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

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

❈♦♥✈❡rs♦r❡s ❈❆✲❈❆ ❝♦♠ ❆❧t♦ ❋❛t♦r ❞❡
P♦tê♥❝✐❛ ❯t✐❧✐③❛♥❞♦ ■♥❞✉t♦r❡s ❆❝♦♣❧❛❞♦s

❆♥t♦♥✐♦ ■s❛❛❝ ▲✉♥❛ ❞❡ ▲❛❝❡r❞❛

❉✐ss❡rt❛çã♦ ❞❡ ▼❡str❛❞♦ s✉❜♠❡t✐❞❛ à ❈♦♦r❞❡♥❛çã♦ ❞♦ Pr♦❣r❛♠❛

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

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

♦❜t❡♥çã♦ ❞♦ ❣r❛✉ ❞❡ ▼❡str❡ ❡♠ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛✳

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

❖r✐❡♥t❛❞♦r✿

❊❞✐s♦♥ ❘♦❜❡rt♦ ❈❛❜r❛❧ ❞❛ ❙✐❧✈❛✱ ❉r✳■♥❣

❈❛♠♣✐♥❛ ●r❛♥❞❡✱ P❛r❛í❜❛✱ ❇r❛s✐❧

❝©❆♥t♦♥✐♦ ■s❛❛❝ ▲✉♥❛ ❞❡ ▲❛❝❡r❞❛✱ ❉❡③❡♠❜r♦ ❞❡ ✷✵✶✶
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❉❡❞✐❝❛tór✐❛

❉❡❞✐❝♦ ❡st❡ tr❛❜❛❧❤♦ ❛♦s ♠❡✉s P❛✐s✱ q✉❡ ❞❡❞✐❝❛r❛♠ t♦❞❛ ❛ ✈✐❞❛ ❛♦s ✜❧❤♦s✳

✐



❆❣r❛❞❡❝✐♠❡♥t♦s

❆ ❉❡✉s✱ q✉❡ é ♦ ❛✉t♦r ❡ ❝♦♥s✉♠❛❞♦r ❞❛ ♠✐♥❤❛ ❤✐stór✐❛✱ ♣♦r t❡r ♠❡ ❞❛❞♦ ❢♦rç❛ ❡ s❛❜❡❞♦r✐❛
❞✉r❛♥t❡ t♦❞❛ ❛ tr❛❥❡tór✐❛ ❞❛ ♠✐♥❤❛ ✈✐❞❛✳

❆ ♠❡✉s ♣❛✐s✱ ❏♦sé ▲❛ér❝✐♦ ❞❡ ▲❛❝❡r❞❛ ❡ ▼❛r✐❛ ▲✉♥❛ ❚❛✈❛r❡s✱ ♣♦r t♦❞♦ ❛♠♦r ❡ ❛♣♦✐♦
♥❡❝❡ssár✐♦s ❛♦ ♠❡✉ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❝♦♠♦ ♣❡ss♦❛✳

❆ ♠✐♥❤❛ ♥❛♠♦r❛❞❛ ❆♥❛ P❛✉❧❛✱ ♣❡❧♦ ❛♠♦r✱ ❝❛r✐♥❤♦✱ ♣❛❝✐ê♥❝✐❛✱ ❡stí♠✉❧♦ ❡ ❝♦♠♣❛♥❤❡✐r✐s♠♦✳
❆♦s ♠❡✉s ✐r♠ã♦s ■✈❡t❡ ❡ ▼❛r❝❡❧♦ q✉❡ s❡♠♣r❡ ❛❝r❡❞✐t❛r❛♠ ♥♦ ♠❡✉ ♣♦t❡♥❝✐❛❧ ❡ sã♦ ♣❛rt✐❝✐✲
♣❛♥t❡s ❞❡ ♠❛✐s ❡st❛ ✈✐tór✐❛✳

❆♦ Pr♦❢❡ss♦r ❊❞✐s♦♥ ❘♦❜❡rt♦ ❈❛❜r❛❧ ❞❛ ❙✐❧✈❛✱ ♣❡❧❛ ♦r✐❡♥t❛çã♦✱ ❛♣♦✐♦✱ ♦♣♦rt✉♥✐❞❛❞❡s✱ ❛❥✉❞❛
❡ ❝♦♥❤❡❝✐♠❡♥t♦ ♣❛rt✐❧❤❛❞♦✳

❆ ❝♦♦r❞❡♥❛çã♦✱ ♣r♦❢❡ss♦r❡s ❡ ❢✉♥❝✐♦♥ár✐♦s ❞❛ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❈❛♠♣✐♥❛ ●r❛♥❞❡✱ ❡♠
❡s♣❡❝✐❛❧ ♦s q✉❡ ❝♦♠♣õ❡ ♦ ❉❡♣❛rt❛♠❡♥t♦ ❞❡ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛✱ ♣♦r t❡r❡♠ ❝♦♥tr✐❜✉í❞♦ ♣❛r❛
❛ ♠✐♥❤❛ ❢♦r♠❛çã♦ ❛❝❛❞ê♠✐❝❛✳

❆♦s ♠❡✉s ❛♠✐❣♦s ❞♦ ▲❊■❆▼✱ ●r❡❣♦r②✱ ❆❜✐♥❛❞❛❜❡✱ ➪❧✈❛r♦✱ ●✐❧s♦♥✱ ❏♦ã♦ ❍❡❧❞❡r✱ ❊❞❣❛r❞✱
❆♥t♦♥✐♦ ❞❡ P❛✉❧❛✱ P❛✉❧❛ P❡r❡③✱ ❏♦♥❛t❛♥✱ ❋❛❜rí❝✐♦✱ ▼♦t✐ê✱ ▲✉❝❛s✱ ▲✉❝✐❛♥♦ ❇❛rr♦s✱ ▲✐❧✐❛♥✱ ❡
❛ t♦❞♦s q✉❡ ❞✐r❡t❛ ♦✉ ✐♥❞✐r❡t❛♠❡♥t❡ ❝♦♥tr✐❜✉ír❛♠ ♣❛r❛ ❡st❡ tr❛❜❛❧❤♦✳ P♦r ✜♠✱ ❛❣r❛❞❡ç♦ ❛♦
❈◆Pq ♣❡❧♦ s✉♣♦rt❡ ✜♥❛♥❝❡✐r♦ ❝♦♥❝❡❞✐❞♦✳

✐✐



❘❡s✉♠♦

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

❞❡ ♣♦tê♥❝✐❛✳ P❛r❛ ❡st❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ♦♣❡r❛çã♦✱ ❡st❡ tr❛❜❛❧❤♦ ♣r♦♣õ❡ s❡✐s t♦♣♦❧♦❣✐❛s ❞❡

❝♦♥✈❡rs♦r❡s ❈❆✲❈❆✿ três ❝♦♥✈❡rs♦r❡s ♠♦♥♦❢ás✐❝♦s✱ ✉♠ ❝♦♥✈❡rs♦r ♠♦♥♦❢ás✐❝♦✲tr✐❢ás✐❝♦ ❡ ❞♦✐s

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

❞♦✐s ♥í✈❡✐s ❡ ♦ s❡❣✉♥❞♦ ✉t✐❧✐③❛♥❞♦ ❝♦♠♦ ❡♥tr❛❞❛ ✉♠ ❝♦♥✈❡rs♦r ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦

r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s✳

❖s s❡✐s ❝♦♥✈❡rs♦r❡s ♣❡r♠✐t❡♠ ♦❜t❡r ✉♠ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❛❞❡q✉❛❞♦ s❡♠ ♥❡♥❤✉♠❛ ❡s✲

tr❛té❣✐❛ ❝♦♠♣❧✐❝❛❞❛ ❝♦♠ r❡❛❧✐♠❡♥t❛çã♦ ❞❡ ✈❛r✐á✈❡✐s q✉❡ ♥❡❝❡ss✐t❛r✐❛ ❧❡✐t✉r❛s ❞❡ ❝♦rr❡♥t❡s ❡

t❡♥sõ❡s✳ ■♥❞✉t♦r❡s ❝♦♠ ❛❝♦♣❧❛♠❡♥t♦ sã♦ ✉t✐❧✐③❛❞♦s ♣❛r❛ r❡❞✉③✐r ❛ ♦♥❞✉❧❛çã♦ ❡ ❝♦♥s❡q✉❡♥t❡✲

♠❡♥t❡ ❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ❞❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛✳ ❆ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ♣♦❞❡

♦♣❡r❛r ❝♦♠ ❢r❡q✉ê♥❝✐❛ ❞❡ s❛í❞❛ ✈❛r✐á✈❡❧✱ ❡♠ ❛♣❧✐❝❛çõ❡s ❝♦♠♦ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ♠áq✉✐♥❛s✱ ♦✉

❝♦♠ ❢r❡q✉ê♥❝✐❛ ❞❡ s❛í❞❛ ✜①❛✱ ❡♠ ❛♣❧✐❝❛çõ❡s ❝♦♠♦ ❯P❙ ✭❯♥✐♥t❡rr✉♣t❡❞ P♦✇❡r ❙✉♣♣❧②✮✳

❆ ❝♦♥✜❣✉r❛çã♦ q✉❡ ✉t✐❧✐③❛ ❝♦♠♦ ❡♥tr❛❞❛ ♦ r❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦

❞❡ ❝♦♠♣♦♥❡♥t❡s ❢♦✐ ♣r♦♣♦st❛ ♣❛r❛ ♣❡r♠✐t✐r ♦ ❝♦♥tr♦❧❡ ❞❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✳

✐✐✐



❆❜str❛❝t

❚❤✐s ✇♦r❦ ❛❞❞r❡ss❡s t❤❡ ❆❈✲❆❈ ❝♦♥✈❡rt❡rs ✇✐t❤ t❤❡ ❛✐♠ ♦❢ ♦❜t❛✐♥❣ ❛ ❤✐❣❤ ♣♦✇❡r ❢❛❝t♦r

✐♥ t❤❡ ❣r✐❞✳ ❋♦r t❤✐s✱ t❤✐s ✇♦r❦ ♣r♦♣♦s❡s s✐① ❝♦♥✈❡rt❡rs t♦♣♦❧♦❣✐❡s ❈❆✲❈❆✿ t❤r❡❡✲♣❤❛s❡

❝♦♥✈❡rt❡rs✱ s✐♥❣❧❡ ♣❤❛s❡✲t❤r❡❡ ♣❤❛s❡ ❝♦♥✈❡rt❡r ❛♥❞ t❤r❡❡ ♣❤❛s❡✲t❤r❡❡ ♣❤❛s❡ ❝♦♥✈❡rt❡rs ✇✐t❤

t❤❡ ✜rst ✉s✐♥❣ ❛ t✇♦✲❧❡✈❡❧ ❝♦♥✈❡rt❡r ❛s ✐♥♣✉t ❛♥❞ t❤❡ s❡❝♦♥❞ ✉s✐♥❣ ❛ t❤r❡❡✲❧❡✈❡❧ ❝♦♥✈❡rt❡r ❛s

✐♥♣✉t ✇✐t❤ r❡❞✉❝❡❞ ♥✉♠❜❡r ♦❢ ❝♦♠♣♦♥❡♥ts✳

❚❤❡ s✐① ❝♦♥✈❡rt❡r t♦♣♦❧♦❣✐❡s ❛❧❧♦✇s ❢♦r ♦❜t❛✐♥✐♥❣ ❛❞❡q✉❛t❡ ❣r✐❞ ♣♦✇❡r ❢❛❝t♦r ✇✐t❤♦✉t ❛♥②

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

✇✐❞t❤ ♠♦❞✉❧❛t✐♦♥✳ ❈♦✉♣❧❡❞ ✐♥❞✉❝t♦rs ❛r❡ ✉s❡❞ t♦ r❡❞✉❝❡ t❤❡ r✐♣♣❧❡ ❛♥❞ ❝♦♥s❡q✉❡♥t❧② t❤❡

t♦t❛❧ ❤❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥ ♦❢ ✐♥♣✉t ❝✉rr❡♥t✳ ❚❤✐s t♦♣♦❧♦❣② ❝❛♥ ♦♣❡r❛t❡ ❡✐t❤❡r ✇✐t❤ ✈❛r✐❛❜❧❡

♦✉t♣✉t ❢r❡q✉❡♥❝② ✐♥ ❛♣♣❧✐❝❛t✐♦♥s s✉❝❤ ❛s ❆❈ ❞r✐✈❡ s②st❡♠s✱ ♦r ✇✐t❤ ✜①❡❞ ♦✉t♣✉t ❢r❡q✉❡♥❝②

s✉❝❤ ❛s ❯P❙ ✭❯♥✐♥t❡rr✉♣t❡❞ P♦✇❡r ❙✉♣♣❧②✮✳

❚❤❡ ❝♦♥✜❣✉r❛t✐♦♥ t❤❛t ✉s❡s ❛ t❤r❡❡✲❧❡✈❡❧ r❡❝t✐✜❡r ❛s ✐♥♣✉t ✇✐t❤ ❛ r❡❞✉❝❡❞ ♥✉♠❜❡r ♦❢
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✹✳✶✼ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❛ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛✱ ❝♦rr❡♥t❡s ❞❡ ❝❛r❣❛✱

t❡♥sõ❡s ❞❡ ♣ó❧♦✱ t❡♥sõ❡s ❡♥tr❡ ❛s ❢❛s❡s ❡ ♦ ♥❡✉t♦ ❡ ❛ t❡♥sã♦ ♥♦ ❜❛rr❛♠❡♥t♦

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

♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✸
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✹✳✶✾ ❘❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ❝♦♠ ✉♠❛ ❝é❧✉❧❛ ❝♦♥❡❝t❛❞❛ ❛♦ ♣♦♥t♦ ♥❡✉tr♦ ❞❛ ❢♦♥t❡✳ ✼✺
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✹✳✷✶ ❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ✉t✐❧✐③❛♥❞♦ r❡t✐✜❝❛❞♦r três ♥í✈❡✐s ❝♦♠

♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻

✹✳✷✷ ▼♦❞♦s ❞❡ ♦♣❡r❛çã♦ ♣❛r❛ ♦ r❡t✐✜❝❛❞♦r ❈❋P ◆❘❈✿ ✭❛✮ r❡t✐✜❝❛❞♦r s❡♠ ♦♣❡r❛çã♦❀

✭❜✮ v10❂❊✴✷❀ ✭❝✮ v10❂✵❀ ✭❞✮ v10❂✲❊✴✷✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼

✹✳✷✸ ▼♦❞♦s ❞❡ ♦♣❡r❛çã♦ ❞❡ r❡t✐✜❝❛❞♦r ❈❋P ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼
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✹✳✷✺ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞❛ ❝♦rr❡♥t❡ ♥❛ ❝❛r❣❛✱ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛

♣❛r❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ s❡♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦ ❝♦♠ ❡

s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s ❝♦♠ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ♠❂0.9✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷

✹✳✷✻ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞❛ ❝♦rr❡♥t❡ ♥♦s ✐♥❞✉t♦r❡s ❡ t❡♥sã♦ t♦t❛❧ ♥♦ ❜❛r❛♠❡♥t♦

❈❈ ✭Vc1 + Vc2✮ ❡ ❛ t❡♥sã♦ s♦❜r❡ ✉♠ ❞♦s ❝❛♣❛❝✐t♦r❡s ✭Vc1✮ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦

♣r♦♣♦st❛ ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s s❡♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦✳ ✽✸

✹✳✷✼ ❉✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ✭❚❍❉✮ ❞❛s ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ❡♠ ❢✉♥çã♦ ❞♦

í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛✲
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❮♥❞✐❝❡ ❞❡ ❋✐❣✉r❛s ①✐✈

✹✳✷✽ ❚❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❡♠ ❢✉♥çã♦ ❞♦ ❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦✱ ❞✱ ♣❛r❛ ❛ ❝♦♥✜❣✉✲

r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✸

✹✳✷✾ ❉✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ✭❚❍❉✮ ❞❛s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡

❞❡ ♠♦❞✉❧❛çã♦ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳ ✳ ✽✹

✹✳✸✵ ❋❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦
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✹✳✸✶ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞❛ t❡♥sã♦ ♥♦ ❜❛rr❛♠❡♥t♦✱ ❝♦rr❡♥t❡ ♥❛ ❝❛r❣❛ ❡ ❝♦rr❡♥t❡

❞❡ ❡♥tr❛❞❛ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ s❡♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦

❝♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s ❡ ✉t✐❧✐③❛♥❞♦ ♦ ❝♦♥tr♦❧❛❞♦r P■ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✺
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t❡♥sõ❡s ❞❡ ♣ó❧♦✱ ❛ t❡♥sã♦ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❡ ❛ t❡♥sã♦ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈ ♣❛r❛

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

✐♥❞✉t♦r❡s ❝♦♠ ❛❝♦♣❧❛♠❡♥t♦ ❡ s❡♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦✳ ✳ ✳ ✳ ✳ ✽✻



▲✐st❛ ❞❡ ❙í♠❜♦❧♦s

▼❉❈ ✕ ▼♦❞♦ ❞❡ ❝♦♥❞✉çã♦ ❞❡s❝♦♥tí♥✉❛

❈❋P ✕ ❈♦rr❡çã♦ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛

icf1✱ icf1 ❡ icf1 ✕ ❈♦rr❡♥t❡s q✉❡ ❝✐r❝✉❧❛♠ ❛tr❛✈és ❞♦ ✜❧tr♦ ❞❡ ❝❛♣❛❝✐t♦r❡s

Cf1✱ Cf2 ❡ Cf3 ✕ ❋✐❧tr♦ ❞❡ ❝❛♣❛❝✐t♦r❡s

T ✕ P❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦

Lc1 ❡ Lc2 ✕ ✐♥❞✉tâ♥❝✐❛s ♣r✐♠ár✐❛ ❡ s❡❝✉♥❞ár✐❛ ❞❡ ❞✐s♣❡rsã♦

Tc ✕ ■♥❞✉t♦r ❛❝♦♣❧❛❞♦

Lmc ✕ ■♥❞✉tâ♥❝✐❛s ❞❡ ♠❛❣♥❡t✐③❛çã♦

E ✕ ❚❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈

Vi ✕ ❆♠♣❧✐t✉❞❡ ❞❡ ♣✐❝♦ ❞❛ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛

vi ✕ ❚❡♥sã♦ ❞❡ ❡♥tr❛❞❛

vcf1✱ vcf2 ❡ ccf3 ✕ ❚❡♥sõ❡s ❞♦s ❝❛♣❛❝✐t♦r❡s ❞❡ ✜❧tr♦

vTC ✕ ❚❡♥sã♦ s♦❜r❡ ♦ ✐♥❞✉t♦r ❛❝♦♣❧❛❞♦

vLc1 ❡ vLc2 ✕ ❚❡♥sõ❡s ❞❛s ✐♥❞✉tâ♥❝✐❛s ♣r✐♠ár✐❛ ❡ s❡❝✉♥❞ár✐❛ ❞❡ ❞✐s♣❡rsã♦

i1 ❡ i2 ✕ ❈♦rr❡♥t❡s ♥❛s ✐♥❞✉tâ♥❝✐❛s

Imc ✕ P✐❝♦ ❞❛ ❝♦rr❡♥t❡ ❞❡ ♠❛❣♥❡t✐③❛çã♦

pf ✕ ❋❛t♦r ❞❡ ♣♦tê♥❝✐❛

Tc1 ❡ Tc2 ✕ ❚❡♠♣♦s ❞❡ ❝♦♥❞✉çã♦

fs ✕ ❋r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦

①✈



▲✐st❛ ❞❡ ❙í♠❜♦❧♦s ①✈✐

Lc ✕ ■♥❞✉tâ♥❝✐❛ ♣r✐♠ár✐❛ ❞❡ ❞✐s♣❡rsã♦

Ii ✕ ❈♦rr❡♥t❡ ❘▼❙ ❞❡ ❡♥tr❛❞❛

ii ✕ ❈♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛

η ✕ ❊✜❝✐ê♥❝✐❛ ❡s♣❡r❛❞❛ ❞♦ ❝♦♥✈❡rs♦r

Po ✕ ▼á①✐♠❛ ♣♦tê♥❝✐❛ ❞❡ s❛í❞❛

α ✕ ❘❡❧❛çã♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❡stát✐❝❛

Qi ❡ qi ✕ ❈❤❛✈❡ ❞♦ ❝♦♥✈❡rs♦r✱ ✐ ❂ ✶✱ ✷✱ ✸✱ ❛✶✱ ❛✷✱ ❛✸

q̄i ✕ ❈❤❛✈❡ ❝♦♠♣❧❡♠❡♥t❛r ❞♦ ❝♦♥✈❡rs♦r✱ ✐ ❂ ✶✱ ✷✱ ✸

D ✕ ❈✐❝❧♦ ❞❡ tr❛❜❛❧❤♦

v∗l ✕ ❚❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛ ♥❛ ❝❛r❣❛

v∗i ✕ ❚❡♥sã♦ ❞❡ ♣♦❧♦ r❡❢❡rê♥❝✐❛✱ ✐ ❂ ❛✵✱ ❜✵✱ ❝✵✱ s✵

v∗µ ✕ ❚❡♥sã♦ ❤♦♠♦♣♦❧❛r ❞❡ r❡❢❡rê♥❝✐❛

µ ✕ ❋❛t♦r ❞❡ ❞✐str✐❜✉✐çã♦

t0 ✕ ❚❡♠♣♦ ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ r♦❞❛ ❧✐✈r❡

t01 ❡ t02 ✕ ❚❡♠♣♦s ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ r♦❞❛ ❧✐✈r❡ ♥♦ ✐♥í❝✐♦ ❡ ♥❛ ❡①tr❡♠✐❞❛❞❡

vc1 ❡ vc2 ✕ ❚❡sã♦ ♥♦s ❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈

τi ✕ ▲❛❣✉r❛ ❞❡ ♣✉❧s♦✱ ✐ ❂ ❛✱ ❜✱ ❝

m ✕ ❮♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦

THD ✕ ❉✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧

il ✕ ❈♦rr❡♥t❡ ♥❛ ❝❛r❣❛

vg ✕ ❚❡♥sã♦ ❞❡ ❡♥tr❛❞❛

ig ✕ ❈♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛

v∗i ✕ ❚❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛ ❡♥tr❡ ❛ ❢❛s❡ ❡ ♦ ♥❡✉tr♦✱ ✐ ❂ ❛♥✱ ❜♥✱ ❝♥



▲✐st❛ ❞❡ ❙í♠❜♦❧♦s ①✈✐✐

d✱ d1✱ d2 ✕ ❈✐❝❧♦s ❞❡ tr❛❜❛❧❤♦

tp✱ tn❡ to ✕ ❚❡♠♣♦ ❞❡ ❛♣❧✐❝❛çã♦ ❞♦s ❡st❛❞♦s P✱ ◆ ✱ ❖

dcond ✕ ❈✐❝❧♦ ❞❡ tr❛❜❛❧❤♦ ♥❛ r❡❣✐ã♦ ❞❡ ❝♦♥❞✉çã♦

ddesmag ✕ ❈✐❝❧♦ ❞❡ tr❛❜❛❧❤♦ ♥❛ r❡❣✐ã♦ ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦



1
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✶✳✶ ▲♦❝❛❧✐③❛çã♦ ❞♦ ❚❡♠❛

❊①✐st❡♠ ❞✐❢❡r❡♥t❡s ❝♦♥✈❡rs♦r❡s ♠♦♥♦❢ás✐❝♦s ❈❆✲❈❆ ❝♦♠ ❜❛rr❛♠❡♥t♦ ❈❈ q✉❡ sã♦ ❝♦♠✲

♣♦st♦s ❞❡ ✉♠ r❡t✐✜❝❛❞♦r ♥❛ ❡♥tr❛❞❛✱ ❛❝♦♣❧❛❞♦ ❛ ✉♠ ✐♥✈❡rs♦r ♥❛ s❛í❞❛ ❛tr❛✈és ❞❡ ✉♠ ❜❛rr❛✲

♠❡♥t♦ ❈❈ ✭❋✐❣✳ ✶✳✶✮✱ ❛ ♠❛✐♦r✐❛ ✉t✐❧✐③❛♥❞♦ ♦ ♣r✐♥❝í♣✐♦ ❜♦♦st ❞❡ ♦♣❡r❛çã♦ ✭❏❛❝♦❜✐♥❛✱ ❊✳ ❈✳

❉♦s ❙❛♥t♦s✱ ❈♦rr❡❛ ❡ ❉❛ ❙✐❧✈❛✱ ✷✵✵✺❜✮✱ ✭❏❛❝♦❜✐♥❛✱ ❈♦rr❡❛✱ ▲✐♠❛ ❡ ❞❛ ❙✐❧✈❛✱ ✷✵✵✸✮✱ ✭❏❛❝♦❜✐♥❛✱

❉♦s ❙❛♥t♦s✱ ❈♦rr❡❛ ❡ ❉❛ ❙✐❧✈❛✱ ✷✵✵✺❛✮✱ ✭◆❛❜❛❡✱ ◆❛❦❛♥♦ ❡ ❆r❛✐✱ ✶✾✾✹✮✳ ❊ss❡s ❝♦♥✈❡rs♦r❡s ♣❡r✲

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

❝♦♥tí♥✉❛ ✭❏❛❝♦❜✐♥❛✱ ❊✳ ❈✳ ❉♦s ❙❛♥t♦s✱ ❈♦rr❡❛ ❡ ❉❛ ❙✐❧✈❛✱ ✷✵✵✺❜✮✱ ✭❏❛❝♦❜✐♥❛✱ ❞❡ ❋r❡✐t❛s✱

❉♦s ❙❛♥t♦s✱ ❉❛ ❙✐❧✈❛ ❡ ❖❧✐✈❡✐r❛✱ ✷✵✵✻✮✱ ✭❏❛❝♦❜✐♥❛✱ ❈♦rr❡❛✱ ▲✐♠❛ ❡ ❞❛ ❙✐❧✈❛✱ ✷✵✵✸✮✱ ✭❏❛❝♦❜✐♥❛✱

❉♦s ❙❛♥t♦s✱ ❈♦rr❡❛ ❡ ❉❛ ❙✐❧✈❛✱ ✷✵✵✺❛✮✱ ❞❡s❝♦♥tí♥✉❛ ✭◆❛❜❛❡✱ ◆❛❦❛♥♦ ❡ ❆r❛✐✱ ✶✾✾✹✮ ♦✉ ❝rít✐❝❛

✭❘❛s❤✐❞✱ ✶✾✽✽✮✳

❋✐❣✉r❛ ✶✳✶✿ ❈♦♥✈❡rs♦r ♠♦♥♦❢ás✐❝♦ ❈❆✲❈❆ ❝♦♠ ❜❛rr❛♠❡♥t♦ ❈❈✳

❖s ❝♦♥✈❡rs♦r❡s ♠♦♥♦❢ás✐❝♦s ❈❆✲❈❆ ❣❡r❛❧♠❡♥t❡ ❡♠♣r❡❣❛ t♦♣♦❧♦❣✐❛s ❞❡ ♣♦♥t❡ ❝♦♠♣❧❡t❛✱

♦ q✉❡ ✐♠♣❧✐❝❛ ♥♦ ✉s♦ ❞❡ ♦✐t♦ ❝❤❛✈❡s ❞❡ ♣♦tê♥❝✐❛✳ ▼✉✐t❛s t♦♣♦❧♦❣✐❛s ♣♦❞❡♠ s❡r ♦❜t✐❞❛s ♣❛r❛

r❡❞✉③✐r ♦ ♥ú♠❡r♦ ❞❡ ❝❤❛✈❡s ❞❡ ♣♦tê♥❝✐❛✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❞❡✈✐❞♦ ❛♦ ❝✉st♦ ✭❊♥❥❡t✐ ❡ ❘❛❤♠❛♥✱

✶
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✶✾✾✸✮✱ ✭❏❛❝♦❜✐♥❛✱ ❊✳ ❈✳ ❉♦s ❙❛♥t♦s✱ ❈♦rr❡❛ ❡ ❉❛ ❙✐❧✈❛✱ ✷✵✵✺❜✮✱ ✭●✐✲❚❛❡❦♠ ❡ ▲✐♣♦✱ ✶✾✾✺✮✱

✭❏❛❝♦❜✐♥❛✱ ❈♦rr❡❛✱ ▲✐♠❛ ❡ ❞❛ ❙✐❧✈❛✱ ✷✵✵✸✮✱ ✭❏❛❝♦❜✐♥❛✱ ❉♦s ❙❛♥t♦s✱ ❈♦rr❡❛ ❡ ❉❛ ❙✐❧✈❛✱ ✷✵✵✺❛✮✱

♠❛s ❛ ♠❛✐♦r✐❛ ❞❡❧❛s ❛ ♠❛✐♦r✐❛ ❞❡❧❛s ✉t✐❧✐③❛ ✉♠❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ❝♦♠♣❧✐❝❛❞❛ ♣❛r❛ ♦❜t❡r

✉♠ ❛❧t♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛✱ ♥❡❝❡ss✐t❛♥❞♦ ❞❡ s❡♥s♦r❡s ❞❡ ❝♦rr❡♥t❡ ❡ t❡♥sã♦✳ P♦r ♦✉tr♦ ❧❛❞♦✱

❛ ❝♦rr❡çã♦ ❞❡ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❜❛s❡❛❞♦ ♥♦ ❝♦♥✈❡rs♦r ❜♦♦st é ✉♠❛ té❝♥✐❝❛ ♠✉✐t♦ ♣♦♣✉❧❛r

♣❛r❛ ♦❜t❡r ♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ✉♥✐tár✐♦ ✭❏♦✈❛♥♦✈✐❝✱ ❚s❛♥❣ ❡ ▲❡❡✱ ✶✾✾✺✮✱ ✭❑❛③❡r❛♥✐✱ ❏♦♦s

❡ ❩✐♦❣❛s✱ ✶✾✾✶✮✳ ❙✉❛ ♦♣❡r❛çã♦ ❡♠ ♠♦❞♦ ❞❡ ❝♦♥❞✉çã♦ ❞❡s❝♦♥t✐♥✉❛ ✭▼❉❈✮ ♥❛ ❝♦rr❡♥t❡ ❞♦

✐♥❞✉t♦r é ♠✉✐t♦ ♣♦♣✉❧❛r ♣❛r❛ ❜❛✐①❛ ❛té ♠♦❞❡r❛❞♦ ♥í✈❡❧ ❞❡ ♣♦t❡♥❝✐❛✳ ❆ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛

♥❡st❡ ❝♦♥✈❡rs♦r s❡❣✉❡ ❛✉t♦♠❛t✐❝❛♠❡♥t❡ ❛ t❡♥sã♦ s❡♥♦✐❞❛❧ ❞❡ ❧✐♥❤❛ ❞❡ ♠♦❞♦ q✉❡ ❛ ♠❛❧❤❛ ❞❡

❝♦♥tr♦❧❡ ❞❡ ❝♦rr❡♥t❡ ♣♦❞❡ s❡r r❡♠♦✈✐❞♦✳

❆ ❡♥tr❛❞❛ ❞♦ ❝♦♥✈❡rs♦r ♠♦♥♦❢ás✐❝♦ ❈❆✲❈❆ ♣r♦♣♦st♦ ✉t✐❧✐③❛ ✉♠❛ ✈❡rsã♦ ♠♦❞✐✜❝❛❞❛ ❞♦

❝♦♥✈❡rs♦r ❈❆✲❈❈ ❞❡ ◆❆❜❛❡ ✭◆❛❜❛❡✱ ◆❛❦❛♥♦ ❡ ❆r❛✐✱ ✶✾✾✹✮ q✉❡ é ❝♦♠♣♦st♦ ❞❡ ✉♠ ♣❛r ❞❡

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

❞✐s♣♦s✐t✐✈♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳ ❯♠❛ t♦♣♦❧♦❣✐❛ s✐♠✐❧❛r ❢♦✐ ❛♣r❡s❡♥t❛❞❛ ❡♠ ✭❑✇♦♥✱ ❈❤♦✐✱ ❉♦ ❡

❑✇♦♥✱ ✷✵✵✺✮✱ ♠❛s ❛♣❧✐❝❛❞♦ ❛ ✉♠ ❝♦♥✈❡rs♦r ✢②❜❛❝❦ ❞❡ ♠❡✐❛ ♣♦♥t❡✳ ❆ s❛í❞❛ ❞❡st❡ ❝♦♥✈❡rs♦r

é ❝♦♠♣♦st❛ ♣♦r ✉♠ ❝♦♥✈❡rs♦r ❞❡ ♣♦♥t❡ ❝♦♠♣❧❡t❛ ❝♦♠ ❞♦✐s ❜r❛ç♦s ✭❈♦♥✜❣✉r❛çã♦ ✸▲✮✱ ❝♦♠♦

♥❛ ❋✐❣✉r❛ ✶✳✷✭❛✮✱ ♦✉ ✉♠ ❝♦♥✈❡rs♦r ❞❡ ♠❡✐❛✲♣♦♥t❡ ❝♦♠ ✉♠ ❜r❛ç♦ ✭❈♦♥✜❣✉r❛çã♦ ✷▲❝✮✱ ❝♦♠♦

♥❛ ❋✐❣✉r❛ ✶✳✷✭❜✮✱ ♦✉ ✉♠ ❝♦♥✈❡rs♦r ❞♦✐s ❜r❛ç♦s ❝♦♠♣❛rt✐❧❤❛❞♦ ✭❈♦♥✜❣✉r❛çã♦ ✷▲s✮✱ ❝♦♠♦ ♥❛

✜❣✉r❛ ✶✳✷✭❝✮✳
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✭❝✮

❋✐❣✉r❛ ✶✳✷✿ ❈❆✲❈❆ ❝♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s ❝♦♠ ♠❡❧❤♦r✐❛ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛✿
✭❛✮ ❈♦♥✜❣✉r❛çã♦ ✸▲ ✭❜✮ ❈♦♥✜❣✉r❛çã♦ ✷▲❝ ❡ ✭❝✮ ❈♦♥✜❣✉r❛çã♦ ✷▲s✳

❊♠ ❛❧❣✉♠❛s ❛♣❧✐❝❛çõ❡s ❛ r❡❞❡ ❡❧étr✐❝❛ ❞❡ ❛❧✐♠❡♥t❛çã♦ é ♠♦♥♦❢ás✐❝❛ ❡ ❡①✐st❡ ❛ ♥❡❝❡ss✐❞❛❞❡
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❞❡ ❛❧✐♠❡♥t❛r ❝❛r❣❛s tr✐❢ás✐❝❛s✱ ♣♦r ❡①❡♠♣❧♦✱ ❡♠ ❛♣❧✐❝❛çõ❡s r✉r❛✐s ✭❇❡❧❧❛r✱ ◆❡t♦✱ ❘♦❧✐♠✱ ❋❡r✲

♥❛♥❞❡s✱ ❆r❡❞❡s ❡ ❞❛ ❙✐❧✈❛ ▼♦t❤❡✱ ✷✵✵✺✮ ❡ ✭✭▼❛❝❤❛❞♦✱ ❇✉s♦ ❡ P♦♠í❧✐♦✱ ✷✵✵✺✮✳ ❆ ❝♦♥✈❡rsã♦

♠♦♥♦❢ás✐❝❛✲tr✐❢ás✐❝❛ ❞❡ ❡♥❡r❣✐❛ ✉s✉❛❧♠❡♥t❡ ❡♠♣r❡❣❛ ❛ t♦♣♦❧♦❣✐❛ ❝♦♠ r❡t✐✜❝❛❞♦r ❛ ❞✐♦❞♦s✱

q✉❡ t❡♠ ❛ ❞❡s✈❛♥t❛❣❡♠ ❞❡ ❛♣r❡s❡♥t❛r ❞✐st♦rçã♦ ♥❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛

♥ã♦ ✉♥✐tár✐♦✳ ❖✉tr❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❝♦♥✈❡rsã♦ ❞❡ ❡♥❡r❣✐❛ ♠♦♥♦❢ás✐❝❛✲tr✐❢ás✐❝❛ é ❛ ♣❛rt✐r

❞❛s ❝♦♥✜❣✉r❛çõ❡s ❝♦♠ r❡t✐✜❝❛çã♦ ❝♦♥tr♦❧❛❞❛✱ ♦♥❞❡ é ♣♦ssí✈❡❧ ✐♠♣♦r ❛❧t♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛

❡ ❢♦r♠❛ ❞❡ ♦♥❞❛ s❡♥♦✐❞❛❧ ❞❛ ❝♦rr❡♥t❡ ♥❛ ❡♥tr❛❞❛ ❞♦ ❝♦♥✈❡rs♦r✳ ◆♦ ❡♥t❛♥t♦✱ ❛ ❝♦♥✜❣✉r❛çã♦

♣♦♥t❡✲❝♦♠♣❧❡t❛ ❡♠♣r❡❣❛ ❞♦③❡ ❝❤❛✈❡s ❞❡ ♣♦tê♥❝✐❛✱ ❛❧é♠ ❞❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ s❡♥s♦r❡s ❞❡ t❡♥sã♦

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

❝✉st♦ ❡ r❡❞✉③ ❛ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❞♦ s✐st❡♠❛ ❞❡ ❝♦♥✈❡rsã♦ ❞❡ ♣♦tê♥❝✐❛ ✭❇❧❛❛❜❥❡r❣✱ ◆❡❛❝s✉ ❡ P❡❞✲

❡rs❡♥✱ ✶✾✾✾✮✱ ✭❏❛❝♦❜✐♥❛✱ ❞❡ ❘✳ ❈♦rr❡❛✱ ❘✐❜❡✐r♦✱ ❖❧✐✈❡✐r❛✱ ❞❛ ❙✐❧✈❛ ❡ ▲✐♠❛✱ ✷✵✵✶❛✮✱ ✭❋r❛♥❝♦✐s✱

❉❡❧❛r✉❡✱ ❇♦✉s❝❛②r♦❧ ❡ ◆✐✐r❛♥❡♥✱ ✷✵✵✵✮✳

❆ ❡♥tr❛❞❛ ❞♦ ❝♦♥✈❡rs♦r ♠♦♥♦❢ás✐❝♦✲tr✐❢ás✐❝♦ ❈❆✲❈❆ ♣r♦♣♦st♦ é ❝♦♠♣♦st❛ ♣♦r ✉♠❛ ✈❡rsã♦

♠♦❞✐✜❝❛❞❛ ❞♦ ❝♦♥✈❡rs♦r ❈❆✲❈❈ ❞❡ ◆❛❜❛❡ ✭◆❛❜❛❡✱ ◆❛❦❛♥♦ ❡ ❆r❛✐✱ ✶✾✾✹✮ ❝✐t❛❞♦ ❛♥t❡r✐♦r✲

♠❡♥t❡✳ ❆ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r ♣r♦♣♦st♦ é ❝♦♠♣♦st❛ ♣♦r ✉♠ ❝♦♥✈❡rs♦r ❞❡ ♣♦♥t❡ ❝♦♠♣❧❡t❛

❝♦♠ três ❜r❛ç♦s s❡♥❞♦ ✉♠ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦ ❝♦♠ ♦ ❝♦♥✈❡rs♦r ❞❡ ❡♥tr❛❞❛ ✭❋✐❣✳ ✶✳✸✮✱ s❡♠

♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦✱ ♦✉ ❝♦♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦✳ ❚❛♠❜é♠

s❡rá r❡❛❧✐③❛❞♦ ♦ ❡st✉❞♦ ❞❡ ✉♠ ❝♦♥✈❡rs♦r ♠♦♥♦❢ás✐❝♦✲tr✐❢ás✐❝♦ ❈❆✲❈❆ ✉t✐❧✐③❛❞♦ ❝♦♠♦ ❡♥tr❛❞❛

✉♠ r❡t✐✜❝❛❞♦r tr✐❢ás✐❝♦ ❞❡ três ♥í✈❡✐s ◆P❈ ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✭❋✐❣✳ ✶✳✹✮✳
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❋✐❣✉r❛ ✶✳✸✿ ❝♦♥✈❡rs♦r ❈❆✲❈❆ ♠♦♥♦❢ás✐❝♦✲tr✐❢ás✐❝♦ ❝♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s

❆ ❝♦♥✈❡rsã♦ ❈❆✲❈❆ tr✐❢ás✐❝❛ ♣♦❞❡ s❡r ♦❜t✐❞❛ ❡♠♣r❡❣❛♥❞♦ ✉♠ ❝♦♥✈❡rs♦r ❞❡ ♣♦♥t❡ ❝♦♠✲

♣❧❡t❛ ❝♦♠ ✉♠ ❜❛rr❛♠❡♥t♦ ❈❈ ✭❑♦❤❧♠❡✐❡r✱ ◆✐❡r♠❡②❡r ❡ ❙❝❤r♦❞❡r✱ ✶✾✽✼✮✱ q✉❡♠ ✐♠♣❧✐❝❛ ❡♠

❞♦③❡ ✐♥t❡rr✉♣t♦r❡s✳ ❊st❡ é ✉♠ ♥ú♠❡r♦ r❡❧❛t✐✈❛♠❡♥t❡ ❣r❛♥❞❡ ❞❡ ✐♥t❡rr✉♣t♦r❡s✳ ❊♠ ❣❡r❛❧✱ ✐ss♦

❛✉♠❡♥t❛ ♦ ❝✉st♦ ❡ r❡❞✉③ ❛ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❞♦ s✐st❡♠❛ ❞❡ ❝♦♥✈❡rsã♦ ❞❡ ❡♥❡r❣✐❛✳

❆ ❡♥tr❛❞❛ ❞♦ ❝♦♥✈❡rs♦r tr✐❢ás✐❝♦ ❈❆✲❈❆ ♣r♦♣♦st♦ é ❝♦♠♣♦st❛ ♣♦r ✉♠❛ ✈❡rsã♦ ♠♦❞✐✜❝❛❞❛

❞♦ ❝♦♥✈❡rs♦r ❈❆✲❈❈ ❞❡ ◆❛❜❛❡ ✭◆❛❜❛❡✱ ◆❛❦❛♥♦ ❡ ❆r❛✐✱ ✶✾✾✹✮✳ ❆ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r ♣r♦♣♦st♦
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❋✐❣✉r❛ ✶✳✹✿ ❈♦♥✈❡rs♦r ❈❆✲❈❆▼♦♥♦❢ás✐❝♦✲❚r✐❢ás✐❝♦ ✉t✐❧✐③❛♥❞♦ r❡t✐✜❝❛❞♦r três ♥í✈❡✐s
❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s

é ❝♦♠♣♦st❛ ♣♦r ✉♠ ❝♦♥✈❡rs♦r ❞❡ ♣♦♥t❡ ❝♦♠♣❧❡t❛ ❝♦♠ três ❜r❛ç♦s s❡♥❞♦ ✉♠ ❜r❛ç♦ ❝♦♠♣❛r✲

t✐❧❤❛❞♦ ❝♦♠ ♦ ❝♦♥✈❡rs♦r ❞❡ ❡♥tr❛❞❛ ✭❋✐❣✳ ✶✳✺✮✱ s❡♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦✱ ♦✉

❝♦♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦✳
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❋✐❣✉r❛ ✶✳✺✿ ❝♦♥✈❡rs♦r ❈❆✲❈❆ tr✐❢ás✐❝♦✲tr✐❢ás✐❝♦ ❝♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s

P♦r ✜♠ t❛♠❜é♠ s❡rá r❡❛❧✐③❛❞♦ ♦ ❡st✉❞♦ ❞❡ ✉♠ ❝♦♥✈❡rs♦r tr✐❢ás✐❝♦ ❈❆✲❈❆ ✉t✐❧✐③❛❞♦ ❝♦♠♦

❡♥tr❛❞❛ ✉♠ r❡t✐✜❝❛❞♦r tr✐❢ás✐❝♦ ❞❡ três ♥í✈❡✐s ◆P❈ ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s

✭❋✐❣✳ ✶✳✻✮✳
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❋✐❣✉r❛ ✶✳✻✿ ❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ✉t✐❧✐③❛♥❞♦ r❡t✐✜❝❛❞♦r três ♥í✈❡✐s
❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s

✶✳✷ ❘❡✈✐sã♦ ❇✐❜❧✐♦❣rá✜❝❛

◆❡st❛ s❡çã♦✱ s❡rá ❛♣r❡s❡♥t❛❞❛ ❛ r❡✈✐sã♦ ❜✐❜❧✐♦❣rá✜❝❛ r❡❢❡r❡♥t❡ ❛♦ t❡♠❛ ❞❡st❛ ♣r♦♣♦st❛

❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ♠♦str❛r ❝♦♠♦ ❡ss❡ t❡♠❛ ✈❡♠ s❡♥❞♦ ❡①♣❧♦r❛❞♦ ♥❛ ❧✐t❡r❛t✉r❛ ♥♦s ú❧t✐♠♦s

❛♥♦s✳



■♥tr♦❞✉çã♦ ●❡r❛❧ ✺

◆♦ tr❛❜❛❧❤♦ ✭❑✇♦♥✱ ❈❤♦✐✱ ❉♦ ❡ ❑✇♦♥✱ ✷✵✵✺✮ é r❡❛❧✐③❛❞♦ ♦ ❡st✉❞♦ ❞❡ ✉♠ ❝♦♥✈❡rs♦r

✢②❜❛❝❦ ❞❡ ♠❡✐❛ ♣♦♥t❡ ❛❝♦♣❧❛❞♦ à ❧✐♥❤❛ ❞❡ t❡♥sã♦ ♣❛r❛ ❛ ❝♦rr❡çã♦ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ✭❈❋P✮

✉t✐❧✐③❛♥❞♦ ✉♠ ❝♦♥✈❡rs♦r ❞❡ ❡♥tr❛❞❛ s✐♠✐❧❛r ❛♦ ❡st✉❞❛❞♦ ♥❡st❛ ♣r♦♣♦st❛✳ ❖ ❈❋P ♣r♦♣♦st♦

♣♦❞❡ ❛❧❝❛♥ç❛r ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ q✉❛s❡ ✉♥✐tár✐♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❧✐✈r❡ ❞❡ ♦♥❞✉❧❛çã♦

✉s❛♥❞♦ ✉♠ ✐♥❞✉t♦r ❛❝♦♣❧❛❞♦✳

❊♠ ✭❉♦s ❙❛♥t♦s ❏r✱ ❇❊◆❚❖✱ ❙■▲❱❆ ❡ ❏❆❈❖❇■◆❆✱ ✷✵✵✻✮ sã♦ ♣r♦♣♦st♦s três ❝♦♥✈❡rs♦r❡s

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

♠❡❧❤♦r❛♠ ♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❞❡ ❡♥tr❛❞❛ ❡ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ s❡♠ ✉t✐❧✐③❛çã♦ ❞❡ ♠♦❞✉❧❛çõ❡s

❝♦♠♣❧✐❝❛❞❛s ♦✉ ❝♦♥tr♦❧❡ ♣♦r r❡❛❧✐♠❡♥t❛çã♦✳ ❊st❛s t♦♣♦❧♦❣✐❛s ♣♦❞❡♠ ♦♣❡r❛r ❝♦♠ q✉❛❧q✉❡r

❢r❡qüê♥❝✐❛ ❞❡ s❛í❞❛ ✈❛r✐á✈❡❧ ❡♠ ❛♣❧✐❝❛çõ❡s ❝♦♠♦ s✐st❡♠❛s ❞❡ ❛❝✐♦♥❛♠❡♥t♦ ♦✉ ❢r❡qüê♥❝✐❛ ❞❡

s❛í❞❛ ✜①❛s✱ t❛✐s ❝♦♠♦ ❯P❙ ✭❋♦♥t❡ ❞❡ ❛❧✐♠❡♥t❛çã♦ ✐♥✐♥t❡rr✉♣t❛✮✳

❊♠ ✭❉❛ ❙✐❧✈❛✱ ❉♦s ❙❛♥t♦s✱ ▲❛❝❡r❞❛✱ ❆③❡✈❡❞♦ ❡ ❏❛❝♦❜✐♥❛✱ ✷✵✶✵✮ sã♦ ♣r♦♣♦st♦s três ❝♦♥✲

✈❡rs♦r❡s ♠♦♥♦❢ás✐❝♦s ❈❆✲❈❆ ❜❛s❡❛❞♦s ❡♠ ✉♠❛ ✈❡rsã♦ ♠❡❧❤♦r❛❞❛ ❞♦ ❝♦♥✈❡rs♦r ❈❆✲❈❈ ❞❡

◆❛❜❛❡✳ ❆s t♦♣♦❧♦❣✐❛s ♣r♦♣♦st❛s ♣♦ss✉❡♠ ✉♠ ❛❧t♦ ❢❛t♦r ❞❡ ♣♦t❡♥❝✐❛ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛

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

♦✉ ❝♦♥tr♦❧❡ ♣♦r r❡❛❧✐♠❡♥t❛çã♦✳ ❊st❛s t♦♣♦❧♦❣✐❛s ♣♦❞❡♠ ♦♣❡r❛r ❝♦♠ q✉❛❧q✉❡r ❢r❡qüê♥❝✐❛ ❞❡

s❛í❞❛ ✈❛r✐á✈❡❧ ♦✉ ❢r❡qüê♥❝✐❛ ❞❡ s❛í❞❛ ✜①❛✳

❏á ❡♠ ✭❉♦s ❙❛♥t♦s✱ ❉❛ ❙✐❧✈❛ ❡ ❇❡♥t♦✱ ✷✵✵✾✮ sã♦ ♣r♦♣♦st♦s três ❝♦♥✈❡rs♦r❡s tr✐❢ás✐❝♦s

❈❆✲❈❈✲❈❆✱ q✉❡ ✉t✐❧✐③❛ ❝♦♠♦ ❝♦♥✈❡rs♦r ❞❡ ❡♥tr❛❞❛ ✉♠ r❡t✐✜❝❛❞♦r tr✐❢ás✐❝♦ ❞❡ três✲♥í✈❡✐s

❝♦♠ ❝♦rr❡çã♦ ❞❡ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛✳ ❊st❡ r❡t✐✜❝❛❞♦r ❛♣r❡s❡♥t❛ ❛❧❣✉♠❛s ✈❛♥t❛❣❡♥s q✉❛♥❞♦

❝♦♠♣❛r❛❞♦ ❝♦♠ ♦ r❡t✐✜❝❛❞♦r ❞❡ ❞♦✐s ♥í✈❡✐s✱ ♦✉ s❡❥❛✿ ❛✮ ♦♣❡r❛çã♦ ❝♦♠ ♥í✈❡❧ ❞❡ ❛❧t❛ ♣♦tê♥❝✐❛❀

❜✮ r❡❞✉③✐r ❤❛r♠ô♥✐❝♦s ❞❡ t❡♥sã♦ ❞✉r❛♥t❡ ❛ ♦♣❡r❛çã♦ ❝♦♠ ♠❡♥♦r ♣❡r✐♦❞✐❝✐❞❛❞❡✱ ❡ ❝✮ ♠❡❧❤♦r

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

t❛♥t♦ ❝♦♠ ✉♠❛ ❢r❡q✉ê♥❝✐❛ ✈❛r✐á✈❡❧ ❞❡ s❛í❞❛ ❡♠ ❛♣❧✐❝❛çõ❡s ❝♦♠♦ s✐st❡♠❛s ❞❡ ❛❝✐♦♥❛♠❡♥t♦✱

♦✉ ❝♦♠ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ s❛í❞❛ ✜①❛s✱ t❛✐s ❝♦♠♦ ❯P❙ ✭❋♦♥t❡ ❞❡ ❛❧✐♠❡♥t❛çã♦ ✐♥✐♥t❡rr✉♣t❛✮✳

✶✳✸ ❈♦♥tr✐❜✉✐çõ❡s ❞♦ ❚r❛❜❛❧❤♦

❆s ♣r✐♥❝✐♣❛✐s ❝♦♥tr✐❜✉✐çõ❡s ❞❡st❡ tr❛❜❛❧❤♦ sã♦✿

• ■♠♣❧❡♠❡♥t❛çã♦ ❞❡ três ❝♦♥✈❡rs♦r❡s ♠♦♥♦❢ás✐❝♦s q✉❡ ♣♦❞❡♠ ❛t✐♥❣✐r ✉♠ ❛❧t♦ ❢❛t♦r ❞❡



■♥tr♦❞✉çã♦ ●❡r❛❧ ✻

♣♦tê♥❝✐❛ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❝♦♠ ♣♦✉❝❛ ♦♥❞✉❧❛çã♦❀

• ■♠♣❧❡♠❡♥t❛çã♦ ❞❡ ✉♠ ❝♦♥✈❡rs♦r ♠♦♥♦❢ás✐❝♦✲tr✐❢ás✐❝♦ ❝♦♠ ❛❧t♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ✉t✐✲

❧✐③❛♥❞♦ ♦ ♣r✐♥❝í♣✐♦ ❞❡ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s❀

• ■♠♣❧❡♠❡♥t❛çã♦ ❞❡ ✉♠ ❝♦♥✈❡rs♦r tr✐❢ás✐❝♦✲tr✐❢ás✐❝♦ ❝♦♠ ❛❧t♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ✉t✐❧✐③❛♥❞♦

♦ ♣r✐♥❝í♣✐♦ ❞❡ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s❀

• ■♠♣❧❡♠❡♥t❛çã♦ ❞❡ ✉♠ ❝♦♥✈❡rs♦r tr✐❢ás✐❝♦✲tr✐❢ás✐❝♦ ✉t✐❧✐③❛♥❞♦ ❝♦♠♦ ❡♥tr❛❞❛ ✉♠ r❡t✐✜✲

❝❛❞♦r ❞❡ três✲♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s✳

P❛r❛ ❝❛❞❛ t♦♣♦❧♦❣✐❛ ❡st✉❞❛❞❛✱ s❡rá ❛♥❛❧✐s❛❞♦ ♦ s❡✉ ❝♦♠♣♦rt❛♠❡♥t♦ q✉❛♥❞♦ ❛♣❧✐❝❛❞♦ ❡s✲

tr❛té❣✐❛s ❞❡ ♠♦❞✉❧❛çã♦✱ s❡♥❞♦ ❡st❛s ❡str❛té❣✐❛s ✈❛❧✐❞❛❞❛s ❛tr❛✈és ❞❡ r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çõ❡s

❡ ❛❧❣✉♠❛s ❝♦♠ r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t♦s✳

✶✳✹ P✉❜❧✐❝❛çõ❡s

◆♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡st❡ tr❛❜❛❧❤♦ ❢♦✐ s✉❜♠❡t✐❞♦ ✉♠ ❛rt✐❣♦ ❡♠ ❝♦♥❢❡rê♥❝✐❛✿ ✭❉❛ ❙✐❧✈❛✱

❉♦s ❙❛♥t♦s✱ ▲❛❝❡r❞❛✱ ❆③❡✈❡❞♦ ❡ ❏❛❝♦❜✐♥❛✱ ✷✵✶✵✮✳
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❈♦♥✈❡rs♦r ▼♦♥♦❢ás✐❝♦ ❈❆✲❈❆ ❝♦♠
❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛

❈♦♥✈❡rs♦r❡s ♠♦♥♦❢ás✐❝♦s ❈❆✲❈❆ ❣❡r❛❧♠❡♥t❡ ❡♠♣r❡❣❛♠ t♦♣♦❧♦❣✐❛s ❡♠ ♣♦♥t❡s r❡t✐✜❝❛❞♦✲

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

❞❡s❝♦♥tí♥✉❛ ♦✉ ❝rít✐❝❛ ✭❘❛s❤✐❞✱ ✶✾✽✽✮✳ ▼✉✐t❛s t♦♣♦❧♦❣✐❛s ❢♦r❛♠ ❝♦♥❝❡❜✐❞❛s ♣❛r❛ r❡❞✉③✐r ♦

♥ú♠❡r♦ ❞❡ ❝❤❛✈❡s ❞❡ ♣♦tê♥❝✐❛ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❞❡✈✐❞♦ ❛♦ s❡✉ ❝✉st♦ ✭❊♥❥❡t✐ ❡ ❘❛❤♠❛♥✱ ✶✾✾✸✮✱

✭❏❛❝♦❜✐♥❛✱ ❊✳ ❈✳ ❉♦s ❙❛♥t♦s✱ ❈♦rr❡❛ ❡ ❉❛ ❙✐❧✈❛✱ ✷✵✵✺❜✮✱ ✭●✐✲❚❛❡❦♠ ❡ ▲✐♣♦✱ ✶✾✾✺✮✱ ✭❏❛❝♦❜✐♥❛✱

❈♦rr❡❛✱ ▲✐♠❛ ❡ ❞❛ ❙✐❧✈❛✱ ✷✵✵✸✮✱ ✭❏❛❝♦❜✐♥❛✱ ❉♦s ❙❛♥t♦s✱ ❈♦rr❡❛ ❡ ❉❛ ❙✐❧✈❛✱ ✷✵✵✺❛✮✱ ♠❛s ❛

♠❛✐♦r✐❛ ✉t✐❧✐③❛ ✉♠❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ❝♦♠♣❧✐❝❛❞❛ ♣❛r❛ ♦❜t❡r ✉♠ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ♣ró①✲

✐♠♦ ❞❛ ✉♥✐❞❛❞❡✱ ♥❡❝❡ss✐t❛♥❞♦ s❡♥s♦r❡s ❞❡ ❝♦rr❡♥t❡ ❡ ❞❡ t❡♥sã♦✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❛ ♦♣❡r❛çã♦

❞❡ ❝♦♥✈❡rs♦r❡s ❜♦♦st ♥♦ ▼♦❞♦ ❞❡ ❈♦rr❡♥t❡ ❉❡s❝♦♥tí♥✉❛ ✭▼❈❉✮ é ♣♦♣✉❧❛r ♣❛r❛ ♦ ♥í✈❡❧ ❞❡

♣♦tê♥❝✐❛ ♠♦❞❡r❛❞❛✳ ❆ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ♥❡ss❡ ♠♦❞♦ ❞❡ ♦♣❡r❛çã♦ s❡❣✉❡ ❛✉t♦♠❛t✐❝❛♠❡♥t❡

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

❡❧✐♠✐♥❛❞❛✳

❖ ❝♦♥✈❡rs♦r ❞❡ ◆❛❜❛❡ ✭◆❛❜❛❡✱ ◆❛❦❛♥♦ ❡ ❆r❛✐✱ ✶✾✾✹✮ ✭❋✐❣✳ ✷✳✶✮ é ✉♠ r❡t✐✜❝❛❞♦r ❞❡

❡str✉t✉r❛ s✐♠♣❧❡s q✉❡ ♣❡r♠✐t❡ ❛ ❝♦rr❡çã♦ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ✭❈❋P✮ ♥❛ r❡❞❡ s❡♠ ♥❡❝❡ss✐❞❛❞❡

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

◆❡st❡ ❝❛♣ít✉❧♦ s❡rá ♣r♦♣♦st♦ três ❝♦♥✈❡rs♦r❡s ♠♦♥♦❢ás✐❝♦s ❈❆✲❈❆ ✭❋✐❣✳ ✷✳✷✮ ❝♦♠ ❝♦r✲

r❡çã♦ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ♥❛ ❡♥tr❛❞❛ ✭❈❋P✮✳ ❆ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r ♣r♦♣♦st♦ ♣♦❞❡ s❡r é

❝♦♠♣♦st❛ ♣♦r ✉♠ ❝♦♥✈❡rs♦r ❞❡ ♣♦♥t❡ ❝♦♠♣❧❡t❛ ❝♦♠ ❞♦✐s ❜r❛ç♦s ✭❈♦♥✜❣✉r❛çã♦ ✸▲✮ ❋✐❣✳

✼
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Conversor Nabae

❋✐❣✉r❛ ✷✳✶✿ ❈♦♥✈❡rs♦r ◆❛❜❛❡✳

✷✳✷✭❛✮✱ ♦✉ ♣♦r ✉♠ ❝♦♥✈❡rs♦r ❞❡ ♠❡✐❛✲♣♦♥t❡ ❝♦♠ ✉♠ ❜r❛ç♦ ✭❈♦♥✜❣✉r❛çã♦ ✷▲❝✮ ❋✐❣✳ ✷✳✷✭❜✮✱

♦✉ ♣♦r ✉♠ ❝♦♥✈❡rs♦r ❞♦✐s ❜r❛ç♦s✱ ✉♠ s❡♥❞♦ ❝♦♠♣❛rt✐❧❤❛❞♦ ✭❈♦♥✜❣✉r❛çã♦ ✷▲s ❋✐❣✳ ✷✳✷✭❝✮✳ ❖

❝♦♥✈❡rs♦r ♣r♦♣♦st♦ ♣♦❞❡ ❛t✐♥❣✐r ✉♠ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ q✉❛s❡ ✉♥✐tár✐♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛

❧✐✈r❡ ❞❡ ♦♥❞✉❧❛çã♦ s❡♠ q✉❛❧q✉❡r ♠♦❞✉❧❛çã♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❝♦♠♣❧✐❝❛❞❛ t❛❧ ❝♦♠♦ P❲▼

♦✉ ✉♠ ❝♦♠♣❧❡①♦ ❝♦♥tr♦❧❡ ❝♦♠ r❡❛❧✐♠❡♥t❛çã♦✳ ❆ ❡♥tr❛❞❛ ❞❡ t♦❞♦s ♦s ❝♦♥✈❡rs♦r❡s ♣r♦♣♦st♦s

✉t✐❧✐③❛ ✉♠ ❝♦♥✈❡rs♦r ◆❛❜❛❡ ❈❆✲❈❈ ♠♦❞✐✜❝❛❞♦ q✉❡ é ❝♦♠♣♦st♦ ❞❡ ✉♠ ♣❛r ❞❡ ❝❛♣❛❝✐t♦r❡s✱

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

♣❛r ❞❡ ❞✐s♣♦s✐t✐✈♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳ ❯♠❛ t♦♣♦❧♦❣✐❛ s✐♠✐❧❛r ❢♦✐ ❛♣r❡s❡♥t❛❞❛ ❡♠ ✭❑✇♦♥✱ ❈❤♦✐✱

❉♦ ❡ ❑✇♦♥✱ ✷✵✵✺✮✱ ♠❛s ❛♣❧✐❝❛❞♦ ❛ ✉♠ ❝♦♥✈❡rs♦r ✢②❜❛❝❦ ❡♠ ♠❡✐❛ ♣♦♥t❡✳
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✭❛✮

ge

gi

1fC
2fC

1
D

3
D

2
D

4
D

s

1
Q

2
Q

C

o

C
2

E

2

E

1sD

2sD

a

1aQ

2aQ lv

✭❜✮
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✭❝✮

❋✐❣✉r❛ ✷✳✷✿ ❈❆✲❈❆ ❝♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s ❝♦♠ ♠❡❧❤♦r✐❛ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛✿
✭❛✮ ❈♦♥✜❣✉r❛çã♦ ✸▲ ✭❜✮ ❈♦♥✜❣✉r❛çã♦ ✷▲❝ ❡ ✭❝✮ ❈♦♥✜❣✉r❛çã♦ ✷▲s✳



❈♦♥✈❡rs♦r ▼♦♥♦❢ás✐❝♦ ❈❆✲❈❆ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✾

✷✳✶ ❊stá❣✐♦ ❈❋P

◆♦ ❡st❛❣✐♦ ❈❋P ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✸ icf1 ❡ icf2 sã♦ ❛s ❝♦rr❡♥t❡ q✉❡ ❝✐r❝✉❧❛♠ ❛tr❛✈és ❞♦

✜❧tr♦ ❞❡ ❝❛♣❛❝✐t♦r❡s Cf1 ❡ Cf2 (Cf1 = Cf2 = Cf )✳ ❈♦♠♦ ♣♦❞❡ s❡r ✈✐st♦✱ ♦ ✐♥❞✉t♦r ❛❝♦♣❧❛❞♦

Tc ❝♦♠♦ ✉♠ t✐♣♦ ❞❡ tr❛♥s❢♦r♠❛❞♦r q✉❡ é ♠♦❞❡❧❛❞♦ ❝♦♠ ❛ ✐♥❞✉tâ♥❝✐❛ ❞❡ ♠❛❣♥❡t✐③❛çã♦ Lmc✱

❛ ✐♥❞✉tâ♥❝✐❛ ♣r✐♠ár✐❛ ❞❡ ❞✐s♣❡rsã♦ Lc1✱ ❛ ✐♥❞✉tâ♥❝✐❛ s❡❝✉♥❞ár✐❛ ❞❡ ❞✐s♣❡rsã♦ Lc2 (Lc1 =

Lc2 = Lc)✱ ❡ ✉♠ tr❛♥s❢♦r♠❛❞♦r ✐❞❡❛❧ ❝♦♠ ♥ú♠❡r♦ ❞❡ ❡s♣✐r❛ ❞❡ ✶✿✶✳ ❆ ✐♥❞✉tâ♥❝✐❛ ♣r✐♠ár✐❛

❞❡ ❞✐s♣❡rsã♦ Lc1 ❡ ❛ ✐♥❞✉tâ♥❝✐❛ s❡❝✉♥❞ár✐❛ ❞❡ ❞✐s♣❡rsã♦ Lc2 ♣♦❞❡♠ s❡r ❝♦♥s✐❞❡r❛❞❛s ✐❣✉❛✐s

✭❑✇♦♥✱ ❈❤♦✐✱ ❉♦ ❡ ❑✇♦♥✱ ✷✵✵✺✮✳

❖ ❝♦♥✈❡rs♦r ❡♠ ✉♠ ♣❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ T ♣♦ss✉✐ q✉❛tr♦ ♠♦❞♦s ❞❡ ♦♣❡r❛çã♦✱ ♥♦

❝✐❝❧♦ ♣♦s✐t✐✈♦ ❞❛ ❢♦♥t❡ ♣r✐♠ár✐❛ ♠♦♥♦❢ás✐❝❛✳ ❆s ❝❤❛✈❡s ❞❡ ♣♦tê♥❝✐❛ sã♦ ❧✐❣❛❞❛s ❡ ❞❡s❧✐❣❛❞❛s

❞❡ ❢♦r♠❛ ❝♦♠♣❧❡♠❡♥t❛r ✭❝♦♠ r❡❧❛çã♦ ❝í❝❧✐❝❛ ❞❡ 50%✮ ♥✉♠❛ ❢r❡qüê♥❝✐❛ ❝♦♥st❛♥t❡ ♠✉✐t♦ ♠❛✐♦r

q✉❡ ❛ ❢r❡qüê♥❝✐❛ ❞❛ ❢♦♥t❡ ♣r✐♠ár✐❛ ❞❡ t❡♥sã♦ ♠♦♥♦❢ás✐❝❛✳ Pr❡ss✉♣♦st♦s ♣❛r❛ ❛ ❛♥á❧✐s❡ ❡♠

♦♣❡r❛çã♦ sã♦✿

• ❚♦❞♦s ♦s ❝♦♠♣♦♥❡♥t❡s ❡ ♦ ❜❛rr❛♠❡♥t♦ ❈❈ sã♦ ✐❞❡❛✐s❀

• ❆ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ E s❡❥❛ ♠❛✐♦r ❞♦ q✉❡ ❛ ❛♠♣❧✐t✉❞❡ ❞❡ ♣✐❝♦ Vi ❞❛ t❡♥sã♦ ❞❡

❡♥tr❛❞❛ vi❀

• ❖ ❢♦r♥❡❝✐♠❡♥t♦ ❞❡ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛ vi é ❝♦♥s✐❞❡r❛❞♦ ❝♦♥st❛♥t❡ ♣❛r❛ ✉♠ ♣❡rí♦❞♦ ❞❡

❝❤❛✈❡❛♠❡♥t♦❀

• vcf1 ❡ vcf2 sã♦ ❝♦♥s✐❞❡r❛❞♦s ❝♦♥st❛♥t❡s ❞✉r❛♥t❡ ♦ ♣❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ T ✳

✷✳✶✳✶ Pr✐♥❝í♣✐♦ ❞❡ ❖♣❡r❛çã♦

❖ ❝♦♥✈❡rs♦r ♣♦ss✉✐ q✉❛tr♦ ♠♦❞♦s ❞❡ ♦♣❡r❛çã♦ ♥♦ ❝✐❝❧♦ ♣♦s✐t✐✈♦ ❞❛ ❢♦♥t❡ ♣r✐♠ár✐❛ ♠♦♥♦❢ás✐❝❛✱

❝♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ❋✐❣✉r❛ ✷✳✹✿

▼♦❞♦ ✶✿ ❆ ❝❤❛✈❡ qs1 é ❧✐❣❛❞❛ ❡ ❛ ❝❤❛✈❡ qs2 é ❞❡s❧✐❣❛❞❛ ♥♦ ♠❡s♠♦ ♠♦♠❡♥t♦✳ ❆ ♣❛rt✐r

❞❡ vcf1 = vLc1 + vTC ❡ vcf2 = vLc2 + vTC + vd ❛ t❡♥sã♦ vTc s♦❜r❡ ♦ ✐♥❞✉t♦r ❛❝♦♣❧❛❞♦ Tc✱ ❛

t❡♥sã♦ vLc1 s♦❜r❡ ❛ ✐♥❞✉tâ♥❝✐❛ ❞❡ ❞✐s♣❡rsã♦ ♣r✐♠ár✐❛ Lc1✱ ❡ ❛ t❡♥sã♦ vLc2 s♦❜r❡ ❛ ✐♥❞✉tâ♥❝✐❛

❞❡ ❞✐s♣❡rsã♦ s❡❝✉♥❞ár✐❛ Lc2 sã♦ ❞❛❞❛s ♣♦r



❈♦♥✈❡rs♦r ▼♦♥♦❢ás✐❝♦ ❈❆✲❈❆ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✶✵

❋✐❣✉r❛ ✷✳✸✿ ❈♦♥✈❡rs♦r ❞❡ ❈❋P✳

vTc(t) = −(E − vi)

2
✭✷✳✶✮

vLc1 = vcf1 − vTc ✭✷✳✷✮

vLc2 = vCf2 − vTc − E ✭✷✳✸✮

❛ ❝♦rr❡♥t❡ i1 ❞♦ ✐♥❞✉t♦r ❞❡ ❞✐s♣❡rsã♦ ♣r✐♠ár✐❛ ❝r❡s❝❡ ❡ ❛ ❝♦rr❡♥t❡ i2 ❞♦ ✐♥❞✉t♦r ❞❡ ❞✐s♣❡rsã♦

s❡❝✉♥❞ár✐❛ ❞❡❝r❡s❝❡ ❧✐♥❡❛r♠❡♥t❡ ❝♦♠♦ s❡❣✉❡

i1(t) =
(VCf1 − vTc)

Lc

(t− t1) ✭✷✳✹✮

i2(t) = Imc +
(VCf2 − vTc − E)

Lc

(t− t1) ✭✷✳✺✮

♥♦ ✜♠ ❞♦ ✐♥t❡r✈❛❧♦ ❛ ❝♦rr❡♥t❡ i1 ❞♦ ✐♥❞✉t♦r ❞❡ ❞✐s♣❡rsã♦ ♣r✐♠ár✐❛ s❡ ❛♣r♦①✐♠❛ ❞❡ Imc ❡ ❛

❝♦rr❡♥t❡ i2 ❞♦ ✐♥❞✉t♦r ❞❡ ❞✐s♣❡rsã♦ s❡❝✉♥❞ár✐❛ s❡ ❛♣r♦①✐♠❛ ❞❡ ③❡r♦✳

▼♦❞♦ ✷✿ ❆ ❝♦rr❡♥t❡ i2 ❞♦ ✐♥❞✉t♦r ❞❡ ❞✐s♣❡rsã♦ s❡❝✉♥❞ár✐❛ ❝❤❡❣❛ ❛ ③❡r♦✳ ❆ t❡♥sã♦ vLc s♦❜r❡

❛ ✐♥❞✉tâ♥❝✐❛ ❞❡ ❞✐s♣❡rsã♦ ♣r✐♠ár✐❛ Lc1 ♣♦❞❡ s❡r ❝♦♥s✐❞❡r❛❞♦ ③❡r♦ ❡ ❛ t❡♥sã♦ vTc é ✜①❛❞❛

❡♠ vcf1✳ ❊♥tã♦ ❛ ❝♦rr❡♥t❡ i1 ❞♦ ✐♥❞✉t♦r ❞❡ ❞✐s♣❡rsã♦ ♣r✐♠ár✐❛ ❝r❡s❝❡ ❝♦♠ ♦ ♠❡s♠♦ ✈❛❧♦r ❞❛

❝♦rr❡♥t❡ imc✳

i1(t) = imc(t) =
vi
Lc

(t− t2) ✭✷✳✻✮

i2(t) = 0(t− t2) ✭✷✳✼✮



❈♦♥✈❡rs♦r ▼♦♥♦❢ás✐❝♦ ❈❆✲❈❆ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✶✶

❋✐❣✉r❛ ✷✳✹✿ ▼♦❞♦s ❞❡ ♦♣❡r❛çã♦ ❞♦ ❡stá❣✐♦ ❞❡ ❈❋P✳

▼♦❞♦ ✸✿ ❆ ❝❤❛✈❡ qs2 é ❧✐❣❛❞❛ ❡ ❛ ❝❤❛✈❡ qs1 é ❞❡s❧✐❣❛❞❛ ♥♦ ♠❡s♠♦ ♠♦♠❡♥t♦✳ ❆ ♣❛rt✐r

❞❡ vcf1 = vLc1 + vTC + E ❡ vcf2 = vLc2 + vTC ❛ t❡♥sã♦ vTc s♦❜r❡ ♦ ✐♥❞✉t♦r ❛❝♦♣❧❛❞♦ Tc✱ ❛

t❡♥sã♦ vLc1 s♦❜r❡ ❛ ✐♥❞✉tâ♥❝✐❛ ❞❡ ❞✐s♣❡rsã♦ ♣r✐♠ár✐❛ Lc1✱ ❡ ❛ t❡♥sã♦ vLc2 s♦❜r❡ ❛ ✐♥❞✉tâ♥❝✐❛

❞❡ ❞✐s♣❡rsã♦ s❡❝✉♥❞ár✐❛ Lc2 sã♦ ❞❛❞❛s ♣♦r

vTc(t) = −(E − vi)

2
✭✷✳✽✮

vLc1 = vCf1 − vTc − E ✭✷✳✾✮

vLc2 = vcf2 − vTc ✭✷✳✶✵✮

❛ ❝♦rr❡♥t❡ i1 ❞♦ ✐♥❞✉t♦r ❞❡ ❞✐s♣❡rsã♦ ♣r✐♠ár✐❛ ❞❡❝r❡s❝❡ ❡ ❛ ❝♦rr❡♥t❡ i2 ❞♦ ✐♥❞✉t♦r ❞❡ ❞✐s♣❡rsã♦

s❡❝✉♥❞ár✐❛ ❝r❡s❝❡ ❧✐♥❡❛r♠❡♥t❡ ❝♦♠♦ s❡❣✉❡

i1(t) = Imc +
(VCf1 − vTc − E)

Lc

(t− t3) ✭✷✳✶✶✮

i2(t) =
(VCf2 − vTc)

Lc

(t− t3) ✭✷✳✶✷✮



❈♦♥✈❡rs♦r ▼♦♥♦❢ás✐❝♦ ❈❆✲❈❆ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✶✷

♥♦ ✜♠ ❞♦ ✐♥t❡r✈❛❧♦ ❛ ❝♦rr❡♥t❡ i2 ❞♦ ✐♥❞✉t♦r ❞❡ ❞✐s♣❡rsã♦ s❡❝✉♥❞ár✐❛ s❡ ❛♣r♦①✐♠❛ ❞❡ Imc ❡ ❛

❝♦rr❡♥t❡ i1 ❞♦ ✐♥❞✉t♦r ❞❡ ❞✐s♣❡rsã♦ ♣r✐♠ár✐❛ s❡ ❛♣r♦①✐♠❛ ❞❡ ③❡r♦✳

▼♦❞♦ ✹✿ ❆ ❝♦rr❡♥t❡ i1 ❞♦ ✐♥❞✉t♦r ❞❡ ❞✐s♣❡rsã♦ ♣r✐♠ár✐❛ ❝❤❡❣❛ ❛ ③❡r♦✳ ❆ t❡♥sã♦ vLc s♦✲

❜r❡ ❛ ✐♥❞✉tâ♥❝✐❛ ❞❡ ❞✐s♣❡rsã♦ s❡❝✉♥❞ár✐❛ Lc2 ♣♦❞❡ s❡r ❝♦♥s✐❞❡r❛❞♦ ③❡r♦ ❡ ❛ t❡♥sã♦ vTc é

✜①❛❞❛ ❡♠ vcf2✳ ❊♥tã♦ ❛ ❝♦rr❡♥t❡ i2 ❞♦ ✐♥❞✉t♦r ❞❡ ❞✐s♣❡rsã♦ ♣r✐♠ár✐❛ é ❣r❛♠♣❡❛❞❛ ❡♠ imc✳

i1(t) = 0(t− t4) ✭✷✳✶✸✮

i2(t) = imc(t) =
vi
Lc

(t− t4) ✭✷✳✶✹✮

❋✐❣✉r❛ ✷✳✺✿ ❋♦r♠❛s ❞❡ ♦♥❞❛ ❞♦ ❡stá❣✐♦ ❞❡ ❈❋P✳

❘❡❢❡r✐♥❞♦✲s❡ ❛s ❢♦r♠❛s ❞❡ ♦♥❞❛ ❞❛s t❡♥sõ❡s vLc1 ❡ vTc ♥❛ ❋✐❣✳ ✷✳✺✱ ♣❡❧♦ ❡q✉✐❧í❜r✐♦ ❞❛s

t❡♥sõ❡s t❡♠♦s q✉❡ ✭❑✇♦♥✱ ❈❤♦✐✱ ❉♦ ❡ ❑✇♦♥✱ ✷✵✵✺✮

(VCf1 +
(E − vi)

2
)Tc1 = (VCf2 +

(E − vi)

2
)Tc2 ✭✷✳✶✺✮

(E − vi)

2
Tc1 = (0.5T − Tc1)VCf1 ✭✷✳✶✻✮

(E − vi)

2
Tc2 = (0.5T − Tc2)VCf2 ✭✷✳✶✼✮



❈♦♥✈❡rs♦r ▼♦♥♦❢ás✐❝♦ ❈❆✲❈❆ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✶✸

❈♦♠ vi = vcf1 + vcf2✱ ✭✷✳✶✺✮✱ ✭✷✳✶✻✮✱ ✭✷✳✶✼✮ ❛ t❡♥sã♦ ❞♦ ✜❧tr♦ ❝❛♣❛❝✐t✐✈♦ ❡ ♦ t❡♠♣♦ ❞❡

tr❛♥s✐çã♦ sã♦ ❞❛❞♦s ♣♦r✿

vcf1 = vcf2 = 0.5vi ✭✷✳✶✽✮

Tc1 = Tc2 =
viT

2E
✭✷✳✶✾✮

❆ ♣❛rt✐r ❞♦ ♠♦❞♦ ✷ t❡♠♦s q✉❡ ♦ ♣✐❝♦ ❞❛ ❝♦rr❡♥t❡ Imc é ❞❛❞♦ ♣♦r✿

Imc =
vi

4fsLc

✭✷✳✷✵✮

❆ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛ vi ❞♦ ❝♦♥✈❡rs♦r s❡rá✿

vi =
√
2Vi sinωt ✭✷✳✷✶✮

❖♥❞❡ Vi ❡ ω sã♦ ❛ t❡♥sã♦ ❘▼❙ ❞❡ ❡♥tr❛❞❛ ❡ ❛ ❢r❡qüê♥❝✐❛ ❛♥❣✉❧❛r✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆

♣❛rt✐r ❞❡ ii = i2 + icf2 = i1̀ + imc + icf1✱ i1̀ = −i2✱ icf2 = −icf1✱ ❡ imc = Imc ❛ ❝♦rr❡♥t❡ ❞❡

❡♥tr❛❞❛ ii é ❞❛❞❛ ♣♦r

ii =
imc

2
=

1

4
√
2fsLc

Vi sinωt ✭✷✳✷✷✮

❆ss✐♠ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ♥ã♦ ❝♦♥t❡♠ ♥❡♥❤✉♠ ❤❛r♠ô♥✐❝♦ ❞❡ ❛❧t❛ ❢r❡qüê♥❝✐❛ ❡ ❛

❝♦rr❡♥t❡ ❘▼❙ ❞❡ ❡♥tr❛❞❛ Ii é
vi

8fsLc

✳ ❆ ♣♦tê♥❝✐❛ ❞❡ ❡♥tr❛❞❛ r❡❛❧ Pi é ❞❡t❡r♠✐♥❛❞❛ ❝♦♠♦

Pi =
1

π

∫ π

0

viiid(ωt) =
V 2

i

8fsLc

✭✷✳✷✸✮

❆ ♣❛rt✐r ❞❡ ✭✷✳✷✷✮ ❡ ✭✷✳✷✸✮ ♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ é ❞❛❞♦ ♣♦r

pf =
Pi

ViIi
= 1 ✭✷✳✷✹✮

❆ss✐♠ ♦ ❝♦♥✈❡rs♦r ♣r♦♣♦st♦ ❈❋P ♣♦ss✉✐ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ✉♥✐tár✐♦ q✉❛♥❞♦ ❡❧❡ é ♣r♦❥❡t❛❞♦

❞❡ ♠♦❞♦ q✉❡ ❛ t❡♥sã♦ E ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ s❡❥❛ ♠❛✐♦r ❞♦ q✉❡ ❛ ❛♠♣❧✐t✉❞❡ ❞❡ ♣✐❝♦ Vi ❞❛

t❡♥sã♦ ❞❡ ❡♥tr❛❞❛ vi✳

✷✳✶✳✷ ■♥❞✉tâ♥❝✐❛s

❆ ♣❛rt✐r ❞❡ ✭✷✳✷✸✮ ❛ ✐♥❞✉tâ♥❝✐❛ ❞❡ ❞✐s♣❡rsã♦ Lc ❞♦ ✐♥❞✉t♦r ❛❝♦♣❧❛❞♦ ♣❛r❛ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛

✉♥✐tár✐♦ é ♣r♦❥❡t❛❞♦ ❝♦♠♦ s❡❣✉❡✿

Lc =
ηV 2

i

8fsPo

✭✷✳✷✺✮

❖♥❞❡ Po ❡ η sã♦ r❡s♣❡❝t✐✈❛♠❡♥t❡ ❛ ♠á①✐♠❛ ♣♦tê♥❝✐❛ ❞❡ s❛í❞❛ ❡ ❛ ❡✜❝✐ê♥❝✐❛ ❡s♣❡r❛❞❛ ❞♦

❝♦♥✈❡rs♦r✳



❈♦♥✈❡rs♦r ▼♦♥♦❢ás✐❝♦ ❈❆✲❈❆ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✶✹

✷✳✶✳✸ ❊s❢♦rç♦s ❞❡ ❈♦rr❡♥t❡

❆ ❝♦rr❡♥t❡ ❞❡ ♣✐❝♦✱ ♥♦ ♣❡rí♦❞♦ ❞❛ r❡❞❡✱ ♦❝♦rr❡ ♥♦ s❡♠✐✲❝✐❝❧♦ ♣♦s✐t✐✈♦ ωt = π
2
✳ ❙✉❜st✐t✉✐♥❞♦

✭✷✳✷✶✮ ❡♠ ✭✷✳✷✵✮✱ ❛ ❝♦rr❡♥t❡ ❞❡ ♣✐❝♦ ❞♦s ✐♥❞✉t♦r❡s é ♦❜t✐❞❛✿

i1,2pico =
1

2
√
2fsLc

Vi ✭✷✳✷✻✮

✷✳✶✳✹ Pr♦❥❡t♦ ❞♦ ❊stá❣✐♦ ❈❋P

❈♦♠ ❛ ✜♥❛❧✐❞❛❞❡ ❞❡ ✈❡r✐✜❝❛r ❛s ❡①♣r❡ssõ❡s ❡st✉❞❛❞❛s ❡ ❡st❛❜❡❧❡❝❡r ♣❛râ♠❡tr♦s ❞❛ t♦♣♦❧♦✲

❣✐❛ ♣❛r❛ ♦ r❡st❛♥t❡ ❞❡st❛ ♣r♦♣♦st❛✱ sã♦ ❢❡✐t❛s ❡s♣❡❝✐✜❝❛çõ❡s ❞❡ ♣r♦❥❡t♦ ♣❛r❛ ♦♣❡r❛çã♦ ❝♦♠

❝❛r❣❛ ✈❛r✐á✈❡❧✱ ❚❛❜❡❧❛ ✷✳✶✳ ❖s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✷✳✷✳

❚❡♥sã♦ ❞❡ r❡❞❡✱ Vi✱ (60Hz) 100V
❚❡♥sã♦ ❞❡ s❛í❞❛✱ Vd 150V

P♦tê♥❝✐❛ ♠á①✐♠❛ ❞❡ s❛í❞❛✱ Po,max 75W
❋r❡qüê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ 10kHz

❚❛❜❡❧❛ ✷✳✶✿ ❊s♣❡❝✐✜❝❛çõ❡s ❞♦ ♣r♦❥❡t♦✳

Vi : 100V (60Hz);Ed : 150V ;Po : 75W
■♥❞✉tâ♥❝✐❛ ❞❡ ❞✐s♣❡rsã♦ (mH) P✐❝♦ ❞❡ ❝♦rr❡♥t❡ (A) fs(kHz)

1.7 2.08 10

❚❛❜❡❧❛ ✷✳✷✿ ❘❡s✉❧t❛❞♦s ♣❛r❛ r❡♥❞✐♠❡♥t♦ ✉♥✐tár✐♦✳

✷✳✶✳✺ ❙✐♠✉❧❛çã♦ ❞♦ ❊stá❣✐♦ ❈❋P

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

✉❧❛çã♦ ❞♦ ❡stá❣✐♦ ❈❋P ✭❋✐❣✉r❛ ✷✳✸✮ ❝♦♥❡❝t❛❞♦ ❛ ✉♠❛ ❝❛r❣❛ ❘✳ ❙❡♠ q✉❛❧q✉❡r ✐♥❞✉t♦r ❞❡

✜❧tr❛❣❡♠✱ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ♣♦ss✉✐ ♣♦✉❝❛ ♦♥❞✉❧❛çã♦✳ ◆❛ ❋✐❣✉r❛ ✷✳✻ t❡♠✲s❡ ❛ t❡♥sã♦ ❡ ❛

❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ♣♦❞❡✲s❡ ❝♦♥st❛t❛r q✉❡ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡stá ❡♠ ❢❛s❡ ❝♦♠ ❛ t❡♥sã♦

s❡♠ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ✉♠ ❝♦♥tr♦❧❡ ❝♦♠ r❡❛❧✐♠❡♥t❛çã♦✳ ◆❛ ❋✐❣✉r❛ ✷✳✽✭❛✮ t❡♠✲s❡ ❛s ❝♦rr❡♥t❡s

i1 ❡ i2 ❡ ♥❛ ❋✐❣✉r❛ ✷✳✽✭❜✮ sã♦ ❛♠♣❧✐❛❞❛s ♣♦❞❡♠♦s ♣❡r❝❡❜❡r q✉❡ ❡❧❛s ❝♦♠♣r♦✈❛♠ ❛s ❢♦r♠❛s

❞❡ ♦♥❞❛ t❡ór✐❝❛s ❛♣r❡s❡♥t❛❞❛s ♥❛ ❋✐❣✉r❛ ✷✳✺✳ ❆ ❋✐❣✉r❛ ✷✳✶✳✺ ♠♦str❛ ♦ ❡❢❡✐t♦ ❞❛ r❡❧❛çã♦ ❞❡

tr❛♥s❢❡rê♥❝✐❛ ❡stát✐❝❛ α ♥♦ ❡s♣❡❝tr♦ ❞❡ ❢r❡qüê♥❝✐❛ ❞❛s ❝♦♠♣♦♥❡♥t❡s ❤❛r♠ô♥✐❝❛s ❞❛ ❝♦rr❡♥t❡

❞❡ ❡♥tr❛❞❛✱ ♦♥❞❡ α é ❞❡✜♥✐❞❛ ❝♦♠♦ s❡❣✉❡✿



❈♦♥✈❡rs♦r ▼♦♥♦❢ás✐❝♦ ❈❆✲❈❆ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✶✺

α =
Vd

Vi

✭✷✳✷✼✮

❖♥❞❡ Vd é ♦ ♠á①✐♠♦ ✈❛❧♦r ❞❡ vd✳ α = 1 é ♦ ❡st❛❞♦ ❝rít✐❝♦ ❞❡ i1 ❡ i2✱ ❝♦♥tí♥✉❛ ♦✉ ❞❡s❝♦♥tí♥✉❛✳

P♦❞❡♠♦s ♣❡r❝❡❜❡r ♣❡❧❛ ❋✐❣✉r❛ ✷✳✶✳✺ q✉❡ q✉❛♥t♦ ♠❛✐♦r ❢♦r ✈❛❧♦r ❞❡ α ♦❝♦rr❡ ✉♠ ❛✉♠❡♥t♦ ♥❛

❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧✳

❋✐❣✉r❛ ✷✳✻✿ ❚❡♥sã♦ ❡ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❞♦ ❝♦♥✈❡rs♦r✳

✭❛✮ α = 1✳ ✭❜✮ α = 1.5✳ ✭❝✮ α = 2✳

❋✐❣✉r❛ ✷✳✼✿ ❊s♣❡❝tr♦ ❞❡ ❢r❡q✉ê♥❝✐❛ ❞❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ♣❛r❛ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s
❞❡ α✳



❈♦♥✈❡rs♦r ▼♦♥♦❢ás✐❝♦ ❈❆✲❈❆ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✶✻

✭❛✮ ❈♦rr❡♥t❡s i1 ❡ i2✳ ✭❜✮ ❈♦rr❡♥t❡s i1 ❡ i2 ❛♠♣❧✐❛❞❛s✳

❋✐❣✉r❛ ✷✳✽✿ ❈♦rr❡♥t❡s i1 ❡ i2✳

✷✳✷ ❈♦♥✜❣✉r❛çã♦ ✸▲

❆ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r ✸▲ ✭❋✐❣✉r❛ ✷✳✾✮ é ❢♦r♠❛❞❛ ♣♦r ✹ ❝❤❛✈❡s ❞❡ ♣♦tê♥❝✐❛ ✭Qa1✱ Qa2✱ Qb1✱

Qb2✮ ❡ ✉♠ ❜❛♥❝♦ ❞❡ ❝❛♣❛❝✐t♦r❡s ❢♦r♠❛♥❞♦ ♦ ❜❛rr❛♠❡♥t♦ ❈❈✳ ❖s ♣❛r❡s ❞❡ ❝❤❛✈❡s Qa1✲Qa2

❡ Qb1✲Qb2 sã♦ ❝♦♠♣❧❡♠❡♥t❛r❡s✳ ❖ ❡st❛❞♦ ❞❡ ❝♦♥❞✉çã♦ ❞❛s ❝❤❛✈❡s ♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞♦

♣♦r ✉♠❛ ✈❛r✐á✈❡❧ ❜✐♥ár✐❛ ❤♦♠ô♥✐♠❛ Qa1 ❡ Qb1 ♦♥❞❡ ◗❂✶ ✐♥❞✐❝❛ ❛ ❝❤❛✈❡ ❢❡❝❤❛❞❛ ❡ ◗❂✵

✐♥❞✐❝❛ ❛ ❝❤❛✈❡ ❛❜❡rt❛✳ ❆ ❡♥tr❛❞❛ ❞♦ ❝♦♥✈❡rs♦r ✸▲ é ❝♦♠♣♦st❛ ♣❡❧♦ ❝✐r❝✉✐t♦ ❈❋P ❞❡s❝r✐t♦

❛♥t❡r✐♦r♠❡♥t❡✱ ❛s ❝❤❛✈❡s Q1 ❡ Q2 ♦♣❡r❛♠ ❝♦♠ ❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦ ✭❉✮ ❞❡ ✵✳✺✱ ♦✉ s❡❥❛✱ ❝❛❞❛

❝❤❛✈❡ ❞❡st❡ ❜r❛ç♦ ♣❡r♠❛♥❡❝❡ ❛❜❡rt❛ ❞✉r❛♥t❡ ♠❡t❛❞❡ ❞♦ ♣❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳
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❋✐❣✉r❛ ✷✳✾✿ ❈♦♥✜❣✉r❛çã♦ ✸▲✳

❙❡ ❛ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛ ♥❛ ❝❛r❣❛ é ❞❛❞❛ ♣♦r v∗l ✱ ❡♥tã♦ ❛s t❡♥sõ❡s ❞❡ ♣ó❧♦ ❞❡ r❡❢❡rê♥❝✐❛

♣♦❞❡♠ s❡r ❡s❝r✐t❛s ❝♦♠♦✿

v∗a0 = v∗l + v∗µ ✭✷✳✷✽✮

v∗b0 = v∗µ ✭✷✳✷✾✮

❆s ❡q✉❛çõ❡s ✭✷✳✷✽✮ ❡ ✭✷✳✷✾✮ ♥ã♦ ♣♦❞❡♠ s❡r r❡s♦❧✈✐❞❛s ❛♦ ♠❡♥♦s q✉❡ v∗µ s❡❥❛ ♦❜t✐❞♦✳ ❆



❈♦♥✈❡rs♦r ▼♦♥♦❢ás✐❝♦ ❈❆✲❈❆ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✶✼

t❡♥sã♦ v∗µ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ✉t✐❧✐③❛♥❞♦ ♦ ❢❛t♦r µ

v∗µ = E(µ− 1

2
)− µv∗max + (µ− 1)v∗min ✭✷✳✸✵✮

♦♥❞❡ v∗max = maxV ❡ V ∗

min = minV ♦♥❞❡ V = {v∗l , 0}✳

❊st❛ ❡①♣r❡ssã♦ ❢♦✐ ❞❡r✐✈❛❞❛ ✉s❛♥❞♦ ❛ ♠❡s♠❛ ❛♣r♦①✐♠❛çã♦ ✉s❛❞❛ ♣❛r❛ ♦❜t❡r ❡q✉✐✈❛❧❡♥t❡

♣❛r❛ ♦ ♠♦❞✉❧❛❞♦r tr✐❢ás✐❝♦ P❲▼ ✭❏❛❝♦❜✐♥❛✱ ▲✐♠❛✱ ❙✐❧✈❛ ❡ ❆❧✈❡s✱ ✷✵✵✶❜✮✱ ✭❇❧❛s❦♦✱ ✶✾✾✻✮✳

❖ ❢❛t♦r ❞❡ ❞✐str✐❜✉✐çã♦ µ ✭0 ≤ µ ≤ 1✮ é ❞❛❞♦ ♣♦r µ = t01/t0 ❡ ✐♥❞✐❝❛ ❛ ❞✐str✐❜✉✐çã♦

❞❛ r♦❞❛✲❧✐✈r❡ ♥♦ ♣❡rí♦❞♦ t0 ✭♣❡rí♦❞♦ ♥♦ q✉❛❧ va0 ❡ vb0 sã♦ ✐❣✉❛✐s✮ ♥♦ ✐♥í❝✐♦ ✭to1 = µt0✮ ❡ ♥❛

❡①tr❡♠✐❞❛❞❡ (t02 = (1− µ)t0) ❞♦ ♣❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ T ✭❏❛❝♦❜✐♥❛✱ ▲✐♠❛✱ ❙✐❧✈❛ ❡ ❆❧✈❡s✱

✷✵✵✶❜✮✱ ✭❇❧❛s❦♦✱ ✶✾✾✻✮✳

◆❡st❡ ❝❛s♦ ♦ ❛❧❣♦r✐t♠♦ ♣r♦♣♦st♦ é✿

❊t❛♣❛ ✶✿ ❡s❝♦❧❤❡r ♦ ❢❛t♦r µ ❡ ❝❛❧❝✉❧❛r v∗u ❛ ♣❛rt✐r ❞❡ ✭✷✳✸✵✮✳

❊t❛♣❛ ✷✿ ❉❡t❡r♠✐♥❛r v∗a0 ❡ v∗b0 ❛ ♣❛rt✐r ❞❡ ✭✷✳✷✽✮✲✭✷✳✷✾✮✳

❊t❛♣❛ ✸✿ ❯♠❛ ✈❡③ q✉❡ ❛ t❡♥sã♦ ♥♦ ♣♦♥t♦ ♠é❞✐♦ ❢♦✐ ❞❡t❡r♠✐♥❛❞♦✳ ❆ ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ τa

❡ τb sã♦ ❝❛❧❝✉❧❛❞♦s ✉s❛♥❞♦

τa =
T

2
+

T

E
v∗a0 ✭✷✳✸✶✮

τb =
T

2
+

T

E
v∗b0 ✭✷✳✸✷✮

♦♥❞❡ T é ♦ ♣❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❡ E = vc1+ vc2✳ ❖s ✈❛❧♦r❡s ❞❛s ❧❛r❣✉r❛s ❞❡ ♣✉❧s♦s τa ❡ τb

sã♦ ✉s❛❞♦s ♥♦ s✐st❡♠❛ ❞❡ ❝♦♥tr♦❧❡ ❞✐❣✐t❛❧ ♣❛r❛ ❣❡r❛r ♦s s✐♥❛✐s ❞❡ ❣❛t✐❧❤♦ ❞❛s ❝❤❛✈❡s ❞❡ ♣♦tê♥❝✐❛

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

s✐♥❛✐s ❞❡ r❡❢❡rê♥❝✐❛ v∗a0 ❡ v∗b0 ❝♦♠ ✉♠ s✐♥❛❧ tr✐❛♥❣✉❧❛r ❞❡ ❛❧t❛ ❢r❡q✉ê♥❝✐❛✭❋✐❣✳ ✷✳✶✵✭❜✮✮✳



❈♦♥✈❡rs♦r ▼♦♥♦❢ás✐❝♦ ❈❆✲❈❆ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✶✽

✭❛✮

✭❜✮

❋✐❣✉r❛ ✷✳✶✵✿ ❛✮ ▲❛r❣✉r❛ ❞❡ ♣✉❧s♦ ta ❡ tb✳ ❜✮ ❊q✉✐✈❛❧ê♥❝✐❛ à té❝♥✐❝❛ ❞❡ ♣♦rt❛❞♦r❛
tr✐❛♥❣✉❧❛r✳

✷✳✸ ❈♦♥✜❣✉r❛çã♦ ✷▲❈

❆ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r ✷▲❈ ✭❋✐❣✉r❛ ✷✳✶✶✮ é ❢♦r♠❛❞❛ ♣♦r ✷ ❝❤❛✈❡s ❞❡ ♣♦tê♥❝✐❛ ✭Qa1, Qa2✮

❡ ✉♠ ❜❛♥❝♦ ❞❡ ❝❛♣❛❝✐t♦r❡s ❢♦r♠❛♥❞♦ ♦ ❜❛rr❛♠❡♥t♦ ❈❈✳ ❖ ♣❛r ❞❡ ❝❤❛✈❡s Qa1 − Qa2 sã♦

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

❜✐♥ár✐❛ ❤♦♠ô♥✐♠❛ Qa1 ♦♥❞❡ ◗❂✶ ✐♥❞✐❝❛ ❛ ❝❤❛✈❡ ❢❡❝❤❛❞❛ ❡ ◗❂✵ ✐♥❞✐❝❛ ❛ ❝❤❛✈❡ ❛❜❡rt❛✳ ❆

❡♥tr❛❞❛ ❞♦ ❝♦♥✈❡rs♦r ✷▲❈ é ❝♦♠♣♦st❛ ♣❡❧♦ ❝✐r❝✉✐t♦ ❈❋P ❞❡s❝r✐t♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ❛s ❝❤❛✈❡s

Q1 ❡ Q2 ♦♣❡r❛♠ ❝♦♠ ❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦ ✭❉✮ ❞❡ ✵✳✺✱ ♦✉ s❡❥❛✱ ❝❛❞❛ ❝❤❛✈❡ ❞❡st❡ ❜r❛ç♦ ♣❡r♠❛♥❡❝❡

❛❜❡rt❛ ❞✉r❛♥t❡ ♠❡t❛❞❡ ❞♦ ♣❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳
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❋✐❣✉r❛ ✷✳✶✶✿ ❈♦♥✜❣✉r❛çã♦ ✷▲❈✳

❙❡ ❛ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛ ♥❛ ❝❛r❣❛ é ❞❛❞❛ ♣♦r v∗l ✱ ❡♥tã♦ ❛ t❡♥sã♦ ❞❡ ♣ó❧♦ ❞❡ r❡❢❡rê♥❝✐❛

♣♦❞❡ s❡r ❡s❝r✐t❛ ❝♦♠♦



❈♦♥✈❡rs♦r ▼♦♥♦❢ás✐❝♦ ❈❆✲❈❆ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✶✾

v∗a0 = v∗l ✭✷✳✸✸✮

❆ ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ τa é ❝❛❧❝✉❧❛❞❛ ✉s❛♥❞♦

τa =
T

2
+

T

E
v∗a0 ✭✷✳✸✹✮

♦♥❞❡ T é ♦ ♣❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❡ E = vc1 + vc2✳ ❖ ✈❛❧♦r ❞❛ ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ τa é

✉s❛❞♦ ♥♦ s✐st❡♠❛ ❞❡ ❝♦♥tr♦❧❡ ❞✐❣✐t❛❧ ♣❛r❛ ❣❡r❛r ♦s s✐♥❛✐s ❞❡ ❣❛t✐❧❤♦ ❞❛s ❝❤❛✈❡s ❞❡ ♣♦tê♥❝✐❛✳

❆❧t❡r♥❛t✐✈❛♠❡♥t❡✱ ♦s s✐♥❛✐s ❞❡ ❣❛t✐❧❤♦ ♣♦❞❡♠ s❡r ❣❡r❛❞♦s ❝♦♠♣❛r❛♥❞♦ ♦ s✐♥❛❧ ❞❡ r❡❢❡rê♥❝✐❛

v∗a0 ❝♦♠ ✉♠ s✐♥❛❧ tr✐❛♥❣✉❧❛r ❞❡ ❛❧t❛ ❢r❡q✉ê♥❝✐❛✳

P♦r ♦✉tr♦ ❧❛❞♦✱ ♣❛r❛ ❡❧✐♠✐♥❛r ♦ ❡rr♦ ❞❡✈✐❞♦ ❛♦ ❞❡s❡q✉✐❧í❜r✐♦ ❞♦ ♣♦♥t♦ ❝❡♥tr❛❧ ❞♦ ❜❛♥❝♦

❞❡ ❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ❛ ❡①♣r❡ssã♦ ✭✷✳✸✾✮ ♥ã♦ é ♠❛✐s ✈á❧✐❞❛✳ P❛r❛ ❝♦♠♣❡♥s❛r ♦

❞❡s❡q✉✐❧í❜r✐♦ ❞♦s ❝❛♣❛❝✐t♦r❡s à ♥♦✈❛ ❡①♣r❡ssã♦ ♣❛r❛ τa é ❞❛❞❛ ♣♦r

τa = (v∗a0 + vc2)
T

vc1 + vc2
✭✷✳✸✺✮

◆♦t❡ q✉❡ é ♥❡❝❡ssár✐♦ ♠❡❞✐r vc1 ❡ vc2✳

✷✳✹ ❈♦♥✜❣✉r❛çã♦ ✷▲❙

❆ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r ✷▲❙ ✭❋✐❣✉r❛ ✷✳✶✷✮ é ❢♦r♠❛❞❛ ♣♦r ✹ ❝❤❛✈❡s ❞❡ ♣♦tê♥❝✐❛ (Qa1, Qa2, Q1, Q2)

❡ ✉♠ ❜❛♥❝♦ ❞❡ ❝❛♣❛❝✐t♦r❡s ❢♦r♠❛♥❞♦ ♦ ❜❛rr❛♠❡♥t♦ ❈❈✳ ❖s ♣❛r❡s ❞❡ ❝❤❛✈❡sQa1−Qa2 ❡Q1−Q2

sã♦ ❝♦♠♣❧❡♠❡♥t❛r❡s✳ ◆❡st❛ ❝♦♥✜❣✉r❛çã♦ ♦ ❜r❛ç♦ (Q1−Q2) é ❝♦♠♣❛rt✐❧❤❛❞♦ ❡♥tr❡ ❛ ❡♥tr❛❞❛

❡ ❛ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r✳ ❖ ❡st❛❞♦ ❞❡ ❝♦♥❞✉çã♦ ❞❛s ❝❤❛✈❡s ♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞♦ ♣♦r ✉♠❛ ✈❛r✲

✐á✈❡❧ ❜✐♥ár✐❛ ❤♦♠ô♥✐♠❛ Qa1 ♦♥❞❡ ◗❂✶ ✐♥❞✐❝❛ ❛ ❝❤❛✈❡ ❢❡❝❤❛❞❛ ❡ ◗❂✵ ✐♥❞✐❝❛ ❛ ❝❤❛✈❡ ❛❜❡rt❛✳

◆❡st❛ ❝♦♥✜❣✉r❛çã♦ ❝✐r❝✉✐t♦ ❈❋P ❞❡ ❡♥tr❛❞❛ é ❝♦♠♣❛rt✐❧❤❛❞♦ ❝♦♠ ❛ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r✱ ❛

♦♣❡r❛çã♦ ❞❡st❡ ❜r❛ç♦ ❛♣r❡s❡♥t❛ ❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦✱ ❉✱ ❞❡ 0.5✱ ♦✉ s❡❥❛✱ ❝❛❞❛ ❝❤❛✈❡ ❞❡st❡ ❜r❛ç♦

♣❡r♠❛♥❡❝❡ ❛❜❡rt❛ ❞✉r❛♥t❡ ♠❡t❛❞❡ ❞♦ ♣❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳

❙❡ ❛ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛ ♥❛ ❝❛r❣❛ é ❞❛❞❛ ♣♦r v∗l ✱ ❡♥tã♦ ❛s t❡♥sõ❡s ❞❡ ♣ó❧♦ ❞❡ r❡❢❡rê♥❝✐❛

♣♦❞❡♠ s❡r ❡s❝r✐t❛s ❝♦♠♦
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ge
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1fC
2fC
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D

3
D

2
D

4
D

s

1
Q

2
Q

C

o

C
2

E

2

E

1sD

2sD

a

1aQ

2aQ lv

❋✐❣✉r❛ ✷✳✶✷✿ ❈♦♥✜❣✉r❛çã♦ ✷▲❙✳

v∗l = v∗a0 − v∗s0 ✭✷✳✸✻✮

❈♦♠♦ ♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦ ❛♣r❡s❡♥t❛ ❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦ ❉ ✐❣✉❛❧ ❛ 0.5 ❡♥tã♦ v∗s0 = 0✱

❛ss✐♠ ❛s ❡q✉❛çõ❡s ♣♦❞❡♠ s❡r r❡❡s❝r✐t❛s ❝♦♠♦✿

v∗a0 = v∗l ✭✷✳✸✼✮

v∗s0 = 0 ✭✷✳✸✽✮

❖s s✐♥❛✐s ❞❡ ❣❛t✐❧❤♦ ♣♦❞❡♠ s❡r ❣❡r❛❞♦s ❝♦♠ ❛ ❝♦♠♣❛r❛çã♦ ❞❛s t❡♥sõ❡s ❞❡ r❡❢❡r❡♥❝✐❛ v∗s0

❡ v∗a0 ❝♦♠ ✉♠ s✐♥❛❧ tr✐❛♥❣✉❧❛r ❞❡ ❛❧t❛ ❢r❡qüê♥❝✐❛✳

❆ ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ τa ❡ τs sã♦ ❝❛❧❝✉❧❛❞♦s ✉s❛♥❞♦

τa =
T

2
+

T

E
v∗a0 ✭✷✳✸✾✮

τs =
T

2
✭✷✳✹✵✮

❖s ✈❛❧♦r❡s ❞❛s ❧❛r❣✉r❛s ❞❡ ♣✉❧s♦s τa ❡ τs sã♦ ✉s❛❞♦s ♥♦ s✐st❡♠❛ ❞❡ ❝♦♥tr♦❧❡ ❞✐❣✐t❛❧ ♣❛r❛

❣❡r❛r ♦s s✐♥❛✐s ❞❡ ❣❛t✐❧❤♦ ❞❛s ❝❤❛✈❡s ❞❡ ♣♦tê♥❝✐❛✳ ❆❧t❡r♥❛t✐✈❛♠❡♥t❡✱ ♦s s✐♥❛✐s ❞❡ ❣❛t✐❧❤♦

♣♦❞❡♠ s❡r ❣❡r❛❞♦s ❝♦♠♣❛r❛♥❞♦ ♦s s✐♥❛✐s ❞❡ r❡❢❡rê♥❝✐❛ v∗a0 ❡ v∗s0 ❝♦♠ ✉♠ s✐♥❛❧ tr✐❛♥❣✉❧❛r ❞❡

❛❧t❛ ❢r❡q✉ê♥❝✐❛✳

✷✳✺ ❘❡s✉❧t❛❞♦s ❞❡ ❙✐♠✉❧❛çã♦

❆ s❡❣✉✐r s❡rã♦ ❛♣r❡s❡♥t❛❞♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦s três ❝♦♥✈❡rs♦r❡s ♣r♦♣♦st♦s✱ ❛

✜♠ ❞❡ q✉❡ s❡❥❛ ♦❜s❡r✈❛❞♦ ♦ ❝♦♥tr♦❧❡ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛✳
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◆❛s ❋✐❣s✳ ✷✳✶✸✱ ✷✳✶✹✱ ✷✳✶✺✱ ✷✳✶✻✱ ✷✳✶✼ ❡ ✷✳✶✽ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦

❞♦s três ❝♦♥✈❡rs♦r❡s ♣r♦♣♦st♦s ❡st✉❞❛❞♦s✳ ❖s ♣❛râ♠❡tr♦s ❣❧♦❜❛✐s ❢♦r❛♠✿

• ❋r❡qüê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✿ 10kHz❀

• ❚❡♥sã♦ ❞❡ r❡❞❡✱ Vi✱ 60Hz✿ 100V ❀

• ❋r❡qüê♥❝✐❛ ❞❛ t❡♥sã♦ ♥❛ ❝❛r❣❛✿ 30Hz✳

• ❮♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✿ ♠❂✵✳✾❀

• ❈❛r❣❛✿ R = 120Ω ❡ L = 10mH✳

◆❛s ❋✐❣s✳ ✷✳✶✸✭❛✮ ❡ ✷✳✶✸✭❜✮ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ à ❝♦rr❡♥t❡ ♥❛ ❝❛r❣❛ ❡ ♦ ❝♦♥tr♦❧❡ ❞♦ ❢❛t♦r

❞❡ ♣♦tê♥❝✐❛ ✭❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛✮ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ✸▲ ❝♦♠ ✭❋✐❣✳

✷✳✶✸✭❛✮✮ ❡ s❡♠ ✭❋✐❣✳ ✷✳✶✸✭❜✮✮ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳ ◆❛s ❋✐❣s✳ ✷✳✶✺✭❛✮ ❡ ✷✳✶✺✭❜✮ ♣♦❞❡ s❡r

♦❜s❡r✈❛❞♦ à ❝♦rr❡♥t❡ ♥❛ ❝❛r❣❛ ❡ ♦ ❝♦♥tr♦❧❡ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ✭❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡ t❡♥sã♦

❞❡ ❡♥tr❛❞❛✮ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ✷▲❙ ❝♦♠ ✭❋✐❣✳ ✷✳✶✺✭❛✮✮ ❡ s❡♠ ✭❋✐❣✳ ✷✳✶✺✭❜✮✮ ✐♥❞✉t♦r❡s

❛❝♦♣❧❛❞♦s✳ ◆❛s ❋✐❣s✳ ✷✳✶✼✭❛✮ ❡ ✷✳✶✼✭❜✮ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ à ❝♦rr❡♥t❡ ♥❛ ❝❛r❣❛ ❡ ♦ ❝♦♥tr♦❧❡

❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ✭❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛✮ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ✷▲❈ ❝♦♠

✭❋✐❣✳ ✷✳✶✼✭❛✮✮ ❡ s❡♠ ✭❋✐❣✳ ✷✳✶✼✭❜✮✮ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳ P♦❞❡✲s❡ ♣❡r❝❡❜❡r q✉❡ ♥❛s três ❝♦♥✲

✜❣✉r❛çõ❡s ✭✸▲✱ ✷▲s ❡ ✷▲❝✮ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡stá ❡♠ ❢❛s❡ ❝♦♠ ❛ t❡♥sã♦ ♣❛r❛ ♦s ❝❛s♦s ❝♦♠

❡ s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✱ ♣♦ré♠ ♣❡r❝❡❜❡✲s❡ ✉♠❛ ♠❛✐♦r ♦♥❞✉❧❛çã♦ ♥❛ ❝♦rr❡♥t❡ ❞❡ r❡❞❡ ♣❛r❛

❛s ❝♦♥✜❣✉r❛çõ❡s s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳ ◆❛s ✜❣✉r❛s ✷✳✶✹✱ ✷✳✶✻ ❡ ✷✳✶✽ ♣♦❞❡♠ s❡r ♦❜s❡r✈❛❞❛s

❛s ❝♦rr❡♥t❡s ♥♦s ✐♥❞✉t♦r❡s ✭✐❧✶ ❡ ✐❧✷✮ ❡ ❛ t❡♥sã♦ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈ ♣❛r❛ ❛s ❝♦♥✜❣✉r❛çõ❡s ❝♦♠

❡ s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳ ❆s ❚❛❜❡❧❛s ✷✳✸ ❡ ✷✳✹ ❛♣r❡s❡♥t❛♠ ♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❡ ❛ ❞✐st♦rçã♦

❤❛r♠ô♥✐❝❛ t♦t❛❧ ✭❚❍❉✮ ♣♦❞❡♠♦s ♦❜s❡r✈❛r q✉❡ ❛s ❝♦♥✜❣✉r❛çõ❡s q✉❡ ✉t✐❧✐③❛♠ ✐♥❞✉t♦r❡s ❝♦♠

❛❝♦♣❧❛♠❡♥t♦ ♣♦ss✉❡♠ ✉♠ ♠❛✐♦r ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❡ ✉♠❛ ♠❡♥♦r ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ q✉❛♥❞♦

❝♦♠♣❛r❛❞❛s ❝♦♠ ❛s ❝♦♥✜❣✉r❛çõ❡s q✉❡ ✉t✐❧✐③❛♠ ✐♥❞✉t♦r❡s s❡♠ ❛❝♦♣❧❛♠❡♥t♦✳ ❆ ❝♦♥✜❣✉r❛çã♦

✸▲ ✉t✐❧✐③❛♥❞♦ ✐♥❞✉t♦r❡s ❝♦♠ ❛❝♦♣❧❛♠❡♥t♦ ❛♣r❡s❡♥t❛ ♦s ♠❡❧❤♦r❡s r❡s✉❧t❛❞♦s✳



❈♦♥✈❡rs♦r ▼♦♥♦❢ás✐❝♦ ❈❆✲❈❆ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✷✷

❈♦♥✜❣✉r❛çã♦ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ❚❍❉ ✭✪✮

✸▲ ✵✳✾✾✽ ✸✳✹✹
✷▲s ✵✳✾✾✻ ✹✳✽
✷▲❝ ✵✳✾✾✼ ✹✳✼

❚❛❜❡❧❛ ✷✳✸✿ ❋❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❡ ❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ♣❛r❛ ❛s três ❝♦♥✜❣✉✲
r❛çõ❡s ❝♦♠ ❛❝♦♣❧❛♠❡♥t♦ ✳

❈♦♥✜❣✉r❛çã♦ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ❚❍❉ ✭✪✮

✸▲ ✵✳✾✽✼ ✶✺✳✺
✷▲s ✵✳✾✻✼ ✷✻✳✺✶
✷▲❝ ✵✳✾✻✻ ✷✻✳✺✼

❚❛❜❡❧❛ ✷✳✹✿ ❋❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❡ ❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ♣❛r❛ ❛s três ❝♦♥✜❣✉✲
r❛çõ❡s s❡♠ ❛❝♦♣❧❛♠❡♥t♦ ✳

✷✳✻ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s

❆s t♦♣♦❧♦❣✐❛s ♣r♦♣♦st❛s ♥❛s ❋✐❣s✳ ✷✳✾✱ ✷✳✶✶ ❡ ✷✳✶✷ ❢♦r❛♠ ✐♠♣❧❡♠❡♥t❛❞♦s ❡①♣❡r✐♠❡♥t❛❧✲

♠❡♥t❡✳ ❖s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❢♦r❛♠ ♦❜t✐❞♦s ❝♦♠ ♦s s❡❣✉✐♥t❡s ♣❛râ♠❡tr♦s ❡ ❝♦♥❞✐çõ❡s✿

• ❋r❡qüê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✿ 10kHz❀

• ❆ ❝❛♣❛❝✐tâ♥❝✐❛ ❞♦ ❜❛rr❛♠❡♥t♦ ❝❛♣❛❝✐t✐✈♦✿ 2200µF ❀

• ❆s ❝❛♣❛❝✐tâ♥❝✐❛s ❞❡ ❡♥tr❛❞❛ ✭Cf1 ❡ Cf2✮✿ 2.5µF ❀

• ❈❛❞❛ ✉♠❛ ❞❛s ✐♥❞✉tâ♥❝✐❛s ❛❝♦♣❧❛❞❛s✿ 340µH✳

◆❡st❡s t❡st❡s ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ■●❇❚s ❡ ❞✐♦❞♦s rá♣✐❞♦s✳ ❆s ❋✐❣✉r❛s ✭✷✳✶✾✮✱ ✭✷✳✷✵✮ ❡

✭✷✳✷✶✮ ❛♣r❡s❡♥t❛♠ r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s s❡❧❡❝✐♦♥❛❞♦s ✐♠♣❧❡♠❡♥t❛❞♦s ❝♦♠ ♠✐❝r♦❝♦♠♣✉t❛✲

❞♦r ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ 3L ✭❋✐❣✳ ✷✳✶✾✮✱ 2LC ✭❋✐❣✳ ✷✳✷✵✮ ❡ 2LS ✭❋✐❣✳ ✷✳✷✶✮✱ ♠♦str❛♥❞♦ ❛

❢♦♥t❡ ❞❡ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛✱ vg✱ ❡♠ ❢❛s❡ ❝♦♠ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛✱ ig✱ ❝♦♠ ❛❧t♦ ❢❛t♦r ❞❡

♣♦tê♥❝✐❛ ❛ 60Hz✱ ❛ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ ❡♠ ✸✵ ❍③ ❡ ❛ ❝♦rr❡♥t❡ ♥❛ ✐♥❞✉tâ♥❝✐❛ ❞❡ ❞✐s♣❡rsã♦✳

❈♦♠♦ ❡s♣❡r❛❞♦✱ ❛❧t♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❞❡ 60Hz ❢♦✐ ♦❜t✐❞❛ s❡♠ q✉❛❧q✉❡r ❝♦♥tr♦❧❡ ❞❡ ❣❛❜❛r✐t♦

❡ s❡♠ q✉❛❧q✉❡r ♠❡❞✐çã♦ ❞❡ ❝♦rr❡♥t❡ ♦✉ t❡♥sã♦✳ ❆s t❡♥sõ❡s ❞❡ ❝❛r❣❛ sã♦ ♦s ❡s♣❡r❛❞♦s ♣❛r❛

❝❛❞❛ ❝♦♥✜❣✉r❛çã♦✳ ❆❧é♠ ❞✐ss♦✱ ❝♦♠♦ ❡s♣❡r❛❞♦✱ ❛s t♦♣♦❧♦❣✐❛s ♣r♦♣♦st❛s ♣♦❞❡♠ ♦♣❡r❛r ❝♦♠

❢r❡qüê♥❝✐❛ ❞❡ s❛í❞❛ ✐♥❞❡♣❡♥❞❡♥t❡s✳



❈♦♥✈❡rs♦r ▼♦♥♦❢ás✐❝♦ ❈❆✲❈❆ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✷✸

✷✳✼ ❈♦♥❝❧✉sõ❡s

◆❡st❡ ❝❛♣ít✉❧♦ ❢♦r❛♠ ♣r♦♣♦st♦s três ❝♦♥✈❡rs♦r❡s ♠♦♥♦❢ás✐❝♦s ❈❆✲❈❆ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡

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

✈❡rs♦r✳ ❖ ❛❧t♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ é ♦❜t✐❞♦ ♣❡❧❛ ✉t✐❧✐③❛çã♦ ❞♦ ❝♦♥✈❡rs♦r ❞❡ ◆❛❜❛❡ ♠♦❞✐✜❝❛❞♦✳

❈♦♠♣❛r❛♥❞♦ ❛s t♦♣♦❧♦❣✐❛s ❡st✉❞❛❞❛s ♦❜t❡♠♦s ✉♠ ♠❛✐♦r ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❡ ✉♠❛ ♠❡♥♦r ❞✐s✲

t♦rçã♦ ❤❛r♠ô♥✐❝❛ ♣❛r❛ ❛s ❝♦♥✜❣✉r❛çõ❡s ✉t✐❧✐③❛♥❞♦ ✐♥❞✉t♦r❡s ❝♦♠ ❛❝♦♣❧❛♠❡♥t♦✳ ❖s ❡st✉❞♦s

♣r♦♣♦st♦s ❢♦r❛♠ ✈❛❧✐❞❛❞♦s ❛ ♣❛rt✐r ❞❡ r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çõ❡s ❡ ❡①♣❡r✐♠❡♥t❛✐s✳

0.9 0.92 0.94 0.96 0.98 1
−1

0

1
¬  i

l

Time (s)

0.9 0.91 0.92 0.93 0.94
−100

−50

0

50

100
¬  v

g

¬  20i
g

Time (s)

✭❛✮ ❈♦♠ ✐♥❞✉t♦r ❛❝♦♣❧❛❞♦✳

0.9 0.92 0.94 0.96 0.98 1
−1

0

1
¬  i

l

Time (s)

0.9 0.91 0.92 0.93 0.94
−100

−50

0

50

100
¬  v

g

¬  20i
g

Time (s)

✭❜✮ ❙❡♠ ✐♥❞✉t♦r ❛❝♦♣❧❛❞♦✳

❋✐❣✉r❛ ✷✳✶✸✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞❛ ❝♦rr❡♥t❡ ♥❛ ❝❛r❣❛✱ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡
❡♥tr❛❞❛ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ ✸▲ ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r ❛❝♦♣❧❛❞♦✳
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❋✐❣✉r❛ ✷✳✶✹✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞❛ ❝♦rr❡♥t❡ ♥♦s ✐♥❞✉t♦r❡s iL1 ❡ iL2 ❡ ❛ t❡♥sã♦
♥♦ ❜❛r❛♠❡♥t♦ ❈❈ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ ✸▲ ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r ❛❝♦♣❧❛❞♦✳
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❋✐❣✉r❛ ✷✳✶✺✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞❛ ❝♦rr❡♥t❡ ♥❛ ❝❛r❣❛✱ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡
❡♥tr❛❞❛ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ ✷▲s ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r ❛❝♦♣❧❛❞♦✳
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❋✐❣✉r❛ ✷✳✶✻✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞❛ ❝♦rr❡♥t❡ ♥♦s ✐♥❞✉t♦r❡s iL1 ❡ iL2 ❡ ❛ t❡♥sã♦
♥♦ ❜❛r❛♠❡♥t♦ ❈❈ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ ✷▲❙ ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r ❛❝♦♣❧❛❞♦✳
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❋✐❣✉r❛ ✷✳✶✼✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞❛ ❝♦rr❡♥t❡ ♥❛ ❝❛r❣❛✱ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡
❡♥tr❛❞❛ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ ✷▲❝ ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r ❛❝♦♣❧❛❞♦✳
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❋✐❣✉r❛ ✷✳✶✽✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞❛ ❝♦rr❡♥t❡ ♥♦s ✐♥❞✉t♦r❡s iL1 ❡ iL2 ❡ ❛ t❡♥sã♦
♥♦ ❜❛r❛♠❡♥t♦ ❈❈ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ ✷▲❈ ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r ❛❝♦♣❧❛❞♦✳

✭❛✮ ❚❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛✿ 60Hz✳

✭❜✮ ❈♦rr❡♥t❡ ❞❡ ❝❛r❣❛✿ 30Hz✳ ✭❝✮ ❈♦rr❡♥t❡ ♥❛ ✐♥❞✉tâ♥❝✐❛✳

❋✐❣✉r❛ ✷✳✶✾✿ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❛ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛✱ ❝♦rr❡♥t❡ ❞❡
❝❛r❣❛ ❡ ❝♦rr❡♥t❡ ♥❛ ✐♥❞✉tâ♥❝✐❛ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ ✸▲✳
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✭❛✮ ❚❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛✿ 60Hz✳

✭❜✮ ❈♦rr❡♥t❡ ❞❡ ❝❛r❣❛✿ 30Hz✳ ✭❝✮ ❈♦rr❡♥t❡ ♥❛ ✐♥❞✉tâ♥❝✐❛✳

❋✐❣✉r❛ ✷✳✷✵✿ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❛ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛✱ ❝♦rr❡♥t❡ ❞❡
❝❛r❣❛ ❡ ❝♦rr❡♥t❡ ♥❛ ✐♥❞✉tâ♥❝✐❛ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ ✷▲❝✳
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✭❛✮ ❚❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛✿ 60Hz✳

✭❜✮ ❈♦rr❡♥t❡ ❞❡ ❝❛r❣❛✿ 30Hz✳ ✭❝✮ ❈♦rr❡♥t❡ ♥❛ ✐♥❞✉tâ♥❝✐❛✳

❋✐❣✉r❛ ✷✳✷✶✿ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❛ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛✱ ❝♦rr❡♥t❡ ❞❡
❝❛r❣❛ ❡ ❝♦rr❡♥t❡ ♥❛ ✐♥❞✉tâ♥❝✐❛ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ 2Ls✳
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❈♦♥✈❡rs♦r ❈❆✲❈❆ ▼♦♥♦❢ás✐❝♦✲❚r✐❢ás✐❝♦
❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛

◆❡st❡ ❝❛♣ít✉❧♦ ✐♥✐❝✐❛❧♠❡♥t❡ s❡rá ❛♣r❡s❡♥t❛❞♦ ♦ ❡st✉❞♦ ♣❛r❛ ✉♠ ❝♦♥✈❡rs♦r ❈❆✲❈❆♠♦♥♦❢ás✐❝♦✲

tr✐❢ás✐❝♦ ❝♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s ✉t✐❧✐③❛♥❞♦ ✉♠ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦ ❝♦♠ ♦ ❝♦♥✈❡rs♦r ❞❡

♥❛❜❛❡ ✭❋✐❣✳ ✸✳✶✮✱ ✉t✐❧✐③❛♥❞♦ ❞✉❛s ❡str❛té❣✐❛s ❞❡ ❝♦♠❛♥❞♦✿

• ❈♦♥✈❡rs♦r ❈❆✲❈❆ ▼♦♥♦❢ás✐❝♦✲❚r✐❢ás✐❝♦ s❡♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦❀

• ❈♦♥✈❡rs♦r ❈❆✲❈❆ ▼♦♥♦❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦✳

ge

1
q

1
q

2
q

2
q

3
q

3
q

C
bV

cV

aV

nV

+

+

+

-

-

-

gi

1fC
2fC

1
D

3
D

2
D

4
D

❋✐❣✉r❛ ✸✳✶✿ ❝♦♥✈❡rs♦r ❈❆✲❈❆ ♠♦♥♦❢ás✐❝♦✲tr✐❢ás✐❝♦ ❝♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s

❆ ❡♥tr❛❞❛ ❞♦ ❝♦♥✈❡rs♦r é ❝♦♠♣♦st❛ ♣♦r ✉♠ ❝✐r❝✉✐t♦ ❞❡ ❝♦rr❡çã♦ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛

✭❈❋P✮ ✉t✐❧✐③❛❞♦ ♥♦ ❧❛❞♦ ❞❡ ❡♥tr❛❞❛ ❞♦ ❝♦♥✈❡rs♦r ♣r♦♣õ❡ ❛t✐♥❣✐r ✉♠ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ q✉❛s❡

✉♥✐tár✐♦ ❡ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❧✐✈r❡ ❞❡ ♦♥❞✉❧❛çã♦✱ s❡♠ q✉❛❧q✉❡r ♠♦❞✉❧❛çã♦ ❝♦♠♣❧✐❝❛❞❛ ♦✉

✉♠ ❝♦♥tr♦❧❡ ❝♦♠ r❡❛❧✐♠❡♥t❛çã♦ ❝♦♠♣❧✐❝❛❞♦✳ ❆ ♦♣❡r❛çã♦ ❞♦ ❝♦♥✈❡rs♦r ♥♦ ▼♦❞♦ ❞❡ ❈♦♥❞✉çã♦

❉❡s❝♦♥tí♥✉♦ ✭❉❈▼✮ ❞❛ ❝♦rr❡♥t❡ ❞♦ ✐♥❞✉t♦r é ✐♥❞✐❝❛❞❛ ♣❛r❛ ❜❛✐①♦ ❛té ♠é❞✐♦ ♥í✈❡❧ ❞❡ ♣♦tê♥❝✐❛✳

✷✽



❈♦♥✈❡rs♦r ❈❆✲❈❆ ▼♦♥♦❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✷✾

❆ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r ♣r♦♣♦st♦ é ❝♦♠♣♦st❛ ♣♦r ✉♠ ❝♦♥✈❡rs♦r ❞❡ ♣♦♥t❡ ❝♦♠♣❧❡t❛ ❝♦♠ três

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

❝♦♠♣❛rt✐❧❤❛❞♦✱ ♦✉ ❝♦♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦✳

❖ ❝♦♥✈❡rs♦r ❝♦♥✈❡♥❝✐♦♥❛❧ ❞❡ ❞♦✐s ♥í✈❡✐s ❝♦♠ ❝♦rr❡çã♦ ❞❡ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ✭❈❋P✮ ✉t✐✲

❧✐③❛❞♦ ♥❡st❡ tr❛❜❛❧❤♦ t❡♠ ❛ ❞❡s✈❛♥t❛❣❡♠ ❞❡ ♥ã♦ s❡r ❛♣❧✐❝❛❞♦ ❛ ❝❛r❣❛s ✈❛r✐á✈❡✐s✱ ♣♦✐s ♥ã♦

♣♦❞❡♠♦s ❝♦♥tr♦❧❛r ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✳ P❛r❛ ♦❜t❡r♠♦s ♦ ❝♦♥tr♦❧❡ ♥❛ t❡♥sã♦ ❞♦ ❜❛r✲

r❛♠❡♥t♦ r❡❛❧✐③❛r❡♠♦s ♦ ❡st✉❞♦ ❞❡ ✉♠ ❝♦♥✈❡rs♦r ❈❆✲❈❆ ♠♦♥♦❢ás✐❝♦✲tr✐❢ás✐❝♦ ✉t✐❧✐③❛♥❞♦ ❝♦♠♦

❡♥tr❛❞❛ ✉♠ r❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✭◆❘❈✮ ❋✐❣✳ ✸✳✷✳
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❋✐❣✉r❛ ✸✳✷✿ ❈♦♥✈❡rs♦r ❈❆✲❈❆▼♦♥♦❢ás✐❝♦✲❚r✐❢ás✐❝♦ ✉t✐❧✐③❛♥❞♦ r❡t✐✜❝❛❞♦r três ♥í✈❡✐s
❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s

✸✳✶ ❈♦♥✈❡rs♦r ❈❆✲❈❆ ▼♦♥♦❢ás✐❝♦✲❚r✐❢ás✐❝♦ s❡♠ ♠♦❞✉✲

❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦

❆ s❛í❞❛ ❞❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ s❡♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦ ✭❋✐❣✉r❛ ✸✳✸✮ é

❢♦r♠❛❞❛ ♣♦r ✻ ❝❤❛✈❡s ❞❡ ♣♦tê♥❝✐❛ ✭q3✱ q̄3✱ q2✱ q̄2✱ q1✱ q̄1✮ ❡ ✉♠ ❜❛♥❝♦ ❞❡ ❝❛♣❛❝✐t♦r❡s ❢♦r♠❛♥❞♦

♦ ❜❛rr❛♠❡♥t♦ ❈❈✳ ❖s ♣❛r❡s ❞❡ ❝❤❛✈❡s q1 − q̄1✱ q2 − q̄2 ❡ q3 − q̄3 sã♦ ❝♦♠♣❧❡♠❡♥t❛r❡s✳ ◆❡st❛

❝♦♥✜❣✉r❛çã♦ ♦ ❜r❛ç♦ ✭q1 − q̄1✮ é ❝♦♠♣❛rt✐❧❤❛❞♦ ❡♥tr❡ ❛ ❡♥tr❛❞❛ ❡ ❛ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r✱ ❛

♦♣❡r❛çã♦ ❞❡st❡ ❜r❛ç♦ ❛♣r❡s❡♥t❛ ❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦✱ ❉✱ ❞❡ 0.5✳ ❖ ❡st❛❞♦ ❞❡ ❝♦♥❞✉çã♦ ❞❛s

❝❤❛✈❡s ♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞♦ ♣♦r ✉♠❛ ✈❛r✐á✈❡❧ ❜✐♥ár✐❛ ❤♦♠ô♥✐♠❛ q1✱ q2 ❡ q3 ♦♥❞❡ q = 1

✐♥❞✐❝❛ ❛ ❝❤❛✈❡ ❢❡❝❤❛❞❛ ❡ q = 0 ✐♥❞✐❝❛ ❛ ❝❤❛✈❡ ❛❜❡rt❛✳

❙❡ ❛s t❡♥sõ❡s ❞❡ r❡❢❡rê♥❝✐❛ ❞❛ ❝❛r❣❛ sã♦ ❞❛❞❛s ♣♦r v∗an✱ v
∗

bn ❡ v∗cn ❡♥tã♦ ❛s t❡♥sõ❡s ❞❡ ♣ó❧♦

❞❡ r❡❢❡rê♥❝✐❛ ♣♦❞❡♠ s❡r ❡①♣r❡ss❛s ❝♦♠♦ s❡❣✉❡

v∗a0 = v∗an + v∗n0 ✭✸✳✶✮



❈♦♥✈❡rs♦r ❈❆✲❈❆ ▼♦♥♦❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✸✵

ge

1
q

1
q

2
q

2
q

3
q

3
q

C
bV

cV

aV

nV

+

+

+

-

-

-

gi

1fC
2fC

1
D

3
D

2
D

4
D

❋✐❣✉r❛ ✸✳✸✿ ❈♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ s❡♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦✳

v∗b0 = v∗bn + v∗n0 ✭✸✳✷✮

v∗c0 = v∗cn + v∗n0 ✭✸✳✸✮

❈♦♠♦ ♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦ ❛♣r❡s❡♥t❛ ❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦ ❉ ✐❣✉❛❧ ❛ 0.5 ❡♥tã♦ v∗a0 = 0✱

❡♥tã♦ ❛s ❡q✉❛çõ❡s ♣♦❞❡♠ s❡r r❡❡s❝r✐t❛s ❝♦♠♦✿

v∗a0 = 0 ✭✸✳✹✮

v∗b0 = v∗bn − v∗an ✭✸✳✺✮

v∗c0 = v∗cn − v∗an ✭✸✳✻✮

❯♠❛ ✈❡③ ❞❡t❡r♠✐♥❛❞❛ ❛s t❡♥sõ❡s ❞❡ ♣ó❧♦ ❞❡ r❡❢❡rê♥❝✐❛ ✭✸✳✹✮✲✭✸✳✻✮✱ ❝❛❧❝✉❧❛✲s❡ ❛s ❧❛r❣✉r❛s

❞❡ ♣✉❧s♦ τa✱ τb ❡ τc ❛tr❛✈és ❞❡

τa =
T

2
+

T

E
va0 ✭✸✳✼✮

τb =
T

2
+

T

E
vb0 ✭✸✳✽✮

τc =
T

2
+

T

E
vc0 ✭✸✳✾✮

❆s ❧❛r❣✉r❛s ❞❡ ♣✉❧s♦s ✭τa✱ τb ❡ τc✮ sã♦ ✉s❛❞❛s ♣❡❧♦ s✐st❡♠❛ ❞❡ ❝♦♥tr♦❧❡ ❞✐❣✐t❛❧ ♣❛r❛ ❣❡r❛r

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

❣❡r❛❞♦s ♣❡❧❛ ❝♦♠♣❛r❛çã♦ ❞❛s t❡♥sõ❡s ❞❡ ♣ó❧♦ ❞❡ r❡❢❡rê♥❝✐❛ ❝♦♠ ✉♠ s✐♥❛❧ tr✐❛♥❣✉❧❛r ❞❡ ❛❧t❛

❢r❡qüê♥❝✐❛✳

✸✳✶✳✶ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦

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

♥♦ P❙■▼✱ ❛ ✜♠ ❞❡ q✉❡ s❡❥❛ ♦❜s❡r✈❛❞♦ ♦ ❝♦♥tr♦❧❡ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛✳ ◆❛s ❋✐❣s✳ ✸✳✹✱ ✸✳✺✱



❈♦♥✈❡rs♦r ❈❆✲❈❆ ▼♦♥♦❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✸✶

✸✳✻✱ ✸✳✼✱ ✸✳✽ ❡ ✸✳✾ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦s ❝♦♥✈❡rs♦r❡s ♣r♦♣♦st♦s✳ ❖s

♣❛râ♠❡tr♦s ❣❧♦❜❛✐s ❢♦r❛♠✿

• ❋r❡qüê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✿ 10kHz❀

• ❚❡♥sã♦ ❞❡ r❡❞❡✱ Vi✱ 60Hz✿ 100V ❀

• ❊s♣❡❝✐✜❝❛çã♦ ❞❛ ✐♥❞✉tâ♥❝✐❛ ❞❡ ❞✐s♣❡rsã♦✿ ✶♠❍❀

• ❮♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✿ ♠❂✵✳✾❀

• ❋r❡qüê♥❝✐❛ ❞❛ t❡♥sã♦ ♥❛ ❝❛r❣❛✿ 60Hz✳

• ❈❛r❣❛✿ R = 10Ω ❡ L = 20mH✳

◆❛s ❋✐❣s✳ ✸✳✹✭❛✮ ❡ ✸✳✹✭❜✮ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ à ❝♦rr❡♥t❡ ♥❛ ❝❛r❣❛ ❡ ♦ ❝♦♥tr♦❧❡ ❞♦ ❢❛t♦r ❞❡

♣♦tê♥❝✐❛ ✭❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛✮ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ s❡♠ ♠♦❞✲

✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦ ❝♦♠ ✭❋✐❣✳ ✸✳✹✭❛✮✮ ❡ s❡♠ ✭❋✐❣✳ ✸✳✹✭❜✮✮ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

P♦❞❡✲s❡ ♣❡r❝❡❜❡r q✉❡ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡stá ❡♠ ❢❛s❡ ❝♦♠ ❛ t❡♥sã♦ ♣❛r❛ ♦s ❝❛s♦s ❝♦♠ ❡

s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✱ ♣♦ré♠ ♣❡r❝❡❜❡✲s❡ ✉♠❛ ♠❛✐♦r ♦♥❞✉❧❛çã♦ ♥❛ ❝♦rr❡♥t❡ ❞❡ r❡❞❡ ♣❛r❛

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

◆❛ ❋✐❣✳ ✸✳✺ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ❛ ❝♦rr❡♥t❡ ♥♦s ✐♥❞✉t♦r❡s ❡ ❛ t❡♥sã♦ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈

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

❏á ♥❛s ❋✐❣s✳ ✸✳✻ ❡ ✸✳✼ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ✭❚❍❉✮ ❡ ♦ ❞♦ ❢❛t♦r

❞❡ ♣♦tê♥❝✐❛ ❞❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ♣❛r❛ ❛s ❝♦♥✜❣✉r❛çõ❡s

✉t✐❧✐③❛♥❞♦ ✐♥❞✉t♦r❡s ❝♦♠ ✭❋✐❣s✳ ✸✳✻✭❛✮ ❡ ✸✳✻✭❜✮✮ ❡ s❡♠ ✭❋✐❣s✳ ✸✳✼✭❛✮ ❡ ✸✳✼✭❜✮✮ ❛❝♦♣❧❛♠❡♥t♦

s❡♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦✱ ♣❡r❝❡❜❡♠♦s q✉❡ ❛ ❝♦♥✜❣✉r❛çã♦ q✉❡ ✉t✐❧✐③❛ ✐♥❞✉t♦r❡s

❝♦♠ ❛❝♦♣❧❛♠❡♥t♦ ♣♦ss✉✐ ✉♠❛ ♠❡♥♦r ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ ❡ ✉♠ ♠❛✐♦r ❢❛t♦r ❞❡ ♣♦t❡♥❝✐❛ ♣❛r❛

q✉❛❧q✉❡r í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✳ ❏á ♥❛ ❋✐❣✳ ✸✳✽ ♠♦str❛✲s❡ ❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ✭❚❍❉✮

❞❛ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ✉t✐❧✐③❛♥❞♦

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

♦s ✈❛❧♦r❡s ❞❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ ♣❛r❛ ❛ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ sã♦ ❜❡♠ ♣ró①✐♠♦s ♣❛r❛ ♦s ❞♦✐s

❝❛s♦s✳

◆❛ ❋✐❣✳ ✸✳✾ é ❛♣r❡s❡♥t❛❞♦ ❛s ♣❡r❞❛s ❞❡ ❝♦♥❞✉çã♦ ❡ ❝❤❛✈❡❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡

♠♦❞✉❧❛çã♦ ♣❛r❛ ❛s ❝♦♥✜❣✉r❛çõ❡s ✉t✐❧✐③❛♥❞♦ ✐♥❞✉t♦r❡s ❝♦♠ ❡ s❡♠ ❛❝♦♣❧❛♠❡♥t♦ ♣❛r❛ ❛ t❡♥sã♦
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❞♦ ❜❛rr❛♠❡♥t♦ ✜①❛ ❡♠ E = 100V ✱ ♣♦❞❡♠♦s ♣❡r❝❡❜❡r q✉❡ ♦s ✈❛❧♦r❡s sã♦ ❜❡♠ ♣ró①✐♠♦s ♣❛r❛

❛s ❞✉❛s ❝♦♥✜❣✉r❛çõ❡s✳

✸✳✶✳✷ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s

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

t✐❧❤❛❞♦ ❢♦✐ ✐♠♣❧❡♠❡♥t❛❞❛ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✳ ❖s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❢♦r❛♠ ♦❜t✐❞♦s

❝♦♠ ♦s s❡❣✉✐♥t❡s ♣❛râ♠❡tr♦s ❡ ❝♦♥❞✐çõ❡s✿

• ❋r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✿ 8kHz❀

• ❚❡♥sã♦ ❞❡ r❡❞❡✱ Vi✱ 60Hz✿ 100V ❀

• ❊s♣❡❝✐✜❝❛çã♦ ❞❛ ✐♥❞✉tâ♥❝✐❛ ❞❡ ❞✐s♣❡rsã♦✿ 400µH❀

• ❮♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✿ m = 0.9❀

• ❋r❡q✉ê♥❝✐❛ ❞❛ t❡♥sã♦ ♥❛ ❝❛r❣❛✿ 60Hz✳

• ❈❛r❣❛✿ R = 25Ω ❡ L = 5mH✳

◆❡st❡s t❡st❡s ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ■●❇❚s ❡ ❞✐♦❞♦s rá♣✐❞♦s✳ ◆❛ ❋✐❣✉r❛ ✸✳✶✵ ❛♣r❡s❡♥t❛ ♦s r❡✲

s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞♦ ❝♦♥✈❡rs♦r ♣r♦♣♦st♦s✳ ◆❛ ❋✐❣✳ ✸✳✶✵✭❛✮ ♣♦❞❡♠♦s ♦❜s❡r✈❛r ♦ ❝♦♥tr♦❧❡

❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ✭❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛✮ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛

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

♣❡r❝❡❜❡r q✉❡ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡stá ❡♠ ❢❛s❡ ❝♦♠ ❛ t❡♥sã♦✳ ❏á ♥❛ ❋✐❣✳ ✸✳✶✵✭❜✮ ♣♦❞❡♠ s❡r

♦❜s❡r✈❛❞❛s ❛s ❝♦rr❡♥t❡s ♥❛ ❝❛r❣❛✳ ◆❛s ❋✐❣s✳ ✸✳✶✵✭❝✮ ❡ ✸✳✶✵✭❞✮ ♠♦str❛♠✲s❡✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱

❛s t❡♥sõ❡s ❞❡ ♣ó❧♦ ❡ ❛s t❡♥sõ❡s ❡♥tr❡ ❛s ❢❛s❡s ❡ ♦ ♥❡✉tr♦ ❞❛ ❝❛r❣❛✳ P♦r ✜♠✱ ♥❛ ❋✐❣✳ ✸✳✶✵✭❡✮ ❡

❡①✐❜✐❞♦ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✳
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❋✐❣✉r❛ ✸✳✼✿ ❉✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ✭❚❍❉✮ ❡ ♦ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❞❛ ❝♦rr❡♥t❡
❞❡ ❡♥tr❛❞❛ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ✉t✐✲
❧✐③❛♥❞♦ ✐♥❞✉t♦r❡s s❡♠ ❛❝♦♣❧❛♠❡♥t♦ s❡♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧✲
❤❛❞♦✳
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✭❜✮ ❉✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ✭❚❍❉✮ ❞❛ ❝♦rr❡♥t❡ ❞❡
s❛í❞❛ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ✉t✐❧✐③❛♥❞♦
✐♥❞✉t♦r❡s s❡♠ ❛❝♦♣❧❛♠❡♥t♦✳

❋✐❣✉r❛ ✸✳✽✿ ❉✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ✭❚❍❉✮ ❞❛ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ ❡♠ ❢✉♥çã♦ ❞♦
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✭❜✮ ❙❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

❋✐❣✉r❛ ✸✳✾✿ P❡r❞❛s ❞❡ ❝♦♥❞✉çã♦ ❡ ❝❤❛✈❡❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦
♣❛r❛ ❛s ❝♦♥✜❣✉r❛çõ❡s ✉t✐❧✐③❛♥❞♦ ✐♥❞✉t♦r❡s ❝♦♠ ❡ s❡♠ ❛❝♦♣❧❛♠❡♥t♦ s❡♠
♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦✳



❈♦♥✈❡rs♦r ❈❆✲❈❆ ▼♦♥♦❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✸✻

✭❛✮ ❚❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛✿ 60Hz✳ ✭❜✮ ❈♦rr❡♥t❡s ♥❛ ❝❛r❣❛✳

✭❝✮ ❚❡♥sõ❡s ❞❡ ♣ó❧♦✳ ✭❞✮ ❚❡♥sõ❡s ❡♥tr❡ ❛ ❢❛s❡ ❡ ♦ ♥❡✉tr♦✳

✭❡✮ ❚❡♥sã♦ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈✳

❋✐❣✉r❛ ✸✳✶✵✿ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❛ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛✱ ❝♦rr❡♥t❡s ❞❡
❝❛r❣❛✱ t❡♥sõ❡s ❞❡ ♣ó❧♦✱ t❡♥sõ❡s ❡♥tr❡ ❛s ❢❛s❡s ❡ ♦ ♥❡✉t♦ ❡ ❛ t❡♥sã♦ ♥♦
❜❛rr❛♠❡♥t♦ ❈❈ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ✉t✐❧✐③❛♥❞♦ ✐♥❞✉t♦r❡s ❝♦♠
❛❝♦♣❧❛♠❡♥t♦ ❡ s❡♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦✳
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✸✳✷ ❈♦♥✈❡rs♦r ❈❆✲❈❆ ▼♦♥♦❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ♠♦❞✉✲

❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦

❆ s❛í❞❛ ❞❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦ ✭❋✐❣✉r❛ ✸✳✶✶✮

é ❢♦r♠❛❞❛ ♣♦r ✻ ❝❤❛✈❡s ❞❡ ♣♦tê♥❝✐❛ ✭q1✱ q̄1✱ q2✱ q̄2✱ q3✱ q̄3✮ ❡ ✉♠ ❜❛♥❝♦ ❞❡ ❝❛♣❛❝✐t♦r❡s ❢♦r♠❛♥❞♦

♦ ❜❛rr❛♠❡♥t♦ ❈❈✳ ❖s ♣❛r❡s ❞❡ ❝❤❛✈❡s q1 − q̄1✱ q2 − q̄a2 ❡ q3 − q̄3 sã♦ ❝♦♠♣❧❡♠❡♥t❛r❡s✳ ◆❡st❛

❝♦♥✜❣✉r❛çã♦ ♦ ❜r❛ç♦ ✭q1 − q̄1✮ é ❝♦♠♣❛rt✐❧❤❛❞♦ ❡♥tr❡ ❛ ❡♥tr❛❞❛ ❡ ❛ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r✳ ❖

❡st❛❞♦ ❞❡ ❝♦♥❞✉çã♦ ❞❛s ❝❤❛✈❡s ♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞♦ ♣♦r ✉♠❛ ✈❛r✐á✈❡❧ ❜✐♥ár✐❛ ❤♦♠ô♥✐♠❛

q1✱ qa1 ❡ qb1 ♦♥❞❡ q = 1 ✐♥❞✐❝❛ ❛ ❝❤❛✈❡ ❢❡❝❤❛❞❛ ❡ q = 0 ✐♥❞✐❝❛ ❛ ❝❤❛✈❡ ❛❜❡rt❛✳
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❋✐❣✉r❛ ✸✳✶✶✿ ❈♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦✳

❙❡ ❛s t❡♥sõ❡s ❞❡ r❡❢❡rê♥❝✐❛ ❞❛ ❝❛r❣❛ sã♦ ❞❛❞❛s ♣♦r v∗an✱ v
∗

bn ❡ v∗cn✱ ❡♥tã♦ ❛s t❡♥sõ❡s ❞❡

♣ó❧♦ ❞❡ r❡❢❡rê♥❝✐❛ ♣♦❞❡♠ s❡r ❡s❝r✐t❛s ❝♦♠♦✿

v∗a0 = v∗an + v∗µ ✭✸✳✶✵✮

v∗b0 = v∗bn + v∗µ ✭✸✳✶✶✮

v∗c0 = v∗cn + v∗µ ✭✸✳✶✷✮

❆s ❡q✉❛çõ❡s ✭✸✳✶✵✮✱ ✭✸✳✶✶✮ ❡ ✭✸✳✶✷✮ ♥ã♦ ♣♦❞❡♠ s❡r r❡s♦❧✈✐❞❛s ❛♦ ♠❡♥♦s q✉❡ v∗µ s❡❥❛ ♦❜t✐❞♦✳

❆ t❡♥sã♦ v∗µ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ✉t✐❧✐③❛♥❞♦ ♦ ❢❛t♦r µ

v∗µ = E(µ− 1

2
)− µv∗max + (µ− 1)v∗min ✭✸✳✶✸✮

♦♥❞❡ v∗max = maxV ❡ V ∗

min = minV ♦♥❞❡ V = {v∗a, v∗b , v∗c}✳

❊st❛ ❡①♣r❡ssã♦ ❢♦✐ ❞❡r✐✈❛❞❛ ✉s❛♥❞♦ ❛ ♠❡s♠❛ ❛♣r♦①✐♠❛çã♦ ✉s❛❞❛ ♣❛r❛ ♦❜t❡r ❡q✉✐✈❛❧❡♥t❡

♣❛r❛ ♦ ♠♦❞✉❧❛❞♦r tr✐❢ás✐❝♦ P❲▼ ✭❏❛❝♦❜✐♥❛✱ ▲✐♠❛✱ ❙✐❧✈❛ ❡ ❆❧✈❡s✱ ✷✵✵✶❜✮✱ ✭❇❧❛s❦♦✱ ✶✾✾✻✮✳

❖ ❢❛t♦r ❞❡ ❞✐str✐❜✉✐çã♦ µ ✭0 ≤ µ ≤ 1✮ é ❞❛❞♦ ♣♦r µ = t01/t0 ❡ ✐♥❞✐❝❛ ❛ ❞✐str✐❜✉✐çã♦ ❞❛

r♦❞❛✲❧✐✈r❡ ♥♦ ♣❡rí♦❞♦ t0 ✭♣❡rí♦❞♦ ♥♦ q✉❛❧ va0✱ vb0 ❡ vc0 sã♦ ✐❣✉❛✐s✮ ♥♦ ✐♥í❝✐♦ ✭to1 = µt0✮ ❡ ♥❛
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❡①tr❡♠✐❞❛❞❡ (t02 = (1− µ)t0) ❞♦ ♣❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ T ✭❏❛❝♦❜✐♥❛✱ ▲✐♠❛✱ ❙✐❧✈❛ ❡ ❆❧✈❡s✱

✷✵✵✶❜✮✱ ✭❇❧❛s❦♦✱ ✶✾✾✻✮✳

◆❡st❡ ❝❛s♦ ♦ ❛❧❣♦r✐t♠♦ ♣r♦♣♦st♦ é✿

❊t❛♣❛ ✶✿ ❡s❝♦❧❤❡r ♦ ❢❛t♦r µ ❡ ❝❛❧❝✉❧❛r v∗u ❛ ♣❛rt✐r ❞❡ ✭✸✳✶✸✮✳

❊t❛♣❛ ✷✿ ❉❡t❡r♠✐♥❛r va0∗✱ v∗b0 ❡ v∗c0 ❛ ♣❛rt✐r ❞❡ ✭✸✳✶✵✮✲✭✸✳✶✷✮✳

❊t❛♣❛ ✸✿ ❯♠❛ ✈❡③ q✉❡ ❛ t❡♥sã♦ ♥♦ ♣♦♥t♦ ♠é❞✐♦ ❢♦✐ ❞❡t❡r♠✐♥❛❞♦✳ ❆ ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ τa✱

τb ❡ τc sã♦ ❝❛❧❝✉❧❛❞♦s ✉s❛♥❞♦

τa =
T

2
+

T

E
v∗a0 ✭✸✳✶✹✮

τb =
T

2
+

T

E
v∗b0 ✭✸✳✶✺✮

τc =
T

2
+

T

E
v∗c0 ✭✸✳✶✻✮

❆s ❧❛r❣✉r❛s ❞❡ ♣✉❧s♦s ✭τa✱ τb ❡ τc✮ sã♦ ✉s❛❞❛s ♣❡❧♦ s✐st❡♠❛ ❞❡ ❝♦♥tr♦❧❡ ❞✐❣✐t❛❧ ♣❛r❛ ❣❡r❛r

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

❣❡r❛❞♦s ♣❡❧❛ ❝♦♠♣❛r❛çã♦ ❞❛s t❡♥sõ❡s ❞❡ ♣ó❧♦ ❞❡ r❡❢❡rê♥❝✐❛ ❝♦♠ ✉♠ s✐♥❛❧ tr✐❛♥❣✉❧❛r ❞❡ ❛❧t❛

❢r❡qüê♥❝✐❛✳

✸✳✷✳✶ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦

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

♥♦ P❙■▼✱ ❛ ✜♠ ❞❡ q✉❡ s❡❥❛ ♦❜s❡r✈❛❞♦ ♦ ❝♦♥tr♦❧❡ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛✳ ◆❛s ❋✐❣s✳ ✸✳✶✷✱ ✸✳✶✸✱

✸✳✶✹✱ ✸✳✶✺✱ ✸✳✶✻ ❡ ✸✳✶✼ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦s ❝♦♥✈❡rs♦r❡s ♣r♦♣♦st♦s✳

❖s ♣❛râ♠❡tr♦s ❣❧♦❜❛✐s ❢♦r❛♠✿

• ❋r❡qüê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✿ 10kHz❀

• ❚❡♥sã♦ ❞❡ r❡❞❡✱ Vi✱ 60Hz✿ 100V ❀

• ❊s♣❡❝✐✜❝❛çã♦ ❞❛ ✐♥❞✉tâ♥❝✐❛ ❞❡ ❞✐s♣❡rsã♦✿ ✶♠❍❀

• ❮♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✿ ♠❂✵✳✾❀

• ❋r❡qüê♥❝✐❛ ❞❛ t❡♥sã♦ ♥❛ ❝❛r❣❛✿ 60Hz✳



❈♦♥✈❡rs♦r ❈❆✲❈❆ ▼♦♥♦❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✸✾

• ❈❛r❣❛✿ R = 10Ω ❡ L = 20mH✳

◆❛s ❋✐❣s✳ ✸✳✶✷✭❛✮ ❡ ✸✳✶✷✭❜✮ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ à ❝♦rr❡♥t❡ ♥❛ ❝❛r❣❛ ❡ ♦ ❝♦♥tr♦❧❡ ❞♦

❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ✭❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛✮ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛

s❡♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦ ❝♦♠ ✭❋✐❣✳ ✸✳✶✷✭❛✮✮ ❡ s❡♠ ✭❋✐❣✳ ✸✳✶✷✭❜✮✮ ✐♥❞✉t♦r❡s

❛❝♦♣❧❛❞♦s✳ P♦❞❡✲s❡ ♣❡r❝❡❜❡r q✉❡ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡stá ❡♠ ❢❛s❡ ❝♦♠ ❛ t❡♥sã♦ ♣❛r❛ ♦s

❝❛s♦s ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✱ ♣♦ré♠ ♣❡r❝❡❜❡✲s❡ ✉♠❛ ♠❛✐♦r ♦♥❞✉❧❛çã♦ ♥❛ ❝♦rr❡♥t❡

❞❡ r❡❞❡ ♣❛r❛ ❛s ❝♦♥✜❣✉r❛çõ❡s s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳ ❋♦✐ ✈❡r✐✜❝❛❞♦ q✉❡ ❛ ❝♦rr❡♥t❡ ❞❡

❡♥tr❛❞❛ ❞❛ ❝♦♥✜❣✉r❛çã♦ q✉❡ ✉t✐❧✐③❛ ✐♥❞✉t♦r❡s s❡♠ ❛❝♦♣❧❛♠❡♥t♦ é ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ♦ ❞♦❜r♦

q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛ ❝♦♠ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ♥❛ ❝♦♥✜❣✉r❛çã♦ q✉❡ ✉t✐❧✐③❛ ✐♥❞✉t♦r❡s ❝♦♠

❛❝♦♣❧❛♠❡♥t♦✳

◆❛ ❋✐❣✳ ✸✳✶✸ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ❛ ❝♦rr❡♥t❡ ♥♦s ✐♥❞✉t♦r❡s ❡ ❛ t❡♥sã♦ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈

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

❏á ♥❛s ❋✐❣s✳ ✸✳✶✹ ❡ ✸✳✶✺ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ✭❚❍❉✮ ❡ ♦

❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❞❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ♣❛r❛ ❛s

❝♦♥✜❣✉r❛çõ❡s ✉t✐❧✐③❛♥❞♦ ✐♥❞✉t♦r❡s ❝♦♠ ✭❋✐❣s✳ ✸✳✶✹✭❛✮ ❡ ✸✳✶✹✭❜✮✮ ❡ s❡♠ ✭❋✐❣s✳ ✸✳✶✺✭❛✮ ❡

✸✳✶✺✭❜✮✮ ❛❝♦♣❧❛♠❡♥t♦ s❡♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦✱ ♣❡r❝❡❜❡♠♦s q✉❡ ❛ ❝♦♥✜❣✉✲

r❛çã♦ q✉❡ ✉t✐❧✐③❛ ✐♥❞✉t♦r❡s ❝♦♠ ❛❝♦♣❧❛♠❡♥t♦ ♣♦ss✉✐ ✉♠❛ ♠❡♥♦r ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ ❡ ✉♠

♠❛✐♦r ❢❛t♦r ❞❡ ♣♦t❡♥❝✐❛ ♣❛r❛ q✉❛❧q✉❡r í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✳ ❏á ♥❛ ❋✐❣✳ ✸✳✶✻ ♠♦str❛✲s❡ ❛

❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ✭❚❍❉✮ ❞❛ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦

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

❝♦♠♣❛rt✐❧❤❛❞♦✱ ♦❜s❡r✈❛♠♦s q✉❡ ♦s ✈❛❧♦r❡s ❞❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ ♣❛r❛ ❛ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛

sã♦ ❜❡♠ ♣ró①✐♠♦s ♣❛r❛ ♦s ❞♦✐s ❝❛s♦s✳

◆❛ ❋✐❣✳ ✸✳✶✼ é ❛♣r❡s❡♥t❛❞♦ ❛s ♣❡r❞❛s ❞❡ ❝♦♥❞✉çã♦ ❡ ❝❤❛✈❡❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡

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

❞♦ ❜❛rr❛♠❡♥t♦ ✜①❛ ❡♠ E = 100V ✱ ♣♦❞❡♠♦s ♣❡r❝❡❜❡r q✉❡ ♦s ✈❛❧♦r❡s sã♦ ❜❡♠ ♣ró①✐♠♦s ♣❛r❛

❛s ❞✉❛s ❝♦♥✜❣✉r❛çõ❡s✳

✸✳✷✳✷ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s

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

♣❛rt✐❧❤❛❞♦ ❢♦✐ ✐♠♣❧❡♠❡♥t❛❞❛ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✳ ❖s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❢♦r❛♠ ♦❜t✐❞♦s



❈♦♥✈❡rs♦r ❈❆✲❈❆ ▼♦♥♦❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✹✵

❝♦♠ ♦s s❡❣✉✐♥t❡s ♣❛râ♠❡tr♦s ❡ ❝♦♥❞✐çõ❡s✿

• ❋r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✿ 8kHz❀

• ❚❡♥sã♦ ❞❡ r❡❞❡✱ Vi✱ 60Hz✿ 100V ❀

• ❊s♣❡❝✐✜❝❛çã♦ ❞❛ ✐♥❞✉tâ♥❝✐❛ ❞❡ ❞✐s♣❡rsã♦✿ 400µH❀

• ❮♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✿ m = 0.9❀

• ❋r❡q✉ê♥❝✐❛ ❞❛ t❡♥sã♦ ♥❛ ❝❛r❣❛✿ 60Hz✳

• ❈❛r❣❛✿ R = 25Ω ❡ L = 5mH✳

◆❡st❡s t❡st❡s ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ■●❇❚s ❡ ❞✐♦❞♦s rá♣✐❞♦s✳ ◆❛ ❋✐❣✉r❛ ✸✳✶✽ ❛♣r❡s❡♥t❛ ♦s r❡✲

s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞♦ ❝♦♥✈❡rs♦r ♣r♦♣♦st♦s✳ ◆❛ ❋✐❣✳ ✸✳✶✽✭❛✮ ♣♦❞❡♠♦s ♦❜s❡r✈❛r ♦ ❝♦♥tr♦❧❡

❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ✭❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛✮ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛

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

♣❡r❝❡❜❡r q✉❡ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡stá ❡♠ ❢❛s❡ ❝♦♠ ❛ t❡♥sã♦✳ ❏á ♥❛ ❋✐❣✳ ✸✳✶✽✭❜✮ ♣♦❞❡♠ s❡r

♦❜s❡r✈❛❞❛s ❛s ❝♦rr❡♥t❡s ♥❛ ❝❛r❣❛✳ ◆❛s ❋✐❣s✳ ✸✳✶✽✭❝✮ ❡ ✸✳✶✽✭❞✮ ♠♦str❛♠✲s❡✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱

❛s t❡♥sõ❡s ❞❡ ♣ó❧♦ ❡ ❛s t❡♥sõ❡s ❡♥tr❡ ❛s ❢❛s❡s ❡ ♦ ♥❡✉tr♦ ❞❛ ❝❛r❣❛✳ P♦r ✜♠✱ ♥❛ ❋✐❣✳ ✸✳✶✽✭❡✮ ❡

❡①✐❜✐❞♦ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✳



❈♦♥✈❡rs♦r ❈❆✲❈❆ ▼♦♥♦❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✹✶
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❋✐❣✉r❛ ✸✳✶✷✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞❛ ❝♦rr❡♥t❡ ♥❛ ❝❛r❣❛✱ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡
❡♥tr❛❞❛ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛r✲
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❛ ❝♦♥❞✉çã♦ s❡ ❞❛rá s❡♠♣r❡ ♣♦r ✉♠ ✐♥t❡rr✉♣t♦r ❡ ♣♦r ✉♠ ❞✐♦❞♦ ❞❡ ❣r❛♠♣❡❛♠❡♥t♦✳ ❆ss✐♠✱ ♦

❝❛♠✐♥❤♦ q✉❡ ❝❛❞❛ ❝♦rr❡♥t❡ ❞❡ ❢❛s❡ ♣❡r❝♦rr❡ ❡♥tr❡ ❛ ❢♦♥t❡ ❊ ❡ ❛ ❝❛r❣❛ ♣❛ss❛ ♦❜r✐❣❛t♦r✐❛♠❡♥t❡

♣♦r ❞♦✐s ❞✐s♣♦s✐t✐✈♦s s❡♠✐❝♦♥❞✉t♦r❡s✳ ■st♦ ✐♠♣❧✐❝❛ ❡♠ ✉♠ ❛✉♠❡♥t♦ ❝♦♥s✐❞❡rá✈❡❧ ♥❛s ♣❡r❞❛s

❞❡ ❝♦♥❞✉çã♦ ♣❛r❛ ❡st❛ ❡str✉t✉r❛ ❞❡ r❡t✐✜❝❛❞♦r ❝♦♠♣❛r❛❞❛ ❝♦♠ ❛ ❡str✉t✉r❛ ❞❡ ❞♦✐s ♥í✈❡✐s

❝♦♥✈❡♥❝✐♦♥❛❧✳ ❆ ✉t✐❧✐③❛çã♦ ❞❡ t♦♣♦❧♦❣✐❛s ♠✉❧t✐♥í✈❡✐s ❝♦♠ ✉♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦✲

♥❡♥t❡s✱ ◆❘❈ ✭❇r❛❣✇❛t ❡ ❙t❡❢❛♥♦✈✐❝✱ ✶✾✽✸✮✱ ♣♦ss✐❜✐❧✐t❛ ❛ r❡❞✉çã♦ ❞♦s ❝✉st♦s ❡ ❞❛s ♣❡r❞❛s ❡♠

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

❆ ❡str✉t✉r❛ ❡st✉❞❛❞❛ é ❞❡r✐✈❛❞❛ ❞♦ r❡t✐✜❝❛❞♦r ❞❡ ❞♦✐s ♥í✈❡✐s ❝♦♠ ❛ ✐♥❝❧✉sã♦ ❞❡ ✉♠❛ ❝é❧✉❧❛

❝♦♠ ❞✐s♣♦s✐t✐✈♦s s❡♠✐❝♦♥❞✉t♦r❡s ❧✐❣❛❞❛s ❛♦ ♣♦♥t♦ ❝❡♥tr❛❧ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ t❡r♠✐♥❛❧ ✬♦✬✱

❝♦♠♦ ♠♦str❛ ❛ ❋✐❣✳ ✸✳✷✵✳

❉❛s três ♣♦ss✐❜✐❧✐❞❛❞❡s ❞❡ ❝♦♥❡①ã♦ ❞♦s ❞✐s♣♦s✐t✐✈♦s q✉❡ ❝♦♠♣õ❡♠ ❛s ❝é❧✉❧❛s ❞❡ ❝❛❞❛ ❢❛s❡✱

❛ ❞❛ ❋✐❣✳ ✸✳✷✶✭❛✮ ❢♦✐ ❡st✉❞❛❞❛ ❡♠ ✭❩❤❛♦✱ ▲✐ ❡ ❚✳❆✳✱ ✶✾✾✺✮✱ ❛ ❞❛ ❋✐❣✳ ✸✳✷✶✭❜✮ ❢♦✐ ❡st✉❞❛❞❛
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❋✐❣✉r❛ ✸✳✷✵✿ ❘❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ❝♦♠ ✉♠❛ ❝é❧✉❧❛ ❝♦♥❡❝t❛❞❛ ❛♦ ♣♦♥t♦ ♥❡✉tr♦
❞❛ ❢♦♥t❡✳

❡♠ ✭❑♦❧❛r ❡ ❩❛❝❤✱ ✶✾✾✼✮ ❡ ❛ ❞❛ ❋✐❣✳ ✸✳✷✶✭❝✮ ❢♦✐ ❡st✉❞❛❞❛ ❡♠ ✭❙❛❧♠♦♥✱ ✷✵✵✶✮ ♣❛r❛ ❛♣❧✐❝❛çõ❡s

❡♠ ❝♦♥✈❡rs♦r❡s ❞♦ t✐♣♦ ❜♦♦st✳
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❋✐❣✉r❛ ✸✳✷✶✿ ❖♣çõ❡s ❞❡ ♠ó❞✉❧♦✳

◗✉❛♥❞♦ ❝♦♠❜✐♥❛❞♦ ❝♦♠ ❛s ❝♦♥✜❣✉r❛çõ❡s ❞❡ ❝é❧✉❧❛s ❞❛s ❋✐❣s✳ ✸✳✷✶✭❛✮ ❡ ✸✳✷✶✭❝✮ ♦❜t❡♠♦s

❛ ❡str✉t✉r❛ ❞❛ ❋✐❣✳ ✸✳✷✷ q✉❡ ❣❡r❛rá ✉♠❛ ♠❡♥♦r q✉❛♥t✐❞❛❞❡ t♦t❛❧ ❞❡ ♣❡r❞❛s ❞❡ ❝♦♥❞✉çã♦ ❞♦



❈♦♥✈❡rs♦r ❈❆✲❈❆ ▼♦♥♦❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✹✼

q✉❡ ❛ ❡str✉t✉r❛ ❞❡ três ♥í✈❡✐s ❞❛ ❋✐❣✳ ✸✳✶✾✱ ✉♠❛ ✈❡③ q✉❡ ❛♣❡♥❛s ✉♠✱ ❡ ♥ã♦ ❞♦✐s ❞✐s♣♦s✐t✐✈♦s

s❡♠✐❝♦♥❞✉t♦r❡s ✭Sx1/Dx1 ♦✉ Sx2/Dx2✮✱ ❝♦♥❞✉③ ❛ ❝♦rr❡♥t❡ ♥❛ ❢❛s❡ ♣❛r❛ ♦s ❝❛s♦s ❡♠ q✉❡ ❛

t❡♥sã♦ ❞❡ ♣ó❧♦ é ✐❣✉❛❧ ❛ ❊✴✷ ♦✉ ✲❊✴✷✳ P❛r❛ q✉❡ ❛ t❡♥sã♦ ❞❡ ♣ó❧♦ s❡❥❛ ✐❣✉❛❧ ❛ ✵✱ ✐♥❞❡♣❡♥❞❡♥✲

t❡♠❡♥t❡ ❞♦ s❡♥t✐❞♦ ❞❛ ❝♦rr❡♥t❡ ❞❡ ❢❛s❡✱ ❛ ❝♦♥❞✉çã♦ s❡ ❞❛rá s❡♠♣r❡ ♣♦r ✉♠ ✐♥t❡rr✉♣t♦r ❡ ♣♦r

✉♠ ❞✐♦❞♦ ✭Sx3/Dx3 ♦✉ Sx4/Dx4 ♣❛r❛ ❛ ❋✐❣✳ ✸✳✷✶✭❛✮ ❡ Sx3/Dx4 ♦✉ Sx4/Dx3 ♣❛r❛ ❛ ❋✐❣✳ ✸✳✷✶✭❝✮✳

◆ã♦ ❤á ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛s ♣❡r❞❛s ❞❡ ❝♦♥❞✉çã♦ ❞❛s ❞✉❛s t♦♣♦❧♦❣✐❛s✱ ♥❡st❡ ❝❛s♦✳ ❊♠❜♦r❛ ❛

❝♦♥✜❣✉r❛çã♦ ❞❛ ❋✐❣✳ ✸✳✷✶✭❜✮ t❡♥❤❛ ✉♠ ✐♥t❡rr✉♣t♦r ❛ ♠❡♥♦s✱ ❡❧❛ ♣♦ss✉✐ ❞♦✐s ❞✐♦❞♦s ❛ ♠❛✐s✱ ♦

q✉❡ ❧❡✈❛ ❛ ✉♠ ❛✉♠❡♥t♦ ♥❛s ♣❡r❞❛s ❞❡ ❝♦♥❞✉çã♦ q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛ ❝♦♠ ❛s ♦✉tr❛s ❞✉❛s ❝♦♥✲

✜❣✉r❛çõ❡s ❞❡ ❝é❧✉❧❛s✳ ❆ ❝♦♥✜❣✉r❛çã♦ ❞❛ ❋✐❣✳ ✸✳✷✶✭❝✮ t❡♠✱ ❛✐♥❞❛✱ ❛ ✈❛♥t❛❣❡♠ ❞❡ ♥❡❝❡ss✐t❛r ❞❡

❛♣❡♥❛s ✉♠ ❞r✐✈❡r ♣❛r❛ ❝♦♠❛♥❞❛r ♦s ❞♦✐s ✐♥t❡rr✉♣t♦r❡s ✭❏ú♥✐♦r✱ ✷✵✵✺✮✳ P♦rt❛♥t♦✱ ❛ t♦♣♦❧♦❣✐❛

❞❡ r❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ❝♦♠ ❛ ♦♣çã♦ ❞❡ ❝é❧✉❧❛ ♠♦str❛❞❛ ♥❛ ❋✐❣✳ ✸✳✷✶✭❝✮ ❢♦✐ ❡s❝♦❧❤✐❞❛

❡ ❛♥❛❧✐s❛❞❛✳ ❖s ♠♦❞♦s ❞❡ ♦♣❡r❛çã♦ ❞❡ ✉♠ ❜r❛ç♦ ♣❛r❛ ❛ ♦❜t❡♥çã♦ ❞♦s três ♥í✈❡✐s ❞❡ t❡♥sã♦

✭✲❊✴✷✱ ✵✱ ❊✴✷✮ sã♦ ✐♥❞✐❝❛❞♦s ♥❛ ❋✐❣✳ ✸✳✷✸✳ ◆❡ss❛ ✜❣✉r❛✱ Sx3 r❡♣r❡s❡♥t❛ ♦s ✐♥t❡rr✉♣t♦r❡s Sx3

❡ Sx4 ♣r❡s❡♥t❡s ♥❛ ❝♦♥✜❣✉r❛çã♦ ❞❛ ❋✐❣✳ ✸✳✷✶✭❝✮✳
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❋✐❣✉r❛ ✸✳✷✷✿ ❈♦♥✈❡rs♦r ❈❆✲❈❆ ▼♦♥♦❢ás✐❝♦✲❚r✐❢ás✐❝♦ ✉t✐❧✐③❛♥❞♦ r❡t✐✜❝❛❞♦r três
♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s

◆❡st❛ ❡str❛té❣✐❛ ♦ ❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦ d1 = tP/Ts ❡ d2 = tN/T sã♦ ✐❣✉❛✐s ❛ ❞ ♠❛s ❛♣❧✐❝❛❞♦s

✶✽✵ ❣r❛✉s ❞❡❢❛s❛❞♦s✳ ❖ ✢✉①♦ ❞❡ ♣♦tê♥❝✐❛ é ❝♦♥tr♦❧❛❞♦ ♣❡❧♦ d✳

❖ ♣r♦❝❡❞✐♠❡♥t♦ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛ ♦♥❞❛ r❡s✉❧t❛♥t❡ ❡♠ ✉♠ ❝✐❝❧♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ ✐♥t❡✐r❛ é

❞✐✈✐❞✐❞❛ ❡♠ ❞✉❛s r❡❣✐õ❡s ✭❋✐❣✳ ✸✳✷✹✮ ❞❡❧✐♠✐t❛❞❛s ❞♦ s❡❣✉✐♥t❡ ♠♦❞♦✳

❖ ❝♦♠♣r✐♠❡♥t♦ ❧✐♠✐t❡ ❡♥tr❡ ❛s r❡❣✐õ❡s ✶ ❡ ✷ é r❡s✉♠✐❞♦ ❝♦♠♦✿

dcond = d+ ddesmag = 1/2 ✭✸✳✶✼✮

❖♥❞❡ dcond é ❛ ♣❛rt❡ ❞♦ ♣❡rí♦❞♦ ❡♠ q✉❡ ♦ ✐♥❞✉t♦r ❝♦♥❞✉③✱ ❡ ddesmag é ❛ ♣❛rt❡ ❞❡ ❞❡s✲

♠❛❣♥❡t✐③❛çã♦ ❞❡ dcond ✭❇❡♥t♦✱ ❞❡ ❆❧♠❡✐❞❛✱ ❖❧✐✈❡✐r❛✱ ❞❛ ❙✐❧✈❛ ❡ ❏❛❝♦❜✐♥❛✱ ✷✵✵✼✮ ❡ é ❞❛❞♦
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❋✐❣✉r❛ ✸✳✷✸✿ ▼♦❞♦s ❞❡ ♦♣❡r❛çã♦ ♣❛r❛ ♦ r❡t✐✜❝❛❞♦r ❈❋P ◆❘❈✿ ✭❛✮ r❡t✐✜❝❛❞♦r s❡♠
♦♣❡r❛çã♦❀ ✭❜✮ v10❂❊✴✷❀ ✭❝✮ v10❂✵❀ ✭❞✮ v10❂✲❊✴✷✳

❋✐❣✉r❛ ✸✳✷✹✿ ▼♦❞♦s ❞❡ ♦♣❡r❛çã♦ ❞❡ r❡t✐✜❝❛❞♦r ❈❋P

♣♦r✿

ddesmag = d
vCa,b,c

E/2− vcfa,b,c
✭✸✳✶✽✮

❉✐❢❡r❡♥t❡♠❡♥t❡ ❞♦s ❝♦♥✈❡rs♦r❡s ❈❋P ❛♣r❡s❡♥t❛❞♦s ❛♥t❡r✐♦r♠❡♥t❡✱ ❝♦♠ ♦ ❝♦♥✈❡rs♦r ❞❡



❈♦♥✈❡rs♦r ❈❆✲❈❆ ▼♦♥♦❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✹✾

❡♥tr❛❞❛ ❈❋P ◆❘❈ ♣♦❞❡♠♦s ♦❜t❡r ♦ ❝♦♥tr♦❧❡ ❞♦ ❜❛rr❛♠❡♥t♦ ✈❛r✐❛♥❞♦ ♦ ✈❛❧♦r ❞❡ d✳

❆ss✐♠ ♣♦❞❡ s❡ ♦❜t❡r ♦ ❝♦♥tr♦❧❡ ❞❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ♣❛r❛ ✉♠❛ ✈❛r✐❛çã♦ ❞❛ ❝❛r❣❛

❝♦♠ ❛ ✐♥tr♦❞✉çã♦ ❞❡ ✉♠ ❝♦♥tr♦❧❡ ❛tr❛✈és ❞❡ r❡❛❧✐♠❡♥t❛çã♦✳ P❛r❛ ❡st❛ ❡str❛té❣✐❛ ❛❞♦t♦✉✲s❡

❛ ✐♥s❡rçã♦ ❞❡ ✉♠ ❝♦♥tr♦❧❛❞♦r P■✱ ❋✐❣✳ ✸✳✷✺✱ ♦♥❞❡ ♦ ✈❛❧♦r ❞❡ ❞ ✭❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦✮ ♠✉❞❛ ❛

♣❛rt✐r ❞♦ ❡rr♦ ❞❡ t❡♥sã♦ ❡♥tr❡ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❡ ✉♠❛ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛✳

RS
-

c

+E*

E

ΔE d

❋✐❣✉r❛ ✸✳✷✺✿ ❉✐❛❣r❛♠❛ ❞❡ ❝♦♥tr♦❧❡

❙❡ ❛s t❡♥sõ❡s ❞❡ r❡❢❡rê♥❝✐❛ ❞❛ ❝❛r❣❛ sã♦ ❞❛❞❛s ♣♦r v∗a✱ v
∗

b ❡ v∗c ✱ ❡♥tã♦ ❛s t❡♥sõ❡s ❞❡ ♣♦❧♦

♣♦❞❡ r❡❢❡rê♥❝✐❛ ♣♦❞❡♠ s❡r ❡s❝r✐t❛s ❝♦♠♦✿

v∗a0 = v∗an + v∗n0 ✭✸✳✶✾✮

v∗b0 = v∗bn + v∗n0 ✭✸✳✷✵✮

v∗c0 = v∗cn + v∗n0 ✭✸✳✷✶✮

❈♦♠♦ ♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦ ❛♣r❡s❡♥t❛ t❡♥sã♦ ♠é❞✐❛ ✐❣✉❛❧ ❛ ③❡r♦ v∗a0 = 0✱ ❡♥tã♦ ❛s

❡q✉❛çõ❡s ♣♦❞❡♠ s❡r r❡❡s❝r✐t❛s ❝♦♠♦✿

v∗a0 = 0 ✭✸✳✷✷✮

v∗b0 = v∗bn − v∗an ✭✸✳✷✸✮

v∗c0 = v∗an − v∗an ✭✸✳✷✹✮

❯♠❛ ✈❡③ q✉❡ ❛s t❡♥sõ❡s ❞❡ ♣ó❧♦ ❞❡ r❡❢❡rê♥❝✐❛ ❢♦r❛♠ ❞❡t❡r♠✐♥❛❞❛s ✭✸✳✷✷✮✲✭✸✳✷✹✮✳ ❆s

❧❛r❣✉r❛s ❞❡ ♣✉❧s♦ τb ❡ τc sã♦ ❝❛❧❝✉❧❛❞❛s ✉s❛♥❞♦

τb =
T

2
+

T

E
v∗b0 ✭✸✳✷✺✮

τc =
T

2
+

T

E
v∗c0 ✭✸✳✷✻✮



❈♦♥✈❡rs♦r ❈❆✲❈❆ ▼♦♥♦❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✺✵

✸✳✸✳✶ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦

❆ s❡❣✉✐r s❡rã♦ ❛♣r❡s❡♥t❛❞♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦s ❞♦✐s ❝♦♥✈❡rs♦r❡s ♣r♦♣♦st♦s✱ ❛

✜♠ ❞❡ q✉❡ s❡❥❛ ♦❜s❡r✈❛❞♦ ♦ ❝♦♥tr♦❧❡ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛✳ ◆❛s ❋✐❣s✳ ✸✳✷✻✱ ✸✳✷✼✱ ✸✳✷✾✱ ✸✳✷✽✱

✹✳✷✾✱ ✸✳✸✶✱ ✸✳✸✷ ❡ ✸✳✸✸ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦ ❝♦♥✈❡rs♦r ♣r♦♣♦st♦

❝♦♠ ❡ s❡♠ ❛❝♦♣❧❛♠❡♥t♦✳ ❖s ♣❛râ♠❡tr♦s ❣❧♦❜❛✐s ❢♦r❛♠✿

• ❋r❡qüê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✿ 10kHz❀

• ❚❡♥sã♦ ❞❡ r❡❞❡✱ Vi✱ 60Hz✿ 100❀

• ❊s♣❡❝✐✜❝❛çã♦ ❞❛ ✐♥❞✉tâ♥❝✐❛ ❞❡ ❞✐s♣❡rsã♦✿ 1mH❀

• ❈✐❝❧♦ ❞❡ tr❛❜❛❧❤♦ ✭d✮✿ d = 0.4❀

• ❋r❡qüê♥❝✐❛ ❞❛ t❡♥sã♦ ♥❛ ❝❛r❣❛✿ 60Hz✳

• ❈❛r❣❛✿ R = 10Ω ❡ L = 20mH✳

◆❛ ❋✐❣✳ ✸✳✷✻ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ à ❝♦rr❡♥t❡ ♥❛ ❝❛r❣❛ ❡ ♦ ❝♦♥tr♦❧❡ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛

✭❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛✮ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ✭❋✐❣✳ ✸✳✷✻✭❛✮✮

❡ s❡♠ ✭❋✐❣✳ ✸✳✷✻✭❜✮✮ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳ P♦❞❡✲s❡ ♣❡r❝❡❜❡r q✉❡ ♥❛s ❞✉❛s ❝♦♥✜❣✉r❛çõ❡s ❛

❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ s❡❣✉❡ ❛ t❡♥sã♦ s❡♥♦✐❞❛❧ ❞❡ ❢❛s❡✱ ♣♦ré♠ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ❝♦♠ ✐♥❞✉t♦r❡s

❛❝♦♣❧❛❞♦s ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ♣♦ss✉✐ ♠❡♥♦s ♦♥❞✉❧❛çã♦ ❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ❛ ❝♦♥✜❣✉r❛çã♦

s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

◆❛ ❋✐❣✳ ✸✳✷✼ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ❛ ❝♦rr❡♥t❡ ♥♦s ✐♥❞✉t♦r❡s ❡ t❡♥sã♦ t♦t❛❧ ♥♦ ❜❛r❛♠❡♥t♦

❈❈ ✭Vc1 + Vc2✮ ❡ ❛ t❡♥sã♦ s♦❜r❡ ✉♠ ❞♦s ❝❛♣❛❝✐t♦r❡s ✭Vc1✮ ♣❛r❛ ❛s ❝♦♥✜❣✉r❛çõ❡s ✉t✐❧✐③❛♥❞♦

✐♥❞✉t♦r❡s ❝♦♠ ❡ s❡♠ ❛❝♦♣❧❛♠❡♥t♦✳ ❏á ♥❛ ❋✐❣✳ ✸✳✷✾ é ♠♦str❛❞❛ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦

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

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

❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦✱ ❞✳

◆❛ ❋✐❣✳ ✸✳✷✽ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ❞❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛

♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ✭❋✐❣✳ ✸✳✷✽✭❛✮✮ ❡ s❡♠ ✭❋✐❣✳ ✸✳✷✽✭❛✮✮ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

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



❈♦♥✈❡rs♦r ❈❆✲❈❆ ▼♦♥♦❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✺✶

❤❛r♠ô♥✐❝❛ ❞❡❝r❡s❝❡ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✱ ❡♥q✉❛♥t♦ q✉❡ ♣❛r❛ ❝♦♥✜❣✉✲

r❛çã♦ ✉t✐❧✐③❛♥❞♦ ✐♥❞✉t♦r❡s s❡♠ ❛❝♦♣❧❛♠❡♥t♦ ❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ ❝r❡s❝❡ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞♦

í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✱ ❛ ❝♦♥✜❣✉r❛çã♦ ❝♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s ♣♦ss✉✐ ✉♠❛ ♠❡♥♦r ❞✐st♦rçã♦

❤❛r♠ô♥✐❝❛ q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛ ❝♦♠ ❛ ❝♦♥✜❣✉r❛çã♦ s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s ✳

❏á ♥❛ ❋✐❣✳ ✸✳✸✵ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ❞❛s ❝♦rr❡t❡s ❞❡ s❛í❞❛

♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ✭❋✐❣✳ ✸✳✸✵✭❛✮✮ ❡ s❡♠ ✭❋✐❣✳ ✸✳✸✵✭❜✮✮ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✱

♦❜s❡r✈❛♠♦s q✉❡ ♦s ✈❛❧♦r❡s ❞❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ ♣❛r❛ ❛ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ sã♦ ❜❡♠ ♣ró①✐♠♦s

♣❛r❛ ♦s ❞♦✐s ❝❛s♦s✳ ◆❛ ❋✐❣✳ ✸✳✸✶ é ♦❜s❡r✈❛❞♦ ♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡

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

◆❛ ❋✐❣✳ ✸✳✸✷ ♦❜s❡r✈❛♠♦s ❛ ❛çã♦ ❞♦ ❝♦♥tr♦❧❡ ❞❛ t❡♥sã♦ ♥♦ ❜❛rr❛♠❡♥t♦ ♣❛r❛ ✉♠❛ ✈❛r✐❛çã♦

♥❛ ❝❛r❣❛✳ ❋♦✐ ✉t✐❧✐③❛❞♦ ✉♠❛ t❡♥sã♦ ❞❡ ❜❛rr❛♠❡♥t♦✱ E✱ ❞❡ r❡❢❡rê♥❝✐❛ ✐❣✉❛❧ ❛ 100V ✱ ✐♥✐❝✐❛❧♠❡♥t❡

❛ ❝❛r❣❛ ❢♦✐ ✜①❛❞❛ ❡♠ R = 30Ω✳ ❊♠ t = 0.8 ❛ ❝❛r❣❛ ❢♦✐ ❛❧t❡r❛❞❛ ♣❛r❛ R = 15Ω✱ ❢♦✐ ✈❡r✐✜❝❛❞♦

q✉❡ ❛ t❡♥sã♦ ♥♦ ❜❛rr❛♠❡♥t♦ ♣❡r♠❛♥❡❝❡✉ ❝♦♥st❛♥t❡ ♠❡s♠♦ ❝♦♠ ❛ ✈❛r✐❛çã♦ ❞❛ ❝❛r❣❛✳

◆❛ ❋✐❣✳ ✸✳✸✸ é ❛♣r❡s❡♥t❛❞♦ ❛s ♣❡r❞❛s ❞❡ ❝♦♥❞✉çã♦ ❡ ❝❤❛✈❡❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡
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❞❡ s✐♠✉❧❛çõ❡s ❡ ❡①♣❡r✐♠❡♥t❛✐s✳



4
❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦
❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛

◆❡st❡ ❝❛♣ít✉❧♦ ✐♥✐❝✐❛❧♠❡♥t❡ s❡rá ❛♣r❡s❡♥t❛❞♦ ♦ ❡st✉❞♦ t❡ór✐❝♦ ♣❛r❛ ✉♠ ❝♦♥✈❡rs♦r ❈❆✲

❈❆ tr✐❢ás✐❝♦✲tr✐❢ás✐❝♦ ❝♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s ✉t✐❧✐③❛♥❞♦ ✉♠ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦ ❝♦♠ ♦

❝♦♥✈❡rs♦r ❞❡ ♥❛❜❛❡ ✭❋✐❣✳ ✹✳✶✮✱ ✉t✐❧✐③❛♥❞♦ ❞✉❛s ❡str❛té❣✐❛s ❞❡ ❝♦♠❛♥❞♦✿

• ❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦❀

• ❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ s❡♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦✳

3
q

3
q

2
q

2
q

1
q

1
q

C
bV

cV

aV

nV

+

+

+

-

-

-

fC

❋✐❣✉r❛ ✹✳✶✿ ❝♦♥✈❡rs♦r ❈❆✲❈❆ tr✐❢ás✐❝♦✲tr✐❢ás✐❝♦ ❝♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s

❆ ❡♥tr❛❞❛ ❞♦ ❝♦♥✈❡rs♦r ♣r♦♣♦st♦ é ❝♦♠♣♦st❛ ♣♦r ✉♠ ❝✐r❝✉✐t♦ ❞❡ ❝♦rr❡çã♦ ❞❡ ♣♦tê♥❝✐❛

✭❈❋P✮✱ ❢♦r♠❛❞♦ ♣♦r três ❝❛♣❛❝✐t♦r❡s ❞❡ ✜❧tr♦s Cf1✱ Cf2✱ Cf3 (Cf1 = Cf2 = Cf3 = Cf )✱ três

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

♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❡ ✉♠ ♣❛r ❞❡ ❝❤❛✈❡s ❝♦♠♣❧❡♠❡♥t❛r❡s q3 ❡ q̄3✳

✺✼



❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✺✽

❆ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r ♣r♦♣♦st♦ é ❢♦r♠❛❞❛ ♣♦r s❡✐s ❝❤❛✈❡s ❞❡ ♣♦tê♥❝✐❛ ✭q3✱ q̄3✱ q2✱ q̄2✱ q1✱

q̄1✮ ❡ ✉♠ ❜❛♥❝♦ ❞❡ ❝❛♣❛❝✐t♦r❡s ❢♦r♠❛♥❞♦ ♦ ❜❛rr❛♠❡♥t♦ ❈❈✳ ❆ ❜r❛ç♦ ✭q3✲q̄3✮ é ❝♦♠♣❛rt✐❧❤❛❞♦

❡♥tr❡ ❛ ❡♥tr❛❞❛ ❡ ❛ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r✳

❙❡rã♦ r❡❛❧✐③❛❞❛s ❝♦♠♣❛r❛çõ❡s ❝♦♠ ✉♠ ❝♦♥✈❡rs♦r ❈❆✲❈❆ tr✐❢ás✐❝♦✲tr✐❢ás✐❝♦ s❡♠ ✐♥❞✉t♦r❡s

❛❝♦♣❧❛❞♦s ✉t✐❧✐③❛♥❞♦ ✉♠ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦ ❝♦♠ ♦ ❝♦♥✈❡rs♦r ❞❡ ♥❛❜❛❡✱ ♣❛r❛ ✈❡r✐✜❝❛r ❛

❡✜❝✐ê♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞❡ ♣❡r❞❛s ❡ ❞✐st♦rçõ❡s ❤❛r♠ô♥✐❝❛s✳

P♦r ✜♠ s❡rá r❡❛❧✐③❛❞♦ ♦ ❡st✉❞♦ t❡ór✐❝♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ✉♠ ❝♦♥✈❡rs♦r ❈❆✲❈❆

tr✐❢ás✐❝♦✲tr✐❢ás✐❝♦ ✉t✐❧✐③❛♥❞♦ ❝♦♠♦ ❡♥tr❛❞❛ ✉♠ r❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ❝♦♠ ✉♠ ♥ú♠❡r♦

r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✭◆❘❈✮ ✭❋✐❣ ✹✳✷✮✳

C

2
q

2
q

1
q

1
q

bV

cV

aV

nV

+

+

+

-

-

-

fC

3
q

3
q

4
q

5
q

❋✐❣✉r❛ ✹✳✷✿ ❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ✉t✐❧✐③❛♥❞♦ r❡t✐✜❝❛❞♦r três ♥í✈❡✐s
❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s

✹✳✶ ❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠▼♦❞✉❧❛çã♦

♥♦ ❇r❛ç♦ ❈♦♠♣❛rt✐❧❤❛❞♦

❖ ❝♦♥✈❡rs♦r ❈❆✲❈❆ tr✐❢ás✐❝♦✲tr✐❢ás✐❝♦ ❈❋P ❝♦♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦ ✭❋✐❣✳

✹✳✶✮ ♦♣❡r❛ ❡♠ ♠♦❞♦ ❞❡ ❝♦♥❞✉çã♦ ❞❡s❝♦♥tí♥✉❛ ✭▼❈❉✮ ♥❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛✱ s❡♥❞♦ ✐♥❞✐❝❛❞♦

♣❛r❛ ❜❛✐①♦ ❛té ♠é❞✐♦ ♥í✈❡❧ ❞❡ ♣♦tê♥❝✐❛✳ ◆❡ss❛ ❡str❛té❣✐❛ é ❛♣❧✐❝❛❞♦ ♠♦❞✉❧❛çã♦ P❲▼ ♥♦

❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦ ❡♥tr❡ ❛ s❛í❞❛ ❡ ❛ ❡♥tr❛❞❛ ❞♦ ❝♦♥✈❡rs♦r✳

❙❡ ❛s t❡♥sõ❡s ❞❡ r❡❢❡rê♥❝✐❛ ❞❛ ❝❛r❣❛ sã♦ ❞❛❞❛s ♣♦r v∗b ✱ v
∗

b ❡ v∗c ✱ ❡♥tã♦ ❛s t❡♥sõ❡s ❞❡ ♣♦❧♦

♣♦❞❡ r❡❢❡rê♥❝✐❛ ♣♦❞❡♠ s❡r ❡s❝r✐t❛s ❝♦♠♦✿

v∗a0 = v∗an + v∗µ ✭✹✳✶✮

v∗b0 = v∗bn + v∗µ ✭✹✳✷✮

v∗c0 = v∗cn + v∗µ ✭✹✳✸✮



❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✺✾

❆s ❡q✉❛çõ❡s ✹✳✶✱ ✹✳✷ ❡ ✹✳✸ ♥ã♦ ♣♦❞❡♠ s❡r r❡s♦❧✈✐❞❛s ❛♦ ♠❡♥♦s q✉❡ v∗µ s❡❥❛ ♦❜t✐❞♦✳ ❆

t❡♥sã♦ v∗µ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ✉t✐❧✐③❛♥❞♦ ♦ ❢❛t♦r µ✳

v∗µ = E(µ− 1/2)− µv∗max + (µ− 1)v∗min ✭✹✳✹✮

❖♥❞❡ v∗max = maxV ❡ v∗min = minV ♦♥❞❡ V = v∗a, v
∗

b , v
∗

c ✳

❖ ❢❛t♦r ❞❡ ❞✐str✐❜✉✐çã♦ (0 ≤ µ ≤ 1) é ❞❛❞♦ ♣♦r µ = t01/t0 ❡ ✐♥❞✐❝❛ ❛ ❞✐str✐❜✉✐çã♦ ❞❛

r♦❞❛✲❧✐✈r❡ ♥♦ ♣❡rí♦❞♦ t0 ✭♣❡rí♦❞♦ ♥♦ q✉❛❧ v∗a✱ v
∗

b ❡ v∗c sã♦ ✐❣✉❛✐s✮ ♥♦ ✐♥í❝✐♦ (t01 = µt0) ❡ ♥❛

❡①tr❡♠✐❞❛❞❡ (t02 = (1− µ)t0) ❞♦ ♣❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ T ✭❏❛❝♦❜✐♥❛✱ ▲✐♠❛✱ ❙✐❧✈❛ ❡ ❆❧✈❡s✱

✷✵✵✶❜✮✱ ✭❇❧❛s❦♦✱ ✶✾✾✻✮✳

◆❡st❡ ❝❛s♦ ♦ ❛❧❣♦r✐t♠♦ ♣r♦♣♦st♦ é✿

❊t❛♣❛ ✶✿ ❡s❝♦❧❤❡r ♦ ❢❛t♦r µ ❡ ❝❛❧❝✉❧❛r v∗µ ❛ ♣❛rt✐r ❞❡ ✭✹✳✹✮✳

❊t❛♣❛ ✷✿ ❉❡t❡r♠✐♥❛r va0∗✱ v∗b0 ❡ v∗c0 ❛ ♣❛rt✐r ❞❡ ✭✹✳✶✮✲✭✹✳✸✮✳

❊t❛♣❛ ✸✿ ❯♠❛ ✈❡③ q✉❡ ❛ t❡♥sã♦ ♥♦ ♣♦♥t♦ ♠é❞✐♦ ❢♦✐ ❞❡t❡r♠✐♥❛❞♦✳ ❆ ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ τa✱

τb ❡ τc sã♦ ❝❛❧❝✉❧❛❞♦s ✉s❛♥❞♦

τa =
T

2
+

T

E
v∗a0 ✭✹✳✺✮

τb =
T

2
+

T

E
v∗b0 ✭✹✳✻✮

τc =
T

2
+

T

E
v∗c0 ✭✹✳✼✮

❆s ❧❛r❣✉r❛s ❞❡ ♣✉❧s♦s ✭τa✱ τb ❡ τc✮ sã♦ ✉s❛❞❛s ♣❡❧♦ s✐st❡♠❛ ❞❡ ❝♦♥tr♦❧❡ ❞✐❣✐t❛❧ ♣❛r❛ ❣❡r❛r

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

❣❡r❛❞♦s ♣❡❧❛ ❝♦♠♣❛r❛çã♦ ❞❛s t❡♥sõ❡s ❞❡ ♣ó❧♦ ❞❡ r❡❢❡rê♥❝✐❛ ❝♦♠ ✉♠ s✐♥❛❧ tr✐❛♥❣✉❧❛r ❞❡ ❛❧t❛

❢r❡qüê♥❝✐❛✳

✹✳✶✳✶ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦

❆ s❡❣✉✐r s❡rã♦ ❛♣r❡s❡♥t❛❞♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦s ❞♦✐s ❝♦♥✈❡rs♦r❡s ♣r♦♣♦st♦s✱ ❛

✜♠ ❞❡ q✉❡ s❡❥❛ ♦❜s❡r✈❛❞♦ ♦ ❝♦♥tr♦❧❡ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛✳ ◆❛s ❋✐❣s✳ ✹✳✸✱ ✹✳✹✱ ✹✳✺✱ ✹✳✼✱ ✹✳✽✱

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

❖s ♣❛râ♠❡tr♦s ❣❧♦❜❛✐s ❢♦r❛♠✿



❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✻✵

• ❋r❡qüê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✿ 10kHz❀

• ❚❡♥sã♦ ❞❡ r❡❞❡✱ Vi✱ 60Hz✿ 100V ❀

• ❊s♣❡❝✐✜❝❛çã♦ ❞❛ ✐♥❞✉tâ♥❝✐❛ ❞❡ ❞✐s♣❡rsã♦✿ 1mH❀

• ❮♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✿ m = 0.9❀

• ❋r❡qüê♥❝✐❛ ❞❛ t❡♥sã♦ ♥❛ ❝❛r❣❛✿ 60Hz✳

• ❈❛r❣❛✿ R = 10Ω ❡ L = 20mH✳

◆❛ ❋✐❣✳ ✹✳✸ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ à ❝♦rr❡♥t❡ ♥❛ ❝❛r❣❛ ❡ ♦ ❝♦♥tr♦❧❡ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛

✭❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛✮ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ✭❋✐❣✳ ✹✳✸✭❛✮✮

❡ s❡♠ ✭❋✐❣✳ ✹✳✸✭❜✮✮ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳ P♦❞❡✲s❡ ♣❡r❝❡❜❡r q✉❡ ♥❛s ❞✉❛s ❝♦♥✜❣✉r❛çõ❡s ❛

❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ s❡❣✉❡ ❛ t❡♥sã♦ s❡♥♦✐❞❛❧ ❞❡ ❧✐♥❤❛✱ ♣♦ré♠ ♣❛r❛ ♦s ❞♦✐s ❝❛s♦s ♣♦❞❡♠♦s

♣❡r❝❡❜❡r ✉♠❛ ❛❧t❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ ♥❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛✳

◆❛ ❋✐❣✳ ✹✳✹ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ❛ ❝♦rr❡♥t❡ ♥♦s ✐♥❞✉t♦r❡s ❡ ❛ t❡♥sã♦ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈

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

◆❛s ❋✐❣✳ ✹✳✺ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ❞❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ♣❛r❛

❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ✭❋✐❣✳ ✹✳✺✭❛✮✮ ❡ s❡♠ ✭❋✐❣✳ ✹✳✺✭❜✮✮ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳ P♦❞❡✲s❡

♣❡r❝❡❜❡r q✉❡ ❛ ❝♦♥✜❣✉r❛çã♦ q✉❡ ✉t✐❧✐③❛ ✐♥❞✉t♦r❡s ❝♦♠ ❛❝♦♣❧❛♠❡♥t♦ ♣♦ss✉✐ ❡♠ ♠é❞✐❛ ✉♠❛

♠❡♥♦r ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛ ❝♦♠ ❛ ❝♦♥✜❣✉r❛çã♦ q✉❡ ✉t✐❧✐③❛ ✐♥❞✉t♦r❡s

s❡♠ ❛❝♦♣❧❛♠❡♥t♦✳

❏á ♥❛ ❋✐❣✳ ✹✳✻ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ❞❛s ❝♦rr❡t❡s ❞❡ s❛í❞❛ ♣❛r❛ ❛

❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ✭❋✐❣✳ ✹✳✻✭❛✮✮ ❡ s❡♠ ✭❋✐❣✳ ✹✳✻✭❜✮✮ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✱ ♦❜s❡r✈❛♠♦s

q✉❡ ♦s r❡s✉❧t❛❞♦s sã♦ ❜❡♠ ♣ró①✐♠♦s ♣❛r❛ ❛♠❜♦s ♦s ❝❛s♦s✳ ◆❛ ❋✐❣✳ ✹✳✼ é ♦❜s❡r✈❛❞♦ ♦ ❢❛t♦r

❞❡ ♣♦tê♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✳ P♦r ✜♠✱ ♥❛ ❋✐❣✳ ✹✳✽ é ♦❜s❡r✈❛❞♦ ❛s ♣❡r❞❛s

❞❡ ❝♦♥❞✉çã♦ ❡ ❝❤❛✈❡❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ♣❛r❛ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦

✜①❛ ❡♠ E = 200V ✳

✹✳✶✳✷ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s

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

♣❛rt✐❧❤❛❞♦ ❢♦✐ ✐♠♣❧❡♠❡♥t❛❞❛ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✳ ❖s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❢♦r❛♠ ♦❜t✐❞♦s



❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✻✶

❝♦♠ ♦s s❡❣✉✐♥t❡s ♣❛râ♠❡tr♦s ❡ ❝♦♥❞✐çõ❡s✿

• ❋r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✿ 8kHz❀

• ❚❡♥sã♦ ❞❡ r❡❞❡✱ Vi✱ 60Hz✿ 100V ❀

• ❊s♣❡❝✐✜❝❛çã♦ ❞❛ ✐♥❞✉tâ♥❝✐❛ ❞❡ ❞✐s♣❡rsã♦✿ 400µH❀

• ❮♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✿ m = 0.9❀

• ❋r❡q✉ê♥❝✐❛ ❞❛ t❡♥sã♦ ♥❛ ❝❛r❣❛✿ 60Hz✳

• ❈❛r❣❛✿ R = 25Ω ❡ L = 5mH✳

◆❡st❡s t❡st❡s ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ■●❇❚s ❡ ❞✐♦❞♦s rá♣✐❞♦s✳ ◆❛ ❋✐❣✉r❛ ✹✳✾ ❛♣r❡s❡♥t❛ ♦s

r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞♦ ❝♦♥✈❡rs♦r ♣r♦♣♦st♦s✳ ◆❛ ❋✐❣✳ ✹✳✾✭❛✮ ♣♦❞❡♠♦s ♦❜s❡r✈❛r ♦ ❝♦♥tr♦❧❡

❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ✭❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛✮ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛

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

♣❡r❝❡❜❡r q✉❡ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡stá ❡♠ ❢❛s❡ ❝♦♠ ❛ t❡♥sã♦✳ ❏á ♥❛ ❋✐❣✳ ✹✳✾✭❜✮ ♣♦❞❡♠ s❡r

♦❜s❡r✈❛❞❛s ❛s ❝♦rr❡♥t❡s ♥❛ ❝❛r❣❛✳ ◆❛s ❋✐❣s✳ ✹✳✾✭❝✮ ❡ ✹✳✾✭❞✮ ♠♦str❛♠✲s❡✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❛s

t❡♥sõ❡s ❞❡ ♣ó❧♦ ❡ ❛s t❡♥sõ❡s ❡♥tr❡ ❛s ❢❛s❡s ❡ ♦ ♥❡✉tr♦ ❞❛ ❝❛r❣❛✳ P♦r ✜♠✱ ♥❛ ❋✐❣✳ ✹✳✾✭❡✮ ❡

❡①✐❜✐❞♦ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✳
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♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦ ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s ❝♦♠ í♥❞✐❝❡ ❞❡
♠♦❞✉❧❛çã♦ ♠❂0.9✳



❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✻✸

0.9 0.92 0.94 0.96 0.98 1
0

50

100

150

200

Time (s)

0.9 0.92 0.94 0.96 0.98 1
−20

−10

0

10

20

Time (s)

✭❛✮ ❈♦♠ ✐♥❞✉t♦r ❛❝♦♣❧❛❞♦✳

0.9 0.92 0.94 0.96 0.98 1
0

50

100

150

200

Time (s)

0.9 0.92 0.94 0.96 0.98 1
−10

−5

0

5

10

Time (s)

✭❜✮ ❙❡♠ ✐♥❞✉t♦r ❛❝♦♣❧❛❞♦✳

❋✐❣✉r❛ ✹✳✹✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞❛ ❝♦rr❡♥t❡ ♥♦s ✐♥❞✉t♦r❡s ❡ ❛ t❡♥sã♦ ♥♦ ❜❛r❛✲
♠❡♥t♦ ❈❈ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ ✸▲ ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s ❝♦♠
♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦✳

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

10

20

30

40

50

60

Índice de Modulação

T
H

D
(%

)

✭❛✮ ❈♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

10

20

30

40

50

60

Índice de Modulação

T
H

D
(%

)

✭❜✮ ❙❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

❋✐❣✉r❛ ✹✳✺✿ ❉✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ✭❚❍❉✮ ❞❛s ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ❡♠ ❢✉♥çã♦
❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ❡ s❡♠ ✐♥❞✉✲
t♦r❡s ❛❝♦♣❧❛❞♦s✳

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

0.5

1

1.5

2

2.5

Índice de Modulação

T
H

D
(%

)

✭❛✮ ❈♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

0.5

1

1.5

2

2.5

Índice de Modulação

T
H

D
(%

)

✭❜✮ ❙❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

❋✐❣✉r❛ ✹✳✻✿ ❉✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ✭❚❍❉✮ ❞❛s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛ ❡♠ ❢✉♥çã♦ ❞♦
í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r❡s
❛❝♦♣❧❛❞♦s✳



❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✻✹

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

0.2

0.4

0.6

0.8

1

Índice de Modulação

F
at

or
 d

e 
P

ot
ên

ci
a

✭❛✮ ❈♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

0.2

0.4

0.6

0.8

1

Índice de Modulação

F
at

or
 d

e 
P

ot
ên

ci
a

✭❜✮ ❙❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

❋✐❣✉r❛ ✹✳✼✿ ❋❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦
♣r♦♣♦st❛ ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳
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✭❜✮ ❙❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

❋✐❣✉r❛ ✹✳✽✿ P❡r❞❛s ❞❡ ❝♦♥❞✉çã♦ ❡ ❝❤❛✈❡❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦
♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳



❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✻✺

✭❛✮ ❚❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛✿ 60Hz✳ ✭❜✮ ❈♦rr❡♥t❡s ♥❛ ❝❛r❣❛✳

✭❝✮ ❚❡♥sõ❡s ❞❡ ♣ó❧♦✳ ✭❞✮ ❚❡♥sõ❡s ❡♥tr❡ ❛ ❢❛s❡ ❡ ♦ ♥❡✉tr♦✳

✭❡✮ ❚❡♥sã♦ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈✳

❋✐❣✉r❛ ✹✳✾✿ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❛ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛✱ ❝♦rr❡♥t❡s
❞❡ ❝❛r❣❛✱ t❡♥sõ❡s ❞❡ ♣ó❧♦✱ t❡♥sõ❡s ❡♥tr❡ ❛s ❢❛s❡s ❡ ♦ ♥❡✉t♦ ❡ ❛ t❡♥sã♦
♥♦ ❜❛rr❛♠❡♥t♦ ❈❈ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ✉t✐❧✐③❛♥❞♦ ✐♥❞✉t♦r❡s ❝♦♠
❛❝♦♣❧❛♠❡♥t♦ ❡ ❝♦♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦✳



❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✻✻

✹✳✷ ❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ s❡♠ ♠♦❞✉❧❛çã♦

♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦

❖ ❈♦♥✈❡rs♦r ❈❆✲❈❆ tr✐❢ás✐❝♦✲tr✐❢ás✐❝♦ ❈❋P s❡♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦

✭❋✐❣✳ ✹✳✶✵✮ ♦♣❡r❛ ❡♠ ♠♦❞♦ ❞❡ ❝♦♥❞✉çã♦ ❞❡s❝♦♥tí♥✉❛ ✭▼❈❉✮ ♥❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛✱ s❡♥❞♦

✐♥❞✐❝❛❞♦ ♣❛r❛ ❜❛✐①♦ ❛té ♠é❞✐♦ ♥í✈❡❧ ❞❡ ♣♦tê♥❝✐❛✳ ◆❡ss❛ ❡str❛té❣✐❛ é ❛♣❧✐❝❛❞♦ ♥♦ ❜r❛ç♦

❝♦♠♣❛rt✐❧❤❛❞♦ ❡♥tr❡ ❛ s❛í❞❛ ❡ ❛ ❡♥tr❛❞❛ ❞♦ ❝♦♥✈❡rs♦r ✉♠ ❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦ (D) ❞❡ 0.5✱ ♦✉

s❡❥❛✱ ❝❛❞❛ ❝❤❛✈❡ ❞❡st❡ ❜r❛ç♦ ♣❡r♠❛♥❡❝❡ ❛❜❡rt❛ ❞✉r❛♥t❡ ♠❡t❛❞❡ ❞♦ ♣❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳
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❋✐❣✉r❛ ✹✳✶✵✿ ❝♦♥✈❡rs♦r ❈❆✲❈❆ tr✐❢ás✐❝♦✲tr✐❢ás✐❝♦ ❝♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s

❙❡ ❛s t❡♥sõ❡s ❞❡ r❡❢❡rê♥❝✐❛ ❞❛ ❝❛r❣❛ sã♦ ❞❛❞❛s ♣♦r v∗b ✱ v
∗

b ❡ v∗c ✱ ❡♥tã♦ ❛s t❡♥sõ❡s ❞❡ ♣♦❧♦

♣♦❞❡ r❡❢❡rê♥❝✐❛ ♣♦❞❡♠ s❡r ❡s❝r✐t❛s ❝♦♠♦✿

v∗a0 = v∗an + v∗n0 ✭✹✳✽✮

v∗b0 = v∗bn + v∗n0 ✭✹✳✾✮

v∗c0 = v∗cn + v∗n0 ✭✹✳✶✵✮

❈♦♠♦ ♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦ ❛♣r❡s❡♥t❛ ❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦ D ✐❣✉❛❧ ❛ 0.5 ❡♥tã♦ v∗a0 = 0✱

❡♥tã♦ ❛s ❡q✉❛çõ❡s ♣♦❞❡♠ s❡r r❡❡s❝r✐t❛s ❝♦♠♦✿

v∗a0 = 0 ✭✹✳✶✶✮

v∗b0 = v∗bn − v∗an ✭✹✳✶✷✮

v∗c0 = v∗an − v∗an ✭✹✳✶✸✮

❯♠❛ ✈❡③ q✉❡ ❛s t❡♥sõ❡s ❞❡ ♣ó❧♦ ❞❡ r❡❢❡rê♥❝✐❛ ❢♦r❛♠ ❞❡t❡r♠✐♥❛❞❛s ✭✹✳✶✶✮✲✭✹✳✶✸✮✳ ❆s

❧❛r❣✉r❛s ❞❡ ♣✉❧s♦ τa✱ τb ❡ τc sã♦ ❝❛❧❝✉❧❛❞❛s ✉s❛♥❞♦✿

τa =
T

2
✭✹✳✶✹✮



❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✻✼

τb =
T

2
+

T

E
v∗b0 ✭✹✳✶✺✮

τc =
T

2
+

T

E
v∗c0 ✭✹✳✶✻✮

❆s ❧❛r❣✉r❛s ❞❡ ♣✉❧s♦s ✭τa✱ τb ❡ τc✮ sã♦ ✉s❛❞❛s ♣❡❧♦ s✐st❡♠❛ ❞❡ ❝♦♥tr♦❧❡ ❞✐❣✐t❛❧ ♣❛r❛ ❣❡r❛r

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

❣❡r❛❞♦s ♣❡❧❛ ❝♦♠♣❛r❛çã♦ ❞❛s t❡♥sõ❡s ❞❡ ♣ó❧♦ ❞❡ r❡❢❡rê♥❝✐❛ ❝♦♠ ✉♠ s✐♥❛❧ tr✐❛♥❣✉❧❛r ❞❡ ❛❧t❛

❢r❡qüê♥❝✐❛✳

✹✳✷✳✶ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦

❆ s❡❣✉✐r s❡rã♦ ❛♣r❡s❡♥t❛❞♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦s ❞♦✐s ❝♦♥✈❡rs♦r❡s ♣r♦♣♦st♦s✱ ❛

✜♠ ❞❡ q✉❡ s❡❥❛ ♦❜s❡r✈❛❞♦ ♦ ❝♦♥tr♦❧❡ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛✳ ◆❛s ❋✐❣s✳ ✹✳✶✶✱ ✹✳✶✷✱ ✹✳✶✸✱ ✹✳✶✹✱

✹✳✶✺ ❡ ✹✳✶✻ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦ ❝♦♥✈❡rs♦r ♣r♦♣♦st♦ ❝♦♠ ❡ s❡♠

❛❝♦♣❧❛♠❡♥t♦✳ ❖s ♣❛râ♠❡tr♦s ❣❧♦❜❛✐s ❢♦r❛♠✿

• ❋r❡qüê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✿ 10kHz❀

• ❚❡♥sã♦ ❞❡ r❡❞❡✱ Vi✱ 60Hz✿ 100V ❀

• ❊s♣❡❝✐✜❝❛çã♦ ❞❛ ✐♥❞✉tâ♥❝✐❛ ❞❡ ❞✐s♣❡rsã♦✿ 1mH❀

• ❮♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✿ m = 0.9❀

• ❋r❡qüê♥❝✐❛ ❞❛ t❡♥sã♦ ♥❛ ❝❛r❣❛✿ 60Hz✳

• ❈❛r❣❛✿ R = 10Ω ❡ L = 20mH✳

◆❛ ❋✐❣✳ ✹✳✶✶ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ à ❝♦rr❡♥t❡ ♥❛ ❝❛r❣❛ ❡ ♦ ❝♦♥tr♦❧❡ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛

✭❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛✮ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ✭❋✐❣✳ ✹✳✶✶✭❛✮✮

❡ s❡♠ ✭❋✐❣✳ ✹✳✶✶✭❜✮✮ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳ P♦❞❡✲s❡ ♣❡r❝❡❜❡r q✉❡ ♥❛s ❞✉❛s ❝♦♥✜❣✉r❛çõ❡s

❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ s❡❣✉❡ ❛ t❡♥sã♦ s❡♥♦✐❞❛❧ ❞❡ ❧✐♥❤❛✱ ♣♦ré♠ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ❝♦♠

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

❝♦♥✜❣✉r❛çã♦ s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

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

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



❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✻✽

◆❛s ❋✐❣✳ ✹✳✶✸ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ❞❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛

♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ✭❋✐❣✳ ✹✳✶✸✭❛✮✮ ❡ s❡♠ ✭❋✐❣✳ ✹✳✶✸✭❜✮✮ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

P♦❞❡✲s❡ ♣❡r❝❡❜❡r q✉❡ ❛ ❝♦♥✜❣✉r❛çã♦ q✉❡ ✉t✐❧✐③❛ ✐♥❞✉t♦r❡s ❝♦♠ ❛❝♦♣❧❛♠❡♥t♦ ♣♦ss✉✐ ✉♠❛

♠❡♥♦r ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛✳ ✳

❏á ♥❛ ❋✐❣✳ ✹✳✶✹ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ❞❛s ❝♦rr❡t❡s ❞❡ s❛í❞❛

♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ✭❋✐❣✳ ✹✳✶✹✭❛✮✮ ❡ s❡♠ ✭❋✐❣✳ ✹✳✶✹✭❜✮✮ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✱

♦❜s❡r✈❛♠♦s q✉❡ ♦s r❡s✉❧t❛❞♦s sã♦ ❜❡♠ ♣ró①✐♠♦s ♣❛r❛ ❛♠❜♦s ♦s ❝❛s♦s✳ ◆❛ ❋✐❣✳ ✹✳✶✺ é ♦❜s❡r✲

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

❛❝♦♣❧❛❞♦s ❛♣r❡s❡♥t❛ ✉♠ ♠❛✐♦r ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛✳ ◆❛ ❋✐❣✳ ✹✳✶✻ é ♦❜s❡r✈❛❞♦ ❛s ♣❡r❞❛s ❞❡

❝♦♥❞✉çã♦ ❡ ❝❤❛✈❡❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ♣❛r❛ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦

✜①❛ ❡♠ E = 200V ✳

✹✳✷✳✷ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s

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

t✐❧❤❛❞♦ ❢♦✐ ✐♠♣❧❡♠❡♥t❛❞❛ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✳ ❖s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❢♦r❛♠ ♦❜t✐❞♦s

❝♦♠ ♦s s❡❣✉✐♥t❡s ♣❛râ♠❡tr♦s ❡ ❝♦♥❞✐çõ❡s✿

• ❋r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✿ 8kHz❀

• ❚❡♥sã♦ ❞❡ r❡❞❡✱ Vi✱ 60Hz✿ 100V ❀

• ❊s♣❡❝✐✜❝❛çã♦ ❞❛ ✐♥❞✉tâ♥❝✐❛ ❞❡ ❞✐s♣❡rsã♦✿ 400µH❀

• ❮♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✿ m = 0.9❀

• ❋r❡q✉ê♥❝✐❛ ❞❛ t❡♥sã♦ ♥❛ ❝❛r❣❛✿ 60Hz✳

• ❈❛r❣❛✿ R = 25Ω ❡ L = 5mH✳

◆❡st❡s t❡st❡s ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ■●❇❚s ❡ ❞✐♦❞♦s rá♣✐❞♦s✳ ◆❛ ❋✐❣✉r❛ ✹✳✶✼ ❛♣r❡s❡♥t❛ ♦s r❡✲

s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞♦ ❝♦♥✈❡rs♦r ♣r♦♣♦st♦s✳ ◆❛ ❋✐❣✳ ✹✳✶✼✭❛✮ ♣♦❞❡♠♦s ♦❜s❡r✈❛r ♦ ❝♦♥tr♦❧❡

❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ✭❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛✮ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛

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

♣❡r❝❡❜❡r q✉❡ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡stá ❡♠ ❢❛s❡ ❝♦♠ ❛ t❡♥sã♦✳ ❏á ♥❛ ❋✐❣✳ ✹✳✶✼✭❜✮ ♣♦❞❡♠ s❡r
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♦❜s❡r✈❛❞❛s ❛s ❝♦rr❡♥t❡s ♥❛ ❝❛r❣❛✳ ◆❛s ❋✐❣s✳ ✹✳✶✼✭❝✮ ❡ ✹✳✶✼✭❞✮ ♠♦str❛♠✲s❡✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱

❛s t❡♥sõ❡s ❞❡ ♣ó❧♦ ❡ ❛s t❡♥sõ❡s ❡♥tr❡ ❛s ❢❛s❡s ❡ ♦ ♥❡✉tr♦ ❞❛ ❝❛r❣❛✳ P♦r ✜♠✱ ♥❛ ❋✐❣✳ ✹✳✶✼✭❡✮ ❡

❡①✐❜✐❞♦ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✳
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❡♥tr❛❞❛ ❡♠ ✉♠❛ ❞❛s ❢❛s❡s ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ s❡♠ ♠♦❞✉❧❛çã♦
♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦ ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s ❝♦♠ í♥❞✐❝❡ ❞❡
♠♦❞✉❧❛çã♦ ♠❂0.9✳



❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✼✶

0.9 0.92 0.94 0.96 0.98 1
0

100

200

300

400

Time (s)

0.9 0.92 0.94 0.96 0.98 1
−20

−10

0

10

20

Time (s)

✭❛✮ ❈♦♠ ✐♥❞✉t♦r ❛❝♦♣❧❛❞♦✳

0.9 0.92 0.94 0.96 0.98 1
0

100

200

300

400

Time (s)

0.9 0.92 0.94 0.96 0.98 1
−10

−5

0

5

10

Time (s)

✭❜✮ ❙❡♠ ✐♥❞✉t♦r ❛❝♦♣❧❛❞♦✳

❋✐❣✉r❛ ✹✳✶✷✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞❛ ❝♦rr❡♥t❡ ♥♦s ✐♥❞✉t♦r❡s ❡ ❛ t❡♥sã♦ ♥♦ ❜❛r❛✲
♠❡♥t♦ ❈❈ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ ✸▲ ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s s❡♠
♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦✳

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

5

10

15

20

Índice de Modulação

T
H

D
(%

)

✭❛✮ ❈♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

10

20

30

40

50

60

Índice de Modulação

T
H

D
(%

)

✭❜✮ ❙❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

❋✐❣✉r❛ ✹✳✶✸✿ ❉✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ✭❚❍❉✮ ❞❛s ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ❡♠ ❢✉♥çã♦
❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ❡ s❡♠ ✐♥✲
❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

5

10

15

20

25

Índice de Modulação

T
H

D
(%

)

✭❛✮ ❈♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

5

10

15

20

25

Índice de Modulação

T
H

D
(%

)

✭❜✮ ❙❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

❋✐❣✉r❛ ✹✳✶✹✿ ❉✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ✭❚❍❉✮ ❞❛s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛ ❡♠ ❢✉♥çã♦ ❞♦
í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r❡s
❛❝♦♣❧❛❞♦s✳



❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✼✷

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

0.2

0.4

0.6

0.8

1

Índice de Modulação

F
at

or
 d

e 
P

ot
ên

ci
a

✭❛✮ ❈♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

0.2

0.4

0.6

0.8

1

Índice de Modulação

F
at

or
 d

e 
P

ot
ên

ci
a

✭❜✮ ❙❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

❋✐❣✉r❛ ✹✳✶✺✿ ❋❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ♣❛r❛ ❛ ❝♦♥✜❣✉✲
r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

10

20

30

40

50

60

 

 

Perdas de Condução
Perdas de Chaveamento

✭❛✮ ❈♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

5

10

15

20

25

30

35

 

 

Perdas de Condução
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❋✐❣✉r❛ ✹✳✶✻✿ P❡r❞❛s ❞❡ ❝♦♥❞✉çã♦ ❡ ❝❤❛✈❡❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦
♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳
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✭❛✮ ❚❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛✿ 60Hz✳ ✭❜✮ ❈♦rr❡♥t❡s ♥❛ ❝❛r❣❛✳
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❋✐❣✉r❛ ✹✳✶✼✿ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❛ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛✱ ❝♦rr❡♥t❡s ❞❡
❝❛r❣❛✱ t❡♥sõ❡s ❞❡ ♣ó❧♦✱ t❡♥sõ❡s ❡♥tr❡ ❛s ❢❛s❡s ❡ ♦ ♥❡✉t♦ ❡ ❛ t❡♥sã♦ ♥♦
❜❛rr❛♠❡♥t♦ ❈❈ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ✉t✐❧✐③❛♥❞♦ ✐♥❞✉t♦r❡s ❝♦♠
❛❝♦♣❧❛♠❡♥t♦ ❡ s❡♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦✳



❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✼✹

✹✳✸ ❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ✉t✐❧✐③❛♥❞♦ r❡t✐✲

✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠✲

♣♦♥❡♥t❡s

❖s ❝♦♥✈❡rs♦r❡s ❝♦♥✈❡♥❝✐♦♥❛✐s ❞❡ ❞♦✐s ♥í✈❡✐s ❝♦♠ ❝♦rr❡çã♦ ❞❡ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ✭❈❋P✮

q✉❛♥❞♦ sã♦ s✉❜♠❡t✐❞♦s ❛ ❛❧t❛ ♣♦tê♥❝✐❛ ❞❡✈❡ s❡r ✉t✐❧✐③❛❞♦ ❝❤❛✈❡s ♠❛✐s ❝❛r❛s q✉❡ sã♦ ❝❛♣❛③❡s

❞❡ s✉♣♦rt❛r ❡str❡ss❡s ❞❡ ❛❧t❛ t❡♥sã♦ ❡ ❛❧t❛ ❝♦rr❡♥t❡✳ P❛r❛ r❡❞✉③✐r ♦ ❡str❡ss❡ ❞❡ ♣♦tê♥❝✐❛ ♥♦s

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

q✉❛❧✐❞❛❞❡ ❞❛ ❢♦r♠❛ ❞❡ ♦♥❞❛ ❞❡ t❡♥sã♦ ❡ r❡❞✉③✐r ❛s ✐♥t❡r❢❡rê♥❝✐❛s ❡❧❡tr♦♠❛❣♥ét✐❝❛s ❣❡r❛❞❛s✱

r❡t✐✜❝❛❞♦r❡s ♠✉❧t✐♥í✈❡✐s t❡♠ s✐❞♦ ✉t✐❧✐③❛❞♦s ✭❘♦❞rí❣✉❡③✱ ▲❛✐ ❡ P❡♥❣✱ ✷✵✵✷✮✳ ❊♥tr❡t❛♥t♦ ❡❧❡s

✉t✐❧✐③❛♠ ✉♠ ❣r❛♥❞❡ ♥ú♠❡r♦ ❞❡ ❝❤❛✈❡s ♠❡s♠♦ ❡♠ ❛❧❣✉♠❛s s♦❧✉çõ❡s ❝♦♠ ♦ ♥✉♠❡r♦ r❡❞✉③✐❞♦

❞❡ ❝♦♠♣♦♥❡♥t❡s ✭▲✐♥ ❡ ❨❛♥❣✱ ✷✵✵✺✮✳

❯♠ r❡t✐✜❝❛❞♦r tr✐❢ás✐❝♦ ❞❡ três ♥í✈❡✐s ◆P❈ ❝♦♥✈❡♥❝✐♦♥❛❧ ♣♦ss✉✐ q✉❛tr♦ ❝❤❛✈❡s ❝♦♠ s❡✉s

r❡s♣❡❝t✐✈♦s ❞✐♦❞♦s ❡♠ ❛♥t✐♣❛r❛❧❡❧♦✱ ♣❡r♠✐t✐♥❞♦ ❞❡ss❛ ❢♦r♠❛ ♦ ✢✉①♦ ❜✐❞✐r❡❝✐♦♥❛❧ ❞❡ ♣♦tê♥❝✐❛✱

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

t♦♣♦❧♦❣✐❛ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞❛ ♥❛ ❋✐❣✉r❛ ✹✳✶✽✳ ❆ t❡♥sã♦ ❞❡ ♣ó❧♦ ♣♦❞❡ ❛ss✉♠✐r três ✈❛❧♦r❡s ❊✴✷✱

✲❊✴✷ ♦✉ ✵✱ ♣❛r❛ q✉❡ ❛ t❡♥sã♦ ❞❡ ♣ó❧♦ ✭v10✮ s❡❥❛ ❊✴✷ ♦✉ ✲❊✴✷✱ ❞❡♣❡♥❞❡♥❞♦ ❞♦ s❡♥t✐❞♦ ❞❡ss❛

❝♦rr❡♥t❡✱ ❛ ❝♦♥❞✉çã♦ s❡ ❞❛rá ♦✉ ♣♦r ❞♦✐s ✐♥t❡rr✉♣t♦r❡s ♦✉ ♣♦r s❡✉s ❞✐♦❞♦s ❡♠ ❛♥t✐✲♣❛r❛❧❡❧♦✳

P❛r❛ s❡ t❡r ♦ ♥í✈❡❧ ✵ ♥❛s t❡♥sõ❡s ❞❡ ♣ó❧♦✱ ✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ❞♦ s❡♥t✐❞♦ ❞❛ ❝♦rr❡♥t❡ ❞❡ ❢❛s❡✱

❛ ❝♦♥❞✉çã♦ s❡ ❞❛rá s❡♠♣r❡ ♣♦r ✉♠ ✐♥t❡rr✉♣t♦r ❡ ♣♦r ✉♠ ❞✐♦❞♦ ❞❡ ❣r❛♠♣❡❛♠❡♥t♦✳ ❆ss✐♠✱ ♦

❝❛♠✐♥❤♦ q✉❡ ❝❛❞❛ ❝♦rr❡♥t❡ ❞❡ ❢❛s❡ ♣❡r❝♦rr❡ ❡♥tr❡ ❛ ❢♦♥t❡ ❊ ❡ ❛ ❝❛r❣❛ ♣❛ss❛ ♦❜r✐❣❛t♦r✐❛♠❡♥t❡

♣♦r ❞♦✐s ❞✐s♣♦s✐t✐✈♦s s❡♠✐❝♦♥❞✉t♦r❡s✳ ■st♦ ✐♠♣❧✐❝❛ ❡♠ ✉♠ ❛✉♠❡♥t♦ ❝♦♥s✐❞❡rá✈❡❧ ♥❛s ♣❡r❞❛s

❞❡ ❝♦♥❞✉çã♦ ♣❛r❛ ❡st❛ ❡str✉t✉r❛ ❞❡ r❡t✐✜❝❛❞♦r ❝♦♠♣❛r❛❞❛ ❝♦♠ ❛ ❡str✉t✉r❛ ❞❡ ❞♦✐s ♥í✈❡✐s

❝♦♥✈❡♥❝✐♦♥❛❧✳ ❆ ✉t✐❧✐③❛çã♦ ❞❡ t♦♣♦❧♦❣✐❛s ♠✉❧t✐♥í✈❡✐s ❝♦♠ ✉♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦✲

♥❡♥t❡s✱ ◆❘❈ ✭❇r❛❣✇❛t ❡ ❙t❡❢❛♥♦✈✐❝✱ ✶✾✽✸✮✱ ♣♦ss✐❜✐❧✐t❛ ❛ r❡❞✉çã♦ ❞♦s ❝✉st♦s ❡ ❞❛s ♣❡r❞❛s ❡♠

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

❆ ❡str✉t✉r❛ ❡st✉❞❛❞❛ é ❞❡r✐✈❛❞❛ ❞♦ r❡t✐✜❝❛❞♦r ❞❡ ❞♦✐s ♥í✈❡✐s ❝♦♠ ❛ ✐♥❝❧✉sã♦ ❞❡ ✉♠❛ ❝é❧✉❧❛

❝♦♠ ❞✐s♣♦s✐t✐✈♦s s❡♠✐❝♦♥❞✉t♦r❡s ❧✐❣❛❞❛s ❛♦ ♣♦♥t♦ ❝❡♥tr❛❧ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ t❡r♠✐♥❛❧ ✬♦✬✱

❝♦♠♦ ♠♦str❛ ❛ ❋✐❣✳ ✹✳✶✾✳

❉❛s três ♣♦ss✐❜✐❧✐❞❛❞❡s ❞❡ ❝♦♥❡①ã♦ ❞♦s ❞✐s♣♦s✐t✐✈♦s q✉❡ ❝♦♠♣õ❡♠ ❛s ❝é❧✉❧❛s ❞❡ ❝❛❞❛ ❢❛s❡✱

❛ ❞❛ ❋✐❣✳ ✹✳✷✵✭❛✮ ❢♦✐ ❡st✉❞❛❞❛ ❡♠ ✭❩❤❛♦✱ ▲✐ ❡ ❚✳❆✳✱ ✶✾✾✺✮✱ ❛ ❞❛ ❋✐❣✳ ✹✳✷✵✭❜✮ ❢♦✐ ❡st✉❞❛❞❛



❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✼✺
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Célula

❋✐❣✉r❛ ✹✳✶✾✿ ❘❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ❝♦♠ ✉♠❛ ❝é❧✉❧❛ ❝♦♥❡❝t❛❞❛ ❛♦ ♣♦♥t♦ ♥❡✉tr♦
❞❛ ❢♦♥t❡✳

❡♠ ✭❑♦❧❛r ❡ ❩❛❝❤✱ ✶✾✾✼✮ ❡ ❛ ❞❛ ❋✐❣✳ ✹✳✷✵✭❝✮ ❢♦✐ ❡st✉❞❛❞❛ ❡♠ ✭❙❛❧♠♦♥✱ ✷✵✵✶✮ ♣❛r❛ ❛♣❧✐❝❛çõ❡s

❡♠ ❝♦♥✈❡rs♦r❡s ❞♦ t✐♣♦ ❜♦♦st✳
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✭❝✮

❋✐❣✉r❛ ✹✳✷✵✿ ❖♣çõ❡s ❞❡ ♠ó❞✉❧♦✳

◗✉❛♥❞♦ ❝♦♠❜✐♥❛❞♦ ❝♦♠ ❛s ❝♦♥✜❣✉r❛çõ❡s ❞❡ ❝é❧✉❧❛s ❞❛s ❋✐❣s✳ ✹✳✷✵✭❛✮ ❡ ✹✳✷✵✭❝✮ ♦❜t❡♠♦s

❛ ❡str✉t✉r❛ ❞❛ ❋✐❣✳ ✹✳✷✶ q✉❡ ❣❡r❛rá ✉♠❛ ♠❡♥♦r q✉❛♥t✐❞❛❞❡ t♦t❛❧ ❞❡ ♣❡r❞❛s ❞❡ ❝♦♥❞✉çã♦ ❞♦

q✉❡ ❛ ❡str✉t✉r❛ ❞❡ três ♥í✈❡✐s ❞❛ ❋✐❣✳ ✹✳✶✽✱ ✉♠❛ ✈❡③ q✉❡ ❛♣❡♥❛s ✉♠✱ ❡ ♥ã♦ ❞♦✐s ❞✐s♣♦s✐t✐✈♦s

s❡♠✐❝♦♥❞✉t♦r❡s ✭Sx1/Dx1 ♦✉ Sx2/Dx2✮✱ ❝♦♥❞✉③ ❛ ❝♦rr❡♥t❡ ♥❛ ❢❛s❡ ♣❛r❛ ♦s ❝❛s♦s ❡♠ q✉❡ ❛

t❡♥sã♦ ❞❡ ♣ó❧♦ é ✐❣✉❛❧ ❛ ❊✴✷ ♦✉ ✲❊✴✷✳ P❛r❛ q✉❡ ❛ t❡♥sã♦ ❞❡ ♣ó❧♦ s❡❥❛ ✐❣✉❛❧ ❛ ✵✱ ✐♥❞❡♣❡♥❞❡♥✲

t❡♠❡♥t❡ ❞♦ s❡♥t✐❞♦ ❞❛ ❝♦rr❡♥t❡ ❞❡ ❢❛s❡✱ ❛ ❝♦♥❞✉çã♦ s❡ ❞❛rá s❡♠♣r❡ ♣♦r ✉♠ ✐♥t❡rr✉♣t♦r ❡ ♣♦r



❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✼✻

✉♠ ❞✐♦❞♦ ✭Sx3/Dx3 ♦✉ Sx4/Dx4 ♣❛r❛ ❛ ❋✐❣✳ ✹✳✷✵✭❛✮ ❡ Sx3/Dx4 ♦✉ Sx4/Dx3 ♣❛r❛ ❛ ❋✐❣✳ ✹✳✷✵✭❝✮✳

◆ã♦ ❤á ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛s ♣❡r❞❛s ❞❡ ❝♦♥❞✉çã♦ ❞❛s ❞✉❛s t♦♣♦❧♦❣✐❛s✱ ♥❡st❡ ❝❛s♦✳ ❊♠❜♦r❛ ❛

❝♦♥✜❣✉r❛çã♦ ❞❛ ❋✐❣✳ ✹✳✷✵✭❜✮ t❡♥❤❛ ✉♠ ✐♥t❡rr✉♣t♦r ❛ ♠❡♥♦s✱ ❡❧❛ ♣♦ss✉✐ ❞♦✐s ❞✐♦❞♦s ❛ ♠❛✐s✱ ♦

q✉❡ ❧❡✈❛ ❛ ✉♠ ❛✉♠❡♥t♦ ♥❛s ♣❡r❞❛s ❞❡ ❝♦♥❞✉çã♦ q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛ ❝♦♠ ❛s ♦✉tr❛s ❞✉❛s ❝♦♥✲

✜❣✉r❛çõ❡s ❞❡ ❝é❧✉❧❛s✳ ❆ ❝♦♥✜❣✉r❛çã♦ ❞❛ ❋✐❣✳ ✹✳✷✵✭❝✮ t❡♠✱ ❛✐♥❞❛✱ ❛ ✈❛♥t❛❣❡♠ ❞❡ ♥❡❝❡ss✐t❛r ❞❡

❛♣❡♥❛s ✉♠ ❞r✐✈❡r ♣❛r❛ ❝♦♠❛♥❞❛r ♦s ❞♦✐s ✐♥t❡rr✉♣t♦r❡s ✭❏ú♥✐♦r✱ ✷✵✵✺✮✳ P♦rt❛♥t♦✱ ❛ t♦♣♦❧♦❣✐❛

❞❡ r❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ❝♦♠ ❛ ♦♣çã♦ ❞❡ ❝é❧✉❧❛ ♠♦str❛❞❛ ♥❛ ❋✐❣✳ ✹✳✷✵✭❝✮ ❢♦✐ ❡s❝♦❧❤✐❞❛

❡ ❛♥❛❧✐s❛❞❛✳ ❖s ♠♦❞♦s ❞❡ ♦♣❡r❛çã♦ ❞❡ ✉♠ ❜r❛ç♦ ♣❛r❛ ❛ ♦❜t❡♥çã♦ ❞♦s três ♥í✈❡✐s ❞❡ t❡♥sã♦

✭✲❊✴✷✱ ✵✱ ❊✴✷✮ sã♦ ✐♥❞✐❝❛❞♦s ♥❛ ❋✐❣✳ ✹✳✷✷✳ ◆❡ss❛ ✜❣✉r❛✱ Sx3 r❡♣r❡s❡♥t❛ ♦s ✐♥t❡rr✉♣t♦r❡s Sx3

❡ Sx4 ♣r❡s❡♥t❡s ♥❛ ❝♦♥✜❣✉r❛çã♦ ❞❛ ❋✐❣✳ ✹✳✷✵✭❝✮✳
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2
q

1
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nV

+

+

+

-

-

-
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3
q

3
q

4
q

5
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❋✐❣✉r❛ ✹✳✷✶✿ ❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ✉t✐❧✐③❛♥❞♦ r❡t✐✜❝❛❞♦r três ♥í✈❡✐s
❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s

◆❡st❛ ❡str❛té❣✐❛ ♦ ❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦ d1 = tP/Ts ❡ d2 = tN/T sã♦ ✐❣✉❛✐s ❛ ❞ ♠❛s ❛♣❧✐❝❛❞♦s

✶✽✵ ❣r❛✉s ❞❡❢❛s❛❞♦s✳ ❖ ✢✉①♦ ❞❡ ♣♦tê♥❝✐❛ é ❝♦♥tr♦❧❛❞♦ ♣❡❧♦ d✳

❖ ♣r♦❝❡❞✐♠❡♥t♦ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛ ♦♥❞❛ r❡s✉❧t❛♥t❡ ❡♠ ✉♠ ❝✐❝❧♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ ✐♥t❡✐r❛ é

❞✐✈✐❞✐❞❛ ❡♠ ❞✉❛s r❡❣✐õ❡s ✭❋✐❣✳ ✹✳✷✸✮ ❞❡❧✐♠✐t❛❞❛s ❞♦ s❡❣✉✐♥t❡ ♠♦❞♦✳

❖ ❝♦♠♣r✐♠❡♥t♦ ❧✐♠✐t❡ ❡♥tr❡ ❛s r❡❣✐õ❡s ✶ ❡ ✷ é r❡s✉♠✐❞♦ ❝♦♠♦✿

dcond = d+ ddesmag = 1/2 ✭✹✳✶✼✮

❖♥❞❡ dcond é ❛ ♣❛rt❡ ❞♦ ♣❡rí♦❞♦ ❡♠ q✉❡ ♦ ✐♥❞✉t♦r ❝♦♥❞✉③✱ ❡ ddesmag é ❛ ♣❛rt❡ ❞❡ ❞❡s✲

♠❛❣♥❡t✐③❛çã♦ ❞❡ dcond ✭❇❡♥t♦✱ ❞❡ ❆❧♠❡✐❞❛✱ ❖❧✐✈❡✐r❛✱ ❞❛ ❙✐❧✈❛ ❡ ❏❛❝♦❜✐♥❛✱ ✷✵✵✼✮ ❡ é ❞❛❞♦

♣♦r✿

ddesmag = d
vCa,b,c

E/2− vcfa,b,c
✭✹✳✶✽✮

❉✐❢❡r❡♥t❡♠❡♥t❡ ❞♦s ❝♦♥✈❡rs♦r❡s ❈❋P ❛♣r❡s❡♥t❛❞♦s ❛♥t❡r✐♦r♠❡♥t❡✱ ❝♦♠ ♦ ❝♦♥✈❡rs♦r ❞❡

❡♥tr❛❞❛ ❈❋P ◆❘❈ ♣♦❞❡♠♦s ♦❜t❡r ♦ ❝♦♥tr♦❧❡ ❞♦ ❜❛rr❛♠❡♥t♦ ✈❛r✐❛♥❞♦ ♦ ✈❛❧♦r ❞❡ d✳



❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✼✼
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✭❞✮

❋✐❣✉r❛ ✹✳✷✷✿ ▼♦❞♦s ❞❡ ♦♣❡r❛çã♦ ♣❛r❛ ♦ r❡t✐✜❝❛❞♦r ❈❋P ◆❘❈✿ ✭❛✮ r❡t✐✜❝❛❞♦r s❡♠
♦♣❡r❛çã♦❀ ✭❜✮ v10❂❊✴✷❀ ✭❝✮ v10❂✵❀ ✭❞✮ v10❂✲❊✴✷✳

❋✐❣✉r❛ ✹✳✷✸✿ ▼♦❞♦s ❞❡ ♦♣❡r❛çã♦ ❞❡ r❡t✐✜❝❛❞♦r ❈❋P



❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✼✽

❆ss✐♠ ♣♦❞❡ s❡ ♦❜t❡r ♦ ❝♦♥tr♦❧❡ ❞❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ♣❛r❛ ✉♠❛ ✈❛r✐❛çã♦ ❞❛ ❝❛r❣❛

❝♦♠ ❛ ✐♥tr♦❞✉çã♦ ❞❡ ✉♠ ❝♦♥tr♦❧❡ ❛tr❛✈és ❞❡ r❡❛❧✐♠❡♥t❛çã♦✳ P❛r❛ ❡st❛ ❡str❛té❣✐❛ ❛❞♦t♦✉✲s❡

❛ ✐♥s❡rçã♦ ❞❡ ✉♠ ❝♦♥tr♦❧❛❞♦r P■✱ ❋✐❣✳ ✹✳✷✹✱ ♦♥❞❡ ♦ ✈❛❧♦r ❞❡ ❞ ✭❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦✮ ♠✉❞❛ ❛

♣❛rt✐r ❞♦ ❡rr♦ ❞❡ t❡♥sã♦ ❡♥tr❡ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❡ ✉♠❛ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛✳

RS
-

c

+E*

E

ΔE d

❋✐❣✉r❛ ✹✳✷✹✿ ❉✐❛❣r❛♠❛ ❞❡ ❝♦♥tr♦❧❡

❙❡ ❛s t❡♥sõ❡s ❞❡ r❡❢❡rê♥❝✐❛ ❞❛ ❝❛r❣❛ sã♦ ❞❛❞❛s ♣♦r v∗a✱ v
∗

b ❡ v∗c ✱ ❡♥tã♦ ❛s t❡♥sõ❡s ❞❡ ♣♦❧♦

♣♦❞❡ r❡❢❡rê♥❝✐❛ ♣♦❞❡♠ s❡r ❡s❝r✐t❛s ❝♦♠♦✿

v∗a0 = v∗an + v∗n0 ✭✹✳✶✾✮

v∗b0 = v∗bn + v∗n0 ✭✹✳✷✵✮

v∗c0 = v∗cn + v∗n0 ✭✹✳✷✶✮

❈♦♠♦ ♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦ ❛♣r❡s❡♥t❛ t❡♥sã♦ ♠é❞✐❛ ✐❣✉❛❧ ❛ ③❡r♦ v∗a0 = 0✱ ❡♥tã♦ ❛s

❡q✉❛çõ❡s ♣♦❞❡♠ s❡r r❡❡s❝r✐t❛s ❝♦♠♦✿

v∗a0 = 0 ✭✹✳✷✷✮

v∗b0 = v∗bn − v∗an ✭✹✳✷✸✮

v∗c0 = v∗an − v∗an ✭✹✳✷✹✮

❯♠❛ ✈❡③ q✉❡ ❛s t❡♥sõ❡s ❞❡ ♣ó❧♦ ❞❡ r❡❢❡rê♥❝✐❛ ❢♦r❛♠ ❞❡t❡r♠✐♥❛❞❛s ✭✹✳✷✷✮✲✭✹✳✷✹✮✳ ❆s

❧❛r❣✉r❛s ❞❡ ♣✉❧s♦ τb ❡ τc sã♦ ❝❛❧❝✉❧❛❞❛s ✉s❛♥❞♦

τb =
T

2
+

T

E
v∗b0 ✭✹✳✷✺✮

τc =
T

2
+

T

E
v∗c0 ✭✹✳✷✻✮



❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✼✾

✹✳✸✳✶ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦

❆ s❡❣✉✐r s❡rã♦ ❛♣r❡s❡♥t❛❞♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦s ❞♦✐s ❝♦♥✈❡rs♦r❡s ♣r♦♣♦st♦s✱ ❛

✜♠ ❞❡ q✉❡ s❡❥❛ ♦❜s❡r✈❛❞♦ ♦ ❝♦♥tr♦❧❡ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛✳ ◆❛s ❋✐❣s✳ ✹✳✷✺✱ ✹✳✷✻✱ ✹✳✷✽✱ ✹✳✷✼✱

✹✳✷✾✱ ✹✳✸✵✱ ✹✳✸✶ ❡ ✹✳✸✷ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦ ❝♦♥✈❡rs♦r ♣r♦♣♦st♦

❝♦♠ ❡ s❡♠ ❛❝♦♣❧❛♠❡♥t♦✳ ❖s ♣❛râ♠❡tr♦s ❣❧♦❜❛✐s ❢♦r❛♠✿

• ❋r❡qüê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✿ 10kHz❀

• ❚❡♥sã♦ ❞❡ r❡❞❡✱ Vi✱ 60Hz✿ 100❀

• ❊s♣❡❝✐✜❝❛çã♦ ❞❛ ✐♥❞✉tâ♥❝✐❛ ❞❡ ❞✐s♣❡rsã♦✿ 1mH❀

• ❈✐❝❧♦ ❞❡ tr❛❜❛❧❤♦ ✭d✮✿ d = 0.4❀

• ❋r❡qüê♥❝✐❛ ❞❛ t❡♥sã♦ ♥❛ ❝❛r❣❛✿ 60Hz✳

• ❈❛r❣❛✿ R = 10Ω ❡ L = 20mH✳

◆❛ ❋✐❣✳ ✹✳✷✺ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ à ❝♦rr❡♥t❡ ♥❛ ❝❛r❣❛ ❡ ♦ ❝♦♥tr♦❧❡ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛

✭❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛✮ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ✭❋✐❣✳ ✹✳✷✺✭❛✮✮

❡ s❡♠ ✭❋✐❣✳ ✹✳✷✺✭❜✮✮ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳ P♦❞❡✲s❡ ♣❡r❝❡❜❡r q✉❡ ♥❛s ❞✉❛s ❝♦♥✜❣✉r❛çõ❡s ❛

❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ s❡❣✉❡ ❛ t❡♥sã♦ s❡♥♦✐❞❛❧ ❞❡ ❢❛s❡✱ ♣♦ré♠ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ❝♦♠ ✐♥❞✉t♦r❡s

❛❝♦♣❧❛❞♦s ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ♣♦ss✉✐ ♠❡♥♦s ♦♥❞✉❧❛çã♦ ❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ❛ ❝♦♥✜❣✉r❛çã♦

s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

◆❛ ❋✐❣✳ ✹✳✷✻ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ❛ ❝♦rr❡♥t❡ ♥♦s ✐♥❞✉t♦r❡s ❡ t❡♥sã♦ t♦t❛❧ ♥♦ ❜❛r❛♠❡♥t♦

❈❈ ✭Vc1 + Vc2✮ ❡ ❛ t❡♥sã♦ s♦❜r❡ ✉♠ ❞♦s ❝❛♣❛❝✐t♦r❡s ✭Vc1✮ ♣❛r❛ ❛s ❝♦♥✜❣✉r❛çõ❡s ✉t✐❧✐③❛♥❞♦

✐♥❞✉t♦r❡s ❝♦♠ ❡ s❡♠ ❛❝♦♣❧❛♠❡♥t♦✳ ❏á ♥❛ ❋✐❣✳ ✹✳✷✽ é ♠♦str❛❞❛ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦

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

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

❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦✱ ❞✳

◆❛ ❋✐❣✳ ✹✳✷✼ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ❞❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛

♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ✭❋✐❣✳ ✹✳✷✼✭❛✮✮ ❡ s❡♠ ✭❋✐❣✳ ✹✳✷✼✭❛✮✮ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

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



❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✽✵

❤❛r♠ô♥✐❝❛ ❞❡❝r❡s❝❡ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✱ ❡♥q✉❛♥t♦ q✉❡ ♣❛r❛ ❝♦♥✜❣✉✲

r❛çã♦ ✉t✐❧✐③❛♥❞♦ ✐♥❞✉t♦r❡s s❡♠ ❛❝♦♣❧❛♠❡♥t♦ ❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ ❝r❡s❝❡ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞♦

í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✱ ❛ ❝♦♥✜❣✉r❛çã♦ ❝♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s ♣♦ss✉✐ ✉♠❛ ♠❡♥♦r ❞✐st♦rçã♦

❤❛r♠ô♥✐❝❛ q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛ ❝♦♠ ❛ ❝♦♥✜❣✉r❛çã♦ s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s ✳

❏á ♥❛ ❋✐❣✳ ✹✳✷✾ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ❞❛s ❝♦rr❡t❡s ❞❡ s❛í❞❛ ♣❛r❛

❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ✭❋✐❣✳ ✹✳✷✾✭❛✮✮ ❡ s❡♠ ✭❋✐❣✳ ✹✳✷✾✭❜✮✮ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳ ◆❛

❋✐❣✳ ✹✳✸✵ é ♦❜s❡r✈❛❞♦ ♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✱ ❛ ❝♦♥✜❣✉r❛çã♦

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

◆❛ ❋✐❣✳ ✹✳✸✶ ♦❜s❡r✈❛♠♦s ❛ ❛çã♦ ❞♦ ❝♦♥tr♦❧❡ ❞❛ t❡♥sã♦ ♥♦ ❜❛rr❛♠❡♥t♦ ♣❛r❛ ✉♠❛ ✈❛r✐❛çã♦

♥❛ ❝❛r❣❛✳ ❋♦✐ ✉t✐❧✐③❛❞♦ ✉♠❛ t❡♥sã♦ ❞❡ ❜❛rr❛♠❡♥t♦✱ E✱ ❞❡ r❡❢❡rê♥❝✐❛ ✐❣✉❛❧ ❛ 250V ✱ ✐♥✐❝✐❛❧♠❡♥t❡

❛ ❝❛r❣❛ ❢♦✐ ✜①❛❞❛ ❡♠ R = 20Ω✳ ❊♠ t = 0.8 ❛ ❝❛r❣❛ ❢♦✐ ❛❧t❡r❛❞❛ ♣❛r❛ R = 10Ω✱ ❢♦✐ ✈❡r✐✜❝❛❞♦

q✉❡ ❛ t❡♥sã♦ ♥♦ ❜❛rr❛♠❡♥t♦ ♣❡r♠❛♥❡❝❡✉ ❝♦♥st❛♥t❡ ♠❡s♠♦ ❝♦♠ ❛ ✈❛r✐❛çã♦ ❞❛ ❝❛r❣❛✳

◆❛ ❋✐❣✳ ✹✳✸✷ é ♦❜s❡r✈❛❞♦ ❛s ♣❡r❞❛s ❞❡ ❝♦♥❞✉çã♦ ❡ ❝❤❛✈❡❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡

♠♦❞✉❧❛çã♦ ♣❛r❛ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ✜①❛ ❡♠ E = 200V ✳

✹✳✸✳✷ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s

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

t✐❧❤❛❞♦ ❢♦✐ ✐♠♣❧❡♠❡♥t❛❞❛ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✳ ❖s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❢♦r❛♠ ♦❜t✐❞♦s

❝♦♠ ♦s s❡❣✉✐♥t❡s ♣❛râ♠❡tr♦s ❡ ❝♦♥❞✐çõ❡s✿

• ❋r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✿ 8kHz❀

• ❚❡♥sã♦ ❞❡ r❡❞❡✱ Vi✱ 60Hz✿ 100V ❀

• ❊s♣❡❝✐✜❝❛çã♦ ❞❛ ✐♥❞✉tâ♥❝✐❛ ❞❡ ❞✐s♣❡rsã♦✿ 1mH❀

• ❮♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✿ m = 0.9❀

• ❈✐❝❧♦ ❞❡ tr❛❜❛❧❤♦ ✭d✮✿ d = 0.4❀

• ❋r❡q✉ê♥❝✐❛ ❞❛ t❡♥sã♦ ♥❛ ❝❛r❣❛✿ 60Hz✳

• ❈❛r❣❛✿ R = 25Ω ❡ L = 7mH✳



❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✽✶

◆❡st❡s t❡st❡s ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ■●❇❚s ❡ ❞✐♦❞♦s rá♣✐❞♦s✳ ◆❛ ❋✐❣✉r❛ ✹✳✸✸ ❛♣r❡s❡♥t❛ ♦s r❡✲

s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞♦ ❝♦♥✈❡rs♦r ♣r♦♣♦st♦s✳ ◆❛ ❋✐❣✳ ✹✳✸✸✭❛✮ ♣♦❞❡♠♦s ♦❜s❡r✈❛r ♦ ❝♦♥tr♦❧❡

❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ✭❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛✮ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛

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

♣❡r❝❡❜❡r q✉❡ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡stá ❡♠ ❢❛s❡ ❝♦♠ ❛ t❡♥sã♦✳ ❏á ♥❛ ❋✐❣✳ ✹✳✸✸✭❜✮ ♣♦❞❡♠

s❡r ♦❜s❡r✈❛❞❛s ❛s ❝♦rr❡♥t❡s ♥❛ ❝❛r❣❛✳ ◆❛ ❋✐❣✳ ✹✳✸✸✭❝✮ ❛s t❡♥sõ❡s ❞❡ ♣ó❧♦✳ P♦r ✜♠✱ ♥❛s ❋✐❣s✳

✹✳✸✸✭❞✮ ❡ ✹✳✸✸✭❡✮ ♠♦str❛♠✲s❡✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ♣❛r❛ ♦ ❝✐❝❧♦ ❞❡

tr❛❜❛❧❤♦ d = 0.4 ❡ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❝✐❝❧♦s ❞❡ tr❛❜❛❧❤♦✳

✹✳✹ ❈♦♥❝❧✉sõ❡s

◆❡st❡ ❝❛♣ít✉❧♦ ❢♦r❛♠ ♣r♦♣♦st♦s ❞♦✐s ❝♦♥✈❡rs♦r❡s ❈❆✲❈❆ tr✐❢ás✐❝♦✲tr✐❢ás✐❝♦ ❝♦♠ ♦ ♦❜❥❡✲

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

❞♦ ❝♦♥✈❡rs♦r✳ ❋♦✐ ❡st✉❞❛❞♦ ♦ ❝♦♥✈❡rs♦r ❈❆✲❈❆ tr✐❢ás✐❝♦✲tr✐❢ás✐❝♦ ✉t✐❧✐③❛♥❞♦ ❝♦♠♦ ❡♥tr❛❞❛

✉♠ ❝♦♥✈❡rs♦r ❞❡ ❞♦✐s ♥í✈❡✐s✱ ❢♦r❛s ❛♣r❡s❡♥t❛❞❛s ❞✉❛s ❡str❛té❣✐❛s ❞❡ ❝♦♠❛♥❞♦✱ ❛ ♣r✐♠❡✐r❛ ♥ã♦

❛♣❧✐❝❛ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦ ❡ ❛ s❡❣✉♥❞❛ ❛♣❧✐❝❛ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛r✲

t✐❧❤❛❞♦✳ ❚❛♠❜é♠ ❡st✉❞❛❞♦ ♦ ❝♦♥✈❡rs♦r ❈❆✲❈❆ tr✐❢ás✐❝♦✲tr✐❢ás✐❝♦ ✉t✐❧✐③❛♥❞♦ ❝♦♠♦ ❡♥tr❛❞❛

✉♠ ❝♦♥✈❡rs♦r ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ❞✐❢❡r❡♥t❡♠❡♥t❡ ❞❛ ❝♦♥✜❣✲

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

♦❜t❡r ♦ ❝♦♥tr♦❧❡ ❞♦ ❜❛rr❛♠❡♥t♦ ✉t✐❧✐③❛♥❞♦ ✉♠ ❈♦♥tr♦❧❛❞♦r P■✳ ❋♦✐ ✈❡r✐✜❝❛❞♦ q✉❡ ❛ ❡str❛té❣✐❛

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

♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦ ♣♦ss✉✐ ♦ ♠❛✐♦r ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❡ ✉♠❛ ♠❡♥♦r ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛

t♦t❛❧✳ ❖s ❡st✉❞♦s ♣r♦♣♦st♦s ❢♦r❛♠ ✈❛❧✐❞❛❞♦s ❛ ♣❛rt✐r ❞❡ r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çõ❡s ❡ ❡①♣❡r✐✲

♠❡♥t❛✐s



❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✽✷
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✭❜✮ ❙❡♠ ✐♥❞✉t♦r ❛❝♦♣❧❛❞♦✳

❋✐❣✉r❛ ✹✳✷✺✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞❛ ❝♦rr❡♥t❡ ♥❛ ❝❛r❣❛✱ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡
❡♥tr❛❞❛ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ s❡♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠✲
♣❛rt✐❧❤❛❞♦ ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s ❝♦♠ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦
♠❂0.9✳



❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✽✸

0.9 0.92 0.94 0.96 0.98 1
0

200

400
450 V

c1
 + V

c2

V
c1

Time (s)

0.9 0.92 0.94 0.96 0.98 1
−20

−10

0

10

20

Time (s)

✭❛✮ ❈♦♠ ✐♥❞✉t♦r ❛❝♦♣❧❛❞♦✳

0.9 0.92 0.94 0.96 0.98 1
0

200

400
450

V
c1

 + V
c2

V
c1

Time (s)

0.9 0.92 0.94 0.96 0.98 1
−5

−2.5

0

2.5

5

Time (s)

✭❜✮ ❙❡♠ ✐♥❞✉t♦r ❛❝♦♣❧❛❞♦✳

❋✐❣✉r❛ ✹✳✷✻✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞❛ ❝♦rr❡♥t❡ ♥♦s ✐♥❞✉t♦r❡s ❡ t❡♥sã♦ t♦t❛❧ ♥♦
❜❛r❛♠❡♥t♦ ❈❈ ✭Vc1 + Vc2✮ ❡ ❛ t❡♥sã♦ s♦❜r❡ ✉♠ ❞♦s ❝❛♣❛❝✐t♦r❡s ✭Vc1✮
♣❛r❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s s❡♠ ♠♦❞✲
✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦✳

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

5

10

15

20

25

30

35

40

Índice de Modulação

T
H

D
(%

)

✭❛✮ ❈♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

10

20

30

40

50

60

Índice de Modulação

T
H

D
(%

)

✭❜✮ ❙❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

❋✐❣✉r❛ ✹✳✷✼✿ ❉✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ✭❚❍❉✮ ❞❛s ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ❡♠ ❢✉♥çã♦
❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ❡ s❡♠ ✐♥✲
❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

0.1 0.15 0.2 0.25 0.3 0.35 0.4
0

50

100

150

200

250

300

350

400

Ciclo de trabalho

T
en

sã
o 

no
 b

ar
ra

m
en

to
 C

C

✭❛✮ ❈♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

0.1 0.15 0.2 0.25 0.3 0.35 0.4
0

50

100

150

200

250

300

350

400

Ciclo de trabalho

T
en

sã
o 

no
 b

ar
ra

m
en

to
 C

C

✭❜✮ ❙❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

❋✐❣✉r❛ ✹✳✷✽✿ ❚❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❡♠ ❢✉♥çã♦ ❞♦ ❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦✱ ❞✱ ♣❛r❛ ❛
❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳



❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✽✹

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

5

10

15

20

Índice de Modulação

T
H

D
(%

)

✭❛✮ ❈♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

5

10

15

20

Índice de Modulação

T
H

D
(%

)

✭❜✮ ❙❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

❋✐❣✉r❛ ✹✳✷✾✿ ❉✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ✭❚❍❉✮ ❞❛s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛ ❡♠ ❢✉♥çã♦ ❞♦
í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r❡s
❛❝♦♣❧❛❞♦s✳

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

0.2

0.4

0.6

0.8

1

Índice de Modulação

F
at

or
 d

e 
P

ot
ên

ci
a

✭❛✮ ❈♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

0.2

0.4

0.6

0.8

1

Índice de Modulação

F
at

or
 d

e 
P

ot
ên

ci
a

✭❜✮ ❙❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

❋✐❣✉r❛ ✹✳✸✵✿ ❋❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ♣❛r❛ ❛ ❝♦♥✜❣✉✲
r❛çã♦ ♣r♦♣♦st❛ ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳



❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✽✺

0.7 0.75 0.8 0.85 0.9 0.95 1
0

100
200
300

Tensão do Barramento CC

0.7 0.75 0.8 0.85 0.9 0.95 1
−10
−5

0
5

10
Correntes na carga

0.7 0.75 0.8 0.85 0.9 0.95 1
−5

0

5
Correntes de entrada

❋✐❣✉r❛ ✹✳✸✶✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞❛ t❡♥sã♦ ♥♦ ❜❛rr❛♠❡♥t♦✱ ❝♦rr❡♥t❡ ♥❛ ❝❛r❣❛
❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ s❡♠ ♠♦❞✉❧❛çã♦ ♥♦
❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦ ❝♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s ❡ ✉t✐❧✐③❛♥❞♦ ♦ ❝♦♥tr♦✲
❧❛❞♦r P■

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

10

20

30

40

50

60

 

 

Perdas de Condução
Perdas de Chaveamento

✭❛✮ ❈♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

5

10

15

20

25

30

35

 

 

Perdas de Condução
Perdas de Chaveamento

✭❜✮ ❙❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳

❋✐❣✉r❛ ✹✳✸✷✿ P❡r❞❛s ❞❡ ❝♦♥❞✉çã♦ ❡ ❝❤❛✈❡❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦
♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ❝♦♠ ❡ s❡♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s✳



❈♦♥✈❡rs♦r ❈❆✲❈❆ ❚r✐❢ás✐❝♦✲❚r✐❢ás✐❝♦ ❝♦♠ ❈♦♥tr♦❧❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛ ✽✻

✭❛✮ ❚❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛✿ 60Hz✳ ✭❜✮ ❈♦rr❡♥t❡s ♥❛ ❝❛r❣❛✳

✭❝✮ ❚❡♥sõ❡s ❞❡ ♣ó❧♦✳ ✭❞✮ ❚❡♥sã♦ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈✳

✭❡✮ ❚❡♥sã♦ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈ ♣❛r❛ ❞✐❢❡r❡♥t❡s
✈❛❧♦r❡s ❞♦ ❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦ ❞✳

❋✐❣✉r❛ ✹✳✸✸✿ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❛ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛✱ ❝♦rr❡♥t❡s
❞❡ ❝❛r❣❛✱ t❡♥sõ❡s ❞❡ ♣ó❧♦✱ ❛ t❡♥sã♦ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❡ ❛ t❡♥sã♦ ♥♦
❜❛rr❛♠❡♥t♦ ❈❈ ♣❛r❛ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞♦ ❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦ ❞ ♣❛r❛ ❝♦♥✲
✜❣✉r❛çã♦ ♣r♦♣♦st❛ ✉t✐❧✐③❛♥❞♦ ✐♥❞✉t♦r❡s ❝♦♠ ❛❝♦♣❧❛♠❡♥t♦ ❡ s❡♠ ♠♦❞✲
✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦✳



5
❈♦♥❝❧✉sõ❡s ❡ ❚r❛❜❛❧❤♦s ❋✉t✉r♦s

✺✳✶ ❈♦♥❝❧✉sõ❡s

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

✉♠ ❛❧t♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❡ ❢♦r♠❛ ❞❡ ♦♥❞❛ s❡♥♦✐❞❛❧ ♣❛r❛ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛✳ ❋♦r❛♠ ❢❡✐t♦s

❡st✉❞♦s ❞♦ q✉❡ ❤❛✈✐❛ ♥❛ ❧✐t❡r❛t✉r❛ té❝♥✐❝❛ s♦❜r❡ ♦s ❛ss✉♥t♦s ♣❡rt✐♥❡♥t❡s ❛♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦

❞❛s t♦♣♦❧♦❣✐❛s s✉❣❡r✐❞❛s✱ ❝♦♠ ❛ ✜♥❛❧✐❞❛❞❡ ❞❡ r❡❞✉③✐r ❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ ❡ ♠❡❧❤♦r✐❛ ❞♦

❢❛t♦r ❞❡ ♣♦tê♥❝✐❛✳

■♥✐❝✐❛❧♠❡♥t❡ ❢♦✐ ❛♣r❡s❡♥t❛❞❛ ✉♠❛ r❡✈✐sã♦ ❜✐❜❧✐♦❣rá✜❝❛ q✉❡ ❛❜r❛♥❣❡✉ ♦s ❝♦♥✈❡rs♦r❡s ❈❆✲

❈❆ ❡st✉❞❛❞♦s✳ ❋♦r❛♠ ❛❜♦r❞❛❞♦s tr❛❜❛❧❤♦s q✉❡ ❡①♣❧♦r❛✈❛♠ ❛s t♦♣♦❧♦❣✐❛s ❡ ❜✉s❝❛✈❛♠ s♦❧✉✲

❝✐♦♥❛r ♦s ♣r♦❜❧❡♠❛s ❛♣r❡s❡♥t❛❞♦s✳ ◆❡st❡ s❡♥t✐❞♦✱ ❢♦✐ ❡sq✉❡♠❛t✐③❛❞♦✱ ❞❡ ❢♦r♠❛ ❣❡r❛❧✱ ❛s

❞✐❢❡r❡♥t❡s t♦♣♦❧♦❣✐❛s ✉t✐❧✐③❛❞❛s ♥❡st❡ tr❛❜❛❧❤♦✳ ❚❛♠❜é♠ ❢♦r❛♠ ❡①♣♦st❛s ❛s ✜♥❛❧✐❞❛❞❡s ❡ ❛

❜❛s❡ ❞❡ss❡s ❝♦♥✈❡rs♦r❡s s✉♣r❛ ❝✐♠❛ ❝✐t❛❞❛s✳

❆❜♦r❞❛♠♦s t❡✈❡ ❝♦♠♦ t❡♠❛ três ❝♦♥✈❡rs♦r❡s ♠♦♥♦❢ás✐❝♦s ❈❆✲❈❆ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ s❡

♦❜t❡r ✉♠ ❛❧t♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❡ r❡❞✉çã♦ ❞❛ ♦♥❞✉❧❛çã♦ ♥❛ ❝♦rr❡♥t❡ ♥❛ ❡♥tr❛❞❛ ❞♦ ❝♦♥✈❡rs♦r✳

❋♦✐ ❡①♣❧♦r❛❞♦ ♦ ♠♦❞❡❧♦✱ ❡str❛té❣✐❛ P❲▼ ❡ ♦ ♣r♦❥❡t♦ ❞♦s ✐♥❞✉t♦r❡s✳ P❡r❝❡❜❡♠♦s q✉❡ t♦❞❛s

❛s t♦♣♦❧♦❣✐❛s ❛♣r❡s❡♥t❛❞❛s ❛♣r❡s❡♥t❛r❛♠ s❛t✐s❢❛tór✐❛s ♣♦ss✉✐♥❞♦ ✉♠ ❛❧t♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛

❡ ✉♠❛ ♠❡♥♦r ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛s ❝♦♠ ❛s t♦♣♦❧♦❣✐❛s q✉❡ ✉t✐❧✐③❛r❛♠

✐♥❞✉t♦r❡s s❡♠ ❛❝♦♣❧❛♠❡♥t♦✳

❚❛♠❜é♠ ❢♦✐ ❛❜♦r❞❛❞♦ ✉♠ ❝♦♥✈❡rs♦r ❈❆✲❈❆ ♠♦♥♦❢ás✐❝♦✲tr✐❢ás✐❝♦ ❝♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛✲

✽✼



❈♦♥❝❧✉sõ❡s ❡ ❚r❛❜❛❧❤♦s ❋✉t✉r♦s ✽✽

❞♦s ✉t✐❧✐③❛♥❞♦ ✉♠ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦ ❝♦♠ ❛ ❡♥tr❛❞❛ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ s❡ ♦❜t❡r ✉♠ ❛❧t♦

❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❡ r❡❞✉çã♦ ❞❛ ♦♥❞✉❧❛çã♦ ♥❛ ❝♦rr❡♥t❡ ♥❛ ❡♥tr❛❞❛ ❞♦ ❝♦♥✈❡rs♦r✳ ❋♦✐ ❡①♣❧♦✲

r❛❞♦ ♦ ♠♦❞❡❧♦ ❡ ❛ ❡str❛té❣✐❛ P❲▼ ♣❛r❛ ❛s ❝♦♥✜❣✉r❛çõ❡s ❝♦♠ ❡ s❡♠ ♠♦❞✉❧❛çã♦ s❡♥♦✐❞❛❧

♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦✳ ❋♦✐ ✈❡r✐✜❝❛❞♦ q✉❡ ❛ ❡str❛té❣✐❛ s❡♠ ♠♦❞✉❧❛çã♦ ♥♦ ❜r❛ç♦ ❝♦♠♣❛r✲

t✐❧❤❛❞♦ ❡ ❝♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s ♣♦ss✉✐ ♦ ♠❛✐♦r ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❡ ✉♠❛ ♠❡♥♦r ❞✐st♦rçã♦

❤❛r♠ô♥✐❝❛ t♦t❛❧ ❡ q✉❡ ❛s ❝♦♥✜❣✉r❛çõ❡s ❝♦♠ ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s ❛♣r❡s❡♥t❛♠ ✉♠ ♠❛✐♦r ❢❛t♦r

❞❡ ♣♦t❡♥❝✐❛ ❡ ✉♠❛ ♠❡♥♦r ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ ♥❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛✳ P♦r ✜♠ ❢♦✐ ♣r♦♣♦st♦

✉♠ ❝♦♥✈❡rs♦r ❈❆✲❈❆ ♠♦♥♦❢ás✐❝♦✲tr✐❢ás✐❝♦ ✉t✐❧✐③❛♥❞♦ ❝♦♠♦ ❡♥tr❛❞❛ ✉♠ r❡t✐✜❝❛❞♦r ❞❡ três

♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s✱ ❢♦✐ ❞❡♠♦♥str❛❞♦ q✉❡ ♣♦❞❡♠♦s ♦❜t❡r ♦ ❝♦♥tr♦❧❡

❞♦ ❜❛rr❛♠❡♥t♦ ✉t✐❧✐③❛♥❞♦ ✉♠ ❈♦♥tr♦❧❛❞♦r P■✳

P♦r ✜♠ ❢♦r❛♠ ❡①♣❧♦r❛❞♦s ❞♦✐s ❝♦♥✈❡rs♦r❡s ❈❆✲❈❆ tr✐❢ás✐❝♦✲tr✐❢ás✐❝♦ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ s❡

♦❜t❡r ✉♠ ❛❧t♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❡ r❡❞✉çã♦ ❞❛ ♦♥❞✉❧❛çã♦ ♥❛ ❝♦rr❡♥t❡ ♥❛ ❡♥tr❛❞❛ ❞♦ ❝♦♥✈❡rs♦r✳

❋♦✐ ❡st✉❞♦ ♦ ♠♦❞❡❧♦ ❡ ❛ ❡str❛té❣✐❛ P❲▼ ♣❛r❛ ❛s ❝♦♥✜❣✉r❛çõ❡s ❝♦♠ ❡ s❡♠ ♠♦❞✉❧❛çã♦ s❡♥♦✐❞❛❧

♥♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦✳ ❋♦✐ ✈❡r✐✜❝❛❞♦ ❛s ❞✐st♦rçõ❡s ❤❛r♠ô♥✐❝❛s ❞❛s ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ❡

s❛í❞❛✱ ♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❡ ❛s ♣❡r❞❛s ♣❛r❛ ♦s ❝♦♥✈❡rs♦r❡s ❛♣r❡s❡♥t❛❞♦s✳ ❋♦✐ ♠♦str❛❞♦ q✉❡

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

♥í✈❡✐s ◆❘❈ ♦❜t✐❞♦ ❛ ♣❛rt✐r ❞❡ ✉♠❛ ♠♦❞✐✜❝❛çã♦ ❞♦ ❝♦♥✈❡rs♦r ❞❡ ♥❛❜❛❡✳

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

❤♦r❡s r❡s✉❧t❛❞♦s q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦s ❝♦♠ ❛s ❝♦♥✜❣✉r❛çõ❡s ✉t✐❧✐③❛♥❞♦ ✐♥❞✉t♦r❡s s❡♠ ❛❝♦♣❧❛✲

♠❡♥t♦✳ ❆s ❝♦♥✜❣✉r❛çõ❡s ✉t✐❧✐③❛♥❞♦ ♠♦❞✉❧❛çã♦ s❡♥♦✐❞❛❧ ❞♦ ❜r❛ç♦ ❝♦♠♣❛rt✐❧❤❛❞♦ ♥ã♦ ❛♣✲

r❡s❡♥t❛r❛♠ r❡s✉❧t❛❞♦s s❛t✐s❢❛tór✐♦s✱ ♣♦ss✉✐♥❞♦ ✉♠❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❝♦♠ ✉♠ ❡❧❡✈❛❞❛

❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧✳ ❋♦✐ ❞❡♠♦str❛❞♦ q✉❡ ♣♦❞❡ s❡ ♦❜t❡r ♦ ❝♦♥tr♦❧❡ ❞❛ t❡♥sã♦ ♥♦ ❜❛rr❛✲

♠❡♥t♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥✜❣✉r❛çã♦ ❝♦♠ ✉♠ r❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡

❝♦♠♣♦♥❡♥t❡s✳

✺✳✷ ❚r❛❜❛❧❤♦s ❋✉t✉r♦s

❆ s❡❣✉✐r sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ♣r♦♣♦st❛s ❞❡ tr❛❜❛❧❤♦s ❢✉t✉r♦s r❡❢❡r❡♥t❡s ❛s ❝♦♥✜❣✉r❛çõ❡s

❡♠♣r❡❣❛❞❛s ♥❡st❡ t❡①t♦✳

• ❱❡r✐✜❝❛r q✉❛✐s sã♦ ♦s ❧✐♠✐t❡s ❞❡ ♦♣❡r❛çã♦ ❞❛s ❝♦♥✜❣✉r❛çõ❡s ❡st✉❞❛❞❛s✱ ❡♠ t❡r♠♦s ❞❡



❈♦♥❝❧✉sõ❡s ❡ ❚r❛❜❛❧❤♦s ❋✉t✉r♦s ✽✾

❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❡ ♣♦tê♥❝✐❛❀

• Pr♦♣♦r ♠♦❞✐✜❝❛çõ❡s ♥❛s t♦♣♦❧♦❣✐❛s ♣❛r❛ s❡ ♦❜t❡r r❡✈❡rs✐❜✐❧✐❞❛❞❡ ❞❡ ♣♦tê♥❝✐❛❀

• ❘❡❛❧✐③❛r ♦ ❡st✉❞♦ ❞❡ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❡ ❝♦♥str✉çã♦ ❞♦s ✐♥❞✉t♦r❡s ❛❝♦♣❧❛❞♦s ♣❛r❛ ❛s

❝♦♥✜❣✉r❛çõ❡s tr✐❢ás✐❝❛s✳



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s

❇❡❧❧❛r✱ ▼✳❀ ◆❡t♦✱ ❏✳❀ ❘♦❧✐♠✱ ▲✳❀ ❋❡r♥❛♥❞❡s✱ ❘✳❀ ❆r❡❞❡s✱ ▼✳ ❡ ❞❛ ❙✐❧✈❛ ▼♦t❤❡✱ ❆✳ ✭✷✵✵✺✮

❚♦♣♦❧♦❣② s❡❧❡❝t✐♦♥ ♦❢ ❛❝ ♠♦t♦r ❞r✐✈❡ s②st❡♠s ✇✐t❤ s♦❢t✲st❛rt✐♥❣ ❢♦r r✉r❛❧ ❛♣♣❧✐❝❛t✐♦♥s✱

Pr♦❝✳ ■❊❊❊ P❊❙❈✱ ♣♣✳ ✷✻✾✽✕✷✼✵✹✳

❇❡♥t♦✱ ❆✳❀ ❞❡ ❆❧♠❡✐❞❛✱ ❑✳❀ ❖❧✐✈❡✐r❛✱ ❏✳❀ ❞❛ ❙✐❧✈❛✱ ❊✳ ❡ ❏❛❝♦❜✐♥❛✱ ❈✳ ✭✷✵✵✼✮ ❆ ❤✐❣❤ ♣♦✇❡r

❢❛❝t♦r t❤r❡❡✲♣❤❛s❡ t❤r❡❡✲❧❡✈❡❧ r❡❝t✐✜❡r✱ P♦✇❡r ❊❧❡❝tr♦♥✐❝s ❙♣❡❝✐❛❧✐sts ❈♦♥❢❡r❡♥❝❡✱ ✷✵✵✼✳

P❊❙❈ ✷✵✵✼✳ ■❊❊❊✱ ♣♣✳ ✸✵✹✵✕✸✵✹✺✳

❇❧❛❛❜❥❡r❣✱ ❋✳❀ ◆❡❛❝s✉✱ ❉✳ ❡ P❡❞❡rs❡♥✱ ❏✳ ✭✶✾✾✾✮ ❆❞❛♣t✐✈❡ s✈♠ t♦ ❝♦♠♣❡♥s❛t❡ ❞❝✲❧✐♥❦ ✈♦❧t❛❣❡

r✐♣♣❧❡ ❢♦r ❢♦✉r✲s✇✐t❝❤ t❤r❡❡✲♣❤❛s❡ ✈♦❧t❛❣❡✲s♦✉r❝❡ ✐♥✈❡rt❡rs✱ ■❊❊❊ ❚r❛♥s✳ P♦✇❡r ❊❧❡❝tr♦♥✳✱

✶✹✭✹✮✿✼✹✸✕✼✺✷✳

❇❧❛s❦♦✱ ❱✳ ✭✶✾✾✻✮ ❆♥❛❧②s✐s ♦❢ ❛ ❤②❜r✐❞ ♣✇♠ ❜❛s❡❞ ♦♥ ♠♦❞✐✜❡❞ s♣❛❝❡✲✈❡❝t♦r ❛♥❞ tr✐❛♥❣❧❡✲

❝♦♠♣❛r✐s♦♥ ♠❡t❤♦❞s✱ ■❊❊❊ ❚r❛♥s✳ ■♥❞✱ ❆♣♣❧✐❝❛t✳✱ ✸✸✿✼✺✻✕✼✻✹✳

❇r❛❣✇❛t✱ P✳ ❡ ❙t❡❢❛♥♦✈✐❝✱ ❱✳ ✭✶✾✽✸✮ ●❡♥❡r❛❧✐③❡❞ str✉❝t✉r❡ ♦❢ ❛ ♠✉❧t✐❧❡✈❡❧ ♣✇♠ ✐♥✈❡rt❡rs✱

■❊❊❊ ❚r❛♥s✳ ♦♥ ■♥❞✉str② ❆♣♣❧✐❝❛t✐♦♥s✱ ♣♣✳ ✶✵✺✼✕✶✵✻✾✳

❉❛ ❙✐❧✈❛✱ ❊✳❀ ❉♦s ❙❛♥t♦s✱ ❊✳❀ ▲❛❝❡r❞❛✱ ❆✳❀ ❆③❡✈❡❞♦✱ ❋✳ ❡ ❏❛❝♦❜✐♥❛✱ ❈✳ ✭✷✵✶✵✮ ❈♦✉♣❧❡❞✲

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

✈❛r✐❛❜❧❡ ♦✉t♣✉t ❢r❡q✉❡♥❝②✱ ■❊❊❊ ❊♥❡r❣② ❈♦♥✈❡rs✐♦♥ ❈♦♥❣r❡ss ❛♥❞ ❊①♣♦s✐t✐♦♥ ✭❊❈❈❊✮✱

♣♣✳ ✶✼✽✻✕✶✼✾✷✳
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