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There are several ways to evaluate lightning impulse parameters. The one usual way is

curve fitting by using mathematical models based on exponential function according to international

standard (IEC). The main previous works on curve fitting methodology are the extended kalman

filter and levenberg - marquardt method. The both of them are used to evaluate lightning impulse

parameters generated from TDG program not from transformer testing and the extended kalman

filter variance updating in the process depends upon the state - space linearization. This may cause

inaccurate evaluation. This thesis is comparative study on the lightning impulse parameter evaluation

using these 2 methods, the unscented kalman filter and levenberg - marquardt method with 2

steps. First, TDG’s lightning impulse parameter evaluations have been performed to investigate the

2 method’s performance and the next, the lightning impulse parameter evaluations on transformer

testing have been executed. The results illustrate that, for TDG test, levenberg - marquardt method

can evaluate lightning impulse parameters exactly in every cases but the unscented kalman filter can

evaluate exactly only the no noise or smooth curve with oscillation frequency less than 500 kHz

cases. The cordial cause is the inaccurate initial values. In transformer lightning impulse parameter

evaluation, the levenberg - marquardt method can evaluate the parameters but not accurate, for the

unscented kalman filter, It can evaluate some undetermined coefficients of the model but not enough

to construct complete curve because of distortion at the front and peak of the curve. The main causes

are the error of model and the limitation of initial value determination. Because the oscillation

and peak distortion are not noise so the unscented kalman filter cannot dispel them but the filter

admit to the process. This makes the unscented kalman filter suffering about covariance matrix

indeterminableness when some epochs of iteration have passed.
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º··Õè 1

º·¹íÒ

ã¹¡ÒÃμÔ´μÑé§ÃÐººä¿¿„ÒáÃ§ÊÙ§¡ÅÒ§á ‰̈§¹Ñé¹ ÍØ»¡Ã³Œ·Õè¹íÒÁÒμÔ´μÑé§ í̈Òà»“¹μ‰Í§¡ÒÃ·´ÊÍºáÃ§
´Ñ¹¿„Ò¼ˆÒâ´Âμ‰Í§¼ˆÒ¹ÁÒμÃ°Ò¹ IEC 60060-1, IEC 60060-2 «Öè§¡íÒË¹´¤Ø³ÅÑ¡É³Ð¢Í§ÃÙ»¤Å×è¹
¿„Ò¼ˆÒäÇ‰ 3 ¡Ã³Õ¤×Í ÃÙ»¤Å×è¹´Å¿„Ò¼ˆÒàμçÁ (Full lightning impulse) , ÃÙ»¤Å×è¹´Å¿„Ò¼ˆÒÊÑº
(Lightning impulse chopping) áÅÐ ÃÙ»¤Å×è¹´ÅÊÇÔμªÔè§ (Lightning impulse switching) ËÃ×ÍÃÙ»
¤Å×è¹ÊÇÔμªÔè§ â´Â·Õèã¹áμˆÅÐª¹Ô´¨ÐÁÕÅÑ¡É³ÐáÅÐ¤ˆÒ¾ÒÃÒÁÔàμÍÃŒà©¾ÒÐ·Õèμ‰Í§ÇÔà¤ÃÒÐËŒ «Öè§ã¹»’¨ Ø̈ºÑ¹
ÁÕ¡ÒÃ¹íÒàÍÒà¤Ã×èÍ§μÃÇ¨ÇÑ´áÃ§´Ñ¹ËÃ×ÍÍÍÊ«ÔÅâÅÊâ¤»áºº´Ô¨ÔμÍÅ (Digital oscilloscope) ÁÒãª‰ã¹
¡ÒÃ·´ÊÍº ¼Å·Õèä´‰¨Ò¡¡ÒÃà¡çº¢‰ÍÁÙÅáºº´Ô¨ÔμÍÅ¹Õé¨Ð·íÒãË‰¡ÒÃÇÔà¤ÃÒÐËŒÊÑÒ³ã¹áººÇÔÂØμ (Dis-

crete analysis) ÁÕ¤ÇÒÁÊÐ´Ç¡ÁÒ¡¢Öé¹ â´Âã¹¡ÒÃÇÔà¤ÃÒÐËŒ¹Ñé¹¤ˆÒ¾ÒÃÒÁÔàμÍÃŒÊíÒ¤Ñ·Õèà¡ÕèÂÇ¢‰Í§ÁÕ´Ñ§
¹Õé 1.áÃ§´Ñ¹¤ˆÒÂÍ´ ËÃ×Í peak voltage (��) à»“¹áÃ§´Ñ¹ÊÙ§ÊØ´¢Í§ÃÙ»¤Å×è¹¿„Ò¼ˆÒ·Õè·íÒ¡ÒÃ·´
ÊÍº 2. àÇÅÒ ³ áÃ§´Ñ¹¤ˆÒÂÍ´ ËÃ×Í time to peak (��) à»“¹ Ø̈´àÇÅÒ·ÕèÊÑÁ¾Ñ¹¸Œ¡ÑºáÃ§
´Ñ¹¤ˆÒÂÍ´·ÕèÇÑ´ä´‰ 3.àÇÅÒË¹‰Ò¤Å×è¹ ËÃ×Í front time (��) à»“¹¾ÒÃÒÁÔàμÍÃŒàÊÁ×Í¹ª¹Ô´Ë¹Öè§·Õè¨Ð
ãª‰ºÍ¡ªˆÇ§àÇÅÒã¹¡ÒÃÂ¡μÑÇ¢Í§ÃÙ»¤Å×è¹ áÅÐ 4.àÇÅÒËÅÑ§¤Å×è¹ ËÃ×Í time to half (��) à»“¹
¾ÒÃÒÁÔàμÍÃŒàÊÁ×Í¹·ÕèºÍ¡ªˆÇ§àÇÅÒ¡ÒÃÅ´Å§¢Í§áÃ§´Ñ¹¢Í§ÃÙ»¤Å×è¹ ¹Í¡¨Ò¡¹ÕéÊíÒËÃÑºÃÙ»¤Å×è¹¿„Ò¼ˆÒ
ÊÑºáÅÐÃÙ»¤Å×è¹ÊÇÔμªÔè§¨ÐÁÕ¾ÒÃÒÁÔàμÍÃŒ·Õèμ‰Í§»ÃÐàÁÔ¹à¾ÔèÁàμÔÁÍÕ¡¤×Í àÇÅÒ³ ¢³Ðà¡Ô´¡ÒÃÊÑº áÃ§
´Ñ¹¢³Ðà¡Ô´¡ÒÃÊÑº ËÃ×ÍàÇÅÒàË¹×Í 90% ¾ÒÃÒÁÔàμÍÃŒàËÅ̂Ò¹ÕéÅ‰Ç¹ÁÕ¤ÇÒÁÊíÒ¤Ñã¹¡ÒÃ·´ÊÍº ËÒ¡
¤ˆÒã´·Õè·´ÊÍºä´‰ÁÕ¢¹Ò´ÁÒ¡¡ÇˆÒËÃ×Í¹‰ÍÂ¡ÇˆÒà¡³±Œ·ÕèÁÒμÃ°Ò¹ÂÍÁÃÑº í̈Òμ‰Í§ÁÕ¡ÒÃ»ÃÑºà»ÅÕèÂ¹Ç§
¨Ã·Õèãª‰ã¹¡ÒÃ·´ÊÍºμˆÍä» «Öè§ÁÒμÃ°Ò¹¢Í§¡ÒÃ·´ÊÍºÁÕ¤ÇÒÁÊíÒ¤ÑÁÒ¡ ¤ÇÒÁ¹ˆÒàª×èÍ¶×Í¢Í§¼Ù‰·íÒ
¡ÒÃ·´ÊÍº ÃÇÁ¶Ö§«Í¿·ŒáÇÃŒ·Õèãª‰»ÃÐÁÇÅ¼Å¡çà»“¹ÊÔè§ÊíÒ¤ÑäÁ̂ÂÔè§ËÂˆÍ¹¡ÇˆÒ¡Ñ¹ ËÒ¡ÇˆÒ¡ÒÃ´íÒà¹Ô¹
¡ÒÃ»ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒ¢Í§ÃÙ»¤Å×è¹¿„Ò¼ˆÒÊÒÁÒÃ¶¡ÃÐ·íÒä´‰ÍÂˆÒ§ÍÑμâ¹ÁÑμÔ ÃÇ´àÃçÇ áÁˆ¹ÂíÒ àª×èÍ
¶×Íä´‰ áÅÐãª‰§Ò¹§̂ÒÂ «Í¿·ŒáÇÃŒ¹Ñé¹¡ç¨Ðâ´´à´ˆ¹áÅÐÊÒÁÒÃ¶¹íÒä»ãª‰ä´‰¨ÃÔ§·Ñé§Ê¶Ò¹·Õè»¯ÔºÑμÔ§Ò¹ËÃ×Í
ã¹Ë‰Í§»¯ÔºÑμÔ¡ÒÃ áμˆ¡ÒÃ¨Ð»ÃÐàÁÔ¹ÃÙ»¤Å×è¹·´ÊÍºãË‰ÁÕ¤ÇÒÁáÁ̂¹ÂíÒ¹Ñé¹ ª¹Ô´¢Í§¾ÒÃÒÁÔàμÍÃŒ¡çÁÕ
ÅÑ¡É³Ðã¹¡ÒÃÇÔà¤ÃÒÐËŒáμ¡μˆÒ§¡Ñ¹ «Öè§¡ÃÐºÇ¹¡ÒÃ·Õè¨Ðãª‰μ‰Í§ÁÕ¤ÇÒÁàËÁÒÐÊÁ áÅÐ´‰ÇÂàËμØ¹ÕéàÍ§
¡ÃÃÁÇÔ¸Õ·Õèà»“¹ÍÑμâ¹ÁÑμÔ (ËÃ×Í¡Öè§ÍÑμâ¹ÁÑμÔ) ¨Ö§à¡Ô´¢Öé¹ËÅÒÂÇÔ¸Õ áμˆÅÐÇÔ¸ÕÁÕ¢‰Í´Õ¢‰Í´‰ÍÂáμ¡μˆÒ§¡Ñ¹μÒÁ
áμˆÍ§¤Œ¤ÇÒÁÃÙ‰·Õèãª‰ «Öè§§Ò¹ÇÔ¨ÑÂ©ºÑº¹Õé¨ÐÁØˆ§à¹‰¹ä»·Õè¡ÒÃÈÖ¡ÉÒáÅÐ¡ÃÃÁÇÔ¸ÕÍÑμâ¹ÁÑμÔà»“¹ÊíÒ¤Ñ



2

1.1 ·ÕèÁÒáÅÐ¤ÇÒÁÊíÒ¤Ñ

ã¹Í´Õμ ¡ÒÃÇÔà¤ÃÒÐËŒÃÙ»¤Å×è¹áÃ§´Ñ¹¿„Ò¼ˆÒ ¨ÐÍÒÈÑÂ¼Ù‰ªíÒ¹Ò¡ÒÃà»“¹¼Ù‰ÇÔà¤ÃÒÐËŒà»“¹ËÅÑ¡ «Öè§
ÍÒÈÑÂá¹Ç·Ò§ã¹¡ÒÃ»ÃÐÁÒ³áººà»“¹àªÔ§àÊ‰¹ ¶‰ÒËÒ¡ÃÙ»¤Å×è¹·Õè¾Ô¨ÒÃ³Ò»ÃÒÈ¨Ò¡ÊÀÒÇÐà¾ÍÃŒà·ÍÃŒ
àºªÑè¹ ÍÑ¹ä´‰á¡ˆ ÊÑÒ³Ãº¡Ç¹ (Noise), Ê̂Ç¹¾Øˆ§à¡Ô¹ (Overshoot) «Öè§ÁÑ¡¨Ðà»“¹¼ÅÁÒ¨Ò¡¡ÒÃá¡Çˆ§
(Oscillation) à»“¹μ‰¹ àËÅ̂Ò¹Õé ¡ÒÃ¾Ô¨ÒÃ³Òâ´Â¼Ù‰àªÕèÂÇªÒ «Öè§·íÒ¡ÒÃÇÑ´´‰ÇÂÊÒÂμÒáμˆà¾ÕÂ§ÍÂˆÒ§
à´ÕÂÇÍÒ¨¨ÐãË‰¤ÇÒÁàËç¹äÁˆμÃ§¡Ñ¹ áÅÐ¼Ù‰·íÒ¡ÒÃ·´ÅÍ§·ÑèÇæ ä» ¡çäÁˆÊÒÁÒÃ¶ÇÑ´ä´‰ÍÂˆÒ§¹ˆÒàª×èÍ¶×Í
â´Â»’¨ Ø̈ºÑ¹ ´Ñ§·Õèä´‰¡Å̂ÒÇä»áÅ‰Ç¢‰Ò§μ‰¹ ÁÕ¡ÒÃ¹íÒà¤Ã×èÍ§ÇÑ´áºº´Ô¨ÔμÍÅà¢‰ÒÁÒãª‰ «Öè§¨ÐÊÒÁÒÃ¶·íÒãË‰
àÃÒà¡çº¤ˆÒ¢‰ÍÁÙÅ¢Í§¤Å×è¹áÃ§´Ñ¹¿„Ò¼ˆÒä´‰ÊÐ´Ç¡ áÅÐÂÑ§ÊÒÁÒÃ¶¹íÒàÍÒ¢‰ÍÁÙÅàËÅ̂Ò¹Ñé¹ÁÒÇÔà¤ÃÒÐËŒä´‰
ÍÂˆÒ§ÍÔÊÃÐ »ÃÐ¡Íº¡Ñºà¤Ã×èÍ§Á×Í·Ò§¤³ÔμÈÒÊμÃŒ àÃ×èÍ§·Õèà¡ÕèÂÇ¢‰Í§¡ÑºÊÑÒ³áººÇÔÂØμ ¡çÁÕ¤ÇÒÁ
áÁˆ¹ÂíÒÁÒ¡¢Öé¹ ´Ñ§¹Ñé¹ ËÅÑ¡¡ÒÃ¢Í§àÃÒ¡ç¤×Í ¨ÐËÒÃÙ»¤Å×è¹µˆÍà¹×èÍ§àËÁÒÐÊÁ·ÕèÊØ´ ·Õè¨ÐÊÒÁÒÃ¶
»ÃÐ´ÔÉ°ŒÃÙ»¤Å×è¹¿„Ò¼ˆÒ¢Í§àÃÒä´‰ â´Â¡ÃÃÁÇÔ¸Õ·Ò§ÊÑÒ³áÅÐ·Ò§¤³ÔμÈÒÊμÃŒ áÅ‰Ç¨Ò¡¹Ñé¹ ¨Ðãª‰
ÃÙ»¤Å×è¹·Õè»ÃÐ´ÔÉ°Œ¢Öé¹àÍ§¹Õé ËÒ¤ˆÒ¾ÒÃÒÁÔàμÍÃŒ·ÕèÊíÒ¤Ñ´Ñ§¡Å̂ÒÇ¢‰Ò§μ‰¹ ·´á·¹¢‰ÍÁÙÅ¢Í§ÊÑÒ³¨ÃÔ§
¤ÇÒÁáμ¡μˆÒ§ã¹¡ÒÃ»ÃÐÁÒ³¹Ñé¹¢Öé¹ÍÂÙˆ¡Ñº 1. ÊÁ¡ÒÃ ¤×Í áºº í̈ÒÅÍ§·Ò§¤³ÔμÈÒÊμÃŒ·Õèãª‰ â´Â
ÃÙ»áºº¾ËØ¹ÒÁ¨ÐÁÕ Ø̈´ÍˆÍ¹àÃ×èÍ§Ê̂Ç¹¾Øˆ§à¡Ô¹ áÅÐ¡ÒÃá¡Çˆ§ ¨Ò¡§Ò¹ÇÔ¨ÑÂËÅÒÂ©ºÑºàÊ¹ÍãË‰ãª‰áºº
¨íÒÅÍ§·ÕèÊ̂Ç¹»ÃÐ¡Íº¢Í§¿’§¡ŒªÑ¹àÅ¢ªÕé¡íÒÅÑ§ áÅÐ¿’§¡ŒªÑ¹àªÔ§ä«¹Œ à¾ÃÒÐã¹·Ò§·ÄÉ®ÕÃÙ»¤Å×è¹¿„Ò¼ˆÒ
à¡Ô´¨Ò¡¿’§¡ŒªÑ¹àÅ¢ªÕé¡íÒÅÑ§¤Ùˆ 2. à¤Ã×èÍ§Á×Í·Ò§¤³ÔμÈÒÊμÃŒ·Õè¨Ðãª‰ÃˆÇÁ¡Ñºáºº í̈ÒÅÍ§·ÕèàÅ×Í¡ ã¹§Ò¹
ÇÔ¨ÑÂ¹Õé¨Ðà»ÃÕÂºà·ÕÂº 2 ¡ÃÃÁÇÔ¸Õ «Öè§à»“¹à¤Ã×èÍ§Á×Í·Ò§¤³ÔμÈÒÊμÃŒ·Õèáμ¡μˆÒ§¡Ñ¹

¤ÇÒÁáÁˆ¹ÂíÒ·Õèä´‰ ÃÇÁ¶Ö§ÃÐ´Ñº¤ÇÒÁàª×èÍÁÑè¹ ¡ç¨Ðáμ¡μˆÒ§¡Ñ¹ã¹áμˆÅÐÇÔ¸Õ ã¹Í´Õμ·Õè¼ˆÒ¹ÁÒ·Ñé§
ËÁ´ §Ò¹ÇÔ¨ÑÂÃÇÁä»¶Ö§ÁÒμÃ°Ò¹·Õè¡íÒË¹´à¾×èÍãª‰·´ÊÍº¢Ñé¹μÍ¹ÇÔ¸Õ¹Ñé¹ Å‰Ç¹áÅ‰ÇáμˆμÑé§ÍÂÙˆº¹ªØ´·´
ÊÍºà¤àºÔÅ (Cable testing platform) ËÃ×Íâ»Ãá¡ÃÁÁÒμÃ°Ò¹ÊíÒËÃÑº¡ÒÃ·´ÊÍº (TDG) «Öè§·Ñé§
2 ¡Ã³Õ¹ÕéÍÒÈÑÂà¾ÕÂ§áºº¨íÒÅÍ§·Õè¼ˆÒ¹¡ÒÃ»ÃÐÁÒ³ ¡çÊÒÁÒÃ¶ãË‰¤ˆÒ¾ÒÃÒÁÔàμÍÃŒ¢Í§ÃÙ»¤Å×è¹ÍÔÁ¾ÑÅÊŒ
¿„Ò¼ˆÒä´‰ÍÂˆÒ§¶Ù¡μ‰Í§ à¾ÃÒÐ¡ÒÃÃº¡Ç¹ÍÂÙˆº¹ÊÁÁμÔ°Ò¹·ÕèÇˆÒ “ÊÑÒ³Ãº¡Ç¹ ÁÕÅÑ¡É³Ðà»“¹à¡ÒÊŒ
à«ÕÂ¹äÇ·Œ” «Öè§»ÃÐÊº¼ÅÊíÒàÃç¨ã¹¡ÒÃ·´ÅÍ§à»“¹ÍÂˆÒ§´Õ áμˆ¤ÇÒÁäÁˆà»“¹àªÔ§àÊ‰¹¢Í§ËÁ‰Íá»Å§ÍÑ¹
à¹×èÍ§ÁÒ¨Ò¡ÅÑ¡É³Ð¢Í§áºº¨íÒÅÍ§·Õè»ÃÐ¡Íº´‰ÇÂμÑÇàË¹ÕèÂÇ¹íÒ Ö̈§à»“¹»ÃÐà´ç¹·Õè¹ˆÒÊ¹ã¨ÇˆÒ ¡ÒÃ
»ÃÐàÁÔ¹ÃÙ»¤Å×è¹àËÅ̂Ò¹Ñé¹ ÁÕ¤ÇÒÁà»“¹ä»ä´‰ÁÒ¡¹‰ÍÂà¾ÕÂ§äÃÊíÒËÃÑº¡ÒÃ»ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒÃÙ»¤Å×è¹
¢Í§ËÁ‰Íá»Å§ ÍÕ¡·Ñé§ÇÔ¸ÕÍÑμâ¹ÁÑμÔ·ÕèÁÕÍÂÙˆÍÒÈÑÂ¡ÒÃ·íÒà»“¹àªÔ§àÊ‰¹ (Linearized) ã¹¢Ñé¹μÍ¹¢Í§¡ÒÃ
»ÃÑº»ÃØ§ ´Ñ§¹Ñé¹àÃÒ¨Ö§μ‰Í§ÍÒÈÑÂ¤ÇÒÁ¶Ù¡μ‰Í§¢Í§áºº í̈ÒÅÍ§«Öè§ÁÕÅÑ¡É³ÐäÁˆàªÔ§àÊ‰¹·´á·¹¡ÒÃ·íÒãË‰
à»“¹àªÔ§àÊ‰¹´Ñ§Å̂ÒÇ ÅÑ¡É³Ð¢Í§ÃÙ»¤Å×è¹¢Í§ËÁ‰Íá»Å§ÊÒÁÒÃ¶áÊ´§ä´‰´Ñ§ã¹ÃÙ»·Õè 1.1 «Öè§ÃÙ»¤Å×è¹´Ñ§
¡Å̂ÒÇ¹ÕéÁÕ¤ÇÒÁà¾ÕéÂ¹¢Í§ºÃÔàÇ³Ë¹‰Ò¤Å×è¹ÁÒ¡ ã¹§Ò¹ÇÔ¨ÑÂªÔé¹¹Õé ¨Ð·íÒ¡ÒÃà»ÃÕÂºà·ÕÂº ¡ÃÃÁÇÔ¸ÕµÑÇ
¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹ (Unscented Kalman filter) ¡Ñº ÃÐàºÕÂºÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·
(Levenburg-Marquardt method) à»“¹ËÅÑ¡ «Öè§·Ñé§ÊÍ§ÇÔ¸Õ´Ñ§¡Å̂ÒÇμˆÒ§¡çà»“¹¡ÃÃÁÇÔ¸ÕäÁˆàªÔ§àÊ‰¹·Ñé§¤Ùˆ â´Â
ÁÕ Ø̈´»ÃÐÊ§¤Œ à¾×èÍ·Õè¨ÐÈÖ¡ÉÒ¶Ö§¤ÇÒÁáÁˆ¹ÂíÒ¢Í§áμˆÅÐÇÔ¸Õ â´ÂÁÕÁÒμÃ°Ò¹¢Í§ IEC 60060-1, IEC
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60060-2 áÅÐ IEC1083-2 à»“¹μÑÇ¡íÒË¹´ áÅ‰Ç¨Ò¡¹Ñé¹¨Ð¹íÒä»·´ÊÍº¡ÑºÃÐºº¨ÃÔ§ â´ÂÁÕ¼Ù‰àªÕèÂÇªÒ
à»“¹ÁÒμÃ°Ò¹ÊíÒËÃÑº¡ÒÃ·´ÊÍº
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x 10
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ÃÙ»·Õè 1.1: ÃÙ»áÊ´§μÑÇÍÂˆÒ§¢Í§ÃÙ»¤Å×è¹¿„Ò¼ˆÒ·Õèä´‰¨Ò¡ËÁ‰Íá»Å§

1.2 ¤ÇÒÁà»“¹ÁÒáÅÐ§Ò¹¡ˆÍ¹Ë¹‰Ò
1.2.1 ÇÔ¸Õ»ÃÐ ỐÉ°ŒÃÙ»¤Å×è¹¿„Ò¼ˆÒâ´ÂÇÔ¸Õ¾ËØ¹ÒÁ

¨Ðãª‰ÊÁ¡ÒÃ¾ËØ¹ÒÁà»“¹áºº í̈ÒÅÍ§ã¹¡ÒÃ»ÃÐ´ÔÉ°ŒÃÙ»¤Å×è¹ â´ÂÁÕÊÁ¡ÒÃà»“¹

���� � 	��
� � 	����

��� � 
 
 
� 	� (1.1)

àÁ×èÍ

	�: ¤×ÍÊÑÁ»ÃÐÊÔ·¸Ôì¢Í§¾ËØ¹ÒÁÍÑ¹´Ñº·Õè � ã´æ

�: ¤×Í àÇÅÒ¢³Ðã´æ

����: ¤×Í ¢¹Ò´¢Í§áÃ§´Ñ¹·ÕèàÇÅÒ �

ÇÔ¸Õ¡ÒÃ´Ñ§¡Å̂ÒÇ¹ÕéÁÕÊ̂Ç¹ÊíÒ¤Ñ¤×Í àÊ¹Íáºº í̈ÒÅÍ§à»“¹áºº¾ËØ¹ÒÁ Ê̂Ç¹¡ÃÃÁÇÔ¸Õã¹¡ÒÃËÒ¤ˆÒàËÁÒÐ
ÊÁÊÒÁÒÃ¶ãª‰¡ÒÃËÒ¤ˆÒàËÁÒÐÊÁÊØ´àªÔ§àÊ‰¹ (Linear optimization) ·íÒãË‰¡ÒÃÃº¡Ç¹¡íÒÅÑ§ÊÍ§μÒÁ
ËÅÑ¡¡ÒÃ¢Í§à¡ÒÊŒÁÕ¤ˆÒ¹‰ÍÂ·ÕèÊØ´ «Öè§ÊÁÃÃ¶¹Ð¢Í§¿’§¡ŒªÑ¹¾ËØ¹ÒÁã¹¡ÒÃ»ÃÑºàÊ‰¹â¤‰§¨Ðãª‰¨íÒ¹Ç¹¾¨¹Œ
ÁÒ¡ ËÒ¡ÃÙ»¤Å×è¹ÁÕÅÑ¡É³Ð¡ÒÃá¡Çˆ§ (¡ÒÃà»ÅÕèÂ¹á»Å§¢Í§¢‰ÍÁÙÅáººÃÇ´àÃçÇ) ã¹¢³Ð·ÕèºÃÔàÇ³
ËÒ§¤Å×è¹¢Í§ÃÙ»¤Å×è¹¿„Ò¼ˆÒàμçÁËÃ×ÍÃÙ»¤Å×è¹ÊÇÔμªÔè§ ¨Ð¤ˆÍ¹¢‰Ò§àÃÕÂºËÒ¡ÁÕ¨íÒ¹Ç¹¾¨¹ŒÁÒ¡ºÃÔàÇ³
ËÒ§¤Å×è¹¨ÐÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§ÁÒ¡μÒÁä»´‰ÇÂ ´Ñ§¹Ñé¹ÇÔ¸Õ¹Õé (áºº¨íÒÅÍ§¹Õé) ¨Ö§ÊÒÁÒÃ¶»ÃÐ´ÔÉ°ŒÃÙ»
¤Å×è¹ÊÇÔμªÔè§áÅÐÃÙ»¤Å×è¹ÍÔÁ¾ÑÅÊŒ·ÕèäÁˆÁÕ¡ÒÃá¡Çˆ§à·̂Ò¹Ñé¹ äÁˆÊÒÁÒÃ¶ÇÔà¤ÃÒÐËŒÊ̂Ç¹¾Øˆ§à¡Ô¹¢Í§ÃÙ»¤Å×è¹
ä´‰
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1.2.2 ÇÔ¸Õ Cubic spline interpolation

ãª‰ÊÁ¡ÒÃ¾ËØ¹ÒÁà»“¹áºº¨íÒÅÍ§àªˆ¹à´ÔÁ áμˆ¨Ðáº̂§ÃÙ»¤Å×è¹ÍÍ¡à»“¹Ê̂Ç¹æ áÅ‰Ç¤íÒ¹Ç³
ÊÑÁ»ÃÐÊÔ·¸Ôìã¹áμˆÅÐªˆÇ§à¾×èÍãË‰ä´‰ÊÁ¡ÒÃ¾ËØ¹ÒÁ·ÕèàËÁÒÐÊÁã¹¡ÒÃ»ÃÐ´ÔÉ°ŒÃÙ»¤Å×è¹ à¹×èÍ§¨Ò¡¤ÇÒÁ
áμ¡μˆÒ§¢Í§ÃÙ»¤Å×è¹ã¹áμˆÅÐªˆÇ§ (ªˆÇ§ÂÍ´¤Å×è¹·ÕèÍÒ¨ÁÕ¡ÒÃá¡Çˆ§) à»“¹ÍØ»ÊÃÃ¤ÊíÒ¤Ñã¹¡ÒÃãª‰áºº
¨íÒÅÍ§¾ËØ¹ÒÁ ´Ñ§¹Ñé¹àÁ×èÍáº̂§ÍÍ¡à»“¹ªˆÇ§æ áÅ‰Ç·íÒ¡ÒÃ»ÃÑºàÊ‰¹â¤‰§ãË‰àËÁÒÐã¹áμˆÅÐÊ̂Ç¹ ¨Ð
ÊÒÁÒÃ¶ÊÃ‰Ò§ÊÁ¡ÒÃ¾ËØ¹ÒÁ·ÕèàËÁÒÐá¡ˆáμˆÅÐªˆÇ§¹Ñé¹ä´‰ ÍÒ·Ôàªˆ¹ ªˆÇ§ÂÍ´¤Å×è¹ÍÒ¨ÁÕ í̈Ò¹Ç¹¾¨¹Œ
ÁÒ¡à¾×èÍãË‰à¾ÕÂ§¾Íμ̂Í¡ÒÃ¡íÒË¹´¡ÒÃá¡Çˆ§ ªˆÇ§ËÅÑ§¤Å×è¹ÍÒ¨¨Ðãª‰¨íÒ¹Ç¹¾¨¹Œ·Õè¹‰ÍÂ¡ÇˆÒ à¾×èÍ
ãË‰ÃÙ»¤Å×è¹ÁÕÅÑ¡É³ÐàÃÕÂº áÅ‰Ç Ö̈§ãª‰ÇÔ¸Õ¡ÒÃ»ÃÑºàÊ‰¹â¤‰§áºº·Õèãª‰ã¹ÊÁ¡ÒÃ¾ËØ¹ÒÁà¾×èÍ¤íÒ¹Ç³¾ÒÃÒ
ÁÔàμÍÃŒ¢Í§¾ËØ¹ÒÁÍÍ¡ÁÒ áμˆà¹×èÍ§´‰ÇÂ¡ÒÃá¡Çˆ§ÁÕÅÑ¡É³ÐàËÁ×Í¹¡ÃÒ¿àªÔ§ä«¹Œ (Sinusoidal) ÁÒ¡
¡ÇˆÒ ´Ñ§¹Ñé¹ ÇÔ¸Õ¡ÒÃ¹ÕéÊÒÁÒÃ¶»ÃÐ´ÔÉ°ŒÃÙ»¤Å×è¹ÊÇÔμªÔè§áÅÐÃÙ»¤Å×è¹ÍÔÁ¾ÑÅÊŒä´‰·Ø¡áºº áμˆÂ¡àÇ‰¹ºÃÔàÇ³
Ê̂Ç¹ÂÍ´¤Å×è¹ Ö̈§äÁˆÊÒÁÒÃ¶ÇÔà¤ÃÒÐËŒÊ̂Ç¹¾Øˆ§à¡Ô¹ä´‰

1.2.3 ÇÔ¸Õ Genetic algorithm

à»“¹¡ÃÃÁÇÔ¸Õ·Õè¾Ñ²¹Òà¾×èÍËÒ¼Åà©ÅÂ¢Í§»’ËÒ â´Â¡ÒÃàÃÕÂ§¤ˆÒ¢Í§¼Åà©ÅÂ·Õè¤Ò´¡ÒÃ³ŒàÍÒ
äÇ‰à»“¹àËÁ×Í¹á¶Ç¢Í§¢‰ÍÁÙÅ«Öè§ÁÕÅÑ¡É³Ð¤Å‰ÒÂ¤ÅÖ§¡Ñºâ¤ÃâÁâ«Á¢Í§¾Ñ¹¸Ø¡ÃÃÁ áÅ‰Ç¨Ò¡¹Ñé¹¨ÐàÅ×Í¡
2 ¤ˆÒã´æ ÍÍ¡ÁÒà¾×èÍ·´ÊÍº¤ÇÒÁàËÁÒÐÊÁâ´Â¨ÐÁÕμÑÇμÑ´ÊÔ¹¤×Í¤ÇÒÁ¾Í´Õ (Fitness) à»“¹à¡³±Œ
ÇˆÒ ¤ˆÒ·ÕèàÅ×Í¡ÁÒà¾×èÍ·´ÊÍºãË‰¼Åà©ÅÂ·Õèã¡Å‰à¤ÕÂ§¡Ñº¤íÒμÍºËÃ×ÍäÁˆ ¤ˆÒã´ã¡Å‰à¤ÕÂ§ÊØ´¡ç¨Ð Ñ̈´ãË‰¤ˆÒ
¹Ñé¹à»“¹¤ˆÒ·ÕèÍÂÙˆã¹ÅíÒ´ÑºáÃ¡æ ¢Í§ÊÒÂ¾Ñ¹¸Ø¡ÃÃÁà¾×èÍãª‰ã¹¡ÒÃÇ¹ÃÍº¤ÃÑé§¶Ñ´ä» ÊíÒËÃÑº¡ÒÃ»ÃÐàÁÔ¹
¾ÒÃÒÁÔàμÍÃŒ¢Í§ÃÙ»¤Å×è¹¿„Ò¼ˆÒ¹Õé ¨Ðãª‰áºº¨íÒÅÍ§à»“¹¿’§¡ŒªÑ¹àÅ¢ªÕé¡íÒÅÑ§»ÃÐ¡Íº¡Ñº¿’§¡ŒªÑ¹ÃÙ»ä«¹Œ
(Sinusoidal function) ã¹¡ÒÃ»ÃÐ´ÔÉ°ŒÃÙ»¤Å×è¹ «Öè§ÁÕÊÁ¡ÒÃà»“¹

� ��� � ��
���� ���

���� ���

�
�� ����� ������� �� (1.2)

¼Ù‰·íÒ¡ÒÃ·´ÅÍ§¨ÐÊØˆÁàÅ×Í¡¤ˆÒ¢Í§μÑÇá»Ã¨Ò¡¢Íºà¢μ·Õèà»“¹ä»ä´‰ ¨Ò¡ÊÒÂ¾Ñ¹¸Ø¡ÃÃÁ àÁ×èÍàÅ×Í¡áÅ‰Ç
¨Ð·íÒ¡ÒÃá·¹¤ˆÒáÅ‰Çà»ÃÕÂºà·ÕÂºÃÐËÇˆÒ§ÃÙ»¤Å×è¹¨ÃÔ§¡ÑºÃÙ»¤Å×è¹·Õè»ÃÐ´ÔÉ°Œä´‰¨Ò¡áºº¨íÒÅÍ§ â´Â
ÍÒÈÑÂà¡³±Œ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´à»“¹μÑÇμÑ´ÊÔ¹ ÁÕÊÁ¡ÒÃà»“¹

	
���� �
���

����� ������
�

(1.3)

â´Â·Õè
� ¤×Í μÑÇ»ÃÐ¡Íº¡ÒÃ¤Ù³
���� ¤×Í ¢‰ÍÁÙÅ¨ÃÔ§·Õèä´‰¨Ò¡¡ÒÃ·´ÅÍ§
����� ¤×Í ¢‰ÍÁÙÅ·Õèä´‰¨Ò¡áºº¨íÒÅÍ§
	
���� ¤×Í ¤ˆÒ¢Í§¤ÇÒÁàËÁÒÐÊÁ ÂÔè§ÁÒ¡ÂÔè§´Õ
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¤ˆÒ»ÃÐ¡Íº¡ÒÃ¤Ù³¨Ð¶Ù¡àÅ×Í¡à¾×èÍà¾ÔèÁ¢Õ´¤ÇÒÁàËÁÒÐÊÁ¢Í§¼Åà©ÅÂ ´Ñ§¹Ñé¹¨ÐàËç¹ä´‰ÇˆÒ ¼Ù‰·íÒ¡ÒÃ
·´ÅÍ§μ‰Í§à»“¹¼Ù‰àªÕèÂÇªÒ¨Ö§ÊÒÁÒÃ¶àÅ×Í¡ä´‰ÍÂˆÒ§àËÁÒÐÊÁ à¾ÃÒÐ¡ÒÃàÃÔèÁμ‰¹¡ÃÐºÇ¹¡ÒÃÇÔÇÑ²¹Ò¡ÒÃ
¨Ðμ‰Í§àÃÔèÁ¨Ò¡â¤ÃâÁâ«Á (¼Åà©ÅÂ·Õèà»“¹ä»ä´‰) ·Õèã¡Å‰à¤ÕÂ§¡Ñº¤íÒμÍº ¹Í¡¨Ò¡¹ÕéÂÑ§ÁÕ¤ÇÒÁÂ×´ËÂØˆ¹
à¾ÃÒÐÊÒÁÒÃ¶àÅ×Í¡àÍ§ä´‰ áμˆÇÔ¸Õ¡ÒÃ´Ñ§¡Å̂ÒÇμ‰Í§ãª‰»ÃÐÊº¡ÒÃ³Œ áÅÐ¼Ù‰·´ÅÍ§μ‰Í§à»“¹¼Ù‰àÅ×Í¡¤ˆÒ·Õè
àËÁÒÐÊÁ¨Ö§ÂÑ§äÁˆÍÒ¨¶×Íä´‰ÇˆÒà»“¹ÇÔ¸ÕÍÑμâ¹ÁÑμÔ

1.2.4 ÇÔ¸Õ K - factor

ÇÔ¸Õ¹ÕéàÊ¹Í¢Öé¹ÁÒâ´Â K. Hackemack et al. [4] â´ÂÍÒÈÑÂ¼Å¡ÒÃ·´ÅÍ§àÃ×èÍ§¡ÒÃàºÃ¡´ÒÇ¹Œ
¢Í§©¹Ç¹ã¹Ë‰Í§·´ÅÍ§ áÅ‰ÇÊÑ§à¡μ¼Å ¾ºÇˆÒ¡ÒÃá¡Çˆ§¢Í§ÃÙ»¤Å×è¹´Å¿„Ò¼ˆÒ ¨ÐÁÕ¤ÇÒÁÊÑÁ¾Ñ¹¸Œ
¡Ñ¹¡Ñºª¹Ô´¢Í§ÇÑÊ´Ø·Õèãª‰ã¹¡ÒÃ·´ÅÍ§ â´Â¡ÒÃÈÖ¡ÉÒ¾ÄμÔ¡ÃÃÁ¡ÒÃàºÃ¡´ÒÇ¹Œ¢Í§©¹Ç¹·´ÊÍºáÅ‰Ç
à»ÃÕÂºà·ÕÂº¡ÑºáÃ§´Ñ¹à©ÅÕèÂ·Õè¤íÒ¹Ç³ä´‰ «Öè§ÊÍ´¤Å‰Í§¡ÑºÁÒμÃ°Ò¹ ÁÕÊÁ¡ÒÃ¢Í§áÃ§´Ñ¹·´ÊÍºà»“¹

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

â´Â ���	
 ¤×ÍáÃ§´Ñ¹ÊÙ§ÊØ´¢Í§ÃÙ»¤Å×è¹·Õè»ÃÐ´ÔÉ°ŒμÒÁÁÒμÃ°Ò¹ ÊˆÇ¹¤ˆÒ¢Í§ � ¨Ð¢Öé¹¡Ñº¤ÇÒÁ¶Õè¢Í§
¢Í§ÃÙ»¤Å×è¹ ËÅÑ§¨Ò¡·íÒ¡ÒÃ¡ÃÍ§â´ÂμÑÇ¡ÃÍ§¤ÇÒÁ¶ÕèμíèÒ (Low pass filter) áÅ‰Ç¨Ð¤íÒ¹Ç³¾ÒÃÒ
ÁÔàμÍÃŒ¨Ò¡ÃÙ»¤Å×è¹àªÔ§àÇÅÒ·Õèä´‰¨Ò¡¼ÅμÍºàªÔ§¤ÇÒÁ¶Õè·Õè¡ÃÍ§Ê̂Ç¹¢Í§¡ÒÃá¡Çˆ§ÍÍ¡ä»áÅ‰Ç ¡ÃÃÁ
ÇÔ¸Õ¹Õéà»“¹¡ÒÃàÊ¹Íá¹Ç¤Ô´àÃ×èÍ§¡ÒÃ»ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒ¢Í§ÃÙ»¤Å×è¹¿„Ò¼ˆÒ¨Ò¡Ë‰Í§»¯ÔºÑμÔ¡ÒÃ ¢Ñé¹μÍ¹
¨Ö§¢Öé¹¡ÑºÇÑÊ´Ø·Õèãª‰ÇˆÒà»“¹ÇÑÊ´Øª¹Ô´ã´ à¾×èÍ¨ÐàÅ×Í¡μÑÇ¡ÃÍ§·ÕèàËÁÒÐÊÁä´‰

1.2.5 ÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·

¡ÃÃÁÇÔ¸Õ¹ÕéàÃÔèÁμ‰¹¨Ò¡¡ÒÃ¡íÒË¹´¿’§¡ŒªÑ¹ÊÙàÊÕÂ (Cost function) áÅÐËÒ¤ˆÒ·Õè·íÒãË‰¿’§¡ŒªÑ¹ÊÙ
àÊÕÂ¹ÕéÁÕ¤ˆÒ¹‰ÍÂ·ÕèÊØ´ «Öè§ÊÑ¡Ã³Œ´Ñ§¡Å̂ÒÇÊÒÁÒÃ¶áÊ´§ä´‰μÒÁÊÁ¡ÒÃ

���
����

�� � (1.4)

â´Â·Õè � à»“¹àÇ¡àμÍÃŒ¤ˆÒ¼Ô´¾ÅÒ´ (Error) ÃÐËÇˆÒ§¢‰ÍÁÙÅ¨ÃÔ§·Õèä´‰¨Ò¡¡ÒÃ·´ÅÍ§, �� � ¤×Í ¿’§¡ŒªÑ¹ÊÙ
àÊÕÂ â´ÂàÇ¡àμÍÃŒ¤ˆÒ¼Ô´¾ÅÒ´ÊÒÁÒÃ¶áÊ´§ä´‰μÒÁÊÁ¡ÒÃ

� � � � �� (1.5)
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â´Â·Õèáºº¨íÒÅÍ§¹Ñé¹ àÃÒÊÒÁÒÃ¶¡íÒË¹´à»“¹ä»μÒÁÊÁ¡ÒÃã´¡çä´‰ μÒÁÊÁ¡ÒÃμˆÍä»¹Õé

���� � �
�
��� � ���� (1.6)

���� � �
�
��� � ������ ��� ������ ��� (1.7)

���� � �
�
��� � ������ �Æ� ����� (1.8)

���� � �
�
��� � ������ ��� ������ ��� � � �Æ� ����� (1.9)

���� � �
�
��� � ���� �����	��� (1.10)

â´Â¡ÒÃ¡íÒË¹´¤ˆÒàÃÔèÁμ‰¹·ÕèàËÁÒÐÊÁ ¡ÃÃÁÇÔ¸Õ¨Ðãª‰¤ˆÒ´Ñ§¡Å̂ÒÇã¹¡ÒÃÇ¹ÃÍºà¾×èÍ»ÃÑº»ÃØ§¤íÒμÍºãË‰
ä´‰ã¡Å‰à¤ÕÂ§·ÕèÊØ´ ´‰ÇÂÊÁ¡ÒÃ

�
�� � �
 �
�
�� ������� � ��

���
�� ������� (1.11)

àÁ×èÍ � ¤×ÍμÑÇ¡íÒË¹´ÂÒâ¤àºÕÂ¹ ÊÁ¡ÒÃ´Ñ§¡Å̂ÒÇ¹Õé ÊÒÁÒÃ¶ãª‰ä´‰¡Ñº·Ø¡ÃÙ»¤Å×è¹ áÅÐÊÒÁÒÃ¶»ÃÐàÁÔ¹
¾ÒÃÒÁÔàμÍÃŒä´‰ÍÂˆÒ§à»“¹ÍÑμâ¹ÁÑμÔ

1.2.6 ÇÔ¸ÕμÑÇ¡ÃÍ§¤ÒÅÁÒ¹¢ÂÒÂ (Extened kalman filter)

ÇÔ¸Õ´Ñ§¡Å̂ÒÇÍÒÈÑÂá¹Ç¤Ô´·Ò§ÃÐºº¤Çº¤ØÁâ´Â¡ÒÃÊÃ‰Ò§ÊÁ¡ÒÃÊ¶Ò¹Ð¢Í§ÃÙ»¤Å×è¹¿„Ò¼ˆÒ¢Öé¹ÁÒ áÅ‰Ç
¨Ò¡¹Ñé¹ Ö̈§¡íÒË¹´¤ˆÒàÃÔèÁμ‰¹·Ñé§μÑÇá»ÃÊ¶Ò¹ÐàÃÔèÁμ‰¹ (��) áÅÐ¤ÇÒÁá»Ã»ÃÇ¹àÃÔèÁμ‰¹ (��) áÅ‰Ç Ö̈§
ÊÃ‰Ò§¡ÃÐºÇ¹¡ÒÃ»ÃÑº»ÃØ§¤ˆÒμÑÇá»ÃÊ¶Ò¹Ð·ÕèàÃÔèÁμ‰¹¹ÕéãË‰à¢‰ÒÊÙˆ¤íÒμÍº«Öè§¨Ð·íÒãË‰¤ÇÒÁá»Ã»ÃÇ¹ÁÕ¤ˆÒ
¹‰ÍÂÊØ´ Pérez et al. [11], [12] à»“¹¼Ù‰àÊ¹ÍÇÔ¸Õ¡ÒÃ´Ñ§¡Å̂ÒÇ¹Õé¢Öé¹ÁÒ ã¹°Ò¹Ð¨Ðà»“¹μÑÇá·¹¢Í§ÃÐºº
¡ÒÃ»ÃÐàÁÔ¹ÃÙ»¤Å×è¹¿„Ò¼ˆÒ·Õèà»“¹ÍÑμâ¹ÁÑμÔ â´ÂÍÒÈÑÂá¹Ç·Ò§¢Í§ÃÐºº¤Çº¤ØÁ â´Âà¢Òä´‰·´ÅÍ§·íÒ
¡ÑºÃÙ»¤Å×è¹¿„Ò¼ˆÒ·Õèä´‰¨Ò¡â»Ãá¡ÃÁ·´ÊÍº «Öè§à»“¹Ê̂Ç¹á¹º·‰ÒÂ¢Í§ÁÒμÃ°Ò¹ IEC1083-2 ä´‰¼ÅμÃ§
μÒÁà¡³±Œ â´ÂÁÕËÅÑ¡¡ÒÃáÊ´§ä´‰â´ÂÊÑ§à¢»´Ñ§¹Õé
áÊ´§ÃÐººÃÙ»¤Å×è¹¿„Ò¼ˆÒã¹ÃÙ»áººÊÁ¡ÒÃÊ¶Ò¹Ð

�
 � �
����
��� � �
�� (1.12)

�
 � �
��
� � �
 (1.13)

�
 � ��� �� (1.14)

�
 � ���  � (1.15)

â´ÂãË‰ ���� à»“¹àÁ·ÃÔ¡«ŒàÍ¡ÅÑ¡É³Œ áÅÐ ���� à»“¹áºº¨íÒÅÍ§¿’§¡ŒªÑ¹¢Í§ÃÙ»¤Å×è¹¿„Ò¼ˆÒ â´Â·ÕèÁÕ¡ÒÃ
Ãº¡Ç¹ �
 à»“¹¡ÒÃÃº¡Ç¹·Õè»ÃÐ¡ÍºÍÂÙˆã¹ÃÙ»¤Å×è¹ áÅÐãË‰ �
�� à»“¹ 0 ÊíÒËÃÑº¡ÒÃ»ÃÑº»ÃØ§μÑÇá»Ã
Ê¶Ò¹Ð ¨Ð¾Ô¨ÒÃ³ÒÃÐººÇˆÒà»“¹àªÔ§àÊ‰¹ã¹ª̂Ç§ÊÑé¹æ ´‰ÇÂàËμØ¹Õé¨Ö§ÊÒÁÒÃ¶ãª‰ÊÁ¡ÒÃ»ÃÑº»ÃØ§áºº·Õèãª‰
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ã¹¤ÒÅÁÒ¹àªÔ§àÊ‰¹ (Linear kalman) ä´‰ â´Â¢Ñé¹μÍ¹ã¹¡ÒÃ»ÃÑº»ÃØ§ÁÕ´Ñ§¹Õé
àÃÔèÁ´‰ÇÂ¡ÒÃ»ÃÐÁÒ³ÃÐººà»“¹àªÔ§àÊ‰¹

!
�� �
"�
��
"�

				
�����

���

(1.16)

#
�� �
"�

"�

				
�����

���

� $ (1.17)

¨Ò¡¹Ñé¹ ¹íÒ¤ˆÒ·Õè»ÃÐÁÒ³ä´‰à¢‰ÒÊÙˆ¡ÃÐºÇ¹¡ÒÃ»ÃÑº»ÃØ§¨Ò¡¢Ñé¹μÍ¹·Õè � � � ÊÙˆ¢Ñé¹μÍ¹·Õè � μÒÁÊÁ¡ÒÃ
μˆÍä»¹Õé

��
 � !
���
�

��!

�

�� ��
�� (1.18)

��
 � �
����
�

��� %
��� �� (1.19)

¢Ñé¹μÍ¹ÊØ´·‰ÒÂ àÁ×èÍÃÑº¤ˆÒÊÑ§à¡μ¢³ÐàËμØ¡ÒÃ³Œ·Õè � à¢‰ÒÁÒã¹ÃÐºº ÅíÒ´Ñº¶Ñ´ÁÒ Ö̈§ÊÃ‰Ò§ÊÁ¡ÒÃ»ÃÑº
»ÃØ§ ÊÃ‰Ò§ÍÑμÃÒ¢ÂÒÂ (Gain, &) áÅÐ»ÃÑº»ÃØ§¤ÇÒÁá»Ã»ÃÇ¹à¾×èÍãª‰ã¹¡ÃÐºÇ¹¡ÒÃÃÍº¶Ñ´ä»μÒÁ
ÊÁ¡ÒÃ

'
 �
"�

"�

				
��
�

(1.20)

(
 �
"�

"�

				
��
�

� $ (1.21)

&
 � ��
 '
�

 �'
�

�


 '
�
� �(
 
(

�

 �
�� (1.22)

��
 � ��
 �&
�
 � �
���
 � ��� (1.23)

��

 � �$ �&
'
��

�


 (1.24)

áÅÐáºº¨íÒÅÍ§·Õèãª‰ã¹¡ÒÃ·´ÅÍ§ Pérez et al. Í‰Ò§¨Ò¡§Ò¹¢Í§ T.R. McComb et al. [10] ÇˆÒ¤ÇÃ¨Ð
ÍÂÙˆã¹ÃÙ»¢Í§ÊÁ¡ÒÃàÅ¢ªÕé¡íÒÅÑ§·ÕèÁÕÅÑ¡É³Ð

� ��� � ��

�
�������� ����������

��
�� ��	�������

�
(1.25)

â´ÂÊÁÁØμÔ¤ˆÒàÃÔèÁμ‰¹·Õèã¡Å‰à¤ÕÂ§¡ÑºÃÙ»¤Å×è¹ÁÒμÃ°Ò¹ áÁ‰ÇˆÒ¡ÃÃÁÇÔ¸Õ´Ñ§¡Å̂ÒÇ¹Õé¨ÐãË‰¡ÒÃ»ÃÐàÁÔ¹¾ÒÃÒ
ÁÔàμÍÃŒÃÙ»¤Å×è¹ä´‰´Õ ãª‰§Ò¹§̂ÒÂ áÅÐà»“¹ÍÑμâ¹ÁÑμÔ áμˆà¾ÃÒÐ¢Ñé¹μÍ¹¡ÒÃ»ÃÑº»ÃØ§¤ÇÒÁá»Ã»ÃÇ¹ÂÑ§
à»“¹àªÔ§àÊ‰¹ÍÂÙˆ ¡ÒÃ»ÃÐàÁÔ¹ÃÙ»¤Å×è¹ÍÒ¨¨ÐäÁˆáÁˆ¹ÂíÒËÒ¡¡ÒÃÃº¡Ç¹ÁÕ¢¹Ò´ãË̂ à»“¹·Õè¹ˆÒÊ¹ã¨ÇˆÒ
ËÒ¡¡ÒÃ»ÃÑº»ÃØ§¤ÇÒÁá»Ã»ÃÇ¹áÅÐμÑÇá»ÃÊ¶Ò¹Ð ÍÒÈÑÂ¡ÒÃ·íÒà»“¹àªÔ§àÊ‰¹¹‰ÍÂ·ÕèÊØ´ ¹ˆÒ¨ÐãË‰¼Å
¡ÒÃ¤íÒ¹Ç³μÑÇá»ÃÊ¶Ò¹ÐÁÕ¤ÇÒÁáÁ̂¹ÂíÒÂÔè§¢Öé¹ Ê̂§¼ÅμˆÍ¡ÒÃ»ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒ¢Í§ÃÙ»¤Å×è¹¿„Ò¼ˆÒ
·Õè¨ÐáÁ̂¹ÂíÒÂÔè§¢Öé¹μˆÍä»
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1.3 ÇÑμ¶Ø»ÃÐÊ§¤Œ

à¾×èÍÈÖ¡ÉÒà»ÃÕÂºà·ÕÂº ¡ÒÃ»ÃÐ´ÔÉ°ŒÃÙ»¤Å×è¹´Å¿„Ò¼ˆÒ ·Õèä´‰¨Ò¡¡ÒÃ·´ÊÍºËÁ‰Íá»Å§ â´Â
ãª‰ÃÐàºÕÂºÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ· (Levenberg - Marquardt method) ¡ÑºÇÔ¸ÕμÑÇ¡ÃÍ§ÍÑ¹
à«¹·Œà·ç·¤ÒÅÁÒ¹ (Unscented Kalman filter) «Öè§à»“¹¡ÃÃÁÇÔ¸ÕÍÑμâ¹ÁÑμÔáÅÐäÁˆà»“¹àªÔ§àÊ‰¹·Ñé§
2 ÇÔ¸ÕáÅÐà»“¹¡ÒÃ¹íÒàÊ¹ÍàªÔ§¡ÒÃ·´ÅÍ§ÊÁÃÃ¶¹Ð¢Í§μÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹Ç̂ÒÁÕ¤ÇÒÁáÁ̂¹
ÂíÒà¾ÕÂ§äÃã¹¡ÒÃ»ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒ¢Í§ÃÙ»¤Å×è¹¿„Ò¼ˆÒ â´Â¾Ô¨ÒÃ³Òã¹ ‰́Ò¹¤ÇÒÁà»“¹ÍÑμâ¹ÁÑμÔ¢Í§
·Ñé§ 2 ÇÔ¸Õ¡ÒÃ

1.4 ¢Íºà¢μ¢Í§§Ò¹ÇÔ Ñ̈Â

1. ÈÖ¡ÉÒà»ÃÕÂºà·ÕÂº 2 ¡ÃÃÁÇÔ¸ÕμˆÍä»¹Õé â´ÂÍÒÈÑÂá¹Ç·Ò§¢Í§¡ÒÃ»ÃÑºàÊ‰¹â¤‰§

(a) ÇÔ¸Õ·Ò§¤³ÔμÈÒÊμÃŒâ´ÂμÃ§ ¤×Í ÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ· ãª‰ËÅÑ¡¡ÒÃ¡ÒÃ»ÃÑºàÊ‰¹â¤‰§
à¾×èÍãË‰¤ÇÒÁ¼Ô´¾ÅÒ´¡íÒÅÑ§ÊÍ§ÁÕ¤ˆÒ¹‰ÍÂ·ÕèÊØ´

(b) ÇÔ¸Õ¡ÒÃ·Ò§ÃÐºº¤Çº¤ØÁ ¤×Í μÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹ â´Â¾Ô¨ÒÃ³Ò¢‰ÍÁÙÅÃÙ»¤Å×è¹
¿„Ò¼ˆÒà»“¹ÃÐºº¾ÅÇÑμäÁˆàªÔ§àÊ‰¹ áÅ‰Ç·íÒ¡ÒÃ»ÃÐÁÒ³ ¤ˆÒμÑÇá»ÃÊ¶Ò¹Ð â´ÂÁÕ¡ÃÐºÇ¹
¡ÒÃ«Öè§¨Ð·íÒãË‰ ¤ÇÒÁá»Ã»ÃÇ¹ÁÕ¤ˆÒ¹‰ÍÂÊØ´

2. ·´ÊÍº«Í¿·ŒáÇÃŒ´‰ÇÂÃÙ»¤Å×è¹¿„Ò¼ˆÒ·Õèä´‰¨Ò¡ËÁ‰Íá»Å§áÅÐà»ÃÕÂºà·ÕÂº¼Å·Õèä´‰¡Ñº¼Ù‰àªÕèÂÇªÒ â´Â
¢Ñé¹μÍ¹¢Í§¡ÒÃ·´ÊÍºâ»Ãá¡ÃÁ¨Ð¡ÃÐ·íÒ¡ÑºÃÙ»¤Å×è¹Í‰Ò§ÍÔ§·Õèä´‰¨Ò¡â»Ãá¡ÃÁ TDG

3. ãª‰¡ÃÐºÇ¹¡ÒÃ 2 ¢Ñé¹μÍ¹¤×Í »ÃÐ´ÔÉ°ŒÊ̂Ç¹ËÒ§¤Å×è¹¡̂Í¹ áÅÐ»ÃÐ´ÔÉ°ŒË¹‰Ò¤Å×è¹ã¹ÅíÒ´Ñº¶Ñ´ÁÒ

1.5 »ÃÐâÂª¹Œ·Õè¤Ò´Ç̂Ò¨Ðä´‰ÃÑº

ã¹§Ò¹ÇÔ¨ÑÂªÔé¹¹Õé ¼Ù‰·íÒ§Ò¹ÇÔ¨ÑÂÁØˆ§ËÇÑ§ÇˆÒ¨Ð·íÒãË‰ä´‰ÃÑº»ÃÐâÂª¹Œ´Ñ§¹Õé

1. ·íÒãË‰¡ÒÃÇÔà¤ÃÒÐËŒÃÙ»¤Å×è¹¿„Ò¼ˆÒà»“¹ä»â´ÂÍÑμâ¹ÁÑμÔÁÒ¡·ÕèÊØ´

2. »ÃÑº»ÃØ§ÇÔ¸Õ¡ÒÃã¹¡ÒÃ»ÃÐÁÒ³ â´ÂÇÔà¤ÃÒÐËŒã¹áººäÁˆàªÔ§àÊ‰¹ à¾×èÍ»„Í§¡Ñ¹»’ËÒ ¡Ã³ÕªØ´·´
ÊÍºÁÕ¡ÒÃÃº¡Ç¹ÍÂˆÒ§ÃØ¹áÃ§ áÅÐ ÁÕ¤ÇÒÁäÁ̂à»“¹àªÔ§àÊ‰¹ÊÙ§

3. à¾×èÍãª‰ÊíÒËÃÑºà»“¹¢Ñé¹μÍ¹ÇÔ¸ÕÁÒμÃ°Ò¹ ã¹¡ÒÃ¡íÒË¹´ÁÒμÃ°Ò¹ÃÙ»¤Å×è¹¿„Ò¼ˆÒμˆÍä»ã¹Í¹Ò¤μ

4. à¾×èÍ¤ÇÒÁÊÐ´Ç¡áÅÐ§̂ÒÂμˆÍ¡ÒÃãª‰§Ò¹ à¾ÃÒÐàÁ×èÍ¡ÒÃ·íÒ§Ò¹ÍÂÙˆº¹¤ÇÒÁà»“¹«Í¿·ŒáÇÃŒáÅ‰Ç
¡ÒÃ»ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒ¨ÐÊÒÁÒÃ¶¡ÃÐ·íÒä´‰·Ñé§ã¹áÅÐ¹Í¡Ë‰Í§»¯ÔºÑμÔ¡ÒÃ



º··Õè 2

Í§¤Œ¤ÇÒÁÃÙ‰·Õèãª‰ã¹¡ÒÃ·´ÅÍ§

2.1 áºº í̈ÒÅÍ§Ç§¨Ã¡ÒÃà¡Ô´ÃÙ»¤Å×è¹¿„Ò¼̂Ò (Lightning impulse circuit)

ã¹¡ÒÃ·´ÊÍºÍØ»¡Ã³Œä¿¿„ÒáÃ§ÊÙ§ ¨ÐÍÒÈÑÂÇ§¨Ã RC à»“¹μÑÇãË‰¡íÒà¹Ô´¤Å×è¹´Å â´Â¼Ù‰·´
ÅÍ§¨Ð·íÒ¡ÒÃÍÑ´»ÃÐ Ø̈¼ˆÒ¹Ç§¨Ã RC à¾×èÍãË‰ÁÕ¤ÇÒÁμˆÒ§ÈÑ¡ÂŒμÒÁμ‰Í§¡ÒÃ ¨Ò¡¹Ñé¹ Ö̈§·íÒ¡ÒÃ¤ÒÂ»ÃÐ Ø̈
¼ˆÒ¹Ê»ÒÃŒ¡á¡ç» (Spark gap, S) â´Â·ÕèÁÕÇÑÊ´Ø·´ÊÍº (ÊÒÂà¤àºÔÅ ËÃ×Í ã¹¡Ã³Õ§Ò¹ÇÔ¨ÑÂ¹Õé
¤×ÍËÁ‰Íá»Å§) μˆÍÍÂˆÒ§Í¹Ø¡ÃÁ¡ÑºÊ»ÒÃŒ¡á¡ç» ´Ñ§ÃÙ» 2.1

μÒÁÃÙ»·Õè 2.1 ÊÑ¡Ã³ŒáÊ´§¤ˆÒμˆÒ§æ ´Ñ§¹Õé

�   ¤×Í ¤ÇÒÁμ‰Ò¹·Ò¹¨íÒ¡Ñ´áÃ§´Ñ¹

� � ¤×Í μÑÇà¡çº»ÃÐ Ø̈àÃÔèÁμ‰¹

� ) ¤×Í Ê»ÒÃŒ¡á¡ç»

�  � ¤×Í ¤ÇÒÁμ‰Ò¹·Ò¹ÊíÒËÃÑº¡ÒÃ»Å̂ÍÂ»ÃÐ Ø̈

�  � ¤×Í ¤ÇÒÁμ‰Ò¹·Ò¹âËÅ´

� �� ¤×Í μÑÇà¡çº»ÃÐ Ø̈âËÅ´

� �� ¤×Í áÃ§´Ñ¹ÍÑ´»ÃÐ¨Ø

ÃÙ»·Õè 2.1: Ç§¨ÃãË‰¡íÒà¹Ô´ÃÙ»¤Å×è¹´Å¿„Ò¼ˆÒ



10

áËÅ̂§¨̂ÒÂáÃ§´Ñ¹¨Ð·íÒ¡ÒÃÍÑ´»ÃÐ Ø̈ ¼ˆÒ¹μÑÇμ‰Ò¹·Ò¹   ¨¹¡ÃÐ·Ñè§ � ÁÕáÃ§´Ñ¹à»“¹ �� «Öè§áÃ§
´Ñ¹´Ñ§¡Å̂ÒÇ¹Õé¨Ð¢Öé¹¡ÑºÃÐÂÐËˆÒ§ÃÐËÇˆÒ§Ê»ÒÃŒ¡á¡ç» ()) ¨¹¡ÃÐ·Ñè§à¡Ô´¡ÒÃÊ»ÒÃŒ¡ »ÃÐ Ø̈¨Ò¡ � ¨Ð
¶Ù¡¶̂ÒÂ¼ˆÒ¹μÑÇμ‰Ò¹·Ò¹  �à¢‰ÒÊÙˆμÑÇà¡çº»ÃÐ Ø̈ �� àÁ×èÍ»ÃÐ Ø̈àμçÁ μÑÇà¡çº»ÃÐ Ø̈ �� ¡ç¨Ð¶̂ÒÂà·»ÃÐ Ø̈
¼ˆÒ¹  � ÁÒÂÑ§  � ¨¹¡ÃÐ·Ñè§»ÃÐ Ø̈ËÁ´ â´Â  � ÁÕ¼ÅμˆÍË¹‰Ò¤Å×è¹ áÅÐ  � ÁÕ¼ÅμˆÍËÅÑ§
¤Å×è¹ «Öè§ÃÙ»¤Å×è¹·´ÊÍº àÁ×èÍ·íÒ¡ÒÃà¡çº¢‰ÍÁÙÅ´‰ÇÂÇÔ¸Õ´Ô¨ÔμÑÅ (Digital recorded) ¨ÐÁÕÅÑ¡É³Ð´Ñ§ÃÙ»·Õè
2.2 (à»“¹¡Ã³ÕμÑÇÍÂˆÒ§¢Í§ÃÙ»¤Å×è¹¿„Ò¼ˆÒàμçÁäÃ‰¡ÒÃá¡Çˆ§áÅÐ¡ÒÃÃº¡Ç¹ ¡Ã³Õ·Õè 1) ã¹·Ò§·ÄÉ®Õ ÃÙ»

−1 0 1 2 3 4 5 6 7 8 9

x 10
−5

−2

0

2

4

6

8

10

x 10
5

time (s)

vo
lta

ge
 (

V
)

ÃÙ»·Õè 2.2: ÃÙ»¤Å×è¹¿„Ò¼ˆÒ¡Ã³Õ·Õè 1 à»“¹ÅÑ¡É³Ð¢Í§ÃÙ»¤Å×è¹´Å¿„Ò¼ˆÒàμçÁ

¤Å×è¹¿„Ò¼ˆÒÊÒÁÒÃ¶ í̈ÒÅÍ§ä´‰´‰ÇÂ¿’§¡ŒªÑ¹ªÕé¡íÒÅÑ§¤Ùˆ (Double exponentials) «Öè§áÊ´§ä´‰´Ñ§ÃÙ»·Õè 2.3 ÃÙ»
¤Å×è¹¿„Ò¼ˆÒÊÁºÙÃ³Œà¡Ô´¨Ò¡¡ÒÃÃÇÁ¡Ñ¹¢Í§ 2 ¿’§¡ŒªÑ¹´Ñ§¡Å̂ÒÇ àÁ×èÍ¾Ô¨ÒÃ³Ò¶Ö§¡ÃÐºÇ¹¡ÒÃà¡Ô´¿„Ò¼ˆÒ
¨Ð¾ºÇˆÒ¼Åà©ÅÂ¢Í§ÊÁ¡ÒÃÍ¹Ø¾Ñ¹¸ŒÍÑ¹´ÑºË¹Öè§·ÕèÊÍ´¤Å‰Í§¡Ñº¡ÃÒ¿·Õèä´‰¤×Í

� ��� � �
�
��� � ���� (2.1)

â´Â·Õè � ¤×Í áÃ§´Ñ¹ÊÙ§ÊØ´¢Í§ÃÙ»¤Å×è¹, � áÅÐ � ¤×Í ¤ˆÒ¤§·ÕèàªÔ§àÇÅÒ¨Ò¡¼Åà©ÅÂÊÁ¡ÒÃÍ¹Ø¾Ñ¹¸Œ
ÍÑ¹´ÑºË¹Öè§ 2 ÊÁ¡ÒÃ (ã¹·Õè¹Õé¡íÒË¹´à»“¹¤ˆÒºÇ¡)
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Front curve A exp(−beta*(t − t0))
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ÃÙ»·Õè 2.3: ÃÙ»áÊ´§¿’§¡ŒªÑ¹àÅ¢ªÕé¡íÒÅÑ§¤Ùˆã¹Ê̂Ç¹Ë¹‰Ò¤Å×è¹, ËÅÑ§¤Å×è¹ áÅÐÃÙ»¤Å×è¹´Å¿„Ò¼ˆÒÊÁºÙÃ³Œ ·Õè
à»“¹ä»μÒÁ·ÄÉ®Õ
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2.2 ÃÙ»¤Å×è¹ÁÒμÃ°Ò¹áÅÐ¡ÒÃÇÔà¤ÃÒÐËŒÃÙ»¤Å×è¹μÒÁÁÒμÃ°Ò¹

μÒÁÁÒμÃ°Ò¹ IEC 60060-1 áÅÐ IEC 1083-2 ä´‰¡íÒË¹´ÃÙ»áºº¢Í§ÃÙ»¤Å×è¹ÁÒμÃ
°Ò¹ ¾ÒÃÒÁÔàμÍÃŒ·Õèμ‰Í§·íÒ¡ÒÃ¤íÒ¹Ç³ (àÇÅÒË¹‰Ò¤Å×è¹ àÇÅÒËÅÑ§¤Å×è¹ ÏÅÏ) ¢Ñé¹μÍ¹ã¹¡ÒÃ
¤íÒ¹Ç³ ÃÇÁ¶Ö§áºº í̈ÒÅÍ§·ÕèÊ¹ÑºÊ¹Ø¹ãË‰ãª‰ ÊíÒËÃÑºâ»Ãá¡ÃÁã¹¡ÒÃ»ÃÐÁÇÅ¼Å áÅÐÃÒÂÅÐàÍÕÂ´
à¾ÔèÁàμÔÁÊíÒËÃÑº«Í¿·ŒáÇÃŒ¨Ð»ÃÒ¡®ÍÂÙˆã¹ IEC 1083-2 ¾Ã‰ÍÁ·Ñé§â»Ãá¡ÃÁÊÃ‰Ò§ÃÙ»¤Å×è¹ í̈ÒÅÍ§à¾×èÍ
·´ÊÍº«Í¿·ŒáÇÃŒ·Õè¶Ù¡¾Ñ²¹Ò¢Öé¹ ÊíÒËÃÑºÃÒÂÅÐàÍÕÂ´ã¹¡ÒÃà¡çº¢‰ÍÁÙÅ¨Ò¡Ë‰Í§·´ÅÍ§ ÇÔ¸Õ¡ÒÃÇÑ´áÅÐ
ÊÑ§à¡μ ÃÇÁä»¶Ö§¡ÒÃ´ÙáÅà¤Ã×èÍ§Á×ÍμˆÒ§æ ¹Ñé¹¨Ð¶Ù¡¡Å̂ÒÇ¶Ö§äÇ‰ã¹ IEC 60060-2 «Öè§¹ÔÂÒÁ¢Í§¤Ø³
ÅÑ¡É³Ð¡ÒÃ·´ÊÍººÒ§»ÃÐ¡ÒÃ ¡ç¨Ð¹íÒÁÒãª‰¢ÂÒÂ¤ÇÒÁ¹ÔÂÒÁ¢Í§ÁÒμÃ°Ò¹·Ñé§ 2 ¤×Í IEC60060-1

áÅÐ IEC1083-2 ´‰ÇÂ ã¹ÁÒμÃ°Ò¹´Ñ§¡Å̂ÒÇ ä´‰¡íÒË¹´¹ÔÂÒÁáÅÐª¹Ô´¢Í§ÃÙ»¤Å×è¹äÇ‰´Ñ§¹Õé

1. ÃÙ»¤Å×è¹¿„Ò¼ˆÒàμçÁ (Full lightning impulse)

2. ÃÙ»¤Å×è¹¿„Ò¼ˆÒÊÑº (Lightning impulse chopping)

3. ÃÙ»¤Å×è¹¿„Ò¼ˆÒÊÇÔμªÔè§ (Lightning impulse switching)

áÅÐÂÑ§ÊÒÁÒÃ¶ í̈Òá¹¡μÒÁÅÑ¡É³Ðà¾ÔèÁàμÔÁ (Imposing) «Öè§ËÁÒÂ¶Ö§ÊÀÒÇÐ¾ÔàÈÉ·ÕèÊÒÁÒÃ¶à¡Ô´ÃˆÇÁ
¡ÑºÃÙ»¤Å×è¹·Ñé§ 3 ª¹Ô´´Ñ§¡Å̂ÒÇä´‰ 3 áºº ¤×Í

1. ¡ÒÃá¡Çˆ§ (Oscillation) ¤×Í ÅÑ¡É³Ð¢Í§ÃÙ»¤Å×è¹´Å¿„Ò¼ˆÒ·Õè»ÃÐ¡Íº´‰ÇÂÅÑ¡É³Ð¿’§¡ŒªÑ¹àªÔ§
ä«¹ŒºÃÔàÇ³ÂÍ´¤Å×è¹ ÍÑ¹à¹×èÍ§ÁÒ¨Ò¡ÊÀÒ¾¸ÃÃÁªÒμÔ¢Í§ÇÑÊ´Ø·´ÊÍº áμˆã¹ÃÙ»¤Å×è¹ÁÒμÃ°Ò¹
»ÃÒ¡¯¡ÒÃ³Œã¹Ê̂Ç¹¹Õé ¨Ðà»“¹ÅÑ¡É³Ð·Õè¶Ù¡¡íÒà¹Ô´â´ÂÃÙ»áººÊÁ¡ÒÃ·Ò§¤³ÔμÈÒÊμÃŒ·ÕèÁÕÊ̂Ç¹
»ÃÐ¡Íº¢Í§¿’§¡ŒªÑ¹áººà¡ÒÊŒ (Gaussian function) μÒÁ·ÕèàÊ¹Íã¹§Ò¹¢Í§ T. R. McComb

et al. [10]

2. Ê̂Ç¹¾Øˆ§à¡Ô¹ (Overshoot) à»“¹Ê̂Ç¹μˆÒ§¢Í§áÃ§´Ñ¹ÃÐËÇˆÒ§ÃÙ»¤Å×è¹»ÃÐ´ÔÉ°Œ¡ÑºÃÙ»¤Å×è¹¨ÃÔ§

3. ¡ÒÃÃº¡Ç¹ (Noise) ¤×Í ÊÑÒ³·Õèà¢‰ÒÊÙˆÃÐºº·´ÊÍº à»“¹ÊÑÒ³·ÕèäÁˆμ‰Í§¡ÒÃ áÅÐã¹·Õè§Ò¹
ÇÔ¨ÑÂ¹Õé¨ÐÍ¹ØÁÒ¹Ç̂Òà»“¹¡ÒÃÃº¡Ç¹áººà¡ÒÊŒà«ÕÂ¹

2.2.1 ÃÙ»¤Å×è¹´Å¿„Ò¼ˆÒàμçÁ

áÃ§´Ñ¹´Å«Öè§ÁÕ Ë¹‰Ò¤Å×è¹¹‰ÍÂ¡ÇˆÒ ���� ÁÕÅÑ¡É³ÐäÁˆà»“¹¤Òº áÅÐäÁ̂à¡Ô´¡ÒÃ¤ÒÂ»ÃÐ Ø̈¼ˆÒ¹
©¹Ç¹¢Í§ÇÑÊ´Ø·´ÊÍºËÃ×Íà¡Ô´àºÃ¡´ÒÇ¹Œã¹ÇÑÊ´Ø·´ÊÍº¹Ñé¹ â´ÂÃÙ»¤Å×è¹¨ÐÁÕ¡ÒÃà¾ÔèÁ¢Öé¹¢Í§áÃ§´Ñ¹
ÍÂˆÒ§ÃÇ´àÃçÇã¹ªˆÇ§àÇÅÒ·ÕèÊÑé¹ã¹ÃÐ´ÑºäÁâ¤ÃÇÔ¹Ò·Õ áÅÐ¨ÐÅ´Å§´‰ÇÂÍÑμÃÒ·Õèª‰Ò¡ÇˆÒ ¨¹¡ÃÐ·Ñè§áÃ§´Ñ¹
à¢‰ÒÊÙˆ 0 ã¹·ÕèÊØ´ ºÃÔàÇ³·ÕèáÃ§´Ñ¹à¾ÔèÁ¢Öé¹ÍÂˆÒ§ÃÇ´àÃçÇ¨ÐàÃÕÂ¡ÇˆÒ Ë¹‰Ò¤Å×è¹ áÅÐÊ̂Ç¹·ÕèáÃ§´Ñ¹Å´Å§
áÅ‰Ç¹Ñé¹¨ÐàÃÕÂ¡ÇˆÒ ËÅÑ§¤Å×è¹ ËÃ×Í ËÒ§¤Å×è¹ áÅÐºÃÔàÇ³·Õè¤Å×è¹ÁÕáÃ§´Ñ¹ÊÙ§ÊØ´¨ÐàÃÕÂ¡ ÂÍ´¤Å×è¹
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áÃ§ Ñ́¹ÂÍ´¤Å×è¹ (Peak voltage), ��

áÃ§´Ñ¹¢³Ð·ÕèÃÙ»¤Å×è¹ÁÕ¢¹Ò´¢Í§áÃ§ Ñ́¹ÊÙ§ÊØ´ ¡ˆÍ¹·Õè¨ÐàÃÔèÁÅ´Å§ áÃ§´Ñ¹´Ñ§¡Å̂ÒÇÁÕ¤ÇÒÁ
ÊÑÁ¾Ñ¹¸Œ¡Ñº¢¹Ò´¢Í§áÃ§´Ñ¹ �� μÒÁÃÙ»·Õè 2.1 «Öè§à»“¹áÃ§´Ñ¹·´ÊÍº ÊíÒËÃÑº¡Ã³Õ·ÕèÃÙ»¤Å×è¹·´
ÊÍºÁÕ¢¹Ò´¢Í§¤ÇÒÁ¶Õè¡ÒÃá¡Çˆ§ºÃÔàÇ³ÂÍ´ÁÒ¡¡ÇˆÒ 500 kHz áÃ§´Ñ¹ÊÙ§ÊØ´ã¹¡Ã³Õ¹Õé ¨ÐËÁÒÂàÍÒ
áÃ§´Ñ¹ÊÙ§ÊØ´¢Í§ÃÙ»¤Å×è¹·Õè»ÃÐ´ÔÉ°Œä´‰ «Öè§¡ÒÃ¾Ô¨ÒÃ³ÒáÃ§´Ñ¹ÊÙ§ÊØ´ÁÕ¤ÇÒÁÊíÒ¤ÑÁÒ¡μˆÍ¡ÒÃ¤íÒ¹Ç³
¾ÒÃÒÁÔàμÍÃŒÍ×è¹æ ·Õè¨Ð¡Å̂ÒÇ¶Ö§μˆÍä» ËÒ¡¡ÃÃÁÇÔ¸Õã´»ÃÐ´ÔÉ°ŒÃÙ»¤Å×è¹Ê̂Ç¹ÂÍ´äÁˆ´Õ (àªˆ¹ ¡ÒÃãª‰áºº
¨íÒÅÍ§¾ËØ¹ÒÁ áÅ‰Ç¤íÒ¹Ç³ÊÑÁ»ÃÐÊÔ·¸Ôì´‰ÇÂ¡ÃÃÁÇÔ¸ÕàªÔ§àÊ‰¹) ¾ÒÃÒÁÔàμÍÃŒÍ×è¹æ ¡çÁÕâÍ¡ÒÊäÁˆáÁˆ¹ÂíÒ
μÒÁä»´‰ÇÂ ÊÑ¡Ã³Œ·Õèãª‰á·¹¤ˆÒ¢Í§ÂÍ´¤Å×è¹¤×Í ��
àÇÅÒÂ¡μÑÇ (Raising time), ��

ªˆÇ§àÇÅÒ·Õè¹Ñº¨Ò¡¢³Ð·ÕèáÃ§´Ñ¹¡íÒÅÑ§à¾ÔèÁ¢Öé¹¨Ò¡ 30% ¢Í§áÃ§´Ñ¹ÂÍ´¤Å×è¹ ¨¹¡ÃÐ·Ñè§¶Ö§
¢³Ð·ÕèáÃ§´Ñ¹à»“¹ 90% ¢Í§áÃ§´Ñ¹ÂÍ´¤Å×è¹ àÇÅÒÂ¡μÑÇ¹Õéà»“¹¼ÅÁÒ¨Ò¡ ¡ÒÃ¶̂ÒÂà·»ÃÐ Ø̈·´ÊÍº
¼ˆÒ¹Ê»ÒÃŒ¡á¡ç»à¢‰ÒÊÙˆμÑÇà¡çº»ÃÐ Ø̈ �� ¾ÒÃÒÁÔàμÍÃŒ´Ñ§¡Å̂ÒÇ¹Õé¨ÐÇÑ´¨Ò¡ºÃÔàÇ³Ë¹‰Ò¤Å×è¹ «Öè§ÃÐ´Ñº
¤ÇÒÁ¶Ù¡μ‰Í§¨Ð¢Öé¹ÍÂÙˆ¡Ñº¤ˆÒáÃ§´Ñ¹ÂÍ´¤Å×è¹ ÁÕÊÑ¡Ã³Œà»“¹ ��
àÇÅÒË¹‰Ò¤Å×è¹ (Front time, ��)

¾ÒÃÒÁÔàμÍÃŒàÊÁ×Í¹ ¹ÔÂÒÁâ´Â �
��� ¢Í§àÇÅÒÂ¡μÑÇ ( �

��� ��) à»“¹àÇÅÒÊÁÁØμÔ·Õèà»ÃÕÂºàÊÁ×Í¹
μÑÇá·¹¢Í§àÇÅÒ·ÕèáÃ§´Ñ¹ãª‰àÇÅÒã¹¡ÒÃÂ¡μÑÇ¨¹ÁÕ¢¹Ò´ÊÙ§ÊØ´ à»“¹¾ÒÃÒÁÔàμÍÃŒ·ÕèÊíÒ¤ÑμÑÇË¹Öè§μÒÁ
μÒÃÒ§·Õè 2.2 «Öè§Í‰Ò§ÍÔ§ÁÒ¨Ò¡ÁÒμÃ°Ò¹ IEC1083-2 áÅÐ«Í¿·ŒáÇÃŒ·Õè¶Ù¡¾Ñ²¹Ò¢Öé¹¤ÇÃ¨Ðμ‰Í§»ÃÐàÁÔ¹
¾ÒÃÒÁÔàμÍÃŒ¹ÕéãË‰ÍÂÙˆã¹à¡³±Œ·Õè¡íÒË¹´ ÊÑ¡Ã³Œ¡íÒË¹´ãË‰à»“¹ ��
Ø̈´àÃÔèÁμ‰¹àÊÁ×Í¹ (Virtual origin), *�

¨Ø´º¹á¡¹àÇÅÒ«Öè§à¡Ô´¨Ò¡¡ÒÃÅÒ¡àÊ‰¹μÃ§¼ˆÒ¹ Ø̈´·ÕèÁÕáÃ§´Ñ¹à»“¹ 0.3 áÅÐ 0.9 áÃ§´Ñ¹·´ÊÍº
ÁÒμÑ´ ´Ñ§ÃÙ»·Õè 2.4 (¨Ø´ *� à¡Ô´¨Ò¡àÊ‰¹μÃ§·ÕèÅÒ¡¼ˆÒ¹ Ø̈´ � áÅÐ �) ¨Ø´àÃÔèÁμ‰¹´Ñ§¡Å̂ÒÇ¨Ðà»“¹àÇÅÒ
ÊÁÁØμÔ·Õè¶×ÍÇˆÒ áÃ§´Ñ¹´Å¿„Ò¼ˆÒ¨ÐäÁ̂à»“¹ 0 ¹Ñº¨Ò¡ Ø̈´¹Õé ¾ÒÃÒÁÔàμÍÃŒ´Ñ§¡Å̂ÒÇäÁˆä´‰¶Ù¡¡íÒË¹´äÇ‰ã¹
ÁÒμÃ°Ò¹Ç̂Ò¨Ðμ‰Í§ÁÕ¤ˆÒà»“¹à·̂Òã´ áμ̂ ÁÕÊ̂Ç¹ÊíÒ¤Ñã¹¡ÒÃ¤íÒ¹Ç³àÇÅÒËÅÑ§¤Å×è¹ ÊÑ¡Ã³Œ·Õèãª‰¤×Í *�

àÇÅÒËÅÑ§¤Å×è¹ (Time to half), ��

¾ÒÃÒÁÔàμÍÃŒàÊÁ×Í¹·Õèà»“¹ªˆÇ§àÇÅÒ¹Ñº¨Ò¡ Ø̈´àÃÔèÁμ‰¹àÊÁ×Í¹ (*�) ä»¨¹¶Ö§àÇÅÒ·ÕèáÃ§´Ñ¹Å´Å§
àËÅ×Íà»“¹ �
��� à»“¹¾ÒÃÒÁÔàμÍÃŒÊíÒ¤ÑÍÕ¡μÑÇË¹Öè§àª̂¹à´ÕÂÇ¡ÑºàÇÅÒË¹‰Ò¤Å×è¹ ·ÕèÁÒμÃ°Ò¹¡íÒË¹´
ÊÑ¡Ã³Œ¡íÒË¹´à»“¹ �� â´Â¾ÒÃÒÁÔàμÍÃŒ·Ñé§ 5 μÑÇ·Õè¡Å̂ÒÇÁÒ¹Õé ÊÒÁÒÃ¶áÊ´§ä´‰ã¹ÃÙ»·Õè 2.4 ¹ÔÂÒÁ·Õè
¡Å̂ÒÇÁÒºÒ§¢‰Í ¨Ðãª‰»ÃÐ¡Íº¡ÒÃ¾Ô¨ÒÃ³ÒÃÙ»¤Å×è¹ÊÇÔμªÔè§´‰ÇÂ

2.2.2 ÃÙ»¤Å×è¹´ÅÊÇÔμªÔè§ (Switching-impulse voltage)

ÃÙ»¤Å×è¹«Öè§ÁÕàÇÅÒË¹‰Ò¤Å×è¹ÁÒ¡¡ÇˆÒ ���� àÇÅÒÊíÒËÃÑºÃÙ»¤Å×è¹ÊÇÔμªÔè§¨ÐÍÂÙˆã¹ÃÐ´ÑºÁÔÅÅÔÇÔ¹Ò·Õ
(ms) áÅÐ¡ÒÃ¤íÒ¹Ç³¾ÒÃÒÁÔàμÍÃŒ¨ÐÍ‰Ò§ÍÔ§¨Ò¡ÃÙ»¤Å×è¹¨ÃÔ§ ´Ñ§¹Ñé¹¹ÔÂÒÁ¢Í§¾ÒÃÒÁÔàμÍÃŒ¨Ö§áμ¡μˆÒ§
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¨Ò¡¡Ã³ÕÃÙ»¤Å×è¹¿„Ò¼ˆÒàμçÁ ´Ñ§¹Õé
Ø̈´àÃÔèÁμ‰¹¨ÃÔ§ (True origin), *

¨Ø´«Öè§áÃ§´Ñ¹¢Í§ÃÙ»¤Å×è¹à»ÅÕèÂ¹¨Ò¡ 0 ÁÒà»“¹ºÇ¡ áÅ‰Çà¾ÔèÁ¢Öé¹¨¹¡ÃÐ·Ñè§¶Ö§áÃ§´Ñ¹ÊÙ§ÊØ´
¾ÒÃÒÁÔàμÍÃŒ¹ÕéμˆÒ§¨Ò¡ Ø̈´àÃÔèÁμ‰¹àÊÁ×Í¹à¹×èÍ§¨Ò¡äÁ̂ä´‰¤íÒ¹Ç³¨Ò¡àÇÅÒÂ¡μÑÇ
àÇÅÒË¹‰Ò¤Å×è¹

ã¹¡Ã³Õ¢Í§ÃÙ»¤Å×è¹ÊÇÔμªÔè§ ÁÒμÃ°Ò¹ IEC60060-1 äÁˆä´‰¡íÒË¹´äÇ‰ ã¹·Õè¹Õé¨Ðãª‰μÒÁ¹ÔÂÒÁ¡Ã³Õ
ÃÙ»¤Å×è¹¿„Ò¼ˆÒàμçÁ¤×Í �

��� ¢Í§àÇÅÒÂ¡μÑÇ áÅÐãª‰¹ÔÂÒÁ¢Í§àÇÅÒÂ¡μÑÇμÒÁáºº¢Í§ÃÙ»¤Å×è¹¿„Ò¼ˆÒàμçÁ
«Öè§¶‰Ò¾Ô¨ÒÃ³Ò´Ñ§ÃÙ»·Õè 2.5 àÇÅÒÂ¡μÑÇ ��� áÅÐàÇÅÒË¹‰Ò¤Å×è¹¨Ð¤íÒ¹Ç³¨Ò¡ �

������

àÇÅÒËÅÑ§¤Å×è¹
ªˆÇ§àÇÅÒ·ÕèàÃÔèÁμ‰¹ÇÑ´¨Ò¡ Ø̈´àÃÔèÁμ‰¹¨ÃÔ§ «Öè§ÁÕáÃ§´Ñ¹à»“¹ 0 ¨¹¡ÃÐ·Ñè§¶Ö§ Ø̈´àÇÅÒ·ÕèáÃ§´Ñ¹Å´Å§

¨Ò¡áÃ§´Ñ¹ÂÍ´¤Å×è¹ÁÒàËÅ×Íà¾ÕÂ§¤ÃÖè§Ë¹Öè§ μÒÁÃÙ»·Õè 2.5 ¤×Í¾ÒÃÒÁÔàμÍÃŒ ��
áÁ‰ÇˆÒã¹§Ò¹ÇÔ¨ÑÂ©ºÑº¹Õé ¨ÐÁÔä´‰ÁØˆ§à¹‰¹ä»·Õè¡ÒÃ·´ÊÍºÃÙ»¤Å×è¹´ÅÊÇÔμªÔè§ à¹×èÍ§¨Ò¡ªˆÇ§àÇÅÒ

ÍÂÙˆã¹ÃÐ´ÑºÁÔÅÅÔÇÔ¹Ò·ÕáÅÐÁÕËÒ§¤Å×è¹ÂÒÇ¡ÇˆÒ¡Ã³Õ¿„Ò¼ˆÒàμçÁ¡çμÒÁ áμˆà¾×èÍà»“¹¡ÒÃ¾Ô¨ÒÃ³Ò¶Ö§ÊÁÃÃ¶¹Ð
áÅÐà¾×èÍ¡ÒÃ·íÒ¤ÇÒÁà¢‰Òã¨μˆÍ¡ÃÃÁÇÔ¸Õ Ö̈§ä´‰·íÒ¡ÒÃ·´ÅÍ§¡ÑºÃÙ»¤Å×è¹ª¹Ô´´Ñ§¡Å̂ÒÇ¹Õé´‰ÇÂ

2.2.3 à¡³±Œ¡ÒÃÇÔà¤ÃÒÐËŒÃÙ»¤Å×è¹â´Â«Í¿·ŒáÇÃŒμÒÁÁÒμÃ°Ò¹

ÁÒμÃ°Ò¹ IEC1083-2 (1996) ä´‰¡íÒË¹´ËÅÑ¡à¡³±Œà¾×èÍãª‰ÊíÒËÃÑº¡ÒÃÇÔà¤ÃÒÐËŒÃÙ»¤Å×è¹´Å¿„Ò
¼ˆÒâ´Â«Í¿·ŒáÇÃŒ áÅÐà¾×èÍ»ÃÐ¡Íº¡ÒÃ»ÃÐàÁÔ¹¡Ñºâ»Ãá¡ÃÁ·´ÊÍº«Öè§à»“¹Ê̂Ç¹á¹º·‰ÒÂÁÒμÃ°Ò¹
IEC1083-2 äÇ‰´Ñ§¹Õé

� ¤ÇÒÁ¶ÕèËÅÑ¡ÁÒ¡¡ÇˆÒ 0.5 MHz

� ªˆÇ§àÇÅÒ¢Í§ÊˆÇ¹¾Øˆ§à¡Ô¹¹‰ÍÂ¡ÇˆÒ 1 ��

� ¢¹Ò´¢Í§ÊˆÇ¹¾Øˆ§à¡Ô¹ËÃ×Í¡ÒÃá¡Çˆ§ã¡Å‰¡ÑººÃÔàÇ³ÂÍ´äÁˆà¡Ô¹ 5% ¢Í§¤ˆÒÂÍ´
ÅÑ¡É³ÐμÑÇÍÂˆÒ§ÃÙ»¤Å×è¹μÒÁÁÒμÃ°Ò¹ IEC1083-2 áÊ´§ä´‰´Ñ§ÃÙ»·Õè 2.6 à»“¹ÃÙ»¤Å×è¹·ÕèÁÒμÃ°Ò¹á¹Ð
¹íÒà¡³±Œ·ÕèàËÁÒÐÊÁ ÊÒÁÒÃ¶ í̈Òá¹¡ä´‰ªÑ´à¨¹â´Â«Í¿·ŒáÇÃŒ à¾×èÍãË‰«Í¿·ŒáÇÃŒ»ÃÐàÁÔ¹ä´‰¶Ù¡μ‰Í§
ÍÕ¡·Ñé§à»“¹ÃÙ»¤Å×è¹·ÕèÊÒÁÒÃ¶ÊÃ‰Ò§ä´‰¨Ò¡â»Ãá¡ÃÁ·´ÊÍº áμˆÊíÒËÃÑº¡Ã³ÕËÁ‰Íá»Å§ ¡ÒÃºÔ´àºÕéÂÇ¨Ð
à¡Ô´¢Öé¹à¹×èÍ§´‰ÇÂÇ§¨Ã¨ÐÁÕμÑÇàË¹ÕèÂÇ¹íÒ»ÃÐ¡ÍºÍÂÙˆ´‰ÇÂ «Öè§ÃÙ»¤Å×è¹·Õèä´‰¨Ò¡¡ÒÃ·´ÊÍºÁÑ¡¨Ð»ÃÒ¡¯
ã¹áººã´áººË¹Öè§´Ñ§ÃÙ»·Õè 2.7

2.2.4 â»Ãá¡ÃÁÊíÒËÃÑº·´ÊÍº«Í¿·ŒáÇÃŒ

ÊíÒËÃÑº«Í¿·ŒáÇÃŒ·Õèà¢ÕÂ¹¢Öé¹à¾×èÍ¹íÒä»ãª‰ã¹Ë‰Í§»¯ÔºÑμÔ¡ÒÃμˆÒ§æ ¡̂Í¹¹íÒä»»ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒ
¢Í§ÃÙ»¤Å×è¹´Å¿„Ò¼ˆÒ¨Ðμ‰Í§¼ˆÒ¹¡ÒÃ·´ÊÍº´‰ÇÂâ»Ãá¡ÃÁ «Öè§¶×Íà»“¹Ê̂Ç¹á¹º·‰ÒÂ¢Í§ÁÒμÃ°Ò¹ IEC



15

ÃÙ»·Õè 2.4: ÃÙ»áÊ´§¤ÇÒÁËÁÒÂ¢Í§¾ÒÃÒÁÔàμÍÃŒμˆÒ§æ ¢Í§ÃÙ»¤Å×è¹¿„Ò¼ˆÒàμçÁ

ÃÙ»·Õè 2.5: ÃÙ»áÊ´§¾ÒÃÒÁÔàμÍÃŒ¢Í§ÃÙ»¤Å×è¹ÊÇÔμªÔè§
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ÃÙ»·Õè 2.6: ÃÙ»¤Å×è¹·Õèá¹Ð¹íÒã¹¡ÒÃÇÔà¤ÃÒÐËŒã¹ÁÒμÃ°Ò¹ IEC1083-2 ([3])

ÃÙ»·Õè 2.7: ÃÙ»¤Å×è¹·ÕèÁÒμÃ°Ò¹ IEC1083-2 äÁˆä´‰á¹Ð¹íÒ¡ÃÃÁÇÔ¸Õã¹¡ÒÃ¨íÒá¹¡ãË‰ ([3])
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1083-2 â»Ãá¡ÃÁ´Ñ§¡Å̂ÒÇ¤×Í Test Data Generator (TDG)

Test Data Generator (TDG)

TDG à»“¹â»Ãá¡ÃÁÊíÒËÃÑº¡íÒà¹Ô´ÃÙ»¤Å×è¹Í‰Ò§ÍÔ§·Õè¡íÒË¹´¢Íºà¢μ¢Í§¾ÒÃÒÁÔàμÍÃŒ·Õè¶Ù¡μ‰Í§
ÁÒãË‰áÅ‰Ç ¢‰ÍÁÙÅ·Õè¶Ù¡ÊÃ‰Ò§¢Öé¹ÁÕÊ¡ØÅà»“¹ .dat ÊÒÁÒÃ¶áÊ´§ä´‰ã¹â»Ãá¡ÃÁ Microsoft excel »ÃÐ¡Íº
´‰ÇÂ¢‰ÍÁÙÅ 2 ªØ´ ¤×ÍªØ´¢‰ÍÁÙÅ¢Í§àÇÅÒ (ÍÂÙˆã¹ÃÐ´Ñº �� ÊíÒËÃÑº¡Ã³Õ¿„Ò¼ˆÒàμçÁ áÅÐ ms ÊíÒËÃÑº
¡Ã³ÕÊÇÔμªÔè§) áÅÐªØ´¢‰ÍÁÙÅ¢Í§áÃ§´Ñ¹ (ÍÂÙˆã¹ÃÐ´Ñº MV) «Öè§·Ñé§ 2 ¨ÐÊÑÁ¾Ñ¹¸Œ¡Ñ¹ áÅÐ¢‰ÍÁÙÅ·Õèä´‰¨Ð
à»“¹áººÇÔÂØμ ÃÙ»¤Å×è¹ÊÒÁÒÃ¶ í̈Òá¹¡ä´‰ 3 ËÁÇ´¤×Í

1. ÃÙ»¤Å×è¹àªÔ§ÇÔà¤ÃÒÐËŒ (Analytical defined impulses) à»“¹ÃÙ»¤Å×è¹·Õè»ÃÒÈ¨Ò¡¡ÒÃÃº¡Ç¹ (Noise)

áμˆÍÒ¨ÁÕ¡ÒÃá¡Ç̂§ à»“¹ÃÙ»¤Å×è¹àÃÕÂº ÁÕÍÂÙˆ 5 ¡Ã³Õ

2. ÃÙ»¤Å×è¹àªÔ§ÇÔà¤ÃÒÐËŒª¹Ô´ÁÕ¡ÒÃÃº¡Ç¹ ¤×ÍÃÙ»¤Å×è¹àÃÕÂº 5 ¡Ã³Õ´Ñ§¡Å̂ÒÇ ·ÕèÁÕ¡ÒÃÃÇÁ¡ÒÃÃº
¡Ç¹à¢‰Òä» í̈Ò¹Ç¹¢Í§ÃÙ»¤Å×è¹ª¹Ô´¹Õé ¨ÐÁÕà·̂Ò¡Ñ¹¡ÑºÃÙ»¤Å×è¹àªÔ§ÇÔà¤ÃÒÐËŒ

3. ÃÙ»¤Å×è¹«Öè§¶Ù¡ºÑ¹·Ö¡ÀÒÂãμ‰à§×èÍ¹ä¢»Ã¡μÔ à»“¹ÃÙ»¤Å×è¹·ÕèàÊÁ×Í¹¡ÒÃ·´ÅÍ§¨ÃÔ§ ÍÒ¨¨ÐÁÕÊÑ³°Ò¹
¢Í§ÃÙ»¤Å×è¹áμ¡μˆÒ§¨Ò¡ 5 ¡Ã³ÕáÃ¡ä»ÁÒ¡ (ã¹ÇÔ·ÂÒ¹Ô¾¹¸Œ¹Õé¨Ðãª‰à¾×èÍÍ‰Ò§ÍÔ§¡Ñº«Í¿·ŒáÇÃŒ
·´ÊÍº Ê̂Ç¹ÃÙ»¤Å×è¹¨ÃÔ§·Õèãª‰¤×ÍÃÙ»¤Å×è¹·´ÊÍº¨Ò¡ËÁ‰Íá»Å§)

2.2.5 ¤ÇÒÁ¶Ù¡μ‰Í§¢Í§«Í¿·ŒáÇÃŒ (Software validation)

¶‰ÒËÒ¡«Í¿·ŒáÇÃŒ·Õèà¢ÕÂ¹¢Öé¹ »ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒ¢Í§ÃÙ»¤Å×è¹ã¹¡ÅØˆÁã´¼ˆÒ¹¡ç¨Ðμ‰Í§»ÃÐàÁÔ¹
¾ÒÃÒÁÔàμÍÃŒ¢Í§ÃÙ»¤Å×è¹·Ø¡ËÁÇ´ã¹¡ÅØˆÁ¹Ñé¹¼ˆÒ¹·Ñé§ËÁ´ àª̂¹ ¶‰ÒËÒ¡»ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒ �� ¼ˆÒ¹
ÊíÒËÃÑº¡ÅØˆÁ LI (Full Lightning impulse ¡Ã³Õ·Õè 1) ¨Ðμ‰Í§»ÃÐàÁÔ¹ËÁÇ´·Õè 1 áÅÐËÁÇ´·Õè 6 ¼ˆÒ¹·Ñé§ 2

ËÁÇ´ (ÃÒÂÅÐàÍÕÂ´ÍÂÙˆã¹ËÑÇ¢‰Í·Õè 2.2.6 ) à»“¹μ‰¹

2.2.6 ¡ÒÃ Ñ̈´¡ÅØˆÁáÅÐËÁÇ´ËÁÙˆ¢Í§ÃÙ»¤Å×è¹Í‰Ò§ÍÔ§ (Classification of reference waveforms)

¡ÅØˆÁ¢Í§ÃÙ»¤Å×è¹´ÅÊÒÁÒÃ¶áÊ´§ä´‰´Ñ§¹Õé
LI - Lightning impulse

LIC - Lightning impulse, chopped

LIFO - Lightning impulse with front oscillations

LICFO - Lightning inpulse with front oscillations, chopped

LILO - Lightning impulse with long duration overshoot

LISO - Lightning impulse with short duration overshoot

LISL - Lightninh impulse with slow oscillations

LIFA - Lightning impulse with fast oscillations

SI - Switching impulse

CI - Current impulse

¨Ò¡μÒÃÒ§·Õè 2.1 à»“¹¡ÒÃ Ñ̈´ËÁÇ´ËÁÙˆ¢Í§ÃÙ»¤Å×è¹´Å ã¹áμˆÅÐ¡ÅØˆÁ¨ÐÁÕ 2 ËÁÇ´¤×Í ËÁÇ´
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ÃÙ»¤Å×è¹àÃÕÂºäÃ‰¡ÒÃÃº¡Ç¹ ¡ÑºËÁÇ´·ÕèÁÕ¡ÒÃÃº¡Ç¹ ÊíÒËÃÑºÃÙ»¤Å×è¹áμˆÅÐËÁÇ´·Õè¶Ù¡ÊÃ‰Ò§¢Öé¹â´Â
â»Ãá¡ÃÁ TDG ¹Ñé¹¨ÐÁÕ¡ÒÃÃÐºØ¤ˆÒ¢Íºà¢μ¢Í§¾ÒÃÒÁÔàμÍÃŒ·Õè¶Ù¡μ‰Í§ÊÍ´¤Å‰Í§¡ÑºÁÒμÃ°Ò¹àÍÒäÇ‰
´‰ÇÂ ´Ñ§μÒÃÒ§·Õè 2.2 ÃÙ»¤Å×è¹´Å¿„Ò¼ˆÒ¡Ã³ÕμˆÒ§æ áÊ´§äÇ‰ã¹ÀÒ¤¼¹Ç¡

¡ÅØˆÁ¢Í§ÃÙ»¤Å×è¹ ÃÙ»¤Å×è¹ÇÔà¤ÃÒÐËŒ (Analytic) ÃÙ»¤Å×è¹ºÑ¹·Ö¡ÀÒÂãμ‰à§×èÍ¹ä¢
·´ÊÍº»Ã¡μÔ (Recorded under

normal test conditions)

ÃÙ»¤Å×è¹àÃÕÂº ÃÙ»¤Å×è¹ÁÕ¡ÒÃÃº¡Ç¹
LI 1 6 -

LIC 2 7 -

LIFO - - 11

LICFO - - 12

LILO - - 13

LISO - - 14

LISL 3 8 -

LIFA 4 9 -

SI 5 10 -

CI - - 15

μÒÃÒ§·Õè 2.1: μÒÃÒ§áÊ´§¡ÒÃ Ñ̈´ËÁÇ´ËÁÙˆÃÙ»¤Å×è¹

¡ÅØˆÁ¢Í§ÃÙ»¤Å×è¹ ËÁÇ´ÃÙ»¤Å×è¹ ¤ˆÒÂÍ´ (MV) ��+�� (��) ��+�� (��) ¢¹Ò´¢Í§ÂÍ´¤Å×è¹/¡ÒÃ
á¡Çˆ§/Ê̂Ç¹¾Øˆ§à¡Ô¹
(kHz/��/ %��)

LI 1,6 1.04 - 1.06 0.81 - 0.87 57.5 - 62.5 -

LIC 2,7 0.86 - 0.88 0.49 - 0.53 0.55 - 0.59 -

LIFO 11 0.94 - 0.96 1.07 - 1.19 82 - 91 -

LICFO 12 0.84 - 0.87 0.48 - 0.54 0.51 - 0.56 -

LILO 13 (-1.08) - (-1.06) 3.40 - 3.76 56 - 62 , - ���

� - �%

LISO 14 (-0.97) - (-0.95) 1.85 - 2.05 43 - 47 , . ���

� - �%

LISL 3,8 1.04 - 1.06 1.6 - 1.7 45 - 49 � . ���kHz

� � �%

LIFA 4.9 0.96 - 0.99 1.0 - 1.1 48 - 52 � - ���kHz

� - �%

SI 5,10 0.94 - 0.96 240 - 260 2400 - 2600 -

CI 15 (-10.1) - (-9.9) 8.3 - 9.2 20 - 22 -

μÒÃÒ§·Õè 2.2: μÒÃÒ§áÊ´§¢Íºà¢μ¢Í§¾ÒÃÒÁÔàμÍÃŒ
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2.3 ÃÐàºÕÂºÇÔ¸ÕáÅÐ¢Ñé¹μÍ¹ã¹¡ÒÃÇÔà¤ÃÒÐËŒÃÙ»¤Å×è¹â´Â«Í¿·ŒáÇÃŒ

ã¹ÁÒμÃ°Ò¹ IEC60060-1 (2010) ÀÒ¤¼¹Ç¡ B (Annex B) ä´‰áÊ´§¢Ñé¹μÍ¹¡ÒÃ»ÃÐàÁÔ¹
ÃÙ»¤Å×è¹´Å¿„Ò¼ˆÒäÇ‰ 17 ¢Ñé¹μÍ¹ áμˆ¡ÒÃãª‰«Í¿·ŒáÇÃŒ»ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒ¢Í§ÃÙ»¤Å×è¹áººÍÑμâ¹ÁÑμÔ
«Öè§ãª‰áºº¨íÒÅÍ§·Ò§¤³ÔμÈÒÊμÃŒáÅÐ¡ÃÃÁÇÔ¸ÕμÒÁÁÒμÃ°Ò¹ IEC1083-2 à»“¹ËÅÑ¡ 17 ¢Ñé¹μÍ¹
´Ñ§¡Å̂ÒÇäÁˆà¾ÕÂ§¾ÍμˆÍ¡ÒÃÇÔà¤ÃÒÐËŒã¹á¹Ç·Ò§¹Õé à¾ÃÒÐÁÒμÃ°Ò¹äÁ̂ä´‰ÃÐºØÃÒÂÅÐàÍÕÂ´ÇˆÒ ¨ÐÊÃ‰Ò§
ÍÂˆÒ§äÃ â´Â¡ÃÃÁÇÔ¸Õ¢Í§¤ÒÅÁÒ¹¨Ðμ‰Í§ÁÕ¡ÒÃãË‰¤ˆÒàÃÔèÁμ‰¹ «Öè§ºÃÔàÇ³μÒÁ·ÕèÁÒμÃ°Ò¹¡íÒË¹´à»“¹
Ê̂Ç¹¢Í§ÂÍ´¤Å×è¹ ¡ÒÃãª‰μÑÇ¡ÃÍ§¤ÒÅÁÒ¹ÍÒ¨ãË‰¼Å·ÕèäÁˆ´Õ¹Ñ¡ â´Âà©¾ÒÐμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅ
ÁÒ¹·Õèμ‰Í§¡ÒÃ¤ˆÒàÃÔèÁμ‰¹·ÕèÁÕ¤ÇÒÁ¶Ù¡μ‰Í§ÊÙ§ μ‰Í§ÁÕ¡ÒÃÊÃ‰Ò§Ê̂Ç¹ËÒ§¤Å×è¹¢Öé¹ÁÒ¡̂Í¹ ´Ñ§¹Ñé¹ Ö̈§ÍÒÈÑÂ
§Ò¹ÇÔ¨ÑÂ¢Í§ Pérez et al. [11] «Öè§ÇÔà¤ÃÒÐËŒÃÙ»¤Å×è¹â´Âãª‰μÑÇ¡ÃÍ§¤ÒÅÁÒ¹¢ÂÒÂáÅÐ¾ÒÃÒÁÔàμÍÃŒ·Õè
»ÃÐàÁÔ¹ä´‰â´ÂÇÔ¸Õ¹Õé à»“¹ä»μÒÁà¡³±ŒÁÒμÃ°Ò¹ §Ò¹ÇÔ¨ÑÂ´Ñ§¡Å̂ÒÇÁÕËÅÑ¡à¡³±Œ¡ÒÃÇÔà¤ÃÒÐËŒÃÙ»¤Å×è¹
´ÅáÅÐ¹ÔÂÒÁÊíÒ¤Ñ´Ñ§¹Õé

� Mean curve without overshoot (MCWO) ¤×Í ÃÙ»¤Å×è¹·Õè¶Ù¡ÊÃ‰Ò§¢Öé¹â´Â¹íÒàÍÒÊ̂Ç¹¾Øˆ§à¡Ô¹ÍÍ¡
ä»áÅ‰ÇËÃ×ÍÃÙ»¤Å×è¹«Öè§»ÃÒÈ¨Ò¡Ê̂Ç¹¾Øˆ§à¡Ô¹

� Mean curve with overshoot (MCO) ¤×Í ÃÙ»¤Å×è¹·Õè¶Ù¡ÊÃ‰Ò§¢Öé¹â´ÂÁÕÊ̂Ç¹¾Øˆ§à¡Ô¹ÍÂÙˆ

¢Ñé¹μÍ¹ã¹¡ÒÃÇÔà¤ÃÒÐËŒ¨Ð´íÒà¹Ô¹¡ÒÃ´Ñ§¹Õé [11]

1. ÊÃ‰Ò§ÃÙ»¤Å×è¹à©ÅÕèÂ (Mean curve) ¢Öé¹ÁÒà¾×èÍμÃÇ¨ÊÍº¢¹Ò´¢Í§¡ÒÃá¡Çˆ§ ËÒ¡¤ÇÒÁ¶ÕèâμÊØ´ÁÕ
¢¹Ò´ÁÒ¡¡ÇˆÒ 5% ¢Í§¤ˆÒÂÍ´ ãË‰¶×ÍÇˆÒäÁˆä´‰ÁÒμÃ°Ò¹ ãË‰ËÂØ´´íÒà¹Ô¹¡ÒÃ ËÒ¡äÁ̂ãª̂ãË‰´íÒà¹Ô¹
¡ÒÃμˆÍ

2. ÊÃ‰Ò§ÃÙ»¤Å×è¹ MCO ËÒ¡ÇˆÒÃÙ»¤Å×è¹¹ÕéäÁˆÁÕÊ̂Ç¹¾Øˆ§à¡Ô¹ ãË‰¤íÒ¹Ç³¾ÒÃÒÁÔàμÍÃŒ·Ø¡ÍÂˆÒ§¨Ò¡ÃÙ»
¤Å×è¹¹Õé áÅ‰ÇËÂØ´´íÒà¹Ô¹¡ÒÃ ËÒ¡äÁ̂ãª̂ãË‰´íÒà¹Ô¹¡ÒÃμˆÍ

3. ÊÃ‰Ò§ÃÙ»¤Å×è¹ MCWO ¢Öé¹ÁÒ áÅ‰Ç¤íÒ¹Ç³ ªˆÇ§àÇÅÒ¡ÒÃà¡Ô´ÊˆÇ¹¾Øˆ§à¡Ô¹ (Duration of over-

shoot) áÅÐ ¢¹Ò´¢Í§ÊˆÇ¹¾Øˆ§à¡Ô¹ ËÒ¡ÃÙ»¤Å×è¹ª¹Ô´ã´ã¹ 2 ÃÙ»¤Å×è¹¹Õéä´‰¢¹Ò´Ê̂Ç¹¾Øˆ§à¡Ô¹ÁÒ¡
¡ÇˆÒ 5% ¢Í§¤ˆÒÂÍ´ãË‰¶×ÍÇˆÒÃÙ»¤Å×è¹äÁˆμÃ§μÒÁÁÒμÃ°Ò¹¡ÒÃ·íÒ§Ò¹ÂØμÔ ËÒ¡äÁ̂ãª̂ ãË‰¤íÒ¹Ç³
¢¹Ò´¢Í§¡ÒÃá¡Çˆ§ ËÒ¡¢¹Ò´¢Í§¡ÒÃá¡Çˆ§ÁÒ¡¡ÇˆÒ 5% ¢Í§¤ˆÒÂÍ´¡çãË‰¶×ÍÇˆÒäÁˆà»“¹ä»μÒÁ
ÁÒμÃ°Ò¹ ‰́ÇÂ áμˆ¶‰ÒäÁˆãª̂´Ñ§·Õè¡Å̂ÒÇÁÒ·Ñé§ËÁ´ ãË‰´íÒà¹Ô¹¡ÒÃμˆÍ

4. ËÒ¡ªˆÇ§àÇÅÒ¡ÒÃà¡Ô´Ê̂Ç¹¾Øˆ§à¡Ô¹ÁÒ¡¡ÇˆÒ ��� ãË‰¤íÒ¹Ç³¾ÒÃÒÁÔàμÍÃŒ·Ø¡ÍÂˆÒ§¨Ò¡ MCO ¶‰Ò
äÁˆãª̂ãË‰¤íÒ¹Ç³¾ÒÃÒÁÔàμÍÃŒ·Ø¡ÍÂˆÒ§¨Ò¡ MCWO
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2.3.1 ÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ· (Levenberg-Marquardt method)

ÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·¶×ÍÇˆÒà»“¹ÇÔ¸ÕäÁˆàªÔ§àÊ‰¹ ÍÂÙˆã¹ÇÔªÒÇˆÒ´‰ÇÂ¡ÒÃËÒ¤ˆÒàËÁÒÐÊÁ·ÕèÊØ´
(Optimization) ÍÒÈÑÂ¢Ñé¹μÍ¹·Ò§¤³ÔμÈÒÊμÃŒ·Õè¨ÐÅ´¤ÇÒÁ¼Ô´¾ÅÒ´¡íÒÅÑ§ÊÍ§ãË‰ÁÕ¤ˆÒ¹‰ÍÂ·ÕèÊØ´ â´Â
ÇÔ¸Õ¡ÒÃ´Ñ§¡Å̂ÒÇ¨ÐàÃÔèÁ¨Ò¡¡ÒÃ¡íÒË¹´¿’§¡ŒªÑ¹·Õèμ‰Í§¡ÒÃËÒ¤ˆÒàËÁÒÐÊÁÊØ´à»“¹

����

áÅÐμ‰Í§¡ÒÃ¨ÐËÒ¤ˆÒ¢Í§ �� «Öè§¨Ð·íÒãË‰

/��� � �� �

ÁÕ¤ˆÒ¹‰ÍÂ·ÕèÊØ´ â´Â·Õè

���� � ����� �� (2.2)

/��� � �� � (2.3)

� ������ ���� ����� � ��� (2.4)

àÃÕÂ¡ /��� ÇˆÒ¿’§¡ŒªÑ¹ÊÙàÊÕÂ (Cost function) à»“¹¿’§¡ŒªÑ¹ª¹Ô´ ¿’§¡ŒªÑ¹¤ˆÒ¨ÃÔ§ (Real value function)

áÅÐ � ¤×Í ¤ˆÒ·Õè¶Ù¡μ‰Í§¢Í§ ���� àÁ×èÍ �� �� ËÃ×ÍÍÒ¨à¢ÕÂ¹ä´‰ÇˆÒ

���
� � ��

/���

ÊÁÁØμÔãË‰ÁÕ¿’§¡ŒªÑ¹ 0��� «Öè§

/��� � 0��� � /���
�� ��/���
����� ��
�� � �

�
��� ��
���! ���
���� � ��
�� (2.5)

â´ÂÇÔ¸Õ¢Í§¹ÔÇμÑ¹ ¨Ðä´‰

� � �0��� �


�/���
�� �

�

�
��� ��
��� �! � � ! �

��

(2.6)

¶‰ÒËÒ¡ ! à»“¹àÁ·ÃÔ¡«ŒÊÁÁÒμÃ¨Ðä´‰ÇˆÒ

� � �0��� � �/���
�� � ! ��� ��
�� (2.7)

ÊÃ‰Ò§à»“¹ÊÁ¡ÒÃ·Õèãª‰ã¹¡ÒÃÇ¹ÃÍºËÒ¤íÒμÍºä´‰à»“¹

� 	 ��
��� � ��
� � !���/���
�� (2.8)

â´Âà»ÃÕÂºà·ÕÂº¡Ñº¡ÒÃ¡ÃÐ¨ÒÂÍ¹Ø¡ÃÁà·ÂŒàÅÍÃŒ ·íÒãË‰·ÃÒºÇˆÒ

! ��� 	 '��� � ��/��� (2.9)
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àÃÕÂ¡ '��� ÇˆÒ àÎÊà«ÕÂ¹¢Í§¿’§¡ŒªÑ¹ /��� (Hessian of /���)

¡ÅÑºÁÒ¾Ô¨ÒÃ³Ò¿’§¡ŒªÑ¹ /��� à¾×èÍËÒ '��� à¢‰Òä»á·¹ã¹ÊÁ¡ÒÃ·Õè 2.8 ´Ñ§¹Õé
ËÒÍ¹Ø¾Ñ¹¸ŒÍÑ¹´Ñº 1 ¢Í§ /���

�/��� � ���� �� (2.10)

� �����
�
���

�
� (2.11)

� ����� ����� � (2.12)

� ����� (2.13)

àÁ×èÍ ���� à»“¹ àÇ¡àμÍÃŒ¿’§¡ŒªÑ¹ (Vector function) àÃÒ¹ÔÂÒÁÍ¹Ø¾Ñ¹¸ŒÍÑ¹´Ñº 1 ¢Í§ ���� ´Ñ§¹Õé

���� � ����� (2.14)

áÅÐàÃÕÂ¡ ���� ÇˆÒ ¨Òâ¤àºÕÂ¹¢Í§ ���� (Jacobian of vector function ����)

ã¹ÊÁ¡ÒÃ·Õè 2.8 μ‰Í§¡ÒÃÍ¹Ø¾Ñ¹¸ŒÍÑ¹´Ñº 2 (àÎÊà«ÕÂ¹) ¨Ö§ÍÒÈÑÂÊÁ¡ÒÃ·Õè 2.13 ¹íÒÁÒËÒÍ¹Ø¾Ñ¹¸Œ«íéÒ ´Ñ§
¹Õé

��/��� � ��/��� � ������ ��
�
��
�
� (2.15)

� ���� � �)���� (2.16)

â´ÂãË‰ )��� � �
�
��
� ¹íÒ¤ˆÒ·Õèä´‰ä»á·¹ã¹ 2.8 ä´‰

��
��� � ��
� � �

�

�
��� � )����

����/���
�� (2.17)

� ��
� � ��� � � )����
���

�� � (2.18)

â´Â»Ã¡μÔ ¤ˆÒ¢Í§ ��� � )���� ¨Ðμ‰Í§¹ÔÂÒÁºÇ¡àÊÁÍ à¾×èÍãË‰¤ˆÒ»ÃÑº»ÃØ§ÅÙˆà¢‰ÒÊÙˆ¤íÒμÍº (Descent to

solution) à¾×èÍãË‰´Ñ§¡Å̂ÒÇ¤íÒ¹Ç³ä´‰§̂ÒÂ áÅÐ¹ÔÂÒÁºÇ¡àÊÁÍ Ö̈§á¡‰ä¢ãË‰ )���� � �$� à¾ÃÒÐàËμØ·ÕèÇˆÒ
)���� ¨ÐÁÕ¤ˆÒ¹‰ÍÂæ àÊÁÍ â´Â¡ÒÃá¡‰ä¢¹Õé ¡íÒË¹´ÇˆÒ � à»“¹¤ˆÒºÇ¡¹‰ÍÂæ ·ÕèàËÁÒÐÊÁ àÃÒÊÒÁÒÃ¶
à¢ÕÂ¹ÊÁ¡ÒÃ·Õè 2.18 ä´‰ãËÁˆã¹ÃÙ»

��
��� � ��
� � ���� � �$�
���

�� � (2.19)

àÃÕÂ¡ÊÁ¡ÒÃ·Õè 2.19 ÇˆÒ ÊÁ¡ÒÃËÒ¤ˆÒàËÁÒÐÊÁÊØ´â´ÂÇÔ¸Õ¢Í§àÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ· (Levenberg -

Marquardt method) ã¹§Ò¹ÇÔ¨ÑÂ¹Õé¨ÐãË‰

� ���� ¤×Í ¤ˆÒ·Õè¤íÒ¹Ç³ä´‰¨Ò¡áºº¨íÒÅÍ§ áÅÐ

� �� ¤×Í ¤ˆÒ·ÕèÊÑ§à¡μä´‰³ ¢³Ðã´æ ·ÕèÊÑÁ¾Ñ¹¸Œ¡Ñº ����
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¢Ñé¹μÍ¹ÇÔ¸Õã¹¡ÒÃ í́Òà¹Ô¹¡ÒÃÊíÒËÃÑºÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ· [14]

¤íÒ¹Ç³¤ˆÒàÃÔèÁμ‰¹ ���� (ÊíÒËÃÑº¡ÒÃÇ¹«íéÒÃÍº·Õè � ã´æ ¨Ðá·¹ �� ´‰ÇÂ �
) áÅÐ �� � �
��

1. ¤íÒ¹Ç³ /���
�� (/������ ã¹ÃÍºáÃ¡ÊØ´)

2. ¤íÒ¹Ç³¤ˆÒ ����
�� (à»“¹ ������� ÊíÒËÃÑºÃÍºáÃ¡ÊØ´)

3. á·¹ã¹ ��� � � �$�
���

�� �

4. ¤íÒ¹Ç³¤ˆÒ ��
��� (à»“¹ ���� ã¹ÃÍºáÃ¡ÊØ´) â´ÂÍÒÈÑÂÊÁ¡ÒÃ·Õè 2.19

5. ¾Ô¨ÒÃ³Ò¤ˆÒ¢Í§ /���
���� áÅÐ /���
�� ¶‰ÒËÒ¡

(a) /���
���� . /���
�� ãË‰
� ��� � ����

� ��� � �
�����

� ·íÒ«íéÒ¢Ñé¹μÍ¹·Õè 2
(b) /���
���� - /���
�� ãË‰

� ��� � ������

� ·íÒ«íéÒ¢Ñé¹μÍ¹·Õè 4

2.3.2 ÇÔ¸ÕμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹ (Unscented kalman filter)

ÇÔ¸ÕμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹¶×ÍÇˆÒ à»“¹¡ÃÃÁÇÔ¸ÕäÁˆàªÔ§àÊ‰¹àªˆ¹à´ÕÂÇ¡ÑºÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ
¤ÇÍÃŒ· à¾ÕÂ§áμˆá¹Ç¤Ô´¾×é¹°Ò¹áμ¡μˆÒ§¡Ñ¹ àÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·à»“¹¡ÃÃÁÇÔ¸Õ·Õè·íÒãË‰¤ˆÒ¤ÇÒÁ¼Ô´
¾ÅÒ´ÁÕ¤ˆÒ¹‰ÍÂÊØ´μÒÁÃÐàºÕÂºÇÔ¸Õ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¢Í§à¡ÒÊŒ (Least square principle - optimal noise)

áμˆÇÔ¸ÕμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹ (áÁ‰áμˆμÑÇ¡ÃÍ§Í×è¹æ ã¹¡ÃÍº§Ò¹¤ÒÅÁÒ¹¡çÁÕÅÑ¡É³Ðàª̂¹¹Õé)
à»“¹¡ÒÃÊÃ‰Ò§ÍÑμÃÒ¢ÂÒÂ (Gain &) ·Õè¨Ðä»»ÃÑº»ÃØ§μÑÇá»ÃÊ¶Ò¹ÐãË‰ÁÕ¤ÇÒÁá»Ã»ÃÇ¹¹‰ÍÂÊØ´ (Op-

timal control) ¨Ö§μ‰Í§ÍÒÈÑÂμÑÇá»ÃàÃÔèÁμ‰¹ (�� ) àËÁ×Í¹¡ÑºÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ· áμˆ μ‰Í§
ÁÕ¤ÇÒÁá»Ã»ÃÇ¹´‰ÇÂ à¾ÃÒÐ¡Åä¡ÊíÒ¤Ñã¹¡ÒÃ»ÃÑº»ÃØ§μÑÇá»ÃÊ¶Ò¹Ðμ‰Í§ÍÒÈÑÂ¤ÇÒÁá»Ã»ÃÇ¹ÃÙ»
áººÊÁ¡ÒÃÊ¶Ò¹ÐáººÇÔÂØμ ÊÒÁÒÃ¶áÊ´§ä´‰´Ñ§¹Õé

�
 � ���
��� � �
 (2.20)

�
 � 0��
� � �


ã¹¡ÒÃ»ÃÐàÁÔ¹ÃÙ»¤Å×è¹´Å¿„Ò¼ˆÒ àÃÒÊÒÁÒÃ¶¾Ô¨ÒÃ³ÒÇˆÒ¡ÒÃÃº¡Ç¹ÍÂÙˆã¹ÃÙ» ºÇ¡à¢‰Ò à¾×èÍ¤ÇÒÁ
ÊÐ´Ç¡μˆÍ¡ÒÃ¾Ô¨ÒÃ³ÒáÅÐ¡ÒÃà¢ÕÂ¹â»Ãá¡ÃÁ (ã¹¡ÒÃ»ÃÐÂØ¡μŒÃÙ»ÊÁ¡ÒÃ 2.21 ãË‰ÊÍ´¤Å‰Í§¡ÑºÃÙ»
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¤Å×è¹´Å¿„Ò¼ˆÒ μÒÁ§Ò¹ÇÔ¨ÑÂ¢Í§ Pérez et al. [12] ¡çàÊ¹Íã¹ÃÙ»ÍÂˆÒ§ºÇ¡àª̂¹à´ÕÂÇ¡Ñ¹) àÁ×èÍáÊ´§
ÃÙ»áºº·ÑèÇä»¢Í§ÊÁ¡ÒÃÊ¶Ò¹ÐáÅ‰Ç ¢Ñé¹μÍ¹μˆÍ¨Ò¡¹Õéä»¨Ðä´‰àÊ¹Íà¡ÕèÂÇ¡ÑºËÑÇ¢‰Í·Õèà¡ÕèÂÇ¢‰Í§¡ÑºμÑÇ
¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹μ̂Íä»

2.3.2.1 ¡ÒÃá»Å§ÍÑ¹à«¹·Œà·ç· (Unscented transformation)

¡̂Í¹¨ÐàÃÔèÁã¹Ê̂Ç¹¢Í§μÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹ í̈Òà»“¹¨Ðμ‰Í§¡Å̂ÒÇ¶Ö§ 2 àÃ×èÍ§ÊíÒ¤Ñ¡̂Í¹
¹Ñè¹¤×Í ¡ÒÃá»Å§ÍÑ¹à«¹·Œà·ç· (Unscented transformation) áÅÐ Ø̈´«Ô¡Á̂Ò (Sigma points) ã¹ËÑÇ¢‰Í
¹Õé¨Ðä´‰¡Å̂ÒÇ¶Ö§¡ÒÃá»Å§ÍÑ¹à«¹·Œà·ç·¡̂Í¹ ´Ñ§¹Õé
¡íÒË¹´ãË‰ÁÕ¡ÒÃá»Å§

� � ���� (2.21)

ãË‰ÒμÑÇá»ÃÊ¶Ò¹Ð � ÁÕ¤ˆÒà©ÅÕèÂà»“¹ �� áÅÐ¤ÇÒÁá»Ã»ÃÇ¹à»“¹ � ÊÔè§·Õèμ‰Í§¡ÒÃ¤×Í ¤ˆÒà©ÅÕèÂ¢Í§ �
ËÃ×Í �� â´Â·Õè·ÃÒº �� ËÃ×ÍÍÒ¨¨ÐáÊ´§ä´‰ÇˆÒ

�� �� ��

áμˆã¹¤ÇÒÁà»“¹¨ÃÔ§ àÃÒäÁˆÍÒ¨·ÃÒº �� ä´‰ ´Ñ§¹Ñé¹ Ö̈§μ‰Í§ËÒ¤ÇÒÁàª×èÍÁâÂ§ÃÐËÇˆÒ§ �� áÅÐ �� ãË‰ä´‰
â´Â¡ÒÃ¡ÃÐ¨ÒÂÍ¹Ø¡ÃÁà·ÂŒàÅÍÃŒ

�� � ����� �
�

��
/��

���� �
�

��
/��

���� � 
 
 
 (2.22)

ã¹ÊÁ¡ÒÃ·Õè 2.22 ¨ÐàËç¹ä´‰ÇˆÒ ¡ÒÃ¨ÐãË‰ �� ¡ÅÒÂà»“¹ �� μ‰Í§ÍÒÈÑÂ¹Ô¾¨¹Œ ���/
� � 
 
 
 à¢‰ÒªˆÇÂ Ö̈§
ÍÒÈÑÂ¡ÒÃàÅ×Í¡¨Ø´·ÕèàËÁÒÐÊÁ «Öè§¨Ðμ‰Í§ÃÑ¡ÉÒ¤ÇÒÁáÁˆ¹ÂíÒ¢Í§¡ÒÃá»Å§áÅÐ·íÒãË‰¡ÒÃ¡ÃÐ¨ÒÂ¹Õé¶Ù¡
μ‰Í§ÁÒ¡·ÕèÊØ´ (ÍÂˆÒ§¹‰ÍÂã¹¹Ô¾¨¹ŒÍÑ¹´Ñº 2 ¤ÇÃ¨Ð¶Ù¡μ‰Í§)

2.3.2.2 Ø̈´«Ô¡Á̂Ò (Sigma points)

à¾×èÍãË‰ �� �� �� ÁÒ¡·ÕèÊØ´ ¨ÐÁÕÇÔ¸Õ¡ÒÃàÅ×Í¡¨Ø´«Öè§μˆÍä»¨ÐàÃÕÂ¡ÇˆÒ Ø̈´«Ô¡ÁˆÒ â´ÂãË‰ �� à»“¹¤ˆÒ
à©ÅÕèÂ¢Í§ � ·Õè·ÃÒº¤ˆÒ áÅÐ � à»“¹¤ÇÒÁá»Ã»ÃÇ¹¢Í§ � ã¹¢³Ð·ÕèÁÕ¤ˆÒà©ÅÕèÂà»“¹ �� ¨ÐÊÒÁÒÃ¶
àÅ×Í¡¨Ø´«Ô¡ÁˆÒä´‰´Ñ§¹Õé

���� � ���
��
1� �

��
������ � ���

��
1� �

��
(2.23)
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àÁ×èÍ � � �� �� 
 
 
 � 1 áÅÐ �� � ¤×Í ÃÒ¡·Õè 2 ¢Í§àÁ·ÃÔ¡«Œ � áÅ‰Ç¤Ñ´à©¾ÒÐá¶Ç·Õè � ÁÒ´íÒà¹Ô¹¡ÒÃ
à¾×èÍ¤ÇÒÁÂ×´ËÂØˆ¹ÂÔè§¢Öé¹ ¨Ð»ÃÑº»ÃØ§ÇÔ¸Õ¡ÒÃàÅ×Í¡´Ñ§¡Å̂ÒÇ¹Õé´‰ÇÂÊÁ¡ÒÃ

���� � ��

2 ��� � 2 ���

2 ��� � 2 ����� �
��2 ���

�1

���� � ���


�
1

��2 ���
�

��
�

������ � ���

�

1

��2 ���
�

��
�

(2.24)

â´ÂÇÔ¸ÕàÅ×Í¡àªˆ¹¹Õé¨ÐÁÕμÑÇá»ÃÍÔÊÃÐãË‰»ÃÑº¤ˆÒä´‰μÒÁ¤ÇÒÁàËÁÒÐÊÁ¤×Í 2 ��� ¤×Í ¹íéÒË¹Ñ¡àÃÔèÁμ‰¹
§Ò¹ÇÔ¨ÑÂ¹Õé¨ÐãË‰à»“¹ 2/3 à¾ÃÒÐ¡íÒË¹´ãË‰¡ÒÃÃº¡Ç¹à»“¹áººà¡ÒÊŒ áÅÐÊíÒËÃÑº 2 ��� ã´æ ¨Ðà»“¹¹íéÒ
Ë¹Ñ¡¢Í§ Ø̈´·Õè � ¢Ñé¹μÍ¹¹Õé¨ÐÁÕ Ø̈´·Ñé§ËÁ´ �1 � � ¨Ø´ áÅÐàÃÕÂ¡ÇÔ¸Õ¡ÒÃàÅ×Í¡ã¹ÊÁ¡ÒÃ·Õè 2.24 ËÃ×Í
ÊÁ¡ÒÃ·Õè 2.23 ÇˆÒ ¡ÒÃàÅ×Í¡ Ø̈´«Ô¡Á̂ÒáººÊÁÁÒμÃ (Symmetric sigma-point selection) ÍÒÈÑÂ¡ÒÃ
àÅ×Í¡μÒÁÊÁ¡ÒÃ 2.23 ËÃ×ÍÊÁ¡ÒÃ 2.24 ¨Ð·íÒãË‰ÊÁ¡ÒÃ·Õè 2.22 »ÃÐÁÒ³ä´‰áÁˆ¹ÂíÒ¶Ö§¹Ô¾¨¹ŒÍÑ¹ Ñ́º·Õè
2 ¢Ñé¹μÍ¹μˆÍ¨Ò¡¹Õé¨Ð¾Ô¨ÒÃ³Ò¤ÇÒÁá»Ã»ÃÇ¹¢Í§ �� â´Â¾ÂÒ¡Ã³Œ¨Ò¡ �� ÁÕ¢Ñé¹μÍ¹´Ñ§¹Õé
á»Å§ Ø̈´«Ô¡ÁˆÒ·Ø¡ Ø̈´¢Í§ � ¨Ðä´‰¨Ø´«Ô¡ÁˆÒ¢Í§ � ¼ˆÒ¹¡ÒÃá»Å§ ��
�

���� � �������� � � �� �� �� 
 
 
 � �1 (2.25)

ËÒ¤ˆÒà©ÅÕèÂ
�� �

��
���

2 ������� (2.26)

¤ˆÒà©ÅÕèÂ·Õèä´‰¹Õé (��) ¤×Í ¤ˆÒ»ÃÐÁÒ³¢Í§ �� äÁˆãª̂¤ˆÒà©ÅÕèÂ·Õèá·‰¨ÃÔ§ ¢Í§ � áμˆÁÕ¤ÇÒÁ¶Ù¡μ‰Í§¶Ö§ÍÑ¹´Ñº
·Õè 2 áÅÐãª‰¤ˆÒ´Ñ§¡Å̂ÒÇËÒ¤ÇÒÁá»Ã»ÃÇ¹¢Í§ �

��� �

��
���

2 �������� � �������� � ���� (2.27)

¤ÇÒÁá»Ã»ÃÇ¹·Õèä´‰¨Ð¶Ù¡μ‰Í§´‰ÇÂâÁàÁ¹μŒÍÑ¹´Ñº·Õè 2 à¾ÕÂ§ÍÑ¹´Ñºà´ÕÂÇ (¡ÒÃ¾ÔÊÙ¨¹Œâ´ÂÅÐàÍÕÂ´¨ÐÍÂÙˆ
ã¹§Ò¹¢Í§ Julier [8] áÅÐ Simon [13])

2.3.2.3 ¡ÒÃàÅ×èÍ¹ Ø̈´«Ô¡Á̂Ò (Scaled sigma points)

´Ñ§·Õèä´‰áÊ´§¶Ö§¡ÒÃàÅ×Í¡ Ø̈´«Ô¡ÁˆÒä»áÅ‰Ç ÇÔ¸Õ´Ñ§¡Å̂ÒÇ (ÊÁ¡ÒÃ·Õè 2.24) ¨ÐãË‰¤ˆÒ¤ÇÒÁ
á»Ã»ÃÇ¹¶Ù¡μ‰Í§à¾ÕÂ§ÍÑ¹´Ñº 2 à·̂Ò¹Ñé¹ à¾×èÍÅ´¼Å¢Í§¤ÇÒÁ¼Ô´¾ÅÒ´ã¹Ê̂Ç¹¢Í§¤ÇÒÁá»Ã»ÃÇ¹



25

¨Ö§ÊÒÁÒÃ¶àÅ×Í¡ Ø̈´«Ô¡ÁˆÒãËÁˆ«íéÒÅ§ä»ÍÕ¡ä´‰´Ñ§¹Õé
àÁ×èÍãË‰

�� � ������ �� ��

�
����� ����� �����

�
� �����

¡ÃÐ¨ÒÂÍ¹Ø¡ÃÁà·ÂŒàÅÍÃŒ¨Ðä´‰

�� � ����� �
�

�
�����

��

�

��
���

��

�
��

�

��
���

��
�
��

�

��
���

��
� 
 
 
 (2.28)

¨Ð¾ºÇˆÒ

�� � /���

�� � ��/��� �/������� �/����� � (2.29)

«Öè§ÊÁ¡ÒÃ·Õè 2.29 ÊÒÁÒÃ¶ãª‰á·¹ÊÁ¡ÒÃ·Õè 2.25 ã¹¡ÒÃá»Å§ÍÑ¹à«¹·Œà·ç·ä´‰ áÅÐÂÑ§ÁÕ¢‰Í´ÕÍÕ¡¤×Í ÁÕ
μÑÇá»ÃàÊÃÔÁ 2 μÑÇ ¤×Í � áÅÐ � ·ÕèÊÒÁÒÃ¶àÅ×Í¡ä´‰ÍÂˆÒ§ÍÔÊÃÐ à¾×èÍ¨Ð·íÒãË‰¤ÇÒÁá»Ã»ÃÇ¹¶Ù¡μ‰Í§
¢Öé¹ μÒÁ»Ã¡μÔ¨ÐàÅ×Í¡ãË‰ �� � � áÅÐ¨ÐãË‰ � � ���� ÊíÒËÃÑº§Ò¹ÇÔ¨ÑÂ¹Õé
â´ÂÊÃØ» ¨ÐÊÒÁÒÃ¶áÊ´§¢Ñé¹μÍ¹¢Í§¡ÒÃàÅ×èÍ¹ Ø̈´«Ô¡ÁˆÒà¾×èÍãË‰ÊÍ´¤Å‰Í§¡ÑºÊÁ¡ÒÃ·Õè 2.29 ä´‰´Ñ§¹Õé

����� � ����� � ��� ������ (2.30)

�2 ��� �

�
� ��������

��
� � �

� ���

��
� �� �

(2.31)

áÅÐä´‰ÊÁ¡ÒÃÊíÒËÃÑº¤íÒ¹Ç³¤ÇÒÁá»Ã»ÃÇ¹à»“¹

����� � �������� (2.32)

�� �

��
���

�2 �������� (2.33)

�� �

��
���

�
�2 ���

�
����� � ��

��
����� � ��

���
(2.34)

���� ���
�
����� � ��

��
����� � ��

��

2.3.2.4 μÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹

¢Ñé¹μÍ¹·Õè¡Å̂ÒÇÁÒ·Ñé§ËÁ´ à»“¹¡ÒÃá»Å§ÍÑ¹à«¹·Œà·ç·ÊíÒËÃÑºÃÍºà´ÕÂÇ (One-step transforma-

tion) ã¹ËÑÇ¢‰Í¹Õé¨ÐáÊ´§¡ÒÃãª‰§Ò¹¨ÃÔ§ÊíÒËÃÑºμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹
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1. ãË‰ÊÁ¡ÒÃÊ¶Ò¹Ð¡íÒË¹´´Ñ§ÊÁ¡ÒÃ·Õè 2.21

2. ËÒ¤ˆÒ ���� áÅÐ ��
� â´Â

���� � /��� (2.35)

��
� � /��� � ���� ���� � ���� �

� �

à»“¹¤ˆÒàÃÔèÁμ‰¹ÊíÒËÃÑº¡ÒÃÇ¹ÃÍº (Iteration)

3. ¢Ñé¹μÍ¹μˆÍ¨Ò¡¹Õé¨Ð ¢ÂÒÂμÑÇá»ÃÊ¶Ò¹Ð (State propagation) ¨Ò¡àËμØ¡ÒÃ³Œ (Epoch) ·Õè � � �

ä»ÂÑ§àËμØ¡ÒÃ³Œ·Õè �

(a) á»Å§¨Ø´«Ô¡ÁˆÒμÒÁÊÁ¡ÒÃμˆÍä»¹Õé

���
�� � ���
�� (2.36)

2 ��� � 2 ���

2 ��� � 2 ����� �
��2 ���

�1

��
���

�� � ���
�� �


�
1

��2 ���
��

��

��
�

��
�����

�� � ���
�� �


�
1

��2 ���
��

��

��
�

(b) àÅ×èÍ¹ Ø̈´«Ô¡ÁˆÒ´‰ÇÂÊÁ¡ÒÃ

��
���

�� � ���

���

�� � ��� �����
�� (2.37)

â´ÂÁÕ �2 ��� μÒÁÊÁ¡ÒÃ·Õè 2.31

(c) á»Å§¨Ø´«Ô¡ÁˆÒ·Ñé§ �1� � ¨Ø´¼ˆÒ¹¿’§¡ŒªÑ¹ ��
� ´Ñ§¹Õé

��
���

 � ����

���

��� (2.38)

(d) à©ÅÕèÂ Ø̈´«Ô¡ÁˆÒ
���
 �

��
���

�2 �����
���

 (2.39)

(e) ¤íÒ¹Ç³¤ÇÒÁá»Ã»ÃÇ¹

��
 �

�
��
���

�2 ���
�
��
���

 � ���


��
��
���

 � ���


���
(2.40)

���� ���
�
��
���

 � ���


��
��
���

 � ���


��
��
��

â´Â·Õè �
�� ¤×Í ¤ÇÒÁá»Ã»ÃÇ¹¢Í§μÑÇá»ÃÊØˆÁ �
�� μÒÁÊÁ¡ÒÃ·Õè 2.21
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4. ¢Ñé¹μÍ¹μˆÍ¨Ò¡¹Õé¨Ðà»“¹¡ÒÃ»ÃÑº»ÃØ§¤ˆÒ â´Â¼ˆÒ¹ÊÁ¡ÒÃ¤ˆÒÊÑ§à¡μ (Observer equation, �
)

(a) àÃÔèÁ¡ÒÃá»Å§ Ø̈´«Ô¡ÁˆÒÍÕ¡¤ÃÑé§ ¡ÒÃ·íÒàªˆ¹¹Õé ¨Ð·íÒãË‰ÃÐºº¢Í§ Ø̈´«Ô¡ÁˆÒÁÕ¤ÇÒÁà»“¹áºº
á¼¹ÁÒ¡¢Öé¹ ¡ÒÃãª‰¨Ø´«Ô¡ÁˆÒ·Õèá»Å§äÇ‰¡̂Í¹Ë¹‰ÒÍÒ¨¨Ð¡ÃÐ·íÒä´‰ áμˆμ‰Í§ ÂÍÁÊÙàÊÕÂ
¤ÇÒÁ¶Ù¡μ‰Í§ã¹¡ÒÃ¤íÒ¹Ç³ ã¹§Ò¹ÇÔ¨ÑÂ¹Õé¨Ðá»Å§ Ø̈´«Ô¡ÁˆÒ«íéÒÍÕ¡´Ñ§¹Õé

���
 � ���
 (2.41)

2 ��� � 2 ���

2 ��� � 2 ����� �
��2 ���

�1

��
���

 � ���
 �


�
1

��2 ���
��


��
�

��
�����

 � ���
 �


�
1

��2 ���
��


��
�

(b) àÅ×èÍ¹ Ø̈´«Ô¡ÁˆÒ´‰ÇÂÊÁ¡ÒÃ
��
���

 � ���

���

 � ��� �����
 (2.42)

(c) á»Å§¨Ø´«Ô¡ÁˆÒ·Ñé§ËÁ´¼ˆÒ¹ÊÁ¡ÒÃ¤ˆÒÊÑ§à¡μ

��
���

 � 0���

���

 � (2.43)

(d) ·íÒ¹ÒÂ¤ˆÒà©ÅÕèÂ¢Í§ � ´‰ÇÂÊÁ¡ÒÃ

��
 �

��
���

�2 �����
���

 (2.44)

(e) ¤íÒ¹Ç³¤ÇÒÁá»Ã»ÃÇ¹¢Í§ ��
 ´‰ÇÂÊÁ¡ÒÃ

�� �

�
��
���

�2 ���
�
��
���

 � ��


��
��
���

 � ��


���
(2.45)

���� ���
�
��
���

 � ��


��
��
���

 � ��


��
� 


àÁ×èÍ  
 ¤×Í ¤ÇÒÁá»Ã»ÃÇ¹¢Í§¤ˆÒÊÑ§à¡μ �
 μÒÁÊÁ¡ÒÃ·Õè 2.21

(f) ¤íÒ¹Ç¹¤ÇÒÁá»Ã»ÃÇ¹ÃˆÇÁ

��� �

��
���

2 ���
�
��
���

 � ���


��
��
���

 � ��


��
(2.46)

(g) ¢Ñé¹μÍ¹ÊØ´·‰ÒÂÊíÒËÃÑº¡ÒÃ»ÃÑº»ÃØ§¤ˆÒ¢Í§ ��
 áÅÐ �
 à¾×èÍ¹íÒä»ãª‰ã¹Ç§ÃÍº¶Ñ´ä»

&
 � ����
��
� (2.47)

���
 � ���
 �&
��
 � ��
�

��

 � ��
 �&
��&

�
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ÊíÒËÃÑº¡ÒÃ»ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒ¢Í§ÃÙ»¤Å×è¹¿„Ò¼ˆÒ ¨Ðãª‰ÊÁ¡ÒÃÊ¶Ò¹Ð´Ñ§¹Õé

�
 � �
�� (2.48)

�
 � 0��
� �� � �


àÁ×èÍ � ¤×ÍμÑÇá»Ã·Ò§àÇÅÒ·Õè¨Ðãª‰ÃˆÇÁã¹¡ÒÃ»ÃÐàÁÔ¹¤ˆÒμÑÇá»ÃÊ¶Ò¹Ð

2.3.3 ÃÙ»áºº¢Í§¿’§¡ŒªÑ¹·Õèãª‰ã¹¡ÒÃÇÔà¤ÃÒÐËŒ

ÊÁ¡ÒÃ·Õè¨Ðãª‰à»“¹áºº¨íÒÅÍ§ÃÙ»¤Å×è¹´Å¿„Ò¼ˆÒÁÕËÅÒÂÃÙ»áºº áμˆ·ÕèÁÕ¹íÒàÊ¹ÍäÇ‰â´Â Pérez et

al.[11] áÅÐ McComb et al.[10] ¨ÐÁÕÅÑ¡É³Ðà»“¹´Ñ§¹Õé

0��� � ��

�
�������� ����������

��
����

��������
Æ
�

(2.49)

ÊÁ¡ÒÃ´Ñ§¡Å̂ÒÇÁÕμÑÇá»Ã¶Ö§ 8 μÑÇ·Õèμ‰Í§¹íÒÁÒÊÃ‰Ò§à»“¹ÊÁ¡ÒÃÊ¶Ò¹Ð ã¹¡ÃÃÁÇÔ¸ÕÍÑ¹à«¹·Œà·ç·¤ÒÅ
ÁÒ¹ μ‰Í§¡ÒÃ¤ˆÒàÃÔèÁμ‰¹ áÅÐμ‰Í§à»“¹¤ˆÒàÃÔèÁμ‰¹·Õèã¡Å‰à¤ÕÂ§¼Åà©ÅÂÁÒ¡ ¡ÒÃ¨ÐàÅ×Í¡¨Ø´¨Ò¡ÃÙ»¤Å×è¹
à¾×èÍÁÒà»“¹¤ˆÒàÃÔèÁμ‰¹ÊíÒËÃÑºμÑÇá»Ã·Ñé§ 8 ¹Ñé¹ à»“¹àÃ×èÍ§·ÕèÂÒ¡ËÃ×ÍËÒ¡Ç̂Òãª‰â´Â¡ÒÃ»ÃÐÁÒ³ ¤ˆÒ·Õèä ‰́
¨Ð¢Ò´¤ÇÒÁáÁˆ¹ÂíÒ ã¹§Ò¹¢Í§ McComb et al. [10] àÍ§¡ç¶×ÍÇˆÒãË‰¾Ô¨ÒÃ³ÒÊ̂Ç¹¹Ô¾¨¹Œã¹Ç§àÅçº
ËÅÑ§ÇˆÒà»“¹¤ˆÒ¤§·Õè àÁ×èÍ¹íÒÁÒ¾Ô¨ÒÃ³ÒÃˆÇÁ¡ÑºÊÁ¡ÒÃ·ÕèÁÒμÃ°Ò¹ IEC60060-1 (2010) á¹Ð¹íÒ Ö̈§ãª‰
ÊÁ¡ÒÃμˆÍä»¹Õé

0��� � �
�
�������� � ��������

�
(2.50)

ÃÙ»áººÊÁ¡ÒÃ¨Ð§̂ÒÂ¢Öé¹ μÑÇá»Ã¨ÐÁÕà¾ÕÂ§ 4 μÑÇáÅÐÊÒÁÒÃ¶ÍÒÈÑÂ¢Ñé¹μÍ¹ÇÔ¸Õ·ÕèàËÁÒÐÊÁã¹¡ÒÃËÒ
¤ˆÒμÑÇá»Ã·Ñé§ 4 ä ‰́ÍÂ̂Ò§áÁ̂¹ÂíÒ¢Öé¹ ‰́ÇÂ ÍÕ¡·Ñé§¶‰ÒËÒ¡áÂ¡§Ò¹ÍÍ¡à»“¹ 2 ¢Ñé¹μÍ¹áÅÐáμˆÅÐ¢Ñé¹μÍ¹
àËÅ×ÍμÑÇá»Ã¤ÃÑé§ÅÐ 3 μÑÇ ¨Ð·íÒãË‰μÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹ËÅÕ¡àÅÕèÂ§»’ËÒ »ÃÒ¡¯¡ÒÃ³Œ¡ÒÃ
àÅ×èÍ¹¤ˆÒ (Non-local effect) ä´‰´‰ÇÂ (ÇÔ¸Õ¡ÒÃá¡‰»’ËÒ¹ÕéàÊ¹Íâ´Â Lubin chang et al. [9] ã¹¢³Ð·Õè·íÒ
¡ÒÃ·´ÅÍ§¾ºÇˆÒ¢Ñé¹μÍ¹¡ÒÃËÒ �� ÂÑ§äÁˆÁÕàÊ¶ÕÂÃÀÒ¾ ¨Ö§äÁˆ¹íÒÁÒãª‰) «Öè§»ÃÒ¡¯¡ÒÃ³Œ´Ñ§¡Å̂ÒÇ¨Ð
à¡Ô´¢Öé¹¡ÑºμÑÇ¡ÃÍ§ã¹Ê¡ØÅ¤ÒÅÁÒ¹·Ñé§ËÅÒÂ ËÒ¡ÇˆÒÁÔμÔ¢Í§μÑÇá»ÃÊ¶Ò¹ÐÁÕ¤ˆÒμÑé§áμˆ 4 à»“¹μ‰¹ä» ã¹
§Ò¹ÇÔ¨ÑÂ¹Õé¨Ðãª‰ÃÙ»áººÊÁ¡ÒÃμÒÁ 2.50 à»“¹ËÅÑ¡

2.3.4 ¡ÒÃËÒ¤ˆÒàÃÔèÁμ‰¹

Pérez et al. [12] ä´‰ãË‰¢‰ÍÊÁÁØμÔ°Ò¹à¾×èÍãª‰ã¹¡ÒÃ·íÒ¹ÒÂ¤ˆÒàÃÔèÁμ‰¹¢Í§¡ÃÐºÇ¹ÊíÒËÃÑºμÑÇ
¡ÃÍ§¤ÒÅÁÒ¹¢ÂÒÂäÇ‰´Ñ§¹Õé

�� � ���� ���� (2.51)

àÁ×èÍ �� ¤×Í μÑÇá»ÃÊ¶Ò¹ÐμÑÇ·Õè � àÇ¡àμÍÃŒ¢Í§μÑÇá»ÃÊ¶Ò¹Ð � áÅÐ ���� ��� ¤×Í ªˆÇ§¢Í§μÑÇá»Ã
Ê¶Ò¹Ð à»“¹¤ˆÒμÑÇàÅ¢ ·Õè¼Ù‰·íÒ¡ÒÃ»ÃÐàÁÔ¹¨Ð¤Ò´¡ÒÃ³ŒÇˆÒμÑÇá»Ã �� ¨ÐÍÂÙˆã¹ÃÐËÇˆÒ§¹Õé áÅÐãË‰¶×ÍÇˆÒ
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μÑÇá»Ã �� ÁÕ¡ÒÃá¨¡á¨§áºº àÍ¡ÃÙ» (Uniform distribution) ÊíÒËÃÑº¤ÇÒÁá»Ã»ÃÇ¹ÊÒÁÒÃ¶ËÒä´‰
´‰ÇÂÊÁ¡ÒÃ

�3�� �
���� � �����

��
(2.52)

¹Í¡¨Ò¡¹Õé Pérez et al.[12] ÂÑ§ä´‰àÊ¹ÍãË‰ãª‰¤ˆÒàÃÔèÁμ‰¹·Õè¨ÐãË‰¡ÃÒ¿·Õèã¡Å‰à¤ÕÂ§¡ÑºÃÙ»¤Å×è¹ÁÒμÃ°Ò¹
(1.2/50 ��) ¢Í§ÃÙ»¤Å×è¹´Å¿„Ò¼ˆÒ áμˆã¹â»Ãá¡ÃÁÁÒμÃ°Ò¹ TDG ÁÕÂÍ´¤Å×è¹·ÕèËÅÒ¡ËÅÒÂ ¡ÒÃ
àÃÔèÁμ‰¹ã¹áºº´Ñ§¡Å̂ÒÇÍÒ¨¨ÐäÁ̂¶Ù¡μ‰Í§àÊÁÍä» áÅÐ¤ÇÒÁá»Ã»ÃÇ¹·Õè¤íÒ¹Ç³ä´‰ÍÒ¨äÁ̂ã¡Å‰à¤ÕÂ§¡Ñº
¢‰ÍÁÙÅ¨ÃÔ§ «Öè§ÂˆÍÁÊ̂§¼ÅμˆÍ¡ÒÃ¤íÒ¹Ç³¢Í§μÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹ÍÂˆÒ§ÁÒ¡ ã¹¡Ã³Õ¹Õé¨Ðãª‰
¡ÒÃàÅ×Í¡ Ø̈´μÑÇÍÂˆÒ§¨Ò¡¡ÃÒ¿¢Í§ÃÙ»¤Å×è¹¨ÃÔ§ à¾×èÍãª‰ã¹¡ÒÃ¤íÒ¹Ç³ (ÇÔ¸Õ¡ÒÃ¹Õé¨ÐÍÂÙˆã¹º··Õè 3 ¢Ñé¹
μÍ¹¡ÒÃ·´ÅÍ§) ÃÇÁ¶Ö§à»“¹Ê̂Ç¹ÊíÒ¤Ñà¾×èÍãª‰ËÒ¤ÇÒÁá»Ã»ÃÇ¹àÃÔèÁμ‰¹´‰ÇÂ



º··Õè 3

¡ÒÃ·´ÅÍ§à»ÃÕÂºà·ÕÂºÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·áÅÐμÑÇ¡ÃÍ§ÍÑ¹
à«¹·Œà·ç·¤ÒÅÁÒ¹º¹¡ÒÃ·´ÊÍºËÁ‰Íá»Å§

à¾×èÍà»ÃÕÂºà·ÕÂº¡ÃÃÁÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·¡ÑºÇÔ¸ÕμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹º¹¡ÒÃ·´
ÊÍºËÁ‰Íá»Å§ «Í¿·ŒáÇÃŒ·Õèãª‰¨Ðμ‰Í§¼ˆÒ¹¡ÒÃ»ÃÐàÁÔ¹ÃÙ»¤Å×è¹·Õè¡íÒà¹Ô´¨Ò¡â»Ãá¡ÃÁ TDG àÊÕÂ¡ˆÍ¹
ã¹º·¹Õé¨Ö§¨Ð¡Å̂ÒÇ¶Ö§ÇÔ¸Õ¡ÒÃËÒ¤ˆÒàÃÔèÁμ‰¹ ¢Ñé¹μÍ¹¡ÒÃ»ÃÐ´ÔÉ°ŒÃÙ»¤Å×è¹ áÅÐÃÒÂÅÐàÍÕÂ´·Õèà¡ÕèÂÇ¢‰Í§
¡Ñº¡ÒÃ·´ÅÍ§

3.1 à§×èÍ¹ä¢·Õèãª‰ã¹¡ÒÃ·´ÅÍ§

ã¹¡ÒÃà»ÃÕÂºà·ÕÂº·Ñé§ 2 ÇÔ¸Õ¹Õé ¨Ðμ‰Í§ÁÕÊ̂Ç¹·Õè¤Çº¤ØÁãË‰àËÁ×Í¹¡Ñ¹à¾×èÍ¨Ðãª‰à»“¹à¡³±Œã¹¡ÒÃ
à»ÃÕÂºà·ÕÂºä´‰

1. ÃÙ»¤Å×è¹·Õèãª‰à»“¹ÃÙ»¤Å×è¹à´ÕÂÇ¡Ñ¹ (·Ñé§¨Ò¡â»Ãá¡ÃÁ TDG áÅÐ¨Ò¡ËÁ‰Íá»Å§)

2. ÊÁ¡ÒÃ·Õèãª‰à»“¹ÊÁ¡ÒÃà´ÕÂÇ¡Ñ¹ (ÊÁ¡ÒÃ·Õè 2.50)

3. ¡ÒÃãË‰¤ˆÒàÃÔèÁμ‰¹´íÒà¹Ô¹¡ÒÃ´‰ÇÂÇÔ¸Õà´ÕÂÇ¡Ñ¹ ÊíÒËÃÑº¡Ã³Õ¡ÒÃ»ÃÐ ỐÉ°ŒÊ̂Ç¹Ë¹‰Ò¤Å×è¹ ÇÔ¸ÕμÑÇ
¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹¨Ðãª‰μÑÇ¡ÃÍ§¤ÒÅÁÒ¹¢ÂÒÂ´íÒà¹Ô¹¡ÒÃ¡̂Í¹ à¹×èÍ§¨Ò¡¢Õ´ í̈Ò¡Ñ´¢Í§
¡ÃÃÁÇÔ¸Õ

4. ¢Ñé¹μÍ¹ã¹¡ÒÃÇÔà¤ÃÒÐËŒà¾×èÍ»ÃÐ´ÔÉ°ŒÃÙ»¤Å×è¹ ãª‰à¡³±Œà´ÕÂÇ¡Ñ¹ (à¡³±Œ¡ÒÃ´íÒà¹Ô¹¡ÒÃμÒÁá¹Ç
·Ò§¢Í§ Pérez et al. [11] ´Ñ§áÊ´§äÇ‰áÅ‰Çã¹º··Õè 2)

5. â»Ãá¡ÃÁ·Õèãª‰ã¹¡ÒÃ»ÃÐÁÇÅ¼Åà»“¹â»Ãá¡ÃÁà´ÕÂÇ¡Ñ¹¤×Í MATLAB 2008

ã¹àÃ×èÍ§ÅÑ¡É³Ð¢Í§¢‰ÍÁÙÅ¢Òà¢‰Ò¡Ã³Õ·´ÊÍº¡Ñºâ»Ãá¡ÃÁ TDG ¨Ðãª‰μÒÁá¹Ç·Ò§¢Í§ ¹¾´Å â¤μÃ
¾Ñ¹¸Œ [14]

1. ãª‰¢‰ÍÁÙÅ 10,000 ¨Ø´ (ÊíÒËÃÑºâ»Ãá¡ÃÁ TDG)

2. ÁÕ Ø̈´¾ÃÕ·ÃÔ¡ 10%

3. ¡ÒÃÃº¡Ç¹äÁˆà¡Ô¹ 1% ¢Í§¤ˆÒÂÍ´

4. ÍÑμÃÒ¡ÒÃªÑ¡μÑÇÍÂˆÒ§  ��+�� Hz



- 31

àÁ×èÍ �� ¤×Í àÇÅÒ·Õèãª‰ã¹¡ÒÃÂ¡μÑÇ ÃÙ»¤Å×è¹·Õè¡íÒà¹Ô´¨Ò¡â»Ãá¡ÃÁ TDG ¹Ñè¹¨ÐÁÕÊ̂Ç¹»ÃÐ¡Íºä¿μÃ§
«Öè§¨Ð·íÒãË‰ÃÙ»¤Å×è¹ÁÕáÃ§´Ñ¹àÃÔèÁμ‰¹äÁˆà»“¹ÈÙ¹ÂŒ áÅÐà¾ÃÒÐÁÕ¾ÃÕ·ÃÔ¡·Õèãª‰¤ˆÒ»ÃÐÁÒ³ 10% ¢Í§¨íÒ¹Ç¹
¨Ø´·Ñé§ËÁ´ (¨Ò¡·Ñé§ËÁ´ 10,000 ¨Ø´ ¾ÃÕ·ÃÔ¡¨ÐÍÂÙˆ·Õè 970 ¨Ø´) ·íÒãË‰¨Ø´¡íÒà¹Ô´¢Í§ÃÙ»¤Å×è¹·Õè¾Ô¨ÒÃ³Ò
àÅ×èÍ¹ä»¨Ò¡μíÒáË¹ˆ§ (0,0) ÅÑ¡É³Ð¢Í§¾ÃÕ·ÃÔ¡áÊ´§ä´‰´Ñ§ÃÙ»·Õè 3.1

ÃÙ»·Õè 3.1: ÃÙ»¾ÃÕ·ÃÔ¡ 10%

3.2 ¡ÒÃ í̈Òá¹¡ÃÙ»¤Å×è¹

ã¹ÁÒμÃ°Ò¹ IEC60060-1 (2010) ä´‰áÊ´§¶Ö§à¡³±Œã¹¡ÒÃ í̈Òá¹¡ÃÙ»¤Å×è¹àÍÒäÇ‰μÒÁàÇÅÒ
Ë¹‰Ò¤Å×è¹ áμˆà¾×èÍ¡ÒÃ í̈Òá¹¡ÃÙ»¤Å×è¹â´Â«Í¿·ŒáÇÃŒãË‰ÁÕ¤ÇÒÁÊÐ´Ç¡ ¨ÐÍÒÈÑÂá¹Ç·Ò§¢Í§ÁÒμÃ°Ò¹
IEC1083-2 ÃˆÇÁ´‰ÇÂ â´Â¾Ô¨ÒÃ³ÒªˆÇ§àÇÅÒ·Õèãª‰ã¹ÃÐËÇˆÒ§·ÕèÁÕáÃ§´Ñ¹à»“¹ 60% ¢Í§¤ˆÒÂÍ´ ÊÒÁÒÃ¶
ÊÃØ»ä´‰´Ñ§¹Õé

1. ÃÙ»¤Å×è¹´Å¿„Ò¼ˆÒÊÑº ÁÕàÇÅÒ ���� . ���� (ÃÙ»·Õè 3.3)

2. ÃÙ»¤Å×è¹´Å¿„Ò¼ˆÒàμçÁ ÁÕàÇÅÒ ���� � ���� � ����� (ÃÙ»·Õè 3.2)

3. ÃÙ»¤Å×è¹ÊÇÔμªÔè§ ÁÕàÇÅÒ ����� . ���� (ÃÙ»·Õè 3.4)

ã¹§Ò¹ÇÔ¨ÑÂ¹Õé ¨Ðãª‰à¡³±Œ´Ñ§¡Å̂ÒÇÊíÒËÃÑº í̈Òá¹¡ÃÙ»¤Å×è¹à¾×èÍãª‰·´ÊÍº áÅÐ¤Ñ´à©¾ÒÐÃÙ»¤Å×è¹ÊÇÔμªÔè§
áÅÐÃÙ»¤Å×è¹¿„Ò¼ˆÒàμçÁà·̂Ò¹Ñé¹ ÊíÒËÃÑºÃÙ»¤Å×è¹¿„Ò¼ˆÒÊÑº¨ÐäÁˆ¾Ô¨ÒÃ³Òà¹×èÍ§¨Ò¡¡ÃÃÁÇÔ¸ÕÁÕ¢Õ´ í̈Ò¡Ñ´ã¹
¡ÒÃ»ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒ
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ÃÙ»·Õè 3.2: ÃÙ»áÊ´§ªˆÇ§àÇÅÒ¢³Ð·ÕèÁÕáÃ§´Ñ¹à»“¹ 0.6 ¢Í§¤ˆÒÂÍ´ ¢Í§¿„Ò¼ˆÒàμçÁ ÍÂÙˆÃÐËÇˆÒ§ 10 �� ¡Ñº
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ÃÙ»·Õè 3.3: ÃÙ»áÊ´§ªˆÇ§àÇÅÒ¢³Ð·ÕèÁÕáÃ§´Ñ¹à»“¹ 0.6 ¢Í§¤ˆÒÂÍ´ ¢Í§¿„Ò¼ˆÒÊÑº ÁÕ¤ˆÒ¹‰ÍÂ¡ÇˆÒ 10 �s
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3.3 ¡ÒÃËÒ¤̂ÒàÃÔèÁμ‰¹áÅÐ¡ÒÃÇÔà¤ÃÒÐËŒÃÙ»¤Å×è¹

¨Ò¡ÊÁ¡ÒÃ·Õè 2.50 ÃÙ»¤Å×è¹¿„Ò¼ˆÒÊÒÁÒÃ¶áÊ´§ä´‰´‰ÇÂÊÁ¡ÒÃ (¹íÒÁÒ¡Å̂ÒÇ·Õè¹ÕéÍÕ¡¤ÃÑé§ à¾×èÍ
¤ÇÒÁÊÐ´Ç¡)

0��� � �
�
�������� � ��������

�
(3.1)

â´Â·Õè �� � áÅÐ � à»“¹¤ˆÒ¤§·ÕèºÇ¡
ã¹ºÒ§¡Ã³Õ ÍÒ¨ãª‰ÊÁ¡ÒÃ

0��� � �������� ���������� (3.2)

ÊíÒËÃÑº¡ÒÃÊÃ‰Ò§Ë¹‰Ò¤Å×è¹ã¹¡Ã³Õ¤ÇÒÁ¶ÕèÁÒ¡¡ÇˆÒ 500 kHz ([10],[12]) ¨ÐàËç¹ä´‰ÇˆÒÊÁ¡ÒÃ´Ñ§¡Å̂ÒÇ
¤×ÍÃÙ»·Õèà»ÅÕèÂ¹ä»¢Í§ÊÁ¡ÒÃ·Õè 1.25 â´Â¡ÒÃ¡ÃÐ¨ÒÂ � à¢‰Òã¹Ç§àÅçº àÁ×èÍ¤Ù³¡Ñº � ¨Ð¡ÅÒÂà»“¹ �
μÑÇãËÁˆ áÅÐãË‰Ê̂Ç¹¢Í§¿’§¡ŒªÑ¹à¡ÒÊŒà«ÕÂ¹ (¹Ô¾¨¹ŒËÅÑ§ÊØ´¢Í§ÊÁ¡ÒÃ·Õè 1.25) ¶Ù¡¾Ô¨ÒÃ³Òà»“¹¤ˆÒ¤§
·Õè ã¹·Ò§» Ô̄ºÑμÔ¨Ðáº̂§§Ò¹ã¹¡ÒÃ»ÃÐ´ÔÉ°ŒÃÙ»¤Å×è¹ÍÍ¡à»“¹ 2 ¢Ñé¹μÍ¹ ([11],[12]) ¤×Í ¢Ñé¹μÍ¹ã¹¡ÒÃ
ÊÃ‰Ò§ËÒ§¤Å×è¹ áÅÐ ¢Ñé¹μÍ¹¡ÒÃÊÃ‰Ò§Ë¹‰Ò¤Å×è¹ â´ÂÊÁ¡ÒÃ·Õè 3.2 ¨Ðà»“¹Ê̂Ç¹ÊíÒ¤ÑÊíÒËÃÑºÊÃ‰Ò§Ë¹‰Ò
¤Å×è¹μˆÍä»

3.3.1 ¡ÒÃËÒ¤ˆÒàÃÔèÁμ‰¹ÊíÒËÃÑº¡ÒÃÊÃ‰Ò§ËÅÑ§¤Å×è¹áÅÐ¡ÒÃÊÃ‰Ò§ËÅÑ§¤Å×è¹

àÁ×èÍàÇÅÒ¼ˆÒ¹ä»¹Ò¹¢Öé¹ áÃ§´Ñ¹´Å¨ÐÅ´Å§¨¹ÁÕ¤ˆÒà¢‰ÒÊÙˆ 0 ã¹ªˆÇ§¹ÕéËÒ¡¾Ô¨ÒÃ³ÒμÒÁÊÁ¡ÒÃ·Õè
2.50 »ÃÐ¡Íº¨Ð¾ºÇˆÒ

0���
		
���

� 0���� � ��������� (3.3)
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ÃÙ»·Õè 3.4: ÃÙ»áÊ´§ªˆÇ§àÇÅÒ¢³Ð·ÕèÁÕáÃ§´Ñ¹à»“¹ 0.6 ¢Í§¤ˆÒÂÍ´ ¢Í§ÃÙ»¤Å×è¹ÊÇÔμªÔè§ ÁÕ¤ˆÒÁÒ¡¡ÇˆÒ
100 �s
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â´ÂÍÒÈÑÂá¹Ç¤Ô´¹Õé ¨ÐÊÒÁÒÃ¶·íÒãË‰ËÒ¤ˆÒ¢Í§ �� � áÅÐ �� ä´‰§̂ÒÂ¢Öé¹
ÊíÒËÃÑº¢Ñé¹μÍ¹¡ÒÃËÒ¤ˆÒàÃÔèÁμ‰¹¹Ñé¹ Pérez et al. [11], [12] ä´‰àÊ¹ÍãË‰ãª‰¤ˆÒ«Öè§ÊÍ´¤Å‰Í§¡ÑºÃÙ»

¤Å×è¹ 1.2/50 áμˆÃÙ»¤Å×è¹·ÕèÊÃ‰Ò§¨Ò¡â»Ãá¡ÃÁ TDG ÁÕ¤ÇÒÁËÅÒ¡ËÅÒÂã¹¤ˆÒ¢Í§ÂÍ´¤Å×è¹ ([14]) ÍÕ¡
·Ñé§§Ò¹ÇÔ¨ÑÂ¹ÕéàÁ×èÍ·íÒ¡ÒÃ·´ÅÍ§¡Ñº TDG áÅ‰Çμ‰Í§¹íÒä»·´ÊÍº¡ÑºËÁ‰Íá»Å§ÍÕ¡´‰ÇÂ ¡ÒÃàÃÔèÁμ‰¹´‰ÇÂ
ÇÔ¸Õ·Õè¹íÒàÊ¹Í¹Ñé¹ÍÒ¨äÁˆ¤ÃÍº¤ÅØÁ ´Ñ§¹Ñé¹ Ö̈§μ‰Í§ÊÃ‰Ò§ÇÔ¸Õ¡ÒÃËÒ¤ˆÒàÃÔèÁμ‰¹·ÕèàËÁÒÐÊÁ ([14]) ´Ñ§¹Õé

àÃÔèÁâ´Â¡ÒÃàÅ×Í¡ Ø̈´ËÅÑ§¤Å×è¹ÁÒ í̈Ò¹Ç¹ 1� � ¨Ø´ ´Ñ§ÃÙ»·Õè 3.5 áÅ‰Ç¾Ô¨ÒÃ³ÒãË‰¨Ø´ �� à»“¹ Ø̈´

ÃÙ»·Õè 3.5: ÃÙ»áÊ´§ÇÔ¸Õ¡ÒÃËÒ¤ˆÒàÃÔèÁμ‰¹ � à¾×èÍãª‰»ÃÐ´ÔÉ°ŒËÅÑ§¤Å×è¹

μÃÖ§ â´Â Ø̈´¹Õéà»“¹ Ø̈´·ÕèÍÂÙˆ´‰Ò¹»ÅÒÂ¢Í§ËÒ§¤Å×è¹ ¡íÒË¹´ãË‰·Ø¡¤ˆÒ¢Í§μÑÇá»Ã·ÕèμíÒáË¹ˆ§¹Õéà»“¹¤ˆÒ¤§·Õè
(ÁÕ¢¹Ò´áÃ§´Ñ¹à»“¹ �� áÅÐàÇÅÒ³ ¨Ø´¹Õéà»“¹ ��) àÅ×Í¡¨Ø´ �� ÁÒãª‰ ¡íÒË¹´ãË‰ÁÕÊÁ¡ÒÃàÅ¢ªÕé¡íÒÅÑ§
1 ÊÁ¡ÒÃ·ÕèÅÒ¡¼ˆÒ¹ Ø̈´·Ñé§ 2 ¹Õé áÅÐãË‰¨Ø´·Ø¡ Ø̈´º¹ÊÁ¡ÒÃàÅ¢ªÕé¡íÒÅÑ§´Ñ§¡Å̂ÒÇà¢ÕÂ¹ä´‰à»“¹

0���� � ��
�������� (3.4)

¨Ø´ �� ¡çÍÂÙˆº¹àÊ‰¹â¤‰§¹Õé´‰ÇÂ Ö̈§ä´‰ÇˆÒ

0����� � �� � ��
���������� (3.5)

á¡‰ÊÁ¡ÒÃà¾×èÍãË‰ä´‰¤ˆÒ¢Í§ �� ÍÍ¡ÁÒ´Ñ§¹Õé

�� � ��
���������� (3.6)

�� �
�

�� � �� ��


��

��

�
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â´Â¹ÑÂà´ÕÂÇ¡Ñ¹ ãË‰àÅ×Í¡¨Ø´ �� áÅÐ Ø̈´ �� ¨Ðä´‰ �� ´Ñ§¹Õé

�� �
�

�� � �� ��


��

��

�
(3.7)

�� �
�

�� � �� ��


��

��

�
(3.8)

...

·íÒàªˆ¹¹ÕéàÃ×èÍÂä»¨¹¡ÃÐ·Ñè§¤Ãº 1 ¨Ø´ áÅ‰Ç Ö̈§à©ÅÕèÂ·Ñé§ 1 ¨Ø´¹Õé

�� �
�

1

�
���

�� (3.9)

ã¹¢³Ð¹Õé ¶×ÍÇˆÒÁÕ � àÃÔèÁμ‰¹áÅ‰Ç
μˆÍ¨Ò¡¹Õé¨Ðãª‰¤ˆÒ´Ñ§¡Å̂ÒÇà¾×èÍËÒμÑÇá»ÃàÃÔèÁμ‰¹ÍÕ¡ 2 μÑÇ·ÕèàËÅ×Í¤×Í � áÅÐ �� ÊíÒËÃÑºμÑÇ

¡ÃÍ§¤ÒÅÁÒ¹¢ÂÒÂËÃ×ÍÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ· äÁˆ¨íÒà»“¹μ‰Í§ãª‰¢Ñé¹μÍ¹μˆÍ¨Ò¡¹Õé áμˆÊíÒËÃÑºÇÔ¸Õ
μÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹ ÁÕ¤ÇÒÁ í̈Òà»“¹μ‰Í§ãª‰ (¡ÒÃÍÀÔ»ÃÒÂ¶Ö§¼ÅÇˆÒàËμØã´ Ö̈§ÁÕ¤ÇÒÁ¨íÒà»“¹
¨Ð»ÃÒ¡¯ÍÂÙˆã¹º··Õè 5)

¨Ò¡ÊÁ¡ÒÃ·Õè 3.3 ãË‰á·¹¤ˆÒ � ´‰ÇÂ �� áÅ‰Ç Ñ̈´ÃÙ»´Ñ§¹Õé

0���� � ����������

�� �0����� � ���� ����� ���

�� �0����� � ��� � ���� ���� (3.10)

ã¹¢Ñé¹μÍ¹¹Õé ¨Ðà»ÅÕèÂ¹ãË‰ �� ã¹¾¨¹Œ ���� ¡ÅÒÂà»“¹ ���� á·¹à¾×èÍ»„Í§¡Ñ¹¡ÒÃà¡Ô´àÁ·ÃÔ¡«ŒàÍ¡°Ò¹
áÅ‰ÇáÊ´§ã¹áººàÁ·ÃÔ¡«Œ�

������

�� �0������ � ����

�� �0������ � ����
...

�� �0������ � ����

�
������ �

�
������

� ��

� ��
...

...

� ��

�
������
�

���

��

�

4 � (

�
���

��

�
�

���

��

�
�

�
(�(

���
(� 4 (3.11)

¤ˆÒ·Õèä´‰¨Ò¡¡ÒÃá¡‰´‰ÇÂ¡ÒÃËÒ¤ˆÒàËÁÒÐÊÁÊØ´àªÔ§àÊ‰¹ (Linear optimization) ´Ñ§¡Å̂ÒÇ¹íÒÁÒËÒ¤ˆÒ ��

áÅÐ ��� ËÅÑ§¨Ò¡¹Ñé¹ ¨Ð¨Ñº¤Ùˆ ���� � � ¤ÃÑé§â´ÂàÅ×Í¡

� �� áÅÐ ��� à¾×èÍËÒ¤ˆÒàÃÔèÁμ‰¹ �� (¢Ñé¹μÍ¹¹ÕéÍÒ¨Â‰Í¹¡ÅÑºä»ãª‰¤ˆÒ·Õèä´‰¤íÒ¹Ç³μÍ¹àÃÔèÁμ‰¹ä´‰)
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� �� áÅÐ �� à¾×èÍËÒ¤ˆÒàÃÔèÁμ‰¹¢Í§ ���

� �� áÅÐ ��� à¾×èÍËÒ¤ˆÒàÃÔèÁμ‰¹ ��

¤ˆÒ·Õèä´‰·Ø¡¤ˆÒ¹íÒÁÒ Ñ̈´ã¹ÃÙ»àÁ·ÃÔ¡«Œ à¾×èÍãª‰à»“¹¤ˆÒàÃÔèÁμ‰¹ä´‰

�� �
�
�� �� ���

��
(3.12)

ËÒ¤ˆÒà©ÅÕèÂ ¨Ðä´‰ÇˆÒ
�� �

�

1

�
���

�� (3.13)

Ê̂Ç¹¤ÇÒÁá»Ã»ÃÇ¹àÃÔèÁμ‰¹¤íÒ¹Ç³â´Â

�� �
�

1

�
���

��� � ������ � ���� (3.14)

3.3.2 ¡ÒÃËÒ¤ˆÒàÃÔèÁμ‰¹ÊíÒËÃÑºË¹‰Ò¤Å×è¹

ã¹¡Ã³Õ·Õè¤ÇÒÁ¶Õè � 500 kHz ¨Ðãª‰ÃÙ»¤Å×è¹¨ÃÔ§ ¡ÃÃÁÇÔ¸Õ¨ÐàÃÔèÁμ‰¹¨Ò¡¡ÒÃàÅ×Í¡¨Ø´ÁÒ 5 � �

¨Ø´ ãª‰¨Ø´ÂÍ´¤Å×è¹à»“¹ �� ³ Ø̈´¹ÕéÁÕáÃ§´Ñ¹à»“¹ �� áÅÐÁÕàÇÅÒà»“¹ �� ´Ñ§ÃÙ»·Õè 3.6 ·Õè¨Ø´ �� ÊÃ‰Ò§
ÊÁ¡ÒÃ

�� � ��

�
���������� � ����������

�
�� �

�

�� � �� ��


���������� � ��

��

�
(3.15)

·íÒàªˆ¹¹Õé¡Ñº Ø̈´ �� ¨¹¡ÃÐ·Ñè§¶Ö§ �� ¨Ðä´‰ � ÍÍ¡ÁÒ·Ñé§ËÁ´ 5 ¨Ø´ (¤Å‰ÒÂ¤ÅÖ§¡ÑºÇÔ¸Õ¡ÒÃËÒ �) áÅ‰Ç
¨Ö§ËÒ¤ˆÒà©ÅÕèÂ

�� �
�

5

�
���

�� (3.16)

ÊíÒËÃÑº¡Ã³Õ·Õè¤ÇÒÁ¶Õè - 500 kHz ãË‰ãª‰ÊÁ¡ÒÃ·Õè 3.2 â´Â¾¨¹ŒáÃ¡·Ò§¢ÇÒÁ×Í¢Í§ÊÁ¡ÒÃ¤×Í
Ê̂Ç¹·Õèä´‰¨Ò¡¡ÒÃ»ÃÐ´ÔÉ°ŒËÒ§¤Å×è¹ (���������) áÅÐ«‰ÒÂÁ×Í¢Í§ÊÁ¡ÒÃ (0���) ¤×Í ¤ˆÒ·Õèä´‰¨Ò¡ÃÙ»
¤Å×è¹¿„Ò¼ˆÒ¨ÃÔ§æ â´Â¡ÒÃ¨Ñ´ÃÙ»ÊÁ¡ÒÃãË‰àËÁÒÐÊÁ ãË‰¹Ô¾¨¹Œ·Õè·ÃÒº¤ˆÒÍÂÙˆ´‰Ò¹à´ÕÂÇ¡Ñ¹¢Í§ÊÁ¡ÒÃ

��������� � ��������� � 0��� (3.17)

¨ÐÊÑ§à¡μä´‰ÇˆÒ ¹Ô¾¨¹Œ·Ò§¢ÇÒÁ×Í¢Í§ÊÁ¡ÒÃ¨Ðà»“¹μÑÇàÅ¢ (àÁ×èÍá·¹¤ˆÒÅ§ä»áÅ‰Ç) àËÅ×Íáμˆà¾ÕÂ§
«‰ÒÂÁ×Í¢Í§ÊÁ¡ÒÃà·̂Ò¹Ñé¹·ÕèÁÕμÑÇá»ÃÍÂÙˆ áÅÐÁÕÅÑ¡É³Ðà»“¹¿’§¡ŒªÑ¹àÅ¢ªÕé¡íÒÅÑ§à´ÕèÂÇ (Single exponen-

tial) áÅ‰Çãª‰ÇÔ¸Õ¡ÒÃàªˆ¹à´ÕÂÇ¡ÑºμÍ¹´íÒà¹Ô¹¡ÒÃ¡ÑºËÅÑ§¤Å×è¹ à¾ÕÂ§áμˆ ¡ÃÐ·íÒ¡ÑºË¹‰Ò¤Å×è¹á·¹ ÃÙ»·Õè
3.8 áÊ´§Ë¹‰Ò¤Å×è¹·Õè¶Ù¡»ÃÐ´ÔÉ°Œ¢Öé¹ â´ÂÇÔ¸Õ´Ñ§¡Å̂ÒÇ¹Õé
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·Õè¼ˆÒ¹ÁÒ·Ñé§ËÁ´à»“¹¡ÃÃÁÇÔ¸ÕÊíÒËÃÑº¡ÒÃÊÃ‰Ò§ ÃÙ»¤Å×è¹¿„Ò¼ˆÒàμçÁ áÅÐ ÃÙ»¤Å×è¹ÊÇÔμªÔè§ ÊíÒËÃÑº
ÃÙ»¤Å×è¹¿„Ò¼ˆÒÊÑºã¹ÇÔ·ÂÒ¹Ô¾¹¸Œ¨ÐäÁˆ¡Å̂ÒÇ¶Ö§ à¹×èÍ§¨Ò¡ í̈Ò¹Ç¹ Ø̈´¢‰ÍÁÙÅÊíÒËÃÑº´íÒà¹Ô¹¡ÒÃ¡ÑºμÑÇ
¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹ÁÕ¹‰ÍÂà¡Ô¹ä» ÍÒ¨ãË‰¤ˆÒ·ÕèäÁˆ¶Ù¡μ‰Í§ä´‰ ÍÕ¡·Ñé§ÃÙ»¤Å×è¹·Õèä´‰¨Ò¡ËÁ‰Íá»Å§
·Õè·íÒ¡ÒÃ·´ÊÍºäÁˆä´‰»ÃÐ¡Íº´‰ÇÂÃÙ»¤Å×è¹·Õèà¡Ô´¡ÒÃàºÃ¡´ÒÇ¹Œ

ÃÙ»·Õè 3.6: ÃÙ»áÊ´§ÇÔ¸Õ¡ÒÃàÅ×Í¡¨Ø´ÊíÒËÃÑºËÒ¤ˆÒàÃÔèÁμ‰¹ � à¾×èÍ¡ÒÃ»ÃÐ´ÔÉ°ŒË¹‰Ò¤Å×è¹
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Residual curve of real curve and tail plot

ÃÙ»·Õè 3.7: ÃÙ»¤Å×è¹áÊ´§¹ÔÂÒÁ¢Í§ ÃÙ»¤Å×è¹µ¡¤‰Ò§Ê̂Ç¹ËÒ§, ËÒ§¤Å×è¹ áÅÐ ÃÙ»¤Å×è¹¨ÃÔ§ (ÃÙ»¤Å×è¹¡Ã³Õ
·Õè 9)
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ÃÙ»·Õè 3.8: ÃÙ»¤Å×è¹áÊ´§¡ÒÃÊÃ‰Ò§Ê̂Ç¹Ë¹‰Ò¤Å×è¹ (ÃÙ»¤Å×è¹¡Ã³Õ·Õè 9)
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ÃÙ»·Õè 3.9: ÃÙ»¤Å×è¹ÊÁºÙÃ³Œ·Õèä´‰¨Ò¡¡ÒÃÃÇÁÊ̂Ç¹ËÒ§¤Å×è¹ áÅÐÊ̂Ç¹Ë¹‰Ò¤Å×è¹à¢‰Ò´‰ÇÂ¡Ñ¹áÅ‰Ç (ÃÙ»¤Å×è¹
¡Ã³Õ·Õè 9)
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ÃÙ»·Õè 3.10: ÃÙ»¤Å×è¹áÊ´§¡ÒÃÇÔà¤ÃÒÐËŒÃÙ»¤Å×è¹μ¡¤‰Ò§Ê̂Ç¹ËÒ§à¾×èÍ¤íÒ¹Ç³¤ÇÒÁ¶Õè¡ÒÃá¡Çˆ§
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ÃÙ»·Õè 3.11: ÃÙ»¤Å×è¹áÊ´§¤ÇÒÁ¶Õè¢¹Ò´ãË̂·ÕèÊØ´·Õèä´‰¨Ò¡¡ÒÃãª‰ FFT (Fast Fourrier Transform)
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3.4 ÃÙ»¤Å×è¹μ¡¤‰Ò§ÊˆÇ¹ËÒ§ (Residual curve of real curve and tail plot)

ÊíÒËÃÑº¡ÒÃ í̈Òá¹¡ÇˆÒ ÃÙ»¤Å×è¹¿„Ò¼ˆÒàμçÁã´ ¨Ðãª‰ÃÙ»¤Å×è¹¨ÃÔ§ËÃ×ÍÃÙ»¤Å×è¹·Õè»ÃÐ´ÔÉ°Œ¢Öé¹¹Ñé¹ ¨íÒ
à»“¹¨Ðμ‰Í§μÃÇ¨ÊÍº ¤ÇÒÁ¶Õè¡ÒÃá¡Çˆ§ºÃÔàÇ³ÂÍ´¤Å×è¹ μÒÁ¢‰Íá¹Ð¹íÒ¢Í§ IEC1083-2 àÊÕÂ¡ˆÍ¹ ã¹
¡ÒÃ¹Õé¨Ðãª‰ ÃÙ»¤Å×è¹ÊˆÇ¹ËÒ§ (Tail plot) à¢‰ÒÁÒÇÔà¤ÃÒÐËŒ

μÒÁ»Ã¡μÔ¹ÔÂÒÁÃÙ»¤Å×è¹μ¡¤‰Ò§ (Residual curve) ã¹ IEC60060-1 (2010) ¨ÐËÁÒÂ¶Ö§ ÃÙ»¤Å×è¹
¼ÅμˆÒ§ ÃÐËÇˆÒ§ÃÙ»¤Å×è¹¨ÃÔ§ ¡Ñº ÃÙ»¤Å×è¹ÊÁºÙÃ³Œ·Õè»ÃÐ´ÔÉ°Œ¢Öé¹ áμˆã¹¡Ã³Õ¹Õé¨Ðãª‰à¾ÕÂ§á¤ˆÊ̂Ç¹ËÒ§
¤Å×è¹·Õè»ÃÐ´ÔÉ°Œä´‰ áÅÐàÃÕÂ¡ ÃÙ»¤Å×è¹¼Åμ̂Ò§ÃÐËÇˆÒ§ ÃÙ»¤Å×è¹¨ÃÔ§ ¡Ñº ÃÙ»¤Å×è¹ÊˆÇ¹ËÒ§Ç̂Ò ÃÙ»¤Å×è¹μ¡
¤‰Ò§ÊˆÇ¹ËÒ§ (Resisual curve of real curve and tail plot) (´Ñ§ÃÙ»·Õè 3.7) ¨Ò¡ÇÔ¸Õ¢Í§ ¹¾´Å
â¤μÃ¾Ñ¹¸Œ [14] ¨ÐàÃÔèÁ´‰ÇÂ¡ÒÃÊ×ºä»·Ò§«‰ÒÂ¢Í§ ÃÙ»¤Å×è¹μ¡¤‰Ò§Ê̂Ç¹ËÒ§ ¨Ò¡ÂÍ´¤Å×è¹à¾×èÍËÒ Ø̈´·Õè
ÁÕáÃ§´Ñ¹à»“¹ 0 ¹Ñº¨Ò¡ Ø̈´¹ÕéàÅ×Í¡ä»·Ò§¢ÇÒ í̈Ò¹Ç¹ 512 ¨Ø´ (ÃÙ»·Õè 3.10) ãª‰¤íÒÊÑè§ FFT (Fast fourier

transform) ÁÒÇÔà¤ÃÒÐËŒ¤ÇÒÁ¶Õè ãË‰¤ÇÒÁ¶Õè·ÕèÁÕ¢¹Ò´ãËˆ·ÕèÊØ´à»“¹¤ÇÒÁ¶Õè¢Í§ÂÍ´¤Å×è¹ÃÙ»·´ÊÍº ´Ñ§
ÃÙ»·Õè 3.11

3.5 à¡³±Œ·Õèãª‰Í‰Ò§ÍÔ§¡Ã³Õ·´ÊÍº¡ÑºËÁ‰Íá»Å§

ã¹¡Ã³Õ¢Í§¡ÒÃ·´ÊÍº¡Ñºâ»Ãá¡ÃÁ TDG ÁÒμÃ°Ò¹ IEC1083-2 ä´‰¡íÒË¹´¢Íºà¢μ´Ñ§·Õè
ä´‰áÊ´§äÇ‰áÅ‰Çã¹μÒÃÒ§·Õè 2.2 ´Ñ§¹Ñé¹¼Å¢Í§¡ÒÃ»ÃÐàÁÔ¹·Õèä´‰¨ÐäÁˆ¡íÒË¹´à¡³±ŒÍ×è¹ã´à»“¹¾ÔàÈÉ ¤§
äÇ‰à¾ÕÂ§á¤ˆà¡³±ŒμÒÁÁÒμÃ°Ò¹à·ˆÒ¹Ñé¹ ã¹¢³Ð·Õè¡ÒÃ·´ÊÍº¡ÑºËÁ‰Íá»Å§ ¨Ðμ‰Í§ÁÕ¡ÒÃ»ÃÐàÁÔ¹â´Â
¼Ù‰àªÕèÂÇªÒà»ÃÕÂºà·ÕÂº¡Ñº¡ÒÒÃ»ÃÐàÁÔ¹·Õèä´‰¨Ò¡«Í¿·ŒáÇÃŒ ¤ˆÒ·Õèãª‰ã¹¡ÒÃà»ÃÕÂºà·ÕÂº¨Ðà»“¹¾ÒÃÒ
ÁÔàμÍÃŒ¢Í§ÃÙ»¤Å×è¹à»“¹ËÅÑ¡ «Öè§ÊÒÁÒÃ¶¡íÒË¹´à»“¹à¡³±Œä´‰´Ñ§¹Õé

����� �
������� 
����


���
� ��� (3.18)

â´Â·Õè

error: ¤ˆÒ¤ÇÒÁ¼Ô´¾ÅÒ´¤Ô´à»“¹Ã‰ÍÂÅÐ¢Í§¤ˆÒÊÑÁºÙÃ³Œ¢Í§¼ÅμˆÒ§¨Ò¡¤ˆÒ·Õè·´ÊÍºä´‰¡Ñº¤ˆÒ¨Ò¡
¼Ù‰àªÕèÂÇªÒ

value: ¤ˆÒ·Õèä´‰¨Ò¡¡ÒÃ¤íÒ¹Ç³â´Â«Í¿·ŒáÇÃŒ
true: ¤ˆÒ·Õè»ÃÐàÁÔ¹ä´‰¨Ò¡¼Ù‰àªÕèÂÇªÒ

¶‰ÒËÒ¡¡ÃÃÁÇÔ¸Õã´ÊÒÁÒÃ¶ãË‰¤ˆÒ error ä´‰¹‰ÍÂ¡ÇˆÒ ãË‰¶×ÍÇˆÒ¡ÃÃÁÇÔ¸Õ¹Ñé¹æ »ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒ·Õè
¡íÒË¹´ä´‰´Õ¡ÇˆÒÍÕ¡¡ÃÃÁÇÔ¸Õ



º··Õè 4

¼Å¡ÒÃ·´ÅÍ§

ã¹¡ÒÃÇÔ¨ÑÂ¹Õé ¨Ðáº̂§ÍÍ¡à»“¹ 2 Ê̂Ç¹ ¤×Í Ê̂Ç¹¡ÒÃ·´ÅÍ§¡Ñºâ»Ãá¡ÃÁ·´ÊÍº TDG μÒÁ
ÁÒμÃ°Ò¹ IEC1083-2 à¾×èÍ·´ÊÍº¡ÒÃ·íÒ§Ò¹¢Í§«Í¿·ŒáÇÃŒ áÅÐ Ê̂Ç¹¢Í§¡ÒÃ·´ÊÍº¡ÑºËÁ‰Íá»Å§
«Öè§à»“¹¡ÒÃ·´ÊÍº¨ÃÔ§ (¢‰ÍÁÙÅ¨ÃÔ§) â´Âà¡³±Œã¹¡ÒÃμÑ´ÊÔ¹¤ÇÒÁ¶Ù¡μ‰Í§¢Í§¾ÒÃÒÁÔàμÍÃŒ ¨ÐÍ‰Ò§ÍÔ§
¨Ò¡¼Ù‰àªÕèÂÇªÒ

4.1 ¡ÒÃ·´ÊÍº¢Ñé¹μÍ¹ÇÔ¸Õº¹áºº í̈ÒÅÍ§¢Í§àÅ¢ªÕé¡íÒÅÑ§

¢Ñé¹μÍ¹´Ñ§¡Å̂ÒÇ¹ÕéÊÃ‰Ò§¢Öé¹à¾×èÍ·´ÊÍº¤ÇÒÁÊÒÁÒÃ¶áÅÐÊÁÃÃ¶¹Ðàº×éÍ§μ‰¹¶Ö§¤ÇÒÁà»“¹ä»ä´‰¢Í§
ÇÔ¸ÕμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹ à¾×èÍãª‰»ÃÐ¡Íº¡ÒÃËÒ¤ˆÒàÃÔèÁμ‰¹ÊíÒËÃÑºãª‰¡Ñº¡ÒÃ»ÃÐàÁÔ¹ÃÙ»¤Å×è¹
´Å¿„Ò¼ˆÒμˆÍä»

4.1.1 ¡ÒÃ·´ÅÍ§¡Ñº¿’§¡ŒªÑ¹àÅ¢ªÕé¡íÒÅÑ§à´ÕèÂÇ

ãª‰ÃÙ»áºº¢Í§ÊÁ¡ÒÃà»“¹
���� � ��� (4.1)

àÁ×èÍμÑÇá»Ã·ÕèäÁˆ·ÃÒº¤ˆÒ¤×Í � áÅÐ � ¶‰ÒËÒ¡·ÃÒº¤ˆÒ¢Í§·Ñé§ 2 μÑÇá»Ã¡̂Í¹áÅ‰Ç í̈ÒÅÍ§¼Åà¾×èÍËÒ¼Å
ÅÑ¾¸Œ¡ÅÑº ¨ÐÁÕ»ÃÐà´ç¹·ÕèÊÃØ»ä´‰´Ñ§¹Õé

1. ¡ÒÃ¤ˆÒàÃÔèÁμ‰¹´Ñ§·ÕèàÊ¹ÍäÇ‰ã¹º··Õè 3 «Öè§ÁÕ¡ÒÃãª‰ÃÐàºÕÂºÇÔ¸Õ¡ÒÃ¤ˆÒàËÁÒÐÊÁÊØ´áººàªÔ§àÊ‰¹
¡̂Í¹¹Ñé¹ ÊÒÁÒÃ¶ãË‰¤ˆÒ·Õè¶Ù¡μ‰Í§¡̂Í¹¹íÒä»»ÃÐÁÇÅ¼Åä´‰¨ÃÔ§ ã¹¡ÒÃ·´ÅÍ§¨Ðãª‰¤ˆÒ´Ñ§¡Å̂ÒÇ
á·¹Å§ã¹ Ø̈´·Õè·íÒ¡ÒÃàÅ×Í¡ÁÒ (´Ñ§º··Õè 3) áÅ‰ÇËÒ¤ÇÒÁá»Ã»ÃÇ¹¨Ò¡ÊÁ¡ÒÃ·ÕèàÊ¹ÍäÇ‰ã¹º··Õè
3 ÊíÒËÃÑº¡ÒÃËÒ¤ÇÒÁá»Ã»ÃÇ¹àÃÔèÁμ‰¹

2. ¼Å·Õèä´‰¶Ù¡μ‰Í§¶Ö§·È¹ÔÂÁ 4 μíÒáË¹ˆ§

¤ˆÒ·Õèãª‰ã¹¡ÃÐºÇ¹¡ÒÃ¤×Í � � 6 áÅÐ � � � ���  «Öè§ÁÕ¤ˆÒäÁˆÁÒ¡

4.1.2 ¡ÒÃ·´ÅÍ§¡Ñº¿’§¡ŒªÑ¹àÅ¢ªÕé¡íÒÅÑ§¤Ùˆ

ÊíÒËÃÑº¤ˆÒàÃÔèÁμ‰¹·ÕèàÊ¹ÍäÇ‰´Ñ§º··Õè 3 ¤×Í¡ÒÃáº̂§§Ò¹ÍÍ¡à»“¹ 2 ¢Ñé¹μÍ¹¹Ñé¹ ÊÒÁÒÃ¶ËÒ¤ˆÒ
¢Í§ � ä´‰áÁˆ¹ÂíÒ ã¡Å‰à¤ÕÂ§¡Ñº¤ˆÒ¨ÃÔ§·ÕèÊÁÁØμÔ¢Öé¹ â´Âã¹¡ÒÃ·´ÅÍ§¹Õéãª‰ÃÙ»áººÊÁ¡ÒÃ¤×Í

���� � �
�
��� � ���� (4.2)
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«Öè§ÁÕÅÑ¡É³Ð¤Å‰ÒÂ¡ÑºÊÁ¡ÒÃ 2.50 â´Â¡ÒÃ»ÃÐÁÒ³ÇˆÒàÁ×èÍàÇÅÒ¼ˆÒ¹ä»¨ÐàËÅ×Íà¾ÕÂ§¾¨¹ŒË¹‰ÒμÒÁ
ÊÁ¡ÒÃ 3.3 àÁ×èÍ·íÒ¡ÒÃ»ÃÐÁÒ³ ¼ÅÅÑ¾¸Œ¶Ù¡μ‰Í§·È¹ÔÂÁ 2 μíÒáË¹ˆ§â´Âãª‰¤ˆÒàÃÔèÁμ‰¹¢Í§ � áÅÐ � ´Ñ§
àÊ¹ÍäÇ‰ã¹º··Õè 3 ·Ø¡»ÃÐ¡ÒÃ ÃÙ»·Õè 4.1 áÊ´§ÅÑ¡É³Ð¢Í§ÃÙ»¤Å×è¹·Õèãª‰ã¹¡ÒÃ·´ÊÍº¢Ñé¹μÍ¹ÇÔ¸Õ·Õèãª‰
¡ÑºμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹ â´Âã¹ÃÙ»¤Å×è¹´Ñ§¡Å̂ÒÇ ÁÕ¨Ø´¢‰ÍÁÙÅË¹‰Ò¤Å×è¹ÍÂÙˆà¾ÕÂ§»ÃÐÁÒ³ 167
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ÃÙ»·Õè 4.1: ÃÙ»¤Å×è¹´Å¿„Ò¼ˆÒ·Õèãª‰·´ÊÍº¡ÃÃÁÇÔ¸Õ

¨Ø´ ¼Å»ÃÒ¡¯ÇˆÒÇÔ¸Õ·ÕèàÊ¹ÍäÇ‰ã¹º··Õè 3 ¡ÑºË¹‰Ò¤Å×è¹ ÊÒÁÒÃ¶»ÃÐàÁÔ¹ä´‰ÍÂˆÒ§áÁ̂¹ÂíÒàªˆ¹à´ÕÂÇ¡Ñº·Õè
ä´‰»ÃÐàÁÔ¹¡ÑºËÅÑ§¤Å×è¹

4.2 ¼Å¡ÒÃ í́Òà¹Ô¹¡ÒÃº¹â»Ãá¡ÃÁ·´ÊÍº TDG

¡ÒÃ·´ÅÍ§¨Ð·íÒº¹ÃÙ»¤Å×è¹¡Ã³Õ·Õè 1,3,4,6,8,9 «Öè§à»“¹ÃÙ»¤Å×è¹¿„Ò¼ˆÒàμçÁ áÅÐÃÙ»¤Å×è¹·Õè 5,10

à»“¹ÃÙ»¤Å×è¹ÊÇÔμªÔè§ â´Â 1,5 à»“¹¡Ã³ÕäÃ‰¡ÒÃá¡Çˆ§áÅÐ¡ÒÃÃº¡Ç¹ 3,4 à»“¹¡Ã³Õ·ÕèÁÕ¡ÒÃá¡Çˆ§ áμˆ
äÃ‰¡ÒÃÃº¡Ç¹ ã¹¢³Ð·ÕèÃÙ»¤Å×è¹ 6,8,9 áÅÐ 10 à»“¹¡Ã³Õ·ÕèÁÕ¡ÒÃÃº¡Ç¹ áμˆÃÙ»¤Å×è¹·Ñé§ËÁ´à»“¹ÃÙ»
¤Å×è¹·´ÅÍ§ ÊíÒËÃÑº¡Ã³Õ·Õè 11,13,14 à»“¹ÃÙ»¤Å×è¹·´ÊÍº¨ÃÔ§ÀÒÂãμ‰à§×èÍ¹ä¢·Õè¡íÒË¹´ ÃÒÂÅÐàÍÕÂ´
¡ÒÃ í̈Òá¹¡¨ÐÍÂÙˆã¹μÒÃÒ§·Õè 2.1 ã¹áμˆÅÐ¡Ã³Õ¨ÐáÊ´§μÑÇÍÂˆÒ§¼Å¡ÒÃ´íÒà¹Ô¹¡ÒÃÃÙ»¤Å×è¹äÇ‰ 6 ¡Ã³Õ
â´Â¨Ð¡íÒË¹´ÃËÑÊÂˆÍã¹μÒÃÒ§´Ñ§¹Õé

A - XY - N

â´Â·Õè
A ¤×Í àÅ¢Í‰Ò§ÍÔ§¡Ã³Õ
X ¤×Í ÃÐÂÐàÅ×èÍ¹μÒÁá¡¹ �
Y ¤×Í ÃÐÂÐàÅ×èÍ¹μÒÁá¡¹ �
N ¤×Í ¡ÒÃÃº¡Ç¹ ¡íÒË¹´à»“¹ %
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àªˆ¹ ÃÙ»¤Å×è¹¡Ã³Õ·Õè 11 ÃÐÂÐàÅ×èÍ¹μÒÁá¡¹ � à»“¹ 1 Ë¹ˆÇÂ á¡¹ � 2 Ë¹ˆÇÂ ¡ÒÃÃº¡Ç¹äÁ̂à¡Ô¹ 5%

¨ÐÊÒÁÒÃ¶à¢ÕÂ¹ä´‰´Ñ§¹Õé

11 - 12 - 5

ËÒ¡¡ÒÃÃº¡Ç¹äÁˆä´‰¡íÒË¹´ËÃ×Í¡íÒË¹´äÁˆä´‰ ¨ÐÅÐ N äÇ‰

A - XY

àÁ×èÍ«Í¿·ŒáÇÃŒÃÑº¢‰ÍÁÙÅà¢‰ÒÁÒ ¨ÐÁÕ¡ÒÃ í̈Òá¹¡ª¹Ô´¢Í§ÃÙ»¤Å×è¹¡̂Í¹ ¨Ò¡¹Ñé¹ Ö̈§à¢‰ÒÊÙˆ¡ÃÐºÇ¹¡ÒÃ
»ÃÐ´ÔÉ°ŒÃÙ»¤Å×è¹ μÒÁá¼¹¼Ñ§ã¹ÃÙ»·Õè 4.2 â´ÂàÃÔèÁ¨Ò¡¡ÒÃ»ÃÐ´ÔÉ°ŒÊ̂Ç¹ËÅÑ§¤Å×è¹¡̂Í¹ áÅ‰Ç Ö̈§ÍÒÈÑÂ
ÃÙ»¤Å×è¹μ¡¤‰Ò§Ê̂Ç¹ËÒ§ÇÔà¤ÃÒÐËŒ¤ÇÒÁ¶ÕèºÃÔàÇ³ÂÍ´ ¨Ò¡¹Ñé¹ Ö̈§ í̈Òá¹¡μÒÁ¢¹Ò´¢Í§¤ÇÒÁ¶Õè ÊÃ‰Ò§
ÃÙ»¤Å×è¹â´ÂÍÒÈÑÂ¤ÇÒÁÃÙ‰º··Õè 2 áÅÐ 3 ¨Ö§ä´‰¼ÅÅÑ¾¸Œ ã¹¡ÒÃ·íÒ§Ò¹¢Í§«Í¿·ŒáÇÃŒ ¨ÐâËÅ´ä¿ÅŒ¢Í§
ÃÙ»¤Å×è¹Ê¡ØÅ .dat à¢‰ÒÊÙˆË¹‰ÒμˆÒ§§Ò¹¢Í§áÁ·áÅ» (Workspace) à»“¹ÅÑ¡É³Ðá¶ÇÅíÒ´Ñº¢Í§¢‰ÍÁÙÅáÃ§
´Ñ¹ áÅÐá¶ÇÅíÒ´Ñº¢Í§¢‰ÍÁÙÅàÇÅÒ ã¹¡ÒÃ»ÃÐÁÇÅ¼Å¢‰ÍÁÙÅ·Ñé§ 2 ªØ´´Ñ§¡Å̂ÒÇ¨ÐÊÑÁ¾Ñ¹¸Œ¡Ñ¹μÑé§áμˆàÃÔèÁ
ã¹ªˆÇ§¾ÃÕ·ÃÔ¡ 10% ¨¹¡ÃÐ·Ñè§¶Ö§ªˆÇ§Å´Å§¢Í§áÃ§´Ñ¹ í̈Ò¹Ç¹ Ø̈´·Ñé§ËÁ´ÁÕ 10,000 ¨Ø´ à·̂Ò¡Ñ¹·Ñé§
ÊÍ§á¶ÇÅíÒ´Ñº¢‰ÍÁÙÅ áμˆÊ̂Ç¹¢Í§¾ÃÕ·ÃÔ¡¨ÐÁÕ í̈Ò¹Ç¹»ÃÐÁÒ³ 900 ¨Ø´ ºÃÔàÇ³Ë¹‰Ò¤Å×è¹ÊíÒËÃÑºÃÙ»
¤Å×è¹¿„Ò¼ˆÒàμçÁäÃ‰¡ÒÃá¡Çˆ§¨ÐÁÕÍÂÙˆäÁˆà¡Ô¹ 200 ¨Ø´ (»ÃÐÁÒ³ 197 ¨Ø´) ÊíÒËÃÑºÃÙ»¤Å×è¹·ÕèÁÕ¡ÒÃá¡Çˆ§
¨ÐÍÂÙˆ·Õè»ÃÐÁÒ³ 127 ¨Ø´à·̂Ò¹Ñé¹ ¡ÒÃàÅ×Í¡ Ø̈´ÊíÒËÃÑº»ÃÐ´ÔÉ°ŒËÒ§¤Å×è¹ ¨Ð¡ÃÐ·íÒμÑé§áμˆ»ÅÒÂÊØ´¢Í§
á¶ÇÅíÒ´Ñº¢Í§¢‰ÍÁÙÅ áÅ‰ÇàÅ×Í¡ÁÒ¨íÒ¹Ç¹ 20 ¨Ø´ ·ÕèËˆÒ§à»“¹ÃÐÂÐà·̂Òæ ¡Ñ¹ áμˆäÁˆÃÇÁä»¶Ö§ºÃÔàÇ³
ÂÍ´¤Å×è¹ (à¾ÃÒÐà»“¹ºÃÔàÇ³«Öè§ÁÕ¡ÒÃá¡Çˆ§ ¤ˆÒ¢Í§ � ·Õèä´‰ÍÒ¨äÁ̂áÁˆ¹ÂíÒ) â´Âã¹áμˆÅÐªˆÇ§¢Í§¨Ø´
¨Ð·íÒ¡ÒÃà©ÅÕèÂ Ø̈´ÃÍºæ ·ÕèμÔ´¡Ñ¹ à¾×èÍÅ´¼Å¢Í§¡ÒÃÃº¡Ç¹ (ã¹¡Ã³ÕÃÙ»¤Å×è¹·Õè 6, 8, 9 áÅÐ 10

«Öè§à»“¹ÃÙ»¤Å×è¹·ÕèÁÕ¡ÒÃÃº¡Ç¹·Ñé§ÊÔé¹) ¨Ò¡¹Ñé¹ãª‰ÇÔ¸Õ´Ñ§·ÕèáÊ´§ã¹º··Õè 3 à¾×èÍ¤ˆÒàÃÔèÁμ‰¹ ¤ÇÒÁËˆÒ§¢Í§
¨Ø´¢‰ÍÁÙÅÍÒ¨ÁÕ¼ÅμˆÍá¹Çâ¹‰Á¢Í§¤ÇÒÁà»“¹àÅ¢ªÕé¡íÒÅÑ§ ¶‰ÒÂÔè§ËˆÒ§ á¹Çâ¹‰Á¨ÐªÑ´à¨¹ÂÔè§¢Öé¹ ¡ÃÃÁ
ÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·ã¹Ê̂Ç¹¢Í§¡ÒÃ»ÃÐ´ÔÉ°ŒËÒ§¤Å×è¹ÊÒÁÒÃ¶àÃÔèÁμ‰¹´‰ÇÂÇÔ¸Õ·ÕèàÊ¹Íã¹º··Õè 3

ä´‰àÅÂàªˆ¹à´ÕÂÇ¡ÑºÇÔ¸ÕμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹ â´Â·Õè¤ÇÒÁá»Ã»ÃÇ¹¹Ñé¹ÊíÒËÃÑºÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-
ÁÒÃŒ¤ÇÍÃŒ·ÍÒ¨ãª‰¢‰ÍÊÁÁØμÔ°Ò¹¢Í§ Pérez et al. [12] ä´‰ â´ÂäÁˆμ‰Í§·íÒ¡ÒÃËÒ¤ˆÒàËÁÒÐÊÁÊØ´àªÔ§àÊ‰¹
¡̂Í¹´Ñ§ÇÔ¸ÕμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹àÅÂ

¡Ã³ÕË¹‰Ò¤Å×è¹¹Ñé¹ à»“¹»ÃÐà´ç¹·ÕèÁÕ»’ËÒÁÒ¡·ÕèÊØ´ÊíÒËÃÑºμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹ ´‰ÇÂ
àËμØ·Õè¨íÒ¹Ç¹ Ø̈´¢‰ÍÁÙÅÁÕà¾ÕÂ§ 127 - 197 ¨Ø´à·̂Ò¹Ñé¹ ÍÕ¡·Ñé§¤ˆÒ·ÕèºÃÔàÇ³ã¡Å‰ÂÍ´¡ç»ÃÐ¡Íº´‰ÇÂ¡ÒÃ
á¡Çˆ§ ¡ÒÃËÒ¤ˆÒàÃÔèÁμ‰¹ãË‰áÁ̂¹ÂíÒÊÒÁÒÃ¶·íÒä´‰ÂÒ¡ÅíÒºÒ¡¡ÇˆÒÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·ÁÒ¡ à¾ÃÒÐ
à¾ÕÂ§¡ÒÃàÅ×Í¡¨Ø´ áÅÐ¤íÒ¹Ç³¤ˆÒ¢Í§ � â´ÂÍÒÈÑÂ¢‰ÍÁÙÅ¢Í§ � ·Õè·ÃÒº¨Ò¡¢Ñé¹μÍ¹¡ÒÃ»ÃÐ´ÔÉ°Œ
ËÒ§¤Å×è¹¹Ñé¹ äÁˆà¾ÕÂ§¾ÍÊíÒËÃÑº¡Ã³ÕμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹ Ñ́§¹Ñé¹ ¢Ñé¹μÍ¹»¯ÔºÑμÔ¨ÃÔ§¨Ðãª‰μÑÇ
¡ÃÍ§¤ÒÅÁÒ¹¢ÂÒÂ (μÒÁá¹Ç·Ò§ã¹§Ò¹¢Í§ Pérez [12]) ªˆÇÂã¹¡ÒÃàÃÔèÁμ‰¹¤ˆÒ¢Í§μÑÇá»ÃÊ¶Ò¹Ð
·Õèà»“¹ä»ä´‰ÇˆÒ¨Ðà»“¹¼Åà©ÅÂ ¨Ò¡¹Ñé¹ Ö̈§¹íÒ¤ˆÒ·Õè¤íÒ¹Ç³ä´‰´Ñ§¡Å̂ÒÇá·¹Å§ã¹ÊÁ¡ÒÃ·Õè 2.50 ÊíÒËÃÑº
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¤ˆÒ¢Íºà¢μ ��(MV) ��(��) ��(��) ��(kHz) , (��)

1.04 - 1.06 0.81 - 0.87 57.5 - 62.5 - -

ÃËÑÊÂˆÍ Unscented kalman filter Levenberg - Marquardt method

�� �� �� �� , �� �� �� �� ,

01-00 1.05 0.841 60.013 - - 1.049 0.841 60.01 - -

01-12 1.051 0.843 60.2 - - 1.051 0.84 60.238 - -

01-20 1.051 0.819 60.267 - - 1.05 0.839 60.206 - -

01-23 1.05 0.841 60.238 - - 1.05 0.539 60.207 - -

01-30 1.05 0.82 59.797 - - 1.05 0.84 60.121 - -

01-32 1.05 0.845 59.997 - - 1.05 0.841 60.108 - -

μÒÃÒ§·Õè 4.1: μÒÃÒ§áÊ´§¤ˆÒ¾ÒÃÒÁÔàμÍÃŒ·Õèä´‰¨Ò¡·Ñé§ÊÍ§ÇÔ¸Õ ª¹Ô´·Õè 1 (ÃÙ»¤Å×è¹àÃÕÂº¿„Ò¼ˆÒàμçÁ äÃ‰¡ÒÃ
á¡Çˆ§)

¡Ã³Õ·Õèãª‰ÃÙ»¤Å×è¹¨ÃÔ§¾Ô¨ÒÃ³Ò ËÃ×ÍÊÁ¡ÒÃ·Õè 3.2 ÊíÒËÃÑº¡Ã³Õãª‰ÃÙ»¤Å×è¹à©ÅÕèÂ (Mean curve)

¾Ô¨ÒÃ³Ò

4.2.1 ¡ÒÃ·´ÅÍ§¡ÑºÃÙ»¤Å×è¹ TDG ª¹Ô´·Õè 1

¡Ã³ÕÃÙ»¤Å×è¹¿„Ò¼ˆÒàμçÁäÃ‰¡ÒÃá¡Çˆ§áÅÐ¡ÒÃÃº¡Ç¹ ÃÙ»¤Å×è¹´Ñ§¡Å̂ÒÇ¶×Íä´‰ÇˆÒà»“¹ÃÙ»¤Å×è¹ÁÒμÃ
°Ò¹·ÕèμÃ§μÒÁ·ÄÉ®Õ·Ø¡»ÃÐ¡ÒÃ àÁ×èÍäÃ‰¡ÒÃá¡Çˆ§ã´æ μÒÁà¡³±Œ¢Í§ÁÒμÃ°Ò¹ IEC1083-2 á¹Ð¹íÒ
ãË‰ãª‰ÃÙ»¤Å×è¹¨ÃÔ§¾Ô¨ÒÃ³Ò à¡³±ŒÇˆÒ´‰ÇÂ¡ÒÃá¡Çˆ§áÅÐÊ̂Ç¹¾Øˆ§à¡Ô¹ÁÒμÃ°Ò¹¨Ö§ÁÔä´‰¡íÒË¹´ ÊÒÁÒÃ¶
áÊ´§ä´‰´Ñ§μÒÃÒ§·Õè 4.1 ¾ÒÃÒÁÔàμÍÃŒ·Õè»ÃÐàÁÔ¹ä´‰ÍÂÙˆã¹à¡³±Œ·Õè¡íÒË¹´

4.2.2 ¡ÒÃ·´ÅÍ§¡ÑºÃÙ»¤Å×è¹ TDG ª¹Ô´·Õè 3

¡Ã³ÕÃÙ»¤Å×è¹¿„Ò¼ˆÒàμçÁÁÕ¡ÒÃá¡Çˆ§äÁˆà¡Ô¹ 500 kHz äÃ‰¡ÒÃÃº¡Ç¹ μÒÁÁÒμÃ°Ò¹ IEC1083-

2 ãË‰ãª‰ÃÙ»¤Å×è¹¨ÃÔ§ã¹¡ÒÃ¾Ô¨ÒÃ³Ò ¼Å»ÃÒ¡¯ÇˆÒÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·ÊÒÁÒÃ¶´íÒà¹Ô¹¡ÒÃä´‰·Ø¡
ÃÙ»¤Å×è¹ àªˆ¹à´ÕÂÇ¡ÑºμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹ àÇÅÒË¹‰Ò¤Å×è¹áÅÐËÅÑ§¤Å×è¹ÊÒÁÒÃ¶»ÃÐàÁÔ¹ä´‰
ÍÂˆÒ§¶Ù¡μ‰Í§·Ø¡¡Ã³Õ μÑÇÍÂˆÒ§¼Å·ÕèÊÒÁÒÃ¶´íÒà¹Ô¹¡ÒÃä´‰áÊ´§ã¹μÒÃÒ§·Õè 4.2

4.2.3 ¡ÒÃ·´ÅÍ§¡ÑºÃÙ»¤Å×è¹ TDG ª¹Ô´·Õè 4

¡Ã³ÕÃÙ»¤Å×è¹¿„Ò¼ˆÒàμçÁäÃ‰¡ÒÃÃº¡Ç¹ ¤ÇÒÁ¶ÕèºÃÔàÇ³ÂÍ´¤Å×è¹ÁÒ¡¡ÇˆÒ 500 kHz ÁÒμÃ°Ò¹
IEC1083-2 á¹Ð¹íÒãË‰ãª‰ÃÙ»¤Å×è¹à©ÅÕèÂ ¼Å»ÃÒ¡¯ÇˆÒ·Ñé§ 2 ÇÔ¸ÕãË‰¤ˆÒ¾ÒÃÒÁÔàμÍÃŒÍÂÙˆã¹à¡³±Œ·Ø¡¤ˆÒ Â¡
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ÃÙ»·Õè 4.2: á¼¹¼Ñ§¢Ñé¹μÍ¹¡ÒÃ»ÃÐÁÇÅ¼Å¢Í§·Ñé§ 2 ¡ÃÃÁÇÔ¸Õ
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¤ˆÒ¢Íºà¢μ ��(MV) ��(��) ��(��) ��(kHz) , (��)

1.04 - 1.06 1.6 - 1.7 45 - 49 . 500 -

ÃËÑÊÂˆÍ Unscented kalman filter Levenberg - Marquardt method

�� �� �� �� , �� �� �� �� ,

03-00 1.048 1.646 46.781 390.6 - 1.048 1.662 46.768 390.6 -

03-01 1.048 1.644 46.772 390.6 - 1.048 1.659 46.778 390.6 -

03-12 1.05 1.648 46.877 390.6 - 1.05 1.663 46.88 390.6 -

03-23 1.05 1.652 46.791 390.6 - 1.05 1.667 46.805 390.6 -

03-32 1.05 1.655 46.719 390.6 - 1.05 1.671 46.738 390.6 -

μÒÃÒ§·Õè 4.2: μÒÃÒ§áÊ´§¤ˆÒ¾ÒÃÒÁÔàμÍÃŒ·Õèä´‰¨Ò¡·Ñé§ÊÍ§ÇÔ¸Õ ª¹Ô´·Õè 3 (ÃÙ»¤Å×è¹àÃÕÂº¿„Ò¼ˆÒàμçÁ ÁÕ¡ÒÃ
á¡Çˆ§¹‰ÍÂ¡ÇˆÒ 500 kHz)

¤ˆÒ¢Íºà¢μ ��(MV) ��(��) ��(��) ��(kHz) , (��)

0.96 - 0.99 1.0 - 1.1 48 - 52 -500 -

ÃËÑÊÂˆÍ Unscented kalman filter Levenberg - Marquardt method

�� �� �� �� , �� �� �� �� ,

04-00 0.97 1.346 50.206 585.9 0.69 0.977 1.064 49.369 585.9 0.63

04-01 0.969 1.475 50.279 585.9 0.7 0.978 1.061 49.361 585.9 0.63

04-12 0.97 1.348 50.372 585.9 0.7 0.978 1.05 49.623 585.9 0.63

04-20 0.971 1.458 50.556 585.9 0.7 0.977 1.053 49.709 585.9 0.65

04-23 0.971 1.343 50.335 585.9 0.7 0.977 1.043 49.699 585.9 0.64

04-32 0.97 1.343 50.298 585.9 0.7 0.975 1.04 49.759 585.9 0.65

μÒÃÒ§·Õè 4.3: μÒÃÒ§áÊ´§¤ˆÒ¾ÒÃÒÁÔàμÍÃŒ·Õèä´‰¨Ò¡·Ñé§ÊÍ§ÇÔ¸Õ ª¹Ô´·Õè 4 (ÃÙ»¤Å×è¹àÃÕÂº¿„Ò¼ˆÒàμçÁ ¡ÒÃ
á¡Çˆ§à¡Ô¹ 500 kHz)

àÇ‰¹áμˆμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹ ãË‰¡ÒÃ»ÃÐÁÒ³àÇÅÒË¹‰Ò¤Å×è¹¼Ô´¾ÅÒ´ μÒÃÒ§·Õè 4.3 áÊ´§¤ˆÒ
¾ÒÃÒÁÔàμÍÃŒ·Õè¤íÒ¹Ç³ä´‰¨Ò¡·Ñé§ 2 ÇÔ¸Õ ¾ÒÃÒÁÔàμÍÃŒà´ÕÂÇ¡Ñ¹¨Ò¡·Ñé§ 2 ÇÔ¸Õã¡Å‰à¤ÕÂ§¡Ñ¹áÅÐÍÂÙˆã¹à¡³±Œ
Â¡àÇ‰¹¾ÒÃÒÁÔàμÍÃŒàÇÅÒË¹‰Ò¤Å×è¹¢Í§ÇÔ¸ÕμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹

4.2.4 ¡ÒÃ·´ÅÍ§¡ÑºÃÙ»¤Å×è¹ TDG ª¹Ô´·Õè 5

¡Ã³ÕÃÙ»¤Å×è¹ÊÇÔμªÔè§ äÃ‰¡ÒÃÃº¡Ç¹ ãª‰¢Ñé¹μÍ¹ÇÔ¸Õà´ÕÂÇ¡ÑºÃÙ»¤Å×è¹¿„Ò¼ˆÒàμçÁäÃ‰¡ÒÃá¡Çˆ§ ¾ÒÃÒ
ÁÔàμÍÃŒ·Ø¡μÑÇ·Õèä´‰¨Ò¡ 2 ÇÔ¸Õ¹Õé¶Ù¡μ‰Í§ËÁ´·Ø¡¾ÒÃÒÁÔàμÍÃŒ ¡ÒÃàÃÔèÁμ‰¹·Õèãª‰ã¹¡ÒÃËÒ¤ˆÒäÁˆÁÕ»’ËÒÁÒ¡
¹Ñ¡ ÊÒÁÒÃ¶»ÃÐàÁÔ¹ä´‰áÁˆ¹ÂíÒ μÑÇÍÂˆÒ§¼Å¢Í§¡ÒÃ´íÒà¹Ô¹¡ÒÃà»“¹ä»´Ñ§μÒÃÒ§·Õè 4.4
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¤ˆÒ¢Íºà¢μ ��(MV) ��(��) ��(��) ��(kHz) , (��)

0.94 - 0.96 240 - 260 2,400 - 2,600 - -

ÃËÑÊÂˆÍ Unscented kalman filter Levenberg - Marquardt method

�� �� �� �� , �� �� �� �� ,

05-00 0.95 251.5 2493.5 - - 0.947 250 2505.5 - -

05-12 0.951 251 2500.5 - - 0.949 248.5 2509 - -

05-13 0.951 251.5 2500.5 - - 0.949 248.5 2509 - -

05-23 0.951 251 2498.5 - - 0.948 249 2506.5 - -

05-32 0.95 251 2496.5 - - 0.947 250.5 2506 - -

μÒÃÒ§·Õè 4.4: μÒÃÒ§áÊ´§¤ˆÒ¾ÒÃÒÁÔàμÍÃŒ·Õèä´‰¨Ò¡·Ñé§ÊÍ§ÇÔ¸Õ ª¹Ô´·Õè 5 (ÃÙ»¤Å×è¹àÃÕÂºÊÇÔμªÔè§)

¤ˆÒ¢Íºà¢μ ��(MV) ��(��) ��(��) ��(kHz) , (��)

1.04 - 1.06 0.81 - 0.87 57.5 - 62.5 - -

ÃËÑÊÂˆÍ Unscented kalman filter Levenberg - Marquardt method

�� �� �� �� , �� �� �� �� ,

06-00 1.054 0.851 59.115 - - 1.048 0.835 60.264 - -

06-00-5 1.061 0.874 57.737 - - 1.049 0.836 60.25 - -

06-12 1.055 0.853 59.362 - - 1.05 0.837 60.252 - -

06-23 1.052 0.856 59.734 - - 1.05 0.842 60.488 - -

06-32-5 1.055 0.856 59.364 - - 1.05 0.838 60.22 - -

μÒÃÒ§·Õè 4.5: μÒÃÒ§áÊ´§¤ˆÒ¾ÒÃÒÁÔàμÍÃŒ·Õèä´‰¨Ò¡·Ñé§ÊÍ§ÇÔ¸Õ ª¹Ô´·Õè 6 (ÃÙ»¤Å×è¹¿„Ò¼ˆÒàμçÁ äÃ‰¡ÒÃá¡Çˆ§
áμˆÁÕ¡ÒÃÃº¡Ç¹, * áÊ´§¶Ö§¤ˆÒ¾ÒÃÒÁÔàμÍÃŒ·ÕèäÁˆμÃ§¡Ñº¢Íºà¢μ·Õè¡íÒË¹´)

4.2.5 ¡ÒÃ·´ÅÍ§¡ÑºÃÙ»¤Å×è¹ TDG ª¹Ô´·Õè 6

¡Ã³ÕÃÙ»¤Å×è¹¿„Ò¼ˆÒàμçÁäÃ‰¡ÒÃá¡Çˆ§ áμˆÁÕ¡ÒÃÃº¡Ç¹ ¡Ã³Õ¹Õé¨Ð¤Å‰ÒÂ¤ÅÖ§¡Ñº¡Ã³Õ·Õè 1 áμˆ
¨ÐÁÕ¡ÒÃÃº¡Ç¹»¹à¢‰ÒÁÒ´‰ÇÂ ¤ˆÒ¢Íºà¢μ·Õè¡íÒË¹´ÂÑ§¤§à´ÔÁ àÁ×èÍ·íÒ¡ÒÃ·´ÅÍ§¡Ñº¡ÃÃÁÇÔ¸Õ·Ñé§ 2

áÅ‰Ç¾ºÇˆÒ ¾ÒÃÒÁÔàμÍÃŒ·Õè¤íÒ¹Ç³ä´‰·Ø¡¤ˆÒÍÂÙˆã¹¢Íºà¢μ·Õè¡íÒË¹´·Ø¡¡Ã³ÕμÑÇÍÂˆÒ§ áμˆã¹ºÒ§¡Ã³Õ¹Ñé¹
μÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·äÁˆÊÒÁÒÃ¶»ÃÐÁÇÅ¼Åä´‰ â´Â¡Ã³Õ·Õè´íÒà¹Ô¹¡ÒÃäÁˆä´‰ÁÑ¡¨Ðà¡Ô´¢Öé¹¡ÑºÃÙ»¤Å×è¹·Õè
ÁÕ¡ÒÃÃº¡Ç¹¹‰ÍÂ¡ÇˆÒ 5% ¢Í§áÃ§´Ñ¹¤ˆÒÂÍ´«Öè§ÁÕ¡ÒÃàÅ×èÍ¹á¡¹ μÑÇÍÂˆÒ§¢Í§¡ÒÃ´íÒà¹Ô¹¡ÒÃáÊ´§
ä´‰´Ñ§μÒÃÒ§·Õè 4.5
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¤ˆÒ¢Íºà¢μ ��(MV) ��(��) ��(��) ��(kHz) , (��)

1.04 - 1.06 1.6 - 1.7 45 - 49 . 500 -

ÃËÑÊÂˆÍ Unscented kalman filter Levenberg - Marquardt method

�� �� �� �� , �� �� �� �� ,

08-00 1.051 1.668 45.409 390.6 - 1.052 1.689 46.603 390.6 -

08-12 1.056 1.851 46.477 390.6 - 1.055 1.679 46.597 390.6 -

08-03-5* 1.03* 1.611 45.515 -* 0.46* 1.052 1.688 46.606 390.6 -

08-32 1.056 1.671 46.434 390.6 - 1.055 1.678 46.583 390.6 -

μÒÃÒ§·Õè 4.6: μÒÃÒ§áÊ´§¤ˆÒ¾ÒÃÒÁÔàμÍÃŒ·Õèä´‰¨Ò¡·Ñé§ÊÍ§ÇÔ¸Õ ª¹Ô´·Õè 8 (ÃÙ»¤Å×è¹¿„Ò¼ˆÒàμçÁ ÁÕ¡ÒÃá¡Çˆ§
¹‰ÍÂ¡ÇˆÒ 500 kHz ÁÕ¡ÒÃÃº¡Ç¹)

4.2.6 ¡ÒÃ·´ÅÍ§¡ÑºÃÙ»¤Å×è¹ TDG ª¹Ô´·Õè 8

ÃÙ»¤Å×è¹¿„Ò¼ˆÒª¹Ô´ÁÕ¡ÒÃá¡Çˆ§ºÃÔàÇ³ÂÍ´¹‰ÍÂ¡ÇˆÒ 500 kHz áÅÐÁÕ¡ÒÃÃº¡Ç¹»¹à¢‰ÒÁÒã¹ÃÙ»
¤Å×è¹´‰ÇÂ Ê×ºà¹×èÍ§¨Ò¡ÃÙ»¤Å×è¹¡Ã³Õ·Õè 3 ÃÙ»¤Å×è¹¡Ã³Õ·Õè 8 ¹ÕéÁÕÊ̂Ç¹¢Í§¡ÒÃá¡Çˆ§àª̂¹¡Ñ¹ ´Ñ§¹Ñé¹
¡ÒÃ»ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒ¢Í§μÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹¨ÐÁÕ»’ËÒä´‰§̂ÒÂ ´Ñ§ã¹μÒÃÒ§·Õè 4.6 ¡Ã³Õ
«Öè§¡ÒÃÃº¡Ç¹äÁˆà¡Ô¹ 5% áÅÐÁÕ¡ÒÃàÅ×èÍ¹ä»á¡¹ � ËÃ×Íá¡¹áÃ§´Ñ¹ä» 3 Ë¹ˆÇÂ ¨ÐãË‰¡ÒÃ
»ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒ·Õè¼Ô´¾ÅÒ´ â´ÂºÃÔàÇ³ËÅÑ§¤Å×è¹¨Ð»ÃÐàÁÔ¹ä´‰äÁˆáÁˆ¹ÂíÒ·íÒãË‰¾ÒÃÒÁÔàμÍÃŒ·Õèμ‰Í§
ãª‰¡ÑººÃÔàÇ³Ë¹‰Ò¤Å×è¹äÁˆáÁˆ¹ÂíÒä»´‰ÇÂ ()

4.2.7 ¡ÒÃ·´ÅÍ§¡ÑºÃÙ»¤Å×è¹ TDG ª¹Ô´·Õè 9

ÃÙ»¤Å×è¹¿„Ò¼ˆÒàμçÁ «Öè§ÁÕ¡ÒÃá¡Çˆ§ÁÒ¡¡ÇˆÒ 500 kHz ¤Å‰ÒÂ¤ÅÖ§¡Ñº¡Ã³Õ·Õè 4 áμˆÁÕ¡ÒÃÃº¡Ç¹
ÁÒμÃ°Ò¹ÂÑ§¤§á¹Ð¹íÒãË‰ãª‰ÃÙ»¤Å×è¹à©ÅÕèÂã¹¡ÒÃ¤íÒ¹Ç³ËÒ¾ÒÃÒÁÔàμÍÃŒÃÙ»¤Å×è¹¿„Ò¼ˆÒ ¨Ò¡¡ÒÃ´íÒà¹Ô¹
¡ÒÃ¾ºÇˆÒÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·ÊÒÁÒÃ¶»ÃÐàÁÔ¹ÃÙ»¤Å×è¹ä´‰¶Ù¡μ‰Í§ÍÂÙˆã¹¢Íºà¢μ áμˆμÑÇ¡ÃÍ§ÍÑ¹
à«¹·Œà·ç·¤ÒÅÁÒ¹¨ÐãË‰¤ˆÒ¾ÒÃÒÁÔàμÍÃŒË¹‰Ò¤Å×è¹¼Ô´¾ÅÒ´ä» ã¹¡Ã³Õ·Õè¡ÒÃÃº¡Ç¹¡íÒË¹´ãË‰ÁÕ¢¹Ò´
5% ¢Í§áÃ§´Ñ¹¤ˆÒÂÍ´ μÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¨ÐäÁˆÊÒÁÒÃ¶»ÃÐÁÇÅ¼Åä´‰ â´ÂàÁ×èÍ´íÒà¹Ô¹¡ÒÃä»
»ÃÐÁÒ³ 95 ÃÍºàÁ·ÃÔ¡«Œ¤ÇÒÁá»Ã»ÃÇ¹¨ÐäÁˆ¹ÔÂÒÁºÇ¡ μÑÇÍÂˆÒ§¢Í§¼Å¡ÒÃ´íÒà¹Ô¹¡ÒÃáÊ´§äÇ‰
ã¹μÒÃÒ§·Õè 4.7

4.2.8 ¡ÒÃ·´ÅÍ§¡ÑºÃÙ»¤Å×è¹ TDG ª¹Ô´·Õè 10

ÃÙ»¤Å×è¹ÊÇÔμªÔè§·ÕèÁÕ¡ÒÃÃº¡Ç¹ ¡Ã³ÕÃÙ»¤Å×è¹ª¹Ô´¹Õé¡ÒÃ»ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒ·Ø¡¤ˆÒ¢Í§·Ñé§ 2 ÇÔ¸Õ
ãË‰¼Å¶Ù¡μ‰Í§·Ñé§¤Ùˆ ¡Å̂ÒÇ¤×ÍÍÂÙˆã¹à¡³±Œ·Õè¡íÒË¹´ áÁ‰¡ÒÃÃº¡Ç¹¨Ð¶Ù¡¡íÒË¹´ãË‰ÁÕ¢¹Ò´ 5% ¢Í§
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¤ˆÒ¢Íºà¢μ ��(MV) ��(��) ��(��) ��(kHz) , (��)

0.96 - 0.99 1.0 - 1.1 48 - 52 -500 -

ÃËÑÊÂˆÍ Unscented kalman filter Levenberg - Marquardt method

�� �� �� �� , �� �� �� �� ,

09-01 0.973 1.388* 49.801 585.9 0.52 0.976 1.072 49.677 585.9 0.52

09-13 0.973 1.356* 50.053 585.9 0.66 0.976 1.016 49.754 585.9 0.65

09-21 0.97 1.615* 44.854 585.9 0.53 0.976 1.072 49.672 585.9 0.52

09-23 0.974 1.359* 49.784 585.9 0.65 0.976 1.017 49.755 585.9 0.65

09-31 0.972 1.387* 49.821 585.9 0.53 0.976 1.071 49.677 585.9 0.52

μÒÃÒ§·Õè 4.7: μÒÃÒ§áÊ´§¤ˆÒ¾ÒÃÒÁÔàμÍÃŒ·Õèä´‰¨Ò¡·Ñé§ÊÍ§ÇÔ¸Õ ª¹Ô´·Õè 9 (ÃÙ»¤Å×è¹¿„Ò¼ˆÒàμçÁ ÁÕ¡ÒÃá¡Çˆ§
à¡Ô¹ 500 kHz ÁÕ¡ÒÃÃº¡Ç¹)

¤ˆÒ¢Íºà¢μ ��(MV) ��(��) ��(��) ��(kHz) , (��)

0.94 - 0.96 240 - 260 2,400 - 2,600 - -

ÃËÑÊÂˆÍ Unscented kalman filter Levenberg - Marquardt method

�� �� �� �� , �� �� �� �� ,

10-00 0.949 247 2502 - - 0.949 248.5 2499 - -

10-02-5 0.95 251 2500 - - 948 249 2506 - -

10-12 0.949 248 2505.5 - - 0.948 248 2505.5 - -

10-12-5 0.951 251.5 2499 - - 0.948 249 2506.5 - -

10-23-5 0.951 250 2502 - - 0.949 249.5 2507.5 - -

10-32-5 0.95 250.5 2501.5 - - 0.948 249 2506 - -

μÒÃÒ§·Õè 4.8: μÒÃÒ§áÊ´§¤ˆÒ¾ÒÃÒÁÔàμÍÃŒ·Õèä´‰¨Ò¡·Ñé§ÊÍ§ÇÔ¸Õ ª¹Ô´·Õè 10 (ÃÙ»¤Å×è¹ÊÇÔμªÔè§ ÁÕ¡ÒÃÃº
¡Ç¹)

¤ˆÒÂÍ´ áμˆ¡ÒÃ»ÃÐ´ÔÉ°ŒÃÙ»¤Å×è¹¢Í§μÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹ÂÑ§¤§ãË‰¼Å´Õ ÃÙ»¤Å×è¹«‰Í¹·ÑºÊ¹Ô·
¡ÑºÃÙ»¤Å×è¹¨ÃÔ§ ãË‰¤ˆÒ¾ÒÃÒÁÔàμÍÃŒ¶Ù¡μ‰Í§ μÑÇÍÂˆÒ§¢Í§¤ˆÒ¾ÒÃÒÁÔàμÍÃŒ·Õè¤íÒ¹Ç³ä´‰áÊ´§ã¹μÒÃÒ§·Õè
4.8 ¢‰ÍÊÑ§à¡μ¤×Í ËÒ¡ÃÙ»¤Å×è¹»ÃÒÈ¨Ò¡¡ÒÃá¡Çˆ§ËÃ×ÍÊ̂Ç¹¾Øˆ§à¡Ô¹ μÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹¨ÐÁÕ
¤ÇÒÁáÁˆ¹ÂíÒ

·Õè¼ˆÒ¹ÁÒ·Ñé§ËÁ´à»“¹¡ÒÃà»ÃÕÂºà·ÕÂº 2 ÇÔ¸Õ¤×ÍÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ· áÅÐ μÑÇ¡ÃÍ§ÍÑ¹
à«¹·Œà·ç·¤ÒÅÁÒ¹â´Âãª‰ÃÙ»¤Å×è¹ÁÒμÃ°Ò¹·Ñé§ 8 ¡Ã³Õ à¾×èÍμÃÇ¨ÊÍº¤ÇÒÁ¶Ù¡μ‰Í§áÅÐ¤ÇÒÁàËÁÒÐ
ÊÁ (Validation) ÇˆÒÊÒÁÒÃ¶¹íÒä»»ÃÐàÁÔ¹ÃÙ»¤Å×è¹ä´‰ËÃ×ÍäÁˆ áÅÐÊÒÁÒÃ¶ãª‰ä´‰ã¹¡Ã³Õã´º‰Ò§ ¾ºÇˆÒ
ÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡ÁÒÃŒ¤ÇÍÃŒ·ÊÒÁÒÃ¶»ÃÐàÁÔ¹ä´‰·Ø¡¡Ã³Õ¶Ù¡μ‰Í§ μÃ§μÒÁà¡³±Œ·ÕèÁÒμÃ°Ò¹¡íÒË¹´ ã¹
¢³Ð·ÕèÇÔ¸ÕμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹¨ÐÊÒÁÒÃ¶·íÒä´‰´ÕÍÂÙˆ 2 à§×èÍ¹ä¢¤×Í 1.¡Ã³ÕÃÙ»¤Å×è¹äÃ‰¡ÒÃ
á¡Çˆ§ ä´‰á¡̂ ÃÙ»¤Å×è¹ÊÇÔμªÔè§ áÅÐÃÙ»¤Å×è¹¿„Ò¼ˆÒàμçÁäÃ‰¡ÒÃá¡Çˆ§ áÅÐ 2.¡Ã³Õ·Õè¡ÒÃÃº¡Ç¹äÁˆÊÒÁÒÃ¶
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¡íÒË¹´¤ˆÒä´‰ à·̂Ò¹Ñé¹ μˆÍ¨Ò¡¹Õé¨Ðà»“¹¡ÒÃ¹íÒÇÔ¸Õ·Ñé§ 2 ÁÒ·´ÅÍ§¡ÑºÃÙ»¤Å×è¹«Öè§ä´‰¨Ò¡ËÁ‰Íá»Å§à¾×èÍ
μÃÇ¨ÊÍº¤ÇÒÁ¶Ù¡μ‰Í§¢Í§ÇÔ¸Õ·Ñé§ 2 áÅÐà¾×èÍ¾Ô¨ÒÃ³ÒÇˆÒ ÊíÒËÃÑº¡ÒÃ·´ÊÍº¡ÑºËÁ‰Íá»Å§¡ÃÃÁÇÔ¸Õ
ã´ãË‰¼ÅμÃ§¡Ñº¤ˆÒ·Õè»ÃÐàÁÔ¹ä´‰¨Ò¡¼Ù‰àªÕèÂÇªÒÁÒ¡¡ÇˆÒ¡Ñ¹ â´ÂÁÕà¡³±Œã¹¡ÒÃà»ÃÕÂºà·ÕÂº´Ñ§áÊ´§
äÇ‰ã¹º··Õè 3 ·‰ÒÂº·

4.3 ¼Å¡ÒÃ í́Òà¹Ô¹¡ÒÃº¹ÃÙ»¤Å×è¹¨Ò¡ËÁ‰Íá»Å§

ã¹¡ÒÃ·´ÊÍº¡ÑºÃÙ»¤Å×è¹·Õèä´‰¨Ò¡ËÁ‰Íá»Å§ã¹§Ò¹ÇÔ¨ÑÂ¹Õé ¨Ðãª‰ÃÙ»¤Å×è¹ 4 ¡Ã³Õ·Õèáμ¡μˆÒ§¡Ñ¹
â´ÂÅÑ¡É³ÐÊíÒ¤ÑÃˆÇÁ¡Ñ¹»ÃÐ¡ÒÃË¹Öè§¢Í§ÃÙ»¤Å×è¹·Ñé§ 4 ¹Õé¤×Í ÁÕÂÍ´¤Å×è¹¨ÃÔ§àÅ×èÍ¹ä»¢ÇÒ¢Í§á¡¹
àÇÅÒ áÅÐÁÕË¹‰Ò¤Å×è¹·ÕèÊÑé¹¡ÇˆÒ»Ã¡μÔÍÑ¹à¹×èÍ§ÁÒ¨Ò¡ÁÕÂÍ´¤Å×è¹«‰Í¹ à¡Ô´¢Öé¹ºÃÔàÇ³Ë¹‰Ò¤Å×è¹ ´Ñ§ÃÙ»·Õè
4.3 «Öè§à»“¹μÑÇÍÂˆÒ§¢Í§ÃÙ»¤Å×è¹·Õèä´‰¨Ò¡¡ÒÃ·´ÊÍºËÁ‰Íá»Å§ÃÙ»Ë¹Öè§ ¼Å¡ÒÃ·´ÊÍºÊÒÁÒÃ¶áÊ´§
à»“¹ËÑÇ¢‰Íä´‰´Ñ§¹Õé
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ÃÙ»·Õè 4.3: ÃÙ»¤Å×è¹·Õèä´‰¨Ò¡ËÁ‰Íá»Å§ ÁÕÍÑμÃÒÊ̂Ç¹àÇÅÒË¹‰Ò¤Å×è¹/ËÅÑ§¤Å×è¹à»“¹ 0.84/60 �s

4.3.1 ÃÙ»¤Å×è¹¨Ò¡ËÁ‰Íá»Å§¡Ã³Õ·´ÅÍ§·Õè 1

ã¹¡Ã³Õ·Õè 1 ¹Õé ¨Ð·íÒ¡ÒÃ»ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒ¢Í§ÃÙ»¤Å×è¹¢Í§¡Ã³Õ·ÕèáÃ§´Ñ¹·´ÊÍºÁÕàÇÅÒË¹‰Ò
¤Å×è¹áÅÐËÅÑ§¤Å×è¹à»“¹ 0.84/60.01 �s ¾Ã‰ÍÁ·Ñé§áÊ´§¼Å¢Í§ÃÙ»¤Å×è¹·Õèä´‰»ÃÐàÁÔ¹ áÅÐ¤ˆÒ¾ÒÃÒÁÔàμÍÃŒ
·Õè»ÃÐàÁÔ¹ä´‰ ÃÇÁä»¶Ö§¤ˆÒ¤ÇÒÁ¼Ô´¾ÅÒ´ ¢Í§¾ÒÃÒÁÔàμÍÃŒ ÃÙ»¤Å×è¹·Õèãª‰áÊ´§äÇ‰´Ñ§ÃÙ»·Õè 4.4

¼Å¡ÒÃ»ÃÐàÁÔ¹ÃÙ»¤Å×è¹ÊíÒËÃÑº¡Ã³Õ·Õè 1 ¾ºÇˆÒ ÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ· ÊÒÁÒÃ¶»ÃÐàÁÔ¹
¤ˆÒä´‰ áμˆäÁˆμÃ§μÒÁ·Õè»ÃÐàÁÔ¹â´Â¼Ù‰·´ÊÍº ã¹¢³Ð·ÕèÇÔ¸ÕμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹äÁˆÊÒÁÒÃ¶
»ÃÐàÁÔ¹ä´‰àÅÂ ¨Ò¡¼Å·Õèä´‰¹Õé¨Ð¹íÒàÇÅÒË¹‰Ò¤Å×è¹áÅÐËÅÑ§¤Å×è¹ÁÒÇÔà¤ÃÒÐËŒ´‰ÇÂà¡³±ŒÊíÒËÃÑº·´ÊÍº
ËÁ‰Íá»Å§·ÕèáÊ´§äÇ‰ã¹º··Õè 3 â´ÂÃÙ»¤Å×è¹·Õè»ÃÐàÁÔ¹ä´‰áÊ´§äÇ‰´Ñ§ÃÙ»·Õè 4.3.1 áÅÐÊíÒËÃÑºÀÒ¾¢ÂÒÂ
ºÃÔàÇ³ÂÍ´¤Å×è¹ áÊ´§äÇ‰´Ñ§ÃÙ»·Õè 4.6 Ê̂Ç¹μÒÃÒ§ÊÃØ»¼ÅáÊ´§äÇ‰ã¹μÒÃÒ§·Õè 4.9
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ÃÙ»·Õè 4.4: ÃÙ»¤Å×è¹·Õèä´‰¨Ò¡ËÁ‰Íá»Å§ ÁÕÍÑμÃÒÊ̂Ç¹àÇÅÒË¹‰Ò¤Å×è¹/ËÅÑ§¤Å×è¹à»“¹ 0.84/60.01 �s
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ÃÙ»·Õè 4.5: ÃÙ»¤Å×è¹·Õèä´‰¨Ò¡ËÁ‰Íá»Å§ ÁÕÍÑμÃÒÊ̂Ç¹àÇÅÒË¹‰Ò¤Å×è¹/ËÅÑ§¤Å×è¹à»“¹ 0.84/60 �s áÅÐÃÙ»
¤Å×è¹·Õè»ÃÐàÁÔ¹ä´‰â´ÂÇÔ¸Õ LM

¤ÇÒÁ¼Ô´¾ÅÒ´¢Í§Ë¹‰Ò¤Å×è¹

����� �
�� 
���� �
!��

�
!�
� ��� � ���"
��# (4.3)

¤ÇÒÁ¼Ô´¾ÅÒ´¢Í§ËÅÑ§¤Å×è¹

����� �
��"
$"$� "��

"�
� ��� � �
� # (4.4)

¨Ò¡¼Å·Õèä´‰ àÇÅÒËÅÑ§¤Å×è¹ÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´¹‰ÍÂ·ÕèÊØ´ áÅÐ¾ÒÃÒÁÔàμÍÃŒ·Õè¼Ô´¾ÅÒ´ÁÒ¡·ÕèÊØ´¤×ÍàÇÅÒ
Ë¹‰Ò¤Å×è¹ à¾ÃÒÐºÃÔàÇ³Ë¹‰Ò¤Å×è¹·Õè»ÃÐÁÒ³ä´‰ÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´ÊÙ§
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ÃÙ»·Õè 4.6: ÃÙ»¤Å×è¹·Õèä´‰¨Ò¡ËÁ‰Íá»Å§ ÁÕÍÑμÃÒÊ̂Ç¹àÇÅÒË¹‰Ò¤Å×è¹/ËÅÑ§¤Å×è¹à»“¹ 0.84/60.01 �s ºÃÔàÇ³
¤ˆÒÂÍ´
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ÃÙ»·Õè 4.7: ÃÙ»ËÅÑ§¤Å×è¹·Õèä´‰¨Ò¡μÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹

4.3.2 ÃÙ»¤Å×è¹·Õèä ‰́¨Ò¡ËÁ‰Íá»Å§¡Ã³Õ·´ÅÍ§·Õè 2

ã¹¡Ã³Õ·Õè 2 ÊíÒËÃÑº¡ÒÃ·´ÊÍºÃÙ»¤Å×è¹¨Ò¡ËÁ‰Íá»Å§¹Ñé¹ ¨Ð´íÒà¹Ô¹¡ÒÃ¡ÑºÃÙ»¤Å×è¹·ÕèÁÕÍÑμÃÒ
Ê̂Ç¹Ë¹‰Ò¤Å×è¹/ËÅÑ§¤Å×è¹à»“¹ 1.65/46.77 �s «Öè§ÃÙ»¤Å×è¹´Ñ§¡Å̂ÒÇÊÒÁÒÃ¶áÊ´§ä´‰´Ñ§ÃÙ»·Õè 4.8 ÃÙ»¤Å×è¹·Õè
»ÃÐ´ÔÉ°Œä´‰â´ÂÊÁºÙÃ³Œ¨Ò¡ÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·áÊ´§äÇ‰´Ñ§ÃÙ»·Õè 4.3.2 áÅÐÊíÒËÃÑºã¹ÃÙ»·Õè 4.10

¨Ðà»“¹ÃÙ»¤Å×è¹¨Ò¡¡ÃÃÁÇÔ¸Õà´ÕÂÇ¡Ñ¹¹Õé·Õè¢ÂÒÂºÃÔàÇ³ÊˆÇ¹ÂÍ´ ¤ÇÒÁ¼Ô´¾ÅÒ´¢Í§Ë¹‰Ò¤Å×è¹

����� �
��
�$"� �
"��

�
"�
� ��� �  �
�!# (4.5)

¤ÇÒÁ¼Ô´¾ÅÒ´¢Í§ËÅÑ§¤Å×è¹

����� �
��"
���� �"
$$�

�"
$$
� ��� � �
��"# (4.6)
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�� �� ��

Unscented kalman filter - - -

Levenberg - Marquardt 1.16 19.541 56.767

μÒÃÒ§·Õè 4.9: μÒÃÒ§áÊ´§¼Å¡ÒÃ»ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒÃÙ»¤Å×è¹¿„Ò¼ˆÒ·Õèä´‰¨Ò¡ËÁ‰Íá»Å§¡Ã³Õ·´ÅÍ§
·´ÅÍ§·Õè 1
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ÃÙ»·Õè 4.8: ÃÙ»¤Å×è¹·Õèä´‰¨Ò¡ËÁ‰Íá»Å§ ÁÕÍÑμÃÒÊ̂Ç¹àÇÅÒË¹‰Ò¤Å×è¹/ËÅÑ§¤Å×è¹à»“¹ 1.65/46.77 �s
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ÃÙ»·Õè 4.9: ÃÙ»¤Å×è¹·Õèä´‰¨Ò¡ËÁ‰Íá»Å§ ÁÕÍÑμÃÒÊ̂Ç¹àÇÅÒË¹‰Ò¤Å×è¹/ËÅÑ§¤Å×è¹à»“¹ 1.65/46.77 �s áÅÐÃÙ»
¤Å×è¹·Õè»ÃÐàÁÔ¹ä´‰â´ÂÇÔ¸Õ LM

�� (MV) �� (�s) �� (�s)

Unscented kalman filter - - -

Levenberg - Marquardt 1.06 3.176 46.524

μÒÃÒ§·Õè 4.10: μÒÃÒ§áÊ´§¼Å¡ÒÃ»ÃÐàÁÔ¹ÃÙ»¤Å×è¹·Õèä´‰¨Ò¡ËÁ‰Íá»Å§¡Ã³Õ¡ÒÃ·´ÅÍ§·Õè 2 ÇÔ¸ÕàÅàÇ¹à
ºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·ÊÒÁÒÃ¶»ÃÐàÁÔ¹ä´‰·Ø¡¾ÒÃÒÁÔàμÍÃŒ
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ÃÙ»·Õè 4.10: ÃÙ»¤Å×è¹·Õèä´‰¨Ò¡ËÁ‰Íá»Å§ ÁÕÍÑμÃÒÊ̂Ç¹àÇÅÒË¹‰Ò¤Å×è¹/ËÅÑ§¤Å×è¹à»“¹ 1.65/46.77 �s

ºÃÔàÇ³¤ˆÒÂÍ´
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ÃÙ»·Õè 4.11: ÃÙ»áÊ´§ËÅÑ§¤Å×è¹·Õè»ÃÐ´ÔÉ°Œä´‰¨Ò¡μÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹

¼Å¡ÒÃ»ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒ¨Ò¡·Ñé§ 2 ÇÔ¸Õ¾ºÇˆÒ ÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·ÊÒÁÒÃ¶»ÃÐàÁÔ¹ä´‰·Ø¡
¡Ã³Õ áμˆ¾ÒÃÒÁÔàμÍÃŒ¨Ò¡ºÃÔàÇ³Ë¹‰Ò¤Å×è¹ÁÕ¤ÇÒÁºÔ´àºÕéÂÇÁÒ¡¡ÇˆÒºÃÔàÇ³ËÅÑ§¤Å×è¹ ã¹¢³Ð·ÕèÇÔ¸Õ
μÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹ ÊÒÁÒÃ¶»ÃÐ´ÔÉ°ŒÃÙ»¤Å×è¹ºÃÔàÇ³ËÅÑ§¤Å×è¹ä´‰à·̂Ò¹Ñé¹ áμˆË¹‰Ò¤Å×è¹äÁˆ
ÊÒÁÒÃ¶ÊÃ‰Ò§ÃÙ»¤Å×è¹»ÃÐ´ÔÉ°Œä´‰ ¨Ö§·íÒãË‰äÁˆÊÒÁÒÃ¶ËÒ¾ÒÃÒÁÔàμÍÃŒμˆÒ§æ ä´‰ à¹×èÍ§¨Ò¡¾ÒÃÒÁÔàμÍÃŒ
·Ø¡μÑÇμ‰Í§ÍÒÈÑÂ Ø̈´àÃÔèÁμ‰¹àÊÁ×Í¹ (*�) à»“¹ËÅÑ¡ áÅÐàÇÅÒË¹‰Ò¤Å×è¹μ‰Í§ÍÒÈÑÂàÇÅÒÂ¡μÑÇ (��) «Öè§ËÅÑ§
¤Å×è¹·Õè»ÃÐ´ÔÉ°Œä´‰´‰ÇÂ¡ÃÃÁÇÔ¸ÕμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹à»“¹ Ñ́§ÃÙ»·Õè 4.11 áÅÐμÒÃÒ§ÊÃØ»¼Åà»“¹
´Ñ§μÒÃÒ§·Õè 4.10

4.3.3 ÃÙ»¤Å×è¹·Õèä ‰́¨Ò¡ËÁ‰Íá»Å§¡Ã³Õ·´ÅÍ§·Õè 3

ÊíÒËÃÑº¡Ã³Õ·Õè 3 ¹Õé ¨Ðà»“¹ÃÙ»¤Å×è¹·Õèä´‰¨Ò¡ËÁ‰Íá»Å§ «Öè§ã¹¡Ã³Õ¼Ù‰àªÕèÂÇªÒ»ÃÐàÁÔ¹ãË‰ÃÙ»
¤Å×è¹ÁÕÍÑμÃÒÊ̂Ç¹Ë¹‰Ò¤Å×è¹/ËÅÑ§¤Å×è¹à»“¹ 1.05/50 �s «Öè§ÅÑ¡É³Ð¢Í§ÃÙ»¤Å×è¹·Õè¹íÒÁÒ·´ÊÍº áÊ´§
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ä´‰´Ñ§ÃÙ»·Õè 4.12 ¼Å¡ÒÃ»ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒ¢Í§¤Å×è¹¡Ã³Õ´Ñ§¡Å̂ÒÇ¹Õé (μÒÁμÒÃÒ§·Õè 4.11)
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ÃÙ»·Õè 4.12: ÃÙ»¤Å×è¹·Õèä´‰¨Ò¡ËÁ‰Íá»Å§ ÁÕÍÑμÃÒÊ̂Ç¹àÇÅÒË¹‰Ò¤Å×è¹/ËÅÑ§¤Å×è¹à»“¹ 1.05/50 �s
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ÃÙ»·Õè 4.13: ÃÙ»¤Å×è¹·Õèä´‰¨Ò¡ËÁ‰Íá»Å§ ÁÕÍÑμÃÒÊ̂Ç¹àÇÅÒË¹‰Ò¤Å×è¹/ËÅÑ§¤Å×è¹à»“¹ 1.05/50 �s áÅÐÃÙ»
¤Å×è¹·Õè»ÃÐàÁÔ¹ä´‰â´ÂÇÔ¸Õ LM
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ÃÙ»·Õè 4.14: ÃÙ»¤Å×è¹·Õèä´‰¨Ò¡ËÁ‰Íá»Å§ ÁÕÍÑμÃÒÊ̂Ç¹àÇÅÒË¹‰Ò¤Å×è¹/ËÅÑ§¤Å×è¹à»“¹ 1.05/50 �s ºÃÔàÇ³
¤ˆÒÂÍ´
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ÃÙ»·Õè 4.15: ÃÙ»áÊ´§ËÅÑ§¤Å×è¹·Õè»ÃÐ´ÔÉ°Œä´‰¨Ò¡μÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹

��(MV) �� (�s) �� (�s)

Unscented kalman filter - - -

Levenberg - Marquardt 0.992 2.601 49.093

μÒÃÒ§·Õè 4.11: μÒÃÒ§áÊ´§¡ÒÃ¼Å¡ÒÃ»ÃÐàÁÔ¹ÃÙ»¤Å×è¹¨Ò¡ËÁ‰Íá»Å§¡Ã³Õ·´ÅÍ§·Õè 3

¾ºÇˆÒÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·ÊÒÁÒÃ¶»ÃÐàÁÔ¹ä´‰·Ø¡¾ÒÃÒÁÔàμÍÃŒ â´Â¾ÒÃÒÁÔàμÍÃŒ·Õè¼Ô´¾ÅÒ´ÁÒ¡
·ÕèÊØ´¤×Í àÇÅÒË¹‰Ò¤Å×è¹ (��) «Öè§à¡Ô´¨Ò¡ºÃÔàÇ³Ë¹‰Ò¤Å×è¹ÁÕ¤ÇÒÁ¼Ô´à¾ÕéÂ¹ÁÒ¡ ã¹¢³Ð·ÕèμÑÇ¡ÃÍ§ÍÑ¹
à«¹·Œà·ç·¤ÒÅÁÒ¹¨Ð»ÃÐàÁÔ¹ä´‰à©¾ÒÐËÅÑ§¤Å×è¹ â´ÂÃÙ»¤Å×è¹·Õè»ÃÐ´ÔÉ°Œä´‰¨Ò¡ÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤
ÇÍÃŒ·ã¹Ê̂Ç¹¢Í§ÃÙ»¤Å×è¹ÊÁºÙÃ³ŒáÅÐÀÒ¾¢ÂÒÂºÃÔàÇ³ÂÍ´¤Å×è¹áÊ´§äÇ‰ã¹ÃÙ»·Õè 4.3.2 áÅÐ 4.14 μÒÁ
ÅíÒ´Ñº áÅÐÊíÒËÃÑºÃÙ»¤Å×è¹»ÃÐ´ÔÉ°ŒºÃÔàÇ³ËÅÑ§¤Å×è¹¢Í§μÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹áÊ´§äÇ‰ã¹ÃÙ»·Õè
4.15 ¡ÒÃÇÔà¤ÃÒÐËŒ¼ÅÊÒÁÒÃ¶áÊ´§ä´‰´Ñ§μˆÍä»¹Õé
¤ÇÒÁ¼Ô´¾ÅÒ´¢Í§Ë¹‰Ò¤Å×è¹

����� �
��
"��� �
���

�
��
� ��� � ��$
$�# (4.7)

¤ÇÒÁ¼Ô´¾ÅÒ´¢Í§ËÅÑ§¤Å×è¹

����� �
�� 
� �� ���

��
� ��� � �
!��# (4.8)

4.3.4 ÃÙ»¤Å×è¹·Õèä ‰́¨Ò¡ËÁ‰Íá»Å§¡Ã³Õ·´ÅÍ§·Õè 4

¡ÒÃ·´ÅÍ§«Í¿·ŒáÇÃŒÊíÒËÃÑº»ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒ¢Í§ÃÙ»¤Å×è¹·Õèä´‰¨Ò¡ËÁ‰Íá»Å§¹Õé à»“¹¡Ã³Õ
ÊØ´·‰ÒÂ«Öè§ÃÙ»¤Å×è¹·Õèä´‰¨ÐÁÕÍÑμÃÒÊ̂Ç¹Ë¹‰Ò¤Å×è¹/ËÅÑ§¤Å×è¹à»“¹ 1.13/86.5 �s «Öè§ÅÑ¡É³Ð¢Í§ÃÙ»¤Å×è¹¹Õé
áÊ´§äÇ‰´Ñ§ÃÙ»·Õè 4.16 áÅÐÃÙ»¤Å×è¹·Õè»ÃÐ´ÔÉ°Œä´‰´‰ÇÂÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·ÊÒÁÒÃ¶áÊ´§ä´‰´Ñ§ÃÙ»
·Õè 4.3.4 ¤ÇÒÁ¼Ô´¾ÅÒ´¢Í§Ë¹‰Ò¤Å×è¹
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ÃÙ»·Õè 4.16: ÃÙ»¤Å×è¹·Õèä´‰¨Ò¡ËÁ‰Íá»Å§ ÁÕÍÑμÃÒÊ̂Ç¹àÇÅÒË¹‰Ò¤Å×è¹/ËÅÑ§¤Å×è¹à»“¹ 1.13/86.5 �s
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ÃÙ»·Õè 4.17: ÃÙ»¤Å×è¹·Õèä´‰¨Ò¡ËÁ‰Íá»Å§ ÁÕÍÑμÃÒÊ̂Ç¹àÇÅÒË¹‰Ò¤Å×è¹/ËÅÑ§¤Å×è¹à»“¹ 1.05/50 �s áÅÐÃÙ»
¤Å×è¹·Õè»ÃÐàÁÔ¹ä´‰â´ÂÇÔ¸Õ LM
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ÃÙ»·Õè 4.18: ÃÙ»¤Å×è¹·Õèä´‰¨Ò¡ËÁ‰Íá»Å§ ÁÕÍÑμÃÒÊ̂Ç¹àÇÅÒË¹‰Ò¤Å×è¹/ËÅÑ§¤Å×è¹à»“¹ 1.05/50 �s ºÃÔàÇ³
¤ˆÒÂÍ´
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���# (4.9)
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ÃÙ»·Õè 4.19: ÃÙ»áÊ´§ËÅÑ§¤Å×è¹·Õè»ÃÐ´ÔÉ°Œä´‰¨Ò¡μÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹

�� (MV) �� (�s) �� (�s)

Unscented kalman filter - - -

Levenberg - Marquardt 0.988 1.898 82.816

μÒÃÒ§·Õè 4.12: μÒÃÒ§áÊ´§¡ÒÃ»ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒ·Õèä´‰¨Ò¡ËÁ‰Íá»Å§¡Ã³Õ·´ÅÍ§·Õè 4

¤ÇÒÁ¼Ô´¾ÅÒ´¢Í§ËÅÑ§¤Å×è¹

����� �
�!�
!�"� !"
��

!"
�
� ��� � �
�"# (4.10)

¼Å¨Ò¡¡ÒÃ·´ÅÍ§μÒÁμÒÃÒ§·Õè 4.12 ¾ºÇˆÒ ÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·ÊÒÁÒÃ¶»ÃÐàÁÔ¹ä´‰àÇÅÒËÅÑ§
¤Å×è¹áÁˆ¹ÂíÒ ÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´àÅç¡¹‰ÍÂ áμˆàÇÅÒË¹‰Ò¤Å×è¹ÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´à¡×Íºà·ˆÒμÑÇ à¹×èÍ§´‰ÇÂ
¼Å¢Í§¤ÇÒÁà¾ÕéÂ¹ºÃÔàÇ³Ë¹‰Ò¤Å×è¹·ÕèÁÒ¡ ã¹¢³Ð·ÕèμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹ÊÒÁÒÃ¶»ÃÐàÁÔ¹ä´‰
à©¾ÒÐºÃÔàÇ³ËÅÑ§¤Å×è¹à·̂Ò¹Ñé¹ ¾ÒÃÒÁÔàμÍÃŒàÊÁ×Í¹ÍÂ̂Ò§ Ø̈´àÃÔèÁμ‰¹àÊÁ×Í¹ ¨Ö§äÁˆÊÒÁÒÃ¶ËÒä´‰ ·íÒãË‰
¾ÒÃÒÁÔàμÍÃŒÍÂˆÒ§Í×è¹äÁˆÊÒÁÒÃ¶ËÒä´‰´‰ÇÂàªˆ¹¡Ñ¹ Yan Zhao et. al. [5] ä´‰áÊ´§¢‰ÍÊ¹à·Èà¡ÕèÂÇ¡Ñº
¤ÇÒÁ¼Ô´¾ÅÒ´äÇ‰ÇˆÒ ËÒ¡áºº í̈ÒÅÍ§·Õèãª‰ã¹¡ÒÃ»ÃÐàÁÔ¹ÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´ μÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅ
ÁÒ¹¨Ðä´‰ÃÑº¼Å¡ÃÐ·ºÁÒ¡ «Öè§ã¹¡Ã³Õ¡ÒÃ·´ÅÍ§¡ÑºËÁ‰Íá»Å§¹Õé ËÒ¡¾Ô¨ÒÃ³ÒãË‰´Õ¨Ð¾ºÇˆÒ ¡ÒÃ
á¡Çˆ§ºÃÔàÇ³ÂÍ´¤Å×è¹áÅÐË¹‰Ò¤Å×è¹μÒÁ»Ã¡μÔäÁˆ¶×Íà»“¹¡ÒÃÃº¡Ç¹ áÅÐäÁ̂¤ÇÃ¶×ÍÇˆÒÁÕ¡ÒÃ¡ÃÐ¨ÒÂ
áººà¡ÒÊŒ ´Ñ§¹Ñé¹àÁ×èÍμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹ äÁˆä´‰¾Ô¨ÒÃ³Ò¤ÇÒÁà¾ÕéÂ¹´Ñ§¡Å̂ÒÇà»“¹¡ÒÃÃº
¡Ç¹ ÁÑ¹¨Ð¶×ÍÇˆÒà»“¹ ¢‰ÍÁÙÅ¢Í§ÃÐºº áμˆáºº¨íÒÅÍ§·Õèãª‰μÒÁ·ÄÉ®Õà»“¹ÊÁ¡ÒÃàÅ¢ªÕé¡íÒÅÑ§¤Ùˆ «Öè§
äÁˆÁÕ¡ÒÃá¡Çˆ§ μÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç· Ö̈§ “ÁÍ§ÇˆÒ” à»“¹¤ÇÒÁ¼Ô´¾ÅÒ´¢Í§áºº¨íÒÅÍ§



º··Õè 5

ÊÃØ»¼ÅáÅÐ¢‰ÍàÊ¹Íá¹Ð

ã¹ÇÔ·ÂÒ¹Ô¾¹¸Œ©ºÑº¹Õé·íÒ¡ÒÃ·´ÊÍºÃÙ»¤Å×è¹ÍÂÙˆ 2 ¢Ñé¹μÍ¹¤×Í ¢Ñé¹μÍ¹¡ÒÃ·´ÊÍºº¹
â»Ãá¡ÃÁ TDG «Öè§à»“¹â»Ãá¡ÃÁ¡íÒà¹Ô´ÃÙ»¤Å×è¹μÒÁÁÒμÃ°Ò¹ á¹Ç·Ò§¹íÒàÊ¹Í¨Ð¾Ô¨ÒÃ³ÒàÃ×èÍ§
¢Í§àÇÅÒ·Õèãª‰¾Ã‰ÍÁ·Ñé§ »’¨ Ñ̈Â·Õèà¡ÕèÂÇ¢‰Í§ ¢¹Ò´¢Í§μÑÇá»ÃËÃ×ÍË¹ˆÇÂ¤ÇÒÁ í̈Ò·Õè¡ÃÃÁÇÔ¸Õ·Ñé§ 2 μ‰Í§
ãª‰ ¨íÒ¹Ç¹ª¹Ô´¢Í§ÃÙ»¤Å×è¹·ÕèÇÔ¸Õ·Ñé§ 2 »ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒ¼ˆÒ¹μÒÁà¡³±Œ ÃÇÁ¶Ö§¡ÒÃÊÃØ»¢‰Í í̈Ò¡Ñ´
·Õèà»“¹ä»ä´‰¢Í§áμˆÅÐÇÔ¸Õ ã¹¡Ã³Õ·Õè¡ÃÃÁÇÔ¸Õã´ äÁˆÊÒÁÒÃ¶»ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒ¨Ò¡ÃÙ»¤Å×è¹·´ÊÍºä´‰
áÅÐ¢Ñé¹μÍ¹·Õè´íÒà¹Ô¹¡ÒÃ¡ÑºÃÙ»¤Å×è¹·Õèä´‰¨Ò¡ËÁ‰Íá»Å§ ¨Ð¾Ô¨ÒÃ³Ò¶Ö§¤ÇÒÁ¶Ù¡μ‰Í§¢Í§¾ÒÃÒÁÔàμÍÃŒ
·Õè»ÃÐàÁÔ¹ä´‰ â´Âà»ÃÕÂºà·ÕÂº¡Ñº¤ˆÒ·Õèä´‰¨Ò¡¡ÒÃ»ÃÐàÁÔ¹â´Â¼Ù‰àªÕèÂÇªÒ ÃÇÁ¶Ö§ÊÃØ»¢‰Í í̈Ò¡Ñ´·ÕèÍÒ¨
à»“¹ä»ä´‰ÊíÒËÃÑº¡ÒÃ·´ÅÍ§º¹ÃÙ»¤Å×è¹¨Ò¡ËÁ‰Íá»Å§

5.1 ÊÃØ»¼Å¡ÒÃ´íÒà¹Ô¹¡ÒÃº¹â»Ãá¡ÃÁ TDG

à»“¹¡ÒÃÊÃØ»¼Å·Õèä´‰¨Ò¡¢Ñé¹μÍ¹¢Í§¡ÒÃ»ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒ¢Í§ÃÙ»¤Å×è¹·´ÊÍº·Õèä´‰¨Ò¡â»Ãá¡ÃÁ
TDG â´ÂáÂ¡à»“¹»ÃÐà´ç¹ÂˆÍÂæ ´Ñ§μˆÍä»¹Õé

5.1.1 àÇÅÒ·Õèãª‰ã¹¡ÒÃ»ÃÐÁÇÅ¼Å

ÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·ÍÒÈÑÂ¡ÒÃÊÃ‰Ò§àÁ·ÃÔ¡«Œ¨Òâ¤àºÕÂ¹à¾×èÍ¡ÒÃ»ÃÑº»ÃØ§¤ˆÒμÑÇá»Ã � ãË‰
à¢‰ÒÊÙˆ¤íÒμÍºâ´Âμ‰Í§¡ÒÃà¾ÕÂ§¤ˆÒàÃÔèÁμ‰¹ áÅÐ¿’§¡ŒªÑ¹ (áºº¨íÒÅÍ§) ·Õèãª‰¨Ð¢Öé¹¡Ñº í̈Ò¹Ç¹ÃÍº·ÕèÇÔ¸Õ¹Õé
μ‰Í§´íÒà¹Ô¹¡ÒÃ â´Â¤ˆÒàÃÔèÁμ‰¹ à»“¹»’¨ Ñ̈ÂÊíÒ¤ÑÍÑ¹Ë¹Öè§·ÕèÁÕ¼Å ËÒ¡àÃÔèÁμ‰¹ä´‰ã¡Å‰¡Ñº¤íÒμÍº í̈Ò¹Ç¹
ÃÍº¨Ð¹‰ÍÂ Ê̂§¼ÅãË‰àÇÅÒ·Õèãª‰¹‰ÍÂμÒÁä»´‰ÇÂ ´Ñ§á¼¹¼Ñ§ 5.2 áμˆËÒ¡¤ˆÒàÃÔèÁμ‰¹ÍÂÙˆä¡Å¨Ò¡¤íÒμÍº
¨íÒ¹Ç¹ÃÍº¨ÐÁÒ¡â´ÂÁÕà¡³±ŒμÃÇ¨ÊÍº ÊíÒËÃÑºËÂØ´´íÒà¹Ô¹¡ÒÃ¤×Í¤ˆÒ¢Í§ � ¨Ðμ‰Í§äÁˆÍÂÙˆã¹ªˆÇ§·Õè
¡íÒË¹´ (� +� ������ �����) ËÒ¡¤ˆÒàÃÔèÁμ‰¹ÍÂÙˆËˆÒ§¨Ò¡¤íÒμÍºÁÒ¡ ¤ˆÒ � ¹Õé¨Ðμ‰Í§»ÃÑº»ÃØ§º̂ÍÂ
¤ÃÑé§ÁÒ¡¢Öé¹ ¹Í¡¨Ò¡¹Õé¡ÒÃÊÃ‰Ò§àÁ·ÃÔ¡«Œ¨Òâ¤àºÕÂ¹à¾×èÍãª‰ã¹¡ÒÃ»ÃÑº»ÃØ§¤ˆÒ¢Í§ ��
� ¨Ðμ‰Í§ÁÕ¡ÒÃ
¤íÒ¹Ç³ãËÁˆ «Öè§Ê̂Ç¹¢Í§¡ÒÃ¤íÒ¹Ç³¨Òâ¤àºÕÂ¹¹ÕéàÍ§ à»“¹ÍÕ¡»’¨ Ñ̈Â·Õè·íÒãË‰ÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·
¨Ðμ‰Í§ãª‰àÇÅÒÁÒ¡¡ÇˆÒ¢Ñé¹μÍ¹Í×è¹æ «Öè§ÍÂÙˆã¹¡ÃÃÁÇÔ¸Õ á¼¹¼Ñ§áÊ´§¡ÒÃËÂØ´·íÒ§Ò¹áÅÐà§×èÍ¹ä¢·Õèãª‰
»ÃÑº»ÃØ§¤ˆÒà»“¹´Ñ§ÃÙ»·Õè 5.2

ÇÔ¸ÕμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹ ÍÒÈÑÂ¡ÒÃá»Å§ÍÑ¹à«¹·Œà·ç·áÅÐ¡ÒÃàÅ×èÍ¹ Ø̈´«Ô¡ÁˆÒà¾×èÍ¹íÒ
ä»ÊÙˆ¡ÒÃ»ÃÑº»ÃØ§μÑÇá»ÃÊ¶Ò¹Ð �� «Öè§¡ÒÃá»Å§ÍÑ¹à«¹·Œà·ç· ¨Ðμ‰Í§ÍÒÈÑÂ¡ÒÃËÒÃÒ¡·ÕèÊÍ§¢Í§àÁ·
ÃÔ¡«Œ¤ÇÒÁá»Ã»ÃÇ¹ (

�
� ) áÅÐã¹¡ÒÃÇ¹ÃÍº 1 ÃÍº¨Ðμ‰Í§¤íÒ¹Ç³¶Ö§ 3 ¤ÃÑé§ «Öè§·íÒãË‰μ‰Í§ãª‰àÇÅÒ



61

ÁÒ¡ áÅÐ¡ÒÃàÅ×èÍ¹ Ø̈´«Ô¡ÁˆÒ«Öè§à»“¹¢Ñé¹μÍ¹·Õèμ‰Í§ãª‰ÃˆÇÁ¡Ñº¡ÒÃàÅ×Í¡ Ø̈´«Ô¡ÁˆÒ à¾×èÍãË‰à¡Ô´¤ÇÒÁáÁˆ¹
ÂíÒ¢Í§¼Å¡ÒÃ·´ÅÍ§¹Ñé¹ μ‰Í§ÍÒÈÑÂàÇÅÒ·Õèà·ÕÂºà·̂Ò¡Ñº¡ÒÃàÅ×Í¡ Ø̈´«Ô¡ÁˆÒÍÕ¡¤ÃÑé§ à¾ÕÂ§áμˆã¹¢Ñé¹¹ÕéäÁˆ
ÁÕ¡ÒÃ¤íÒ¹Ç³ÃÒ¡·Õè 2 ¢Í§¤ÇÒÁá»Ã»ÃÇ¹ ¹Í¡¨Ò¡¹ÕéàÁ×èÍ¾Ô¨ÒÃ³Ò¶Ö§à¡³±Œ¡ÒÃÅÙˆà¢‰ÒÊÙˆ¼Åà©ÅÂμÒÁ
ÃÙ»·Õè 5.1 áÅ‰Ç¹Ñé¹ μÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·ÁÕÍÑμÃÒ¡ÒÃÅÙˆà¢‰ÒÊÙˆ¤íÒμÍºª‰Ò¡ÇˆÒ¡Ã³ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·

´Ñ§¹Ñé¹ã¹Ê̂Ç¹¢Í§¡ÒÃãª‰àÇÅÒã¹¡ÒÃ»ÃÐÁÇÅ¼Å μÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹ãª‰àÇÅÒÁÒ¡¡ÇˆÒ
ÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·

ÃÙ»·Õè 5.1: ÃÙ»áÊ´§à¡³±Œ¡ÒÃËÂØ´·íÒ§Ò¹¢Í§ÇÔ¸ÕμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹
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ÃÙ»·Õè 5.2: ÃÙ»áÊ´§à¡³±Œ¡ÒÃËÂØ´·íÒ§Ò¹¢Í§ÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·
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5.1.2 ¤ˆÒàÃÔèÁμ‰¹·Õèãª‰ã¹¡ÃÐºÇ¹¡ÒÃ

ÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·ÊÒÁÒÃ¶ãª‰¤ˆÒàÃÔèÁμ‰¹·Õè¡Å̂ÒÇäÇ‰ã¹º··Õè 3 ä´‰â´ÂäÁˆÁÕ»’ËÒ ¤íÒμÍº
·Õèä´‰¨Ò¡¡ÒÃ´íÒà¹Ô¹¡ÒÃÊÒÁÒÃ¶ãË‰¤ˆÒ¢Í§¾ÒÃÒÁÔàμÍÃŒ¢Í§ÃÙ»¤Å×è¹¿„Ò¼ˆÒ ä´‰μÃ§μÒÁà¡³±Œ·Ø¡¡Ã³Õ
¢Í§â»Ãá¡ÃÁ TDG ¶Ö§áÁ‰ÇˆÒÊÁ¡ÒÃ·Õèãª‰ã¹¡ÒÃ»ÃÐ´ÔÉ°ŒÃÙ»¤Å×è¹ÍÒ¨ÁÕ¢‰Íáμ¡μˆÒ§ã¹ºÒ§¡Ã³Õ¢Í§
â»Ãá¡ÃÁ TDG ÍÒ·Ôàªˆ¹ÃÙ»¤Å×è¹ TDG ¡Ã³Õ·Õè 4 (LIFA) ÁÕ¡ÒÃãª‰ÊÁ¡ÒÃ·Õè 3.2 ÊíÒËÃÑº»ÃÐ´ÔÉ°ŒË¹‰Ò
¤Å×è¹¹Ñé¹ ÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·ÊÒÁÒÃ¶»ÃÐàÁÔ¹ä´‰¶Ù¡μ‰Í§μÒÁà¡³±Œ

ÇÔ¸ÕμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹ÊÒÁÒÃ¶ãª‰¤ˆÒàÃÔèÁμ‰¹´Ñ§·ÕèàÊ¹ÍäÇ‰ã¹º··Õè 3 ä´‰áμˆà¾ÕÂ§à©¾ÒÐ
¢Ñé¹μÍ¹¡ÒÃ»ÃÐ´ÔÉ°ŒËÒ§¤Å×è¹«Öè§»ÃÐ¡Íº´‰ÇÂ Ø̈´¢‰ÍÁÙÅ»ÃÐÁÒ³ 8,000 ¨Ø´à·̂Ò¹Ñé¹ áμˆã¹¡ÒÃ»ÃÐ´ÔÉ°Œ
Ë¹‰Ò¤Å×è¹ í̈Òà»“¹μ‰Í§ÁÕ¡ÃÃÁÇÔ¸ÕÍÂ̂Ò§Í×è¹à¾ÔèÁàμÔÁ¡̂Í¹ ã¹§Ò¹ÇÔ¨ÑÂ¹ÕéÍÒÈÑÂμÑÇ¡ÃÍ§¤ÒÅÁÒ¹¢ÂÒÂμÒÁ
á¹Ç·Ò§¢Í§ Pérez et al. [12] à»“¹¡ÃÃÁÇÔ¸Õã¹¡ÒÃËÒ¤ˆÒàÃÔèÁμ‰¹à¾×èÍãª‰ã¹¡ÒÃ¤íÒ¹Ç³ áμˆ¶Ö§¡ÃÐ¹Ñé¹
¡ÒÃ»ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒ¢Í§ÃÙ»¤Å×è¹ ¡çÂÑ§äÁˆÊÒÁÒÃ¶·íÒä´‰·Ø¡¡Ã³Õ´Ñ§àª̂¹ ÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·

5.1.3 ¤ÇÒÁ¶Ù¡μ‰Í§¢Í§¤íÒμÍº

ã¹·Õè¹ÕéËÁÒÂ¶Ö§¾ÒÃÒÁÔàμÍÃŒ¢Í§ÃÙ»¤Å×è¹¿„Ò¼ˆÒ·Õè»ÃÐàÁÔ¹ä´‰ ÊíÒËÃÑºÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·
ÊÒÁÒÃ¶»ÃÐàÁÔ¹ÃÙ»¤Å×è¹ä´‰¶Ù¡μ‰Í§·Ø¡»ÃÐàÀ·¢Í§â»Ãá¡ÃÁ TDG áÁ‰à»“¹ÃÙ»¤Å×è¹·ÕèÁÕ¡ÒÃÃº¡Ç¹äÁˆ
à¡Ô¹ 5% ¢Í§áÃ§´Ñ¹¤ˆÒÂÍ´ ËÃ×ÍÃÙ»¤Å×è¹·ÕèÁÕ¡ÒÃá¡Çˆ§äÁˆà¡Ô¹ 500 kHz ÇÔ¸Õ´Ñ§¡Å̂ÒÇÊÒÁÒÃ¶»ÃÐàÁÔ¹
¾ÒÃÒÁÔàμÍÃŒÃÙ»¤Å×è¹ä´‰μÃ§μÒÁÁÒμÃ°Ò¹ ã¹¢³Ð·ÕèÇÔ¸ÕμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹¹Ñé¹ ¨Ð»ÃÐàÁÔ¹
¾ÒÃÒÁÔàμÍÃŒÃÙ»¤Å×è¹¿„Ò¼ˆÒä´‰´Õà©¾ÒÐ¡Ã³Õ«Öè§ ¡ÒÃá¡Çˆ§ÁÕ¤ÇÒÁ¶ÕèÁÒ¡¡ÇˆÒ 500 kHz, ¡ÒÃÃº¡Ç¹
äÁˆÊÒÁÒÃ¶¡íÒË¹´¤ˆÒä´‰ËÃ×Í ÃÙ»¤Å×è¹àÃÕÂºäÃ‰¡ÒÃÃº¡Ç¹à·̂Ò¹Ñé¹ Ê̂Ç¹ÃÙ»¤Å×è¹·ÕèÁÕ¢¹Ò´¡ÒÃÃº¡Ç¹äÁˆ
à¡Ô¹ 5% ¢Í§¤ˆÒÂÍ´ ÇÔ¸ÕμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·ÊÒÁÒÃ¶·íÒä´‰ à»“¹ºÒ§ÃÙ»¤Å×è¹à·̂Ò¹Ñé¹

â´ÂÊÃØ»¨Ò¡¡ÒÃ·´ÊÍº«Í¿·ŒáÇÃŒ¡ÑºÃÙ»¤Å×è¹·´ÊÍº·Õè¡íÒà¹Ô´¨Ò¡â»Ãá¡ÃÁ TDG ¾ºÇˆÒ
ÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·ÊÒÁÒÃ¶»ÃÐàÁÔ¹¾ÒÃÒÁÔàμÍÃŒä´‰ÍÂˆÒ§¶Ù¡μ‰Í§´‰ÇÂàÇÅÒ·Õè¹‰ÍÂ¡ÇˆÒ ¤ˆÒàÃÔèÁ
μ‰¹·Õèã¡Å‰à¤ÕÂ§¡Ñº¤íÒμÍº¹‰ÍÂ¡ÇˆÒÇÔ¸ÕμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹ÁÒ¡ â´Âà©¾ÒÐàÃ×èÍ§¢Í§àÇÅÒÇÔ¸Õ
μÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹¨Ðãª‰àÇÅÒ»ÃÐÁÒ³ 3-5 ÇÔ¹Ò·Õã¹¢³Ð·ÕèÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·ãª‰
àÇÅÒâ´Â»ÃÐÁÒ³à¾ÕÂ§ 1 ÇÔ¹Ò·Õà·̂Ò¹Ñé¹ áÅÐÊíÒËÃÑº¤ˆÒàÃÔèÁμ‰¹ ÇÔ¸ÕμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹
μ‰Í§ÍÒÈÑÂ¡ÃÃÁÇÔ¸ÕÍ×è¹ªˆÇÂã¹¡ÒÃËÒ¤ˆÒàÃÔèÁμ‰¹¡̂Í¹ ã¹¡Ã³Õ·Õè¢Ñé¹μÍ¹·Õè´íÒà¹Ô¹¡ÒÃ (àªˆ¹ ¢Ñé¹μÍ¹¡ÒÃ
»ÃÐ´ÔÉ°ŒË¹‰Ò¤Å×è¹ à»“¹μ‰¹) ÁÕ í̈Ò¹Ç¹¨Ø´ÊíÒËÃÑº¤íÒ¹Ç³¹‰ÍÂ ¡ÒÃàÃÔèÁμ‰¹â´ÂÇÔ¸Õã¹º··Õè 3 äÁˆà¾ÕÂ§¾Í
μˆÍ¡ÒÃ´íÒà¹Ô¹¡ÒÃ

5.2 ÊÃØ»¼Å¡ÒÃ´íÒà¹Ô¹¡ÒÃº¹ÃÙ»¤Å×è¹¿„Ò¼̂Ò·Õèä´‰¨Ò¡ËÁ‰Íá»Å§

ÃÙ»¤Å×è¹·Õèä´‰¨Ò¡ËÁ‰Íá»Å§ã¹§Ò¹ÇÔ¨ÑÂ¹Õé à»“¹ÃÙ»¤Å×è¹·ÕèÁÕ¤ÇÒÁ¼Ô´»¡μÔºÃÔàÇ³Ë¹‰Ò¤Å×è¹áÅÐÂÍ´
¤Å×è¹ÁÒ¡ â´ÂÅÑ¡É³Ð¢Í§ÂÍ´¤Å×è¹¨ÐàÅ×èÍ¹ä»·Ò§¢ÇÒ¢Í§á¡¹àÇÅÒ (àÁ×èÍà»ÃÕÂºà·ÕÂº¡ÑºÃÙ»¤Å×è¹
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μÒÁÁÒμÃ°Ò¹) áÅÐàÊÁ×Í¹ÁÕÂÍ´¤Å×è¹«‰Í¹ºÃÔàÇ³Ë¹‰Ò¤Å×è¹ »’ËÒÊíÒ¤ÑÊíÒËÃÑº¢Ñé¹μÍ¹´íÒà¹Ô¹¡ÒÃ
¢Í§·Ñé§ 2 ¡ÃÃÁÇÔ¸Õ¤×Í ¡ÒÃáº̂§§Ò¹à»“¹ 2 ¢Ñé¹μÍ¹ ¤×Í ¡ÒÃ»ÃÐ´ÔÉ°ŒÊ̂Ç¹ËÒ§¤Å×è¹¡̂Í¹ áÅ‰Ç
¹íÒ¤ˆÒ·Õèä´‰ÁÒ»ÃÐ´ÔÉ°ŒË¹‰Ò¤Å×è¹ ÇÔ¸Õ´Ñ§¡Å̂ÒÇ¹Õé¨Ðä´‰¼Å´Õ ¡çμ̂ÍàÁ×èÍ¡ÒÃÃº¡Ç¹ºÃÔàÇ³ÂÍ´¤Å×è¹áÅÐË¹‰Ò
¤Å×è¹ÁÕ¢¹Ò´äÁ̂ÁÒ¡ áμˆ¶Ö§¡ÃÐ¹Ñé¹ÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·ÂÑ§ÊÒÁÒÃ¶»ÃÐàÁÔ¹ÃÙ»¤Å×è¹ä´‰ áÁ‰¤ˆÒ·Õè
ä´‰¨ÐÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´ã¹ºÒ§¾ÒÃÒÁÔàμÍÃŒ ´Ñ§¹Ñé¹ËÒ¡à»ÅÕèÂ¹¢Ñé¹μÍ¹ÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ·ÍÒ¨¨Ð
ÊÒÁÒÃ¶»ÃÐÁÇÅ¼Åä´‰ ÊíÒËÃÑºÇÔ¸ÕμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹¹Ñé¹ àËç¹ä´‰¤ˆÍ¹¢‰Ò§ªÑ´à¨¹ÇˆÒÂÑ§à»“¹
ÇÔ¸Õ·ÕèÁÕÍØ»ÊÃÃ¤ÍÂÙˆã¹àÃ×èÍ§¢Í§¤ˆÒàÃÔèÁμ‰¹ ¡ÒÃËÒ¤ˆÒÃÒ¡·ÕèÊÍ§¢Í§àÁ·ÃÔ¡«Œ¤ÇÒÁá»Ã»ÃÇ¹ (

�
� ) à»“¹

¨Ø´ÍˆÍ¹¢Í§ÇÔ¸Õ´Ñ§¡Å̂ÒÇ¹Õé ¡Å̂ÒÇ¤×Í¹ÍÃŒÁ¢Í§àÁ·ÃÔ¡«Œ¨ÐÅ´Å§àÃ×èÍÂæ ËÒ¡ÇˆÒàÁ×èÍã´·Õè ¤ˆÒÅÑ¡É³Ð
à©¾ÒÐ¤ˆÒã´¤ˆÒË¹Öè§à»“¹Åº ¨ÐÊ̂§¼ÅãË‰¡ÃÐºÇ¹¡ÒÃËÂØ´Å§áÁ‰ÇˆÒ¹ÍÃŒÁ¢Í§¤ÇÒÁá»Ã»ÃÇ¹ 2 ÃÍºμÔ´
ã´æ ÂÑ§äÁˆ¹‰ÍÂ¡ÇˆÒ¤ˆÒ·Õè¡íÒË¹´

5.3 ÇÔà¤ÃÒÐËŒ¼Å·Õèä´‰

ÊíÒËÃÑº¡ÃÃÁÇÔ¸ÕàÅàÇ¹àºÔÃŒ¡-ÁÒÃŒ¤ÇÍÃŒ· ¡ÒÃËÒ¤ˆÒàËÁÒÐÊÁ·ÕèÊØ´¨ÐÍÒÈÑÂáºº¨íÒÅÍ§à»“¹ËÅÑ¡
áÅÐ¢‰ÍÁÙÅ·ÕèÃÑºà¢‰ÒÁÒã¹ÃÐººà¾×èÍ»ÃÑº»ÃØ§¤ˆÒ¹Ñé¹ ¨Ð·íÒË¹‰Ò·Õè»ÃÑºÃÙ»â¤‰§ãË‰àËÁÒÐμˆÍáºº í̈ÒÅÍ§ Ö̈§
à»“¹ÇÔ¸Õ·ÕèÁÑ¡¨ÐËÒ¤ˆÒ·ÕèàËÁÒÐÊÁÊØ´ä´‰àÊÁÍ ÊíÒËÃÑºã¹¡Ã³Õ¡ÒÃ»ÃÑºÃÙ»â¤‰§à¾×èÍ»ÃÐ´ÔÉ°ŒÃÙ»¤Å×è¹´Å¿„Ò
¼ˆÒ ¡ÃÃÁÇÔ¸Õ¹ÕéÊÒÁÒÃ¶·íÒä´‰´Õ·Ø¡¡Ã³Õ áÁ‰áμˆ¡ÑºÃÙ»¤Å×è¹·Õèä´‰¨Ò¡ËÁ‰Íá»Å§¡çÊÒÁÒÃ¶»ÃÐ´ÔÉ°ŒÃÙ»
¤Å×è¹ä´‰ áÁ‰¾ÒÃÒÁÔàμÍÃŒ¨ÐäÁˆ¶Ù¡μ‰Í§ã¹ºÃÔàÇ³Ë¹‰Ò¤Å×è¹¡çμÒÁ

ã¹¡Ã³Õ¢Í§μÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹¨Ð»ÃÐÊº»’ËÒàÃ×èÍ§àÁ·ÃÔ¡«Œ¤ÇÒÁá»Ã»ÃÇ¹äÁˆ¹ÔÂÒÁ
ºÇ¡º̂ÍÂ¤ÃÑé§ àÁ×èÍ¾Ô¨ÒÃ³Ò¼Å¡ÒÃ·´ÅÍ§ÂˆÍÂæ ¨ÐÊÃØ»ä´‰à»“¹»ÃÐà´ç¹´Ñ§μˆÍä»¹Õé

� ¡ÒÃàÃÔèÁμ‰¹¤ÇÒÁá»Ã»ÃÇ¹¹Ñé¹ ËÒ¡¤ˆÒàÃÔèÁμ‰¹¢Í§μÑÇá»ÃÊ¶Ò¹Ð (��) ÁÕ¤ˆÒ¹‰ÍÂ áμˆÁÕ¤ÇÒÁ¶Ù¡
μ‰Í§ÊÙ§ (â´ÂÍÒÈÑÂ¡ÒÃËÒ¤ˆÒàËÁÒÐÊÁÊØ´àªÔ§àÊ‰¹¡̂Í¹) ¨Ðμ‰Í§à¾ÔèÁ¤ˆÒ¢Í§¤ÇÒÁá»Ã»ÃÇ¹¢Öé¹ÁÒ
ÍÂÙˆã¹ÃÐ´ÑºäÁˆà¡Ô¹ ��� àÊÕÂ¡ˆÍ¹ Ö̈§ ¨Ð»ÃÐÁÇÅ¼Åä´‰ à¹×èÍ§´‰ÇÂ¶‰Ò¤ÇÒÁá»Ã»ÃÇ¹ÁÕ¤ˆÒ¹‰ÍÂà¡Ô¹
ä» ¨Ðà¡Ô´ÊÀÒÇÐÊÙàÊÕÂ¤ÇÒÁáÁ̂¹ÂíÒ (Loss of precision) áμˆ¶‰ÒËÒ¡ÇˆÒÁÕ¤ˆÒÁÒ¡à¡Ô¹ä» ¨Ðà»“¹
¡ÒÃáÊ´§ÇˆÒ äÁ̂àª×èÍ ã¹¤ˆÒàÃÔèÁμ‰¹ «Öè§äÁˆ¶Ù¡μ‰Í§à¾ÃÒÐã¹¡Ã³Õ¹Õéä´‰¡íÒË¹´ÇˆÒ ¤ˆÒàÃÔèÁμ‰¹¶Ù¡μ‰Í§

� ËÒ¡¤ˆÒàÃÔèÁμ‰¹äÁˆ¶Ù¡μ‰Í§ ÂˆÍÁÊ̂§¼ÅμˆÍ¤íÒμÍº·Õèä´‰ÃÇÁä»¶Ö§¡ÒÃÅÙˆà¢‰ÒÊÙˆ¤íÒμÍº·Õè¶Ù¡μ‰Í§ à¾ÃÒÐ
àÁ×èÍ¾Ô¨ÒÃ³ÒμÒÁÊÁ¡ÒÃ

����� � ����� � ��� ������ (5.1)

áÊ´§ÇˆÒ Ø̈´«Ô¡ÁˆÒ·Ø¡ÃÍº·Õèá»Å§ ¨Ð¢Öé¹¡Ñº ���� «Öè§¤×ÍμÑÇá»ÃÊ¶Ò¹Ð¢Í§ÃÍº¡ˆÍ¹Ë¹‰Ò ¹Ñè¹
áÊ´§ÇˆÒ·Ø¡ÃÍº·Õè¼ˆÒ¹ä» ¡ÃÃÁÇÔ¸Õ¹Õé¨Ð àª×èÍ ã¹¤ˆÒ·Õèä´‰¨Ò¡ÃÍº¡̂Í¹Ë¹‰Òà»“¹ËÅÑ¡

¡ÒÃËÒÃÒ¡·Õè 2 ¢Í§¤ÇÒÁá»Ã»ÃÇ¹à»“¹ Ø̈´ÍˆÍ¹¢Í§¡ÃÃÁÇÔ¸Õ¹Õé´‰ÇÂàËμØ·ÕèÇˆÒ »’¨ Ñ̈Â·Õè·íÒãË‰¤ÇÒÁ
á»Ã»ÃÇ¹äÁˆ¹ÔÂÒÁºÇ¡¡̂Í¹·Õè¨ÐÁÕ¢¹Ò´àÅç¡æ à¡Ô´¢Öé¹ä´‰¨Ò¡ËÅÒÂÊÒàËμØ ·Ñé§áºº í̈ÒÅÍ§·ÕèäÁˆ¶Ù¡μ‰Í§
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¡ÒÃÃº¡Ç¹äÁˆà»“¹áººà¡ÒÊŒÍÂˆÒ§ÊÁºÙÃ³Œ ÃÇÁä»¶Ö§¤ˆÒàÃÔèÁμ‰¹äÁˆã¡Å‰à¤ÕÂ§¡Ñº¤ˆÒ·Õè¶Ù¡μ‰Í§ («Öè§¼Ù‰·íÒ
¡ÒÃ·´ÅÍ§äÁˆÍÒ¨·ÃÒºä´‰Å̂Ç§Ë¹‰Ò·Ø¡¡Ã³Õ)

5.4 ¢‰ÍàÊ¹Íá¹Ð

1. ÁÒμÃ°Ò¹·Õè¡íÒË¹´¢Öé¹ (IEC1083-2) áÅÐ§Ò¹¢Í§ Pérez et al. [11],[12] ÂÑ§à»“¹¡ÃÐºÇ¹¡ÒÃ·Õè
¨íÒ¡Ñ´ÍÂÙˆáμˆà¾ÕÂ§à©¾ÒÐÃÙ»¤Å×è¹·´ÊÍº¨Ò¡ÊÒÂà¤àºÔÅà·̂Ò¹Ñé¹ ÂÑ§äÁˆ¤ÃÍº¤ÅØÁ¶Ö§¡Ã³Õ¢Í§ËÁ‰Í
á»Å§«Öè§ÁÕÅÑ¡É³ÐÃÙ»¤Å×è¹·ÕèºÔ´àºÕéÂÇÁÒ¡¡ÇˆÒä´‰ ¨Ö§ÍÒ¨¨Ðμ‰Í§ÁÕ¡ÒÃ¡íÒË¹´ÁÒμÃ°Ò¹ÊíÒËÃÑº
ÃÙ»¤Å×è¹·Õèä´‰¨Ò¡ËÁ‰Íá»Å§à»“¹¾ÔàÈÉ

2. ¡ÃÐºÇ¹¡ÒÃ·Õèáº̂§ÍÍ¡à»“¹ 2 ¢Ñé¹μÍ¹ áÁ‰¨ÐÁÕ¤ÇÒÁÊÐ´Ç¡ã¹¡ÒÃàÃÔèÁμ‰¹¤ˆÒ¾ÒÃÒÁÔàμÍÃŒ áμˆ
¡çÂÑ§à»“¹ Ø̈´ÍˆÍ¹ã¹¡Ã³Õ·ÕèË¹‰Ò¤Å×è¹ÁÕÊÑ³°Ò¹¼Ô´¸ÃÃÁ´Ò ¤ÇÃÁÕ¡ÒÃ»ÃÑº»ÃØ§àÃ×èÍ§¢Ñé¹μÍ¹¡ÒÃ
´íÒà¹Ô¹¡ÒÃ¹Õé

3. äÁˆ¤ÇÃ»ÃÐÂØ¡μŒãª‰ÇÔ¸ÕμÑÇ¡ÃÍ§ÍÑ¹à«¹·Œà·ç·¤ÒÅÁÒ¹¡Ñº¡ÒÃ»ÃÑºàÊ‰¹â¤‰§ «Öè§äÁˆÊÒÁÒÃ¶ËÒ¤ˆÒàÃÔèÁ
μ‰¹ä´‰ÍÂˆÒ§áÁ̂¹ÂíÒ
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ÃÙ»¤Å×è¹´Å·Õèà¡Ô´¨Ò¡â»Ãá¡ÃÁ·´ÊÍº TDG

ÃÙ»¤Å×è¹·Õè¡íÒà¹Ô´¨Ò¡â»Ãá¡ÃÁ TDG «Öè§à»“¹Ê̂Ç¹á¹º·‰ÒÂ¢Í§ÁÒμÃ°Ò¹ IEC1083-2
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ÃÙ»·Õè ¡.1: ÃÙ»¤Å×è¹ÁÒμÃ°Ò¹¨Ò¡â»Ãá¡ÃÁ TDG ¡Ã³Õ·Õè 1 (LI)
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ÃÙ»·Õè ¡.2: ÃÙ»¤Å×è¹ÁÒμÃ°Ò¹¨Ò¡â»Ãá¡ÃÁ TDG ¡Ã³Õ·Õè 3 (LISL)
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ÃÙ»·Õè ¡.3: ÃÙ»¤Å×è¹ÁÒμÃ°Ò¹¨Ò¡â»Ãá¡ÃÁ TDG ¡Ã³Õ·Õè 4 (LIFA)
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ÃÙ»·Õè ¡.4: ÃÙ»¤Å×è¹ÁÒμÃ°Ò¹¨Ò¡â»Ãá¡ÃÁ TDG ¡Ã³Õ·Õè 5 (SI)
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ÃÙ»·Õè ¡.5: ÃÙ»¤Å×è¹ÁÒμÃ°Ò¹¨Ò¡â»Ãá¡ÃÁ TDG ¡Ã³Õ·Õè 6 (LI with noise)
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ÃÙ»·Õè ¡.6: ÃÙ»¤Å×è¹ÁÒμÃ°Ò¹¨Ò¡â»Ãá¡ÃÁ TDG ¡Ã³Õ·Õè 8 (LISL with noise)
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ÃÙ»·Õè ¡.7: ÃÙ»¤Å×è¹ÁÒμÃ°Ò¹¨Ò¡â»Ãá¡ÃÁ TDG ¡Ã³Õ·Õè 9 (LIFA with noise)
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ÃÙ»·Õè ¡.8: ÃÙ»¤Å×è¹ÁÒμÃ°Ò¹¨Ò¡â»Ãá¡ÃÁ TDG ¡Ã³Õ·Õè 10 (SI with noise)



74

»ÃÐÇÑμÔ¼Ù‰à¢ÕÂ¹ÇÔ·ÂÒ¹Ô¾¹ Œ̧

¹ÒÂàÍ¡¾Å ÊØÃÔÂÒ¹ØÀÒ¾ à¡Ô´àÁ×èÍÇÑ¹·Õè 14 μØÅÒ¤Á ¾.È.2527 ¡ÃØ§à·¾ÁËÒ¹¤Ã
ÊíÒàÃç¨¡ÒÃÈÖ¡ÉÒÇÔÈÇ¡ÃÃÁÈÒÊμÃŒºÑ³±Ôμ ÊÒ¢ÒÇÔÈÇ¡ÃÃÁä¿¿„Ò ¤³ÐÇÔÈÇ¡ÃÃÁÈÒÊμÃŒ ¨ØÌÒÅ§¡Ã³Œ
ÁËÒÇÔ·ÂÒÅÑÂ ã¹»• ¾.È.2550 áÅÐä´‰à¢‰ÒÈÖ¡ÉÒμˆÍã¹ËÅÑ¡ÊÙμÃÇÔÈÇ¡ÃÃÁÈÒÊμÃŒÁËÒºÑ³±Ôμ ÊÒ¢Ò
ÇÔÈÇ¡ÃÃÁä¿¿„Ò ¤³ÐÇÔÈÇ¡ÃÃÁÈÒÊμÃŒ ¨ØÌÒÅ§¡Ã³ŒÁËÒÇÔ·ÂÒÅÑÂ ¾.È.2553


	ปกภาษาไทย
	ปกภาษาอังกฤษ
	หน้าอนุมัติ
	บทคัดย่อภาษาไทย
	บทคัดย่อภาษาอังกฤษ
	กิตติกรรมประกาศ
	สารบัญ
	บทที่ 1 บทนำ
	1.1 ที่มาและความสำคัญ
	1.2 ความเป็นมาและงานก่อนหน้า
	1.3 วัตถุประสงค์
	1.4 ขอบเขตของงานวิจัย
	1.5 ประโยชน์ที่คาดว่าจะได้รับ

	บทที่ 2 องค์ความรู้ที่ใช้ในการทดลอง
	2.1 แบบจำลองวงจรการเกิดรูปคลื่นฟ้าผ่า
	2.2 รูปคลื่นมาตรฐานและการวิเคราะห์รูปคลื่นตามมาตรฐาน
	2.3 ระเบียบวิธีและขั้นตอนในการวิเคราะห์รูปคลื่นโดยซอฟท์แวร์

	บทที่ 3 การทดลองเปรียบเทียบวิธีเลเวนเบิร์ก-มาร์ควอร์ทและตัวกรองอันเซนท์เท็ทคาลมานบนการทดสอบหม้อแปลง
	3.1 เงื่อนไขที่ใช้ในการทดลอง
	3.2 การจำแนกรูปคลื่น
	3.3 การหาค่าเริ่มต้นและการวิเคราะห์รูปคลื่น
	3.4 รูปคลื่นตกค้างส่วนหาง
	3.5 เกณฑ์ที่ใช้อ้างอิงกรณีทดสอบกับหม้อแปลง

	บทที่ 4 ผลการทดลอง
	4.1 การทดสอบขั้นตอนวิธีบนแบบจำลองของเลขชี้กำลัง
	4.2 ผลการดำเนินการบนโปรแกรมทดสอบ TDG
	4.3 ผลการดำเนินการบนรูปคลื่นจากหม้อแปลง

	บทที่ 5 สรุปผลและข้อเสนอแนะ
	5.1 สรุปผลการดำเนินการบนโปรแกรม TDC
	5.2 สรุปผลการดำเนินการบนรูปคลื่นฟ้าผ่าที่ได้จากหม้อแปลง
	5.3 วิเคราะห์ผลที่ได้
	5.4 ข้อเสนอแนะ

	รายการอ้างอิง
	ภาคผนวก
	ประวัติผู้เขียน



