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

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

❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s
P♦rt❛s

▲♦✉❡❧s♦♥ ❆❢r❛♥✐♦ ▲❡✉❣✐r❞❡s ❞❡ ❆③❡✈❡❞♦ ❈❛✈❛❧❝❛♥t✐ ❈♦st❛

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

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

▼♦♥t✐ê ❆❧✈❡s ❱✐t♦r✐♥♦

❈❛♠♣✐♥❛ ●r❛♥❞❡✱ P❛r❛í❜❛✱ ❇r❛s✐❧

❝©▲♦✉❡❧s♦♥ ❆❢r❛♥✐♦ ▲❡✉❣✐r❞❡s ❞❡ ❆③❡✈❡❞♦ ❈❛✈❛❧❝❛♥t✐ ❈♦st❛✱ ❋❡✈❡r❡✐r♦ ❞❡ ✷✵✶✻



❉✐ss❡rt❛çã♦ ❞❡ ▼❡str❛❞♦

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

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

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

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

tr✐❝❛✳

▲♦✉❡❧s♦♥ ❆❢r❛♥✐♦ ▲❡✉❣✐r❞❡s ❞❡ ❆③❡✈❡❞♦ ❈❛✈❛❧❝❛♥t✐ ❈♦st❛

❆❧✉♥♦

▼❛✉rí❝✐♦ ❇❡❧trã♦ ❞❡ ❘♦ss✐t❡r ❈♦rrê❛

❖r✐❡♥t❛❞♦r

▼♦♥t✐ê ❆❧✈❡s ❱✐t♦r✐♥♦

❖r✐❡♥t❛❞♦r

❈❛♠♣✐♥❛ ●r❛♥❞❡✱ P❛r❛í❜❛✱ ❇r❛s✐❧

❋❡✈❡r❡✐r♦ ❞❡ ✷✵✶✻
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❉❡❞✐❝♦ ❡st❡ tr❛❜❛❧❤♦ ❛♦s ♠❡✉s ♣❛✐s✱
▲♦✉r❞❡s ❡ ◆❡❧s♦♥✱ ❡ à ♠✐♥❤❛

❝♦♠♣❛♥❤❡✐r❛ ◆❛②❛r❛✳



✧❙❝✐❡♥❝❡ ✐s♥✬t ❛❜♦✉t ❲❍❨✳ ■t✬s ❛❜♦✉t ❲❍❨ ◆❖❚✳✧

❈❛✈❡ ❏♦❤♥s♦♥

✈



❘❡s✉♠♦

❊st❡ tr❛❜❛❧❤♦ ❛♣r❡s❡♥t❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ✉♠ ❈♦♥✈❡rs♦r ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s

P♦rt❛s✳ Pr✐♠❡✐r♦✱ ❛♣r❡s❡♥t❛♠✲s❡ ❛❧❣✉♠❛s ❛♣❧✐❝❛çõ❡s ♣❛r❛ ❛s q✉❛✐s ♦s ❝♦♥✈❡rs♦r❡s ♣♦❞❡♠ s❡r

✉t✐❧✐③❛❞♦s✳ ❯♠❛ ✈❡③ ❡st❛❜❡❧❡❝✐❞♦s ♦s ❝❡♥ár✐♦s✱ ❜✉s❝❛✲s❡ ✉♠ ❝♦♥✈❡rs♦r ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ q✉❡

s♦❧✉❝✐♦♥❡ ♦s ♣r♦❜❧❡♠❛s ❛♣r❡s❡♥t❛❞♦s✳ ❚r❛t❛♥❞♦ ❞❡ ✉♠ ❈♦♥✈❡rs♦r ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡✱ ❢❛③✲s❡

✉♠❛ r❡✈✐sã♦ s♦❜r❡ ❛ t♦♣♦❧♦❣✐❛ ❜ás✐❝❛ ♠♦♥♦❢ás✐❝❛ ❞❡ ✉♠ ❈♦♥✈❡rs♦r ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡✱ s❡♥❞♦

❢❡✐t♦ ♦ ♣❛r❛❧❡❧♦ ❝♦♠ ♦s ❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❚❡♥sã♦✳ ❊st✉❞❛♠✲s❡ ❛s ♣❛rt✐❝✉❧❛r✐❞❛❞❡s ❞❛

♠♦❞✉❧❛çã♦ P❲▼✱ t✐♣♦s ❞❡ ❝❤❛✈❡s✱ ❡ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦✳ ❊ss❛ ❡t❛♣❛ ❞♦ tr❛❜❛❧❤♦ s❡ ❡♥❝❡rr❛

❝♦♠ ♦ ❡st✉❞♦ ❞❡ ✉♠ ❈♦♥✈❡rs♦r ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ▼♦♥♦❢ás✐❝♦ ❡♠ ♠❛❧❤❛ ❢❡❝❤❛❞❛✳ ❆❜♦r❞❛✲s❡

t❛♠❜é♠ ❛ ❡✈♦❧✉çã♦ ❞♦s ❡st✉❞♦s ❞♦s ❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s✱

♣❛rt✐♥❞♦ ❞❛ t♦♣♦❧♦❣✐❛ ♠❛✐s s✐♠♣❧❡s✱ ♣❛ss❛♥❞♦ ♣♦r t♦♣♦❧♦❣✐❛s ✐♥t❡r♠❡❞✐ár✐❛s q✉❡ ❝♦♥tr✐❜✉í✲

r❛♠ ♣❛r❛ ♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞❡ss❡ t✐♣♦ ❞❡ ❝♦♥✈❡rs♦r✱ ❡ ❝❤❡❣❛♥❞♦ ❛♦ ❝♦♥✈❡rs♦r ♣r♦♣♦st♦ ♥❡st❡

tr❛❜❛❧❤♦✳ ❘❡s✉❧t❛❞♦s ♣♦r s✐♠✉❧❛çã♦ ❡ ❡①♣❡r✐♠❡♥t❛✐s✱ ❡♠ ♠❛❧❤❛ ❛❜❡rt❛✱ ✈❛❧✐❞❛♠ ❛s t♦♣♦❧♦✲

❣✐❛s ❡ ❡str❛té❣✐❛s P❲▼ ❛♣r❡s❡♥t❛❞❛s✳ P♦r ✜♠✱ ❢❛③✲s❡ ✉♠ ❛♣r♦❢✉♥❞❛♠❡♥t♦ s♦❜r❡ ♦ ❝♦♥✈❡rs♦r

♣r♦♣♦st♦✱ ✐♥s❡r✐♥❞♦✲♦ ❡♠ ✉♠ ❝❡♥ár✐♦ ❞❡ ■♥✈❡rs♦r ❞❡ ❋r❡q✉ê♥❝✐❛✱ ❡ ❛ ♣❛rt✐r ❞❡ ✉♠❛ ♠❛❧❤❛ ❞❡

❝♦♥tr♦❧❡ ❜ás✐❝❛✱ ♠❛s q✉❡ s❡r✈❡ ❞❡ ❜❛s❡ ♣❛r❛ ❛s ❞❡♠❛✐s ❛♣❧✐❝❛çõ❡s✱ ❛♣r❡s❡♥t❛♠✲s❡ r❡s✉❧t❛❞♦s

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

P❛❧❛✈r❛s✲❝❤❛✈❡✿ ❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡✱ ❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❚❡♥sã♦✱ ▼ú❧t✐✲

♣❧❛s P♦rt❛s✱ ❘❇■●❇❚✳

✈✐



❆❜str❛❝t

❚❤✐s ✇♦r❦ ♣r❡s❡♥ts t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ❛ ♥❡✇ ▼✉❧t✐♣♦rt ❈✉rr❡♥t ❙♦✉r❝❡ ❈♦♥✈❡rt❡r ✲ ▼P❈❙❈✳

❋✐rst✱ s♦♠❡ ❛♣♣❧✐❝❛t✐♦♥s ❢♦r t❤❡ ▼P❈❙❈s ❛r❡ ♣r❡s❡♥t❡❞✳ ❖♥❝❡ ❡st❛❜❧✐s❤❡❞ t❤❡ s❝❡♥❛r✐♦s✱ t❤❡

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

✇❡r❡ ♣r❡s❡♥t❡❞✳ ❙✐♥❝❡ t❤✐s ✇♦r❦s ♣r♦♣♦s❡s ❛ ♥❡✇ ❈✉rr❡♥t ❙♦✉r❝❡ ❈♦♥✈❡rt❡r✱ ❛ r❡✈✐❡✇ ♦❢ t❤❡

s✐♠♣❧❡st ❈✉rr❡♥t ❙♦✉r❝❡ t♦♣♦❧♦❣② ✐s ♣r❡s❡♥t❡❞✱ ❝♦♠♣❛r✐♥❣ ✐t ✇✐t❤ t❤❡ ❱♦❧t❛❣❡ ❙♦✉r❝❡ t♦♣♦❧✲

♦❣②✳ ❆ st✉❞② ♦❢ t❤❡ ♣❛rt✐❝✉❧❛r✐t✐❡s ♦❢ t❤❡ P❲▼ ♠♦❞✉❧❛t✐♦♥✱ t②♣❡s ♦❢ s✇✐t❝❤❡s✱ ❛♥❞ ❞❡s✐❣♥ ✐s

♣r❡s❡♥t❡❞✳ ❚❤✐s st❛❣❡ ❡♥❞s ✇✐t❤ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❛ s✐♥❣❧❡ ♣❤❛s❡ ❈✉rr❡♥t ❙♦✉r❝❡ ❈♦♥✲

✈❡rt❡r ♦♣❡r❛t✐♥❣ ✐♥ ❝❧♦s❡❞✲❧♦♦♣✳ ■t ❛❧s♦ ❞✐s❝✉ss❡s t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ st✉❞② ♦❢ t❤❡ ▼✉❧t✐♣♦rt

❈✉rr❡♥t ❙♦✉r❝❡ ❈♦♥✈❡rt❡rs✱ st❛rt✐♥❣ ❢r♦♠ t❤❡ s✐♠♣❧❡st t♦♣♦❧♦❣②✱ ❣♦✐♥❣ t❤r♦✉❣❤ ✐♥t❡r♠❡❞✐❛t❡

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

♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ✐♥ t❤✐s ✇♦r❦✳ ❙✐♠✉❧❛t✐♦♥ r❡s✉❧ts ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts✱ ✐♥ ♦♣❡♥ ❧♦♦♣✱

✈❛❧✐❞❛t❡ t❤❡ t♦♣♦❧♦❣✐❡s ❛♥❞ t❤❡ ♣r❡s❡♥t❡❞ P❲▼ str❛t❡❣✐❡s✳ ❋✐♥❛❧❧②✱ ❛ ♠♦r❡ ❞❡t❛✐❧❡❞ st✉❞②

♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ✐s ♣r❡s❡♥t❡❞✱ ❜② ♣r❡s❡♥t✐♥❣ ✐t ❛s ❛ ❋r❡q✉❡♥❝② ■♥✈❡rt❡r✳ ❙t❛rt✐♥❣

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

❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ❛r❡ ♣r❡s❡♥t❡❞ t♦ r❡✐♥❢♦r❝❡ ❞❡ ❝♦♥✈❡rt❡r ❢❡❛s✐❜✐❧✐t②✳
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■■✳✷ ❚r❛ç❛❞♦ ❞❛ ♣❧❛❝❛ ❞❡ ❝✐r❝✉✐t♦ ✐♠♣r❡ss♦ ❞❛ ♣❧❛❝❛ ❞❡ ♣♦tê♥❝✐❛ ❞♦ ❝♦♥✈❡rs♦r ▲q✷❝✳ ✶✶✷



▲✐st❛ ❞❡ ❙í♠❜♦❧♦s

∆Iccmax
✲ ❱❛r✐❛çã♦ ♠á①✐♠❛ ❞❡ ✉♠❛ ❝♦rr❡♥t❡ ❞❡ ✉♠ ❜❛rr❛♠❡♥t♦ ❈❈✳

ωca ✲ ❋r❡q✉ê♥❝✐❛ ❛♥❣✉❧❛r✱ ❡♠ ❘❛❞✐❛♥♦s ♣♦r s❡❣✉♥❞♦✱ ❞♦ ❧❛❞♦ ❈❆ ❞❡ ✉♠
❝♦♥✈❡rs♦r✳

ωg ✲ ❋r❡q✉ê♥❝✐❛ ❛♥❣✉❧❛r✱ ❡♠ ❘❛❞✐❛♥♦s ♣♦r s❡❣✉♥❞♦✱ ❞❛ ❘❡❞❡ ❊❧étr✐❝❛ ▼♦✲
♥♦❢ás✐❝❛✱ ♦✉ ❞❡ ✉♠ ❡♠✉❧❛❞♦r ❞❡ ❢♦♥t❡ ❈❆✳

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

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

φj, j = 1, 2 ✲ ❋❛s❡ ❞❡ ❞✉❛s ♠♦❞✉❧❛♥t❡s ❞✐st✐♥t❛s✳

b, b ✲ ❈♦♠❛♥❞♦ P❲▼ ❞❛s ❝❤❛✈❡s ✐♥❢❡r✐♦r❡s ✭❜♦tt♦♠✮ ❞❡ ✉♠ ❈❙❈✳

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

Cb ✲ ❈❛♣❛❝✐t♦r ❜❛s❡ ❞❡ ✉♠ ❝♦♥✈❡rs♦r✳

Ccc ✲ ❈❛♣❛❝✐t♦r ❞❡ ✉♠ ❜❛rr❛♠❡♥t♦ ❈❈✳

Cf ✲ ❈❛♣❛❝✐t♦r ❞❡ ✉♠ ✜❧tr♦ ❈❆✳

Cfd ✲ ❈❛♣❛❝✐t♦r ❞❡ ✉♠ ✜❧tr♦ ❈❆ ❞❡ ❡✐①♦ ❞✐r❡t♦✳

Cfq ✲ ❈❛♣❛❝✐t♦r ❞❡ ✉♠ ✜❧tr♦ ❈❆ ❞❡ ❡✐①♦ ❡♠ q✉❛❞r❛t✉r❛✳

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

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

①✈



▲✐st❛ ❞❡ ❙í♠❜♦❧♦s ①✈✐

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

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

fg ✲ ❋r❡q✉ê♥❝✐❛✱ ❡♠ ❍❡rt③ ✱❞❛ ❘❡❞❡ ❊❧étr✐❝❛ ▼♦♥♦❢ás✐❝❛✱ ♦✉ ❞❡ ✉♠ ❡♠✉✲
❧❛❞♦r ❞❡ ❢♦♥t❡ ❈❆✳

fj, j = 1, 2 ✲ ❋r❡q✉ê♥❝✐❛✱ ❡♠ ❍❡rt③✱ ❞❡ ❞✉❛s ♠♦❞✉❧❛♥t❡s ❞✐st✐♥t❛s✳

fl ✲ ❋r❡q✉ê♥❝✐❛ ♥♦♠✐♥❛❧✱ ❡♠ ❍❡rt③✱ ❞❡ ✉♠❛ ❝❛r❣❛ ✭❧♦❛❞✮ q✉❛❧q✉❡r✳

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

ibar ✲ ❈♦rr❡♥t❡ ❞❡ ✉♠ ❜❛rr❛♠❡♥t♦ ❈❈✳

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

Icc ✲ ❈♦rr❡♥t❡ ❞❡ ✉♠❛ ❢♦♥t❡ ❈❈✳

iCcc
✲ ❈♦rr❡♥t❡ ❞♦ ❝❛♣❛❝✐t♦r ❞❡ ✉♠ ❜❛rr❛♠❡♥t♦ ❈❈✳

iCf
✲ ❈♦rr❡♥t❡ ❞♦ ❝❛♣❛❝✐t♦r ❞❡ ✉♠ ✜❧tr♦ ❈❆✳

icpo ✲ ❈♦rr❡♥t❡ ❞❡ ❈♦♠♣❡♥s❛çã♦ ❞❛ P♦tê♥❝✐❛ ❖s❝✐❧❛tór✐❛✳

id ✲ ❈♦rr❡♥t❡ ❞❡ ❡✐①♦ ❞✐r❡t♦✳

if ✲ ❈♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ✭■♥✈❡rs♦r✮✱ ♦✉ ❞❡ s❛í❞❛ ✭❘❡t✐✜❝❛❞♦r✮✱ ❞❡ ✉♠ ✜❧tr♦
❈❆✳

ifap ✲ ❈♦rr❡♥t❡ ❝♦♠♣❡♥s❛❞♦r❛ ❞❡ ✉♠ ❋✐❧tr♦ ❆t✐✈♦ P❛r❛❧❡❧♦✳

ifas ✲ ❈♦rr❡♥t❡ ❝♦♠♣❡♥s❛❞♦r❛ ❞❡ ✉♠ ❋✐❧tr♦ ❆t✐✈♦ ❙ér✐❡✳

ifd ✲ ❈♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ✭■♥✈❡rs♦r✮✱ ♦✉ ❞❡ s❛í❞❛ ✭❘❡t✐✜❝❛❞♦r✮✱ ❞❡ ✉♠ ✜❧tr♦
❈❆ ❞❡ ❡✐①♦ ❞✐r❡t♦✳

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

ifq ✲ ❈♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ✭■♥✈❡rs♦r✮✱ ♦✉ ❞❡ s❛í❞❛ ✭❘❡t✐✜❝❛❞♦r✮✱ ❞❡ ✉♠ ✜❧tr♦
❈❆ ❞❡ ❡✐①♦ ❡♠ q✉❛❞r❛t✉r❛✳

ig ✲ ❈♦rr❡♥t❡ ❞❛ ❘❡❞❡ ❊❧étr✐❝❛ ▼♦♥♦❢ás✐❝❛✱ ♦✉ ❞❡ ✉♠❛ ❢♦♥t❡ ❈❆✳

il ✲ ❈♦rr❡♥t❡ ❞❡ ✉♠❛ ❝❛r❣❛ ✭❧♦❛❞✮ q✉❛❧q✉❡r✳



▲✐st❛ ❞❡ ❙í♠❜♦❧♦s ①✈✐✐

iq ✲ ❈♦rr❡♥t❡ ❞❡ ❡✐①♦ ❡♠ q✉❛❞r❛t✉r❛✳

l, l ✲ ❈♦♠❛♥❞♦ P❲▼ ❞♦ ❜r❛ç♦ ❡sq✉❡r❞♦ ✭❧❡❢t✮ ❞❡ ✉♠ ❱❙❈✳

Lcc ✲ ■♥❞✉t♦r ❞❡ ✉♠ ❜❛rr❛♠❡♥t♦ ❈❈✳

Ld ✲ ■♥❞✉t♦r ❞❡ ❡✐①♦ ❞✐r❡t♦✳

Lf ✲ ■♥❞✉t♦r ❞❡ ✉♠ ✜❧tr♦ ❈❆✳

Lq ✲ ■♥❞✉t♦r ❞❡ ❡✐①♦ ❡♠ q✉❛❞r❛t✉r❛✳

m, m ✲ ❈♦♠❛♥❞♦ P❲▼ ❞❛s ❝❤❛✈❡s ❝❡♥tr❛✐s ✭♠✐❞❞❧❡✮ ❞❡ ✉♠ ❈❙❈✳

mf ✲ ❘❡❧❛çã♦ ❡♥tr❡ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ✉♠❛ ♣♦rt❛❞♦r❛ tr✐❛♥❣✉❧❛r✱ ❡ ❛ ❢r❡q✉ê♥✲
❝✐❛ ❞❡ ✉♠ s✐♥❛❧ ♠♦❞✉❧❛♥t❡✳

mi ✲ ❮♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞❡ ❝♦rr❡♥t❡✳

mj, j = 1, 2 ✲ ❮♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞❡ ❞✉❛s ♠♦❞✉❧❛♥t❡s ❞✐st✐♥t❛s✳

mv ✲ ❮♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞❡ t❡♥sã♦✳

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

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

Pl ✲ P♦tê♥❝✐❛ ❞❡ ✉♠❛ ❝❛r❣❛ ✭❧♦❛❞✮✳

r, r ✲ ❈♦♠❛♥❞♦ P❲▼ ❞♦ ❜r❛ç♦ ❞✐r❡✐t♦ ✭r✐❣❤t✮ ❞❡ ✉♠ ❱❙❈✳

Rcc ✲ ❘❡s✐st♦r ❞❡ ✉♠ ❜❛rr❛♠❡♥t♦ ❈❈✳

Rl ✲ ❘❡✐st♦r ❞❡ ✉♠❛ ❝❛r❣❛ ✭❧♦❛❞✮ q✉❛❧q✉❡r✳

t, t ✲ ❈♦♠❛♥❞♦ P❲▼ ❞❛s ❝❤❛✈❡s s✉♣❡r✐♦r❡s ✭t♦♣✮ ❞❡ ✉♠ ❈❙❈✳

tb ✲ ❚❡♠♣♦ ❞❡ ❝♦♥❞✉çã♦ ❞❡ ✉♠❛ ❝❤❛✈❡ ✐♥❢❡r✐♦r ✭❜♦tt♦♠✮ ❞❡ ✉♠ ❈❙❈✳

tbj , j = 1, 2, 3 ✲ ❚❡♠♣♦ ❞❡ ❝♦♥❞✉çã♦ ❞❡ ✉♠❛ ❝❤❛✈❡ ✐♥❢❡r✐♦r ✭❜♦tt♦♠✮ ❞❡ ✉♠ ❈❙❈ tr✐✲
❢ás✐❝♦✳

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

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



▲✐st❛ ❞❡ ❙í♠❜♦❧♦s ①✈✐✐✐

tm ✲ ❚❡♠♣♦ ❞❡ ❝♦♥❞✉çã♦ ❞❡ ✉♠❛ ❝❤❛✈❡ ❝❡♥tr❛❧ ✭♠✐❞❞❧❡✮ ❞❡ ✉♠ ❈❙❈✳

Tp, T−1

p ✲ ❚r❛♥s❢♦r♠❛❞❛ ❞❡ P❛r❦ ❞✐r❡t❛✱ ❡ s✉❛ ✐♥✈❡rs❛✳

t(s) ✲ ❊✐①♦ ❞❛s ❛❜s❝✐ss❛s r❡❢❡r❡♥t❡ ❛ ✉♠ ❡s♣❛ç♦ ❞❡ t❡♠♣♦✳

Ts ✲ P❛ss♦ ❞❡ ❝á❧❝✉❧♦ ❞❡ s✐♠✉❧❛çã♦✳

tt ✲ ❚❡♠♣♦ ❞❡ ❝♦♥❞✉çã♦ ❞❡ ✉♠❛ ❝❤❛✈❡ s✉♣❡r✐♦r ✭t♦♣✮ ❞❡ ✉♠ ❈❙❈✳

ttj , j = 1, 2, 3 ✲ ❚❡♠♣♦ ❞❡ ❝♦♥❞✉çã♦ ❞❡ ✉♠❛ ❝❤❛✈❡ s✉♣❡r✐♦r ✭t♦♣✮ ❞❡ ✉♠ ❈❙❈ tr✐❢ás✐❝♦✳

ttm ✲ ❚❡♠♣♦ ♠♦rt♦ ❞❡ ✉♠ ❝♦♠❛♥❞♦ P❲▼✳

vIGBT ✲ ❚❡♥sã♦ ❞❡ ✉♠ ■●❇❚✳

vdiodo ✲ ❚❡♥sã♦ ❞❡ ✉♠ ❞✐♦❞♦✳

vRBIGBT ✲ ❚❡♥sã♦ ❞❡ ✉♠ ❘❇■●❇❚✳

Vcc ✲ ❚❡♥sã♦ ❞❡ ✉♠❛ ❢♦♥t❡ ❈❈✳

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

vf ✲ ❚❡♥sã♦ ❞❡ ❡♥tr❛❞❛ ✭■♥✈❡rs♦r✮✱ ♦✉ ❞❡ s❛í❞❛ ✭❘❡t✐✜❝❛❞♦r✮✱ ❞❡ ✉♠ ✜❧tr♦
❈❆✳

Vfv ✲ ❚❡♥sã♦ ❣❡r❛❞❛ ♣♦r ✉♠ ❛rr❛♥❥♦ ❞❡ ♣❛✐♥é✐s ❢♦t♦✈♦❧t❛✐❝♦s✳

vg ✲ ❚❡♥sã♦ ❞❛ ❘❡❞❡ ❊❧étr✐❝❛ ▼♦♥♦❢ás✐❝❛✱ ♦✉ ❞❡ ✉♠❛ ❢♦♥t❡ ❈❆✳

vcpo ✲ ❚❡♥sã♦ ❞❡ ❈♦♠♣❡♥s❛çã♦ ❞❛ P♦tê♥❝✐❛ ❖s❝✐❧❛tór✐❛✳

vmnv ✲ ❚❡♥sã♦ ❡♠ ▼✉❧t✐♥í✈❡❧✳

Vbat ✲ ❚❡♥sã♦ ❞❡ ✉♠ ❜❛♥❝♦ ❞❡ ❜❛t❡r✐❛s✳

vbar ✲ ❚❡♥sã♦ ❞❡ ✉♠ ❜❛rr❛♠❡♥t♦ ❈❈✳

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

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

vl ✲ ❚❡♥sã♦ ❞❡ ✉♠❛ ❝❛r❣❛ ✭❧♦❛❞✮ q✉❛❧q✉❡r✳

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



▲✐st❛ ❞❡ ❙í♠❜♦❧♦s ①✐①

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

~Xαβ ✲ ❱❡t♦r q✉❛❧q✉❡r ❞❡ ✈❛r✐á✈❡✐s ❛❧❢❛✱ ❡ ❜❡t❛✳

XC ✲ ■♠♣❡❞â♥❝✐❛ ❞❡ ✉♠ ❝❛♣❛❝✐t♦r✳

~Xdq ✲ ❱❡t♦r q✉❛❧q✉❡r ❞❡ ✈❛r✐á✈❡✐s ❞❡ ❡✐①♦ ❞✐r❡t♦✱ ❡ ❞❡ ❡✐①♦ ❡♠ q✉❛❞r❛t✉r❛✳

XL ✲ ■♠♣❡❞â♥❝✐❛ ❞❡ ✉♠ ✐♥❞✉t♦r✳

x∗
y ✲ ❱❛r✐á✈❡❧ ❞❡ r❡❢❡rê♥❝✐❛ ♣❛r❛ ✉♠ ❝♦♥tr♦❧❛❞♦r ✭I∗cc, v∗l ✱ ❡t❝✳✮✳

Zb ✲ ■♠♣❡❞â♥❝✐❛ ❜❛s❡ ❞❡ ✉♠ s✐st❡♠❛✳



●❧♦ssár✐♦

❆P❋ ✲ ❆❝t✐✈❡ P♦✇❡r ❋✐❧t❡r✳

❈❈ ✲ ❈♦rr❡♥t❡ ❈♦♥tí♥✉❛✳

❈❆ ✲ ❈♦rr❡♥t❡ ❆❧t❡r♥❛❞❛✳

❈❙❈ ✲ ❈✉rr❡♥t ❙♦✉r❝❡ ❈♦♥✈❡rt❡r✳

❈❙■ ✲ ❈✉rr❡♥t ❙♦✉r❝❡ ■♥✈❡rt❡r✳

❈❙❘ ✲ ❈✉rr❡♥t ❙♦✉r❝❡ ❘❡❝t✐✜❡r✳

❋q✹❝ ✲ ❋✉❧❧ q✉❛❞r❛♥t✱ ✹ ❝♦♥❞✉❝t✐♥❣✳

❋q✸❝ ✲ ❋✉❧❧ q✉❛❞r❛♥t✱ ✸ ❝♦♥❞✉❝t✐♥❣✳

●❉ ✲ ●❡r❛çã♦ ❉✐str✐❜✉í❞❛✳

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

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

▲q✷❝ ✲ ▲✐♠✐t❡❞ q✉❛❞r❛♥t✱ ✷ ❝♦♥❞✉❝t✐♥❣✳

▲q✸❝ ✲ ▲✐♠✐t❡❞ q✉❛❞r❛♥t✱ ✸ ❝♦♥❞✉❝t✐♥❣✳

▼❱❙❈ ✲ ▼✉❧t✐❧❡✈❡❧ ❱♦❧t❛❣❡ ❙♦✉r❝❡ ❈♦♥✈❡rt❡r✳

▼❈❙❈ ✲ ▼✉❧t✐❧❡✈❡❧ ❈✉rr❡♥t ❙♦✉r❝❡ ❈♦♥✈❡rt❡r✳

▼❱❙■ ✲ ▼✉❧t✐❧❡✈❡❧ ❱♦❧t❛❣❡ ❙♦✉r❝❡ ■♥✈❡rt❡r✳

▼❈❙■ ✲ ▼✉❧t✐❧❡✈❡❧ ❈✉rr❡♥t ❙♦✉r❝❡ ■♥✈❡rt❡r✳

▼P❈❙❈ ✲ ▼✉❧t✐♣♦rt ❈✉rr❡♥t ❙♦✉r❝❡ ❈♦♥✈❡rt❡r✳

P❲▼ ✲ P✉❧s❡ ❲✐❞t❤ ▼♦❞✉❧❛t✐♦♥✳

①①



●❧♦ssár✐♦ ①①✐

P❈❇ ✲ Pr✐♥t❡❞ ❈✐r❝✉✐t ❇♦❛r❞✳

❘❇■●❇❚ ✲ ❘❡✈❡rs❡ ❇❧♦❝❦✐♥❣ ■●❇❚✳

❚❍❉ ✲ ❚♦t❛❧ ❍❛r♠♦♥✐❝ ❉✐st♦rt✐♦♥✳

❯P❋ ✲ ❯♥✐✈❡rs❛❧ P♦✇❡r ❋✐❧t❡r✳

❯P❙ ✲ ❯♥✐♥t❡rr✉♣t P♦✇❡r ❙✉♣♣❧②✳

❱❙❈ ✲ ❱♦❧t❛❣❡ ❙♦✉r❝❡ ❈♦♥✈❡rt❡r✳

❱❙■ ✲ ❱♦❧t❛❣❡ ❙♦✉r❝❡ ■♥✈❡rt❡r✳

❱❙❘ ✲ ❱♦❧t❛❣❡ ❙♦✉r❝❡ ❘❡❝t✐✜❡r✳

❩❙❈ ✲ ❩✲❙♦✉r❝❡ ❈♦♥✈❡rt❡r✳



1
■♥tr♦❞✉çã♦ ●❡r❛❧

❊st❛♥❞♦ ♣r❡s❡♥t❡s ❡♠ q✉❛s❡ t♦❞♦s ♦s ♠❡✐♦s ❞❡ ♣r♦❞✉çã♦✱ ❝♦♠✉♥✐❝❛çã♦✱ ❡♥tr❡t❡♥✐♠❡♥t♦✱ ✐♥t❡✲

r❛çã♦✱ ❡t❝✳✱ ❛ ❊❧❡trô♥✐❝❛ ❞❡ P♦tê♥❝✐❛ é ✉♠❛ ❞❛s ár❡❛s ❞❛ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛ ♠❛✐s ❛❜r❛♥❣❡♥t❡✱

❡♠ t❡r♠♦s ❞❡ ♣r❡s❡♥ç❛ ♥♦ ❝♦t✐❞✐❛♥♦✳

❆♣❡s❛r ❞❡ ✧✐♥✈✐sí✈❡❧✧✱ ❛ ❊❧❡trô♥✐❝❛ ❞❡ P♦tê♥❝✐❛ é r❡s♣♦♥sá✈❡❧ ♣♦r ❜♦❛ ♣❛rt❡ ❞♦ ♣r♦✲

❝❡ss❛♠❡♥t♦ ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ ❛t✉❛❧♠❡♥t❡✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♠❛✐s ♣ró①✐♠♦ ❞♦ ✉s✉ár✐♦ ✜♥❛❧✳

❱✐st♦ q✉❡ ❞✐✈❡rs♦s ❛♣❛r❡❧❤♦s✱ ♣❛r❛ ❞✐✈❡rs❛s ✜♥❛❧✐❞❛❞❡s✱ ♥❡❝❡ss✐t❛♠ ❞❡ ✉♠ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦

❞❛ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ ♣❛r❛ q✉❡ ❢✉♥❝✐♦♥❡♠ ❝♦rr❡t❛♠❡♥t❡✱ ❛ ❊❧❡trô♥✐❝❛ ❞❡ P♦tê♥❝✐❛ ❡st✉❞❛ ❝♦♠♦

♣r♦❝❡ss❛r ❛ ❡♥❡r❣✐❛ ❡❧étr✐❝❛✱ ❞❡ ♠♦❞♦ ❛ ❛❞❡q✉á✲❧❛ às ♥❡❝❡ss✐❞❛❞❡s ❞❛s ❝❛r❣❛s✳

P❛ss❛♥❞♦ ♣♦r ✈❡í❝✉❧♦s ❡ ♣r♦❝❡ss♦s ✐♥❞✉str✐❛✐s ✭❛❝✐♦♥❛♠❡♥t♦ ❞❡ ♠áq✉✐♥❛s✮✱ ❝♦♥❡①ã♦ ❞❡

❢♦♥t❡s r❡♥♦✈á✈❡✐s ❞❡ ❡♥❡r❣✐❛ ❝♦♠ ❛ ❘❡❞❡ ❊❧étr✐❝❛ ✭●❡r❛çã♦ ❉✐str✐❜✉í❞❛✮✱ s✐st❡♠❛s ❞❡ ❛♣♦✐♦

❡♠ ❢❛❧t❛s ❡❧étr✐❝❛s ✭❢♦♥t❡s ❞❡ ❛❧✐♠❡♥t❛çã♦ ✐♥✐♥t❡rr✉♣t❛✮✱ ♠❡❧❤♦r✐❛ ❞❛ q✉❛❧✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛

❡❧étr✐❝❛ ✭✜❧tr♦s ❛t✐✈♦s✮✱ ❛ ❊❧❡trô♥✐❝❛ ❞❡ P♦tê♥❝✐❛ ❡stá ❡♠ ❝♦♥st❛♥t❡ ❡✈♦❧✉çã♦✳

❆❧é♠ ❞❛ ♠❡❧❤♦r✐❛ ❞❡ t♦♣♦❧♦❣✐❛s ❥á ❡①✐st❡♥t❡s ♣❛r❛ ❛s ♠❛✐s ❞✐✈❡rs❛s ❛♣❧✐❝❛çõ❡s✱ ♥♦✈❛s ár❡❛s

❞❡ ❡st✉❞♦ s✉r❣❡♠ t♦❞♦ ❛♥♦✱ ♥ã♦ só ❝♦♠ ♥♦✈♦s ❝❡♥ár✐♦s✱ ♠❛s t❛♠❜é♠ ❝♦♠ ♥♦✈❛s t❡❝♥♦❧♦❣✐❛s

q✉❡ ♣♦❞❡♠ ♠❡❧❤♦r❛r ♦ q✉❡ ❥á ❡①✐st❡✱ ♦✉ ❧❡✈❛r ❛ ♥♦✈❛s ❞❡s❝♦❜❡rt❛s ♥❛ ár❡❛ ❞❡ ♣r♦❝❡ss❛♠❡♥t♦

❞❛ ❡♥❡r❣✐❛ ❡❧étr✐❝❛✳

❊ss❛ ❝♦♥st❛♥t❡ ♠✉t❛çã♦ ❢❛③ ❝♦♠ q✉❡ ❛ ❊❧❡trô♥✐❝❛ ❞❡ P♦tê♥❝✐❛ ❡st❡❥❛ s❡♠♣r❡ r❡✈✐s❛♥❞♦✱

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

♠❛♥❞♦ ♣♦r ❜❛s❡ ✐❞❡✐❛s ❝♦♥s♦❧✐❞❛❞❛s ❡ r❡❝♦♥❤❡❝✐❞❛s ♣❡❧❛ ❝♦♠✉♥✐❞❛❞❡ ❝✐❡♥tí✜❝❛✳

✶



■♥tr♦❞✉çã♦ ●❡r❛❧ ✷

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

s✐✈♦s ✭❝❛♣❛❝✐t♦r❡s✱ ✐♥❞✉t♦r❡s ❡ r❡s✐st♦r❡s✮✱ ❡ ❞❡ ❝♦♠♣♦♥❡♥t❡s ❛t✐✈♦s ✭❝❤❛✈❡s s❡♠✐❝♦♥❞✉t♦r❛s✮✱

é ✉♠❛ ár❡❛ ❞❡ ♣❡sq✉✐s❛ s❡♠♣r❡ ❡♠ ❡①♣❛♥sã♦ ❡ ❞❡ ❡①tr❡♠❛ ✐♠♣♦rtâ♥❝✐❛ ♥♦ ♠✉♥❞♦ ♠♦❞❡r♥♦✳

✶✳✶ ❈♦♥✈❡rs♦r❡s ❊stát✐❝♦s

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

❞❛ ❊♥❡r❣✐❛ ❊❧étr✐❝❛✳ ❊❧❡s sã♦ ❝❧❛ss✐✜❝❛❞♦s✱ ♣r✐♠❡✐r❛♠❡♥t❡✱ ❡♠ r❡❧❛çã♦ ❛♦ t✐♣♦ ❞❛ ❣r❛♥❞❡③❛

❞❡ ❡♥tr❛❞❛ ❡ ❞❛ ❣r❛♥❞❡③❛ ❞❡ s❛í❞❛✳ ❊♥tã♦✱ ❞✐✈✐❞❡✲s❡ ♦s ❝♦♥✈❡rs♦r❡s ❝♦♠♦✿ ❈❈✲❈❈✱ ❈❈✲❈❆✱

❈❆✲❈❈✱ ❡ ❈❆✲❈❆✳ ❆ ♣r✐♠❡✐r❛ ❢♦r♠❛ ❞❡ ❝♦♥✈❡rsã♦ ♣♦ss✉✐ ❝♦♠♦ ❡♥tr❛❞❛ ❡ s❛í❞❛ ❣r❛♥❞❡③❛s

❞❡ ❝♦rr❡♥t❡ ❡ ❞❡ t❡♥sã♦ ❝♦♥tí♥✉❛s✱ ❧♦❣♦✱ ❛ ❢✉♥çã♦ ❞♦s ❝♦♥✈❡rs♦r❡s ❈❈✲❈❈ é ❝♦♥❞✐❝✐♦♥❛r ♦

♥í✈❡❧ ❞❡ t❡♥sã♦✱ ♦✉ ❝♦rr❡♥t❡✱ ❞❡ ❡♥tr❛❞❛ às ♥❡❝❡ss✐❞❛❞❡s ❞❛ ❝❛r❣❛ q✉❡ ❡❧❡ ❛❧✐♠❡♥t❛✳ ❆❧❣✉♥s

❡①❡♠♣❧♦s ❝❧áss✐❝♦s ❞❡ss❡s t✐♣♦s ❞❡ ❝♦♥✈❡rs♦r❡s sã♦✿ ❜✉❝❦✱ ❜♦♦st✱ ❜✉❝❦✲❜♦♦st✱ ❡t❝✳

❖s ❝♦♥✈❡rs♦r❡s ❈❈✲❈❆ ❡ ❈❆✲❈❈ ♦♣❡r❛♠ ❝♦♠ ❣r❛♥❞❡③❛s ❝♦♥tí♥✉❛s ❡ ❛❧t❡r♥❛❞❛s✳ ◆❡st❡s

❝♦♥✈❡rs♦r❡s✱ ♣♦❞❡✲s❡ ♣❛rt✐r ❞❡ ✉♠❛ ❣r❛♥❞❡③❛ ❝♦♥st❛♥t❡ ♣❛r❛ ❡♥tã♦✱ ❛❧é♠ ❞❡ s❡ ❝♦♥❞✐❝✐♦♥❛r

s❡✉ ♥í✈❡❧ ❞❡ t❡♥sã♦ ❡ ❞❡ ❝♦rr❡♥t❡✱ ❣❡r❛r ✉♠❛ ❢♦r♠❛ ❞❡ ♦♥❞❛ s❡♥♦✐❞❛❧ ❝♦♠ ✉♠❛ ❢r❡q✉ê♥❝✐❛

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

s♦r❡s ❈❈✲❈❆ ❡ ❈❆✲❈❈ sã♦ ❝❧❛ss✐✜❝❛❞♦s✱ ♣♦r s✉❛ ✈❡③✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ s❡♥t✐❞♦ ❞♦ ✢✉①♦ ❞❡

♣♦tê♥❝✐❛✳ ❖s ❈❈✲❈❆ sã♦ ❞❡♥♦♠✐♥❛❞♦s ❞❡ ✐♥✈❡rs♦r❡s✱ ❡♥q✉❛♥t♦ q✉❡ ♦s ❈❆✲❈❈ sã♦ ❞❡♥♦♠✐✲

♥❛❞♦s ❞❡ r❡t✐✜❝❛❞♦r❡s✳ ❚❛♠❜é♠ ❤á ♦ ❝❛s♦ ❞♦s ❝♦♥✈❡rs♦r❡s ❈❆✲❈❆✱ q✉❡ ♣♦ss✉❡♠ ✉♠ ❡stá❣✐♦

✐♥t❡r♠❡❞✐ár✐♦ ❞♦ t✐♣♦ ❈❈✳ ❖s ❝♦♥✈❡rs♦r❡s ❈❆✲✭❈❈✮✲❈❆ sã♦ ❞❡♥♦♠✐♥❛❞♦s ❞❡ ✐♥✈❡rs♦r❡s ❞❡

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

t❡♥sã♦✱ ♦✉ ❝♦rr❡♥t❡✱ ❛ ✉♠❛ ♥♦✈❛ ❢r❡q✉ê♥❝✐❛ ❡s♣❡❝í✜❝❛✳

❯♠❛ ❣❡♥❡r❛❧✐③❛çã♦ ❞❡ ❝❛❞❛ t✐♣♦ ❞❡ ❝♦♥✈❡rs♦r é ✐❧✉str❛❞❛ ♥❛ ❋✐❣✉r❛ ✶✳✶✱ ♦♥❞❡ ❛♣r❡s❡♥t❛✲s❡

♦ t✐♣♦ ❞❡ ❣r❛♥❞❡③❛ ❞❡ ❡♥tr❛❞❛ ❡ ❞❡ s❛í❞❛ ❞❡ ❝❛❞❛ ❝♦♥✈❡rs♦r✳ ❱❛❧❡ ❧❡♠❜r❛r q✉❡ ♦s ❝♦♥✈❡rs♦r❡s

❈❆✲❈❆ ❛♣r❡s❡♥t❛♠ ✉♠ ❡stá❣✐♦ ❈❈ ✐♥t❡r♠❡❞✐ár✐♦✱ ♦♠✐t✐❞♦ ♥❛ ❋✐❣✉r❛ ✶✳✶✳

❖✉tr❛ ❝❧❛ss✐✜❝❛çã♦ ♣❛r❛ ♦s ❝♦♥✈❡rs♦r❡s ❡stát✐❝♦s t♦♠❛ ♣♦r ❜❛s❡ ♦s s❡✉s ❜❛rr❛♠❡♥t♦s

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

❝♦♥✈❡rs♦r✱ ❡ ❡❧❡♠❡♥t♦s r❡❛t✐✈♦s ❞♦ ♠❡s♠♦✳ ❖s ❜❛rr❛♠❡♥t♦s ❈❈s ❞♦s ❝♦♥✈❡rs♦r❡s ❡stát✐❝♦s

sã♦ ❝♦♠♣♦st♦s ♣♦r ❡❧❡♠❡♥t♦s r❡❛t✐✈♦s✱ ♦ q✉❡ ♦s ❧❡✈❛ à s❡❣✉✐♥t❡ ❝❧❛ss✐✜❝❛çã♦✿ ❝♦♥✈❡rs♦r❡s q✉❡

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

CC

✭❛✮ ❈❈✲❈❈✳

V
cc

v
ca

Inversor

Retificador

CC

CA

✭❜✮ ❈❈✲❈❆ ♦✉ ❈❆✲❈❈✳

Inversor

Retificador

CA

CA

✭❝✮ ❈❆✲✭❈❈✮✲❈❆✳

❋✐❣✉r❛ ✶✳✶✿ ❚✐♣♦s ❞❡ ❝♦♥✈❡rs♦r❡s ❡stát✐❝♦s✳

✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❚❡♥sã♦ ✭❱♦❧t❛❣❡ ❙♦✉r❝❡ ❈♦♥✈❡rt❡rs ✲ ❱❙❈s✮❀ ❝♦♥✈❡rs♦r❡s q✉❡ ❛♣r❡s❡♥t❛♠

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

❈♦rr❡♥t❡ ✭❈✉rr❡♥t ❙♦✉r❝❡ ❈♦♥✈❡rt❡rs ✲ ❈❙❈s✮❀ ❡ ❝♦♥✈❡rs♦r❡s q✉❡ ❛♣r❡s❡♥t❛♠ ✐♥❞✉t♦r❡s ❡

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

❞❡ ■♠♣❡❞â♥❝✐❛ ✭❩✲❙♦✉r❝❡ ❈♦♥✈❡rt❡rs ✲ ❩❙❈s✮✳

❆♣❡s❛r ❞❡ ♥ã♦ s❡r ♦ ❢♦❝♦ ❞❡st❡ tr❛❜❛❧❤♦✱ ♦ ❩❙❈ ✭P❊◆●✱ ✷✵✵✷✮ ❜✉s❝❛ ❝♦♥❝✐❧✐❛r ❛s ✈❛♥t❛✲

❣❡♥s ❞♦s ❱❙❈s ❡ ❞♦s ❈❙❈s✱ ♣♦❞❡♥❞♦ ♦♣❡r❛r ❞❡ ❢♦r♠❛ s❡♠❡❧❤❛♥t❡ ❛♦s ❞♦✐s✳ ❆❧é♠ ❞✐ss♦✱ ♦s

❩❙❈s sã♦ ❞♦ t✐♣♦ ❜✉❝❦✲❜♦♦st✱ ♦✉ s❡❥❛✱ ❛ s✉❛ t❡♥sã♦✱ ♦✉ ❝♦rr❡♥t❡✱ ❞❡ ❡♥tr❛❞❛ ♣♦❞❡ s❡r ♠❛✐♦r

♦✉ ♠❡♥♦r q✉❡ s✉❛ t❡♥sã♦✱ ♦✉ ❝♦rr❡♥t❡✱ ❞❡ s❛í❞❛✳ ❚♦❞❛✈✐❛✱ ♦ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦ ❢♦❝❛ ♦ ❡st✉❞♦

s♦❜r❡ ♦s ❱❙❈s ❡ ♦s ❈❙❈s✱ s❡ ❛♣r♦❢✉♥❞❛♥❞♦ ❡s♣❡❝✐✜❝❛♠❡♥t❡ ♥♦s ❈❙❈s✳

❆ss♦❝✐❛♥❞♦ ❛s ❞❡✜♥✐çõ❡s ❛té ❡♥tã♦ ❛♣r❡s❡♥t❛❞❛s ♣❛r❛ ♦s ❝♦♥✈❡rs♦r❡s q✉❡ ♣r♦❝❡ss❛♠ ❡♥❡r✲

❣✐❛ ❈❈ ❡ ❈❆✱ ■♥✈❡rs♦r❡s✱ ❘❡t✐✜❝❛❞♦r❡s✱ ❋♦♥t❡ ❞❡ ❚❡♥sã♦ ❡ ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡✱ ♣♦❞❡✲s❡ ❡♥tã♦

❝❧❛ss✐✜❝❛r ♦s ❝♦♥✈❡rs♦r❡s q✉❡ s❡rã♦ ♦❜❥❡t♦s ❞❡ ❡st✉❞♦s ❞❡st❡ tr❛❜❛❧❤♦✳ ❖s ❱❙❈s sã♦ ❞✐✈✐❞✐❞♦s

❡♠✿ ■♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❚❡♥sã♦ ✭❱♦❧t❛❣❡ ❙♦✉r❝❡ ■♥✈❡rt❡rs ✲ ❱❙■s✮✱ ❡ ❘❡t✐✜❝❛❞♦r❡s ❋♦♥t❡ ❞❡

❚❡♥sã♦ ✭❱♦❧t❛❣❡ ❙♦✉r❝❡ ❘❡❝t✐✜❡rs ✲ ❱❙❘s✮✳ ❖s ❈❙❈s sã♦ ❞✐✈✐❞✐❞♦s ❡♠✿ ■♥✈❡rs♦r❡s ❋♦♥t❡

❞❡ ❈♦rr❡♥t❡ ✭❈✉rr❡♥t ❙♦✉r❝❡ ■♥✈❡rt❡rs ✲ ❈❙■s✮✱ ❡ ❘❡t✐✜❝❛❞♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ✭❈✉rr❡♥t

❙♦✉r❝❡ ❘❡❝t✐✜❡rs ✲ ❈❙❘s✮✳ ❆ ❝❧❛ss✐✜❝❛çã♦ ❞❡ss❡s ❝♦♥✈❡rs♦r❡s é r❡s✉♠✐❞❛ ♥❛ ❋✐❣✉r❛ ✶✳✷✱ q✉❡
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r❡ú♥❡ ♦s q✉❛tr♦ t✐♣♦s✱ ❛ ❞❡♣❡♥❞❡r ❞♦ t✐♣♦ ❞❡ s✉❛ ❢♦♥t❡ ❡ ❞♦ s❡♥t✐❞♦ ❞♦ ✢✉①♦ ❞❛ ♣♦tê♥❝✐❛✳

Conversor

Fonte de

Tensão

Vcc
vf

VSI

VSR

LfCcc

✭❛✮ ❱❙■s ❡ ❱❙❘s✳

Conversor

Fonte de

Corrente

Vcc
vf

CSI

CSR

Lcc Cf

✭❜✮ ❈❙■s ❡ ❈❙❘s✳

❋✐❣✉r❛ ✶✳✷✿ ❚✐♣♦s ❞❡ ✐♥✈❡rs♦r❡s ❡ r❡t✐✜❝❛❞♦r❡s ❡st✉❞❛❞♦s ♥❡st❛ ❞✐ss❡rt❛çã♦✳

✶✳✷ ❖❜❥❡t✐✈♦s

❖ ♦❜❥❡t✐✈♦ ❞❡st❡ tr❛❜❛❧❤♦ é ❞❡s❡♥✈♦❧✈❡r ✉♠ ❈♦♥✈❡rs♦r ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡✱ q✉❡ s♦❧✉❝✐♦♥❡ ♦s

♣r♦❜❧❡♠❛s q✉❡ ❡♥✈♦❧✈❛♠ ❝♦♥✈❡rs♦r❡s ❡stát✐❝♦s ❝♦♠ ♠ú❧t✐♣❧❛s ♣♦rt❛s ✭♣❡❧♦ ♠❡♥♦s ❞✉❛s ❈❆s

❝♦♠♣❛rt✐❧❤❛♥❞♦ ✉♠ ú♥✐❝♦ ❜❛rr❛♠❡♥t♦ ❈❈✮✳ Pr✐♠❡✐r♦ ❢❛③✲s❡ ✉♠ ❡st✉❞♦ ❞♦s ❈❙❈s ♠♦♥♦❢ás✐❝♦s✱

❛♥❛❧✐s❛♥❞♦ s✉❛s s❡♠❡❧❤❛♥ç❛s ❡ ❞✐❢❡r❡♥ç❛s ❝♦♠ ♦s ❱❙❈s✱ ♦ s❡✉ ❝❤❛✈❡❛♠❡♥t♦✱ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦

❞♦s ❡❧❡♠❡♥t♦s r❡❛t✐✈♦s ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❡ ❞♦ ✜❧tr♦ ❈❆✱ ❛❧é♠ ❞❡ r❡♣r♦❞✉③✐r ❡♠ ❧❛❜♦r❛tór✐♦

♦ q✉❡ ❢♦✐ ❡st✉❞❛❞♦ ♥❛ t❡♦r✐❛✱ ❡♠ r❡❧❛çã♦ ❛♦s ❈❙❈s✳ ❈♦♠ ✐ss♦✱ ❜✉s❝❛✲s❡ ❡st❛❜❡❧❡❝❡r ✉♠❛ ❜❛s❡

t❡ór✐❝♦✲♣rát✐❝❛ q✉❡ ♣♦❞❡ s❡r✈✐r ♣❛r❛ ❡st✉❞♦s ❢✉t✉r♦s✱ ❛❧é♠ ❞❡ss❛ ❞✐ss❡rt❛çã♦✳

❊♠ s❡❣✉✐❞❛✱ ❜✉s❝❛✲s❡ ❝r✐❛r ❞❡ ✉♠ ♥♦✈♦ ❈♦♥✈❡rs♦r ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s

♣r♦♣r✐❛♠❡♥t❡ ❞✐t♦✳ ❉❡ ❛♥t❡♠ã♦✱ ♣♦❞❡✲s❡ ❡①tr❛♣♦❧❛r ❡ss❡ ❝♦♥✈❡rs♦r ♣❛r❛ n ♣♦rt❛s✱ ♠❛s ♥❡ss❛

❡t❛♣❛ ❞♦ tr❛❜❛❧❤♦ ❧✐♠✐t❛✲s❡ ❛ ✉♠❛ ❝♦♥✈❡rs♦r ❞❡ três ♣♦rt❛s✿ ❞✉❛s ❈❆s ❡ ✉♠❛ ❈❈✳ ❊♠ s❡

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

♠♦♥♦❢ás✐❝♦s t❛♠❜é♠ s❡ ❛♣❧✐❝❛♠ ❛♦s ▼P❈❙❈s✱ ❞❡s❞❡ ♦ ❝❤❛✈❡❛♠❡♥t♦ ❛té ♦s ♠ét♦❞♦s ✉t✐❧✐③❛❞♦s

♣❛r❛ ❝♦♥str✉çã♦ ❞❡ ✉♠ ♣r♦tót✐♣♦ ♣❛r❛ ✈❛❧✐❞❛çã♦ ❡①♣❡r✐♠❡♥t❛❧✳

✶✳✸ ❘❡✈✐sã♦ ❇✐❜❧✐♦❣rá✜❝❛

❆♣❡s❛r ❞♦ ♣r✐♥❝✐♣❛❧ ♦❜❥❡t♦ ❞❡ ❡st✉❞♦ ❞❡st❡ tr❛❜❛❧❤♦ s❡r❡♠ ♦s ▼P❈❙❈s✱ ❞✐✈✐❞❡✲s❡ ❛ ❛ ❞✐ss❡r✲

t❛çã♦ ❡♥tr❡ ❛ ❛♥á❧✐s❡ ❜ás✐❝❛ ❞♦s ❈❙❈s ▼♦♥♦❢ás✐❝♦s✱ ❡ ♦ ❡st✉❞♦ ❞♦s ▼P❈❙❈s ♣r♦♣r✐❛♠❡♥t❡

❞✐t♦✳
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❈♦♠♦ ❡ss❡s ❞♦✐s t❡♠❛s sã♦ ❛❜♦r❞❛❞♦s ❡♠ ❝❛♣ít✉❧♦s ❞✐❢❡r❡♥t❡s✱ ❧♦❣♦✱ ❢♦r❛♠ ❢❡✐t❛s r❡✈✐sõ❡s

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

✶✳✸✳✶ ❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❚❡♥sã♦ ❡ ❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡

❯s✉❛❧♠❡♥t❡✱ ♦s ❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❚❡♥sã♦ sã♦ ♠❛✐s ✉t✐❧✐③❛❞❛s q✉❡ ♦s ❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡

❈♦rr❡♥t❡✱ ✐ss♦ s❡ ❞❡✈❡ ❛♦ ❢❛t♦ ❞❡ q✉❡ ♦s ❱❙❈s sã♦ ❝♦♥✈❡rs♦r❡s ❝♦♥s♦❧✐❞❛❞♦s✱ q✉❡ sã♦ ❡st✉❞❛❞♦s

❤á ❛♥♦s✱ ❛♣r❡s❡♥t❛r❡♠ ❝❤❛✈❡s ❝♦♠ ❜❛✐①❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦✱ ❡ ❜❛rr❛♠❡♥t♦s ❝❛♣❛❝✐t✐✈♦s

❡✜❝✐❡♥t❡s✳ ❆♣❡s❛r ❞❡ s❡r❡♠ ❛♠♣❧❛♠❡♥t❡ ✉t✐❧✐③❛❞♦s✱ ♦s ❱❙■s sã♦ ❝♦♥✈❡rs♦r❡s ❞♦ t✐♣♦ ❜✉❝❦✱ ♦✉

s❡❥❛✱ sã♦ ❝♦♥✈❡rs♦r❡s ❛❜❛✐①❛❞♦r❡s ❞❡ t❡♥sã♦✱ ♣♦r s✉❛ ✈❡③✱ ♦s ❱❙❘s sã♦ ❝♦♥✈❡rs♦r❡s ❞♦ t✐♣♦

❜♦♦st✱ ♣♦✐s ❡❧❡✈❛♠ ❛ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛✳ ❆♣❡s❛r ❞❡ ❡①✐st✐r❡♠ ❛♣❧✐❝❛çõ❡s ❡♠ q✉❡ s❡ ❞❡s❡❥❛ ✉♠❛

t❡♥sã♦ ❞❡ s❛í❞❛ ♠❡♥♦r q✉❡ ❛ ❞❛ ❡♥tr❛❞❛ ✭❱❙■s✮✱ ❞❛ ♠❡s♠❛ ❢♦r♠❛ q✉❡ ♣♦❞❡✲s❡ ❞❡s❡❥❛r ✉♠❛

t❡♥sã♦ ❞❡ s❛í❞❛ r❡t✐✜❝❛❞❛ ♠❛✐♦r ❞♦ q✉❡ ❛ ❣r❛♥❞❡③❛ s❡♥♦✐❞❛❧ ❞❡ ❡♥tr❛❞❛ ✭❱❙❘s✮✱ ❤á t❛♠❜é♠

❝❛s♦s ❡♠ q✉❡ s❡ ❞❡s❡❥❛ ✉♠❛ t❡♥sã♦ r❡t✐✜❝❛❞❛ ♠❡♥♦r q✉❡ ❛ ❢♦♥t❡ s❡♥♦✐❞❛❧✱ ♦✉ ✉♠❛ t❡♥sã♦

❛❧t❡r♥❛❞❛ ♠❛✐♦r q✉❡ ❛ t❡♥sã♦ ❝♦♥tí♥✉❛ ❞♦ ❝♦♥✈❡rs♦r✳

❯♠ ❡①❡♠♣❧♦ ❝❧áss✐❝♦ sã♦ ❛s ❢♦♥t❡s ❞❡ ❡♥❡r❣✐❛ r❡♥♦✈á✈❡✐s✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♥❛ ●❡r❛çã♦

❉✐str✐❜✉í❞❛ ✭●❉✮ ✭❇▲❆❆❇❏❊❘● ❡t ❛❧✳✱ ✷✵✵✹✮✳ ❙❡♥❞♦ ♦s s✐st❡♠❛s ❞❡ ●❉ ❝♦♠♣♦st♦s ♣♦r

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

r❡❞❡ ❡❧étr✐❝❛✱ ❛ ❝♦♥❡①ã♦ ❞❡st❛s ❢♦♥t❡s ❣❡r❛❞♦r❛s ❞❡ ❡♥❡r❣✐❛ ❝♦♠ ❛ r❡❞❡ ❡❧étr✐❝❛ ♣♦❞❡ s❡r ❢❡✐t❛

❝♦♠ ❱❙❈s✱ ♠❛s ❝♦♠ ❛ ❛❞✐çã♦ ❞❡ ✉♠ ❡stá❣✐♦ ❡❧❡✈❛❞♦r ❞❡ t❡♥sã♦✱ ❞❡ ♠♦❞♦ q✉❡ ❛ t❡♥sã♦ ❞❡

❡♥tr❛❞❛ ❞♦ ❱❙■ s❡❥❛ ♠✐♥✐♠❛♠❡♥t❡ s✉♣❡r✐♦r à t❡♥sã♦ ❞❛ r❡❞❡ ❡❧étr✐❝❛✱ ❛♦ q✉❛❧ ❡st❛rá ❝♦♥❡❝t❛❞♦

♦ s✐st❡♠❛ ❞❡ ❣❡r❛çã♦ ❞✐str✐❜✉í❞❛✳

❚❛❧ ❛ss♦❝✐❛çã♦ ❞❡ ✉♠ ❡stá❣✐♦ ❡❧❡✈❛❞♦r ❝♦♥❡❝t❛❞♦ ❛ ✉♠ ❱❙■✱ ❡ só ❡♥tã♦ à r❡❞❡ ❡❧étr✐❝❛✱

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

✭❧♦❣♦✱ ♦s ❈❙❘s ❛❜❛✐①❛❞♦r❡s ❞❡ t❡♥sã♦✮✱ ❡❧❡s s❡ t♦r♥❛♠ ✉♠❛ ♦♣çã♦ ♣❛r❛ ❝♦♥❡①ã♦ ❞❡ ❢♦♥t❡s

❛❧t❡r♥❛t✐✈❛s ❞❡ ❡♥❡r❣✐❛ à r❡❞❡ ❡❧étr✐❝❛✱ s✉❜st✐t✉✐♥❞♦ ♦s ❱❙❈s ❛ss♦❝✐❛❞♦s ❛ ✉♠ ❡stá❣✐♦ ❡❧❡✈❛❞♦r

♣♦r ✉♠ ú♥✐❝♦ ❈❙■✳ P♦r ❡①❡♠♣❧♦✱ ❝♦♠♦ ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✶✳✸✱ ♣❛r❛ ❛ ❝♦♥❡①ã♦ ❞❡ ♣❛✐♥é✐s

❢♦t♦✈♦❧t❛✐❝♦s ❝♦♠ ❛ r❡❞❡ ❡❧étr✐❝❛ ♠♦♥♦❢ás✐❝❛✱ ❢❛③✲s❡ ✉s♦ ❞❡ ✉♠ ❡stá❣✐♦ ❡❧❡✈❛❞♦r ❥✉♥t❛♠❡♥t❡

❝♦♠ ✉♠ ❡stá❣✐♦ ✐♥✈❡rs♦r✱ ❡♥q✉❛♥t♦ q✉❡ ♣♦❞❡✲s❡ ♦❜t❡r ✉♠ ú♥✐❝♦ ❡stá❣✐♦ ❛♦ s❡ ✉t✐❧✐③❛r ✉♠

❈♦♥✈❡rs♦r ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ✭▼❆❖ ❡t ❛❧✳✱ ✷✵✶✺✮✳ ❆♣❡s❛r ❞❡ss❛ ✈❛♥t❛❣❡♠ ❡♠ ✉♠❛ ár❡❛

❡♠❡r❣❡♥t❡ ❡ ♣r♦♠✐ss♦r❛✱ ♦s ❈❙❈s sã♦ ♣♦✉❝♦ ❡①♣❧♦r❛❞♦s ❞❡✈✐❞♦ ❛ ❞♦✐s ❢❛t♦r❡s ♣r✐♥❝✐♣❛✐s✿
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♣❡r❞❛s ♥♦s ✐♥❞✉t♦r❡s✱ ❡ ♣❡r❞❛s ♥❛s ❝❤❛✈❡s s❡♠✐❝♦♥❞✉t♦r❛s ❞♦s ❝♦♥✈❡rs♦r❡s✳

Vcc
vg

Inversor

CC

CA

Vfv

CC

CC

Elevador

✭❛✮ ❈♦♥✈❡rs♦r ❞❡ ❞♦✐s ❡stá❣✐♦s ✭❇♦♦st ❛ss♦❝✐❛❞♦ ❛ ✉♠ ❱❙❈✮✳

Vfv
vg

Lcc

Inversor

CC

CA

✭❜✮ ❈♦♥✈❡rs♦r ❞❡ ❡stá❣✐♦ ú♥✐❝♦ ✭❈❙❈✮✳

❋✐❣✉r❛ ✶✳✸✿ ❈♦♥❡①ã♦ ❞❡ ♣❛✐♥é✐s ❢♦t♦✈♦❧t❛✐❝♦s ❝♦♠ ❛ ❘❡❞❡ ❊❧étr✐❝❛ ▼♦♥♦❢ás✐❝❛ ✉t✐❧✐③❛♥❞♦ ✉♠
❱❙❈✱ ❡ ✉t✐❧✐③❛♥❞♦ ✉♠ ❈❙❈✳

❈♦♠♦ ❥á ❝♦♠❡♥t❛♥❞♦✱ ♦s ❈❙❈s ❛♣r❡s❡♥t❛♠ ✐♥❞✉t♦r❡s ❡♠ s❡✉s ❜❛rr❛♠❡♥t♦s ❈❈s ✭❞❛í ♦

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

❱❙❈s✱ ❛♣r❡s❡♥t❛♠ ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ ❝♦♥s✐❞❡rá✈❡✐s✳ ❍á t❛♠❜é♠ ♦ ♣r♦❜❧❡♠❛ ❞❛s ❝❤❛✈❡s

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

❝❛♣❛❝✐❞❛❞❡ ❞❡ ❜❧♦q✉❡✐♦ r❡✈❡rs♦✱ ❝❛r❛❝t❡ríst✐❝❛ q✉❡ ♣♦❞❡ s❡r ♦❜t✐❞❛ ❛tr❛✈és ❞❛ ❛ss♦❝✐❛çã♦ ❞❡

✉♠ ■●❇❚ ❝♦♠ ✉♠ ❞✐♦❞♦ ❡♠ sér✐❡✳ ❚❛❧ ❛ss♦❝✐❛çã♦ ❝♦♥❝❡❞❡✱ ❞❡ ❢❛t♦✱ ❛ ❝♦♥❞✐çã♦ ♥❡❝❡ssár✐❛ ♣❛r❛

❛s ❝❤❛✈❡s ❞♦s ❈❙❈s✱ ♠❛s ✐♠♣❧✐❝❛♠ ❡♠ ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ s✉♣❡r✐♦r❡s às ❝❤❛✈❡s ❞♦s ❱❙❈s✱

q✉❡ sã♦ s✐♠♣❧❡s ■●❇❚s ❝♦♠ ❞✐♦❞♦s ❡♠ ❛♥t✐✲♣❛r❛❧❡❧♦✳ ❊ss❡s ❞♦✐s ♣♦♥t♦s ♥❡❣❛t✐✈♦s ❞✐♠✐♥✉ír❛♠

♦ ✐♥t❡r❡ss❡ ❞❛ ❝♦♠✉♥✐❞❛❞❡ ❝✐❡♥tí✜❝❛ s♦❜r❡ ♦s ❈❙❈s✱ ♠❡s♠♦ q✉❡ ❡❧❡s ❛♣r❡s❡♥t❛ss❡♠ ❛❧❣✉♠❛s

✈❛♥t❛❣❡♥s s♦❜r❡ ♦s ❱❙❈s✳

❚♦❞❛✈✐❛✱ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦ ❝❛♠♣♦ ❞❡ ❡st✉❞♦s ❞♦s ♠❛t❡r✐❛✐s ♠❛❣♥ét✐❝♦s ✭❍❯❆◆●

❡t ❛❧✳✱ ✷✵✶✹✮✱ ♣♦ss✐❜✐❧✐t❛♥❞♦ ❛ ❝♦♥str✉çã♦ ❞❡ ✐♥❞✉t♦r❡s ❝♦♠ ♠❛✐♦r ❞❡♥s✐❞❛❞❡ ❞❡ ♣♦tê♥❝✐❛ ❡

♠❛✐s ❡✜❝✐❡♥t❡s ✭♠❡♥♦r❡s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦✮ ✭❈❍❆◆ ❡t ❛❧✳✱ ✷✵✵✻✮✱ ❛❧✐❛❞♦ ❛ ❝r✐❛çã♦ ❞♦s

❘❇■●❇❚s ✭◆❆■❚❖ ❡t ❛❧✳✱ ✷✵✵✹✮✱ ✭▲■◆❉❊▼❆◆◆✱ ✷✵✵✶✮✱ q✉❡ sã♦ ❝❤❛✈❡s s❡♠✐❝♦♥❞✉t♦r❛s

q✉❡ ❡♥❝❛♣s✉❧❛♠ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ✉♠ ■●❇❚ ❝♦♠ ✉♠ ❞✐♦❞♦ ❡♠ sér✐❡ ✭❜❧♦q✉❡✐♦ r❡✈❡rs♦✮✱

r❡❞✉③✐♥❞♦ ❛ss✐♠ ❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦✱ tr♦✉①❡r❛♠ ♦s ❈❙❈s ❛♦ ♠❡s♠♦ ♣❛t❛♠❛r ❡♠ t❡r♠♦s

❞❡ ♣❡r❞❛s ❡ ❞❡♥s✐❞❛❞❡ ❞❡ ♣♦tê♥❝✐❛ q✉❡ ♦s ❱❙❈s✳

❚r❛❜❛❧❤♦s ❞❡❞✐❝❛❞♦s ❛♣❡♥❛s ❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ❱❙❈s ❡ ❈❙❈s✱ ❝♦♥❝❧✉❡♠ q✉❡ ❡♠ ❛❧❣✉♥s



■♥tr♦❞✉çã♦ ●❡r❛❧ ✼

❛s♣❡❝t♦s✱ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ ❛♣❧✐❝❛çã♦✱ ♦s ❈❙❈s sã♦ ♠❛❥♦r✐t❛r✐❛♠❡♥t❡ s✉♣❡r✐♦r❡s ❛♦s ❱❙❈s

✭❙❯❍ ❡t ❛❧✳✱ ✷✵✵✼✮✱ ✭▼❖◆❚❊■❘❖ ❡t ❛❧✳✱ ✷✵✶✺✮✳ ❊♠ ✭❆❩▼■ ❡t ❛❧✳✱ ✷✵✶✶✮✱ ❝♦♥st❛t❛✲s❡ q✉❡ ❛s

♣❡r❞❛s ♥♦s ❈❙❈s sã♦ ♣r❡❞♦♠✐♥❛♥t❡♠❡♥t❡ ♣♦r ❝♦♥❞✉çã♦✱ ❡♥q✉❛♥t♦ q✉❡ ♦s ❱❙❈s ❛♣r❡s❡♥t❛♠

♣✐♦r❡s r❡s✉❧t❛❞♦s ♣❛r❛ ❛s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦✳ ❙❡♥❞♦ ❛ss✐♠✱ ♦s ❈❙❈s ❛♣r❡s❡♥t❛♠ ✉♠

♠❡❧❤♦r ❞❡s❡♠♣❡♥❤♦✱ ❡♠ r❡❧❛çã♦ às ♣❡r❞❛s✱ ❡♠ ❛❧t❛s ♣♦tê♥❝✐❛s ❡ ❛❧t❛s ❢r❡q✉ê♥❝✐❛s ❞❡ ❝❤❛✲

✈❡❛♠❡♥t♦✱ ❡♥q✉❛♥t♦ q✉❡ ♦s ❱❙❈s sã♦ ♣r❡❢❡rí✈❡✐s ♣❛r❛ ❛♣❧✐❝❛çõ❡s ❞❡ ❜❛✐①❛ ♣♦tê♥❝✐❛ ❡ ❜❛✐①❛

❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳

❊♥tã♦✱ ♦s ❛✈❛♥ç♦s t❡❝♥♦❧ó❣✐❝♦s tr♦✉①❡r❛♠ ♦s ❈❙❈s ♣❛r❛ ♦s ♠❡s♠♦s ♥í✈❡✐s ❞❡ ❡✜❝✐ê♥❝✐❛

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

✭❝♦♠♦ ❛ ❣❡r❛çã♦ ❞✐str✐❜✉í❞❛✮✱ ❢❛③❡♠ ❝♦♠ q✉❡ ❤❛❥❛ ✉♠ ♥♦✈♦ ✐♥t❡r❡ss❡ ♥♦ ❡st✉❞♦ ❞♦s ❈❙❈s✳

❆❧é♠ ❞❛ ❛♣❧✐❝❛çã♦ ❡♠ ❣❡r❛çã♦ ❞✐str✐❜✉í❞❛✱ s✉❜st✐t✉✐♥❞♦ ❝♦♥✈❡rs♦r❡s ❞❡ ♠ú❧t✐♣❧♦s ❡stá❣✐♦s

♣♦r ❛♣❡♥❛s ✉♠ ❈❙❈✱ ❤á t❛♠❜é♠ ❛ ✐♥✈❡st✐❣❛çã♦ ❝✐❡♥tí✜❝❛ s♦❜r❡ ❛♣❧✐❝❛çõ❡s q✉❡ ❛té ❡♥tã♦ ❡r❛♠

♣r❡❞♦♠✐♥❛♥t❡♠❡♥t❡ ❢❡✐t❛s ❝♦♠ ❱❙❈s✳ ▲♦❣♦✱ ♥ã♦ s❡ ❜✉s❝❛ s✉❜st✐t✉✐r ♦s ❱❙❈s ♣♦r ❈❙❈s✱ ♠❛s

s✐♠ ❛✈❡r✐❣✉❛r ❡♠ q✉❛✐s ❛♣❧✐❝❛çõ❡s ♦s ❈❙❈s ❛♣r❡s❡♥t❛♠ ✉♠♠❡❧❤♦r r❡s✉❧t❛❞♦ ❞♦ q✉❡ ♦s ♦❜t✐❞♦s

❝♦♠ ♦s ❱❙❈s✳

❆❧é♠ ❞❛ ✈❡rt❡♥t❡ q✉❡ ❝♦♠♣❛r❛ ❞✐r❡t❛♠❡♥t❡ ♦s ❱❙❈s ❡ ❈❙❈s ♥❛s ♠❛✐s ❞✐✈❡rs❛s ár❡❛s ❞❛

❊❧❡trô♥✐❝❛ ❞❡ P♦tê♥❝✐❛✱ ❤á t❛♠❜é♠ ❡st✉❞♦s q✉❡ ❛❜♦r❞❛♠ ❛ ❞✉❛❧✐❞❛❞❡ ❞♦s ❝♦♥✈❡rs♦r❡s✳ ❖

❝♦♥❝❡✐t♦ ❞❡ ❞✉❛❧✐❞❛❞❡ ❡♥tr❡ ♦s ❱❙❈s ❡ ♦s ❈❙❈s✱ ♣❛rt❡ ❞♦ ♣r✐♥❝í♣✐♦ ❞❡ q✉❡ ♣♦❞❡✲s❡ ❛❞❛♣t❛r

❞✐r❡t❛♠❡♥t❡ ✉♠❛ ❛♣❧✐❝❛çã♦ q✉❡ ✉t✐❧✐③❛ ❱❙❈✱ ♣❛r❛ ✉♠❛ ❛♣❧✐❝❛çã♦ q✉❡ ✉t✐❧✐③❛ ❈❙❈✳ ❊ss❛

❛❞❛♣t❛çã♦ é ❢❡✐t❛ ♣❛rt✐♥❞♦ ❞♦ q✉❡ ❥á s❡ ♣♦ss✉✐ ❡♠ t❡r♠♦s ❞❡ t♦♣♦❧♦❣✐❛s ❡ ❝♦♥tr♦❧❡s ♣❛r❛ ♦

❱❙❈✱ t♦♠❛♥❞♦ ❛❧❣♦r✐t♠♦s q✉❡ ❧❡✈❛♠ ❡ss❡s ❡❧❡♠❡♥t♦s ❛♦ ❝❡♥ár✐♦ ❞♦s ❈❙❈s ✭❱❖▲❑❖❱ ❡t ❛❧✳✱

✷✵✶✺✮✳

❈♦♠ ✐ss♦✱ ❡st❛❜❡❧❡❝❡✲s❡ ✉♠ ♥♦✈♦ ❝❛♠♣♦ q✉❡ ❡stá ❡♠ ♣❧❡♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦✱ ❡ q✉❡ ♣♦r

❥á ❛♣r❡s❡♥t❛r ✈ár✐❛s t♦♣♦❧♦❣✐❛s ❛té ❡♥tã♦ ❛♣❡♥❛s ❡st✉❞❛❞❛s ❛♣❡♥❛s ❝♦♠ ❱❙❈✱ r❡✈❡❧❛✲s❡ ✉♠❛

ár❡❛ ❢ért✐❧ ♣❛r❛ ❡st✉❞♦s ❝♦♠♣❛r❛t✐✈♦s✳

✶✳✸✳✷ ❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s

❆♣❡s❛r ❞❛ ❛❜♦r❞❛❣❡♠ ❞♦s ❝♦♥✈❡rs♦r❡s ❡stát✐❝♦s t❡r s✐❞♦ ♠♦♥♦❢ás✐❝❛✱ q✉❡ é ❛ ♠❛✐s s✐♠♣❧❡s✱ ❤á

❞✐✈❡rs❛s ♦✉tr❛s ❛♣❧✐❝❛çõ❡s ❝♦♠ ♠ú❧t✐♣❧❛s ❢❛s❡s✱ ❝♦♠♦ ♦ ❆❝✐♦♥❛♠❡♥t♦ ❞❡ ▼áq✉✐♥❛s ✭❜✐❢ás✐❝❛s✱

tr✐❢ás✐❝❛s✱ ❤❡①❛❢ás✐❝❛s✱ ❡t❝✳✮ ❡ ❝♦♥✈❡rs♦r❡s ▼✉❧t✐♥í✈❡✐s✱ ♣♦r ❡①❡♠♣❧♦✳ ❚♦❞❛✈✐❛✱ ❤á t❛♠❜é♠
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❛♣❧✐❝❛çõ❡s q✉❡✱ ❞❡ ❝❡rt❛ ❢♦r♠❛✱ t❛♠❜é♠ sã♦ ♣♦❧✐❢ás✐❝❛s✱ ♦✉ ♠✉❧t✐♣♦rt❛s✿ ❋✐❧tr♦ ❆t✐✈♦ ❯♥✐✲

✈❡rs❛❧ ✭❯♥✐✈❡rs❛❧ P♦✇❡r ❋✐❧t❡r ✲ ❯P❋✮✱ ❈♦♠♣❡♥s❛çã♦ ❞❛ P♦tê♥❝✐❛ ❖s❝✐❧❛tór✐❛✱ ❡ ❋♦♥t❡ ❞❡

❆❧✐♠❡♥t❛çã♦ ■♥✐♥t❡rr✉♣t❛ ✭❯♥✐♥t❡rr✉♣t P♦✇❡r ❙✉♣♣❧② ✲ ❯P❙✮✳ ❚♦❞❛s ❡ss❛s ❛♣❧✐❝❛çõ❡s ♣♦s✲

s✉❡♠ ❡♠ ❝♦♠✉♠ ❛ ❝♦♥❡①ã♦ ❞❡ ♣❡❧♦ ♠❡♥♦s ✉♠ ❜❛rr❛♠❡♥t♦ ❈❈✱ ❡ ❞♦✐s ❜❛rr❛♠❡♥t♦s ❈❆✳

❚❛❧ ❝♦♥✜❣✉r❛çã♦ ♣♦❞❡ s❡r ❛♠♣❧✐❛❞❛ ♣❛r❛ n ♣♦rt❛s✱ ❝♦♠♦ é ❛♣r❡s❡♥t❛❞♦ ❡♠ ✭❱■❚❖❘■◆❖

❡t ❛❧✳✱ ✷✵✶✺✮✱ ♠❛s r❡str✐♥❣❡✲s❡ ❛q✉✐ à ❝♦♥✜❣✉r❛çã♦ ✐❧✉str❛❞❛ ♥❛ ❋✐❣✉r❛ ✶✳✹✳

V
cc CC

CA

MPCSC

CA

L
cc

❋✐❣✉r❛ ✶✳✹✿ ❈♦♥✜❣✉r❛çã♦ ❣❡♥ér✐❝❛ ❞❡ ✉♠ ▼P❈❙❈✳

◆❛ ❋✐❣✉r❛ ✶✳✹✱ ❢❛③✲s❡ ✉♠❛ ❣❡♥❡r❛❧✐③❛çã♦ ❞♦ ❝❡♥ár✐♦ q✉❡ s❡ ♣r♦♣õ❡ ❡st✉❞❛r ♥❡ss❛ ❞✐ss❡rt❛✲

çã♦✿ ❞♦✐s ❜❛rr❛♠❡♥t♦s ❈❆s ❝♦♠♣❛rt✐❧❤❛♥❞♦ ✉♠ ❜❛rr❛♠❡♥t♦ ❈❈✳ Pr♦♣õ❡✲s❡ ❡♥tã♦ ✐♥✈❡st✐❣❛r

q✉❛❧ ❈♦♥✈❡rs♦r ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ♠❡❧❤♦r s❡ ❡♥❝❛✐①❛ ♥❡ss❛ ❣❡♥❡r❛❧✐③❛çã♦ ❛♣r❡s❡♥t❛❞❛✳

❏✉st✐✜❝❛✲s❡ ❡♥tã♦ ❛ ✉t✐❧✐③❛çã♦ ❞♦s ▼P❈❙❈s ♥♦s ❝❡♥ár✐♦s ❛♣r❡s❡♥t❛❞♦s✳ ❯s✉❛❧♠❡♥t❡✱ ❛s

❛♣❧✐❝❛çõ❡s ❧✐st❛❞❛s ♦♣❡r❛♠ ❝♦♠ ❱❙❈s✱ ❛♣❡s❛r ❞❡ ❛❧❣✉♥s tr❛❜❛❧❤♦s ❥á ✐♥✈❡st✐❣❛r❡♠ ❛ ✉t✐❧✐③❛çã♦

❞❡ ❈❙❈s ♣❛r❛ ❡ss❛s ♠❡s♠❛s ❛♣❧✐❝❛çõ❡s✳

❆❜♦r❞❛✲s❡ ♣r✐♠❡✐r♦ ♦s ❋✐❧tr♦s ❆t✐✈♦s ❯♥✐✈❡rs❛✐s✱ q✉❡ sã♦ ✉♠❛ ❛ss♦❝✐❛çã♦ ❞❡ ✜❧tr♦s ❛t✐✈♦s

sér✐❡ ❡ ♣❛r❛❧❡❧♦✳ ❊♠ ✭❆❑❆●■✱ ✶✾✾✻✮✱ ❢❛③✲s❡ ✉♠❛ ♣❡sq✉✐s❛ s♦❜r❡ ♦ q✉❡ ❢♦✐ ❢❡✐t♦ ❡♠ t❡r♠♦s ❞❡

❆P❋✱ sér✐❡ ❡ ♣❛r❛❧❡❧❡♦✱ ❡ q✉❛✐s sã♦ ❛s t❡♥❞ê♥❝✐❛s✱ ❝✉❧♠✐♥❛♥❞♦ ❡♥tã♦ ♥♦s ❝♦♥✈❡rs♦r❡s ❯P❋s

❛♣r❡s❡♥t❛❞♦s ❡♠ ✭❋❯❏■❚❆ ❡ ❆❑❆●■✱ ✶✾✾✽✮ ❝♦♠♦ ❚❤❡ ✉♥✐✜❡❞ ♣♦✇❡r q✉❛❧✐t② ❝♦♥❞✐t✐♦♥❡r✱ ❡

❡♠ ✭❆❘❊❉❊❙ ❡t ❛❧✳✱ ✶✾✾✽✮ ❝♦♠♦ ❆♥ ✉♥✐✈❡rs❛❧ ❛❝t✐✈❡ ♣♦✇❡r ❧✐♥❡ ❝♦♥❞✐t✐♦♥❡r✱ q✉❡ s❡ r❡❢❡r❡♠

❛♦s ❋✐❧tr♦ ❆t✐✈♦s ❯♥✐✈❡rs❛✐s ♣r♦♣r✐❛♠❡♥t❡ ❞✐t♦s✳ ❖s ❯P❋s sã♦ ❝♦♠♣♦st♦s ❞❡ ✉♠ ❜❛rr❛♠❡♥t♦

❈❈ ❝♦♠♣❛rt✐❧❤❛❞♦ ♣♦r ❞✉❛s ♣♦rt❛s ❈❆s✱ s❡♥❞♦ ✉♠❛ r❡s♣♦♥sá✈❡❧ ♣❡❧❛ ❝♦♠♣❡♥s❛çã♦ ❞❛ t❡♥sã♦

❞❛ r❡❞❡ ❡❧étr✐❝❛ ❛♦ q✉❛❧ ♦ ❝♦♥✈❡rs♦r ❡stá ❝♦♥❡❝t❛❞♦ ❡♠ sér✐❡ ✭❛tr❛✈és ❞❡ ✉♠ tr❛♥s❢♦r♠❛❞♦r✮✱

❡♥q✉❛♥t♦ ❛ ♦✉tr❛ ♣♦rt❛ ❈❆ é r❡s♣♦♥sá✈❡❧ ♣❡❧❛ ❝♦♠♣❡♥s❛çã♦ ❞❛ ❝♦rr❡♥t❡ ❡ ❞❡ ❤❛r♠ô♥✐❝♦s✱

❛tr❛✈és ❞❡ ✉♠❛ ❝♦♥❡①ã♦ ❡♠ ♣❛r❛❧❡❧♦✳ ❖❜s❡r✈❛✲s❡ ❡♥tã♦ q✉❡ ♦s ▼P❈❙❈s s❡ ❡♥❝❛✐①❛♠ ♥❡ss❡

❝❡♥ár✐♦✳ ❖❜✈✐❛♠❡♥t❡ ❛s ❛❞❛♣t❛çõ❡s ❞❡✈✐❞❛s ❞❡✈❡♠ s❡r ✐♠♣❧❡♠❡♥t❛❞❛s✱ ✈✐st♦ q✉❡ ❛ s✐♠♣❧❡s
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s✉❜st✐t✉✐çã♦ ❞❛ t♦♣♦❧♦❣✐❛ ❱❙❈ ♣♦r ✉♠ ❈❙❈ ♥ã♦ ❣❛r❛♥t❡ ♦ ♣❧❡♥♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦ ❯P❋✳ ◆❛

❋✐❣✉r❛ ✶✳✺✱ ✐❧✉str❛✲s❡ ♦ ❝❡♥ár✐♦ ♣❛r❛ ❋✐❧tr♦s ❆t✐✈♦s✱ ♦♥❞❡ ❤á ❛ ❝♦♠♣❡♥s❛çã♦ sér✐❡ ifas ♣❛r❛ ❛

t❡♥sã♦✱ ❡ ❝♦♠♣❡♥s❛çã♦ ♣❛r❛❧❡❧♦ ifap ♣❛r❛ ❛ ❝♦rr❡♥t❡✳

Vcc CC

CA

MPCSC

CA

Lcc

ifas

ifap

❋✐❣✉r❛ ✶✳✺✿ ▼P❈❙❈ ✉t✐❧✐③❛❞♦ ❝♦♠♦ ❋✐❧tr♦ ❆t✐✈♦ ❯♥✐✈❡rs❛❧✳

❆ ❝♦♠♣❡♥s❛çã♦ ❞❛ ♣♦tê♥❝✐❛ ♦s❝✐❧❛tór✐❛ ❥á é ❛❜♦r❞❛❞❛ t❛♥t♦ ❡♠ ❱❙❈s✱ ♦♥❞❡ ❛❞✐❝✐♦♥❛✲s❡

✉♠ ✐♥❞✉t♦r ❥✉♥t♦ ❛♦ ❜r❛ç♦ ❝♦♠♣❡♥s❛❞♦r ✭❏■◆ ❡t ❛❧✳✱ ✶✾✾✽✮✱ q✉❛♥t♦ ❡♠ ❈❙❈s ✭❇❯❙❍ ❡❲❆◆●✱

✷✵✵✾✮✱ ♦♥❞❡ ❛❞✐❝✐♦♥❛✲s❡ ✉♠ ❝❛♣❛❝✐t♦r ❥✉♥t♦ ❛♦ ❜r❛ç♦ ❝♦♠♣❡♥s❛❞♦r✳ P♦r s✉❛ ✈❡③✱ ✭❱■❚❖❘■◆❖

❡t ❛❧✳✱ ✷✵✶✷✮ ❢❛③ ❛ ✉t✐❧✐③❛çã♦ ❞❛ ❝♦♠♣❡♥s❛çã♦ ❞❛ ♣♦tê♥❝✐❛ ♦s❝✐❧❛tór✐❛ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❡♠

s✐st❡♠❛s ❢♦t♦✈♦❧t❛✐❝♦s✳ ❚♦❞❛✈✐❛✱ ❛ ❛♣❧✐❝❛çã♦ ❞❛ ❝♦♠♣❡♥s❛çã♦ ♦s❝✐❧❛tór✐❛ ❛✉♠❡♥t❛ ❛ ❞❡♥s✐❞❛❞❡

❞❡ ♣♦tê♥❝✐❛ ❞♦ ❝♦♥✈❡rs♦r ❛♦ q✉❛❧ ❡❧❛ ❡stá ❛♣❧✐❝❛❞❛✱ ✈✐st♦ q✉❡ ❤á ❛ r❡❞✉çã♦ ❞❛s ❞✐♠❡♥sõ❡s ❞♦

❡❧❡♠❡♥t♦ r❡❛t✐✈♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✳ ■ss♦ ✐♠♣❧✐❝❛ q✉❡ ❛ ❛❞✐çã♦ ❞❡ ✉♠ ❜r❛ç♦ ❝♦♠♣❡♥s❛❞♦r

♣♦❞❡ s❡r ❛♣❧✐❝❛❞♦ à ❞✐✈❡rs♦s ❝❡♥ár✐♦s ❝♦♠ ♦s ▼P❈❙❈s✱ ❝❛❜❡♥❞♦ ❛♦ ❜❛rr❛♠❡♥t♦ ❈❈ ✉♠❛

❢♦♥t❡ ❞❡ ❡♥❡r❣✐❛ ♣r✐♠ár✐❛✱ à ✉♠❛ ❞❛s ♣♦rt❛s ❈❆s ✉♠❛ ❝❛r❣❛ ❛ s❡r ❛❧✐♠❡♥t❛❞❛✱ ❡ ❛♦ s❡❣✉♥❞♦

❜r❛ç♦ ❈❆ ❛ ❛❞✐çã♦ ❞❡ ✉♠ ❡❧❡♠❡♥t♦ ❝♦♠♣❡♥s❛❞♦r ❞❡ ♣♦tê♥❝✐❛✳ ▲♦❣♦✱ ❛❧✐❛❞♦ à ✈❛♥t❛❣❡♠ ❞❡

❡stá❣✐♦ ú♥✐❝♦✱ ❡st❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ✉♠❛ ♣♦rt❛ ❝♦♠♣❡♥s❛❞♦r❛ ♣♦❞❡ s❡r ✉t✐❧✐③❛❞❛ ♣❛r❛ ❝♦♥❡①ã♦

❞❡ ❢♦♥t❡s ❞❡ ❡♥❡r❣✐❛ ❞❡ ❜❛✐①❛ t❡♥sã♦ ❝♦♠ ❛ r❡❞❡ ❡❧étr✐❝❛✱ ♦✉ ❝♦♠ ❝❛r❣❛s ❈❆s✳ P♦❞❡✲s❡ ❡♥tã♦

✉t✐❧✐③❛r ♦s ❈❙❈s✱ q✉❡ sã♦ ✉t✐❧✐③❛❞♦s ❝♦♠♦ ❝♦♥✈❡rs♦r❡s ❞❡ ❡stá❣✐♦ ú♥✐❝♦ ♣❛r❛ ❢♦♥t❡s ❞❡ ❜❛✐①❛

t❡♥sã♦ ✭▼❆❖ ❡t ❛❧✳✱ ✷✵✶✺✮✱ ❛❧✐❛❞♦s ❛ té❝♥✐❝❛s ❞❡ ❝♦♠♣❡♥s❛çã♦ ❞❛ ♦s❝✐❧❛çã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱

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

❝♦♠♦ ❝é❧✉❧❛s ❞❡ ❝♦♠❜✉stí✈❡❧ ✭❈❍❖■ ❡t ❛❧✳✱ ✷✵✵✹✮ ♦✉ ♣❛✐♥é✐s ❢♦t♦✈♦❧t❛✐❝♦s ✭❊▲ ❑❍❆❚❊❇

❡t ❛❧✳✱ ✷✵✶✺✮✳ ◆❛ ❋✐❣✉r❛ ✶✳✻✱ ✐❧✉str❛✲s❡ ♦ ❝❡♥ár✐♦ ❝♦♠ ❈♦♠♣❡♥s❛çã♦ ❞❛ P♦tê♥❝✐❛ ❖s❝✐❧❛tór✐❛✱

q✉❡ ♣♦❞❡ s❡r ❛♣❧✐❝❛❞♦ ❛ ❝♦♥❡①ã♦ ❞❡ ♣❛✐♥é✐s ❢♦t♦✈♦❧t❛✐❝♦s ❝♦♠ ❛ r❡❞❡ ❡❧étr✐❝❛ ♠♦♥♦❢ás✐❝❛✱ ♣♦r

❡①❡♠♣❧♦✳

❯♠ ❝❡♥ár✐♦ ❡♠ q✉❡ t❛♠❜é♠ s❡ ❡♥❝❛✐①❛♠ ♦s ▼P❈❙❈s é ♦ ❞❡ ❯P❙✳ ❆s ❯P❙s sã♦ s✐st❡♠❛s

q✉❡ ♣r♦t❡❣❡♠ ❝❛r❣❛s s❡♥sí✈❡✐s ❛ ✈❛r✐❛çõ❡s ♥❛ t❡♥sã♦ ✭♥í✈❡❧✱ ❢r❡q✉ê♥❝✐❛ ❡ ❤❛r♠ô♥✐❝♦s✮ ❞❛ r❡❞❡
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❋✐❣✉r❛ ✶✳✻✿ ▼P❈❙❈ ✉t✐❧✐③❛❞♦ ❝♦♠ ❛ ❈♦♠♣❡♥s❛çã♦ ❞❛ P♦tê♥❝✐❛ ❖s❝✐❧❛tór✐❛ ❞♦ ❜❛rr❛♠❡♥t♦
❈❈✳

❡❧étr✐❝❛ q✉❡ ❛s ❛❧✐♠❡♥t❛✱ ✐♥❝❧✉s✐✈❡ ❞❡s❧✐❣❛♠❡♥t♦ t♦t❛❧ ❞❛ r❡❞❡ ❡❧étr✐❝❛ ✭❇❊❑■❆❘❖❱ ❡ ❊▼❆❉■✱

✷✵✵✷✮✳ ❯s✉❛❧♠❡♥t❡ ❛s ❯P❙ sã♦ ❛❧✐♠❡♥t❛❞❛s ♣♦r ❜❛t❡r✐❛s ♦✉ s✉♣❡r❝❛♣❛❝✐t♦r❡s ✭❙❚❊P❆◆❖❱

❡t ❛❧✳✱ ✷✵✵✼✮✱ ❡ ❡♥tã♦ sã♦ ❝♦♥❡❝t❛❞❛s ❡♠ ♣❛r❛❧❡❧♦ ❝♦♠ ❛s ❝❛r❣❛s q✉❡ ❡❧❛ ❞❡✈❡ ❛❧✐♠❡♥t❛r

❡♠ ❝❛s♦ ❞❡ ❡♠❡r❣ê♥❝✐❛✳ ❊①✐st❡♠ ❡st✉❞♦s q✉❡ ❛♥❛❧✐s❛♠ ♦ ❝♦♥tr♦❧❡ ❞❡ ❯P❙s s❡♣❛r❛❞❛♠❡♥t❡✱

✈✐s❛♥❞♦ ♦ ❝♦♥tr♦❧❡ ❞♦ ❝♦♥✈❡rs♦r ❡♠ s✐ ❛❧✐♠❡♥t❛♥❞♦ ❝❛r❣❛s r❡s✐st✐✈❛s ✭❉❊◆● ❡t ❛❧✳✱ ✷✵✵✺✮✱

✭❘❨❆◆ ❡t ❛❧✳✱ ✶✾✾✼✮✳ ❚♦❞❛✈✐❛✱ ❡♠ ❛❧❣✉♥s ❝❛s♦s✱ ❛ t❡♥sã♦ ❞❛s ❝❛r❣❛s ❛❧✐♠❡♥t❛❞❛s ♣❡❧❛ ❯P❙ é

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

❞❡ ❝♦♥✈❡rs♦r❡s ❈❈✲❈❈ ♣❛r❛ ❡❧❡✈❛çã♦ ❞❛ t❡♥sã♦ ✭❝♦♥✈❡rs♦r❡s ❞❡ ❞♦✐s ❡stá❣✐♦s✮ ✭❇❘❆◆❈❖

❡t ❛❧✳✱ ✷✵✵✻✮✱ ✭▲❆■ ❡ ❚❩❖❯✱ ✷✵✵✷✮✱ ♦✉ ❛ ✉t✐❧✐③❛çã♦ ❞❡ tr❛♥s❢♦r♠❛❞♦r❡s ♣❛r❛ ❡❧❡✈❛çã♦ ❞❛

t❡♥sã♦ ❞❡ s❛í❞❛ ✭❏❆■◆ ❡t ❛❧✳✱ ✶✾✾✽✮✳ ❊ss❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ✉♠ ❡stá❣✐♦ ❛❞✐❝✐♦♥❛❧ ♣❛r❛ ❡❧❡✈❛çã♦

❞❡ t❡♥sã♦ r❡♠❡t❡ ❛♦ ♠❡s♠♦ ♣r♦❜❧❡♠❛ ❡♥❝♦♥tr❛❞♦ ❡♠ ●❡r❛çã♦ ❉✐str✐❜✉í❞❛✳ ❊♥tã♦✱ s❡♥❞♦

♦s ❝♦♥✈❡rs♦r❡s ❯P❙s ❝♦♠♣♦st♦s ♣♦r ❞♦✐s ❡stá❣✐♦s✱ ♣♦❞❡✲s❡ ❛♣❧✐❝❛r ♦s ❈❙❈s ❛ ❡ss❡s s✐st❡♠❛s✱

❝♦♠♣♦♥❞♦ ✉♠ ❝♦♥✈❡rs♦r ❞❡ ❡stá❣✐♦ ú♥✐❝♦✳ ▼❛✐s ❛✐♥❞❛✱ ♣♦❞❡✲s❡ ✉t✐❧✐③❛r ✉♠ ▼P❈❙❈s ❝♦♠♦

✉♠❛ ❯P❙ ♦✤✐♥❡✿ ❝♦♥❡❝t❛✲s❡ ❡♠ ✉♠❛ ♣♦rt❛ ❈❆ ❛ r❡❞❡ ❡❧étr✐❝❛✱ ❡♥q✉❛♥t♦ q✉❡ ♥❛ ♦✉tr❛

♣♦rt❛ ❈❆ ❝♦♥❡❝t❛✲s❡ ❛ ❝❛r❣❛ q✉❡ s❡ ❞❡s❡❥❛ s✉♣r✐r✱ ❝♦♠ ❡ss❛ ❝♦♥✜❣✉r❛çã♦ ♣♦❞❡✲s❡ ❝❛rr❡❣❛r ♦

❡❧❡♠❡♥t♦ ❛r♠❛③❡♥❛❞♦r ❞❡ ❡♥❡r❣✐❛ ❞✉r❛♥t❡ ❛ ♣r❡s❡♥ç❛ ❞❛ r❡❞❡ ❡❧étr✐❝❛ ❡✱ ❡♠ ❝❛s♦ ❞❡ ❢❛❧❤❛✱

❞❡s❝♦♥❡❝t❛✲s❡ ❛ r❡❞❡ ❡❧étr✐❝❛ ❞♦ s✐st❡♠❛✱ r❡st❛♥❞♦ ❛❣♦r❛ ❛ ❜❛rr❛♠❡♥t♦ ❈❈ ❡ ♦ ❜❛rr❛♠❡♥t♦ ❈❆

♦♥❞❡ ❡stá ❝♦♥❡❝t❛❞❛ ❛ ❝❛r❣❛✳ ◆❛ ❋✐❣✉r❛ ✶✳✼✱ ✐❧✉str❛✲s❡ ♦ ❝❡♥ár✐♦ ♣❛r❛ ❋♦♥t❡ ❞❡ ❆❧✐♠❡♥t❛çã♦

■♥✐♥t❡rr✉♣t❛✱ ❝♦♠ ✉♠ ❡❧❡♠❡♥t♦ ❛r♠❛③❡♥❛❞♦r ❞❡ ❡♥❡r❣✐❛ ✭✉♠❛ ❜❛t❡r✐❛✱ ♣♦r ❡①❡♠♣❧♦✮✱ ❝♦♠ ❛

❘❡❞❡ ❊❧étr✐❝❛ vg✱ ❡ ✉♠❛ ❝❛r❣❛ ❛ s❡r ❛❧✐♠❡♥t❛❞❛ Rl✳ ❍á ❛✐♥❞❛ ❛ ❛❞✐çã♦ ❞❡ ✉♠❛ ❝❤❛✈❡✱ q✉❡ ✜❝❛

❧✐❣❛❞❛ ❡♥q✉❛♥t♦ ♥ã♦ ❤♦✉✈❡r ♣r♦❜❧❡♠❛s ❝♦♠ ❛ r❡❞❡ ❡❧étr✐❝❛✱ ❞❡s❝♦♥❡❝t❛♥❞♦ ♦ ❜❛♥❝♦ ❞❡ ❜❛t❡r✐❛s

❞♦ s✐st❡♠❛✳ ❚♦❞❛✈✐❛✱ ❝❛s♦ s❡❥❛ ♥❡❝❡ssár✐♦ ❞❡♠❛♥❞❛r ❡♥❡r❣✐❛ ❞❛ ❢♦♥t❡ ❞❡ ❛r♠❛③❡♥❛♠❡♥t♦✱ ❡ss❛

❝❤❛✈❡ é ❛❜❡rt❛✱ ❝♦♥❡❝t❛♥❞♦ ♦ ❜❛♥❝♦ ❞❡ ❜❛t❡r✐❛s ❛♦ ❝♦♥✈❡rs♦r ♣❛r❛ q✉❡ ❛ ❝❛r❣❛ ❝♦♥t✐♥✉❡ s❡♥❞♦
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❋✐❣✉r❛ ✶✳✼✿ ▼P❈❙❈ ✉t✐❧✐③❛❞♦ ❝♦♠♦ ❋♦♥t❡ ❞❡ ❆❧✐♠❡♥t❛çã♦ ■♥✐♥t❡rr✉♣t❛✳

❖✉tr♦ ❝❡♥ár✐♦ ❡♠ q✉❡ ♣♦❞❡✲s❡ ❛♣❧✐❝❛r ♦s ▼P❈❙❈s sã♦ ♦s ♦s ❝♦♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s✳

❖s ❝♦♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s s✉r❣✐r❛♠ ✈✐s❛♥❞♦ ♦ ❛✉♠❡♥t♦ ❞❛ ♣♦tê♥❝✐❛ t♦t❛❧ ♣r♦❝❡ss❛❞❛ ♣❡❧♦

❝♦♥✈❡rs♦r✱ r❡❞✉çã♦ ❞❛ ✈❛r✐❛çã♦ ❞❡ t❡♥sã♦✱ ♦✉ ❝♦rr❡♥t❡✱ ❛ ❝❛❞❛ ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ✭r❡❞✉③✐r

♦ ❡str❡ss❡ s♦❜r❡ ❛s ❝❤❛✈❡s✮✱ ❛✉♠❡♥t❛r ♦ ♥ú♠❡r♦ ❞❡ ♥í✈❡✐s ❣❡r❛❞♦s ♣❡❧❛ ❣r❛♥❞❡③❛ ❝❤❛✈❡❛❞❛ ✭♦

q✉❡ ❧❡✈❛ ❛ ✉♠❛ r❡❞✉çã♦ ❞♦ ❚❍❉✮✱ ❡ ✉♠❛ r❡❞✉çã♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ✭r❡❞✉③✐♥❞♦ ❛s

♣❡r❞❛ ♣♦r ❝❤❛✈❡❛♠❡♥t♦✮ ✭▲❆■ ❡ P❊◆●✱ ✶✾✾✻✮✳ ❖s ❈♦♥✈❡rs♦r❡s ▼✉❧t✐♥í✈❡✐s ❛♣r❡s❡♥t❛♠ t♦♣♦✲

❧♦❣✐❛s ❥á ❝♦♥s❛❣r❛❞❛s ✉t✐❧✐③❛♥❞♦ ❱❙❈s ✭❘❖❉❘■●❯❊❩ ❡t ❛❧✳✱ ✷✵✵✷✮✱ t♦❞❛✈✐❛✱ ❥á ❡♥❝♦♥tr❛♠✲s❡

tr❛❜❛❧❤♦s q✉❡ ✐♥✈❡st✐❣❛♠ ❛ ❛♣❧✐❝❛❜✐❧✐❞❛❞❡ ❞♦s ❈❙❈s ❝♦♠♦ ❝♦♥✈❡rs♦r ♠✉❧t✐♥í✈❡❧✿ ❡♠ ✭❇❆■ ❡

❩❍❆◆●✱ ✷✵✵✽✮✱ é ❢❡✐t♦ ❡st✉❞♦ ❞❛s t♦♣♦❧♦❣✐❛s ❛ ❉✐♦❞♦ ●r❛♠♣❡❛❞♦✱ ❈❛♣❛❝✐t♦r ❋❧✉t✉❛♥t❡ ❡

▼✉❧t✐♥í✈❡❧ ❡♠ ❈❛s❝❛t❛✱ ❜❛s❡❛❞❛s ❡♠ ❱❙❈s✱ ❛❞❛♣t❛❞❛s ❛♦s ❈❙❈s ✉t✐❧✐③❛♥❞♦ ♦ ♣r✐♥❝í♣✐♦ ❞❛

❞✉❛❧✐❞❛❞❡❀ ❥á ❡♠ ✭❈❖❙❙❯❚❚❆ ❡t ❛❧✳✱ ✷✵✶✺✮✱ ♣r♦♣õ❡✲s❡ ❛ ❝♦♥❡①ã♦ ❞❡ ❝é❧✉❧❛s ❞❡ ❝♦♠❜✉stí✈❡❧

à r❡❞❡ ❡❧étr✐❝❛ tr✐❢ás✐❝❛✱ ❛tr❛✈és ❞❡ ✉♠ ▼❈❙■✱ ❝♦♥✜❣✉r❛♥❞♦ ✉♠ ❝♦♥✈❡rs♦r ❞❡ ❡stá❣✐♦ ú♥✐❝♦❀

❡ ❡♠ ✭❉❆❙❍ ❡ ❑❆❩❊❘❆◆■✱ ✷✵✶✶✮✱ ♣r♦♣õ❡✲s❡ ✉♠ ▼❈❙■ ❛tr❛✈és ❞❛ ❝♦♥❡①ã♦ ❞❡ ✈ár✐♦s ❈❙■

▼♦♥♦❢ás✐❝♦s ❡♠ ♣❛r❛❧❡❧♦✱ ❢❛③❡♥❞♦ ❡♥tã♦ ❝♦♠ q✉❡ ❛ s♦♠❛ ❞❛s ❝♦rr❡♥t❡s ❣❡r❛❞❛s ♣♦r ❝❛❞❛ ❝♦♥✲

✈❡rs❡r ❢♦r♠❡ ♦ ♠✉❧t✐♥í✈❡❧ ❡♠ ❝♦rr❡♥t❡✱ s❡♠❡❧❤❛♥t❡ ❛♦ q✉❡ é ❢❡✐t♦ ♣❛r❛ ♦s ▼❱❙■s ❡♠ ❝❛s❝❛t❛

♣❛r❛ ♠✉❧t✐♥í✈❡❧ ❡♠ t❡♥sã♦✳ ❖❜s❡r✈❛✲s❡ ❡♥tã♦ q✉❡ ❡♥q✉❛♥t♦ ♦s ❱❙❈s sã♦ ✈♦❧t❛❞♦s ♣❛r❛ ❛

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

❞❡ ❝♦rr❡♥t❡✳ ◆♦t❛✲s❡ ♠❛✐s ✉♠❛ ❛♣❧✐❝❛çã♦ ♣❛r❛ ♦s ▼P❈❙❈s✱ ✈✐st♦ q✉❡ ❛ ❛ss♦❝✐❛çã♦ sér✐❡ ♦✉

♣❛r❛❧❡❧♦ ❞❡ s✉❛s ♣♦rt❛s ❈❆s ♣♦❞❡♠ ❣❡r❛r ♠✉❧t✐♥í✈❡✐s ❡♠ t❡♥sã♦ ♦✉ ❝♦rr❡♥t❡✳ ◆❛ ❋✐❣✉r❛ ✶✳✽✱

✐❧✉str❛✲s❡ ♦ ❝❡♥ár✐♦ ♣❛r❛ ❈♦♥✈❡rs♦r ▼✉❧t✐♥í✈❡❧✱ ❝♦♠ ♦s ✜❧tr♦s ❝❛♣❛❝✐t✐✈♦s ❡ ♦ ✐s♦❧❛♠❡♥t♦✱ ✈✐st♦

q✉❡ ♥ã♦ ♣♦❞❡ ❤❛✈❡r ✉♠ ❝✉rt♦✲❝✐r❝✉✐t♦ ❡♥tr❡ ❛s s❛í❞❛s ❞♦ ❝♦♥✈❡rs♦r✳ ❆♦ ✐s♦❧❛♠❡♥t♦ ❛✐♥❞❛ ❝❛❜❡

✐♥✈❡st✐❣❛çã♦✱ ♣♦✐s ❡❧❡ ♣♦❞❡r s❡r ❝❛♣❛❝✐t✐✈♦ ♦✉ ✐♥❞✉t✐✈♦ ✭❛tr❛✈és ❞❡ tr❛♥s❢♦r♠❛❞♦r❡s✮✳
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❋✐❣✉r❛ ✶✳✽✿ ▼P❈❙❈ ✉t✐❧✐③❛❞♦ ❝♦♠♦ ❈♦♥✈❡rs♦r ▼✉❧t✐♥í✈❡❧✳

❆ ú❧t✐♠❛ ❛♣❧✐❝❛çã♦ q✉❡ s❡ ❛♣r❡s❡♥t❛ ♥❡ss❛ ✐♥tr♦❞✉çã♦ é ♦ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ♠♦t♦r❡s ❜✐❢á✲

s✐❝♦s✳ ❏á é ❝♦♥s♦❧✐❞❛❞❛ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ❱❙❈s ❡♠ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ♠áq✉✐♥❛s ❜✐❢ás✐❝❛s ✭❚❖✲

▼❆❙❊▲▲■ ❡t ❛❧✳✱ ✷✵✵✺✮✱ ✭❉❊ ❘ ❈❖❘❘❊❆ ❡t ❛❧✳✱ ✷✵✵✶✮✱ ✭●❯❊❘❘❊■❘❖ ❡t ❛❧✳✱ ✷✵✶✶✮✱ t♦❞❛✈✐❛

♦s ❡st✉❞♦s ✉t✐❧✐③❛♥❞♦ ❈❙❈s ❥á ❡♥❝♦♥tr❛♠✲s❡ ❞❡❢❛s❛❞♦s✱ ❡✈✐❞❡♥❝✐❛♥❞♦ ✉♠❛ ❢❛❧t❛ ❞❡ ✐♥t❡r❡ss❡

❞❛ ✐♥✈❡st✐❣❛çã♦ ❞♦s ❈❙❈s ♣❛r❛ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ♠áq✉✐♥❛s ✭▼❆❚❙❯❙❊ ❡ ❑❯❇❖❚❆✱ ✶✾✾✵✮✱

✭◆❊▲❙❖◆ ❡ ❘❆❉❖▼❙❑■✱ ✶✾✼✹✮✳ ❊♠ r❡❧❛çã♦ ❛ ❛♥á❧✐s❡s ❝♦♠♣❛r❛t✐✈❛s✱ ❡♥❝♦♥tr❛♠✲s❡ ♣♦✉❝♦s

❡st✉❞♦s ❡♠ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ♠áq✉✐♥❛s ❡❧étr✐❝❛s✱ ❝♦♠♦ ♣♦r ❡①❡♠♣❧♦ ✭❙❯❍ ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❆❧é♠

❞❛s ❞❡s✈❛♥t❛❣❡♥s ❡♠ r❡❧❛çã♦ ❛s ♣❡r❞❛s ❞♦s ❈❙❈s✱ ❛ ♠♦❞✉❧❛çã♦ ❡♠ ❝♦rr❡♥t❡ ❞♦s ❈❙❈s ❣❡r❛

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

♥❡❣❛t✐✈♦ ❞♦s ❈❙❈s ♣❛r❛ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ♠áq✉✐♥❛s✳ ❚♦❞❛✈✐❛✱ ❛ ❛❞✐çã♦ ❞❡ ✜❧tr♦s ❝❛♣❛❝✐t✐✈♦s

♣❛r❛ ✜❧tr❛❣❡♠ ❞❛ ❝♦rr❡♥t❡ ❝❤❛✈❡❛❞❛ é ✉♠ ♣❛ss♦ ✐♥✐❝✐❛❧ ♣❛r❛ s❡ ✐♥✈❡st✐❣❛r ♦s ❈❙❈s ❛♣❧✐❝❛✲

❞♦s ❛♦ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ♠áq✉✐♥❛s✳ ◆❛ ❋✐❣✉r❛ ✶✳✾✱ ✐❧✉str❛✲s❡ ♦ ❝❡♥ár✐♦ ♣❛r❛ ❆❝✐♦♥❛♠❡♥t♦ ❞❡

▼♦t♦r❡s ❇✐❢ás✐❝♦s✱ ❝♦♠ ♦s ✜❧tr♦s ❝❛♣❛❝✐t✐✈♦s ♣❛r❛ ❛t❡♥✉❛çã♦ ❞❛s ❞❡r✐✈❛❞❛s ❞❡ ❝♦rr❡♥t❡ ❞♦

❝♦♥✈❡rs♦r✳

Vcc CC

CA

MPCSC

CA

Lcc

id

iq

Cfd
Ld

Lq

ifd

ifq

Cfq

❋✐❣✉r❛ ✶✳✾✿ ▼P❈❙❈ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❆❝✐♦♥❛♠❡♥t♦ ❞❡ ▼♦t♦r ❇✐❢ás✐❝♦✳

❈♦♠ ✐ss♦✱ ❛♣r❡s❡♥t❛r❛♠✲s❡ ❞✐✈❡rs♦s ❝❡♥ár✐♦s ❡♠ q✉❡ s❡ ❡♥❝❛✐①❛♠ ♦s ▼P❈❙❈s✳ ❊♥q✉❛♥t♦

❡♠ ❛❧❣✉♥s ❝❡♥ár✐♦s ❡❧❡s sã♦✱ ❛ ♣r✐♦r✐✱ ✈❛♥t❛❥♦s♦s ✭❯P❙✱ ●❉✮✱ ❡♠ ❛❧❣✉♥s ♦✉tr♦s ❡❧❡s ❥á s❡ ❞❡✲
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♠♦♥str❛♠ ♥ã♦ tã♦ ✈❛♥t❛❥♦s♦s q✉❛♥t♦ ♦s ❱❙❈s ✭▼▲❱▲✱ ❆❝✐♦♥❛♠❡♥t♦s✮✳ ❚♦❞❛✈✐❛✱ ♦ ❡st✉❞♦

❞❡ ✉♠ ❝♦♥✈❡rs♦r q✉❡ s❛t✐s❢❛ç❛ ❛s ❝♦♥❞✐çõ❡s ✐♠♣♦st❛s é ❛❧❣♦ q✉❡ ♣♦❞❡ ❣❡r❛r ❞✐s❝✉ssõ❡s✱ s♦✲

❧✉çõ❡s✱ ❝♦♠♣❛r❛çõ❡s ❡ r❡s✉❧t❛❞♦s q✉❡ ❝♦♥tr✐❜✉❛♠ ♣❛r❛ ❛ ❝✐ê♥❝✐❛ ❞♦s ❝♦♥✈❡rs♦r❡s ❡stát✐❝♦s✳

◆♦✈❛♠❡♥t❡✱ ❛♣❡s❛r ❞♦s ❩❙❈s s❡ ❡♥❝❛✐①❛r❡♠ ❡♠ ✈ár✐❛s ❞❡ss❛s s♦❧✉çõ❡s✱ s✉❛ ❞✐s❝✉ssã♦ ♥ã♦ é

✐♥❝❧✉í❞❛ ♥❡st❡ tr❛❜❛❧❤♦✳

✶✳✹ ❖r❣❛♥✐③❛çã♦ ❞♦ tr❛❜❛❧❤♦

❖ tr❛❜❛❧❤♦ é ❡str✉t✉r❛❞♦ ❞❡ ♠♦❞♦ ❛ ❛♣r❡s❡♥t❛r ♦ ❝❡♥ár✐♦ ❛t✉❛❧ ♣❛r❛ ♦s ❈❙❈s✱ ♦♣♦rt✉♥✐❞❛❞❡s

❡ ❞❡s❛✜♦s✱ ❛♣r❡s❡♥t❛❞♦s ♥♦ ❈❛♣ít✉❧♦ ✶ ✭✉♠✮✱ q✉❡ t❛♠❜é♠ ❢❛③ ❛ ✐♥tr♦❞✉çã♦ ❛♦s ▼P❈❙❈s✱

♣r✐♥❝✐♣❛❧ ♦❜❥❡t♦ ❞❡ ❡st✉❞♦ ❞❡st❛ ❞✐ss❡rt❛çã♦✳ ❆❜♦r❞❛✲s❡ ❛ ❥✉st✐✜❝❛t✐✈❛ ❞❡ ♣♦r q✉❡ ❡st✉❞❛r

❈❙❈s✱ ❡ ♦♥❞❡ ❜✉s❝❛✲s❡ ❛♣❧✐❝❛r ♦s ▼P❈❙❈s✳

◆♦ ❈❛♣ít✉❧♦ ✷ ✭❞♦✐s✮✱ ❛♣r❡s❡♥t❛✲s❡ ♦ ❡st✉❞♦ ❞❛ ❞✉❛❧✐❞❛❞❡ ❡♥tr❡ ❱❙❈s ❡ ❈❙❈s✱ ❝♦♠ ♦ ❢♦❝♦

♥♦ ❡st✉❞♦ ❞♦s ❈❙❈s✳ ❆❜♦r❞❛✲s❡ ❛q✉✐ ❛ ♠♦❞✉❧❛çã♦✱ ❝❤❛✈❡s✱ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦✱ ❡ ✈❛❧✐❞❛çã♦

❞♦s ❈❙❈s ▼♦♥♦❢ás✐❝♦ ♣♦r ♠❡✐♦ ❞❡ s✐♠✉❧❛çõ❡s ❡ r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✱ q✉❡ s❡r✈✐rã♦ ❞❡

❜❛s❡ ♣❛r❛ ❡st✉❞♦ ❞♦s ▼P❈❙❈s✳

◆♦ ❈❛♣ít✉❧♦ ✸ ✭três✮✱ ❛❜♦r❞❛♠✲s❡ ♦s ▼P❈❙❈s✱ ♦♥❞❡ ♦ ❡st✉❞♦ s❡❣✉❡ ❛ ❡✈♦❧✉çã♦ ❞❛s

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

❞♦ ❝♦♠❛♥❞♦ P❲▼ ♣❛r❛ ❝❛❞❛ ❝♦♥✈❡rs♦r✱ é ❢❡✐t❛ ❛ ✈❛❧✐❞❛çã♦ ❞❛s t♦♣♦❧♦❣✐❛s ❡ ❞♦s P❲▼s ♣♦r

♠❡✐♦ ❞❡ s✐♠✉❧❛çõ❡s ❡ r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✱ ❝♦♠ ♣r♦tót✐♣♦s ❝♦♥str✉í❞♦s ❡♠ ❧❛❜♦r❛tór✐♦✳

◆♦ ❈❛♣ít✉❧♦ ✹ ✭q✉❛tr♦✮✱ ❢❛③✲s❡ ✉♠ ❡①♣❡r✐♠❡♥t♦ ❝♦♠ ♦ ❝♦♥✈❡rs♦r ♣r♦♣♦st♦ ♦♣❡r❛♥❞♦ ❝♦♠♦

■♥✈❡rs♦r ❞❡ ❋r❡q✉ê♥❝✐❛✱ ✉♠❛ ❛♣❧✐❝❛çã♦ ❜ás✐❝❛✱ ♠❛s q✉❡ ❛❜♦r❞❛ ❞✐✈❡rs♦s ❛s♣❡❝t♦s ❞♦ ❝♦♥tr♦❧❡

❞♦ ❝♦♥✈❡rs♦r ♣r♦♣♦st♦✳

◆♦ ❈❛♣ít✉❧♦ ✺ ✭❝✐♥❝♦✮✱ ❢❛③✲s❡ ✉♠ r❡s✉♠♦ ❣❡r❛❧ s♦❜r❡ ♦ tr❛❜❛❧❤♦✱ ❝♦♥❝❧✉✐♥❞♦ ♦ ❡st✉❞♦ ❜❛s❡

❞♦s ▼P❈❙❈s✳ ❆q✉✐ t❛♠❜é♠ sã♦ ❛♣♦♥t❛❞♦s ♦s tr❛❜❛❧❤♦s ❢✉t✉r♦s ❡♠ r❡❧❛çã♦ ❛♦s ▼P❈❙❈s✱ ❡

♦ q✉❡ ♣♦❞❡ s❡r ❢❡✐t♦ ♣❛r❛ r❡❢♦rç❛r ❛ ❜❛s❡ t❡ór✐❝❛ s♦❜r❡ ♦s ❈❙❈s✳

P♦r ✜♠✱ ♦s ❆♥❡①♦s ❞❡st❡ tr❛❜❛❧❤♦ s❡ r❡❢❡r❡♠ à ❡t❛♣❛ ♣rát✐❝❛✱ ❝♦♥t❡♥❞♦ ♦s ❡sq✉❡♠át✐❝♦s

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

❡st✉❞❛❞♦s✳



■♥tr♦❞✉çã♦ ●❡r❛❧ ✶✹

✶✳✺ P✉❜❧✐❝❛çõ❡s

❆s s❡❣✉✐♥t❡s ♣✉❜❧✐❝❛çõ❡s ❢♦r❛♠ ♦✉ ❡stã♦ ❡♠ ❝✉rs♦ ❞❡ s❡r r❡❛❧✐③❛❞❛s ❝♦♠ ❜❛s❡ ♥❛s ✐♥❢♦r♠❛çõ❡s

❝♦♥t✐❞❛s ♥❡st❡ tr❛❜❛❧❤♦✿

• ✏❆ ❋❛♠✐❧② ❖❢ ❙✐♥❣❧❡✲P❤❛s❡ ❈✉rr❡♥t ❙♦✉r❝❡ ❈♦♥✈❡rt❡rs ❲✐t❤ ❉♦✉❜❧❡ ❖✉t♣✉ts✑

❆✉t♦r❡s✿ ❈♦st❛✱ ▲✳❈✳❀ ❱✐t♦r✐♥♦✱ ▼✳❆✳❀ ❞♦s ❙❛♥t♦s✱ ●✳●✳❀ ❈♦rr❡❛✱ ▼✳❇✳❘✳❀ ❋❡r♥❛♥❞❡s✱

❉✳❆✳

❆❝❡✐t♦ ❡♠✿ ❆♣♣❧✐❡❞ P♦✇❡r ❊❧❡❝tr♦♥✐❝s ❈♦♥❢❡r❡♥❝❡ ❛♥❞ ❊①♣♦s✐t✐♦♥ ✭❆P❊❈✮✱ ▼❛r❝❤

✷✵✶✻✳

• ✏❉♦✉❜❧❡ ❢♦✉r✲q✉❛❞r❛♥ts s✐♥❣❧❡✲♣❤❛s❡ ❝✉rr❡♥t s♦✉r❝❡ ❝♦♥✈❡rt❡r s❤❛r✐♥❣ t❤❡ s❛♠❡ ❉❈✲

❜✉s✑

❆✉t♦r❡s✿ ❱✐t♦r✐♥♦✱ ▼✳❆✳❀ ❈♦rr❡❛✱ ▼✳❇✳❘✳❀ ❈♦st❛✱ ▲✳❈✳❀ ❍❛rt♠❛♥♥✱ ▲✳❱✳❀ ❋❡r♥❛♥❞❡s✱

❉✳❆✳

P✉❜❧✐❝❛❞♦ ❡♠✿ ❊♥❡r❣② ❈♦♥✈❡rs✐♦♥ ❈♦♥❣r❡ss ❛♥❞ ❊①♣♦s✐t✐♦♥ ✭❊❈❈❊✮✱ ✷✵✶✹ ■❊❊❊✱

❙❡♣t✳ ✷✵✶✹✳
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❆ ❉✉❛❧✐❞❛❞❡ ❡♥tr❡ ♦s ❱❙❈s ❡ ♦s ❈❙❈s

✷✳✶ ■♥tr♦❞✉çã♦

❙❡♥❞♦ ♦s ❝♦♥✈❡rs♦r❡s ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ ♣♦✉❝♦ ❡①♣❧♦r❛❞♦s✱ ♥ã♦ s❡ ❡♥❝♦♥tr❛ ♥❛ ❧✐t❡r❛t✉r❛ ✉♠❛

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

❈❈ ♦✉ P❲▼✳ ❈♦♠♦ ♦ ❢♦❝♦ ❞❡st❡ tr❛❜❛❧❤♦ ❛❜♦r❞❛ ❝♦♥✈❡rs♦r❡s ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡✱ ❢❛③✲s❡ ✉♠

❡st✉❞♦ q✉❡ ❜✉s❝❛ ❝r✐❛r ✉♠❛ ❜❛s❡ s♦❜r❡ ❛ t❡♦r✐❛ ❞♦s ❝♦♥✈❡rs♦r❡s ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡✱ ❡ t❛♠❜é♠

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

▲♦❣♦✱ ♥❡st❡ ❝❛♣ít✉❧♦ é ❛♣r❡s❡♥t❛❞❛ ❛ t♦♣♦❧♦❣✐❛ ❈❙❈ q✉❡ s❡r✈❡ ❞❡ ❜❛s❡ ♣❛r❛ ♦s ❝♦♥✈❡rs♦✲

r❡s ❞❡ ♠ú❧t✐♣❧❛s ♣♦rt❛s ❡st✉❞❛❞♦s ❞✉r❛♥t❡ ♦ tr❛❜❛❧❤♦✳ Pr✐♠❡✐r♦✱ ❢❛③✲s❡ ❛ ❛♥á❧✐s❡ q✉❡ ♠♦str❛

❛s s❡♠❡❧❤❛♥ç❛s ❡ ❞✐❢❡r❡♥ç❛s ❡♥tr❡ ♦s ❈❙❈s ❡ ♦s ❱❙❈s ▼♦♥♦❢ás✐❝♦s✱ ❛♥á❧✐s❡ ❡st❛ ❝❤❛♠❛❞❛

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

♠❡♥t♦ ❞♦ ❈❙❈✱ ❞❡✈❡✲s❡ ♦❜❡❞❡❝❡r ❛❧❣✉♠❛s r❡❣r❛s ❡♠ r❡❧❛çã♦ ❛♦ P❲▼ q✉❡ ✐rá ❝♦♠❛♥❞❛r ❛s

❝❤❛✈❡s ❞♦ ❝♦♥✈❡rs♦r✳ ❊①♣❧✐❝❛✲s❡ ♦ ♣♦rq✉❡ ❞❡ss❛s ♣❛rt✐❝✉❧❛r✐❞❛❞❡s✱ ❞❡t❛❧❤❛✲s❡ ♦s ❡st❛❞♦s ❞❡

❝❤❛✈❡❛♠❡♥t♦ ❞♦ ❝♦♥✈❡rs♦r✱ ❡ ❝♦♠♦ ❞❡✈❡ ❢✉♥❝✐♦♥❛r ♦ t❡♠♣♦ ♠♦rt♦ ❞♦s ❈❙❈s✳

❊♠ s❡❣✉✐❞❛✱ ❛❜♦r❞❛✲s❡ ♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦ ❝♦♥✈❡rs♦r ❞❡ ♠♦❞♦ ❛ ♣r♦❥❡t❛r ✉♠ ❝♦♥✈❡rs♦r

s❡♠ s♦❜r❡✲ ♦✉ s✉❜❞✐♠❡♥s✐♦♥❛♠❡♥t♦✳ ❉✐♠❡♥s✐♦♥❛✲s❡ ♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❡ ♦ ✜❧tr♦ ❈❆✳ ❉❡st❛

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

♥♦♠✐♥❛✐s ❞❡ ♣r♦❥❡t♦✳

P♦r ✜♠✱ sã♦ ❛♣r❡s❡♥t❛❞♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❡ ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ♦ ❈❙❈✱ ❢✉♥❝✐♦✲

✶✺



❆ ❉✉❛❧✐❞❛❞❡ ❡♥tr❡ ♦s ❱❙❈s ❡ ♦s ❈❙❈s ✶✻

♥❛♥❞♦ ❝♦♠♦ ✐♥✈❡rs♦r ❡ ❝♦♠♦ r❡t✐✜❝❛❞♦r✳ ❱❛❧❡ r❡❢♦rç❛r q✉❡ ♦ ❢♦❝♦ ❞❡st❡ ❝❛♣ít✉❧♦ ❡ ❛♣r❡s❡♥t❛r

❛s s❡♠❡❧❤❛♥ç❛s ❡ ❞✐❢❡r❡♥ç❛s ❡♥tr❡ ♦s ❈❙❈s ❡ ♦s ❱❙❈s✱ ✈✐s❛♥❞♦ ❡♥t❡♥❞❡r ♦ ❝♦♠♣♦rt❛♠❡♥t♦

❞♦s ❈❙❈s ❡ ♥ã♦ ❡❧❡❣❡r q✉❛❧ ❞❡❧❡s é ♠❡❧❤♦r✳

✷✳✷ ❱❙❈s ✈❡rs✉s ❈❙❈s

❖s ❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ s❡ ❛ss❡♠❡❧❤❛♠ ❛♦s ❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❚❡♥sã♦✱ ♣♦ré♠

❝❛❞❛ ✉♠ ♣♦ss✉✐ ❝❛r❛❝t❡ríst✐❝❛s q✉❡ ♦s ❞❡✜♥❡♠ ❞❡ ❢♦r♠❛ í♠♣❛r✱ sã♦ ❡❧❛s✿ ❜❛rr❛♠❡♥t♦ ❈❈✱

❝é❧✉❧❛s ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ ❝♦♠❛♥❞♦ ❞❛s ❝❤❛✈❡s ❛ ♣❛rt✐r ❞❛ ♠♦❞✉❧❛çã♦ P❲▼✱ ❣❛♥❤♦ ❡♠ t❡♥sã♦

❡ ❝♦rr❡♥t❡✱ ❡ ✜❧tr♦ ❈❆✳ ❆ ❛♥á❧✐s❡ ❢❡✐t❛ ♥❡st❛ s❡çã♦ t❡♠ ❝♦♠♦ ❢♦❝♦ ❛s t♦♣♦❧♦❣✐❛s ▼♦♥♦❢ás✐❝❛s

P♦♥t❡ ❍✱ q✉❡ s❡r✈✐rã♦ ❞❡ ❜❛s❡ ♣❛r❛ ♦s ❝♦♥✈❡rs♦r❡s ❞❡ ♠ú❧t✐♣❧❛s ♣♦rt❛s✱ q✉❡ sã♦ ❡st✉❞❛❞♦s

♥❡st❛ ❞✐ss❡rt❛çã♦✳

❆♠❜♦s ♦s ❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❡ ❋♦♥t❡ ❞❡ ❚❡♥sã♦ sã♦ ❛♣r❡s❡♥t❛❞♦s ❡♠ s✉❛s t♦✲

♣♦❧♦❣✐❛s ✐♥✈❡rs♦r❛s ❡ r❡t✐✜❝❛❞♦r❛s✱ ❛❝♦♠♣❛♥❤❛❞♦s ❞❡ ✜❧tr♦s ❞❡ s❡❣✉♥❞❛ ♦r❞❡♠✳ ◆❛ ❋✐❣✉r❛ ✷✳✶

sã♦ ✐❧✉str❛❞♦s ♦ ❘❡t✐✜❝❛❞♦r ❋♦♥t❡ ❞❡ ❚❡♥sã♦ ✭❱♦❧t❛❣❡ ❙♦✉r❝❡ ❘❡❝t✐✜❡r ✲ ❱❙❘✮ ❡ ♦ ■♥✈❡rs♦r

❋♦♥t❡ ❞❡ ❚❡♥sã♦ ✭❱♦❧t❛❣❡ ❙♦✉r❝❡ ■♥✈❡rt❡r ✲ ❱❙■✮✱ ❡ ♥❛ ❋✐❣✉r❛ ✷✳✷ sã♦ ✐❧✉str❛❞♦s ♦ ❘❡t✐✜❝❛❞♦r

❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ✭❈✉rr❡♥t ❙♦✉r❝❡ ❘❡❝t✐✜❡r ✲ ❈❙❘✮ ❡ ♦ ■♥✈❡rs♦r ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ✭❈✉rr❡♥t

❙♦✉r❝❡ ■♥✈❡rt❡r ✲ ❈❙■✮✳

❆♥t❡s ❞❡ t✉❞♦✱ ❞❡st❛❝❛✲s❡ q✉❡ ♦s ❱❙❈s✱ ❞❡ ❢❛t♦✱ ♣♦ss✉❡♠ ✉♠ ❡st✉❞♦ ♠✉✐t♦ ♠❛✐s ❞✐❢✉♥❞✐❞♦

❞♦ q✉❡ ♦s ❈❙❈s✳ ■ss♦ s❡ ❞❡✈❡ ♣♦✐s✿ ♦ ✈♦❧✉♠❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❞♦s ❱❙❈s é ♠❡♥♦r ❞♦ q✉❡ ♦s ❈❙❈s

♣❛r❛ ♠❡s♠♦ ♥í✈❡❧ ❞❡ ♣♦tê♥❝✐❛ ❡ ❢r❡q✉ê♥❝✐❛❀ ❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ ♥♦s ❈❙❈s sã♦ ♠❛✐♦r❡s❀

❛♣❧✐❝❛çõ❡s ❝♦♠ ❝❛r❣❛s ❛❧t❛♠❡♥t❡ ✐♥❞✉t✐✈❛s ✭❝♦♠♦ ♠áq✉✐♥❛s ❡❧étr✐❝❛s✮ sã♦ ♠❛✐s ♣rát✐❝❛s ❝♦♠

❱❙❈s✳ P♦ré♠✱ ❝♦♠ ♦ t❡❝♥♦❧♦❣✐❛ ❘❇■●❇❚✱ q✉❡ ❛✐♥❞❛ s❡rá ❝♦♠❡♥t❛❞❛ ♥❡st❡ ♠❡s♠♦ ❝❛♣ít✉❧♦✱

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

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

r❡t♦r♥♦ ❛♦ ✐♥✈❡st✐♠❡♥t♦ ❝✐❡♥tí✜❝♦ ♥♦s ❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡✳

❆ ♣r✐♠❡✐r❛ ❛♥á❧✐s❡ q✉❡ é ❢❡✐t❛ ❡♥tr❡ ♦s ❈❙❈s ❡ ♦s ❱❙❈s é ❡♠ r❡❧❛çã♦ às ♣❡r❞❛s✳ P♦r s❡

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

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

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

❜❛rr❛♠❡♥t♦ ❈❈ q✉❡ ♣❡r❝♦rr❡ ♦ ✐♥❞✉t♦r✱ ♠❛✐♦r s❡rá ♦ ✐♥❞✉t♦r✱ ✈✐st♦ q✉❡ ♦ ✈❛❧♦r ❞❡ ✐♥❞✉tâ♥❝✐❛
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✭❜✮ ■♥✈❡rs♦r ✭❱❙■✮✳

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

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

❞❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✳ ❊♥tã♦ ❛♦ s❡ ❜✉s❝❛r tr❛❜❛❧❤❛r ❝♦♠ ♠❛✐♦r❡s ❝♦rr❡♥t❡s✱ ❧♦❣♦

♣♦tê♥❝✐❛s✱ ❛❧é♠ ❞♦ ❛✉♠❡♥t♦ ❞❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ ♥♦ ✐♥❞✉t♦r ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ❤❛✈❡rá

t❛♠❜é♠ ♦ ❛✉♠❡♥t♦ ❞♦ ✈♦❧✉♠❡ ❞❡ss❡ ❝♦♠♣♦♥❡♥t❡✱ q✉❡ ❧❡✈❛rá ❛ ✉♠❛ ❞✐♠✐♥✉✐çã♦ ❞❛ ❞❡♥s✐❞❛❞❡

❞❡ ♣♦tê♥❝✐❛ ❞♦ ❝♦♥✈❡rs♦r✳

❚❛♠❜é♠ r❡s♣♦♥sá✈❡❧ ♣♦r ♣❛rt❡ ❞❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦✱ ♦s ❘❇■●❇❚s sã♦ ❛s ❝❤❛✈❡s ✉t✐✲

❧✐③❛❞❛s ♥♦s ❈❙❈s✳ ❆ ♥❡❝❡ss✐❞❛❞❡ ❞❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❜❧♦q✉❡✐♦ r❡✈❡rs♦ ♥❛s ❝❤❛✈❡s ❞♦ ❝♦♥✈❡rs♦r✱

❢❛③ ❝♦♠ q✉❡ ❞✐♦❞♦s s❡❥❛♠ ❝♦♥❡❝t❛❞♦s ❡♠ sér✐❡ ❝♦♠ ♦s ■●❇❚s✱ ♦ q✉❡ ❣❛r❛♥t❡ ❛♦ ❝♦♥❥✉♥t♦

❜✐❞✐r❡❝✐♦♥❛❧✐❞❛❞❡ ❞❡ t❡♥sã♦ ❡ ✉♥✐❞✐r❡❝✐♦♥❛❧✐❞❛❞❡ ❞❡ ❝♦rr❡♥t❡✳ ❖ ❝♦♥❥✉♥t♦ ■●❇❚ ❛ss♦❝✐❛❞♦

❡♠ sér✐❡ ❝♦♠ ✉♠ ❞✐♦❞♦ ♣♦❞❡ s❡r s✉❜st✐t✉í❞♦ ♣♦r ✉♠ ❘❇■●❇❚✱ q✉❡ ❝♦♥❢❡r❡ ❛s ♠❡s♠❛s ♣r♦✲
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Cf

✭❛✮ ❘❡t✐✜❝❛❞♦r ✭❈❙❘✮✳

Vcc

Lcc

vbar

Icc

tt

bb

vl
vf

ilif

Lf

Cf Rl

✭❜✮ ■♥✈❡rs♦r ✭❈❙■✮✳

❋✐❣✉r❛ ✷✳✷✿ ❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡✳

♣r✐❡❞❛❞❡s ❝♦♠ ♣❡r❞❛s ♠❡♥♦r❡s✱ ✈✐st♦ q✉❡ ❛ t❡❝♥♦❧♦❣✐❛ ♣❡r♠✐t❡ ❡♥❝❛♣s✉❧❛r ■●❇❚ ❡ ❞✐♦❞♦ ❡♠

✉♠ ú♥✐❝♦ ❞✐s♣♦s✐t✐✈♦ s❡♠✐❝♦♥❞✉t♦r✳

❆❧✐❛❞♦ à t❡❝♥♦❧♦❣✐❛ ❞♦ ❘❇■●❇❚✱ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♥♦✈♦s ♠❛t❡r✐❛✐s ♠❛❣♥ét✐❝♦s ✭❍❯✲

❆◆● ❡t ❛❧✳✱ ✷✵✶✹✮ q✉❡ ♣❡r♠✐t❡♠ ❛ ❢❛❜r✐❝❛çã♦ ❞❡ ✐♥❞✉t♦r❡s ♠❛✐s ❧❡✈❡s ❡ ❡✜❝❡♥t❡s ✭❈❍❆◆

❡t ❛❧✳✱ ✷✵✵✻✮✱ ❢❛③ ❝♦♠ q✉❡ ♦s ❈❙❈s ❝❤❡❣✉❡♠ ❛ ✉♠ ♣❛t❛♠❛r ♣ró①✐♠♦ ❛♦s ❱❙❈s ❡♠ t❡r♠♦s

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

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

♣♦r ❝❤❛✈❡❛♠❡♥t♦ sã♦ ♣r❡❞♦♠✐♥❛♥t❡s ✭❆❩▼■ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ❚♦❞❛✈✐❛✱ ❛♦ s❡ ❡❧❡✈❛r ❛ ❢r❡q✉ê♥✲

❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞♦ ❝♦♥✈❡rs♦r✱ ♦s ❈❙❈s ♣❛ss❛♠ ❛ s❡r ♠❛✐s ❡✜❝✐❡♥t❡s q✉❡ ♦s ❱❙❈s✳ ❉❛

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



❆ ❉✉❛❧✐❞❛❞❡ ❡♥tr❡ ♦s ❱❙❈s ❡ ♦s ❈❙❈s ✶✾

❝♦♥✈❡rs♦r❡s✱ ♦s ❱❙❈s ♣❛ss❛rã♦ ❛ s❡r ♠❛✐s ✈❛♥t❛❥♦s♦s✳

❖ q✉❡ ✜❝❛ ❡✈✐❞❡♥t❡ ❡♠ r❡❧❛çã♦ às ♣❡r❞❛s ❞♦s ❝♦♥✈❡rs♦r❡s✱ é q✉❡ ❝❛❞❛ ❝♦♥✈❡rs♦r ♣♦ss✉✐

s❡✉s ♣♦♥t♦s ❢♦rt❡s ❡ ❢r❛❝♦s✳ ❉❡st❛ ❢♦r♠❛✱ ❛♦ ❝♦♥trár✐♦ ❞♦ q✉❡ ❛❝♦♥t❡❝✐❛ ❛♥t❡s✱ ♦s ❈❙❈s ❛❣♦r❛

❡stã♦ ❡♠ ♥í✈❡❧ ❞❡ ✐❣✉❛❧❞❛❞❡ ❡♠ r❡❧❛çã♦ às ♣❡r❞❛s q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦s ❛♦s ❱❙❈s✳ ❊st❛❜❡❧❡❝✐❞❛

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

❆ ❛♥á❧✐s❡ ❞❛ ❞✉❛❧✐❞❛❞❡ ❝♦♠❡ç❛ ♣❡❧♦ ❡st✉❞♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❞❡ ❝❛❞❛ ❝♦♥✈❡rs♦r✳ ❊♥✲

q✉❛♥t♦ ♥♦s ❱❙❈s ❡♥❝♦♥tr❛♠✲s❡ ❝❛♣❛❝✐t♦r❡s ❝♦♠♦ ❡❧❡♠❡♥t♦ r❡❛t✐✈♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ♥♦s

❈❙❈s ❡♥❝♦♥tr❛♠✲s❡ ✐♥❞✉t♦r❡s✳ ◆♦s ❱❙❈s ♦ ❝❛♣❛❝✐t♦r ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ é ❝♦♥❡❝t❛❞♦ ❡♠

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

t❡♥sã♦✳ ❏á ♥♦s ❈❙❈s✱ ♦ ✐♥❞✉t♦r ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ é ❝♦♥❡❝t❛❞♦ ❡♠ sér✐❡ ❝♦♠ ♦ ❝♦♥✈❡rs♦r✱

❛♥❛❧♦❣❛♠❡♥t❡✱ ♦ ✐♥❞✉t♦r ❞❡ ✐♥❞✉tâ♥❝✐❛ ✐♥✜♥✐t❛ ♦♣❡r❛r✐❛ ❝♦♠♦ ✉♠❛ ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡✳

❉❡✜♥❡♠✲s❡ ❡♥tã♦ ❛s ❣r❛♥❞❡③❛s ❞❡ ❝❛❞❛ ❜❛rr❛♠❡♥t♦ ❈❈✳ P❛r❛ ♦ ❝❛s♦ ❞♦s ❱❙❈s✱ ♥❛ ❋✐✲

❣✉r❛ ✷✳✸❛ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ ❛ t❡♥sã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ Vcc✱ ❢♦r♥❡❝✐❞❛ ♣♦r ✉♠❛ ❢♦♥t❡ ❞❡

t❡♥sã♦✱ ❡stá ❡♠ ♣❛r❛❧❡❧♦ ❝♦♠ ♦ ❝❛♣❛❝✐t♦r✱ q✉❡ ♣♦r s✉❛ ✈❡③ ❡stá ❡♠ ♣❛r❛❧❡❧♦ ❝♦♠ ♦ ❝♦♥✈❡r✲

s♦r✳ ■ss♦ ✐♠♣❧✐❝❛ ❞✐③❡r q✉❡ ❛ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛ Vcc ❡ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ vbar✱ sã♦

❡①❛t❛♠❡♥t❡ ❛ ♠❡s♠❛ ❣r❛♥❞❡③❛✱ ❧♦❣♦✱ ❜❛st❛ ✉t✐❧✐③❛r ✉♠❛ ❞❡❧❛s ♣❛r❛ ❛♥á❧✐s❡ ❞♦ ❝♦♥✈❡rs♦r✳ ❏á

♣❛r❛ ❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❞♦s ❱❙❈s ♦❝♦rr❡ ♦ ❝♦♥trár✐♦✱ ♣♦✐s ❡①✐st❡♠ três ❝♦rr❡♥t❡s

❞✐st✐♥t❛s✿ Icc✱ ❝♦rr❡♥t❡ ♦r✐✉♥❞❛ ❞❛ ❢♦♥t❡ ❈❈ q✉❡ ❛❧✐♠❡♥t❛ ♦ ❝✐r❝✉✐t♦❀ iCcc
✱ ♣❛r❝❡❧❛ ❞❛ ❝♦rr❡♥t❡

Icc q✉❡ ✐rá ♣❡r❝♦rr❡r ♦ ❝❛♣❛❝✐t♦r ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈❀ ❡ ibar✱ ❝♦rr❡♥t❡ q✉❡ ❞❡ ❢❛t♦ s❡❣✉❡ ♣❛r❛ ♦

❝♦♥✈❡rs♦r ♣❛r❛ ❛❧✐♠❡♥t❛r ❛ ❝❛r❣❛✱ q✉❡ é ✉♠ r❡✢❡①♦ ❞❛ ❝♦rr❡♥t❡ ❞❛ ❝❛r❣❛✳ ❉❡st❛s ❣r❛♥❞❡③❛s✱

ibar é ❝❤❛✈❡❛❞❛✱ ❡♥q✉❛♥t♦ q✉❡ Vcc ✐rá ♦s❝✐❧❛r ❡♠ t♦r♥♦ ❞❡ ✉♠ ✈❛❧♦r ♠é❞✐♦✱ s❡♥❞♦ ❡ss❛ ♦s❝✐❧❛çã♦

✐♥✢✉❡♥❝✐❛❞❛ ♣❡❧♦ ♣♦♥t♦ ❞❡ ♦♣❡r❛çã♦ ❞❛ ❝❛r❣❛✱ ❡ ♣❡❧♦ ❝❛♣❛❝✐t♦r ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✳

P❛r❛ ♦s ❈❙❈s ❛ ❛♥á❧✐s❡ é ♣❛r❡❝✐❞❛✱ ♠❛s tr♦❝❛♥❞♦ ❛s t❡♥sõ❡s ♣♦r ❝♦rr❡♥t❡s✱ ❡ ✈✐❝❡✲✈❡rs❛✳

❆♦ s❡ ♦❜s❡r✈❛r ❛ ❋✐❣✉r❛ ✷✳✸❜✱ ♥♦t❛✲s❡ q✉❡ ❛ ❝♦rr❡♥t❡ Icc✱ q✉❡ é ❛ ❝♦rr❡♥t❡ ♦r✐✉♥❞❛ ❞❛ ❢♦♥t❡ ❈❈

q✉❡ ❛❧✐♠❡♥t❛ ♦ ❝✐r❝✉✐t♦✱ ❡st❛ ♥♦ ♠❡s♠♦ tr❡❝❤♦ ❞❡ ❝✐r❝✉✐t♦ q✉❡ ibar✱ ♣❛ss❛♥❞♦ ♣❡❧♦ ✐♥❞✉t♦r ❞♦

❜❛rr❛♠❡♥t♦ ❈❈✳ ❊♥tã♦ ❛s ❝♦rr❡♥t❡s Icc ❡ ibar sã♦ ❡①❛t❛♠❡♥t❡ ❛ ♠❡s♠❛ ❣r❛♥❞❡③❛✳ ❉❡ ❢♦r♠❛

♦♣♦st❛ ❡stã♦ ❛s t❡♥sõ❡s q✉❡ ❛❣♦r❛ sã♦ três✿ Vcc✱ t❡♥sã♦ ❞❛ ❢♦♥t❡ ❈❈ q✉❡ ❛❧✐♠❡♥t❛ ♦ ❝✐r❝✉✐t♦❀

vLcc
✱ t❡♥sã♦ s♦❜r❡ ♦ ✐♥❞✉t♦r ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈❀ ❡ vbar✱ t❡♥sã♦ s♦❜r❡ ♦ ❝♦♥✈❡rs♦r✱ q✉❡ é ✉♠

r❡✢❡①♦ ❞❛ t❡♥sã♦ ❞❛ ❝❛r❣❛✳ ❉❡st❛s ❣r❛♥❞❡③❛s✱ vbar é ❝❤❛✈❡❛❞❛✱ ❡♥q✉❛♥t♦ q✉❡ Icc ✐rá ♦s❝✐❧❛r

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



❆ ❉✉❛❧✐❞❛❞❡ ❡♥tr❡ ♦s ❱❙❈s ❡ ♦s ❈❙❈s ✷✵
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✭❛✮ ❈❛♣❛❝✐t✐✈♦ ✭❱❙❈✮✳
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✭❜✮ ■♥❞✉t✐✈♦ ✭❈❙❈✮✳

❋✐❣✉r❛ ✷✳✸✿ ❇❛rr❛♠❡♥t♦s ❈❈✳

❝❛r❣❛ ❡ ♣❡❧♦ ✐♥❞✉t♦r ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✳

❊♥q✉❛♥t♦ q✉❡ ♥♦s ❱❙❈s ❛ ♠♦❞✉❧❛çã♦ ♦❝♦rr❡ ♥❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ♦✉ s❡❥❛✱ ❛

t❡♥sã♦ ❈❆ é ♠❡♥♦r ♦✉ ✐❣✉❛❧ q✉❡ ❛ t❡♥sã♦ ❈❈ ✭❝♦♥s✐❞❡r❛♥❞♦ ✈❛❧♦r❡s ❞❡ ♣✐❝♦✮✱ ♥♦s ❈❙❈s ❡st❡

❡❢❡✐t♦ ♦❝♦rr❡ ♥❛ ❝♦rr❡♥t❡✳ ◆♦s ❈❙❈s✱ ❛ ❣r❛♥❞❡③❛ ♠♦❞✉❧❛❞❛ é ❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱

❧♦❣♦ ❛ ❝♦rr❡♥t❡ ❈❆ ❞❡✈❡ s❡r ♠❡♥♦r ♦✉ ✐❣✉❛❧ q✉❡ ❛ ❝♦rr❡♥t❡ ❈❈ ✭❝♦♥s✐❞❡r❛♥❞♦ ✈❛❧♦r❡s ❞❡

♣✐❝♦✮✳ ◆♦t❛✲s❡ q✉❡ ❡♥q✉❛♥t♦ ♦s ❱❙■s ❛♣r❡s❡♥t❛♠ ✉♠ ❡❢❡✐t♦ ❜✉❝❦ ♥❛ t❡♥sã♦✱ ♦ q✉❡ ✐♠♣❧✐❝❛

♥✉♠ ❡❢❡✐t♦ ❜♦♦st ♥❛ ❝♦rr❡♥t❡✱ ♦s ❈❙■s ❛♣r❡s❡♥t❛♠ ✉♠ ❡❢❡✐t♦ ❜✉❝❦ ♥❛ ❝♦rr❡♥t❡✱ ♦ q✉❡ ❧❡✈❛ ❛ ✉♠

❡❢❡✐t♦ ❜♦♦st ♥❛ t❡♥sã♦✳ ❖ ❝♦♥trár✐♦ ♦❝♦rr❡ ♣❛r❛ ♦s ❱❙❘s ❡ ❈❙❘s✳ ❙❛❜❡♥❞♦ q✉❡ ❛ ♣♦tê♥❝✐❛ ❞❡

❡♥tr❛❞❛ ❞❡✈❡ s❡r ✐❣✉❛❧ ❛ ♣♦tê♥❝✐❛ ❞❡ s❛í❞❛✱ ❞❡s❝♦♥s✐❞❡r❛♥❞♦ ❛s ♣❡r❞❛s✱ ♣♦❞❡✲s❡ ❞❡s❡♥✈♦❧✈❡r

❛s ❡q✉❛çõ❡s q✉❡ ❡✈✐❞❡♥❝✐❛♠ ♦ ❡❢❡✐t♦ ❜✉❝❦ ❡ ❜♦♦st ❞♦s ❝♦♥✈❡rs♦r❡s✳

❆ ♣♦tê♥❝✐❛ é ❞❡✜♥✐❞❛ ❝♦♠♦

Pcc = VccIcc = VcaIca = Pca. ✭✷✳✶✮

❈♦♠♦ ♥♦s ❈❙❈s ❛ ❣r❛♥❞❡③❛ ♠♦❞✉❧❛❞❛ é ❛ ❝♦rr❡♥t❡✱ t❡♠✲s❡ q✉❡

miIcc =
√
2Ica. ✭✷✳✷✮

❖♥❞❡ mi é ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞❛ ❝♦rr❡♥t❡✳ ❙✉❜st✐t✉✐♥❞♦ ✭✷✳✷✮ r❡s♦❧✈✐❞❛ ♣❛r❛ Icc✱ ❡♠

✭✷✳✶✮✱ ❡♥❝♦♥tr❛✲s❡ q✉❡

Vcc

√
2Ica
mi

= VcaIca, ✭✷✳✸✮

Vcc

√
2

mi

= Vca. ✭✷✳✹✮



❆ ❉✉❛❧✐❞❛❞❡ ❡♥tr❡ ♦s ❱❙❈s ❡ ♦s ❈❙❈s ✷✶

▲♦❣♦✱ ❡♥❝♦♥tr❛✲s❡ ❛ r❡❧❛çã♦ ❡♥tr❡ ❛s t❡♥sõ❡s ❞❡ ❡♥tr❛❞❛ ❡ ❞❡ s❛í❞❛ ♣❛r❛ ♦s ❈❙❈s✳ P❛r❛

♦s ❱❙❈s✱ ❢❛❝✐❧♠❡♥t❡ ❡♥❝♦♥tr❛✲s❡ q✉❡

mvVcc =
√
2Vca. ✭✷✳✺✮

Icc

√
2

mv

= Ica. ✭✷✳✻✮

❖♥❞❡ mv é ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞❛ t❡♥sã♦✳ ❊st❛s r❡❧❛çõ❡s sã♦ ✈❛❧✐❞❛s ♣❛r❛ ❛♠❜♦s

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

❆s ❝❤❛✈❡s ✉t✐❧✐③❛❞❛s ❡♠ ❝❛❞❛ ❝♦♥✈❡rs♦r✱ ❛♣❡s❛r ❞❡ ❛♠❜❛s s❡r❡♠ ■●❇❚s✱ ❞✐❢❡r❡♠ ♣❡❧♦

♣♦s✐❝✐♦♥❛♠❡♥t♦ ❞❡ ✉♠ ❞✐♦❞♦✳ ❊ss❡s ❞✐♦❞♦s ❛❞✐❝✐♦♥❛❞♦s✱ sã♦ ♥❡❝❡ssár✐♦s ♣❛r❛ ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦

❝♦rr❡t♦ ❞♦s ❝♦♥✈❡rs♦r❡s ❞✉r❛♥t❡ ♦ t❡♠♣♦ ♠♦rt♦✱ q✉❡ s❡rá ❞❡t❛❧❤❛❞♦ ❛✐♥❞❛ ♥❡st❡ ❝❛♣ít✉❧♦✳

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

♣r♦♣♦r❝✐♦♥❛♥❞♦ ✉♠ ❝❛♠✐♥❤♦ ❛❧t❡r♥❛t✐✈♦ ♣❛r❛ ❛ ❝♦rr❡♥t❡✳ ❚❛❧ ♣r♦♣r✐❡❞❛❞❡ é ♥❡❝❡ssár✐❛ ♣❛r❛

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

♦ ✐♥t❡r✈❛❧♦ ❞❡ r♦❞❛ ❧✐✈r❡ ❞♦ ❝♦♥✈❡rs♦r✳ ▲♦❣♦✱ ❛s ❝❤❛✈❡s ❞♦s ❱❙❈s sã♦ ✉♥✐❞✐r❡❝✐♦♥❛✐s ❡♠

t❡♥sã♦✱ ❡ ❜✐❞✐r❡❝✐♦♥❛✐s ❡♠ ❝♦rr❡♥t❡✳

❏á ♣❛r❛ ♦s ❈❙❈s sã♦ ✉t✐❧✐③❛❞♦s ❘❇■●❇❚s✱ ❝❤❛✈❡s q✉❡ ♣♦❞❡♠ s❡r ♦❜t✐❞❛s ♣❡❧❛ ❝♦♥❡①ã♦

sér✐❡ ❞❡ ✉♠ ■●❇❚ ❝♦♠ ✉♠ ❞✐♦❞♦✳ ❆ ❛❞✐çã♦ ❞♦ ❞✐♦❞♦ s❡ ❢❛③ ♥❡❝❡ssár✐❛ ♣❛r❛ q✉❡ s❡ ❝♦♥s✐❣❛

❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❜❧♦q✉❡✐♦ r❡✈❡rs♦✱ ♦r✐❣✐♥❛♥❞♦ ♦ ♥♦♠❡ ❞❛s ❝❤❛✈❡s✿ ❘❡✈❡rs❡ ❇❧♦❝❦✐♥❣ ■●❇❚ ✲

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

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

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

sã♦ ✉♥✐❞✐r❡❝✐♦♥❛✐s ❡♠ ❝♦rr❡♥t❡✱ ♠❛s ❛♣❡♥❛s ♣❛r❛ ♥í✈❡✐s ❞❡ t❡♥sã♦ r❡❧❛t✐✈❛♠❡♥t❡ ❜❛✐①♦s✱ ❛

❞❡♣❡♥❞❡r ❞♦ ❢❛❜r✐❝❛♥t❡✳ ❖s ■●❇❚s ❝♦♠✉♥s ❛♣r❡s❡♥t❛♠ ✉♠❛ ❝♦rr❡♥t❡ ❞❡ ❢✉❣❛ q✉❡ ❝r❡s❝❡ ❛

♠❡❞✐❞❛ q✉❡ ❛ t❡♥sã♦ r❡✈❡rs❛ s♦❜r❡ ♦ ■●❇❚ ❝r❡s❝❡✱ ♣♦r ✐ss♦ ❢❛③✲s❡ ♥❡❝❡ssár✐♦ ❛ ❛ss♦❝✐❛çã♦ sér✐❡

❞❡ ✉♠ ❞✐♦❞♦ ♣❛r❛ q✉❡ s❡ ♦❜t❡♥❤❛ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❜❧♦q✉❡✐♦ r❡✈❡rs♦ ❞❡ ❢❛t♦ ✭▼❖●❙❚❆❉✱

✷✵✵✽✮✳

❚♦❞❛✈✐❛✱ ❡♠ ✭▲■◆❉❊▼❆◆◆✱ ✷✵✵✶✮ ❞❡s❝r❡✈❡✲s❡ ❛ t❡❝♥♦❧♦❣✐❛ ✉t✐❧✐③❛❞❛ ♥♦s ❘❇■●❇❚s ❞❛s

❢❛❜r✐❝❛♥t❡ ■❳❨❙✳ ❊♠ ✭▲■◆❉❊▼❆◆◆✱ ✷✵✵✶✮ ♣r♦♣õ❡✲s❡ ✉♠❛ ♥♦✈❛ ❝❤❛✈❡ ❝♦♠ ❝❛♣❛❝✐❞❛❞❡ ❞❡

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

♣❛❝✐❞❛❞❡ ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ❞❡ ❛❧t❛s ♣♦tê♥❝✐❛s ❡ ❜❛✐①❛ q✉❡❞❛ ❞❡ t❡♥sã♦✳ ❈♦♠ ❡ss❛ ♥♦✈❛



❆ ❉✉❛❧✐❞❛❞❡ ❡♥tr❡ ♦s ❱❙❈s ❡ ♦s ❈❙❈s ✷✷

v
IGBT

v
diodo

✭❛✮ ■●❇❚ ❝♦♠ ❞✐♦❞♦ ❡♠

❛♥t✐✲♣❛r❛❧❡❧♦✳

v
IGBT

v
diodo

✭❜✮ ■●❇❚ ❝♦♠ ❞✐♦❞♦ ❡♠

sér✐❡✳

v
RBIGBT

✭❝✮ ❘❇■●❇❚✳

❋✐❣✉r❛ ✷✳✹✿ ❚✐♣♦s ❞❡ ❝❤❛✈❡s ✉t✐❧✐③❛❞❛s ❡♠ ❱❙❈s ❡ ❈❙❈s✳

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

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

◆❛ ❋✐❣✉r❛ ✷✳✹✱ ✐❧✉str❛♠✲s❡ ♦s três t✐♣♦s ❞❡ ❝❤❛✈❡s ❝♦♠❡♥t❛❞❛s✿ ■●❇❚ ❡♠ ❛♥t✐✲♣❛r❛❧❡❧♦

❝♦♠ ❞✐♦❞♦✱ ■●❇❚ ❡♠ sér✐❡ ❝♦♠ ❞✐♦❞♦✱ ❡ ❘❇■●❇❚✳

P♦❞❡✲s❡ ❡♥tã♦✱ ❞❡ ❢♦r♠❛ ❣❡♥ér✐❝❛✱ ❞✐③❡r q✉❡

vIGBT ≈ vdiodo ≈ vRBIGBT < vIGBT + vdiodo. ✭✷✳✼✮

❆ r❡❧❛çã♦ ❡♥tr❡ ❡ss❛s t❡♥sõ❡s ♣♦❞❡♠ ✈❛r✐❛r ❛ ❞❡♣❡♥❞❡r ❞♦ ❢❛❜r✐❝❛♥t❡ ❞❛s ❝❤❛✈❡s✳ ❚♦❞❛✈✐❛✱

❞❡ ❢♦r♠❛ ❣❡r❛❧✱ ♣♦❞❡✲s❡ ❞✐③❡r q✉❡ ❛ r❡❧❛çã♦ ❞❛ ✐♥❡q✉❛çã♦ ✭✷✳✼✮ é ✈á❧✐❞❛✳ ❊✈✐❞❡♥❝✐❛✲s❡ ❡♥tã♦ ♦

❢❛t♦ q✉❡ ❛ q✉❡❞❛ ❞❡ t❡♥sã♦ ❞❡ ✉♠ ❘❇■●❇❚ ❝❤❡❣❛ ❛♦s ♠❡s♠♦s ♥í✈❡✐s ❞❡ q✉❡❞❛ ❞❡ t❡♥sã♦ ❞❡

✉♠ ■●❇❚ ❝♦♠✉♠ ♦✉ ❞❡ ✉♠ ❞✐♦❞♦✱ s❡♥❞♦ ✉♠❛ q✉❡❞❛ ❞❡ t❡♥sã♦ ♠❡♥♦r ❞♦ q✉❡ ❛ ❛ss♦❝✐❛çã♦

sér✐❡ ❞❡ ❞♦✐s ❝♦♠♣♦♥❡♥t❡s ✭❞✐♦❞♦ ❡ ■●❇❚✮✳

❚❛♠❜é♠ ♦❜s❡r✈❛♠✲s❡ s❡♠❡❧❤❛♥ç❛s ❡♠ r❡❧❛çã♦ ❛♦s ✜❧tr♦s ❞❡ s❛í❞❛ ✭❱❙■s ♦✉ ❈❙■s✮✱ ♦✉ ❞❡

❡♥tr❛❞❛ ✭❱❙❘r ♦✉ ❈❙❘s✮✳ P❛r❛ ♦s ❱❙❈s✱ ♦ ✜❧tr♦ ❈❆ é ❝♦♠♣♦st♦ ♣♦r ✉♠ ✐♥❞✉t♦r ✭✈✐st♦ q✉❡

♥♦s ❱❙❈s ❛ ♠♦❞✉❧❛çã♦ é ♥❛ t❡♥sã♦✱ ♦ q✉❡ ❧❡✈❛ ❛ ❞❡r✐✈❛❞❛s ♥❛ t❡♥sã♦✮✱ ❛ss♦❝✐❛❞♦ ❡♠ sér✐❡

❝♦♠ ✉♠ ❝❛♣❛❝✐t♦r ✭✜❧tr♦ ▲❈✮✱ q✉❡ ♣♦s s✉❛ ✈❡③ ❡stá ❝♦♥❡❝t❛❞♦ ❡♠ ♣❛r❛❧❡❧♦ ❝♦♠ ✉♠❛ ❝❛r❣❛

♦✉ ✉♠❛ ❢♦♥t❡ ❈❆✳ ❏á ♣❛r❛ ♦s ❈❙❈s✱ s❡♥❞♦ ❛ ♠♦❞✉❧❛çã♦ ❡♠ ❝♦rr❡♥t❡✱ ♦ q✉❡ ❧❡✈❛ ❛ ❞❡r✐✈❛❞❛s

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

❝♦♥✈❡rs♦r✱ ❡ ❡♥tã♦ ❛ss♦❝✐❛✲s❡ ❛♦ ❝❛♣❛❝✐t♦r ✉♠ ✐♥❞✉t♦r✱ ♣❛r❛ ❝♦♠♣♦r ✉♠ ✜❧tr♦ ❈▲✳

◆❛ ❋✐❣✉r❛ ✷✳✺ ✐❧✉str❛✲s❡ ♦ ❝✐r❝✉✐t♦ ❞❡ ✉♠ ✜❧tr♦ ▲❈✱ ✉t✐❧✐③❛❞♦ ♥♦ ❧❛❞♦ ❈❆ ❞♦s ❱❙❈s✱ ❡

♦ ❝✐r❝✉✐t♦ ❞❡ ✉♠ ✜❧tr♦ ❈▲✱ ✉t✐❧✐③❛❞♦ ♥♦ ❧❛❞♦ ❈❆ ❞♦s ❈❙❈s✳ ◆❛ ❋✐❣✉r❛ ✷✳✺ t❛♠❜é♠ sã♦

❡✈✐❞❡♥❝✐❛❞❛s ❛s ✈❛r✐á✈❡✐s ❞❡ ✐♥t❡r❡ss❡ ❞❡ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞♦s ✜❧tr♦s✳



❆ ❉✉❛❧✐❞❛❞❡ ❡♥tr❡ ♦s ❱❙❈s ❡ ♦s ❈❙❈s ✷✸

vca

icaif

Lf

vf Cf

iCf

✭❛✮ ❋✐❧tr♦ ▲❈✳

vca

icaif

Lf

Cf

iCf
vf

✭❜✮ ❋✐❧tr♦ ❈▲✳

❋✐❣✉r❛ ✷✳✺✿ ❋✐❧tr♦s ♣❛ss❛✲❜❛✐①❛ ❞❡ s❡❣✉♥❞❛ ♦r❞❡♠✳

❊♥tã♦✱ ❝♦♠♦ ♦❜s❡r✈❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✺✱ ♦s ✜❧tr♦s ❈❆ ❞♦s ❱❙❈s ❡ ❞♦s ❈❙❈s sã♦ ❜❛st❛♥t❡

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

❞❡♣❡♥❞❡r ❞❡ q✉❛❧ ❣r❛♥❞❡③❛ é ♠♦❞✉❧❛❞❛ ♣❡❧♦ ❝♦♥✈❡rs♦r✳

✷✳✸ ▼♦❞✉❧❛çã♦ P❲▼✱ ❘❇■●❇❚ ❡ ❚❡♠♣♦ ▼♦rt♦

❆ ♠♦❞✉❧❛çã♦ P❲▼ ♣❛r❛ ❛♠❜♦s ♦s ❝♦♥✈❡rs♦r❡s é s✐♠♣❧❡s✱ t♦❞❛✈✐❛ t♦♣♦❧♦❣✐❛s ♠❛✐s ❝♦♠♣❧❡①❛s

q✉❡ ❛ P♦♥t❡ ❍ ♣♦❞❡rã♦ ❡①✐❣✐r ♠♦❞✐✜❝❛çõ❡s ❡✴♦✉ ❛❞✐çã♦ ❞❡ ❧ó❣✐❝❛s ❝♦♠♣❧❡①❛s ❛♦ P❲▼✱ ♣❛r❛

q✉❡ ♦ ❝♦♥✈❡rs♦r s❡❥❛ ❝♦♥tr♦❧❛❞♦ ❝♦rr❡t❛♠❡♥t❡✳ ❚♦❞❛✈✐❛✱ ♣❛r❛ ♦s ❱❙❈s ❡ ❈❙❈s P♦♥t❡ ❍ ❛

♠♦❞✉❧❛çã♦ ✉♥✐♣♦❧❛r é s✉✜❝✐❡♥t❡✳

❖ P❲▼ ❯♥✐♣♦❧❛r é ❝♦♠♣♦st♦ ♣♦r ❞♦✐s s✐♥❛✐s ♠♦❞✉❧❛♥t❡s ✭s✐♥❛✐s ❞❡ r❡❢❡rê♥❝✐❛ ❞❡ t❡♥sã♦

♦✉ ❞❡ ❝♦rr❡♥t❡✮✱ q✉❡ sã♦ ♦r✐✉♥❞❛s ❞❡ ✉♠❛ ú♥✐❝❛ r❡❢❡rê♥❝✐❛ ❡ ❞❡❢❛s❛❞❛s 180♦ ❡♥tr❡ s✐✳ ❍á t❛♠✲

❜é♠ ❛ ♣♦rt❛❞♦r❛ tr✐❛♥❣✉❧❛r ❞❡ ❛❧t❛ ❢r❡q✉ê♥❝✐❛✱ ❞❡♥♦♠✐♥❛❞♦ ❞❡ s✐♥❛❧ ♠♦❞✉❧❛❞♦r ✭❘❆❙❍■❉✱

✷✵✶✶✮✳ ❯♠❛ ✐❧✉str❛çã♦ ❞♦ ❞✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s q✉❡ ✐♠♣❧❡♠❡♥t❛ ♦ P❲▼ ❯♥✐♣♦❧❛r ♣♦❞❡ s❡r

♦❜s❡r✈❛❞❛ ♥❛ ❋✐❣✉r❛ ✷✳✻✳

❈❛❞❛ s✐♥❛❧ ♠♦❞✉❧❛♥t❡ é r❡s♣♦♥sá✈❡❧ ♣♦r ✉♠ ♣❛r ❞❡ ❝❤❛✈❡s ❝♦♠♣❧❡♠❡♥t❛r❡s✱ ❛s ♠♦❞✉✲

❧❛♥t❡s sã♦ ❝♦♠♣❛r❛❞❛s ❝♦♠ ❛ ♣♦rt❛❞♦r❛ tr✐❛♥❣✉❧❛r✱ q✉❡ ❞❡✜♥❡ ♦ ♣❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦

Tch✳ ❖ r❡s✉❧t❛❞♦ ❞❡ss❡ ❝❤❛✈❡❛♠❡♥t♦ ❧❡✈❛ à três ♥í✈❡✐s ❞❡ t❡♥sã♦✱ ♦✉ ❞❡ ❝♦rr❡♥t❡✿ ♣♦s✐t✐✈♦

+✱ ♥❡❣❛t✐✈♦ −✱ ❡ ♥✉❧♦ 0✳ ❚❛❧ ♠♦❞✉❧❛çã♦✱ ❛❧é♠ ❞❡ r❡❞✉③✐r ♦ ❚❍❉✱ ❝♦♥❢❡r❡ ✉♠❛ ✈❛r✐❛çã♦ ❞❡

t❡♥sã♦✱ ♦✉ ❝♦rr❡♥t❡✱ ♠❡♥♦r ♥❛ ❝❤❛✈❡ ❛ ❝❛❞❛ tr♦❝❛ ❞❡ ❡st❛❞♦ ✭◆❊❉ ▼❖❍❆◆✱ ✷✵✶✶✮✳

❆tr❛✈és ❞♦ ❝♦♠❛♥❞♦ P❲▼ ❯♥✐♣♦❧❛r✱ ♣♦❞❡✲s❡ ♠♦♥t❛r ❛s t❛❜❡❧❛s q✉❡ ❧✐st❛♠ ♦s ❡st❛❞♦s

♣♦ssí✈❡✐s ❞♦s ❈❙❈s ❡ ❞♦s ❱❙❈s✳ ❖s ❡st❛❞♦s ♣♦ssí✈❡✐s ♣❛r❛ ♦s ❱❙❈s ▼♦♥♦❢ás✐❝♦s sã♦ ❧✐st❛❞♦s

♥❛ ❚❛❜❡❧❛ ✷✳✶✱ ❡ ♦s ❡st❛❞♦s ♣♦ssí✈❡✐s ♣❛r❛ ♦s ❈❙❈s ▼♦♥♦❢ás✐❝♦s sã♦ ❧✐st❛❞♦s ♥❛ ❚❛❜❡❧❛ ✷✳✷✳

❈♦♠♦ ♦s ❝♦♠❛♥❞♦s ♣❛r❛ ❝❛❞❛ ♣❛r ❞❡ ❝❤❛✈❡s sã♦ ✐♥❞❡♣❡♥❞❡♥t❡s✱ ❡♥❝♦♥tr❛♠✲s❡ q✉❛tr♦ ❡st❛❞♦s



❆ ❉✉❛❧✐❞❛❞❡ ❡♥tr❡ ♦s ❱❙❈s ❡ ♦s ❈❙❈s ✷✹

t

b

t

b

vtrii
*

f

-1

❋✐❣✉r❛ ✷✳✻✿ ❉✐❛❣r❛♠❛ ❞♦ P❲▼ ❯♥✐♣♦❧❛r ♣❛r❛ ✉♠ ❈❙❈ ▼♦♥♦❢ás✐❝♦ P♦♥t❡ ❍✳

❚❛❜❡❧❛ ✷✳✶✿ ❊st❛❞♦s ♣♦ssí✈❡✐s ♣❛r❛ ♦s ❱❙❈s ▼♦♥♦❢ás✐❝♦s✳

l r vf ibar ❊st❛❞♦✴❱❡t♦r
✵ ✵ ✵ 0 ■
✵ ✶ +Vcc +if ■■
✶ ✵ −Vcc −if ■■■
✶ ✶ ✵ ✵ ■❱

♣❛r❛ ❝❛❞❛ ❝♦♥✈❡rs♦r✳

❱❛❧❡ ♥♦t❛r q✉❡ ♣❛r❛ ♦s ❱❙❈s✱ ♦ t❡r♠♦ l ✭❧❡❢t✮ s❡ r❡❢❡r❡ ❛♦ ❜r❛ç♦ ❡sq✉❡r❞♦ ❞♦ ❝♦♥✈❡rs♦r

♠♦♥♦❢ás✐❝♦✱ ❡ ♦ t❡r♠♦ r ✭r✐❣❤t✮ ❜r❛ç♦ ❞✐r❡✐t♦✳ ❏á ♣❛r❛ ♦s ❈❙❈s✱ ♦ t❡r♠♦ t ✭t♦♣✮ s❡ r❡❢❡r❡ ❛♦

❜r❛ç♦ ❡sq✉❡r❞♦ ❞♦ ❝♦♥✈❡rs♦r ♠♦♥♦❢ás✐❝♦✱ ❡ ♦ t❡r♠♦ b ✭❜♦tt♦♠✮ ❜r❛ç♦ ❞✐r❡✐t♦✳

❈♦♠♦ ❥á ❢♦✐ ❝♦♠❡♥t❛❞♦✱ ♦ ❝♦♠❛♥❞♦ ❞❛s ❝❤❛✈❡s ♣❛r❛ ♦s ❈❙❈s ♣♦ss✉❡♠ ❛❧❣✉♠❛s ♣❛r✲

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

❤❛✈❡r ✉♠ ❝✐r❝✉✐t♦ ❛❜❡rt♦ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❡ ♥❡♠ ✉♠ ❝✉rt♦✲❝✐r❝✉✐t♦ ♥♦ ✜❧tr♦ ❈❆✱ ♥♦s ❱❙❈s

❞❡✈❡✲s❡ ❡✈✐t❛r ✉♠ ❝✉rt♦✲❝✐r❝✉✐t♦ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❡ ✉♠ ❝✐r❝✉✐t♦ ❛❜❡rt♦ s♦❜r❡ ♦ ✜❧tr♦ ❈❆✳

P❛r❛ t❛❧✱ ❢❛③✲s❡ ✉s♦ ❞❡ ❞♦✐s r❡❝✉rs♦s✿ ❞✐♦❞♦s ❛ss♦❝✐❛❞♦s às ❝❤❛✈❡s✱ s♦❧✉çã♦ ♣♦r ❤❛r❞✇❛r❡❀ ❡

✐♠♣❧❡♠❡♥t❛çã♦ ❞♦ t❡♠♣♦ ♠♦rt♦ ♥♦ ❝♦♠❛♥❞♦ P❲▼ ❞❛s ❝❤❛✈❡s✱ s♦❧✉çã♦ ♣♦r s♦❢t✇❛r❡✳

❙❡♥❞♦ ♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❞♦s ❱❙❈s ❝❛♣❛❝✐t✐✈♦✱ ♥ã♦ ❞❡✈❡✲s❡ ❝✉rt♦✲❝✐r❝✉✐tá✲❧♦✳ ❉♦ ❧❛❞♦

❈❆ ❞♦ ❝♦♥✈❡rs♦r ❡♥❝♦♥tr❛✲s❡ ✉♠ ✐♥❞✉t♦r✱ q✉❡ s❡♠♣r❡ ✐rá ✐♠♣♦r s✉❛ ❝♦rr❡♥t❡ ❛♦ ❝✐r❝✉✐t♦

❝♦♥❡❝t❛❞♦✱ ❧♦❣♦ ❡❧❡ ♥ã♦ ❞❡✈❡ t❡r ♦ ❝❛♠✐♥❤♦ ♣❛r❛ ❛ ❝♦rr❡♥t❡ ✐♥t❡rr♦♠♣✐❞♦✳ ❙❛❜❡♥❞♦ q✉❡ ♦

❝♦♠❛♥❞♦ ♣❛r❛ ♦s ❱❙❈s é ❝♦♠♣❧❡♠❡♥t❛r ✈❡rt✐❝❛❧♠❡♥t❡✱ ♦✉ s❡❥❛✱ ❛ ❝❤❛✈❡ s✉♣❡r✐♦r ❞❡ ✉♠ ❞♦s



❆ ❉✉❛❧✐❞❛❞❡ ❡♥tr❡ ♦s ❱❙❈s ❡ ♦s ❈❙❈s ✷✺

❚❛❜❡❧❛ ✷✳✷✿ ❊st❛❞♦s ♣♦ssí✈❡✐s ♣❛r❛ ♦s ❈❙❈s ▼♦♥♦❢ás✐❝♦s✳

t b vbar if ❊st❛❞♦✴❱❡t♦r
✵ ✵ ✵ 0 ■
✵ ✶ −vf −Icc ■■
✶ ✵ +vf +Icc ■■■
✶ ✶ ✵ ✵ ■❱

❜r❛ç♦s é ❝♦♠♣❧❡♠❡♥t❛r à ❝❤❛✈❡ ✐♥❢❡r✐♦r ❞❛q✉❡❧❡ ♠❡s♠♦ ❜r❛ç♦✱ ❞❡✈❡✲s❡ ❣❛r❛♥t✐r q✉❡ ❛♠❜❛s

❛s ❝❤❛✈❡s ❞❡ ✉♠ ♠❡s♠♦ ❜r❛ç♦ ♥ã♦ ❝♦♥❞✉③❛♠ ❛♦ ♠❡s♠♦ t❡♠♣♦✳ P❛r❛ t❛❧✱ ✐♠♣õ❡✲s❡ ❛♦

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

❝♦♠♣❧❡♠❡♥t❛r✱ ❡ss❡ ✐♥t❡r✈❛❧♦ é ❞❡♥♦♠✐♥❛❞♦ ❞❡ t❡♠♣♦ ♠♦rt♦ ✭❞❡❛❞✲t✐♠❡✮✳

❙❡ ♦ t❡♠♣♦ ♠♦rt♦ ❡✈✐t❛ ✉♠ ❝✉rt♦✲❝✐r❝✉✐t♦ ♥♦s t❡r♠✐♥❛✐s ❞♦ ❝❛♣❛❝✐t♦r ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈

❞♦s ❱❙❈s✱ ❞❡✈❡✲s❡ t❛♠❜é♠ ❣❛r❛♥t✐r q✉❡ s❡♠♣r❡ ❤❛❥❛ ✉♠ ❝❛♠✐♥❤♦ ♣❛r❛ ❛ ❝♦rr❡♥t❡ ❞♦ ✐♥❞✉t♦r

❞♦ ✜❧tr♦ ❈❆✳ P❛r❛ t❛❧✱ sã♦ ❛❞✐❝✐♦♥❛❞♦s ❞✐♦❞♦s ❡♠ ❛♥t✐✲♣❛r❛❧❡❧♦ ❝♦♠ ♦s ■●❇❚s ❞♦s ❱❙❈s✱

❡ss❡s ❞✐♦❞♦s ❢♦r♠❛♠ ✉♠ ❝❛♠✐♥❤♦ ❛❧t❡r♥❛t✐✈♦ ♣❛r❛ ❛ ❝♦rr❡♥t❡ q✉❛♥❞♦ ♥ã♦ ❤♦✉✈❡r ♠❡✐♦s ❞❡

❝♦♥❞✉çã♦ ❛tr❛✈és ❞♦s ■●❇❚s✳ ◆❛ ❋✐❣✉r❛ ✷✳✼ ✐❧✉str❛✲s❡ ✉♠ ♣♦ssí✈❡❧ ❝❛♠✐♥❤♦ ❞❡ ❝♦♥❞✉çã♦

♣❛r❛ ❛ ❝♦rr❡♥t❡ ❞♦ ✐♥❞✉t♦r Lf ✱ ❞✉r❛♥t❡ ♦ t❡♠♣♦ ♠♦rt♦ ❡♥tr❡ ❛s ❝❤❛✈❡s r ❡ r ❞❡ ✉♠ ❱❙■✳ ❱❛❧❡

♥♦t❛r q✉❡ ♦ s❡♥t✐❞♦ ❞❛ ❝♦rr❡♥t❡ ❞♦ ✐♥❞✉t♦r Lf ✐rá ✐♥❞✐❝❛r q✉❛✐s ❞✐♦❞♦s ❞❡✈❡♠ ❝♦♥❞✉③✐r✳
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❋✐❣✉r❛ ✷✳✼✿ ❊①❡♠♣❧♦ ❞❡ ❝❛♠✐♥❤♦ ❞❡ ❝♦♥❞✉çã♦ ❞❛ ❝♦rr❡♥t❡ ❞✉r❛♥t❡ ♦ t❡♠♣♦ ♠♦rt♦ ❞❡ ✉♠
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❖s ❞✐♦❞♦s ❝♦♥❡❝t❛❞♦s ❡♠ ❛♥t✐✲♣❛r❛❧❡❧♦ t❛♠❜é♠ ✐rã♦ ❝♦♥❞✉③✐r ❞✉r❛♥t❡ ♦s ✐♥t❡r✈❛❧♦s ❞❡

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

❝❛♣❛❝✐t♦r ❞♦ ✜❧tr♦ ❈❆ ❡st✐✈❡r❡♠ ❞❡s❝❛rr❡❣❛♥❞♦ ✭❱❙■✮❀ ♦✉ q✉❛♥❞♦ ♦ ❝❛♣❛❝✐t♦r ❞♦ ❜❛rr❛♠❡♥t♦



❆ ❉✉❛❧✐❞❛❞❡ ❡♥tr❡ ♦s ❱❙❈s ❡ ♦s ❈❙❈s ✷✻

❈❈ ❡st✐✈❡r ❞❡s❝❛rr❡❣❛♥❞♦✱ ❡ ♦ ✐♥❞✉t♦r ❡ ❝❛♣❛❝✐t♦r ❞♦ ✜❧tr♦ ❈❆ ❡st✐✈❡r❡♠ ❝❛rr❡❣❛♥❞♦ ✭❱❙❘✮✳

❖ ✐♥t❡r✈❛❧♦ ❞❡ r♦❞❛✲❧✐✈r❡ ♦❝♦rr❡ ❞✉r❛♥t❡ ♦s ❡st❛❞♦s ■ ♦✉ ■❱ ❞❛ ❚❛❜❡❧❛ ✷✳✶✱ ♦✉ s❡❥❛✱ ❞✉r❛♥t❡ ♦s

❡st❛❞♦s ♥✉❧♦s ❞♦ ❝♦♥✈❡rs♦r✳ ◆❛ ❋✐❣✉r❛ ✷✳✽✱ ✐❧✉str❛✲s❡ ✉♠ ❝❛♠✐♥❤♦ ❞❡ ❝♦♥❞✉çã♦ ❞❛s ❝♦rr❡♥t❡s

❞❡ ✉♠ ❱❙■ ❞✉r❛♥t❡ ♦ ✐♥t❡r✈❛❧♦ ❞❡ r♦❞❛✲❧✐✈r❡✱ ❡st❛❞♦ ■❱ ❞❛ ❚❛❜❡❧❛ ✷✳✶✳ ◆♦t❛✲s❡ q✉❡ ♦ ❝❛♣❛❝✐t♦r

❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❡stá s❡♥❞♦ ❝❛rr❡❣❛❞♦✱ ❡♥q✉❛♥t♦ q✉❡ ♦ ✐♥❞✉t♦r ❡ ❝❛♣❛❝✐t♦r ❞♦ ✜❧tr♦ ❈❆

❡stã♦ s❡♥❞♦ ❞❡s❝❛rr❡❣❛❞♦s✳
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P❛r❛ ♦s ❈❙❈s ❛ ❛♥á❧✐s❡ é s❡♠❡❧❤❛♥t❡✳ ❙❡♥❞♦ ❝♦♥✈❡rs♦r❡s ❝♦♠ ❜❛rr❛♠❡♥t♦ ❈❈ ✐♥❞✉t✐✈♦✱

❡ ❝♦♠ ✜❧tr♦s ❈❆ ❝♦♠♣♦st♦s✱ ♣❡❧♦ ♠❡♥♦s✱ ♣♦r ✉♠ ❝❛♣❛❝✐t♦r✱ ❛♦ s❡ ❡st✉❞❛r ♦s ❈❙❈s ❞❡✈❡✲

s❡ ❛t❡♥t❛r às ♣❛rt✐❝✉❧❛r✐❞❛❞❡s ❞♦ ❝❤❛✈❡❛♠❡♥t♦✳ ❆s ❝❤❛✈❡s ❞♦s ❈❙❈s sã♦ ❝♦♠♣❧❡♠❡♥t❛r❡s

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

❝❤❛✈❡❛♠❡♥t♦✳ ❈♦♥❝♦♠✐t❛♥t❡♠❡♥t❡✱ ♥ã♦ s❡ ❞❡✈❡ ❝❡ss❛r ♦ ❝❛♠✐♥❤♦ ❞❛ ❝♦rr❡♥t❡ ❞♦ ✐♥❞✉t♦r

❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ❡♥tã♦ ❛ tr♦❝❛ ❞❡ ❝❤❛✈❡s ✭s✉♣❡r✐♦r ♦✉ ✐♥❢❡r✐♦r✮ ❞❡✈❡r✐❛ ♦❝♦rr❡r ❞❡ ❢♦r♠❛

✐♥st❛♥tâ♥❡❛✱ ❛❧❣♦ q✉❡ ♥ã♦ é ❢❛❝tí✈❡❧ ♥❛ ♣rát✐❝❛✳ ❊♥tã♦✱ ❢❛③✲s❡ ✉s♦ ❞♦ t❡♠♣♦ ♠♦rt♦ ❞❛ s❡❣✉✐♥t❡

❢♦r♠❛✿ q✉❛♥❞♦ ❤♦✉✈❡r ❛ tr♦❝❛ ❡♥tr❡ ❛s ❝❤❛✈❡s ✭❞❡ t ♣❛r❛ t✱ ♣♦r ❡①❡♠♣❧♦✮✱ ❞❡✈❡ ❤❛✈❡r ✉♠ ❝✉rt♦

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

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

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

❱❙❈s é ✉♠ ❝✉rt♦ ♣❡rí♦❞♦ ❞❡ t❡♠♣♦ ♥♦ q✉❛❧ ❛♠❜❛s ❛s ❝❤❛✈❡s ❞❡ ✉♠ ♠❡s♠♦ ❜r❛ç♦✱ ❝❤❛✈❡s

❝♦♠♣❧❡♠❡♥t❛r❡s✱ sã♦ ❞❡s❧✐❣❛❞❛s✱ ♥♦s ❈❙❈s ♦ t❡♠♣♦ ♠♦rt♦ é ✉♠ ❝✉rt♦ ♣❡rí♦❞♦ ❞❡ t❡♠♣♦ ❡♠

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



❆ ❉✉❛❧✐❞❛❞❡ ❡♥tr❡ ♦s ❱❙❈s ❡ ♦s ❈❙❈s ✷✼

t❡♠♣♦✳ ❱❛❧❡ ♥♦t❛r q✉❡ ♦ t❡♠♣♦ ❞❡ ❞✉r❛çã♦ ❞♦ t❡♠♣♦ ♠♦rt♦ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠❛ ❢r❛çã♦ ❞♦

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

❝❛s♦ ❝♦♥trár✐♦ ❛ ❝♦rr❡♥t❡ ♠é❞✐❛ ♣❛ss❛♥❞♦ ♣❡❧❛ ❝❤❛✈❡ s❡r✐❛ ❞✐❢❡r❡♥t❡ ❞❛ ❝❛❧❝✉❧❛❞❛ ♣❡❧♦ P❲▼✳

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

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

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

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

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

❝❛♣❛❝✐t♦r ❡ ✐♥❞✉t♦r ❞♦ ❧❛❞♦ ❈❆ ❞♦ ❝♦♥✈❡rs♦r ✐rã♦ ❞❡s❝❛rr❡❣❛r ✭❈❙■✮ ♦✉ ❝❛rr❡❣❛r ✭❈❙❘✮✳ ❯♠

❡①❡♠♣❧♦ ❞❡ ✐♥t❡r✈❛❧♦ ❞❡ r♦❞❛ ❧✐✈r❡ ❞❡ ✉♠ ❈❙■ é ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✾✱ ✐❧✉str❛♥❞♦ ♦ ❡st❛❞♦

■ ❞❛ ❚❛❜❡❧❛ ✷✳✷✳

Vcc

Lcc

vbar

Icc

tt

bb

vl
vf

ilif

Lf

Cf Rl
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❈♦♠ ❡ss❛ s♦❧✉çã♦✱ ❝❛❞❛ tr♦❝❛ ❡♥tr❡ ❛s ❝❤❛✈❡s ❞❛ ♠❡s♠❛ ❧✐♥❤❛ ♦❝♦rr❡ ❝♦♠♦ ✐❧✉str❛❞♦ ♥❛

❋✐❣✉r❛ ✷✳✶✵✱ ♦♥❞❡ ✉t✐❧✐③❛✲s❡ ✉♠ P❲▼ ❝♦♠ ♣✉❧s♦ ❝❡♥tr❛❞♦ ✭P❲▼ ✉t✐❧✐③❛❞♦ ♥❛ ❜❛♥❝❛❞❛ ❞♦

❧❛❜♦r❛tór✐♦✮✳ P❛rt✐♥❞♦ ❞♦ ✐♥st❛♥t❡ ✐♥✐❝✐❛❧ t = 0✱ ❛ ❝❤❛✈❡ b ❝♦♠❡ç❛ ❛ ❝♦♥❞✉③✐r ❞✉r❛♥t❡ ♦ t❡♠♣♦

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

♦ ♥í✈❡❧ ❜❛✐①♦✱ ♠❛s ♥❡ss❡ ✐♥st❛♥t❡ é ✐♥s❡r✐❞♦ ♦ t❡♠♣♦ ♠♦rt♦ ttm ✱ q✉❡ ❛tr❛s❛ ♦ ❞❡s❧✐❣❛♠❡♥t♦

❞❛ ❝❤❛✈❡✳ ◆♦ ♠♦♠❡♥t♦ ❡♠ q✉❡ ❛ ❝❤❛✈❡ b s❡r✐❛ ❞❡s❧✐❣❛❞❛ ✭♠❡s♠♦ ✐♥st❛♥t❡ ❡♠ q✉❡ s❡ ✐♥s❡r❡

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

t❡♠♣♦ ♠♦rt♦ ttm ✱ ❛ ❝❤❛✈❡ b é ❞❡s❧✐❣❛❞❛✳ ❯♠❛ ✈❡③ t❡r♠✐♥❛❞♦ ♦ t❡♠♣♦ ❞❡ ❝♦♥❞✉çã♦ ❞❛ ❝❤❛✈❡

b✱ ❡❧❛ ✈♦❧t❛r✐❛ ❛ s❡r ❞❡s❧✐❣❛❞❛✱ ♠❛s✱ ♥♦✈❛♠❡♥t❡✱ ♥❡ss❡ ✐♥st❛♥t❡ é ✐♥s❡r✐❞♦ ♦ t❡♠♣♦ ♠♦rt♦✳ ❉❡
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❋✐❣✉r❛ ✷✳✶✵✿ ❊①❡♠♣❧✐✜❝❛çã♦ ❞♦ t❡♠♣♦ ♠♦rt♦ ♣❛r❛ ✉♠❛ ❝❤❛✈❡ ✐♥❢❡r✐♦r b ❞❡ ✉♠ ❈❙■✳

❢♦r♠❛ s❡♠❡❧❤❛♥t❡✱ ♥♦ ✐♥st❛♥t❡ ❡♠ q✉❡ ❛ ❝❤❛✈❡ b s❡r✐❛ ❞❡s❧✐❣❛❞❛✱ ❛ ❝❤❛✈❡ b ✈♦❧t❛ ❛ ❝♦♥❞✉③✐r✱

❡ b ❝♦♥❞✉③ ♣♦r ✉♠ ❛❝rés❝✐♠♦ ❞❡ t❡♠♣♦ ❡q✉✐✈❛❧❡♥t❡ ❛♦ t❡♠♣♦ ♠♦rt♦ ttm ✳ ❆ss✐♠✱ ❝♦♠♣❧❡t❛✲

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

♣r♦❝❡❞✐♠❡♥t♦ ❞❡s❝r✐t♦ é ❛ ❝♦♠♣❧❡♠❡♥t❛r✐❡❞❛❞❡ ❤♦r✐③♦♥t❛❧✱ q✉❡ s❡ r❡♣❡t❡ t❛♠❜é♠ ♣❛r❛ ❛s

❝❤❛✈❡s s✉♣❡r✐♦r❡s✱ ❡ ♣❛r❛ q✉❛♥t❛s ❝❤❛✈❡s ❡st✐✈❡r❡♠ ❝♦♥❡❝t❛❞❛s ♥❛ ♠❡s♠❛ ❧✐♥❤❛ ❞❡ ✉♠ ❈❙❈✳

❆ ♦✉tr❛ ✐♠♣❧❡♠❡♥t❛çã♦ ♣❛r❛ ❣❛r❛♥t✐r ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❝♦rr❡t♦ ❞♦s ❈❙❈s é ❛ s♦❧✉çã♦

♣♦r ❤❛r❞✇❛r❡✿ ❝❤❛✈❡s ❝♦♠ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❜❧♦q✉❡✐♦ r❡✈❡rs♦✳ ❈♦♠♦ ❤á ❛ ♥❡❝❡ss✐❞❛❞❡ ❞♦

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

♥❛ ❋✐❣✉r❛ ✷✳✶✶✱ ♣♦r ❡①❡♠♣❧♦✱ ✐❧✉str❛✲s❡ ♦ t❡♠♣♦ ♠♦rt♦ ❡♥tr❡ ❛s ❝❤❛✈❡s b ❡ b✳ ▲♦❣♦✱ ❛ ❝♦♥❡①ã♦

❞❡ ❞✐♦❞♦s ❡♠ sér✐❡ ❝♦♠ ❛s ❝❤❛✈❡s é ✐♠♣r❡s❝✐♥❞í✈❡❧✱ ♣❛r❛ q✉❡ ♥ã♦ ❤❛❥❛ ✉♠ ❝✉rt♦✲❝✐r❝✉✐t♦

s♦❜r❡ ♦ ❝❛♣❛❝✐t♦r ❞♦ ❧❛❞♦ ❈❆ ❞♦s ❈❙❈s✳ ❊ss❡ r❡s✉❧t❛❞♦ ❞❡ ❜❧♦q✉❡✐♦ r❡✈❡rs♦ ♣♦❞❡r s❡r ♦❜t✐❞♦

❛tr❛✈és ❞❡ ❝♦♠♣♦♥❡♥t❡s ✐♥❞✐✈✐❞✉❛✐s✱ ♦✉ s❡❥❛✱ ✉♠ ❞✐♦❞♦ ❡♠ sér✐❡ ❝♦♠ ✉♠ ■●❇❚✱ q✉❡ ❛♣❡s❛r ❞❡

s❡r ❡✜❝❛③✱ é ♠❡♥♦s ❡✜❝✐❡♥t❡ q✉❡ ✉♠ ❘❇■●❇❚✳ ❈♦♠ ❡ss❛ ❛ss♦❝✐❛çã♦✱ ❝♦♥s❡❣✉❡✲s❡ ✉♠❛ ❝❤❛✈❡

❝♦♠ ❛s ❝❛r❛❝t❡ríst✐❝❛s ♥❡❝❡ssár✐❛s ♣❛r❛ ♦s ❈❙❈s✿ ❜✐❞✐r❡❝✐♦♥❛❧ ❡♠ t❡♥sã♦✱ ❡ ✉♥✐❞✐r❡❝✐♦♥❛❧ ❡♠

❝♦rr❡♥t❡✳

❋✐❝❛ ❡✈✐❞❡♥t❡ ♠❛✐s ✉♠ ❛s♣❡❝t♦ ❡♠ r❡❧❛çã♦ à ❞✉❛❧✐❞❛❞❡ ❞♦s ❈❙❈s ❡ ❱❙❈s✱ ✈✐st♦ q✉❡✿

❡♥q✉❛♥t♦ ♦ ♣r✐♠❡✐r♦ ❛♣r❡s❡♥t❛ ✉♠ P❲▼ ❝♦♠♣❧❡♠❡♥t❛r ❤♦r✐③♦♥t❛❧♠❡♥t❡✱ ♦ s❡❣✉♥❞♦ ❛♣r❡✲

s❡♥t❛ ✉♠ P❲▼ ❝♦♠♣❧❡♠❡♥t❛r ✈❡rt✐❝❛❧♠❡♥t❡❀ ❡ ❡♥q✉❛♥t♦ ♦s ❈❙❈s ♥❡❝❡ss✐t❛♠ ❞❡ ❝❤❛✈❡s

❜✐❞✐r❡❝✐♦♥❛✐s ❡♠ t❡♥sã♦✱ ♦s ❱❙❈s ♥❡❝❡ss✐t❛♠ ❞❡ ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s ❡♠ ❝♦rr❡♥t❡✳
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❋✐❣✉r❛ ✷✳✶✶✿ ❊①❡♠♣❧♦ ❞❡ ❝❛♠✐♥❤♦ ❞❡ ❝♦♥❞✉çã♦ ❞❛ ❝♦rr❡♥t❡ ❞✉r❛♥t❡ ♦ t❡♠♣♦ ♠♦rt♦ ❞❡ ✉♠
❈❙■✳

✷✳✹ ❉✐♠❡♥s✐♦♥❛♠❡♥t♦

P❛r❛ ✜♥s ❞❡ ♣r♦❥❡t♦✱ ❡st✉❞❛✲s❡ ♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦s ❡❧❡♠❡♥t♦s r❡❛t✐✈♦s ❞♦ ✐♥✈❡rs♦r ❢♦♥t❡

❞❡ ❝♦rr❡♥t❡✿ ✐♥❞✉t♦r ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❡ ✜❧tr♦ ❈❆✳ ❚❛❧ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ t❡♠ ♣♦r ♦❜❥❡t✐✈♦

t❡r ✉♠ ♣r♦❥❡t♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s s❡♠ ❡①❝❡ss♦s ♦✉ ❢❛❧t❛s✱ ♦✉ s❡❥❛✱ ❛ ♣❛rt✐r ❞♦s ✈❛❧♦r❡s ♥♦♠✐♥❛✐s

❞♦ ❝♦♥✈❡rs♦r ✭♣♦tê♥❝✐❛✱ t❡♥sã♦✱ ❝♦rr❡♥t❡ ❡ ❢r❡q✉ê♥❝✐❛s✮✱ ❜✉s❝❛✲s❡ ❡♥❝♦♥tr❛r ✈❛❧♦r❡s t❡ór✐❝♦s

♣❛r❛ ♦s ❝♦♠♣♦♥❡♥t❡s✱ ❡ ❛ ♣❛rt✐r ❞❡❧❡s ❡♥❝♦♥tr❛r ♦ ❝♦♠♣♦♥❡♥t❡ ❞❡ ✈❛❧♦r ♠❛✐s ♣ró①✐♠♦✱ ❡✴♦✉

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

❈♦♠♦ ♦s ✈❛❧♦r❡s ❡♥❝♦♥tr❛❞♦s ♥♦r♠❛❧♠❡♥t❡ s❡rã♦ ❢♦r♠✉❧❛❞♦s ❛ ♣❛rt✐r ❞❡ ✉♠❛ ❞❡s✐❣✉❛❧✲

❞❛❞❡ ✭♠❛✐♦r q✉❡✱ ♠❡♥♦r q✉❡✮✱ ❡ ❝♦♠♦ ♦s ✈❛❧♦r❡s ❞✐✜❝✐❧♠❡♥t❡ s❡rã♦ ❡①❛t❛♠❡♥t❡ ✐❣✉❛✐s ❛♦s

❞✐s♣♦♥í✈❡✐s ♣♦r ❢❛❜r✐❝❛♥t❡s ✭q✉❡ s❡❣✉❡♠ ❢❛✐①❛s ❞❡ ✈❛❧♦r❡s ❡s♣❡❝í✜❝♦s✮✱ ❞❡✈❡✲s❡✱ ❛❧é♠ ❞♦ ❞✐✲

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

q✉❡ ♥ã♦ ♥❡❝❡ss❛r✐❛♠❡♥t❡ ♦ ✈❛❧♦r ♠❛✐s ♣ró①✐♠♦ ❛♦ ❝❛❧❝✉❧❛❞♦ ♥♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞❡✈❡rá s❡r

✉t✐❧✐③❛❞♦✱ ❡♠ ❛❧❣✉♥s ❝❛s♦s✱ ✉♠❛ ♠❡❧❤♦r ❞❡❝✐sã♦ ❞❡ ♣r♦❥❡t♦ é ❡s❝♦❧❤❡r ✉♠ ❝♦♠♣♦♥❡♥t❡ ❞❡

✈❛❧♦r ✉♠ ♣♦✉❝♦ ♠❛✐♦r✱ ♠❛s q✉❡ ♣♦ss✉❛ ✉♠❛ ♠❛✐♦r ✈❛r✐❡❞❛❞❡✴❞✐s♣♦♥✐❜✐❧✐❞❛❞❡ ♥♦ ♠❡r❝❛❞♦✳

❙❡❣✉✐♥❞♦ té❝♥✐❝❛s ❥á ❝♦♠♣r♦✈❛❞❛s ♣❛r❛ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞❡ ■♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❚❡♥sã♦

✭❈❆❘❆❈❆❙✱ ✷✵✶✸✮✱ ❢❛③✲s❡ ❛ ❛❞❛♣t❛çã♦ ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦s ❝♦♠♣♦♥❡♥t❡s ❞♦ ❈❙■ ▼♦♥♦✲

❢ás✐❝♦✳ ❉❡✈✐❞♦ ❛ ❞✉❛❧✐❞❛❞❡✱ ♥♦t❛✲s❡ q✉❡ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ s❡ ❛ss❡♠❡❧❤❛ ❛♦ ❞❡ ✉♠ ❱❙■✱ ❝♦♠

❛❧❣✉♠❛s ♠✉❞❛♥ç❛s r❡❢❡r❡♥t❡s às ✈❛r✐á✈❡✐s ❞❡ ✐♥t❡r❡ss❡✳
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✷✳✹✳✶ ■♥❞✉t♦r ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈

❖ ❜❛rr❛♠❡♥t♦ ❈❈ é ❝♦♠♣♦st♦ ♣♦r ✉♠ ✐♥❞✉t♦r q✉❡ ♣♦ss✉✐ ✉♠❛ r❡s✐stê♥❝✐❛ sér✐❡✱ q✉❡ ♠♦❞❡❧❛

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

◆♦s ■♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❚❡♥sã♦✱ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ é ❝♦♥tí♥✉❛ ❡ ❛♣ós ♦ ❝❛♣❛❝✐t♦r

❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ❡❧❛ ♣❛ss❛ ❛ t❡r ❛ ❢♦r♠❛ ❞❡ ✉♠❛ s❡♥ó✐❞❡ r❡t✐✜❝❛❞❛ ❝❤❛✈❡❛❞❛✳ ◆♦s ■♥✲

✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❛❝♦♥t❡❝❡ ❛❧❣♦ s❡♠❡❧❤❛♥t❡✿ ❛ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛ ❛♥t❡s ❞♦ ✐♥❞✉t♦r

❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ é ❝♦♥tí♥✉❛✱ ♥♦ ✐♥❞✉t♦r ♦❝♦rr❡ ♦ ❛❝ú♠✉❧♦ ❡ ❞❡s❝❛r❣❛ ❞❡ ❡♥❡r❣✐❛ ✭❡❢❡✐t♦

❞❡ ❡❧❡✈❛çã♦ ❞❡ t❡♥sã♦✮✱ ❡ ❛♣ós ♦ ✐♥❞✉t♦r ❛ t❡♥sã♦ t❡♠ ❛ ❢♦r♠❛ ❞❡ ✉♠❛ s❡♥♦✐❞❡ r❡t✐✜❝❛❞❛

❝❤❛✈❡❛❞❛✱ ❝✉❥❛ ❢r❡q✉ê♥❝✐❛ é ♦ ❞♦❜r♦ ❞❛ ❢r❡q✉ê♥❝✐❛ ❞❛ ❝♦rr❡♥t❡✴t❡♥sã♦ ❞❡ s❛í❞❛ ✭❋✐❣✉r❛ ✷✳✶✸✮✳

▲♦❣♦✱ ❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ♥♦s ❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ♣♦❞❡ s❡r ✈✐st❛ ❝♦♠♦

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

❞❛ ❢r❡q✉ê♥❝✐❛ ❞❛ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ ✭❋✐❣✉r❛ ✷✳✶✹✮✳ ❚ã♦ ♠❛✐♦r ❢♦r ❛ ✐♥❞✉tâ♥❝✐❛ ❞♦ ❜❛rr❛♠❡♥t♦

❈❈✱ ♠❡♥♦r s❡rá ❡ss❛ ♦s❝✐❧❛çã♦✳

vcc

vbar

Vbarp

Vcc

t (s)

Tensão (V)

0

❋✐❣✉r❛ ✷✳✶✸✿ ❚❡♥sõ❡s ❞❡ ❛❧✐♠❡♥t❛çã♦ ❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❞❡ ✉♠ ✐♥✈❡rs♦r ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡✳

❙❡♥❞♦ ❛ss✐♠✱ ❡①✐st❡♠ ❞♦✐s ❡st❛❞♦s ♣♦ssí✈❡✐s ♣❛r❛ ♦ ✐♥❞✉t♦r ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✿ ❝❛rr❡✲

❣❛♥❞♦✱ ❞✉r❛♥t❡ ♦ t❡♠♣♦ ❞❡ r♦❞❛ ❧✐✈r❡ ✭❞✉r❛♥t❡ ♦ s✉❜✐♥t❡r✈❛❧♦ 1 − Di✮✱ ❡st❛❞♦s ■ ❡ ■❱ ❞❛

❚❛❜❡❧❛ ✷✳✷❀ ♦✉ ❞❡s❝❛rr❡❣❛♥❞♦✱ ❢♦r♥❡❝❡♥❞♦ ❡♥❡r❣✐❛ ♣❛r❛ ❛ ❝❛r❣❛ ✭❞✉r❛♥t❡ ♦ s✉❜✐♥t❡r✈❛❧♦ Di✮✱

❡st❛❞♦s ■■ ❡ ■■■ ❞❛ ❚❛❜❡❧❛ ✷✳✷✱ ❝✉❥♦ ❡st❛❞♦ ■■■ é ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✶✺✱ ♦♥❞❡ ♥♦t❛✲s❡ q✉❡
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I
cc

t (s)

i
cc

(A)

0

❋✐❣✉r❛ ✷✳✶✹✿ ❈♦rr❡♥t❡ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❞❡ ✉♠ ❝♦♥✈❡rs♦r ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡✱ ❝♦♠♣♦st❛ ♣♦r
✉♠ ✈❛❧♦r ♠é❞✐♦ ❡ ✉♠❛ ♣❛r❝❡❧❛ q✉❡ ♦s❝✐❧❛ ❝♦♠ ♦ ❞♦❜r♦ ❞❛ ❢r❡q✉ê♥❝✐❛ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❆✳

❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ é ✉♠ r❡✢❡①♦ ❞❛ t❡♥sã♦ ❞♦ ❝❛♣❛❝✐t♦r ❞♦ ✜❧tr♦ ❈❆✳ ❱❛❧❡ ❧❡♠❜r❛r q✉❡

Di é ♦ ✈❛❧♦r ♠é❞✐♦ ❞♦ s✐♥❛❧ ♠♦❞✉❧❛♥t❡ ♥❛q✉❡❧❡ ♣❡rí♦❞♦ ❞♦ ❝❤❛✈❡❛♠❡♥t♦✳ P❡❧❛ r❡❢❡rê♥❝✐❛ ❞❡

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

Vcc

Lcc

vbar

Icc

tt

bb

vl
vf

ilif

Lf

Cf Rl

❋✐❣✉r❛ ✷✳✶✺✿ ❊st❛❞♦ ■■■ ❞❡ ❝♦♥❞✉çã♦ ❞❡ ✉♠ ❈❙■ ▼♦♥♦❢ás✐❝♦✳

vLcc
= −(1−Di)Vcc. ✭✷✳✽✮

❏á ❞✉r❛♥t❡ ♦ s✉❜✐♥t❡r✈❛❧♦ ❞❡ ❞❡s❝❛r❣❛✱ t❡♠✲s❡ q✉❡

vLcc
= Di(vbar − Vcc). ✭✷✳✾✮

❙♦♠❛♥❞♦ ❛s ❞✉❛s ❢ór♠✉❧❛s ❞♦s s✉❜✐♥t❡r✈❛❧♦s✱ ❡♥❝♦♥tr❛✲s❡ ♦ ✈❛❧♦r ♠é❞✐♦ ❞❛ t❡♥sã♦ s♦❜r❡

♦ ✐♥❞✉t♦r

vLcc
= Di(vbar − Vcc)− (1−Di)Vcc. ✭✷✳✶✵✮



❆ ❉✉❛❧✐❞❛❞❡ ❡♥tr❡ ♦s ❱❙❈s ❡ ♦s ❈❙❈s ✸✷

❙❛❜❡✲s❡ q✉❡ ❛ t❡♥sã♦ ❞♦ ✜❧tr♦ ❈❆ ♣♦❞❡ s❡r ❡s❝r✐t❛ ❝♦♠♦

vf (t) =
√
2Vfsen(ωlt) =

√
2
Pca

Il
sen(ωlt), ✭✷✳✶✶✮

❡ q✉❡ ♦ ❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦ ✈❛r✐❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❢✉♥çã♦

di(t) = misen(ωlt), ✭✷✳✶✷✮

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

❆❣♦r❛✱ s❡♥❞♦ ❛ t❡♥sã♦ vbar ✉♠❛ s❡♥♦✐❞❡ r❡t✐✜❝❛❞❛ ❝❤❛✈❡❛❞❛✱ r❡✢❡①♦ ❞❛ t❡♥sã♦ ❈❆✱ ❛♦

s❡ t♦♠❛r s❡✉ ✈❛❧♦r ♠é❞✐♦ ♣♦❞❡✲s❡ ❞✐③❡r q✉❡ vbar é ❡q✉✐✈❛❧❡♥t❡ ❛ vf ✳ ❙✉❜st✐t✉✐♥❞♦ ✭✷✳✶✶✮ ❡♠

✭✷✳✶✵✮✱ ❡♥❝♦♥tr❛✲s❡ q✉❡

vLcc
(t) = di(t)[

√
2
Pca

Il
sen(ωlt)− Vcc]− Vcc[1− di(t)], ✭✷✳✶✸✮

vLcc
(t) = di(t)

√
2
Pca

Il
sen(ωlt)− Vcc. ✭✷✳✶✹✮

❆❣♦r❛ s✉❜st✐t✉✐♥❞♦ di(t) ✭✷✳✶✷✮✱ ❡♥❝♦♥tr❛✲s❡ q✉❡

vLcc
(t) = mi

√
2
Pca

Il
sen2(ωlt)− Vcc. ✭✷✳✶✺✮

❉❡s♣r❡③❛♥❞♦ ❛ r❡s✐stê♥❝✐❛ sér✐❡ ❞♦ ✐♥❞✉t♦r✱ ♣♦❞❡✲s❡ ❡s❝r❡✈❡r ❛ ❝♦rr❡♥t❡ q✉❡ ♦ ♣❡r❝♦rr❡

❝♦♠♦

icc =
vLcc

XLcc

, ✭✷✳✶✻✮

♦♥❞❡ XLcc
é ❛ ✐♠♣❡❞â♥❝✐❛ ❞♦ ✐♥❞✉t♦r ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✳

❙❡♥❞♦ ❛ss✐♠✱ ♦ ✈❛❧♦r ♠á①✐♠♦ ❛ss✉♠✐❞♦ ♣❡❧❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ é ❡s❝r✐t♦ ❝♦♠♦

∆iccmax
=

vLccmax

XLcc

. ✭✷✳✶✼✮

❙❡ ♦ ✈❛❧♦r ♠á①✐♠♦ ❞❡ ✭✷✳✶✺✮ ♦❝♦rr❡ q✉❛♥❞♦ ❛ ❢✉♥çã♦ s❡♥♦ ❛t✐♥❣❡ ♦ ✈❛❧♦r ✉♥✐tár✐♦✱ ♣♦❞❡✲s❡

❞✐③❡r q✉❡
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vLccmax
=

√
2mi

Pca

Il
− Vcc. ✭✷✳✶✽✮

❙✉❜st✐t✉✐♥❞♦ ✭✷✳✶✽✮ ❡♠ ✭✷✳✶✼✮✱ ❡♥❝♦♥tr❛✲s❡ q✉❡

∆iccmax
=

√
2mi

Pca

Il
− Vcc

XLcc

. ✭✷✳✶✾✮

❙❛❜❡♥❞♦ q✉❡

XLcc
= 2ωlLcc, ✭✷✳✷✵✮

✈✐st♦ q✉❡ ❛ ♦s❝✐❧❛çã♦ ❛ s❡r ❧✐♠✐t❛❞❛ t❡♠ ♦ ❞♦❜r♦ ❞❛ ❢r❡q✉ê♥❝✐❛ ❞❛ ❝♦rr❡♥t❡ ❞♦ ❧❛❞♦ ❈❆✱ ❛♦

s❡ ✐s♦❧❛r ♦ ✈❛❧♦r ❞❡ ✐♥❞✉tâ♥❝✐❛✱ ❡♥❝♦♥tr❛✲s❡ q✉❡

Lcc =

√
2mi

Pca

Il
− Vcc

2ωl∆iccmax

. ✭✷✳✷✶✮

▲♦❣♦✱ ❡s❝r❡✈❡✲s❡ ❛ ✐♥❞✉tâ♥❝✐❛ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❡♠ ❢✉♥çã♦ ❞❡ ✈❛❧♦r❡s ❝♦♥❤❡❝✐❞♦s ❞♦

❝♦♥✈❡rs♦r✳

✷✳✹✳✷ ❋✐❧tr♦ P❛ss❛✲❇❛✐①❛s

P♦r ✜♠✱ ♦ ✜❧tr♦ ❞❡ s❛í❞❛ é ❝❛❧❝✉❧❛❞♦ s❡❣✉✐♥❞♦ ✭❈❆❘❆❈❆❙✱ ✷✵✶✸✮✱ q✉❡ ❞❡✜♥❡ ❛ té❝♥✐❝❛ ♣❛r❛

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

❞✐♠❡♥s✐♦♥❛❞♦ ❞❡ ♠♦❞♦ ❛ ❛t❡♥✉❛r ❛ ♦s❝✐❧❛çã♦ ❞❛ ❝♦rr❡♥t❡ ❈❆✱ ♦ ❝❛♣❛❝✐t♦r é ❛❥✉st❛❞♦ ❞❡

❛❝♦r❞♦ ❝♦♠ ✉♠❛ ♣♦r❝❡♥t❛❣❡♠ ❞❛ ❝❛♣❛❝✐tâ♥❝✐❛ ❜❛s❡ ❞♦ ❝♦♥✈❡rs♦r✳

❉❡✈❡✲s❡ ♦❜❡❞❡❝❡r t❛♠❜é♠ ❛ ❢❛✐①❛ ❞❡ s❡❣✉r❛♥ç❛ ♣❛r❛ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ r❡ss♦♥â♥❝✐❛ ❞♦ ✜❧tr♦✱

q✉❡ ❞❡✈❡ ✜❝❛r ❧✐♠✐t❛❞❛ ❡♠ ❢✉♥çã♦ ❞❛ ❢r❡q✉ê♥❝✐❛ ❞♦ ❧❛❞♦ ❈❆ ❞♦ ❝♦♥✈❡rs♦r✱ ❡ ❡♠ ❢✉♥çã♦ ❞❛

❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳

Pr✐♠❡✐r♦✱ t♦♠❛✲s❡ ❛ ✐♠♣❡❞â♥❝✐❛ ❜❛s❡ ❞♦ ❝♦♥✈❡rs♦r ❡♠ ❢✉♥çã♦ ❞❛ t❡♥sã♦ ❘▼❙ ❞♦ ❧❛❞♦

❈❆✱ ❡ ❞❛ ♣♦tê♥❝✐❛ ❈❆✱ ♦✉ s❡❥❛

Zb = V 2

f /Pca, ✭✷✳✷✷✮



❆ ❉✉❛❧✐❞❛❞❡ ❡♥tr❡ ♦s ❱❙❈s ❡ ♦s ❈❙❈s ✸✹

♦ q✉❡ ❧❡✈❛ à ❝❛♣❛❝✐tâ♥❝✐❛ ❜❛s❡✱ ❞❡✜♥✐❞❛ ❝♦♠♦

Cb = 1/ωlZb. ✭✷✳✷✸✮

➱ r❡❝♦♠❡♥❞❛❞♦ q✉❡ ♦ ✈❛❧♦r ❞❛ ❝❛♣❛❝✐tâ♥❝✐❛ ❞♦ ✜❧tr♦ ❈❆ ♥ã♦ ❡①❝❡❞❛ 15% ❞❛ ❝❛♣❝✐tâ♥❝✐❛

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

r❡❛t✐✈❛ q✉❡ ✢✉✐ ♣❡❧♦ ❝♦♥✈❡rs♦r✳ ▲♦❣♦✱ ♣♦❞❡✲s❡ ❞❡✜♥✐r ❛ ❝❛♣❛❝✐tâ♥❝✐❛ ❞♦ ✜❧tr♦ ❈❆ ❝♦♠♦

Cf ≤ 0, 15Cb. ✭✷✳✷✹✮

❏á ♣❛r❛ ❛ ✐♥❞✉tâ♥❝✐❛✱ ❞❡✜♥❡✲s❡ q✉❡ ♦ ❚❍❉ ❞❡✈❡ s❡r ✐♥❢❡r✐♦r ❛ 5%✱ ❛❧é♠ ❞❡ q✉❡ ❛

♠❛✐♦r ❤❛r♠ô♥✐❝❛ ❞❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ✭2mf ✮ ❞❡✈❡ s❡r ♠❡♥♦r ♦✉ ✐❣✉❛❧ ❛ 0, 3%

✭◆❊❉ ▼❖❍❆◆✱ ✷✵✶✶✮✳ ❱❛❧❡ ♥♦t❛r q✉❡ mf = fch/fca✱ ♣❛r❛ ♦ ❝❛s♦ ❞♦s ❈❙■s✱ ❛ ❢r❡q✉ê♥❝✐❛ fca

é ❛ ❢r❡q✉ê♥❝✐❛ ❞❛ ❝❛r❣❛ fl✳

❊♥tã♦✱ s❛❜❡♥❞♦ q✉❡ ❛ ❝♦rr❡♥t❡ s♦❜r❡ ♦ ✐♥❞✉t♦r é ❞❛❞❛ ♣♦r

ILf
(s) = Vcc/sLf , ✭✷✳✷✺✮

❛♦ s❡ t♦♠❛r ❛ ❡q✉❛çã♦ ❞❛ s❡❣✉♥❞❛ ❤❛r♠ô♥✐❝❛ ❞❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ ❝✉❥♦ ♠ó❞✉❧♦

❞❡s❡❥❛✲s❡ ❧✐♠✐t❛r✱ t❡♠✲s❡ q✉❡

|ILf
(j2πfch)| =

0, 37Vcc

j2πfchLf

. ✭✷✳✷✻✮

❈♦♠♦ ❞❡s❡❥❛✲s❡ ❧✐♠✐t❛r ❛ 0, 3%✱ ❢❛③✲s❡

0, 003
√
2Il =

0, 37Vcc

2πfchLf

. ✭✷✳✷✼✮

❆♦ s❡ ✐s♦❧❛r Lf ✱ ❡♥❝♦♥tr❛✲s❡ ❛ ❡q✉❛çã♦ q✉❡ ❞❡✜♥❡ ❛ ✐♥❞✉tâ♥❝✐❛ ❞♦ ✜❧tr♦ ❈❆

Lf =
0, 37Vcc

2πfch0, 003
√
2Ica

. ✭✷✳✷✽✮



❆ ❉✉❛❧✐❞❛❞❡ ❡♥tr❡ ♦s ❱❙❈s ❡ ♦s ❈❙❈s ✸✺

❊♠ ✭❈❆❘❆❈❆❙✱ ✷✵✶✸✮✱ r❡❝♦♠❡♥❞❛✲s❡ ❛✐♥❞❛ ❛ ❛❞✐çã♦ ❞❡ ✉♠❛ r❡s✐stê♥❝✐❛ ❞❡ ❛♠♦rt❡❝✐✲

♠❡♥t♦ ❛ss♦❝✐❛❞❛ ❡♠ sér✐❡ ❝♦♠ ♦ ❝❛♣❛❝✐t♦r✳ ❚♦❞❛✈✐❛✱ ♣❛r❛ ❡st❡ ❡st✉❞♦✱ ❞❡s❝♦♥s✐❞❡r♦✉✲s❡ ❡ss❛

r❡s✐stê♥❝✐❛ ✈✐st♦ q✉❡ ♦ ✐♥❞✉t♦r ✉t✐❧✐③❛❞♦ ❡♠ ❧❛❜♦r❛tór✐♦ ❥á ❛♣r❡s❡♥t❛ ✉♠❛ r❡s✐stê♥❝✐❛ ♣ró♣r✐❛✳

❈♦♠♦ ♠♦str❛❞♦ ❡♠ ✭❲❆◆● ❡t ❛❧✳✱ ✷✵✵✸✮✱ ❛ ✐♥❞✉tâ♥❝✐❛ ❞❡ ❛♠♦rt❡❝✐♠❡♥t♦ ♣♦❞❡ ❡st❛r ✐♥s❡r✐❞❛

♥♦ ✜❧tr♦ ❞❡ ❞✐✈❡rs❛s ❢♦r♠❛s✱ ✐♥❝❧✉s✐✈❡ ❡♠ sér✐❡ ❝♦♠ ♦ ✐♥❞✉t♦r✳ ❚♦❞❛✈✐❛✱ ❡ss❛ ❛ss♦❝✐❛çã♦ ♥ã♦

é ❛ ♠❛✐s ❡✜❝✐❡♥t❡✳

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

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

❈❆ ♣r♦❥❡t❛❞♦ ❞❡✈❡ ♦❜❡❞❡❝❡r ❛ ✐♥❡q✉❛çã♦

10ωl ≤ ωress ≤ 0, 5ωch ✭✷✳✷✾✮

❚♦♠❛✲s❡ ❡♥tã♦ ❛ ❚❛❜❡❧❛ ✷✳✸✱ ❝✉❥♦s ♣❛râ♠❡tr♦s sã♦ ✉t✐❧✐③❛❞❛s ♣❛r❛ ✉♠ ❡①❡♠♣❧♦ ❞❡ ♣r♦❥❡t♦

❞❡ ✉♠ ✜❧tr♦ ❈❆✱ q✉❡ é ✈❛❧✐❞❛❞♦ ✈✐❛ s✐♠✉❧❛çã♦ ♥♦ ❙✐♠✉❧✐♥❦ ❅ ▼❆❚▲❆❇ ❘©✳

❚❛❜❡❧❛ ✷✳✸✿ P❛râ♠❡tr♦s ♣❛r❛ ❞✐♠❡♥s❛✐♦♥❛♠❡♥t♦ ❞♦ ✜❧tr♦ ❈❆ ❞❡ ✉♠ ❈❙■ ▼♦♥♦❢ás✐❝♦✳

P❛râ♠❡tr♦ ❱❛❧♦r

Vcc 50 ❱

Vf 62, 5 ❱

fl 60 ❍③

Pca 500 ❲

fch 12 ❦❍③

Ts 2 µs

❆ ♣❛rt✐r ❞❡st❡s ♣❛râ♠❡tr♦s✱ ✉t✐❧✐③❛♠✲s❡ ❛s ❢ór♠✉❧❛s ❛♣r❡s❡♥t❛❞❛s ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❡ Cf ❡

Lf ✳ P❛r❛ Cf ❞❡s❡♥✈♦❧✈❡✲s❡

Zb = (62, 52)/(500), ✭✷✳✸✵✮

Cb = 1/(377)(7, 8), ✭✷✳✸✶✮

Cf = 0, 05Cb ≈ 17 µF. ✭✷✳✸✷✮

❏á ♣❛r❛ ♦ ✐♥❞✉t♦r✱ t❡♠✲s❡ q✉❡



❆ ❉✉❛❧✐❞❛❞❡ ❡♥tr❡ ♦s ❱❙❈s ❡ ♦s ❈❙❈s ✸✻

Lf =
0, 37(50)

2π(12000)0, 003
√
2(62, 52/500)

, ✭✷✳✸✸✮

Lf = 3, 6 mH. ✭✷✳✸✹✮

❆♦ s❡ ✈❛❧✐❞❛r ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ r❡ss♦♥â♥❝✐❛✱ ❡♥❝♦♥tr❛✲s❡ q✉❡

10ωl ≈ 3770 rad/s ≤ ωress ≈ 4000 rad/s ≤ 0, 5ωch ≈ 37700 rad/s ✭✷✳✸✺✮

▲♦❣♦✱ ♦ ✜❧tr♦ ♣r♦❥❡t❛❞♦ ❛t❡♥❞❡ às ❡s♣❡❝✐✜❝❛çõ❡s ❢♦r♠✉❧❛❞❛s✳ ❈♦♠ ♦s ✈❛❧♦r❡s ❝❛❧❝✉❧❛❞♦s✱

❡①❡❝✉t❛✲s❡ ❛ s✐♠✉❧❛çã♦✱ ♦❜t❡♥❞♦ ♦ r❡s✉❧t❛❞♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✶✻✳
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Selected signal: 30 cycles. FFT window (in red): 15 cycles
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Fundamental (60Hz) = 7.08 , THD= 3.46%
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❋✐❣✉r❛ ✷✳✶✻✿ ❈❛♣t✉r❛ ❞❡ t❡❧❛ ❞♦s r❡s✉❧t❛❞♦s ♣♦r s✐♠✉❧❛çã♦ ♣❛r❛ ✈❡r✐✜❝❛çã♦ ❞♦ ❋✐❧tr♦ P❛ss❛✲
❜❛✐①❛s✳

P❡r❝❡❜❡✲s❡ ❛ ♣r❡s❡♥ç❛ ❞♦ t❡r❝❡✐r♦ ❤❛r♠ô♥✐❝♦ ✭❣rá✜❝♦ ✐♥❢❡r✐♦r✮✱ q✉❡ é r❡s♣♦♥sá✈❡❧ ♣♦r ❜♦❛

♣❛rt❡ ❞♦ ❚❍❉✳ ❚♦❞❛✈✐❛✱ ♦ ❚❍❉ ❢♦✐ ❞❡ 3, 46%✱ ❛❜❛✐①♦ ❞❡ 5%✱ ❡ ❛s ❤❛r♠ô♥✐❝❛s ❞❛ ❢r❡q✉ê♥❝✐❛

❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❢♦r❛♠ ❛t❡♥✉❛❞❛s ❞❡♥tr♦ ❞♦ ✈❛❧♦r ❡s♣❡r❛❞♦✳ ❆❧é♠ ❞♦ r❡s✉❧t❛❞♦ ♥♦ ❞♦♠í♥✐♦ ❞❛

❢r❡q✉ê♥❝✐❛✱ ♥♦t❛✲s❡ q✉❡ ❛ ❝♦rr❡♥t❡ ❣❡r❛❞❛ ♥♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦ ✭❣rá✜❝♦ s✉♣❡r✐♦r✮ ❛♣r❡s❡♥t❛

✉♠❛ ❢♦r♠❛ s❡♥♦✐❞❛❧ q✉❛s❡ q✉❡ ♣✉r❛✳



❆ ❉✉❛❧✐❞❛❞❡ ❡♥tr❡ ♦s ❱❙❈s ❡ ♦s ❈❙❈s ✸✼

❖ q✉❡ s❡ ♥♦t❛ ❡♠ r❡❧❛çã♦ ❛♦s ✜❧tr♦s ❈❆✱ é q✉❡ ❤á ✉♠ ❝♦♥s❡♥s♦ ❡♠ r❡❧❛çã♦ ❛♦ ❞✐♠❡♥s✐✲

♦♥❛♠❡♥t♦ ❞♦ ❝❛♣❛❝✐t♦r✱ t♦❞❛✈✐❛ ♦ ❝á❧❝✉❧♦ ❞❛ ✐♥❞✉tâ♥❝✐❛ ❛♣r❡s❡♥t❛ ❞✐✈❡r❣ê♥❝✐❛s ❡♠ ❞✐✈❡rs❛s

r❡❢❡rê♥❝✐❛s✳ ❉❡ t❛❧ ❢♦r♠❛✱ ❥✉❧❣♦✉✲s❡ ❛ ❛❜♦r❞❛❣❡♠ ❛♣r❡s❡♥t❛❞❛ ❡♠ ✭❈❆❘❆❈❆❙✱ ✷✵✶✸✮ ❝♦♥✲

s✐st❡♥t❡✱ ♣♦r ✐ss♦ t♦♠♦✉✲s❡ ❛♣❡♥❛s ❡ss❡ tr❛❜❛❧❤♦ ❝♦♠♦ r❡❢❡rê♥❝✐❛✳

✷✳✺ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çõ❡s ❡ ❡①♣❡r✐♠❡♥t♦s

❯♠❛ ✈❡③ ❛♣r❡s❡♥t❛❞❛ ❛ t❡♦r✐❛ s♦❜r❡ ♦s ❈❙❈s✱ ❢❛③❡♠✲s❡ ❞✉❛s s✐♠✉❧❛çõ❡s ❡ ❡①♣❡r✐♠❡♥t♦s

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

❙❡♥❞♦ ❛ss✐♠✱ t♦♠❛♠✲s❡ ❞✉❛s ❡t❛♣❛s✿ s✐♠✉❧❛çã♦ ♥♦ ❙✐♠✉❧✐♥❦ ❅ ▼❆❚▲❆❇ ❘©❀ ❡ ❡①♣❡r✐✲

♠❡♥t♦ ❡♠ ♠❛❧❤❛ ❢❡❝❤❛❞❛✳ ❈❛❞❛ ❢✉♥çã♦ ❞♦ ❝♦♥✈❡rs♦r ✭r❡t✐✜❝❛❞♦r ❡ ✐♥✈❡rs♦r✮ ♣❛ss♦✉ ♣♦r ❡ss❛s

❡t❛♣❛s✳

▲♦❣♦✱ t♦♠❛♥❞♦✲s❡ ❛ ❚❛❜❡❧❛ ✷✳✹✱ q✉❡ ❧✐st❛ ✈❛❧♦r❡s ❞✐s♣♦♥í✈❡✐s ♥♦ ❧❛❜♦r❛tór✐♦ ❡♠ q✉❡ s❡

❞❡s❡♥✈♦❧✈❡✉ ♦ tr❛❜❛❧❤♦ ✭▲❊■❆▼✮✱ ♠♦♥t❛✲s❡ ♦ ❝❡♥ár✐♦ ♣❛r❛ ♦ ❈❙❘✳

❚❛❜❡❧❛ ✷✳✹✿ P❛râ♠❡tr♦s ♣❛r❛ s✐♠✉❧❛çã♦ ❡ ❡①♣❡r✐♠❡♥t♦ ❝♦♠ ✉♠ ❈❙❘ ▼♦♥♦❢ás✐❝♦✳

P❛râ♠❡tr♦ ❱❛❧♦r

Vg 35 ❱

fg 60 ❍③

Lcc 67 ♠❍

Rcc 1.5 Ω

Cf 3 µ❋

Lf 3 ♠❍

Rl 2 Ω

fch 10 ❦❍③

I∗cc 4 ❆

Pr✐♠❡✐r❛♠❡♥t❡✱ ❝♦♠ ♦ ❝♦♥✈❡rs♦r ♦♣❡r❛♥❞♦ ❡♠ ♠♦❞♦ r❡t✐✜❝❛❞♦r✱ ♦ ❝♦♥tr♦❧❡ ❞❡✈❡ ❢❛③❡r

❝♦♠ q✉❡ ❛ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡st❡❥❛♠ ❡♠ ❢❛s❡✱ ♥ã♦ só ♣❛r❛ ❣❛r❛♥t✐r ✉♠ ❢❛t♦r ❞❡

♣♦tê♥❝✐❛ ✉♥✐tár✐♦✱ ♠❛s t❛♠❜é♠ ♣❛r❛ ❣❛r❛♥t✐r q✉❡ ♦s ❞✐♦❞♦s ❡st❡❥❛♠ ♣♦❧❛r✐③❛❞♦s ❝♦rr❡t❛♠❡♥t❡

q✉❛♥❞♦ ❢♦r ♥❡❝❡ssár✐♦ q✉❡ ❡❧❡s ❝♦♥❞✉③❛♠✳ ❉❡st❛ ❢♦r♠❛✱ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞♦ ❝♦♥tr♦❧❡ ❞♦

❈❙❘ é ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✶✼✳ ❱❛❧❡ ♥♦t❛r q✉❡ ♦ P❲▼ ✉t✐❧✐③❛❞♦ é ✉♠ ❯♥✐♣♦❧❛r✳

◆❛ ❋✐❣✉r❛ ✷✳✶✼✱ ♦ ❝♦♥tr♦❧❡ ♣❛rt❡ ❞♦ ❡rr♦ ❞❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦✱ q✉❡ ♣❛ss❛ ♣♦r

✉♠ ❝♦♥tr♦❧❛❞♦r P■ q✉❡ ✐rá ❢♦r♥❡❝❡r ♦ ✈❛❧♦r ❞❡ ♣✐❝♦ ❞❛ ❝♦rr❡♥t❡ i∗f ✳ ❈❛s♦ ❛ ❝♦rr❡♥t❡ Icc



❆ ❉✉❛❧✐❞❛❞❡ ❡♥tr❡ ♦s ❱❙❈s ❡ ♦s ❈❙❈s ✸✽

PI Π

PLL

vf

cos P
W

M

t

t

b

b

Σ

Icc

❋✐❣✉r❛ ✷✳✶✼✿ ❉✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞♦ ❝♦♥tr♦❧❡ ❞❡ ✉♠ ❈❙❘✳

❡st❡❥❛ ❛❜❛✐①♦ ❞♦ ✈❛❧♦r ❞❡ r❡❢❡rê♥❝✐❛✱ ❛✉♠❡♥t❛✲s❡ ❛ ❝♦rr❡♥t❡ ❞❡♠❛♥❞❛❞❛ ❞❛ ❢♦♥t❡ ❈❆ vg✱ ❧♦❣♦✱

❛✉♠❡♥t❛♥❞♦ ❛ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈✳ ❈❛s♦ ❛ ❝♦rr❡♥t❡ Icc ❡st❡❥❛ ❛❝✐♠❛ ❞♦ ✈❛❧♦r

❞❡ r❡❢❡rê♥❝✐❛✱ ❞✐♠✐♥✉✐✲s❡ ♦ ✈❛❧♦r ❞❡ ❝♦rr❡♥t❡ ❞❡♠❛♥❞❛❞❛ ❞❛ ❢♦♥t❡ ❈❆✱ ❧♦❣♦✱ ❞✐♠✐♥✉✐♥❞♦ ❛

❝♦rr❡♥t❡ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈✳

❆ ♣❛rt❡ ❞♦ s✐♥❝r♦♥✐s♠♦ ❡♥tr❡ ❛ ❢❛s❡ ❞❛ t❡♥sã♦ ❞♦ ✜❧tr♦ ❈❆ vf ✱ ❡ ❛ ❝♦rr❡♥t❡ ❞❡ r❡❢❡rê♥❝✐❛

q✉❡ ❝♦♠❛♥❞❛rá ♦ P❲▼ é ❢❡✐t❛ ❛tr❛✈és ❞❡ ✉♠ P▲▲✳ ❊♠ ✭❙■▲❱❆ ❡t ❛❧✳✱ ✷✵✵✹✮✱ é ❢❡✐t❛ ✉♠❛

❛♥á❧✐s❡ ❝♦♠♣❛r❛t✐✈❛ ❞❡ ❞✐✈❡rs♦rs P▲▲s✱ ❡❧❡❣❡♥❞♦ ✜❣✉r❛s ❞❡ ♠ér✐t♦ ❡ ❞❡✜♥✐♥❞♦ q✉❛❧✱ ❞❡♥tr❡ ♦s

❛♣r❡s❡♥t❛❞♦s✱ é ♦ ♠❛✐s ❡✜❝✐❡♥t❡✳ ❚♦❞❛✈✐❛✱ ♥❡st❛ ❡t❛♣❛ ❞♦ tr❛❜❛❧❤♦ ✉t✐❧✐③♦✉✲s❡ ✉♠ P▲▲ ❝❧ás✲

s✐❝♦✱ ❛♣r❡s❡♥t❛❞♦ ❡♠ ✭❑❆❯❘❆ ❡ ❇▲❆❙❑❖✱ ✶✾✾✻✮✳ ❈♦♠♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥♦s r❡s✉❧t❛❞♦s✱

♦ P▲▲ s❛t✐s❢❡③ ❛s ♥❡❝❡ss✐❞❛❞❡s ❞❡st❛ ❡t❛♣❛ ❞♦ tr❛❜❛❧❤♦✳

❆♣❡s❛r ❞♦ ❝♦♥tr♦❧❡ s❡r s✐♠♣❧❡s✱ ❡❧❡ é ❡✜❝❛③ ❝♦♠♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✶✽✳
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Icc

ig

vf
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❋✐❣✉r❛ ✷✳✶✽✿ ❈♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ig✱ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ Icc✱ ❡ t❡♥sã♦ ❞♦ ❝❛♣❛❝✐t♦r ❞♦ ✜❧tr♦ ❈❆
vf ♣❛r❛ ✉♠❛ s✐♠✉❧❛çã♦ ❝♦♠ ✉♠ ❈❙❘✳

◆♦t❛✲s❡ q✉❡✱ ❛❧é♠ ❞❛s ❣r❛♥❞❡③❛s ✭t❡♥sã♦ ❡ ❝♦rr❡♥t❡✮ ❞❡ ❡♥tr❛❞❛ s✐♥❝r♦♥✐③❛❞❛s✱ ♦❜t❡♠✲



❆ ❉✉❛❧✐❞❛❞❡ ❡♥tr❡ ♦s ❱❙❈s ❡ ♦s ❈❙❈s ✸✾

s❡ t❛♠❜é♠ ✉♠❛ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ Icc ❝♦♥tr♦❧❛❞❛✱ ❝♦♠♦ ❡s♣❡r❛❞♦✳ P♦❞❡✲s❡✱ t❛♠❜é♠ ♣❡❧❛

❋✐❣✉r❛ ✷✳✶✽✱ ♥♦t❛r ✉♠❛ ♦s❝✐❧❛çã♦ ♥❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ q✉❡ ♦s❝✐❧❛ç❛ ♥❛ ❢r❡q✉ê♥❝✐❛ ❞❛

s❡❣✉♥❞❛ ❤❛r♠ô♥✐❝❛ ✭120 Hz✮ ❞❛ ❝♦♠♣♦♥❡♥t❡ ❢✉♥❞❛♠❡♥t❛❧ ❞❛ ❝♦rr❡♥t❡ ❈❆ ig ✭60 Hz✮✳ ❱❛❧❡

❧❡♠❜r❛r q✉❡ ❛ ❛♠♣❧✐t✉❞❡ ❞❛ ♦s❝✐❧❛çã♦ ❞❛ ❝♦rr❡♥t❡ ✐rá ❞❡♣❡♥❞❡r ❞❛ ✐♥❞✉tâ♥❝✐❛ ❞♦ ❜❛rr❛♠❡♥t♦

❈❈✳

❈♦♠♦ ❡s♣❡r❛❞♦✱ ♦ ❡①♣❡r✐♠❡♥t♦ ❛♣r❡s❡♥t♦✉ ✉♠ r❡s✉❧t❛❞♦ s❡♠❡❧❤❛♥t❡ ❛♦ r❡s✉❧t❛❞♦ ♣♦r

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

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

❋✐❣✉r❛ ✷✳✶✾✱ ♦♥❞❡ ♦❜s❡r✈❛✲s❡ ❛ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛ vg✱ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ig✱ ❡ ❛ ❝♦rr❡♥t❡

❞❡ s❛í❞❛ Icc✳

Icc

ig

vg

❋✐❣✉r❛ ✷✳✶✾✿ ❈♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ig✱ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ Icc✱ ❡ t❡♥sã♦ ❞❛ ❢♦♥t❡ ❈❆ vg ♣❛r❛ ✉♠
❡①♣❡r✐♠❡♥t♦ ❝♦♠ ✉♠ ❈❙❘✳

❖❜s❡r✈❛✲s❡ q✉❡✱ ❞❡ ❢❛t♦ ❛ ❝♦rr❡♥t❡ Icc ❢♦✐ ❝♦♥tr♦❧❛❞❛ ♥♦ ✈❛❧♦r ❞❡s❡❥❛❞♦✱ ❞❡♠♦♥str❛♥❞♦

♥ã♦ só ❛ ❡✜❝á❝✐❛ ❞♦ ❝♦♥tr♦❧❡ ♠❛s t❛♠❜é♠ ❞❛ ♠♦❞✉❧❛çã♦ P❲▼ ❛❧✐❛❞❛ ❛♦ t❡♠♣♦ ♠♦rt♦✳ ❆❧é♠

❞✐ss♦✱ ♥♦t❛✲s❡ ✉♠❛ s♦❜r❡♠♦❞✉❧❛çã♦ ♥❛ ❝♦rr❡♥t❡ ig✱ ❡❢❡✐t♦ ❡st❡ ❝✉❥♦ ♠♦t✐✈♦ ♥ã♦ ❢♦✐ ❞❡s❝♦❜❡rt♦✳

P❛r❛ ♦ ❈❙■✱ ✉t✐❧✐③❛r❛♠✲s❡ ♣❛râ♠❡tr♦s s❡♠❡❧❤❛♥t❡s ❛♦ ❞♦ ❈❙❘✱ ♠❛s ❝♦♠ ❛❧t❡r❛çõ❡s ♥❛

❝❛r❣❛ ❡ ♥❛ ❢♦♥t❡ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❞♦ ❝✐r❝✉✐t♦✳ ❖s ♥♦✈♦s ♣❛râ♠❡tr♦s sã♦ ❧✐st❛❞♦s ♥❛ ❚❛❜❡❧❛ ✷✳✺✳

❆❣♦r❛ ❝♦♠ ♦ ❝♦♥✈❡rs♦r ♦♣❡r❛♥❞♦ ❡♠ ♠♦❞♦ ✐♥✈❡rs♦r✱ ♦ ❝♦♥tr♦❧❡ ✉t✐❧✐③❛❞♦ é s❡♠❡❧❤❛♥t❡ ❛♦

❛♣❧✐❝❛❞♦ ♣❛r❛ ♦ ❈❙❘✳ ■❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✷✵✱ ♦ ❝♦♥tr♦❧❡ ❞♦ ❈❙■ ♣❛rt❡ ❞♦ ❡rr♦ ❞❡ ❝♦rr❡♥t❡

❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ♣❛r❛ ❢♦r♥❡❝❡r ♦ ✈❛❧♦r ❞❡ ♣✐❝♦ ❞❛ ❝♦rr❡♥t❡ ❞❡ r❡❢❡rê♥❝✐❛✱ q✉❡ ♣♦r s✉❛ ✈❡③ é



❆ ❉✉❛❧✐❞❛❞❡ ❡♥tr❡ ♦s ❱❙❈s ❡ ♦s ❈❙❈s ✹✵

❚❛❜❡❧❛ ✷✳✺✿ P❛râ♠❡tr♦s ♣❛r❛ s✐♠✉❧❛çõ❡s ❡ ❡①♣❡r✐♠❡♥t♦s ❝♦♠ ✉♠ ❈❙■ ▼♦♥♦❢ás✐❝♦✳

P❛râ♠❡tr♦ ❱❛❧♦r

Vcc 25 ❱

Lcc 67 ♠❍

Cf 15 µ❋

Lf 3 ♠❍

Rl 10 Ω

fl 60 ❍③

fch 10 ❦❍③

I∗cc 4 ❆

♠✉❧t✐♣❧✐❝❛❞♦ ❝♦♠ ✉♠❛ s❡♥♦✐❞❡ ❞❡ ❢❛s❡ q✉❛❧q✉❡r✱ ✈✐st♦ q✉❡ ♥ã♦ ❤á ♥❡❝❡ss✐❞❛❞❡ ❞❡ s✐♥❝r♦♥✐s♠♦✳

❖ ❝♦♥tr♦❧❡ ❞❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❛t✉❛ ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿ ❝❛s♦ ❤❛❥❛ ♠❡♥♦s ❝♦rr❡♥t❡

q✉❡ ♦ ❡st✐♣✉❧❛❞♦ ♣❛r❛ ♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ r❡❞✉③✲s❡ ❛ ❞❡♠❛♥❞❛ ❞❡ ❝♦rr❡♥t❡ ♣❛r❛ ❛ ❝❛r❣❛✱ ♣❛r❛

q✉❡ ❤❛❥❛ ✉♠ ❛❝ú♠✉❧♦ ❞❡ ❡♥❡r❣✐❛ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ❛✉♠❡♥t❛♥❞♦ s✉❛ ❝♦rr❡♥t❡✳ ❈❛s♦ ❤❛❥❛

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

r❡t✐r❛♥❞♦ ❡♥❡r❣✐❛ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ❧♦❣♦✱ r❡❞✉③✐♥❞♦ ❛ ❝♦rr❡♥t❡ ♥♦ ✐♥❞✉t♦r ❞♦ ❜❛rr❛♠❡♥t♦

❈❈✳ ◆♦ ❛♠❜✐❡♥t❡ ❞❡ s✐♠✉❧❛çã♦✱ ♦ ❝♦♥tr♦❧❡ ♣r♦✈♦✉✲s❡ ❡✜❝❛③✱ ❝♦♠♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥❛

❋✐❣✉r❛ ✷✳✷✶✳

PI Π
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t
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b

Σ

I
cc

cos

❋✐❣✉r❛ ✷✳✷✵✿ ❉✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞♦ ❝♦♥tr♦❧❡ ❞❡ ✉♠ ❈❙■✳

◆♦t❛✲s❡ q✉❡ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ Icc ❢♦✐ ❝♦♥tr♦❧❛❞❛✱ ❝♦♠♦ ❡s♣❡r❛❞♦✳ ◆♦t❛✲s❡ t❛♠❜é♠

✉♠❛ ♦s❝✐❧❛çã♦ ♥❛ ❝♦rr❡♥t❡ Icc✱ ❝♦♠ ♦ ❞♦❜r♦ ❞❛ ❢r❡q✉ê❝✐❛ ❞❛ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛✱ ❋✐❣✉r❛ ✷✳✷✶✳

❏á ♥♦ ❣rá✜❝♦ ✐♥❢❡r✐♦r✱ ♦❜s❡r✈❛✲s❡ ✉♠❛ ♣❡q✉❡♥❛ ❞❡❢❛s❛❣❡♠ ❡♥tr❡ ❛ ❝♦rr❡♥t❡ ❞❛ ❝❛r❣❛ il✱ ❡ ❛

t❡♥sã♦ ❞♦ ❝❛♣❛❝✐t♦r ❞♦ ✜❧tr♦ ❈❆ vf ✱ ❞❡✈✐❞♦ ❥✉st❛♠❡♥t❡ ❛♦ ✐♥❞✉t♦r ❞♦ ✜❧t♦r ❈❆ Lf ✱ ❧♦❣♦✱ ✉♠

r❡s✉❧t❛❞♦ ❡s♣❡r❛❞♦✳

❈♦♠♦ ❡s♣❡r❛❞♦✱ ♦ ❡①♣❡r✐♠❡♥t♦ ❛♣r❡s❡♥t♦✉ ✉♠ r❡s✉❧t❛❞♦ s❡♠❡❧❤❛♥t❡ ❛♦ ❞❛ s✐♠✉❧❛çã♦✱

❛❞❡♠❛✐s ❞❛s ✈❛r✐❛çõ❡s ❞♦s ✈❛❧♦r❡s ❞♦s ❡❧❡♠❡♥t♦s r❡❛t✐✈♦s✱ r❡s✐stê♥❝✐❛s ♣❛r❛s✐t❛s ❞♦s ❝❛❜♦s ❞❡

❝♦♥❡①ã♦ ❡ ♣❡r❞❛s ♥❛s ❝❤❛✈❡s✳ ❖ r❡s✉❧t❛❞♦ ❡①♣❡r✐♠❡♥t❛❧ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✷✷✱

♦♥❞❡ ❡♥❝♦♥tr❛♠✲s❡ ❛ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛ Vcc✱ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ Icc✱ ❡ ❛ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛



❆ ❉✉❛❧✐❞❛❞❡ ❡♥tr❡ ♦s ❱❙❈s ❡ ♦s ❈❙❈s ✹✶
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❋✐❣✉r❛ ✷✳✷✶✿ ❈♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ Icc✱ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ il✱ ❡ t❡♥sã♦ ❞♦ ❝❛♣❛❝✐t♦r ❞♦ ✜❧tr♦ ❈❆
vf ♣❛r❛ ✉♠❛ s✐♠✉❧❛çã♦ ❝♦♠ ✉♠ ❈❙■✳

il ✳

V
cc

I
cc

i
l

❋✐❣✉r❛ ✷✳✷✷✿ ❈♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ Icc✱ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ il✱ ❡ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛ Vcc ♣❛r❛ ✉♠
❡①♣❡r✐♠❡♥t♦ ❝♦♠ ✉♠ ❈❙■✳

◆♦ r❡s✉❧t❛❞♦ ❡①♣❡r✐♠❡♥t❛❧ ✭❋✐❣✉r❛ ✷✳✷✷✮✱ ♦❜s❡r✈❛✲s❡ q✉❡ ❛ ❝♦rr❡♥t❡ Icc ❢♦✐ ❝♦♥tr♦❧❛❞❛

♥♦ ✈❛❧♦r ❞❡s❡❥❛❞♦✱ ❞❡♠♦♥str❛♥❞♦ ♥ã♦ só ❛ ❡✜❝á❝✐❛ ❞♦ ❝♦♥tr♦❧❡✱ ♠❛s t❛♠❜é♠ ❞❛ ♠♦❞✉❧❛çã♦

P❲▼ ❛❧✐❛❞❛ ❛♦ t❡♠♣♦ ♠♦rt♦✳

❈♦♠ ✐ss♦✱ ❛ t❡♦r✐❛ ❞♦ P❲▼ ❡ ❝♦♥tr♦❧❡ ❡st✉❞❛❞♦s✱ ❜❡♠ ❝♦♠♦ ❛ t♦♣♦❧♦❣✐❛ ❞♦ ❈❙❈ ▼♦✲

♥♦❢ás✐❝♦ ❢♦r❛♠ ✈❛❧✐❞❛❞♦s✳ ❆♣❡s❛r ❞❡ s❡r❡♠ ❡①♣❡r✐♠❡♥t♦s s✐♠♣❧❡s✱ ❡❧❡s s❡r✈✐rã♦ ❞❡ ❜❛s❡ ♣❛r❛



❆ ❉✉❛❧✐❞❛❞❡ ❡♥tr❡ ♦s ❱❙❈s ❡ ♦s ❈❙❈s ✹✷

❡t❛♣❛s ♠❛✐s ❝♦♠♣❧❡①❛s ❞♦ ❡st✉❞♦✳

✷✳✻ ❈♦♥❝❧✉sã♦

◆❡st❡ ❝❛♣ít✉❧♦✱ ❡st✉❞♦✉✲s❡ ♦ ❈❙❈ ♦♣❡r❛♥❞♦ ❝♦♠♦ r❡t✐✜❝❛❞♦r ❡ ✐♥✈❡rs♦r✳ P❛rt✐♥❞♦ ❞❛ ❛♥á❧✐s❡

❞❛ ❞✉❛❧✐❞❛❞❡ ✭s❡♠❡❧❤❛♥ç❛s ❡ ❞✐❢❡r❡♥ç❛s✮ ❞♦s ❈❙❈s ❝♦♠ ♦s ❱❙❈s✱ ♦ ❡st✉❞♦ ❞✐s❝♦rr❡✉ s♦❜r❡ ♦

❜❛rr❛♠❡♥t♦ ❈❈✱ ❛s ❝❤❛✈❡s✱ ♦ P❲▼✱ ♦ ✜❧tr♦ ❈❆✱ ❡ ♦ ❝♦♥tr♦❧❡ ❝♦♠♦ ✐♥✈❡rs♦r ❡ ❝♦♠♦ r❡t✐✜❝❛❞♦r✳

❚♦♠❛♥❞♦ ❝♦♠♦ r❡❢❡rê♥❝✐❛s ❛rt✐❣♦s q✉❡ ❛❜♦r❞❛♠ ♦s ❱❙❈s✱ ❛❧✐❛❞♦ ❛ ❛rt✐❣♦s q✉❡ ❛❜♦r❞❛♠

♦s ❈❙❈s✱ ❜✉s❝♦✉✲s❡ s✐♥t❡t✐③❛r ♦ q✉❡ ❥á ❡①✐st❡ ♥❛ ❧✐t❡r❛t✉r❛ ❛❝❡r❝❛ ❞♦s ❈❙❈s✳ ❆♣❡s❛r ❞❡

♣♦✉❝♦ ❡①♣❧♦r❛❞♦✱ ❥á ♥♦t❛✲s❡ ✉♠ r❡t♦r♥♦ ❛♦s ❡st✉❞♦s ❞♦s ❈❙❈s ♥❛ ❝♦♠✉♥✐❞❛❞❡ ❝✐❡♥tí✜❝❛✱

♣r✐♥❝✐♣❛❧♠❡♥t❡ ♥❛ ár❡❛ ❞❡ ❡♥❡r❣✐❛ r❡♥♦✈á✈❡✐s✳

❆♦ ✜♥❛❧✱ ✈❡r✐✜❝♦✉✲s❡ ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦✱ ♣♦r s✐♠✉❧❛çõ❡s ❡ ♣♦r ❡①♣❡r✐♠❡♥t♦s✱ ❞❡ ✉♠ ❈❙❘

❡ ❞❡ ✉♠ ❈❙■✱ s❡♥❞♦ ♦❜t✐❞♦ ✉♠ r❡s✉❧t❛❞♦ s❛t✐s❢❛tór✐♦✳ ❆♣❡s❛r ❞❡ t❡r✲s❡ ❛❜♦r❞❛❞♦ ♦ ❞✐♠❡♥s✐✲

♦♥❛♠❡♥t♦ ❞♦ ❝♦♥✈❡rs♦r✱ ❛s s✐♠✉❧❛çõ❡s ❡ ♦s ❡①♣❡r✐♠❡♥t♦s ❢♦r❛♠ ❛❥✉st❛❞❛s ❛♦s ❝♦♠♣♦♥❡♥t❡s

❡♥❝♦♥tr❛❞♦s ❡♠ ❧❛❜♦r❛tór✐♦✳

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

✉t✐❧✐③❛❞❛ ♣❛r❛ ♦ ❡st✉❞♦s ❞♦s ▼P❈❙❈s✱ ♣♦✐s s❡♥❞♦ t❛♠❜é♠ ❝♦♥✈❡rs♦r❡s ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡✱

t♦❞❛ ❛ t❡♦r✐❛ ❡st✉❞❛❞❛ ♥❡st❡ ❝❛♣ít✉❧♦ s❡ ❛♣❧✐❝❛ ❛♦s ▼P❈❙❈❙s✳



3
❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡
▼ú❧t✐♣❧❛s P♦rt❛s

✸✳✶ ■♥tr♦❞✉çã♦

◆❡st❡ ❝❛♣ít✉❧♦ é ❛♣r❡s❡♥t❛❞♦ ♦ ♣r✐♥❝✐♣❛❧ ♦❜❥❡t♦ ❞❡ ❡st✉❞♦ ❞❡st❛ ❞✐ss❡rt❛çã♦✿ ♦s ❈♦♥✈❡rs♦r❡s

❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✭▼✉❧t✐♣♦rt ❈✉rr❡♥t ❙♦✉r❝❡ ❈♦♥✈❡rt❡rs ✲ ▼P❈❙❈s✮✳

❇✉s❝❛♥❞♦ ❛♣❧✐❝❛çõ❡s q✉❡ ✉t✐❧✐③❛♠ ❞♦✐s s✐♥❛✐s ❈❆ ❝♦♠♦ ❝❛r❣❛✱ ♦✉ ❛❧✐♠❡♥t❛çã♦✴❝❛r❣❛ ✭▼♦t♦r❡s

❇✐❢ás✐❝♦s✱ ❈♦♥✈❡rs♦r❡s ▼✉❧t✐♥í✈❡❧✱ ❋♦♥t❡ ❞❡ ❆❧✐♠❡♥t❛çã♦ ■♥✐♥t❡rr✉♣t❛✱ ■♥✈❡rs♦r ❞❡ ❋r❡q✉ê♥✲

❝✐❛✱ ❡t❝✳✮✱ ✐♠❛❣✐♥❛♠✲s❡ ❞♦✐s ❝♦♥✈❡rs♦r❡s ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ q✉❡ ❝♦♠♣❛rt✐❧❤❛♠ ♦ ♠❡s♠♦ ❜❛rr❛✲

♠❡♥t♦ ❈❈✳ P❛rt❡✲s❡ ❞❛ s♦❧✉çã♦ ♠❛✐s ✐♥t✉✐t✐✈❛✱ ♦✉ ♠❛✐s s✐♠♣❧❡s✱ ❛té ❝❤❡❣❛r ♥♦ ❝♦♥✈❡rs♦r q✉❡

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

❆ ♣r✐♦r✐✱ ❛♣r❡s❡♥t❛✲s❡ ❛ s♦❧✉çã♦ ♠❛✐s ✐♥t✉✐t✐✈❛ ♣❛r❛ ✉♠▼P❈❙❈✱ q✉❡ sã♦ ❞♦✐s ❈♦♥✈❡rs♦r❡s

❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ▼♦♥♦❢ás✐❝♦s P♦♥t❡ ❍ ❛ss♦❝✐❛❞♦s ❡♠ sér✐❡ ✭❋q✹❝✮✳ ■♥tr♦❞✉③✲s❡ t❛♠❜é♠

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

❞❡s✈❛♥t❛❣❡♥s ❡ ♣❛rt✐❝✉❧❛r✐❞❛❞❡s✳

◆❛ s❡q✉ê♥❝✐❛✱ ❡st✉❞❛✲s❡ ❛ ❛❞❛♣t❛çã♦ ❞❡ ✉♠ ❝♦♥✈❡rs♦r ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ tr✐❢ás✐❝♦ ♣❛r❛

✉♠ ❜✐❢ás✐❝♦ ✭▲q✷❝✮✱ ❛❞❛♣t❛çã♦ ❡st❛ q✉❡ ❛❧t❡r❛ ❛ ❝♦♥❡①ã♦ ❞❛s s❛í❞❛s ❞♦ ❝♦♥✈❡rs♦r✱ ❜❡♠ ❝♦♠♦

s❡✉ P❲▼✳ ❚❛♠❜é♠ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ♣❛rt✐❝✉❧❛r✐❞❛❞❡s ❞❡ss❡ ❝♦♥✈❡rs♦r✱ ✈❛♥t❛❣❡♥s ❡ ❞❡s✲

✈❛♥t❛❣❡♥s✱ ❡ ✉♠❛ ❜r❡✈❡ ❝♦♠♣❛r❛çã♦ ❝♦♠ ♦ ❝♦♥✈❡rs♦r ❛♣r❡s❡♥t❛❞♦ ♥❛ s❡çã♦ ❛♥t❡r✐♦r✳

❆♣r❡s❡♥t❛✲s❡ ❡♥tã♦ ♦ ❝♦♥✈❡rs♦r ▲q✸❝✱ ✉♠ ❤í❜r✐❞♦ ❡♥tr❡ ♦s ❞♦✐s ❥á ❛♣r❡s❡♥t❛❞♦s✱ ❡ q✉❡

✹✸



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✹✹

♣♦ss✉✐ ✉♠❛ ❧ó❣✐❝❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ✉♠ ♣♦✉❝♦ ♠❛✐s ❝♦♠♣❧❡①❛✱ ♠❛s q✉❡ é ❞❡ ❢á❝✐❧ ✐♠♣❧❡♠❡♥✲

t❛çã♦✳ ❆q✉✐ ❥á s❡ ♥♦t❛ ❛ ❢♦r♠❛ ❞♦ ❋q✸❝✱ ❝♦♥✈❡rs♦r ❡✈✐❞❡♥❝✐❛❞♦ ❝♦♠♦ ♦ q✉❡ s❡ ❞❡st❛❝❛ ❞❡♥tr❡

♦s q✉❛tr♦ ❛♣r❡s❡♥t❛❞♦s ♥❡st❡ ❝❛♣ít✉❧♦✳

❖ ú❧t✐♠♦ ❞♦s ❝♦♥✈❡rs♦r❡s ❛♣r❡s❡♥t❛❞♦s✱ ♦ ❋q✸❝✱ r❡ú♥❡ ♦s ❝♦♥❝❡✐t♦s ❞♦s três ❛♥t❡r✐♦r❡s ❡

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

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

♦ ❝♦♥✈❡rs♦r✳

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

❡st✉❞♦ ❡①♣❡r✐♠❡♥t❛❧ ❡♠ ♠❛❧❤❛ ❛❜❡rt❛ ❞♦ ▲q✷❝✱ ▲q✸❝✱ ❡ ❞♦ ❋q✸❝✱ ♣❛r❛ ✈❛❧✐❞❛çã♦ ❞❛s t♦♣♦❧♦❣✐❛s

❡ P❲▼ ❡♠ ✉♠❛ ❜❛♥❝❛❞❛ ❞♦ ❧❛❜♦r❛tór✐♦✳ ❚♦❞♦s ♦s ♣r♦tót✐♣♦s ❢♦r❛♠ ❝♦♥str✉í❞♦s ❡♠ ♥♦

▲❊■❆▼✱ ❧❛❜♦r❛tór✐♦ ❡♠ q✉❡ s❡ ❞❡s❡♥✈♦❧✈❡✉ ♦ tr❛❜❛❧❤♦✳

P♦r ✜♠✱ ❛ ♣❛rt✐r ❞❛s ✜❣✉r❛s ❞❡ ♠ér✐t♦ ❡❧❡✐t❛s ✭♦♣❡r❛çã♦ ❡♠ q✉❛❞r❛♥t❡✱ ❡ ♥ú♠❡r♦ ❞❡

❝❤❛✈❡s ❝♦♥❞✉③✐♥❞♦ ♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✮✱ ❝♦♥❝❧✉✐✲s❡ q✉❛❧ ❝♦♥✈❡rs♦r ❞❡ ♠ú❧t✐♣❧❛s ♣♦rt❛s✱

❞❡♥tr❡ ♦s ❛♣r❡s❡♥t❛❞♦s✱ é ♦ ♠❡❧❤♦r✳ ❙❡♠♣r❡ ❛✈❛❧✐❛♥❞♦ ❛s ✈❛♥t❛❣❡♥s ❞❡ ❞❡s✈❛♥t❛❣❡♥s ❞❡ ❝❛❞❛

❝♦♥✈❡rs♦r ❛♣r❡s❡♥t❛❞♦✳

✸✳✷ ❋q✹❝

❈♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❞❡s❡♥✈♦❧✈❡r ✉♠ ❝♦♥✈❡rs♦r ❜✐❢ás✐❝♦ q✉❡ ❣❡r❡ ❞✉❛s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛ ❞❡

❢♦r♠❛ ✐♥❞❡♣❡♥❞❡♥t❡✱ ♣❛rt✐✉✲s❡ ❞❛ t♦♣♦❧♦❣✐❛ ❞♦ ❈♦♥✈❡rs♦r ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ▼♦♥♦❢ás✐❝♦

P♦♥t❡ ❍✳ ❊♥tã♦✱ ❛♦ s❡ ❛ss♦❝✐❛r ❞♦✐s ❈❙❈s ▼♦♥♦❢ás✐❝♦s ❡♠ sér✐❡✱ ♦❜t❡♠✲s❡ ♦ ❝♦♥✈❡rs♦r ❋q✹❝✳

❙❡✉ ♥♦♠❡ ✐❞❡♥t✐✜❝❛ s✉❛s ♣r✐♥❝✐♣❛✐s ❝❛r❛❝t❡ríst✐❝❛s✿ ♦♣❡r❛çã♦ ❡♠ q✉❛❞r❛♥t❡ ❝♦♠♣❧❡t♦ ✭❋✉❧❧

◗✉❛❞r❛♥t✮✱ ❡ ♦ ♥ú♠❡r♦ ❞❡ ❝❤❛✈❡s q✉❡ ❝♦♥❞✉③❡♠ ♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ q✉❡ sã♦ q✉❛tr♦

✭❋♦✉r ❈♦♥❞✉❝t✐♥❣✮✳ ❙❡♥❞♦ ❛ss✐♠✱ ♦ ❋q✹❝ é ❛ s♦❧✉çã♦ ✐♥t✉✐t✐✈❛ ♣❛r❛ ✉♠ ❝♦♥✈❡rs♦r ❢♦♥t❡ ❞❡

❝♦rr❡♥t❡ ❜✐❢ás✐❝♦✳ ❈♦♠♦ ♦ ❋q✹❝ é ❛ ❝♦♠♣♦s✐çã♦ ❞❡ ❞♦✐s ❈❙❈s ▼♦♥♦❢ás✐❝♦s P♦♥t❡ ❍✱ ❡❧❡ ♣♦ss✉✐

♦✐t♦ ❝❤❛✈❡s ♥♦ t♦t❛❧✳

❊♠ r❡❧❛çã♦ ❛♦ s❡✉ P❲▼✱ ♦ ❋q✹❝ ♣♦❞❡ s❡r ❝♦♠❛♥❞❛♥❞♦ ♣♦r ❞♦✐s P❲▼s ❯♥✐♣♦❧❛r❡s✱ ✉♠

r❡s♣♦♥sá✈❡❧ ♣♦r ❝❛❞❛ ❝♦♥✈❡rs♦r ❝♦♥❡❝t❛❞♦ ❡♠ sér✐❡✳ ❚❛❧ s♦❧✉çã♦ é s✐♠♣❧❡s ❡ ❡✜❝❛③✱ ❝♦♠♦

s❡rá ♦❜s❡r✈❛❞♦ ♥❛ ❡t❛♣❛ ❞❡ ✈❛❧✐❞❛çã♦ ❞❛ t♦♣♦❧♦❣✐❛ ❡ ❞♦ P❲▼✱ ❛tr❛✈és ❞❡ s✐♠✉❧❛çõ❡s✳ ❊ss❛

♠♦❞✉❧❛çã♦ ❞♦ ❋q✹❝ é ❛ ♠❛✐s s✐♠♣❧❡s ❞❡♥tr❡ ♦s ▼P❈❙❈s ❡st✉❞❛❞♦s ♥❡st❡ tr❛❜❛❧❤♦✱ ✈✐st♦



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✹✺

q✉❡ ♦ ❝♦♠❛♥❞♦ P❲▼ ❞❡ ✉♠ ❝♦♥✈❡rs♦r ♥ã♦ ✐rá ✐♥t❡r❛❣✐r ❝♦♠ ♦ ❝♦♠❛♥❞♦ P❲▼ ❞♦ ♦✉tr♦

❝♦♥✈❡rs♦r ❝♦♥❡❝t❛❞♦ ❡♠ sér✐❡✳ P♦ré♠✱ ❡♠ ♦✉tr♦s ❝♦♥✈❡rs♦r❡s ❞❡✈❡✲s❡ ❢❛③❡r ✉s♦ ❞❡ ✉♠❛ ❧ó❣✐❝❛

✐♥t❡r♠❡❞✐ár✐❛ ❡♥tr❡ ❛s ❝♦rr❡♥t❡s ❞❡ r❡❢❡rê♥❝✐❛ q✉❡ ❝♦♠❛♥❞❛♠ ♦ P❲▼✱ ❡ ♦ s✐♥❛❧ ❧ó❣✐❝♦ q✉❡

✐rá ❛❝✐♦♥❛r ❛s ❝❤❛✈❡s✳

❆ t♦♣♦❧♦❣✐❛ ❞♦ ❋q✹❝ ♣♦❞❡ s❡r ✈✐st❛ ♥❛ ❋✐❣✉r❛ ✸✳✶✱ ♦♥❞❡ ♦s s✉❜í♥❞✐❝❡s ✧✉♠✧✭x1✮ ✐♥❞✐❝❛♠

✈❛r✐á✈❡✐s r❡❢❡r❡♥t❡s ❛♦ ❝♦♥✈❡rs♦r s✉♣❡r✐♦r✱ ❡ ✧❞♦✐s✧✭x2✮ s❡ r❡❢❡r❡ ❛♦ ❝♦♥✈❡rs♦r ✐♥❢❡r✐♦r✳

L
cc

I
cc

V
cc

❋✐❣✉r❛ ✸✳✶✿ ❚♦♣♦❧♦❣✐❛ ❞♦ ▼P❈❙❈ ❋q✹❝✳

❊♠ ✉♠ ❈❙❈✱ ❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ é ♠♦❞✉❧❛❞❛ ♣❛r❛ ❣❡r❛r ❛ ❝♦rr❡♥t❡ ❈❆✱ ❧♦❣♦✱

❛ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ é ♠❡♥♦r ♦✉ ✐❣✉❛❧ q✉❡ ♦ ✈❛❧♦r ❞❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✳ ■ss♦ ✈❛❧❡

♣❛r❛ ❛s ❞✉❛s ❝♦rr❡♥t❡s ❣❡r❛❞❛s✱ ❡ ✉♠❛ ♥ã♦ ✐♥t❡r❢❡r❡ ♥❛ ♦✉tr❛✳ P♦ré♠✱ ❞❡✈✐❞♦ à ❛ss♦❝✐❛çã♦

sér✐❡ ❞❛s ❝❛r❣❛s✱ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ t❡♥sã♦ ❡♥tr❡ ♦ ✐♥❞✉t♦r ❡ ♦ ♣r✐♠❡✐r♦ ❜r❛ç♦ ❞♦

❝♦♥✈❡rs♦r✱ s❡rá ❛ s♦♠❛ ❞❛s t❡♥sõ❡s ❞❡ ❜❛rr❛♠❡♥t♦ ✐♥❞✐✈✐❞✉❛✐s ❞❡ ❝❛❞❛ ❝♦♥✈❡rs♦r✱ ♦✉ s❡❥❛

vbar = v1 + v2✳



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✹✻

❚❛❜❡❧❛ ✸✳✶✿ ❊st❛❞♦s ♣♦ssí✈❡✐s ♣❛r❛ ♦s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛ ❞♦ ▼P❈❙❈ ❞♦ t✐♣♦ ❋q✹❝✳

❋q✹❝ ❈♦rr❡♥t❡s
t1 b1 t2 b2 i1 i2 ❊st❛❞♦✴❱❡t♦r
✵ ✵ ✵ ✵ ✵ 0 ■
✵ ✵ ✵ ✶ ✵ −Icc ■■
✵ ✵ ✶ ✵ ✵ +Icc ■■■
✵ ✵ ✶ ✶ ✵ ✵ ■❱
✵ ✶ ✵ ✵ −Icc ✵ ❱
✵ ✶ ✵ ✶ −Icc −Icc ❱■
✵ ✶ ✶ ✵ −Icc +Icc ❱■■
✵ ✶ ✶ ✶ −Icc ✵ ❱■■■
✶ ✵ ✵ ✵ +Icc ✵ ■❳
✶ ✵ ✵ ✶ +Icc −Icc ❳
✶ ✵ ✶ ✵ +Icc +Icc ❳■
✶ ✵ ✶ ✶ +Icc ✵ ❳■■
✶ ✶ ✵ ✵ ✵ ✵ ❳■■■
✶ ✶ ✵ ✶ ✵ −Icc ❳■❱
✶ ✶ ✶ ✵ ✵ +Icc ❳❱
✶ ✶ ✶ ✶ ✵ ✵ ❳❱■

▲♦❣♦✱ ❝♦♠♦ ❡s♣❡r❛❞♦✱ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❡❧❡✈❛çã♦ ❞❡ t❡♥sã♦ ❡ ❞✐♠✐♥✉✐çã♦ ❞❡ ❝♦rr❡♥t❡

❞♦s ❈❙❈s s❡ ♠❛♥té♠ ♣❛r❛ ♦s ▼P❈❙❈s ✭♥♦ s❡♥t✐❞♦ ✐♥✈❡rs♦r✮✱ s❡♥❞♦ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦

❈❈ ❞♦s ▼P❙❈❙❈s ❛ s♦♠❛ ❞❛s t❡♥sõ❡s ❞♦s ❜❛rr❛♠❡♥t♦s ❈❈s ❞❡ ❝❛❞❛ ❝♦♥✈❡rs♦r✳ ❊♠ t❡♠♣♦✱

❝♦♠❡♥t❛✲s❡ t❛♠❜é♠ q✉❡ ❛ t❡♥sã♦ ❈❆ ❞❡ ❝❛❞❛ ❝♦♥✈❡rs♦r é ♠❛✐♦r ♦✉ ✐❣✉❛❧ ❛ t❡♥sã♦ ❞❛ ❢♦♥t❡

❈❈ q✉❡ ❛❧✐♠❡♥t❛ ♦ ❝✐r❝✉✐t♦✱ ❡ ✐ss♦ ✈❛❧❡ ♣❛r❛ ❛♠❜❛s ❛s s❛í❞❛s✳ ❈❛❞❛ ✉♠ ❞❡ss❡s ❛s♣❡❝t♦s s❡rá

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

♣❛r❛ ❝❛❞❛ ❝♦♥✈❡rs♦r é ❞✐❢❡r❡♥t❡✳

❖ ❋q✹❝ é ❝♦♠♣♦st♦ ❞❡ ♦✐t♦ ❝❤❛✈❡s✱ q✉❡ sã♦ ❝♦♠♣❧❡♠❡♥t❛r❡s ❛♦s ♣❛r❡s✳ ■ss♦ ❧❡✈❛ ❛

q✉❛tr♦ ❝♦♠❛♥❞♦s P❲▼ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r✱ ❧♦❣♦✱ ♦ ❋q✹❝ ♣♦ss✉✐ ❞❡③❡ss❡✐s ❡st❛❞♦s ♣♦ssí✈❡✐s✳ ❆

♠♦❞✉❧❛çã♦ P❲▼ ♣❛r❛ ♦ ❋q✹❝ ♥❛❞❛ ♠❛✐s é ❞♦ q✉❡ ♦ P❲▼ ❯♥✐♣♦❧❛r ✉t✐❧✐③❛❞♦ ♣❛r❛ ❝♦♠❛♥❞❛r
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❝♦♥❡❝t❛❞♦s ❡♠ sér✐❡✳ ❈♦♠ ✐ss♦✱ ♠♦♥t❛✲s❡ ❛ ❚❛❜❡❧❛ ✸✳✶ ❝♦♠ t♦❞♦s ♦s ❡st❛❞♦s ♣♦ssí✈❡✐s ♣❛r❛ ♦

❋q✹❝✳
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r❛❝t❡rís✐t❝❛s ❞♦s ▼P❈❙❈s ❡st✉❞❛❞♦s ♥❡st❡ tr❛❜❛❧❤♦✿ ❛ ♦♣❡r❛çã♦ ❡♠ q✉❛❞r❛♥t❡ ❧✐♠✐t❛❞♦ ♦✉

q✉❛❞r❛♥t❡ ❝♦♠♣❧❡t♦✳ ❊ss❛ ♠étr✐❝❛ ✉t✐❧✐③❛❞❛ ♣❛r❛ ❝❧❛ss✐✜❝❛r ♦s ❝♦♥✈❡rs♦r❡s ✈❡♠ ❥✉st❛♠❡♥t❡

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

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

q✉❡ r❡♣r❡s❡♥t❛ ♦ ❜❛rr❛♠♥❡t♦ ❈❈✳ ◆❛ ❋✐❣✉r❛ ✸✳✹✱ ✐❧✉str❛✲s❡ ♦ ♣❧❛♥♦ ✈❡t♦r✐❛❧ ❢♦r♠❛❞♦ ♣❡❧♦s
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i2 ✉❧tr❛♣❛ss❛♥❞♦ ♦ q✉❛❞r✐❧át❡r♦ ❧✐♠✐t❛♥t❡ ❞♦ ♣❧❛♥♦✳ ❆♦ s❡ ❛r♠❛③❡♥❛r ♦s ✈❛❧♦r❡s ❞❛s ❝♦rr❡♥t❡s

❣❡r❛❞❛s ♣❡❧♦ ❋q✹❝ ❡ ❞❡s❡♥❤á✲❧❛s ♥♦ ♣❧❛♥♦ ✈❡t♦r✐❛❧ ❞❛s ❝♦rr❡♥t❡s✱ ❡♥❝♦♥tr❛✲s❡ ❛ ❋✐❣✉r❛ ❞❡

▲✐ss❛❥♦✉s✳ ❆s ❋✐❣✉r❛s ❞❡ ▲✐ss❛❥♦✉s✱ ♥❡st❡ tr❛❜❛❧❤♦✱ ❛❥✉❞❛♠ ❛ ✐❞❡♥t✐✜❝❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦

❞❛s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛ ❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❝♦♥✈❡rs♦r✱ ❡ ✐❞❡♥t✐✜❝❛r ❛ ♣r❡s❡♥ç❛ ♦✉ ❛✉sê♥❝✐❛ ❞❡



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✺✸

❚❛❜❡❧❛ ✸✳✷✿ P❛râ♠❡tr♦s ♣❛r❛ ✈❡r✐✜❝❛çã♦ ❞♦ P❲▼ ❞♦ ❋q✹❝✳

P❛râ♠❡tr♦ ❱❛❧♦r
Vcc ✼✷✱✺ ❱
Lcc ✻✼ ♠❍
Cf 15 µ❋
Lf ✸ ♠❍
Rl 10 Ω
fch ✶✵ ❦❍③
Ts 2 µs

❚❛❜❡❧❛ ✸✳✸✿ P❛râ♠❡tr♦s ❞❛s ❝♦rr❡♥t❡s ♣❛r❛ ✈❡r✐✜❝❛çã♦ ❞♦ P❲▼ ❞♦ ❋q✹❝✳

P❛râ♠❡tr♦ ❱❛❧♦r
m1 ✵✱✾
f1 ✺✵ ❍③
φ1 ✵♦

m2 ✵✱✾
f2 ✻✵ ❍③
φ2 ✶✷✵♦

s♦❜r❡♠♦❞✉❧❛çã♦ ❛✐♥❞❛ ♥♦ ❡stá❣✐♦ ❞❡ s✐♠✉❧❛çã♦✳

❯♠❛ ✈❡③ ❛♣r❡s❡♥t❛❞♦ ♦ ❝♦♥✈❡rs♦r ❡ s❡✉ P❲▼✱ ❢❛③✲s❡ ✉♠❛ s✐♠✉❧❛çã♦ ♥♦ ❙✐♠✉❧✐♥❦ ❅

▼❆❚▲❆❇ ❘© ♣❛r❛ ✜♥s ❞❡ ✈❛❧✐❞❛çã♦ ❞♦ q✉❡ ❢♦✐ ♠♦str❛❞♦✳ ❖s ♣❛râ♠❡tr♦s ♣❛r❛ ❛ s✐♠✉❧❛çã♦✱

❢❡✐t❛ ❡♠ ♠❛❧❤❛ ❛❜❡rt❛✱ sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✸✳✷✳ ❆❧é♠ ❞✐ss♦✱ ❡s❝♦❧❤❡✲s❡ t❛♠❜é♠ ❛s

❝♦rr❡♥t❡s ❞❡ r❡❢❡rê♥❝✐❛ q✉❡ ✐rã♦ ❝♦♠❛♥❞❛r ♦ P❲▼ ❞✉r❛♥t❡ ❛ s✐♠✉❧❛çã♦✱ ❝✉❥♦s ♣❛râ♠❡tr♦s

sã♦ ❧✐st❛❞♦s ♥❛ ❚❛❜❡❧❛ ✸✳✸✳ ❖ ❝❡♥ár✐♦ ♠♦♥t❛❞♦ ♣❛r❛ ❛ s✐♠✉❧❛çã♦ é ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✷✹✱

q✉❡ s❡rá ♦ ♠❡s♠♦ ♣❛r❛ ♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳

❖ r❡s✉❧t❛❞♦ ♣❛r❛ ♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦✱ ❋✐❣✉r❛ ✸✳✺✱ ♠♦str❛ q✉❡ ♦ P❲▼✱ ❞❡ ❢❛t♦✱ ❝♦♥s❡❣✉❡

❣❡r❛r ❛s ❝♦rr❡♥t❡s ❝♦♠ ❢♦r♠❛ ❞❡ ♦♥❞❛ s❡♥♦✐❞❛❧ ♥❛ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r✳ ❚♦❞❛✈✐❛✱ ♦❜s❡r✈❛✲s❡

✉♠❛ ❞✐st♦rçã♦ ♥❛s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛✱ ❞✐st♦rçã♦ ❡st❛ q✉❡ s❡ ❞❡✈❡ à ♦s❝✐❧❛çã♦ ❞❛ ❝♦rr❡♥t❡ ❞♦

❜❛rr❛♠❡♥t♦ ❈❈✱ ❧♦❣♦✱ tã♦ ♠❡♥♦r ❢♦r ❛ ♦s❝✐❧❛çã♦ ❞❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ♠❡♥♦r s❡rá

❛ ❞✐st♦rçã♦ ♥❛s ❝♦rr❡♥t❡s ❈❆ ❞♦ ❝♦♥✈❡rs♦r✳ ❊ss❛ ♦s❝✐❧❛çã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ✐rá ✈❛r✐❛r ❞❡

❛❝♦r❞♦ ❝♦♠ ❛ ❢❛s❡ ❡ ❢r❡q✉ê♥❝✐❛ ❞❛s ❝♦rr❡♥t❡s ❈❆ ✭❱■❚❖❘■◆❖ ❡t ❛❧✳✱ ✷✵✶✹❝✮✳

❆♣❡s❛r ❞❛ ❡s❝♦❧❤❛ ❞❛s ❝♦rr❡♥t❡s ❞❡ r❡❢❡rê♥❝✐❛ s❡r ❛r❜✐trár✐❛✱ ❜✉s❝♦✉✲s❡ ✉♠❛ ❝♦♠❜✐♥❛çã♦

q✉❡ r❡s✉❧t❛ss❡ ❡♠ ✉♠❛ ❋✐❣✉r❛ ❞❡ ▲✐ss❛❥♦✉s q✉❡ ♣r❡❡♥❝❤❡ss❡ t♦❞♦ ♦ ♣❧❛♥♦✱ ❋✐❣✉r❛ ✸✳✻✱ ❡✈✐✲

❞❡♥❝✐❛♥❞♦ ❛ ♦♣❡r❛çã♦ ❡♠ q✉❛❞r❛♥t❡ ❝♦♠♣❧❡t♦✳ ❈♦♠♦ ❛s ❝♦rr❡♥t❡s ❡stã♦ ❧✐♠✐t❛❞❛s ❛❜❛✐①♦

❞♦ ✈❛❧♦r ❞❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ♥ã♦ ❤á s♦❜r❡♠♦❞✉❧❛çã♦✱ ♦ q✉❡ é ❝♦rr♦❜♦r❛❞♦ ❛♦ s❡



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✺✹
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❋✐❣✉r❛ ✸✳✺✿ ❈♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ❡ ❞❡ s❛í❞❛✱ ❡ t❡♥sã♦ ❞♦ ❝❛♣❛❝✐t♦r ❞❡ ✉♠ ❞♦s ✜❧tr♦s ❈❆ ❞❡
✉♠❛ s✐♠✉❧❛çã♦ ❞♦ ❋q✹❝✳
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❋✐❣✉r❛ ✸✳✻✿ ❋✐❣✉r❛ ❞❡ ▲✐ss❛❥♦✉s ♣❛r❛ ❛ s✐♠✉❧❛çã♦ ❞❛ ❋✐❣✉r❛ ✸✳✺

◆❛ s✐♠✉❧❛çã♦ ❛♣r❡s❡♥t❛❞❛✱ ❛♠❜♦s ♦s ❝♦♥✈❡rs♦r❡s ♦♣❡r❛♠ ❝♦♠♦ ✐♥✈❡rs♦r❡s✱ ♠❛s ♦s ▼P❈❙❈s

❡st✉❞❛❞♦s sã♦ ❜✐❞✐r❡❝✐♦♥❛✐s ❡ ♣♦❞❡♠ ♦♣❡r❛r t❛♠❜é♠ ❝♦♠♦ r❡t✐✜❝❛❞♦r❡s✱ ♦✉ ❛✐♥❞❛ ❛ ❝♦♠❜✐✲



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✺✺

♥❛çã♦ ❞❡ r❡t✐✜❝❛❞♦r ❡ ✐♥✈❡rs♦r✳

▼♦str♦✉✲s❡ ❡♥tã♦ q✉❡ ♦ ❋q✹❝ é ❝❛♣❛③ ❞❡ ❣❡r❛r ❞✉❛s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛ ✐♥❞❡♣❡♥❞❡♥t❡s✱

❡ ♦♣❡r❛r ❡♠ q✉❛❞r❛♥t❡ ❝♦♠♣❧❡t♦✳ P♦ré♠✱ ♦ ❋q✹❝ ♣♦ss✉✐ ♦✐t♦ ❝❤❛✈❡s ❛♦ t♦t❛❧✱ ❡ ❛♣r❡s❡♥t❛

q✉❛tr♦ ❝❤❛✈❡s ❝♦♥❞✉③✐♥❞♦ ♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳ ❚❛❧ ♥ú♠❡r♦ ❞❡ ❝❤❛✈❡s ❝♦♥❞✉③✐♥❞♦ ♣♦r

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

❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ sã♦ ❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦✱ ❞❡✈✐❞♦ ❛ ❛ss♦❝✐❛çã♦ sér✐❡ ❞❛ ❝❤❛✈❡ ✭■●❇❚✮ ❝♦♠

✉♠ ❞✐♦❞♦✱ ♣❛r❛ s❡ ♦❜t❡r ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❜❧♦q✉❡✐♦ r❡✈❡rs♦✳ ❊♥tã♦✱ ❛♣❡s❛r ❞❡ s❡r ❡✜❝❛③✱ ♦ ❋q✹❝

♥ã♦ é ❡✜❝✐❡♥t❡ ❢❛❝❡ ❛♦s ❞❡♠❛✐s ❝♦♥✈❡rs♦r❡s ❡st✉❞❛❞♦s ♥❡st❡ tr❛❜❛❧❤♦✱ q✉❡ sã♦ ❛♣r❡s❡♥t❛❞♦s

♥❛ s❡q✉ê♥❝✐❛✳

✸✳✸ ▲q✷❝

P❛rt✐♥❞♦ ❞❡ ✉♠ ❝♦♥✈❡rs♦r tr✐❢ás✐❝♦✱ ♣♦❞❡✲s❡ ❢❛❝✐❧♠❡♥t❡ ❛❞❛♣tá✲❧♦ ♣❛r❛ ✜♥s ❜✐❢ás✐❝♦s✳ ❆♦

r❡❛rr❛♥❥❛r ❛ ❝♦♥❡①ã♦ ❞❛s ❝❛r❣❛s ❡ ❢❛③❡r ❛❧❣✉♠❛s ♠♦❞✐✜❝❛çõ❡s ❡♠ s❡✉ P❲▼✱ ♣♦❞❡✲s❡ ♦❜t❡r ♦

▲q✷❝ ❛ ♣❛rt✐r ❞❡ ✉♠ ❈♦♥✈❡rs♦r ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❚r✐❢ás✐❝♦ ✭❋✐❣✉r❛ ✸✳✼✮✱ ❝♦♠♦ ❛♣r❡s❡♥t❛❞♦

❡♠ ✭❱■❚❖❘■◆❖ ❡t ❛❧✳✱ ✷✵✶✸✮✳
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❋✐❣✉r❛ ✸✳✼✿ ■♥✈❡rs♦r ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❚r✐❢ás✐❝♦✳

❖ ▼P❈❙❈ ❞♦ t✐♣♦ ▲q✷❝ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✽✳ ❆❧é♠ ❞♦ ❜❛rr❛♠❡♥t♦ ✐♥❞✉t✐✈♦✱ ❛s

❝❤❛✈❡s ❞✐s♣♦st❛s ❞❡ ❢♦r♠❛ tr✐❢ás✐❝❛ ❞❡✈❡♠ s❡r ❝♦♠♣❧❡♠❡♥t❛r❡s ❝♦♠ s✉❛s ✈✐③✐♥❤❛s✳ ❆ ❝♦♥❡①ã♦

❞❛s ❝❛r❣❛s ❞❡✈❡ ♣❛rt✐r ❞❡ ❜r❛ç♦s ❞✐❢❡r❡♥t❡s✱ ♣♦✐s ❝❛❞❛ ❜r❛ç♦ s❡rá r❡s♣♦♥sá✈❡❧ ♣❡❧♦ ❝♦♥tr♦❧❡ ❞♦

✈❛❧♦r ♠é❞✐♦ ❞❛ ❝♦rr❡♥t❡ ❞❡ ❝❛❞❛ ❝❛r❣❛✳ ❖ t❡r❝❡✐r♦ ❜r❛ç♦ é ✉t✐❧✐③❛❞♦ ❝♦♠♦ ✉♠ ♣♦♥t♦ ❝♦♠✉♠



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✺✻

❚❛❜❡❧❛ ✸✳✹✿ ❊st❛❞♦s ♣♦ssí✈❡✐s ♣❛r❛ ♦s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛ ❞♦ ▼P❈❙❈ ❞♦ t✐♣♦ ▲q✷❝✳

▲q✷❝ ❈♦rr❡♥t❡s
tj bj i1 i2 ❊st❛❞♦✴❱❡t♦r
✸ ✸ ✵ ✵ ■
✸ ✷ ✵ −Icc ■■
✷ ✶ −Icc +Icc ■■■
✸ ✶ −Icc ✵ ■❱
✶ ✸ +Icc ✵ ❱
✶ ✷ +Icc −Icc ❱■
✷ ✸ ✵ +Icc ❱■■
✸ ✸ ✵ ✵ ❱■■■

♣❛r❛ ♦s ♦✉tr♦s ❞♦✐s ❜r❛ç♦s✱ ❡ ❡st❡ ♠❡s♠♦ ❜r❛ç♦ s❡rá ✉t✐❧✐③❛❞♦ ♣❛r❛ ❣❡r❛r ♦s ✈❡t♦r❡s ♥✉❧♦s✱ ♦✉

s❡❥❛✱ s❡rá ♦ ❜r❛ç♦ ❞❡ r♦❞❛✲❧✐✈r❡✳

L
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I
cc

V
cc

v
bar

❋✐❣✉r❛ ✸✳✽✿ ❈♦♥✈❡rs♦r ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ tr✐❢ás✐❝♦ ❛❞❛♣t❛❞♦ ❛♦ ▲q✷❝✳

❙❡♠❡❧❤❛♥t❡ ❛♦ q✉❡ ❥á ❢♦✐ ❢❡✐t♦ ♣❛r❛ ♦ ❋q✹❝✱ ♠♦♥t❛✲s❡ ❛ t❛❜❡❧❛ q✉❡ ❧✐st❛ t♦❞♦s ♦s ❡st❛❞♦s

♣♦ssí✈❡✐s ❞♦ ❝♦♥✈❡rs♦r✳ ❙❡♥❞♦ ❛s ❝❤❛✈❡s ❝♦♠♣❧❡♠❡♥t❛r❡s ❤♦r✐③♦♥t❛❧♠❡♥t❡✱ ❛♣❡♥❛s ✉♠❛ ♣♦❞❡

❝♦♥❞✉③✐r ♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ✭❛♣❡♥❛s ✉♠❛ s✉♣❡r✐♦r ❡ ❛♣❡♥❛s ✉♠❛ ✐♥❢❡r✐♦r✮✳ ❈♦♠ ✐ss♦✱

♦❜t❡♠✲s❡ ♦✐t♦ ❡st❛❞♦s ♣♦ssí✈❡✐s✱ ❧✐st❛❞♦s ♥❛ ❚❛❜❡❧❛ ✸✳✹✳

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

❜r❛ç♦s ❞♦ ❝♦♥✈❡rs♦r✱ ❡s❝♦❧❤❡✉✲s❡ ♦ ❜r❛ç♦ três ♣♦r s❡r ♦ ♣♦♥t♦ ❝♦♠✉♠ ❡♥tr❡ ❛s ❝❛r❣❛s✳ ❙❡♠❡✲

❧❤❛♥t❡ ❛♦ q✉❡ ❛❝♦♥t❡❝❡ ♥♦ ❋q✹❝✱ ♣♦❞❡✲s❡ ❢❛③❡r ❝♦♠ q✉❡ ♦ ✈❡t♦r ♥✉❧♦ ✈❛r✐❡ ❡♥tr❡ t♦❞♦s ♦s três

❜r❛ç♦s✱ ♠❡❧❤♦r❛♥❞♦ ❛ ❞✐str✐❜✉✐çã♦ ❞❛ ❝♦rr❡♥t❡ ❛♦ ❧♦♥❣♦ ❞❛ ✈✐❞❛ út✐❧ ❞♦ ❝♦♥✈❡rs♦r✳ ❉❡✜♥✐♥❞♦

❛♣❡♥❛s ✉♠ ❜r❛ç♦ ❝♦♠♦ r♦❞❛✲❧✐✈r❡✱ ❛s ❝❤❛✈❡s ❞❛q✉❡❧❡ ❜r❛ç♦ ✐rã♦ s❡ ❞❡s❣❛st❛r ♠❛✐s rá♣✐❞♦ q✉❡



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✺✼

❛s ❞❡♠❛✐s✳

❉❡ ♣♦ss❡ ❞♦s ❡st❛❞♦s ♣♦ssí✈❡✐s ❞♦ ▲q✷❝✱ ♣♦❞❡✲s❡ tr❛ç❛r ♦ ♣❧❛♥♦ ✈❡t♦r✐❛❧ ❞❛s ❝♦rr❡♥t❡s ❞❡

s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r✳ P❧❛♥♦ ❡st❡ q✉❡ é ❧✐♠✐t❛❞♦ ♣♦r ✉♠ ♣♦❧í❣♦♥♦✱ ❤❡①á❣♦♥♦✱ q✉❡ r❡♣r❡s❡♥t❛ ❛

❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ q✉❡ é ♦ ✈❛❧♦r ♠á①✐♠♦ ❛❧❝❛♥çá✈❡❧ ♣❡❧❛s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛✳
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❋✐❣✉r❛ ✸✳✾✿ P❧❛♥♦ ✈❡t♦r✐❛❧ ❞♦s ❝♦♥✈❡rs♦r❡s ❞❡ ♦♣❡r❛çã♦ ❡♠ q✉❛❞r❛♥t❡ ❧✐♠✐t❛❞♦✳

❆♦ s❡ ♦❜s❡r✈❛r ❛ ❋✐❣✉r❛ ✸✳✾✱ ♥♦t❛✲s❡ q✉❡ ♦ ♣r✐♠❡✐r♦ ❡ t❡r❝❡✐r♦ q✉❛❞r❛♥t❡ sã♦ ❧✐♠✐t❛❞♦s✱

❞❛í ❛ ♥♦♠❡♥❝❧❛t✉r❛ ▲q ✭▲✐♠✐t❡❞ ◗✉❛❞r❛♥t✮✳ ❆❧é♠ ❞♦ ▲q✷❝✱ t❛♠❜é♠ é ❛♣r❡s❡♥t❛❞♦ ♦ ▲q✸❝✱

♦✉tr♦ ▼P❈❙❈ q✉❡ ♦♣❡r❛ ❡♠ q✉❛❞r❛♥t❡ ❧✐♠✐t❛❞♦✳ ❆ ❧✐♠✐t❛çã♦ ❡♠ q✉❛❞r❛♥t❡ ❢❛③ ❝♦♠ q✉❡✱

♣❛r❛ ❝❡rt❛s ❝♦♠❜✐♥❛çõ❡s ❞❡ ❝♦rr❡♥t❡s ❞❡ s❛í❞❛✱ ♦ ▲q✷❝ ❛♣r❡s❡♥t❡ s♦❜r❡♠♦❞✉❧❛çã♦✳ ❆ s♦❜r❡✲

♠♦❞✉❧❛çã♦✱ ❣r❛✜❝❛♠❡♥t❡✱ s❡r✐❛ ❛ ❡①tr❛♣♦❧❛çã♦ ❞❛s ❛r❡st❛s ❞♦ ❤❡①á❣♦♥♦ ❧✐♠✐t❛♥t❡ ♥♦ ♣❧❛♥♦

✈❡t♦r✐❛❧ ❞❛s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛✳

■ss♦ ❧❡✈❛ à ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❣❛r❛♥t✐r q✉❡ ♦ ✈❡t♦r r❡s✉❧t❛♥t❡ ❞❛s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛ ♥ã♦

✉❧tr❛♣❛ss❡ ♦s ❧✐♠✐t❡s ❞♦ ❤❡①á❣♦♥♦✳ ❆❧❣✉♥s ❛rt✐❢í❝✐♦s ❞❡ ❝♦♥tr♦❧❡ ❡✈✐t❛r ❛ s♦❜r❡♠♦❞✉❧❛çã♦✱

❝♦♠♦ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ❧✐♠✐t❛❞♦r❡s✴s❛t✉r❛❞♦r❡s✱ ♦✉ ❝♦♥tr♦❧❡ ❞❛ ❢❛s❡ ❡♥tr❡ ❛s ❝♦rr❡♥t❡s✳ ❯♠❛

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

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

r❡s✉❧t❛♥t❡ ❞❛s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛ ♣❡r♠❛♥❡❝❡ss❡ ❞❡♥tr♦ ❞♦ ❤❡①á❣♦♥♦✱ ♣❛r❛ q✉❛✐sq✉❡r ❝♦rr❡♥t❡s

❞❡ r❡❢❡rê♥❝✐❛✳ ❚❛❧ s♦❧✉çã♦ s❡rá ✉t✐❧✐③❛❞❛ ❡ ♠❡❧❤♦r ❡①♣❧✐❝❛❞❛ ♥❛ s❡çã♦ ❞♦ ▲q✸❝✳



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✺✽

❚♦♠❛♥❞♦ ❝♦♠♦ ❜❛s❡ ♦s ❡st❛❞♦s ❧✐st❛❞♦s ♥❛ ❚❛❜❡❧❛ ✸✳✹✱ ✐❧✉str❛♠✲s❡ t♦❞♦s ♦s ❝✐r❝✉✐t♦s

♣♦ssí✈❡✐s ❛ s❡r❡♠ ❢♦r♠❛❞♦s ♣❡❧♦ P❲▼ q✉❡ ❝♦♠❛♥❞❛ ♦ ▲q✷❝ ♥❛ ❋✐❣✉r❛ ✸✳✶✵✳ ❋✐❝❛ ❡✈✐❞❡♥t❡

q✉❡ ❛♣❡♥❛s ❞✉❛s ❝❤❛✈❡s✱ ✉♠❛ s✉♣❡r✐♦r ❡ ✉♠❛ ✐♥❢❡r✐♦r✱ ✐rã♦ ❝♦♥❞✉③✐r ♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱

❝❛r❛❝t❡ríst✐❝❛ ❡st❛ q✉❡ é ♦ ♠❛✐♦r ❛tr❛t✐✈♦ ❞♦ ▲q✷❝✱ ♣♦✐s ✐♠♣❧✐❝❛ ❡♠ ♠❡♥♦r❡s ♣❡r❞❛s ♣♦r

❝♦♥❞✉çã♦ s❡ ❝♦♠♣❛r❛❞♦ ❛♦s ❞❡♠❛✐s ▼P❈❙❈s ❡st✉❞❛❞♦s ♥❡st❡ tr❛❜❛❧❤♦✳

P❛r❛ ❡q✉❛❝✐♦♥❛♠❡♥t♦ ❞♦ ❝♦♥✈❡rs♦r ▲q✷❝✱ t♦♠❛♠✲s❡ ♦s s❡❣✉✐♥t❡s ♣❛ss♦s✳

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

♣❛r❛ ❡✈✐t❛r ✉♠ ❝✉rt♦✲❝✐r❝✉✐t♦ s♦❜r❡ ❛ ❝❛r❣❛✱ ❞❡✈❡✲s❡ s❛t✐s❢❛③❡r ❛s ❝♦♥❞✐çõ❡s ✭✸✳✶✮✳

{

tt1 + tt2 + tt3 = Tch,
tb1 + tb2 + tb3 = Tch.

✭✸✳✶✮

❙❡♥❞♦ ♦s t❡♠♣♦s tt1 , tt2 , tt3 , tb1 , tb2 ✱ ❡ tb3 r❡❢❡r❡♥t❡s ❛♦ t❡♠♣♦ ❞❡ ❝♦♥❞✉çã♦ ❞❡ ❝❛❞❛

❝❤❛✈❡ ❞❡♥tr♦ ❞❡ ✉♠ ♣❡rí♦❞♦ ❞❛ ♣♦rt❛❞♦r❛ tr✐❛♥❣✉❧❛r✳ ❉❡✜♥❡✲s❡ ❡♥tã♦ ❛ ❝♦rr❡♥t❡ ♠é❞✐❛ q✉❡

❝❛❞❛ ❝❤❛✈❡ ❝♦♥❞✉③ ❡♠ ❢✉♥çã♦ ❞❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ Icc✱ ❡ ❞♦ s❡✉ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✱

❞❡✜♥✐❞♦s ❝♦♠♦







Dtj = ttj/Tch,
Dbj = tbj/Tch,
j = 1, 2, 3.

✭✸✳✷✮

❆tr❛✈és ❞❛ ▲❡✐ ❞❡ ❑✐r❝❤❤♦✛ ❞❛s ❈♦rr❡♥t❡s✱ ♣♦❞❡✲s❡ ❡s❝r❡✈❡r ❛ ❝♦rr❡♥t❡ ❞❛s ❝❤❛✈❡s ❞♦

♣r✐♠❡✐r♦ ❡ s❡❣✉♥❞♦ ❜r❛ç♦ ❝♦♠♦

i1 = Dt1Icc −Db1Icc, ✭✸✳✸✮

i2 = Dt2Icc −Db2Icc. ✭✸✳✹✮

❆♦ s❡ ❝♦❧♦❝❛r Icc ❡♠ ❡✈✐❞ê♥❝✐❛✱ ❡♥❝♦♥tr❛✲s❡ q✉❡

i1 = (Dt1 −Db1)Icc, ✭✸✳✺✮

i2 = (Dt2 −Db2)Icc. ✭✸✳✻✮

P❡❧❛ ▲❡✐ ❞❡ ❑✐r❝❤❤♦✛ ❞❛s ❚❡♥sõ❡s✱ ❡s❝r❡✈❡✲s❡ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❝♦♠♦
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vbar = (Dt1 −Db1)v1 + (Dt2 −Db2)v2. ✭✸✳✼✮

◆♦t❛✲s❡ q✉❡ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ s❡rá ❛ s♦♠❛ ❞❛s t❡♥sõ❡s ❞❡ s❛í❞❛✱ ✉♠❛ ❝❛r❛❝t❡ríst✐❝❛

✐♥trí♥s❡❝❛ ❞♦s ▼P❈❙❈s✳

P❛r❛ ❝♦♠❛♥❞❛r ♦ ▲q✷❝ ❛ ♣❛rt✐r ❞❡ s❡✉ P❲▼✱ ❜✉s❝❛✲s❡ ♣❛rt✐r ❞❡ ❞✉❛s ❝♦rr❡♥t❡s ❞❡

r❡❢❡rê♥❝✐❛✱ ✉♠❛ ♣❛r❛ ❝❛❞❛ ❝❛r❣❛✱ ❡ ♦❜t❡r ❝♦rr❡♥t❡s ❞❡ s❛í❞❛ ✐♥❞❡♣❡♥❞❡♥t❡s ❡♥tr❡ s✐✱ ❝♦♠

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

s❡q✉❡♥❝✐❛❧✱ ♦♥❞❡ ❛ ♣r✐♦r✐❞❛❞❡ é s❡♠♣r❡ ❞♦ ♣r✐♠❡✐r♦ ❜r❛ç♦✱ s❡❣✉✐❞♦ ♣❡❧♦ s❡❣✉♥❞♦✱ ❡ ♣♦r ú❧t✐♠♦

♦ t❡r❝❡✐r♦ ❜r❛ç♦✳

❖ ❝❤❛✈❡❛♠❡♥t♦ s❡q✉❡♥❝✐❛❧ ❞❡✈❡ ❡♥tã♦ ❣❛r❛♥t✐r q✉❡ ❛s ❝❤❛✈❡s ❞♦ ♣r✐♠❡✐r♦ ❜r❛ç♦ ❝♦♥❞✉③❛♠

❞✉r❛♥t❡ ♦ t❡♠♣♦ ❡st❛❜❡❧❡❝✐❞♦ ♣❛r❛ ❡❧❛s ✭tt1 ❡ tb1✮✱ t❡♠♣♦ ❡st❡ ❞✉r❛♥t❡ ♦ q✉❛❧ ❛s ❝❤❛✈❡s ❞♦

s❡❣✉♥❞♦ ❡ t❡r❝❡✐r♦ ❜r❛ç♦ ♣❡r♠❛♥❡❝❡♠ ❞❡s❛t✐✈❛❞❛s✳ ❊♠ s❡❣✉✐❞❛ ❡♥tr❛♠ ❡♠ ❝♦♥❞✉çã♦ ❛s

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

♣r✐♠❡✐r♦ ❜r❛ç♦ ❢♦r ❞❡s❛❜✐❧✐t❛❞♦✳ P♦r ✜♠✱ ❝❛s♦ ♥❡❝❡ssár✐♦✱ ❛s ❝❤❛✈❡s ❞♦ t❡r❝❡✐r♦ ❜r❛ç♦ ❡♥tr❛♠

❡♠ ❝♦♥❞✉çã♦ ♣❛r❛ ❝♦♠♣❧❡t❛r ♦ t❡♠♣♦ ❞❡ ✉♠ ♣❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ Tch✱ ♦❜❡❞❡❝❡♥❞♦ ❛s

r❡❧❛çõ❡s ❛♣r❡s❡♥t❛❞❛s ❡♠ ✭✸✳✶✮✳

❊♠ s✉♠❛✱ ❛ ❧ó❣✐❝❛ ♣❛r❛ ♦ P❲▼ é✿ ❡♥q✉❛♥t♦ ❛ s❛í❞❛ ♣❛r❛ ❛s ❝❤❛✈❡s ❞♦ ♣r✐♠❡✐r♦ ❜r❛ç♦

❡st✐✈❡r❡♠ ❡♠ ♥í✈❡❧ ❧ó❣✐❝♦ ❛❧t♦✱ ❞❡✈❡✲s❡ ❞❡s❛❜✐❧✐t❛r ❛s ❝❤❛✈❡s ❞♦ s❡❣✉♥❞♦ ❜r❛ç♦❀ ✉♠❛ ✈❡③ q✉❡

♦ ♥í✈❡❧ ❧ó❣✐❝♦ ❞❛s ♣r✐♠❡✐r❛s ❝❤❛✈❡s s❡ t♦r♥❡ ❜❛✐①♦✱ ❝♦♥❞✉③❡♠ ❛s ❝❤❛✈❡s ❞♦ s❡❣✉♥❞♦ ❜r❛ç♦❀ ♦

❝♦♠♣❧❡♠❡♥t♦ ❡♠ r❡❧❛çã♦ ❛♦ t♦t❛❧ ❞❡ ✉♠ ♣❡rí♦❞♦ é ❡♥tã♦ ♣❛ss❛❞♦ ♣❛r❛ ❛s ❝❤❛✈❡s ❞♦ t❡r❝❡✐r♦

❜r❛ç♦✳

❙❡♥❞♦ ❛ss✐♠✱ ✐♠♣❧❡♠❡♥t❛✲s❡ ❛ ❧ó❣✐❝❛ P❲▼ ♣❛r❛ ♦ ▲q✷❝✱ ✐❧✉str❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✶✶✳

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

❡♥q✉❛♥t♦ q✉❡ ❛s ❞♦ s❡❣✉♥❞♦ ❜r❛ç♦ r❡❝❡❜❡♠ ❛ s♦♠❛s ❞❡ t1 ❡ t2✳ P♦ré♠ ❡❧❛s ❞❡✈❡♠ ❝♦♥❞✉③✐r

❛♣❡♥❛s ❞✉r❛♥t❡ t2✱ s❡♥❞♦ ❞❡s❛❜✐❧✐t❛❞❛s ❞✉r❛♥t❡ ♦ t❡♠♣♦ t1✱ q✉❡ é ♦ ♣r✐♠❡✐r♦ ✐♥st❛♥t❡ ❞♦

♣❡rí♦❞♦✳ ❖ ❞❡s❧✐❣❛♠❡♥t♦ ❞❛s ❝❤❛✈❡s ❞♦ s❡❣✉♥❞♦ ❜r❛ç♦ ❞✉r❛♥t❡ t1 é ❢❡✐t♦ ❛tr❛✈és ❞❡ ✉♠❛

♣♦rt❛ ❧ó❣✐❝❛ ❆◆❉✱ ❝♦♠ ❛ ❡♥tr❛❞❛ ❞❡ t1 s❡♥❞♦ ✐♥✈❡rt✐❞❛✱ ♦✉ s❡❥❛✱ ❡♥q✉❛♥t♦ ❛s ❝❤❛✈❡s ❞♦

♣r✐♠❡✐r♦ ❜r❛ç♦ ❝♦♥❞✉③❡♠✱ ❛s ❝❤❛✈❡s ❞♦ s❡❣✉♥❞♦ ❜r❛ç♦ ❡st❛rã♦ ❞❡s❧✐❣❛❞❛s✳ ◗✉❛♥❞♦ ❛s ❝❤❛✈❡s

❞♦ ♣r✐♠❡✐r♦ ❜r❛ç♦ t❡r♠✐♥❛r❡♠ s✉❛ ❝♦♥❞✉çã♦ ♥❛q✉❡❧❡ ♣❡rí♦❞♦✱ s❡✉s ❝♦♠❛♥❞♦s P❲▼s ✭t1 ❡ b1✮

♣❛ss❛rã♦ ♣❛r❛ ♦ ♥í✈❡❧ ❜❛✐①♦✱ ❤❛❜✐❧✐t❛♥❞♦ ❛ ♣♦rt❛ ❆◆❉ ❞❡✈✐❞♦ ❛ ❡♥tr❛❞❛ ✐♥✈❡rt✐❞❛✳ ❯♠❛ ✈❡③
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❋✐❣✉r❛ ✸✳✶✶✿ ❉✐❛❣r❛♠❛ ❞♦ P❲▼ ♣❛r❛ ♦ ▲q✷❝✳

❚❛❜❡❧❛ ✸✳✺✿ P❛râ♠❡tr♦s ❞❛s ❝♦rr❡♥t❡s ♣❛r❛ ✈❡r✐✜❝❛çã♦ ❞♦ P❲▼ ❞♦ ▲q✷❝✳

P❛râ♠❡tr♦ ❱❛❧♦r
m1 ✵✱✾
f1 ✻✵ ❍③
φ1 ✵♦

m2 ✵✱✾
f2 ✻✵ ❍③
φ2 ✶✷✵♦

q✉❡ ♦ t❡♠♣♦ ❞❡ ❝♦♥❞✉çã♦ ❞❛s ❝❤❛✈❡s ❞♦ ♣r✐♠❡✐r♦ ❜r❛ç♦ ❥á t❡r♠✐♥♦✉✱ r❡st❛ ❛❣♦r❛ ♦s t❡♠♣♦s t2

❡ b2✳ ❆❣♦r❛ ❛s ❝❤❛✈❡s ❞♦ s❡❣✉♥❞♦ ❜r❛ç♦ ✐rã♦ ❝♦♥❞✉③✐r ❞✉r❛♥t❡ ♦ s❡✉ t❡♠♣♦ ❞❡✜♥✐❞♦ ♣♦r s❡✉

❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦✳ ❚❡r♠✐♥❛❞♦s ♦s t❡♠♣♦s ❞♦ ♣r✐♠❡✐r♦ ❡ ❞♦ s❡❣✉♥❞♦ ❜r❛ç♦✱ ♦ t❡r❝❡✐r♦ ❜r❛ç♦

✐rá ❝♦♥❞✉③✐r ❞✉r❛♥t❡ ♦ t❡♠♣♦ r❡st❛♥t❡ ❛té q✉❡ s❡ ❝♦♥❝❧✉❛ ♦ ♣❡rí♦❞♦ ❞♦ ❝❤❛✈❡❛♠❡♥t♦ ✭Tch✮✱

♦✉ s❡❥❛✱ t♦♠❛✲s❡ ♦ ❝♦♠♣❧❡♠❡♥t♦ ❞❡ t1 ❡ t2 ♣❛r❛ ❛❝✐♦♥❛r ❛s ❝❤❛✈❡s ❞♦ t❡r❝❡✐r♦ ❜r❛ç♦✳ ❊ss❡

❝♦♠♣❧❡♠❡♥t♦ q✉❡ ❝♦♠❛♥❞❛rá ♦ t❡r❝❡✐r♦ ❜r❛ç♦ é ♦❜t✐❞♦ ♣♦r ✉♠❛ ♣♦rt❛ ◆❖❘✳

P❛r❛ ✈❛❧✐❞❛çã♦ ❞❛ ♠♦❞✉❧❛çã♦ P❲▼✱ ❢❛③✲s❡ ✉♠❛ s✐♠✉❧❛çã♦ ♥♦ ❙✐♠✉❧✐♥❦ ❅ ▼❆❚▲❆❇

❘©✳ ❙ã♦ ✉t✐❧✐③❛❞♦s ♦s ♣❛râ♠❡tr♦s ❞❛ ❚❛❜❡❧❛ ✸✳✷✱ ❝♦♠ ❛s ❝♦rr❡♥t❡s ❞❛ ❚❛❜❡❧❛ ✸✳✺✳ ❖ ❝❡♥ár✐♦

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

❡①♣❡r✐♠❡♥t❛✐s✳
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❋✐❣✉r❛ ✸✳✶✸✿ ❋✐❣✉r❛ ❞❡ ▲✐ss❛❥♦✉s ❞❡ ✉♠❛ s✐♠✉❧❛çã♦ ❞♦ ▲q✷❝✳

◆❛ ❋✐❣✉r❛ ✸✳✶✷✱ ♣♦❞❡✲s❡ ♥♦t❛r q✉❡ ❛s ❝♦rr❡♥t❡s✱ ❞❡ ❢❛t♦✱ sã♦ ✐♥❞❡♣❡♥❞❡♥t❡s ❡ ♥ã♦ ❛♣r❡✲
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s❡♥t❛r❛♠ s♦❜r❡♠♦❞✉❧❛çã♦✳ ❏á ❛♦ s❡ ♦❜s❡r✈❛r ❛ ❋✐❣✉r❛ ✸✳✶✸✱ ✜❝❛ ❝❧❛r♦ q✉❡ ♥ã♦ ❤á s♦❜r❡♠♦❞✉✲

❧❛çã♦✱ ✈✐st♦ q✉❡ ♦ ✈❡t♦r r❡s✉❧t❛♥t❡ ❞❛s ❝♦rr❡♥t❡s ❈❆ ♥ã♦ ♣❛ss❛ ❞♦s ❧✐♠✐t❡s ❞♦ ❤❡①á❣♦♥♦✳ ■ss♦

s❡ ❞❡✈❡ à ❡s❝♦❧❤❛ ❞♦ â♥❣✉❧♦ ❡♥tr❡ ❛s ❝♦rr❡♥t❡s✱ q✉❡ ❢❛③ ❝♦♠ q✉❡ ❛ ❋✐❣✉r❛ ❞❡ ▲✐ss❛❥♦✉s s❡❥❛

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

❞❡s❡♥❤♦✴❢♦r♠❛t♦ ❞❛ ✜❣✉r❛ ❣❡r❛❞❛✳

❈♦♠♦ ❡s♣❡r❛❞♦✱ ❛ ♠♦❞✉❧❛çã♦ ❢✉♥❝✐♦♥❛ ❝♦rr❡t❛♠❡♥t❡ ♦ q✉❡ ✈❛❧✐❞❛ ♦ P❲▼ ❡ ♦ ❝♦♥✈❡rs♦r

❛♣r❡s❡♥t❛❞♦✳ ❆❧é♠ ❞❡ t❡r ❛♣❡♥❛s ❞✉❛s ❝❤❛✈❡s ❝♦♥❞✉③✐♥❞♦ ♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ ♦

▲q✷❝ ♣♦ss✉✐ ♠❡♥♦s ❝❤❛✈❡s ❛♦ t♦t❛❧ ❡♠ r❡❧❛çã♦ ❛♦ ❋q✹❝✳ ◆♦ ❋q✹❝ sã♦ ♥❡❝❡ssár✐❛s ♦✐t♦ ❝❤❛✈❡s✱

❡♥q✉❛♥t♦ q✉❡ ♦ ▲q✷❝ ❞❡♠❛♥❞❛ s❡✐s ❛♦ t♦t❛❧✳ ❆♣❡s❛r ❞❡ t❡r ✉♠ ❝✉st♦ ♠❡♥♦r ❡ ♠❡♥♦r❡s ♣❡r❞❛s

♣♦r ❝♦♥❞✉çã♦✱ ♦ ▲q✷❝ ❛♣r❡s❡♥t❛ ✉♠❛ ♦♣❡r❛çã♦ ❡♠ q✉❛❞r❛♥t❡ ❧✐♠✐t❛❞♦✳ ❚❛✐s ❝❛r❛❝t❡ríst✐❝❛s

❞❡✈❡♠ s❡r ❡♥tã♦ ❛♥❛❧✐s❛❞❛s ♣❛r❛ s❡ ❞❡❝✐❞✐r q✉❛❧ é ♠❛✐s ✈❛♥t❛❥♦s❛✳ ❚❛❧ ❛♥á❧✐s❡ é ❢❡✐t❛ ❛♦ ✜♥❛❧

❞❡st❡ ❝❛♣ít✉❧♦✱ ✉♠❛ ✈❡③ q✉❡ t♦❞♦s ♦s ❝♦♥✈❡rs♦r❡s ❢♦r❡♠ ❛♣r❡s❡♥t❛❞♦s✳

✸✳✹ ▲q✸❝

❱✐s❛♥❞♦ ❛♣r✐♠♦r❛r ♦ ❋q✹❝ ❡♠ r❡❧❛çã♦ ❛♦ ♥ú♠❡r♦ ❞❡ ❝❤❛✈❡s ❝♦♥❞✉③✐♥❞♦ ♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛✲

♠❡♥t♦✱ s✉❜st✐t✉ír❛♠✲s❡ ❛s ❝❤❛✈❡s ✐♥❢❡r✐♦r❡s ❞♦ ❝♦♥✈❡rs♦r s✉♣❡r✐♦r✱ ❡ ❛s ❝❤❛✈❡s s✉♣❡r✐♦r❡s ❞♦

❝♦♥✈❡rs♦r ✐♥❢❡r✐♦r✱ ♣♦r ❛♣❡♥❛s ❞✉❛s ❝❤❛✈❡s ❝❡♥tr❛✐s✳ ❋♦✐ ❢❡✐t❛ ❡♥tã♦ ❛ s✉❜st✐t✉✐çã♦ ❞❛s q✉❛tr♦

❝❤❛✈❡s ❝❡♥tr❛✐s ❞♦ ❋q✹❝ ♣♦r ❛♣❡♥❛s ❞✉❛s ❝❤❛✈❡s✱ r❡♥♦♠❡❛♥❞♦ ❛s ❝❤❛✈❡s ❞❡ ❛❝♦r❞♦ ❝♦♠ s✉❛s

♣♦s✐çõ❡s✿ s✉♣❡r✐♦r❡s ❝♦♠♦ t♦♣ ✭t✮✱ ❛s ❝❡♥tr❛✐s ❝♦♠♦ ♠✐❞❞❧❡ ✭m✮✱ ❡ ❛s ✐♥❢❡r✐♦r❡s ❝♦♠♦ ❜♦tt♦♠

✭b✮✳ ❆❣♦r❛ ♥ã♦ ❤á ♠❛✐s ❝❧❛r❛♠❡♥t❡ ✉♠ ❝♦♥✈❡rs♦r ♣❛r❛ ❝❛❞❛ ❝❛r❣❛✱ ✈✐st♦ q✉❡ ❛s ❝❤❛✈❡s ❞♦

♠❡✐♦ ❡stã♦ ❝♦♥❡❝t❛❞❛s ❞✐r❡t❛♠❡♥t❡ ❛ ❛♠❜❛s ❛s ❝❛r❣❛s✳ ❊ss❡ ♥♦✈♦ ❝♦♥✈❡rs♦r ❞❡r✐✈❛❞♦ ❞♦ ❋q✹❝

❢♦✐ ❞❡♥♦♠✐♥❛❞♦ ❝♦♠♦ ▲q✸❝ ✭❱■❚❖❘■◆❖ ❡t ❛❧✳✱ ✷✵✶✹❜✮ ✭▲✐♠✐t❡❞ ◗✉❛❞r❛♥t✱ ❚❤r❡❡ ❈♦♥❞✉❝✲

t✐♥❣✮✱ ♣♦✐s✱ ❝♦♠♦ s❡rá ❞❡♠♦♥str❛❞♦✱ ❡❧❡ ♦♣❡r❛ ❡♠ q✉❛❞r❛♥t❡ ❧✐♠✐t❛❞♦ ❡ ❛♣r❡s❡♥t❛ ❛♣❡♥❛s

três ❝❤❛✈❡s ❝♦♥❞✉③✐♥❞♦ ♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳ ❆ t♦♣♦❧♦❣✐❛ ❞♦ ▲q✸❝ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞❛

♥❛ ❋✐❣✉r❛ ✸✳✶✹✳

❆♣❡s❛r ❞❡ s❡ ❝♦♥s❡❣✉✐r três ❝❤❛✈❡s ♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ ✉♠❛ ❛ ♠❡♥♦s q✉❡ ♦ ❋q✹❝✱

❛✐♥❞❛ ❛ss✐♠ é ✉♠ ♥ú♠❡r♦ s✉♣❡r✐♦r ❛♦ ▲q✷❝✱ q✉❡ ♣♦ss✉✐ ❛♣❡♥❛s ❞✉❛s ❝❤❛✈❡s ❝♦♥❞✉③✐♥❞♦ ♣♦r

❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳ ❚♦❞❛✈✐❛ ♦ ▲q✸❝ ❢♦✐ ✉♠ ♣❛ss♦ ♥❡❝❡ssár✐♦ ♥♦ ❡st✉❞♦ ❞♦s ▼P❈❙❈s✱ ❧♦❣♦✱

é ❢❡✐t❛ s✉❛ ❛♥á❧✐s❡✳ ❖ ▲q✸❝ é ❝♦♠♣♦st♦ ♣♦r s❡✐s ❝❤❛✈❡s ❛♦ t♦t❛❧✱ ❡ ❡st❛s sã♦ ❛❝✐♦♥❛❞❛s ❛♦s

♣❛r❡s✱ ❧❡✈❛♥❞♦ três ❝♦♠❛♥❞♦s P❲▼ ❛♦ ❝♦♥✈❡rs♦r✳ ❆ ❝♦♠❜✐♥❛çã♦ ❞❡ss❡s ❝♦♠❛♥❞♦s r❡s✉❧t❛



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✻✹
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❋✐❣✉r❛ ✸✳✶✹✿ ❚♦♣♦❧♦❣✐❛ ❞♦ ▼P❙❈❙❈ ▲q✸❝✳

❚❛❜❡❧❛ ✸✳✻✿ ❊st❛❞♦s ♣♦ssí✈❡✐s ♣❛r❛ ♦s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛ ❞♦ ▼P❈❙❈ ❞♦ t✐♣♦ ▲q✸❝✳

▲q✸❝ ❈♦rr❡♥t❡s
t m b i1 i2 ❊st❛❞♦✴❱❡t♦r
✵ ✵ ✵ ✵ ✵ ■
✵ ✵ ✶ ✵ −Icc ■■
✵ ✶ ✵ −Icc +Icc ■■■
✵ ✶ ✶ −Icc ✵ ■❱
✶ ✵ ✵ +Icc ✵ ❱
✶ ✵ ✶ +Icc −Icc ❱■
✶ ✶ ✵ ✵ +Icc ❱■■
✶ ✶ ✶ ✵ ✵ ❱■■■

❡♠ ✉♠ t♦t❛❧ ❞❡ ♦✐t♦ ❡st❛❞♦s ♣♦ssí✈❡✐s ♣❛r❛ ♦ ▲q✸❝✱ q✉❡ sã♦ ❧✐st❛❞♦s ♥❛ ❚❛❜❡❧❛ ✸✳✻✳

❙❡♠❡❧❤❛♥t❡ ❛♦s ♦✉tr♦s ❝♦♥✈❡rs♦r❡s✱ ♦ ▲q✸❝ t❛♠❜é♠ ❛♣r❡s❡♥t❛ ❡st❛❞♦s r❡❞✉♥❞❛♥t❡s✱ ♠❛s

❛♣❡♥❛s ♣❛r❛ ♦s ✈❡t♦r❡s ♥✉❧♦s✳ ❙❡♥❞♦ ❛ss✐♠✱ ♣♦❞❡✲s❡ ❡s❝♦❧❤❡r ❡♥tr❡ ❞❡✜♥✐r ❛♣❡♥❛s ✉♠ ❜r❛ç♦

♣❛r❛ s❡r s❡♠♣r❡ ♦ ❜r❛ç♦ ❞❡ r♦❞❛✲❧✐✈r❡✱ ♦✉ ❛❧t❡r♥á✲❧♦s ♣❛r❛ ❞✐str✐❜✉✐r ♠❡❧❤♦r ♦ ❞❡s❣❛st❡ ❞❛s

❝❤❛✈❡s ❞♦ ❝♦♥✈❡rs♦r✳

P❛rt✐♥❞♦ ❞❛ ❚❛❜❡❧❛ ✸✳✻✱ ♣♦❞❡✲s❡ tr❛ç❛r ♦ ❝✐r❝✉✐t♦ r❡s✉❧t❛♥t❡ ❞❡ ❝❛❞❛ ❡st❛❞♦ ❧✐st❛❞♦✳ ❚♦❞♦s

♦s ❝✐r❝✉✐t♦s ♣♦ssí✈❡✐s sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛ ✸✳✶✺✱ ♦♥❞❡ ✜❝❛ ❝❧❛r♦ q✉❡ ❛♣❡♥❛s três ❝❤❛✈❡s

✐rã♦ ❝♦♥❞✉③✐r ♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ ✈✐st♦ q✉❡ ❛ ❧ó❣✐❝❛ ❞♦ P❲▼ ❢❛③ ❝♦♠ q✉❡ ❛♣❡♥❛s ✉♠❛



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✻✺

❝❤❛✈❡ ❞❡ ❝❛❞❛ ♣❛r ❤♦r✐③♦♥t❛❧ ❝♦♥❞✉③❛ ♣♦r ✈❡③✱ ♦ q✉❡ é ✉♠❛ ♥❡❝❡ss✐❞❛❞❡ ♣❛r❛ ♦s ❝♦♥✈❡rs♦r❡s
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❋✐❣✉r❛ ✸✳✶✺✿ ❈♦♥t✐♥✉❛çã♦ ❞♦s ❊st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦ ❞♦ ▲q✸❝✳

❆♦ s❡ tr❛ç❛r ♦ ♣❧❛♥♦ ✈❡t♦r✐❛❧ ✉t✐❧✐③❛♥❞♦ ♦s ❡st❛❞♦s ❞❛ ❚❛❜❡❧❛ ✸✳✻✱ ❡♥❝♦♥tr❛✲s❡ ♦ ♠❡s♠♦

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

✭❋✐❣✉r❛ ✸✳✾✮✳ ❊♥tã♦ ♦ ▲q✸❝ ❛♣r❡s❡♥t❛ ♦ ♠❡s♠♦ ♣r♦❜❧❡♠❛ ❞♦ ▲q✷❝ ❡♠ r❡❧❛çã♦ ❛♦ ♣r✐♠❡✐r♦

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

❜❛rr❛♠❡♥t♦ ❈❈✱ ♦✉ s❡❥❛✱ ❡①♣❛♥❞✐r ♦s ❧✐♠✐t❡s ❞♦ ❤❡①á❣♦♥♦✳ ❆♦ s❡ ❛✉♠❡♥t❛r ❛ ❝♦rr❡♥t❡ ❞♦

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

s❡ q✉❡ ♥ã♦ ❤❛✈❡rá s♦❜r❡♠♦❞✉❧❛çã♦✳ ❚♦❞❛✈✐❛ ✉♠ ❛✉♠❡♥t♦ ♥❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✻✼

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

❝♦rr❡♥t❡ ♠❛✐♦r✱ ❡ t❛♠❜é♠ ✉♠ ✐♥❞✉t♦r ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ q✉❡ s✉♣♦rt❡ ♠❛✐s ♣♦tê♥❝✐❛✳ ■ss♦

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

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

❙❡♠❡❧❤❛♥t❡ ❛♦ q✉❡ ❛❝♦♥t❡❝❡ ♥♦ ▲q✷❝✱ ♥ã♦ s❡ ♣♦❞❡ ❛❝✐♦♥❛r ❛s ❝❤❛✈❡s ❞♦ ▲q✸❝ ❛tr❛✈és

❞❡ s✐♠♣❧❡s P❲▼s ❯♥✐♣♦❧❛r❡s ✉t✐❧✐③❛❞♦s ♥♦ ❋q✹❝✳ ❊♥tr❡ ❛ ❡♥tr❛❞❛✱ q✉❡ sã♦ ❞✉❛s ❝♦rr❡♥t❡s

q✉❛✐sq✉❡r ❞❡ r❡❢❡rê♥❝✐❛✱ ❡ s✉❛ s❛í❞❛✱ q✉❡ sã♦ ❛♣❡♥❛s três s✐♥❛✐s ❧ó❣✐❝♦s ❡ s❡✉s ❝♦♠♣❧❡♠❡♥t♦s✱

❞❡✈❡ ❤❛✈❡r ✉♠❛ ❧ó❣✐❝❛ ✐♥t❡r♠❡❞✐ár✐❛✱ ♣❛r❛ q✉❡ ♦ ❝♦♥✈❡rs♦r ♦♣❡r❡ ❝♦rr❡t❛♠❡♥t❡✳

P❛r❛ ❞❡❞✉çã♦ ❞♦ P❲▼✱ ❝♦♥s✐❞❡r❛✲s❡ q✉❡ ❝❛❞❛ ❝❤❛✈❡ ❝♦♥❞✉③ ✉♠❛ ❢r❛çã♦ ❞❛ ❝♦rr❡♥t❡ ❞♦

❜❛rr❛♠❡♥t♦ ❈❈✱ ❢r❛çã♦ ❡st❛ ❝❛❧❝✉❧❛❞❛ ❛ ♣❛rt✐r ❞♦ s❡✉ ❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦ ♥❛q✉❡❧❡ ♣❡rí♦❞♦ ❞❡

❝❤❛✈❡❛♠❡♥t♦

it = DtIcc, ✭✸✳✽✮

im = DmIcc, ✭✸✳✾✮

ib = DbIcc. ✭✸✳✶✵✮

P❡❧❛ ▲❡✐ ❞❡ ❑✐r❝❤❤♦✛ ❞❛s ❝♦rr❡♥t❡s✱ ❡♥❝♦♥tr❛♠✲s❡ ❛s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛ i1 ❡ i2✱ q✉❡ sã♦

i1 = it − im, ✭✸✳✶✶✮

i2 = im − ib. ✭✸✳✶✷✮

❊s❝r❡✈❡♥❞♦ i1 ❡ i2 ❡♠ ❢✉♥çã♦ ❞❡ Icc✱ ❡♥❝♦♥tr❛✲s❡ q✉❡

i1 = (Dt −Dm)Icc, ✭✸✳✶✸✮

i2 = (Dm −Db)Icc. ✭✸✳✶✹✮

❱❛❧❡ ❞❡st❛❝❛r q✉❡ Dt✱ Dm ❡ Db ❡stã♦ ❧✐♠✐t❛❞♦s ❡♥tr❡ ③❡r♦ ❡ ✉♠ ✭∈ [0, 1]✮✳ ❉❡✜♥❡✲s❡ ❡♥tã♦

❛s ✈❛r✐á✈❡✐s ❛✉①✐❧✐❛r❡s D1 ❡ D2✱ q✉❡ sã♦ ❡q✉❛❝✐♦♥❛❞❛s ❝♦♠♦

D1 = (Dt −Dm), ✭✸✳✶✺✮



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✻✽

D2 = (Dm −Db). ✭✸✳✶✻✮

❖ q✉❡ s✐❣♥✐✜❝❛ t❛♠❜é♠ q✉❡

D1 =
i1
Icc

, ✭✸✳✶✼✮

D2 =
i2
Icc

. ✭✸✳✶✽✮

▲♦❣♦✱ D1 ❡ D2 ✈❛r✐❛♠ ❡♥tr❡ ♠❡♥♦s ✉♠ ❡ ♠❛✐s ✉♠ ✭∈ [−1, 1]✮✳ ❊♠ ✭❱■❚❖❘■◆❖ ❡t ❛❧✳✱

✷✵✶✹❜✮ é ❛♣r❡s❡♥t❛❞♦ ✉♠ P❲▼ q✉❡ ✈✐s❛ r❡❞✉③✐r ❛s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ❛♦ s❡ ❣r❛♠♣❡❛r

✉♠❛ ❞❛s ❝❤❛✈❡s ❞❡ ❝❛❞❛ ♣❛r ✭t ❡ t✱ m ❡ m✱ b ❡ b✮✱ ❡♠ ✉♠ ♣❡rí♦❞♦ ❞♦ ❝❤❛✈❡❛♠❡♥t♦✳

P❛r❛ t❛❧✱ ❞❡✈❡✲s❡ s❡♠♣r❡ s❡❧❡❝✐♦♥❛r ♦ ♠❛✐♦r ✈❛❧♦r ♣♦ssí✈❡❧ ♣❛r❛ Dt✱ Dm ❡ Db✳ ❙❛❜❡♥❞♦

q✉❡

1 ≥ Dm ≥ 0, ✭✸✳✶✾✮

❥✉♥t❛♠❡♥t❡ ❝♦♠ ❛s ❡q✉❛çõ❡s ✭✸✳✶✺✮ ❡ ✭✸✳✶✻✮✱ ❡♥❝♦♥tr❛✲s❡ q✉❡







Dm ≥ 0,
Dm = D2 +Db,
Dm = Dt −D1

✭✸✳✷✵✮

❖✉ s❡❥❛✱ ❛❧é♠ ❞❡ s❡r ♠❛✐♦r q✉❡ ③❡r♦✱ Dm ❞❡✈❡ s❡r t❛♠❜é♠ ♠✐♥✐♠❛♠❡♥t❡ ♠❛✐♦r q✉❡ D2

❡ ♠✐♥✐♠❛♠❡♥t❡ ♠❛✐♦r q✉❡ −D1 ✭♣♦✐s Dt, Db ∈ [0, 1]✮✳ ❖ q✉❡ ❧❡✈❛ às ✐♥❡q✉❛çõ❡s ✭✸✳✷✶✮✳







Dm ≥ 0,
Dm ≥ D2,
Dm ≥ −D1.

✭✸✳✷✶✮

❊♥tã♦✱ ❡s❝r❡✈❡✲s❡ Dm ❝♦♠♦

Dm = max{0, D2,−D1}. ✭✸✳✷✷✮

P❛r❛ ♦ ❝♦♠❛♥❞♦s ❞❛s ❝❤❛✈❡s s✉♣❡r✐♦r❡s ✭Dt✮✱ t♦♠❛♠✲s❡ ❛s ✐♥❡q✉❛çõ❡s ✭✸✳✷✶✮ ❥✉♥t❛♠❡♥t❡

❝♦♠ ❛ ❡q✉❛çã♦ ✭✸✳✶✺✮ r❡❡s❝r✐t❛ ❝♦♠♦



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✻✾

Dm = Dt −D1. ✭✸✳✷✸✮

❖ q✉❡ ❧❡✈❛ às s❡❣✉✐♥t❡s ✐♥❡q✉❛çõ❡s







Dt −D1 ≥ 0,
Dt −D1 ≥ D2,
Dt −D1 ≥ −D1.

✭✸✳✷✹✮

❘❡s♦❧✈❡♥❞♦ ♦ s✐st❡♠❛ ♣❛r❛ Dt✱ ❡♥❝♦♥tr❛♠✲s❡ ❛s ✐♥❡q✉❛çõ❡s ✭✸✳✷✺✮✳







Dt ≥ D1,
Dt ≥ D1 +D2,
Dt ≥ 0.

✭✸✳✷✺✮

❊♥tã♦✱ ❡s❝r❡✈❡✲s❡ Dt ❝♦♠♦

Dt = max{0, D1, D1 +D2}. ✭✸✳✷✻✮

P♦r ✜♠✱ ♣❛r❛ Db✱ t♦♠❛✲s❡ ♥♦✈❛♠❡♥t❡ ❛s ✐♥❡q✉❛çõ❡s ✭✸✳✷✶✮ ❥✉♥t❛♠❡♥t❡ ❝♦♠ ❛ ❡q✉❛çã♦

✭✸✳✶✻✮ r❡❡s❝r✐t❛ ❝♦♠♦

Dm = Db +D2. ✭✸✳✷✼✮

❖ q✉❡ ❧❡✈❛ às s❡❣✉✐♥t❡s ✐♥❡q✉❛çõ❡s







Db +D2 ≥ 0,
Db +D2 ≥ D2,
Db +D2 ≥ −D1.

✭✸✳✷✽✮

❘❡s♦❧✈❡♥❞♦ ♦ s✐st❡♠❛ ♣❛r❛ Db✱ ❡♥❝♦♥tr❛♠✲s❡ ❛s ✐♥❡q✉❛çõ❡s ✭✸✳✷✾✮✳







Db ≥ −D2,
Db ≥ −D1 −D2,
Db ≥ 0.

✭✸✳✷✾✮

❊♥tã♦✱ ❡s❝r❡✈❡✲s❡ Db ❝♦♠♦

Db = max{0,−D2,−D1 −D2}. ✭✸✳✸✵✮



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✼✵

❊♥tã♦✱ ❞❡ ♣♦ss❡ ❞❛s ❡q✉❛çõ❡s ✭✸✳✷✻✮✱ ✭✸✳✷✷✮ ❡ ✭✸✳✸✵✮✱ ♣♦❞❡✲s❡ ♠♦♥t❛r ♦ P❲▼ ♣❛r❛ ♦

▲q✸❝ ❛ ♣❛rt✐r ❞❡ ❞✉❛s ❝♦rr❡♥t❡s ❞❡ r❡❢❡rê♥❝✐❛ q✉❛✐sq✉❡r✳

i
*

1
i

*
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v
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b
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m
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t

-1

-1

❋✐❣✉r❛ ✸✳✶✻✿ ❉✐❛❣r❛♠❛ ❞♦ P❲▼ ♣❛r❛ ♦ ▲q✸❝✳

❖ ❞✐❛❣r❛♠❛ ❞♦ P❲▼ ♣❛r❛ ♦ ▲q✸❝ é ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✶✻✱ ♦♥❞❡ ❛s ❡q✉❛çõ❡s ✭✸✳✷✻✮✱

✭✸✳✷✷✮ ❡ ✭✸✳✸✵✮✱ sã♦ tr❛❞✉③✐❞❛s ♣❛r❛ ♦ P❲▼ ❛tr❛✈és ❞❡ s♦♠❛❞♦r❡s ❡ ♣♦rt❛s ❧ó❣✐❝❛s ❞♦ t✐♣♦

❖❘✳

❈♦♠ ✐ss♦✱ ♣♦❞❡✲s❡ ❝♦♥tr♦❧❛r ❛s s❡✐s ❝❤❛✈❡s ❞♦ ▲q✸❝ ❝♦♠ três ❝♦♠❛♥❞♦s ❧ó❣✐❝♦s ❛ ♣❛rt✐r

❞❡ ❞✉❛s ❝♦rr❡♥t❡s ❞❡ r❡❢❡rê♥❝✐❛✳ ❉❡ ♣♦ss❡ ❞❛ t♦♣❧♦❣✐❛ ❡ ❞♦ P❲▼✱ ❢❛③✲s❡ ✉♠❛ s✐♠✉❧❛çã♦ ♥♦

❙✐♠✉❧✐♥❦ ❅ ▼❆❚▲❆❇ ❘© ♣❛r❛ ✈❛❧✐❞❛çã♦ ❞❛ t♦♣♦❧♦❣✐❛ ❡ ❞♦ P❲▼ ❡st✉❞❛❞♦✳ P♦r s❡ tr❛t❛r

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

❜❛rr❛♠❡♥t♦ ❞✉❛s ✈❡③❡s ♠❛✐♦r q✉❡ ♦ ✈❛❧♦r ❞❡ ♣✐❝♦ ❞❛s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛✳

◆♦✈❛♠❡♥t❡✱ ♦s ♣❛râ♠❡tr♦s ❞♦ ❝✐r❝✉✐t♦ sã♦ ♦s ♠❡s♠♦s ❞❛ ❚❛❜❡❧❛ ✸✳✷✱ ❝♦♠ ❛s ❝♦rr❡♥t❡s

❞❛ ❚❛❜❡❧❛ ✸✳✼✱ ❝✉❥❛s ❝♦rr❡♥t❡s ❢♦r❛♠ ❡s❝♦❧❤✐❞❛s ❞❡ ♠♦❞♦ ❛ ❡✈✐❞❡♥❝✐❛r ❛ ✈✐❛❜✐❧✐❞❛❞❡ ❞♦ ❜❛r✲

r❛♠❡♥t♦ ❈❈ s♦❜r❡❞✐♠❡♥s✐♦♥❛❞♦✱ ✈✐s❛♥❞♦ ❡✈✐t❛r ❛ s♦❜r❡♠♦❞✉❧❛çã♦✳ ❖ ❝❡♥ár✐♦ ♠♦♥t❛❞♦ ♣❛r❛

❛ s✐♠✉❧❛çã♦ é ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✷✹✱ q✉❡ s❡rá ♦ ♠❡s♠♦ ♣❛r❛ ♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✼✶

❚❛❜❡❧❛ ✸✳✼✿ P❛râ♠❡tr♦s ❞❛s ❝♦rr❡♥t❡s ♣❛r❛ ✈❡r✐✜❝❛çã♦ ❞♦ P❲▼ ❞♦ ▲q✸❝✳

P❛râ♠❡tr♦ ❱❛❧♦r
m1 ✵✱✺
f1 ✺✵ ❍③
φ1 ✵♦

m2 ✵✱✺
f2 ✻✵ ❍③
φ2 ✶✷✵♦

◆♦ r❡s✉❧t❛❞♦ ❞❛ s✐♠✉❧❛çã♦ ♥♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦ ✭❋✐❣✉r❛ ✸✳✶✼✮✱ ♦❜s❡r✈❛✲s❡ q✉❡✱ ❝♦♠♦

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

❜❛rr❛♠❡♥t♦ ❈❈ ❡✱ ❧♦❣✐❝❛♠❡♥t❡✱ ♥ã♦ ❤á s♦❜r❡♠♦❞✉❧❛çã♦✳
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❋✐❣✉r❛ ✸✳✶✼✿ ❈♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ❡ ❞❡ s❛í❞❛✱ ❡ t❡♥sã♦ ❞♦ ❝❛♣❛❝✐t♦r ❞❡ ✉♠ ❞♦s ✜❧tr♦s ❈❆ ❞❡
✉♠❛ s✐♠✉❧❛çã♦ ❞♦ ▲q✸❝✳

❏á ♥❛ ❋✐❣✉r❛ ❞❡ ▲✐ss❛❥♦✉s✱ ✐❧✉str❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✶✽✱ ♠♦str❛✲s❡ q✉❡ ❛s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛

❡stã♦ ❝♦♥t✐❞❛s ❞❡♥tr♦ ❞♦ ❤❡①á❣♦♥♦ q✉❡ r❡♣r❡s❡♥t❛ ♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ q✉❡ ❝❤❡❣❛ ❛ s❡r ♦ ❞♦❜r♦

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

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

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

❞❡❧✐♠✐t❛♥t❡✳

❈♦♠ ✐ss♦✱ ❞❡♠♦♥str❛✲s❡ q✉❡ ♦s ▲q ♣♦❞❡♠ s❡r ✉t✐❧✐③❛❞♦s s❡♠ ❧✐♠✐t❛çõ❡s✱ ❝♦♥t✉❞♦ ✐ss♦

✐♠♣❧✐❝❛ ❡♠ ✉♠❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ♠✐♥✐♠❛♠❡♥t❡✱ ❞✉❛s ✈❡③❡s ♠❛✐♦r q✉❡ ♦ ✈❛❧♦r ❞❡



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✼✷
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❋✐❣✉r❛ ✸✳✶✽✿ ❋✐❣✉r❛ ❞❡ ▲✐ss❛❥♦✉s ♣❛r❛ ❛ s✐♠✉❧❛çã♦ ❞❛ ❋✐❣✉r❛ ✸✳✶✼✳

♣✐❝♦ ❞❛s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛✳ ❊✈✐❞❡♥❝✐❛✲s❡ ♦ ❢❛t♦ ❞❡ q✉❡ ♦s ▲q ♣♦ss✉❡♠ ❝♦♠♦ ✈❛♥t❛❣❡♠ ✉♠

♥ú♠❡r♦ ♠❡♥♦r ❞❡ ❝❤❛✈❡s ❝♦♥❞✉③✐♥❞♦ ♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ s❡ ❝♦♠♣❛r❛❞♦ ❛♦ ❋q✹❝✳ P♦ré♠

❛ ❧✐♠✐t❛çã♦ ❡♠ q✉❛❞r❛♥t❡ ❢❛③ ❝♦♠ q✉❡ s❡❥❛ ♥❡❝❡ssár✐♦ ♦ ❛✉♠❡♥t♦ ❞❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦

❈❈✱ ♣❛r❛ s❡ ❛❧❝❛♥ç❛r ♦ ♠❡s♠♦ ❣r❛✉ ❞❡ ❧✐❜❡r❞❛❞❡ ❞♦ ❋q✹❝✳

❖ ❛✉♠❡♥t♦ ❞❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ é ✉♠❛ s♦❧✉çã♦ ✈✐á✈❡❧✱ ♠❛s q✉❡ trás ❝♦♥s✐❣♦

três ❢❛t♦r❡s ❝r✉❝✐❛✐s q✉❡ ❛ t♦r♥❛♠ ♣❡♥♦s❛✿ ❛✉♠❡♥t♦ ❞❛ ❝♦rr❡♥t❡ ♥♦ ✐♥❞✉t♦r ❞♦ ❜❛rr❛♠❡♥t♦

❈❈✱ ✐♠♣❧✐❝❛♥❞♦ ❡♠ ♠❛✐s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦❀ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❝♦♠♣♦♥❡♥t❡s q✉❡ s✉♣♦rt❡♠

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

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

❞❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❞❡♥tr♦ ❞❡ ✉♠ ❧✐♠✐t❡ ❛❝❡✐tá✈❡❧✳

✸✳✺ ❋q✸❝

❆té ❡♥tã♦ ❡st✉❞♦✉✲s❡✱ ❛❧é♠ ❞♦ ❈❙❈ ▼♦♥♦❢ás✐❝♦✱ três ▼P❈❙❈s✿ ❋q✹❝✱ ▲q✷❝ ❡ ▲q✸❝✳ ❆♣❡s❛r

❞♦s ▲q✷❝ ❡ ▲q✸❝ t❡r❡♠ ♠❡♥♦s ❝❤❛✈❡s ❝♦♥❞✉③✐♥❞♦ ♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ ❡❧❡s ♦♣❡r❛♠

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



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✼✸

r❡❞✉③✐r ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣♦tê♥❝✐❛ ❞♦ ▼P❈❙❈✳

❇✉s❝❛✲s❡ ❡♥tã♦ ♦♣❡r❛r ❝♦♠ ♠❡♥♦s ❝❤❛✈❡s ❝♦♥❞✉③✐♥❞♦ ♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ s❡ ❝♦♠✲

♣❛r❛❞♦ ❛♦ ❋q✹❝✱ ♠❛s ♠❛♥t❡♥❞♦ ❛ ♦♣❡r❛çã♦ ❡♠ q✉❛❞r❛♥t❡ ❝♦♠♣❧❡t♦✳ P❛r❛ t❛❧✱ ♠♦❞✐✜❝❛✲s❡ ♦

▲q✸❝ ❞❡ ♠♦❞♦ ❛ ❛t✐♥❣✐r ❛ ♦♣❡r❛çã♦ ❡♠ q✉❛❞r❛♥t❡ ❝♦♠♣❧❡t♦✳ ❆ss✐♠✱ ❛❞✐❝✐♦♥❛♠✲s❡ ❞✉❛s ❝❤❛✲

✈❡s ❝❡♥tr❛✐s ❝r✉③❛❞❛s✱ ♦✉ s❡❥❛✱ ✉♠❛ ❝❤❛✈❡ ♣❛rt❡ ❞❡ ✉♠❛ ♣♦rt❛ ❡♠✐ss♦r❛ ❞❡ ✉♠❛ ❞❛s ❝❤❛✈❡s

s✉♣❡r✐♦r❡s✱ ❡ ❝♦♥❡❝t❛✲s❡ à ♣♦rt❛ ❝♦❧❡t♦r❛ ❞❡ ✉♠❛ ❞❛s ❝❤❛✈❡s ✐♥❢❡r✐♦r❡s✳ ❊ss❛ ❝♦♥❡①ã♦ é ❢❡✐t❛

❡♠ ❳✱ ♦✉ s❡❥❛✱ s❡ ✉♠❛ ❞❛s ❝❤❛✈❡s ❛❞✐❝✐♦♥❛❞❛s ♣❛rt❡ ❞❡ ✉♠❛ ❝❤❛✈❡ ❝♦♠✉♠ t ♦✉ b✱ ❡❧❛ ❞❡✈❡

t❡r s✉❛ ♣♦rt❛ ❡♠✐ss♦r❛ ❝♦♥❡❝t❛❞❛ à ✉♠❛ ❝❤❛✈❡ ♦♣♦st❛ b ♦✉ t✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❊ss❛ ♠♦❞✐✜❝❛çã♦ ❛♦ ▲q✸❝ ❛❞✐❝✐♦♥❛ ❞✉❛s ❝❤❛✈❡s ❛♦ ♥ú♠❡r♦ t♦t❛❧ ❞❡ ❝❤❛✈❡s ❞♦ ❝♦♥✈❡rs♦r✱

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

♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳ ❊ss❛ ♥♦✈❛ t♦♣♦❧♦❣✐❛ ❢♦✐ ❞❡♥♦♠✐♥❛❞❛ ❞❡ ❋q✸❝ ✭❱■❚❖❘■◆❖ ❡t ❛❧✳✱

✷✵✶✹❛✮ ✭❋✉❧❧ ◗✉❛❞r❛♥t✱ ❚❤r❡❡ ❝♦♥❞✉❝t✐♥❣✮✱ ❝✉❥❛ t♦♣♦❧♦❣✐❛ é ✐❧✉str❛❞❛ ♥❛ ✭❋✐❣✉r❛ ✸✳✶✾✮✳
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❋✐❣✉r❛ ✸✳✶✾✿ ❚♦♣♦❧♦❣✐❛ ❞❡ ▼P❈❙❈ ❞♦ t✐♣♦ ❋q✸❝✳

❖ ❋q✸❝ r❡ú♥❡ ✉♠ ♠❡♥♦r ♥ú♠❡r♦ ❞❡ ❝❤❛✈❡s ❝♦♥❞✉③✐♥❞♦ ♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ ❡♠

r❡❧❛çã♦ ❛♦ ❋q✹❝✱ ❝♦♠ ❛ ♦♣❡r❛çã♦ ❡♠ q✉❛❞r❛♥t❡ ❝♦♠♣❧❡t♦✳ ❈♦♠♣❛r❛❞♦ ❛♦s ▲q✱ ♦ ❋q✸❝

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

❡❧❡ ♥ã♦ ❡①✐❥❛ ✉♠ ❜❛rr❛♠❡♥t♦ ❈❈ s♦❜r❡❞✐♠❡♥s✐♦♥❛❞♦✱ ♣❛r❛ q✉❡ ❢✉♥❝✐♦♥❡ s❡♠ ❧✐♠✐t❛çõ❡s✳



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✼✹

❚❛❜❡❧❛ ✸✳✽✿ ❊st❛❞♦s ♣♦ssí✈❡✐s ♣❛r❛ ♦s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛ ❞♦ ▼P❈❙❈ ❞♦ t✐♣♦ ❋q✸❝✳

❋q✸❝ ❈♦rr❡♥t❡s
t mj b i1 i2 ❊st❛❞♦✴❱❡t♦r
✵ ✹ ✵ ✵ 0 ■
✵ ✹ ✶ ✵ −Icc ■■
✵ ✸ ✵ ✵ +Icc ■■■
✵ ✸ ✶ ✵ ✵ ■❱
✵ ✷ ✵ −Icc ✵ ❱
✵ ✷ ✶ −Icc −Icc ❱■
✵ ✶ ✵ −Icc +Icc ❱■■
✵ ✶ ✶ −Icc ✵ ❱■■■
✶ ✹ ✵ +Icc ✵ ■❳
✶ ✹ ✶ +Icc −Icc ❳
✶ ✸ ✵ +Icc +Icc ❳■
✶ ✸ ✶ +Icc ✵ ❳■■
✶ ✷ ✵ ✵ ✵ ❳■■■
✶ ✷ ✶ ✵ −Icc ❳■❱
✶ ✶ ✵ ✵ +Icc ❳❱
✶ ✶ ✶ ✵ ✵ ❳❱■

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

❝♦♠♣❧❡t♦✱ ♦✉ s❡❥❛✱ ♦ ❋q✸❝ ♣♦ss✉✐ ❞❡③❡ss❡✐s ❡st❛❞♦s ♣♦ssí✈❡✐s✱ ❛ss✐♠ ❝♦♠♦ ♦ ❋q✹❝✳ ❙❡♥❞♦

✉♠ ❝♦♥✈❡rs♦r ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡✱ ❛♣❡♥❛s ✉♠❛ ❝❤❛✈❡ ❞❡ ❝❛❞❛ ❧✐♥❤❛ ✭❝♦♥❥✉♥t♦ ❤♦r✐③♦♥t❛❧✮ ❞❡✈❡

❝♦♥❞✉③✐r ❛ ❝❛❞❛ ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ ❡♥tã♦ ❛❧é♠ ❞❛s ❝❤❛✈❡s s✉♣❡r✐♦r❡s ✭t✮ ❡ ✐♥❢❡r✐♦r❡s ✭b✮✱

❤❛✈❡rã♦ t❛♠❜é♠ ❛s ❝❤❛✈❡s ❞♦ ♠❡✐♦ ✭mj✮✳ ❙❡♥❞♦ q✉❛tr♦ ❝❤❛✈❡s ❝❡♥tr❛✐s✱ ❡ ❛♣❡♥❛s ✉♠❛

❝♦♥❞✉③✐♥❞♦ ♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ ♥♦♠❡✐❛♠✲s❡ ❡❧❛s ❝♦♠♦ m1✱ m2✱ m3 ❡ m4✳ ❊♥tã♦ ♦

P❲▼ q✉❡ ❝♦♠❛♥❞❛ ♦ ❋q✸❝ t❡rá ♦s s❡❣✉✐♥t❡s ❝♦♠❛♥❞♦s✿ t ✭❡ s❡✉ ❝♦♠♣❧❡♠❡♥t♦✮✱ b ✭❡ s❡✉

❝♦♠♣❧❡♠❡♥t♦✮✱ ❡ mj ✭j = 1, 2, 3, 4✮✳ ❆♦ s❡ ❛♥❛❧✐s❛r t♦❞❛s ❛s ❝♦♠❜✐♥❛çõ❡s ♣♦ssí✈❡✐s ♣❛r❛ ❛s

❝❤❛✈❡s ❞♦ ❋q✸❝✱ ♠♦♥t❛✲s❡ ❛ ❚❛❜❡❧❛ ✸✳✽✱ q✉❡ ❧✐st❛ t♦❞♦s ♦s ❞❡③❡ss❡✐s ❡st❛❞♦s ♣♦ssí✈❡✐s ❞♦ ❋q✸❝✱

❧♦❣♦✱ r❡s✉❧t❛♥❞♦ ❡♠ ❞❡③❡ss❡✐s ❝✐r❝✉✐t♦s ❢♦r♠❛❞♦s ♣❡❧❛ ❝♦♠❜✐♥❛çã♦ ❞❛s ❝❤❛✈❡s ✭❋✐❣✉r❛ ✸✳✷✵✮✳
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❙❡♠❡❧❤❛♥t❡ ❛♦ q✉❡ ❢♦✐ ❢❡✐t♦ ♣❛r❛ ♦ ▲q✷❝ ❡ ▲q✸❝✱ ❞❡✈❡✲s❡ ♣❛rt✐r ❞❡ ❞✉❛s ❝♦rr❡♥t❡s ❞❡ r❡❢❡✲

rê♥❝✐❛ ✭i∗
1
❡ i∗

2
✮ ❡ r❡s✉❧t❛r ❡♠ ♦✐t♦ ❝♦♠❛♥❞♦s P❲▼✿ t♦♣✱ ❜♦tt♦♠ ❡ ♠✐❞❞❧❡✱ q✉❡ ✐rã♦ ❝♦♠❛♥❞❛r

❛s ♦✐t♦ ❝❤❛✈❡s ❞♦ ❝♦♥✈❡rs♦r✳ ❊ss❛ ♥♦✈❛ ❝♦♥✜❣✉r❛çã♦ ❞❛s ❝❤❛✈❡s ❝❡♥tr❛✐s✱ mj✱ ❞♦ ❋q✸❝ ♥ã♦

♣♦❞❡ s❡r ❛❝✐♦♥❛❞❛ ♣❡❧♦ P❲▼ ❝♦♥✈❡♥❝✐♦♥❛❧ ✉t✐❧✐③❛❞♦ ♣❛r❛ ♦ ❋q✹❝✳ ❊♥tã♦✱ ♣❛rt❡✲s❡ ❞♦ P❲▼

❞♦ ❋q✹❝ ♣❛r❛ ✐♠♣❧❡♠❡♥t❛r ❛ ♥♦✈❛ ❝♦♥✜❣✉r❛çã♦ q✉❡ ✐rá ❝♦♠❛♥❞❛r ♦ ❋q✸❝ ❝♦rr❡t❛♠❡♥t❡✳

❉❡s❝r❡✈❡✲s❡ ❡♥tã♦ ❛ ❧ó❣✐❝❛ q✉❡ ❣❡r❛ ♦ P❲▼ ❝♦rr❡t♦ ♣❛r❛ ♦ ❋q✸❝ ❛ ♣❛rt✐r ❞❡ ❞✉❛s ❝♦rr❡♥t❡s

q✉❛✐sq✉❡r ❞❡ r❡❢❡rê♥❝✐❛✱ ❢❛③❡♥❞♦✲s❡ ❛ ❛♥❛❧♦❣✐❛ ❝♦♠ ❛ ♠♦❞✉❧❛çã♦ ❞♦ ❋q✹❝✳ ❆♦ s❡ ❝♦♥s✐❞❡r❛r

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

it = DtIcc, ✭✸✳✸✶✮
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imj
= Dmj

Icc, ✭✸✳✸✷✮

ib = DbIcc. ✭✸✳✸✸✮

P♦❞❡✲s❡ ❡♥tã♦ ❡s❝r❡✈❡r ❛s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛✱ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛ ❝❛❞❛ ❝❛r❣❛ ❝♦♠♦

i1 = (Dt − (Dm1
+Dm2

))Icc, ✭✸✳✸✹✮

i2 = ((Dm1
+Dm3

)−Db)Icc. ✭✸✳✸✺✮

❉❡✜♥❡✲s❡ t❛♠❜é♠ ❛ t❡♥sã♦ q✉❡ ❝❛❞❛ ❝❛r❣❛ r❡✢❡t❡ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❝♦♠♦

vbar1 = (Dt − (Dm1
+Dm2

))v1, ✭✸✳✸✻✮

vbar2 = ((Dm1
+Dm3

)−Db)v2. ✭✸✳✸✼✮

❙❡♥❞♦ ❛ ❛ss♦❝✐❛çã♦ ❞❛s ❝❛r❣❛s ❡♠ sér✐❡✱ s✉❛s t❡♥sõ❡s ❞❡ ❜❛rr❛♠❡♥t♦ s❡ s♦♠❛♠ ♣❛r❛

r❡s✉❧t❛r ♥❛ t❡♥sã♦ t♦t❛❧ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❞♦ ❋q✸❝

vbar = vbar1 + vbar2 . ✭✸✳✸✽✮

❙❡♥❞♦ Dt✱ Dmj
❡ Db ♦s ❝✐❝❧♦s ❞❡ tr❛❜❛❧❤♦ ❞❡ ❝❛❞❛ ❝❤❛✈❡✱ ❡❧❡s sã♦ ❧✐♠✐t❛❞♦s ❡♥tr❡ ✵ ❡ ✶✿

Dt✱ Dmj
❡ Db ∈ [0, 1]✳ ❉❡✜♥✐♥❞♦✲s❡ ❛s ✈❛r✐á✈❡✐s ❛✉①✐❧✐❛r❡s D1 ❡ D2✱ tê♠✲s❡ q✉❡

D1 = (Dt − (Dm1
+Dm2

)), ✭✸✳✸✾✮

D2 = ((Dm1
+Dm3

)−Db). ✭✸✳✹✵✮

❖ q✉❡ ❧❡✈❛ ❛ D1 ❡ D2 ∈ [−1, 1]✱ s❡♥❞♦ ❡st❡s ♦s ✈❛❧♦r❡s ♠é❞✐♦s ❞♦s s✐♥❛✐s ❞❡ r❡❢❡rê♥❝✐❛

♣❛r❛ ♠♦❞✉❧❛çã♦ ❞❛ ❝♦rr❡♥t❡ ✭s✐♥❛✐s ♠♦❞✉❧❛♥t❡s✮✱ q✉❡ ♥✉♠ ♣❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ✭♣❡rí♦❞♦

❞❛ ♣♦rt❛❞♦r❛ tr✐❛♥❣✉❧❛r✮ ♣♦❞❡♠ s❡r ❝♦♥s✐❞❡r❛❞♦s ❝♦♥st❛♥t❡s✳ ❈♦♠♦ ❜✉s❝❛✲s❡ ♣❛rt✐r ❞❛ ♠♦✲

❞✉❧❛çã♦ ✉♥✐♣♦❧❛r ❞♦ ❋q✹❝ ♣❛r❛ ❡♥❝♦♥tr❛r ♦ P❲▼ ♣❛r❛ ♦ ❋q✸❝✱ ♣♦❞❡✲s❡ ❢❛③❡r ❛ ❝♦♠♣❛r❛çã♦

❡♥tr❡ ❛ ❚❛❜❡❧❛ ✸✳✶ ❡ ❛ ❚❛❜❡❧❛ ✸✳✽✳ ◆♦t❛✲s❡ q✉❡ ♦ ❝♦♠❛♥❞♦ ❞❛s ❝❤❛✈❡s b1 ❡ t2 é s✉❜st✐t✉í❞♦ ♣❡❧♦

❝♦♠❛♥❞♦ ❞❛s ❝❤❛✈❡s ❝❡♥tr❛✐s mj✳ ◆❛ ❚❛❜❡❧❛ ✸✳✾ ❡✈✐❞❡♥❝✐❛✲s❡ ❛ ❝♦rr❡❧❛çã♦ ❡♥tr❡ ♦s ❝♦♠❛♥❞♦s

❞♦ ❋q✸❝ q✉❡ s✉❜st✐t✉❡♠ ♦s ❝♦♠❛♥❞♦s ❞♦ ❋q✹❝✱ ♣❛r❛ s❡ ♦❜t❡r t♦❞♦s ♦s ❞❡③❡ss❡✐s ❡st❛❞♦s ❞♦s

❝♦♥✈❡rs♦r❡s✳



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✼✾

❚❛❜❡❧❛ ✸✳✾✿ ❈♦rr❡❧❛çã♦ ❡♥tr❡ ❛s ❝❤❛✈❡s b1 ❡ t2 ❞♦ ❋q✹❝ ❝♦♠ ❛s ❝❤❛✈❡s mj ❞♦ ❋q✸❝✳

b1 t2 mj ❊st❛❞♦✴❱❡t♦r
✵ ✵ ✹ ■
✵ ✵ ✹ ■■
✵ ✶ ✸ ■■■
✵ ✶ ✸ ■❱
✶ ✵ ✷ ❱
✶ ✵ ✷ ❱■
✶ ✶ ✶ ❱■■
✶ ✶ ✶ ❱■■■
✵ ✵ ✹ ■❳
✵ ✵ ✹ ❳
✵ ✶ ✸ ❳■
✵ ✶ ✸ ❳■■
✶ ✵ ✷ ❳■■■
✶ ✵ ✷ ❳■❱
✶ ✶ ✶ ❳❱
✶ ✶ ✶ ❳❱■

❊♥tã♦✱ ♣❛rt✐♥❞♦ ❞❛ ❚❛❜❡❧❛ ✸✳✾✱ ❡♥❝♦♥tr❛✲s❡ ❛ r❡❧❛çã♦ ❧ó❣✐❝❛ q✉❡ ❧❡✈❛ ♦s ❝♦♠❛♥❞♦s ❞❛s

❝❤❛✈❡s ❝❡♥tr❛✐s ❞♦ ❋q✹❝ ♣❛r❛ ❛s ❝❤❛✈❡s ❝❡♥tr❛✐s ❞♦ ❋q✸❝✱ r❡s✉❧t❛♥❞♦ ♥♦s ♠❡s♠♦s ❡st❛❞♦s✳

P❛r❛ q✉❡ s❡ ♦❜t❡♥❤❛ ♦ s✐♥❛❧ ❝♦rr❡t♦ ❞❡ mj ❛ ♣❛rt✐r ❞❛s ❝❤❛✈❡s b1 ❡ t2✱ ❞❡✈❡✲s❡ ♠♦♥t❛r ❛s

❛ss♦❝✐❛çõ❡s ❧ó❣✐❝❛s

m1 = b1t2, ✭✸✳✹✶✮

m2 = b1t2, ✭✸✳✹✷✮

m3 = b1t2, ✭✸✳✹✸✮

m4 = b1t2. ✭✸✳✹✹✮

❈♦♠ ✐ss♦✱ ♠♦♥t❛✲s❡ ❛ ❧ó❣✐❝❛ P❲▼ ♣❛r❛ ♦ ❋q✸❝ ❛ ♣❛rt✐r ❞♦s s✐♥❛✐s ❞❡ r❡❢❡rê♥❝✐❛s ♣❛r❛ ❛s

❝♦rr❡♥t❡s i∗
1
❡ i∗

2
✱ ❢❛③❡♥❞♦✲s❡ ✉♠❛ ♠♦❞✐✜❝❛çã♦ ♥♦ P❲▼ ♣❛r❛ ♦ ❋q✹❝ ♠♦str❛❞❛ ♥❛s ❡q✉❛çõ❡s

✭✸✳✹✶✮✱ ✭✸✳✹✷✮✱ ✭✸✳✹✸✮ ❡ ✭✸✳✹✹✮✳ ❊♥tã♦✱ ♦❜t❡♠✲s❡ ♦s ❝♦♠❛♥❞♦s mj ❛tr❛✈és ❞❡ ♣♦rt❛s ❧ó❣✐❝❛s✳

❙❡♥❞♦ ❛ss✐♠✱ ♦ ❞✐❛❣r❛♠❛ ❧ó❣✐❝♦ ♣❛r❛ ♦ P❲▼ ❞♦ ❋q✹❝ é ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✷✶✳

❉❡ ♠♦❞♦ ❛ ✈❡r✐✜❝❛r ❛ t❡♦r✐❛ ❞❛ ❧ó❣✐❝❛ P❲▼✱ ❢❛③✲s❡ ✉♠❛ s✐♠✉❧❛çã♦ ♥♦ ❙✐♠✉❧✐♥❦ ❅ ▼❆✲

❚▲❆❇ ❘©✳ ●❡r❛♥❞♦ ❞✉❛s ❝♦rr❡♥t❡s q✉❛✐sq✉❡r✱ ✉t✐❧✐③❛♥❞♦ ♦s ♠❡s♠♦s ♣❛râ♠❡tr♦s ❞❛ ❚❛❜❡❧❛ ✸✳✷✱

❝♦♠ ♦s ❛s ❝♦rr❡♥t❡s ❞❛ ❚❛❜❡❧❛ ✸✳✶✵✱ ❝✉❥♦ r❡s✉❧t❛❞♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✷✷✳ ❖



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✽✵
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❋✐❣✉r❛ ✸✳✷✶✿ ❉✐❛❣r❛♠❛ ❞♦ P❲▼ ♣❛r❛ ♦ ❋q✸❝✳

❚❛❜❡❧❛ ✸✳✶✵✿ P❛râ♠❡tr♦s ❞❛s ❝♦rr❡♥t❡s ♣❛r❛ ✈❡r✐✜❝❛çã♦ ❞♦ P❲▼ ❞♦ ❋q✸❝✳

P❛râ♠❡tr♦ ❱❛❧♦r
m1 ✵✱✾
f1 ✺✵ ❍③
φ1 ✵♦

m2 ✵✱✾
f2 ✻✵ ❍③
φ2 ✶✷✵♦

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

r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳

◆❛ ❋✐❣✉r❛ ✸✳✷✷ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ ❛s ❝♦rr❡♥t❡s ❢♦r❛♠ ❣❡r❛❞❛s ❝♦rr❡t❛♠❡♥t❡ ❡ s❡♠

s♦❜r❡♠♦❞✉❧❛çã♦✳ ❆ ♦s❝✐❧❛çã♦ ❞❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ✐rá ❞❡♣❡♥❞❡r ❞❛ ❢r❡q✉ê♥❝✐❛ ❡ ❞❛

❢❛s❡ ❡♥tr❡ ❛s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛✱ ❡ t❛♠❜é♠ ❞♦ ✈❛❧♦r ❞❡ ✐♥❞✉tâ♥❝✐❛ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✳ ❊ss❛

♦s❝✐❧❛çã♦ ❛❝❛❜❛ ✐♥t❡r❢❡r✐♥❞♦ ♥❛s ❝♦rr❡♥t❡s s❛í❞❛✱ ❝❛✉s❛♥❞♦ ❛s ❞✐st♦rçõ❡s ♦❜s❡r✈❛❞❛s✳ ❱❛❧❡

♥♦t❛r q✉❡ ♦ r❡s✉❧t❛❞♦ é ♣r❛t✐❝❛♠❡♥t❡ ✐❞ê♥t✐❝♦ ❛♦ ♦❜t✐❞♦ ❝♦♠ ♦ ❋q✹❝✱ ✈✐❞❡ ❋✐❣✉r❛ ✸✳✺✳



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✽✶
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vf1

❋✐❣✉r❛ ✸✳✷✷✿ ❈♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ❡ ❞❡ s❛í❞❛✱ ❡ t❡♥sã♦ ❞♦ ❝❛♣❛❝✐t♦r ❞❡ ✉♠ ❞♦s ✜❧tr♦s ❈❆ ❞❡
✉♠❛ s✐♠✉❧❛çã♦ ❞♦ ❋q✸❝✳

◆❛ ❋✐❣✉r❛ ❞❡ ▲✐ss❛❥♦✉s ✭❋✐❣✉r❛ ✸✳✷✸✮✱ ♥♦t❛✲s❡ q✉❡ ❛s ❝♦rr❡♥t❡s ❡stã♦ ❝♦♥t✐❞❛s ❞❡♥tr♦ ❞♦

♣♦❧í❣♦♥♦ q✉❡ ❞❡✜♥❡ ♦ ❜❛rr❛♠❡♥t♦✱ ❧♦❣♦✱ ♥ã♦ ❤á s♦❜r❡♠♦❞✉❧❛çã♦✳ ❆ ❡s❝♦❧❤❛ ❞❛s ❝♦rr❡♥t❡s ❞❡

r❡❢❡rê♥❝✐❛✱ ♣r♦♣♦s✐t❛❧♠❡♥t❡✱ ❢❛③ ❝♦♠ q✉❡ ♦ ✈❡t♦r r❡s✉❧t❛♥t❡ ❞❛s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛ ♣r❡❡♥❝❤❛

t♦❞♦ ♦ ♣❧❛♥♦✱ r❡❢♦rç❛♥❞♦ q✉❡ ♦ ❋q✸❝ é ✉♠ ❝♦♥✈❡rs♦r q✉❡ ♦♣❡r❛ ❡♠ q✉❛❞r❛♥t❡ ❝♦♠♣❧❡t♦ s❡♠

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

❆ss✐♠✱ ♣❡r❝❡❜❡✲s❡ q✉❡ ❛ t♦♣♦❧♦❣✐❛ ❋q✸❝ é ❡✜❝❛③✱ ❡ q✉❡ ❛ ❧ó❣✐❝❛ P❲▼ ❡st✉❞❛❞❛ ❡stá

❝♦rr❡t❛✱ ♣♦✐s ♦ ❝♦♥✈❡rs♦r é ❝❛♣❛③ ❞❡ ❣❡r❛r ❞✉❛s ❝♦rr❡♥t❡s q✉❛✐sq✉❡r ❞❡ ❢♦r♠❛ ✐♥❞❡♣❡♥❞❡♥t❡

❝♦♠ ♦♣❡r❛çã♦ ❡♠ q✉❛❞r❛♥t❡ ❝♦♠♣❧❡t♦✳ ❆❧é♠ ❞❛ ♦♣❡r❛çã♦ ❡♠ q✉❛❞r❛♥t❡ ❝♦♠♣❧❡t♦✱ ♦ ❝♦♥✈❡r✲

s♦r ❛♣r❡s❡♥t❛ três ❝❤❛✈❡s ❝♦♥❞✉③✐♥❞♦ ♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ ✉♠❛ ❛ ♠❡♥♦s q✉❡ ♦ ❋q✹❝✳

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

❝❛r❛❝t❡ríst✐❝❛ ✐♠♣♦rt❛♥t❡✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❡♠ s❡ tr❛t❛♥❞♦ ❞❡ ❝♦♥✈❡rs♦r❡s ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡✱

✈✐st♦ q✉❡ ❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ é ✉♠ ❞♦s ❢❛t♦r❡s ♥❡❣❛t✐✈♦s ❞❡ ♠❛✐♦r ♣❡s♦ ♥♦s ❈❙❈s✳

✸✳✻ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❡♠ ♠❛❧❤❛ ❛❜❡rt❛

❯♠❛ ✈❡③ ❛♣r❡s❡♥t❛❞♦ ❝❛❞❛ ❝♦♥✈❡rs♦r✱ ❝✉❧♠✐♥❛♥❞♦ ♥♦ ❋q✸❝✱ ❢❛③✲s❡ ♦ ❡st✉❞♦ ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛

✈❛❧✐❞❛çã♦ ❞❛ t♦♣♦❧♦❣✐❛ ❡ ❞♦ P❲▼ ❞❡ ❝❛❞❛ ❝♦♥✈❡rs♦r✱ ❝♦♠ ❡①❝❡çã♦ ❞♦ ❋q✹❝✳ P❛rt✐♥❞♦ ❡♥tã♦

❞❡ ✉♠❛ ♠❡s♠❛ ❝♦♥✜❣✉r❛çã♦✱ ❢❛③✲s❡ ❛ ❛♥á❧✐s❡ ❡♠ ♠❛❧❤❛ ❛❜❡rt❛ ❞♦s ❝♦♥✈❡rs♦r❡s ▲q✷❝✱ ▲q✸❝ ❡



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✽✷
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il1 (A)

❋✐❣✉r❛ ✸✳✷✸✿ ❋✐❣✉r❛ ❞❡ ▲✐ss❛❥♦✉s ♣❛r❛ ❛ s✐♠✉❧❛çã♦ ❞❛ ❋✐❣✉r❛ ✸✳✷✷✳

❚❛❜❡❧❛ ✸✳✶✶✿ P❛râ♠❡tr♦s ♣❛r❛ ♦s ❡①♣❡r✐♠❡♥t♦s ❝♦♠ ♦s ▼P❈❙❈s✳

P❛râ♠❡tr♦ ❱❛❧♦r
Lcc ✻✼ ♠❍
Cf 15 µ❋
Lf 3 mH
Rl 3, 8 Ω
fch ✶✵ ❦❍③

❋q✸❝✳ ❖ ❝♦♠❛♥❞♦ P❲▼ ❞❡ t♦❞♦s ♦s ❝♦♥✈❡rs♦r❡s ❢♦✐ ❢❡✐t♦ ✉t✐❧✐③❛♥❞♦ ✉♠ ❉❙P ✸✷✵❋✷✽✸✸✺ ❞❛

❚❡①❛s ■♥str✉♠❡♥ts ❘©✳

❊♥q✉❛♥t♦ ♦ ♣r♦tót✐♣♦ ❞♦ ▲q✸❝ ❡ ❞♦ ❋q✸❝ é ♦ ♠❡s♠♦✱ ♦ ▲q✷❝ ✉t✐❧✐③❛ ♦ ♣r♦tót✐♣♦ ❞❡ ✉♠ ❈❙❈

❚r✐❢ás✐❝♦✳ ◆♦ ▲q✷❝✱ ❛s ❝❤❛✈❡s sã♦ ❞❡✈❡r❛s ❘❇■●❇❚❙ ✭■❳❘P✶✺◆✶✷✵✮✱ ❢❛❜r✐❝❛❞♦s ♣❡❧❛s ■❳❨❙

❘©✳ ❏á ❛s ❝❤❛✈❡s ❞♦ ❋q✸❝ ❡ ▲q✸❝ sã♦ r❡s✉❧t❛❞♦ ❞❛ ❛ss♦❝✐❛çã♦ sér✐❡ ❞❡ ❞✐♦❞♦s ✭❘❍❘P✶✺✹✵✮✱

❢❛❜r✐❝❛❞♦s ♣❡❧❛ ❋❛✐r❝❤✐❧❞ ❙❡♠✐❝♦♥❞✉❝t♦rs ❘©✱ ❡ ■●❇❚s ✭■❘●✹P❈✹✵❯P❜❋✮✱ ❢❛❜r✐❝❛❞♦s ♣❡❧❛

■♥t❡r♥❛t✐♦♥❛❧ ❘❡❝t✐✜❡r ❘©✳

❖s ✈❛❧♦r❡s ❞♦s ❝♦♠♣♦♥❡♥t❡s ✉t✐❧✐③❛❞♦s ♥♦s ❡①♣❡r✐♠❡♥t♦s sã♦ ❧✐st❛❞♦s ♥❛ ❚❛❜❡❧❛ ✸✳✶✶✳

P♦r s❡r ✉♠ ❡st✉❞♦ ❡♠ ♠❛❧❤❛ ❛❜❡rt❛✱ ❛ t❡♥sã♦ ❈❈ Vcc q✉❡ ❛❧✐♠❡♥t❛ ♦ ❝✐r❝✉✐t♦✱ ❢♦✐ s❡♥❞♦

❝♦♥tr♦❧❛❞❛ ❛té ♦ ♥í✈❡❧ ❡♠ q✉❡ s❡ ♦❜t❡✈❡ 3 A ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈✳
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❋✐❣✉r❛ ✸✳✷✹✿ ❈♦♥✜❣✉r❛çã♦ ♣❛r❛ ♦❜t❡♥çã♦ ❞❡ r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ♦s ▼P❈❙❈s
♦♣❡r❛♥❞♦ ❡♠ ♠❛❧❤❛ ❛❜❡rt❛✳

❚❛❜❡❧❛ ✸✳✶✷✿ P❛râ♠❡tr♦s ❞❛s ❝♦rr❡♥t❡s ♣❛r❛ ✈❡r✐✜❝❛çã♦ ❡①♣❡r✐♠❡♥t❛❧ ❞♦s ▼P❈❙❈s✳

P❛râ♠❡tr♦ ❱❛❧♦r
m1 ✵✱✾
f1 ✻✵ ❍③
φ1 ✵♦

m2 ✵✱✾
f2 ✻✵ ❍③
φ2 ✶✷✵♦ ✴ ✾✵♦

❏á ❛s ❝♦rr❡♥t❡s ❞❡ r❡❢❡rê♥❝✐❛ ✉t✐❧✐③❛❞❛s sã♦ ❞✐❢❡r❡♥t❡s ❞❛s ✉t✐❧✐③❛❞❛s ♥❛ ❡t❛♣❛ ❞❡ s✐♠✉❧❛✲

çã♦✱ ✈✐s❛♥❞♦ ♦❜t❡r ✉♠❛ ♠❡♥♦r ♦s❝✐❧❛çã♦ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ♦ q✉❡ r❡s✉❧t❛ ❡♠ ❝♦rr❡♥t❡s ❈❆

♠❡♥♦s ❞✐st♦r❝✐❞❛s✳ ◆❛ ❚❛❜❡❧❛ ✸✳✶✶ sã♦ ❧✐st❛❞♦s ♦s ✈❛❧♦r❡s ♣❛r❛ ❛s ❝♦rr❡♥t❡s ❞❡ r❡❢❡rê♥❝✐❛✳

P❛r❛ ♦s ❝♦♥✈❡rs♦r❡s ▲q✷❝ ❡ ▲q✸❝✱ ✉t✐❧✐③❛✲s❡ ✉♠❛ ❞❡❢❛s❛❣❡♠ ❞❡ 120♦ ❡♥tr❡ ❛s ❝♦rr❡♥t❡s✱ ♣❛r❛

q✉❡ s❡ ♦❜t❡♥❤❛ ✉♠❛ ❡❧✐♣s❡ ❝♦♥t✐❞❛ ♥♦ ❤❡①á❣♦♥♦ q✉❡ r❡♣r❡s❡♥t❛ ❛ ❧✐♠✐t❛çã♦ ❡♠ q✉❛❞r❛♥t❡✳

P❛r❛ ♦ ❋q✸❝✱ ✉t✐❧✐③❛✲s❡ ✉♠❛ ❞❡❢❛s❛❣❡♠ ❞❡ 90♦ ❡♥tr❡ ❛s ❝♦rr❡♥t❡s✱ ♣❛r❛ q✉❡ s❡ ♦❜t❡♥❤❛ ✉♠

❝ír❝✉❧♦ ❝♦♥t✐❞♦ ♥♦ q✉❛❞r❛❞♦ q✉❡ r❡♣r❡s❡♥t❛ ♦ q✉❛❞r❛♥t❡ ❝♦♠♣❧❡t♦✳ ■ss♦ ✐♥❞✐❝❛ q✉❡ ❛ ❞❡♣❡♥✲

❞❡r ❞❛s ❝♦rr❡♥t❡s ❈❆ ❞♦ P❲▼ ❞♦s ❝♦♥✈❡rs♦r❡s✱ ❛ ♦s❝✐❧❛çã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ é ❛❧t❡r❛❞❛✱ ❡

tã♦ ♣✐♦r ❡ss❛ ♦s❝✐❧❛çã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ♣✐♦r s❡rá ❛ ❞✐st♦rçã♦ ❞❛s ❝♦rr❡♥t❡s ❈❆✳

Pr✐♠❡✐r♦✱ ❢❡③✲s❡ ♦ ❡①♣❡r✐♠❡♥t♦ ♣❛r❛ ♦ ▲q✷❝✱ ❝✉❥♦ r❡s✉❧t❛❞♦ ♥♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦ ♣♦❞❡

s❡r ♦❜s❡r✈❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✷✺✳ ❚♦♠❛♥❞♦ ♦s ♣♦♥t♦s ❞❡ ❝❛❞❛ ❝✉r✈❛ ❞❡ ❝♦rr❡♥t❡✱ ♣♦❞❡✲s❡ tr❛ç❛r

❛ ❋✐❣✉r❛ ❞❡ ▲✐ss❛❥♦✉s ♣❛r❛ ♦ ❡①♣❡r✐♠❡♥t♦✱ q✉❡ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✷✻✳

◆♦t❛✲s❡ q✉❡✱ ❛♣❡s❛r ❞♦ r✉í❞♦✱ ♦ ♣r♦tót✐♣♦ ❡①♣❡r✐♠❡♥t❛❧ ❢✉♥❝✐♦♥♦✉ ❝♦rr❡t❛♠❡♥t❡✱ ❞❡♠♦♥s✲
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❋✐❣✉r❛ ✸✳✷✻✿ ❋✐❣✉r❛ ❞❡ ▲✐ss❛❥♦✉s ♣❛r❛ ♦ r❡s✉❧t❛❞♦ ❡①♣❡r✐♠❡♥t❛❧ ❞❛ ❋✐❣✉r❛ ✸✳✷✺✳

tr❛♥❞♦ q✉❡ ♦ P❲▼ ❡ ♦ ❝✐r❝✉✐t♦ ♣r♦❥❡t❛❞♦ ❢✉♥❝✐♦♥❛♠ ❞❡ ❢♦r♠❛ s❛t✐s❢❛tór✐❛✱ ❛❧é♠ ❞❛ ✐♠♣❧❡✲

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

❡t❛♣❛ ❡①♣❡r✐♠❡♥t❛❧✳ ❆✐♥❞❛ ♥❛ ❋✐❣✉r❛ ❞❡ ▲✐ss❛❥♦✉s✱ ♥♦t❛✲s❡ ✉♠❛ ♦s❝✐❧❛çã♦ ♥❛s ❝♦rr❡♥t❡s✱ ♦

q✉❡ ❧❡✈❛ ❛ ✉♠❛ ❡❧✐♣s❡ t❛♠❜é♠ ♦s❝✐❧❛♥t❡✳ ❱❛❧❡ ❧❡♠❜r❛r q✉❡ ❛ ❡s❝♦❧❤❛ ❞❛s ❝♦rr❡♥t❡s ❢♦✐ ❛

♠❡s♠❛ q✉❡ ♣❛r❛ ❛ ❡t❛♣❛ ❞❡ s✐♠✉❧❛çã♦✱ ✈✐s❛♥❞♦ ❡✈✐t❛r ❛ s♦❜r❡♠♦❞✉❧❛çã♦✳
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❖ s❡❣✉♥❞♦ ❡①♣❡r✐♠❡♥t♦ ❢❡✐t♦ ❢♦✐ ♣❛r❛ ♦ ▲q✸❝✱ ❝✉❥♦ r❡s✉❧t❛❞♦ ♥♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦ ♣♦❞❡

s❡r ♦❜s❡r✈❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✷✼✳ ❉❛ ♠❡s♠❛ ❢♦r♠❛✱ t♦♠❛♥❞♦ ♦s ♣♦♥t♦s ❞❡ ❝❛❞❛ ❝✉r✈❛ ❞❡

❝♦rr❡♥t❡✱ ♣♦❞❡✲s❡ tr❛ç❛r ❛ ❋✐❣✉r❛ ❞❡ ▲✐ss❛❥♦✉s ♣❛r❛ ♦ ❡①♣❡r✐♠❡♥t♦✱ q✉❡ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞❛

♥❛ ❋✐❣✉r❛ ✸✳✷✽✳
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❋✐❣✉r❛ ✸✳✷✽✿ ❋✐❣✉r❛ ❞❡ ▲✐ss❛❥♦✉s ♣❛r❛ ♦ r❡s✉❧t❛❞♦ ❡①♣❡r✐♠❡♥t❛❧ ❞❛ ❋✐❣✉r❛ ✸✳✷✼✳

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



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✽✻

r❡❢❡rê♥❝✐❛ ✉t❧✐③❛❞❛s ♣❛r❛ ♦ ▲q✷❝ ❢♦r❛♠ ✉t✐❧✐③❛❞❛s ♣❛r❛ ♦ ▲q✸❝✱ s❡♠❡❧❤❛♥t❡ à ❡t❛♣❛ s✐♠✉❧❛çã♦✳

P♦ré♠✱ ♣❡r❝❡❜❡✲s❡ q✉❡ ♦ ▲q✸❝ ❛♣r❡s❡♥t♦✉ ✉♠❛ ❡❧✐♣s❡ ♠❛✐s ❝♦♠♣♦rt❛❞❛ s❡ ❝♦♠♣❛r❛❞♦ ❛♦ ▲q✷❝✱

✈✐st♦ q✉❡ ❛s ❝♦rr❡♥t❡s ❞♦ ▲q✸❝ ❛♣r❡s❡♥t❛r❛♠ ✉♠❛ ♦s❝✐❧❛çã♦ ♠❡♥♦r✱ ♦❜s❡r✈❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✷✼✳

❱❛❧❡ ❧❡♠❜r❛r q✉❡ ♣❛r❛ q✉❡ ♦ ▲q✸❝ ❡ ♦ ▲q✷❝ ❢✉♥❝✐♦♥❡♠ s❡♠ ❧✐♠✐t❛çã♦ ❡♠ q✉❛❞r❛♥t❡✱ ♣♦❞❡✲s❡

❛✉♠❡♥t❛r ❛ s✉❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ♠❛s t❛❧ s♦❧✉çã♦ trás ♠❛✐s ♠❛❧❡❢í❝✐♦s ❞♦ q✉❡

❜❡♥❡❢í❝✐♦s ❛♦ ❝♦♥✈❡rs♦r✳

P♦r ✜♠✱ ❢❡③✲s❡ ♦ ❡①♣❡r✐♠❡♥t♦ ❞♦ ❋q✸❝ ❡♠ ♠❛❧❤❛ ❛❜❡rt❛✱ ❝✉❥♦ r❡s✉❧t❛❞♦ ♥♦ ❞♦♠í♥✐♦ ❞♦

t❡♠♣♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✷✾✳ ❉❛ ♠❡s♠❛ ❢♦r♠❛✱ t♦♠❛♥❞♦ ♦s ♣♦♥t♦s ❞❡ ❝❛❞❛

❝✉r✈❛ ❞❡ ❝♦rr❡♥t❡✱ ♣♦❞❡✲s❡ tr❛ç❛r ❛ ❋✐❣✉r❛ ❞❡ ▲✐ss❛❥♦✉s ♣❛r❛ ♦ ❡①♣❡r✐♠❡♥t♦✱ q✉❡ ♣♦❞❡ s❡r

♦❜s❡r✈❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✸✵✳

I
cc

❋✐❣✉r❛ ✸✳✷✾✿ ❘❡s✉❧t❛❞♦ ❡①♣❡r✐♠❡♥t❛❧ ❞♦ ❋q✸❝ ♦♣❡r❛♥❞♦ ❡♠ ♠❛❧❤❛ ❛❜❡rt❛✳

❆ ❛❧t❡r❛çã♦ ❞❛ ❢❛s❡ ❡♥tr❡ ❛s ❝♦rr❡♥t❡s✱ q✉❡ ❛❣♦r❛ é ❞❡ 90♦✱ ❣❡r❛ ❛ ❢♦r♠❛ ❞❡ ♦♥❞❛ ♦❜s❡r✈❛❞❛

♥❛ ❋✐❣✉r❛ ✸✳✸✵✳ ❚❛❧ ♦♣çã♦ ✈✐s❛ r❡❢♦rç❛r ❛ ♦♣❡r❛çã♦ ❡♠ q✉❛❞r❛♥t❡ ❝♦♠♣❧❡t♦ ❞♦ ❋q✸❝✱ ✈✐st♦

q✉❡ ❛ ❋✐❣✉r❛ ❞❡ ▲✐ss❛❥♦✉s ♣r❡❡♥❝❤❡ t♦❞♦ ♦ ♣❧❛♥♦ ✈❡t♦r✐❛❧ ❞❛s ❝♦rr❡♥t❡s✱ s❡♠ s♦❜r❡♠♦❞✉❧❛çã♦✳

❈♦♠ ✐ss♦✱ ✈❡r✐✜❝♦✉✲s❡ ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦s ❝♦♥✈❡rs♦r❡s t❛♠❜é♠ ♥❛ ♣❛rt❡ ♣rát✐❝❛✱ s❡♥❞♦

♦s ♣r♦tót✐♣♦s ❝♦♥str✉í❞♦s ❡♠ ❧❛❜♦r❛tór✐♦✱ ❝♦♥tr✐❜✉✐♥❞♦ ♣❛r❛ ♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❛❝❡r❝❛ ❞❛ ❝♦♥s✲

tr✉çã♦ ❞❡ ❝♦♥✈❡rs♦r❡s ❞❡ ♣♦tê♥❝✐❛✱ ♠❛s ❡s♣❡❝✐✜❝❛♠❡♥t❡ ♣❛r❛ ♦s ❈❙❈s✳ ❆♣❡s❛r ❞♦s ♣r♦tót✐♣♦s

❞♦ ▲q✸❝ ❡ ❋q✸❝ t❡r❡♠ s✐❞♦ ❝♦♥str✉í❞♦s ❝♦♠ ❝❤❛✈❡s r❡s✉❧t❛♥t❡s ❞❛ ❛ss♦❝✐❛çã♦ ❞❡ ❞✐♦❞♦s ❡♠

sér✐❡ ❝♦♠ ■●❇❚s✱ ❡❧❡s t❛♠❜é♠ ❞❡♠♦♥str❛r❛♠ r❡s✉❧t❛❞♦s tã♦ s❛t✐s❢❛tór✐♦s q✉❛♥t♦ ♦ ▲q✷❝✱

❝♦♥str✉í❞♦ ❝♦♠ ❘❇■●❇❚s ❞❡ ❢❛t♦✳ ❱❛❧❡ ❧❡♠❜r❛r q✉❡ ❛ ❛♥á❧✐s❡ ❝♦♠♣❛r❛t✐✈❛ ❞❡ ♣❡r❞❛s ❡♥t❡



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✽✼
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❋✐❣✉r❛ ✸✳✸✵✿ ❋✐❣✉r❛ ❞❡ ▲✐ss❛❥♦✉s ♣❛r❛ ♦ r❡s✉❧t❛❞♦ ❡①♣❡r✐♠❡♥t❛❧ ❞❛ ❋✐❣✉r❛ ✸✳✷✾✳

♦s ❝♦♥✈❡rs♦r❡s ♥ã♦ ❢♦✐ ❢❡✐t❛✳

❱❛❧❡ ❧❡♠❜r❛r q✉❡ t♦❞♦s ♦s ♣❡r✐❢ér✐❝♦s ❞♦s ❝♦♥✈❡rs♦r❡s ✜❝❛r❛♠ ❡①t❡r♥♦s à ♣❧❛❝❛ ❞❡ ♣♦tê♥✲

❝✐❛✱ ✈✐st♦ q✉❡ ❡❧❡s s❡r✐❛♠ ❝♦♠♣❛rt✐❧❤❛❞♦s ❝♦♠ ✈ár✐♦s ❝♦♥✈❡rs♦r❡s✳ ■ss♦ s❡ r❡❢❡r❡ ❛♦ ✐♥❞✉t♦r ❞♦

❜❛rr❛♠❡♥t♦ ❈❈✱ ✐♥❞✉t♦r❡s ❡ ❝❛♣❛❝✐t♦r❡s ❞♦s ✜❧tr♦s ❈❆s✱ ❝❛r❣❛s✱ s❡♥s♦r❡s ❡ ❉❙P ✭✉t✐❧✐③❛❞♦

♣❛r❛ ♦ ❝♦♠❛♥❞♦ ❞❛s ❝❤❛✈❡s✮✳

✸✳✼ ❈♦♥❝❧✉sã♦

❯♠❛ ✈❡③ ❛♣r❡s❡♥t❛❞♦s ♦s ▼P❈❙❈s ❡st✉❞❛❞♦s ♥❡st❡ tr❛❜❛❧❤♦✱ ❢❛③✲s❡ ✉♠❛ r❡✈✐sã♦ ❡ ❛♥á❧✐s❡

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

❛♣r❡s❡♥t❛❞❛s ♥♦ ❈❛♣ít✉❧♦ ✷ t❛♠❜é♠ s❡ ❛♣❧✐❝❛♠ ❛ ❡❧❡s✿ ❜❛rr❛♠❡♥t♦ ❈❈ ✐♥❞✉t✐✈♦✱ ❝❤❛✈❡s ❝♦♠

❝❛♣❛❝✐❞❛❞❡ ❞❡ ❜❧♦q✉❡✐♦ r❡✈❡rs♦✱ ♠♦❞✐✜❝❛çã♦ ❞❛ ❧ó❣✐❝❛ ❞♦ t❡♠♣♦ ♠♦rt♦ ❞♦s ❱❙❈✱ ❡❢❡✐t♦ ❞❛

❡❧❡✈❛çã♦ ❞❡ t❡♥sã♦ ✭♥♦ s❡♥t✐❞♦ ❈❈✴❈❆ ❞♦ ✢✉①♦ ❞❡ ♣♦tê♥❝✐❛✮✱ ❡ ✜❧tr♦ ❈▲ ♥♦ ❧❛❞♦ ❈❆ ❞♦

❝♦♥✈❡rs♦r✳

❖ q✉❡ ❧❤❡s ❞✐❢❡r❡ é ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❝❤❛✈❡s ❝♦♥❞✉③✐♥❞♦ ♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ ❡ ❛

♦♣❡r❛çã♦ ❡♠ q✉❛❞r❛♥t❡s ❧✐♠✐t❛❞♦s ♦✉ ❝♦♠♣❧❡t♦s✳ ▲♦❣♦✱ ❡ss❛s s❡rã♦ ❛s ✜❣✉r❛s ❞❡ ♠ér✐t♦



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✽✽

✉t✐❧✐③❛❞❛s ♣❛r❛ ❡❧❡❣❡r q✉❛❧ ❝♦♥✈❡rs♦r é ♦ ♠❡❧❤♦r ❞❡♥tr❡ ♦s ❛♣r❡s❡♥t❛❞♦s✳

Pr✐♠❡✐r♦✱ ❜✉s❝❛♥❞♦ ✉♠ ❈❙❈ ❇✐❢ás✐❝♦ ❝♦♠ ✉♠ ú♥✐❝♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ❛ss♦❝✐❛r❛♠✲s❡ ❞♦✐s

❈❙❈s P♦♥t❡ ❍ ❡♠ sér✐❡✱ r❡s✉❧t❛♥❞♦ ♥♦ ❋q✹❝✳ ❊ss❡ ❝♦♥✈❡rs♦r s❡ ❞❡st❛❝❛ ♣❡❧❛ ♦♣❡r❛çã♦ ❡♠

q✉❛❞r❛♥t❡ ❝♦♠♣❧❡t♦ ❡ ♣♦r s✉❛ ❧ó❣✐❝❛ P❲▼ s✐♠♣❧❡s ❡ ❞✐r❡t❛✳

❖s P❲▼s ❞❡ ❝❛❞❛ ❝♦♥✈❡rs♦r ❞♦ ❋q✹❝✱ s✉♣❡r✐♦r ❡ ✐♥❢❡r✐♦r✱ ♣♦❞❡♠ ♦♣❡r❛r ❞❡ ❢♦r♠❛ t♦t❛❧✲

♠❡♥t❡ ✐♥❞❡♣❡♥❞❡♥t❡✱ ✈✐st♦ q✉❡ ♥ã♦ ❤á ❧✐❣❛çã♦ ❡♥tr❡ ♦s ❝♦♠❛♥❞♦s ❞❡ ❝❛❞❛ ❝♦♥✈❡rs♦r r❡s♣♦♥✲

sá✈❡❧ ♣♦r ❣❡r❛r ❝❛❞❛ ❝♦rr❡♥t❡ ❞❡ ❝❛❞❛ ❝❛r❣❛✳ ❆❧é♠ ❞✐ss♦✱ ❡❧❡ ♣♦❞❡ s❡r ♦❜t✐❞♦ ♣❡❧❛ ❝♦♥❡①ã♦ ❡♠

sér✐❡ ❞❡ ❞♦✐s ❈❙❈s P♦♥t❡ ❍✱ ♦♥❞❡ ♦ t❡r♠✐♥❛❧ ♥❡❣❛t✐✈♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❞❡ ✉♠ é ❝♦♥❡❝t❛❞♦

❛♦ t❡r♠✐♥❛❧ ♣♦s✐t✐✈♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❞♦ ♦✉tr♦✱ ❢❛③❡♥❞♦ ❛ss✐♠ ❛ ❛ss♦❝✐❛çã♦ sér✐❡ ❡ ♦❜t❡♥❞♦

❛ t♦♣♦❧♦❣✐❛ ❋q✹❝✳ P♦ré♠✱ ❝♦♠♦ ❡①♣❧✐❝❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ✉♠❛ ❞❛s ♣r✐♥❝✐♣❛✐s ❞❡s✈❛♥t❛❣❡♥s

❞♦s ❈❙❈s sã♦ ❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦✿ t❛♥t♦ ❞❡✈✐❞♦ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❜❧♦q✉❡✐♦ r❡✈❡rs♦ ❞❛s

❝❤❛✈❡s✱ ❝❛♣❛❝✐❞❛❞❡ ❡st❛ ♦❜t✐❞❛ ♣❡❧❛ ❛ss♦❝✐❛çã♦ ❞❡ ✉♠ ❞✐♦❞♦ ❡♠ sér✐❡ ❝♦♠ ✉♠ ■●❇❚❀ ❜❡♠

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

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

❞♦ ❝♦♥✈❡rs♦r ❡♠ t❡r♠♦s ❞❡ r❡♥❞✐♠❡♥t♦✳ ❊♥tã♦✱ ❛♣❡s❛r ❞♦ ❋q✹❝ s❡r ✉♠ ❝♦♥✈❡rs♦r s✐♠♣❧❡s ❡

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

❝❤❛✈❡s ❝♦♥❞✉③✐♥❞♦ ♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ q✉❡ é ❛ s✉❛ ♣r✐♥❝✐♣❛❧ ❞❡s✈❛♥t❛❣❡♠✳

❊♠ s❡❣✉✐❞❛✱ ❡st✉❞♦✉✲s❡ ♦ ▲q✷❝✱ q✉❡ ♣❛rt❡ ❞❛ t♦♣♦❧♦❣✐❛ tr✐❢ás✐❝❛ ❝❧áss✐❝❛ ♣❛r❛ ❱❙❈s ❡

❈❙❈s✳ ❆❧é♠ ❞❛ ❛❞❛♣t❛çã♦ ❢ís✐❝❛ ❞♦ ❝♦♥✈❡rs♦r tr✐❢ás✐❝♦ ♣❛r❛ ♦ ❜✐❢ás✐❝♦✱ ♦ ▲q✷❝ ♥❡❝❡ss✐t❛

❞❡ ✉♠ P❲▼ q✉❡ ❛❞❡q✉❡ ❛s ❞✉❛s ❝♦rr❡♥t❡s ❞❡ r❡❢❡rê♥❝✐❛ às s✉❛s ❝❤❛✈❡s✱ ❞✐s♣♦st❛s ❞❡ ❢♦r♠❛

tr✐❢ás✐❝❛✳ ❖ ❝♦♠❛♥❞♦ P❲▼ ❝❛❧❝✉❧❛ ♦ t❡♠♣♦ ❞❡ ❝♦♥❞✉çã♦ ❛♣❡♥❛s ❞❡ ❞♦✐s ❜r❛ç♦s ❞♦ ❝♦♥✈❡rs♦r✱

s❡♥❞♦ ♦ t❡r❝❡✐r♦ ❜r❛ç♦ ❛❝✐♦♥❛❞♦ ❞✉r❛♥t❡ ♦ t❡♠♣♦ r❡st❛♥t❡ ❞❡ ❝❛❞❛ ♣❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱

s❡ ❢♦r ♥❡❝❡ssár✐♦✳ ◆♦ ▲q✷❝ ❝♦♥s❡❣✉❡✲s❡ ❝♦♠ q✉❡ ❛♣❡♥❛s ❞✉❛s ❝❤❛✈❡s ❝♦♥❞✉③❛♠ ♣♦r ❝✐❝❧♦ ❞❡

❝❤❛✈❡❛♠❡♥t♦✱ ✉♠❛ ❣r❛♥❞❡ ✈❛♥t❛❣❡♠ ❡♠ r❡❧❛çã♦ ❛♦ ❋q✹❝✱ ♣♦ré♠ ♦ ▲q✷❝ ♦♣❡r❛ ❡♠ q✉❛❞r❛♥t❡

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

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

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

❈❈✳ ▲♦❣♦✱ ♦ ▲q✷❝ ❛♣r❡s❡♥t❛ ❛ ✈❛♥t❛❣❡♠ ❞❡ t❡r ❛♣❡♥❛s ❞✉❛s ❝❤❛✈❡s ❝♦♥❞✉③✐♥❞♦ ♣♦r ❝✐❝❧♦ ❞❡

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

P❛rt✐♥❞♦ ❞♦ ❋q✹❝✱ ♦ ▲q✸❝ ❢♦✐ ✉♠❛ s♦❧✉çã♦ q✉❡ ❜✉s❝♦✉ r❡❞✉③✐r ♦ ♥ú♠❡r♦ ❞❡ ❝❤❛✈❡s ❝♦♥❞✉✲



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✽✾

❚❛❜❡❧❛ ✸✳✶✸✿ ❘❡s✉♠♦ ❝♦♠♣❛r❛t✐✈♦ ❡♥tr❡ ♦ ▲q✷❝✱ ▲q✸❝✱ ❋q✸❝ ❡ ❋q✹❝✳

❈♦♥✈❡rs♦r ◗✉❛❞r❛♥t❡ ❈♦♥❞✉çõ❡s ♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❚♦t❛❧ ❞❡ ❝❤❛✈❡s
▲q✷❝ ▲✐♠✐t❛❞♦ ✷ ✭❞♦✐s✮ ✻ ✭s❡✐s✮
▲q✸❝ ▲✐♠✐t❛❞♦ ✸ ✭três✮ ✻ ✭s❡✐s✮
❋q✸❝ ❈♦♠♣❧❡t♦ ✸ ✭três✮ ✽ ✭♦✐t♦✮
❋q✹❝ ❈♦♠♣❧❡t♦ ✹ ✭q✉❛tr♦✮ ✽ ✭♦✐t♦✮

③✐♥❞♦ ♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳ ◆♦ ▲q✸❝✱ ❛s q✉❛tr♦ ❝❤❛✈❡s ❝❡♥tr❛✐s ❞♦ ❋q✹❝ sã♦ s✉❜st✐t✉í❞❛s

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

◆♦t❛✲s❡ ✉♠❛ ♠❡❧❤♦r✐❛ ❡♠ r❡❧❛çã♦ às ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ ♥❛s ❝❤❛✈❡s✱ ♣♦ré♠ ❛ ♦♣❡r❛çã♦ ❞♦

▲q✸❝ é ❞♦ t✐♣♦ q✉❛❞r❛♥t❡ ❧✐♠✐t❛❞♦✳ ❙❡♠❡❧❤❛♥t❡ ❛♦ ▲q✷❝✱ ❛ ♦♣❡r❛çã♦ ❧✐♠✐t❛❞❛ ❞♦s q✉❛❞r❛♥✲

t❡s ♣♦❞❡ s❡r ❝♦♥t♦r♥❛❞❛ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ♠❛s ✐ss♦ r❡❞✉③ ❛ ❡✜❝✐ê♥❝✐❛ ❡

❛✉♠❡♥t❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣♦tê♥❝✐❛ ❞♦ ❝♦♥✈❡rs♦r✳ ❍á t❛♠❜é♠ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ✉♠❛ ♥♦✈❛ ❧ó❣✐❝❛

P❲▼ ♣❛r❛ ♦ ❝♦♠❛♥❞♦ ❞❛s ❝❤❛✈❡s✱ ♣❛rt✐♥❞♦ ❞❛ ❧ó❣✐❝❛ ✉t✐❧✐③❛❞❛ ♣❛r❛ ♦ ❋q✹❝✳ ❋❛③❡♥❞♦✲s❡ ❛

❛♥á❧✐s❡ ♠❛t❡♠át✐❝❛ ❞❛s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛ ❞♦ ▲q✸❝✱ ❝❤❡❣♦✉✲s❡ ❛♦ P❲▼ q✉❡ ❢❛③ ❝♦♠ q✉❡ ♦

❝♦♥✈❡rs♦r ❢✉♥❝✐♦♥❡ ❝♦rr❡t❛♠❡♥t❡✳

P♦r ✜♠✱ ❡st✉❞♦✉✲s❡ ♦ ❋q✸❝✳ ❙❡♥❞♦ ✉♠❛ ❡✈♦❧✉çã♦ ❞♦s ❝♦♥✈❡rs♦r❡s ❡st✉❞❛❞♦s ❛té ❡♥tã♦✱

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

❝❤❛✈❡❛♠❡♥t♦✳ ❆♣❡s❛r ❞❡ ❛♣r❡s❡♥t❛r ✉♠❛ ❝❤❛✈❡ ❛ ♠❛✐s ❝♦♥❞✉③✐♥❞♦ ❡♠ r❡❧❛çã♦ ❛♦ ▲q✷❝✱ ♦

❋q✸❝ é s✉♣❡r✐♦r ❞❡✈✐❞♦ ❛ ♦♣❡r❛çã♦ ❡♠ q✉❛❞r❛♥t❡ ❝♦♠♣❧❡t♦✳ ▼❡s♠❛ ❝♦♠♣❛r❛çã♦ s❡ ❛♣❧✐❝❛ ❛♦

▲q✸❝✱ s❡♥❞♦ ♦ ❋q✸❝ ♠❛✐s ✈❛♥t❛❥♦s♦✱ ♣♦✐s ❛♣r❡s❡♥t❛ ♦ ♠❡s♠♦ ♥ú♠❡r♦ ❞❡ ❝❤❛✈❡s ❝♦♥❞✉③✐♥❞♦

♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ ❡ ♦♣❡r❛çã♦ ❡♠ q✉❛❞r❛♥t❡ ❝♦♠♣❧❡t♦✳ ❙❡ ❝♦♠♣❛r❛❞♦ ❛♦ ❋q✹❝✱ ♦

❋q✸❝ é ✈❛♥t❛❥♦s♦ ❡♠ r❡❧❛çã♦ ❛♦ ♥ú♠❡r♦ ❞❡ ❝❤❛✈❡s ❝♦♥❞✉③✐♥❞♦ ♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡♠❛♥t♦✱ ❡

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

✉s❛♥❞♦ ♣♦rt❛s ❆◆❉ ❡ ◆❖❚✱ ♣♦❞❡✲s❡ ❛❞❛♣t❛r ♦ P❲▼ ❞♦ ❋q✹❝ ♣❛r❛ ❝♦♠❛♥❞❛r ♦ ❋q✸❝✳

❊♠ r❡❧❛çã♦ ❛♦ ♥ú♠❡r♦ ❞❡ ❝❤❛✈❡s t♦t❛✐s ❞❡ ❝❛❞❛ ❝♦♥✈❡rs♦r ✭✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ q✉❛♥t✐❞❛❞❡

❝♦♥❞✉③✐♥❞♦ ♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✮✱ ♦ ▲q✷❝ ❡ ♦ ▲q✸❝ sã♦ s✉♣❡r✐♦r❡s✱ ✉♠❛ ✈❡③ q✉❡ ❡❧❡s

❛♣r❡s❡♥t❛♠ s❡✐s ❝❤❛✈❡s ♥♦ t♦t❛❧✳ ❏á ♦ ❋q✸❝ ❡ ♦ ❋q✹❝ ❛♣r❡s❡♥t❛♠ ♦✐t♦ ❝❤❛✈❡s ❝❛❞❛✱ ♠❛s

sã♦ ❝♦♠♣❡♥s❛❞♦s ♣❡❧❛ ♦♣❡r❛çã♦ ❡♠ q✉❛❞r❛♥t❡ ❝♦♠♣❧❡t♦✳ ▲♦❣♦✱ ♠❡s♠♦ t❡♥❞♦ ✉♠ ❝✉st♦

♠❛✐♦r ♦✉ ✐❣✉❛❧ q✉❡ ♦s ❞❡♠❛✐s ❝♦♥✈❡rs♦r❡s✱ ♦ ❋q✸❝ ❛✐♥❞❛ é ❝♦♥s✐❞❡r❛❞♦ ♠❡❧❤♦r ❞❡♥tr❡ ♦s

▼P❈❙❈ ❡st✉❞❛❞♦s✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❞❡✈✐❞♦ ❛ ♦♣❡r❛çã♦ ❡♠ q✉❛❞r❛♥t❡ ❝♦♠♣❧❡t♦✳ ❆s ♠étr✐❝❛s

❝♦♥s✐❞❡r❛❞❛s sã♦ r❡s✉♠✐❞❛s ♥❛ ❚❛❜❡❧❛ ✸✳✶✸✳



❈♦♥✈❡rs♦r❡s ❋♦♥t❡ ❞❡ ❈♦rr❡♥t❡ ❞❡ ▼ú❧t✐♣❧❛s P♦rt❛s ✾✵

❉❡st❛ ❢♦r♠❛✱ ❝♦♥❝❧✉✐✲s❡ q✉❡ ♦ ❋q✸❝ é ♦ ♠❡❧❤♦r ❝♦♥✈❡rs♦r ❞❡♥tr❡ ♦s ▼P❈❙❈s ❡st✉❞❛❞♦s✳

❈♦♠♦ ❛s ❛♣❧✐❝❛çõ❡s ❡♥✈♦❧✈❡♥❞♦ ✉♠ ❜❛rr❛♠❡♥t♦ ❈❈ ❡ ❞✉❛s s❛í❞❛s ❈❆ sã♦ ❞✐✈❡rs❛s✱ ❡st❡

❝❛♣ít✉❧♦ ❝♦♥t❡✈❡✲s❡ ❛ ❡st✉❞♦s ❡♠ ♠❛❧❤❛ ❛❜❡rt❛ ✭♣♦r s✐♠✉❧❛çã♦ ❡ ❡①♣❡r✐♠❡♥t❛❧✮✱ ❜✉s❝❛♥❞♦

❛♣❡♥❛s ✈❛❧✐❞❛r ♦s P❲▼s ❡ ❛t❡st❛r ❛ ❡✜❝á❝✐❛ ❞❛s t♦♣♦❧♦❣✐❛s ❡st✉❞❛❞❛s✳

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

❢♦r❛♠ ♣r♦♣♦s✐t❛❧♠❡♥t❡ ❡s❝♦❧❤✐❞❛s ♣❛r❛ ❡✈✐❞❡♥❝✐❛r ❛ ❞✐st♦rçã♦ ♥❛s ❝♦rr❡♥t❡s ❈❆✱ ❝❛✉s❛❞❛ ♣❡❧❛

♦s❝✐❧❛çã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✳ ❏á ♥❛ ❡t❛♣❛ ❡①♣❡r✐♠❡♥t❛❧✱ ❛ ❡s❝♦❧❤❛ ❞❛s ❝♦rr❡♥t❡s ❜✉s❝♦✉ ♦❜t❡r

✉♠ ❜❛rr❛♠❡♥t♦ ❈❈ ❝♦♠ ✉♠❛ ♦s❝✐❧❛çã♦ ♠❡♥♦r✱ ❧❡✈❛♥❞♦ ❛ r❡s✉❧t❛❞♦s ❡♠ q✉❡ ❛s ❝♦rr❡♥t❡s ❈❆

❛♣r❡s❡♥t❛♠ ✉♠❛ ❞✐st♦rçã♦ ♠❡♥♦r✳ ❖ q✉❡ ✜❝❛ ❡✈✐❞❡♥t❡ é q✉❡ ❛ ❢r❡q✉ê♥❝✐❛ ❡ ❢❛s❡ ❞❛s ❝♦rr❡♥t❡s

❞❡ r❡❢❡rê♥❝✐❛ ✐♥✢✉❡♥❝✐❛♠ ♥❛ ♦s❝✐❧❛çã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ q✉❡ ♣♦r s✉❛ ✈❡③ ✐♥✢✉❡♥❝✐❛ ♥❛

❞✐st♦rçã♦ ❞❛s ❝♦rr❡♥t❡s ❈❆✳



4
❈♦♥✈❡rs♦r ❋q✸❝ ❛♣❧✐❝❛❞♦ ❝♦♠♦ ❝♦♥✈❡rs♦r
❈❆✲❈❈✲❈❆

✹✳✶ ■♥tr♦❞✉çã♦

❯♠❛ ✈❡③ ❡st✉❞❛❞♦s ♦s ❈❙❈s✱ ❡ ❞❡s❡♥✈♦❧✈✐❞♦ ♦ ❋q✸❝✱ ❡st❛❜❡❧❡❝❡✲s❡ ✉♠❛ ❜❛s❡ ❞❡ ❡st✉❞♦s

t❛♥t♦ ♥❛ ♣❛rt❡ t❡ór✐❝❛ q✉❛♥t♦ ♥❛ ♣❛rt❡ ♣rát✐❝❛ ♣❛r❛ ❛ ❞✐ss❡rt❛çã♦✳ ❚♦❞❛✈✐❛✱ ❛♣❡s❛r ❞❡ t❡r✲s❡

✈❛❧✐❞❛❞♦ ❛ t♦♣♦❧♦❣✐❛ ❡ ♦ ❝♦♠❛♥❞♦ P❲▼✱ ❜✉s❝❛✲s❡✱ ♥❛ ✈❡r❞❛❞❡✱ ✐♥s❡r✐r ♦ ❋q✸❝ ❡♠ ❝❡♥ár✐♦s

❞❡ ❛♣❧✐❝❛çã♦ q✉❡ ❛té ❡♥tã♦ ❡r❛♠ ❞♦♠✐♥❛❞♦s ♣❡❧♦s ❱❙❈s✳

❖ ❝❡♥ár✐♦ ❛♣r❡s❡♥t❛❞♦ ♥❡st❡ ❝❛♣ít✉❧♦ é ♦ ♠❛✐s s✐♠♣❧❡s✱ ♠❛s ❛❜♦r❞❛ ❛ ❛♣❧✐❝❛çã♦ ❞♦ ❋q✸❝

❝♦♠♦ r❡t✐✜❝❛❞♦r ❡ ✐♥✈❡rs♦r✱ s✐♠✉❧t❛♥❡❛♠❡♥t❡✳ P❛r❛ t❛❧✱ ❛❜♦r❞❛✲s❡ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❝♦♥tr♦❧❡

♣❛r❛ ❛ ♦♣❡r❛çã♦ ❝♦♠♦ r❡t✐✜❝❛❞♦r ❡ ❝♦♠♦ ✐♥✈❡rs♦r✱ ❝♦♥tr♦❧❡ ❡st❡ q✉❡ ✐rá ❝♦♠❛♥❞❛r ♦ P❲▼

❞♦ ❝♦♥✈❡rs♦r✳

❊♥tã♦✱ é ❛♣r❡s❡♥t❛❞❛ ❛ ✈❛❧✐❞❛çã♦ ❞♦ ❝♦♥tr♦❧❡ ❡st✉❞❛❞♦ ✈✐❛ s✐♠✉❧❛çõ❡s✱ ❡ ✈✐❛ ❡①♣❡r✐♠❡♥t♦s✳

P♦r ✜♠✱ ❝♦♠❡♥t❛✲s❡ ♦ r❡s✉❧t❛❞♦ ♦❜t✐❞♦✱ ❡ ♦ q✉❡ ❡s♣❡r❛r ♣❛r❛ ♦s ❞❡♠❛✐s ❝❡♥ár✐♦s ❛♣r❡s❡♥t❛❞♦s✳

✹✳✷ ❈♦♥tr♦❧❡

❇✉s❝❛♥❞♦ ✈❛❧✐❞❛r ♦ ❋q✸❝ ❡♠ ♠❛❧❤❛ ❢❡❝❤❛❞❛✱ t♦♠❛✲s❡ ♦ ❝❡♥ár✐♦ ❞❡ ■♥✈❡rs♦r ❞❡ ❋r❡q✉ê♥❝✐❛✱

q✉❡ ❛♣❡s❛r ❞❡ s✐♠♣❧❡s ❡①♣❧♦r❛ ❜❡♠ ❛s ❢✉♥❝✐♦♥❛❧✐❞❛❞❡s ❞♦ ❝♦♥✈❡rs♦r✳ ❖ ❝❡♥ár✐♦✱ ❞❡ ❢♦r♠❛

❣❡♥ér✐❝❛✱ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✶✳ ❖❜s❡r✈❛✲s❡ ✉♠ ❜❛rr❛♠❡♥t♦ ❈❈ ✐♥t❡r♠❡❞✐ár✐♦ ✭❝✉rt♦✲

✾✶



❈♦♥✈❡rs♦r ❋q✸❝ ❛♣❧✐❝❛❞♦ ❝♦♠♦ ❝♦♥✈❡rs♦r ❈❆✲❈❈✲❈❆ ✾✷

❝✐r❝✉✐t❛❞♦✮✱ ✉♠❛ ❢♦♥t❡ ❈❆ q✉❡ ❢♦r♥❡❝❡rá ❡♥❡r❣✐❛✱ ❡ ✉♠❛ ❝❛r❣❛ ❈❆ q✉❡ ❝♦♥s✉♠✐rá ❛ ❡♥❡r❣✐❛

♣r♦❝❡ss❛❞❛ ♣❡❧♦ ❝♦♥✈❡rs♦r✳

CC

CA

MPCSC

CA

Lcc
vl

vfl

il

ifl
Lfl

Cfl
Rl

vg
vfg

ig

ifg
Lfg

Cfg

Icc

❋✐❣✉r❛ ✹✳✶✿ ❈❡♥ár✐♦ ❞❡ ■♥✈❡rs♦r ❞❡ ❋r❡q✉ê♥❝✐❛ ♣❛r❛ ✉♠ ▼P❈❙❈✳

❉❡✈❡✲s❡ ❝♦♥tr♦❧❛r ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ifg ✱ ♣❛r❛ q✉❡ s❡ ♠❛♥t❡♥❤❛ ✉♠ ♥í✈❡❧ ❞❡ ❝♦rr❡♥t❡

❝♦♥st❛♥t❡ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈✳ ❙❡♥❞♦ ❛ss✐♠✱ ❝❛s♦ s❡❥❛ ♥❡❝❡ssár✐♦ ♠❛✐s ❝♦rr❡♥t❡ ♣❛r❛ ♦ ❜❛r✲

r❛♠❡♥t♦ ❈❈✱ ❛✉♠❡♥t❛✲s❡ ❛ ❞❡♠❛♥❞❛ ♣♦r ifg ✱ ♦✉ s❡❥❛✱ ❛✉♠❡♥t❛✲s❡ ❛ ❞❡♠❛♥❞❛ ❞❛ ❢♦♥t❡ ❈❆✱

❢♦♥t❡ ♣r✐♠ár✐❛ ❞❡ ❡♥❡r❣✐❛ ❞❡ss❡ s✐st❡♠❛✳

P❛r❛ ❛ ♦✉tr❛ ♣♦rt❛ ❈❆✱ ♦♥❞❡ s❡ ❡♥❝♦♥tr❛ ❛ ❝❛r❣❛✱ ❞❡✈❡✲s❡ ♣r❡❞❡✜♥✐r q✉❛❧ s❡rá ❛ s✉❛

t❡♥sã♦ ❡ ❢r❡q✉ê♥❝✐❛ ❞❡ s❛í❞❛✱ ✈❛❧♦r q✉❡ ♣♦❞❡ s❡r ♦❜t✐❞♦ ❛tr❛✈és ❞♦s ♣❛râ♠❡tr♦s ♥♦♠✐♥❛✐s ❞❛

❝❛r❣❛✱ ♣♦r ❡①❡♠♣❧♦✳ ❈♦♠ ✐st♦✱ t♦♠❛✲s❡ ♦ ❡rr♦ ❞❛ t❡♥sã♦ s♦❜r❡ ❛ ❝❛r❣❛✱ ♣❛r❛ ❡♥tã♦ ❞❡✜♥✐r

q✉❛❧ s❡rá ❛ ❝♦rr❡♥t❡ ❞❡ r❡❢❡rê♥❝✐❛ ♣❛r❛ ❡ss❛ ❡t❛♣❛ ❞♦ ❝♦♥✈❡rs♦r✳

❖ ❞✐❛❣r❛♠❛ ❞❛ ❋✐❣✉r❛ ✹✳✷ ✐❧✉str❛ ❡ss❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡✳

PI Π

PLL

vfg

cos

P
W

M

mj

b

b

Σ

Icc

t

t
PIΣ

vl

❋✐❣✉r❛ ✹✳✷✿ ❊str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ♣❛r❛ ♦ ❋q✸❝ ♦♣❡r❛♥❞♦ ❝♦♠♦ ■♥✈❡rs♦r ❞❡ ❋r❡q✉ê♥❝✐❛✳

❆❧✐❛❞♦ ❛♦ ❝♦♥tr♦❧❡✱ ❡stá ♦ P❲▼ ♣❛r❛ ♦ ❋q✸❝ q✉❡ ❥á ❢♦✐ ❛♣r❡s❡♥t❛❞♦ ❡ ✈❛❧✐❞❛❞♦ ✈✐❛ s✐♠✉✲



❈♦♥✈❡rs♦r ❋q✸❝ ❛♣❧✐❝❛❞♦ ❝♦♠♦ ❝♦♥✈❡rs♦r ❈❆✲❈❈✲❈❆ ✾✸

❧❛çã♦ ❡ ♣♦r ❡①♣❡r✐♠❡♥t♦s✳ ▲♦❣♦✱ ❝❛❜❡ ❛♦ ❝♦♥tr♦❧❡ ❛♣❡♥❛s ❢♦r♥❡❝❡r ❛s ❝♦rr❡♥t❡s ❞❡ r❡❢❡rê♥❝✐❛

♣❛r❛ ♦ P❲▼✱ ✈✐st♦ q✉❡ ♦ ❝♦♠❛♥❞♦ ❞❛s ❝❤❛✈❡s ♥ã♦ é ❛❧t❡r❛❞♦✳ ❱❛❧❡ ♥♦t❛r q✉❡ ♦ ❝♦♥tr♦❧❡ ❞♦s

❈❙❈s ❡❧✐♠✐♥❛ ✉♠❛ ♠❛❧❤❛ ❞❡ ❝♦♥tr♦❧❡✱ ✈✐st♦ q✉❡ ♥♦s ❱❙❈s ❞❡✈❡✲s❡ t❡r ✉♠❛ ♠❛❧❤❛ ❡①t❡r♥❛

♣❛r❛ t❡♥sã♦✱ ❡ ✉♠❛ ♠❛❧❤❛ ✐♥t❡r♥❛ ♣❛r❛ ❝♦rr❡♥t❡✳

❉❡ ♣♦ss❡ ❞♦ P❲▼ ♣❛r❛ ❋q✸❝✱ ❡ ❞♦ ❝♦♥tr♦❧❡ ♣❛r❛ ❛ ❛♣❧✐❝❛çã♦ ❞❡ ❝♦♥✈❡rs♦r ❈❆✲❈❈✲❈❆✱

♣♦❞❡✲s❡ ❛❣♦r❛ ✐♠♣❧❡♠❡♥t❛r ❛ s✐♠✉❧❛çã♦ ♥♦ ❛♠❜✐❡♥t❡ ❞♦ ❙✐♠✉❧✐♥❦ ❅ ▼❆❚▲❆❇ ❘©✱ ❡ ❡♠

❧❛❜♦r❛tór✐♦ ✭❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✮✳

✹✳✸ ❘❡s✉❧t❛❞♦s ♣♦r s✐♠✉❧❛çã♦ ❡ ❡①♣❡r✐♠❡♥t❛❧

❆ ♣❛rt✐r ❞❛ ✐❧✉str❛çã♦ ❡♠ ❝❛✐①❛ ♣r❡t❛ ♣❛r❛ ✉♠ ■♥✈❡rs♦r ❞❡ ❋r❡q✉ê♥❝✐❛✱ ♦ ❝❡♥ár✐♦ ❝♦♠ ♦ ❋q✸❝

✐♥s❡r✐❞♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✸✳

Lcc

Icc

b b

t t

vl
vfl

il

ifl
Lfl

Cfl
Rl

vg
vfg

ig

ifg
Lfg

Cfg

vbar

❋✐❣✉r❛ ✹✳✸✿ ❋q✸❝ ✐♥s❡r✐❞♦ ♥♦ ❝❡♥ár✐♦ ❞❡ ■♥✈❡rs♦r ❞❡ ❋r❡q✉ê♥❝✐❛✳

▲♦❣♦✱ ♦ ❝❡♥ár✐♦ s❡ ❞✐✈✐❞❡ ❡♠ três ♣❛rt❡s✿ ❢♦♥t❡ ❈❆ ♥❛ ❡♥tr❛❞❛✱ ❝♦♥❡①ã♦ ❞❡ ✉♠❛ ❢♦♥t❡

❈❆ q✉❡ ✐r❛ ❛❧✐♠❡♥t❛r t♦❞♦ ♦ ❝✐r❝✉✐t♦✳ ❆ t❡♥sã♦ s♦❜r❡ ♦ ❝❛♣❛❝✐t♦r ❞♦ ✜❧tr♦ ❈❆ vf ♣r❡❝✐s❛rá

s❡r ♠❡❞✐❞❛ ♣❛r❛ q✉❡ ❛tr❛✈és ❞❡ ✉♠ P▲▲ s❡ ❝❛❧❝✉❧❛ s✉❛ ❢❛s❡✱ ♣♦✐s ♦ s✐♥❝r♦♥✐s♠♦ é ♥❡❝❡ssár✐♦

♣❛r❛ ❛ ♦♣❡r❛çã♦ ❝♦♠♦ r❡t✐✜❝❛❞♦r ♥♦s ❈❙❘s ✭✈✐❞❡ ❈❛♣ít✉❧♦ ✷✮❀ ❜❛rr❛♠❡♥t♦ ❈❈ ✐♥t❡r♠❡❞✐ár✐♦✱



❈♦♥✈❡rs♦r ❋q✸❝ ❛♣❧✐❝❛❞♦ ❝♦♠♦ ❝♦♥✈❡rs♦r ❈❆✲❈❈✲❈❆ ✾✹

❚❛❜❡❧❛ ✹✳✶✿ P❛râ♠❡tr♦s ♣❛r❛ ♦s ❡①♣❡r✐♠❡♥t♦s ❝♦♠ ❋q✸❝ ♦♣❡r❛♥❞♦ ❝♦♠♦ ■♥✈❡rs♦r ❞❡ ❋r❡q✉ê♥✲
❝✐❛✳

P❛râ♠❡tr♦ ❱❛❧♦r
Vg ✹✵ ❱
fg ✻✵ ❍③
V ∗
l ✺✵ ❱
fl ✻✵ ❍③
I∗cc ✺ ❆
Rl 20 Ω
Lcc ✻✼ ♠❍
Lf ✸ ♠❍
Cf 15 µ❋
fch ✶✵ ❦❍③
Ts 2 µs

s❡♠❡❧❤❛♥t❡ às ❛♣❧✐❝❛çõ❡s ❞❡ ✐♥✈❡rs♦r❡s ❞❡ ❢r❡q✉ê♥❝✐❛ ❝♦♠ ❱❙❈s✱ é ♥❡❝❡ssár✐♦ ✉♠ ❡stá❣✐♦ ✐♥✲

t❡r♠❡❞✐ár✐♦ ❝♦♠ ✉♠ ❡❧❡♠❡♥t♦ ❛r♠❛③❡♥❛❞♦r ❞❡ ❡♥❡r❣✐❛✱ ♣❛r❛ q✉❡ só ❡♥tã♦ ❣❡r❡✲s❡ ❛ ❣r❛♥❞❡③❛

❛❧t❡r♥❛❞❛ ♥❛ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r❀ ❝❛r❣❛ ❈❆ ♥❛ s❛í❞❛✱ ❛ ❝❛r❣❛ ❛ s❡r ❛❧✐♠❡♥t❛❞❛ ♥❡st❡ ❡①♣❡✲

r✐♠❡♥t♦ é ✉♠ r❡s✐st♦r s✐♠♣❧❡s✱ ❝✉❥♦s ✈❛❧♦r❡s ♥♦♠✐♥❛✐s s❡r✈❡♠ ❞❡ ♣❛râ♠❡tr♦ ♣❛r❛ ❛ ♣♦tê♥❝✐❛

♣r♦❝❡ss❛❞❛ ♣❡❧♦ ❝♦♥✈❡rs♦r✳

❙❡♥❞♦ ♦s ♣❛râ♠❡tr♦s ❞❡ s✐♠✉❧❛çã♦ ❡ ❡①♣❡r✐♠❡♥t❛✐s s❡♥❞♦ ❞❡✜♥✐❞♦s ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦s

❝♦♠♣♦♥❡♥t❡s ❞♦ ❧❛❜♦r❛tór✐♦✱ ♠♦♥t❛✲s❡ ❛ ❚❛❜❡❧❛ ✹✳✶✱ ❝♦♠ ♦s ♣❛râ♠❡tr♦s ❞❡ ❡♥tr❛❞❛ ✐❞❡♥t✐✜✲

❝❛❞♦s ♣❡❧♦ s✉❜í♥❞✐❝❡ g ✭grid✱ ❘❡❞❡ ❊❧étr✐❝❛ ❡♠ ✐♥❣❧ês✮✱ ❡ ♦s ♣❛râ♠❡tr♦s ❞❛ ❝❛r❣❛ ✐❞❡♥t✐✜❝❛❞♦s

♣❡❧♦ s✉❜í♥❞✐❝❡ l ✭load✱ ❝❛r❣❛ ❡♠ ✐♥❣❧ês✮✳

◆✉♠❛ ❡t❛♣❛ ♣r❡♣❛r❛tór✐❛ ♣❛r❛ ♦ ❡①♣❡r✐♠❡♥t♦✱ ❢❛③✲s❡ ♦ ❡st✉❞♦ ♣♦r s✐♠✉❧❛çã♦ ♣❛r❛ ✈❡r✐✲

✜❝❛çã♦ ❞♦ ❡q✉✐❧í❜r✐♦ ❞♦ s✐st❡♠❛✳ ❖ r❡s✉❧t❛❞♦ ❞❛ s✐♠✉❧❛çã♦ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✹✳

❈♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ❋✐❣✉r❛ ✹✳✹✱ ♦ ❝♦♥✈❡rs♦r ♦♣❡r♦✉ ❝♦rr❡t❛♠❡♥t❡ ❝♦♠♦ ✐♥✈❡rs♦r ❞❡

❢r❡q✉ê♥❝✐❛✳ ◆♦t❛✲s❡ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ig q✉❛s❡ t♦t❛❧♠❡♥t❡ ❡♠ ❢❛s❡ ❝♦♠ vg✳ ❖❜s❡r✈❛✲s❡

t❛♠❜é♠ q✉❡ ❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ Icc é ❝♦♥tr♦❧❛❞❛ ♥♦ ✈❛❧♦r ♣r❡❞❡✜♥✐❞♦✱ ❛❧é♠ ❞❛

❝♦rr❡♥t❡ ❞❡ s❛í❞❛ il ❝♦♠ ❢♦r♠❛ ❞❡ ♦♥❞❛ s❡♥♦✐❞❛❧✳

❏á ♣❛r❛ ❛ ❡t❛♣❛ ❡①♣❡r✐♠❡♥t❛❧✱ ✉t✐❧✐③❛♥❞♦ ♦s ♠❡s♠♦s ♣❛râ♠❡tr♦s✱ ♦❜t❡✈❡✲s❡ r❡s✉❧t❛❞♦s

s❡♠❡❧❤❛♥t❡s✱ ♠❛s ❝♦♠ ❛s ♣❡q✉❡♥❛s ❞✐❢❡r❡♥ç❛s ❥á ❡s♣❡r❛❞❛s ♥❛ ❡t❛♣❛ ❡①♣❡r✐♠❡♥t❛❧✳ ❖ ❣rá✜❝♦

q✉❡ r❡s✉♠❡ ❛s ✈❛r✐á✈❡✐s ❞❡ ✐♥t❡r❡ss❡ ❧✐❞❛s ♥❛ ❡t❛♣❛ ❡①♣❡r✐♠❡♥t❛❧ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ❋✐❣✉r❛ ✹✳✺✳

❈♦♠♦ ♦❝♦rr✐❞♦ ♥❛s ♦✉tr❛s ❡t❛♣❛s ❡①♣❡r✐♠❡♥t❛✐s ❛♣r❡s❡♥t❛❞❛s ♥❡st❡ tr❛❜❛❧❤♦✱ ❤á ❛ ♣r❡✲



❈♦♥✈❡rs♦r ❋q✸❝ ❛♣❧✐❝❛❞♦ ❝♦♠♦ ❝♦♥✈❡rs♦r ❈❆✲❈❈✲❈❆ ✾✺
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❋✐❣✉r❛ ✹✳✹✿ ❘❡s✉❧t❛❞♦ ♣♦r s✐♠✉❧❛çã♦ ❞♦ ❋q✸❝ ♦♣❡r❛♥❞♦ ❝♦♠♦ ■♥✈❡rs♦r ❞❡ ❋r❡q✉ê♥❝✐❛✳

Icc

vl

ig

vg

❋✐❣✉r❛ ✹✳✺✿ ❘❡s✉❧t❛❞♦ ❡①♣❡r✐♠❡♥t❛❧ ❞♦ ❋q✸❝ ♦♣❡r❛♥❞♦ ❝♦♠♦ ■♥✈❡rs♦r ❞❡ ❋r❡q✉ê♥❝✐❛✳

s❡♥ç❛ ❞❡ ✉♠ r✉í❞♦ ♥❛s ❧❡✐t✉r❛s✱ ❜❡♠ ❝♦♠♦ ❛ ✈❛r✐❛çã♦ ❞♦s ♥í✈❡✐s ❞❡ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡✈✐❞♦

às ✐♠♣❡r❢❡✐çõ❡s ❞♦s ❝♦♠♣♦♥❡♥t❡s✱ ❡ ❞♦s ❝❛❜♦s ❞❡ ❝♦♥❡①ã♦✳ ❆❞❡♠❛✐s ❞✐st♦✱ ❝♦♠❡♥t❛✲s❡ ♦

r❡s✉❧t❛❞♦ ♦❜t✐❞♦✳

◆❛ ❋✐❣✉r❛ ✹✳✺✱ ♦❜s❡r✈❛✲s❡✱ ❜❡♠ ❝♦♠♦ ♥❛ s✐♠✉❧❛çã♦✱ q✉❡ ❛s ❣r❛♥❞❡③❛s ❞❛ ❢♦♥t❡ ❈❆ ❡stã♦

❡♠ ❢❛s❡ ✭ig ❡ vg✮✳ P❡r❝❡❜❡✲s❡ t❛♠❜é♠ q✉❡ ❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ Icc ♦s❝✐❧❛ ❡♠ t♦r♥♦

❞♦ s❡✉ ✈❛❧♦r ❞❡ r❡❢❡rê♥❝✐❛✱ ✈❛❧✐❞❛♥❞♦ ♦ ❝♦♥tr♦❧❡ ♣r♦❥❡t❛❞♦ ♣❛r❛ ♦ ❡①♣❡r✐♠❡♥t♦✳ P♦r ú❧t✐♠♦✱

♣❡r❝❡❜❡✲s❡ q✉❡ ❛ t❡♥sã♦ ❞❡ s❛í❞❛ vl ❛♣r❡s❡♥t❛ ✉♠❛ ❢♦r♠❛ ❞❡ ♦♥❞❛ s❡♥♦✐❞❛❧✱ s❛t✐s❢❛③❡♥❞♦ ♦



❈♦♥✈❡rs♦r ❋q✸❝ ❛♣❧✐❝❛❞♦ ❝♦♠♦ ❝♦♥✈❡rs♦r ❈❆✲❈❈✲❈❆ ✾✻

❡s♣❡r❛❞♦✱ ❛❧é♠ ❞❡ ❡st❛r ❝♦♥tr♦❧❛❞❛ ♥♦ ♥í✈❡❧ ❡s♣❡❝✐✜❝❛❞♦✳ P♦r ✜♠✱ ♥♦t❛✲s❡ q✉❡ ❛ ❝♦rr❡♥t❡ ❞❡

❡♥tr❛❞❛ ♥ã♦ ❛♣r❡s❡♥t❛ ❛ ❞✐st♦rçã♦ ♦❜s❡r✈❛❞❛ ♥❛ ❋✐❣✉r❛ ✷✳✶✾✱ r❡❢❡r❡♥t❡ ❛♦ ❈❙❘ ▼♦♥♦❢ás✐❝♦✳

❈♦♠ ✐ss♦✱ ✈❡r✐✜❝♦✉✲s❡ ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦ ❋q✸❝ ❝♦♠♦ ■♥✈❡rs♦r ❞❡ ❋r❡q✉ê♥❝✐❛✱ ❝♦♥❝✐❧✐❛♥❞♦

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

s✉❛s ❢❛s❡s ❡ ❢r❡q✉ê♥❝✐❛s ❡st❛❜❡❧❡❝✐❞❛s ❞❡ ♠♦❞♦ ❛ r❡❞✉③✐r ❛ ♦s❝✐❧❛çã♦ ❞❛ ❝♦rr❡♥t❡ ❞♦ ❜❛rr❛♠❡♥t♦

❈❈✱ ✈✐s❛♥❞♦ ✉♠❛ ❢♦r♠❛ ❞❡ ♦♥❞❛ ❞❡ ❝♦rr❡♥t❡ ❝♦♠♣♦rt❛❞❛ ♣❛r❛ ❡ss❛ ❡t❛♣❛ ❡①♣❡r✐♠❡♥t❛❧✳

✹✳✹ ❈♦♥❝❧✉sã♦

◆❡st❡ ❝❛♣ít✉❧♦✱ ❡st✉❞♦✉✲s❡ ❛ ♦♣❡r❛çã♦ ❞♦ ❋q✸❝ ❡♠ ♠❛❧❤❛ ❢❡❝❤❛❞❛✱ ❛♣❧✐❝❛❞♦ ❝♦♠♦ ■♥✈❡rs♦r ❞❡

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

❊st✉❞♦✉✲s❡ ✉♠❛ ❛♣❧✐❝❛çã♦ s✐♠♣❧❡s✿ ■♥✈❡rs♦r ❞❡ ❋r❡q✉ê♥❝✐❛✱ q✉❡ ❛♣❡s❛r ❞❡ s❡r ♦ ❝❡♥ár✐♦

♠❛✐s ❜ás✐❝♦✱ ❡❧❡ ❛❜♦r❞❛ três t✐♣♦s ❞❡ ❝♦♥tr♦❧❡ q✉❡ sã♦ ✉t✐❧✐③❛❞♦s ♥♦s ❞❡♠❛✐s ❝❡♥ár✐♦s✿ s✐♥❝r♦✲

♥✐s♠♦ ♣❛r❛ ♦♣❡r❛çã♦ r❡t✐✜❝❛❞♦r❛✱ ❢❡✐t♦ ❛tr❛✈és ❞❡ ✉♠ P▲▲✳ ❊ss❡ t✐♣♦ ❞❡ s✐♥❝r♦♥✐s♠♦ ♣♦❞❡

s❡r ✉t✐❧✐③❛❞♦ t❛♥t♦ ♣❛r❛ s❡ ❞❡♠❛♥❞❛r ♣♦tê♥❝✐❛ ✭❝♦♥❝❡✐t♦ ✉t✐❧✐③❛❞♦ ❡♠ ❯P❙✮ ❞❡ ✉♠❛ ❢♦♥t❡

❈❆✱ ❜❡♠ ❝♦♠♦ ❢♦r♥❡❝❡r ♣♦tê♥❝✐❛ ♣❛r❛ ✉♠❛ ❢♦♥t❡ ❈❆ ✭❝♦♥❝❡✐t♦ ✉t✐❧✐③❛❞♦ ❡♠ ●❉✮❀ ❝♦♥tr♦❧❡

❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ♣r❡s❡♥t❡ ♥❛ ♠❛✐♦r✐❛ ❞♦s ❝❡♥ár✐♦s ❛♣r❡s❡♥t❛❞♦s✱ ♦ ❝♦♥tr♦❧❡ ❞♦ ❜❛rr❛♠❡♥t♦

❈❈ é ✐♠♣r❡s❝✐♥❞í✈❡❧ ♣❛r❛ ♦ ❡q✉✐❧í❜r✐♦ ❞♦ s✐st❡♠❛❀ ❝♦♥tr♦❧❡ ❞❛ t❡♥sã♦ ❈❆ ❞❡ s❛í❞❛✱ t❛❧ ❝♦♥tr♦❧❡

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

♠❛✐♦r✐❛ ❞❛s ❝❛r❣❛s ♣♦ss✉✐ r❡str✐çõ❡s ❡♠ r❡❧❛çã♦ ❛ s✉❛ t❡♥sã♦ ❡ ❢r❡q✉ê♥❝✐❛ ♥♦♠✐♥❛❧✳

❙❡♥❞♦ ❛ss✐♠✱ ❢♦r♠♦✉✲s❡ ✉♠❛ ❜❛s❡ ♣rát✐❝❛ q✉❡ s❡rá ✉t✐❧✐③❛❞❛ ❛♦ s❡ ❡st✉❞❛r ♦s ❞❡♠❛✐s

❝❡♥ár✐♦s ♣❛r❛ ♦s ▼P❈❙❈s✱ ❧♦❣♦✱ ♦ ■♥✈❡rs♦r ❞❡ ❋r❡q✉ê♥❝✐❛ é ✉♠ ♣❛ss♦ ♥❡❝❡ssár✐♦ ♣❛r❛ ♦

❡st✉❞♦ ❞❡ q✉❛❧q✉❡r ♦✉tr❛ ❛♣❧✐❝❛çã♦ ♣❛r❛ ♦ ❋q✸❝✱ ♣♦r ✐ss♦ ❢♦✐ tr❛❜❛❧❤❛❞♦ ♥❡st❛ ❡t❛♣❛ ❞♦

❡st✉❞♦ ❞♦s ▼P❈❙❈s✳



5
❈♦♥❝❧✉sã♦ ●❡r❛❧

❆♦ ✜♥❛❧ ❞❡st❡ tr❛❜❛❧❤♦✱ ♦❜t❡✈❡✲s❡ ✉♠ ❞❡t❛❧❤❛♠❡♥t♦ s♦❜r❡ ♦s ❈❙❈s ❞❡ ❢♦r♠❛ ❣❡r❛❧✱ ❛❧é♠ ❞❡

t❡r✲s❡ ❡st✉❞❛❞♦ ✈ár✐❛s t♦♣♦❧♦❣✐❛s ❞❡ ▼P❈❙❈s ♣❛r❛ s❡ ♦❜t❡r ♦ ❝♦♥✈❡rs♦r q✉❡ ❢♦✐ ♣r♦♣♦st♦✳

❋♦r❛♠ ❛♣r❡s❡♥t❛❞♦s ♦ ❝♦♠❛♥❞♦ P❲▼✱ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❡ ♣❛rt✐❝✉❧❛r✐❞❛❞❡s ❞♦s ❈❙❈s ▼♦✲

♥♦❢ás✐❝♦s✱ ♣❛r❛ ❡♥tã♦ ❛♣r❡s❡♥t❛r ♦s ▼P❈❙❈s✱ q✉❡ sã♦ ♦ ♣r✐♥❝✐♣❛❧ ♦❜❥❡t♦ ❞❡ ❡st✉❞♦ ❞❡st❡

tr❛❜❛❧❤♦✳

P❛rt✐♥❞♦ ❞♦ ❋q✹❝✱ ▼P❈❙❈ ♠❛✐s ❜ás✐❝♦ ❞❡♥tr❡ ♦s ❛♣r❡s❡♥t❛❞♦s✱ ♣❛ss❛♥❞♦ ♣❡❧♦ ▲q✷❝✱ q✉❡

é ✉♠❛ s✐♠♣❧❡s ❛❞❛♣t❛çã♦ ❞❡ ✉♠❛ t♦♣♦❧♦❣✐❛ ❥á ❡①✐st❡♥t❡✱ ❡ ♣❛ss❛♥❞♦ ♣❡❧♦ ▲q✸❝✱ ❝❤❡❣♦✉ ❛♦

❋q✸❝✱ ❝♦♥✈❡rs♦r ♣r♦♣♦st♦ ♥❡st❛ ❞✐ss❡rt❛çã♦✳ ❆♦ ✜♥❛❧✱ ♣r♦♣ôs✲s❡ ♦ ❋q✸❝✱ ❝♦♥✈❡rs♦r ❡❧❡✐t♦ ❝♦♠♦

♦ ♠❛✐s ✈❡rsát✐❧✱ ♣♦ré♠ ♥ã♦ ♦ ♠❛✐s ❡✜❝✐❡♥t❡✳ ❆♣❡s❛r ❞❡ ♥ã♦ ♣♦ss✉✐r ♦ ♠❡♥♦r ♥ú♠❡r♦ ❞❡ ❝❤❛✈❡s

❝♦♥❞✉③✐♥❞♦ ♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ✭❝❛r❛❝t❡ríst✐❝❛ ❞♦ ▲q✷❝✮✱ ♦ ❋q✸❝ ❢♦✐ ❡❧❡✐t♦ ♦ ♠❡❧❤♦r ♣♦r

❝♦♠❜✐♥❛r três ❝❤❛✈❡s ❝♦♥❞✉③✐♥❞♦ ♣♦r ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ✭✉♠❛ ❛ ♠❡♥♦s q✉❡ ♦ ❋q✹❝✮✱ ❡

❛♣r❡s❡♥t❛r ❛ ♦♣❡r❛çã♦ ❡♠ q✉❛❞r❛♥t❡ ❝♦♠♣❧❡t♦ ✭❡♥q✉❛♥t♦ ♦ ▲q✷❝ ❡ ▲q✸❝ sã♦ ❧✐♠✐t❛❞♦s✮✳ ❚❛✐s

❝❛r❛❝t❡ríst✐❝❛s ❝♦♥❢❡r✐r❛♠ ❛♦ ❋q✸❝ ♦ ♣♦st♦ ❞❡ ♠❡❧❤♦r ❝♦♥✈❡rs♦r ❡st✉❞❛❞♦ ♥❡st❡ tr❛❜❛❧❤♦✳

❆♣r❡s❡♥t♦✉✲s❡✱ ❛tr❛✈és ❞❡ r❡s✉❧t❛❞♦s ♣♦r s✐♠✉❧❛çã♦ ❡ ❡①♣❡r✐♠❡♥t❛✐s✱ ❛ ♦♣❡r❛çã♦ ❞♦ ❋q✸❝

❡♠ ♠❛❧❤❛ ❢❡❝❤❛❞❛✱ ❝♦♠ ❝♦♥tr♦❧❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❡ ❞❛s ♣♦rt❛s ❈❆✱ s❡♥❞♦ ✉♠❛ ❞❡❧❛s

❢♦r♥❡❝❡❞♦r❛ ❡ ❛ ♦✉tr❛ ❝♦♥s✉♠✐❞♦r❛ ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛✳ ❚❛❧ ❡t❛♣❛ ✈❡r✐✜❝♦✉ ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦

❞♦ ❋q✸❝ ❝♦♠♦ ■♥✈❡rs♦r ❞❡ ❋r❡q✉ê♥❝✐❛✳

❉❡st❛ ❢♦r♠❛✱ ❝♦♥❝❧✉✐✲s❡ q✉❡ ♦ tr❛❜❛❧❤♦ ❝♦♥tr✐❜✉✐ ♣❛r❛ ❛ t❡♦r✐❛ ❞❡ ❝♦♥✈❡rs♦r❡s ❡stát✐❝♦s✱

r❡✈✐s❛♥❞♦ ❛ t❡♦r✐❛ s♦❜r❡ ❈❙❈s✱ ❡st✉❞❛♥❞♦ ✉♠❛ ❢❛♠í❧✐❛ ❞❡ ▼P❈❙❈s ❡ ❛♣r❡s❡♥t❛♥❞♦ ✉♠ ♥♦✈♦

✾✼



❈♦♥❝❧✉sã♦ ●❡r❛❧ ✾✽

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

✺✳✶ ❚r❛❜❛❧❤♦s ❢✉t✉r♦s

❆ ♣❛rt✐r ❞♦ q✉❡ ❢♦✐ ❛❧❝❛♥ç❛❞♦ ♥❡ss❡ tr❛❜❛❧❤♦✱ ♣r♦❥❡t❛✲s❡ ♦ q✉❡ ♣♦❞❡ s❡r ❛♣r♦❢✉♥❞❛❞♦ ♦✉

❛❞✐❝✐♦♥❛❞♦ ❛♦s ❡st✉❞♦ ❞♦s ▼P❈❙❈s✱ ♠❛✐s ❡s♣❡❝✐✜❝❛♠❡♥t❡ ❛♦ ❋q✸❝✳

❊♠ r❡❧❛çã♦ ❛♦ ❈❛♣ít✉❧♦ ✷✱ ♣♦❞❡✲s❡ ❛❝r❡s❝❡♥t❛r ❛ ♠♦❞❡❧❛❣❡♠ ❞♦s ❈❙❈s ❡♠ ❡s♣❛ç♦ ❞❡

❡st❛❞♦s✱ ✈✐st♦ q✉❡ ❞❡ ♣♦ss❡ ❞♦ ♠♦❞❡❧♦ ❞♦s ❈❙❈s ♦♣❡r❛♥❞♦ ❝♦♠♦ ✐♥✈❡rs♦r❡s ❡ r❡t✐✜❝❛❞♦r❡s✱

♣♦❞❡✲s❡ ❡st✉❞❛r ❛ ❛♥á❧✐s❡ ♥♦ ❞♦♠í♥✐♦ ❞❛ ❢r❡q✉ê♥❝✐❛ ❡ s✐♥t♦♥✐❛ ❞❡ ❝♦♥tr♦❧❛❞♦r❡s✳ P♦❞❡✲s❡ t❛♠✲

❜é♠ ❢❛③❡r ❛ ❛♥á❧✐s❡ ❞❡ ♣❡r❞❛s ❡ ❚❍❉ ❞♦s ❱❙❈s ❡ ❞♦s ❈❙❈s✱ ✈✐s❛♥❞♦ ✉♠ ❡st✉❞♦ ❝♦♠♣❛r❛t✐✈♦

❡♥tr❡ ❛s t♦♣♦❧♦❣✐❛s✳

❊♠ r❡❧❛çã♦ ❛♦ ❈❛♣ít✉❧♦ ✸✱ ❝❛❜❡ ❛ ✐♥✈❡st✐❣❛çã♦ s♦❜r❡ ❞❡t❛❧❤❡s ❝♦♥str✉t✐✈♦s ❞♦ ❋q✸❝✱ ❝♦♠♦

♠❡❧❤♦r ♦r❣❛♥✐③❛çã♦ ❞♦s ❝♦♠♣♦♥❡♥t❡s ♥❛ ♣❧❛❝❛ ❞❡ ❝✐r❝✉✐t♦ ✐♠♣r❡ss♦✱ ❛♥á❧✐s❡ ❞❡ ✐♥t❡r❢❡rê♥❝✐❛

❡❧❡tr♦♠❛❣♥ét✐❝❛✱ ♣♦♥t♦s ❞❡ s♦❜r❡❛q✉❡❝✐♠❡♥t♦✱ ❝✐r❝✉✐t♦s ❞❡ ♣r♦t❡çã♦✱ ❝♦♥str✉çã♦ ❞❡ ✉♠ ♣r♦✲

tót✐♣♦ ❞❡ ✉♠ ❋q✸❝ ❝♦♠ ❘❇■●❇❚s ♣r♦♣r✐❛♠❡♥t❡ ❞✐t♦s✱ ❡ ❡①♣❡r✐♠❡♥t♦s ❢❡✐t♦s ❝♦♠ ✐♥❞✉t♦r❡s

q✉❡ ❛♣r❡s❡♥t❡♠ ♠❡♥♦r❡s ♣❡r❞❛s ❡ ♠❡♥♦r ✈♦❧✉♠❡✳ ❍á ❛✐♥❞❛ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❡st✉❞♦s ❡♠

r❡❧❛çã♦ ❛♦ ❝❤❛✈❡❛♠❡♥t♦ ❞♦s ❝♦♥✈❡rs♦r❡s✱ ❜✉s❝❛♥❞♦ ♠❡❧❤♦r✐❛s ♥♦ ❝❤❛✈❡❛♠❡♥t♦✱ ✈✐s❛♥❞♦ r❡✲

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

♠❛❣♥ét✐❝♦s ✉t✐❧✐③❛❞♦s ♥❛ ❢❛❜r✐❝❛çã♦ ❞♦s ✐♥❞✉t♦r❡s✳

❖ ❈❛♣ít✉❧♦ ✹✱ q✉❡ s❡ r❡❢❡r❡ ❛♦ ♣❛ss♦ ✐♥✐❝✐❛❧ ❞♦s ❡st✉❞♦s ❞♦ ❋q✸❝ ❡♠ ♠❛❧❤❛ ❢❡❝❤❛❞❛✱ ❝❛❜❡

❛ ❡①t❡♥sã♦ ❞♦s ❡st✉❞♦s ❞♦ ❋q✸❝ ✐♥s❡r✐❞♦ ♥♦s ❝❡♥ár✐♦s ❛♣r❡s❡♥t❛❞♦s ♥♦ ❈❛♣ít✉❧♦ ✶✳ ■♠❛❣✐♥❛✲s❡

♣❛rt✐r ❞♦s ❝♦♥tr♦❧❡s ❥á ♣r♦♣♦st♦s ♣❛r❛ ♦s ❱❙❈s ♥❡ss❡s ❝❡♥ár✐♦s✱ ❡ ❡♥tã♦ ❛❞❛♣t❛r ♦ ❝♦♥tr♦❧❡

♣❛r❛ ♦ ❋q✸❝✳

❆❧é♠ ❞♦ q✉❡ ❢♦✐ ❛♣r❡s❡♥t❛❞♦✱ ❝♦❣✐t❛✲s❡ ❛ ✈❛❧✐❞❛çã♦ ❡①♣❡r✐♠❡♥t❛❧ ❞❡ ✉♠ ▼P❈❙❈s ♣❛r❛ n

♣♦rt❛s✱ q✉❡ ♣♦❞❡ s❡r ❢❡✐t❛ ❝♦♠ ✉♠ ❝♦♥✈❡rs♦r q✉❡ ❛♣r❡s❡♥t❡ três ♣♦rt❛s ❈❆s✳ ❉❡ ♣♦ss❡ ❞❡st❡

❝♦♥✈❡rs♦r✱ ♣♦❞❡✲s❡ ❛ss♦❝✐❛r ♠❛✐s ❞❡ ✉♠❛ ❛♣❧✐❝❛çã♦ ❧✐st❛❞❛✱ ❝♦♠♦ ❛ ✐♥s❡rçã♦ ❞❛ ❝♦♠♣❡♥s❛✲

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

❜❛rr❛♠❡♥t♦ ❈❈✳

P♦r ✜♠✱ r❡s✉♠❡✲s❡ ♦ q✉❡ s❡ ♣r♦❥❡t❛ ♣❛r❛ ♦s tr❛❜❛❧❤♦s ❢✉t✉r♦s✿



❈♦♥❝❧✉sã♦ ●❡r❛❧ ✾✾

• ▼♦❞❡❧❛❣❡♠ ❡♠ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ❞♦s ❈❙❈s✱ ❡ s✐♥t♦♥✐❛ ❞❡ ❝♦♥tr♦❧❛❞♦r❡s❀

• ❊st✉❞♦ ❝♦♠♣❛r❛t✐✈♦ ❞❡ ♣❡r❞❛s ❡ ❚❍❉ ❞♦s ❱❙❈s ❡ ❞♦s ❈❙❈s❀

• ▼❡❧❤♦r❛♠❡♥t♦ ❞♦ ♣rót♦♣✐♦✿ ♦r❣❛♥✐③❛çã♦✱ ✜❧tr❛❣❡♠ ❡❧❡tr♦♠❛❣♥ét✐❝❛✱ ♣♦♥t♦s ❞❡ s♦❜r❡❛✲

q✉❡❝✐♠❡♥t♦✱ ❞✐s♣♦s✐t✐✈♦s s❡♠✐❝♦♥❞✉t♦r❡s ❡ ✐♥❞✉t♦r❡s❀

• ❊st✉❞♦ ❞❡ té❝♥✐❝❛s ❞❡ ♦t✐♠✐③❛çã♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦❀

• ❊st✉❞♦s ❞♦s ❝❡♥ár✐♦s ❛♣r❡s❡♥t❛❞♦s✱ ✉t✐❧✐③❛♥❞♦ ♦ ❋q✸❝❀

• ▼P❈❙❈s ❝♦♠ n ♣♦rt❛s✳
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❆❣r❛❞❡❝✐♠❡♥t♦s

❆❣r❛❞❡ç♦ à ◆❛②❛r❛✱ q✉❡ ♠❡ ❛❥✉❞♦✉ ❞❡ ❞✐✈❡rs❛s ❢♦r♠❛s ❡♠ ♠✐♥❤❛ ❥♦r♥❛❞❛ ❛❝❛❞ê♠✐❝❛✱ ❡

t❛♠❜é♠ ❢♦r❛ ❞❡❧❛✳

❆❣r❛❞❡ç♦ ❛♦s ♠❡✉s ♣❛✐s✱ ▲♦✉r❞❡s ❡ ◆❡❧s♦♥✱ ❡ ❛♦ ♠❡✉ ✐r♠ã♦ ❙❡❞r✉✱ ♣♦r t❡r❡♠ ♣r♦✈✐❞♦

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

❆❣r❛❞❡ç♦ ❛♦s ♠❡✉s ♦r✐❡♥t❛❞♦r❡s✱ Pr♦❢❡ss♦r ▼❛✉rí❝✐♦ ❡ Pr♦❢❡ss♦r ▼♦♥t✐ê✱ ♣❡❧❛ ❝♦♥✜❛♥ç❛✱

♦r✐❡♥t❛çã♦ ❡ ❡♥s✐♥❛♠❡♥t♦s q✉❡ ♠❛ ♣❛ss❛r❛♠ ❛♦ ❧♦♥❣♦ ❞❡st❛ ❡t❛♣❛ ❞❛ ♠✐♥❤❛ ✈✐❞❛✳

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

♥❡st❡ tr❛❜❛❧❤♦✳

❆❣r❛❞❡ç♦ ❛♦s té❝♥✐❝♦s ❞♦ ▲❊■❆▼✱ ❲❡❧❧✐♥❣t♦♥ ❡ P❛✉❧♦✱ q✉❡ ❢♦r❛♠ ❡ss❡♥❝✐❛✐s ♣❛r❛ ❛ ❡t❛♣❛

♣rát✐❝❛✱ r❡❢❡r❡♥t❡ ❛ ❝♦♥str✉çã♦ ❞♦s ❝♦♥✈❡rs♦r❡s✳

❆❣r❛❞❡ç♦ ❛♦s ❞❡♠❛✐s ❝♦❧❡❣❛s ❞❡ ❧❛❜♦r❛tór✐♦ q✉❡ ❝♦♥tr✐❜✉ír❛♠ ❝♦♠ ❡st❡ tr❛❜❛❧❤♦✱ ❞❡

❢♦r♠❛ ❞✐r❡t❛ ♦✉ ✐♥❞✐r❡t❛✳

✶✵✵



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s

❆❑❆●■✱ ❍✳✱ ◆❡✇ tr❡♥❞s ✐♥ ❛❝t✐✈❡ ✜❧t❡rs ❢♦r ♣♦✇❡r ❝♦♥❞✐t✐♦♥✐♥❣✱ ■♥❞✉str② ❆♣♣❧✐❝❛t✐♦♥s✱

■❊❊❊ ❚r❛♥s❛❝t✐♦♥s ♦♥✱ ✈✳ ✸✷✱ ♥✳ ✻✱ ♣✳ ✶✸✶✷✕✶✸✷✷ ✭✶✾✾✻✮✳

❆❘❊❉❊❙✱ ▼✳❀ ❍❊❯▼❆◆◆✱ ❑✳ ❡ ❲❆❚❆◆❆❇❊✱ ❊✳✱ ❆♥ ✉♥✐✈❡rs❛❧ ❛❝t✐✈❡ ♣♦✇❡r ❧✐♥❡ ❝♦♥❞✐t✐♦✲

♥❡r✱ P♦✇❡r ❉❡❧✐✈❡r②✱ ■❊❊❊ ❚r❛♥s❛❝t✐♦♥s ♦♥✱ ✈✳ ✶✸✱ ♥✳ ✷✱ ♣✳ ✺✹✺✕✺✺✶ ✭✶✾✾✽✮✳

❆❩▼■✱ ❙✳❀ ❆❍▼❊❉✱ ❑✳❀ ❋■◆◆❊❨✱ ❙✳ ❡ ❲■▲▲■❆▼❙✱ ❇✳✱ ❈♦♠♣❛r❛t✐✈❡ ❛♥❛❧②s✐s ❜❡t✇❡❡♥

✈♦❧t❛❣❡ ❛♥❞ ❝✉rr❡♥t s♦✉r❝❡ ✐♥✈❡rt❡rs ✐♥ ❣r✐❞✲❝♦♥♥❡❝t❡❞ ❛♣♣❧✐❝❛t✐♦♥✱ ■♥✿ ❘❊◆❊❲❆❇▲❊
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