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➪r❡❛ ❞❡ ❈♦♥❤❡❝✐♠❡♥t♦✿ Pr♦❝❡ss❛♠❡♥t♦ ❞❛ ❊♥❡r❣✐❛
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Pr♦❣r❛♠❛ ❞❡ Pós✲●r❛❞✉çã♦ ❡♠ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛

❈♦♥✈❡rs♦r❡s ❈❈✲❈❆ ▼❛tr✐❝✐❛✐s ■♥❞✐r❡t♦s
▼✉❧t✐♥í✈❡✐s ❚r✐❢ás✐❝♦s ❈♦♠ ■s♦❧❛çã♦ ●❛❧✈â♥✐❝❛

◆P❈ ❡ ❚✐♣♦✲❚

❆✐❧t♦♥ ❞♦ ❊❣✐t♦ ❉✉tr❛

❉✐ss❡rt❛çã♦ ❞❡ ▼❡str❛❞♦ ❛♣r❡s❡♥t❛❞❛ ❛♦ Pr♦❣r❛♠❛ ❞❡ Pós✲

●r❛❞✉çã♦ ❡♠ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛ ❞❛ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡

❈❛♠♣✐♥❛ ●r❛♥❞❡ ❝♦♠♦ ♣❛rt❡ ❞♦s r❡q✉✐s✐t♦s ♥❡❝❡ssár✐♦s ♣❛r❛ ♦❜✲

t❡♥çã♦ ❞♦ ❣r❛✉ ❞❡ ▼❡str❡ ❡♠ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛✳
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▼❛rç♦ ❞❡ ✷✵✶✾



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                         

 

D978c 

 

Dutra, Ailton do Egito. 

       Conversores CC-CA matriciais indiretos multiníveis trifásicos 

com isolação galvânica NPC e tipo-T/ Ailton do Egito Dutra. – 
Campina Grande, 2019. 

       88 f. : il. color. 

   

         Dissertação (Mestrado em Engenharia Elétrica) – 
Universidade Federal de Campina Grande, Centro de Engenharia 

Elétrica e Informática, 2019.  

          "Orientação: Prof. Dr. Maurício Beltrão de Rossiter Corrêa, 

Prof. Dr. Montiê Alves Vitorino". 

     Referências. 

   

        1. Sistemas fotovoltaicos. 2. Bombeamento fotovoltaico. 3. 

Conversores multiníveis. I. Corrêa, Maurício Beltrão de Rossiter. 

II. Vitorino, Montiê Alves. III. Título. 

 

                                                                    CDU 621.311(043) 
                        FICHA CATALOGRÁFICA ELABORADA PELA BIBLIOTECÁRIA MARIA ANTONIA DE SOUSA CRB 15/398 

 

 
 





❆ ♠❡✉s ♣❛✐s ❡ ♠✐♥❤❛ ❡s♣♦s❛✱
♣♦r t❡r❡♠ s❡♠♣r❡ ❛❝r❡❞✐t❛❞♦ ♥♦s

♠❡✉s s♦♥❤♦s✳



❖ q✉❡ s❛❜❡♠♦s é ✉♠❛ ❣♦t❛❀

♦ q✉❡ ✐❣♥♦r❛♠♦s é ✉♠ ♦❝❡❛♥♦✳

✭■s❛❛❝ ◆❡✇t♦♥✮

✈



❘❡s✉♠♦

❯♠❛ ❛♣❧✐❝❛çã♦ ❞❡ s✐st❡♠❛s ❢♦t♦✈♦❧t❛✐❝♦s ❝♦♠✉♠❡♥t❡ ✉t✐❧✐③❛❞❛ é ♦ ❜♦♠❜❡❛♠❡♥t♦ ❞✬á❣✉❛ ♣❛r❛

✐rr✐❣❛çã♦✳ ◆❡ss❛ t❛r❡❢❛✱ ♦s ♣❛✐♥é✐s sã♦ r❡s♣♦♥sá✈❡✐s ♣♦r ❛❧✐♠❡♥t❛r ✉♠ ♠♦t♦r q✉❡ ❛❝✐♦♥❛ ❛

❜♦♠❜❛ ❤✐❞rá✉❧✐❝❛✳ P❛r❛ ❛❧✐♠❡♥t❛r ✉♠ ♠♦t♦r ❞❡ ✐♥❞✉çã♦✱ ❛ t❡♥sã♦ ❝♦♥tí♥✉❛ ♣r♦❞✉③✐❞❛ ♣❡❧♦

s✐st❡♠❛ ❢♦t♦✈♦❧t❛✐❝♦ ❞❡✈❡ s❡r ❝♦♥✈❡rt✐❞❛ ♣❛r❛ ❛❧t❡r♥❛❞❛ ♣♦r ♠❡✐♦ ❞❡ ✉♠ ❝♦♥✈❡rs♦r ❈❈✴❈❆

✭✐♥✈❡rs♦r✮✳ ❆s t♦♣♦❧♦❣✐❛s ❞❡ ❝♦♥✈❡rs♦r❡s ❈❈✴❈❆ ♠❛✐s ❢r❡q✉❡♥t❡♠❡♥t❡ ❞✐❢✉♥❞✐❞❛s ♥❛ ❧✐t❡r❛✲

t✉r❛ ❡♠♣r❡❣❛♠ ❝❛♣❛❝✐t♦r❡s ❡❧❡tr♦❧ít✐❝♦s ❡♠ s❡✉s ❜❛rr❛♠❡♥t♦s ❈❈✳ ❊ss❡s t✐♣♦s ❞❡ ❝❛♣❛❝✐t♦r❡s

♣♦ss✉❡♠ ✈✐❞❛ út✐❧ ❝♦♥s✐❞❡r❛✈❡❧♠❡♥t❡ ♠❡♥♦r q✉❡ ♦s ♣❛✐♥é✐s s♦❧❛r❡s✱ ❡✱ ♣♦rt❛♥t♦✱ t♦r♥❛♠✲s❡

❛tr❛t✐✈❛s t♦♣♦❧♦❣✐❛s ❞❡ ✐♥✈❡rs♦r❡s s❡♠ ❝❛♣❛❝✐t♦r❡s ❡❧❡tr♦❧ít✐❝♦s ♥♦ ❜❛rr❛♠❡♥t♦✱ ❣❛r❛♥t✐♥❞♦

♠❛✐♦r ✈✐❞❛ út✐❧ ❛♦ ❞✐s♣♦s✐t✐✈♦✳ ❖ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦ t❡♠ ♣r♦♣õ❡ ❞✉❛s ♥♦✈❛s t♦♣♦❧♦❣✐❛s ❜❛✲

s❡❛❞❛s ♥♦s ❝♦♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s ❝♦♠ ♣♦♥t♦ ♥❡✉tr♦ ❣r❛♠♣❡❛❞♦ ✭◆❡✉tr❛❧ P♦✐♥t ❈❧❛♠♣❡❞✮ ❡

❚✐♣♦✲❚✳ ❆ ❞✐❢❡r❡♥ç❛ ❞❛s ❝♦♥✜❣✉r❛çõ❡s ♣r♦♣♦st❛s ♣❛r❛ ❛s ❥á ❡♥❝♦♥tr❛❞❛s ♥❛ ❧✐t❡r❛t✉r❛ ❡stá

♥❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ r❡♠♦✈❡r ♦s tí♣✐❝♦s ❝❛♣❛❝✐t♦r❡s ❡❧❡tr♦❧ít✐❝♦s ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❞❡ss❡s ✐♥✲

✈❡rs♦r❡s✳ P❛r❛ ✐ss♦✱ ✉♠ ♣❡r✜❧ ❞❡ t❡♥sã♦ ❡♠ ♣✉❧s♦s é ❣❡r❛❞♦ ♥♦ ❜❛rr❛♠❡♥t♦ ❡✱ ❛ ♣❛rt✐r ❞❡

✉♠❛ ❡str❛té❣✐❛ ❞❡ ♠♦❞✉❧❛çã♦ ❞❡ ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ ✭P✉❧s❡ ❲✐❞t❤ ▼♦❞✉❧❛t✐♦♥✮ ❛♣r♦♣r✐❛❞❛✱ é

♣♦ssí✈❡❧ s❡ ♦❜t❡r ❛s ❝♦rr❡♥t❡s ❛❧t❡r♥❛❞❛s ❞❡♠❛♥❞❛❞❛s ♥❛s ❜♦❜✐♥❛s ❞♦ ❡st❛t♦r ❞❛ ♠áq✉✐♥❛ ❞❡

✐♥❞✉çã♦✳ ❆❧é♠ ❞❛ ❛✉sê♥❝✐❛ ❞♦s ❝❛♣❛❝✐t♦r❡s ❡❧❡tr♦❧ít✐❝♦s ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ♦✉tr❛ ✈❛♥t❛❣❡♠

❛♣r❡s❡♥t❛❞❛ ♣❡❧❛s t♦♣♦❧♦❣✐❛s ♣r♦♣♦st❛s é q✉❡ ❛ ❡str❛té❣✐❛ P❲▼ ♣❡r♠✐t❡ q✉❡ ❛♣❡♥❛s ✉♠

♣❛r ❞❡ ❝❤❛✈❡s ❞♦ ❝✐r❝✉✐t♦ é ❝♦♠✉t❛❞❛ ♣♦r ♣❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳ ❉❡ss❡ ♠♦❞♦✱ ❛s ♣❡r❞❛s

♣♦r ❝♦♠✉t❛çã♦ t❡♥❞❡♠ ❛ s❡r r❡❞✉③✐❞❛s s❡ ❝♦♠♣❛r❛❞♦ ❛ té❝♥✐❝❛s tr❛❞✐❝✐♦♥❛✐s✳ ❉❡ ♠♦❞♦ ❛

✈❛❧✐❞❛r ❛ t❡♦r✐❛ ❡①♣❧❛♥❛❞❛✱ s✐♠✉❧❛çõ❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s ❢♦r❛♠ r❡❛❧✐③❛❞❛s ♣❛r❛ ♦❜s❡r✈❛çã♦ ❞♦

❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❡ ❝❛❞❛ ✉♠❛ ❞❛s t♦♣♦❧♦❣✐❛s ♣r♦♣♦st❛s✳ ❆❧é♠ ❞✐ss♦✱ ✉♠ ♣r♦♣ót✐♣♦ ❞❡ ✷❦❲

❢♦✐ ✉t✐❧✐③❛❞♦ ♣❛r❛ ♦❜t❡♥çã♦ ❞♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❛♣❡♥❛s ❝♦♠ ❛ t♦♣♦❧♦❣✐❛ ◆P❈✳

P❛❧❛✈r❛s✲❝❤❛✈❡✿ ❙✐st❡♠❛s ❋♦t♦✈♦❧t❛✐❝♦s✱ ❇♦♠❜❡❛♠❡♥t♦ ❋♦t♦✈♦❧t❛✐❝♦✱ ❈♦♥✈❡rs♦r❡s ▼✉❧✲

t✐♥í✈❡✐s✳

✈✐



❆❜str❛❝t

❖♥❡ ❝♦♠♠♦♥ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ ♣❤♦t♦✈♦❧t❛✐❝ s②st❡♠s ✐s ✇❛t❡r ♣✉♠♣✐♥❣ ❢♦r ✐rr✐❣❛t✐♦♥✳ ■♥ t❤✐s

t❛s❦✱ t❤❡ ♣❛♥❡❧s ❢❡❡❞ ❛ ♠♦t♦r ✇❤✐❝❤ ❞r✐✈❡s t❤❡ ❤②❞r❛✉❧✐❝ ♣✉♠♣✳ ■♥ ♦r❞❡r t♦ ❢❡❡❞ ❛♥ ✐♥❞✉❝t✐♦♥

♠♦t♦r✱ t❤❡ ❝♦♥t✐♥✉♦✉s ✈♦❧t❛❣❡ ❣❡♥❡r❛t❡❞ ❜② t❤❡ ♣❤♦t♦✈♦❧t❛✐❝ s②st❡♠ ♥❡❡❞s t♦ ❜❡ ❝♦♥✈❡rt❡❞

t♦ ❛❧t❡r♥❛t❡ t❤r♦✉❣❤ ❛ ❉❈✴❆❈ ❝♦♥✈❡rt❡r ✭✐♥✈❡rt❡r✮✳ ❚❤❡ ♠♦st ❝♦♠♠♦♥❧② ❞✐ss❡♠✐♥❛t❡❞

❉❈✴❆❈ ❝♦♥✈❡rt❡r t♦♣♦❧♦❣✐❡s ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ ✉s❡ ❡❧❡❝tr♦❧②t✐❝ ❝❛♣❛❝✐t♦rs ✐♥ t❤❡✐r ❉❈ ❧✐♥❦s✳

❚❤♦s❡ t②♣❡s ♦❢ ❝❛♣❛❝✐t♦rs ❤❛✈❡ s❤♦rt ❧✐❢❡t✐♠❡ ✐❢ ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ s♦❧❛r ♣❛♥❡❧s✱ s♦✱ ♥❡✇

❝♦♥✈❡rt❡r t♦♣♦❧♦❣✐❡s ✇✐t❤ ♥♦ ♥❡❡❞ ♦❢ ✉s❡ ♦❢ t❤❡s❡ ❝❛♣❛❝✐t♦rs ✐♥ t❤❡✐r ❉❈ ❧✐♥❦s ❛r❡ ❛ttr❛❝t✐✈❡✱
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✹✳✷✷ ❈♦rr❡♥t❡ ♥❛ ❝❛r❣❛ ♦❜t✐❞❛ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✹✳✷✸ ❘❡ss♦♥â♥❝✐❛ r❡❝♦rr❡♥t❡ ♥❛ t❡♥sã♦ ❞❡ ♣ó❧♦ ♦❜t✐❞❛ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✳ ✳ ✳ ✳ ✳ ✳ ✻✸

✹✳✷✹ ❊str✉t✉r❛ ❞♦ ❝♦♥✈❡rs♦r ◆P❈ ♣r♦♣♦st♦ ♠♦♥t❛❞♦ ❡♠ ❧❛❜♦r❛tór✐♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸

✹✳✷✺ ❙✐♥❛✐s ❞❡ ❣❛t✐❧❤♦ ❣❡r❛❞♦s✿ ✭❛✮ ❈❍✶✿ q11✱ ❈❍✷✿ q12✱ ❈❍✸✿ q13 ❡ ❈❍✹✿ qa ✭❜✮

❈❍✶✿ q21✱ ❈❍✷✿ q22✱ ❈❍✸✿ q23 ❡ ❈❍✹✿ qb✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✹

✹✳✷✻ ❙✐♥❛✐s ❞❡ t❡♥sã♦ ❞❡ s❛í❞❛✿ ✭❛✮ Pó❧♦ ✭❈❍✶✿ v10✱ ❈❍✷✿ v20 ❛♥❞ ❈❍✸✿ v30✮ ✭❜✮

▲✐♥❤❛ ✭❈❍✶✿ v12✱ ❈❍✷✿ v23 ❛♥❞ ❈❍✸✿ v31✮ ✭❝✮ ❋❛s❡✲♥❡✉tr♦ ♣❛r❛ ✉♠❛ ❝❛r❣❛

❧✐❣❛❞❛ ❡♠ ❨ ✭❈❍✶✿ v1n✱ ❈❍✷✿ v2n ❛♥❞ ❈❍✸✿ v3n✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺

✹✳✷✼ ❚❡♥sõ❡s ♣✉❧s❛❞❛s ♥♦s ❜❛rr❛♠❡♥t♦s ❈❈ ❞❡ ❛❧t❛ ❢r❡q✉ê♥❝✐❛✿ ✭❛✮ vlink1 ❡ vlink2 ✭❜✮

✈❛❧♦r❡s ♠é❞✐♦s ❞❡ vlink1 ❡ vlink2 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺

✹✳✷✽ ❈♦rr❡♥t❡s ❞❡ s❛í❞❛ ♣❛r❛ ❝❛r❣❛ ♥♦♠✐♥❛❧✱ fs = 10❦❍③ ❡ ma = 1 ❛ ✻✵❍③✳ ✳ ✳ ✳ ✳ ✻✻

✹✳✷✾ ❈♦rr❡♥t❡s ❞❡ ❢❛s❡ ❞❡ s❛í❞❛✿ ✭❛✮ ❝♦♠♣♦rt❛♠❡♥t♦ st❡♣✲❞♦✇♥ ❞❡ ma ❂ ✶ ❛ ✻✵❍③

♣❛r❛ ma ❂ ✵✳✺ ❛ ✸✵❍③ ❛♥❞ ✭❜✮ ❝♦♠♣♦rt❛♠❡♥t♦ st❡♣✲✉♣ ❞❡ ma ❂ ✵✳✺ ❛ ✸✵❍③

♣❛r❛ ma ❂ ✶ ❛t ✻✵❍③✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✻

❆✳✶ ▼♦❞❡❧♦ ❞❛ ❝é❧✉❧❛ ❢♦t♦✈♦❧t❛✐❝❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✸

❆✳✷ ❆ss♦❝✐❛çã♦ ❞❡ ♣❛✐♥é✐s ❢♦t♦✈♦❧t❛✐❝♦s ❡♠ sér✐❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✺

❆✳✸ ❆ss♦❝✐❛çã♦ ❞❡ ♣❛✐♥é✐s ❢♦t♦✈♦❧t❛✐❝♦s ❡♠ ♣❛r❛❧❡❧♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻



❮♥❞✐❝❡ ❞❡ ❋✐❣✉r❛s ①✈

❆✳✹ ❇r❛ç♦s ❞❡ ❝♦♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼

❆✳✺ ■♥✈❡rs♦r ❝♦♠ ♥❡✉tr♦ ❣r❛♠♣❡❛❞♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✽

❆✳✻ ❚é❝♥✐❝❛ ▲❡✈❡❧✲❙❤✐❢t❡❞ P❲▼✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✾

❆✳✼ ●❡r❛çã♦ ❞♦s s✐♥❛✐s ❞❡ ❛❝✐♦♥❛♠❡♥t♦ q11 ❡ q21✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✾

❆✳✽ ❚❡♥sõ❡s ♣r♦❞✉③✐❞❛s ♣❡❧♦ ❝♦♥✈❡rs♦r ◆P❈✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✵

❆✳✾ ■♥✈❡rs♦r t✐♣♦✲❚✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✶

❆✳✶✵ ▼♦❞❡❧♦ ❞❛ ♠áq✉✐♥❛ ❞❡ ❝♦rr❡♥t❡ ❛❧t❡r♥❛❞❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✸

❆✳✶✶ ❈✐r❝✉✐t♦ ❡q✉✐✈❛❧❡♥t❡ ❞❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✽



▲✐st❛ ❞❡ ❙í♠❜♦❧♦s

a ✲ ❘❡❧❛çã♦ ❞❡ tr❛♥s❢♦r♠❛çã♦ ❡♥tr❡ ♦ ♣r✐♠ár✐♦ ❡ s❡❝✉♥❞ár✐♦ ❞♦
tr❛♥s❢♦r♠❛❞♦r✳

Ap ✲ Pr♦❞✉t♦ ❞❛ ár❡❛ ❞❛ s❡çã♦ r❡t❛ ♣❡❧❛ ár❡❛ ❞❛ ❥❛♥❡❧❛ ❞♦ ♥ú❝❧❡♦
❞♦ tr❛♥s❢♦r♠❛❞♦r✳

As ✲ ➪r❡❛ ❞❛ s❡çã♦ r❡t❛ ❞♦ ♥ú❝❧❡♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r✳

Awi ✲ ➪r❡❛ ❞❡ ❝♦♥❞✉çã♦ ❞♦ ✜♦ ❞❛ ✐✲és✐♠❛ ❜♦❜✐♥❛ ❞♦ tr❛♥s❢♦r♠❛❞♦r✳

Bmax ✲ ❉❡♥s✐❞❛❞❡ ❞❡ ✢✉①♦ ♠á①✐♠❛ ❞❡ ♦♣❡r❛çã♦ ♥♦ ♥ú❝❧❡♦ ❞♦ tr❛♥s✲
❢♦r♠❛❞♦r✳

Bo ✲ ❉❡♥s✐❞❛❞❡ ❞❡ ✢✉①♦ ❞❡ ♦♣❡r❛çã♦ ♥♦ ♥ú❝❧❡♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r✳

ce ✲ ❈♦♥❥✉❣❛❞♦ ❡❧❡tr♦♠❛❣♥ét✐❝♦ ❞❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦✳

CMM ✲ ❈❛♠✐♥❤♦ ♠é❞✐♦ ♠❛❣♥ét✐❝♦ ❞♦ ♥ú❝❧❡♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r✳

Cs1✱ Cs2 ✲ ❈❛♣❛❝✐t♦r❡s s✉♣❡r✐♦r ❡ ✐♥❢❡r✐♦r ❞♦s ❝✐r❝✉✐t♦s s♥✉❜❜❡r✱ r❡s♣❡❝✲
t✐✈❛♠❡♥t❡✳

Dlink1 ✱ Dlink2 ✲ ❈✐❝❧♦s ❞❡ tr❛❜❛❧❤♦ ❞❛s t❡♥sõ❡s ♣✉❧s❛❞❛s ♥♦s ❜❛rr❛♠❡♥t♦s
♠é❞✐♦s s✉♣❡r✐♦r ❡ ✐♥❢❡r✐♦r✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❞♦ ❝♦♥✈❡rs♦r
❈❈✴❈❆✳

dwi ✲ ❈♦♠♣r✐♠❡♥t♦ ❞♦ ✜♦ ❞❛ ✐✲és✐♠❛ ❜♦❜✐♥❛ ❞♦ tr❛♥s❢♦r♠❛❞♦r✳

e1✱ e2 ✲ ❚❡♥sõ❡s ♥♦ ♣r✐♠ár✐♦ ❡ s❡❝✉♥❞ár✐♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❞♦
tr❛♥s❢♦r♠❛❞♦r✳

E1max
✱ E2max

✲ ❚❡♥sõ❡s ♠á①✐♠❛s ♥♦ ♣r✐♠ár✐♦ ❡ s❡❝✉♥❞ár✐♦✱ r❡s♣❡❝t✐✈❛✲
♠❡♥t❡✱ ❞♦ tr❛♥s❢♦r♠❛❞♦r✳

E1rms
✱ E2rms

✲ ❱❛❧♦r❡s ❡✜❝❛③❡s ❞❛s t❡♥sõ❡s ♥♦ ♣r✐♠ár✐♦ ❡ s❡❝✉♥❞ár✐♦✱ r❡s✲
♣❡❝t✐✈❛♠❡♥t❡✱ ❞♦ tr❛♥s❢♦r♠❛❞♦r✳

①✈✐



▲✐st❛ ❞❡ ❙í♠❜♦❧♦s ①✈✐✐

f ✲ ❋r❡q✉ê♥❝✐❛✳

fmm1✱ fmm2 ✲ ❋♦rç❛s ♠❛❣♥❡t♦♠♦tr✐③❡s ♥♦s ❡♥r♦❧❛♠❡♥t♦s ❞♦ ♣r✐♠ár✐♦ ❡ s❡✲
❝✉♥❞ár✐♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

Hc ✲ ❈❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥♦ ♥ú❝❧❡♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r✳

Ic ✲ ❈♦rr❡♥t❡ q✉❡ r❡♣r❡s❡♥t❛ ❛s ♣❡r❞❛s ♥♦ ♥ú❝❧❡♦ ❞♦ tr❛♥s❢♦r♠❛✲
❞♦r✳

ID ✲ ❈♦rr❡♥t❡ ♥♦ ❞✐♦❞♦ ❞♦ ♠♦❞❡❧♦ ❞❛ ❝é❧✉❧❛ ❢♦t♦✈♦❧t❛✐❝❛✳

Im ✲ ❈♦rr❡♥t❡ ♥♦ r❛♠♦ ❞❡ ♠❛❣♥❡t✐③❛çã♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r✳

IO ✲ ❈♦rr❡♥t❡ ♠á①✐♠❛ ❞❡ s❛t✉r❛çã♦ ♥♦ ❞✐♦❞♦ ❞♦ ♠♦❞❡❧♦ ❞❛ ❝é❧✉❧❛
❢♦t♦✈♦❧t❛✐❝❛✳

Ip ✲ ❈♦rr❡♥t❡ ♥♦ r❡s✐st♦r ❡♠ sér✐❡ ❞♦ ♠♦❞❡❧♦ ❞❛ ❝é❧✉❧❛ ❢♦t♦✈♦❧✲
t❛✐❝❛✳

Iph ✲ ❈♦rr❡♥t❡ ♣r♦❞✉③✐❞❛ ♣❡❧❛ ❝é❧✉❧❛ ❢♦t♦✈♦❧t❛✐❝❛✳

Ipt ✲ ❈♦rr❡♥t❡ ♥❛ s❛í❞❛ ❞♦ ❛rr❛♥❥♦ ❞❡ ♣❛✐♥é✐s ❢♦t♦✈♦❧t❛✐❝♦s ❡♠
sér✐❡ ❡✴♦✉ ❡♠ ♣❛r❛❧❡❧♦✳

IR ✲ ❈♦rr❡♥t❡ ♥♦ r❡s✐st♦r ❡♠ ♣❛r❛❧❡❧♦ ❞♦ ♠♦❞❡❧♦ ❞❛ ❝é❧✉❧❛ ❢♦t♦✲
✈♦❧t❛✐❝❛✳

irj✱ isj ✲ ❈♦rr❡♥t❡s ♥♦s ❡♥r♦❧❛♠❡♥t♦s ❞♦ r♦t♦r ❡ ❞♦ ❡st❛t♦r✱ r❡s♣❡❝t✐✲
✈❛♠❡♥t❡✱ ❞♦ ♠♦❞❡❧♦ ❞❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦✱ ♦♥❞❡ j = 1, 2, 3
r❡♣r❡s❡♥t❛ ❝❛❞❛ ✉♠❛ ❞❛s três ❢❛s❡s✳

I1✱ I2 ✲ ❈♦rr❡♥t❡s ♥♦s ❡♥r♦❧❛♠❡♥t♦s ❞♦ ♣r✐♠ár✐♦ ❡ s❡❝✉♥❞ár✐♦ ❞♦
tr❛♥s❢♦r♠❛❞♦r✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

I1rms
✱ I2rms

✲ ❱❛❧♦r❡s ❡✜❝❛③❡s ❞❛s ❝♦rr❡♥t❡s ♥♦s ❡♥r♦❧❛♠❡♥t♦s ❞♦ ♣r✐♠ár✐♦
❡ s❡❝✉♥❞ár✐♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

I2
1 ✲ ❈♦rr❡♥t❡ ♥♦ s❡❝✉♥❞ár✐♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r r❡✢❡t✐❞❛ ❛♦ ♣r✐♠á✲

r✐♦✳

Iφ ✲ ❈♦rr❡♥t❡ ♥♦ r❛♠♦ ❞❡ ❞✐s♣❡rsã♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r✳

j ✲ ❮♥❞✐❝❡ q✉❡ ❛ss✉♠❡ ♦s ✈❛❧♦r❡s ✶✱ ✷ ♦✉ ✸✱ ♣❛r❛ ❝❛❞❛ ❢❛s❡✳

Jo ✲ ❉❡♥s✐❞❛❞❡ ❞❡ ❝♦rr❡♥t❡ ♥♦ ❝♦♥❞✉t♦r✳
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k ✲ ❈♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♥♥ ✭k = 1, 38× 10−23 ❏✴❑✮✳

k ✲ ❈♦❡✜❝✐❡♥t❡ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ♠❛❣♥ét✐❝♦✳

K ✲ ❚❡♠♣❡r❛t✉r❛ ❛❜s♦❧✉t❛✳

Kc ✲ ❈♦♥st❛♥t❡ ❞❡♣❡♥❞❡♥t❡ ❞♦ ♠❛t❡r✐❛❧ ❞♦ ♥ú❝❧❡♦ ❞♦ tr❛♥s❢♦r♠❛✲
❞♦r✳

kf ✲ ❋❛t♦r ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❞♦ ♥ú❝❧❡♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r✳

ku ✲ ❋❛t♦r ❞❡ ✉t✐❧✐③❛çã♦ ❞❛ ❥❛♥❡❧❛ ❞♦ tr❛♥s❢♦r♠❛❞♦r✳

Kv ✲ ❋❛t♦r ❞❡ ❢♦r♠❛ ❞❡ ♦♥❞❛✳

lc ✲ ❈❛♠✐♥❤♦ ♠é❞✐♦ ♠❛❣♥ét✐❝♦ ❛♦ r❡❞♦r ❞❡ ✉♠ ♥ú❝❧❡♦ ❢❡❝❤❛❞♦✳

Ll1✱ Ll2 ✲ ■♥❞✉tâ♥❝✐❛s ❞❡ ❞✐s♣❡rsã♦ ❞❛s ❜♦❜✐♥❛s ❞♦ ♣r✐♠ár✐♦ ❡ s❡❝✉♥✲
❞ár✐♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

Lm ✲ ■♥❞✉tâ♥❝✐❛ ❞❛ ❜♦❜✐♥❛ ♣r✐♠ár✐❛ ❞♦ ♠♦❞❡❧♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r
✐❞❡❛❧✳

Lr✱ Ls ✲ ■♥❞✉tâ♥❝✐❛s ❞♦s ❡♥r♦❧❛♠❡♥t♦s ❞♦ r♦t♦r ❡ ❞♦ ❡st❛t♦r ❞♦ ♠♦✲
❞❡❧♦ ❞❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

m ✲ ❋❛t♦r ❞❡ ✐❞❡❛❧✐❞❛❞❡ ❞♦ ❞✐♦❞♦✳

M ✲ ■♥❞✉tâ♥❝✐❛ ♠út✉❛ ❡♥tr❡ ❛s ❜♦❜✐♥❛s ❞♦ ♣r✐♠ár✐♦ ❡ s❡❝✉♥❞ár✐♦
❞♦ tr❛♥s❢♦r♠❛❞♦r✳

MLT ✲ ❈♦♠♣r✐♠❡♥t♦ ♠é❞✐♦ ❞❡ ✉♠❛ ✈♦❧t❛ ❞❛s ❜♦❜✐♥❛s ♥♦ ♥ú❝❧❡♦ ❞♦
tr❛♥s❢♦r♠❛❞♦r✳

Mr✱ Ms ✲ ■♥❞✉tâ♥❝✐❛s ♠út✉❛s ❡♥tr❡ ❞✉❛s ❜♦❜✐♥❛s ❞♦ r♦t♦r ❡ ❡♥tr❡ ❞✉❛s
❜♦❜✐♥❛s ❞♦ ❡st❛t♦r✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ♥♦ ♠♦❞❡❧♦ ❞❛ ♠áq✉✐♥❛
❞❡ ✐♥❞✉çã♦✳

Mrs✱ Msr ✲ ■♥❞✉tâ♥❝✐❛s ♠út✉❛s ♠á①✐♠❛s ❡♥tr❡ ✉♠❛ ❜♦❜✐♥❛ ❞♦ r♦t♦r ❡
✉♠❛ ❜♦❜✐♥❛ ❞♦ ❡st❛t♦r ❡ ❡♥tr❡ ✉♠❛ ❜♦❜✐♥❛ ❞♦ ❡st❛t♦r ❡ ✉♠❛
❞♦ r♦t♦r✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ♥♦ ♠♦❞❡❧♦ ❞❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉✲
çã♦✳

m1j✱ m2j ✲ ❙✐♥❛✐s r❡s✉❧t❛♥t❡s ❞❛ ❝♦♠♣❛r❛çã♦ ❞❛ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛ ❞❡
❢❛s❡ j = 1, 2, 3 ❝♦♠ ❛ ♣♦rt❛❞♦r❛ s✉♣❡r✐♦r ❡ ✐♥❢❡r✐♦r✱ r❡s♣❡❝✲
t✐✈❛♠❡♥t❡✳
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nf ✱ nl✱ np ✲ ◆ú♠❡r♦ ❞❡ ♥í✈❡✐s ❞❛ t❡♥sã♦ ❞❡ ❢❛s❡✱ ❧✐♥❤❛ ❡ ♣ó❧♦✱ r❡s♣❡❝t✐✲
✈❛♠❡♥t❡✱ ♥❛ s❛í❞❛ ❞❡ ❝♦♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s✳

N1✱ N2 ✲ ◆ú♠❡r♦ ❞❡ ❡♥r♦❧❛♠❡♥t♦s ❞❛s ❜♦❜✐♥❛s ❞♦ ♣r✐♠ár✐♦ ❡ s❡❝✉♥✲
❞ár✐♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

p ✲ P♦tê♥❝✐❛ ✐♥st❛♥tâ♥❡❛✳

P ✲ ◆ú♠❡r♦ ❞❡ ♣❛r ❞❡ ♣ó❧♦s ❞❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦✳

Pca ✲ P❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ♥❛s ❝❤❛✈❡s ❞♦s ❝♦♥✈❡rs♦r❡s ❈❈✴❈❆
❞♦s ✐♥✈❡rs♦r❡s ♣r♦♣♦st♦s✳

Pcc ✲ P❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ♥❛s ❝❤❛✈❡s ❞♦s ❝♦♥✈❡rs♦r❡s ❈❈✴❈❈
❞♦s ✐♥✈❡rs♦r❡s ♣r♦♣♦st♦s✳

Pcu ✲ P❡r❞❛s ♥♦s ❡♥r♦❧❛♠❡♥t♦s ❞♦ tr❛♥s❢♦r♠❛❞♦r✳

Pfe ✲ P❡r❞❛s ♥♦ ♥ú❝❧❡♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r✳

Psnubber ✲ P❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ♥❛s ❝❤❛✈❡s ❝✐r❝✉✐t♦s s♥✉❜❜❡rs ❞♦s
✐♥✈❡rs♦r❡s ♣r♦♣♦st♦s✳

q ✲ ❈❛r❣❛ ❞♦ ❡❧étr♦♥ ✭q = 1, 6× 10−19 ❈✮✳

qa✱ qb✱ qb2✱ qa2 ✲ ❙✐♥❛✐s ❞❡ ❣❛t✐❧❤♦ ❞❛s ❝❤❛✈❡s ❞♦ ❝♦♥✈❡rs♦r ❈❈✴❈❈ ♣✉❧s❛♥t❡
❞♦s ✐♥✈❡rs♦r❡s ♣r♦♣♦st♦s✳

qlink1 ✱ qlink2 ✲ ❙✐♥❛✐s ♣❛r❛ ❣❛t✐❧❤♦ ❞❛s ❝❤❛✈❡s ❞♦s ❝♦♥✈❡rs♦r❡s ❈❈✴❈❈ ✐s♦✲
❧❛❞♦s✳

qs1✱ qs2 ✲ ❙✐♥❛✐s ❞❡ ❣❛t✐❧❤♦ ❞❛s ❝❤❛✈❡s s✉♣❡r✐♦r ❡ ✐♥❢❡r✐♦r ❞♦s ❝✐r❝✉✐t♦s
s♥✉❜❜❡r✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

q1j✱ q2j ✲ ❙✐♥❛✐s ❞❡ ❣❛t✐❧❤♦ ❞❛s ❝❤❛✈❡s s✉♣❡r✐♦r❡s ❡ ✐♥❢❡r✐♦r❡s✱ r❡s♣❡❝t✐✲
✈❛♠❡♥t❡✱ ❞♦ ❜r❛ç♦ r❡❢❡r❡♥t❡ à ❢❛s❡ j = 1, 2, 3✳

q1j✱ q2j ✲ ❙✐♥❛✐s ❞❡ ❣❛t✐❧❤♦ ❝♦♠♣❧❡♠❡♥t❛r❡s ❞❛s ❝❤❛✈❡s s✉♣❡r✐♦r❡s ❡
✐♥❢❡r✐♦r❡s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❞♦ ❜r❛ç♦ r❡❢❡r❡♥t❡ à ❢❛s❡ j =
1, 2, 3✳

Rc ✲ ❘❡s✐stê♥❝✐❛ ❞♦ ♥ú❝❧❡♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r✳

Rca✱ Rcc ✲ ❘❡s✐stê♥❝✐❛s ❈❆ ❡ ❈❈✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❞❡✈✐❞♦ ❛♦s ✢✉①♦s
♥♦s ❡♥r♦❧❛♠❡♥t♦s ❞♦ tr❛♥s❢♦r♠❛❞♦r✳
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Req ✲ ❘❡s✐stê♥❝✐❛ ❡q✉✐✈❛❧❡♥t❡ ❞♦ ♣r✐♠ár✐♦ ❡ s❡❝✉♥❞ár✐♦ ❞♦ tr❛♥s✲
❢♦r♠❛❞♦r✳

Rm ✲ ❘❡❧✉tâ♥❝✐❛ ❞♦ ♥ú❝❧❡♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r✳

ro ✲ ❘❛✐♦ ❞♦ ❝♦♥❞✉t♦r✳

Rp ✲ ❘❡s✐st♦r ❡♠ ♣❛r❛❧❡❧♦ ❞♦ ♠♦❞❡❧♦ ❞❛ ❝é❧✉❧❛ ❢♦t♦✈♦❧t❛✐❝❛✳

rr✱ rs ✲ ❘❡s✐stê♥❝✐❛s ❞♦s ❡♥r♦❧❛♠❡♥t♦s ❞♦ r♦t♦r ❡ ❞♦ ❡st❛t♦r ❞♦ ♠♦✲
❞❡❧♦ ❞❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

Rs ✲ ❘❡s✐st♦r ❡♠ sér✐❡ ❞♦ ♠♦❞❡❧♦ ❞❛ ❝é❧✉❧❛ ❢♦t♦✈♦❧t❛✐❝❛✳

R2
1 ✲ ❘❡s✐stê♥❝✐❛ ♥♦ s❡❝✉♥❞ár✐♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r r❡✢❡t✐❞❛ ❛♦ ♣r✐✲

♠ár✐♦✳

s ✲ ❊s❝♦rr❡❣❛♠❡♥t♦ ❞❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦✳

tlink1 ✱ tlink2 ✲ P❡rí♦❞♦s ❞♦s s✐♥❛✐s ♣✉❧s❛❞♦s ❞❛s t❡♥sõ❡s ♥♦s ❜❛rr❛♠❡♥t♦s
s✉♣❡r✐♦r ❡ ✐♥❢❡r✐♦r ❞♦ ❝♦♥✈❡rs♦r ❈❈✴❈❆✳

tmax✱ tmin ✲ ❚❡♠♣♦s ❞❡ ❝♦♠♣❛r❛çã♦ ❞❛ t❡♥sõ❡s ❞❡ ♠❛✐♦r ❡ ♠❡♥♦r ✈❛❧♦r❡s✱
r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❝♦♠ ❛ ♣♦rt❛❞♦r❛s✳

Ts ✲ P❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❡ ❞❡ ❛♠♦str❛❣❡♠✳

t1j✱ t2j ✲ ❚❡♠♣♦s ❞❡ ❝♦♥❞✉çã♦ ❞❛s ❝❤❛✈❡s s✉♣❡r✐♦r❡s ❡ ✐♥❢❡r✐♦r❡s✱ r❡s✲
♣❡❝t✐✈❛♠❡♥t❡✱ ❞♦ ❜r❛ç♦ r❡❢❡r❡♥t❡ à ❢❛s❡ j = 1, 2, 3✳

∆T ✲ ❆✉♠❡♥t♦ ❞❡ t❡♠♣❡r❛t✉r❛ ❞♦ ♥ú❝❧❡♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r✳

v ✲ ❱❛❧♦r ♠é❞✐♦ ❞❡ t❡♥sã♦ ❛♣❧✐❝❛❞❛✳

Vcc ✲ ❚❡♥sã♦ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❞❡ ❝♦♥✈❡rs♦r❡s ❈❈✴❈❆✳

vj
∗ ✲ ❚❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛ r❡❢❡r❡♥t❡ à ❢❛s❡ j = 1, 2, 3✳

Vj0 ✲ ❚❡♥sã♦ ❞❡ ♣ó❧♦ ♥❛ s❛í❞❛ ❞♦s ❝♦♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s✱ ♦♥❞❡
j = 1, 2, 3 r❡♣r❡s❡♥t❛ ❝❛❞❛ ❢❛s❡✳

Vm ✲ ❆♠♣❧✐t✉❞❡ ❞❛ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛✳

vmax✱ vmin ✲ ❚❡♥sõ❡s ❝♦♠ ♦ ♠❛✐♦r ❡ ♠❡♥♦r ✈❛❧♦r❡s✱ ♣❛r❛ ✉♠ ❞❡t❡r♠✐♥❛❞♦
s❡t♦r✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

Vp ✲ ❚❡♥sã♦ ❞❡ s❛í❞❛ ♥❛ ❝é❧✉❧❛ ❢♦t♦✈♦❧t❛✐❝❛✳
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Vpt ✲ ❚❡♥sã♦ ❞❡ s❛í❞❛ ❞♦ ❛rr❛♥❥♦ ❞❡ ♣❛✐♥é✐s ❢♦t♦✈♦❧t❛✐❝♦s ❡♠ sér✐❡
❡✴♦✉ ❡♠ ♣❛r❛❧❡❧♦✳

vrj✱ vsj ✲ ❚❡♥sõ❡s ❞♦s ❡♥r♦❧❛♠❡♥t♦s ❞♦ r♦t♦r ❡ ❞♦ ❡st❛t♦r✱ r❡s♣❡❝t✐✈❛✲
♠❡♥t❡✱ ❞♦ ♠♦❞❡❧♦ ❞❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦✱ ♦♥❞❡ j = 1, 2, 3
r❡♣r❡s❡♥t❛ ❝❛❞❛ ✉♠❛ ❞❛s três ❢❛s❡s✳

Vt ✲ P♦t❡♥❝✐❛❧ tér♠✐❝♦ ❞♦ ❞✐♦❞♦ ❞♦ ♠♦❞❡❧♦ ❞❛ ❝é❧✉❧❛ ❢♦t♦✈♦❧t❛✐❝❛✳

vtri ✲ P♦rt❛❞♦r❛ tr✐❛♥❣✉❧❛r✳

Vtri ✲ ❆♠♣❧✐t✉❞❡ ❞❛ ♣♦rt❛❞♦r❛ tr✐❛♥❣✉❧❛r✳

Vw ✲ ❱♦❧✉♠❡ ❞♦s ❡♥r♦❧❛♠❡♥t♦s ❞♦ tr❛♥s❢♦r♠❛❞♦r✳

v0n ✲ ❚❡♥sã♦ ❡♥tr❡ ♦ ♥❡✉tr♦ ❞❛ ❢♦♥t❡ ❡ ❞❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦✳

ΣV A ✲ ❙♦♠❛tór✐♦ ❞❛s ♣♦tê♥❝✐❛s ♥❛ ❡♥tr❛❞❛ ❡ s❛í❞❛ ❞♦ tr❛♥s❢♦r♠❛✲
❞♦r✳

∆vs ✲ ❱❛r✐❛çã♦ ♣❡q✉❡♥❛ ❞❡ t❡♥sã♦ ♣❛r❛ ❛❝✐♦♥❛♠❡♥t♦ ❞❛s ❝❤❛✈❡s
❞♦s ❝✐r❝✉✐t♦s s♥✉❜❜❡rs ❞♦s ❝♦♥✈❡rs♦r❡s ♣r♦♣♦st♦s✳

W ✲ ❊♥❡r❣✐❛ ❛r♠❛③❡♥❛❞❛ ❡♠ ✉♠❛ ❜♦❜✐♥❛✳

Wa✱ Wc ✲ ➪r❡❛s ❞❛ ❥❛♥❡❧❛ t♦t❛❧ ❡ ✉t✐❧✐③❛❞❛ ♣❛r❛ ❜♦❜✐♥❛♠❡♥t♦✱ r❡s♣❡❝✲
t✐✈❛♠❡♥t❡✱ ❞♦ ♥ú❝❧❡♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r✳

Xeq ✲ ❘❡❛tâ♥❝✐❛ ❡q✉✐✈❛❧❡♥t❡ ❞♦ ♣r✐♠ár✐♦ ❡ s❡❝✉♥❞ár✐♦ ❞♦ tr❛♥s❢♦r✲
♠❛❞♦r✳

Xl2
1 ✲ ❘❡❛tâ♥❝✐❛ ❞♦ s❡❝✉♥❞ár✐♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r r❡✢❡t✐❞❛ ❛♦ ♣r✐✲

♠ár✐♦✳

Xm ✲ ❘❡❛tâ♥❝✐❛ ♥♦ r❛♠♦ ❞❡ ♠❛❣♥❡t✐③❛çã♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r✳

X11✱ X22 ✲ ❘❡❛tâ♥❝✐❛s ❞❡ ❞✐s♣❡rsã♦ ♣ró♣r✐❛s ❞❛s ❜♦❜✐♥❛s ❞♦ ♣r✐♠ár✐♦ ❡
s❡❝✉♥❞ár✐♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

α✱ β ✲ ❈♦♥st❛♥t❡s ❞❡♣❡♥❞❡♥t❡s ❞♦ ♠❛t❡r✐❛❧ ❞♦ ♥ú❝❧❡♦ ❞♦ tr❛♥s❢♦r✲
♠❛❞♦r✳

δ ✲ Pr♦❢✉♥❞✐❞❛❞❡ ♣❡❝✉❧✐❛r ❞♦ ❝♦♥❞✉t♦r✳

η ✲ ❘❡♥❞✐♠❡♥t♦✳



▲✐st❛ ❞❡ ❙í♠❜♦❧♦s ①①✐✐

λrj✱ λsj ✲ ❋❧✉①♦s ♥♦s ❡♥r♦❧❛♠❡♥t♦s ❞♦ r♦t♦r ❡ ❞♦ ❡st❛t♦r✱ r❡s♣❡❝t✐✈❛✲
♠❡♥t❡✱ ❞♦ ♠♦❞❡❧♦ ❞❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦✱ ♦♥❞❡ j = 1, 2, 3
r❡♣r❡s❡♥t❛ ❝❛❞❛ ✉♠❛ ❞❛s três ❢❛s❡s✳

µr ✲ P❡r♠❡❛❜✐❧✐❞❛❞❡ ♠❛❣♥ét✐❝❛ r❡❧❛t✐✈❛✳

µ0 ✲ P❡r♠❡❛❜✐❧✐❞❛❞❡ ♠❛❣♥ét✐❝❛ ❞♦ ❛r✳

ω ✲ ❋r❡q✉ê♥❝✐❛ ❛♥❣✉❧❛r ❞❡ ♦s❝✐❧❛çã♦ ✭ω = 2πf✮✳

ωr✱ ωs ✲ ❱❡❧♦❝✐❞❛❞❡s ❛♥❣✉❧❛r❡s r♦tór✐❝❛ ❡ ❡st❛tór✐❝❛✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱
❞❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦✳

φ ✲ ❋❧✉①♦ ♥❛s ❜♦❜✐♥❛s ❞♦ tr❛♥s❢♦r♠❛❞♦r✳

φc ✲ ❋❧✉①♦ ♥♦ ♥ú❝❧❡♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r✳

φl1✱ φl2 ✲ ❋❧✉①♦s ❞❡ ❞✐s♣❡rsã♦ ♥❛s ❜♦❜✐♥❛s ❞♦ ♣r✐♠ár✐♦ ❡ s❡❝✉♥❞ár✐♦
❞♦ tr❛♥s❢♦r♠❛❞♦r✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

φmax ✲ ❋❧✉①♦ ♠á①✐♠♦ ♥❛s ❜♦❜✐♥❛s ❞♦ tr❛♥s❢♦r♠❛❞♦r✳

φ11✱ φ22 ✲ ❋❧✉①♦s t♦t❛✐s ♥❛s ❜♦❜✐♥❛s ❞♦ ♣r✐♠ár✐♦ ❡ s❡❝✉♥❞ár✐♦ ❞♦ tr❛♥s✲
❢♦r♠❛❞♦r✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

φ12✱ φ21 ✲ ❋❧✉①♦s ♠út✉♦s ❡♥tr❡ ❛s ❜♦❜✐♥❛s ♣r✐♠ár✐❛ ❡ s❡❝✉♥❞ár✐❛ ❡ ❡♥✲
tr❡ ❛s ❜♦❜✐♥❛s s❡❝✉♥❞ár✐❛ ❡ ♣r✐♠ár✐❛ ❞♦ tr❛♥s❢♦r♠❛❞♦r✱ r❡s✲
♣❡❝t✐✈❛♠❡♥t❡✳

ρw ✲ ❘❡s✐st✐✈✐❞❛❞❡ ❞♦ ♠❛t❡r✐❛❧ ❝♦♥❞✉t♦r✳

τ ✲ P❡rí♦❞♦ ❞❡ t❡♠♣♦✳

θm ✲ ➶♥❣✉❧♦ ♠❡❝â♥✐❝♦ ♥♦ ♠♦❞❡❧♦ ❞❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦✳

θr ✲ ➶♥❣✉❧♦ ❡♥tr❡ ✉♠❛ ❜♦❜✐♥❛ ❞♦ ❡st❛t♦r ❡ ✉♠❛ ❞♦ r♦t♦r ♥♦ ♠♦✲
❞❡❧♦ ❞❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦✳



●❧♦ssár✐♦

❆▲ ✲ ❆❧✉♠í♥✐♦✳

❈❆ ✲ ❈♦rr❡♥t❡ ❛❧t❡r♥❛❞❛✳

❈❈ ✲ ❈♦rr❡♥t❡ ❝♦♥tí♥✉❛✳

❈❍❇ ✲ P♦♥t❡s ❍ ❡♠ ❝❛s❝❛t❛ ✭❈❛s❝❛❞❡❞ ❍✲❇r✐❞❣❡✮✳

❉❙P ✲ Pr♦❝❡ss❛❞♦r ❞✐❣✐t❛❧ ❞❡ s✐♥❛✐s ✭❙✐❣♥❛❧ ❉✐❣✐t❛❧ Pr♦❝❡ss♦r✮✳

❊❙❘ ✲ ❘❡s✐stê♥❝✐❛ ❡q✉✐✈❛❧❡♥t❡ sér✐❡ ✭❊q✉✐✈❛❧❡♥t ❙❡r✐❡s ❘❡s✐st❛♥❝❡✮✳

❋❈ ✲ ❈❛♣❛❝✐t♦r ✢✉t✉❛♥t❡ ✭❋❧②✐♥❣ ❈❛♣❛❝✐t♦r✮✳

▲❙✲P❲▼ ✲ ▼♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ ❝♦♠ ♥í✈❡❧ ❞❡s❧♦❝❛❞♦ ✭▲❡✈❡❧✲❙❤✐❢t❡❞
P✉❧s❡ ❲✐❞t❤ ▼♦❞✉❧❛t✐♦♥✮✳

▲❙❖✲P❲▼ ✲ ▼♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ ❝♦♠ ♥í✈❡❧ ❞❡s❧♦❝❛❞♦ ♦♣♦st❛ ✭▲❡✈❡❧✲
❙❤✐❢t❡❞ ❖♣♣♦s✐t❡ P✉❧s❡ ❲✐❞t❤ ▼♦❞✉❧❛t✐♦♥✮✳

◆P❈ ✲ P♦♥t♦ ♥❡✉tr♦ ❣r❛♠♣❡❛❞♦ ✭◆❡✉tr❛❧✲P♦✐♥t✲❈❧❛♠♣❡❞✮✳

P❲▼ ✲ ▼♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ ✭P✉❧s❡ ❲✐❞t❤ ▼♦❞✉❧❛t✐♦♥✮✳

❘▼❙ ✲ ❱❛❧♦r q✉❛❞rát✐❝♦ ♠é❞✐♦ ✭❘♦♦t ▼❡❛♥ ❙q✉❛r❡✮✳

❚❍❉ ✲ ❉✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ✭❚♦t❛❧ ❍❛r♠♦♥✐❝ ❉✐st♦rt✐♦♥✮✳

①①✐✐✐



1
■◆❚❘❖❉❯➬➹❖

❖ ✉s♦ ❞❛ ❡♥❡r❣✐❛ s♦❧❛r ❝♦♠♦ ❢♦♥t❡ ❛❧t❡r♥❛t✐✈❛ t❡♠ s❡ t♦r♥❛❞♦ ✉♠❛ t❡♥❞ê♥❝✐❛ ♠✉♥❞✐❛❧✱ s❡r✲

✈✐♥❞♦ ❝♦♠♦ ❝♦♠♣❧❡♠❡♥t♦ ❞❛s ♠❛tr✐③❡s ❡♥❡r❣ét✐❝❛s ❞❡ ❞✐✈❡rs♦s ♣❛ís❡s ❡✱ t❛♠❜é♠✱ ❛✉①✐❧✐❛♥❞♦

♥❛ r❡❞✉çã♦ ❞♦ ✉s♦ ❞❡ ❡♥❡r❣✐❛s ❢óss❡✐s✳ ❆❧é♠ ❞♦s tr❛❞✐❝✐♦♥❛✐s s✐st❡♠❛s ❞❡ ❣❡r❛çã♦ ❢♦t♦✈♦❧✲

t❛✐❝❛ ♣❛r❛ ❝❛rr❡❣❛♠❡♥t♦ ❞❡ ❜❛t❡r✐❛s ♦✉ ✐♥❥❡çã♦ ❞❡ ♣♦tê♥❝✐❛ ♥❛ r❡❞❡ ❡❧étr✐❝❛✱ ❛♣❧✐❝❛çõ❡s ❝♦♠♦

♦ ❜♦♠❜❡❛♠❡♥t♦ ❞✬á❣✉❛ ♣❛r❛ ✐rr✐❣❛çã♦ ✉t✐❧✐③❛♥❞♦ s✐st❡♠❛s ❢♦t♦✈♦❧t❛✐❝♦s ♣♦❞❡♠ s❡r ❡①♣❧♦r❛✲

❞❛s✳ ❖ ♠♦t♦r ❞❡ ✐♥❞✉çã♦ ❛❧✐♠❡♥t❛❞♦ ♣❡❧♦s ❣❡r❛❞♦r❡s ❢♦t♦✈♦❧t❛✐❝♦s ♣♦❞❡ s❡r ✉t✐❧✐③❛❞♦ ❡♠

ár❡❛s r❡♠♦t❛s ❝♦♠ ❞✐❢í❝✐❧ ❛❝❡ss♦ ❛ ❡♥❡r❣✐❛ ❡❧étr✐❝❛✱ ❡❧✐♠✐♥❛♥❞♦ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❜♦♠❜❛s ❛

❞✐❡s❡❧ ♦✉ ❛❝✐♦♥❛❞❛s ♣♦r ♦✉tr♦s t✐♣♦s ❞❡ ❣❡r❛❞♦r❡s✳

❖s ♣❛✐♥é✐s s♦❧❛r❡s✱ ❛ ♣❛rt✐r ❞♦ ❡❢❡✐t♦ ❢♦t♦✈♦❧t❛✐❝♦✱ sã♦ ❝❛♣❛③❡s ❞❡ ♣r♦❞✉③✐r ♣♦tê♥❝✐❛

❛t✐✈❛ ♣❛r❛ ❛❧✐♠❡♥t❛çã♦ ❞❡ ❝❛r❣❛s✳ ❱✐st♦ q✉❡ ❛ t❡♥sã♦ ❣❡r❛❞❛ ♥❡ss❡ ♣r♦❝❡ss♦ é ❝♦♥tí♥✉❛✱ é

♥❡❝❡ssár✐♦✱ ♣❛r❛ ❛❧✐♠❡♥t❛çã♦ ❞❡ ❝❛r❣❛s ❈❆✱ ❝♦♥✈❡rt❡r ❡ss❛ ❡♥❡r❣✐❛ ♣❛r❛ ❛ ❢♦r♠❛ ❛❧t❡r♥❛❞❛✳

❊ss❛ ❝♦♥✈❡rsã♦ ♣♦❞❡ s❡r ♦❜t✐❞❛ ♣♦r ♠❡✐♦ ❞❡ ❝♦♥✈❡rs♦r❡s ❈❈✴❈❆✱ ❝❤❛♠❛❞♦s ✐♥✈❡rs♦r❡s✱ ❡✱

❡s♣❡r❛✲s❡ q✉❡ ♥❡ss❡ ♣r♦❝❡ss♦✱ ❛ ♠❡♥♦r q✉❛♥t✐❞❛❞❡ ❞❡ ♣♦tê♥❝✐❛ ♣♦ssí✈❡❧ s❡❥❛ ♣❡r❞✐❞❛✳ ❊ss❡s

❝♦♥✈❡rs♦r❡s s✐♥t❡t✐③❛♠ ❡♠ s✉❛s s❛í❞❛s t❡♥sõ❡s ✭❡ ❝♦rr❡♥t❡s✮ s❡♥♦✐❞❛✐s✱ ❛ ♣❛rt✐r ❞❛ ❝♦♠✉t❛çã♦

❞❡ ❝❤❛✈❡s ❛❝✐♦♥❛❞❛s ♣♦r s✐♥❛✐s r❡s✉❧t❛♥t❡s ❞❡ ❡str❛té❣✐❛s ❞❡ ♠♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦

✭P✉❧s❡ ❲✐❞t❤ ▼♦❞✉❧❛t✐♦♥✮✳

◆❡st❡ tr❛❜❛❧❤♦✱ ❛s ❝♦♥✜❣✉r❛çõ❡s ♣r♦♣♦st❛s sã♦ ❜❛s❡❛❞❛s ♥♦s ✐♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s tr✐✲

❢ás✐❝♦s ❝♦♠ ♣♦♥t♦ ❞❡ ♥❡✉tr♦ ❣r❛♠♣❡❛❞♦ ✭◆❡✉tr❛❧ P♦✐♥t ❈❧❛♠♣❡❞✮ ❡ s✉❛ ✈❛r✐❛♥t❡✱ ❚✐♣♦✲❚✳

▲❡✈❛♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ q✉❡ ❛ ✈✐❞❛ út✐❧ ❞♦s ♣❛✐♥é✐s ❢♦t♦✈♦❧t❛✐❝♦s é ❡st✐♠❛❞❛ ❡♠ ❛♣r♦①✐✲

✶
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♠❛❞❛♠❡♥t❡ ✷✺ ❛♥♦s✭P✐♥❤♦ ❡ ●❛❧❞✐♥♦✱ ✷✵✶✹✮✱ ❛ ✈✐❞❛ ❝✉rt❛ út✐❧ ❞♦s ❝❛♣❛❝✐t♦r❡s ❡❧❡tr♦❧ít✐❝♦s✱

❝♦♠♣❛r❛❞❛ ❛ ❞♦s ♣❛✐♥é✐s✱ é ✉♠ ❛s♣❡❝t♦ ✐♥❞❡s❡❥á✈❡❧✳ ❆ ✈❛♥t❛❣❡♠ ❞❛s t♦♣♦❧♦❣✐❛s ♣r♦♣♦st❛s é

❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ r❡♠♦çã♦ ❞♦s ❝❛♣❛❝✐t♦r❡s ❡❧❡tr♦❧ít✐❝♦s ✉s✉❛❧♠❡♥t❡ ✉t✐❧✐③❛❞♦s ♥♦ ❜❛rr❛♠❡♥t♦

❈❈ ❞❡ss❡s ❝♦♥✈❡rs♦r❡s✳

❆ ❡❧✐♠✐♥❛çã♦ ❞♦s ❝❛♣❛❝✐t♦r❡s ❡❧❡tr♦❧ít✐❝♦s é ❛❧❝❛♥ç❛❞❛ ❛♦ ❝r✐❛r✲s❡ ✉♠ ♣❡r✜❧ ❞❡ ♣✉❧s♦s t❡♥✲

sã♦ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ❡♠ ✈❡③ ❞❛ ❡str❛té❣✐❛ tr❛❞✐❝✐♦♥❛❧ ❞❡ t❡♥sã♦ ❝♦♥st❛♥t❡ ♥♦ ❜❛rr❛♠❡♥t♦✳

P❛r❛ ❣❡r❛çã♦ ❞♦s ♣✉❧s♦s ♥♦ ❜❛rr❛♠❡♥t♦✱ ♣♦❞❡✲s❡ ✉t✐❧✐③❛r ❝♦♥✈❡rs♦r❡s ❈❈✴❈❈ ✐s♦❧❛❞♦s ❝♦♠

tr❛♥s❢♦r♠❛❞♦r❡s ❞❡ ❛❧t❛ ❢r❡q✉ê♥❝✐❛✳ ❆ ❡str❛té❣✐❛ P❲▼ ✉t✐❧✐③❛❞❛ ❞❡✈❡ ❣❛r❛♥t✐r ♦ s✐♥❝r♦✲

♥✐s♠♦ ❡♥tr❡ ♦s ♣✉❧s♦s ❞❡ t❡♥sã♦ ♥♦ ❜❛rr❛♠❡♥t♦ ❝♦♠ ❛ ❝♦♠✉t❛çã♦ ❞❛s ❝❤❛✈❡s✱ ❞❡ ♠♦❞♦ q✉❡

❛s t❡♥sõ❡s tr✐❢ás✐❝❛s s❡♥♦✐❞❛✐s s❡❥❛♠ s✐♥t❡t✐③❛❞❛s ♥❛ s❛í❞❛ ❞♦ ✐♥✈❡rs♦r✳

✶✳✶ ❘❡✈✐sã♦ ❜✐❜❧✐♦❣rá✜❝❛

✶✳✶✳✶ ❙✐st❡♠❛s ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ❢♦t♦✈♦❧t❛✐❝♦

❊♠ ár❡❛s r✉r❛✐s ❝♦♠ ❞✐❢í❝✐❧ ❛❝❡ss♦ ❛ ❡♥❡r❣✐❛ ❡❧étr✐❝❛✱ sã♦ ✉t✐❧✐③❛❞❛s✱ ♣❛r❛ ❛ ✐rr✐❣❛çã♦✱ ✉s✉❛❧✲

♠❡♥t❡✱ ❜♦♠❜❛s ❛ ❞✐❡s❡❧ ♦✉ ❛❧✐♠❡♥t❛❞❛s ♣♦r ❣❡r❛❞♦r✳ ❖s s✐st❡♠❛s ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ❞✬á❣✉❛

♣❛r❛ ✐rr✐❣❛çã♦ ❛ ♣❛rt✐r ❞❡ s✐st❡♠❛s ❢♦t♦✈♦❧t❛✐❝♦s ♣❛ss❛♠ ❛ s❡r✱ ❡♥tã♦✱ ♥❡ss❡ ❝❡♥ár✐♦✱ ✉♠❛

❛❧t❡r♥❛t✐✈❛ ✐♥t❡r❡ss❛♥t❡ ✈✐st♦ s✉❛ ❢á❝✐❧ ✐♠♣❧❡♠❡♥t❛çã♦ ❡ ✐♥❞❡♣❡♥❞ê♥❝✐❛ ♥❛ ♦♣❡r❛çã♦✳ ❯♠

s✐st❡♠❛ tí♣✐❝♦ ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ❞❡ á❣✉❛ ✉t✐❧✐③❛♥❞♦ ❡♥❡r❣✐❛ ❢♦t♦✈♦❧t❛✐❝❛ ♣♦❞❡ s❡r ✈✐st♦ ♥❛

❋✐❣✳ ✶✳✶✳ ❖❜s❡r✈❛✲s❡ três ❡stá❣✐♦s✿ ♦ ♣r✐♠❡✐r♦ ❝♦rr❡s♣♦♥❞❡ à ❣❡r❛çã♦ ❞❡ ♣♦tê♥❝✐❛ ❛t✐✈❛ ♣❡❧♦

s✐st❡♠❛ ❢♦t♦✈♦❧t❛✐❝♦✱ r❡♣r❡s❡♥t❛❞♦ ♥❛ ✜❣✉r❛ ♣❡❧♦ ❣❡r❛❞♦r❡s ❢♦t♦✈♦❧t❛✐❝♦s❀ ♦ s❡❣✉♥❞♦ ❝♦rr❡s✲

♣♦♥❞❡ à ❝♦♥✈❡rsã♦ ❞❛ t❡♥sã♦ ❝♦♥tí♥✉❛ ❣❡r❛❞❛ ♣❡❧♦s ♣❛✐♥é✐s ❡♠ t❡♥sã♦ ❛❧t❡r♥❛❞❛ ♣♦r ♠❡✐♦

❞♦ ❝♦♥✈❡rs♦r ❞❡ ♣♦tê♥❝✐❛✱ q✉❡ é ❢♦r♠❛❞♦ ♣❡❧♦ ❝♦♥❥✉♥t♦ ❞❡ ❝♦♥✈❡rs♦r❡s ❈❈✴❈❈ ❡ ❈❈✴❈❆❀ ♦

t❡r❝❡✐r♦ é ❛ ❛❧✐♠❡♥t❛çã♦ ❞♦ ♠♦t♦r ❞❡ ✐♥❞✉çã♦✱ q✉❡ ♣r♦❞✉③ t♦rq✉❡ ♠❡❝â♥✐❝♦ ❝❛♣❛③ ❞❡ ❛❝✐♦♥❛r

❛ ❜♦♠❜❛ ❤✐❞rá✉❧✐❝❛✳ ❱✐st♦ q✉❡ ❛ ❡♥❡r❣✐❛ é ❛♣❡♥❛s ❣❡r❛❞❛ q✉❛♥❞♦ ❤á s♦❧✱ ♦ ❝♦♥✈❡rs♦r ❡♥tr❡❣❛

t♦❞❛ ❡♥❡r❣✐❛ ❣❡r❛❞❛ ❛♦ ♠♦t♦r ❡ ♦ ❜♦♠❜❡❛♠❡♥t♦ é ✐♥t❡rr♦♠♣✐❞♦ ❢♦r❛ ❞❡ss❡ ♣❡rí♦❞♦✳

P❛r❛ ❛❧✐♠❡♥t❛r ✉♠ ♠♦t♦r ❞❡ ✐♥❞✉çã♦ ✭❧✐❣❛❞♦ ❡♠ ❨✮ ❞❡ ✸✽✵ ❱ ❞❡ t❡♥sã♦ ❡✜❝❛③ ❞❡ ❧✐♥❤❛✱

s❡r✐❛ ♥❡❝❡ssár✐♦ ❛ss♦❝✐❛r ✈ár✐♦s ♣❛✐♥é✐s ❡♠ sér✐❡ ♣❛r❛ ❛❧❝❛♥ç❛r ♦s ✸✶✶
√
3 ❱ ♥❡❝❡ssár✐♦s ♥♦

❜❛rr❛♠❡♥t♦ ❞♦ ❝♦♥✈❡rs♦r ❈❈✴❈❆✳ ◆❛ ❧✐❣❛çã♦ ❡♠ ❞❡❧t❛✱ ♣❛r❛ ❡st❡ ♠❡s♠♦ ❝❛s♦✱ sã♦ ♥❡❝❡ssá✲

r✐♦s ✸✶✶ ❱ ♥♦ ❜❛rr❛♠❡♥t♦✳ ❊♠ ✭❑♦❧❤❡✱ ❏♦s❤✐ ❡ ❑♦t❤❛r✐✱ ✷✵✵✹✮ ❡✭❚❛✉✜❦✱ ❆♥✇❛r✐ ❡ ❚❛✉✜❦✱

✷✵✵✾✮ sã♦ ❛♣r❡s❡♥t❛❞❛s ❝♦♥✜❣✉r❛çõ❡s ♠❛✐s s✐♠♣❧❡s ❝♦♠ ♦s ♣❛✐♥é✐s ❢♦t♦✈♦❧t❛✐❝♦s ❞✐r❡t❛♠❡♥t❡



■◆❚❘❖❉❯➬➹❖ ✸

❋✐❣✉r❛ ✶✳✶✿ ❙✐st❡♠❛ ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ❢♦t♦✈♦❧t❛✐❝♦ tí♣✐❝♦✳

Bomba

Conversor CC/CC Inversor

CC

CC

CC

CA

Conversor
Geradores

Fotovoltaicos
Motor de
Indução

+

-

Barr. CC

❧✐❣❛❞♦s ❛ ✉♠ ♠♦t♦r ❈❈ ✭❋✐❣✳ ✶✳✷✮✳ ❈♦♥t✉❞♦✱ ♥❡ss❡s tr❛❜❛❧❤♦s✱ ✉♠❛ ❞❡s✈❛♥t❛❣❡♠ ♠♦str❛❞❛

❞❡ss❡ ❛rr❛♥❥♦ é q✉❡ ♦ s✐st❡♠❛ ❢♦t♦✈♦❧t❛✐❝♦ ❡ ♦ ♠♦t♦r ❈❈ ♣♦ss✉❡♠ ♣♦♥t♦s ❞❡ ♦♣❡r❛çã♦ ❞✐✲

❢❡r❡♥t❡s✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ♦ ❛♣r♦✈❡✐t❛♠❡♥t♦ ❞❡ ♣♦tê♥❝✐❛ s❡❥❛ ♣r❡❥✉❞✐❝❛❞♦✳ ❆❧é♠ ❞✐ss♦✱ ❛

✉t✐❧✐③❛çã♦ ❞❡ ♠♦t♦r ❈❈ ♣❛r❛ ❜♦♠❜❡❛♠❡♥t♦ ❡①✐❣❡ ✉♠❛ ♠❛♥✉t❡♥çã♦ ♣❡r✐ó❞✐❝❛ ❞❡✈✐❞♦ às ❡s❝♦✲

✈❛s✳ ❉❡ss❡ ♠♦❞♦✱ ♦ ✉s♦ ❞♦ ♠áq✉✐♥❛ ❈❆ t♦r♥♦✉✲s❡ ♠❛✐s ❛❝❡✐t♦✱ ✈✐st♦ ❛ s✉❛ ❜❛✐①❛ ♥❡❝❡ss✐❞❛❞❡

❞❡ ♠❛♥✉t❡♥çã♦✱ r♦❜✉st❡③✱ ❝✉st♦ ❡ ❢❛✐①❛ ❞❡ ♣♦tê♥❝✐❛ ❞❡ ♦♣❡r❛çã♦✳

❋✐❣✉r❛ ✶✳✷✿ ❙✐st❡♠❛ ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ❝♦♠ ♦s ♣❛✐♥é✐s ❧✐❣❛❞♦s ❞✐r❡t❛♠❡♥t❡ ❛♦ ♠♦t♦r ❈❈✳

+

-

Bomba

Motor CC

Vp

Ip

❊♠ ✭▼❛r✐❡♠✱ ❆r❜✐✱ ▼♦✉❧❞✐ ❡ ❍❛❜✐❜✱ ✷✵✶✹✮ ❡ ✭❈❤❡r❣✉✐ ❡ ❇❡♥❛✐ss❛✱ ✷✵✶✺✮ sã♦ ♠♦str❛❞❛s

❝♦♥✜❣✉r❛çõ❡s ❡♠ q✉❡ ♦ ❛rr❛♥❥♦ ❢♦t♦✈♦❧t❛✐❝♦ é ❧✐❣❛❞♦ ❞✐r❡t❛♠❡♥t❡ ❛♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❞♦

❝♦♥✈❡rs♦r ❈❈✴❈❆ ✭❋✐❣✳ ✶✳✸✮✳ ❊ss❡ ❛rr❛♥❥♦ ♣♦ss✉✐ ❛ ✈❛♥t❛❣❡♠ ❞❡ q✉❡ ❛ ❝♦rr❡♥t❡ é ❧✐♠✐t❛❞❛

♣❡❧♦ ✈❛❧♦r ❞❡ ❝♦rr❡♥t❡ ❞❡ ❝✉rt♦✲❝✐r❝✉✐t♦ ❞♦ ❣❡r❛❞♦r ❢♦t♦✈♦❧t❛✐❝♦✳ ❆ss✐♠✱ ❡♠ ❝❛s♦ ❞❡ ✉♠
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❝✉rt♦✲❝✐r❝✉✐t♦ ♥♦ ♠♦t♦r ♦✉ ❜r❛ç♦ ❞❡ ✉♠ ✐♥✈❡rs♦r✱ ♦ ✈❛❧♦r ❞❛ ❝♦rr❡♥t❡ ♥ã♦ ❡①❝❡❞❡rá ♦ ✐♠♣♦st♦

♣❡❧♦ s✐st❡♠❛ ❢♦t♦✈♦❧t❛✐❝♦✳ ❯♠❛ ❞❡s✈❛♥t❛❣❡♠ ❞❡ss❛ ❝♦♥✜❣✉r❛çã♦ é q✉❡✱ ❝♦♠♦ ❥á ❡①♣❧✐❝❛❞♦✱

♣❛r❛ ❛❧❝❛♥ç❛r✲s❡ ♦ ✈❛❧♦r ❞❡ t❡♥sã♦ ❞❡ ❧✐♥❤❛ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❞♦ ♠♦t♦r é ♥❡❝❡ssár✐♦ ❝♦❧♦❝❛r✲s❡

♠✉✐t♦s ♣❛✐♥é✐s ❡♠ sér✐❡✱ ♦ q✉❡ s❡ t♦r♥❛ ✉♠❛ ❧✐♠✐t❛çã♦ ❛ ♠❛✐s ♥♦ ♣r♦❥❡t♦✳

❋✐❣✉r❛ ✶✳✸✿ ❙✐st❡♠❛ ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ❝♦♠ ♦s ♣❛✐♥é✐s ❧✐❣❛❞♦s ❞✐r❡t❛♠❡♥t❡ ❛♦ ❜❛rr❛♠❡♥t♦ ❞♦
❝♦♥✈❡rs♦r ❈❈✴❈❆✳

+

-

Vp

Ip

3

3q

3q

2q

2q

1q

1q

2
1

i1
i2
i3C

Bomba

Motor de
Indução

❯♠❛ ❛❧t❡r♥❛t✐✈❛ ❛ s❡r ❛♣❧✐❝❛❞❛ ♥❡ss❡ t✐♣♦ ❞❡ s✐st❡♠❛ é ✉t✐❧✐③❛r ✉♠ ❝♦♥✈❡rs♦r ❈❈✴❈❈ ❡❧❡✲

✈❛❞♦r ❞❡ t❡♥sã♦ ❡♥tr❡ ♦ ❛rr❛♥❥♦ ❢♦t♦✈♦❧t❛✐❝♦ ❡ ♦ ❝♦♥✈❡rs♦r ❈❈✴❈❆✳ ❊♠ ✭❱♦♥❣♠❛♥❡❡✱ ✷✵✵✹✮ é

❛♣r❡s❡♥t❛❞❛ ✉♠❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ s✐st❡♠❛ ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ❢♦t♦✈♦❧t❛✐❝♦ ✉t✐❧✐③❛♥❞♦ ♦ ❝♦♥✈❡r✲

s♦r ❇♦♦st ❝♦♠♦ ❝♦♥✈❡rs♦r ❈❈✴❈❈ ❡❧❡✈❛❞♦r ❞❡ t❡♥sã♦✱ ❡♠ sér✐❡ ❝♦♠ ✉♠ ✐♥✈❡rs♦r ♠♦♥♦❢ás✐❝♦✱

♣❛r❛ ❛❧✐♠❡♥t❛çã♦ ❞❡ ✉♠ ♠♦t♦r ❞❡ ✐♥❞✉çã♦ ♠♦♥♦❢ás✐❝♦✳ ❖ ❡st✉❞♦ ❛♣r❡s❡♥t❛❞♦ ♥❡ss❡ tr❛❜❛❧❤♦

♠♦str♦✉ q✉❡ ♦ ❝♦♥tr♦❧❡ ♣❛r❛ ♦ ♠♦t♦r ♠♦♥♦❢ás✐❝♦ é tr❛❜❛❧❤♦s♦ ❡ q✉❡ ❤á ❧✐♠✐t❛çã♦ ❞❡ ♣♦tê♥❝✐❛

✐♠♣♦st❛✳

❊♠ ✭P✉s❤♣r❛❥✱ ●✉♣t❛✱ ●✉♣t❛ ❡ ▼✉❧❧❛✱ ✷✵✶✼✮ ❡ ✭▼✉❞❧❛♣✉r✱ ❘❛♠❛♥❛✱ ❉❛♠♦❞❛r❛♥✱ ❇❛❧❛✲

s✉❜r❛♠❛♥✐❛♥ ❡ ▼✐s❤r❛✱ ✷✵✶✽✮ sã♦ ❢❡✐t♦s ❡st✉❞♦s ♣❛r❛ ✉♠❛ ❝♦♥✜❣✉r❛çã♦ ✉t✐❧✐③❛♥❞♦ ♦ ❝♦♥✈❡rs♦r

❇♦♦st ❝♦♠♦ ❝♦♥✈❡rs♦r ❈❈✴❈❈ ❡❧❡✈❛❞♦r ❞❡ t❡♥sã♦ ❡♠ sér✐❡ ❝♦♠ ✉♠ ❝♦♥✈❡rs♦r ❈❈✴❈❆ tr✐❢á✲

s✐❝♦ ♣❛r❛ ❛❧✐♠❡♥t❛r ✉♠ ♠♦t♦r ❞❡ ✐♥❞✉çã♦ tr✐❢ás✐❝♦ ✭❋✐❣✳ ✶✳✹✮✳ ❆ ✈❛♥t❛❣❡♠ ❞❡ss❡ ❛rr❛♥❥♦ é

s✉❛ ❡str✉t✉r❛ s✐♠♣❧❡s✳ ❈♦♥t✉❞♦✱ ♦ ❣❛♥❤♦ ❞♦ ❝♦♥✈❡rs♦r ❇♦♦st ♣♦❞❡ s❡r ✉♠ ❡♠♣❡❝✐❧❤♦ ♣❛r❛ ♦

♣r♦❥❡t♦ ❜❡♠ ❝♦♠♦ ❛ ✈❛r✐❛çã♦ ♥❛ ❡✜❝✐ê♥❝✐❛ ❞♦ ♠❡s♠♦ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❝✐❝❧♦s ❞❡ tr❛❜❛❧❤♦✳ ❊♠

✭▼✉❞❧❛♣✉r✱ ❘❛♠❛♥❛✱ ❉❛♠♦❞❛r❛♥✱ ❇❛❧❛s✉❜r❛♠❛♥✐❛♥ ❡ ▼✐s❤r❛✱ ✷✵✶✽✮ t❛♠❜é♠ é ♠♦str❛❞♦

q✉❡✱ ♣❛r❛ ✉♠❛ s✐t✉❛çã♦ ❞❡ s♦♠❜r❡❛♠❡♥t♦ s♦❜r❡ ♦s ♣❛✐♥é✐s✱ ♦ ❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦ ❞♦ ❝♦♥✈❡rs♦r

❇♦♦st ❛❧❝❛♥ç❛ ✈❛❧♦r❡s ❛❧t♦s✱ ❝♦♠♣r♦♠❡t❡♥❞♦✱ s❡✈❡r❛♠❡♥t❡✱ ❛ ❡✜❝✐ê♥❝✐❛ ❞♦ ♠❡s♠♦✳
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❋✐❣✉r❛ ✶✳✹✿ ❙✐st❡♠❛ ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ❝♦♠ ♦s ♣❛✐♥é✐s ❧✐❣❛❞♦s ❛ ✉♠ ❝♦♥✈❡rs♦r ❇♦♦st ❡♠ sér✐❡
❝♦♠ ♦ ❝♦♥✈❡rs♦r ❈❈✴❈❆✳

+

-

Vp

Ip

3

3q

3q

2q

2q

1q

1q

2
1

i1
i2
i3C

Bomba

Motor de
Indução

Conversor Boost

❉❡ss❡ ♠♦❞♦✱ ✉♠❛ s♦❧✉çã♦ ♣❛r❛ ♦ ❣❛♥❤♦ ❞❡ t❡♥sã♦ ♥❡❝❡ssár✐♦ ❞❛❞♦ ♣❡❧♦ ❝♦♥✈❡rs♦r ❈❈✴❈❈

é ✉t✐❧✐③❛r tr❛♥s❢♦r♠❛❞♦r❡s✳ ❆ss✐♠✱ ♦ ❣❛♥❤♦ ❞❡ t❡♥sã♦ é r❡❣✐❞♦ s✐♠♣❧❡s♠❡♥t❡ ♣❡❧♦ ♥ú♠❡r♦ ❞❡

❡♥r♦❧❛♠❡♥t♦s ❞♦ ♣r✐♠ár✐♦ ❡ s❡❝✉♥❞ár✐♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r✳ ❖✉tr❛ ✈❛♥t❛❣❡♠ ❛♣r❡s❡♥t❛❞❛ ♣❡❧♦

✉s♦ ❞❡ tr❛♥s❢♦r♠❛❞♦r❡s ❡♠ ❝♦♥✈❡rs♦r❡s ❈❈✴❈❈ é ❛ ✐s♦❧❛çã♦ ❣❛❧✈â♥✐❝❛ ❢♦r♥❡❝✐❞❛✳ P❛r❛ q✉❡ ♦

✈♦❧✉♠❡ ❞♦ tr❛♥s❢♦r♠❛❞♦r s❡❥❛ ♣❡q✉❡♥♦✱ é ♥❡❝❡ssár✐♦ ♣r♦❥❡tá✲❧♦ ♣❛r❛ ❛❧t❛s ❢r❡q✉ê♥❝✐❛s✳

✶✳✶✳✷ ❈❛♣❛❝✐t♦r❡s ❡❧❡tr♦❧ít✐❝♦s

❈❛♣❛❝✐t♦r❡s ❡❧❡tr♦❧ít✐❝♦s sã♦ ❛♠♣❧❛♠❡♥t❡ ✉t✐❧✐③❛❞♦s ❡♠ ❞✐✈❡rs❛s ❛♣❧✐❝❛çõ❡s ♥❛ ❡❧❡trô♥✐❝❛ ❞❡✲

✈✐❞♦ ❛ s✉❛ ❛❧t❛ ❝❛♣❛❝✐tâ♥❝✐❛ ♣♦r ✉♠ ❝✉st♦ ❜❛✐①♦✳ ❊ss❡s ❞✐s♣♦s✐t✐✈♦s sã♦ ✉t✐❧✐③❛❞♦s ❣❡r❛❧♠❡♥t❡

♣❛r❛ ✜❧tr❛r ♦✉ ❛r♠❛③❡♥❛r ❡♥❡r❣✐❛ ❡♠ ❜❛✐①❛ ♦✉ ❛❧t❛ ❢r❡q✉ê♥❝✐❛✳ ❉❡♣♦✐s ❞♦s ✐♥❞✉t♦r❡s✱ ♦s ❝❛✲

♣❛❝✐t♦r❡s sã♦✱ ❣❡r❛❧♠❡♥t❡✱ ♦s ❞✐s♣♦s✐t✐✈♦s ♠❛✐s ❝❛r♦s ❞♦ s✐st❡♠❛ ❞❡ ♣♦tê♥❝✐❛✳✭■♥t❡rt❡❝❤♥♦❧♦❣②✱

✷✵✶✽✮

◆♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❞❡ ❝♦♥✈❡rs♦r❡s ❈❈✴❈❆✱ ❝❛♣❛❝✐t♦r❡s ❡❧❡tr♦❧ít✐❝♦s sã♦ ✉t✐❧✐③❛❞♦s ♣❛r❛

❧✐♠✐t❛r ❛ ✈❛r✐❛çã♦ ❞❡ t❡♥sã♦ ♥❛ ❡♥tr❛❞❛ ❡ ❛ ❝♦rr❡♥t❡ ♥❛ ❝❛r❣❛✳ ❈❛♣❛❝✐t♦r❡s ❡❧❡tr♦❧ít✐❝♦s ❞❡

❛❧✉♠í♥✐♦ ✭❆❧ ❡✲❝❛♣s✮ sã♦ ❛♠♣❧❛♠❡♥t❡ ❡♠♣r❡❣❛❞♦s ❞❡✈✐❞♦ ❛ s✉❛ ❛❧t❛ ❝❛♣❛❝✐tâ♥❝✐❛ ♣♦r ✉♠

❜❛✐①♦ ❝✉st♦✳ ❆❧❣✉♠❛s ❞❡s✈❛♥t❛❣❡♥s sã♦✱ ♣♦r ♦✉tr♦ ❧❛❞♦✱ ❛ ❛❧t❛ r❡s✐stê♥❝✐❛ ❡♠ sér✐❡ ✭❊❙❘✮

❞❡ss❡s ❞✐s♣♦s✐t✐✈♦s✱ ♦ q✉❡ ❛❝❛rr❡t❛ ❡♠ ♣❡r❞❛s ❡ ❛q✉❡❝✐♠❡♥t♦✱ ❛❧é♠ ❞♦ t❡♠♣♦ ❞❡ ✈✐❞❛ út✐❧

r❡❞✉③✐❞♦✳

❊♠ ✭❆❧✈❡s✱ ✷✵✶✽✮ é ♠♦str❛❞♦ q✉❡✱ ♣❛r❛ ✉♠ ❝❛♣❛❝✐t♦r ❡❧❡tr♦❧ít✐❝♦ ❞❛ ♠❛r❝❛ ◆✐♣♣♦♥

❈❤❡♠✐✲❝♦♥ ❊❑❳●✹✺✶❊▲▲✶✵✶▼▼✹✵❙✱ ❝♦♠ t❡♠♣♦ ❞❡ ✈✐❞❛ ❜❛s❡ ❞❡ ✶✵✵✵✵ ❤♦r❛s✱ ♦♣❡r❛♥❞♦ ❛

✹✵✵❱ ❡ t❡♠♣❡r❛t✉r❛ ❞❡ ✽✺◦✱ ❡ss❡ ❞✐s♣♦s✐t✐✈♦ t❡♠ ✉♠❛ ✈✐❞❛ út✐❧ ❡s♣❡r❛❞❛ ❞❡ ✹✱✻ ❛♥♦s✳ ❯♠
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♦✉tr♦ ❡st✉❞♦ r❡❛❧✐③❛❞♦ ❡♠ ✭❙♣❛♥✐❦ ❡ ❑❛♥♦✈s❦②✱ ✷✵✶✹✮ ♠♦str♦✉ q✉❡✱ ♣❛r❛ ✉♠ ❝♦♥✈❡rs♦r ❞❡

✸✽✾❲✱ três ❝❛♣❛❝✐t♦r❡s ❞❡ t✐♣♦s ❞✐❢❡r❡♥t❡s ❝♦♠ t❡♥sõ❡s ♥♦♠✐♥❛✐s ❞❡ ✶✵✵❱✱ t✐✈❡r❛♠ ✈✐❞❛s út❡✐s

❡st✐♠❛❞❛s ❡♠ ✹✻✳✽✸✽ ❤♦r❛s ✭✺✱✸✺ ❛♥♦s✮✱ ✻✹✳✹✷✺ ❤♦r❛s ✭✼✱✸✺ ❛♥♦s✮ ❡ ✽✻✳✼✼✾ ❤♦r❛s ✭✾✱✾ ❛♥♦s✮✳

❈♦♠♦ ♦ t❡♠♣♦ ❞❡ ✈✐❞❛ út✐❧ ❞❡ ✉♠ ❝❛♣❛❝✐t♦r ❡❧❡tr♦❧ít✐❝♦ ❞❡♣❡♥❞❡ ❞✐r❡t❛♠❡♥t❡ ❞❛ t❡♠♣❡r❛t✉r❛

❞❡ ♦♣❡r❛çã♦✱ é ❡s♣❡r❛❞♦ q✉❡✱ ♣❛r❛ ♣♦tê♥❝✐❛s ♠❛✐s ❛❧t❛s✱ ❡st❛ s❡❥❛ ♠❡♥♦r ❛✐♥❞❛✳

❉❡ss❡ ♠♦❞♦✱ ❝♦♠♦ ❛ ✈✐❞❛ út✐❧ ❞♦ ❝❛♣❛❝✐t♦r ❡❧❡tr♦❧ít✐❝♦ é ♠❡♥♦r q✉❡ ❛ ❞♦s ♣❛✐♥é✐s ❢♦✲

t♦✈♦❧t❛✐❝♦s✱ ❛ ❡❧✐♠✐♥❛çã♦ ❞❡❧❡s ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❞❡ ✐♥✈❡rs♦r❡s r❡♣r❡s❡♥t❛ ✉♠ ❛✈❛♥ç♦ ♥❛

❞✉r❛❜✐❧✐❞❛❞❡ ❞♦ s✐st❡♠❛ ❢♦t♦✈♦❧t❛✐❝♦ ❝♦♠♦ ✉♠ t♦❞♦✱ ❛✉♠❡♥t♦ ❞❛ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❞♦ s✐st❡♠❛ ❡

r❡❞✉çã♦ ❞❡ ❝✉st♦✳

✶✳✷ ▼♦t✐✈❛çã♦

❊st❡ tr❛❜❛❧❤♦ t❡♠ ❝♦♠♦ ♠♦t✐✈❛çã♦ ❛ ♠❡❧❤♦r✐❛ ❞❛ ✈✐❞❛ ❞♦ ♣r♦❞✉t♦r r✉r❛❧ ❛ ♣❛rt✐r ❞♦ ❛✈❛♥ç♦

t❡❝♥♦❧ó❣✐❝♦ ❞❡ s✐st❡♠❛s ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ❝❛♣❛③❡s ❞❡ s✉♣r✐r ❛s ♥❡❝❡ss✐❞❛❞❡s ❞♦ ❝❛♠♣♦✳ ❖

❡st❛❞♦ ❞❛ P❛r❛í❜❛✱ ♣♦r ❡①❡♠♣❧♦✱ s♦❢r❡✱ ❝♦♥st❛♥t❡♠❡♥t❡✱ ❞❛ ❢❛❧t❛ ❞❡ á❣✉❛ ❡ ❞✐s♣♦♥✐❜✐❧✐❞❛❞❡ ❞❡

❡♥❡r❣✐❛ ❡❧étr✐❝❛ ❡♠ ❛❧❣✉♠❛s r❡❣✐õ❡s r❡♠♦t❛s✳ ❉❡ss❡ ♠♦❞♦✱ ❛♣r♦✈❡✐t❛r✲s❡ ❞❛ ❡♥❡r❣✐❛ ❢♦r♥❡❝✐❞❛

♣❡❧♦ s♦❧ é ✉♠❛ ❛❧t❡r♥❛t✐✈❛ ✐♥t❡r❡ss❛♥t❡✳ ❖ t❡rr✐tór✐♦ ❞♦ ❡st❛❞♦ é ♠❛r❝❛❞♦ ♣♦r ❛❧t♦s í♥❞✐❝❡s ❞❡

❡♥s♦❧❛çã♦ ❡♠ ❣r❛♥❞❡ ♣❛rt❡ ❞♦ ❞✐❛✱ ❝♦♥st✐t✉✐♥❞♦✲s❡✱ ❛ss✐♠✱ ✉♠ s♦❧♦ ❢ért✐❧ ♣❛r❛ ❛ ✐♠♣❧❡♠❡♥t❛çã♦

❞❡ ❣❡r❛❞♦r❡s ❢♦t♦✈♦❧t❛✐❝♦s✳

❉✐✈❡rs❛s ❝♦♥✜❣✉r❛çõ❡s ❞❡ s✐st❡♠❛s ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ❞✬á❣✉❛ ♣❛r❛ ✐rr✐❣❛çã♦ ✉t✐❧✐③❛♥❞♦

s✐st❡♠❛s ❢♦t♦✈♦❧t❛✐❝♦s s❡ ❡♥❝♦♥tr❛♠ ♥❛ ❧✐t❡r❛t✉r❛✱ ❝♦♠♦ ❥á ❝♦♠❡♥t❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✳ ❆ss✐♠✱

♣r♦♣õ❡✲s❡ ✉♠❛ ♥♦✈❛ t♦♣♦❧♦❣✐❛ ❡✱ ❛ ♣❛rt✐r ❞❛s ❛♥á❧✐s❡s q✉❡ s❡rã♦ r❡❛❧✐③❛❞❛s✱ ❝♦♥❝❧✉✐r✲s❡✲á s❡

❛ ♠❡s♠❛ ❛♣r❡s❡♥t❛ ✈❛♥t❛❣❡♥s q✉❡ ❝♦♠♣❡♥s❡♠ ❛ s✉❛ ❛❝❡✐t❛çã♦✳

✶✳✸ ❖❜❥❡t✐✈♦

❊st❡ tr❛❜❛❧❤♦ t❡♠ ❝♦♠♦ ♦❜❥❡t✐✈♦ ♣r♦♣♦r ❞✉❛s ♥♦✈❛s t♦♣♦❧♦❣✐❛s ❞❡ ❝♦♥✈❡rs♦r❡s ❢♦t♦✈♦❧t❛✐❝♦s

♣❛r❛ ❛♣❧✐❝❛çã♦ ❡♠ ❜♦♠❜❡❛♠❡♥t♦ ❤✐❞rá✉❧✐❝♦✳ ❊ss❛s ❝♦♥✜❣✉r❛çõ❡s ❡❧✐♠✐♥❛♠ ♦s ❝❛♣❛❝✐t♦r❡s

❡❧❡tr♦❧ít✐❝♦s ✉s✉❛❧♠❡♥t❡ ✉t✐❧✐③❛❞♦s ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❞♦ ❝♦♥✈❡rs♦r ❈❈✴❈❆ ❡ ❛♣r❡s❡♥t❛♠

♠♦❞✉❧❛çõ❡s r❡❧❛t✐✈❛♠❡♥t❡ s✐♠♣❧❡s ❞❡ s❡r❡♠ ✐♠♣❧❡♠❡♥t❛❞❛s✳ ❖s ♣❛râ♠❡tr♦s ❞❡ ♣r♦❥❡t♦ ❞❡ss❡s

❝♦♥✈❡rs♦r❡s sã♦✿



■◆❚❘❖❉❯➬➹❖ ✼

• P♦tê♥❝✐❛ ❞❡ s❛í❞❛✿ ✷✱✷ ❦❲ ✭✸❍P✮❀

• ❚❡♥sã♦ ❞❡ ❡♥tr❛❞❛✿ ✼✵ ✲ ✾✷ ❱❀

• ❈♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ♠á①✐♠❛✿ ✸✶✱✺ ❆❀

• ❚❡♥sã♦ ❞❡ s❛í❞❛✿ ✷✷✵ ❱ ❘▼❙✭❢❛s❡✮❀

• ❋r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞❡ ♦♣❡r❛çã♦✿ ✹✵ ❦❍③✳

❈♦♠♦ ❥á ✐❧✉str❛❞♦ ♥❛ ❋✐❣✳ ✶✳✶✱ ✉♠ s✐st❡♠❛ ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ❢♦t♦✈♦❧t❛✐❝♦ é ❢♦r♠❛❞♦

♣❡❧♦ ❝♦♥❥✉♥t♦ ❞❡ ♣❛✐♥é✐s✱ ❝♦♥✈❡rs♦r ❈❈✴❈❈✱ ❝♦♥✈❡rs♦r ❈❈✴❈❆ ❡ ❝♦♥❥✉♥t♦ ♠♦t♦r✲❜♦♠❜❛✳

Pr❡t❡♥❞❡✲s❡ ♣r♦❥❡t❛r ❝❛❞❛ ✉♠❛ ❞❛s ♣❛rt❡s ❜❛s❡❛♥❞♦✲s❡ ❡♠ ❝♦♥❤❡❝✐♠❡♥t♦s ❞✐ss❡♠✐♥❛❞♦s ♥❛

❧✐t❡r❛t✉r❛✳ ❆ss✐♠✱ ❞❡s❡❥❛✲s❡ ❝♦♥str✉✐r ✉♠ ❝♦♥✈❡rs♦r ❡✜❝✐❡♥t❡✱ ❝♦♠ ♠❛✐♦r ✈✐❞❛ út✐❧ ❡ ❛❧t❛ ❞❡♥✲

s✐❞❛❞❡ ❞❡ ♣♦tê♥❝✐❛✳ ❆ ❛✈❛❧✐❛çã♦ ❞♦ ❝♦♥✈❡rs♦r s❡rá ❢❡✐t❛ ♣♦r ♠❡✐♦ ❞❡ r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çõ❡s

❡ ❡①♣❡r✐♠❡♥t❛✐s✳
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✷✳✶ ■♥tr♦❞✉çã♦

❆ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❞❡ ❝♦♥✈❡rs♦r❡s ❝❤❛✈❡❛❞♦s ❞❡♣❡♥❞❡ ❢♦rt❡♠❡♥t❡ ❞♦s ❝❛♣❛❝✐t♦r❡s ❡❧❡tr♦❧ít✐❝♦s

✉t✐❧✐③❛❞♦s✱ ❞❛❞♦ q✉❡ ❡ss❡s ❝♦♠♣♦♥❡♥t❡s t❡♠ ❞✉r❛çã♦ ❞❡ ✈✐❞❛ ♣❡q✉❡♥❛ ✭❛♣r♦①✐♠❛❞❛♠❡♥t❡

✺✵✳✵✵✵ ❤♦r❛s✮ ❝♦♠♣❛r❛❞❛ ❛♦ ❞❡ ♦✉tr♦s ❝♦♠♣♦♥❡♥t❡s ♣❛ss✐✈♦s ❞♦ s✐st❡♠❛✳ P♦r ✐ss♦✱ ✉♠

✐♥✈❡rs♦r ❢♦t♦✈♦❧t❛✐❝♦ ❝❛♣❛③ ❞❡ ♦♣❡r❛r s❡♠ ❝❛♣❛❝✐t♦r ❡❧❡tr♦❧ít✐❝♦ ❡♠ s❡✉ ❜❛rr❛♠❡♥t♦ ❝♦♥st✐t✉✐

✉♠❛ ✐❞❡✐❛ ✐♥t❡r❡ss❛♥t❡✱ ✈✐st♦ q✉❡ ♦s ♣❛✐♥é✐s ❢♦t♦✈♦❧t❛✐❝♦s ♣♦ss✉❡♠ s✉❛ ✈✐❞❛ út✐❧ ❡st✐♠❛❞❛ ❡♠

✷✺ ❛♥♦s ✭✷✶✾✳✵✾✻ ❤♦r❛s✮✳

❉❡ ❢♦r♠❛ ❛ ❡❧✐♠✐♥❛r ❝❛♣❛❝✐t♦r❡s ❡❧❡tr♦❧ít✐❝♦s ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❞♦ ✐♥✈❡rs♦r✱ é ♥❡❝❡ssár✐♦

❝r✐❛r ✉♠ ♣❡r✜❧ ❞❡ t❡♥sã♦ ♣✉❧s❛❞❛ ♥♦ ❜❛rr❛♠❡♥t♦ ❣❛r❛♥t✐♥❞♦ q✉❡ s❡♠♣r❡ ❤❛❥❛ t❡♥sã♦ ❞✉r❛♥t❡

♦ ♣r♦❝❡ss♦ ❞❡ ❝♦♠✉t❛çã♦ ❞❛s ❝❤❛✈❡s✳ P❛r❛ ❣❡r❛r ♦ ❜❛rr❛♠❡♥t♦ ♣✉❧s❛❞♦✱ ❝♦♥✈❡rs♦r❡s ❈❈✴❈❈

✐s♦❧❛❞♦s ♣♦❞❡♠ s❡r ✉t✐❧✐③❛❞♦s✳ ◆❛ ❋✐❣✳ ✷✳✶ sã♦ ✐❧✉str❛❞❛s ❛❧❣✉♠❛s ❝♦♥✜❣✉r❛çõ❡s ❝❛♣❛③❡s ❞❡

r❡❛❧✐③❛r ❡ss❛ t❛r❡❢❛✳

■♥✈❡rs♦r❡s tr✐❢ás✐❝♦s ❝♦♠ ❜❛rr❛♠❡♥t♦ ♣✉❧s❛❞♦ ❞❡ ❛❧t❛ ❢r❡q✉ê♥❝✐❛ ❥á ❢♦r❛♠ ❡①♣❧♦r❛❞♦s ❡♠

✭❍✉❛♥❣ ❡ ▼❛③✉♠❞❡r✱ ✷✵✵✽✮ ❡ ✭❍✉❛♥❣ ❡ ▼❛③✉♠❞❡r✱ ✷✵✵✾❛✮ ✉t✐❧✐③❛♥❞♦✲s❡ ✉♠❛ ♣♦♥t❡ ❛t✐✈❛ ❞✉❛❧

❝♦♠♦ ❝♦♥✈❡rs♦r ❈❈✴❈❈ ♣✉❧s❛♥t❡✳ ❈♦♥t✉❞♦✱ ❛ ❡str✉t✉r❛ ❛♣r❡s❡♥t❛ ❡str❛té❣✐❛ ❞❡ ♠♦❞✉❧❛çã♦

❝♦♠♣❧❡①❛ ❞❡✈✐❞♦ ❛ ❡s❝♦❧❤❛ ❞❛ ♣♦♥t❡ ❛t✐✈❛ ❞✉❛❧✳ ❆s t♦♣♦❧♦❣✐❛s ❛♣r❡s❡♥t❛❞❛s ❡♠ ✭❍✉❛♥❣ ❡

▼❛③✉♠❞❡r✱ ✷✵✵✾❜✮✱ ✭Pr❛s❛♥♥❛✱ ❘❛t❤♦r❡ ❡ ❈❤❛❦r❛❜♦rt②✱ ✷✵✶✸✮✱ ✭Pr❛s❛♥♥❛ ❡ ❘❛t❤♦r❡✱ ✷✵✶✹✮ ❡

✭❘❛❤♥❛♠❛❡❡ ❡ ▼❛③✉♠❞❡r✱ ✷✵✶✹✮ ✉t✐❧✐③❛♠ ✉♠ ❣r❛♥❞❡ ♥ú♠❡r♦ ❞❡ s❡♠✐❝♦♥❞✉t♦r❡s ✭♥♦ ♠í♥✐♠♦

✽
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❋✐❣✉r❛ ✷✳✶✿ ❈♦♥✈❡rs♦r❡s ❈❈✴❈❈ ✐s♦❧❛❞♦s ♣❛r❛ ❣❡r❛r ♦ ❜❛rr❛♠❡♥t♦ ♣✉❧s❛❞♦✳

✭❛✮ ❋♦r✇❛r❞ ✭❜✮ P✉s❤✲♣✉❧❧

✭❝✮ ▼❡✐❛ ♣♦♥t❡✳ ✭❞✮ P♦♥t❡ ❝♦♠♣❧❡t❛✳

❞❡③❡ss❡✐s ❝❤❛✈❡s✮ ❡ tr❛♥s❢♦r♠❛❞♦r❡s ❞❡ ❛❧t❛ ❢r❡q✉ê♥❝✐❛ ✭♥♦ ♠í♥✐♠♦ ❞♦✐s✮ ❝♦♠♦ ❝♦♥✈❡rs♦r

❈❈✴❈❈ ♣✉❧s❛♥t❡✱ ♦ q✉❡ r❡❞✉③ ❛ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❡ ❝♦♥tr♦❧❛❜✐❧✐❞❛❞❡ ❡ ❛✉♠❡♥t❛ ❛ ❝♦♠♣❧❡①✐❞❛❞❡

❞♦ ❝♦♥✈❡rs♦r ❡ s✉❛ ♠♦❞✉❧❛çã♦✳ ❊♠ ✭▼♦♦♥❡♠ ❡ ❑r✐s❤♥❛s✇❛♠✐✱ ✷✵✶✷✮ sã♦ ✉t✐❧✐③❛❞❛s ❝❤❛✈❡s

❜✐❞✐r❡❝✐♦♥❛✐s ♥♦ ✐♥✈❡rs♦r tr✐❢ás✐❝♦✱ ❛✉♠❡♥t❛♥❞♦ ❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❡ ❞✐♠✐♥✉✐♥❞♦ ❛ ❡✜❝✐ê♥❝✐❛✳ ❊♠

✭❱✐t♦r✐♥♦✱ ❆❧✈❡s✱ ❙✐❧✈❛✱ ❈♦rrê❛ ❡ ❙❛♥t♦s✱ ✷✵✶✼✮ é ♣r♦♣♦st❛ ✉♠❛ ♥♦✈❛ té❝♥✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦

q✉❡ s✐♠♣❧✐✜❝❛ ❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❡ ❛✉♠❡♥t❛ ❛ ❡✜❝✐ê♥❝✐❛ ❞♦ ❝♦♥✈❡rs♦r✳

❊st❡ tr❛❜❛❧❤♦ ♣r♦♣õ❡ ❞✉❛s t♦♣♦❧♦❣✐❛s ❞❡ ✐♥✈❡rs♦r❡s s❡♠ ❝❛♣❛❝✐t♦r ❡❧❡tr♦❧ít✐❝♦ ♥♦ ❜❛rr❛✲

♠❡♥t♦ ❈❈✱ ✉♠❛ ❝♦♠ ❡str✉t✉r❛ s✐♠✐❧❛r ❛♦ ❝♦♥✈❡rs♦r ◆P❈✱ ❛ ♦✉tr❛✱ s✐♠✐❧❛r ❛♦ t✐♣♦✲❚✳ ◆❛s

❋✐❣✉r❛s ✷✳✷ ❡ ✷✳✸ sã♦ ✐❧✉str❛❞❛s ❛s ❝♦♥✜❣✉r❛çõ❡s ❞♦s ❝♦♥✈❡rs♦r❡s ♣r♦♣♦st♦s✳ ❆ ❡①♣❧❛♥❛✲

çã♦ ❞❡t❛❧❤❛❞❛ ❞❛ ♦♣❡r❛çã♦ ❞❡ ❝❛❞❛ t♦♣♦❧♦❣✐❛ s❡rá ❛♣r❡s❡♥t❛❞❛✱ ❜❡♠ ❝♦♠♦ ❛s ❡str❛té❣✐❛s ❞❡

♠♦❞✉❧❛çõ❡s ✐♠♣❧❡♠❡♥t❛❞❛s✳
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❋✐❣✉r❛ ✷✳✷✿ ■♥✈❡rs♦r tr✐❢ás✐❝♦ ◆P❈ ❝♦♠ ❜❛rr❛♠❡♥t♦ ♣✉❧s❛❞♦ ❞❡ ❛❧t❛ ❢r❡q✉ê♥❝✐❛ ♣r♦♣♦st♦✳

Pulsante

Pulsante

❋✐❣✉r❛ ✷✳✸✿ ■♥✈❡rs♦r tr✐❢ás✐❝♦ ❚✐♣♦✲❚ ❝♦♠ ❜❛rr❛♠❡♥t♦ ♣✉❧s❛❞♦ ❞❡ ❛❧t❛ ❢r❡q✉ê♥❝✐❛ ♣r♦♣♦st♦✳

Pulsante

Pulsante

✷✳✷ ❊s❝♦❧❤❛ ❞♦ ❝♦♥✈❡rs♦r ❈❈✴❈❈

❊♠ ✭❆❧✈❡s✱ ✷✵✶✽✮ é r❡❛❧✐③❛❞❛ ✉♠❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ♦s q✉❛tr♦ ❝♦♥✈❡rs♦r❡s ❈❈✴❈❈ ✐s♦❧❛❞♦s

❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✳ ✷✳✶✱ ❡♠ q✉❡ sã♦ ❧❡✈❛❞♦s ❡♠ ❝♦♥s✐❞❡r❛çã♦ ♦ ❞❡s❡♠♣❡♥❤♦ ❞❡ ❝❛❞❛ ✉♠

r❡❧❛t✐✈♦ ❛ ❡str❡ss❡ ❞❡ t❡♥sã♦✱ ❡str❡ss❡ ❞❡ ❝♦rr❡♥t❡✱ ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦✱ ❝❛♣❛❝✐❞❛❞❡ ❞❡

♣r♦❝❡ss❛♠❡♥t♦ ❞❡ ♣♦tê♥❝✐❛ ❡ ❝✉st♦✳ ➱ ♠♦str❛❞♦ q✉❡ ♦ ❝♦♥✈❡rs♦r ♣♦♥t❡ ❝♦♠♣❧❡t❛ ✭❋✐❣✳ ✷✳✶❞✮

❛♣r❡s❡♥t❛ ✈❛♥t❛❣❡♠ ❝♦♠ r❡❧❛çã♦ ❛♦s ♦✉tr♦s✳ ❉❡ss❡ ♠♦❞♦✱ ♣❛r❛ ❡st❡ tr❛❜❛❧❤♦✱ ♦ ❝♦♥✈❡rs♦r

♣♦♥t❡ ❝♦♠♣❧❡t❛ t❛♠❜é♠ s❡rá ✉t✐❧✐③❛❞♦ ❝♦♠♦ ❡stá❣✐♦ ❈❈✴❈❈✳
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✷✳✸ ❖♣❡r❛çã♦ ❞♦ ❝♦♥✈❡rs♦r ◆P❈

➱ ♥❡❝❡ssár✐♦ s✐♥❝r♦♥✐③❛r ♦ ❝❤❛✈❡❛♠❡♥t♦ ❞♦ ✐♥✈❡rs♦r ❝♦♠ ♦s ♣✉❧s♦s ❣❡r❛❞♦s ♣❡❧♦ ❝♦♥✈❡rs♦r

❈❈✴❈❈ ♣❛r❛ ❛❧❝❛♥ç❛r s✉❛ ♦♣❡r❛çã♦ ❝♦rr❡t❛✳ ❏á q✉❡ ♦ ❜❛rr❛♠❡♥t♦ ❈❈ ♥ã♦ ♣♦ss✉✐ ❝❛♣❛❝✐t♦r

❡❧❡tr♦❧ít✐❝♦✱ ♦ s❡✉ ♣❡r✜❧ ❞❡ t❡♥sã♦ é ❞✐t❛❞♦ ♣❡❧♦ ❝♦♥✈❡rs♦r ❈❈✴❈❈ ♣✉❧s❛❞♦✳

◆❛ ❋✐❣✳ ✷✳✹ é ✐❧✉str❛❞♦ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ s✐♥❛❧ P❲▼ ♣❛r❛ ❝❛❞❛ ♣❡r♥❛ ❞♦ ✐♥✈❡rs♦r

◆P❈✳ ❱ê✲s❡ q✉❡ ❤á três r❡❢❡rê♥❝✐❛s s❡♥♦✐❞❛✐s ✉s❛❞❛s ♣❛r❛ ❣❡r❛r ♦s s✐♥❛✐s ❞❡ ♠♦❞✉❧❛çã♦

q11✱ q21✱ q12✱ q22✱ q13✱ q23 ❡ s❡✉s r❡s♣❡❝t✐✈♦s ❝♦♠♣❧❡♠❡♥t❛r❡s✳ ❈♦♠♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥❛

❋✐❣✳ ✷✳✹✱ ❛♣❡♥❛s ✉♠❛ ❝❤❛✈❡ ❞♦ ✐♥✈❡rs♦r é ❝♦♠✉t❛❞❛ ♣♦r ♣❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ✭Ts = 1/fs✮✱

❡♥q✉❛♥t♦ ❛s ♦✉tr❛s ❝❤❛✈❡s ❡stã♦ ❣r❛♠♣❡❛❞❛s ❡♠ ❜❛✐①❛ ♦✉ ❛❧t❛ ✐♠♣❡❞â♥❝✐❛ ✭r❡♣r❡s❡♥t❛❞♦s

♣❡❧♦ ❜✐♥ár✐♦ ✵ ♦✉ ✶✮✳ ❖♣❡r❛♥❞♦ ❞❡ss❛ ♠❛♥❡✐r❛✱ é ♣♦ssí✈❡❧ r❡❞✉③✐r ❛s ♣❡r❞❛s ♣♦r ❝♦♠✉t❛çã♦✳

❉❡ ♠♦❞♦ ❛ ❢❛❝✐❧✐t❛r ❛ ✈✐s✉❛❧✐③❛çã♦✱ ❛s três r❡❢❡rê♥❝✐❛s s❡♥♦✐❞❛✐s sã♦ ❞✐✈✐❞✐❞❛s ❡♠ s❡✐s s❡t♦r❡s

❛♦ ❧♦♥❣♦ ❞♦ ❡✐①♦ ❞♦ t❡♠♣♦ ❡ ❝❛❞❛ s❡t♦r é ❞✐✈✐❞✐❞♦ ❡♠ ❞✉❛s ♣❛rt❡s✱ ❆ ❡ ❇✱ ❝♦rr❡s♣♦♥❞❡♥t❡s ❛♦s

♣❡rí♦❞♦s ❡♠ q✉❡ ❛ s❡♥ó✐❞❡ ❞❡ r❡❢❡rê♥❝✐❛ ❝♦♠ ✈❛❧♦r ♠é❞✐♦ t❡♠ s❡✉ ✈❛❧♦r ♣♦s✐t✐✈♦ ♦✉ ♥❡❣❛t✐✈♦✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆ ❧ó❣✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦ é ❣r❛♠♣❡❛r ❡♠ ✶ ❛ ♣❡r♥❛ ❝✉❥❛ r❡❢❡rê♥❝✐❛ s❡♥♦✐❞❛❧

t❡♠ s❡✉ ✈❛❧♦r ♠❛✐♦r q✉❡ ❛s ♦✉tr❛s✱ ❣r❛♠♣❡❛r ❡♠ ✵ ❛ ♣❡r♥❛ ❝✉❥❛ r❡❢❡rê♥❝✐❛ s❡♥♦✐❞❛❧ t❡♠ s❡✉

✈❛❧♦r ♠❡♥♦r q✉❡ ❛s ♦✉tr❛s ❡ ❝♦♠✉t❛r ❛ ♣❡r♥❛ ❝✉❥❛ r❡❢❡rê♥❝✐❛ t❡♠ s❡✉ ✈❛❧♦r ❡♥tr❡ ❛♦ ❞♦s

♦✉tr❛s✳ ❙❡ ❛ s❡♥♦✐❞❡ ❝♦♠ ✈❛❧♦r ♠é❞✐♦ é ♣♦s✐t✐✈❛ ✭♣❛rt❡ ❆✮ ♦ ♣r✐♠❡✐r♦ ♣❛r ❞❡ ❝❤❛✈❡s ✭q✉❡

r❡❝❡❜❡♠ ♦s s✐♥❛✐s q1j ❡ q1j ❝♦♠ j = ✶✱ ✷✱ ✸✮ ❞❛ ♣❡r♥❛ sã♦ ❝♦♠✉t❛❞❛s ❡ ♦ s❡❣✉♥❞♦ ♣❛r ✭q✉❡

r❡❝❡❜❡♠ ♦s s✐♥❛✐s q2j ❡ q2j ❝♦♠ j = ✶✱ ✷✱ ✸✮ é ❣r❛♠♣❡❛❞♦ ❡♠ ✶❀ ❝❛s♦ ❝♦♥trár✐♦✱ ♦ s❡❣✉♥❞♦ ♣❛r

❞❡ ❝❤❛✈❡s ❝♦♠✉t❛ ❡ ♦ ♣r✐♠❡r♦ é ❣r❛♠♣❡❛❞♦ ❡♠ ✵✳

❆ ❚❛❜❡❧❛ ✷✳✶ ♠♦str❛ ♦s ❡st❛❞♦s ♣♦ssí✈❡✐s ❞♦s s✐♥❛✐s ❞❡ ❛❝✐♦♥❛♠❡♥t♦ ❞❛s ❝❤❛✈❡s ❞❛s

♣❡r♥❛s ❞♦ ✐♥✈❡rs♦r✱ ❡♠ q✉❡ mj ✭j = ✶✱ ✷✱ ✸✮ r❡♣r❡s❡♥t❛ ♦ s✐♥❛❧ ❞❡ ♠♦❞✉❧❛çã♦ r❡s✉❧t❛♥t❡

❞❛ ❝♦♠♣❛r❛çã♦ ❞❛ t❡♥sã♦ ❞❡ ❢❛s❡ ❞❡ r❡❢❡rê♥❝✐❛ v∗j ❝♦♠ ❛s ♣♦rt❛❞♦r❛s vtri1 ❡ vtri2 ✱ ♣❛r❛ ✉♠❛

♠♦❞✉❧❛çã♦✱ ❝✉❥❛s ♦♥❞❛s tr✐❛♥❣✉❧❛r❡s sã♦ ❞❡✜♥✐❞❛s ❝♦♠♦

vtri1 = Vtri
t

Ts/2
❡ vtri2 = Vtri

t

Ts/2
− Vtri, ♣❛r❛ 0 < t < Ts/2.

❝♦♠ ❛s r❡❢❡rê♥❝✐❛s s❡♥♦✐❞❛✐s✱

v∗1 = Vm sin(ωt)✱ ✭✷✳✶✮

v∗2 = Vm sin(ωt− 2π/3) ✭✷✳✷✮
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1

9π42π7π/43π/25π/4π3π/4π/2π/40

Sector

v∗3v∗1

II III IV VI

v∗2

BA B A A B B A
VI
ABA B

❡

v∗3 = Vm sin(ωt+ 2π/3) ✭✷✳✸✮

❡♠ q✉❡ Vm = maVtri ❡ ma é ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞❡ ❛♠♣❧✐t✉❞❡✳

✷✳✸✳✶ ❊str❛té❣✐❛s ❞❡ ♠♦❞✉❧❛çã♦

❆s ❡str❛té❣✐❛s ❞❡ ♠♦❞✉❧❛çã♦ ❜❛s❡❛❞❛s ♥❛s ▲❡✈❡❧✲❙❤✐❢t❡❞ P❲▼ ❡ ▲❡✈❡❧✲❙❤✐❢t❡❞ ❖♣♣♦s✐t❡ P❲▼

♣❛r❛ ♦ ❙❡t♦r ■■✱ ✈✐st♦ ♥❛ ❋✐❣✳ ✷✳✹✱ sã♦ ♠♦str❛❞❛s ♥❛s ❋✐❣s✳ ✷✳✺❛ ❡ ✷✳✺❜ ✭✈❡r♠❡❧❤♦ ❝♦♥tí♥✉♦

♣❛r❛ v∗2 > 0 ❡ ✈❡r♠❡❧❤♦ tr❛❝❡❥❛❞♦ ♣❛r❛ v∗2 < 0✮✳ ➱ ♣♦ssí✈❡❧ ✈❡r ♦s s✐♥❛✐s ❞❡ ❛❝✐♦♥❛♠❡♥t♦ ❞❛s

❝❤❛✈❡s q11✱ q21✱ q12✱ q22✱ q13✱ q23 ❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛s t❡♥sõ❡s ♣✉❧s❛❞♦s ♥♦ ❜❛rr❛♠❡♥t♦ qlink1

❡ qlink2 ✳

❖s ♣❡rí♦❞♦s ❞♦s s✐♥❛✐s q1j ❡ q2j✱ r❡♣r❡s❡♥t❛❞♦s ♣♦r t1j ❡ t2j✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ sã♦ ❡s❝r✐t♦s
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❙❡t♦r q11 q21 q12 q22 q13 q23

■
❆ ✶ ✶ ✵ ✵ m ✶
❇ ✶ ✶ ✵ ✵ ✵ m

■■
❇ ✶ ✶ ✵ m ✵ ✵
❆ ✶ ✶ m ✶ ✵ ✵

■■■
❆ m ✶ ✶ ✶ ✵ ✵
❇ ✵ m ✶ ✶ ✵ ✵

■❱
❇ ✵ ✵ ✶ ✶ ✵ m
❆ ✵ ✵ ✶ ✶ m ✵

❱
❆ ✵ ✵ m ✶ ✶ ✶
❇ ✵ ✵ ✵ m ✶ ✶

❱■
❇ ✵ m ✵ ✵ ✶ ✶
❆ m ✶ ✵ ✵ ✶ ✶

❋✐❣✉r❛ ✷✳✺✿ ●❡r❛çã♦ ❞♦ s✐♥❛❧ P❲▼ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ◆P❈ ♣r♦♣♦st♦ ♥♦ s❡t♦r ■■✳

✭❛✮ ❊str❛té❣✐❛ ❜❛s❡❛❞❛ ♥❛ ▲❙✲P❲▼✳ ✭❜✮ ❊str❛té❣✐❛ ❜❛s❡❛❞❛ ♥❛ ▲❙❖✲P❲▼✳

❝♦♠♦
Vtri

Ts/2
=

vj
t1j/2

→ t1j =

(

vj
Vtri

)

Ts ✭✷✳✹✮
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−Vtri

Ts/2
=

−Vtri − vj
t2j/2

→ t2j =

(

1 +
vj
Vtri

)

Ts ✭✷✳✺✮

❡♠ q✉❡ j =✶✱ ✷✱ ✸✳

❈♦♠♦ ✈✐st❛s ♥❛s ❋✐❣s✳ ✷✳✹ ❡ ✷✳✺✱ ❛s t❡♥sõ❡s ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❞❡✈❡♠ ❛♣r❡s❡♥t❛r ♣❛❞rõ❡s

s❡♠❡❧❤❛♥t❡s ❛♦s ✐❧✉str❛❞♦s ♣♦r qlink1 ❡ qlink2 ✳ P❛r❛ ❞❡t❡r♠✐♥❛r s❡✉s t❡♠♣♦s ❞❡ ❝♦♥❞✉çã♦✱ ❡

❝♦♥s❡q✉❡♥t❡ ❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦✱ ❛ ❋✐❣✳ ✷✳✻ ❞❡✈❡ s❡r ❛♥❛❧✐s❛❞❛ ✭❛♣❡♥❛s é ❡①♣❧✐❝✐t❛❞❛ ❛ s✐t✉❛çã♦

♣❛r❛ ❛ ♠♦❞✉❧❛çã♦ ❜❛s❡❛❞❛ ♥❛ ▲❙✲P❲▼✱ s❡♥❞♦ ♦ ❝❛s♦ ♣❛r❛ ❛ ♠♦❞✉❧❛çã♦ ❜❛s❡❛❞❛ ♥❛ ▲❙❖✲

P❲▼ ❝♦♠ ❝♦♠♣♦rt❛♠❡♥t♦ s❡♠❡❧❤❛♥t❡✮ ♦♥❞❡ ❛ ♠❡♥♦r ❡ ♠❛✐♦r t❡♥sõ❡s sã♦ ❞❛❞❛s ♣♦r

vmax = ▼❆❳{v∗1, v∗2, v∗3} ❡ vmin = ▼■◆{v∗1, v∗2, v∗3}

❖s t❡♠♣♦s ❞❡✜♥✐❞♦s ♣❡❧❛ ❝♦♠♣❛r❛çã♦ ❞❡ vmax ❡ vmin ❝♦♠ ❛s ♣♦rt❛❞♦r❛s vtri1 ❡ vtri2 ✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✱ sã♦✿
vmax

tmax

=
Vtri

Ts/2
→ tmax =

(

vmax

Vtri

)

Ts

2
✭✷✳✻✮

−Vtri − vmin

tmin

=
−Vtri

Ts/2
→ tmin =

(

1 +
vmin

Vtri

)

Ts

2
✭✷✳✼✮

❋✐❣✉r❛ ✷✳✻✿ ●❡r❛çã♦ ❞♦ s✐♥❛❧ ❞❡ ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ ♣❛r❛ ♦ ❜❛rr❛♠❡♥t♦ ♣✉❧s❛❞♦ ❞♦ ❝♦♥✈❡rs♦r
◆P❈ ♣r♦♣♦st♦✳
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❖s ❝✐❝❧♦s ❞❡ tr❛❜❛❧❤♦ ♣❛r❛ ❛s t❡♥sõ❡s ❞❡ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r ❈❈✴❈❈ ♣✉❧s❛♥t❡ sã♦ ❞❡✜♥✐❞♦s

❝♦♠♦
tlink1
2

= tmax =

(

vmax

Vtri

)

Ts

2
→ Dlink1 =

vmax

Vtri

✭✷✳✽✮

tlink2
2

=
Ts

2
− tmin =

Ts

2
−
(

1 +
vmin

Vtri

)

Ts

2
→ Dlink2 = −vmin

Vtri

✭✷✳✾✮

❡♠ q✉❡ Dlink1 = tlink1/Ts ❡ Dlink2 = tlink2/Ts✳ ❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ Dlink1 ❡ Dlink2 ❡♠ ❢✉♥çã♦

❞❛s t❡♥sõ❡s ❞❡ r❡❢❡rê♥❝✐❛ ❈❆ ❡stá ✐❧✉str❛❞♦ ♥❛ ❋✐❣✳ ✷✳✼ ♣❛r❛ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❡ í♥❞✐❝❡ ❞❡

♠♦❞✉❧❛çã♦ ❞❡ ❛♠♣❧✐t✉❞❡✳

❋✐❣✉r❛ ✷✳✼✿ ❈♦♠♣♦rt❛♠❡♥t♦ ❞♦ ❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦ ❞♦s s✐♥❛✐s ♣✉❧s❛❞♦s ❞♦ ❜❛rr❛♠❡♥t♦ ♣❛r❛
❞✐❢❡r❡♥t❡s í♥❞✐❝❡s ❞❡ ♠♦❞✉❧❛çã♦✳

v
∗ j

-1

-0.5

0

0.5

1

ωt (rad)

D
li
n
k
1
,D

li
n
k
2

0

0.2

0.4

0.6

0.8

1

0 π/4 π/2 3π/4 π 5π/4 3π/2 7π/4 2π

v∗3v∗2v∗1

Dlink2Dlink1

ma = 0.6

ma = 0.4

ma = 0.8

ma = 1.0

ma = 0.2

❆ ♠♦❞✉❧❛çã♦ ❛♣r❡s❡♥t❛❞❛ ♣❡r♠✐t❡ ♦ ❝♦rr❡t♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦ ❝♦♥✈❡rs♦r ♣r♦♣♦st♦✳ ◆❛

❋✐❣✳ ✷✳✽ é ✐❧✉str❛❞♦ ♦ ❝✐r❝✉✐t♦ ❞✐❣✐t❛❧ ❝❛♣❛③ ❞❡ ✐♠♣❧❡♠❡♥t❛r ❛ ♠♦❞✉❧❛çã♦ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r✳

❆ ❧ó❣✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦ ♠♦str❛❞❛ ♥❛ ❋✐❣✳ ✷✳✽❛ ❝♦rr❡s♣♦♥❞❡ ❛♦ P❲▼ ❝♦♥✈❡♥❝✐♦♥❛❧ ❝♦♠ ❞❡s✲

❧♦❝❛♠❡♥t♦ ❞❡ ♥í✈❡❧ ♣❛r❛ ❞❡t❡r♠✐♥❛r ♦s s✐♥❛✐s ♠♦❞✉❧❛❞♦s m1j ❡ m2j✳ ❖s ♣❡r✜s ❞❛s t❡♥sõ❡s

♣✉❧s❛❞❛s ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈ sã♦ ❣❡r❛❞♦s ♣❡❧♦ ❝❤❛✈❡❛♠❡♥t♦ ❞♦ ❝♦♥✈❡rs♦r ❈❈✴❈❈ ♣✉❧s❛❞♦

❝♦♠ ♦s s✐♥❛✐s qa✱ qb✱ qa2✱ qb2 ♠♦str❛❞♦s ♥❛ ❋✐❣✳ ✷✳✽❜✳ ❖s s✐♥❛✐s ♣❛r❛ ❛s ❝❤❛✈❡s ❞❛s ♣❡r♥❛s ❞♦

✐♥✈❡rs♦r ◆P❈ sã♦ ❣❡r❛❞♦s ♣❡❧❛ ❧ó❣✐❝❛ ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✳ ✷✳✽❝✳
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❋✐❣✉r❛ ✷✳✽✿ ❈✐r❝✉✐t♦ ❞✐❣✐t❛❧ ♣❛r❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞♦ P❲▼ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ◆P❈ ♣r♦♣♦st♦✳

✭❛✮

a

b

a2

b2

21

22

23

✭❜✮

✭❝✮

✷✳✹ ❖♣❡r❛çã♦ ❞♦ ❝♦♥✈❡rs♦r ❚✐♣♦✲❚

❆ ♦♣❡r❛çã♦ ❞♦ ❝♦♥✈❡rs♦r ❜❛s❡❛❞♦ ♥❛ t♦♣♦❧♦❣✐❛ ❚✐♣♦✲❚ é s❡♠❡❧❤❛♥t❡ ❛♦ ❥á ❛♣r❡s❡♥t❛❞♦ ♣❛r❛ ❛

❜❛s❡❛❞❛ ♥♦ ◆P❈✱ ❝♦♠ ❛❧❣✉♠❛s ♣❡q✉❡♥❛s ♠♦❞✐✜❝❛çõ❡s✳ ❆ ❋✐❣✳ ✷✳✾ ✐❧✉str❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦

❞♦ s✐♥❛❧ P❲▼ ♣❛r❛ ❝❛❞❛ ♣❡r♥❛ ❞♦ ✐♥✈❡rs♦r ❚✐♣♦✲❚✳ ❆s três r❡❢❡rê♥❝✐❛s s❡♥♦✐❞❛✐s sã♦ ✉t✐❧✐✲

③❛❞❛s ♣❛r❛ ❣❡r❛r ♦s s✐♥❛✐s q11✱ q21✱ q12✱ q22✱ q13 ❡ q23 q✉❡ ❛❝✐♦♥❛♠ ❛s ❝❤❛✈❡s ❞❡ ❝❛❞❛ ♣❡r♥❛ ❞♦

✐♥✈❡rs♦r ❡ s✉❛s ❝♦♠♣❧❡♠❡♥t❛r❡s✳ ❈♦♠♦ ♠♦str❛❞♦✱ ❛♣❡♥❛s ✉♠❛ ❝❤❛✈❡ ❞♦ ✐♥✈❡rs♦r é ❝♦♠✉t❛❞❛
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♣♦r ♣❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ ❡♥q✉❛♥t♦ ❛s ♦✉tr❛s ❝❤❛✈❡s sã♦ ❣r❛♠♣❡❛❞❛s ❡♠ ❛❧t❛ ♦✉ ❜❛✐①❛

✐♠♣❡❞â♥❝✐❛ ✭r❡♣r❡s❡♥t❛❞♦s ♣❡❧♦ ❜✐♥ár✐♦ ✵ ♦✉ ✶✮✳ ❉❡ss❡ ♠♦❞♦✱ ❛s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦

sã♦ r❡❞✉③✐❞❛s✳ P❛r❛ ❢❛❝✐❧✐t❛r ❛ ✈✐s✉❛❧✐③❛çã♦✱ ❛s três r❡❢❡rê♥❝✐❛s s❡♥♦✐❞❛✐s sã♦ ❞✐✈✐❞✐❞❛s ❡♠

s❡✐s s❡t♦r❡s ❛♦ ❧♦♥❣♦ ❞♦ ❡✐①♦ ❞♦ t❡♠♣♦ ❡ ❝❛❞❛ s❡t♦r é ❞✐✈✐❞✐❞♦ ❡♠ ❞✉❛s ♣❛rt❡s✱ ❆ ❡ ❇✱ ❝♦r✲

r❡s♣♦♥❞❡♥❞♦ ❛♦s ♣❡rí♦❞♦s q✉❛♥❞♦ ❛ r❡❢❡rê♥❝✐❛ s❡♥♦✐❞❛❧ ❝♦♠ ✈❛❧♦r ♠é❞✐♦ é ♠❛✐♦r ♦✉ ♠❡♥♦r

q✉❡ ✵✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❋✐❣✉r❛ ✷✳✾✿ P❡r✜❧ ❞♦s s✐♥❛✐s ❞❡ ❣❛t✐❧❤♦ ❞❛s ❝❤❛✈❡s ❞♦ ❝♦♥✈❡rs♦r ❚✐♣♦✲❚ ♣r♦♣♦st♦✳

❆ ❚❛❜❡❧❛ ✷✳✷ ♠♦str❛ ♦s ❡st❛❞♦s ❞❛s ❝❤❛✈❡s ♣❛r❛ ❝❛❞❛ s❡t♦r✱ ♦♥❞❡ mj ✭j = ✶✱ ✷✱ ✸✮

r❡♣r❡s❡♥t❛ ♦ s✐♥❛❧ ♠♦❞✉❧❛❞♦ r❡s✉❧t❛♥t❡✱ ♣❛r❛ ✉♠❛ ♠♦❞✉❧❛çã♦ ❝♦♠ ❞❡s❧♦❝❛♠❡♥t♦ ❞❡ ♥í✈❡❧✱ ❞❛

❝♦♠♣❛r❛çã♦ ❞❛ r❡❢❡rê♥❝✐❛ s❡♥♦✐❞❛❧ ❞❡ ✈❛❧♦r ♠é❞✐♦ ❝♦♠ ❛s ♣♦rt❛❞♦r❛s vtri1 ❡ vtri2 ❞❡✜♥✐❞❛s

❝♦♠♦✿

vtri1(t) = Vtri

t

Ts/2
❡ vtri2(t) = −Vtri

t

Ts/2
, ♣❛r❛ 0 < t < Ts/2.
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❚❛❜❡❧❛ ✷✳✷✿ ❊st❛❞♦s ❞❛s ❝❤❛✈❡s ❞♦ ✐♥✈❡rs♦r ❚✐♣♦✲❚ ♣r♦♣♦st♦✳

❙❡t♦r q11 q21 q12 q22 q13 q23

■
❆ ✶ ✵ ✵ ✶ m ✵
❇ ✶ ✵ ✵ ✶ ✵ m

■■
❇ ✶ ✵ ✵ m ✵ ✶
❆ ✶ ✵ m ✵ ✵ ✶

■■■
❆ m ✵ ✶ ✵ ✵ ✶
❇ ✵ m ✶ ✵ ✵ ✶

■❱
❇ ✵ ✶ ✶ ✵ ✵ m
❆ ✵ ✶ ✶ ✵ m ✵

❱
❆ ✵ ✶ m ✵ ✶ ✵
❇ ✵ ✶ ✵ m ✶ ✵

❱■
❇ ✵ m ✵ ✶ ✶ ✵
❆ m ✵ ✵ ✶ ✶ ✵

❝♦♠ ❛s r❡❢❡rê♥❝✐❛s s❡♥♦✐❞❛✐s✱

v∗1 = Vm sin(ωt)✱ v∗2 = Vm sin(ωt− 2π/3) ❡ v∗3 = Vm sin(ωt+ 2π/3)

❡♠ q✉❡ Vm = maVtri ❡ ma é ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞❡ ❛♠♣❧✐t✉❞❡✳

✷✳✹✳✶ ❊str❛té❣✐❛s ❞❡ ♠♦❞✉❧❛çã♦

❆s ❡str❛té❣✐❛s ❞❡ ♠♦❞✉❧❛çã♦ ❜❛s❡❛❞❛s ♥❛s ▲❡✈❡❧✲❙❤✐❢t❡❞ P❲▼ ❡ ▲❡✈❡❧✲❙❤✐❢t❡❞ ❖♣♣♦s✐t❡ P❲▼

♣❛r❛ ♦ ❙❡t♦r ■■✱ ✈✐st♦ ♥❛ ❋✐❣✳ ✷✳✾✱ sã♦ ✐❧✉str❛❞❛s ♥❛s ❋✐❣s✳ ✷✳✶✵❛ ❡ ✷✳✶✵❜ ✭✈❡r♠❡❧❤♦ ❝♦♥tí♥✉♦

♣❛r❛ v∗2 > 0 ❡ ✈❡r♠❡❧❤♦ tr❛❝❡❥❛❞♦ ♣❛r❛ v∗2 < 0✮✳ ➱ ♣♦ssí✈❡❧ ✈❡r ♦s s✐♥❛✐s ❞❡ ❛❝✐♦♥❛♠❡♥t♦ ❞❛s

❝❤❛✈❡s q11✱ q21✱ q12✱ q22✱ q13✱ q23 ❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛s t❡♥sõ❡s ♣✉❧s❛❞❛s ♥♦ ❜❛rr❛♠❡♥t♦ qlink1

❡ qlink2 ✳

❖s ♣❡rí♦❞♦s ❞♦s s✐♥❛✐s q1j ❡ q2j✱ r❡♣r❡s❡♥t❛❞♦s ♣♦r t1j ❡ t2j✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ sã♦ ❡s❝r✐t♦s

❝♦♠♦
Vtri

Ts/2
=

vj
t1j/2

→ t1j =

(

vj
Vtri

)

Ts ✭✷✳✶✵✮

Vtri

Ts/2
=

vj
t2j/2

→ t2j =

(

vj
Vtri

)

Ts ✭✷✳✶✶✮

❡♠ q✉❡ j =✶✱ ✷✱ ✸✳

❈♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ♥❛s ❋✐❣s✳ ✷✳✾ ❡ ✷✳✶✵✱ ❛s t❡♥sõ❡s ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❞❡✈❡♠ ❛♣r❡s❡♥t❛r

♣❛❞rõ❡s s❡♠❡❧❤❛♥t❡s ❛♦s ✐❧✉str❛❞♦s ♣♦r qlink1 ❡ qlink2 ✳ P❛r❛ ❞❡t❡r♠✐♥❛r s❡✉s t❡♠♣♦s ❞❡ ❝♦♥✲



❈❖◆❱❊❘❙❖❘❊❙ P❘❖P❖❙❚❖❙ ✶✾

❋✐❣✉r❛ ✷✳✶✵✿ ●❡r❛çã♦ ❞♦ s✐♥❛✐s P❲▼ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ❚✐♣♦✲❚ ♣r♦♣♦st♦ ♥♦ s❡t♦r ■■✳

✭❛✮ ❊str❛té❣✐❛ ❜❛s❡❛❞❛ ♥❛ ▲❙✲P❲▼✳ ✭❜✮ ❊str❛té❣✐❛ ❜❛s❡❛❞❛ ♥❛ ▲❙❖✲P❲▼✳

❞✉çã♦ ❡ ❝♦♥s❡q✉❡♥t❡ ❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦✱ ❛ ❋✐❣✳ ✷✳✶✶ ❞❡✈❡ s❡r ❛♥❛❧✐s❛❞❛ ✭❛♣❡♥❛s é ❡①♣❧✐❝✐t❛❞❛

❛ s✐t✉❛çã♦ ♣❛r❛ ❛ ♠♦❞✉❧❛çã♦ ❜❛s❡❛❞❛ ♥❛ ▲❙✲P❲▼✱ s❡♥❞♦ ♦ ❝❛s♦ ♣❛r❛ ❛ ♠♦❞✉❧❛çã♦ ❜❛s❡❛❞❛

♥❛ ▲❙❖✲P❲▼ ❝♦♠ ❝♦♠♣♦rt❛♠❡♥t♦ s❡♠❡❧❤❛♥t❡✮ ♦♥❞❡ ❛ ♠❡♥♦r ❡ ♠❛✐♦r t❡♥sõ❡s sã♦ ❞❛❞❛s

♣♦r

vmax = ▼❆❳{v∗1, v∗2, v∗3} ❡ vmin = ▼■◆{v∗1, v∗2, v∗3}

❖s t❡♠♣♦s ❞❡✜♥✐❞♦s ♣❡❧❛ ❝♦♠♣❛r❛çã♦ ❞❡ vmax ❡ vmin ❝♦♠ ❛s ♣♦rt❛❞♦r❛s vtri1 ❡ vtri2 ✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✱ sã♦
vmax

tmax

=
Vtri

Ts/2
→ tmax =

(

vmax

Vtri

)

Ts

2
✭✷✳✶✷✮

vmin

tmin

=
Vtri

Ts/2
→ tmin =

(

vmin

Vtri

)

Ts

2
✭✷✳✶✸✮

❖s ❝✐❝❧♦s ❞❡ tr❛❜❛❧❤♦ ♣❛r❛ ❛s t❡♥sõ❡s ❞❡ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r ❈❈✴❈❈ ♣✉❧s❛♥t❡ sã♦ ❞❡✜♥✐❞❛s

❝♦♠♦
tlink1
2

= tmax =

(

vmax

Vtri

)

Ts

2
→ Dlink1 =

vmax

Vtri

✭✷✳✶✹✮
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❋✐❣✉r❛ ✷✳✶✶✿ ●❡r❛çã♦ ❞♦ s✐♥❛❧ ❞❡ ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ ♣❛r❛ ♦ ❜❛rr❛♠❡♥t♦ ♣✉❧s❛❞♦✳

tlink2
2

= tmin =

(

vmin

Vtri

)

Ts

2
→ Dlink2 =

vmin

Vtri

✭✷✳✶✺✮

❡♠ q✉❡ Dlink1 = tlink1/Ts ❡ Dlink2 = tlink2/Ts✳ ❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ Dlink1 ❡ Dlink2 ❡♠ ❢✉♥çã♦

❞❛s t❡♥sõ❡s ❞❡ r❡❢❡rê♥❝✐❛ ❈❆ é ♠♦str❛❞♦ ♥❛ ❋✐❣✳ ✷✳✶✷ ♣❛r❛ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❡ í♥❞✐❝❡ ❞❡

♠♦❞✉❧❛çã♦✳

❋✐❣✉r❛ ✷✳✶✷✿ ❈♦♠♣♦rt❛♠❡♥t♦ ❞♦ ❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦ ❞♦s s✐♥❛✐s ♣✉❧s❛❞♦s ❞♦ ❜❛rr❛♠❡♥t♦ ♣❛r❛
❞✐❢❡r❡♥t❡s í♥❞✐❝❡s ❞❡ ♠♦❞✉❧❛çã♦✳

v
∗ j

-1

-0.5

0

0.5

1

ωt (rad)

D
li
n
k
1
,D

li
n
k
2

0

0.2

0.4

0.6

0.8

1

0 π/4 π/2 3π/4 π 5π/4 3π/2 7π/4 2π

v∗3v∗2v∗1

Dlink2Dlink1

ma = 0.6

ma = 0.4

ma = 0.8

ma = 1.0

ma = 0.2
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◆❛ ❋✐❣✳ ✷✳✶✸ é ✐❧✉str❛❞♦ ♦ ❝✐r❝✉✐t♦ ❞✐❣✐t❛❧ ❝❛♣❛③ ❞❡ ✐♠♣❧❡♠❡♥t❛r ❛ ♠♦❞✉❧❛çã♦ ♣❛r❛ ♦

❝♦♥✈❡rs♦r ❚✐♣♦✲❚ ♣r♦♣♦st♦✳ ❆ ❧ó❣✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦ ♠♦str❛❞❛ ♥❛ ❋✐❣✳ ✷✳✶✸❛ ❝♦rr❡s♣♦♥❞❡ ❛♦

P❲▼ ❝♦♥✈❡♥❝✐♦♥❛❧ ❝♦♠ ❞❡s❧♦❝❛♠❡♥t♦ ❞❡ ♥í✈❡❧ ♣❛r❛ ❞❡t❡r♠✐♥❛r ♦s s✐♥❛✐s ♠♦❞✉❧❛❞♦s m1j

❡ m2j✳ ❖s ♣❡r✜s ❞❡ t❡♥sã♦ ♣✉❧s❛❞❛s ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈ sã♦ ❣❡r❛❞♦s ♣❡❧♦ ❝❤❛✈❡❛♠❡♥t♦ ❞♦

❝♦♥✈❡rs♦r ❈❈✴❈❈ ♣✉❧s❛❞♦ ❝♦♠ ♦s s✐♥❛✐s qlink1 ❡ qlink2 ♠♦str❛❞♦s ♥❛ ❋✐❣✳ ✷✳✶✸❜✳ ❖s s✐♥❛✐s ♣❛r❛

❛s ❝❤❛✈❡s ❞❛s ♣❡r♥❛s ❞♦ ✐♥✈❡rs♦r t✐♣♦✲❚ sã♦ ❣❡r❛❞♦s ♣❡❧❛ ❧ó❣✐❝❛ ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✳ ✷✳✶✸❝✳

❋✐❣✉r❛ ✷✳✶✸✿ ❈✐r❝✉✐t♦ ❞✐❣✐t❛❧ ♣❛r❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞♦ P❲▼ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ❚✐♣♦✲❚ ♣r♦✲
♣♦st♦✳

✭❛✮

a

b

a2

b2

21

22

23

✭❜✮

✭❝✮
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✷✳✺ ❈✐r❝✉✐t♦s s♥✉❜❜❡rs

❉❡✈✐❞♦ às ✐♥❞✉tâ♥❝✐❛s ❞❡ ❞✐s♣❡rsã♦ ♥♦ s❡❝✉♥❞ár✐♦ ❞♦s tr❛♥s❢♦r♠❛❞♦r❡s ❞❡ ❛❧t❛ ❢r❡q✉ê♥❝✐❛✱

♣✐❝♦s ❞❡ t❡♥sã♦ ♦❝♦rr❡♠ ♥♦ ❜❛rr❛♠❡♥t♦ ❞✉r❛♥t❡ ❛ ❝♦♠✉t❛çã♦ ❞❛s ❝❤❛✈❡s✳ ❉❡ss❡ ♠♦❞♦✱ é

♥❡❝❡ssár✐♦ ✉t✐❧✐③❛r ❝✐r❝✉✐t♦s s♥✉❜❜❡rs ♥♦ s❡❝✉♥❞ár✐♦ ❞❡ ❝❛❞❛ tr❛♥s❢♦r♠❛❞♦r ✭❋✐❣✳ ✷✳✶✹✮ ♣❛r❛

✐♥✐❜✐r ❛ ✐♥✢✉ê♥❝✐❛ ❞♦s ♣✐❝♦s ❞❡ t❡♥sã♦ ♥❛ ♦♣❡r❛çã♦ ❞♦ ❝♦♥✈❡rs♦r✳ ❯♠❛ ❡①♣❧❛♥❛çã♦ ❞❡t❛❧❤❛❞❛

❞♦ ✉s♦ ❞❡ ❝✐r❝✉✐t♦s s♥✉❜❜❡rs ❡♠ ❝♦♥✈❡rs♦r❡s ❝♦♠ ❜❛rr❛♠❡♥t♦ ♣✉❧s❛❞♦ ❞❡ ❛❧t❛ ❢r❡q✉ê♥❝✐❛ ♣♦❞❡

s❡r ✈✐st❛ ❡♠ ✭❑✉♠♠❛r✐✱ ❈❤❛❦r❛❜♦rt② ❡ ❈❤❛tt♦♣❛❞❤②❛②✱ ✷✵✶✽✮✳ ❆s ❝❤❛✈❡s ❞♦s s♥✉❜❜❡rs ✭qs1

❡ qs2✮ sã♦ ❛❝✐♦♥❛❞❛s ✉♠ ♣♦✉❝♦ ❛♥t❡s ❞❛ tr❛♥s✐çã♦ ❞❡ ❡st❛❞♦s ❞❡ q✉❛❧q✉❡r ♦✉tr❛ ❝❤❛✈❡ ❡ ❞❡s❧✐✲

❣❛❞❛s ✉♠ ♣♦✉❝♦ ❞❡♣♦✐s✳ ❉❡st❡ ♠♦❞♦✱ ♦s ❝❛♣❛❝✐t♦r❡s s♥✉❜❜❡rs ❞❡ ❣r❛♠♣❡❛♠❡♥t♦ ✭❝❛♣❛❝✐t♦r❡s

❞❡ ♣♦❧✐♣r♦♣✐❧❡♥♦✱ ♥ã♦ ❡❧❡tr♦❧ít✐❝♦s✮✱ Cs1 ❡ Cs2✱ ❝♦♥s❡❣✉❡♠ ❛r♠❛③❡♥❛r ❛ t❡♥sã♦ ❡①❝❡ss✐✈❛ ♦✉

❢♦r♥❡❝❡r ❛ ❢❛❧t♦s❛✱ ♠❛♥t❡♥❞♦ ❛s t❡♥sõ❡s vlink1 ❡ vlink2 ❝♦♠ s❡✉s ✈❛❧♦r❡s ❝♦rr❡t♦s✳ ◆❛ ❋✐❣✳ ✷✳✶✺

é ♠♦str❛❞❛ ❛ ❧ó❣✐❝❛ ❞❡ ❝♦♠♣❛r❛çã♦ ♣❛r❛ ♦s s✐♥❛✐s ❞❡ ❣❛t✐❧❤♦ ❞❛s ❝❤❛✈❡s qs1 ❡ qs2✱ ♦♥❞❡ ♦ s♥✉❜✲

❜❡r é ❛❝✐♦♥❛❞♦ ❡♠ ❝❛❞❛ tr❛♥s✐çã♦ ❞❡ ❝❤❛✈❡ ❞♦ ❝♦♥✈❡rs♦r✳ ∆vs é ✉♠❛ ❝♦♥st❛♥t❡ ❝♦♠ ✈❛❧♦r

s✉✜❝✐❡♥t❡♠❡♥t❡ ♣❡q✉❡♥♦✱ ❞❡ ♠❛♥❡✐r❛ ❛ ❣❛r❛♥t✐r q✉❡ ❛s ❝❤❛✈❡s ❞♦s s♥✉❜❜❡rs ❡st❡❥❛♠ ❢❡❝❤❛❞❛s

♦✉ ❛❜❡rt❛s ✉♠ ♣♦✉❝♦ ❛♥t❡s ❡ ✉♠ ♣♦✉❝♦ ❞❡♣♦✐s ❞❡ ❝❛❞❛ tr❛♥s✐çã♦ ❞❡ ❝❤❛✈❡ ♥♦ ❝✐r❝✉✐t♦✳ ❖

❝✐r❝✉✐t♦ ♣❛r❛ ❛❝✐♦♥❛♠❡♥t♦ ❞❛s ❝❤❛✈❡s ❞♦s s♥✉❜❜❡rs ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ❋✐❣✳ ✷✳✶✻✳

❋✐❣✉r❛ ✷✳✶✹✿ ❈✐r❝✉✐t♦s s♥✉❜❜❡rs ♣❛r❛ ❡✈✐t❛r ♣✐❝♦s ❞❡ t❡♥sã♦✳

s1

s2

Cs1

Cs2

P❛r❛ ✐❧✉str❛r ❡ss❡ ❢❡♥ô♠❡♥♦✱ ❛s ❋✐❣s✳ ✷✳✶✼ ❡ ✷✳✶✽ ♠♦str❛♠ ❛ tr❛♥s✐çã♦ ❞♦ ❡st❛❞♦ ❞♦ s✐♥❛❧

❞❡ ❣❛t✐❧❤♦ q12 ❞♦ ❡st❛❞♦ ✶ ♣❛r❛ ♦ ✵✱ ❡♥q✉❛♥t♦ ♦s ♦✉tr♦s s✐♥❛✐s sã♦ ♠❛♥t✐❞♦s ❡♠ q11 = 1✱
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❋✐❣✉r❛ ✷✳✶✺✿ ●❡r❛çã♦ ❞♦s s✐♥❛✐s ❞❡ ❣❛t✐❧❤♦ ❞❛s ❝❤❛✈❡s ❞♦s ❝❛♣❛❝✐t♦r❡s s♥✉❜❜❡rs✳

2triv

0

1

1
sT

midle 0v >

1sq

1triv

0

0

1

-1

sT

2sq

(a)

(b)

s
vD

s
vDmidle 0v <

0 t

t

t

t

❋✐❣✉r❛ ✷✳✶✻✿ ❈✐r❝✉✐t♦ ❞✐❣✐t❛❧ ❞❡ ❛❝✐♦♥❛♠❡♥t♦ ❞♦s s♥✉❜❜❡rs✳

+

-

*

1
v

-

+

0

s
T

1-

1s
q

1

0

å
+

+

å
+

-

Middle
*

2
v

*

3
v

s
vD

+

-

-

+

2s
q

1
tri
v

2
tri
v

q21 = 1✱ q22 = 1✱ q13 = 0 ❡ q23 = 0 ✭❛ ♠❡s♠❛ tr❛♥s✐çã♦ ❞❡ ❡st❛❞♦s ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✳ ✷✳✹

♣❛r❛ v∗2 > 0✮✳ ❊♥q✉❛♥t♦ q12 = 1 ✭❋✐❣✳ ✷✳✶✼✮✱ ❛ ❝♦rr❡♥t❡ i1 ✢✉✐ ❛tr❛✈és ❞❛s ❝❤❛✈❡s q11 ❡ q21✱

❛ ❝♦rr❡♥t❡ i2 ❛tr❛✈és ❞❛s ❝❤❛✈❡s q12 ❡ q22 ❡ ❛ ❝♦rr❡♥t❡ i3 ✢✉✐ ❛tr❛✈és ❞❛s ❝❤❛✈❡s q13 ❡ q23✳

◆❡ss❡ ❝❛s♦✱ ilink1 = i1 + i2 ❡ ilink2 = i3✳ ◆♦ ❡①❛t♦ ♠♦♠❡♥t♦ ❡♠ q✉❡ q12 ♠✉❞❛ ❞❡ ✶ ♣❛r❛ ✵

✭❋✐❣✳ ✷✳✶✽✮✱ ilink1 s❡ t♦r♥❛ i1 ♠❛s ❛ ❝♦rr❡♥t❡ ♥❛ ✐♥❞✉tâ♥❝✐❛ ❞❡ ❞✐s♣❡rsã♦ iLK1
♣❡r♠❛♥❡❝❡ i1+i2

✈✐st♦ q✉❡ ✐♥❞✉t♦r❡s ♥ã♦ ♣❡r♠✐t❡♠ ❛ ♠✉❞❛♥ç❛ ❜r✉s❝❛ ❞❡ ❝♦rr❡♥t❡✳ ❉❡♣♦✐s ❞♦ ❡①❛t♦ ♠♦♠❡♥t♦

❞❡ tr❛♥s✐çã♦✱ iLk1 ❞❡✈❡ t♦r♥❛r✲s❡ i1 r❛♣✐❞❛♠❡♥t❡ ❡ ❡ss❛ ♠✉❞❛♥ç❛ ❛❜r✉♣t❛ ♥♦ ✈❛❧♦r ❞❡ ❝♦rr❡♥t❡
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❝❛✉s❛ ♦ ♣✐❝♦ ❞❡ t❡♥sã♦ ♥♦ s❡❝✉♥❞ár✐♦✱ ❥á q✉❡ vLk1 = L
diLk1

dt
✳ P❛r❛ ❡✈✐t❛r ❡ss❡ ✐♥❝♦♥✈❡♥✐❡♥t❡✱ ♦

❝❛♣❛❝✐t♦r s♥✉❜❜❡r ❛❜s♦r✈❡ ❛ ❝♦rr❡♥t❡ ❡①❝❡ss✐✈❛ i2✱ ♠❛♥t❡♥❞♦ vlink1 ❝♦♠ ❛ ❛♠♣❧✐t✉❞❡ ❝♦rr❡t❛✳

❉❡♣♦✐s ❞❡ss❡ tr❛♥s✐❡♥t❡✱ i2 ✢✉✐ ❛tr❛✈és ❞♦ ❞✐♦❞♦ ❡♠ ♣❛r❛❧❡❧♦ ❡ ❞❛ ❝❤❛✈❡ q22 ❝♦♠♦ ♠♦str❛❞♦

♥❛ ❋✐❣✳ ✷✳✶✽✳ Pr♦❝❡ss♦s s✐♠✐❧❛r❡s ❛❝♦♥t❡❝❡♠ ♣❛r❛ ❝❛❞❛ tr❛♥s✐çã♦ ❞❡ ❝❤❛✈❡ ♥♦ ❝✐r❝✉✐t♦✳

❋✐❣✉r❛ ✷✳✶✼✿ ❋❧✉①♦s ❞❛s ❝♦rr❡♥t❡s ♣❛r❛ q11 = 1✱ q21 = 1✱ q12 = 1✱ q22 = 1✱ q13 = 0 ❡ q23 = 0✳

+

+

i
Lk1 i1 i2= +

i
Lk2 i3= 

i
Link1 i1 i2= +

i
Link2 i3= 

n

n

❋✐❣✉r❛ ✷✳✶✽✿ ❋❧✉①♦s ❞❡ ❝♦rr❡♥t❡ ♣❛r❛ q11 = 1✱ q21 = 1✱ q12 = 0✱ q22 = 1✱ q13 = 0 ❡ q23 = 0✳

+

+

i
Lk1 i1 i2= +

i
Lk2 i3=

n

n

i
Link1 i1=

i
Cs1 i1=

i
Link1 i3=



3
❉■▼❊◆❙■❖◆❆▼❊◆❚❖ ❉❖
❚❘❆◆❙❋❖❘▼❆❉❖❘ ❉❊ ❆▲❚❆
❋❘❊◗❯✃◆❈■❆

✸✳✶ ❚r❛♥s❢♦r♠❛❞♦r ✐❞❡❛❧

❈♦♥s✐❞❡r❡ ❞✉❛s ❜♦❜✐♥❛s ❡♥r♦❧❛❞❛s ❡♠ ✉♠ ♥ú❝❧❡♦ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✳ ✸✳✶✳ P❛r❛ ✜♥s ❞❡

❡①♣❧❛♥❛çã♦✱ ❡①❝✐t❛✲s❡ ❛ ❜♦❜✐♥❛ ♣r✐♠ár✐❛ ❝♦♠ t❡♥sã♦ s❡♥♦✐❞❛❧ ❡ ❞❡✐①❛♥❞♦ ❛ s❡❝✉♥❞ár✐❛ ❡♠

❛❜❡rt♦✳

❋✐❣✉r❛ ✸✳✶✿ ❚r❛♥s❢♦r♠❛❞♦r ✐❞❡❛❧✳

V1
+

-

N1 N2

Á

❆ ✐♥❞✉tâ♥❝✐❛ ♥❛ ❜♦❜✐♥❛ ♣r✐♠ár✐❛ é ❞❛❞❛ ♣♦r

Lm =
N2

1

Rm

✭✸✳✶✮

✷✺
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❡♠ q✉❡ N1 é ♦ ♥ú♠❡r♦ ❞❡ ✈♦❧t❛s ❞❛ ❜♦❜✐♥❛ ♣r✐♠ár✐❛ ❡ Rm é ❛ r❡❧✉tâ♥❝✐❛ ❞♦ ♥ú❝❧❡♦✱ ❞❛❞❛

❝♦♠♦

Rm =
lc

µrµ0As

✭✸✳✷✮

♦♥❞❡ lc é ♦ ❝❛♠✐♥❤♦ ♠é❞✐♦ ♠❛❣♥ét✐❝♦ ❛♦ r❡❞♦r ❞❡ ✉♠ ♥ú❝❧❡♦ ❢❡❝❤❛❞♦ ❡ As é ❛ ár❡❛ s❡❝❝✐♦♥❛❧

r❡t❛ ❞♦ ♥ú❝❧❡♦✳

❈♦♠♦ ❛ ❜♦❜✐♥❛ s❡❝✉♥❞ár✐❛ ❡stá ❡♠ ❛❜❡rt♦ ✭s❡♠ ❝❛r❣❛✮✱ é ♣♦ssí✈❡❧ ❡①♣r❡ss❛r ❛ t❡♥sã♦ ♥♦

♣r✐♠ár✐♦✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❧❡✐ ❞❡ ❋❛r❛❞❛② ✿

e1 =
dλ1

dt
= N1

dφ1

dt
✭✸✳✸✮

❡♠ q✉❡ λ1 é ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ✢✉①♦ ❡ φ1 é ♦ ✢✉①♦ ♥❛ ❜♦❜✐♥❛✳

❈♦♥s✐❞❡r❛♥❞♦✲s❡ ❛ ❡♥tr❛❞❛ s❡♥♦✐❞❛❧ ♥♦ ♣r✐♠ár✐♦ ❝♦♠ ❢r❡q✉ê♥❝✐❛ ❢ ✭ω = 2πf✮✱ t❡♠✲s❡ q✉❡

♦ ✢✉①♦ é ❞❛❞♦ ♣♦r

φ(t) = φmaxsin(ωt) ✭✸✳✹✮

❆ss✐♠✱ ❛ t❡♥sã♦ ♥♦ ♣r✐♠ár✐♦ ♣♦❞❡ s❡r t❛♠❜é♠ ❡①♣r❡ss❛ ❝♦♠♦

e1 = N1

dφ

dt
= ωN1φmaxcos(ωt) ✭✸✳✺✮

❆ ❛♠♣❧✐t✉❞❡ ❞❛ ❢♦rç❛ ❡❧❡tr♦♠♦tr✐③ ♥♦ ♣r✐♠ár✐♦ é ❞❛❞❛ ♣♦r

E1max
= 2πfN1φmax ✭✸✳✻✮

❖ ✢✉①♦ ♠❛❣♥ét✐❝♦ ♠á①✐♠♦ ♣♦❞❡ s❡r ❡①♣r❡ss♦ ❡♠ t❡r♠♦s ❞❛ ❞❡♥s✐❞❛❞❡ ❞❡ ✢✉①♦✿

φmax = BmaxAc ✭✸✳✼✮

♦♥❞❡ Bmax é ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ✢✉①♦ ♠á①✐♠❛ ❞❡ ♦♣❡r❛çã♦✳
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P♦r ✜♠✱ t❡♠✲s❡

E1rms
=

E1max√
2

= 4, 44fN1BmaxAs ✭✸✳✽✮

❈♦♠♦ V1rms
= E1rms

✱ ♦❜té♠✲s❡

V1rms
= 4, 44fN1BmaxAs ✭✸✳✾✮

❈♦♥❡❝t❛♥❞♦✲s❡ ❝❛r❣❛ ♥♦ s❡❝✉♥❞ár✐♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r✱ ❝♦♠♦ ♠♦str❛ ❛ ❋✐❣✳ ✸✳✷✱ ♣❡❧❛

❜♦❜✐♥❛ s❡❝✉♥❞ár✐❛ s✉r❣❡ ✉♠ ✢✉①♦ ❞❡ ❝♦rr❡♥t❡ i2✳ ❆ t❡♥sã♦ ♥♦ ♣r✐♠ár✐♦ ♣❡r♠❛♥❡❝❡ ❝♦♠♦

v1 = e1 = N1

dφ

dt
✭✸✳✶✵✮

❋✐❣✉r❛ ✸✳✷✿ ❚r❛♥s❢♦r♠❛❞♦r ✐❞❡❛❧ ❝♦♠ ❝❛r❣❛✳

V1
+

-

N1 N2 V2

+

-

Á

❖ ✢✉①♦ ❝♦♠✉♠ q✉❡ ❧✐❣❛ ❛s ❜♦❜✐♥❛s ❞♦ ♣r✐♠ár✐♦ ❡ s❡❝✉♥❞ár✐♦ ✐♥❞✉③ ✉♠❛ ❢♦rç❛ ❡❧❡tr♦♠♦tr✐③

e2 ♥♦ s❡❝✉♥❞ár✐♦✱ ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ✉♠❛ t❡♥sã♦ v2✱ ❡①♣r❡ss❛s ♣♦r

v2 = e2 = N2
dφ

dt
✭✸✳✶✶✮

❡♠ q✉❡ N2 é ♦ ♥ú♠❡r♦ ❞❡ ✈♦❧t❛s ❞❛ ❜♦❜✐♥❛ s❡❝✉♥❞ár✐❛✳

❆ss✐♠✱ ♣♦❞❡✲s❡ ❡st❛❜❡❧❡❝❡r ❝♦♠♦ r❡❧❛çã♦ ❞❡ tr❛♥s❢♦r♠❛çã♦✿

v1
v2

=
N1

N2

✭✸✳✶✷✮

❊♠ t❡r♠♦s ❞❡ ✈❛❧♦r❡s r♠s ✿
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V1rms

V2rms

=
N1

N2

= a ✭✸✳✶✸✮

P❛r❛ ❡♥❝♦♥tr❛r✲s❡ ❛ r❡❧❛çã♦ ❞❡ tr❛♥s❢♦r♠❛çã♦ ❡♥tr❡ ❛s ❝♦rr❡♥t❡s ♥♦s ❡♥r♦❧❛♠❡♥t♦s ♣r✐✲

♠ár✐♦ ❡ s❡❝✉♥❞ár✐♦✱ ❞❡✈❡✲s❡ ❧❡♠❜r❛r q✉❡ ❛s ❢♦rç❛s ♠❛❣♥❡t♦♠♦tr✐③❡s ✈✐st❛s ♥♦ ♣r✐♠ár✐♦ ❡

s❡❝✉♥❞ár✐♦ sã♦ ❞❛❞❛s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ♣♦r fmm1 = N1I1 ❡ fmm2 = N2I2✳ ❆ ❧❡✐ ❞❡ ❆♠♣❡r❡

♣❡r♠✐t❡ ❛✜r♠❛r q✉❡ ❛ ✐♥t❡❣r❛❧ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛♦ r❡❞♦r ❞❡ ✉♠ ❝✐❝❧♦

❢❡❝❤❛❞♦ q✉❡ ❧✐❣❛ ♦ ♣r✐♠ár✐♦ ❡ s❡❝✉♥❞ár✐♦ é ✐❣✉❛❧ ❛ ❢♦rç❛ ♠❛❣♥❡t♦♠♦tr✐③ ❞❛ r❡❞❡✳ ❆ss✐♠✱

t❡♠✲s❡✱ ♣❡❧❛ r❡❣r❛ ❞❛ ♠ã♦ ❞✐r❡✐t❛✱ ♣❛r❛ ❛ ❋✐❣✳ ✸✳✷✿

Hclc = N1I1 −N2I2 ✭✸✳✶✹✮

❡♠ q✉❡ Hc é ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥♦ ♥ú❝❧❡♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r✳

❖ s✐♥❛❧ ♥❡❣❛t✐✈♦ ❡♠ N2I2 ♦❝♦rr❡ ✈✐st♦ q✉❡ ♦ ✢✉①♦ ♥♦ s❡❝✉♥❞ár✐♦ s❡ ♦♣õ❡ ❛♦ ❞♦ ♣r✐♠ár✐♦✱

❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ r❡❣r❛ ❞❛ ♠ã♦ ❞✐r❡✐t❛✳

❆ ❞❡♥s✐❞❛❞❡ ❞❡ ✢✉①♦ ♥♦ ♥ú❝❧❡♦ é ❞❛❞❛ ♣♦r

Bc = µrµ0Hc ✭✸✳✶✺✮

❖♥❞❡ µr ❡ µ0 sã♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ♠❛❣♥ét✐❝❛ r❡❧❛t✐✈❛ ❡ ❞♦ ❛r✳ ❖ ✢✉①♦ ♥♦

♥ú❝❧❡♦ é

φc = BcAs ✭✸✳✶✻✮

❈♦♠❜✐♥❛♥❞♦✲s❡ ❛s ❡q✉❛çõ❡s ✭✸✳✷✮✱ ✭✸✳✶✹✮✱ ✭✸✳✶✺✮ ❡ ✭✸✳✶✻✮✱ t❡♠✲s❡

N1I1 −N2I2 = φc ×Rc ✭✸✳✶✼✮

❡♠ q✉❡ Rc é ❛ r❡s✐stê♥❝✐❛ ❞♦ ♥ú❝❧❡♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r✳

P❛r❛ ♦ ❝❛s♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r ✐❞❡❛❧✱ ❛ss✉♠❡✲s❡ q✉❡ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ r❡❧❛t✐✈❛ ❞♦ ♥ú❝❧❡♦

é ✐♥✜♥✐t❛ ✭µr → ∞✮✱ ❛ r❡s✐stê♥❝✐❛ ❞❛s ❜♦❜✐♥❛s é ♥✉❧❛ ❡ q✉❡ ♥ã♦ ❤á ♣❡r❞❛s ♥♦ ♥ú❝❧❡♦✳ ❈♦♠

♣❡r♠❡❛❜✐❧✐❞❛❞❡ r❡❧❛t✐✈❛ ✐♥✜♥✐t❛✱ ❛ r❡❧✉tâ♥❝✐❛ ❞♦ ♥ú❝❧❡♦ é ❞❡s♣r❡③í✈❡❧✳ ❆ss✐♠✱ t❡♠✲s❡
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N1I1 −N2I2 = 0 ✭✸✳✶✽✮

❧♦❣♦✱

N1I1 = N2I2 ✭✸✳✶✾✮

❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡✱
I1
I2

=
N2

N1

✭✸✳✷✵✮

❊♠ t❡r♠♦s ❞❡ ✈❛❧♦r❡s r♠s ✿

I1rms

I2rms

=
N2

N1

=
1

a
✭✸✳✷✶✮

✸✳✷ ❚r❛♥s❢♦r♠❛❞♦r ♥ã♦✲✐❞❡❛❧

❊♠ t❡r♠♦s ♣rát✐❝♦s✱ ♦s tr❛♥s❢♦r♠❛❞♦r❡s ❛♣r❡s❡♥t❛♠ ❝♦rr❡♥t❡ ❞❡ ♠❛❣♥❡t✐③❛çã♦✱ r❡s✐stê♥❝✐❛

♥❛s ❜♦❜✐♥❛s ❡ ✢✉①♦ ♠❛❣♥ét✐❝♦ ❞❡ ❞✐s♣❡rsã♦✳ ❆ss✐♠✱ ❛s ❡q✉❛çõ❡s ❛♣r❡s❡♥t❛❞❛s ♣❛r❛ ♦ ❝❛s♦

✐❞❡❛❧ s♦❢r❡♠ ❛❧t❡r❛çõ❡s ❞❡✈✐❞♦ à ✐♥❝❧✉sã♦ ❞❛s ♥ã♦✲✐❞❡❛❧✐❞❛❞❡s✳ ❆ ❋✐❣✳ ✸✳✸ ✐❧✉str❛ ❛ r❡♣r❡s❡♥✲

t❛çã♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r ♥ã♦✲✐❞❡❛❧✳ P❡r❝❡❜❡✲s❡ ❛ ❛❞✐çã♦ ❞❡ ✉♠❛ ✐♥❞✉tâ♥❝✐❛ ❞❡ ♠❛❣♥❡t✐③❛çã♦

Xm q✉❡ r❡♣r❡s❡♥t❛ ♦ ✢✉①♦ ♠❛❣♥ét✐❝♦ ❞❡ ❞✐s♣❡rsã♦✱ ✈✐st♦ q✉❡ ♦ ♥ú❝❧❡♦ r❡❛❧ ♥ã♦ ♣♦ss✉✐ ♣❡r✲

♠❡❛❜✐❧✐❞❛❞❡ ✐♥✜♥✐t❛✳

❋✐❣✉r❛ ✸✳✸✿ ▼♦❞❡❧♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r ♥ã♦ ✐❞❡❛❧ ❛❞✐❝✐♦♥❛♥❞♦✲s❡ ❛ ✐♥❞✉tâ♥❝✐❛ ❞❡ ❞✐s♣❡rsã♦✳

V1 V2 Z

I1I1 I2

IÁIXm

I2
1

❚❡♠✲s❡ ❛ s❡❣✉✐♥t❡ r❡❧❛çã♦ ♣❛r❛ ♦ tr❛♥s❢♦r♠❛❞♦r ♣rát✐❝♦✿

N1I1 −N2I2 = φm ×Rc ✭✸✳✷✷✮

♦♥❞❡ φm é ♦ ✢✉①♦ ♥♦ r❛♠♦ ❞❡ ♠❛❣♥❡t✐③❛çã♦✳
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❆ ❝♦rr❡♥t❡ ♥♦ ♣r✐♠ár✐♦ t❡♠ ❞✉❛s ❝♦♠♣♦♥❡♥t❡s✿ ❛ ❞❡ ♠❛❣♥❡t✐③❛çã♦ Iφ ❡ ❛ r❡✢❡t✐❞❛ ♣❛r❛

♦ s❡❝✉♥❞ár✐♦ I12 ✱ ❞❛❞❛ ♣♦r

I12 =
1

a
I2 ✭✸✳✷✸✮

❆ ❝♦rr❡♥t❡ ❞❡ ♠❛❣♥❡t✐③❛çã♦✱ Iφ✱ ❡st❛❜❡❧❡❝❡ ♦ ✢✉①♦ ♠❛❣♥ét✐❝♦ ♥♦ ♥ú❝❧❡♦ ❡ ❞❡♣❡♥❞❡ ❞❛s

❝❛r❛❝t❡ríst✐❝❛s ❞♦ ♠❡s♠♦✳ ❊ss❛ ❝♦rr❡♥t❡ ♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞❛ ♣♦r ❞✉❛s ❝♦♠♣♦♥❡♥t❡s✿ ✉♠❛

❡♠ ❢❛s❡ ❝♦♠ ❛ t❡♥sã♦ ❛♣❧✐❝❛❞❛ ♣❛r❛ ❛s ♣❡r❞❛s ♥♦ ♥ú❝❧❡♦✱ Ic ❡ ❛ ♦✉tr❛ ❡♠ ❢❛s❡ ❝♦♠ ♦ ✢✉①♦✱

Im✳ ❆ss✐♠✱ ❛❞✐❝✐♦♥❛✲s❡✱ ❡♠ ♣❛r❛❧❡❧♦✱ ✉♠❛ r❡s✐stê♥❝✐❛ Rc✱ q✉❡ r❡♣r❡s❡♥t❛ ❛s ♣❡r❞❛s ♥♦ ♥ú✲

❝❧❡♦✱ à ✐♥❞✉tâ♥❝✐❛ ❞❡ ❞✐s♣❡rsã♦ Xm✳ ❆ ❋✐❣✳ ✸✳✹ ✐❧✉str❛ ❡ss❛ r❡♣r❡s❡♥t❛çã♦ ♠❛✐s r❡❛❧✐st❛ ❞♦

tr❛♥s❢♦r♠❛❞♦r ♣rát✐❝♦✳

❋✐❣✉r❛ ✸✳✹✿ ▼♦❞❡❧♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r ♥ã♦ ✐❞❡❛❧ ❛❞✐❝✐♦♥❛♥❞♦✲s❡ ❛ ✐♥❞✉tâ♥❝✐❛ ❡ r❡s✐stê♥❝✐❛ ❞♦
r❛♠♦ ❞❡ ❞✐s♣❡rsã♦✳

V1 V2 Z

I1I1 I2

IÁI

Xm

I2
1

Rc

ImIIcI

N1 N2

✸✳✷✳✶ ❘❡s✐stê♥❝✐❛ ❞♦s ❡♥r♦❧❛♠❡♥t♦s

❆s r❡s✐stê♥❝✐❛s ❞♦s ❡♥r♦❧❛♠❡♥t♦s sã♦ r❡♣r❡s❡♥t❛❞❛s ♣❡❧❛s r❡s✐stê♥❝✐❛s ❞♦s ✜♦s✱ R1 ❡ R2✱ ♣❛r❛

♦ ♣r✐♠ár✐♦ ❡ s❡❝✉♥❞ár✐♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆ r❡s✐stê♥❝✐❛ ❈❆ ❞❡✈✐❞♦ ❛♦ ✢✉①♦ ♥♦s ❝♦♥❞✉t♦r❡s

é ❞❛❞❛ ♣♦r

Rca = Rcc

[

1 +
( ro
δ
)4

48 + 0, 8( ro
δ
)4

]

✭✸✳✷✹✮

❡♠ q✉❡ δ ❡ ro sã♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❛ ♣r♦❢✉♥❞✐❞❛❞❡ ♣❡❧✐❝✉❧❛r ❡ ♦ r❛✐♦ ❞♦ ❝♦♥❞✉t♦r✳
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✸✳✷✳✷ ❉✐s♣❡rsã♦ ♠❛❣♥ét✐❝❛

❆ ✐♥❞✉tâ♥❝✐❛ ❞❡ ❞✐s♣❡rsã♦ ❡stá r❡❧❛❝✐♦♥❛❞❛ ❝♦♠ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦s ✢✉①♦s ❞❡ ❜♦❜✐♥❛s ❞✐st✐♥✲

t❛s✳ ❙❡ t✐✈❡r♠♦s ✉♠ tr❛♥s❢♦r♠❛❞♦r ❝♦♠ três ❜♦❜✐♥❛s✱ ❛ ❞✐s♣❡rsã♦ ❡♥tr❡ ❛s ❜♦❜✐♥❛s ♣r✐♠ár✐❛

❡ s❡❝✉♥❞ár✐❛ s❡rá ❞✐❢❡r❡♥t❡ ❞❛ ❞✐s♣❡rsã♦ ❡♥tr❡ ❛s ❜♦❜✐♥❛s ♣r✐♠ár✐❛ ❡ t❡r❝✐ár✐❛✱ ♣♦r ❡①❡♠♣❧♦✳

❈♦♥s✐❞❡r❛♥❞♦ ❞✉❛s ❜♦❜✐♥❛s ♥♦ ❛r ❛♣r❡s❡♥t❛❞❛s ♥❛ ❋✐❣✳ ✸✳✺✳ ❆ ♣r✐♠❡✐r❛ é ❛❧✐♠❡♥t❛❞❛ ♣♦r

t❡♥sã♦ s❡♥♦✐❞❛❧✱ r❡s✉❧t❛♥❞♦ ♥✉♠❛ ❝♦rr❡♥t❡ i1 ♣❡r❝♦rr❡♥❞♦ ❛ ❜♦❜✐♥❛✱ ❡♥q✉❛♥t♦ q✉❡ ❛ s❡❣✉♥❞❛

❡stá ❡♠ ❛❜❡rt♦✳ ◆❛ ❋✐❣✳ ✸✳✺ t❛♠❜é♠ ❡stã♦ r❡♣r❡s❡♥t❛❞♦s ♦s ✢✉①♦s ❝♦♠✉♠ ❡♥tr❡ ❛s ❞✉❛s

❜♦❜✐♥❛s ❡ ♦ ❞❡ ❞✐s♣❡rsã♦✳ P♦❞❡ s❡ t❡r ✉♠❛ s✐t✉❛çã♦ ✐♥✈❡rt✐❞❛ ❝♦♠ ❜♦❜✐♥❛ ✷ ❛❧✐♠❡♥t❛❞❛ ♣♦r

t❡♥sã♦ s❡♥♦✐❞❛❧ ❡♥q✉❛♥t♦ ❛ ❜♦❜✐♥❛ ✶ ❡stá ❡♠ ❝✐r❝✉✐t♦ ❛❜❡rt♦✳

❋✐❣✉r❛ ✸✳✺✿ ▼♦❞❡❧♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r ❝♦♠ ❜♦❜✐♥❛s ♥♦ ❛r✳

Primario Secundario

Fluxo
MutuoDispersao~

de
Fluxo

◆♦♠❡❛♥❞♦ φ11 ❡ φ22 ♦s ✢✉①♦s t♦t❛✐s ♥❛s ❜♦❜✐♥❛s ✶ ❡ ✷✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ t❡♠✲s❡ q✉❡✿

φ11 = φl1 + φ12 + φ21 ✭✸✳✷✺✮

❡

φ22 = φl2 + φ12 + φ21✱ ✭✸✳✷✻✮

❡♠ q✉❡ φl1 ❡ φl2 sã♦ ♦s ✢✉①♦s ❞❡ ❞✐s♣❡rsã♦ ❛ss♦❝✐❛❞♦s às ❜♦❜✐♥❛s ✶ ❡ ✷✱ φ12 é ♦ ✢✉①♦ ♠út✉♦

❡♥tr❡ ❛s ❜♦❜✐♥❛s ✶ ❡ ✷ ❝❛✉s❛❞♦ ♣❡❧❛ ❝♦rr❡♥t❡ i2 ❡ φ21 é ♦ ✢✉①♦ ♠út✉♦ ❡♥tr❡ ❛s ❜♦❜✐♥❛s ✶ ❡

✷ ❝❛✉s❛❞♦ ♣❡❧❛ ❝♦rr❡♥t❡ i1✳ ❈❛❞❛ ✢✉①♦ r❡♣r❡s❡♥t❛ ✉♠❛ ✐♥❞✉tâ♥❝✐❛✱ ❡✱ ❛ ♣❛rt✐r ❞❛s ❡q✉❛çõ❡s

❞♦s ✢✉①♦s✱ ❞❡r✐✈❛✲s❡ ❛s ❡①♣r❡ssõ❡s ❞❛s t❡♥sõ❡s ❡♠ ❝❛❞❛ ❜♦❜✐♥❛✿

V1 = [Ll1 + L1]
di1
dt

+M12

di2
dt

✭✸✳✷✼✮
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❡

V2 = [Ll2 + L2]
di2
dt

+M21

di1
dt

✭✸✳✷✽✮

❆s ✐♥❞✉tâ♥❝✐❛s ♣ró♣r✐❛s ❞❛s ❜♦❜✐♥❛s ✶ ❡ ✷✱ ❝♦♥s✐❞❡r❛♥❞♦ ❛s ✐♥❞✉tâ♥❝❛s ♠út✉❛s ✐❣✉❛✐s

M12 = M21 = M ✱ sã♦ ❡①♣r❡ss❛s ♣♦r

L11 = Ll1 + L1 ✭✸✳✷✾✮

❡

L22 = Ll2 + L2 ✭✸✳✸✵✮

❆ ✐♥❞✉tâ♥❝✐❛ ♠út✉❛ é r❛③ã♦ ❞♦ ✢✉①♦ ❧✐❣❛♥❞♦ ✉♠❛ ❜♦❜✐♥❛ ❡♠ ❢✉♥çã♦ ❞❛ ❝♦rr❡♥t❡ ♥❛

♦✉tr❛✱ ❡♥tã♦

L1 =
N1

N2

M ✭✸✳✸✶✮

❡

L2 =
N2

N1

M ✭✸✳✸✷✮

❆ss✐♠✱

M =
√

L1L2 ✭✸✳✸✸✮

❆s ✐♥❞✉tâ♥❝✐❛s ❞❡ ❞✐s♣❡rsã♦ sã♦ ❞❛❞❛s ♣♦r✿

Ll1 = L11 −
N1

N2

M ✭✸✳✸✹✮

❡

Ll2 = L22 −
N2

N1

M ✭✸✳✸✺✮

❉❡✜♥✐♥❞♦

k1 =
L1

L11

= 1− Ll1

L11

✭✸✳✸✻✮

❡

k2 =
L2

L22

= 1− Ll2

L22

✭✸✳✸✼✮

❚❡♠✲s❡✿

k =
√

k1k2 ✭✸✳✸✽✮

❡

M = k
√

L11L22 ✭✸✳✸✾✮
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❡♠ q✉❡ k é ❝❤❛♠❛❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❛❝♦♣❧❛♠❡♥t♦✳ ❖s ❡❢❡✐t♦s ❞❡ ❞✐s♣❡rsã♦ ♥♦ ♣r✐♠ár✐♦ ❡

s❡❝✉♥❞ár✐♦ ♣♦❞❡♠ s❡r r❡♣r❡s❡♥t❛❞♦s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ♣♦r r❡❛tâ♥❝✐❛s ❞❡ ❞✐s♣❡rsã♦ X11 ❡

X12✳

✸✳✷✳✸ ❈✐r❝✉✐t♦ ❡q✉✐✈❛❧❡♥t❡

❖ ♠♦❞❡❧♦ ❞♦ ❝✐r❝✉✐t♦ ❡q✉✐✈❛❧❡♥t❡ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ❋✐❣✳ ✸✳✻✳ ❈♦♠♦ ✈✐st♦✱ ♣❛r❛ ♦ tr❛♥s❢♦r♠❛✲

❞♦r ✐❞❡❛❧✱ t❡♠✲s❡✿

E1

E2

= a ✭✸✳✹✵✮

❋✐❣✉r❛ ✸✳✻✿ ▼♦❞❡❧♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r ♥ã♦ ✐❞❡❛❧ ❛❞✐❝✐♦♥❛♥❞♦✲s❡ ❛s ✐♥❞✉tâ♥❝✐❛s ❞❡ ❞✐s♣❡rsã♦
❞♦s ❧❛❞♦s ♣r✐♠ár✐♦ ❡ s❡❝✉♥❞ár✐♦✳

V1 V2 Z

I1I1 I2
IÁI

Xm

I2
1

Rc

ImIIcI

N1 N2

R1 Xl1

II

R1 X R2 Xl2R X

E2E1

❆ r❡❛tâ♥❝✐❛ ❞❡ ❞✐s♣❡rsã♦✱ r❡s✐stê♥❝✐❛✱ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❛ ❜♦❜✐♥❛ s❡❝✉♥❞ár✐❛ r❡❢❡r✐❞❛ à

♣r✐♠ár✐❛ sã♦ ❞❛❞❛s ♣♦r

X1
l2 = a2Xl2 ✭✸✳✹✶✮

R1
2 = a2R2 ✭✸✳✹✷✮

V 1
2 = aV2 ✭✸✳✹✸✮

I12 =
1

a
I2 ✭✸✳✹✹✮

❆ ❋✐❣✳ ✸✳✼ ♠♦str❛ ♦ ♠♦❞❡❧♦ ❡q✉✐✈❛❧❡♥t❡ ♣❛r❛ ❡st❛s ♥♦✈❛s ❡①♣r❡ssõ❡s✳

❆ss✐♠✱ t❡♠✲s❡ q✉❡ ❛ r❡s✐stê♥❝✐❛ ❡ r❡❛tâ♥❝✐❛ ❞❡ ❞✐s♣❡rsã♦ ❡q✉✐✈❛❧❡♥t❡s sã♦✿

Req = R1 + a2R2 ✭✸✳✹✺✮
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❋✐❣✉r❛ ✸✳✼✿ ▼♦❞❡❧♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r ♥ã♦ ✐❞❡❛❧ ❝♦♠ ♦ s❡❝✉♥❞ár✐♦ r❡❜❛t✐❞♦ ♣❛r❛ ♦ ♣r✐♠ár✐♦✳

V1 V2

I1I1
IÁI

Xm

I2
,

Rc

ImIIcI

R1 Xl1

II

R1 X R2 Xl2R X1 1

1
Z1

❡

Xeq = Xl1 + a2Xl2 ✭✸✳✹✻✮

❆ ♣❛rt✐r ❞❡ss❛s ❡q✉❛çõ❡s ✜♥❛✐s✱ ♦ r❛♠♦ s❤✉♥t ♣♦❞❡ s❡r ♠♦✈✐❞♦ ♣❛r❛ ♦ ❧❛❞♦ ♣r✐♠ár✐♦✱

r❡s✉❧t❛♥❞♦ ♥✉♠❛ ♥♦✈❛ r❡♣r❡s❡♥t❛çã♦ ❞♦ ❝✐r❝✉✐t♦ ❡q✉✐✈❛❧❡♥t❡ ❡①♣♦st♦ ♥❛ ❋✐❣✳ ✸✳✽✳ ❊ss❛ ❛♣r♦✲

①✐♠❛çã♦ ❞❛ ❋✐❣✳ ✸✳✼ ♣♦❞❡ s❡r ❢❡✐t❛✱ ✈✐st♦ q✉❡ Iφ ✈❛r✐❛ ♣♦✉❝♦✳ ❆ ♣❛rt✐r ❞❡ss❛ r❡♣r❡s❡♥t❛çã♦

✜♥❛❧✱ ♦s ❝á❧❝✉❧♦s ❞❡ ❣r❛♥❞❡③❛s ❡❧étr✐❝❛s✱ r❡❣✉❧❛çã♦ ❡ ❡✜❝✐ê♥❝✐❛ ❞♦ tr❛♥s❢♦r♠❛❞♦r sã♦ s✐♠♣❧✐✲

✜❝❛❞♦s✳

❋✐❣✉r❛ ✸✳✽✿ ▼♦❞❡❧♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r ♥ã♦ ✐❞❡❛❧ ❝♦♠ ❛ r❡s✐stê♥❝✐❛ ❡ ✐♥❞✉tâ♥❝✐❛ ❞❡ ❞✐s♣❡rsã♦
❡q✉✐✈❛❧❡♥t❡s✳

V1 V2 Z

I1I1
IÁI

Xm

I2
,

Rc

ImIIcI
II

Req XeqR X1 1

1 1

✸✳✸ ❊q✉❛çõ❡s ❣❡r❛✐s ❞♦ tr❛♥s❢♦r♠❛❞♦r

❊♠ t❡r♠♦s ❞❡ ❡❧❡trô♥✐❝❛ ❞❡ ♣♦tê♥❝✐❛✱ ❛ ❢♦r♠❛ ❞❛ ❡①❝✐t❛çã♦ ♣♦❞❡ ✈❛r✐❛r ❡ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡

♦♣❡r❛çã♦ s❡r ❜❡♠ ♠❛✐♦r q✉❡ ♦ ✉s✉❛❧✳ ■♥✐❝✐❛❧♠❡♥t❡✱ s❡rã♦ ❞❡♠♦♥str❛❞❛s ❛s ❡q✉❛çõ❡s ♣❛r❛

t❡♥sã♦✱ ♣♦tê♥❝✐❛ ❡ ♣❡r❞❛s ❞♦ tr❛♥s❢♦r♠❛❞♦r✳
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✸✳✸✳✶ ❊q✉❛çã♦ ❞❛ t❡♥sã♦

❆ ❧❡✐ ❞❡ ❋❛r❛❞❛② ❢♦r♥❡❝❡ ❛ s❡❣✉✐♥t❡ r❡❧❛çã♦ ♣❛r❛ ❛ t❡♥sã♦ ♥✉♠❛ ❜♦❜✐♥❛✿

v = N
dφ

dt
= NAm

dB

dt
✭✸✳✹✼✮

❡♠ q✉❡ N é ♦ ♥ú♠❡r♦ ❞❡ ❡s♣✐r❛s ❡ Am é ❛ ár❡❛ ❞❛ s❡❝❝✐♦♥❛❧ r❡t❛ ❡❢❡t✐✈❛ ❞♦ ♥ú❝❧❡♦ ♠❛❣♥ét✐❝♦✳

❆ ❋✐❣✳ ✸✳✾ ♠♦str❛ ❛ ❝♦♥✜❣✉r❛çã♦ ✉s✉❛❧ ❞❡ ✉♠ tr❛♥s❢♦r♠❛❞♦r✳ Am ❡ ❛ ár❡❛ s❡❝❝✐♦♥❛❧ r❡t❛

As sã♦ r❡❧❛❝✐♦♥❛❞❛s ♣❡❧♦ ❢❛t♦r ❞❡ ❡♠♣✐❧❤❛♠❡♥t♦ ❞♦ ♥ú❝❧❡♦✱ kf ✭Am = kfAs✮✳

❋✐❣✉r❛ ✸✳✾✿ ◆ú❝❧❡♦ ♠❛❣♥ét✐❝♦✳

As

Cmm

❖ ✈❛❧♦r ♠é❞✐♦ ❞❛ t❡♥sã♦ ❛♣❧✐❝❛❞❛ ❞✉r❛♥t❡ ✉♠ ✐♥t❡r✈❛❧♦ τ ♦♥❞❡ ♦ ✈❛❧♦r ❞❛ ❞❡♥s✐❞❛❞❡ ❞❡

✢✉①♦ ✈❛✐ ❞❡ ③❡r♦ ❛té s❡✉ ♣♦♥t♦ ♠á①✐♠♦ Bmax é ❞❛❞♦ ♣♦r

v =
1

τ

∫ τ

0

v(t)dt =
1

τ
NAm

∫ Bmax

0

dB =
1

τ
NAmBmax ✭✸✳✹✽✮

❉❡✜♥✐♥❞♦ ❝♦♠♦ krms ❛ r❛③ã♦ ❡♥tr❡ ❛ t❡♥sã♦ r♠s ❡ ♦ ✈❛❧♦r ♠é❞✐♦✱ t❡♠✲s❡

krms =
Vrms

v
✭✸✳✹✾✮

❈♦♠❜✐♥❛♥❞♦✲s❡ ❛s ❊qs✳ ✭✸✳✹✾✮ ❡ ✭✸✳✹✽✮✱ t❡♠✲s❡

Vrms =
k
τ

T
fNBmaxAm = KvfNBmaxAm ✭✸✳✺✵✮
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❝♦♠

Kv =
k

τf
✭✸✳✺✶✮

❡♠ q✉❡ T é ♦ ♣❡rí♦❞♦ ❞❡ v(t) ❡ f = 1

T
✳ Kv é ❞❡✜♥✐❞♦ ❝♦♠♦ ♦ ❢❛t♦r ❞❡ ❢♦r♠❛ ❞❡ ♦♥❞❛✳ P❛r❛

✉♠❛ ♦♥❞❛ s❡♥♦✐❞❛❧✱ Kv = 4, 44 ❡ ♣❛r❛ ✉♠❛ ♦♥❞❛ q✉❛❞r❛❞❛ Kv = 4✳

✸✳✸✳✷ ❊q✉❛çã♦ ❞❛ ♣♦tê♥❝✐❛

❆ s♦♠❛ ❞❛s ♣♦tê♥❝✐❛s ❡♠ ❝❛❞❛ ❜♦❜✐♥❛ ❞♦ tr❛♥s❢♦r♠❛❞♦r✱ ♦✉ s❡❥❛✱ ❛ ♣♦tê♥❝✐❛ t♦t❛❧ ♣r♦❝❡ss❛❞❛✱

é ❞❛❞❛ ♣♦r

∑

V A = KvfBmaxAm

n
∑

i=1

NiIi ✭✸✳✺✷✮

❡♠ q✉❡ Ni é ♦ ♥ú♠❡r♦ ❞❡ ✈♦❧t❛s ❞❛ ❜♦❜✐♥❛ i q✉❡ é ♣❡r❝♦rr✐❞❛ ♣❡❧❛ ❝♦rr❡♥t❡ Ii✳

❖ ❢❛t♦r ❞❡ ✉t✐❧✐③❛çã♦ ❞❛ ❥❛♥❡❧❛✱ ku✱ é ❞❡✜♥✐❞♦ ❝♦♠♦ ❛ r❛③ã♦ ❡♥tr❡ ❛s ár❡❛s ❞❛ ❥❛♥❡❧❛

✉t✐❧✐③❛❞♦ ♣❛r❛ ❜♦❜✐♥❛♠❡♥t♦✱ Wc✱ ❡ ❛ t♦t❛❧✱ Wa✿

ku =
Wc

Wa

✭✸✳✺✸✮

❆ ár❡❛ ❞❛ ❥❛♥❡❧❛ ✉t✐❧✐③❛❞❛ ♣❛r❛ ❜♦❜✐♥❛♠❡♥t♦ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ❝♦♠♦

Wc =
n
∑

i=1

NiAwi ✭✸✳✺✹✮

❡♠ q✉❡ Awi é ❛ ár❡❛ ❞❡ ❝♦♥❞✉çã♦ ❞♦ ✜♦ ♥❛ ❜♦❜✐♥❛ i✳ ❙✉❜st✐t✉✐♥❞♦ ❛ ❊q✳ ✭✸✳✺✹✮ ♥❛ ❊q✳

✭✸✳✺✸✮✱ t❡♠✲s❡

ku =

∑n
i=1

NiAwi

Wa

✭✸✳✺✺✮

n
∑

i=1

NiAwi = kuWa ✭✸✳✺✻✮
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✸✳✸✳✸ P❡r❞❛s ♥♦s ❡♥r♦❧❛♠❡♥t♦s

❆s ♣❡r❞❛s ô❤♠✐❝❛s ♥♦s ❡♥r♦❧❛♠❡♥t♦s sã♦ ❞❛❞❛s ♣♦r✿

I2R = ρw
lwi

Awi

I2i = ρw
NiCMM(JoAwi)

2

Awi

✭✸✳✺✼✮

❡♠ q✉❡ ρw é ❛ r❡s✐st✐✈✐❞❛❞❡ ❞♦ ♠❛t❡r✐❛❧ ❞♦ ❝♦♥❞✉t♦r✱ lwi é ♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦ ❝♦♥❞✉t♦r q✉❡

♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ♣❡❧♦ ♣r♦❞✉t♦ ❞♦ ♥ú♠❡r♦ ❞❡ ✈♦❧t❛s ❡ ❞♦ ❝❛♠✐♥❤♦ ♠é❞✐♦ ♠❛❣♥ét✐❝♦ ✭❈▼▼✮✳

❆ ❝♦rr❡♥t❡ ♥♦ ❡♥r♦❧❛♠❡♥t♦ é ❡①♣r❡ss❛ ❡♠ t❡r♠♦s ❞❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❝♦rr❡♥t❡✳ ❆s ♣❡r❞❛s

❡♠ ❝♦♥❞✉t♦r❡s ❞❡ ❝♦❜r❡ sã♦ ❞❛❞❛s ♣♦r

Pcu =
∑

RI2 = ρw

n
∑

i=1

NiCMM(JoAwi)
2

Awi

✭✸✳✺✽✮

❆ ♣❛rt✐r ❞❛ ❊q✳ ✭✸✳✺✺✮ q✉❡ ❡①♣r❡ss❛ ♦ ✈❛❧♦r ❞♦ ❢❛t♦r ❞❡ ✉t✐❧✐③❛çã♦ ❞❛ ❥❛♥❡❧❛✱ ku✱ ❡

❛ss✉♠✐♥❞♦ ♦ ✈♦❧✉♠❡ ❞❡ ❡♥r♦❧❛♠❡♥t♦ Vw = CMM ×Wa✱ t❡♠✲s❡

Pcu = ρwVwkuJ
2
o ✭✸✳✺✾✮

✸✳✸✳✹ P❡r❞❛s ♥♦ ♥ú❝❧❡♦

❆s ♣❡r❞❛s ♥♦ ♥ú❝❧❡♦✱ ❡♠ ❲✴♠3✱ sã♦ ❞❛❞❛s ♣♦r

Pfe = Kcf
αBβ

max ✭✸✳✻✵✮

❡♠ q✉❡ Kc✱ α ❡ β sã♦ ❝♦♥st❛♥t❡s ❞❡♣❡♥❞❡♥t❡s ❞♦ ♠❛t❡r✐❛❧ ❞♦ ♥ú❝❧❡♦✳ ❆s ♣❡r❞❛s ♥♦ ♥ú❝❧❡♦

❣❡r❛❧♠❡♥t❡ ✐♥❝❧✉❡♠ ♣❡r❞❛s ♣♦r ❤✐st❡r❡s❡ ❡ ♣♦r ❝♦rr❡♥t❡s ❞❡ ❋♦✉❝❛✉❧t✳

✸✳✹ Pr♦❥❡t♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r

❊♠ ❡❧❡trô♥✐❝❛ ❞❡ ♣♦tê♥❝✐❛✱ tr❛♥s❢♦r♠❛❞♦r❡s sã♦ ✉t✐❧✐③❛❞♦s ♣❛r❛ ✐s♦❧❛r ❡❧❡tr✐❝❛♠❡♥t❡ ♦ ❝✐r❝✉✐t♦

❧✐❣❛❞♦ ❛♦ ♣r✐♠ár✐♦ ❞♦ ❝♦♥❡❝t❛❞♦ ❛♦ s❡❝✉♥❞ár✐♦✱ ❣❛r❛♥t✐♥❞♦✱ ❞❡ss❡ ♠♦❞♦✱ ♠❛✐♦r ❝♦♥✜❛❜✐❧✐❞❛❞❡

❛♦ s✐st❡♠❛✳ ❆❧é♠ ❞✐ss♦✱ ♦ tr❛♥s❢♦r♠❛❞♦r é ❝❛♣❛③ ❞❡ ❡st❛❜❡❧❡❝❡r ✉♠ ♠❛✐♦r ❡q✉✐❧í❜r✐♦ ❞❡ t❡♥sã♦
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q✉❡ é ❛♣❧✐❝❛❞❛ ♥❛s ❝❤❛✈❡s ❞❡ ♣♦tê♥❝✐❛✳ ❖ ✈♦❧✉♠❡ ❞♦ ♥ú❝❧❡♦ é ✐♥❞✐r❡t❛♠❡♥t❡ ♣r♦♣♦r❝✐♦♥❛❧

à ❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳ P♦r ❡ss❡ ❢❛t♦✱ ❡♠ ♠✉✐t❛s ❛♣❧✐❝❛çõ❡s t♦r♥❛✲s❡ ✈❛♥t❛❥♦s❛ ❛

♦♣❡r❛çã♦ ❝♦♠ ❢r❡q✉ê♥❝✐❛ ❛❧t❛ ♣♦✐s ♦ ✈♦❧✉♠❡ ❞♦ ❝♦♥✈❡rs♦r ❞❡ ♣♦tê♥❝✐❛ é r❡❞✉③✐❞♦✳ ❈❧❛r♦ q✉❡✱

q✉❛♥t♦ ♠❛✐♦r ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ♦♣❡r❛çã♦✱ ♠❛✐♦r❡s ❛s ♣❡r❞❛s✱ ❡✱ ♣♦rt❛♥t♦✱ ❝❛❜❡ ❛♦ ♣r♦❥❡t✐st❛

❞❡✜♥✐r q✉❛✐s ❛s♣❡❝t♦s ♣r✐♦r✐③❛r✳

◆♦ ♣r♦❥❡t♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r✱ ❛❧é♠ ❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❡❧étr✐❝❛s✱ ❞❡✈❡✲s❡ t❡r ❡♠ ♠❡♥t❡ ❛s

♣❡r❞❛s ❣❡r❛❞❛s q✉❡ ♣r♦✈♦❝❛♠ ❛✉♠❡♥t♦ ❞❡ t❡♠♣❡r❛t✉r❛ ♥♦ ♥ú❝❧❡♦✳ ❖ ✈❛❧♦r ✜♥❛❧ ❞❡ t❡♠♣❡✲

r❛t✉r❛ ♣r❡✈✐st♦ ♥ã♦ ❞❡✈❡ ✉❧tr❛♣❛ss❛r ❛s ❝❛♣❛❝✐❞❛❞❡ ❞♦ ♠❛t❡r✐❛❧ ❞♦ ♥ú❝❧❡♦✱ ❝♦♥❤❡❝✐❞❛ ❝♦♠♦

t❡♠♣❡r❛t✉r❛ ❞❡ ❈✉r✐❡✳ ❆ss✐♠✱ ✉♠ ♣r♦❥❡t♦ ót✐♠♦ ❞❡ tr❛♥s❢♦r♠❛❞♦r❡s ❞❡✈❡ ✐♥❝❧✉✐r ❛s ❛♥á❧✐s❡s

❞❡ ❝✐r❝✉✐t♦ ❡❧étr✐❝♦✱ ♠❛❣♥ét✐❝♦ ❡ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❝❛❧♦r✳

❱✐st♦ q✉❡ ♦ ♣r♦♣ós✐t♦ ❡ss❡♥❝✐❛❧ ❞♦s tr❛♥s❢♦r♠❛❞♦r❡s é tr❛♥s❢❡r✐r ❛ ❡♥❡r❣✐❛ r❡❝❡❜✐❞❛ ♥♦

♣r✐♠ár✐♦ ♣❛r❛ ♦ s❡❝✉♥❞ár✐♦ ❛tr❛✈és ❞❡ ✐♥t❡r❛çã♦ ♠❛❣♥ét✐❝❛✱ é ✐♥t❡r❡ss❛♥t❡ q✉❡ ❛s ♣❡r❞❛s

♥❡ss❡ ♣r♦❝❡ss♦ ✭♥♦ ♥ú❝❧❡♦ ❡ ♥♦s ❡♥r♦❧❛♠❡♥t♦s✮ s❡❥❛♠ ♠✐♥✐♠✐③❛❞❛s ❛♦ ♣♦♥t♦ q✉❡ s❛t✐s❢❛ç❛♠

✉♠❛ ❞❡t❡r♠✐♥❛❞❛ ❛♣❧✐❝❛çã♦✳ ❉❡ss❡ ♠♦❞♦✱ ❛ ♦t✐♠✐③❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❥❡t♦ ❞❡✈❡ ❧❡✈❛r ❡♠

❝♦♥t❛✱ t❛♠❜é♠✱ ♦ ❝✉st♦✱ ♣❡s♦ ❡ ✈♦❧✉♠❡ ❞♦ tr❛♥s❢♦r♠❛❞♦r ✜♥❛❧✳

❈♦♠♦ s❡rá ❞❡♠♦♥str❛❞♦ ♣❡❧❛ r❡✈✐sã♦ ❞♦ ♠ét♦❞♦ ❛♣r❡s❡♥t❛❞♦ ❡♠ ✭❍✉r❧❡② ❡ ❲♦❧✢❡✱ ✷✵✶✸✮✱

♦s ♣r✐♥❝✐♣❛✐s ❢❛t♦r❡s q✉❡ ❛❢❡t❛♠ ❛ ♦♣❡r❛çã♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r sã♦ ❛ t❡♠♣❡r❛t✉r❛✱ ❢r❡q✉ê♥❝✐❛

❡❧étr✐❝❛ ❡ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ✢✉①♦✳

✸✳✹✳✶ ❉❡♥s✐❞❛❞❡ ❞❡ ❝♦rr❡♥t❡ ♥♦s ❡♥r♦❧❛♠❡♥t♦s

P❛r❛ ✉♠❛ ❢r❡q✉ê♥❝✐❛ ✜①❛✱ t❡♠✲s❡ q✉❡ ❛s ♣❡r❞❛s t♦t❛✐s ♥♦ tr❛♥s❢♦r♠❛❞♦r sã♦

Pcu + Pfe =
β + 2

β
Pcu ✭✸✳✻✶✮

❡

Pcu + Pfe =
β + 2

β
[ρwVwkuJ

2
o ] = hcAt∆T ✭✸✳✻✷✮

■s♦❧❛♥❞♦✲s❡ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❝♦rr❡♥t❡✱

Jo =

√

(

β

β + 2

hcAt∆T

ρwVwku

)

✭✸✳✻✸✮
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✸✳✹✳✷ ❉❡♥s✐❞❛❞❡ ❞❡ ✢✉①♦ ót✐♠❛

❖ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ót✐♠♦ é ❛❧❝❛♥ç❛❞♦ ♥♦ ♣♦♥t♦ ❆ ❞❛ ❋✐❣✳ ✸✳✶✵✳✱ ❝♦♠ ❞❡♥s✐❞❛❞❡ ❞❡ ✢✉①♦ ♥ã♦

❧✐♠✐t❛❞❛ ♣❡❧❛ s❛t✉r❛çã♦✳ ❉❡ss❡ ♠♦❞♦✱ ❛ ♣❛rt✐r ❞❛ ❊q✉❛çã♦ ♣♦❞❡✲s❡ ❡①tr❛✐r ✉♠❛ ❢ór♠✉❧❛ ♣❛r❛

❛ ár❡❛ ❞❡ ❥❛♥❡❧❛ ❞♦ ♥ú❝❧❡♦ ♥❡❝❡ssár✐❛ ❛ ♣❛rt✐r ❞❛ ♣♦tê♥❝✐❛ ❞❡ s❛í❞❛✱ ❢r❡q✉ê♥❝✐❛ ❡ ❛✉♠❡♥t♦

❞❡ t❡♠♣❡r❛t✉r❛✳ ❚♦♠❛♥❞♦ Bo ❝♦♠♦ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ✢✉①♦ ót✐♠❛ ❡ Jo ❝♦♠♦ ♦ ❝♦rr❡s♣♦♥❞❡♥t❡

✈❛❧♦r ❞❡ ❞❡♥s✐❞❛❞❡ ❞❡ ❝♦rr❡♥t❡✱ t❡♠✲s❡

Ap =

[ √
2 ΣV A

KvfBokfKt

√
ku∆T

]8/7

✭✸✳✻✹✮

♦♥❞❡

Bo =
[hcka∆T ]2/3

22/3[ρwkwku]1/12[kcKcfα]7/12

[

Kvfkfku
ΣV A

]1/6

✭✸✳✻✺✮

❋✐❣✉r❛ ✸✳✶✵✿ P❡r❞❛s ♥♦ ❢❡rr♦ ❡ ♥♦s ❡♥r♦❧❛♠❡♥t♦s ♥ã♦ ❧✐♠✐t❛❞♦s ♣♦r s❛t✉r❛çã♦✳

Bsat

A

P

P

P

fe

cu

Bo
B

P

❈♦♥s✐❞❡r❛♥❞♦ ❛ s❛t✉r❛çã♦ ❞♦ ♥ú❝❧❡♦✱ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛ ❥❛♥❡❧❛ ❞❡✈❡✲s❡ ❧❡✈❛r ❡♠ ❝♦♥s✐❞❡✲

r❛çã♦ ♦ ✈❛❧♦r ❞❡ ❞❡♥s✐❞❛❞❡ ❞♦ ✢✉①♦ ♣❛r❛ ❡st❛ s✐t✉❛çã♦✳ ❉❡ss❡ ♠♦❞♦✱ t❡♠✲s❡

Ap =

[ √
2 ΣV A

KvfBsatkfKt

√
ku∆T

]8/7

✭✸✳✻✻✮

✸✳✹✳✸ ▼❡t♦❞♦❧♦❣✐❛ ❞❡ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦

❖ ✢✉①♦❣r❛♠❛ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✳ ✸✳✶✶ ♠♦str❛ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❡♥❝♦♥✲

tr❛❞❛ ❡♠ ✭❍✉r❧❡② ❡ ❲♦❧✢❡✱ ✷✵✶✸✮✳ ❖ ♥ú♠❡r♦ ❞❡ ✈♦❧t❛s ❞❡ ❝❛❞❛ ❡♥r♦❧❛♠❡♥t♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r

é ❞❛❞♦ ♣♦r
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N =
Vrms

KvfBmaxAm

✭✸✳✻✼✮

♦♥❞❡ Bmax é Bo ♦✉ Bsat✱ ❞❡♣❡♥❞❡♥❞♦ ❞❡ q✉❛❧ ❢♦r ♠❡♥♦r✳

❉❡ss❡ ♠♦❞♦✱ t❡♠✲s❡ q✉❡ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ é ❞❛❞♦ ♣♦r

❊s♣❡❝✐✜❝❛çõ❡s✿

• ❚❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛❀

• ❚❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛❀

• P♦tê♥❝✐❛ ❞❡ s❛í❞❛❀

• ❋r❡q✉ê♥❝✐❛ ❞❡ ♦♣❡r❛çã♦❀

• ▼á①✐♠❛ t❡♠♣❡r❛t✉r❛ ❞♦ ♥ú❝❧❡♦ ♦✉ ❛✉♠❡♥t♦ ❞❡ t❡♠♣❡r❛t✉r❛❀

• ❚❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✳

❙❡❧❡çã♦ ❞♦ ◆ú❝❧❡♦✿

• ▼❛t❡r✐❛❧ ❞♦ ♥ú❝❧❡♦❀

• ❉❡♥s✐❞❛❞❡ ❞❡ ✢✉①♦ ♠á①✐♠❛❀

• Pr♦❞✉t♦ ❞❛ ár❡❛ ❞❛ ❥❛♥❡❧❛ ❞❡ ❡♥r♦❧❛♠❡♥t♦ ❞♦ ♥ú❝❧❡♦✳

❉✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦s ❡♥r♦❧❛♠❡♥t♦s✿

• ◆ú♠❡r♦ ❞❡ ✈♦❧t❛s❀

• ❉❡♥s✐❞❛❞❡ ❞❡ ❝♦rr❡♥t❡❀

• ❙❡❧❡çã♦ ❞♦s ✜♦s✳

❈á❧❝✉❧♦ ❞❛s P❡r❞❛s✿

• P❡r❞❛s ♥♦ ♥ú❝❧❡♦❀
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• P❡r❞❛s ♥♦s ❡♥r♦❧❛♠❡♥t♦s❀

• ❊✜❝✐ê♥❝✐❛✳

❋✐❣✉r❛ ✸✳✶✶✿ ❋❧✉①♦❣r❛♠❛ ❝♦♠ ❛ ♠❡t♦❞♦❧♦❣✐❛ ♣❛r❛ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r ❞❡
❛❧t❛ ❢r❡q✉ê♥❝✐❛✳

Especificações:§VA K f k ¢T, , , ,u

Seleção do material:B , , , ,½ K ® ¯sat c c

Calcular oB

oB <Bsat ?oB <Bsat ?

Calcular pA

Selecionar pA

pA

aW
MLT
m

Calcular piA

Selecionar pA +1

Selecionar pA

pA

aW
MLT

m

Calcular o número de voltas

Calcular oJ

Selecionar os fios

Calcular as perdas nos enrolamentos

Calcular as perdas no núcleo

Calcular as perdas de alta frequência

Calcular a eficiência

Sim Não
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✹✳✶ ❉✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r ❞❡ ❛❧t❛ ❢r❡q✉ê♥✲

❝✐❛

❉❡ ❢♦r♠❛ ❛ ✐s♦❧❛r ♦ ❧❛❞♦ ❈❈ ❞♦ ❈❆ ❞♦ ❝♦♥✈❡rs♦r✱ é ✉t✐❧✐③❛❞♦ ✉♠ tr❛♥s❢♦r♠❛❞♦r ❞❡ ❛❧t❛

❢r❡q✉ê♥❝✐❛ ♣❛r❛ t❛❧ t❛r❡❢❛✳ ❆ ♠❡t♦❞♦❧♦❣✐❛ ♣❛r❛ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦ ♠❡s♠♦ ❢♦✐ ❛♣r❡s❡♥t❛❞❛

♥♦ ❝❛♣ít✉❧♦ ✸✳ ❖s ♣❛râ♠❡tr♦s ❞❡ ♣r♦❥❡t♦ ❞❡ ❝❛❞❛ tr❛♥s❢♦r♠❛❞♦r ❡stã♦ ❧✐st❛❞♦s ♥❛ ❚❛❜❡❧❛ ✹✳✶✳

❚❛❜❡❧❛ ✹✳✶✿ P❛râ♠❡tr♦s ❞❡ ♣r♦❥❡t♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r

P♦tê♥❝✐❛ ❞❡ s❛í❞❛ ✭Ps✮ ✶✳✶❦❲
❚❡♥sã♦ ♥♦ ♣r✐♠ár✐♦ ✭Vin✮ ✽✵ ✲ ✾✷❱

❚❡♥sã♦ ♥♦ s❡❝✉♥❞ár✐♦ ✭Vout✮ ✷✵✵❱
❘❛③ã♦ ❞❡ tr❛♥s❢♦r♠❛çã♦ ✭a✮ ✵✳✹
❋r❡q✉ê♥❝✐❛ ❞❡ ♦♣❡r❛çã♦ ✭f✮ ✹✵❦❍③

❆✉♠❡♥t♦ ❞❡ t❡♠♣❡r❛t✉r❛ ✭Tr✮ ✹✵◦❈
❚❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ✭Ta✮ ✹✵◦❈

❊✜❝✐ê♥❝✐❛ ✭η✮ ✾✵✪
❋❛t♦r ❞❡ ✉t✐❧✐③❛çã♦ ❞❛ ❥❛♥❡❧❛ ✭ku✮ ✹✵✪
▼á①✐♠♦ ❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦ ✭Dmax✮ ✶

❖s ♥ú❝❧❡♦s ❝❛♥❞✐❞❛t♦s s❡rã♦ ❛✈❛❧✐❛❞♦s ♥♦ ❝❛tá❧♦❣♦ ❞❛ ❡♠♣r❡s❛ ❜r❛s✐❧❡✐r❛ ❚❤♦r♥t♦♥✳ Pr❡✲

✈✐❛♠❡♥t❡✱ ❞❡✜♥✐✉✲s❡ ❝♦♠♦ ♠❛t❡r✐❛❧ ❞♦ ♥ú❝❧❡♦ ♦ ❢❡rr✐t❡ ■P✶✷❘ ❝✉❥❛s ✐♥❢♦r♠❛çõ❡s sã♦ ❞✐s♣♦✲

♥✐❜✐❧✐③❛❞❛s ♥♦ ❝❛tá❧♦❣♦ ❞❛ ❚❤♦r♥t♦♥✳ ❈♦♠♦ ♣r✐♠❡✐r♦ ♣❛ss♦✱ ❞❡✜♥✐✉✲s❡ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ✢✉①♦

✹✷



❘❊❙❯▲❚❆❉❖❙ ✹✸

❞❡ s❛t✉r❛çã♦ ♣❛r❛ ✉♠ ♥ú❝❧❡♦ ❝♦♠ ❡ss❡ ♠❛t❡r✐❛❧✱ s❡♥❞♦ Bsat = 0, 4❚✳ ❆ ♣❛rt✐r ❞♦ ❣rá✜❝♦

❞❡ ♣❡r❞❛s ♣♦r ♣♦tê♥❝✐❛ ✈❡rs✉s ❢r❡q✉ê♥❝✐❛ ❞❡ ♦♣❡r❛çã♦ ✭Pp ① f✮✱ ❢♦r♥❡❝✐❞♦ ♥♦ ❝❛tá❧♦❣♦ ❞❛

❚❤♦r♥t♦♥ ♣❛r❛ ♦ ♠❛t❡r✐❛❧ ■P✶✷❘✱ ❢♦✐ ♣♦ssí✈❡❧ ❝❛❧❝✉❧❛r ❛s ❝♦♥st❛♥t❡s α✱ β ❡ Kc ❞♦ ♠❛t❡r✐❛❧✳

P❛r❛ ✐ss♦✱ ♣r✐♠❡✐r❛♠❡♥t❡ ❡s❝♦❧❤❡✲s❡ três ♣♦♥t♦s ❞❡ ♦♣❡r❛çã♦✱ s❡♥❞♦ ❞♦✐s ♣♦♥t♦s ❝♦♠ ♠❡s♠❛

❢r❡q✉ê♥❝✐❛ ❞❡ ♦♣❡r❛çã♦ ❡ ♠❛✐s ♦✉tr♦ q✉❡ t❡♥❤❛ ❛ ♠❡s♠❛ ❞❡♥s✐❞❛❞❡ ❞❡ ✢✉①♦ ❞❡ ♦♣❡r❛çã♦ q✉❡

✉♠ ❞♦s ❞♦✐s ♣♦♥t♦s ❛♥t❡r✐♦r❡s✳ ❖s ♣♦♥t♦s ❡s❝♦❧❤✐❞♦s ❢♦r❛♠

• P1✿ f1 = 10❦❍③✱ Bo1 = 50♠❚ ❡ Pp1 = 0, 2♠❲✴❣❀

• P2✿ f2 = 10❦❍③✱ Bo3 = 200♠❚ ❡ Pp1 = 8♠❲✴❣❀

• P3✿ f2 = 50❦❍③✱ Bo3 = 200♠❚ ❡ Pp1 = 70♠❲✴❣❀

❆ss✐♠✱ t❡♠✲s❡

α =
log(70×4800

8×4800
)

log(50000
10000

)
= 1, 3477

β =
log( 8×4800

0,2×4800
)

log(200×10−3

50×10−3 )
= 2, 661

Kcm =
70× 4000

500001,3477 × (200× 10−3)2,661
= 11, 3091

❆ ♣❛rt✐r ❞❡ss❡s ❞❛❞♦s ❝❛❧❝✉❧❛✲s❡ ♦s ❢❛t♦r❡s ❞❡ ❢♦r♠❛ ❡ ❞❡ ❢♦r♠❛ ❞❡ ♦♥❞❛✿

kff =
Vin

Vin

= 1

kwf = 4/kff = 4

❖s ✈❛❧♦r❡s r♠s ❞❛ ❝♦rr❡♥t❡ ❡ t❡♥sã♦ ♥♦ ♣r✐♠ár✐♦ ❡ s❡❝✉♥❞ár✐♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r sã♦

♦❜t✐❞❛s✱ ❞❡ ♠♦❞♦ q✉❡

Isrms
= Is = Ps/Vs = 1100/200 = 5, 5❆
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Vsrms
= Vs = 200❱

Iprms
= Isrms

/a = 5, 5/0, 4 = 13, 75❆

Vprms
= Vp = 80❱

❆ ♣♦tê♥❝✐❛ t♦t❛❧ ♣r♦❝❡ss❛❞❛ ♣❡❧♦ tr❛♥s❢♦r♠❛❞♦r é ❛ s♦♠❛ ❞❛ ♣♦tê♥❝✐❛ ❞❡ ❡♥tr❛❞❛ ❝♦♠ ❛

❞❡ s❛í❞❛✱ ❧♦❣♦

TV A = Pe + Ps = Ps/η + Ps = 1100/0, 9 + 1100 = 2322❲

❉❡t❡r♠✐♥❛♥❞♦✲s❡ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ✢✉①♦ ❞❡ ♦♣❡r❛çã♦ ❡s♣❡r❛❞❛✿

Bo =
[hcka∆T ]2/3

22/3[ρwkwku]1/12[kcKcfα]7/12

[

Kvfkfku
ΣV A

]1/6

Bo =
(10× 40× 40)2/3

22/3(1, 72× 10−8 × 10× 0, 4)1/12(5, 6× 11, 3091× 400001,3477)7/12

(

4× 40000× 1× 0, 4

2322

)1/6

Bo = 0, 06 ❚

❈♦♠♦ Bo < Bsat✱ ♣♦❞❡✲s❡ ❝♦♥t✐♥✉❛r ♦ ♣r♦❥❡t♦ s❡♠ ♥❡❝❡ss✐❞❛❞❡ ❞❡ r❡❡s❝♦❧❤❛ ❞♦s ♣❛râ✲

♠❡tr♦s✳ ❖ ♣r♦❞✉t♦ ❞❛ ár❡❛ s❡❝❝✐♦♥❛❧ r❡t❛ ❞♦ ♥ú❝❧❡♦ ♣❡❧❛ ár❡❛ ❞❛ ❥❛♥❡❧❛ Ap✱ é ❝❛❧❝✉❧❛❞♦

❝♦♠♦

Ap =

( √
2
∑

V A

KvfBsatkfKt

√
kuTr

)8/7

=

( √
2× 2322

4× 40000× 0, 06× 1× 48200
√
0, 4× 40

)8/7

Ap = 27, 33 ❝♠4

❉❡✈❡✲s❡✱ ❡♥tã♦✱ ❡s❝♦❧❤❡r ✉♠ ♥ú❝❧❡♦ ❝♦♠ Ap ✐❣✉❛❧ ♦✉ ♠❛✐♦r q✉❡ ♦ ✈❛❧♦r ❡♥❝♦♥tr❛❞♦✳

❊s❝♦❧❤❡✉✲s❡ ❞♦✐s ♥ú❝❧❡♦s ◆❊❊✲✻✺✴✸✸✴✷✻ ❞❡ ♠♦❞♦ ❛ ❢♦r♠❛r ✉♠ ♥ú❝❧❡♦ ❊❊✳ ❆ ❚❛❜❡❧❛ ✹ ♠♦str❛

♦s ♣❛râ♠❡tr♦s ❞♦ ♥ú❝❧❡♦ ❡s❝♦❧❤✐❞♦✳

❉❡♣♦✐s ❞❡ ❡s❝♦❧❤✐❞♦ ♦ ♥ú❝❧❡♦✱ ❝❛❧❝✉❧❛✲s❡ ♦ ♥ú♠❡r♦ ❞❡ ❡s♣✐r❛s ♥♦ ♣r✐♠ár✐♦✿
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❚❛❜❡❧❛ ✹✳✷✿ P❛râ♠❡tr♦s ❞♦ ♥ú❝❧❡♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r

➪r❡❛ s❡❝❝✐♦♥❛❧ r❡t❛ ✭As✮ ✺✱✷✶✶❝♠2

➪r❡❛ ❞❛ ❥❛♥❡❧❛ ✭Wa✮ ✶✵✱✾✺✻❝♠2

Pr♦❞✉t♦ As ×Wa ✭Ap✮ ✺✼✱✵✾✶✼❝♠4

▼❛ss❛ ✭m✮ ✸✽✼❣
❈❛♠✐♥❤♦ ♠é❞✐♦ ♣♦r ✈♦❧t❛ ✭CMV ✮ ✾✱✷✻❝♠

❱♦❧✉♠❡ ✭Vc✮ ✶✺✻✱✹❝♠3

Np =

(

Vprms

KwffBoAs

)

× 104 =

(

80

4× 40000× 0, 06× 5, 211

)

× 104 = 16, 7351 ≈ 17

P❛r❛ ♦ ❝á❧❝✉❧♦ ❞♦ ♥ú♠❡r♦ ❞❡ ❡s♣✐r❛s ♥♦ s❡❝✉♥❞ár✐♦✱ ✉t✐❧✐③❛✲s❡ ❛ r❛③ã♦ ❞❡ tr❛♥s❢♦r♠❛çã♦✿

Ns =
Np

a
=

17

0, 4
= 42, 5 ≈ 43

❈❛❧❝✉❧❛♥❞♦✲s❡ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❝♦rr❡♥t❡ ♥♦s ❝♦♥❞✉t♦r❡s✿

Ji = Kt

(

√

Tr

2ku

)(

1

Apn
1/8

)

× 10 = 48200

(
√

40

2× 0, 4

)(

1

57, 09171/8

)

× 10

♦✉ s❡❥❛✱

Ji = 2, 4143× 106❆✴♠2

❈♦♠ ♦ ✈❛❧♦r ❞❡ ❞❡♥s✐❞❛❞❡ ❞❡ ❝♦rr❡♥t❡ ❡♥❝♦♥tr❛❞♦✱ ❝❛❧❝✉❧❛✲s❡ ❛ s❡çã♦ ♠í♥✐♠❛ ❞♦s ❝♦♥❞✉✲

t♦r❡s ♣❛r❛ ♦ ♣r✐♠ár✐♦ ❡ s❡❝✉♥❞ár✐♦✱ ♦❜t❡♥❞♦✲s❡

Ipn =
Ps

ηVe

=
1100

0, 9× 80
= 15, 2778❆

Awp =

(

Ipn
Ji

)

× 106 =

(

15, 2778

2414300

)

× 106 = 6, 328♠♠2

Isn =
Ps

Vs

=
1100

200
= 5, 5❆
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Aws =

(

Isn
Ji

)

× 106 =

(

5, 5

2414300

)

× 106 = 2, 2781♠♠2

❯♠ ✈❛❧♦r ❞❡ ❞❡♥s✐❞❛❞❡ ❞❡ ❝♦rr❡♥t❡ ♠❛✐♦r ♣♦❞❡r✐❛ t❡r s✐❞♦ ❡s❝♦❧❤✐❞♦ ❞❡ ♠♦❞♦ ❛ ❞✐♠✐♥✉✐r ❛

s❡çã♦ ♠í♥✐♠❛ ❞♦s ❝♦♥❞✉t♦r❡s✱ ❝♦♥t✉❞♦✱ ❡ss❛ ❡s❝♦❧❤❛ ❛❝❛rr❡t❛ ❡♠ ♠❛✐s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦✱

❝❛❜❡♥❞♦ ❛♦ ♣r♦❥❡t✐st❛ ❞❡❝✐❞✐r q✉❡ ♣❛râ♠❡tr♦s ♣r✐♦r✐③❛r✳

❆ ❚❛❜❡❧❛ ✹✳✸ r❡s✉♠❡ ♦s ✈❛❧♦r❡s ❝❛❧❝✉❧❛❞♦s ♣❛r❛ ♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r ❞❡

❛❧t❛ ❢r❡q✉ê♥❝✐❛✳

❚❛❜❡❧❛ ✹✳✸✿ ❘❡s✉❧t❛❞♦s ♣❛r❛ ♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r ❞❡ ❛❧t❛ ❢r❡q✉ê♥❝✐❛✳

▼❛t❡r✐❛❧ ❞♦ ♥ú❝❧❡♦ ❋❡rr✐t❡ ■P✶✷❘
❉❡♥s✐❞❛❞❡ ❞❡ ✢✉①♦ ❞❡ s❛t✉r❛çã♦ ✭Bsat✮ ✵✱✹❚
❉❡♥s✐❞❛❞❡ ❞❡ ✢✉①♦ ❞❡ ♦♣❡r❛çã♦ ✭Bo✮ ✵✱✵✻❚

Pr♦❞✉t♦ ❞❛ ár❡❛ ❞❛ ❥❛♥❡❧❛ ♣❡❧❛ ár❡❛ s❡❝❝✐♦♥❛❧ ✭Ap✮ ✷✼✱✸✸❝♠4

◆ú❝❧❡♦s ❡s❝♦❧❤✐❞♦s ✷ ◆❊❊✲✻✺✴✸✸✴✷✻
◆ú♠❡r♦ ❞❡ ✈♦❧t❛s ❞♦ ❡♥r♦❧❛♠❡♥t♦ ♣r✐♠ár✐♦ ✶✼
◆ú♠❡r♦ ❞❡ ✈♦❧t❛s ❞♦ ❡♥r♦❧❛♠❡♥t♦ s❡❝✉♥❞ár✐♦ ✹✸

➪r❡❛ ♠í♥✐♠❛ ❞❛ s❡çã♦ r❡t❛ ❞♦ ❝♦♥❞✉t♦r ♣r✐♠ár✐♦ ✻✱✸✷✽♠♠2

➪r❡❛ ♠í♥✐♠❛ ❞❛ s❡çã♦ r❡t❛ ❞♦ ❝♦♥❞✉t♦r s❡❝✉♥❞ár✐♦ ✷✱✷✼✽✶♠♠2

✹✳✷ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦

✹✳✷✳✶ ❯t✐❧✐③❛♥❞♦ ❢♦♥t❡s ✐❞❡❛✐s

Pr✐♠❡✐r❛♠❡♥t❡✱ s✐♠✉❧❛çõ❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s ❢♦r❛♠ r❡❛❧✐③❛❞❛s ♥♦ s♦❢t✇❛r❡ P♦✇❡r❙✐♠ ♣❛r❛ ❛s

t♦♣♦❧♦❣✐❛s ◆P❈ ❡ ❚✐♣♦✲❚✱ ❝♦♥s✐❞❡r❛♥❞♦ ♦ ❜❛rr❛♠❡♥t♦ tr❛❞✐❝✐♦♥❛❧ ❝♦♠ ❝❛♣❛❝✐t♦r❡s ❡❧❡tr♦❧ít✐✲

❝♦s ❡✱ ❡♠ s❡❣✉♥❞♦ ❝❛s♦✱ ❝♦♠ ♦ ❜❛rr❛♠❡♥t♦ ♣✉❧s❛❞♦ ♣r♦♣♦st♦✳ ❇✉s❝♦✉✲s❡ ❝♦♠♣❛r❛r ❛s ♣❡r❞❛s

❞❡ ❝❤❛✈❡❛♠❡♥t♦ ♥♦s ❡stá❣✐♦s ❈❈✴❈❆✱ ❝♦♥s✐❞❡r❛♥❞♦✲s❡ ♦ ❡stá❣✐♦ ❈❈✴❈❈ ✐❞❡❛❧✳ ❈♦♠♦ ❡①♣❧❛✲

♥❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ é ❡s♣❡r❛❞♦ q✉❡ ❛s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ❝♦♠ ❛ ♠♦❞✉❧❛çã♦ ♣r♦♣♦st❛

♣❛r❛ ♦ ❜❛rr❛♠❡♥t♦ ♣✉❧s❛❞♦ s❡❥❛♠ ♠❡♥♦r❡s q✉❡ ♣❛r❛ ♦ ❝❤❛✈❡❛♠❡♥t♦ tr❛❞✐❝✐♦♥❛❧✳ ❆ ❚❛❜❡❧❛ ✹✳✹

♠♦str❛ ♦s ♣❛râ♠❡tr♦s ❞❡ s✐♠✉❧❛çã♦ ✉t✐❧✐③❛❞♦s✳ P❛r❛ ❛ t♦♣♦❧♦❣✐❛ ◆P❈ ❝♦♠ ❛ ❝❛r❣❛ ❧✐❣❛❞❛ ❡♠

❡str❡❧❛ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♠ó❞✉❧♦s s✐♠✉❧❛❞♦r❡s ❞♦s s❡♠✐❝♦♥❞✉t♦r❡s ❙✐❍P✷✺◆✹✵❉ ❞❛ ❱✐s❤❛②

♣❛r❛ t♦❞❛s ❛s ❝❤❛✈❡s✳ P❛r❛ ❛ ❝❛r❣❛ ❡♠ tr✐â♥❣✉❧♦✱ ❝♦♠ ❛ ♠❡s♠❛ t♦♣♦❧♦❣✐❛✱ ♦s s❡♠✐❝♦♥❞✉t♦✲

r❡s r❡❛✐s s✐♠✉❧❛❞♦s ❢♦r❛♠ ♦s ❆❯■❘❋❙▲✻✺✸✺✲◆❉ ❞❛ ■♥✜♥❡♦♥✳ P❛r❛ ❛ t♦♣♦❧♦❣✐❛ ❚✐♣♦✲❚✱ ❝♦♠

❝❛r❣❛ ❡♠ ❡str❡❧❛✱ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♠ó❞✉❧♦s s✐♠✉❧❛❞♦r❡s ❞♦s s❡♠✐❝♦♥❞✉t♦r❡s ❙✐❍P✷✺◆✹✵❉ ❞❛
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❱✐s❤❛② ♣❛r❛ ❛s ❝❤❛✈❡s q✉❡ ❢♦r♠❛♠ ❛ ❝❤❛✈❡ ❜✐❞✐r❡❝✐♦♥❛❧ ❡ ❙P❆✷✶◆✺✵❈✸ ❞❛ ■♥✜♥❡♦♥ ♣❛r❛ ❛s

❝❤❛✈❡s ✐♥❢❡r✐♦r ❡ s✉♣❡r✐♦r ❞❡ ❝❛❞❛ ❜r❛ç♦✳ ❈♦♠ ❛ ❝❛r❣❛ ❧✐❣❛❞♦ ❡♠ tr✐â♥❣✉❧♦✱ ♣❛r❛ ❛ ♠❡s♠❛

t♦♣♦❧♦❣✐❛✱ ♦s s❡♠✐❝♦♥❞✉t♦r❡s r❡❛✐s s✐♠✉❧❛❞♦s ❢♦r❛♠ ♦s ❙✐❍P✷✺◆✹✵❉ ❞❛ ❱✐s❤❛② ♣❛r❛ t♦❞❛s

❛s ❝❤❛✈❡s✳ ❆✈❛❧✐♦✉✲s❡✱ t❛♠❜é♠✱ ❛s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ❝♦♠ ❡str❛té❣✐❛s ❞❡ ♠♦❞✉❧❛çã♦

▲❡✈❡❧ ❙❤✐❢t❡❞ P❲▼ ❡ ▲❡✈❡❧ ❙❤✐❢t❡❞ ❖♣♣♦s✐t❡ P❲▼✳

❚❛❜❡❧❛ ✹✳✹✿ P❛râ♠❡tr♦s ❞❡ s✐♠✉❧❛çã♦ ♣❛r❛ ♦s ❝♦♥✈❡rs♦r❡s ❛❧✐♠❡♥t❛❞♦s ❝♦♠ ❢♦♥t❡s ✐❞❡❛✐s✳

P♦tê♥❝✐❛ ❞❡ ❡♥tr❛❞❛ ✷✷✵✵❲
❚❡♥sã♦ ❞❡ ❡♥tr❛❞❛ ✽✵❱

❚❡♥sã♦ ❞❡ ❢❛s❡ ♥❛ ❝❛r❣❛ ✷✷✵❱✭❘▼❙✮
❈❛r❣❛ ❘▲ ✺✵Ω ❡ ✼✽♠❍

❮♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ✭ma✮ ✶
❋r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ✹✵❦❍③

❋r❡q✉ê♥❝✐❛ ❞❛ ♦♥❞❛ s❡♥♦✐❞❛❧ ♥❛ s❛í❞❛ ✻✵❍③

❆ ♣❛rt✐r ❞♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❧✐st❛❞♦s ♥❛ ❚❛❜❡❧❛ ✹✳✺✱ é ♣♦ssí✈❡❧ ✈❡r q✉❡✱ ♣❛r❛ ❛s t♦✲

♣♦❧♦❣✐❛s ❝♦♠ ♦ ❜❛rr❛♠❡♥t♦ ♣✉❧s❛❞♦✱ ❛s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ❢♦r❛♠ ♠❡♥♦r❡s ❡♠ t♦❞♦s

♦s ❝❛s♦s✱ ❡①❝❡t♦ ❝♦♠ ♦ ◆P❈ ♣✉❧s❛❞♦ ❝♦♠ ❛ ❝❛r❣❛ ❡♠ ❨ ❝♦♠ ❛ té❝♥✐❝❛ ▲❙❖✲P❲▼✳ ❆ss✐♠✱

✈ê✲s❡ q✉❡ ❛ ♠♦❞✉❧❛çã♦ ♣r♦♣♦st❛ ❛♣r❡s❡♥t❛ ✈❛♥t❛❣❡♥s ❝♦♠ r❡❧❛çã♦ às té❝♥✐❝❛s tr❛❞✐❝✐♦♥❛✐s ❞❡

❝❤❛✈❡❛♠❡♥t♦ ❡♠ q✉❛s❡ t♦❞♦s ♦s ❝❡♥ár✐♦s ❛♣r❡s❡♥t❛❞♦s✳

❚❛❜❡❧❛ ✹✳✺✿ P❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ♥♦s ❝♦♥✈❡rs♦r❡s ❈❈✴❈❆ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❧✐❣❛çõ❡s ❞❡
❝❛r❣❛ ❡ ❡str❛té❣✐❛s P❲▼✳

❚♦♣♦❧♦❣✐❛ P❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ✭❲✮
◆P❈ ❝❧áss✐❝♦ ✭❝❛r❣❛ ❡♠ ❨✮ ❝♦♠ ▲❙✲P❲▼ ✴ ▲❙❖✲P❲▼ ✶✼✱✶✶ ✴ ✶✼✱✶✶
◆P❈ ♣✉❧s❛❞♦ ✭❝❛r❣❛ ❡♠ ❨✮ ❝♦♠ ▲❙✲P❲▼ ✴ ▲❙❖✲P❲◆ ✶✹✱✵✵ ✴ ✶✼✱✸✾
◆P❈ ❝❧áss✐❝♦ ✭❝❛r❣❛ ❡♠ ∆✮ ❝♦♠ ▲❙✲P❲▼ ✴ ▲❙❖✲P❲▼ ✸✻✱✾✸ ✴ ✸✻✱✾✻
◆P❈ ♣✉❧s❛❞♦ ✭❝❛r❣❛ ❡♠ ∆✮ ❝♦♠ ▲❙✲P❲▼ ✴ ▲❙❖✲P❲▼ ✸✹✱✹✹ ✴ ✸✹✱✵✷
❚✐♣♦✲❚ ❝❧áss✐❝♦ ✭❝❛r❣❛ ❡♠ ❨✮ ❝♦♠ ▲❙✲P❲▼ ✴ ▲❙❖✲P❲▼ ✸✵✱✹✺ ✴ ✸✵✱✹✼
❚✐♣♦✲❚ ♣✉❧s❛❞♦ ✭❝❛r❣❛ ❡♠ ❨✮ ❝♦♠ ▲❙✲P❲▼ ✴ ▲❙❖✲P❲▼ ✷✶✱✽✸ ✴ ✷✸✱✸✼
❚✐♣♦✲❚ ❝❧áss✐❝♦ ✭❝❛r❣❛ ❡♠ ∆✮ ❝♦♠ ▲❙✲P❲▼ ✴ ▲❙❖✲P❲▼ ✸✺✱✾✸ ✴ ✸✺✱✾✸
❚✐♣♦✲❚ ♣✉❧s❛❞♦ ✭❝❛r❣❛ ❡♠ ∆✮ ❝♦♠ ▲❙✲P❲▼ ✴ ▲❙❖✲P❲▼ ✷✺✱✺✼ ✴ ✸✷✱✼✻

✹✳✷✳✷ ❯t✐❧✐③❛♥❞♦ ❢♦♥t❡s ♥ã♦✲✐❞❡❛✐s

❉❡ ♠♦❞♦ ❛ ✈❛❧✐❞❛r ♦s ❛s♣❡❝t♦s t❡ór✐❝♦s ❛♣r❡s❡♥t❛❞♦s✱ ❛s s✐♠✉❧❛çõ❡s ❞❛s ❞✉❛s t♦♣♦❧♦❣✐❛s

♣r♦♣♦st❛s t❛♠❜é♠ ❢♦r❛♠ r❡❛❧✐③❛❞❛s ♥♦ s♦❢t✇❛r❡ P♦✇❡r❙✐♠✳ ❯t✐❧✐③♦✉✲s❡✱ ♣❛r❛ t❛❧✱ s✐♠✉❧❛❞♦r❡s
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❞❡ ❝❤❛✈❡s r❡❛✐s ♣❛r❛ r❡❛❧✐③❛r ♦ ❝❤❛✈❡❛♠❡♥t♦ ❞♦s ❝♦♥✈❡rs♦r❡s ❈❈✴❈❈ ✐s♦❧❛❞♦ ❡ ❞♦ ❈❈✴❈❆✳

◆ã♦ ❢♦✐ ♣♦ssí✈❡❧ ♦❜t❡r✲s❡ ♦s ♣❛râ♠❡tr♦s ❞♦ tr❛♥s❢♦r♠❛❞♦r ❝♦♠ ♣r❡❝✐sã♦ s❛t✐s❢❛tór✐❛✱ ♣♦✐s ❛

♣♦♥t❡ ❘▲❈ ❞✐s♣♦♥✐❜✐❧✐③❛❞❛ ♥♦ ❧❛❜♦r❛tór✐♦ ♠❡❞❡ ♦s ♣❛râ♠❡tr♦s ❝♦♠ ❢r❡q✉ê♥❝✐❛ ❞❡ ♦♣❡r❛çã♦

❞❡ ✶✵ ❦❍③ ♦✉ ✶✵✵ ❦❍③✱ ♠❛s ♥ã♦ ♦s ✹✵ ❦❍③ ♣r♦❥❡t❛❞♦s✳ ❆ss✐♠✱ ♣❛r❛ ❛s s✐♠✉❧❛çõ❡s✱ ✉t✐❧✐③♦✉✲s❡

✉♠ tr❛♥s❢♦r♠❛❞♦r ❝♦♠ ♣❛râ♠❡tr♦s ❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✹✳✻✳

❚❛❜❡❧❛ ✹✳✻✿ P❛râ♠❡tr♦s ❞♦ tr❛♥s❢♦r♠❛❞♦r ✉t✐❧✐③❛❞♦ ♥❛s s✐♠✉❧❛çõ❡s✳

❘p ✭Ω✮ ❘s ✭Ω✮ ▲p ✭❍✮ ▲s ✭❍✮ ▲m ✭❍✮ ◆p ◆s ✭❝❛r❣❛ ❡♠ ❨✴∆✮
✵✱✵✵✶ ✵✱✵✵✶ ✵✱✺µ ✵✱✺µ ✶♠ ✷✵ ✽✵✴✹✽

❈♦♥✈❡rs♦r ❈❈✴❈❈ ✐s♦❧❛❞♦

P❛r❛ ❛s ❞✉❛s t♦♣♦❧♦❣✐❛s ♣r♦♣♦st❛s✱ ♦ ❝♦♥✈❡rs♦r ❈❈✴❈❈ ✐s♦❧❛❞♦ ✉t✐❧✐③❛❞♦ ❢♦✐ ♦ P♦♥t❡ ❈♦♠♣❧❡t❛

✭❋✐❣✳ ✷✳✶❞✮✳ ◆❛ ❋✐❣✳ ✹✳✶ é ✐❧✉str❛❞♦ ♦ ❝♦♥✈❡rs♦r ❈❈✴❈❈ ♥♦ ❛♠❜✐❡♥t❡ ❞❡ s✐♠✉❧❛çã♦ ❞♦

P♦✇❡r❙✐♠✳

❋✐❣✉r❛ ✹✳✶✿ ❈♦♥✈❡rs♦r ❈❈✴❈❈ ✐s♦❧❛❞♦ ♥♦ ❛♠❜✐❡♥t❡ ❞❡ s✐♠✉❧❛çã♦ ❞♦ P♦✇❡r❙✐♠

❖ ❝✐r❝✉✐t♦ ♣❛r❛ sí♥t❡s❡ ❞♦s s✐♥❛✐s ❞❡ ❣❛t✐❧❤♦ ❞❛s ❝❤❛✈❡s qa✱ qb✱ qa2 ❡ qb2 ❞♦s ❞♦✐s ❝♦♥✈❡rs♦r❡s
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P♦♥t❡ ❈♦♠♣❧❡t❛ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ❋✐❣✳ ✹✳✷✳

❋✐❣✉r❛ ✹✳✷✿ ❈✐r❝✉✐t♦ ❞✐❣✐t❛❧ ♣❛r❛ ❣❡r❛çã♦ ❞♦s s✐♥❛✐s ❞❡ ❣❛t✐❧❤♦ ❞❛s ❝❤❛✈❡s ❞♦ ❝♦♥✈❡rs♦r ❈❈✴❈❈
✐s♦❧❛❞♦ qa ❡ qb ♥♦ ❛♠❜✐❡♥t❡ ❞❡ s✐♠✉❧❛çã♦ ❞♦ P♦✇❡r❙✐♠

❖s s✐♥❛✐s m11✱ m12✱ m13✱ m21✱ m22 ❡ m23 sã♦ ♦❜t✐❞♦s ♣❡❧❛ ❝♦♠♣❛r❛çã♦ ❞❛s s❡♥ó✐❞❡s ❞❡

r❡❢❡rê♥❝✐❛ ❝♦♠ ❛s ♣♦rt❛❞♦r❛s tr✐❛♥❣✉❧❛r❡s ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ❋✐❣s✳ ✹✳✸ ❡ ✹✳✹✱ s❡♥❞♦ ❛ ♣r✐♠❡✐r❛

♣❛r❛ ♦ ❝♦♥✈❡rs♦r ◆P❈ ❡ ❛ s❡❣✉♥❞❛ ♣❛r❛ ♦ ❚✐♣♦✲❚✳

❋✐❣✉r❛ ✹✳✸✿ ❈✐r❝✉✐t♦ ❞✐❣✐t❛❧ ♣❛r❛ ❣❡r❛çã♦ ❞♦s s✐♥❛✐s m1j ❡ m2j ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ◆P❈ ♥♦
❛♠❜✐❡♥t❡ ❞❡ s✐♠✉❧❛çã♦ ❞♦ P♦✇❡r❙✐♠

❆ t❡♥sã♦ r❡s✉❧t❛♥t❡ ♥♦ s❡❝✉♥❞ár✐♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r ❡♠ ❢✉♥çã♦ ❞♦s s✐♥❛✐s ♣r♦❞✉③✐❞♦s qa

❡ qb ♣♦❞❡ s❡r ✈✐st❛ ♥❛ ❋✐❣✳ ✹✳✺✳ ❚❛♠❜é♠ ❡stá ❞❡st❛❝❛❞♦ ♦ ♠♦♠❡♥t♦ ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦ ❞♦

tr❛♥s❢♦r♠❛❞♦r✱ ♦♥❞❡ qa ❂ qb ❂ ✵✳
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❋✐❣✉r❛ ✹✳✹✿ ❈✐r❝✉✐t♦ ❞✐❣✐t❛❧ ♣❛r❛ ❣❡r❛çã♦ ❞♦s s✐♥❛✐s m1j ❡ m2j ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ❚✐♣♦✲❚✳

❋✐❣✉r❛ ✹✳✺✿ ❚❡♥sã♦ ♥♦ s❡❝✉♥❞ár✐♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r ❡♠ ❢✉♥çã♦ ❞♦s s✐♥❛✐s qa ❡ qb✳

❈✐r❝✉✐t♦s s♥✉❜❜❡rs

❈♦♠♦ ❡①♣❧❛♥❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡ ♥❛ s❡çã♦ ✷✳✺✱ ❛ ✐♥❞✉tâ♥❝✐❛ ❞❡ ❞✐s♣❡rsã♦ ❞♦ s❡❝✉♥❞ár✐♦ ❞♦s

tr❛♥s❢♦r♠❛❞♦r❡s ❞❡ ❛❧t❛ ❢r❡q✉ê♥❝✐❛s ♦❝❛s✐♦♥❛♠ ♣✐❝♦s ❞❡ t❡♥sã♦ ♥♦ ❜❛rr❛♠❡♥t♦ ♥♦s ♠♦♠❡♥t♦s

❞❡ tr❛♥s✐çã♦ ❞❡ ❡st❛❞♦s ❞❛s ❝❤❛✈❡s✱ s❡♥❞♦ ✉♠❛ ❛❧t❡r♥❛t✐✈❛✱ ♣❛r❛ r❡❞✉çã♦ ❞❡st❡ ❡❢❡✐t♦✱ ♦ ✉s♦

❞❡ ❝✐r❝✉✐t♦s s♥✉❜❜❡rs✳ ❖s ❝❤❛✈❡s ❛t✉❛♠ ♥♦s ♠♦♠❡♥t♦s ❝♦rr❡t♦s ❞❡ ♠♦❞♦ q✉❡ ♦ ❝❛♣❛❝✐t♦r ❡♠

sér✐❡ ❢♦r♥❡ç❛ ♦✉ r❡❝❡❜❛ ❛ ❡♥❡r❣✐❛ ❡①tr❛ ♦✉ ❢❛❧t❛♥t❡ ♥♦ s❡❝✉♥❞ár✐♦ ❞♦s tr❛♥s❢♦r♠❛❞♦r❡s✱ ❞❡

♠♦❞♦ q✉❡ ❛ t❡♥sã♦ ♥♦ ❜❛rr❛♠❡♥t♦ t❡♥❤❛ ✉♠ ♣❡r✜❧ ♠❛✐s ❝♦♥st❛♥t❡✳

❆ ❋✐❣✳ ✹✳✻ ✐❧✉str❛ ❛ t♦♣♦❧♦❣✐❛ ❞♦ ❝✐r❝✉✐t♦ ✉t✐❧✐③❛♥❞♦ s✐♠✉❧❛çã♦ ♥♦ ❛♠❜✐❡♥t❡ ❞♦ P♦✇❡r❙✐♠✱

❡ss❡s ❝✐r❝✉✐t♦s ♥♦ ❜❛rr❛♠❡♥t♦ ❞♦ ❝♦♥✈❡rs♦r ❈❈✴❈❆✳ ❆ ❋✐❣✳ ✹✳✼ ✐❧✉str❛ ♦ ❝✐r❝✉✐t♦ ❞✐❣✐t❛❧
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r❡s♣♦♥sá✈❡❧ ♣❡❧❛ sí♥t❡s❡ ❞♦s s✐♥❛✐s ❞❡ ❣❛t✐❧❤♦ ❞❛s ❝❤❛✈❡s qsnubber1 ❡ qsnubber2✳ ❆ ❋✐❣✳ ✹✳✽ ✐❧✉str❛

❛ ❛çã♦ ❞♦s s♥✉❜❜❡rs ❡♠ ✉♠ ♠♦♠❡♥t♦ ❞❡ tr❛♥s✐çã♦ ❞❡ ❡st❛❞♦ ❞❛ ❝❤❛✈❡ q11 ❞♦ ❝♦♥✈❡rs♦r

❈❈✴❈❆✳ ❖ ♣r♦❝❡ss♦ é r❡♣❡t✐❞♦ ♣❛r❛ t♦❞❛s ❛s ♦✉tr❛s ❝❤❛✈❡s✳ ◆❛ ❋✐❣✳ ✹✳✾ ❡stã♦ ✐❧✉str❛❞❛s ❛

t❡♥sã♦ ♥♦ ❜❛rr❛♠❡♥t♦ ♣✉❧s❛❞♦ s❡♠ ❡ ❝♦♠ ❛ ❛çã♦ ❞♦s s♥✉❜❜❡rs✱ ♣♦❞❡♥❞♦ s❡r ♦❜s❡r✈❛❞♦ q✉❡

♦s ♣✐❝♦s ❞❡ t❡♥sã♦ ♣r♦❞✉③✐❞♦s sã♦ ♠✐t✐❣❛❞♦s✳

❋✐❣✉r❛ ✹✳✻✿ ❈✐r❝✉✐t♦s s♥✉❜❜❡rs ♥♦ ❛♠❜✐❡♥t❡ ❞❡ s✐♠✉❧❛çã♦ ❞♦ P♦✇❡r❙✐♠

❋✐❣✉r❛ ✹✳✼✿ ❈✐r❝✉✐t♦ ❞✐❣✐t❛❧ ♣❛r❛ ❣❡r❛çã♦ ❞♦s s✐♥❛✐s qsnubber ❡ qsnubber2 ♥♦ ❛♠❜✐❡♥t❡ ❞❡ s✐♠✉✲
❧❛çã♦ ❞♦ P♦✇❡r❙✐♠
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❋✐❣✉r❛ ✹✳✽✿ ❆t✉❛çã♦ ❞♦ ❝✐r❝✉✐t♦ s♥✉❜❜❡r ❞✉r❛♥t❡ ❛ tr❛♥s✐çã♦ ❞❡ ❡st❛❞♦ ❞❛ ❝❤❛✈❡ q11 ❞♦ ❜r❛ç♦
❞♦ ❝♦♥✈❡rs♦r ❈❈✴❈❆✳

❋✐❣✉r❛ ✹✳✾✿ ▼✐t✐❣❛çã♦ ❞♦s s♣✐❦❡s ❞❡ t❡♥sã♦ ♥♦ s❡❝✉♥❞ár✐♦ ❞♦ tr❛♥s❢♦r♠❛❞♦r ♣❡❧❛ ❛çã♦ ❞♦
s♥✉❜❜❡r✳

qsnubber

❚♦♣♦❧♦❣✐❛ ◆P❈

❆ss✐♠ ❝♦♠♦ ♦s ❝✐r❝✉✐t♦s ❛♥t❡r✐♦r❡s✱ ♦ ❝♦♥✈❡rs♦r ◆P❈ ❢♦✐ ♠♦♥t❛❞♦ ♥♦ ❛♠❜✐❡♥t❡ ❞❡ s✐♠✉❧❛çã♦

❞♦ P♦✇❡r❙✐♠✳ ❯t✐❧✐③♦✉✲s❡ ♦s ♠❡s♠♦s ♣❛râ♠❡tr♦s ❞❡ s✐♠✉❧❛çã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✹✳✹✳

❆s ❋✐❣s✳ ✹✳✶✵❛ ❡ ✹✳✶✵❜ ♠♦str❛♠ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣❛r❛ ❛s t❡♥sõ❡s ❞❡ ❢❛s❡ ❡ ❧✐♥❤❛✱ r❡s✲

♣❡❝t✐✈❛♠❡♥t❡✱ ❝♦♠ ❛ ❝❛r❣❛ ❘▲ ❧✐❣❛❞❛ ❡♠ ❡str❡❧❛✳ ◆❛ ❋✐❣✳ ✹✳✶✵❝ sã♦ ✐❧✉str❛❞❛s ❛s t❡♥sõ❡s ❞❡

❢❛s❡ ✭♦✉ ❧✐♥❤❛✮ ♣❛r❛ ❛ ❝❛r❣❛ ❘▲ ❧✐❣❛❞❛ ❡♠ tr✐â♥❣✉❧♦✳ P❡r❝❡❜❡✲s❡ ♦ ♥ú♠❡r♦ ❝♦rr❡t♦ ❞❡ ♥í✈❡✐s

❡♠ ❝❛❞❛ ✉♠❛✿ ♥♦✈❡ ♣❛r❛ ❛s t❡♥sõ❡s ❞❡ ❢❛s❡ ❡ ❝✐♥❝♦ ♣❛r❛ ❛s t❡♥sõ❡s ❞❡ ❧✐♥❤❛✳
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❋✐❣✉r❛ ✹✳✶✵✿ ❚❡♥sõ❡s ❣❡r❛❞❛s ♣❡❧♦ ❝♦♥✈❡rs♦r ◆P❈ ♣r♦♣♦st♦✳

✭❛✮ ❚❡♥sõ❡s ❞❡ ❢❛s❡ ♣❛r❛ ✉♠❛ ❝❛r❣❛ ❡♠ ❨✳

✭❜✮ ❚❡♥sõ❡s ❞❡ ❧✐♥❤❛ ♣❛r❛ ✉♠❛ ❝❛r❣❛ ❡♠ ❨✳

✭❝✮ ❚❡♥sõ❡s ❞❡ ❢❛s❡ ♣❛r❛ ✉♠❛ ❝❛r❣❛ ❡♠ ∆✳
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❆s ❝♦rr❡♥t❡s ❞❡ ❢❛s❡✱ ♣❛r❛ ❛ ❝❛r❣❛ ❡♠ ❡str❡❧❛ ❡ tr✐â♥❣✉❧♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ sã♦ ♠♦str❛❞❛s

♥❛s ❋✐❣s✳ ✹✳✶✶❛ ❡ ✹✳✶✶❜✳ ❱ê✲s❡ ❢♦r♠❛ ❞❡ ♦♥❞❛ s❡♥♦✐❞❛❧ ❞❡ ❝♦rr❡♥t❡ ❝♦♠ ❜❛✐①❛ ❞✐st♦rçã♦

❤❛r♠ô♥✐❝❛✳

❋✐❣✉r❛ ✹✳✶✶✿ ❈♦rr❡♥t❡s ❣❡r❛❞❛s ♣❡❧♦ ❝♦♥✈❡rs♦r ◆P❈ ♣r♦♣♦st♦✳

✭❛✮ ❈♦rr❡♥t❡s ❞❡ ❢❛s❡ ♣❛r❛ ✉♠❛ ❝❛r❣❛ ❡♠ ❨✳

✭❜✮ ❈♦rr❡♥t❡s ❞❡ ❢❛s❡ ♣❛r❛ ✉♠❛ ❝❛r❣❛ ❡♠ ∆✳

❚♦♣♦❧♦❣✐❛ t✐♣♦✲❚

❖ ❝♦♥✈❡rs♦r ❚✐♣♦✲❚ t❛♠❜é♠ ❢♦✐ ❡str✉t✉r❛❞♦ ♣❛r❛ s✐♠✉❧❛çã♦ ♥♦ ❛♠❜✐❡♥t❡ ❞♦ P♦✇❡r❙✐♠✳

❯t✐❧✐③♦✉✲s❡ ♦s ♠❡s♠♦s ♣❛râ♠❡tr♦s ❞❡ s✐♠✉❧❛çã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✹✳✹✳ ◆❛s ❋✐❣s✳ ✹✳✶✷❛

❡ ✹✳✶✷❜ sã♦ ✐❧✉str❛❞♦s ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣❛r❛ ❛s t❡♥sõ❡s ❞❡ ❢❛s❡ ❡ ❧✐♥❤❛✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱

❝♦♠ ❛ ❝❛r❣❛ ❘▲ ❧✐❣❛❞❛ ❡♠ ❡str❡❧❛✳ ◆❛ ❋✐❣✳ ✹✳✶✷❝ sã♦ ✐❧✉str❛❞❛s ❛s t❡♥sõ❡s ❞❡ ❢❛s❡ ✭♦✉ ❧✐♥❤❛✮

♣❛r❛ ❛ ❝❛r❣❛ ❘▲ ❧✐❣❛❞❛ ❡♠ tr✐â♥❣✉❧♦✳ P❡r❝❡❜❡✲s❡ ♦ ♥ú♠❡r♦ ❝♦rr❡t♦ ❞❡ ♥í✈❡✐s ❡♠ ❝❛❞❛ ✉♠❛✿
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♥♦✈❡ ♣❛r❛ ❛s t❡♥sõ❡s ❞❡ ❢❛s❡ ❡ ❝✐♥❝♦ ♣❛r❛ ❛s t❡♥sõ❡s ❞❡ ❧✐♥❤❛✳

❋✐❣✉r❛ ✹✳✶✷✿ ❚❡♥sõ❡s ❣❡r❛❞❛s ♣❡❧♦ ❝♦♥✈❡rs♦r ❚✐♣♦✲❚ ♣r♦♣♦st♦✳

✭❛✮ ❚❡♥sõ❡s ❞❡ ❢❛s❡ ♣❛r❛ ✉♠❛ ❝❛r❣❛ ❡♠ ❨✳

✭❜✮ ❚❡♥sõ❡s ❞❡ ❧✐♥❤❛ ♣❛r❛ ✉♠❛ ❝❛r❣❛ ❡♠ ❨✳

✭❝✮ ❚❡♥sõ❡s ❞❡ ❢❛s❡ ♣❛r❛ ✉♠❛ ❝❛r❣❛ ❡♠ ∆✳
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❆s ❝♦rr❡♥t❡s ❞❡ ❢❛s❡✱ ♣❛r❛ ❛ ❝❛r❣❛ ❡♠ ❡str❡❧❛ ❡ tr✐â♥❣✉❧♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ sã♦ ♠♦str❛❞❛s

♥❛s ❋✐❣s✳ ✹✳✶✸❛ ❡ ✹✳✶✸❜✳ ❱ê✲s❡ ❢♦r♠❛ ❞❡ ♦♥❞❛ s❡♥♦✐❞❛❧ ❞❡ ❝♦rr❡♥t❡ ❝♦♠ ❜❛✐①❛ ❞✐st♦rçã♦

❤❛r♠ô♥✐❝❛✳

❋✐❣✉r❛ ✹✳✶✸✿ ❈♦rr❡♥t❡s ❣❡r❛❞❛s ♣❡❧♦ ❝♦♥✈❡rs♦r ❚✐♣♦✲❚ ♣r♦♣♦st♦✳

✭❛✮ ❈♦rr❡♥t❡s ❞❡ ❢❛s❡ ♣❛r❛ ✉♠❛ ❝❛r❣❛ ❡♠ ❨✳

✭❜✮ ❈♦rr❡♥t❡s ❞❡ ❢❛s❡ ♣❛r❛ ✉♠❛ ❝❛r❣❛ ❡♠ ∆✳

❉❡s❡♠♣❡♥❤♦ ❞❛s t♦♣♦❧♦❣✐❛s

❆s ❚❛❜❡❧❛s ✹✳✼ ❡ ✹✳✽ ♠♦str❛♠ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣❛r❛ ❛s t♦♣♦❧♦❣✐❛s ♣r♦♣♦st❛s✱ ❝♦♠ ❧✐✲

❣❛çõ❡s ❞❛ ❝❛r❣❛ ❘▲ ❡♠ ❡str❡❧❛ ♦✉ tr✐â♥❣✉❧♦ ❡ ❝♦♠ ❛s té❝♥✐❝❛s ▲❙✲P❲▼ ❡ ▲❙❖✲P❲▼✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✳

P❡r❝❡❜❡✲s❡ ♣❡❧♦s r❡s✉❧t❛❞♦s ❛♣r❡s❡♥t❛❞♦s q✉❡ ♦s ❝♦♥✈❡rs♦r❡s t✐✈❡r❛♠ ❡✜❝✐ê♥❝✐❛s ❛❧t❛s✱
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❚❛❜❡❧❛ ✹✳✼✿ ❉❡s❡♠♣❡♥❤♦ ❞❛s t♦♣♦❧♦❣✐❛s ♣❛r❛ ❞✐❢❡r❡♥t❡s ❝♦♥✜❣✉r❛çõ❡s ❞❡ ❝❛r❣❛ ❡ ❝♦♠ ♠♦✲
❞✉❧❛çã♦ ▲❙✲P❲▼✿ ❡✜❝✐ê♥❝✐❛✱ ♣❡r❞❛s ♥❛s ❝❤❛✈❡s ❞♦ ❝♦♥✈❡rs♦r ❈❈✴❈❈✱ ♣❡r❞❛s ♥❛s ❝❤❛✈❡s ❞♦
❝♦♥✈❡rs♦r ❈❈✴❈❆✱ ♣❡r❞❛s ♥❛s ❝❤❛✈❡s ❞♦s s♥✉❜❜❡rs ❡ ❚❍❉ ❞❛s ❝♦rr❡♥t❡s ❞❡ ❢❛s❡ s✐♥t❡t✐③❛❞❛s✳

❚♦♣♦❧♦❣✐❛ ❊✜❝✐ê♥❝✐❛ ✭✪✮ Pcc ✭❲✮ Pca ✭❲✮ Psnubber ✭❲✮ ❚❍❉i ✭✪✮
◆P❈ ✭❝❛r❣❛ ❡♠ ❨✮ ✾✺✱✽✺ ✷✷✱✼✶ ✶✺✱✻✻ ✶✱✺✹ ✵✱✷✾✻✾
◆P❈ ✭❝❛r❣❛ ❡♠ ∆✮ ✾✹✱✽✼ ✷✷✱✺✺ ✸✷✱✶✽ ✶✱✶ ✵✱✸✸✾✶
❚✐♣♦✲❚ ✭❝❛r❣❛ ❡♠ ❨✮ ✾✺✱✽✹ ✷✷✱✺✻ ✶✾✱✾✷ ✶✱✹✻ ✵✱✷✽✹✺
❚✐♣♦✲❚ ✭❝❛r❣❛ ❡♠ ∆✮ ✾✺✱✸✷ ✷✷✱✻✸ ✷✻✱✵✷ ✶✱✶✶ ✵✱✷✾✺✽

❚❛❜❡❧❛ ✹✳✽✿ ❉❡s❡♠♣❡♥❤♦ ❞❛s t♦♣♦❧♦❣✐❛s ♣❛r❛ ❞✐❢❡r❡♥t❡s ❝♦♥✜❣✉r❛çõ❡s ❞❡ ❝❛r❣❛ ❡ ❝♦♠ ♠♦❞✉✲
❧❛çã♦ ▲❙❖✲P❲▼✿ ❡✜❝✐ê♥❝✐❛✱ ♣❡r❞❛s ♥❛s ❝❤❛✈❡s ❞♦ ❝♦♥✈❡rs♦r ❈❈✴❈❈✱ ♣❡r❞❛s ♥❛s ❝❤❛✈❡s ❞♦
❝♦♥✈❡rs♦r ❈❈✴❈❆✱ ♣❡r❞❛s ♥❛s ❝❤❛✈❡s ❞♦s s♥✉❜❜❡rs ❡ ❚❍❉ ❞❛s ❝♦rr❡♥t❡s ❞❡ ❢❛s❡ s✐♥t❡t✐③❛❞❛s✳

❚♦♣♦❧♦❣✐❛ ❊✜❝✐ê♥❝✐❛ ✭✪✮ Pcc ✭❲✮ Pca ✭❲✮ Psnubber ✭❲✮ ❚❍❉i ✭✪✮
◆P❈ ✭❝❛r❣❛ ❡♠ ❨✮ ✾✺✱✼✽ ✷✷✱✽✷ ✶✺✱✻✾ ✶✱✹✻ ✵✱✸✸✼✼
◆P❈ ✭❝❛r❣❛ ❡♠ ∆✮ ✾✹✱✹✵ ✷✷✱✻✷ ✸✶✱✾✼ ✶✱✵✽ ✵✱✸✼✷✹
❚✐♣♦✲❚ ✭❝❛r❣❛ ❡♠ ❨✮ ✾✺✱✽✶ ✷✷✱✾✶ ✷✵✱✵✶ ✶✱✸✾ ✵✱✸✽✾✼
❚✐♣♦✲❚ ✭❝❛r❣❛ ❡♠ ∆✮ ✾✺✱✸✸ ✷✸✱✵✹ ✷✺✱✻✻ ✶✱✶✶ ✵✱✹✶✾✻

❝♦♥t✉❞♦✱ ❡✜❝✐ê♥❝✐❛s ♠❡♥♦r❡s sã♦ ❡s♣❡r❛❞❛s ✈✐st♦ q✉❡ ♦ tr❛♥s❢♦r♠❛❞♦r ✉t✐❧✐③❛❞♦ ♥❛s s✐♠✉❧❛çõ❡s

♥ã♦ ♣♦❞❡ s❡r ❛♣r♦①✐♠❛❞♦ ❞❡ ✉♠ r❡❛❧✳ ❆s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ♥♦s ❝♦♥✈❡rs♦r❡s ❈❈✴❈❈ ❡

❈❈✴❈❆ r❡♣r❡s❡♥t❛r❛♠✱ ❥✉♥t❛s✱ ♠❡♥♦s ❞❡ ✷✱✺✪ ❞❛ ♣♦tê♥❝✐❛ ❞❡ ❡♥tr❛❞❛ ♣❛r❛ t♦❞♦s ♦s ❝❡♥ár✐♦s✳

❖s ❚❍❉s ❞❛s ❝♦rr❡♥t❡s ❞❡ ❢❛s❡✱ ♣❛r❛ t♦❞♦s ♦s ❝❛s♦s✱ ❛♣r❡s❡♥t❛r❛♠ ❜❛✐①♦s ✈❛❧♦r❡s✱ ♠♦str❛♥❞♦

❛ q✉❛❧✐❞❛❞❡ ❞♦s ❝♦♥✈❡rs♦r❡s ❡ ❞❛ ♠♦❞✉❧❛çã♦ ♣r♦♣♦st♦s✳

✹✳✷✳✸ ❯t✐❧✐③❛♥❞♦ ♦ ♠♦t♦r ❞❡ ✐♥❞✉çã♦ ❝♦♠♦ ❝❛r❣❛

❙✉❜st✐t✉✐✉✲s❡✱ ♥♦ ❛♠❜✐❡♥t❡ ❞♦ s♦❢t✇❛r❡ P♦✇❡rs✐♠ ❛ ❝❛r❣❛ ❘▲ ♣♦r ✉♠ ♠♦t♦r ❞❡ ✐♥❞✉çã♦ ❞❡

✶✱✺ ❝✈ ❞❡ ✹ ♣ó❧♦s✱ ❝✉❥♦s ♣❛râ♠❡tr♦s sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✹✳✾✳

❚❛❜❡❧❛ ✹✳✾✿ P❛râ♠❡tr♦s ❞♦ ♠♦t♦r ❞❡ ✐♥❞✉çã♦ ✉t✐❧✐③❛❞♦ ♥❛s s✐♠✉❧❛çõ❡s✳

rs ✭Ω✮ rs ✭Ω✮ ❧s ✭❍✮ ❧m ✭❍✮ P ❏ ✭❦❣✳♠2✮ ❋
✽✱✼ ✶✱✾✺ ✵✱✸✺ ✵✱✸✷ ✹ ✵✱✸✸✳✶✵−2 ✵✱✶✹✳✶✵−2

◆❛ ❋✐❣✳ ✹✳✶✹ ❡stá ✐❧✉str❛❞❛ ❛ ✈❡❧♦❝✐❞❛❞❡ ♥♦ ❡✐①♦ ❞♦ ♠♦t♦r ❛❧✐♠❡♥t❛❞♦ ♣❡❧♦ ❝♦♥✈❡rs♦r

◆P❈✱ ❝✉❥♦ ✈❛❧♦r ❢♦✐ ✶✼✻✵ ❘P▼✳ ❉❡ss❡ ♠♦❞♦✱ ❝♦♥❝❧✉✐✲s❡ q✉❡ ♦ ❡s❝♦rr❡❣❛♠❡♥t♦ ❞♦ ♠♦t♦r é ❞❡

❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✷✱✺✪✳ ◆❛ ❋✐❣✳ ✹✳✶✺✱ ❡stá ✐❧✉str❛❞♦ ♦ ❝♦♥❥✉❣❛❞♦ ❡❧❡tr♦♠❛❣♥ét✐❝♦ ❞❡s❡♥✈♦❧✲

✈✐❞♦ ♥❛ ♠áq✉✐♥❛✳ ❱ê✲s❡ q✉❡ s❡✉ ✈❛❧♦r s❡ ❛♣r♦①✐♠❛ ❞♦s ✻ ◆✳♠ t❡ór✐❝♦s✳ ❖ ❝♦♥✈❡rs♦r ◆P❈
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❡♥tr❡❣♦✉ ❛ ♠áq✉✐♥❛ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶✶✵✺❲ ❞❡ ♣♦tê♥❝✐❛✳

❋✐❣✉r❛ ✹✳✶✹✿ ❱❡❧♦❝✐❞❛❞❡ ❞♦ ❡✐①♦ ❞♦ ♠♦t♦r ❛❧✐♠❡♥t❛❞♦ ♣❡❧♦ ❝♦♥✈❡rs♦r ◆P❈✳

❋✐❣✉r❛ ✹✳✶✺✿ ❚♦rq✉❡ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❡❧♦ ❡✐①♦ ❞♦ ♠♦t♦r ❛❧✐♠❡♥t❛❞♦ ♣❡❧♦ ❝♦♥✈❡rs♦r ◆P❈✳

P❛r❛ ♦ ♠♦t♦r ❛❧✐♠❡♥t❛❞♦ ♣❡❧♦ ❝♦♥✈❡rs♦r t✐♣♦✲❚✱ ❛ ❋✐❣✳ ✹✳✶✻ ✐❧✉str❛ ❛ ✈❡❧♦❝✐❞❛❞❡ ♥♦

❡✐①♦ ❞♦ ♠♦t♦r✱ ❝✉❥♦ ✈❛❧♦r ❢♦✐ ✶✼✻✵ ❘P▼✳ ❉❡ss❡ ♠♦❞♦✱ ❝♦♥❝❧✉✐✲s❡ q✉❡ ♦ ❡s❝♦rr❡❣❛♠❡♥t♦ ❞♦

♠♦t♦r é ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✷✱✺✪✳ ◆❛ ❋✐❣✳ ✹✳✶✼✱ ❡stá ✐❧✉str❛❞♦ ♦ ❝♦♥❥✉❣❛❞♦ ❡❧❡tr♦♠❛❣♥ét✐❝♦

❞❡s❡♥✈♦❧✈✐❞♦ ♥❛ ♠áq✉✐♥❛✳ ❱ê✲s❡ q✉❡ s❡✉ ✈❛❧♦r s❡ ❛♣r♦①✐♠❛ ❞♦s ✻ ◆✳♠ t❡ór✐❝♦s✳ ❖ ❝♦♥✈❡rs♦r

❚✐♣♦✲❚ ❡♥tr❡❣♦✉ ❛ ♠áq✉✐♥❛ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶✶✵✺❲ ❞❡ ♣♦tê♥❝✐❛✳
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❋✐❣✉r❛ ✹✳✶✻✿ ❱❡❧♦❝✐❞❛❞❡ ❞♦ ❡✐①♦ ❞♦ ♠♦t♦r ❛❧✐♠❡♥t❛❞♦ ♣❡❧♦ ❝♦♥✈❡rs♦r ❚✐♣♦✲❚✳

❋✐❣✉r❛ ✹✳✶✼✿ ❚♦rq✉❡ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❡❧♦ ❡✐①♦ ❞♦ ♠♦t♦r ❛❧✐♠❡♥t❛❞♦ ♣❡❧♦ ❝♦♥✈❡rs♦r ❚✐♣♦✲❚✳

✹✳✸ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s

❉❡ ♠♦❞♦ ❛ ✈❛❧✐❞❛r ♦s ❝♦♥❝❡✐t♦s ❛♣r❡s❡♥t❛❞♦s✱ ❢♦✐ ♠♦♥t❛❞♦✱ ❡♠ ❧❛❜♦r❛tór✐♦✱ ❛ ❡str✉t✉r❛ ❞♦

❝♦♥✈❡rs♦r ◆P❈ ♣r♦♣♦st♦ ✉t✐❧✐③❛♥❞♦ ✉♠❛ ❜❛♥❝❛❞❛ ❝♦♠ ♠ó❞✉❧♦s ❞❛ ❙❡♠✐❦r♦♥ ❙❑▼✺✵●❇✶✷✸❉

❡ ❙❑❑❉ ✻✵❋✶✼✳ ❚❛♠❜é♠✱ ❢♦✐ ❝♦♥❢❡❝❝✐♦♥❛❞❛ ❡♠ ♣❧❛❝❛ ❞❡ ❝✐r❝✉✐t♦ ✐♠♣r❡ss♦ ❛ ✐♥t❡r❢❛❝❡ ❈❆✴❈❈

❢♦r♠❛❞❛ ♣❡❧♦s tr❛♥s❢♦r♠❛❞♦r❡s ❞❡ ❛❧t❛ ❢r❡q✉ê♥❝✐❛✱ r❡t✐✜❝❛❞♦r❡s ❞❡ ♦♥❞❛ ❝♦♠♣❧❡t❛ ❡ s♥✉❜❜❡rs

❝♦♠♦ ❡stá ✐❧✉str❛❞♦ ♥❛ ❋✐❣✳ ✹✳✶✽✳ ❖ ❉❙P ✉t✐❧✐③❛❞♦ ❢♦✐ ♦ ❚▼❙✸✷✵❋✷✽✸✸✺ ❞❛ ❚❡①❛s ■♥str✉♠❡♥ts

❡ ♦s ❞r✐✈❡rs ♣❛r❛ ❛❝✐♦♥❛r ❛s ❝❤❛✈❡s ♦ ❙❑❍■ ✶✵✴✶✼❘ ❞❛ ❙❡♠✐❦r♦♥✳
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❋✐❣✉r❛ ✹✳✶✽✿ P❧❛❝❛ ❞❡ ❝✐r❝✉✐t♦ ✐♠♣r❡ss♦ ❞❛ ✐♥t❡r❢❛❝❡ ❈❆✴❈❈ ❞♦ ❝♦♥✈❡rs♦r ♣r♦♣♦st♦✳

❆ ❜❛♥❝❛❞❛ ✉t✐❧✐③❛❞❛ ♣♦ss✉✐ ❛ ❧✐♠✐t❛çã♦ ❞❡ q✉❡ sã♦ ♥❡❝❡ssár✐♦s ❝❛❜♦s ✢❛t r❡❧❛t✐✈❛♠❡♥t❡

❧♦♥❣♦s ♣❛r❛ ❝♦♥❡①ã♦ ❡♥tr❡ ♦s ♣✐♥♦s ❞❡ s❛í❞❛ ❞♦ ❉❙P ❝♦♠ ♦s ❞❡ ❣❛t✐❧❤♦ ❞❛s ❝❤❛✈❡s ❡✱ ♣♦rt❛♥t♦✱

❢r❡q✉ê♥❝✐❛s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ♠❛✐♦r❡s q✉❡ ✷✵❦❍❩ ❝❛rr❡❣❛♠ ♦ ♣❡r✐❣♦ ❞❡ ♣❡r❞❛ ❡✴♦✉ ❛tr❛s♦ ❞♦s

s✐♥❛✐s P❲▼ ❣❡r❛❞♦s✳ ❖✉tr❛ ❧✐♠✐t❛çã♦ ❡♥❢r❡♥t❛❞❛ é q✉❡✱ ♣❛r❛ ❛ ❡str✉t✉r❛ tr✐❢ás✐❝❛ ❞♦ ❝♦♥✈❡r✲

s♦r ◆P❈ ♣r♦♣♦st♦✱ sã♦ ♥❡❝❡ssár✐♦s ✶✹ s✐♥❛✐s P❲▼ t♦t❛✐s ♣❛r❛ ❛ ❝♦rr❡t❛ ♦♣❡r❛çã♦ ❞♦ ♠❡s♠♦✿

✹ s✐♥❛✐s ♣❛r❛ ♦s ❞♦✐s ❝♦♥✈❡rs♦r❡s P♦♥t❡ ❈♦♠♣❧❡t❛✱ ✹ s✐♥❛✐s ♣❛r❛ ♦ ❣❛t✐❧❤♦ ❞♦s ❞♦✐s s♥✉❜❜❡rs

❡ ✻ s✐♥❛✐s ♣❛r❛ ♦s três ❜r❛ç♦s ❞♦ ❝♦♥✈❡rs♦r ◆P❈ ✭❥✉♥t❛♠❡♥t❡ ❝♦♠ ♦s ✻ ❝♦♠♣❧❡♠❡♥t❛r❡s✮✳ ❆

❜❛♥❝❛❞❛ ✉t✐❧✐③❛❞❛ t✐♥❤❛ ❞✐s♣♦♥í✈❡❧ ❛♣❡♥❛s ✶✷ s✐♥❛✐s ✭♠❛✐s s❡✉s ✶✷ ❝♦♠♣❧❡♠❡♥t❛r❡s ✐♠♣❧❡♠❡♥✲

t❛❞♦s ♣♦r ❤❛r❞✇❛r❡✮✳ ❉❡ss❡ ♠♦❞♦✱ ♦s r❡s✉❧t❛❞♦s ❛♣r❡s❡♥t❛❞♦s sã♦ ♣❛r❛ ❛♣❡♥❛s ✉♠ ❜r❛ç♦ ❞♦

❝♦♥✈❡rs♦r ◆P❈✳ ❖s ♣❛râ♠❡tr♦s ♣❛r❛ ♦❜t❡♥çã♦ ❞♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s sã♦ ♠♦str❛❞♦s

♥❛ ❚❛❜❡❧❛ ✹✳✶✵✳

❚❛❜❡❧❛ ✹✳✶✵✿ P❛râ♠❡tr♦s ♣❛r❛ ♦❜t❡♥çã♦ ❞♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳

❚❡♥sã♦ ❞❡ ❡♥tr❛❞❛ ✽✵❱
❚❡♥sã♦ ❞❡ ❢❛s❡ ♥❛ ❝❛r❣❛ ✷✵✵❱

❈❛r❣❛ ❘▲ ✷✵✵Ω ❡ ✼♠❍
❮♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ✭ma✮ ✵✱✾
❋r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ✶✺❦❍③

❋r❡q✉ê♥❝✐❛ ❞❛ ♦♥❞❛ s❡♥♦✐❞❛❧ ♥❛ s❛í❞❛ ✻✵❍③
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◆❛ ❋✐❣✳ ✹✳✶✾ ❡stã♦ ✐❧✉str❛❞♦s ♦s s✐♥❛✐s ❞❡ ❣❛t✐❧❤♦ ❞❛s ❝❤❛✈❡s q11 ✭❡♠ r♦①♦✮ ❡ q21 ✭❡♠

✈❡r♠❡❧❤♦✮✳ ❱ê✲s❡ q✉❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ é s❡♠❡❧❤❛♥t❡ ❛♦ ✐❧✉str❛❞♦ ♥❛ ❋✐❣✳ ✷✳✹✳ ❆ ❛çã♦ ❞♦s

s✐♥❛✐s ❞♦ s♥✉❜❜❡r ✭❡♠ ✈❡r♠❡❧❤♦✮ ❡stá ✐❧✉str❛❞❛ ♥❛ ❋✐❣✳ ✹✳✷✵✳

❋✐❣✉r❛ ✹✳✶✾✿ ❙✐♥❛✐s ❞❡ ❣❛t✐❧❤♦ ❞❛s ❝❤❛✈❡s q11 ❡ q21✳

❋✐❣✉r❛ ✹✳✷✵✿ ❆çã♦ ❞♦ s♥✉❜❜❡r ♥♦ ♠♦♠❡♥t♦ ❞❡ tr❛♥s✐çã♦ ❞❡ ❡st❛❞♦ ❞❛ ❝❤❛✈❡ q11✳

◆❛ ❋✐❣✳ ✹✳✷✶ ❡stá ✐❧✉str❛❞❛ ❛ t❡♥sã♦ ❞❡ ♣ó❧♦ ♦❜t✐❞❛ ♥❛ ❝❛r❣❛✳ P❡r❝❡❜❡✲s❡ q✉❡ ♣♦ss✉✐ ✸



❘❊❙❯▲❚❆❉❖❙ ✻✷

♥í✈❡✐s ❡ q✉❡ ❛ ❛♠♣❧✐t✉❞❡ ✈❛r✐❛ ❞❡ ✲✷✵✵ ❱ ❛ ✷✵✵ ❱✱ ❝♦♠♦ ❡s♣❡r❛❞♦✳ ◆❛ ❋✐❣✳ ✹✳✷✷ ❡stá ✐❧✉str❛❞❛

❛ ❝♦rr❡♥t❡ ♥❛ ❝❛r❣❛ ❥✉♥t❛♠❡♥t❡ ❝♦♠ ❛ t❡♥sã♦ ❞❡ ♣ó❧♦✳ P❡r❝❡❜❡✲s❡ q✉❡ ❛ ❢♦r♠❛ s❡♥♦✐❞❛❧ ❢♦✐

♦❜t✐❞❛✳

❋✐❣✉r❛ ✹✳✷✶✿ ❚❡♥sã♦ ❞❡ ♣ó❧♦ ♦❜t✐❞❛ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✳

❋✐❣✉r❛ ✹✳✷✷✿ ❈♦rr❡♥t❡ ♥❛ ❝❛r❣❛ ♦❜t✐❞❛ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✳

❯♠ ♣r♦❜❧❡♠❛ ❡♥❢r❡♥t❛❞♦ ❢♦✐ q✉❡✱ ❛♦ ❛✉♠❡♥t❛r✲s❡ ❛ ❝❛r❣❛✱ ♦❜s❡r✈♦✉✲s❡ ✉♠❛ ❞✐st♦rçã♦
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♥♦s ♣✐❝♦s ❞❛ ❝♦rr❡♥t❡✳ ❆♣ós ✐♥✈❡st✐❣❛çã♦✱ ♦❜s❡r✈♦✉✲s❡ ❛ ♦❝♦rrê♥❝✐❛ ❞❡ r❡ss♦♥â♥❝✐❛ ♥❛ t❡♥sã♦

❞❡ ♣ó❧♦ ♥❡ss❡s ♣♦♥t♦s ✭❋✐❣✳ ✹✳✷✸✮✱ ♦ q✉❡ ❝♦♠♣r♦♠❡t❡✉ ❛ ❢♦r♠❛ ❞❡ ♦♥❞❛ ❞❛ ❝♦rr❡♥t❡ ✈✐st❛✳

❙✉s♣❡✐t❛✲s❡ q✉❡ ❛ ❝❛✉s❛ s❡❥❛♠ ❡❧❡♠❡♥t♦s ♣❛r❛s✐t❛s ✐♥tr♦❞✉③✐❞♦s ♥♦ s✐st❡♠❛ ♣❡❧♦s ✜♦s ❞❡

❝♦♥❡①ã♦ ✉t✐❧✐③❛❞♦s ♥❛ ❜❛♥❝❛❞❛✳

❋✐❣✉r❛ ✹✳✷✸✿ ❘❡ss♦♥â♥❝✐❛ r❡❝♦rr❡♥t❡ ♥❛ t❡♥sã♦ ❞❡ ♣ó❧♦ ♦❜t✐❞❛ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✳

❉❡ ♠♦❞♦ ❛ ♦❜t❡r✲s❡ r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ✉♠ s✐st❡♠❛ tr✐❢ás✐❝♦✱ r❡t✐r♦✉✲s❡ ❛

✐♥t❡r❢❛❝❡ ❈❆✴❈❈ ❡ s✉❜st✐t✉✐✲s❡ ♣♦r ❝♦♥✈❡rs♦r❡s ❞❡ ❞♦✐s ♥í✈❡✐s ♣❛r❛ ❣❡r❛r ♦ ♣❡r✜❧ ❞❡ t❡♥sã♦

♣✉❧s❛❞❛ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❞♦ ❝♦♥✈❡rs♦r ❈❈✴❈❆✱ ❝♦♠♦ ❡stá ✐❧✉str❛❞♦ ♥❛ ❋✐❣✳ ✹✳✷✹✳

❋✐❣✉r❛ ✹✳✷✹✿ ❊str✉t✉r❛ ❞♦ ❝♦♥✈❡rs♦r ◆P❈ ♣r♦♣♦st♦ ♠♦♥t❛❞♦ ❡♠ ❧❛❜♦r❛tór✐♦✳

+

+

cc

2

cc

2
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❖s ❝♦♠♣♦♥❡♥t❡s ✉t✐❧✐③❛❞♦s ❢♦r❛♠ ❝❤❛✈❡s ❙❊▼■❑❘❖◆ ❙❑✺✵▼▲■✵✻✻✱ ❝♦♥tr♦❧❛❞❛s ♣♦r ✉♠

❉❙P ❚▼❙✸✷✵❋✷✽✸✸✺ ❞❛ ❚❡①❛s ■♥str✉♠❡♥ts✱ ✐♥t❡r❧✐❣❛❞♦ ❛ ♣❧❛❝❛s ❞❡ ❛❝✐♦♥❛♠❡♥t♦ ❡ s❡♥s♦r❡s

❞❡ ❝♦rr❡♥t❡ ❡ ❞❡ t❡♥sã♦✳ ❖ ♣r♦tót✐♣♦ ♠♦♥t❛❞♦ ♦♣❡r♦✉ ❝♦♠ ♣♦tê♥❝✐❛ ❞❡ ✷❦❲✱ ❝♦♠ t❡♥sã♦

❞❡ ❡♥tr❛❞❛ ❞❡ ✺✵✵❱✱ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞❡ ❛♠♣❧✐t✉❞❡ ✵✱✾ ❡ ✉♠❛ ❝❛r❣❛ ❘▲ ❞❡ ✻✺Ω ❡ ✼♠❍

❧✐❣❛❞❛ ❡♠ ❡str❡❧❛ ❢♦✐ ✉t✐❧✐③❛❞❛✳ ❆ ❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞❡ ♦♣❡r❛çã♦ ❢♦✐ ❞❡ ✺❦❍③✳ ❖s

s✐♥❛✐s ❞❡ ❣❛t✐❧❤♦ ❞❛s ❝❤❛✈❡s ♦❜t✐❞♦s ♣♦❞❡♠ s❡r ✈✐st♦s ♥❛ ❋✐❣✳ ✹✳✷✺✳ ❱ê✲s❡ q✉❡ s❡ tr❛t❛ ❞♦

♣❛❞rã♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✳ ✷✳✹✳

❋✐❣✉r❛ ✹✳✷✺✿ ❙✐♥❛✐s ❞❡ ❣❛t✐❧❤♦ ❣❡r❛❞♦s✿ ✭❛✮ ❈❍✶✿ q11✱ ❈❍✷✿ q12✱ ❈❍✸✿ q13 ❡ ❈❍✹✿ qa ✭❜✮
❈❍✶✿ q21✱ ❈❍✷✿ q22✱ ❈❍✸✿ q23 ❡ ❈❍✹✿ qb✳

✭❛✮ ✭❜✮

❆s t❡♥sõ❡s ❞❡ ♣ó❧♦ ✭três ♥í✈❡✐s✮✱ ❧✐♥❤❛ ✭❝✐♥❝♦ ♥í✈❡✐s✮ ❡ ❢❛s❡ ✭♥♦✈❡ ♥í✈❡✐s✮ sã♦ ♠♦str❛❞❛s ♥❛

❋✐❣✳ ✹✳✷✻✳ P❡r❝❡❜❡✲s❡ q✉❡ ♦ ♥ú♠❡r♦ ❞❡ ♥í✈❡✐s ❡s♣❡r❛❞♦ ❡stá ❝♦rr❡t♦✳ ❆s t❡♥sõ❡s ❞♦ ❜❛rr❛♠❡♥t♦

❈❈ ❞❡ ❛❧t❛ ❢r❡q✉ê♥❝✐❛✱ vlink1 ❡ vlink2 ✱ ❡stã♦ ❡①♣♦st❛s ♥❛ ❋✐❣✳ ✹✳✷✼❛ ❡ s❡✉s ✈❛❧♦r❡s ♠é❞✐♦s ♥❛

❋✐❣✳ ✹✳✷✼❜✳

❆s ❝♦rr❡♥t❡s ❞❡ ❢❛s❡ ♣❛r❛ ✉♠❛ ❝❛r❣❛ ♥♦♠✐♥❛❧ ✭✷❦❲✮ ❝♦♠ ✉♠❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦

❞❡ ✶✵❦❍③✱ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞❡ ❛♠♣❧✐t✉❞❡ ✵✱✾ ❡ ❢r❡q✉ê♥❝✐❛ ❢✉♥❞❛♠❡♥t❛❧ ❞❡ ✻✵❍③ ♣♦❞❡♠

s❡r ✈✐st❛s ♥❛ ❋✐❣✳ ✹✳✷✽✳ ➱ ♣♦ssí✈❡❧ ♦❜s❡r✈❛r ❛ ❢♦r♠❛ ❞❡ ♦♥❞❛ s❡♥♦✐❞❛❧ ❝♦♠ ❜❛✐①❛ ❞✐st♦rçã♦

❤❛r♠ô♥✐❝❛✳

❉❡ ♠♦❞♦ ❛ ✈❡r✐✜❝❛r ❛ r❡s♣♦st❛ ❞♦ s✐st❡♠❛ ❛ ♠✉❞❛♥ç❛s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ✉♠ ♠♦t♦r ❞❡

✐♥❞✉çã♦✱ ❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ❱♦❧t✴❍❡rt③ ❢♦✐ ✐♠♣❧❡♠❡♥t❛❞❛✳ ❊ss❡ t❡st❡ ❝♦♥s✐st❡ ❡♠ ❛♣❧✐❝❛r

✉♠ ❞❡❣r❛✉ ♥♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❡ ❢r❡q✉ê♥❝✐❛ ❈❆ ❛♦ ♠❡s♠♦ t❡♠♣♦✱ ♠❛♥t❡♥❞♦ ❛ r❡❧❛çã♦



❘❊❙❯▲❚❆❉❖❙ ✻✺

❋✐❣✉r❛ ✹✳✷✻✿ ❙✐♥❛✐s ❞❡ t❡♥sã♦ ❞❡ s❛í❞❛✿ ✭❛✮ Pó❧♦ ✭❈❍✶✿ v10✱ ❈❍✷✿ v20 ❛♥❞ ❈❍✸✿ v30✮ ✭❜✮
▲✐♥❤❛ ✭❈❍✶✿ v12✱ ❈❍✷✿ v23 ❛♥❞ ❈❍✸✿ v31✮ ✭❝✮ ❋❛s❡✲♥❡✉tr♦ ♣❛r❛ ✉♠❛ ❝❛r❣❛ ❧✐❣❛❞❛ ❡♠ ❨
✭❈❍✶✿ v1n✱ ❈❍✷✿ v2n ❛♥❞ ❈❍✸✿ v3n✮✳

✭❛✮ ✭❜✮

✭❝✮

❋✐❣✉r❛ ✹✳✷✼✿ ❚❡♥sõ❡s ♣✉❧s❛❞❛s ♥♦s ❜❛rr❛♠❡♥t♦s ❈❈ ❞❡ ❛❧t❛ ❢r❡q✉ê♥❝✐❛✿ ✭❛✮ vlink1 ❡ vlink2 ✭❜✮
✈❛❧♦r❡s ♠é❞✐♦s ❞❡ vlink1 ❡ vlink2 ✳

✭❛✮ ✭❜✮



❘❊❙❯▲❚❆❉❖❙ ✻✻

❋✐❣✉r❛ ✹✳✷✽✿ ❈♦rr❡♥t❡s ❞❡ s❛í❞❛ ♣❛r❛ ❝❛r❣❛ ♥♦♠✐♥❛❧✱ fs = 10❦❍③ ❡ ma = 1 ❛ ✻✵❍③✳

❡♥tr❡ ♦s ❞♦✐s ❝♦♥st❛♥t❡✳ ◆❛ ❋✐❣✳ ✹✳✷✾ é ✐❧✉str❛❞♦✱ ✐♥✐❝✐❛❧♠❡♥t❡✱ ❛s ❝♦rr❡♥t❡s ♣r♦❞✉③✐❞❛s ♣❛r❛

✉♠ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❡r❛ ✵✱✾ ❡ ❛ ❢r❡q✉ê♥❝✐❛ ❈❆ ✻✵❍③✳ ❊♥tã♦✱ ✉♠ ❞❡❣r❛✉ é ❛♣❧✐❝❛❞♦

❞✐♠✐♥✉✐♥❞♦ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ♣❛r❛ ✵✱✹✺ ❡ ❛ ❢r❡q✉ê♥❝✐❛ ❈❆ ♣❛r❛ ✸✵❍③✳ P❡r❝❡❜❡✲s❡ q✉❡

❛ r❡s♣♦st❛ é r❛♣✐❞❛♠❡♥t❡ r❡❣❡♥❡r❛t✐✈❛✳

❋✐❣✉r❛ ✹✳✷✾✿ ❈♦rr❡♥t❡s ❞❡ ❢❛s❡ ❞❡ s❛í❞❛✿ ✭❛✮ ❝♦♠♣♦rt❛♠❡♥t♦ st❡♣✲❞♦✇♥ ❞❡ ma ❂ ✶ ❛ ✻✵❍③
♣❛r❛ ma ❂ ✵✳✺ ❛ ✸✵❍③ ❛♥❞ ✭❜✮ ❝♦♠♣♦rt❛♠❡♥t♦ st❡♣✲✉♣ ❞❡ ma ❂ ✵✳✺ ❛ ✸✵❍③ ♣❛r❛ ma ❂ ✶ ❛t
✻✵❍③✳

✭❛✮ ✭❜✮
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❋♦r❛♠ ♣r♦♣♦st❛s t♦♣♦❧♦❣✐❛s ❞❡ ❝♦♥✈❡rs♦r❡s ❈❈✴❈❆ ♠✉❧t✐♥í✈❡✐s✱ s❡♠ ❝❛♣❛❝✐t♦r ❡❧❡tr♦❧ít✐❝♦ ♥♦

❜❛rr❛♠❡♥t♦✱ ♦❜❥❡t✐✈❛♥❞♦ ♦ ❛✉♠❡♥t♦ ❞❛ ✈✐❞❛ út✐❧ ❞♦ ❡q✉✐♣❛♠❡♥t♦✳ ❏✉♥t❛♠❡♥t❡ ❛ ❡ss❛s ♥♦✈❛s

❝♦♥✜❣✉r❛çõ❡s✱ ❡str❛té❣✐❛s ❞❡ P❲▼ ✐♥é❞✐t❛s ❢♦r❛♠ ❛♣r❡s❡♥t❛❞❛s ❡✱ ❛ ♣❛rt✐r ❞❡ r❡s✉❧t❛❞♦s ❞❡

s✐♠✉❧❛çã♦✱ ❢♦✐ ♣♦ssí✈❡❧ ♦❜s❡r✈❛r ❛ ♠❡❧❤♦r❛✱ ❡♠ t❡r♠♦s ❞❡ ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦✱ ❢❛❝❡ às

té❝♥✐❝❛s tr❛❞✐❝✐♦♥❛✐s✳

P♦r ♠❡✐♦ ❞❡ s✐♠✉❧❛çõ❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s✱ ♣ô❞❡✲s❡ ✈❡r✐✜❝❛r ❛s ♦♣❡r❛çõ❡s ❞♦s ❝♦♥✈❡rs♦r❡s

♣r♦♣♦st♦s✱ ❡♠ q✉❡ ♦❜t❡✈❡✲s❡ r❡s✉❧t❛❞♦s s❛t✐s❢❛tór✐♦s ❡♠ t❡r♠♦s ❞❡ ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦✱

❡✜❝✐ê♥❝✐❛ ❡ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ ♥❛s ❝♦rr❡♥t❡s ♣r♦❞✉③✐❞❛s✳ ❊♠ t❡r♠♦s ❡①♣❡r✐♠❡♥t❛✐s✱ ♦s

r❡s✉❧t❛❞♦s ❢♦r❛♠ ❛q✉é♠ ❞♦ ❡s♣❡r❛❞♦✱ ♠❛s r❛③♦á✈❡✐s ♣❛r❛ ✈❛❧✐❞❛r ❛ ❛♣r❡s❡♥t❛çã♦ t❡ór✐❝❛✳

❆❧❣✉♠❛s ❧✐♠✐t❛çõ❡s ❡♥❢r❡♥t❛❞❛s ❞✉r❛♥t❡ ❛ ❡①❡❝✉çã♦ ❞❡st❡ tr❛❜❛❧❤♦✱ q✉❡ r❡s✉❧t❛r❛♠ ❡♠ r❡✲

s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❝♦♠ q✉❛❧✐❞❛❞❡ ❛❜❛✐①♦ ❞❛ ❡s♣❡r❛❞❛✱ ❢♦r❛♠✿ ❛✉sê♥❝✐❛ ❞❡ ✉♠ ♣r♦tót✐♣♦

❡①♣❡r✐♠❡♥t❛❧ ♠❛✐s r♦❜✉st♦✱ q✉❛♥t✐❞❛❞❡ ✐♥s✉✜❝✐❡♥t❡ ❞❡ s✐♥❛✐s P❲▼ q✉❡ ♣✉❞❡r❛♠ s❡r ❣❡r❛❞♦s

♣❡❧♦ ❉❙P ✉t✐❧✐③❛❞♦✱ ♥ã♦ ♠♦❞❡❧❛❣❡♠ ❞♦ tr❛♥s❢♦r♠❛❞♦r ❞❡ ❛❧t❛ ❢r❡q✉ê♥❝✐❛✱ ❡♥tr❡ ♦✉tr❛s✳

❉❡ss❡ ♠♦❞♦✱ ❡ss❡ ❡st✉❞♦ ❝♦♥tr✐❜✉✐✉ ♣❛r❛ ♦ ✐♥í❝✐♦ ❞❛ ✐♥✈❡st✐❣❛çã♦ ❛❝❡r❝❛ ❞❡ t♦♣♦❧♦❣✐❛s ❞❡

❝♦♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s s❡♠ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ❝❛♣❛❝✐t♦r❡s ❡❧❡tr♦❧ít✐❝♦s ❡♠ s❡✉s ❜❛rr❛♠❡♥t♦s✳

✻✼
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✺✳✶ ❚r❛❜❛❧❤♦s ❢✉t✉r♦s

❈♦♠♦ ♣❛rt❡ ❞♦ ❡st✉❞♦ ❞❡s❡♥✈♦❧✈✐❞♦✱ ❛❧❣✉♥s ❛♣r✐♠♦r❛♠❡♥t♦s✱ r❡s✉❧t❛❞♦s ❡ ♥♦✈♦s ❡st✉❞♦s

❢♦r❛♠ ❡❧❡❣✐❞♦s ❝♦♠♦ tr❛❜❛❧❤♦s ❛ s❡r❡♠ r❡❛❧✐③❛❞♦s✳ ❙ã♦ ❡st❡s✿

• ❊①♣❛♥sã♦ ❞❛ ❛♣r❡s❡♥t❛çã♦ t❡ór✐❝❛ ❞❛ ♦♣❡r❛çã♦ ❞♦s ❝♦♥✈❡rs♦r❡s ♣r♦♣♦st♦s ♣❛r❛ ♥ ♥í✈❡✐s❀

• ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ ❜❛s❡❛❞❛ ♥♦ ❝♦♥✈❡rs♦r ❚✐♣♦✲❚❀

• ❈♦♠♣❛r❛çã♦ ❞♦ ❞❡s❡♠♣❡♥❤♦ ❞❛s t♦♣♦❧♦❣✐❛s ♣r♦♣♦st❛s ❢❛❝❡ às ❝♦♥✜❣✉r❛çõ❡s tr❛❞✐❝✐♦♥❛✐s

❞❡ ❝♦♥✈❡rs♦r❡s ❛♣❧✐❝❛❞♦s ❛♦ ❜♦♠❜❡❛♠❡♥t♦ ❢♦t♦✈♦❧t❛✐❝♦❀

• Pr♦♣♦r ♥♦✈❛s t♦♣♦❧♦❣✐❛s ✉t✐❧✐③❛♥❞♦ ❝❤❛✈❡s ❜✐✲❞✐r❡❝✐♦♥❛✐s ♥♦ r❡t✐✜❝❛❞♦r ❞❡ ♦♥❞❛ ❝♦♠✲

♣❧❡t❛✱ t♦r♥❛♥❞♦ ♦s ❝♦♥✈❡rs♦r❡s ❝❛♣❛③❡s ❞❡ ♣r♦❝❡ss❛r ♣♦tê♥❝✐❛ ♥♦s ❞♦✐s s❡♥t✐❞♦s❀

• ■♠♣❧❡♠❡♥t❛çã♦ ❞❡ ❡str❛té❣✐❛s ❞❡ ❝♦♥tr♦❧❡ ❞❡ ♠❛❧❤❛ ❢❡❝❤❛❞❛ ♣❛r❛ ♦s ❝♦♥✈❡rs♦r❡s ♣r♦✲

♣♦st♦s✳

✺✳✷ Pr♦❞✉çã♦ ❝✐❡♥tí✜❝❛

❈♦♠♦ ♣❛rt❡ ❞♦ ❡st✉❞♦ r❡❛❧✐③❛❞♦✱ ❢♦r❛♠ ♣✉❜❧✐❝❛❞♦s ♦✉ ❛❝❡✐t♦s ❛rt✐❣♦s ❡♠ ❝♦♥❣r❡ss♦s ✐♥t❡r♥❛✲

❝✐♦♥❛✐s✿

• ✧❍✐❣❤✲❋r❡q✉❡♥❝② P✉❧s❛t✐♥❣ ❉❈✲▲✐♥❦ ❚❤r❡❡✲P❤❛s❡ ▼✉❧t✐❧❡✈❡❧ ◆P❈ ■♥✈❡rt❡r ❲✐t❤♦✉t

❊❧❡❝tr♦❧②t✐❝ ❈❛♣❛❝✐t♦r✧

❆✉t♦r❡s✿ ❉✉tr❛✱ ❆✳ ❞♦ ❊✳❀ ❱✐t♦r✐♥♦✱ ▼✳ ❆✳❀ ❙♦✉s❛✱ ❘✳ P✳ ❘✳ ❞❡❀ ❈♦rrê❛✱ ▼✳ ❇✳ ❞❡ ❘✳❀

❙❛♥t♦s✱ ●✳ ●✳ ❞♦s✳

P✉❜❧✐❝❛❞♦ ❡♠✿ ❊♥❡r❣② ❈♦♥✈❡rs✐♦♥ ❈♦♥❣r❡ss ❛♥❞ ❊①♣♦s✐t✐♦♥ ✭❊❈❈❊✮✱ ✷✵✶✽ ■❊❊❊✱

❙❡♣t✳ ✷✵✶✽✳

• ✧❉❈✲❆❈ ▼✉❧t✐❧❡✈❡❧ ❚✲❚②♣❡ ■s♦❧❛t❡❞ ❚❤r❡❡✲P❤❛s❡ ■♥❞✐r❡❝t ▼❛tr✐① ■♥✈❡rt❡r✧

❆✉t♦r❡s✿ ❉✉tr❛✱ ❆✳ ❞♦ ❊✳❀ ❱✐t♦r✐♥♦✱ ▼✳ ❆✳❀ ❈♦rrê❛✱ ▼✳ ❇✳ ❞❡ ❘✳

❆❝❡✐t♦ ❡♠✿ ❊✉r♦♣❡❛♥ ❈♦♥❢❡r❡♥❝❡ ♦♥ P♦✇❡r ❊❧❡❝tr♦♥✐❝s ❛♥❞ ❆♣♣❧✐❝❛t✐♦♥s ✭❊P❊✮✱ ✷✵✶✾

■❊❊❊✱ ❙❡♣t✳ ✷✵✶✾✳



6
❆❣r❛❞❡❝✐♠❡♥t♦s

❆❣r❛❞❡ç♦ ❛♦ P❛✐ ❈❡❧❡st✐❛❧ ♣❡❧❛s ✐♥s♣✐r❛çõ❡s ❝♦♥❝❡❞✐❞❛s ❞✉r❛♥t❡ ❛ ❡①❡❝✉çã♦ ❞❡st❡ tr❛❜❛❧❤♦✳

❆❣r❛❞❡ç♦ ❛ ♠❡✉s ♣❛✐s✱ ❏♦sé ❆✐❧t♦♥ ❡ ▼❛r❣❛r❡t❤✱ ♣♦r ♥ã♦ ♠❡❞✐r❡♠ ❡s❢♦rç♦s ❡ t❡♠♣♦ ❡♠

♠❡ ❞❛r ✉♠❛ ❜♦❛ ❡❞✉❝❛çã♦✱ ❛♠♦r ❡ t❡r❡♠ ✐♥✈❡st✐❞♦ ❡♠ ♠❡✉ ❢✉t✉r♦ ♣r♦✜ss✐♦♥❛❧✳ P♦r t❛♠❜é♠

❛♣♦✐❛r❡♠ ♠❡✉s s♦♥❤♦s✳

❆❣r❛❞❡ç♦ ❛ ♠✐♥❤❛ ❡s♣♦s❛✱ ●✉❛ír❛✱ q✉❡ ❢♦✐ ♠✐♥❤❛ ❝♦♠♣❛♥❤❡✐r❛ ❞✉r❛♥t❡ t♦❞♦ ❡ss❡ ♣❡r✲

❝✉rs♦✱ ❞❛♥❞♦✲♠❡ ❢♦rç❛ ❡ ♠❡ ❢❛③❡♥❞♦ ❡♥①❡r❣❛r ♠❡✉ ♣♦t❡♥❝✐❛❧✳ ❊ t❛♠❜é♠ ♣❡❧❛ ♣❛❝✐ê♥❝✐❛ ♥❡ss❡

♣❡rí♦❞♦ ❞❡ ❛❜❞✐❝❛çõ❡s✳

❆❣r❛❞❡ç♦ ❛♦s ♠❡✉s ♦r✐❡♥t❛❞♦r❡s ❞❡st❡ tr❛❜❛❧❤♦✱ Pr♦❢s✳ ❉rs✳ ▼❛✉rí❝✐♦ ❈♦rrê❛ ❡ ▼♦♥✲

t✐ê ❱✐t♦r✐♥♦✱ ♣♦r ♠❡ ❢♦r♥❡❝❡r❡♠ ❛✉①í❧✐♦ ♥❛ ♠✐♥❤❛ ❢♦r♠❛çã♦ ❝✐❡♥tí✜❝❛ ❞❡ ♥í✈❡❧ ♠❛✐s ❛❧t♦✳

❚❛♠❜é♠✱ ♣❡❧❛ ♣❛❝✐ê♥❝✐❛ ❝♦♠ ♦s ❡rr♦s ❝♦♠❡t✐❞♦s✳

❆❣r❛❞❡ç♦ ❛♦s ❝♦❧❡❣❛s ❞♦ ▲❊■❆▼ ♣❡❧❛ ❝♦♥✈✐✈ê♥❝✐❛ ❡ ❛♣r❡♥❞✐③❛❞♦✳ ❊♠ ❡s♣❡❝✐❛❧ ❛ ❇r✉♥❛

●❤❡r❦❡✱ ❉✐❡❣♦ ❇✉❡♥♦✱ ■t❛✐❛r❛ ❈❛r✈❛❧❤♦✱ ❏♦ã♦ ❆♥❞ré ❖❧✐✈❡✐r❛✱ ▼❛①s✉❡❧ ❈✉♥❤❛✱ ◆❛②❛r❛ ❙❛♥✲

t♦s✱ ❘❡✉❜❡♥ ❙♦✉s❛ ❡ ❘✉❛♥ ●♦♠❡s ♣❡❧♦ ❝♦♠♣❛♥❤❡✐r✐s♠♦ ❡ ❛❥✉❞❛ ♥♦s ♠♦♠❡♥t♦s ❡♠ q✉❡

♣r❡❝✐s❡✐✳

❆❣r❛❞❡ç♦ t❛♠❜é♠ ❛♦s s❡r✈✐❞♦r❡s q✉❡ ❢❛③❡♠ ♣❛rt❡ ❞❛ ❈♦♦r❞❡♥❛çã♦ ❞❡ Pós✲●r❛❞✉❛çã♦

❡♠ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛ ♣♦r t♦❞♦s ♦s ♠♦♠❡♥t♦s ❡♠ q✉❡ ♣r❡❝✐s❡✐ s❛♥❛r ❞ú✈✐❞❛s ❡ ❛❥✉❞❛ ❝♦♠

♣r♦❝❡ss♦s ❜✉r♦❝rát✐❝♦s✳

❆❣r❛❞❡ç♦ à ❈❛♣❡s ♣❡❧♦ ❛✉①í❧✐♦ ✜♥❛♥❝❡✐r♦ ♣❛r❛ ❡①❡❝✉çã♦ ❞❡st❛ ♣❡sq✉✐s❛✳

✻✾



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s

❆❧✈❡s✱ ▲✳ ❋✳ ❙✳ ✭✷✵✶✽✮ ■♥✈❡rs♦r ❚r✐❢ás✐❝♦ ❙❡♠ ❇❛rr❛♠❡♥t♦ ❈❈ ❆♣❧✐❝❛❞♦ ❛♦ ❇♦♠❜❡❛♠❡♥t♦

❋♦t♦✈♦❧t❛✐❝♦✱ ❉✐ss❡rt✳ ❞❡ ▼❡str❛❞♦✱ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❈❛♠♣✐♥❛ ●r❛♥❞❡✱ ❇r❛s✐❧✳

❈❤❡r❣✉✐✱ ▼✳ ❡ ❇❡♥❛✐ss❛✱ ▼✳ ✭✷✵✶✺✮ ❙tr❛t❡❣② ♣❤♦t♦✈♦❧t❛✐❝ ♣✉♠♣✐♥❣ s②st❡♠ ✐♥ s❝❛tt❡r❡❞

❛r❡❛✱ ✷✵✶✺ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥ ❘❡♥❡✇❛❜❧❡ ❊♥❡r❣② ❘❡s❡❛r❝❤ ❛♥❞ ❆♣♣❧✐❝❛t✐♦♥s

✭■❈❘❊❘❆✮✱ ♣♣✳ ✷✽✸✕✷✽✻✳

❍✉❛♥❣✱ ❘✳ ❡ ▼❛③✉♠❞❡r✱ ❙✳ ❑✳ ✭✷✵✵✽✮ ❆ ♥♦✈❡❧ s♦❢t✲s✇✐t❝❤✐♥❣ s❝❤❡♠❡ ❢♦r ❛♥ ✐s♦❧❛t❡❞ ❞❝✴❞❝

❝♦♥✈❡rt❡r ✇✐t❤ ♣✉❧s❛t✐♥❣ ❞❝ ♦✉t♣✉t ❢♦r ❛ t❤r❡❡✲♣❤❛s❡ ❤✐❣❤✲❢r❡q✉❡♥❝②✲❧✐♥❦ ♣✇♠ ❝♦♥✈❡rt❡r✱

■❊❊❊ ■♥❞✉str② ❆♣♣❧✐❝❛t✐♦♥s ❙♦❝✐❡t② ❆♥♥✉❛❧ ▼❡❡t✐♥❣✱ ♣♣✳ ✶✕✾✳

❍✉❛♥❣✱ ❘✳ ❡ ▼❛③✉♠❞❡r✱ ❙✳ ❑✳ ✭✷✵✵✾❛✮ ❆ s♦❢t✲s✇✐t❝❤✐♥❣ s❝❤❡♠❡ ❢♦r ❛♥ ✐s♦❧❛t❡❞ ❞❝✴❞❝ ❝♦♥✈❡rt❡r

✇✐t❤ ♣✉❧s❛t✐♥❣ ❞❝ ♦✉t♣✉t ❢♦r ❛ t❤r❡❡✲♣❤❛s❡ ❤✐❣❤✲❢r❡q✉❡♥❝②✲❧✐♥❦ ♣✇♠ ❝♦♥✈❡rt❡r✱ ■❊❊❊

❚r❛♥s❛❝t✐♦♥s ♦♥ P♦✇❡r ❊❧❡❝tr♦♥✐❝s✱ ♣♣✳ ✷✷✼✻✕✷✷✽✽✳

❍✉❛♥❣✱ ❘✳ ❡ ▼❛③✉♠❞❡r✱ ❙✳ ❑✳ ✭✷✵✵✾❜✮ ❙♦❢t s✇✐t❝❤✐♥❣ s❝❤❡♠❡s ❢♦r ♠✉❧t✐♣❤❛s❡ ❞❝✴❞❝ ❝♦♥✈❡r✲

t❡r ✇✐t❤ s✐①✲♣✉❧s❡ ♠♦❞✉❧❛t❡❞ ♣✉❧s❛t✐♥❣ ♦✉t♣✉t✱ ■❊❊❊ ❊♥❡r❣② ❈♦♥✈❡rs✐♦♥ ❈♦♥❣r❡ss ❛♥❞

❊①♣♦s✐t✐♦♥✱ ♣♣✳ ✽✺✸✕✽✻✵✳

❍✉r❧❡②✱ ❲✳ ●✳ ❡ ❲♦❧✢❡✱ ❲✳ ❍✳ ✭✷✵✶✸✮ ❚r❛♥s❢♦r♠❡rs ❛♥❞ ■♥❞✉❝t♦rs ❢♦r P♦✇❡r ❊❧❡❝tr♦♥✐❝s ✲

❚❤❡♦r②✱ ❉❡s✐❣♥ ❛♥❞ ❆♣♣❧✐❝❛t✐♦♥s✱ ❏♦❤♥ ❲✐❧❡② ❛♥❞ ❙♦♥s ▲t❞✳✱ ✶♦ ❡❞✐❝✳✳

■♥t❡rt❡❝❤♥♦❧♦❣②✱ ❱✳ ✭✷✵✶✽✮ ❊♥❣✐♥❡❡r✐♥❣ s♦❧✉t✐♦♥s ❛❧✉♠✐♥✉♠ ❝❛♣❛❝✐t♦rs ✐♥ ♣♦✇❡r s✉♣♣❧✐❡s✱ ❘❡❧✳

❚é❝✳✳

❏❛❝♦❜✐♥❛✱ ❈✳ ❇✳ ✭✷✵✶✽✮ ▼♦❞❡❧♦ ❞❛ ♠❛q✉✐♥❛ ❞❡ ❝♦rr❡♥t❡ ❛❧t❡r♥❛❞❛ tr✐❢❛s✐❝❛ ❞❡ ♣♦❧♦s ❧✐s♦s✱

◆♦t❛s ❞❡ ❛✉❧❛✳

❑♦❧❤❡✱ ▼✳❀ ❏♦s❤✐✱ ❏✳ ❡ ❑♦t❤❛r✐✱ ❉✳ P✳ ✭✷✵✵✹✮ P❡r❢♦r♠❛♥❝❡ ❛♥❛❧②s✐s ♦❢ ❛ ❞✐r❡❝t❧② ❝♦✉♣❧❡❞ ♣❤♦t♦✲

✈♦❧t❛✐❝ ✇❛t❡r✲♣✉♠♣✐♥❣ s②st❡♠✱ ■❊❊❊ ❚r❛♥s❛❝t✐♦♥s ♦♥ ❊♥❡r❣② ❈♦♥✈❡rs✐♦♥✱ ✶✾✭✸✮✿✻✶✸✕✻✶✽✳

❑✉♠♠❛r✐✱ ◆✳❀ ❈❤❛❦r❛❜♦rt②✱ ❙✳ ❡ ❈❤❛tt♦♣❛❞❤②❛②✱ ❙✳ ✭✷✵✶✽✮ ❆♥ ✐s♦❧❛t❡❞ ❤✐❣❤✲❢r❡q✉❡♥❝② ❧✐♥❦

✼✵



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s ✼✶

♠✐❝r♦✐♥✈❡rt❡r ♦♣❡r❛t❡❞ ✇✐t❤ s❡❝♦♥❞❛r②✲s✐❞❡ ♠♦❞✉❧❛t✐♦♥ ❢♦r ❡✣❝✐❡♥❝② ✐♠♣r♦✈❡♠❡♥t✱ ■❊❊❊

❚r❛♥s❛❝t✐♦♥s ♦♥ P♦✇❡r ❊❧❡❝tr♦♥✐❝s✱ ✸✸✭✸✮✿✷✶✽✼✕✷✷✵✵✳
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❈❊P❊▲ ✲ ❈❘❊❙❊❙❇✳

Pr❛s❛♥♥❛✱ ❯✳ ❘✳ ❡ ❘❛t❤♦r❡✱ ❆✳ ❑✳ ✭✷✵✶✹✮ ❉✉❛❧ t❤r❡❡✲♣✉❧s❡ ♠♦❞✉❧❛t✐♦♥✲❜❛s❡❞ ❤✐❣❤✲❢r❡q✉❡♥❝②

♣✉❧s❛t✐♥❣ ❞❝ ❧✐♥❦ t✇♦✲st❛❣❡ t❤r❡❡✲♣❤❛s❡ ✐♥✈❡rt❡r ❢♦r ❡❧❡❝tr✐❝✴❤②❜r✐❞✴ ❢✉❡❧ ❝❡❧❧ ✈❡❤✐❝❧❡s ❛♣✲

♣❧✐❝❛t✐♦♥s✱ ■❊❊❊ ❏♦✉r♥❛❧ ♦❢ ❊♠❡r❣✐♥❣ ❛♥❞ ❙❡❧❡❝t❡❞ ❚♦♣✐❝s ✐♥ P♦✇❡r ❊❧❡❝tr♦♥✐❝s✱ ✷✭✸✮✿✹✼✼✕

✹✽✻✳

Pr❛s❛♥♥❛✱ ❯✳ ❘✳❀ ❘❛t❤♦r❡✱ ❆✳ ❑✳ ❡ ❈❤❛❦r❛❜♦rt②✱ ❈✳ ✭✷✵✶✸✮ ❍✐❣❤✲❢r❡q✉❡♥❝② t❤r❡❡✲♣❤❛s❡ ✐♥✈❡r✲

t❡r ❡♠♣❧♦②✐♥❣ ♥❡✇ s✐①✲♣✉❧s❡✲♠♦❞✉❧❛t✐♦♥ ✭s♣♠✮ t❡❝❤♥✐q✉❡ ❢♦r r✉r❛❧ ❡❧❡❝tr✐✜❝❛t✐♦♥✴♠✐❝r♦✲

❣r✐❞✴❞❡rs✴❡✈s✱ ■❊❊❊ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥ ■♥❞✉str✐❛❧ ❚❡❝❤♥♦❧♦❣② ✭■❈■❚✮✱ ♣♣✳ ✶✺✽✺✕
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✐rr✐❣❛t✐♦♥ ✇❛t❡r ♣✉♠♣✐♥❣ s②st❡♠✱ ✷✵✶✼ ■❊❊❊ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥ P♦✇❡r✱ ❈♦♥tr♦❧✱
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❝❛♣❛❝✐t♦r✲❧❡ss t❤r❡❡✲♣❤❛s❡ ♣✉❧s❛t✐♥❣✲❞❝✲❧✐♥❦ ✐♥✈❡rt❡r✱ ■❊❊❊ ❚r❛♥s❛❝t✐♦♥s ♦♥ P♦✇❡r ❊❧❡❝✲
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A
❆✳✶ ❙✐st❡♠❛s ❢♦t♦✈♦❧t❛✐❝♦s

❖s ♣❛✐♥é✐s s♦❧❛r❡s sã♦ ❢♦r♠❛❞♦s ♣♦r ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❝é❧✉❧❛s ❢♦t♦✈♦❧t❛✐❝❛s ❝♦♥st✐t✉í❞❛s ❞❡

s✐❧í❝✐♦ ❡ q✉❛rt③♦ ✭❙✐❖2✮✳ ❆♦ ✐♥❝✐❞✐r ❧✉③ s♦❜r❡ ❛s ❝é❧✉❧❛s✱ ❛ ♣❛rt✐r ❞♦ ❡❢❡✐t♦ ❢♦t♦✈♦❧t❛✐❝♦✱ ❤á

❣❡r❛çã♦ ❞❡ ♣♦tê♥❝✐❛ ❡❧étr✐❝❛✳ ❖ ♠♦❞❡❧♦ ❞❛ ❝é❧✉❧❛ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ❋✐❣✳ ❆✳✶✳

❋✐❣✉r❛ ❆✳✶✿ ▼♦❞❡❧♦ ❞❛ ❝é❧✉❧❛ ❢♦t♦✈♦❧t❛✐❝❛✳

Rp

Rs

Iph D Vp
ID IR

Ip

P❛r❛ ❡st❡ ♠♦❞❡❧♦✱ Iph r❡♣r❡s❡♥t❛ ❛ ❝♦rr❡♥t❡ ❣❡r❛❞❛ ♣❛r❛ ✉♠❛ ❞❛❞❛ ✐♥❝✐❞ê♥❝✐❛ s♦❜r❡ ❛

❝é❧✉❧❛✳ ❈♦♠♦ ❛ ❝é❧✉❧❛ é ❝♦♠♣♦st❛ ❞❡ s✐❧í❝✐♦✱ ♦ ♠❡s♠♦ s❡ ❝♦♠♣♦rt❛rá ❝♦♠♦ ✉♠ ❞✐♦❞♦ q✉❡ é

♣❡r❝♦rr✐❞♦ ♣♦r ✉♠❛ ❝♦rr❡♥t❡ ID q✉❡ ❞❡♣❡♥❞❡ ❞❛ t❡♥sã♦ Vp ♥♦s t❡r♠✐♥❛✐s ❞♦ ❣❡r❛❞♦r✳ ❊①✐st❡

✉♠❛ q✉❡❞❛ ❞❡ t❡♥sã♦ ♥❛ ❝é❧✉❧❛ ❛té ♦ ❝♦♥t❛t♦ ❡①t❡r✐♦r✱ r❡♣r❡s❡♥t❛❞❛ ♣♦r ✉♠❛ r❡s✐stê♥❝✐❛ sér✐❡

Rs ❡✱ t❛♠❜é♠✱ ❤á ❝♦rr❡♥t❡ ❞❡ ❢✉❣❛✱ r❡♣r❡s❡♥t❛❞❛ ♣❡❧❛ r❡s✐stê♥❝✐❛ ❡♠ ♣❛r❛❧❡❧♦ Rp✳

❆ ❝♦rr❡♥t❡ ♥♦ t❡r♠✐♥❛❧ ❡①t❡r✐♦r ❞❛ ❝é❧✉❧❛ é ❞❛❞❛ ♣♦r✿

Ip = Iph − ID − IR ✭❆✳✶✮

✼✸



✼✹

❡♠ q✉❡✿

ID = IO

(

exp

(

Vp +RsIp
mVt

)

− 1

)

✭❆✳✷✮

♦♥❞❡ IO é ❛ ❝♦rr❡♥t❡ ♠á①✐♠❛ r❡✈❡rs❛ ❞❡ s❛t✉r❛çã♦ ❞♦ ❞✐♦❞♦✱ m é ♦ ❢❛t♦r ❞❡ ✐❞❡❛❧✐❞❛❞❡ ❞♦

❞✐♦❞♦✱ Vt é ♦ ♣♦t❡♥❝✐❛❧ tér♠✐❝♦ ❞❛❞♦ ♣♦r Vt =
kT
q

s❡♥❞♦ k ❛ ❝♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♥ ✭k =

1, 38×10−23 ❏✴❑✮✱ T é ❛ t❡♠♣❡r❛t✉r❛ ❛❜s♦❧✉t❛ ❡♠ ❑ ❡ q é ❛ ❝❛r❣❛ ❞♦ ❡❧étr♦♥ ✭q = 1, 6×10−19

❈✮✳

❚❡♠✲s❡✱ t❛♠❜é♠✿

IR =
Vp +RsIp

Rp

✭❆✳✸✮

❉❡ss❡ ♠♦❞♦✱ s✉❜st✐t✉✐♥❞♦✲s❡ ❛s ❡①♣r❡ssõ❡s ✭✶✳✷✮ ❡ ✭✶✳✸✮ ♥❛ ❡①♣r❡ssã♦ ✭✶✳✶✮✱ ❡♥❝♦♥tr❛✲s❡✿

Ip = Iph − IO

(

exp

(

Vp +RsIp
mVt

)

− 1

)

− Vp +RsIp
Rp

✭❆✳✹✮

P❛r❛ r❡♣r❡s❡♥t❛çã♦ ♠❛t❡♠át✐❝❛ ❞♦ ♣❛✐♥❡❧✱ é ♥❡❝❡ssár✐♦ ❝♦♥s✐❞❡r❛r ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❝é❧✉❧❛s

❡♠ sér✐❡ ❡ ♣❛r❛❧❡❧♦✳ ❆ss✐♠✱ ♣❛r❛ ✉♠ ♣❛✐♥é❧✱ ❛ ❡q✉❛çã♦ ✭✶✳✹✮ t♦r♥❛✲s❡✿

Ip = I
′

ph − I
′

O

(

exp

(

Vp +R
′

sIp
m′Vt

)

− 1

)

− Vp +R
′

sIp
R′

p

✭❆✳✺✮

❡♠ q✉❡ I
′

ph = NpIph✱ I
′

O = NpIO✱ m
′

= Nsm✱ R
′

s = (Ns

Np
)Rs✱ R

′

p = (Ns

Np
)Rp ❡ Ns ❡ Np sã♦✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ♦ ♥ú♠❡r♦ ❞❡ ❝é❧✉❧❛s ❡♠ sér✐❡ ❡ ♣❛r❛❧❡❧♦ ❡①✐st❡♥t❡s ♥♦ ♣❛✐♥é❧✳

❆✳✶✳✶ ❆ss♦❝✐❛çã♦ ❞❡ ♣❛✐♥é✐s ❢♦t♦✈♦❧t❛✐❝♦s

❊♠ ❝❛❞❛ ♣❛✐♥❡❧ s♦❧❛r é ✐♥❞✐❝❛❞♦ ❛ ♣♦tê♥❝✐❛ ♠á①✐♠❛ ❝❛♣❛③ ❞❡ s❡r ❣❡r❛❞❛ ❡♠ ❝♦♥❞✐çõ❡s ♣❛❞rã♦

❞❡ t❡st❡ ✭✐rr❛❞✐❛çã♦ ✐♥❝✐❞❡♥t❡ ❞❡ ✶✵✵✵ ❲✴♠2 ❡ t❡♠♣❡r❛t✉r❛ ❞❡ 25◦❈✮✳ ❈♦♠❡r❝✐❛❧♠❡♥t❡✱ ♥♦

❇r❛s✐❧✱ sã♦ ❡♥❝♦♥tr❛❞♦s✱ ❣❡r❛❧♠❡♥t❡✱ ♣❛✐♥é✐s ❞❡ ✶✵❲ ❛té ✸✸✵❲✳ ❈❛s♦ ❛ ❛♣❧✐❝❛çã♦ ♣r❡t❡♥❞✐❞❛



✼✺

❡①✐❥❛ ♣♦tê♥❝✐❛s ♠❛✐♦r❡s q✉❡ ❞❡ss❛ ❢❛✐①❛✱ ❛ss♦❝✐❛✲s❡ ♦s ♣❛✐♥é✐s ❡♠ sér✐❡ ❡✴♦✉ ♣❛r❛❧❡❧♦ ❞❡ ♠♦❞♦

❛ ♦❜t❡r✲s❡ ❛ ♣♦tê♥❝✐❛ ❞❡s❡❥❛❞❛✳

❆ ❧✐❣❛çã♦ ❡♠ sér✐❡ é ❢❡✐t❛ ❝♦♥❡❝t❛♥❞♦✲s❡ ♦ t❡r♠✐♥❛❧ ♣♦s✐t✐✈♦ ❞❡ ✉♠ ♠ó❞✉❧♦ ❛♦ t❡r♠✐♥❛❧

♥❡❣❛t✐✈♦ ❞♦ ♦✉tr♦ ❡ ❛ss✐♠ s✉❝❡ss✐✈❛♠❡♥t❡ ✭❋✐❣✳ ❆✳✷✮✳ ❉❡ss❡ ♠♦❞♦✱ ❛ t❡♥sã♦ r❡s✉❧t❛♥t❡ ❞♦

❝♦♥❥✉♥t♦ é ❛ s♦♠❛ ❞❛ t❡♥sõ❡s ❞❡ ❝❛❞❛ ✉♠ ❞♦s Ns ♣❛✐♥é✐s ❧✐❣❛❞♦s ❡♠ sér✐❡✿

Vpt = Vp1 + Vp2 + ...+ VpNs
✭❆✳✻✮

❋✐❣✉r❛ ❆✳✷✿ ❆ss♦❝✐❛çã♦ ❞❡ ♣❛✐♥é✐s ❢♦t♦✈♦❧t❛✐❝♦s ❡♠ sér✐❡✳

+ - + - + -

Vpt

Ipt

Vp1Vp2VpNs

...

Ip2 Ip1

❈❛s♦ ♦s ♠ó❞✉❧♦s s❡❥❛♠ ✐❣✉❛✐s ❡ ♦ ♣❛r t❡♠♣❡r❛t✉r❛✲✐rr❛❞✐â♥❝✐❛ s❡❥❛ ♦ ♠❡s♠♦ ♣❛r❛ t♦❞♦s✱

❛ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ ♣❛r❛ ♦ ❛rr❛♥❥♦ ❞♦s Ns ♣❛✐♥é✐s ❧✐❣❛❞♦s ❡♠ sér✐❡ é ✐❣✉❛❧ ❛ ❝♦rr❡♥t❡ ❞❡ ❝❛❞❛

♣❛✐♥é❧ ✐♥❞✐✈✐❞✉❛❧♠❡♥t❡✿

Ipt = Ip1 = Ip2 = ... = IpNs
✭❆✳✼✮

❆ ❧✐❣❛çã♦ ❡♠ ♣❛r❛❧❡❧♦ é ❢❡✐t❛ ❝♦♥❡❝t❛♥❞♦✲s❡ ♦ t❡r♠✐♥❛❧ ♣♦s✐t✐✈♦ ❞❡ ✉♠ ♠ó❞✉❧♦ ❛♦ t❡r♠✐♥❛❧

♣♦s✐t✐✈♦ ❞♦ ♦✉tr♦ ❡ ♦ t❡r♠✐♥❛❧ ❞❡ ♥❡❣❛t✐✈♦ ❞♦ ♣r✐♠❡✐r♦ ❝♦♠ ♦ t❡r♠✐♥❛❧ ♥❡❣❛t✐✈♦ ❞♦ s❡❣✉♥❞♦

❡ ❛ss✐♠ s✉❝❡ss✐✈❛♠❡♥t❡ ✭❋✐❣✳ ❆✳✸✮✳ ❉❡ss❡ ♠♦❞♦✱ ❝❛s♦ ♦ ♣❛r t❡♠♣❡r❛t✉r❛✲✐rr❛❞✐â♥❝✐❛ s❡❥❛ ♦

♠❡s♠♦ ♣❛r❛ t♦❞♦s ♦s ♣❛✐♥é✐s✱ ❛ t❡♥sã♦ ❞❡ s❛í❞❛ ♣❛r❛ ✉♠ ❛rr❛♥❥♦ ❞❡ Np ♣❛✐♥é✐s ❧✐❣❛❞♦s ❡♠

♣❛r❛❧❡❧♦ é ✐❣✉❛❧ ❛ t❡♥sã♦ ❞❡ ✉♠ ♣❛✐♥é❧ ❞♦ ❛rr❛♥❥♦✿

Vpt = Vp1 = Vp2 = ... = VpNp
✭❆✳✽✮



✼✻

❋✐❣✉r❛ ❆✳✸✿ ❆ss♦❝✐❛çã♦ ❞❡ ♣❛✐♥é✐s ❢♦t♦✈♦❧t❛✐❝♦s ❡♠ ♣❛r❛❧❡❧♦✳

+

-

+

-

+

-

Vpt

Ipt

Vp
Np

Vp2
Vp1

Ip
Np

Ip2Ip1

...

...

❆ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ ♣❛r❛ ♦ ❛rr❛♥❥♦ ❞♦s Np ♣❛✐♥é✐s ❧✐❣❛❞♦s ❡♠ ♣❛r❛❧❡❧♦ é ❛ s♦♠❛ ❞❛s

❝♦rr❡♥t❡s ✐♥❞✐✈✐❞✉❛✐s ❣❡r❛❞❛s ♣♦r ❝❛❞❛ ♣❛✐♥é❧ ❞♦ ❛rr❛♥❥♦✿

Ipt = Ip1 + Ip2 + ...+ IpNp
✭❆✳✾✮

❉❡ ✉♠ ♠♦❞♦ ❣❡r❛❧✱ ♣❛r❛ ✉♠❛ ❛ss♦❝✐❛çã♦ ❞❡ Ns ♣❛✐♥é✐s ❡♠ sér✐❡ ❡ Np ♣❛✐♥é✐s ❡♠ ♣❛r❛❧❡❧♦

✐❣✉❛✐s✱ t❡♠✲s❡

Vpt = Ns × Vp1 ✭❆✳✶✵✮

Ipt = Np × Ip1 ✭❆✳✶✶✮

❆❧❣✉♥s ❢❛t♦r❡s q✉❡ ✐♥✢✉❡♥❝✐❛♠ ♥❛ ♣r♦❞✉çã♦ ❞❡ ♣♦tê♥❝✐❛ ❡❧étr✐❝❛ ♣❡❧♦ ♣❛✐♥é❧ sã♦✿ t❡♠♣❡✲

r❛t✉r❛ ❞❡ ♦♣❡r❛çã♦✱ ✐rr❛❞✐â♥❝✐❛ ✐♥❝✐❞❡♥t❡ ❡ s♦♠❜r❡❛♠❡♥t♦✳ ❉❡ss❡ ♠♦❞♦✱ é ✐♠♣♦rt❛♥t❡ s❡♠♣r❡

✐♥st❛❧á✲❧♦s ♦♥❞❡ ❛ ❣❡r❛çã♦ ❞❡ ♣♦tê♥❝✐❛ s❡❥❛ ♦t✐♠✐③❛❞❛✳

❆✳✷ ■♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s

❈♦♠♦ ♦ ♣ró♣r✐♦ ♥♦♠❡ s✉❣❡r❡✱ ♦s ✐♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s ❝♦♥s✐st❡♠ ❡♠ t♦♣♦❧♦❣✐❛s q✉❡ ❝♦♥s❡✲

❣✉❡♠ s✐♥t❡t✐③❛r✱ ❡♠ s✉❛ s❛í❞❛✱ t❡♥sõ❡s ❞❡ ❢❛s❡ ❡ ❧✐♥❤❛ ❝♦♠ ♠ú❧t✐♣❧♦s ♥í✈❡✐s✳ ❖ ❞❡s❡♥✈♦❧✈✐✲

♠❡♥t♦ ❞❡ ❡str✉t✉r❛s ♠✉❧t✐♥í✈❡❧ ✈❡♠ ❞❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ♠❛♥t❡r ❛ q✉❛❧✐❞❛❞❡ ❞❛ ❡♥❡r❣✐❛ ❣❡r❛❞❛



✼✼

❡s♣❡❝✐❛❧♠❡♥t❡ ❡♠ ❛♣❧✐❝❛çõ❡s ❞❡ ❛❧t❛ ♣♦tê♥❝✐❛ ✉t✐❧✐③❛♥❞♦ ❝❤❛✈❡s s❡♠✐❝♦♥❞✉t♦r❛s ❞❡ ❝✉st♦

❜❛✐①♦✳ ❈♦♥t✉❞♦✱ ❛ ♠❡❞✐❞❛ q✉❡ ❛s ❡str✉t✉r❛s ❞♦s ❝♦♥✈❡rs♦r❡s ✜❝❛♠ ♠❛✐s ❝♦♠♣❧❡①❛s✱ ❝♦♥s❡✲

q✉❡♥t❡♠❡♥t❡✱ ❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ t❛♠❜é♠ é ❞✐✜❝✉❧t❛❞❛✳ ❊ss❡s ❝♦♥✈❡rs♦r❡s sã♦ ❢♦r♠❛❞♦s

♣♦r ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❞✐s♣♦s✐t✐✈♦s s❡♠✐❝♦♥❞✉t♦r❡s ❡ ❢♦♥t❡s ❝❛♣❛❝✐t❛✈❛s q✉❡✱ ♠❡❞✐❛♥t❡ ❝♦♥tr♦❧❡

❞❛s ❝❤❛✈❡s✱ s✐♥t❡t✐③❛ ❡♠ s✉❛ s❛í❞❛ t❡♥sõ❡s ✭♦✉ ❝♦rr❡♥t❡s✮ ❝♦♠ ❛♠♣❧✐t✉❞❡✱ ❢❛s❡ ❡ ❢r❡q✉ê♥❝✐❛

❛❥✉stá✈❡✐s✳ ❆ ❢♦r♠❛ ❞❡ ♦♥❞❛ ❡♠ ♥í✈❡✐s é ❣❡r❛❞❛ s❡❧❡❝✐♦♥❛♥❞♦ ♦s ❞✐❢❡r❡♥t❡s ♥í✈❡✐s ❞❡ t❡♥sã♦

❛ ♣❛rt✐r ❞❛ ❝♦♥❡①ã♦ ❡♥tr❡ ❛ ❝❛r❣❛ ❡ ❛ ❢♦♥t❡ ❝❛♣❛❝✐t✐✈❛✳✭❘♦❞r✐❣✉❡③✱ ❋r❛♥q✉❡❧♦✱ ❑♦✉r♦✱ ▲❡ó♥✱

P♦rt✐❧❧♦✱ Pr❛ts ❡ Pér❡③✱ ✷✵✵✾✮

❖ ♥ú♠❡r♦ ❞❡ ♥í✈❡✐s é ❞❡✜♥✐❞♦ ♣❡❧♦ ♥ú♠❡r♦ ❞❡ ❝♦♥st❛♥t❡s ❞❡ t❡♥sõ❡s ❞✐s♣♦♥í✈❡✐s q✉❡

♣♦❞❡♠ s❡r ❣❡r❛❞♦s ❡♥tr❡ ❛ ❧✐❣❛çã♦ ❞♦ t❡r♠✐♥❛❧ ❞❡ s❛í❞❛ ❡ ✉♠ ♥ó ❞❡ r❡❢❡rê♥❝✐❛ ♥♦ ❝♦♥✈❡rs♦r✳

❚✐♣✐❝❛♠❡♥t❡✱ ❡st❡ ♥ó é ♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❞❡ ❡♥tr❛❞❛ ❞♦ ✐♥✈❡rs♦r ❞❡♥♦t❛❞♦ ♣♦r ✵✳ ❆

❋✐❣✳ ❆✳✹ ✐❧✉str❛ ✉♠ ❡sq✉❡♠❛ s✐♠♣❧✐✜❝❛❞♦ ❞♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦s ❝♦♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s✳ ❆s

t❡♥sõ❡s ❡♥tr❡ ❛ ❝❛r❣❛ ❡ ♦ ♣♦♥t♦ ❝❡♥tr❛❧ 0 sã♦ ❞❡♥♦♠✐♥❛❞❛s t❡♥sõ❡s ❞❡ ♣ó❧♦ ❡ ❞❡♥♦t❛❞❛s ♣♦r

V10✱ V20 ❡ V30✳ ◆♦ ❝❛s♦ ❞❛ ❋✐❣✳ ❆✳✹❛✱ ♦ ♥ú♠❡r♦ ❞❡ ♥í✈❡✐s ♣♦ssí✈❡✐s ❞❡ V10 sã♦ ❞♦✐s✿ +VCC ♦✉

−VCC ✳ ❏á ♣❛r❛ ❛ ❡str✉t✉r❛ ♥❛ ❋✐❣✳ ❆✳✹❜✱ V10 ♣♦❞❡ ❛ss✉♠✐r três ♥í✈❡✐s✿ +VCC ✱ 0 ♦✉ −VCC ✳

❉❡s❡❥❛♥❞♦✲s❡ ♦❜t❡r t❡♥sõ❡s ❞❡ ♣ó❧♦ ❝♦♠ np ♥í✈❡✐s✱ ❛ ❋✐❣✳ ❆✳✹❝ ✐❧✉str❛ ❡ss❡ ❝❛s♦ ❣❡r❛❧✳

❋✐❣✉r❛ ❆✳✹✿ ❇r❛ç♦s ❞❡ ❝♦♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s✳

cc

cc

10

✭❛✮ ❈♦♥✈❡rs♦r ❞❡ ✷ ♥í✈❡✐s✳

cc

cc

10

✭❜✮ ❈♦♥✈❡rs♦r ❞❡ ✸ ♥í✈❡✐s✳

cc

cc

10

cc

✭❝✮ ❈♦♥✈❡rs♦r ❞❡ ♥ ♥í✈❡✐s✳

P❛r❛ ✉♠ ❝♦♥✈❡rs♦r ♠✉❧t✐♥í✈❡❧ tr✐❢ás✐❝♦✱ ♦ ♥ú♠❡r♦ ❞❡ ♥í✈❡✐s ♥❛s t❡♥sõ❡s ❞❡ ❧✐♥❤❛ ♥❛ ❝❛r❣❛

✭V12✱ V23 ❡ V31✮ é ❞❛❞♦ ♣♦r✿
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nl = 2np − 1 ✭❆✳✶✷✮

❏á ♦ ♥ú♠❡r♦ ❞❡ ♥í✈❡✐s ❞❛s t❡♥sõ❡s ❞❡ ❢❛s❡ ♥❛ ❝❛r❣❛ ✭V1N ✱ V2N ❡ V3N✮ é ♦❜t✐❞♦✿

nf = 2nl − 1 ✭❆✳✶✸✮

❆❧❣✉♠❛s t♦♣♦❧♦❣✐❛s ❞❡ ❝♦♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s ❢♦r❛♠ ❝♦♥s♦❧✐❞❛❞❛s ❡ sã♦ ✉t✐❧✐③❛❞❛s ❤♦❥❡

❡♠ ❞✐❛ ♣❛r❛ ❞✐✈❡rs❛s ❛♣❧✐❝❛çõ❡s✳ ❊♥tr❡ ❡❧❛s✱ ♣♦❞❡✲s❡ ❞❡st❛❝❛r ❛s s❡❣✉✐♥t❡s ❝♦♥✜❣✉r❛çõ❡s✿

◆❡✉tr♦ ●r❛♠♣❡❛❞♦ ✭◆❡✉tr❛❧ P♦✐♥t ❈❧❛♠♣❡❞ ✲ ◆P❈✮✱ ❈❛♣❛❝✐t♦r ❋❧✉t✉❛♥t❡ ✭❋❧②✐♥❣ ❈❛♣❛❝✐t♦r

✲ ❋❈✮ ❡ P♦♥t❡✲❍ ❡♠ ❈❛s❝❛t❛ ✭❈❛s❝❛❞❡❞ ❍✲❇r✐❞❣❡ ✲ ❈❍❇✮✳ P❛r❛ ✜♥s ❞❡ ❜❛s❡ ❞❡st❡ tr❛❜❛❧❤♦✱

❛♣❡♥❛s ❛ t♦♣♦❧♦❣✐❛ ◆P❈ s❡rá ❡①♣❧♦r❛❞❛ ❝♦♠♦ t❛♠❜é♠ s✉❛ ✈❛r✐❛♥t❡ ◆P❈ ❚✐♣♦✲❚ ✭❚✲❚②♣❡

◆P❈ ■♥✈❡rt❡r✮✳

❆ ❝♦♥✜❣✉r❛çã♦ ◆P❈ ❞❡ três ♥í✈❡✐s ❞❡ t❡♥sã♦ ❞❡ ♣ó❧♦ ♣♦❞❡ s❡r ✈✐st❛ ♥❛ ❋✐❣✳ ❆✳✺✳ ➱

❝♦♠♣♦st❛ ❞❡ três ❜r❛ç♦s ❝♦♠ q✉❛tr♦ ❝❤❛✈❡s ❡♠ ❝❛❞❛ ✉♠✳ ❖s ❞✐♦❞♦s ❡♠ ♣❛r❛❧❡❧♦ ❡♠ ❝❛❞❛

❜r❛ç♦ sã♦ ✉s❛❞♦s ♣❛r❛ ❣❡r❛r ♦ ♣♦♥t♦ ❝❡♥tr❛❧ ❞♦ ❜❛rr❛♠❡♥t♦✱ ✵✱ ❞✐✈✐❞✐♥❞♦✲♦ ❡♠ ❞♦✐s✳ ❆ss✐♠✱

❛s ❝❤❛✈❡s t❡♠ q✉❡ ❛♣❡♥❛s ❜❧♦q✉❡❛r ♠❡t❛❞❡ ❞❛ t❡♥sã♦ t♦t❛❧ ❞♦ ❝♦♥✈❡rs♦r✳ ❚❛♠❜é♠✱ ♦ ♣♦♥t♦

❝❡♥tr❛❧ ✵ é r❡s♣♦♥sá✈❡❧ ♣♦r s✐♥t❡t✐③❛r ♦ ♥í✈❡❧ ❞❡ t❡♥sã♦ ③❡r♦ ♥❛ s❛í❞❛✳

❋✐❣✉r❛ ❆✳✺✿ ■♥✈❡rs♦r ❝♦♠ ♥❡✉tr♦ ❣r❛♠♣❡❛❞♦✳
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2
V
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2

❆s ❝❤❛✈❡s sã♦ r❡♣r❡s❡♥t❛❞❛s ♣♦r qij ♦♥❞❡ i r❡♣r❡s❡♥t❛ ❝❤❛✈❡ s✉♣❡r✐♦r ✭✶✮ ♦✉ ✐♥❢❡r✐♦r ✭✷✮ ❡

j ❛ ❢❛s❡ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛♦ ❜r❛ç♦ ✭✶✱ ✷ ♦✉ ✸✮✳ ❖s ❞✐s♣♦s✐t✐✈♦s s❡♠✐❝♦♥❞✉t♦r❡s sã♦ ❛❝✐♦♥❛❞♦s
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♣♦r ❡str❛té❣✐❛ P❲▼✳ ❆s ❝❤❛✈❡s qij sã♦ ❛❝✐♦♥❛❞❛s ♣❡❧♦ s✐♥❛❧ ❝♦♠♣❧❡♠❡♥t❛r ❡♥✈✐❛❞♦ ❛ qij✳

P❛r❛ ♦ ◆P❈✱ ❛ ♠♦❞✉❧❛çã♦ P❲▼ ❝❧áss✐❝❛ é ❛ ❞❡ ♥í✈❡❧ ❞❡s❧♦❝❛❞♦ ✭▲❡✈❡❧ ❙❤✐❢t❡❞ P❲▼ ✮✳

❊ss❛ ❡str❛té❣✐❛ ❝♦♥s✐st❡ ♥❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ❛s s❡♥ó✐❞❡s ❞❡ r❡❢❡rê♥❝✐❛ ❞❡ ❝❛❞❛ ❢❛s❡ ✭Vref1 ✱

Vref2 ❡ Vref3✮ ❝♦♠ ❞✉❛s ♣♦rt❛❞♦r❛s ❡♠ ❢❛s❡ ✭Vtri1 ❡ Vtri2✮✱ ✉♠❛ ❝♦♠ ❛♠♣❧✐t✉❞❡ ❞❡ ✵ ❛ ✶

❡ ❛ ♦✉tr❛ ❞❡ ✲✶ ❛ ✵✳ ◆❛ ❋✐❣✳ ❆✳✻ ❡stá ✐❧✉str❛❞❛ ❛ té❝♥✐❝❛ ❞❡s❝r✐t❛✳ ❖s s✐♥❛✐s r❡s✉❧t❛♥t❡s

❞❛s ❝♦♠♣❛r❛çõ❡s ❞❛s r❡❢❡rê♥❝✐❛s ❝♦♠ Vtri1 ❛❝✐♦♥❛♠ ❛s ❝❤❛✈❡s s✉♣❡r✐♦r❡s ✭q1j✮ ❡ ♦s s✐♥❛✐s

r❡s✉❧t❛♥t❡s ❞❛s ❝♦♠♣❛r❛çõ❡s ❞❛s r❡❢❡rê♥❝✐❛s ❝♦♠ −Vtri2 ❛❝✐♦♥❛♠ ❛s ❝❤❛✈❡s ✐♥❢❡r✐♦r❡s ✭q2j✮✳

◆❛ ❋✐❣✳ ❆✳✼ ❡stã♦ ✐❧✉str❛❞♦s✱ ❝♦♠♦ ❡①❡♠♣❧♦✱ ♦s s✐♥❛✐s ❞❡ ❛❝✐♦♥❛♠❡♥t♦ q11 ❡ q21 r❡s✉❧t❛♥t❡s

❞❛ ❝♦♠♣❛r❛çã♦ ❞❡ Vref1 ❝♦♠ Vtri1 ❡ Vtri2 ✳ ❚❛♠❜é♠ ♣♦❞❡✲s❡ ❛❝✐♦♥❛r ❛s ❝❤❛✈❡s ❞♦s ❜r❛ç♦s

❞❡❢❛s❛♥❞♦✲s❡ Vtri2 ✶✽✵
◦ ❡♠ r❡❧❛çã♦ ❛ Vtri1 ✳ ❊ss❛ s❡❣✉♥❞❛ té❝♥✐❝❛ é ❞❡♥♦♠✐♥❛❞❛ ♥í✈❡❧ ❞❡s❧♦❝❛❞♦

♦♣♦st♦ ✭▲❡✈❡❧ ❙❤✐❢t❡❞ ❖♣♣♦s✐t❡ P❲▼ ✮✳

❋✐❣✉r❛ ❆✳✻✿ ❚é❝♥✐❝❛ ▲❡✈❡❧✲❙❤✐❢t❡❞ P❲▼✳

❋✐❣✉r❛ ❆✳✼✿ ●❡r❛çã♦ ❞♦s s✐♥❛✐s ❞❡ ❛❝✐♦♥❛♠❡♥t♦ q11 ❡ q21✳
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P❛r❛ ❡ss❡ ❝❛s♦ ❞♦ ◆P❈ ❞❡ três ♥í✈❡✐s ❞❡ t❡♥sã♦ ❞❡ ♣ó❧♦ ✭np = 3✮✱ ✉t✐❧✐③❛♥❞♦✲s❡ ❞❛s

❡①♣r❡ssõ❡s ✭✶✳✶✷✮ ❡ ✭✶✳✶✸✮✱ t❡♠✲s❡ ❝♦♠♦ r❡s✉❧t❛❞♦ ✺ ♥í✈❡✐s ♥❛ t❡♥sã♦ ❞❡ ❧✐♥❤❛ ✭nl = 5✮ ❡ ✾

♥í✈❡✐s ♥❛ t❡♥sã♦ ❞❡ ❢❛s❡ ✭nf = 9✮ ♣❛r❛ ✉♠❛ ❝❛r❣❛ ❡♠ ❨✳ ◆❛ ❋✐❣✳ ❆✳✽ ❡stã♦ ✐❧✉str❛❞❛s ❛s

t❡♥sõ❡s ❞❡ ♣ó❧♦✱ ❧✐♥❤❛ ❡ ❢❛s❡ ♣❛r❛ ❡st❡ ❝♦♥✈❡rs♦r✳

❋✐❣✉r❛ ❆✳✽✿ ❚❡♥sõ❡s ♣r♦❞✉③✐❞❛s ♣❡❧♦ ❝♦♥✈❡rs♦r ◆P❈✳

✭❛✮ ❚❡♥sã♦ ❞❡ ♣ó❧♦✳

✭❜✮ ❚❡♥sã♦ ❞❡ ❧✐♥❤❛✳

✭❝✮ ❚❡♥sã♦ ❞❡ ❢❛s❡✳
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❆ t♦♣♦❧♦❣✐❛ ♠✉❧t✐♥í✈❡❧ ❚✐♣♦✲❚ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞❛ ❛❞✐❝✐♦♥❛♥❞♦✲s❡ ❛♦s ❜r❛ç♦s ❞♦ ✐♥✈❡rs♦r

❞❡ ❞♦✐s ♥í✈❡✐s ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s ♥♦ ♣♦♥t♦ ✵✱ ❞❡ ♠♦❞♦ ❛ ♦❜t❡r✲s❡ ♦ ♥í✈❡❧ ❞❡ t❡♥sã♦ ③❡r♦

♥❛ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r✳ ❊ss❛ ❝♦♥✜❣✉r❛çã♦ é ♠♦str❛❞❛ ♥❛ ❋✐❣✳ ❆✳✾✳ ❆ t❡♥sã♦ q✉❡ ❛s ❝❤❛✈❡s

qij t❡♠ q✉❡ ❜❧♦q✉❡❛r é ♠❡t❛❞❡ ❞♦ ✈❛❧♦r ♣❛r❛ ❛s ❝❤❛✈❡s qij✳ ■ss♦ ✐♠♣❧✐❝❛ ✉♠❛ ✈❛♥t❛❣❡♠

✈✐st♦ q✉❡ ❞✐s♣♦s✐t✐✈♦s s❡♠✐❝♦♥❞✉t♦r❡s ❞❡ ❝✉st♦ ♠❡♥♦r ♣♦❞❡♠ s❡r ✉t✐❧✐③❛❞♦s ♣❛r❛ ♦ s❡❣♠❡♥t♦

❜✐❞✐r❡❝✐♦♥❛❧✳ ❆❧é♠ ❞✐ss♦✱ ❛ t❡♥sã♦ ❞❡ ❜❧♦q✉❡✐♦ r❡❞✉③✐❞❛ ♥❛ ❝❤❛✈❡ ❜✐❞✐r❡❝✐♦♥❛❧ ❞✐♠✐♥✉✐ ❛s

♣❡r❞❛s ♣♦r ❝♦♠✉t❛çã♦✳✭❙❝❤✇❡✐③❡r ❡ ❑♦❧❛r✱ ✷✵✶✸✮ ❆s té❝♥✐❝❛s P❲▼ ♣❛r❛ ❡ss❡ ❝♦♥✈❡rs♦r sã♦

❛s ♠❡s♠❛s às ❛♣r❡s❡♥t❛❞❛s ♣❛r❛ ♦ ◆P❈ ❝❧áss✐❝♦ ❡ ❛s ❢♦r♠❛s ❞❡ ♦♥❞❛ ♥❛ s❛í❞❛ sã♦ ❛s ♠❡s♠❛s

✐❧✉str❛❞❛s ♥❛ ❋✐❣✳ ❆✳✽ ♣❛r❛ ✉♠❛ ❝❛r❣❛ ❡♠ ❨✳

❋✐❣✉r❛ ❆✳✾✿ ■♥✈❡rs♦r t✐♣♦✲❚✳
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❆✳✸ ▼áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦

▼áq✉✐♥❛s ❡❧étr✐❝❛s sã♦ ❞✐s♣♦s✐t✐✈♦s ❝❛♣❛③❡s ❞❡ ❝♦♥✈❡rt❡r ❡♥❡r❣✐❛ ❡❧étr✐❝❛ ❡♠ ♠❡❝â♥✐❝❛ ✭♠♦✲

t♦r❡s✮ ♦✉ ❡♥❡r❣✐❛ ♠❡❝â♥✐❝❛ ❡♠ ❡❧étr✐❝❛ ✭❣❡r❛❞♦r❡s✮✳ ❖s ♠♦t♦r❡s ❡❧étr✐❝♦s sã♦ ❝❧❛ss✐✜❝❛❞♦s

❡♠ ❞♦✐s ❣r❛♥❞❡s ❣r✉♣♦s✿ ❞❡ ❝♦rr❡♥t❡ ❝♦♥tí♥✉❛ ✭❈❈✮ ♦✉ ❞❡ ❝♦rr❡♥t❡ ❛❧t❡r♥❛❞❛ ✭❈❆✮✳ ◆❡st❡

tr❛❜❛❧❤♦✱ s❡rá ✉t✐❧✐③❛❞♦ ✉♠❛ ♠áq✉✐♥❛ ❈❆ ✭♠♦t♦r ❞❡ ✐♥❞✉çã♦✮ ❝♦♠♦ ❝❛r❣❛ ❛ s❡r ❛❧✐♠❡♥t❛❞❛

♣❡❧♦ ❝♦♥✈❡rs♦r✳

❖ ♠♦t♦r ❞❡ ✐♥❞✉çã♦ ✭♦✉ ♠áq✉✐♥❛ ❛ssí♥❝r♦♥❛✮ é ♦ ♠❛✐s ✉t✐❧✐③❛❞♦ ♥❛ ✐♥❞ústr✐❛✳ ❆❧❣✉♠❛s

✈❛♥t❛❣❡♥s ❞❡ss❡ ❞✐s♣♦s✐t✐✈♦ sã♦✿ ❜❛✐①♦ ❝✉st♦ ❞❡ ❛q✉✐s✐çã♦ ❡ ♠❛♥✉t❡♥çã♦✱ t♦rq✉❡ ❞❡ ♣❛rt✐❞❛

♥ã♦ ♥✉❧♦✱ r♦❜✉st❡③ ❡ ❢❛✐①❛ ❞❡ ♣♦tê♥❝✐❛ ❞✐s♣♦♥í✈❡❧ ❞❡ ✵✱✷✺ ❛té ✸✵✳✵✵✵❍P✳ ❆❧❣✉♠❛s ❞❡s✈❛♥t❛❣❡♥s

❞❡ss❡ ❡q✉✐♣❛♠❡♥t♦ sã♦✿ ❞✐❢í❝✐❧ ❝♦♥tr♦❧❡ ❞❛ ✈❡❧♦❝✐❞❛❞❡✱ ❝♦rr❡♥t❡ ❞❡ ♣❛rt✐❞❛ ❡❧❡✈❛❞❛ ❡ ❢❛t♦r ❞❡

♣♦tê♥❝✐❛ ❜❛✐①♦ ❡ s❡♠♣r❡ ✐♥❞✉t✐✈♦✳
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❆ ♣❛rt❡ ✜①❛ ❞♦ ♠♦t♦r✱ ❝❤❛♠❛❞❛ ❡st❛t♦r✱ é ❛❧✐♠❡♥t❛❞❛ ❝♦♠ ❝♦rr❡♥t❡s s❡♥♦✐❞❛✐s tr✐❢ás✐❝❛s

❡ ❡q✉✐❧✐❜r❛❞❛s✳ ❖ ❛s♣❡❝t♦ ❞❡ ❝♦♥str✉çã♦ ❞♦ ♠♦t♦r ♣❡r♠✐t❡ ❝♦♠ q✉❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❣✐r❛♥t❡ s❡ ✐♥st❛✉r❡ ❡♥tr❡ ❛s ❜♦❜✐♥❛s ❞♦ ❡st❛t♦r✱ ✐♥❞✉③✐♥❞♦ ♥❛s ❜♦❜✐♥❛s ❞♦ r♦t♦r ✭♣❛rt❡ ❧✐✈r❡

❞❛ ♠áq✉✐♥❛✮✱ t❡♥sõ❡s ❛❧t❡r♥❛❞❛s✳ ❉❡✈✐❞♦ ❛ ❞✐❢❡r❡♥ç❛ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞❡ r♦t❛çã♦ ❞♦ ❝❛♠♣♦

❣✐r❛♥t❡ ❡ ❞♦ r♦t♦r✱ ❡ss❡ ♠♦t♦r é ❝❤❛♠❛❞♦ ❞❡ ❛ssí♥❝r♦♥♦✳

❊♠ t❡r♠♦s ❞❡ ❝♦♥tr♦❧❡ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ♠áq✉✐♥❛✱ é ♥❡❝❡ssár✐♦ ❝♦♥❤❡❝❡r ❛s ❡q✉❛çõ❡s

q✉❡ r❡❣❡♠ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞✐♥â♠✐❝♦ ❞♦ ♠♦t♦r ❞❡ ✐♥❞✉çã♦✳ ❙❡rá ❛♣r❡s❡♥t❛❞♦✱ ❛ s❡❣✉✐r✱ ♦

♠♦❞❡❧♦ ♠❛t❡♠át✐❝♦ q✉❡ ❞❡s❝r❡✈❡ ❛s ♠áq✉✐♥❛s ❞❡ ❝♦rr❡♥t❡ ❛❧t❡r♥❛❞❛ ♥♦ ❣❡r❛❧ ❡ ❛ ❛♣❧✐❝❛çã♦

❞❡ss❛s ❡q✉❛çõ❡s ♥♦ ❝❛s♦ ❞♦ ♠♦t♦r ❞❡ ✐♥❞✉çã♦✳

❆✳✸✳✶ ▼♦❞❡❧♦ ♠❛t❡♠át✐❝♦ ❣❡r❛❧ ❞❛s ♠áq✉✐♥❛s ❞❡ ❝♦rr❡♥t❡ ❛❧t❡r✲

♥❛❞❛

❆ ❞❡❞✉çã♦ ❛q✉✐ ❡①♣♦st❛ ♣♦❞❡ s❡r ❡♥❝♦♥tr❛❞❛ ❡♠ ✭❏❛❝♦❜✐♥❛✱ ✷✵✶✽✮✳ ◆❛s ❡q✉❛çõ❡s ♠❛t❡✲

♠át✐❝❛s q✉❡ r❡♣r❡s❡♥t❛♠ ❛ ♦♣❡r❛çã♦ ❞❡ ✉♠❛ ♠áq✉✐♥❛ ❈❆✱ é ❧❡✈❛❞♦ ❡♠ ❝♦♥t❛ ♦s s❡❣✉✐♥t❡s

❛s♣❡s❝t♦s✿

• ▼áq✉✐♥❛ s✐♠étr✐❝❛ tr✐❢ás✐❝❛ ❝♦♠♣♦st❛ ♣♦r três ❢❛s❡s ✐❞ê♥t✐❝❛s ♥♦ ❡st❛t♦r ✭s1✱ s2 ❡ s3✮ ❡

três ❢❛s❡s ✐❞ê♥t✐❝❛s ♥♦ r♦t♦r ✭r1✱ r2 ❡ r3✮❀

• ➶♥❣✉❧♦s ❡❧étr✐❝♦s ❡♥tr❡ ❛s ❜♦❜✐♥❛s ❞♦ ❡st❛t♦r ❡ r♦t♦r ❞❡ 2π/3 r❛❞✐❛♥♦s❀

• ❈♦rr❡♥t❡s ♣♦s✐t✐✈❛s ❝r✐❛♠ ✢✉①♦s ♣♦s✐t✐✈♦s ♥♦ s❡♥t✐❞♦ ❞♦ ❡✐①♦❀

• ❈♦♥✈❡♥çã♦ r❡❝❡♣t♦r❀

• ▼áq✉✐♥❛ ❜✐♣♦❧❛r✿ ♥ú♠❡r♦ ❞❡ ♣❛r ❞❡ ♣ó❧♦s P = 1 ✭♣❛r❛ ❛ ♠áq✉✐♥❛ ♠✉❧t✐♣♦❧❛r θr =

Pθm✮❀

• ❉✐str✐❜✉✐çã♦ s❡♥♦✐❞❛❧ ❞♦ ✢✉①♦ ♠❛❣♥ét✐❝♦❀

• ❊♥tr❡❢❡rr♦ ❝♦♥st❛♥t❡✿ ♠áq✉✐♥❛ ❛ ♣ó❧♦s ❧✐s♦s❀

• ▼áq✉✐♥❛ ♥ã♦✲s❛t✉r❛❞❛✿ ❝♦❡♥❡r❣✐❛ ✭❲✬✮ ✐❣✉❛❧ ❛ ❡♥❡r❣✐❛ ✭❲✮✳
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◆❛ ❋✐❣✳ ❆✳✶✵ é r❡♣r❡s❡♥t❛❞❛ ❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦ tr✐❢ás✐❝❛ ❝♦♠ três ❜♦❜✐♥❛s ♥♦ ❡st❛t♦r

❞❡❢❛s❛❞❛s ❡♥tr❡ s✐ ❞❡ 2π/3 r❛❞✐❛♥♦s ❡ três ❜♦❜✐♥❛s ♥♦ r♦t♦r t❛♠❜é♠ ❞❡❢❛s❛❞❛s ❡♥tr❡ s✐ ❞❡

2π/3 r❛❞✐❛♥♦s✳

❋✐❣✉r❛ ❆✳✶✵✿ ▼♦❞❡❧♦ ❞❛ ♠áq✉✐♥❛ ❞❡ ❝♦rr❡♥t❡ ❛❧t❡r♥❛❞❛✳

s1

Vs1

Is1
s

s

ns

s2

Vs2

Is2
s

s

ns

s

Vs

Is3
s

s

ns
3

3

r1

Vr1
Ir1
r

r

r2 Vr2

Ir2
r

r

nr

r

Vr

Ir
r

r

nr

nr

3

3

3

µr

d

µg

❚❡♠✲s❡ ❛s s❡❣✉✐♥t❡s ♥♦t❛çõ❡s✿

• vss✱ vrr ✱ iss✱ irr✱ λs
s ❡ λr

r✿ t❡♥sõ❡s✱ ❝♦rr❡♥t❡s ❡ ✢✉①♦s ♥❛s ❜♦❜✐♥❛s ❞♦ ❡st❛t♦r ❡ r♦t♦r✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❖ ❡①♣♦❡♥t❡ s ❡ r ✐♥❞✐❝❛ ♦ r❡❢❡r❡♥❝✐❛❧ ✉t✐❧✐③❛❞♦✿ s ♣❛r❛ ❡st❛t♦r ❡ r

♣❛r❛ r♦t♦r❀

• Ls ❡ Lr✿ ✐♥❞✉tâ♥❝✐❛s ♣ró♣r✐❛s ❞♦ ❡st❛t♦r ❡ r♦t♦r✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ P❛r❛ ❛ ❞❡❞✉çã♦ ❛q✉✐

❛♣r❡s❡♥t❛❞❛✱ ❝♦♥s✐❞❡r❛✲s❡ Ls1 = Ls2 = Ls3 = Ls ❡ Lr1 = Lr2 = Lr3 = Lr❀

• Ms ❡ Mr✿ ✐♥❞✉tâ♥❝✐❛ ♠út✉❛ ❡♥tr❡ ❞✉❛s ❜♦❜✐♥❛s ❞♦ ❡st❛t♦r ❡ ❡♥tr❡ ❞✉❛s ❜♦❜✐♥❛s ❞♦

r♦t♦r✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ P❛r❛ ❛ ❞❡❞✉çã♦ ❛q✉✐ ❛♣r❡s❡♥t❛❞❛✱ ❝♦♥s✐❞❡r❛✲s❡ Ms12 = Ms23 =

Ms31 = Ms ❡ Mr12 = Mr23 = Mr31 = Mr❀

• Msr cos(θi) ❡ Mrs cos(θi)✿ ✐♥❞✉tâ♥❝✐❛s ♠út✉❛s ❡♥tr❡ ✉♠❛ ❜♦❜✐♥❛ ❞♦ ❡st❛t♦r ❡ r♦t♦r ♦✉

❡♥tr❡ ✉♠❛ ❜♦❜✐♥❛ ❞♦ r♦t♦r ❡ ❡st❛t♦r✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ P❛r❛ ❛ ❞❡❞✉çã♦ ❛q✉✐ ❛♣r❡s❡♥✲

t❛❞❛✱ ❝♦♥s✐❞❡r❛✲s❡ Msr = Mrs❀
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• Rs ❡ Rr✿ r❡s✐stê♥❝✐❛s ❞❡ ✉♠❛ ❜♦❜✐♥❛ ❞♦ ❡st❛t♦r ❡ ❞❡ ✉♠❛ ❞♦ r♦t♦r✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

P❛r❛ ❛ ❞❡❞✉çã♦ ❛q✉✐ ❛♣r❡s❡♥t❛❞❛✱ ❝♦♥s✐❞❡r❛✲s❡ Rs1 = Rs2 = Rs3 = Rs ❡ Rr1 = Rr2 =

Rr3 = Rr✳

❊①♣r❡ssõ❡s ❞♦s ❋❧✉①♦s

P❛r❛ ♦ ❝❛s♦ ❞❛ ♠áq✉✐♥❛ ♥ã♦ s❛t✉r❛❞❛✱ ♦ ✢✉①♦ t♦t❛❧ ❡♠ ✉♠❛ ❜♦❜✐♥❛ ❞♦ r♦t♦r ♦✉ ❡st❛t♦r é

❞❛❞♦ ♣❡❧❛ s♦♠❛ ❞♦s ✢✉①♦s ♣❛r❝✐❛✐s✿

λs
s1 = Lsi

s
s1 +Msi

s
s2 +Msi

s
s3 +Msr cos(θr)i

r
r1 +Msr cos(θr + 2π/3)irr2 +Msr cos(θr + 4π/3)irr3

✭❆✳✶✹✮

λs
s2 = Msi

s
s1 + Lsi

s
s2 +Msi

s
s3 +Msr cos(θr + 4π/3)irr1 +Msr cos(θr)i

r
r2 +Msr cos(θr + 2π/3)irr3

✭❆✳✶✺✮

λs
s3 = Msi

s
s1 +Msi

s
s2 + Lsi

s
s3 +Msr cos(θr + 2π/3)irr1 +Msr cos(θr + 4π/3)irr2 +Msr cos(θr)i

r
r3

✭❆✳✶✻✮

λr
r1 = Lri

r
r1 +Mri

r
r2 +Mri

r
r3 +Mrs cos(θr)i

s
s1 +Mrs cos(θr + 4π/3)iss2 +Mrs cos(θr + 2π/3)iss3

✭❆✳✶✼✮

λr
r2 = Mri

r
r1 +Lri

r
r2 +Mri

r
r3 +Mrs cos(θr + 2π/3)iss1 +Mrs cos(θr)i

s
s2 +Mrs cos(θr + 4π/3)iss3

✭❆✳✶✽✮

λr
r3 = Mri

r
r1 +Mri

r
r2 +Lri

r
r3 +Mrs cos(θr + 4π/3)iss1 +Mrs cos(θr + 2π/3)iss2 +Mrs cos(θr)i

s
s3

✭❆✳✶✾✮

❊s❝r❡✈❡♥❞♦ ♥❛ ❢♦r♠❛ ♠❛tr✐❝✐❛❧✱ t❡♠✲s❡

λs
s123 = Lssi

s
s123 + Lsri

r
r123 ✭❆✳✷✵✮

❡

λr
r123 = Lrri

r
r123 + Lrsi

s
s123 ✭❆✳✷✶✮

❡♠ q✉❡✿

iss123 =





iss1
iss2
iss3



 irr123 =





irr1
irr2
irr3



 , λs
s123 =





λs
s1

λs
s2

λs
s3



 λr
r123 =





λr
r1

λr
r2

λr
r3





❡

Lss =





Ls Ms Ms

Ms Ls Ms

Ms Ms Ls



 Lrr =





Lr Mr Mr

Mr Lr Mr

Mr Mr Lr
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Lsr = Msr





cos(θr) cos(θr + 2π/3) cos(θr + 4π/3)
cos(θr + 4π/3) cos(θr) cos(θr + 2π/3)
cos(θr + 2π/3) cos(θr + 4π/3) cos(θr)





❡

Lrs = Mrs





cos(θr) cos(θr + 4π/3) cos(θr + 2π/3)
cos(θr + 2π/3) cos(θr) cos(θr + 4π/3)
cos(θr + 4π/3) cos(θr + 2π/3) cos(θr)





❆s ♠❛tr✐③❡s ✐♥❞✉tâ♥❝✐❛s t❡♠ ❛s s❡❣✉✐♥t❡s ♣r♦♣r✐❡❞❛❞❡s✿

• Lss ❡ Lrr sã♦ ♠❛tr✐③❡s s✐♠étr✐❝❛s❀

• Lsr ❡ Lrs sã♦ ♠❛tr✐③❡s ❝✐r❝✉❧❛♥t❡s✱ ✐st♦ é✱ xi,j = xi+1,j+1❀

• Lsr = L
T

rs✳

❉❡ ❢♦r♠❛ ♠❛✐s ❝♦♠♣❛❝t❛ ❛✐♥❞❛✱ ♦ s✐st❡♠❛ ♣♦❞❡ s❡r ❡s❝r✐t♦ ❝♦♠♦

λ = Li ✭❆✳✷✷✮

❡♠ q✉❡✿

i =

[

is123
ir123

]

λ =

[

λs123

λr123

]

L =

[

Lss Lsr

Lrs Lrr

]

❊①♣r❡ssõ❡s ❞❛s ❚❡♥sõ❡s

❈♦♠♦ ❛ ♦r✐❡♥t❛çã♦ ❞❛s ❜♦❜✐♥❛s ❡stá ❞❡ t❛❧ ❢♦r♠❛ q✉❡ ✉♠❛ ❝♦rr❡♥t❡ ♣♦s✐t✐✈❛ ♣r♦❞✉③ ✢✉①♦

♣♦s✐t✐✈♦✱ ❡♥tã♦ ♣♦❞❡✲s❡ ❡s❝r❡✈❡r✿

vi =
dλ

dt
✭❆✳✷✸✮

❡♠ q✉❡ vi é ❛ t❡♥sã♦ ✐♥❞✉③✐❞❛ ♥♦s t❡r♠✐♥❛✐s ❞❛ ❜♦❜✐♥❛ ❛♥t❡s ❞❛ q✉❡❞❛ ❞❡ t❡♥sã♦ r❡s✐st✐✈❛ ❡

λ é ♦ ✢✉①♦ ♥❛ ❜♦❜✐♥❛✳ ❱✐st♦ ❛ ❡s❝♦❧❤❛ ❞❛ ❝♦♥✈❡♥çã♦ r❡❝❡♣t♦r✿

v = Ri+ vi = Ri+
dλ

dt
✭❆✳✷✹✮

❆ss✐♠✱ ♣❛r❛ ❛ ♠áq✉✐♥❛ tr✐❢ás✐❝❛✱ ♣♦❞❡✲s❡ ❡s❝r❡✈❡r ❡♠ t❡r♠♦s ❞❡ ♠❛tr✐③❡s✿

vss123 = Rsi
s
s123 +

dλs
s123

dt
✭❆✳✷✺✮

vsr123 = Rri
r
r123 +

dλr
r123

dt
✭❆✳✷✻✮
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❡♠ q✉❡✿

vss123 =





vs1
vs2
vs3



 vrr123 =





vr1
vr2
vr3





❆ ♣❛rt✐r ❞❛s ❡q✉❛çõ❡s ♠❛tr✐❝✐❛✐s ❞♦s ✢✉①♦s✱ ❡s❝r❡✈❡✲s❡✿

vss123 = Rsi
s
s123 + Lss

diss123
dt

+ Lsr
dirr123
dt

+ ωr

[

dLsr

dθr

]

irr123 ✭❆✳✷✼✮

vrr123 = Rri
r
r123 + Lrr

dirr123
dt

+ Lrs
diss123
dt

+ ωr

[

dLrs

dθr

]

iss123 ✭❆✳✷✽✮

❡♠ q✉❡ ωr = dθr/dt é ❛ ✈❡❧♦❝✐❞❛❞❡ ❞♦ r♦t♦r ❡♠ r❛❞✳❡❧étr✐❝♦s✴s✳

❉❡ ❢♦r♠❛ ♠❛✐s s✉❝✐♥t❛✱ ♣♦❞❡✲s❡ ❡s❝r❡✈❡r✿

v = Ri+ L
di

dt
+ ωr

[

dL

dθr

]

i ✭❆✳✷✾✮

❡♠ q✉❡✿

v =

[

vs
vr

]

Rs = RsI3 Rr = RrI3 R =

[

Rs 03
03 Rr

]

❊①♣r❡ssã♦ ❞♦ ❝♦♥❥✉❣❛❞♦ ❡❧❡tr♦♠❛❣♥ét✐❝♦

❆ ❡①♣r❡ssã♦ ❣❡r❛❧ ♣❛r❛ ❛ ❡♥❡r❣✐❛ ♥✉♠❛ ❜♦❜✐♥❛ é ❞❛❞❛ ♣♦r

W =
1

2
i
T
Li ✭❆✳✸✵✮

❖ ❝♦♥❥✉❣❛❞♦ é ♦❜t✐❞♦ ❞✐❢❡r❡♥❝✐❛♥❞♦✲s❡ ❛ ❡♥❡r❣✐❛ ❡♠ r❡❧❛çã♦ ❛♦ â♥❣✉❧♦ ♠❡❝â♥✐❝♦✿

ce =
dW

dθm
✭❆✳✸✶✮

❙✉❜st✐t✉✐♥❞♦✲s❡ ❛ ❡①♣r❡ssã♦ ✭✶✳✸✵✮ ♥❛ ❡①♣r❡ssã♦ ✭✶✳✸✶✮✱ ♦❜té♠✲s❡✿

ce =
1

2
i
T
[

dL

dθm

]

i =
P

2
i
T
[

dL

dθr

]

i ✭❆✳✸✷✮

❈♦♠♦ ❛s s✉❜✲♠❛tr✐③❡s Lss✱ Lrr ❡ L sã♦ ✐♥❞❡♣❡♥❞❡♥t❡s ❞♦ â♥❣✉❧♦ ❡❧étr✐❝♦ θr✱ ♣♦❞❡✲s❡

❡s❝r❡✈❡r✿

ce =
P

2

[

iss123
irr123

]T [
03 dLsr/dθr

dLrs/dθr 03

] [

iss123
irr123

]

✭❆✳✸✸✮
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ce =
P

2
iss123

T

[

dLsr

dθr

]

irr123 +
P

2
irr123

T

[

dLrs

dθr

]

iss123 ✭❆✳✸✹✮

❈♦♠♦ ce é ✉♠ ♥ú♠❡r♦ t❡♠✲s❡ cTe = ce ❡ ❝♦♠♦ ♣❛r❛ ❞✉❛s ♠❛tr✐③❡s q✉❛✐sq✉❡r A ❡ B✱

✭ABC✮T ❂ CTBTAT ✱ ❡♥tã♦✿

P

2
iss123

T

[

dLsr

dθr

]

irr123 =
P

2
irr123

T

[

dLrs

dθr

]

iss123 ✭❆✳✸✺✮

❈♦♠♦ Lsr = L
T

rs✱ ♦❜té♠✲s❡✿

ce = Piss123
T

[

dLsr

dθr

]

irr123 ✭❆✳✸✻✮

ce = Pirr123
T

[

dLrs

dθr

]

iss123 ✭❆✳✸✼✮

❊①♣r❡ssã♦ ❞❛ ♣♦tê♥❝✐❛ ✐♥st❛♥tâ♥❡❛

❆ ❡①♣r❡ssã♦ ❞❛ ♣♦tê♥❝✐❛ ✐♥st❛♥tâ♥❡❛ é ❞❛❞❛ ♣♦r✿

p = i
T
v ✭❆✳✸✽✮

❙✉❜st✐t✉✐♥❞♦✲s❡ v ♣❡❧♦ ✈❛❧♦r ❞❛❞♦ ♥❛ ❊q✳ ✭❆✳✷✾✮✱ t❡♠✲s❡

p = i
T
Ri+ i

T
L
di

dt
+ ωri

T
[

dL

dθr

]

i ✭❆✳✸✾✮

❖ t❡r♠♦ ❞✐❢❡r❡♥❝✐❛❧ ❞❛ ❝♦rr❡♥t❡ ❝♦rr❡s♣♦♥❞❡ à ♣♦tê♥❝✐❛ ❞❡ tr❛♥s❢♦r♠❛çã♦ ❡ ♦ t❡r♠♦ ❡♠

ωr ❝♦rr❡s♣♦♥❞❡ à ♣♦tê♥❝✐❛ ❞❡ r♦t❛çã♦✳

❆✳✸✳✷ ❆♣❧✐❝❛çã♦ à ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦

P❛r❛ ❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦✱ ❛s ❜♦❜✐♥❛s ❡st❛tór✐❝❛s ❞♦ ♠♦❞❡❧♦ ❞❛ ♠áq✉✐♥❛ ❈❆ ❛♣r❡s❡♥t❛❞♦

sã♦ ❛❧✐♠❡♥t❛❞❛s ♣♦r ✉♠ s✐st❡♠❛ tr✐❢ás✐❝♦ ❡q✉✐❧✐❜r❛❞♦✱ ❝♦♠ t❡♥sõ❡s ❞❛❞❛s ♣♦r✿

vs1 = (2/
√
3)Vs cos(ωst+ φv) + v0n) ✭❆✳✹✵✮

vs2 = (2/
√
3)Vs cos(ωst+ φv − 2π/3) + v0n) ✭❆✳✹✶✮

vs3 = (2/
√
3)Vs cos(ωst+ φv + 2π/3) + v0n) ✭❆✳✹✷✮
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❡♠ q✉❡ φv é ♦ â♥❣✉❧♦ ✐♥✐❝✐❛❧ ❝♦♥st❛♥t❡ ❡ v0n é ❛ t❡♥sã♦ ❡♥tr❡ ♦ ♥❡✉tr♦ ❞❛ ❢♦♥t❡ ❡ ❞❛ ♠áq✉✐♥❛✳

❆s t❡♥sõ❡s r♦tór✐❝❛s ❞❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦✱ ❧✐❣❛❞❛s ❡♠ ❨✱ sã♦ vrr1 = vrr2 = vrr3 = 0✳ ❆s

❡①♣r❡ssõ❡s ♣❛r❛ t❡♥sã♦✱ ✢✉①♦ ❡ ❝♦♥❥✉❣❛❞♦ ♣♦❞❡♠ s❡r ❡s❝r✐t❛s ❝♦♠♦✿

v
e

s
= Vse

jφso

s = rsi
e

s
+

dλe

s

dt
+ jωsλ

e

s
✭❆✳✹✸✮

0 = rri
e

r
+

dλe

r

dt
+ j(ωs − ωr)λ

e

r
✭❆✳✹✹✮

λ
e

s
= lsi

e

s
+ lmi

e

r
✭❆✳✹✺✮

λ
e

r
= lri

e

r
+ lmi

e

s
✭❆✳✹✻✮

ce = lm■♠(ie
s
i
e

r

∗) ✭❆✳✹✼✮

❊♠ r❡❣✐♠❡ ♣❡r♠❛♥❡♥t❡✱ t❡♠✲s❡ dλe

s
/dt = 0 ❡ dλe

r
/dt = 0✱ r❡s✉❧t❛♥❞♦ ♥✉♠ s✐st❡♠❛ ❝♦♠

❡q✉❛çõ❡s✿

v
e

s
= Vse

jφso

s = rsi
e

s
+ jωs(lsi

e

s
+ lmi

e

r
) ✭❆✳✹✽✮

0 =
rr
s
i
e

r
+

j(ωs − ωr)

s
(lri

e

r
+ lmi

e

s
) ✭❆✳✹✾✮

❊st❛s ❡q✉❛çõ❡s ♣♦❞❡♠ s❡r r❡♣r❡s❡♥t❛❞❛s ♣❡❧♦ ❝✐r❝✉✐t♦ ❞❛ ❋✐❣✳ ❆✳✶✶✱ ❡♠ q✉❡ s = (ωs −
ωr)/ωs é ♦ ❡s❝♦rr❡❣❛♠❡♥t♦ ❞❛ ♠áq✉✐♥❛✳

❋✐❣✉r❛ ❆✳✶✶✿ ❈✐r❝✉✐t♦ ❡q✉✐✈❛❧❡♥t❡ ❞❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦✳
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