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

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

❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s t✐♣♦s ◆P❈✱ ❆◆P❈
❡ ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s

P❛✉❧❛ ❑❛r✐♥❛ Pér❡③ ❱✐❡✐r❛

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

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

❋❡❞❡r❛❧ ❞❡ ❈❛♠♣✐♥❛ ●r❛♥❞❡✳

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

❖r✐❡♥t❛❞♦r✿

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

❈❛♠♣✐♥❛ ●r❛♥❞❡✱ P❛r❛í❜❛✱ ❇r❛s✐❧

❝©P❛✉❧❛ ❑❛r✐♥❛ Pér❡③ ❱✐❡✐r❛✱ ◆♦✈❡♠❜r♦ ❞❡ ✷✵✶✷



❆ ♠✐♥❤❛ ❢❛♠í❧✐❛✱ ❛ q✉❛❧ ❢♦✐
❢✉♥❞❛♠❡♥t❛❧ à ❝♦♥❝❧✉sã♦ ❞❡st❡

tr❛❜❛❧❤♦✳ ❉❡❞✐❝♦✲❧❤❡s ❡st❛ ❝♦♥q✉✐st❛
❝♦♠♦ ❣r❛t✐❞ã♦✳



❆❣r❛❞❡❝✐♠❡♥t♦s

❆ ❉❡✉s✱ ♣❡❧❛ ♦♣♦rt✉♥✐❞❛❞❡ ❝♦♥❝❡❞✐❞❛✳

❆♦s ♠❡✉s ♣❛✐s ❡ ❛♦ ♠❡✉ ✐r♠ã♦✱ ♣❡❧♦ ✐♥❝❡♥t✐✈♦ ❡ ❝♦♠♣r❡❡♥sã♦✳

❆♦ ♠❡✉ ♥♦✐✈♦✱ ♣❡❧♦ ❛♣♦✐♦ ❡ ❝♦♠♣r❡❡♥sã♦✳

❆♦ Pr♦❢❡ss♦r ❊❞✐s♦♥ ❘♦❜❡rt♦✱ ♣❡❧❛ ♦r✐❡♥t❛çã♦ r❡✜♥❛❞❛✳

❆♦s Pr♦❢❡ss♦r❡s ❈✉rs✐♥♦ ❏❛❝♦❜✐♥❛ ❡ ❊✉③❡❧✐ ❈✐♣r✐❛♥♦ ❏✉♥✐♦r ♣❡❧❛s s✉❣❡stõ❡s ❡ ♦r✐❡♥t❛çõ❡s

♣❛r❛ ♠❡❧❤♦r✐❛ ❞❡st❡ tr❛❜❛❧❤♦✳

❆♦s ❋✉♥❝✐♦♥ár✐♦s ❞❛ ❈❖P❊▲❊ ♣❡❧❛ ♣r❡st❡③❛✳

➚s ❛♠✐❣❛s ❊❧♦á ❡ ▼❛❧♦♥❡ ♣❡❧♦ ❛✉①í❧✐♦ ♥♦ ♣❡rí♦❞♦ ❡♠ ❈❛♠♣✐♥❛ ●r❛♥❞❡✳

❆ t♦❞♦s ♦s q✉❡ ❝♦♠♣õ❡♠ ♦ ▲❊■❆▼ ♣❡❧♦ ❝♦♠♣❛♥❤❡✐r✐s♠♦ ♥♦ ❞✐❛✲❛✲❞✐❛✳

❊✱ ♣♦r ✜♠✱ ❛❣r❛❞❡ç♦ ❛ t♦❞♦s q✉❡ ❞❡ ✉♠❛ ❢♦r♠❛ ❞✐r❡t❛ ❡ ✐♥❞✐r❡t❛ ❝♦♥tr✐❜✉ír❛♠ ♣❛r❛ ❛

r❡❛❧✐③❛çã♦ ❞❡st❡ tr❛❜❛❧❤♦✳

✐✐



❘❡s✉♠♦

❊st❡ tr❛❜❛❧❤♦ ❞❡ ❞✐ss❡rt❛çã♦ ♣r♦♣õ❡ ❛ ♦♣❡r❛çã♦ ❞♦s r❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ◆P❈✱ ❆◆P❈

❡ ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s✳ ❙ã♦ ♦♥③❡ ❛s ❡str✉t✉r❛s r❡❞✉③✐❞❛s ❛♣r❡s❡♥t❛❞❛s✱

s❡♥❞♦ q✉❡ ❡ss❛s ❢♦r♠❛♠ três ❣r✉♣♦s ❞❡ r❡t✐✜❝❛❞♦r❡s✱ ♦s q✉❛✐s sã♦✿ ❜✐❞✐r❡❝✐♦♥❛✐s ❝♦♠ três

❜r❛ç♦s ✭❆◆P❈✲✸❇❇✶✱ ❆◆P❈✲✸❇❇✷✱ ❆◆P❈✲✸❇❇✸✮✱ ✉♥✐❞✐r❡❝✐♦♥❛✐s ❝♦♠ três ❜r❛ç♦s ✭◆P❈✲

✸❇❯✶✱ ❆◆P❈✲✸❇❯✶✱ ❆◆P❈✲✸❇❯✷ ❡ ❆◆P❈✲✸❇❯✸✮ ❡ ❜✐❞✐r❡❝✐♦♥❛✐s ❝♦♠ ❞♦✐s ❜r❛ç♦s ✭◆P❈✲

✷❇❇✶✱ ❆◆P❈✲✷❇❇✶✱ ❆◆P❈✲✷❇❇✷ ❡ ❆◆P❈✲✷❇❇✸✮✳ ❚♦❞❛s ❛s t♦♣♦❧♦❣✐❛s ❡st✉❞❛❞❛s ✉t✐❧✐③❛♠ ❛

❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈✳ ❖ r❡t✐✜❝❛❞♦r ❜❛s❡❛❞♦ ♥❡ss❛ té❝♥✐❝❛ ❞❡ ❝♦♥tr♦❧❡ ♦♣❡r❛ ❛ ❢r❡qüê♥❝✐❛

❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❝♦♥st❛♥t❡✱ ♦ q✉❡ é ❞❡s❡❥á✈❡❧ ♣❛r❛ ❛♣❧✐❝❛çõ❡s ✐♥❞✉str✐❛✐s✳ ❉❡ ✉♠❛ ❢♦r♠❛

❣❡r❛❧✱ ❡ss❛ ❡str❛té❣✐❛ é ♠✉✐t♦ s✐♠♣❧❡s✱ t❡♥❞♦ ❝♦♠♦ ❜❛s❡ ❛ ❡♠✉❧❛çã♦ ❞❡ ✉♠❛ r❡s✐stê♥❝✐❛ ❞❡

❡♥tr❛❞❛ ✈✐st❛ ❞❛ r❡❞❡✱ q✉❡ r❡♣r❡s❡♥t❛ ♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ✉♥✐tár✐♦✳ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦

❡ ❡①♣❡r✐♠❡♥t❛✐s sã♦ ❛♣r❡s❡♥t❛❞♦s ❞❡♠♦♥str❛♥❞♦ ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦s r❡t✐✜❝❛❞♦r❡s ❝♦♠ ❛

té❝♥✐❝❛ ❖❈❈✳ ❖s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ sã♦ ♦❜t✐❞♦s ❛ ♣❛rt✐r ❞♦ s♦❢t✇❛r❡ P❙■▼✱ ❡♥q✉❛♥t♦

♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s sã♦ ♦❜t✐❞♦s ❛ ♣❛rt✐r ❞❡ ✉♠❛ ♣❧❛t❛❢♦r♠❛ ❞❡ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦

❡①♣❡r✐♠❡♥t❛❧ ❝♦♥tr♦❧❛❞♦ ♣❡❧♦ ♣r♦❝❡ss❛❞♦r ❞✐❣✐t❛❧ ❞❡ s✐♥❛✐s ❚▼❙✸✷✵❋✷✽✸✸✺✳ P♦r ✜♠✱ ❛ ❛♥á❧✐s❡

❞❡ ❞❡s❡♠♣❡♥❤♦ ❞❛s ❡str✉t✉r❛s é r❡❛❧✐③❛❞❛✳ ❖s ❝r✐tér✐♦s ❡s❝♦❧❤✐❞♦s ♣❛r❛ ❛✈❛❧✐❛r ♦ ❞❡s❡♠♣❡♥❤♦

❞❡st❛s sã♦ q✉❛♥t✐✜❝❛r ❛s ♣❡r❞❛s ♥♦s s❡♠✐❝♦♥❞✉t♦r❡s ❞❡ ♣♦tê♥❝✐❛ ❡ ❛✈❛❧✐❛r ♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛

❡ t❛①❛ ❞❡ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛✳ ▲♦❣♦✱ ❛s ❡str✉t✉r❛s ❛♣r❡s❡♥t❛♠ ♠❡❧❤♦r ♣❡r❢♦r♠❛♥❝❡ sã♦ ❛

❆◆P❈✲✸❇❯✷ ❡ ❛ ❆◆P❈✲✷❇❇✷✳

P❛❧❛✈r❛s✲❝❤❛✈❡✿ ❘❡t✐✜❝❛❞♦r ♠✉❧t✐♥í✈❡❧✱ ❖♥❡ ❈②❝❧❡ ❈♦♥tr♦❧✱ ◆P❈✱ ❆◆P❈✱ r❡❞✉çã♦ ❞❡

❝♦♠♣♦♥❡♥t❡s✳

✐✐✐



❆❜str❛❝t

❚❤✐s ❞✐ss❡rt❛t✐♦♥ ♣r♦♣♦s❡s t❤❡ ♦♣❡r❛t✐♦♥ ♦❢ t❤❡ r❡❝t✐✜❡rs t❤r❡❡✲❧❡✈❡❧ ◆P❈ ❛♥❞ ❆◆P❈ ✇✐t❤ r❡✲

❞✉❝❡❞ ♥✉♠❜❡r ♦❢ ❝♦♠♣♦♥❡♥ts✳ ❚❤❡r❡ ❛r❡ ❡❧❡✈❡♥ str✉❝t✉r❡s ♣r❡s❡♥t❡❞ r❡❞✉❝❡❞✱ ❛♥❞ t❤❡s❡ ❢♦r♠

t❤r❡❡ ❣r♦✉♣s ♦❢ r❡❝t✐✜❡rs✱ ✇❤✐❝❤ ❛r❡✿ ❜✐❞✐r❡❝t✐♦♥❛❧ ✇✐t❤ t❤r❡❡ ❛r♠s ✭❆◆P❈✲✸❇❇✶✱ ❆◆P❈✲

✸❇❇✷✱ ❆◆P❈✲✸❇❇✸✮✱ ✉♥✐❞✐r❡❝t✐♦♥❛❧ ✇✐t❤ t❤r❡❡ ❛r♠s ✭◆P❈✲✸❇❯✶✱ ❆◆P❈✲✸❇❯✶✱ ❆◆P❈✲

✸❇❯✷ ❡ ❆◆P❈✲✸❇❯✸✮ ❛♥❞ ❜✐❞✐r❡❝t✐♦♥❛❧ ✇✐t❤ t✇♦ ❛r♠s ✭◆P❈✲✷❇❇✶✱ ❆◆P❈✲✷❇❇✶✱ ❆◆P❈✲

✷❇❇✷ ❡ ❆◆P❈✲✷❇❇✸✮✳ ❆❧❧ t♦♣♦❧♦❣✐❡s st✉❞✐❡❞ ✉s✐♥❣ t❤❡ ❝♦♥tr♦❧ str❛t❡❣② ❖❈❈✳ ❚❤❡ r❡❝t✐✜❡r

❜❛s❡❞ ♦♥ t❤✐s ❝♦♥tr♦❧ t❡❝❤♥✐q✉❡ ♦♣❡r❛t❡s ❛t ❝♦♥st❛♥t s✇✐t❝❤✐♥❣ ❢r❡q✉❡♥❝②✱ ✇❤✐❝❤ ✐s ❞❡s✐r❛❜❧❡

❢♦r ✐♥❞✉str✐❛❧ ❛♣♣❧✐❝❛t✐♦♥s✳ ■♥ ❣❡♥❡r❛❧✱ t❤✐s str❛t❡❣② ✐s ✈❡r② s✐♠♣❧❡✱ ❜❛s❡❞ ♦♥ t❤❡ ❡♠✉❧❛✲

t✐♦♥ ♦❢ ❛♥ ✐♥♣✉t ✈✐❡✇ ♦❢ r❡s✐st♦r ♥❡t✇♦r❦ ✱ r❡♣r❡s❡♥t✐♥❣ t❤❡ ✉♥✐t② ♣♦✇❡r ❢❛❝t♦r✳ ❙✐♠✉❧❛t✐♦♥

❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ❛r❡ ♣r❡s❡♥t❡❞ ❞❡♠♦♥str❛t✐♥❣ t❤❡ ♦♣❡r❛t✐♦♥ ♦❢ r❡❝t✐✜❡rs ✇✐t❤ t❤❡

❖❈❈ t❡❝❤♥✐q✉❡✳ ❚❤❡ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ❛r❡ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ s♦❢t✇❛r❡ P❙■▼✱ ✇❤❡r❡❛s t❤❡

❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ❛r❡ ♦❜t❛✐♥❡❞ ❢r♦♠ ♦♥❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❡✈❡❧♦♣♠❡♥t ♣❧❛t❢♦r♠ ❝♦♥tr♦❧❧❡❞

❜② ❛ ❞✐❣✐t❛❧ s✐❣♥❛❧ ♣r♦❝❡ss♦r ❚▼❙✸✷✵❋✷✽✸✸✺✳ ❋✐♥❛❧❧②✱ ♣❡r❢♦r♠❛♥❝❡ ❛♥❛❧②s✐s ♦❢ str✉❝t✉r❡s
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Rs ✕ ❘❡s✐stê♥❝✐❛ ❡q✉✐✈❛❧❡♥t❡ ❞❡ s❛í❞❛ ❞♦s s❡♥s♦r❡s ❞❡ ❝♦rr❡♥t❡

PN ✕ ❚❡♥sã♦ ❞❡ P♦♥t♦ ◆❡✉tr♦

E ✕ ❚❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦

vo ✕ ❚❡♥sã♦ ❞❡ s❡q✉ê♥❝✐❛ ③❡r♦

vh ✕ ❚❡♥sã♦ ❞❡ ♠♦❞♦ ❝♦♠✉♠

ωg ✕ ❋r❡qüê♥❝✐❛ ❛♥❣✉❧❛r ❞❛ r❡❞❡

d ✕ ❘❛③ã♦ ❝í❝❧✐❝❛

µ ✕ ❘❛③ã♦ ❞❡ ❞✐str✐❜✉✐çã♦ ✈❡t♦r✐❛❧

m ✕ ❮♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦

tp1 ❡ tp2 ✕ ❚❡♠♣♦ ❞❡ ❛♣❧✐❝❛çã♦ ❞♦s ✈❡t♦r❡s ♣❡q✉❡♥♦s ♣❛r❛ r❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s

tp ✕ ■♥t❡r✈❛❧♦ t♦t❛❧ ❞❡ ❛♣❧✐❝❛çã♦ ❞♦s ✈❡t♦r❡s ♣❡q✉❡♥♦s

Ts ✕ P❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦

THD ✕ ✭❚♦t❛❧ ❍❛r♠♦♥✐❝ ❉✐st♦rt✐♦♥✮

①✈✐✐



▲✐st❛ ❞❡ ❙í♠❜♦❧♦s ①✈✐✐✐

FP ✕ ❋❛t♦r ❞❡ ♣♦tê♥❝✐❛

Pdd ✕ ❆s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ ♥♦ ❞✐♦❞♦

Psd ✕ P❡r❞❛s ❞❡ r❡❝✉♣❡r❛çã♦ r❡✈❡rs❛ ✭❜❧♦q✉❡✐♦✮ ♥♦ ❞✐♦❞♦

Pct ✕ P❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ ♥♦ tr❛♥s✐st♦r

Pst−on ✕ P❡r❞❛s ♣♦r ❞✐s♣❛r♦ ❞♦ tr❛♥s✐st♦r

Pst−off ✕ ♣❡r❞❛s ❞❡✈✐❞♦ ❛♦ ❜❧♦q✉❡✐♦ ❞♦ tr❛♥s✐st♦r

f ✕ ❋r❡qüê♥❝✐❛ ❡♠ q✉❡ ❛s ♣❡r❞❛s sã♦ ❝❛❧❝✉❧❛❞❛s

Vd ✕ ❚❡♥sã♦ ♥♦ ❞✐♦❞♦

If ✕ ❈♦rr❡♥t❡ ♥♦ ❞✐♦❞♦

Vr ✕ ❚❡♥sã♦ r❡✈❡rs❛ ❛t✉❛❧

Irr ✕ ❈♦rr❡♥t❡ ❞❡ ♣✐❝♦ ❞❡ r❡❝✉♣❡r❛çã♦ r❡✈❡rs❛

trr ✕ ❚❡♠♣♦ ❞❡ r❡❝✉♣❡r❛çã♦ r❡✈❡rs❛

Vce(sat) ✕ ❚❡♥sã♦ ❞❡ s❛t✉r❛çã♦ ❝♦❧❡t♦r ❡♠✐ss♦r

Ic ✕ ❈♦rr❡♥t❡ ❞♦ ❝♦❧❡t♦r

Vcc ✕ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❛t✉❛❧

Vcc−datasheet ✕ ❛ t❡♥sã♦ ❞❡ ❜❛rr❛♠❡♥t♦ ♥❛s ❝❛r❛❝t❡ríst✐❝❛s ❞♦ ❞❛t❛s❤❡❡t✱ ❞❡✜♥✐❞♦ ❞❡ ❛❝♦r❞♦
❝♦♥❞✐çõ❡s ❞❡ t❡st❡

Eon ✕ ❊♥❡r❣✐❛ ♣❡r❞✐❞❛ ♥♦ ❜❧♦q✉✐❡♦ ❞♦ tr❛♥s✐st♦r

Eoff ✕ ❛ ❡♥❡r❣✐❛ ♣❡r❞✐❞❛ ♥♦ ❜❧♦q✉❡✐♦ ❞♦ tr❛♥s✐st♦r



1
■♥tr♦❞✉çã♦ ●❡r❛❧

✶✳✶ ▲♦❝❛❧✐③❛çã♦ ❞♦ ❚❡♠❛

❖s ❝♦♥✈❡rs♦r❡s ❞❡ ♣♦tê♥❝✐❛ ❝❛✴❝❝✱ t❛♠❜é♠ ❝♦♥❤❡❝✐❞♦s ❝♦♠♦ r❡t✐✜❝❛❞♦r❡s✱ sã♦ ❡①t❡♥s✐✈❛✲

♠❡♥t❡ ❡♠♣r❡❣❛❞♦s ❡♠ ✈ár✐❛s ❛♣❧✐❝❛çõ❡s✱ ❛ ❝✐t❛r✿ ❢♦♥t❡s ❞❡ ❛❧✐♠❡♥t❛çã♦✱ ❢♦♥t❡s ❞❡ ❛❧✐♠❡♥✲

t❛çã♦ ✐♥✐♥t❡rr✉♣t❛ ✭❯P❙ ✲ ❯♥✐♥t❡rr✉♣t✐❜❧❡ P♦✇❡r ❙✉♣❧✐❡s✮✱ s✐st❡♠❛s ❞❡ tr❛♥s♠✐ssã♦ ❍❱❉❈

✭❍✐❣❤✲❱♦❧t❛❣❡✱ ❉✐r❡❝t ❈✉rr❡♥t✮✱ s✐st❡♠❛s ❞❡ ❛r♠❛③❡♥❛♠❡♥t♦ ❞❡ ❡♥❡r❣✐❛ ❡♠ ❜❛t❡r✐❛s ✭❇❊❙❙

✲ ❇❛tt❡r② ❊♥❡r❣② ❙t♦r❛❣❡ ❙②st❡♠s✮✱ s✐st❡♠❛s ❞❡ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ♠♦t♦r❡s ❝❝✱ ❛❝✐♦♥❛❞♦r❡s ❝❛

❞❡ ✈❡❧♦❝✐❞❛❞❡ ❛❥✉stá✈❡❧ ✭❆❙❉s ✲ ❆❞❥✉st❛❜❧❡ ❙♣❡❡❞s ❉r✐✈❡s✮✱ ❡♥tr❡ ♦✉tr♦s ✭❙✐♥❣❤ ❡t ❛❧✳✱ ✷✵✵✹✮✳

❆ ❝♦♥✈❡rsã♦ ❝❛✴❝❝ ❞❡ ♣♦tê♥❝✐❛ é t✐♣✐❝❛♠❡♥t❡ r❡❛❧✐③❛❞❛ ♣♦r r❡t✐✜❝❛❞♦r❡s ❛ ❞✐♦❞♦s ❡ ❛

t✐r✐st♦r❡s✳ ❊ss❡s ❞✐s♣♦s✐t✐✈♦s ❣❡r❛♠ ❝♦rr❡♥t❡s r✐❝❛s ❡♠ ❤❛r♠ô♥✐❝♦s ❡ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❜❛✐①♦✱

♦ q✉❡ ❝r✐❛ ♣r♦❜❧❡♠❛s ❞❡ q✉❛❧✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛ ♣❛r❛ ❛ r❡❞❡ ❞❡ ❞✐str✐❜✉✐çã♦ ❡ ♣❛r❛ ♦✉tr♦s

s✐st❡♠❛s ❡❧étr✐❝♦s ♣ró①✐♠♦s ❛♦ ♣ró♣r✐♦ r❡t✐✜❝❛❞♦r✳

❉❡✈✐❞♦ à s❡r✐❡❞❛❞❡ ❞♦s ♣r♦❜❧❡♠❛s ❞❡ q✉❛❧✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛✱ ❛❣ê♥❝✐❛s r❡❣✉❧❛❞♦r❛s tê♠ ❡♠✐✲

t✐❞♦ ✈ár✐♦s ♣❛❞rõ❡s r❡str✐t✐✈♦s✱ t❛✐s ❝♦♠♦✿ ■❊❊❊✲✺✶✾✱ ■❊❈✲✶✵✵✵ ❡ ■❊❈ ✻✶✵✵✵✲✸✲✷✳ ❊♥tr❡ ❡ss❡s

❛ r❡❝♦♠❡♥❞❛çã♦ ■❊❊❊✲✺✶✾✲✶✾✾✷ ❢♦r♥❡❝❡ ♦r✐❡♥t❛çõ❡s ♣rát✐❝❛s s♦❜r❡ ❝♦♥tr♦❧❡ ❞❡ ❤❛r♠ô♥✐❝♦s

❡♠ s✐st❡♠❛s ❞❡ ❡❧❡trô♥✐❝❛ ❞❡ ♣♦tê♥❝✐❛ ✭▼✐❧❛♥♦✈✐❝ ❡ ◆❡❣♥❡✈✐ts❦②✱ ✶✾✾✽✮✳ P❛r❛ ❛t✐♥❣✐r ❡ss❡s

♣❛❞rõ❡s ❝♦♥s✐❞❡r❛✲s❡ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ✉♠❛ ♥♦✈❛ ❣❡r❛çã♦ ❞❡ r❡t✐✜❝❛❞♦r❡s q✉❡ sã♦ ❝♦♥❤❡❝✐❞♦s

♣♦r✿ r❡t✐✜❝❛❞♦r❡s ❛ ♠♦❞♦ ❝❤❛✈❡❛❞♦ ✭❙▼❘ ✲ ❙✇✐t❝❤❡❞ ▼♦❞❡ ❘❡❝t✐✜❡rs✮✱ ❝♦♥✈❡rs♦r❡s ❞❡ ❝♦rr❡✲

çã♦ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ✭P❋❈ ✲ P♦✇❡r ❋❛❝t♦r ❈♦rr❡❝t✐♦♥✮✱ ❝♦♥✈❡rs♦r❡s ❞❡ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛

✶



■♥tr♦❞✉çã♦ ●❡r❛❧ ✷

❡❧❡✈❛❞♦ ✭❍P❋❈ ✲ ❍✐❣❤ P♦✇❡r ❋❛❝t♦r ❈♦♥✈❡rt❡rs✮ ♦✉ ❛✐♥❞❛ r❡t✐✜❝❛❞♦r❡s ❞❡ ♠♦❞✉❧❛çã♦ ♣♦r

❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ ✭P❲▼ ✲ P✉❧s❡ ▼♦❞✉❧❛t✐♦♥ ❲✐❞t❤✮✳ ❊ss❡s ❢♦r❛♠ ❞❡s❡♥✈♦❧✈✐❞♦s ♥❛s ú❧t✐♠❛s

❞é❝❛❞❛s ❝♦♠ ✉♠❛ ✈❛r✐❡❞❛❞❡ ❞❡ ❝♦♥✜❣✉r❛çõ❡s✱ ❡str❛té❣✐❛s ❞❡ ❝♦♥tr♦❧❡✱ ❞✐s♣♦s✐t✐✈♦s ❞❡ ❡st❛❞♦

só❧✐❞♦ ✭▼❖❙❋❊❚s✱ ■●❇❚s✱ ●❚❖s✮ ❡ ❝✐r❝✉✐t♦s ✐♥t❡❣r❛❞♦s ✭♠✐❝r♦❝♦♥tr♦❧❛❞♦r❡s✱ ❉❙Ps✮✱ q✉❡

❞❡r❛♠ ♦r✐❣❡♠ ❛ ✉♠❛ ✈❛r✐❡❞❛❞❡ ❞❡ t♦♣♦❧♦❣✐❛s✿ ❜✉❝❦✱ ❜♦♦st✱ ❜✉❝❦✲❜♦♦st ❡ ♠✉❧t✐♥í✈❡❧✱ ❝♦♠

✢✉①♦ ❞❡ ♣♦tê♥❝✐❛ ✉♥✐❞✐r❡❝✐♦♥❛❧ ❡ ❜✐❞✐r❡❝✐♦♥❛❧ ✭❇❤❛t ❡ ❆❣❛r✇❛❧✱ ✷✵✵✽✮✳

❆ t❡❝♥♦❧♦❣✐❛ ❡♥✈♦❧✈✐❞❛✱ ❡s♣❡❝✐✜❝❛♠❡♥t❡✱ ❡♠ ❝♦♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s é ❝♦♥s✐❞❡r❛❞❛ ❤♦❥❡

✉♠❛ ❛❧t❡r♥❛t✐✈❛ ✐♠♣♦rt❛♥t❡ ❡♠ ❛♣❧✐❝❛çõ❡s q✉❡ ❞❡♠❛♥❞❛♠ ❡❧❡✈❛❞❛ ♣♦tê♥❝✐❛ ❡ q✉❛❧✐❞❛❞❡ ❞❡

❡♥❡r❣✐❛ ✭❋r❛♥q✉❡❧♦ ❡t ❛❧✳✱ ✷✵✵✽✮✳ ■st♦ s❡ ❞❡✈❡ ❛♦ ❢❛t♦ ❞❡ ♦s ❝♦♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s s❡r❡♠

❝♦♥st✐t✉í❞♦s ♣♦r ✉♠❛ ♠❛tr✐③ ❞❡ ❝❤❛✈❡s ♣❛ss✐✈❛s ❡ ❛t✐✈❛s q✉❡✱ q✉❛♥❞♦ ❛♣r♦♣r✐❛❞❛♠❡♥t❡ ❝♦✲

♥❡❝t❛❞❛s ❡ ❝♦♥tr♦❧❛❞❛s✱ ♣♦❞❡♠ ♣r♦❝❡ss❛r ❡❧❡✈❛❞❛s t❡♥sõ❡s ❞❡ ❡♥tr❛❞❛ ❡ ❣❡r❛r três ♦✉ ♠❛✐s

♥í✈❡✐s ❞❡ t❡♥sã♦ ❝♦♥tí♥✉❛ ❞❡ s❛í❞❛ ✭❘♦❞r✐❣✉❡③ ❡t ❛❧✳✱ ✷✵✵✾✮✳

❆s t♦♣♦❧♦❣✐❛s ❞❡ ❝♦♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s ♠❛✐s ❝♦♥❤❡❝✐❞❛s ❡ ❡st❛❜❡❧❡❝✐❞❛s sã♦ ❛ ◆P❈

✭◆❡✉tr❛❧ P♦✐♥t ❈❧❛♠♣❡❞✮ ♦✉ ❞✐♦❞♦ ❣r❛♠♣❡❛❞♦✱ ❋❈ ✭❋❧②✐♥❣ ❈❛♣❛❝✐t♦r✮ ♦✉ ❝❛♣❛❝✐t♦r ❣r❛♠♣❡✲

❛❞♦✱ ❡ ❈❍❇ ✭❈❛s❝❛❞❡❞ ❍✲❇r✐❞❣❡✮✱ ❛s q✉❛✐s ❢♦r❛♠ ✐♥tr♦❞✉③✐❞❛s ♣❡❧❛ ♣r✐♠❡✐r❛ ✈❡③ ❡♠✿ ✭❇❛❦❡r

❡ ❇❛♥♥✐st❡r✱ ✶✾✼✺ ❛♣✉❞ ❘♦❞r✐❣✉❡③ ❡t ❛❧✳✱ ✷✵✵✷✮❀ ✭▼❡②♥❛r❞ ❡ ❋♦❝❤✱ ✶✾✾✷ ❛♣✉❞ ❘♦❞r✐❣✉❡③

❡t ❛❧✳✱ ✷✵✵✾✮❀ ❡ ✭▼❛r❝❤❡s♦♥✐ ❡t ❛❧✳✱ ✶✾✽✽✮✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ◆❛ ❧✐t❡r❛t✉r❛ té❝♥✐❝❛ ❛ t♦♣♦❧♦❣✐❛

◆P❈ ❢♦✐ ❞✐✈✉❧❣❛❞❛ ♣♦r ✭◆❛❜❛❡ ❡t ❛❧✳✱ ✶✾✽✶✮✳

◆❛ ✐♥❞ústr✐❛✱ ♦ ◆P❈ ♦♣❡r❛♥❞♦ ❛ três ♥í✈❡✐s é ❛ t♦♣♦❧♦❣✐❛ ♠✉❧t✐♥í✈❡❧ ♠❛✐s ❞✐❢✉♥❞✐❞❛

❡ ✉t✐❧✐③❛❞❛ ✭❑♦✉r♦ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❆ ❡str✉t✉r❛ ❞♦ ❝♦♥✈❡rs♦r ❛ ❞✐♦❞♦ ❣r❛♠♣❡❛❞♦ três ♥í✈❡✐s

é ❝♦♥st✐t✉í❞❛ ♥♦ t♦t❛❧ ♣♦r✿ ❞♦③❡ ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s✱ s❡✐s ❞✐♦❞♦s ❞❡ ❣r❛♠♣❡❛♠❡♥t♦ ❡ ❞♦✐s

❝❛♣❛❝✐t♦r❡s ❝♦♥❡❝t❛❞♦s ❡♠ sér✐❡✱ ❝♦♠♦ ♠♦str❛ ❛ ❋✐❣✉r❛ ✶✳✶✳

❆ q✉❛♥t✐❞❛❞❡ ❞❡ ❞✐s♣♦s✐t✐✈♦s q✉❡ ❝♦♠♣õ❡ ✉♠ ❝♦♥✈❡rs♦r ♠✉❧t✐♥í✈❡❧ ♣♦❞❡ s❡r ❣❡♥❡r❛❧✐③❛❞❛

❞❡ ❛❝♦r❞♦ ❝♦♠ ♥ú♠❡r♦ ❞❡ ♥í✈❡✐s q✉❡ ♦ ♠❡s♠♦ s✐♥t❡t✐③❛✳ ❉❡st❡ ♠♦❞♦✱ ❝❛❞❛ ❜r❛ç♦ ❞❡ ✉♠

❝♦♥✈❡rs♦r ◆P❈ ❞❡ ♠✲♥í✈❡✐s ♣♦ss✉✐ ♠ ♥í✈❡✐s ❞✐st✐♥t♦s ❞❡ t❡♥sã♦ ❡ ❝♦♥s✐st❡ ❞❡✿ ✭♠✲✶✮①✷ ❝❤❛✈❡s

❜✐❞✐r❡❝✐♦♥❛✐s✱ ✭♠✲✶✮①✭♠✲✷✮ ❞✐♦❞♦s ❞❡ ❣r❛♠♣❡❛♠❡♥t♦ ❡ ✭♠✲✶✮ ❝❛♣❛❝✐t♦r❡s ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈

✭▲❛✐ ❡ P❡♥❣✱ ✶✾✾✺✮✳

❆s ♣r✐♥❝✐♣❛✐s ✈❛♥t❛❣❡♥s ❞❛ t♦♣♦❧♦❣✐❛ ♠✉❧t✐♥í✈❡❧ ◆P❈ ❝♦♠♦ r❡t✐✜❝❛❞♦r sã♦✿ r❡❞✉③✐❞♦s

❡s❢♦rç♦s ❞❡ t❡♥sã♦✱ ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ❝♦♠ ❜❛✐①❛ ❞✐st♦rçã♦✱ ♦ ❝♦♥✈❡rs♦r ♣♦❞❡ ♦♣❡r❛r ❝♦♠

♠❡♥♦r ❢r❡qüê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ ❛ t❡♥sã♦ ❞❡ ♠♦❞♦✲❝♦♠✉♠ é ♠❡♥♦r✳ ❆♣❡s❛r ❞❛s ✈❛♥t❛❣❡♥s
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❋✐❣✉r❛ ✶✳✶✿ ❘❡t✐✜❝❛❞♦r ◆P❈ ❞❡ três ♥í✈❡✐s✳

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

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

✐♥❡r❡♥t❡s ❛ ❡st❛ t♦♣♦❧♦❣✐❛✳

❚r❛♥s✐tór✐♦s ❞❡ ❝❛r❣❛ ❡ ✐♠♣❡r❢❡✐çõ❡s ♥♦s ♣❛❞rõ❡s ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ ❡♥tr❡ ♦✉tr❛s ♣❡rt✉r❜❛✲

çõ❡s✱ ❡stã♦ ♣r❡s❡♥t❡s ♥❛ ♣rát✐❝❛✳ ❊st❛s ❝♦♥❞✐çõ❡s ❛❞✈❡rs❛s ♣r♦❞✉③❡♠ ❞❡s❡q✉✐❧í❜r✐♦s ♥❛ t❡♥sã♦

❞♦ ♣♦♥t♦ ♥❡✉tr♦✳ ■st♦ r❡s✉❧t❛ ❡♠ t❡♥sõ❡s ❛ss✐♠étr✐❝❛s ♥❛ ❝❛r❣❛✱ s✐❣♥✐✜❝❛t✐✈❛s ♥♦ ❛❝✐♦♥❛♠❡♥t♦

❞❡ ♠♦t♦r❡s✱ ❝♦♠ ♦ ❛♣❛r❡❝✐♠❡♥t♦ ❞♦ s❡❣✉♥❞♦ ❤❛r♠ô♥✐❝♦ ❡ s♦❜r❡❝❛r❣❛ ❞♦s s❡♠✐❝♦♥❞✉t♦r❡s✳

P♦r ♦✉tr♦ ❧❛❞♦✱ ❛ ❞✐str✐❜✉✐çã♦ ❞❡s✐❣✉❛❧ ❞❛s ♣❡r❞❛s ♥♦s ❞✐s♣♦s✐t✐✈♦s ❞❛ t♦♣♦❧♦❣✐❛ ◆P❈✱

❧✐♠✐t❛♠ ❛ ❢r❡qüê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❡ ❛ ♣♦tê♥❝✐❛ ❞❡ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r ✭❆tt❛✐❛♥❡s❡✱ ❉✐ ▼♦✲

♥❛❝♦ ❡ ❚♦♠❛ss♦✱ ✷✵✶✵✮✳ ❉❡✈✐❞♦ ❛ ✐ss♦✱ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ s✉♣❡r❛r ❡ss❛ ❞❡s✈❛♥t❛❣❡♠✱ r❡❝❡♥t❡✲

♠❡♥t❡ ❢♦✐ ❛♣r❡s❡♥t❛❞❛ ✉♠❛ ✈❛r✐❛çã♦ ❞❛ t♦♣♦❧♦❣✐❛ ◆P❈✱ ❛ q✉❛❧ é ❝❤❛♠❛❞❛ ❞❡ ❆◆P❈ ✭❆❝t✐✈❡

◆❡✉tr❛❧ P♦✐♥t ❈❧❛♠♣❡❞✮ ✭❇r✉❝❦♥❡r ❡ ❇❡♠❡t✱ ✷✵✵✶✮✳

❆ ❡str✉t✉r❛ ❞♦ ❆◆P❈ ❞❡ três ♥í✈❡✐s é ♦❜t✐❞❛ ♣♦r ♠❡✐♦ ❞❛ ❝♦♥❡①ã♦ ❞❡ ❝❤❛✈❡s ❛t✐✈❛s

❡♠ ❛♥t✐♣❛r❛❧❡❧♦ ❛♦s ❞✐♦❞♦s ❞❡ ❣r❛♠♣❡❛♠❡♥t♦ ❞❛ ❡str✉t✉r❛ ◆P❈ ❝❧áss✐❝❛✳ ❉❡ss❛ ❢♦r♠❛✱ ❛

t♦♣♦❧♦❣✐❛ ❆◆P❈ é ❝♦♥st✐t✉í❞❛ ♣♦r✿ ❞❡③♦✐t♦ ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s ❡ ❞♦✐s ❝❛♣❛❝✐t♦r❡s ❝♦♥❡❝t❛❞♦s

❡♠ sér✐❡✱ ❝♦♠♦ ❛♣r❡s❡♥t❛ ❛ ❋✐❣✉r❛ ✶✳✷✳

P❛r❛ ❝♦♥tr♦❧❛r s✐♠✉❧t❛♥❡❛♠❡♥t❡ t❛❧ ♥ú♠❡r♦ ❞❡ s❡♠✐❝♦♥❞✉t♦r❡s ❞❡ ♣♦tê♥❝✐❛✱ ♠ét♦❞♦s

tr❛❞✐❝✐♦♥❛✐s ❞❡ ♠♦❞✉❧❛çã♦ sã♦ ❛❞❛♣t❛❞♦s ❡ ❞✐❢❡r❡♥t❡s ❡str❛té❣✐❛s ❞❡ ❝♦♥tr♦❧❡ sã♦ ❞❡s❡♥✈♦❧✈✐✲

❞❛s✳ ❈♦♠❡r❝✐❛❧♠❡♥t❡✱ ❛s té❝♥✐❝❛s ❞❡ ♠♦❞✉❧❛çã♦ ♠❛✐s ❛♣❧✐❝❛❞❛s ❛ ❝♦♥✈❡rs♦r❡s ◆P❈ ❞❡ três

♥í✈❡✐s sã♦✿ ❈❇P❲▼ ✭❈❛rr✐❡r✲❇❛s❡❞ ❙✐♥✉s♦✐❞❛❧ P❲▼✮✱ ❙❱▼ ❙♣❛❝❡ ❱❡❝t♦r ▼♦❞✉❧❛t✐♦♥ ❡

❙❍❊ ✭❙❡❧❡❝t✐✈❡ ❍❛r♠♦♥✐❝ ❊❧✐♠✐♥❛t✐♦♥✮ ✭❑♦✉r♦ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❊♥tr❡t❛♥t♦✱ ♦ tr❛❜❛❧❤♦ ❞❡ ❍✉❛
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❋✐❣✉r❛ ✶✳✷✿ ❘❡t✐✜❝❛❞♦r ❆◆P❈ ❞❡ três ♥í✈❡✐s✳

❡t ❛❧ ♠♦str❛ q✉❡ ❛ té❝♥✐❝❛ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ✭❖♥❡ ❈②❝❧❡ ❈♦♥tr♦❧✮ ✭❙♠❡❞❧❡② ❡ ❈✉❦✱ ✶✾✾✶✮

♣♦ss✉✐ ❞❡s❡♠♣❡♥❤♦ ❡q✉✐✈❛❧❡♥t❡ ❛s ❝✐t❛❞❛s ❛♥t❡r✐♦r♠❡♥t❡ ✭❍✉❛ ❡t ❛❧✳✱ ✷✵✵✸✮✳ ❊ss❛ ❡str❛té❣✐❛

é s✐♠♣❧❡s✱ ♦♣❡r❛ ❛ ❢r❡qüê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❝♦♥st❛♥t❡ ❡ ♥ã♦ ♥❡❝❡ss✐t❛ ❝✐r❝✉✐t♦s ❝♦♠♣❧❡①♦s

❝♦♠♦ ♠✉❧t✐♣❧✐❝❛❞♦r❡s ✭▲❛✐✱ ❙♠❡❞❧❡② ❡ ▼❛✱ ✶✾✾✼✮✳

❘❡t✐✜❝❛❞♦r❡s ◆P❈ ♣♦❞❡♠ s❡r ❞❡s❡♥✈♦❧✈✐❞♦s ♣❛r❛ ✉♠ ♥ú♠❡r♦ ❡❧❡✈❛❞♦ ❞❡ ♥í✈❡✐s ❡ ❛ss✐♠

♦❢❡r❡❝❡r ❝♦rr❡♥t❡s ❛❧t❡r♥❛❞❛s ❞❡ ❡♥tr❛❞❛ ❝♦♠ r❡❞✉③✐❞❛ ❚❍❉ ❡ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ♣ró①✐♠♦

❞❡ ✉♠✳ ❈♦♥t✉❞♦✱ q✉❛♥t♦ ♠❛✐♦r ♦ ♥ú♠❡r♦ ❞❡ ♥í✈❡✐s✱ ♠❛✐♦r ♦ ♥ú♠❡r♦ ❞❡ s❡♠✐❝♦♥❞✉t♦r❡s ❞❡

♣♦tê♥❝✐❛ ❡♠♣r❡❣❛❞♦s ♥❛ ❡str✉t✉r❛ ❞♦ r❡t✐✜❝❛❞♦r❀ ❡ ❝♦♥s❡qü❡♥t❡♠❡♥t❡ ♠❛✐♦r❡s sã♦ ♦s í♥❞✐❝❡s

❞❡ ♣❡r❞❛s t♦t❛✐s ❞♦ ❝♦♥✈❡rs♦r✳

◆❡ss❡ ❝♦♥t❡①t♦✱ s✉r❣❡♠ ❛❧❣✉♠❛s q✉❡stõ❡s ❛ s❡r❡♠ ✐♥✈❡st✐❣❛❞❛s✿ é ♣♦ssí✈❡❧ ❛ ♦♣❡r❛çã♦ ❞♦s

r❡t✐✜❝❛❞♦r❡s ❆◆P❈ ❡ ◆P❈ ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s✱ s❡♥❞♦ ❡ss❡s ❝♦♥tr♦❧❛❞♦s

♣❡❧❛ ❡str❛té❣✐❛ ❖❈❈❄ ❊♠ ❝❛s♦ ❛✜r♠❛t✐✈♦✱ ❛ ❡str✉t✉r❛ ❝♦♥t✐♥✉❛ ❛ ♦♣❡r❛r ❝♦♠ ❞❡s❡♠♣❡♥❤♦

s❡♠❡❧❤❛♥t❡ à ❞❛ t♦♣♦❧♦❣✐❛ ❝❧áss✐❝❛❄ ❖ tr❛❜❛❧❤♦ ❞❡ ♣❡sq✉✐s❛ s❡ ♣r♦♣õ❡ ❛ ❡s❝❧❛r❡❝❡r ❡st❛s

q✉❡stõ❡s✳

✶✳✷ ❘❡❧❡✈â♥❝✐❛ ❡ ❈♦♥tr✐❜✉✐çõ❡s ❞♦ ❚r❛❜❛❧❤♦

❆♦ ♣r♦❥❡t❛r ❝♦♥✈❡rs♦r❡s ❡❧❡trô♥✐❝♦s ❞❡ ♣♦tê♥❝✐❛ ❡①✐st❡♠ ❞✉❛s r❛③õ❡s ♣r✐♥❝✐♣❛✐s ♣❡❧❛s q✉❛✐s é

✐♠♣♦rt❛♥t❡ ❝♦♥❤❡❝❡r ♥✉♠❡r✐❝❛♠❡♥t❡ ❛ ❞✐ss✐♣❛çã♦ ❞❡ ♣♦tê♥❝✐❛ ♥♦s ❞✐s♣♦s✐t✐✈♦s s❡♠✐❝♦♥❞✉t♦✲

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

❖ ♣r♦❥❡t♦ ❞❡ ❝♦♥✈❡rs♦r❡s ❝♦♠ ê♥❢❛s❡ ♥❛ ❝♦♥✜❛❜✐❧✐❞❛❞❡ é ✉♠ t❡♠❛ ♠✉✐t♦ r❡❝♦rr❡♥t❡✳

❈♦♥✜❛❜✐❧✐❞❛❞❡ é ❛ ❝✐ê♥❝✐❛ q✉❡ tr❛t❛ ❞❛ ❢❛❧❤❛ ❛♦ ❧♦♥❣♦ ❞❛ ✈✐❞❛ ❞♦s ❝♦♠♣♦♥❡♥t❡s ♦✉ s✐st❡♠❛s
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❞❡ ❝♦♠♣♦♥❡♥t❡s✳ ❯♠ ❞♦s ❢❛t♦r❡s q✉❡ ♠❛✐s ✐♥✢✉❡♥❝✐❛♠ ♦s ♣r♦❝❡ss♦s ❞❡ ❢❛❧❤❛ é ❛ t❡♠♣❡r❛t✉r❛

❞❡ ♦♣❡r❛çã♦ ❞♦s ❝♦♠♣♦♥❡♥t❡s✳ ❆ t❡♠♣❡r❛t✉r❛ ❛❝❡❧❡r❛ ♦s ♣r♦❝❡ss♦s ❢ís✐❝♦✲q✉í♠✐❝♦s ❝❛✉s❛❞♦r❡s

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

❡♠ ❞✐❢❡r❡♥t❡s ❝♦♥❞✐çõ❡s ❞❡ ♦♣❡r❛çã♦ ♣♦❞❡♠ s❡r ✉s❛❞❛s ❡♠ ❡str❛té❣✐❛s ❞❡ ♣r♦t❡çã♦✱ ❛❧é♠ ❞❡

❛✉♠❡♥t❛r ❛ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❞♦s ❞✐s♣♦s✐t✐✈♦s q✉❡ ❝♦♠♣õ❡♠ ♦s ❝♦♥✈❡rs♦r❡s ✭▼✉♥❦✲◆✐❡❧s❡♥ ❡t ❛❧✳✱

✷✵✵✵✮✳

❯♠❛ ❛❞❡q✉❛❞❛ ❡st✐♠❛çã♦ ❞❛ ❞✐ss✐♣❛çã♦ ❞❛ ♣♦tê♥❝✐❛ ♣❡r♠✐t❡ ♣r❡✈❡r ❛ ❡✜❝✐ê♥❝✐❛ ❞♦ ❝♦♥✲

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

♦♣❡r❛❝✐♦♥❛✐s ❞❛s t♦♣♦❧♦❣✐❛s ♣r♦♣♦st❛s✳ ❯♠ ❡①❡♠♣❧♦ é ❛ ❛♣❧✐❝❛çã♦ ❞❛ ❡❧❡trô♥✐❝❛ ❞❡ ♣♦tê♥❝✐❛

♥♦s ❝♦♥❞✐❝✐♦♥❛❞♦r❡s ❞❡ ❛r✱ ♥♦s q✉❛✐s ✉♠ ❣❛♥❤♦ ❞❡ 1% ❛ 2% r❡s✉❧t❛ ❡♠ ✉♠❛ s✐❣♥✐✜❝❛♥t❡

r❡❞✉çã♦ ♥♦ ❝✉st♦ ❞♦ s✐st❡♠❛ ✭▼✉♥❦✲◆✐❡❧s❡♥ ❡t ❛❧✳✱ ✷✵✵✵✮✳ ❆❧é♠ ❞✐ss♦ ❛ ❡st✐♠❛çã♦ ❝♦rr❡t❛ ❞❛

♣❡r❞❛ ❞❡ ♣♦tê♥❝✐❛ t❛♠❜é♠ é út✐❧ ♣❛r❛ ♦ ♣r♦❥❡t✐st❛ ♠✐♥✐♠✐③❛r ♦ t❛♠❛♥❤♦ ❞♦ ♣r♦❥❡t♦ ✜♥❛❧✳

❯♠❛ ❢♦r♠❛ ❞❡ r❡❞✉③✐r ♦s ❝✉st♦s ❞❡ ✐♠♣❧❡♠❡♥t❛çã♦ ❡ ❛s ♣❡r❞❛s ❞♦ ❝♦♥✈❡rs♦r é ❛tr❛✈és

❞❛ ♦♣❡r❛çã♦ ❞❡ r❡t✐✜❝❛❞♦r❡s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s✳ ◆♦ ❝❛s♦ ❞❡ r❡t✐✜❝❛❞♦r❡s

♠✉❧t✐♥í✈❡✐s✱ ❛ ♣r✐♠❡✐r❛ ❡str✉t✉r❛ ❛ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s é ♣r♦✲

♣♦st❛ ♣♦r ✭❩❤❛♦ ❡t ❛❧✳✱ ✶✾✾✺✮✳ ❊ss❛ ❡str✉t✉r❛ é ❝♦♥st✐t✉í❞❛ ♣♦r três ❜r❛ç♦s✱ s❡♥❞♦ ❝❛❞❛ ❜r❛ç♦

❢♦r♠❛❞♦ ♣♦r ✹ ❞✐♦❞♦s ❡ ✷ ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s✱ ❝♦♠♦ ♠♦str❛ ❛ ❋✐❣✉r❛ ✶✳✸✳ ❆ ✐❞é✐❛ ❜ás✐❝❛ ❞❡st❛

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

s❡❥❛ ✉♠ r❡t✐✜❝❛❞♦r ❛ ❞✐♦❞♦s✱ ♦ q✉❡ ❧✐♠✐t❛ ♦ ✢✉①♦ ❞❡ ♣♦tê♥❝✐❛ ❛♦ s❡♥t✐❞♦ ✉♥✐❞✐r❡❝✐♦♥❛❧✳

❋✐❣✉r❛ ✶✳✸✿ ❘❡t✐✜❝❛❞♦r três ❜r❛ç♦s ❡ ✢✉①♦ ❞❡ ♣♦tê♥❝✐❛ ✉♥✐❞✐r❡❝✐♦♥❛❧✳

❯♠ r❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ❡ ❝♦♠ ❝❛r❛❝t❡ríst✐❝❛

❞❡ ✢✉①♦ ❜✐❞✐r❡❝✐♦♥❛❧ ❞❡ ♣♦tê♥❝✐❛ é ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✶✳✹✳ ❊ss❛ t♦♣♦❧♦❣✐❛ é ❝♦♥st✐t✉í❞❛ ♣♦r

três ❜r❛ç♦s✱ s❡♥❞♦ q✉❡ ❝❛❞❛ ❜r❛ç♦ é ❢♦r♠❛❞♦ ♣♦r q✉❛tr♦ ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s✳
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❋✐❣✉r❛ ✶✳✹✿ ❘❡t✐✜❝❛❞♦r três ❜r❛ç♦s ❡ ✢✉①♦ ❞❡ ♣♦tê♥❝✐❛ ❜✐❞✐r❡❝✐♦♥❛❧✳

❆ ♦♣❡r❛çã♦ ❞❡ r❡t✐✜❝❛❞♦r❡s tr✐❢ás✐❝♦s ❞❡ três ♥í✈❡✐s ❝♦♠ ❞♦✐s ❜r❛ç♦s é ♣r♦♣♦st♦ ❡♠ ✭▲✐♥ ❡

❲❡✐✱ ✷✵✵✸✮✳ ❚❛❧ t♦♣♦❧♦❣✐❛ é ❝♦♥st✐t✉í❞❛ ♣♦r ❞♦✐s ❜r❛ç♦s ◆P❈✱ s❡♥❞♦ q✉❡ ❛ ❢❛s❡ ❝ é ❝♦♥❡❝t❛❞❛

❞✐r❡t❛♠❡♥t❡ ❛♦ ♣♦♥t♦ ❝❡♥tr❛❧ ❞♦ ❜❛rr❛♠❡♥t♦ ❝❝✱ ❝♦♠♦ ♠♦str❛ ❛ ❋✐❣✉r❛ ✶✳✺✳ ❊ss❛ ❡str✉t✉r❛

♠❛♥té♠ ❛ ❝❛r❛❝t❡ríst✐❝❛ ❜✐❞✐r❡❝✐♦♥❛❧ ❞❡ ♣♦tê♥❝✐❛ ❞❛ t♦♣♦❧♦❣✐❛ ◆P❈✳

❋✐❣✉r❛ ✶✳✺✿ ❘❡t✐✜❝❛❞♦r ❞♦✐s ❜r❛ç♦s ❡ ✢✉①♦ ❜✐❞✐r❡❝✐♦♥❛❧ ❞❡ ♣♦tê♥❝✐❛✳

❆ ❡str✉t✉r❛ ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✶✳✹ t❛♠❜é♠ ♣♦❞❡ ♦♣❡r❛r ❝♦♠ ❞♦✐s ❜r❛ç♦s✳ ❊ss❛

t♦♣♦❧♦❣✐❛ é ♣r♦♣♦st❛ ❡♠ ✭▲✐♥ ❡ ❨❛♥❣✱ ✷✵✵✺❛✮✳ ❉❛ ♠❡s♠❛ ❢♦r♠❛ q✉❡ ♦ ◆P❈ ❛ ❞♦✐s ❜r❛ç♦s✱

❛ ❢❛s❡ ❝ é ❝♦♥❡❝t❛❞❛ ❞✐r❡t❛♠❡♥t❡ ❛♦ ♣♦♥t♦ ❝❡♥tr❛❧ ❞♦ ❜❛rr❛♠❡♥t♦ ❝❝✱ ❝♦♠♦ ♠♦str❛ ❛ ❋✐❣✉r❛

✶✳✻✳ ❆ ❡str✉t✉r❛ ♠❛♥té♠ ❛ ❝❛r❛❝t❡ríst✐❝❛ ❜✐❞✐r❡❝✐♦♥❛❧ ❞❡ ♣♦tê♥❝✐❛✳

❊♠ ✭❈♦r③✐♥❡ ❡ ❇❛❦❡r✱ ✷✵✵✷✮ é ♣r♦♣♦st♦ ✉♠❛ t♦♣♦❧♦❣✐❛ ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦✲

♥❡♥t❡s ❜❛s❡❛❞❛ ♥♦ ◆P❈✳ ◆❛ ❡str✉t✉r❛ ♣r♦♣♦st❛ ❛s ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s✿ ♠❛✐s s✉♣❡r✐♦r ❡ ♠❛✐s

✐♥❢❡r✐♦r✱ ❞❡ ❝❛❞❛ ❜r❛ç♦ ❞♦ ❝♦♥✈❡rs♦r ❛ ❞✐♦❞♦ ❣r❛♠♣❡❛❞♦ ♥ã♦ sã♦ ♥❡❝❡ssár✐❛s ♣❛r❛ ♦♣❡r❛çã♦

❞❡ r❡t✐✜❝❛çã♦✳ ❚❛❧ ❡str✉t✉r❛✱ ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✶✳✼✱ ♣♦ss✉✐ ❞❡s❡♠♣❡♥❤♦ ❡q✉✐✈❛❧❡♥t❡ à

❡str✉t✉r❛ ◆P❈ ❝❧áss✐❝❛✱ ♠❛s ❝♦♠ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ✢✉①♦ ❞❡ ♣♦tê♥❝✐❛ ✉♥✐❞✐r❡❝✐♦♥❛❧✳

❆ ❡str✉t✉r❛ ❛♣r❡s❡♥t❛❞❛ ♣♦r ✭❈♦r③✐♥❡ ❡ ❇❛❦❡r✱ ✷✵✵✷✮ t❛♠❜é♠ é ❡st✉❞❛❞❛ ♣♦r ✭❚✐❛♥✱



■♥tr♦❞✉çã♦ ●❡r❛❧ ✼

❋✐❣✉r❛ ✶✳✻✿ ❘❡t✐✜❝❛❞♦r ❞♦✐s ❜r❛ç♦s ❡ ✢✉①♦ ❜✐❞✐r❡❝✐♦♥❛❧ ❞❡ ♣♦tê♥❝✐❛✳

❋✐❣✉r❛ ✶✳✼✿ ❘❡t✐✜❝❛❞♦r ❜❛s❡❛❞❛ ♥❛ t♦♣♦❧♦❣✐❛ ◆P❈ ❝♦♠ ✢✉①♦ ❞❡ ♣♦tê♥❝✐❛ ✉♥✐❞✐r❡✲
❝✐♦♥❛❧✳

❲❛♥❣✱ ▲✐✉ ❡ ❲❡✐✱ ✷✵✵✽✮✱ s❡♥❞♦ q✉❡ ♥❡st❡ tr❛❜❛❧❤♦ ❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ é ❛♣❧✐❝❛❞❛ ❛

t♦♣♦❧♦❣✐❛ ♣r♦♣♦st❛✳ ❖ r❡t✐✜❝❛❞♦r ❜❛s❡❛❞♦ ♥❛ té❝♥✐❝❛ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ♦♣❡r❛ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡

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

❝♦♥tr♦❧❛❞❛ ♣❡❧❛ té❝♥✐❝❛ ❖❈❈✱ ❝♦♠ ❜❛❧❛♥❝❡❛♠❡♥t♦ ❞❛s t❡♥sõ❡s ♥♦s ❝❛♣❛❝✐t♦r❡s✱ r❡s✉❧t❛ ❡♠

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

✶✳✸ ❊str❛té❣✐❛ ❞❡ ❈♦♥tr♦❧❡ ❖❈❈

❆ ▼♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ ❛ ❢r❡qüê♥❝✐❛ ❝♦♥st❛♥t❡ é ♦ ♠ét♦❞♦ ♠❛✐s ✉s❛❞♦ ♥♦ ❝♦♥tr♦❧❡

❞❛s ❝❤❛✈❡s ❛t✐✈❛s ❞❡ ❝✐r❝✉✐t♦s ♣❛r❛ ♣r♦❝❡ss❛♠❡♥t♦ ❞❡ ♣♦tê♥❝✐❛ ✭❙♠❡❞❧❡②✱ ✷✵✵✽✮✳ ❊♠ ❣❡r❛❧✱ ❛

t❡♥sã♦ ❞❡ s❛í❞❛✱ ❛ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ ❡ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ sã♦ ❛s ✈❛r✐á✈❡✐s ✉t✐❧✐③❛❞❛s ♥❛s

t❛r❡❢❛s ❞❡ ❝♦♥tr♦❧❡✳ ◆♦r♠❛❧♠❡♥t❡✱ ❡ss❡s s✐♥❛✐s sã♦ ❝❛♥❛❧✐③❛❞♦s ❡♠ ✉♠ ❝♦♥tr♦❧❛❞♦r ♣❛r❛ ❣❡r❛r

✉♠ s✐♥❛❧ ♠♦❞✉❧❛❞♦✱ ♦ q✉❛❧ é ❝♦♠♣❛r❛❞♦ ❛ ✉♠❛ ❢♦r♠❛ ❞❡ ♦♥❞❛ ❞❡♥t❡ ❞❡ s❡rr❛ ♦✉ tr✐❛♥❣✉❧❛r✱

❝❤❛♠❛❞❛ ♣♦rt❛❞♦r❛✳ ❖ r❡s✉❧t❛❞♦ ❞❡ss❛ ❝♦♠♣❛r❛çã♦ é ❛ ♠♦❞✉❧❛çã♦ ❞❛ ❧❛r❣✉r❛ ❞❛ r❛③ã♦ ❝í❝❧✐❝❛

❛♣❧✐❝❛❞❛ às ❝❤❛✈❡s ❛t✐✈❛s ❞♦ ❝♦♥✈❡rs♦r✳
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❆ té❝♥✐❝❛ ❖❈❈✱ ❞❡s❡♥✈♦❧✈✐❞❛ ♥♦ ❯❈■ P♦✇❡r ❊❧❡tr♦♥✐❝s ▲❛❜♦r❛t♦r② ✭❙♠❡❞❧❡② ❡ ❈✉❦✱

✶✾✾✶❀ ▲❛✐ ❡ ❙♠❡❞❧❡②✱ ✶✾✾✽✮ é ✉♠ ♠ét♦❞♦ ❞❡ ♠♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ ♥ã♦ ❧✐♥❡❛r✳ ◆❛

❋✐❣✉r❛ ✶✳✾ é ❛♣r❡s❡♥t❛❞♦ ♦ ♥ú❝❧❡♦ ❜ás✐❝♦ ❞♦ ❝♦♥tr♦❧❡ ❖❈❈✳ ❯♠ ❝❧♦❝❦ ❣❡r❛ ✉♠ tr❡♠ ❞❡ ♣✉❧s♦s

♣❡r✐ó❞✐❝♦ q✉❡ ❞❡✜♥❡ ♦ ✈❛❧♦r ❞♦ ✢✐♣✲✢♦♣ ♥♦ ✐♥í❝✐♦ ❞❡ ❝❛❞❛ ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ✉♠✳ ❖

s✐♥❛❧ v2 é ✐♥t❡❣r❛❞♦ ❡ ♦ ✈❛❧♦r ❞❡ s❛í❞❛ é ❝♦♠♣❛r❛❞♦ ❛♦ s✐♥❛❧ v1✳ ◗✉❛♥❞♦ ❛♠❜♦s ♦s s✐♥❛✐s ♥❛s

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

✈❡③ r❡❞❡✜♥❡ ♦ ✢✐♣✲✢♦♣ ❡ ♦ ✐♥t❡❣r❛❞♦r ♣❛r❛ ③❡r♦✳ ❊st❛ ♦♣❡r❛çã♦ é ❡①♣r❡ss❛ ♣♦r ✭✶✳✶✮✳

1

RS

∫ dT

0

v2 dt = v1 ✭✶✳✶✮

♦♥❞❡ T é ♦ ♣❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ d é ❛ r❛③ã♦ ❝í❝❧✐❝❛✱ R ❡ C sã♦ ♦s ✈❛❧♦r❡s ❞♦ r❡s✐st♦r ❡

❞♦ ❝❛♣❛❝✐t♦r r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❋✐❣✉r❛ ✶✳✽✿ ◆ú❝❧❡♦ ❜ás✐❝♦ ❞♦ ❝♦♥tr♦❧❡ ❖❈❈✳

❊ss❡ ♣r♦❝❡ss♦ s❡ r❡♣❡t❡ ❛ ❝❛❞❛ ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳ ❈♦♠ ❡st❡ ❝✐r❝✉✐t♦✱ ❛ r❛③ã♦ ❝í❝❧✐❝❛

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

♠é❞✐♦ ❡♠ ❝❛❞❛ ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ✐❣✉❛❧ ♦✉ ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ ✈❛❧♦r ❞❡ v1✳ ❙❡ ❛ ❝♦♥st❛♥t❡ ❞❡

✐♥t❡❣r❛çã♦ é ❡s❝♦❧❤✐❞❛ ♣❛r❛ s❡r ✐❞ê♥t✐❝❛ ❛ ❞♦ ♣❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ ♦ ✈❛❧♦r ♠é❞✐♦ ❞♦ s✐♥❛❧

✐♥t❡❣r❛❞♦ ❡♠ ❝❛❞❛ ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ é ✐❣✉❛❧ ❛♦ s✐♥❛❧ v1✳ ❊♠ ♦✉tr❛s ♣❛❧❛✈r❛s✱ ❛ r❛③ã♦

❝í❝❧✐❝❛ é ♠♦❞✉❧❛❞❛ ❝♦♠♦ ♠♦str❛❞♦ ❛ s❡❣✉✐r✿

v2d = v1 ✭✶✳✷✮

❆ ❡q✉❛çã♦ ✭✶✳✷✮ ❡st❛❜❡❧❡❝❡ ✉♠❛ s♦❧✉çã♦ ♣❛r❛ ❛ ❢✉♥çã♦ ♣♦❧✐♥♦♠✐❛❧ ❞❡ ♣r✐♠❡✐r❛ ♦r❞❡♠ ❞❛

r❛③ã♦ ❝í❝❧✐❝❛ d✳ P❡sq✉✐s❛s ♥♦ ❯❈■ P♦✇❡r ❊❧❡tr♦♥✐❝s ▲❛❜♦r❛t♦t② r❡✈❡❧❛♠ q✉❡ ❛ ♠❛✐♦r✐❛ ❞♦s
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❝♦♥✈❡rs♦r❡s ❜❛s❡❛❞♦s ❡♠ ❝❤❛✈❡s ❛t✐✈❛s✱ t❛✐s ❝♦♠♦ ✐♥✈❡rs♦r❡s✱ r❡t✐✜❝❛❞♦r❡s P❋❈✱ ✜❧tr♦s ❛t✐✈♦s

❞❡ ♣♦tê♥❝✐❛✱ ❡ ❋❆❈❚❙ ✭❋❧❡①✐❜❧❡ ❆❈ ❚r❛♥s♠✐ss✐♦♥ ❙②st❡♠s✮✱ ♣♦ss✉❡♠ ❢✉♥çõ❡s ❞❡ ❝♦♥tr♦❧❡

q✉❡ sã♦ ❡q✉❛çõ❡s ❞❡ ♣r✐♠❡✐r❛ ♦r❞❡♠ ♣♦❧✐♥♦♠✐❛❧ ✭❙♠❡❞❧❡② ❡ ❏✐♥✱ ✷✵✵✺✮✳ ❊ss❛ ❞❡s❝♦❜❡rt❛✱

♣♦rt❛♥t♦✱ ❛❜r❡ ✉♠❛ ❛♠♣❧❛ ❣❛♠❛ ❞❡ ❛♣❧✐❝❛çõ❡s ♣❛r❛ ❖❈❈✳

◆♦ ❝♦♥tr♦❧❡ ❞❡ r❡t✐✜❝❛❞♦r❡s ♣❛r❛ ❝♦rr❡çã♦ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛✱ ❛ ❡str❛té❣✐❛ ❖❈❈ t❡♠

❛♣r❡s❡♥t❛❞♦ ✉♠ ❡①❝❡❧❡♥t❡ ❞❡s❡♠♣❡♥❤♦✳ ❙♦❧✉çõ❡s ❞❡ ❝♦♥tr♦❧❡ ❝♦♠ ❛ té❝♥✐❝❛ ❖❈❈ ♣❛r❛ ♦

r❡t✐✜❝❛❞♦r P❋❈ ♠♦♥♦❢ás✐❝♦ ✉♥✐❞✐r❡❝✐♦♥❛❧ sã♦ ❛♣r❡s❡♥t❛❞❛s ❡♠ ✭◗✐❛♦ ❡t ❛❧✳✱ ✶✾✾✾❀ ❏✐❛♥❣ ❡t ❛❧✳✱

✷✵✶✵✮✳ P❛r❛ r❡t✐✜❝❛❞♦r❡s ♠♦♥♦❢ás✐❝♦s ♣♦♥t❡✲❝♦♠♣❧❡t❛ ❡ ♠❡✐❛✲♣♦♥t❡ ❡♠ ✭❇❡♥t♦ ❡t ❛❧✳✱ ✷✵✵✻✮✳

❈♦♥tr♦❧❛❞♦r❡s ❖❈❈ ♣❛r❛ s✐st❡♠❛s tr✐❢ás✐❝♦s ❞♦✐s ♥í✈❡✐s sã♦ ✐♥❞✐❝❛❞♦s ❡♠ ✭❩❤❛♥❣✱ ✷✵✵✾❀ ◗✐❛♦

❡ ❙♠❡❞❧❡②✱ ✷✵✵✸❀ ❇❡♥t♦ ❡ ❞❛ ❙✐❧✈❛✱ ✷✵✵✽✮✳ ❊✱ ♣❛r❛ r❡t✐✜❝❛❞♦r❡s tr✐❢ás✐❝♦s três ♥í✈❡✐s ❡♠ ✭◗✐❛♦

❡ ❙♠❡❞❧❡②✱ ✷✵✵✵❀ ◗✐❛♦ ❡ ❙♠❡❞❧❡②✱ ✷✵✵✸❀ ❚✐❛♥ ❡t ❛❧✳✱ ✷✵✵✽✮✳

❉❡ ✉♠❛ ❢♦r♠❛ ❣❡r❛❧✱ ❛ ❡str❛té❣✐❛ ❖❈❈ ♣❛r❛ r❡t✐✜❝❛❞♦r❡s t❡♠ ❝♦♠♦ ❜❛s❡ ❛ ❡♠✉❧❛çã♦

❞❡ ✉♠❛ r❡s✐stê♥❝✐❛ ❞❡ ❡♥tr❛❞❛ ✈✐st❛ ❞❛ r❡❞❡✱ q✉❡ é ❞❛❞❛ ♣♦r Re = Vg/Ig ❡ r❡♣r❡s❡♥t❛ ♦

❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ✉♥✐tár✐♦✳ ◆❛ ❋✐❣✉r❛ ❄❄ é ❛♣r❡s❡♥t❛❞♦ ♦ ❡sq✉❡♠❛ ♣❛r❛ ❝♦♥tr♦❧❡ ❖❈❈

♣❛r❛ r❡t✐✜❝❛❞♦r❡s P❋❈✱ ♦♥❞❡ sã♦ ✉s❛❞♦s ❛♣❡♥❛s ❞♦✐s s❡♥s♦r❡s ✭❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❡ t❡♥sã♦

❞❡ s❛í❞❛✮ ❡ ♥ã♦ ❤á ♠❛❧❤❛ ❞❡ ❝♦♥tr♦❧❡ ❞❡ ❝♦rr❡♥t❡ ♥❡♠ ♠✉❧t✐♣❧✐❝❛❞♦r ♣❛r❛ ❛ ❢♦r♠❛çã♦ ❞❛

r❡❢❡rê♥❝✐❛ ❞❡ ❝♦rr❡♥t❡✳ ◆♦ ❆♣ê♥❞✐❝❡ ❆ é ❛♣r❡s❡♥t❛❞♦ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ♣❛r❛

r❡t✐✜❝❛❞♦r❡s P❋❈ tr✐❢ás✐❝♦s✳

❋✐❣✉r❛ ✶✳✾✿ ❊str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ♣❛r❛ r❡t✐✜❝❛❞♦r❡s P❋❈✳

❯♠❛ ❝❛r❛❝t❡ríst✐❝❛ ✐♠♣♦rt❛♥t❡ ❞❛ té❝♥✐❝❛ ❖❈❈ é q✉❡ ❛ ♠♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦

♦♣❡r❛ ❝♦♠ ♣♦rt❛❞♦r❛ ❞❡ ❛♠♣❧✐t✉❞❡ ✈❛r✐á✈❡❧✳ ▲♦❣♦✱ ♥♦ ❜❧♦❝♦ P❲▼ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ é
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❝♦♠♣❛r❛❞❛ ❞✐r❡t❛♠❡♥t❡ ❝♦♠ ❛ ♣♦rt❛❞♦r❛✱ q✉❡ t❡♠ s✉❛ ❛♠♣❧✐t✉❞❡ ♠♦❞✉❧❛❞❛ ♣❡❧♦ r❡❣✉❧❛❞♦r

❞❡ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦✳ ❆ ❛♠♣❧✐t✉❞❡ ❞❛ ❝♦rr❡♥t❡ é ❝♦♥tr♦❧❛❞❛ ❞❡ ❢♦r♠❛ ❛ s❡r ♣r♦♣♦r❝✐♦♥❛❧

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

❞❛ r❡❞❡✳ ❈♦♠♦ ♥ã♦ ❡①✐st❡ ♠❛❧❤❛ ❞❡ ❝♦♥tr♦❧❡ ❞❡ ❝♦rr❡♥t❡✱ ❛ té❝♥✐❝❛ ❖❈❈ ♣r♦♣♦r❝✐♦♥❛ ✉♠❛

r❡s♣♦st❛ rá♣✐❞❛ ❡ ♣r❡❝✐s❛ ✭❇❡♥t♦✱ ✷✵✵✾✮✳ ❊ss❛ ❡str❛té❣✐❛ t❛♠❜é♠ é ❞❡♥♦♠✐♥❛❞❛ ♥❡st❡ tr❛❜❛❧❤♦

♣♦r ❖❈❈ ❙P❲▼ ✭P❲▼ ❙❡♥♦✲❚r✐â♥❣✉❧♦✮✳

❆ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ❙❱P❲▼ ♣♦ss✐❜✐❧✐t❛ ❛ r❡♣r❡s❡♥t❛çã♦ ❞♦s ❡st❛❞♦s ✭✵ ❂ ❜❧♦q✉❡✐♦✱ ✶

❂ ❝♦♥❞✉çã♦✮ ❞❛s ❝❤❛✈❡s ❞♦ r❡t✐✜❝❛❞♦r ♣♦r ✈❡t♦r❡s ❡s♣❛❝✐❛✐s ❞❡ t❡♥sã♦✳ ❆❧❣✉♥s ❞❡ss❡s ✈❡t♦r❡s

sã♦ ❝❤❛♠❛❞♦s ❞❡ ♥✉❧♦s ✭♦✉ ❞❡ r♦❞❛ ❧✐✈r❡✮ ❡ ♣❡q✉❡♥♦s✳

❯♠❛ ♠❛♥❡✐r❛ ❞❡ ♠♦❞✐✜❝❛r ❛ ❞✐st♦rçã♦ ♣♦r ❤❛r♠ô♥✐❝♦s ♥♦s s✐♥❛✐s ❞❡ s❛í❞❛ ❞♦ r❡t✐✜❝❛❞♦r

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

✈❡t♦r❡s ♣❡q✉❡♥♦s ♣❛r❛ ❝♦♥✈❡rs♦r❡s três ♥í✈❡✐s ✭❞❡ ❖❧✐✈❡✐r❛ ❡t ❛❧✳✱ ✷✵✵✹✮✳ ❊st❡s t❡♠♣♦s ♣♦❞❡♠

s❡r ❞✐str✐❜✉í❞♦s s❡❣✉♥❞♦ ❛ ✈❛r✐á✈❡❧ ✬µ✬ ✭✵ ≤ µ ≤ ✶✮✱ ❛ q✉❛❧ é ❞❡♥♦♠✐♥❛❞❛ ❞❡ r❛③ã♦ ❞❡

❞✐str✐❜✉✐çã♦ ✈❡t♦r✐❛❧✳

❊♠ ✭▲❡❡ ❡t ❛❧✳✱ ✶✾✾✾✮ é ♠♦str❛❞♦ q✉❡ ❛ ❛❞✐çã♦ ❞❡ ✉♠ s✐♥❛❧ ❞❡ s❡q✉ê♥❝✐❛ ③❡r♦ ✭vh✮ ❛❞❡✲

q✉❛❞♦✱ às t❡♥sõ❡s ❞❡ r❡❢❡rê♥❝✐❛✱ ♣❡r♠✐t❡ q✉❡ ❛ ♠♦❞✉❧❛çã♦ ♣♦r ♣♦rt❛❞♦r❛ ♣r♦❞✉③❛ ♦s ♠❡s♠♦s

r❡s✉❧t❛❞♦s ❞❛ ♠♦❞✉❧❛çã♦ ✈❡t♦r✐❛❧✳ ❇❛s❡❛❞♦ ♥✐ss♦✱ ❛ ❡str❛té❣✐❛ P❲▼ ❍í❜r✐❞❛✱ ♣r♦♣♦st❛ ♣♦r

✭❇❧❛s❦♦✱ ✶✾✾✻✮ ❡ ✭❍❛✈❛ ❡t ❛❧✳✱ ✶✾✾✼✮✱ ✉t✐❧✐③❛ ♦ s✐♥❛❧ vh✱ ♥♦ q✉❛❧ µ ❛♣❛r❡❝❡ ❝♦♠♦ ✉♠❛ ✈❛r✐á✈❡❧

❞❡ ♣r♦❥❡t♦✳ ❉❡ss❛ ❢♦r♠❛✱ ❛ ❛❧t❡r❛çã♦ ♥♦s s✐♥❛✐s ❞❡ r❡❢❡rê♥❝✐❛ ❣❡r❛ ♥♦✈♦s t❡♠♣♦s ❞❡ ❛♣❧✐❝❛çã♦

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

❣❡r❛❞♦s ♣❡❧♦ r❡t✐✜❝❛❞♦r✳ P♦rt❛♥t♦✱ ❛ ♠♦❞✉❧❛çã♦ ❤í❜r✐❞❛ ❛♣r❡s❡♥t❛ ♦s ♠❡s♠♦s r❡s✉❧t❛❞♦s ❞❛

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

❡s❢♦rç♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✳

❆ ✈❡rsã♦ ❞❛ ❡str❛té❣✐❛ ❖❈❈ ❍í❜r✐❞❛✱ t❛♠❜é♠ ❝❤❛♠❛❞❛ ❞❡ ❖❈❈ ❍P❲▼ ✭P❲▼ ❍í✲

❜r✐❞♦✮✱ é ❢❛❝✐❧♠❡♥t❡ ❝♦♥s❡❣✉✐❞❛ ❛tr❛✈és ❞❛ ❛❞✐çã♦ ❞❛ t❡♥sã♦ vh à t❡♥sã♦ ❞❡ ❢❛s❡✳

✶✳✹ ❖❜❥❡t✐✈♦s ❞❛ ❉✐ss❡rt❛çã♦

❈♦♠ ❡①❝❡çã♦ ❞♦ ❝♦♥✈❡rs♦r ◆P❈ ✭❇❡♥t♦✱ ✷✵✵✾✮ ❡ ❞❛ ❡str✉t✉r❛ ♣r♦♣♦st❛ ♣♦r ❈♦r③✐♥❡ ✭❈♦r③✐♥❡

❡ ❇❛❦❡r✱ ✷✵✵✷✮✱ ♥❡♥❤✉♠ ❞♦s ❝♦♥✈❡rs♦r❡s ❞✐s❝✉t✐❞♦s ❛♥t❡r✐♦r♠❡♥t❡ ❢♦✐ ✐♠♣❧❡♠❡♥t❛❞♦ ✉t✐❧✐✲



■♥tr♦❞✉çã♦ ●❡r❛❧ ✶✶

③❛♥❞♦ ❛ té❝♥✐❝❛ ❖❈❈✳ P♦r ❡st❛ r❛③ã♦✱ ♦ ♦❜❥❡t✐✈♦ ❣❡r❛❧ ❞❡st❛ ❞✐ss❡rt❛çã♦ ❝♦♥s✐st❡ ❡♠ ♣r♦♣♦r

❛ ♦♣❡r❛çã♦ ❞♦s r❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ◆P❈✱ ❆◆P❈ ❡ ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦✲

♥❡♥t❡s✱ ✉t✐❧✐③❛♥❞♦ ❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈✳ P❛r❛ t❛♥t♦✱ é ♥❡❝❡ssár✐♦ ❝♦♥t❡♠♣❧❛r ❛❧❣✉♥s

♦❜❥❡t✐✈♦s ❡s♣❡❝í✜❝♦s✱ ❛ ❝✐t❛r✿

✶✳ ❈❛r❛❝t❡r✐③❛r ❛❞❡q✉❛❞❛♠❡♥t❡ ♦ ♣r♦❜❧❡♠❛ tr❛t❛❞♦✳

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

✸✳ ■♥✈❡st✐❣❛r ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ✉t✐❧✐③❛çã♦ ❞❛ ❡str❛té❣✐❛ ❖❈❈ ♥❛s ❡str✉t✉r❛s ◆P❈✱ ❆◆P❈

❡ ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s✳

✹✳ ❆✈❡r✐❣✉❛r ♦ ❞❡s❡♠♣❡♥❤♦ ❞❛s ❡str✉t✉r❛s r❡❞✉③✐❞❛s ❡♠ r❡❧❛çã♦ ❛♦ ❞❡s❡♠♣❡♥❤♦ ❞❛s ❡s✲

tr✉t✉r❛s ◆P❈ ❡ ❆◆P❈✳

✶✳✺ P✉❜❧✐❝❛çõ❡s

◆♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡st❡ tr❛❜❛❧❤♦ ❢♦r❛♠ ❛❝❡✐t♦s ❞♦✐s ❛rt✐❣♦s ❡♠ ❝♦♥❢❡rê♥❝✐❛ ✭❇❡♥t♦✱ ❱✐❡✐r❛

❡ ❞❛ ❙✐❧✈❛✱ ✷✵✶✷✮ ❡ ✭❱✐❡✐r❛ ❡ ❞❛ ❙✐❧✈❛✱ ✷✵✶✷✮✳



2
❘❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ◆P❈ ❡ ❆◆P❈

✷✳✶ ■♥tr♦❞✉çã♦

❊st❡ ❝❛♣ít✉❧♦ ❛♣r❡s❡♥t❛ ❛s t♦♣♦❧♦❣✐❛s ◆P❈ ❡ ❆◆P❈✱ ❛tr❛✈és ❞♦ ❡st✉❞♦✿ ❞❛ ❝♦♥✜❣✉r❛çã♦ ❞♦

s✐st❡♠❛✱ ❞♦ ♣r✐♥❝í♣✐♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦✱ ❡ ❞❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ❡ ❖❈❈ ❍í❜r✐❞❛

❛♣❧✐❝❛❞❛ ❛ ❛♠❜❛s ❡str✉t✉r❛s✳ ❆ ✈❡r✐✜❝❛çã♦ ❞♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦ s✐st❡♠❛ é r❡❛❧✐③❛❞❛ ♣♦r

♠❡✐♦ ❞❛ ❛♣r❡s❡♥t❛çã♦ ❞♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❡ ❞♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳ ❆♦ ✜♥❛❧

❞♦ ❝❛♣ít✉❧♦ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ❝♦♥❝❧✉sõ❡s✱ q✉❡ ❥✉st✐✜❝❛♠ ♦ ❡st✉❞♦ ❛ s❡r ❞❡s❡♥✈♦❧✈✐❞♦ ♥♦

❝❛♣ít✉❧♦ ✸✳

✷✳✷ ❘❡t✐✜❝❛❞♦r ◆P❈

✷✳✷✳✶ ❈♦♥✜❣✉r❛çã♦ ❞♦ ❙✐st❡♠❛

❖ r❡t✐✜❝❛❞♦r ◆P❈ é ❝♦♥st✐t✉í❞♦ ♣♦r três ❜r❛ç♦s✱ s❡♥❞♦ ❝❛❞❛ ✉♠ ❝♦♠♣♦st♦ ♣♦r q✉❛tr♦ ❝❤❛✈❡s

❜✐❞✐r❡❝✐♦♥❛✐s ❡ ❞♦✐s ❞✐♦❞♦s ❞❡ ❣r❛♠♣❡❛♠❡♥t♦✳ ❊ss❛s ❝❤❛✈❡s ❢♦r♠❛♠ ❞✉❛s ❝é❧✉❧❛s ❜ás✐❝❛s ❞❡

❝♦♠✉t❛çã♦✿ ❛ ❝é❧✉❧❛ ✶ ✭S1✲S1c✮❀ ❡ ❛ ❝é❧✉❧❛ ✷ ✭S2✲S2c✮✳

◆❛ ❋✐❣✉r❛ ✷✳✶✱ q✉❡ ♠♦str❛ ❛ t♦♣♦❧♦❣✐❛ ◆P❈✿ va✱ vb ❡ vc r❡♣r❡s❡♥t❛♠ ❛s t❡♥sõ❡s ❞❡ ❢❛s❡ ❞♦

s✐st❡♠❛ ❆❈ tr✐❢ás✐❝♦❀ La✱ Lb ❡ Lc sã♦ ❛s ✐♥❞✉tâ♥❝✐❛s ❞❡ ❡♥tr❛❞❛❀ C1 ❡ C2 sã♦ ♦s ❝❛♣❛❝✐t♦r❡s ❞♦

❜❛rr❛♠❡♥t♦ ❈❈❀ ❡ R1 ❡ R2✱ r❡♣r❡s❡♥t❛♠ ❛ ❝❛r❣❛ ❞♦ s✐st❡♠❛✳ ❆ t❡♥sã♦ ♥♦ ♣♦♥t♦ ◆ é ❞❡✜♥✐❞❛

❝♦♠♦ t❡♥sã♦ ❞❡ P♦♥t♦ ◆❡✉tr♦ ✭P◆✮ ❡ ❛ t❡♥sã♦ E ❞♦ ❜❛rr❛♠❡♥t♦ é ❞✐✈✐❞✐❞❛ ✐❣✉❛❧♠❡♥t❡ ❡♥tr❡

✶✷



❘❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ◆P❈ ❡ ❆◆P❈ ✶✸

♦s ❝❛♣❛❝✐t♦r❡s✳ P♦rt❛♥t♦✱ ❛s t❡♥sõ❡s ❞❡ ♣ó❧♦ ♣♦❞❡♠ s❡r ✐❣✉❛✐s ❛✿ E/2✱ 0 ❡ −E/2✳

❋✐❣✉r❛ ✷✳✶✿ ❚♦♣♦❧♦❣✐❛ ❞♦ r❡t✐✜❝❛❞♦r ◆P❈✳

❆s q✉❡❞❛s ❞❡ t❡♥sõ❡s ♠é❞✐❛s ❡♥tr❡ ♦s ♣♦♥t♦s ❆✱ ❇✱ ❡ ❈ ❡ ♦ ♣♦♥t♦ ❖ ✭♥❡✉tr♦ ❞❛ r❡❞❡✮ sã♦

✐❣✉❛✐s ❛s t❡♥sõ❡s ❞❡ ❢❛s❡ ♠❡♥♦s ❛s q✉❡❞❛s ❞❡ t❡♥sõ❡s ♥♦s ✐♥❞✉t♦r❡s✿






vAO = va − jωgLia
vBO = vb − jωgLib
vCO = vc − jωgLic

✭✷✳✶✮

♦♥❞❡ ▲ ❞❡♥♦t❛ ♦ ♠❡s♠♦ ✈❛❧♦r ♣❛r❛ ❛s ✐♥❞✉tâ♥❝✐❛s La✱ Lb ❡ Lc✱ ωg é ❛ ❢r❡qüê♥❝✐❛ ❛♥❣✉❧❛r ❞❛

r❡❞❡✱ ❡ ia✱ ib ❡ ic sã♦ ❛s ❝♦rr❡♥t❡s ♠é❞✐❛s ♥♦s ✐♥❞✉t♦r❡s ♥✉♠ ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳

◆♦r♠❛❧♠❡♥t❡✱ ❛s ✐♠♣❡❞â♥❝✐❛s ❞❡ La✱ Lb ❡ Lc ♥❛ ❢r❡qüê♥❝✐❛ ❞❛ r❡❞❡✱ sã♦ ♠✉✐t♦ ♣❡q✉❡♥❛s✳

▲♦❣♦✱ ❛s q✉❡❞❛s ❞❡ t❡♥sã♦ ♥❡st❡s ✐♥❞✉t♦r❡s✱ ❞❛❞❛s ♣♦r jωgLi sã♦ t❛♠❜é♠ ♠✉✐t♦ ♣❡q✉❡♥❛s✱

q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛s ❝♦♠ ❛s t❡♥sõ❡s ❞❡ ❢❛s❡ ❡♠ q✉❡stã♦ ✭❇❡♥t♦✱ ✷✵✵✾✮✳ ❉❡ss❛ ❢♦r♠❛✱ t❛✐s

q✉❡❞❛s ♣♦❞❡♠ s❡r ♥❡❣❧✐❣❡♥❝✐❛❞❛s✱ ♦ q✉❡ ♣❡r♠✐t❡ ❛ss✉♠✐r ❛ s✐♠♣❧✐✜❝❛çã♦✿

jωiL = 0 ✭✷✳✷✮

❙✉❜st✐t✉✐♥❞♦ ✭✷✳✷✮ ❡♠ ✭✷✳✶✮ t❡♠✲s❡ ❛s t❡♥sõ❡s ❡♥tr❡ ♦s ♣♦♥t♦s ❆✱ ❇ ❡ ❈ ❡ ♦ ♣♦♥t♦ ❖✱

✐❣✉❛✐s ❛s t❡♥sõ❡s ❞❡ ❢❛s❡✿






va = vAO = Vg sin(ωgt)
vb = vBO = Vg sin(ωgt− 2π/3)
vc = vCO = Vg sin(ωgt+ 2π/3)

✭✷✳✸✮

❊ss❛ ♠❡s♠❛ ❛♥á❧✐s❡ é ✈á❧✐❞❛ ♣❛r❛ ❛s ❞❡♠❛✐s ❡str✉t✉r❛s r❡t✐✜❝❛❞♦r❛s ❛♣r❡s❡♥t❛❞❛s ♥❡st❡

tr❛❜❛❧❤♦✳



❘❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ◆P❈ ❡ ❆◆P❈ ✶✹

✷✳✷✳✷ Pr✐♥❝í♣✐♦ ❞❡ ❋✉♥❝✐♦♥❛♠❡♥t♦

❆ ❡str❛té❣✐❛ ❞❡ ♠♦❞✉❧❛çã♦ ❛♣❧✐❝❛❞❛ ❛♦ ◆P❈ ♣r♦❞✉③ três ❡st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦✿ N ✱ O ❡ P ✱

♦s q✉❛✐s sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛ ✷✳✷✳ ❖ ❡st❛❞♦ N é ♦❜t✐❞♦ q✉❛♥❞♦ ❛s ❝❤❛✈❡s S1c ❡ S2c

❡stã♦ ❝♦♥❞✉③✐♥❞♦✳ ❉❡ ❢♦r♠❛ ❝♦♠♣❧❡♠❡♥t❛r✱ ♦ ❡st❛❞♦ P é ❝♦♥s❡❣✉✐❞♦ q✉❛♥❞♦ ❛s ❝❤❛✈❡s S1c ❡

S2c ❡stã♦ ❜❧♦q✉❡❛❞❛s✳ ❊ q✉❛♥❞♦ ❛s ❝❤❛✈❡s S1c ❡ S2 ❡stã♦ ❝♦♥❞✉③✐♥❞♦✱ ♦ ❡st❛❞♦ O é ♦❜t✐❞♦✳

❚❛❧ s❡qüê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ é ♠♦str❛❞❛ ♥❛ ❚❛❜❡❧❛ ✷✳✶✳

✭❛✮ ✭❜✮ ✭❝✮

❋✐❣✉r❛ ✷✳✷✿ ❊st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦ ♣❛r❛ ◆P❈ ✭❛✮ ◆ ✭❜✮ ❖ ❡ ✭❝✮ P✳

❚❛❜❡❧❛ ✷✳✶✿ ❙❡qüê♥❝✐❛ ❞❡ ❈❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ♦ ◆P❈✳

❚❡♥sã♦ ❞❡ ❊st❛❞♦ ❞❡ ❙❡q✳ ❞❡ ❈❤❛✈❡❛♠❡♥t♦
♣ó❧♦ ✭VXN✮ ❈♦♠✉t❛çã♦ S1 S1c S2 S2c

−E/2 N ✵ ✶ ✵ ✶
0 O ✵ ✶ ✶ ✵

E/2 P ✶ ✵ ✶ ✵

❇❛s❡❛❞♦ ♥♦s ❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞❛ ❚❛❜❡❧❛ ✷✳✶✱ ❛s t❡♥sõ❡s ♠é❞✐❛s ❞❡ ♣ó❧♦ sã♦ ❞❛❞❛s

❝♦♥❢♦r♠❡ ✷✳✹✳







vAN = (sgna − da(2−sgna)c)E/2; da(1+sgna)c = 1− sgna

vBN = (sgnb − db(2−sgnb)c)E/2; db(1+sgnb)c = 1− sgnb

vCN = (sgnc − dc(2−sgnc)c)E/2; dc(1+sgnc)c = 1− sgnc

✭✷✳✹✮

♦♥❞❡

sgnx =

{

1, ✐❢ vx ≥ 0;
0, ✐❢ vx < 0.

, x = {a, b, c}



❘❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ◆P❈ ❡ ❆◆P❈ ✶✺

❉❡ ✭✷✳✹✮ ♣♦❞❡✲s❡ ❝♦♥❝❧✉✐r q✉❡ sã♦ ♥❡❝❡ssár✐❛s ❞✉❛s ♣♦rt❛❞♦r❛s tr✐❛♥❣✉❧❛r❡s✿ ✉♠❛ ♣❛r❛

❝♦♠♣❛r❛çã♦ ❝♦♠ ♦s s✐♥❛✐s ❞❡ r❡❢❡rê♥❝✐❛ ♣♦s✐t✐✈♦s✱ ❞❛❞❛ ♣♦r (1 − dx1c)E/2 ❡ ♦✉tr❛ ♣❛r❛

❝♦♠♣❛r❛çã♦ ❝♦♠ s✐♥❛✐s ❞❡ r❡❢❡rê♥❝✐❛ ♥❡❣❛t✐✈♦s✱ ❞❛❞❛ ♣♦r −dx2cE/2✳

✷✳✷✳✸ ❊str❛té❣✐❛ ❞❡ ❈♦♥tr♦❧❡ ❖❈❈

❇❛s❡❛❞♦ ♥❛ ❧❡✐ ❞❡ ❑✐r❝❤❤♦✛ ❛♣❧✐❝❛❞❛ ❛♦s ❧❛❞♦s ❆❈ ❞♦ s✐st❡♠❛✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ r❡t✐✜❝❛❞♦r

♣♦❞❡ s❡r ❡①♣r❡ss♦ ♣♦r✿






La(dia/dt) = vAN − va
Lb(dib/dt) = vBN − vb
Lc(dic/dt) = vCN − vc

✭✷✳✺✮

❈♦♠♦ ❛ ❢r❡qüê♥❝✐❛ ❞❡ ❝♦♠✉t❛çã♦ ✉t✐❧✐③❛❞❛ é ♠✉✐t♦ ♠❛✐♦r q✉❡ ❛ ❢r❡qüê♥❝✐❛ ❞❡ ❧✐♥❤❛✱ ❛s

❝♦rr❡♥t❡s ♥♦s ✐♥❞✉t♦r❡s ❞❡ ❡♥tr❛❞❛ ♥ã♦ ♠✉❞❛♠ ♠✉✐t♦ ❡♠ ✉♠ ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳ ▲♦❣♦✱ é

♣♦ssí✈❡❧ ❛ss✉♠✐r ❛ s❡❣✉✐♥t❡ s✐♠♣❧✐✜❝❛çã♦✿

di/dt = 0 ✭✷✳✻✮

❙✉❜st✐t✉✐♥❞♦ ✭✷✳✻✮ ❡♠ ✭✷✳✺✮ t❡♠✲s❡ ❛s t❡♥sõ❡s ❞❡ ❢❛s❡ ✐❣✉❛✐s ❛s t❡♥sõ❡s ❞❡ ♣ó❧♦✱ ❝♦♠♦

♠♦str❛ ✭✷✳✼✮✳ ❉❡ss❛ ❢♦r♠❛ s❡ ♣r♦♠♦✈❡ ♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ❛s ❢❛s❡s✳






va = vAN

vb = vBN

vc = vCN

✭✷✳✼✮

P❛r❛ ♦♣❡r❛çã♦ ❝♦♠ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ✉♥✐tár✐♦✱ ❛s ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ❞❡✈❡♠ ❡st❛r ❡♠

❢❛s❡ ❝♦♠ ❛s t❡♥sõ❡s ❞❡ ❢❛s❡ ❞❡ ❡♥tr❛❞❛✳ P♦rt❛♥t♦✿

vx = Reix ✭✷✳✽✮

♦♥❞❡ ①❂④❛✱❜✱❝⑥ ❡ Re é ❛ r❡s✐stê♥❝✐❛ ❡♠✉❧❛❞❛ ♣r♦♣♦st❛ ♣❡❧❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈✳

❙✉❜st✐t✉✐♥❞♦ ✭✷✳✼✮ ❡♠ ✭✷✳✹✮ t❡♠✲s❡ q✉❡✿






va = (sgna − da(2−sgna)c)E/2
vb = (sgnb − db(2−sgnb)c)E/2
vc = (sgnc − dc(2−sgnc)c)E/2

✭✷✳✾✮

❆♣❧✐❝❛♥❞♦ ✭✷✳✽✮ ❡♠ ✭✷✳✾✮✿






Reia = (sgna − da(2−sgna)c)E/2
Reib = (sgnb − db(2−sgnb)c)E/2
Reic = (sgnc − dc(2−sgnc)c)E/2

✭✷✳✶✵✮



❘❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ◆P❈ ❡ ❆◆P❈ ✶✻

❈♦♥s✐❞❡r❛♥❞♦ ❛ r❡s✐stê♥❝✐❛ ❡q✉✐✈❛❧❡♥t❡ ❞♦ s❡♥s♦r ✉t✐❧✐③❛❞♦ ♣❛r❛ ♦❜t❡r ♦s ✈❛❧♦r❡s ❞❡ ia✱ ib

❡ ic✱ ✭✷✳✶✵✮ ✜❝❛✿






Rsia = (sgna − da(2−sgna)c)RsE/2Re

Rsib = (sgnb − db(2−sgnb)c)RsE/2Re

Rsic = (sgnc − dc(2−sgnc)c)RsE/2Re

✭✷✳✶✶✮

❉❡✜♥✐♥❞♦✲s❡ vm = RsE/2Re✱ ✭✷✳✶✶✮ ♣♦❞❡ s❡r s✐♠♣❧✐✜❝❛❞♦✱ ❝♦♠♦ ♠♦str❛ ✭✷✳✶✷✮✳






Rsia = (sgna − da(2−sgna)c)vm
Rsib = (sgnb − db(2−sgnb)c)vm
Rsic = (sgnc − dc(2−sgnc)c)vm

✭✷✳✶✷✮

❆ ♠♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ q✉❡ ❡①♣r❡ss❛ ❛ ❡q✉❛çã♦ ✭✷✳✶✷✮ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛

✷✳✸✳

❋✐❣✉r❛ ✷✳✸✿ ▼♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ ❞❛ ❡str❛té❣✐❛ ❖❈❈ ♣❛r❛ ◆P❈✳

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

♦ ❝♦♥✈❡rs♦r ❡stá ♦♣❡r❛♥❞♦ ❝♦♠♦ r❡t✐✜❝❛❞♦r ✭♦✉ ❞❡s❝❛r❣❛✱ q✉❛♥❞♦ ♦♣❡r❛♥❞♦ ❝♦♠♦ ✐♥✈❡rs♦r✮

é ❞✐❢❡r❡♥t❡✳ ■ss♦ s❡ ❞á ❞❡✈✐❞♦ ❛♦ ♣r♦❝❡ss♦ ❞❡ ❝❛r❣❛ ❞♦s ❝❛♣❛❝✐t♦r❡s ♦❝♦rr❡r ❛ ❝❛❞❛ ♠❡✐♦

❝✐❝❧♦✱ ♦ q✉❡ ♦❝❛s✐♦♥❛ t❡♥sõ❡s ❞❡s❜❛❧❛♥❝❡❛❞❛s ♥♦s ❞✐❢❡r❡♥t❡ ♥í✈❡✐s ✭▲❛✐ ❡ P❡♥❣✱ ✶✾✾✺✮✳ ❙❡ ❛s

t❡♥sõ❡s ♥♦s ❞♦✐s ❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦ ♥ã♦ sã♦ ✐❣✉❛✐s✱ ♦s ♥í✈❡✐s ❤❛r♠ô♥✐❝♦s ❞♦ ❧❛❞♦ ❛❝

✐rã♦ ❛✉♠❡♥t❛r✱ ♣r♦✈❛✈❡❧♠❡♥t❡ ♦❝❛s✐♦♥❛♥❞♦ ❛ ❞❡str✉✐çã♦ ❞❛s ❝❤❛✈❡s ❞❡ ♣♦tê♥❝✐❛ ✭❚✐❛♥ ❡t ❛❧✳✱

✷✵✵✽✮✳

P❛r❛ ❡✈✐t❛r ❡ss❡ ♣r♦❜❧❡♠❛ ✈ár✐♦s ♠ét♦❞♦s ❞❡ ❝♦♥tr♦❧❡ tê♠ s✐❞♦ ♣r♦♣♦st♦s ♣❛r❛ ❝♦rr✐❣✐r ❖



❘❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ◆P❈ ❡ ❆◆P❈ ✶✼

❞❡s❜❛❧❛♥❝❡❛♠❡♥t♦ ❡♥tr❡ ❛s t❡♥sõ❡s ❞♦s ❝❛♣❛❝✐t♦r❡s C1 ❡ C2 ❞♦ ❜❛rr❛♠❡♥t♦✳ ❖ r❡❣✉❧❛❞♦r ♣❛r❛

❜❛❧❛♥❝❡❛♠❡♥t♦ é ✐♠♣❧❡♠❡♥t❛❞♦ ❝♦♠ ❜❛s❡ ♥♦ ❡rr♦ ❞❡ t❡♥sã♦ ❞♦ P◆✱ ✐♥❥❡t❛♥❞♦ ✉♠❛ t❡♥sã♦ ❞❡

s❡qüê♥❝✐❛ ③❡r♦ ❛♦s t❡r♠✐♥❛✐s ❞❛s t❡♥sõ❡s ❞❡ ❡♥tr❛❞❛✿







va = Rsia + vo
vb = Rsib + vo
vc = Rsic + vo

✭✷✳✶✸✮

❯♠❛ ❢♦r♠❛ s✐♠♣❧❡s ❞❡ s❡r ♦❜t❡r ❛ t❡♥sã♦ ❞❡ s❡q✉ê♥❝✐❛ ③❡r♦ vo é t♦r♥❛♥❞♦ vo ♣r♦♣♦r❝✐♦♥❛❧

❛ t❡♥sã♦ ❞❡ P◆✱ ❝♦♠♦ ♠♦str❛ ❛ ❡q✉❛çã♦ ✭✷✳✶✹✮✳ ❖ ❞✐❛❣r❛♠❛ ❡♠ ❜❧♦❝♦s ♣❛r❛ ❛ ♦❜t❡♥çã♦ ❞❡

vo é ❞❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✹✳

vo = KvPN ✭✷✳✶✹✮

❋✐❣✉r❛ ✷✳✹✿ ❉✐❛❣r❛♠❛ ♣❛r❛ ♦❜t❡r t❡♥sã♦ ❞❡ s❡qüê♥❝✐❛ ③❡r♦✳

❉❡ss❛ ❢♦r♠❛ ❛ ❡q✉❛çã♦ ✭✷✳✶✷✮ ✜❝❛✿







Rsia + vo = (sgna − da(2−sgna)c)vm
Rsib + vo = (sgnb − db(2−sgnb)c)vm
Rsic + vo = (sgnc − dc(2−sgnc)c)vm

✭✷✳✶✺✮

❆ ❡q✉❛çã♦ ✭✷✳✶✺✮ é ❛ ❡q✉❛çã♦ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ❞♦ r❡t✐✜❝❛❞♦r ◆P❈✱ ✉t✐❧✐③❛♥❞♦ ❛ ❡str❛té❣✐❛

❞❡ ♠♦❞✉❧❛çã♦ ❙P❲▼✳

✷✳✷✳✹ ❊str❛té❣✐❛ ❞❡ ❈♦♥tr♦❧❡ ❖❈❈ ❍í❜r✐❞❛

P❛r❛ ❛♣❧✐❝❛çã♦ ❞♦ P❲▼ ❍í❜r✐❞♦ ♥❛ ❡str❛té❣✐❛ ❖❈❈ ♣❛r❛ ♦ ◆P❈✱ ♣r✐♠❡✐r❛♠❡♥t❡✱ ❛ ♣❛rt✐r

❞❡ ✭✷✳✾✮✱ sã♦ ❞❡✜♥✐❞❛s ❛s ❢❛s❡s ①✱ ② ❡ ③ ♦r❞❡♥❛❞❛s ♣❡❧♦ ✈❛❧♦r ❞❛s r❛③õ❡s ❝í❝❧✐❝❛s dmn✱ dmd ❡

dmx✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✿






vx = (sgnx − dmin)E/2
vy = (sgny − dmed)E/2
vz = (sgnz − dmax)E/2

✭✷✳✶✻✮



❘❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ◆P❈ ❡ ❆◆P❈ ✶✽

◆❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❛ ❡str❛té❣✐❛ ❖❈❈ ❍í❜r✐❞❛ ✉♠❛ t❡♥sã♦ ❞❡ ♠♦❞♦ ❝♦♠✉♠ vh é ❛♣❧✐❝❛❞❛

às três t❡♥sõ❡s ❞❡ ❢❛s❡✱ ❧♦❣♦✿






vx + vh = (sgnx − dx)E/2
vy + vh = (sgny − dy)E/2
vz + vh = (sgnz − dz)E/2

✭✷✳✶✼✮

◆❛ ❋✐❣✉r❛ ✷✳✺ é ❛♣r❡s❡♥t❛❞♦ ♣❛r❛ ❛s três ❢❛s❡s ♦ ♣r✐♥❝í♣✐♦ ❞❡ ♠♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛

❞❡ ♣✉❧s♦ ❛♣❧✐❝❛❞♦ ❛ ❡str❛té❣✐❛ ❖❈❈✱ ♦♥❞❡ ❛s r❛③õ❡s ❝í❝❧✐❝❛ dx✱ dy ❡ dz r❡❢❡r❡♠✲s❡ às ❝❤❛✈❡s

✐♥❢❡r✐♦r❡s ❞❛ ❝❛❞❛ ❜r❛ç♦✳

◆❡st❡ ❡st✉❞♦✱ ❛ r❛③ã♦ ❞❡ ❞✐str✐❜✉✐çã♦ ✈❡t♦r✐❛❧ é ♦❜t✐❞❛ ♣❡❧❛ ❞✐✈✐sã♦ ❞♦ ✐♥t❡r✈❛❧♦ ❞❡

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

❞❡ ❛♣❧✐❝❛çã♦ ❞♦s ✈❡t♦r❡s r❡❞✉♥❞❛♥t❡s✿

µ =
tp2
tp

=
dp2
dp

✭✷✳✶✽✮

❊♠ ✭✷✳✶✽✮✱ tp2 é ♦ ✐♥t❡r✈❛❧♦ ❞❡ ❛♣❧✐❝❛çã♦ ❞♦ ✈❡t♦r ♣❡q✉❡♥♦ ♥♦ ❝❡♥tr♦ ❞♦ ♣❡rí♦❞♦ ❞❡

❝❤❛✈❡❛♠❡♥t♦✱ ❞❛❞♦ ♣♦r ✭✷✳✶✾✮❀ ❡♥q✉❛♥t♦ q✉❡ tp é ♦ ✐♥t❡r✈❛❧♦ t♦t❛❧ ❞❡ ❛♣❧✐❝❛çã♦ ❞♦s ✈❡t♦r❡s

♣❡q✉❡♥♦s✱ ❞❛❞♦ ♣♦r ✭✷✳✷✵✮✳

tp2 = (1− dz)Ts ✭✷✳✶✾✮

tp = tp1 + tp2 ✭✷✳✷✵✮

❊♠ ✭✷✳✷✵✮✱ tp1 é ♦ ✐♥t❡r✈❛❧♦ ❞❡ ❛♣❧✐❝❛çã♦ ❞♦ ✈❡t♦r❡s ♣❡q✉❡♥♦s ♥❛s ❡①tr❡♠✐❞❛❞❡s ❞♦ ♣❡rí♦❞♦

❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ ❞❛❞♦ ♣♦r✿

tp1 = dxTs ✭✷✳✷✶✮

❙✉❜st✐t✉✐♥❞♦ ✭✷✳✶✾✮ ❡ ✭✷✳✷✶✮ ❡♠ ✭✷✳✷✵✮✱ ♦❜té♠✲s❡ ❛ ❞✉r❛çã♦ t♦t❛❧ ❞❡ ❛♣❧✐❝❛çã♦ ❞♦s ✈❡t♦r❡s

♣❡q✉❡♥♦s✿

tp = (1 + dx − dz) ✭✷✳✷✷✮

❊♠ s❡❣✉✐❞❛✱ s✉❜st✐t✉✐♥❞♦ ✭✷✳✶✾✮ ❡ ✭✷✳✷✷✮ ❡♠ ✭✷✳✶✽✮ t❡♠✲s❡ ❛ r❛③ã♦ ❞❡ ❞✐str✐❜✉✐çã♦ ✈❡t♦r✐❛❧

❞♦s ✈❡t♦r❡s ♣❡q✉❡♥♦s✿

µ =
1− dz

dx + 1− dz
✭✷✳✷✸✮

❆ ♦❜t❡♥çã♦ ❞❡ vh é ❝♦♥s❡❣✉✐❞❛✱ ✐♥✐❝✐❛❧♠❡♥t❡✱ ♣❡❧❛ ♠❛♥✐♣✉❧❛çã♦ ❞❡ ✭✷✳✶✻✮ ❡ ✭✷✳✶✼✮✱ ❝♦♥✲

s✐❞❡r❛♥❞♦ ❛♣❡♥❛s dmn✱ dmd ❡ dmx ❡♠ ✭✷✳✶✻✮✿
{

vh = (dmin − dx)E/2
vh = (dmax − dy)E/2

✭✷✳✷✹✮



❘❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ◆P❈ ❡ ❆◆P❈ ✶✾

❋✐❣✉r❛ ✷✳✺✿ ▼♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ ❜❛s❡❛❞♦ ♥❛ r❛③ã♦ ❞❡ ❞✐str✐❜✉✐çã♦ ❞♦
✈❡t♦r ♥✉❧♦ µ ❝♦♠ ♣✉❧s♦s s✐♠étr✐❝♦s✳

❙✉❜st✐t✉✐♥❞♦ ✭✷✳✷✸✮ ❡♠ ✭✷✳✷✹✮ s❡ ❝❤❡❣❛ à ❡①♣r❡ssã♦ ❞❛ t❡♥sã♦ ❞❡ s❡qü❡♥❝✐❛ ③❡r♦ vh✱ q✉❡



❘❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ◆P❈ ❡ ❆◆P❈ ✷✵

é ❢✉♥çã♦ ❞❛s r❛③õ❡s ❝í❝❧✐❝❛s ♠á①✐♠❛s ❡ ♠í♥✐♠❛s ❡ ❞♦ µ ❛♣❧✐❝❛❞♦✿

vh = [µ(1 + dmin − dmax)− (1− dmax)]E/2 ✭✷✳✷✺✮

P♦r ✜♠✱ ❛ ❡str❛té❣✐❛ ❖❈❈ ❍í❜r✐❞❛ é ❢❛❝✐❧♠❡♥t❡ ❝♦♥s❡❣✉✐❞❛ ❛tr❛✈és ❞❛ ❛❞✐çã♦ ❞❛ t❡♥sã♦

vh às t❡♥sõ❡s ❞❡ ♥♥♥ ❢❛s❡ ❡♠ ✭✷✳✶✷✮✱ ❝♦♥❢♦r♠❡ ♠♦str❛ ✭✷✳✷✻✮✳






Rsia + vh = (sgna − da(2−sgna))vm
Rsib + vh = (sgnb − db(2−sgnb))vm
Rsic + vh = (sgnc − dc(2−sgnc))vm

✭✷✳✷✻✮

❖ ♣r♦❝❡ss♦ ❞❡ ♠♦❞✉❧❛çã♦ é ♦ ♠❡s♠♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✸✳

✷✳✷✳✺ ❘❡s✉❧t❛❞♦s ❞❡ ❙✐♠✉❧❛çã♦

❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ r❡t✐✜❝❛❞♦r ◆P❈✱ ✉t✐❧✐③❛♥❞♦ ❛ té❝♥✐❝❛ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ❡ ❖❈❈ ❍í❜r✐❞❛✱

é ✐♥✐❝✐❛❧♠❡♥t❡ ❛♣r❡s❡♥t❛❞♦ ❛tr❛✈és ❞❡ r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çõ❡s✳ ❊st❡s r❡s✉❧t❛❞♦s sã♦ ♦❜t✐❞♦s

❝♦♥s✐❞❡r❛♥❞♦ ♦s ♣❛râ♠❡tr♦s ❛♣r❡s❡♥t❛❞♦s ♥♦ ❆♣ê♥❞✐❝❡ ❇✳

❆ ❋✐❣✉r❛ ✷✳✻ ❛♣r❡s❡♥t❛ ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦ r❡t✐✜❝❛❞♦r ◆P❈ ❝♦♠ ❖❈❈✳ ◆❛

❋✐❣✉r❛ ✷✳✻✭❛✮ ♦❜s❡r✈❛✲s❡ q✉❡ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❡stá ❡q✉✐❧✐❜r❛❞❛✱ ✉♠❛ ✈❡③ q✉❡ ❛ t❡♥sã♦

♥♦s ❝❛♣❛❝✐t♦r❡s C1 ❡ C2 ❡q✉✐✈❛❧❡ ❛ E/2✳ ❆ ❋✐❣✉r❛ ✷✳✻✭❜✮ ❛♣r❡s❡♥t❛ ❛s ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛✱ ❛s

q✉❛✐s sã♦ s❡♥♦✐❞❛✐s ❡ ❡q✉✐❧✐❜r❛❞❛s✳ ❆s t❡♥sõ❡s ❞❡ ❧✐♥❤❛ ♦❜s❡r✈❛❞❛s ♥❛s ❋✐❣✉r❛s ✷✳✻✭❝✮ ❡ ✷✳✻✭❞✮

♠♦str❛♠ ♦s ❝✐♥❝♦ ♥í✈❡✐s ❞❡ t❡♥sã♦ ❡s♣❡r❛❞♦s✳ ❆ t❡♥sã♦ ❞❡ ❧✐♥❤❛ ♦❜s❡r✈❛❞❛ ♥❛ ❋✐❣✉r❛ ✷✳✻✭❝✮

♣❛r❡❝❡ s✐♠étr✐❝❛✱ ♥♦ ❡♥t❛♥t♦ ❛ ❋✐❣✉r❛ ✷✳✻✭❞✮ ♠♦str❛ q✉❡ sã♦ ✐♥tr♦❞✉③✐❞♦s ❤❛r♠ô♥✐❝♦s ♣❛r❡s

✭❲✉✱ ✷✵✵✻✮✳ P♦r ú❧t✐♠♦✱ ❛s t❡♥sõ❡s ❞❡ ♣ó❧♦ ✐❧✉str❛❞❛s ♥❛s ❋✐❣✉r❛s ✷✳✻✭❡✮ ❡ ✷✳✻✭❢✮ ❛♣r❡s❡♥t❛♠

♦s três ♥í✈❡✐s ❡s♣❡r❛❞♦s✿ 175❱ ✭E/2✮✱ O❱ ✭③❡r♦✮ ❡ −175❱ ✭−E/2✮❀ ♦ q✉❡ ❝♦♥✜r♠❛ ♦ ❡q✉✐❧í❜r✐♦

❞❛s t❡♥sõ❡s ♥♦ ❜❛rr❛♠❡♥t♦ ❝❝✳

❆ ❋✐❣✉r❛ ✷✳✼ ♠♦str❛ ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦ r❡t✐✜❝❛❞♦r ◆P❈ ❝♦♠ ❖❈❈ ❍í❜r✐❞♦

✭µ = 0.5✮✳ ◆❛ ❋✐❣✉r❛ ✷✳✼✭❛✮ sã♦ ♠♦str❛❞❛s ❛s t❡♥sõ❡s ♥♦ ❜❛rr❛♠❡♥t♦ ❝❝✱ ♥❛ q✉❛❧ ♦❜s❡r✈❛✲s❡

q✉❡ ❛s t❡♥sõ❡s ♥♦s ❝❛♣❛❝✐t♦r❡s ❡stã♦ ❡q✉✐❧✐❜r❛❞❛s ❡ ✐❣✉❛✐s ❛ E/2✳ ◆❛ ❋✐❣✉r❛ ✷✳✼✭❜✮ ❛♣r❡s❡♥t❛✲

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

r✐♣♣❧❡ ♥♦ ♣✐❝♦ ❞❛ ❢♦r♠❛ ❞❡ ♦♥❞❛✱ ❝❛r❛❝t❡ríst✐❝♦ ❞❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ❍í❜r✐❞♦✳ ❆s
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❋✐❣✉r❛ ✷✳✼✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ♣❛r❛ ◆P❈ ❝♦♠ ❖❈❈ ❍í❜r✐❞♦ ✭µ = 0.5✮ ✭❛✮
❚❡♥sõ❡s ♥♦ ❜❛rr❛♠❡♥t♦ ❝❝ ✭❜✮ ❈♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ✭❝✮ ❚❡♥sã♦ ❞❡ ❧✐♥❤❛
✭❞✮ ❩♦♦♠ ❞❛ t❡♥sã♦ ❞❡ ❧✐♥❤❛ ✭❡✮ ❚❡♥sã♦ ❞❡ ♣ó❧♦ ✭❢✮ ❩♦♦♠ ❞❛ t❡♥sã♦ ❞❡
♣ó❧♦✳

❆ ❋✐❣✉r❛ ✷✳✽ ❛♣r❡s❡♥t❛ ❛ t❡♥sã♦ ❞❡ ♣ó❧♦ ♠é❞✐❛ ♣❛r❛ µ = 0.5✳

❆ ❋✐❣✉r❛ ✷✳✾ ♠♦str❛ ❛ s♦❜r❡♣♦s✐çã♦ ❞❛ r❡❢❡rê♥❝✐❛ ♠♦❞✐✜❝❛❞❛ ✉t✐❧✐③❛❞❛ ♥❛ ❡str❛té❣✐❛ ❖❈❈

❍í❜r✐❞❛ ✭µ = 0.5✮ ❝♦♠ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛✳ P♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛
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❋✐❣✉r❛ ✷✳✾✿ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ r❡❢❡rê♥❝✐❛ ♠♦❞✐✜❝❛❞❛ ✭Rsia+ vh✮ ♣❛r❛ ❖❈❈ ❍í❜r✐❞♦
✭µ = 0.5✮ ❡ ❛ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛✳

✷✳✷✳✻ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s

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

❡①♣❡r✐♠❡♥t❛❧ ❝♦♥tr♦❧❛❞♦ ♣❡❧♦ ♣r♦❝❡ss❛❞♦r ❞✐❣✐t❛❧ ❞❡ s✐♥❛✐s ❚▼❙✸✷✵❋✷✽✸✸✺✳ ❊st❡s r❡s✉❧t❛❞♦s

sã♦ ♦❜t✐❞♦s ❝♦♥s✐❞❡r❛♥❞♦ ♦s ♣❛râ♠❡tr♦s ❛♣r❡s❡♥t❛❞♦s ♥♦ ❆♣ê♥❞✐❝❡ ❇✳

❆ ❋✐❣✉r❛ ✷✳✶✵ ❛♣r❡s❡♥t❛ ♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ♦ ❝❛s♦ ❞♦ r❡t✐✜❝❛❞♦r ◆P❈

♦♣❡r❛♥❞♦ ❝♦♠ ❖❈❈✳ ❆s ❝✉r✈❛s ♠♦str❛❞❛s ♥❡ss❛ ✜❣✉r❛ sã♦✿ ✭❛✮ t❡♥sõ❡s ♥♦ ❜❛rr❛♠❡♥t♦✱ ✭❜✮

❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛✱ ✭❝✮ ❡ ✭❞✮ t❡♥sã♦ ❞❡ ❧✐♥❤❛❀ ❡ ✭❡✮ ❡ ✭❢✮ t❡♥sõ❡s ❞❡ ♣ó❧♦✳

❖s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ♦ ❝❛s♦ ❞♦ r❡t✐✜❝❛❞♦r ◆P❈ ♦♣❡r❛♥❞♦ ❝♦♠ ❖❈❈ ❍í❜r✐❞♦

♣❛r❛ ♠♦❞✉❧❛çã♦ ❝♦♥tí♥✉❛ ✭µ❂✵✳✺✮ sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛ ✷✳✶✶✳ ❆s ❝✉r✈❛s ♠♦str❛❞❛s

♥❡ss❛ ✜❣✉r❛ sã♦✿ ✭❛✮ t❡♥sõ❡s ♥♦ ❜❛rr❛♠❡♥t♦✱ ✭❜✮ ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛✱ ✭❝✮ ❡ ✭❞✮ t❡♥sã♦ ❞❡

❧✐♥❤❛❀ ✭❡✮ ❡ ✭❢✮ t❡♥sõ❡s ❞❡ ♣ó❧♦ ❡ ✭❣✮ t❡♥sã♦ ❞❡ ♣ó❧♦ ♠é❞✐❛✳ ❆ ❋✐❣✉r❛ ✷✳✶✷ ❛♣r❡s❡♥t❛ ❛ t❡♥sã♦
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❋✐❣✉r❛ ✷✳✶✵✿ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ◆P❈ ❝♦♠ ❖❈❈ ✭❛✮ ❚❡♥sõ❡s ♥♦ ❜❛r✲
r❛♠❡♥t♦ ❝❝ ❡ ♥♦s ❝❛♣❛❝✐t♦r❡s C1 ❡ C2 ✭100V ✴❉✐✈✮ ✭❜✮ ❈♦rr❡♥t❡s ❞❡
❡♥tr❛❞❛ ✭✺❆✴❉✐✈✮ ✭❝✮ ❚❡♥sã♦ ❞❡ ❧✐♥❤❛ ✭✺✵✵❱✴❉✐✈✮ ✭❞✮ ❩♦♦♠ ❞❛ t❡♥✲
sã♦ ❞❡ ❧✐♥❤❛ ✭✺✵✵❱✴❉✐✈✮ ✭❡✮ ❚❡♥sã♦ ❞❡ ♣ó❧♦ ✭✷✵✵❱✴❉✐✈✮ ✭❢✮ ❩♦♦♠ ❞❛
t❡♥sã♦ ❞❡ ♣ó❧♦ ✭✷✵✵❱✴❉✐✈✮✳
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❞❡ ♣ó❧♦ ♠é❞✐❛ ♣❛r❛ µ❂✵✳✺✳

✭❛✮ ✭❜✮

✭❝✮ ✭❞✮

✭❡✮ ✭❢✮

❋✐❣✉r❛ ✷✳✶✶✿ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ◆P❈ ❝♦♠ ❖❈❈ ❍í❜r✐❞♦ ✭µ❂✵✳✺✮ ✭❛✮
❚❡♥sõ❡s ♥♦ ❜❛rr❛♠❡♥t♦ ❝❝ ❡ ♥♦s ❝❛♣❛❝✐t♦r❡s C1 ❡ C2 ✭❜✮ ❈♦rr❡♥t❡s
❞❡ ❡♥tr❛❞❛ ✭✺❆✴❉✐✈✮ ✭❝✮ ❚❡♥sã♦ ❞❡ ❧✐♥❤❛ ✭✺✵✵❱✴❉✐✈✮ ✭❞✮ ❩♦♦♠ ❞❛
t❡♥sã♦ ❞❡ ❧✐♥❤❛ ✭✺✵✵❱✴❉✐✈✮ ✭❡✮ ❚❡♥sã♦ ❞❡ ♣ó❧♦ ✭✷✵✵❱✴❉✐✈✮ ✭❢✮ ❩♦♦♠
❞❛ t❡♥sã♦ ❞❡ ♣ó❧♦ ✭✷✵✵❱✴❉✐✈✮✳

P❛r❛ ❛♠❜❛s ❡str❛té❣✐❛s ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ❡ ❖❈❈ ❍í❜r✐❞❛✱ ♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s

❝♦rr❡s♣♦♥❞❡♠ ❛♦s r❡s✉❧t❛❞♦s s✐♠✉❧❛❞♦s✳
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✷✳✸ ❘❡t✐✜❝❛❞♦r ❆◆P❈

✷✳✸✳✶ ❈♦♥✜❣✉r❛çã♦ ❞♦ ❙✐st❡♠❛

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

❞✐s♣♦s✐t✐✈♦s q✉❡ ❝♦♥st✐t✉❡♠ s✉❛ ❡str✉t✉r❛✳ ❆ss✐♠✱ ❞❡✈✐❞♦ à ❞✐str✐❜✉✐çã♦ ❞❡ ♣❡r❞❛s ❞❡s❜❛❧❛♥✲

❝❡❛❞❛✱ ❛ ❢r❡qüê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❡ ❛ ♣♦tê♥❝✐❛ ❞❡ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r sã♦ ❧✐♠✐t❛s ✭❆tt❛✐❛♥❡s❡

❡t ❛❧✳✱ ✷✵✶✵✮✳

❊♠ ✷✵✵✶✱ ❇rü❝❦♥❡r ❛♥❞ ❇❡r♥❡t ❛♣r❡s❡♥t❛r❛♠ ✉♠❛ ✈❛r✐❛çã♦ ❞❛ t♦♣♦❧♦❣✐❛ ◆P❈✱ ❛ q✉❛❧

é ❝❤❛♠❛❞❛ ❞❡ ❆◆P❈ ✭❆❝t✐✈❡ ◆❡✉tr❛❧ P♦✐♥t ❈❧❛♠♣❡❞✮ ♦✉ ◆P❈ ❛t✐✈♦✳ ❊ss❛ ❡str✉t✉r❛ t❡♠

♣♦r ♦❜❥❡t✐✈♦ ♣r♦❞✉③✐r ✉♠❛ ❞✐str✐❜✉✐çã♦ ♠❛✐s ✐❣✉❛❧✐tár✐❛ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❥✉♥çã♦ ❞♦s s❡♠✐✲

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

✭❇r✉❝❦♥❡r ❡ ❇❡♠❡t✱ ✷✵✵✶❀ ❇r✉❝❦♥❡r ❡t ❛❧✳✱ ✷✵✵✺✮✳

❆ ❡str✉t✉r❛ ❆◆P❈ é ❝♦♥st✐t✉í❞❛ ♣♦r três ❜r❛ç♦s✱ s❡♥❞♦ ❝❛❞❛ ✉♠ ❝♦♠♣♦st♦ ♣♦r ✻ ❝❤❛✈❡s

❜✐❞✐r❡❝✐♦♥❛✐s✱ ❝♦♠♦ ♠♦str❛ ❛ ❋✐❣✉r❛ ✷✳✶✸✳ ❊ss❛s ❝❤❛✈❡s ❢♦r♠❛♠ três ❝é❧✉❧❛s ❜ás✐❝❛s ❞❡

❝♦♠✉t❛çã♦✿ ❛ ❝é❧✉❧❛ s✉♣❡r✐♦r ✭S1✲S1c✮✱ ❛ ❝é❧✉❧❛ ❝❡♥tr❛❧ ✭S2✲S2c✮✱ ❡ ❛ ❝é❧✉❧❛ ✐♥❢❡r✐♦r ✭S3✲S3c✮✳

✷✳✸✳✷ Pr✐♥❝í♣✐♦ ❞❡ ❋✉♥❝✐♦♥❛♠❡♥t♦

❆ t♦♣♦❧♦❣✐❛ ❆◆P❈ ♣❡r♠✐t❡ ♠❛✐s q✉❡ ✉♠❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ♦ ❡st❛❞♦ ③❡r♦❀

♦ q✉❡ ❝♦♥s❡qü❡♥t❡♠❡♥t❡ ❤❛❜✐❧✐t❛ ❛ r❡❛❧✐③❛çã♦ ❞❡ três t✐♣♦s ❞❡ ♠♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡

♣✉❧s♦ ✭P❲▼✲✶✱ P❲▼✲✷ ❡ P❲▼✲✸✮✳ ❊ss❛s ❡str❛té❣✐❛s ❞✐❢❡r❡♠ ♣❡❧♦ t✐♣♦ ❞❡ ❝♦♠✉t❛çã♦ ❡ ♣❡❧♦

♥ú♠❡r♦ ❞❡ ❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ♦❜t❡♥çã♦ ❞♦ ♥í✈❡❧ ③❡r♦✳



❘❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ◆P❈ ❡ ❆◆P❈ ✷✼

❋✐❣✉r❛ ✷✳✶✸✿ ❚♦♣♦❧♦❣✐❛ ❞♦ r❡t✐✜❝❛❞♦r ❆◆P❈✳

❆s ❡str❛té❣✐❛s ❞❡ ♠♦❞✉❧❛çã♦ ❛♣❧✐❝❛❞❛s ❛♦ ❆◆P❈ ♣♦ss✐❜✐❧✐t❛♠ ♦✐t♦ ❡st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦✿

N1✱ N2✱ O1−✱ O2−✱ O1+✱ O2+✱ P1 ❡ P2✱ ♦s q✉❛✐s sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛ ✷✳✶✹✳

✭❛✮ ✭❜✮ ✭❝✮ ✭❞✮

✭❡✮ ✭❢✮ ✭❣✮ ✭❤✮

❋✐❣✉r❛ ✷✳✶✹✿ ❊st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦ ♣❛r❛ ❆◆P❈ ✭❛✮N1 ✭❜✮ N2 ✭❝✮ O
−

1 ✭❞✮ O−

2 ✭❡✮O+
1

✭❢✮O+
2 ✭❣✮P1 ❡ ✭❤✮P2✳



❘❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ◆P❈ ❡ ❆◆P❈ ✷✽

❖s ❡st❛❞♦s ③❡r♦ r❡❞✉♥❞❛♥t❡s sã♦ ♦s r❡s♣♦♥sá✈❡✐s ♣❡❧❛ ❞✐str✐❜✉✐çã♦ ♠❛✐s ❡q✉✐❧✐❜r❛❞❛ ❞❛s

♣❡r❞❛s ❡♥tr❡ ♦s ❞✐s♣♦s✐t✐✈♦s ❞❡ ♣♦tê♥❝✐❛ q✉❡ ❝♦♠♣õ❡ ♦ ❆◆P❈ ✭❋❧♦r✐❝❛✉ ❡t ❛❧✳✱ ✷✵✵✽✮✳ ❆s

❡str❛té❣✐❛s P❲▼✲✶ ❡ P❲▼✲✷ ♣❡r♠✐t❡♠ ❞✉❛s ♣♦ss✐❜✐❧✐❞❛❞❡s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ♦❜t❡♥çã♦

❞♦ ❡st❛❞♦ ③❡r♦✱ ❡♥q✉❛♥t♦ q✉❡ ❛ ❡str❛té❣✐❛ P❲▼✲✸ ❤❛❜✐❧✐t❛ q✉❛tr♦ ♣♦ss✐❜✐❧✐❞❛❞❡s✳ ❆s três

❡str❛té❣✐❛s P❲▼ sã♦ ❛♥❛❧✐s❛❞❛s ❛ s❡❣✉✐r✳

• ❊str❛té❣✐❛ P❲▼✲✶✿

◆♦ ❝❛s♦ ❞❛ ❡str❛té❣✐❛ P❲▼✲✶ q✉❛tr♦ ❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ sã♦ ♦❜t✐❞♦s✿ N1✱ O
−

1 ✱ O
+
1 ❡

P1✱ ❝♦♠♦ ♠♦str❛ ❛ ❚❛❜❡❧❛ ✷✳✷✳ P❛r❛ ♦❜t❡♥çã♦ ❞♦ ❡st❛❞♦ P1✱ S1 ❝♦♥❞✉③✱ S1c é ❜❧♦q✉❡❛❞❛ ❡

❛ ❝é❧✉❧❛ ✸ é ❣r❛♠♣❡❛❞❛ ❡♠ ③❡r♦ ✳ ❖ ❡st❛❞♦ N1 é ❝♦♥s❡❣✉✐❞♦ q✉❛♥❞♦ S3 ❡stá ❜❧♦q✉❡❛❞♦✱ S3c

❡stá ❝♦♥❞✉③✐♥❞♦ ❡ ❛ ❝é❧✉❧❛ ✶ é ❣r❛♠♣❡❛❞❛ ❡♠ ③❡r♦✳ ❖ ♥í✈❡❧ ❞❡ t❡♥sã♦ ③❡r♦ é ♦❜t✐❞♦ ❛tr❛✈és

❞❡ ❞♦✐s ❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦✿ O−

1 ✱ q✉❛♥❞♦ ❛ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛ é ♥❡❣❛t✐✈❛ ❡ O
+
1 ✱ q✉❛♥❞♦

❛ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛ é ♣♦s✐t✐✈❛✳ P❛r❛ O−

1 ✱ ❛s ❝❤❛✈❡s S2c ❡ S3 ❝♦♥❞✉③❡♠✱ ❡♥q✉❛♥t♦ q✉❡ ♣❛r❛

O+
1 ✱ ❛s ❝❤❛✈❡s S1c ❡ S2 ❝♦♥❞✉③❡♠✳

❚❛❜❡❧❛ ✷✳✷✿ ❙❡qüê♥❝✐❛ ❞❡ ❈❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ♦ ❆◆P❈ P❲▼✲✶✳

❚❡♥sã♦ ❞❡ ❊st❛❞♦ ❞❡ ❙❡qüê♥❝✐❛ ❞❡ ❈❤❛✈❡❛♠❡♥t♦
♣ó❧♦ ✭VXN✮ ❈♦♠✉t❛çã♦ S1 S1c S2 S2c S3 S3c

−E/2 N1 ✵ ✵ ✵ ✶ ✵ ✶
0 O−

1 ✵ ✵ ✵ ✶ ✶ ✵
0 O+

1 ✵ ✶ ✶ ✵ ✵ ✵
E/2 P1 ✶ ✵ ✶ ✵ ✵ ✵

❇❛s❡❛❞♦ ♥❛ s❡qüê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞❛ ❚❛❜❡❧❛ ✷✳✷✱ ♣♦❞❡✲s❡ ♣❡r❝❡❜❡r q✉❡ ❛ ❝é❧✉❧❛ ✶ ❡

✸ ❝♦♠✉t❛♠ ❛ ❡❧❡✈❛❞❛ ❢r❡qüê♥❝✐❛✱ ❡♥q✉❛♥t♦ q✉❡ ❛ ❝é❧✉❧❛ ✷ ❝♦♠✉t❛ ❛ ❜❛✐①❛ ❢r❡qüê♥❝✐❛✱ ❛ q✉❛❧

é ❡q✉✐✈❛❧❡♥t❡ ❛ ❢r❡qüê♥❝✐❛ ❞❛ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛✳ P♦rt❛♥t♦✱ ❛s t❡♥sõ❡s ♠é❞✐❛s ❞❡ ♣ó❧♦ sã♦

❞❛❞❛s ♣♦r✿






vAN = (sgna − da(3−2sgna)c)E/2; da(1+2sgna)c = 0; da2c = 1− sgna

vBN = (sgnb − db(3−2sgnb)c)E/2; db(1+2sgnb)c = 0; db2c = 1− sgnb

vCN = (sgnc − dc(3−2sgnc)c)E/2; dc(1+2sgnc)c = 0; dc2c = 1− sgnc

✭✷✳✷✼✮

♦♥❞❡

sgnx =

{

1, ✐❢ vx ≥ 0;
0, ✐❢ vx < 0.

, x = {a, b, c}

❉❡ ✭✷✳✷✼✮ ♣♦❞❡✲s❡ ❝♦♥❝❧✉✐r q✉❡ ♣❛r❛ r❡❛❧✐③❛çã♦ ❞❛ ❡str❛té❣✐❛ P❲▼✲✶ sã♦ ♥❡❝❡ssár✐❛s ❞✉❛s

♣♦rt❛❞♦r❛s tr✐❛♥❣✉❧❛r❡s✿ ✉♠❛ ♣❛r❛ ❝♦♠♣❛r❛çã♦ ❝♦♠ ♦s s✐♥❛✐s ❞❡ r❡❢❡rê♥❝✐❛ ♣♦s✐t✐✈♦s✱ ❞❛❞❛



❘❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ◆P❈ ❡ ❆◆P❈ ✷✾

♣♦r (1 − dx1c)E/2 ❡ ♦✉tr❛ ♣❛r❛ ❝♦♠♣❛r❛çã♦ ❝♦♠ s✐♥❛✐s ❞❡ r❡❢❡rê♥❝✐❛ ♥❡❣❛t✐✈♦s✱ ❞❛❞❛ ♣♦r

−dx3cE/2✳

• ❊str❛té❣✐❛ P❲▼✲✷✿

P❛r❛ ❛ ❡str❛té❣✐❛ P❲▼✲✷ t❛♠❜é♠ sã♦ ♦❜t✐❞♦s q✉❛tr♦ ❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ✿ N2✱ O
−

2 ✱ O
+
2

❡ P2✱ ❝♦♥❢♦r♠❡ ♠♦str❛ ❛ ❚❛❜❡❧❛ ✷✳✸✳ ❖ ❡st❛❞♦ P2 é ❝♦♥s❡❣✉✐❞♦ q✉❛♥❞♦ S1c✱ S2c ❡ S3c ❡stã♦

❜❧♦q✉❡❛❞❛s✳ ❊♥q✉❛♥t♦ q✉❡✱ ♦ ❡st❛❞♦ N2 é ♦❜t✐❞♦ q✉❛♥❞♦ S1c✱ S2c ❡ S3c ❡stã♦ ❝♦♥❞✉③✐♥❞♦✳ ❖

♥í✈❡❧ ❞❡ t❡♥sã♦ ③❡r♦ é ♦❜t✐❞♦ ❛tr❛✈és ❞❡ ❞♦✐s ❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦✿ O−

2 ❡ O+
2 ✳ ❖ ❡st❛❞♦

O−

2 é ❝♦♥s❡❣✉✐❞♦ q✉❛♥❞♦ ❛ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛ é ♥❡❣❛t✐✈❛ ❡ S1c✱ S2 ❡ S3c ❡stã♦ ❝♦♥❞✉③✐♥❞♦✳

❉❡ ❢♦r♠❛ ❝♦♠♣❧❡♠❡♥t❛r✱ ♦ ❡st❛❞♦ O+
2 é ♦❜t✐❞♦ q✉❛♥❞♦ ❛ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛ é ♣♦s✐t✐✈❛ ❡

S1✱ S2c ❡ S3 ❡stã♦ ❝♦♥❞✉③✐♥❞♦✳

❚❛❜❡❧❛ ✷✳✸✿ ❙❡qüê♥❝✐❛ ❞❡ ❈❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ♦ ❆◆P❈ P❲▼✲✷✳

❚❡♥sã♦ ❞❡ ❊st❛❞♦ ❞❡ ❙❡qüê♥❝✐❛ ❞❡ ❈❤❛✈❡❛♠❡♥t♦
♣ó❧♦ ✭VXN✮ ❈♦♠✉t❛çã♦ S1 S1c S2 S2c S3 S3c

−E/2 N2 ✵ ✶ ✵ ✶ ✵ ✶
0 O−

2 ✵ ✶ ✶ ✵ ✵ ✶
0 O+

2 ✶ ✵ ✵ ✶ ✶ ✵
E/2 P2 ✶ ✵ ✶ ✵ ✶ ✵

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

❝♦♠✉t❛ ❛ ❡❧❡✈❛❞❛ ❢r❡qüê♥❝✐❛✱ ❡♥q✉❛♥t♦ ❛s ♦✉tr❛s ❝é❧✉❧❛s ❝♦♠✉t❛♠ ❛ ❜❛✐①❛ ❢r❡qüê♥❝✐❛✱ ❛ q✉❛❧

é ❡q✉✐✈❛❧❡♥t❡ ❛ ❢r❡qüê♥❝✐❛ ❞❛ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛✳ ▲♦❣♦✱ ❛s t❡♥sõ❡s ♠é❞✐❛s ❞❡ ♣ó❧♦ sã♦ ❞❛❞❛s

♣♦r✿






vAN = (sgna − da2c)E/2; da1c = da3c = 1− sgna

vBN = (sgnb − db2c)E/2; db1c = db3c = 1− sgnb

vCN = (sgnc − dc2c)E/2; dc1c = dc3c = 1− sgnc

✭✷✳✷✽✮

♦♥❞❡

sgnx =

{

1, ✐❢ vx ≥ 0;
0, ✐❢ vx < 0.

, x = {a, b, c}

❉❡ ✭✷✳✷✽✮ ♣♦❞❡✲s❡ ❝♦♥❝❧✉✐r q✉❡ ♣❛r❛ r❡❛❧✐③❛çã♦ ❞❛ ❡str❛té❣✐❛ P❲▼✲✷ sã♦ ♥❡❝❡ssár✐❛s ❞✉❛s

♣♦rt❛❞♦r❛s tr✐❛♥❣✉❧❛r❡s✿ ✉♠❛ ♣❛r❛ ❝♦♠♣❛r❛çã♦ ❝♦♠ ♦s s✐♥❛✐s ❞❡ r❡❢❡rê♥❝✐❛ ♣♦s✐t✐✈♦s✱ ❞❛❞❛

♣♦r (1 − dx2c)E/2 ❡ ♦✉tr❛ ♣❛r❛ ❝♦♠♣❛r❛çã♦ ❝♦♠ s✐♥❛✐s ❞❡ r❡❢❡rê♥❝✐❛ ♥❡❣❛t✐✈♦s✱ ❞❛❞❛ ♣♦r

−dx2E/2✳



❘❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ◆P❈ ❡ ❆◆P❈ ✸✵

• ❊str❛té❣✐❛ P❲▼✲✸✿

❆ ❡str❛té❣✐❛ P❲▼✲✸ ♣r♦❞✉③ s❡✐s ❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦✿ P2✱ N2✱ O
−

1 ✱ O
−

2 ✱ O
+
1 ❡ O+

2 ✳ ❖s

❡st❛❞♦s P2✱ O
+
1 ❡ O+

2 sã♦ ♦❜t✐❞♦s q✉❛♥❞♦ ❛ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛ é ♣♦s✐t✐✈❛✱ ❡♥q✉❛♥t♦ q✉❡ ♦s

❡st❛❞♦s N2✱ O
−

1 ❡ O−

2 sã♦ ❝♦♥s❡❣✉✐❞♦s q✉❛♥❞♦ ❛ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛ é ♥❡❣❛t✐✈❛✳

◆❛ ❚❛❜❡❧❛ ✷✳✹✱ ❛s s❡qüê♥❝✐❛s ❞❡ ❝♦♠✉t❛çã♦ ♣❛r❛ ♦❜t❡♥çã♦ ❞♦s ❡st❛❞♦s O−

1 ❡ O+
1 sã♦

✐❞ê♥t✐❝❛s ❛s ♣r♦❞✉③✐❞❛s ♣❡❧♦ P❲▼✲✶✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❛s s❡qüê♥❝✐❛s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ♣❛r❛

P2✱ N2✱ O
−

2 ✱ O
+
2 sã♦ ✐❣✉❛✐s ❛s ❣❡r❛❞❛s ♣❡❧♦ P❲▼✲✷✳

❚❛❜❡❧❛ ✷✳✹✿ ❙❡qüê♥❝✐❛ ❞❡ ❈❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ♦ ❆◆P❈ P❲▼✲✸✳

❚❡♥sã♦ ❞❡ ❊st❛❞♦ ❞❡ ❙❡qüê♥❝✐❛ ❞❡ ❈❤❛✈❡❛♠❡♥t♦
♣ó❧♦ ✭VXN✮ ❈♦♠✉t❛çã♦ S1 S1c S2 S2c S3 S3c

−E/2 N2 ✵ ✶ ✵ ✶ ✵ ✶
0 O−

1 ✵ ✵ ✵ ✶ ✶ ✵
0 O−

2 ✵ ✶ ✶ ✵ ✵ ✶
0 O+

1 ✵ ✶ ✶ ✵ ✵ ✵
0 O+

2 ✶ ✵ ✵ ✶ ✶ ✵
E/2 P2 ✶ ✵ ✶ ✵ ✶ ✵

❇❛s❡❛❞♦ ♥♦s ❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞❛ ❚❛❜❡❧❛ ✷✳✹✱ ❛s t❡♥sõ❡s ♠é❞✐❛s ❞❡ ♣ó❧♦ sã♦ ❞❛❞❛s

♣♦r✿✿






vAN = (sgna − da2c)(sgna − d(3−2sgna)c)E/2; da3csgna + da1(1− sgna) = 0
vBN = (sgnb − db2c)(sgnb − d(3−2sgnb)c)E/2; db3csgnb + db1(1− sgnb) = 0
vCN = (sgnc − dc2c)(sgnc − d(3−2sgnc)c)E/2; dc3csgnc + dc1(1− sgnc) = 0

✭✷✳✷✾✮

♦♥❞❡

sgnx =

{

1, ✐❢ vx ≥ 0;
0, ✐❢ vx < 0.

, x = {a, b, c}

❉❡ ✭✷✳✷✾✮ ♣♦❞❡✲s❡ ❝♦♥❝❧✉✐r q✉❡ sã♦ ♥❡❝❡ssár✐❛s ❞✉❛s ♣♦rt❛❞♦r❛s tr✐❛♥❣✉❧❛r❡s✿ ✉♠❛ ❞❛❞❛

♣♦r (1 − dx2c)(1 + dx1c) ❡ ♦✉tr❛ ❞❛❞❛ ♣♦r (−dx2c)(+dx3c)❀ s❡♥❞♦ ✉♠❛ ❞❡❢❛s❛❞❛ ❞❛ ♦✉tr❛

❤♦r✐③♦♥t❛❧♠❡♥t❡ ♣♦r ♠❡✐♦ ♣❡rí♦❞♦ ❞❡ ❝♦♠✉t❛çã♦ ✭Ts/2✮✳

✷✳✸✳✸ ❊str❛té❣✐❛ ❞❡ ❈♦♥tr♦❧❡ ❖❈❈ ❡ ❖❈❈ ❍í❜r✐❞❛

❇❛s❡❛❞♦ ♥❛ ❧❡✐ ❞❡ ❑✐r❝❤❤♦✛ ❛♣❧✐❝❛❞❛ ❛♦ ❧❛❞♦ ❆❈ ❞♦ s✐st❡♠❛✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ r❡t✐✜❝❛❞♦r

❆◆P❈ é ✐❞ê♥t✐❝♦ ❛♦ ◆P❈✱ ❝♦♠♦ ✐♥❞✐❝❛ ❛ ✭✷✳✺✮✳ ❉❡ss❛ ❢♦r♠❛✱ ❛s t❡♥sõ❡s ❞❡ ❢❛s❡ sã♦ ✐❣✉❛✐s



❘❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ◆P❈ ❡ ❆◆P❈ ✸✶

❛s t❡♥sõ❡s ❞❡ ♣ó❧♦✱ ♦ q✉❡ ♣r♦♠♦✈❡ ♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ❛s ❢❛s❡s✳ ❆ s❡❣✉✐r sã♦ ❛♥❛❧✐s❛❞❛s

❛s ❡str❛té❣✐❛s ❖❈❈ ❡ ❖❈❈ ❍í❜r✐❞❛ ♣❛r❛ ♦s três t✐♣♦s ❞❡ P❲▼✳

• ❊str❛té❣✐❛ P❲▼✲✶✿







va = (sgna − da(3−2sgna)c)E/2
vb = (sgnb − db(3−2sgnb)c)E/2
vc = (sgnc − dc(3−2sgnc)c)E/2

✭✷✳✸✵✮

P❛r❛ ♦❜t❡♥çã♦ ❞❛ ❡str❛té❣✐❝❛ ❖❈❈✱ ❛♣❧✐❝❛✲s❡ ❛ r❡s✐stê♥❝✐❛ ❡♠✉❧❛❞❛ às t❡♥sõ❡s ❞❡ ❢❛s❡ ❡♠

✭✷✳✸✵✮✿






Reia = (sgna − da(3−2sgna)c)E/2
Reib = (sgnb − db(3−2sgnb)c)E/2
Reic = (sgnc − dc(3−2sgnc)c)E/2

✭✷✳✸✶✮

❙❡♥❞♦ q✉❡ ♦s s❡♥s♦r❡s ♣r♦❞✉③❡♠ s✐♥❛✐s ❞❡ t❡♥sã♦ ❞❛❞♦s ♣❡❧♦ ♣r♦❞✉t♦ ❞❛s ❝♦rr❡♥t❡s ❞❡

❢❛s❡ ♣❡❧❛s r❡s✐stê♥❝✐❛s ❞❡ s❛í❞❛ ❞♦s ♣ró♣r✐♦s s❡♥s♦r❡s✱ ❛ ❡q✉❛çã♦ ✷✳✸✵ ♣♦❞❡ s❡r r❡❡s❝r✐t❛ ❝♦♠♦✿






Rsia = (sgna − da(3−2sgna)c)vm
Rsib = (sgnb − db(3−2sgnb)c)vm
Rsic = (sgnc − dc(3−2sgnc)c)vm

✭✷✳✸✷✮

♦♥❞❡ vm = (RsE)/(2Re)✱ é ❛ ✈❛r✐á✈❡❧ ❞❡ ❝♦♥tr♦❧❡ q✉❡ ❞❡✜♥❡ ❛ ❛♠♣❧✐t✉❞❡ ❞❛s ♣♦rt❛❞♦r❛s

tr✐❛♥❣✉❧❛r❡s✳

❆ ♠♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ q✉❡ ❡①♣r❡ss❛ ❛ ❡q✉❛çã♦ ✭✷✳✸✷✮ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛

✷✳✶✺✳

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

às t❡♥sõ❡s ❞❡ ❡♥tr❛❞❛ ❛ t❡♥sã♦ vo ❞❡✜♥✐❞❛ ❡♠ ✭✷✳✶✹✮✳







Rsia + vo = (sgna − da(3−2sgna)c)vm
Rsib + vo = (sgnb − db(3−2sgnb)c)vm
Rsic + vo = (sgnc − dc(3−2sgnc)c)vm

✭✷✳✸✸✮

❉❡ss❛ ❢♦r♠❛ ❛ ❡q✉❛çã♦ ✭✷✳✸✸✮é ❛ ❡q✉❛çã♦ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ♣❛r❛ ♦s r❡t✐✜❝❛❞♦r❡s ❆◆P❈

P❲▼✲✶✳

P❛r❛ ♦❜t❡♥çã♦ ❞❛ ❡str❛té❣✐❛ ❖❈❈ ❍í❜r✐❞❛ ❛❞✐❝✐♦♥❛✲s❡ ❛ t❡♥sã♦ vh às t❡♥sõ❡s ❞❡ ❢❛s❡ ❡♠

✭✷✳✸✷✮✱ ❝♦♥❢♦r♠❡ ♠♦str❛ ✭✷✳✸✹✮✳






Rsia + vh = (sgna − da(3−2sgna)c)vm
Rsib + vh = (sgnb − db(3−2sgnb)c)vm
Rsic + vh = (sgnc − dc(3−2sgnc)c)vm

✭✷✳✸✹✮



❘❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ◆P❈ ❡ ❆◆P❈ ✸✷

❋✐❣✉r❛ ✷✳✶✺✿ ▼♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ ❞❛ ❡str❛té❣✐❛ ❖❈❈ ♣❛r❛ ❆◆P❈ P❲▼✲
✶✳

❆ ❡q✉❛çã♦ ✭✷✳✸✹✮ é ❛ ❡q✉❛çã♦ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ❍í❜r✐❞❛ ♣❛r❛ ♦s r❡t✐✜❝❛❞♦r❡s ❆◆P❈

P❲▼✲✶✳ ❆ ♠♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ q✉❡ ❡①♣r❡ss❛ ❡ss❛ ❡q✉❛çã♦ é ❛ ♠❡s♠❛ ✉t✐❧✐③❛❞❛

♣❛r❛ ❛ ❡str❛té❣✐❛ ❖❈❈ ❛♣❧✐❝❛❞❛ ❛♦ ❆◆P❈ P❲▼✲✶✳

• ❊str❛té❣✐❛ P❲▼✲✷✿







va = (sgna − da2c)E/2
vb = (sgnb − db2c)E/2
vc = (sgnc − dc2c)E/2

✭✷✳✸✺✮

❆♣❧✐❝❛♥❞♦ ❛ r❡s✐stê♥❝✐❛ ❡♠✉❧❛❞❛ ♣r♦♣♦st❛ ♣❡❧❛ ❡str❛té❣✐❛ ❖❈❈ às t❡♥sõ❡s ❞❡ ❢❛s❡ ❡♠

✭✷✳✸✺✮✱ t❡♠✲s❡ q✉❡✿






Reia = (sgna − da2c)E/2
Reib = (sgnb − db2c)E/2
Reic = (sgnc − dc2c)E/2

✭✷✳✸✻✮

❊♠ s❡❣✉✐❞❛✱ ❛♣❧✐❝❛♥❞♦ ❡♠ ✭✷✳✸✻✮✱ ❛ ✈❛r✐á✈❡❧ vm = RsE/2Re✱ s❡ ❝❤❡❣❛ ❛✿






Rsia = (sgna − da2c)vm
Rsib = (sgnb − db2c)vm
Rsic = (sgnc − dc2c)vm

✭✷✳✸✼✮



❘❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ◆P❈ ❡ ❆◆P❈ ✸✸

❋✐❣✉r❛ ✷✳✶✻✿ ▼♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ ❞❡ ❡str❛té❣✐❛ ❖❈❈ ♣❛r❛ ❆◆P❈ P❲▼✲
✷✳

❆ ♠♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ q✉❡ ❡①♣r❡ss❛ ❛ ❡q✉❛çã♦ ✷✳✸✼ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛

✷✳✶✻✳

❆❞✐❝✐♦♥❛♥❞♦✲s❡ ❛ t❡♥sã♦ ❞❡ s❡qüê♥❝✐❛ ③❡r♦ ♣❛r❛ ❜❛❧❛♥❝❡❛♠❡♥t♦ ❞❛s t❡♥sõ❡s ♥♦s ❝❛♣❛❝✐✲

t♦r❡s✱ s❡ ❝❤❡❣❛ ❛ ❡q✉❛çã♦ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ♣❛r❛ ♦s r❡t✐✜❝❛❞♦r❡s ❆◆P❈ P❲▼✲✷✿







Rsia + vo = (sgna − da2c)vm
Rsib + vo = (sgnb − db2c)vm
Rsic + vo = (sgnc − dc2c)vm

✭✷✳✸✽✮

❉❡ ❢♦r♠❛ s✐♠✐❧❛r ❛ ♠♦❞✉❧❛çã♦ P❲▼✲✶✱ ♣❛r❛ ♦❜t❡♥çã♦ ❞❛ ❡str❛té❣✐❛ ❖❈❈ ❍í❜r✐❞❛

❛❞✐❝✐♦♥❛✲s❡ ❛ t❡♥sã♦ vh às t❡♥sõ❡s ❞❡ ❢❛s❡ ❡♠ ✭✷✳✸✼✮✱ ❝♦♥❢♦r♠❡ ♠♦str❛ ✭✷✳✸✾✮✳






Rsia + vh = (sgna − da2c)vm
Rsib + vh = (sgnb − db2c)vm
Rsic + vh = (sgnc − dc2c)vm

✭✷✳✸✾✮

❆ ❡q✉❛çã♦ ✭✷✳✸✾✮ é ❛ ❡q✉❛çã♦ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ❍í❜r✐❞❛ ♣❛r❛ ♦s r❡t✐✜❝❛❞♦r❡s ❆◆P❈

P❲▼✲✷✳ ❆ ♠♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ q✉❡ ❡①♣r❡ss❛ ❡ss❛ ❡q✉❛çã♦ é ❛ ♠❡s♠❛ ✉t✐❧✐③❛❞❛

♣❛r❛ ❛ ❡str❛té❣✐❛ ❖❈❈ ❛♣❧✐❝❛❞❛ ❛♦ ❆◆P❈ P❲▼✲✷✳

• ❊str❛té❣✐❛ P❲▼✲✸✿



❘❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ◆P❈ ❡ ❆◆P❈ ✸✹







va = [(sgna − da2c)][(sgna − d(3−2sgna)c)]E/2
vb = [(sgnb − db2c)][(sgnb − d(3−2sgnb)c)]E/2
vc = [(sgnc − dc2c)][(sgnc − d(3−2sgnc)c)]E/2

✭✷✳✹✵✮

P❛r❛ ♦❜t❡♥çã♦ ❞❛ ❡str❛té❣✐❝❛ ❖❈❈✱ ❛♣❧✐❝❛✲s❡ ❛ r❡s✐stê♥❝✐❛ ❡♠✉❧❛❞❛ às t❡♥sõ❡s ❞❡ ❢❛s❡ ❡♠

✭✷✳✹✵✮✿






Reia = [(sgna − da2c)][(sgna − d(3−2sgna)c)]E/2
Reib = [(sgnb − db2c)][(sgnb − d(3−2sgnb)c)]E/2
Reic = [(sgnc − dc2c)][(sgnc − d(3−2sgnc)c)]E/2

✭✷✳✹✶✮

❆♣❧✐❝❛♥❞♦ ❡♠ ✭✷✳✹✶✮✱ ❛ ✈❛r✐á✈❡❧ ❞❡ ❝♦♥tr♦❧❡ vm = RsE/2Re✱ q✉❡ ❞❡✜♥❡ ❛ ❛♠♣❧✐t✉❞❡ ❞❛s

♣♦rt❛❞♦r❛s tr✐❛♥❣✉❧❛r❡s s❡ ❝❤❡❣❛ ❛✿






Rsia = [(sgna − da2c)][(sgna − d(3−2sgna)c)]E/2
Rsib = [(sgnb − db2c)][(sgnb − d(3−2sgnb)c)]E/2
Rsic = [(sgnc − dc2c)][(sgnc − d(3−2sgnc)c)]E/2

✭✷✳✹✷✮

❆ ♠♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ q✉❡ ❡①♣r❡ss❛ ❛ ❡q✉❛çã♦ ✷✳✹✷ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛

✷✳✶✼✳

❋✐❣✉r❛ ✷✳✶✼✿ ▼♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ ❞❡ ❡str❛té❣✐❛ ❖❈❈ ♣❛r❛ ❆◆P❈ P❲▼✲
✸✳

P♦r ú❧t✐♠♦✱ ❛❞✐❝✐♦♥❛♥❞♦✲s❡ ❛ t❡♥sã♦ vo às t❡♥sõ❡s ❞❡ ❢❛s❡ s❡ ♦❜té♠ ❛ ❡q✉❛çã♦ ❞❡ ❝♦♥tr♦❧❡

❖❈❈ ♣❛r❛ r❡t✐✜❝❛❞♦r❡s ❆◆P❈ P❲▼✲✸✿



❘❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ◆P❈ ❡ ❆◆P❈ ✸✺







Rsia + vo = [(sgna − da2c)][(sgna − d(3−2sgna)c)]E/2
Rsib + vo = [(sgnb − db2c)][(sgnb − d(3−2sgnb)c)]E/2
Rsic + vo = [(sgnc − dc2c)][(sgnc − d(3−2sgnc)c)]E/2

✭✷✳✹✸✮

P❛r❛ ♦❜t❡♥çã♦ ❞❛ ❡str❛té❣✐❛ ❖❈❈ ❍í❜r✐❞❛ ❛❞✐❝✐♦♥❛✲s❡ ❛ t❡♥sã♦ vh às t❡♥sõ❡s ❞❡ ❢❛s❡ ❡♠

✭✷✳✹✷✮✱ ❝♦♥❢♦r♠❡ ♠♦str❛ ✭✷✳✹✹✮✳






Rsia + vh = [(sgna − da2c)][(sgna − d(3−2sgna)c)]E/2
Rsib + vh = [(sgnb − db2c)][(sgnb − d(3−2sgnb)c)]E/2
Rsic + vh = [(sgnc − dc2c)][(sgnc − d(3−2sgnc)c)]E/2

✭✷✳✹✹✮

❆ ❡q✉❛çã♦ ✭✷✳✹✹✮ é ❛ ❡q✉❛çã♦ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ❍í❜r✐❞❛ ♣❛r❛ ♦s r❡t✐✜❝❛❞♦r❡s ❆◆P❈

P❲▼✲✸✳ ❆ ♠♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ q✉❡ ❡①♣r❡ss❛ ❡ss❛ ❡q✉❛çã♦ é ❛ ♠❡s♠❛ ✉t✐❧✐③❛❞❛

♣❛r❛ ❛ ❡str❛té❣✐❛ ❖❈❈ ❛♣❧✐❝❛❞❛ ❛♦ ❆◆P❈ P❲▼✲✸✳

✷✳✸✳✹ ❘❡s✉❧t❛❞♦s ❞❡ ❙✐♠✉❧❛çã♦

❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ r❡t✐✜❝❛❞♦r ❆◆P❈✱ ✉t✐❧✐③❛♥❞♦ ❛ té❝♥✐❝❛ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ❡ ❖❈❈ ❍í✲

❜r✐❞❛✱ é ❛♣r❡s❡♥t❛❞♦ ❛tr❛✈és ❞❡ r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çõ❡s✳ ❊st❡s r❡s✉❧t❛❞♦s sã♦ ♦❜t✐❞♦s ❝♦♥✲

s✐❞❡r❛♥❞♦ ♦s ♣❛râ♠❡tr♦s ❛♣r❡s❡♥t❛❞♦s ♥♦ ❆♣ê♥❞✐❝❡ ❇✳

• ❊str❛té❣✐❛ P❲▼✲✶✿

❆ ❋✐❣✉r❛ ✷✳✶✽ ❛♣r❡s❡♥t❛ ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦ r❡t✐✜❝❛❞♦r ❆◆P❈ P❲▼✲✶ ❝♦♠

❖❈❈✱ ♦♥❞❡✿ ♥❛ ❋✐❣✉r❛ ✷✳✶✽✭❛✮ sã♦ ♠♦str❛❞❛s ❛s t❡♥sõ❡s ❞♦ ❜❛rr❛♠❡♥t♦✱ ♥❛ ❋✐❣✉r❛ ✷✳✶✽✭❜✮

❛♣r❡s❡♥t❛✲s❡ ❛s ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ❡ ♥❛s ❋✐❣✉r❛s ✷✳✶✽✭❝✮ ✲ ✷✳✶✽✭❢✮ t❡♠✲s❡ ❛s t❡♥sõ❡s ❞❡ ❧✐♥❤❛

❡ ❞❡ ♣ó❧♦✳

❆ ❋✐❣✉r❛ ✷✳✶✾ ♠♦str❛ ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦ r❡t✐✜❝❛❞♦r ❆◆P❈ P❲▼✲✶ ❝♦♠

❖❈❈ ❍í❜r✐❞♦ ✭µ = 0.5✮✱ ♦♥❞❡✿ ♥❛ ❋✐❣✉r❛ ✷✳✶✾✭❛✮ sã♦ ♠♦str❛❞❛s ❛s t❡♥sõ❡s ♥♦ ❜❛rr❛♠❡♥t♦✱

♥❛ ❋✐❣✉r❛ ✷✳✶✾✭❜✮ ❛♣r❡s❡♥t❛✲s❡ ❛s ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ❡ ♥❛s ❋✐❣✉r❛s ✷✳✶✾✭❝✮ ✲ ✷✳✶✾✭❢✮ t❡♠✲s❡

❛s t❡♥sõ❡s ❞❡ ❧✐♥❤❛ ❡ ❞❡ ♣ó❧♦✳ ◆❛ ❋✐❣✉r❛ ✷✳✶✾✭❣✮ é ♠♦str❛❞❛ ❛ t❡♥sã♦ ❞❡ ♣ó❧♦ ♠é❞✐❛✳
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❋✐❣✉r❛ ✷✳✶✽✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ♣❛r❛ ❆◆P❈ P❲▼✲✶ ❝♦♠ ❖❈❈ ✭❛✮ ❚❡♥sõ❡s
♥♦ ❜❛rr❛♠❡♥t♦ ❝❝ ✭❜✮ ❈♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ✭❝✮ ❚❡♥sã♦ ❞❡ ❧✐♥❤❛ ✭❞✮
❩♦♦♠ ❞❛ t❡♥sã♦ ❞❡ ❧✐♥❤❛ ✭❡✮ ❚❡♥sã♦ ❞❡ ♣ó❧♦ ✭❢✮ ❩♦♦♠ ❞❛ t❡♥sã♦ ❞❡
♣ó❧♦✳
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✭❣✮

❋✐❣✉r❛ ✷✳✶✾✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ♣❛r❛ ❆◆P❈ P❲▼✲✶ ❝♦♠ ❖❈❈ ❍í❜r✐❞♦ ✭µ =
0.5✮ ✭❛✮ ❚❡♥sõ❡s ♥♦ ❜❛rr❛♠❡♥t♦ ❝❝ ✭❜✮ ❈♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ✭❝✮ ❚❡♥sã♦
❞❡ ❧✐♥❤❛ ✭❞✮ ❩♦♦♠ ❞❛ t❡♥sã♦ ❞❡ ❧✐♥❤❛ ✭❡✮ ❚❡♥sã♦ ❞❡ ♣ó❧♦ ✭❢✮ ❩♦♦♠ ❞❛
t❡♥sã♦ ❞❡ ♣ó❧♦ ✭❣✮ ❚❡♥sã♦ ❞❡ ♣ó❧♦ ♠é❞✐❛✳



❘❡t✐✜❝❛❞♦r ❞❡ três ♥í✈❡✐s ◆P❈ ❡ ❆◆P❈ ✸✽

• ❊str❛té❣✐❛ P❲▼✲✷✿

❆ ❋✐❣✉r❛ ✷✳✷✵ ❛♣r❡s❡♥t❛ ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦ r❡t✐✜❝❛❞♦r ❆◆P❈ P❲▼✲✷ ❝♦♠

❖❈❈✱ ♦♥❞❡✿ ♥❛ ❋✐❣✉r❛ ✷✳✷✵✭❛✮ sã♦ ♠♦str❛❞❛s ❛s t❡♥sõ❡s ❞♦ ❜❛rr❛♠❡♥t♦✱ ♥❛ ❋✐❣✉r❛ ✷✳✷✵✭❜✮

❛♣r❡s❡♥t❛✲s❡ ❛s ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ❡ ♥❛s ❋✐❣✉r❛s ✷✳✷✵✭❝✮ ✲ ✷✳✷✵✭❢✮ t❡♠✲s❡ ❛s t❡♥sõ❡s ❞❡ ❧✐♥❤❛
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❆ ❋✐❣✉r❛ ✷✳✷✶ ♠♦str❛ ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦ r❡t✐✜❝❛❞♦r ❆◆P❈ P❲▼✲✷ ❝♦♠
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❋✐❣✉r❛ ✷✳✷✶✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ♣❛r❛ ❆◆P❈ P❲▼✲✷ ❝♦♠ ❖❈❈ ❍í❜r✐❞♦ ✭µ =
0.5✮ ✭❛✮ ❚❡♥sõ❡s ♥♦ ❜❛rr❛♠❡♥t♦ ❝❝ ✭❜✮ ❈♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ✭❝✮ ❚❡♥sã♦
❞❡ ❧✐♥❤❛ ✭❞✮ ❩♦♦♠ ❞❛ t❡♥sã♦ ❞❡ ❧✐♥❤❛ ✭❡✮ ❚❡♥sã♦ ❞❡ ♣ó❧♦ ✭❢✮ ❩♦♦♠ ❞❛
t❡♥sã♦ ❞❡ ♣ó❧♦ ✭❣✮ ❚❡♥sã♦ ❞❡ ♣ó❧♦ ♠é❞✐❛✳
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• ❊str❛té❣✐❛ P❲▼✲✸✿

❆ ❋✐❣✉r❛ ✷✳✷✷ ❛♣r❡s❡♥t❛ ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦ r❡t✐✜❝❛❞♦r ❆◆P❈ P❲▼✲✸ ❝♦♠

❖❈❈✱ ♦♥❞❡✿ ♥❛ ❋✐❣✉r❛ ✷✳✷✷✭❛✮ sã♦ ♠♦str❛❞❛s ❛s t❡♥sõ❡s ❞♦ ❜❛rr❛♠❡♥t♦✱ ♥❛ ❋✐❣✉r❛ ✷✳✷✷✭❜✮

❛♣r❡s❡♥t❛✲s❡ ❛s ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ❡ ♥❛s ❋✐❣✉r❛s ✷✳✷✷✭❝✮ ✲ ✷✳✷✷✭❢✮ t❡♠✲s❡ ❛s t❡♥sõ❡s ❞❡ ❧✐♥❤❛

❡ ❞❡ ♣ó❧♦✳

❆ ❋✐❣✉r❛ ✷✳✷✸ ♠♦str❛ ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦ r❡t✐✜❝❛❞♦r ❆◆P❈ P❲▼✲✸ ❝♦♠

❖❈❈ ❍í❜r✐❞♦ ✭µ = 0.5✮✱ ♦♥❞❡✿ ♥❛ ❋✐❣✉r❛ ✷✳✷✸✭❛✮ sã♦ ♠♦str❛❞❛s ❛s t❡♥sõ❡s ♥♦ ❜❛rr❛♠❡♥t♦✱

♥❛ ❋✐❣✉r❛ ✷✳✷✸✭❜✮ ❛♣r❡s❡♥t❛✲s❡ ❛s ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ❡ ♥❛s ❋✐❣✉r❛s ✷✳✷✸✭❝✮ ✲ ✷✳✷✸✭❢✮ t❡♠✲s❡
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❋✐❣✉r❛ ✷✳✷✸✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ♣❛r❛ ❆◆P❈ P❲▼✲✸ ❝♦♠ ❖❈❈ ❍í❜r✐❞♦ ✭µ =
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P♦❞❡✲s❡ ♥♦t❛r q✉❡ ♦ ❆◆P❈ ♦♣❡r❛♥❞♦ ❝♦♠ ♦s três t✐♣♦s ❞❡ ♠♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡

♣✉❧s♦ ✭P❲▼✲✶✱ P❲▼✲✷ ❡ P❲▼✲✸✮✱ ❝♦♠ ❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈✱ ♣♦ss✉✐ r❡s✉❧t❛❞♦s

❞❡ s✐♠✉❧❛çã♦ ♠✉✐t♦ ♣❛r❡❝✐❞♦s✳ P❛r❛ ♦s três t✐♣♦s ❞❡ ♠♦❞✉❧❛çã♦ ❛ t❡♥sã♦ ♥♦ ❜❛rr❛♠❡♥t♦ ❝❝

❡stá ❡q✉✐❧✐❜r❛❞♦✱ ♦✉ s❡❥❛✱ ❛ t❡♥sã♦ ♥♦s ❝❛♣❛❝✐t♦r❡s C1 ❡ C2 ❡q✉✐✈❛❧❡ ❛ E/2✳ ❆s ❝♦rr❡♥t❡s

❞❡ ❡♥tr❛❞❛ tr✐❢ás✐❝❛s ♠♦str❛❞❛s sã♦ s❡♥♦✐❞❛✐s ❡ ❡q✉✐❧✐❜r❛❞❛s✳ ❆s t❡♥sõ❡s ❞❡ ❧✐♥❤❛ ✐❧✉str❛♠

❝✐♥❝♦ ♥í✈❡✐s ❞❡ t❡♥sã♦ ❡ ✐❧✉str❛♠ ❛ ♣r❡s❡♥ç❛ ❞❡ ❤❛r♠ô♥✐❝♦s ♣❛r❡s ✭❲✉✱ ✷✵✵✻✮✳ ❊ ♣♦r ú❧t✐♠♦✱

❛s t❡♥sõ❡s ❞❡ ♣ó❧♦ ❛♣r❡s❡♥t❛♠ ♦s três ♥í✈❡✐s ❞❡ t❡♥sõ❡s ❞❡s❡❥❛❞♦s ✭175❱✲E/2✱ O❱✲③❡r♦ ❡

−175❱✲−E/2✮✱ ❝♦♥✜r♠❛♥❞♦ ♦ ❡q✉✐❧í❜r✐♦ ❞❛s t❡♥sõ❡s ♥♦ ❜❛rr❛♠❡♥t♦ ❝❝✳

◆♦ ❝❛s♦ ❞♦ ❆◆P❈ ♦♣❡r❛♥❞♦ ❝♦♠ ♦s três t✐♣♦s ❞❡ ♠♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ ✭P❲▼✲

✶✱ P❲▼✲✷ ❡ P❲▼✲✸✮✱ ❝♦♠ ❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ❍✐❜r✐❞♦✱ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡

♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ t❛♠❜é♠ sã♦ ♠✉✐t♦ s❡♠❡❧❤❛♥t❡s✳ ❖s r❡s✉❧t❛❞♦s ❞❡ t❡♥sã♦ ♥♦

❜❛rr❛♠❡♥t♦ ❝❝ ❡q✉✐❧✐❜r❛❞♦ ❡ ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ tr✐❢ás✐❝❛s t❛♠❜é♠ sã♦ ❝♦♥s❡❣✉✐❞♦s✳

✷✳✹ ❈♦♥❝❧✉sã♦

◆❡st❡ ❝❛♣ít✉❧♦ é ♣r♦♣♦st♦ ♦ ❡st✉❞♦ ❞♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❛s t♦♣♦❧♦❣✐❛s ◆P❈ ❡ ❆◆P❈✱ ❝♦♠ ❛

❛♣❧✐❝❛çã♦ ❞❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ❙P❲▼ ❡ ❖❈❈ ❍P❲▼✳ ❊♠ ❛♠❜♦s ♦s ❝❛s♦s✱ ❛s

❡str✉t✉r❛s ❣❛r❛♥t✐r❛♠ ❝♦rr❡♥t❡s tr✐❢ás✐❝❛s ❞❡ ❡♥tr❛❞❛ s❡♥♦✐❞❛✐s ❡ t❡♥sõ❡s ♥♦s ❝❛♣❛❝✐t♦r❡s ❞♦

❜❛rr❛♠❡♥t♦ ❜❛❧❛♥❝❡❛❞❛s✳ ❊♥tr❡t❛♥t♦✱ ❞❡✈✐❞♦ ❛ s✐♠♣❧✐❝✐❞❛❞❡ ❛♣❡♥❛s ❡str❛té❣✐❛ ❖❈❈ ❙P❲▼

é ❛♣❧✐❝❛❞❛ ♥❛s ❡str✉t✉r❛s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ❛♣r❡s❡♥t❛❞❛s ♥♦ ❈❛♣ít✉❧♦

✸✳ ❖ ❡st✉❞♦ ♣r♦♣♦st♦ ♥♦ ❝❛♣ít✉❧♦ ✷ é ✈❛❧✐❞❛❞♦ ❛ ♣❛rt✐r ❞♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❡ ❞♦s

r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳



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

✸✳✶ ■♥tr♦❞✉çã♦

❊st❡ ❝❛♣ít✉❧♦ ♠♦str❛ ♦ ❡st✉❞♦ r❡❢❡r❡♥t❡ ❛s t♦♣♦❧♦❣✐❛s r❡t✐✜❝❛❞♦r❛s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡

❝♦♠♣♦♥❡♥t❡s✳ ❊st❛s ❡str✉t✉r❛s sã♦ ❝❧❛ss✐✜❝❛❞❛s ❞❡ ❛❝♦r❞♦ ❝♦♠✿ ♦ ♥ú♠❡r♦ ❞❡ ❜r❛ç♦s ✭✸❇ ✲

três ❜r❛ç♦s ♦✉ ✷❇ ✲ ❞♦✐s ❜r❛ç♦s✮ ❡ ♦ ✢✉①♦ ❞❡ ♣♦tê♥❝✐❛ ✭❇ ✲ ❜✐❞✐r❡❝✐♦♥❛❧ ♦✉ ❯ ✲ ✉♥✐❞✐r❡❝✐♦♥❛❧✮✳

❉❡ss❛ ❢♦r♠❛✱ ❛s ❡str✉t✉r❛s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ❢♦r♠❛♠ três ❣r✉♣♦s ❞❡

r❡t✐✜❝❛❞♦r❡s✱ ♦s q✉❛✐s sã♦✿ ❜✐❞✐r❡❝✐♦♥❛✐s ❝♦♠ três ❜r❛ç♦s✱ ✉♥✐❞✐r❡❝✐♦♥❛✐s ❝♦♠ três ❜r❛ç♦s ❡

❜✐❞✐r❡❝✐♦♥❛✐s ❝♦♠ ❞♦✐s ❜r❛ç♦s✳ P❛r❛ ❛s t♦♣♦❧♦❣✐❛s ❞❡ ❝❛❞❛ ❣r✉♣♦ é ❛♣r❡s❡♥t❛❞♦ ❛ ❝♦♥✜❣✉✲

r❛çã♦ ❞♦ s✐st❡♠❛✱ ♦ ♣r✐♥❝í♣✐♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❡ ❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ❛♣❧✐❝❛❞❛ ❛s

❡str✉t✉r❛s✳ ❆ ✈❡r✐✜❝❛çã♦ ❞♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❡ss❛s é ❢❡✐t♦ ❛tr❛✈és ❞❛ ❛♣r❡s❡♥t❛çã♦ ❞❡ r❡s✉❧✲

t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❡ ❞❡ r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳ ❆♦ ✜♥❛❧ ❞♦ ❝❛♣ít✉❧♦ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s

❝♦♥❝❧✉sõ❡s✱ q✉❡ ❥✉st✐✜❝❛♠ ♦ ❡st✉❞♦ ❛ s❡r ❞❡s❡♥✈♦❧✈✐❞♦ ♥♦ ❝❛♣ít✉❧♦ ✹✳

✸✳✷ ❘❡t✐✜❝❛❞♦r❡s ❇✐❞✐r❡❝✐♦♥❛✐s ❝♦♠ ❚rês ❇r❛ç♦s

◆❡st❛ s❡çã♦ sã♦ ❛♣r❡s❡♥t❛❞❛s três ❡str✉t✉r❛s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ❡ ✢✉①♦

❜✐❞✐r❡❝✐♦♥❛❧ ❞❡ ♣♦tê♥❝✐❛✳ ❊ss❛s sã♦✿ ❆◆P❈✲✸❇❇✶✱ ❆◆P❈✲✸❇❇✷✱ ❡ ❆◆P❈✲✸❇❇✸✳

✹✺



❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✹✻

✸✳✷✳✶ ❈♦♥✜❣✉r❛çã♦ ❞♦ ❙✐st❡♠❛ ❡ Pr✐♥❝í♣✐♦ ❞❡ ❋✉♥❝✐♦♥❛♠❡♥t♦

❖ r❡t✐✜❝❛❞♦r ❆◆P❈✲✸❇❇✶ é ❝♦♥st✐t✉í❞♦ ♣♦r três ❜r❛ç♦s ❆◆P❈ s❡♠ ❛ ❝é❧✉❧❛ s✉♣❡r✐♦r ❞❡

❝♦♠✉t❛çã♦✱ ♦✉ s❡❥❛✱ ❝❛❞❛ ❜r❛ç♦ é ❝♦♥st✐t✉í❞♦ ♣♦r q✉❛tr♦ ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s✳ ❚❛❧ t♦♣♦❧♦❣✐❛

é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✶✭❛✮✳ ❆ ❡str✉t✉r❛ ❆◆P❈✲✸❇❇✷ é ❛ ❢♦r♠❛ ❞✉❛❧ ❞♦ ❆◆P❈✲✸❇❇✶✳

❚❛❧ ❡str✉t✉r❛ é ❝♦♥st✐t✉í❞❛ ♣♦r três ❜r❛ç♦s ❆◆P❈ s❡♠ ❛ ❝é❧✉❧❛ ✐♥❢❡r✐♦r ❞❡ ❝♦♠✉t❛çã♦✳ ❆

♠❡s♠❛ é ♠♦str❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✶✭❜✮✳

✭❛✮

✭❜✮

❋✐❣✉r❛ ✸✳✶✿ ❘❡t✐✜❝❛❞♦r ✭❛✮ ❆◆P❈✲✸❇❇✶ ❡ ✭❜✮ ❆◆P❈✲✸❇❇✷✳

P♦r ✜♠✱ é ❛♣r❡s❡♥t❛❞♦ ♦ r❡t✐✜❝❛❞♦r ❆◆P❈✲✸❇❇✸✱ ♦ q✉❛❧ é ❝♦♠♣♦st♦ ♣♦r três ❜r❛ç♦s

❆◆P❈ s❡♠ ❛ ❝é❧✉❧❛ ❝❡♥tr❛❧ ❞❡ ❝♦♠✉t❛çã♦✳ ❆ ❋✐❣✉r❛ ✸✳✷ ♠♦str❛ ❡ss❛ ❡str✉t✉r❛✱ q✉❡ ♣♦ss✉✐ ❛

❝é❧✉❧❛ ❝❡♥tr❛❧ s✉❜st✐t✉í❞❛ ♣♦r ❞✐♦❞♦s✳ ❉❡ss❛ ❢♦r♠❛✱ ❝❛❞❛ ❜r❛ç♦ ❞♦ ❆◆P❈✲✸❇❇✸ é ❝♦♠♣♦st♦

♣♦r q✉❛tr♦ ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s ❡ ❞♦✐s ❞✐♦❞♦s✳

❖ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❛ ❡str✉t✉r❛s ❆◆P❈✲✸❇❇✶✱ ❆◆P❈✲✸❇❇✷ ❡ ❆◆P❈✲✸❇❇✸ é ♣r♦♣♦st♦

♥❡ss❡ tr❛❜❛❧❤♦✳ ❆s ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s ❞❡ss❡s r❡t✐✜❝❛❞♦r❡s ❢♦r♠❛♠ ❞✉❛s ❝é❧✉❧❛s ❜ás✐❝❛s ❞❡

❝♦♠✉t❛çã♦ ❛ ❝é❧✉❧❛ ✶ ✭S1✲S1c✮❀ ❡ ❛ ❝é❧✉❧❛ ✷ ✭S2✲S2c✮✳ ❆ s❡qüê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❛♣❧✐❝❛❞❛

❛ ❡ss❡s r❡t✐✜❝❛❞♦r❡s é ❛ ♠❡s♠❛✳ ❆ ❡str❛té❣✐❛ ❞❡ ♠♦❞✉❧❛çã♦ ✉t✐❧✐③❛❞❛ ♣r♦❞✉③ três ❡st❛❞♦s ❞❡



❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✹✼

❋✐❣✉r❛ ✸✳✷✿ ❘❡t✐✜❝❛❞♦r ❆◆P❈✲✸❇❇✸✳

❝♦♠✉t❛çã♦✿ P✱ ❖ ❡ ◆✳ ❊ss❡s ❡st❛❞♦s sã♦ ♠♦str❛❞♦s ♥❛ ❋✐❣✉r❛ ✸✳✸ ♣❛r❛ ♦ ❆◆P❈✲✸❇❇✶✱ ♥❛

❋✐❣✉r❛ ✸✳✹ ♣❛r❛ ♦ ❆◆P❈✲✸❇❇✷ ❡ ♥❛ ❋✐❣✉r❛ ✸✳✺ ♣❛r❛ ♦ ❆◆P❈✲✸❇❇✸✳ ❖ ❡st❛❞♦ N é ♦❜t✐❞♦

q✉❛♥❞♦ ❛s ❝❤❛✈❡s S1c ❡ S2c ❡stã♦ ❝♦♥❞✉③✐♥❞♦✳ ❊♥q✉❛♥t♦ q✉❡✱ ♦ ❡st❛❞♦ P é ❝♦♥s❡❣✉✐❞♦ q✉❛♥❞♦

❛s ❝❤❛✈❡s S1c ❡ S2c ❡stã♦ ❜❧♦q✉❡❛❞❛s✳ ❊ q✉❛♥❞♦ ❛s ❝❤❛✈❡s S1c ❡ S2 ❡stã♦ ❝♦♥❞✉③✐♥❞♦✱ ♦ ❡st❛❞♦

O é ♦❜t✐❞♦✳ ❚❛❧ s❡qüê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ é ♠♦str❛❞❛ ♥❛ ❚❛❜❡❧❛ ✸✳✶✳

✭❛✮ ✭❜✮ ✭❝✮

❋✐❣✉r❛ ✸✳✸✿ ❊st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦ ♣❛r❛ ❆◆P❈✲✸❇❇✶ ✭❛✮ ◆ ✭❜✮ ❖ ❡ ✭❝✮ P✳



❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✹✽

✭❛✮ ✭❜✮ ✭❝✮

❋✐❣✉r❛ ✸✳✹✿ ❊st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦ ♣❛r❛ ❆◆P❈✲✸❇❇✷ ✭❛✮ ◆ ✭❜✮ ❖ ❡ ✭❝✮ P✳

✭❛✮ ✭❜✮ ✭❝✮

❋✐❣✉r❛ ✸✳✺✿ ❊st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦ ♣❛r❛ ❆◆P❈✲✸❇❇✸ ✭❛✮ ◆ ✭❜✮ ❖ ❡ ✭❝✮ P✳



❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✹✾

❚❛❜❡❧❛ ✸✳✶✿ ❙❡qüê♥❝✐❛ ❞❡ ❈❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ❆◆P❈✲✸❇❇✶✱ ❆◆P❈✲✸❇❇✷ ❡ ❆◆P❈✲
✸❇❇✸✳

❚❡♥sã♦ ❞❡ ❊st❛❞♦ ❞❡ ❙❡q✳ ❞❡ ❈❤❛✈❡❛♠❡♥t♦
♣ó❧♦ ✭VXN✮ ❈♦♠✉t❛çã♦ S1 S1c S2 S2c

−E/2 N ✵ ✶ ✵ ✶
0 O ✵ ✶ ✶ ✵

E/2 P ✶ ✵ ✶ ✵

❇❛s❡❛❞♦ ♥♦s ❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞❛ ❚❛❜❡❧❛ ✸✳✶✱ ❛s t❡♥sõ❡s ♠é❞✐❛s ❞❡ ♣ó❧♦ sã♦ ❞❛❞❛s

♣♦r✿






vAN = (sgna − da(2−sgna)c)E/2; da(1+sgna)c = 1− sgna

vBN = (sgnb − db(2−sgnb)c)E/2; db(1+sgnb)c = 1− sgnb

vCN = (sgnc − dc(2−sgnc)c)E/2; dc(1+sgnc)c = 1− sgnc

✭✸✳✶✮

♦♥❞❡

sgnx =

{

1, ✐❢ vx ≥ 0;
0, ✐❢ vx < 0.

, x = {a, b, c}

❉❡ ✭✸✳✶✮ ♣♦❞❡✲s❡ ❝♦♥❝❧✉✐r q✉❡ sã♦ ♥❡❝❡ssár✐❛s ❞✉❛s ♣♦rt❛❞♦r❛s tr✐❛♥❣✉❧❛r❡s✿ ✉♠❛ ♣❛r❛

❝♦♠♣❛r❛çã♦ ❝♦♠ ♦s s✐♥❛✐s ❞❡ r❡❢❡rê♥❝✐❛ ♣♦s✐t✐✈♦s✱ ❞❛❞❛ ♣♦r (1 − dx1c)E/2 ❡ ♦✉tr❛ ♣❛r❛

❝♦♠♣❛r❛çã♦ ❝♦♠ ♦s s✐♥❛✐s ❞❡ r❡❢❡rê♥❝✐❛ ♥❡❣❛t✐✈♦s✱ ❞❛❞❛ ♣♦r −dx2cE/2✳

✸✳✷✳✷ ❊str❛té❣✐❛ ❞❡ ❈♦♥tr♦❧❡ ❖❈❈

❇❛s❡❛❞♦ ♥❛ ❧❡✐ ❞❡ ❑✐r❝❤❤♦✛ ❛♣❧✐❝❛❞❛ ❛♦ ❧❛❞♦ ❆❈ ❞♦ s✐st❡♠❛✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ r❡t✐✜❝❛❞♦r

♣♦❞❡ s❡r ❡①♣r❡ss♦ ♣♦r✿






La(dia/dt) = vAN − va
Lb(dib/dt) = vBN − vb
Lc(dic/dt) = vCN − vc

✭✸✳✷✮

❈♦♠♦ ❛ ❢r❡qüê♥❝✐❛ ❞❡ ❝♦♠✉t❛çã♦ ✉t✐❧✐③❛❞❛ é ♠✉✐t♦ ♠❛✐♦r q✉❡ ❛ ❢r❡qüê♥❝✐❛ ❞❡ ❧✐♥❤❛✱ ❛s

❝♦rr❡♥t❡s ♥♦s ✐♥❞✉t♦r❡s ❞❡ ❡♥tr❛❞❛ ♥ã♦ ♠✉❞❛♠ ♠✉✐t♦ ❡♠ ✉♠ ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳ ▲♦❣♦✱

di/dt = 0✳ ❉❡ss❛ ❢♦r♠❛✱ ❛s t❡♥sõ❡s ❞❡ ❢❛s❡ sã♦ ✐❣✉❛✐s ❛s t❡♥sõ❡s ❞❡ ♣ó❧♦✱ ♦ q✉❡ ♣r♦♠♦✈❡ ♦

❞❡s❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ❛s ❢❛s❡s✱ ❝♦♠♦ ♠♦str❛✿






va = vAN

vb = vBN

vc = vCN

✭✸✳✸✮

P♦rt❛♥t♦✱ ✭✸✳✶✮ ✜❝❛✿






va = (sgna − da(2−sgna)c)E/2
vb = (sgnb − db(2−sgnb)c)E/2
vc = (sgnc − dc(2−sgnc)c)E/2

✭✸✳✹✮



❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✺✵

P❛r❛ ♦❜t❡♥çã♦ ❞❛ ❡str❛té❣✐❝❛ ❖❈❈✱ ❛♣❧✐❝❛✲s❡ ❛ r❡s✐stê♥❝✐❛ ❡♠✉❧❛❞❛ ❛s t❡♥sõ❡s ❞❡ ❢❛s❡ ❡♠

✭✸✳✹✮✿






Reia = (sgna − da(2−sgna)c)E/2
Reib = (sgnb − db(2−sgnb)c)E/2
Reic = (sgnc − dc(2−sgnc)c)E/2

✭✸✳✺✮

❆♣❧✐❝❛♥❞♦ ❡♠ ✭✸✳✺✮✱ ❛ ✈❛r✐á✈❡❧ ❞❡ ❝♦♥tr♦❧❡ vm = RsE/2Re✱ s❡ ❝❤❡❣❛ ❛✿






Rsia = (sgna − da(2−sgna)c)vm
Rsib = (sgnb − db(2−sgnb)c)vm
Rsic = (sgnc − dc(2−sgnc)c)vm

✭✸✳✻✮

❆ ♠♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ q✉❡ ❡①♣r❡ss❛ ❡ss❛ ❡q✉❛çã♦ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛

✸✳✻✳

❋✐❣✉r❛ ✸✳✻✿ ▼♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ ❞❛ ❡str❛té❣✐❛ ❖❈❈ ♣❛r❛ r❡t✐✜❝❛❞♦r❡s
❆◆P❈✲✸❇❇✶✱ ❆◆P❈✲✸❇❇✷ ❡ ❆◆P❈✲✸❇❇✸✳

❆❞✐❝✐♦♥❛♥❞♦✲s❡ ❛ t❡♥sã♦ ❞❡ s❡qüê♥❝✐❛ ③❡r♦ ♣❛r❛ ❜❛❧❛♥❝❡❛♠❡♥t♦ ❞❛s t❡♥sõ❡s ♥♦s ❝❛♣❛❝✐✲

t♦r❡s✱ s❡ ❝❤❡❣❛ ❛ ❡q✉❛çã♦ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈✳







Rsia + vo = (sgna − da(2−sgna)c)vm
Rsib + vo = (sgnb − db(2−sgnb)c)vm
Rsic + vo = (sgnc − dc(2−sgnc)c)vm

✭✸✳✼✮

❆ ❡q✉❛çã♦ ✭✸✳✼✮ é ❛ ❡q✉❛çã♦ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ♣❛r❛ ♦s r❡t✐✜❝❛❞♦r❡s ❜✐❞✐r❡❝✐♦♥❛✐s ❝♦♠ três

❜r❛ç♦s✳



❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✺✶

✸✳✷✳✸ ❘❡s✉❧t❛❞♦s ❞❡ ❙✐♠✉❧❛çã♦

❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦s r❡t✐✜❝❛❞♦r❡s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ❜✐❞✐r❡❝✐♦♥❛✐s ❝♦♠

três ❜r❛ç♦s✱ ✉t✐❧✐③❛♥❞♦ ❛ té❝♥✐❝❛ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ❡ ❖❈❈ ❍í❜r✐❞❛✱ é ✐♥✐❝✐❛❧♠❡♥t❡ ❛✈❛❧✐❛❞♦

❛tr❛✈és ❞❡ r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çõ❡s✳ ❊st❡s r❡s✉❧t❛❞♦s sã♦ ♦❜t✐❞♦s ❝♦♥s✐❞❡r❛♥❞♦ ♦s ♣❛râ♠❡tr♦s

❛♣r❡s❡♥t❛❞♦s ♥♦ ❆♣ê♥❞✐❝❡ ❇✳

• ❆◆P❈✲✸❇❇✶✿

❆ ❋✐❣✉r❛ ✸✳✼ ❛♣r❡s❡♥t❛ ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦ r❡t✐✜❝❛❞♦r ❆◆P❈✲✸❇❇✶ ❝♦♠ ❖❈❈✳

♦♥❞❡✿ ♥❛ ❋✐❣✉r❛ ✸✳✼✭❛✮ sã♦ ♠♦str❛❞❛s ❛s t❡♥sõ❡s ❞♦ ❜❛rr❛♠❡♥t♦✱ ♥❛ ❋✐❣✉r❛ ✸✳✼✭❜✮ ❛♣r❡s❡♥t❛✲

s❡ ❛s ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ❡ ♥❛s ❋✐❣✉r❛s ✸✳✼✭❝✮ ✲ ✸✳✼✭❡✮ t❡♠✲s❡ ❛s t❡♥sõ❡s ❞❡ ❧✐♥❤❛ ❡ ❞❡

♣ó❧♦✳

• ❆◆P❈✲✸❇❇✷✿

❆ ❋✐❣✉r❛ ✸✳✽ ❛♣r❡s❡♥t❛ ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦ r❡t✐✜❝❛❞♦r ❆◆P❈✲✸❇❇✷ ❝♦♠ ❖❈❈✱

♦♥❞❡✿ ♥❛ ❋✐❣✉r❛ ✸✳✽✭❛✮ sã♦ ♠♦str❛❞❛s ❛s t❡♥sõ❡s ❞♦ ❜❛rr❛♠❡♥t♦✱ ♥❛ ❋✐❣✉r❛ ✸✳✽✭❜✮ ❛♣r❡s❡♥t❛✲

s❡ ❛s ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ❡ ♥❛s ❋✐❣✉r❛s ✸✳✽✭❝✮ ✲ ✸✳✽✭❡✮ t❡♠✲s❡ ❛s t❡♥sõ❡s ❞❡ ❧✐♥❤❛ ❡ ❞❡

♣ó❧♦✳

• ❆◆P❈✲✸❇❇✸✿

❆ ❋✐❣✉r❛ ✸✳✾ ❛♣r❡s❡♥t❛ ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦ r❡t✐✜❝❛❞♦r ❆◆P❈✲✸❇❇✸ ❝♦♠ ❖❈❈✱

♦♥❞❡✿ ♥❛ ❋✐❣✉r❛ ✸✳✾✭❛✮ sã♦ ♠♦str❛❞❛s ❛s t❡♥sõ❡s ❞♦ ❜❛rr❛♠❡♥t♦✱ ♥❛ ❋✐❣✉r❛ ✸✳✾✭❜✮ ❛♣r❡s❡♥t❛✲

s❡ ❛s ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ❡ ♥❛s ❋✐❣✉r❛s ✸✳✾✭❝✮ ✲ ✸✳✾✭❡✮ t❡♠✲s❡ ❛s t❡♥sõ❡s ❞❡ ❧✐♥❤❛ ❡ ❞❡

♣ó❧♦✳

P♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ ❛s ❡str✉t✉r❛s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ❡ ✢✉①♦ ❜✐❞✐r❡✲

❝✐♦♥❛❧ ❞❡ ♣♦tê♥❝✐❛ ♣♦ss✉❡♠ r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ♠✉✐t♦ ♣❛r❡❝✐❞♦s✳ P❛r❛ ❛s três ❡str✉t✉r❛s

❛♣r❡s❡♥t❛❞❛s ♥♦t❛✲s❡ q✉❡ ❛ t❡♥sã♦ ♥♦s ❝❛♣❛❝✐t♦r❡s C1 ❡ C2 ❡q✉✐✈❛❧❡ ❛ E/2✱ ♦✉ s❡❥❛✱ ♦ ❜❛r✲

r❛♠❡♥t♦ ❝❝ ❡stá ❡q✉✐❧✐❜r❛❞♦✳ ❆s ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ tr✐❢ás✐❝❛s ♠♦str❛❞❛s sã♦ s❡♥♦✐❞❛✐s ❡

❡q✉✐❧✐❜r❛❞❛s✳ ❆s t❡♥sõ❡s ❞❡ ❧✐♥❤❛ ✐❧✉str❛♠ ❝✐♥❝♦ ♥í✈❡✐s ❞❡ t❡♥sã♦✳ ❆s t❡♥sõ❡s ❞❡ ❧✐♥❤❛ ❞❛s

❡str✉t✉r❛s ❆◆P❈✲✸❇❇✶ ❡ ❆◆P❈✲✸❇❇✷ ✐❧✉str❛♠ ❛ ♣r❡s❡♥ç❛ ❞❡ ❤❛r♠ô♥✐❝♦s ♣❛r❡s✭❲✉✱ ✷✵✵✻✮✳



❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✺✷
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✭❢✮

❋✐❣✉r❛ ✸✳✼✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ♣❛r❛ ❆◆P❈✲✸❇❇✶ ❝♦♠ ❖❈❈ ✭❛✮ ❚❡♥sõ❡s ♥♦
❜❛rr❛♠❡♥t♦ ❝❝ ✭❜✮ ❈♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ✭❝✮ ❚❡♥sã♦ ❞❡ ❧✐♥❤❛ ✭❞✮ ❩♦♦♠
❞❛ t❡♥sã♦ ❞❡ ❧✐♥❤❛ ✭❡✮ ❚❡♥sã♦ ❞❡ ♣ó❧♦ ✭❢✮ ❩♦♦♠ ❞❛ t❡♥sã♦ ❞❡ ♣ó❧♦✳
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❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✺✺

❊ ♣♦r ú❧t✐♠♦✱ ❛s t❡♥sõ❡s ❞❡ ♣ó❧♦ ❛♣r❡s❡♥t❛♠ ♦s três ♥í✈❡✐s ❞❡ t❡♥sõ❡s ❞❡s❡❥❛❞♦s ✭175❱✲E/2✱

O❱✲③❡r♦ ❡ −175❱✲−E/2✮✱ ❝♦♥✜r♠❛♥❞♦ ♦ ❡q✉✐❧í❜r✐♦ ❞❛s t❡♥sõ❡s ♥♦ ❜❛rr❛♠❡♥t♦ ❝❝✳

✸✳✷✳✹ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s

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

❡①♣❡r✐♠❡♥t❛❧ ❝♦♥tr♦❧❛❞♦ ♣❡❧♦ ♣r♦❝❡ss❛❞♦r ❞✐❣✐t❛❧ ❞❡ s✐♥❛✐s ❚▼❙✸✷✵❋✷✽✸✸✺✳ ❊st❡s r❡s✉❧t❛❞♦s

sã♦ ♦❜t✐❞♦s ❝♦♥s✐❞❡r❛♥❞♦ ♦s ♣❛râ♠❡tr♦s ❛♣r❡s❡♥t❛❞♦s ♥♦ ❆♣ê♥❞✐❝❡ ❇✳

❆ ❋✐❣✉r❛ ✸✳✶✵ ❛♣r❡s❡♥t❛ ♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ♦ ❝❛s♦ ❞♦ r❡t✐✜❝❛❞♦r ❆◆P❈✲

✸❇❇✷ ♦♣❡r❛♥❞♦ ❝♦♠ ❖❈❈✳ ◆ã♦ ❤á r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ❛ ❡str✉t✉r❛ ❆◆P❈✲✸❇❇✶✱

♣♦✐s ❡ss❛ é ❞✉❛❧ ❛ ❡str✉t✉r❛ ❆◆P❈✲✸❇❇✶✳ ❆s ❝✉r✈❛s ♠♦str❛❞❛s ♥❡ss❛ ✜❣✉r❛ sã♦✿ ✭❛✮ t❡♥sõ❡s

♥♦ ❜❛rr❛♠❡♥t♦✱ ✭❜✮ ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛✱ ✭❝✮ ❡ ✭❞✮ t❡♥sã♦ ❞❡ ❧✐♥❤❛❀ ❡ ✭❡✮ ❡ ✭❢✮ t❡♥sõ❡s ❞❡ ♣ó❧♦✳

❆ ❋✐❣✉r❛ ✸✳✶✶ ❛♣r❡s❡♥t❛ ♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ♦ ❝❛s♦ ❞♦ r❡t✐✜❝❛❞♦r ❆◆P❈✲

✸❇❇✸ ♦♣❡r❛♥❞♦ ❝♦♠ ❖❈❈✳ ❆s ❝✉r✈❛s ♠♦str❛❞❛s ♥❡ss❛ ✜❣✉r❛ sã♦✿ ✭❛✮ t❡♥sõ❡s ♥♦ ❜❛rr❛♠❡♥t♦✱

✭❜✮ ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛✱ ✭❝✮ ❡ ✭❞✮ t❡♥sã♦ ❞❡ ❧✐♥❤❛❀ ❡ ✭❡✮ ❡ ✭❢✮ t❡♥sõ❡s ❞❡ ♣ó❧♦✳

❖s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❛s ❡str✉t✉r❛s ❆◆P❈✲✸❇❇✷ ❡ ❆◆P❈✲✸❇❇✸ ❝♦♠ ❛ ❡str❛té❣✐❛

❞❡ ❝♦♥tr♦❧❡ ❖❈❈✱ ❝♦rr❡s♣♦♥❞❡♠ ❛♦s r❡s✉❧t❛❞♦s s✐♠✉❧❛❞♦s ❛♣r❡s❡♥t❛❞♦s ❛♥t❡r✐♦r♠❡♥t❡✳ ◆♦

❡♥t❛♥t♦✱ ♣♦❞❡✲s❡ ♥♦t❛r q✉❡ ❛ t❡♥sã♦ ❞❡ ❧✐♥❤❛ ❡ ❛ t❡♥sã♦ ❞❡ ♣ó❧♦ ❞❛ t♦♣♦❧♦❣✐❛ ❆◆P❈✲✸❇❇✷

❛♣r❡s❡♥t❛♠ ❡❧❡✈❛❞♦ r✉í❞♦✳ ■ss♦ ❞❡✈❡ ❛ ❛✉sê♥❝✐❛ ❞❡ ❝❛♣❛❝✐t♦r❡s ❞❡ s✉♣r❡ssã♦ ♥❛ ♣❧❛t❛❢♦r♠❛
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✸✳✸ ❘❡t✐✜❝❛❞♦r❡s ❇✐❞✐r❡❝✐♦♥❛✐s ❝♦♠ ❉♦✐s ❇r❛ç♦s

◆❡st❛ s❡çã♦ sã♦ ❛♣r❡s❡♥t❛❞❛s q✉❛tr♦ ❡str✉t✉r❛s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❜r❛ç♦s ❡ ✢✉①♦

❜✐❞✐r❡❝✐♦♥❛❧ ❞❡ ♣♦tê♥❝✐❛✳ ❊ss❛s sã♦✿ ◆P❈✲✷❇❇✶✱ ❆◆P❈✲✷❇❇✶✱ ❆◆P❈✲✷❇❇✷ ❡ ❆◆P❈✲✷❇❇✸✳

✸✳✸✳✶ ❈♦♥✜❣✉r❛çã♦ ❞♦ ❙✐st❡♠❛ ❡ Pr✐♥❝í♣✐♦ ❞❡ ❋✉♥❝✐♦♥❛♠❡♥t♦

❖ r❡t✐✜❝❛❞♦r ◆P❈✲✷❇❇✶ é ♣r♦♣♦st♦ ♣♦r ✭▲✐♥ ❡ ❲❡✐✱ ✷✵✵✸✮✳ ❆ ❡str✉t✉r❛ ❞❡ss❡ é ❝♦♥st✐t✉í❞❛

♣♦r ❞♦✐s ❜r❛ç♦s ◆P❈✱ ♦✉ s❡❥❛✱ ❝❛❞❛ ❜r❛ç♦ é ❝♦♠♣♦st♦ ♣♦r q✉❛tr♦ ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s ❡ ❞♦✐s

❞✐♦❞♦s ❞❡ ❣r❛♠♣❡❛♠❡♥t♦✳ ❊ss❛s ❝❤❛✈❡s ❢♦r♠❛♠ ❞✉❛s ❝é❧✉❧❛s ❜ás✐❝❛s ❞❡ ❝♦♠✉t❛çã♦✿ ❛ ❝é❧✉❧❛

✶ ✭S1✲S1c✮❀ ❡ ❛ ❝é❧✉❧❛ ✷ ✭S2✲S2c✮✳ ❆ ❢❛s❡ ❝ é ❝♦♥❡❝t❛❞❛ ❛♦ P◆✱ ❝♦♥❢♦r♠❡ ♠♦str❛ ❛ ❋✐❣✉r❛ ✸✳✶✷✳

❋✐❣✉r❛ ✸✳✶✷✿ ❘❡t✐✜❝❛❞♦r ◆P❈✲✷❇❇✶✳

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

♣♦❧♦❣✐❛ ❆◆P❈✳ ❆ ❋✐❣✉r❛ ✸✳✶✸ ♠♦str❛ ♦ ❝♦♥✈❡rs♦r ❆◆P❈✲✷❇❇✶✱ ❝♦♥st✐t✉í❞♦ ♣♦r ❞♦✐s ❜r❛ç♦s

❆◆P❈✳ ❈❛❞❛ ❜r❛ç♦ é ❝♦♥st✐t✉í❞♦ ♣♦r ✻ ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s✱ s❡♥❞♦ q✉❡ ❡ss❛s ❢♦r♠❛♠ três

❝é❧✉❧❛s ❜ás✐❝❛s ❞❡ ❝♦♠✉t❛çã♦✿ ❛ ❝é❧✉❧❛ s✉♣❡r✐♦r ✭S1✲S1c✮✱ ❛ ❝é❧✉❧❛ ❝❡♥tr❛❧ ✭S2✲S2c✮✱ ❡ ❛ ❝é❧✉❧❛

✐♥❢❡r✐♦r ✭S3✲S3c✮✳ ❉❛ ♠❡s♠❛ ❢♦r♠❛ q✉❡ ❛ ❡str✉t✉r❛ ◆P❈✲✷❇❇✶✱ ❛ ❢❛s❡ ❝ é ❝♦♥❡❝t❛❞❛ ❛♦ P◆✳

❆ ❋✐❣✉r❛ ✸✳✶✹ ♠♦str❛ ❛ ❡str✉t✉r❛ ❆◆P❈✲✷❇❇✷✱ q✉❡ é ♣r♦♣♦st❛ ♣♦r ✭▲✐♥ ❡ ❨❛♥❣✱ ✷✵✵✺❛✮✳

❊ss❡ r❡t✐✜❝❛❞♦r ♦♣❡r❛ ❝♦♠ ❞♦✐s ❜r❛ç♦s ❡ s❡♠ ❛ ❝é❧✉❧❛ s✉♣❡r✐♦r ❞❡ ❝♦♠✉t❛çã♦ ❞♦ ❆◆P❈✳ ❆

t♦♣♦❧♦❣✐❛ ❆◆P❈✲✷❇❇✸✱ q✉❡ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✶✺✱ é ❢♦r♠❛ ❞✉❛❧ ❞❛ t♦♣♦❧♦❣✐❛ ❆◆P❈✲

✷❇❇✷✳ ❖ ❆◆P❈✲✷❇❇✸ ♦♣❡r❛ ❝♦♠ ❞♦✐s ❜r❛ç♦s ❆◆P❈ ❡ s❡♠ ❛ ❝é❧✉❧❛ ✐♥❢❡r✐♦r ❞❡ ❝♦♠✉t❛çã♦✳

❚❛✐s ❡str✉t✉r❛s sã♦ ❝♦♥st✐t✉í❞❛s ♣♦r ❞✉❛s ❝é❧✉❧❛s ❜ás✐❝❛s ❞❡ ❝♦♠✉t❛çã♦✿ ❛ ❝é❧✉❧❛ ✶ ✭S1✲S1c✮❀

❡ ❛ ❝é❧✉❧❛ ✷ ✭S2✲S2c✮✳



❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✺✾

❋✐❣✉r❛ ✸✳✶✸✿ ❘❡t✐✜❝❛❞♦r ❆◆P❈✲✷❇❇✶✳

❋✐❣✉r❛ ✸✳✶✹✿ ❘❡t✐✜❝❛❞♦r ❆◆P❈✲✷❇❇✷✳

❋✐❣✉r❛ ✸✳✶✺✿ ❘❡t✐✜❝❛❞♦r ❆◆P❈✲✷❇❇✸



❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✻✵

❆ s❡qü❡♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❛♣❧✐❝❛❞❛ ❛s ❡str✉t✉r❛s ◆P❈✲✷❇❇✶✱ ❆◆P❈✲✷❇❇✷ ❡ ❆◆P❈✲

✷❇❇✸ é ❛ ♠❡s♠❛ ❛♣❧✐❝❛❞❛ ❛♦ r❡t✐✜❝❛❞♦r ◆P❈✱ ❛ q✉❛❧ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❚❛❜❡❧❛ ✸✳✷✳ ❏á✱ ♣❛r❛

❛ ❡str✉t✉r❛ ❆◆P❈✲✷❇❇✶✱ ❛ s❡qü❡♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ é ❛ ♠❡s♠❛ ❛♣❧✐❝❛❞❛ ❛♦ r❡t✐✜❝❛❞♦r

❆◆P❈ P❲▼✲✷✱ ❛ q✉❛❧ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❚❛❜❡❧❛ ✸✳✸✳

• P❛r❛ ◆P❈✲✷❇❇✶✱ ❆◆P❈✲✷❇❇✷ ❡ ❆◆P❈✲✷❇❇✸✿

❆ ❡str❛té❣✐❛ ❞❡ ♠♦❞✉❧❛çã♦✱ ✉t✐❧✐③❛❞❛ ♣❡❧❛s ❡str✉t✉r❛s ◆P❈✲✷❇❇✶✱ ❆◆P❈✲✷❇❇✷ ❡ ❆◆P❈✲

✷❇❇✸✱ ♣r♦❞✉③ três ❡st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦✿ P✱ ❖ ❡ ◆✳ ❊ss❡s ❡st❛❞♦s sã♦ ♠♦str❛❞♦s ♥❛ ❋✐❣✉r❛

✸✳✶✻ ♣❛r❛ ♦ ◆P❈✲✷❇❇✶✱ ♥❛ ❋✐❣✉r❛ ✸✳✶✼ ♣❛r❛ ♦ ❆◆P❈✲✷❇❇✷ ❡ ♥❛ ❋✐❣✉r❛ ✸✳✶✽ ♣❛r❛ ♦ ❆◆P❈✲

✷❇❇✸✳ ❖ ❡st❛❞♦ N é ♦❜t✐❞♦ q✉❛♥❞♦ ❛s ❝❤❛✈❡s S1c ❡ S2c ❡stã♦ ❝♦♥❞✉③✐♥❞♦✳ ❊♥q✉❛♥t♦ q✉❡✱ ♦

❡st❛❞♦ P é ❝♦♥s❡❣✉✐❞♦ q✉❛♥❞♦ ❛s ❝❤❛✈❡s S1c ❡ S2c ❡stã♦ ❜❧♦q✉❡❛❞❛s✳ ❊ q✉❛♥❞♦ ❛s ❝❤❛✈❡s S1c

❡ S2 ❡stã♦ ❝♦♥❞✉③✐♥❞♦✱ ♦ ❡st❛❞♦ O é ♦❜t✐❞♦✳

✭❛✮ ✭❜✮ ✭❝✮

❋✐❣✉r❛ ✸✳✶✻✿ ❊st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦ ♣❛r❛ ✉♠ ❜r❛ç♦ ❞♦ ◆P❈✲✷❇❇✶ ✭❛✮ ◆ ✭❜✮ ❖ ❡ ✭❝✮
P✳



❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✻✶

✭❛✮ ✭❜✮ ✭❝✮

❋✐❣✉r❛ ✸✳✶✼✿ ❊st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦ ♣❛r❛ ✉♠ ❜r❛ç♦ ❞♦ ❆◆P❈✲✷❇❇✷ ✭❛✮ ◆ ✭❜✮ ❖ ❡
✭❝✮ P✳

✭❛✮ ✭❜✮ ✭❝✮

❋✐❣✉r❛ ✸✳✶✽✿ ❊st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦ ♣❛r❛ ✉♠ ❜r❛ç♦ ❞♦ ❆◆P❈✲✷❇❇✸ ✭❛✮ ◆ ✭❜✮ ❖ ❡
✭❝✮ P✳



❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✻✷

❚❛❜❡❧❛ ✸✳✷✿ ❙❡qüê♥❝✐❛ ❞❡ ❈❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ◆P❈✲✷❇❇✶✱ ❆◆P❈✲✷❇❇✷ ❡ ❆◆P❈✲
✷❇❇✸

❚❡♥sã♦ ❞❡ ❊st❛❞♦ ❞❡ ❙❡q✳ ❞❡ ❈❤❛✈❡❛♠❡♥t♦
♣ó❧♦ ✭VXN✮ ❈♦♠✉t❛çã♦ S1 S1c S2 S2c

−E/2 N ✵ ✶ ✵ ✶
0 O ✵ ✶ ✶ ✵

E/2 P ✶ ✵ ✶ ✵

❇❛s❡❛❞♦ ♥♦s ❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞❛ ❚❛❜❡❧❛ ✸✳✷✱ ❛s t❡♥sõ❡s ♠é❞✐❛s ❞❡ ♣ó❧♦ sã♦ ❞❛❞❛s

♣♦r✿
{

vAN = (sgna − da(2−sgna)c)E/2; da(1+sgna)c = 1− sgna

vBN = (sgnb − db(2−sgnb)c)E/2; db(1+sgnb)c = 1− sgnb
✭✸✳✽✮

♦♥❞❡

sgnx =

{

1, ✐❢ vx ≥ 0;
0, ✐❢ vx < 0.

, x = {a, b, c}

❉❡ ✭✸✳✽✮ ♣♦❞❡✲s❡ ❝♦♥❝❧✉✐r q✉❡ sã♦ ♥❡❝❡ssár✐❛s ❞✉❛s ♣♦rt❛❞♦r❛s tr✐❛♥❣✉❧❛r❡s✿ ✉♠❛ ♣❛r❛

❝♦♠♣❛r❛çã♦ ❝♦♠ ♦s s✐♥❛✐s ❞❡ r❡❢❡rê♥❝✐❛ ♣♦s✐t✐✈♦s✱ ❞❛❞❛ ♣♦r (1 − dx1c)E/2 ❡ ♦✉tr❛ ♣❛r❛

❝♦♠♣❛r❛çã♦ ❝♦♠ s✐♥❛✐s ❞❡ r❡❢❡rê♥❝✐❛ ♥❡❣❛t✐✈♦s✱ ❞❛❞❛ ♣♦r −dx2cE/2✳

• P❛r❛ ❆◆P❈✲✷❇❇✶✿

❆ ❡str❛té❣✐❛ ❞❡ ♠♦❞✉❧❛çã♦ ✉t✐❧✐③❛❞❛ ♣❡❧❛ ❡str✉t✉r❛ ❆◆P❈✲✷❇❇✶ ♣r♦❞✉③ q✉❛tr♦ ❡st❛❞♦s

❞❡ ❝❤❛✈❡❛♠❡♥t♦ ✿ P2✱ N2✱ O
+
2 ❡ O−

2 ✱ ♦s q✉❛✐s sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛ ✸✳✶✾✳ ❖ ❡st❛❞♦ P2

é ❝♦♥s❡❣✉✐❞♦ q✉❛♥❞♦ S1c✱ S2c ❡ S3c ❡stã♦ ❜❧♦q✉❡❛❞❛s✳ ❊♥q✉❛♥t♦ q✉❡✱ ♦ ❡st❛❞♦ N2 é ♦❜t✐❞♦

q✉❛♥❞♦ S1c✱ S2c ❡ S3c ❡stã♦ ❝♦♥❞✉③✐♥❞♦✳ ❖ ♥í✈❡❧ ❞❡ t❡♥sã♦ ③❡r♦ é ♦❜t✐❞♦ ❛tr❛✈és ❞❡ ❞♦✐s

❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦✿ O−

2 ❡ O+
2 ✳ ❖ ❡st❛❞♦ O−

2 é ❝♦♥s❡❣✉✐❞♦ q✉❛♥❞♦ ❛ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛

é ♥❡❣❛t✐✈❛ ❡ S1c✱ S2 ❡ S3c ❡stã♦ ❝♦♥❞✉③✐♥❞♦✳ ❉❡ ❢♦r♠❛ ❝♦♠♣❧❡♠❡♥t❛r✱ ♦ ❡st❛❞♦ O+
2 é ♦❜t✐❞♦

q✉❛♥❞♦ ❛ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛ é ♣♦s✐t✐✈❛ ❡ S1✱ S2c ❡ S3 ❡stã♦ ❝♦♥❞✉③✐♥❞♦✳ ❚❛❧ s❡qüê♥❝✐❛ ❞❡

❝❤❛✈❡❛♠❡♥t♦ é ♠♦str❛❞❛ ♥❛ ❚❛❜❡❧❛ ✸✳✸✳



❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✻✸

✭❛✮ ✭❜✮ ✭❝✮ ✭❞✮

❋✐❣✉r❛ ✸✳✶✾✿ ❊st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦ ♣❛r❛ ❆◆P❈✲✷❇❇✶ ✭❛✮ N ✭❜✮ O− ✭❝✮O+ ❡ ✭❞✮P ✳

❚❛❜❡❧❛ ✸✳✸✿ ❙❡qüê♥❝✐❛ ❞❡ ❈❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ❆◆P❈✲✷❇❇✶

❚❡♥sã♦ ❞❡ ❊st❛❞♦ ❞❡ ❙❡qüê♥❝✐❛ ❞❡ ❈❤❛✈❡❛♠❡♥t♦
♣ó❧♦ ✭VXN✮ ❈♦♠✉t❛çã♦ S1 S1c S2 S2c S3 S3c

−E/2 N2 ✵ ✶ ✵ ✶ ✵ ✶
0 O−

2 ✵ ✶ ✶ ✵ ✵ ✶
0 O+

2 ✶ ✵ ✵ ✶ ✶ ✵
E/2 P2 ✶ ✵ ✶ ✵ ✶ ✵

❆♥❛❧✐s❛♥❞♦ ♦s ❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞❛ ❚❛❜❡❧❛ ✸✳✸✱ ❛s t❡♥sõ❡s ♠é❞✐❛s ❞❡ ♣ó❧♦ sã♦

❞❛❞❛s ♣♦r✿

{

vAN = (sgna − da2c)E/2; da1c = da3c = 1− sgna

vBN = (sgnb − db2c)E/2; db1c = db3c = 1− sgnb
✭✸✳✾✮

♦♥❞❡

sgnx =

{

1, ✐❢ vx ≥ 0;
0, ✐❢ vx < 0.

, x = {a, b, c}

❉❡ ✭✸✳✾✮ ♣♦❞❡✲s❡ ❝♦♥❝❧✉✐r q✉❡ ♣❛r❛ r❡❛❧✐③❛çã♦ ❞❛ ❡str❛té❣✐❛ ♣❛r❛ ♦ ❆◆P❈✲✷❇❇✶ t❛♠❜é♠

sã♦ ♥❡❝❡ssár✐❛s ❞✉❛s ♣♦rt❛❞♦r❛s tr✐❛♥❣✉❧❛r❡s✿ ✉♠❛ ♣❛r❛ ❝♦♠♣❛r❛çã♦ ❝♦♠ ♦s s✐♥❛✐s ❞❡ r❡❢❡✲

rê♥❝✐❛ ♣♦s✐t✐✈♦s✱ ❞❛❞❛ ♣♦r (1 − dx2c)E/2 ❡ ♦✉tr❛ ♣❛r❛ ❝♦♠♣❛r❛çã♦ ❝♦♠ s✐♥❛✐s ❞❡ r❡❢❡rê♥❝✐❛

♥❡❣❛t✐✈♦s✱ ❞❛❞❛ ♣♦r −dx2E/2✳



❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✻✹

✸✳✸✳✷ ❊str❛té❣✐❛ ❞❡ ❈♦♥tr♦❧❡ ❖❈❈

❇❛s❡❛❞♦ ♥❛ ❧❡✐ ❞❡ ❑✐r❝❤❤♦✛ ❛♣❧✐❝❛❞❛ ❛♦ ❧❛❞♦ ❆❈ ❡ ❉❈ ❞♦ s✐st❡♠❛✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛

t♦♣♦❧♦❣✐❛ ❜✐❞✐r❡❝✐♦♥❛❧ ❝♦♠ ❞♦✐s ❜r❛ç♦s ♣♦❞❡ s❡r ❡①♣r❡ss♦ ♣♦r✿

{

La(dia/dt) = vAN − va + vc
Lb(dib/dt) = vBN − vb + vc

✭✸✳✶✵✮

❆s ❝♦rr❡♥t❡s ♥♦s ✐♥❞✉t♦r❡s ❞❡ ❡♥tr❛❞❛ ♥ã♦ ♠✉❞❛♠ ♠✉✐t♦ ❡♠ ✉♠ ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱

♣♦✐s ❛ ❢r❡qüê♥❝✐❛ ❞❡ ❝♦♠✉t❛çã♦ ✉t✐❧✐③❛❞❛ é ♠✉✐t♦ ♠❛✐♦r q✉❡ ❛ ❢r❡qüê♥❝✐❛ ❞❡ ❧✐♥❤❛✳ ▲♦❣♦✱

di/dt = 0✳ P♦rt❛♥t♦✿
{

vAN = va − vc
vBN = vb − vc

✭✸✳✶✶✮

• P❛r❛ ◆P❈✲✷❇❇✶✱ ❆◆P❈✲✷❇❇✷ ❡ ❆◆P❈✲✷❇❇✸✿

❆ ❢✉♥çã♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ♣❛r❛ P❛r❛ ◆P❈✲✷❇❇✶✱ ❆◆P❈✲✷❇❇✷ ❡ ❆◆P❈✲✷❇❇✸ é ❞❛❞❛

♣♦r✿
{

va − vc = (sgna − da2c)E/2
vb − vc = (sgnb − db2c)E/2

✭✸✳✶✷✮

❙✉❜st✐t✉✐♥❞♦ vx = Reix✱ ❝♦♠♦ é ♣r♦♣♦st♦ ♣❡❧❛ ❡str❛té❣✐❛ ❖❈❈ t❡♠✲s❡ q✉❡✿

{

Reia −Reic = (sgna − da2c)E/2
Reib −Reic = (sgnb − db2c)E/2

✭✸✳✶✸✮

❆♣❧✐❝❛♥❞♦ ❡♠ ✭✸✳✶✸✮✱ ❛ ✈❛r✐á✈❡❧ ❞❡ ❝♦♥tr♦❧❡ vm = RsE/2Re✱ q✉❡ ❞❡✜♥❡ ❛ ❛♠♣❧✐t✉❞❡ ❞❛s

♣♦rt❛❞♦r❛s tr✐❛♥❣✉❧❛r❡s s❡ ❝❤❡❣❛ ❛✿

{

Rsia −Rsic = (sgna − da2c)vm
Rsib −Rsic = (sgnb − db2c)vm

✭✸✳✶✹✮

❆ ❡q✉❛çã♦ ✭✸✳✶✹✮ é ❛ ❡q✉❛çã♦ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ♣❛r❛ ♦s r❡t✐✜❝❛❞♦r❡s P❛r❛ ◆P❈✲✷❇❇✶✱

❆◆P❈✲✷❇❇✷ ❡ ❆◆P❈✲✷❇❇✸✳ ❆ ♠♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ q✉❡ ❡①♣r❡ss❛ ❡ss❛ ❡q✉❛çã♦

é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✷✵✳



❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✻✺

❋✐❣✉r❛ ✸✳✷✵✿ ▼♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ ❞❛ ❡str❛té❣✐❛ ❖❈❈ ♣❛r❛ ♦s r❡t✐✜❝❛✲
❞♦r❡s P❛r❛ ◆P❈✲✷❇❇✶✱ ❆◆P❈✲✷❇❇✷ ❡ ❆◆P❈✲✷❇❇✸✳

• P❛r❛ ❆◆P❈✲✷❇❇✶✿

❆ ❢✉♥çã♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ♣❛r❛ ❆◆P❈✲✷❇❇✶ é ❞❛❞❛ ♣♦r✿

{

va − vc = (sgna − da2c)E/2
vb − vc = (sgnb − db2c)E/2

✭✸✳✶✺✮

❆ss✐♠ ❝♦♠♦ ♣❛r❛ ♦ ❝❛s♦ ❛♥t❡r✐♦r✱ ❛♣❧✐❝❛✲s❡ ❛ ❢✉♥çã♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❛ r❡s✐stê♥❝✐❛ ❡♠✉✲

❧❛❞❛✱ ❝♦♠♦ é ♣r♦♣♦st♦ ♣❡❧❛ ❡str❛té❣✐❛ ❖❈❈✿

{

Reia −Reic = (sgna − da2c)E/2
Reib −Reic = (sgnb − db2c)E/2

✭✸✳✶✻✮

❆♣❧✐❝❛♥❞♦ ❡♠ ✭✸✳✶✻✮✱ ❛ ✈❛r✐á✈❡❧ ❞❡ ❝♦♥tr♦❧❡ vm = RsE/2Re✱ q✉❡ ❞❡✜♥❡ ❛ ❛♠♣❧✐t✉❞❡ ❞❛s

♣♦rt❛❞♦r❛s tr✐❛♥❣✉❧❛r❡s s❡ ❝❤❡❣❛ ❛✿

{

Rsia −Rsic = (sgna − da2c)vm
Rsib −Rsic = (sgnb − db2c)vm

✭✸✳✶✼✮

❆ ❡q✉❛çã♦ ✭✸✳✶✼✮ é ❛ ❡q✉❛çã♦ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ♣❛r❛ ♦ r❡t✐✜❝❛❞♦r ❆◆P❈✲✷❇❇✶✳ ❆

♠♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ q✉❡ ❡①♣r❡ss❛ ❡ss❛ ❡q✉❛çã♦ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✷✶✳
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❋✐❣✉r❛ ✸✳✷✶✿ ▼♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ ❞❛ ❡str❛té❣✐❛ ❖❈❈ ♣❛r❛ ♦ r❡t✐✜❝❛❞♦r
❆◆P❈✲✷❇❇✶✳

✸✳✸✳✸ ❘❡s✉❧t❛❞♦s ❞❡ ❙✐♠✉❧❛çã♦

❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦s r❡t✐✜❝❛❞♦r❡s r❡❞✉③✐❞♦s ◆P❈✲✷❇❇✶✱ ❆◆P❈✲✷❇❇✶✱ ❆◆P❈✲✷❇❇✷ ❡

❆◆P❈✲✷❇❇✸✱ ✉t✐❧✐③❛♥❞♦ ❛ té❝♥✐❝❛ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈✱ é ✐♥✐❝✐❛❧♠❡♥t❡ ❛♣r❡s❡♥t❛❞♦ ❛tr❛✈és ❞❡

r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çõ❡s✳ ❊st❡s r❡s✉❧t❛❞♦s sã♦ ♦❜t✐❞♦s ❝♦♥s✐❞❡r❛♥❞♦ ♦s ♣❛râ♠❡tr♦s ❛♣r❡s❡♥✲

t❛❞♦s ♥♦ ❆♣ê♥❞✐❝❡ ❈✳

• ◆P❈✲✷❇❇✶✿

❆ ❋✐❣✉r❛ ✸✳✷✷ ❛♣r❡s❡♥t❛ ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦ r❡t✐✜❝❛❞♦r ◆P❈✲✷❇❇✶ ❝♦♠

❖❈❈✱ ♦♥❞❡✿ ♥❛ ❋✐❣✉r❛ ✸✳✷✷✭❛✮ sã♦ ♠♦str❛❞❛s ❛s t❡♥sõ❡s ❞♦ ❜❛rr❛♠❡♥t♦✱ ♥❛ ❋✐❣✉r❛ ✸✳✷✷✭❜✮

❛♣r❡s❡♥t❛✲s❡ ❛s ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ❡ ♥❛s ❋✐❣✉r❛s ✸✳✷✷✭❝✮ ✲ ✸✳✷✷✭❡✮ t❡♠✲s❡ ❛s t❡♥sõ❡s ❞❡ ❧✐♥❤❛

❡ ❞❡ ♣ó❧♦✳
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❋✐❣✉r❛ ✸✳✷✷✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ♣❛r❛ ◆P❈✲✷❇❇✶ ❝♦♠ ❖❈❈ ✭❛✮ ❚❡♥sõ❡s ♥♦
❜❛rr❛♠❡♥t♦ ❝❝ ✭❜✮ ❈♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ✭❝✮ ❚❡♥sã♦ ❞❡ ❧✐♥❤❛ ✭❞✮ ❩♦♦♠
❞❛ t❡♥sã♦ ❞❡ ❧✐♥❤❛ ✭❡✮ ❚❡♥sã♦ ❞❡ ♣ó❧♦ ✭❢✮ ❩♦♦♠ ❞❛ t❡♥sã♦ ❞❡ ♣ó❧♦✳
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• ❆◆P❈✲✷❇❇✶✿

❆ ❋✐❣✉r❛ ✸✳✷✸ ❛♣r❡s❡♥t❛ ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦ r❡t✐✜❝❛❞♦r ❆◆P❈✲✷❇❇✶ ❝♦♠
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❛♣r❡s❡♥t❛✲s❡ ❛s ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ❡ ♥❛s ❋✐❣✉r❛s ✸✳✷✸✭❝✮ ✲ ✸✳✷✸✭❡✮ t❡♠✲s❡ ❛s t❡♥sõ❡s ❞❡ ❧✐♥❤❛

❡ ❞❡ ♣ó❧♦✳
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❞❛ t❡♥sã♦ ❞❡ ♣ó❧♦ ✭✷✵✵❱✴❉✐✈✮✳



❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✼✸

✭❛✮ ✭❜✮

✭❝✮ ✭❞✮

✭❡✮ ✭❢✮

❋✐❣✉r❛ ✸✳✷✼✿ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ❆◆P❈✲✷❇❇✷ ❝♦♠ ❖❈❈ ✭❛✮ ❚❡♥sõ❡s ♥♦
❜❛rr❛♠❡♥t♦ ❝❝ ❡ ♥♦s ❝❛♣❛❝✐t♦r❡s C1 ❡ C2 ✭100V ✴❉✐✈✮ ✭❜✮ ❈♦rr❡♥t❡s
❞❡ ❡♥tr❛❞❛ ✭✺❆✴❉✐✈✮ ✭❝✮ ❚❡♥sã♦ ❞❡ ❧✐♥❤❛ ✭✷✵✵❱✴❉✐✈✮ ✭❞✮ ❩♦♦♠ ❞❛
t❡♥sã♦ ❞❡ ❧✐♥❤❛ ✭✷✵✵❱✴❉✐✈✮ ✭❡✮ ❚❡♥sã♦ ❞❡ ♣ó❧♦ ✭✷✵✵❱✴❉✐✈✮ ✭❢✮ ❩♦♦♠
❞❛ t❡♥sã♦ ❞❡ ♣ó❧♦ ✭✷✵✵❱✴❉✐✈✮✳



❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✼✹

✸✳✹ ❘❡t✐✜❝❛❞♦r❡s ❯♥✐❞✐r❡❝✐♦♥❛✐s ❚rês ❇r❛ç♦s

◆❡st❛ s❡çã♦ sã♦ ❛♣r❡s❡♥t❛❞❛s q✉❛tr♦ ❡str✉t✉r❛s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ❡ ✢✉①♦

✉♥✐❞✐r❡❝✐♦♥❛❧ ❞❡ ♣♦tê♥❝✐❛✳ ❊ss❛s sã♦✿ ◆P❈✲✸❇❯✶✱ ❆◆P❈✲✸❇❯✶✱ ❆◆P❈✲✸❇❯✷ ❡ ❆◆P❈✲

✸❇❯✸✳

✸✳✹✳✶ ❈♦♥✜❣✉r❛çã♦ ❞♦ ❙✐st❡♠❛ ❡ Pr✐♥❝í♣✐♦ ❞❡ ❋✉♥❝✐♦♥❛♠❡♥t♦

❖ r❡t✐✜❝❛❞♦r ◆P❈✲✸❇❯✶ é ♣r♦♣♦st♦ ♣♦r ✭▲✐♥✱ ▲❡❡ ❡ ❨❛♥❣✱ ✷✵✵✸✮✳ ❊ss❛ ❡str✉t✉r❛ é ❝♦♥st✐t✉í❞❛

♣♦r três ❜r❛ç♦s ◆P❈ ✱ s❡♥❞♦ q✉❡ ❛s ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s ♠❛✐s s✉♣❡r✐♦r ❡ ♠❛✐s ✐♥❢❡r✐♦r ❞❡

❝❛❞❛ ❜r❛ç♦ sã♦ s✉❜st✐t✉í❞❛s ♣♦r ❞✐♦❞♦s✳ ❆s ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s ❢♦r♠❛♠ ✉♠❛ ❝é❧✉❧❛ ❜ás✐❝❛

❞❡ ❝♦♠✉t❛çã♦✿ ❛ ❝é❧✉❧❛ ✶ ✭S1✲S2✮✱ ❝♦♥❢♦r♠❡ ♠♦str❛ ❛ ❋✐❣✉r❛ ✸✳✷✽✳

❋✐❣✉r❛ ✸✳✷✽✿ ❘❡t✐✜❝❛❞♦r ◆P❈✲✸❇❯✶✳

❆ ♦♣❡r❛çã♦ ❞♦ r❡t✐✜❝❛❞♦r ❝♦♠ ✢✉①♦ ✉♥✐❞✐r❡❝✐♦♥❛❧ ❞❡ ♣♦tê♥❝✐❛ ❡ ❝♦♥st✐t✉í❞♦ ♣♦r três

❜r❛ç♦s ❆◆P❈ é ♣r♦♣♦st❛ ♥❡ss❡ tr❛❜❛❧❤♦✳ ◆❡ss❛ ❡str✉t✉r❛✱ ❛s ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s ♠❛✐s

s✉♣❡r✐♦r ❡ ♠❛✐s ✐♥❢❡r✐♦r ❞❡ ❝❛❞❛ ❜r❛ç♦ sã♦ s✉❜st✐t✉í❞❛s ♣♦r ❞✐♦❞♦s✱ ❝♦♠♦ ♠♦str❛ ❛ ❋✐❣✉r❛

✸✳✷✾✳ ❊ss❛ t♦♣♦❧♦❣✐❛ é ❞❡♥♦♠✐♥❛❞❛ ❆◆P❈✲✸❇❯✶ ❡ s✉❛s ❝❤❛✈❡s ❢♦r♠❛♠ ❞✉❛s ❝é❧✉❧❛s ❜ás✐❝❛s

❞❡ ❝♦♠✉t❛çã♦✿ ❛ ❝é❧✉❧❛ ✶ ✭S1✲S1c✮❀ ❡ ❛ ❝é❧✉❧❛ ✷ ✭S2✲S2c✮✳



❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✼✺

❋✐❣✉r❛ ✸✳✷✾✿ ❘❡t✐✜❝❛❞♦r ❆◆P❈✲✸❇❯✶✳

❆ ❋✐❣✉r❛ ✸✳✸✵ ♠♦str❛ ❛ ❡str✉t✉r❛ ❆◆P❈✲✸❇❯✷ q✉❡ é ♣r♦♣♦st❛ ♣♦r ✭▲✐♥ ❡ ❨❛♥❣✱ ✷✵✵✺❜✮✳

❊ss❡ r❡t✐✜❝❛❞♦r ♦♣❡r❛ ❛♣❡♥❛s ❝♦♠ ❞✉❛s ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s ❡ ❞♦✐s ❞✐♦❞♦s ♣♦r ❜r❛ç♦✳ ❆

t♦♣❧♦❣✐❛ ❆◆P❈✲✸❇❯✸✱ q✉❡ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✸✶✱ é ❛ ❢♦r♠❛ ❞✉❛❧ ❞❛ t♦♣♦❧♦❣✐❛ ❆◆P❈✲

✸❇❯✷✳ ❚❛✐s ❡str✉t✉r❛s sã♦ ❝♦♥st✐t✉í❞❛s ♣♦r ✉♠❛ ❝é❧✉❧❛ ❜ás✐❝❛ ❞❡ ❝♦♠✉t❛çã♦✿ ❛ ❝é❧✉❧❛ ✶

✭S1✲S2✮✳

❋✐❣✉r❛ ✸✳✸✵✿ ❘❡t✐✜❝❛❞♦r ❆◆P❈✲✸❇❯✷✳

❋✐❣✉r❛ ✸✳✸✶✿ ❘❡t✐✜❝❛❞♦r ❆◆P❈✲✸❇❯✸✳



❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✼✻

❆ s❡qü❡♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❛♣❧✐❝❛❞❛ ❛s ❡str✉t✉r❛s ◆P❈✲✸❇❯✶✱ ❆◆P❈✲✸❇❯✷ ❡ ❆◆P❈✲

✸❇❯✸ é ❛ ♠❡s♠❛ ❡ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❚❛❜❡❧❛ ✸✳✹✳ ❏á✱ ♣❛r❛ ❛ ❡str✉t✉r❛ ❆◆P❈✲✸❇❯✶✱ ❛

s❡qü❡♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❚❛❜❡❧❛ ✸✳✺✳

• P❛r❛ ◆P❈✲✸❇❯✶✱ ❆◆P❈✲✸❇❯✷ ❡ ❆◆P❈✲✸❇❯✸✿

❆ ❡str❛té❣✐❛ ❞❡ ♠♦❞✉❧❛çã♦✱ ✉t✐❧✐③❛❞❛ ♣❡❧❛s ❡str✉t✉r❛s ◆P❈✲✸❇❯✶✱ ❆◆P❈✲✸❇❯✷ ❡ ❆◆P❈✲

✸❇❯✸✱ ♣r♦❞✉③ três ❡st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦✿ P✱ ❖ ❡ ◆✳ ❖ ❡st❛❞♦ N é ♦❜t✐❞♦ q✉❛♥❞♦ ❛ ❝❤❛✈❡ S1

❡stá ❜❧♦q✉❡❛❞❛✳ ❊♥q✉❛♥t♦ q✉❡✱ ♦ ❡st❛❞♦ P é ❝♦♥s❡❣✉✐❞♦ q✉❛♥❞♦ ❛ ❝❤❛✈❡ S2 ❡stá ❜❧♦q✉❡❛❞❛✳

❊ q✉❛♥❞♦ ❛s ❝❤❛✈❡s S1 ❡ S2 ❡stã♦ ❝♦♥❞✉③✐♥❞♦✱ ♦ ❡st❛❞♦ O é ♦❜t✐❞♦✳

✭❛✮ ✭❜✮ ✭❝✮

❋✐❣✉r❛ ✸✳✸✷✿ ❊st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦ ♣❛r❛ ◆P❈✲✸❇❯✶ ✭❛✮ ◆ ✭❜✮ ❖ ❡ ✭❝✮ P✳



❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✼✼

✭❛✮ ✭❜✮ ✭❝✮

❋✐❣✉r❛ ✸✳✸✸✿ ❊st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦ ♣❛r❛ ❆◆P❈✲✸❇❯✷ ✭❛✮ ◆ ✭❜✮ ❖ ❡ ✭❝✮ P✳

✭❛✮ ✭❜✮ ✭❝✮

❋✐❣✉r❛ ✸✳✸✹✿ ❊st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦ ♣❛r❛ ❆◆P❈✲✸❇❯✸ ✭❛✮ ◆ ✭❜✮ ❖ ❡ ✭❝✮ P✳



❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✼✽

❚❛❜❡❧❛ ✸✳✹✿ ❙❡qüê♥❝✐❛ ❞❡ ❈❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ◆P❈✲✸❇❯✶✱ ❆◆P❈✲✸❇❯✷ ❡ ❆◆P❈✲
✸❇❯✸

❚❡♥sã♦ ❞❡ ❊st❛❞♦ ❞❡ ❙❡q✳ ❞❡
♣ó❧♦ ✭VXN✮ ❈♦♠✉t❛çã♦ ❈❤❛✈❡❛♠✳

S1 S2

−E/2 N ✵ ✶
0 O ✶ ✶

E/2 P ✶ ✵

❇❛s❡❛❞♦ ♥♦s ❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞❛ ❚❛❜❡❧❛ ✸✳✹✱ ❛s t❡♥sõ❡s ♠é❞✐❛s ❞❡ ♣ó❧♦ sã♦ ❞❛❞❛s

♣♦r✿






vAN = (sgna1 − da(1+sgna2))E/2; da(2−sgna2) = 1
vBN = (sgnb1 − db(1+sgnb2))E/2; db(2−sgnb2) = 1
vCN = (sgnc1 − dc(1+sgnc2))E/2; dc(2−sgnc2) = 1

✭✸✳✶✽✮

♦♥❞❡

sgnx1 =

{

1, ✐❢ vx ≥ 0;
−1, ✐❢ vx < 0.

, x = {a, b, c}

sgnx2 =

{

1, ✐❢ vx ≥ 0;
0, ✐❢ vx < 0.

, x = {a, b, c}

❉❡ ✭✸✳✶✽✮ ♣♦❞❡✲s❡ ❝♦♥❝❧✉✐r q✉❡ sã♦ ♥❡❝❡ssár✐❛s ❞✉❛s ♣♦rt❛❞♦r❛s tr✐❛♥❣✉❧❛r❡s✿ ✉♠❛ ♣❛r❛

❝♦♠♣❛r❛çã♦ ❝♦♠ ♦s s✐♥❛✐s ❞❡ r❡❢❡rê♥❝✐❛ ♣♦s✐t✐✈♦s✱ ❞❛❞❛ ♣♦r (1− dx2)E/2 ❡ ♦✉tr❛ ♣❛r❛ ❝♦♠✲

♣❛r❛çã♦ ❝♦♠ s✐♥❛✐s ❞❡ r❡❢❡rê♥❝✐❛ ♥❡❣❛t✐✈♦s✱ ❞❛❞❛ ♣♦r ✭−1− dx1)E/2✳

• P❛r❛ ❆◆P❈✲✸❇❯✶✿

❆ ❡str❛té❣✐❛ ❞❡ ♠♦❞✉❧❛çã♦ ✉t✐❧✐③❛❞❛ ♣❡❧❛ ❡str✉t✉r❛ ❆◆P❈✲✸❇❯✶ ♣r♦❞✉③ q✉❛tr♦ ❡st❛❞♦s

❞❡ ❝❤❛✈❡❛♠❡♥t♦ ✿ P ✱ N ✱ O+ ❡ O−✳ ❖ ❡st❛❞♦ P é ❝♦♥s❡❣✉✐❞♦ q✉❛♥❞♦ S1c ❡ S2c ❡stã♦

❜❧♦q✉❡❛❞❛s✳ ❊♥q✉❛♥t♦ q✉❡✱ ♦ ❡st❛❞♦ ◆ é ♦❜t✐❞♦ q✉❛♥❞♦ S1c ❡ S2c ❡stã♦ ❝♦♥❞✉③✐♥❞♦✳ ❖ ♥í✈❡❧

❞❡ t❡♥sã♦ ③❡r♦ é ♦❜t✐❞♦ ❛tr❛✈és ❞❡ ❞♦✐s ❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦✿ O− ❡ O+✳ ❖ ❡st❛❞♦ O− é

❝♦♥s❡❣✉✐❞♦ q✉❛♥❞♦ ❛ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛ é ♥❡❣❛t✐✈❛ ❡ S1c ❡ S2 ❡stã♦ ❝♦♥❞✉③✐♥❞♦✳ ❉❡ ❢♦r♠❛

❝♦♠♣❧❡♠❡♥t❛r✱ ♦ ❡st❛❞♦ O+ é ♦❜t✐❞♦ q✉❛♥❞♦ ❛ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛ é ♣♦s✐t✐✈❛ ❡ S1 ❡ S2c

❡stã♦ ❝♦♥❞✉③✐♥❞♦✳

❆♥❛❧✐s❛♥❞♦ ♦s ❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞❛ ❚❛❜❡❧❛ ✸✳✺✱ ❛s t❡♥sõ❡s ♠é❞✐❛s ❞❡ ♣ó❧♦ sã♦

❞❛❞❛s ♣♦r✿



❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✼✾

✭❛✮ ✭❜✮ ✭❝✮ ✭❞✮

❋✐❣✉r❛ ✸✳✸✺✿ ❊st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦ ♣❛r❛ ❆◆P❈✲✸❇❯✶ ✭❛✮ ◆ ✭❜✮ ❖ ❡ ✭❝✮ P✳

❚❛❜❡❧❛ ✸✳✺✿ ❙❡qüê♥❝✐❛ ❞❡ ❈❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ❆◆P❈✲✸❇❯✶

❚❡♥sã♦ ❞❡ ❊st❛❞♦ ❞❡ ❙❡q✳ ❞❡ ❈❤❛✈❡❛♠❡♥t♦
♣ó❧♦ ✭VXN✮ ❈♦♠✉t❛çã♦ S1 S1c S2 S2c

−E/2 N ✵ ✶ ✵ ✶
0 O− ✵ ✶ ✶ ✵
0 O+ ✶ ✵ ✵ ✶

E/2 P ✶ ✵ ✶ ✵







vAN = (sgna − da2c)E/2; da1c = 1− sgna

vBN = (sgnb − db2c)E/2; db1c = 1− sgnb

vCN = (sgnc − dc2c)E/2; dc1c = 1− sgnc

✭✸✳✶✾✮

♦♥❞❡

sgnx =

{

1, ✐❢ vx ≥ 0;
0, ✐❢ vx < 0.

, x = {a, b, c}

❉❡ ✭✸✳✶✾✮ ♣♦❞❡✲s❡ ❝♦♥❝❧✉✐r q✉❡ ♣❛r❛ r❡❛❧✐③❛çã♦ ❞❛ ❡str❛té❣✐❛ ♣❛r❛ ♦ ❆◆P❈✲✸❇❯✶ t❛♠✲

❜é♠ sã♦ ♥❡❝❡ssár✐❛s ❞✉❛s ♣♦rt❛❞♦r❛s tr✐❛♥❣✉❧❛r❡s✿ ✉♠❛ ♣❛r❛ ❝♦♠♣❛r❛çã♦ ❝♦♠ ♦s s✐♥❛✐s ❞❡

r❡❢❡rê♥❝✐❛ ♣♦s✐t✐✈♦s✱ ❞❛❞❛ ♣♦r (1−dx2c)E/2 ❡ ♦✉tr❛ ♣❛r❛ ❝♦♠♣❛r❛çã♦ ❝♦♠ s✐♥❛✐s ❞❡ r❡❢❡rê♥❝✐❛

♥❡❣❛t✐✈♦s✱ ❞❛❞❛ ♣♦r −dx2E/2✳



❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✽✵

✸✳✹✳✷ ❊str❛té❣✐❛ ❞❡ ❈♦♥tr♦❧❡ ❖❈❈

❇❛s❡❛❞♦ ♥❛ ❧❡✐ ❞❡ ❑✐r❝❤❤♦✛ ❛♣❧✐❝❛❞❛ ❛♦ ❧❛❞♦ ❆❈ ❞♦ s✐st❡♠❛✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ r❡t✐✜❝❛❞♦r

♣♦❞❡ s❡r ❡①♣r❡ss♦ ♣♦r✿






La(dia/dt) = vAN − va
Lb(dib/dt) = vBN − vb
Lc(dic/dt) = vCN − vc

✭✸✳✷✵✮

❈♦♠♦ ❛ ❢r❡qüê♥❝✐❛ ❞❡ ❝♦♠✉t❛çã♦ ✉t✐❧✐③❛❞❛ é ♠✉✐t♦ ♠❛✐♦r q✉❡ ❛ ❢r❡qüê♥❝✐❛ ❞❡ ❧✐♥❤❛✱ ❛s

❝♦rr❡♥t❡s ♥♦s ✐♥❞✉t♦r❡s ❞❡ ❡♥tr❛❞❛ ♥ã♦ ♠✉❞❛♠ ♠✉✐t♦ ❡♠ ✉♠ ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳ ▲♦❣♦✱

di/dt = 0✳ ❉❡ss❛ ❢♦r♠❛✱ ❛s t❡♥sõ❡s ❞❡ ❢❛s❡ sã♦ ✐❣✉❛✐s ❛s t❡♥sõ❡s ❞❡ ♣ó❧♦✱ ♦ q✉❡ ♣r♦♠♦✈❡ ♦

❞❡s❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ❛s ❢❛s❡s✱ ❝♦♠♦ ♠♦str❛✿






va = vAN

vb = vBN

vc = vCN

✭✸✳✷✶✮

• P❛r❛ ◆P❈✲✸❇❯✶✱ ❆◆P❈✲✸❇❯✷ ❡ ❆◆P❈✲✸❇❯✸✿

P♦rt❛♥t♦✱ ✭✸✳✶✽✮ ✜❝❛✿






va = (sgna1 − da(1+sgna2))E/2
vb = (sgnb1 − db(1+sgnb2))E/2
vc = (sgnc1 − dc(1+sgnc2))E/2

✭✸✳✷✷✮

P❛r❛ ♦❜t❡♥çã♦ ❞❛ ❡str❛té❣✐❝❛ ❖❈❈✱ ❛♣❧✐❝❛✲s❡ ❛ r❡s✐stê♥❝✐❛ ❡♠✉❧❛❞❛ ❛s t❡♥sõ❡s ❞❡ ❢❛s❡ ❡♠

✭✸✳✷✷✮✿






Reia = (sgna1 − da(1+sgna2))E/2
Reib = (sgnb1 − db(1+sgnb2))E/2
Reic = (sgnc1 − dc(1+sgnc2))E/2

✭✸✳✷✸✮

❆♣❧✐❝❛♥❞♦ ❡♠ ✭✸✳✷✸✮✱ ❛ ✈❛r✐á✈❡❧ ❞❡ ❝♦♥tr♦❧❡ vm = RsE/2Re✱ s❡ ❝❤❡❣❛ ❛✿






Rsia = (sgna1 − da(1+sgna2))vm
Rsib = (sgnb1 − db(1+sgnb2))vm
Rsic = (sgnc1 − dc(1+sgnc2))vm

✭✸✳✷✹✮

❆ ♠♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ q✉❡ ❡①♣r❡ss❛ ❡ss❛ ❡q✉❛çã♦ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛

✸✳✸✻✳

❆❞✐❝✐♦♥❛♥❞♦✲s❡ ❛ t❡♥sã♦ ❞❡ s❡qüê♥❝✐❛ ③❡r♦ ♣❛r❛ ❜❛❧❛♥❝❡❛♠❡♥t♦ ❞❛s t❡♥sõ❡s ♥♦s ❝❛♣❛❝✐✲

t♦r❡s✱ s❡ ❝❤❡❣❛ ❛ ❡q✉❛çã♦ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈✳



❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✽✶

❋✐❣✉r❛ ✸✳✸✻✿ ▼♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ ❞❛ ❡str❛té❣✐❛ ❖❈❈ ♣❛r❛ r❡t✐✜❝❛❞♦r❡s
◆P❈✲✸❇❯✶✱ ❆◆P❈✲✸❇❯✷ ❡ ❆◆P❈✲✸❇❯✸✳







Rsia + vo = (sgna1 − da(1+sgna2))vm
Rsib + vo = (sgnb1 − db(1+sgnb2))vm
Rsic + vo = (sgnc1 − dc(1+sgnc2))vm

✭✸✳✷✺✮

❆ ❡q✉❛çã♦ ✭✸✳✷✺✮ é ❛ ❡q✉❛çã♦ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ♣❛r❛ ♦s r❡t✐✜❝❛❞♦r❡s ◆P❈✲✸❇❯✶✱ ❆◆P❈✲

✸❇❯✷ ❡ ❆◆P❈✲✸❇❯✸✳

• P❛r❛ ❆◆P❈✲✸❇❯✶✿

▲♦❣♦✱ ✭✸✳✶✾✮ ✜❝❛✿






va = (sgna − da2c)E/2
vb = (sgnb − db2c)E/2
vc = (sgnc − dc2c)E/2

✭✸✳✷✻✮

❆♣❧✐❝❛♥❞♦ ❛ r❡s✐stê♥❝✐❛ ❡♠✉❧❛❞❛ ♣r♦♣♦st❛ ♣❡❧❛ ❡str❛té❣✐❛ ❖❈❈ às t❡♥sõ❡s ❞❡ ❢❛s❡ ❡♠

✭✸✳✷✻✮✱ t❡♠✲s❡ q✉❡✿






Reia = (sgna − da2c)E/2
Reib = (sgnb − db2c)E/2
Reic = (sgnc − dc2c)E/2

✭✸✳✷✼✮

❊♠ s❡❣✉✐❞❛✱ ❛♣❧✐❝❛♥❞♦ ❡♠ ✭✸✳✷✼✮✱ ❛ ✈❛r✐á✈❡❧ vm = RsE/2Re✱ s❡ ❝❤❡❣❛ ❛✿






Rsia = (sgna − da2c)vm
Rsib = (sgnb − db2c)vm
Rsic = (sgnc − dc2c)vm

✭✸✳✷✽✮

❆ ♠♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ q✉❡ ❡①♣r❡ss❛ ❛ ❡q✉❛çã♦ ✸✳✷✽ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛

✸✳✸✼✳



❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✽✷

❋✐❣✉r❛ ✸✳✸✼✿ ▼♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ ❞❛ ❡str❛té❣✐❛ ❖❈❈ ♣❛r❛ r❡t✐✜❝❛❞♦r
❆◆P❈✲✸❇❯✶✳

❆❞✐❝✐♦♥❛♥❞♦✲s❡ ❛ t❡♥sã♦ ❞❡ s❡qüê♥❝✐❛ ③❡r♦ ♣❛r❛ ❜❛❧❛♥❝❡❛♠❡♥t♦ ❞❛s t❡♥sõ❡s ♥♦s ❝❛♣❛❝✐✲

t♦r❡s✱ s❡ ❝❤❡❣❛ ❛ ❡q✉❛çã♦ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ♣❛r❛ ♦s r❡✐t✐✜❝❛❞♦r❡s ❆◆P❈✲✸❇❯✶✿







Rsia + vo = (sgna − da2c)vm
Rsib + vo = (sgnb − db2c)vm
Rsic + vo = (sgnc − dc2c)vm

✭✸✳✷✾✮

✸✳✹✳✸ ❘❡s✉❧t❛❞♦s ❞❡ ❙✐♠✉❧❛çã♦

❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦s r❡t✐✜❝❛❞♦r❡s r❡❞✉③✐❞♦s ◆P❈✲✸❇❯✶✱ ❆◆P❈✲✸❇❯✶✱ ❆◆P❈✲✸❇❯✷ ❡

❆◆P❈✲✸❇❯✸✱ ✉t✐❧✐③❛♥❞♦ ❛ té❝♥✐❝❛ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈✱ é ✐♥✐❝✐❛❧♠❡♥t❡ ❛♣r❡s❡♥t❛❞♦ ❛tr❛✈és ❞❡

r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çõ❡s✳ ❊st❡s r❡s✉❧t❛❞♦s sã♦ ♦❜t✐❞♦s ❝♦♥s✐❞❡r❛♥❞♦ ♦s ♣❛râ♠❡tr♦s ❛♣r❡s❡♥✲

t❛❞♦s ♥♦ ❆♣ê♥❞✐❝❡ ❇✳

• ◆P❈✲✸❇❯✶✿

❆ ❋✐❣✉r❛ ✸✳✸✽ ❛♣r❡s❡♥t❛ ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦ r❡t✐✜❝❛❞♦r ◆P❈✲✸❇❯✶ ❝♦♠

❖❈❈✱ ♦♥❞❡✿ ♥❛ ❋✐❣✉r❛ ✸✳✸✽✭❛✮ sã♦ ♠♦str❛❞❛s ❛s t❡♥sõ❡s ❞♦ ❜❛rr❛♠❡♥t♦✱ ♥❛ ❋✐❣✉r❛ ✸✳✸✽✭❜✮

❛♣r❡s❡♥t❛✲s❡ ❛s ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ❡ ♥❛s ❋✐❣✉r❛s ✸✳✸✽✭❝✮ ✲ ✸✳✸✽✭❡✮ t❡♠✲s❡ ❛s t❡♥sõ❡s ❞❡ ❧✐♥❤❛

❡ ❞❡ ♣ó❧♦✳
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❖s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❛ ❡str✉t✉r❛ ◆P❈✲✸❇❯✶ ♦♣❡r❛♥❞♦ ❝♦♠ ❖❈❈ ❝♦rr❡s♣♦♥❞❡♠

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



❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✽✽

✭❛✮ ✭❜✮

✭❝✮ ✭❞✮

✭❡✮ ✭❢✮

❋✐❣✉r❛ ✸✳✹✷✿ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ◆P❈✲✸❇❯✶ ❝♦♠ ❖❈❈ ✭❛✮ ❚❡♥sõ❡s ♥♦
❜❛rr❛♠❡♥t♦ ❝❝ ❡ ♥♦s ❝❛♣❛❝✐t♦r❡s C1 ❡ C2 ✭100V ✴❉✐✈✮ ✭❜✮ ❈♦rr❡♥t❡s
❞❡ ❡♥tr❛❞❛ ✭✺❆✴❉✐✈✮ ✭❝✮ ❚❡♥sã♦ ❞❡ ❧✐♥❤❛ ✭✺✵✵❱✴❉✐✈✮ ✭❞✮ ❩♦♦♠ ❞❛
t❡♥sã♦ ❞❡ ❧✐♥❤❛ ✭✺✵✵❱✴❉✐✈✮ ✭❡✮ ❚❡♥sã♦ ❞❡ ♣ó❧♦ ✭✷✵✵❱✴❉✐✈✮ ✭❢✮ ❩♦♦♠
❞❛ t❡♥sã♦ ❞❡ ♣ó❧♦ ✭✷✵✵❱✴❉✐✈✮✳



❘❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✽✾

✸✳✺ ❈♦♥❝❧✉sã♦

◆❡st❡ ❝❛♣ít✉❧♦ é ♣r♦♣♦st♦ ♦ ❡st✉❞♦ ❞♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❡ t♦♣♦❧♦❣✐❛s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦

❞❡ ❝♦♠♣♦♥❡♥t❡s✱ ❛s q✉❛✐s sã♦ ❝❧❛ss✐✜❝❛❞❛s ❡♠ três ❣r✉♣♦s ♣r✐♥❝✐♣❛✐s✿ ❜✐❞✐r❡❝✐♦♥❛✐s ❝♦♠ três

❜r❛ç♦s✱ ❜✐❞✐r❡❝✐♦♥❛✐s ❝♦♠ ❞♦✐s ❜r❛ç♦s ❡ ✉♥✐❞✐r❡❝✐♦♥❛✐s ❝♦♠ três ❜r❛ç♦s✳ ❆ ❡str❛té❣✐❛ ❞❡

❝♦♥tr♦❧❡ ✉t✐❧✐③❛❞❛ ♥❛s ❡str✉t✉r❛s ❛♣r❡s❡♥t❛❞❛s é ❛ ❖❈❈ ❙P❲▼✱ ❞❡✈✐❞♦ ❛ s✉❛ s✐♠♣❧✐❝✐❞❛❞❡✳

❚♦❞❛s ❛s t♦♣♦❧♦❣✐❛s ❣❛r❛♥t✐r❛♠ ❝♦rr❡♥t❡s tr✐❢ás✐❝❛s ❞❡ ❡♥tr❛❞❛ ❡ t❡♥sõ❡s ❜❛❧❛♥❝❡❛❞❛s ♥♦s

❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦ ❝❝✳ ▲♦❣♦✱ ♣♦❞❡✲s❡ ❞✐③❡r q✉❡ ♦ ❡st✉❞♦ ♣r♦♣♦st♦ ♥♦ ❝❛♣ít✉❧♦ ✸ é

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

❞❛s t♦♣♦❧♦❣✐❛s ◆P❈✱ ❆◆P❈ ❡ ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s é ❛✈❛❧✐❛❞♦ ♥♦ ❡st✉❞♦

❛♣r❡s❡♥t❛❞♦ ♥♦ ❝❛♣ít✉❧♦ ✹✳



4
❆♥á❧✐s❡ ❞❛s ❊str✉t✉r❛s ❘❡t✐✜❝❛❞♦r❛s

✹✳✶ ■♥tr♦❞✉çã♦

❊st❡ ❝❛♣ít✉❧♦ ♠♦str❛ ❛ ❛♥á❧✐s❡ ❞❡ ❞❡s❡♠♣❡♥❤♦ ❞♦s r❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ◆P❈✱ ❆◆P❈

❡ ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s✳ ❖s ❝r✐tér✐♦s ❡s❝♦❧❤✐❞♦s ♣❛r❛ ❛✈❛❧✐❛r ♦ ❞❡s❡♠♣❡♥❤♦

❞❡st❛s ❡str✉t✉r❛s é ♦ ❞❡ q✉❛♥t✐✜❝❛r ❛s ♣❡r❞❛s ♥♦s s❡♠✐❝♦♥❞✉t♦r❡s ❞❡ ♣♦tê♥❝✐❛✱ ♦ ❋P ✭❋❛t♦r

❞❡ P♦tê♥❝✐❛✮ ❡ ❛ ❚❍❉ ✭❚♦t❛❧ ❍❛r♠♦♥✐❝ ❉✐st♦rt✐♦♥✮✳ ❆♦ ✜♥❛❧ ❞♦ ❝❛♣ít✉❧♦ sã♦ ❛♣r❡s❡♥t❛❞❛s

❛s ❝♦♥❝❧✉sõ❡s✱ q✉❡ ❥✉st✐✜❝❛♠ ❛s ❝♦♥❝❧✉sõ❡s ♥♦ ❝❛♣ít✉❧♦ ✺✳

✹✳✷ ❆♥á❧✐s❡ ❞❡ ❚❍❉ ❡ ❞❡ ❋❛t♦r ❞❡ P♦tê♥❝✐❛

❆ ❚❉❍ é ✉♠ ❝r✐tér✐♦ ♠✉✐t♦ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❞❡✜♥✐r ❛ ✐♥✢✉ê♥❝✐❛ ❞♦ ❝♦♥t❡ú❞♦ ❤❛r♠ô♥✐❝♦ ❞❡

✉♠ s✐♥❛❧ ❛❧t❡r♥❛❞♦✳ ❊ss❛ ♣♦❞❡ s❡r ❞❡✜♥✐❞❛ ❝♦♠♦ s❡♥❞♦ ❛ r❡❧❛çã♦ ❡♥tr❡ ♦ ✈❛❧♦r ❡✜❝❛③ ❞❛s

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

THD(%) =

√
∑

∞

n=2 I
2
n

I1
.100 ✭✹✳✶✮

❇❛s❡❛❞♦ ❡♠ ✭✹✳✶✮✱ ♦ ❋P ♣♦❞❡ s❡r ❡s❝r✐t♦ ❝♦♠♦✿

FP =
cos ∅√

1 + THD2
✭✹✳✷✮

✾✵



❆♥á❧✐s❡ ❞❛s ❊str✉t✉r❛s ❘❡t✐✜❝❛❞♦r❛s ✾✶

❆ ♣❛rt✐r ❞❡ ✭✹✳✷✮ é ❡✈✐❞❡♥t❡ ❛ r❡❧❛çã♦ ❡♥tr❡ ❡♥tr❡ ♦ ❋P ❡ ❛ ❞✐st♦rçã♦ ❞❛ ❝♦rr❡♥t❡ ❞❡

❡♥tr❛❞❛✳ ▲♦❣♦✱ ♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛✱ ❛❧é♠ ❞♦ ❞❡s❧♦❝❛♠❡♥t♦ ❞❛ ❝♦rr❡♥t❡ ❡♠ r❡❧❛çã♦ ❛ t❡♥sã♦✱

t❛♠❜é♠ é ❞❡♣❡♥❞❡♥t❡ ❞❛ ❞✐st♦rçã♦ ❞❛ ❢♦r♠❛ ❞❡ ♦♥❞❛ ❞❛ ❝♦rr❡♥t❡✳

❈♦♠♦ r❡s✉❧t❛❞♦ ❞❡ ✉♠ ❜❛✐①♦ ❋P ❡ ✉♠❛ ❡❧❡✈❛❞❛ ❚❍❉ ❞❛s ❝♦rr❡♥t❡s ❞❡ ❡♥tr❛❞❛ ♣♦❞❡✲s❡

❝✐t❛r ♦s s❡❣✉✐♥t❡s ❢❛t♦s ✭❆♥❞r❛❞❡✱ ✷✵✶✷✮✿

• ■♥t❡r❢❡rê♥❝✐❛s ❡❧❡tr♦♠❛❣♥ét✐❝❛s❀

• P❡r❞❛s ♥❛s ❧✐♥❤❛s ❞❡ tr❛♥s♠✐ssã♦ ✭❞✐ss✐♣❛çã♦ ♣♦r ❝❛❧♦r✮ s❡♥❞♦ ♥❡❝❡ssár✐♦✱ ❡♠ ❛❧❣✉♥s

❝❛s♦s✱ ♦ s♦❜r❡❞✐♠❡♥s✐♦♥❛♠❡♥t♦❀

• ❉✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ ♥❛s t❡♥sõ❡s ❞❛ r❡❞❡ ❞❡ ❛❧✐♠❡♥t❛çã♦✱ ❞❡✈✐❞♦ ❛ ❝✐r❝✉❧❛çã♦ ❞❛s ❝♦♠✲

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

❡q✉✐♣❛♠❡♥t♦s q✉❡ ❡st❡❥❛♠ ❝♦♥❡❝t❛❞♦s ❛ r❡❞❡❀

• ▲❡✐t✉r❛s ❡rr❛❞❛s ♥♦s ❡q✉✐♣❛♠❡♥t♦s ❞❡ ♠❡❞✐çã♦ ❡ ♣r♦t❡çã♦❀

• Pr♦❜❧❡♠❛s ♥♦s ❣❡r❛❞♦r❡s ❝♦♠♣r♦♠❡t❡♥❞♦ ♦ s❡✉ r❡♥❞✐♠❡♥t♦ ❡ ❞✐♠✐♥✉✐♥❞♦ ❛ s✉❛ ✈✐❞❛

út✐❧✳

❉❡✈✐❞♦ à s❡r✐❡❞❛❞❡ ❞♦s ♣r♦❜❧❡♠❛s ❞❡ q✉❛❧✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛✱ ❛❣ê♥❝✐❛s r❡❣✉❧❛❞♦r❛s tê♠

❡♠✐t✐❞♦ ✈ár✐♦s ♣❛❞rõ❡s r❡str✐t✐✈♦s✱ t❛✐s ❝♦♠♦✿ ■❊❊❊✲✺✶✾✱ ■❊❈✲✶✵✵✵ ❡ ■❊❈ ✻✶✵✵✵✲✸✲✷✳ ❉❡♥tr❡

❡ss❡s ♣❛❞rõ❡s ❛ r❡❝♦♠❡♥❞❛çã♦ ■❊❊❊✲✺✶✾✲✶✾✾✷ ❢♦r♥❡❝❡ ♦r✐❡♥t❛çõ❡s ♣rát✐❝❛s s♦❜r❡ ❝♦♥tr♦❧❡ ❞❡

❤❛r♠ô♥✐❝♦s ❡♠ s✐st❡♠❛s ❞❡ ❡❧❡trô♥✐❝❛ ❞❡ ♣♦tê♥❝✐❛ ✭▼✐❧❛♥♦✈✐❝ ❡ ◆❡❣♥❡✈✐ts❦②✱ ✶✾✾✽✮✳

◆❡st❡ tr❛❜❛❧❤♦✱ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❛♥á❧✐s❡ ❞❡ ❚❍❉ ❡ ❋P ❝♦♥s✐st❡ ❡♠ ❛✈❡r✐❣✉❛r ♦ ❞❡s❡♠♣❡♥❤♦

❞❛s ❡str✉t✉r❛s r❡❞✉③✐❞❛s ❡♠ r❡❧❛çã♦ ❛♦ ❞❡s❡♠♣❡♥❤♦ ❞❛s ❡str✉t✉r❛s ◆P❈ ❡ ❆◆P❈✳ P♦rt❛♥t♦✱

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

✹✳✸ ❆♥á❧✐s❡ ❞❛s P❡r❞❛s ❞❡ ❈❤❛✈❡❛♠❡♥t♦ ❡ ❞❡ ❈♦♠✉t❛çã♦

❊①✐st❡♠ ❜❛s✐❝❛♠❡♥t❡ ❞♦✐s t✐♣♦s ❞❡ ♣❡r❞❛s ❞❡ s❡♠✐❝♦♥❞✉t♦r❡s ❞❡ ♣♦tê♥❝✐❛ ❛ s❡r❡♠ ❝♦♥s✐❞❡✲

r❛❞♦s✿ ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ ❡ ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ✭❇✐❡r❤♦✛ ❡ ❋✉❝❤s✱ ✷✵✵✹✮✳ ❆s ♣❡r❞❛s

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

❛♦ ♣r♦❝❡ss♦ ❞❡ ❝♦♠✉t❛çã♦ ✭tr❛♥s✐çã♦ ❡♥tr❡ ♦s ❡st❛❞♦s ❞❡ ❝♦♥❞✉çã♦ ❡ ❜❧♦q✉❡✐♦✱ ♦✉ ✈✐❝❡✲✈❡rs❛✮



❆♥á❧✐s❡ ❞❛s ❊str✉t✉r❛s ❘❡t✐✜❝❛❞♦r❛s ✾✷

r❡❛❧✐③❛❞♦ ♣♦r ❡st❡s ❞✐s♣♦s✐t✐✈♦s ♣❛r❛ s✐♥t❡t✐③❛r ❛s ❢♦r♠❛s ❞❡ ♦♥❞❛ ❞❡ t❡♥sã♦✱ sã♦ ❜❛st❛♥t❡

✐♠♣♦rt❛♥t❡s ♥♦s ❡st✉❞♦s ❞❡ ❡❧❡trô♥✐❝❛ ❞❡ ♣♦tê♥❝✐❛✳ ❆ ❛♥á❧✐s❡ ❞❡ ♣❡r❞❛s ♣♦❞❡ ❞❡t❡r♠✐♥❛r ♦

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

❝♦♠✉t❛çã♦ ❛❞❡q✉❛❞❛ ♣❛r❛ ❛ ❛♣❧✐❝❛çã♦ r❡q✉❡r✐❞❛✳

❆♦ ♣r♦❥❡t❛r ❝♦♥✈❡rs♦r❡s ❡❧❡trô♥✐❝♦s ❞❡ ♣♦tê♥❝✐❛ ❡①✐st❡♠ ❞✉❛s r❛③õ❡s ♣r✐♥❝✐♣❛✐s ♣❡❧❛s

q✉❛✐s é ✐♠♣♦rt❛♥t❡ ❝♦♥❤❡❝❡r ♥✉♠❡r✐❝❛♠❡♥t❡ ❛ ❞✐ss✐♣❛çã♦ ❞❡ ♣♦tê♥❝✐❛ ♥♦s ❞✐s♣♦s✐t✐✈♦s s❡♠✐✲

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

❯♠❛ ❛❞❡q✉❛❞❛ ❡st✐♠❛çã♦ ❞❛ ❞✐ss✐♣❛çã♦ ❞❛ ♣♦tê♥❝✐❛ ♣❡r♠✐t❡ ♣r❡✈❡r ❛ ❡✜❝✐ê♥❝✐❛ ❞♦ ❝♦♥✲

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

♦♣❡r❛❝✐♦♥❛✐s ❞❛s t♦♣♦❧♦❣✐❛s ♣r♦♣♦st❛s✳ ❯♠ ❡①❡♠♣❧♦ é ❛ ❛♣❧✐❝❛çã♦ ❞❛ ❡❧❡trô♥✐❝❛ ❞❡ ♣♦tê♥❝✐❛

♥♦s ❝♦♥❞✐❝✐♦♥❛❞♦r❡s ❞❡ ❛r✱ ♥♦s q✉❛✐s ✉♠ ❣❛♥❤♦ ❞❡ 1% ❛ 2% r❡s✉❧t❛ ❡♠ ✉♠❛ s✐❣♥✐✜❝❛♥t❡

r❡❞✉çã♦ ♥♦ ❝✉st♦ ❞♦ s✐st❡♠❛ ✭▼✉♥❦✲◆✐❡❧s❡♥ ❡t ❛❧✳✱ ✷✵✵✵✮✳ ❆❧é♠ ❞✐ss♦ ❛ ❡st✐♠❛t✐✈❛ ❝♦rr❡t❛

❞❛ ♣❡r❞❛ ❞❡ ♣♦tê♥❝✐❛ t❛♠❜é♠ é út✐❧ ♣❛r❛ ♦ ♣r♦❥❡t✐st❛ ♠✐♥✐♠✐③❛r ♦ t❛♠❛♥❤♦ ❞♦ ♣r♦❥❡t♦ ✜♥❛❧✳

❖ ♣r♦❥❡t♦ ❞❡ ❝♦♥✈❡rs♦r❡s ❝♦♠ ê♥❢❛s❡ ♥❛ ❝♦♥✜❛❜✐❧✐❞❛❞❡ é ✉♠ t❡♠❛ ♠✉✐t♦ r❡❝♦rr❡♥t❡✳

❈♦♥✜❛❜✐❧✐❞❛❞❡ é ❛ ❝✐ê♥❝✐❛ q✉❡ tr❛t❛ ❞❛ ❢❛❧❤❛ ❛♦ ❧♦♥❣♦ ❞❛ ✈✐❞❛ ❞♦s ❝♦♠♣♦♥❡♥t❡s ♦✉ s✐st❡♠❛s ❞❡

❝♦♠♣♦♥❡♥t❡s✳ ❯♠ ❞♦s ❢❛t♦r❡s q✉❡ ♠❛✐s ✐♥✢✉❡♥❝✐❛♠ ♦s ♣r♦❝❡ss♦s ❞❡ ❢❛❧❤❛ é ❛ t❡♠♣❡r❛t✉r❛ ❞❡

♦♣❡r❛çã♦ ❞♦s ❝♦♠♣♦♥❡♥t❡s✳ ❆ t❡♠♣❡r❛t✉r❛ ❛❝❡❧❡r❛ ♦s ♣r♦❝❡ss♦s ❢ís✐❝♦✲q✉í♠✐❝♦s ❝❛✉s❛❞♦r❛s

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

❡♠ ❞✐❢❡r❡♥t❡s ❝♦♥❞✐çõ❡s ❞❡ ♦♣❡r❛çã♦ ♣♦❞❡♠ s❡r ✉s❛❞❛s ❡♠ ❡str❛té❣✐❛s ❞❡ ♣r♦t❡çã♦✱ ❛❧é♠ ❞❡

❛✉♠❡♥t❛r ❛ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❞♦s ❞✐s♣♦s✐t✐✈♦s q✉❡ ❝♦♠♣õ❡♠ ♦s ❝♦♥✈❡rs♦r❡s ✭▼✉♥❦✲◆✐❡❧s❡♥ ❡t ❛❧✳✱

✷✵✵✵✮✳

❯♠❛ ❞❛s t❡♥❞ê♥❝✐❛s ♥❛ ❡❧❡trô♥✐❝❛ ❞❡ ♣♦tê♥❝✐❛ é ❛ ❞❡ ❝♦♠✉t❛r ❛s ❝❤❛✈❡s ❡♠ ❡❧❡✈❛❞❛

❢r❡qüê♥❝✐❛ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ♠✐♥✐♠✐③❛r ♦s ❤❛r♠ô♥✐❝♦s✳ P♦ré♠✱ ♦ ❛✉♠❡♥t♦ ❞❛ ❢r❡qüê♥❝✐❛ ❞❡

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

❛ ♥í✈❡✐s ❡❧❡✈❛❞♦s ❞❡ ♣♦tê♥❝✐❛✳ ❆❧é♠ ❞✐ss♦✱ é s❛❜✐❞♦ q✉❡ ❛s ♣❡r❞❛s ❞❡ ❡♥❡r❣✐❛ ♣r♦✈♦❝❛❞❛s

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

♠í♥✐♠♦✱ ♣❛r❛ ❛✉♠❡♥t❛r ❡✜❝á❝✐❛ ❞♦ ❝♦♥✈❡rs♦r ❡♠ ❞❡t❡r♠✐♥❛❞❛s ❛♣❧✐❝❛çõ❡s ✭❇✐❡r❤♦✛ ❡t ❛❧✳✱

✷✵✵✼✮✳

❉✐❢❡r❡♥t❡s ♠ét♦❞♦s sã♦ ❝♦♥❤❡❝✐❞♦s ♣❛r❛ ❛ ♣r❡❞✐çã♦ ❞❡ ♣❡r❞❛s ❡♠ ❝✐r❝✉✐t♦s s❡♠✐❝♦♥❞✉t♦✲

r❡s✳ ❯♠❛ ♠❛♥❡✐r❛ é s✐♠✉❧❛çã♦ ♥✉♠ér✐❝❛ ❝♦♠♣❧❡t❛ ❞♦ ❝✐r❝✉✐t♦ ♣♦r ♣r♦❣r❛♠❛s ❞❡ s✐♠✉❧❛çã♦



❆♥á❧✐s❡ ❞❛s ❊str✉t✉r❛s ❘❡t✐✜❝❛❞♦r❛s ✾✸

❡s♣❡❝✐❛✐s ❝♦♠ ❝á❧❝✉❧♦ ✐♥t❡❣r❛❞♦ ♦✉ ❝♦♠ ❝á❧❝✉❧♦ ♣❛r❛❧❡❧♦ ❞❡ ♣❡r❞❛s ✭▲❛✉r✐t③❡♥✱ ✶✾✽✽❀ ❍❡❢♥❡r✱

✶✾✾✵✮✳ ❖✉tr❛ ♣♦ss✐❜✐❧✐❞❛❞❡ é ❝❛❧❝✉❧❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❡❧étr✐❝♦ ❞♦ ❝✐r❝✉✐t♦ ❛♥❛❧✐t✐❝❛♠❡♥t❡✱

♦✉ s❡❥❛✱ ❛ ❝♦rr❡♥t❡ ❡ ❛ t❡♥sã♦ ❞♦s s❡♠✐❝♦♥❞✉t♦r❡s ❞❡ ♣♦tê♥❝✐❛✱ ♣❛r❛ ❞❡t❡r♠✐♥❛r ❛s ♣❡r❞❛s ❞♦s

♠❡s♠♦s ✭▼❡st❤❛ ❡ ❊✈❛♥s✱ ✶✾✽✾❀ ❑❤❛r✐t♦♥♦✈✱ P❡tr♦✈✱ ❑♦r♦❜❦♦✈✱ ▼❛s❧♦✈ ❡ ❩❤♦r❛❡✈✱ ✷✵✵✺✮✳

❈♦♠♦ ❡st❛ ♣rát✐❝❛ ♣r♦❞✉③ ❡①t❡♥s♦s ❡ ❝♦♠♣❧❡①♦s ♣r♦❜❧❡♠❛s ♠❛t❡♠át✐❝♦s✱ ❝á❧❝✉❧♦s s✐♠♣❧✐✜✲

❝❛❞♦s sã♦ ❢r❡qü❡♥t❡♠❡♥t❡ ✉s❛❞♦s✳

P❛r❛ r❡s✉❧t❛❞♦s rá♣✐❞♦s ❡ ❡s❢♦rç♦ ❞❡ ❝á❧❝✉❧♦ ♠✐♥✐♠✐③❛❞♦✱ ❝á❧❝✉❧♦s s✐♠♣❧✐✜❝❛❞♦s sã♦ ❛

s♦❧✉çã♦ ❛♣r♦♣r✐❛❞❛✳ ◆♦ ❡♥t❛♥t♦✱ ♣❛r❛ ✐♥❢♦r♠❛çã♦ ♠❛✐s ❞❡t❛❧❤❛❞❛✱ ❛ s✐♠✉❧❛çã♦ ♥✉♠ér✐❝❛ ❞❡

♣❡r❞❛s é ♠❛✐s út✐❧ ✭❖❧✐✈❡✐r❛✱ ✷✵✵✺✮✳

◆❡st❡ tr❛❜❛❧❤♦✱ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❛♥á❧✐s❡ ❞❡ ♣❡r❞❛s ❝♦♥s✐st❡ ❡♠ ❞❡t❡r♠✐♥❛r q✉❛❧ t♦♣♦❧♦❣✐❛

♣♦ss✐❜✐❧✐t❛ ♠❡♥♦r ♣❡r❞❛ t♦t❛❧ ❡ q✉❛✐s ❝❤❛✈❡s sã♦ s✉❜♠❡t✐❞❛s ❛ ♠❛✐♦r ❡str❡ss❡✱ ♣❛r❛ ❞❡t❡r♠✐✲

♥❛❞❛ ❢❛✐①❛ ❞❡ t❡♥sã♦ ❡ ❞❡ ♣♦tê♥❝✐❛ ❡♠ q✉❡ ❛ ❡str✉t✉r❛ é s✉❜♠❡t✐❞❛✳ ❉❡ss❛ ❢♦r♠❛✱ s❡ ✉t✐❧✐③❛

♦ ♠ét♦❞♦ ❞❛ s✐♠✉❧❛çã♦ ♣❛r❛ ❛♥á❧✐s❡ ❞❡ ♣❡r❞❛s✳

✹✳✹ ▼❡t♦❞♦❧♦❣✐❛ ❞❡ ❆♥á❧✐s❡ ❞❡ ❚❍❉✱ ❋P ❡ P❡r❞❛s

❖ s♦❢t✇❛r❡ P❙■▼ ♦❢❡r❡❝❡ ✉♠❛ ♣❧❛t❛❢♦r♠❛ ❞❡ ❡①✐❜✐çã♦ ❡ ♣r♦❝❡ss❛♠❡♥t♦ ❞❛s ❢♦r♠❛s ❞❡ ♦♥❞❛

❞❡♥♦♠✐♥❛❞❛ ❙■▼❱■❊❲✱ ❛tr❛✈és ❞❛ q✉❛❧ é ♣♦ssí✈❡❧ ❝❛❧❝✉❧❛r ♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❡ ❛ ❞✐st♦rçã♦

❤❛r♠ô♥✐❝❛ t♦t❛❧✳

❖ P❙■▼ t❛♠❜é♠ ❞✐s♣♦♥✐❜✐❧✐③❛ ✉♠ ♠ó❞✉❧♦ ❞❡♥♦♠✐♥❛❞♦ ❞❡ ❚❤❡r♠❛❧ ▼♦❞✉❧❡✱ q✉❡ ♣r♦✈ê

✉♠❛ ❢♦r♠❛ rá♣✐❞❛ ❞❡ ❡st✐♠❛r ❛s ♣❡r❞❛s ❞♦s ❞✐s♣♦s✐t✐✈♦s s❡♠✐❝♦♥❞✉t♦r❡s✿ ❞✐♦❞♦s ❡ ■●❇❚❙✱

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

❆s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ ♥♦ ❞✐♦❞♦ sã♦ ❝❛❧❝✉❧❛❞❛s ❝♦♠♦ ❛ s❡❣✉✐r✿

Pdd = VdIf ✭✹✳✸✮

♦♥❞❡✿

✲ Vd é ❛ q✉❡❞❛ ❞❡ t❡♥sã♦ ♥♦ ❞✐♦❞♦

✲ If é ❛ ❝♦rr❡♥t❡ ♥♦ ❞✐♦❞♦✳

❆s ♣❡r❞❛s ♥♦ ❞✐♦❞♦ ❞❡✈✐❞♦ à ❡♥tr❛❞❛ ❡♠ ❝♦♥❞✉çã♦ ✭❞✐s♣❛r♦✮ sã♦ ❞❡s♣r❡③í✈❡✐s ❡ ♣♦r ✐ss♦

♥ã♦ sã♦ ❝♦♥s✐❞❡r❛❞❛s✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❛s ♣❡r❞❛s ❞❡✈✐❞♦ ❛♦ ♣r♦❝❡ss♦ ❞❡ r❡❝✉♣❡r❛çã♦ r❡✈❡rs❛



❆♥á❧✐s❡ ❞❛s ❊str✉t✉r❛s ❘❡t✐✜❝❛❞♦r❛s ✾✹

✭❜❧♦q✉❡✐♦✮ ♥♦ ❞✐♦❞♦ sã♦ ❞❛❞❛s ♣♦r✿

Psd = 1/8VrIrrtrrf ✭✹✳✹✮

♦♥❞❡✿

✲ Vr é ❛ t❡♥sã♦ r❡✈❡rs❛ ❛t✉❛❧

✲ Irr é ❛ ❝♦rr❡♥t❡ ❞❡ ♣✐❝♦ ❞❡ r❡❝✉♣❡r❛çã♦ r❡✈❡rs❛

✲ trr é ♦ t❡♠♣♦ ❞❡ r❡❝✉♣❡r❛çã♦ r❡✈❡rs❛

✲ f é ❢r❡qüê♥❝✐❛ ❡♠ q✉❡ ❛s ♣❡r❞❛s sã♦ ❝❛❧❝✉❧❛❞❛s

❖ ♣❛râ♠❡tr♦ f r❡❢❡r❡♥❝✐❛ ❛ ❢r❡qüê♥❝✐❛ ❡♠ q✉❡ ❛s ♣❡r❞❛s sã♦ ❝❛❧❝✉❧❛❞❛s✳ ❙❡ ♦ ❞✐s♣♦s✐t✐✈♦

♦♣❡r❛ ❛ ❢r❡qüê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞❡ 10 ❦❍③ ❡ ♦ ♣❛râ♠❡tr♦ f t❛♠❜é♠ é ❛❥✉st❛❞♦ ♥❡ss❡

✈❛❧♦r✱ ❛s ♣❡r❞❛s s❡rã♦ ❝❛❧❝✉❧❛❞❛s ♣❛r❛ ✉♠ ❝✐❝❧♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳ ❊♥tr❡t❛♥t♦✱ s❡ ♦ ♣❛râ♠❡tr♦

f é ❛❥✉st❛❞♦ ♣❛r❛ 60 ❍③✱ ❡♥tã♦ ❛s ♣❡r❞❛s s❡rã♦ ❝❛❧❝✉❧❛❞❛s ♣❛r❛ ✉♠ ♣❡rí♦❞♦ ❞❛ r❡❞❡✳

◆♦ ❝á❧❝✉❧♦ ❞❡ ♣❡r❞❛s ❞♦ ■●❇❚ sã♦ ❝♦♥s✐❞❡r❛❞❛s s❡♣❛r❛❞❛♠❡♥t❡ ❛s ♣❡r❞❛s ❞♦ ❞✐♦❞♦ ❡ ❞♦

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

❝♦♠♦ ♠♦str❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✳ ❆s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ ♥♦ tr❛♥s✐st♦r ✭Pct✮ sã♦ ❝❛❧❝✉❧❛❞❛s

❝♦♠♦ ❛ s❡❣✉✐r✿

Pct = Vce(sat)Ic ✭✹✳✺✮

♦♥❞❡✿

✲ Vce(sat) é ❛ t❡♥sã♦ ❞❡ s❛t✉r❛çã♦ ❝♦❧❡t♦r ❡♠✐ss♦r

✲ Ic é ❛ ❝♦rr❡♥t❡ ❞♦ ❝♦❧❡t♦r

❆s ♣❡r❞❛s ❞❡✈✐❞♦ ❛♦ ❞✐s♣❛r♦ ❞♦ tr❛♥s✐st♦r ✭Pst−on✮ sã♦ ♦❜t✐❞❛s ❛ ♣❛rt✐r ❞❡✿

Pst−on = EonfVcc/Vcc−datasheet ✭✹✳✻✮

♦♥❞❡✿

✲ Eon é ❛ ❡♥❡r❣✐❛ ♣❡r❞✐❞❛ ♥♦ ❜❧♦q✉✐❡♦ ❞♦ tr❛♥s✐st♦r



❆♥á❧✐s❡ ❞❛s ❊str✉t✉r❛s ❘❡t✐✜❝❛❞♦r❛s ✾✺

✲ Vcc é t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❛t✉❛❧

✲ Vcc−datasheet é ❛ t❡♥sã♦ ❞❡ ❜❛rr❛♠❡♥t♦ ♥❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❛ ❢♦❧❤❛ ❞❡ ❞❛❞♦s ❞♦ ❝♦♠♣♦♥❡♥t❡✱

❞❡✜♥✐❞♦ ❞❡ ❛❝♦r❞♦ ❝♦♥❞✐çõ❡s ❞❡ t❡st❡

❆s ♣❡r❞❛s ❞❡✈✐❞♦ ❛♦ ❜❧♦q✉❡✐♦ ❞♦ tr❛♥s✐st♦r ✭Pst−off ✮ sã♦ ♦❜t✐❞❛s ❛ ♣❛rt✐r ❞❡✿

Pst−off = EofffVcc/Vcc−datasheet ✭✹✳✼✮

♦♥❞❡✿

✲ Eoff é ❛ ❡♥❡r❣✐❛ ♣❡r❞✐❞❛ ♥♦ ❜❧♦q✉❡✐♦ ❞♦ tr❛♥s✐st♦r

❆s ♣❡r❞❛s ♥♦ ❞✐♦❞♦ ❡ ♥♦ ■●❇❚ sã♦ ❞❛❞❛s ❡♠ ❲ ✭❲❛tts✮✳

❆♥❛❧✐s❛♥❞♦ ❛s ❡q✉❛çõ❡s ♣❛r❛ ❝á❧❝✉❧♦ ❞❡ ♣❡r❞❛s ♥♦s s❡♠✐❝♦♥❞✉t♦r❡s ♣♦❞❡✲s❡ ❝♦♥❝❧✉✐r q✉❡✱

❞❡♣❡♥❞❡♥❞♦ ❞♦ t✐♣♦ ❞❡ ❞✐♦❞♦ ❡ ❞❡ ■●❇❚ ✉t✐❧✐③❛❞♦ ❝♦♠♦ ❝❤❛✈❡✱ ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❡♠ r❡❧❛çã♦

à ❝♦rr❡♥t❡ ❡ à t❡♠♣❡r❛t✉r❛ ✈❛r✐❛♠✳ ▲♦❣♦✱ é ♥❡❝❡ssár✐♦ ❡s❝♦❧❤❡r ♦ ❝♦♠♣♦♥❡♥t❡ ♠♦❞❡❧❛❞♦ ❡

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

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

❡①♣❡r✐♠❡♥t❛❧ ♣♦❞❡ ✐♥✢✉❡♥❝✐❛r ♦ r❡s✉❧t❛❞♦ ✜♥❛❧ ❞❛s ♣❡r❞❛s✳ ◆♦ ❡♥t❛♥t♦✱ ❛s ❝♦♥❝❧✉sõ❡s s♦❜r❡

♦ ❡st✉❞♦ ❝♦♠♣❛r❛t✐✈♦ ❞❡ ♣❡r❞❛s ♥ã♦ sã♦ ❛❧t❡r❛❞❛s✱ ✉♠❛ ✈❡③ q✉❡ ♦ ❡st✉❞♦ é r❡❛❧✐③❛❞♦ s♦❜

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

❞✐s♣♦s✐t✐✈♦s s❡♠✐❝♦♥❞✉t♦r❡s ✭❖❧✐✈❡✐r❛✱ ✷✵✵✺✮✳

✹✳✺ ❆♥á❧✐s❡ ❞❛s ❊str✉t✉r❛s ◆P❈ ❡ ❆◆P❈

❆s ❡str✉t✉r❛s r❡t✐✜❝❛❞♦r❛s ❛♣r❡s❡♥t❛❞❛s ♥❡st❡ tr❛❜❛❧❤♦ sã♦ ❝♦♥st✐t✉í❞❛s ♣♦r ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦✲

♥❛✐s ✭Sx✮ ❝♦♠♣♦st❛s ♣♦r✿ ✉♠ tr❛♥s✐st♦r ✭Tx✮ ❡ ✉♠ ❞✐♦❞♦ ❡♠ ❛♥t✐✲♣❛r❛❧❡❧♦ ✭Dx✮✱ ❝♦♠♦ ♠♦str❛

❛ ❋✐❣✉r❛ ✹✳✶✳ ❉❡ss❛ ❢♦r♠❛✱ ❛s ♣❡r❞❛s t♦t❛✐s ❞❡ ❝❛❞❛ t♦♣♦❧♦❣✐❛ ❡ ❛s ♣❡r❞❛s ✐♥❞✐✈✐❞✉❛✐s ❞♦s

tr❛♥s✐st♦r❡s ❡ ❞✐♦❞♦s ✉t✐❧✐③❛❞♦s ♥❛s t♦♣♦❧♦❣✐❛s ◆P❈ ❡ ❆◆P❈ sã♦ ❛♣r❡s❡♥t❛❞❛s ♥❡st❛ s❡çã♦✳

❖s ♣❛râ♠❡tr♦s ✉t✐❧✐③❛❞♦s ♥❛s s✐♠✉❧❛çõ❡s ❞❡ ❡st✐♠❛t✐✈❛s ❞❡ ♣❡r❞❛s✱ ❋P ❡ ❚❍❉ sã♦ ♠♦str❛❞♦s

♥♦ ❆♣ê♥❞✐❝❡ ❆✳



❆♥á❧✐s❡ ❞❛s ❊str✉t✉r❛s ❘❡t✐✜❝❛❞♦r❛s ✾✻

❋✐❣✉r❛ ✹✳✶✿ ❈❤❛✈❡ ❜✐❞✐r❡❝✐♦♥❛❧

• ◆P❈✿

❆ ❋✐❣✉r❛ ✹✳✷ ♠♦str❛ ✉♠ ❜r❛ç♦ ❞♦ r❡t✐✜❝❛❞♦r ◆P❈✱ q✉❡ é ❝♦♥st✐t✉í❞♦ ♣♦r q✉❛tr♦ ❝❤❛✈❡s

❜✐❞✐r❡❝✐♦♥❛✐s ❡ ❞♦✐s ❞✐♦❞♦s ❞❡ ❣r❛♠♣❡❛♠❡♥t♦✳ ❆ ❚❛❜❡❧❛ ✹✳✶ ♠♦str❛ ❛ s❡qüê♥❝✐❛ ❞❡ ❝❤❛✈❡❛✲

♠❡♥t♦ ❛♣❧✐❝❛❞❛ ❛♦ ◆P❈✳

❋✐❣✉r❛ ✹✳✷✿ ❇r❛ç♦ ❞♦ r❡t✐✜❝❛❞♦r ◆P❈✳

❚❛❜❡❧❛ ✹✳✶✿ ❙❡qüê♥❝✐❛ ❞❡ ❈❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ♦ ◆P❈✳

❊st❛❞♦ ❞❡ ❙❡q✳ ❞❡ ❈❤❛✈❡❛♠❡♥t♦
❈♦♠✉t❛çã♦ S1 S1c S2 S2c

N ✵ ✶ ✵ ✶
O ✵ ✶ ✶ ✵
P ✶ ✵ ✶ ✵

❆ ❋✐❣✉r❛ ✹✳✸ ♠♦str❛ ❛s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ❡ ♣♦r ❝♦♥❞✉çã♦ ❞❡ ❝❛❞❛ tr❛♥s✐st♦r ❡

❞✐♦❞♦ q✉❡ ❝♦♠♣õ❡ ❛ ❡str✉t✉r❛ ◆P❈✱ ✉t✐❧✐③❛♥❞♦ ❛ té❝♥✐❝❛ ❖❈❈ ❙P❲▼ ❡ ❖❈❈ ❍P❲▼✳

❆s ♣❡r❞❛s t♦t❛✐s ❞♦ r❡t✐✜❝❛❞♦r ◆P❈ ✉t✐❧✐③❛♥❞♦ ❛♠❜❛s ❛s té❝♥✐❝❛s ❞❡ ♠♦❞✉❧❛çã♦ ✭❙P❲▼ ❡

❍P❲▼✮ sã♦ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ 41 ❲✳ ❆ ❞✐str✐❜✉✐çã♦ ❞❛s ♣❡r❞❛s ❡♥tr❡ ❛s ❝❤❛✈❡s✱ ♣❛r❛

❛♠❜❛s ❛s té❝♥✐❝❛s✱ t❛♠❜é♠ é ❛ ♠❡s♠❛✳

P♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ ❛ ❞✐str✐❜✉✐çã♦ ❞❛s ♣❡r❞❛s ♥❛ t♦♣♦❧♦❣✐❛ ◆P❈ é s✐♠étr✐❝❛ ❝♦♥s✐❞❡✲

r❛♥❞♦ ♦s ❞✐s♣♦s✐t✐✈♦s ♣♦r ❧♦❝❛❧✐③❛çã♦✱ ♦✉ s❡❥❛✱ ❛ ♣❡r❞❛ t♦t❛❧ ♥♦s ❞✐s♣♦s✐t✐✈♦s ❞❡ ♣♦tê♥❝✐❛



❆♥á❧✐s❡ ❞❛s ❊str✉t✉r❛s ❘❡t✐✜❝❛❞♦r❛s ✾✼
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✭❛✮
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✭❜✮

❋✐❣✉r❛ ✹✳✸✿ P❡r❞❛s ♥♦ ◆P❈ té❝♥✐❝❛✿ ✭❛✮ ❙P❲▼ ❡ ✭❜✮ ❍P❲▼ ✭µ❂✵✳✺✮✳

T1−D1 é ✐❣✉❛❧ ❛s ♣❡r❞❛s ♥♦s ❞✐s♣♦s✐t✐✈♦s T2c−D2c✳ ❆s ♣❡r❞❛s t♦t❛✐s ❡♠ T1c−D1c sã♦ ✐❣✉❛✐s

❛s ♣❡r❞❛s ❞❡ T2 −D2❀ ❛ss✐♠ ❝♦♠♦ ❛s ♣❡r❞❛s ♥♦s ❞✐♦❞♦s ❞❡ ❣r❛♠♣❡❛♠❡♥t♦ sã♦ ✐❞ê♥t✐❝❛s✳

❆♥❛❧✐s❛♥❞♦ ❛ ❋✐❣✉r❛ ✹✳✸ ❡ ❛ ❚❛❜❡❧❛ ✹✳✶✱ ♣♦❞❡✲s❡ ❝♦♥❝❧✉✐r q✉❡ ♦s tr❛♥s✐st♦r❡s ♠❛✐s ✐♥t❡r♥♦s

✭T1c ❡ T2✮ sã♦ ♦s q✉❡ ♣♦ss✉❡♠ ♠❛✐♦r❡s ♣❡r❞❛s ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ ♦s q✉❛✐s sã♦ ✉t✐❧✐③❛❞♦s✱ ❥✉♥t♦

❝♦♠ ♦s ❞✐♦❞♦s Du ❡ Dd✱ ♣❛r❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦ ❡st❛❞♦ ❞❡ ❝♦♠✉t❛çã♦ O✳ ❖s D1 ❡ D2 sã♦

✉s❛❞♦s ♣❛r❛ ♦❜t❡r ♦ ❡st❛❞♦ P ❀ ❡♥q✉❛♥t♦ q✉❡ ♦s ❞✐♦❞♦s D1c ❡ D2c sã♦ ✉s❛❞♦s ♣❛r❛ ♦❜t❡r ♦

❡st❛❞♦ N ✳ ❊ ♦s tr❛♥s✐st♦r❡s T1 ❡ T2c ♣♦ss✉❡♠ ♣❡r❞❛s ❞❡ ❝♦♥❞✉çã♦ ❡ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ♣ró①✐♠❛s

❛ ③❡r♦✳

❆ ❋✐❣✉r❛ ✹✳✹ ♠♦str❛ ❛s ❝♦rr❡♥t❡s ♥❛s ❝❤❛✈❡s Ta1 ❡ Ta2c ❞❛ ❡str✉t✉r❛ ◆P❈ ♦♣❡r❛❞♦ ❝♦♠

❙P❲▼✳ ❊♥q✉❛♥t♦ ❛ ❋✐❣✉r❛ ✹✳✺ ♠♦str❛ ❛s ❝♦rr❡♥t❡s ♥❛s ❝❤❛✈❡s Ta1 ❡ Ta2c ❞❛ ❡str✉t✉r❛ ◆P❈

♦♣❡r❛❞♦ ❝♦♠ ❍P❲▼✳ ❆s ❝♦rr❡♥t❡s ❛♣r❡s❡♥t❛❞❛s r❡❢♦rç❛♠ q✉❡ ❛s ♣❡r❞❛s ♥❡ss❛s ❝❤❛✈❡s sã♦

♠✉✐t♦ ♣ró①✐♠❛s ❛ ③❡r♦✳
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❋✐❣✉r❛ ✹✳✺✿ ❈♦rr❡♥t❡ ♥❛ ❢❛s❡ ❛ ❝♦♠♣❛r❛❞❛ ❝♦♠ ❛ ❝♦rr❡♥t❡ ♥❛ ❝❤❛✈❡ ✭❛✮✐❚❛✶ ✭❜✮✐❚❛✷❝
♥♦ ◆P❈ ❍P❲▼✳
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❆ ❚❛❜❡❧❛ ✹✳✷ ♠♦str❛ ♦s ✈❛❧♦r❡s ❞❡ s✐♠✉❧❛çã♦ ❡ ✈❛❧♦r❡s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ ❚❍❉ ❡ ❞❡ ❋P

♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ ◆P❈✱ ♦♣❡r❛♥❞♦ ❝♦♠ ❛s té❝♥✐❝❛s ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ❡ ❖❈❈ ❍í❜r✐❞♦ ✭µ❂✵✳✺✮✳

❚❛❜❡❧❛ ✹✳✷✿ ❘❡s✉❧t❛❞♦s ❞❡ ❚❍❉ ❡ ❋P ♣❛r❛ ◆P❈

P❛râ♠❡tr♦ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s
❖❈❈ ❖❈❈ ❍í❜r✐❞♦ ❖❈❈ ❖❈❈ ❍í❜r✐❞♦

❚❍❉ ✐ ✭✪✮ ✷✱✶✻ ✶✱✾✺ ✷✱✻✷ ✷✱✼✽
❋P ✵✱✾✾✽ ✵✱✾✾✽ ✵✱✾✾✸ ✵✱✾✾✼

❆ ❋✐❣✉r❛ ✹✳✻ ❛♣r❡s❡♥t❛ ❛s ❢♦r♠❛s ❞❡ ♦♥❞❛ ❞❛ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛✱ ♦❜t✐❞❛s ♣♦r

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

♣❧❛t❛❢♦r♠❛ ❡①♣❡r✐♠❡♥t❛❧ sã♦ ♠♦str❛❞❛s ♥❛ ❋✐❣✉r❛ ✹✳✼✳
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❋✐❣✉r❛ ✹✳✻✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❞❛ t♦♣♦❧♦❣✐❛ ◆P❈ ❝♦♠
✭❛✮ ❖❈❈ ❡ ✭❜✮ ❖❈❈ ❍í❜r✐❞♦ ✭µ❂✵✳✺✮

✭❛✮ ✭❜✮

❋✐❣✉r❛ ✹✳✼✿ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❞❛ t♦♣♦❧♦❣✐❛ ◆P❈ ❝♦♠
✭❛✮ ❖❈❈ ❡ ✭❜✮ ❖❈❈ ❍í❜r✐❞♦ ✭µ❂✵✳✺✮



❆♥á❧✐s❡ ❞❛s ❊str✉t✉r❛s ❘❡t✐✜❝❛❞♦r❛s ✶✵✵

• ❆◆P❈✿

❆ ❋✐❣✉r❛ ✹✳✽ ♠♦str❛ ✉♠ ❜r❛ç♦ ❞♦ r❡t✐✜❝❛❞♦r ❆◆P❈✳ ❊ss❛ t♦♣♦❧♦❣✐❛ ♣❡r♠✐t❡ três t✐♣♦s

❞❡ ♠♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ ✭P❲▼✲✶✱ P❲▼✲✷ ❡ P❲▼✲✸✮✳ ❊ss❛s ❡str❛té❣✐❛s ❞✐❢❡r❡♠

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

♥í✈❡❧ ③❡r♦✳ ❊♥tr❡t❛♥t♦✱ ❛s três ❡str❛té❣✐❛s sã♦ ❡q✉✐✈❛❧❡♥t❡s ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❞❡ ♣❡r❞❛s t♦t❛✐s

❞♦ ❝♦♥✈❡rs♦r✳ ■st♦ é✱ ❛s ♣❡r❞❛s t♦t❛✐s ♣❛r❛ ♦s três ❝❛s♦s é ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ 42 ❲✳

❋✐❣✉r❛ ✹✳✽✿ ❇r❛ç♦ ❞♦ r❡t✐✜❝❛❞♦r ❆◆P❈✳

❆◆P❈ P❲▼✲✶✿

❆ ❚❛❜❡❧❛ ✹✳✸ ❛♣r❡s❡♥t❛ ❛ s❡qüê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❛♣❧✐❝❛❞❛ ❛♦ ❆◆P❈ P❲▼✲✶✳ ❆

❋✐❣✉r❛ ✹✳✾ ♠♦str❛ ❛s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ❡ ♣♦r ❝♦♥❞✉çã♦ ❞❡ ❝❛❞❛ tr❛♥s✐st♦r ❡ ❞✐♦❞♦ q✉❡

❝♦♠♣õ❡ ❛ ❡str✉t✉r❛ ❆◆P❈ P❲▼✲✶✱ ❛ q✉❛❧ é ✉t✐❧✐③❛❞❛ t❛♥t♦ ♣❛r❛ ❛ té❝♥✐❝❛ ❙P❲▼ ❝♦♠♦

♣❛r❛ ❍P❲▼✳

❚❛❜❡❧❛ ✹✳✸✿ ❙❡qüê♥❝✐❛ ❞❡ ❈❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ♦ ❆◆P❈ P❲▼✲✶✳

❊st❛❞♦ ❞❡ ❙❡qüê♥❝✐❛ ❞❡ ❈❤❛✈❡❛♠❡♥t♦
❈♦♠✉t❛çã♦ S1 S1c S2 S2c S3 S3c

N1 ✵ ✵ ✵ ✶ ✵ ✶
O−

1 ✵ ✵ ✵ ✶ ✶ ✵
O+

1 ✵ ✶ ✶ ✵ ✵ ✵
P1 ✶ ✵ ✶ ✵ ✵ ✵

P♦❞❡✲s❡ ♦❜s❡r✈❛r ♣❡❧❛ s❡qüê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞❛ ❚❛❜❡❧❛ ✹✳✸✱ q✉❡ ❛ ❝é❧✉❧❛ ✶ ❡ ✸ ❝♦✲

♠✉t❛♠ ❛ ❢r❡qüê♥❝✐❛ ❡❧❡✈❛❞❛✱ ❡♥q✉❛♥t♦ q✉❡ ❛ ❝é❧✉❧❛ ✷ ❝♦♠✉t❛ ❛ ❜❛✐①❛ ❢r❡qüê♥❝✐❛✳ ❚❛❧ ❢❛t♦ é

❝♦♠♣r♦✈❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✾✱ ♥❛ q✉❛❧ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ ❛ ❝é❧✉❧❛ ✷ ♣♦ss✉✐ ❛♣❡♥❛s ♣❡r❞❛s ❞❡

❝♦♥❞✉çã♦✳
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❋✐❣✉r❛ ✹✳✾✿ P❡r❞❛s ♥♦ ❆◆P❈ P❲▼✶ té❝♥✐❝❛✿ ✭❛✮ ❙P❲▼ ✱ ✭❜✮ ❍P❲▼ ✭µ❂✵✳✺✮✳

❉❡ss❛ ❢♦r♠❛✱ ♦s ❞✐s♣♦s✐t✐✈♦s ♠❛✐s ❡str❡ss❛❞♦s sã♦ ♦s tr❛♥s✐st♦r❡s T1c ❡ T3✱ ♦s q✉❛✐s sã♦

✉t✐❧✐③❛❞♦s ♣❛r❛ ❞❡t❡r♠✐♥❛r ♦s ❡st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦ O+
1 ❡ O−

1 ✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❖s ❞✐♦❞♦sD1

❡ D3c sã♦ ✉s❛❞♦s ♣❛r❛ ♦❜t❡r ♦s ❡st❛❞♦s P1 ❡ N1✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❖s tr❛♥s✐st♦r❡s T1✱ T2✱ T2c✱

T3c ❡ ♦s ❞✐♦❞♦s D1c ❡ D3 ♣♦ss✉❡♠ ♣❡r❞❛s ♠✉✐t♦ ♣ró①✐♠❛s ❛ ③❡r♦✳ ❆ ♣❛rt✐r ❞❡ss❛ ❞✐str✐❜✉✐çã♦

❞❛s ♣❡r❞❛s é ♣♦ssí✈❡❧ ♥♦t❛r q✉❡ ❛ té❝♥✐❝❛ P❲▼✲✶ ♥ã♦ ♣❡r♠✐t❡ ❞✐str✐❜✉✐çã♦ ❤♦♠♦❣ê♥❡❛ ❡♥tr❡

♦s ❞✐s♣♦s✐t✐✈♦s ❞❡ ♣♦tê♥❝✐❛✳

❆ ❋✐❣✉r❛ ✹✳✶✵ ♠♦str❛ ❛s ❝♦rr❡♥t❡s ♥♦s tr❛♥s✐st♦r❡s Ta1✱ Ta2✱ Ta2c✱ Ta3c ❡ ♥♦s ❞✐♦❞♦s Da1c

❡ Da3 ❞❛ ❡str✉t✉r❛ ❆◆P❈ P❲▼✶ ♦♣❡r❛❞♦ ❝♦♠ ❙P❲▼✳ ❊♥q✉❛♥t♦ ❛ ❋✐❣✉r❛ ✹✳✶✶ ♠♦str❛ ❛s
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❆♥❛❧✐s❛♥❞♦ ♦s ❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞❛ ❚❛❜❡❧❛ ✹✳✹✱ ♣♦❞❡✲s❡ ♣❡r❝❡❜❡r q✉❡ ❛ ❝é❧✉❧❛ ✷

❝♦♠✉t❛ ❛ ❡❧❡✈❛❞❛ ❢r❡qüê♥❝✐❛✱ ❡♥q✉❛♥t♦ ❛s ♦✉tr❛s ❝é❧✉❧❛s ❝♦♠✉t❛♠ ❛ ❜❛✐①❛ ❢r❡qüê♥❝✐❛✳ ❚❛❧

❢❛t♦ é ❝♦♠♣r♦✈❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✶✷✱ ♥❛ q✉❛❧ ❛♣❡♥❛s ❛ ❝é❧✉❧❛ ✷ ♣♦ss✉✐ ♣❡r❞❛s ❞❡ ❝♦♠✉t❛çã♦

s✐❣♥✐✜❝❛t✐✈❛s✳ ❖✉ s❡❥❛✱ ❛s ❝❤❛✈❡s ♠❛✐s ❡str❡ss❛❞❛s sã♦ ♦s ❞✐s♣♦s✐t✐✈♦s T2 − D2 ❡ T2c −
D2c✳ ❏á ♦s tr❛♥s✐st♦r❡s T1✱ T1c✱ T3 ❡ T3c ♣♦ss✉❡♠ ♣❡r❞❛s ♠✉✐t♦ ♣ró①✐♠❛s ❛ ③❡r♦✳ ❆ ♣❛rt✐r
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♥ã♦ ✉t✐❧✐③❛❞♦s ❡♠ ♥❡♥❤✉♠❛ ❞❡✜♥✐çã♦ ❞❡ ❡st❛❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳ ❆s ❝❤❛✈❡s ❝♦♠ ♠❛✐♦r❡s

♣❡r❞❛s ❞❡ ❝♦♠✉t❛çã♦ sã♦ ♦s ❞✐♦❞♦s D2 ❡ D2c✱ ✉♠❛ ✈❡③ q✉❡ ❛s s❡qüê♥❝✐❛s ❞❡ ❝❤❛✈❡❛♠❡♥t♦

♣❛r❛ N2✱ P2✱ O
−

2 ✱ O
+
2 sã♦ ✐❣✉❛✐s ❛s ❣❡r❛❞❛s ♣❡❧♦ P❲▼✲✷✳

➱ ✐♠♣♦rt❛♥t❡ ♦❜s❡r✈❛r q✉❡ ❛s ❝❤❛✈❡s tr❛❜❛❧❤❛♠ ❛ ✉♠❛ ❢r❡qüê♥❝✐❛ ✐❣✉❛❧ à ♠❡t❛❞❡ ❞❛

❢r❡qüê♥❝✐❛ ❞❡ ❝♦♠✉t❛çã♦ ✉t✐❧✐③❛❞❛ ♥❛s ❡str❛té❣✐❛s P❲▼✲✶ ❡ P❲▼✲✷❀ ❥á q✉❡ ❛ ❡str❛té❣✐❛

P❲▼✲✸ ♣❡r♠✐t❡ ❛ ♦❜t❡♥çã♦ ❞❡ ✉♠❛ ❞✉♣❧✐❝❛çã♦ ♥❛t✉r❛❧ ❞❛ ❢r❡qüê♥❝✐❛ ❞❡ ❝♦♠✉t❛çã♦ ❛♣❛r❡♥t❡✳

❆ ❞✐str✐❜✉✐çã♦ ❞❡ ♣❡r❞❛s ♥❛ t♦♣♦❧♦❣✐❛ ❆◆P❈ t❛♠❜é♠ é s✐♠étr✐❝❛✳ ■st♦ é✱ ❛s ♣❡r❞❛s

t♦t❛✐s ♥♦s ❞✐s♣♦s✐t✐✈♦s T1 − D1 sã♦ ✐❣✉❛✐s às ♣❡r❞❛s ♥♦s ❞✐s♣♦s✐t✐✈♦s T3c − D3c✳ ❆s ♣❡r❞❛s

t♦t❛✐s ❡♠ T1c −D1c sã♦ ✐❣✉❛✐s às ♣❡r❞❛s ❞❡ T3 −D3❀ ❡ ❛s ♣❡r❞❛s ❡♠ T2 −D2 sã♦ ✐❞ê♥t✐❝❛s ❛

T2c −D2c✳

❆ ❋✐❣✉r❛ ✹✳✶✻ ♠♦str❛ ❛s ❝♦rr❡♥t❡s ♥♦s tr❛♥s✐st♦r❡s Ta1 ❡ Ta3c ❞❛ ❡str✉t✉r❛ ❆◆P❈ P❲▼✸

♦♣❡r❛❞♦ ❝♦♠ ❙P❲▼✳ ❊♥q✉❛♥t♦ ❛ ❋✐❣✉r❛ ✹✳✶✼ ♠♦str❛ ❛s ❝♦rr❡♥t❡s ♥❛s ♠❡s♠❛s ❝❤❛✈❡s ❞❛

❡str✉t✉r❛ ❆◆P❈ P❲▼✸ ♦♣❡r❛❞♦ ❝♦♠ ❍P❲▼✳ ❆s ❝♦rr❡♥t❡s ❛♣r❡s❡♥t❛❞❛s r❡❢♦rç❛♠ q✉❡ ❛s

♣❡r❞❛s ♥❡ss❛s ❝❤❛✈❡s sã♦ ♠✉✐t♦ ♣ró①✐♠❛s ❛ ③❡r♦✳
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❋✐❣✉r❛ ✹✳✶✻✿ ❈♦rr❡♥t❡ ♥❛ ❢❛s❡ ❛ ❝♦♠♣❛r❛❞❛ ❝♦♠ ❛ ❝♦rr❡♥t❡ ♥❛ ❝❤❛✈❡ ✭❛✮✐❚❛✶ ✭❜✮✐❚❛✸❝
♥♦ ❆◆P❈ P❲▼✸✭❙P❲▼✮✳

❆ ❚❛❜❡❧❛ ✹✳✻ ♠♦str❛ ♦s ✈❛❧♦r❡s ❞❡ s✐♠✉❧❛çã♦ ❞❡ ❚❍❉ ❡ ❞❡ ❋P ❞❛ t♦♣♦❧♦❣✐❛ ❆◆P❈✱ ♣❛r❛

❛s té❝♥✐❝❛s ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ❡ ❖❈❈ ❍í❜r✐❞♦ ✭µ❂✵✳✺✮✳
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❋✐❣✉r❛ ✹✳✶✼✿ ❈♦rr❡♥t❡ ♥❛ ❢❛s❡ ❛ ❝♦♠♣❛r❛❞❛ ❝♦♠ ❛ ❝♦rr❡♥t❡ ♥❛ ❝❤❛✈❡ ✭❛✮✐❚❛✶ ✭❜✮✐❚❛✸❝
♥♦ ❆◆P❈ P❲▼✶✭❍P❲▼✮✳

❚❛❜❡❧❛ ✹✳✻✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞❡ ❚❍❉ ❡ ❞❡ ❋P ♣❛r❛ ❆◆P❈

P❛râ♠❡tr♦ P❲▼✲✶ P❲▼✲✷ P❲▼✲✸
❖❈❈ ❖❈❈ ❍í❜r✐❞♦ ❖❈❈ ❖❈❈ ❍í❜r✐❞♦ ❖❈❈ ❖❈❈ ❍í❜r✐❞♦

❚❍❉ ✐ ✭✪✮ ✷✱✶✺ ✶✱✾✸ ✷✱✷✸ ✶✱✾✺ ✷✱✶✻ ✶✱✾✷
❋P ✵✱✾✾✼ ✵✱✾✾✽ ✵✱✾✾✼ ✵✱✾✾✽ ✵✱✾✾✽ ✵✱✾✾✽

❆ ❋✐❣✉r❛ ✹✳✶✽ ❛♣r❡s❡♥t❛ ❛s ❢♦r♠❛s ❞❡ ♦♥❞❛ ❞❡ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❞❛ t♦♣♦❧♦❣✐❛

❆◆P❈✱ ♦❜t✐❞❛s ♣♦r s✐♠✉❧❛çã♦✱ ♣❛r❛ ✈✐s✉❛❧✐③❛çã♦ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛✳
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❋✐❣✉r❛ ✹✳✶✽✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❞❛ t♦♣♦❧♦❣✐❛ ❆◆P❈ ❝♦♠
✭❛✮ P❲▼✶ ❖❈❈ ✭❜✮ P❲▼✶ ❖❈❈ ❍í❜r✐❞♦ ✭µ❂✵✳✺✮ ✭❝✮ P❲▼✷ ❖❈❈
✭❞✮ P❲▼✷ ❖❈❈ ❍í❜r✐❞♦ ✭µ❂✵✳✺✮ ✭❡✮ P❲▼✸ ❖❈❈ ❡ ✭❢✮ P❲▼✸ ❖❈❈
❍í❜r✐❞♦ ✭µ❂✵✳✺✮
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✹✳✻ ❆♥á❧✐s❡ ❞❛s ❊str✉t✉r❛s ❇✐❞✐r❡❝✐♦♥❛✐s ❝♦♠ ❚rês ❇r❛ç♦s

❆s ♣❡r❞❛s t♦t❛✐s ❞❡ ❝❛❞❛ t♦♣♦❧♦❣✐❛ ❡ ❛s ♣❡r❞❛s ✐♥❞✐✈✐❞✉❛✐s ❞♦s tr❛♥s✐st♦r❡s ❡ ❞✐♦❞♦s ✉t✐❧✐③❛❞♦s

♥❛s t♦♣♦❧♦❣✐❛s ❆◆P❈✲✸❇❇✶✱ ❆◆P❈✲✸❇❇✷ ❡ ❆◆P❈✲✸❇❇✸ sã♦ ❛♣r❡s❡♥t❛❞❛s ♥❡st❛ s❡çã♦✳ ❖s

♣❛râ♠❡tr♦s ✉t✐❧✐③❛❞♦s ♥❛s s✐♠✉❧❛çõ❡s ❞❡ ❡st✐♠❛t✐✈❛s ❞❡ ♣❡r❞❛s sã♦ ♠♦str❛❞♦s ♥♦ ❆♣ê♥❞✐❝❡

❆✳ ❆ ❚❛❜❡❧❛ ✹✳✼ ❛♣r❡s❡♥t❛ ❛ s❡qüê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❛♣❧✐❝❛❞❛ às três ❡str✉t✉r❛s✳

❚❛❜❡❧❛ ✹✳✼✿ ❙❡qüê♥❝✐❛ ❞❡ ❈❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ❆◆P❈✲✸❇❇✶✱ ❆◆P❈✲✸❇❇✷ ❡ ❆◆P❈✲
✸❇❇✸✳

❊st❛❞♦ ❞❡ ❙❡q✳ ❞❡ ❈❤❛✈❡❛♠❡♥t♦
❈♦♠✉t❛çã♦ S1 S1c S2 S2c

N ✵ ✶ ✵ ✶
O ✵ ✶ ✶ ✵
P ✶ ✵ ✶ ✵

• ❆◆P❈✲✸❇❇✶ ❡ ❆◆P❈✲✸❇❇✷✿

❆ ❋✐❣✉r❛ ✹✳✶✾✭❛✮ ♠♦str❛ ✉♠ ❜r❛ç♦ ❞♦ r❡t✐✜❝❛❞♦r ❆◆P❈✲✸❇❇✶✱ ♦ q✉❛❧ é ❝♦♥st✐t✉í❞♦ ♣♦r

q✉❛tr♦ ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s✳ ❊♥q✉❛♥t♦ q✉❡ ❛ ❋✐❣✉r❛ ✹✳✶✾✭❜✮ ♠♦str❛ ❛s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛✲

♠❡♥t♦ ❡ ❝♦♥❞✉çã♦ ❞❡ ❝❛❞❛ tr❛♥s✐st♦r ❡ ❞✐♦❞♦ q✉❡ ❝♦♠♣õ❡ ❛ ❡str✉t✉r❛✳
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❋✐❣✉r❛ ✹✳✶✾✿ ❆◆P❈✲✸❇❇✶✿ ✭❛✮ ❇r❛ç♦ ❞♦ r❡t✐✜❝❛❞♦r ✱ ✭❜✮ P❡r❞❛s

❆ ❡str✉t✉r❛ ❆◆P❈✲✸❇❇✷ é ❞✉❛❧ ❞❛ t♦♣♦❧♦❣✐❛ ❆◆P❈✲✸❇❇✶✱ s❡♥❞♦ q✉❡ ❛ ❋✐❣✉r❛ ✹✳✷✵✭❛✮

♠♦str❛ ✉♠ ❜r❛ç♦ ❞❡ss❛ ❡str✉t✉r❛✳ ❉❛ ♠❡s♠❛ ❢♦r♠❛✱ ♥❛ ❋✐❣✉r❛ ✹✳✷✵✭❜✮ é ❛♣r❡s❡♥t❛❞❛ ❛s

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

❆s ❡str✉t✉r❛s ❆◆P❈✲✸❇❇✶ ❡ ❆◆P❈✲✸❇❇✷ ♣♦ss✉❡♠ ♣❡r❞❛s t♦t❛✐s ✐❞ê♥t✐❝❛s ❡ ❡q✉✐✈❛❧❡♥t❡s

❛ 36 ❲✳ ❆s ❝❤❛✈❡s ♠❛✐s ❡str❡ss❛❞❛s sã♦ ♦s tr❛♥s✐st♦r❡s T1c ❡ T2✱ ♦s q✉❛✐s sã♦ ✉t✐❧✐③❛❞❛s ♥❛

❞❡t❡r♠✐♥❛çã♦ ❞♦s três ❡st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦ P ✱ N ❡ O✳ ❊♥tr❡t❛♥t♦✱ ♦s tr❛♥s✐st♦r❡s T1 ❡ T2c

♣♦ss✉❡♠ ♣❡r❞❛s ♣ró①✐♠❛s ❛ ③❡r♦✳

❆♥❛❧✐s❛♥❞♦ ❛s ❋✐❣✉r❛s ✹✳✶✾✭❜✮ ❡ ✹✳✷✵✭❜✮ ♣♦❞❡✲s❡ ❝♦♥❝❧✉✐r q✉❡ ❛ ❞✐str✐❜✉✐çã♦ ❞❛s ♣❡r❞❛s

♥ã♦ é s✐♠étr✐❝❛✳ ❆s ♣❡r❞❛s t♦t❛✐s ♥♦s ❞✐♣♦s✐t✐✈♦s T1✲D1 ❡ T2c✲D2c sã♦ ✐❣✉❛✐s✳ ❏á ♥♦s ❞✐s♣♦s✐✲

t✐✈♦s T1c✲D1c ❡ T2✲D2 ♥ã♦✳ ◆♦ ❝❛s♦ ❞❛ ❡str✉t✉r❛ ❆◆P❈✲✸❇❇✶ ♦ ❞✐♦❞♦ D1c t❡♠ ♠❛✐s ♣❡r❞❛s

❞❡ ❝♦♥❞✉çã♦ q✉❡ ♦ ❞✐♦❞♦ D2✳ ■ss♦ ♦❝♦rr❡ ❞❡✈✐❞♦ ❛ D1c s❡r ✉t✐❧✐③❛❞♦ ♣❛r❛ ♦❜t❡r ♦ ❡st❛❞♦

❞❡ ❝♦♠✉t❛çã♦ N ❡ O✱ ❡♥q✉❛♥t♦ D2 é ❡♠♣r❡❣❛❞♦ ❛♣❡♥❛s ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦ ❡st❛❞♦ O✳ ❆

♠❡s♠❛ ❛♥á❧✐s❡ ❞✉❛❧ é ✈á❧✐❞❛ ♣❛r❛ ❛ ❡str✉t✉r❛ ❆◆P❈✲✸❇❇✷✳
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• ❆◆P❈✲✸❇❇✸✿

❆ ❋✐❣✉r❛ ✹✳✷✸✭❛✮ ♠♦str❛ ✉♠ ❜r❛ç♦ ❞♦ r❡t✐✜❝❛❞♦r ❆◆P❈✲✸❇❇✸✱ ❝♦♥st✐t✉í❞♦ ♣♦r q✉❛tr♦

❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s ❡ ❞♦✐s ❞✐♦❞♦s✳ ❆ ❋✐❣✉r❛ ✹✳✷✸✭❜✮ ❛♣r❡s❡♥t❛ ❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ ❡

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

❆s ♣❡r❞❛s t♦t❛✐s ♣❛r❛ ❛ ❡str✉t✉r❛ ❆◆P❈✲✸❇❇✸✱ ✉t✐❧✐③❛♥❞♦ ❛ té❝♥✐❝❛ ❙P❲▼✱ sã♦ ❞❡ 39

❲✳

❆ ❞✐str✐❜✉✐çã♦ ❞❡ ♣❡r❞❛s ♥❡ss❛ ❡str✉t✉r❛ é s✐♠étr✐❝❛✳ ❆s ♣❡r❞❛s t♦t❛✐s ❞♦s ❞✐s♣♦s✐t✐✈♦s

T1✲D1 ❡ T2c✲D2c sã♦ ✐❣✉❛✐s✳ ❆ss✐♠ ❝♦♠♦ ❛s ♣❡r❞❛s ❞❡ T1c✲D1c ❡ T2✲D2 sã♦ ✐❞ê♥t✐❝❛s✳ ❖ ♠❡s♠♦

é ✈á❧✐❞♦ ♣❛r❛ ♦s ❞✐♦❞♦s Du ❡ Dd✳ ❆s ❝❤❛✈❡s ♠❛✐s ❡str❡ss❛❞❛s ❡♥tr❡ ❡ss❛s sã♦ ♦s tr❛♥s✐st♦r❡s

T1c ❡ T2✱ ♦s q✉❛✐s ❞❡t❡r♠✐♥❛♠ ♦ ❡st❛❞♦ ❞❡ ❝♦♠✉t❛çã♦ O✳ P♦r ♦✉tr♦ ❧❛❞♦ ♦s tr❛♥s✐st♦r❡s T1 ❡

T2c ♣♦ss✉❡♠ ♣❡r❞❛s ♠✉✐t♦ ♣ró①✐♠❛s ❛ ③❡r♦✳

❆ ❋✐❣✉r❛ ✹✳✷✹ ♠♦str❛ ❛s ❝♦rr❡♥t❡s ♥♦s tr❛♥s✐st♦r❡s Ta1 ❡ Ta2c ❡ ♥♦s ❞✐♦❞♦s Da1c ❡ Da2

❞❛ ❡str✉t✉r❛ ❆◆P❈✲✸❇❇✸ ♦♣❡r❛❞♦ ❝♦♠ ❙P❲▼✳ ❆s ❝♦rr❡♥t❡s ❛♣r❡s❡♥t❛❞❛s r❡❢♦rç❛♠ q✉❡ ❛s

♣❡r❞❛s ♥❡ss❛s ❝❤❛✈❡s sã♦ ♠✉✐t♦ ♣ró①✐♠❛s ❛ ③❡r♦✳

❆ ❋✐❣✉r❛ ✹✳✷✺ ❛♣r❡s❡♥t❛ ❛s ❢♦r♠❛s ❞❡ ♦♥❞❛ ❞❡ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❞❛s t♦♣♦❧♦❣✐❛s

❆◆P❈✲✸❇❇✶✱ ❆◆P❈✲✸❇❇✷ ❡ ❆◆P❈✲✸❇❇✸✱ ♦❜t✐❞❛s ♣♦r s✐♠✉❧❛çã♦✱ ♣❛r❛ ✈✐s✉❛❧✐③❛çã♦ ❞♦ ❢❛t♦r

❞❡ ♣♦tê♥❝✐❛✳
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❆◆P❈✲✸❇❇✶ ✭❜✮ ❆◆P❈✲✸❇❇✷ ✭❝✮ ❆◆P❈✲✸❇❇✸

✭❛✮ ✭❜✮

❋✐❣✉r❛ ✹✳✷✻✿ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❞❛ t♦♣♦❧♦❣✐❛ ✭❛✮ ❆◆P❈✲
✸❇❇✷ ❡ ✭❜✮ ❆◆P❈✲✸❇❇✸



❆♥á❧✐s❡ ❞❛s ❊str✉t✉r❛s ❘❡t✐✜❝❛❞♦r❛s ✶✶✽

❚❛❜❡❧❛ ✹✳✾✿ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ ❚❍❉ ❡ ❞❡ ❋P ♣❛r❛ ❆◆P❈✲✸❇❇✷ ❡ ❆◆P❈✲
✸❇❇✸

P❛râ♠❡tr♦ ❆◆P❈✲✸❇❇✷ ❆◆P❈✲✸❇❇✸
❚❍❉ ✐ ✭✪✮ ✷✱✹✵ ✷✱✼✻

❋P ✵✱✾✾✷ ✵✱✾✾✸

✹✳✼ ❆♥á❧✐s❡ ❞❛s ❊str✉t✉r❛s ❇✐❞✐r❡❝✐♦♥❛✐s ❝♦♠ ❉♦✐s ❇r❛✲

ç♦s

❆s ♣❡r❞❛s t♦t❛✐s ❞❡ ❝❛❞❛ t♦♣♦❧♦❣✐❛ ❡ ❛s ♣❡r❞❛s ✐♥❞✐✈✐❞✉❛✐s ❞♦s tr❛♥s✐st♦r❡s ❡ ❞✐♦❞♦s ✉t✐❧✐③❛✲

❞♦s ♥❛s t♦♣♦❧♦❣✐❛s ◆P❈✲✷❇❇✶✱ ❆◆P❈✲✷❇❇✶✱ ❆◆P❈✲✷❇❇✷ ❡ ❆◆P❈✲✷❇❇✸ sã♦ ❛♣r❡s❡♥t❛❞❛s

♥❡st❛ s❡çã♦✳ ❖s ♣❛râ♠❡tr♦s ✉t✐❧✐③❛❞♦s ♥❛s s✐♠✉❧❛çõ❡s ❞❡ ❡st✐♠❛t✐✈❛s ❞❡ ♣❡r❞❛s sã♦ ♠♦str❛❞♦s

♥♦ ❆♣ê♥❞✐❝❡ ❆✳

• ◆P❈✲✷❇❇✶✿

❆ ❋✐❣✉r❛ ✹✳✷✼✭❛✮ ♠♦str❛ ✉♠ ❜r❛ç♦ ❞♦ r❡t✐✜❝❛❞♦r ◆P❈✲✷❇❇✶✱ q✉❡ é ❝♦♥st✐t✉í❞♦ ♣♦r

q✉❛tr♦ ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s ❡ ❞♦✐s ❞✐♦❞♦s ❞❡ ❣r❛♠♣❡❛♠❡♥t♦✳ ❆s ♣❡r❞❛s ❞♦s ❞✐s♣♦s✐t✐✈♦s q✉❡

❝♦♠♣õ❡♠ ❡ss❛ ❡str✉t✉r❛ sã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛ ❋✐❣✉r❛ ✹✳✷✼✭❜✮✳

❆ ❡str✉t✉r❛ ◆P❈✲✷❇❇✶ é ❝♦♥st✐t✉í❞❛ ♣♦r ❞♦✐s ❜r❛ç♦s ❞❛ t♦♣♦❧♦❣✐❛ ◆P❈✳ ❉❡✈✐❞♦ ❛ ✐ss♦✱ ❛s

♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ ❡ ❝❤❛✈❡❛♠❡♥t♦ sã♦ ♠❡♥♦r❡s✱ t♦t❛❧✐③❛♥❞♦ 36 ❲✳ ❚❛♠❜é♠✱ ❛ ❞✐str✐❜✉✐çã♦

s✐♠étr✐❝❛ ❞❛s ♣❡r❞❛s t♦t❛✐s ❡♥tr❡ ♦s ❞✐s♣♦s✐t✐✈♦s é ♠❛♥t✐❞❛✳

P♦ré♠✱ ❛♥❛❧✐s❛♥❞♦ ❛ ❋✐❣✉r❛ ✹✳✷✼✭❜✮✱ ♣♦❞❡✲s❡ ♣❡r❝❡❜❡r q✉❡ ❛ ❞✐str✐❜✉✐çã♦ ❞❛s ♣❡r❞❛s ❞❛

❡str✉t✉r❛ ◆P❈✲✷❇❇✶ é ❞✐❢❡r❡♥t❡ ❞♦ r❡t✐✜❝❛❞♦r ◆P❈✳ ❖s tr❛♥s✐st♦r❡s T1 ❡ T2c✱ q✉❡ ♣♦ss✉❡♠

♣❡r❞❛s ♠✉✐t♦ ♣ró①✐♠❛s ❛ ③❡r♦ ♥❛ t♦♣♦❧♦❣✐❛ ◆P❈✱ ♣❛r❛ ♦ ❝❛s♦ ◆P❈✲✷❇❇✶ ♣♦ss✉❡♠ ♣❡r❞❛s

❞❡ ❝♦♠✉t❛çã♦ ❡ ❝♦♥❞✉çã♦ ♠❛✐s s✐❣♥✐✜❝❛t✐✈❛s✳ ❆s ❝❤❛✈❡s ❝♦♠ ♠❛✐♦r❡s ♣❡r❞❛s ❞❡ ❝♦♠✉t❛çã♦

♣❛r❛ ♦s ❞♦✐s ❝❛s♦s sã♦ ♦s tr❛♥s✐st♦r❡s ♠❛✐s ✐♥t❡r♥♦s T1c ❡ T2✳ P♦ré♠✱ ❛ ❡str✉t✉r❛ ◆P❈✲✷❇❇✶

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

♣♦tê♥❝✐❛✱ ❞♦ q✉❡ ❛ t♦♣♦❧♦❣✐❛ ◆P❈✳

• ❆◆P❈✲✷❇❇✶✿

❆ ❋✐❣✉r❛ ✹✳✷✽✭❛✮ ♠♦str❛ ✉♠ ❜r❛ç♦ ❞♦ r❡t✐✜❝❛❞♦r ❆◆P❈✲✷❇❇✶✱ q✉❡ é ❝♦♥st✐t✉í❞♦ ♣♦r

s❡✐s ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s✳ ❆s ♣❡r❞❛s ❞♦s ❞✐s♣♦s✐t✐✈♦s q✉❡ ❝♦♠♣õ❡♠ ❡ss❛ ❡str✉t✉r❛ sã♦ ❛♣r❡✲
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✭❜✮

❋✐❣✉r❛ ✹✳✷✼✿ ◆P❈✲✷❇❇✶✿ ✭❛✮ ❇r❛ç♦ ❞♦ r❡t✐✜❝❛❞♦r ✱ ✭❜✮ P❡r❞❛s ♥♦s s❡♠✐❝♦♥❞✉t♦r❡s

s❡♥t❛❞❛s ♥❛ ❋✐❣✉r❛ ✹✳✷✽✭❜✮✳

❆ ❡str✉t✉r❛ ❆◆P❈✲✷❇❇✶ é ❝♦♥st✐t✉í❞❛ ♣♦r ❞♦✐s ❜r❛ç♦s ❞❛ t♦♣♦❧♦❣✐❛ ❆◆P❈✳ ❉❡✈✐❞♦ ❛

✐ss♦✱ ❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ ❡ ❝❤❛✈❡❛♠❡♥t♦ sã♦ ♠❡♥♦r❡s✱ t♦t❛❧✐③❛♥❞♦ 38 ❲✳ ❚❛♠❜é♠✱ ❛

❞✐str✐❜✉✐çã♦ s✐♠étr✐❝❛ ❞❛s ♣❡r❞❛s t♦t❛✐s ❡♥tr❡ ♦s ❞✐s♣♦s✐t✐✈♦s é ♠❛♥t✐❞❛✳

❆ s❡qü❡♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❛♣❧✐❝❛❞❛ ❛ ❡ss❛ ❡str✉t✉r❛ é ❛ ♠❡s♠❛ q✉❡ ❛ ✉t✐❧✐③❛❞❛ ♥♦

❆◆P❈ P❲▼✲✷✱ ❛ q✉❛❧ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❚❛❜❡❧❛ ✹✳✹✳

❆♥❛❧✐s❛♥❞♦ ❛ ❋✐❣✉r❛ ✹✳✷✽✭❜✮✱ ♣♦❞❡✲s❡ ♣❡r❝❡❜❡r q✉❡ ❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❛ té❝♥✐❝❛ ❞❡ ♠♦✲

❞✉❧❛çã♦ P❲▼✲✷ é ♠❛♥t✐❞❛✳ ❆ ❝é❧✉❧❛ ✷ ❝♦♠✉t❛ ❛ ❡❧❡✈❛❞❛ ❢r❡qüê♥❝✐❛✱ ❡♥q✉❛♥t♦ ❛s ♦✉tr❛s

❝é❧✉❧❛s ❝♦♠✉t❛♠ ❛ ❜❛✐①❛ ❢r❡qüê♥❝✐❛✳ ❉❡ss❛ ❢♦r♠❛✱ ❛ ❝é❧✉❧❛ ✷ ♣♦ss✉✐ ♣❡r❞❛s ❞❡ ❝♦♠✉t❛çã♦

s✐❣♥✐✜❝❛t✐✈❛s✱ s❡♥❞♦ ❛s ❝❤❛✈❡s ♠❛✐s ❡str❡ss❛❞❛s ♦s ❞✐s♣♦s✐t✐✈♦s T2 ❡ T2c✳ ❖s tr❛♥s✐st♦r❡s T1✱

T1c✱ T3 ❡ T3c✱ q✉❡ ♣♦ss✉❡♠ ♣❡r❞❛s ♠✉✐t♦ ♣ró①✐♠❛s ❛ ③❡r♦ ♥♦ ❆◆P❈✱ ❛❣♦r❛ ♣♦ss✉❡♠ ♣❡r❞❛s

s✐❣♥✐✜❝❛t✐✈❛s✳
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T1 D1 T1c D1c T2 D2 T2c D2c T3 D3 T3c D3c

Perdas por chaveamento

Perdas por condução

✭❜✮

❋✐❣✉r❛ ✹✳✷✽✿ ❆◆P❈✲✷❇❇✶✿ ✭❛✮ ❇r❛ç♦ ❞♦ r❡t✐✜❝❛❞♦r ✱ ✭❜✮ P❡r❞❛s ♥♦s s❡♠✐❝♦♥❞✉t♦r❡s

• ❆◆P❈✲✷❇❇✷ ❡ ❆◆P❈✲✷❇❇✸✿

❆ ❋✐❣✉r❛ ✹✳✷✾✭❛✮ ♠♦str❛ ✉♠ ❜r❛ç♦ ❞♦ r❡t✐✜❝❛❞♦r ❆◆P❈✲✷❇❇✷✱ ♦ q✉❛❧ é ❝♦♥st✐t✉í❞♦ ♣♦r

q✉❛tr♦ ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s✱ ❡♥q✉❛♥t♦ ❛ ❋✐❣✉r❛ ✹✳✷✾✭❜✮ ♠♦str❛ ❛s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ❡

❝♦♥❞✉çã♦ ❞❡ ❝❛❞❛ tr❛♥s✐st♦r ❡ ❞✐♦❞♦ q✉❡ ❝♦♠♣õ❡ ❛ ❡str✉t✉r❛✳

❆ ❡str✉t✉r❛ ❆◆P❈✲✷❇❇✸ é ❞✉❛❧ ❞❛ t♦♣♦❧♦❣✐❛ ❆◆P❈✲✷❇❇✷✱ s❡♥❞♦ q✉❡ ❛ ❋✐❣✉r❛ ✹✳✸✵✭❛✮

♠♦str❛ ✉♠ ❜r❛ç♦ ❞❡ss❛ ❡str✉t✉r❛✳ ❉❛ ♠❡s♠❛ ❢♦r♠❛✱ ♥❛ ❋✐❣✉r❛ ✹✳✸✵✭❜✮ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s

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

❆ ❡str✉t✉r❛ ❆◆P❈✲✷❇❇✷ é ❝♦♥st✐t✉í❞❛ ♣♦r ❞♦✐s ❜r❛ç♦s ❞❛ t♦♣♦❧♦❣✐❛ ❆◆P❈✲✸❇❇✷✱ ❡♥✲

q✉❛♥t♦ q✉❡ ❛ ❡str✉t✉r❛ ❆◆P❈✲✷❇❇✸ é ❝♦♥st✐t✉í❞❛ ♣♦r ❞♦✐s ❜r❛ç♦s ❞❛ t♦♣♦❧♦❣✐❛ ❆◆P❈✲✸❇❇✶✳

❖s r❡t✐✜❝❛❞♦r❡s ❆◆P❈✲✷❇❇✷ ❡ ❆◆P❈✲✷❇❇✸ sã♦ ❡str✉t✉r❛s ❞✉❛✐s✱ ♣♦r ✐ss♦ ♣♦ss✉❡♠ ♣❡r❞❛s

t♦t❛✐s ✐❞ê♥t✐❝❛s ❡ ❡q✉✐✈❛❧❡♥t❡s ❛ 32 ❲✳
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✭❜✮

❋✐❣✉r❛ ✹✳✷✾✿ ❆◆P❈✲✷❇❇✷✿ ✭❛✮ ❇r❛ç♦ ❞♦ r❡t✐✜❝❛❞♦r ✱ ✭❜✮ P❡r❞❛s ♥♦s s❡♠✐❝♦♥❞✉t♦r❡s

❆s ❝❤❛✈❡s ♠❛✐s ❡str❡ss❛❞❛s sã♦ ♦s tr❛♥s✐st♦r❡s T1c ❡ T2✱ ❝♦♠♦ é ❝♦♥st❛t❛❞♦ ♥❛ ❞✐str✐❜✉✐çã♦

❞❡ ♣❡r❞❛s ❞❛s ❡str✉t✉r❛s ❆◆P❈✲✸❇❇✶ ❡ ❆◆P❈✲✸❇❇✷✳ ❊♥tr❡t❛♥t♦✱ ♥❛ ❞✐str✐❜✉✐çã♦ ❞❡ ♣❡r❞❛s

❞❛s t♦♣♦❧♦❣✐❛s ❆◆P❈✲✷❇❇✷ ❡ ❆◆P❈✲✷❇❇✸✱ ♦s tr❛♥s✐st♦r❡s T1 ❡ T2c ♣♦ss✉❡♠ ♣❡r❞❛s ❞❡

❝♦♠✉t❛çã♦ ❡ ❞❡ ❝♦♥❞✉çã♦ s✐❣♥✐✜❝❛t✐✈❛s✳

P♦❞❡✲s❡ ♣❡r❝❡❜❡r ♣❡❧❛ ❋✐❣✉r❛ ✹✳✸✵✭❜✮✱ q✉❡ ❛ ❞✐str✐❜✉✐çã♦ ❞❡ ♣❡r❞❛s t❛♠❜é♠ ♥ã♦ é s✐♠é✲

tr✐❝❛ ♣❛r❛ ❛s ❡str✉t✉r❛s ❞❡ ❞♦✐s ❜r❛ç♦s✳ ❆s ♣❡r❞❛s t♦t❛✐s ♥♦s ❞✐s♣♦s✐t✐✈♦s T1✲D1 ❡ T2c✲D2c sã♦

✐❣✉❛✐s✳ ❏á ♥♦s ❞✐s♣♦s✐t✐✈♦s T1c✲D1c ❡ T2✲D2 ♥ã♦✳ ◆♦ ❝❛s♦ ❞❛ ❡str✉t✉r❛ ❆◆P❈✲✷❇❇✷ ♦ ❞✐♦❞♦

D2 t❡♠ ♠❛✐s ♣❡r❞❛s ❞❡ ❝♦♥❞✉çã♦ q✉❡ ♦ ❞✐♦❞♦ D1c✳ ■ss♦ ♦❝♦rr❡ ❞❡✈✐❞♦ ❛ D2 s❡r ✉t✐❧✐③❛❞♦ ♣❛r❛

♦❜t❡r ♦ ❡st❛❞♦ ❞❡ ❝♦♠✉t❛çã♦ P ❡ O✱ ❡♥q✉❛♥t♦ D1c é ❡♠♣r❡❣❛❞♦ ❛♣❡♥❛s ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦

❡st❛❞♦ O✳ ❆ ♠❡s♠❛ ❛♥á❧✐s❡ ❞✉❛❧ é ✈á❧✐❞❛ ♣❛r❛ ❛ ❡str✉t✉r❛ ❆◆P❈✲✷❇❇✸✳

❆ ❋✐❣✉r❛ ✹✳✸✶ ❛♣r❡s❡♥t❛ ❛s ❢♦r♠❛s ❞❡ ♦♥❞❛ ❞❡ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❞❛s t♦♣♦✲

❧♦❣✐❛s ◆P❈✲✷❇❇✶✱ ❆◆P❈✲✷❇❇✶✱ ❆◆P❈✲✷❇❇✷ ❡ ❆◆P❈✲✷❇❇✸✱ ♦❜t✐❞❛s ♣♦r s✐♠✉❧❛çã♦✱ ♣❛r❛

✈✐s✉❛❧✐③❛çã♦ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛✳
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❋✐❣✉r❛ ✹✳✸✵✿ ❆◆P❈✲✷❇❇✸✿ ✭❛✮ ❇r❛ç♦ ❞♦ r❡t✐✜❝❛❞♦r ✱ ✭❜✮ P❡r❞❛s ♥♦s s❡♠✐❝♦♥❞✉t♦r❡s

❆ ❋✐❣✉r❛ ✹✳✸✷ ❛♣r❡s❡♥t❛ ❛s ❢♦r♠❛s ❞❡ ♦♥❞❛ ❞❡ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❞❛s t♦♣♦❧♦❣✐❛s

◆P❈✲✷❇❇✶ ❡ ❆◆P❈✲✷❇❇✷✱ ♦❜t✐❞❛s ❛tr❛✈és ❞❛ ♣❧❛t❛❢♦r♠❛ ❡①♣❡r✐♠❡♥t❛❧✱ ♣❛r❛ ✈✐s✉❛❧✐③❛çã♦

❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛✳

❆ ❚❛❜❡❧❛ ✹✳✶✵ ♠♦str❛ ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞❡ ❚❍❉ ❡ ❞❡ ❋P ❞❛s t♦♣♦❧♦❣✐❛s ◆P❈✲

✷❇❇✶✱ ❆◆P❈✲✷❇❇✶✱ ❆◆P❈✲✷❇❇✷ ❡ ❆◆P❈✲✷❇❇✸✱ ♦♣❡r❛♥❞♦ ❝♦♠ ❖❈❈✳

❚❛❜❡❧❛ ✹✳✶✵✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞❡ ❚❍❉ ♣❛r❛ ◆P❈✲✷❇❇✶✱ ❆◆P❈✲✷❇❇✶✱
❆◆P❈✲✷❇❇✷ ❡ ❆◆P❈✲✷❇❇✸

P❛râ♠❡tr♦ ◆P❈✲✷❇❇✶ ❆◆P❈✲✷❇❇✶ ❆◆P❈✲✷❇❇✷ ❆◆P❈✲✷❇❇✸
❚❍❉ ✐ ✭✪✮ ✷✱✵✻ ✷✱✵✻ ✷✱✵✻ ✷✱✵✺

❋P ✵✱✾✾✷ ✵✱✾✾✷ ✵✱✾✾✷ ✵✱✾✾✷

❆ ❚❛❜❡❧❛ ✹✳✶✶ ♠♦str❛ ♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ ❚❍❉ ❡ ❞❡ ❋P ♣❛r❛ ❛s ❡str✉t✉r❛

◆P❈✲✷❇❇✶ ❡ ❆◆P❈✲✷❇❇✷✱ ♦♣❡r❛♥❞♦ ❝♦♠ ❖❈❈✳
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❋✐❣✉r❛ ✹✳✸✶✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❞❛ t♦♣♦❧♦❣✐❛ ✭❛✮ ◆P❈✲
✷❇❇✶ ✭❜✮ ❆◆P❈✲✷❇❇✶ ✭❝✮ ❆◆P❈✲✷❇❇✷ ❡ ✭❞✮ ❆◆P❈✲✷❇❇✸

✭❛✮ ✭❜✮

❋✐❣✉r❛ ✹✳✸✷✿ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❞❛ t♦♣♦❧♦❣✐❛ ✭❛✮ ❆◆P❈✲
✸❇❇✷ ❡ ✭❜✮ ❆◆P❈✲✸❇❇✸
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❚❛❜❡❧❛ ✹✳✶✶✿ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ ❚❍❉ ♣❛r❛ ◆P❈✲✷❇❇✶ ❡ ❆◆P❈✲✷❇❇✷

P❛râ♠❡tr♦ ◆P❈✲✷❇❇✶ ❆◆P❈✲✷❇❇✷
❚❍❉ ✐ ✭✪✮ ✶✱✺✾ ✶✱✾✽

❋P ✵✱✾✻✻ ✵✱✾✻✷

✹✳✽ ❆♥á❧✐s❡ ❞❛s ❊str✉t✉r❛s ❯♥✐❞✐r❡❝✐♦♥❛✐s ❝♦♠ ❚rês ❇r❛✲

ç♦s

❆s ♣❡r❞❛s t♦t❛✐s ❞❡ ❝❛❞❛ t♦♣♦❧♦❣✐❛ ❡ ❛s ♣❡r❞❛s ✐♥❞✐✈✐❞✉❛✐s ❞♦s tr❛♥s✐st♦r❡s ❡ ❞✐♦❞♦s ✉t✐❧✐③❛❞♦s

♥❛s t♦♣♦❧♦❣✐❛s✿ ◆P❈✲✸❇❯✶✱ ❆◆P❈✲✸❇❯✶✱ ❆◆P❈✲✸❇❯✷ ❡ ❆◆P❈✲✸❇❯✸ sã♦ ❛♣r❡s❡♥t❛❞❛s

♥❡st❛ s❡çã♦✳ ❖s ♣❛râ♠❡tr♦s ✉t✐❧✐③❛❞♦s ♥❛s s✐♠✉❧❛çõ❡s ❞❡ ❡st✐♠❛t✐✈❛s ❞❡ ♣❡r❞❛s sã♦ ♠♦str❛❞♦s

♥♦ ❆♣ê♥❞✐❝❡ ❆✳

❆ ❚❛❜❡❧❛ ✹✳✶✷ ❛♣r❡s❡♥t❛ ❛ s❡qüê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❛♣❧✐❝❛❞❛ ❛♦ ◆P❈✲✸❇❯✶✱ ❆◆P❈✲

✸❇❯✷ ❡ ❆◆P❈✲✸❇❯✸✳

❚❛❜❡❧❛ ✹✳✶✷✿ ❙❡qüê♥❝✐❛ ❞❡ ❈❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ◆P❈✲✸❇❯✶✱ ❆◆P❈✲✸❇❯✷ ❡ ❆◆P❈✲
✸❇❯✸

❊st❛❞♦ ❞❡ ❙❡q✳ ❞❡
❈♦♠✉t❛çã♦ ❈❤❛✈❡❛♠✳

S1 S2

N ✵ ✶
O ✶ ✶
P ✶ ✵

• ◆P❈✲✸❇❯✶✿

❆ ❋✐❣✉r❛ ✹✳✸✸✭❛✮ ♠♦str❛ ✉♠ ❜r❛ç♦ ❞♦ r❡t✐✜❝❛❞♦r ◆P❈✲✸❇❯✶✱ ♦ q✉❛❧ é ❝♦♥st✐t✉í❞♦ ♣♦r

❞✉❛s ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s ❡ q✉❛tr♦ ❞✐♦❞♦s✳ ❊♥q✉❛♥t♦ q✉❡ ❛ ❋✐❣✉r❛ ✹✳✸✸✭❜✮ ♠♦str❛ ❛s ♣❡r❞❛s

♣♦r ❝❤❛✈❡❛♠❡♥t♦ ❡ ❝♦♥❞✉çã♦ ❞❡ ❝❛❞❛ tr❛♥s✐st♦r ❡ ❝❛❞❛ ❞✐♦❞♦ q✉❡ ❝♦♠♣õ❡ ❛ ❡str✉t✉r❛✳

❆ ❡str✉t✉r❛ ◆P❈✲✸❇❯✶ ♣♦ss✉✐ ♣❡r❞❛s t♦t❛✐s ❞❡ ❝♦♥❞✉çã♦ ❡ ❞❡ ❝♦♠✉t❛çã♦ ✐❣✉❛✐s ❛ 35

❲✳ ❆ ♣❛rt✐r ❞❛ ❋✐❣✉r❛ ✹✳✸✸✭❜✮ ♣♦❞❡✲s❡ ♣❡r❝❡❜❡r q✉❡ ❛ ❞✐str✐❜✉✐çã♦ ❞❛s ♣❡r❞❛s é s✐♠étr✐❝❛✳

❆s ♣❡r❞❛s t♦t❛✐s ♥♦s ❞✐s♣♦s✐t✐✈♦s T1✲D1 ❡ T2✲D2 sã♦ ✐❣✉❛✐s✳ ❆ss✐♠ ❝♦♠♦ ❛s ♣❡r❞❛s ❞❡ Du1 ❡

Dd1❀ ❡ ❞❡ Du2 ❡ Dd2✳
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❋✐❣✉r❛ ✹✳✸✸✿ ◆P❈✲✸❇❯✶✿ ✭❛✮ ❇r❛ç♦ ❞♦ r❡t✐✜❝❛❞♦r ✱ ✭❜✮ P❡r❞❛s ♥♦s s❡♠✐❝♦♥❞✉t♦r❡s

❆s ❝❤❛✈❡s ❝♦♠ ♠❛✐♦r❡s ♣❡r❞❛s ❞❡ ❝♦♠✉t❛çã♦ sã♦ ♦s tr❛♥s✐st♦r❡s T1 ❡ T2✳ ❏á q✉❡ T1

❞❡t❡r♠✐♥❛ ♦s ❡st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦ P ❡ O ❡ T2 ❞❡t❡r♠✐♥❛ N ❡ O✳

❚❛♠❜é♠ é ♣♦ssí✈❡❧ ♥♦t❛r q✉❡ ❡st❛ té❝♥✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦ ♣❡r♠✐t❡ ♦❜t❡r ✉♠ ❜♦♠ ❜❛❧❛♥✲

❝❡❛♠❡♥t♦ ❞❛ ❞✐str✐❜✉✐çã♦ ❞❡ ♣❡r❞❛s ❡♥tr❡ ♦s ❞✐s♣♦s✐t✐✈♦s ❞❡ ♣♦tê♥❝✐❛✳ ■ss♦ ♣♦rq✉❡ t♦❞❛s ❛s

❝❤❛✈❡s ♣♦ss✉❡♠ ♣❡r❞❛s✱ ♦✉ s❡❥❛✱ sã♦ ✉t✐❧✐③❛❞❛s✳

• ❆◆P❈✲✸❇❯✷ ❡ ❆◆P❈✲✸❇❯✸✿

❆ ❋✐❣✉r❛ ✹✳✸✹✭❛✮ ♠♦str❛ ✉♠ ❜r❛ç♦ ❞♦ r❡t✐✜❝❛❞♦r ❆◆P❈✲✸❇❯✷✱ ♦ q✉❛❧ é ❝♦♥st✐t✉í❞♦ ♣♦r

❞✉❛s ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s ❡ ❞♦✐s ❞✐♦❞♦s✳ ❊♥q✉❛♥t♦ q✉❡ ❛ ❋✐❣✉r❛ ✹✳✸✹✭❜✮ ♠♦str❛ ❛s ♣❡r❞❛s

♣♦r ❝❤❛✈❡❛♠❡♥t♦ ❡ ❝♦♥❞✉çã♦ ❞❡ ❝❛❞❛ tr❛♥s✐st♦r ❡ ❝❛❞❛ ❞✐♦❞♦ q✉❡ ❝♦♠♣õ❡ ❛ ❡str✉t✉r❛✳

❆ ❡str✉t✉r❛ ❆◆P❈✲✸❇❯✸ é ❞✉❛❧ ❞❛ t♦♣♦❧♦❣✐❛ ❆◆P❈✲✸❇❯✷✱ s❡♥❞♦ q✉❡ ❛ ❋✐❣✉r❛ ✹✳✸✺✭❛✮
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T1 D1 T2 D2 Du Dd

Perdas por chaveamento

Perdas por condução

✭❜✮

❋✐❣✉r❛ ✹✳✸✹✿ ❆◆P❈✲✸❇❯✷✿ ✭❛✮ ❇r❛ç♦ ❞♦ r❡t✐✜❝❛❞♦r ✱ ✭❜✮ P❡r❞❛s ♥♦s s❡♠✐❝♦♥❞✉t♦r❡s

♠♦str❛ ✉♠ ❜r❛ç♦ ❞❡ss❛ ❡str✉t✉r❛✳ ❉❛ ♠❡s♠❛ ❢♦r♠❛✱ ♥❛ ❋✐❣✉r❛ ✹✳✸✺✭❜✮ é ❛♣r❡s❡♥t❛❞❛ ❛s

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

❆s ❡str✉t✉r❛s ❆◆P❈✲✸❇❯✷ ❡ ❆◆P❈✲✸❇❯✸ ♣♦ss✉❡♠ ♣❡r❞❛s t♦t❛✐s ✐❞ê♥t✐❝❛s ❡ ❡q✉✐✈❛❧❡♥t❡s

❛ 32 ❲✳ ❆s ❝❤❛✈❡s ♠❛✐s ❡str❡ss❛❞❛s sã♦ ♦s tr❛♥s✐st♦r❡s T1 ❡ T2✱ ♦s q✉❛✐s sã♦ ✉t✐❧✐③❛❞❛s ♥❛

❞❡t❡r♠✐♥❛çã♦ ❞♦s ❡st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦ P ❡ O ♣❛r❛ ♦ ❆◆P❈✲✸❇❯✷❀ ❡ N ❡ O ♣❛r❛ ♦ ❆◆P❈✲

✸❇❯✸✳

❆♥❛❧✐s❛♥❞♦ ❛s ❋✐❣✉r❛s ✹✳✸✹✭❜✮ ❡ ✹✳✸✺✭❜✮ ♣♦❞❡✲s❡ ❝♦♥❝❧✉✐r q✉❡ ❛ ❞✐str✐❜✉✐çã♦ ❞❛s ♣❡r❞❛s

♥ã♦ é s✐♠étr✐❝❛✳ ❆s ♣❡r❞❛s t♦t❛✐s ♥♦s ❞✐♣♦s✐t✐✈♦s Du ❡ Dd sã♦ ✐❣✉❛✐s✳ ❏á ♥♦s ❞✐s♣♦s✐t✐✈♦s T1✲

D1 ❡ T2✲D2 ♥ã♦✳ ◆♦ ❝❛s♦ ❞❛ ❡str✉t✉r❛ ❆◆P❈✲✸❇❯✷ ♦ ❞✐♦❞♦ D1 t❡♠ ♠❛✐s ♣❡r❞❛s ❞❡ ❝♦♥❞✉çã♦

q✉❡ ♦ ❞✐♦❞♦ D2✳ ■ss♦ ♦❝♦rr❡ ❞❡✈✐❞♦ ❛ D1 s❡r ✉t✐❧✐③❛❞♦ ♣❛r❛ ♦❜t❡r ♦ ❡st❛❞♦ ❞❡ ❝♦♠✉t❛çã♦ P ❡

O✱ ❡♥q✉❛♥t♦ D2 é ❡♠♣r❡❣❛❞♦ ❛♣❡♥❛s ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦ ❡st❛❞♦ O✳ ❆ ♠❡s♠❛ ❛♥á❧✐s❡ ❞✉❛❧

é ✈á❧✐❞❛ ♣❛r❛ ❛ ❡str✉t✉r❛ ❆◆P❈✲✸❇❯✸✳

• ❆◆P❈✲✸❇❯✶✿
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❋✐❣✉r❛ ✹✳✸✺✿ ❆◆P❈✲✸❇❯✸✿ ✭❛✮ ❇r❛ç♦ ❞♦ r❡t✐✜❝❛❞♦r ✱ ✭❜✮ P❡r❞❛s ♥♦s s❡♠✐❝♦♥❞✉t♦r❡s

❆ ❋✐❣✉r❛ ✹✳✸✻✭❛✮ ♠♦str❛ ✉♠ ❜r❛ç♦ ❞♦ r❡t✐✜❝❛❞♦r ❆◆P❈✲✸❇❯✶✱ ♦ q✉❛❧ é ❝♦♥st✐t✉í❞♦ ♣♦r

q✉❛tr♦ ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s ❡ ❞♦✐s ❞✐♦❞♦s✳ ❊♥q✉❛♥t♦ q✉❡ ❛ ❋✐❣✉r❛ ✹✳✸✻✭❜✮ ♠♦str❛ ❛s ♣❡r❞❛s

♣♦r ❝❤❛✈❡❛♠❡♥t♦ ❡ ❝♦♥❞✉çã♦ ❞❡ ❝❛❞❛ tr❛♥s✐st♦r ❡ ❝❛❞❛ ❞✐♦❞♦ q✉❡ ❝♦♠♣õ❡ ❛ ❡str✉t✉r❛✳

❆ ❚❛❜❡❧❛ ✹✳✶ ♠♦str❛ ❛ s❡qüê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❛♣❧✐❝❛❞❛ ❛♦ ❆◆P❈✲✸❇❯✶✳

❚❛❜❡❧❛ ✹✳✶✸✿ ❙❡qüê♥❝✐❛ ❞❡ ❈❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ❆◆P❈✲✸❇❯✶

❊st❛❞♦ ❞❡ ❙❡q✳ ❞❡ ❈❤❛✈❡❛♠❡♥t♦
❈♦♠✉t❛çã♦ S1 S1c S2 S2c

N ✵ ✶ ✵ ✶
O− ✵ ✶ ✶ ✵
O+ ✶ ✵ ✵ ✶
P ✶ ✵ ✶ ✵

❆ ❡str✉t✉r❛ ❆◆P❈✲✸❇❯✶ ♣♦ss✉✐ ♣❡r❞❛s t♦t❛✐s ❞❡ ❝♦♥❞✉çã♦ ❡ ❞❡ ❝♦♠✉t❛çã♦ ✐❣✉❛✐s ❛ 36

❲✳ ❆ ♣❛rt✐r ❞❛ ❋✐❣✉r❛ ✹✳✸✻✭❜✮ ♣♦❞❡✲s❡ ♣❡r❝❡❜❡r q✉❡ ❛ ❞✐str✐❜✉✐çã♦ ❞❛s ♣❡r❞❛s é s✐♠étr✐❝❛✳
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T1 D1 T1c D1c T2 D2 T2c D2c Du Dd

Perdas por chaveamento

Perdas por condução

✭❜✮

❋✐❣✉r❛ ✹✳✸✻✿ ❆◆P❈✲✸❇❯✶✿ ✭❛✮ ❇r❛ç♦ ❞♦ r❡t✐✜❝❛❞♦r ✱ ✭❜✮ P❡r❞❛s ♥♦s s❡♠✐❝♦♥❞✉t♦r❡s

❆s ♣❡r❞❛s t♦t❛✐s ♥♦s ❞✐s♣♦s✐t✐✈♦s T2✲D2 ❡ T2c✲D2c sã♦ ✐❣✉❛✐s✱ ❛ss✐♠ ❝♦♠♦ ❛s ♣❡r❞❛s ❞❡ T1✲D1

❡ T1c✲D1c✳ ❖ ♠❡s♠♦ é ✈á❧✐❞♦ ♣❛r❛ ♦s ❞✐♦❞♦s Du ❡ Dd✳

❆s ❝❤❛✈❡s ❝♦♠ ♠❛✐♦r❡s ♣❡r❞❛s ❞❡ ❝♦♠✉t❛çã♦ sã♦ ♦s tr❛♥s✐st♦r❡s T2 ❡ T2c✳ ❊ss❡s ❝♦♥❞✉③❡♠

♣❛r❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦s ❡st❛❞♦s O− ❡ O+ ❡ sã♦ ❜❧♦q✉❡❛❞♦s ♣❛r❛ ❛ ♦❜t❡♥çã♦ ❞♦s ❡st❛❞♦s P

❡ N ✳ ❖s tr❛♥s✐st♦r❡s T1 ❡ T1c ❡ ♦s ❞✐♦❞♦s D2 ❡ D2c ♣❡r❞❛s ♣ró①✐♠❛s ❛ ③❡r♦✳

❆ ❋✐❣✉r❛ ✹✳✸✼ ♠♦str❛ ❛s ❝♦rr❡♥t❡s ♥♦s tr❛♥s✐st♦r❡s Ta1 ❡ Ta1c ❡ ♥♦s ❞✐♦❞♦s Da2 ❡ Da2c

❞❛ ❡str✉t✉r❛ ❆◆P❈✲✸❇❯✶ ♦♣❡r❛❞♦ ❝♦♠ ❙P❲▼✳ ❆s ❝♦rr❡♥t❡s ❛♣r❡s❡♥t❛❞❛s r❡❢♦rç❛♠ q✉❡ ❛s

♣❡r❞❛s ♥❡ss❛s ❝❤❛✈❡s sã♦ ♠✉✐t♦ ♣ró①✐♠❛s ❛ ③❡r♦✳

❆ ❚❛❜❡❧❛ ✹✳✶✹ ♠♦str❛ ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞❡ ❚❍❉ ❡ ❞❡ ❋P ❞❛s t♦♣♦❧♦❣✐❛s ◆P❈✲

✸❇❯✶✱ ❆◆P❈✲✸❇❯✶✱ ❆◆P❈✲✸❇❯✷ ❡ ❆◆P❈✲✸❇❯✸✱ ♦♣❡r❛♥❞♦ ❝♦♠ ❖❈❈✳

❆ ❚❛❜❡❧❛ ✹✳✶✺ ♠♦str❛ ♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ ❚❍❉ ❡ ❞❡ ❋P ♣❛r❛ ❛ ❡str✉t✉r❛
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❋✐❣✉r❛ ✹✳✸✼✿ ❈♦rr❡♥t❡ ♥❛ ❢❛s❡ ❛ ❝♦♠♣❛r❛❞❛ ❝♦♠ ❛ ❝♦rr❡♥t❡ ♥❛ ❝❤❛✈❡ ✭❛✮✐❚❛✶ ✭❜✮✐❚❛✶❝
✭❝✮✐❉❛✷ ✭❞✮✐❉❛✷❝ ♥♦ ❆◆P❈✲✸❇❯✶✳

❚❛❜❡❧❛ ✹✳✶✹✿ ❘❡s✉❧t❛❞♦s ❞❡ ❙✐♠✉❧❛çã♦ ❞❡ ❚❍❉ ❡ ❋P ♣❛r❛ ◆P❈✲✸❇❯✶✱ ❆◆P❈✲
✸❇❯✶✱ ❆◆P❈✲✸❇❯✷ ❡ ❆◆P❈✲✸❇❯✸

P❛râ♠❡tr♦ ◆P❈✲✸❇❯✶ ❆◆P❈✲✸❇❯✶ ❆◆P❈✲✸❇❯✷ ❆◆P❈✲✸❇❯✸
❚❍❉ ✐ ✭✪✮ ✷✱✺✶ ✷✱✹✾ ✷✱✺✵ ✷✱✹✸

❋P ✵✱✾✾✼ ✵✱✾✾✼ ✵✱✾✾✼ ✵✱✾✾✼
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◆P❈✲✸❇❯✶✱ ♦♣❡r❛♥❞♦ ❝♦♠ ❖❈❈✳

❚❛❜❡❧❛ ✹✳✶✺✿ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ ❚❍❉ ❡ ❋P ♣❛r❛ ◆P❈✲✸❇❯✶

P❛râ♠❡tr♦ ◆P❈✲✸❇❯✶
❚❍❉ ✐ ✭✪✮ ✷✱✾✶

❋P ✵✱✾✾✸

❆ ❋✐❣✉r❛ ✹✳✸✽ ❛♣r❡s❡♥t❛ ❛s ❢♦r♠❛s ❞❡ ♦♥❞❛ ❞❡ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❞❛s t♦♣♦✲

❧♦❣✐❛s ◆P❈✲✸❇❯✶✱ ❆◆P❈✲✸❇❯✶✱ ❆◆P❈✲✸❇❯✷ ❡ ❆◆P❈✲✸❇❯✸✱ ♦❜t✐❞❛s ♣♦r s✐♠✉❧❛çã♦ ♣❛r❛

✈✐s✉❛❧✐③❛çã♦ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛✳
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✭❞✮

❋✐❣✉r❛ ✹✳✸✽✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❞❛ t♦♣♦❧♦❣✐❛ ✭❛✮ ◆P❈✲
✸❇❯✶ ✭❜✮ ❆◆P❈✲✸❇❯✶ ✭❝✮ ❆◆P❈✲✸❇❯✷ ✭❞✮ ❆◆P❈✲✸❇❯✸

❆ ❋✐❣✉r❛ ✹✳✸✾ ❛♣r❡s❡♥t❛ ❛s ❢♦r♠❛s ❞❡ ♦♥❞❛ ❞❡ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ ❡♥tr❛❞❛ ❞❛ t♦♣♦❧♦✲

❣✐❛s ◆P❈✲✸❇❯✶✱ ♦❜t✐❞❛s ❛tr❛✈és ❞❡ ♣❧❛t❛❢♦r♠❛ ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛ ✈✐s✉❛❧✐③❛çã♦ ❞♦ ❢❛t♦r ❞❡

♣♦tê♥❝✐❛✳



❆♥á❧✐s❡ ❞❛s ❊str✉t✉r❛s ❘❡t✐✜❝❛❞♦r❛s ✶✸✶

❋✐❣✉r❛ ✹✳✸✾✿ ❘❡t✐✜❝❛❞♦r ◆P❈✲✸❇❯✶✳

✹✳✾ ❈♦♥❝❧✉sõ❡s

◆❡st❡ ❝❛♣ít✉❧♦ é ♣r♦♣♦st♦ q✉❛♥t✐✜❝❛r ❛s ♣❡r❞❛s ♥♦s s❡♠✐❝♦♥❞✉t♦r❡s ❞❡ ♣♦tê♥❝✐❛✱ ♦ ❋P ❡ ❛

❚❍❉ ❞♦s r❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ◆P❈✱ ❆◆P❈ ❡ ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s✳

❆ t♦♣♦❧♦❣✐❛ q✉❡ ❛♣r❡s❡♥t❛ ♠❛✐♦r❡s ♣❡r❞❛s é ❛ q✉❡ ♣♦ss✉✐ ♠❛✐♦r q✉❛♥t✐❞❛❞❡ ❞❡ ❝♦♠♣♦♥❡♥✲

t❡s✿ ❛ ❆◆P❈✳ ❊ss❛ t♦♣♦❧♦❣✐❛ ♣❡r♠✐t❡ três t✐♣♦s ❞❡ ♠♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ ✭P❲▼✲✶✱

P❲▼✲✷ ❡ P❲▼✲✸✮✳ ❆s três ❡str❛té❣✐❛s sã♦ ❡q✉✐✈❛❧❡♥t❡s ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❞❡ ♣❡r❞❛s t♦t❛✐s ❞♦

❝♦♥✈❡rs♦r✳ P♦ré♠ ❛ té❝♥✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦ P❲▼✲✸ ♣❡r♠✐t❡ ♦❜t❡r ✉♠ ♠❡❧❤♦r ❜❛❧❛♥❝❡❛♠❡♥t♦

❞❛ ❞✐str✐❜✉✐çã♦ ❞❡ ♣❡r❞❛s ❡♥tr❡ ♦s ❞✐s♣♦s✐t✐✈♦s ❞❡ ♣♦tê♥❝✐❛✳ ❆s ❡str✉t✉r❛s q✉❡ ❛♣r❡s❡♥t❛✲

r❛♠ ♠❡♥♦r❡s ♣❡r❞❛s sã♦✿ ❛ ❆◆P❈✲✸❇❯✷ ❡ ❛ ❆◆P❈✲✷❇❇✷✳ ❙❡♥❞♦ q✉❡ ❛ ❆◆P❈✲✸❇❯✸ é

❞✉❛❧ ❞❛ ❆◆P❈✲✸❇❯✷❀ ❡ ❛ ❆◆P❈✲✷❇❇✸ é ❞✉❛❧ ❞❛ ❆◆P❈✲✷❇❇✷✳ P♦❞❡✲s❡ ♣❡r❝❡❜❡r q✉❡ ❛

t♦♣♦❧♦❣✐❛ ❆◆P❈✲✷❇❇✷ é ❝♦♥st✐t✉í❞❛ ♣♦r ❛♣❡♥❛s ✽ ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s ❡ ♥❡♥❤✉♠ ❞✐♦❞♦✳ ❆

❆◆P❈✲✸❇❯✷ é ❝♦♠♣♦st❛ ♣♦r ♠❡♥♦s ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s✱ s♦♠❡♥t❡ ✻✱ ♠❛s ♣♦ss✉✐ t❛♠❜é♠ ✻

❞✐♦❞♦s✳ ▲♦❣♦✱ t❡♠✲s❡ ✉♠❛ ❝♦♠♣❡♥s❛çã♦ ❡ ❛s ♣❡r❞❛s t♦t❛✐s ❞❡ ❝♦♥❞✉çã♦ ❡ ❝♦♠✉t❛çã♦ ✜❝❛♠

❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✐❣✉❛✐s ♣❛r❛ ❛♠❜❛s ❛s ❡str✉t✉r❛s✳ ❊♠ t♦❞❛s ❛s s✐t✉❛çõ❡s✱ ♦s r❡t✐✜❝❛❞♦r❡s

❣❛r❛♥t✐r❛♠ ❜❛✐①❛ t❛①❛ ❞❡ ❚❍❉ ❡ ❛❧t♦ ❋P✳ ❖ ❡st✉❞♦ ♣r♦♣♦st♦ ♥♦ ❝❛♣ít✉❧♦ ✹ é ✈❛❧✐❞❛❞♦ ❛

♣❛rt✐r ❞♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦✳



5
❈♦♥❝❧✉sõ❡s ❡ ❚r❛❜❛❧❤♦s ❋✉t✉r♦s

✺✳✶ ❈♦♥❝❧✉sõ❡s

❊st❡ tr❛❜❛❧❤♦ ❞❡ ❞✐ss❡rt❛çã♦ ♣r♦♣ôs ❛ ♦♣❡r❛çã♦ ❞♦s r❡t✐✜❝❛❞♦r❡s ❞❡ três ♥í✈❡✐s ◆P❈✱ ❆◆P❈

❡ ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s✳ ❆s ❡str✉t✉r❛s r❡❞✉③✐❞❛s ❢♦r❛♠ ❝❧❛ss✐✜❝❛❞❛s ❞❡

❛❝♦r❞♦✿ ❝♦♠ ♦ ♥ú♠❡r♦ ❞❡ ❜r❛ç♦s ✭✸❇ ✲ três ❜r❛ç♦s ♦✉ ✷❇ ✲ ❞♦✐s ❜r❛ç♦s✮ ❡ ❝♦♠ ♦ ✢✉①♦ ❞❡

♣♦tê♥❝✐❛ ✭❇ ✲ ❜✐❞✐r❡❝✐♦♥❛❧ ♦✉ ❯ ✲ ✉♥✐❞✐r❡❝✐♦♥❛❧✮✳ ❉❡ss❛ ❢♦r♠❛✱ ❛s ❡str✉t✉r❛s ❝♦♠ ♥ú♠❡r♦

r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ❢♦r♠❛r❛♠ três ❣r✉♣♦s ❞❡ r❡t✐✜❝❛❞♦r❡s✱ ♦s q✉❛✐s sã♦✿ ❜✐❞✐r❡❝✐♦♥❛✐s

❝♦♠ três ❜r❛ç♦s✱ ✉♥✐❞✐r❡❝✐♦♥❛✐s ❝♦♠ três ❜r❛ç♦s ❡ ❜✐❞✐r❡❝✐♦♥❛✐s ❝♦♠ ❞♦✐s ❜r❛ç♦s✳

❉❡ss❛ ❢♦r♠❛✱ ❢♦r❛♠ ❡st✉❞❛❞❛s✿ ❛ ❡str✉t✉r❛ ❝♦♥✈❡♥❝✐♦♥❛❧ ◆P❈❀ ❛ ♥♦✈❛ ❡str✉t✉r❛ ♣r♦♣♦st❛

❆◆P❈❀ ❡ ♦♥③❡ ❡str✉t✉r❛s r❡❞✉③✐❞❛s ♦r✐✉♥❞❛s ❞❛s ❞✉❛s ♣r✐♠❡✐r❛s t♦♣♦❧♦❣✐❛s ♠❡♥❝✐♦♥❛❞❛s✳

P❛r❛ t♦❞❛s ❢♦✐ ❛♣r❡s❡♥t❛❞♦ ♦ ❡st✉❞♦ ❞❛ ❝♦♥✜❣✉r❛çã♦ ❞♦ s✐st❡♠❛✱ ♦ ♣r✐♥❝í♣✐♦ ❞❡ ❢✉♥❝✐♦♥❛✲

♠❡♥t♦ ❡ ❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ❛♣❧✐❝❛❞❛ ❛ ❡str✉t✉r❛✳ ❆ ✈❡r✐✜❝❛çã♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦

❞❡ss❛s ❢♦✐ r❡❛❧✐③❛❞♦ ❛tr❛✈és ❞❛ ❛♣r❡s❡♥t❛çã♦ ❞❡ r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❡ ❞❡ r❡s✉❧t❛❞♦s ❡①✲

♣❡r✐♠❡♥t❛✐s✳

P❛r❛ ❛s t♦♣♦❧♦❣✐❛s ◆P❈ ❡ ❆◆P❈ ❢♦r❛♠ ❛♣❧✐❝❛❞❛s ❛s ❡str❛té❣✐❛s ❞❡ ❝♦♥tr♦❧❡ ❖❈❈ ❙P❲▼

❡ ❖❈❈ ❍P❲▼✳ ❊♠ ❛♠❜❛s ❛s ❡str❛té❣✐❛s✱ ♦s r❡t✐✜❝❛❞♦r❡s ◆P❈ ❡ ❆◆P❈ ❣❛r❛♥t✐r❛♠ ❝♦rr❡♥t❡s

tr✐❢ás✐❝❛s ❞❡ ❡♥tr❛❞❛ s❡♥♦✐❞❛✐s ❡ t❡♥sõ❡s ♥♦s ❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦ ❜❛❧❛♥❝❡❛❞❛s✳ ◆♦

❝❛s♦ ❞❛s ❡str✉t✉r❛s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✐ss♦ ♥ã♦ ♦❝♦rr❡✉✳ ❖s r❡s✉❧t❛❞♦s

❡①♣❡r✐♠❡♥t❛✐s ❛♣r❡s❡♥t❛r❛♠ í♥❞✐❝❡s ❡❧❡✈❛❞♦s ❞❡ ❚❍❉✳ ❉❡✈✐❞♦ ❛ ✐ss♦✱ ♥❡ss❡ tr❛❜❛❧❤♦✱ ♣❛r❛ ❛s

✶✸✷



❈♦♥❝❧✉sõ❡s ❡ ❚r❛❜❛❧❤♦s ❋✉t✉r♦s ✶✸✸

❡str✉t✉r❛s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ❢♦✐ ❛♣r❡s❡♥t❛❞♦ ❛♣❡♥❛s ❛ ❡str❛té❣✐❛ ❖❈❈

❙P❲▼✳

❆ ❚❛❜❡❧❛ ✺✳✶ ❛♣r❡s❡♥t❛ ❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ❛s ❡str✉t✉r❛s ❡st✉❞❛❞❛s ♥❡st❡ tr❛❜❛❧❤♦ ❞❡

❞✐ss❡rt❛çã♦✳ P❛r❛ t❛♥t♦ é ♠♦str❛❞♦ ❞❡ ❝❛❞❛ ❡str✉t✉r❛✿ q✉❛♥t✐❞❛❞❡ ❞❡ ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s ❡

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

❚❍❉ ❡ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛✳

❚❛❜❡❧❛ ✺✳✶✿ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ❡str✉t✉r❛s ❛ ♣❛rt✐r ❞❡ r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦

◆♦♠❡♥❝❧❛t✉r❛ ❈❤❛✈❡s ❉✐♦❞♦s ❊str❛té❣✐❛ P❡r❞❛s ❚♦t❛✐s ❚❍❉ ❋P
❞❛ ❊str✉t✉r❛ ❇✐❞✐r❡❝✐♦♥❛✐s ❞❡ ❈♦♥tr♦❧❡ ✭❲✮ ✭✪✮

◆P❈ ✶✷ ✻ ❙P❲▼ 41 2, 16 ✵✱✾✾✽
❍P❲▼ 41 1, 95 ✵✱✾✾✽

❆◆P❈✲P❲▼✶ ✶✽ ✲ ❙P▼❲ 42 2, 15 ✵✱✾✾✼
❍P▼❲ 42 1, 93 ✵✱✾✾✽

❆◆P❈✲P❲▼✷ ✶✽ ✲ ❙P▼❲ 42 2, 23 ✵✱✾✾✼
❍P▼❲ 42 1, 95 ✵✱✾✾✽

❆◆P❈✲P❲▼✸ ✶✽ ✲ ❙P▼❲ 42 2, 16 ✵✱✾✾✽
❍P▼❲ 42 1, 92 ✵✱✾✾✽

❆◆P❈✲✸❇❇✶ ✶✷ ✲ ❙P▼❲ 36 2, 16 ✵✱✾✾✽
❆◆P❈✲✸❇❇✷ ✶✷ ✲ ❙P▼❲ 36 2, 16 ✵✱✾✾✽
❆◆P❈✲✸❇❇✸ ✶✷ ✻ ❙P▼❲ 39 2, 24 ✵✱✾✾✼
◆P❈✲✷❇❇✶ ✽ ✹ ❙P▼❲ 36 2, 06 ✵✱✾✾✷
❆◆P❈✲✷❇❇✶ ✶✷ ✲ ❙P▼❲ 38 2, 06 ✵✱✾✾✷
❆◆P❈✲✷❇❇✷ ✽ ✲ ❙P▼❲ 32.5 2, 06 ✵✱✾✾✷
❆◆P❈✲✷❇❇✸ ✽ ✲ ❙P▼❲ 32.5 2, 05 ✵✱✾✾✷
◆P❈✲✸❇❯✶ ✻ ✶✷ ❙P▼❲ 35 2, 51 ✵✱✾✾✼
❆◆P❈✲✸❇❯✶ ✶✷ ✻ ❙P▼❲ 36 2, 49 ✵✱✾✾✼
❆◆P❈✲✸❇❯✷ ✻ ✻ ❙P▼❲ 32 2, 50 ✵✱✾✾✼
❆◆P❈✲✸❇❯✸ ✻ ✻ ❙P▼❲ 32 2, 43 ✵✱✾✾✼

❆ ♣❛rt✐r ❞❛ ❚❛❜❡❧❛ ✺✳✶ ♣♦❞❡✲s❡ ❝♦♥❝❧✉✐r q✉❡ ❛s ♣❡r❞❛s t♦t❛✐s ♥ã♦ sã♦ ♣r♦♣♦r❝✐♦♥❛✐s ❛

r❡❞✉çã♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s✳ ❆ ❡str✉t✉r❛ ❆◆P❈✲✷❇❇✷ ♣♦ss✉✐ 55✪ ♠❡♥♦s ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s

q✉❡ ❛ t♦♣♦❧♦❣✐❛ ❆◆P❈✳ ◆♦ ❡♥t❛♥t♦✱ ❛s ♣❡r❞❛s r❡❞✉③✐r❛♠ ❛♣❡♥❛s 33✪✳

❆s ❡str✉t✉r❛s q✉❡ ❛♣r❡s❡♥t❛r❛♠ ♠❡♥♦r❡s ♣❡r❞❛s sã♦✿ ❛ ❆◆P❈✲✸❇❯✷ ❡ ❛ ❆◆P❈✲✷❇❇✷✳

❙❡♥❞♦ q✉❡ ❛ ❆◆P❈✲✸❇❯✸ é ❞✉❛❧ ❞❛ ❆◆P❈✲✸❇❯✷❀ ❡ ❛ ❆◆P❈✲✷❇❇✸ é ❞✉❛❧ ❞❛ ❆◆P❈✲✷❇❇✷✳

P♦❞❡✲s❡ ♣❡r❝❡❜❡r q✉❡ ❛ t♦♣♦❧♦❣✐❛ ❆◆P❈✲✷❇❇✷ é ❝♦♥st✐t✉í❞❛ ♣♦r ❛♣❡♥❛s ✽ ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s

❡ ♥❡♥❤✉♠ ❞✐♦❞♦✳ ❆ ❆◆P❈✲✸❇❯✷ é ❝♦♠♣♦st❛ ♣♦r ♠❡♥♦s ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s✱ s♦♠❡♥t❡ ✻✱ ♠❛s

♣♦ss✉✐ t❛♠❜é♠ ✻ ❞✐♦❞♦s✳ ▲♦❣♦✱ t❡♠✲s❡ ✉♠❛ ❝♦♠♣❡♥s❛çã♦ ❡ ❛s ♣❡r❞❛s t♦t❛✐s ❞❡ ❝♦♥❞✉çã♦ ❡



❈♦♥❝❧✉sõ❡s ❡ ❚r❛❜❛❧❤♦s ❋✉t✉r♦s ✶✸✹

❝♦♠✉t❛çã♦ ✜❝❛♠ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✐❣✉❛✐s ♣❛r❛ ❛♠❜❛s ❛s ❡str✉t✉r❛s✳

▲♦❣✐❝❛♠❡♥t❡✱ ❛ t♦♣♦❧♦❣✐❛ q✉❡ ❛♣r❡s❡♥t❛ ♠❛✐♦r❡s ♣❡r❞❛s é ❛ q✉❡ ♣♦ss✉✐ ♠❛✐♦r q✉❛♥t✐❞❛❞❡

❞❡ ❝♦♠♣♦♥❡♥t❡s✿ ❛ ❆◆P❈✳ ❊ss❛ t♦♣♦❧♦❣✐❛ ♣❡r♠✐t❡ três t✐♣♦s ❞❡ ♠♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡

♣✉❧s♦ ✭P❲▼✶✱ P❲▼✷ ❡ P❲▼✸✮✳ ❊ss❛s ❡str❛té❣✐❛s ❞✐❢❡r❡♠ ❡♥tr❡ s✐ ♣❡❧♦ t✐♣♦ ❞❡ ❝♦♠✉t❛çã♦

❡ ♣❡❧♦ ♥ú♠❡r♦ ❞❡ ❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ♦❜t❡♥çã♦ ❞♦ ♥í✈❡❧ ③❡r♦✳ ❆s três ❡str❛té❣✐❛s

sã♦ ❡q✉✐✈❛❧❡♥t❡s ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❞❡ ♣❡r❞❛s t♦t❛✐s ❞♦ ❝♦♥✈❡rs♦r✳ P♦ré♠ ❛ té❝♥✐❝❛ ❞❡ ♠♦✲

❞✉❧❛çã♦ P❲▼✸ ♣❡r♠✐t❡ ♦❜t❡r ✉♠ ♠❡❧❤♦r ❜❛❧❛♥❝❡❛♠❡♥t♦ ❞❛ ❞✐str✐❜✉✐çã♦ ❞❡ ♣❡r❞❛s ❡♥tr❡ ♦s

❞✐s♣♦s✐t✐✈♦s ❞❡ ♣♦tê♥❝✐❛✳

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

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

s❡ ❛♣r❡s❡♥t❛r❛♠ ❞❡ ❢♦r♠❛ s❛t✐s❢❛tór✐❛✱ s❡♥❞♦ q✉❡ ♦s í♥❞✐❝❡s ❞❡ ❚❍❉✱ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❡

❜❛❧❛♥❝❡❛♠❡♥t♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❛t✐♥❣✐r❛♠ ✈❛❧♦r❡s ❛❝❡✐tá✈❡✐s✱ ❝♦♠♦ ♠♦str❛ ❛ ❚❛❜❡❧❛ ✺✳✶✳

P♦r ✜♠✱ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❝♦♠ ♦s ❡♥s❛✐♦s ❡①♣❡r✐♠❡♥t❛✐s ❝♦♠♣r♦✈❛♠ ♦s ❡st✉❞♦s r❡❛❧✐③❛❞♦s

♣♦r ♠❡✐♦ ❞❡ s✐♠✉❧❛çõ❡s✳

✺✳✷ ❚r❛❜❛❧❤♦s ❋✉t✉r♦s

❈♦♠♦ ♣r♦♣♦st❛s ♣❛r❛ ❝♦♥t✐♥✉❛çã♦ ❞♦s ❡st✉❞♦s ✐♥✐❝✐❛❞♦s ♥❡st❡ tr❛❜❛❧❤♦✱ tê♠✲s❡✿

• ❱❡r✐✜❝❛r ♦s ❧✐♠✐t❡s ❞❡ ♦♣❡r❛çã♦ ❞❛s ❝♦♥✜❣✉r❛çõ❡s ❡st✉❞❛❞❛s✱ ❡♠ t❡r♠♦s ❞❡ ❢r❡qüê♥❝✐❛

❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❡ ♣♦tê♥❝✐❛❀

• ❱❡r✐✜❝❛r ❛ ♦♣❡r❛çã♦ ❞❛s ❝♦♥✜❣✉r❛çõ❡s ❡st✉❞❛❞❛s ❝♦♠ ❛ ✈❛r✐❛çã♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦❀

• ❘❡❛❧✐③❛r ♦ ❡st✉❞♦ ❞❛s t♦♣♦❧♦❣✐❛s ❝♦♠ ❛♣❡♥❛s ✉♠❛ ❝❛r❣❛✳

• ❆✈❡r✐❣✉❛r ❛ ❝❛✉s❛ ❞♦ r✉í❞♦ ♥❛s ❝♦rr❡♥t❡s ❞❛s t♦♣♦❧♦❣✐❛s ✉♥✐❞✐r❡❝✐♦♥❛✐s❀

• ■♠♣❧❡♠❡♥t❛r ❛ té❝♥✐❝❛ ❖❈❈ ❍í❜r✐❞❛ ♣❛r❛ ❛s t♦❧♦♣♦❧♦❣✐❛s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡

❝♦♠♣♦♥❡♥t❡s❀

• ❘❡❛❧✐③❛r ♦ ❡st✉❞♦ ❞❛s ♣❡r❞❛s ❧❡✈❛♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛ ❢r❡qüê♥❝✐❛ ♠é❞✐❛ ❡ ♦s ❡s❢♦rç♦s

♥❛s ❝❤❛✈❡s❀



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s

❆♥❞r❛❞❡✱ ❆✳ ❙✳ ✭✷✵✶✷✮ ❚é❝♥✐❝❛s ❞❡ ▼♦❞✉❧❛çã♦ ♣❛r❛ ■♥✈❡rs♦r❡s ❞❡ ❚rês ◆í✈❡✐s ❞♦ ❚✐♣♦ ❉✐♦❞♦

●r❛♠♣❡❛❞♦✿ ❇❛❧❛♥❝❡❛♠❡♥t♦ ♥♦ P♦♥t♦ ◆❡✉tr♦✱ ❈á❧❝✉❧♦ ❞❡ P❡r❞❛s ❡ ❘❡❞✉çã♦ ♥♦ ◆ú✲

♠❡r♦ ❞❡ ❈♦♠♣♦♥❡♥t❡s✱ ❉✐ss❡rt❛çã♦✱ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❈❛♠♣✐♥❛ ●r❛♥❞❡✱ ❈❛♠♣✐♥❛

●r❛♥❞❡ ✲ P❛r❛í❜❛ ✲ ❇r❛s✐❧✳

❆tt❛✐❛♥❡s❡✱ ❈✳❀ ❉✐ ▼♦♥❛❝♦✱ ▼✳ ❡ ❚♦♠❛ss♦✱ ●✳ ✭✷✵✶✵✮ ❚❤r❡❡✲♣❤❛s❡ t❤r❡❡✲❧❡✈❡❧ ❛❝t✐✈❡ ♥♣❝

❝♦♥✈❡rt❡rs ❢♦r ❤✐❣❤ ♣♦✇❡r s②st❡♠s✱ ■♥✿ P♦✇❡r ❊❧❡❝tr♦♥✐❝s ❊❧❡❝tr✐❝❛❧ ❉r✐✈❡s ❆✉t♦♠❛t✐♦♥

❛♥❞ ▼♦t✐♦♥ ✭❙P❊❊❉❆▼✮✱ ✷✵✶✵ ■♥t❡r♥❛t✐♦♥❛❧ ❙②♠♣♦s✐✉♠ ♦♥✱ ♣♣✳ ✷✵✹ ✕✷✵✾✳

❇❛❦❡r✱ ❘✳ ❍✳ ❡ ❇❛♥♥✐st❡r✱ ▲✳ ❍✳ ✭✶✾✼✺✮ ❊❧❡❝tr✐❝ ♣♦✇❡r ❝♦♥✈❡rt❡r✱ ❯✳❙✳ P❛t❡♥t ✸ ✽✻✼ ✻✹✸✳

❇❡♥t♦✱ ❆✳ ❡ ❞❛ ❙✐❧✈❛✱ ❊✳ ✭✷✵✵✽✮ ❖♥❡✲❝②❝❧❡ ❝♦♥tr♦❧ str❛t❡❣② ❢♦r t❤r❡❡✲♣❤❛s❡ r❡❝t✐✜❡rs✱ ■♥✿ ❈❇❆

✲ ❈♦♥❣r❡ss♦ ❇r❛s✐❧❡✐r♦ ❞❡ ❆✉t♦♠❛t✐❝❛✳

❇❡♥t♦✱ ❆✳❀ ❞♦s ❙❛♥t♦s✱ ❊✳ ❡ ❞❛ ❙✐❧✈❛✱ ❊✳ ✭✷✵✵✻✮ ❯♥✐✜❡❞ ♦♥❡✲❝②❝❧❡ ❝♦♥tr♦❧❧❡r ❢♦r ❜✐❞✐r❡❝t✐♦♥❛❧

❜♦♦st ♣♦✇❡r ❢❛❝t♦r ❝♦rr❡❝t✐♦♥ r❡❝t✐✜❡rs✱ ■♥✿ ■♥❞✉str② ❆♣♣❧✐❝❛t✐♦♥s ❈♦♥❢❡r❡♥❝❡✱ ✷✵✵✻✳ ✹✶st

■❆❙ ❆♥♥✉❛❧ ▼❡❡t✐♥❣✳ ❈♦♥❢❡r❡♥❝❡ ❘❡❝♦r❞ ♦❢ t❤❡ ✷✵✵✻ ■❊❊❊✱ ✈♦❧✳ ✷✱ ♣♣✳ ✺✹✶ ✕✺✹✼✳

❇❡♥t♦✱ ❆✳❀ ❱✐❡✐r❛✱ P✳ ❡ ❞❛ ❙✐❧✈❛✱ ❊✳ ✭✷✵✶✷✮ ❆♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ♦♥❡✲❝②❝❧❡ ❝♦♥tr♦❧ t❡❝❤♥✐q✉❡ t♦

❛ t❤r❡❡✲♣❤❛s❡ t❤r❡❡✲❧❡✈❡❧ ♥♣❝ r❡❝t✐✜❡r✱ ■♥✿ Pr♦❝✳ ♦❢ ■❊❊❊ ❊♥❡r❣② ❈♦♥✈❡rs✐♦♥ ❈♦♥❣r❡ss
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❊❧❡❝tr✐❝ P♦✇❡r ❙②st❡♠s ❘❡s❡❛r❝❤ ✼✽✱ ♣♣✳ ✷✼✻✕✷✽✾✳
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t❡❣✐❡s ❛♥❞ ❧♦ss ❞✐str✐❜✉t✐♦♥✱ ■♥✿ ■♥❞✉str✐❛❧ ❊❧❡❝tr♦♥✐❝s✱ ✷✵✵✽✳ ■❊❈❖◆ ✷✵✵✽✳ ✸✹t❤ ❆♥♥✉❛❧

❈♦♥❢❡r❡♥❝❡ ♦❢ ■❊❊❊✱ ♣♣✳ ✸✸✸✸ ✕✸✸✸✽✳
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