@) 8f 7O $N %7 %_%e %l!< %7%g %s 4D 6- $H %j %" %k %? %$ %‘ @) 8f 4D 6- $N M; 9g @5 0w 8E 2l 2m ?- ( El 9) Bg ) An In tegrated En vironmen t for Sim ulation and Real-time Con trol of Con trol Systems Masanobu Koga, Mem b er, (T oky o Institute of T ec hnology) In this pap er, dev elopmen t of a CAD of con trol systems whic h realizes an in tegrated en vironmen t for sim ulation and real-time implemen tation is in tro duced. It enables us to do not only analysis of con trol systems and design of con trollers but also sim ulation and real-time implemen tation with a digital con troller in the same soft w are en vironmen t. By utilizing this soft w are, the con trol engineer is able to rep eat the pro cedure of design of con trol systems e�cien tly to ac hiev e the b est p erformance in m uc h shorter time. It is also sho wn that a real-time con trol program is generated from a sim ulation program with a sligh t mo di�cation b y making t w o programs ha v e the similar structure. %-!< %o!< %I : %j%" %k %? %$ %‘ @) 8f!$ %7 %_%e %l!< %7%g %s!$ @) 8f 7O CAD 1. $O $8 $a $K $3$l$^$G!$@) 8f7O CAD(Computer Aided Design) !$$9 $J $o $A %3 %s %T%e!< %? ;Y 1g $K $h $k @) 8f 7O @_ 7W $N $? $a $N %= %U %H %&%’%" $, Bg3X $d4k 6H $G?t B? $/3+ H/$5 $l $F$- $? (1,2,3,4,5) !# 6a G/!$ CAD $K $h $j @_ 7W $5 $l $? %3 %s %H %m!< %i $r %G%# %8 %? %k %3 %s %H %m!< %i $G <B 8= $9 $k :n 6H $r <+ F0 2= $9 $k ;n $_ $, 9T $o $l$F$$$k!# $3$l $O!$@) 8f7O $N@_ 7W$+ $i ( %G%#%8%?%k %3%s %H %m!< %i$K $h$k ) <B 8=$^ $G$K MW$9 $k;~ 4V $NC; =L$H CAD $K$h $j @_ 7W $5 $l $? %3 %s %H %m!< %i $H <B 8= $5 $l $? %3 %s %H %m!< %i $N 0l 4S @- $r J] $D $3 $H $r L\ ;X $7 $F $$ $k!# B? $/ $N @) 8f 7O CAD $O JX Mx $G ;H $$ $d $9 $$ %7 %_%e %l!< %7%g %s 4D 6- $r Ds 6! $7 $F $* $j!$ %7 %_%e %l!< %7%g %s 4D 6- $G @- G= $r I> 2A $7 $? %3 %s %H %m!< %i $r 4J C1 $K %j %" %k %? %$ %‘ @) 8f 4D 6- $K 0\ ?" $G $- $k $3 $H $, K> $^ $l $F $$ $k!# $9 $G $K $$ $/ $D $+ $N J} K! $, H/ I= $5 $l $F $$ $k Cf $G!$ $? $H $( $P!$ Matrixx (2) $N AutoCo de $d Sim ulink (6) $N C-co de @8 @. %D!< %k %\%C %/ %9 $N $h $& $K %7 %_%e %l!< %7%g %s MQ $K :n @. $7 $? %V %m%C %/ @~ ?^ $K BP 1~ $9 $k C 8@ 8l $N %3!< %I $r =P NO $9 $k %b %8%e!< %k $r %= %U %H %&%’ %" %Q%C %1!< %8 $K IU 2C $9 $k J} K!!$ Simnon (7) $N %3!< %I $r Mo dula2 $N %3!< %I $K JQ 49 $9 $k J} K! (8) $J $I $, Ds 0F $5 $l $F $$ $k!# K\ O@ J8 $G $O!$ @) 8f 7O $N 2r @O!& @_ 7W MQ $N %W %m %0 %i %_ %s %0 8@ 8l $r 3H D% $7!$ %7 %_%e %l!< %7%g %s MQ %W %m %0 %i %‘ 5Z $S %j %" %k %? %$ %‘ @) 8f MQ %W %m %0 %i %‘ $r D> @\ 5- =R $9 $k J} K! $r Ds 0F $9 $k!# $3 $l $K $h $j @) 8f 7O $N 2r @O!& @_ 7W 4D 6-!$ %7 %_%e %l!< %7%g %s 4D 6-!$ %j %" %k %? %$ %‘ @) 8f 4D 6- $N M; 9g $, 2D G= $H $J $j!$ %3 %s %H %m!< %i $N 0\ ?" :n 6H $K MW $9 $k ;~ 4V $, C; =L $5 $l $k!# %V %m%C %/ @~ ?^ $K BP 1~ $9 $k C 8@ 8l $N %3!< %I $r @8 @. $9 $k %b %8%e!< %k $r IU 2C $9 $k J} K! $H Hf 3S $7 $F!$ K\ J} K! $O <B 83 %W %m %0 %i %‘ $K I, MW $K 1~ $8 $F @) 8f 7O 2r @O!& @_ 7W %k!< %A %s $r AH $_ 9~ $a $k $N $G!$ %W %m %0 %i %‘ $r %3 %s %Q %$ %k $7 D> $5 $: $K %3 %s %H %m!< %i $N =$ @5 $H <B 83 $r 7+ $j JV $7 <B 9T $G $- $k $H $$ $& E@ $G M% $l $F $$ $k!# (9) K\ 8& 5f $G $O!$ Ds 0F $9 $k %= %U %H %&%’ %" 4D 6- $r <B 8= $9 $k $? $a @) 8f 7O CAD 8@ 8l M A TX (5) $K %7 %_%e %l!< %7%g %s 5! G= $H %j %" %k %? %$ %‘ %W %m %0 %i %‘ $r @8 @. $9 $k 5! G= $r IU 2C $7!$ %j %" %k %?%$ %‘ @) 8f7O CAD 8@8l R T M A TX $r3+ H/ $7$?!# 6q BNE* $J ;H MQ Nc $K $h $j K\ %= %U %H %&%’ %" $N M- 8z @- $r K\ O@ J8 $G <( $9!# $^ $?!$ %7 %_%e %l!< %7%g %s %W %m %0 %i %‘ $H %j %" %k %? %$ %‘ @) 8f %W %m %0 %i %‘ $K $G $- $k $@ $1 ;w $? 9= B$ $r $b $? $; $k <j K! $r 8! F$ $7!$ %7 %_%e %l!< %7%g %s %W %m %0 %i %‘ $+ $i %j %" %k %? %$ %‘ @) 8f %W %m %0 %i %‘ $r :G >. 8B $N JQ 99 $G :n @. $9 $k J} K! $r Ds 0F $9 $k!# O@ J8 $N 9= @. $O 0J 2< $N DL $j $G $" $k!# $^ $:!$ 2 >O$G K\ 8& 5f $G 07 $& %7 %9 %F %‘ $N %/ %i %9 $K $D $$ $F =R $Y $k!# $= $7 $F!$ 3 >O $G %7 %_%e %l!< %7%g %s 4D 6- $K $D $$ $F!$ 4 >O $G %j %" %k %? %$ %‘ @) 8f 4D 6- $K $D $$ $F =R $Y!$ 5 >O $G O@ J8 $N $^ $H $a $r 9T $&!# 2. %7 %9 %F %‘ $N I= 8= K\ >O $G $O!$ K\ O@ J8 $G 07 $& %7 %9 %F %‘ $N %/ %i %9 $K $D $$ $F =R $Y $k!# %7 %9 %F %‘ M} O@ $* $h $S $= $N 1~ MQ $K 4X $9 $k B? $/ $N J8 8% $G <h $j 07 $o $l $k %7 %9 %F %‘ $O!$ ;~ ( IT ) JQ >o Hy J, J} Dx <0 $^ $?

$O :9 J, J} Dx <0 $G I= $5 $l $k >u BV J} Dx <0 $H =P NO J} Dx <0 $G 5- =R $5 $l $k!# JP Hy J, J} Dx <0 $G I= $5 $l $k J, I[ Dj ?t 7O ( G. $d J* <A 0\ F0 $r H< $& %7 %9 %F %‘ $J $I ) $b =8 Cf 7O $G 6a ;w $7!$ >o Hy J, J} Dx <0 $G I= $9 $3 $H $, B? $$!# K\ O@ J8 $G $O >u BV J} Dx <0 $, >o Hy J, ( $^ $? $O:9 J, ) J} Dx <0 (1) <0!$ =P NO J} Dx<0 $, Be ?t J}Dx <0 (2) <0!$ F~ NO J} Dx <0 $, Be ?t J} Dx <0 (3) <0 $G I= $5 $l $k %7 %9 %F %‘ $K $D$$ $F 9M$( $k!#$? $@ $7!$ X ( t ) 2 R n $O>u BV %Y%/ %H %k!$ Y ( t ) 2 R p $O=P NO%Y %/%H %k!$ U ( t ) 2 R m $OF~ NO%Y %/%H %k $G $" $j!$ R n $O n <! 85 $N <B %Y %/ %H %k $r I= $9!# $^ $?!$ O" B3 ;~ 4V 7O $N >l 9g P X ( t ) $O d dt X ( t ) $r I= $7!$ N% ;6 ;~ 4V 7O $N >l 9g P X ( k ) $O X ( k + 1) $rI= $9!# f ( � ) $H g ( � ) $O >u BV $H F~ NO $H ;~ 9o!$ h ( � ) $O >u BV $H =P NO $H ;~ 9o $N ( O" B3 @- $r 2> Dj $7 $J $$ ) G$ 0U $N 4X ?t $G $" $k!# P X ( t ) = f ( t; X ( t ) ; U ( t )) � � � � � � � � � � � � � � � � � � � (1) Y ( t ) = g ( t; X ( t ) ; U ( t )) � � � � � � � � � � � � � � � � � � � (2) U ( t ) = h ( t; X ( t ) ; Y ( t )) � � � � � � � � � � � � � � � � � � � (3) %7%9%F %‘$, N 8D$N %5%V%7%9%F%‘ $+$i$J$k$H$-!$ >uBV%Y%/ %H %k!$ =P NO %Y %/ %H %k!$ F~ NO %Y %/ %H %k $r X = 2 6 6 6 4 x 1 . . . x N 3 7 7 7 5 ; Y = 2 6 6 6 4 y 1 . . . y N 3 7 7 7 5 ; U = 2 6 6 6 4 u 1 . . . u N 3 7 7 7 5 $N $h $& $K %5 %V %7 %9 %F %‘ $N >u BV!$ =P NO!$ F~ NO $+ $i $J $k %Y %/ %H %k $G I= $9!# $3 $3 $G!$ F~ NO %Y %/ %H %k $H =P NO %Y %/ %H %k $r $^ $H $a $? F~ =P NO %Y %/ %H %k U Y ( t ) = " U ( t ) Y ( t ) # � � � � � � � � � � � � � � � � � � � � � � � � � � (4) $r F3 F~ $9 $k $H!$ (1) <0 {(3) <0 $O P X ( t ) = F ( t; X ( t ) ; U Y ( t )) � � � � � � � � � � � � � � � � � (5) U Y ( t ) = G ( t; X ( t )) � � � � � � � � � � � � � � � � � � � � � � � (6) $H $J $k!# $? $@ $7!$ F ( � ) $O f ( � ) $H Ey 2A $G $" $j!$ G ( � ) $O g ( � ) $H h ( � ) $r $^ $H $a $? $b $N $G $" $k!# K\ O@ J8 $G $O!$ >u BV J} Dx <0 $H F~ =P NO J} Dx <0 $, (5) <0 $H (6) <0 $G M? $( $i $l $k %7 %9 %F %‘ $N %7 %_%e %l!< %7%g %s 4D 6- 5Z $S %j %" %k %? %$ %‘ @) 8f 4D 6- $K $D $$ $F 9M $( $k!# $? $@ $7!$ %7 %_%e %l!< %7%g %s $" $k $$ $O %j %" %k %? %$ %‘ @) 8f $r <B 9T $9 $k ;~ 4V Fb $G!$ J} Dx <0 $N 2r $N B8 :_ $r 2> Dj $9 $k!# 3. %7 %_%e %l!< %7%g %s 4D 6- h 3 � 1 i >u BV J} Dx <0 $H F~ =P NO J} Dx <0 $N J, N% Matlab (1) $N ode23() $d ode45() $N$h $& $J >o Hy J, J} Dx <0 $r 2r $/ 4X ?t $r MQ $$ $F %7 %_%e %l!< %7%g %s $r <B 9T $9 $k B? $/ $N %= %U %H %&%’ %" $K $* $$ $F!$ >u BV J} Dx <0 $H F~ =P NO J} Dx <0 $O 1 8D $N4X ?t Fb $K $^ $H $a $F 5- =R $5 $l $k ( ?^ 1 ;2>H ) !# $3 $l $K BP $7!$ K\ 8& 5f $G $O >u BV J} Dx <0 $H F~ =P NO J} Dx <0 $r 2 8D $N 4X ?t $H $7 $F JL!9 $K 5- =R $9 $k <j K! $r MQ $$ $k ( ?^ 2 ;2 >H ) !# K\ <j K! $K $O // @~ 7A %7 %9 %F %‘ $N >u BV J} Dx <0 $H F~ =P NO J} Dx <0 Func FG(...) { Y = C*X; U = K*X; dX = A*X + B*U } ?^ 1 >u BV J} Dx <0 $H F~ =P NO J} Dx <0 $N 4X ?t Fig. 1. F unction of state and input-output equations // @~ 7A %7 %9 %F %‘ $N >u BV J} Dx <0 Func F(...) { dX = A*X + B*U; } // @~ 7A %7 %9 %F %‘ $N F~ =P NO J} Dx <0 Func G(...) { Y = C*X; U = K*X; } ?^ 2 >u BV J} Dx <0 $N 4X ?t $H F~ =P NO J} Dx <0 $N 4X ?t Fig. 2. F unction of state eq. and input-output eq. � O" B3 ;~ 4V 7O $N %7 %_%e %l!< %7%g %s %W %m %0 %i %‘ $H %5 %s %W %k CM 7O $N %7 %_%e %l!< %7%g %s %W %m %0 %i %‘ $, F1 $8 9= B$ $r $b$D!# � %5 %s %W %k CM 7O $N %7 %_%e %l!< %7%g %s %W %m %0 %i %‘ $H %j %" %k%? %$ %‘ @) 8f %W %m %0 %i %‘ $, ;w $? 9= B$ $r $b $D!# $H $$ $& FC D’ $, $" $k!# $? $@ $7!$ O" B3 ;~ 4V 7O $N %7 %_%e %l!< %7%g %s $H $O O" B3 ;~ 4V $N @) 8f BP >] $K O" B3 ;~ 4V %3 %s %H %m!< %i $r MQ $$ $k %7 %_%e %l!< %7%g %s!$ %5 %s %W %k CM 7O $N %7 %_%e %l!< %7%g %s $H $O O" B3 ;~ 4V $N @) 8f BP >] $K %G%# %8 %? %k %3 %s %H %m!< %i $r MQ $$ $k %7 %_%e %l!< %7%g %s $r 0U L# $9 $k!# h 3 � 2 i O" B3 ;~ 4V 7O $N %7 %_%e %l!< %7%g %s K\ @a $G $O!$ %5 %V %7 %9 %F %‘ $N ?t $, N = 2 $N >l 9g $K $D $$ $F O" B3 ;~ 4V 7O $N %7 %_%e %l!< %7%g %s $K $D $$ $F 9M $( $k!# $? $@ $7!$ %5 %V %7 %9 %F %‘ $N ?t $, 2 0J >e $N >l 9g $b F1 MM $K 07 $( $k!# %7 %9 %F %‘ 1 $O @) 8f BP >] $G $" $j!$ >u BV J} Dx <0 $H F~ =P NO J} Dx <0 $, d dt x 1 ( t ) = f 1 ( t; x 1 ( t ) ; u 1 ( t )) � � � � � � � � � � � � � � � � � � (7) y 1 ( t ) = g 1 ( t; x 1 ( t ) ; u 1 ( t )) � � � � � � � � � � � � � � � � � � (8) u 1 ( t ) = h 1 ( t; x 1 ( t ) ; y 1 ( t )) � � � � � � � � � � � � � � � � � � (9) $G!$ %7 %9 %F %‘ 2 $O %3 %s %H %m!< %i $G $" $j!$ >u BV J} Dx <0 $H F~ =P NO J} Dx <0 $, d dt x 2 ( t ) = f 2 ( t; x 2 ( t ) ; u 2 ( t )) � � � � � � � � � � � � � � � � � (10) y 2 ( t ) = g 2 ( t; x 2 ( t ) ; u 2 ( t )) � � � � � � � � � � � � � � � � � (11) u 2 ( t ) = h 2 ( t; x 2 ( t ) ; y 2 ( t )) � � � � � � � � � � � � � � � � � (12)

$G M? $( $i $l $k $H $9 $k!# ?^ 3 $H ?^ 4 $K >u BV J} Dx <0 $N 4X ?t $H F~ =P NO J} Dx <0 $N 4X ?t $N 35 N, $r <( $9!# 4X ?t diff eqs() Func diff_eqs(t,X,UY) { dx1 = f1(t, x1, u1); // >u BV J} Dx <0 #1 dx2 = f2(t, x2, u2); // >u BV J} Dx <0 #2 dX = [dx1; dx2]; // >u BV $N Hy J, } ?^ 3 O" B3 ;~ 4V 7O $N >u BV J} Dx <0 Fig. 3. State equation of con tin uous-time system $O (7) <0 $H (10) <0 $K $7 $? $,$C $F >u BV $N Hy J, dX $r 7W ;; $9 $k!#0lJ}!$ 4X?t link eqs() $O (8),(9),(11),(12) <0$K$7 $? $,$C $F %7 %9 %F %‘ $N F~ =P NO UY $r 7W ;; $9 $k!# $? $@ $7!$ 4X ?t link eqs() Fb $G h1() $H g1() !$ h2() $H g2() $N 7W ;; $N =g HV $r E, Ev $K 7h $a $k I, MW $, $" $k!# 0l HL $K!$ D> C# 9‘ $, L5 $$ %5 %V %7 %9 %F %‘ $N 7W ;; $r @h $K 9T $& $h $& =g HV $r 7h $a $k $N $, NI $$!# Be ?t %k!< %W $, $" $k >l 9g!$ Be ?t J} Dx <0 $r %K%e!< %H %s K! $G 2r$/ $J$I $N 9)IW $, I,MW $H$J $k!# <B:] $N%7 %_%e %l!<%7%g Func link_eqs(t, X) { u1 = h1(t, x1, y1); // F~ NO J} Dx <0 #1 y1 = g1(t, x1, u1); // =P NO J} Dx <0 #2 u2 = h2(t, x2, y2); // F~ NO J} Dx <0 #1 y2 = g2(t, x2, u2); // =P NO J} Dx <0 #2 UY = [u1; u2; y1; y2]; // F~ =P NO } ?^ 4 O"B3 ;~ 4V 7O $N F~ =P NO J} Dx <0 Fig. 4. Input-output eq. of con tin uous-time system Func main() { X0 = [x10; x20]; {Ts, Xs, UYs} = Ode(t0, tf, X0, diff_eqs,link_eqs); } ?^ 5 O" B3 ;~ 4V 7O $N %7 %_%e %l!< %7%g %s $N %a %$ %s 4X ?t Fig. 5. Sim ulation of con tin uous-time system %s 7W ;; $O ?^ 5 $K <( $9 %a %$ %s 4X ?t $K $h $j <B 9T $5 $l $k!# X0 $O %7 %9 %F %‘ $N =i 4| >u BV!$ t0 $H tf $O %7 %_%e %l!< %7%g %s $N =i 4| ;~ 9o $H =* C< ;~ 9o $G $" $k!# 4X ?t Ode() $O diff eqs() $H link eqs() $r 7+ $j JV $7 8F $S =P $7 $J $, $i 7W ;; $r <B 9T $7!$ >u BV $N ;~ 7O Ns Xs !$ F~ =P NO $N ;~ 7O Ns UYs !$ 7W ;; $r 9T$C $? ;~ 9o $N 7O Ns Ts $r 5a $a $k!# $^ $?!$ JL $N 4X ?t OdeAuto() $r MQ $$ $l$P!$ E,1~ 9o $_I} @)8f (10) $K $h $j;X Dj$5 $l$? @: EY$r J]>Z $7!$ $+ $D 7W ;; ;~ 4V $r C; =L $9 $k ;~ 4V 9o $_ $r <+ F0 $G 7h $a $k $3 $H $, $G $- $k!# h 3 � 3 i %5 %s %W %k CM 7O $N %7 %_%e %l!< %7%g %s 0l HL $K %5 %s %W %k CM 7O $G $O!$ %G%# %8 %? %k %3 %s %H %m!< %i $, ( O" B3 ;~ 4V 7O $N ) @) 8f BP >] $N =P NO $r %5 %s %W %i!< $r DL $7 $F <h $j 9~ $_!$ @) 8f =P NO $r %[!< %k %I $r DL $7 $F @) 8f BP >] $K =P NO $9 $k!#0l HL 2=%5 %s %W%i!< (11) $d 0l HL2= %[!<%k %I $K4X $9 $k8& 5f $b $" $k $,!$ :G $b B? $/ MQ $$ $i $l $k $N $O 0l Dj ;~ 4V ( %5 %s %W %k E@ ) Kh$K@) 8fBP >]$N=P NO$r <h$j 9~$‘I8 =‘7? %5%s %W%i!< $H%5 %s %W %j %s %0 E@ 4V $G 0l Dj $N CM $r J] $D I8 =‘ 7? 0 <!%[!< %k %I $G $" $k!# $3 $3 $G 9M $( $k %5 %s %W %k CM 7O $N %7 %_%e %l!< %7%g %s $O!$ $3 $N I8 =‘ 7? %5 %s %W %k CM 7O $N %7 %_%e %l!< %7%g %s $G $" $k!# A0 @a $G =R $Y $? O" B3 ;~ 4V 7O $N %7 %_%e %l!< %7%g %s $H F1 MM $K!$ %7 %9 %F %‘ $N >u BV J} Dx <0 $H F~ =P NO J} Dx <0 $r 2 8D $N 4X ?t $K JL!9 $K 5- =R $9 $k!# $? $@ $7!$ diff eqs() $K $O >o Hy J, J} Dx <0 $G M? $( $i $l $k @) 8f BP >] $N >u BV J} Dx <0 $N $_ $r 5- =R $7!$ :9 J, J} Dx <0 $G M? $( $i $l $k %G%# %8 %? %k %3 %s %H %m!< %i $N >u BV J} Dx <0 $O link eqs() $K 5- =R $9 $k!# FC JL $J >l 9g $H $7 $F!$ >u BV %U%#!< %I %P%C %/ @) 8f $G $O!$ N> %7 %_%e %l!< %7%g %s $N diff eqs() $H link eqs() $O 0l CW $9 $k!# 2 HV L\ $N %7 %9 %F %‘!$ $9 $J $o $A O" B3 ;~ 4V %3 %s %H %m!< %i $r %G%# %8 %? %k %3 %s %H %m!< %i x 2 [ k + 1] = f 2 d ( k ; x 2 [ k ] ; u 2 [ k ]) � � � � � � � � � � � � � � (13) y 2 [ k ] = g 2 ( k ; x 2 [ k ] ; u 2 [ k ]) � � � � � � � � � � � � � � � (14) u 2 [ k ] = h 2 ( k ; x 2 [ k ] ; y 2 [ k ]) � � � � � � � � � � � � � � � (15) $G CV $- 49 $( $? %5 %s %W %k CM 7O $N %7 %_%e %l!< %7%g %s $K $D $$ $F 9M$($k!#?^ 6 $H?^ 7 $K >uBVJ}Dx<0$N 4X?t$HF~=P NOJ}Dx<0$N 4X?t $N 35N, $r <($9!# <B :]$N %7%_%e %l!< %7%g%s 7W ;;$O!$ ?^ Func diff_eqs(t, X, UY) { dx1 = f1(t,x1,u1); // @) 8f BP >] $N >u BV J} Dx <0 dX = dx1; // >uBV $N Hy J, } ?^ 6 %5 %s %W %k CM 7O $N @) 8f BP >] $N >u BV J} Dx <0 Fig. 6. State equation of sampled-date system Func link_eqs(t, X) { u1 = h1(t, x1, y1); // @) 8f BP >] $X $N F~ NO y1 = g1(t, x1, u1); // @) 8f BP >] $N =P NO u2 = h2(t, x2, y2); // @) 8f 4o $X $N F~ NO y2 = g2(t, x2, u2); // @) 8f 4o $N =P NO x2 = f2d(t, x2,u2); // @) 8f 4o $N >u BV J} Dx <0 UY = [u1; u2; y1; y2]; // F~ =P NO } ?^ 7 %5 %s %W %k CM 7O $N F~ =P NO J} Dx <0 Fig. 7. Input-output eq. of sampled-date system 8 $K <( $9 %a %$ %s 4X ?t $K $h $j <B 9T $5 $l $k!# dt $O %5 %s %W %j %s %0 <~ 4|!$ x20 $O %G%# %8 %? %k %3 %s %H %m!< %i $N =i 4| >u BV $G $" $k!# 4X ?t OdeHybrid() $O link eqs() $r %5 %s %W %k E@ Kh $K 8F $S =P $7!$ %5 %s %W %k E@ 4V $G 7+ $j JV $7 diff eqs() $r8F $S =P

Func main() { x2 = x20; // @)8f 4o $N =i 4| >u BV X0 = x10; // @)8f BP >] $N =i 4| >u BV {Ts, Xs, UYs} = OdeHybrid(t0,tf,dt,X0,diff_eqs,link_eqs); } ?^ 8 %5 %s %W %k CM 7O %7 %_%e %l!< %7%g %s $N %a %$ %s 4X ?t Fig. 8. Sim ulation of sampled-date system $7 $J $,$i 7W ;; $r <B9T $7!$ >u BV $N;~ 7O Ns Xs !$ F~=P NO $N ;~ 7O Ns UYs !$ 7W ;; $r 9T$C $? ;~ 9o $N 7O Ns Ts $r 5a $a $k!# ?^ 3 $H ?^ 6 !$ ?^ 4 $H ?^ 7 $r Hf 3S $7!$ %3 %s %H %m!< %i $N >u BV J}Dx<0 $N $_ $, diff eqs() $+$i link eqs() $K0\F0 $9 $k $3 $H $K Cm 0U $5 $l $? $$!# $3 $N $h $& $K!$ >u BV J} Dx <0 $H F~ =P NO J} Dx <0 $r 2 8D $N 4X ?t $H $7 $F JL!9 $K 5- =R $9 $k $3 $H $G!$ O" B3 ;~ 4V 7O $N %7 %_%e %l!< %7%g %s %W %m %0 %i %‘ $H %5 %s %W %k CM 7O $N %7 %_%e %l!< %7%g %s %W %m %0 %i %‘ $K ;w $? 9= B$ $r $b $? $; $k $3 $H $, $G $-!$ %W %m %0 %i %‘ $N JQ 99 $, MF 0W $K $J $k!# $= $7 $F!$ %3 %s %H %m!< %i $K 4X 78 $9 $k $N $O link eqs() $@ $1 $J $N $G!$ @) 8f B’ $r JQ99 $7 $F $b diff eqs() $r JQ 99 $9 $k I, MW $, $J $$ $N $G!$ %3 %s %H %m!< %i JQ 99 $K H< $& %P %0 $N :. F~ $r KI $0 8z 2L $b $" $k!# h 3 � 4 i M A TX $N %7 %_%e %l!< %7%g %s 4D 6- K\8& 5f $G $O!$ @) 8f 7O CAD 8@8l M A TX (5) $K%k %s %2!& %/%C %? $J $I $N @Q J, %" %k %4 %j %: %‘ $r AH $_ 9~ $_!$ Ds 0F $9 $k %7 %_%e %l!<%7%g %s 4D 6- $r <B 8= $7 $?!# K\ @a $G $O!$ ?^ 9 $K<( $9 E] N) ?6 ;R $N 0B Dj 2= @) 8f $N %7 %_%e %l!< %7%g %s $r Nc Bj $H $7 $F!$ 3+ H/ $7 $?%7 %_%e%l!< %7%g %s4D 6- $K$D $$$F @b L@$9 $k!# >u BV JQ?t r %b!<%? %W!< %j %Q %o!< %" %s %W %] %F %s %7%g %a!< %? u %Y %k %H � ?6 ;R Bf <V ?^ 9 E] N) ?6 ;R @) 8f 7O Fig. 9. In v erted p endulum $H $7 $F!$ Bf <V $N JQ 0L r !$ ?6 ;R $N 3Q EY � !$ Bf <V $N B. EY _ r !$ ?6 ;R $N 3Q B. EY _ � $r $H $j!$ >u BV %Y %/ %H %k $r x = h x 1 x 2 x 3 x 4 i T = h r � _ r _ � i T $H $9 $k $H!$ E] N) ?6 ;R $N >u BV J} Dx <0 $O <! $N $h $& $K =q $1 $k!# _ x = f ( x; u ) 4 = 2 6 6 6 6 6 4 x 3 x 4 (1 + � sin 2 x 2 ) � 1 � f a 32 sin x 2 cos x 2 + a 33 x 3 (1 + � sin 2 x 2 ) � 1 � f a 42 sin x 2 + a 43 cos x 2 x 3 + a 34 cos x 2 x 4 + a 35 sin x 2 x 2 4 + b 3 u g + a 44 x 4 + a 45 sin x 2 cos x 2 x 2 4 + b 4 cos x 2 u g 3 7 7 7 7 7 5 $^ $?!$ Bf <V $N JQ 0L r $H ?6 ;R $N 3Q EY � $r =P NO JQ ?t $H $9 $k $H!$ =P NO J} Dx <0 $O y = " c 1 0 0 0 0 c 2 0 0 # x = C x $H $J$k!# $? $@$7!$ � , a 32 , : : : , a 45 , b 3 , b 4 , c 1 , c 2 $O <A NL $d K‘ ;$ 78 ?t $J $I $+ $i 5a $^ $k %Q %i %a!< %? $G $" $k!# J? 9U E@ 6a K5 $G @~ 7A 6a ;w $7 $F F@ $i $l $? E] N) ?6 ;R $N @~ 7A %b %G %k $K BP $7 $F >u BV %U%#!< %I %P%C %/ u = � F x $H %* %V %6!< %P $r @_ 7W $7!$ @) 8f $r 9T $&!# %G%# %8 %? %k @) 8f $r 9T $& $? $a %* %V %6!< %P $r E, Ev $J J} K! $G N% ;6 2= $7 $F z [ k + 1] = A hd z [ k ] + B hd y [ k ] + J hd u [ k ] x h [ k ] = C hd z [ k ] + D hd y [ k ] $r 5a $a $k!# E] N) ?6 ;R $N >u BV J} Dx <0 $r 5- =R $7 $? 4X ?t $r ?^ 10 $K!$ E] N) ?6 ;R $N F~ =P NO 4X 78 $* $h $S %G%# %8 %? %k %3 %s %H %m!< %i $r 5- =R $7 $? 4X ?t $r ?^ 11 $K!$ %7 %_%e %l!< %7%g %s $N %a %$ %s 4X ?t $r ?^ 12 $K <( $9!# M A TX 8@ 8l $r MQ $$ $l $P!$ 9T Ns $r D> @\ 5- =R $G $- $k $N $G ?t 3X E* I= 8= $r $[ $\ $= $N $^ $^ %W %m %0 %i %‘ $H $7 $F 5- =R $G $- $k!# %9 %F%C %W >u L\ I8 CM JQ 2= $d Gr ?’ ;( 2; $J $I $N 4X ?t $r DI 2C $9 $l $P!$ 9= @. 8e $N @) 8f 7O $N 4p K\ FC @- $r %7 %_%e %l!< %7%g %s $G D4 $Y $i $l $k!# $^ $?!$ 2a 5n $N G$ 0U ;~ 9o $N >u BV $H F~ =P NO $r <h $j =P $9 4X ?t OdeXY() $r MQ $$ $l $P!$ 0[ $J$k %5 %s %W %j %s %0 <~ 4| $, B8 :_ $9 $k %7 %9 %F %‘ $d $‘ $@ ;~ 4V $, B8 :_ $9 $k %7 %9 %F %‘ $N %7 %_%e %l!< %7%g %s $, $G $- $k!# $J $*!$ 4X ?t OdeXY() $O 2a 5n $N %G!< %? $+ $i Jd 4V K! $K $h $j G$ 0U ;~ 9o $N %G!< %? $r @8 @. $9 $k!# 4. %j %" %k %? %$ %‘ @) 8f 4D 6- 0l HL $K %G%# %8 %? %k %3 %s %H %m!< %i $K $h $k %j %" %k %? %$ %‘ @) 8f $G $O!$ %3 %s %H %m!< %i $O %5 %s %W %k E@ Kh $K @) 8f BP >] $N =P NO $r <h$j9~ $_!$@) 8fF~ NO$N7W ;; ( %3%s%H %m!<%i $N=P NO$N7W ;;!$ %3%s%H %m!<%i$N >uBV $N99 ?7 ) $r<B9T$7!$ @)8f BP>] $K=P NO$9 $k!# 0l J}!$ A0 >O $G =R $Y $? %5 %s %W %k CM 7O $N %7 %_%e %l!< %7%g

Func void diff_eqs(dX, t, x, UY) Matrix dX, x, UY; Real t; { Real x1, x2, x3, x4, u, c2, s2, dm; x1 = x(1); // Bf<V $N 0L CV x2 = x(2); // ?6;R $N 3Q EY x3 = x(3); // Bf<V $N B. EY x4 = x(4); // ?6;R $N 3Q B. EY u = UY(1); // @)8f F~ NO c2 = cos(x2); s2 = sin(x2); dm = (1 + alpha*s2^2); dX = Z(4,1); // >u BV J} Dx <0 dX(1) = x(3); dX(2) = x(4); dX(3) = (a32*s2*c2 + a33*x3 + a34*c2*x4 + a35*s2*x4^2 + b3*u)/dm; dX(4) = (a42*s2 + a43*c2*x3 + a44*x4 + a45*s2*c2*x4^2 + b4*c2*u)/dm; } ?^ 10 E]N) ?6 ;R $N >u BV J} Dx <0 Fig. 10. State equation of in v erted p endulum Func void link_eqs(UY, t, x) Matrix UY, x; Real t; { Matrix u, y, xh; extern Matrix z; y = C*x; // =P NO J} Dx <0 xh = Chd*z + Dhd*y; // >u BV $N ?d Dj u = - F*xh; // >u BV %U%#!< %I %P%C %/ z = Ahd*z+Bhd*y+Jhd*u; // 4Q B, 4o $N 99 ?7 UY = [[u][y]]; } ?^ 11 E] N) ?6 ;R $N %G%# %8 %? %k %3 %s %H %m!< %i Fig. 11. Digital con troller of in v erted p endulum %s $G $O!$ @) 8f BP >] $N F~ =P NO J} Dx <0!$ %3 %s %H %m!< %i $N F~ =P NOJ} Dx <0 $* $h $S >u BV J} Dx <0 $r 5- =R $7 $? link eqs() $N 7W ;; $, %5 %s %W %k E@ Kh $K <B 9T $5 $l $k!# $3 $N $h $& $K!$ %5 %s %W %k CM 7O $N %7 %_%e %l!< %7%g %s %W %m %0 %i %‘ $G %5 %s %W %k E@ Kh $K <B 9T $5 $l $k =h M} $H %j %" %k %? %$ %‘ @) 8f %W %m %0 %i %‘ $G %5 %s %W %k E@ Kh $K <B 9T $5 $l $k =h M} $O $[ $H $s $I 0l CW $9 $k!# $3 $l $O %7 %9 %F %‘ $N >u BV J} Dx <0 $H F~ =P NO J} Dx <0 $r 2 8D $N 4X ?t $H $7 $F JL!9 $K 5- =R $9 $k <j K! $r MQ $$ $k 8z 2L $G $" $k!# Cx <T $i $O!$ $3 $N @- <A $r Mx MQ $7 $F %5 %s %W %k CM 7O $N %7 %_%e %l!< %7%g %s %W %m %0 %i %‘ $+ $i %j %" %k %? %$ %‘ @) 8f %W %m %0 %i %‘ $r :G >. 8B $N JQ 99 $G :n @. $9 $k J} K! $r 8! F$ $7 $?!# $= $7 $F!$ @) 8f 7O CAD 8@ 8l M A TX $r 3H D% $7!$ %j %" %k %? %$ %‘ @) 8f %W %m %0 %i %‘ $r D> @\ 5- =R $G $- $k %j %" %k %? %$ %‘ @) 8f 7O CAD 8@ 8l R T M A TX $r3+ H/ $7 $?!# h 4 � 1 i R T M A TX $N %j %" %k %? %$ %‘ @) 8f 4D 6- Matrix z; // 4QB, 4o $N >u BV Func void main() { Real t0, tf, dt; Matrix Ts, Xs, Us, x0; x0 = [0 1 0 0]’; // =i 4| >u BV z = Z(2,1); // 4Q B, 4o $N =i 4| >u BV {Ts, Xs, Us} = OdeHybrid(t0,tf,dt,x0,diff_eqs,link_eqs); } ?^ 12 E] N) ?6 ;R $N %G%# %8 %? %k @) 8f Fig. 12. Digital con trol of in v erted p endulum K\ @a $G $O!$ A0 >O $G =R $Y $? E] N) ?6 ;R $N %5 %s %W %k CM 7O $N %7 %_%e %l!< %7%g %s %W %m %0 %i %‘ $+ $i %j %" %k %? %$ %‘ @) 8f %W %m %0 %i%‘$r :n@.$9 $k:n 6H$r DL$7 $F R T M A TX $N%j%"%k %?%$ %‘@) 8f 4D 6- $K $D $$ $F @b L@ $9 $k!# $^$:!$ %3 %s %H %m!< %i $K 4X 78 $9 $k link eqs() $rJQ 99 $7!$ ?^ 13 $K<( $9 on task() $r :n @. $9 $k!# 2C $( $k $Y $- JQ 99 $O!$ Func void on_task() { Matrix u, y, xh; y = sensor(); // %;%s %5 $+ $i F~ NO xh = Chd*z + Dhd*y; // 4Q B, 4o $K $h $k ?d Dj u = - F*xh; // @) 8f B’ 7W ;; actuator(u); // @) 8f =P NO z = Ahd*z+Bhd*y+Jhd*u; // 4Q B, 4o $N 99 ?7 } ?^ 13 %j %" %k %? %$ %‘ @) 8f ( %j%" %k %? %$ %‘ =h M} 4X ?t ) Fig. 13. On-line function of real-time con trol @)8f BP>] $N =P NO$r %; %s %5!<$G <h $j 9~$‘ 4X ?t sensor() !$@) 8f F~ NO $r %" %/ %A%e %(!< %? $X =P NO $9 $k 4X ?t actuator() $r DI 2C $9 $k $3 $H $G $" $k!# @) 8f B’ $r JQ 99 $7 $F $b!$ $3 $l $i $N 4X ?t $r JQ 99 $9 $k I, MW $O $J $$ $N $G!$ F~ =P NO %\!< %I $J $I $N %O!< %I %&%’ %" ;E MM $r $3 $l $i $N 4X ?t $K 1# JC $G $- $k!# $J $*!$ %3 %s %T%e!< %? $N F~ =P NO %]!< %H $r D> @\ %" %/ %; %9 $9 $k 4X ?t $r ;H$C $F sensor() $d actuator() $b R T M A TX $N 4X ?t$H $7$F 5- =R $G $- $k!# ?^ 14 $K <( $9 <B 83 MQ $N %a %$ %s 4X ?t 4X ?t $G $O!$ %Q %i %a!< %? $N @_ Dj!$ %5 %s %W %k E@ Kh $K 8F $S =P $9 4X ?t ( on task() ) $N @_ Dj$r $9 $k!# rtStart() $r<B 9T $9 $k $H!$ on task() $,%5 %s %W%k E@Kh$K <B9T$5 $l$k!# off task loop() $OJQ?t $NI=<( $d %f!< %6 $+ $i $N %3 %^ %s %I F~ NO $r C4 Ev $9 $k!# h 4 � 2 i @) 8f 7O @_ 7W E} 9g 4D 6- %7 %_%e %l!< %7%g %s 4D 6- $H %j %" %k %? %$ %‘ @) 8f 4D 6- $N M; 9g $K $h $j <B 8= $5 $l $k @) 8f 7O @_ 7W E} 9g 4D 6- $K $* $1 $k @_ 7W <j =g $r?^ 15 $K!$ %a %$ %s 4X ?t $N Nc $r ?^ 16 $K<( $9!# $3 $N Nc $G $O 10 9T L\ $+ $i 19 9T L\ $, L5 8B %k!< %W $K $J$C $F $* $j!$ 14 9T L\ $N

Func void experiment() { para_init(); // %Q %i %a!< %? @_ Dj rtSetTask(on_task); // %j %" %k %? %$ %‘ =h M} rtStart(); // %j%" %k %? %$ %‘ 3+ ;O off_task_loop(); // 2h LL I= <( $J $I rtStop(); // %j %" %k %? %$ %‘ Dd ;_ } ?^ 14 %j %" %k %? %$ %‘ @) 8f ( <B 83 %a %$ %s 4X ?t ) Fig. 14. Main function of real-time con trol design() $H 16 9T L\ $N experiment() $r 7+ $j JV $9 $3 $H $K $h $j %3 %s %H %m!< %i $N =$ @5 $H <B 83 $, 7+ $j JV $7 <B 9T $G $- $k!# ?^ 15 @)8f 7O @_ 7W E} 9g 4D 6- $K $* $1 $k @_ 7W <j =g Fig. 15. Design pro cedure of con trol systems E} 9g 4D 6- $G :n @. $7 $? %j %" %k %? %$ %‘ @) 8f %W %m %0 %i %‘ $H %7 %_%e %l!< %7%g %s %W %m %0 %i %‘ $O F1 $8 %i %$ %V %i %j $r MQ $$ $k $N $G!$ <! $N D9 =j $, $" $k!# � %7 %_%e %l!< %7%g %s 4D 6- $H <B 83 4D 6- $G %G!< %? $r 6& M- $G $-!$ %G %P%C %0 :n 6H $, MF 0W $K $J $k!# � %7 %_%e %l!< %7%g %s %W %m %0 %i %‘ $H <B 83 %W %m %0 %i %‘ $N %f!< %6 %$ %s %?!< %U%’!< %9 $r E} 0l $G $-!$ :n 6H $N 7+ $j JV $7 $, 4J C1 $K $J $k!# � ?^ 17 $K <( $9 $h $& $K!$ @) 8f 7O 2r @O!& @_ 7W %k!< %A %s $r AH $_ 9~ $a $k $N $G!$ %W %m %0 %i %‘ $r %3 %s %Q %$ %k $7 D> $5 $: $K %3 %s %H %m!< %i $N =$ @5 $H <B 83 $r 7+ $j JV $7 <B 9T $G $- $k!# FC$K!$ 3 HVL\ $N D9 =j $O 1 >O$G >R 2p $7 $? B> $N %" %W %m!< %A $G $O F@ $i $l $J $$!# 5. $* $o $j $K K\ O@ J8 $G $O!$ %7 %_%e %l!< %7%g %s MQ %W %m %0 %i %‘ 5Z $S %j %" %k %? %$ %‘ @) 8f MQ %W %m %0 %i %‘ $r D> @\ 5- =R $G $- $k %W %m %0 %i %_ %s %0 8@ 8l $r MQ $$!$ @) 8f 7O $N 2r @O!& @_ 7W 4D 6-!$ %7 %_%e %l!< %7%g %s 4D 6-!$ %j %" %k %? %$ %‘ @) 8f 4D 6- $r M; 9g $9 $k J} K! $r Ds Func void main() { set_parameter(); // %Q %i %a!< %? $N @_ Dj main_menu = {" !TE] N) ?6 ;R $N 0B Dj 2= @) 8f!U ", " %b %G %j %s %0 $H F1 Dj ", " @) 8f 7O 2r @O ", " @) 8f 7O @_ 7W ", " %7 %_%e %l!< %7%g %s ", " @) 8f <B 83 ", " =* N; "}; while (1) { switch (menu(main_menu)) { case 1: modelling(); break; case 2: analysis(); break; case 3: design(); break; case 4: simulation(); break; case 5: experiment(); break; case 6: return; } } } ?^ 16 @)8f 7O @_ 7W E} 9g 4D 6- $N %a %$ %s 4X ?t Fig. 16. Main function of in tegrated en vironmen t Func void design_pend(A,B,C,Q,R,Po,T) Matrix A,B,C,Q,R,Po; Real T; { Matrix P,F; Matrix Ah,Bh,Ch,Dh,Jh,Ahd,Bhd; P = Riccati(A, B, Q, R); F = R~ * B’ * P; {Ah,Bh,Ch,Dh,Jh} = Gopinath(A,B,C,Po); Bh = [Bh Jh]; {Ahd, Bhd} = Discretize(Ah,Bh,T); return {F,Ahd,Bhd,Ch,Dh}; } ?^ 17 %3%s %H %m!< %i $N @_ 7W Fig. 17. F unction for design of con troller 0F$7 $?!# K\ <j K! $r MQ $$ $l $P!$ CAD $G @_ 7W $7 $? %3 %s %H %m!< %i $r %G%# %8 %? %k %3 %s %H %m!< %i $G <B 8= $9 $k :n 6H $K MW $9 $k ;~ 4V $, C; =L $5 $l $k $@ $1 $G $J $/!$ <B 83 %W %m %0 %i %‘ $K I, MW $K 1~ $8 $F @) 8f 7O 2r @O!& @_ 7W %k!< %A %s $r AH $_ 9~ $a $k $N $G!$ %W %m %0 %i %‘ $r %3 %s %Q %$ %k $7 D> $5 $: $K %3 %s %H %m!< %i $N =$ @5 $H <B 83 $r 7+ $j JV $7 <B 9T $G $-!$ @) 8f 7O $N @- G= $r C; ;~ 4V $G 2~ A1 $G $- $k!# Ds 0F $9 $k 4D 6- $O FC $K 9b B. %W %m %H %? %$ %T %s %0 $K M- 8z $G $" $k!# %W %m %H %? %$ %W $r MQ $$ $F ;X Dj $5 $l $? @) 8f @- G= $r K~ $? $9 @) 8f 7O $r @_ 7W 8e!$ I, MW $J It J, $@ $1 $r <h $j =P $7 @= IJ $K AH $_ 9~ $‘ $3 $H $K $h $j!$ %G%# %8 %? %k %3 %s %H %m!< %i $N <B 8= $K MW $9 $k ;~ 4V $, C; =L $5 $l $k!# :# 8e $O!$ $5 $^ $6 $^ $J <B %W %i %s %H $K R T M A TX $r1~ MQ $7 $F $$ $/ M= Dj $G $" $k!# J8 8% (1) The Math W orks Inc. The Student Edition of MA T- LAB . Pren tice-Hall, Inc., Englew o o d Cli�s, New Jersey 07632, 1992. (2) Inc. In tegrated Systems. MA TRIXx Cor e . 3260 Ja y Street San ta Clara, California 95054, USA, 8 edition, 1991. (3) @V 7! 0lO: , 86 C$ <! . %* %V %8%’ %/ %H;X 8~ $K 4p $E$/ @) 8f 7O$N 2r @O!&@_ 7W ;Y 1g %7 %9 %F %‘ . 7W B, <+ F0 @) 8f 3X 2q O@ J8 =8 , V ol. 24, No. 5, pp. 506{513, 1989. (4) 9b 66 D> <y , F# ED =< , @F F# @) 3$ , 0$ It 7r 0l . ?t <0!& ?t CM =h M} $K$h $k@)8f 7O CAD. EE 5$3X2q O@J8;o C, V ol. 111, No. 7, pp. 292{298, 1991. (5) 8E 2l 2m?- , 8E ED >!5W . ?t CM=h M} $H ?t<0 =h M} $rM; 9g $7 $? @)8f 7O CAD 8@ 8l MaTX. 7W B, <+ F0 @) 8f 3X 2q O@ J8 =8 , V ol. 29, No. 10, pp. 1192{1198, 1993. (6) The Math W orks Inc. SIMULINK { User’s Guide . 24 Prime P ark W a y , Natic k, Mass. 01760-1500, USA, �rst edition, 1992. (7) K. J. Astrom. Computer aided mo deling, analysis and design of con trol systems { a p ersp ectiv e. Contr ol Sys- tems Magazine , pp. 4{16, 1983. (8) O. Dalh. An in teractiv e en vironmen t for real time im- plemen tation of con trol systems. CA CSD’91 , pp. 518{ 523, 1991. (9) CSED 2m IW . %b%G %j %s %0 $H @) 8f 4o @_ 7W $N IT 2D J, @- . %7%9 %F%‘ / @) 8f / >p Js , V ol. 37, No. 1, pp. 7{14, 1993. (10) William H. Press, Brian P . Flannery , Saul A. T euk ol- sky , and William T. V eterling. Numeric al R e cip es in C (The A rt of Scienti�c Computing) . Cam bridge Uni- v ersit y Press, 1988. (11) 9SLZ 8w I’ . %G%#%8 %?%k @) 8f M}O@ $N 8= >u $HF0 8~ . 7WB, $H @)8f , V ol. 32, No. 2, pp. 97{100, 1993. 8E 2l 2m ?- ( @50w ) 1965 G/ 9 7n 21 F|@8!# 1993 G/!$ El 5~ 9) 6H Bg 3X M} 9) 3X 8& 5f 2J Gn ;N 2] Dx =$ N; ( 9) 3X Gn ;N ) !# El 5~ 9) 6H Bg 3X 9) 3X It =u <j $r 7P $F 8= :_!$ El 5~ 9) 6H Bg 3X >p Js M} 9) 3X 8& 5f 2J =u <j!# @) 8f 7O CAD !$ @~ 7A @) 8f M} O@ $H $= $N 1~ MQ$J $I $N 8& 5f $K => ;v!# F| K\ %m %\%C %H 3X 2q!$ 7W B, <+ F0 @) 8f 3X 2q!$ IEEE $J $I $N 2q 0w!#