
❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❈❛♠♣✐♥❛ ●r❛♥❞❡
❈❡♥tr♦ ❞❡ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛ ❡ ■♥❢♦r♠át✐❝❛

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

❈♦♥✈❡rs♦r ❍í❜r✐❞♦ ❚r✐❢ás✐❝♦ ❈❆✲❈❈✲❈❆
❆♣❧✐❝❛❞♦ ❛ ❙✐st❡♠❛s ❞❡ ❈♦♥✈❡rsã♦ ❞❡ ❊♥❡r❣✐❛

❊ó❧✐❝❛

◆❛②❛r❛ ■♥❣r✐❞ ▲✐s❜♦❛ ❙❛♥t♦s

➪r❡❛ ❞❡ ❈♦♥❤❡❝✐♠❡♥t♦✿ Pr♦❝❡ss❛♠❡♥t♦ ❞❡ ❊♥❡r❣✐❛

❖r✐❡♥t❛❞♦r✿
▼❛✉rí❝✐♦ ❇❡❧trã♦ ❞❡ ❘♦ss✐t❡r ❈♦rrê❛

❈❛♠♣✐♥❛ ●r❛♥❞❡✱ P❛r❛í❜❛✱ ❇r❛s✐❧

❝©◆❛②❛r❛ ■♥❣r✐❞ ▲✐s❜♦❛ ❙❛♥t♦s✱ ❋❡✈❡r❡✐r♦ ❞❡ ✷✵✶✾



❉✐ss❡rt❛çã♦ ❞❡ ▼❡str❛❞♦

❈♦♥✈❡rs♦r ❍í❜r✐❞♦ ❚r✐❢ás✐❝♦ ❈❆✲❈❈✲❈❆ ❆♣❧✐❝❛❞♦ ❛
❙✐st❡♠❛s ❞❡ ❈♦♥✈❡rsã♦ ❞❡ ❊♥❡r❣✐❛ ❊ó❧✐❝❛

❉✐ss❡rt❛çã♦ ❛♣r❡s❡♥t❛❞❛ à ❈♦♦r❞❡♥❛çã♦ ❞♦ ❈✉rs♦ ❞❡ Pós✲

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

❈❛♠♣✐♥❛ ●r❛♥❞❡ ❡♠ ❝✉♠♣r✐♠❡♥t♦ às ❡①✐❣ê♥❝✐❛s ♣❛r❛ ❛ ♦❜t❡♥✲

çã♦ ❞♦ ●r❛✉ ❞❡ ▼❡str❡ ❡♠ ❈✐ê♥❝✐❛s ♥♦ ❉♦♠í♥✐♦ ❞❛ ❊♥❣❡♥❤❛r✐❛

❊❧étr✐❝❛✳

◆❛②❛r❛ ■♥❣r✐❞ ▲✐s❜♦❛ ❙❛♥t♦s

❆❧✉♥❛

▼❛✉rí❝✐♦ ❇❡❧trã♦ ❞❡ ❘♦ss✐t❡r ❈♦rrê❛

❖r✐❡♥t❛❞♦r

❈❛♠♣✐♥❛ ●r❛♥❞❡✱ P❛r❛í❜❛✱ ❇r❛s✐❧

❋❡✈❡r❡✐r♦ ❞❡ ✷✵✶✾



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                         

 

M775e 

 

Santos, Nayara Ingrid Lisboa. 

       Conversor híbrido trifásico CA-CC-CA aplicado a sistemas de 

conversão de energia eólica / Nayara Ingrid Lisboa Santos. – 
Campina Grande, 2019. 

       95 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". 

     Referências. 

   

        1. Conversores fonte de tensão. 2. Conversores fonte de 

corrente. 3. Conversores CA-CC-CA. 4. Conversores híbridos. 5. 

Sistemas de conversão de energia eólica. I. Corrêa, Maurício 

Beltrão de Rossiter. II. Título. 

 

                                                                     CDU 621.314.5(043) 
                        FICHA CATALOGRÁFICA ELABORADA PELA BIBLIOTECÁRIA MARIA ANTONIA DE SOUSA CRB 15/398 

 

 
 





❉❡❞✐❝♦ ❡st❡ tr❛❜❛❧❤♦ à ♠✐♥❤❛ ❛✈ó✱
▼❛r✐❛ ❋❡rr❡✐r❛✱ ♠✐♥❤❛ ❢❛♠í❧✐❛✱ ❡ ❛♦

♠❡✉ ❡s♣♦s♦ ❑❤❡❧✈✐♥✳



✧■♥t❡❧✐❣ê♥❝✐❛ é ❛ ❤❛❜✐❧✐❞❛❞❡ ❞❡ s❡ ❛❞❛♣t❛r às ♠✉❞❛♥ç❛s✳✧

❙t❡♣❤❡♥ ❍❛✇❦✐♥❣✳

✈



❆❣r❛❞❡❝✐♠❡♥t♦s

❆❣r❛❞❡ç♦ ❛ ❉❡✉s✱ ❡♠ ♣r✐♠❡✐r♦ ❧✉❣❛r✱ ♣❡❧❛ ♠✐♥❤❛ ✈✐❞❛ ❡ ♣❡❧♦ ❞♦♠ ❞❛ ♣❡rs❡✈❡r❛♥ç❛✱ ♠❡

♣r♦♣♦r❝✐♦♥❛♥❞♦ ♦ ❞✐s❝❡r♥✐♠❡♥t♦ ♥❡❝❡ssár✐♦ q✉❡ ♠❡ ♣❡r♠✐t✐✉ ❝♦♥❝❧✉✐r ❡st❡ tr❛❜❛❧❤♦✳

❆❣r❛❞❡ç♦ à ♠✐♥❤❛ ❛✈ó✱ ▼❛r✐❛ ❋❡rr❡✐r❛✱ q✉❡ s❡♠♣r❡ ♠❡ ✐♥❝❡♥t✐✈♦✉ ❛ ❡st✉❞❛r✱ ♥ã♦ ♠❡❞✐♥❞♦

❡s❢♦rç♦s ♣❛r❛ ♠❡ ♣r♦♣♦r❝✐♦♥❛r ❛ ♠❡❧❤♦r ❡❞✉❝❛çã♦✱ s❡ ❤♦❥❡ ❡st♦✉ ❛❧❝❛♥ç❛♥❞♦ ❡ss❛ ✈✐tór✐❛ é

❣r❛ç❛s ❛ ❡❧❛✳

❆❣r❛❞❡ç♦ ❛♦ ♠❡✉ ❡s♣♦s♦✱ ❑❤❡❧✈✐♥ ●❧❡②❦✱ q✉❡ ❡stá s❡♠♣r❡ ❛♦ ♠❡✉ ❧❛❞♦✱ ♠❡ ❞❛♥❞♦ ❢♦rç❛

❡ t♦❞♦ ♦ s✉♣♦rt❡ ♥❡❝❡ssár✐♦✳

❆❣r❛❞❡ç♦ ❛♦ ♠❡✉ ♣❛✐✱ ◆♦é P❡r❡✐r❛✱ q✉❡ s❡♠♣r❡ ♠❡ ✐♥❝❡♥t✐✈♦✉ ♣❛r❛ q✉❡ ❡✉ ❧✉t❛ss❡ ♣❡❧♦s

♠❡✉s s♦♥❤♦s✳ ❆❣r❛❞❡ç♦ à ♠✐♥❤❛ ♠ã❡✱ ▼❛r✐❛ ❞♦ ❙♦❝♦rr♦✱ ❡♠ ♠❡♠ór✐❛✱ q✉❡ s❡♠♣r❡ ❛❝r❡❞✐t♦✉

❡♠ ♠✐♠ ❡ ♥♦s ♠❡✉s ♦❜❥❡t✐✈♦s✳

❆❣r❛❞❡ç♦ t❛♠❜é♠ ❛ t♦❞❛ ♠✐♥❤❛ ❢❛♠í❧✐❛✱ q✉❡✱ ❝♦♠ t♦❞♦ ❝❛r✐♥❤♦ ❡ ❛♣♦✐♦✱ ♥ã♦ ♠❡❞✐r❛♠

❡s❢♦rç♦s ♣❛r❛ ❡✉ ❝❤❡❣❛r ❛ ❡st❛ ❡t❛♣❛ ❞❛ ♠✐♥❤❛ ✈✐❞❛✱ ♠❡ ❛❥✉❞❛♥❞♦ ❞❛ ♠❡❧❤♦r ❢♦r♠❛ ♣♦ssí✈❡❧✳

❆ t♦❞♦s ♦s ♠❡✉s ❛♠✐❣♦s✱ ❝♦♠ ♦s q✉❛✐s ♣♦ss♦ ❝♦♥t❛r ❡♠ t♦❞♦s ♦s ♠♦♠❡♥t♦s✳ ◗✉❡r♦ ❛❣r❛❞❡❝❡r

❡♠ ❡s♣❡❝✐❛❧ ❛♦s ♠❡✉s ❛♠✐❣♦s ❞♦ ❝✉rs♦✱ ♣♦r ❡st❛r❡♠ s❡♠♣r❡ ❝♦♠✐❣♦✱ ❜❛t❛❧❤❛♥❞♦ ❞✐❛✲❛✲❞✐❛✱

t♦r♥❛♥❞♦ ♦s ♠❡✉s ❞✐❛s ♠❡❧❤♦r❡s✳

❆❣r❛❞❡ç♦ t❛♠❜é♠ ❛♦ Pr♦❢✳ ▼❛✉rí❝✐♦✱ ♣❡❧❛s ♦r✐❡♥t❛çõ❡s ❝♦♥❝❡❜✐❞❛s✱ ♣❡❧❛ ♦♣♦rt✉♥✐❞❛❞❡

❞❡ tr❛❜❛❧❤♦ ❡ ❛♣r❡♥❞✐③❛❞♦✱ ❡ ❛♦ Pr♦❢✳ ▼♦♥t✐ê ♣♦r t♦❞❛ ❛ss✐stê♥❝✐❛ ♥❡❝❡ssár✐❛ ♣❛r❛ ❛ ❝♦♥❝❧✉sã♦

❞♦ ♠❡str❛❞♦✳

❆❣r❛❞❡ç♦ à ❈♦♦r❞❡♥❛ç♦ã♦ ❞❡ Pós✲●r❛❞✉❛ç♦ã♦ ❡♠ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛✱ ♣❡❧♦ s✉♣♦rt❡

❞❛❞♦ ♥❡st❡ tr❛❜❛❧❤♦✱ ❡ ❛♦s té❝♥✐❝♦s ❞♦ ▲❊■❆▼✱ ❲❡❧❧✐♥❣t♦♥ ❡ P❛✉❧♦✱ q✉❡ s❡♠♣r❡ ❡st✐✈❡r❛♠

à ❞✐s♣♦s✐çã♦✳ ❆♦ ❞♦✉t♦r❛♥❞♦ ▲♦✉❡❧s♦♥ ♣❡❧♦ ❛♣♦✐♦✱ ♦r✐❡♥t❛çã♦ ❡ ❞❡❞✐❝❛çã♦✱ ❡ ❛♦s ❝♦❧❡❣❛s

❞♦ ▲❊■❆▼ ♣♦r ❡st❛r❡♠ ❞✐s♣♦♥í✈❡✐s ♣❛r❛ s❛♥❛r ❡✈❡♥t✉❛✐s ❞ú✈✐❞❛s✱ ❡♠ ❡s♣❡❝✐❛❧✱ ❘✉❛♥ q✉❡

❞✉r❛♥t❡ ❛ ♣❛rt❡ ♣rát✐❝❛ ❞❡✉ t♦t❛❧ s✉♣♦rt❡✳

✈✐



❘❡s✉♠♦

❊st❡ tr❛❜❛❧❤♦ ❛♣r❡s❡♥t❛ ✉♠❛ t♦♣♦❧♦❣✐❛ ❤í❜r✐❞❛ ❞❡ ❝♦♥✈❡rs♦r ❈❆✲❈❈✲❈❆ ❛♣❧✐❝❛❞❛ ❡♠

s✐st❡♠❛s ❞❡ ❝♦♥✈❡rsã♦ ❞❡ ❡♥❡r❣✐❛ ❡ó❧✐❝❛✳ ❆ t♦♣♦❧♦❣✐❛ é ❝♦♠♣♦st❛ ❞❡ ✉♠ ❝♦♥✈❡rs♦r ❢♦♥t❡ ❞❡

t❡♥sã♦ ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r ❡ ✉♠ ❝♦♥✈❡rs♦r ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ ❞♦ ❧❛❞♦ ❞❛ r❡❞❡✳ ❖s ❝♦♥✈❡rs♦r❡s

✉t✐❧✐③❛❞♦s ♦♣❡r❛♠ ❞❡ ♠❛♥❡✐r❛s ❞✐❢❡r❡♥t❡✱ ♠❛s✱ ❡♠ ❣❡r❛❧✱ ♣r♦♣♦r❝✐♦♥❛♠ ✈❛♥t❛❣❡♥s ❛❞✐❝✐♦✲

♥❛✐s ❛♦ s✐st❡♠❛✱ ❝❛♥❝❡❧❛♥❞♦ ❞❡s✈❛♥t❛❣❡♥s q✉❡ ♦❝♦rr❡♠ ♥❛ ✉t✐❧✐③❛çã♦ ❞❡ ❛♣❡♥❛s ✉♠ t✐♣♦ ❞❡

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

❜❛❝❦✲t♦✲❜❛❝❦ ❢♦♥t❡ ❞❡ t❡♥sã♦ ❡ ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ ❡ ♦ ❡st✉❞♦ s♦❜r❡ ❛s ❝❛r❛❝t❡ríst✐❝❛s ♦♣❡r❛✲

❝✐♦♥❛✐s ❞♦ ❝♦♥✈❡rs♦r ❤í❜r✐❞♦✳ ❖ ❝♦♥✈❡rs♦r ♣r♦♣♦st♦ t❡♠✱ ❝♦♠♦ ❝❛r❛❝t❡ríst✐❝❛s ♣r✐♥❝✐♣❛✐s✱

♣r♦t❡çã♦ ❝♦♥tr❛ ❝✉rt♦✲❝✐r❝✉✐t♦✱ ❢á❝✐❧ ✐♥t❡❣r❛çã♦ ❝♦♠ ❛ r❡❞❡✱ ♦♣❡r❛çã♦ ❜♦♦st✲❜♦♦st ❡ ❜❛✐①❛ t❛①❛

❞❡ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛✳ ❘❡s✉❧t❛❞♦s sã♦ ❛♣r❡s❡♥t❛❞♦s ❞❡ ❢♦r♠❛ ❛ ✈❡r✐✜❝❛r ❛s ❝❛r❛❝t❡ríst✐❝❛s

♦♣❡r❛❝✐♦♥❛✐s ❞♦ ❝♦♥✈❡rs♦r ❡ ❛ ✈✐❛❜✐❧✐❞❛❞❡ ❞❡ ✉t✐❧✐③❛çã♦✱ ❛ss✐♠ ❝♦♠♦ r❡❛❧✐③❛r ❝♦♠♣❛r❛çã♦ ❝♦♠

❛s t♦♣♦❧♦❣✐❛s ❝♦♥✈❡♥❝✐♦♥❛✐s ❢♦♥t❡ ❞❡ t❡♥sã♦ ❡ ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡✳

P❛❧❛✈r❛s✲❝❤❛✈❡✿ ❈♦♥✈❡rs♦r❡s ❢♦♥t❡ ❞❡ t❡♥sã♦✱ ❈♦♥✈❡rs♦r❡s ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡✱ ❈♦♥✈❡r✲

s♦r❡s ❈❆✲❈❈✲❈❆✱ ❈♦♥✈❡rs♦r❡s ❤í❜r✐❞♦s✱ ❙✐st❡♠❛s ❞❡ ❝♦♥✈❡rsã♦ ❞❡ ❡♥❡r❣✐❛ ❡ó❧✐❝❛✳
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❚❤✐s ❛rt✐❝❧❡ ♣r❡s❡♥ts ❛ ❤②❜r✐❞ ❆❈✲❉❈✲❆❈ ❝♦♥✈❡rt❡r t♦♣♦❧♦❣② ❛♣♣❧✐❡❞ t♦ ✇✐♥❞ ❡♥❡r❣②

❝♦♥✈❡rs✐♦♥ s②st❡♠s✳ ❚❤❡ ❝♦♥✈❡rt❡r ✐s ❝♦♠♣♦s❡❞ ♦❢ ❛ ❣❡♥❡r❛t♦r✲s✐❞❡ ✈♦❧t❛❣❡ s♦✉r❝❡ ❝♦♥✈❡rt❡r

❛♥❞ ❛ ❣r✐❞✲s✐❞❡ ❝✉rr❡♥t s♦✉r❝❡ ❝♦♥✈❡rt❡r✳ ❚❤❡ ✉s❡❞ ❝♦♥✈❡rt❡rs ♦♣❡r❛t❡ ✐♥ ❞✐✛❡r❡♥t ✇❛②s ❜✉t✱

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

♦❝❝✉r ✐♥ t❤❡ ✉s❡ ♦❢ ♦♥❧② ♦♥❡ t②♣❡ ♦❢ ❝♦♥✈❡rt❡r✳ ❚❤✐s ✇♦r❦ s❤♦✇s ❛ st✉❞② ♦♥ t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧

❜❛❝❦✲t♦✲❜❛❝❦ ✈♦❧t❛❣❡ s♦✉r❝❡ ❛♥❞ ❝✉rr❡♥t s♦✉r❝❡ t♦♣♦❧♦❣✐❡s ❛♥❞ t❤❡ st✉❞② ♦♥ t❤❡ ♦♣❡r❛t✐♦♥❛❧

❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ ❤②❜r✐❞ ❝♦♥✈❡rt❡r✳ ❚❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ❤❛s ❛s ♠❛✐♥ ❝❤❛r❛❝t❡r✐st✐❝s✱

s❤♦rt ❝✐r❝✉✐t ♣r♦t❡❝t✐♦♥✱ ❡❛s② ✐♥t❡❣r❛t✐♦♥ ✇✐t❤ t❤❡ ❣r✐❞✱ ❜♦♦st✲❜♦♦st ♦♣❡r❛t✐♦♥ ❛♥❞ ❧♦✇ t♦t❛❧

❤❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥✳ ❘❡s✉❧ts ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ♦r❞❡r t♦ ✈❡r✐❢② t❤❡ ♦♣❡r❛t✐♦♥❛❧ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢

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

t♦♣♦❧♦❣✐❡s ❜❛❝❦✲t♦✲❜❛❝❦ ✈♦❧t❛❣❡ s♦✉r❝❡ ❛♥❞ ❜❛❝❦✲t♦✲❜❛❝❦ ❝✉rr❡♥t s♦✉r❝❡✳

❑❡②✇♦r❞s✿ ❱♦❧t❛❣❡ s♦✉r❝❡ ❝♦♥✈❡rt❡rs✱ ❈✉rr❡♥t s♦✉r❝❡ ❝♦♥✈❡rt❡rs✱ ❆❈✲❉❈✲❆❈ ❈♦♥✈❡rt✲

❡rs✱ ❍②❜r✐❞ ❝♦♥✈❡rt❡rs✱ ❲✐♥❞ ♣♦✇❡r ❝♦♥✈❡rs✐♦♥ s②st❡♠s✳
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■✳✻ ❱✐st❛ ♣♦st❡r✐♦r tr✐❞✐♠❡♥s✐♦♥❛❧ ❞♦ ❱❙❘✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✵

■■✳✶ ❊sq✉❡♠át✐❝♦ ❞❛ ♣❧❛❝❛ ❞❡ ♣♦tê♥❝✐❛ ❞♦ ❈❙■✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✷

■■✳✷ P❈❇ ❞❛ t♦♣ ❧❛②❡r ❞♦ ❈❙■✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✸

■■✳✸ P❈❇ ❞❛ ❜♦tt♦♠ ❧❛②❡r ❞♦ ❈❙■✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✸

■■✳✹ ❱✐st❛ tr✐❞✐♠❡♥s✐♦♥❛❧ ❞♦ ❈❙■ ❡♠ ♣❡rs♣❡❝t✐✈❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✹

■■✳✺ ❱✐st❛ ❢r♦♥t❛❧ tr✐❞✐♠❡♥s✐♦♥❛❧ ❞♦ ❈❙■✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✺

■■✳✻ ❱✐st❛ ♣♦st❡r✐♦r tr✐❞✐♠❡♥s✐♦♥❛❧ ❞♦ ❈❙■✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✺



▲✐st❛ ❞❡ ❙í♠❜♦❧♦s

ω ✲ ❋r❡q✉ê♥❝✐❛ ❛♥❣✉❧❛r ❣❡♥❡r❛❧✐③❛❞❛✱ ❬r❛❞✴s❪✳

ωg ✲ ❋r❡q✉ê♥❝✐❛ ❛♥❣✉❧❛r✱ ❡♠ ❘❛❞✐❛♥♦s ♣♦r s❡❣✉♥❞♦✱ ❞♦ ❣❡r❛❞♦r

ωs ✲ ❋r❡q✉ê♥❝✐❛ ❛♥❣✉❧❛r✱ ❡♠ ❘❛❞✐❛♥♦s ♣♦r s❡❣✉♥❞♦✱ ❞❛ r❡❞❡ ❡❧étr✐❝❛

ωress ✲ ❋r❡q✉ê♥❝✐❛ ❛♥❣✉❧❛r✱ ❡♠ ❘❛❞✐❛♥♦s ♣♦r s❡❣✉♥❞♦✱ ❞❡ r❡ss♦♥â♥❝✐❛ ❞❡ ✉♠
✜❧tr♦ ❈❆✳

ωch ✲ ❋r❡q✉ê♥❝✐❛ ❛♥❣✉❧❛r✱ ❡♠ ❘❛❞✐❛♥♦s ♣♦r s❡❣✉♥❞♦✱ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳

θg ✲ ➶♥❣✉❧♦ ❞❡ t❡♥sã♦ ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r✳

θs ✲ ➶♥❣✉❧♦ ❞❡ t❡♥sã♦ ❞♦ ❧❛❞♦ ❞❛ r❡❞❡✳

φ ✲ ❉❡❢❛s❛❣❡♠ ❡♥tr❡ ❛ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❈❆✳

δ ✲ ➶♥❣✉❧♦ ❞❡ ♣♦tê♥❝✐❛ ❡♥tr❡ ❛ r❡❞❡ ❡ ♦ ❝♦♥✈❡rs♦r✳

∆Vcc ✲ ❱❛❧♦r ♠á①✐♠♦ ❞❡ r✐♣♣❧❡ ❞❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦✳

∆Icc ✲ ❱❛❧♦r ♠á①✐♠♦ ❞❡ r✐♣♣❧❡ ❞❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦✳

∆I1 ✲ ❘✐♣♣❧❡ ❞❛ ❝♦rr❡♥t❡ s♦❜r❡ ♦ ✐♥❞✉t♦r✳

C ✲ ❈❛♣❛❝✐t♦r ❣❡♥❡r❛❧✐③❛❞♦✱ ❬❋❪✳

Ccc ✲ ❈❛♣❛❝✐t♦r ❞❡ ✉♠ ❜❛rr❛♠❡♥t♦ ❈❈✳

Cf ✲ ❈❛♣❛❝✐t♦r ❞❡ ✉♠ ✜❧tr♦ ❈❆✳

Cb ✲ ❈❛♣❛❝✐t♦r ❞❡ ❜❛s❡✳

D ✲ ❉✉t② ❝②❝❧❡✳

Di ✲ ❱❛❧♦r ♠é❞✐♦ ❡♠ ✉♠ ♣❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞❡ ✉♠ s✐♥❛❧ ♠♦❞✉❧❛♥t❡
❡♠ ❝♦rr❡♥t❡✳

①✈✐



▲✐st❛ ❞❡ ❙í♠❜♦❧♦s ①✈✐✐

di(t) ✲ ❋✉♥çã♦ ♠♦❞✉❧❛♥t❡ ❡♠ ❝♦rr❡♥t❡✱ ✉t✐❧✐③❛❞❛ ❝♦♠♦ s✐♥❛❧ ❞❡ r❡❢❡rê♥❝✐❛
♣❛r❛ ❝♦♠❛♥❞♦ P❲▼ ❞❡ ✉♠ ❈❙❈✳

Err ✲ ❊♥❡r❣✐❛ ❞❡ r❡❝✉♣❡r❛çã♦ r❡✈❡rs❛ ❞♦ ❞✐♦❞♦✳

fch ✲ ❋r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ ❬❍③❪✳

fs ✲ ❋r❡q✉ê♥❝✐❛✱ ❡♠ ❍❡rt③✱ ❞♦ ❧❛❞♦ ❈❆ ❞❡ ✉♠ ❝♦♥✈❡rs♦r✳

fress ✲ ❋r❡q✉ê♥❝✐❛ ❞❡ r❡ss♦♥â♥❝✐❛✱ ❡♠ ❍❡rt③✱ ❞❡ ✉♠ ✜❧tr♦ ❈❆✳

ica ✲ ❈♦rr❡♥t❡ ❞♦ ❧❛❞♦ ❈❆ ❞❡ ✉♠ ❝♦♥✈❡rs♦r✳

Icc ✲ ❈♦rr❡♥t❡ ❞❡ ❜❛rr❛♠❡♥t♦ ❈❈✳

If ✲ ❈♦rr❡♥t❡ ❞✐r❡t❛ ❞♦ ❞✐♦❞♦✳

id ✲ ❈♦rr❡♥t❡ ❞❡ ❡✐①♦ ❞✐r❡t♦✳

iq ✲ ❈♦rr❡♥t❡ ❞❡ ❡✐①♦ ❡♠ q✉❛❞r❛t✉r❛✳

ijg, j = 1, 2, 3 ✲ ❈♦rr❡♥t❡ ❞❡ ❢❛s❡ ❈❆ ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r✳

ijs, j = 1, 2, 3 ✲ ❈♦rr❡♥t❡ ❞❡ ❢❛s❡ ❈❆ ❞♦ ❧❛❞♦ ❞❛ r❡❞❡✳

ijr, j = 1, 2, 3 ✲ ❈♦rr❡♥t❡ ❞❡ ❢❛s❡ ❈❆ ❞♦ ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r✳

iji, j = 1, 2, 3 ✲ ❈♦rr❡♥t❡ ❞❡ ❢❛s❡ ❈❆ ❞♦ ❧❛❞♦ ❞♦ ✐♥✈❡rs♦r✳

L ✲ ■♥❞✉t♦r ❣❡♥❡r❛❧✐③❛❞♦✱ ❬❍❪✳

Lcc ✲ ■♥❞✉t♦r ❞❡ ✉♠ ❜❛rr❛♠❡♥t♦ ❈❈✳

Lf ✲ ■♥❞✉t♦r ❞❡ ✜❧tr♦✳

Lfs ✲ ■♥❞✉t♦r ❞❡ ✜❧tr♦ ❞♦ ❧❛❞♦ ❞❛ r❡❞❡✳

Lfg ✲ ■♥❞✉t♦r ❞❡ ✜❧tr♦ ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r✳

Lfi ✲ ■♥❞✉t♦r ❞❡ ✜❧tr♦ ❞♦ ❧❛❞♦ ❞♦ ✐♥✈❡rs♦r✳

Lfr ✲ ■♥❞✉t♦r ❞❡ ✜❧tr♦ ❞♦ ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r✳

m ✲ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❣❡♥ér✐❝♦✳

ma ✲ ❮♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞❡ t❡♥sã♦✳



▲✐st❛ ❞❡ ❙í♠❜♦❧♦s ①✈✐✐✐

mi ✲ ❮♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞❛ ❝♦rr❡♥t❡✳

mvr ✲ ❮♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞❛ t❡♥sã♦ ❞♦ ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r ♣❛r❛ ♦ ❇✷❇
❱❙❈✳

mvi ✲ ❮♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞❛ t❡♥sã♦ ❞♦ ❧❛❞♦ ❞♦ ✐♥✈❡rs♦r ♣❛r❛ ♦ ❇✷❇ ❱❙❈✳

mcr ✲ ❮♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞❛ ❝♦rr❡♥t❡ ❞♦ ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r ♣❛r❛ ♦ ❇✷❇
❈❙❈✳

mci ✲ ❮♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞❛ ❝♦rr❡♥t❡ ❞♦ ❧❛❞♦ ❞♦ ✐♥✈❡rs♦r ♣❛r❛ ♦ ❇✷❇ ❈❙❈✳

mhr ✲ ❮♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞❛ t❡♥sã♦ ❞♦ ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r ♣❛r❛ ♦ ❱❙❘✲❈❙■✳

mhi ✲ ❮♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞❛ ❝♦rr❡♥t❡ ❞♦ ❧❛❞♦ ❞♦ ✐♥✈❡rs♦r ♣❛r❛ ♦ ❱❙❘✲❈❙■✳

Pca ✲ P♦tê♥❝✐❛ ❞♦ ❧❛❞♦ ❈❆ ❞❡ ✉♠ ❝♦♥✈❡rs♦r✳

Pcc ✲ P♦tê♥❝✐❛ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❞❡ ✉♠ ❝♦♥✈❡rs♦r✳

Ps ✲ P♦tê♥❝✐❛ ❛t✐✈❛ ❞♦ ❧❛❞♦ ❞❛ r❡❞❡✳

Pg ✲ P♦tê♥❝✐❛ ❛t✐✈❛ ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r✳

Pnom ✲ P♦tê♥❝✐❛ ♥♦♠✐♥❛❧ ❞♦ ❝♦♥✈❡rs♦r✳

P1φ ✲ P♦tê♥❝✐❛ ♥♦♠✐♥❛❧ ♣♦r ❢❛s❡✳

P3φ ✲ P♦tê♥❝✐❛ ♥♦♠✐♥❛❧ tr✐❢ás✐❝❛✳

Pc ✲ P❡r❞❛s ♣♦r ❝♦♥❞✉çã♦✳

Pch ✲ P❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦✳

Pt ✲ P❡r❞❛s t♦t❛✐s✳

Q ✲ P♦tê♥❝✐❛ r❡❛t✐✈❛✳

Qs ✲ P♦tê♥❝✐❛ r❡❛t✐✈❛ ❞♦ ❧❛❞♦ ❞❛ r❡❞❡✳

Qg ✲ P♦tê♥❝✐❛ r❡❛t✐✈❛ ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r✳

R ✲ ❘❡s✐st♦r ❣❡♥❡r❛❧✐③❛❞♦✱ ❬Ω❪✳

Sj, j = 1, 2, 3 ✲ ❈♦♠❛♥❞♦ P❲▼ ❞❡ ✉♠❛ ❝❤❛✈❡ s✉♣❡r✐♦r ❞♦ ❱❙❈ tr✐❢ás✐❝♦✳



▲✐st❛ ❞❡ ❙í♠❜♦❧♦s ①✐①

Sj, j = 4, 5, 6 ✲ ❈♦♠❛♥❞♦ P❲▼ ❞❡ ✉♠❛ ❝❤❛✈❡ ✐♥❢❡r✐♦r ❞♦ ❱❙❈ tr✐❢ás✐❝♦✳

hj, j = 1, 2, 3 ✲ ❈♦♠❛♥❞♦ P❲▼ ❞❡ ✉♠❛ ❝❤❛✈❡ s✉♣❡r✐♦r ❞♦ ❈❙❈ tr✐❢ás✐❝♦✳

lj, j = 1, 2, 3 ✲ ❈♦♠❛♥❞♦ P❲▼ ❞❡ ✉♠❛ ❝❤❛✈❡ ✐♥❢❡r✐♦r ❞♦ ❈❙❈ tr✐❢ás✐❝♦✳

tφ ✲ ❚❡♠♣♦ ❞❡ ❛tr❛s♦✱ ❬s❪✳

Tch ✲ P❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞❡ ✉♠❛ ♣♦rt❛❞♦r❛ tr✐❛♥❣✉❧❛r✱ ✉t✐❧✐③❛❞❛ ❡♠
❝♦♠❛♥❞♦s P❲▼✳

ttm ✲ ❚❡♠♣♦ ♠♦rt♦ ❞❡ ✉♠ ❝♦♠❛♥❞♦ P❲▼✳

Vcc ✲ ❚❡♥sã♦ ❞❡ ✉♠❛ ❢♦♥t❡ ❈❈✳

vca ✲ ❚❡♥sã♦ ❞♦ ❧❛❞♦ ❈❆ ❞❡ ✉♠ ❝♦♥✈❡rs♦r✳

vbar ✲ ❚❡♥sã♦ ❞❡ ✉♠ ❜❛rr❛♠❡♥t♦ ❈❈✳

vLcc
✲ ❚❡♥sã♦ ❞♦ ✐♥❞✉t♦r ❞❡ ✉♠ ❜❛rr❛♠❡♥t♦ ❈❈✳

vtri ✲ P♦rt❛❞♦r❛ tr✐❛♥❣✉❧❛r ✉t✐❧✐③❛❞❛ ❡♠ ❝♦♠❛♥❞♦s P❲▼✳

vLccmax

✲ ❚❡♥sã♦ ♠á①✐♠❛ s♦❜r❡ ✉♠ ✐♥❞✉t♦r ❞❡ ✉♠ ❜❛rr❛♠❡♥t♦ ❈❈✳

vd ✲ ❚❡♥sã♦ ❞❡ ❡✐①♦ ❞✐r❡t♦✳

vq ✲ ❚❡♥sã♦ ❞❡ ❡✐①♦ ❡♠ q✉❛❞r❛t✉r❛✳

vjg, j = 1, 2, 3 ✲ ❚❡♥sã♦ ❞❡ ❢❛s❡ ❈❆ ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r✳

vjss, j = 1, 2, 3 ✲ ❚❡♥sã♦ ❞❡ ❢❛s❡ ❈❆ ❞♦ ❧❛❞♦ ❞❛ r❡❞❡✳

v12s, j = 1, 2, 3 ✲ ❚❡♥sã♦ ❞❡ ❧✐♥❤❛ ❈❆ ❞♦ ❧❛❞♦ ❞❛ r❡❞❡✳

v12g, j = 1, 2, 3 ✲ ❚❡♥sã♦ ❞❡ ❧✐♥❤❛ ❈❆ ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r✳

VL ✲ ❚❡♥sã♦ ❞❡ ♣✐❝♦ ❞❡ ❧✐♥❤❛ ❈❆ ❣❡♥ér✐❝❛✳

Vf ✲ ❚❡♥sã♦ ❞❡ ♣✐❝♦ ❞❡ ❢❛s❡ ❈❆ ❣❡♥ér✐❝❛✳

vj0, j = 1, 2, 3 ✲ ❚❡♥sã♦ ❞❡ ♣♦❧♦✳

vjn, j = 1, 2, 3 ✲ ❚❡♥sã♦ ❞❡ ♥❡✉tr♦✳

x ✲ ●❡♥❡r❛❧✐③❛çã♦ ❞♦ ✈❛❧♦r ♠é❞✐♦ ❞❡ ✉♠❛ ✈❛r✐á✈❡❧ q✉❛❧q✉❡r✱ ❡♠ ✉♠ ❝❡rt♦
♣❡rí♦❞♦ ❞❡ t❡♠♣♦✳



▲✐st❛ ❞❡ ❙í♠❜♦❧♦s ①①

Xy ✲ ●❡♥❡r❛❧✐③❛çã♦ ❞♦ ✈❛❧♦r ❞❡ ♣✐❝♦ ❞❡ ✉♠❛ ✈❛r✐á✈❡❧✳

Xy,rms ✲ ●❡♥❡r❛❧✐③❛çã♦ ❞♦ ✈❛❧♦r ❘▼❙ ❞❡ ✉♠❛ ✈❛r✐á✈❡❧✳

x∗
y ✲ ❱❛r✐á✈❡❧ ❞❡ r❡❢❡rê♥❝✐❛ ♣❛r❛ ✉♠ ❝♦♥tr♦❧❛❞♦r✳

Z ✲ ■♠♣❡❞â♥❝✐❛ ❣❡♥❡r❛❧✐③❛❞❛✱ ❬Ω❪✳



●❧♦ssár✐♦

❆◆P❈ ✲ ◆P❈ ❛t✐✈♦✳

❇✷❇ ✲ ❇❛❝❦✲t♦✲❇❛❝❦✳

❈❈ ✲ ❈♦rr❡♥t❡ ❈♦♥tí♥✉❛✳

❈❆ ✲ ❈♦rr❡♥t❡ ❆❧t❡r♥❛❞❛✳

❈❙❈ ✲ ❈✉rr❡♥t ❙♦✉r❝❡ ❈♦♥✈❡rt❡r✳

❈❙❘ ✲ ❈✉rr❡♥t ❙♦✉r❝❡ ❘❡❝t✐❢❡r✳

❈❙■ ✲ ❈✉rr❡♥t ❙♦✉r❝❡ ■♥✈❡rt❡r✳

❉❋■● ✲ ❉♦✉❜❧② ❋❡❞ ■♥❞✉❝t✐♦♥ ●❡♥❡r❛t♦rs✳

❋P ✲ ❋❛t♦r ❞❡ ♣♦tê♥❝✐❛✳

■●❇❚ ✲ ■♥s✉❧❛t❡❞ ●❛t❡ ❇✐♣♦❧❛r ❚r❛♥s✐st♦r✳

▲❊■❆▼ ✲ ▲❛❜♦r❛tór✐♦ ❞❡ ❊❧❡trô♥✐❝❛ ■♥❞✉str✐❛❧ ❡ ❆❝✐♦♥❛♠❡♥t♦ ❞❡ ▼áq✉✐♥❛s✳

▼▼❈ ✲ ▼♦❞✉❧❛r ▼✉❧t✐♥➹✈❡❧ ❈♦♥✈❡rt❡r✳

▼PP❚ ✲ ▼❛①✐♠✉♠ P♦✇❡r P♦✐♥t ❚r❛❝❦✐♥❣✳

◆P❈ ✲ ◆❡✉tr❛❧ P♦✐♥t ❈❧❛♠♣❡❞✳

P❈■ ✲ P❧❛❝❛ ❞❡ ❝✐r❝✉✐t♦ ✐♠♣r❡ss♦✳

P❈❇ ✲ Pr✐♥t❡❞ ❈✐r❝✉✐t ❇♦❛r❞✳

P❲▼ ✲ P✉❧s❡ ❲✐❞t❤ ▼♦❞✉❧❛t✐♦♥✳

P▼❙● ✲ P❡r♠❛♥❡♥t ▼❛❣♥❡t ❙②♥❝❤r♦♥♦✉s ●❡♥❡r❛t♦r✳

❘❇✲■●❇❚ ✲ ❘❡✈❡rs❡ ❇❧♦❝❦✐♥❣ ■●❇❚✳

①①✐



●❧♦ssár✐♦ ①①✐✐

❙❈■● ✲ ❙q✉✐rr❡❧ ❈❛❣❡ ■♥❞✉❝t✐♦♥ ●❡♥❡r❛t♦r✳

❙✐❈ ✲ ❙✐❧✐❝♦♥ ❈❛r❜✐❞❡✳

❚❍❉ ✲ ❚♦t❛❧ ❍❛r♠♦♥✐❝ ❉✐st♦rt✐♦♥✳

❱❙❈ ✲ ❱♦❧t❛❣❡ ❙♦✉r❝❡ ❈♦♥✈❡rt❡r✳

❱❙❘ ✲ ❱♦❧t❛❣❡ ❙♦✉r❝❡ ❘❡❝t✐❢❡r✳

❱❙■ ✲ ❱♦❧t❛❣❡ ❙♦✉r❝❡ ■♥✈❡rt❡r✳

❱❋❉s ✲ ❱❛r✐❛❜❧❡✲❋r❡q✉❡♥❝② ❉r✐✈❡s✳

❲❊❈❙ ✲ ❲✐♥❞ ❊♥❡r❣② ❈♦♥✈❡rs✐♦♥ ❙②st❡♠s✳

❲❘■● ✲ ❲♦✉♥❞✲❘♦t♦r ■♥❞✉❝t✐♦♥ ●❡♥❡r❛t♦rs✳



1
■♥tr♦❞✉çã♦

❊♠ s✐st❡♠❛s ❞❡ ❝♦♥✈❡rsã♦ ❞❡ ❡♥❡r❣✐❛ ❡ó❧✐❝❛✱ ♦s ❣❡r❛❞♦r❡s sã♦ r❡s♣♦♥sá✈❡✐s ♣♦r ❝♦♥✈❡rt❡r

❛ ❡♥❡r❣✐❛ ♠❡❝â♥✐❝❛ ❛tr❛✈és ❞❛s t✉r❜✐♥❛s ❡ó❧✐❝❛s ❡♠ ❡♥❡r❣✐❛ ❡❧étr✐❝❛✳ ❉❡✈✐❞♦ às ✈❛r✐❛çõ❡s ❞❡

✈❡❧♦❝✐❞❛❞❡ ❞♦ ✈❡♥t♦✱ ❡ss❡s s✐st❡♠❛s ❝♦st✉♠❛♠ ✉t✐❧✐③❛r ❣❡r❛❞♦r❡s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ✈❛r✐á✈❡❧ q✉❡

♣♦ss✉❡♠ s✉❛s t❡♥sõ❡s ❣❡r❛❞❛s ❝♦♠ ❛♠♣❧✐t✉❞❡ ❡ ❢r❡q✉ê♥❝✐❛ ✈❛r✐á✈❡❧✳ ❆ ❝♦♥❡①ã♦ ❞♦ ❣❡r❛❞♦r

à r❡❞❡ ❡❧étr✐❝❛ é ❢❡✐t❛ ❛tr❛✈és ❞❡ ❝♦♥✈❡rs♦r❡s ❡stát✐❝♦s ❜✐❞✐r❡❝✐♦♥❛✐s✱ q✉❡ tê♠ ❝♦♠♦ ♣❛♣❡❧

♣r✐♥❝✐♣❛❧ tr❛♥s❢❡r✐r ❛ ♣♦tê♥❝✐❛ ❣❡r❛❞❛ ♣❛r❛ à r❡❞❡ ❡❧étr✐❝❛ q✉❡ ♣♦ss✉✐ ❛♠♣❧✐t✉❞❡ ❞❡ t❡♥sã♦ ❡

❢r❡q✉ê♥❝✐❛ ❝♦♥st❛♥t❡✳

❖s ❣❡r❛❞♦r❡s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ✈❛r✐á✈❡❧ ♠❛✐s ✉t✐❧✐③❛❞♦s sã♦ ❛s ♠áq✉✐♥❛s ❞❡ ✐♥❞✉çã♦ ❞❡ ❞✉♣❧❛

❛❧✐♠❡♥t❛çã♦ ❉❋■● ✭❞♦ ✐♥❣❧ês✱ ❉♦✉❜❧② ❋❡❞ ■♥❞✉❝t✐♦♥ ●❡♥❡r❛t♦rs✮ ❡ ❛s ♠áq✉✐♥❛ sí♥❝r♦♥❛s✱

❡♠ ❡s♣❡❝✐❛❧ ❛ ♠áq✉✐♥❛ sí♥❝r♦♥❛ ❞❡ ✐♠ã ♣❡r♠❛♥❡♥t❡ P▼❙● ✭❞♦ ✐♥❣❧ês✱ P❡r♠❛♥❡♥t ▼❛❣♥❡t

❙②♥❝❤r♦♥♦✉s ●❡♥❡r❛t♦r✮✳ ◆♦ ❡♥t❛♥t♦ à P▼❙● t❡♠ ✈❛♥t❛❣❡♥s ❡♠ r❡❧❛çã♦ à ❉❋■●✱ ❞❡✈✐❞♦

❛♦ ❢❛t♦ ❞❡ q✉❡ ♥ã♦ ♥❡❝❡ss✐t❛ ❞❡ ❝♦rr❡♥t❡ ❞❡ ❡①❝✐t❛çã♦✱ ♣♦ss✉✐ ❛❧t❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣♦tê♥❝✐❛ ❡

❝♦♥✜❛❜✐❧✐❞❛❞❡✱ ❜❛✐①❛ ♣❡r❞❛s r♦tór✐❝❛s ❡ ❛❧t❛ ❡✜❝✐ê♥❝✐❛ ✭❨❆❘❆▼❆❙❯ ❡t ❛❧✳✱ ✷✵✶✼✮✳ ❙❡❣✉♥❞♦

❨❆❘❆▼❆❙❯ ❡t ❛❧ ✭✷✵✶✼✮✱ ❛s t❡♥❞ê♥❝✐❛s ✐♥❞✐❝❛♠ q✉❡ ♦ ♠❡r❝❛❞♦ ❡stá s❡ ❞❡s❝♦❧❛♥❞♦ ❞❛ ❉❋■●

♣❛r❛ ❛ P▼❙●✳

❖s ❝♦♥✈❡rs♦r❡s ❢♦♥t❡ ❞❡ t❡♥sã♦ ❱❙❈s ✭❞♦ ✐♥❣❧ês✱ ❱♦❧t❛❣❡ ❙♦✉r❝❡ ❈♦♥✈❡rt❡r✮ sã♦ ✉t✐❧✐③❛❞♦s✱

♥❛ ♠❛✐♦r✐❛ ❞♦s ❝❛s♦s ❡♠ s✐st❡♠❛s ❞❡ ❣❡r❛çã♦ ❞✐str✐❜✉í❞❛✱ ❝♦♠♦ ♦s s✐st❡♠❛s ❢♦t♦✈♦❧t❛✐❝♦s✱ ♣♦r

❡①❡♠♣❧♦✱ ❡ss❡s s✐st❡♠❛s ♥❡❝❡ss✐t❛♠ ❞❡ ✉♠ ✐♥✈❡rs♦r ❝❛♣❛③ ❞❡ ❡❧❡✈❛r ♦ ♥í✈❡❧ ❞❡ t❡♥sã♦ ♣❛r❛

❛ r❡❞❡ ❡❧étr✐❝❛✳ ❊♥tã♦✱ ♥♦r♠❛❧♠❡♥t❡ sã♦ ✉t✐❧✐③❛❞♦s ♦s ✐♥✈❡rs♦r❡s ❢♦♥t❡ ❞❡ t❡♥sã♦ ❝♦♠ ✉♠

✶



■♥tr♦❞✉çã♦ ✷

❝♦♥✈❡rs♦r ❈❈✴❈❈ ❡❧❡✈❛❞♦r ❞❡ t❡♥sã♦ ✭❜♦♦st✮ ♣❛r❛ ❡❧❡✈❛r ❡ss❡ ♥í✈❡❧ ❞❡ t❡♥sã♦✳

P❛r❛ ♦s s✐st❡♠❛s ❞❡ ❝♦♥✈❡rsã♦ ❞❡ ❡♥❡r❣✐❛ ❡ó❧✐❝❛ ❲❊❈❙ ✭❞♦ ✐♥❣❧ês✱ ❲✐♥❞ ❊♥❡r❣② ❈♦♥✲

✈❡rs✐♦♥ ❙②st❡♠s✮ ❛ t♦♣♦❧♦❣✐❛ ♠❛✐s ✉t✐❧✐③❛❞❛ ♣❛r❛ ❛ ❝♦♥❡①ã♦ ❞♦ ❣❡r❛❞♦r ❡ó❧✐❝♦ à r❡❞❡ ❡❧étr✐❝❛

é ♦ ❝♦♥✈❡rs♦r ❜❛❝❦✲t♦✲❜❛❝❦ ✭❇✷❇✮ ❢♦♥t❡ ❞❡ t❡♥sã♦ ❱❙❈ ❞❡ ❞♦✐s ♥í✈❡✐s✳ ❊st❛ t♦♣♦❧♦❣✐❛ ♣♦s✲

s✉✐ ❝♦♥tr♦❧❡ ❞❡ ♣♦tê♥❝✐❛ ❛t✐✈❛ ❡ r❡❛t✐✈❛ ❞♦s ❞♦✐s ❧❛❞♦s ❡ ❜❛✐①❛ t❛①❛ ❞❡ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛

❚❍❉ ✭❞♦ ✐♥❣❧ês✱ ❚♦t❛❧ ❍❛r♠♦♥✐❝ ❉✐st♦rt✐♦♥✮✳ P♦ré♠ ♣♦ss✉✐ ❛❧t♦ r✐s❝♦ ❞❡ ❝✉rt♦✲❝✐r❝✉✐t♦✱

t❡♠ ❛❧t❛s ♣❡r❞❛s ❞❡ ♣♦tê♥❝✐❛ ♣♦r ❝❤❛✈❡❛♠❡♥t♦✱ ♠❡♥♦r ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❡ é ✉t✐❧✐③❛❞♦ ❞❡s❞❡ ❦❲

❛té ✸▼❲ ✭❉❊ ❋❘❊■❚❆❙ ❡t ❛❧✳✱ ✷✵✶✻✮✳ ❚❛♠❜é♠ é ♥❡❝❡ssár✐♦✱ ❡♠ ❛❧❣✉♥s ❝❛s♦s✱ ♦ ✉s♦ ❞❡

tr❛♥s❢♦r♠❛❞♦r❡s ♣❛r❛ ❡❧❡✈❛r ❛ t❡♥sã♦ ❛♦ ❝♦♥❡❝t❛r à r❡❞❡ ♦✉ ❝♦♥✈❡rs♦r ❈❈✲❈❈ ❜♦♦st✳

❈♦♥t✉❞♦✱ ❞❡✈✐❞♦ à ❣r❛♥❞❡ ❞❡♠❛♥❞❛ ❞❡ ♣♦tê♥❝✐❛ ❞♦s ú❧t✐♠♦s ❛♥♦s✱ ❝❛❞❛ ✈❡③ ♠❛✐s sã♦

♥❡❝❡ssár✐♦s s✐st❡♠❛s q✉❡ ❝♦♠♣♦rt❡♠ ♣♦tê♥❝✐❛s ♠❛✐s ❛❧t❛s✳ ❉❡ss❛ ❢♦r♠❛✱ à ♠❡❞✐❞❛ q✉❡ ❛

♣♦tê♥❝✐❛ ❛✉♠❡♥t❛✱ ♦s ❝♦♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s t♦r♥❛♠✲s❡ t❡♥❞ê♥❝✐❛✱ ❡♠❜♦r❛ ❛ ✉t✐❧✐③❛çã♦ ❞❡ss❡s

❝♦♥✈❡rs♦r❡s ♣♦ss❛ ♦❝❛s✐♦♥❛r ✉♠ ❛✉♠❡♥t♦ ♥❛s ♣❡r❞❛s✱ ♥♦s ❝✉st♦s✱ ❝♦♠♣❧❡①✐❞❛❞❡ ❞❡ ❝♦♥tr♦❧❡✱

r❡❞✉çã♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣♦tê♥❝✐❛✱ ❡♥tr❡ ♦✉tr♦s ♣r♦❜❧❡♠❛s✳

❆❧t❡r♥❛t✐✈❛♠❡♥t❡ às t♦♣♦❧♦❣✐❛s ❝♦♥✈❡♥❝✐♦♥❛✐s✱ ♦s ❝♦♥✈❡rs♦r❡s ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ ❈❙❈s ✭❞♦

✐♥❣❧ês✱ ❈✉rr❡♥t ❙♦✉r❝❡ ❈♦♥✈❡rt❡r✮ ✈❡♠ s❡ t♦r♥❛♥❞♦ t❡♥❞ê♥❝✐❛✳ ❖s ❈❙❈s ♣♦ss✉❡♠ ❛❧❣✉♠❛s

✈❛♥t❛❣❡♥s q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦s ❝♦♠ ♦s ❝♦♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s ❱❙❈s✱ ❝♦♠♦ ✉♠❛ t♦♣♦❧♦❣✐❛

s✐♠♣❧❡s✱ ❡①❝❡❧❡♥t❡ ✐♥t❡❣r❛çã♦ ❝♦♠ ❛ r❡❞❡✱ ❝♦♥tr♦❧❡ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❡ ♦ ❜❛rr❛♠❡♥t♦ ✐♥❞✉✲

t✐✈♦ ❈❈ ♣r♦✈ê ✉♠❛ ♣r♦t❡çã♦ ♥❛t✉r❛❧ ❝♦♥tr❛ ❝✉rt♦✲❝✐r❝✉✐t♦ ✭❉❆■ ❡t ❛❧✳✱ ✷✵✵✾✮✱ ✭❱■❚❖❘■◆❖

❡t ❛❧✳✱ ✷✵✶✹✮✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ♦s ❈❙❈s ♥ã♦ sã♦ ❡①♣❧♦r❛❞♦s ❝♦♠♦ ♦s ❱❙❈s ♣❛r❛ ❲❊❈❙✳ ❆

♠❛✐♦r✐❛ ❞❛s s♦❧✉çõ❡s q✉❡♠ ❡♥✈♦❧✈❡♠ ♦s ❈❙❈s sã♦ ♣❛r❛ ❛♣❧✐❝❛çã♦ ❞❡ ❛❧t❛ ♣♦tê♥❝✐❛ ✭❇❆❖

❡t ❛❧✳✱ ✷✵✶✹✮ ✭❈❖❙❚❆ ❡t ❛❧✳✱ ✷✵✶✽✮✳ ◆♦ ❡♥t❛♥t♦✱ ❝♦♠ ♦ r❡❝❡♥t❡ ❛✈❛♥ç♦ t❡❝♥♦❧ó❣✐❝♦ ❞♦s s❡♠✐✲

❝♦♥❞✉t♦r❡s ❞❡ ♣♦tê♥❝✐❛✱ ♠♦str❛♥❞♦ ♠❡❧❤♦r✐❛s s✐❣♥✐✜❝❛t✐✈❛s ♥♦s ■●❇❚s ❞❡ ❜❧♦q✉❡✐♦ r❡✈❡rs♦

❘❇✲■●❇❚ ✭❞♦ ✐♥❣❧ês✱ ❘❡✈❡rs❡✲❇❧♦❝❦✐♥❣ ■●❇❚ ✮ ❛ss✐♠ ❝♦♠♦ ❞❡ ❝❛r❜❡t♦ ❞❡ s✐❧í❝✐♦ ❙✐❈ ✭❞♦

✐♥❣❧ês✱ ❙✐❧✐❝♦♥ ❈❛r❜✐❞❡✮✱ ❡①✐st❡ ❛❣♦r❛ ✉♠❛ ❢♦rt❡ ♦♣♦rt✉♥✐❞❛❞❡ ♣❛r❛ ♦s ❈❙❈s ❡♠❡r❣✐r❡♠ ♥♦

♠❡r❝❛❞♦ ❝♦♠♦ ✉♠ ❢♦rt❡ ❝❛♥❞✐❞❛t♦ ♣❛r❛ ❲❊❈❙ ❡ ♦❢❡r❡❝❡r❡♠ ♥♦✈❛s ♣♦ss✐❜✐❧✐❞❛❞❡s ♣❡r♠✐t✐♥❞♦

❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❡ ✉♠❛ ❛❧t❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ ❡ ❛ss✐♠✱ r❡❞✉③✐r ♦ t❛♠❛♥❤♦ ❡ ♦

♣❡s♦ ❞♦ ✐♥❞✉t♦r ❞❡ ❜❛rr❛♠❡♥t♦ ❈❈ ✭❩❍❆◆● ❡t ❛❧✳✱ ✷✵✶✻✮✱ ✭❋❘■❊❉▲■ ❡t ❛❧✳✱ ✷✵✵✽✮✳

❆ss✐♠✱ ♥❛ ❧✐t❡r❛t✉r❛✱ ❛ ♠❛✐♦r✐❛ ❞♦s ❡st✉❞♦s ♣❛r❛ ❲❊❈❙ sã♦ ♣❛r❛ ♦s ❝♦♥✈❡rs♦r❡s ❱❙❈s

❞❡ ❞♦✐s ♥í✈❡✐s ♦✉ ♠✉❧t✐♥í✈❡✐s✱ ❝♦♥s✐st✐♥❞♦ ❞❡ ✉♠ r❡t✐✜❝❛❞♦r ❢♦♥t❡ ❞❡ t❡♥sã♦ ❱❙❘ ✭❞♦ ✐♥❣❧ês✱
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❱♦❧t❛❣❡ ❙♦✉r❝❡ ❘❡❝t✐✜❡r✮ ❡ ✉♠ ✐♥✈❡rs♦r ❢♦♥t❡ ❞❡ t❡♥sã♦ ❱❙■ ✭❞♦ ✐♥❣❧ês✱ ❱♦❧t❛❣❡ ❙♦✉r❝❡ ■♥✈❡r✲

t❡r✮✱ ❝♦♥❡❝t❛❞♦s ♣♦r ✉♠ ❜❛rr❛♠❡♥t♦ ❝❛♣❛❝✐t✐✈♦ ❈❈✱ ❞❡s✐❣♥❛❞♦ ♣♦r ❇✷❇ ❱❙❈ ✭❉❊ ❋❘❊■❚❆❙

❡t ❛❧✳✱ ✷✵✶✻✮✱✭❨❆❘❆▼❆❙❯ ❡t ❛❧✳✱ ✷✵✶✼✮✳ ❖s ❈❙❈s sã♦ ❛♣❧✐❝❛❞♦s t❛♠❜é♠ ❡♠ ❲❊❈❙✱ ♥♦r✲

♠❛❧♠❡♥t❡ ♣❛r❛ ❛♣❧✐❝❛çõ❡s ❞❡ ❛❧t❛ ♣♦tê♥❝✐❛✱ ❝♦♥s✐st✐♥❞♦ ❞❡ ✉♠ r❡t✐✜❝❛❞♦r ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡

❈❙❘ ✭❞♦ ✐♥❣❧ês✱ ❈✉rr❡♥t ❙♦✉r❝❡ ❘❡❝t✐✜❡r✮ ❡ ✉♠ ✐♥✈❡rs♦r ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ ❈❙■ ✭❞♦ ✐♥❣❧ês✱

❈✉rr❡♥t ❙♦✉r❝❡ ■♥✈❡rt❡r✮✱ ❝♦♥❡❝t❛❞♦s ❛tr❛✈és ❞❡ ✉♠ ❜❛rr❛♠❡♥t♦ ✐♥❞✉t✐✈♦ ❈❈✱ ❞❡s✐❣♥❛❞♦

♥❡st❡ tr❛❜❛❧❤♦ ❞❡ ❇✷❇ ❈❙❈ ✭❉❆■ ❡t ❛❧✳✱ ✷✵✵✾✮✱ ✭❩❍❆◆● ❡t ❛❧✳✱ ✷✵✶✻✮ ❡ ✭❇❆❖ ❡t ❛❧✳✱ ✷✵✶✹✮✳

❆ss✐♠✱ ❡st❡ tr❛❜❛❧❤♦ é ♠♦t✐✈❛❞♦ ♣❡❧❛ ❢❛❧t❛ ❞❡ ❡st✉❞♦s ❡♥✈♦❧✈❡♥❞♦ t♦♣♦❧♦❣✐❛s ❤í❜r✐❞❛s ❢♦♥t❡

❞❡ t❡♥sã♦ ❡ ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ ✈♦❧t❛❞♦ ♣❛r❛ ❲❊❈❙✳

❊st❡ ❝❛♣ít✉❧♦ ✐♥✐❝✐❛ ❝♦♠ ❛s ❝♦♥✜❣✉r❛çõ❡s ❜ás✐❝❛s ✉t✐❧✐③❛❞❛s ❡♠ ❲❊❈❙ ❡ ❛ ❛♣r❡s❡♥t❛çã♦

❞❛ ❝♦♥✜❣✉r❛çã♦ ❞♦ s✐st❡♠❛ ♣r♦♣♦st♦✳ ❚❛♠❜é♠ é ❢❡✐t❛ ✉♠❛ r❡✈✐sã♦ ❜✐❜❧✐♦❣rá✜❝❛ s♦❜r❡ ♦s

❝♦♥✈❡rs♦r❡s ❢♦♥t❡ ❞❡ t❡♥sã♦ ❡ ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡✱ ❛ss✐♠ ❝♦♠♦ ♦s ❝♦♥✈❡rs♦r❡s ❤í❜r✐❞♦s ❡ ❛ ❝♦♠✲

♣❛r❛çã♦ ❡♥tr❡ ♦s ❱❙❈s ❡ ❈❙❈s✳ P♦st❡r✐♦r♠❡♥t❡✱ ❛♣r❡s❡♥t❛♠✲s❡ ♦s ♦❜❥❡t✐✈♦s ❡ ❛ ❝♦♥tr✐❜✉✐çã♦

❞❛ ❞✐ss❡rt❛çã♦✳ ❆ ❡str✉t✉r❛ ❞♦ t❡①t♦ é r❡s✉♠✐❞❛ ♥♦ ✜♥❛❧ ❡ ❛s ♣✉❜❧✐❝❛çõ❡s ❞❡r✐✈❛❞❛s ❞❡st❡

tr❛❜❛❧❤♦ sã♦ ❛♣r❡s❡♥t❛❞❛s✳

✶✳✶ ❈♦♥✜❣✉r❛çõ❡s ❞♦s ❲❊❈❙

❖s s✐st❡♠❛s ❞❡ ❝♦♥✈❡rsã♦ ❞❡ ❡♥❡r❣✐❛ ❡ó❧✐❝❛ ♣r♦❞✉③❡♠ ❡❧❡tr✐❝✐❞❛❞❡ ❝♦♥✈❡rt❡♥❞♦ ❛ ❡♥❡r❣✐❛

❝✐♥ét✐❝❛ ❞♦ ✈❡♥t♦ ♣❛r❛ ❡♥❡r❣✐❛ ❡❧étr✐❝❛✳

❖s ❣❡r❛❞♦r❡s ❡ ♦s ❝♦♥✈❡rs♦r❡s ❞❡ ♣♦tê♥❝✐❛ sã♦ ♦s ♣r✐♥❝✐♣❛✐s ❡❧❡♠❡♥t♦s ♥❡❝❡ssár✐♦s ♣❛r❛

r❡❛❧✐③❛r ❛ ❝♦♥✈❡rsã♦ ❞❡ ❡♥❡r❣✐❛ ❡ó❧✐❝❛ ♣❛r❛ ❡❧étr✐❝❛✳ ❊①✐st❡♠ ❞✐❢❡r❡♥t❡s t✐♣♦s ❞❡ ❝♦♠❜✐♥❛çõ❡s

❡ ♣r♦❥❡t♦s ❞❡st❡s ❞♦✐s ❡❧❡♠❡♥t♦s✳ ❊ss❛s ❝♦♥✜❣✉r❛çõ❡s ♣♦❞❡♠ s❡r ❝❧❛ss✐✜❝❛❞❛s ❡♠ três ❣r✉♣♦s✿

✶✮ ❣❡r❛❞♦r❡s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ✜①❛ s❡♠ ✉♠ ❝♦♥✈❡rs♦r ❞❡ ♣♦tê♥❝✐❛❀ ✷✮ ❣❡r❛❞♦r❡s ❞❡ ✈❡❧♦❝✐❞❛❞❡

✈❛r✐á✈❡❧ q✉❡ ✉s❛♠ ❝♦♥✈❡rs♦r❡s ❞❡ ❝❛♣❛❝✐❞❛❞❡ r❡❞✉③✐❞❛✱ ❡ ✸✮ ❣❡r❛❞♦r❡s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ✈❛r✐á✈❡❧

q✉❡ ✉t✐❧✐③❛♠ ❝♦♥✈❡rs♦r❡s q✉❡ ♦♣❡r❛♠ ❝♦♠ t♦t❛❧ ❝❛♣❛❝✐❞❛❞❡ ✭❲❯ ❡t ❛❧✳✱ ✷✵✶✶✮✳

❖ ♣r✐♠❡✐r♦ t✐♣♦ ❞❡ ❝♦♥✜❣✉r❛çã♦ ✭❣❡r❛❞♦r❡s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ✜①❛ s❡♠ ✉♠ ❝♦♥✈❡rs♦r ❞❡

♣♦tê♥❝✐❛✮ é ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✶✳✶✳ ❖ ❣❡r❛❞♦r ❞❡ ✐♥❞✉çã♦ ❣❛✐♦❧❛ ❞❡ ❡sq✉✐❧♦ ❙❈■● ✭❞♦ ✐♥❣❧ês✱

❙q✉✐rr❡❧ ❈❛❣❡ ■♥❞✉❝t✐♦♥ ●❡♥❡r❛t♦r✮ t❡♠ ✉♠❛ ❢❛✐①❛ ❞❡ ✈❛r✐❛çã♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ♠✉✐t♦ ♣❡q✉❡♥❛

✭❲❯ ❡t ❛❧✳✱ ✷✵✶✶✮✱ s❡♥❞♦ ♣♦r ❡ss❡ ♠♦t✐✈♦ ❝❤❛♠❛❞♦ ❞❡ ❣❡r❛❞♦r ❞❡ ✈❡❧♦❝✐❞❛❞❡ ✜①❛✳ ❆ ❝❛✐①❛

❞❡ ❡♥❣r❡♥❛❣❡♥s ✭❣❡❛r❜♦① ✮ é ✉s❛❞❛ ♣❛r❛ ❛❥✉st❛r ❛ ❞✐❢❡r❡♥ç❛ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❡♥tr❡ ❛ t✉r❜✐♥❛ ❡ ♦



■♥tr♦❞✉çã♦ ✹

❣❡r❛❞♦r✱ ❞❡ ♠♦❞♦ q✉❡ ♦ ❣❡r❛❞♦r ♣♦ss❛ ❢♦r♥❡❝❡r s✉❛ ♣♦tê♥❝✐❛ ♥♦♠✐♥❛❧ ♥❛ ✈❡❧♦❝✐❞❛❞❡ ♥♦♠✐♥❛❧

❞♦ ✈❡♥t♦✳ ❊ss❡ s✐st❡♠❛ r❡q✉❡r ✉♠ s♦❢t✲st❛rt❡r ♣❛r❛ ❧✐♠✐t❛r ❛s ❛❧t❛s ❝♦rr❡♥t❡s ❞❡ ♣❛rt✐❞❛✳ ❖

❝❛♣❛❝✐t♦r tr✐❢ás✐❝♦ é ✉t✐❧✐③❛❞♦ ♣❛r❛ ❝♦♠♣❡♥s❛r ❛ ♣♦tê♥❝✐❛ r❡❛t✐✈❛✳

❋✐❣✉r❛ ✶✳✶✿ ❙✐st❡♠❛ ❞❡ ❝♦♥✈❡rsã♦ ❞❡ ❡♥❡r❣✐❛ ❡ó❧✐❝❛ ❝♦♠ ❣❡r❛❞♦r ❞❡ ✈❡❧♦❝✐❞❛❞❡ ✜①❛ ❡ s❡♠
❝♦♥✈❡rs♦r ❞❡ ♣♦tê♥❝✐❛✳

Gerador

SCIG

RedeGearbox
Soft

Starter
Transformador

❆ s❡❣✉♥❞❛ ❝♦♥✜❣✉r❛çã♦ ✭s✐st❡♠❛s ❝♦♠ ❣❡r❛❞♦r❡s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ✈❛r✐á✈❡❧ q✉❡ ✉s❛♠ ❝♦♥✲

✈❡rs♦r❡s ❞❡ ❝❛♣❛❝✐❞❛❞❡ r❡❞✉③✐❞❛✮ tr❛③ ✉♠❛ sér✐❡ ❞❡ ✈❛♥t❛❣❡♥s ❡♠ r❡❧❛çã♦ ❛♦s ❣❡r❛❞♦r❡s ❞❡

✈❡❧♦❝✐❞❛❞❡ ✜①❛✱ ❝♦♠♦ ♠❡❧❤♦r ❡✜❝✐ê♥❝✐❛ ❡ r❡❞✉çã♦ ❞❡ ❡str❡ss❡ ♠❡❝â♥✐❝♦ ❝❛✉s❛❞♦ ♣♦r ✈❛r✐❛çõ❡s

❞❡ ✈❡♥t♦ ✭❲❯ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ❘❡❞✉③ t❛♠❜é♠ ♦ ❞❡s❣❛st❡ ❞❛ ❝❛✐①❛ ❞❡ ❡♥❣r❡♥❛❣❡♥s ❡ ❞♦ ❡♥r♦✲

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

❝♦♠ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞♦ ❝♦♥✈❡rs♦r ❞❡ ♣♦tê♥❝✐❛✱ sã♦ ❛✉♠❡♥t❛❞♦s ♦s ❝✉st♦s ❡ ❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❞♦

s✐st❡♠❛✳

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

r♦t♦r ❜♦❜✐♥❛❞♦ ❲❘■● ✭❞♦ ✐♥❣❧ês✱ ❲♦✉♥❞✲❘♦t♦r ■♥❞✉❝t✐♦♥ ●❡♥❡r❛t♦rs✮✳ ❊①✐st❡♠ ❞✉❛s t♦♣♦✲

❧♦❣✐❛s q✉❡ ✉t✐❧✐③❛♠ ❡ss❡ ❣❡r❛❞♦r✱ ♥❛ ♣r✐♠❡✐r❛ ♦ ❝♦♥tr♦❧❡ é ❢❡✐t♦ ✈❛r✐❛♥❞♦ ❛ r❡s✐stê♥❝✐❛ r♦tór✐❝❛

✭❋✐❣✉r❛ ✶✳✷✮ ❡ ❛ s❡❣✉♥❞❛ ♦♣❡r❛ ❝♦♠ ♦ ❝♦♥✈❡rs♦r ❞❡ ♣♦tê♥❝✐❛ ✭❋✐❣✉r❛ ✶✳✸✮✳

❋✐❣✉r❛ ✶✳✷✿ ❙✐st❡♠❛ ❞❡ ❝♦♥✈❡rsã♦ ❞❡ ❡♥❡r❣✐❛ ❡ó❧✐❝❛ ❝♦♠ ❣❡r❛❞♦r ❞❡ ✈❡❧♦❝✐❞❛❞❡ ✈❛r✐á✈❡❧ ❝♦♠
✈❛r✐❛çã♦ ❞❛ r❡s✐stê♥❝✐❛ r♦tór✐❝❛✳

Gerador

WRIG

RedeGearbox
Soft

Starter
Transformador



■♥tr♦❞✉çã♦ ✺

❋✐❣✉r❛ ✶✳✸✿ ❙✐st❡♠❛ ❞❡ ❝♦♥✈❡rsã♦ ❞❡ ❡♥❡r❣✐❛ ❡ó❧✐❝❛ ❝♦♠ ❣❡r❛❞♦r ❞❡ ✈❡❧♦❝✐❞❛❞❡ ✈❛r✐á✈❡❧ ❝♦♠
❝♦♥✈❡rs♦r ❞❡ ❝❛♣❛❝✐❞❛❞❡ r❡❞✉③✐❞❛✳

CA

CC CA

CC
e/ou

Gerador

DFIG

RedeGearbox

Transformador

◆♦ ♣r✐♠❡✐r♦ ❝❛s♦✱ ♦ s✐st❡♠❛ ♣♦❞❡ ♦❜t❡r ✉♠❛ q✉❛♥t✐❞❛❞❡ ♠❛✐♦r ❞❡ ♣♦tê♥❝✐❛ ✈✐♥❞❛ ❞♦

✈❡♥t♦✱ ♥♦ ❡♥t❛♥t♦✱ t❛♠❜é♠ ❣❡r❛ ♣❡r❞❛s ♣❡❧❛ r❡s✐stê♥❝✐❛ ❞♦ r♦t♦r✳ ❊ss❡ s✐st❡♠❛ t❛♠❜é♠

r❡q✉❡r ✉♠ s♦❢t✲st❛rt❡r ❡ ❝♦♠♣❡♥s❛çã♦ ❞❡ ♣♦tê♥❝✐❛ r❡❛t✐✈❛✳ ❏á ♥❛ s❡❣✉♥❞❛ t♦♣♦❧♦❣✐❛ t❡♠✲

s❡ ♦ ❣❡r❛❞♦r ❞❡ ❞✉♣❧❛ ❛❧✐♠❡♥t❛çã♦ ❉❋■●✱ q✉❡✱ ❞✐❢❡r❡♥t❡♠❡♥t❡ ❞♦ ❝❛s♦ ❛♥t❡r✐♦r✱ s✉❜st✐t✉✐ ❛

r❡s✐stê♥❝✐❛ r♦tór✐❝❛ ♣♦r ✉♠ ❝♦♥✈❡rs♦r ❝♦♥❡❝t❛❞♦ à r❡❞❡ ❡ ♥ã♦ ✉s❛ ♠❛✐s ♦ s♦❢t✲st❛rt❡r ♥❡♠ ♦s

❝❛♣❛❝✐t♦r❡s ♣❛r❛ ❛ ❝♦♠♣❡♥s❛çã♦ ❞❡ ♣♦tê♥❝✐❛ r❡❛t✐✈❛✳ ❊ss❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦❝❡ss❛ ✸✵ ✪ ❞❛

♣♦tê♥❝✐❛ ❣❡r❛❞❛ ♣❡❧♦ ❣❡r❛❞♦r✱ r❡s✉❧t❛♥❞♦ ❡♠ ♠❡♥♦r ❝✉st♦ ❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ❛s t♦♣♦❧♦❣✐❛s

q✉❡ tê♠ ♦ ❝♦♥✈❡rs♦r ❝♦♠ t♦t❛❧ ❝❛♣❛❝✐❞❛❞❡ ✭❲❯ ❡t ❛❧✳✱ ✷✵✶✶✮✱ ✭❉❆■ ❡t ❛❧✳✱ ✷✵✵✾✮ ✳

P♦r ✜♠✱ tê♠✲s❡ ❛s t♦♣♦❧♦❣✐❛s q✉❡ ✉t✐❧✐③❛♠ ♦ ❣❡r❛❞♦r ❞❡ ✈❡❧♦❝✐❞❛❞❡ ✈❛r✐á✈❡❧ ❝♦♠ ❝♦♥✈❡rs♦r

q✉❡ ♣r♦❝❡ss❛ t♦t❛❧ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛✳ ❆ ❋✐❣✉r❛ ✶✳✹ ♠♦str❛ ❛s ♣♦ss✐❜✐❧✐❞❛❞❡s ❞❡st❡ t✐♣♦

❞❡ ❝♦♥✜❣✉r❛çã♦✳

❋✐❣✉r❛ ✶✳✹✿ ❙✐st❡♠❛ ❞❡ ❝♦♥✈❡rsã♦ ❞❡ ❡♥❡r❣✐❛ ❡ó❧✐❝❛ ❝♦♠ ❣❡r❛❞♦r ❞❡ ✈❡❧♦❝✐❞❛❞❡ ✈❛r✐á✈❡❧ ❝♦♠
❝♦♥✈❡rs♦r ❞❡ ❝❛♣❛❝✐❞❛❞❡ t♦t❛❧✳

CA

CC CA

CC
e/ou

Gerador

SCIG

WRSG

PMSG

RedeGearbox

Transformador

❆ss✐♠ s❡♥❞♦✱ ♦ ❣❡r❛❞♦r é t♦t❛❧♠❡♥t❡ ❞❡s❛❝♦♣❧❛❞♦ ❞❛ r❡❞❡ ❡ ♦♣❡r❛ ❝♦♠ t♦t❛❧ ❢❛✐①❛ ❞❡

✈❡❧♦❝✐❞❛❞❡✳ ❆tr❛✈és ❞♦ ❝♦♥✈❡rs♦r t❛♠❜é♠ é ♣♦ssí✈❡❧ ♦❜t❡r ✉♠ ót✐♠♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❡ ✉♠❛



■♥tr♦❞✉çã♦ ✻

❝♦♥❡①ã♦ s✉❛✈❡ ❝♦♠ ❛ r❡❞❡✳ ❊ss❡ s✐st❡♠❛ t❛♠❜é♠ ♣♦❞❡ ♦♣❡r❛r s❡♠ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❛ ❝❛✐①❛

❞❡ ❡♥❣r❡♥❛❣❡♥s✱ ❝❛s♦ s❡❥❛ ✉t✐❧✐③❛❞♦ ✉♠ ❣❡r❛❞♦r ❝♦♠ ✉♠ ❛❧t♦ ♥ú♠❡r♦ ❞❡ ♣♦❧♦s ✭❲❯ ❡t ❛❧✳✱

✷✵✶✶✮✳

✶✳✷ ❈♦♥✜❣✉r❛çã♦ ❞♦ s✐st❡♠❛ ♣r♦♣♦st♦

❆ ❝♦♥✜❣✉r❛çã♦ ❞♦ s✐st❡♠❛ ❤í❜r✐❞♦ ❈❆✲❈❈✲❈❆ ✭❱❙❘✲❈❙■✮ ♣r♦♣♦st♦ ♣❛r❛ ❛ ✉t✐❧✐③❛çã♦ ❡♠

s✐st❡♠❛s ❞❡ ❝♦♥✈❡rsã♦ ❞❡ ❡♥❡r❣✐❛ ❡ó❧✐❝❛ é ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✶✳✺✳

❋✐❣✉r❛ ✶✳✺✿ ❈♦♥✈❡rs♦r ❈❆✲❈❈✲❈❆ ❍í❜r✐❞♦✳

Gerador RedeGerador
CA

CC CA

CC

VSR CSI

◆♦ ❣❡r❛❧✱ ♦ s✐st❡♠❛ ❝♦♥s✐st❡ ❞❡ ✉♠ ❡stá❣✐♦ r❡t✐✜❝❛❞♦r ❢♦♥t❡ ❞❡ t❡♥sã♦ ❱❙❘✱ ❝♦♥❡❝t❛❞♦

❛ ✉♠ ✐♥✈❡rs♦r ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ ❈❙■✱ ❛tr❛✈és ❞❡ ✉♠ ❜❛rr❛♠❡♥t♦ ❈❈ ❝❛♣❛❝✐t✐✈♦ ❞♦ ❧❛❞♦ ❞♦

r❡t✐✜❝❛❞♦r ❡ ✐♥❞✉t✐✈♦ ❞♦ ❧❛❞♦ ❞♦ ✐♥✈❡rs♦r✳ P❛r❛ ❛ ❝♦♥❡①ã♦ ❞♦s ❝♦♥✈❡rs♦r❡s ❛♦ ❣❡r❛❞♦r ❡ ❛

r❡❞❡✱ sã♦ ✉t✐❧✐③❛❞♦s ♦s ✜❧tr♦s ❈❆✳

❖ ❝♦♥✈❡rs♦r ❤í❜r✐❞♦ ♣♦❞❡ s❡r ✉t✐❧✐③❛❞♦ ❝♦♠ ♦ s❡♥t✐❞♦ ✐♥✈❡rs♦ ❞♦ ✢✉①♦ ❞❡ ♣♦tê♥❝✐❛✱ r❡✲

❛❧✐③❛♥❞♦ ❛ ♦♣❡r❛çã♦ ❜✉❝❦✲❜✉❝❦ ♣❛r❛ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ♠áq✉✐♥❛s✱ ❝♦♠♦ ♠♦str❛ ✭❙❆▲▼❖◆✱

✶✾✾✹✮✳

❉❡✈✐❞♦ ❛ ❛çã♦ ❜♦♦st✲❜♦♦st✱ ❡ss❛ t♦♣♦❧♦❣✐❛ ❤í❜r✐❞❛ ♣♦❞❡ tr❛③❡r ♠❛✐s ❢❛❝✐❧✐❞❛❞❡ ❞❡ ❝♦♥❡①ã♦

à r❡❞❡✱ ❞❡✈✐❞♦ ❛♦ ❢❛t♦ ❞❡ ♣♦❞❡r ✉t✐❧✐③❛r ✉♠ ❣❡r❛❞♦r ❝♦♠ ✉♠❛ t❡♥sã♦ ♠❛✐s ❜❛✐①❛ q✉❡ ❛ r❡❞❡

❡❧étr✐❝❛✳

❖s ❱❙❈s sã♦ ♠❛✐s ❞✐❢✉♥❞✐❞♦s ❡ ✉t✐❧✐③❛❞♦s q✉❡ ♦s ❈❙❈s✱ ♣♦r ♣♦ss✉ír❡♠ ✉♠❛ ♠❛✐♦r ❞❡♥✲

s✐❞❛❞❡ ❞❡ ♣♦tê♥❝✐❛ ❡ ❛♣r❡s❡♥t❛r❡♠ ♠❡♥♦r❡s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ♦s ❈❙❈s

♣♦ss✉❡♠ ♠❡♥♦r❡s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ❡ ♣r♦t❡çã♦ ♥❛t✉r❛❧ ❝♦♥tr❛ ❝✉rt♦✲❝✐r❝✉✐t♦✱ ❥á q✉❡✱

❞✉r❛♥t❡ ✉♠❛ ❢❛❧t❛ ❞❡ ❝✉rt♦✲❝✐r❝✉✐t♦✱ ♦ ❝r❡s❝✐♠❡♥t♦ ❛❜r✉♣t♦ ❞❛ ❝♦rr❡♥t❡ é ❧✐♠✐t❛❞♦ ♣❡❧♦ ✐♥✲

❞✉t♦r ❈❈ ✭❈❖❙❚❆✱ ✷✵✶✻✮✳

❆♠❜♦s ❱❙❘ ❡ ❈❙■ ✉t✐❧✐③❛♠ ❞✐s♣♦s✐t✐✈♦ ■●❇❚ ✭❞♦ ✐♥❣❧ês✱ ■♥s✉❧❛t❡ ●❛t❡ ❇✐♣♦❧❛r ❚r❛♥✲

s✐st♦r✮✳ ◆♦s ❱❙❈s✱ ✉t✐❧✐③❛✲s❡ ✉♠ ❞✐♦❞♦ ❡♠ ❛♥t✐✲♣❛r❛❧❡❧♦ ❝♦♥❡❝t❛❞♦ ❛♦ ■●❇❚✱ r❡s✉❧t❛♥❞♦



■♥tr♦❞✉çã♦ ✼

✉♠❛ ❝❤❛✈❡ ❜✐❞✐r❡❝✐♦♥❛❧ ❡♠ ❝♦rr❡♥t❡ ❡ ✉♥✐❞✐r❡❝✐♦♥❛❧ ❡♠ t❡♥sã♦✳ ❆ ❝♦♥❡①ã♦ ❞♦ ❞✐♦❞♦ ❡♠ ❛♥t✐✲

♣❛r❛❧❡❧♦ s❡ ❢❛③ ♥❡❝❡ssár✐♦ ♣❛r❛ q✉❡ ❛ ❝♦rr❡♥t❡ ❞♦ ✜❧tr♦ ❈❆ s❡♠♣r❡ t❡♥❤❛ ✉♠ ❝❛♠✐♥❤♦ ♣❛r❛

s❡❣✉✐r✳ ❏á ♥♦s ❈❙❈s✱ ✉t✐❧✐③❛✲s❡ ✉♠ ❞✐♦❞♦ ❡♠ sér✐❡ ❝♦♠ ♦ ■●❇❚✱ r❡s✉❧t❛♥❞♦ ✉♠❛ ❝❤❛✈❡ ❜✐❞✐r❡✲

❝✐♦♥❛❧ ❡♠ t❡♥sã♦ ❡ ✉♥✐❞✐r❡❝✐♦♥❛❧ ❡♠ ❝♦rr❡♥t❡✳ ❆ ❝♦♥❡①ã♦ ❞♦ ❞✐♦❞♦ ❡♠ sér✐❡ s❡ ❢❛③ ♥❡❝❡ssár✐❛

♣❛r❛ q✉❡ ♥ã♦ ❤❛❥❛ ✉♠ ❝✉rt♦✲❝✐r❝✉✐t♦ s♦❜r❡ ♦ ❝❛♣❛❝✐t♦r ❞♦ ❧❛❞♦ ❈❆✳

❖ ❱❙❘ é r❡s♣♦♥sá✈❡❧ ♣♦r r❡❛❧✐③❛r ♦ ❝♦♥tr♦❧❡ ❞❛ ♣♦tê♥❝✐❛ ❛t✐✈❛ ❡ r❡❛t✐✈❛ ❞♦ ❧❛❞♦ ❞♦

❣❡r❛❞♦r✱ ❡♥q✉❛♥t♦ q✉❡ ♦ ❈❙■ ❝♦♥tr♦❧❛ ❛ t❡♥sã♦ ❞❡ ❜❛rr❛♠❡♥t♦ ❈❈✱ ♠❛♥t❡♥❞♦ ♦ í♥❞✐❝❡ ❞❡

♠♦❞✉❧❛çã♦ ✜①♦ ❞❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ❞❡ ♣r❡❢❡rê♥❝✐❛ ✉♥✐tár✐♦ ♣❛r❛ ❛ ❞✐♠✐♥✉✐çã♦ ❞❡

♣❡r❞❛s✳

P❛r❛ ❛ ❝♦♥❡①ã♦ ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r✱ sã♦ ♠❛✐s ✉t✐❧✐③❛❞♦s ♦s ❱❙❈s ❞❡✈✐❞♦ à ❝❛r❛❝t❡ríst✐❝❛

✐♥❞✉t✐✈❛ ❞❛s ♠áq✉✐♥❛s✱ q✉❡ ♣❡r♠✐t❡ q✉❡ ♦s ❱❙❈s ♣♦ss❛♠ s❡r ❝♦♥❡❝t❛❞♦s ❞✐r❡t❛♠❡♥t❡ s❡♠ ❛

♥❡❝❡ss✐❞❛❞❡ ❞♦ ✉s♦ ❞❡ ✉♠ ✜❧tr♦ ❈❆✳ ❏á ♣❛r❛ ❛ ❝♦♥❡①ã♦ ❝♦♠ ❛ r❡❞❡✱ ♦s ❈❙❈s sã♦ ✉♠❛ ♠❡❧❤♦r

s♦❧✉çã♦ ❞♦ q✉❡ ♦s ❱❙❈s✱ ♣♦✐s ♣❛r❛ ❛ ❝♦♥❡①ã♦ ❞♦ ❱❙■ ❝♦♠ ❛ r❡❞❡ é ♥❡❝❡ssár✐♦ ♦ ✉s♦ ❞❡ ✉♠

✜❧tr♦ ▲❈▲ ❡ ❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞♦ ❝♦♥tr♦❧❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ é ♠❛✐s ❝♦♠♣❧❡①❛✱ ✈✐st♦ q✉❡ é

♥❡❝❡ssár✐❛ ❛ ✉t✐❧✐③❛çã♦ ❞♦ ❝♦♥tr♦❧❡ ✐♥❞✐r❡t♦ ❞❛s ❝♦rr❡♥t❡s ✭✈❡r ❈❛♣ít✉❧♦ ✷✮✳ P❛r❛ ♦ ❈❙■✱ ♦

❝♦♥tr♦❧❡ é ❢❡✐t♦ ❞❡ ❢♦r♠❛ ❞✐r❡t❛ ❡ ❤á ❛ ♥❡❝❡ss✐❞❛❞❡ ❛♣❡♥❛s ❞❡ ✉♠ ✜❧tr♦ ❈▲✱ ♦ q✉❡ ❡❧✐♠✐♥❛r✐❛

❛ ✉t✐❧✐③❛çã♦ ❞❡ três ❝♦♠♣♦♥❡♥t❡s✳

✶✳✸ ❘❡✈✐sã♦ ❇✐❜❧✐♦❣rá✜❝❛

◆❡st❛ s❡çã♦ sã♦ ❞❡s❝r✐t♦s ♦s ♣r✐♥❝✐♣❛✐s tr❛❜❛❧❤♦s q✉❡ tr❛t❛♠ s♦❜r❡ ♦s ❝♦♥✈❡rs♦r❡s ❢♦♥t❡

❞❡ ❝♦rr❡♥t❡ ❡ ❢♦♥t❡ ❞❡ t❡♥sã♦ ♣❛r❛ ❲❊❈❙✱ ❛ss✐♠ ❝♦♠♦ ❛ ✉t✐❧✐③❛çã♦ ❤í❜r✐❞❛ ❞❡ss❡s ❝♦♥✈❡rs♦r❡s✳

❆❧❣✉♥s ❛rt✐❣♦s ❝♦♠♦ ✭❉❊ ❋❘❊■❚❆❙ ❡t ❛❧✳✱ ✷✵✶✻✮ ❡ ✭❨❆❘❆▼❆❙❯ ❡t ❛❧✳✱ ✷✵✶✼✮ ❢❛③❡♠

❛ ❝♦♠♣❛r❛çã♦ s♦❜r❡ ♦s ❝♦♥✈❡rs♦r❡s ❞❡ ♣♦tê♥❝✐❛ ♠❛✐s ✉t✐❧✐③❛❞♦s ♣❛r❛ ❛ ❝♦♥❡①ã♦ ❞♦ ❣❡r❛❞♦r

P▼❙● à r❡❞❡✳ ❆s t♦♣♦❧♦❣✐❛s ♠❛✐s ❛❜♦r❞❛❞❛s sã♦ ♦s ❱❙❈s ❝♦♠ r❡t✐✜❝❛❞♦r ♥ã♦ ❝♦♥tr♦❧❛❞♦ ❡

❝♦♥tr♦❧❛❞♦✱ ♣♦ré♠ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❜❛✐①❛ ♣♦tê♥❝✐❛✳ P❛r❛ ♣♦tê♥❝✐❛s ♠❛✐♦r❡s✱ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡

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

♣❛r❛❧❡❧♦✱ ❡st❛ ❝♦♥✜❣✉r❛çã♦ ♦❢❡r❡❝❡ ✉♠❛ ❛❧t❛ ❡✜❝✐ê♥❝✐❛ ❡♥❡r❣ét✐❝❛ ❡ r❡❞✉♥❞â♥❝✐❛✳ P❛r❛ ♣♦tê♥✲

❝✐❛s ❡♠ t♦r♥♦ ❞❡ ▼❲ ❣❡r❛❧♠❡♥t❡ é ✉t✐❧✐③❛❞♦ ♦s ◆P❈s ✭❞♦ ✐♥❣❧ês✱ ◆❡✉tr❛❧ P♦✐♥t ❈❧❛♠♣❡❞✮✱

♥♦ ❡♥t❛♥t♦✱ ❡st❡ ❝♦♥✈❡rs♦r tr❛③ ❞❡s❛✜♦s ❝♦♠♦ ♦ ❝♦♥tr♦❧❡ ❞❛ t❡♥sã♦ ❡ ❛ r❡❞✉çã♦ ❞❡ ♣❡r❞❛s✳

❆s ♣❡r❞❛s ❞❡ ♣♦tê♥❝✐❛ ❛ss♦❝✐❛❞❛s ❝♦♠ ◆P❈ ♣♦❞❡♠ s❡r r❡s♦❧✈✐❞❛s ✉s❛♥❞♦ ✉♠ ❆◆P❈ ✭◆P❈
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❛t✐✈♦✮✳ ❖s ❛✉t♦r❡s ❝✐t❛♠ ♦s ▼▼❈s ✭❞♦ ✐♥❣❧ês✱ ▼♦❞✉❧❛r ▼✉❧t✐♥í✈❡❧ ❈♦♥✈❡rt❡r✮ ❝♦♠♦ s❡♥❞♦

♣r♦♠✐ss♦r ♣❛r❛ ▼❱✲P▼❙● ❞❡✈✐❞♦ ❛♦ s❡✉ ❜❛✐①♦ t❛♠❛♥❤♦✱ ❡str✉t✉r❛ ♠♦❞✉❧❛r ❡ ❛❧t❛ ❡✜❝✐ê♥✲

❝✐❛✳ ❆❧é♠ ❞❡ss❡s✱ t❛♠❜é♠ ❝✐t❛♠✲s❡ ♦s ❈❙❈s ❝♦♠♦ ✉♠❛ t❡❝♥♦❧♦❣✐❛ ♣r♦♠✐ss♦r❛✱ ♣♦✐s t❡♠ s✉❛

t♦♣♦❧♦❣✐❛ s✐♠♣❧❡s✱ ❜❛✐①♦ ♥ú♠❡r♦ ❞❡ ❝❤❛✈❡s ❡ ✉♠❛ ❝♦♥✜á✈❡❧ ♣r♦t❡çã♦ ❝♦♥tr❛ ❝✉rt♦✲❝✐r❝✉✐t♦s✱

❝♦♠♣❛r❛❞♦ ❛♦s ❱❙❈s✳

❊♠ ✭❲❊■ ❡ ❲❯✱ ✷✵✶✺✮ é ❢❡✐t❛ ✉♠❛ ❛♥á❧✐s❡ ❡ ❝♦♠♣❛r❛çã♦ ❞♦s ❈❙❈s ♣❛r❛ ♠é❞✐❛ t❡♥sã♦

❡♠ P▼❙● ❛♣❧✐❝❛❞♦ ❛♦s s✐st❡♠❛s ❞❡ ❝♦♥✈❡rsã♦ ❞❡ ❡♥❡r❣✐❛ ❡ó❧✐❝❛✳ ◆❡st❡ ❛rt✐❣♦✱ três t✐♣♦s ❞❡

❝♦♥✜❣✉r❛çã♦ ❞❡ ❈❙❈ ♣❛r❛ P▼❙● sã♦ ✐♥✈❡st✐❣❛❞♦s✱ ❛♥❛❧✐s❛❞♦s ❡ ❝♦♠♣❛r❛❞♦s ❡♠ t❡r♠♦ ❞❡

❝✉st♦✱ ❢❛✐①❛ ❞❡ ♦♣❡r❛çã♦✱ ❚❍❉ ❞❛ ❝♦rr❡♥t❡ ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r✱ ▼PP❚ ✭❞♦ ✐♥❣❧ês✱ ▼❛①✐♠✉♠

P♦✇❡r P♦✐♥t ❚r❛❝❦✐♥❣✮✱ ♣❡r❢♦r♠❛♥❝❡ ❞✐♥â♠✐❝❛ ❡ ♥ú♠❡r♦ ❞❡ ❣r❛✉ ❞❡ ❧✐❜❡r❞❛❞❡ ❞❡ ❝♦♥tr♦❧❡✳

❆s ❝♦♥✜❣✉r❛çõ❡s ❛❜♦r❞❛❞❛s sã♦✿ r❡t✐✜❝❛❞♦r ❞❡ ❞✐♦❞♦ ❝♦♥❡❝t❛❞♦ ❛♦ ❈❙■✱ ♦ r❡t✐✜❝❛❞♦r ❞❡ ❞✐♦❞♦

❝♦♠ ♦ ❝♦♥✈❡rs♦r ❈❈✲ ❈❈ ❜✉❝❦ ❡ ❈❙■ ❡ ♦ ❇✷❇ ❈❙❈✳ ❆ ❝♦♥✜❣✉r❛çã♦ ❇✷❇ ❈❙❈ é ❝♦♥s✐❞❡r❛❞❛

❛ ♠❛✐s ♣r♦♠✐ss♦r❛ t♦♣♦❧♦❣✐❛ ♣❛r❛ P▼❙● ❜❛s❡❛❞❛ ❡♠ ❲❊❈❙ ❡♠ t❡r♠♦s ❞❡ ❢❛✐①❛ ♦♣❡r❛çã♦

❡ ❛❧t❛ ♣❡r❢♦r♠❛♥❝❡✳ ▼❡s♠♦ q✉❡ ♦ ❝✉st♦ s❡❥❛ r❡❧❛t✐✈❛♠❡♥t❡ ❡❧❡✈❛❞♦ ❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ❛s

♦✉tr❛s ❝♦♥✜❣✉r❛çõ❡s✱ ❛ ♣♦tê♥❝✐❛ ♥♦♠✐♥❛❧ ❞♦ ❝♦♥✈❡rs♦r ❡ ❣❡r❛❞♦r sã♦ ♠í♥✐♠♦s✱ ♦ q✉❡ ♣♦❞❡

❝♦♠♣❡♥s❛r ♦ ♠❛✐♦r ❝✉st♦✳

❊♠ ✭❉❆■ ❡t ❛❧✳✱ ✷✵✵✾✮ ♣r♦♣õ❡✲s❡ ✉♠❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ♣❛r❛ ♦ s✐st❡♠❛s ❞❡ ❝♦♥✈❡rsã♦

❞❡ ❡♥❡r❣✐❛ ❡ó❧✐❝❛ ❝♦♠ ❇✷❇ ❈❙❈ ♣❛r❛ ❡♥❝♦♥tr❛r ❛ ❝♦rr❡♥t❡ ❞❡ ❜❛rr❛♠❡♥t♦ ❈❈ ♠í♥✐♠❛ ♣❛r❛

❛ ♦♣❡r❛çã♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ✈❛r✐á✈❡❧ ❡ ♣❛r❛ r❡❞✉③✐r ♦ s✐st❡♠❛ ❣❡r❛❧ ❡ ♦ ❡str❡ss❡ tér♠✐❝♦ ❡♠

❞✐s♣♦s✐t✐✈♦s ❞❡ ❝♦♠✉t❛çã♦✳ ❆ ❝♦rr❡♥t❡ ❈❈ ♠í♥✐♠❛ é ♦❜t✐❞❛ q✉❛♥❞♦ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ é

✶ ❡ é ❛❢❡t❛❞❛ ♣❡❧♦ ❣❡r❛❞♦r✱ ♣❡❧❛ r❡❞❡✱ ♣❡❧♦s ♣❛râ♠❡tr♦s ▲❈ ❡ ♦ ✢✉①♦ ❞❡ ♣♦tê♥❝✐❛ ❞♦ s✐st❡♠❛✳

❖s ❛✉t♦r❡s ♣r♦♣õ❡♠ ✉♠❛ ❡str❛té❣✐❛ ❞❡ r❡❛❧✐♠❡♥t❛çã♦ ❞❡ ♣♦tê♥❝✐❛ ♣❛r❛ ❝♦♠♣❡♥s❛r ❛ ✢✉t✉❛çã♦

❞❡ ♣♦tê♥❝✐❛ ❞♦ ❣❡r❛❞♦r✳ ❆ ❝♦rr❡♥t❡ ❈❈ é ♠✐♥✐♠✐③❛❞❛ ♣❛r❛ r❡❞✉③✐r ❛ ♣❡r❞❛ ❞❡ ❝♦♠✉t❛çã♦ ❡

❛ ♣❡r❞❛ ❞❡ ❝♦♥❞✉çã♦ ❞♦s ❞✐s♣♦s✐t✐✈♦s ♣❛r❛ ♦❜t❡r ❛ ♠á①✐♠❛ ❡✜❝✐ê♥❝✐❛ ♥♦ ❣❡r❛❧✳ ❖ ▼ét♦❞♦

❞❡ r❡❛❧✐♠❡♥t❛çã♦ ❞❛ ♣♦tê♥❝✐❛ ❞♦ ❣❡r❛❞♦r é ❡♠♣r❡❣❛❞♦ ♣❛r❛ ❣❛r❛♥t✐r ✉♠❛ ♦♣❡r❛çã♦ ❡stá✈❡❧ ❡

♠❡❧❤♦r❛r ♦ ❞❡s❡♠♣❡♥❤♦ ❞♦ s✐st❡♠❛✳

❊①✐st❡♠ tr❛❜❛❧❤♦s ❞❡❞✐❝❛❞♦s ❛♣❡♥❛s à ❝♦♠♣❛r❛çã♦ ❞♦s ❝♦♥✈❡rs♦r❡s ❱❙❈s ❡ ❈❙❈s✱ ❛

❡①❡♠♣❧♦ ❞❡ ✭❆❩▼■ ❡t ❛❧✳✱ ✷✵✶✶✮✱ q✉❡ ❢❛③❡♠ ✉♠❛ ❛♥á❧✐s❡ ❝♦♠♣❛r❛t✐✈❛ ❡♥tr❡ ♦ ❱❙❈ ❡ ❈❙❈

♣❛r❛ ❛♣❧✐❝❛çõ❡s ❝♦♥❡❝t❛❞❛s à r❡❞❡✳ ◆❡st❡ ❝❛s♦✱ ✜❝❛ ❝❧❛r♦ q✉❡ ❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ ❞♦ ❈❙■

sã♦ ♠❛✐♦r❡s q✉❡ ❛s ❞♦ ❱❙■✱ ❥á ❛s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ❞♦ ❱❙■ sã♦ ♠❛✐s ❡❧❡✈❛❞❛s q✉❡ ❛ ❞♦

❈❙■ ❡ ❝r❡s❝❡ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❢r❡q✉ê♥❝✐❛✳ P♦r ✜♠✱ é ♠♦str❛❞♦ q✉❡ ❛s ♣❡r❞❛s t♦t❛✐s ❞♦ ❈❙■



■♥tr♦❞✉çã♦ ✾

sã♦ ♠❛✐♦r❡s q✉❡ ♦ ❞♦ ❱❙■ ♣❛r❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞❡ ❛té ✶✵ ❦❍③✱ ❥á ♣❛r❛ ✈❛❧♦r❡s

❛❝✐♠❛ ❞❡ss❛ ❢r❡q✉ê♥❝✐❛✱ ❛s ♣❡r❞❛s t♦t❛✐s ❞♦ ❱❙■ sã♦ ♠❛✐♦r❡s✳

❊♠ ✭▼❖◆❚❊■❘❖ ❡t ❛❧✳✱ ✷✵✶✺✮ é ❛♣r❡s❡♥t❛❞♦ ✉♠❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ♦s ❈❙❈s ❡ ♦s

❱❙❈s ♣❛r❛ ❝❛rr❡❣❛❞♦r ❞❡ ❜❛t❡r✐❛ ❞❡ ✈❡í❝✉❧♦ ❡❧étr✐❝♦✳ P❛r❛ ❡st❡ t✐♣♦ ❞❡ ❛♣❧✐❝❛çã♦ ✉t✐❧✐③❛✲

s❡ ♥♦r♠❛❧♠❡♥t❡ ♦ ❝♦♥✈❡rs♦r ❱❙❘ ❝♦♠ ✉♠ ❝♦♥✈❡rs♦r ❈❈✲❈❈ ❜✉❝❦ ♣❛r❛ ♦ ❝❛rr❡❣❛♠❡♥t♦ ❞❛

❜❛t❡r✐❛✳ ❈♦♠♦ ♦ ❝♦♥✈❡rs♦r ❈❙❘ ❥á é ❞♦ t✐♣♦ ❜✉❝❦ ❡♠ t❡♥sã♦ ♥ã♦ é ♥❡❝❡ssár✐♦ ♦ ❝♦♥✈❡rs♦r

❛❞✐❝✐♦♥❛❧ ❈❈✲❈❈✱ ❞❡st❛ ❢♦r♠❛ ♦ ❛✉t♦r ❢❛③ ❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ❡st❡s ❞♦✐s t✐♣♦s ❡♠ t❡r♠♦s ❞❡

❚❍❉ ❡ ❡✜❝✐ê♥❝✐❛ ❞♦s ❝♦♥✈❡rs♦r❡s✳ ❊♠ t❡r♠♦s ❞❡ ❚❍❉ ❞❛ ❝♦rr❡♥t❡ ❞❛ r❡❞❡✱ ♦ ❈❙❈ ♣♦ss✉✐

❚❍❉ ♠❛✐s ❜❛✐①♦ ♣❛r❛ ♣♦tê♥❝✐❛s ❛❜❛✐①♦ ❞❡ ✶✺ ❦❲ ❡✱ ❡♠ r❡❧❛çã♦ ❛ ❡✜❝✐ê♥❝✐❛ ✜❝♦✉ ❝♦♠♣r♦✈❛❞♦

q✉❡ ♦ ❈❙❈ t❡♠ ✉♠ ♠❡❧❤♦r r❡♥❞✐♠❡♥t♦ ❝♦♠♣❛r❛❞♦ ❝♦♠ ♦ ❱❙❈ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❢❛✐①❛s ❞❡

♦♣❡r❛çã♦✳ ❙❡♥❞♦ ❛ss✐♠✱ ♦s ❈❙❈s ♣♦ss✉❡♠ ✉♠ ♠❡❧❤♦r ❞❡s❡♠♣❡♥❤♦✱ ❡♠ r❡❧❛çã♦ às ♣❡r❞❛s ❡♠

❛❧t❛s ♣♦tê♥❝✐❛s ❡ ❛❧t❛s ❢r❡q✉ê♥❝✐❛s ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ ❡♥q✉❛♥t♦ q✉❡ ♦s ❱❙❈s sã♦ ♣r❡❢❡rí✈❡✐s

♣❛r❛ ❛♣❧✐❝❛çõ❡s ❞❡ ❜❛✐①❛ ♣♦tê♥❝✐❛ ❡ ❜❛✐①❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳

❊♠ r❡❧❛çã♦ ❛♦s ❝♦♥✈❡rs♦r❡s ❤í❜r✐❞♦s q✉❡ ❡♥✈♦❧✈❡♠ ♦ ❱❙❈ ❡ ❈❙❈✱ ♦s ❛rt✐❣♦s ❡♥❝♦♥tr❛✲

❞♦s ❝♦♠ ♠❛✐s ❢r❡q✉ê♥❝✐❛ sã♦ ❝❤❛♠❛❞♦s ❞❡ ❚❤❡ ❚❛♥❞❡♠ ■♥✈❡rt❡r✳ Pr♦♣♦st♦ ♣♦r ✭❚❘❩◆❆✲

❉▲❖❲❙❑■ ❡t ❛❧✳✱ ✶✾✾✽✮✱ ❡st❛ t♦♣♦❧♦❣✐❛ ❛♣r❡s❡♥t❛ ❞♦✐s ✐♥✈❡rs♦r❡s ❝♦♥❡❝t❛❞♦s ❡♠ ♣❛r❛❧❡❧♦✱

s❡♥❞♦ q✉❡ ♦ ✐♥✈❡rs♦r ♣r✐♠ár✐♦ é ❛ ❢♦♥t❡ ❞❡ ❛❧✐♠❡♥t❛çã♦ ♣r✐♥❝✐♣❛❧ ❡ ♦ ✐♥✈❡rs♦r s❡❝✉♥❞ár✐♦ é

✉s❛❞♦ ❝♦♠♦ ✉♠ ✜❧tr♦ ❛t✐✈♦ ♣❛r❛ ❛t❡♥✉❛r ❛ ♦♥❞✉❧❛çã♦ ❞❡ ❝♦rr❡♥t❡ ❞❡✈✐❞♦ à ❜❛✐①❛ ❢r❡q✉ê♥❝✐❛

❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞♦ ✐♥✈❡rs♦r ♣r✐♠ár✐♦✳

◆❡st❡ ❝❛s♦✱ ✭❚❘❩◆❆❉▲❖❲❙❑■ ❡t ❛❧✳✱ ✶✾✾✽✮ ♣r♦♣õ❡ ♦ ❝♦♥✈❡rs♦r ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛

✶✳✻✱ q✉❡ é ❢♦r♠❛❞♦ ♣♦r ✉♠❛ ❝♦♠❜✐♥❛çã♦ ❞❡ ✉♠ ✐♥✈❡rs♦r ♣r✐♠ár✐♦ ❞❡ ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ ❡ ✉♠

✐♥✈❡rs♦r s❡❝✉♥❞ár✐♦ ❞❡ ❢♦♥t❡ ❞❡ t❡♥sã♦✳ ❖ ❈❙■ ♦♣❡r❛ ♥♦ ♠♦❞♦ ❞❡ ♦♥❞❛ q✉❛❞r❛❞❛ ✭sq✉❛r❡✲

✇❛✈❡✮ ❝♦♥tr♦❧❛♥❞♦ ❛ ♠❛✐♦r ♣❛rt❡ ❞❛ ♣♦tê♥❝✐❛ ❝♦♥✈❡rt✐❞❛✱ ❡♥q✉❛♥t♦ s✉❛s ❝♦rr❡♥t❡s ❤❛r♠ô♥✐❝❛s

❞❡ s❛í❞❛ sã♦ ❝♦♠♣❡♥s❛❞❛s ♣❡❧♦ ❱❙■✳ ❈♦♠♦ r❡s✉❧t❛❞♦✱ ♦ ✐♥✈❡rs♦r ❚❛♥❞❡♠ ♣♦❞❡ s❡r ✉s❛❞♦

♥♦ ❝♦♥tr♦❧❡ ❞❡ ♠♦t♦r❡s ❈❆✳ ❖ ✐♥✈❡rs♦r t❛♥❞❡♠ ❝♦♥st✐t✉✐ ✉♠❛ ❛❧t❡r♥❛t✐✈❛ ✈✐á✈❡❧ ♣❛r❛ ♦s

✐♥✈❡rs♦r❡s ❝❧áss✐❝♦s ❞❡ ❢♦♥t❡ ❞❡ t❡♥sã♦ ❡ ❝♦rr❡♥t❡✱ ❝♦♠❜✐♥❛♥❞♦ ✈❛♥t❛❣❡♥s ❞❡st❡s ❞♦✐s t✐♣♦s

❜ás✐❝♦s ❞❡ ❝♦♥✈❡rs♦r❡s ❈❈✲❈❆✳ ❖ ❛✉♠❡♥t♦ ❞❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❡ ❝✉st♦ ❞♦ ❝♦♥❥✉♥t♦ ❞♦ ✐♥✈❡rs♦r

❝♦♥st✐t✉❡♠ ❛ ♣r✐♥❝✐♣❛❧ ❞❡s✈❛♥t❛❣❡♠✱ ❡♠❜♦r❛ ❛ ♣r❡s❡♥ç❛ ❞❡ ❞♦✐s ✐♥✈❡rs♦r❡s ❡ ❞♦✐s ❡❧❡♠❡♥t♦s

❞❡ ❛r♠❛③❡♥❛♠❡♥t♦ ❞❡ ❡♥❡r❣✐❛ ♣♦❞❡ r❡❛❧♠❡♥t❡ ♠❡❧❤♦r❛r ❛ r♦❜✉st❡③ ❞♦ t♦❞♦ ❝♦♥✈❡rs♦r✳ ❆

r❡❞✉çã♦ ♥❛s ♣❡r❞❛s ❞❡ ❝♦♠✉t❛çã♦ ❞❡✈❡ r❡s✉❧t❛r ❡♠ ✉♠ ♣❡rí♦❞♦ ❞❡ r❡t♦r♥♦ r❛③♦á✈❡❧✳
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❋✐❣✉r❛ ✶✳✻✿ ❉✐❛❣r❛♠❛ ❞♦ ✐♥✈❡rs♦r ❚❛♥❞❡♠✳

M

+

Conversor 

Primário 

Retificador

Controlado

Conversor 

Secundário

❘❡❝❡♥t❡♠❡♥t❡✱ ✉♠❛ t♦♣♦❧♦❣✐❛ ❢♦r♠❛❞❛ ♣♦r ❈❙❘ ❡ ❱❙■ ♣❛r❛ ♠♦t♦r❡s ❞❡ ❢r❡q✉ê♥❝✐❛ ✈❛r✐á✲

✈❡✐s ❱❋❉s ✭❞♦ ✐♥❣❧ês✱ ❱❛r✐❛❜❧❡✲❋r❡q✉❡♥❝② ❉r✐✈❡s✮ ❢♦✐ ♣r♦♣♦st♦ ❡♠ ✭❈❯❩◆❊❘ ❡t ❛❧✳✱ ✷✵✶✺✮✱

♣❛r❛ ♦ ❝❛s♦ ♣❛rt✐❝✉❧❛r ❞❡ ◆❛✈✐♦ ❞❛ ♠❛r✐♥❤❛✳ ❊st❡ ❛rt✐❣♦ ❝♦♠♣❛r❛ ❛s t♦♣♦❧♦❣✐❛s ❝♦♥✈❡♥❝✐♦✲

♥❛✐s ✭❇✷❇ ❱❙❈ ❡ ❇✷❇ ❈❙❈✮ ❡ ❛ ♣r♦♣♦st❛ ✭❈❙❘✲❱❙■✮ ❡♠ t❡r♠♦s ❞❡ ❞❡♥s✐❞❛❞❡s ❞❡ ♣♦tê♥❝✐❛✱

❡✜❝✐ê♥❝✐❛ ❡ ♦s ❝✉st♦s ❞❡ ❱❋❉s ❜❛s❡❛❞♦s ❡♠ ❢♦♥t❡ ❞❡ t❡♥sã♦ ❡ ❝♦rr❡♥t❡✳ ❖ ❛✉t♦r ♠♦str❛ q✉❡ ❛

t♦♣♦❧♦❣✐❛ ❢♦r♠❛❞❛ ♣❡❧♦ ❈❙❘ ❡ ❱❙■ ♣♦ss✉✐ ♠❛✐♦r ❡✜❝✐ê♥❝✐❛ ❡ ♠❡♥♦r❡s ♣❡r❞❛s ❡♠ ❝♦♠♣❛r❛çã♦

❝♦♠ ❛s ❞❡♠❛✐s✱ ❛ t♦♣♦❧♦❣✐❛ ❇✷❇ ❱❙❈ ♣♦ss✉✐ ❛ ♠❡♥♦r ❞❡♥s✐❞❛❞❡ ❞❡ ♣♦tê♥❝✐❛ ❡ ❛ t♦♣♦❧♦❣✐❛

❇✷❇ ❈❙❈ ♦ ♠❡♥♦r ❝✉st♦✱ ♥❡ss❡s ❞♦✐s ❝❛s♦s ❛ t♦♣♦❧♦❣✐❛ ❈❙❘✲❱❙■ ✜❝❛ ❡♥tr❡ ❛s ❝♦♥✈❡♥❝✐♦♥❛✐s✳

✶✳✹ ❖❜❥❡t✐✈♦s ❞❛ ❉✐ss❡rt❛çã♦

◆❡st❛ s❡çã♦✱ s❡rã♦ ❛♣r❡s❡♥t❛❞♦s ♦s ♦❜❥❡t✐✈♦s ❣❡r❛✐s ❡ ❡s♣❡❝í✜❝♦s ❞❛ ❞✐ss❡rt❛çã♦✱ ❛ss✐♠

❝♦♠♦ ❛ ♠♦t✐✈❛çã♦ ❞♦ tr❛❜❛❧❤♦✳

❖s ♣r✐♥❝✐♣❛✐s ♦❜❥❡t✐✈♦s ❞♦ ♣r♦❥❡t♦ ❞❡ ❞✐ss❡rt❛çã♦ sã♦✿ ❡st✉❞❛r✱ ❝❛r❛❝t❡r✐③❛r✱ ♣r♦♣♦r ❡

❛♥❛❧✐s❛r ❛ ❛çã♦ ❜♦♦st✲❜♦♦st ♦❢❡r❡❝✐❞❛ ♣❡❧♦ ❝♦♥✈❡rs♦r ❈❆✲❈❈✲❈❆ ❤í❜r✐❞♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐✲

❣✉r❛ ✶✳✺✱ ❛ss✐♠ ❝♦♠♦ r❡❛❧✐③❛r ♦ ❡st✉❞♦ ❡ ❛ ❝♦♠♣❛r❛çã♦ ❝♦♠ ❛s t♦♣♦❧♦❣✐❛s ❝♦♥✈❡♥❝✐♦♥❛✐s ❇✷❇

❱❙❈ ❡ ♦ ❇✷❇ ❈❙❈✳ ❖ ❝♦♥✈❡rs♦r ✈✐s❛ ✉♥✐r ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞♦ ❱❙❈ ❡ ❞♦ ❈❙❈✱ q✉❡ ❝♦♠❜✐♥❛♠

r❡❝✉rs♦s ❞❡ ♣r♦t❡çã♦ ❝♦♥tr❛ s♦❜r❡❝♦rr❡♥t❡✱ ❥✉♥t❛♠❡♥t❡ ❝♦♠ ♦ ❛❧t♦ ❞❡s❡♠♣❡♥❤♦ ❛ss♦❝✐❛❞♦ ❞❡

✉♠ ❱❙❈ ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r✳

❈♦♠♦ ♦❜❥❡t✐✈♦s ❡s♣❡❝í✜❝♦s ♦ tr❛❜❛❧❤♦ ♣r♦♣õ❡✿
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• ❊st✉❞❛r ♦s ❡❧❡♠❡♥t♦s ♥❡❝❡ssár✐♦s ♣❛r❛ ❛ ❝♦♠♣♦s✐çã♦ ❞❡ ✉♠ ❝♦♥✈❡rs♦r ❈❆✲❈❈✲❈❆ tr✐❢á✲

s✐❝♦ ❛♣❧✐❝❛❞♦ à ❣❡r❛çã♦ ❞❡ ❡♥❡r❣✐❛ ❡ó❧✐❝❛ ✭r❡t✐✜❝❛❞♦r✱ ✐♥✈❡rs♦r✱ ✜❧tr♦ ❈❆ ❡ ❜❛rr❛♠❡♥t♦✮❀

• ❊st✉❞❛r ❡ s✐♠✉❧❛r ❛s t♦♣♦❧♦❣✐❛s r❡❢❡r❡♥t❡s ❛♦s ❝♦♥✈❡rs♦r❡s ❢♦♥t❡ ❞❡ t❡♥sã♦ ❡ ❢♦♥t❡ ❞❡

❝♦rr❡♥t❡ ♦♣❡r❛♥❞♦ ❝♦♠♦ r❡t✐✜❝❛❞♦r✱ ✐♥✈❡rs♦r ❡ ❜❛❝❦✲t♦✲❜❛❝❦✱ ❝♦♥❡❝t❛❞♦s ❛ ❢♦♥t❡s ❞❡

t❡♥sõ❡s tr✐❢ás✐❝❛s ✐❞❡❛✐s s✐♠✉❧❛♥❞♦ ❛ r❡❞❡ ❡ ♦ ❣❡r❛❞♦r❀

• ❊st✉❞❛r ❛s ❡str❛té❣✐❛s ❞❡ ❝♦♥tr♦❧❡ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ❢♦♥t❡ ❞❡ t❡♥sã♦ ❡ ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡❀

• ❊st✉❞❛r ❛s ❡str❛té❣✐❛s ❞❡ P❲▼ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ❢♦♥t❡ ❞❡ t❡♥sã♦ ❡ ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡❀

• ■♥✈❡st✐❣❛r ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦ ❝♦♥✈❡rs♦r ❤í❜r✐❞♦ ♣r♦♣♦st♦❀

• ❙✐♠✉❧❛r ♦ ❝♦♥✈❡rs♦r ❤í❜r✐❞♦ ❱❙❘✲❈❙■ ❡ ✈❡r✐✜❝❛r ❛s ❢❛✐①❛s ❞❡ ♦♣❡r❛çã♦❀

• ❊❢❡t✉❛r ♦ ♣r♦❥❡t♦ ❡ ♠♦♥t❛❣❡♠ ❞♦ s✐st❡♠❛ ♣r♦♣♦st♦❀

• ❘❡❛❧✐③❛çã♦ ❞❡ t❡st❡s ❞❡ ✈❡r✐✜❝❛çã♦ ❞♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦ ❝♦♥✈❡rs♦r ❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠

❛s s✐♠✉❧❛çõ❡s ❡❢❡t✉❛❞❛s❀

✶✳✹✳✶ ▼♦t✐✈❛çã♦ ❞♦ tr❛❜❛❧❤♦

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

♦ ❛✉♠❡♥t♦ s✐❣♥✐✜❝❛t✐✈♦ ♥♦s ú❧t✐♠♦s ❛♥♦s ❞♦s ✐♥✈❡st✐♠❡♥t♦s ❡♠ s✐st❡♠❛s ❡ó❧✐❝♦s✱ ❡st❡ tr❛❜❛❧❤♦

t❡♠ ❝♦♠♦ ♠♦t✐✈❛çã♦ ❝♦♥tr✐❜✉✐r ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ t❡❝♥♦❧♦❣✐❛s ♣❛r❛ ❛ ❣❡r❛çã♦ ❡ó❧✐❝❛ ❝♦♠

♦ ✉s♦ ❞❡ ❝♦♥✈❡rs♦r❡s ❈❆✲❈❈✲❈❆ tr✐❢ás✐❝♦s✳ ◆❡st❡ tr❛❜❛❧❤♦✱ é ♣r♦♣♦st❛ ✉♠❛ t♦♣♦❧♦❣✐❛ ❤í❜r✐❞❛

q✉❡ ✉♥❡ ♦s ❝♦♥✈❡rs♦r❡s ❢♦♥t❡ ❞❡ t❡♥sã♦ ❡ ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡✳ ❊st❛ t♦♣♦❧♦❣✐❛ s❡rá ❡st✉❞❛❞❛ ❡

♣r♦❥❡t❛❞❛ ♣❛r❛ q✉❡ ♣♦ss❛ s❡r r❡❛❧✐③❛❞❛ ✉♠❛ ❛♥á❧✐s❡ ❞❡ ✈✐❛❜✐❧✐❞❛❞❡ ❞❛ s✉❛ ✐♠♣❧❡♠❡♥t❛çã♦✳

❊st❡ tr❛❜❛❧❤♦ ✈✐s❛ ❝♦♥tr✐❜✉✐r ♣❛r❛ ♦s ❡st✉❞♦s s♦❜r❡ ♦s ❝♦♥✈❡rs♦r❡s ✉t✐❧✐③❛❞♦s ♥❛ ❝♦♥❡①ã♦

❞♦ ❣❡r❛❞♦r ❡ó❧✐❝♦ à r❡❞❡ ❡❧étr✐❝❛✱ tr❛③❡♥❞♦ ✉♠❛ ♠❛✐♦r ✈❛r✐❡❞❛❞❡ ❞❡ ♣♦ss✐❜✐❧✐❞❛❞❡s q✉❡ ♣♦ss❛♠

❝♦♥tr✐❜✉✐r ❞❡ ❢♦r♠❛ s❛t✐s❢❛tór✐❛ ♣❛r❛ ♦ ❢✉t✉r♦ ❞❛ ❣❡r❛çã♦ ❡ó❧✐❝❛ ♥♦ ❇r❛s✐❧ ❡ ♥♦ ♠✉♥❞♦ ❡

❜✉s❝❛♥❞♦ ♦❜t❡r s✐st❡♠❛s ♠❛✐s ❡✜❝✐❡♥t❡s ❝♦♠ s✐♠♣❧❡s t♦♣♦❧♦❣✐❛s✱ ❜❛✐①♦ ❚❍❉ ❞❛s ❝♦rr❡♥t❡s

❞♦ ❧❛❞♦ ❞❛ r❡❞❡✱ ♠❡♥♦r q✉❛♥t✐❞❛❞❡ ❞❡ ❝♦♠♣♦♥❡♥t❡s ❡ ♣r♦t❡çã♦ ❝♦♥tr❛ ❝✉rt♦✲❝✐r❝✉✐t♦✳
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✶✳✺ ❖r❣❛♥✐③❛çã♦ ❞♦ ❚r❛❜❛❧❤♦

❖ ❞✐❛❣r❛♠❛ q✉❡ ♠♦str❛ ♦ r❡s✉♠♦ ❞♦ ❝♦♥t❡ú❞♦ ♣r✐♥❝✐♣❛❧ ❞❡s❝r✐t♦ ♥❡st❛ ❞✐ss❡rt❛çã♦ é

♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✶✳✼✳ ❆ ❞✐ss❡rt❛çã♦ ❝♦♥s✐st❡ ❞❡ s❡t❡ ❝❛♣ít✉❧♦s✱ ♦r❣❛♥✐③❛❞♦s ❞❛ s❡❣✉✐♥t❡

♠❛♥❡✐r❛✿

❋✐❣✉r❛ ✶✳✼✿ ❊str✉t✉r❛ ♣r✐♥❝✐♣❛❧ ❞❛ ❞✐ss❡rt❛çã♦✳

Conversor

Híbrido VSC/CSC

Capítulo 2 

Conversores VSC

Capítulo 3 

Conversores CSC

Capítulo 4 

Conversor Híbrido

Capítulo 5 

Comparação

❈❛♣ít✉❧♦ ✶✿ ❛♣r❡s❡♥t❛ ❛ ✐♥tr♦❞✉çã♦ s♦❜r❡ ♦ t❡♠❛ ❛❜♦r❞❛❞♦✱ ❛ss✐♠ ❝♦♠♦ ❛ r❡✈✐sã♦

❜✐❜❧✐♦❣rá✜❝❛ ❞♦s s✐st❡♠❛s ❞❡ ❝♦♥✈❡rsã♦ ❞❡ ❡♥❡r❣✐❛ ❡ó❧✐❝❛ q✉❡ ✉t✐❧✐③❛♠ ♦s ❝♦♥✈❡rs♦r❡s ❢♦♥t❡

❞❡ t❡♥sã♦ ❡ ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ ❡ ❛s t♦♣♦❧♦❣✐❛s ❤í❜r✐❞❛s ❡①✐st❡♥t❡s q✉❡ ❝♦♥t❡♠♣❧❛ ❡ss❡s ❞♦✐s

❝♦♥✈❡rs♦r❡s✳ ❚❛♠❜é♠ ❛♣r❡s❡♥t❛♠✲s❡ ♦s ♦❜❥❡t✐✈♦s ❞❛ ❞✐ss❡rt❛çã♦ ❝♦♠ ❛ ❝♦♥✜❣✉r❛çã♦ ❞♦

s✐st❡♠❛ ♣r♦♣♦st♦✱ ♦❜❥❡t✐✈♦s ❣❡r❛✐s ❡ ❡s♣❡❝í✜❝♦s✱ ❡ ❛ ♠♦t✐✈❛çã♦ ❞♦ tr❛❜❛❧❤♦✳

❈❛♣ít✉❧♦ ✷✿ ♥❡st❡ ❝❛♣ít✉❧♦ é ❢❡✐t♦ ♦ ❡st✉❞♦ s♦❜r❡ ♦s ❝♦♥✈❡rs♦r❡s ❢♦♥t❡ ❞❡ t❡♥sã♦ ✉t✐❧✐③❛❞♦s

❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r ✭r❡t✐✜❝❛❞♦r✮✱ ❞♦ ❧❛❞♦ ❞❛ r❡❞❡ ✭✐♥✈❡rs♦r✮ ❡ ❞❛ ❝♦♥❡①ã♦ ❡♥tr❡ ♦ r❡t✐✜❝❛❞♦r

❡ ♦ ✐♥✈❡rs♦r ✭❇✷❇ ❱❙❈✮✳ ❙♦❜r❡ ❡ss❡s ❝♦♥✈❡rs♦r❡s é ❢❡✐t♦ ♦ ❡st✉❞♦ ❞❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡

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

❈❈ ❡ ✜❧tr♦ ▲❈▲✳ ❚❛♠❜é♠ sã♦ ♠♦str❛❞♦s ♦s r❡s✉❧t❛❞♦s ❞♦ ❇✷❇ ❱❙❈ ✈✐❛ s✐♠✉❧❛çã♦ ♣❛r❛

❞✐❢❡r❡♥t❡s í♥❞✐❝❡s ❞❡ ♠♦❞✉❧❛çã♦✳

❈❛♣ít✉❧♦ ✸✿ ♥❡st❡ ❝❛♣ít✉❧♦ é ❢❡✐t♦ ♦ ❡st✉❞♦ s♦❜r❡ ♦s ❝♦♥✈❡rs♦r❡s ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡

✉t✐❧✐③❛❞♦s ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r ✭r❡t✐✜❝❛❞♦r✮✱ ❞♦ ❧❛❞♦ ❞❛ r❡❞❡ ✭✐♥✈❡rs♦r✮ ❡ ❞❛ ❝♦♥❡①ã♦ ❡♥tr❡ ♦

r❡t✐✜❝❛❞♦r ❡ ♦ ✐♥✈❡rs♦r ✭❇✷❇ ❈❙❈✮✳ ❙♦❜r❡ ❡ss❡s ❝♦♥✈❡rs♦r❡s é ❢❡✐t♦ ♦ ❡st✉❞♦ ❞❛ ❡str❛té❣✐❛

❞❡ ❝♦♥tr♦❧❡ ❡ ♠♦❞✉❧❛çã♦ P❲▼✱ ❜❡♠ ❝♦♠♦ ♦ ❡st✉❞♦ ❞♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦ ✐♥❞✉t♦r ❞❡

❜❛rr❛♠❡♥t♦ ❈❈ ❡ ✜❧tr♦ ❈▲✳ ❚❛♠❜é♠ sã♦ ♠♦str❛❞♦s ♦s r❡s✉❧t❛❞♦s ❞♦ ❇✷❇ ❈❙❈ ✈✐❛ s✐♠✉❧❛çã♦

♣❛r❛ ❞✐❢❡r❡♥t❡s í♥❞✐❝❡s ❞❡ ♠♦❞✉❧❛çã♦✳



■♥tr♦❞✉çã♦ ✶✸

❈❛♣ít✉❧♦ ✹✿ ♠♦str❛ ♦ ❡st✉❞♦ ❞♦ ❝♦♥✈❡rs♦r ❤í❜r✐❞♦ ❱❙❘✲❈❙■✱ ❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡

✉t✐❧✐③❛❞❛✱ ❛♥á❧✐s❡ ❞❡ ✈❛r✐❛çã♦ ❞❡ ❣❛♥❤♦ ❞❡ t❡♥sã♦ ❡ ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çõ❡s ❡ ❡①♣❡r✐♠❡♥✲

t❛✐s✳

❈❛♣ít✉❧♦ ✺✿ é ❢❡✐t♦ ❛ ❞❡♠♦♥str❛çã♦ ❞❡ ❛♥á❧✐s❡ ❞❡ ❣❛♥❤♦ ❞❡ t❡♥sã♦ ♣❛r❛ ❛s t♦♣♦❧♦❣✐❛s

❡st✉❞❛❞❛s✳ ❚❛♠❜é♠ é ❢❡✐t♦ ❛ ❛♥á❧✐s❡ ❝♦♠♣❛r❛t✐✈❛ ❡♥tr❡ ♦s ❝♦♥✈❡rs♦r❡s ❝♦♠ ❛ ✈❛r✐❛çã♦ ❞♦

❣❛♥❤♦ ❞❡ t❡♥sã♦ ❡ ❛ ✈❡r✐✜❝❛çã♦ ❞❛s t❛①❛s ❞❡ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛s ❡ ❞❛s ♣❡r❞❛s ♥♦s s❡♠✐❝♦♥✲

❞✉t♦r❡s✳ P♦r ✜♠✱ é ❢❡✐t♦ ♦ ❡st✉❞♦ ❝♦♠♣❛r❛t✐✈♦ ❞❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✉t✐❧✐③❛❞♦s ❡♠

❝❛❞❛ s✐st❡♠❛✳

❈❛♣ít✉❧♦ ✻✿ sã♦ r❡s✉♠✐❞❛s ❛s ♣r✐♥❝✐♣❛✐s ❝♦♥tr✐❜✉✐çõ❡s ❡ ❝♦♥❝❧✉sõ❡s ❞♦ tr❛❜❛❧❤♦ ❡✱ sã♦

❛♣r❡s❡♥t❛❞❛s ❛s ♣r♦♣♦st❛s ♣❛r❛ tr❛❜❛❧❤♦s ❢✉t✉r♦s✳

✶✳✻ ❈♦♥tr✐❜✉✐çõ❡s

❈♦♠♦ r❡s✉❧t❛❞♦ ❞♦s tr❛❜❛❧❤♦s ❞❡s❡♥✈♦❧✈✐❞♦s✱ ❢♦✐ ♣✉❜❧✐❝❛❞♦ ✉♠ ❛rt✐❣♦ ♥♦ ❈♦♥❣r❡ss♦ ❇r❛s✐✲

❧❡✐r♦ ❞❡ ❆✉t♦♠át✐❝❛ ✭❈❇❆✮ ❡ ❢♦✐ s✉❜♠❡t✐❞♦ ♣❛r❛ ♦ ❝♦♥❣r❡ss♦ ✐♥t❡r♥❛❝✐♦♥❛❧ ❞♦ ■❊❊❊✱ ❝♦♥❢♦r♠❡

s❡❣✉❡✿

• ✧❈♦♥✈❡rs♦r ❈❆✲❈❈✲❈❆ ❍í❜r✐❞♦ ♣❛r❛ ❆♣❧✐❝❛çõ❡s ❡♠ ❙✐st❡♠❛s ❞❡ ❈♦♥✈❡rsã♦ ❞❡ ❊♥❡r❣✐❛

❊ó❧✐❝❛✧

❆✉t♦r❡s✿ ◆❛②❛r❛ ■✳ ▲✳ ❙❛♥t♦s✱ ▲♦✉❡❧s♦♥ ❆✳ ❞❡ ❆✳ ❈✳ ❈♦st❛✱ ▼❛✉rí❝✐♦ ❇✳ ❞❡ ❘✳ ❈♦rrê❛

❡ ▼♦♥t✐ê ❆✳ ❱✐t♦r✐♥♦✳

P✉❜❧✐❝❛❞♦ ❡♠✿ ❈♦♥❣r❡ss♦ ❇r❛s✐❧❡✐r♦ ❞❡ ❆✉t♦♠át✐❝❛ ✭❈❇❆ ✷✵✶✽✮✳

• ✧❚❤r❡❡✲P❤❛s❡ ❍②❜r✐❞ ❆❈✲❉❈✲❆❈ ❱♦❧t❛❣❡✴❈✉rr❡♥t ❙♦✉r❝❡ ❈♦♥✈❡rt❡r ❢♦r ❲✐♥❞ ❊♥❡r❣②

❈♦♥✈❡rs✐♦♥ ❙②st❡♠s✧

❆✉t♦r❡s✿ ◆❛②❛r❛ ■✳ ▲✳ ❙❛♥t♦s✱ ▼❛✉rí❝✐♦ ❇✳ ❞❡ ❘✳ ❈♦rrê❛✱ ▼♦♥t✐ê ❆✳ ❱✐t♦r✐♥♦ ❡ ▲♦✉✲

❡❧s♦♥ ❆✳ ❞❡ ❆✳ ❈✳ ❈♦st❛✳

❙✉❜♠❡t✐❞♦ ❡♠✿ ❊♥❡r❣② ❈♦♥✈❡rs✐♦♥ ❈♦♥❣r❡ss ❛♥❞ ❊①♣♦s✐t✐♦♥ ✭❊❈❈❊✮✳



2
❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❚❡♥sã♦

◆❡st❡ ❝❛♣ít✉❧♦✱ sã♦ ♠♦str❛❞♦s ♦s ❝♦♥❝❡✐t♦s ❜ás✐❝♦s ❞♦s ❝♦♥✈❡rs♦r❡s ❢♦♥t❡ ❞❡ t❡♥sã♦✱ ❛♥❛✲

❧✐s❛♥❞♦ ♦ ❡stá❣✐♦ ✐♥✈❡rs♦r ❡ r❡t✐✜❝❛❞♦r✱ ❜❡♠ ❝♦♠♦ ❛ t♦♣♦❧♦❣✐❛ ❜❛❝❦✲t♦✲❜❛❝❦ ❢♦♥t❡ ❞❡ t❡♥sã♦

✭❇✷❇ ❱❙❈✮✳ ❚❛♠❜é♠ s❡rá tr❛t❛❞♦ ♥❡st❡ ❝❛♣ít✉❧♦✱ ♦s ❡❧❡♠❡♥t♦s ❛ss♦❝✐❛❞♦s ❛ ❡ss❡ ❝♦♥✈❡rs♦r✱

❝♦♠♦ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡✱ ♠♦❞✉❧❛çã♦ P❲▼✱ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦s ✜❧tr♦s ❈❆ ❡ ♦ ❝❛♣❛❝✐t♦r

❞❡ ❜❛rr❛♠❡♥t♦ ❈❈✱ t❛❧ ❝♦♠♦ ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çõ❡s✳

❖s ❱❙❈s sã♦ ❝♦♠♣♦st♦s ♣♦r s❡✐s ■●❇❚s ❝♦♥❡❝t❛❞♦s ❛ s❡✐s ❞✐♦❞♦s ❡♠ ❛♥t✐✲♣❛r❛❧❡❧♦ ❡ sã♦

❞✐✈✐❞✐❞♦s ❡♠ r❡t✐✜❝❛❞♦r❡s ❢♦♥t❡ ❞❡ t❡♥sã♦ ❱❙❘s ✭❋✐❣✉r❛ ✷✳✶✮ ❡ ✐♥✈❡rs♦r❡s ❢♦♥t❡ ❞❡ t❡♥sã♦

❱❙■s ✭❋✐❣✉r❛ ✷✳✷✮✳ ❖s ❱❙❘s sã♦ r❡s♣♦♥sá✈❡✐s ♣♦r ❝♦♥✈❡rt❡r ❛ t❡♥sã♦ ❛❧t❡r♥❛❞❛ ❡♠ t❡♥sã♦

❝♦♥tí♥✉❛ ✭❈❆✲❈❈✮✱ ❡ ♦s ❱❙■s q✉❡ sã♦ r❡s♣♦♥sá✈❡✐s ♣♦r ❝♦♥✈❡rt❡r ❛ t❡♥sã♦ ❝♦♥tí♥✉❛ ❡♠ t❡♥sã♦

❛❧t❡r♥❛❞❛ ✭❈❈✲❈❆✮✳

P❛r❛ ♦s ❡st✉❞♦s s❡rã♦ ❝♦♥s✐❞❡r❛❞♦s✿ í♥❞✐❝❡ g r❡❢❡r❡♥t❡ ❛♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r✱ s ❛♦ ❧❛❞♦ ❞❛

r❡❞❡✱ r ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r✱ i ❧❛❞♦ ❞♦ ✐♥✈❡rs♦r✱ f ❛♦s ❝♦♠♣♦♥❡♥t❡s ❞❡ ✜❧tr♦✱ ❝❝ ❛s ✈❛r✐á✈❡✐s

❝♦♥tí♥✉❛s ❡ ❝❛ ❛s ✈❛rá✈❡✐s ❛❧t❡r♥❛❞❛s✳ ❆ss✐♠✱ vjs e ijs, para j = 1, 2, 3 r❡♣r❡s❡♥t❛♠ ❛s

t❡♥sõ❡s ❡ ❝♦rr❡♥t❡s ❞♦ ❧❛❞♦ ❞❛ r❡❞❡❀ vjg e ijg, para j = 1, 2, 3 ❛s t❡♥sõ❡s ❡ ❝♦rr❡♥t❡s ❞♦

❧❛❞♦ ❞♦ ❣❡r❛❞♦r❀ vjr e ijr, para j = 1, 2, 3 ❛s t❡♥sõ❡s ❡ ❝♦rr❡♥t❡s ❞♦ ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r❀

vji e iji, para j = 1, 2, 3 ❛s t❡♥sõ❡s ❡ ❝♦rr❡♥t❡s ❞♦ ❧❛❞♦ ❞♦ ✐♥✈❡rs♦r❀ Vcc ❡ Icc ❛ t❡♥sã♦ ❡

❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦❀ Ccc ♦ ❝❛♣❛❝✐t♦r ❞❡ ❜❛rr❛♠❡♥t♦ ❈❈✱ r❡s♣❡❝t✐✈❛♠❡♥t❡❀ Lfs✱ Lfg✱ Lfi

❡ Lfr ❛s ✐♥❞✉tâ♥❝✐❛s ❞♦ ❧❛❞♦ ❞❛ r❡❞❡✱ ❣❡r❛❞♦r✱ ✐♥✈❡rs♦r ❡ r❡t✐✜❝❛❞♦r✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❡ Cf

♦ ❝❛♣❛❝✐t♦r ❞❡ ✜❧tr♦✳

✶✹
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❋✐❣✉r❛ ✷✳✶✿ ❘❡t✐✜❝❛❞♦r ❢♦♥t❡ ❞❡ t❡♥sã♦ tr✐❢ás✐❝♦✳
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✷✳✶ ▼♦❞✉❧❛çã♦ P❲▼

❉❡♥tr❡ ❛s ❡str❛té❣✐❛s ❞❡ ♠♦❞✉❧❛çã♦ P❲▼ ❡①✐st❡♥t❡s ✭s❡♥♦✲tr✐â♥❣✉❧♦✱ ❡s❝❛❧❛r✱ ✈❡t♦r✐❛❧✱

❡t❝✳✮✱ s❡rá ✉t✐❧✐③❛❞❛ ❛ ♠♦❞✉❧❛çã♦ s❡♥♦✲tr✐â♥❣✉❧♦✱ ❞❡✈✐❞♦ ❛ s✉❛ ❡✜❝✐ê♥❝✐❛ ❡ s✐♠♣❧✐❝✐❞❛❞❡ ♥❛

✐♠♣❧❡♠❡♥t❛çã♦ ✭❲❯ ❡t ❛❧✳✱ ✷✵✶✶✮✳

◆❛s ❡str❛té❣✐❛s ❞❡ P❲▼✱ ♦ ♦❜❥❡t✐✈♦ ♣r✐♠ár✐♦ é ♠❡♥s✉r❛r ♦ t❡♠♣♦ ❡♠ q✉❡ ❛ ❝❤❛✈❡ ❞❡✈❡

♣❡r♠❛♥❡❝❡r ❢❡❝❤❛❞❛ ♣❛r❛ s❡ t❡r ❛ t❡♥sã♦ ♦✉ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ ❞❡s❡❥❛❞❛s✳

❆ ♠♦❞✉❧❛çã♦ P❲▼ é ❢❡✐t❛ ❛ ♣❛rt✐r ❞❛ ❝♦♠♣❛r❛çã♦ ❞❛s t❡♥sõ❡s ❞❡ r❡❢❡rê♥❝✐❛ ✭v∗
1
✱ v∗

2
❡

v∗
3
✮ ♦❜t✐❞❛s ❞❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ❝♦♠ ❛ ♦♥❞❛ tr✐❛♥❣✉❧❛r✱ ❝♦♠ ❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦

✭fch✮✱ ♣❛r❛ ♦❜t❡r ♦s s✐♥❛✐s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞❛s ❝❤❛✈❡s ✭S1, S2 e S3✮✳ ❖ s✐♥❛❧ ❞❛s ❝❤❛✈❡s

✐♥❢❡r✐♦r❡s ✭S4, S5 e S6✮ sã♦ ❝♦♠♣❧❡♠❡♥t❛r❡s ❞❛s ❝❤❛✈❡s s✉♣❡r✐♦r❡s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

◆❛ ❋✐❣✉r❛ ✷✳✸ é ✐❧✉str❛❞♦ ❝♦♠♦ é ❣❡r❛❞♦ ♦s s✐♥❛✐s ♣❛r❛ ♦ ❛❝✐♦♥❛♠❡♥t♦ ❞❛s ❝❤❛✈❡s✳ ❱❛❧❡

s❛❧✐❡♥t❛r q✉❡ ❛s ❛♥á❧✐s❡s ❢❡✐t❛s ♥❡st❛ s❡çã♦ ✈❛❧❡♠ t❛♥t♦ ♣❛r❛ ♦ ❱❙❘ ❝♦♠♦ ♣❛r❛ ♦ ❱❙■✳

P❛r❛ ❢❛❝✐❧✐t❛r ❛ ❝♦♠♣r❡❡♥sã♦ ❞♦s ✈❛❧♦r❡s ❞❡ s❛í❞❛ ❞❡ t❡♥sã♦ ♣❛r❛ ♦ ❱❙❈✱ ❝♦♥s✐❞❡r❛✲s❡
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❋✐❣✉r❛ ✷✳✸✿ ❊str❛té❣✐❛ ❞❡ P❲▼ ♣❛r❛ ♦ ❱❙❈✳
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♦ ♣♦♥t♦ 0 ♣❛r❛ ❝❛❧❝✉❧❛r ❛s t❡♥sã♦ ❞❡ ❝❛❞❛ ❢❛s❡ ❡♠ r❡❧❛çã♦ ❛ ❡ss❡ ♣♦♥t♦✱ ❞❡♥♦♠✐♥❛❞♦ ❞❡

t❡♥sã♦ ❞❡ ♣♦❧♦✱ ❡ ♦ ♣♦♥t♦ ♥❡✉tr♦ ✭n✮ ❝♦♠♦ ♠♦str❛ ❛ ❋✐❣✉r❛ ✷✳✹✳ ❙❡♥❞♦ Zj ♣❛r❛ ❥ ❂ ✶✱✷✱✸✱ ❛s
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❋✐❣✉r❛ ✷✳✹✿ ❈♦♥✈❡rs♦r ❢♦♥t❡ ❞❡ t❡♥sã♦ tr✐❢ás✐❝♦✳
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❊♠ ✉♠ s✐st❡♠❛ tr✐❢ás✐❝♦ ❞❡ t❡♥sõ❡s ❡q✉✐❧✐❜r❛❞❛s ✭❊q✉❛çõ❡s ✭✷✳✶✮✱ ✭✷✳✷✮ ❡ ✭✷✳✸✮✮✱ ♣♦❞❡✲s❡

t❡r ♥❛s ❊q✉❛çõ❡s ✭✷✳✹✮✱ ✭✷✳✺✮ ✭✷✳✻✮ ❛s r❡❧❛çõ❡s ❞❛s t❡♥sõ❡s ❞❡ ♣♦❧♦✳

v1 = Vm sin(ωt), ✭✷✳✶✮

v2 = Vm sin(ωt− 2π/3), ✭✷✳✷✮

v3 = Vm sin(ωt+ 2π/3), ✭✷✳✸✮

V10 = (2S1 − 1)
Vcc

2
, ✭✷✳✹✮
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V20 = (2S2 − 1)
Vcc

2
, ✭✷✳✺✮

V30 = (2S3 − 1)
Vcc

2
. ✭✷✳✻✮

❆ t❡♥sã♦ ❞♦ ♥❡✉tr♦ ❝♦♠ r❡❧❛çã♦ ❛♦ ♣♦♥t♦ ✵ é ❞❛❞❛ ♣♦r✿

Vn0 =
1

3
(V10 + V20 + V30). ✭✷✳✼✮

P❛r❛ ♦ ❝♦♥✈❡rs♦r ❡♠ q✉❡stã♦✱ t❡♠✲s❡ q✉❡ ❛s t❡♥sõ❡s ❞♦ ♥❡✉tr♦ ❛♦s ♣♦♥t♦s ✶✱ ✷ ❡ ✸ sã♦

❞❛❞❛s ♣♦r✿

V1n = V10 − Vn0, ✭✷✳✽✮

V2n = V20 − Vn0, ✭✷✳✾✮

V3n = V30 − Vn0. ✭✷✳✶✵✮

❈♦♠♦ ♦ ✐♥✈❡rs♦r é ❝♦♠♣♦st♦ ♣♦r ✸ ❜r❛ç♦s ❝♦♠ ❞✉❛s ❝❤❛✈❡s ❡♠ ❝❛❞❛ ✉♠✱ ♣♦❞❡✲s❡ t❡r ✽

♣♦ss✐❜✐❧✐❞❛❞❡s ❞✐❢❡r❡♥t❡s ✭23✮ ❞❡ ❡st❛❞♦s✳ ❆ ❚❛❜❡❧❛ ✷✳✶ ♠♦str❛ ❛s t❡♥sõ❡s ❞❡ s❛í❞❛ ♣❛r❛ ❝❛❞❛

✉♠ ❞❡ss❡s ❡st❛❞♦s ✭❝♦♠❜✐♥❛çõ❡s ❞❡ tr✐♦s S1✱ S2✱ S3✮✳

❚❛❜❡❧❛ ✷✳✶✿ ❚❡♥sõ❡s ❞❡ s❛í❞❛ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r tr✐❢ás✐❝♦ ❞❡ ❞♦✐s ♥í✈❡✐s✳

❊st❛❞♦s V10 V20 V30 V1n V2n V3n V12

✵✵✵ −Vcc/2 −Vcc/2 −Vcc/2 ✵ ✵ ✵ ✵
✶✵✵ Vcc/2 −Vcc/2 −Vcc/2 2Vcc/3 −Vcc/3 −Vcc/3 Vcc

✶✶✵ Vcc/2 Vcc/2 −Vcc/2 Vcc/3 Vcc/3 −2Vcc/3 ✵
✵✶✵ −Vcc/2 Vcc/2 −Vcc/2 −Vcc/3 2Vcc/3 −Vcc/3 −Vcc

✵✶✶ −Vcc/2 Vcc/2 Vcc/2 −2Vcc/3 Vcc/3 Vcc/3 −Vcc

✵✵✶ −Vcc/2 −Vcc/2 Vcc/2 −Vcc/3 −Vcc/3 2Vcc/3 ✵
✶✵✶ Vcc/2 −Vcc/2 Vcc/2 Vcc/3 −2Vcc/3 Vcc/3 Vcc

✶✶✶ Vcc/2 Vcc/2 Vcc/2 ✵ ✵ ✵ ✵

◆❛ ❋✐❣✉r❛ ✷✳✺✱ sã♦ ♠♦str❛❞♦s ♦s ❡stá❣✐♦s ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦ ♣❛r❛ ♦ r❡t✐✜❝❛❞♦r ❱❙❈ tr✐✲

❢ás✐❝♦✳ ◆♦ q✉❛❧ ✵ ❛ ❝❤❛✈❡ ❡stá ❞❡s❧✐❣❛❞❛ ❡ ✶ ❛ ❝❤❛✈❡ ❡stá ❧✐❣❛❞❛✳

❆ ❋✐❣✉r❛ ✷✳✻ ♠♦str❛ ♦ r❡s✉❧t❛❞♦ ❞❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ s✐♥❛❧ ♠♦❞✉❧❛♥t❡ ❡ ❛ ♣♦rt❛❞♦r❛✳

❖ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ é ❞❡✜♥✐❞♦ ❝♦♠♦ ❛ r❛③ã♦ ❡♥tr❡ ❛ ❛♠♣❧✐t✉❞❡ ❞♦ s✐♥❛❧ ♠♦❞✉❧❛♥t❡ ❡

❛ ❛♠♣❧✐t✉❞❡ ❞♦ s✐♥❛❧ ❞❛ ♦♥❞❛ tr✐❛♥❣✉❧❛r ✭ma = Vm/Vtri✮✱ s❡♥❞♦ ❞❡s❡❥á✈❡❧ q✉❡ ❡ss❡ ✈❛❧♦r

s❡❥❛ ♠❡♥♦r ♦✉ ✐❣✉❛❧ ❛ ✶✱ ❞❡ ♠♦❞♦ q✉❡ ♥ã♦ ♦❝♦rr❛ s♦❜r❡♠♦❞✉❧❛çã♦✳ ❆ss✐♠✱ ❛ ❛♠♣❧✐t✉❞❡ ❞❛
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❋✐❣✉r❛ ✷✳✺✿ ❊stá❣✐♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞❡ ✉♠ ❝♦♥✈❡rs♦r ❱❙❘ tr✐❢ás✐❝♦✳
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✭❤✮ ❊st❛❞♦✿ ✶✶✶✳

❝♦♠♣♦♥❡♥t❡ ❢✉♥❞❛♠❡♥t❛❧ ❞❛ t❡♥sã♦ ❞❡ s❛í❞❛ ✭Vj0 = Vm✮ s❡ ❢❛③ ✐❣✉❛❧ ❛♦ ♣r♦❞✉t♦ ❡♥tr❡ ❡st❡

í♥❞✐❝❡ ❡ ❛ ♠❡t❛❞❡ ❞❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ❝♦♠♦ ♠♦str❛ ❛ ❊q✉❛çã♦ ✷✳✶✶✳

Vj0 = ma

Vcc

2
, para j = 1, 2, 3. ✭✷✳✶✶✮

❙❡♥❞♦ ❛ t❡♥sã♦ ❞❡ ❧✐♥❤❛ ✭vL = v12✮ ✐❣✉❛❧ ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛s t❡♥sõ❡s ❞❡ ♣♦❧♦ v10 ❡ v20✱

❡ q✉❡ ♦ s❡✉ ✈❛❧♦r ♠á①✐♠♦ é ♦❜t✐❞♦ q✉❛♥❞♦ ω = π/3 ✭v10 = Vm

√
3/2 ❡ v20 = −Vm

√
3/2✮✱
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❋✐❣✉r❛ ✷✳✻✿ ❘❡s✉❧t❛❞♦ ❞❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ❛s t❡♥sõ❡s ❞❡ r❡❢❡rê♥❝✐❛ ❡ ❛ ♣♦rt❛❞♦r❛✳
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tê♠✲s❡ q✉❡ ♦ ✈❛❧♦r ♠á①✐♠♦ ❞❛ t❡♥sã♦ ❞❡ ❧✐♥❤❛ é VL =
√
3Vm✳

❉❡ss❛ ❢♦r♠❛✱ s✉❜st✐t✉✐♥❞♦ Vj0 ♣♦r VL/
√
3 ♦ ♣✐❝♦ ❞❛ ❝♦♠♣♦♥❡♥t❡ ❞❡ ❢r❡q✉ê♥❝✐❛ ❢✉♥❞❛✲

♠❡♥t❛❧ ❞❛ t❡♥sã♦ ❞❡ ❧✐♥❤❛ é ❞❛❞❛ ♣❡❧❛ ❊q✉❛çã♦ ✷✳✶✷✳
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VL =

√
3

2
maVcc, para 0 < ma ≤ 1. ✭✷✳✶✷✮

❙❛❜❡♥❞♦ q✉❡ ❛ ♣♦tê♥❝✐❛ ❞❡ ❡♥tr❛❞❛ ❞❡✈❡ s❡r ✐❣✉❛❧ ❛ ♣♦tê♥❝✐❛ ❞❡ s❛í❞❛ ❡ ❞❡s❝♦♥s✐❞❡r❛♥❞♦

❛s ♣❡r❞❛s✱ tê♠✲s❡ q✉❡✿

Pcc = Pca, ✭✷✳✶✸✮

VccIcc =
√
3VL,rmsI1,rms. ✭✷✳✶✹✮

❙✉❜st✐t✉✐♥❞♦ ❛ ❊q✉❛çã♦ ✭✷✳✶✷✮ ❡♠ ✭✷✳✶✹✮✱ ♦❜té♠✲s❡ ❛ ❡①♣r❡ssã♦ ❞❛ ❝♦rr❡♥t❡ ❈❈

Icc =
3

4
I1ma. ✭✷✳✶✺✮

❈♦♠ ❛s ❛♥á❧✐s❡s ❡❢❡t✉❛❞❛s ✈❡r✐✜❝❛✲s❡ q✉❡ ♦s ✐♥✈❡rs♦r❡s ❢♦♥t❡ ❞❡ t❡♥sã♦ ♣♦ss✉❡♠ ♦ ❡❢❡✐t♦

❜✉❝❦ ❡♠ t❡♥sã♦ ✭VL < Vcc✮ ❡ ❜♦♦st ❡♠ ❝♦rr❡♥t❡ ✭I1 > Icc✮✱ ❥á ♦s r❡t✐✜❝❛❞♦r❡s ❢♦♥t❡ ❞❡ t❡♥sã♦

♣♦ss✉❡♠ ♦ ❡❢❡✐t♦ ❜♦♦st ❡♠ t❡♥sã♦ ✭Vcc > VL✮ ❡ ❜✉❝❦ ❡♠ ❝♦rr❡♥t❡ ✭Icc < I1✮✳

✷✳✶✳✶ ❚❡♠♣♦ ▼♦rt♦

P❛r❛ ❛s ❝❤❛✈❡s ❛♣❧✐❝❛❞❛s ❛♦s ❱❙❈s✱ ❤á ❛ ❝♦♥❡①ã♦ ❞❡ ✉♠ ❞✐♦❞♦ ❡♠ ❛♥t✐✲♣❛r❛❧❡❧♦ ❛♦s

■●❇❚✳ ❚❛❧ ♣r♦♣r✐❡❞❛❞❡ é ♥❡❝❡ssár✐❛ ♣❛r❛ q✉❡ ❤❛❥❛ ❝❛♠✐♥❤♦ ♣❛r❛ ❛ ❝♦rr❡♥t❡ ❞❡ ✜❧tr♦ ❈❆ ❡

❡✈✐t❡ ✉♠ ❝✉rt♦✲❝✐r❝✉✐t♦ ♣♦r ❝♦♥❞✉çã♦ s✐♠✉❧tâ♥❡❛ ❞❛s ❝❤❛✈❡s ❞❡ ✉♠ ♠❡s♠♦ ❜r❛ç♦✳ ❆ss✐♠✱ ❛s

❝❤❛✈❡s ❞♦s ❱❙❈s sã♦ ✉♥✐❞✐r❡❝✐♦♥❛✐s ❡♠ t❡♥sã♦ ❡ ❜✐❞✐r❡❝✐♦♥❛✐s ❡♠ ❝♦rr❡♥t❡✳

❆ tr♦❝❛ ❞❡ ❝❤❛✈❡s ♥ã♦ é ✐♥st❛♥tâ♥❡❛✱ ❡♥tã♦ ♣❛r❛ ❡✈✐t❛r q✉❡ ❛♠❜❛s ❛s ❝❤❛✈❡s ❞❡ ✉♠

♠❡s♠♦ ❜r❛ç♦ ❝♦♥❞✉③❛♠ ❛♦ ♠❡s♠♦ t❡♠♣♦✱ é ✐♥s❡r✐❞♦ ✉♠ t❡♠♣♦ ❞❡♥♦♠✐♥❛❞♦ t❡♠♣♦ ♠♦rt♦

✭❞❡❛❞✲t✐♠❡✮ q✉❡ ❛tr❛s❛ ♦ ❛❝✐♦♥❛♠❡♥t♦ ❞❛ ❝❤❛✈❡ ❡✈✐t❛♥❞♦ ❛ss✐♠ ✉♠ ❝✉rt♦✲❝✐r❝✉✐t♦✳

◆❛ ❋✐❣✉r❛ ✷✳✼✱ é ♠♦str❛❞♦ ✉♠ ❡①❡♠♣❧♦ ❞❡ ❛❝✐♦♥❛♠❡♥t♦ ❞❛s ❝❤❛✈❡s ❞✉r❛♥t❡ ♦ t❡♠♣♦

♠♦rt♦ ❞❡ ✉♠ ❱❙❘✳ ◆❡st❡ ❝❛s♦✱ ❛ ❝❤❛✈❡ S1✱ S3 ❡ S5 ❡stã♦ ❝♦♥❞✉③✐♥❞♦ ✭❡st❛❞♦✿ ✶✵✶✮✱ ❡ ❛

♣ró①✐♠❛ s❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ s❡rá S4✱ S5 ❡ S3 ✭❡st❛❞♦✿ ✵✵✶✮✱ ❛ss✐♠ ♥♦ ♠♦♠❡♥t♦ ❡♠

q✉❡ S1 ✐rá ❞❡s❧✐❣❛r ❡ S4 ✐rá ❧✐❣❛r✱ S1 ❞❡s❧✐❣❛ ❡♥q✉❛♥t♦ S4 é ♠❛♥t✐❞♦ ❞❡s❧✐❣❛❞♦ ❞✉r❛♥t❡ ✉♠

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

t❡r♠✐♥❛✐s ❞♦ ❝❛♣❛❝✐t♦r✳
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❋✐❣✉r❛ ✷✳✼✿ ❊①❡♠♣❧♦ ❞❡ ❛❝✐♦♥❛♠❡♥t♦ ❞❛s ❝❤❛✈❡s ❞✉r❛♥t❡ ♦ t❡♠♣♦ ♠♦rt♦ ❞❡ ❱❙❘ tr✐❢ás✐❝♦✳
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❆ ❋✐❣✉r❛ ✷✳✽✱ ❛♣r❡s❡♥t❛ ❛ ❡①❡♠♣❧✐✜❝❛çã♦ ❞♦ t❡♠♣♦ ♠♦rt♦ ♣❛r❛ ❛ tr♦❝❛ ❞❡ ❝❤❛✈❡ ❞❡ S1

♣♦r S4✱ ♦♥❞❡ ✉t✐❧✐③❛✲s❡ ✉♠ P❲▼ ❝♦♠ ♣✉❧s♦ ❝❡♥tr❛❞♦✳ P❛rt✐♥❞♦ ❞♦ ✐♥st❛♥t❡ ✐♥✐❝✐❛❧ t = 0✱

❛ ❝❤❛✈❡ S1 é ❛❝✐♦♥❛❞❛ ❞✉r❛♥t❡ ♦ t❡♠♣♦ ts1✱ ❝❛❧❝✉❧❛❞♦ ♣❡❧♦ P❲▼✳ ❯♠❛ ✈❡③ t❡r♠✐♥❛❞♦ s❡✉

t❡♠♣♦ ❞❡ ❝♦♥❞✉çã♦✱ ❛ ❝❤❛✈❡ S1 ❝♦♠✉t❛ ♣❛r❛ ♦ ♥í✈❡❧ ❜❛✐①♦✱ ♥❡ss❡ ✐♥st❛♥t❡ é ✐♥s❡r✐❞♦ ♦ t❡♠♣♦

♠♦rt♦ tm✱ q✉❡ ❛tr❛s❛ ♦ ❧✐❣❛♠❡♥t♦ ❞❛ ❝❤❛✈❡ S4✳ ❯♠❛ ✈❡③ t❡r♠✐♥❛❞♦ ♦ t❡♠♣♦ ♠♦rt♦✱ ❛ ❝❤❛✈❡

S4 é ❧✐❣❛❞❛✳

❋✐❣✉r❛ ✷✳✽✿ ❊①❡♠♣❧✐✜❝❛çã♦ ❞♦ t❡♠♣♦ ♠♦rt♦ ♣❛r❛ ❛s ❝❤❛✈❡s S1 ❡ S4 ❞❡ ✉♠ ❱❙❈✳
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◆❛ ❋✐❣✉r❛ ✷✳✾ é ❛♣r❡s❡♥t❛❞♦ ❛ s❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ✉♠ ♣❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛✲

♠❡♥t♦ ✭Tch✮✱ ❛♣❧✐❝❛❞♦ ❛ s✐t✉❛çã♦ ❡♠ q✉❡ v∗
1r > 0✱ v∗

2r > 0 ❡ v∗
3r < 0✱ ❝♦♠ ♦ ♣✉❧s♦ ❝❡♥tr❛❞♦✳

❯t✐❧✐③♦✉✲s❡ ♦ ❉❙P ❋✷✽✸✸✺ ♣❛r❛ ❛ ❣❡r❛çã♦ ❞♦ P❲▼ ❱❙❈ ❛ s❡r ✐♠♣❧❡♠❡♥t❛❞♦ ♥♦ ❱❙❘✳

❉✉r❛♥t❡ ❛ ❝♦♠✉t❛çã♦ ❞❛s ❝❤❛✈❡s é ✐♥s❡r✐❞♦ ✉♠ t❡♠♣♦ ♠♦rt♦ q✉❡ ❛tr❛s❛ ♦ ❧✐❣❛♠❡♥t♦ ❞❛ ❝❤❛✈❡

❞✉r❛♥t❡ ✉♠ ♣❡q✉❡♥♦ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦✳ ◆❛ ❋✐❣✉r❛ ✷✳✶✵✱ é ♠♦str❛❞♦ ❛ ♠❡s♠❛ s❡q✉ê♥❝✐❛ ❞❡

❝❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ♦ ❜r❛ç♦ ✶ ✭S1 e S4✮ ❡ ♣❛r❛ ♦ ❜r❛ç♦ ✷ ✭S2 e S5✮✳
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❋✐❣✉r❛ ✷✳✾✿ ❙❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞♦ P❲▼ ❱❙❈ ♣❛r❛ v∗
1r > 0✱ v∗

2r > 0 ❡ v∗
3r < 0✳
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❋✐❣✉r❛ ✷✳✶✵✿ ❘❡s✉❧t❛❞♦ ❡①♣❡r✐♠❡♥t❛❧ ❞❛ s❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞❛s ❝❤❛✈❡s ✭S1, S4✱
S2 e S5✮ ♣❛r❛ v∗

1r > 0✱ v∗
2r > 0 ❡ v∗

3r < 0✳

1S

4S

2S
5S

✷✳✷ ❊str❛té❣✐❛ ❞❡ ❈♦♥tr♦❧❡

❊♠ s❡ tr❛t❛♥❞♦ ❞❡ ✉♠ s✐st❡♠❛ ❡ó❧✐❝♦✱ ♦ ❝♦♥tr♦❧❡ ❞♦ ❱❙■ s❡rá r❡❛❧✐③❛❞♦ ♣❛r❛ ❝♦♥tr♦❧❛r ❛

t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ❡♥q✉❛♥t♦ q✉❡ ♦ ❝♦♥tr♦❧❡ ❞♦ ❱❙❘ s❡rá r❡❛❧✐③❛❞♦ ♣❛r❛ ❝♦♥tr♦❧❛r ❛s

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

♣♦tê♥❝✐❛ ❢♦r♥❡❝✐❞❛ ♣❡❧♦ ❣❡r❛❞♦r s❡❥❛ ❛ ♠á①✐♠❛ ♣♦ssí✈❡❧ ♣❛r❛ ♦❜t❡r ✉♠ ♠❡❧❤♦r ❛♣r♦✈❡✐t❛♠❡♥t♦
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❞❡ ❡♥❡r❣✐❛✳

❖ ❝♦♥✈❡rs♦r ❝♦♥❡❝t❛❞♦ à r❡❞❡ ♣♦❞❡ s❡r ❝♦♥tr♦❧❛❞♦ ❞❡ ✈ár✐❛s ❢♦r♠❛s✱ ✉♠❛ ❞❡❧❛s é ♦ ❝♦♥tr♦❧❡

✈❡t♦r✐❛❧ ❞❛ ❝♦rr❡♥t❡ ✭❲❯ ❡t ❛❧✳✱ ✷✵✶✶✮✱ ❝♦♠♦ ♠♦str❛ ❛ ❋✐❣✉r❛ ✷✳✶✶✳

❋✐❣✉r❛ ✷✳✶✶✿ ❈♦♥tr♦❧❡ ♦r✐❡♥t❛❞♦ ♣❡❧❛ ❝♦rr❡♥t❡ ♣❛r❛ ♦ ❱❙■✳
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❊st❡ ❝♦♥tr♦❧❡ t❡♠ ❝♦♠♦ ♦❜❥❡t✐✈♦ ♠❛♥t❡r ❝♦♥tr♦❧❛❞❛s ❛s ❝♦rr❡♥t❡s ♥♦s ❡✐①♦s ❞ ❡ q✱ q✉❡

❝♦rr❡s♣♦♥❞❡♠ às ♣♦tê♥❝✐❛s ❛t✐✈❛s ❡ r❡❛t✐✈❛s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆ ❜❛s❡ ❞❡st❡ ❝♦♥tr♦❧❡ é ♦

❞❡s❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ❛s ✈❛r✐á✈❡✐s q✉❡ ❡stã♦ s❡♥❞♦ ❝♦♥tr♦❧❛❞❛s✱ ✉t✐❧✐③❛♥❞♦ ❛ tr❛♥s❢♦r♠❛çã♦ ❞♦

s✐st❡♠❛ ❛❜❝ ❡st❛❝✐♦♥ár✐♦ ♣❛r❛ ♦ r❡❢❡r❡♥❝✐❛❧ sí♥❝r♦♥♦ ❞q✳ ❖ r❡❢❡r❡♥❝✐❛❧ sí♥❝r♦♥♦ é ✉t✐❧✐③❛❞♦ ♣♦✐s

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

✐♥t❡❣r❛❧ P■✳

❖ ❝♦♥tr♦❧❡ ✉t✐❧✐③❛❞♦ é r❡❛❧✐③❛❞♦ ♠❡❞✐♥❞♦ ♦ â♥❣✉❧♦ ❞❛ t❡♥sã♦ ❞♦ ❣❡r❛❞♦r θs ♣♦r ♠❡✐♦ ❞♦

P▲▲ ✭❞♦ ✐♥❣❧ês✱ P❤❛s❡ ▲♦❝❦❡❞ ▲♦♦♣✮✳ ❊ss❡ â♥❣✉❧♦ é ✉s❛❞♦ ♣❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞❛s tr❛♥s❢♦r♠❛✲

çõ❡s ❞❡ ✈❛r✐á✈❡✐s ❞♦ s✐st❡♠❛ ❛❜❝ ♣❛r❛ ♦ s✐st❡♠❛ ❞q ♥♦ r❡❢❡r❡♥❝✐❛❧ sí♥❝r♦♥♦✱ ❡ t❛♠❜é♠ ♣❛r❛ ♦

♣r♦❝❡ss♦ ✐♥✈❡rs♦ ✭❞q✴❛❜❝✮✳
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❆ ❝♦♠♣♦♥❡♥t❡ ❞❡ t❡♥sã♦ d é ❛❧✐♥❤❛❞♦ ❝♦♠ ♦ ✈❡t♦r ❞❛ t❡♥sã♦ ❞❛ r❡❞❡✱ ❞❡ss❡ ❢♦r♠❛

✭vds = vs✮✱ ❡ ❛ t❡♥sã♦ ❞♦ ❡✐①♦ q é ✐❣✉❛❧ ❛ ③❡r♦ ✭vqs = 0✮✱ ❛ss✐♠ ❛ ♣♦tê♥❝✐❛ ❛t✐✈❛ ❡ r❡❛t✐✈❛ ❞♦

s✐st❡♠❛ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ♣❡❧❛s ❊q✉❛çõ❡s ✭✷✳✶✻✮ ❡ ✭✷✳✶✼✮ ✭❲❯ ❡t ❛❧✳✱ ✷✵✶✶✮✱ ❝♦♥s✐❞❡r❛♥❞♦ ❛

tr❛♥s❢♦r♠❛çã♦ ❞❡ ❝♦♦r❞❡♥❛❞❛s ✈❛r✐❛♥t❡ ❡♠ ♣♦tê♥❝✐❛✳

Ps =
3

2
(vdsids + vqsiqs) =

3

2
vdsids, ✭✷✳✶✻✮

Qs =
3

2
(vqsids − vdsiqs) = −3

2
vdsiqs. ✭✷✳✶✼✮

❆ ❝♦rr❡♥t❡ ❞❡ r❡❢❡rê♥❝✐❛ q ♣♦❞❡ s❡r ♦❜t✐❞❛ ❞❡✿

i∗qs =
Q∗

s

−1, 5vds
. ✭✷✳✶✽✮

❆s ❡q✉❛çõ❡s ❡♠ ❡st❛❞♦ ❡st❛❝✐♦♥ár✐♦ ♣❛r❛ ♦ ❱❙■ ♥♦ s✐st❡♠❛ ❞❡ ❝♦♦r❞❡♥❛❞❛s abc✱ ♣♦❞❡♠

s❡r ❡①♣r❡ss❛s ♣❡❧❛s ❊q✉❛çõ❡s ✭✷✳✶✾✮✱ ✭✷✳✷✵✮ ❡ ✭✷✳✷✶✮✳ ❈♦♥s✐❞❡r❛✲s❡ ✉♠ ✜❧tr♦ ▲ ♥♦ ❧✉❣❛r ❞♦

▲❈▲✱ ♣❛r❛ ❛ s✐♠♣❧✐✜❝❛çã♦ ❞♦s ❝á❧❝✉❧♦s✳

di1s
dt

= (v1i − v1s)/L, ✭✷✳✶✾✮

di2s
dt

= (v2i − v2s)/L, ✭✷✳✷✵✮

di3s
dt

= (v3i − v3s)/L. ✭✷✳✷✶✮

❋❛③❡♥❞♦ ❛ tr❛♥s❢♦r♠❛çõ❡s ❞❛s ✈❛rá✈❡✐s ❞❡ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ♣❛r❛ ♦ s✐st❡♠❛ dq ♥♦ r❡❢❡✲

r❡♥❝✐❛❧ sí♥❝r♦♥♦✱ ♦❜tê♠✲s❡ ❛s ❊q✉❛çõ❡s ✭✷✳✷✷✮ ❡ ✭✷✳✷✸✮✳

dids
dt

= (vdi − vds + ωsLiqs)/L, ✭✷✳✷✷✮

dids
dt

= (vdi − vds − ωsLiqs)/L, ✭✷✳✷✸✮

♦♥❞❡ ωs é ❛ ❢r❡q✉ê♥❝✐❛ ❛♥❣✉❧❛r ❞❛ r❡❞❡✱ ❡ ❛ ✐♥❞✉tâ♥❝✐❛ L é ❛ s♦♠❛ ❞❛ ✐♥❞✉tâ♥❝✐❛ ❞♦ ❧❛❞♦ ❞♦

✐♥✈❡rs♦r Lfi ❡ ❞♦ ❧❛❞♦ ❞❛ r❡❞❡ Lfs✳ ❈♦♠♦ ❛s ✐♥❞✉tâ♥❝✐❛s sã♦ ✐❣✉❛✐s✱ tê♠✲s❡✿ ǫ1 = iqsLfiLfsωs

❡ ǫ2 = idsLfiLfsωs✳

❉❛ ♠❡s♠❛ ❢♦r♠❛ ❝♦♠♦ é ❢❡✐t♦ ♣❛r❛ ♦ ❱❙■✱ ♦ ❝♦♥tr♦❧❡ ❞♦ ❱❙❘ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛

✷✳✶✷✱ t❡♠ ❝♦♠♦ ♦❜❥❡t✐✈♦ ♠❛♥t❡r ❝♦♥tr♦❧❛❞❛s ❛s ❝♦rr❡♥t❡s ♥♦s ❡✐①♦s ❞ ❡ q✱ q✉❡ ❝♦rr❡s♣♦♥❞❡♠

às ♣♦tê♥❝✐❛s ❛t✐✈❛ ❡ r❡❛t✐✈❛✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❖ ❝♦♥tr♦❧❡ ✉t✐❧✐③❛❞♦ é r❡❛❧✐③❛❞♦ ♠❡❞✐♥❞♦ ♦

â♥❣✉❧♦ ❞❛ t❡♥sã♦ ❞♦ ❣❡r❛❞♦r θg ♣♦r ♠❡✐♦ ❞♦ P▲▲✳



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❚❡♥sã♦ ✷✺

❋✐❣✉r❛ ✷✳✶✷✿ ❈♦♥tr♦❧❡ ✈❡t♦r✐❛❧ ❞❛ ❝♦rr❡♥t❡ ♣❛r❛ ♦ ❱❙❘✳

C
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v
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i
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v
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PLL

i
qg

i
dg

i
dg

v
dg-1,5 i

qg

PWM

P
g

Q
g

P
g

"
1

"
2

v
ds

v
qs

✷✳✸ ❈❛♣❛❝✐t♦r ❞❡ ❇❛rr❛♠❡♥t♦ ❈❈

◆♦ ❱❙❈ é ✉t✐❧✐③❛❞♦ ✉♠ ❜❛rr❛♠❡♥t♦ ❝❛♣❛❝✐t✐✈♦ ♣❛r❛ ❢❛③❡r ❛ ❝♦♥❡①ã♦ ❡♥tr❡ ♦ ❱❙❘ ❡ ♦ ❱❙■✳

❆ss✐♠✱ é ♥❡❝❡ssár✐♦ r❡❛❧✐③❛r ♦ ❝♦rr❡t♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦ ❝❛♣❛❝✐t♦r ♣❛r❛ ❡❧✐♠✐♥❛r ♦s❝✐❧❛çõ❡s

❞❡ t❡♥sã♦ ♥♦ ❜❛rr❛♠❡♥t♦✱ ✈✐st♦ q✉❡ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ♣♦❞❡ s❡r ✈✐st❛ ❝♦♠♦ ✉♠

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

P❛r❛ r❡❛❧✐③❛r ♦ ❝♦rr❡t♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ é ✉t✐❧✐③❛❞♦ ♦ ♠ét♦❞♦ ❞❡s❝r✐t♦ ♣♦r ✭▲❆■ ❡t ❛❧✳✱

✷✵✵✽✮ q✉❡ ❧❡✈❛ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛ ♣♦tê♥❝✐❛ ♥♦♠✐♥❛❧ ❞❡ ♦♣❡r❛çã♦ ❞♦ ❝♦♥✈❡rs♦r✱ ❛ ❢r❡q✉ê♥❝✐❛

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

✈❛❧♦r ♠á①✐♠♦ ❞❡ r✐♣♣❧❡ ❞❛ t❡♥sã♦ ❝♦♥s✐❞❡r❛❞♦ ❢♦✐ ❞❡ ✺✪✳

◆❡st❡ ❛rt✐❣♦ é ❛♣r❡s❡♥t❛❞♦ ♦ ♠♦❞❡❧♦ ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦s ❡❧❡♠❡♥t♦s ♣❛ss✐✈♦s s❡♥❞♦ s❡✲

❧❡❝✐♦♥❛❞♦s ❝♦♥s✐❞❡r❛♥❞♦ s❡✉s ✐♠♣❛❝t♦s ♥❛ ♣❡r❞❛✱ ❤❛r♠ô♥✐❝♦s✱ ✐♥t❡r❢❡rê♥❝✐❛ ❡❧❡tr♦♠❛❣♥ét✐❝❛✱

❝♦♥tr♦❧❡ ❞✐♥â♠✐❝♦ ❡ ❡st❛❜✐❧✐❞❛❞❡ ❡ ♣r♦t❡çã♦✳ ◆❛ ❊q✉❛çã♦ ✷✳✷✹ é ♠♦str❛❞♦ ♦ ❝á❧❝✉❧♦ ✉t✐❧✐③❛❞♦

♣❛r❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦ ❝❛♣❛❝✐t♦r ❞❡ ❜❛rr❛♠❡♥t♦ ❈❈✳

Ccc ≥
Pnom

fch(Vcc∆Vcc ± 0, 5∆V 2
cc
)
, ✭✷✳✷✹✮

♦♥❞❡ ∆Vcc é ♦ ✈❛❧♦r ♠á①✐♠♦ ❞❡ r✐♣♣❧❡ ❞❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❡ Pnom é ❛ ♣♦tê♥❝✐❛ ♥♦♠✐♥❛❧

❞♦ ❝♦♥✈❡rs♦r✳



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❚❡♥sã♦ ✷✻

✷✳✹ ❋✐❧tr♦ P❛ss❛ ❇❛✐①❛ ▲❈▲

❈♦♠♦ ♦s ❝♦♥✈❡rs♦r❡s ❣❡r❛♠ ❤❛r♠ô♥✐❝♦s ❞❡ t❡♥sã♦✱ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ✉♠ ✜❧tr♦ ♣❛ss✐✈♦ ♠✐♥✐✲

♠✐③❛ ❛s ❝♦rr❡♥t❡s ❤❛r♠ô♥✐❝❛s ♣❛r❛ ❛ r❡❞❡ ❡❧étr✐❝❛✳ ❖ ✜❧tr♦ ♣❛ss❛✲❜❛✐①❛ ♣❡r♠✐t❡ ❛ ♣❛ss❛❣❡♠

❞❡ ❜❛✐①❛s ❢r❡q✉ê♥❝✐❛s ❛t❡♥✉❛♥❞♦ ✭♦✉ r❡❞✉③✐♥❞♦✮ ❛ ❛♠♣❧✐t✉❞❡ ❞❛s ❢r❡q✉ê♥❝✐❛s ♠❛✐♦r❡s q✉❡ ❛

❢r❡q✉ê♥❝✐❛ ❞❡ ❝♦rt❡✳

◆♦s ❝♦♥✈❡rs♦r❡s ❢♦♥t❡ ❞❡ t❡♥sã♦✱ ♥♦r♠❛❧♠❡♥t❡ é ✉t✐❧✐③❛❞♦ ♦ ✜❧tr♦ ▲❈▲✱ ♣♦✐s ♣❛r❛ ❛❧t❛s

❢r❡q✉ê♥❝✐❛s ❛♣r❡s❡♥t❛ ♠❛✐♦r ❛t❡♥✉❛çã♦ ❡ sã♦ ♥❡❝❡ssár✐❛s ✐♥❞✉tâ♥❝✐❛s ♠❡♥♦r❡s q✉❡ ♥♦ ✜❧tr♦ ▲

♣❛r❛ ♦❜t❡r ❛ ♠❡s♠❛ ❛t❡♥✉❛çã♦ ❡♠ ❛❧t❛s ❢r❡q✉ê♥❝✐❛s ✭❈❆❘❆❈❆❙ ❡t ❛❧✳✱ ✷✵✶✸✮✳

❆ t❡♥sã♦ ♣✉❧s❛❞❛ ♣r♦❞✉③✐❞❛ ♣❡❧♦ ❝♦♥✈❡rs♦r é ❞❡❝♦♠♣♦st❛ ❜❛s✐❝❛♠❡♥t❡ ❡♠ ❞✉❛s ❝♦♠♣♦✲

♥❡♥t❡s✱ ❛ ❝♦♠♣♦♥❡♥t❡ ❢✉♥❞❛♠❡♥t❛❧ ❡ ❛s ❝♦♠♣♦♥❡♥t❡s ❤❛r♠ô♥✐❝❛s ❞❡ t❡♥sã♦ ❞❡ ♦r❞❡♠ ❡❧❡✈❛❞❛✱

q✉❡ ❞❡✈❡♠ s❡r ✜❧tr❛❞❛s ♣❛r❛ ♥ã♦ ♣r♦❞✉③✐r❡♠ ❤❛r♠ô♥✐❝❛s ❞❡ t❡♥sã♦✳

❆ss✐♠✱ ♦ ✜❧tr♦ ❞❡ s❛í❞❛ é ❝❛❧❝✉❧❛❞♦ s❡❣✉✐♥❞♦ ✭●❖▼❊❙ ❡t ❛❧✳✱ ✷✵✶✽✮✱ q✉❡ ❞❡✜♥❡ té❝♥✐❝❛s

♣❛r❛ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦ ❝❛♣❛❝✐t♦r ❞❡ ✜❧tr♦ ❈❆✱ ❛ss✐♠ ❝♦♠♦ ❞♦s ✐♥❞✉t♦r❡s✳ ❖ ❝❛♣❛❝✐t♦r é

❛❥✉st❛❞♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ✉♠❛ ♣♦r❝❡♥t❛❣❡♠ ❞❛ ❝❛♣❛❝✐tâ♥❝✐❛ ❜❛s❡ ❞♦ ❝♦♥✈❡rs♦r✱ ❝♦♠♦ ♠♦str❛

❛s ❊q✉❛çõ❡s ✷✳✷✺ ❡ ✷✳✷✻✳

Zb =
V 2

f

P1φ

, ✭✷✳✷✺✮

Cb =
1

2πfsZb

, ✭✷✳✷✻✮

♦♥❞❡ Zb é ❛ ✐♠♣❡❞â♥❝✐❛ ❞❡ ✜❧tr♦ ❜❛s❡✱ Vf ❛ t❡♥sã♦ ❞❡ ❢❛s❡✱ P1φ ❛ ♣♦tê♥❝✐❛ ♥♦♠✐♥❛❧ ♣♦r ❢❛s❡✱

Cb ❛ ❝❛♣❛❝✐tâ♥❝✐❛ ❜❛s❡ ❡ fs ❛ ❢r❡q✉ê♥❝✐❛ ❞❛ r❡❞❡✳

◆♦ ❡♥t❛♥t♦✱ é r❡❝♦♠❡♥❞❛❞♦ q✉❡ ♦ ✈❛❧♦r ❞❛ ❝❛♣❛❝✐tâ♥❝✐❛ ❞♦ ✜❧tr♦ ♥ã♦ ❡①❝❡❞❛ ✶✺✪ ❞❛

❝❛♣❛❝✐tâ♥❝✐❛ ❜❛s❡ ❞♦ ❝♦♥✈❡rs♦r✱ ♣❛r❛ q✉❡ ♥ã♦ ❞❡♠❛♥❞❡ ♠✉✐t❛ ❝♦rr❡♥t❡✱ ❛✉♠❡♥t❛♥❞♦ ❛ ♣❛r❝❡❧❛

❞❡ ❡♥❡r❣✐❛ q✉❡ ✢✉✐ ♣❡❧♦ ❝♦♥✈❡rs♦r ✭❈❖❙❚❆✱ ✷✵✶✻✮✳ ❆ss✐♠✱ ❛ ❝❛♣❛❝✐tâ♥❝✐❛ ❞❡ ✜❧tr♦ ❈❆ ✭Cf ✮

♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ❝♦♠♦✿

Cf ≤ 0, 15Cb. ✭✷✳✷✼✮

❖ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦ ✐♥❞✉t♦r ❞❡♣❡♥❞❡ ❞♦ ♥í✈❡❧ ❞❡ ♣♦tê♥❝✐❛ ❡ ❞❛ ❛♣❧✐❝❛çã♦✳ ❆❧t❛s

✐♥❞✉tâ♥❝✐❛s ✐rã♦ ✐♠♣❧✐❝❛r ❡♠ ✉♠❛ ❛❧t❛ t❡♥sã♦ ❞❡ ❜❛rr❛♠❡♥t♦ ❈❈ q✉❡ ✐rá ✐♥❝r❡♠❡♥t❛r s✐❣✲

♥✐✜❝❛t✐✈❛♠❡♥t❡ ❛s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ♥♦s ❝♦♥✈❡rs♦r❡s ❞❡ ♣♦tê♥❝✐❛ ✭●❖▼❊❙ ❡t ❛❧✳✱

✷✵✶✽✮✳



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❚❡♥sã♦ ✷✼

❖ ✐♥❞✉t♦r ❞❡ ✜❧tr♦ ❞♦ ❧❛❞♦ ❞❛ r❡❞❡ ✭Lfs✮ é ❝❛❧❝✉❧❛❞♦ ❡♠ ❢✉♥çã♦ ❞❛ ❝♦rr❡♥t❡ ❞❡ r✐♣♣❧❡

♠á①✐♠❛ ❛❞♠✐ssí✈❡❧ ❡ ♣❛r❛ ♦ ✈❛❧♦r ❞❡ ❚❍❉ ✐❣✉❛❧ ❛ ✺✪✳ ❆ ✈❛❧♦r ❞❡ r✐♣♣❧❡ ❞❛ ❝♦rr❡♥t❡ ✉t✐❧✐③❛❞♦

❡♠ ❛❧❣✉♥s tr❛❜❛❧❤♦s é ❡♠ t♦r♥♦ ❞❡ ✸✵✪ ❛ ✺✵✪✳ ❉❡ss❛ ❢♦r♠❛✱ ♦ ✈❛❧♦r ♠í♥✐♠♦ ❞❡ ❝♦rr❡♥t❡

♣♦❞❡ s❡r ♦❜t✐❞♦ ♣♦r✿

Lfs,min =
Vf

2
√
6fch∆I1

, ✭✷✳✷✽✮

♦♥❞❡✱ ∆I1 é ♦ r✐♣♣❧❡ ❞❛ ❝♦rr❡♥t❡ s♦❜r❡ ♦ ✐♥❞✉t♦r✳

❖ ✈❛❧♦r ❞❛ ✐♥❞✉tâ♥❝✐❛ é ❣❡r❛❧♠❡♥t❡ ❡s❝♦❧❤✐❞♦ ♦ ♠❛✐s ♣ró①✐♠♦ ♣♦ssí✈❡❧ ❞♦ ❧✐♠✐t❡ ♠í♥✐♠♦✱

♦ q✉❡ r❡s✉❧t❛ ♥❛ q✉❡❞❛ ♠í♥✐♠❛ ❞❡ t❡♥sã♦ ♥♦s t❡r♠✐♥❛✐s ❞♦ ✜❧tr♦✳

❖ ✈❛❧♦r ❞♦ ✐♥❞✉t♦r ❞♦ ✜❧tr♦ ❞♦ ❧❛❞♦ ❞♦ ❝♦♥✈❡rs♦r Lfi✱ é r❡❧❛❝✐♦♥❛❞♦ ❛♦ ✐♥❞✉t♦r ❞♦ ❧❛❞♦

❞❛ r❡❞❡ ✭Lfs✮ ❛tr❛✈és ❞♦ ♣❛râ♠❡tr♦ r✱ q✉❡ ✈❛r✐❛ ❡♥tr❡ ✵ ❡ ✶✳ P❛r❛ ❡st❡ ❝❛s♦ é ❝♦♥s✐❞❡r❛❞♦ ♦

✈❛❧♦r ❞❡ r ✐❣✉❛❧ ❛ ✶ ♣❛r❛ ♦❜t❡r ✐♥❞✉t♦r❡s ✐❣✉❛✐s ❡ q✉❡❞❛ ♠í♥✐♠❛ ❞❡ t❡♥sã♦✳

Lfs = rLfi. ✭✷✳✷✾✮

➱ r❡❝♦♠❡♥❞❛♥❞♦ t❛♠❜é♠ ❛ ❛❞✐çã♦ ❞❡ ✉♠❛ r❡s✐stê♥❝✐❛ ❞❡ ❛♠♦rt❡❝✐♠❡♥t♦ ❡♠ sér✐❡ ❝♦♠

♦ ❝❛♣❛❝✐t♦r✳ ❘❡❝♦♠❡♥❞❛✲s❡ q✉❡ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ r❡ss♦♥â♥❝✐❛ ❞♦ ✜❧tr♦ ✜q✉❡ ♥✉♠ ✐♥t❡r✈❛❧♦

❡s♣❡❝✐✜❝♦✱ q✉❡ é ❢✉♥çã♦ ❞❛ ❢r❡q✉ê♥❝✐❛ ❞♦ ❧❛❞♦ ❈❆✱ ❡ ❞❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳ ❉❡ss❛

❢♦r♠❛✱ ♦ ✜❧tr♦ ❈❆ ❞❡✈❡ ♦❜❡❞❡❝❡r ❛ s❡❣✉✐♥t❡ ✐♥❡q✉❛çã♦✿

10ωs ≥ ωress ≤ 0, 5ωch. ✭✷✳✸✵✮

✷✳✺ ❈♦♥✈❡rs♦r ❋♦♥t❡ ❞❡ ❚❡♥sã♦ ❇❛❝❦✲t♦✲❇❛❝❦ ✭❇✷❇ ❱❙❈✮

◆❡st❛ s❡çã♦✱ é ❢❡✐t❛ ❛ ✉♥✐ã♦ ❞♦ r❡t✐✜❝❛❞♦r ❢♦♥t❡ ❞❡ t❡♥sã♦ ❝♦♠ ♦ ✐♥✈❡rs♦r ❢♦♥t❡ ❞❡ t❡♥sã♦

❛tr❛✈és ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❝❛♣❛❝✐t✐✈♦✳ ❆ ❝♦♥✜❣✉r❛çã♦ ❞♦ ❇✷❇ ❱❙❈ é ❝♦♥❡❝t❛❞❛ ♣♦r ❞✉❛s

❢♦♥t❡s tr✐❢ás✐❝❛s ❈❆ ❛tr❛✈és ❞❡ ✜❧tr♦s ▲❈▲✳

❖s ♣❛râ♠❡tr♦s ✉t✐❧✐③❛❞♦s ♣❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞❛s s✐♠✉❧❛çõ❡s s❡ ❡♥❝♦♥tr❛♠ ♥❛ ❚❛❜❡❧❛ ✷✳✷✱

t♦♠❛♥❞♦ ❝♦♠♦ ❜❛s❡ ♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❛♣r❡s❡♥t❛❞♦ ♥❡st❡ ❝❛♣ít✉❧♦✳

❖ s✐st❡♠❛ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✶✸✱ é s✐♠✉❧❛❞♦ ❡ é ❡♥tã♦ ✈❡r✐✜❝❛❞♦ ❛s ❢♦r♠❛s ❞❡ ♦♥❞❛

❞❛s t❡♥sõ❡s ❡ ❝♦rr❡♥t❡s ❈❆ ❡ ❈❈✱ ♠♦str❛❞❛s ♥❛ ❋✐❣✉r❛ ✷✳✶✹✳ P❛r❛ t❛❧✱ ❝♦♥s✐❞❡r♦✉✲s❡ ✉♠

í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ✭ma✮ ❞❡ ✵✱✽✱ ✵✱✾ ❡ ✶✳



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❚❡♥sã♦ ✷✽

❚❛❜❡❧❛ ✷✳✷✿ P❛râ♠❡tr♦s ♣❛r❛ ♦ ❇✷❇ ❱❙❈✳

P❛râ♠❡tr♦s ❱❛❧♦r❡s
❚❡♥sã♦ ❞❡ ❢❛s❡ ❘▼❙ ✭V1,rms✮ 110 ❱

P♦tê♥❝✐❛ ❛t✐✈❛ ♥♦♠✐♥❛❧ tr✐❢ás✐❝❛ ✭P3φ✮ 1, 5 ❦❲
❋r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ✭fch✮ 10❦❍③
❈❛♣❛❝✐t♦r ❞❡ ❜❛rr❛♠❡♥t♦ ❈❈ ✭Ccc✮ 150 µ❋

❈❛♣❛❝✐t♦r ❞❡ ✜❧tr♦ ❈❆ ✭Cf ✮ 15 µ❋
■♥❞✉t♦r ❞❡ ✜❧tr♦ ❈❆ ✭Lf ✮ ✸ ♠❍

❋✐❣✉r❛ ✷✳✶✸✿ ❈♦♥✈❡rs♦r ❇❛❝❦✲t♦✲❇❛❝❦ ❱❙❈✳

V
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s
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s
v
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◆❛ ❋✐❣✉r❛ ✷✳✶✹✱ ♦❜s❡r✈❛✲s❡ ❛s t❡♥sõ❡s ❡ ❝♦rr❡♥t❡ ❈❆ ❡ ❈❈ ♥♦ ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r ❡

♥♦ ❧❛❞♦ ❞♦ ✐♥✈❡rs♦r✳ ◆❛s ❋✐❣✉r❛s ✷✳✶✹✭❛✮ ❡ ✭❜✮✱ ♥♦t❛✲s❡ ❛ r❡❧❛çã♦ ❜♦♦st ❞♦ ❱❙❘✱ ♦♥❞❡ ❛

t❡♥sã♦ ❞❡ ❜❛rr❛♠❡♥t♦ é ♠❛✐♦r q✉❡ ❛ ❛♠♣❧✐t✉❞❡ ❞❛ t❡♥sã♦ ❞❡ ❧✐♥❤❛✱ ❡♥q✉❛♥t♦ q✉❡ ♥♦ ❡stá❣✐♦

✐♥✈❡rs♦r✱ t❡♠✲s❡ ❛ ❛çã♦ ❜✉❝❦ ❥á q✉❡ ❛ ❛♠♣❧✐t✉❞❡ ❞❛ t❡♥sã♦ ❞❡ ❧✐♥❤❛ é ♠❡♥♦r q✉❡ ❛ t❡♥sã♦ ❞♦

❜❛rr❛♠❡♥t♦✳ ❖❜s❡r✈❛✲s❡ t❛♠❜é♠ q✉❡ ❛s ❝♦rr❡♥t❡s ❞♦ ❧❛❞♦ ❞♦ ✐♥✈❡rs♦r ♣♦ss✉✐ ✉♠❛ ❞✐st♦rçã♦

♠❛✐♦r q✉❡ ❛s ❝♦rr❡♥t❡s ❞♦ ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r✳ ❏á ♥❛s ❋✐❣✉r❛s ✷✳✶✹✭❝✮ ❡ ✭❞✮✱ ❤á ✉♠ ❛✉♠❡♥t♦

❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✱ ❧♦❣♦ ❛ r❡❧❛çã♦ ❡♥tr❡ ❛ ❛♠♣❧✐t✉❞❡ ❞❛ t❡♥sã♦ ❞❡ ❧✐♥❤❛ ❡ ❛ t❡♥sã♦ ❞♦

❜❛rr❛♠❡♥t♦ ❞✐♠✐♥✉✐✱ ♥♦ ❡♥t❛♥t♦ ❛s ❞✐st♦rçõ❡s ❛✉♠❡♥t❛r❛♠✳ P♦r ✜♠✱ ♥❛s ❋✐❣✉r❛s ✷✳✶✹✭❡✮ ❡

✭❢✮✱ t❡♠✲s❡ ✉♠ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ✉♥✐tár✐♦✳

P❛r❛ ❝♦♠♣❧❡♠❡♥t❛r ♦ ❡♥t❡♥❞✐♠❡♥t♦ s♦❜r❡ ♦ ❡❢❡✐t♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ♣❛r❛ ❛ ❣❡r❛çã♦

❞♦ s✐♥❛❧ P❲▼✱ ❛ ❚❛❜❡❧❛ ✷✳✸ ♠♦str❛ ❛ ✈❛r✐❛çã♦ ❞❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ ✭Pvc✮✱ ♣♦r ❝❤❛✈❡❛✲

♠❡♥t♦ ✭Pvch✮✱ ♣❡r❞❛s t♦t❛✐s ❡♠ ♣♦r❝❡♥t❛❣❡♠ ✭Pvtot(%) = Pvtot/P3φ✮ ❡ ♦s ✈❛❧♦r❡s ❞❡ ❚❍❉ ❞❛

❝♦rr❡♥t❡ ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r ✭THDr✮ ❡ ❞♦ ❧❛❞♦ ❞❛ r❡❞❡ ✭THDi✮✳

❖ ❚❍❉ é ❞❡✜♥✐❞♦ ❝♦♠♦ ♦ ✈❛❧♦r ❞❛ r❛✐③ q✉❛❞r❛❞❛ ♠é❞✐❛ ✭❘▼❙✮ ❞♦s ❤❛r♠ô♥✐❝♦s t♦t❛✐s

❞♦ s✐♥❛❧✱ ❞✐✈✐❞✐❞♦ ♣❡❧♦ ✈❛❧♦r ❘▼❙ ❞❡ s❡✉ s✐♥❛❧ ❢✉♥❞❛♠❡♥t❛❧✳ P♦r ❡①❡♠♣❧♦✱ ♣❛r❛ ❝♦rr❡♥t❡s✱ ♦

❚❍❉ é ❞❡✜♥✐❞♦ ❝♦♠♦✿

THD =

∑

j 6=1

√

I2rms,j

Irms,1

, ✭✷✳✸✶✮

♦♥❞❡ Irms,j é ♦ ✈❛❧♦r r♠s ❞❛ ❤❛r♠ô♥✐❝❛ j ❡ Irms,1 ✈❛❧♦r r♠s ❞❛ ❝♦rr❡♥t❡ ❢✉♥❞❛♠❡♥t❛❧✳



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❚❡♥sã♦ ✷✾

❋✐❣✉r❛ ✷✳✶✹✿ ❈✉r✈❛s ❞❛s t❡♥sõ❡s ❡ ❝♦rr❡♥t❡s ❈❆ ❡ ❈❈ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ❇✷❇ ❱❙❈✳
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✭❛✮ ❱❙❘ ❝♦♠ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ✵✱✽✳
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✭❜✮ ❱❙■ ❝♦♠ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ✵✱✽✳
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✭❝✮ ❱❙❘ ❝♦♠ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ✵✱✾✳
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❚❛❜❡❧❛ ✷✳✸✿ P❡r❞❛s ❡ ❚❍❉ ❞♦ ❝♦♥✈❡rs♦r ❇✷❇ ❱❙❈ ❝♦♠ ✈❛r✐❛çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✳

ma Pvc ✭❲✮ Pvch ✭❲✮ Pvtot ✭✪✮ THDvr ✭✪✮ THDvi ✭✪✮
✵✱✽ ✷✺✱✷✹ ✺✷✱✷✵ ✺✱✶✷ ✹✱✵✷ ✺✱✽✷
✵✱✾ ✷✺✱✵✼ ✹✻✱✸✺ ✹✱✼✻ ✷✱✼✻ ✹✱✵✼
✶✱✵ ✷✺✱✵✾ ✸✹✱✻✹ ✸✱✾✽ ✸✱✺✺ ✽✱✹✷

❆ ♣❛rt✐r ❞♦s ❞❛❞♦s ❞❛ ❚❛❜❡❧❛ ✸✳✸✱ ♥♦t❛✲s❡ q✉❡ t❛♥t♦ ❛s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ q✉❛♥t♦

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



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❚❡♥sã♦ ✸✵

t♦t❛✐s✳ ■ss♦ s❡ ❞❡✈❡ ❛♦ ❢❛t♦ ❞❡ q✉❡ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ é ♠❡♥♦r ❞❡✈✐❞♦ ❛♦ ❛✉♠❡♥t♦ ❞♦

í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✱ ❧♦❣♦ ♦❝♦rr❡♠ ♠❡♥♦s ♣❡r❞❛s✳ ❏á ♦ ♠❡♥♦r ❚❍❉ ♦❝♦rr❡ ♣❛r❛ ♦ í♥❞✐❝❡

❞❡ ♠♦❞✉❧❛çã♦ ❞❡ ✵✱✾✳ ❊♠ r❡❧❛çã♦ ❛s ♣❡r❞❛s✱ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r t❛♠❜é♠ q✉❡ ❛s ♠❛✐♦r❡s

q✉❛♥t✐❞❛❞❡s ❞❡ ♣❡r❞❛s é ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ❡ ❝♦rr❡ ♣❛r❛ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ✵✱✽✳

✷✳✻ ❈♦♥❝❧✉sã♦

◆❡st❡ ❝❛♣ít✉❧♦✱ ❡st✉❞♦✉✲s❡ ♦ ❱❙❈ ❝♦♠♦ r❡t✐✜❝❛❞♦r✱ ✐♥✈❡rs♦r ❡ ❜❛❝❦✲t♦✲❜❛❝❦✳ ❖ ❡st✉❞♦

❞✐s❝♦rr❡✉ s♦❜r❡ ❛ ❡str❛té❣✐❛ ❞❡ ♠♦❞✉❧❛çã♦ P❲▼ ❛ss✐♠ ❝♦♠♦ ❛s ❡str❛té❣✐❛s ❞❡ ❝♦♥tr♦❧❡ ♣❛r❛ ♦

✐♥✈❡rs♦r ❡ ♣❛r❛ ♦ r❡t✐✜❝❛❞♦r✳ ❘❡❛❧✐③♦✉✲s❡ t❛♠❜é♠ ♦ ❡st✉❞♦ ❞♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦ ❝❛♣❛❝✐t♦r

❞❡ ❜❛rr❛♠❡♥t♦ ❈❈ ❡ ❞♦ ✜❧tr♦ ❈❆✳

❈♦♠ ❛s ❛♥á❧✐s❡s ❡❢❡t✉❛❞❛s✱ ✈❡r✐✜❝♦✉✲s❡ q✉❡ ♦ ❱❙❘ ♣♦ss✉✐ ❛çã♦ ❜♦♦st ❡♠ t❡♥sã♦ ❡ ❜✉❝❦

❡♠ ❝♦rr❡♥t❡✱ ❡♥q✉❛♥t♦ q✉❡ ♦ ❱❙■ ♣♦ss✉✐ ❛çã♦ ❜✉❝❦ ❡♠ t❡♥sã♦ ❡ ❜♦♦st ❡♠ ❝♦rr❡♥t❡✳ ❆ss✐♠✱ ♦

❇✷❇ ❱❙❈ ♣♦ss✉✐ ❛çã♦ ❜♦♦st✲❜✉❝❦ ❡♠ t❡♥sã♦ ❡ ❜✉❝❦✲❜♦♦st ❡♠ ❝♦rr❡♥t❡✳

❆♦ ✜♥❛❧✱ ✈❡r✐✜❝♦✉✲s❡ ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦✱ ♣♦r s✐♠✉❧❛çõ❡s ❞♦ ❇✷❇ ❱❙❈✱ ♦❜t❡♥❞♦ ♦s r❡s✉❧t❛❞♦

❝♦♠ ❛ ✈❛r✐❛çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❡ ✈❡r✐✜❝❛♥❞♦ ❛s ❢♦r♠❛s ❞❡ ♦♥❞❛ ❞❛s ❝♦rr❡♥t❡s ❡

t❡♥sõ❡s✳ ❚❛♠❜é♠ é ❢❡✐t❛ ✉♠❛ ❝♦♠♣❛r❛çã♦ ❡♠ t❡r♠♦s ❞❡ ♣❡r❞❛s ❞♦s s❡♠✐❝♦♥❞✉t♦r❡s ❡ ❚❍❉

❞❛s ❝♦rr❡♥t❡s✳ ❱❡r✐✜❝♦✉✲s❡ q✉❡ ♥❡st❡ t✐♣♦ ❞❡ ❝♦♥✈❡rs♦r ❛s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ sã♦ ♠❛✐♦r❡s

q✉❡ ❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ ❡ q✉❡ ♦ ❚❍❉ ❞❛s ❝♦rr❡♥t❡s ❞♦ ❧❛❞♦ ❞♦ ✐♥✈❡rs♦r sã♦ ♠❛✐♦r❡s q✉❡

❛s ❞♦ ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r✳

❈♦♠ ❡ss❡ ❝❛♣ít✉❧♦✱ ❝r✐♦✉✲s❡ ✉♠❛ ❜❛s❡ t❡ór✐❝❛ ♣❛r❛ ♦s ❱❙❈✱ q✉❡ s❡rá ✉t✐❧✐③❛❞❛ ♣❛r❛ ❛

❝♦♠♣♦s✐çã♦ ❞♦ ❝♦♥✈❡rs♦r ❤í❜r✐❞♦ ❱❙❘✲❈❙■✱ ❡ ♣❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞❛ ❝♦♠♣❛r❛çã♦✳



3
❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡

❊♠ s✐st❡♠❛s ❞❡ ❝♦♥✈❡rsã♦ ❞❡ ❡♥❡r❣✐❛ ❡ó❧✐❝❛ ❝♦♠ ✈❡❧♦❝✐❞❛❞❡ ✈❛r✐á✈❡❧ sã♦ ✉t✐❧✐③❛❞♦s t✐♣✐❝❛✲

♠❡♥t❡ ❝♦♥✈❡rs♦r❡s t♦t❛❧♠❡♥t❡ ❝♦♥tr♦❧❛❞♦s✱ ♦♥❞❡ ♦ ✢✉①♦ ❞❡ ♣♦tê♥❝✐❛ é ♥♦ s❡♥t✐❞♦ ❞♦ ❣❡r❛❞♦r

♣❛r❛ ❛ r❡❞❡ ❛tr❛✈és ❞♦s ❝♦♥✈❡rs♦r❡s ❡❧étr✐❝♦s ❞❡ ♣♦tê♥❝✐❛✳ ◆♦s ❇✷❇ ❈❙❈s ❛ t❡♥sã♦ ❞❛ r❡❞❡

é ✜①❛❞❛ ❡ s✉❛ ❛♠♣❧✐t✉❞❡ é ♥♦r♠❛❧♠❡♥t❡ ♠❛✐♦r q✉❡ ❛ t❡♥sã♦ ❞♦ ❣❡r❛❞♦r✳ ❊st❛ s✐t✉❛çã♦ é

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

t❡♥sã♦ ♥♦r♠❛❧♠❡♥t❡ ❛ t❡♥sã♦ ❞♦ ❣❡r❛❞♦r é ♠❛✐♦r q✉❡ ❛ ❞❛ r❡❞❡ ✭❉❆■✱ ✷✵✶✵✮✳

❖ ✐♥✈❡rs♦r ❢♦♥t❡ ❞❡ t❡♥sã♦ é ✉s❛❞♦ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♣❛r❛ ❛♣❧✐❝❛çõ❡s ❝♦♥❡❝t❛❞❛s à r❡❞❡

❞❡ s✐st❡♠❛s ❞❡ ❣❡r❛çã♦ ❞✐str✐❜✉í❞❛✳ ❆ ✜♠ ❞❡ ❛✉♠❡♥t❛r ❛ t❡♥sã♦ ❞❡ ✉♠❛ ❢♦♥t❡ ❞❡ ❡♥❡r❣✐❛

r❡♥♦✈á✈❡❧ ♣❛r❛ ♦ ♥í✈❡❧ ❞❡ t❡♥sã♦ ❈❈ ♥❡❝❡ssár✐♦✱ é ♥❡❝❡ssár✐♦ ✉♠ ❝♦♥✈❡rs♦r ❈❈✲❈❈✱ ❡♠❜♦r❛

♦ ❝✉st♦ ❡ ❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❞♦ s✐st❡♠❛ s❡❥❛♠ ❛✉♠❡♥t❛❞♦s✳ ❆ss✐♠✱ ♥❛ ♠❡❧❤♦r✐❛ ❞♦ ❝✉st♦ ❡

❞❛ ❡①♣❡❝t❛t✐✈❛ ❞❡ ✈✐❞❛ ❞♦ ❝♦♥✈❡rs♦r✱ ✉♠ ✐♥✈❡rs♦r ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ é ✉♠❛ ❛❧t❡r♥❛t✐✈❛ q✉❡

♦❢❡r❡❝❡ r❡❝✉rs♦s ❞❡ ♣r♦t❡çã♦ ❝♦♥tr❛ ❝✉rt♦✲❝✐r❝✉✐t♦✱ ❥á é ✉♠ ✐♥✈❡rs♦r ❞♦ t✐♣♦ ❜♦♦st✱ ❡❧✐♠✐♥❛♥❞♦

❛ ♥❡❝❡ss✐❞❛❞❡ ❞♦ ✉s♦ ❞❡ ❝♦♥✈❡rs♦r ❈❈✲❈❈ ❡❧❡✈❛❞♦r ❞❡ t❡♥sã♦✱ ❡ ✉♠❛ ❡str✉t✉r❛ ❞❡ ✜❧tr♦

s✐♠♣❧❡s ♥♦ ❧❛❞♦ ❈❆✳ ◆♦ ❡♥t❛♥t♦✱ ❛tr❛✐✉ ♠❡♥♦s ❛t❡♥çã♦ à ♣❡sq✉✐s❛✱ ♣♦✐s s✉♣õ❡✲s❡ q✉❡ t❡♥❤❛

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

✐♥❡✜❝✐❡♥t❡ ❡♠ s❡✉ ❧❛❞♦ ❈❈ ✭❆❩▼■ ❡t ❛❧✳✱ ✷✵✶✶✮✳

❆♠❜❛s ❛s t♦♣♦❧♦❣✐❛s ❢♦♥t❡ ❞❡ t❡♥sã♦ ❡ ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ sã♦ ✉s❛❞❛s ❡♠ s✐st❡♠❛s ❞❡

❝♦♥✈❡rsã♦ ❞❡ ❡♥❡r❣✐❛ ❡ó❧✐❝❛✳ ◆♦ ❡♥t❛♥t♦✱ ♥♦ ♠❡r❝❛❞♦ ❛t✉❛❧ ❛ ♣r❡❞♦♠✐♥â♥❝✐❛ ❞♦s ❢♦♥t❡s ❞❡

t❡♥sã♦ é ♥♦tór✐❛✱ ♣♦ré♠ ♦s ❈❙❈s tê♠ s✉❛s ✈❛♥t❛❣❡♥s ❡ sã♦ ❢♦rt❡s ❝❛♥❞✐❞❛t♦s ♣❛r❛ ❢✉t✉r❛s

✸✶



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ✸✷

✐♠♣❧❡♠❡♥t❛çõ❡s✳

❖ ❝♦♥✈❡rs♦r ❞♦ ❧❛❞♦ ❞❛ r❡❞❡ é ♦ ✐♥✈❡rs♦r ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ ✭❈❙■✮ q✉❡ ❝♦♥✈❡rt❡ ❛ ❝♦rr❡♥t❡ ❞♦

❜❛rr❛♠❡♥t♦ ❈❈ ❡♠ ❝♦rr❡♥t❡s tr✐❢ás✐❝❛s q✉❡ ❞❡✈❡♠ ❛t❡♥❞❡r ❛♦s ❝r✐tér✐♦s ❞❛ r❡❞❡✳ ❆♦ ❝♦♥trár✐♦

❞♦s ❱❙■s q✉❡ ♦♣❡r❛♠ ❝♦♠♦ ❛❜❛✐①❛❞♦r❡s ❞❡ t❡♥sã♦✱ ♦s ❈❙■s ♦♣❡r❛♠ ❝♦♠♦ ❡❧❡✈❛❞♦r❡s ❞❡ t❡♥sã♦✳

❆ ❝❛r❛❝t❡ríst✐❝❛ ❡❧❡✈❛❞♦r❛ ❞❡ t❡♥sã♦ ❞♦ ❈❙■ ♦❢❡r❡❝❡ ♠❛✐s ✢❡①✐❜✐❧✐❞❛❞❡ ♣❛r❛ s❡r ❝♦♠❜✐♥❛❞❛

❝♦♠ ❞✐❢❡r❡♥t❡s t✐♣♦s ❞❡ ❝♦♥✈❡rs♦r❡s ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r✱ ❡ ❛ ❝♦♥✜❣✉r❛çã♦ r❡s✉❧t❛♥t❡ ♣r♦✈ê

❢❛✐①❛ ❞❡ ♦♣❡r❛çã♦ ♠❛✐s ❛❜r❛♥❣❡♥t❡ ❞♦ q✉❡ ❡♠ s✐st❡♠❛s q✉❡ ❡♠♣r❡❣❛♠ ♦ ❱❙■✳ ❉❡ss❛ ❢♦r♠❛✱

♦s ❈❙❈s tê♠ ♣♦t❡♥❝✐❛❧ s♦❧✉çõ❡s ❡ ❞❡✈❡♠ t❡r ✉♠ ❧✉❣❛r ❡♠ t♦♣♦❧♦❣✐❛s ❞❡ ❝♦♥✈❡rs♦r❡s ♣❛r❛ ♦s

s✐st❡♠❛s ❞❡ ❝♦♥✈❡rsã♦ ❞❡ ❡♥❡r❣✐❛ ❡ó❧✐❝❛✳

◆❡st❡ ❝❛♣ít✉❧♦✱ s❡rá ♠♦str❛❞♦ ❛ t❡♦r✐❛ s♦❜r❡ ♦s ❝♦♥✈❡rs♦r❡s ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ t❛♥t♦ ♥♦

♠♦❞♦ r❡t✐✜❝❛❞♦r ❝♦♠♦ ♥♦ ♠♦❞♦ ✐♥✈❡rs♦r✱ ❡ ♣♦r ✜♠ s❡rá ♠♦str❛❞♦ ♦ s✐st❡♠❛ ✉t✐❧✐③❛❞♦ ♣❛r❛

❛♣❧✐❝❛çõ❡s ❡♠ ❡♥❡r❣✐❛ ❡ó❧✐❝❛ ✭❇✷❇ ❈❙❈✮✱ ❛ss✐♠ ❝♦♠♦ ♦s r❡q✉✐s✐t♦s ♥❡❝❡ssár✐♦s ♣❛r❛ ❛ s✉❛

✐♠♣❧❡♠❡♥t❛çã♦ ✭❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡✱ ♠♦❞✉❧❛çã♦ P❲▼✱ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦ ❜❛rr❛♠❡♥t♦

❡ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦ ✜❧tr♦✮ ❡ ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çõ❡s✳

❖ ✐♥✈❡rs♦r ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ é ✉♠ ❝♦♥✈❡rs♦r ❈❈✲❈❆ q✉❡ ❝♦♥✈❡rt❡ ✉♠ s✐♥❛❧ ❞❡ ❝♦rr❡♥t❡

❝♦♥t✐♥✉♦ ❡♠ ✉♠ s✐♥❛❧ ❞❡ ❝♦rr❡♥t❡ ❛❧t❡r♥❛❞♦✱ ♦✉ s❡❥❛✱ ❡st❡ ❝♦♥✈❡rs♦r ♣r♦❝❡ss❛ ♦ s✐♥❛❧ ❛tr❛✈és

❞♦ ❝♦♥tr♦❧❡ ❛ ♣❛rt✐r ❞❡ r❡❢❡rê♥❝✐❛ ❞❡ ❝♦rr❡♥t❡✳

❖ ❈❙■ é ✉♠❛ ❜♦❛ ❡s❝♦❧❤❛ ♣❛r❛ ♦ ❧❛❞♦ ❞❛ r❡❞❡✱ ♣♦✐s ♣r♦✈ê ✉♠❛ ❛❧t❛ ✢❡①✐❜✐❧✐❞❛❞❡ ♥♦

❝♦♥tr♦❧❡✱ ❣❡r❛ ❜❛✐①♦s ❤❛r♠ô♥✐❝♦s ❡ é ❛♣t♦ ❛ ♣r♦✈❡r ✉♠ ❛❥✉st❡ ♥♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛✳ ❆ ❝❛r❛❝✲

t❡ríst✐❝❛ ❜♦♦st ❞♦ ❈❙■ é ♦❜t✐❞❛ ♥❛t✉r❛❧♠❡♥t❡ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ s✐st❡♠❛ ❛ s❡r ✐♠♣❧❡♠❡♥t❛❞♦✳

P❛r❛ ♦s ❡st✉❞♦s s❡rã♦ ❝♦♥s✐❞❡r❛❞♦s✿ í♥❞✐❝❡ g r❡❢❡r❡♥t❡ ❛♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r✱ s ❛♦ ❧❛❞♦ ❞❛

r❡❞❡✱ r ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r✱ i ❧❛❞♦ ❞♦ ✐♥✈❡rs♦r✱ f ❛♦s ❝♦♠♣♦♥❡♥t❡s ❞❡ ✜❧tr♦✱ ❝❝ ❛s ✈❛r✐á✈❡✐s

❝♦♥tí♥✉❛s ❡ ❝❛ ❛s ✈❛rá✈❡✐s ❛❧t❡r♥❛❞❛s✳ ❆ss✐♠✱ vjs e ijs, para j = 1, 2, 3 r❡♣r❡s❡♥t❛♠ ❛s

t❡♥sõ❡s ❡ ❝♦rr❡♥t❡s ❞♦ ❧❛❞♦ ❞❛ r❡❞❡❀ vjg e ijg, para j = 1, 2, 3 ❛s t❡♥sõ❡s ❡ ❝♦rr❡♥t❡s ❞♦

❧❛❞♦ ❞♦ ❣❡r❛❞♦r❀ vjr e ijr, para j = 1, 2, 3 ❛s t❡♥sõ❡s ❡ ❝♦rr❡♥t❡s ❞♦ ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r❀

vji e iji, para j = 1, 2, 3 ❛s t❡♥sõ❡s ❡ ❝♦rr❡♥t❡s ❞♦ ❧❛❞♦ ❞♦ ✐♥✈❡rs♦r❀ Vcc ❡ Icc ❛ t❡♥sã♦ ❡

❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦❀ Lcc ♦ ✐♥❞✉t♦r ❞❡ ❜❛rr❛♠❡♥t♦ ❈❈❀ Lfs✱ Lfg✱ Lfi ❡ Lfr ❛s ✐♥❞✉tâ♥❝✐❛s

❞♦ ❧❛❞♦ ❞❛ r❡❞❡✱ ❣❡r❛❞♦r✱ ✐♥✈❡rs♦r ❡ r❡t✐✜❝❛❞♦r✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❡ Cf ♦ ❝❛♣❛❝✐t♦r ❞❡ ✜❧tr♦✳

❖ ❈❙■ é ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✶✱ ❡ é ❝♦♠♣♦st♦ ♣♦r s❡✐s ■●❇❚s ❡♠ sér✐❡ ❝♦♠ s❡✐s ❞✐♦❞♦s✳ ❖

❝♦♥✈❡rs♦r r❡q✉❡r ✉♠❛ ❝♦rr❡♥t❡ ❝♦♥st❛♥t❡ ❡ ♣r♦❞✉③ ✉♠❛ s❛í❞❛ ❞❡ ❝♦rr❡♥t❡ ❛❧t❡r♥❛❞❛✳ ❖s ❈❙❈s



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ✸✸

♣♦ss✉❡♠ ♠♦❞✉❧❛çã♦ ❡♠ ❝♦rr❡♥t❡✱ ♦ q✉❡ ❧❡✈❛ ❛ ❞❡r✐✈❛❞❛s ♥❛ ❝♦rr❡♥t❡✱ ❧♦❣♦✱ ❢❛③✲s❡ ♥❡❝❡ssár✐♦ ❛

✉t✐❧✐③❛çã♦ ❞❡ ❝❛♣❛❝✐t♦r❡s tr✐❢ás✐❝♦s ❝♦♥❡❝t❛❞♦ ❡♠ ♣❛r❛❧❡❧♦ ❝♦♠ ❛ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r ✭❈❖❙❚❆✱

✷✵✶✻✮✳ ❆ss✐♠✱ ♥♦ ❈❙■ é ✉t✐❧✐③❛❞♦ ♦ ✜❧tr♦ ❈▲ ♣❛r❛ ♦❜t❡r ✉♠ ❜❛✐①♦ ❚❍❉ ❡ ♠❡❧❤♦r❛r ❛ ❡✜❝✐ê♥❝✐❛

❞♦ s✐st❡♠❛✳

❋✐❣✉r❛ ✸✳✶✿ ■♥✈❡rs♦r ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❚r✐❢ás✐❝♦✳
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❖ r❡t✐✜❝❛❞♦r ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ é ✉♠ ❝♦♥✈❡rs♦r ❈❆✲❈❈ q✉❡ ❝♦♥✈❡rt❡ ✉♠ s✐♥❛❧ ❞❡ ❝♦rr❡♥t❡

❛❧t❡r♥❛❞♦ ❡♠ ✉♠ s✐♥❛❧ ❞❡ ❝♦rr❡♥t❡ ❝♦♥tí♥✉♦✳ ❉❛ ♠❡s♠❛ ❢♦r♠❛ ❝♦♠♦ ♥♦ ❈❙■✱ ♥❡st❡ t✐♣♦ ❞❡

❝♦♥✈❡rs♦r ❛s ✈❛rá✈❡✐s ❞❡ ❝♦♥tr♦❧❡ sã♦ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛✳

❖ ❝♦♥✈❡rs♦r ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r ✭r❡t✐✜❝❛❞♦r✮ é ✉t✐❧✐③❛❞♦ ♣❛r❛ ❝♦♥tr♦❧❛r ❛ ♣♦tê♥❝✐❛ ❞♦

❣❡r❛❞♦r ❞❡ ♠♦❞♦ ❛ ♦❜t❡r s❡♠♣r❡ ♦ ♣♦♥t♦ ❞❡ ♠á①✐♠❛ ♣♦tê♥❝✐❛✳

❖ ❈❙❘ é ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✷✱ ❡ é ❝♦♠♣♦st♦ ❞❡ s❡✐s ■●❇❚s ❡♠ sér✐❡ ❝♦♠ s❡✐s ❞✐♦✲

❞♦s✳ ❆ss✐♠ ❝♦♠♦ ♥♦s ❈❙■s✱ é ♥❡❝❡ssár✐♦ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ❝❛♣❛❝✐t♦r❡s tr✐❢ás✐❝♦s ❝♦♥❡❝t❛❞♦s ❡♠

♣❛r❛❧❡❧♦ ❝♦♠ ❛ ❡♥tr❛❞❛ ❞♦ ❝♦♥✈❡rs♦r✳

❋✐❣✉r❛ ✸✳✷✿ ❘❡t✐✜❝❛❞♦r ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❚r✐❢ás✐❝♦✳
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❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ✸✹

✸✳✶ ▼♦❞✉❧❛çã♦ P❲▼

❖ ❈❙❈ é r❡✈❡rs♦ ✭❞✉❛❧✮ ❞♦ ❱❙❈✱ ♦✉ s❡❥❛✱ ♥♦ ❈❙❈ ♦ ❜❛rr❛♠❡♥t♦ é ❝♦♠♣♦st♦ ♣♦r ✉♠

✐♥❞✉t♦r q✉❡ ❛❝✉♠✉❧❛ ❡♥❡r❣✐❛ ♥❛ ❢♦r♠❛ ❞❡ ❝♦rr❡♥t❡✳ ❉❡st❛ ❢♦r♠❛✱ ❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡

❞❡✈❡ ❡✈✐t❛r q✉❡ ❤❛❥❛ ❝✐r❝✉✐t♦ ❛❜❡rt♦ q✉❡ ❜❧♦q✉❡✐ ❛ ♣❛ss❛❣❡♠ ❞❡ ❝♦rr❡♥t❡ ❞♦ ✐♥❞✉t♦r✱ ♦✉ ✉♠

❝✉rt♦✲❝✐r❝✉✐t♦ ♥❛ t❡♥sã♦ ❞♦ ❧❛❞♦ ❈❆✳ ❆ss✐♠ ❛s ❝❤❛✈❡s q✉❡ ❝♦♠♣õ❡ ♦ ❈❙❈ ♥ã♦ ♣♦❞❡♠ s❡r

❛❝✐♦♥❛❞❛s ✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡✱ ❡ ♣♦ss✉✐ s✉❛ ❝♦♠♣❧❡♠❡♥t❛r✐❞❛❞❡ ❞❡ ❢♦r♠❛ ❤♦r✐③♦♥t❛❧ ✭❱■❚❖✲

❘■◆❖✱ ✷✵✶✷✮✳

❖ P❲▼ ✉t✐❧✐③❛❞♦ é ♦ ✉♥✐♣♦❧❛r ❝♦♠♦ ♠♦str❛ ❛ ❋✐❣✉r❛ ✸✳✸✱ t❛❧ ♠♦❞✉❧❛çã♦✱ ❛❧é♠ ❞❡ r❡❞✉③✐r

♦ ❚❍❉✱ ❝♦♥❢❡r❡ ✉♠❛ ✈❛r✐❛çã♦ ❞❡ ❝♦rr❡♥t❡ ♠❡♥♦r ❛ ❝❛❞❛ tr♦❝❛ ❞❡ ❡st❛❞♦✳ ❱❛❧❡ s❛❧✐❡♥t❛r q✉❡

❛s ❛♥á❧✐s❡s ❢❡✐t❛s ♥❡st❛ s❡çã♦ ✈❛❧❡♠ t❛♥t♦ ♣❛r❛ ♦ ❈❙■ ❝♦♠♦ ♣❛r❛ ♦ ❈❙❘✳

❋✐❣✉r❛ ✸✳✸✿ ❊str❛té❣✐❛ ❞❡ P❲▼ ♣❛r❛ ♦ ❈❙❈✳
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❆ ♠♦❞✉❧❛çã♦ P❲▼ é ❢❡✐t❛ ❛ ♣❛rt✐r ❞❛ ❝♦♠♣❛r❛çã♦ ❞❛s ❝♦rr❡♥t❡s ❞❡ r❡❢❡rê♥❝✐❛ ♦❜t✐❞❛s

❞❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ❝♦♠ ❛ ♦♥❞❛ tr✐❛♥❣✉❧❛r ❝♦♠ ❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ✭fch✮✳ ◆♦

❡♥t❛♥t♦✱ ♣❛r❛ ♦ ❈❙❈ ♥ã♦ é tã♦ s✐♠♣❧❡s ❝♦♠♦ ♥♦ ❝❛s♦ ❞♦ ❱❙❈✱ ❞❡✈✐❞♦ ❛♦ ❢❛t♦ ❞❡ ♣♦ss✉✐r s✉❛

❝♦♠♣❧❡♠❡♥t❛r✐❞❛❞❡ ❞❡ ❢♦r♠❛ ❤♦r✐③♦♥t❛❧✳ ◆❡st❡ ❝❛s♦✱ ❛ ❝♦rr❡♥t❡ i∗
1r ♣❛ss❛ ♣♦r ✉♠ ❧✐♠✐t❛❞♦r

q✉❡ ✈❛✐ ❞❡ ③❡r♦ ❛ ✐♥✜♥✐t♦ ❞❡ ❢♦r♠❛ ❛ s❡❧❡❝✐♦♥❛r ❛ ♣❛rt❡ ♣♦s✐t✐✈❛ ❞❛ ❝♦rr❡♥t❡✱ ❛ss✐♠✱ ♦ s✐♥❛❧

♦❜t✐❞♦ é ❝♦♠♣❛r❛❞♦ ❝♦♠ ❛ ♦♥❞❛ tr✐❛♥❣✉❧❛r ❡ ❣❡r❛ ♦ ❛❝✐♦♥❛♠❡♥t♦ ♣❛r❛ ❛ ❝❤❛✈❡ h1✳



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ✸✺

P❛r❛ ❛ ❝❤❛✈❡ ❛ h2✱ ♦ ♣r♦❝❡ss♦ é s❡♠❡❧❤❛♥t❡✱ só q✉❡ ❛❣♦r❛ ♦ s✐♥❛❧ é ♦❜t✐❞♦ ❝♦♠ ❛ s♦♠❛

❞❛s ❞✉❛s ♣❛rt❡s ♣♦s✐t✐✈❛s ❞❛s ❝♦rr❡♥t❡s ❡ ❝♦♠♣❛r❛❞❛ ❝♦♠ ❛ ♦♥❞❛ tr✐❛♥❣✉❧❛r✳ ◆♦ ❡♥t❛♥t♦✱

❞❡✈✐❞♦ ❛ ❝♦♠♣❧❡♠❡♥t❛r✐❡❞❛❞❡ ❤♦r✐③♦♥t❛❧✱ ❛ ❝❤❛✈❡ h2 ♥ã♦ ♣♦❞❡ ❝♦♥❞✉③✐r ❛♦ ♠❡s♠♦ t❡♠♣♦

q✉❡ ❛ ❝❤❛✈❡ h1✱ ❧♦❣♦ ❛ ❡♥tr❛❞❛ ❞❛ ♣♦rt❛ ♦✉ é ✐♥✈❡rt✐❞❛ ♣❛r❛ q✉❡ ❡❧❛ só ❝♦♥❞✉③❛ q✉❛♥❞♦ h1

❡st✐✈❡r ❞❡s❧✐❣❛❞❛✳ ❆ ❣❡r❛çã♦ ❞❛ ❝❤❛✈❡ ♣❛r❛ ♦ t❡r❝❡✐r♦ ❜r❛ç♦ ✭h3✮ ♦❝♦rr❡ q✉❛♥❞♦ ♥❡♥❤✉♠❛

❞❛s ♦✉tr❛s ❞✉❛s ❝❤❛✈❡s ❡st✐✈❡r ❝♦♥❞✉③✐♥❞♦✳ ❉♦ ♠❡s♠♦ ❥❡✐t♦ é ❢❡✐t❛ ❛ ❣❡r❛çã♦ ♣❛r❛ ❛s ❝❤❛✈❡s

✐♥❢❡r✐♦r❡s ✭l1✱ l2 ❡ l3✮✱ só q✉❡ ♥❡ss❡ ❝❛s♦ s❡❧❡❝✐♦♥❛♥❞♦ ❛ ♣❛rt❡ ♥❡❣❛t✐✈❛ ❞❛s ❝♦rr❡♥t❡s✳

◆❛ ❋✐❣✉r❛ ✸✳✹✱ é ♠♦str❛❞♦ ♦s ❡stá❣✐♦s ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦ ♣❛r❛ ♦ ✐♥✈❡rs♦r ❈❙❈ tr✐❢ás✐❝♦ ❡

♥❛ ❚❛❜❡❧❛ ✸✳✶✱ ❛s ♣♦ss✐❜✐❧✐❞❛❞❡s ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳

❚❛❜❡❧❛ ✸✳✶✿ ❚❛❜❡❧❛ ✈❡r❞❛❞❡ ❞♦ ❈❙❈✳

hk lk i1 i2 i3 Vbus

✶ ✶ 0 ✵ 0 ✵
✶ ✷ Icc −Icc ✵ v12
✶ ✸ Icc ✵ −Icc v13
✷ ✶ −Icc Icc ✵ v21
✷ ✷ ✵ ✵ ✵ ✵
✷ ✸ ✵ Icc −Icc v23
✸ ✶ −Icc ✵ Icc v31
✸ ✷ ✵ −Icc Icc v32
✸ ✸ ✵ ✵ ✵ ✵

❏á ♣❛r❛ ♦s ✐♥t❡r✈❛❧♦s ❞❡ r♦❞❛✲❧✐✈r❡✱ ♦s ❈❙❈s s❡ ❝♦♠♣♦rt❛♠ ❞❡ ❢♦r♠❛ ♠❛✐s s✐♠♣❧❡s✳ ❈♦♠♦

♦s ✈❡t♦r❡s ♥✉❧♦s ❞♦s ❈❙❈s sã♦ ♦❜t✐❞♦s ❛♦ ❝✉rt♦✲❝✐r❝✉✐t❛r ✉♠ ❜r❛ç♦✱ ❛ ❝♦rr❡♥t❡ ❞❡ r♦❞❛ ❧✐✈r❡

♣❡r❝♦rr❡rá ♦ ❝✐r❝✉✐t♦ ❢♦r♠❛❞♦ ♣♦r ❡ss❡ ❜r❛ç♦ ♥♦ s❡♥t✐❞♦ ❞❡ ❝♦♥❞✉çã♦ ❞♦s ❞✐♦❞♦s ❞❡ ❝❛❞❛ ❝❤❛✈❡✳

◆♦✈❛♠❡♥t❡✱ s❡♠❡❧❤❛♥t❡ ❛♦ q✉❡ ♦❝♦rr❡ ♥♦s ❱❙❈s✱ ❞✉r❛♥t❡ ❛ r♦❞❛ ❧✐✈r❡ ❞♦s ❈❙❈s ♦ ✐♥❞✉t♦r

❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ✐rá s❡ ❝❛rr❡❣❛r ✭❈❙■✮ ♦✉ ❞❡s❝❛rr❡❣❛r ✭❈❙❘✮✱ ❡♥q✉❛♥t♦ q✉❡ ♦ ❝❛♣❛❝✐t♦r ❡

✐♥❞✉t♦r ❞♦ ❧❛❞♦ ❈❆ ❞♦ ❝♦♥✈❡rs♦r ✐rã♦ ❞❡s❝❛rr❡❣❛r ✭❈❙■✮ ♦✉ ❝❛rr❡❣❛r ✭❈❙❘✮ ✭❈❖❙❚❆✱ ✷✵✶✻✮✳

❊♠ ✉♠ s✐st❡♠❛ tr✐❢ás✐❝♦ ❞❡ t❡♥sõ❡s ❡q✉✐❧✐❜r❛❞❛s✱ ♣♦❞❡✲s❡ t❡r ♥❛s s❡❣✉✐♥t❡s ❡q✉❛çõ❡s ❛s

❝♦rr❡♥t❡s ❞❡ s❛í❞❛ ♦✉ ❡♥tr❛❞❛ q✉❡ t❛♠❜é♠ s❡rã♦ s❡♥♦✐❞❛✐s ❡ ❛tr❛s❛❞❛s ❞❛ t❡♥sã♦ ♣♦r ✉♠

â♥❣✉❧♦ φ✳

i1 = Im sin(ωt− φ), ✭✸✳✶✮
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❋✐❣✉r❛ ✸✳✹✿ ❊stá❣✐♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞❡ ✉♠ ❝♦♥✈❡rs♦r ❈❙❈ tr✐❢ás✐❝♦✳
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✭✐✮ h3 − l3✳
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i2 = Im sin(ωt− 2π/3− φ), ✭✸✳✷✮

i3 = Im sin(ωt+ 2π/3− φ), ✭✸✳✸✮

➱ ❞❡s❡❥á✈❡❧ q✉❡ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞❡✜♥✐❞♦ ❝♦♠♦ ❛ r❛③ã♦ ❡♥tr❡ ❛ ❛♠♣❧✐t✉❞❡ ❞♦ s✐♥❛❧

♠♦❞✉❧❛♥t❡ ❡ ❛ ❛♠♣❧✐t✉❞❡ ❞♦ s✐♥❛❧ ❞❛ ♦♥❞❛ tr✐❛♥❣✉❧❛r ✭mi = Im/Vtri✮✱ s❡❥❛ ♠❡♥♦r ♦✉ ✐❣✉❛❧ ❛

✶✱ ❞❡ ♠♦❞♦ q✉❡ ♥ã♦ ♦❝♦rr❛ s♦❜r❡♠♦❞✉❧❛çã♦✳

❆ss✐♠✱ ❛ ❛♠♣❧✐t✉❞❡ ❞❛ ❝♦♠♣♦♥❡♥t❡ ❢✉♥❞❛♠❡♥t❛❧ ❞❛ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ ✭Ij = Im✱ ♣❛r❛

j = 1, 2, 3✮ s❡ ❢❛③ ✐❣✉❛❧ ❛♦ ♣r♦❞✉t♦ ❡♥tr❡ ❡st❡ í♥❞✐❝❡ ❡ ❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ❝♦♠♦

♠♦str❛ ❛ ❊q✉❛çã♦ ✸✳✹✳

Im = miIcc, para 0 < mci ≤ 1. ✭✸✳✹✮

❙❛❜❡♥❞♦ q✉❡ ❛ ♣♦tê♥❝✐❛ ❞❡ ❡♥tr❛❞❛ ❞❡✈❡ s❡r ✐❣✉❛❧ ❛ ♣♦tê♥❝✐❛ ❞❡ s❛í❞❛ ❡ ❞❡s❝♦♥s✐❞❡r❛♥❞♦

❛s ♣❡r❞❛s✱ tê♠✲s❡ q✉❡✿

Pcc = Pca, ✭✸✳✺✮

VccIcc =
√
3VL,rmsI1,rms. ✭✸✳✻✮

❙✉❜st✐t✉✐♥❞♦ ❛ ❊q✉❛çã♦ ✭✸✳✹✮ ❡♠ ✭✸✳✻✮✱ ♦❜té♠✲s❡ ❛ ❡①♣r❡ssã♦ ❞❛ t❡♥sã♦ ❈❈✳

Vcc =

√
3

2
miVL. ✭✸✳✼✮

❈♦♠ ❛s ❛♥á❧✐s❡s ❡❢❡t✉❛❞❛s ✈❡r✐✜❝❛✲s❡ q✉❡ ♦s ✐♥✈❡rs♦r❡s ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ ♣♦ss✉❡♠ ♦ ❡❢❡✐t♦

❜♦♦st ❡♠ t❡♥sã♦ ✭VL > Vcc✮ ❡ ❜✉❝❦ ❡♠ ❝♦rr❡♥t❡ ✭Im < Icc✮✱ ❥á ♦s r❡t✐✜❝❛❞♦r❡s ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡

♣♦ss✉❡♠ ♦ ❡❢❡✐t♦ ❜✉❝❦ ❡♠ t❡♥sã♦ ✭Vcc < VL✮ ❡ ❜♦♦st ❡♠ ❝♦rr❡♥t❡ ✭Icc > Im✮✳

✸✳✶✳✶ ❚❡♠♣♦ ♠♦rt♦

◆♦s ❝♦♥✈❡rs♦r❡s ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡✱ ♦ ❛❝✐♦♥❛♠❡♥t♦ ❞❛s ❝❤❛✈❡s ❞❡✈❡ s❡♠♣r❡ ❣❛r❛♥t✐r q✉❡

❤❛❥❛ ✉♠ ❝❛♠✐♥❤♦ ♣❛r❛ ❛ ❝♦rr❡♥t❡ ❞♦ ✐♥❞✉t♦r ❞♦ ❜❛rr❛♠❡♥t♦✳ ❈♦♠♦ ♥❛ ♣rát✐❝❛ ❛s ❝❤❛✈❡s ♥ã♦

tr♦❝❛♠ ✐♥st❛♥t❛♥❡❛♠❡♥t❡✱ ❡①✐st❡♠ ✉♠ t❡♠♣♦ ♣❛r❛ q✉❡ ❤❛❥❛ tr♦❝❛ ❞❛s ❝❤❛✈❡s✱ ❡ss❡ t❡♠♣♦ é

❝❤❛♠❛❞♦ ❞❡ t❡♠♣♦ ♠♦rt♦✳

❉❡ss❛ ❢♦r♠❛✱ ❝♦♠♦ ❛s ❝❤❛✈❡s t❡♠ ❝♦♠♣❧❡♠❡♥t❛r✐❡❞❛❞❡ ❤♦r✐③♦♥t❛❧✱ ♦✉ s❡❥❛✱ ❛♣❡♥❛s ✉♠❛

❝❤❛✈❡ s✉♣❡r✐♦r ♦✉ ✐♥❢❡r✐♦r ✐rá ❝♦♥❞✉③✐r ♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ ♦ t❡♠♣♦ ♠♦rt♦ ❞❡✈❡ ❣❛r❛♥t✐r



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ✸✽

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

❞❡ t❡♠♣♦✱ ❞❡ ❢♦r♠❛ q✉❡ ❛♠❜❛s ❛s ❝❤❛✈❡s s✉♣❡r✐♦r❡s ♦✉ ✐♥❢❡r✐♦r❡s ❝♦♥❞✉③❛♠ ♣♦r ❡ss❡ ❝✉rt♦

✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ ✭t❡♠♣♦ ♠♦rt♦✮ ❡ só ❞❡♣♦✐s ❛ ❝❤❛✈❡ é ❞❡s❧✐❣❛❞❛✱ ❡✈✐t❛♥❞♦ ❛ss✐♠ q✉❡ ❛

❝♦rr❡♥t❡ ❞♦ ✐♥❞✉t♦r ❝❡ss❡✳

◆❛ ❋✐❣✉r❛ ✸✳✺✱ é ♠♦str❛❞♦ ✉♠ ❡①❡♠♣❧♦ ❞❡ ❝❛♠✐♥❤♦ ❞❡ ❝♦♥❞✉çã♦ ❞❛ ❝♦rr❡♥t❡ ❞✉r❛♥t❡ ♦

t❡♠♣♦ ♠♦rt♦ ❞❡ ✉♠ ❈❙■✳ ◆❡st❡ ❝❛s♦✱ ❛ ❝❤❛✈❡ h1 ❡ l3 ❡stã♦ ❝♦♥❞✉③✐♥❞♦✱ ❡ ❛ ♣ró①✐♠❛ s❡q✉ê♥❝✐❛

❞❡ ❝❤❛✈❡❛♠❡♥t♦ s❡rá h2 ❡ l3✳ ▲♦❣♦✱ ♥♦ ♠♦♠❡♥t♦ q✉❡ h2 ✐r✐❛ ❧✐❣❛r✱ h1 é ♠❛♥t✐❞♦ ❧✐❣❛❞♦ ♣♦r

✉♠ ❝✉rt♦ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ ❛♥t❡s ❞❡ ❞❡s❧✐❣❛r✱ ❣❛r❛♥t✐♥❞♦ ❛ss✐♠ ♦ ❝❛♠✐♥❤♦ ❞❛ ❝♦rr❡♥t❡✳

❋✐❣✉r❛ ✸✳✺✿ ❊①❡♠♣❧♦ ❞❡ ❝❛♠✐♥❤♦ ❞❡ ❝♦♥❞✉çã♦ ❞❛ ❝♦rr❡♥t❡ ❞✉r❛♥t❡ ♦ t❡♠♣♦ ♠♦rt♦ ❞❡ ✉♠
❈❙■ tr✐❢ás✐❝♦✳
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◆❛ ❋✐❣✉r❛ ✸✳✻✱ ♠♦str❛ ❛ ❡①❡♠♣❧✐✜❝❛çã♦ ❞♦ t❡♠♣♦ ♠♦rt♦ ♣❛r❛ ❛ tr♦❝❛ ❞❡ ❝❤❛✈❡ ❞❡ h1 ❡

h2✱ ♦♥❞❡ ✉t✐❧✐③❛✲s❡ ✉♠ P❲▼ ❝♦♠ ♣✉❧s♦ ❝❡♥tr❛❞♦✳ P❛rt✐♥❞♦ ❞♦ ✐♥st❛♥t❡ ✐♥✐❝✐❛❧ t = 0✱ ❛ ❝❤❛✈❡

h1 é ❛❝✐♦♥❛❞❛ ❞✉r❛♥t❡ ♦ t❡♠♣♦ th1✱ ❝❛❧❝✉❧❛❞♦ ♣❡❧♦ P❲▼✳ ❯♠❛ ✈❡③ t❡r♠✐♥❛❞♦ s❡✉ t❡♠♣♦ ❞❡

❝♦♥❞✉çã♦✱ ❛ ❝❤❛✈❡ ❝♦♠✉t❛r✐❛ ♣❛r❛ ♦ ♥í✈❡❧ ❜❛✐①♦✱ ♠❛s ♥❡ss❡ ✐♥st❛♥t❡ é ✐♥s❡r✐❞♦ ♦ t❡♠♣♦ ♠♦rt♦

tm✱ q✉❡ ❛tr❛s❛ ♦ ❞❡s❧✐❣❛♠❡♥t♦ ❞❛ ❝❤❛✈❡✳ ◆♦ ♠♦♠❡♥t♦ ❡♠ q✉❡ ❛ ❝❤❛✈❡ h1 s❡r✐❛ ❞❡s❧✐❣❛❞❛ s❡♠

♦ t❡♠♣♦ ♠♦rt♦✱ ❛ ❝❤❛✈❡ h2 é ❛❝✐♦♥❛❞❛ ❡ ♣❛ss❛ ❛ ❝♦♥❞✉③✐r ❝♦rr❡♥t❡✳ ❯♠❛ ✈❡③ t❡r♠✐♥❛❞♦ ♦

t❡♠♣♦ ♠♦rt♦✱ ❛ ❝❤❛✈❡ h1 é ❞❡s❧✐❣❛❞❛✳

◆❛ ❋✐❣✉r❛ ✸✳✼✱ é ♠♦str❛❞❛ ❛ s❡q✉ê♥❝✐❛ ❞❡ ❝♦♥❞✉çã♦ ❞❛s ❝❤❛✈❡s ♣❛r❛ ♦ ❝❛s♦ ❡♠ q✉❡

✭i∗
1i > 0✱ i∗

2i > 0✮ ❞♦ ❝♦♥✈❡rs♦r✱ ♣❛r❛ ♦ ♣❡rí♦❞♦ Tch ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❝♦♠ ♦ ♣✉❧s♦ ❝❡♥tr❛❞♦✳

P❛r❛ ❛ ❣❡r❛çã♦ ❞♦s s✐♥❛✐s P❲▼ ♣❛r❛ ♦ ❈❙❈✱ ✉t✐❧✐③♦✉✲s❡ ♦ ❉❙P ❋✷✽✸✸✺✳ ❉✉r❛♥t❡ ❛

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

✉♠ ♣❡q✉❡♥♦ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦✳ ◆❛ ❋✐❣✉r❛ ✸✳✽✱ é ♠♦str❛❞♦ ❛ s❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ♣❛r❛

♣❛r❛ i∗
1i > 0✱ i∗

2i > 0✱ ♦❜t✐❞♦ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✳



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ✸✾

❋✐❣✉r❛ ✸✳✻✿ ❊①❡♠♣❧✐✜❝❛çã♦ ❞♦ t❡♠♣♦ ♠♦rt♦ ♣❛r❛ ❛s ❝❤❛✈❡s s✉♣❡r✐♦r❡s h1 ❡ h2 ❞❡ ✉♠ ❈❙❈✳
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❋✐❣✉r❛ ✸✳✼✿ ❙❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞♦ P❲▼ ❈❙❈ ♣❛r❛ i∗
1i > 0✱ i∗

2i > 0✳
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❋✐❣✉r❛ ✸✳✽✿ ❘❡s✉❧t❛❞♦ ❡①♣❡r✐♠❡♥t❛❧ ❞❛ s❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞♦ P❲▼ ❈❙❈ ♣❛r❛ i∗
1i > 0✱

i∗
2i > 0✳

h
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✭❛✮ ❈❤❛✈❡s h1, h2 e h3✳

l
1
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l
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✭❜✮ ❈❤❛✈❡s l1, l2 e l3✳



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ✹✵

✸✳✶✳✷ ❈❤❛✈❡ ❘❇✲■●❇❚

❆s ❝❤❛✈❡s ✉t✐❧✐③❛❞❛s ♥♦ ❈❙❈ ❞✐❢❡r❡♠ ❞♦ ❱❙❈ ❞❡✈✐❞♦ ❛♦ ♣♦s✐❝✐♦♥❛♠❡♥t♦ ❞♦ ❞✐♦❞♦✳ ◆♦s

❱❙❈s ❛s ❝❤❛✈❡s sã♦ ❢♦r♠❛❞♦s ♣♦r ■●❇❚s ❝♦♠ ❞✐♦❞♦ ❡♠ ❛♥t✐✲♣❛r❛❧❡❧♦✱ ❥á ♦s ❈❙❈s ♣♦ss✉❡♠

■●❇❚s ❝♦♠ ❞✐♦❞♦ ❡♠ sér✐❡✳ ❊ss❡s ❞✐♦❞♦s sã♦ ♥❡❝❡ssár✐♦s ♣❛r❛ ♦❜t❡r ♦ ♠❡❧❤♦r ❢✉♥❝✐♦♥❛♠❡♥t♦

❞♦ ❝♦♥✈❡rs♦r ❞✉r❛♥t❡ ♦ t❡♠♣♦ ♠♦rt♦✳

❉❡✈✐❞♦ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞♦s ❞✐♦❞♦s ❡♠ sér✐❡ ❝♦♠ ♦ ■●❇❚s✱ ♥♦s ❈❙❈ sã♦ ✉t✐❧✐③❛❞♦s ♦s ❘❇✲

■●❇❚s✱ ❝❤❛✈❡s q✉❡ sã♦ ♦❜t✐❞❛s ♣❡❧❛ ❝♦♥❡①ã♦ sér✐❡ ❞❡ ✉♠ ■●❇❚ ❝♦♠ ✉♠ ❞✐♦❞♦✳ ❆ ❛❞✐çã♦ ❞♦

❞✐♦❞♦ ❢❛③ ♥❡❝❡ssár✐♦ ♣❛r❛ q✉❡ s❡ ❝♦♥s✐❣❛ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❜❧♦q✉❡✐♦ r❡✈❡rs♦✱ ♦r✐❣✐♥❛❞♦ ❛ss✐♠ ♦

♥♦♠❡ ❞❛ ❝❤❛✈❡✿ ❘❡✈❡rs❡ ❇❧♦❝❦✐♥❣ ■●❇❚✳ ❆ ❝❤❛✈❡ é ✉♥✐❞✐r❡❝✐♦♥❛❧ ❡♠ ❝♦rr❡♥t❡ ❡ ❜✐❞✐r❡❝✐♦♥❛❧

❡♠ t❡♥sã♦✳ ◆❛ ❋✐❣✉r❛ ✸✳✾✱ é ♠♦str❛❞♦ ♦ ❞✐❛❣r❛♠❛ ❞❛ ❝❤❛✈❡ ❘❇✲■●❇❚✳

❋✐❣✉r❛ ✸✳✾✿ ❉✐s♣♦s✐t✐✈♦ s❡♠✐❝♦♥❞✉t♦r ❘❇✲■●❇❚✳

❆♣❡s❛r ❞❛ ❛ss♦❝✐❛çã♦ ❞❡ ✉♠ ■●❇❚ ❡♠ sér✐❡ ❝♦♠ ✉♠ ❞✐♦❞♦ s❡r ❡✜❝❛③✱ t❛❧ ❝❤❛✈❡ é ♣♦✉❝♦

❡✜❝✐❡♥t❡✱ ✈✐st♦ q✉❡ ❛ q✉❡❞❛ ❞❡ t❡♥sã♦ t♦t❛❧ ❝♦rr❡s♣♦♥❞❡rá ❛ s♦♠❛ ❞❛ q✉❡❞❛ ❞❡ t❡♥sã♦ ❞❡

❛♠❜♦s ♦s s❡♠✐❝♦♥❞✉t♦r❡s ✭■●❇❚ ❡ ❞✐♦❞♦✮✳

❈♦♠ ❡ss❛ ♥♦✈❛ t❡❝♥♦❧♦❣✐❛✱ ❜❡♠ ❝♦♠♦ ❛ ❡✈♦❧✉çã♦ ❞♦s ♠❛t❡r✐❛✐s ♠❛❣♥ét✐❝♦s ✉t✐❧✐③❛❞♦s ♥❛

❢❛❜r✐❝❛çã♦ ❞❡ ✐♥❞✉t♦r❡s✱ r❡❢♦rç❛✲s❡ q✉❡ ♦s ❈❙❈s t♦r♥❛r❛♠✲s❡ ❝♦♠♣❡t✐t✐✈♦s ❝♦♠ ♦s ❱❙❈s ❡♠

t❡r♠♦s ❞❡ ❡✜❝✐ê♥❝✐❛ ✭❩❍❆◆● ❡t ❛❧✳✱ ✷✵✶✻✮✳ ◆♦ ❡♥t❛♥t♦✱ ❞❡✈✐❞♦ ❛♦ ❢❛t♦ ❞❡ s❡r ✉♠❛ t❡❝♥♦❧♦❣✐❛

r❡❝❡♥t❡ ❡ ♣♦✉❝♦ ❡①♣❧♦r❛❞❛ ♣❡❧❛ ✐♥❞ústr✐❛ ❢❛③ ❝♦♠ q✉❡ ♦s ❱❙❈s s❡❥❛♠ ✉t✐❧✐③❛❞♦s ❝♦♠ ♠❛✐s

❢r❡q✉ê♥❝✐❛✳

✸✳✶✳✸ ❊str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡

❖ ❝♦♥✈❡rs♦r ❞♦ ❧❛❞♦ ❞❛ r❡❞❡ é ✉t✐❧✐③❛❞♦ ♣❛r❛ ❝♦♥tr♦❧❛r ❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ❞❡

♠♦❞♦ ❛ tr❛♥s❢❡r✐r ❛ ♠á①✐♠❛ ♣♦tê♥❝✐❛ ♦❜t✐❞❛ ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r✳ ❆ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡

❛♣❧✐❝❛❞❛ ❛♦ ✐♥✈❡rs♦r ❝♦♥❡❝t❛❞♦ à r❡❞❡✱ ❞❡✈❡ ❣❛r❛♥t✐r q✉❡ ❛ ❝♦rr❡♥t❡ t❡♥❤❛ ✉♠ ❜❛✐①♦ ❚❍❉✱

❛❧t♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❡ s✉♣♦rt❛❜✐❧✐❞❛❞❡ ❛ ❢❛❧t❛s✳

❖ ❝♦♥tr♦❧❡ ❞❛ ❝♦rr❡♥t❡ ❞❡ ❜❛rr❛♠❡♥t♦ ❈❈ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✶✵✱ ❝♦♥s✐st❡ ♥❛ ❝♦♠♣❛✲



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ✹✶

r❛çã♦ ❞❛ ❝♦rr❡♥t❡ ❈❈ ♠❡❞✐❞❛ ✭Icc✮ ❝♦♠ ❛ ❝♦rr❡♥t❡ ❞❡ r❡❢❡rê♥❝✐❛ ✭I∗
cc
✮✱ ❡ ♦ r❡s✉❧t❛❞♦ ❞❡st❛

❝♦♠♣❛r❛çã♦ ❣❡r❛ ✉♠ s✐♥❛❧ ❞❡ ❡rr♦✱ q✉❡ ♣♦r s✉❛ ✈❡③ ♣❛ss❛ ♣♦r ✉♠ ❝♦♥tr♦❧❛❞♦r P■ ♣❛r❛ ❣❡r❛r

♦ ✈❛❧♦r ❞❛ ❛♠♣❧✐t✉❞❡ ❞❛s ❝♦rr❡♥t❡s ❞❡ r❡❢❡rê♥❝✐❛s ✭i∗
1i ❡ i∗

2i✮✳ ❆tr❛✈és ❞♦ P▲▲ é ❢❡✐t♦ ♦ s✐♥✲

❝r♦♥✐s♠♦ ❡♥tr❡ ❛ ❢❛s❡ ❞❛ t❡♥sã♦ ❞❛ r❡❞❡ ✭θs✮ ❝♦♠ ❛ ❝♦rr❡♥t❡ ❞❡ r❡❢❡rê♥❝✐❛ q✉❡ ❝♦♠❛♥❞❛rá ♦

P❲▼✳

❋✐❣✉r❛ ✸✳✶✵✿ ❉✐❛❣r❛♠❛ ❞❡ ❝♦♥tr♦❧❡ ♣❛r❛ ♦ ❈❙■✳

PI

Filtro

CL

PLL

s

3
2

PWM

Π Π
∑

∑

sin( )

sin( )

m
i

∑*

* *

V
dc

V
dc

V
dc

L
dc

I
dc

i
1i

i
1i

i
2i

i
2i

i
3i

i
1s

i
2s

i
3s

v
1s

v
2s

v
3s

.

.

❆ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ❞♦ ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r é ❢❡✐t❛ ❛tr❛✈és ❞❛ ❋✐❣✉r❛ ✸✳✶✶✱ q✉❡ ❝♦♥s✐st❡

♥❛ ❝♦♠♣❛r❛çã♦ ❞❛ ♣♦tê♥❝✐❛ ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r ❝♦♠ ❛ ♣♦tê♥❝✐❛ ❞❡ r❡❢❡rê♥❝✐❛✱ ❡ ♦ r❡s✉❧t❛❞♦

❞❡st❛ ❝♦♠♣❛r❛çã♦ ❣❡r❛ ✉♠ s✐♥❛❧ ❞❡ ❡rr♦✱ q✉❡ ♣♦r s✉❛ ✈❡③ ♣❛ss❛ ♣♦r ✉♠ ❝♦♥tr♦❧❛❞♦r P■ ❡ ❣❡r❛

❛ ❛♠♣❧✐t✉❞❡ ❞❡ ❝♦rr❡♥t❡ ❞❡ r❡❢❡rê♥❝✐❛ ✭i∗
1r ❡ i

∗
2r✮✳ ❆tr❛✈és ❞♦ P▲▲ é ❢❡✐t♦ ♦ s✐♥❝r♦♥✐s♠♦ ❡♥tr❡

❛ ❢❛s❡ ❞❛ t❡♥sã♦ ❞❛ r❡❞❡ ✭θg✮ ❝♦♠ ❛ ❝♦rr❡♥t❡ ❞❡ r❡❢❡rê♥❝✐❛ q✉❡ ❝♦♠❛♥❞❛rá ♦ P❲▼✳

✸✳✷ ■♥❞✉t♦r ❞❡ ❇❛rr❛♠❡♥t♦ ❈❈

◆♦s ❈❙❈s ❛ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛ ❛♥t❡s ❞♦ ✐♥❞✉t♦r ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ é ❝♦♥tí♥✉❛✱ ♥♦ ✐♥❞✉t♦r

♦❝♦rr❡ ♦ ❛❝ú♠✉❧♦ ❡ ❞❡s❝❛r❣❛ ❞❛ ❡♥❡r❣✐❛✱ ❡ ❛♣ós ♦ ✐♥❞✉t♦r ❛ t❡♥sã♦ t❡♠ ❛ ❢♦r♠❛ ❞❡ ✉♠❛ s❡♥♦✐❞❡

r❡t✐✜❝❛❞❛ ❝❤❛✈❡❛❞❛✱ ❝✉❥❛ ❢r❡q✉ê♥❝✐❛ é ♦ ❞♦❜r♦ ❞❛ ❢r❡q✉ê♥❝✐❛ ❞❛ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ ✭❈❖❙❚❆✱

✷✵✶✻✮✳



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ✹✷

❋✐❣✉r❛ ✸✳✶✶✿ ❉✐❛❣r❛♠❛ ❞❡ ❝♦♥tr♦❧❡ ♣❛r❛ ♦ ❈❙❘✳

sin( ).

sin( ).
P

g

P
g

PI

3
2

Π Π

∑
∑

i
1r

i
2r

*

Filtro

CL R

PLL

g

PWM

I 
cc

v
1r

i
1gv

1g

v
2g

v
3g

i
2g

i
3g

v
2r

v
3r

-1

❉❡ss❛ ❢♦r♠❛✱ é ♥❡❝❡ssár✐♦ r❡❛❧✐③❛r ♦ ❝♦rr❡t♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦ ✐♥❞✉t♦r ❞❡ ❜❛rr❛♠❡♥t♦

♣❛r❛ ❡❧✐♠✐♥❛r ❛s ♦s❝✐❧❛çõ❡s ❞❡ ❝♦rr❡♥t❡ ♥♦ ❜❛rr❛♠❡♥t♦✱ ✈✐st♦ q✉❡ ❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦

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

✈❛❧♦r ♠é❞✐♦✳

P❛r❛ r❡❛❧✐③❛r ♦ ❝♦rr❡t♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ é ✉t✐❧✐③❛❞♦ ♦ ♠ét♦❞♦ ❞❡s❝r✐t♦ ♣♦r ✭▲❆■ ❡t ❛❧✳✱

✷✵✵✽✮ q✉❡ ❧❡✈❛ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛ ♣♦tê♥❝✐❛ ♥♦♠✐♥❛❧ ❞❡ ♦♣❡r❛çã♦ ❞♦ ❝♦♥✈❡rs♦r✱ ❛ ❢r❡q✉ê♥❝✐❛

❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❡ ❛ ♦s❝✐❧❛çã♦ ❞❡ ❝♦rr❡♥t❡ q✉❡ s❡ ❞❡s❡❥❛ t❡r ♥♦ ✐♥❞✉t♦r ❞❡ ❜❛rr❛♠❡♥t♦✳ ❖

✈❛❧♦r ♠á①✐♠♦ ❞❡ r✐♣♣❧❡ ❞❛ ❝♦rr❡♥t❡ ❢♦✐ ❞❡ ✷✵✪✳

◆❡st❡ ❛rt✐❣♦ é ❛♣r❡s❡♥t❛❞♦ ♦ ♠♦❞❡❧♦ ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦s ❡❧❡♠❡♥t♦s ♣❛ss✐✈♦s s❡♥❞♦ s❡✲

❧❡❝✐♦♥❛❞♦s ❝♦♥s✐❞❡r❛♥❞♦ s❡✉s ✐♠♣❛❝t♦s ♥❛ ♣❡r❞❛✱ ❤❛r♠ô♥✐❝♦s✱ ✐♥t❡r❢❡rê♥❝✐❛ ❡❧❡tr♦♠❛❣♥ét✐❝❛✱

❝♦♥tr♦❧❡ ❞✐♥â♠✐❝♦ ❡ ❡st❛❜✐❧✐❞❛❞❡ ❡ ♣r♦t❡çã♦✳ ◆❛ ❊q✉❛çã♦ ✸✳✽ é ♠♦str❛❞♦ ♦ ❝á❧❝✉❧♦ ✉t✐❧✐③❛❞♦

♣❛r❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦ ✐♥❞✉t♦r ❞❡ ❜❛rr❛♠❡♥t♦ ❈❈✳

Lcc ≥
Pnom

fch(Icc∆Icc ± 0, 5∆I2
cc
)
, ✭✸✳✽✮

♦♥❞❡ ∆Icc é ♦ ✈❛❧♦r ♠á①✐♠♦ ❞❡ r✐♣♣❧❡ ❞❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❡ Pnom é ❛ ♣♦tê♥❝✐❛ ♥♦♠✐♥❛❧

❞♦ ❝♦♥✈❡rs♦r✳



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ✹✸

✸✳✸ ❋✐❧tr♦ P❛ss❛ ❇❛✐①❛ ❈▲

❖ ✜❧tr♦ ♣❛ss❛✲❜❛✐①❛ ♣❡r♠✐t❡ ❛ ♣❛ss❛❣❡♠ ❞❡ ❜❛✐①❛s ❢r❡q✉ê♥❝✐❛s ❛t❡♥✉❛♥❞♦ ✭♦✉ r❡❞✉③✐♥❞♦✮

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

◆♦s ❈❙❈s sã♦ ✉t✐❧✐③❛❞♦s ♦s ✜❧tr♦s ❈▲ ❞❡✈✐❞♦ ❛♦ ❢❛t♦ q✉❡ ♥❡st❡ ❝❛s♦ ❛ ♠♦❞✉❧❛çã♦ é ❡♠

❝♦rr❡♥t❡✱ ♦ q✉❡ ❧❡✈❛ ❛ ❞❡r✐✈❛❞❛s ♥❛ ❝♦rr❡♥t❡✱ ❧♦❣♦✱ ❢❛③✲s❡ ♥❡❝❡ssár✐♦ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ❝❛♣❛❝✐t♦r❡s

tr✐❢ás✐❝♦s ❝♦♥❡❝t❛❞♦s ❡♠ ♣❛r❛❧❡❧♦ ❝♦♠ ❛ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r✳

❆ ❝♦rr❡♥t❡ ♣✉❧s❛❞❛ ♣r♦❞✉③✐❞❛ ♣❡❧♦ ❝♦♥✈❡rs♦r é ❞❡❝♦♠♣♦st❛ ❜❛s✐❝❛♠❡♥t❡ ❡♠ ❞✉❛s ❝♦♠✲

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

❡❧❡✈❛❞❛✱ q✉❡ ❞❡✈❡♠ s❡r ✜❧tr❛❞❛s ♣❛r❛ ♥ã♦ ♣r♦❞✉③✐r❡♠ ❤❛r♠ô♥✐❝❛s ❞❡ ❝♦rr❡♥t❡✳

❆ss✐♠✱ ♦ ✜❧tr♦ ❞❡ s❛í❞❛ é ❝❛❧❝✉❧❛❞♦ s❡❣✉✐♥❞♦ ✭●❖▼❊❙ ❡t ❛❧✳✱ ✷✵✶✽✮✱ q✉❡ ❞❡✜♥❡ té❝♥✐❝❛s

♣❛r❛ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦ ❝❛♣❛❝✐t♦r ❞❡ ✜❧tr♦ ❈❆✱ ❛ss✐♠ ❝♦♠♦ ♦ ✐♥❞✉t♦r✳ ❖ ❝❛♣❛❝✐t♦r é

❛❥✉st❛❞♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ✉♠❛ ♣♦r❝❡♥t❛❣❡♠ ❞❛ ❝❛♣❛❝✐tâ♥❝✐❛ ❜❛s❡ ❞♦ ❝♦♥✈❡rs♦r✱ ❝♦♠♦ ♠♦str❛

❛s ❊q✉❛çõ❡s ✸✳✾ ❡ ✸✳✶✵✳

Zb =
V 2

f

P1φ

, ✭✸✳✾✮

Cb =
1

2πfZb

, ✭✸✳✶✵✮

♦♥❞❡ Zb é ❛ ✐♠♣❡❞â♥❝✐❛ ❞❡ ✜❧tr♦ ❜❛s❡✱ Vf ❛ t❡♥sã♦ ❞❡ ❢❛s❡ ❡ P1φ ❛ ♣♦tê♥❝✐❛ ♥♦♠✐♥❛❧ ♣♦r ❢❛s❡✱

Cb ❛ ❝❛♣❛❝✐tâ♥❝✐❛ ❜❛s❡ ❡ f ❛ ❢r❡q✉ê♥❝✐❛ ❞❛ r❡❞❡✳

◆♦ ❡♥t❛♥t♦✱ é r❡❝♦♠❡♥❞❛❞♦ q✉❡ ♦ ✈❛❧♦r ❞❛ ❝❛♣❛❝✐tâ♥❝✐❛ ❞♦ ✜❧tr♦ ♥ã♦ ❡①❝❡❞❛ ✶✺✪ ❞❛

❝❛♣❛❝✐tâ♥❝✐❛ ❜❛s❡ ❞♦ ❝♦♥✈❡rs♦r✱ ♣❛r❛ q✉❡ ♥ã♦ ❞❡♠❛♥❞❡ ♠✉✐t❛ ❝♦rr❡♥t❡✱ ❛✉♠❡♥t❛♥❞♦ ❛ ♣❛r❝❡❧❛

❞❡ ❡♥❡r❣✐❛ q✉❡ ✢✉✐ ♣❡❧♦ ❝♦♥✈❡rs♦r ✭❈❖❙❚❆✱ ✷✵✶✻✮✳ ❆ss✐♠✱ ❛ ❝❛♣❛❝✐tâ♥❝✐❛ ❞❡ ✜❧tr♦ ❈❆ ✭Cf ✮

♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ❝♦♠♦✿

Cf ≤ 0, 15Cb. ✭✸✳✶✶✮

❖ ✐♥❞✉t♦r ❞❡ ✜❧tr♦ é ❝❛❧❝✉❧❛❞♦ ❡♠ ❢✉♥çã♦ ❞❛ ❝♦rr❡♥t❡ ❞❡ r✐♣♣❧❡ ♠á①✐♠❛ ❛❞♠✐ssí✈❡❧ ❡

♣❛r❛ ♦ ✈❛❧♦r ❞❡ ❚❍❉ ✐❣✉❛❧ ❛ ✺✪✳ ❆ ✈❛❧♦r ❞❡ r✐♣♣❧❡ ❞❛ ❝♦rr❡♥t❡ ✉t✐❧✐③❛❞♦ é ❡♠ t♦r♥♦ ❞❡ ✸✵✪

❛ ✺✵✪ ❡♠ ❛❧❣✉♥s tr❛❜❛❧❤♦s✳ ❉❡ss❛ ❢♦r♠❛✱ ♦ ✈❛❧♦r ♠í♥✐♠♦ ❞❡ ❝♦rr❡♥t❡ ♣♦❞❡ s❡r ♦❜t✐❞♦ ♣♦r✿

Lf,min =
Vf

2
√
6fch∆I1

, ✭✸✳✶✷✮

♦♥❞❡✱ ∆I1 é ♦ r✐♣♣❧❡ ❞❛ ❝♦rr❡♥t❡ s♦❜r❡ ♦ ✐♥❞✉t♦r✳



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ✹✹

❖ ✈❛❧♦r ❞❛ ✐♥❞✉tâ♥❝✐❛ é ❣❡r❛❧♠❡♥t❡ ❡s❝♦❧❤✐❞♦ ♦ ♠❛✐s ♣ró①✐♠♦ ♣♦ssí✈❡❧ ❞♦ ❧✐♠✐t❡ ♠í♥✐♠♦✱

♦ q✉❡ r❡s✉❧t❛ ♥❛ q✉❡❞❛ ♠í♥✐♠❛ ❞❡ t❡♥sã♦ ♥♦s t❡r♠✐♥❛✐s ❞♦ ✜❧tr♦✳

➱ r❡❝♦♠❡♥❞❛♥❞♦ t❛♠❜é♠ ✉♠❛ ❛❞✐çã♦ ❞❡ ✉♠❛ r❡s✐stê♥❝✐❛ ❞❡ ❛♠♦rt❡❝✐♠❡♥t♦ ❡♠ sér✐❡

❝♦♠ ♦ ❝❛♣❛❝✐t♦r✳ ❘❡❝♦♠❡♥❞❛✲s❡ q✉❡ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ r❡ss♦♥â♥❝✐❛ ❞♦ ✜❧tr♦ ✜q✉❡ ♥✉♠ ✐♥t❡r✈❛❧♦

❡s♣❡❝✐✜❝♦✱ q✉❡ é ❢✉♥çã♦ ❞❛ ❢r❡q✉ê♥❝✐❛ ❞♦ ❧❛❞♦ ❈❆✱ ❡ ❞❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳ ❉❡ss❛

❢♦r♠❛✱ ♦ ✜❧tr♦ ❈❆ ❞❡✈❡ ♦❜❡❞❡❝❡r ❛ s❡❣✉✐♥t❡ ✐♥❡q✉❛çã♦✿

10ωs ≥ ωress ≤ 0, 5ωch. ✭✸✳✶✸✮

✸✳✹ ❈♦♥✈❡rs♦r ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❇❛❝❦✲t♦✲❇❛❝❦ ✭❇✷❇ ❈❙❈✮

◆❡st❛ s❡çã♦✱ é ❢❡✐t❛ ❛ ✉♥✐ã♦ ❞♦ r❡t✐✜❝❛❞♦r ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ ❝♦♠ ♦ ✐♥✈❡rs♦r ❢♦♥t❡ ❞❡

❝♦rr❡♥t❡ ❛tr❛✈és ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ✐♥❞✉t✐✈♦✳ ❆ ❝♦♥✜❣✉r❛çã♦ ❞♦ ❇✷❇ ❈❙❈ é ❝♦♥❡❝t❛❞❛ ♣♦r

❞✉❛s ❢♦♥t❡s tr✐❢ás✐❝❛s ❈❆ ❛tr❛✈és ❞❡ ✜❧tr♦s ❈▲✳

❖s ♣❛râ♠❡tr♦s ✉t✐❧✐③❛❞♦s ♣❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞❛s s✐♠✉❧❛çõ❡s s❡ ❡♥❝♦♥tr❛ ♥❛ ❚❛❜❡❧❛ ✸✳✷✱

t♦♠❛♥❞♦ ❝♦♠♦ ❜❛s❡ ♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❛♣r❡s❡♥t❛❞♦ ♥❡st❡ ❝❛♣ít✉❧♦✳

❚❛❜❡❧❛ ✸✳✷✿ P❛râ♠❡tr♦s ♣❛r❛ ♦ ❇✷❇ ❈❙❈✳

P❛râ♠❡tr♦s ❱❛❧♦r❡s
❚❡♥sã♦ ❞❡ ❢❛s❡ ❘▼❙ ✭V1,rms✮ 110 ❱

P♦tê♥❝✐❛ tr✐❢ás✐❝❛ ♥♦♠✐♥❛❧ ✭P3φ✮ 1, 5 ❦❲
❋r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ✭fch✮ 10 ❦❍③
■♥❞✉t♦r ❞❡ ❜❛rr❛♠❡♥t♦ ❈❈ ✭Lcc✮ 5 ♠❍
❈❛♣❛❝✐t♦r ❞❡ ✜❧tr♦ ❈❆ ✭Cf ✮ 15 µ❋
■♥❞✉t♦r ❞❡ ✜❧tr♦ ❈❆ ✭Lf ✮ ✸ ♠❍

❖ s✐st❡♠❛ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✶✷✱ é s✐♠✉❧❛❞♦ ❡ é ❡♥tã♦ ✈❡r✐✜❝❛❞♦ ❛s ❢♦r♠❛s ❞❡ ♦♥❞❛

❞❛s t❡♥sõ❡s ❡ ❝♦rr❡♥t❡s ❈❆ ❡ ❈❈✱ ♠♦str❛❞❛s ♥❛ ❋✐❣✉r❛ ✸✳✶✸✳ P❛r❛ t❛❧✱ ❝♦♥s✐❞❡r♦✉✲s❡ ✉♠

í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ✭mcr✮ ❞❡ ✵✱✽✱ ✵✱✾ ❡ ✶✳

❋✐❣✉r❛ ✸✳✶✷✿ ❈♦♥✈❡rs♦r ❇❛❝❦✲t♦✲❇❛❝❦ ❈❙❈✳
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◆❛s ❋✐❣✉r❛s ✸✳✶✸ sã♦ ❛♣r❡s❡♥t❛s ❛s ❝✉r✈❛s ❞❡ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❈❆ ❡ ❈❈ ♣❛r❛ ♦ ❇✷❇ ❈❙❈✳

➱ ♦❜s❡r✈❛❞♦ ♥❛s ❋✐❣✉r❛s ✸✳✶✸✭❛✮✱ ✭❝✮ ❡ ✭❡✮ q✉❡ ❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ✈❛✐ ❞✐♠✐♥✉✐♥❞♦ ❝♦♠

♦ ❛✉♠❡♥t♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✳ ❏á ♥❛s ❋✐❣✉r❛s ✸✳✶✸✭❜✮ ❡ ✭❞✮✱ ♦❜s❡r✈❛✲s❡ q✉❡ ❛s ❝♦rr❡♥t❡s

sã♦ ♠❡♥♦r❡s q✉❡ ❛ ❝♦rr❡♥t❡ ❈❈✱ ❡♥q✉❛♥t♦ q✉❡ ♥❛ ❋✐❣✉r❛ ✸✳✶✸✭❢✮✱ ❛ ❝♦rr❡♥t❡ ❈❈ ❞♦ ❧❛❞♦ ❞♦

✐♥✈❡rs♦r é ❡q✉✐✈❛❧❡♥t❡ ❛♦ ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r✱ ✈✐st♦ q✉❡ ❛ ❛♠♣❧✐t✉❞❡ ❞❡ ❝♦rr❡♥t❡ t❡♠ ✈❛❧♦r



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ✹✻

✐❣✉❛❧ ❛ ❝♦rr❡♥t❡ ❞❡ ❜❛rr❛♠❡♥t♦ ❈❈✳ ▲♦❣♦✱ ❝♦♥✜r♠❛✲s❡ ♦ ❡❢❡✐t♦ ❜✉❝❦ ❞❛s ❝♦rr❡♥t❡s✱ ❡ ❛s t❡♥sõ❡s

♥❡ss❡ ❝❛s♦ s❡ ♠❛♥té♠ ✐♥❛❧t❡r❛❞❛s ♣❡❧♦ ✈❛❧♦r ❞❛ ❢♦♥t❡ ❞❡ ✶✶✵ ❱✳

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

❚❛❜❡❧❛ ✸✳✸✱ ♠♦str❛ ❛ ✈❛r✐❛çã♦ ❞❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ ✭Pcc✮✱ ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ✭Pcch✮✱ ♣❡r❞❛s

t♦t❛✐s ❡♠ ♣♦r❝❡♥t❛❣❡♠ ✭Pctot(%) = Pctot/P3φ✮ ❡ ♦s ✈❛❧♦r❡s ❞❡ ❚❍❉ ❞❛ ❝♦rr❡♥t❡ ❞♦ ❧❛❞♦ ❞♦

❣❡r❛❞♦r ✭THDr✮ ❡ ❞♦ ❧❛❞♦ ❞❛ r❡❞❡ ✭THDi✮✳

❚❛❜❡❧❛ ✸✳✸✿ P❡r❞❛s ❡ ❚❍❉ ❞♦ ❝♦♥✈❡rs♦r ❇✷❇ ❈❙❈ ❝♦♠ ✈❛r✐❛çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✳

mci Pcc ✭❲✮ Pcch ✭❲✮ Pctot ✭✪✮ THDr ✭✪✮ THDi ✭✪✮
✵✱✽ ✸✽✱✷✸ ✶✹✱✹✷ ✸✱✺✶ ✹✱✵✼ ✺✱✸✶
✵✱✾ ✸✷✱✹✽ ✶✷✱✻✻ ✸✱✵✵ ✸✱✵✼ ✸✱✾✾
✶✱✵ ✷✽✱✶✾ ✶✵✱✶✵ ✷✱✺✺ ✺✱✹ ✺✱✵✺

❆ ♣❛rt✐r ❞♦s ❞❛❞♦s ❞❛ ❚❛❜❡❧❛ ✸✳✸✱ ♥♦t❛✲s❡ q✉❡ t❛♥t♦ ❛s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ q✉❛♥t♦

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

t♦t❛✐s✳ ■ss♦ s❡ ❞❡✈❡ ❛♦ ❢❛t♦ ❞❡ q✉❡ ❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ s❡r ♠❛✐♦r ❞❡✈✐❞♦ ❛ ❞✐♠✐♥✉✐çã♦

❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✱ ❧♦❣♦ ♦❝♦rr❡♠ ♠❛✐s ♣❡r❞❛s✳ ❏á ♦ ♠❡♥♦r ❚❍❉ ❞♦ ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r

♦❝♦rr❡ ♣❛r❛ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞❡ ✶✱✵ ❡ ♣❛r❛ ♦ ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r ♦❝♦rr❡ ♣❛r❛ ♦ í♥❞✐❝❡

❞❡ ♠♦❞✉❧❛çã♦ ✵✱✾✳

✸✳✺ ❈♦♥❝❧✉sã♦

◆❡st❡ ❝❛♣ít✉❧♦✱ ❡st✉❞♦✉✲s❡ ♦ ❈❙❈ ❝♦♠♦ r❡t✐✜❝❛❞♦r✱ ✐♥✈❡rs♦r ❡ ❜❛❝❦✲t♦✲❜❛❝❦✳ ❖ ❡st✉❞♦

❞✐s❝♦rr❡✉ s♦❜r❡ ❛ ❡str❛té❣✐❛ ❞❡ ♠♦❞✉❧❛çã♦ P❲▼ ❛ss✐♠ ❝♦♠♦ ❛s ❡str❛té❣✐❛s ❞❡ ❝♦♥tr♦❧❡ ♣❛r❛

♦ ✐♥✈❡rs♦r ❡ ♣❛r❛ ♦ r❡t✐✜❝❛❞♦r✳ ❘❡❛❧✐③♦✉✲s❡ t❛♠❜é♠ ♦ ❡st✉❞♦ ❞♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦ ✐♥❞✉t♦r

❞❡ ❜❛rr❛♠❡♥t♦ ❈❈ ❡ ❞♦ ✜❧tr♦ ❈❆✳

❈♦♠ ❛s ❛♥á❧✐s❡s ❡❢❡t✉❛❞❛s✱ ✈❡r✐✜❝♦✉✲s❡ q✉❡ ♦ ❈❙❘ ♣♦ss✉✐ ❛çã♦ ❜✉❝❦ ❡♠ t❡♥sã♦ ❡ ❜♦♦st

❡♠ ❝♦rr❡♥t❡✱ ❡♥q✉❛♥t♦ q✉❡ ♦ ❈❙■ ♣♦ss✉✐ ❛çã♦ ❜♦♦st ❡♠ t❡♥sã♦ ❡ ❜✉❝❦ ❡♠ ❝♦rr❡♥t❡✳ ❆ss✐♠✱ ♦

❇✷❇ ❈❙❈ ♣♦ss✉✐ ❛çã♦ ❜✉❝❦✲❜♦♦st ❡♠ t❡♥sã♦ ❡ ❜♦♦st✲❜✉❝❦ ❡♠ ❝♦rr❡♥t❡✳

❆♦ ✜♥❛❧✱ ✈❡r✐✜❝♦✉✲s❡ ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦✱ ♣♦r s✐♠✉❧❛çõ❡s ❞♦ ❇✷❇ ❈❙❈✱ ♦❜t❡♥❞♦ ♦s r❡s✉❧✲

t❛❞♦s ❝♦♠ ❛ ✈❛r✐❛çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❡ ✈❡r✐✜❝❛♥❞♦ ❛s ❢♦r♠❛s ❞❡ ♦♥❞❛ ❞❛s ❝♦rr❡♥t❡s

❡ t❡♥sõ❡s✳ ❚❛♠❜é♠ é ❢❡✐t❛ ✉♠❛ ❝♦♠♣❛r❛çã♦ ❡♠ t❡r♠♦s ❞❡ ♣❡r❞❛s ❞♦s s❡♠✐❝♦♥❞✉t♦r❡s ❡

❚❍❉ ❞❛s ❝♦rr❡♥t❡s✳ ❱❡r✐✜❝♦✉✲s❡ q✉❡ ♥❡st❡ t✐♣♦ ❞❡ ❝♦♥✈❡rs♦r ❛s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ sã♦



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ✹✼

♠❡♥♦r❡s q✉❡ ❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ ❡ q✉❡ ♦ ❚❍❉ ❞❛s ❝♦rr❡♥t❡s ❞♦ ❧❛❞♦ ❞♦ ✐♥✈❡rs♦r sã♦

♠❛✐♦r❡s q✉❡ ❛s ❞♦ ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r✳

❈♦♠ ❡ss❡ ❝❛♣ít✉❧♦✱ ❝r✐♦✉✲s❡ ✉♠❛ ❜❛s❡ t❡ór✐❝❛ ♣❛r❛ ♦s ❈❙❈s✱ q✉❡ s❡rá ✉t✐❧✐③❛❞❛ ♣❛r❛

❛ ❝♦♠♣♦s✐çã♦ ❞♦ ❝♦♥✈❡rs♦r ❍í❜r✐❞♦ ❱❙❘✲❈❙■✱ ❡ ♣❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ❛

t♦♣♦❧♦❣✐❛ ♣r♦♣♦st❛ ❡ ❇✷❇ ❱❙❈✳
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❊♠ ❢♦♥t❡s ❞❡ ❡♥❡r❣✐❛s r❡♥♦✈á✈❡✐s ❝♦♥❡❝t❛❞❛s à r❡❞❡✱ ❝♦♠♦ ♦s s✐st❡♠❛s ❡ó❧✐❝♦s✱ ❛ ❝♦♥❡①ã♦

❞♦ ❝♦♥✈❡rs♦r ❢♦♥t❡ ❞❡ t❡♥sã♦ ♣♦r ✈❡③❡s ♥❡❝❡ss✐t❛ ❞❛ ✉t✐❧✐③❛çã♦ ❞❡ ✉♠ tr❛♥s❢♦r♠❛❞♦r ♦✉

✉♠ ❝♦♥✈❡rs♦r ❛❞✐❝✐♦♥❛❧ ❈❈✲❈❈ ❜♦♦st ♣❛r❛ ♣♦❞❡r r❡❛❧✐③❛r ❛ ❝♦♥❡①ã♦ ❝♦♠ ❛ r❡❞❡✱ ❞❡✈✐❞♦ à

❝❛r❛❝t❡ríst✐❝❛ ❜✉❝❦ ❞♦ ❱❙■✳ ◆❡st❡ ❝❛s♦✱ ♦ ❈❙■ ❧❡✈❛ ✈❛♥t❛❣❡♠ ❥á q✉❡ ♣♦ss✉✐ ❛ ❝❛r❛❝t❡ríst✐❝❛

❜♦♦st ❡♠ t❡♥sã♦✱ s❡♥❞♦ ❞❡s♥❡❝❡ssár✐♦ ♦ ❝♦♥✈❡rs♦r ❛❞✐❝✐♦♥❛❧ ❈❈✲❈❈ ❜♦♦st✳

❆ss✐♠✱ ♥❛ ♠❡❧❤♦r✐❛ ❞♦ ❝✉st♦ ❡ ❞❛ ❡①♣❡❝t❛t✐✈❛ ❞❡ ✈✐❞❛ ❞♦ ❝♦♥✈❡rs♦r ❞❡ ♣♦tê♥❝✐❛✱ ✉♠

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

❝✉rt♦✲❝✐r❝✉✐t♦✱ ❝❛r❛t❡ríst✐❝❛ ❜♦♦st ❞❡ t❡♥sã♦ ❡ ✉♠❛ ❡str✉t✉r❛ ❞❡ ✜❧tr♦ s✐♠♣❧❡s ♥♦ ❧❛❞♦ ❈❆✳

◆♦ ❡♥t❛♥t♦✱ ❛tr❛✐✉ ♠❡♥♦s ❛t❡♥çã♦ à ♣❡sq✉✐s❛✱ ❞❡✈✐❞♦ ❛♦ ❢❛t♦ ❞❡ q✉❡ ♣♦ss✉í ❞❡s✈❛♥t❛❣❡♥s ❡♠

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

❧❛❞♦ ❈❈ ✭❆❩▼■ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ❖✉tr♦ ♣♦♥t♦ ♥❡❣❛t✐✈♦ q✉❡ s❡ ♣♦❞❡ ♦❜s❡r✈❛r✱ é ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡

❝❛♣❛❝✐t♦r❡s ♥❛ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r✱ ❧♦❣♦ ❛♦ ❝♦♥❡❝t❛r ❛ ♠áq✉✐♥❛s ❡❧étr✐❝❛s é ♥❡❝❡ssár✐♦ ♦ ✉s♦

❞❡ss❡s ❝❛♣❛❝✐t♦r❡s✱ ❞✐❢❡r❡♥t❡♠❡♥t❡ ❞♦s ❝♦♥✈❡rs♦r❡s ❢♦♥t❡ ❞❡ t❡♥sã♦✱ q✉❡ ♣♦❞❡♠ s❡r ✉t✐❧✐③❛❞♦s

❞❡ ❢♦r♠❛ ❞✐r❡t❛✳

◆♦ ❡♥t❛♥t♦✱ ♦ ❱❙■ ♣r♦❞✉③ ✉♠❛ t❡♥sã♦ ❞❡ s❛í❞❛ q✉❡ ♣♦ss✉✐ ❛❧t❛ dv/dt ❡ ❛❧t♦ ❚❍❉✳ P♦r

♦✉tr♦ ❧❛❞♦✱ ♦ ❈❙■ ❢♦r♥❡❝❡ ♠❡❧❤♦r q✉❛❧✐❞❛❞❡ ❞❡ t❡♥sã♦ ❞❡ s❛í❞❛ ❡ ❞❡ ❢♦r♠❛s ❞❡ ♦♥❞❛ ❞❡ ❝♦rr❡♥t❡

❡ r❡❞✉③ ❤❛r♠ô♥✐❝♦s ❞❡ s❛í❞❛ ♣♦r ✜❧tr❛❣❡♠ ❞❡ t❡♥sã♦ ❞❡✈✐❞♦ ❛♦ ❝❛♣❛❝✐t♦r ❞❡ s❛í❞❛ ❞♦ ✐♥✈❡rs♦r✳

❈♦♠♣❛r❛❞♦ ❝♦♠ ♦ ❱❙❈✱ ♦ ❈❙❈ ♣r♦✈ê ✉♠❛ t♦♣♦❧♦❣✐❛ s✐♠♣❧❡s ❡ ❡①❝❡❧❡♥t❡ ✐♥t❡❣r❛çã♦ ❝♦♠ ❛

r❡❞❡✱ ❝♦♠ ❛ ❝♦rr❡♥t❡ s❡♥♦✐❞❛❧ ❡ ❝♦♥tr♦❧❡ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛✳ ❖ ❜❛rr❛♠❡♥t♦ ❈❈ ✐♥❞✉t✐✈♦

✹✽
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♣r♦✈❡ ✉♠❛ ♣r♦t❡çã♦ ♥❛t✉r❛❧ ❝♦♥tr❛ ❢❛❧t❛ ❞❡ ❝✉rt♦✲❝✐r❝✉✐t♦✱ ❥á q✉❡ ❧✐♠✐t❛ ♦ ❝r❡s❝✐♠❡♥t♦ ❛❜r✉♣t♦

❞❛ ❝♦rr❡♥t❡ ✭❉❆■ ❡t ❛❧✳✱ ✷✵✵✾✮✳

P❛r❛ ❛ ❝♦♥❡①ã♦ ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r✱ sã♦ ♠❛✐s ✉t✐❧✐③❛❞♦s ♦s ❱❙❈s ❞❡✈✐❞♦ ❛ ❝❛r❛❝t❡ríst✐❝❛

✐♥❞✉t✐✈❛ ❞❛s ♠áq✉✐♥❛s✱ q✉❡ ♣❡r♠✐t❡ q✉❡ ♦s ❱❙❈s ♣♦ss❛♠ s❡r ❝♦♥❡❝t❛❞♦s ❞✐r❡t❛♠❡♥t❡ s❡♠ ❛

♥❡❝❡ss✐❞❛❞❡ ❞♦ ✉s♦ ❞❡ ✉♠ ✜❧tr♦ ❈❆✳ ❏á ♣❛r❛ ❛ ❝♦♥❡①ã♦ ❝♦♠ ❛ r❡❞❡✱ ♦s ❈❙❈s sã♦ ✉♠❛ ♠❡❧❤♦r

s♦❧✉çã♦ ❞♦ q✉❡ ♦s ❱❙❈s✱ ♣♦✐s ♣❛r❛ ❛ ❝♦♥❡①ã♦ ❞♦ ❱❙■ ❝♦♠ à r❡❞❡ é ♥❡❝❡ssár✐♦ ♦ ✉s♦ ❞❡ ✉♠

✜❧tr♦ ▲❈▲ ❡ ❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞♦ ❝♦♥tr♦❧❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ é ♠❛✐s ❝♦♠♣❧❡①❛✱ ✈✐st♦ q✉❡✱

é ♥❡❝❡ssár✐♦ ❛ ✉t✐❧✐③❛çã♦ ❞♦ ❝♦♥tr♦❧❡ ✐♥❞✐r❡t♦ ❞❛s ❝♦rr❡♥t❡s ✭✈❡r ❛ s❡çã♦ ❈❛♣ít✉❧♦ ✷✮✳ P❛r❛

♦ ❈❙■ ♦ ❝♦♥tr♦❧❡ é ❢❡✐t♦ ❞❡ ❢♦r♠❛ ❞✐r❡t❛ ❡ ❤á ❛ ♥❡❝❡ss✐❞❛❞❡ ❛♣❡♥❛s ❞❡ ✉♠ ✜❧tr♦ ❈▲✱ ♦ q✉❡

❡❧✐♠✐♥❛r✐❛ ❛ ✉t✐❧✐③❛çã♦ ❞❡ três ❝♦♠♣♦♥❡♥t❡s✳

❉❡st❛ ❢♦r♠❛✱ ❡st❡ tr❛❜❛❧❤♦ ✈✐s❛ r❡❛❧✐③❛r ♦ ❡st✉❞♦ ❞❛ ✉♥✐ã♦ ❡♥tr❡ ♦ ❱❙❈ ❡ ♦ ❈❙❈ ❞❡ ❢♦r♠❛

❛ ♦❜t❡r ✈❛♥t❛❣❡♥s ❞❡ ❛♠❜♦s ♦s ❝♦♥✈❡rs♦r❡s✱ ♦ q✉❡ t❛♠❜é♠ ❡❧✐♠✐♥❛ ❞❡s✈❛♥t❛❣❡♥s ❞❡ ❛♠❜♦s✱

❢❛③❡♥❞♦ ❝♦♠ q✉❡ ❛ ✉t✐❧✐③❛çã♦ ❞❡ss❡s ❝♦♥✈❡rs♦r❡s ♣❛r❛ ♦s s✐st❡♠❛s ❞❡ ❣❡r❛çã♦ ❞❡ ❡♥❡r❣✐❛ ❡ó❧✐❝❛

s❡❥❛♠ ❝❛❞❛ ✈❡③ ♠❛✐s ❡①♣❧♦r❛❞❛✳

P❛r❛ ♦s ❡st✉❞♦s s❡rã♦ ❝♦♥s✐❞❡r❛❞♦s✿ í♥❞✐❝❡ g r❡❢❡r❡♥t❡ ❛♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r✱ s ❛♦ ❧❛❞♦ ❞❛

r❡❞❡✱ r ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r✱ i ❧❛❞♦ ❞♦ ✐♥✈❡rs♦r✱ f ❛♦s ❝♦♠♣♦♥❡♥t❡s ❞❡ ✜❧tr♦✱ ❝❝ ❛s ✈❛r✐á✈❡✐s

❝♦♥tí♥✉❛s ❡ ❝❛ ❛s ✈❛rá✈❡✐s ❛❧t❡r♥❛❞❛s✳ ❆ss✐♠✱ vjs e ijs, para j = 1, 2, 3 r❡♣r❡s❡♥t❛♠ ❛s t❡♥sõ❡s

❡ ❝♦rr❡♥t❡s ❞♦ ❧❛❞♦ ❞❛ r❡❞❡❀ vjg e ijg, para j = 1, 2, 3 ❛s t❡♥sõ❡s ❡ ❝♦rr❡♥t❡s ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r❀

vjr e ijr, para j = 1, 2, 3 ❛s t❡♥sõ❡s ❡ ❝♦rr❡♥t❡s ❞♦ ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r❀ vji e iji, para j = 1, 2, 3

❛s t❡♥sõ❡s ❡ ❝♦rr❡♥t❡s ❞♦ ❧❛❞♦ ❞♦ ✐♥✈❡rs♦r❀ Vcc ❡ Icc ❛ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦❀ Lcc

♦ ✐♥❞✉t♦r ❞❡ ❜❛rr❛♠❡♥t♦ ❈❈❀ Ccc ♦ ❝❛♣❛❝✐t♦r ❞❡ ❜❛rr❛♠❡♥t♦ ❈❈❀ Lfs✱ Lfg✱ Lfi ❡ Lfr ❛s

✐♥❞✉tâ♥❝✐❛s ❞♦ ❧❛❞♦ ❞❛ r❡❞❡✱ ❣❡r❛❞♦r✱ ✐♥✈❡rs♦r ❡ r❡t✐✜❝❛❞♦r✱ r❡s♣❡❝t✐✈❛♠❡♥t❡ ❡ Cf ♦ ❝❛♣❛❝✐t♦r

❞❡ ✜❧tr♦✳

❖ s✐st❡♠❛ ❝♦♥s✐st❡ ❞❡ ✉♠ ❡stá❣✐♦ r❡t✐✜❝❛❞♦r ❢♦♥t❡ ❞❡ t❡♥sã♦ ❱❙❘✱ ❝♦♥❡❝t❛❞♦ ❛ ✉♠

✐♥✈❡rs♦r ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ ❈❙■ ❛tr❛✈és ✉♠ ❜❛rr❛♠❡♥t♦ ❈❈ ❝❛♣❛❝✐t✐✈♦ ❞♦ ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r

❡ ✐♥❞✉t✐✈♦ ❞♦ ❧❛❞♦ ❞♦ ✐♥✈❡rs♦r✳ P❛r❛ ❛ ❝♦♥❡①ã♦ ❞♦s ❝♦♥✈❡rs♦r❡s ❛♦ ❣❡r❛❞♦r ❡ à r❡❞❡ sã♦

✉t✐❧✐③❛❞♦s ♦s ✜❧tr♦s ❈❆✳ ❆ t♦♣♦❧♦❣✐❛ ❞♦ ❝♦♥✈❡rs♦r ❍í❜r✐❞♦ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✹✳✶✳

❈♦♠♦ ♦ ❱❙❘ ♣♦ss✉✐ ❛çã♦ ❜♦♦st ❡♠ t❡♥sã♦ ❡ ♦ ❈❙■ t❛♠❜é♠✱ ♦ ❝♦♥✈❡rs♦r ❤í❜r✐❞♦ ♣r♦♣♦st♦

t❡♠ ❛ ❛çã♦ ❜♦♦st✲❜♦♦st✱ ❡ss❛ t♦♣♦❧♦❣✐❛ ❤í❜r✐❞❛ ♣♦❞❡ tr❛③❡r ♠❛✐s ❢❛❝✐❧✐❞❛❞❡ ❞❡ ❝♦♥❡①ã♦ ❝♦♠

à r❡❞❡✱ ❞❡✈✐❞♦ ❛♦ ❢❛t♦ ❞❡ ♣♦❞❡r ✉t✐❧✐③❛r ✉♠ ❣❡r❛❞♦r ❝♦♠ ✉♠❛ t❡♥sã♦ ♠❛✐s ❜❛✐①❛ q✉❡ à r❡❞❡
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❡❧étr✐❝❛✳

❖ ❱❙❘ é r❡s♣♦♥sá✈❡❧ ♣♦r r❡❛❧✐③❛r ♦ ❝♦♥tr♦❧❡ ❞❛ ♣♦tê♥❝✐❛ ❛t✐✈❛ ❡ ❞❛ ♣♦tê♥❝✐❛ r❡❛t✐✈❛ ❞♦

❧❛❞♦ ❞♦ ❣❡r❛❞♦r✱ ❡♥q✉❛♥t♦ q✉❡ ♦ ❈❙■ ❝♦♥tr♦❧❛ ❛ t❡♥sã♦ ❞❡ ❜❛rr❛♠❡♥t♦ ❈❈✱ ♠❛♥t❡♥❞♦ ♦ í♥❞✐❝❡

❞❡ ♠♦❞✉❧❛çã♦ ✜①♦ ❞❛ ❝♦rr❡♥t❡✳

❖ ❝♦♥✈❡rs♦r ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r é ♦ r❡t✐✜❝❛❞♦r ❢♦♥t❡ ❞❡ t❡♥sã♦ ✭❱❙❘✮ ❛♣r❡s❡♥t❛❞♦ ♥♦

❈❛♣ít✉❧♦ ✷✳ ❆ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡✱ P❲▼ ❡ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦s ❝♦♠♣♦♥❡♥t❡s ✉t✐❧✐③❛❞♦s

♥♦ r❡t✐✜❝❛❞♦r ❢♦♥t❡ ❞❡ t❡♥sã♦ ✭❱❙❘✮ sã♦ t❛♠❜é♠ ✉t✐❧✐③❛❞♦s ♣❛r❛ ♦ r❡t✐✜❝❛❞♦r ❞♦ ❝♦♥✈❡rs♦r

❤í❜r✐❞♦✳ P♦ré♠✱ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ❞♦ ❧❛❞♦ ❞❛ r❡❞❡ q✉❡ é ♦ ✐♥✈❡rs♦r ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ ✭❈❙■✮✱

❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ❡ P❲▼ sã♦ ♠♦❞✐✜❝❛❞❛s ❞❡ ♠♦❞♦ ❛ ❛❞❡q✉❛r ♦ ❝♦♥tr♦❧❡ ♣❛r❛ q✉❡ ❛

t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ s❡❥❛ ❝♦♥tr♦❧❛❞❛✳

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

❈❈✱ ❞❡ ♠♦❞♦ ❛ tr❛♥s❢❡r✐r ❛ ♠á①✐♠❛ ♣♦tê♥❝✐❛ ♦❜t✐❞❛ ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r✳

❖ ❝♦♥tr♦❧❡ ❞❛ t❡♥sã♦ ❞❡ ❜❛rr❛♠❡♥t♦ ❈❈ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✷✱ ❛❥✉st❛ ❛ ❞❡❢❛s❛❣❡♠ δ

❡♥tr❡ ❛ r❡❞❡ ❡ ❛ s❛í❞❛ ❞♦ ❈❙■✱ ❞❡ ♠♦❞♦ ❛ ♦❜t❡r ❛ ♠á①✐♠❛ ♣♦tê♥❝✐❛ tr❛♥s❢❡r✐❞❛ ❞♦ ❣❡r❛❞♦r

♣❛r❛ à r❡❞❡✳ ❆ss✐♠✱ ♦ â♥❣✉❧♦ δ r❡♣r❡s❡♥t❛ ♦ â♥❣✉❧♦ ❞❡ ♣♦tê♥❝✐❛ ❡♥tr❡ ❛ r❡❞❡ ❡ ♦ ❝♦♥✈❡rs♦r ❡ é

s✉❜tr❛í❞♦ ❛♦ â♥❣✉❧♦ θs✱ q✉❡ é ❝❛❧❝✉❧❛❞♦ ♣❡❧♦ P▲▲✱ ♦ â♥❣✉❧♦ r❡s✉❧t❛♥t❡ é ✉s❛❞♦ ♣❛r❛ ❝♦♥tr♦❧❡

❞♦ P❲▼ ❞♦ ❈❙■✳ ❊st❡ ❝♦♥tr♦❧❡ t❛♠❜é♠ ❞❡✜♥❡ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞❛ ❝♦rr❡♥t❡ ✜①♦✱ ❞❡

♣r❡❢❡rê♥❝✐❛ ✉♥✐tár✐♦ ♣❛r❛ s❡ t❡r ❛ ♠❡♥♦r ❝♦rr❡♥t❡ ❞❡ ❜❛rr❛♠❡♥t♦✱ ❛✜♠ ❞❡ ❞✐♠✐♥✉✐r ❛s ♣❡r❞❛s

♣♦r ❝♦♥❞✉çã♦ ❡①✐st❡♥t❡s✳

❊ss❡♥❝✐❛❧♠❡♥t❡✱ ♦ ❝♦♥tr♦❧❡ ❝♦♥s✐st❡ ♥❛ ❝♦♠♣❛r❛çã♦ ❞❛ t❡♥sã♦ ❈❈ ♠❡❞✐❞❛ ❝♦♠ ❛ t❡♥sã♦

❞❡ r❡❢❡rê♥❝✐❛✱ ❡ ♦ r❡s✉❧t❛❞♦ ❞❡st❛ ❝♦♠♣❛r❛çã♦ ❣❡r❛ ✉♠ s✐♥❛❧ ❞❡ ❡rr♦✱ q✉❡ ♣♦r s✉❛ ✈❡③ ♣❛ss❛
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♣♦r ✉♠ ❝♦♥tr♦❧❛❞♦r P■ ❡ ❣❡r❛ ♦ s✐♥❛❧ δ✳

❆♦ ❝♦♥trár✐♦ ❞♦ ❈❙❈✱ ❛♦ ✉t✐❧✐③❛r ♦ ❝♦♥tr♦❧❡ ❞✐r❡t♦ ♣❛r❛ ❝♦♥tr♦❧❛r ❛ t❡♥sã♦ ❞❡ ❜❛rr❛♠❡♥t♦

❈❈ ♥♦ ❱❙❈✱ ❝♦♥st❛t♦✉✲s❡ s❡r ✐♥✈✐á✈❡❧✱ ✈✐st♦ q✉❡ ♦ ❝♦♥tr♦❧❡ ♥ã♦ ♣❡r♠✐t❡ q✉❡ ❛s ♣♦tê♥❝✐❛s

s❡❥❛♠ ❝♦♥tr♦❧❛❞❛s ❞❡ ❢♦r♠❛ ❝♦♥❥✉♥t❛✱ ❣❡r❛♥❞♦ ✉♠ ❜❛✐①♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ✭❇❖❘●❊❙✱ ✷✵✶✵✮✳

❉❡ss❛ ❢♦r♠❛✱ ❛♦ ✉t✐❧✐③❛r ♦ ❱❙■✱ ✉t✐❧✐③❛✲s❡ ♦ ❝♦♥tr♦❧❡ ✈❡t♦r✐❛❧ ❞❛ ❝♦rr❡♥t❡ q✉❡ ♣❡r♠✐t❡ q✉❡ ❛s

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

❆ss✐♠✱ ❛♦ ❝♦♠♣❛r❛r ❛♠❜♦s ♦s ❝♦♥tr♦❧❡s ♣❛r❛ ♦ ❈❙■ ❡ ♣❛r❛ ♦ ❱❙■✱ ♥♦t❛✲s❡ q✉❡ ♦ ❝♦♥tr♦❧❡

♣❛r❛ ♦ ❈❙■ ♣♦❞❡ s❡r ✐♠♣❧❡♠❡♥t❛❞♦ ❞❡ ❢♦r♠❛ ❞✐r❡t❛✱ é ♠❛✐s s✐♠♣❧❡s ❞❡ s❡r ✉t✐❧✐③❛❞♦✳ ❏á ♣❛r❛

♦ ❱❙■✱ é ♥❡❝❡ssár✐♦ ❛♣❧✐❝❛r ♦ ❝♦♥tr♦❧❡ ✈❡t♦r✐❛❧ ❞❛ ❝♦rr❡♥t❡✱ t♦r♥❛♥❞♦✲♦ ♠❛✐s ❝♦♠♣❧❡①♦✱ ✈✐st♦

q✉❡ ❤á ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ s❡ t❡r ❞✉❛s ♠❛❧❤❛s ❛ ♠❛✐s ❞❡ ❝♦♥tr♦❧❡✱ t♦r♥❛♥❞♦✲♦ t❛♠❜é♠ ♠❛✐s

❧❡♥t♦✳

❆ ❞✐❢❡r❡♥ç❛ ❞♦ P❲▼ ❛♣r❡s❡♥t❛❞♦ ♥♦ ❈❛♣ít✉❧♦ ✸ ♣❛r❛ ♦ ✉t✐❧✐③❛❞♦ ♥♦ ❝♦♥✈❡rs♦r ❤í❜r✐❞♦

é q✉❡ ❛♦ ✐♥✈és ❞❡ ♠✉❧t✐♣❧✐❝❛r ❛ ♦♥❞❛ tr✐❛♥❣✉❧❛r ♣❡❧❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❝♦♠♦ ♠♦str❛

❛ ❋✐❣✉r❛ ✸✳✸✱ ♦ ✈❛❧♦r ❞❡ r❡❢❡rê♥❝✐❛ ❞❛ ❝♦rr❡♥t❡ ❥á é ♦ ♣ró♣r✐♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✱ ❧♦❣♦ ❛

❝♦♠♣❛r❛çã♦ ❝♦♠ ❛ tr✐❛♥❣✉❧❛r s❡rá ❛♣❡♥❛s ❞❡ ✵ ❛ ✶✳
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✹✳✶ ❘❡s✉❧t❛❞♦s ❞♦ ❈♦♥✈❡rs♦r ❍í❜r✐❞♦ ❱❙❘✲❈❙■

❈♦♠♦ ✈✐st♦✱ ❛ ✉♥✐ã♦ ❞♦ ❱❙❘ ❝♦♠ ♦ ❈❙■ ❢♦r♥❡❝❡ ✉♠❛ ❛çã♦ ❜♦♦st✲❜♦♦st ❡♠ t❡♥sã♦✳ ❯t✐❧✐✲

③❛♥❞♦ ❛ ❛♥á❧✐s❡ ❞❡ ❣❛♥❤♦ ❞❡ t❡♥sã♦ ✭t❡♥sã♦ ❞❡ s❛í❞❛✴t❡♥sã♦ ❞❡ ❡♥tr❛❞❛✮ ♥♦ ❡stá❣✐♦ r❡t✐✜❝❛❞♦r

❡ ✐♥✈❡rs♦r✱ ♦❜tê♠✲s❡ ❛ r❡❧❛çã♦ ❞❡ ❣❛♥❤♦ ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ ♣r♦♣♦st❛ ✭❍í❜r✐❞♦ ❱❙❘✲❈❙■✮✱ ❛♣r❡✲

s❡♥t❛❞❛ ♥❛ ❊q✉❛çã♦ ✭✹✳✶✮✱ q✉❡ s❡rá ❡①♣❧♦r❛❞❛ ❝♦♠ ♠❛✐♦r ❞❡t❛❧❤❛♠❡♥t♦ ♥♦ ❈❛♣ít✉❧♦ ✺✳

Gth =
V1s

V1g

=
4

3mhrmhi

, ✭✹✳✶✮

♦♥❞❡ Gth é ♦ ❣❛♥❤♦ ❞❡ t❡♥sã♦ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ❤í❜r✐❞♦✱ mhr r❡♣r❡s❡♥t❛ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦

❞♦ ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r ❡ mhi ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞♦ ❧❛❞♦ ❞♦ ✐♥✈❡rs♦r✳

❖ s✐st❡♠❛ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✸✱ é s✐♠✉❧❛❞♦ ❡ é ❡♥tã♦ ✈❡r✐✜❝❛❞♦ ❛s ❢♦r♠❛s ❞❡ ♦♥❞❛

❞❛s t❡♥sõ❡s ❡ ❝♦rr❡♥t❡s ❈❆ ❡ ❈❈✱ ♠♦str❛❞❛s ♥❛ ❋✐❣✉r❛ ✹✳✹✳ P❛r❛ t❛❧✱ ❝♦♥s✐❞❡r♦✉✲s❡ ✉♠

❣❛♥❤♦ ❞❡ t❡♥sã♦ ✸✸✪ ✭Gth ❂ ✶✱✸✸✮ ❡ ❞❡ ✺✵✪ ✭Gth ❂ ✶✱✺✵✮✳ ❖s ♣❛râ♠❡tr♦s ✉t✐❧✐③❛❞♦s ♣❛r❛ ❛

r❡❛❧✐③❛çã♦ ❞❛s s✐♠✉❧❛çõ❡s s❡ ❡♥❝♦♥tr❛ ♥❛ ❚❛❜❡❧❛ ✹✳✶✳

❋✐❣✉r❛ ✹✳✸✿ ❈♦♥✈❡rs♦r ❍í❜r✐❞♦ ❱❙❈✴❈❙❈✳
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❚❛❜❡❧❛ ✹✳✶✿ P❛râ♠❡tr♦s ❞♦ ❝♦♥✈❡rs♦r ❍í❜r✐❞♦ ❱❙❘✲❈❙■✳

P❛râ♠❡tr♦s ❱❛❧♦r❡s
❚❡♥sã♦ ❞❡ ❢❛s❡ ❘▼❙ ✭V1,rms✮ 110 ❱

P♦tê♥❝✐❛ tr✐❢ás✐❝❛ ♥♦♠✐♥❛❧ ✭P3φ✮ 1, 5 ❦❲
❋r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ✭fch✮ 10 ❦❍③
❈❛♣❛❝✐t♦r ❞❡ ❜❛rr❛♠❡♥t♦ ❈❈ ✭Ccc✮ 150 µ❋

❈❛♣❛❝✐t♦r ❞❡ ✜❧tr♦ ❈❆ ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r ✭Cfg✮ 15 µ❋
■♥❞✉t♦r ❞❡ ✜❧tr♦ ❈❆ ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r ✭Lfg✮ 3m ❍

■♥❞✉t♦r ❞❡ ❜❛rr❛♠❡♥t♦ ❈❈ ✭Lcc✮ 5 mH
❈❛♣❛❝✐t♦r ❞❡ ✜❧tr♦ ❈❆ ❞♦ ❧❛❞♦ ❞❛ r❡❞❡ ✭Cfs✮ 15 µ❋
■♥❞✉t♦r ❞❡ ✜❧tr♦ ❈❆ ❞♦ ❧❛❞♦ ❞❛ r❡❞❡ ✭Lfs✮ ✸ ♠❍

❖ ❣❛♥❤♦ ❞❡ t❡♥sã♦ ♠á①✐♠♦ ♣❡r♠✐t✐❞♦ ❛ss♦❝✐❛❞♦ à ❛çã♦ ❞❡ ❜♦♦st✲❜♦♦st ❞♦ ❝♦♥✈❡rs♦r

❤í❜r✐❞♦ é ❞❡♣❡♥❞❡♥t❡ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞❛ t❡♥sã♦ ❡ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞❛ ❝♦rr❡♥t❡✱

♥♦ ❡♥t❛♥t♦ ❞❡✈❡✲s❡ ❤❛✈❡r ✉♠ ❧✐♠✐t❛❞♦r ❞❡ t❡♥sã♦ ♣❛r❛ ♦s ❣❛♥❤♦s ❡♠ q✉❡stã♦✳
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✭❞✮ ❈❙■ ❝♦♠ ❣❛♥❤♦ ❞❡ t❡♥sã♦ ✺✵✪✳

◆❛s ❋✐❣✉r❛s ✹✳✹ ✭❛✮ ❡ ✭❝✮✱ sã♦ ♦❜s❡r✈❛❞❛s ❛s ❝✉r✈❛s ❞❡ t❡♥sõ❡s ❡ ❝♦rr❡♥t❡ ♣❛r❛ ♦ ❱❙❘✱ ❡

♥♦t❛✲s❡ ♦ ❡❢❡✐t♦ ❜♦♦st ❞❛s t❡♥sõ❡s ❡ ❜✉❝❦ ❞❛s ❝♦rr❡♥t❡s✳ ◆❛ ❋✐❣✉r❛ ✹✳✹ ✭❛✮ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉✲

❧❛çã♦ ❞♦ ❱❙❘ é ✉♥✐tár✐♦ ❞♦ ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r✱ ❥á ♥❛ ❋✐❣✉r❛ ✹✳✹ ✭❝✮ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦

é ✵✱✽ ❞♦ ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r✳ ❚❛♠❜é♠ ♥♦t❛✲s❡ q✉❡✱ q✉❛♥t♦ ♠❛✐♦r ♦ ❣❛♥❤♦ ♠❛✐♦r ❛ ❝♦rr❡♥t❡ ❡

♠❡♥♦r ♦ ❚❍❉✱ ✈✐st♦ q✉❡ ♣❛r❛✲s❡ ♦❜t❡r ✉♠ ❣❛♥❤♦ ♠❛✐♦r ✜①❛♥❞♦ ❛ t❡♥sã♦ ❞❡ s❛í❞❛ ❡ ♠❛♥t❡♥❞♦

❛ ♣♦tê♥❝✐❛ ❝♦♥st❛♥t❡✱ ❛ ❝♦rr❡♥t❡ ❞❡✈❡rá ❛✉♠❡♥t❛r ♣❛r❛ ♠❛♥t❡r ♦ ❜❛❧❛♥❝❡❛♠❡♥t♦ ❞❡ ♣♦tê♥❝✐❛✳

◆❛s ❋✐❣✉r❛s ✹✳✹ ✭❜✮ ❡ ✭❞✮✱ ♥♦t❛✲s❡ q✉❡ t❛♥t♦ ♣❛r❛ ♦ ❣❛♥❤♦ ❞❡ ✸✸✪ q✉❛♥t♦ ♣❛r❛ ♦ ❣❛♥❤♦

❞❡ ✺✵✪✱ ❛s ❢♦r♠❛s ❞❡ ♦♥❞❛ ♣❡r♠❛♥❡❝❡r❛♠ ✐♥❛❧t❡r❛❞❛s✱ ✈✐st♦ q✉❡ ❛ t❡♥sã♦ ♣❛r❛ ❡ss❡s ❝❛s♦s s❡

♠❛♥t❡✈❡ ❝♦♥st❛♥t❡ ❞❡ ✶✶✵ ❱✳ ➱ ♦❜s❡r✈❛❞♦ t❛♠❜é♠ ♦ ❣❛♥❤♦ ❞❡ t❡♥sã♦ q✉❡ s❡ ♦❜tê♠ ❞♦ ❧❛❞♦

❞❛ r❡❞❡ ❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r✳
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✹✳✷ ❆♥á❧✐s❡ ❞❛ ❱❛r✐❛çã♦ ❞❡ ●❛♥❤♦

❉❡✈✐❞♦ à ❛♠♣❧❛ ❣❛♠❛ ❞❡ ♦♣❡r❛çã♦ q✉❡ ♦ ❝♦♥✈❡rs♦r ❍í❜r✐❞♦ ❱❙❘✲❈❙■ ♣♦❞❡ ♦♣❡r❛r✱ ❢♦✐

❢❡✐t❛ ✉♠❛ ❛♥á❧✐s❡ ❞❛ ✈❛r✐❛çã♦ ❞❡ ❣❛♥❤♦ ✭1.33 ≤ Gvsr−csi ≤ 2.0✮ ❝♦♠ ♣❛ss♦ ❞❡ ✵✱✵✵✺ ❡ ❧✐♠✐t❡s

❞❡ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞❡ 0.7 ≤ mhr ≤ 1 ❡ 0.7 ≤ mhi ≤ 1✳ ❉♦ q✉❛❧✱ ♣❛r❛ ❝❛❞❛ ✈❛❧♦r

❞❡ ❣❛♥❤♦✱ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞❛ ❝♦rr❡♥t❡ ✭mhi✮ ❢♦✐ ✈❛r✐❛❞♦✱ ❡♥q✉❛♥t♦ q✉❡ ♦ í♥❞✐❝❡ ❞❡

♠♦❞✉❧❛çã♦ ❞❛ t❡♥sã♦ ✭mhr✮ é ❝❛❧❝✉❧❛❞♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❊q✉❛çã♦ ✹✳✶✳ ❈♦♠♦ ♦s ❧✐♠✐t❡s ❢♦r❛♠

❞❡✜♥✐❞♦s ❞❡ ✵✱✼ ❡ ✶✱✵ ♣❛r❛ mhr✱ ♣❛r❛ ❝❡rt♦s ✈❛❧♦r❡s ♦❜t✐❞♦s ♦ ✈❛❧♦r ❡stá s❛t✉r❛❞♦✳

◆❛ ❋✐❣✉r❛ ✹✳✺ sã♦ ♠♦str❛❞♦s ♦s ❣rá✜❝♦s ❞♦s ✈❛❧♦r❡s ♠í♥✐♠♦s ❡ ♠á①✐♠♦s ❞❡ THDr ❡ THDi

❝♦♠ ❛ ✈❛r✐❛çã♦ ❞♦ ❣❛♥❤♦✱ ❡ ♦s ✈❛❧♦r❡s ❞❡ í♥❞✐❝❡s ❞❡ ♠♦❞✉❧❛çã♦ ✭mhi ❡ mhr✮ ❡q✉✐✈❛❧❡♥t❡s ❞❡

❝❛❞❛ ✈❛❧♦r ♠í♥✐♠♦✳ ◆❡st❡ ❝❛s♦✱ ♥❛ ❋✐❣✉r❛ ✹✳✺✭❛✮ ♦❜s❡r✈❛✲s❡ q✉❡ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ✈❛r✐❛çã♦

❞♦ ❣❛♥❤♦ ♦s ✈❛❧♦r❡s ❞❡ THDi ✈ã♦ ❛✉♠❡♥t❛♥❞♦ ❡ ✐ss♦ s❡ ❞á ♣❡❧♦ ❢❛❧♦ ❞❛ ❞✐♠✐♥✉✐çã♦ ❞♦s

í♥❞✐❝❡s ❞❡ ♠♦❞✉❧❛çã♦✳ ❏á ♥❛ ❋✐❣✉r❛ ✹✳✺✭❝✮ ♦s ✈❛❧♦r❡s ❞❡ THDr ✈ã♦ ❞✐♠✐♥✉✐♥❞♦ ♠❡s♠♦ ❝♦♠

❛ ❞✐♠✐♥✉✐çã♦ ❞♦s í♥❞✐❝❡s ❞❡ ♠♦❞✉❧❛çã♦✱ ❡ q✉❡ ❛s s✉❛s ❝♦♥❞✐çõ❡s sã♦ ❧✐♠✐t❛❞❛s✱ ✈✐st♦ q✉❡

❛ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞♦ ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r ❢♦✐ s❛t✉r❛❞♦✳ ◆❛ ❋✐❣✉r❛ ✹✳✺✭❜✮ ❡ ✭❞✮ sã♦

❛♣r❡s❡♥t❛❞♦s ♦s ✈❛❧♦r❡s ♠á①✐♠♦s ❞❡ THDi ❡ THDr✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❞♦ q✉❛❧ ♣❛r❛ THDi ♦s

✈❛❧♦r❡s ✈ã♦ ❛✉♠❡♥t❛♥❞♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❣❛♥❤♦ ❡ ❥á ♥♦ THDr ♦❝♦rr❡ ♦ ♠❡s♠♦ q✉❡ ♦ ❝❛s♦

❛♥t❡r✐♦r✱ ❞♦ q✉❛❧ ♦ ✈❛❧♦r ❞❡ ❚❍❉ ✈❛✐ ❞✐♠✐♥✉✐♥❞♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞♦ ❣❛♥❤♦✳

◆❛ ❋✐❣✉r❛ ✹✳✻ sã♦ ♠♦str❛❞♦s ♦s ❣rá✜❝♦s ❞♦s ✈❛❧♦r❡s ♠í♥✐♠♦s ❡ ♠á①✐♠♦s ❞❡ Pc✱ Pch ❡ Pt

❝♦♠ ❛ ✈❛r✐❛çã♦ ❞♦ ❣❛♥❤♦✱ ❡ ♦s ✈❛❧♦r❡s ❞❡ í♥❞✐❝❡s ❞❡ ♠♦❞✉❧❛çã♦ ✭mhi ❡ mhr✮ ❡q✉✐✈❛❧❡♥t❡s✳ ◆❛s

❋✐❣✉r❛s ✹✳✻✭❛✮ ❡ ✭❜✮ ♦❜s❡r✈❛✲s❡ q✉❡ ❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ ❝r❡s❝❡♠ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞♦ ❣❛♥❤♦

❞❡ t❡♥sã♦✱ ❡ q✉❡ ❛s ♠❡♥♦r❡s ♣❡r❞❛s s❡ sã♦ q✉❛♥❞♦ mhi = 1 ❡ mhr = 1✱ ❡♠ ❝♦♥tr❛♣❛rt✐❞❛✱ ❛s

♠❛✐♦r❡s ♣❡r❞❛s s❡ ❞ã♦ ♣❛r❛ mvr = 1 ❡ mci ♠í♥✐♠♦✳ ❊♠ r❡❧❛çã♦ ❛s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦✱

♥♦t❛✲s❡ ♥❛s ❋✐❣✉r❛s ✹✳✻✭❝✮ ❡ ✭❞✮ q✉❡ ❛s ♠❡♥♦r❡s ♣❡r❞❛s s❡ ❞ã♦ q✉❛♥❞♦ mhr ❡stá ❝♦♠ s♦❜r❡

♠♦❞✉❧❛çã♦ ❡ ❛s ♠❛✐♦r❡s q✉❛♥❞♦ mci = 1✳

❊♠ ❝♦♥s❡q✉ê♥❝✐❛s ❞❛s ❛♥á❧✐s❡s ❛♥t❡r✐♦r❡s✱ tê♠✲s❡ ❛s ♣❡r❞❛s t♦t❛✐s ✭❋✐❣✉r❛ ✹✳✻✭❡✮ ❡ ✭❢✮✮

♠í♥✐♠❛s ❡ ♠á①✐♠❛s✱ ❡ss❛s ♣❡r❞❛s ❛✉♠❡♥t❛♠ ❝♦♠ ♦ ❛ ✈❛r✐❛çã♦ ❞♦ ❣❛♥❤♦✱ s❡♥❞♦ ❛s ♣❡r❞❛s ♠í✲

♥✐♠❛s ❛✉♠❡♥t❛❞❛s ❡♠ ❝♦♥s❡q✉ê♥❝✐❛ ❞❛ ❞✐♠✐♥✉✐çã♦ ❞♦s í♥❞✐❝❡s ❞❡ ♠♦❞✉❧❛çã♦✳ ❏á ❛s ♠❛✐♦r❡s

♣❡r❞❛s s❡ ❡♥❝♦♥tr❛♠ q✉❛♥❞♦ mci é ♠í♥✐♠♦✳

◆❛ ❋✐❣✉r❛ ✹✳✼ sã♦ ♠♦str❛❞♦s ♦s ❣rá✜❝♦s ❞♦s ✈❛❧♦r❡s ♠í♥✐♠♦s ❡ ♠á①✐♠♦s ❞❡ THDi ❡

THDr ❝♦♠ ❛ ✈❛r✐❛çã♦ ❞♦ ❣❛♥❤♦✱ ❡ ♦s ✈❛❧♦r❡s ❞❛s ❞❡♠❛✐s ❣r❛♥❞❡③❛s ❝♦rr❡s♣♦♥❞❡♥t❡s ❛♦ ✈❛❧♦r
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✭❞✮ THDr ♠á①✐♠♦✳

♠í♥✐♠♦ ♦✉ ♠á①✐♠♦ ♦❜t✐❞♦✳

◆❛ ❋✐❣✉r❛ ✹✳✽ sã♦ ♠♦str❛❞♦s ♦s ❣rá✜❝♦s ❞♦s ✈❛❧♦r❡s ♠í♥✐♠♦s ❡ ♠á①✐♠♦s ❞❡ Pc✱ Pch ❡ Pt

❝♦♠ ❛ ✈❛r✐❛çã♦ ❞♦ ❣❛♥❤♦✱ ❡ ♦s ✈❛❧♦r❡s ❞❛s ❞❡♠❛✐s ❣r❛♥❞❡③❛s ❝♦rr❡s♣♦♥❞❡♥t❡s ❛♦ ✈❛❧♦r ♠í♥✐♠♦

♦✉ ♠á①✐♠♦ ♦❜t✐❞♦✳

P♦r ✜♠✱ ♥❛ ❋✐❣✉r❛ ✹✳✾ é ✐❧✉str❛❞♦ ❛s ❝✉r✈❛s ❞♦s ✈❛❧♦r❡s ♠é❞✐♦s ♦❜t✐❞♦s ❞❡ THDi✱ THDr✱

Pc✱ Pch ❡ Pt✳ ◆♦t❛✲s❡ q✉❡ ❛s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ sã♦ ♠❡♥♦r❡s q✉❡ ❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦✱

❡ q✉❡ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞♦ ❣❛♥❤♦ ❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ t❡♥❞❡♠ ❛ ❛✉♠❡♥t❛r✱ ❥á ❛s

♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ s❡ ❡st❛❜✐❧✐③❛♠✳ ◆♦ ❡♥t❛♥t♦✱ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❛ t❡♥sã♦✱ ❛s ♣❡r❞❛s ♣♦r

❝❤❛✈❡❛♠❡♥t♦ t❡♥❞❡♠ ❛ ❛✉♠❡♥t❛r ❡ ❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ sã♦ ❡st❛❜✐❧✐③❛❞❛s✳ ❊♠ r❡❧❛çã♦ ❛♦

❚❍❉✱ ♥♦t❛✲s❡ ❡♠ t♦❞♦s ♦s ❝❛s♦s q✉❡ ♦ ❚❍❉ ❞♦ ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r é ❜❡♠ ♠❡♥♦r q✉❡ ♦ ❞♦

❧❛❞♦ ❞♦ ✐♥✈❡rs♦r✳

❉❡ss❛ ❢♦r♠❛✱ sã♦ ♦❜t✐❞♦s ♦s ✈❛❧♦r❡s ♠í♥✐♠♦s ❞❡ ❚❍❉ ❞♦ ❧❛❞♦ ❞❛ ❝♦rr❡♥t❡ ❞♦ ❧❛❞♦ ❞♦
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✭mhi ❡ mhr✮ ❡q✉✐✈❛❧❡♥t❡s✳
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✭❡✮ P❡r❞❛s t♦t❛✐s ♠í♥✐♠❛s✳
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✭❢✮ P❡r❞❛s t♦t❛✐s ♠á①✐♠❛s✳

❣❡r❛❞♦r ✭THDrmin✮✱ ❡ ❛s ♣❡r❞❛s t♦t❛✐s ❞❛s ❝❤❛✈❡s ✭Ptmin✮✳ ❖s ✈❛❧♦r❡s ♦❜t✐❞♦s sã♦ ❛♣r❡s❡♥t❛❞♦s

♥❛ ❚❛❜❡❧❛ ✹✳✷✱ ❞♦ q✉❛❧✱ ♣❛r❛ ❝❛❞❛ ✈❛❧♦r ♠í♥✐♠♦ é ❛♣r❡s❡♥t❛❞♦ ♦s ✈❛❧♦r❡s ❝♦rr❡s♣♦♥❞❡♥t❡s✳

◆❛ ❚❛❜❡❧❛ ✹✳✸ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s ✈❛❧♦r❡s ♠á①✐♠♦s ❡ ♦s s❡✉s ❝♦rr❡s♣♦♥❞❡♥t❡s✳
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❚❛❜❡❧❛ ✹✳✷✿ ❱❛❧♦r❡s ♠í♥✐♠♦s ❞❡ ❚❍❉ ❡ ♣❡r❞❛s ❞❛s ❝❤❛✈❡s✳

❱❛❧♦r❡s ♠í♥✐♠♦s THDi ❬✪❪ THDr ❬✪❪ Pc ❬❲❪ Psw ❬❲❪ Pt ❬❲❪ mhr mhi Gvsr−csi

THDimin ✸✱✷✶ ✸✱✷ ✸✺✱✻✸ ✷✻✱✻✶ ✻✷✱✷✹ ✶✱✵ ✵✱✽✹ ✶✱✺✷

THDrmin ✹✱✵✻ ✵✱✾✾ ✹✹✱✽✾ ✷✻✱✺✻ ✼✶✱✹✺ ✵✱✾✻ ✵✱✼✶ ✶✱✾✻

Ptmin ✸✱✼✸ ✷✱✸✹ ✸✵✱✻✷ ✷✻✱✾✻ ✺✼✱✺✽ ✶✱✵ ✶✱✵ ✶✱✸✸

❚❛❜❡❧❛ ✹✳✸✿ ❱❛❧♦r❡s ♠á①✐♠♦s ❞❡ ❚❍❉ ❡ ♣❡r❞❛s ❞❛s ❝❤❛✈❡s✳

❱❛❧♦r❡s ♠á①✐♠♦s THDi ❬✪❪ THDr ❬✪❪ Pc ❬❲❪ Psw ❬❲❪ Pt ❬❲❪ mhr mhi Gvsr−csi

THDimax ✺✱✺✽ ✸✱✷✻ ✸✹✱✹✶ ✷✾✱✹✷ ✻✸✱✽✸ ✵✱✽✼ ✵✱✾✼ ✶✱✺✽

THDrmax ✹✱✺✸ ✸✱✻ ✸✶✱✺✽ ✷✻✱✷✼ ✺✼✱✽✺ ✶✱✵ ✶✱✵ ✶✱✸✸

Ptmax ✹✱✻✾ ✶✱✹✺ ✹✺✱✻✻ ✷✻✱✺✺ ✼✷✱✷✶ ✵✱✾✺ ✵✱✼ ✷
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✹✳✸ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s

❖s ♣r♦tót✐♣♦s ❝♦♥str✉í❞♦s ♣❛r❛ ❝♦♥❞✉çã♦ ❞♦s t❡st❡s ❡①♣❡r✐♠❡♥t❛✐s sã♦ ♠♦str❛❞♦s ♥❛

❋✐❣✉r❛ ✹✳✶✵✳ ❖s t❡st❡s ♣r❡❧✐♠✐♥❛r❡s ❢♦r❛♠ ❢❡✐t♦s ❞❡ ❢♦r♠❛s s❡♣❛r❛❞❛s ❡ ❡♠ ♠❛❧❤❛ ❛❜❡rt❛✱ ❞♦

q✉❛❧✱ ❛♦s ♣♦✉❝♦s ❢♦r❛♠ s❡♥❞♦ ❛❞✐❝✐♦♥❛❞♦s ♦s ❝♦♥tr♦❧❡s ❡ ❛ ✉♥✐ã♦ ❞❛s ♣❧❛❝❛s ♣❛r❛ ♦ t❡st❡ ✜♥❛❧✳

❋✐❣✉r❛ ✹✳✶✵✿ ❋♦t♦❣r❛✜❛ ❞♦s ♣r♦tót✐♣♦s ❝♦♥str✉í❞♦s ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ❍í❜r✐❞♦ ❱❙❘✲❈❙■✳
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✭❛✮ ❱❙❘✳
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L

✭❜✮ ❈❙■✳

P❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞♦s t❡st❡s ✉t✐❧✐③♦✉✲s❡ ♦ ❉❙P ❚▼❙✸✷✵❋✷✽✸✸✺ ❞❛ ❚❡①❛s ■♥str✉♠❡♥ts ❘©✳ ❖

❝❡♥ár✐♦ ❞❡ t❡st❡ ♣❛r❛ ❱❙❘ ✭❋✐❣✳ ✹✳✶✵✭❛✮✮ t❡♠ ✉♠❛ t❡♥sã♦ tr✐❢ás✐❝❛ ❈❆ ❛❧✐♠❡♥t❛♥❞♦ ✉♠❛ ❝❛r❣❛

r❡s✐st✐✈❛ ❞❡ ✺✵ ❡ ✷✵✵❲✳ ❖s ♣❛râ♠❡tr♦s ✉t✐❧✐③❛❞♦s ♣❛r❛ ♦s t❡st❡s sã♦ ♦s ♠❡s♠♦s ❞♦s r❡s✉❧t❛❞♦s

❞❡ s✐♠✉❧❛çã♦✱ ♥♦ ❡♥t❛♥t♦✱ ♥❡st❡ ❝❛s♦ ♦ ❜❛rr❛♠❡♥t♦ ❝❛♣❛❝✐t✐✈♦ ❢♦✐ ❞❡ Ccc = 2.72♠❋✱ ❞❡ ❢♦r♠❛

❛ ❡✈✐t❛r ♣✐❝♦s ❞❡ t❡♥sã♦✱ ❛ ❢♦♥t❡ ❞❡ t❡♥sã♦ ❈❆ é ❞❡ V1g = 50❱ ❡ ❢♦✐ ✉s❛❞♦ ❛♣❡♥❛s ✉♠ ✜❧tr♦

✐♥❞✉t✐✈♦ ❛♦ ✐♥✈és ❞♦ ✜❧tr♦ ▲❈▲✳ ❖ ♣r♦tót✐♣♦ ❢♦✐ ❝♦♥str✉í❞♦ ✉s❛♥❞♦ ■●❇❚s ■❑❲✶✺◆✶✷✵❍✸

✭■♥✜♥❡♦♥ ❚❡❝❤♥♦❧♦❣✐❡s ❘©✮✳ ❖ r❡s✉❧t❛❞♦ ❡①♣❡r✐♠❡♥t❛❧ é ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✶✶✭❛✮✱ ♦♥❞❡ sã♦

♦❜s❡r✈❛❞❛s ❛s ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ❈❆ ❡ ❛ t❡♥sã♦ ❞❡ ❜❛rr❛♠❡♥t♦ ❈❈✳

P❛r❛ ♦ ❈❙■ ✭❋✐❣✉r❛ ✹✳✶✵✭❜✮✮✱ ♦ ❝❡♥ár✐♦ ❞❡ t❡st❡ t❡♠ ✉♠❛ t❡♥sã♦ ❈❈ ✭Vcc = 150❱✮

❛❧✐♠❡♥t❛♥❞♦ ✉♠❛ ❝❛r❣❛ r❡s✐st✐✈❛ tr✐❢ás✐❝❛ ❞❡ ✺✵ Ω ❡ ✷✵✵ ❲ ❝❛❞❛✳ ❖ ♣r♦tót✐♣♦ ❞♦ ❈❙■

❢♦✐ ❝♦♥str✉í❞♦ ✉s❛♥❞♦ ■●❇❚s ■❘●✹P❈✸✵❯ ✭■♥t❡r♥❛t✐♦♥❛❧ ❘❡❝t✐✜❡r ❘©✮✱ ❡♠ s❡r✐❡ ❝♦♠ ❞✐♦❞♦s

❘❍❘P✶✺✻✵ ✭❋❛✐r❝❤✐❧❞ ❙❡♠✐❝♦♥❞✉❝t♦rs ❘©✮✱ ♣❛r❛ ♦❜t❡r ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❜❧♦q✉❡✐♦ r❡✈❡rs♦✳ ❖s

r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s sã♦ ♠♦str❛❞♦s ♥❛ ❋✐❣✉r❛ ✹✳✶✶✭❜✮✱ ♦♥❞❡ sã♦ ♦❜s❡r✈❛❞❛s ❛s ❝♦rr❡♥t❡s

❞❡ s❛í❞❛ ❈❆ ❡ ❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✳ ❉❡ss❛ ❢♦r♠❛✱ ♦s t❡st❡s ♣r❡❧✐♠✐♥❛r❡s ♠♦str❛r❛♠

q✉❡ ♦s ♣r♦tót✐♣♦s sã♦ ❢✉♥❝✐♦♥❛✐s ❡ q✉❡ ♦ ♣ró①✐♠♦ ♣❛ss♦ s❡rá ❛ ✐♥s❡rçã♦ ❞♦ ❝♦♥tr♦❧❡ ❞❛ t❡♥sã♦

❞♦ ❜❛rr❛♠❡♥t♦ ❡ ❛ ✉♥✐ã♦ ❛s ♣❧❛❝❛s✳
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❉❡♣♦✐s ❞❡ t❡st❛r ❛s ♣❧❛❝❛s s❡♣❛r❛❞❛♠❡♥t❡✱ ❢♦✐ ♠♦♥t❛❞❛ ❛ ❡str✉t✉r❛ ❞❛ ❋✐❣✉r❛ ✹✳✶✷ ♣❛r❛

r❡❛❧✐③❛r ❛ ♠♦♥t❛❣❡♠ ❡ ♠❡❞✐çã♦ ❞❛ t♦♣♦❧♦❣✐❛ ♣r♦♣♦st❛ ❤í❜r✐❞❛✳ P❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞♦s t❡st❡s

❢♦r❛♠ ♥❡❝❡ssár✐♦s ✹ ♦s❝✐❧♦s❝ó♣✐♦s✱ ✶ ❝♦♠♣✉t❛❞♦r✱ ✉♠ ❉❙P✱ ✉♠❛ ❢♦♥t❡ ❞❡ t❡♥sã♦ tr✐❢ás✐❝❛ ❈❆✱

✐♥❞✉t♦r❡s ❞❡ ✜❧tr♦ ❈❆ ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛✱ ✉♠ ✐♥❞✉t♦r ❞❡ ❜❛rr❛♠❡♥t♦ ❈❈✱ ❝❛r❣❛ tr✐❢ás✐❝❛✱

❢♦♥t❡ ❈❈ ❞❡ ✺❱ ♣❛r❛ ❛❧✐♠❡♥t❛çã♦ ❞♦s ❞r✐✈❡rs ❞❛s ❝❤❛✈❡s ❞♦ ❈❙■✱ ✉♠❛ ❢♦♥t❡ ❈❈ ❞❡ ✶✺❱

♣❛r❛ ❛❧✐♠❡♥t❛çã♦ ❞♦s ❞r✐✈❡rs ❞❛s ❝❤❛✈❡s ❞♦ ❱❙❘✱ s❡♥s♦r❡s ♣❛r❛ ❛ ♠❡❞✐çã♦ ❞❛ t❡♥sã♦ ❈❆ ❞❡

❡♥tr❛❞❛ V1g✱ ❝♦rr❡♥t❡ ❈❆ ❞❡ ❡♥tr❛❞❛ ❞❛s ❢❛s❡s ✶ ❡ ✷ ✭i1g ❡ i2g✮ ❡ ❛ t❡♥sã♦ ❞❡ ❜❛rr❛♠❡♥t♦ ❈❈

✭Vcc✮ ❡ ✉♠❛ ❢♦♥t❡ ❈❈ ❞❡ ✶✺❱ ♣❛r❛ ❛ ❛❧✐♠❡♥t❛çã♦ ❞♦s s❡♥s♦r❡s✳

P❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞♦s t❡st❡s ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ❛s ❝♦♥✜❣✉r❛çõ❡s ✭s❡t✉♣s✮ ❛♣r❡s❡♥t❛❞❛s ♥❛

❚❛❜❡❧❛ ✹✳✹✳ ❈❛❞❛ s❡t✉♣ ❡s❝♦❧❤✐❞♦ ♠❛♥tê♠✲s❡ ✜①♦ ❛ t❡♥sã♦ ❞❛ r❡❞❡ ❡ ✈❛r✐❛✲s❡ ♦ ❣❛♥❤♦✳ P❛r❛

♦ ❝♦♥tr♦❧❡ ❞❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❢♦✐ ✉t✐❧✐③❛❞♦ ♦ P■ r❡ss♦♥❛♥t❡ ♣❡❧❛ s✉❛ ❡✜❝✐ê♥❝✐❛ ❡

♣❡❧❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ✉t✐❧✐③❛çã♦ ❞❡ ♠❡♥♦s s❡♥s♦r❡s ✭❏❆❈❖❇■◆❆ ❡t ❛❧✳✱ ✷✵✵✶✮✳

◆❛ ❋✐❣✉r❛ ✹✳✶✸✱ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ❝✉r✈❛s ❞❡ ❝♦rr❡♥t❡s ❡ t❡♥sõ❡s ♣❛r❛ ♦ s❡t✉♣ ❬✶✲■❪✳ ◆❛

❋✐❣✉r❛ ✹✳✶✸✭❛✮ ♦❜s❡r✈❛✲s❡ q✉❡ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ é ❝♦♥tr♦❧❛❞❛ ♣❛r❛ ♦ ✈❛❧♦r ❞❡s❡❥❛❞♦

✭✹✷✱✹✸ ❱✮ ❡ ❛s ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛s sã♦ s❡♥♦✐❞❛✐s ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶ ❆✳ ❆ ❋✐❣✉r❛ ✹✳✶✸✭❜✮

♠♦str❛ ❛s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛ ❈❆ q✉❡ tê♠ ✈❛❧♦r❡s ❞❡ ♣✐❝♦ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✺✵✵ ♠❆✱ ❞♦

q✉❛❧ ❥á ♣♦❞❡✲s❡ ♥♦t❛r ❛ ❝❧❛r❛ ❛çã♦ ❜✉❝❦ ❞❛s ❝♦rr❡♥t❡s✳ ❈♦♠♣❧❡♠❡♥t❛♥❞♦ ❛s ❛♥á❧✐s❡s✱ ♥❛

❋✐❣✉r❛ ✹✳✶✸✭❝✮ ♦❜s❡r✈❛✲s❡ ♥♦✈❛♠❡♥t❡ ❛s ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ ❈❆ ❡ ❛❞✐❝✐♦♥❛✲s❡ ❛ t❡♥sã♦ ❞❡ s❛í❞❛

✭v1s✮✳ ❙❛❜❡♥❞♦ q✉❡ ❛ t❡♥sã♦ ❛♣❧✐❝❛❞❛ ♥❛ ❢♦♥t❡ é ❞❡ ✶✹✱✷✾❱ ❘▼❙ ✈ê✲s❡ q✉❡ ❛ t❡♥sã♦ ❞❡ s❛í❞❛

❘▼❙ é ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✷✵ ❱✱ q✉❡ é ♦ ✈❛❧♦r ❡s♣❡r❛❞♦ ♣❛r❛ ♦ ❣❛♥❤♦ ❞❡ ✹✵✪✳ P♦r ✜♠✱ ♥❛

❋✐❣✉r❛ ✹✳✶✸✭❞✮ ♥♦t❛✲s❡ ❛ ❝♦rr❡♥t❡ ❞❡ ❢❛s❡ ❈❆ ✭i1s✮ ❡ ❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ✭Icc✮✱
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❋✐❣✉r❛ ✹✳✶✷✿ ▼♦♥t❛❣❡♠ ❞❛ t♦♣♦❧♦❣✐❛ ❍í❜r✐❞❛✳

1
1

11

12 13

1
2

3

12

4
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5

6 8

7

9

1

1- Osciloscópio;                                           7- Indutor de barramento CC;

2- Computador;                                            8- CSI;

3- DSP;                                                         9- Indutor de filtro de saída CA;

4- Fonte trifásica CA;                                  10- Carga trifásica;

5- Indutores de filtro de entrada CA;           11- Fonte DC de 5V; 

6- VSR;                                                        12- Fonte DC de 15V;

                                                                     13- Sensores.

❚❛❜❡❧❛ ✹✳✹✿ ❙❡t✉♣ ♣❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞♦s ❡①♣❡r✐♠❡♥t♦s✳

V1s,rms ❬❱❪ Gvsr−csi mhi mhr V ∗
cc ❬❱❪ V1g,rms[V ] ❘ ❬Ω❪ ❙❡t✉♣

✷✵✱✵✵ ✶✱✹✵ ✶✱✵✵ ✵✱✾✺ ✹✷✱✹✸ ✶✹✱✷✾ ✺✵ ❬✶✲■❪

✷✵✱✵✵ ✶✱✺✵ ✶✱✵✵ ✵✱✽✾ ✹✷✱✹✸ ✶✸✱✸✸ ✺✵ ❬✶✲■■❪

✺✵✱✵✵ ✶✱✹✵ ✶✱✵✵ ✶✱✾✺ ✶✵✻✱✵✼ ✸✺✱✼✶ ✶✵✵ ❬✷✲■❪

✺✵✱✵✵ ✶✱✺✵ ✶✱✵✵ ✵✱✽✾ ✶✵✻✱✵✼ ✸✸✱✸✸ ✶✵✵ ❬✷✲■■❪

✺✵✱✵✵ ✷✱✵✵ ✵✱✽✵ ✵✱✽✸ ✽✹✱✽✺ ✷✺✱✵✵ ✶✵✵ ❬✷✲■■■❪

✽✵✱✵✵ ✶✱✹✵ ✶✱✵✵ ✵✱✾✺ ✶✻✾✱✼✶ ✺✼✱✶✹ ✶✵✵ ❬✸✲■❪

✽✵✱✵✵ ✶✱✺✵ ✶✱✵✵ ✵✱✽✾ ✶✻✾✱✼✶ ✺✸✱✸✸ ✶✵✵ ❬✸✲■■❪

✽✵✱✵✵ ✷✱✵✵ ✵✱✽✵ ✵✱✽✸ ✶✸✺✱✼✻ ✹✵✱✵✵ ✶✵✵ ❬✸✲■■■❪
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❞♦ q✉❛❧ ♦❜s❡r✈❛✲s❡ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ✉♥✐tár✐♦ ❞♦ ❧❛❞♦ ❞♦ ✐♥✈❡rs♦r✱ ♦ q✉❛❧ ♠✐♥✐♠✐③❛ ❛s

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

❋✐❣✉r❛ ✹✳✶✸✿ ❘❡s✉❧t❛❞♦ ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛ ♦ s❡t✉♣ ❬✶✲■❪✳
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✭❜✮ ❈♦rr❡♥t❡s ❞❡ s❛í❞❛ ❈❆❀
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i
3s

✭❝✮ ❈♦rr❡♥t❡s ❞❡ s❛í❞❛ ❡ ❛ t❡♥sã♦ ❞❡ s❛í❞❛ v1s✳

i
1s

I
cc

✭❞✮ ❈♦rr❡♥t❡ ❞❡ s❛í❞❛ i1s ❡ ❛ ❝♦rr❡♥t❡ ❞♦ ❜❛r✲
r❛♠❡♥t♦ ❈❈✳

❏á ♥❛ ❋✐❣✉r❛ ✹✳✶✹✱ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ❝✉r✈❛s ❞❡ ❝♦rr❡♥t❡s ❡ t❡♥sõ❡s ♣❛r❛ ♦ s❡t✉♣ ❬✶✲■■❪✳

◆❡st❡ ❝❛s♦✱ ❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ♦ s❡t✉♣ ❬✶✲■❪✱ ♦❜s❡r✈❛✲s❡ ♥❛ ❋✐❣✉r❛ ✹✳✶✹✭❛✮ q✉❡ ❛ t❡♥sã♦

❞♦ ❜❛rr❛♠❡♥t♦ ❝♦♥t✐♥✉❛ s❡♥❞♦ ❝♦♥tr♦❧❛❞❛ ♣❛r❛ ♦ ✈❛❧♦r ❞❡s❡❥❛❞♦ ❡ ❛s ❝♦rr❡♥t❡s s❡ ♠❛♥té♠

s❡♥♦✐❞❛✐s✳ ❆ ❛çã♦ ❜✉❝❦ ❞❛s ❝♦rr❡♥t❡s s❡ ♠❛♥té♠✱ ♥♦ ❡♥t❛♥t♦ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ é ✉♠

♣♦✉❝♦ ♠❛✐♦r ❛❣♦r❛✱ ❛✉♠❡♥t❛♥❞♦ ❡ss❛ ❛çã♦ ❜✉❝❦✳ ❖❜s❡r✈❛✲s❡ t❛♠❜é♠ ♥❛ ❋✐❣✉r❛ ✹✳✶✹✭❝✮ q✉❡

❛ t❡♥sã♦ ❞❡ s❛í❞❛ s❡ ♠❛♥t❡✈❡ ✜①❛ ❡♠ ✷✵ ❱ ❘▼❙✳ P♦r ✜♠✱ ♥❛ ❋✐❣✉r❛ ✹✳✶✹✭❞✮ ♦❜s❡r✈❛✲s❡ ❛

❝♦rr❡♥t❡ ❞❡ ❢❛s❡ ❈❆ ✭i1s✮ ❡ ❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ✭Icc✮✱ ❞♦ q✉❛❧ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦

s❡ ♠❛♥té♠ ✉♥✐tár✐♦ ❞♦ ❧❛❞♦ ❞♦ ✐♥✈❡rs♦r✳ ❊♠ r❡s✉♠♦✱ ♥♦t❛✲s❡ ♥❡st❛s ❞✉❛s s✐t✉❛çõ❡s ✭s❡t✉♣

❬✶✲■❪ ❡ ❬✶✲■■❪✮ q✉❡ ❛s t❡♥sõ❡s ❡ ❝♦rr❡♥t❡s ❞❡ s❛í❞❛ s❡ ♠❛♥té♠ ✐♥❛❧t❡r❛❞❛s ❝♦♠ ❛ ✈❛r✐❛çã♦ ❞♦

❣❛♥❤♦✳

◆❛ ❋✐❣✉r❛ ✹✳✶✺✱ sã♦ ♠♦str❛❞❛s ❛s ❝✉r✈❛s ❞❡ ❝♦rr❡♥t❡s ❡ t❡♥sõ❡s ♣❛r❛ ♦ s❡t✉♣ ❬✷✲■❪✳ ◆❛

❋✐❣✉r❛ ✹✳✶✺✭❛✮ ♦❜s❡r✈❛✲s❡ q✉❡ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ é ❝♦♥tr♦❧❛❞❛ ♣❛r❛ ♦ ✈❛❧♦r ❞❡s❡❥❛❞♦



❈♦♥✈❡rs♦r ❍í❜r✐❞♦ ❱❙❘✲❈❙■ ✻✹

❋✐❣✉r❛ ✹✳✶✹✿ ❘❡s✉❧t❛❞♦ ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛ ♦ s❡t✉♣ ❬✶✲■■❪✳

i
1g

i
2g

i
3g

V
cc

✭❛✮ ❈♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ❈❆ ❡ t❡♥sã♦ ❞♦ ❜❛r✲
r❛♠❡♥t♦ ❈❈❀

i
1s

i
2s

i
3s

✭❜✮ ❈♦rr❡♥t❡s ❞❡ s❛í❞❛ ❈❆❀

v
1s

i
1s

i
2s

i
3s

✭❝✮ ❈♦rr❡♥t❡s ❞❡ s❛í❞❛ ❡ ❛ t❡♥sã♦ ❞❡ s❛í❞❛ v1s✳
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✭❞✮ ❈♦rr❡♥t❡ ❞❡ s❛í❞❛ i1s ❡ ❛ ❝♦rr❡♥t❡ ❞♦ ❜❛r✲
r❛♠❡♥t♦ ❈❈✳

✭✶✵✻ ❱✮ ❡ ❛s ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛s sã♦ s❡♥♦✐❞❛✐s ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶✱✺ ❆ ✳ ❆ ❋✐❣✉r❛ ✹✳✶✺✭❜✮

♠♦str❛ ❛s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛ ❈❆ q✉❡ tê♠ ✈❛❧♦r❡s ❞❡ ♣✐❝♦ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✵✱✼❆✱ ❞♦ q✉❛❧

♥♦t❛✲s❡ ❛ ❛çã♦ ❜✉❝❦ ❞❛s ❝♦rr❡♥t❡s✳ ◆❛ ❋✐❣✉r❛ ✹✳✶✸✭❝✮ ♦❜s❡r✈❛✲s❡ ♥♦✈❛♠❡♥t❡ ❛s ❝♦rr❡♥t❡ ❞❡

s❛í❞❛ ❈❆ ❡ ❛❞✐❝✐♦♥❛✲s❡ ❛ t❡♥sã♦ ❞❡ s❛í❞❛ ✭v1s✮✳ ❙❛❜❡♥❞♦ q✉❡ ❛ t❡♥sã♦ ❛♣❧✐❝❛❞❛ ♥❛ ❢♦♥t❡ é

❞❡ ✸✺✱✼✶ ❱ ❘▼❙ ✈ê✲s❡ q✉❡ ❛ t❡♥sã♦ ❞❡ s❛í❞❛ ❘▼❙ é ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✺✵ ❱✱ q✉❡ é ♦ ✈❛❧♦r

❡s♣❡r❛❞♦ ♣❛r❛ ♦ ❣❛♥❤♦ ❞❡ ✹✵✪✳ P♦r ✜♠✱ ♥❛ ❋✐❣✉r❛ ✹✳✶✸✭❞✮ ♥♦t❛✲s❡ ❛ ❝♦rr❡♥t❡ ❞❡ ❢❛s❡ ❈❆
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❛♣r❡s❡♥t❛❞♦s ♦s r❡s✉❧t❛❞♦s ♣❛r❛ ♦ s❡t✉♣ ❬✸✲■❪✱ ❬✸✲■■❪ ❡ ❬✸✲■■■❪✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ◆♦s s❡t✉♣s

❬✸✲■❪ ❡ ❬✸✲■■❪ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞♦ ❧❛❞♦ ❞♦ ✐♥✈❡rs♦r é ♠❛♥t✐❞♦ ✉♥✐tár✐♦✱ ❡♥q✉❛♥t♦ q✉❡ ♥♦
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❜♦♦st ❞❡ t❡♥sã♦✱ ❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ♣r♦♣♦st❛✱ ❛s ❛♥á❧✐s❡s ❞❡ ✈❛r✐❛çã♦ ❞❡ ❣❛♥❤♦ ❡ ♦s

r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çõ❡s ❡ ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ♦ s✐st❡♠❛ ♣r♦♣♦st♦✳

❈♦♠ ❡st❡ ❝❛♣ít✉❧♦ ❢♦✐ ♣♦ssí✈❡❧ ✈❡r✐✜❝❛r ♦ ❡❢❡✐t♦ ❞❛ ✉♥✐ã♦ ❞♦s ❞♦✐s ❝♦♥✈❡rs♦r❡s ✭❱❙❘ ❡

❈❙■✮✱ ♦♥❞❡ é ❢❡✐t♦ ✉♠❛ ❛♥á❧✐s❡ ❞❡ ✈❛r✐❛çã♦ ❞❡ ❣❛♥❤♦ q✉❡ ♠♦str❛ ♦s ✈❛❧♦r❡s ❞❡ ❚❍❉ ❞❛s

❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛✱ ❛ss✐♠ ❝♦♠♦ ❞❛s ♣❡r❞❛s ♥♦s s❡♠✐❝♦♥❞✉t♦r❡s✱ ❡ ♦ ❡❢❡✐t♦ ❞❡ss❡

❣❛♥❤♦ ❞❡ t❡♥sã♦ ♣❛r❛ ♦s ♠❡s♠♦s✳ ◆♦t❛✲s❡ q✉❡ ♦ ❝♦♥✈❡rs♦r ♣r♦♣♦st♦ ♣♦ss✉í ❜❛✐①❛s ♣❡r❞❛s

♣♦r ❝❤❛✈❡❛♠❡♥t♦ ❡ ♣♦r ❝♦♥❞✉çã♦ ❡ ✈❛❧♦r❡s ❞❡ ❚❍❉ ❛❝❡✐tá✈❡✐s✳ ❱❛❧❡ s❛❧✐❡♥t❛r q✉❡ ❞❡ ❛❝♦r❞♦

❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❛ ♣♦tê♥❝✐❛ ❡ ♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦s ❡❧❡♠❡♥t♦s ♣❛ss✐✈♦s ❞♦ ❝♦♥✈❡rs♦r ❡ss❡s

í♥❞✐❝❡s ♣♦❞❡♠ ♠❡❧❤♦r❛r ♦✉ ♣✐♦r❛r✳ ❆ t❡♥❞ê♥❝✐❛ é q✉❡ ❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ ❛✉♠❡♥t❡ ❡♠

✉♠❛ t❛①❛ ♣❡q✉❡♥❛ ❡♥q✉❛♥t♦ q✉❡ ❛s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ❛✉♠❡♥t❡♠ ❝♦♠♦ ♦ ❛✉♠❡♥t♦ ❞❛

♣♦tê♥❝✐❛✳
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P♦r ✜♠✱ ❛♥❛❧✐s♦✉✲s❡ ♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❝♦♠ ♦s ♣r♦tót✐♣♦s ❞❡s❡♥✈♦❧✈✐❞♦s✳ ❖s

r❡s✉❧t❛❞♦s s❡ ♠♦str❛r❛♠ s❛t✐s❢❛tór✐♦s ❡ ❢✉♥❝✐♦♥❛✐s✱ ❝♦♠ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❡s♣❡r❛❞♦✳ ❖s

r❡s✉❧t❛❞♦s ♠♦str❛♠ q✉❡ ♦ ❡❢❡✐t♦ ❞❛ ✉♥✐ã♦ ❞❡ ❞♦✐s ❝♦♥✈❡rs♦r❡s ❡❧❡✈❛❞♦r❡s ❞❡ t❡♥sã♦✱ s❡ t♦r♥❛

✉♠❛ ♦♣çã♦ ✈✐á✈❡❧ ♥❛ ✉t✐❧✐③❛çã♦ ❞❡ ❲❊❈❙✱ ✈✐st♦ q✉❡ ❛ t❡♥sã♦ ❞♦ ❣❡r❛❞♦r é ✈❛r✐❛❞❛ ❡♥q✉❛♥t♦

❛s t❡♥sõ❡s ❡ ❝♦rr❡♥t❡s ❞❛ r❡❞❡ s❡ ♠❛♥tê♠ ✜①❛✱ ❛❧é♠ ❞❡ q✉❡ ❛ t❡♥sã♦ ❞♦ ❣❡r❛❞♦r é ♠❛✐s ❜❛✐①❛

q✉❡ ❛ ❞❛ r❡❞❡✳ ❱❛❧❡ ❞❡st❛❝❛r t❛♠❜é♠ q✉❡ ♦ ✐♥❞✉t♦r ❞❡ ❜❛rr❛♠❡♥t♦ ❈❈ ♣r♦t❡❣❡ ♦ ❝♦♥✈❡rs♦r

❝♦♥tr❛ ❝✉rt♦✲❝✐r❝✉✐t♦s ❡ q✉❡ ❛♦ ✉t✐❧✐③❛r ♦ ❱❙❘✲❈❙■ ❝♦♠ ♦ ❣❡r❛❞♦r ❡❧✐♠✐♥❛✲s❡ ♦ ✉s♦ ❞♦ ✜❧tr♦

▲❈▲✳
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❆♥á❧✐s❡ ❈♦♠♣❛r❛t✐✈❛ ❡♥tr❡ ♦s
❈♦♥✈❡rs♦r❡s ❇✷❇ ❱❙❈✱ ❇✷❇ ❈❙❈ ❡
❍í❜r✐❞♦ ❱❙❘✲❈❙■

◆❡st❡ ❝❛♣ít✉❧♦✱ é ❢❡✐t❛ ❛ ❛♥á❧✐s❡ ❝♦♠♣❛r❛t✐✈❛ ❡♥tr❡ ♦s ❝♦♥✈❡rs♦r❡s ❇✷❇ ❱❙❈✱ ❇✷❇ ❈❙❈ ❡

❍í❜r✐❞♦ ❱❙❘✲❈❙■ ♣r♦♣♦st♦✱ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❛✈❛❧✐❛r ❛s ❞✐❢❡r❡♥t❡s t♦♣♦❧♦❣✐❛s ❡♠ t❡r♠♦s ❞❡

❝❛r❛❝t❡ríst✐❝❛s ♦♣❡r❛❝✐♦♥❛✐s ❡ q✉❛♥t✐t❛t✐✈❛s✳ ◆♦ q✉❡ s❡ r❡❢❡r❡♠ às ❝❛r❛❝t❡ríst✐❝❛s ♦♣❡r❛❝✐♦♥❛✐s✱

❝♦♥s✐❞❡r♦✉✲s❡ ♦ ❣❛♥❤♦ ❞❡ t❡♥sã♦ ❡♥tr❡ ♦ ♠ó❞✉❧♦ r❡t✐✜❝❛❞♦r ✭❝♦♥❡①ã♦ ❝♦♠ ✉♠❛ ✉♥✐❞❛❞❡

❣❡r❛❞♦r❛✮ ❡ ♦ ✐♥✈❡rs♦r ✭❝♦♥❡①ã♦ ❝♦♠ ❛ r❡❞❡ ❡❧étr✐❝❛✮✱ ❜❡♠ ❝♦♠♦ ♦ ❣❛♥❤♦ ❞❡ t❡♥sã♦ ❡♥tr❡

♦ ❣❡r❛❞♦r ❡ ❛ r❡❞❡✳ ❊♠ t❡r♠♦s q✉❛♥t✐t❛t✐✈♦s✱ ❢♦r❛♠ ❛✈❛❧✐❛❞❛s ♦ ❚❍❉ ❡ ❛s ♣❡r❞❛s ❞♦s

s❡♠✐❝♦♥❞✉t♦r❡s✳

✺✳✶ ❆♥á❧✐s❡ ❞♦ ●❛♥❤♦ ❞❡ ❚❡♥sã♦

◆❡st❛ s❡çã♦✱ s❡rã♦ ❛✈❛❧✐❛❞♦s ♦s ❣❛♥❤♦s ♣❛r❛ ♦s ❝♦♥✈❡rs♦r❡s ❡♠ s✉❛s ❢✉♥çõ❡s ❜ás✐❝❛s ❞❡

r❡t✐✜❝❛❞♦r ♦✉ ✐♥✈❡rs♦r✱ ❡ ❡♠ s❡❣✉✐❞❛✱ s❡rã♦ ❛✈❛❧✐❛❞♦s ♦s ❣❛♥❤♦s ❝♦♥s✐❞❡r❛♥❞♦ ❛s ❝♦♥✜❣✉r❛çõ❡s

❇✷❇ ❱❙❈✱ ❇✷❇ ❈❙❈ ❡ ❍í❜r✐❞❛ ❱❙❘✲❈❙■✳

❆ ♣❛rt✐r ❞❛s ❡q✉❛çõ❡s ❞❡✜♥✐❞❛s ♥♦s ❈❛♣ít✉❧♦s ✷ ❡ ✸ ♣❛r❛ ❛ ♣♦tê♥❝✐❛ ❞♦ ❝♦♥✈❡rs♦r✱ t❡♥sã♦

❡ ❝♦rr❡♥t❡ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✱ é ♣♦ssí✈❡❧ ♦❜t❡r ❡①♣r❡ssõ❡s q✉❡ r❡❧❛❝✐♦♥❛♠

♦s ❣❛♥❤♦s ❞❡ t❡♥sã♦ ❞♦s ❝♦♥✈❡rs♦r❡s ✭t❡♥sã♦ ❞❡ s❛í❞❛✴t❡♥sã♦ ❞❡ ❡♥tr❛❞❛✮✳ P❛r❛ t❛❧✱ ❢♦✐

❝♦♥s✐❞❡r❛❞♦ ♦ ✈❛❧♦r ❞❡ ♣✐❝♦ ❞❛ t❡♥sã♦ ❞❡ ❧✐♥❤❛ ❈❆ ✭V12✮ ❡ ♦ ✈❛❧♦r ❞❛ t❡♥sã♦ ❞❡ ❜❛rr❛♠❡♥t♦

✼✶
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❈❈ ✭Vcc✮✳

✺✳✶✳✶ ●❛♥❤♦s ❞❡ t❡♥sã♦ ♣❛r❛ ♦s ❡stá❣✐♦s r❡t✐✜❝❛❞♦r❡s ❡ ✐♥✈❡rs♦r❡s

❞♦ ❱❙❈ ❡ ❈❙❈

❆s ❊q✉❛çõ❡s ✭✺✳✶✮ ❡ ✭✺✳✷✮ ♠♦str❛♠ ♦s ❣❛♥❤♦s ❞❡ t❡♥sã♦ ✭Gtvsr✮ ♣❛r❛ ♦ ❱❙❘ ❡ ✭Gtvsi✮

♣❛r❛ ♦ ❱❙■✱ s❡♥❞♦ mvr ❡ mvi ♦s í♥❞✐❝❡s ❞❡ ♠♦❞✉❧❛çã♦ ❞❛ t❡♥sã♦ ❞♦ r❡t✐✜❝❛❞♦r ❡ ❞♦ ✐♥✈❡rs♦r✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✳

Gtvsr =
Vcc

V12g

=
2√
3mvr

. ✭✺✳✶✮

Gtvsi =
V12s

Vcc

=

√
3

2
mvi. ✭✺✳✷✮

❈♦♠ ❛ ✈❛r✐❛çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ mvr✱ é ❝❛r❛❝t❡r✐③❛❞❛ ❛ ❛çã♦ ❜♦♦st ❡♠ t❡♥sã♦ ❞♦

❱❙❘ ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ❜✉❝❦ ❡♠ ❝♦rr❡♥t❡✳ ❏á ♣❛r❛ ♦ ❡stá❣✐♦ ✐♥✈❡rs♦r✱ ♦❜s❡r✈❛✲s❡ ❛ ♦♣❡r❛çã♦

❜✉❝❦ ❡♠ t❡♥sã♦ ❡ ❜♦♦st ❡♠ ❝♦rr❡♥t❡✳

◆❛s ❊q✉❛çõ❡s ✺✳✹ ❡ ✺✳✸ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s ❣❛♥❤♦s ❞❡ t❡♥sã♦ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡

♠♦❞✉❧❛çã♦ ❞❛ ❝♦rr❡♥t❡ ❞♦ ❡stá❣✐♦ r❡t✐✜❝❛❞♦r ✭mcr✮ ❡ ❞♦ ❡stá❣✐♦ ✐♥✈❡rs♦r ✭mci✮ ♣❛r❛ ♦ ❈❙❈✳

Gtcsr =
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V12g

=

√
3mcr

2
. ✭✺✳✸✮

Gtcsi =
V12s

Vcc

=
2√
3mci

. ✭✺✳✹✮

◆♦ ❡stá❣✐♦ r❡t✐✜❝❛❞♦r ♥♦t❛✲s❡ ❛ ♦♣❡r❛çã♦ ❜✉❝❦ ❞❡ t❡♥sã♦ ♣❛r❛ ♦ ❈❙❘✱ ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡

❜♦♦st ❡♠ ❝♦rr❡♥t❡✱ ♦♥❞❡ é ✈❡r✐✜❝❛❞♦ q✉❡ ♦ ✈❛❧♦r ♠á①✐♠♦ ❞❡ t❡♥sã♦ ❈❈ q✉❡ s❡ ♣♦❞❡ ♦❜t❡r é ❞❡

✽✻✱✻ ✪ ❞♦ ✈❛❧♦r ❞❛ t❡♥sã♦ ❈❆ ✭V12g✮ ✳ ❏á ♣❛r❛ ♦ ❡stá❣✐♦ ✐♥✈❡rs♦r✱ ♦ ✈❛❧♦r ♠í♥✐♠♦ q✉❡ ❛ t❡♥sã♦

❞❡ s❛í❞❛ ✭V12s✮ ❛ss✉♠❡ é ❞❡ ✶✺✱✺ ✪ ❞❛ t❡♥sã♦ V cc✱ ❝♦♥s✐❞❡r❛♥❞♦ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞❡

1✱ ❝❛r❛❝t❡r✐③❛♥❞♦ ❛ ♦♣❡r❛çã♦ ❜♦♦st ❡♠ t❡♥sã♦ ❡ ❜✉❝❦ ❡♠ ❝♦rr❡♥t❡✳

◆♦t❛✲s❡ q✉❡ t❛♥t♦ ♦ ❱❙❘ q✉❛♥t♦ ♦ ❈❙■ ♣♦ss✉❡♠ ❝❛r❛❝t❡ríst✐❝❛ ❜♦♦st ❡♠ t❡♥sã♦ ❡ ❜✉❝❦

❡♠ ❝♦rr❡♥t❡✳ ❏á ♦ ❱❙■ ❡ ❈❙❘ ♣♦ss✉❡♠ ❝❛r❛❝t❡ríst✐❝❛ ❜✉❝❦ ❡♠ t❡♥sã♦ ❡ ❜♦♦st ❡♠ ❝♦rr❡♥t❡✳

✺✳✶✳✷ ●❛♥❤♦s ♣❛r❛ ♦s ❝♦♥✈❡rs♦r❡s ❇✷❇ ❱❙❈✱ ❇✷❇ ❈❙❈ ❡ ❍í❜r✐❞♦

❱❙❘✲❈❙■

❈♦♠ ❛s ❡q✉❛çõ❡s ✭✺✳✶✮✱ ✭✺✳✷✮✱ ✭✺✳✸✮ ❡ ✭✺✳✹✮ ♦❜tê♠✲s❡ ❛s ❡①♣r❡ssõ❡s ♣❛r❛ ♦ ❣❛♥❤♦ ❞❡

t❡♥sã♦ ✭V12s/V12g✮ ❞♦ ❇✷❇ ❱❙❈ ✭❊q✉❛çã♦ ✭✺✳✺✮✮✱ ❞♦ ❇✷❇ ❈❙❈ ✭❊q✉❛çã♦ ✭✺✳✻✮✮ ❡ ❞♦ ❍í❜r✐❞♦



❆♥á❧✐s❡ ❈♦♠♣❛r❛t✐✈❛ ❡♥tr❡ ♦s ❈♦♥✈❡rs♦r❡s ❇✷❇ ❱❙❈✱ ❇✷❇ ❈❙❈ ❡ ❍í❜r✐❞♦ ❱❙❘✲❈❙■ ✼✸

❱❙❘✲❈❙■ ✭❊q✉❛çã♦ ✺✳✼✮✳

Gtb2b−vsc =
mvi

mvr

, ✭✺✳✺✮

Gtb2b−csc =
mcr

mci

, ✭✺✳✻✮

Gth =
4

3mvrmci

. ✭✺✳✼✮

◆❛ ❋✐❣✉r❛ ✺✳✶ sã♦ ♠♦str❛❞♦s ♦s ❣❛♥❤♦s ❞❡ t❡♥sã♦ ♣❛r❛ ♦s ❝♦♥✈❡rs♦r❡s ❇✷❇ ❈❙❈✱ ❇✷❇

❱❙❈ ❡ ❍í❜r✐❞♦ ❱❙❘✲❈❙■✳ ❆ ❋✐❣✉r❛s ✺✳✶ ♠♦str❛♠ ♦s ❣❛♥❤♦s ❞❡ t❡♥sã♦ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡

❞❡ ♠♦❞✉❧❛çã♦ ❞♦ ❧❛❞♦ ❞❛ r❡❞❡ ✭✐♥✈❡rs♦r✮ ✈❛r✐❛♥❞♦ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r

✭r❡t✐✜❝❛❞♦r✮✳ P❛r❛ t♦❞♦s ♦s ❝❛s♦s✱ ♦s í♥❞✐❝❡s ❞❡ ♠♦❞✉❧❛çã♦ ❝♦rr❡s♣♦♥❞❡♥t❡s ♣♦ss✉❡♠ ✈❛❧♦r❡s

♠í♥✐♠♦s ❞❡ ✵✱✻ ❡ ♠á①✐♠♦s ❞❡ ✶✳

◆♦t❛✲s❡ q✉❡ ❤á ✉♠❛ ♣❡q✉❡♥❛ ❛çã♦ ❜♦♦st t❛♥t♦ ♣❛r❛ ♦ ❱❙❈ q✉❛♥t♦ ♣❛r❛ ♦ ❈❙❈✳ ❆ ❛çã♦

❜♦♦st ♥♦ ❱❙❈ ❝r❡s❝❡ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❡ mvi ♣❛r❛ ✈❛❧♦r❡s ♠❡♥♦r❡s ❞❡ mvr✱ ❥á ♥♦ ❈❙❈ ♦ ❣❛♥❤♦

❞❡ t❡♥sã♦ ❞❡❝❛í ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞♦ mci✳ ❊♠ r❡s✉♠♦✱ ❛♠❜❛s ❛s t♦♣♦❧♦❣✐❛s ❇✷❇ ❱❙❈ ❡ ❇✷❇

❈❙❈ ♣♦ss✉❡♠ t❛♥t♦ ❛ ❛çã♦ ❜♦♦st q✉❛♥t♦ ❛ ❛çã♦ ❜✉❝❦✳ ❖❜s❡r✈❛✲s❡ q✉❡ ❛ t❡♥sã♦ ❞❡ s❛í❞❛ s❡rá

✐❣✉❛❧ à t❡♥sã♦ ❞❡ ❡♥tr❛❞❛ s❡ ♦s í♥❞✐❝❡s ❞❡ ♠♦❞✉❧❛çã♦ ❢♦r❡♠ ✐❣✉❛✐s✳

P❛r❛ ♦ ❝♦♥✈❡rs♦r ❤í❜r✐❞♦✱ ❤á ❛♣❡♥❛s ❛ ❛çã♦ ❜♦♦st ❡♠ t❡♥sã♦✳ ◗✉❛♥t♦ ♠❡♥♦r ♦ mvr ❡ mci✱

♠❛✐♦r s❡rá ♦ ❣❛♥❤♦ ❞❡ t❡♥sã♦✳ ❖ ✈❛❧♦r ♠í♥✐♠♦ ♦❜t✐❞♦ é ❞❡ ✶✱✸✸ ♣❛r❛ mhr = 1 ❡ mhi = 1✳

P♦❞❡✲s❡ ❝♦♥❝❧✉✐r t❛♠❜é♠ q✉❡ ❡♠ r❡❧❛çã♦ ❛♦ ❣❛♥❤♦ ❞❡ ❝♦rr❡♥t❡✱ ♦s ❝♦♥✈❡rs♦r❡s ❇✷❇ ❱❙❈

❡ ❇✷❇ ❈❙❈ ♣♦ss✉❡♠ ❛çã♦ ❜♦♦st ❡ ❜✉❝❦✱ ❞❡✈✐❞♦ ❛ ❞✉❛❧✐❞❛❞❡ ❡♥tr❡ ❛s t♦♣♦❧♦❣✐❛s✳ ❏á ♦ ❝♦♥✈❡rs♦r

❤í❜r✐❞♦ ♣♦ss✉✐ ❛♣❡♥❛s ❛çã♦ ❜✉❝❦ ❡♠ ❝♦rr❡♥t❡✳

✺✳✷ ❆♥á❧✐s❡ ❝♦♠♣❛r❛t✐✈❛ ❡♥tr❡ ♦s ❝♦♥✈❡rs♦r❡s

P❛r❛ ✜♥s ❝♦♠♣❛r❛t✐✈♦s✱ s❡rã♦ ✉t✐❧✐③❛❞♦s ❛❧❣✉♥s ♣♦♥t♦s ❞❡ ♦♣❡r❛çã♦ ♣❛r❛ ❛ s✐♠✉❧❛çã♦

❞♦ ❝♦♥✈❡rs♦r ❇✷❇ ❱❙❈✱ ❇✷❇ ❈❙❈ ❡ ❞♦ ❝♦♥✈❡rs♦r ❍í❜r✐❞♦ ❱❙❘✲❈❙■✳ ◆❛ ❚❛❜❡❧❛ ✺✳✶✱ sã♦

❛♣r❡s❡♥t❛❞♦s ♦s ✈❛❧♦r❡s ♠á①✐♠♦s ❡ ♠í♥✐♠♦s ❞♦s ❣❛♥❤♦s ❞❡ t❡♥sã♦ ❞❡st❡s ❝♦♥✈❡rs♦r❡s✳

P❛r❛ q✉❡ s❡ ♣♦ss❛ ❝♦♠♣❛r❛r ♣♦♥t♦s ❞❡ ♦♣❡r❛çã♦ ❝♦♠✉♥s às t♦♣♦❧♦❣✐❛s s❡♠ ♦❝♦rr❡r ✐♥s✲

t❛❜✐❧✐❞❛❞❡✱ ❢♦r❛♠ ❡s❝♦❧❤✐❞♦s ❝♦♠♦ ✈❛❧♦r ♠í♥✐♠♦ ❞❡ ❣❛♥❤♦ ❞❡ t❡♥sã♦ ✶✱✸✸ ❡ ♠á①✐♠♦ ✶✱✻✼✳ ◆❛

❚❛❜❡❧❛ ✺✳✷ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s ♣♦♥t♦s ❞❡ ♦♣❡r❛çã♦ ♣❛r❛ ❛ ❝♦♠♣❛r❛çã♦✱ ❞♦ q✉❛❧ ♣❛r❛ ❝❛❞❛



❆♥á❧✐s❡ ❈♦♠♣❛r❛t✐✈❛ ❡♥tr❡ ♦s ❈♦♥✈❡rs♦r❡s ❇✷❇ ❱❙❈✱ ❇✷❇ ❈❙❈ ❡ ❍í❜r✐❞♦ ❱❙❘✲❈❙■ ✼✹

❋✐❣✉r❛ ✺✳✶✿ ❘❡❧❛çã♦ ❞❡ ❣❛♥❤♦ ❞❡ t❡♥sã♦ ♣❛r❛ ♦ ❇✷❇ ❱❙❈✱ ♣❛r❛ ♦ ❇✷❇ ❈❙❈ ❡ ♣❛r❛ ♦ ❍í❜r✐❞♦
❱❙❘✲❈❙■✳

0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1   

mvi

0.5

1  

1.5

2  

2.5

3  

3.5

G
t
b
2
b

v
s
c m

vr  
= 0,6

 

m
vr  

= 0,7
 

m
vr  

= 1,0
 

m
vr  

= 0,9
 

m
vr  

= 0,8
 

✭❛✮ ●❛♥❤♦ ❞❡ t❡♥sã♦ ♣❛r❛ ♦ ❇✷❇ ❱❙❈✳
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✭❜✮ ●❛♥❤♦ ❞❡ t❡♥sã♦ ♣❛r❛ ♦ ❇✷❇ ❈❙❈✳
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✭❝✮ ●❛♥❤♦ ❞❡ t❡♥sã♦ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ❍í❜r✐❞♦ ❱❙❘✲❈❙■✳



❆♥á❧✐s❡ ❈♦♠♣❛r❛t✐✈❛ ❡♥tr❡ ♦s ❈♦♥✈❡rs♦r❡s ❇✷❇ ❱❙❈✱ ❇✷❇ ❈❙❈ ❡ ❍í❜r✐❞♦ ❱❙❘✲❈❙■ ✼✺

❚❛❜❡❧❛ ✺✳✶✿ ❱❛❧♦r❡s ♠í♥✐♠♦s ❡ ♠á①✐♠♦s ❞❡ ❣❛♥❤♦s ❞❡ t❡♥sã♦ ♣❛r❛ ♦s ❝♦♥✈❡rs♦r❡s ❇✷❇ ❱❙❈✱
❇✷❇ ❈❙❈ ❡ ❍í❜r✐❞♦ ❱❙❘✲❈❙■✳

❈♦♥✈❡rs♦r ●❛♥❤♦ ▼í♥✐♠♦ ●❛♥❤♦ ▼á①✐♠♦
❇✷❇ ❱❙❈ ✵✱✻ ✶✱✻✻✼
❇✷❇ ❈❙❈ ✵✱✻ ✶✱✻✻✼

❍í❜r✐❞♦ ❱❙❘✲❈❙■ ✶✱✸✸ ✸✱✼✵✸

✈❛❧♦r ❞❡ ❣❛♥❤♦ ❡ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞♦ ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r t❡♠✲s❡ ♦s ✈❛❧♦r❡s ❝♦rr❡s♣♦♥❞❡♥✲

t❡s ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞♦ ❧❛❞♦ ❞♦ ✐♥✈❡rs♦r✳ ❉❡ ♠♦❞♦ ❛ ❢❛❝✐❧✐t❛r ❛ ❛♥á❧✐s❡✱ ❞❡♥♦♠✐♥❛✲s❡

❞❡ ❝❛s♦ ❝❛❞❛ ❝♦♥✜❣✉r❛çã♦ ✐♠♣♦st❛✳ ❱❛❧❡ s❛❧✐❡♥t❛r q✉❡ ♦ í♥❞✐❝❡ ✈ ✐♥❞✐❝❛ ♦ ❝♦♥✈❡rs♦r ❇✷❇

❱❙❈✱ ♦ í♥❞✐❝❡ ❝ ✐♥❞✐❝❛ ♦ ❝♦♥✈❡rs♦r ❇✷❇ ❈❙❈ ❡ ♦ ❤ s❡ r❡❢❡r❡ ❛♦ ❝♦♥✈❡rs♦r ❍í❜r✐❞♦ ❱❙❘✲❈❙■✳

❖s ✈❛❧♦r❡s ❞❡ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ q✉❡ ❡stã♦ ❛❝✐♠❛ ❞❡ ✶✱✵ ❡ ❛❜❛✐①♦ ❞❡ ✵✱✻ sã♦ ❡①❝❧✉í❞♦s ❞❛s

❛♥á❧✐s❡s✳

❚❛❜❡❧❛ ✺✳✷✿ ❈♦♥✜❣✉r❛çõ❡s ♣❛r❛ ❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ❛s t♦♣♦❧♦❣✐❛s✳

●❛♥❤♦ mvr mvi mcr mci mhr mhi ❈❛s♦
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✺✳✷✳✶ ❉✐st♦rçõ❡s ❍❛r♠ô♥✐❝❛s

◆❡st❛ s❡çã♦✱ é ❢❡✐t❛ ❛ ❝♦♠♣❛r❛çã♦ ❡♠ t❡r♠♦s ❞❡ t❛①❛ ❞❡ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ ✭❚❍❉✮ ❞♦s

❝♦♥✈❡rs♦r❡s ❇✷❇ ❱❙❈✱ ❇✷❇ ❈❙❈ ❡ ❍í❜r✐❞♦ ❱❙❘✲❈❙■✱ ❝♦♠♦ ✈✐st♦ ♥❛ ❊q✉❛çã♦ ✷✳✸✶✳

◆❛s ❋✐❣✉r❛s ✺✳✷✭❛✮ ❡ ✺✳✷✭❜✮ sã♦ ❛♣r❡s❡♥t❛❞♦s ❡♠ ❣rá✜❝♦s ❞❡ ❜❛rr❛s ♦s ✈❛❧♦r❡s ❞❡ ❚❍❉
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❞❛ ❝♦rr❡♥t❡ ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r ✭THDr✮ ❡ ❞♦ ❧❛❞♦ ❞❛ r❡❞❡ ✭THDi✮ ❝♦♠ ❛ ✈❛r✐❛çã♦ ❞♦ ❣❛♥❤♦

❞❡ t❡♥sã♦ ❡ ♦s ♣♦ssí✈❡✐s í♥❞✐❝❡s ❞❡ ♠♦❞✉❧❛çã♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛s ❝♦♥✜❣✉r❛çõ❡s ❞❛ ❚❛❜❡❧❛ ✺✳✷✳

P❛r❛ t♦❞♦s ♦s ❝❛s♦s✱ ❛ t❡♥sã♦ ❞❛ r❡❞❡ é ✜①❛❞❛ ❡♠ ✶✶✵ ❱ ♣♦r ❢❛s❡ ❡ ❛ t❡♥sã♦ ❞♦ ❣❡r❛❞♦r é

✈❛r✐❛❞❛✳ ❱❛❧❡ s❛❧✐❡♥t❛r q✉❡ ❛❧❣✉♥s ♣♦♥t♦s ✭❜❛rr❛s✮ q✉❡ ❡stã♦ ❢❛❧t❛♥❞♦ s❡ r❡❢❡r❡ ❛♦ ❧✐♠✐t❡ ❞♦

í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✳

❋✐❣✉r❛ ✺✳✷✿ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ♦s ❚❍❉r ❡ ❚❍❉✐ ❞♦s ❝♦♥✈❡rs♦r❡s ❇✷❇ ❱❙❈✱ ❇✷❇ ❈❙❈ ❡ ❞♦
❍í❜r✐❞♦ ❱❙❘✲❈❙■✳
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❆ ♣❛rt✐r ❞♦s ❣rá✜❝♦s ♠♦str❛❞♦s ♥❛ ❋✐❣✉r❛ ✺✳✷✱ ♦❜s❡r✈❛✲s❡ q✉❡ ♦ ❚❍❉ ❞♦ ❧❛❞♦ ❞♦ r❡t✐✜✲

❝❛❞♦r ✭❋✐❣✉r❛ ✺✳✷✭❛✮✮ ♣❛r❛ ♦ ❇✷❇ ❈❙❈ é ♠❛✐♦r ❝♦♠♣❛r❛❞♦ ❝♦♠ ♦ ❇✷❇ ❱❙❈ ❡ ❛ t♦♣♦❧♦❣✐❛

❤í❜r✐❞❛✱ ❡♥q✉❛♥t♦ ♦ ✈❛❧♦r ❞❡ ❚❍❉ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ❤í❜r✐❞♦ é ♦ ♠❡♥♦r ❡ ❞✐♠✐♥✉✐ ❝♦♠ ♦
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❛✉♠❡♥t♦ ❞♦ ❣❛♥❤♦✳ ❊♠ r❡❧❛çã♦ ❛♦ ❚❍❉ ❞♦ ❧❛❞♦ ❞♦ ✐♥✈❡rs♦r ✭❋✐❣✉r❛ ✺✳✷✭❜✮✮✱ ♥♦t❛✲s❡ q✉❡ ♦

❝♦♥✈❡rs♦r ❤í❜r✐❞♦ t❡♠ ♦s ♠❡♥♦r❡s ✈❛❧♦r❡s ❞❡ ❚❍❉ ❡ ♠❛♥té♠✲s❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❝♦♥st❛♥t❡

❞✉r❛♥t❡ t♦❞❛ ❛ ❢❛✐①❛ ❞❡ ♦♣❡r❛çã♦✳ ❏á ♦ ❝♦♥✈❡rs♦r ❇✷❇ ❱❙❈ ♣♦ss✉✐ ♦s ♠❛✐♦r❡s ✈❛❧♦r❡s ❞❡

❚❍❉✱ ♥♦ ❡♥t❛♥t♦✱ ♣❛r❛ ♦ ❇✷❇ ❈❙❈ ♦ ❚❍❉ t❡♠ s❡✉ ✈❛❧♦r ❛✉♠❡♥t❛❞♦ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞♦

❣❛♥❤♦✳

❆ ❝♦♥❡①ã♦ ❞♦ ❧❛❞♦ ❞❛ r❡❞❡ ❝♦♠ ♦ ❈❙■ s❡ ♠♦str♦✉ s❡r ♠❛✐s ❡✜❝✐❡♥t❡ ❡♠ t❡r♠♦s ❞❡ ❚❍❉

❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ❱❙■ q✉❡ ♣♦ss✉✐ ♦ ❚❍❉ ❜❛st❛♥t❡ ❡❧❡✈❛❞♦✳

✺✳✷✳✷ P❡r❞❛s ♥♦s ❙❡♠✐❝♦♥❞✉t♦r❡s

◆❡st❛ s❡çã♦✱ é ❢❡✐t❛ ❛ ❝♦♠♣❛r❛çã♦ ❡♠ t❡r♠♦s ❞❡ ♣❡r❞❛s ❞♦s s❡♠✐❝♦♥❞✉t♦r❡s ❞♦s ❝♦♥✈❡r✲

s♦r❡s ❇✷❇ ❱❙❈✱ ❇✷❇ ❈❙❈ ❡ ❍í❜r✐❞♦ ❱❙❘✲❈❙■✳

❆s ♣❡r❞❛s ❢♦r❛♠ ❝❛❧❝✉❧❛❞❛s ✉t✐❧✐③❛♥❞♦ ❝♦♠♦ ❜❛s❡ ♦ ♠❛t❡r✐❛❧ ❢♦r♥❡❝✐❞♦ ♣♦r ✭●■❘❖❯❳✱ P✳❀

❙❨❇■▲▲❊✱ ●✳❀ ❚❘❊▼❇▲❆❨✱ ❖✳✱✱ ✷✵✶✷✮ q✉❡ ♣♦st❡r✐♦r♠❡♥t❡ ❢♦✐ ✐♥❝♦r♣♦r❛❞♦ ♥♦ ♣ró♣r✐♦ ♠❛✲

t❡r✐❛❧ ✈✐❛❜✐❧✐③❛❞♦ ♣❡❧♦ ❙✐♠✉❧✐♥❦✱ ❞❡♥♦♠✐♥❛❞♦ ♣♦✇❡r❴s✇✐t❝❤✐♥❣❧♦ss❡s✳ ❖ ❡①❡♠♣❧♦ ❢♦✐ ✉t✐❧✐③❛❞♦

❞❡ ❢♦r♠❛ ❛❞❛♣t❛❞❛ ♣❛r❛ ♦ ❈❙❈✳

❆s ❝❤❛✈❡s ✉t✐❧✐③❛❞❛s ❢♦r❛♠ ❡s❝♦❧❤✐❞❛s ♣❛r❛ ❝♦♥t❡r ❛s ✐♥❢♦r♠❛çõ❡s ♥❡❝❡ssár✐❛s ♣❛r❛ ♦

❝á❧❝✉❧♦ ❞❛s ♣❡r❞❛s✳ P♦ré♠✱ ❞❡✈✐❞♦ à ❞✐✜❝✉❧❞❛❞❡ ❞❡ ❡♥❝♦♥tr❛r ✉♠ ❞❛t❛s❤❡❡t ❞❡ ❞✐♦❞♦ q✉❡

❝♦♥t✐♥❤❛ ❛s ✐♥❢♦r♠❛çõ❡s ❞❡ ❡♥❡r❣✐❛ ❞❡ r❡❝✉♣❡r❛çã♦ r❡✈❡rs❛ ❞♦ ❞✐♦❞♦ ✭Err✮ ❡♠ ❢✉♥çã♦ ❞❛

❝♦rr❡♥t❡ ❞✐r❡t❛ ❞♦ ❞✐♦❞♦ ✭If ✮✱ ♥❡❝❡ssár✐♦ ♣❛r❛ s❡r ❝♦❧♦❝❛❞♦ ❡♠ s❡r✐❡ ❝♦♠ ♦ ■●❇❚ ♣❛r❛ ♦

❈❙❈✱ ♦♣t♦✉✲s❡ ♣♦r ❡s❝♦❧❤❡r ❛ ❝❤❛✈❡ ❘❇✲■●❇❚ ♣❛r❛ ❡ss❛ ❝♦♠♣❛r❛çã♦✱ ❥á q✉❡ ❝♦♠♣r❡❡♥❞✐❛

❛s ✐♥❢♦r♠❛çõ❡s t❛♥t♦ ❞♦ ❞✐♦❞♦ q✉❛♥t♦ ❞♦ ■●❇❚✳ ◆♦ ❡♥t❛♥t♦✱ ❡①✐st❡♠ ♣♦✉❝♦s ❢❛❜r✐❝❛♥t❡s

❡ ❝❤❛✈❡s ❞❡ss❡ t✐♣♦✱ ♦ ♠♦❞❡❧♦ ❡♥❝♦♥tr❛❞♦ ♣❛r❛ s❡r ✉t✐❧✐③❛❞♦ ❢♦✐ ♦ ❋●❲✽✺◆✻✵❘❇ ❞❛ ❋✉❥✐

❊❧❡❝tr✐❝ ❘© ❞❡ ✻✵✵ ❱ ❡ ✽✺ ❆✳ ❆ ❝♦rr❡♥t❡ ❞❡ ✽✺ ❆ é ❜❛st❛♥t❡ ❛❧t❛ ♣❛r❛ ❡st❡ s✐st❡♠❛✱ ♥♦ ❡♥t❛♥t♦✱

❝♦♠♦ ♥ã♦ ❢♦✐ ♣♦ssí✈❡❧ ♦❜t❡r ♦✉tr♦ ♠♦❞❡❧♦✱ ♦♣t♦✉✲s❡ ♣♦r ❡s❝♦❧❤❡r ❛ ❝❤❛✈❡ ❞♦ ❱❙❈ q✉❡ ❝♦♥t✐♥❤❛

❛s ♠❡s♠❛s ❝❛r❛❝t❡ríst✐❝❛s✱ ♣♦ré♠ ❛ t❡♥sã♦ ♠❛✐♦r ❞❡✈✐❞♦ ❛♦ ❜❛rr❛♠❡♥t♦ ❈❈✳ ❆ss✐♠✱ ❛ ❝❤❛✈❡

❡s❝♦❧❤✐❞❛ ❢♦✐ ❛ ■❘●✼P❍✹✷❯❉P❜❋✴■❘●✼P❍✹✷❯❉✲❊P ❞❛ ■♥✜♥❡♦♥ ❘© ❞❡ ✶✷✵✵ ❱ ❡ ❝♦rr❡♥t❡

♠á①✐♠❛ ❞❡ ✽✺ ❆✳

◆❛s ❋✐❣✉r❛s ✺✳✸✭❛✮✱ ✺✳✸✭❜✮ ❡ ✺✳✸✭❝✮ sã♦ ❛♣r❡s❡♥t❛❞♦s ❡♠ ❣rá✜❝♦s ❞❡ ❜❛rr❛s ♦s ✈❛❧♦r❡s ❞❡

♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ ✭Pc✮✱ ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ✭Pch✮ ❡ ❛s ♣❡r❞❛s t♦t❛✐s ❡♠ ♣♦r❝❡♥t❛❣❡♠

✭Ptot(%) = Ptot/P3φ✮✱ ✈❛r✐❛♥❞♦ ♦ ❣❛♥❤♦ ❞❡ t❡♥sã♦ ❡ ♦s ♣♦ssí✈❡✐s í♥❞✐❝❡s ❞❡ ♠♦❞✉❧❛çã♦ ❞❡
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❋✐❣✉r❛ ✺✳✸✿ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ❛s ♣❡r❞❛s ♥♦s s❡♠✐❝♦♥❞✉t♦r❡s ❞♦s ❝♦♥✈❡rs♦r❡s ❇✷❇ ❱❙❈✱ ❇✷❇
❈❙❈ ❡ ❞♦ ❍í❜r✐❞♦ ❱❙❘✲❈❙■✳
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Pc (B2B VSC - I) Pc (B2B VSC - II) Pc (B2B CSC - I)

Pc (B2B CSC - II) Pc (VSR-CSI - I) Pc (VSR-CSI - II)

✭❛✮ P❡r❞❛s ♣♦r ❝♦♥❞✉çã♦✳
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Comparação em termos das perdas por chaveamento

Pch (B2B VSC - I) Pch (B2B VSC - II) Pch (B2B CSC - I)

Pch (B2B CSC - II) Pch (VSR-CSI - I) Pch (VSR-CSI - II)

✭❜✮ P❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦✳
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Ganho de Tensão

Comparação em termos das perdas totais

Pt (B2B VSC - I) Pt (B2B VSC - II) Pt (B2B CSC - I)

Pt (B2B CSC - II) Pt (VSR-CSI - I) Pt (VSR-CSI - II)

✭❝✮ P❡r❞❛s t♦t❛✐s✳
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❛❝♦r❞♦ ❝♦♠ ❛s ❝♦♥✜❣✉r❛çõ❡s ❞❛ ❚❛❜❡❧❛ ✺✳✷✳ P❛r❛ t♦❞♦s ♦s ❝❛s♦s ❛ t❡♥sã♦ ❞❛ r❡❞❡ é ✜①❛❞❛

❡♠ ✶✶✵ ❱ ♣♦r ❢❛s❡ ❡ ❛ t❡♥sã♦ ❞♦ ❣❡r❛❞♦r é ✈❛r✐❛❞❛✳

◆❛ ❋✐❣✉r❛ ✺✳✸✭❛✮✱ tê♠✲s❡ ❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦✱ ❞♦ q✉❛❧ ♥♦t❛✲s❡ q✉❡ ❛s ♣❡r❞❛s ♣♦r

❝♦♥❞✉çã♦ ❞♦ ❇✷❇ ❈❙❈ sã♦ ♠❛✐s ❡❧❡✈❛❞❛s q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛s ❝♦♠ ❛s ♦✉tr❛s t♦♣♦❧♦❣✐❛s✱ ❡

q✉❡ ❡❧❛s ❛✉♠❡♥t❛♠ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞♦ ❣❛♥❤♦✳ ❏á ♦ ❝♦♥✈❡rs♦r ❇✷❇ ❱❙❈ t❡♠ ❛s ♠❡♥♦r❡s

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

❝♦♠ ❛ ✈❛r✐❛çã♦ ❞♦ ❣❛♥❤♦✳

❆ ✺✳✸✭❜✮ ♠♦str❛ ❛s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦✳ ◆❡st❛ ✜❣✉r❛✱ é ♦❜s❡r✈❛❞♦ q✉❡ ♦ ❇✷❇ ❱❙❈

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

❡♥q✉❛♥t♦ ♦ ❇✷❇ ❈❙❈ t❡♠ ❛s ♠❡♥♦r❡s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦✳ ◆❡st❡ ❝❛s♦✱ ❛ t♦♣♦❧♦❣✐❛

❍í❜r✐❞❛ t❡♠ ♣❡r❞❛s ✐♥t❡r♠❡❞✐ár✐❛s ❡♥tr❡ ❛s t♦♣♦❧♦❣✐❛s ❝♦♥✈❡♥❝✐♦♥❛✐s✳

P♦r ✜♠✱ ❛ ✺✳✸✭❝✮ ♠♦str❛ ❛s ♣❡r❞❛s t♦t❛✐s ❡♠ ♣♦r❝❡♥t❛❣❡♠ ✭♣❡r❞❛ t♦t❛❧✴♣♦tê♥❝✐❛ ♥♦♠✐♥❛❧✮

❞❛s três t♦♣♦❧♦❣✐❛s✳ ◆❡st❡ ❝❛s♦✱ ♥♦t❛✲s❡ q✉❡ ♦ ❇✷❇ ❱❙❈ t❡♠ ❛s ♠❛✐♦r❡s ♣❡r❞❛s ❡♠ r❡❧❛çã♦

❛♦ ❇✷❇ ❈❙❈ ❡ ❛♦ ❝♦♥✈❡rs♦r ❍í❜r✐❞♦✳ ❖ ❝♦♥✈❡rs♦r ❤í❜r✐❞♦ t❡♠ ❛s ♠❡♥♦r❡s ♣❡r❞❛s t♦t❛✐s✱

♣ró①✐♠❛s ❞❛s ♣❡r❞❛s ❞♦ ❇✷❇ ❈❙❈✱ ♥♦ ❡♥t❛♥t♦✱ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞♦ ❣❛♥❤♦ ❛s ♣❡r❞❛s ❞♦ ❇✷❇

❈❙❈ t❡♥❞❡♠ ❛ ❛✉♠❡♥t❛r ♠❛✐s ❞♦ q✉❡ ♦ ❤í❜r✐❞♦✳

❉❡ss❛ ❢♦r♠❛✱ ❝♦♥❝❧✉✐✲s❡ q✉❡ ♦ ❝♦♥✈❡rs♦r ❇✷❇ ❱❙❈ ♣♦ss✉✐ ❛s ♠❛✐♦r❡s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛✲

♠❡♥t♦ ❡ ❛s ♠❡♥♦r❡s ♣♦r ❝♦♥❞✉çã♦✱ ❥á ♦ ❇✷❇ ❈❙❈ ♣♦ss✉✐ ♠❛✐s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ ❡ ♠❡♥♦r❡s

♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦✱ ♣♦ré♠✱ ♥❛s ♣❡r❞❛s t♦t❛✐s✱ ❛s ♣❡r❞❛s ❞♦ ❇✷❇ ❈❙❈ sã♦ ♠❡♥♦r❡s q✉❡

♦ ❇✷❇ ❱❙❈ ♣❛r❛ ❡st❡s ❝❛s♦s✳

❈♦♠♦ ♦ ❝♦♥✈❡rs♦r ❤í❜r✐❞♦ ✉♥❡ ❡ss❡s ❞♦✐s ❝♦♥✈❡rs♦r❡s✱ ❛❝❛❜❛ s❡♥❞♦ ❜❛❧❛♥❝❡❛❞♦ ❡♠ r❡❧❛çã♦

às ♣❡r❞❛s✱ ❥á q✉❡✱ ♥♦ ❧❛❞♦ ❞♦ r❡t✐✜❝❛❞♦r✱ ♣♦ss✉✐ ♠❛✐s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ❡✱ ♥♦ ❧❛❞♦

✐♥✈❡rs♦r✱ ♠❛✐s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦✱ ♣♦ss✉✐♥❞♦ ♥❛s ♣❡r❞❛s t♦t❛✐s ❛s ♠❡♥♦r❡s ♣❡r❞❛s ❡♥tr❡ ❛s

três t♦♣♦❧♦❣✐❛s✳

✺✳✷✳✸ ◗✉❛♥t✐❞❛❞❡ ❞❡ ❝♦♠♣♦♥❡♥t❡s

◆❛ ❚❛❜❡❧❛ ✺✳✸ é ♠♦str❛❞❛ ❛ r❡❧❛çã♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ♥❡❝❡ssár✐♦s ♣❛r❛ ♦s ❝♦♥✈❡rs♦r❡s ❇✷❇

❈❙❈✱ ❇✷❇ ❱❙❈ ❡ ❍í❜r✐❞♦ ❱❙❘✲❈❙■✳ ❈♦♥s✐❞❡r❛♥❞♦ ❛ ❝♦♥❡①ã♦ ❞♦ ❣❡r❛❞♦r ❛♦ ❝♦♥✈❡rs♦r✱ q✉❡

❡①❝❧✉✐ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞♦ ✉s♦ ❞❡ ✜❧tr♦s ✐♥❞✉t✐✈♦s ♣❛r❛ ♦ ❈❙❘ ❡ ❞♦ ✜❧tr♦ ▲❈▲ ♣❛r❛ ♦ ❱❙❘✳
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❚❛❜❡❧❛ ✺✳✸✿ ❘❡❧❛çã♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ♣❛r❛ ❛s t♦♣♦❧♦❣✐❛s ❇✷❇ ❱❙❈✱ ❇✷❇ ❈❙❈ ❡ ❍í❜r✐❞♦
❱❙❘✲❈❙■✳

❈♦♠♣♦♥❡♥t❡s ❇✷❇ ❱❙❈ ❇✷❇ ❈❙❈ ❍í❜r✐❞♦ ❱❙❘✲❈❙■
■●❇❚ ✶✷ ✶✷ ✶✷
❉✐♦❞♦ ✶✷ ✶✷ ✶✷
■♥❞✉t♦r ✻ ✼ ✹
❈❛♣❛❝✐t♦r ✹ ✻ ✹

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

♥♦s ❝♦♥✈❡rs♦r ❤í❜r✐❞♦ ♣❛r❛ ❛♣❧✐❝❛çõ❡s ❡♠ ❡♥❡r❣✐❛ ❡ó❧✐❝❛✱ ❞❡✈✐❞♦ ❛ r❡❞✉çã♦ ❞❡ ❡❧❡♠❡♥t♦s ❡

✐♥❞✉t✐✈♦s ❡ ❝❛♣❛❝✐t✐✈♦s ♥♦ s✐st❡♠❛✳

✺✳✸ ❈♦♥❝❧✉sã♦

◆❡st❡ ❝❛♣ít✉❧♦ ❢♦✐ ❢❡✐t♦ ❛ ❛♥á❧✐s❡ ❞❡ ❣❛♥❤♦ ❞❡ t❡♥sã♦ ❞❛s t♦♣♦❧♦❣✐❛s ❇✷❇ ❱❙❈✱ ❇✷❇

❈❙❈ ❡ ❍í❜r✐❞❛ ❱❙❘✲❈❙■✳ ❈♦♥s✐❞❡r❛♥❞♦ ♦s ❧✐♠✐t❡s ❡♠ ❝♦♠✉♠ ❞❛s t♦♣♦❧♦❣✐❛s✱ ❢♦✐ ❢❡✐t❛ ✉♠❛

❛♥á❧✐s❡ ❝♦♠♣❛r❛t✐✈❛ ❡♠ t❡r♠♦s ❞❡ ❚❍❉ ❞❛s ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛ ❡ ❞❛s ♣❡r❞❛s ♥♦s

s❡♠✐❝♦♥❞✉t♦r❡s✳

❆s ❛♥á❧✐s❡s ❡❢❡t✉❛❞❛s ♠♦str❛♠ q✉❡ ♦s ❝♦♥✈❡rs♦r❡s ❢♦♥t❡ ❞❡ t❡♥sã♦ ♣♦ss✉❡♠ ❛s ♠❛✐♦r❡s

♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ❡ ♠❡♥♦r❡s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦✱ ❡♥q✉❛♥t♦ ♦ ❚❍❉ ❞❛s ❝♦rr❡♥t❡s ❞❡

s❛í❞❛ é ❡❧❡✈❛❞♦ ❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ♦ ❚❍❉ ❞❛s ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛✳ ❏á ♦ ❇✷❇ ❈❙❈ ♣♦ss✉✐

❛s ♠❡♥♦r❡s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ❡ ❛s ♠❛✐♦r❡s ♣♦r ❝♦♥❞✉çã♦✳ ❊♠ r❡❧❛çã♦ ❛♦ ❚❍❉✱ ♦ ❇✷❇

❈❙❈ s❡ ♠♦str♦✉ ♠❛✐s ❡✜❝✐❡♥t❡ ❞♦ ❧❛❞♦ ❞❛ r❡❞❡ ❡♠ r❡❧❛çã♦ ❛♦ ❇✷❇ ❱❙❈ ❡ t❛♠❜é♠ ♣♦ss✉✐

✈❛❧♦r❡s ❜❛✐①♦s ❞❡ ❚❍❉ ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r✳

P♦r ✜♠✱ ♦ ❝♦♥✈❡rs♦r ❤í❜r✐❞♦ ❡q✉✐❧✐❜r❛ ❛s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ❡ ♣♦r ❝♦♥❞✉çã♦✱ ❡♥✲

q✉❛♥t♦ ♠❛♥té♠ ♦s ✈❛❧♦r❡s ❞❡ ❚❍❉ ❜❛✐①♦s ❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❝♦♥st❛♥t❡s ❞✉r❛♥t❡ ♦ ❛✉♠❡♥t♦

❞♦ ❣❛♥❤♦✳ ❆❧é♠ ❞✐ss♦✱ ❛ t♦♣♦❧♦❣✐❛ ❤í❜r✐❞❛ ♣♦ss✉í ✉♠❛ ♠❡♥♦r q✉❛♥t✐❞❛❞❡ ❞❡ ❡❧❡♠❡♥t♦s ♣❛s✲

s✐✈♦s ❛♦ s❡r ❝♦♥❡❝t❛❞❛ ❛♦ ❣❡r❛❞♦r✳
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◆❡st❡ tr❛❜❛❧❤♦ é ♣r♦♣♦st❛ ✉♠❛ t♦♣♦❧♦❣✐❛ ❤í❜r✐❞❛ ❞❡ ❝♦♥✈❡rs♦r ❈❆✲❈❈✲❈❆ ♣❛r❛ ✐♥t❡r❧✐❣❛r

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

❝♦♥✈❡rs♦r ❢♦♥t❡ ❞❡ t❡♥sã♦ ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r ❡ ❞❡ ✉♠ ❝♦♥✈❡rs♦r ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ ❞♦ ❧❛❞♦ ❞❛

r❡❞❡✳ ❖ ❝♦♥✈❡rs♦r ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r ❞❡✈❡ s❡♠♣r❡ ❡①tr❛✐r ❛ ♠á①✐♠❛ ♣♦tê♥❝✐❛ ❞♦ ❣❡r❛❞♦r✱

❡♥q✉❛♥t♦ q✉❡ ♦ ❝♦♥✈❡rs♦r ❞♦ ❧❛❞♦ ❞❛ r❡❞❡ tr❛♥s❢❡r❡ ❡ss❛ ♣♦tê♥❝✐❛ ❛tr❛✈és ❞♦ ❝♦♥tr♦❧❡ ❞❛ t❡♥sã♦

❞♦ ❜❛rr❛♠❡♥t♦✳ P❛r❛ ♦ ❝♦♥tr♦❧❡ ❞♦ ❧❛❞♦ ❞❛ r❡❞❡✱ ❞❡st❛❝❛✲s❡ ♦ ❢❛t♦ ❞❡ q✉❡ ❛ ♠❛♥✉t❡♥çã♦ ❞❛

t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ♥❛ ♠❡❞✐❞❛ ❡♠ q✉❡ ❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❞✐♠✐♥✉✐ ❢♦✐

♣♦ssí✈❡❧✱ ❛❥✉❞❛♥❞♦ ❛ss✐♠ ❛ ❞✐♠✐♥✉✐r ❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦✱ ♥❡ss❡ t✐♣♦ ❞❡ ❝♦♥✈❡rs♦r✳

❖ ❝♦♥✈❡rs♦r ❈❙■ s❡ ♠♦str♦✉ ♠❛✐s ❡✜❝✐❡♥t❡ ♣❛r❛ ❛ ❝♦♥❡①ã♦ ❝♦♠ ❛ r❡❞❡ ❡❧étr✐❝❛ q✉❛♥❞♦

❝♦♠♣❛r❛❞♦ ❛♦ ❱❙■✱ ✈✐st♦ q✉❡ ❛♣r❡s❡♥t♦✉✲s❡ ❝♦♠ ✉♠ ❜❛✐①♦ ❚❍❉ ♣❛r❛ t♦❞❛ ❛ ❢❛✐①❛ ❞❡ ♦♣❡✲

r❛çã♦✱ ❡ ♥ã♦ ❤á ♥❡❝❡ss✐❞❛❞❡ ❞❡ ✉♠ ✜❧tr♦ ▲❈▲✱ ♥❡♠ ❞❡ ✉♠ ❝♦♥tr♦❧❡ ✈❡t♦r✐❛❧ ❞❛ ❝♦rr❡♥t❡✱

♣♦❞❡♥❞♦ ❛ ❝♦rr❡♥t❡ s❡r ❝♦♥tr♦❧❛❞❛ ❞❡ ❢♦r♠❛ ❞✐r❡t❛✳ ❖ ❈❙■ t❛♠❜é♠ ♣♦ss✉✐ ♣r♦t❡çã♦ ❝♦♥tr❛

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

❏á ❞♦ ❧❛❞♦ ❞♦ ❣❡r❛❞♦r✱ ♦ ❱❙❘ é ♠❛✐s ❡✜❝✐❡♥t❡ ♣♦r ♣♦ss✉✐r ❜❛✐①❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦

❡ ❜❛✐①♦ ❚❍❉✳ ❖ ❱❙❘ t❛♠❜é♠ ♣♦ss✉✐ ♠❛✐♦r ❢❛❝✐❧✐❞❛❞❡ ❞❡ ❝♦♥❡①ã♦ q✉❛♥❞♦ ❝♦♥❡❝t❛❞♦ ❛

♠áq✉✐♥❛s ❡❧étr✐❝❛s✱ ❡❧✐♠✐♥❛♥❞♦ ♦ ✉s♦ ❞❡ ✜❧tr♦s ❈❆✳

❖❜s❡r✈♦✉✲s❡ t❛♠❜é♠ q✉❡✱ ❡♠ r❡❧❛çã♦ às ♣❡r❞❛s ❛ t♦♣♦❧♦❣✐❛ ♣r♦♣♦st❛ ♣♦ss✉✐ ❛s ♠❡♥♦r❡s

♣❡r❞❛s t♦t❛✐s✱ ❡q✉✐❧✐❜r❛♥❞♦ ❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ ❡ ♣♦r ❝❤❛✈❡❛♠❡♥t♦✱ ❥á q✉❡ ♥♦ ❱❙❈ ❛s

♣❡r❞❛s ♣r❡❞♦♠✐♥❛♥t❡s sã♦ ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ❡♥q✉❛♥t♦ q✉❡ ♥♦s ❈❙❈ ❛s ♣❡r❞❛s ♣r❡❞♦♠✐♥❛♥t❡s

✽✶
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sã♦ ♣♦r ❝♦♥❞✉çã♦✳ ❖✉tr❛ ✈❛♥t❛❣❡♠ ❞❛ t♦♣♦❧♦❣✐❛ ♣r♦♣♦st❛✱ é ♦ ❢❛t♦ ❞❛ r❡❞✉çã♦ ❞❡ ❡❧❡♠❡♥t♦s

✐♥❞✉t✐✈♦s ❡ ❝❛♣❛❝✐t✐✈♦s ❞♦ s✐st❡♠❛✳

❉❡ss❛ ❢♦r♠❛✱ ♦ s✐st❡♠❛ ♣r♦♣♦st♦ ❝♦♠❜✐♥❛ ❛s ✈❛♥t❛❣❡♥s ❞♦ r❡t✐✜❝❛❞♦r ❢♦♥t❡ ❞❡ t❡♥sã♦ ❡

❞♦ ✐♥✈❡rs♦r ❢♦♥t❡ ❝♦rr❡♥t❡✱ ♣♦ss✉✐♥❞♦ ✉♠❛ ♣r♦t❡çã♦ ❝♦♥tr❛ ❝✉rt♦✲❝✐r❝✉✐t♦✱ ♠❛✐♦r ❡✜❝✐ê♥❝✐❛ ❡

♠❡♥♦r t❛①❛ ❞❡ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦ ❝♦♠ ♦ ❇✷❇ ❱❙❈ ❡ ❝♦♠ ♦ ❇✷❇ ❈❙❈✱

♣♦ss✉✐♥❞♦ ✉♠ ❣r❛✉ ❞❡ ❧✐❜❡r❞❛❞❡ ♠❛✐♦r ♣❛r❛ ♦♣❡r❛çã♦ ♥❛s q✉❛✐s s❡❥❛♠ ♥❡❝❡ssár✐♦s ❣❛♥❤♦

❞❡ t❡♥sã♦✱ ♣♦❞❡♥❞♦ ❡✈✐t❛r ❛té ♦ ✉s♦ ❞❡ tr❛♥s❢♦r♠❛❞♦r❡s✳ ❚❛♠❜é♠ ❝♦♥st❛t♦✉✲s❡✱ ❛tr❛✈és ❞❡

r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❡ ✈✐❛❜✐❧✐❞❛❞❡ ❞♦ ❝♦♥✈❡rs♦r ❤í❜r✐❞♦✳

✻✳✶ ❚r❛❜❛❧❤♦s ❋✉t✉r♦s

❈♦♠♦ ♣r♦♣♦st❛ ♣❛r❛ tr❛❜❛❧❤♦s ❢✉t✉r♦s✱ s✉❣❡r❡✲s❡✿

• ❊st✉❞♦ ❞❡ t♦♣♦❧♦❣✐❛s ♠✉❧t✐♥í✈❡✐s ❢♦♥t❡ ❞❡ t❡♥sã♦ ❡ ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ ♣❛r❛ s❡r ❛♣❧✐❝❛❞♦

♥♦ ❧✉❣❛r ❞♦s ❝♦♥✈❡rs♦r❡s ❞❡ ❞♦✐s ♥í✈❡✐s❀

• ❯t✐❧✐③❛çã♦ ❞❛ ♠♦❞✉❧❛çã♦ ✈❡t♦r✐❛❧❀

• ▼♦❞❡❧❛❣❡♠ ❡♠ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ❞♦s ❝♦♥✈❡rs♦r❡s ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦s ❣❛♥❤♦s ❞♦s

❝♦♥tr♦❧❛❞♦r❡s❀

• ❊st✉❞♦ ❞❡t❛❧❤❛❞♦ ❞❡ ♣❡r❞❛s ♥♦s s❡♠✐❝♦♥❞✉t♦r❡s❀

• ❊st✉❞♦ ❞❡ ♣❡r❞❛s ♥♦s ❡❧❡♠❡♥t♦s ♣❛ss✐✈♦s ❞♦ ❝♦♥✈❡rs♦r❀

• ❆♥á❧✐s❡ ❞❡ ♣❡r❞❛s ❡ ❚❍❉ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❛ t❡♥sã♦ ❡ ❞❛ ♣♦tê♥❝✐❛❀

• ▼❡❧❤♦r❛♠❡♥t♦ ❞♦ ♣r♦tót✐♣♦ ❡ ❛✉♠❡♥t♦ ❞❛ ♣♦tê♥❝✐❛ ❛♣❧✐❝❛❞❛❀

• ❋❛③❡r ❛♥á❧✐s❡ ❞❡ ❡✜❝✐ê♥❝✐❛ ❡ ❚❍❉ ❞♦ ♣r♦tót✐♣♦❀

• ❈♦♥❡①ã♦ ❝♦♠ ❛ r❡❞❡ ❞♦ ♣r♦tót✐♣♦ ♠♦♥t❛❞♦❀

• ❙✐♠✉❧❛çã♦ ❝♦♠ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ♠áq✉✐♥❛s ❡❧étr✐❝❛s❀



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s

❉❊ ❆❩❊❱❊❉❖ ❈❆❱❆▲❈❆◆❚■ ❈❖❙❚❆✱ ▲✳ ❆✳ ▲✳✱ ❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧✲

t✐♣❧❛s P♦rt❛s✱ ❈❛♠♣✐♥❛ ●r❛♥❞❡✱ P❛r❛í❜❛✱ ❇r❛s✐❧✿ ❉✐ss❡rt❛çã♦ ❞❡ ▼❡str❛❞♦✱

❯❋❈●✱ ✱ ✭✷✵✶✻✮✳

❆❩▼■✱ ❙✳❀ ❆❍▼❊❉✱ ❑✳❀ ❋■◆◆❊❨✱ ❙✳ ❡ ❲■▲▲■❆▼❙✱ ❇✳✱ ❈♦♠♣❛r❛t✐✈❡ ❛♥❛❧②s✐s ❜❡t✇❡❡♥

✈♦❧t❛❣❡ ❛♥❞ ❝✉rr❡♥t s♦✉r❝❡ ✐♥✈❡rt❡rs ✐♥ ❣r✐❞✲❝♦♥♥❡❝t❡❞ ❛♣♣❧✐❝❛t✐♦♥✱ ✱ ✭✷✵✶✶✮✳

❇❆❖✱ ❏✳✲❨✳❀ ❇❆❖✱ ❲✳✲❇✳ ❡ ▲■✱ ❨✳✲▲✳✱ ❆ ♣♦✇❡r ❝♦♥✈❡rs✐♦♥ s②st❡♠ ❢♦r P▼❙●✲❜❛s❡❞ ❲❊❈❙
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