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()*+% ,)-"'.! &"'GM '1!5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 KI

8'9$"0 75IQ V(M%' + .! + @+1&"! ,0"#O('! .0 1!""+(&+ .+ +(&"0.0

.! '(*+" !" #$%&'()*+% ,)-"'.!5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 K7

8'9$"0 75I6 E+( 3! .! 10@01'&!"+ .+ -0""0#+(&! .!  $-#U.$%! 

#+'0 @!(&+5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 K7

8'9$"0 75IK E+( 3! .! 10@01'&!"+ .+ -0""0#+(&! .! #U.$%! &"'GM4

 '1!5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 KC

8'9$"0 C5: <'(0% .+ "+G+">(1'0 + @!"&0.!"0 .+ %!10.0 +# 0#@%'4

&$.+ @0"0 #!.$%023! ,)-"'.05 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 KD

8'9$"0 C5I W &"$&$"0 .!  $-#U.$%! #+'0 @!(&+ + .! #!.+%! +=$'4

*0%+(&+ +#@"+90.! @0"0 0(M%' + .! 10@01'&!" .+  $-#U.$%!5 5 5 5 5 5 :JJ

8'9$"0 C57 T$"*0 =$+ "+@"+ +(&0# 0 =$+.0 .+ &+( 3! +# G$(23!

.0 1!""+(&+ (! '(&+""$@&!"+ .! #U.$%! #+'0 @!(&+ + .! #U.$%!

&"'GM '1!5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 :J;

8'9$"0 C5C T$"*0 =$+ "+@"+ +(&0# 0 =$+.0 .+ &+( 3! +# G$(23! .0

1!""+(&+ (! .'!.! .! #U.$%! #+'0 @!(&+ + .! #U.$%! &"'GM '1!5::J

8'9$"0 C5Q T$"*0 .+ +(+"9'0 .+ 1!#$&023! .!  +#'1!(.$&!"+ 

G!"(+1'.0 @+%! G0-"'10(&+55 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 ::7

8'9$"0 C56 T!+N1'+(&+ .0 1$"*0 .0 +(+"9'0 .+ "+1$@+"023! "+*+" 0

.! .'!.! .! #U.$%! &"'GM '1!5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 ::K

8'9$"0 C5K T$"*0 .+ +(+"9'0 @0"0 1!""+23! .! "+ ' &!" .+ 90&+5 5 5 5 ::D

8'9$"0 Q5: X(*+" !" &"'GM '1! '#@%+#+(&0.! +# %0-!"0&U"'!5 5 5 5 5 5 5 5 :I7



 !"#$% &'( )*+,-. /* 0%,* /. !+1*$,.$ 234$!/. 5.6 % 785+!5% /*

6./#9%:-. 234$!/%; Ma = 0,9 (500 V/div)' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' <(=

 !"#$% &'> )*+,-. /* 9!+2% /. !+1*$,.$ 234$!/. 5.6 % 785+!5% /*

6./#9%:-. 234$!/%; Ma = 0,9 (500 V/div)' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' <(?

 !"#$% &'@ A.$$*+7* /* 5%$"% iA; iB * iC /. !+1*$,.$ 6#97!+31*9

234$!/. 5.6 6./#9%:-. 234$!/%; Ma = 0,9 (5 A/div)' ' ' ' ' ' ' ' ' ' ' ' ' <(B

 !"#$% &'& A.$$*+7* /* 5%$"% iA C5*+7$%9!D%/%E * %, 5.$$*+7*, %7$%F

18, /., ,*6!5.+/#7.$*, S1A+D1A C,#G*$!.$E * S2A+D2A C!+0*$!.$E

/. !+1*$,.$ 6#97!+31*9 234$!/. 5.6 6./#9%:-. 234$!/%; Ma = 0,9
(5 A/div)' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' <>H

 !"#$% &'I J$KL5. /. 1%9.$ *6 G*$5*+7#%9 /., 1%9.$*, 68/!. * *LF

5%D; 7*M$!5., * G$K7!5.,; /% 5.$$*+7* +., ,*6!5.+/#7.$*, S1A+D1A

* S2A +D2A *6 0#+:-. /. 3+/!5* /* 6./#9%:-. /. !+1*$,.$ 6#9F

7!+31*9 234$!/. 5.6 6./#9%:-. 234$!/%' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' <>H

 !"#$% &'= N*,#97%/., 7*M$!5., * *OG*$!6*+7%!, /. P#O. /* G.7Q+5!%

%7$%18, /%, 0.+7*, /* %9!6*+7%:-. /. !+1*$,.$ 6#97!+31*9 G%$% .

RA%,. <S' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' <><

 !"#$% &'? )*+,-. /* 9!+2% /. !+1*$,.$ 234$!/. 5.6 % 785+!5% /*

6./#9%:-. 234$!/%; Ma = 0,9 (1000 V/div)' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' <>>

 !"#$% &'B )TU * V)TU /% 7*+,-. /* 9!+2% /. !+1*$,.$ 234$!/.

5.6 % 785+!5% /* 6./#9%:-. 234$!/%; Ma = 0,9' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' <>&

 !"#$% &'<H )*+,-. /* 9!+2% /. !+1*$,.$ 234$!/. 5.6 % 785+!5% /*

6./#9%:-. WXY 5.6 ,*7* ,*"6*+7.,; Ma = 0,9 (1000 V/div)' ' ' ' <>I

 !"#$% &'<< )TU * V)TU /% 7*+,-. /* 9!+2% /. !+1*$,.$ 234$!/.

5.6 % 785+!5% /* 6./#9%:-. WXY 5.6 ,*7* ,*"6*+7.,; Ma = 0,9'<>=

 !"#$% &'<( )*+,-. /* 9!+2% /. !+1*$,.$ 234$!/. 5.6 % 785+!5% /*

6./#9%:-. WXY 5.6 5!+5. ,*"6*+7.,; Ma = 0,9 (1000 V/div)' ' <>B

 !"#$% &'<> )TU * V)TU /% 7*+,-. /* 9!+2% /. !+1*$,.$ 234$!/.

5.6 % 785+!5% /* 6./#9%:-. WXY 5.6 5!+5. ,*"6*+7.,; Ma = 0,9'<@H



 !"#$ %& #$'& $"

 !"#$! %&'  #()*+ ,# )!-,! #. /.! 0!)# #. 1!2*+ ,+) #)3!,+) ,#

4+./3!5*+ 6!1! 789:;< # =89:;<> +(,# o = A,B,C& & & & & & & & & & & ''

 !"#$! %&%  #()*+ ,# )!-,! #. /.! 0!)# #. 1!2*+ ,+) #)3!,+) ,#

4+./3!5*+ 6!1! 789?< # =89?<> +(,# o = A,B,C& & & & & & & & & & & & & & & '@

 !"#$! %&7  #()*+ ,# )!-,! #. /.! 0!)# #. 1!2*+ ,+) #)3!,+) ,#

4+./3!5*+ 6!1! =89<AB& & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & 'C

 !"#$! %&@  #()*+ ,# )!-,! #. /.! 0!)# #. 1!2*+ ,+) #)3!,+) ,#

4+./3!5*+ 6!1! + =8 9 <!)4!,#, A!$09B1D,E#& & & & & & & & & & & & & & & & & & & & 'F

 !"#$! 7&'  #()*+ ,# )!-,! Gvo> +(,# o = A, B, CH #. 0/(5*+ ,+)

#)3!,+) ,# 4+./3!5*+ # ,+ (-I#$ ,!) 0+(3#) ,# !$D.#(3!5*+ ,# 4!,!

.J,/$+> 6!1! Vx # Vy& & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & @=

 !"#$! 7&% ;!1K.#31+) ,# )D./$!5*+ ,!) 0+1.!) ,# +(,! ,# 3#()*+

,+ D(I#1)+1 ./$3D(-I#$ L-"1D,+ 6!1! 3M4(D4! ,# .+,/$!5*+ L-"1D,!>

6!1! + N<!)+ %O& & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & @P

 !"#$! 7&7 ;!1K.#31+) ,# )D./$!5*+ ,!) 0+1.!) ,# +(,! ,# 3#()*+

,+ D(I#1)+1 ./$3D(-I#$ L-"1D,+ 6!1! 3M4(D4! ,# .+,/$!5*+ L-"1D,!>

6!1! + N<!)+ 'O& & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & ='

 !"#$! 7&@ <+.6+(#(3#) ,+ I#3+1 #Q/DI!$#(3# !+ 61D.#D1+ )#R3!(3# CS

 !"#$! 7&= ;#1./3!5*+ ,!) 0!)#) ABC 6!1! )-(3#)# ,+ I#3+1 +1DED9

(!$ #. 4!,! )#R3!(3#& & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & C=

 !"#$! 7&C ;!1K.#31+) ,# )D./$!5*+ ,!) 0+1.!) ,# +(,! ,# 3#(9

)*+ ,+ D(I#1)+1 ./$3D(-I#$ L-"1D,+ 6!1! 3M4(D4! ,# .+,/$!5*+ 6+1

I#3+1#) #)6!4D!D) 4+. )#3# # 4D(4+ )#E.#(3+)& & & & & & & & & & & & & & & & & & & & & CC

 !"#$! 7&T ;!1K.#31+) ,# )D./$!5*+ ,+) 1#3DU4!,+1#) ,# #(31!,!& T%

 !"#$! 7&P V!$+1#) ,! 4+11#(3# .M,D! # #U4!2 6!1! +) ,D+,+) 1#9

3DU4!,+1#) # 6!1! +) 4!6!4D3+1#) ,+) "!11!.#(3+) 44 ,+ D(I#1)+1

./$3D(-I#$ L-"1D,+& & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & T@

 !"#$! @&' <+()3!(3#) ,! Q/#,! ,# 3#()*+ # ,# +6+)D5*+ W 6!))!9

E#. ,# 4+11#(3# ,+) D(3#11/63+1#)&& & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & 'ST

 !"#$! @&% ;!1K.#31+) ,# +6#1!5*+ ,+ D(I#1)+1 61+6+)3+ 6!1! ,D9

.#()D+(!.#(3+ ,!) 6#1,!) ,# 4+(,/5*+& & & & & & & & & & & & & & & & & & & & & & & & & 'ST

 !"#$! @&7 ;#1,!) ,# 4+(,/5*+ (+) D(3#11/63+1#) ,+ D(I#1)+1 ./$9

3D(-I#$ L-"1D,+ #. 0/(5*+ ,+ -(,D4# ,# .+,/$!5*+& & & & & & & & & & & & & & & & 'SF

 !"#$! @&@ <+()3!(3#) ,! Q/#,! ,# 3#()*+ # ,# +6+)D5*+ W 6!))!9

E#. ,# 4+11#(3# ,+) ,D+,+)& & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & 'SF



 !"#$! %&' (#)*!+ *# ,-.*/01- .-+ *2-*-+ *- 2.3#)+-) 4/$52.63#$

76")2*- #4 8/.01- *- 6.*2,# *# 4-*/$!01-& & & & & & & & & & & & & & & & & & & & & & & 999

 !"#$! %&: ;-#<,2#.5#+ *! ,/)3! *! #.#)=2! *# #.5)!*! # +!6*! *#

,-.*/01- *-+ 2.5#))/>5-)#+ *- 4?*/$- 4#2! >-.5#& & & & & & & & & & & & & & & 99%

 !"#$! %&@ (#)*!+ *# ,-4/5!01- .-+ 2.5#))/>5-)#+ *- 2.3#)+-) 4/$A

52.63#$ 76")2*- #4 8/.01- *- 6.*2,# *# 4-*/$!01-& & & & & & & & & & & & & & & & 99%

 !"#$! %&B C!$-)#+ 8-).#,2*-+ >#$- 8!")2,!.5# *-+ 4?*/$-+ DEF

@'GHI:JK >!)! ->#)!01- ! 25o C& & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & 99:

 !"#$! %&L ;-#<,2#.5#+ *! ,/)3! *! #.#)=2! *# )#,/>#)!01- )#3#)+!

*- *2-*- #4 8/.01- *! ,-))#.5# .- *2-*-& & & & & & & & & & & & & & & & & & & & & & & & 99:

 !"#$! %&9I (#)*!+ *# ,-4/5!01- .-+ *2-*-+ *- 2.3#)+-) 4/$52.63#$

76")2*- #4 8/.01- *- 6.*2,# *# 4-*/$!01-& & & & & & & & & & & & & & & & & & & & & & & 99@

 !"#$! %&99 M!5-) *# ,-))#01- KRG >!)! -+ +#42,-.*/5-)#+ *- 2.A

3#)+-) 4/$52.63#$ 76")2*-& & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & 9NI

 !"#$! %&9N M!5-) *# ,-))#01- Kc >!)! -+ +#42,-.*/5-)#+ *- 2.3#)A

+-) 4/$52.63#$ 76")2*-& & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & 9NI

 !"#$! '&9 ;-4>-.#.5#+ #4>)#=!*-+ >!)! - >)-5?52>- *- 2.3#)+-)

76")2*- 4/$52.63#$ & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & 9N'

 !"#$! '&N O+>#,2<,!0P#+ *# >)-Q#5- >!)! !.R$2+# *! #+5)/5/)! *#

>-5S.,2! *- 2.3#)+-) >)->-+5-&& & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & 9N:

 !"#$! '&J O+>#,2<,!0P#+ *# >)-Q#5- >!)! !.R$2+# *!+ 5T,.2,!+ *#

4-*/$!0P#+ #4>)#=!*!+ !- 2.3#)+-) 4/$52.63#$ 76")2*-& & & & & & & & & & & 9JN

 !"#$! '&% ;-4>!)!01- #.5)# !+ 5T,.2,!+ *# 4-*/$!01- #4>)#=!A

*!+ !- 2.3#)+-) 4/$52.63#$ & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & & 9%9



 !"#$ %& $'(&)!$#*($" & "!+ $"

 !"#  $%&'()*+ !()* ",-.'(/ #/($%,%)./ 0#/($%,%)./ ",-.'(/ +*

1./)(  %.'(+(2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 4

 !5#  $)*6/()*+ !()* 5.77&)()*+ #89/,%)./ 0#,/,%)./ 5.$:

)/.'(+. +* 1./)(  %.'(+(2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 ;

<15 <*&)/(' 1.,$) 5'(7-*+ 05.$=*/%./ +* 1.$). 5.7&72 3 3 >

?5 ?'9,$6 5(-(@,)./ 05(-(@,)./ ?'&)&($)*2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 >

AA5 A.+&'(/ A&'),'*=*' 5.$=*/)*/ 05.$=*/%./ A.+&'(/ A&':

),$B=*,%2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 >

5C" 5(%@(+*+ C:"/,+6* 05(%@()( +* @.$=*/%./*% +* 1.$)* C2 D;

5":1EA5(//,*/:"(%*+ 1&'%* E,+)8 A.+&'(),.$ 0A.+&'(FG. -./

H(/6&/( +* 1&'%.% @.7 1./)(+./(%3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 4I

JKA J-(@* K*@)./ A.+&'(),.$ 0A.+&'(FG. -./ K*)./*% L%-(:

@,(,%2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 4I

JCL J*'*@),=* C(/7.$,@ L',7,$(),.$ 0L',7,$(FG. %*'*),=( +*

C(/7M$,@(%2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 4I

1N 18(%* N,%-.%,),.$ 0N,%-.%)( *7 ?(%*2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 4O

1PN 18(%* P--.%,),.$ N,%-.%,),.$ 0N,%-.%)( *7 P-.%,FG. +*

?(%*2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 4O

Q1PN Q')*/$(),=* 18(%* P--.%,),.$ N,%-.%,),.$ 0N,%-.%)( *7

P-.%,FG. Q')*/$(+( +* ?(%*2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 4O

1J 18(%* J8,R)*+ 0N*%'.@(7*$). +* ?(%*2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 4O

#CN #.)(' C(/7.$,@ N,%)./),.$ 0N,%)./FG. C(/7M$,@( #.)('2 ;I

NJ1 N,6,)(' J,6$(' 1/.@*%%./ 01/.@*%%(+./ N,6,)(' +* J,$(,%2 ;;

max K('./ 7ST,7.3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 DU;

min K('./ 7,$,7.3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 DU;





 !"#$ %& "'()* *"

n  !"#$% &# '()#*+ +*',#,*-.&%+ /#0% 1%')#$+%$ '. ,#'+2% &#

3.+# 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 55

ncap  !"#$% &# 1./.1*,%$#+ /$#+#',#+ '. #+,$6,6$. 4 4 4 4 4 4 4 4 4 4 4 4 4 57

nmod  !"#$% &# "8&60%+ #" 6". 3.+# &% 1%')#$+%$ 4 4 4 4 4 4 4 4 4 4 4 4 4 59

nsub  !"#$% &# +6:"8&60%+ #"/$#;.&% /#0% 1%')#$+%$ 4 4 4 4 4 4 4 4 4 5<

nport  !"#$% &# /%$,.&%$.+ 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 7=

θdes >';60% &# &#+1%0."#',% #',$# .+ /%$,.&%$.+ #" ;$.6+ 4 4 4 4 4 7?

Ts @#$(%&% &# 1%"6,.A2% &. ,B1'*1. &# "%&60.A2% CDE 4 4 4 4 4 4 FG

Vref D#,%$ $#3#$H'1*. /.$. CDE 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 FG

P I+,.&% &# 1%"6,.A2% &% *')#$+%$ &# &%*+ '()#*+ 4 4 4 4 4 4 4 4 4 4 4 4 FG

O I+,.&% &# 1%"6,.A2% &% *')#$+%$ &# &%*+ '()#*+ 4 4 4 4 4 4 4 4 4 4 4 4 FG

vo J#'+2% &# 3.+# '. +.(&. &% *')#$+%$ '% +*+,#". &# 1%%$&#'.K

&.+ abcL %'&# o = A, B, C 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 M9

Ma N'&*1# &# "%&60.A2%4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 M=

vcom J#'+2% &# "%&% 1%"6" 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 M<

VrefA C*'.0 &# $#3#$H'1*. &. 3.+# A 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 OG

Port C*'.0 ,$*.';60.$ P/%$,.&%$.Q 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 OG

Vrefm D.0%$ &# /*1% &% +*'.0 &# $#3#$H'1*. (Ma = 1) 4 4 4 4 4 4 4 4 4 4 4 4 4 4 OG

Px @%,H'1*. .,*). .,$.)B+ &% 1./.1*,%$ &% +6:"8&60% "#*. /%',#4 OG

Py @%,H'1*. .,*). .,$.)B+ &# 6" 1./.1*,%$ &% "8&60% ,$*3R+*1%4 OG

Ts J#"/% &# ."%+,$.;#" &% )#,%$ $#3#$H'1*.4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 OO

Vα J#'+2% &# +.(&. &% *')#$+%$ '% #*S% α4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 OO

Vβ J#'+2% &# +.(&. &% *')#$+%$ '% #*S% β4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 OO

ntest  !"#$% &# #+,.&%+ &# 1%"6,.A2% /%++()#*+ /#0% *')#$+%$ "60K

,*'()#0 ,$*3R+*1%4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 O9

nestf  !"#$% &%+ #+,.&%+ &# /%++()#*+ 1%"6,.A2% #" 6". 3.+# &%

*')#$+%$ "60,*'()#04 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 O9

Vg J#'+2% &# +.(&. &% *')#$+%$ '% #*S% g4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 O?

Vh J#'+2% &# +.(&. &% *')#$+%$ '% #*S% h4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 O?

Vref,αβD#,%$ $#3#$H'1*. #" 6" +*+,#".+ &# 1%%$&#'.+ αβ 4 4 4 4 4 4 4 4 4 9G

fsw T$#U6H'1*. &# 1%"6,.A2% &%+ +#"*1%'&6,%$#+ &# /%,H'1*. 4 4 9O

Ts @#$(%&% &# 1%"6,.A2% 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 9O

Pmp @%,H'1*. &# 3%$'#1*&. /%$ 1.&. .0*"#',.A2% &%+ +6:"8&60%+



 !"# $%&'!( # )#*+#, , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , -.

Pcarga /%'0&)"# '%'#1 2%*&!)"3# $!1% "&4!*(%*  51'"&64!1 $*%$%('% #

)#*+#, , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , -.

αesp 7!1#89% 3! !($"*#( !&'*! $*" :*"% ! (!)5&3:*"% 3%( '*#&(2%*;

 #3%*!(, , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , <=

Vpri >!&(9% 3! 2#(! &% $*" :*"% 3%( '*#&(2%* #3%*!( , , , , , , , , , , , <=

FPmp ?#'%* 3! $%'0&)"# $#*# %( *!'"@)#3%*!( 3! (!"( $51(%( 3%(

 A351%(  !"# $%&'!(, , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , <=

IintmpB%**!&'! !@)#C 3! 2#(! &# !&'*#3# 3%(  A351%(  !"# $%&'!, <=

Idmp B%**!&'!  D3"# &%( 3"%3%( 3%( *!'"@)#3%*!( 3%(  A351%(

 !"# $%&'!(, , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , <=

avg E#1%*  D3"% 3# )% $%&!&'! , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , <=

rms E#1%* !@)#C 3# )% $%&!&'! , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , <=

Pmt /%'0&)"# 3! 2%*&!)"3# $!1# #1" !&'#89% 3%  A351% '*"2:(")%

# )#*+#, , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , <=

FPmt ?#'%* 3! $%'0&)"# $#*# % *!'"@)#3%* 3! 3%C! $51(%( 3%  A351%

'*"2:(")%, , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , <F

IintmtB%**!&'! 3! 2#(! 3# !&'*#3# 3# #1" !&'#89% 3% *!'"@)#3%*!(

3! 3%C! $51(%(, , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , <F

Idmt B%**!&'!  D3"# &%( 3"%3%( 3% *!'"@)#3%* 3! 3%C! $51(% 3%

 A351% '*"2:(")%, , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , <F

Ip B%**!&'! 3! $")% 3# )#*+# 3% "&4!*(%*, , , , , , , , , , , , , , , , , , , , , , <G

Φ H!2#(#+! !&'*! # )%**!&'! 3! )#*+# ! # '!&(9% 3! *!2!*0&)"#, <G

ISjA B%**!&'! &% (! ")%&35'%*,, , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , <G

dSjA 7#C9% )6)1")# 3% (! ")%&35'%*, , , , , , , , , , , , , , , , , , , , , , , , , , , , , <G

θm I&+51% 3# $#((#+! 3% ("&#1 3! *!2!*0&)"# !&'*! $%*'#3%*#(, <.

ifdc B%**!&'! 2%*&!)"3# $!1# 2%&'! 3! #1" !&'#89% 3% (5J A351%,F=F

iC2(ϕ)B%**!&'! "&('#&'K&!# $!1% )#$#)"'%* 3! (5J A351%, , , , , , , , , F=F

iinv(ϕ)B%**!&'! *!L5!*"3# $!1% "&4!*(%* 3! (5J A351%, , , , , , , , , , , , , F=F

C2 E#1%* 3% )#$#)"'%* 3! (5J A351%, , , , , , , , , , , , , , , , , , , , , , , , , , F=M

vC2 >!&(9% (%J*! % )#$#)"'%* 3! (5J A351%, , , , , , , , , , , , , , , , , , , , F=M

ωo ?*!L50&)"# #&+51#* 3# '!&(9% 3! (#63# 3% "&4!*(%*, , , , , , , , , , F=M

fo ?*!L50&)"# 3# '!&(9% 3! (#63# 3% "&4!*(%*, , , , , , , , , , , , , , , , , , F=M

IC2 B%**!&'! &% )#$#)"'%* 3! (5J A351%, , , , , , , , , , , , , , , , , , , , , , , F=N

fr ?*!L50&)"# 3# *!3! 3! #1" !&'#89%, , , , , , , , , , , , , , , , , , , , , , , , , F=O

CmtjX B#$#)"'K&)"# 3!  !"% J#**# !&'% )) 3%  A351% '*"2:(")%, , , F=O



Thold  !"#$ %&'( $ )'#')*+$, '(*"!-+' .*,!+'"!-+! ' )',/'0 0 0 0 0 0 123

V cc  !-45$ .$ 6',,'"!-+$ ))0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 123

Pcond 7!,.'4 .! )$-.&85$ !" &" 4!"*)$-.&+$, .! #$+9-)*'0 0 0 0 0 0 12:

VTO ;&!.' .! +!-45$ -$ 4!"*)$-.&+$,0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 12:

rT <$-4+'-+! %&! )',')+!,*=' &" '&"!-+$ (*-!', .'4 #!,.'4 -$

4!"*)$-.&+$, > #'44'/!" .! )$,,!-+!0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 12:

kl <$!?)*!-+!4 .' !%&'85$ .! 4!/&-.' $,.!" %&'( .!4),!@! '

!-!,/*' .*44*#'.' #$, &" 4!"*)$-.&+$, .!@*.' ' )$"&+'85$ l =
1, 2, 30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11A

E B-!,/*' .*44*#'.' #$, &" 4!"*)$-.&+$, .!@*.' ' 4&' )$"&C

+'85$0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11A

kl <$!?)*!-+! .' !%&'85$ #$(*-$"*'( .'4 )&,@'4 .! !-+,'.' !

4'D.' !" )$-.&85$ .! *-+!,,&#+$,!4 $& .' ,!)&#!,'85$ ,!@!,4'

.! .*$.$4E $-.! l = 0, 1, 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11A

Kc F'+$, .! )$,,!85$ .$4 #',G"!+,$4 .'4 )&,@'4 .! !-!,/*' #','

$4 #',G"!+,$4 .! +,'6'(H$0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11A

Pcom 7!,.'4 .! )$"&+'85$ !" &" 4!"*)$-.&+$, .! #$+9-)*'0 0 0 0 0 11A

Vcc  !-45$ .! 6',,'"!-+$ )) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 113

Inom <$,,!-+! -$"*-'( .$ .*$.$ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 113

trr  !"#$ .! ,!)&#!,'85$ ,!@!,4' .$ .*$.$ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 113

Irr <$,,!-+! .! ,!)&#!,'85$ ,!@!,4' .$ .*$.$0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 113

KRG F'+$, .! )$,,!85$ .$ ,!4*4+$, .! /'+!0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11I

Vgra  !-45$ *"#$4+' 4$6,! $ 4!"*)$-.&+$, #',' $6+!-85$ .' )&,@'

.! !-!,/*'0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11I

Kv BJ#$!-+! .! .!#!-.9-)*' .' +!-45$ #',' '4 #!,.'4 .! )$"&C

+'85$ K!-+,! 1, 3 ' 1, 4 4!/&-.$ L'6,*)'-+!M0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11I

TCesw <$!?)*!-+! .' +!"#!,'+&,' #',' '4 #!,.'4 .! )$"&+'85$ K

0, 0031/K 4!/&-.$ L'6,*)'-+!M0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11I

Tgra  !"#!,'+&,' .! N&-85$ .$ 4!"*)$-.&+$, .' )&,@' %&'( L$*

(*-!',*='.'0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11I
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 !"#$%&'"& %( !)'!)*) +% ,"#*% !"(,-%*) ,"+% '%& )(,-.)+"

!"( " )/(%#*" +" #0(%&" +% (1+/-"'2 3)+) (1+/-" .#'%&.+" ,"& 4)'%

.(,-.!) '.#*%*.5)& ().' +% +".' #6$%.' +% *%#'7" +% 4)'% +" !"#$%&'"& %(

!)'!)*)2 8''.(9 " #0(%&" +% #6$%.' +% *%#'7" +% 4)'% '.#*%*.5)+" ,%-"

!"#$%&'"& %( !)'!)*) : +)+" ,%-) %;/)<7" =>2>?2

n = (2 · nmod) + 1 =>2>?

 #+%9 n : " #0(%&" +% #6$%.' +) *%#'7" +% 4)'% % nmod : " #0(%&"

(1+/-"' +% /() 4)'% +" !"#$%&'"& %( !)'!)*)2

 /*&) !)&)!*%&6'*.!) .(,"&*)#*% +" !"#$%&'"& %( !)'!)*) +% ,"#*%

!"(,-%*) : ) ,"''6$%- ),-.!)<7" +)' ,&.#!.,).' *:!#.!)' +% ("+/-)<7"

!"#@%!.+)' =;/% '%&7" )A"&+)+)' #) /#.+)+% >2>?9 +.4%&%#*% +)' *","-"B

C.)' )#*%&."&%' ;/% ,"''/%( -.(.*)<D%' ;/)#*" E ("+/-)<7" /*.-.5)+)2

F) G)A%-) >2H '7" ),&%'%#*)+"' "' #6$%.' +% *%#'7" +% 4)'% % "

!"()#+" +"' .#*%&&/,*"&%' ,)&) " !"#$%&'"& =IJB3KL?2

G)A%-) >2H M G%#'7" +% ')6+) %( /() 4)'% %( &)57" +"' %'*)+"' +%

!"(/*)<7" ,)&) IJB3KL2

G%#'7" +%

IJB3KL

N)6+) =vo? S1o S2o S3o S4o

0 1 1 1 1
Vd/4 0 1 1 1
−Vd/4 1 0 1 1
Vd/4 1 1 0 1
−Vd/4 1 1 1 0
0 0 0 1 1

Vd/2 0 1 0 1
0 0 1 1 0
0 1 0 0 1

−Vd/2 1 0 1 0
0 1 1 0 0

Vd/4 0 0 0 1
−Vd/4 0 0 1 0
Vd/4 0 1 0 0
−Vd/4 1 0 0 0
0 0 0 0 0
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M N)H5!& 0=O 9"$%!& " *"78,!$"! ,9 *&$*&%& 6, *"78,!$"!,$ 9,)&

#"7%, />&$*&6,6 J&(@K-!)6H,3
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#&!& 59& @&$, *"78,!$"!=

 !"!3 $%&'()*%) 0%/45,) 045.1&6'(1*

R >"78,!$"! S"65(&! S5(%)7F8,( /SS>3 @") 6,$,78"(8)6" #"!

T,$7)*&! , S&!?5&!6% /011U3 , &#!,$,7%&6" *"9 59& &(%,!7&%)8& #&!&

& *"7,VC" 6, $)$%,9&$ 6, H,!&BC" 6, ,7,!H)& ,<()*& & $)$%,9&$ 6, %!&7$K

9)$$C" 6, ,7,!H)& ,(:%!)*&= W,8)6" A $5& ,$%!5%5!& 9"65(&!4 " SS> :

&6,?5&6" & &#()*&BX,$ ,9 &(%& %,7$C" , &(%& #"%E7*)&= Y5& ,$%!5%5!& :

6&6& #,(& *"7,VC" $:!), 6, $5.9<65("$4 $)7%,%)D&76" n 7F8,)$ 6, %,7$C"
6, $&F6&4 "76, *&6& $5.9<65(" #"6, $,! *"7$)6,!&6" *"9" 59& @"7%,

*"7%!"(&6& 6, %,7$C"=

R $5.9<65(" : *"9#"$%" #"! *"78,!$"!,$ 9,)& #"7%, "5 #"!

*"78,!$"!,$ 6, #"7%, *"9#(,%& *"7,*%&6"$ &" *&#&*)%"! 6, $5.9<65("4

$,9 & 7,*,$$)6&6, 6& *"7,VC" 6, @"7%,$ 6, &()9,7%&BC" &"$ $5.9<65("$=

M$$)94 " 7L9,!" 9IV)9" 6, 7F8,)$ 6, %,7$C" 6, $&F6& $)7%,%)D&6"$ #,("

*"78,!$"! ,9 @57BC" 6" 7L9,!" 6, $5.9<65("$ : ".%)6" #"! 9,)" 6&

,?5&BC" /0=U3=

n = 2 · (nsub − 1) /0=U3
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Módulos

D 9,:3). ;8E .7)#-#!/. . 2&!F:3).G0& "# "376. #-/)#6. HI&346#

J/.)?>&!F:3)./,&!K 2&!-/,/3*". 7&) -34(5"36&- (#,. 7&!/#8 I#-/.2.?

-# L3# #-/. % 3(. ".- 7&--*+#,- #-/)3/3).- /),1M-,2.- "& 2&!+#)-&) NN>$

2&(& "#-2),/& 7&) B.:,O.). # DP.:, H;QQEK8

R!/)# &- 7),!2,7.,- 7&!/&- 7.). "#-#!+&6+,(#!/& # #-/3"& "#--.

/&7&6&:,. 7&"#?-# 2,/.) L3#S & NN> 7#)(,/# #T7.!-0& # &7#).G0& ".

#-/)3/3). 7.). n !*+#,- "# /#!-0&$ 7#)(,/,!"& . .76,2.G0& !&- (.,-

",+#)-&- 2#!M),&-U )#"3!"V!2,. !&- +#/&)#- "# /#!-0& "# -.*". "& 2&!?

+#)-&)$ ,(7&)/.!/# 7.). & #L3,6*4),& ". /#!-0& "&- 2.7.2,/&)#- "# -34?

(5"36&U 2&!-/)3G0& (&"36.)$ ,(76,2. )#"3G0& "& 23-/& "# (.!31./3).

# 1M2,6 (.!3/#!G0&8

W&)%($ % . #-/)3/3). NN> 2&(76#T. 2&( +M),.- (.6X.- "# 2&!?



  

 !"#$ $ %$&$''( ) *) +!,-&)!.) *"' &)+)&( "!$' *$ '/012*/#" $1 '$/

3' )! -/+45

6)0$#) 758 9 6$%':" *$ ');*) $1 /1) <)'$ $1 !)=:" *"' $' )*"' *$

&"1/ )>:" +)!) " ?@ - A)'&)*$* B)#<-C!(*.$5

6$%':" *$

?@ - A)'&)*$* B)#<-C!(*.$

D);*) EvoF S1o S2o S3o S4o

Vd/2 1 1 1 1
Vd/4 0 1 1 1
Vd/4 1 0 1 1
Vd/4 1 1 0 1
Vd/4 1 1 1 0
0 0 0 1 1
0 0 1 0 1
0 0 1 1 0
0 1 0 0 1
0 1 0 1 0
0 1 1 0 0

−Vd/4 0 0 0 1
−Vd/4 0 0 1 0
−Vd/4 0 1 0 0
−Vd/4 1 0 0 0
−Vd/2 0 0 0 0
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)0"!*)*"' +"! C) '&K)/$!L M/'') $ B$#*N$(% E7OP7FQ R' /*(##" $ )#5

E7OOSFQ A"!=(%$ $ T)1(#()% E7OO7F $ U/ $ V"/ E7OOWF5 X1 .$!)#L &"%H$!-

'"!$' 1/# (%;H$(' K;0!(*"' ':" &"1+"' "' +$#) )''"&()>:" $1 &)'&) ) *$
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H$(' K;0!(*"'L '$./%*" M)!($ K"= $ [/<$! E7OO8FL ,  )10,1 $' $%*(*) )
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&)*) 12*/#"L &"1 *(<$!$% $'  $%'\$' *$ )#(1$% )>:" )+#(&)*)' ) &)*)

12*/#" $ ) 12*/#"' (*J% (&"' $1 &)'&) ) &"1 *(<$!$% $' <!$]/J%&()'
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6 472$3 8 ()*%+! ,! -$..$/)*(! ,! /1,23! (.49:%40!;  $ %$<,$ ,! 4*=

>).%!. %+! %4*()(4?$,!% 04*0! ,49).)*()% *<>)4% ,) ()*%+! ,) 9$%)@ 0!/!

$5.)%)*($,! *$ A$-)3$ B;&;

C$.$ ! "#$%! D'@ $ ()*%+! ,! -$..$/)*(! 00 ,! /1,23! (.49:%40!

6 ! ,!-.! ,$ ()*%+! ,!% -$..$/)*(!% ,! /1,23! /)4$ 5!*(); E%%4/@

%)() *<>)4% ,49).)*()% ,) ()*%+! %+! !-%).>$,!% *$ %$<,$ ,) 2/$ 9$%) ,!

4*>).%!.;

 ! "#$%! B'@ $ .)3$F+! ,) ()*%+! ,! -$..$/)*(! 00 )*(.) ! /1,23!

(.49:%40! ) ! /1,23! /)4$ 5!*() 6 ,) Vy/3 = Vx;  )%%$ .)3$F+! 6 5!%%<>)3

%4*()(4?$. $(6 *!>) *<>)4% ,49).)*()% ,) ()*%+! ,) 9$%) ,! 4*>).%!.;

G $2/)*(! ,! *H/).! ,) *<>)4% %4*()(4?$,!% 5)3! 4*>).%!. *$

()*%+! ,) 9$%) ) ,) 34*I$@ 0!/ ! )/5.)7! ,! /!,! $%%4/6(.40! ,) $34=

/)*($F+! ,!% /1,23!%@ %!/$ )/ -)*)9<04!% 5$.$ J2$34,$,) ,$ ()*%+!

,) %$<,$ ,! 4*>).%!.; G% /$4!.)% -)*)9<04!% !0!..)/ %!-.) $ ()*%+!
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CQR=CGS@ CQR=ECGS@ CQR=CT@ CQR=TUR ) )*(.) !2(.$% (60=

*40$%@ 0!/! $% (60*40$% ,) /!,23$F+! I<-.4,$%;
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•  !"#$%$" & '(!"&)*' +' $,-!".'" (&"& !/01".*' +' 2,+$0! +! #'3

+14&)*' Ma !,%"! 0 &%5 16 

• 7(!"&" 0'# ' #8+14' %"$9:.$0' !# ;&$/& 9"!<1=,0$& +! 0'#1%&3

)*'6 >..$#? "!+1@$,+' &. (!"+&. +! 0'#1%&)*' ! !#("!A&,+'

.!#$0',+1%'"!. <1! ('..1&# #!,'"!. (!"+&. +! 0',+1)*' B.!#$3

0',+1%'"!. #&$. 4!,%'.C6

D$.&,+' &%!,+!" &'. "!<1$.$%'. 0$%&+'. &,%!"$'"#!,%!? +1&. #'3

+14&)E!. .*' &,&4$.&+&. ,!.%! %"&;&4F'6 > ("'('.%& +! #'+14&)*' F23

;"$+& 0'# #$,$#$@&)*' +&. (!"+&.? !#("!A&+& ('" G&%.0F&1!" BHIJJC

! & #'+14&)*' KDL6

> #'+14&)*' F2;"$+& ("'('.%& ('" G&%.0F&1!" BHIJJC &%!,+! '.

"!<1$.$%'. $,$0$&$. +! ("'M!%' +' $,-!".'" ! M: %!-! .1& !N0$=,0$& 0'#3
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%&+'"&. %"$&,A14&"!. 0'# ' .$,&4 +! "!9!"=,0$&6 K!,+' &..$#? +!-!3.!
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 !"#$% &' ( )%$$*+,- #-.,/0#/ ,0./, .%1%$ %$ 0*+,2$ )/3425%$ 1,

.,0$6% $20.,.27#1%$ ),-% 8%0+,/$%/ $,5 8%59.#/ % 5319-% ./2:;$28% ,5

#-.# :/,<9=082#> ?,$$, 8#$% ( )%$$*+,- $20.,.27#/ #.( $,., 0*+,2$ 0# .,0$6%

1, :#$, , ./,7, 0*+,2$ 0# .,0$6% 1, -20@# 1% 20+,/$%/A 8%5% #)/,$,0.#5

#$ B2C9/#$ D>E> F#/# # $259-#G6% 1#$ :%/5#$ 1, %01# 1, .,0$6% 1%

20+,/$%/ :%/#5 9.2-27#1%$ %$ )#/H5,./%$ #)/,$,0.#1%$ 0# I#J,-# D>&>

I#J,-# D>& K F#/H5,./%$ 1, $259-#G6% 1#$ :%/5#$ 1, %01# 1, .,0$6% 1%

20+,/$%/ 59-.20*+,- @*J/21% )#/# .(8028# 1, 5%19-#G6% @*J/21#A )#/# %

!"#$% &'>

 !"#$%&"' (!)'" *%+,"-./'

Vx 400 V I,0$6% 1% J#//#5,0.% 88

1%$ 5319-%$ 5,2# )%0.,

Vy 800 V I,0$6% 1% J#//#5,0.% 88

1% 5319-% ./2:;$28%

Ma 1 L0128, 1, 5%19-#G6%

fr 60 Hz B/,<9=082# 1# /,1, 1,

#-25,0.#G6%

fsw 1020 Hz B/,<9=082# 1, 8@#+,#5,0.%

1%$ 5319-%$ 5,2# )%0.,

M B2C9/# D>E #)/,$,0.# .#5J(5 # .,0$6% 1, 5%1% 8%595 1% 20N

+,/$%/ 59-.20*+,- @*J/21%> O5 95 20+,/$%/ 1, .,0$6%A # .,0$6% 1, 5%1%

8%595 ( # 12:,/,0G# 1, .,0$6% ,0./, % )%0.% 1, 8%0,46% 1#$ 8#/C#$

, % )%0.% 8,0./#- 1% J#//#5,0.% 88 1% 20+,/$%/> M .,0$6% 1, 5%1%

8%595 .,5 20P9=082# 12/,.# 0#$ 8%//,0.,$ 1, :9C# <9, 82/89-#5 ),-#

8#/C#A 20+,/$%/ , #-25,0.#G6%A 8%5)/%5,.,01% #$ 2$%-#GQ,$ ,-(./28#$A ,

,5 #-C90$ 8#$%$A #$ )#/.,$ 5,8H028#$ 1,$$,$ ,<92)#5,0.%$>

O5 20+,/$%/,$ 59-.20*+,2$ ( )%$$*+,- 1252092/ # .,0$6% 1, 5%1%

8%595 #./#+($ 1#$ .(8028#$ 1, 5%19-#G6% ,5)/,C#1#$ #% 20+,/$%/ 59-N

.20*+,-> ?,$., ./#J#-@% #$ .(8028#$ 1, 5%19-#G6% ,5)/,C#1#$ )/%89/#5

/,1972/ % 0R5,/% 1, 8%59.#GQ,$ 1% 5319-% ./2:;$28% , 06% 8%5)/%5,N

.,/ # <9#-21#1, 1# :%/5# 1, %01# 1# .,0$6% 1, $#*1#> S; % ,:,2.% 1#

.,0$6% 1, 5%1% 8%595 $,/; #),0#$ %J$,/+#1% , 06% ( %JT,.% 1, ,$.91%

1,$., ./#J#-@%>

M B2C9/# D>U #)/,$,0.# # 5%19-#G6% @*J/21# )#/# % !"#$% &'A

8%5% #$ 8%5)#/#GQ,$ 1% $20#- 1, /,:,/=082# 8%5 #$ )%/.#1%/#$ , %$

$20#2$ 1, 8%5#01% )#/# %$ 20.,//9).%/,$ S1AA S2AA S3A , S4A>

 $ $20#2$ 1, 8%5#01% 1%$ 20.,//9).%/,$ S1A , S2A $6% C,/#1%$

),-#$ 8%5)#/#GQ,$ 1#$ )%/.#1%/#$ ./2#0C9-#/,$ 8%5 % $20#- 1, /,:,/=082#



  

 !"#$% &'( ) *+,-.+- /+ 0!,1%2 /+ 3%-+ + /+ 45/5 654#4 /% 786,!6% /+

45/#0%9:5 1;<$!/% +4=$+"%/% %5 !,>+$-5$ 4#07!,;>+0 1;<$!/5 =$5=5-752

=%$% 5 ?@%-5 AB 654 ;,/!6+ /+ 45/#0%9:5 #,!7C$!5'
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v
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DVrefAE' F- =#0-5- /+ 654%,/5 /5 !,7+$$#=75$ S1A -:5 /%/5- =+0%

654=%$%9.+- /5 -!,%0 /+ $+3+$G,6!% 654 %- =5$7%/5$%- A2 H + I DPort2 2

Port4 + Port6E' J%$% 5 !,7+$$#=75$ S2A -:5 -!,7+7!K%/5- 654=%$%,/5 %-

=5$7%/5$%- L2 & + ( DPort1 2 Port3 + Port5E 654 5 -!,%0 /+ $+3+$G,6!%' MC

5 654%,/5 /5- !,7+$$#=75$+- S3A + S4A -:5 "+$%/5- =+0%- 654=%$%9.+-

/5 -!,%0 /+ $+3+$G,6!% 654 >%05$+- 65,-7%,7+- /+ 7+,-:52 N#+ 5<+/+6+4

% $+0%9:5 /+

(

±Vrefp

)

/3'
J5$842 +--% 786,!6% /+ 45/#0%9:5 N#%,/5 %=0!6%/% %5 ?@%-5 AB

=5--#! "$%,/+- >%$!%9.+- /+ =57G,6!% +,7$+"#+ =+05- -#<4O/#05- 4+!%

=5,7+ +4 3#,9:5 /5 ;,/!6+ /+ 45/#0%9:5' P#%,/5 5 ;,/!6+ /+ 45Q

/#0%9:5 >%$!% +,7$+ 0,37 + 0,76 5 R#S5 /+ =57G,6!% ,5- -#<4O/#05-
8 ,+"%7!>52 !,>!%<!0!K%,/5 % #7!0!K%9:5 /+ +-7$#7#$%- #,!/!$+6!5,%!- +4

=57G,6!% =%$% %0!4+,7%9:5 /+ 6%/% -#<4O/#05 D$+7!T6%/5$+- % /!5/5-E'

U  !"#$% &'V %=$+-+,7% 5 R#S5 /+ =57G,6!% ,5- 4O/#05- 4+!% =5,7+

+ ,5 4O/#05 7$!3C-!65 /5 !,>+$-5$ 4#07!,;>+0 1;<$!/5 =%$% 5 ?@%-5 AB2

5<7!/%- %7$%>8- /+ -!4#0%9:5 ,#48$!6%'

W4% -50#9:5 =%$% +--+ =$5<0+4% -+$!% % #7!0!K%9:5 /+ +-7$#7#$%-

<!/!$+6!5,%!- +4 =57G,6!% =%$% %0!4+,7%9:5 /+ 6%/% -#<4O/#052 6545

65,>+$-5$+- /6Q/6 +4 48/!% 3$+N#G,6!%' J5$842 +-7$#7#$%- <!/!$+6!5Q

,%!- -:5 4%!- 6%$%- N#+ +-7$#7#$%- #,!/!$+6!5,%!- + ,+6+--!7%$!%4 /+

#4 =$5X+75 %#S!0!%$ %5 =$5X+75 /% +-7$#7#$% !,!6!%0 =$5=5-7%' @545

,5 7$%<%015 -:5 #7!0!K%/5- $+7!T6%/5$+- #,!/!$+6!5,%!- /+ =57G,6!%2 5



  

 !"#$ %& '( $)(*"+,$ -,$ #(*. "/$*'"'$ '(01'$ "$ 234$ -(5"610$ '(

)$67-81" -$# #3/9:'3;$# )"*" <-'18(# '( 9$'3;"+,$ 1-6(*9('1.*1$#=

>##" #163"+,$ ?3( $ 234$ '( )$67-81" @ -(5"610$ )"*" 39" *(51,$

'( $)(*"+,$ '$ 1-0(*#$* 93;61-<0(; $ ;1916" " $)(*"* '( A$*9" "##19@B

6*18"C $ ?3( -,$ @ )*$/;(9" ?3"-'$ $ 1-0(*#$* $)(*" '( A$*9" #19@6*18"

D!"#$ EF=

G153*" H=I J >4(9);$ '" 6@8-18" '( 9$'3;"+,$ KLM N</*1'" ( 8$B
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O$  !"#$ E& " 6(-#,$ '$ 9:'3;$ 9(1" )$-6( @ 153"; "$ 9:'3;$

6*1A.#18$ Vx = Vy ( $ 1-0(*#$* )$'( #1-6(61P"* "6@ 81-8$ -<0(1# -" 6(-#,$

'( A"#(= Q A$*9" '( $-'" #1-6(61P"'" )(;$ 1-0(*#$* $)(*"-'$ -$ '( A$*9"

#19@6*18" @ $/#(*0"'" -" G153*" H=R= O" #193;"+,$ '"# A$*9"# '( $-'"

'( 6(-#,$ A$*"9 361;1P"'$# $# )"*S9(6*$# ")*(#(-6"'$# -" T"/(;" H=H=



  

 !"#$% &'( )  *#+, -. /,0123!% %0$%456 -%6 7,20.6 -. %*!8.20%9:, -,
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0,80 0,2 0,4 0,6 1,0
Índice de Modulação [Ma]

20

40

60

80

100

P
ot

ên
ci

a 
A

ti
va

 [
%

 d
o 

to
ta

l]

0

120

-20

ΣP
x

ΣP
y

?%@.*% &'& ) A%$B8.0$,6 -. 6!8#*%9:, -%6 7,$8%6 -. ,2-% -. 0.26:, -,

!24.$6,$ 8#*0!2C4.* DC@$!-, /%$% 0532!3% -. 8,-#*%9:, DC@$!-%E /%$% ,

;<%6, F>'

 !"#$%&"' (!)'" *%+,"-./'

Vx 400 V ?.26:, -, @%$$%8.20, 33

-,6 8G-#*,6 8.!% /,20.

Vy 400 V ?.26:, -, @%$$%8.20, 33

-, 8G-#*, 0$!7H6!3,

Ma 1 I2-!3. -. 8,-#*%9:,

fr 60 Hz  $.J#123!% -% $.-. -.

%*!8.20%9:,

fsw 1020 Hz  $.J#123!% -. 3D%4.%8.20,

-,6 8G-#*,6 8.!% /,20.



  

 !"#$% &'( ) *+,-.+- /+ 0!,1%2 /+ 3%-+ + /+ 45/5 654#4 /% 786,!6% /+

45/#0%9:5 1;<$!/% +4=$+"%/% %5 !,>+$-5$ 4#07!,;>+0 1;<$!/5 =$5=5-752

=%$% 5 ?@%-5 AB 654 ;,/!6+ /+ 45/#0%9:5 #,!7C$!5'

v
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-2000 V
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v
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300 V

150 V

0 V

-150 V

-300 V

t

D- =#0-5- /+ 654%,/5 /5 !,7+$$#=75$ S1A -:5 -!,7+7!E%/5- =+0%-

654=%$%9.+- /5 -!,%0 /+ $+3+$F,6!% 654 %- =5$7%/5$%- & + G HPort3 +

Port4I2 =%$% 5 !,7+$$#=75$ S2A -:5 "+$%/5- =+0% 654=%$%9.+- /%- =5$J

7%/5$%- A + K HPort1 + Port2I 654 5 -!,%0 /+ $+3+$F,6!%' D 654%,/5 /5-

!,7+$$#=75$+- S3A + S4A -:5 "+$%/5- /% 4+-4% 35$4% L#+ ,5 ?@%-5 KB2

=+0%- 654=%$%9.+- /5 -!,%0 /+ $+3+$F,6!% 654 >%05$+- 65,-7%,7+-2 L#+

,5 ?@%-5 AB 5<+/+6+4 M $+0%9:5 /+ (±Vrefmax
) /2' N  !"#$% &'O !0#-7$%

% 45/#0%9:5 1;<$!/% =%$% 5 ?@%-5 AB2 %=$+-+,7%,/5 %- 654=%$%9.+- /5

-!,%0 /+ $+3+$F,6!% 654 %- =5$7%/5$%- + 5- -!,%!- /+ 654%,/5 =%$% 5-

!,7+$$#=75$+- S1A2 S2A2 S3A + S4A'

P5 ?@%-5 AB /+>!/5 %5 4%!5$ ,Q4+$5 /+ +-7%/5- /+ 654#7%9:5

$+/#,/%,7+-2 +>!7%J-+ R#S5 /+ =57F,6!% ,+"%7!>% ,% %0!4+,7%9:5 /5-

-#<4T/#05-2 =5--!<!0!7%,/5 5 +4=$+"5 /%- +-7$#7#$%- #,!/!$+6!5,%!- +4

=57F,6!% =%$% % %0!4+,7%9:5 /5- 4T/#05-' N  !"#$% &'AU 45-7$% % =5J

7F,6!% %7$%>8- /5- 4T/#05- /+ =57F,6!% /5 !,>+$-5$2 ,5>%4+,7+ 5<7!/%-
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, Vref,h1 03& 7,(,'/6*)7)0 8)') (&7&0 &0 0,(&',0+ 8,'/.()*7& )0 1)0,0

va+ vb , vc" G) H)A,>) !"I 03& )8',0,*()7)0 )0 ;&/8&*,*(,0 Vref,g1 ,
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1o Vref,g1 = Vref,g Vref,h1 = Vref,h
2o Vref,g1 = −Vref,g Vref,h1 = Vref,g + Vref,h
3o Vref,g1 = Vref,h Vref,h1 = −Vref,g − Vref,h
4o Vref,g1 = −Vref,h Vref,h1 = −Vref,g
5o Vref,g1 = −Vref,g − Vref,h Vref,h1 = Vref,g
6o Vref,g1 = Vref,g + Vref,h Vref,h1 = −Vref,h
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7.%8(*)$ 4%"9.+$-$/ $" 4%)&.)%" /.+"%: ,"*$,);$&6/. "/ 1.+"%./ 4%5<)&"/

=/ *""%-.($-$/ Vref,g1 . Vref,h1 $%%.(-"(-$(-" "/ 1$,"%./ -$/ *""%-.6

($-$/ gh 4$%$ *)&$ . 4$%$ >$)<"2 ?"% .<.&4,": @& 1.+"% %.7.%8(*)$

*"& *""%-.($-$/ Vref,g1 = 1,2 . Vref,h1 = 1,5 A ,"*$,);$-" .(+%. "

4$%$,.,"B%$&" -.C()-" 4.,"/ 1.+"%./ -$/ .D@$ E./ /.B@)(+./F

−→
V ul =

[

Vref,g1
Vref,h1

]

=

[

2
1

]

GH2IJ

−→
V lu =

[

Vref,g1
Vref,h1

]

=

[

1
2

]

GH2KLJ

−→
V uu =

[

Vref,g1
Vref,h1

]

=

[

2
2

]

GH2KKJ

−→
V ll =

[

Vref,g1
Vref,h1

]

=

[

1
1

]

GH2KMJ

N)B@%$ H2KO P Q)$B%$&$ -" ./4$ " 1.+"%)$, -" 4%)&.)%" /.+"% -" )(1.%/"%

&@,+)(01., #0>%)-" . -.+.%&)($ !" -"/ 1.+"%./2

h

g

V
ref

(1,2;1,5)

(1,2)

(1,1) (2,1)

(2,2)

R>/.%1$(-" "/ 1$,"%./ C($)/ -"/ D@$+%" 1.+"%./ ("+$6/. $)(-$

7"%&$ !" -. -")/ +%)S(B@,"/: *"&" &"/+%$ $ N)B@%$ H2KO2 T"B": "/

1.+"%./

−→
V ul .

−→
V lu /.&4%. ./+$%!" 4%./.(+./: 7$,+$(-" -.+.%&)($% "

+.%*.)%" . U,+)&" 1.+"%2 R +.%*.)%" 1.+"% 4"-. /.% -.+.%&)($-" 4.,"

*V,*@," -$ .<4%.//!" GH2KHJ2

Vref,g1 + Vref,h1 − (Vul,g1 + Vul,h1) GH2KHJ

W. " 1$,"% -$ .<4%.//!" GH2KHJ 7"% 4"/)+)1": .(+!" " +.%*.)%" 1.+"%



  

 

−→
V uu !"#$ $ %"&$' (" )*+')##,$ -. /.0 1$' 2)3"45%$6 $ 4)'7)5'$ %)4$'

+')#)24) 8

−→
V ll 9)3:52($ $ )*);+&$ "24)'5$'<

1,2 + 1,5− (2 + 1) = −0,3 -. /=0

>$'4"24$6 $# 4'?# %)4$')# ;"5# +'@*5;$# "$ %)4$' ')1)'?275" #,$

−→
V ul6

−→
V lu )

−→
V ll 

A;" %)B 5()245C7"($# $# 4'?# %)4$')# ;"5# +'@*5;$# "$ %)4$' ')D

1)'?275"6 #):# ')#+)745%$# 4);+$# () 7$;:4"E,$ #,$ )27$24'"($# "4'"%8#

(" )F:"E,$ -. /G0

Ts · Vref,g1h1 = Ts · (dulVul + dluVul + d3V3) -. /G0

H) 1$';" #5;+&)# $# 4);+$# () 7$;:4"E,$ ($# %)4$')# #,$ ()D

4)';52"($# +)&"# )F:"EI)# -. /J0 ) -. /K06 #) V3 =
−→
V ll6

dul = Vref,g1 − Vll,g1

dlu = Vref,h1 − Vll,h1

dll = 1− dul − dlu

-. /J0

#) V3 =
−→
V uu 

dul = Vuu,h1 − Vref,h1

dlu = Vuu,g1 − Vref,g1

dll = 1− dul − dlu

-. /K0

L##5;6 #)3:52($ $ )*);+&$ "24)'5$' $# 4);+$# () 7$;:4"E,$ #,$

7"&7:&"($# +)&" )F:"E,$ -. /J0<

dul = Vref,g1 − Vll,g1 = 0,2

dlu = Vref,h1 − Vll,h1 = 0,5

dll = 1− dul − dlu = 0,3

-. /M0

 ! !"!# $%&'()*+% ,%- ./0%-/1 21,)34)41 5 6')-0% 210784%

N$ F:"'4$ )#4O35$ #,$ ()C25("# "# ;)&P$')# #)F:?275"# () 7$;:D

4"E,$ " #)'); :45&5B"("# L# ;)&P$')# #)F:?275"# () 7$;:4"E,$ +$();

#)' ()C25("# "4'"%8# (" &)54:'" ("# 7$'')24)# () #"Q("6 ("# 4)2#I)# ()

#"Q(" ) ("# 4)2#I)# ($# 7"+"754$')# () R"''";)24$ ($ 52%)'#$' A#:"&D

;)24)6 $ 7$24'$&) ("# 4)2#I)# () R"''";)24$ -R"27$# () 7"+"754$')#06 $

R"5*$ 2S;)'$ () 7$;:4"EI)# ) " F:"&5("() (" 1$';" () $2(" () #"Q("



  

 ! "!#$%&'!& '(! )*+!&%' ,&% !-.#*#+%'  *  %/#.0(!  %''*' '%123#".*'4

52+&* )!&-* 6  %/#.& ,&%$.*-%#+% *' -%78!&%' '%123#".*'  %

"!-2+*0(!9 "!-! #! "*'!  ! +&*:*78!4 ;%''* )!&-*9 *+%# %<'% !' &%<

12.'.+!' %=.>. !' ,%7! ,&!?%+.'+* % +*-:6- &% 2@<'% !' %')!&0!' "!-,2<

+*".!#*.' #%"%''A&.!'4

B''.-9 '(! *#*7.'* !' +! !' !' %'+* !'  % "!-2+*0(! !' 12*.'

'.#+%+.@*- "* * $%+!&  ! ,&.-%.&! '%+!&4 C ,*&* "* * A&%*  ! ,&.-%.&!

'%+!& %  %/#%-<'% 12*.' '(! !' %'+* !'  % "!-2+*0D%' * '%&%- %-,&%<

>* !'4

E.>2&* F4GH I ;.*>&*-*  ! %',*0! $%+!&.*7  ! ,&.-%.&! '%+!&  ! .#$%&'!&

-27+.#J$%7 8J:&. ! % #K-%&!  % %'+* !'  % "!-2+*0(! &% 2# *#+%'4

h

g

Transição
entre áreas

(1)

(2)

(3)

(2)

(1)(6)(20)(36)(45)

(6)

(20)

(36)
(10)(24)

(10)

5' #K-%&!' %- ,*&%#+%'%' #* E.>2&* F4GH .# ."*- #K-%&!  %

%'+* !'  % "!-2+*0D%' 12% '.#+%+.@*- ! -%'-! $%+!& #! ,7*#! gh4
L*&* * />2&* *,&%'%#+* * ?A '(! %7.-.#* !' !' %'+* !'  % "!-2+*0(!

12% .#'%&%- '.-27+*#%*-%#+% *'  2*' )!#+%'  % +%#'(!  !' '2:-M 27!'

 % "* * )*'%  ! .#$%&'!&4 B %'"!78*  !' %'+* !'  % "!-2+*0(! '%>2.&*-

!' &%12.'.+!'  %'"&.+!' #* 2#. * % F4F % -*.'  !.' &%12.'.+!' ".+* !' *

'%>2.&N

• B +&*#'.0(! %#+&% 2- %'+* !  % "!-2+*0(! % !2+&!  %$% %#$!7$%&

2- ,*&  % .#+%&&2,+!&%' ,!& :&*0!  ! .#$%&'!&4

• O* +&*#'.0(! %#+&% A&%*'  %$%<'% "!-2+*& ! -%#!& #K-%&!  %

.#+%&&2,+!&%' ,!''J$%74

L*&* *+%# %& !' &%12.'.+!'  %'%?* !' ,*&* * '%123#".*  % "!-2+*<

0(! '(! * !+* *' *' '%123#".*'  % "!-2+*0D%'  % ".#"! % '%+% '%>-%#+!'9

"!-! *,&%'%#+* ! ,!& P2 QRSSTU4

B '%123#".*  % "!-2+*0(!  % '%+% '%>-%#+!' "!#'.'+% %-  .$. .&

! +%-,!  % "!-2+*0(! Ts %- '%+% ,%&J! !'9 !' 12*.' %-,&%>*- !' $%<



  

 !"#$% &'() * +,-#./0!% 1, 023#4%56,7 8%$% 321#9%5:2 +;< 8$28274%

%2 !/=,$72$ 3#94!/>=,9 ?>@$!12'

 !" #$%&'()*! +$ ),-&.!/0, +$ 1$.$ 1$2-$(.,13

V
cc

-V
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-V
cc-2V
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T
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2
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4

v
A 0
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v
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V
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v
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v
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 !"#$ $#%#&'!()*!$+ ,-) &)")& #".$ '&) '( #"#$$)( # *#$$) $#/01(&') *#

&!-0 )23! 4 /0# ) 5"#/01(&') *# &!-0 )23! -4*') (!$ $#-'&!(*0 !"#$

4 '60)% ) fsw = 1/Ts7 &)$! )  ")($'23! #( "# &)*) #$ )*! *# &!-0 )23!

#(8!%8) $!-#( # 0- 0- 9)" *# '( #""09 !"#$+

:; ) $#/01(&') *# &!-0 )23! *# &'(&! $#6-#( !$ 0 '%'<) *!$ 8#=

 !"#$ $#%#&'!()*!$ *'8'*'*!$ #- &'(&! 9#".!*!$ *0")( # 0- 9#".!*! *#

&!-0 )23! Ts+ >#$$# &)$! ) 5"#/01(&') *# &!-0 )23! -4*') *!$ *'$9!=

$' '8!$ 4 -#(!" /0# 1/Ts7 &)$! )  ")($'23! #( "# &)*) #$ )*! *# &!-0=

 )23! #(8!%8) $!-#( # 0- 9)" *# '( #""09 !"#$+ ?$$'-7 -'('-'<)-=$#

)$ 9#"*)$ *# &!-0 )23! $!@"# !$ $#-'&!(*0 !"#$ "#)%'<)(*! 0- -#(!"

(A-#"! *# &!-0 )2B#$+

? C'60") D+EF )9"#$#( ) )$ $#/01(&')$ *# &!-0 )2B#$ 9!" $# # #

&'(&! $#6-#( !$ 0 '%'<)*)$ (!  ")@)%G! 9)") 0-) -#$-) ;"#) () /0)%

! 8# !" *# "#5#"1(&') #$ ; '($#"'*!+

 ! !"!# $%&'()*+% ,%- ./0%-/1 21,)34)41 5 6'470% 210894%

>! A% '-! #$ ;6'! $3! 6#")*!$ !$ 8# !"#$ !"'6'()'$ 9)") &)*) $#H=

 )( # &!""#$9!(*#( #7 9!'$  !*)$ )$ )(;%'$# *!$ 8# !"#$7 &;%&0%!$ *!$

 #-9!$ *# &!-0 )23! # *) $#/01(&') *# &!-0 )23! $3! "#5#"#(&')*!$

)! 9"'-#'"! $#H )( #+ I!(G#&#(*! ! $#H )( # *! 8# !" *# "#5#"1(&')7

#$$) )23! 9!*# $#" #H#&0 )*) 9!" 0-) $'-9%#$ 9#"-0 )23! *)$ 5)$#$7

*# )&!"*! &!- ) J)@#%) D+K+

J)@#%) D+K L M#"-0 )23! *)$ 5)$#$ ABC 9)") $.( #$# *! 8# !" !"'6'()%

#- &)*) $#H )( #+

N#H )( # C)$# A C)$# B C)$# C

1o A B C
2o A→ B B → A C
3o A→ B B → C C → A
4o A→ C B C → A
5o A→ C B → A C → B
6o A B → C C → B

?$$'-7 )$  #($B#$ *# 5)$#7 *# %'(G) # *# -!*! &!-0- *! '(8#"$!"

0 '%'<)(*! )  4&('&) *# -!*0%)23! 9!" 8# !"#$ #$9)&')'$ 9)") ) $#/01(&')

$# # $#6-#( !$ $3! )9"#$#( )*)$ () C'60") D+EO+ M)") ) $'-0%)23! *)

-!*0%)23! 9!" 8# !"#$ #$9)&')'$ &!- $# # $#6-#( !$ 5!")- 0 '%'<)*!$

!$ 9)"P-# "!$ )9"#$#( )*!$ () J)@#%) D+Q+



  

 !"#$! %&' ( )!*+,#-*./ 0# /1,2$!34. 0!/ 5.*,!/ 0# .60! 0# -#6/4.

0. 167#*/.* ,2$-1687#$ 98"*10. :!*! -;<61<! 0# ,.02$!34. :.* 7#-.*#/

#/:!<1!1/ <., /#-# # <16<. /#=,#6-./&

 !"#$%&"' (!)'" *%+,"-./'

Vx 400 V  #6/4. 0. "!**!,#6-. <<

0./ ,>02$./ ,#1! :.6-#

Vy 400 V  #6/4. 0. "!**!,#6-. <<

0. ,>02$. -*15?/1<.

Ma 1 @601<# 0# ,.02$!34.

fr 60 Hz A*#B2C6<1! 0! *#0# 0#

!$1,#6-!34.

Ts 173,6 µs )#*8.0. 0# <.,2-!34.

A1=2*! %&DE (  #6/F#/ 0# $169!G 0# 5!/# # 0# ,.0. <.,2, 0! -;<61<!

,.02$!34. HIJ <., /#-# /#=,#6-./ !:$1<!0! !. 167#*/.* ,2$-1687#$

98"*10. :*.:./-.G :!*! 8601<# 0# ,.02$!34. Ma = 0,9&

v
A

v
AB

1000 V

500 V

0 V

-500 V

-1000 V

2000 V

1000 V

0 V

-1000 V

-2000 V

t

t

v
com

400 V

200 V

0 V

-200 V

-400 V

t

)#*<#"#K/# 61-10!,#6-# ./ <16<. 687#1/ 0# -#6/4. /16-#-1L!0./ 6!

-#6/4. 0# 5!/# 0. 167#*/.* # ./ 6.7# 687#1/ 0# -#6/4. /16-#-1L!0./ 6!

-#6/4. 0# $169!&

M A1=2*! %&NO !:*#/#6-! !/ -#6/F#/ 0# 5!/#G 0# $169! # 0# ,.0.

<.,2, :!*! . 167#*/.* ,2$-1687#$ #,:*#=!60. ! -;<61<! 0# ,.02$!34.

HIJ <., <16<. /#=,#6-./& P.7!,#6-# 10#6-1Q<!,K/# ./ <16<. 687#1/ 0#

-#6/4. 6! -#6/4. 0# 5!/# # ./ 6.7# 687#1/ 0# -#6/4. 6! -#6/4. 0# $169!&



  

 !"#$% &'() * +,-./,. 0, 1!-2%3 0, 4%., , 0, 5606 765#5 0% 897-!7%

560#1%:;6 <=> 765 7!-76 .,"5,-86. %?1!7%0% %6 !-@,$.6$ 5#18!-A@,1

2AB$!06 ?$6?6.863 ?%$% A-0!7, 0, 560#1%:;6 Ma = 0,9'

v
A

v
AB

1000 V

500 V

0 V

-500 V

-1000 V

2000 V

1000 V

0 V

-1000 V

-2000 V

t

t

v
com

400 V

200 V

0 V

-200 V

-400 V

t

C,$7,B,D., 4%7!15,-8, -%  !"#$% &'() % 5,-6$ E#%-8!0%0, 0, 76D

5#8%:/,. $,%1!F%0% ?,1% 897-!7% 0, 560#1%:;6 <=> 765 7!-76 .,"5,-D

86. ,5 $,1%:;6 % 0, .,8, .,"5,-86.' G 5,-6$ -H5,$6 0, 765#8%:/,.

IJ ,$% ,.?,$%063 0,@!06 %6 5,-6$ -H5,$6 0, .,"5,-86.'

K  !"#$% &'(L %?$,.,-8% % 0!.86$:;6 2%$5M-!7% 868%1 ?%$% %.

8,-./,. 0, 4%., , ?%$% %. 8,-./,. 0, 1!-2% 0%. 897-!7%. 0, 560#1%:;6

<=> 0, 7!-76 , .,8, .,"5,-86.3 6B8!06 ?6$ 5,!6 0, .!5#1%:;6 -#59$!7%'

N68%D., #5% 1,@, 0!4,$,-:% ,-8$, % 0!.86$:;6 2%$5M-!7% 868%1

,-8$, %. 560#1%:/,. ?6$ @,86$,. ,.?%7!%!. 765 7!-76 , .,8, .,"5,-86.'

O..% 0!4,$,-:% ., ,P?1!7% 4%7!15,-8, ,5 $%F;6 0% 5,-6$ E#%-8!0%0, 0,

.,"5,-86. .!-8,8!F%06. ?,1% 560#1%:;6 ?6$ @,86$,. ,.?%7!%!. 0, 7!-76

.,"5,-86.'

Q !5?6$8%-8, 0,.8%7%$ E#, -% $,"!;6 0, 5%!6$ !-8,$,.., Ma > 0,33
% 0!.86$:;6 2%$5M-!7% 868%1 0% 8,-.;6 0, 1!-2% 0%. 897-!7%. 560#1%:;6

<=> 765 7!-76 , .,8, .,"5,-86. %?$,.,-8%5 @%16$,. E#%., !0R-8!76.'

 !" #$%&'() *#( +,--)$.)( ) *,( -).'/'+#*,0

-)( *) )$.-#*#

G 0!5,-.!6-%5,-86 06. $,8!S7%06$,. 0, ,-8$%0% 0, 7%0% 46-8, 0,

%1!5,-8%:;6 !.61%0% 06 !-@,$.6$ ?$6?6.86 9 0,S-!06 %8$%@9. 0% 76$$,-8,



  

 !"#$% &'() * +$,-./ 0% 0!12/$34/ 5%$678!.% 2/2%9 0% 2:814/ 0: 9!85% :

0: ;%1: <%$% 6/0#9%34/ =>?@ :6 A:$6:95/ <%$% BC =:"6:82/1D : %E#9

<%$% BF =:"6:82/1D'

 

 

THD - Fase
THD - Linha

0,80 0,2 0,4 0,6 1,0

Índice de Modulação [Ma]

0

50

100

200

T
H

D
[%

] 150

G#: .%0% $:2!-.%0/$ 0:A: 1#</$2%$' H:-8:I1: % ./$$:82: 0: .%0% ;/82:

0: %9!6:82%34/ !1/9%0% %2$%AJ1 0% </2K8.!% G#: .%0% ;/82: 0: %9!6:82%I

34/ ;/$8:.: %/ !8A:$1/$@ G#: J <%$%6:2$!E%0% :6 ;#834/ 0% 2J.8!.% 0:

6/0#9%34/ :6<$:"%0%@ 0% </2K8.!% 0% .%$"% : 0/ A%9/$ 0/ L80!.: 0: 6/I

0#9%34/' =:80/ %11!6@ %9"#81 $:G#!1!2/1 : ./81!0:$%3M:1 14/ %0/2%0/1

<%$% /1 .,9.#9/1 0%1 ./$$:82:1 8/1 0!/0/1N

• O 6/0#9%34/ :6<$:"%0% 1:$, % 6/0#9%34/ 5LP$!0%@ %<$:1:82%0%

8% #8!0%0: &'&')'

• Q A%9/$ 0/ L80!.: 0: 6/0#9%34/ 1:$, 0: Ma = 0,9' O06!2!80/ G#:
% /<:$%34/ ./6 L80!.: 0: 6/0#9%34/ #8!2,$!/ Ma = 1,0@ G#%80/
% </2K8.!% J 6,R!6%@ 84/ J #6 A%9/$ <$,2!./'

• O1 ./$$:82:1 0: :82$%0%1 14/ ./81!0:$%0%1 1:8/!0%!1'

• O1 $:%2S8.!%1 0/1 2$%81;/$6%0/$:1 0% :82$%0% 0/1 $:2!-.%0/$:1

0/1 1#P6T0#9/1 6:!% </82: : 0/ 6T0#9/ 2$!;,1!./ 14/ 0: 5%'

• Q1 ./6</8:82:1 0: </2K8.!% 0/ !8A:$1/$ : 0/1 $:2!-.%0/$:1 14/

./81!0:$%0/1 !0:%!1@ 84/ </11#:6 <:$0%1 /# !80#2S8.!%1 <%$%1!2%1'



  

 !"#$% &' ($#)*+," &$- %'#,.+"&$%'- &' -',- (/0-$- /#,0,1"&$- *$-

-/234&/0$- 3'," ($*#' ' *$ 34&/0$ #%,!5-,+$ 6 &'#'%3,*"&$ "#%"76- &"

3'#$&$0$8," "(%'-'*#"&" ($% 9/ :;<<=>? @--,3A "--/3'B-' /3 !"#$%

&' ($#)*+," &' 0,92 ("%" $- %'#,.+"&$%'- -',- (/0-$- ' &' 0,96 ("%" $
%'#,.+"&$% &' &$1' (/0-$- &$ 34&/0$ #%,!5-,+$?

 !"!# $%&'()*+,-%. +,. /0+12,. /%'* 3,4&%

@ C,8/%" D?;; "(%'-'*#" $ +,%+/,#$ %'#,.+"&$% '3(%'8"&$ *" '*B

#%"&" &' +"&" 34&/0$ 3'," ($*#'?

C,8/%" D?;; E F,%+/,#$ %'#,.+"&$% &' '*#%"&" &$ 34&/0$ 3'," ($*#'?

v
a a i
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+
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∆
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v
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v
c c i

c
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 !" #$%& '! ()*+,! $-)&%&'.$/! 01(2)$ 34567 !'/& $ -!.8',1$

&'.)&(2& -&9$% :!'.&% /& $91"&'.$;<! 1%!9$/$% /! 1'=&)%!) > /&+'1/$

&" =1).2/& /! ?'/1,& /& "!/29$;<! & /$ &@-)&%%<! A345BC7 /&+'&D%& $

-!.8',1$ E2& ,$/$ :!'.& /& $91"&'.$;<! /!% %2#"F/29!% /&=& :!)'&,&)

$!% ,!'=&)%!)&% "&1$ -!'.&4

Pmp =
41,2% · Pcarga

6
A345BC

G'/&7 Pcarga > $ -!.8',1$ .!.$9 :!)'&,1/$ -&9! 1'=&)%!) "29.1'?=&9

-)!-!%.! H ,$)($7 & 41,2% > ! :$.!) "29.1-91,$.1=! /$ -!.8',1$ :!)'&D

,1/$ H ,$)($ -&9!% %2#"F/29!% "&1$ -!'.&7 '&%%& ,$%!7 -$)$ ! 1'=&)%!)

!-&)$'/! ,!" ?'/1,& /& "!/29$;<! 0,94
I%%1"7 $ ,!))&'.& &+,$J /& :$%& '$ &'.)$/$ /& 2"$ -!'.& )&.1+D

,$/!)$ /! "F/29! "&1$ -!'.& > /&.&)"1'$/$ -&9$ &E2$;<! A34K6C4

Iintmp,rms =
Pmp · αesp

3 · Vpri,rms · FPmp

A34K6C

G'/&7 αespiras /&+'& $ )&9$;<! /& &%-1)$% &'.)& -)1"*)1! & %&,2'D



  

 !"#$  $% &"'(%)$"*' $"+%, Vpri,rms - ' &+(%.$ +/0'1  + )'%+ ($ 2"#*!"#$

 $% &"'(%)$"*' $"+%, + FPmp - $ )'&$"  + 2$&3(0#' 2'"' $% "+&#/0' $"+%

 + %+#% 245%$%  $% *6 45$% *+#' 2$(&+7

8$(%# +"'( $ 94+ ' 2$&3(0#' )$"(+0# ' 2$" 0' ' *6 45$ *+#'

2$(&+ - 0$(%&'(&+ + 94+ ' 0$""+(&+  + +(&"' ' - 24"'*+(&+ %+($# '57

:;&-*<%+ $% ='5$"+%  ' 0$""+(&+ *- #' + +/0'1 +* 4*  #$ $ '&"'=-%

 '% +94'>?+% @A7BCD + @A7BBD7

Idmp,avg =
Pmp

3 · Vcc
@A7BCD

Idmp,rms =
Iintmp,rms√

2
@A7BBD

 !"!# $%&'()*+,- +, ./+01, 2-'345'),

E F#G4"' A7BA '2"+%+(&' $ 0#"04#&$ "+&#/0' $" +*2"+G' $ H +(<

&"' '  $ *6 45$ &"#)!%#0$7

F#G4"' A7BA I 8#"04#&$ "+&#/0' $"  + +(&"' '  $ *6 45$ &"#)!%#0$7

v
a a i
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∆

Y
v
b b

i
b

v
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Lin
mt

Iint
mt

E  +&+"*#('>.$  '% 0$""+(&+% ($%  #$ $%  $ "+&#/0' $"  $ *6<

 45$ &"#)!%#0$ %+G4+ ' *+&$ $5$G#' '2"+%+(&' ' (' %+>.$ A7J7C7 E%%#*,

' 2$&3(0#' +(&"+G4+ '$ *6 45$ &"#)!%#0$ - $;&# ' 2+5' +94'>.$ @A7BAD,

$( + $ )'&$" *45&#25#0'&#=$ 58,8% - ' 2$&3(0#' )$"(+0# ' ' 0'"G' 2+5$

*6 45$ &"#)!%#0$7

Pmt =
58,8% · Pcarga

2
@A7BAD

E 0$""+(&+ +/0'1 (' +(&"' '  '% 2$(&+% "+&#/0' $"'% +* 4*'  '%

)'%+% -  +&+"*#(' ' 2+5' +94'>.$ @A7BJD7



  

Iintmt,rms =
Pmt · αesp

3 · Vpri,rms · FPmt

 !"#$%

&'()* αespiras ()+') , -).,/01 () )234-,2 )'5-) 3-467-41 ) 2)89':

(7-41 (12 5-,'2;1-6,(1-)2* Vpri,rms , 5)'201 )+8,< () ;,2) '1 3-467-41

(1 5-,'2;1-6,(1-* ) FPmt 1 ;,51- () 315='84, 3,-, 1 -)54+8,(1- () (1<)

39.212 (1 6>(9.1 5-4;72481"

?)'(1 81'25,'5) , 315='84, ;1-')84(, 3).1 6>(9.1 5-4;72481* ,

81--)'5) 6@(4, ) )+8,< )6 96 (41(1 (, 31'5) -)54+8,(1-, () (1<)

39.212 201 1A54(,2 3).,2 )B9,/C)2  !"#D% )  !"#E%"

Idmt,avg =
Pmt

3 · Vcc
 !"#D%

Idmt,rms =
Iintmt,rms√

2
 !"#E%

 !"! #$%&'()*+ ,+- ./0$12(,+3/- ,/ 4503(,(

F,-, , 2469.,/01 (12 -)54+8,(1-)2 () )'5-,(, 2)-01 ()+'4(12

,.G9'2 3,-H6)5-12 ,3-)2)'5,(12 ', I,A)., !"J" &2 (,(12 201 -);)-)'5)2

K 13)-,/01 (1 4'L)-21- 816 61(9.,/01 MNA-4(, 3,-, 1 OP,21 QR"

P16 12 3,-H6)5-12 ;1-')84(12 @ 3122NL). 1A5)- ,2 ;1-6,2 () 1'(,

() 81--)'5) ', )'5-,(, (1 4'L)-21- 5-4;72481 MNA-4(1" S2 ;1-6,2 () 1'(,

() 81--)'5) ) 5)'201 () )'5-,(, (1 4'L)-21- 201 L429,.4<,(,2 ', T4G9-,

!"#$" S (4251-/01 M,-6U'48, 515,. (, 81--)'5) () )'5-,(, ,3-)2)'5, 96

N'(48) () 6,69 %"

V6, ,'7.42) 6,42 8-45)-412, (, 81--)'5) () )'5-,(, (1 4'L)-21-

@ -),.4<,(, 6)(4,'5) , 1A2)-L,/01 (,2 81631')'5)2 M,-6U'48,2" S2

81631')'5)2 M,-6U'48,2 201 1A54(,2 ,5-,L@2 (, ()8163124/01 (1 24',.

)6 2@-4) () T19-4)- ) ', T4G9-, !"#D 201 ,3-)2)'5,(,2 ,2 81631')'5)2

M,-6U'48,2 (, 81--)'5) () )'5-,(, (1 4'L)-21-"

S3)2,- (, (4251-/01 M,-6U'48, 515,. 2)- -).,54L,6)'5) A,4W,*

,.G96,2 81631')'5)2 ,3-)2)'5,6 L,.1-)2 ).)L,(12 8161 , (@846, 3-4:

6)4-, ) L4G@246, 5)-8)4-, M,-6U'48," P,21 , ,3.48,/01 (1 4'L)-21-

')8)2245) (, ,5)'9,/01 ()22,2 81631')'5)2* +.5-12 24'51'4<,(12 31()6

2)- ,(4841',(12 K )'5-,(, (1 4'L)-21-" &2 +.5-12 24'51'4<,(12 201 3-1:

X)5,(12 () ;1-6, , ,5)'9,- ,2 81631')'5)2 M,-6U'48,2 4'()2)X7L)42*

3-4'843,.6)'5) ,2 81631')'5)2 M,-6U'48,2 () A,4W, 1-()6 ) )L45,'(1

B9) ).,2 84-89.)6 3)., -)() () ,.46)'5,/01"



  

 !"#$! %&' ( )!*+,#-*./ 0# /1,2$!34. 0./ *#-156!0.*#/ 0# #7-*!0!&

 !"#$%&"' (!)'" *%+,"-./'

Pcarga 13 kW ).-8761! -.-!$ -*19:/16!

0# 6!*;!

Linmp 5 % <1/=#*/4. 0./ -*!7/9.*,!0.*#/

0./ ,>02$./ ,#1! =.7-#

Linmt 5 % <1/=#*/4. 0. -*!7/9.*,!0.*

0. ,>02$. -*19:/16.

fr 60 Hz ?*#@28761! 0! *#0#

0# !$1,#7-!34.

Vpri,rms 220 V  #7/4. #56!A 0# 9!/# 7./

=*1,:*1./ 0./ -*!7/9.*,!0.*#/

CmpjX 3.300 µF B!=!61-.*#/ 0# "!**!,#7-. 0./

,>02$./ ,#1! =.7-#

CmtjX 4.080 µF B!=!61-.*#/ 0# "!**!,#7-. 0.

,>02$. -*19:/16.

Vx 400 V  #7/4. 0. "!**!,#7-. 66

0./ ,>02$./ ,#1! =.7-#

Vy 400 V  #7/4. 0. "!**!,#7-. 66

0. ,>02$. -*19:/16.

Φ 5,65o C7;2$. #7-*# 6.**#7-# 0#

6!*;! # /17!$ *#9#*8761!

Ma 0,9 D7016# 0# ,.02$!34.

?1;2*! %&EF (  #7/4. 0# 9!/# # 6.**#7-# 0# #7-*!0! 0. 17G#*/.* ,2$-17HG#$

IH"*10. -*19:/16.

0 V
-100 V
-200 V

100 V
200 V

0,35 0,36 0,37 0,38 0,39 0,40
Tempo (s)

0 A
-20 A
-40 A

20 A
40 A

v
a
(t)

v
b
(t)

v
c
(t)

i
a
(t)

i
b
(t)

i
c
(t)



  

 !"#$% &'() * +,-.!/0 12 0/3045$2 6%$78,!2 1% 42$$0,50 10 0,5$%1% 12

!,90$/2$ 7#.5!,:90. 6:;$!12'

6%

2%

4%

8%

0%
0 5 10 15 20 25 30 35 40 45 50

I(n)

I(1)

Ordem da Harmônica

</ 4%3%4!52$0/ 12/ ;%$$%70,52/ 44 12/ 7=1#.2/ 70!% 32,50 />2

3$2?05%12/ 42,@2$70 A %3$0/0,5%12 ,% /0B>2 C'(' < 3$2?052 9!/% 0/5%D

;0.040$ #7% @%!E% 10 2/4!.%B>2 1% 50,/>2 /2;$0 2/ 4%3%4!52$0/ 10 ;%$$%D

70,52F G#0 3%$% 2 4%/2 A 10 8 V' +  !"#$% &'(H %3$0/0,5% %/ 50,/I0/

,2/ 4%3%4!52$0/ 12/ /#;7=1#.2/ 70!% 32,50 ,% @%/0 A'

J%  !"#$% &'(H 9!/#%.!K%D/0 % 7-E!7% 2,1#.%B>2 10 50,/>2 ,2

;%$$%70,52 44 12/ /#;7=1#.2/ 70!% 32,50 1% @%/0 AF G#0 A 10 %3$2D

E!7%1%70,50 6,4 V 3%$% %7;2/ 2/ ;%$$%70,52/ 44F 3$=E!72 %2 9%.2$

50=$!42 3$232/52 10 8 V 3%$% % 2,1#.%B>2 10 50,/>2 /2;$0 2/ 4%3%4!52$0/'

 !"#$% &'(H * L0,/>2 12/ 4%3%4!52$0/ 10 ;%$$%70,52 12/ /#;7=1#.2/

70!% 32,50'

0,35 0,36 0,37 0,38 0,39 0,40
Tempo (s)

396 V
394 V
392 V

398 V

400 V

6,4V
v

C1A
(t)

v
C2A

(t)

+  !"#$% &'(M %3$0/0,5% % 2,1#.%B>2 10 50,/>2 ,2/ 4%3%4!52$0/ 12

7=1#.2 5$!@-/!42F G#0 @2$%7 3$2?05%12/ 42,@2$70 %3$0/0,5%12 ,% #,!D

1%10 C'&' +7;2/ 2/ 4%3%4!52$0/ C3 0 C4 % 50,/>2 10 ;%$$%70,52 2/4!.2#

10,5$2 12 0/30$%12F 427 #7% 9%$!%B>2 10 %3$2E!7%1%70,50 6,8 V'



  

 !"#$% &'() * +,-./0 10. 2%3%2!40$,. 1, 5%$$%6,-40 10 671#80 4$!9:;

.!20'

0,35 0,36 0,37 0,38 0,39 0,40
Tempo (s)

396 V
394 V
392 V

398 V

400 V
v
C3

(t)
v
C4

(t)

6,8V

< !-=,$.0$ 6#84!->=,8 ?>5$!10 20638,40 @ 20-.4!4#>10 30$ 0!40

$,4!A2%10$,. 1, .,!. 3#8.0. 206 A84$0 2%3%2!4!=0B .,-10 10!. $,4!A2%10$,.

10 671#80 4$!9:.!20 , .,!. $,4!A2%10$,. 1, .,!. 3#8.0. 10. .#5671#80.

6,!% 30-4,'

C% +%5,8% &'D ./0 %3$,.,-4%10. 0. =%80$,. 1, 20$$,-4, 6@1!% ,

,A2%E 3%$% 0. 1!010. 10. $,4!A2%10$,. 10. 671#80. 6,!% 30-4, , 3%$%

0. 1!010. 10. $,4!A2%10$,. 10 671#80 4$!9:.!20 1% 9%., A' +%65@6

./0 %3$,.,-4%10. 0. =%80$,. 1, 20$$,-4, ,A2%E 3%$% 0. 2%3%2!40$,. 1,

5%$$%6,-40 22 10 671#80 6,!% 30-4, 1% 9%., A , 3%$% 0. 2%3%2!40$,.

10 671#80 4$!9:.!20'

+%5,8% &'D * F%80$,. 1% 20$$,-4, 6@1!% , ,A2%E 3%$% 0. 1!010. $,4!A2%;

10$,. , 3%$% 0. 2%3%2!40$,. 10. 5%$$%6,-40. 22 10 !-=,$.0$ 6#84!->=,8

?>5$!10'

 !""#$%# $!& '()!"#& %#*"+,!& '()!"#& &+-.)(/!&

,!-0!$#$%#& 123 123

Idmp,rms 1,79 1,70∗

Idmp,agv 0,74 0,71∗

Idmt,rms 7,41 7,29∗

Idmt,agv 3,20 3,04∗

IC1A,rms 3,95 4,33
IC2A,rms 3,95 4,60
IC3,rms 9,54 9,76
IC4,rms 9,54 8,45

G H@1!% 10. =%80$,. ,-20-4$%10. ,6 4010. 0. 1!010. 1%

30-4, $,4!A2%10$%'



  

 !" #$%#&'()$

 !"#$ "!%&' (') $*+!"!,#$-' ' ),.!+"'+ /01#),2.!1 324+)-' *+'5

*'"#'6 -!"7+!.!,-' #'-$ $ "0$ !"#+0#0+$ ! "0$" !#$*$" -! '*!+$%&' !

.!+)87$,-' 90! ' ),.!+"'+ *'""0) -':! !#$*$" -! '*!+$%&'6 *'-!,-'

'*!+$+ -! ('+/$ ")/;#+)7$ '0 $"")/;#+)7$<  $ ('+/$ -! '*!+$%&' ")5

/;#+)7$ *'-!5"! "),#!#):$+ $#; 7),7' ,2.!)" -! #!,"&' -! ($"!6 *$+$ $

('+/$ -! '*!+$%&' $"")/;#+)7$ "),#!#):$/5"! $#; ,'.! ,2.!)" ,$ #!,"&'

-! ($"!< =0#+' ($#'+ +!1!.$,#! "&' '" !"#$-'" -! '*!+$%&' +!-0,-$,#!"

-' ),.!+"'+ /01#),2.!16 $1>0," -!""!" !"#$-'" *'-!/ "!+ )/*'+#$,#!"

*$+$ +!$1):$+ ' 4$1$,%' -! #!,"&' -'" 7$*$7)#'+!" -'" /?-01'"<

@'+$/ *+'*'"#$" -0$" #;7,)7$" -! /'-01$%&' *$+$ ' ),.!+"'+

/01#),2.!1< A #;7,)7$ -! /'-01$%&' 324+)-$ #!/ 7$+$7#!+2"#)7$" "!/!5

13$,#!" B #;7,)7$ CDE5CF6 *'+;/ -)(!+!,7)$5"! *'+ 7'/0#$+ !/ $1#$

(+!90G,7)$ "'/!,#! '" /?-01'" /!)$ *',#! ! ' /?-01' #+)(H")7' !/

4$)I$ (+!90G,7)$< F!""$ ('+/$6 *$+$ 2,-)7!" -! /'-01$%&' !1!.$-'" '

/?-01' #+)(H")7' *+'7!""$ /$)'+ *$+#! -$ !,!+>)$ 90! 7)+701$ $#+$.;" -'

),.!+"'+ ! *'""0) /!,'+ *!+-$ -! 7'/0#$%&'< A "!>0,-$ #;7,)7$ -! /'5

-01$%&' $*+!"!,#$-$ (') $ #;7,)7$ -! /'-01$%&' *'+ .!#'+!" !"*$7)$)"

-! 7),7' ! -! "!#! "!>/!,#'"< J/ $/4'" '" 7$"'" *+'70+'05"! /$,#!+

$ 4$)I$ (+!90G,7)$ -! 7'/0#$%&' -' /?-01' #+)(H")7' ! $ $1#$ (+!90G,5

7)$ -! '*!+$%&' *$+$ '" /?-01'" /!)$ *',#!< K0$,-' 7'/*$+$-$"6 $"

-0$" #;7,)7$" -! /'-01$%&' $*+!"!,#$/ 4$)I'" ,2.!)" -! LMF *$+$ '"

2,-)7!" -! /'-01$%&' /$)" $1#'"6 *'+;/ $ #;7,)7$ -! /'-01$%&' *'+ .!5

#'+!" !"*$7)$)" *!+/)#! 0/ /$)'+ >+$0 1)4!+-$-! $' ),.!+"'+6 *'-!,-'

+!-0:)+ ' ,N/!+' -! 7'/0#$%O!" -' ),.!+"'+6 '0 $#; /!"/'6 +!-0:)+ '

-!"4$1$,%' -$" #!,"O!" -'" 4$++$/!,#'" 77 -' ),.!+"'+<

 !"#$ "!%&' #$/4;/ $.!+)>0'05"! $" 7'++!,#!" -! !,#+$-$ -' ),5

.!+"'+6 '0 "!P$6 $" 7'++!,#!" 90! 7)+701$/ $#+$.;" -'" +!#)87$-'+!" -!

!,#+$-$ 90! $1)/!,#$/ '" /?-01'" -' ),.!+"'+ /01#),2.!16 -!#!+/)5

,$,-'6 $"")/6 $" 7'++!,#!" 90! 7)+701$/ *'+ 7$-$ *',#! +!#)87$-'+$ !

*!1'" #+$,"('+/$-'+!" -! -':! *01"'"<



  



  

 !"#$%&' ()& '&*)+,)& ('

-)++'".' () %"/'+&)+

01$.%"2/'$ 324+%()

5+)5)&.)

 !"##$%" $&'(!)"*(+$*%" ,"- $-."#/"- -"0#$ "- -$+)!"*,'%"#$-

,$ 1"%2*!)( ," )*3$#-"# 1#"1"-%" 1$#+)%$ (" 1#"4$%)-%( $-!"56$# $ ,)7

+$*-)"*(# "- -$+)!"*,'%"#$- $ ,)--)1(,"#$- ,$ !(5"# +()- (,$&'(,"- 8

-'( $-%#'%'#(9  - 0$*$.:!)"- (--"!)(,"- ( $-%( (*;5)-$ #$,'<$+ " !'-%"

," 1#"4$%"= ,$%$#+)*(*," !"##$%(+$*%$ "- -$+)!"*,'%"#$- ,$ 1"%2*!)(

$ "- ,)--)1(,"#$- ,$ !(5"# ,( $-%#'%'#( $ %(+0>+ 1"--'$+ )*?'2*!)( ,)7

#$%( *( $@!)2*!)( ," )*3$#-"#9 A$*," (--)+= ( (*;5)-$ ,"- $-."#/"- -"0#$

"- -$+)!"*,'%"#$- ," )*3$#-"# > *$!$--;#)( $ ,$ .'*,(+$*%(5 )+1"#%B*7

!)(9 C$-%$ !(1:%'5" -D" (1#$-$*%(,"- "- !;5!'5"- 1(#( ,$%$#+)*(/D" ,"-

3(5"#$- +>,)" $ $@!(< ,( !"##$*%$ $ ,(- 1$#,(- -"0#$ "- -$+)!"*,'%"#$-

,$ 1"%2*!)( 1(#( ( "1$#(/D" ," )*3$#-"# +'5%)*:3$5 6:0#)," 1#"1"-%"9

E",( ( (*;5)-$ ,"- $-."#/"- > #$(5)<(,( 1(#( ( +",'5(/D" 6:0#),(= 1(#(

"1$#(/D" ,$ ."#+( -)+>%#)!(= "' -$4( FG(-" HI9

 !" #$%#&%' (') *+%',-)./(0' - -10#+2 (- #',3

,-45- 4') )-.0#'4(&5',-)

 $&'(!)"*(+$*%" ,"- $-."#/"- -"0#$ "- -$+)!"*,'%"#$- ," )*7

3$#-"# +'5%)*:3$5 6:0#)," > (0"#,(," !"*."#+$ 1#"1"-%" 1"# J(%-!6('$#

KLMHHN9 O,"%(+7-$ (- -$P')*%$- !"*-),$#(/Q$-R

•  - -$+)!"*,'%"#$- -D" ),$()-= "' -$4(= *D" 1"--'$+ &'$,(- ,$

%$*-D" "' )*%$#3(5"- ,$ !"+'%(/Q$-9

• O !"##$*%$ ,$ !(#P( > 1'#(+$*%$ -$*"),(5 $ *( .#$&'2*!)( .'*7

,(+$*%(5 fo $ -'( (+15)%',$ 1$#+(*$!$ !"*-%(*%$ +$-+" !"+

( +',(*/( ," :*,)!$ ,$ +",'5(/D"= !"+" ,$-!#)%" *( $&'(/D"

KS9HN9

•  %$+1" +"#%" 1#$-$*%$ *"- -$+)!"*,'%"#$- ,$ '+ +$-+" 0#(/"



  

 !"#$%"&'!()

*(+#,!"%'-#" ./" ' 0(%%"+1" !" /2' 3'#"  #"+(,!'45 0(+3(%2" '

"6$%"##7( 89):;)

iA (ϕ) = Ip · sen (ϕ− Φ) 89):;

<+!"5 Ip  ' 0(%%"+1" !" $,0( !' 0'%=' !( ,+>"%#(% " Φ ,+!,0' '

!"3'#'="2 "+1%" ' 0(%%"+1" !" 0'%=')

?'%' !"1"%2,+'@7( !(# >'4(%"# 2 !,( " "A0'& !' 0(%%"+1" #7(

/1,4,&'!(# (# 0(+0",1(# !( >'4(% 2 !,( ./'#" ,+#1'+1B+"( " !( >'4(%

"A0'& ./'#" ,+#1'+1B+"( !' 0(%%"+1"5 0(+3(%2" '# "./'@C"# 89)D; " 89)E;5

#"+!(F

〈ISjA,avg〉 =
1

2π

∫ to+d(t)·Tp

to

iA · dt = d(t) · iA 89)D;

〈ISjA,rms〉2 =
1

2π

∫ to+d(t)·Tp

to

i2A · dt =
√

d(t) · iA 89)E;

?(%1'+1(5 (# >'4(%"# 2 !,( " "A0'& !' 0(%%"+1" +(# #"2,0(+!/-

1(%"# !" $(1G+0,' #7( !"A+,!(# "2$%"='+!( ( 1"(%"2' !" >'4(% 2 !,(

./'#" ,+#1'+1B+"( " ( >'4(% "A0'& ./'#" ,+#1'+1B+"( '(# 0(+0",1(# !"

0(%%"+1" 2 !,' " "A0'&5 0(2( '$%"#"+1'!( $"4'# "./'@C"# 89)9; " 89)H;)

ISjA,avg =
1

2π

∫ 2π

0

dSjA(ϕ) · 〈ISjA〉 · dϕ 89)9;

ISjA,rms =

√

1

2π

∫ 2π

0

dSjA(ϕ) · 〈ISjA〉2 · dϕ 89)H;

<+!"5 dSjA  ' %'&7( 0I04,0' !( #"2,0(+!/1(% !( ,+>"%#(% +'

3'#" A)

J"+!( '##,25 ' %'&7( 0I04,0' !( #"2,0(+!/1(% dSjA  !'!' $"4'

0(2$'%'@7( !( #,+'4 !" %"3"%G+0,' 0(2 '# $(%1'!(%'#) ?(% 25 ( 0(2-

$(%1'2"+1( !' %'&7( 0I04,0' #(K%" ( #"2,0(+!/1(% +7(  0(+1I+/( !">,!(

L $'##'="2 !( #,+'4 !" %"3"%G+0,' $(% !,3"%"+1"# $(%1'!(%'# !"#4(0'!'#

"2 '2$4,1/!") M N,=/%' 9): 2(#1%' ( #,+'4 !" %"3"%G+0,' " '# $(%1'!(%'#

!"#4(0'!'# "2 '2$4,1/!"#)

M $'##'="2 !( #,+'4 !" %"3"%G+0,' "+1%" /2' $(%1'!(%' " (/1%'

 !'!' $"4' "./'@7( 89)O;)



  

 !"#$% &'( ) *!+%, -. $./.$0+1!% . 23$4%-3$%5 -.5,31%-%5 .6 %62,!4#-.5

2%$% 63-#,%783 9:;$!-%'

Φ

θ
m

π − θ
m

Ma

I
p

P
ort,1

P
ort,2

P
ort,3

P
ort,4

V
ref
A

i
A

θm = arcsen

(

1

2 ·Ma

)

<&'=>

?363 1%-% 23$4%-3$% %4#% -!$.4%6.+4. 536.+4. 53;$. #6 2%$

1362,.6.+4%$ -. 5.6!13+-#43$.5@ -.A+.6B5. 35 C%,3$.5 6D-!3 . .A1%E

-% 13$$.+4. +3 5.6!13+-#43$ -. /3$6% 5.2%$%-%' F.54% %+G,!5. %,"#6%5

5!62,!A1%7H.5 583 %-34%-%5 . ,!6!4%+-3 35 1G,1#,35 536.+4. % #6% /%5.

-3 !+C.$53$' I. 63-3 5.6.,9%+4. 3;406B5. 35 C%,3$.5 6D-!3 . .A1%E

-% 13$$.+4. +35 5.6!13+-#43$.5 -%5 3#4$%5 -#%5 /%5.5' F.55. 1%53 5.$83

-.A+!-35 35 C%,3$.5 6D-!3 . .A1%E -% 13$$.+4. 2%$% 35 5.6!13+-#43$.5

-% /%5. A'
J#4$% 5!62,!A1%783 D %-34%-% +% -.4.$6!+%783 -% $%E83 1:1,!1%

-35 5.6!13+-#43$.5 SjA′
@ K#. 583 1362,.6.+4%$.5 %35 5.6!13+-#43$.5

SjA@ 13+/3$6. -.51$.C. % .K#%783 <&'L>' *.+-3 %55!6@ ,!6!4%B5. % %+G,!5.
536.+4. % #6 -35 5.6!13+-#43$.5'

dSjA′(ϕ) = 1− dSjA(ϕ) <&'L>

 !"!" #$%$&'()*+,- .-/ 0*1-&$/ 23.(- $ 456*7 .* 8-&&$)%$

)- 9$'(6-).:%-& S1A

J;5.$C%+-3 %5 13+-!7H.5 1363 3 :+-!1. -. 63-#,%783 Ma . 3

M+"#,3 -% 2%55%".6 -3 5!+%, -. $./.$0+1!% .+4$. 23$4%-3$%5 θm@ K#%+-3



  

 !"# $%&% % !'&()%*+' ,-.#/&%0 & 12 34 % #%5+' 6-6)/6% &' 4 !/6'23

&(7'# "%#% 7#84 9%/:%4 & '" #%*+';

• <

 

9%/:% & '" #%*+'0 "%#% Ma > 0, 5  θm < Φ < π/2;

• =

 

9%/:% & '" #%*+'0 "%#% Ma > 0, 5  Φ ≤ θm;

• >

 

9%/:% & '" #%*+'0 "%#% Ma ≤ 0, 5;

?%#% @%)'# 4 &' -2&/6 & !'&()%*+' Ma > 0, 5  θm < Φ < π/2 0

%  A(%*+' BC;DE & 46# @ ' 6'!"'#7%! 27' 2+' )/2 %# &% #%5+' 6-6)/6% &'

4 !/6'2&(7'# S1A0 A( %"# 4 27% 6'!"'#7%! 27' 6'247%27  4 2'/&%);

dS1A(ϕ) =



















1 Φ ≤ ϕ ≤ π

1 + 2 ·Ma · sen(ϕ) π ≤ ϕ ≤ π + θm

2 + 2 ·Ma · sen(ϕ) π + θm ≤ ϕ ≤ π +Φ

0 π + θm ≤ ϕ ≤ 2π +Φ

BC;DE

?%#% Ma > 0, 5  Φ ≤ θm;

dS1A(ϕ) =











1 Φ ≤ ϕ ≤ π

1 + 2 ·Ma · sen(ϕ) π ≤ ϕ ≤ π +Φ

0 π +Φ ≤ ϕ ≤ 2π +Φ

BC;FE

?'#G!0 A(%2&' Ma ≤ 0, 50 % 9(2*+' A( & 46# @ ' 6'!"'#7%3

! 27' &% #%5+' 6-6)/6% G &%&% " )%  A(%*+' BC;<HE0 /$(%) % 6'2&/*+'

& 46#/7% " )%  A(%*+' BC;FE;

dS1A(ϕ) =











1 Φ ≤ ϕ ≤ π

1 + 2 ·Ma · sen(ϕ) π ≤ ϕ ≤ π +Φ

0 π +Φ ≤ ϕ ≤ 2π +Φ

BC;<HE

I'$'0 4(.47/7(/2&' %  A(%*+' BC;DE  ! BC;CE  BC;JE  26'27#%!34 

'4 @%)'# 4 !G&/'   16%5 &% 6'## 27 2' /27 ##("7'# S1A "%#%Ma > 0, 5
 θm < Φ < π/20 0 '2& K

λ =
√

4 ·Ma2 − 1 BC;<<E

;



  

IS1A,avg =
1

2 · π



























































π
∫

Φ

Ip · sen(ϕ− Φ)dϕ

+

π+θm
∫

π

{

[1 + 2 ·Ma · sen(ϕ)]

× [Ip · sen(ϕ− Φ)]

}

dϕ

+

π+Φ
∫

π

{

[2 + 2 ·Ma · sen(ϕ)]

× [Ip · sen(ϕ− Φ)]

}

dϕ



























































 !"#$%

IS1A,rms =
1

2 · π



























































π
∫

Φ

[Ip · sen(ϕ− Φ)]
2
dϕ

+

π+θm
∫

π

{

[1 + 2 ·Ma · sen(ϕ)]

× [Ip · sen(ϕ− Φ)]
2

}

dϕ

+

π+Φ
∫

π

{

[2 + 2 ·Ma · sen(ϕ)]

× [Ip · sen(ϕ− Φ)]
2

}

dϕ



























































 !"#&%

'()*+,(-.* /) 0-1(23/0) ( 4/-056+/-.* *) 1(34*)7 *8194:)("

IS1A,avg =
Ip

2 · π

{

[Φ · cos (Φ) + sen (Φ)]Ma + 3

− θm [λ · cos (Φ) + sen (Φ)]

}

 !"#!%

IS1A,rms = Ip

√

√

√

√

√

√

√

√

√

√

√

√



































{

2 · cos (Φ)− 3
[

1 + cos2 (Φ)
]}

Ma

π

+

[

π − cos (Φ) · sen (Φ)− sen−1 (θm) + Φ
]

4 · π

+
2 · cos (Φ) · sen (Φ) + 2 · λ · cos (Φ)

2
− λ

π ·Ma2



































 !"#;%

</3/ /) .(4/0) =*-.0>?()7 *) ,/+*3() 4@.0* ( (A=/B ./ =*33(-1(

-* 0-1(33651*3 S1A )C* .()=301*) -/) (D6/>?()  !"#E% (  !"#F%"



  

IS1A,avg =
1

2 · π































π
∫

Φ

Ip · sen(ϕ− Φ)dϕ

+

π+Φ
∫

π

{

[1 + 2 ·Ma · sen(ϕ)]

× [Ip · sen(ϕ− Φ)] dϕ

}































 !"#$%

IS1A,rms =
1

2 · π































π
∫

Φ

[Ip · sen(ϕ− Φ)]
2
dϕ

+

π+Φ
∫

π

{

[1 + 2 ·Ma · sen(ϕ)]

× [Ip · sen(ϕ− Φ)]
2
dϕ

}































 !"#&%

'()*+,(-.* /) 0-1(23/0) ( 3(/+04/-.* /+256/) 6/-075+/89() 6/:

1(6;10</)= *>1?6:)("

IS1A,avg =
Ip

π

{

[Φ · cos (Φ)− sen (Φ)]Ma

2
+ 1

}

 !"#@%

IS1A,rms = Ip

√

1

4
−

[cos (Φ)− 1]
2
Ma

3 · π
 !"#A%

 !"!# $%&%'()*+,-. /.0 1+2.'%0 34/). % 567+8 /+ 9.''%*&%

*. :%()7.*/;&.' S2A

B 6()6/ /-;+0)( 3(/+04/./ -/ )(8C* !"#"# D (E(15/./ 7/3/ *>1(3

*) ,/+*3() 6D.0* ( (F</4 -* )(60<*-.51*3 S2A" G*6* 7306(03* 7/))*

.(1(360-/:)( / 3/4C* <H<+0</ .* 0-1(33571*3 S2A"

I/3/ Ma > 0, 5 ( θm < Φ < π/2"

dS2A(ϕ) =











−1 + (2 ·Ma · sen(ϕ)) Φ ≤ ϕ ≤ π − θm

2 ·Ma · sen(ϕ) π − θm ≤ ϕ ≤ π

0 π ≤ ϕ ≤ 2π + Φ

 !"JK%



  

 !"! Ma > 0, 5 # Φ ≤ θm$

dS2A(ϕ) =



















2 ·Ma · sen(ϕ) Φ ≤ ϕ ≤ θm

−1 + (2 ·Ma · sen(ϕ)) θm ≤ ϕ ≤ π − θm

2 ·Ma · sen(ϕ) π − θm ≤ ϕ ≤ π

0 π ≤ ϕ ≤ 2π +Φ

%&$'()

* +,!-./ / 0-.12# .# 3/.,4!56/ 7 3#-/" /, 18,!4 +,# Ma ≤ 0, 59
! #+,!56/ %&$'') !:"#;#-<! / 2/3:/"<!3#-</ .! "!=6/ 202412! :!"! /

1-<#"",:</" S2A$

dS2A(ϕ) =

{

2 ·Ma · sen(ϕ) Φ ≤ ϕ ≤ π

0 π ≤ ϕ ≤ 2π +Φ
%&$'')

>#;;!4<!?;# +,#9 :!"! /@<#" / 2/3:/"<!3#-</ .! "!=6/ 202412!

./ 1-<#"",:</" S2A′
#3 A,-56/ ./ 0-.12# .# 3/.,4!56/ # ./ B-8,4/ .#

.#A!;!8#3 #-<"# 2/""#-<# .# 2!"8! # / ;1-!4 .# "#A#"C-21!9 ,<141=!?;# ./

2/-2#1</ !:"#;#-<!./ -! #+,!56/ %&$D)$ E#-./ !;;13F

dS2A′(ϕ) = 1− dS2A(ϕ) %&$'G)

H/-I#2#-./ ! "!=6/ 202412! :!"! 2!.! 2/-.156/ .# /:#"!56/ ./

1-<#"",:</" S2A #-2/-<"!3?;# /; J!4/"#; 37.1/ # #K2!= .! 2/""#-<# ;,@;?
<1<,1-./ !; #+,!5L#; %&$'M)9 %&$'() # %&$'') -!; #+,!5L#; %&$&) # %&$N)$

 !"! Ma > 0, 5 # θm < Φ < π/2$

IS2A,avg =
1

2 · π



































π−θm
∫

Φ

[−1 + 2 ·Ma · sen(ϕ)] Ip · sen(ϕ− Φ)dϕ

+

π
∫

π−θm

2 ·Ma · sen(ϕ) · Ip · sen(ϕ− Φ)dϕ



































%&$'&)



  

IS2A,rms =

√

√

√

√

√

√

√

√

√

√

√

√

1

2 · π



































π−θm
∫

Φ

[−1 + 2 ·Ma · sen(ϕ)] · [Ipsen(ϕ− Φ)]
2
dϕ

+

π
∫

π−θm

2 ·Ma · sen(ϕ) · [Ipsen(ϕ− Φ)]
2
dϕ



































 !"#$%

&'()*+',-) .( '/0.12'(  !"#!% '  !"#$%"

IS2A,avg = Ip











[sen (Φ) + (π − Φ) · cos (Φ)]Ma

2 · π
−

1

2 · π

+
[sen (Φ)− λ · cos (Φ)]

4 · π ·Ma











 !"#3%

IS2A,rms = Ip

√

√

√

√

√

√

√

√

√

√

√































[4 · cos (Φ) + 3 + cos (2 · Φ)]Ma

6 · π

+
Φ + θm − π − sen(2·Φ)

2

4 · π

+
λ− 2 · λ · cos2 (Φ) + sen (2 · Φ)

16 · π ·Ma2































 !"#4%

5.6. Ma > 0, 5 ' Φ < θm"

IS2A,avg =
1

2 · π































































θm
∫

Φ

2 ·Ma · sen(ϕ) · Ip · sen(ϕ− Φ)dϕ

+

π−θm
∫

θm

[−1 + 2 ·Ma · sen(ϕ)] · Ip · sen(ϕ− Φ)dϕ

+

π
∫

π−θm

2 ·Ma · sen(ϕ) · Ip · sen(ϕ− Φ)dϕ































































 !"#7%



  

IS2A,rms =

√

√

√

√

√

√

√

√

√

√

√

√

√

√

√

√

√

√

√

1

2 · π































































θm
∫

Φ

{

2 ·Ma · sen(ϕ)

× [Ip · sen(ϕ− Φ)]
2

}

dϕ

+

π−θm
∫

θm

{

[2 ·Ma · sen(ϕ)− 1]

× [Ip · sen(ϕ− Φ)]
2

}

dϕ

+

π
∫

π−θm

{

2 ·Ma · sen(ϕ)

× [Ipsen(ϕ− Φ)]
2

}

dϕ































































 !"#$%

&' ()*+,-' ./01+ - -23)4 0) 3+,,-56- 5+ 156-,,786+, S2A 5) 9)1:)

0- +8-,);<+ 0- Ma > 0, 5 - Φ < θm '<+ 0-6-,.15)0+' )6,)(/' 0)'

-=7);>-'  !"?@% -  !"?A%

IS2A,avg = Ip

{

[sen (Φ) + (π − Φ) · cos (Φ)] Ma

2 · π
−
λ · cos (Φ)

2 · π ·Ma

}

 !"?@%

IS2A,rms = Ip

√

√

√

√

√

√

√















[4 · cos (Φ) + cos (2 · Φ) + 3] Ma

6 · π

+
−π + 2 · θm

4 · π
+
λ− 2 · λ · cos2 (Φ)

8 · π ·Ma2















 !"?A%

B),) ) C*61.) 9)1:) 0- +8-,);<+D =7)50+ Ma ≤ 0, 5"

IS2A,avg =
1

2 · π







π
∫

Φ

2 ·Ma · sen(ϕ) · Ip · sen(ϕ− Φ)dϕ







 !"?#%

IS2A,rms =

√

√

√

√

√

1

2 · π







π
∫

Φ

2 ·Ma · sen(ϕ) · [Ip · sen(ϕ− Φ)]
2
dϕ







 !"??%

E-'+*(-50+ )' -=7);>-'  !"?#% -  !"??%"



  

IS2A,avg =
Ip ·Ma [sen (Φ) + (π − Φ) · cos (Φ)]

2 · π
 !"#!$

IS2A,rms =
Ip
6

√

√

√

√

{

12 ·Ma[cos (Φ) + 1]
2

π

}

 !"#%$

 !"!# $%&%'()*+,-. /.0 1+2.'%0 34/). % 567+8 /+ 9.''%*&%

*. :%()7.*/;&.' S3A

&'(' )*+*(,-.'( /0 1'2/(*0 ,3)-/ * *45'6 )'0 5/((*.+*0 7*2/0

-.+*((87+/(*0 )* 9'-:' ;(*<8=.5-' 7/)*>0* 8+-2-6'( )' ,*0,' +35.-5' *,>

7(*?')' 7'(' /0 0*,-5/.)8+/(*0 )* '2+' ;(*<8=.5-'" &/(+'.+/@ )*+*(,-.'>

0* ' ('6A/ 5B52-5' )/ -.+*((87+/( S3A 5/.;/(,* '7(*0*.+', '0 *<8'CD*0

 !"#E$@  !"#F$ *  !"#G$

&'(' Ma > 0, 5 * θm < Φ < π/2"

dS3A(ϕ) =

{

1 Φ ≤ ϕ ≤ π − θm

0 π − θm ≤ ϕ ≤ 2π + Φ
 !"#E$

&'(' Ma > 0, 5 * Φ ≤ θm"

dS3A(ϕ) =











0 Φ ≤ ϕ ≤ θm

1 θm ≤ ϕ ≤ π − θm

0 π − θm ≤ ϕ ≤ 2π + Φ

 !"#F$
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 !"#G$"

dS3A(ϕ) =
{

0 Φ ≤ ϕ ≤ 2π + Φ  !"#G$

H*+*(,-.',>0* /0 1'2/(*0 ,3)-/ * *45'6 )' 5/((*.+* ./ -.+*(>
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 !"%$"

&'(' Ma > 0, 5 * θm < Φ < π/2"



  

IS3A,avg =
1

2 · π







π−θm
∫

Φ

Ip·sen(ϕ− Φ)dϕ







 !"#$%

IS3A,rms =

√

√

√

√

√

1

2 · π







π−θm
∫

Φ

[Ip · sen(ϕ− Φ)]
2
dϕ







 !"!&%

'()*+,(-.* /) (01/23()  !"#$% (  !"!&%4 *56789)(:

IS3A,avg =
Ip · λ · cos (Φ)

2 · π ·Ma
 !"!;%

IS3A,rms = Ip

√

{

[π − 2 · θm]

4 · π
+

[2 · cos2 (Φ)− 1]λ

8 · π ·Ma2

}
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IS3A,avg =
1

2 · π







π−θm
∫

θm

Ip·sen(ϕ− Φ)dϕ






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√

√

√

√

√

1

2 · π







π−θm
∫

θm

[Ip · sen(ϕ− Φ)]
2
dϕ






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IS3A,avg =
Ip

2 · π

{

1 +
[λ · cos (Φ)− sen (Φ)]

2 ·Ma

}
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IS3A,rms = Ip

√

√

√

√

√

√

√

√



















[

θm − Φ+ π + sen(2·Φ)
2

]

4 · π

+

[

2 · cos2 (Φ)− 1
]

λ− sen (2 · Φ)

16 · π ·Ma2
















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IS3A,avg = 0A  !"!A$

IS3A,rms = 0A  !"!B$

C: *D-*,-2: &3)(:(6'&12: 3&)& 1('().+6&452 12: ?&-2)(: .81+2

( (@*&= 1& *2))(6'( 62 +6'()),3'2) S3A :52 ?D-+12: 3&)& 2 +6'()),3'2)

S4A′
62 *+*-2 6(E&'+?2 *2))(6'( 1( *&)E&9 :(612 &::+. '21& & &6D-+:(

8 :(.(-;&6'( ( 1(/&:&1& (. 180o" F2)'&6'29 2 (7,&*+26&.(6'2 &3)(G

:(6'&12 6& :(452 !"H"I 8 ?D-+12 3&)& 1('().+6&452 12: ?&-2)(: .81+2 (
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9 1(?+12 &2 +6'()),3G

'2) S3A′
&',&) 1( /2).& :+.+-&)9 32)8. 3&)& 2 :(.+*+*-2 6(E&'+?2 1&
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F&)& Ma > 0, 5 ( θm < Φ < π/2"

dS4A(ϕ) =

{

1 Φ ≤ ϕ ≤ θm + π

0 θm + π ≤ ϕ ≤ 2 · π +Φ
 !"!M$
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dS4A(ϕ) =

{

1 Φ ≤ ϕ ≤ Φ+ π

0 θm + π ≤ ϕ ≤ 2 · π +Φ
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IS4A,avg =
1

2 · π
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π+θm
∫

Φ

Ip · sen(ϕ− Φ)dϕ
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
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2
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IS4A,avg =
Ip

2 · π

{

1 +
[λ · cos (Φ)− sen (Φ)]
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√

√

√

√

√

√

√

√
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








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

[

θm − Φ + π + sin(2·Φ)
2

]

4 · π

+

[

1− 2 · cos2 (Φ)
]

λ− sen (2 · Φ)

16 · π ·Ma2
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
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
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IS4A,avg =
1

2 · π







π+Φ
∫

Φ

Ip · sen(ϕ− Φ)dϕ






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√

√

√

√

√

1

2 · π







π+Φ
∫

Φ

[Ip · sen (ϕ− Φ)]
2
dϕ
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


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IS4A,avg =
Ip

π
 !"#$%

IS4A,rms =
Ip
2
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,0 6+22)4*)" ?+(+ 12/()/2+ 1033+@ ,)*)2(/4073) 0 20>;+ 6A6-/60 ,+3
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dD1A(ϕ) =



















1 0 ≤ ϕ ≤ Φ

0 Φ ≤ ϕ ≤ π +Φ

2 + 2 ·Ma · sin (ϕ) π +Φ ≤ ϕ ≤ 2 · π − θm

1 + 2 ·Ma · sin (ϕ) 2 · π − θm ≤ ϕ ≤ 2 · π
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dD1A(ϕ) =































1 0 ≤ ϕ ≤ Φ

0 Φ ≤ ϕ ≤ π +Φ

1 + 2 ·Ma · sin (ϕ) π +Φ ≤ ϕ ≤ π + θm

2 + 2 ·Ma · sin (ϕ) π + θm ≤ ϕ ≤ 2 · π − θm

1 + 2 ·Ma · sin (ϕ) 2 · π − θm ≤ ϕ ≤ 2 · π
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dD1A(ϕ) =











1 0 ≤ ϕ ≤ Φ

0 Φ ≤ ϕ ≤ π +Φ

1 + 2 ·Ma · sin (ϕ) 2 · π +Φ ≤ ϕ ≤ 2 · π
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Φ
∫
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Ip · sen (ϕ− Φ) dϕ

+

2π−θm
∫
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[2 + 2 ·Ma · sen (ϕ)] · Ip · sen (ϕ− Φ) dϕ

+

2π
∫
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[1 + 2 ·Ma · sen (ϕ)] · Ip · sen (ϕ− Φ) dϕ
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

Φ
∫

0

[Ip · sen (ϕ− Φ)]
2
dϕ

+

2π−θm
∫

π+Φ

{

[2 + 2 ·Ma · sen (ϕ)]

× [Ip · sen (ϕ− Φ)]
2

}

dϕ

+

2π−θm
∫

π+Φ

{

[1 + 2 ·Ma · sen (ϕ)]

× [Ip · sen (ϕ− Φ)]
2

}

dϕ
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2 · π
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4 · π ·Ma
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ID1A,rms = Ip
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√

√

√

√

√

√

√
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
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]

16 · π ·Ma2
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∫
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Ip · sen (ϕ− Φ) dϕ

+

π+θm
∫

π+Φ

[1 + 2 ·Ma · sen (ϕ)] · Ip · sen (ϕ− Φ) dϕ

+

2π−θm
∫

π+θm

[2 + 2 ·Ma · sen (ϕ)] · Ip · sen (ϕ− Φ) dϕ

+

2π
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[1 + 2 ·Ma · sen (ϕ)] · Ip · sen (ϕ− Φ) dϕ
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Φ
∫

0

[Ip · sen (ϕ− Φ)]
2
dφ

+

π+θm
∫

π+Φ

{

[1 + 2 ·Ma · sen (ϕ)]

× [Ip · sen (ϕ− Φ)]
2

}

dϕ

+

2π−θm
∫

π+θm

{

[2 + 2 ·Ma · sen (ϕ)]

× [Ip · sen (ϕ− Φ)]
2

}

dϕ

+

2π
∫

2π−θm

{

[1 + 2 ·Ma · sen (ϕ)]

× [Ip · sen (ϕ− Φ)]
2

}

dϕ
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2 · π ·Ma











564789

ID1A,rms = Ip

√

√

√

√

√

√

√















[π − θm]

2 · π
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2
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∫
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 !"!# $%&%'()*+,-. /.0 1+2.'%0 34/). % 567+8 /+ 9.''%*&%

*. :%()7.*/;&.' D2A

& '()*+ ,-,./,( 0+ /012''341+' D2A 5 264'277( 42.( 283(9:27

 !"#!% 2  !"#;%" <20=+ 832> 4('( ( 72?30=( @(/6( =2 +42'(9*+ 2 4('( (

12',2/'( @(/6( =2 +42'(9*+ ( '()*+ ,-,./,( 4+=2 72' =27,'/1( 42.( A27A(

264'277*+"

B('( ( 4'/A2/'( @(/6( =2 +42'(9*+"

dD2A(ϕ) =











2 ·Ma · sin (ϕ) 0 ≤ ϕ ≤ θm

−1 + 2 ·Ma · sin (ϕ) θm ≤ ϕ ≤ Φ

0 Φ ≤ ϕ ≤ 2 · π

 !"#!%

B('( ( 72?30=( 2 12',2/'( @(/6(7 =2 +42'(9*+"

dD2A(ϕ) =

{

2 ·Ma · sin (ϕ) 0 ≤ ϕ ≤ Φ

0 Φ ≤ ϕ ≤ 2 · π
 !"#;%

C+A+ '2(./)(=+ 4('( + =/+=+ D1A =212'A/0(AD72 +7 E(.+'27 A5D

=/+ 2 2F,() =( ,+''2012 (1'(E57 =(7 /012?'(/7  !"#G% 2  !"##%"

ID2A,avg =
1

2 · π



































θm
∫

0

[2 ·Ma · sen (ϕ)] · Ip · sen (ϕ− Φ) dϕ

+

Φ
∫

θm

[−1 + 2 ·Ma · sen (ϕ)] · Ip · sen (ϕ− Φ) dϕ



































 !"#G%



  

ID2A,rms =

√

√

√

√

√

√

√

√

√

√

√

√

1

2 · π



































θm
∫

0

[2 ·Ma · sen (ϕ)] · [Ip · sen (ϕ− Φ)]
2
dϕ

+

Φ
∫

θm

{

[−1 + 2 ·Ma · sen (ϕ)]

× [Ip · sen (ϕ− Φ)]
2

}

dϕ



































 !"##$

%&'()*&+,( -' .+/&01-.'2 (3/456'&"

ID2A,avg = Ip











[Φ · cos (Φ)− sen (Φ)]Ma

2 · π

+
1

2 · π
−

[λ · cos (Φ) + sen (Φ)]

4 · π ·Ma











 !"#7$

ID2A,rms = Ip

√

√

√

√

√

√

√















[cos (Φ)− 1]
2
Ma

3 · π
+
θm − Φ + sen(2·Φ)

2

4 · π

+

[

1− 2 · cos2 (Φ)
]

λ− sen (2 · Φ)

4 · π ·Ma2















 !"#8$

9-1- - '&0:+,- & /&1;&.1- <-.=- ,& (>&1-?@( (' *-)(1&' 5A,.( &

&B;-C ,- ;(11&+/& +( '&5.;(+,:/(1 '@( ,&/&15.+-,(' -/1-*A' ,-' &D:-6

?E&'  !"7F$ &  !"7G$"

ID2A,avg =
1

2 · π







Φ
∫

0

[2 ·Ma · sen (ϕ)] · Ip · sen (ϕ− Φ) dϕ







 !"7F$

ID2A,rms =

√

√

√

√

√

1

2 · π







Φ
∫

0

[2 ·Ma · sen (ϕ)] · [Ip · sen (ϕ− Φ)]
2
dϕ







 !"7G$

%&'()*&+,( -' .+/&01-.'2 (3/456'&"

ID2A,avg =
Ip [Φ · cos (Φ)− sen (Φ)]Ma

2 · π
 !"7H$



  

ID2A,rms =
Ip

6

√

12 · [cos (Φ)− 1]
2
Ma

π
 !"#$%

 !"!# $%&%'()*+,-. /.0 1+2.'%0 34/). % 567+8 /+ 9.''%*&%

*. :%()7.*/;&.' D3A

 !"#$% &'&()&" *"!" % +)%+% D3A , +-.-!/)0"+" *-(" -12"34-5

67897: - 6789;:8

dD3A(ϕ) =











0 Φ ≤ ϕ ≤ π + θm

1 π + θm ≤ ϕ ≤ π +Φ

0 π +Φ ≤ ϕ ≤ 2 · π

67897:

<"!" " 5-=20+" - .-!&-)!" >")?" +- %*-!"3$%8

dD3A(ϕ) =
{

0 0 ≤ ϕ ≤ 2 · π 6789;:

@5 A"(%!-5 /,+)% - -B&"# +" &%!!-0.- 0% +)%+% D3A 5$% +-.-!/)C

0"+%5 -/*!-="0+% 0%A"/-0.- "5 -12"34-5 6787: - 678;:8

ID3A,avg =
1

2 · π







Φ
∫

θm

[Ip · sen (ϕ− Φ)] dϕ







6789D:

ID3A,rms =

√

√

√

√

√

1

2 · π







Φ
∫

θm

[Ip · sen (ϕ− Φ)]
2
dϕ







6789E:

F-5%(A-0+% "5 )0.-=!")5G %H.I/C5-8

ID3A,avg =
Ip

2 · π

{

[sen (Φ) + λ · cos (Φ)]

2 ·Ma
− 1

}

67899:

ID3A,rms = Ip

√

√

√

√

{

Φ− θm −
sen(2·Φ)

2

4 · π
+

[2 · cos2 (Φ)− 1]λ

16 · π ·Ma2

}

6789J:

<"!" " 5-=20+" - .-!&-)!" >")?" +- %*-!"3$% %5 A"(%!-5 /,+)% -

-B&"# +" &%!!-0.- 5$% 02(%5G +-A)+% "% +)%+% 0$% "*!-5-0."! &%0+23$%

-/ 0-0K2/" +"5 >")?"5 +- %*-!"3$%8



  

ID3A,avg = 0  !"#$%

ID3A,rms = 0  !"#&%

 !"!# $%&%'()*+,-. /.0 1+2.'%0 34/). % 567+8 /+ 9.''%*&%

*. :%()7.*/;&.' D4A

'( )*+,-.( /012,( . .34*5 1* 4,--.67. 6, 12,1, D4A (8, ,( /.(9

/,( )*+,-.( /012, . .34*5 1.7.-/26*1,( :*-* * 4,--.67. 6, 12,1, D3A"

;*-* .67.61.- 2((, 1.).9(. :.6(*- 6*( .7*:*( 1. ,:.-*<8, 1, 4,6).-(,-

=;>" ;*-* ?@. A*B* 4,61@<8, ./ @/ 1,( 12,1,( D3A ,@ D4A */C,(

1.)./ 4,61@52- (2/@+7*6.*/.67." ;,-7*67,D ,( )*+,-.( /012, . .34*5

1* 4,--.67. 6, 12,1, D4A (8, 1.7.-/26*1,( 6* (.<8, !"&"E"

'@7-* ,C(.-)*<8, 2/:,-7*67. 0 * 1.7.-/26*<8, 1,( )*+,-.( /012,

. .34*5 1* 4,--.67. ?@. 42-4@+* :.+,( 12,1,( D3A′
. D4A′

D ?@. (8,

-.*+25*1,( 1. F,-/* (2/2+*- *,( 12,1,( D3A . D4A" ;,-0/D 1.((* ).5

:*-* (./2424+, 6.G*72), 1* 4,--.67. 1. 4*-G*" '@ (.B*D * /.(/* *6H+2(.

0 -.*+25*1* 4,/ 1.F*(*G./ 1. 180o" I,G,D ,( )*+,-.( /012, . .34*5 1*

4,--.67. 1.7.-/26*1,( :*-* ,( 12,1,( D3A . D4A 6* @621*1. !"&"E (8,

)H+21,( 7*/C0/ :*-* ,( 12,1,( D3A′
. D4A′

"

 !"!< $%&%'()*+,-. /.0 1+2.'%0 34/). % 567+8 /+ 9.''%*&%

*. :%()7.*/;&.' Dg1A

J 1.7.-/26*<8, 1,( )*+,-.( /012, . .34*5 1* 4,--.67. 6, 12,1,

Dg1A (.G@. , /.(/, :-,4.12/.67, @72+25*1, :*-* ,( ,@7-,( (./24,61@9

7,-.(" '@7-, F*7,- -.+.)*67. 0 ?@.D 1. F,-/* (2/2+*- *, 12,1, Dg1AD ,

12,1, Dg2A *7@* :*-* ,( (./2424+,( 1. 6.G*72),( 1* 4,--.67. 1. 4*-G*"

J((2/D , /.(/, .?@*42,6*/.67, @72+25*1, :*-* 1.7.-/26*<8, 1,( )*9

+,-.( /012, . .34*5 1* 4,--.67. :*-* , 12,1, Dg1A :,1. (.- ./:-.G*1,

:*-* , 12,1, Dg2A"

J -*58, 4K4+24* 1, 12,1, Dg1A :*-* Ma > 0, 5 . Φ > θm 0

1.(4-27* 6* .?@*<8,  !"#L%"

dDg1A(ϕ) =











0 Φ ≤ ϕ ≤ π − θm

1 π − θm ≤ ϕ ≤ π + θm

0 π + θm ≤ ϕ ≤ 2 · π +Φ

 !"#L%



  

 !"! #$!%&' Ma > 0, 5 ( Φ < θm)

dDg1A(ϕ) =



















1 Φ ≤ ϕ ≤ θm

0 θm ≤ ϕ ≤ π − θm

1 π − θm ≤ ϕ ≤ π +Φ

0 π +Φ ≤ ϕ ≤ 2 · π +Φ

*+),-.

 !"! ! /("0(1"! 2!13! &( '4("!56'7 #$!%&' Ma ≤ 0, 5)

dDg1A(ϕ) =

{

1 Φ ≤ ϕ ≤ Φ+ π

0 Φ + π ≤ ϕ ≤ 2 · π +Φ
*+),+.

89 :!;'"(9 <=&1' ( (>0!? &! 0'""(%/( %' &1'&' Dg1A 4!"! 0!&!

2!13! &( '4("!56' 96' &(/("<1%!&'9 4(;!9 (#$!5@(9 !4"(9(%/!&!9 ! 9(A

B$1"C

 !"! Ma > 0, 5 ( Φ > θm)

IDg1A,avg =
1

2 · π







π+θm
∫

π−θm

Ip · sen (ϕ− Φ) dϕ







*+),D.

IDg1A,rms =

√

√

√

√

√

1

2 · π







π+θm
∫

π−θm

[Ip · sen (ϕ− Φ)]
2
dϕ







*+),E.

F(9';:(%&' !9 1%/(B"!197 0G(B!<A9( H9 (#$!5@(9 *+),I. ( *+),J.)

IDg1A,avg =
Ip · sen (Φ)

2 · π ·Ma
*+),I.

IDg1A,rms = Ip

√

θm
2 · π

+
[1− 2 · cos2 (Φ)]λ

8 · π ·Ma2
*+),J.

 !"! Ma > 0, 5 ( Φ ≤ θm)



  

IDg1A,avg =
1

2 · π



































θm
∫

φ

Ip · sen (ϕ− Φ) dϕ

+

π+Φ
∫

π−θm

Ip · sen (ϕ− Φ) dϕ



































 !"##$

IDg1A,rms =

√

√

√

√

√

√

√

√

√

√

√

√

1

2 · π



































θm
∫

φ

[Ip · sen (ϕ− Φ)]
2
dϕ

+

π+Φ
∫

π−θm

[Ip · sen (ϕ− Φ)]
2
dϕ



































 !"%&&$

'( )*+,-.( /012, . .34*5 1* 4,--.67. 6, (./24,6187,- (9, 1.7.-:

/26*1,( *7-*)0( 1*( .;8*<=.(  !"%&%$ .  !"%&>$"

IDg1A,avg =
Ip

π

[

1−
λ · cos (Φ)

2 ·Ma

]

 !"%&%$

IDg1A,rms = Ip

√

θm
2 · π

+
[1− 2 · cos2 (Φ)]λ

8 · π ·Ma2
 !"%&>$

?*-* * 7.-4.2-* @*2A* 1. ,B.-*<9,C ,( )*+,-.( /012, . .34*5 1*

4,--.67. 6, 12,1, (9, .AB-.((,( B.+*( .;8*<=.(  !"%&D$ .  !"%&!$"

IDg1A,avg =
1

2 · π







Φ+π
∫

Φ

Ip · sen (ϕ− Φ) dϕ







 !"%&D$

IDg1A,rms =

√

√

√

√

√

1

2 · π







Φ+π
∫

Φ

[Ip · sen (ϕ− Φ)]
2
dϕ







 !"%&!$

E.(,+).61, *( 267.F-*2(C ,G7H/:(."



   

IDg1A,avg =
Ip

π
 !"#$%&

IDg1A,rms =
Ip

2
 !"#$'&

 !" #$%$&'()*+,- #-. /*0*/(%-&$. #$ 1*&&*2

'$)%- // #*. 3-)%$. #$ *4('$)%*+,- #-.

'5#64-. '$(* 0-)%$

( )*+,-.*/-0+,-1/ )/. 20302*1/4,. ), 50440+,-1/ 6 -,2,..78

4*/ 3040 0 2/44,10 09*+,-10:;/ )/. +<)=9/. ), 3/1>-2*0 )/ *-?,4./4

+=91*-@?,9 A@54*)/ 34/3/.1/" B +0-=1,-:;/ )0 1,-.;/ -/. 20302*1/4,.

),-14/ )0 C0*D0 ), 1,-.;/ ), /3,40:;/ 4,E=,4*)0 6 =+ C01/4 *+3/410-1,

3040 0 039*20:;/ ), *-?,4./4,. +=91*-@?,*.F ,?*10-)/ E=, -@?,*. ), 1,-8

.;/ 2/+ ?09/4 +6)*/ .,G0+ .*-1,1*H0)/. -0 1,-.;/ ), .0@)0 )/ *-?,4./4

+=91*-@?,9"

(=14/ C01/4 *+3/410-1, 3040 0 ,.2/9A0 2/44,10 )/. 20302*1/4,.

), 50440+,-1/ 6 0 ),1,4+*-0:;/ )/ ?09/4 ,I20H )0 2/44,-1, E=, ,.1,.

),?,+ .=3/4104" B..*+F .,J=*-)/ 0 +,1/)/9/J*0 34/3/.10 3/4 K01.8

2A0=,4  L$##& ),1,4+*-08., 0 20302*1M-2*0 , / ?09/4 ,I20H )0 2/44,-1,

-/. 20302*1/4,. ), 50440+,-1/ )/. .=5+<)=9/."

N+ K01.2A0=,4  L$##& /. +<)=9/. )/ *-?,4./4 +=91*-@?,9 .;/ +/8

),90)/. ), C/4+0 .*+39*I20)0 3/4 =+0 C/-1, ), 2/44,-1, 2/-.10-1, ,

3/4 =+0 C/-1, ), 2/44,-1, 2/-14/90)0" B C/-1, ), 2/44,-1, 2/-.10-1, 4,8

34,.,-10 0 ,-,4J*0 ,-14,J=, 3,90 4,), 0/ 20302*1/4 , 0 C/-1, ), 2/44,-1,

2/-14/90)0 *+39*20 0 2/44,-1, E=, .,47 C/4-,2*)0 0/ +<)=9/ )/ *-?,48

./4F 2/+/ 034,.,-10 0 O*J=40 !"L" P,..0 C/4+0F 6 *+3/410-1, ),.10204

09J=+0. 2/-.*),40:Q,. 0)/10)0.R

O*J=40 !"L S N.14=1=40 )/ .=5+<)=9/ +,*0 3/-1, , )/ +/),9/ ,E=*?08

9,-1, ,+34,J0)/ 3040 0-79*., )/ 20302*1/4 ), .=5+<)=9/"

If
dc

v
a a i

a

+
C
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v
b b i

b

v
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c

S
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S
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D
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D
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i
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C
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+
v
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i
inv



  !

•  !"##$%&$ '"#%$!()* +$,* #$)$ *" !*+*!(&"# - !"%.&*%&$/

•  !"##$%&$ %* !*#0* - +1#*2$%&$ .$%"()*, !"2 '#$314%!(* fo/

•  *%5,(.$ - #$*,(6*)* $2+#$0*%)" * 2")1,*78" 9:;#()* $ +*#* "

<=*." >?/

• @ *)"&*)" " A%01," )$ !*#0* )$ Φ = 0oB 31*%)" * +"&4%!(* '"#C
%$!()* +$,*. '"%&$. )$ *,(2$%&*78" )". .1;2D)1,". 2$(* +"%&$ -

25E(2*/

 &#*F-. )* *%5,(.$ %")*, )" !(#!1(&" *+#$.$%&*)" %* G(01#* H/IJ

)$&$#2(%*C.$ * !"##$%&$ )" !*+*!(&"# $2 '1%78" )* !"##$%&$ '"#%$!()*

+$,* '"%&$ )$ *,(2$%&*78" $ )* !"##$%&$ $E(0()* +$," (%F$#."#/

〈iC2(ϕ)〉) = ifdc − 〈iinv(ϕ)〉 KH/>LMN

 ..(2J * !"##$%&$ #$31$#()* +$," (%F$#."# )" .1;2D)1," )* '*.$ A

+")$ .$# )$.!#(&* +$,* $31*78" KH/>LON/

iinv(ϕ) = iS2A(ϕ) − iD2A(ϕ) KH/>LON

="%.()$#*C.$ 31$ * !"##$%&$ %" (%&$##1+&"# S2A $ %" )(")" D2A

+")$2 .$# *+#"E(2*)*. +$,*. $31*7P$. )* !"##$%&$ %* !*#0* KH/>NJ )*

#*68" !:!,(!* )" (%&$##1+&"# KH/I>N $ )* #*68" !:!,(!* )" )(")" KH/MQN/

〈iinv(ϕ)〉 =



















[2 ·Ma · sen(ϕ)] · Ip · sen(ϕ) 0 ≤ ϕ ≤ θm

[2 · Ma · sen(ϕ) − 1] · Ip · sen(ϕ) θm ≤ ϕ ≤ π − θm

[2 · Ma · sen(ϕ)] · Ip · sen(ϕ) π − θm ≤ ϕ ≤ π

0 π ≤ ϕ ≤ 2π

KH/>LRN

S5 * !"##$%&$ '"#%$!()* +$,* '"%&$ )$ *,(2$%&*78" *" .1;2D)1,"

- )$&$#2(%*)* *&#*F-. )" F*,"# 2-)(" )* !"##$%&$ !"%.12()" +$," (%C

F$#."# )" .1;2D)1,"J !"2" *+#$.$%&* * $31*78" KH/>>LNJ +*#* Φ = 0o/

Ifdc =
Ip ·

(

Ma
2 · π − λ

)

2 · π · Ma
KH/>>LN

 "%)1,*78" )* !"##$%&$ %" !*+*!(&"# )" .1;2D)1," $2 '1%C

78" )* &$%.8" $2 12 (%&$#F*," )$T%()" )$ &$2+" - )*)* +$,* $31*C

78" KH/>>>N/

〈iC2(t)〉 = C2 ·
dvC2

dt
KH/>>>N



  !

 !"#$

ϕ = ωo · t. %&'(()*

+#!", ωo = 2 · π · fo - ./#012!34- -!516-/ "- 7#!89, "# 8-:"- ",
4!;#/8,/ # fo - ./#012!34- "- 7#!89, "# 8-:"- ", 4!;#/8,/'

+#!", 01#$ - <-4,/ ,!"16-=9, "- 7#!89, ", 3->-347,/ "# 81?@

<A"16, B "-"- >#6, 4!7#/;-6, #< 01# , 4!;#/8,/ ", 81?<A"16, #C45#

- <-4,/ 3,//#!7#$ >-/- , 3-8, #!7/# θm ≤ ωo · t ≤ π − θm' D 7#!89,
!, 3->-347,/ ", 81?<A"16, C2 B "#E!4"- >#6- #01-=9, %&'((F* >-/- ,

>#/:,", "# θm ≤ ωo · t ≤ π − θm'

vC2(t) =
Ip

2 · C2 · ωo · π







2 · π ·Ma2
· cos (ωo · t) · sen (ωo · t)

− 2 · π ·Ma2
· ωo · t + ωo ·Ma2

· π

− ωo · λ− 2 · π ·Ma · cos (ωo · t)






%&'((F*

G#/4;-!", - #01-=9, %&'((F* # 451-6-!", - H#/, #!3,!7/-<@8#

,8 4!87-!7#8 "# 7#<>, ,!"# ,3,//#< ,8 ;-6,/#8 <IC4<,8 # <:!4<,8

"# 7#!89, !, 3->-347,/ "# 81?<A"16,$ "#!7/, ", 4!7#/;-6, "#8#J-",

θm ≤ ωo · t ≤ π − θm'

t1 =
tan−1

(

1
Ma

, +λ
Ma

)

ωo
%&'((&*

t2 =
tan−1

(

1

Ma
, −λ
Ma

)

ωo
%&'((K*

L,5,$ 81?874714!", %&'((&* # %&'((K* #< %&'((F* #!3,!7/-<@8# -

7#!89, <:!4<- # <IC4<- !, 3->-347,/$ 3,<, "#83/47, >#6-8 #01-=M#8

%&'((N* # %&'((O*'

VC2,min =

[

−π
(

λ
2
+ 2 ·Ma2 · tan−1( 1

Ma
, +λ
Ma
)
)

+ ωo (Ma · π − λ)
]

· Ip

2 · π ·Ma · ωo · C2
%&'((N*

VC2,max =

[

π
(

λ
2
− 2 ·Ma2 · tan−1( 1

Ma
, −λ
Ma
)
)

+ ωo (Ma · π − λ)
]

Ip

2 · π ·Ma · ωo · C2
%&'((O*

+-?#!", 01# - ,!"16-=9, "- 7#!89, !, 3->-347,/ B "-"- >#6-

"4.#/#!=- "# VC2,max #!7/# VC2,min'



  !

∆VC2 = VC2,max − VC2,min  !"##$%

&'()*+*'+,-. / 01'/23.  !"##4% 0  !"##5% 0 06  !"##$%7 -0*086+,/9

)0 :/;.8 -/ </=/<+*>,<+/ -0 )'(6?-';. C27 0@=80))/ ,/ 01'/23.  !"##A%"

C2 =

[

λ
2 + Ma2

(

tan−1
(

1
Ma

, +λ
Ma

)

− tan−1
(

1

Ma
, −λ
Ma

))]

Ip

Ma · ωo ·∆VC2
 !"##A%

B/8/ -0*086+,/8 . :/;.8 0C</D -/ <.880,*0 -. </=/<+*.8 -0 )'(9

6?-';.7 ,.:/60,*0 '*+;+D/9)0 -/ /,E;+)0 ,.-/; -. <+8<'+*. /=80)0,*/-.

,/ F+G'8/ !"H 0 / 01'/23.  !"#I5%" B.8*/,*.7 +,*0G8/,-. / 0@=80))3.

 !"#I5%"

I2C2,rms =
1

2 · π
·

2·π
∫

0

(Ifdc − iinv(ϕ))
2
dϕ  !"#HI%

J0/;+D/,-. /;G'6/) 6/,+=';/2K0)7 .(*L69)0M

I2C2,rms =
1

2 · π
·

2·π
∫

0

If2dcdϕ−
Ifdc

π
·

2·π
∫

0

iinv(ϕ)dϕ

+
1

2 · π
·

2·π
∫

0

i2inv(ϕ)dϕ

 !"#H#%

N.,O0<0,-. . :/;.8 6L-+. -/ <.880,*0 ).;+<+*/-. =0;. +,:08).8 L

+G'/; /. :/;.8 6L-+. -/ <.880,*0 ,/ P.,*0"

Ifdc =
1

2 · π
·

∫ 2·π

0

iinvdϕ  !"#HH%

Q 1'0 . :/;.8 0C</D -/ <.880,*0 ).;+<+*/-. =0;. +,:08).8 L -/-/

=0;/ 01'/23.  !"#HR%

I2inv,rms =
1

2 · π
·

∫ 2·π

0

i2invdϕ  !"#HR%

&'()*+*'+,-. /) 01'/2K0)  !"#HH% 0  !"#HR% 06  !"#H#%"

IC2,rms =
√

I2inv,rms − If2dc  !"#H!%



  !

 !"#$% &'(") *" ($%%&+,& -$#.(.,"*$ /&#$ .+!&%-$% *$ -0123*0#$

4 &+($+,%"*$ ",%"!4- *" &50"67$ 89:;<=> & 4 *&-(%.,$ /&#" &?/%&--7$

89:;@A>:

Iinv,rms = Ip









16 ·Ma− 3 · π + 6 · sin−1
(

1
2·Ma

)

12 · π

−
λ

8 · π ·Ma2









89:;@A>

B$%,"+,$C $ !"#$% &'(") *" ($%%&+,& +$ ("/"(.,$% *& -0123*0#$

C2C &?/%&--" +" &50"67$ 89:;@D>C 4 *&,&%2.+"*$ -01-,.,0.+*$ "- &50"E

6F&- 89:;;<> & 89:;@A> +" &50"67$ 89:;@9>:

IC2,rms =
Ip

12 ·Ma · π























36 · π2
·Ma4

− 192 · π ·Ma3 + 3 (π · λ− 2)

+ 36 ·Ma2

[

− 2 · π · λ+ 4 + π2

− 2 · π · sin−1 (θm)

]























89:;@D>

G- &?/%&--F&- *" $+*0#"67$ *& ,&+-7$ & *$ !"#$% &'(") *" ($%E

%&+,& +$ ("/"(.,$% *& 1"%%"2&+,$ *$- -0123*0#$- "/%&-&+,"*"- H$%"2

"+"#.-"*"- & "!"#."*"- +" -&67$ I:9:I: G,%"!4- *" -.20#"67$ +024%.("

!&%.'($0E-& " &'(J(." *$ 2$*&#$ "/%&-&+,"*$ /"%" *&,&%2.+"67$ *" ("E

/"(.,K+(." & *$ !"#$% &'(") *" ($%%&+,& +$ ("/"(.,$% *& 1"%%"2&+,$:

 !" #$%$&'()*+,- #-. /*0*/(%-&$. #$ 1*&&*2

'$)%- //#* 3-)%$. #$ *4('$)%*+,-#-'52

#64- %&(37.(/-

 - ("/"(.,$%&- *$ %&,.'("*$% *& &+,%"*" *$ 23*0#$ ,%.HJ-.($ /$E

*&2 -&% /%$L&,"*$- *& H$%2" 2".- -.2/#&- 50& $- ("/"(.,$%&- *$- %&,.E

'("*$%&- *& &+,%"*" *$- 23*0#$- 2&." /$+,&: M--$ -& *&!& /&#" 2&#N$%

*.-,%.10.67$ *& /$,O+(." *$ 23*0#$ ,%.HJ-.($ *0%"+,& ,$*$ $ /&%P$*$C

-&+*$ -$#.(.,"*$ /&#"- ,%O- H"-&- *$ 23*0#$ ,%.HJ-.($:

B&#" "--$(."67$ -4%.& *$- %&,.'("*$%&- *& -&.- /0#-$-C ($+H$%2&

"/%&-&+,"*$ +" Q.R0%" I:@IC ("*" ("/"(.,$% 4 /%$L&,"*$ *& H$%2" .+*&E

/&+*&+,&C ($2$ %&,.'("*$%&- *& -&.- /0#-$-:

G--.2C $ !"#$% *" ("/"(.,K+(." /$*& -&% *&'+.*$ ",%"!4- *" &50"E

67$ 89:;@S>C $+*& Thold 4 $ ,&2/$ +$ 50"# $ ("/"(.,$% "#.2&+," *.%&,"E



  !

 !"#! $ %$&'$( )* +!,$( -*$".) $ /)"#! .! $01 !"#$23) 4 .!+%)"!%#$.$

.$ %$&'$5 6+*$0 !"#! .!7"!8+! Thold %) ) +!".) * +!9#) .) :!&;).)

.$ /&!-*<"%1$ .! $01 !"#$23) .$ &!.!5 =* :$&$ %$+)+ )+ -*$0 +! :&!8

#!".! $01 !"#$& $ %$&'$ +! -*! $/*".$ !"#)+  ) !"#>"!)+ .! #!"+3)

1"#!&7&$ ! )+%10$2?!+ .$ #!"+3) .! @$&&$ !"#) %% .)+ %$:$%1#)&!+(

:$&$  !1) %1%0) .! &!.! Thold+1/2 · fr5 =".! fr 4 $ /&!-*<"%1$ .$ &!.!
.! $01 !"#$23)5

CmtjX =
2 · Pmt · Thold

V cc2max − V cc2min
AB5CDEF

= G$0)&  4.1) .$ %)&&!"#! -*! %1&%*0$ :)& %$.$ %$:$%1#)& :).!

+!& .!#!& 1"$.) :!0$ !9:&!++3) AB5CDHF5 I)&4 ( :$&$ !+#! %$+)( .!G!8+!

%)"+1.!&$& $+ #&<+ /$+!+ .)  J.*0) #&1/K+1%) :$&$ ) %K0%*0) .$ %)&&!"#!

") 1"G!&+)&5 I)&#$"#)( $ %)&&!"#! +)01%1#$.$ :!0) 1"G!&+)& 4 $:&!+!"#$.$

:!0$ !-*$23) AB5CDLF5

iC3(ϕ) = iinvA(ϕ) + iinvB(ϕ) + iinvC(ϕ) AB5CDLF

M!".) -*!(

iinvA(ϕ) = iS3A(ϕ)− iD3A(ϕ), AB5CDNF

iinvB(ϕ) = iS3B(ϕ)− iD3B(ϕ), AB5COHF

iinvC(ϕ) = iS3C(ϕ)− iD3C(ϕ). AB5COCF

M$@!".) -*! $ %)&&!"#!  K91 $ !91'1.$ :!0) 1"G!&+)& )%)&&! %) 

Φ = 0o( '!&$".) $++1 * $  $1)& %1&%*0$23) .$ %)&&!"#! :!0)+ %$:$8
%1#)&!+ .! @$&&$ !"#)5 P) @$+! "!++$+ %)"+1.!&$2?!+ ) G$0)& !7%$Q

.$ %)&&!"#! ")+ %$:$%1#)&!+ $:J+ $0'* $+  $"1:*0$2?!+ 4 !9:&!++) :!0$

!-*$23) AB5CODF5

IC3,rms =
1

2 · π

∫

{

If2
dc + i2invA(ϕ) + i2invB(ϕ) + i2invC(ϕ)

− 2 · Ifdc [iinvA(ϕ) + iinvB(ϕ) + iinvC(ϕ)]

}

AB5CODF

R!+)0G!".) $+ 1"#!'&$1+( )@#4 8+!5

IC3,rms = Ip ·

√

3

8 · π

[

λ

Ma
− 4 · sin−1

(

1

2 ·Ma

)

+ 2 · π

]

AB5COOF
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 ! "#$"%$& '() *+,'() '+ "&-'%./&'& 0-1+,2

)&,

 ! "#$%&! %# '()%*+,( #- *- .)/#$!($ !,( &!!('.&%&! 0! 1*#2

%&! %# 3#)!,( # 0! $#!.!34)'.&! .)3#$)&! %(! '(-"()#)3#! %# "(34)'.& 0

"&!!&5#- %# '($$#)3#6 7! !#-.'()%*3($#! %# "(34)'.&8 '(-( %.(%(! #

.)3#$$*"3($#!8 %.!!."&- *-& "&$'#9& %& "(34)'.& "$('#!!&%& "#9( .)/#$2

!($ "#9( #:#.3( ;(*9#8 (* !#<&8 #- :($-& %# '&9($6  ! "#$%&! "$('#!!&%&!

)(! !#-.'()%*3($#! .)=*#)'.&- %.$#3&-#)3# )( '*!3( # #>'.4)'.& %( .)2

/#$!($6 ?(5(8 %#/#2!# '()@#'#$ &! "#$%&! 5#$&%&! "#9(! !#-.'()%*3($#!

& >- %# (3.-.A&$ (! '*!3(! %# "$(<#3( # & #>'.4)'.& %( .)/#$!($6

 ! "#$%&! %# '()%*+,( #- *- !#-.'()%*3($ %# "(34)'.& !,(

.-"(!3&! "($ %*&! '(-"()#)3#!8 '(-( &"$#!#)3& & #1*&+,( BC6DECF6

Pcond,S/D = VTO · IS/D,avg + rT · I
2
S/D,rms BC6DECF

 "$.-#.$& '(-"()#)3# %& :*)+,( %# "#$%& G %&%& "#9& 1*#%&

%# 3#)!,( )& "&!!&5#- %# '($$#)3# )( !#-.'()%*3($ VTO6  !#5*)%&

"&$'#9& G '(-"(!3& "#9& '()!3&)3# 1*# '&$&'3#$.A& *- &*-#)3( 9.)#&$

%&! "#$%&! )( !#-.'()%*3($ 0 "&!!&5#- %# '($$#)3# rT 6 H!!&! "&$'#9&!
!,( 5#$&9-#)3# %#3#$-.)&%&! # :($)#'.%&! "#9( :&I$.'&)3# &3$&/G! %#

-(%#9(! -&3#-J3.'(! # %# #)!&.(! #- 9&I($&3K$.(8 1*# %.!"().I.9.A&-

#!!&! '&$&'3#$L!3.'&! %( !#-.'()%*3($ #- :($-& %# '*$/&! %& 1*#%& %#

3#)!,( #- :*)+,( %& '($$#)3#6

 ! !3 "456758 9: *:;9< 9: "8=97>?8 =8@ 0=A:;;7BA8;:@

7 'J9'*9( %# "#$%& )(! .)3#$$*"3($#! %( .)/#$!($ "$("(!3( G %#2

>).%( &3$&/G! %& #M"$#!!,( BC6DECF <*)3( '(- &! #M"$#!!N#! %(! /&9($#!

%& '($$#)3# -G%.& # #>'&A &"$#!#)3&%&! )& !#+,( C6D6  !!.-8 "&$& &

%#3#$-.)&+,( %&! "#$%&! )( '()/#$!($ %#/#2!# %#3#$-.)&$ &! '()!3&)3#!

VTO # rT %(! .)3#$$*"3($#!6  ! '()!3&)3#! !,( '&$&'3#$L!3.'&! %# '&%&
!#-.'()%*3($ 0 ("(!.+,( %& "&!!&5#- %# '($$#)3#6 O(-( ( .)/#$!($

"$("(!3( #-"$#5& %.:#$#)3#! 3."(! %# .)3#$$*"3($#!8 %#/#2!# %#3#$-.)&$

&! '()!3&)3#! VTO # rT %# &-I(!6
O(-( I&!# "&$& (! 'J9'*9(! %# "#$%&! #!'(9@#$&-2!# (! .)3#$$*"2

3($#! %& P#-.Q$()8 -(%#9( RSTUVWEX8 "&$& (! -K%*9(! -#.& "()3#8

# .)3#$$*"3($#! %& P#-.Q$()8 -(%#9( PY SV Z?[ VWW "&$& ( -K%*9(

3$.:J!.'(6  #!'(9@& %#!3#! '(-"()#)3#! %#/#2!# "#9& %.!"().I.9.%&%#

%(! -#!-(! )( 9&I($&3K$.(6



  !

 ! "#$%&! '() *+, !-&.*./0!1!* !* 2%&3!* 1. 4%.1! 1. 0./*+,

.5 6%/7+, 1! 2,&&./0. /,* #/0.&&%-0,&.* 1,* 581%9,* 5.#! -,/0. . 1,

581%9, 0&#6:*#2,(

;* 2%&3!* *+, 9#/.!&#<!1!* .5 0,&/, 1. %5 -,/0, 1. ,-.&!7+,

1.*.=!1,> -!&! , 2!*, .5 0,&/, 1. 8 A> . ,?0@5A*. !* 2,/*0!/0.* VTO .
rT -!&! ,* #/0.&&%-0,&.* 1,* 581%9,* 5.#! -,/0. . 1, 581%9, 0&#6:*#2,(
B*0.* -!&C5.0&,* *+, !-&.*./0!1,* /! D!?.9! '(E(

D!?.9! '(E F G,/*0!/0.* 1! 4%.1! 1. 0./*+, . 1. ,-,*#7+, H -!**!$.5

1. 2,&&./0. 1,* #/0.&&%-0,&.*(

G,/*0!/0.* I.#! -,/0.  JG

VTO 0, 791 V 0, 626 V
rT 30, 2 mΩ 29, 06 mΩ

 !" #$%#&%!" "'! &()%)*+,!" !" -+./01(.!" ,1 !-1.+2'! ,+ 3+41%+

5678 -+.+ ! )9:1."!. -.!-!"(!6

3+41%+ 567 ; <+./01(.!" ,1 !-1.+2'! ,! )9:1."!. -.!-!"(! -+.+ ,)019=

")!9+019(! ,+" -1.,+" ,1 #!9,&2'!6

 !"#$%&"' (!)'" *%+,"-./'

Vx 400 V
319"'! ,! 4+..+019(! ##

,!" 0>,&%!" 01)+ -!9(1

Vy 400 V
319"'! ,! 4+..+019(! ##

,! 0>,&%! (.)?$")#!

Ip 11, 5 A @!..19(1 ,1 -)#! 9+

#+.A+

fo 60 Hz
B.1C&D9#)+ ?&9,+019(+%

,! ")9+% ,1 "+E,+

fsw 1.020 Hz B.1C&D9#)+ ,1 #!0&(+2'!

,!" 0>,&%!" 01)+ -!9(1

Φ 0o
F9A&%! 19(.1 #!..19(1 9+

#+.A+ 1 ")9+% .1?1.D9#)+

@!0 4+"1 9!" -+./01(.!" ,1 -.!G1(!8 ,!" :+%!.1" ,1 VTO 1 rT
+-.1"19(+,!" 9+ 3+41%+ 56H 1 10-.1A+9,! + 1C&+2'! I56HJ5K 19#!9(.+0=

"1 +" -1.,+" ,1 #!9,&2'! 9!" )9(1..&-(!.1" ,+ ?+"1 A ,! )9:1."!. -.!=

-!"(!6 L1"(+#+="1 C&1 + #!..19(1 ,1 #+.A+ ,! )9:1."!. M )9,1-19,19(1

,! :+%!. ,! E9,)#1 ,1 0!,&%+2'! &()%)*+,!6



  !

 !"#$% &'( ) *#$+%, -#. $./$.,.01%2 % -#.3% 3. 1.0,45 .2 6#0745

3% 85$$.01. 05, !01.$$#/15$., 35, 293#:5, 2.!% /501. . 35 293#:5

1$!6;,!85'

 !" #$%&'()* +,-./0123
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  !

 !"#$! %&' ( )#*+!, +# -./+012. /., 3/4#**054.*#, +. 3/6#*,.* 70$438

/96#$ :9"*3+. #7 ;0/12. +. 9/+3-# +# 7.+0$!12.&

Ma S1A [W] S2A [W] S3A [W] S4A [W]

0, 100 14, 038 2, 346 0, 000 12, 239
0, 200 14, 349 4, 681 0, 000 12, 516
0, 300 14, 349 7, 021 0, 000 12, 516
0, 400 14, 349 9, 360 0, 000 12, 516
0, 500 14, 349 11, 467 0, 000 12, 516
0, 600 14, 349 5, 338 7, 660 12, 516
0, 700 14, 349 5, 579 9, 492 12, 516
0, 800 14, 349 6, 841 10, 425 12, 516
0, 900 14, 349 8, 534 10, 980 12, 516
1, 000 13, 536 9, 799 10, 449 11, 795

 ! !" #$%&'%( )* +*,)- )* #(.)'/0( .(1 23()(1

<# ;.*7! ,373$!* !., 3/4#**054.*#,= !, 5#*+!, +# -./+012. /.,

+3.+., 043$3>!7 +! 7#,7! 7#4.+.$.?3! +# -@$-0$. # ,2. +#4#*73/!+!,

#75*#?!/+. ! #A5*#,,2. B%&C'%D&

).*E7= /.6., 6!$.*#, +# VTO # rT ,2. +#4#*73/!+., 5!*! .,

+3.+., +., 7F+0$., 7#3! 5./4# # +. 7F+0$. 4*3;@,3-.& G, 6!$.*#, ,2.

+#4#*73/!+., !4*!6E, +!, -0*6!, +! H0#+! +# 4#/,2. /., +3.+., #7

;0/12. +! -.**#/4# +. +3.+.= ;.*/#-3+!, 5#$. ;!"*3-!/4# +. -.75./#/4#&

I J3?0*! %&% !5*#,#/4! !, $3/#!*3>!1K#, #75*#?!+!, 5!*! +#4#*73/!12.

+# VTO # rT 5!*! ., +3.+., H0# -.75K#7 ., 7F+0$., 7#3! 5./4# #

5!*! ., +3.+., +. 7F+0$. 4*3;@,3-.&

I5*.A37!/+. !, -0*6!, ;.*/#-3+!, 5.* #H0!1K#, +# 5*37#3*! .*8

+#7 #7 4.*/. +# 07 5./4. +# .5#*!12.= ."4L78,# !, -./,4!/4#, VTO #
rT 5!*! ., +3.+., +., 7F+0$., 7#3! 5./4# # 5!*! ., +3.+., +. 7F+0$.
4*3;@,3-.= -.7. !5*#,#/4! !  !"#$! %&%&

 !"#$! %&% ( M./,4!/4#, +! H0#+! +# 4#/,2. # +# .5.,312. N 5!,,!?#7

+# -.**#/4# +., +3.+.,&

M./,4!/4#, O#3! 5./4# P)M

VTO 0, 427 V 0, 556 V
rT 52, 7 mΩ 27, 4 mΩ



   

 !"#$% &'& ( )#$*%+ ,#- $-.$-+-/0%1 % ,#-2% 2- 0-/+34 -1 5#/634 2%

74$$-/0- /4+ 2!424+ 24+ 182#94+ 1-!% .4/0- - 24 182#94 0$!5:+!74'
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 !"#$%" &'( ")*$+$,-" "+ )$*."+ .$ /0,.1230 $4 -0.0+ 0+ .50.0+

." 6"+$ A .0 5,7$*+0* )*0)0+-08 $4)*$9",.0 0+ 7"%0*$+ .$ VTO $ rT
")*$+$,-".0+ ," !"#$%" &'& $ .0+ )"*:4$-*0+ .$ )*0;$-0 )*0)0+-0+ ,"

!"#$%" &'<'

!"#$%" &'( = >$*."+ .$ /0,.1230 ,0+ .50.0+ .0 5,7$*+0* 41%-5,?7$%

@?#*5.0 $4 61,230 .0 ?,.5/$ .$ 40.1%"230'

Ma
D1A D2A D3A D4A Dg1A Dg2A

[W] [W] [W] [W] [W] [W]

0, 100 13, 025 0, 000 0, 000 0, 000 11, 218 11, 218
0, 200 10, 627 0, 000 0, 000 0, 000 11, 474 11, 474
0, 300 7, 974 0, 000 0, 000 0, 000 11, 474 11, 474
0, 400 5, 321 0, 000 0, 000 0, 000 11, 474 11, 474
0, 500 2, 933 0, 000 0, 000 0, 000 11, 474 11, 474
0, 600 10, 167 0, 000 0, 000 0, 000 4, 433 4, 433
0, 700 9, 838 0, 000 0, 000 0, 000 2, 754 2, 754
0, 800 8, 332 0, 000 0, 000 0, 000 1, 900 1, 900
0, 900 6, 343 0, 000 0, 000 0, 000 1, 393 1, 393
1, 000 3, 900 0, 000 0, 000 0, 000 1, 219 1, 220

 !" #$%#&%' () *+,() (+ #'-&.)/0' (' 123+,4

5',

 + )$*."+ .0+ +$45/0,.1-0*$+ ,30 +$ %545-"4 ")$,"+ A+ )$*."+

.$ /0,.12308 14" )"*-$ ." $,$*95" .5++5)"." )0* $++$+ .5+)0+5-570+ B

."." )$%" /041-"230 .0+ 4$+40+' C$,.0 "++548 .$+)*$D"* "+ )$*."+

.$ /041-"230 )0.$ +59,5E/"* 14 $**0 9*",.$ ," $+-54"-57" ."+ )$*."+

9$*"."+ )$%0+ +$45/0,.1-0*$+' >0*-",-08 "+ )$*."+ .$ /041-"230 ;1,F

-"4$,-$ /04 "+ )$*."+ )$%" )"++"9$4 .$ /0**$,-$ )$%0+ +$45/0,.1-0*$+

G/0,.1230H8 -0-"%5D"4 " $,$*95" .5++5)"." )$%0+ +$45/0,.1-0*$+'

I+-54"* "+ )$*."+ .$ /041-"230 $4 +$45/0,.1-0*$+ $,70%7$ 14"

+B*5$ .$ 7"*5J7$5+8 /040 -$,+30 .$ #%0K1$508 -$4)$*"-1*" .$ ;1,2308

5,.1-:,/5"+ )"*"+5-"+8 $,-*$ 01-*0+'

 7"%5"* " 5,L1M,/5" .$++$ /0,;1,-0 .$ 7"*5J7$5+ A $,$*95" .5++5F

)"." )$%"+ /041-"2N$+ .0+ +$45/0,.1-0*$+ $O59$ 40.$%0+ 4"-$4J-5/0+

"#*",9$,-$+ $ .$ 9*",.$ $+60*20 ,14B*5/0 $ /04 "%-" )*$/5+30 ."+ 7"F

*5J7$5+ $+-54"."+'

P$ 60*4" 4"5+ +54)%$+8 #"+$".0 ," 4$-0.0%095" ")*$+$,-"." )0*



   

 !"#$%&' $ (")*! +,--./0 * $%$!1&* 2&33&4*2* %*3 5"678*9:$3 2$ 76

3$6&5"%278"! 4"2$ 3$! *4!";&6*2* 4"! 76* $<7*9=" 4")&%"6&*) 2$ 3$>

17%2* "!2$6 $;4!$33* $6 +?@AB./@

E
(

iS/Djo

)

= k0 + k1 · iS/Djo + k2 · i
2
S/Djo +?@AB./

C%2$0 k0 $ k1 $ k2 3=" "3 5"$D5&$%8$3 <7$ 2$D%$6 * $<7*9=" 4">
)&%"6&*) 2*3 57!E*3 2$ $%8!*2* $ 3*F2* $6 5"%279=" 2$ &%8$!!748"!$3 "7

2* !$574$!*9=" !$E$!3* 2$ 2&"2"30 $ iS/Djo G * 5"!!$%8$ &%38*%8H%$* 2"

&%8$!!748"! "7 2&"2" 2" <7*) 3$ 4!$8$%2$ "I8$! *3 4$!2*3 2$ 5"678*9="@

J 4"8K%5&* 2&33&4*2* 4"! 76 3$6&5"%278"! 2$ 4"8K%5&* 2$E&2"

L3 4$!2*3 2$ 5"678*9:$3 4"2$ $%8=" 3$! $;4!$33* 4$)* $<7*9=" +?@ABM/@

Pcom

(

iS/Djo

)

=
Kc

2 · π
·

∫ 2·π

0

fsw · E
(

iS/Djo

)

dωt +?@ABM/

C%2$0 Kc G " #*8"! 2$ 5"!!$9=" 2"3 4*!H6$8!"3 2*3 57!E*3 2$

$%$!1&* 4*!* "3 4*!H6$8!"3 2$ 8!*I*)N"0 5"6" *4!$3$%8* * 3$9=" ?@.@B@

 !"!# $%&'(&) *+ ,+-*. *+ $)/(0.12) 3)4 530+--(60)-+4

O*!* "3 &%8$!!748"!$3 2$E$>3$ *E*)&*! <7$ *3 4$!2*3 2$ 5"678*9="

2&33&4*2*3 3=" 5"64"38*3 4"! 27*3 4*!5$)*3@ J3 4$!2*3 2$E&2" L $%8!*2*

$6 5"%279=" $ *3 4$!2*3 2$E&2" L 3*F2* 2$ 5"%279=" "7 I)"<7$&"@

O*!* 3$ "I8$! "3 E*)"!$3 2"3 5"$D5&$%8$3 2* $<7*9=" +?@AB./0 2$E$>

3$ 78&)&P*! 2*3 57!E*3 <7$ !$4!$3$%8*6 * $%$!1&* 2&33&4*2* 2" &%8$!!748"!

2$ $%8!*2* $ 3*F2* 2$ 5"%279=" #"!%$5&2*3 4$)" #*I!&5*%8$ "7 $%3*&*! "3

3$6&5"%278"!$3@

Q* R&17!* ?@. 3=" *4!$3$%8*2*3 *3 57!E*3 2$ $%8!*2* $ 3*F2*

2$ 5"%279=" 4*!* "3 &%8$!!748"!$3 2"3 6S27)"3 6$&* 4"%8$ $ 4*!* "3

&%8$!!748"!$3 2" 6S27)" QOT@

J3 57!E*3 3=" *4!";&6*2*3 4"! $<7*9:$3 4")&%"6&*&3 2$ 3$17%2*

"!2$6 $ 3$73 !$34$58&E"3 5"$D5&$%8$3 3=" *4!$3$%8*2"3 %* U*I$)* ?@M@

T"6 "3 E*)"!$3 2$ 4!"V$8" *4!$3$%8*2"3 %* U*I$)* ?@,0 2$8$!6&%*>

3$ * 4"8K%5&* 2&33&4*2* 4$)"3 &%8$!!748"!$3 2"3 6S27)"3 6$&* 4"%8$ $

2" 6S27)" 8!&#W3&5"@



   

 !"#$% &'( ) *#$+%, -. ./.$"!% -. 012#3%451 -1, ,.2!01/-#31$., 61$7
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 !"#$! %&' ( )*#+,-#./#0 1! ,234! 1! #.#35-! 1# #./3!1! # 0!61! 1#

,*.1278* 1*0 -./#3329/*3#0 1* :;12$* :#-! 9*./#&

)*.0/!./#0 <#-! 9*./# =>)

k0,on 501 µ 536 µ
k1,on 21, 2 µ 0, 242 µ
k2,on 0, 157 µ 0, 349 µ
k0,off 417 µ 1, 86 m
k1,off 26 µ −8, 72 µ

k2,off 0, 0157 µ 0, 23 µ

 !"#$! %&? ( >#31!0 1# ,*:2/!78* .*0 -./#3329/*3#0 1* -.4#30*3 :2$/-@

.64#$ A6"3-1* #: B2.78* 1* 6.1-,# 1# :*12$!78*&

Ma S1A [W] S2A [W] S3A [W] S4A [W]

0, 100 0, 126 2, 118 0, 000 0, 294

0, 200 0, 126 2, 118 0, 000 0, 294

0, 300 0, 126 2, 118 0, 000 0, 294

0, 400 0, 126 2, 118 0, 000 0, 294

0, 500 0, 126 2, 118 0, 000 0, 294

0, 600 0, 126 2, 416 0, 326 0, 294

0, 700 0, 126 2, 390 0, 315 0, 294

0, 800 0, 126 2, 370 0, 308 0, 294

0, 900 0, 126 2, 354 0, 304 0, 294

1, 000 0, 126 2, 342 0, 301 0, 294



   

 !"!# $%&'(&) *+ ,+-*. *+ $)/(0.12) 3)4 56)*)4

 !"#!$#% &' (')&*+ (%) !%,$-*./% 0%+ &1%&%+ &% 102')+%) !%0+13

&')* *('0*+ (')&*+ 4')*&*+ 0% ()5()1% !%,(%0'0-' &'21&% 6 +$* )'!$3

(')*./% )'2')+*7  $ +'8*9 &'+!%0+1&')*,3+' *+ (')&*+ &'21&% 6 )'!$('3

)*./% )'2')+* &% &1%&% 0%+ 10-'))$(-%)'+ &%+ ,5&$#%+9 '++* (*)!'#* &*+

(')&*+ 0% 10-'))$(-%) 8" '+-" 10!#$+* :$*0&% +' &'-'),10*, *+ (')&*+

0% 10-'))$(-%) :$*0&% '0-)* ', !%0&$./%7 ;+-' !"#!$#% < )'*#1=*&% &'

>%),* +1,1#*) 6+ (')&*+ 4')*&*+ 0%+ 10-'))$(-%)'+ 0* +*?&* &' !%0&$./%7

;,()'4*0&% 0%2*,'0-' * ,'-%&%#%41* *()'+'0-*&* (%) @)%>'01A

' B%#*) CDEEFG9 &'2'3+' &'-'),10*) %+ 2*#%)'+ &%+ !%'H!1'0-'+ &* ':$*3

./% CI7JKFG (*)* %+ &1%&%+ &%+ ,5&$#%+ ,'1* (%0-' ' (*)* %+ &1%&%+ &%

,5&$#% -)1>"+1!%7

L*)* * &'-'),10*./% &%+ !%'H!1'0-'+ &%+ &1%&%+ &%+ ,5&$#%+

,'1* (%0-' $-1#1=*3+' &* ,'-%&%#%41* ',()'4*&* (%) B%#*)9 M*!N ' O*3

+*0'##*+ CJPPFG9 %0&' * '0')41* &* )'!$(')*./% )'2')+* &' $, &1%&%

(%&' +') 'Q()'++* ('#* ':$*./% CI7JKRG7 S$*0&% ',()'4*&* * ,'-%&%3

#%41* ()%(%+-* (%) '+-'+ *$-%)'+ B%#*)9 M*!N ' O*+*0'##*+ CJPPFG (*)*

&'-'),10*./% &%+ !%'H!1'0-'+ &* !$)2* &' '0')41* 0/% +' &'2' $-1#1=*)

&% 4*0N% &' !%))'./% Kc9 %$ +'8*9 Kc = 17  4*0N% Kc < &'+!%0+13

&')*&%9 (%1+ +' $-1#1=*, %+ (*)T,'-)%+ &' ()%8'-% (*)* &'-'),10*) %+

!%'H!1'0-'+ k09 k1 ' k27

E (iDjo) =
Vcc · trr

2









(

0, 35 · Irr +
0, 15 · Irr · iDjo

Inom
+ iDjo

)

×

(

0, 8 +
0, 2 · iDjo

Inom

)









CI7JKRG

 0&'9 Vcc )'()'+'0-* * -'0+/% &' U*))*,'0-% !!9 Inom * !%))'0-'
0%,10*# &% &1%&%9 trr -',(% &' )'!$(')*./% )'2')+* &% &1%&% ' Irr
!%))'0-' &' )'!$(')*./% )'2')+* &% &1%&%7

V-)*2<+ &' ,*01($#*.W'+ ,*-',"-1!*+ %U-X,3+' %+ !%'H!1'0-'+

&* ':$*./% CI7JKFG !%,% *()'+'0-* *+ ':$*.W'+ CI7JKYG9 CI7JKPG ' CI7JIEG7

k0 = 0, 14 · Vcc · trr · Irr CI7JKYG

k1 =
Vcc · trr

2
·

(

0, 8 +
0, 12 · Irr

Inom
+

0, 07 · Irr
Inom

)

CI7JKPG



   

k2 =
0, 1 · Vcc · trr

Inom
·

(

1 +
0, 15 · Irr

Inom

)

 !"#!$%

&'( ') *+*') ',-.*') +-/+01) *' 2+,/.3+4-5 +6/5)54-+*') 4+ 7+8

,59+ !":; ',-<(8)5 ') 0+9'/5) *') 3'5=3.54-5) k0; k1 5 k2; +6/5)54-+*')

4+ 7+,59+ !">"

7+,59+ !": ? @+9'/5) 2'/453.*') 659' 2+,/.3+4-5 *') (A*B9') CDE

FGHI$JKL 6+/+ '65/+MN' + 25o C"

O+/P(5-/') @+9'/5)

trr 250 ns

Irr 30 A

Inom 75 A

QR 0+9'/5) *') 3'5=3.54-5) k0; k1 5 k2 6+/+ ') *.'*') *' (A*B9'

-/.2R).3' )N' ',-.*') +-/+01) *+ 3B/0+ SB5 /56/5)54-+ + 545/T.+ *5 /58

3B65/+MN' /505/)+ *' *.'*' 5( 2B4MN' *+ 3'//54-5 *' *.'*'; 2'/453.*+

659' 2+,/.3+4-5" U+ V.TB/+ !"J 1 +6/5)54-+*+; + 3B/0+ SB5 /56/5)54-+ +

545/T.+ *5 /53B65/+MN' /505/)+ *.'*' 5( 2B4MN' *+ 3'//54-5 4' *.'*'

2'/453.*+ 659' 2+,/.3+4-5 5 + 3B/0+ T5/+*+ 659') 0+9'/5) *') 3'5=3.54-5)

k0; k1 5 k2; +6/5)54-+*') 4+ 7+,59+ !">"

W +6/'X.(+MN' 4'0+(54-5 1 /5+9.Y+*+ )',/5 ' 6'4-' *5 '65/+MN'

*5)5Z+*'; '4*5 + 3B/0+ ).4-5-.Y+*+ +-/+01) *+ ).(B9+MN' 4B(1/.3+ +6/58

)54-+ T/+4*5 ).(.9+/.*+*5 [ 3B/0+ *+ 545/T.+ *5 /53B65/+MN' /505/)+

2'/453.*+ 659' 2+,/.3+4-5"

7+,59+ !"> ? &'5=3.54-5) *+ 3B/0+ *+ 545/T.+ *5 /53B65/+MN' /505/)+

*' *.'*' 5( 2B4MN' *+ 3'//54-5 4' *.'*'"

&'4)-+4-5) E5.+ 6'4-5 UO&

k0,rr 420 µ 0, 00

k1,rr 43, 8 µ 26, 4 µ

k2,rr 0, 141 µ −0, 116 µ

W 7+,59+ !"#$ +6/5)54-+ +) 65/*+) *5 3'(B-+MN' 5( -'*') ')

*.'*') *+ 2+)5 A *' .405/)'/ 6/'6')-' 5(6/5T+4*' ') 3'5=3.54-5) k0; k1
5 k2; +6/5)54-+*') 4+ 7+,59+ !"> 5 *') 6+/P(5-/') *5 6/'Z5-' 6/'6')-')

4+ 7+,59+ !"\"



   

 !"#$% &'( ) *+,-.!,/0,1 2% .#$3% 2% ,/,$"!% 2, $,.#4,$%56+ $,3,$1%

2+1 2!+2+1 2+ 782#9+ 0$!:;1!.+'
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<%=,9% &'>? ) @,$2%1 2, .+7#0%56+ /+1 2!+2+1 2+ !/3,$1+$ 7#90!/A3,9

BA=$!2+ ,7 :#/56+ 2+ A/2!., 2, 7+2#9%56+'

Ma
D1A D2A D3A D4A Dg1A Dg2A

[W] [W] [W] [W] [W] [W]

0, 100 0, 685 0, 000 0, 000 0, 000 0, 000 0, 000
0, 200 0, 685 0, 000 0, 000 0, 000 0, 000 0, 000
0, 300 0, 685 0, 000 0, 000 0, 000 0, 000 0, 000
0, 400 0, 685 0, 000 0, 000 0, 000 0, 000 0, 000
0, 500 0, 685 0, 000 0, 000 0, 000 0, 000 0, 000
0, 600 0, 781 0, 000 0, 000 0, 000 0, 021 0, 021
0, 700 0, 771 0, 000 0, 000 0, 000 0, 018 0, 018
0, 800 0, 763 0, 000 0, 000 0, 000 0, 016 0, 016
0, 900 0, 756 0, 000 0, 000 0, 000 0, 015 0, 015
1, 000 0, 751 0, 000 0, 000 0, 000 0, 013 0, 013



   

 !"!# $%&'( )* +'((*,-' )%. +/(0%. )* 12*(34%

 !"#$% &' ($%%')*$ &"+ (,%-"+ &' '.'%/0" Kc &'-' +'% ,#0102"&$

3,".&$ $+ '.+"0$+ %'"102"&$+ ($4 $+ +'40($.&,#$%'+ .*$ 5$++,'4 $+

4'+4$+ 5"%64'#%$+ &$ 5%$7'#$ '4 &'+'.-$1-04'.#$8  , +'7"9 3,".&$

$ +'40($.&,#$% '+#" +,7'0#$ " &0!'%'.#'+ .:-'0+ &' #'.+*$ &' ;1$3,'0$9

#'45$+ &' #%".+0)*$ '.#%' '+#"&$+ &' ($4,#")*$ <%'+0+#$% &' /"#'= '

#'45'%"#,%" &' 7,.)*$8 >'+#"("?+' 3,' $+ 5%$('&04'.#$+ 5"%" " &'#'%?

40.")*$ &$ !"#$% &' ($%%')*$ &"+ (,%-"+ &' '.'%/0" +'/,' $ "5%'+'.#"&$

5$% @ABCDE F <GHII=9 !$%.'('&$% &$+ +'40($.&,#$%'+ ,#0102"&$+ .'+#'

#%";"1J$8

 !"#$% &' ($%%')*$ &"+ (,%-"+ &' '.'%/0" K &'#'%40."&$ ($.?

!$%4' " '3,")*$ <L8ILI=8

Kc = KRG ·

(

Vcc
Vgra

)Kv

· [1 + T Cesw · (Tj − Tgra)] <L8ILI=

@'.&$ 3,' KRG K $ !"#$% &' ($%%')*$ &$ %'+0+#$% &' /"#'9 Vgra
K " #'.+*$ 045$+#" +$;%' $ +'40($.&,#$% 5"%" $;#'.)*$ &" (,%-" &'

'.'%/0"9 Kv K $ 'M5$'.#' &' &'5'.&N.(0" &" #'.+*$ 5"%" "+ 5'%&"+ &'
($4,#")*$ <'.#%' 1, 3 " 1, 4 +'/,.&$ !";%0(".#'=9 T Cesw K $ ($'O(0'.#'
&" #'45'%"#,%" 5"%" "+ 5'%&"+ &' ($4,#")*$ <0, 0031/K +'/,.&$ !"?

;%0(".#'= ' Tgra K " #'45'%"#,%" &' 7,.)*$ &$ +'40($.&,#$% &" (,%-"
" 3,"1 !$0 10.'"%02"&"8

 !"#$% &' ($%%')*$ &$ %'+0+#$% &' /"#' KRG &'-'?+' "$ '45%'/$
.$ 5%$7'#$ &' ,4 %'+0+#$% &' /"#' ($4 -"1$% &0!'%'.#' &$ -"1$% &$ %'+0+?

#$% &' /"#' ,#0102"&$ .$+ '.+"0$+ 5'1$ !";%0(".#'8 A++' !"#$% K $;#0&$ 5$%

(,%-"+9 /'%"14'.#' !$%.'(0&"+ 5'1$ !";%0(".#'9 $.&' +' $;#K4 " %'1")*$

'.#%' " '.'%/0" 5"%" &0!'%'.#'+ -"1$%'+ &' %'+0+#$% &' /"#'8 P Q0/,%" L8R

"5%'+'.#" " (,%-" &' '.'%/0" &$ %'+0+#$% &' /"#' &$+ 4S&,1$+ &" @'40?

T%$. RUVWHXY> ' @D UH BZC HXX8

[$.!$%4' "5%'+'.#"&$ ." Q0/,%" L8U9 "+ (,%-"+ &' '.'%/0" &$+

4S&,1$+ RUVWHXY> ' @D UH BZC HXX +*$ $;#0&"+ 5"%" -"1$%'+ &' %'?

+0+#$% &' /"#' &' 15 Ω ' 16 Ω8 \"%" $ ("+$ '4 '+#,&$ $ %'+0+#$% &' /"#'

,#0102"&$ '4 "4;$+ $+ 4S&,1$+ K &$ -"1$% &' 47 Ω8 \$%#".#$9 $ !"#$%

&' ($%%')*$ KRG 5"%" $+ &$0+ 4S&,1$+ K "5%'+'.#"&$ ." ]";'1" L8II8
[$.+0&'%".&$ $+ 5"%64'#%$+ &' 5%$7'#$+ ,#0102"&$+ ' "++,40.&$

3,' " #'45'%"#,%" &' 7,.)*$ &$ +'40($.&,#$% K &' 150o C9 $+ !"#$%'+ &'

($%%')*$ &"+ (,%-"+ &' '.'%/0" Kc +*$ &'O.0&$+ '45%'/".&$ " '3,")*$
<L8ILI= ' "5%'+'.#"&$+ ." ]";'1" L8IG8
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  !

 !"#$! %&'' ( )!*+, -# .+,,#/0+ KRG 1!,! +2 2#34.+5-6*+,#2 -+ 457#,8

2+, 36$*4597#$ :9",4-+&

;+52*!5*#2 <#4! 1+5*# =>;

KRG,on 1, 81 0, 626
KRG,off 2, 03 1, 26
KRG,rr 1, 00 0, 504

 !"#$! %&'? ( )!*+, -# .+,,#/0+ Kc 1!,! +2 2#34.+5-6*+,#2 -+ 457#,2+,

36$*4597#$ :9",4-+&

;+52*!5*#2 <#4! 1+5*# =>;

Kc,on 2, 62 2, 95
Kc,off 1, 87 1, 79
Kc,rr 1, 00 0, 60

 !" #$%#&'()$

=#2*! 2#/0+ -#*#,345!,!382# +2 7!$+,#2 3@-4+ # #A.!B -! .+,8

,#5*# 5+2 2#34.+5-6*+,#2 -# 1+*C5.4! -! #2*,6*6,!D "!2#!-! 5! 7!,4!8

/0+ -! ,!B0+ .9.$4.! -+ 2#34.+5-6*+, # 5+2 2#62 1#,9+-+2 -# .+5-6/0+

1!,! ! *@.54.! -# 3+-6$!/0+ :9",4-!& E2*! !5F$42# @ -# G65-!3#5*!$

431+,*H5.4! 50+ 2+3#5*# 1!,! .+5:#.#, + -421+24*47+ 1+*C5.4! I6# 2#,F

#31,#J!-+ 5! #2*,6*6,!D .+3+ @ ! "!2# *#K,4.! 6*4$4B!-! 1!,! -#*#,348

5!, !2 .+,,#5*#2 I6# .4,.6$!3 1+, *+-+ + 457#,2+,&

L!2#!-+ 5!2 .+,,#5*#2 2+",# +2 2#34.+5-6*+,#2 # 5! .+,,#5*# #58

*,#J6# 1#$! G+5*# -# !$43#5*!/0+ -#*#,345+682# +2 .!1!.4*+,#2 -# "!,8

,!3#5*+ -+2 3K-6$+2 # 2#62 7!$+,#2 #A.!B#2 -# .+,,#5*#& M#,4A.+682#

I6# ! .+,,#*! !$43#5*!/0+ -+2 3K-6$+2 #74*! I6# 597#42 3@-4+ -# *#520+

+6 .+31+5#5*#2 :!,3N54.!2 -# "!4O! G,#I6C5.4! #2*#P!3 1,#2#5*#2 5!

*#520+ -# 2!9-! -+ 457#,2+, 36$*4597#$&

)+,!3 .!$.6$!-!2 !2 1#,-!2 -# .+5-6/0+ # .+36*!/0+ -+2 2#348

.+5-6*+,#2 .+3 "!2# 5!2 $45#!,4B!/Q#2 -!2 .6,7!2 -! I6#-! -# *#520+

2+",# +2 2#34.+5-6*+,#2 I6!5-+ #2*0+ .+5-6B45-+ # 2+",# !2 .6,7!2 -#

#5#,J4! 1!,! #5*,!-! # 2!9-! -# .+5-6/0+& R"2#,7!382# I6# !2 1#,-!2

-# .+36*!/0+ I6# 20+ +"*4-!2 .+3 "!2# #3 -!-+2 -# .!*F$+J+2 # -#8

7#3 2#, .+,,4J4-!2 .+3 "!2# #3 G!*+,#2 -# .+,,#/0+D 1+42D +2 1!,H3#*,+2

-!2 .6,7!2 -# #5#,J4! -+2 .!*F$+J+2 -+2 2#34.+5-6*+,#2 20+ -4G#,#5*#2

!+2 1!,H3#*,+2 -# 1,+P#*+ I6# +2 2#34.+5-6*+,#2 #2*0+ 26P#4*+2& S28
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 !"# $% &'()*+, %" %$$, %'%-)+, .)$) ) +%(%$"!*)/0, +) .%$+) +%

1,"&()/0, +, !*-%$ ,$2
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 !"#$%&'()#

"*+"!,-".&',# ()

,./"!#)! 012!,()

+!)+)#&)

 ! "#!$%&'()! #*+#",-#.&',! +'"' '/'%,'01) () ,./#"!)" 234",()

-$%&,.3/#% +")+)!&) !#"1) (,/,(,()! #- ($'! %,.2'!5 6 +",-#,"' %,.2'

(# "#!$%&'()! +"#&#.(# '/'%,'" ' #!&"$&$"' (# +)&7.8,' () ,./#"!)" -$%9

&,.3/#% 234",() #-+"#:'.() ' &;8.,8' -)($%'01) 234",(' +")+)!&' #

8)-+")/'" ) #!&$() &#<",8) "#'%,='() +'"' ' #!&"$&$"' (# +)&7.8,' ()

,./#"!)" +")+)!&)5 >' !#:$.(' %,.2' (# "#!$%&'()! +")8$"'9!# '.'%,!'"

' ?$'%,('(# (' @)"-' (# ).(' (# &#.!1) !'3(' !,.&#&,='(' +#%) ,./#"9

!)" -$%&,.3/#% +'"' '! (,@#"#.&#! &;8.,8'! (# -)($%'01) #-+"#:'('!5

 $ !#A'B '.'%,!'" ' ?$'%,('(# (' @)"-' (# ).(' (# &#.!1) (# !'3(' ()

,./#"!)" +'"' '! &;8.,8'! (# -)($%'01) 234",(' # +)" /#&)"#! #!+'8,',!5

 ! "#!$%&'()! #*+#",-#.&',! !1) )4&,()! 8)- 4'!# .) +")&<&,+)

8).!&"$3() #- %'4)"'&<",)B '+"#!#.&'() .' C,:$"' D5E5  +")&<&,+)

#-+"#:)$ !)-#.&# 8)-+).#.&#! (,!+).3/#,! .) %'4)"'&<",)B !#.() '!9

!,-B '%:$.! 8)-+).#.&#! #!&1) !)4"#(,-#.!,).'()! # ,-+)!!,4,%,&'"1)

'%:$-'! '.F%,!#!B 8)-)G ' ).($%'01) &#.!1) !)4"# )! 8'+'8,&)"#! (#

4'""'-#.&) # '! 8)""#.&#! (# #.&"'(' () ,./#"!)"5

C,:$"' D5E H I./#"!)" &",@F!,8) ,-+%#-#.&'() #- %'4)"'&<",)5

 +")&<&,+) #-+"#:)$ #- !$' #!&"$&$"' )! 8)-+).#.&#! '+"#9

!#.&'()! .' J'4#%' D5E5
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  !

 !" #$%&'()*+% $,-$#./$0().% *) $%(#&(&#)*$

-+(102.) *+ .03$#%+# /&'(.043$' 546#.*+

 !"#$%#"& '#()& *% "%+,'-&*.+ !%"$#-% &/&'#&" . %+-,*. -%0"#1.

"%&'#2&*. !&"& . *#$%(+#.(&$%(-. *& %+-",-,"& *% !.-3(1#& *. #(/%"4

+." %$!"%5&(*. & $.*,'&67. )89"#*& !".!.+-&:  + %+!%1#;1&6<%+ *%

!".=%-. %$!"%5&*&+ (. !".-0-#!. !&"& /&'#*&67. *. %+-,*. -%0"#1. +7.

&!"%+%(-&*&+ (& >&9%'& ?:@:

>&9%'& ?:@ A B+!%1#;1&6<%+ *% !".=%-. !&"& &(C'#+% *& %+-",-,"& *%

!.-3(1#& *. #(/%"+." !".!.+-.:

-789:;<8= 37>=8 *;?@8ABC=

Vx 400 V >%(+7. *. 9&""&$%(-. 11

*.+ $0*,'.+ $%#& !.(-%

Vy 400 V >%(+7. *. 9&""&$%(-. 11

*. $0*,'. -"#DC+#1.

So 9,3 kVA E.-3(1#& &!&"%(-% *%

+&8*& FMa = 0,9G

fo 60 Hz H"%I,3(1#& D,(*&$%(-&'

*. +#(&' *% +&8*&

fsw 1020 Hz H"%I,3(1#& *% 1.$,-&67.

*.+ $0*,'.+ $%#& !.(-%

Φ 24,45o J(5,'. %(-"% 1.""%(-% (&

1&"5& % -%(+7. "%D%"3(1#&

K%"#;1&(*. . &*%I,&*. D,(1#.(&$%(-. *. !".-0-#!. *% !.-3(4

1#& & H#5,"& ?:@ &!"%+%(-& &+ -%(+<%+ *% D&+% vAL vB % vC L % & H#5,"&
?:M $.+-"& &+ -%(+<%+ *% '#()& vAB L vBC % vCA *. #(/%"+." $,'-#(8/%'
.!%"&(*. 1.$ & $.*,'&67. )89"#*& % 8(*#1% *% $.*,'&67. Ma = 0,9:
N9+%"/&4+% . D,(1#.(&$%(-. *. #(/%"+." 1.$ & $.*,'&67. !".!.+-&

1.$ &+ -%(+<%+ *% D&+% &!"%+%(-&(*. .+ 1#(1. (8/%#+ *#+-#(-.+ % 1.$

/&'." $O*#. *% -%(+7. (,'.:  *#+-."67. )&"$P(#1& -.-&' *& -%(+7.

*% '#()& &!"%+%(-., ,$ /&'." *% 15,8%L !"0Q#$. &. /&'." %+!%"&*. *%
14,4% *. %+-,*. -%0"#1.: B+-& *#D%"%(6& %(-"% . %+-,*. -%0"#1. % . %Q4

!%"#$%(-&' +% *%/% R+ #*%&'#2&6<%+ "%&'#2&*&+ (. %+-,*. -%0"#1.L 1.$.S

-%$!. $."-. (,'.L -%$!. *% 1.$,-&67. (,'.L .(*,'&67. (,'& *% -%(+7.

+.9"% .+ 1&!&1#-."%+ *% 9&""&$%(-.: T.$. (& !"C-#1& %+-&+ 1.(+#*%"&4

6<%+ +7. /C'#*&+ 1.$. &!".Q#$&67. % (7. ,$& /%"*&*% &9+.',-&L +,"5%

%+-& !%I,%(& *#D%"%(6& *% 1,4% %(-"% .+ /&'."%+ !"C-#1.+ % -%0"#1.+:



Ma = 0,9 (500 V/div)

vA

vB

vC



Ma = 0,9 (500 V/div)

vAB

vBC

vCA
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 !"!#$! "!%&'()% )$ (*%%!+,!$ -! ()%.) iA/ iB ! iC / (*0* 0*$,%) )
1&.2%) 3454 6$ (*%%!+,!$ -! ()%.) )7%!$!+,)%)0 8)&9) *+-2:);<* -!"&-*

= ()%.) &+-2,&") (*+!(,)-) = $)>-) -* &+"!%$*%4 6 ()%.) &+-2,&") 7*$$2&

20 (*07*%,)0!+,* -! 20 ':,%* 7)$$) 8)&9) 7)%) (*%%!+,! ! ),!+2) *$

?)%0@+&(*$ 7%!$!+,!$ +) ,!+$<* -! $)>-)/ $!+-* %!-2A&-*$ +) (*%%!+,!

-! $)>-) -* &+"!%$*%4

1&.2%) 345 B C*%%!+,! -! ()%.) iA/ iB ! iC -* &+"!%$*% 02:,&+>"!: ?>8%&-*
(*0 0*-2:);<* ?>8%&-)/ Ma = 0,9 (5 A/div)4

6"):&)0#$! )$ (*%%!+,!$ $*8%! *$ $!0&(*+-2,*%!$ -! 7*,D+(&)4

E)%) &$$* "!%&'(*2#$! *$ "):*%!$ 0F-&* ! !'()A -) (*%%!+,! +*$ $!0&#

(*+-2,*%!$ S1A + D1A ! S2A + D2A4 G$$) H*%0) -! 0!-&;<* H*& %!)#

:&A)-) -!"&-* = !$,%2,2%) -* 7%*,I,&7*/ J2! +<* 7!%0&,! 0!-&;K!$ -)$

(*%%!+,!$ -! H*%0) &+-&"&-2): $*8%! *$ $!0&(*+-2,*%!$4 6 1&.2%) 343

)7%!$!+,) ) (*%%!+,! ),%)"F$ -*$ $!0&(*+-2,*%!$ S1A+D1A ! S2A+D2A

! ) (*%%!+,! +) ()%.)4

L &07*%,)+,! "):&-)% * 0*-!:* ,!I%&(* -) -!,!%0&+);<* -*$ ")#

:*%!$ 0F-&* ! !'()A -) (*%%!+,! +*$ $!0&(*+-2,*%!$ -! 7*,D+(&) -*

&+"!%$*% 7%*7*$,* )7%!$!+,)-*$ +) $!;<* 54M4 N!%&'()0#$! *$ "):*%!$

0F-&* ! !'()A -) (*%%!+,! +*$ $!0&(*+-2,*%!$ S1A+D1A ! S2A+D2A

),%)"F$ -* .%O'(* )7%!$!+,)-* +) 1&.2%) 34P4 Q07*%,)+,! -!$,)()% J2!

* 0!$0* 0F,*-* F 2,&:&A)-* 7)%) -!,!%0&+)% *$ "):*%!$ 0F-&* ! !'()A

-) (*%%!+,! 7*% ,*-*$ *$ $!0&(*+-2,*%!$ -! 7*,D+(&) -* &+"!%$*%4

R .%O'(* )7%!$!+,)-* +) 1&.2%) 34P "):&-) * 0*-!:* ,!I%&(* )7%!#

$!+,)-* +) $!;<* 54M4 S*,)#$! .%)+-! $&0&:)%&-)-! !+,%! *$ "):*%!$ 0F#

-&* ! !'()A *8,&-*$ 7!:* 0*-!:* ,!I%&(* ! *$ "):*%!$ 0F-&* ! !'()A -*$

%!$2:,)-*$ !97!%&0!+,)&$ -) (*%%!+,! +*$ $!0&(*+-2,*%!$ S1A + D1A

! S2A + D2A4

T0) ()%)(,!%>$,&() &07*%,)+,! -* &+"!%$*% 7%*7*$,* ! -!"! $!%



  !

 !"#$% &'& ( )*$$+,-+ .+ /%$"% iA 0/+,-$%1!2%.%3 + %4 /*$$+,-+4 %-$%564

.*4 4+7!/*,.#-*$+4 S1A+D1A 04#8+$!*$3 + S2A+D2A 0!,9+$!*$3 .* !,:

5+$4*$ 7#1-!,;5+1 <;=$!.* /*7 7*.#1%>?* <;=$!.%@ Ma = 0,9 (5 A/div)'

 !"#$% &'A ( B$CD/* .* 5%1*$ +7 8+$/+,-#%1 .*4 5%1*$+4 76.!* + +D/%2@

-+E$!/*4 + 8$C-!/*4@ .% /*$$+,-+ ,*4 4+7!/*,.#-*$+4 S1A+D1A + S2A+
D2A +7 9#,>?* .* ;,.!/+ .+ 7*.#1%>?* .* !,5+$4*$ 7#1-!,;5+1 <;=$!.*

/*7 7*.#1%>?* <;=$!.%'

0,80,0 0,2 0,4 0,6 1,0

Índice de Modulação [Ma]
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 !"#$%&'& !()!%* !"+&, !"+! - . /$(. '! ).+0"1*& &+%&2-# '&# 3."+!#

'! &,* !"+&45.6 7 8%9:1. '& ;*8$%& <6=  .#+%& .# %!#$,+&'.# +!>%*1.#

! !()!%* !"+&*# ') /$(. '! ).+0"1*& "&# 3."+!# '! &,* !"+&45. '.#

 >'$,.#  !*& )."+! ! '.  >'$,. +%*39#*1.6

;*8$%& <6= ? @!#$,+&'.# +!>%*1.# ! !()!%* !"+&*# '. /$(. '! ).+0"1*&

&+%&2-# '&# 3."+!# '! &,* !"+&45. '. *"2!%#.%  $,+*"A2!, )&%& . BC&#. DE6
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0,80 0,2 0,4 0,6 1,0
Índice de Modulação [Ma]

Simulado
Experimental

 ΣP
x

 ΣP
y

7# %!#$,+&'.# !()!%* !"+&*# 1.":% & .# %!#$,+&'.# +!>%*1.# '.

/$(. '! ).+0"1*& &+%&2-# '&# 3."+!# '! &,* !"+&45. '.#  >'$,.#  !*&

)."+! ! '.  >'$,. +%*39#*1. ! 8&%&"+*"'. . 3$"1*."& !"+. &'!F$&'.

'.#  >'$,.#G "5. )%.).%1*."&"'. $ /$(. "!8&+*2. '! ).+0"1*& )&%&

&# 3."+!# '! &,* !"+&45. ! )!% *+*"'. . ! )%!8. '! %!+*:1&'.%!# $"*H

'*%!1*."&*# ! ).+0"1*& I !#+%$+$%&6

 !" #$%&'()*+% $,-$#./$0().% *)% (120.2)% *$

/+*&')34+ -#+-+%()% )+ .05$#%+# /&'(.6

075$' 879#.*+

J#+& #!45. +! ).% .KL!+*2. &"&,*#&% & F$&,*'&'! '& 3.% & '!

."'& '! +!"#5. '! #&A'& $+*,*M&"'. '! '$&# '*3!%!"+!# +-1"*1&# '!  .H

'$,&45. &. *"2!%#.%  $,+*"A2!, NAK%*'.6 O# +-1"*1&# '!  .'$,&45. ! H

)%!8&'&# #5. & +-1"*1&  .'$,&45. NAK%*'& ! & +-1"*1&  .'$,&45. ).%

2!+.%!# !#)&1*&*# PQRSTU & +-1"*1&  .'$,&45. QRS - %!&,*M&'& )&%& &#



  !

 !"#$"%&'$! ( )'*)+  ! " ! &, *"+! ( !'*" "'-$./+ (+ 0 "+# # 1 #2*)'$3

$4+#($($! *$ ! ./+ 5656

7,4$! $! "%)*')$! ( ,+(89$./+ 1+#$, ',:9 , *"$($! $"#$0%!

(+ :#+) !!$(+# ('&'"$9 ( !'*$'! ;<=>? @A=5BCDBEFB ($ @ G$! H*!"#8I

, *"!6 7 9'*&8$& ,  ,:# &$($ *$ :#+&#$,$./+ (+ ,')#+:#+) !!$(+#

% $ 9'*&8$& ,3 $ J8$9 KL :+!!8' # &'!"#$(+# ! '*" #*+! :#+*"+! ;MN7

 MNO? :$#$ $ & #$./+ ( !'*$'! >PA +8 :$#$ & #$# '*" ##8:.Q ! ( 

" ,:+3 1$)'9'"$*(+ $ ',:9 , *"$./+ ($! ,+(89$.Q ! RS4#'($  =NA6

T! :$#U, "#+! ( :#+K "+ :$#$ $0$9'$./+ ($ 1+#,$ ( +*($ ( 

!$S($ (+ '*0 #!+# ,89"'*S0 9 !/+ $:# ! *"$(+! *$ @$4 9$ V656

@$4 9$ V65 W M!: )'X)$.Q ! ( :#+K "+ :$#$ $*L9'! ($! "%)*')$! ( 

,+(89$.Q !  ,:# &$($! $+ '*0 #!+# ,89"'*S0 9 RS4#'(+6

 !"#$%&"' (!)'" *%+,"-./'

Vx 400 V @ *!/+ (+ 4$##$, *"+ ))

(+! ,Y(89+! , '$ :+*" 

Vy 400 V @ *!/+ (+ 4$##$, *"+ ))

(+ ,Y(89+ "#'1L!')+

fo 60 Hz D# J82*)'$ 18*($, *"$9

(+ !'*$9 ( !$S($

fsw 5.760 Hz D# J82*)'$ ( )+,8"$./+

;:$#$ ,+(89$./+ RS4#'($?

Ts 173,6 µs > #S+(+ ( )+,8"$./+

;:$#$ ,+(89$./+ =NA?

Ro 137 Ω N$9+# ($ # !'!"2*)'$

( )$#&$

Lo 93 mH N$9+# ($ '*(8"U*)'$

( )$#&$

>$#$ $0$9'$# $ J8$9'($( ($ 1+#,$ ( +*($ ($ !$S($ (+ '*0 #!+#

8"'9'-$,I! ( 1 ##$, *"$! ,$" ,L"')$! )+,+ $ $*L9'! ($ ('!"+#./+

R$#,Z*')$ "+"$9 ;@[<?  ($ ('!"+#./+ R$#,Z*')$ "+"$9 :+*( #$($ ;9'I

0# "#$(8./+? ;P@[<?

 

6 = *(+ $!!',3 $! " *!Q ! ( 9'*R$ !'*" "'-$($!

: 9+ '*0 #!+# ,89"'*S0 9 8"'9'-$*(+ $ "%)*')$ ( ,+(89$./+ RS4#'($ )+,

S*(') ( ,+(89$./+ Ma = 0,9 !/+ $:# ! *"$($! *$ D'&8#$ V6E6 7:# I

! *"$*(+ 0$9+# ! ( @[<  ( P@[<  , "+#*+ ( 15,80%  0,27%
# !: )"'0$, *" 6

\,$ , 9R+# $0$9'$./+ ($ " *!/+ ( !$S($ !'*" "'-$($ : 9+ '*I
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Ma = 0,9 (1000 V/div)
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 !"#$" %&'()$ !*+"!,')' ' *$)&-'./$ 012"3)' 4 "!'-35')'  '"3'()$ $

1()36! )! *$)&-'./$ )! 0,1 '74 1,08 9'# :3,&"'# ;8<8 a) ! ;8<8 b) #/$
'+"!#!(7')'# ' =>? ! ' @=>? )' 7!(#/$ )! -3(0' )$ 3( !"#$" *&-73A

(1 !- !* "'5/$ )$ 1()36! )! *$)&-'./$8

9' :3,&"' ;8<8 a) ($7'A#! %&! $#  '-$"!# )' =>? )3*3(&!* +'"'

 '-$"!# !-! ')$# )$ 1()36! )! *$)&-'./$ ! '+"!#!(7'* 2$(# "!#&-7')$#

+'"' $# 1()36!# )! *$)&-'./$ Ma > 0,38
B :3,&"' ;8CD '+"!#!(7' '# 7!(#E!# )! -3(0' &73-35'()$ )' 746(36'

)! *$)&-'./$ +$"  !7$"!# !#+'63'3# 6$* #!7! #!,*!(7$# ! 1()36! )!

*$)&-'./$ 3,&'- ' 0,98 9$7'A#! F'63-*!(7! %&! ' *$)&-'./$ +$"  !7$"!#

!#+'63'3# 6$(#!,&! &* *'3$"  '-$" !G6'5 )' 7!(#/$ %&! ' *$)&-'./$

012"3)' +'"' $ *!#*$ 1()36! )! *$)&-'./$H !*+"!,'()$ )! "!F!"I(63'#

#!($3)'3#8 J##' 6'"'67!"1#736' 4 )')' +!-'# 6$*+$(!(7!# 0'"*K(36'#

*L-73+-'# )! 7!"6!3"' $")!* +"!#!(7!# (' 7!(#/$ )! F'#! (' 746(36' )!

*$)&-'./$ +$"  !7$"!# !#+'63'3#H 3*+-36'()$ (&* *'3$"  '-$" !G6'5 )'

7!(#/$ )! -3(0' %&'()$ 6$*+'"')' 6$* ' 746(36' )! *$)&-'./$ 012"3)'8

B# 6$*+$(!(7!# 0'"*K(36'# *L-73+-'# )! 7!"6!3"' $")!* +"!#!(7! ('

7!(#/$ )! F'#! #! #$*'* (' 7!(#/$ )! -3(0' ! "!M!7!* !* &* '6"4#63*$

($  '-$" )' 6$*+$(!(7! F&()'*!(7'-8

B )!7!"*3('./$ )$# !#7')$# )! 6$*&7'./$ 7!* 3(M&I(63' )3"!7'

($ (L*!"$ )! 6$*&7'.E!# "!'-35')$ +!-$ 3( !"#$" *&-73(1 !-N +'"' !#7!

6'#$ !#6$-0!"'*A#! !#7')$# )! 6$*&7'./$ ($# %&'3# #&'# 7"'(#3.E!# 3*A

+-36'##!* $ *!($" (L*!"$ )! 6$*&7'.E!# )$ 3( !"#$" *&-73(1 !-H 6$*$

'+"!#!(7')$ (' #!./$ O8O8P8

B %&'-3)')! )' F$"*' )! $()' #3(7!735')' +!-$ 3( !"#$" *&-73A

(1 !- &73-35'()$ ' 746(36' )! *$)&-'./$ +$"  !7$"!# !#+'63'3# 6$* #!7!

#!,*!(7$# 4 '('-3#')' '7"' 4# )' =>? ! )' @=>?8 B :3,&"' ;8CC8 (a)
! ' :3,&"' ;8CC8 (b) '+"!#!(7'* ' =>? ! ' @=>? !* F&(./$ )$ 1()36!

)! *$)&-'./$ +'"' $ 3( !"#$" *&-73(1 !- 012"3)$ !*+"!,'()$ ' 746(36'

*$)&-'./$ +$"  !7$"!# !#+'63'3# 6$* #!7! #!,*!(7$#8 Q# "!#&-7')$#

'+"!#!(7')$# +$##&!* &*' '(R-3#! !#+!67"'- )! '74 400 0'"*K(36'#8

Q# "!#&-7')$# $273)$#  '-3)'* ' 746(36' )! *$)&-'./$ STU )!A

#!( $- 3)' +'"' $ 3( !"#$" +"$+$#7$H '+!#'" )$# "!#&-7')$# !V+!"3*!(A

7'3# '+"!#!(7'"!*  '-$"!# )! =>? ! @=>? *'3$"!# %&! $# "!#&-7')$#

7!W"36$#8 B )3F!"!(.' )$#  '-$"!# !V+!"3*!(7'3# ! 7!W"36$# )' =>? !

)' @=>? +'"' ' 7!(#/$ )! -3(0' )$ 3( !"#$" 4 )! 3)$ ' &* "!#7"37$

+"$2-!*' (' 3*+-!*!(7'./$ )' 746(36' )! *$)&-'./$ STU '$ ?SX8

?! F$"*' ,!"'- !##! "!#7"37$ +"$2-!*' (/$ 'F!7' $ )!#!*+!(0$ ,-$2'-

)$ 3( !"#$" 6$* ' 746(36' )! *$)&-'./$ STU8

T!"3G6$&A#! ' 7!(#/$ )! #'1)' )$ 3( !"#$" *&-73(1 !- !*+"!,'()$

' 746(36' )! *$)&-'./$ +$"  !7$"!# !#+'63'3# 6$* 63(6$ #!,*!(7$#8 B
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Ma = 0,9 (1000 V/div)
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 !"#$% &'() %*$+,+-.% %, .+-,/+, 0+ 1!-2% vAB 3 vBC + vCA ,!-.+.!4%0%,

*+15 !-6+$,5$ 7#1.!-86+1 %.$%69, 0% .9:-!:% 0+ 750#1%;<5 *5$ 6+.5$+,

+,*%:!%!, :57 :!-:5 ,+"7+-.5, + 8-0!:+ 0+ 750#1%;<5 !"#%1 % 0,9'
=, .+-,/+, 0+ 1!-2% ,!-.+.!4%0%, *+1% .9:-!:% 0+ 750#1%;<5 *5$

6+.5$+, +,*%:!%!, :57 :!-:5 ,+"7+-.5, %*$+,+-.%7 5, -56+ -86+!, 0+

.+-,<5 >+7 0+?-!05, + 0+@%,%"+7 0+ 120o +-.$+ +1%,' A,.% .9:-!:% 0+
750#1%;<5 .+7 *5$ :%$%:.+$8,.!:% #7 7+-5$ -B7+$5 0+ :57#.%;/+, C#+

%, 0+7%!, .9:-!:%, 0+ 750#1%;<5 %*$+,+-.%0%, %-.+$!5$7+-.+' D+-05

*+$:+*.86+1 5 7+-5$ -B7+$5 0+ :57#.%;/+, $+%1!4%0% *+1% .9:-!:% 0+

750#1%;<5 *5$ 6+.5$+, +,*%:!%!, :57 :!-:5 ,+"7+-.5, C#%-05 :57*%E

$%0% F, .9:-!:%, 0+ 750#1%;<5 %*$+,+-.%0%, %-.+$!5$7+-.+ C#%-05 ,+

5>,+$6% %, @5$7%, 0+ 5-0% 0+ .+-,<5 0+ 1!-2% 05 !-6+$,5$'

G56%7+-.+ %-%1!,%E,+ % C#%1!0%0+ 0% @5$7% 0+ 5-0% ,!-.+.!4%0%

*+1% .9:-!:% 0+ 750#1%;<5 :57 5 %#H81!5 0%, @+$$%7+-.%, 7%.+7I.!:%,

JKL + MJKL3 :575 %*$+,+-.% %  !"#$% &'(('

N, 6%15$+, +H*+$!7+-.%!, 5>.!05, 0% 0!,.5$;<5 2%$7O-!:% .5.%1 0%

.+-,<5 0+ 1!-2% *%$% % .9:-!:% 0+ 750#1%;<5 *5$ 6+.5$+, +,*%:!%, :57

:!-:5 ,+"7+-.5, %*$+,+-.%7 "$%-0+ ,!7!1%$!0%0+ :57 5, 6%15$+, .+PE

$!:5,3 6%1!0%-05 %,,!7 % .9:-!:% 0+ 750#1%;<5 +7*$+"%0% %5 !-6+$,5$

7#1.!-86+1' G5.%E,+ #7% 1+6+ 0!@+$+-;% +-.$+ 5, 6%15$+, +H*+$!7+-.%!,

+ 5, 6%15$+, .+P$!:5, 0% JKL' A,,% 1+6+ 0!@+$+-;% +H*1!:%E,+ -56%7+-.+

0+6!05 % #7 $+,.$!.5 *$5>1+7% -% !7*1+7+-.%;<5 0% .9:-!:% 0+ 75E

0#1%;<5 DQR %5 LDS' S5$973 :5-,!0+$%E,+ ,%.!,@%.P$!5 5 0+,+7*+-25

"15>%1 0% .9:-!:% 0+ 750#1%;<5 DRQ %5 !-6+$,5$ 7#1.!-86+1 28>$!05'

L+,.%:%E,+ C#+ % .9:-!:% 0+ 750#1%;<5 *5$ 6+.5$+, +,*%:!%!,

:57 :!-:5 ,+"7+-.5, $+%1!4% #7% 7+-5$ C#%-.!0%0+ 0+ :57#.%;/+,

C#+ % .9:-!:% 0+ 750#1%;<5 *5$ 6+.5$+, +,*%:!%!, :57 ,+.+ ,+"7+-.5,'

T#%-05 :57*%$%0%, + #.!1!4%-05 5, 7+,75, .$U, *$!7+!$5, +,.%05, 0+

:57#.%;<5 *%$% ,!-.+.!4%$ 5, 6+.5$+, 0% .+-,<5 0% ,%80% 05 !-6+$,5$3

-5.%E,+ C#+ ,<5 $+%1!4%0%, 0#%, :57#.%;/+, % 7+-5, *+1% .9:-!:% 0+

750#1%;<5 *5$ 6+.5$+, +,*%:!%!, 0+ :!-:5 ,+"7+-.5,'

A7 "+$%13 :%,5 %, .$%-,!;/+, +-.$+ :%0% +,.%05 0+ :57#.%;<5

,+V%7 $+%1!4%0%, ,57+-.+ :57#.%-05 #7 *%$ 0+ !-.+$$#*.5$+,3 %, .9:-!E

:%, 0+ 750#1%;<5 *5$ 6+.5$+, +,*%:!%!, :57 ,+.+ ,+"7+-.5, + % .9:-!:%

0+ 750#1%;<5 28>$!0% *5,,#+7 % 7+,7% C#%-.!0%0+ 0+ :57#.%;/+, +

%*$+,+-.%7 %, 7+,7%, *+$0%, *5$ :57#.%;<5'

S%$% #7 7+125$ +,:1%$+:!7+-.53 #7% :57*%$%;<5 +-.$+ %, .$U,

.9:-!:%, 0+ 750#1%;<5 %*$+,+-.%0%, -+,.+ .$%>%125 9 $+%1!4%0% -% J%E

>+1% &'W3 +7 $+1%;<5 F JKL3 MJKL3 *+$0%, 0+ :57#.%;<53 .+-,<5 0+

7505 :57#7 + :57*1+H!0%0+'
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 !"#$! %&' ( )*+,!-!./* #01-# !2 134054!2 6# +*67$!./* #+,-#8!6!2

!* 509#-2*- +7$150:9#$

 !"!#$%"&'$(#!'

)&*"(+!

,-. ;<=

/%"!(' 0 1 ,%23%4$5' 6 1 ,%23%4$5'

7)8 >!5?! >!5?! =751* >!5?!

97)8 >!5?! @!A*B9#$ =751* >!5?!

:%"+!' =365! >!5?! =365!

.5+5  53;3 >!5?! =365! =365!

 53<=%>(+!+% >!5?! C$1! C$1!

6?@  AB CD,EA

D#21! 2#./* E*-!+ !,-#2#01!6*2 *2 -#27$1!6*2 #?,#-5+#01!52 *"F

156*2 #+ $!"*-!1G-5* ,!-! * 509#-2*- +7$150:9#$ H:"-56* ,-*,*21*& I2

-#27$1!6*2 E*-!+ 6595656*2 #+ 67!2 ,!-1#2& D! ,-5+#5-! ,!-1# !9!$5*7F

2# ! #21-717-! 6# ,*1J045! 6* 509#-2*- +7$150:9#$ 9!$56!06* * #2176*

1#G-54* -#!$5A!6* ,!-! * 509#-2*- +7$150:9#$ #+,-#8!06* ! 134054! 6#

+*67$!./* H:"-56!& D! 2#8706! ,!-1# !9!$5*7F2# !2 1#02K#2 6# 2!:6!

6* 509#-2*- +7$150:9#$ 4*+ !2 67!2 65E#-#01#2 134054!2 6# +*67$!./*

,-*,*21!2 !* 509#-2*-&

I2 #02!5*2 6! ,-5+#5-! ,!-1# !,-#2#01!-!+ * !6#L7!6* E7045*F

0!+#01* 6* 509#-2*- +7$150:9#$M *"2#-9!06* !2 1#02K#2 # 4*--#01#2 6#

2!:6! 6* 509#-2*-M !225+ 4*+* !2 4*--#01#2 2*"-# *2 2#+54*0671*-#2M

9#-5N4!06* *2 9!$*-#2 +365* # #N4!A 1#G-54*2 6! 4*--#01# 4*+ *2 -#F

27$1!6*2 #?,#-5+#01!52 *"156*2 ,!-! 65E#-#01#2 :0654#2 6# +*67$!./*&

D#21# #02!5* 4*+,-*9*7F2# L7# ! +#1*6*$*85! #+,-#8!6! ,!-! 6#1#-+5F

0!./* 6!2 4*--#01#2 2*"-# *2 2#+54*0671*-#2 ,*6# 2#- #+,-#8!6! ,!-!

,-*O#1* 6*2 2#+54*0671*-#2 6# ,*1J045! 6* 509#-2*- ,-*,*21*&

D*2 #02!5*2 9#-5N4*7F2# * P7?* 6# ,*1J045! !1-!932 6!2 E*01#2

6# !$5+#01!./*& )*+* !,-#2#01!6* ,#$* #2176* 1#G-54*M *2 P7?*2 6#

,*1J045! ,#$!2 E*01#2 6# !$5+#01!./* 6*2 +G67$*2 +#5! ,*01# 4*+*

6* +G67$* 1-5EB254* 2/* ,*25159*2M ,#-+51506* * #+,-#8* 6# #21-717-!2

70565-#45*0!52 #+ ,*1J045!M 0* 4!2*M -#15N4!6*-#2 ! 65*6*2&

D! 2#8706! ,!-1# !9!$5*7F2# !2 1#02K#2 6# $50H! 6* 509#-2*- +7$F
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 !"#$%& '()( *!+%)%" %,  -."!.(, *% /0*1&(2304 "0 .(,0 (  -."!.( *%

/0*1&(230 5#6)!*( % (  -."!.( '0) $% 0)%, %,'(.!(!, *% .!".0 % ,% % ,%78

/%" 0,9 :()(  0*(, (,  -."!.(, *% /0*1&(230 (')%,%" 018,% (, +0)/(,

*% 0"*( *%  %",30 *% &!"5( '()( #"*!.% *% /0*1&(230 !71(& ( 0,94 (,8

,!/ .0/0 ( (";&!,% *( <=> % ?<=> *(  %",30 *% &!"5( %/ )(@30

*0 #"*!.% *% /0*1&(2304 0"*% (/6(, (')%,%" ()(/ $(&0)%, *% <=> )%8

*1@!*0, '()( #"*!.%, *% /0*1&(2A%, %&%$(*0,9 B/( /(!0) *!+%)%"2( -

%".0" )(*( %" )% 0, $(&0)%, *( ?<=>  %C)!.( % %D'%)!/%" (& '()( (

 -."!.( *% /0*1&(230 '0) $% 0)%, %,'(.!(!, *% .!".0 % ,% % ,%7/%" 0,9

E,,( *!+%)%"2( - %D'&!.(*( *%$!*0 ( 1/ )%, )! 0 ')06&%/( "( !/'&%/%"8

 (230 *(  -."!.( *% /0*1&(230 FGH (0 >F:4 /(, I1% "30 (+% (/ 0

*%,%/'%"50 7&06(& *0 .0"$%),0)9



  !



  !

 !"#!$%&'"
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/+.#$!)$ 0,'"/+1.#' (1&$/-)2 3! 4)+.#$!)$#! 0,'"/+1.#/! 5%+(%$%0 #!6

*%7) *#'% -#0%+-% -# 4)+.#$!)$#! 8,# )*#$%0 4)0 %'")! +1.#/! -#

"#+!9) # *)":+4/%2 ;#!"%4%6!# 8,# )! 4)+.#$!)$#! 0,'"/+1.#/! !,$5/$%0

*$/+4/*%'0#+"# -#./-) < '/0/"%79) "#4+)'=5/4% -)! !#0/4)+-,")$#!> %",6

%'0#+"# #0 "#+!?#! -# %"@ 6,5 kV # 4)$$#+"#! -# 3,6 kA2 A#+-) %!!/0>
#!",-),6!# %! *$/+4/*%/! %*'/4%7?#! 8,# +#4#!!/"%0 -% ,"/'/B%79) -# 4)+6

.#$!)$#! 0,'"/+1.#/! # %! %*'/4%7?#! 8,# )! 4)+.#$!)$#! 0,'"/+1.#/! CD !#

#+4)+"$%0 /+!#$/-)! +) 0#$4%-)2

E% !#5,+-% !#79) -) "$%&%'() $#%'/B),6!# % $#./!9) &/&'/)5$DF4%

-%! *$/+4/*%/! ")*)')5/%! -# 4)+.#$!)$#! 0,'"/+1.#/! #0 "#+!9) #!",6

-%-%! *#') 0#/) %4%-:0/4)> #./-#+4/%+-) !,%! *$/+4/*%/! .%+"%5#+!>

-#!.%+"%5#+! # '/0/"%7?#!2 G%0&@0 #!",-),6!# %! *$/+4/*%/! "@4+/4%!

-# 0)-,'%7?#! #0*$#5%-%! % 4)+.#$!)$#! 0,'"/+1.#/!> #0 #!*#4/%' %!
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*$#-)0/+%+"# # !/0 8,# % #!4)'(% -# 8,%' ,!%$ #!"D %!!)4/%-% % ,0%

4%$%4"#$1!"/4% 8,# !# -#!#C% 0%I/0/B%$ ), 0/+/0/B%$2

E) "#$4#/$) 4%*1",') H)/ %*$#!#+"%-) ) /+.#$!)$ 0,'"/+1.#' (1&$/-)

#0 #!",-)2 ;#"%'(%+-) %! #"%*%! -# )*#$%79) -) /+.#$!)$ # -#F+/+-)

)! +1.#/! -# "#+!9) !/+"#"/B%-)! *#') /+.#$!)$> 4/+4) +1.#/! -# "#+!9)

8,%+-) %! H)+"#! -# %'/0#+"%79) !9) !/0@"$/4%! # %"@ +).# +1.#/! -# "#+6

!9)> 8,%+-) %! H)+"#! -# %'/0#+"%79) !9) %!!/0@"$/4%!2 J)$%0 *$)*)!"%!

-,%! "@4+/4%! -# 0)-,'%79) *%$% ) /+.#$!)$> % "@4+/4% -# 0)-,'%79)

(1&$/-% # % "@4+/4% -# 0)-,'%79) *)$ .#")$#! #!*%4/%!2  0 %0&%! %!

"@4+/4%! -# 0)-,'%79) ) 0=-,') "$/HD!/4) -) /+.#$!)$ 4)0,"% #0 &%/I%

H$#8,:+4/% # )! 0=-,')! 0#/% *)+"# #0 %'"% H$#8,:+4/%2 K#$/F4),6!#

8,# %0&%! %! "@4+/4%! -# 0)-,'%79) %*$#!#+"%0 &%/I)! +1.#/! -# GL;

*%$% )! 1+-/4#! -# 0)-,'%79) 0%/! %'")!2 M)+",-)> 0%/)$ '/&#$-%-# @
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