑμÃÒÊ̂Ç¹»„Í¹¡ÅÑºÂÍ´ËÍ (reflux ratio)

4. °Ò¹ËÍ (column base) à»“¹ºÃÔàÇ³·Õèà¡Ô´¡ÒÃ¶̂ÒÂà·¤ÇÒÁÃ‰Í¹à¢‰ÒÊÙˆËÍ¡ÅÑè¹ áÅÐà»“¹Ê̂Ç¹·ÕèÃÍ§
ÃÑºÊÒÃ¼ÊÁªÑé¹Å̂Ò§ÊØ´ ÊÒÃ·Õè°Ò¹ËÍ¹ÕéÊ̂Ç¹Ë¹Öè§ÍÒ¨äËÅÍÍ¡à»“¹¼ÅÔμÀÑ³±Œ°Ò¹ËÍ (bottom product

��) ÊÒÃ·ÕèàËÅ×Í¨Ð»„Í¹¡ÅÑºà¢‰ÒÊÙˆÅíÒμÑÇ¢Í§ËÍ¼ˆÒ¹·Ò§ËÁ‰Íμ‰Á«íéÒ à¾×èÍ¤Çº¤ØÁ¤ÇÒÁà¢‰Á¢‰¹¢Í§¼ÅÔμ
ÀÑ³±Œ°Ò¹ËÍ

5. ËÁ‰Íμ‰Á«íéÒ (reboiler) ¤×Íà¤Ã×èÍ§ãË‰¾ÅÑ§§Ò¹¤ÇÒÁÃ‰Í¹¡ÑºÊÒÃ¼ÊÁ·Õè°Ò¹ËÍ

6. à¤Ã×èÍ§Á×ÍÇÑ´ ÊíÒËÃÑºÃÐººËÍ¡ÅÑè¹ã¹Ë‰Í§»¯ÔºÑμÔ¡ÒÃÇÔ¨ÑÂ¹Õé ãª‰à«¹à«ÍÃŒÍØ³ËÀÙÁÔ ÊíÒËÃÑºμÃÇ¨ÇÑ´
ÍØ³ËÀÙÁÔ¢Í§ÊÒÃ¼ÊÁáμˆÅÐªÑé¹ã¹ÅíÒμÑÇ¢Í§ËÍ

7. ·̂Í»„Í¹ÊÒÃà¢‰ÒÊÙˆËÍáÅÐÃÐºº»„Í¹ÊÒÃ

8. ÇÒÅŒÇμˆÒ§æ ·íÒË¹‰Ò·Õè¤Çº¤ØÁ¡ÒÃäËÅ¢Í§ÊÒÃã¹¡ÃÐºÇ¹¡ÒÃ

3.2 ·ÄÉ®Õ¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ

¡ÃÐºÇ¹¡ÒÃ¡ÅÑè¹¤×Í¡ÒÃáÂ¡ÊÒÃ¼ÊÁÍÍ¡¨Ò¡¡Ñ¹ â´ÂÍÒÈÑÂ¤ÇÒÁáμ¡μˆÒ§¢Í§¡ÒÃ¡ÅÒÂà»“¹äÍ¢Í§ÊÒÃáμˆ
ÅÐª¹Ô´ ÊÒÃ·ÕèÁÕ Ø̈´à´×Í´μíèÒ¡ÇˆÒ¨Ðà»“¹¼ÅÔμÀÑ³±Œ·ÕèÍÍ¡ÁÒ·Ò§μÍ¹º¹¢Í§ËÍ¡ÅÑè¹ ã¹§Ò¹ÇÔ¨ÑÂ¹Õé¾Ô¨ÒÃ³Ò
áºº¨íÒÅÍ§¢Í§ËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´·ÕèáÂ¡ÊÒÃ¼ÊÁÃÐËÇˆÒ§¹íéÒ¡ÑºàÍ·Ò¹ÍÅ ¾Ô¨ÒÃ³Òáºº í̈ÒÅÍ§·ÕèÁÕ
â¤Ã§ÊÃ‰Ò§áºº � � � â´ÂÊÑÒ³¤Çº¤ØÁ»ÃÐ¡Íº´‰ÇÂÍÑμÃÒÊ̂Ç¹»„Í¹¡ÅÑºÂÍ´ËÍ (Reflux ratio) �

áÅÐÍÑμÃÒ¡ÒÃμ‰Á«íéÒ (Reboiler rate) � ¢³Ð·ÕèÊÑÒ³¢ÒÍÍ¡à»“¹¤ÇÒÁà¢‰Á¢‰¹¢Í§¼ÅÔμÀÑ³±ŒÂÍ´ËÍ ��
áÅÐ°Ò¹ËÍ �� μÒÁÅíÒ´Ñº �

Æ��

Æ��

�
� )��*�

�
Æ�

Æ�

�
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ÃÙ»·Õè 3.1: ÅÑ¡É³Ð·Ò§¡ÒÂÀÒ¾¢Í§ËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´ ³ Ë‰Í§»¯ÔºÑμÔ¡ÒÃÇÔ¨ÑÂÃÐºº¤Çº¤ØÁ ÀÒ¤ÇÔªÒ
ÇÔÈÇ¡ÃÃÁä¿¿„Ò Ø̈ÌÒÅ§¡Ã³ŒÁËÒÇÔ·ÂÒÅÑÂ
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ÃÙ»·Õè 3.2: ËÍ¡ÅÑè¹·ÕèÁÕâ¤Ã§ÊÃ‰Ò§¡ÒÃ¤Çº¤ØÁáºº �� �
·Õè¼ˆÒ¹ÁÒ Skogestad [21] ¡Å̂ÒÇ¶Ö§¡ÒÃÊÃ‰Ò§áºº í̈ÒÅÍ§·Ò§¤³ÔμÈÒÊμÃŒâ´ÂÍÒÈÑÂ¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ¢Í§
ÃÐººËÍ¡ÅÑè¹äÇ‰ÇˆÒ¡ÒÃÊÃ‰Ò§áºº í̈ÒÅÍ§ )��*� ÊÒÁÒÃ¶¡ÃÐ·íÒä´‰â´ÂàÅ×Í¡¼ÅμÍºÍÂˆÒ§àËÁÒÐÊÁ â´Â
¾Ô¨ÒÃ³Òáºº í̈ÒÅÍ§ÍÂˆÒ§§̂ÒÂ ÍÑ¹ä´‰á¡̂ áºº¨íÒÅÍ§ÍÑ¹´ÑºË¹Öè§·ÕèÃÇÁ¡ÒÃ»ÃÐÇÔ§àÇÅÒ ã¹áμˆÅÐ¤ÇÒÁ
ÊÑÁ¾Ñ¹¸Œ¢Í§ÊÑÒ³¢Òà¢‰ÒáÅÐÊÑÒ³¢ÒÍÍ¡

)��*� �

�
�����
+��,

�����

"��*� �

+��,
�����

"��*� �

+��,
�����

"��*� �

+��,
�����

"��*� �

	




�

ËÍ¡ÅÑè¹à»“¹ÃÐººËÅÒÂÊÑÒ³¢Òà¢‰Ò-ËÅÒÂÊÑÒ³¢ÒÍÍ¡ áÅÐÁÕ¤ÇÒÁäÁ̂à»“¹àªÔ§àÊ‰¹ ÍÂ̂Ò§äÃ¡çμÒÁ
ËÒ¡¾Ô¨ÒÃ³Ò¡ÒÃà»ÅÕèÂ¹á»Å§¢Í§ÊÑÒ³¢¹Ò´àÅç¡¡ÒÃÃÐºØàÍ¡ÅÑ¡É³ŒÊÒÁÒÃ¶áº̂§à»“¹Ê̂Ç¹æ ¢Öé¹ÍÂÙˆ¡Ñº
¢¹Ò´¢Í§ÊÑÒ³¤Çº¤ØÁ ·íÒãË‰ä´‰¤ÇÒÁÊÑÁ¾Ñ¹¸Œà»“¹áººàªÔ§àÊ‰¹ ã¹·Ò§»¯ÔºÑμÔ¡ÒÃμÃÇ¨ÇÑ´¼ÅμÍºÊÑÒ³
¢ÒÍÍ¡«Öè§à»“¹¤ÇÒÁà¢‰Á¢‰¹¢Í§¼ÅÔμÀÑ³±Œ¹Ñé¹¡ÃÐ·íÒä´‰ÂÒ¡ Wood áÅÐ Berry [22] ä´‰¹íÒàÊ¹Íáºº¨íÒÅÍ§
·Ò§¤³ÔμÈÒÊμÃŒ·ÕèÁÕ¼ÅμÍº¢Í§ÊÑÒ³¢ÒÍÍ¡·ÕèÊÒÁÒÃ¶ÇÑ´ä´‰ »ÃÐ¡Íº´‰ÇÂÍØ³ËÀÙÁÔÂÍ´ËÍ -� áÅÐ
ÍØ³ËÀÙÁÔ°Ò¹ËÍ -� ´Ñ§¹Ñé¹áºº í̈ÒÅÍ§ÍÂˆÒ§§̂ÒÂÁÕ¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§ÊÑÒ³¢Òà¢‰Ò áÅÐÊÑÒ³¢Ò
ÍÍ¡ÊÍ´¤Å‰Í§¡ÑºÊÁ¡ÒÃ (3.1)
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Process I/O

Vnet

HIS

FCS FCS

ÃÙ»·Õè 3.3: â¤Ã§ÊÃ‰Ò§ÃÐºº¤Çº¤ØÁáºº¡ÃÐ¨ÒÂμÑÇ

�
Æ-�

Æ-�

�
�

�
�����
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"��*� �

+��,
�����

"��*� �

+��,
�����

"��*� �

+��,
�����

"��*� �

	




�
�
Æ�

Æ�

�
(3.1)

àÃÒÊÒÁÒÃ¶ÃÐºØàÍ¡ÅÑ¡É³Œ¢Í§¡ÃÐºÇ¹¡ÒÃËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´ä´‰ μÒÁ¤ÇÒÁÊÑÁ¾Ñ¹¸Œ¢Í§áºº í̈ÒÅÍ§
´Ñ§ÊÁ¡ÒÃ (3.1) â´ÂÍÒÈÑÂ¡ÒÃÇÔà¤ÃÒÐËŒ¼ÅμÍºÊ¹Í§ÊÀÒÇÐªÑèÇ¤ÃÙˆ ¢Ñé¹μÍ¹ÇÔ¸Õ¡ÒÃÃÐºØàÍ¡ÅÑ¡É³ŒáÅÐ¼Å
ÅÑ¾¸Œ·Õèä´‰¨Ð¹íÒàÊ¹Íà»“¹ÅíÒ´Ñº¶Ñ´ä» ã¹¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ¢Í§¡ÃÐºÇ¹¡ÒÃËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´ä´‰¹íÒ
ÃÐºº¤Çº¤ØÁáºº¡ÃÐ¨ÒÂμÑÇ (Distributed control system: DCS) ÁÒªˆÇÂã¹¡ÒÃ¤Çº¤ØÁÊÑÒ³¢Òà¢‰ÒãË‰
¡Ñº¡ÃÐºÇ¹¡ÒÃÃÇÁ·Ñé§ºÑ¹·Ö¡¼ÅμÍº¢Í§ÊÑÒ³¢ÒÍÍ¡ ÃÙ»·Õè 3.3 áÊ´§â¤Ã§ÊÃ‰Ò§¢Í§ÃÐºº¤Çº¤ØÁáºº
¡ÃÐ¨ÒÂμÑÇ »ÃÐ¡Íº´‰ÇÂÊ¶Ò¹Õàª×èÍÁμˆÍÊ̂Ç¹ºØ¤¤Å (Human Interface Station: HIS) ÁÕË¹‰Ò·ÕèμÔ´μˆÍÊ×èÍÊÒÃ
¡Ñº¼Ù‰ãª‰ áÅÐÊ¶Ò¹Õ¤Çº¤ØÁà¢μ¢‰ÍÁÙÅ (Field Control Station) à»“¹Ê̂Ç¹¤Çº¤ØÁ àª×èÍÁμˆÍ¡Ñº¡ÃÐºÇ¹¡ÒÃä´‰
·Ñé§áººÊÑÒ³àªÔ§áÍ¹ÐÅçÍ¡áÅÐ´Ô¨Ô·ÑÅ ·Ñé§ÊÍ§Ê¶Ò¹Õàª×èÍÁμˆÍ´‰ÇÂà¤Ã×Í¢̂ÒÂ¡ÒÃ¤Çº¤ØÁàÇÅÒ¨ÃÔ§ (Vnet)

ÊíÒËÃÑºÃÒÂÅÐàÍÕÂ´¢Í§¡ÒÃ¤Çº¤ØÁáºº¡ÃÐ¨ÒÂμÑÇ ¢ÍãË‰ÈÖ¡ÉÒà¾ÔèÁàμÔÁã¹ [23]

3.2.1 ¡ÒÃÇÔà¤ÃÒÐËŒ¼ÅμÍºÊ¹Í§ÊÀÒÇÐªÑèÇ¤ÃÙˆ

ã¹Ê̂Ç¹¹Õé¢Í¹íÒàÊ¹Í¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ¡ÃÐºÇ¹¡ÒÃ ´‰ÇÂÇÔ¸ÕÇÔà¤ÃÒÐËŒ¼ÅμÍºÊ¹Í§¢Ñé¹ºÑ¹ä´ (Step-

response analysis) [24, 25] «Öè§à»“¹ÇÔ¸ÕäÁˆÍÔ§¾ÒÃÒÁÔàμÍÃŒ (Nonparamatric method) ¡ˆÍ¹¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ
àÃÒ í̈Òà»“¹μ‰Í§àÅ×Í¡ Ø̈´¡ÒÃ·íÒ§Ò¹ áÅÐ»ÃÑºÊÑÒ³¤Çº¤ØÁ»„Í¹à¢‰ÒÊÙˆ¡ÃÐºÇ¹¡ÒÃ¨¹¡ÃÐ·Ñè§ÊÑÒ³¢Ò
ÍÍ¡à¢‰ÒÊÙˆÊÀÒÇÐÍÂÙˆμÑÇ ËÅÑ§¨Ò¡¹Ñé¹ãË‰ÃÑ¡ÉÒÊÑÒ³¤Çº¤ØÁË¹Öè§ãË‰ÁÕ¤ˆÒ¤§·Õè áÅ‰Ç Ö̈§»ÃÑºÊÑÒ³¤Çº¤ØÁ
Í×è¹à»“¹ÊÑÒ³¢Ñé¹ºÑ¹ä´¨Ò¡¹Ñé¹ºÑ¹·Ö¡¡ÒÃà»ÅÕèÂ¹á»Å§¢Í§ÊÑÒ³¢ÒÍÍ¡

¾Ô¨ÒÃ³Ò¼ÅμÍºÊ¹Í§¢Í§ÊÑÒ³¢ÒÍÍ¡àÁ×èÍ»„Í¹ÊÑÒ³¢Òà¢‰Òà»“¹ÊÑÒ³áºº¢Ñé¹ºÑ¹ä´ ¤ÇÒÁ
ÊÑÁ¾Ñ¹¸ŒÁÕÃÙ»áººà»“¹¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹ÍÑ¹´ÑºË¹Öè§·ÕèÁÕ¡ÒÃ»ÃÐÇÔ§àÇÅÒ ´Ñ§¹Õé

)�*� �
+,���

"*� �
(3.2)
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magnitude

time
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ÃÙ»·Õè 3.4: ¼ÅμÍºÊ¹Í§¢Ñé¹ºÑ¹ä´¢Í§áºº í̈ÒÅÍ§ÍÑ¹´ÑºË¹Öè§·ÕèÁÕ¡ÒÃ»ÃÐÇÔ§àÇÅÒ

ÃÙ»·Õè 3.4 áÊ´§¼ÅμÍºÊ¹Í§¢Í§áºº í̈ÒÅÍ§ÍÑ¹´ÑºË¹Öè§·ÕèÁÕ¡ÒÃ»ÃÐÇÔ§àÇÅÒ â´Â·ÕèÍÑμÃÒ¢ÂÒÂ, ¡ÒÃ»ÃÐÇÔ§
àÇÅÒ, áÅÐ¤ˆÒ¤§μÑÇàÇÅÒËÒä´‰¨Ò¡

+ �
.� � .�
/

�

� � - � -�� �

" � -�� � -

àÁ×èÍ / ¤×Í¢¹Ò´¢Í§ÊÑÒ³¢Òà¢‰Ò .� áÅÐ .� ¤×Í¢¹Ò´¢Í§ÊÑÒ³¢ÒÍÍ¡ ³ Ø̈´àÃÔèÁμ‰¹áÅÐ Ø̈´ÊØ´
·‰ÒÂ μÒÁÅíÒ´Ñº - à»“¹àÇÅÒ·ÕèÊÑÒ³¢ÒÍÍ¡àÃÔèÁà»ÅÕèÂ¹á»Å§¨Ò¡ .� ¢³Ð·Õè -�� à»“¹àÇÅÒ·Õèà»ÅÕèÂ¹á»Å§
¨Ò¡ .� ä»à»“¹ .�� ¹Ñè¹¤×Í ¨Ø´·ÕèÊÑÒ³¢ÒÍÍ¡ÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§ ��� ÊíÒËÃÑº¡ÒÃμÃÇ¨ÊÍº¤ÇÒÁáÁˆ¹
ÂíÒ¢Í§áºº í̈ÒÅÍ§ àÃÒà»ÃÕÂºà·ÕÂºÃÐËÇˆÒ§ ¼ÅμÍºÊ¹Í§¨ÃÔ§¡Ñº¼ÅμÍºÊ¹Í§·Õè»ÃÐÁÒ³¨Ò¡áºº í̈ÒÅÍ§
áÅ‰Ç¤íÒ¹Ç³¤ˆÒà©ÅÕèÂ¨Ò¡ÃÒ¡·ÕèÊÍ§¢Í§¼ÅÃÇÁ¤ÇÒÁ¼Ô´¾ÅÒ´¡íÒÅÑ§ÊÍ§´Ñ§¹Õé

, �

���� �

�

��
���

��� � ����
� (3.3)

â´Â·Õè � ¤×Í í̈Ò¹Ç¹¢‰ÍÁÙÅ �� ¤×Í¼ÅμÍºÊ¹Í§¨ÃÔ§·Õèä´‰¨Ò¡¡ÒÃÇÑ´ áÅÐ ��� ¤×Í¼ÅμÍºÊ¹Í§·Õè»ÃÐÁÒ³
¨Ò¡áºº¨íÒÅÍ§

3.2.2 áºº í̈ÒÅÍ§¾ÅÇÑμ¢Í§ËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´

à¹×èÍ§¨Ò¡ËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´ÁÕÊÍ§ÊÑÒ³¢Òà¢‰Ò ¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ¨Ö§áº̂§¡ÒÃ·´ÅÍ§ÍÍ¡
à»“¹ 2 Ê̂Ç¹ä´‰á¡̂ Ê̂Ç¹áÃ¡á»Ã¼Ñ¹ÊÑÒ³¤Çº¤ØÁÍÑμÃÒ¡ÒÃμ‰Á«íéÒ áÅÐÊ̂Ç¹·ÕèÊÍ§á»Ã¼Ñ¹ÊÑÒ³¤Çº
¤ØÁÍÑμÃÒÊ̂Ç¹»„Í¹¡ÅÑºÂÍ´ËÍ ¨Ò¡¹Ñé¹¹íÒÊÑÒ³¢ÒÍÍ¡ÍØ³ËÀÙÁÔÂÍ´ËÍáÅÐ°Ò¹ËÍä»ÇÔà¤ÃÒÐËŒ¼ÅμÍº
Ê¹Í§ªÑèÇ¤ÃÙˆ ä´‰áºº¨íÒÅÍ§´Ñ§¹Õé
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3.2.2.1 áºº í̈ÒÅÍ§àÁ×èÍá»Ã¼Ñ¹ÍÑμÃÒ¡ÒÃμ‰Á«íéÒ

¡íÒË¹´ÊÑÒ³¢Òà¢‰Ò»„Í¹ãË‰¡ÑºËÁ‰Íμ‰Á«íéÒà»“¹ÊÑÒ³¢Ñé¹ºÑ¹ä´ ¢¹Ò´à·̂Ò¡Ñº  
� «Öè§ÁÕ¤ˆÒà·̂Ò
¡Ñº¡íÒÅÑ§ä¿¿„Ò ! 
 ÇÑμμŒ ·ÕèàÅ×Í¡ãª‰¤ˆÒ¹Õéà¹×èÍ§¨Ò¡à»“¹¤ˆÒ»¡μÔÊíÒËÃÑº¡ÒÃ¡ÅÑè¹ÊÒÃ¼ÊÁÃÐËÇˆÒ§¹íéÒ¡ÑºàÍ·Ò-
¹ÍÅáÅÐ·íÒãË‰¤ÇÒÁ´Ñ¹ÀÒÂã¹ËÍ¡ÅÑè¹ÁÕ¤ˆÒ¤§·Õè [20] àÁ×èÍ¼ÅμÍºÍØ³ËÀÙÁÔÂÍ´ËÍáÅÐ°Ò¹ËÍÁÕ¤ˆÒ¤§·ÕèáÅ‰Ç
¨Ö§á»Ã¼Ñ¹ÍÑμÃÒ¡ÒÃμ‰Á«íéÒà»“¹¤ˆÒμˆÒ§æ ¨Ò¡¹Ñé¹¹íÒÊÑÒ³¢ÒÍÍ¡ÁÒÇÔà¤ÃÒÐËŒÊÀÒÇÐªÑèÇ¤ÃÙˆ ä´‰¼ÅÅÑ¾¸Œà»“¹
¤ˆÒ¾ÒÃÒÁÔàμÍÃŒ¢Í§¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹ áÊ´§´Ñ§μÒÃÒ§·Õè 3.1 ¤ˆÒ¾ÒÃÒÁÔàμÍÃŒ·Õèà»“¹àÇÅÒ ä´‰á¡̂ "� � ÁÕË¹ˆÇÂ
à»“¹¹Ò·Õ áÅÐ , à»“¹¤ÇÒÁ¼Ô´¾ÅÒ´à©ÅÕèÂ ÃÙ»·Õè 3.5 áÊ´§¼ÅμÍºÊ¹Í§¨ÃÔ§áÅÐ¼ÅμÍºÊ¹Í§·Õèä´‰¨Ò¡áºº
¨íÒÅÍ§ àÁ×èÍ»ÃÑºÊÑÒ³¤Çº¤ØÁÍÑμÃÒ¡ÒÃμ‰Á«íéÒãË‰ÁÕ¢¹Ò´à¾ÔèÁ¢Öé¹ (¡) à¾ÔèÁ¢Öé¹ 10% (¢) à¾ÔèÁ¢Öé¹ 20% áÅÐ
»ÃÑºÊÑÒ³¤Çº¤ØÁÍÑμÃÒ¡ÒÃμ‰Á«íéÒãË‰ÁÕ¢¹Ò´Å´Å§ (¤) Å´Å§ 10% (§) Å´Å§ 20% ¨ÐàËç¹ÇˆÒ ¼ÅμÍº
Ê¹Í§·Õèä´‰¨Ò¡áºº¨íÒÅÍ§ÁÕ¤ÇÒÁã¡Å‰à¤ÕÂ§¡Ñº¼ÅμÍºÊ¹Í§¨ÃÔ§ ÍÂˆÒ§äÃ¡çμÒÁ àÁ×èÍàÃÒà¾ÔèÁ¾ÅÑ§§Ò¹ãË‰¡Ñº
Ê̂Ç¹μ‰Á«íéÒÁÒ¡¢Öé¹ ¨Ð·íÒãË‰ÍØ³ËÀÙÁÔ¢Í§ÃÐººÃÇÁÊÙ§ÁÒ¡¢Öé¹´‰ÇÂ áÅÐäÁ̂ÊÒÁÒÃ¶·íÒãË‰ÍØ³ËÀÙÁÔà¢‰ÒÊÙˆÊÀÒÇÐ
¤§μÑÇä´‰ã¹ÃÐººÇ§à»”´ ´Ñ§àªˆ¹¼ÅμÍºÊ¹Í§àÁ×èÍà¾ÔèÁÍÑμÃÒ¡ÒÃμ‰Á«íéÒ 20%

μÒÃÒ§·Õè 3.1: ¤ˆÒ¾ÒÃÒÁÔàμÍÃŒ¢Í§áºº í̈ÒÅÍ§ÍÑ¹´ÑºË¹Öè§àÁ×èÍá»Ã¼Ñ¹ÍÑμÃÒ¡ÒÃμ‰Á«íéÒ
Ê̂Ç¹μ‰Á«íéÒ ÍØ³ËÀÙÁÔÂÍ´ËÍ (Æ��) ÍØ³ËÀÙÁÔ°Ò¹ËÍ (Æ��)

Æ� ��� ��� ��� ��� ��� ��� ��� ���

-20% -3.609 0.7056 1.610 0.3413 14.69 0.3024 0.202 0.5999

-10% -107.1 7.419 18.90 0.7885 -124.7 15.08 11.2 0.6794

+10% -45.40 2.540 0.242 0.4117 80.33 17.24 6.29 0.4189

+20% 79.5 5.292 2.960 0.7237 47.15 1.129 0.212 1.3744

3.2.2.2 áºº í̈ÒÅÍ§àÁ×èÍá»Ã¼Ñ¹ÍÑμÃÒÊˆÇ¹»„Í¹¡ÅÑºÂÍ´ËÍ

¡íÒË¹´ãË‰ÊÑÒ³¤Çº¤ØÁÍÑμÃÒÊ̂Ç¹»„Í¹¡ÅÑºÂÍ´ËÍ ÁÕ Ø̈´·íÒ§Ò¹·Õè¤ˆÒ 70% ËÃ×Í¤Ô´à»“¹ÍÑμÃÒ
Ê̂Ç¹à·̂Ò¡Ñº 7 μˆÍ 3 ËÁÒÂ¤ÇÒÁÇˆÒã¹ÇÑ¯ Ñ̈¡Ã 10 ÇÔ¹Ò·Õ Ê̂Ç¹»„Í¹¡ÅÑºÂÍ´ËÍ¨Ð»„Í¹¢Í§àËÅÇ·Õè
ä´‰¨Ò¡¡ÒÃ¤Çºá¹ˆ¹¡ÅÑºä»ÂÑ§¤ÍÅÑÁ¹Œ¢Í§ËÍ¡ÅÑè¹à»“¹àÇÅÒ 7 ÇÔ¹Ò·Õ áÅÐÃÐºÒÂÍÍ¡¨Ò¡ÃÐººà»“¹¼ÅÔμ
ÀÑ³±ŒÂÍ´ËÍ 3 ÇÔ¹Ò·Õ ¨Ò¡¹Ñé¹ Ö̈§á»Ã¼Ñ¹ÍÑμÃÒÊ̂Ç¹»„Í¹¡ÅÑºÂÍ´ËÍáÅ‰ÇºÑ¹·Ö¡ÊÑÒ³¢ÒÍÍ¡ áÅ‰Ç
ÇÔà¤ÃÒÐËŒ¼ÅμÍºÊ¹Í§ÊÀÒÇÐªÑèÇ¤ÃÙˆ μÒÃÒ§·Õè 3.2 áÊ´§¤ˆÒ¾ÒÃÒÁÔàμÍÃŒμˆÒ§æ ¢Í§¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹ ÃÙ»·Õè
3.6 áÊ´§¼ÅμÍºÊ¹Í§¨ÃÔ§¡Ñº¼ÅμÍºÊ¹Í§·Õè»ÃÐÁÒ³¨Ò¡áºº í̈ÒÅÍ§àÁ×èÍ»ÃÑºÊÑÒ³¤Çº¤ØÁÍÑμÃÒÊ̂Ç¹
»„Í¹¡ÅÑºÂÍ´ËÍãË‰à¾ÔèÁ¢Öé¹ (¡) à¾ÔèÁ¢Öé¹ 10% (¢) à¾ÔèÁ¢Öé¹ 20% áÅÐ»ÃÑºÊÑÒ³¤Çº¤ØÁÍÑμÃÒÊ̂Ç¹»„Í¹
¡ÅÑºÂÍ´ËÍãË‰Å´Å§ (¤) Å´Å§ 10% (§) Å´Å§ 20% ¨ÐàËç¹ä´‰ÇˆÒ¼ÅμÍºÊ¹Í§·Õèä´‰¨Ò¡áºº¨íÒÅÍ§ÁÕ¤ÇÒÁ
ã¡Å‰à¤ÕÂ§¡Ñº¼ÅμÍºÊ¹Í§¨ÃÔ§

àÁ×èÍàÊÃç¨ÊÔé¹¡ÒÃ´íÒà¹Ô¹¡ÒÃ¨Ò¡¡ÒÃ»ÃÑºà»ÅÕèÂ¹ÊÑÒ³¤Çº¤ØÁä»ÂÑ§ Ø̈´·íÒ§Ò¹μˆÒ§æ àÃÒä´‰¹íÒ¼ÅÔμ
ÀÑ³±ŒÂÍ´ËÍ (��) áÅÐ¼ÅÔμÀÑ³±Œ°Ò¹ËÍ (��) ÁÒËÒ¤ˆÒ¤ÇÒÁà¢‰Á¢‰¹ã¹Ë¹ˆÇÂàÈÉÊ̂Ç¹âÁÅ (mole fraction)

áÊ´§¼ÅÅÑ¾¸Œ´Ñ§μÒÃÒ§·Õè 3.3
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ÃÙ»·Õè 3.5: à»ÃÕÂºà·ÕÂº¼ÅμÍº¨ÃÔ§áÅÐ¼ÅμÍº·Õèä ‰́¨Ò¡áºº í̈ÒÅÍ§àÁ×èÍ»ÃÑºÊÑÒ³¤Çº¤ØÁ (¡) áÅÐ (¢) »ÃÑº
ÊÑÒ³¤Çº¤ØÁÍÑμÃÒ¡ÒÃμ‰Á«íéÒ¨Ò¡ 50% à¾ÔèÁ¢Öé¹ 10% áÅÐ 20% μÒÁÅíÒ Ñ́º (¤) áÅÐ (§) »ÃÑºÊÑÒ³¤Çº¤ØÁÍÑμÃÒ
¡ÒÃμ‰Á«íéÒÅ´Å§ 10% áÅÐ 20% μÒÁÅíÒ Ñ́º
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ÃÙ»·Õè 3.6: à»ÃÕÂºà·ÕÂº¼ÅμÍº¨ÃÔ§áÅÐ¼ÅμÍº·Õèä ‰́¨Ò¡áºº í̈ÒÅÍ§àÁ×èÍ»ÃÑºÊÑÒ³¤Çº¤ØÁ (¡) áÅÐ (¢) »ÃÑº
ÊÑÒ³»„Í¹¡ÅÑºÂÍ´ËÍ¨Ò¡ 70% à¾ÔèÁ¢Öé¹ 10% áÅÐ 20% μÒÁÅíÒ Ñ́º (¤) áÅÐ (§) »ÃÑºÊÑÒ³»„Í¹¡ÅÑºÂÍ´ËÍÅ´
Å§ 10% áÅÐ 20% μÒÁÅíÒ Ñ́º
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μÒÃÒ§·Õè 3.2: ¤ˆÒ¾ÒÃÒÁÔàμÍÃŒ¢Í§áºº í̈ÒÅÍ§ÍÑ¹´ÑºË¹Öè§àÁ×èÍá»Ã¼Ñ¹ÍÑμÃÒÊ̂Ç¹»„Í¹¡ÅÑºÂÍ´ËÍ
Ê̂Ç¹»„Í¹¡ÅÑºÂÍ´ËÍ ÍØ³ËÀÙÁÔÂÍ´ËÍ (Æ��) ÍØ³ËÀÙÁÔ°Ò¹ËÍ (Æ��)

Æ� ��� ��� ��� ��� ��� ��� ��� ���

-20% -72.38 20.06 18.00 1.1209 -74.48 21.98 0.302 0.2312

-10% -18.70 11.73 1.050 0.1759 -114.8 18.99 0.242 0.6524

+10% 3.163 1.058 1.460 0.1041 9.665 0.6048 0.403 0.5556

+20% 1.479 0.2016 0.302 0.0897 -7.406 7.661 21.1 0.4765

μÒÃÒ§·Õè 3.3: ¤ÇÒÁà¢‰Á¢‰¹¢Í§¼ÅÔμÀÑ³±Œ·Õèä´‰¨Ò¡¡ÒÃ»ÃÑºà»ÅÕèÂ¹ÊÑÒ³¤Çº¤ØÁ

Ê̂Ç¹μ‰Á«íéÒ Æ� ¼ÅÔμÀÑ³±ŒÂÍ´ËÍ (��) ¼ÅÔμÀÑ³±Œ°Ò¹ËÍ (��)

-20% 81.00 5.25

-10% 75.67 3.50

0% - -

+10% 75.00 7.00

+20% 75.33 8.00

Ê̂Ç¹»„Í¹¡ÅÑºÂÍ´ËÍ Æ� ¼ÅÔμÀÑ³±ŒÂÍ´ËÍ (��) ¼ÅÔμÀÑ³±Œ°Ò¹ËÍ (��)

-20% 83.17 8.33

-10% 88.83 8.33

0% - -

+10% 86.50 7.75

+20% 89.75 7.25

¨Ò¡¢Ñé¹μÍ¹¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ ¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹¢Í§¡ÒÃ»ÃÑºà»ÅÕèÂ¹ÊÑÒ³¤Çº¤ØÁÍÑμÃÒ¡ÒÃμ‰Á
«íéÒ í̈Ò¹Ç³ 4 ¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹ áÅÐ¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹¢Í§¡ÒÃ»ÃÑºà»ÅÕèÂ¹ÊÑÒ³¤Çº¤ØÁÍÑμÃÒÊ̂Ç¹»„Í¹¡ÅÑº
ÂÍ´ËÍ í̈Ò¹Ç¹ 4 ¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹àª̂¹¡Ñ¹ àÃÒ¹íÒáºº í̈ÒÅÍ§·Ñé§ÊÍ§¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÁÒÊÃ‰Ò§áºº í̈ÒÅÍ§·ÕèÁÕ
ÅÑ¡É³Ðà»“¹àÁ·ÃÔ¡«Œ¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹ ´Ñ§ÊÁ¡ÒÃ (3.1) ¨ÐÁÕáºº¨íÒÅÍ§àÁ·ÃÔ¡«Œ¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹·Õèà»“¹ä»
ä´‰ " � " � �� ÃÙ»áºº ¨ÐàËç¹ÇˆÒ áºº í̈ÒÅÍ§ÁÕ¤ˆÒ¾ÒÃÒÁÔàμÍÃŒáμ¡μˆÒ§¡Ñ¹¢Öé¹ÍÂÙˆ¡Ñº Ø̈´·íÒ§Ò¹ËÃ×Í¢¹Ò´
¢Í§ÊÑÒ³¢Òà¢‰Ò ·Õèà»“¹àªˆ¹¹Õé à¹×èÍ§¨Ò¡¤ÇÒÁäÁˆà»“¹àªÔ§àÊ‰¹¢Í§ËÍ¡ÅÑè¹ º̂ÍÂ¤ÃÑé§ ¤ÇÒÁáμ¡μˆÒ§¹ÕéÁÕ
ª×èÍàÃÕÂ¡ÇˆÒ ¤ÇÒÁäÁˆá¹ˆ¹Í¹ «Öè§àÃÒ¨Ð¹íÒàÊ¹Í¡ÒÃÇÔà¤ÃÒÐËŒ¤ÇÒÁäÁˆá¹ˆ¹Í¹ã¹áºº í̈ÒÅÍ§ã¹ÅíÒ´Ñº·‰ÒÂÊØ´
â´Â¨Ð¹íÒàÊ¹Í·ÄÉ®Õ¡ÒÃËÒ¼ÅÊÑÁÄ·¸ÔìÊíÒËÃÑºàÁ·ÃÔ¡«Œ¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹à»“¹ÍÑ¹´ÑºáÃ¡

3.3 ¡ÒÃËÒ¼ÅÊÑÁÄ·¸ÔìÊíÒËÃÑºàÁ·ÃÔ¡«Œ¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹

ã¹ºÒ§¡Ã³Õ ¤Ø³ÅÑ¡É³ÐμÒÁ¸ÃÃÁªÒμÔËÃ×ÍÃÒÂÅÐàÍÕÂ´ÍÂ̂Ò§§̂ÒÂÊíÒËÃÑºÃÐºº¾ÅÇÑμ ÁÑ¡áÊ´§ã¹
ÃÙ»¢Í§àÁ·ÃÔ¡«Œ¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹ [26] àªˆ¹ ã¹ÃÐºº·ÕèÁÕ¤ÇÒÁ«Ñº«‰Í¹ÊÙ§ à»“¹μ‰¹ ·íÒãË‰¡ÒÃÇÔà¤ÃÒÐËŒ
ÊÁ¡ÒÃÍ¹Ø¾Ñ¹¸Œ¡ÃÐ·íÒä´‰ÂÒ¡ ´‰ÇÂàËμØ¹Õé àÃÒ Ö̈§ÇÔà¤ÃÒÐËŒÃÐºº´‰ÇÂÇÔ¸Õ¡ÒÃ»ÃÐÁÒ³áºº í̈ÒÅÍ§·Õèá¹ˆ¹Í¹
ËÃ×Í´‰ÇÂÇÔ¸Õ¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ ÍÂˆÒ§äÃ¡çμÒÁ ¡ÒÃ¤íÒ¹Ç³»ÃÔÀÙÁÔÊ¶Ò¹Ðà»“¹à¤Ã×èÍ§Á×Í·ÕèÊÐ´Ç¡ÍÂˆÒ§ÁÒ¡ã¹
¡ÒÃ í̈ÒÅÍ§º¹â»Ãá¡ÃÁ¤ÍÁ¾ÔÇàμÍÃŒáÅÐã¹¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁÊÁÑÂãËÁ̂ ´Ñ§¹Ñé¹¡ÒÃáÊ´§ã¹ÃÙ»»ÃÔÀÙÁÔ
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Ê¶Ò¹Ð·ÕèàËÁÒÐÊÁÊíÒËÃÑº¼ÅÅÑ¾¸Œ¢Í§àÁ·ÃÔ¡«Œ¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹ Ö̈§à»“¹ÊÔè§ í̈Òà»“¹
ÊÁÁμÔãË‰ )�*� ¤×ÍàÁ·ÃÔ¡«Œ¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹ áÅ‰ÇàÃÒàÃÕÂ¡áºº¨íÒÅÍ§»ÃÔÀÙÁÔÊ¶Ò¹Ð �	�
���� ã¹

ÊÁ¡ÒÃ (3.4) ÇˆÒ¼ÅÊÑÁÄ·¸Ôì¢Í§ )�*�

)�*� �

�
	 


 �

�
(3.4)

ã¹¡ÒÃËÒ¼ÅÊÑÁÄ·¸ÔìÊíÒËÃÑºàÁ·ÃÔ¡«Œ¶ˆÒÂâÍ¹ËÅÒÂÊÑÒ³¢Òà¢‰Ò-ËÅÒÂÊÑÒ³¢ÒÍÍ¡ (multiple-input and

multiple-output transfer matrix: MIMO) ÁÕËÅÒÂÃÙ»áºº ÍÑ¹´ÑºáÃ¡àÃÒ¨Ð¾Ô¨ÒÃ³Ò¡ÒÃËÒ¼ÅÊÑÁÄ·¸Ôì
ÊíÒËÃÑºÃÐººÊÑÒ³¢Òà¢‰Òà´ÕÂÇ-ËÅÒÂÊÑÒ³¢ÒÍÍ¡ (single-input and multiple-output: SIMO) ¨Ò¡
¹Ñé¹¨Ð¾Ô¨ÒÃ³ÒÃÐººËÅÒÂÊÑÒ³¢Òà¢‰Ò-ÊÑÒ³¢ÒÍÍ¡à´ÕÂÇ (multiple-input and single-output: MISO)
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àÃÕÂ¡ÃÙ»áºº¢Í§ÊÁ¡ÒÃ»ÃÔÀÙÁÔÊ¶Ò¹Ð¹ÕéÇˆÒ ÃÙ»ºÑÑμÔμÑÇ¤Çº¤ØÁ (controller canonical form) ã¹ÊÀÒÇÐ¤Ùˆ¡Ñ¹
¾Ô¨ÒÃ³ÒÃÐººËÅÒÂÊÑÒ³¢Òà¢‰Ò-ÊÑÒ³¢ÒÍÍ¡à´ÕÂÇ
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(3.5)

àÃÕÂ¡ÃÙ»áºº¢Í§ÊÁ¡ÒÃ»ÃÔÀÙÁÔÊ¶Ò¹Ð¹ÕéÇˆÒ ÃÙ»ºÑÑμÔμÑÇÊÑ§à¡μ (observer canonical form) á¹Ç·Ò§·Õè§̂ÒÂ
áÅÐμÃ§ä»μÃ§ÁÒ·ÕèÊØ´ã¹¡ÒÃËÒ¼ÅÊÑÁÄ·¸Ôì ÊíÒËÃÑºÃÐººËÅÒÂÊÑÒ³¢Òà¢‰Ò-ËÅÒÂÊÑÒ³¢ÒÍÍ¡ ¤×Í
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¾Ô¨ÒÃ³Òá»Å§ÃÙ»ã¹áμˆÅÐÊÁÒªÔ¡¢Í§àÁ·ÃÔ¡«Œ )�*� ¨Ò¡¹Ñé¹ÃÇÁ¼ÅÊÑÁÄ·¸Ôìã¹áμˆÅÐÊÁÒªÔ¡à¢‰Ò´‰ÇÂ¡Ñ¹ [26]

à¾×èÍãË‰à¢‰Òã¨§̂ÒÂ¢Öé¹ Â¡μÑÇÍÂˆÒ§¡ÒÃ¾Ô¨ÒÃ³ÒàÁ·ÃÔ¡«Œ¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹ 	� 	 ´Ñ§¹Õé

)��*� �

�
)��*� )��*�

)��*� )��*�

�

ÊÁÁμÔãË‰ )
�*� � � �� 	� � � � � " ÁÕ¼ÅÊÑÁÄ·¸Ôì´Ñ§áÊ´§

)
�*� �

�
	
 




 �


�
� � � �� � � � � "

áÅ‰ÇàÃÒÊÒÁÒÃ¶à¢ÕÂ¹¼ÅÊÑÁÄ·¸Ôì¢Í§ )�*� ä´‰´Ñ§¹Õé
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(3.6)

àªˆ¹à´ÕÂÇ¡ÑºμÑÇÍÂˆÒ§¢‰Ò§μ‰¹ áºº í̈ÒÅÍ§ËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´·Õèä´‰¨Ò¡¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œã¹ËÑÇ¢‰Í·Õè
¼ˆÒ¹ÁÒ ÁÕÅÑ¡É³Ðà»“¹àÁ·ÃÔ¡«Œ¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹¢¹Ò´ 	 � 	 ¨íÒ¹Ç¹ 16 áºº¨íÒÅÍ§ àÃÒÊÒÁÒÃ¶ËÒ
¼ÅÊÑÁÄ·¸ÔìÊíÒËÃÑºàÁ·ÃÔ¡«Œ¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹ã¹·Ø¡æ áºº¨íÒÅÍ§ä´‰ ã¹·Õè¹Õé¨Ð¢ÍÂ¡μÑÇÍÂˆÒ§¡ÒÃËÒ¼ÅÊÑÁÄ·¸Ôì
â´Âãª‰¢‰ÍÁÙÅ¨Ò¡¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œà¾ÕÂ§ 1 áºº¨íÒÅÍ§à·ˆÒ¹Ñé¹ áÊ´§ÊÁ¡ÒÃàÁ·ÃÔ¡«Œ¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹μÑÇ
ÍÂˆÒ§´Ñ§ÊÁ¡ÒÃ (3.7)
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� (3.7)

ÊÑ§à¡μÇˆÒ àÁ·ÃÔ¡«Œ¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹¢‰Ò§μ‰¹»ÃÒ¡¯¤ˆÒ»ÃÐÇÔ§àÇÅÒ ã¹§Ò¹ÇÔ¨ÑÂ¹ÕéàÃÒàÅ×Í¡»ÃÐÁÒ³¤ˆÒ»ÃÐÇÔ§
àÇÅÒ´‰ÇÂÇÔ¸Õ¡ÒÃ»ÃÐÁÒ³¾Òà´ (Pad́e approximation) «Öè§à»“¹ÇÔ¸Õ»ÃÐÁÒ³â´Â¡ÒÃ Ñ̈´ËÁÙˆ¢Í§¡ÒÃ¡ÃÐ¨ÒÂ
Í¹Ø¡ÃÁ¡íÒÅÑ§¢Í§μÑÇàÈÉáÅÐμÑÇÊ̂Ç¹à¢‰Ò´‰ÇÂ¡Ñ¹ [27] ã¹¡Ã³Õ·ÕèàÃÒãª‰ÍÑ¹´Ñº¢Í§¡ÒÃ»ÃÐÁÒ³ÊÙ§¢Öé¹ áºº
¨íÒÅÍ§¨ÐÁÕ¤ÇÒÁáÁ̂¹ÂíÒÁÒ¡¢Öé¹ áμˆ¢‰ÍàÊÕÂ¤×Í àÁ×èÍàÃÒËÒ¼ÅÊÑÁÄ·¸Ôì¢Í§àÁ·ÃÔ¡«Œ¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹ í̈Ò¹Ç¹
μÑÇá»ÃÊ¶Ò¹Ð¨Ðà¾ÔèÁ¢Öé¹μÒÁÍÑ¹´Ñºã¹¡ÒÃ»ÃÐÁÒ³¤ˆÒ»ÃÐÇÔ§àÇÅÒ¹Õé´‰ÇÂ ´Ñ§¹Ñé¹àÃÒ¨Ö§¾Ô¨ÒÃ³Òà»ÃÕÂºà·ÕÂº
¡ÒÃ»ÃÐÁÒ³¾Òà´·ÕèÍÑ¹´ÑºË¹Öè§áÅÐÍÑ¹´ÑºÊÍ§ áÊ´§ÊÁ¡ÒÃ¡ÒÃ»ÃÐÁÒ³ä´‰´Ñ§¹Õé

¡ÒÃ»ÃÐÁÒ³¾Òà´ÍÑ¹´ÑºË¹Öè§ � ,��� �
��

�*

	

� �
�*

	

¡ÒÃ»ÃÐÁÒ³¾Òà´ÍÑ¹´ÑºÊÍ§ � ,��� �
��

�*

	
�

��*��

�	

� �
�*

	
�

��*��

�	



29

¨Ò¡ËÅÑ¡¡ÒÃ¢‰Ò§μ‰¹ ÊÒÁÒÃ¶»ÃÐÁÒ³¤ˆÒ»ÃÐÇÔ§àÇÅÒã¹àÁ·ÃÔ¡«Œ¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹ ´‰ÇÂ¡ÒÃ»ÃÐÁÒ³¾Òà´
ÍÑ¹´ÑºË¹Öè§ä´‰´Ñ§¹Õé
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áÅÐàÁ·ÃÔ¡«Œ¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹·Õè»ÃÐÁÒ³¤ˆÒ»ÃÐÇÔ§àÇÅÒ´‰ÇÂ¡ÒÃ»ÃÐÁÒ³¾Òà´ÍÑ¹´ÑºÊÍ§¤×Í

)��*� �

�
�����

+��

�
�� ���*5	 � ����*�

�5�	
�

�"��*� �� �� � ���*5	 � ����*��5�	�

+��

�
�� ���*5	 � ����*�

�5�	
�

�"��*� �� �� � ���*5	 � ����*��5�	�

+��

�
�� ���*5	 � ����*�

�5�	
�

�"��*� �� �� � ���*5	 � ����*��5�	�

+��

�
�� ���*5	 � ����*�

�5�	
�

�"��*� �� �� � ���*5	 � ����*��5�	�

	




�

»ÃÐÁÒ³¤ˆÒ»ÃÐÇÔ§àÇÅÒã¹àÁ·ÃÔ¡«Œ¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹´‰ÇÂÇÔ¸Õ¡ÒÃ»ÃÐÁÒ³¾Òà´ÍÑ¹´ÑºË¹Öè§áÅÐÍÑ¹´ÑºÊÍ§ ¨Ò¡
¹Ñé¹ËÒ¼ÅÊÑÁÄ·¸ÔìμÒÁ·ÄÉ®Õ·Õè¹íÒàÊ¹Í¢‰Ò§μ‰¹ ÃÙ»·Õè 3.7 áÊ´§¡ÒÃÇÔà¤ÃÒÐËŒã¹â´àÁ¹¤ÇÒÁ¶Õèà»ÃÕÂºà·ÕÂº
ÃÐËÇˆÒ§¢¹Ò´ (magnitude) ¢Í§áºº í̈ÒÅÍ§»ÃÔÀÙÁÔÊ¶Ò¹Ð·ÕèÁÕ¡ÒÃ»ÃÐÁÒ³¤ˆÒ»ÃÐÇÔ§àÇÅÒ ´‰ÇÂÇÔ¸Õ¡ÒÃ
»ÃÐÁÒ³¾Òà´ÍÑ¹´ÑºË¹Öè§áÅÐÍÑ¹´ÑºÊÍ§μÒÁÅíÒ´Ñº ÃÙ»·Õè 3.8 áÊ´§¤ÇÒÁ¼Ô´¾ÅÒ´¨Ò¡¡ÒÃà»ÃÕÂºà·ÕÂº¡ÒÃ
»ÃÐÁÒ³¤ˆÒ»ÃÐÇÔ§àÇÅÒ¹Ñé¹ â´Âãª‰¤ÇÒÁ¼Ô´¾ÅÒ´ÊÑÁºÙÃ³Œ (absolute error) ã¹¢¹Ò´¢Í§áºº¨íÒÅÍ§à»“¹
à¤Ã×èÍ§Á×ÍªÕéÇÑ´¤ÇÒÁ¼Ô´¾ÅÒ´ áÊ´§ÊÁ¡ÒÃ´Ñ§¹Õé

 $)� �

����� )� �  �)�

)�

�����
àÁ×èÍ )� ¤×Í¢¹Ò´¢Í§áºº í̈ÒÅÍ§¨ÃÔ§ áÅÐ  �)� ¤×Í¢¹Ò´¢Í§áºº í̈ÒÅÍ§·Õè»ÃÐÁÒ³

¨Ò¡¡ÒÃÇÔà¤ÃÒÐËŒ¢‰ÍÁÙÅ¢Ñé¹μ‰¹¾ºÇˆÒ ¡ÒÃ»ÃÐÁÒ³¤ˆÒ»ÃÐÇÔ§àÇÅÒ´‰ÇÂÇÔ¸Õ¡ÒÃ»ÃÐÁÒ³¾Òà´ÍÑ¹´Ñº
Ë¹Öè§áÅÐÍÑ¹´ÑºÊÍ§ÊÒÁÒÃ¶ãË‰¼ÅμÍºã¡Å‰à¤ÕÂ§¡Ñº¼ÅμÍº¨ÃÔ§ ÍÂˆÒ§äÃ¡çμÒÁ ¡ÒÃ¾Ô¨ÒÃ³Ò»ÃÐÁÒ³¾Òà´
ÍÑ¹´ÑºË¹Öè§ã¹áºº¨íÒÅÍ§¹ÕéÁÕ¤ÇÒÁà¾ÕÂ§¾ÍÊíÒËÃÑº¡ÒÃ»ÃÐÁÒ³áºº¨íÒÅÍ§¨ÃÔ§ ´Ñ§¹Ñé¹¼ÅÊÑÁÄ·¸Ôì·Õèä´‰¨Ò¡
¡ÒÃ¾Ô¨ÒÃ³ÒμÑÇÍÂˆÒ§àÁ·ÃÔ¡«Œ¶̂ÒÂâÍ¹μÒÁÊÁ¡ÒÃ (3.7) ´‰ÇÂ¡ÒÃ»ÃÐÁÒ³¾Òà´ÍÑ¹´ÑºË¹Öè§ÊíÒËÃÑº¤ˆÒ»ÃÐÇÔ§
àÇÅÒä´‰¼ÅÅÑ¾¸Œ´Ñ§¹Õé
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(3.8)

ÊÒÁÒÃ¶ËÒ¼ÅÊÑÁÄ·¸Ôì¢Í§áºº í̈ÒÅÍ§àÁ·ÃÔ¡«Œ¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹Í×è¹ æ ä´‰àªˆ¹à´ÕÂÇ¡ÑºμÑÇÍÂˆÒ§¢‰Ò§μ‰¹
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ÃÙ»·Õè 3.7: à»ÃÕÂºà·ÕÂº¢¹Ò´¢Í§àÁ·ÃÔ¡«Œ¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹¡Ñº¼ÅμÍºÊ¹Í§·Õèä´‰¨Ò¡¡ÒÃ»ÃÐÁÒ³¾Òà´ã¹
áºº¨íÒÅÍ§»ÃÔÀÙÁÔÊ¶Ò¹Ð
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ÃÙ»·Õè 3.8: ¤ÇÒÁ¼Ô´¾ÅÒ´¢Í§¢¹Ò´ã¹¡ÒÃ»ÃÐÁÒ³¤ˆÒ»ÃÐÇÔ§àÇÅÒ
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3.4 ¡ÒÃªÑ¡μÑÇÍÂ̂Ò§ÃÐººàÇÅÒμˆÍà¹×èÍ§

»’ËÒâ´Â·ÑèÇä»ã¹¡ÒÃ¤Çº¤ØÁ¡ÃÐºÇ¹¡ÒÃ¼ˆÒ¹¤ÍÁ¾ÔÇàμÍÃŒ¤×Í àÃÒ¨ÐÍ¸ÔºÒÂÃÒÂÅÐàÍÕÂ´¢Í§ÃÐººàÇÅÒ
μˆÍà¹×èÍ§·Õèàª×èÍÁμˆÍ¡Ñº¤ÍÁ¾ÔÇàμÍÃŒ¼ˆÒ¹ÍØ»¡Ã³ŒμÑÇà»ÅÕèÂ¹ÊÑÒ³´Ô¨Ô·ÑÅà»“¹ÊÑÒ³áÍ¹ÐÅçÍ¡ áÅÐμÑÇ
à»ÅÕèÂ¹ÊÑÒ³áÍ¹ÐÅçÍ¡à»“¹ÊÑÒ³´Ô¨Ô·ÑÅ (A-D and D-A converters) ä´‰ÍÂˆÒ§äÃ [28] àÁ×èÍã¹
ÀÒ¤¢Í§¡ÒÃ¤Çº¤ØÁ¨Ò¡à¤Ã×èÍ§¤ÍÁ¾ÔÇàμÍÃŒà»“¹ÊÑÒ³´Ô¨Ô·ÑÅ áÅÐ¡ÃÐºÇ¹¡ÒÃ·ÕèàÃÒÊ¹ã¨Ê×èÍÊÒÃ¡Ñ¹´‰ÇÂ
ÊÑÒ³áÍ¹ÐÅçÍ¡ ¾Ô¨ÒÃ³ÒÃÐºº´Ñ§ÃÙ»·Õè 3.9 ÊÑÒ³·ÕèÊ̂§ÍÍ¡áÅÐÃÑºà¢‰Ò¨Ò¡¤ÍÁ¾ÔÇàμÍÃŒà»“¹ÊÑÒ³
áººÅíÒ´Ñº ���&��� áÅÐ ���&��� μÒÁÅíÒ´Ñº á¹Ç¤Ô´ã¹¡ÒÃá¡‰»’ËÒ¹Õé¤×Í ¡ÒÃËÒ¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§
ÊÑÒ³áººÅíÒ´Ñº¢Òà¢‰Ò áÅÐÊÑÒ³áººÅíÒ´Ñº¢ÒÍÍ¡ «Öè§¡ÒÃËÒáºº í̈ÒÅÍ§·ÕèÊÁÁÙÅ¡ÑºÃÐººàÇÅÒμˆÍ
à¹×èÍ§¹ÕéàÃÕÂ¡ÇˆÒ ¡ÒÃªÑ¡μÑÇÍÂˆÒ§ÃÐººàÇÅÒμˆÍà¹×èÍ§ (sampling a continuous-time system) [28]

ÃÙ»áºº·ÑèÇä»ÊíÒËÃÑº¡ÒÃ¤Çº¤ØÁ´‰ÇÂ¤ÍÁ¾ÔÇàμÍÃŒ¤×Í ¡ÒÃ¡íÒË¹´μÑÇà»ÅÕèÂ¹ÊÑÒ³´Ô¨Ô·ÑÅ à»“¹
ÊÑÒ³áÍ¹ÐÅçÍ¡ áÅÐ¤§¤ˆÒÊÑÒ³áÍ¹ÐÅçÍ¡äÇ‰¨¹¡ÇˆÒ¨ÐÁÕ¤íÒÊÑè§¡ÒÃá»Å§¼Ñ¹ãËÁˆ àÃÕÂ¡ÃÙ»áºº¹Õé
ÇˆÒ ¡ÒÃ¤§¤ˆÒÍÑ¹´ÑºÈÙ¹ÂŒ (zero-order-hold: ZOH) ´‰ÇÂÇÔ¸Õ¡ÒÃ¹ÕéàÃÒÊÒÁÒÃ¶àÅ×Í¡¡ÒÃªÑ¡μÑÇÍÂˆÒ§ºÑ´
´Å (sampling instants, &�) ä´‰§̂ÒÂ â´Â¡íÒË¹´ãË‰ÁÕ¤ˆÒà·̂Ò¡ÑºàÇÅÒ¡ÒÃà»ÅÕèÂ¹á»Å§¢Í§ÊÑÒ³¤Çº
¤ØÁ à¹×èÍ§¨Ò¡ ÇˆÒÊÑÒ³¤Çº¤ØÁÁÕ¤ˆÒäÁˆμˆÍà¹×èÍ§ ¨Ö§ í̈Òà»“¹ÍÂˆÒ§ÂÔè§·Õè¨Ðμ‰Í§¡íÒË¹´¾ÄμÔ¡ÃÃÁ¡ÒÃÃÑºáÅÐ
Ê̂§ÊÑÒ³ãË‰ÁÕ¤ÇÒÁäÁˆμˆÍà¹×èÍ§´‰ÇÂ àÃÒ¨ÐËÒ¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§μÑÇá»ÃÃÐºº¡ÑºÊÑÒ³¤Çº¤ØÁ ³
àÇÅÒ¡ÒÃªÑ¡μÑÇÍÂˆÒ§ºÑ´´Å¹Ñé¹ ¡íÒË¹´ãË‰ÊÑÒ³¤Çº¤ØÁã¹·Õè¹ÕéáÊ´§´‰ÇÂÊÑÒ³μÑÇÍÂˆÒ§ ���&�� � � �

� � � ���� 
� �� � � �� Ê¶Ò¹Ð·ÕèàÇÅÒ¡ÒÃªÑ¡μÑÇÍÂˆÒ§ &� áÅÐÊ¶Ò¹Ð·ÕèºÒ§àÇÅÒã¹Í¹Ò¤μ & ä´‰¨Ò¡¡ÒÃËÒ¼Å
à©ÅÂ¢Í§ÊÁ¡ÒÃ»ÃÔÀÙÁÔÊ¶Ò¹Ðã¹ÃÐººàÇÅÒμˆÍà¹×èÍ§ áÅ‰ÇÊ¶Ò¹Ð ³ àÇÅÒ & àÁ×èÍ &� � & � &��� ËÒä´‰¨Ò¡
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ÃÙ»·Õè 3.9: á¼¹ÀÒ¾ºÅçÍ¡¢Í§ÃÐººàÇÅÒμˆÍà¹×èÍ§àª×èÍÁμˆÍ¡ÑºμÑÇà»ÅÕèÂ¹ÊÑÒ³´Ô¨Ô·ÑÅà»“¹áÍ¹ÐÅçÍ¡ áÅÐ
ÊÑÒ³áÍ¹ÐÅçÍ¡à»“¹´Ô¨Ô·ÑÅ
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ã¹·Õè¹ÕéàÇ¡àμÍÃŒÊ¶Ò¹Ð·ÕèàÇÅÒ & ¤×Í¿’§¡ŒªÑ¹áººàªÔ§àÊ‰¹»ÃÐ¡Íº´‰ÇÂμÑÇá»Ã ��&�� áÅÐ ��&�� ¶‰ÒμÑÇà»ÅÕèÂ¹
ÊÑÒ³´Ô¨Ô·ÑÅà»“¹áÍ¹ÐÅçÍ¡ áÅÐÊÑÒ³áÍ¹ÐÅçÍ¡à»“¹´Ô¨Ô·ÑÅã¹ÃÙ»·Õè 3.9 ÁÕ¡ÒÃ»ÃÐÊÒ¹àÇÅÒ·ÕèÊÁºÙÃ³Œ
áºº áÅÐàÇÅÒã¹¡ÒÃá»Å§¼Ñ¹ÁÕ¤ˆÒàÅç¡¹‰ÍÂ¨¹ÍÒ¨ÅÐàÅÂä´‰ ÊÑÒ³¢Òà¢‰Ò � áÅÐÊÑÒ³¢ÒÍÍ¡ � ¨Ð
ÊÒÁÒÃ¶¾Ô¨ÒÃ³Òã¹àÇÅÒ¡ÒÃªÑ¡μÑÇÍÂˆÒ§ºÑ´´Åä´‰ ÃÐººÊÁ¡ÒÃ ³ àÇÅÒ¡ÒÃªÑ¡μÑÇÍÂˆÒ§ºÑ´´Å Ö̈§áÊ´§´Ñ§¹Õé

��&���� � %�&���� &����&�� � &�&���� &����&��

��&�� � ��&�� ����&�� (3.9)

àÁ×èÍ

%�&���� &�� � ,�
��������

&�&���� &�� �

� �������

�

,��2*


ÊÑ§à¡μÇˆÒ ÊÁ¡ÒÃ (3.9) äÁˆÁÕ¡ÒÃ»ÃÐÁÒ³ã´æ à¢‰ÒÁÒà¡ÕèÂÇ¢‰Í§ ËÁÒÂ¤ÇÒÁÇˆÒ ÊÁ¡ÒÃ¹Õé¨ÐãË‰¤ˆÒÊ¶Ò¹Ð
áÅÐ¤ˆÒÊÑÒ³¢ÒÍÍ¡·ÕèáÁˆ¹μÃ§ ³ ¡ÒÃªÑ¡μÑÇÍÂˆÒ§ºÑ´´Å ´‰ÇÂàËμØÇˆÒÊÑÒ³¤Çº¤ØÁÁÕ¤ˆÒ¤§·ÕèÃÐËÇˆÒ§
¡ÒÃªÑ¡μÑÇÍÂˆÒ§ºÑ´´Å¹Ñé¹ áºº í̈ÒÅÍ§ã¹ÊÁ¡ÒÃ (3.9) ¨Ö§àÃÕÂ¡ÇˆÒ ¡ÒÃªÑ¡μÑÇÍÂˆÒ§¤§¤ˆÒÍÑ¹´ÑºÈÙ¹ÂŒ¢Í§ÃÐºº
àÇÅÒμˆÍà¹×èÍ§

ã¹¡Ã³Õ¡ÒÃªÑ¡μÑÇÍÂˆÒ§à»“¹¤Òº ´‰ÇÂ¤ÒºàÇÅÒ 6 ¨Ò¡ÊÁ¡ÒÃ (3.9) àÃÒÊÒÁÒÃ¶à¢ÕÂ¹ÊÁ¡ÒÃÊ¶Ò¹Ð
ä´‰ãËÁˆ â´Â·Õè &� � 6 ´Ñ§¹Õé

���6� 6� � %���6� � &���6�

���6� � ���6� �����6�

àÁ×èÍ

% � ,��

& �

� �

�

,��2*
 (3.10)

ËÒÍ¹Ø¾Ñ¹¸Œ¢Í§ÊÁ¡ÒÃ (3.10) ¨Ðä´‰
2%�&�

2&
� 	%�&� � %�&�	

2&�&�

2&
� %�&�


ÊÒÁÒÃ¶à¢ÕÂ¹ãË‰ÍÂÙˆã¹ÃÙ»àÁ·ÃÔ¡«Œä´‰´Ñ§¹Õé
2

2&

�
%�&� &�&�


 %

�
�

�
%�&� &�&�


 %

��
	 



 


�

àÁ×èÍ % ¤×ÍàÁ·ÃÔ¡«ŒàÍ¡ÅÑ¡É³Œ·ÕèÁÕÁÔμÔà·̂Ò¡Ñº í̈Ò¹Ç¹ÊÑÒ³¢Òà¢‰Ò àÃÒÊÒÁÒÃ¶¤íÒ¹Ç³ËÒàÁ·ÃÔ¡«Œ %�6�
áÅÐ &�6� ã¹¤ÒºàÇÅÒªÑ¡μÑÇÍÂˆÒ§ 6 ä´‰¨Ò¡ÊÁ¡ÒÃ´Ñ§μˆÍä»¹Õé�

%�6� &�6�


 %

�
� �'(

��
	 



 


�
6

�
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ÁÕËÅÒÂ·Ò§àÅ×Í¡ÁíÒËÃÑº¡ÒÃ¤íÒ¹Ç³ËÒ¤ˆÒàÁ·ÃÔ¡«Œ % áÅÐ & ÁÕËÅÒÂ·Ò§àÅ×Í¡ã¹¡ÒÃ¤íÒ¹Ç³ [28] àªˆ¹
¡ÒÃ¤íÒ¹Ç³àªÔ§μÑÇàÅ¢´‰ÇÂâ»Ãá¡ÃÁ MATLAB à»“¹μ‰¹ ã¹¡Ã³Õ·ÕèÃÐººÁÕÍÑ¹´ÑºμíèÒ (� � 	) àÃÒÊÒÁÒÃ¶
¤íÒ¹Ç³ËÒ¤ˆÒàÁ·ÃÔ¡«Œ´Ñ§¡Å̂ÒÇä´‰´‰ÇÂÊÁ¡ÒÃ

) �

� �

�

,��2* � %6�
	6�

	*
�
	�6�

�*
� � � ��

	
6
��

��� ��*
� � � �

â´ÂàÁ·ÃÔ¡«Œ % áÅÐ & ä´‰¨Ò¡

% � % �	)

& � )


¨Ò¡ËÑÇ¢‰Í·Õè 3.3 àÃÒÁÕÊÁ¡ÒÃ»ÃÔÀÙÁÔÊ¶Ò¹Ðã¹àÇÅÒμˆÍà¹×èÍ§¢Í§ÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´
¨íÒ¹Ç¹ 16 áºº¨íÒÅÍ§ »ÃÐÂØ¡μŒ·ÄÉ®Õ¡ÒÃªÑ¡μÑÇÍÂˆÒ§ã¹ÃÐººàÇÅÒμˆÍà¹×èÍ§´‰ÇÂÇÔ¸Õ¤§¤ˆÒÍÑ¹´ÑºÈÙ¹ÂŒ à¾×èÍ
á»Å§áºº¨íÒÅÍ§ãË‰ÍÂÙˆã¹ÃÐººàÇÅÒÇÔÂØμ ã¹·Õè¹Õé¨Ð¢ÍÂ¡μÑÇÍÂˆÒ§´‰ÇÂáºº¨íÒÅÍ§ (3.8) â´Â¡íÒË¹´¤Òº¡ÒÃ
ªÑ¡μÑÇÍÂˆÒ§à·̂Ò¡Ñº 10 ÇÔ¹Ò·Õ «Öè§à»“¹¤ˆÒàÇÅÒà´ÕÂÇ¡Ñ¹¡Ñº ªˆÇ§àÇÅÒ¢Í§¢‰ÍÁÙÅ·Õèä´‰¨Ò¡¡ÒÃÐºØàÍ¡ÅÑÉ³ŒÃÐºº
¨ÃÔ§μÒÁã¹Ë‰Ç¢‰Í·Õè 3.2.2 áÅÐá»Å§áºº¨íÒÅÍ§ãË‰ÍÂÙˆã¹ÃÐººàÇÅÒÇÔÂØμâ´Âãª‰â»Ãá¡ÃÁ MATLAB ´‰ÇÂ¤íÒÊÑè§
sysd=c2d(ss(A1,B1,C1,D1),h,’zoh’) ä´‰¼ÅÅÑ¾¸Œ´Ñ§¹Õé

)���7� �

�
���������������������
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áºº¨íÒÅÍ§Í×è¹ æ ÊÒÁÒÃ¶á»Å§¼Ñ¹ãË‰ÍÂÙˆã¹ÃÐººàÇÅÒÇÔÂØμä´‰àªˆ¹à´ÕÂÇ¡ÑºμÑÇÍÂˆÒ§¢‰Ò§μ‰¹

3.5 ¡ÒÃÇÔà¤ÃÒÐËŒ¤ÇÒÁäÁ̂á¹̂¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ

ÊÁ¡ÒÃÊ¶Ò¹Ð·Õè¨Ø´·íÒ§Ò¹ã´æ ¢Í§áºº í̈ÒÅÍ§àªÔ§àÊ‰¹áÊ´§´Ñ§¹Õé

��� � �� � 	
���� �

����� àÁ×èÍ � � �� � � � � �

���� � �
���� ���
���� (3.11)

	
� 

� �
� ��
 à»“¹àÁ·ÃÔ¡«Œ·ÕèÍ¸ÔºÒÂÃÐºº ³ Ø̈´·íÒ§Ò¹ � áÅÐ � ¤×Í í̈Ò¹Ç¹¨Ø´·íÒ§Ò¹·Ñé§ËÁ´·Õè
àÃÒÊ¹ã¨ ÊÒÁÒÃ¶áÊ´§áºº¨íÒÅÍ§μÒÁÊÁ¡ÒÃ¢‰Ò§μ‰¹ã¹ÃÙ»áººÃÐºº·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¾ÒÃÒÁÔàμÍÃŒ
¤ˆÒ¨ÃÔ§ (real parametric uncertainty) ä´‰´Ñ§ÊÁ¡ÒÃ

��� � �� � �	��	����� � �
 ��
������

���� � �� �������� � ��� ��������� (3.12)
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â´Â·Õè 	� 
� � � �� ¤×ÍàÁ·ÃÔ¡«Œ¤ˆÒÃÐºØ (nomial matrix) «Öè§àÅ×Í¡¨Ò¡ÊÀÒÇÐ¡ÒÃ·íÒ§Ò¹»¡μÔ ¡ÒÃ
ÇÔà¤ÃÒÐËŒ¤ÇÒÁäÁˆá¹ˆ¹Í¹áº̂§ÍÍ¡à»“¹¢Ñé¹μÍ¹μ̂Ò§æ ´Ñ§¹Õé

1. ¾Ô¨ÒÃ³Ò¢Íºà¢μ¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§áºº¨íÒÅÍ§

2. ¤íÒ¹Ç³ËÒàÁ·ÃÔ¡«Œ¤ˆÒÃÐºØ ã¹·Õè¹Õé¡íÒË¹´ãË‰àÁ·ÃÔ¡«Œ¤ˆÒÃÐºØà»“¹¤ˆÒ¡Öè§¡ÅÒ§ àªˆ¹ ¡ÒÃàÅ×Í¡àÁ·ÃÔ¡«Œ
¾ÅÇÑμ 	 ¨Ò¡àÁ·ÃÔ¡«Œ¾ÅÇÑμ 	
 àÁ×èÍ � � �� � � � � � ä´‰â´Â

	 �
�

	
�	��	 �	����

	��	 áÅÐ 	��� ¤×ÍàÁ·ÃÔ¡«Œ·ÕèÁÕ¤ˆÒÊÁÒªÔ¡ã¹áμˆÅÐμíÒáË¹ˆ§à»“¹¤ˆÒÊÙ§ÊØ´áÅÐ¤ˆÒμíèÒÊØ´μÒÁÅíÒ´Ñº áÅÐ
¤íÒ¹Ç³ËÒàÁ·ÃÔ¡«Œ¤ÇÒÁäÁˆá¹ˆ¹Í¹¨Ò¡¤ÇÒÁÊÑÁ¾Ñ¹¸Œ �	 � 	��	 � 	 ¨Ò¡¹Ñé¹¾Ô¨ÒÃ³Òàª̂¹à´ÕÂÇ
¡Ñ¹ã¹àÁ·ÃÔ¡«Œ 

, �
, ��
 ¨Ðä´‰àÁ·ÃÔ¡«Œ·ÕèÃÐºØ 	, 
, �, �� áÅÐàÁ·ÃÔ¡«Œ¤ÇÒÁäÁˆá¹ˆ¹Í¹ �	,

�
, ��, ���

3. ¤íÒ¹Ç³¤ˆÒàÁ·ÃÔ¡«ŒáÂ¡ÂˆÍÂàÍ¡°Ò¹¢Í§àÁ·ÃÔ¡«Œ¤ÇÒÁäÁˆá¹ˆ¹Í¹ ¨Ðä´‰àÁ·ÃÔ¡«ŒÂˆÍÂà»“¹´Ñ§¹Õé
�

�	 �


�� ���

�
�

�
�
�
����

�
��
�

�� ����

�
(3.13)

â´Â·Õè �� � ��� �Æ�� Æ�� � � � � àÁ·ÃÔ¡«ŒàÍ¡°Ò¹·Õè¤íÒ¹Ç³ä´‰ÍÒ¨ÁÕºÒ§á¶ÇáÅÐºÒ§ËÅÑ¡·ÕèÁÕ¤ˆÒàÍ¡°Ò¹à»“¹
ÈÙ¹ÂŒ ËÃ×ÍÁÕ¤ˆÒ¹ÑÂÊíÒ¤Ñ¹‰ÍÂ¡ÇˆÒ·Õè¡íÒË¹´ ã¹·Õè¹ÕéÁÕ¤ˆÒà·̂Ò¡Ñº 0.01 ´Ñ§¹Ñé¹àÃÒÊÒÁÒÃ¶Å´ÁÔμÔ¢Í§àÁ·ÃÔ¡«Œ
àÍ¡°Ò¹ãË‰¤ˆÒÅíÒ´Ñº¢Ñé¹à·̂Ò¡Ñº � ä´‰´Ñ§¹Õé

� � ��� �Æ�� � � � � Æ	� (3.14)

áÅÐÅ´ÁÔμÔ¢Í§àÁ·ÃÔ¡«ŒÍ×è¹ æ ãË‰ÊÍ´¤Å‰Í§¡Ñ¹´Ñ§áÊ´§�

�

���

�
�

�
�
�
����

��
�	

�

�
áÅÐ

�
� ���

�
�

�
�	 �

� �
�� ����

�
(3.15)

¨Ò¡¹Ñé¹ Ñ̈´ÊÁ¡ÒÃ (3.12) ãË‰ÍÂÙˆã¹ÃÙ»¢Í§ÃÐººàªÔ§àÊ‰¹·ÕèÁÕÊÑÒ³¢Òà¢‰Ò � ¼ˆÒ¹¤ÇÒÁäÁ̂á¹ˆ¹Í¹ � áÅ‰Ç
ä´‰ÊÑÒ³¢ÒÍÍ¡à»“¹ � [29] à¾×èÍÍ¸ÔºÒÂ¶Ö§¤ÇÒÁäÁ̂á¹ˆ¹Í¹ã¹¾ÒÃÒÁÔàμÍÃŒä´‰μÒÁÊÁ¡ÒÃ (2.3)

ÊíÒËÃÑº¡ÒÃÇÔà¤ÃÒÐËŒ¤ÇÒÁäÁˆá¹ˆ¹Í¹ã¹áºº í̈ÒÅÍ§ËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´ àÃÒÇÔà¤ÃÒÐËŒáºº¨íÒÅÍ§
¤ˆÒÃÐºØ¨Ò¡áºº¨íÒÅÍ§»ÃÔÀÙÁÔÊ¶Ò¹Ðã¹ÃÐººàÇÅÒÇÔÂØμ·Ñé§ËÁ´·Õèä´‰¨Ò¡ËÑÇ¢‰Í 3.4 ¨Ò¡¹Ñé¹¾Ô¨ÒÃ³Ò¤ˆÒ¡ÅÒ§
¢Í§áºº í̈ÒÅÍ§·Õèà»“¹ä»ä´‰·Ñé§ËÁ´ ä´‰¼ÅÅÑ¾¸ŒàÁ·ÃÔ¡«Œ¤ˆÒÃÐºØ´Ñ§¹Õé
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ÃÙ»·Õè 3.10: ¼ÅμÍºÊ¹Í§·Ò§¤ÇÒÁ¶Õè¢Í§áºº í̈ÒÅÍ§¤ˆÒÃÐºØáÅÐáºº í̈ÒÅÍ§·Õèà»“¹ä»ä´‰·Ñé§ËÁ´

	 �

�
���������������


��� # 
��
	! 
 
 
 
 
 


���
 ! 
�#! ! 
 
 
 
 
 



 
 
�!"�� 
��""� 
 
 
 



 
 �
��	! 
��##� 
 
 
 



 
 
 
 
����! 
���
" 
 



 
 
 
 �
�"


 
�� �# 
 



 
 
 
 
 
 
� ��� 
�����


 
 
 
 
 
 �
��	�! 
��� 	

	














�

�


 �

�

�
"	#	 "��
�� 
 
 �
����! !�
"#� 
 



 
 �
�!�"� 
�	!#" 
 
 �
����! ��� ""�

��

� �

�
� 
 � 
 
 
 
 



 
 
 
 � 
 � 


�
� �� �

�

 



 


�
(3.16)

ÃÙ»·Õè 3.10 áÊ´§¼ÅμÍº¢Í§¢¹Ò´ã¹â´àÁ¹¤ÇÒÁ¶Õè »ÃÐ¡Íº´‰ÇÂáºº¨íÒÅÍ§¤ˆÒÃÐºØáÅÐáºº í̈ÒÅÍ§·Õèà»“¹
ä»ä´‰·Ñé§ËÁ´ ¤íÒ¹Ç³ËÒ¤ˆÒàÁ·ÃÔ¡«ŒáÂ¡ÂˆÍÂàÍ¡°Ò¹¢Í§àÁ·ÃÔ¡«Œ¤ÇÒÁäÁˆá¹ˆ¹Í¹ ¾º¡ÒÃà»ÅÕèÂ¹á»Å§ã¹
àÁ·ÃÔ¡«Œ 	
 áÅÐ 

 à·̂Ò¹Ñé¹ àÁ·ÃÔ¡«Œ¤ÇÒÁäÁˆá¹ˆ¹Í¹ÁÕ¼ÅÅÑ¾¸Œ´Ñ§¹Õé
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ËÒ¤ˆÒáÂ¡ÂˆÍÂàÍ¡°Ò¹μÒÁÊÁ¡ÒÃ (3.13) áÅÐÅ´¢¹Ò´¢Í§àÁ·ÃÔ¡«ŒμÒÁ¢Ñé¹μÍ¹ã¹ÊÁ¡ÒÃ (3.15) â´Â
¡íÒË¹´¤ˆÒ¹ÑÂÊíÒ¤Ñ¢Í§¤ˆÒàÍ¡°Ò¹ãË‰ÁÕ¤ˆÒÁÒ¡¡ÇˆÒ 0.01 ¾ºÇˆÒ¤ÇÒÁäÁˆá¹ˆ¹Í¹·Õèà¡Ô´¢Öé¹ÁÕ¤ˆÒÅíÒ´Ñº¢Ñé¹à·̂Ò
¡Ñº 7 ·íÒãË‰ä´‰àÁ·ÃÔ¡«Œ 
� ÁÕ í̈Ò¹Ç¹ 7 Ê´ÁÀŒ àÁ·ÃÔ¡«Œ � áÅÐ ��� ÁÕ í̈Ò¹Ç¹á¶Çà·̂Ò¡Ñº 7 á¶Ç áÅÐ
¹íÒ¤ˆÒàÍ¡°Ò¹·Õèä´‰¤Ù³¡ÑºàÁ·ÃÔ¡«ŒÂˆÍÂ � à¾×èÍ¢ Ñ̈´à·ÍÁÊÑÁ»ÃÐÊÔ·¸ÔìË¹‰Ò¤ÇÒÁäÁˆá¹ˆ¹Í¹ Æ
� � � �� � � � � !

áÊ´§´Ñ§ÊÁ¡ÒÃ (3.17) â´Â·ÕèàÁ·ÃÔ¡«Œ ��� ÁÕ¤ˆÒà·̂Ò¡ÑºÈÙ¹ÂŒ
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àÁ×èÍ Æ
 � �� � � �� � � � � !

3.6 º·ÊÃØ»

¨Ò¡¡ÒÃÇÔà¤ÃÒÐËŒáºº¨íÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹ã¹Ê̂Ç¹·Õè¼ˆÒ¹ÁÒ à»“¹¡ÒÃÊÃ‰Ò§áºº í̈ÒÅÍ§¤ÇÒÁäÁ̂
á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ â´ÂËÒ¼ÅÊÑÁÄ·¸Ôì¨Ò¡áºº¨íÒÅÍ§àÁ·ÃÔ¡«Œ¶ˆÒÂâÍ¹·Õèä´‰¨Ò¡¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ
ã¹¡ÃÐºÇ¹¡ÒÃ¨ÃÔ§ «Öè§ã¹áºº¨íÒÅÍ§àÁ·ÃÔ¡«Œ¶ˆÒÂâÍ¹ÁÕÍ§¤Œ»ÃÐ¡Íº¢Í§¤ˆÒ»ÃÐÇÔ§àÇÅÒÃÇÁÍÂÙˆ´‰ÇÂ àÃÒ
¨Ö§¾Ô¨ÒÃ³Ò»ÃÐÁÒ³¤ˆÒ»ÃÐÇÔ§àÇÅÒàËÅ̂Ò¹Ñé¹ ´‰ÇÂÇÔ¸Õ¡ÒÃ»ÃÐÁÒ³¾Òà´ÍÑ¹´ÑºË¹Öè§áÅÐÍÑ¹´ÑºÊÍ§ â´Â¼Å
¨Ò¡¡ÒÃÇÔà¤ÃÒÐËŒà»ÃÕÂºà·ÕÂº¤ÇÒÁ¼Ô´¾ÅÒ´ÃÐËÇˆÒ§áºº í̈ÒÅÍ§¨ÃÔ§ ¡Ñºáºº í̈ÒÅÍ§·Õè¶Ù¡»ÃÐÁÒ³´‰ÇÂ¡ÒÃ
»ÃÐÁÒ³¾Òà´ÍÑ¹´ÑºË¹Öè§áÅÐÍÑ¹´ÑºÊÍ§ ¾ºÇˆÒ¡ÒÃ»ÃÐÁÒ³·Ñé§ÊÍ§áºº¹Ñé¹ãË‰¼ÅÅÑ¾¸Œ·ÕèäÁˆáμ¡μˆÒ§¡Ñ¹ Ö̈§
¡Å̂ÒÇä´‰ÇˆÒÇÔ¸Õ¡ÒÃ»ÃÐÁÒ³´‰ÇÂ¾Òà´ÍÑ¹´ÑºË¹Öè§à¾ÕÂ§¾ÍÊíÒËÃÑº¡ÒÃ»ÃÐÁÒ³¤ˆÒ»ÃÐÇÔ§àÇÅÒã¹áºº¨íÒÅÍ§
¨Ò¡¹Ñé¹àÃÒá»Å§áºº¨íÒÅÍ§ãË‰ÍÂÙˆã¹ÃÐººàÇÅÒÇÔÂØμ´‰ÇÂ¡ÒÃªÑ¡μÑÇÍÂˆÒ§áºº¤§¤ˆÒÍÑ¹´ÑºÈÙ¹ÂŒ áÅÐ¡íÒË¹´
¤ÒºàÇÅÒ¡ÒÃªÑ¡μÑÇÍÂˆÒ§à·̂Ò¡Ñº 10 ÇÔ¹Ò·Õ ¨Ò¡¹Ñé¹ÇÔà¤ÃÒÐËŒËÒáºº í̈ÒÅÍ§¤ˆÒÃÐºØ¨Ò¡áºº¨íÒÅÍ§·Ñé§
ËÁ´´‰ÇÂ¡ÒÃ¾Ô¨ÒÃ³Ò¤ˆÒ¡ÅÒ§ áÅÐÊÒÁÒÃ¶ÊÃ‰Ò§áºº í̈ÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁä´‰¨Ò¡¡ÒÃ
¾Ô¨ÒÃ³Ò¤ˆÒáÂ¡ÂˆÍÂàÍ¡°Ò¹ ¾ºÇˆÒ¤ÇÒÁäÁˆá¹ˆ¹Í¹·Õèà¡Ô´¢Öé¹ÁÕ¤ˆÒÅíÒ´Ñº¢Ñé¹à·̂Ò¡Ñº 7 àÁ×èÍàÃÒÇÔà¤ÃÒÐËŒÊÃ‰Ò§
áºº¨íÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁàÃÕÂºÃ‰ÍÂáÅ‰Ç ¨Ð¹íÒáºº í̈ÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹·Õèä´‰ä»ÍÍ¡
áººμÑÇ¤Çº¤ØÁ¤§·¹´‰ÇÂÇÔ¸Õ¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§ «Öè§·ÄÉ®Õ¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§
·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹¨Ð¹íÒàÊ¹Íã¹º·¶Ñ´ä»



º··Õè 4

¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹

ã¹º·¹Õé¡Å̂ÒÇ¶Ö§ ·ÄÉ®Õ¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹ áº̂§¡ÒÃ
¾Ô¨ÒÃ³ÒÍÍ¡à»“¹ 2 Ê̂Ç¹ μÒÁÃÙ»áºº¡ÒÃ¤Çº¤ØÁ ä´‰á¡̂ ¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹Ð áÅÐ¡ÒÃ¤Çº¤ØÁ
»„Í¹¡ÅÑºÊÑÒ³¢ÒÍÍ¡ ã¹Ê̂Ç¹áÃ¡ ¨ÐáÊ´§·ÄÉ®Õ¡ÒÃÇÔà¤ÃÒÐËŒàÊ¶ÕÂÃÀÒ¾¤§·¹ã¹¡®¡ÒÃ¤Çº¤ØÁ»„Í¹
¡ÅÑºÊ¶Ò¹Ð ‰́ÇÂ¡ÒÃ»ÃÐÂØ¡μŒ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ áÅÐ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ ÊíÒËÃÑº
áºº¨íÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ ¨Ò¡¹Ñé¹¨Ð¹íÒà¢‰ÒÊÙˆ·ÄÉ®Õ¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊÑÒ³¢Ò
ÍÍ¡ â´Â»ÃÐÂØ¡μŒ¨Ò¡à·¤¹Ô¤¢Í§ Wan áÅÐ Kothare [30] ¾Ã‰ÍÁ·Ñé§áÊ´§μÑÇÍÂˆÒ§¡ÒÃÍÍ¡áººμÑÇ¤Çº
¤ØÁ¡Ñº¡ÃÐºÇ¹¡ÒÃμˆÒ§æ »ÃÐ¡Íº

4.1 ¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹Ð

ã¹Ê̂Ç¹¹ÕéàÃÔèÁμ‰¹´‰ÇÂ»’ËÒ¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§¤§·¹ ´‰ÇÂ¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹Ð
ÃˆÇÁ¡Ñº¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇáÅÐ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ ã¹¡ÒÃ»ÃÐÂØ¡μŒ¡ÒÃ¤Çº¤ØÁÃˆÇÁ
¡Ñº¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ ¨Ð¡Å̂ÒÇ¶Ö§§Ò¹¢Í§ Lee áÅÐ Park [9] »ÃÐ¡Íº ¨Ò¡¹Ñé¹¨Ð
¹íÒàÊ¹ÍÇÔ¸Õ¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹ãËÁ̂ «Öè§ä´‰á¹Ç¤Ô´¡ÒÃ»ÃÐÂØ¡μŒÁÒ¨Ò¡
[8, 10, 11] ÃÇÁ·Ñé§¡ÒÃ¾Ô¨ÒÃ³Òà§×èÍ¹ä¢ºÑ§¤Ñº¢Í§ÊÑÒ³¢Òà¢‰ÒáÅÐÊÑÒ³¢ÒÍÍ¡ÃˆÇÁ¡Ñº»’ËÒ¡ÒÃ
¤Çº¤ØÁ

¾Ô¨ÒÃ³Òáºº í̈ÒÅÍ§áººàªÔ§àÊ‰¹á»Ãà»ÅÕèÂ¹μÒÁàÇÅÒ ·ÕèÁÕâ¤Ã§ÊÃ‰Ò§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ
¹ÍÃŒÁ´Ñ§ÊÁ¡ÒÃ (2.3) áÅÐ (2.4) ÊÁÁμÔãË‰μÑÇá»ÃÊ¶Ò¹Ð¢Í§ÃÐºº ���� ÊÒÁÒÃ¶ÇÑ´ä´‰ Í‰Ò§¶Ö§ã¹ËÑÇ
¢‰Í·Õè 2.3 àÃÒ¨Ðá·¹·Õè¡ÒÃËÒ¤ˆÒμíèÒÊØ´¢Í§¿’§¡ŒªÑ¹ Ø̈´»ÃÐÊ§¤Œ·ÕèÃÐºØã¹ÊÁ¡ÒÃ (2.6) ³ àÇÅÒªÑ¡μÑÇÍÂˆÒ§ �
´‰ÇÂ¡ÒÃËÒ¤ˆÒμíèÒÊØ´¢Í§¿’§¡ŒªÑ¹ Ø̈´»ÃÐÊ§¤ŒÊÁÃÃ¶¹Ð¤§·¹μÒÁÊÁ¡ÒÃ

��
�
��
���
��

��'
�
��
�
��

����� (4.1)

àÃÕÂ¡»’ËÒ¹ÕéÇˆÒ »’ËÒ¡ÒÃ¤ˆÒμíèÒÊØ´-ÊÙ§ÊØ´ ¡ÒÃËÒ¤ˆÒÊÙ§ÊØ´¹Õé¤ÃÍº¤ÅØÁà«μ¢Í§¤ÇÒÁäÁ̂á¹ˆ¹Í¹·Ñé§ËÁ´
áÅÐà¡ÕèÂÇ¢‰Í§¡Ñº¡ÒÃàÅ×Í¡áºº í̈ÒÅÍ§·Õèá»Ãà»ÅÕèÂ¹μÒÁàÇÅÒ «Öè§¶‰Òãª‰áºº¨íÒÅÍ§ÊíÒËÃÑº¡ÒÃ·íÒ¹ÒÂáÅ‰Ç
¤ÇÃ¨Ðμ‰Í§ÇÔà¤ÃÒÐËŒ¤ˆÒÁÒ¡ÊØ´ ËÃ×Í¤ˆÒàÅÇÊØ´¿’§¡ŒªÑ¹ Ø̈´»ÃÐÊ§¤Œ ����� ã¹à«μ¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§
¡ÃÐºÇ¹¡ÒÃ·Ñé§ËÁ´ ¨Ò¡¹Ñé¹ËÒ¤ˆÒμíèÒÊØ´¢Í§¤ˆÒàÅÇÊØ´¹Õéº¹¡ÒÃà»ÅÕèÂ¹á»Å§¢Í§ÊÑÒ³¤Çº¤ØÁã¹»’¨ Ø̈ºÑ¹
áÅÐã¹Í¹Ò¤μ ��� � ���� � 	 
 àÃÒ Ö̈§¡íÒË¹´»’ËÒã¹ÊÁ¡ÒÃ (4.1) ´‰ÇÂ¡ÒÃËÒ¤ˆÒ¢Íºà¢μ
º¹¢Í§¨Ø´»ÃÐÊ§¤ŒÊÁÃÃ¶¹Ð¤§·¹ ¨Ò¡¹Ñé¹ Ö̈§ËÒ¤ˆÒμíèÒÊØ´¢Íºà¢μº¹¹Õé´‰ÇÂ¡®¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹Ð
��� � ��� � ���� � ���� � 	 
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ã¹¡ÒÃÃÑº»ÃÐ¡Ñ¹àÊ¶ÕÂÃÀÒ¾¤§·¹¢Í§ÃÐººàÇÅÒÇÔÂØμ ÊíÒËÃÑº¡ÒÃÊÑ§à¤ÃÒÐËŒ¡®¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑº
Ê¶Ò¹Ð � ·Ø¡àÇÅÒªÑ¡μÑÇÍÂˆÒ§ � àÃÒãª‰ÇÔ¸Õ¡ÒÃÍ¹Ø¾Ñ¹¸Œ¢Íºà¢μº¹ (derivation of the upper bound) [3]

àÃÔèÁμ‰¹ ¾Ô¨ÒÃ³Ò¿’§¡ŒªÑ¹¡íÒÅÑ§ÊÍ§ËÃ×Í¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ � ������ � ����������� � � 
 ·ÕèÊ¶Ò¹Ð
����� � ���� μÒÁÃÐººÊÁ¡ÒÃ (2.3) áÅÐ (2.4) â´Â¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ·ÕèÊ¶Ò¹Ðà·ˆÒ¡ÑºÈÙ¹ÂŒ � �
� ÁÕ
¤ˆÒà·̂Ò¡ÑºÈÙ¹ÂŒ

¨Ò¡ÊÁ¡ÒÃ (2.3) áÅÐ (2.4) ³ àÇÅÒªÑ¡μÑÇÍÂˆÒ§ � ÊÁÁμÔãË‰ � ÊÍ´¤Å‰Í§¡ÑºÍÊÁ¡ÒÃμˆÍä»¹ÕéÊíÒËÃÑº
��� � ���� ��� � ���� � 	 
 ·Ø¡æ ¤ˆÒ

� ���� � �� ����� � ���� � ���� � �
�
��� � �������� � ��� � ��� � �������� � ���

�
(4.2)

ÊíÒËÃÑº¿’§¡ŒªÑ¹ Ø̈´»ÃÐÊ§¤ŒÊÁÃÃ¶¹Ð¤§·¹·ÕèÁÕ¢Íºà¢μ í̈Ò¡Ñ´ ¨Ðμ‰Í§ÁÕÊ¶Ò¹Ð ����� � 
 áÅÐ
� ������� � 
 ËÒ¼ÅºÇ¡ã¹ÊÁ¡ÒÃ (4.2) ¨Ò¡ � � 
 ¶Ö§ � �� ¨Ðä´‰

�� ������� � ������

´‰ÇÂàËμØ¹Õé
��'

�
��
�
��
����� � � ������� � ����

ã¹·Õè¹Õé ���� ¤×Í¢Íºà¢μº¹¢Í§ � ������� àÁ×èÍãª‰¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇã¹¡ÒÃÃÑº»ÃÐ¡Ñ¹àÊ¶ÕÂÃÀÒ¾
àªˆ¹à´ÕÂÇ¡Ñ¹ ã¹¡Ã³Õ¾Ô¨ÒÃ³Ò´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁμÒÁÊÁ¡ÒÃ (2.9) àÃÒ»ÃÐÂØ¡μŒ
¡ÒÃÍ¹Ø¾Ñ¹¸Œ¢Íºà¢μº¹¨Ò¡§Ò¹¢Í§ Cuzzola áÅÐ¤³Ð [8], Feng ¾Ã‰ÍÁ¤³Ð [10] áÅÐ Mao [11] ÊÁÁμÔãË‰
� ��� ÊÍ´¤Å‰Í§¡ÑºÍÊÁ¡ÒÃμˆÍä»¹Õé

� �� � �� ��� � �� � �� � �
�
��� � �������� � ��� � ��� � �������� � ���

�
(4.3)

´Ñ§¹Ñé¹
��'

�
��
� 
��
����� � � ��� � ����� (4.4)

����� ¤×Í¢Íºà¢μº¹¢Í§ � ��� ¡ÒÃËÒ¤ˆÒμíèÒÊØ´¢Í§ ��'�
��
� 
�� ����� ÍÒ¨ËÒä ‰́¨Ò¡¡ÒÃËÒ¤ˆÒ
μíèÒÊØ´º¹¢Íºà¢μº¹¹Õé ´Ñ§¹Ñé¹à¾×èÍ¡ÒÃÊÑ§à¤ÃÒÐËŒμÑÇ¤Çº¤ØÁ àÃÒ Ö̈§¹ÔÂÒÁà»„ÒËÁÒÂ¢Í§¢Ñé¹μÍ¹ÇÔ¸Õ¡ÒÃ¤Çº
¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§ãËÁ̂ â´Âã¹áμˆÅÐàÇÅÒ¡ÒÃªÑ¡μÑÇÍÂˆÒ§ � àÃÒ¹íÒ¡®¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹Ð
��� � ��� � ���� � ��� ÁÒãª‰ã¹¡ÒÃËÒ¤ˆÒμíèÒÊØ´¢Íºà¢μº¹ â´Â»¡μÔã¹¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº
¨íÒÅÍ§ à©¾ÒÐ¡ÒÃ¤íÒ¹Ç³¤ÃÑé§áÃ¡à·̂Ò¹Ñé¹·ÕèÊÑÒ³¤Çº¤ØÁ ����� � ������ ¹íÒÁÒ»ÃÐÂØ¡μŒ ³ àÇÅÒ¡ÒÃ
ªÑ¡μÑÇÍÂˆÒ§¤ÃÑé§¶Ñ´ä» Ê¶Ò¹Ð ��� � �� ¶Ù¡ÇÑ´ä´‰ áÅÐ¡ÒÃËÒ¤ˆÒàËÁÒÐÊØ´¶Ù¡·íÒ«íéÒà¾×èÍ¤íÒ¹Ç³ÍÑμÃÒ¢ÂÒÂ
àÁ·ÃÔ¡«Œ»„Í¹¡ÅÑºÊ¶Ò¹Ð �

4.1.1 à·¤¹Ô¤¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº í̈ÒÅÍ§ ‰́ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ

·ÄÉ®Õº·μˆÍä»¹Õéä´‰ãË‰à§×èÍ¹ä¢ÊíÒËÃÑº¡ÒÃÁÕÍÂÙˆ¨ÃÔ§¢Í§àÁ·ÃÔ¡«ŒàÅÕÂ»Ù¹Í¿ � � 
 ·ÕèàËÁÒÐÊÁ«Öè§
ÊÍ´¤Å‰Í§¡ÑºÍÊÁ¡ÒÃ (4.2) áÅÐà¡ÕèÂÇ¢‰Í§¡ÑºÍÑμÃÒ¢ÂÒÂàÁ·ÃÔ¡«Œ»„Í¹¡ÅÑºÊ¶Ò¹Ð �
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·ÄÉ®Õº· 4.1 ¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹ÐÃˆÇÁ¡Ñº¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ
ãË‰ ���� � ����� à»“¹Ê¶Ò¹Ð¢Í§ÃÐºº·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁμÒÁÊÁ¡ÒÃ (2.3) ¶Ù¡ÇÑ´ ³
àÇÅÒ¡ÒÃªÑ¡μÑÇÍÂˆÒ§ � áÅÐ¡íÒË¹´ãË‰¤íÒ¹Ö§¶Ö§à§×èÍ¹ä¢ºÑ§¤Ñºº¹ÊÑÒ³¤Çº¤ØÁ¢Òà¢‰Ò áÅÐà§×èÍ¹ä¢ºÑ§¤Ñº
ÊÑÒ³¢ÒÍÍ¡¢Í§¡ÃÐºÇ¹¡ÒÃ ÊÁÁμÔãË‰ÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ � ´Ñ§ÊÁ¡ÒÃ (2.4) «Öè§
ÍÑμÃÒ¢ÂÒÂàÁ·ÃÔ¡«Œ»„Í¹¡ÅÑºÊ¶Ò¹Ð � ËÒä´‰¨Ò¡

� � . ���

àÁ×èÍ � � 
 áÅÐ . ËÒä´‰¨Ò¡¼Åà©ÅÂã¹»’ËÒ¡ÒÃËÒ¤ˆÒμíèÒÊØ´¢Í§¨Ø´»ÃÐÊ§¤ŒáººàªÔ§àÊ‰¹´‰ÇÂμÑÇá»Ã
�� �� . áÅÐ +:

��
����

� (4.5)

������� ���
� ������

����� �

�
	 
� (4.6)

�
�������

� . ����� ����� ��� � . ����� �	� � . �
�

����. �% � � �

����� � �% � �

������. � � + �
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� (4.7)

�
8 .

. � �

�
	 
� 8�� � �

�
���	� � � �� � � � � ��� (4.8)

�
�� ����	� �������. �

� �	��
. ���

������. -�� �

�	��
. � � % � 
�-
��
�� 

� ,

	

� 	 
� (4.9)

àÁ×èÍ + � ������%�� � � � � � �	%�� � � 
 (4.10)

ã¹Ê̂Ç¹¢Í§ÃÒÂÅÐàÍÕÂ´áÅÐº·¾ÔÊÙ¨¹Œ ¢ÍãË‰ÈÖ¡ÉÒã¹º·¤ÇÒÁ¢Í§ Kothare áÅÐ¤³Ð [3] ã¹§Ò¹ÇÔ¨ÑÂ¹Õé¨Ð
¹íÒà·¤¹Ô¤´Ñ§¡Å̂ÒÇ ÁÒ¾Ô¨ÒÃ³Òà»ÃÕÂºà·ÕÂº¡Ñºà·¤¹Ô¤¡ÒÃÍÍ¡áºº´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»Ã
àÊÃÔÁ «Öè§¨Ð¡Å̂ÒÇã¹ÅíÒ´ÑºμˆÍä»

4.1.2 à·¤¹Ô¤¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº í̈ÒÅÍ§ ‰́ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ

·Õè¼ˆÒ¹ÁÒ ã¹§Ò¹ÇÔ¨ÑÂ¢Í§ Lee áÅÐ Park [9] ÁÕ¢‰Í´‰ÍÂã¹Ê̂Ç¹¢Í§áºº¨íÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§
¢Íºà¢μ¹ÍÃŒÁ·Õè¾Ô¨ÒÃ³Ò äÁˆ¤ÃÍº¤ÅØÁ¶Ö§¤ÇÒÁäÁ̂á¹ˆ¹Í¹ã¹àÁ·ÃÔ¡«Œ¢Òà¢‰Ò 
 (àÁ·ÃÔ¡«Œ ���) áÊ´§´Ñ§
ÊÁ¡ÒÃμˆÍä»¹Õé
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��� � �� � 	���� �
���� �
�����

���� � ����� ��������

���� � �����

ã¹¤ÇÒÁà»“¹¨ÃÔ§áÅ‰Ç áºº í̈ÒÅÍ§ã¹ÃÐººÊˆÇ¹ãË̂ÁÑ¡»ÃÒ¡®¤ÇÒÁäÁ̂á¹ˆ¹Í¹·Ñé§ã¹Ê̂Ç¹¢Í§àÁ·ÃÔ¡«Œ¾ÅÇÑμ
(	) áÅÐàÁ·ÃÔ¡«Œ¢Òà¢‰Ò (
) «Öè§áÊ´§ãË‰àËç¹ÇˆÒã¹§Ò¹ÇÔ¨ÑÂ¢Í§ Lee áÅÐ Park ¹ÕéäÁˆàËÁÒÐÊÁÊíÒËÃÑº¡ÒÃ
»ÃÐÂØ¡μŒ¨ÃÔ§ ¡ÒÃ¾Ñ²¹Òà·¤¹Ô¤¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹ ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ
»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ ÊíÒËÃÑºáºº¨íÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ Ö̈§à¡Ô´¢Öé¹

¾Ô¨ÒÃ³Òáºº í̈ÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ´Ñ§ÊÁ¡ÒÃ (2.3) áÅÐ (2.4) «Öè§ãª‰¿’§¡ŒªÑ¹àÅÕÂ
»Ù¹Í¿«Öè§¡ÑºμÑÇá»ÃàÊÃÔÁ � ��� μÒÁÊÁ¡ÒÃ (2.9) ã¹¡ÒÃÃÑº»ÃÐ¡Ñ¹àÊ¶ÕÂÃÀÒ¾¤§·¹ ·ÄÉ®Õº·μˆÍä»¹Õé ä´‰
ãË‰¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹ ´‰ÇÂ¡ÒÃ»„Í¹¡ÅÑºÊ¶Ò¹Ð â´Âãª‰
¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ ÊíÒËÃÑºáºº í̈ÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ

·ÄÉ®Õº· 4.2 ¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹ÐÃˆÇÁ¡Ñº¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ
ÊíÒËÃÑºáºº¨íÒÅÍ§μÒÁÊÁ¡ÒÃ (2.3) ´‰ÇÂ¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ (2.4) ÀÒÂãμ‰à§×èÍ¹ä¢ºÑ§¤Ñº
ÊÑÒ³¢Òà¢‰Ò (2.7) áÅÐà§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢ÒÍÍ¡ (2.8) ³ àÇÅÒ¡ÒÃªÑ¡μÑÇÍÂˆÒ§ � àÁ·ÃÔ¡«Œ»„Í¹¡ÅÑº
Ê¶Ò¹Ð � ��� ã¹¡®¡ÒÃ¤Çº¤ØÁ ��� � ��� � � ������ � ���� � 	 
 ä´‰¨Ò¡

� ��� � . )��

àÁ×èÍ ) � 
 áÅÐ . ËÒä´‰¨Ò¡¼Åà©ÅÂã¹»’ËÒ¡ÒÃËÒ¤ˆÒμíèÒÊØ´¢Í§¨Ø´»ÃÐÊ§¤ŒáººàªÔ§àÊ‰¹´Ñ§¹Õé

��
��������

� (4.11)

������� ���
� ������

����� ��

�
	 
� �� � �� 	� � � � � �� (4.12)

�
���������
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����. � � � � �%

	








�
� 
� �� � �� 	� � � � � �� �9 � �� 	� � � � � �� (4.13)
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�
���	� � � �� � � � � ��� �� � �� 	� � � � � �� (4.14)
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� 	 
� �� � �� 	� � � � � �� (4.15)
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àÁ×èÍ �� � ��� � 
� - � ���
�
&�%�� � � � � � &��%��

�
� 
, +� � 
� áÅÐÊÑÅÑ¡É³Œ � áÊ´§¶Ö§¡Å̂Í§ÊÁÁÒμÃ

ÊÅÑºà»ÅÕèÂ¹ (the transpose of the symmetric blocks) ã¹ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ áÅÐº·¾ÔÊÙ¨¹ŒÊíÒËÃÑº
·ÄÉ®Õº·¹ÕéáÊ´§ã¹ÀÒ¤¼¹Ç¡ 6.2

ÀÒÂãμ‰·ÄÉ®Õº· 4.2 àÃÒÊÒÁÒÃ¶áÊ´§¢Ñé¹μÍ¹ÇÔ¸Õã¹¡ÒÃ»ÃÐÂØ¡μŒ¨ÃÔ§ÊíÒËÃÑº¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑº
Ê¶Ò¹ÐáººÍÍ¹äÅ¹Œ ã¹à·¤¹Ô¤¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹´Ñ§¹Õé

¢Ñé¹μÍ¹ÇÔ¸Õ 4.1 (¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹ÐáººÍÍ¹äÅ¹Œ ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ)

1. ÃÑº¤ˆÒÊ¶Ò¹Ð·Õèä´‰¨Ò¡¡ÒÃÇÑ´ ����
2. á¡‰»’ËÒ¤ˆÒμíèÒÊØ´ ��������� �, ·ÕèÊÍ´¤Å‰Í§¡Ñºà§×èÍ¹ä¢ (4.12)-(4.15) ¨Ò¡¹Ñé¹¤íÒ¹Ç³ËÒ¤ˆÒàÁ·
ÃÔ¡«ŒÍÑμÃÒ¢ÂÒÂ � ���

3. ¨ˆÒÂÊÑÒ³¤Çº¤ØÁ ���� � � ������� ãË‰¡Ñº¡ÃÐºÇ¹¡ÒÃ

4. ¡íÒË¹´¤ˆÒàÇÅÒ � �� � � � áÅ‰ÇÇ¹«íéÒã¹¢‰Í 1

¨Ò¡¢Ñé¹μÍ¹ÇÔ¸Õ 4.1 ÊÒÁÒÃ¶ÊÃØ»à»“¹¼Ñ§§Ò¹¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹ÐáººÍÍ¹äÅ¹ŒáÊ´§ä´‰´Ñ§ÃÙ» 4.1

4.2 ¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹ÐáººÍÍ¿äÅ¹Œ

ã¹Ê̂Ç¹¢Í§·ÄÉ®ÕÀÒÂãμ‰¡ÅÂØ·¸ŒáººÍÍ¿äÅ¹ŒÊíÒËÃÑº¡ÒÃ»„Í¹¡ÅÑºÊ¶Ò¹Ð¢Í§¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂ
áºº¨íÒÅÍ§¤×Í¡ÒÃÊÃ‰Ò§·Ã§ÃÕÂ×¹Â§·ÕèÁÕàÊ¶ÕÂÃÀÒ¾àªÔ§àÊ‰¹¡íÒ¡Ñº ËÁÒÂ¤ÇÒÁÇˆÒàÃÒ¨Ðμ‰Í§¡íÒË¹´ºÃÔàÇ³
¢Í§Ê¶Ò¹Ð Ç̂Òã¹àÇÅÒ¹ÕéÊ¶Ò¹Ð·Õè¾Ô¨ÒÃ³ÒÍÂÙˆã¹ºÃÔàÇ³äË¹ ¨Ò¡¹Ñé¹¨Ðμ‰Í§·íÒãË‰Ê¶Ò¹Ð¹Ñé¹ÅÙˆà¢‰ÒÊÙˆ¨Ø´¡íÒà¹Ô´
(origin) ´‰ÇÂà¡³±Œ¡ÒÃ¤Çº¤ØÁ·ÕèàÃÒä´‰ÍÍ¡áººäÇ‰àÃÔèÁμ‰¹ àÃÒãª‰»’ËÒ¡ÒÃËÒ¤ˆÒàËÁÒÐÊØ´¢Í§ÍÊÁ¡ÒÃàÁ·
ÃÔ¡«ŒàªÔ§àÊ‰¹ã¹¡ÒÃÍÍ¡áºº¡®¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹Ð ÊíÒËÃÑº¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕ
à§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹´Ñ§¢Ñé¹μÍ¹ÇÔ¸Õ 4.1

��
�������

� (4.16)

������� �� �"��	�� �"����� �"��"� áÅÐ �"�� �

ÇÔ¸Õ¡ÒÃ¡íÒË¹´·Ã§ÃÕÂ×¹Â§·ÕèÁÕàÊ¶ÕÂÃÀÒ¾àªÔ§àÊ‰¹¡íÒ¡ÑºÊíÒËÃÑºÃÐºº·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ áÊ´§ä´‰´Ñ§º·μÑé§
μˆÍä»¹Õé
º·μÑé§ 4.1 ¾Ô¨ÒÃ³ÒÃÐºº·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ (2.3) »ÃÐÂØ¡μŒ»’ËÒ¡ÒÃËÒ¤ˆÒàËÁÒÐÊØ´
¢Í§ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ (4.16) ¡ÑºÊ¶Ò¹Ð¢Í§ÃÐºº �� áÅÐÊÒÁÒÃ¶ËÒ¼Åà©ÅÂáÊ´§´‰ÇÂ¤ˆÒÊà¡ÅÒÃŒ
�, àÁ·ÃÔ¡«Œ �� àÁ×èÍ � � �� 	� � � � � � áÅÐàÁ·ÃÔ¡«Œ¤Ùˆ �.�)� ¶‰ÒàÃÒãª‰¡®¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹Ð
���� � . )������ áÅ‰Ç·Ã§ÃÕÂ×¹Â§·ÕèÁÕàÊ¶ÕÂÃÀÒ¾àªÔ§àÊ‰¹¡íÒ¡Ñº¤×Í � �

�
� � �� ������ � �

� àÁ×èÍàÁ·
ÃÔ¡«Œ � ÊÒÁÒÃ¶ËÒ¼Åà©ÅÂä´‰¨Ò¡¡ÒÃá¡‰»’ËÒ¡ÒÃËÒ¤ˆÒàËÁÒÐÊØ´¢Í§ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹´Ñ§μˆÍä»¹Õé

��'
��

0 (4.17)

������� �� 0% � � � �� � �� � �� 	� � � � � �
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No

Start

Solve

No of
samples

yes

Stop

initial � � �

Get ����

����������� ���

s.t. (4.12)-(4.15)

Get ��� � 	� from (2.3)

� � � � 	Compute � � � ���

���� � �����

� �

ÃÙ»·Õè 4.1: ¼Ñ§§Ò¹¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹ÐáººÍÍ¹äÅ¹Œ

¾ÔÊÙ¨¹Œ ¨Ò¡·ÄÉ®Õº· 4.2 ÊÑ§à¡μÇˆÒ ��� � �� � �� �� � ����� ��� � � 
 ¤×Í¡ÒÃ Ñ̈´ËÁÙˆàªÔ§¤Í¹àÇ¡«Œ
¢Í§àÁ·ÃÔ¡«Œ �� � � � �� � � � � � ©Ð¹Ñé¹·Ã§ÃÕÂ×¹Â§ÊÒÁÒÃ¶ËÒä´‰¨Ò¡¤ˆÒàÁ·ÃÔ¡«ŒãË̂ÊØ´ � «Öè§áÊ´§¶Ö§¡ÒÃ
¨Ñ´ËÁÙˆàªÔ§¤Í¹àÇ¡«Œ¢Í§àÁ·ÃÔ¡«Œ �� � � � �� � � � � � ËÁÒÂ¤ÇÒÁÇˆÒ àÁ·ÃÔ¡«ŒãË̂ÊØ´¹ÕéÊÍ´¤Å‰Í§¡Ñºà§×èÍ¹
ä¢ � � �� � � � �� � � � � � áÅÐÊÒÁÒÃ¶ËÒä´‰¨Ò¡¡ÒÃá¡‰»’ËÒ¡ÒÃËÒ¤ˆÒàËÁÒÐÊØ´¢Í§ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§
àÊ‰¹ (4.17) �

àªˆ¹à´ÕÂÇ¡Ñ¹ã¹·ÄÉ®Õº· 4.2 ÍÊÁ¡ÒÃ (4.12) «Öè§¢Öé¹ÍÂÙˆ¡ÑºÊ¶Ò¹Ð¢Í§ÃÐºº ¨ÐÊÍ´¤Å‰Í§¡Ñºà§×èÍ¹
ä¢â´ÂÍÑμâ¹ÁÑμÔÊíÒËÃÑº·Ø¡æ Ê¶Ò¹Ð ÀÒÂã¹·Ã§ÃÕ � ¹Í¡¨Ò¡¹Õé ¤ˆÒμíèÒÊØ´ ���� � .�) ·Õè¤íÒ¹Ç³ä´‰ ·íÒ
ãË‰Ê¶Ò¹Ð �� ÁÕ¤ÇÒÁà»“¹ä»ä´‰ ÊíÒËÃÑºÊ¶Ò¹ÐÍ×è¹ æ ã¹ � â´ÂäÁˆ¨íÒà»“¹μ‰Í§à»“¹¤ˆÒàËÁÒÐÊØ´ ´Ñ§¹Ñé¹ àÃÒ
ÊÒÁÒÃ¶»ÃÐÂØ¡μŒ¡®¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹Ð � � . )��� ãË‰¡ÑºÊ¶Ò¹Ð·ÕèäÁˆà»“¹ÈÙ¹ÂŒã´æ ÀÒÂã¹·Ã§ÃÕ
ä´‰ ($���� � � àÁ×èÍ $���� �� ��) áÅÐÂÑ§¤§ÊÍ´¤Å‰Í§¡Ñºà§×èÍ¹ä¢¢Í§ÍÊÁ¡ÒÃ (4.13)-(4.15) ´‰ÇÂàËμØ¹Õé á¹ˆã¨
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ä´‰ÇˆÒã¹áÇÅÒ¨ÃÔ§

$��� � �� ����$��� � �� �� � $��� � ����$��� � �� � �� � 	 


áÅÐ $��� � �� � � � � 	 
 ÅÙˆà¢‰ÒÊÙˆÈÙ¹ÂŒàÁ×èÍ �� � ÊÔè§àËÅ̂Ò¹Õé·íÒãË‰Â×¹ÂÑ¹ä´‰ÇˆÒ � à»“¹·Ã§ÃÕÂ×¹Â§·ÕèÁÕàÊ¶ÕÂÃ
ÀÒ¾àªÔ§àÊ‰¹¡íÒ¡Ñº

¨Ò¡¡ÒÃ¹íÒ·Ã§ÃÕÂ×¹Â§·ÕèÁÕàÊ¶ÕÂÃÀÒ¾àªÔ§àÊ‰¹¡íÒ¡ÑºÁÒ»ÃÐÂØ¡μŒã¹¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·Õè
ÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹áººÍÍ¿äÅ¹Œ ·ÄÉ®Õº·μˆÍä»¹Õé¹íÒàÊ¹ÍËÅÑ¡¡ÒÃ¤Çº¤ØÁáººÍÍ¿äÅ¹Œ â´Â¹íÒá¹Ç
¤Ô´¨Ò¡ [30] ÁÒ»ÃÐÂØ¡μŒãª‰
·ÄÉ®Õº· 4.3 ¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹ÐáººÍÍ¿äÅ¹Œ ÃˆÇÁ¡Ñº¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ
¾Ô¨ÒÃ³ÒÃÐºº¾ÅÇÑμ·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ (2.3) ´‰ÇÂà§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢Òà¢‰Ò (2.7)

áÅÐà§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢ÒÍÍ¡ (2.8) àÃÔèÁμ‰¹ã¹Ê̂Ç¹ÍÍ¿äÅ¹Œ ¡íÒË¹´ãË‰Ê¶Ò¹Ð·Õèà»“¹ä»ä´‰àÃÔèÁμ‰¹ �� ¡ˆÍ
¡íÒà¹Ô´ÅíÒ´Ñº¢Í§ �� áÅÐ ��, � � �� � � � � � μÒÁ¢Ñé¹μÍ¹´Ñ§μˆÍä»¹Õé

1. ¤íÒ¹Ç³ËÒ¤ˆÒμíèÒÊØ´ ��� ��� � � � �� � � � � �� .� áÅÐ )� ³ Ê¶Ò¹Ð �� ´‰ÇÂ¡ÒÃá¡‰»’ËÒÍÊÁ¡ÒÃ
àÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ (4.16)

2. ¤íÒ¹Ç³¤ˆÒÁÒ¡ÊØ´ �� ÊíÒËÃÑº¤ˆÒÊ¶Ò¹ÐàÃÔèÁμ‰¹ �� áμˆÅÐ¤ˆÒ´‰ÇÂ¡ÒÃá¡‰»’ËÒÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§
àÊ‰¹ (4.17) ´‰ÇÂà§×èÍ¹ä¢à¾ÔèÁàμÔÁ ���� � �� (Â¡àÇ‰¹·Õè � � �) ¨Ò¡¹Ñé¹ºÑ¹·Ö¡¤ˆÒ ���� áÅÐ
�� � .
)

��
� ã¹μÒÃÒ§¤‰¹ËÒ (look up table)

3. ¶‰Ò � � � àÅ×Í¡¤ˆÒÊ¶Ò¹Ð ���� ãË‰ÊÍ´¤Å‰Í§¡Ñºà§×èÍ¹ä¢ ������
�
�
��
�
� � ¨Ò¡¹Ñé¹¡íÒË¹´ãË‰

� � �� � áÅ‰ÇÂ‰Í¹¡ÅÑºä»ÂÑ§¢Ñé¹μÍ¹·Õè 1

ã¹Ê̂Ç¹ÍÍ¹äÅ¹Œ ãË‰¤ˆÒÊ¶Ò¹ÐàÃÔèÁμ‰¹à»“¹ ��
� «Öè§ÊÍ´¤Å‰Í§¡Ñºà§×èÍ¹ä¢ ���
���
�
��

�

� � áÅÐãË‰ ����
à»“¹¤ˆÒÊ¶Ò¹Ð ³ àÇÅÒ � ´íÒà¹Ô¹¡ÒÃ¤‰¹ËÒáººáº̂§¤ÃÖè§ (bisection search) º¹ ���� ã¹μÒÃÒ§¤‰¹ËÒ à¾×èÍ·Õè
¨ÐËÒ¤ˆÒ´Ñª¹Õ � ÁÒ¡ÊØ´«Öè§ÊÁÁÙÅ¡Ñº·Ã§ÃÕàÅç¡ÊØ´ � �

�
� � �� ������ � � �

� ¹Ñè¹¤×Í �������
�
��
�

� � «Öè§
¼ÅÅÑ¾¸Œ·Õèä´‰¤×Í ¡ÒÃ»ÃÐÂØ¡μŒ¡®¡ÒÃ¤Çº¤ØÁ ���� � ������ ËÃ×Í àÁ·ÃÔ¡«Œ»„Í¹¡ÅÑºÊ¶Ò¹Ð·Õèá»Ãà»ÅÕèÂ¹
μÒÁàÇÅÒ � ��� ·íÒãË‰ÃÐººÇ§»”´ÁÕàÊ¶ÕÂÃÀÒ¾¤§·¹áººàªÔ§àÊ‰¹¡íÒ¡Ñº

¨Ò¡·ÄÉ®Õº· 4.3 ¢‰Ò§μ‰¹ ÊÒÁÒÃ¶ÊÃØ»ãË‰ÍÂÙˆã¹ÃÙ»áºº¼Ñ§§Ò¹ä´‰ â´ÂÃÙ»·Õè 4.2 áÊ´§¼Ñ§§Ò¹¡ÒÃÍÍ¡
áººμÑÇ¤Çº¤ØÁã¹Ê̂Ç¹ÍÍ¿äÅ¹Œ¢Í§¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹ÐáººÍÍ¿äÅ¹Œ áÅÐã¹Ê̂Ç¹ÍÍ¹äÅ¹ŒáÊ´§
ä´‰´Ñ§ÃÙ»·Õè 4.3

¾ÔÊÙ¨¹Œ ÊíÒËÃÑº¡ÒÃËÒ¤ˆÒμíèÒÊØ´ã¹Ê̂Ç¹ÍÍ¿äÅ¹Œ·Õè¤ˆÒÊ¶Ò¹Ð ��� � � 	� � � � � � à§×èÍ¹ä¢à¾ÔèÁàμÔÁ ���� �

�� ÊÁÁÙÅ¡Ñº ������ � ���� ¹Ñè¹ËÁÒÂ¤ÇÒÁÇˆÒ·Ã§ÃÕÂ×¹Â§·ÕèÁÕàÊ¶ÕÂÃÀÒ¾àªÔ§àÊ‰¹¡íÒ¡Ñº

�� �
�
� � �� ������ � � �

�
ÊÃ‰Ò§ÍÂÙˆÀÒÂã¹·Ã§ÃÕ ���� ËÁÒÂ¤ÇÒÁÇˆÒ �� � ���� ã¹¡Ã³Õ·ÕèÊ¶Ò¹Ðà»“¹¤ˆÒ¤§·Õè � ¤ˆÒ¹ÍÃŒÁ¶̂Ç§
¹íéÒË¹Ñ¡ ����

�
��
�

¨Ðà»“¹¤ˆÒ·Ò§à´ÕÂÇ«Öè§à¡ÕèÂÇ¡Ñº¤ˆÒ´Ñª¹Õ � ÊÔè§¹Õé·íÒãË‰á¹ˆã¨ä´‰ÇˆÒ¤ÇÒÁà»“¹ä´‰ÍÂˆÒ§à´ÕÂÇ
(uniqueness) ÊíÒËÃÑº¡ÒÃ¤‰¹ËÒáº̂§¤ÃÖè§áººÍÍ¹äÅ¹Œã¹μÒÃÒ§¤‰¹ËÒ ÊíÒËÃÑº¤ˆÒ´Ñª¹Õ � ·ÕèãË̂·ÕèÊØ´ÊÍ´
¤Å‰Í§¡Ñºà§×èÍ¹ä¢ ����

�
��
�
� �
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Start

yes

No

yes

yes

Stop

No

No

� � �� 	

Initial � � 	

Generate ��

����
�

�
��

���

� 	

Compute ��� ���� ��� ��

at �� by solving (4.11)

s.t. (4.12)-(4.15)

ignore at � � 	

Compute � by solving (4.17)

���� � ��

in the look-up table

Store ���
� and �� � ���

��
�

� � �

ignore at � � 	

ÃÙ»·Õè 4.2: ¼Ñ§§Ò¹¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹ÐáººÍÍ¿äÅ¹Œ
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No of
samples

Start

Perform bisection search in
the look−up table to find

Stop

yes

No

� � � � 	

� �

initial � � �

Get ����

index � corresponding to
the smallest ellipsoid ��

s.t. �������
�
��
�

� 	

���� � ������

Get ��� � 	� from (2.3)

ÃÙ»·Õè 4.3: ¼Ñ§§Ò¹¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹ÐáººÍÍ¿äÅ¹Œ

¡íÒË¹´ãË‰ÃÐºº¾ÅÇÑμ·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ (2.3) áÅÐ¤ˆÒÊ¶Ò¹ÐàÃÔèÁμ‰¹ ��
� ÊÍ´
¤Å‰Í§¡Ñºà§×èÍ¹ä¢ ���
���

�
��

�

� � ´Ñ§¹Ñé¹ÃÐººÇ§»”´ÊÒÁÒÃ¶áÊ´§ä´‰´Ñ§¹Õé

��� � �� �

��
�

�	�
������� � 
����� - �������
�
��
�

� �� �������
�
��

���

� �� � �� �

�	�
�� ����� �
����� - �������
�
��

�

� �

àÁ×èÍ ���� ÊÍ´¤Å‰Í§¡Ñº �������
�
��
�

� � áÅÐ �������
�
��

���

	 �� � � �� � � � � � � � ÃÑº»ÃÐ¡Ñ¹ä´‰ÇˆÒ¡®¡ÒÃ
¤Çº¤ØÁ·Õèà¡ÕèÂÇ¢‰Í§¡Ñº·Ã§ÃÕ �� ¨ÐÁÕÊ¶Ò¹Ð ���� ÍÂÙˆã¹ �� ¹Ñé¹ (â´Âãª‰º·μÑé§ 4.1) áÅÐÅÙˆà¢‰ÒÊÙˆ·Ã§ÃÕ ����

ä»àÃ×èÍÂæ ÊØ´·‰ÒÂ ÃÑº»ÃÐ¡Ñ¹ÇˆÒä´‰ÇˆÒ ¤ˆÒÊ¶Ò¹Ð ���� ¨ÐÍÂÙˆÀÒÂã¹·Ã§ÃÕàÅç¡ÊØ´ �� áÅÐÅÙˆà¢‰ÒÊÙˆ¨Ø´¡íÒà¹Ô´ã¹
·ÕèÊØ´ �
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Estimator

Process

�

��

� �

� � �

�

���



�
����
�� � ��
�����

���� ����

ÃÙ»·Õè 4.4: ¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊÑÒ³¢ÒÍÍ¡áººÍÍ¿äÅ¹Œ

4.3 ¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊÑÒ³¢ÒÍÍ¡

ã¹Ê̂Ç¹¹Õé¡Å̂ÒÇ¶Ö§¡ÒÃ»„Í¹¡ÅÑºÊÑÒ³¢ÒÍÍ¡ â´Â¹íÒá¹Ç¤Ô´¢Í§ Wan áÅÐ Kothare [30] ÁÒ
»ÃÐÂØ¡μŒãª‰ã¹§Ò¹ÇÔ¨ÑÂ¹Õé «Öè§à»“¹¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁáººÍÍ¿äÅ¹Œ â´ÂÍÍ¡áººμÑÇ»ÃÐÁÒ³¤ˆÒÊ¶Ò¹Ð
(state estimator) ·íÒË¹‰Ò·Õè»ÃÐÁÒ³¤ˆÒÊ¶Ò¹Ð·ÕèäÁˆÊÒÁÒÃ¶ÇÑ´¤ˆÒä´‰ ÃˆÇÁ¡Ñº¡ÒÃÍÍ¡áººÍÑμÃÒ¢ÂÒÂ»„Í¹
¡ÅÑºÊ¶Ò¹Ð � ¡ÒÃÍÍ¡áºº·Ñé§ÊÍ§Ê̂Ç¹¹Õé¨Ðà»“¹ÍÔÊÃÐμˆÍ¡Ñ¹ «Öè§ÊÒÁÒÃ¶áÊ´§¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑº
ÊÑÒ³¢ÒÍÍ¡·Õèãª‰à·¤¹Ô¤¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁ´Ñ§¡Å̂ÒÇ¢‰Ò§μ‰¹´Ñ§ÃÙ»·Õè 4.4 μÑÇ»ÃÐÁÒ³¤ˆÒÊ¶Ò¹ÐÁÕÃÙ»
áºº´Ñ§¹Õé

���� � �� � 	����� �
���� � �� ������ ������ (4.18)

���
� � 


àÁ×èÍ �� ÍÑμÃÒ¢ÂÒÂμÑÇ»ÃÐÁÒ³¤ˆÒ (estimator gain) áÅÐ
�
	 


�
¤×Íáºº¨íÒÅÍ§·ÕèÃÐºØ «Öè§ÊÒÁÒÃ¶

à»“¹áºº í̈ÒÅÍ§·Õèä´‰¨Ò¡¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œã¹ÊÀÒÇÐ¤§μÑÇ áÅÐÊ¶Ò¹Ð¢Í§ÃÐºº¹Ñé¹ÅÙˆà¢‰ÒÊÙˆ¨Ø´¡íÒà¹Ô´´‰ÇÂ
´Ñ§¹Ñé¹áºº¨íÒÅÍ§·Õèãª‰ã¹¡ÒÃ»ÃÐÁÒ³¤ˆÒ¨ÐäÁ̂ÁÕ¤ÇÒÁáμ¡μˆÒ§¨Ò¡ÃÐºº¨ÃÔ§ã¹ºÃÔàÇ³ÊÀÒÇÐ¤§μÑÇ¹Ñé¹ áÅÐ
Ê¶Ò¹ÐáÁˆ¹μÃ§ (exact state) ÊÒÁÒÃ¶ÊÃ‰Ò§ä´‰´‰ÇÂμÑÇ»ÃÐÁÒ³¤ˆÒÊ¶Ò¹Ð «Öè§ÊÒÁÒÃ¶à¾ÔèÁ»ÃÐÊÔ·¸ÔÀÒ¾ã¹
¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºä´‰ â´Â·ÑèÇä»áÅ‰Ç ¤ÇÒÁ¼Ô´¾ÅÒ´¾ÅÇÑμ¢Í§μÑÇ»ÃÐÁÒ³¤ˆÒËÒä´‰¨Ò¡

,�� � �� � ��� � ��� ���� � ��

� �	� ��� ,��� � ������� �����

àÁ×èÍ ������� ����� � 
������� � 
��������� â´Â¤ÇÒÁ¼Ô´¾ÅÒ´¾ÅÇÑμ¹Õé¢Öé¹ÍÂÙˆ¡Ñº¾ÅÇÑμ¢Í§
ÃÐºº ã¹¢Ñé¹μÍ¹¡ÒÃÍÍ¡áººμÑÇ»ÃÐÁÒ³¤ˆÒ àÃÒ¨ÐÊ¹ã¨¤ÇÒÁ¼Ô´¾ÅÒ´¾ÅÇÑμ·ÕèÃÐºØà·̂Ò¹Ñé¹ ËÁÒÂ¤ÇÒÁ
ÇˆÒà·ÍÁ¢Í§ ������� ����� ¨Ð¾Ô¨ÒÃ³Òà»“¹ÊÑÒ³ÀÒÂ¹Í¡·Õèà¢‰ÒÁÒ¡ÃÐ·íÒ¡ÑºÃÐººà·̂Ò¹Ñé¹ «Öè§àÃÒ¨ÐÊ¹
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ã¨»¯Ô¡ÔÃÔÂÒÃÐËÇˆÒ§μÑÇ¤Çº¤ØÁáÅÐμÑÇ»ÃÐÁÒ³¤ˆÒÀÒÂËÅÑ§¨Ò¡¡ÒÃÍÍ¡áºº ´‰ÇÂ¡ÒÃ·´ÊÍºàÊ¶ÕÂÃÀÒ¾¤§
·¹¢Í§ÃÐººÇ§»”´ «Öè§¨Ð¡Å̂ÒÇ¶Ö§ã¹ÅíÒ´Ñº¶Ñ´ æ ä»

¤ÇÒÁàÃçÇ¢Í§¤ÇÒÁ¼Ô´¾ÅÒ´¾ÅÇÑμ·ÕèÃÐºØ ,�� � �� � �	� ��� ,��� ÊÒÁÒÃ¶»ÃÑºà»ÅÕèÂ¹ä´‰´‰ÇÂ
¡ÒÃ¡íÒË¹´ÍÑμÃÒ¡ÒÃÅ´Å§μíèÒÊØ´ (minimum decay rate: :) â´ÂÁÕ¤ˆÒÍÂÙˆã¹ªˆÇ§ 
 � : � � «Öè§¨Ð·íÒ
ãË‰àÁ·ÃÔ¡«ŒàÅÕÂ»Ù¹Í¿ � � 
 áÅÐÍÑμÃÒ¢ÂÒÂμÑÇ»ÃÐÁÒ³¤ˆÒÊÍ´¤Å‰Í§¡Ñº

:�,�����,��� 	 ,�� � ����,�� � ��

«Öè§ÊÁÁÙÅ¡Ñº
:�� � �	� ���� �	� ���

� 	 
 (4.19)

¡íÒË¹´ãË‰ � � ��� áÅÐ . � ��� ÍÊÁ¡ÒÃ (4.19) ÊÒÁÒÃ¶á»Å§ãË‰ÍÂÙˆã¹ÃÙ»à§×èÍ¹ä¢
ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ä´‰´‰ÇÂÊ̂Ç¹àμÔÁàμçÁªÙÃŒ ´Ñ§¹Õé

� � 
�

�
:�� �	� . 

	��� �. � �

�
	 
 (4.20)

ËÅÑ¡à¡³±ŒàÊ¶ÕÂÃÀÒ¾¤§·¹ÊíÒËÃÑºÃÐºº»„Í¹¡ÅÑºÊÑÒ³¢ÒÍÍ¡

àÁ×èÍàÃÒ»ÃÐÂØ¡μŒ¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁ áÅÐμÑÇ»ÃÐÁÒ³¤ˆÒ¡ÑºÃÐºº¨ÃÔ§ã¹Ê̂Ç¹ÍÍ¹äÅ¹Œ àÃÒ¨Ð
¤íÒ¹Ç³ËÒ¤ˆÒÍÑμÃÒ¢ÂÒÂ»„Í¹¡ÅÑºÊ¶Ò¹Ð í̈Òà¾ÒÐ ³ àÇÅÒ � (� ���) ¨Ò¡μÒÃÒ§¤‰¹ËÒ¢Í§μÑÇ¤Çº¤ØÁ
ÀÒÂãμ‰¤ˆÒÊ¶Ò¹Ð·Õè¶Ù¡»ÃÐÁÒ³ ³ àÇÅÒ¹Ñé¹ ����� ã¹·Õè¹Õéà¾×èÍãË‰à¢‰Òã¨§̂ÒÂ¢Öé¹ àÃÒ¡íÒË¹´ãË‰ � ��� à»“¹ÍÔÊÃÐ
¨Ò¡¤ˆÒÊ¶Ò¹Ð·Õè¶Ù¡»ÃÐÁÒ³ ����� ÃÐººÇ§»”´áμˆ§àμÔÁÊíÒËÃÑºÃÐºº·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ
(2.3) áÊ´§´Ñ§¹Õé

� �� � �� � ��������� ��� � ������

���� � ������ ��� �������� (4.21)

���� � �������

àÁ×èÍ � �

�
�

��

�
� �������� �

�
	 
� ���

�� 	�
� ���� ��

�
� �� �

�

�

�

�
� ����� �

�
� ���� ���

�
� ��� �

�
���

�

�
àËç¹ä´‰ªÑ´ÇˆÒ¶‰ÒÃÐººáμˆ§àμÔÁ (4.21) ÁÕàÊ¶ÕÂÃÀÒ¾ ´Ñ§¹Ñé¹ÃÐºº

»„Í¹¡ÅÑºÊÑÒ³¢ÒÍÍ¡´Ñé§à´ÔÁ¨Ð¢Öé¹ÍÂÙˆ¡Ñº � ��� ã¹Ê¶Ò¹Ð·Õè¶Ù¡»ÃÐÁÒ³ �����

º·μÑé§ 4.2 ËÅÑ¡à¡³±ŒàÊ¶ÕÂÃÀÒ¾¤§·¹ÊíÒËÃÑºÃÐºº»„Í¹¡ÅÑºÊÑÒ³¢ÒÍÍ¡
ÃÐººáμˆ§àμÔÁ (4.21) ÁÕàÊ¶ÕÂÃÀÒ¾ ¶‰ÒàÁ·ÃÔ¡«Œ � � 
 áÅÐàÁ·ÃÔ¡«Œ + � ��� ���%�� � � � � � �	%�� � � 
 ÁÕ
¨ÃÔ§ ´Ñ§¹Ñé¹ÊíÒËÃÑº·Ø¡æ ÍÑμÃÒ¢ÂÒÂ»„Í¹¡ÅÑºÊ¶Ò¹Ð ���

�������

� � �������� �����

� + +��� +����

������� ��+ � �

���� ���+ � +

	






�

� 
 (4.22)
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àÁ×èÍ ������ �

�
	 
��

�� 	�
�� � ��

�
� ��� �

�
� �����

�
� � � �� � � � � �

¾ÔÊÙ¨¹Œ ÊíÒËÃÑºÃÐººáμˆ§àμÔÁ (4.21) ¶‰ÒÍÑμÒ¢ÂÒÂ»„Í¹¡ÅÑºÊ¶Ò¹Ð �� ·Ø¡æ ¤ˆÒã¹à«μ ) ·íÒãË‰à§×èÍ¹ä¢
ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ (4.22) áÅ‰Ç¡íÒË¹´ãË‰ÍÑμÃÒ¢ÂÒÂ»„Í¹¡ÅÑºÊ¶Ò¹Ð � ��� � ) ´Ñ§¹Ñé¹�

��������

� � ���������� ���� ���

� + +��� +����

��������� ��+ � �

������ ���+ � +

	







�
� 
 (4.23)

ãª‰¡ÒÃá»Å§ÊÁÀÒ¤ÍÊÁ¡ÒÃ (4.23) ´‰ÇÂàÁ·ÃÔ¡«Œ ��� ���+� %� %� ¨Ðä´‰�
��������

��� � ��������� ��� ���

� +�� ��� ����

�������� �� � �

����� ��� � +

	







�
� 
 (4.24)

»ÃÐÂØ¡μŒÊ̂Ç¹àμÔÁàμçÁªÙÃŒ áÅÐ¡íÒË¹´ãË‰ � � ���� +� � +�� áÅ‰ÇÍÊÁ¡ÒÃ (4.24) ¨ÐÊÁÁÙÅ¡Ñº�
� � �������������������� �

�
� ���+

������ ������������� � �
�
� ���+

����

���� �����������
�
��+

������ +� ���� ��� ��
�
��+

����

	
� � 
 (4.25)

¤Ù³Ë¹‰ÒáÅÐËÅÑ§ ·Ò§´‰Ò¹«‰ÒÂÁ×Í¢Í§ÍÊÁ¡ÒÃ (4.25) ´‰ÇÂ
�
�

�

��
áÅÐ

�
�

�

�
μÒÁÅíÒ´Ñº ¨Ðä´‰

� ��� � ���������� �
���
�
� ���������� �
���

�
�
������� ������

�
+� ������� ������� �

�+��
�
� 


«Öè§á¹ˆã¨ä´‰ÇˆÒ¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁÊÍ´¤Å‰Í§´Ñ§à§×èÍ¹ä¢

��� �������� � �������� �����������
�
�������� ����������� � � � �� � � � � �

´Ñ§¹Ñé¹ àÃÒ¨Ðä´‰ � ��� � ���������� �
���
� � ���������� �
��� «Öè§à§×èÍ¹ä¢¹ÕéÃÑº»ÃÐ¡Ñ¹ä´‰ÇˆÒ

¿’§¡ŒªÑ¹¡íÒÅÑ§ÊÍ§ � ��� ¨ÐÁÕ¤ˆÒÅ´Å§·Ò§à´ÕÂÇ �

¡ÒÃÍÍ¡áºº·Õèà»“¹ÍÔÊÃÐμˆÍ¡Ñ¹¢Í§μÑÇ¤Çº¤ØÁ áÅÐμÑÇ»ÃÐÁÒ³¤ˆÒÊÒÁÒÃ¶ÊÃØ»¢Ñé¹μÍ¹¡ÒÃÍÍ¡áºº
ä´‰´Ñ§¹Õé

1. ¡íÒË¹´¤ˆÒÊ¶Ò¹ÐàÃÔèÁμ‰¹ ��� � � �� � � � � � áÅÐ¤ˆÒ¾ÒÃÒÁÔàμÍÃŒÊíÒËÃÑº¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁ ¹Ñè¹
¤×ÍàÁ·ÃÔ¡«Œ¶̂Ç§¹íéÒË¹Ñ¡ � áÅÐ � ¨Ò¡¹Ñé¹ãª‰·ÄÉ®Õº· 4.3 ¨Ðä´‰μÒÃÒ§¤‰¹ËÒ ��� � ���� � �

�� � � � � �

2. ¡íÒË¹´¤ˆÒ¾ÒÃÒÁÔàμÍÃŒÊíÒËÃÑº¡ÒÃÍÍ¡áººμÑÇ»ÃÐÁÒ³¤ˆÒ : ¨Ðä´‰ÍÑμÃÒ¢ÂÒÂμÑÇ»ÃÐÁÒ³¤ˆÒ �� �

. ��� ÊÍ´¤Å‰Í§¡ÑºÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ (4.20)
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3. ·´ÊÍºÍÑμÃÒ¢ÂÒÂ»„Í¹¡ÅÑºÊ¶Ò¹Ð·Õèä´‰¨Ò¡¡ÒÃÍÍ¡áºº ´‰ÇÂËÅÑ¡à¡³±ŒàÊ¶ÕÂÃÀÒ¾¤§·¹ã¹º·μÑé§
4.2 ¶‰Ò¼ÅÅÑ¾¸Œ·Õèä´‰äÁˆÊÍ´¤Å‰Í§ ãË‰¡íÒË¹´¤ˆÒÊ¶Ò¹ÐàÃÔèÁμ‰¹ �� áÅÐ¾ÒÃÒÁÔàμÍÃŒ¶̂Ç§¹íéÒË¹Ñ¡ã¹¢Ñé¹
μÍ¹·Õè 1 áÅÐ 2 ãËÁˆÍÕ¡¤ÃÑé§

àËç¹ä´‰ªÑ´ÇˆÒ ã¹¡ÒÃÍÍ¡áººáººÍÍ¿äÅ¹Œ¢Í§¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹
´‰ÇÂ¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊÑÒ³¢ÒÍÍ¡ ¹íÒä»ÊÙˆ¡ÒÃÍÍ¡áººáºº·íÒ«íéÒ (iterative design) ¢Í§μÑÇ¤Çº
¤ØÁ (¢Ñé¹μÍ¹·Õè 1) áÅÐμÑÇ»ÃÐÁÒ³¤ˆÒ (¢Ñé¹μÍ¹·Õè 2) ¤ˆÒ¾ÒÃÒÁÔàμÍÃŒã¹¡ÒÃÍÍ¡áºº ¹Ñè¹¤×Í ¤ˆÒàÁ·ÃÔ¡«Œ
¶ˆÇ§¹íéÒË¹Ñ¡ �� � ¤ˆÒÍÑμÃÒ¡ÒÃÅ´Å§μíèÒÊØ´ : ÊÒÁÒÃ¶»ÃÑºà»ÅÕèÂ¹ä´‰à¾×èÍãË‰ÊÍ´¤Å‰Í§¡Ñºà§×èÍ¹ä¢àÊ¶ÕÂÃ
ÀÒ¾¤§·¹ (4.22) àÁ×èÍäÁˆ¤íÒ¹Ö§¶Ö§¤ÇÒÁÊÙàÊÕÂâ´Â·ÑèÇä» ¾Ô¨ÒÃ³ÒÃÐººáμˆ§àμÔÁ (4.21) ¶‰ÒÃÐºº´Ñé§à´ÔÁÁÕ
àÊ¶ÕÂÃÀÒ¾Ç§à»”´ áÅÐà¾ÔèÁ¤ˆÒ¾ÒÃÒÁÔàμÍÃŒ � � � ËÃ×Í : � � áÅ‰Ç ¨ÐÃÑº»ÃÐ¡Ñ¹ÇˆÒ ¨ÐÊÒÁÒÃ¶ÍÍ¡
áºº¡ÒÃ¤Çº¤ØÁ·Õèà»“¹ä»ä´‰ÊÍ´¤Å‰Í§¡ÑºËÅÑ¡à¡³±ŒàÊ¶ÕÂÃÀÒ¾¤§·¹ã¹º·μÑé§ 4.2 à¹×èÍ§¨Ò¡ÇˆÒã¹¡Ã³ÕÊØ´
¢Õ´ (extreme case) àÁ×èÍ � � 
 ËÃ×Í �� � 
 ÃÐººáμˆ§àμÔÁ¨Ð¡ÅÒÂà»“¹àÁ·ÃÔ¡«ŒÊÒÁàËÅÕèÂÁº¹ËÃ×ÍÅ̂Ò§
(upper or lower triangular matrix) áÅÐºÅçÍ¡á¹Ç·áÂ§ÁØÁ¨ÐÁÕàÊ¶ÕÂÃÀÒ¾ ã¹·Ò§μÃ§¡Ñ¹¢‰ÒÁ àÁ×èÍà¾ÔèÁ¤ˆÒ
� ËÃ×Í �� ÊÒÁÒÃ¶ª´àªÂ¤Ø³ÊÁºÑμÔ¤ÇÒÁ¤§·¹¢Í§μÑÇ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹Ð áÅÐμÑÇ»ÃÐÁÒ³¤ˆÒ μÒÁ
ÅíÒ´Ñº [19] áÅÐàÁ×èÍÅ´¤ˆÒ  ËÃ×Í : ÊÒÁÒÃ¶·íÒãË‰ÃÐºº·Õèãª‰μÑÇ¤Çº¤ØÁ·ÕèÍÍ¡áººä´‰ ÊÍ´¤Å‰Í§¡ÑºËÅÑ¡
à¡³±ŒàÊ¶ÕÂÃÀÒ¾¤§·¹´‰ÇÂ¡ÒÃà¾ÔèÁÊÁÃÃ¶¹Ð

¨Ò¡ËÅÑ¡¡ÒÃÍÍ¡ááººáººÍÍ¿äÅ¹Œ¢‰Ò§μ‰¹ ÊÒÁÒÃ¶ÊÃØ»à»“¹·ÄÉ®Õä´‰´Ñ§¹Õé

·ÄÉ®Õº· 4.4 ¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹ ´‰ÇÂ¡ÒÃ»„Í¹¡ÅÑºÊÑÒ³¢ÒÍÍ¡
áººÍÍ¿äÅ¹Œ

¾Ô¨ÒÃ³ÒÃÐºº¾ÅÇÑμ (2.3) ·ÕèÁÕâ¤Ã§ÊÃ‰Ò§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ ÀÒÂãμ‰à§×èÍ¹ä¢ºÑ§¤Ñº
ÊÑÒ³¢Òà¢‰Ò (2.7) áÅÐà§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢ÒÍÍ¡ (2.8)

ã¹Ê̂Ç¹ÍÍ¿äÅ¹Œ ·íÒμÒÁ¢Ñé¹μÍ¹¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁáÅÐμÑÇ»ÃÐÁÒ³¤ˆÒ ´Ñ§¢‰ÍÊÃØ»¡ÒÃÍÍ¡áºº
¢‰Ò§μ‰¹ ¨¹¡ÃÐ·Ñè§μÑÇ¤Çº¤ØÁáÅÐμÑÇ»ÃÐÁÒ³¤ˆÒÊÍ´¤Å‰Í§¡ÑºËÅÑ¡à¡³±ŒàÊ¶ÕÂÃÀÒ¾¤§·¹μÒÁº·μÑé§ 4.2

ã¹Ê̂Ç¹ÍÍ¹äÅ¹Œ ¤íÒ¹Ç³¤ˆÒÊ¶Ò¹Ð·Õè¶Ù¡»ÃÐÁÒ³ ����� ´‰ÇÂ¡ÒÃ»ÃÐÁÒ³¤ˆÒÊ¶Ò¹ÐμÒÁÊÁ¡ÒÃ (4.18)

áÅÐãË‰ ��������
�
��

�

� � ´íÒà¹Ô¹¡ÒÃ¤‰¹ËÒáººáº̂§¤ÃÖè§º¹ ���� ã¹μÒÃÒ§¤‰¹ËÒ¢Í§μÑÇ¤Çº¤ØÁ à¾×èÍ·Õè¨Ð¤‰¹
ËÒ¤ˆÒ´Ñª¹Õ � ÁÒ¡·ÕèÊØ´ ·Õè·íÒãË‰à§×èÍ¹ä¢ ��������

�
��
�

� � à»“¹¨ÃÔ§
¶‰Ò¤ˆÒ´Ñª¹Õ � � � ãË‰ËÒ¤ˆÒ ;� ¨Ò¡ÊÁ¡ÒÃ

��� ���
�
;��

��
� � ��� ;���

��
���

�
����� � �

áÅ‰Ç»ÃÐÂØ¡μŒ¡®¡ÒÃ¤Çº¤ØÁãË‰¡Ñº¡ÃÐºÇ¹¡ÒÃ´Ñ§ÊÁ¡ÒÃμˆÍä»¹Õé
���� � �;��� � ��� ;������� �����

ã¹¡Ã³Õ·Õè¤ˆÒ´Ñª¹Õ � � � ãË‰»ÃÐÂØ¡μŒ¡®¡ÒÃ¤Çº¤ØÁ´Ñ§μˆÍä»¹Õé
���� � �� �����

ãË‰¡Ñº¡ÃÐºÇ¹¡ÒÃ ¼ÅÅÑ¾¸Œ·Õèä´‰¤×Í àÁ·ÃÔ¡«Œ»„Í¹¡ÅÑºÊ¶Ò¹Ð·Õèá»Ãà»ÅÕèÂ¹μÒÁàÇÅÒ � ��� ¨Ð·íÒãË‰ÃÐººÇ§
»”´ÁÕàÊ¶ÕÂÃÀÒ¾àªÔ§àÊ‰¹¡íÒ¡Ñº¤§·¹
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Start

No

Stop

No

Yes

Yes

stable
Open-loopTest with (4.22)

Specify � and 	

Obtain a look-up table

��� � ��� as in the off-line

part of Theorem 4.3

Specify �

Obtain 
� �����

satisfying (4.18)

Increase 	 or � Decrease 	 or �

ÃÙ»·Õè 4.5: ¼Ñ§§Ò¹¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁ»„Í¹¡ÅÑºÊÑÒ³¢ÒÍÍ¡áººÍÍ¿äÅ¹Œ

ÊÃØ»¼Ñ§§Ò¹¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊÑÒ³¢ÒÍÍ¡μÒÁ·ÄÉ®Õº· 4.4 ä´‰´Ñ§¹Õé â´Âã¹Ê̂Ç¹ÍÍ¿äÅ¹Œ«Öè§
à»“¹¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹ÐÃˆÇÁ¡ÑºμÑÇ»ÃÐÁÒ³¤ˆÒÊ¶Ò¹ÐáÊ´§ä ‰́´Ñ§ÃÙ» 4.5 áÅÐÃÙ»·Õè 4.6

áÊ´§¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊÑÒ³¢ÒÍÍ¡ã¹Ê̂Ç¹ÍÍ¹äÅ¹Œ

4.4 ÊÃØ»

ã¹º·¹Õé¹íÒàÊ¹Í¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹ ÃˆÇÁ¡Ñºà§×èÍ¹ä¢ºÑ§¤Ñº
ÊÑÒ³¢Òà¢‰Ò¤Çº¤ØÁ áÅÐà§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢ÒÍÍ¡¢Í§¡ÃÐºÇ¹¡ÒÃ ÊíÒËÃÑºÃÐººáººàªÔ§àÊ‰¹á»Ã
à»ÅÕèÂ¹μÒÁàÇÅÒ·ÕèÁÕâ¤Ã§ÊÃ‰Ò§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ áº̂§¡ÒÃ¤Çº¤ØÁÍÍ¡à»“¹ÊÍ§Ê̂Ç¹ä´‰á¡̂
¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹Ð áÅÐ¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊÑÒ³¢ÒÍÍ¡ â´Âã¹Ê̂Ç¹¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑº
Ê¶Ò¹Ð §Ò¹ÇÔ¨ÑÂ¹Õéä´‰¹íÒàÊ¹Í·ÄÉ®Õ¡ÒÃÊÑ§à¤ÃÒÐËŒμÑÇ¤Çº¤ØÁãËÁ̂ ´‰ÇÂ¡ÒÃ»ÃÐÂØ¡μŒ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§
¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ ã¹ÃÙ»áºº¡ÒÃá¡‰»’ËÒ¡ÒÃËÒ¤ˆÒàËÁÒÐÊØ´ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ «Öè§àª×èÍÇˆÒ´‰ÇÂ¡ÒÃ
»ÃÐÂØ¡μŒãª‰¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ¨Ð·íÒãË‰ÊÁÃÃ¶¹Ð¢Í§ÃÐºº·Õè¾Ô¨ÒÃ³Ò ÁÕ¤ÇÒÁÍ¹ØÃÑ¡ÉŒ
Å´Å§áÅÐÊ̂§¼Å·íÒãË‰ÃÐººÁÕ»ÃÐÊÔ·¸ÔÀÒ¾·Õè´Õ¢Öé¹ àÁ×èÍà»ÃÕÂºà·ÕÂº¡Ñº¡ÒÃ»ÃÐÂØ¡μŒ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿
à´ÕÂÇ ÃÇÁ·Ñé§´‰ÇÂ¡ÒÃÇÔà¤ÃÒÐËŒÃÐºº´‰ÇÂáºº¨íÒÅÍ§·Õè·Õâ¤Ã§ÊÃ‰Ò§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ àÁ×èÍ
à»ÃÕÂºà·ÕÂº¡Ñºáºº í̈ÒÅÍ§·ÕèÁÕâ¤Ã§ÊÃ‰Ò§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¾ÍÅÔâ·¾ àª×èÍÇˆÒ¨Ðª̂ÇÂÅ´ÀÒÃÐàÇÅÒã¹¡ÒÃ
¤íÒ¹Ç³ÊíÒËÃÑº¡ÒÃÊÑ§à¤ÃÒÐËŒμÑÇ¤Çº¤ØÁÍÕ¡´‰ÇÂ ã¹Ê̂Ç¹¢Í§¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊÑÒ³¢ÒÍÍ¡ àÃÒä ‰́
»ÃÐÂØ¡μŒ§Ò¹¢Í§ Wan áÅÐ Kothare [30] ÃˆÇÁ¡Ñºà·¤¹Ô¤¡ÒÃ¤Çº¤ØÁãËÁ̂ â´Â¾Ñ²¹ÒËÅÑ¡à¡³±ŒàÊ¶ÕÂÃ
ÀÒ¾¤§·¹à¾ÔèÁàμÔÁ¨Ò¡§Ò¹¢Í§ [30] à¾×èÍãË‰¤ÃÍº¤ÅØÁ¡ÑºÃÙ»·ÑèÇä»¢Í§áºº í̈ÒÅÍ§·ÕèÁÕâ¤Ã§ÊÃ‰Ò§¤ÇÒÁäÁ̂
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No

Start

Stop

No

Yes

Yes

s.t. �
������
�
��
�

� 	

Perform a bisection search
over ���

� in a look-up table
to find the largest index �

Get 
����

Initial � � �

� � � � 	

Solve 
����� ����
��
� � �	
 ����

��
����
���� � 	 for ��

���� � ����� � �	
 ��������
����

Get 
��� � 	� from (4.18)

No. of
samples� �

� � �

���� � �� 
����

ÃÙ»·Õè 4.6: ¼Ñ§§Ò¹¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊÑÒ³¢ÒÍÍ¡áººÍÍ¿äÅ¹Œ

á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ ã¹º·μˆÍä»¨Ð¹íÒàÊ¹Í¡ÒÃ»ÃÐÂØ¡μŒ¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹
ä¢ºÑ§¤Ñº¤§·¹ ÃˆÇÁ¡Ñº¡ÃÐºÇ¹¡ÒÃμˆÒ§æ ÃÇÁ·Ñé§ÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´ à¾×èÍáÊ´§»ÃÐÊÔ·¸Ô¼Å
¢Í§à·¤¹Ô¤¡ÒÃÍÍ¡áºº



º··Õè 5

μÑÇÍÂˆÒ§àªÔ§μÑÇàÅ¢

ã¹Ê̂Ç¹¹Õé¹íÒàÊ¹ÍμÑÇÍÂˆÒ§à»ÃÕÂºà·ÕÂº ¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹
ÃÐËÇˆÒ§à·¤¹Ô¤·Õè»ÃÐÂØ¡μŒ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ áÅÐà·¤¹Ô¤¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ
ÊíÒËÃÑºáºº í̈ÒÅÍ§·ÕèÁÕâ¤Ã§ÊÃ‰Ò§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¾ÍÅÔâ·¾ áÅÐ¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ ÃÙ»
áºº¡ÒÃ¾Ô¨ÒÃ³Ò¨Ðáº̂§ÍÍ¡à»“¹ ¡ÒÃà»ÃÕÂºà·ÕÂº¤ÇÒÁÍ¹ØÃÑ¡ÉŒ¢Í§¼ÅÅÑ¾¸Œ·Õèä´‰ã¹áμˆÅÐà·¤¹Ô¤ áÅÐáμˆÅÐ
ÃÙ»áºº¤ÇÒÁäÁ̂á¹ˆ¹Í¹ ÃÇÁ·Ñé§àÇÅÒ¡ÒÃ¤íÒ¹Ç³«Öè§àª×èÍÇˆÒ â¤Ã§ÊÃ‰Ò§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ
¨Ðãª‰àÇÅÒ¤íÒ¹Ç³¹‰ÍÂ¡ÇˆÒ â¤Ã§ÊÃ‰Ò§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¾ÍÅÔâ·¾ áÅÐ´Ñª¹ÕÊÁÃÃ¶¹Ð¢Í§¼ÅμÍºÇ§»”´
ÍÑ¹ä´‰á¡̂ ªˆÇ§àÇÅÒà¢‰Ò·Õè (settling time: -�) ¤ˆÒÂÍ´ÊÑÒ³¤Çº¤ØÁ (��' �) àÇÅÒ¡ÒÃ
¤íÒ¹Ç³ à»“¹μ‰¹ â´Â¨Ð¹íÒàÊ¹Í¡ÒÃ»ÃÐÂØ¡μŒ´‰ÇÂ¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹ÐáººÍÍ¹äÅ¹Œ ÊíÒËÃÑºÃÐºº
μÔ´μÒÁμíÒáË¹ˆ§àªÔ§ÁØÁ áÅÐ¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊÑÒ³¢ÒÍÍ¡áººÍÍ¿äÅ¹Œ ÊíÒËÃÑºÃÐººà¤Ã×èÍ§¤¹¶Ñ§
»¯Ô¡Ã³ŒμˆÍà¹×èÍ§áººäÁˆ¤§ÍØ³ËÀÙÁÔ áÅÐÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´ àÃÒ í̈ÒÅÍ§ÍÍ¡áººμÑÇ¤Çº¤ØÁâ´Â
ãª‰à¤Ã×èÍ§Á×Í YALMIP [14] ¼ˆÒ¹â»Ãá¡ÃÁ MATLAB ´‰ÇÂâ¹‰μºØŠ¡¤ÍÁ¾ÔÇàμÍÃŒ Intel Core 2 Duo ���� ./�

Ë¹ˆÇÂ¤ÇÒÁ í̈Ò RAM 	 .0

5.1 ÃÐººμÔ´μÒÁμíÒáË¹ˆ§àªÔ§ÁØÁ

μÑÇÍÂˆÒ§áÃ¡ áÊ´§¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹ ÊíÒËÃÑº
ÃÐººμíÒáË¹ˆ§àªÔ§ÁØÁ â´Âáº̂§¼Å¡ÒÃ·´ÅÍ§ÍÍ¡à»“¹ 2 Ê̂Ç¹ Ê̂Ç¹áÃ¡à»“¹¡ÒÃà»ÃÕÂºà·ÕÂº¡ÒÃ¤Çº¤ØÁàªÔ§
·íÒ¹ÒÂáºº¨íÒÅÍ§´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ ¡Ñº¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ â´Â¾Ô¨ÒÃ³Ò
·Ñé§áºº í̈ÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¾ÍÅÔâ·¾áÅÐáºº¨íÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ Ê̂Ç¹·ÕèÊÍ§
à»“¹¡ÒÃà»ÃÕÂºà·ÕÂº¡ÒÃÍÍ¡áºº àÁ×èÍ¾Ô¨ÒÃ³Òáºº í̈ÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¾ÍÅÔâ·¾¡Ñºáºº í̈ÒÅÍ§
¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ ÃˆÇÁ¡Ñº¡ÒÃÇÔà¤ÃÒÐËŒ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ â´ÂÃÇÁ
à§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢ÒÍÍ¡ã¹¡ÒÃ¾Ô¨ÒÃ³Ò´‰ÇÂ

àÃÔèÁμ‰¹ ¾Ô¨ÒÃ³ÒÃÐººμíÒáË¹ˆ§àªÔ§ÁØÁáÊ´§´Ñ§ÃÙ»·Õè 5.1 »ÃÐ¡Íº´‰ÇÂÊÒÂÍÒ¡ÒÈáººËÁØ¹ (rotat-

ing antenna) ·Õè¨Ø´¡íÒà¹Ô´º¹ÃÐ¹Òº «Öè§¢Ñºà¤Å×èÍ¹´‰ÇÂÁÍàμÍÃŒä¿¿„Ò »’ËÒ¡ÒÃ¤Çº¤ØÁ¤×Í ¡ÒÃãË‰áÃ§´Ñ¹
¢Òà¢‰Ò¡ÑºÁÍàμÍÃŒ (� âÇÅμŒ) à¾×èÍËÁØ¹ÊÒÂÍÒ¡ÒÈãË‰ÁÕ·ÔÈ·Ò§μÔ´μÒÁÇÑμ¶Øà¤Å×èÍ¹·Õèã¹ÃÐ¹Òº

¡íÒË¹´ãË‰μíÒáË¹ˆ§àªÔ§ÁØÁ¢Í§ÊÒÂÍÒ¡ÒÈáÅÐμíÒáË¹ˆ§ÇÑμ¶Øà¤Å×èÍ¹·Õè (< áÅÐ <	 àÃà´ÕÂ¹μÒÁ
ÅíÒ´Ñº) áÅÐ¤ÇÒÁàÃçÇàªÔ§ÁØÁ¢Í§ÊÒÂÍÒ¡ÒÈ ( 1< àÃà´ÕÂ¹μˆÍÇÔ¹Ò·Õ) ÊÒÁÒÃ¶ÇÑ´ä´‰ ¡ÒÃà¤Å×èÍ¹·Õè¢Í§ÊÒÂ
ÍÒ¡ÒÈÊÒÁÒÃ¶Í¸ÔºÒÂã¹ÃÐººàÇÅÒÇÔÂØμ´Ñ§ÊÁ¡ÒÃ (5.1) «Öè§ä´‰¨Ò¡¡ÒÃá»Å§ÃÐººàÇÅÒμˆÍà¹×èÍ§´‰ÇÂ¡ÒÃ
»ÃÐÁÒ³ÍÍÂàÅÍÃŒÍÑ¹´ÑºË¹Öè§ áÅÐãª‰¤ˆÒàÇÅÒ¡ÒÃªÑ¡μÑÇÍÂˆÒ§à·̂Ò¡Ñº 0.1 ÇÔ¹Ò·Õ
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��
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ÃÙ»·Õè 5.1: ÃÐººμÔ´μÒÁμíÒáË¹ˆ§àªÔ§ÁØÁ
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(5.1)

àÁ×èÍ 
�� ÇÔ¹Ò·Õ�� � ;��� � �
 ÇÔ¹Ò·Õ�� «Öè§¾ÒÃÒÁÔàμÍÃŒ ;��� à»“¹ÊÑ´Ê̂Ç¹¢Í§ÊÑÁ»ÃÐÊÔ·¸ÔìáÃ§àÊÕÂ´·Ò¹
áººË¹×´ (viscous friction) ã¹Ê̂Ç¹¢Í§¡ÒÃËÁØ¹¢Í§ÊÒÂÍÒ¡ÒÈ áÅÐ¡íÒË¹´ãË‰à»“¹¤ˆÒ·Õèá»Ãà»ÅÕèÂ¹μÒÁ
àÇÅÒÀÒÂã¹¢Íºà¢μ·Õè¡íÒË¹´ «Öè§¨Ò¡¢‰Í¡íÒË¹´¢Í§ ;��� àÃÒÊÒÁÒÃ¶ÊÃØ»ä´‰ÇˆÒ 	��� � =�	�� 	�� àÁ×èÍ
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Ê¶Ò¹Ð¡ÒÃÃº¡Ç¹àÃÔèÁμ‰¹ ��
� �
�

�
 


�� ã¹Ê̂Ç¹áÃ¡ à»“¹¡ÒÃà»ÃÕÂºà·ÕÂº´‰ÇÂ¡ÒÃÇÔà¤ÃÒÐËŒ
¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ ¡Ñº¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ ·Ñé§áºº¨íÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§
¾ÍÅÔâ·¾ áÅÐáºº¨íÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ ÃÙ»·Õè 5.2 áÊ´§¡ÒÃà»ÃÕÂºà·ÕÂº¼ÅμÍº
Ê¹Í§·Ò§àÇÅÒ¢Í§ÃÐºº¨Ò¡·Ñé§ÊÒÁÇÔ¸Õ â´Âã¹áμˆÊÁÒªÔ¡¢Í§ ; à»“¹¤ˆÒÊØˆÁ·Õèá»Ãà»ÅÕèÂ¹μÒÁàÇÅÒÀÒÂã¹
2
��� �
, ÃÙ»·Õè 5.3 áÊ´§¡ÒÃà»ÃÕÂºà·ÕÂº¡ÒÃà»ÅÕèÂ¹á»Å§¢Í§ÊÑÒ³¤Çº¤ØÁ ÃÙ»·Õè 5.4 áÊ´§¡ÒÃ
à»ÃÕÂºà·ÕÂº¤ˆÒ¹ÍÃŒÁ¢Í§¡®¡ÒÃ¤Çº¤ØÁ � ã¹â´àÁ¹àÇÅÒ¢Í§·Ñé§ÊÒÁÇÔ¸Õ ÃÙ»·Õè 5.5 áÊ´§¡ÒÃà»ÃÕÂº
à·ÕÂºàÇÅÒ¤íÒ¹Ç³ã¹áμˆÅÐ¡ÒÃÇ¹«íéÒ áÅÐμÒÃÒ§·Õè 5.1 à»“¹¡ÒÃà»ÃÕÂºà·ÕÂº´Ñª¹ÕÊÁÃÃ¶¹Ð ³ ¤ˆÒÊ¶Ò¹Ð
àÃÔèÁμ‰¹ áÅÐ´Ñª¹ÕÊÁÃÃ¶¹ÐμˆÒ§æ ¢Í§·Ñé§ÊÒÁà·¤¹Ô¤¡ÒÃ¤Çº¤ØÁ »ÃÐ¡Íº´‰ÇÂªˆÇ§àÇÅÒà¢‰Ò·Õè ( � -�)

¤ˆÒÂÍ´¢Í§ÊÑÒ³¤Çº¤ØÁ (��' �) áÅÐàÇÅÒ¡ÒÃ¤íÒ¹Ç³ (-�) àÁ×èÍ¾Ô¨ÒÃ³Ò¨Ò¡¼ÅμÍºÊ¹Í§¢Í§
·Ñé§ÊÒÁÇÔ¸Õ¡ÒÃÍÍ¡áºº¾ºÇˆÒ ã¹áμˆÅÐà·¤¹Ô¤ãË‰¼ÅμÍºÊ¹Í§·ÕèÁÕÊÁÃÃ¶¹Ðã¡Å‰à¤ÕÂ§¡Ñ¹ â´Âà·¤¹Ô¤¡ÒÃ
ÍÍ¡áºº´‰ÇÂ¡ÒÃ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ ¡Ñº¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁÊíÒËÃÑºáºº í̈ÒÅÍ§
¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ ãË‰¼ÅμÍºÊ¹Í§ áÅÐ¤ˆÒ´Ñª¹ÕÊÁÃÃ¶¹Ð·Õèà·̂Ò¡Ñ¹ ã¹¡Ã³Õ¹ÕéàÃÕÂ¡ÇˆÒ
¡Ã³Õ¾ÔàÈÉ à¹×èÍ§¨Ò¡μÑÇá»Ã¤ÇÒÁäÁˆá¹ˆ¹Í¹ã¹μÑÇÍÂˆÒ§¹Õéà»“¹¤ÇÒÁäÁˆá¹ˆ¹Í¹à´ÕÂÇ «Öè§·íÒãË‰¡ÒÃÇÔà¤ÃÒÐËŒ
´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇÊÁÁÙÅ¡Ñº¡ÒÃÇÔà¤ÃÒÐËŒ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ ¹Í¡¨Ò¡
¹Õé ¡ÒÃÍÍ¡áºº´‰ÇÂ¡ÒÃÇÔà¤ÃÒÐËŒ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁÃˆÇÁ¡Ñºáºº í̈ÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ
¹Í¹àªÔ§¾ÍÅÔâ·¾¨ÐãË‰¤ˆÒ´Ñª¹ÕÊÁÃÃ¶¹ÐáÅÐ¼ÅμÍºÊ¹Í§·Õè´Õ¡ÇˆÒà·¤¹Ô¤¡ÒÃÍÍ¡áºº´‰ÇÂáºº¨íÒÅÍ§¤ÇÒÁ
äÁˆá¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁàÅç¡¹‰ÍÂ áμˆàÁ×èÍÊÑ§à¡μ¨Ò¡¤ˆÒàÇÅÒã¹¡ÒÃ¤íÒ¹Ç³¾ºÇˆÒãª‰àÇÅÒÁÒ¡·ÕèÊØ´´‰ÇÂ
μÑÇÍÂˆÒ§¹ÕéáÊ´§ãË‰àËç¹ÇˆÒ à·¤¹Ô¤¡ÒÃÍÍ¡áºº´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇÊíÒËÃÑºáºº í̈ÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ
¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁà¾ÕÂ§¾ÍÊíÒËÃÑº¡ÒÃÍÍ¡áººÊíÒËÃÑºÃÐºº·ÕèÁÕμÑÇá»Ã¤ÇÒÁäÁˆá¹ˆ¹Í¹à´ÕÂÇ ÍÂˆÒ§
äÃ¡çμÒÁ à·¤¹Ô¤¡ÒÃÍÍ¡áºº¹ÕéäÁˆàËÁÒÐÊÁã¹¡ÒÃ»ÃÐÂØ¡μŒ¨ÃÔ§ à¹×èÍ§¨Ò¡àÇÅÒ¤íÒ¹Ç³ÂÑ§¤§ÁÕ¤ˆÒÁÒ¡
¡ÇˆÒ¤ˆÒàÇÅÒ¡ÒÃªÑ¡μÑÇÍÂˆÒ§ à·¤¹Ô¤¡ÒÃÍÍ¡áººáººÍÍ¿äÅ¹Œ¨Ö§ í̈Òà»“¹ÊíÒËÃÑºÃÐºº¾ÅÇÑμ·ÕèÁÕ¡ÒÃà»ÅÕèÂ¹
á»Å§ÃÇ´àÃçÇ´Ñ§àªˆ¹μÑÇÍÂˆÒ§¹Õé

μÒÃÒ§·Õè 5.1: à»ÃÕÂºà·ÕÂº´Ñª¹ÕÊÁÃÃ¶¹Ðã¹áμˆÅÐà·¤¹Ô¤ÊíÒËÃÑºÃÐººμÔ´μÒÁμíÒáË¹ˆ§àªÔ§ÁØÁ

à·¤¹Ô¤¡ÒÃÍÍ¡áºº ´Ñª¹ÕÊÁÃÃ¶¹Ð (�) ªˆÇ§àÇÅÒà¢‰Ò·Õè ¤ˆÒÂÍ´¢Í§ÊÑÒ³ àÇÅÒ¡ÒÃ¤íÒ¹Ç³
³ ¤ˆÒÊ¶Ò¹Ð ��
� (ÇÔ¹Ò·Õ) ¤Çº¤ØÁ (âÇÅμŒ) (ÇÔ¹Ò·Õ)

SLF-NBU ��!���� �
�� 
����	 ����
� 
����

PDLF-PU ����"!� �
�� 
��� � ��� 	� 
� ��

PDLF-NBU ��!���� �
�� 
����� ����
� 
����

Ê̂Ç¹·ÕèÊÍ§ à»“¹¡ÒÃà»ÃÕÂºà·ÕÂº¡ÒÃÍÍ¡áººâ´Â¡ÒÃ¾Ô¨ÒÃ³Òáºº í̈ÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¾Í-
ÅÔâ·¾ áÅÐáºº í̈ÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ ´‰ÇÂ¡ÒÃÇÔà¤ÃÒÐËŒ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡Ñº
μÑÇá»ÃàÊÃÔÁ àÁ×èÍ¡íÒË¹´ãË‰à§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢ÒÍÍ¡ ���� � ����� � 
�
� àÃà´ÕÂ¹, � 	

� ÃÙ»·Õè 5.6 áÊ´§¡ÒÃà»ÃÕÂºà·ÕÂº¼ÅμÍºÊ¹Í§·Ò§àÇÅÒ¢Í§ÃÐººμÔ´μÒÁμíÒáË¹ˆ§àªÔ§ÁØÁ àÁ×èÍ
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ÃÙ»·Õè 5.2: ¼ÅμÍºÊ¹Í§·Ò§àÇÅÒ¢Í§ÃÐººμÔ´μÒÁμíÒáË¹ˆ§àªÔ§ÁØÁ
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ÃÙ»·Õè 5.3: ¡ÒÃà»ÅÕèÂ¹á»Å§¢Í§ÊÑÒ³¤Çº¤ØÁ¢Í§ÃÐººμÔ´μÒÁμíÒáË¹ˆ§àªÔ§ÁØÁ
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ÃÙ»·Õè 5.4: ¹ÍÃŒÁ¢Í§àÁ·ÃÔ¡«ŒÍÑμÃÒ¢ÂÒÂ � ã¹â´àÁ¹àÇÅÒ¢Í§ÃÐººμÔ´μÒÁμíÒáË¹ˆ§àªÔ§ÁØÁ
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ÃÙ»·Õè 5.5: àÇÅÒ¤íÒ¹Ç³ã¹áμˆÅÐà·¤¹Ô¤¡ÒÃ¤Çº¤ØÁÊíÒËÃÑºÃÐººμÔ´μÒÁμíÒáË¹ˆ§àªÔ§ÁØÁ
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ÁÕà§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢ÒÍÍ¡ ÃÙ»·Õè 5.7 áÊ´§¡ÒÃà»ÃÕÂºà·ÕÂº¡ÒÃà»ÅÕèÂ¹á»Å§¢Í§ÊÑÒ³¤Çº
¤ØÁ ÃÙ»·Õè 5.8 áÊ´§¡ÒÃà»ÃÕÂºà·ÕÂº¤ˆÒ¹ÍÃŒÁ¢Í§¡®¡ÒÃ¤Çº¤ØÁ � ã¹â´àÁ¹àÇÅÒ¢Í§·Ñé§ÊÒÁ
ÇÔ¸Õ ÃÙ»·Õè 5.9 áÊ´§¡ÒÃà»ÃÕÂºà·ÕÂºàÇÅÒ¤íÒ¹Ç³ã¹áμˆÅÐ¡ÒÃÇ¹«íéÒ ÊØ´·‰ÒÂÃÙ»·Õè 5.10 áÊ´§¡ÒÃ
à»ÃÕÂºà·ÕÂº´Ñª¹ÕÊÁÃÃ¶¹Ð¢Í§·Ñé§ÊÒÁÇÔ¸Õ¡ÒÃÍÍ¡áºº¡ÒÃ¤Çº¤ØÁ áÅÐÊÒÁÒÃ¶ÊÃØ»´Ñª¹ÕÊÁÃÃ¶¹Ð¢Í§
ÃÐººμÔ´μÒÁμíÒáË¹ˆ§àªÔ§ÁØÁ àÁ×èÍÁÕà§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢ÒÍÍ¡ä´‰´Ñ§μÒÃÒ§·Õè 5.2 ÊÑ§à¡μÇˆÒ¤ˆÒ´Ñª¹Õ
ÊÁÃÃ¶¹Ð áÅÐ¼ÅμÍºÊ¹Í§¢Í§ÊÑÒ³¢ÒÍÍ¡·Õèä´‰¨Ò¡à·¤¹Ô¤¡ÒÃÍÍ¡áºº´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹
¡ÑºμÑÇá»ÃàÊÃÔÁÊíÒËÃÑºáºº¨íÒÅÍ§·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¾ÍÅÔâ·¾ãË‰¤ˆÒÊÁÃÃ¶¹Ð·Õè´‰ÍÂ¡ÇˆÒà·¤¹Ô¤Í×è¹ ÍÕ¡
·Ñé§ÂÑ§ãª‰àÇÅÒã¹¡ÒÃ¤íÒ¹Ç³ÁÒ¡·ÕèÊØ´ÍÕ¡´‰ÇÂ ¼ÅÅÑ¾¸Œã¹¤ˆÒÊÁÃÃ¶¹Ð·ÕèÅ´Å§¹Õé à¡Ô´¨Ò¡¡ÒÃà¾ÔèÁà§×èÍ¹ä¢
ÊÑÒ³¢ÒÍÍ¡ã¹¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁ «Öè§¾ÂÒÂÒÁ·íÒãË‰¼ÅμÍºÊ¹Í§ÊÑÒ³¢ÒÍÍ¡¢Í§ÃÐººÍÂÙˆã¹
¢Íºà¢μ·Õè¡íÒË¹´ ÍÂˆÒ§äÃ¡çμÒÁ ¼ÅμÍºÊ¹Í§ÊÑÒ³¢ÒÍÍ¡·ÕèàÇÅÒ 
�� ÇÔ¹Ò·Õ (� � �) ÂÑ§¤§ÁÕ¼Å
μÍºÊ¹Í§·ÕèÁÒ¡¡ÇˆÒ¢Íºà¢μà§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢ÒÍÍ¡·Õè¡íÒË¹´ àËμØ¼Åà¹×èÍ§¨Ò¡ÇˆÒ¾ÅÇÑμ¢Í§ÃÐºº
¹Ñè¹àÍ§·Õè·íÒãË‰¾ÄμÔ¡ÃÃÁ¢Í§¼ÅμÍºÊ¹Í§ÊÑÒ³¢ÒÍÍ¡äÁˆÍÂÙˆÀÒÂã¹¢Íºà¢μ·Õè¡íÒË¹´ »’ËÒ¡ÒÃÍÍ¡
áºº´Ñ§¡Å̂ÒÇÍÒ¨á¡‰ä¢ä´‰â´Â»ÃÑºà»ÅÕèÂ¹¢Íºà¢μ¢Í§à§×èÍ¹ä¢ÊÑÒ³¢ÒÍÍ¡ãË‰à¾ÔèÁ¢Öé¹ ËÃ×ÍÅÐàÅÂ¡ÒÃ
¾Ô¨ÒÃ³Òà§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢ÒÍÍ¡ «Öè§¨Ð·íÒãË‰ÃÐººÁÕ¼ÅμÍºÊ¹Í§·ÕèÁÕÊÁÃÃ¶¹Ð·Õè´Õ¢Öé¹

μÒÃÒ§·Õè 5.2: à»ÃÕÂºà·ÕÂº´Ñª¹ÕÊÁÃÃ¶¹ÐÊíÒËÃÑºÃÐººμÔ´μÒÁμíÒáË¹ˆ§àªÔ§ÁØÁàÁ×èÍà¾ÔèÁà§×èÍ¹ä¢ºÑ§¤Ñº
ÊÑÒ³¢ÒÍÍ¡

à·¤¹Ô¤¡ÒÃÍÍ¡áºº ªˆÇ§àÇÅÒà¢‰Ò·Õè ¤ˆÒÂÍ´¢Í§ÊÑÒ³ àÇÅÒ¡ÒÃ¤íÒ¹Ç³
(ÇÔ¹Ò·Õ) ¤Çº¤ØÁ (âÇÅμŒ) (ÇÔ¹Ò·Õ)

SLF-NBU 
� ��! �� # 
 
� �	

PDLF-PU 
�! �
 
�# �" 
�� !

PDLF-NBU 
� ��
 ������ 
�� �

5.2 ÃÐººà¤Ã×èÍ§¤¹¶Ñ§» Ô̄¡Ã³ŒμˆÍà¹×èÍ§áººäÁ̂¤§ÍØ³ËÀÙÁÔ

μÑÇÍÂˆÒ§¶Ñ´ÁÒ à»“¹¡ÒÃ»ÃÐÂØ¡μŒ¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹ ÊíÒËÃÑº
ÃÐººà¤Ã×èÍ§¤¹¶Ñ§» Ô̄¡Ã³ŒμˆÍà¹×èÍ§áººäÁˆ¤§ÍØ³ËÀÙÁÔ (non-isothermal CSTR) ´‰ÇÂ¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑº
ÊÑÒ³¢ÒÍÍ¡ â´Âà»ÃÕÂºà·ÕÂºà·¤¹Ô¤¡ÒÃ¤Çº¤ØÁ´‰ÇÂ¡ÒÃÇÔà¤ÃÒÐËŒ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ ÊíÒËÃÑºáºº
¨íÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ ¡Ñºà·¤¹Ô¤¡ÒÃ¤Çº¤ØÁ´‰ÇÂ¡ÒÃÇÔà¤ÃÒÐËŒ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹
¡ÑºμÑÇá»ÃàÊÃÔÁ ÊíÒËÃÑºáºº¨íÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¾ÍÅÔâ·¾ áÅÐ¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ

¾Ô¨ÒÃ³Òáºº í̈ÒÅÍ§àªÔ§àÊ‰¹¢Í§ÃÐººà¤Ã×èÍ§¤¹¶Ñ§» Ô̄¡Ã³ŒμˆÍà¹×èÍ§áººäÁˆ¤§ÍØ³ËÀÙÁÔ¨Ò¡ [30]

1� � 	��
�

� � �
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ÃÙ»·Õè 5.6: ¼ÅμÍºÊ¹Í§·Ò§àÇÅÒ¢Í§ÃÐººμíÒáË¹ˆ§àªÔ§ÁØÁàÁ×èÍ¾Ô¨ÒÃ³Òà§×èÍ¹ä¢ÊÑÒ³¢ÒÍÍ¡
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ÃÙ»·Õè 5.7: ¡ÒÃà»ÅÕèÂ¹á»Å§¢Í§ÊÑÒ³¤Çº¤ØÁàÁ×èÍ¾Ô¨ÒÃ³Òà§×èÍ¹ä¢ÊÑÒ³¢ÒÍÍ¡
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ÃÙ»·Õè 5.8: ¹ÍÃŒÁ¢Í§àÁ·ÃÔ¡«ŒÍÑμÃÒ¢ÂÒÂ � ã¹â´àÁ¹àÇÅÒ

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

C
om

pu
ta

tio
n 

tim
e 

(s
ec

)

time (sec)

SLF−NBU
PDLF−PU
PDLF−NBU

ÃÙ»·Õè 5.9: àÇÅÒ¤íÒ¹Ç³¢Í§·Ñé§ÊÒÁà·¤¹Ô¤
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ÃÙ»·Õè 5.10: ´Ñª¹ÕÊÁÃÃ¶¹ÐàÁ×èÍ¾Ô¨ÒÃ³Òã¹Ê̂Ç¹ÍÍ¹äÅ¹ŒÊíÒËÃÑºÃÐººμÔ´μÒÁμíÒáË¹ˆ§àªÔ§ÁØÁáÅÐÁÕà§×èÍ¹ä¢
ºÑ§¤ÑºÊÑÒ³¢ÒÍÍ¡

àÁ×èÍ � ¤×ÍàÇ¡àμÍÃŒ¢Í§¤ÇÒÁà¢‰Á¢‰¹áÅÐÍØ³ËÀÙÁÔà¤Ã×èÍ§» Ô̄¡Ã³Œ � ¤×ÍÍÑμÃÒ¡ÒÃäËÅ¢Í§ÊÒÃ·íÒ¤ÇÒÁàÂç¹
(constrained coolant flow) áÅÐ � ¤×ÍÍØ³ËÀÙÁÔà¤Ã×èÍ§»¯Ô¡Ã³Œ ¾Ô¨ÒÃ³Ò¡ÃÐºÇ¹¡ÒÃ´Ñ§ÃÙ»·Õè 5.11 àÁ·ÃÔ¡«Œ
¾ÅÇÑμ 	�
 áÅÐ  ¢Í§ÃÐººáÊ´§ä´‰´Ñ§¹Õé

concentration
coolant A

T

temperature

Stirred tank

ÃÙ»·Õè 5.11: ÃÐººà¤Ã×èÍ§¤¹¶Ñ§» Ô̄¡Ã³ŒμˆÍà¹×èÍ§áººäÁˆ¤§ÍØ³ËÀÙÁÔ



62

	 �

�
���
�
�

�
� ��,

� �!�	 �
>

 - �
�

��,
� �!�	��

��?	"���,
� �!�	

:�
�
�

�
�

/	

� :�
��?	"�

>

:� - �
�

��,
� �!�	��

	


� �


 �

�
� 


�	�
�#� �
�
-� � �� 

� :�

	
� �  �

�

 �

�
�

� � � ÅÙ¡ºÒÈ¡ŒàÁμÃμˆÍ¹Ò·Õ � � � ÅÙ¡ºÒÈ¡ŒàÁμÃ �� � �
� �  � �
� ¹Ò·Õ��,  
! � #���
�� à¤ÅÇÔ¹

��?	"� � �
� �  � �
� á¤ÅÍÃÕμˆÍ¡ÔâÅâÁÅ : � �
� ¡ÃÑÁμˆÍÅÙ¡ºÒÈ¡ŒàÁμÃ /	 �  ��"� �
� á¤ÅÍÃÕ
μˆÍà¤ÅÇÔ¹ áÅÐ � � � á¤ÅÍÃÕμˆÍ¡ÃÑÁà¤ÅÇÔ¹ â´Â·Õè 	 áÅÐ 
 ¢Öé¹ÍÂÙˆ¡Ñºà§×èÍ¹ä¢¨Ø´·íÒ§Ò¹¹Ñé¹ æ
àÃÒ¨Ð¾Ô¨ÒÃ³Ò¤ÇÒÁà¢‰Á¢‰¹º¹áºº¨íÒÅÍ§·Õè·íÒãË‰à»“¹àªÔ§àÊ‰¹¹Õé ³ Ê¶Ò¹Ð¤§μÑÇ -� � ��" à¤ÅÇÔ¹ áÅÐ
�� � 
�	� ¡ÔâÅâÁÅμˆÍÅÙ¡ºÒÈ¡ŒàÁμÃ ÀÒÂãμ‰¾ÒÃÒÁÔàμÍÃŒ¤ÇÒÁäÁˆá¹ˆ¹Í¹ �� áÅÐ ��?	"� áºº¨íÒÅÍ§
¶Ù¡á»Å§ãË‰ÍÂÙˆã¹ÃÐººàÇÅÒÇÔÂØμâ´Âãª‰àÇÅÒ¡ÒÃªÑ¡μÑÇÍÂˆÒ§à·̂Ò¡Ñº 0.15 ¹Ò·Õ ´Ñ§¹Ñé¹ÃÐººÊÁ¡ÒÃàÇÅÒÇÔÂØμ
ã¹à·ÍÁ¢Í§μÑÇá»ÃÃº¡Ç¹áÊ´§ä´‰´Ñ§¹Õé
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ÃÙ»·Õè 5.12 áÊ´§Ê̂Ç¹ÃˆÇÁ (intersection) ÃÐËÇˆÒ§ �
 ·Ã§ÃÕäÎà¾ÍÃŒ (hyper-ellipsoids) ¹ÔÂÒÁ´‰ÇÂ
���� ã¹ÃÐ¹Òº �� � �� «Öè§ä´‰¨Ò¡¡ÒÃ¡íÒË¹´Ê¶Ò¹Ð ����� àÃÔèÁμ‰¹ �
 Ê¶Ò¹Ð (� � �� � � � � �
)

â´Â (¡) ¡ÒÃÇÔà¤ÃÒÐËŒâ´Âãª‰¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ (¢) ¡ÒÃÇÔà¤ÃÒÐËŒ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹
¡ÑºμÑÇá»ÃàÊÃÔÁÊíÒËÃÑº¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¾ÍÅÔâ·¾ (¤) ¡ÒÃÇÔà¤ÃÒÐËŒ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡Ñº
μÑÇá»ÃàÊÃÔÁÊíÒËÃÑº¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ ÃÙ»·Õè 5.13 áÊ´§¡®¡ÒÃ¤Çº¤ØÁ � ã¹Ê̂Ç¹
ÍÍ¿äÅ¹Œ·Õèä´‰¨Ò¡¡ÒÃÍÍ¡áººàÁ×èÍ¡íÒË¹´¤ˆÒÊ¶Ò¹ÐàÃÔèÁμ‰¹ ����� ã¹ÁÒμÃÒÊˆÇ¹àªÔ§ÅÍ¡ÒÃÔ·ÖÁ¢Í§áμˆÅÐ
à·¤¹Ô¤¡ÒÃ¤Çº¤ØÁ ÊÑ§à¡μÇˆÒàÁ×èÍ¤ˆÒÊ¶Ò¹ÐàÃÔèÁμ‰¹ ����� ·Õè¡íÒË¹´ÁÕ¤ˆÒÅ´Å§ à·¤¹Ô¤¡ÒÃÍÍ¡áºº¨ÐãË‰
¤ˆÒ¡®¡ÒÃ¤Çº¤ØÁ � à¾ÔèÁ¢Öé¹ â´Âã¹à·¤¹Ô¤¡ÒÃÍÍ¡áºº´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ
ÊíÒËÃÑºáºº í̈ÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁãË‰¤ˆÒ¡®¡ÒÃ¤Çº¤ØÁ � ÁÒ¡·ÕèÊØ´ ÃÙ»·Õè 5.14

áÊ´§¡ÒÃà»ÃÕÂºà·ÕÂº´Ñª¹ÕÊÁÃÃ¶¹Ð � ã¹à«μ¢Í§Ê¶Ò¹Ð ����� àÃÔèÁμ‰¹¢Í§·Ñé§ÊÒÁÇÔ¸Õ¡ÒÃÍÍ¡áºº
¡ÒÃ¤Çº¤ØÁ ¨ÐàËç¹ÇˆÒàÁ×èÍÊ¶Ò¹Ð ����� ·Õè¡íÒË¹´àÃÔèÁμ‰¹ÁÕ¤ˆÒÅ´Å§ ¤ˆÒ´Ñª¹ÕÊÁÃÃ¶¹Ð¨ÐÁÕ¤ˆÒÅ´Å§
´‰ÇÂ â´Âà·¤¹Ô¤¡ÒÃÍÍ¡áºº´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ¨ÐãË‰¤ˆÒ´Ñª¹ÕÊÁÃÃ¶¹Ð·ÕèÁÕ¤ÇÒÁ
Í¹ØÃÑ¡ÉŒ¹‰ÍÂ¡ÇˆÒ¡ÒÃÍÍ¡áºº´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ â´Â¡ÒÃÇÔà¤ÃÒÐËŒ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹
¡ÑºμÑÇá»ÃàÊÃÔÁÊíÒËÃÑºáºº¨íÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¾ÍÅÔâ·¾ ¨ÐãË‰¤ˆÒ´Ñª¹ÕÊÁÃÃ¶¹Ð·ÕèÁÕ¤ÇÒÁÍ¹ØÃÑ¡ÉŒ
¹‰ÍÂ·ÕèÊØ´ à¹×èÍ§¨Ò¡â¤Ã§ÊÃ‰Ò§áºº í̈ÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹·ÕèÁÕ¤ÇÒÁ¡ÃÐªÑºÁÒ¡¡ÇˆÒâ¤Ã§ÊÃ‰Ò§¤ÇÒÁäÁ̂á¹ˆ
¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ

ã¹Ê̂Ç¹ÍÍ¹äÅ¹Œ ¡íÒË¹´ãË‰Ê¶Ò¹Ð¡ÒÃÃº¡Ç¹àÃÔèÁμ‰¹ ��
� �
�

�� 	

�� ÃÙ»·Õè 5.15 áÊ´§
¡ÒÃà»ÃÕÂºà·ÕÂº¼ÅμÍºÊ¹Í§·Ò§àÇÅÒ¢Í§ÊÑÒ³¢ÒÍÍ¡ «Öè§ã¹ÃÐºº¹Õé¤×ÍÍØ³ËÀÙÁÔà¤Ã×èÍ§»¯Ô¡Ã³Œ¨Ò¡
à·¤¹Ô¤¡ÒÃÍÍ¡áºº·Ñé§ÊÒÁÇÔ¸Õ â´ÂÊÁÒªÔ¡¢Í§ ; áÅÐ 0 áμˆÅÐμÑÇà»“¹¤ˆÒÊØˆÁ·Õèá»Ãà»ÅÕèÂ¹μÒÁàÇÅÒÀÒÂã¹
ªˆÇ§ 2��  , ÃÙ»·Õè 5.16 áÊ´§¡ÒÃà»ÃÕÂºà·ÕÂº¡ÒÃà»ÅÕèÂ¹á»Å§ã¹ÍÑμÃÒ¡ÒÃäËÅ¢Í§ÊÒÃ·íÒ¤ÇÒÁàÂç¹«Öè§¹íÒÁÒ
ãª‰à»“¹μÑÇ¤Çº¤ØÁà¤Ã×èÍ§»¯Ô¡Ã³Œ áÅÐÊÒÁÒÃ¶ÊÃØ»´Ñª¹ÕÊÁÃÃ¶¹ÐμˆÒ§æ ã¹áμˆÅÐà·¤¹Ô¤¡ÒÃÍÍ¡áºº´Ñ§μÒ
ÃÒ§ 5.3 ÃÙ»·Õè 5.17 áÊ´§¤ÇÒÁ¼Ô´¾ÅÒ´¨Ò¡¡ÒÃ»ÃÐÁÒ³Ê¶Ò¹Ð áÅÐÃÙ»·Õè 5.18 áÊ´§¡ÒÃà»ÃÕÂºà·ÕÂº¤ˆÒ
¹ÍÃŒÁ¢Í§¡®¡ÒÃ¤Çº¤ØÁ � ã¹â´àÁ¹àÇÅÒ¢Í§·Ñé§ÊÒÁà·¤¹Ô¤¡ÒÃÍÍ¡áºº

ÊÑ§à¡μÇˆÒ¼ÅμÍºÊ¹Í§¢Í§ÍØ³ËÀÙÁÔà¤Ã×èÍ§»¯Ô¡Ã³Œ àÁ×èÍÍØ³ËÀÙÁÔ¢Í§ÃÐºº¶Ù¡Ãº¡Ç¹àÃÔèÁμ‰¹ 	 Æ+

à·¤¹Ô¤¡ÒÃÍÍ¡áºº·Õè¹íÒàÊ¹Í ¹Ñè¹¤×Í¡ÒÃÇÔà¤ÃÒÐËŒ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁÊíÒËÃÑºáºº
¨íÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ ä´‰ãË‰¼ÅμÍºÊ¹Í§¢Í§ÍØ³ËÀÙÁÔ¡ÅÑºÊÙˆÊ¶Ò¹Ð¤§μÑÇàÃçÇ·ÕèÊØ´ ÍÕ¡
·Ñé§ÂÑ§ãª‰ÍÑμÃÒ¡ÒÃäËÅ¢Í§ÊÒÃ¤ÇÒÁàÂç¹ÊÙ§ÊØ´à¾×èÍ¤Çº¤ØÁÍØ³ËÀÙÁÔ¢Í§¶Ñ§» Ô̄¡Ã³Œ ¹‰ÍÂ¡ÇˆÒà·¤¹Ô¤¡ÒÃÍÍ¡
áºº´‰ÇÂÇÔ¸ÕÍ×è¹æ ÍÕ¡´‰ÇÂ ¡Å̂ÒÇä´‰ÇˆÒà·¤¹Ô¤¡ÒÃÍÍ¡áºº·Õè¹íÒàÊ¹Í¹Õéä´‰ãË‰¼ÅμÍºÊ¹Í§·ÕèÁÕÊÁÃÃ¶¹Ð·Õè´Õ
¡ÇˆÒà·¤¹Ô¤Í×è¹æ
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ÃÙ»·Õè 5.12: ·Ã§ÃÕ¡íÒË¹´´‰ÇÂ ���� ÊíÒËÃÑºÊ¶Ò¹ÐàÃÔèÁμ‰¹ 10 Ê¶Ò¹Ð ÊíÒËÃÑºÃÐººà¤Ã×èÍ§¤¹¶Ñ§» Ô̄¡Ã³ŒμˆÍ
à¹×èÍ§áººäÁˆ¤§ÍØ³ËÀÙÁÔ
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ÃÙ»·Õè 5.13: ¡®¡ÒÃ¤Çº¤ØÁ � ã¹Ê̂Ç¹ÍÍ¿äÅ¹Œâ´Â �Æ����� áÊ´§ÅíÒ´Ñº¢Í§Ê¶Ò¹ÐμÒÁà·¤¹Ô¤·Ñé§ÊÒÁÇÔ¸Õ
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ÃÙ»·Õè 5.14: ´Ñª¹ÕÊÁÃÃ¶¹Ð¢Í§à·¤¹Ô¤¡ÒÃÍÍ¡áºº·Ñé§ÊÒÁÇÔ¸ÕàÁ×èÍ¾Ô¨ÒÃ³Òã¹Ê̂Ç¹ÍÍ¿äÅ¹Œ ÊíÒËÃÑºÃÐºº
à¤Ã×èÍ§¤¹¶Ñ§» Ô̄¡Ã³ŒμˆÍà¹×èÍ§áººäÁˆ¤§ÍØ³ËÀÙÁÔ
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μÒÃÒ§·Õè 5.3: ÊÃØ»´Ñª¹ÕÊÁÃÃ¶¹Ð·Õèä´‰¨Ò¡¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁÊíÒËÃÑºÃÐººà¤Ã×èÍ§¤¹¶Ñ§» Ô̄¡Ã³ŒμˆÍ
à¹×èÍ§áººäÁˆ¤§ÍØ³ËÀÙÁÔ

à·¤¹Ô¤¡ÒÃÍÍ¡áºº ªˆÇ§àÇÅÒà¢‰Ò·Õè ¤ˆÒÂÍ´¢Í§ÊÑÒ³¤Çº¤ØÁ àÇÅÒ¡ÒÃ¤íÒ¹Ç³ã¹Ê̂Ç¹
(¹Ò·Õ) (ÅÙ¡ºÒÈ¡ŒàÁμÃμˆÍ¹Ò·Õ) ÍÍ¿äÅ¹Œ (ÇÔ¹Ò·Õ)
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ÃÙ»·Õè 5.15: ÍØ³ËÀÙÁÔà¤Ã×èÍ§»¯Ô¡Ã³Œ¢Í§ÃÐººà¤Ã×èÍ§¤¹¶Ñ§» Ô̄¡Ã³ŒμˆÍà¹×èÍ§áººäÁˆ¤§ÍØ³ËÀÙÁÔ

5.3 ÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´

¾Ô¨ÒÃ³ÒÃÐººËÍ¡ÅÑè¹¨Ò¡º·¤ÇÒÁ¢Í§ Wan áÅÐ Kothare [30] áÊ´§àÁ·ÃÔ¡«Œ¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹´Ñ§¹Õé
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¡íÒË¹´ãË‰ã¹áμˆÅÐ¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹ Ê̂Ç¹àºÕèÂ§àº¹ÁÒμÃ°Ò¹ÊíÒËÃÑºÍÑμÃÒ¢ÂÒÂáÅÐ¤ˆÒàÇÅÒ¤§μÑÇ¤×Í � �

�� áºº¨íÒÅÍ§¶Ù¡·íÒãË‰à»“¹ÃÐººàÇÅÒäÁˆμˆÍà¹×èÍ§´‰ÇÂàÇÅÒ¡ÒÃªÑ¡μÑÇÍÂˆÒ§ - � 	 ¹Ò·Õ áÅÐãË‰àÁ·ÃÔ¡«Œ
¢Í§ÊÁ¡ÒÃÊ¶Ò¹ÐÍÂÙˆã¹à·ÍÁ¢Í§μÑÇá»Ã·ÕèÁÕ¡ÒÃÃº¡Ç¹μÒÁÊÁ¡ÒÃ
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ÃÙ»·Õè 5.16: ÍÑμÃÒ¡ÒÃäËÅ¢Í§ÊÒÃ·íÒ¤ÇÒÁàÂç¹¢Í§ÃÐººà¤Ã×èÍ§¤¹¶Ñ§» Ô̄¡Ã³ŒμˆÍà¹×èÍ§áººäÁˆ¤§ÍØ³ËÀÙÁÔ
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ÃÙ»·Õè 5.17: ¤ÇÒÁ¼Ô´¾ÅÒ´¡ÒÃ»ÃÐÁÒ³Ê¶Ò¹Ðã¹ÃÐººà¤Ã×èÍ§¤¹¶Ñ§» Ô̄¡Ã³ŒμˆÍà¹×èÍ§áººäÁˆ¤§ÍØ³ËÀÙÁÔ
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ÃÙ»·Õè 5.18: ¹ÍÃŒÁ¢Í§àÁ·ÃÔ¡«ŒÍÑμÃÒ¢ÂÒÂ � ã¹â´àÁ¹àÇÅÒ ÊíÒËÃÑºÃÐººà¤Ã×èÍ§¤¹¶Ñ§» Ô̄¡Ã³ŒμˆÍà¹×èÍ§áºº
äÁˆ¤§ÍØ³ËÀÙÁÔ
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´‰ÇÂ <� � max� �
��# � ��  �

��# � �� <� � max� ��#��# � ��  ��#��# � �� áÅÐ � � diag�Æ�� � � � � Æ�� ´‰ÇÂ
�� � Æ
 � �� � � �� � � � � # à§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢Òà¢‰Ò¤×Í ���� ��� � 
�
 àÃÒ¡íÒË¹´¤Ø³ÅÑ¡É³Ð¢Í§
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¾ÒÃÒÁÔàμÍÃŒã¹¡ÒÃÍÍ¡áºº � � diag��� �� �� ��� � � 	 � �
��diag��� �� áÅÐ : � 
�� ¨Ò¡¹Ñé¹àÅ×Í¡
ÅíÒ´Ñº¢Í§Ê¶Ò¹ÐàÃÔèÁμ‰¹ ���� 10 Ê¶Ò¹ÐμÒÁ»ÃÔÀÙÁÔÂˆÍÂ 1 ÁÔμÔ ¤×Í

����� � ����� � 2�� 
� � 
��� 
�	� 
��� 
�
!� 
�
" � 
�
��� 
�
�� 
�

 , áÅÐ ����� � ����� � 


ÃÙ»·Õè 5.19 áÊ´§Ê̂Ç¹ÃˆÇÁÃÐËÇˆÒ§ 10 ·Ã§ÃÕäÎà¾ÍÃŒ¹ÔÂÒÁ´‰ÇÂ ���� àÁ×èÍ � � �� � � � � �
 ã¹
ÃÐ¹Òº �� � �� â´Â (¡) ä´‰¨Ò¡¡ÒÃÍÍ¡áºº´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ (¢) ä´‰¨Ò¡¡ÒÃÍÍ¡áºº
´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ ÃÙ»·Õè 5.20 áÊ´§¡ÒÃà»ÃÕÂºà·ÕÂº¤ˆÒ¹ÍÃŒÁ¢Í§¡®¡ÒÃ¤Çº
¤ØÁ � ã¹Ê̂Ç¹ÍÍ¿äÅ¹Œ μÒÁ¡ÒÃàÅ×Í¡»ÃÔÀÙÁÔÂˆÍÂ 1 ÁÔμÔ ã¹ÁÒμÃÒÊˆÇ¹àªÔ§ÅÍ¡ÒÃÔ·ÖÁÃÐËÇˆÒ§ÇÔ¸Õ¡ÒÃ
ÍÍ¡áººμÑÇ¤Çº¤ØÁ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ¡Ñº¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ ÊÑ§à¡μÇˆÒàÁ×èÍ
¤ˆÒÊ¶Ò¹Ð·Õè¡íÒË¹´àÃÔèÁμ‰¹ÁÕ¤ˆÒÅ´Å§ ¤ˆÒ¹ÍÃŒÁ¢Í§¡®¡ÒÃ¤Çº¤ØÁ � ¨ÐÁÕ¤ˆÒà¾ÔèÁ¢Öé¹ â´Âà·¤¹Ô¤¡ÒÃÍÍ¡
áºº´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ ¨ÐÁÕ¤ˆÒ¹ÍÃŒÁ¢Í§¡®¡ÒÃ¤Çº¤ØÁ � ÁÒ¡ÊØ´ ³ ¤ˆÒ
Ê¶Ò¹ÐàÃÔèÁμ‰¹¹‰ÍÂÊØ´ áÅÐ¤ÇÒÁáμ¡μˆÒ§¢Í§´Ñª¹ÕÊÁÃÃ¶¹Ð·Õèä´‰¨Ò¡¡ÒÃÍÍ¡áººã¹áμˆÅÐà·¤¹Ô¤ÊÒÁÒÃ¶
áÊ´§ä´‰´Ñ§ μÒÃÒ§·Õè 5.4 ÊÑ§à¡μÇˆÒàÁ×èÍ¤ˆÒÊ¶Ò¹Ð·Õè¡íÒË¹´àÃÔèÁμ‰¹ ���� ÁÕ¤ˆÒÅ´Å§ ¤ˆÒ´Ñª¹ÕÊÁÃÃ¶¹Ð
¨ÐÁÕ¤ˆÒÅ´Å§´‰ÇÂ â´Âà·¤¹Ô¤¡ÒÃÍÍ¡áºº´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ¨ÐãË‰¼ÅÅÑ¾¸Œ¢Í§¤ˆÒ
´Ñª¹ÕÊÁÃÃ¶¹Ð ã¹áμˆÅÐ¤ˆÒÊ¶Ò¹Ð·Õè¡íÒË¹´àÃÔèÁμ‰¹ÁÕ¤ÇÒÁÍ¹ØÃÑ¡ÉŒ¹‰ÍÂ¡ÇˆÒà·¤¹Ô¤¡ÒÃÍÍ¡áºº Ñ́ÇÂ¿’§¡ŒªÑ¹
àÅÕÂ»Ù¹Í¿à´ÕÂÇ

μÒÃÒ§·Õè 5.4: ´Ñª¹ÕÊÁÃÃ¶¹Ð � ÊÍ´¤Å‰Í§¡Ñº¤ˆÒÊ¶Ò¹Ð·Õè¡íÒË¹´ãË‰¢Í§ÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´
à·¤¹Ô¤¡ÒÃÍÍ¡áºº ����� � �����

1 0.5 0.3 0.2 0.1 0.07 0.045 0.033 0.01 0.005

SLF-NBU 31.190 7.525 2.647 1.158 0.284 0.138 0.057 0.031 0.0028 0.0007

PDLF-NBU 30.526 7.344 2.577 1.125 0.274 0.133 0.055 0.029 0.0026 0.0006

ã¹Ê̂Ç¹ÍÍ¹äÅ¹Œ ¡íÒË¹´Ê¶Ò¹Ð¡ÒÃÃº¡Ç¹àÃÔèÁμ‰¹ ��
� �
�

�
 
 
�
 


�� ÃÙ»·Õè 5.21

áÊ´§¡ÒÃà»ÃÕÂºà·ÕÂº¼ÅμÍºÊ¹Í§¢Í§ÃÐºº«Öè§ã¹·Õè¹Õé¤×Í¤ÇÒÁà¢‰Á¢‰¹¢Í§¼ÅÔμÀÑ³±ŒÂÍ´ËÍ �� (àÈÉ
Ê̂Ç¹âÁÅ) áÅÐ¤ÇÒÁà¢‰Á¢‰¹¢Í§¼ÅÔμÀÑ³±Œ°Ò¹ËÍ �� (àÈÉÊ̂Ç¹âÁÅ) â´Âã¹áμˆÊÁÒªÔ¡¢Í§ � à»“¹¤ˆÒ
ÊØˆÁ·Õèá»Ãà»ÅÕèÂ¹μÒÁàÇÅÒÀÒÂã¹ 2��� �, ÃÙ»·Õè 5.22 áÊ´§¡ÒÃà»ÅÕèÂ¹á»Å§¢Í§ÊÑÒ³¤Çº¤ØÁ «Öè§à»“¹
ÍÑμÃÒ¡ÒÃäËÅ¢Í§ÊÒÃã¹Ë¹ˆÇÂ ¡ÔâÅâÁÅμˆÍ¹Ò·Õ áÅÐÊÒÁÒÃ¶ÊÃØ»´Ñª¹ÕÊÁÃÃ¶¹Ð¢Í§ÃÐººã¹â´àÁ¹àÇÅÒä´‰
´Ñ§μÒÃÒ§·Õè 5.5 ÃÙ»·Õè 5.23 áÊ´§¡ÒÃà»ÃÕÂºà·ÕÂº¤ˆÒ¹ÍÃŒÁ¢Í§¡®¡ÒÃ¤Çº¤ØÁ � ã¹â´àÁ¹àÇÅÒ¢Í§·Ñé§ÊÍ§
ÇÔ¸Õ ÊØ´·‰ÒÂÃÙ»·Õè 5.24 áÊ´§¡ÒÃà»ÃÕÂºà·ÕÂº¤ÇÒÁ¼Ô´¾ÅÒ´¨Ò¡¡ÒÃ»ÃÐÁÒ³Ê¶Ò¹ÐÊíÒËÃÑºÃÐººËÍ¡ÅÑè¹
áÂ¡ÊÒÃÊÍ§ª¹Ô´

¨Ò¡¼ÅμÍºÊ¹Í§¢Í§¤ÇÒÁà¢‰Á¢‰¹¼ÅÔμÀÑ³±ŒÂÍ´ËÍáÅÐ¼ÅÔμÀÑ³±Œ°Ò¹ËÍáÊ´§ãË‰àËç¹Ç̂Ò à·¤¹Ô¤
¡ÒÃÍÍ¡áºº´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁãË‰¼ÅμÍºÊ¹Í§·ÕèÁÕÊÁÃÃ¶¹Ð·Õè´Õ¡ÇˆÒ à·¤¹Ô¤¡ÒÃ
ÍÍ¡áºº´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇàÅç¡¹‰ÍÂ â´Â¹ÍÃŒÁ¢Í§¡®¡ÒÃ¤Çº¤ØÁ � ã¹ÊÀÒÇÐ¤§μÑÇ¢Í§
à·¤¹Ô¤¡ÒÃÍÍ¡áºº´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ¨ÐÁÕ¤ˆÒÁÒ¡¡ÇˆÒÍÕ¡ÇÔ¸ÕË¹Öè§ ÍÕ¡·Ñé§¤ˆÒàÇÅÒ
ã¹¡ÒÃ¤íÒ¹Ç³ã¹Ê̂Ç¹ÍÍ¿äÅ¹ŒÂÑ§ãª‰àÇÅÒÁÒ¡¡ÇˆÒÍÕ¡´‰ÇÂ «Öè§à»“¹¼ÅÁÒ¨Ò¡ í̈Ò¹Ç¹ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹
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ÃÙ»·Õè 5.19: Ê̂Ç¹ÃˆÇÁÃÐËÇˆÒ§ 10 ·Ã§ÃÕäÎà¾ÍÃŒ (¹ÔÂÒÁ´‰ÇÂ ���� ) ã¹ÃÐ¹Òº �� � ��
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ÃÙ»·Õè 5.20: ¹ÍÃŒÁ¢Í§¡®¡ÒÃ¤Çº¤ØÁ � ã¹Ê̂Ç¹ÍÍ¿äÅ¹Œ â´Â (�� Æ) áÊ´§¶Ö§ÅíÒ´Ñº¢Í§Ê¶Ò¹Ð
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ÃÙ»·Õè 5.21: ¼ÅμÍºÊ¹Í§Ç§»”´¢Í§ÃÐººËÍ¡ÅÑè¹
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ÃÙ»·Õè 5.22: ¡ÒÃà»ÅÕèÂ¹á»Å§¢Í§ÊÑÒ³¤Çº¤ØÁ
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ÃÙ»·Õè 5.23: à¡³±Œ¡ÒÃ¤Çº¤ØÁ � ã¹â´àÁ¹àÇÅÒ
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ÃÙ»·Õè 5.24: ¤ÇÒÁ¼Ô´¾ÅÒ´¨Ò¡¡ÒÃ»ÃÐÁÒ³Ê¶Ò¹Ð ÊíÒËÃÑºÃÐººËÍ¡ÅÑè¹

μÒÃÒ§·Õè 5.5: à»ÃÕÂºà·ÕÂº´Ñª¹ÕÊÁÃÃ¶¹Ðã¹áμˆÅÐà·¤¹Ô¤ÊíÒËÃÑºÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´¢Í§ Wan

áÅÐ Kothare

ªˆÇ§àÇÅÒà¢‰Ò·Õè ¤ˆÒÂÍ´¢Í§ÊÑÒ³ àÇÅÒ¡ÒÃ¤íÒ¹Ç³
à·¤¹Ô¤¡ÒÃÍÍ¡áºº (¹Ò·Õ) ¤Çº¤ØÁ (¡ÔâÅâÁÅμˆÍ¹Ò·Õ) (ÇÔ¹Ò·Õ)

�� �� � � ÍÍ¿äÅ¹Œ ÍÍ¹äÅ¹Œ
SLF-NBU � #�

 �	!� 	 
�
�
�! 
�
��"� ����

 
�
�
�

PDLF-NBU � ��

 �		��
 
�
�
 � 
�
�
#� ��#	#
 
�
�	


·Õèá»ÃμÒÁ¨íÒ¹Ç¹μÑÇá»Ã¤ÇÒÁäÁˆá¹ˆ¹Í¹ ÍÂˆÒ§äÃ¡çμÒÁàÇÅÒ¡ÒÃ¤íÒ¹Ç³ã¹Ê̂Ç¹ÍÍ¹äÅ¹ŒÁÕ¤ˆÒ¹‰ÍÂ¡ÇˆÒ¤ˆÒ
àÇÅÒ¡ÒÃªÑ¡μÑÇÍÂˆÒ§ ´‰ÇÂàËμØ¹ÕéÊÒÁÒÃ¶¹íÒà·¤¹Ô¤¡ÒÃ¤Çº¤ØÁ·Õè¹íÒàÊ¹Í¹Õéä»»ÃÐÂØ¡μŒ¨ÃÔ§ä´‰ «Öè§¨Ð¡Å̂ÒÇ
ã¹Ê̂Ç¹¢Í§¡ÒÃ í̈ÒÅÍ§ÍÍ¡áººμÑÇ¤Çº¤ØÁÊíÒËÃÑºÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´ ·Õèáºº¨íÒÅÍ§ä´‰¨Ò¡¡ÒÃ
ÃÐºØàÍ¡ÅÑ¡É³Œã¹ÅíÒ´ÑºμˆÍä»

5.4 ÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´·Õèä´‰¨Ò¡¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ

ã¹Ê̂Ç¹¹Õé¨Ðà»“¹¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹ ÊíÒËÃÑºÃÐºº
ËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´ áºº í̈ÒÅÍ§ËÒä´‰¨Ò¡¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ¨Ò¡¡ÃÐºÇ¹¡ÒÃ¨ÃÔ§ã¹Ë‰Í§»¯ÔºÑμÔ¡ÒÃ
ÇÔ¨ÑÂÃÐºº¤Çº¤ØÁ ÀÒ¤ÇÔªÒÇÔÈÇ¡ÃÃÁä¿¿„Ò ¤³ÐÇÔÈÇ¡ÃÃÁÈÒÊμÃŒ ¨ØÌÒÅ§¡Ã³ŒÁËÒÇÔ·ÂÒÅÑÂ ´Ñ§·ÕèáÊ´§
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¼Å¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œã¹º··Õè 3 ÊÑ§à¡μÇˆÒ áºº í̈ÒÅÍ§¹Õéà»“¹áºº í̈ÒÅÍ§·Õè¤ÃÍº¤ÅØÁ Ø̈´·íÒ§Ò¹·Ñé§ËÁ´
ã¹â¤Ã§ÊÃ‰Ò§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ ¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§ÍÒÈÑÂ¡ÒÃ¤Çº¤ØÁ»„Í¹
¡ÅÑºÊÑÒ³¢ÒÍÍ¡áººÍÍ¿äÅ¹Œ ã¹μÍ¹¹Õé ¡ÒÃÍÍ¡áººáº̂§ÍÍ¡à»“¹ 2 Ê̂Ç¹«Öè§¢Öé¹ÍÂÙˆ¡Ñºà§×èÍ¹ä¢
ºÑ§¤Ñº´Ñ§¹Õé ¡ÒÃÍÍ¡áºº·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢Òà¢‰Ò áÅÐ¡ÒÃÍÍ¡áºº·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢Ò
à¢‰ÒáÅÐÊÑÒ³¢ÒÍÍ¡ àÃÒ¨Ðà»ÃÕÂºà·ÕÂºà·¤¹Ô¤¡ÒÃÍÍ¡áºº´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ áÅÐ¿’§¡ŒªÑ¹
àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ

5.4.1 ¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁ·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢Òà¢‰Ò

¾Ô¨ÒÃ³Òáºº í̈ÒÅÍ§·ÕèÁÕâ¤Ã§ÊÃ‰Ò§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ´Ñ§ÊÁ¡ÒÃ (2.3) ÊíÒËÃÑºÃÐºº
ËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´»ÃÐ¡Íº´‰ÇÂàÁ·ÃÔ¡«Œ¾ÅÇÑμ´Ñ§ÊÁ¡ÒÃ (3.16) áÅÐàÁ·ÃÔ¡«Œ¤ÇÒÁäÁˆá¹ˆ¹Í¹´Ñ§
ÊÁ¡ÒÃ (3.17) «Öè§à»“¹ÃÐºº·ÕèÁÕ¤ˆÒÊ¶Ò¹Ð í̈Ò¹Ç¹ 8 Ê¶Ò¹Ð áÅÐÊÑ§à¡μÇˆÒÁÕ¾ÒÃÒÁÔàμÍÃŒ¤ÇÒÁäÁˆá¹ˆ¹Í¹
¨íÒ¹Ç¹ 7 ¾ÒÃÒÁÔàμÍÃŒ ã¹Ê̂Ç¹¢Í§¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁ¡íÒË¹´ãË‰¤ˆÒ¤Ø³ÅÑ¡É³Ðã¹¡ÒÃÍÍ¡áººä´‰á¡̂
¤ˆÒàÁ·ÃÔ¡«Œ¶ˆÇ§¹íéÒË¹Ñ¡, ÍÑμÃÒ¡ÒÃÅ´Å§μíèÒÊØ´ÊíÒËÃÑº¡ÒÃ»ÃÐÁÒ³¤ˆÒÊ¶Ò¹Ð¤×Í

� � ��

�
� 



 �

�
�� � �

�
� 



 �

�
� : � 
��

μÒÁÅíÒ´Ñº áÅÐ¡íÒË¹´à§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢Òà¢‰Ò´‰ÇÂ¢Íºà¢μÂÍ´ã¹áμˆÅÐÊÑÒ³¢Òà¢‰Ò â´Â¨íÒá¹¡
ÍÍ¡à»“¹à§×èÍ¹ä¢ºÑ§¤ÑºÊíÒËÃÑºÍÑμÃÒÊ̂Ç¹»„Í¹¡ÅÑºÂÍ´ËÍ Æ� ���� � ��� � 	 áÅÐà§×èÍ¹ä¢ºÑ§¤ÑºÊíÒËÃÑº
ÍÑμÃÒ¡ÒÃμ‰Á«íéÒ Æ� ���� � ��� � 
� «Öè§¤ˆÒ¤Ø³ÅÑ¡É³Ðã¹¡ÒÃÍÍ¡áºº´Ñ§¡Å̂ÒÇÊÍ´¤Å‰Í§¡Ñºà¡³±Œ
àÊ¶ÕÂÃÀÒ¾¤§·¹ã¹º·μÑé§ 4.2 ¨Ò¡¹Ñé¹àÅ×Í¡ÅíÒ´ÑºÊ¶Ò¹ÐàÃÔèÁμ‰¹¢Í§ 7 Ê¶Ò¹ÐμÒÁ»ÃÔÀÙÁÔÂˆÍÂ 1 ÁÔμÔ ¤×Í

����� � ����� � 2 � �� �� 
�!� 
� � 
��� 
��, áÅÐ ����� � ����� � ����� � ����� � ����� � ����� � 


ÃÙ»·Õè 5.25 áÊ´§Ê̂Ç¹ÃˆÇÁÃÐËÇˆÒ§ 7 ·Ã§ÃÕäÎà¾ÍÃŒ¹ÔÂÒÁ´‰ÇÂ ���� àÁ×èÍ � � �� � � � � ! ã¹ÃÐ¹Òº ����� â´Â
(¡) ä´‰¨Ò¡¡ÒÃÍÍ¡áºº´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ (¢) ä´‰¨Ò¡¡ÒÃÍÍ¡áºº´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹
¡ÑºμÑÇá»ÃàÊÃÔÁ ÃÙ»·Õè 5.26 áÊ´§¡ÒÃà»ÃÕÂºà·ÕÂº¤ˆÒ¹ÍÃŒÁ¢Í§¡®¡ÒÃ¤Çº¤ØÁ � ã¹Ê̂Ç¹ÍÍ¿äÅ¹Œ μÒÁáμˆ
ÅÐ¤ˆÒÊ¶Ò¹ÐàÃÔèÁμ‰¹ ���� ·Õè¡íÒË¹´ ã¹ÁÒμÃÒÊ̂Ç¹àªÔ§ÅÍ¡ÒÃÔ·ÖÁÃÐËÇˆÒ§ÇÔ¸Õ¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁ´‰ÇÂ
¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ¡Ñº¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ â´Âà·¤¹Ô¤¡ÒÃÍÍ¡áºº´‰ÇÂ¿’§¡ŒªÑ¹
àÅÕÂ»Ù¹Í¿à´ÕÂÇ¨ÐãË‰¤ˆÒ¹ÍÃŒÁ¢Í§¡®¡ÒÃ¤Çº¤ØÁ � ÁÒ¡¡ÇˆÒà·¤¹Ô¤·Õè¹íÒàÊ¹Í áÅÐÃÙ»·Õè 5.27 áÊ´§¡ÒÃ
à»ÃÕÂºà·ÕÂº´Ñª¹ÕÊÁÃÃ¶¹Ðã¹áμˆÅÐ¤ˆÒÊ¶Ò¹Ð·Õè¡íÒË¹´àÃÔèÁμ‰¹ «Öè§ÊÒÁÒÃ¶ í̈Òá¹¡ä´‰´Ñ§μÒÃÒ§·Õè 5.6 ÊÑ§à¡μ
ÇˆÒàÁ×èÍ¤ˆÒÊ¶Ò¹Ð·Õè¡íÒË¹´àÃÔèÁμ‰¹ ���� ÁÕ¤ˆÒÅ´Å§ Ê̂§¼Å·íÒãË‰¤ˆÒ´Ñª¹ÕÊÁÃÃ¶¹ÐÁÕ¤ˆÒÅ´Å§´‰ÇÂ ¼ÅÅÑ¾¸Œ
·Õèä´‰áÊ´§ãË‰àËç¹ÇˆÒ à·¤¹Ô¤¡ÒÃÍÍ¡áºº´‰ÇÂ¡ÒÃÇÔà¤ÃÒÐËŒ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ¨ÐãË‰¤ˆÒ
´Ñª¹ÕÊÁÃÃ¶¹Ð·ÕèÁÕ¤ÇÒÁÍ¹ØÃÑ¡ÉŒ¹‰ÍÂ¡ÇˆÒ¡ÒÃÍÍ¡áºº´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ

ã¹Ê̂Ç¹ÍÍ¹äÅ¹Œ ¡íÒË¹´Ê¶Ò¹Ð¡ÒÃÃº¡Ç¹àÃÔèÁμ‰¹´Ñ§¹Õé
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� �
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ÃÙ»·Õè 5.25: Ê̂Ç¹ÃˆÇÁÃÐËÇˆÒ§ 7 ·Ã§ÃÕäÎà¾ÍÃŒ (¹ÔÂÒÁ´‰ÇÂ ���� ) ã¹ÃÐ¹Òº �� � ��
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ÃÙ»·Õè 5.26: ¹ÍÃŒÁ¢Í§¡®¡ÒÃ¤Çº¤ØÁ � ã¹Ê̂Ç¹ÍÍ¿äÅ¹Œ â´Â (�� Æ) áÊ´§¶Ö§ÅíÒ´Ñº¢Í§Ê¶Ò¹Ð·Õè¡íÒË¹´
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ÃÙ»·Õè 5.27: ´Ñª¹ÕÊÁÃÃ¶¹Ð¢Í§à·¤¹Ô¤¡ÒÃÍÍ¡áºº·Ñé§ÊÍ§ÇÔ¸ÕàÁ×èÍ¾Ô¨ÒÃ³Òã¹Ê̂Ç¹ÍÍ¿äÅ¹Œ ÊíÒËÃÑºÃÐºº
ËÍ¡ÅÑè¹·Õèä´‰¨Ò¡¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ
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μÒÃÒ§·Õè 5.6: à»ÃÕÂºà·ÕÂº´Ñª¹ÕÊÁÃÃ¶¹Ðã¹áμˆÅÐà·¤¹Ô¤ÊíÒËÃÑºÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´·Õèä ‰́¨Ò¡
¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ
à·¤¹Ô¤¡ÒÃÍÍ¡áºº ����� � �����

5 3 1 0.7 0.5 0.3 0.1

SLF-NBU !�	�
� �
� ������ �
� ���
�� �
� �� "!� �
� "���!� �
� #��		� �
� �"�� !�"

PDLF-NBU ��!� � �
� ��	��� �
� ��	��� �
� 	�#��� �
� ���
�� �
� �� �"� �
� ���
" 

àÃÒ¡íÒË¹´ãË‰¤ˆÒÊ¶Ò¹Ð ���
� àÃÔèÁμ‰¹ÁÕ¤ˆÒÁÒ¡ à¹×èÍ§¨Ò¡ã¹¡ÒÃºÑ¹·Ö¡¤ˆÒ¼ÅμÍºÊ¹Í§ÊÑÒ³¢ÒÍÍ¡
ÊíÒËÃÑº¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ ¾ºÇˆÒ¾ÄμÔ¡ÃÃÁ¢Í§ÍØ³ËÀÙÁÔÂÍ´ËÍÁÕ¡ÒÃá»Ã¼Ñ¹ÍÂˆÒ§ÁÒ¡ ã¹¡ÒÃÇÔà¤ÃÒÐËŒ
¨íÒÅÍ§ÃÐºº Ö̈§¤íÒ¹Ö§¶Ö§¼Å¡ÃÐ·ºã¹Ê̂Ç¹¢Í§¡ÒÃá»Ã¼Ñ¹¹Õé´‰ÇÂ ÃÙ»·Õè 5.28 áÊ´§¡ÒÃà»ÃÕÂºà·ÕÂº¼ÅμÍº
Ê¹Í§¢Í§ÃÐºº«Öè§ã¹·Õè¹Õéà»“¹ÍÑμÃÒ¡ÒÃà»ÅÕèÂ¹á»Å§¢Í§ÍØ³ËÀÙÁÔÂÍ´ËÍ Æ-� (Æ) áÅÐÍÑμÃÒ¡ÒÃà»ÅÕèÂ¹
á»Å§¢Í§ÍØ³ËÀÙÁÔ°Ò¹ËÍ Æ-� (Æ) â´Âã¹áμˆÅÐÊÁÒªÔ¡¢Í§à«μ¤ÇÒÁäÁ̂á¹ˆ¹Í¹ � à»“¹¤ˆÒÊØˆÁ·Õèá»Ã
à»ÅÕèÂ¹μÒÁàÇÅÒÀÒÂã¹ 2��� �, ÃÙ»·Õè 5.29 áÊ´§¡ÒÃà»ÅÕèÂ¹á»Å§¢Í§ÊÑÒ³¤Çº¤ØÁ «Öè§à»“¹ÍÑμÃÒ
Ê̂Ç¹»„Í¹¡ÅÑºÂÍ´ËÍ (Æ�) áÅÐÍÑμÃÒ¡ÒÃμ‰Á«íéÒ (Æ� ) ¨Ò¡¼ÅμÍºÊ¹Í§¢Í§ÍØ³ËÀÙÁÔ áÅÐÍÑμÃÒ¡ÒÃ
à»ÅÕèÂ¹á»Å§¢Í§ÊÑÒ³¤Çº¤ØÁÊÒÁÒÃ¶ÊÃØ»´Ñª¹ÕÊÁÃÃ¶¹Ð¢Í§ÃÐººã¹â´àÁ¹àÇÅÒä´‰´Ñ§μÒÃÒ§·Õè 5.7 ÃÙ»
·Õè 5.30 áÊ´§¡ÒÃà»ÃÕÂºà·ÕÂº¤ˆÒ¹ÍÃŒÁ¢Í§¡®¡ÒÃ¤Çº¤ØÁ � ã¹â´àÁ¹àÇÅÒ¢Í§·Ñé§ÊÍ§ÇÔ¸Õ ÊØ´·‰ÒÂÃÙ»·Õè
5.31 áÊ´§¡ÒÃà»ÃÕÂºà·ÕÂº¤ÇÒÁ¼Ô´¾ÅÒ´¨Ò¡¡ÒÃ»ÃÐÁÒ³¤ˆÒÊ¶Ò¹Ð 8 Ê¶Ò¹ÐÊíÒËÃÑºÃÐººËÍ¡ÅÑè¹áÂ¡
ÊÒÃÊÍ§ª¹Ô´

¨Ò¡¼ÅμÍºÊ¹Í§¢Í§ÍØ³ËÀÙÁÔÂÍ´ËÍ -� áÅÐÍØ³ËÀÙÁÔ°Ò¹ËÍ -� àÁ×èÍ¡íÒË¹´ãË‰ÁÕ¡ÒÃ
Ãº¡Ç¹ã¹ÊÀÒÇÐàÃÔèÁμ‰¹¾ºÇˆÒ ·Ñé§ÊÍ§à·¤¹Ô¤¡ÒÃÍÍ¡áºº·íÒãË‰¤ˆÒÍØ³ËÀÙÁÔÅÙˆà¢‰ÒÊÙˆÊÀÒÇÐ¤§μÑÇã¹àÇÅÒã¡Å‰
à¤ÕÂ§¡Ñ¹ â´Âã¹à·¤¹Ô¤¡ÒÃÍÍ¡áºº´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ¨Ðãª‰¾ÅÑ§§Ò¹¢Í§ÍÑμÃÒ
¡ÒÃμ‰Á«íéÒ � ÊÙ§¡ÇˆÒÍÕ¡ÇÔ¸ÕË¹Öè§àÅç¡¹‰ÍÂ ÍÒ¨¡Å̂ÒÇä´‰ÇˆÒ·Ñé§ÊÍ§à·¤¹Ô¤¡ÒÃÍÍ¡áººãË‰¼ÅμÍºÊ¹Í§·ÕèÁÕ¤ˆÒ
ÊÁÃÃ¶¹Ð·Õèã¡Å‰à¤ÕÂ§¡Ñ¹ ÍÂˆÒ§äÃ¡çμÒÁ à·¤¹Ô¤¡ÒÃÍÍ¡áºº´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ
¨Ðãª‰àÇÅÒ¡ÒÃ¤íÒ¹Ç³ã¹Ê̂Ç¹ÍÍ¿äÅ¹ŒÁÒ¡¡ÇˆÒÇÔ¸ÕÇÔà¤ÃÒÐËŒ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ áμˆã¹Ê̂Ç¹ÍÍ¹äÅ¹Œ
¨Ðãª‰àÇÅÒ¡ÒÃ¤íÒ¹Ç³ã¡Å‰à¤ÕÂ§¡Ñ¹ áÅÐÂÑ§¤§¹‰ÍÂ¡ÇˆÒ¤ˆÒàÇÅÒ¡ÒÃªÑ¡μÑÇÍÂˆÒ§ �
 ÇÔ¹Ò·ÕÍÕ¡´‰ÇÂ ÊÔè§¹ÕéáÊ´§
ãË‰àËç¹ÇˆÒ ÊÒÁÒÃ¶¹íÒà·¤¹Ô¤¡ÒÃ¤Çº¤ØÁª¹Ô´¹Õéä»»ÃÐÂØ¡μŒ¡ÑºÃÐºº¨ÃÔ§ä´‰

μÒÃÒ§·Õè 5.7: à»ÃÕÂºà·ÕÂº´Ñª¹ÕÊÁÃÃ¶¹Ðã¹áμˆÅÐà·¤¹Ô¤ÊíÒËÃÑºÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´
ªˆÇ§àÇÅÒà¢‰Ò·Õè ¤ˆÒÂÍ´¢Í§ÊÑÒ³ àÇÅÒ¡ÒÃ¤íÒ¹Ç³

à·¤¹Ô¤¡ÒÃÍÍ¡áºº (¹Ò·Õ) ¤Çº¤ØÁ (ÇÔ¹Ò·Õ)
Æ-� Æ-� Æ� Æ� ÍÍ¿äÅ¹Œ ÍÍ¹äÅ¹Œ

SLF-NBU �� ��	 	�	��� 
��	�" !�	 � �
�� ��!#� 
�
��

PDLF-NBU �� ��# 	��
!	 
�
# � �� 
� �
�� "!��	 
�
��
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ÃÙ»·Õè 5.28: ¼ÅμÍºÊ¹Í§¢Í§ÍØ³ËÀÙÁÔÊíÒËÃÑºËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´

5.4.2 ¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁâ´ÂÁÕà§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢Òà¢‰ÒáÅÐÊÑÒ³¢ÒÍÍ¡

¾Ô¨ÒÃ³Òáºº í̈ÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ ÊíÒËÃÑºÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´·Õèä´‰
¨Ò¡¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ àÃÒÍÍ¡áºº¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹´‰ÇÂ¾ÒÃÒ
ÁÔàμÍÃŒàªˆ¹à´ÕÂÇ¡ÑºËÑÇ¢‰Í 5.4.1 â´Âà¾ÔèÁà§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢ÒÍÍ¡ã¹¡ÒÃ¾Ô¨ÒÃ³Ò´‰ÇÂ ¡íÒË¹´ãË‰
���� � ����� � 	� Æ áÅÐàÅ×Í¡ÅíÒ´ÑºÊ¶Ò¹ÐàÃÔèÁμ‰¹áμ¡μˆÒÒ§¨Ò¡ËÑÇ¢‰Í 5.4.1 àËÅ×Íà¾ÕÂ§ 6 Ê¶Ò¹ÐμÒÁ
»ÃÔÀÙÁÔÂˆÍÂ 1 ÁÔμÔ à»“¹´Ñ§¹Õé

����� � ����� � 2�� �� 
�!� 
� � 
��� 
��, áÅÐ ����� � ����� � ����� � ����� � ����� � ����� � 


ÃÙ»·Õè 5.32 áÊ´§Ê̂Ç¹ÃˆÇÁÃÐËÇˆÒ§ 6 ·Ã§ÃÕäÎà¾ÍÃŒã¹ÃÐ¹Òº �� � �� ¹ÔÂÒÁ´‰ÇÂ ���� àÁ×èÍ � � �� � � � � �

«Öè§ä´‰¨Ò¡¡ÒÃ¡íÒË¹´¤ˆÒÊ¶Ò¹ÐàÃÔèÁμ‰¹ ���� â´Â (¡) ä´‰¨Ò¡¡ÒÃÍÍ¡áºº´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ
(¢) ä´‰¨Ò¡¡ÒÃÍÍ¡áºº´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ ÃÙ»·Õè 5.33 áÊ´§¡ÒÃà»ÃÕÂºà·ÕÂº
¤ˆÒ¹ÍÃŒÁ¢Í§¡®¡ÒÃ¤Çº¤ØÁ � ã¹Ê̂Ç¹ÍÍ¿äÅ¹Œ ã¹ÁÒμÃÒÊˆÇ¹àªÔ§ÅÍ¡ÒÃÔ·ÖÁÃÐËÇˆÒ§ÇÔ¸Õ¡ÒÃÍÍ¡áººμÑÇ
¤Çº¤ØÁ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ¡Ñº¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁáÅÐÃÙ»·Õè 5.34 áÊ´§¡ÒÃ
à»ÃÕÂºà·ÕÂº´Ñª¹ÕÊÁÃÃ¶¹Ðã¹áμˆÅÐ¤ˆÒÊ¶Ò¹Ð·Õè¡íÒË¹´àÃÔèÁμ‰¹ «Öè§ÊÒÁÒÃ¶ í̈Òá¹¡ä´‰´Ñ§μÒÃÒ§·Õè 5.8 ÊÑ§à¡μ
ÇˆÒ ·Õè¤ˆÒÊ¶Ò¹Ð¡íÒË¹´àÃÔèÁμ‰¹ÁÒ¡ÊØ´ (�� � �� � �) à·¤¹Ô¤¡ÒÃÍÍ¡áºº´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹
¡ÑºμÑÇá»ÃàÊÃÔÁ¨ÐãË‰¤ˆÒ¹ÍÃŒÁ¡®¡ÒÃ¤Çº¤ØÁ � ÁÒ¡¡ÇˆÒÍÕ¡ÇÔ¸ÕË¹Öè§ áÅÐ ³ ¤ˆÒÊ¶Ò¹ÐàÃÔèÁμ‰¹¹Õéä´‰ãË‰
¤ˆÒ´Ñª¹ÕÊÁÃÃ¶¹Ð¢Í§·Ñé§ÊÍ§à·¤¹Ô¤¡ÒÃÍÍ¡áººã¡Å‰à¤ÕÂ§¡Ñ¹ â´Â¤ˆÒ´Ñª¹ÕÊÁÃÃ¶¹Ð¨ÐÁÕ¤ˆÒÅ´Å§ àÁ×èÍ¤ˆÒ
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ÃÙ»·Õè 5.29: ÍÑμÃÒ¡ÒÃà»ÅÕèÂ¹á»Å§¢Í§ÊÑÒ³¤Çº¤ØÁ
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ÃÙ»·Õè 5.30: à¡³±Œ¡ÒÃ¤Çº¤ØÁ � ã¹â´àÁ¹àÇÅÒÊíÒËÃÑºÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´
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ÃÙ»·Õè 5.31: ¤ÇÒÁ¼Ô´¾ÅÒ´¨Ò¡¡ÒÃ»ÃÐÁÒ³¤ˆÒÊ¶Ò¹Ð 8 Ê¶Ò¹ÐÊíÒËÃÑºÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´
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Ê¶Ò¹Ð·Õè¡íÒË¹´àÃÔèÁμ‰¹ ���� ÁÕ¤ˆÒÅ´Å§´‰ÇÂ «Öè§ã¹¤ˆÒÊ¶Ò¹ÐàÃÔèÁμ‰¹ �� � �� � � ¡ÒÃÍÍ¡áºº´‰ÇÂ
¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ¨ÐãË‰¤ˆÒ´Ñª¹ÕÊÁÃÃ¶¹Ðáμ¡μˆÒ§¨Ò¡¤ˆÒÊ¶Ò¹ÐàÃÔèÁμ‰¹ �� � �� � �

ÍÂˆÒ§ÁÒ¡ ÍÂ̂Ò§äÃ¡çμÒÁà·¤¹Ô¤¡ÒÃÍÍ¡áºº´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁÂÑ§¤§ãË‰¤ˆÒ´Ñª¹Õ
ÊÁÃÃ¶¹Ð·Õè¹‰ÍÂ¡ÇˆÒ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ ã¹·Ø¡æ ¤ˆÒÊ¶Ò¹Ð·Õè¡íÒË¹´àÃÔèÁμ‰¹

μÒÃÒ§·Õè 5.8: à»ÃÕÂºà·ÕÂº´Ñª¹ÕÊÁÃÃ¶¹Ðã¹áμˆÅÐà·¤¹Ô¤ÊíÒËÃÑºÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´·Õèä ‰́¨Ò¡
¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ

à·¤¹Ô¤¡ÒÃÍÍ¡áºº ����� � �����

3 1 0.7 0.5 0.3 0.1

SLF-NBU ���	�	� �
� "�
� 	� �
� ��!
!�� �
�  ��# !� �
� "�!�!�� �
� ����		��

PDLF-NBU ��
���� �
� ��##�
� �
� 	�"�	 � �
� ���! 
� �
� "��� �� �
� 	���� 

ã¹Ê̂Ç¹ÍÍ¹äÅ¹Œ ¡íÒË¹´ãË‰¤ˆÒÊ¶Ò¹ÐÃº¡Ç¹àÃÔèÁμ‰¹àªˆ¹à´ÕÂÇ¡ÑºμÑÇÍÂˆÒ§¡ÒÃÍÍ¡áºº¢‰Ò§μ‰¹ ÃÙ»·Õè
5.35 áÊ´§¡ÒÃà»ÃÕÂºà·ÕÂºÃÐËÇˆÒ§ÍÑμÃÒ¡ÒÃà»ÅÕèÂ¹á»Å§¢Í§ÍØ³ËÀÙÁÔÂÍ´ËÍ Æ-� (Æ) ¡ÑºÍÑμÃÒ¡ÒÃ
à»ÅÕèÂ¹á»Å§¢Í§ÍØ³ËÀÙÁÔ°Ò¹ËÍ Æ-� (Æ) ÃÙ»·Õè 5.36 áÊ´§¡ÒÃà»ÅÕèÂ¹á»Å§¢Í§ÊÑÒ³¤Çº¤ØÁ «Öè§
à»“¹ÍÑμÃÒÊ̂Ç¹»„Í¹¡ÅÑºÂÍ´ËÍ Æ� áÅÐÍÑμÃÒ¡ÒÃμ‰Á«íéÒ Æ� ¨Ò¡¼ÅμÍºÊ¹Í§¢Í§ÍØ³ËÀÙÁÔ áÅÐÍÑμÃÒ¡ÒÃ
à»ÅÕèÂ¹á»Å§¢Í§ÊÑÒ³¤Çº¤ØÁÊÒÁÒÃ¶ÊÃØ»´Ñª¹ÕÊÁÃÃ¶¹Ð¢Í§ÃÐººã¹â´àÁ¹àÇÅÒä´‰´Ñ§μÒÃÒ§·Õè 5.9 ÃÙ»
·Õè 5.37 áÊ´§¡ÒÃà»ÃÕÂºà·ÕÂº¤ˆÒ¹ÍÃŒÁ¢Í§¡®¡ÒÃ¤Çº¤ØÁ � ã¹â´àÁ¹àÇÅÒ¢Í§áμˆÅÐà·¤¹Ô¤¡ÒÃÍÍ¡áºº
ÊØ´·‰ÒÂÃÙ»·Õè 5.38 áÊ´§¡ÒÃà»ÃÕÂºà·ÕÂº¤ÇÒÁ¼Ô´¾ÅÒ´¨Ò¡¡ÒÃ»ÃÐÁÒ³¤ˆÒÊ¶Ò¹Ð 8 Ê¶Ò¹ÐÊíÒËÃÑºÃÐºº
ËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´

¨Ò¡¼ÅμÍºÊ¹Í§¢Í§ÍØ³ËÀÙÁÔÂÍ´ËÍ áÅÐÍØ³ËÀÙÁÔ°Ò¹ËÍàÁ×èÍÃÇÁàÍÒà§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢Ò
ÍÍ¡ã¹¡ÒÃÍÍ¡áºº¾ºÇˆÒ àÁ×èÍ¾Ô¨ÒÃ³Òã¹Ê̂Ç¹¢Í§¤ˆÒàÇÅÒÍÂÙˆμÑÇ ÇÔ¸Õ¡ÒÃÍÍ¡áºº´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿
«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ¨ÐãË‰¼ÅμÍºÊ¹Í§·ÕèÁÕÊÁÃÃ¶¹Ð´Õ¡ÇˆÒàÅç¡¹‰ÍÂ áμˆ¼ÅμÍºÊ¹Í§¢Í§ÍØ³ËÀÙÁÔ°Ò¹ËÍ
ã¹ÊÀÒÇÐªÑèÇ¤ÃÙˆà¡Ô´¡ÒÃá¡Çˆ§ÁÒ¡¡ÇˆÒÍÕ¡à·¤¹Ô¤¡ÒÃÍÍ¡áººË¹Öè§ áÅÐãª‰¡®¡ÒÃ¤Çº¤ØÁ � ã¹ªˆÇ§
ÊÀÒÇÐªÑèÇ¤ÃÙˆÁÒ¡¡ÇˆÒÍÕ¡´‰ÇÂ ÍÂˆÒ§äÃ¡çμÒÁ¼ÅμÍºÊ¹Í§¢Í§ÊÑÒ³¢ÒÍÍ¡¹ÕéÂÑ§¤§ÍÂÙˆã¹¢Íºà¢μà§×èÍ¹ä¢
ºÑ§¤ÑºÊÑÒ³¢ÒÍÍ¡·Õè¡íÒË¹´ ¶Ö§áÁ‰ÇˆÒà·¤¹Ô¤¡ÒÃÍÍ¡áºº´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ
¨Ðãª‰àÇÅÒã¹¡ÒÃ¤íÒ¹Ç³ã¹Ê̂Ç¹ÍÍ¿äÅ¹ŒÁÒ¡¡ÇˆÒÇÔ¸Õ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇÍÂÙˆÁÒ¡ áμˆàÇÅÒã¹¡ÒÃ¤íÒ¹Ç³
ã¹Ê̂Ç¹ÍÍ¹äÅ¹Œ·Õè¹‰ÍÂ¡ÇˆÒàÇÅÒªÑ¡μÑÇÍÂˆÒ§¹ÕéÂÑ§¤§áÊ´§ãË‰àËç¹Ç̂Ò à·¤¹Ô¤¡ÒÃÍÍ¡áºº·Õè¹íÒàÊ¹ÍàËÁÒÐÊÁ
ã¹¡ÒÃ¹íÒä»»ÃÐÂØ¡μŒ¡ÑºÃÐºº¨ÃÔ§μˆÍä»

5.5 º·ÊÃØ»

ã¹μÍ¹·Õè 5.1 ÃÐººμÔ´μÒÁμíÒáË¹ˆ§àªÔ§ÁØÁÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¾ÒÃÒÁÔàμÍÃŒ 1 μÑÇ ¨Ò¡¡ÒÃ
ÍÍ¡áºº´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇáÅÐ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ ¾ºÇˆÒ ¼ÅμÍºÊ¹Í§
·Ò§àÇÅÒ ÊÑÒ³¤Çº¤ØÁ áÅÐ´Ñª¹ÕÊÁÃÃ¶¹ÐäÁˆáμ¡μˆÒ§¡Ñ¹ ·Õèà»“¹àªˆ¹¹Õéà¹×èÍ§¨Ò¡¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§
¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ à»“¹¿’§¡ŒªÑ¹·Õè¢Öé¹ÍÂÙˆ¡Ñº í̈Ò¹Ç¹¾ÒÃÒÁÔàμÍÃŒ¢Í§¤ÇÒÁäÁˆá¹ˆ¹Í¹ ©Ð¹Ñé¹ ã¹¡ÒÃ¤Çº
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ÃÙ»·Õè 5.32: Ê̂Ç¹ÃˆÇÁÃÐËÇˆÒ§ 6 ·Ã§ÃÕäÎà¾ÍÃŒ (¹ÔÂÒÁ´‰ÇÂ ���� ) ã¹ÃÐ¹Òº �� � ��
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ÃÙ»·Õè 5.33: ¹ÍÃŒÁ¢Í§¡®¡ÒÃ¤Çº¤ØÁ � ã¹Ê̂Ç¹ÍÍ¿äÅ¹Œ â´Â (�� Æ) áÊ´§¶Ö§ÅíÒ´Ñº¢Í§Ê¶Ò¹Ð
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ÃÙ»·Õè 5.34: ´Ñª¹ÕÊÁÃÃ¶¹Ð¢Í§à·¤¹Ô¤¡ÒÃÍÍ¡áºº·Ñé§ÊÍ§ÇÔ¸ÕàÁ×èÍ¾Ô¨ÒÃ³Òã¹Ê̂Ç¹ÍÍ¿äÅ¹Œ ÊíÒËÃÑºÃÐºº
ËÍ¡ÅÑè¹·Õèä´‰¨Ò¡¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ
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ÃÙ»·Õè 5.35: ¼ÅμÍºÊ¹Í§¢Í§ÍØ³ËÀÙÁÔÊíÒËÃÑºËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´àÁ×èÍÃÇÁà§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢Ò
ÍÍ¡

¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§ àÁ×èÍÁÕ¤ÇÒÁäÁ̂á¹ˆ¹Í¹ í̈Ò¹Ç¹ 1 μÑÇ à·¤¹Ô¤·Õèãª‰¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡Ñº
μÑÇá»ÃàÊÃÔÁÊÁÁÙÅ¡Ñºà·¤¹Ô¤·Õèãª‰¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ ËÃ×ÍÍÒ¨¡Å̂ÒÇä´‰ÇˆÒ ¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁàªÔ§
·íÒ¹ÒÂáºº¨íÒÅÍ§·Õèãª‰¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇà»“¹¡Ã³Õ¾ÔàÈÉ (special case) ¢Í§¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂ
áºº¨íÒÅÍ§·Õèãª‰¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ ÍÂˆÒ§äÃ¡çμÒÁ à·¤¹Ô¤¡ÒÃ¤Çº¤ØÁ¨Ðãª‰àÇÅÒã¹¡ÒÃ
¤íÒ¹Ç³ÁÒ¡¢Öé¹¶‰Òãª‰áºº¨íÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¾ÍÅÔâ·¾ ÊÔè§¹Õé¶×Íà»“¹¢‰Í í̈Ò¡Ñ´ÊíÒËÃÑº¡ÒÃ¤Çº¤ØÁàªÔ§
·íÒ¹ÒÂáºº¨íÒÅÍ§áººÍÍ¹äÅ¹Œ

ã¹μÍ¹·Õè 5.2 ¡íÒË¹´ãË‰μÑÇá»ÃÊ¶Ò¹ÐäÁ̂ÊÒÁÒÃ¶ÇÑ´ä´‰·Ñé§ËÁ´ àÃÒ¨Ö§»ÃÐÂØ¡μŒ¡ÒÃ¤Çº¤ØÁ»„Í¹
¡ÅÑºÊÑÒ³¢ÒÍÍ¡ áººÍÍ¿äÅ¹Œ¡ÑºÃÐººà¤Ã×èÍ§¤¹¶Ñ§» Ô̄¡Ã³ŒμˆÍà¹×èÍ§áººäÁˆ¤§ÍØ³ËÀÙÁÔ ¼ÅÅÑ¾¸Œ·Õèä´‰
áÊ´§ãË‰àËç¹ÇˆÒ ¡ÒÃÍÍ¡áºº´‰ÇÂà·¤¹Ô¤·Õè»ÃÐÂØ¡μŒ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ ÊíÒËÃÑº
áºº¨íÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ ÁÕ¤ÇÒÁÍ¹ØÃÑ¡ÉŒ¹‰ÍÂ¡ÇˆÒà·¤¹Ô¤·Õè»ÃÐÂØ¡μŒ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù
¹Í¿à´ÕÂÇ ÍÂˆÒ§äÃ¡çμÒÁ ¡ÒÃ»ÃÐÂØ¡μŒ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ ÊíÒËÃÑºáºº í̈ÒÅÍ§
¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¾ÍÅÔâ·¾ ãË‰¼ÅÅÑ¾¸Œ·ÕèÁÕ¤ÇÒÁÍ¹ØÃÑ¡ÉŒ¹‰ÍÂ·ÕèÊØ´ à¹×èÍ§¨Ò¡â¤Ã§ÊÃ‰Ò§¤ÇÒÁäÁ̂á¹ˆ¹Í¹
àªÔ§¾ÍÅÔâ·¾¹ÕéÁÕ¤ÇÒÁ¡ÃÐªÑº (tightness) ÁÒ¡¡ÇˆÒâ¤Ã§ÊÃ‰Ò§¤ÇÒÁäÁ̂á¹ˆ¹Í¹áººÍ×è¹ æ ÂÔè§ÁÕ í̈Ò¹Ç¹¨Ø´
ÂÍ´ÁÒ¡ áºº¨íÒÅÍ§¡ç¨ÐÁÕ¤ÇÒÁ¡ÃÐªÑºÁÒ¡¢Öé¹ áμˆ¨ÐÁÕ¼Å¡ÃÐ·ºμˆÍ¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁ à¹×èÍ§
¨Ò¡¨Ðμ‰Í§ãª‰àÇÅÒã¹¡ÒÃ¤íÒ¹Ç³·ÕèÁÒ¡¢Öé¹μÒÁ´‰ÇÂ àª̂¹à´ÕÂÇ¡Ñ¹ ã¹Ê̂Ç¹¢Í§¼ÅμÍºÊ¹Í§ÊÑÒ³¢Ò
ÍÍ¡ à·¤¹Ô¤·Õè»ÃÐÂØ¡μŒ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ¨ÐãË‰ÊÁÃÃ¶¹Ð·Õè´Õ¡ÇˆÒà·¤¹Ô¤¡ÒÃ¤Çº
¤ØÁ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ
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ÃÙ»·Õè 5.36: ÍÑμÃÒ¡ÒÃà»ÅÕèÂ¹á»Å§¢Í§ÊÑÒ³¤Çº¤ØÁ
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ÃÙ»·Õè 5.37: à¡³±Œ¡ÒÃ¤Çº¤ØÁ � ã¹â´àÁ¹àÇÅÒÊíÒËÃÑºÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´
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μÒÃÒ§·Õè 5.9: à»ÃÕÂºà·ÕÂº´Ñª¹ÕÊÁÃÃ¶¹Ðã¹áμˆÅÐà·¤¹Ô¤ÊíÒËÃÑºÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´àÁ×èÍÃÇÁ
à§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢ÒÍÍ¡

ªˆÇ§àÇÅÒà¢‰Ò·Õè ¤ˆÒÂÍ´¢Í§ÊÑÒ³ àÇÅÒ¡ÒÃ¤íÒ¹Ç³
à·¤¹Ô¤¡ÒÃÍÍ¡áºº (¹Ò·Õ) ¤Çº¤ØÁ (ÇÔ¹Ò·Õ)

Æ-� Æ-� Æ� Æ� ÍÍ¿äÅ¹Œ ÍÍ¹äÅ¹Œ
SLF-NBU ��		 ���  
�
�!" 
�
!"� ���## 
�
��

PDLF-NBU ��	� ���	� 
� !!" 
�
 
" �	#��	� 
�
��

¨Ò¡¡ÒÃÍÍ¡áººÃÐººËÍ¡ÅÑè¹«Öè§áºº í̈ÒÅÍ§ä´‰¨Ò¡¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ¢‰Ò§μ‰¹ ¾ºÇˆÒã¹Ê̂Ç¹ÍÍ¿äÅ¹Œ
à·¤¹Ô¤¡ÒÃÍÍ¡áºº·Õèãª‰¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁãË‰´Ñª¹ÕÊÁÃÃ¶¹Ð ÃÇÁ·Ñé§¤ˆÒ¹ÍÃŒÁàÁ·ÃÔ¡«Œ
»„Í¹¡ÅÑºÊ¶Ò¹Ð � ¹‰ÍÂ¡ÇˆÒ¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ àÁ×èÍ¾Ô¨ÒÃ³Ò¼ÅμÍº
Ê¹Í§·Ò§àÇÅÒã¹Ê̂Ç¹ÍÍ¹äÅ¹Œ¢Í§ÊÑÒ³¢ÒÍÍ¡ ã¹·Õè¹Õé¤×ÍÍØ³ËÀÙÁÔÂÍ´ËÍ áÅÐÍØ³ËÀÙÁÔ°Ò¹ËÍ ¾ºÇˆÒ
¼ÅÅÑ¾¸Œ·Õèä´‰¨Ò¡·Ñé§ÊÍ§à·¤¹Ô¤ÁÕ¤ÇÒÁã¡Å‰à¤ÕÂ§¡Ñ¹ â´Â¼ÅμÍºÊ¹Í§¢Í§ÍØ³ËÀÙÁÔ°Ò¹ËÍã¹à·¤¹Ô¤¡ÒÃÍÍ¡
áºº·Õèãª‰¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ¨ÐÁÕÊÁÃÃ¶¹Ð·Õè´Õ¡ÇˆÒÇÔ¸ÕÍ×è¹ æ ¹Í¡¨Ò¡¹Õé ¡ÒÃÍÍ¡áºº
áμˆÅÐà·¤¹Ô¤ãª‰ÊÑÒ³¤Çº¤ØÁ ä´‰á¡̂ ÍÑμÃÒÊ̂Ç¹»„Í¹¡ÅÑºÂÍ´ËÍ áÅÐÍÑμÃÒ¡ÒÃμ‰Á«íéÒ ÊÍ´¤Å‰Í§¡Ñºà§×èÍ¹
ä¢ºÑ§¤ÑºÊÑÒ³¢Òà¢‰Ò·Õè¡íÒË¹´äÇ‰ ´‰ÇÂàËμØ¹Õé ¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁμ‰Í§¤íÒ¹Ö§¶Ö§à§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³
¢Òà¢‰Ò áÅÐÃÑº»ÃÐ¡Ñ¹ä´‰ÇˆÒ àÁ×èÍ¹íÒ¡ÒÃ¤Çº¤ØÁ·ÕèÍÍ¡áººä»»ÃÐÂØ¡μŒ¡ÑºÃÐºº¨ÃÔ§ ¨ÐÊÒÁÒÃ¶»„Í§¡Ñ¹¤ÇÒÁ
¼Ô´¾ÅÒ´·ÕèÍÒ¨à¡Ô´¡ÑºÍØ»¡Ã³ŒÍÑ¹ä´‰á¡̂ ¡ÒÃÍÔèÁμÑÇ¢Í§ÊÑÒ³¤Çº¤ØÁä´‰ μˆÍÁÒ àÃÒà¾ÔèÁà§×èÍ¹ä¢ºÑ§¤Ñº
ÊÑÒ³¢ÒÍÍ¡ã¹¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§ ¨ÐàËç¹ÇˆÒμÑÇ¤Çº¤ØÁ¨Ðª´àªÂÃÐººãË‰
¼ÅμÍºÊ¹Í§¢Í§ÍØ³ËÀÙÁÔÂÍ´ËÍáÅÐÍØ³ËÀÙÁÔ°Ò¹ËÍÍÂÙˆã¹¢Íºà¢μ·Õè¡íÒË¹´ à§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢Ò
ÍÍ¡¹ÕéÁÕ»ÃÐâÂª¹ŒÍÂˆÒ§ÁÒ¡ÊíÒËÃÑºÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´ à¹×èÍ§¨Ò¡ÇÑμ¶Ø»ÃÐÊ§¤Œã¹¡ÒÃ¤Çº¤ØÁ
¡ÃÐºÇ¹¡ÒÃ¹Õéμ‰Í§¡ÒÃ¤Çº¤ØÁÍØ³ËÀÙÁÔÂÍ´ËÍãË‰ä´‰μÒÁ¡íÒË¹´ «Öè§Ê̂§¼Å¶Ö§¤ÇÒÁà¢‰Á¢‰¹¢Í§¼ÅÔμÀÑ³±Œ
ÂÔè§ÍØ³ËÀÙÁÔà»ÅÕèÂ¹á»Å§ÁÒ¡ ¡ç¨ÐÊ̂§¼Å¶Ö§¤ÇÒÁà¢‰Á¢‰¹¢Í§¼ÅÔμÀÑ³±Œ à§×èÍ¹ä¢ºÑ§¤Ñº¢Í§ÊÑÒ³¢Ò
ÍÍ¡ Ö̈§ÁÕº·ºÒ·ÍÂˆÒ§ÂÔè§ÊíÒËÃÑº¡ÃÐºÇ¹¡ÒÃ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´ ÍÕ¡·Ñé§ã¹¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁ´‰ÇÂ
à·¤¹Ô¤¡ÒÃÇÔà¤ÃÒÐËŒ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁÃˆÇÁ¡Ñºà§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢ÒÍÍ¡ÂÑ§¤§
ãË‰´Ñª¹ÕÊÁÃÃ¶¹Ð·Õè¹‰ÍÂ¡ÇˆÒà·¤¹Ô¤¡ÒÃÇÔà¤ÃÒÐËŒ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇÍÕ¡´‰ÇÂ

¡Å̂ÒÇâ´ÂÊÃØ»ä´‰ÇˆÒ ÇÔ¸ÕÍÍ¡áººμÑÇ¤Çº¤ØÁâ´Â¡ÒÃÇÔà¤ÃÒÐËŒ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»Ã
àÊÃÔÁÁÕ¤ÇÒÁÍ¹ØÃÑ¡ÉŒ¹‰ÍÂ¡ÇˆÒÇÔ¸Õ¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ ÍÕ¡·Ñé§à·¤¹Ô¤¡ÒÃÍÍ¡
áºº·Õè¤íÒ¹Ö§¶Ö§à§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢Òà¢‰Ò áÅÐà§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢ÒÍÍ¡ ÃÑº»ÃÐ¡Ñ¹ä´‰ÇˆÒ¼ÅÅÑ¾¸Œ
¢Í§¼ÅμÍºÊ¹Í§ã¹â´àÁ¹àÇÅÒ ·Ñé§ÊÑÒ³¤Çº¤ØÁ áÅÐÊÑÒ³¢ÒÍÍ¡¨ÐÍÂÙˆã¹¢Íºà¢μ·Õè¡íÒË¹´ «Öè§
ªˆÇÂã¹¡ÒÃ»„Í§¡Ñ¹¤ÇÒÁ¼Ô´¾ÅÒ´·ÕèÍÒ¨à¡Ô´¢Öé¹¡ÑºÍØ»¡Ã³Œã¹¡ÃÐºÇ¹¡ÒÃ¨ÃÔ§ÍÕ¡·Ò§Ë¹Öè§´‰ÇÂ
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ÃÙ»·Õè 5.38: ¤ÇÒÁ¼Ô´¾ÅÒ´¨Ò¡¡ÒÃ»ÃÐÁÒ³¤ˆÒÊ¶Ò¹Ð 8 Ê¶Ò¹ÐÊíÒËÃÑºÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´



º··Õè 6

º·ÊÃØ»áÅÐ¢‰ÍàÊ¹Íá¹Ð

6.1 º·ÊÃØ»

ÇÔ·ÂÒ¹Ô¾¹¸Œ¹Õé¹íÒàÊ¹Í¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ áÅÐ¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº
¤§·¹ÊíÒËÃÑºËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´ ¨ÐàËç¹ÇˆÒáºº í̈ÒÅÍ§·Õèä´‰¨Ò¡¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ ÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹
ã¹ÅÑ¡É³Ð¢Í§áºº¨íÒÅÍ§·Õèáμ¡μˆÒ§¡Ñ¹ μÒÁ Ø̈´·íÒ§Ò¹·Õèá»Ãà»ÅÕèÂ¹ä» ã¹§Ò¹ÇÔ¨ÑÂ¹ÕéÇÔà¤ÃÒÐËŒ¤ÇÒÁäÁˆá¹ˆ
¹Í¹àËÅ̂Ò¹Ñé¹ ´‰ÇÂâ¤Ã§ÊÃ‰Ò§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ áºº¨íÒÅÍ§·Õèä´‰¨Ö§¤ÃÍº¤ÅØÁ Ø̈´·íÒ§Ò¹
·Õèä´‰¨Ò¡¡ÒÃÃÐºØàÍ¡ÅÑ¡É³Œ·Ñé§ËÁ´ ¨Ò¡¹Ñé¹¹íÒàÊ¹Í¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§
·¹ ã¹§Ò¹ÇÔ¨ÑÂ¹Õé¹íÒàÊ¹Í ¡®¡ÒÃ¤Çº¤ØÁ»ÃÐÂØ¡μŒãª‰¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ·ÕèÊÍ´¤Å‰Í§
¡Ñº í̈Ò¹Ç¹¢Í§¤ÇÒÁäÁ̂á¹ˆ¹Í¹ ÃÇÁ·Ñé§¤íÒ¹Ö§¶Ö§à§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢Òà¢‰Ò¤Çº¤ØÁ áÅÐÊÑÒ³¢ÒÍÍ¡
¡ÃÐºÇ¹¡ÒÃ à·¤¹Ô¤¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁà»“¹¼Å¢ÂÒÂÁÒ¨Ò¡§Ò¹ã¹Í´Õμ ¼ÅÅÑ¾¸Œ·Õèä´‰ÁÕ¤ÇÒÁÍ¹ØÃÑ¡ÉŒ
¹‰ÍÂ¡ÇˆÒà·¤¹Ô¤¡ÒÃÍÍ¡áºº´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿à´ÕÂÇ ÍÂˆÒ§äÃ¡çμÒÁ à·¤¹Ô¤¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹
¡ÑºμÑÇá»ÃàÊÃÔÁ ÊíÒËÃÑºáºº í̈ÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¾ÍÅÔâ·¾ÁÕ¤ÇÒÁÍ¹ØÃÑ¡ÉŒÅ´Å§ã¹àªÔ§´Ñª¹ÕÊÁÃÃ¶¹Ð
à¹×èÍ§¨Ò¡â¤Ã§ÊÃ‰Ò§¢Í§¤ÇÒÁäÁˆá¹ˆ¹Í¹ã¹ÃÙ»áºº¹Õé ÁÕ¤ÇÒÁ¡ÃÐªÑºÁÒ¡¡ÇˆÒ áμˆ¢‰ÍàÊÕÂ¤×Í ¨Ðμ‰Í§ãª‰àÇÅÒ
ã¹¡ÒÃ¤íÒ¹Ç³ÁÒ¡¡ÇˆÒ áÅÐäÁ̂àËÁÒÐ¡Ñº¡ÒÃ¤Çº¤ØÁáººÍÍ¹äÅ¹Œ

à·¤¹Ô¤¡ÒÃ¤Çº¤ØÁàªÔ§·íÒ¹ÒÂáºº¨íÒÅÍ§·ÕèÁÕà§×èÍ¹ä¢ºÑ§¤Ñº¤§·¹´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇ-
á»ÃàÊÃÔÁ ÊíÒËÃÑºáºº í̈ÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁÊÒÁÒÃ¶»ÃÐÂØ¡μŒ¡Ñº¡ÃÐºÇ¹¡ÒÃμˆÒ§æ ´Ñ§
·Õèä´‰¹íÒàÊ¹ÍμÑÇÍÂˆÒ§â´Âà©¾ÒÐÍÂ̂Ò§ÂÔè§ã¹ÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´ «Öè§à»“¹¡ÃÐºÇ¹¡ÒÃã¹ÍØμÊÒË¡ÃÃÁ
»”âμÃà¤ÁÕ ¼ÅÅÑ¾¸Œ·Õèä´‰ªÕéãË‰àËç¹ÇˆÒ à·¤¹Ô¤·Õè¾Ñ²¹Ò¢Öé¹ãËÁˆ¹ÕéÊÒÁÒÃ¶à¾ÔèÁ»ÃÐÊÔ·¸ÔÀÒ¾ãË‰¡Ñº¼ÅμÍºÊ¹Í§
¢ÒÍÍ¡ ¹Ñè¹¤×Í¤ˆÒ¤ÇÒÁà¢‰Á¢‰¹¢Í§¼ÅÔμÀÑ³±ŒãË‰à»“¹ä»μÒÁ¢‰Í¡íÒË¹´·Õèμ‰Í§¡ÒÃ à·¤¹Ô¤¡ÒÃ¤Çº¤ØÁ¹Õé¨Ö§
àËÁÒÐÊÁà»“¹á¹Ç·Ò§ã¹¡ÒÃ»ÃÐÂØ¡μŒãª‰¡Ñº¡ÃÐºÇ¹¡ÒÃ¨ÃÔ§ã¹ÅíÒ´ÑºμˆÍä»

6.2 ¢‰ÍàÊ¹Íá¹Ð

ã¹Ê̂Ç¹¢Í§¢‰ÍàÊ¹Íá¹Ðã¹¡ÒÃ¾Ñ²¹Ò§Ò¹ÇÔ¨ÑÂã¹ÅíÒ´ÑºμˆÍä» ¤ÇÃ¨Ð¤íÒ¹Ö§¶Ö§¡ÒÃ¡íÒ Ñ̈´ÊÑÒ³Ãº
¡Ç¹ (reject disturbance) à¾ÔèÁàμÔÁã¹¢Ñé¹μÍ¹¡ÒÃÍÍ¡áºº¡®¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹Ð´‰ÇÂ à¾×èÍ¾Ñ²¹Ò
à·¤¹Ô¤¡ÒÃÍÍ¡áººãË‰»ÃÐÂØ¡μŒãª‰¡Ñº¡ÃÐºÇ¹¡ÒÃ¨ÃÔ§ä´‰ÍÂˆÒ§ÁÕ»ÃÐÊÔ·¸ÔÀÒ¾ à¹×èÍ§¨Ò¡ã¹¡ÒÃ»ÃÐÂØ¡μŒ¡Ñº
ÃÐºº¨ÃÔ§ ÊÑÒ³Ãº¡Ç¹ºÒ§μÑÇä´‰Ê̂§¼Å¡ÃÐ·ºμˆÍ¼ÅμÍºÊ¹Í§¢Í§ÃÐºº ÊÁÁμÔÇˆÒÊÑÒ³Ãº¡Ç¹·Õè
àÃÒäÁˆ·ÃÒº¤ˆÒ¤×Í ,��� ÁÕ¤Ø³ÅÑ¡É³Ð´Ñ§ÊÁ¡ÒÃ 3���� ,��� � 
 «Öè§à¢‰ÒÊÙˆÃÐºº 2.3 áÊ´§´Ñ§ÊÁ¡ÒÃ
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¨Ò¡Í§¤Œ»ÃÐ¡Íº¢Í§Ê¶Ò¹Ðã¹»’¨ Ø̈ºÑ¹áÅÐÍ¹Ò¤μ´Ñ§ÊÁ¡ÒÃ¢‰Ò§μ‰¹ àÃÒÊÒÁÒÃ¶¾ÔÊÙ¨¹Œà§×èÍ¹ä¢àÊ¶ÕÂÃÀÒ¾
¤§·¹μÒÁÍÊÁ¡ÒÃ (4.13) ãËÁˆ â´Âãª‰¾×é¹°Ò¹¡ÒÃÊÃ‰Ò§ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§Ê‰¹´Ñ§μÑÇÍÂˆÒ§ã¹ÀÒ¤¼¹Ç¡ ¡
à¾×èÍ¾Ñ²¹Òà·¤¹Ô¤¡ÒÃ¤Çº¤ØÁã¹¡ÒÃ»ÃÐÂØ¡μŒ¡ÑºÃÐºº¨ÃÔ§ãË‰ÁÕ»ÃÐÊÔ·¸ÔÀÒ¾ÂÔè§¢Öé¹

ã¹Ê̂Ç¹¢Í§¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊÑÒ³¢ÒÍÍ¡ à¹×èÍ§¨Ò¡ã¹§Ò¹ÇÔ¨ÑÂ¹Õé ä´‰¹íÒËÅÑ¡¡ÒÃ¡ÒÃ¤Çº¤ØÁ
áººÍÍ¿äÅ¹Œ¢Í§ Wan áÅÐ Kothare [30] ÁÒ»ÃÐÂØ¡μŒãª‰ ã¹Í¹Ò¤μÍÒ¨ÊÒÁÒÃ¶¾Ñ²¹Ò¡ÒÃÍÍ¡áºº
μÑÇ¤Çº¤ØÁÊÑÒ³¢ÒÍÍ¡¾ÅÇÑμ (dynamic output feedback) ã¹ÃÙ»áºº¡ÒÃ¤Çº¤ØÁáººÍÍ¹äÅ¹Œä´‰ â´Â
¾Ñ²¹Òà¾ÔèÁàμÔÁ¨Ò¡ËÅÑ¡¡ÒÃ¢Í§ Lee áÅÐ Park [31] «Öè§àª×èÍÇˆÒ¨Ðà»“¹»ÃÐâÂª¹ŒÊíÒËÃÑº§Ò¹ÇÔ¨ÑÂμˆÍä»
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ÀÒ¤¼¹Ç¡



ÀÒ¤¼¹Ç¡ ¡

¡ÒÃÊÃ‰Ò§ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹

ã¹ÀÒ¤¼¹Ç¡ ¡. ¨Ð¹íÒàÊ¹Íº·¾ÔÊÙ¨¹Œã¹·ÄÉ®Õº· 4.2 «Öè§¨Ðà»“¹¢Ñé¹μÍ¹ã¹¡ÒÃÊÃ‰Ò§à§×èÍ¹
ä¢ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ÊíÒËÃÑº¡ÒÃÃÑº»ÃÐ¡Ñ¹àÊ¶ÕÂÃÀÒ¾¤§·¹ ´‰ÇÂ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»Ã
àÊÃÔÁ à§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢Òà¢‰Ò áÅÐà§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢ÒÍÍ¡ â´ÂÁÕÃÒÂÅÐàÍÕÂ´ Ñ́§¹Õé

¡.1 ¡ÒÃËÒ¤̂ÒμíèÒÊØ´¢Í§´Ñª¹ÕÊÁÃÃ¶¹Ð

¡ÒÃËÒ¤ˆÒμíèÒÊØ´¢Í§´Ñª¹ÕÊÁÃÃ¶¹Ð � ´‰ÇÂ¡ÒÃ¾Ô¨ÒÃ³Ò¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ
� ��� � ������� ����������� àÁ×èÍ � ������ �
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��� ������� ä´‰¨Ò¡

��
�$�

�

ÀÒÂãμ‰à§×èÍ¹ä¢
������� ����������� � � (¡.1)

¡íÒË¹´ãË‰ �� � ����� � 
� � � �� � � � � � áÅÐãª‰Ê̂Ç¹àμÔÁàμçÁªÙÃŒ ¡ÒÃËÒ¤ˆÒμíèÒÊØ´¢‰Ò§μ‰¹¨ÐÊÁÁÙÅ¡Ñº
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���

�

ÀÒÂãμ‰à§×èÍ¹ä¢ �
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����� ��
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¨ÐàËç¹ÇˆÒ ¡ÒÃ¾ÔÊÙ¨¹Œ¢‰Ò§μ‰¹¨Ðà»“¹ÃÒ¡°Ò¹ã¹¡ÒÃ¾ÔÊÙ¨¹Œà§×èÍ¹ä¢ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ (4.13), (4.14)

áÅÐ (4.15) ã¹ÅíÒ´ÑºμˆÍä»

¡.2 à§×èÍ¹ä¢¡ÒÃÃÑº»ÃÐ¡Ñ¹àÊ¶ÕÂÃÀÒ¾¤§·¹

ã¹Ê̂Ç¹¡ÒÃÃÑº»ÃÐ¡Ñ¹àÊ¶ÕÂÃÀÒ¾¤§·¹ μÒÁà§×èÍ¹ä¢ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ (4.13) ¿’§¡ŒªÑ¹àÅÕÂ»Ù
¹Í¿«Öè§¢Öé¹¡ÑºμÑÇá»ÃàÊÃÔÁ (2.9) ¨Ðμ‰Í§ÊÍ´¤Å‰Í§¡Ñºà§×èÍ¹ä¢ (4.3) á·¹¤ˆÒ ������� � ��������� � 	 
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�� ����
�
�	�
� �����	�
� �

��� ��� � ���

�
�	� 
� ����
��


������	�
� � 
�����
��

	


�
�
��� � ���

���� � ���

�
� 
�

��� �9 � �� 	� � � � � � (¡.2)
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àÁ×èÍ 
�� ¤×ÍàÁ·ÃÔ¡«Œ¤ÍÅÑÁ¹Œ·Õè � ¢Í§ 
� áÅÐ¨Ò¡¤Ø³ÅÑ¡É³Ð¢Í§¤ÇÒÁäÁˆá¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁ´Ñ§
μˆÍä»¹Õé

���� � ���
� ���� � ��� � ���� � ���

� ���� � ����

´‰ÇÂ¡ÒÃãª‰àÁ·ÃÔ¡«Œ·áÂ§ÁØÁà»“¹ºÇ¡ +���� áÅÐÊÁ¡ÒÃ¤ÇÒÁäÁ̂á¹ˆ¹Í¹ àÃÒ¨Ðä´‰
�
��� � ���

���� � ���

�� ����
�
��� ������ �

�
+����

� ��� ������ �

�
��� ������ �

� +���� ����

�����+
���
� ��� ������ � �����+

���
� ���� � +����

	


�
�
��� � ���

���� � ���

�
	 


�� � �� 	� � � � � �� (¡.3)

àÁ×èÍ �� áÅÐ ���� ¤×ÍàÁ·ÃÔ¡«Œá¶Ç·Õè � ¢Í§ � áÅÐ ��� μÒÁÅíÒ´Ñº »ÃÐÂØ¡μŒ¡ÃÐºÇ¹§Ò¹àÍÊ¡Ñº
ÍÊÁ¡ÒÃ (¡.2) áÅÐ (¡.3) ¨Ðä´‰
�
����

#
$ �	�
� �����	�
� �� �� ��� � ���

�
�
��� ������ �

�
+���� ��� ������ �

�
%
&

�
�	�
� ����
���

��� ������ �
�
+���� ����

�


������	�
� � ������+
���
� ��� ������ � 
�����
�� � +���� ������+

���
� ����

	



� � 
 (¡.4)

¨Ò¡¹Ñé¹ á·¹¤ˆÒ �� � ����� , �� � ��
��
� , +��� � �+���� ã¹ÍÊÁ¡ÒÃ (¡.4) áÅÐ¤Ù³μÅÍ´´‰ÇÂ � �

� àÃÒ¨Ðä´‰�
�� ��	�
� ������ �	�
� � ����� � �

� ��� � ��� � ��	�
� ������ 
��

�
����
��
� �	�
� � �
����

��
� 
�� �+���

	

�

�

�
��� ������ �

�

�����

�
+���

�
��� ������ � ����

�
� 
 (¡.5)

»ÃÐÂØ¡μŒÊ̂Ç¹àμÔÁàμçÁªÙÃŒ¡ÑºÍÊÁ¡ÒÃ (¡.5)

�
����������

���� � � � � �


 +��� � � � �

�� ������ ���� +� � � �

	�
� 
�� � �� � �

����
� � � �% �

����� � � � � �%

	









�
� 
 (¡.6)

ãª‰¡ÒÃá»Å§ÊÁÀÒ¤ (congruence transformation) ´‰ÇÂàÁ·ÃÔ¡«Œ ��� �)�+� � %� %� %� %� ã¹ÍÊÁ¡ÒÃ (¡.6) ¨Ð
ä´‰ �

����������

)����� ) � � � � �


 +� � � � �

��)������) ����+� +� � � �

	)�
�) 
��+� � �� � �

����) � � � �% �

�����) � � � � �%

	









�
� 
 (¡.7)
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´‰ÇÂà·¤¹Ô¤¢Í§ de Oliveira áÅÐ¤³Ð [13] ¶‰Ò �� � 
 áÅÐàÁ·ÃÔ¡«Œ �) ��������� �) ���� à»“¹ºÇ¡á¹ˆ
¹Í¹ ´Ñ§¹Ñé¹

)����� ) 	 )�)� ��� � 
� (¡.8)

ÊØ´·‰ÒÂ ´‰ÇÂÍÊÁ¡ÒÃ (¡.8) àÃÒÊÒÁÒÃ¶Í¸ÔºÒÂä´‰ÇˆÒÍÊÁ¡ÒÃ (¡.7) áÊ´§¶Ö§à§×èÍ¹ä¢ (4.13) «Öè§à»“¹à§×èÍ¹ä¢
ã¹ÃÙ»ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ ÊíÒËÃÑº¡ÒÃÃÑº»ÃÐ¡Ñ¹àÊ¶ÕÂÃÀÒ¾¤§·¹ã¹ÃÐººàÇÅÒÇÔÂØμ �

¡.3 à§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢Òà¢‰Ò

ã¹à§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢Òà¢‰Ò àÃÒÍ‰Ò§ÍÔ§¨Ò¡§Ò¹¢Í§ Cuzzola áÅÐ¤³Ð [8] ´Ñ§¹Ñé¹ã¹Ê̂Ç¹¢Í§¡ÒÃ
¾ÔÊÙ¨¹Œ àÃÒ¨Ð¹íÒàÊ¹Í¡ÒÃÁÕÍÂÙˆ¨ÃÔ§ã¹à§×èÍ¹ä¢ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹

¨Ò¡à§×èÍ¹ä¢ (¡.8) ¢Í§à·¤¹Ô¤ de Oliveira áÅÐ¤³Ð [13] ·íÒãË‰àÃÒ·ÃÒºÇˆÒà§×èÍ¹ä¢ÍÊÁ¡ÒÃàÁ·ÃÔ¡«Œ
àªÔ§àÊ‰¹ (4.14) ÊÒÁÒÃ¶áÊ´§¹ÑÂä´‰ÇˆÒ�

8 .

. � )���)

�
	 
� �� � �� 	� � � � � � (¡.9)

àÁ×èÍ 8�� � �����	� � � �� � � � � � ¨Ò¡¹Ñé¹á·¹ . � �) ã¹ÍÊÁ¡ÒÃ (¡.9) áÅÐ¤Ù³·Ò§«‰ÒÂ¢Í§ÍÊÁ¡ÒÃ
´‰ÇÂ ���2%�)�� , áÅÐ¤Ù³·Ò§¢ÇÒ´‰ÇÂ ���2%�)��, ¨Ðä´‰

�
8 �

� � ��

�
	 
� �� � �� 	� � � � � � (¡.10)

á·¹¤ˆÒ �� � ����� ã¹ÍÊÁ¡ÒÃ (¡.10) áÅÐ¨Ò¡¤ÇÒÁÊÑÁ¾Ñ¹¸Œ¢Í§àÁ·ÃÔ¡«ŒàÅÕÂ»Ù¹Í¿ � ���� � ��� �"	
��� ���� � ���� àÃÒ¨Ðä´‰ �

8 �

� � �
�� ���� � ���

�
	 
 (¡.11)

»ÃÐÂØ¡μŒÊ̂Ç¹àμÔÁàμçÁªÙÃŒã¹ (¡.11) ¨Ò¡¹Ñé¹¤Ù³·Ñé§«‰ÒÂáÅÐ¢ÇÒ¢Í§ÍÊÁ¡ÒÃ´‰ÇÂ ��� � ���� áÅÐ ��� � ���
μÒÁÅíÒ´Ñº áÅÐ¨Ò¡¡®¡ÒÃ¤Çº¤ØÁ»„Í¹¡ÅÑºÊ¶Ò¹Ð ��� � ��� � ���� � ��� àÃÒ¨Ðä´‰

�

�����	

��� � ������� � ��� �
�

�
��� � ����� ���� � ������ � ���� � � �� � � � � � (¡.12)

¨Ò¡à§×èÍ¹ä¢¡ÒÃÃÑº»ÃÐ¡Ñ¹àÊ¶ÕÂÃÀÒ¾ã¹ÃÐººàÇÅÒÇÔÂØμ (4.3) áÊ´§ãË‰àËç¹ÇˆÒ¿’§¡ŒªÑ¹àÅÕÂ»Ù¹Í¿ � �� � ��

¨Ðμ‰Í§ÁÕ¤ˆÒÅ´Å§μÑé§áμˆ � � � ¶Ö§ � áÅÐ � ��� � � ¨Ò¡à§×èÍ¹ä¢ (¡.1) ´Ñ§¹Ñé¹
�

�
��� � ����� ���� � ������ � ��� � �� �� 	 
 (¡.13)

¨Ò¡ (¡.12) áÅÐ (¡.13) à§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢Òà¢‰Ò ´‰ÇÂ¢Íºà¢μÂÍ´ã¹áμˆÅÐÊÑÒ³ ÊÒÁÒÃ¶áÊ´§ä´‰
´Ñ§ÍÊÁ¡ÒÃ (2.7) «Öè§ÊÃØ»ä´‰ÇˆÒà§×èÍ¹ä¢ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ (4.14) áÊ´§¹ÑÂà»“¹à§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³
¢Òà¢‰Ò¨ÃÔ§ Í¸ÔºÒÂ´‰ÇÂÍÊÁ¡ÒÃ (¡.12) áÅÐ (¡.13) �
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¡.4 à§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢ÒÍÍ¡

ã¹Ê̂Ç¹¢Í§à§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢ÒÍÍ¡ àÃÒä ‰́»ÃÐÂØ¡μŒáÅÐà¾ÔèÁàμÔÁ¨Ò¡§Ò¹¢Í§ Kothare áÅÐ¤³Ð
[3] à¾×èÍãË‰ÊÍ´¤Å‰Í§¡Ñºáºº¨íÒÅÍ§¤ÇÒÁäÁ̂á¹ˆ¹Í¹àªÔ§¢Íºà¢μ¹ÍÃŒÁã¹ÃÙ»·ÑèÇä»ÂÔè§¢Öé¹

¾Ô¨ÒÃ³Òà§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢ÒÍÍ¡ ‰́ÇÂ¹ÍÃŒÁáººÂØ¤ÅÔ¤º¹ ��� � ���

���� � ����� � ���	� �� 	 
� � 	 �

ÊíÒËÃÑº·Ø¡æ ¤ÇÒÁäÁˆá¹ˆ¹Í¹·Õèà»“¹ä»ä´‰ ��� � ��� � 	 


��'

��

���� � ����� � ��'

��

���	�
� ���� � ��� � �
���� � �����

´‰ÇÂ¡ÒÃãª‰ËÅÑ¡¡ÒÃ·Ã§ÃÕÂ×¹Â§ �[3] ¨Ðä´‰

��'

��

���� � ����� � ��'
%�	

���	�
� �7 � �
���� � ������ � 	 


� ��'
%
 %
�

���	�
� ��
�
� 7 � �
���� � ������ � 	 


àÃÒμ‰Í§¡ÒÃãË‰ ���	�
� ��
�
�

� 7��
����� ����� � ���	� � 	 
 ÊíÒËÃÑº·Ø¡æ ���� ��� áÅÐ 7 ÊÍ´
¤Å‰Í§¡Ñº

��� �� � ������� � ��� �
�
��� ������ ��

�
�

� 7 ��������� � ���
�� �

��� ������ ��
�
�

� 7�

��������� � ���
�
� � � �� 	� � � � � �

áÅÐ 7� 7 � � «Öè§à§×èÍ¹ä¢¹Õé¨Ðà»“¹¨ÃÔ§¶‰Ò ��&�� &�� � � � � &	� &	��� � 
 ¹Ñè¹¤×Í ÊíÒËÃÑº·Ø¡æ 7 áÅÐ ��� � ���

�
7

��� � ���

�� �����
�

�
�
�

� �	�
� ���� ��	�
� ��
�
�

� �

�
�
�

� �� ����� �
�- �� ����� ��

�
�

� � &	��%

� �
�

�
�

� �	�
� ���� �
��

�
�
�

� �� ����� �
�-���

�


�� 
�
� ��	�
� ��

�
�

� �����- �� ����� ��
�
�

� 
�� 
�
� �
� � - �����-���

	



�

�

�
7

��� � ���

�
� ����	 � &	��� � 	 


- � ����&�%�� � &�%�� � � � � � &	%��� � 
 àÁ×èÍäÁˆ¤Ô´¡ÒÃÊÙàÊÕÂâ´Â·ÑèÇä» àÃÒÊÒÁÒÃ¶¡íÒË¹´ãË‰ &	�� � ����	

[3] áÅ‰ÇÍÊÁ¡ÒÃ¢‰Ò§μ‰¹¨ÐÊÍ´¤Å‰Í§ÊíÒËÃÑº·Ø¡æ 7 áÅÐ ��� � ��� ¶‰Ò�
����
�

�
�
�

� �	�
� ���� ��	�
� ��
�
�

� �

�
�
�

� �� ����� �
�- �� ����� ��

�
�

� � �
�
��	%

� �
�

�
�

� �	�
� ���� �
��

�
�
�

� �� ����� �
�-���

�


�� 
�
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� ��

�
�

� �����- �� ����� ��
�
�
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� �
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ãª‰¡ÒÃá»Å§ÊÁÀÒ¤ ´‰ÇÂàÁ·ÃÔ¡«Œ ����)��� �
�

� � -��� %� %�

�
�����
����	)

����� ) � )� �	�
� ���� )� �� ����� �
�

� -�� -��
�� 
�
� -������

��	�
� �) �
�-
�� % �

�� ����� �) ���-
��
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¨Ò¡¤ÇÒÁÊÑÁ¾Ñ¹¸Œ·ÕèÇˆÒ )����� ) 	 )� �)��� àÃÒ¨Ðä´‰
�
�����
����	�)

� �)���� � � �

� -�� � �

��	)�
. � �
�-
�� % �

�)����. ���-
��

� -��

	




� 	 
 (¡.14)

¹Õè¤×Íà§×èÍ¹ä¢ÍÊÁ¡ÒÃàÁ·ÃÔ¡«ŒàªÔ§àÊ‰¹ÊíÒËÃÑºà§×èÍ¹ä¢ºÑ§¤ÑºÊÑÒ³¢ÒÍÍ¡ �
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»ÃÐÇÑμÔ¼Ù‰à¢ÕÂ¹ÇÔ·ÂÒ¹Ô¾¹ Œ̧

¹ÒÂÇÃ¾Å ¡Ñ³³ÕÂŒ à¡Ô´àÁ×èÍÇÑ¹·Õè 5 ¡Ñ¹ÂÒÂ¹ ¾.È. 2526 ¨Ñ§ËÇÑ´¡ÃØ§à·¾ÁËÒ¹¤Ã à»“¹ºØμÃ¢Í§¹ÒÂÇÕÃÐà´ª
áÅÐ¹Ò§ÂØ¾´Õ ¡Ñ³³ÕÂŒ ÊíÒàÃç¨¡ÒÃÈÖ¡ÉÒÃÐ´Ñº»ÃÔÒμÃÕ ËÅÑ¡ÊÙμÃÇÔÈÇ¡ÃÃÁÈÒÊμÃŒºÑ³±Ôμ ÊÒ¢ÒÇÔÈÇ¡ÃÃÁ
ä¿¿„Ò ¨Ò¡ÁËÒÇÔ·ÂÒÅÑÂÈÃÕ¹¤ÃÔ¹·ÃÇÔâÃ² àÁ×èÍ»•¡ÒÃÈÖ¡ÉÒ 2547 áÅÐà¢‰ÒÈÖ¡ÉÒμˆÍã¹ËÅÑ¡ÊÙμÃÇÔÈÇ¡ÃÃÁ
ÈÒμÃŒÁËÒºÑ³±Ôμ ã¹»•¡ÒÃÈÖ¡ÉÒ¶Ñ´ÁÒ ³ ÀÒ¤ÇÔªÒÇÔÈÇ¡ÃÃÁä¿¿„Ò ¤³ÐÇÔÈÇ¡ÃÃÁÈÒÊμÃŒ ¨ØÌÒÅ§¡Ã³Œ
ÁËÒÇÔ·ÂÒÅÑÂ ÊÑ§¡Ñ´Ë‰Í§»¯ÔºÑμÔ¡ÒÃÇÔ¨ÑÂÃÐºº¤Çº¤ØÁ

¼Å§Ò¹·Õèä´‰μÕ¾ÔÁ¾Œã¹¡ÒÃ»ÃÐªØÁÇÔªÒ¡ÒÃà»“¹´Ñ§¹Õé

� ÇÃ¾Å ¡Ñ³³ÕÂŒ áÅÐà´ÇÔ´ ºÃÃà Ô̈´¾§ÈŒªÑÂ, “¡ÒÃÃÐºØàÍ¡ÅÑ¡É³ŒáÅÐ¡ÒÃÇÔà¤ÃÒÐËŒ¤ÇÒÁäÁˆá¹ˆ¹Í¹ã¹
áºº¨íÒÅÍ§¾ÅÇÑμ¢Í§ËÍ¡ÅÑè¹áÂ¡ÊÒÃÊÍ§ª¹Ô´” CD-ROM ÃÇÁº·¤ÇÒÁ·Ò§ÇÔªÒ¡ÒÃ«Öè§ä´‰¹íÒàÊ¹Í
μˆÍ·Õè»ÃÐªØÁÊÑÁÁ¹Ò (Proceedings) ã¹¡ÒÃ»ÃÐªØÁÇÔªÒ¡ÒÃ·Ò§ÇÔÈÇ¡ÃÃÁä¿¿„Ò ¤ÃÑé§·Õè 29 (EECON-

29) ¨Ñ´â´ÂÁËÒÇÔ·ÂÒÅÑÂà·¤â¹âÅÂÕÃÒªÁ§¤Å¸ÑºØÃÕ ³ âÃ§áÃÁáÍÁºÒÊà´ÍÃŒ«ÔμÕé ¨ÍÁà·ÕÂ¹ ¨Ñ§ËÇÑ´
ªÅºØÃÕ ÃÐËÇˆÒ§ÇÑ¹·Õè 9-10 ¾ÄÈ Ô̈¡ÒÂ¹ 2549 Ë¹‰Ò 1073-1076.

� V. Kunnee and D. Banjerdpongchai, “Robust Constrained Model Predictive Control for

Linear-Time Varying Systems with Norm-Bounded Uncertainty,” in Proc. the 5th Electrical

Engineering/Electronics, Computer, Telecommunications, and Information Technology (ECTI Con-

2008), Krabi, Thailand, May 2008.
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