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➚ ♠✐♥❤❛ ❡s♣♦s❛✱ ✜❧❤❛ ❡ ✜❧❤♦ q✉❡ sã♦
❛ r❛③ã♦ ❞♦ ♠❡✉ ✈✐✈❡r✿

➱r✐❝❛ ▲❛r✐ss❛ ❆♥❞r❛❞❡✱ ❍❛❞❛ss❛
❊❧♦ís❛ ❆♥❞r❛❞❡ ❡ ❆❜♥❡r ❉❛✈✐

❆♥❞r❛❞❡✳
❆ss✐♠ ❝♦♠♦ ❞✐ss❡ ❏♦❤♥ ◆❛s❤✿
✧➱ s♦♠❡♥t❡ ♥❛s ♠✐st❡r✐♦s❛s

❡q✉❛çõ❡s ❞♦ ❛♠♦r
q✉❡ ❛❧❣✉♠❛ ❧ó❣✐❝❛ r❡❛❧ ♣♦❞❡ s❡r

❡♥❝♦♥tr❛❞❛✳✧
➚ ♠✐♥❤❛ ❢❛♠í❧✐❛✿

▼✐♥❤❛ ♠ã❡ ❆r❧❡t❡ ❙✳ ❆♥❞r❛❞❡✱ ♠❡✉
✐r♠ã♦ ❆❜❞ê♥❡❣♦ ❋❡❧✐♣❡ ❙✳ ❆♥❞r❛❞❡✳



❆❣r❛❞❡❝✐♠❡♥t♦s

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

❆♦ ♣r♦❢❡ss♦r ♦r✐❡♥t❛❞♦r ❊❞✐s♦♥ ❘♦❜❡rt♦ ❈❛❜r❛❧ ❞❛ ❙✐❧✈❛ ♣♦r t♦r♥❛r ♣♦ssí✈❡❧ ❡ss❡ tr❛❜❛❧❤♦

❡ ♣❡❧❛ s✉❛ ❝♦♠♣r❡❡♥sã♦✱ ♣❛❝✐ê♥❝✐❛✱ ❛♠✐③❛❞❡ ❡ ❡①♣❡r✐ê♥❝✐❛✳ ❆♦ ♣r♦❢❡ss♦r ❚❛❧✈❛♥❡s ▼❡♥❡s❡s

❖❧✐✈❡✐r❛ ♣♦r t❡r s✐❞♦ ♦ ♠❡✉ ✐♥❝❡♥t✐✈❛❞♦r ❡ ♣r✐♠❡✐r♦ ♦r✐❡♥t❛❞♦r ♥❛ ♣❡sq✉✐s❛✳ ❆♦ ♣r♦❢❡ss♦r

❈✉rs✐♥♦ ❇r❛♥❞ã♦ ❏❛❝♦❜✐♥❛ ♣♦r t❡r ♠❡ ❞❛❞♦ ❛ ♦♣♦rt✉♥✐❞❛❞❡ ❞❡ ✐♥❣r❡ss❛r ♥♦ ▲❊■❆▼✳ ❆♦s

♣r♦❢❡ss♦r❡s ❊✉③❡❧✐ ❈✐♣r✐❛♥♦ ❞♦s ❙❛♥t♦s ❏ú♥✐♦r✱ ❆❧❡①❛♥❞r❡ ❈✉♥❤❛ ❡ ▼❛✉rí❝✐♦ ❇❡❧trã♦ ❇❛♥✲

❞rã♦✱ ▼♦♥t✐❡ ❱✐t♦r✐♥♦ ♣❡❧❛ s✉❛s s✉❣❡stõ❡s ❡ ❝♦♥❤❡❝✐♠❡♥t♦s✳ ❆♦s ❢✉♥❝✐♦♥ár✐♦s ❡ té❝♥✐❝♦s ❞❛

❈❖P❊▲❊✱ ❡♠ ❡s♣❡❝✐❛❧ à ➶♥❣❡❧❛✱ ♣❡❧❛ ❞✐s♣♦s✐çã♦ ❡ ❝♦❧❛❜♦r❛çã♦✳

❆♦s ♠❡✉s ♣❛st♦r❡s✱ ❘❛♠✐❧s♦♥ ❇r✐t♦ ❡ ▲✉❝❧é❝✐❛ ❙✐❧✈❛✱ q✉❡ sã♦ ♦s ♠❡✉s ♠❡♥t♦r❡s ❡s♣✐r✐t✉❛✐s

❡ ✈❡r❞❛❞❡✐r♦s ❛♠✐❣♦s✳

❆♦s ♠❡✉s ❛♠✐❣♦s ❡ ♣❛r❝❡✐r♦s ❞❡ ♣❡sq✉✐s❛✱ ➪❧✈❛r♦ ▼❛❝✐❡❧✱ ❆♥t♦♥✐♦ ❞❡ P❛✉❧❛ ❉✐❛s ◗✉❡✐r♦③

❡ ▲✉❝✐❛♥♦ ❇❛rr♦s✳

❋✐♥❛❧♠❡♥t❡ à ❈❆P❊❙✱ q✉❡ ♣r♦♣♦r❝✐♦♥♦✉ ♦ s✉♣♦rt❡ ✜♥❛♥❝❡✐r♦ ♣❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞❡st❡

tr❛❜❛❧❤♦✳

✐✈



❘❡s✉♠♦

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

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

❯♠ ❞♦s ♣r♦❜❧❡♠❛s ✐♥❡r❡♥t❡ ❛♦s ✐♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s ❝♦♠ ❜❛rr❛♠❡♥t♦ CC ❣r❛♠♣❡❛❞♦ é

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

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

❈♦♠ ❜❛s❡ ♥❛s t♦♣♦❧♦❣✐❛s ❞❡ ✐♥✈❡rs♦r❡s ❞❡ três ♥í✈❡✐s NPC✱ ANPC ❡ FC sã♦ ❛♣r❡s❡♥t❛✲

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

♣❛✐♥❡❧ ❢♦t♦✈♦❧t❛✐❝♦✳ ◆♦✈❛s ♠♦❞✉❧❛çõ❡s ❡ ♦♣❡r❛çõ❡s sã♦ ♣r♦♣♦st♦ ♣❛r❛ ❛s t♦♣♦❧♦❣✐❛s ♠♦❞✐✜✲

❝❛❞❛s✳ ❆❧é♠ ❞❛s t♦♣♦❧♦❣✐❛s ♠♦❞✐✜❝❛❞❛s✱ é ❛♣r❡s❡♥t❛❞♦ ♦ ❡st✉❞♦ ❞♦ ❡q✉✐❧í❜r✐♦ ❞❛s t❡♥sõ❡s ❞♦

❜❛rr❛♠❡♥t♦ CC ❞♦ ✐♥✈❡rs♦r tr✐❢ás✐❝♦ ❞❡ três ♥í✈❡✐s ❞♦ t✐♣♦ NPC q✉❛♥❞♦ ❛❧✐♠❡♥t❛❞♦ ♣♦r ♣❛✐✲

♥é✐s ❢♦t♦✈♦❧t❛✐❝♦s ❡♠ ❝♦♥❞✐çã♦ ❞❡ s♦♠❜r❡❛♠❡♥t♦✳ P❛r❛ ♦s ✐♥✈❡rs♦r❡s ❝♦♠ ♦ ❜r❛ç♦ ❞❡ q✉❛tr♦

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

✐♥✈❡rs♦r é r❡❛❧✐③❛❞❛ ♣♦r ♠❡✐♦ ❞❡ ✉♠❛ té❝♥✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦ ✈❡t♦r✐❛❧ ♣r♦♣♦st❛ ♥❡st❡ tr❛❜❛❧❤♦✳

❚❛♠❜é♠ é ♣r♦♣♦st♦ ✉♠❛ ♥♦✈❛ t♦♣♦❧♦❣✐❛ ❞❡ ✐♥✈❡rs♦r✱ q✉❡ ✉t✐❧✐③❛ ♦ ❜r❛ç♦ ❡ ♦ ❜❛rr❛♠❡♥t♦ CC

❞❡ ✉♠ ✐♥✈❡rs♦r ❞❡ q✉❛tr♦ ♥í✈❡✐s✱ q✉❡ ♣♦❞❡ ❣❡r❛r ❝✐♥❝♦ ❡ s❡t❡ ♥í✈❡✐s ♥❛ t❡♥sã♦ ❞❡ s❛í❞❛✳

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

❝♦♥tr♦❧❡✱ ❛♥á❧✐s❡ ❞❡ ❞❡s❡♠♣❡♥❤♦ ❝♦♠ ❜❛s❡ ♥♦ ❚❍❉ ❞❡ ❝♦rr❡♥t❡✱ ❲❚❍❉ ❞❡ t❡♥sã♦ ❡ ♣❡r❞❛s

♥❛s ❝❤❛✈❡s ❡ ❡str❡ss❡ tér♠✐❝♦✳ ❆❧é♠ ❞♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çõ❡s ❡ ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ t♦❞❛s

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

✉♠ ♣❛✐♥❡❧ ❢♦t♦✈♦❧t❛✐❝♦✱ ✉♠ ❝♦♥✈❡rs♦r ❇♦♦st ✭r❡s♣♦♥sá✈❡❧ ♣❡❧♦ ▼PP❚✮ ❡ ♦ ✐♥✈❡rs♦r ♠✉❧t♥í✈❡❧✳

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

❞✐s♣♦s✐t✐✈♦s ❡ ✜❜r❛✲ót✐❝❛✱ ♣❛r❛ ❡✈✐t❛r ✐♥t❡r❢❡rê♥❝✐❛s✳

P❛❧❛✈r❛s✲❝❤❛✈❡✿ P❛✐♥❡❧ ❋♦t♦✈♦❧t❛✐❝♦✱ ■♥✈❡rs♦r✱ ▼✉❧t✐♥í✈❡❧✱ ◆P❈✱ ❋♦♥t❡ ❘❡❞✉③✐❞❛ ❞❡

❚❡♥sã♦✳

✈



❆❜str❛❝t

❚❤✐s t❤❡s✐s ❞❡❛❧s ✇✐t❤ t♦♣♦❧♦❣✐❡s ♦❢ t❤r❡❡ ❛♥❞ ❢♦✉r ❧❡✈❡❧s ✇✐t❤ DC − Link st❛♣❧❡❞ ❛♣♣❧✐❡❞

t♦ ♣❤♦t♦✈♦❧t❛✐❝ s②st❡♠s✳ ❖♥❡ ♦❢ t❤❡ ♣r♦❜❧❡♠s ✐♥❤❡r❡♥t ✐♥ ♠✉❧t✐✲❧❡✈❡❧ ✐♥✈❡rt❡rs ✇✐t❤ st❛♣❧❡❞

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

s♦❧✉t✐♦♥s t♦ ❜❛❧❛♥❝❡ t❤❡ t❡♥s✐♦♥s✳

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

♣♦s❡❞ ♦❢✿ ♣❤♦t♦✈♦❧t❛✐❝ ♣❛♥❡❧✱ ❝♦♥✈❡rt❡rDC/DC ❛♥❞ ♠✉❧t✐❧❡✈❡❧ ✐♥✈❡rt❡r✳ ❆♥ ✐♥✈❡rt❡r s②st❡♠s

✇✐t❤ t❤r❡❡ ❧❡✈❡❧s ♦❢ t②♣❡ NPC✱ ❤♦✇❡✈❡r✱ ✇✐t❤ ♥❡✇ ♠♦❞✉❧❛çã♦❡s ❛♥❞ ♦♣❡r❛t✐♦♥s✳ ❆♥❞ ❛♥✲

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

♦❢ ❝♦♠♣♦♥❡♥ts✳ ■♥ ❛❞❞✐t✐♦♥✱ ❛ ✈❡❝t♦r ♠♦❞✉❧❛t✐♦♥ ✐s ♣r♦♣♦s❡❞ ❢♦r t❤❡ ❢♦✉r✲❧❡✈❡❧ ✐♥✈❡rt❡r✳

❋♦r ❡❛❝❤ s②st❡♠ ♣r❡s❡♥ts t❤❡ ❞②♥❛♠✐❝ ♠♦❞❡❧✱ P❲▼✱ ❝♦♥tr♦❧ ❞✐❛❣r❛♠✱ ♣❡r❢♦r♠❛♥❝❡ ❛♥❛❧②s✐s

❜❛s❡❞ ♦♥ t❤❡ ❝✉rr❡♥t ❚❍❉✱ ✈♦❧t❛❣❡ ❛♥❞ ❲❚❍❉ ❧♦ss❡s ✐♥ ❦❡② ❛❞❞✐t✐♦♥ t♦ t❤❡r♠❛❧ str❡ss✳

❚❤❡② ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ♣❛♣❡r✱ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ ❢♦r ❛❧❧ t♦♣♦❧♦❣✐❡s✳

❚♦ ✈❛❧✐❞❛t❡ t❤❡ t❡st s②st❡♠✱ t❤❡ str✉❝t✉r❡ ✇❛s ❛ss❡♠❜❧❡❞ ✇✐t❤ ❛ s♦✉r❝❡ ✇❤✐❝❤ ❡♠✉❧❛t❡s ❛

♣❤♦t♦✈♦❧t❛✐❝ ♣❛♥❡❧✱ ❛ ❜♦♦st ❝♦♥✈❡rt❡r ✭r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡ ▼PP❚✮ ❛♥❞ ♠✉❧t♥í✈❡❧ ✐♥✈❡rt❡r✳

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

s✐❣♥❛❧s t♦ ❛✈♦✐❞ ✐♥t❡r❢❡r❡♥❝❡✳

❑❡②✇♦r❞s✿ ▲♦ss ❘❡❞✉❝t✐♦♥✱ ■♥✈❡rt❡r✱ ▼✉❧t✐❧❡✈❡❧✱ ◆P❈✳
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✸✳✹ ❘❡❧❛çã♦ ❞❛s ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺

✸✳✺ P❛r❛♠❡tr♦s ❞❡ ❙✐♠✉❧❛çã♦ ❡ ❊①♣❡r✐♠❡♥t❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽

✸✳✻ ❈♦rr❡♥t❡s ♥♦r♠❛❧✐③❛❞❛s ♥♦ ❜❛rr❛♠❡♥t♦ ❡ ♥♦ ❝❛♣❛❝✐t♦r ✢✉t✉❛♥t❡ ♣❛r❛ ♦ P❲▼✲

✶ ✭IHO
c(rms)✴ IHO

c(rms)(Hyb01) ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✹

✸✳✼ ❈♦rr❡♥t❡s ♥♦r♠❛❧✐③❛❞❛s ❞♦ ❜❛rr❛♠❡♥t♦ ❡ ❝❛♣❛❝✐t♦r ✢✉t✉❛♥t❡ ♣❛r❛ ♦ P❲▼✲✷

IHO
c(rms)✴ IHO

c(rms)(Hyb01) ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✺

✸✳✽ ❚❡♠♣❡r❛t✉r❛ ❞❡ ❥✉♥çã♦ ♣❛r❛ ✈❛r✐❛çã♦ ❞❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ♥❛ ♠♦❞✉❧❛çã♦

P❲▼✲✶ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✼

✸✳✾ ❚❡♠♣❡r❛t✉r❛ ❞❡ ❥✉♥çã♦ ♣❛r❛ ✈❛r✐❛çã♦ ❞❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ♥❛ ♠♦❞✉❧❛çã♦

P❲▼✲✷ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✼

✸✳✶✵ ❈♦♠♣❛r❛çã♦ ❞❡ ❞❡s❡♠♣❡♥❤♦ ❞❛ t♦♣♦❧♦❣✐❛ ❍②❜✵✷ ❡♠ t❡r♠♦s ❞❡ ❡str❡ss❡ ✳ ✳ ✳ ✹✽

✸✳✶✶ P❛r❛♠❡tr♦s ❞♦ ♣r♦❝❡❞✐♠❡♥t♦ ❡①♣❡r✐♠❡♥t❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾

✸✳✶✷ ❊st❛❞♦s ❞❛s ❈❤❛✈❡s ❡ ❚❡♥sã♦ ❞❡ P♦❧♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷

✸✳✶✸ P❛r❛♠❡tr♦s ❞❡ ❙✐♠✉❧❛çã♦ ❡ ❊①♣❡r✐♠❡♥t❛❧ ♣❛r❛ ♦ ✐♥✈❡rs♦r ❋❋ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽

✸✳✶✹ ❈♦rr❡♥t❡s ♥♦r♠❛❧✐③❛❞❛s ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ IHO
c(rms)✴ IHO

c(rms)(3N) ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✸✳✶✺ ❉❛❞♦s ❞❡ s✐♠✉❧❛çã♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺

✹✳✶ P♦ssí✈❡✐s ❡st❛❞♦s ❞❡ ❝♦♥❞✉çã♦ ❡ ✈❛❧♦r❡s ❞❛ t❡♥sã♦ ❞❡ ♣ó❧♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵

✹✳✷ P♦ssí✈❡✐s ❡st❛❞♦s ❞❡ ❝♦♥❞✉çã♦ ❡ ✈❛❧♦r❡s ❞❛ t❡♥sã♦ ❞❡ ♣ó❧♦ ♣❛r❛ t♦♣♦❧♦❣✐❛ Nested ✼✶

✹✳✸ P♦ssí✈❡✐s ❡st❛❞♦s ❞❡ ❝♦♥❞✉çã♦ ❡ ✈❛❧♦r❡s ❞❛ t❡♥sã♦ ❞❡ ♣ó❧♦ ♣❛r❛ t♦♣♦❧♦❣✐❛ DPC ✼✶

✹✳✹ ❉❛❞♦s ●❡r❛✐s ❞❡ ❙✐♠✉❧❛çã♦ ❞♦ ■♥✈❡rs♦r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✺

①✐



❮♥❞✐❝❡ ❞❡ ❚❛❜❡❧❛s ①✐✐

✹✳✺ ❚❍❉ ❞❡ ❝♦rr❡♥t❡ ❡ ❲❚❍❉ ❞❡ t❡♥sã♦ ♣❛r❛ ma = 0, 9 ❡ fs = 10kHz ✳ ✳ ✳ ✳ ✳ ✼✻

✹✳✻ ❉❛❞♦s ●❡r❛✐s ❞❡ ❙✐♠✉❧❛çã♦ ❡ ❊①♣❡r✐♠❡♥t❛✐s ❞♦ ■♥✈❡rs♦r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✵

✹✳✼ ❊st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ♦ ✐♥✈❡rs♦r ✷▲✹▲ ♦♣❡r❛♥❞♦ ❡♠ ✺ ❡ ✼ ♥í✈❡✐s✳ ✳ ✳ ✳ ✽✷

✹✳✽ ❉❛❞♦s ●❡r❛✐s ❞❡ ❙✐♠✉❧❛çã♦ ❞♦ ■♥✈❡rs♦r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✾

✹✳✾ ❉❛❞♦s ❞❡ s✐♠✉❧❛çã♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✹

✺✳✶ ❉❛❞♦s ❞❡ s✐♠✉❧❛çã♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✶

✺✳✷ ❚❍❉ ❞❡ ❝♦rr❡♥t❡ ❡ ❲❚❍❉ ❞❡ t❡♥sã♦ ✭✪✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✹

✺✳✸ ❈♦rr❡♥t❡s IHO
C(RMS) ❞♦ ❜❛rr❛♠❡♥t♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✼

✺✳✹ ❉❛❞♦s ❞❡ s✐♠✉❧❛çã♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✶



❮♥❞✐❝❡ ❞❡ ❋✐❣✉r❛s

✶✳✶ ■♥✈❡rs♦r❡s ❞❡ ✸ ♥í✈❡✐s ❝♦♥✈❡♥❝✐♦♥❛✐s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹

✶✳✷ ■♥✈❡rs♦r❡s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺

✷✳✶ ❇❛rr❛♠❡♥t♦ CC ♣❛r❛ ♦s ✐♥✈❡rs♦r❡s ❝♦♠ ❣r❛♠♣❡❛♠❡♥t♦✿ ✭❛✮ ❞♦✐s ♥í✈❡✐s ✭❜✮

três ♥í✈❡✐s ✭❝✮ ◆ ♥í✈❡✐s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹

✷✳✷ ❈❡❧✉❧❛s ❇ás✐❝❛s✿ ✭❛✮ ❞♦✐s ♥í✈❡✐s CA ✭✷◆❈❆✮✭❜✮ ❝❤❛✈❡ ❜✐❞✐r❡❝✐♦♥❛❧ ✭❈❇✮✭❝✮

❞♦✐s ♥í✈❡✐s CC ♣♦s✐t✐✈❛ ✭✷◆❈❈♣✮✭❞✮ ❞♦✐s ♥í✈❡✐s CC ♥❡❣❛t✐✈❛✭✷◆❈❈♥✮ ✳ ✳ ✳ ✳ ✶✺

✷✳✸ ■♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s✿ ❞❡ três ♥í✈❡✐s✱ ✭❛✮◆❡st❡❞ ✭❜✮ ◆P❈ ✭❝✮ ❆◆P❈✱ ❞❡ q✉❛tr♦

♥í✈❡✐s✱ ✭❞✮ ◆❡st❡❞ ✭❡✮ ◆P❈ ✭❢✮ ❉P❈ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻

✷✳✹ ❘❡❧❛çã♦ ❞❛s t♦♣♦❧♦❣✐❛s ❡st✉❞❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼

✷✳✺ ❚♦♣♦❧♦❣✐❛s ❡st✉❞❛❞❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾

✷✳✻ ❊str❡ss❡s ❝rít✐❝♦s q✉❡ ❝♦♥tr✐❜✉❡♠ ♣❛r❛ ❢❛❧❤❛s ♥♦s s❡♠✐❝♦♥❞✉t♦r❡s✳ ❋♦♥t❡✿ ✭❑❡

▼❛✱ ✷✵✶✺✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

✷✳✼ ■❧✉str❛çã♦ ❞♦s ❝✐❝❧♦s ❞❡ ❢❛❧❤❛s ✈s ✈❛r✐❛çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❥✉♥çã♦ ❞♦ ♠♦❞✉❧♦

■●❇❚ ❞❛ ❙❊▼■❑❘❖◆✳ ❋♦♥t❡✿ ✭❑❡ ▼❛✱ ✷✵✶✺✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✹

✷✳✽ ❆s♣❡❝t♦ ❝♦♥str✉t✐✈♦ ❞♦ ♠ó❞✉❧♦ ❞♦ ■●❇❚✳ ❋♦♥t❡✿ ✭❑❡ ▼❛✱ ✷✵✶✺✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺

✷✳✾ ▼♦❞❡❧♦ tér♠✐❝♦✳ ❋♦♥t❡✿ ✭❑❡ ▼❛✱ ✷✵✶✺✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻

✷✳✶✵ ❙✐st❡♠❛s ❝♦♠ ✉♠ ❡ ❞♦✐s ❡stá❣✐♦s ❞❡ ♣♦tê♥❝✐❛s ❡ ❝♦♠ ♠♦❞❡❧♦ ❞❡ ❝❛r❣❛ ✳ ✳ ✳ ✳ ✷✻

✷✳✶✶ ❈✉r✈❛ ■ ① ❱ ❞♦ ♣❛✐♥❡❧ s♦❧❛r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼

✷✳✶✷ ❘❡❣✐õ❡s ❞❡ r❛str❡❛♠❡♥t♦ ♣❛r❛ ♦ s✐st❡♠❛ ♣r♦♣♦st♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽

✸✳✶ ❚♦♣♦❧♦❣✐❛ ❞❡ ✐♥✈❡rs♦r❡s ❞❡ três ♥í✈❡✐s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✷

✸✳✷ ❈♦♥❝❡♣çã♦ ❞❛ t♦♣♦❧♦❣✐❛ ❤í❜r✐❞❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✷

✸✳✸ ❆❧t❡r♥❛t✐✈❛s ❞❛ t♦♣♦❧♦❣✐❛ ❍②❜✵✶ ♣❛r❛ ❛♣❧✐❝❛çõ❡s ❝♦♠ ❢♦♥t❡ ❞❡ t❡♥sã♦ r❡❞✉③✐❞❛ ✸✸

✸✳✹ ❈♦♥✜❣✉r❛çõ❡s ❞❡ ♦♣❡r❛çõ❡s ❞♦ ✐♥✈❡rs♦r ❤í❜r✐❞♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✹

✸✳✺ ❊str❛té❣✐❛ ❞❡ ▼♦❞✉❧❛çã♦ P❲▼ ♣❛r❛ ✸ ♥í✈❡✐s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻
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❤ ✕ ❖r❞❡♠ ❞♦ ❤❛r♠➹✁♥✐❝♦ ♣❛r❛ ❛ ❚r❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉rr✐❡r

①✈✐✐



●❧♦ssár✐♦ ①✈✐✐✐

◆ ✕ ◆➹♦♠❡r♦ ❞❡ ◆➹✈❡✐s

◆❊❙❚❊❉ ✕ ■♥✈❡rs♦r ❝♦♠ ❛s ❝♦♥❡①õ❡s ❛♥✐♥❤❛❞❛

◆P❈ ✕ ◆❡✉tr❛❧✲P♦✐♥t✲❈❧❛♠♣❡❞

◆❘❈ ✕ ◆➹♦♠❡r♦ ❘❡❞✉③✐❞♦ ❞❡ ❈♦♠♣♦♥❡♥t❡s

ma ✕ ■♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛➹➓➹➾♦ ❡♠ ❛♠♣❧✐t✉❞❡

❖❊❲ ✕ ❊♥r♦❧❛♠❡♥t♦s ❝♦♠ t❡r♠✐♥❛✐s ❛❜❡rt♦s ✭❖♣❡♥✲❊♥❞ ❲✐♥❞✐♥❣✮

P■ ✕ Pr♦♣♦r❝✐♦♥❛❧ ■♥t❡❣r❛❧

P▲▲ ✕ ▼❛❧❤❛ ❞❡ ❈❛♣t✉r❛ ❞❡ ❋❛s❡ ✭P❤❛s❡✲▲♦❝❦❡❞ ▲♦♦♣✮

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

❙❊P ✕ ❙✐st❡♠❛ ❊❧➹ ❝©tr✐❝♦ ❞❡ P♦t➹❛♥❝✐❛

❙❱P❲▼ ✕ ❙♣❛❝❡✲❱❡❝t♦r✲P❲▼

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

❯P❙ ✕ ❋♦♥t❡ ❞❡ ❆❧✐♠❡♥t❛çã♦ ■♥✐t❡rr✉♣t❛ ✭❯♥✐♥t❡rr✉♣t❛❜❧❡ P♦✇❡r ❙✉♣♣❧②✮

❯P◗❈ ✕ ❈♦♥❞✐❝✐♦♥❛❞♦r ❯♥✐✜❝❛❞♦ ❞❡ ◗✉❛❧✐❞❛❞❡ ❞❡ ❊♥❡r❣✐❛ ✭❯♥✐✜❡❞ P♦✇❡r ◗✉❛❧✐t②
❈♦♥❞✐t✐♦♥❡r✮

❲❚❍❉ ✕ ❉✐st♦rçã♦ ❍❛r♠ô♥✐❝❛ ❚♦t❛❧ P♦♥❞❡r❛❞❛ ✭❲❡✐❣❤t❡❞ ❚♦t❛❧ ❍❛r♠♦♥✐❝ ❉✐st♦r✲
t✐♦♥✮



1
■♥tr♦❞✉çã♦ ●❡r❛❧

✶✳✶ ❆♣r❡s❡♥t❛çã♦ ❞♦ ❚❡♠❛

❊♠ t♦❞♦ ♠✉♥❞♦ ❛s ❛❣ê♥❝✐❛s r❡❣✉❧❛❞♦r❛s ❞❡ ❡♥❡r❣✐❛ t❡♠ ❛ ❝❛❞❛ ❞✐❛ ❜✉s❝❛❞♦ s♦❧✉çõ❡s ♣❛r❛ s❡

t❡r ✉♠❛ q✉❛❧✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛ ❝❛❞❛ ✈❡③ ♠❡❧❤♦r✳ ❊♠ ❝♦♥s♦♥â♥❝✐❛ ❝♦♠ ❛ ❜✉s❝❛ ❞❡ ✉♠❛ ♠❡❧❤♦r

q✉❛❧✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛✱ ❛ ❣r❛♥❞❡ ❞❡♣❡♥❞ê♥❝✐❛✱ ♥♦ ♠❡r❝❛❞♦ ❡♥❡r❣ét✐❝♦✱ ❞❡ ❝♦♠❜✉stí✈❡✐s ❢óss❡✐s✱

tê♠ ❢❡✐t♦ ❝♦♠ q✉❡ ❡♥♦r♠❡s q✉❛♥t✐❞❛❞❡s ❞❡ r❡❝✉rs♦s✱ ❡❝♦♥ô♠✐❝♦s ❡ ❤✉♠❛♥♦s✱ s❡❥❛♠ ✈♦❧t❛❞❛s

♣❛r❛ ♥♦✈❛s ❢♦♥t❡s ❞❡ ❡♥❡r❣✐❛ ♠❛✐s ❜❛r❛t❛s ❡ ♠❛✐s ❧✐♠♣❛s ❞♦ q✉❡ ♦s ❝♦♠❜✉stí✈❡✐s ❢óss❡✐s✳ ◆❛

✈❡r❞❛❞❡✱ ❛ ✈ár✐♦s ❛♥♦s✱ ❛s ❢♦♥t❡s r❡♥♦✈á✈❡✐s ❞❡ ❡♥❡r❣✐❛ tê♠ s✐❞♦ ✉♠ ❢♦❝♦ ❞❡ ✐♥✈❡st✐❣❛çã♦ ♣❛r❛

♦s ♣❡sq✉✐s❛❞♦r❡s ❞♦ ♠✉♥❞♦ ✐♥t❡✐r♦✳ ❖s s✐st❡♠❛s ❢♦t♦✈♦❧t❛✐❝♦s ✭PV − Photovoltaic✮ sã♦ ✉♠

❞♦s s✐st❡♠❛s ❞❡ ❡♥❡r❣✐❛ r❡♥♦✈á✈❡❧ q✉❡ ♠❛✐s ❝r❡s❝❡ ♥♦ ♠✉♥❞♦✳ ❖ ♠❡r❝❛❞♦ ❞❡ ❡♥❡r❣✐❛ s♦❧❛r

✈✐✈❡✉ ✉♠ ❜♦♠ ♠♦♠❡♥t♦ ❡♠ ✷✵✶✹ ❡ ❛ ❡①♣❡❝t❛t✐✈❛ é ♠❛✐♦r ♣❛r❛ ♦s ♣ró①✐♠♦s ❛♥♦s✳

❖ ❇r❛s✐❧ é ♣r✐✈✐❧❡❣✐❛❞♦ q✉❛♥❞♦ ♦ ❛ss✉♥t♦ é ❡♥❡r❣✐❛ s♦❧❛r✳ ❆ ✐rr❛❞✐❛çã♦ é ❡①tr❡♠❛♠❡♥t❡

❛❧t❛✳ P❛r❛ s❡ t❡r ✉♠❛ ✐❞é✐❛ ❛ ♣✐♦r ✐rr❛❞✐❛çã♦ ❡♠ ♥♦ss♦ ♣❛ís é ❡♠ ❙❛♥t❛ ❈❛t❛r✐♥❛✱ ♠❡s♠♦ ❛ss✐♠

é ✸✵✪ ♠❛✐♦r q✉❡ ❛ ♠é❞✐❛ ❞❛ ❆❧❡♠❛♥❤❛✳ ❆ss✐♠✱ t❡♠♦s ❣r❛♥❞❡ ♣♦t❡♥❝✐❛❧ ♣❛r❛ ♦ ✉s♦ ❞❛ ❡♥❡r❣✐❛

s♦❧❛r✱ ♣♦ss✐❜✐❧✐t❛♥❞♦ ✉♠ ❣r❛♥❞❡ ❝r❡s❝✐♠❡♥t♦ ❞♦ s❡t♦r ❢♦t♦✈♦❧t❛✐❝♦ ✭❞❛❞♦s ❞♦ ❉❡♣❛rt❛♠❡♥t♦

◆❛❝✐♦♥❛❧ ❞❡ ❆q✉❡❝✐♠❡♥t♦ ❙♦❧❛r ✲ ❉❆❙❖▲✮✳

❯♠❛ ❞❛s ♣r✐♥❝✐♣❛✐s r❛③õ❡s ♣❛r❛ ❡ss❡ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ♥♦tá✈❡❧ é ❛ r❡❞✉çã♦ ❞♦ ❝✉st♦ ❞❡

♠ó❞✉❧♦s ❢♦t♦✈♦❧t❛✐❝♦s ❡ ❛ ✐♥tr♦❞✉çã♦ ❞❡ ✐♥❝❡♥t✐✈♦s ❡❝♦♥ô♠✐❝♦s ♦✉ s✉❜sí❞✐♦s ❞❡✈✐❞♦ às ❝r❡s✲

❝❡♥t❡s ♣r❡♦❝✉♣❛çõ❡s ❛♠❜✐❡♥t❛✐s✳ ●r❛♥❞❡s ♣❛rq✉❡s ❞♦s s✐st❡♠❛s ❢♦t♦✈♦❧t❛✐❝♦s ♣♦❞❡♠ ❛❧❝❛♥ç❛r

✶



■♥tr♦❞✉çã♦ ●❡r❛❧ ✷

✉♠❛ ❢❛✐①❛ ❞❡ ♠❡❣❛✇❛tts✱ ❡ ✈❛✐ ❝♦♥t✐♥✉❛r ❝r❡s❝❡♥❞♦ ❡♠ t❛♠❛♥❤♦ ❡ q✉❛♥t✐❞❛❞❡ ♥❛s ♣ró①✐♠❛s

❞é❝❛❞❛s✳ ❊st❛ t❡♥❞ê♥❝✐❛ ✐rá ❡①✐❣✐r ♠❛✐♦r ❞❡♠❛♥❞❛ ❡ ❛s ♥♦r♠❛s ♣❛r❛ ❛ ❝♦♥❡①ã♦ ❝♦♠ ❛ r❡❞❡

❡stã♦ ❝❛❞❛ ✈❡③ ♠❛✐s ❡①✐❣❡♥t❡s✱ ✐ss♦ ❢❛③ ❝♦♠ q✉❡ ♦s ❝♦♥✈❡rs♦r❡s ❞❡ ❞♦✐s ♥í✈❡✐s ♥ã♦ ♣r♦❞✉③❛♠

s✐♥❛✐s ❝♦♠ q✉❛❧✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛ ❡①✐❣✐❞❛✱ t♦r♥❛♥❞♦✲s❡ ❝❛❞❛ ✈❡③ ♠❛✐s ❧✐♠✐t❛❞♦s ✭❑♦✉r♦ ❡t ❛❧✳✱

✷✵✶✵✮✳

❈♦♠ ❜❛s❡ ♥❡ss❡ ❝❡♥ár✐♦✱ ❢❛♠í❧✐❛s ❞❡ ❝♦♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s ❢♦r❛♠ ♣r♦❥❡t❛❞♦s ♣❛r❛ ❢❛③❡r

❛ ✐♥t❡❣r❛çã♦ ❞❡st❡ t✐♣♦ ❞❡ s✐st❡♠❛ ❝♦♠ ♦ ❙✐st❡♠❛ ❊❧étr✐❝♦ ❞❡ P♦tê♥❝✐❛ ✭❙❊P✮✱ ♥♦s s✐st❡♠❛s

❞✐str✐❜✉í❞♦s ❡ s✐st❡♠❛s ❞❡ ♠✐❝r♦✲r❡❞❡✳ ❖s ❝♦♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s tê♠ ✉♠❛ ❣r❛♥❞❡ ♣❛rt✐❝✐♣❛✲

çã♦ r❡❛❧✐③❛♥❞♦ ❡ss❛s ❢✉♥çõ❡s ❝♦♠ ❛❧t❛ ❡✜❝✐ê♥❝✐❛ ✭❋r❛♥q✉❡❧♦ ❡t ❛❧✳✱ ✷✵✵✽✮✳ ❊st❡s ❞✐s♣♦s✐t✐✈♦s

sã♦ ❛t✉❛❧♠❡♥t❡ ♦♣❡r❛❞♦s ❝♦♠ ✈❛❧♦r❡s ♠❡♥♦r❡s ❞❡ ❢r❡qüê♥❝✐❛ ❞❡ ❝♦♠✉t❛çã♦ ❞♦ q✉❡ ♦s ❝♦♥✈❡r✲

s♦r❡s ❝♦♥✈❡♥❝✐♦♥❛✐s ❞❡ ❞♦✐s ♥í✈❡✐s✱ ❛✐♥❞❛ ♠❛♥t❡♥❞♦ ✉♠ ❜❛✐①♦ ❝♦♥t❡ú❞♦ ❤❛r♠ô♥✐❝♦ ♥♦s s✐♥❛✐s

❞❡ s❛í❞❛✳ ❆❧é♠ ❞✐ss♦✱ ♦s ❝♦♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s ❡stã♦ ❡♠ ❝♦♥❝♦rrê♥❝✐❛ ❝♦♠ ❛s t♦♣♦❧♦❣✐❛s

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

❡❧❡s ♣♦❞❡♠ ❛❧❝❛♥ç❛r ❡❧❡✈❛❞❛ ♣♦tê♥❝✐❛ ✉t✐❧✐③❛♥❞♦ ♦s s❡♠✐❝♦♥❞✉t♦r❡s ❞❡ ♠é❞✐❛✱ ♥♦ ❡♥t❛♥t♦✱

❡❧❡s ♣r❡❝✐s❛♠ ❞❡ ♠❛✐s s❡♠✐❝♦♥❞✉t♦r❡s ❞♦ q✉❡ ♦s ❝♦♥✈❡rs♦r❡s ❝❧áss✐❝♦s ✭❋r❛♥q✉❡❧♦ ❡t ❛❧✳✱ ✷✵✵✽❀

❘♦❞r✐❣✉❡③ ❡t ❛❧✳✱ ✷✵✵✷❀ ▲❛✐ ❡ P❡♥❣✱ ✶✾✾✺✮✳

❱❛❧❡ ❛ ♣❡♥❛ ❧❡♠❜r❛r q✉❡ ♦s ❝♦♥✈❡rs♦r❡s r❡❛❧✐③❛♠ ❝♦♥✈❡rsã♦ ❞❡ ❡♥❡r❣✐❛ ❡ q✉❡ ❤♦❥❡ ❛

♣r❡♦❝✉♣❛çã♦ ❝♦♠ ❛ ❡✜❝✐ê♥❝✐❛ ❡♥❡r❣ét✐❝❛ ❡ ❛ q✉❛❧✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛ é ✉♠❛ ♦❜r✐❣❛çã♦✳ ❯♠ ❞♦s

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

♣❛r❛ ❛ r❡❞✉çã♦ ❞❛s ♣❡r❞❛s ❡♠ ❝♦♥✈❡rs♦r❡s sã♦✿

• ✉s♦ ❞❡ ✉♠❛ té❝♥✐❝❛ ❛❞❡q✉❛❞❛ ❞❡ ❝♦♥tr♦❧❡✳

• ❞✐♠✐♥✉✐çã♦ ❞❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳

• r❡❞✉çã♦ ❞♦ ♥ú♠❡r♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ♥♦s ❝♦♥✈❡rs♦r❡s✳

• ✐♥t❡❣r❛çã♦ t❛♥t♦ ❞❛s ❢✉♥çõ❡s ❞❡ ❝♦♥✈❡rs♦r❡s ❞✐❢❡r❡♥t❡s ❝♦♠♦ ❞❛s ♣❛rt❡s ❝♦♠♣♦♥❡♥t❡s

❞♦ s✐st❡♠❛ ✭♠♦t♦r✱ ❝♦♥✈❡rs♦r✱ ❝♦♠❛♥❞♦✱ ♣♦r ❡①❡♠♣❧♦✮✳

❆ r❡❞✉çã♦ ❞♦ ♥ú♠❡r♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ❞✐♠✐♥✉✐ ❛s ♣❡r❞❛s ❡ ❝✉st♦ ❡♠ s✐st❡♠❛s ❞❡ ❛❝✐♦♥❛✲

♠❡♥t♦ ✭▲✐♥ ❡ ❲❡✐✱ ✷✵✵✹✮✳ ❊ss❛s ❡str✉t✉r❛s ❛❧é♠ ❞❡ s❡r❡♠ ♠❛✐s ❡❝♦♥ô♠✐❝❛s q✉❡ ❛s ❡str✉t✉r❛s

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

❝✐♦♥❛❧ q✉❡ s♦❢r❡✉ ✉♠❛ ❢❛❧❤❛✳
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❆ ♣r✐♠❡✐r❛ ❡str✉t✉r❛ ❞♦s ❝♦♥✈❡rs♦r❡s ❞❡ três ♥í✈❡✐s ❞❡s❡♥✈♦❧✈✐❞❛ ❢♦✐ ❛ ❞❡ ❣r❛♠♣❡❛♠❡♥t♦

❞♦ ♣♦♥t♦ ♥❡✉tr♦ ✭t♦♣♦❧♦❣✐❛ ❝♦♠ ❞✐♦❞♦s ❣r❛♠♣❡❛❞♦r❡s ✲ NPC✮ ❛♣r❡s❡♥t❛❞♦ ♥❛ ✜❣✉r❛ ✶✳✶✭❛✮

✭◆❛❜❛❡ ❡t ❛❧✳✱ ✶✾✽✶✮✳ ◆❡ss❛ ❡str✉t✉r❛✱ ♦ ❡s❢♦rç♦ ❞❡ t❡♥sã♦ s♦❜r❡ ❛s ❝❤❛✈❡s é r❡❞✉③✐❞♦✱ ✉♠❛ ✈❡③

q✉❡ ❛ t❡♥sã♦ ♠á①✐♠❛ s✉♣♦rt❛❞❛ ♣♦r ❡❧❡s é ✐❣✉❛❧ à ❢r❛çã♦ ❞❡ 1
2
❞❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✳

❆❧❣✉♥s ❛♥♦s ❞❡♣♦✐s ❡ss❛ ❡str✉t✉r❛ ❢♦✐ ❣❡♥❡r❛❧✐③❛❞❛ ♣❛r❛ N ♥í✈❡✐s ♣♦r ✭❇❤❛❣✇❛t ❡ ❙t❡❢❛♥♦✈✐❝✱

✶✾✽✸❀ ❈❤♦✐ ❡t ❛❧✳✱ ✶✾✾✶✮❀ ♥❡st❡ ❝❛s♦ ❛ t❡♥sã♦ ♠á①✐♠❛ s✉♣♦rt❛❞❛ ♣❡❧♦s ✐♥t❡rr✉♣t♦r❡s é ✐❣✉❛❧

❛ ❢r❛çã♦ ❞❡ 1
N−1

✱ ♦♥❞❡ N é ♦ ♥ú♠❡r♦ ❞❡ ♥í✈❡✐s ❞♦ ✐♥✈❡rs♦r✳ ❊①✐st❡♠ ♦✉tr❛s t♦♣♦❧♦❣✐❛s q✉❡

♣❡r♠✐t❡♠ ❛ ♦❜t❡♥çã♦ ❞❡ t❡♥sõ❡s ♠✉❧t✐♥í✈❡✐s✱ t❛✐s ❝♦♠♦❀ ❝❛♣❛❝✐t♦r❡s ✢✉t✉❛♥t❡s ✭FC✮❀ ♣♦♥t❡s

♠♦♥♦❢ás✐❝❛s ❝♦♥❡❝t❛❞❛s ❡♠ sér✐❡ ✭❘♦❞r✐❣✉❡③ ❡t ❛❧✳✱ ✷✵✵✷❀ ❇❡♥❆❜❞❡❧❣❤❛♥✐ ❡t ❛❧✳✱ ✷✵✵✷✮❀ ❡

❤í❜r✐❞❛s✳

❖ ❝♦♥✈❡rs♦r NPC é ♦ ❞❡ ♠❛✐♦r ❛❝❡✐t❛çã♦ ✐♥❞✉str✐❛❧✱ ❛♣❡s❛r ❞❛ ❞❡s✈❛♥t❛❣❡♠ ❞❡ s✉❛

❧✐♠✐t❛çã♦ ♥♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ♠á①✐♠♦ q✉❡ é ♣❡r♠✐t✐❞♦ ❝♦♠ ♣♦tê♥❝✐❛ ❛t✐✈❛ ♣❛r❛ ❛ss❡❣✉r❛r

♦ ❡q✉✐❧í❜r✐♦ ❞❛ t❡♥sã♦ ♥♦s ❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦ CC✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❢♦✐ ♠♦str❛❞♦ ❡♠

✭▼❡②♥❛r❞ ❛♥❞ ❋♦❝❤✱ ✶✾✾✷❀ ✶✾✾✸✮ q✉❡✱ ♥♦ ❝♦♥✈❡rs♦r ♠✉❧t✐♥í✈❡❧ ❛ ❝❛♣❛❝✐t♦r ✢✉t✉❛♥t❡✱ ❛ t❡♥sã♦

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

❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❞♦s ✐♥t❡rr✉♣t♦r❡s ❡ ❞❛s ❝♦rr❡♥t❡s ❞❡ ❝❛r❣❛✳

P♦rt❛♥t♦✱ ♦ ❡st✉❞♦ ❞♦s ❝♦♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s ❛♣❧✐❝❛❞♦ ❛♦s s✐st❡♠❛s ❞❡ ❡♥❡r❣✐❛s r❡♥♦✈á✲

✈❡✐s s❡ t♦r♥❛♠ ❝❛❞❛ ✈❡③ ♠❛✐s ❛tr❛t✐✈♦s ♥❛ ❧✐t❡r❛t✉r❛✱ ♣❡r♠✐t✐♥❞♦ ❛ss✐♠✱ ✉♠ ♥✐❝❤♦ ❞❡ ♣❡sq✉✐s❛

❛❜r❛♥❣❡♥t❡ q✉❡ s❡rá ❡①♣❧♦r❛❞♦ ♥❡st❡ tr❛❜❛❧❤♦✳

✶✳✷ ❘❡✈✐sã♦ ❇✐❜❧✐♦❣rá✜❝❛

❈♦♠♦ ♦ t❡♠❛ ♣r✐♥❝✐♣❛❧ ❞❡ss❡ tr❛❜❛❧❤♦ sã♦ ♦s ❝♦♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s ❜❛s❡❛❞♦ ♥❛ t♦♣♦❧♦❣✐❛s

NPC✱ ❢♦✐ r❡❛❧✐③❛❞❛ ✉♠❛ ♣❡sq✉✐s❛ ❜✐❜❧✐♦❣rá✜❝❛ ♥❛ ❧✐t❡r❛t✉r❛ ♣❛r❛ ✈❡r✐✜❝❛r ♦ ❡st❛❞♦ ❞❛ ❛rt❡

♥♦ q✉❡ s❡ ❞✐③ r❡s♣❡✐t♦ ❛♦s ✈ár✐♦s ❛s♣❡❝t♦s ❞❡ ❡st✉❞♦ ❞♦s ❝♦♥✈❡rs♦r❡s✱ t❛✐s ❝♦♠♦✿ t♦♣♦❧♦❣✐❛s

❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s❀ ❡str❛té❣✐❛ ❞❡ ♠♦❞✉❧❛çã♦❀ té❝♥✐❝❛s ✉t✐❧✐③❛❞❛s ♣❛r❛ ♦

❡q✉✐❧í❜r✐♦ ❞❛s t❡♥sõ❡s ❞♦s ❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈❀ ❡ ❛ ✉t✐❧✐③❛çã♦ ❞❡ss❡s ❝♦♥✈❡rs♦r❡s

♥♦s s✐st❡♠❛s ❢♦t♦✈♦❧t❛✐❝♦s✳

❆ r❡✈✐sã♦ ❜✐❜❧✐♦❣rá✜❝❛ s❡rá ❞✐✈✐❞✐❞❛ ♥♦s s❡❣✉✐♥t❡s ♣♦♥t♦s✿

✶✳ ❈♦♥✈❡rs♦r❡s ▼✉❧t✐♥í✈❡✐s✿ ❘❡✈✐sã♦ s♦❜r❡ ❛s t♦♣♦❧♦❣✐❛s ❝♦♥✈❡♥❝✐♦♥❛✐s✱ ❝♦♠ ♥ú♠❡r♦
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r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ❡ ❡str❛té❣✐❛s ❞❡ ♠♦❞✉❧❛çã♦❀

✷✳ ❉❡s❡q✉✐❧í❜r✐♦ ❞❛s ❚❡♥sõ❡s ❞♦ ❇❛rr❛♠❡♥t♦ CC✿ ❆♥á❧✐s❡ ❞❛s ❝❛✉s❛s ❞♦ ❞❡s❡q✉✐✲

❧í❜r✐♦ ❞❡ t❡♥sã♦ ♥♦s ✐♥✈❡rs♦r❡s ♠♦♥♦❢ás✐❝♦s ❡ tr✐❢ás✐❝♦s ❞❡ ✸ ❡ ✹ ♥í✈❡✐s ❡ ❛s s♦❧✉çõ❡s ❥á

❛♣r❡s❡♥t❛❞❛s❀

✸✳ ❆♣❧✐❝❛çã♦ ❞♦s ■♥✈❡rs♦r❡s ❡♠ ❙✐st❡♠❛s ❋♦t♦✈♦❧t❛✐❝♦s✳

✶✳✷✳✶ ❈♦♥✈❡rs♦r❡s ▼✉❧t✐♥í✈❡✐s

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

❞❡ s❛í❞❛ q✉❡ ♣♦ss✉❡♠ ❜❛✐①♦s í♥❞✐❝❡s ❞❡ THD ❡ ♣♦r ❛t✉❛r❡♠ ❡♠ ♠é❞✐❛ ❡ ❡♠ ❛❧t❛ t❡♥sã♦✳

❆ ❢✉♥çã♦ ❞♦s ❝♦♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s é s✐♥t❡t✐③❛r ✉♠❛ t❡♥sã♦ s❡♥♦✐❞❛❧ ❝♦♠ ✈ár✐♦s ♥í✈❡✐s ❞❡

t❡♥sã♦✳ ❆ ❞❡♥♦♠✐♥❛çã♦ ′multinvel′ ❝♦♠❡ç♦✉ ❛ s❡r ✉s❛❞❛ ❛ ♣❛rt✐r ❞❡ ✉♠ ❝♦♥✈❡rs♦r ❞❡ três

♥í✈❡✐s✱ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ♥❡✉tr♦ ❣r❛♠♣❡❛❞♦ ✭✈❡r ✜❣✉r❛ ✶✳✶✭❛✮✮✳ ◆❛ ✐♥t❡♥çã♦ ❞❡ ❝❛❞❛ ✈❡③ ♠❛✐s

❛✉♠❡♥t❛r ♦ ♥ú♠❡r♦ ❞❡ ♥í✈❡✐s ✭✭❖③❞❡♠✐r ❡t ❛❧✳✱ ✷✵✵✾❀ ◆❛♠✐ ❡t ❛❧✳✱ ✷✵✶✶✮✮ ❛ ❡str✉t✉r❛ ❝♦♠

❞✐♦❞♦s ❣r❛♠♣❡❛❞♦s ✭NPC✮ ❢♦✐ ❡st❡♥❞✐❞♦ ♣❛r❛ n ♥í✈❡✐s ❝♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ♥♦s tr❛❜❛❧❤♦s

✭●✉❡❞♦✉❛♥✐ ❡t ❛❧✳✱ ✷✵✵✼❀ ❨✉❡ ❡t ❛❧✳✱ ✷✵✶✹❀ ❱❛❢❛❦❤❛❤ ❡t ❛❧✳✱ ✷✵✶✵❀ ●❤❡r❛✐❛ ❡t ❛❧✳✱ ✶✾✾✾✮✳

❖✉tr❛s t♦♣♦❧♦❣✐❛s ❝♦♠ ❝❛r❛❝t❡ríst✐❝❛s ❞✐❢❡r❡♥t❡s ❞❛ NPC sã♦ ❜❛st❛♥t❡s ❡st✉❞❛❞❛s ❡ ❝✐t❛❞❛s

♥❛ ❧✐t❡r❛t✉r❛ ❝♦♠♦ é ♦ ❝❛s♦ ❞❛ ❡str✉t✉r❛ ❆◆P❈ ✭❆❝t✐✈❡ ◆❡✉tr❛❧ P♦✐♥t ❈❧❛♠♣❡❞✮✱ ❋❈ ✭❋❧②✐♥❣

❈❛♣❛❝✐t♦r✱ ✈❡r ✜❣✉r❛ ✶✳✶✭❜✮✮ ❛♥❞ ❍❇ ✭❍✲❇r✐❞❣❡✱ ✈❡r ✜❣✉r❛ ✶✳✶✭❝✮✮✳
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✭❜✮ ❋❈
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✭❝✮ ❍❇

❋✐❣✉r❛ ✶✳✶✿ ■♥✈❡rs♦r❡s ❞❡ ✸ ♥í✈❡✐s ❝♦♥✈❡♥❝✐♦♥❛✐s

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

❛✉♠❡♥t♦ ❞❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♥í✈❡✐s✳ ◗✉❛♥t♦ ♠❛✐s ❞✐s♣♦s✐t✐✈♦s s❡♠✐❝♦♥❞✉t♦r❡s ✉♠ ❝♦♥✈❡rs♦r

♣♦ss✉✐r ♠❛✐♦r s❡rá ❛s ♣❡r❞❛s ♥♦ s✐st❡♠❛✱ ❞✐♠✐♥✉✐♥❞♦ ❛ss✐♠ ❛ ❡✜❝✐ê♥❝✐❛ ❞♦ ✐♥✈❡rs♦r✳ ❉✐❛♥t❡

❞❡ss❛ q✉❡stã♦✱ ✈ár✐❛s t♦♣♦❧♦❣✐❛s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❞✐s♣♦s✐t✐✈♦s t❡♠ s✐❞♦ ♣r♦♣♦st❛s✳ ➱
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♦ ❝❛s♦ ❞❛ ❡str✉t✉r❛ NRC ❛♣r❡s❡♥t❛❞♦ ♥❛ ✜❣✉r❛ ✶✳✷✭❛✮ ✭❆♥❞r❛❞❡✳✱ ✷✵✶✷✮✳ ◆❡st❛ ❡str✉t✉r❛

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

❛♣❡♥❛s ❞✉❛s ❝❤❛✈❡s ❡ ♥ã♦ q✉❛tr♦ ❝♦♠♦ ♥❛ NPC✳ ❊ss❛ ❡str✉t✉r❛ ❝♦♥s❡❣✉❡ r❡❞✉③✐r ❛s ♣❡r❞❛s✱

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

❜❛rr❛♠❡♥t♦✳ ❊ss❛ é ✉♠❛ ❞❡s✈❛♥t❛❣❡♠ ♣♦✐s✱ ❧✐♠✐t❛rá ❛ ♣♦tê♥❝✐❛ ❞♦ ✐♥✈❡rs♦r✳

❊♠ q✉❛tr♦ ♥í✈❡✐s✱ s❡❣✉✐♥❞♦ ❛ ♠❡s♠❛ ❧ó❣✐❝❛ ❞❛ ❡str✉t✉r❛ NRC✱ ♦✉tr❛ t♦♣♦❧♦❣✐❛ ❢♦✐

♣r♦♣♦st❛ ❝♦♠♦ ❛ Nested✭♥♦ ♣♦rt✉❣✉ês ❛♥✐♥❤❛❞♦✮ ✭◆❛r✐♠❛♥✐ ❡t ❛❧✳✱ ✷✵✶✹✮ ✐❧✉str❛❞♦ ♣❡❧❛

✜❣✉r❛ ✶✳✷✭❜✮✳ ❚❛❧ t♦♣♦❧♦❣✐❛ é ❝❤❛♠❛❞❛ ✐♥✈❡rs♦r Nested ♣♦rq✉❡ t♦❞♦s ♦s ♣♦♥t♦s ❞❡ ❝♦♥❡①ã♦

❞♦ ❜❛rr❛♠❡♥t♦ CC sã♦ ✐♥t❡r❧✐❣❛❞♦s ♥✉♠ ú♥✐❝♦ ♣♦♥t♦ ❝❡♥tr❛❧ ❞♦ ❜r❛ç♦ ❞♦ ✐♥✈❡rs♦r ♣♦r ♠❡✐♦

❞❡ ✉♠❛ ú♥✐❝❛ ❝❤❛✈❡✱ s❡❥❛ ❡❧❛ ✉♥✐❞✐r❡❝✐♦♥❛❧ ♦✉ ❜✐❞✐r❡❝✐♦♥❛❧✳ ❆ t♦♣♦❧♦❣✐❛ Nested ❝♦♥t✐♥✉❛ ❝♦♠

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

+

_

+

_
+

_

1

2 

_

VDC

VDC C1

1

2 

_
VDC C2

S1
S2

S3

vo

S2

✭❛✮ ◆❘❈ ✲ ✸ ♥í✈❡✐s

+

_

+

_

+

_

+

_

S1

S2

S3

S4

voVDC

C1

C2

C3

1

3 

_
VDC

S3

S4

✭❜✮ ◆❡st❡❞ ✲ ✹ ♥í✈❡✐s

❋✐❣✉r❛ ✶✳✷✿ ■♥✈❡rs♦r❡s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s

➚ ♠❡❞✐❞❛ q✉❡ ♦ ♥ú♠❡r♦ ❞❡ ♥í✈❡✐s ❛✉♠❡♥t❛✱ ♦s s✐♥❛✐s ❞❡ s❛í❞❛ ❛ss❡♠❡❧❤❛♠✲s❡ ❛ ✉♠ s✐♥❛❧

❡♠ ❡s❝❛❞❛ q✉❡ s❡ ❛♣r♦①✐♠❛ ❞❛ ♦♥❞❛ s❡♥♦✐❞❛❧ ❝♦♠ ✉♠ ♠í♥✐♠♦ ❞❡ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛✳ ❊♠

ú❧t✐♠❛ ❛♥á❧✐s❡✱ ✉♠❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ ♥✉❧❛ ❞♦ s✐♥❛❧ ❞❡ s❛í❞❛ ♣♦❞❡ s❡r ♦❜t✐❞❛ ♣♦r ✉♠

♥ú♠❡r♦ ✐♥✜♥✐t♦ ❞❡ ♥í✈❡✐s✳ ▼❛✐s ♥í✈❡✐s t❛♠❜é♠ ♣♦ss✐❜✐❧✐t❛ ✉♠❛ ♦♣❡r❛çã♦ ❡♠ t❡♥sõ❡s ♠❛✐s

❡❧❡✈❛❞❛s✱ ♣♦✐s ♦ ❡s❢♦rç♦ ❞❛ t❡♥sã♦ é ❞❡✈✐❞♦ s♦❜r❡ ❛s ❝❤❛✈❡s q✉❡ sã♦ ❝♦♥❡❝t❛❞❛s ❡♠ sér✐❡✳

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

❞❛s t❡♥sõ❡s ♥♦s ❝❛♣❛❝✐t♦r❡s ✭❏✐❛♦ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❖ ❞❡s❡q✉✐❧í❜r✐♦ ♦❝♦rr❡ ❝♦♠ ♠❛✐s ❢r❡q✉ê♥❝✐❛

q✉❛♥❞♦ ♦ ✐♥✈❡rs♦r ❡stá ♦♣❡r❛♥❞♦ ❡♠ ❜❛✐①❛ ❢r❡q✉ê♥❝✐❛ ❡ ❝♦♠ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❡❧❡✈❛❞♦

✭❆♥❞r❛❞❡✳✱ ✷✵✶✷✮✱ ❧✐♠✐t❛♥❞♦ ♦ ❛✉♠❡♥t♦ ♥♦ ♥ú♠❡r♦ ❞❡ ♥í✈❡✐s✳
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✶✳✷✳✷ ❉❡s❡q✉✐❧í❜r✐♦ ❞❛ ❚❡♥sã♦ ❞♦ ❇❛rr❛♠❡♥t♦ CC ♥♦s ■♥✈❡rs♦r❡s ❞♦
❚✐♣♦ NPC

◆♦ ❝❛s♦ ♣❛rt✐❝✉❧❛r ❞♦ ✐♥✈❡rs♦r NPC✱ ♦ ❞❡s❡q✉✐❧í❜r✐♦ ♥❛s t❡♥sõ❡s ❞♦s ❝❛♣❛❝✐t♦r❡s é ✐♥❡r❡♥t❡ ❛

❡ss❛ t♦♣♦❧♦❣✐❛ ✭◆❛❜❛❡ ❡t ❛❧✳✱ ✶✾✽✶❀ ❈❡❧❛♥♦✈✐❝ ❡ ❇♦r♦②❡✈✐❝❤✱ ✷✵✵✶✮✳ ❖ ❞❡s❡q✉✐❧í❜r✐♦ ❞❛ t❡♥sã♦

♥♦s ❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦ CC ♣♦❞❡ s❡r ♠❡❧❤♦r ❡♥t❡♥❞✐❞♦ q✉❛♥❞♦ s❡ ❛♣❧✐❝❛ ❛ ❡str❛té❣✐❛

❞❡ ♠♦❞✉❧❛çã♦ ✈❡t♦r✐❛❧✳ ❈♦♠ ❛ ♠♦❞✉❧❛çã♦ ✈❡t♦r✐❛❧ ❛s t❡♥sõ❡s sã♦ ❛❧t❡r❛❞❛s ❞❡♣❡♥❞❡♥❞♦

❞♦s ✈❡t♦r❡s ✉t✐❧✐③❛❞♦s ♥♦ ♣❡rí♦❞♦ ❞❛ ♠♦❞✉❧❛çã♦✳ ■st♦ ❛❝❛rr❡t❛ ♥✉♠ ❛✉♠❡♥t♦ ❞❛ ❞✐st♦rçã♦

❤❛r♠ô♥✐❝❛✱ ❛✉♠❡♥t♦ ♥❛s ♣❡r❞❛s ❡ ❞✐♠✐♥✉✐çã♦ ❞❛ ❡✜❝✐ê♥❝✐❛ ❞♦ ✐♥✈❡rs♦r✳ ❉❡ ✉♠ ♠♦❞♦ ❣❡r❛❧✱ é

♣♦ssí✈❡❧ ❡q✉❛❧✐③❛r ❛s t❡♥sõ❡s ♥♦s ❝❛♣❛❝✐t♦r❡s q✉❛♥❞♦ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ s❡ s✐t✉❛ ❛❜❛✐①♦

❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ✈❛❧♦r ✭❈❡❧❛♥♦✈✐❝ ❡ ❇♦r♦②❡✈✐❝❤✱ ✷✵✵✶✮✱ ♣♦r ♠❡✐♦ ❞❛ ✉t✐❧✐③❛çã♦ ❞❡ ✈❡t♦r❡s

r❡❞✉♥❞❛♥t❡s✳ ❊♠ ♦✉tr♦s ❝❛s♦s✱ ❡ss❛ ❡q✉❛❧✐③❛çã♦ ♣♦❞❡ ♥ã♦ s❡r ❛❞❡q✉❛❞❛✳

◆♦s ✐♥✈❡rs♦r❡s ❞❡ três ♥í✈❡✐s ✉t✐❧✐③❛♠✲s❡ ❛❧t❡r♥❛t✐✈❛s ❛ ♥í✈❡❧ ❞❛ ❡str❛té❣✐❛ ❞❡ ♠♦❞✉✲

❧❛çã♦✱ s❡♠♣r❡ ❛♣r♦✈❡✐t❛♥❞♦ ♦s ✈❡t♦r❡s r❡❞✉♥❞❛♥t❡s✳ ◆♦ ❝❛s♦ ❞❛ ❡str❛té❣✐❛ ❈❇P❲▼ ❡ss❛

❝♦♠♣❡♥s❛çã♦ é ❢❡✐t❛ ♣❡❧❛ ♠♦❞✐✜❝❛çã♦ ❡ ✐♥❥❡çã♦ ❞❡ ✉♠❛ t❡♥sã♦ ❞❡ s❡q✉ê♥❝✐❛ ③❡r♦ ♥❛s t❡♥✲

sõ❡s ❞❡ r❡❢❡rê♥❝✐❛✳ ❊ss❛s té❝♥✐❝❛s tr❛❞✐❝✐♦♥❛✐s P❲▼ ✭❍♦❧t③✱ ✶✾✾✹✮ tê♠ s✐❞♦ ❡st❡♥❞✐❞❛s ♣❛r❛

❝♦♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s ❝♦♠ s✉❝❡ss♦✱ ✉s❛♥❞♦ ♠ú❧t✐♣❧❛s ♣♦rt❛❞♦r❛s ♣❛r❛ ♦ ❝❤❛✈❡❛♠❡♥t♦ ❞♦s

❝♦♥✈❡rs♦r❡s✳

❆s té❝♥✐❝❛s q✉❡ s❡ ❜❛s❡✐❛♠ ♥❛ ❡str❛té❣✐❛ ❈❇P❲▼ ✉t✐❧✐③❛♠ ❛ ✐♥❥❡çã♦ ❞❡ ✉♠ s✐♥❛❧ ❤♦♠♦✲

♣♦❧❛r ♥❛s t❡♥sõ❡s ❞❡ r❡❢❡rê♥❝✐❛s✳ ✭❖❣❛s❛✇❛r❛ ❡ ❆❦❛❣✐✱ ✶✾✾✸✮ s❡ ❜❛s❡✐❛ ♥♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛

♣❛r❛ ❞❡t❡r♠✐♥❛r ❛ t❡♥sã♦ ❤♦♠♦♣♦❧❛r✱ ✭❘❛t♥❛②❛❦❡ ❡t ❛❧✳✱ ✶✾✾✾✮ ✉t✐❧✐③❛ ✉♠ t❡r❝❡✐r♦ ❤❛r♠ô♥✐❝♦✳

❏á ✭P♦✉ ❡t ❛❧✳✱ ✷✵✵✺❛✮ ❡ ✭P♦✉ ❡t ❛❧✳✱ ✷✵✵✺❜✮ ♣r♦♣✉s❡r❛♠ ✉♠❛ té❝♥✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦ ✈✐s❛♥❞♦

❛ r❡❞✉çã♦ ♥❛s ♣❡r❞❛s ❞❡ ❝♦♠✉t❛çã♦ ❡ ❡❧✐♠✐♥❛çã♦ ❞❛ ♦s❝✐❧❛çã♦ ❞❡ ❜❛✐①❛ ❢r❡q✉ê♥❝✐❛ ❞❛ t❡♥sã♦

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

s✐♠♣❧❡s ❡ ♣♦❞❡ s❡r ✐♠♣❧❡♠❡♥t❛❞♦ r❛♣✐❞❛♠❡♥t❡✳ ❖ ✐♥❝♦♥✈❡♥✐❡♥t❡ ❞❡st❛ ❡str❛té❣✐❛ é q✉❡ ❛s

❢r❡qüê♥❝✐❛s ❞❡ ❝♦♠✉t❛çã♦ ❞♦s ❞✐s♣♦s✐t✐✈♦s sã♦ ✉♠ t❡rç♦ ♠❛✐♦r❡s ❞♦ q✉❡ ❛s ❞❛ ♠♦❞✉❧❛çã♦

❈❇P❲▼ ♣❛❞rã♦✳

❖s tr❛❜❛❧❤♦s ❞❡ ✭▼❡♥❞❡s✳✱ ✷✵✵✵❀ ❈❡❧❛♥♦✈✐❝ ❡ ❇♦r♦②❡✈✐❝❤✱ ✷✵✵✵❀ ❙❡♦ ❡t ❛❧✳✱ ✷✵✵✶✮ ❛♣r❡s❡♥✲

t❛♠ ✉♠❛ s♦❧✉çã♦ ❜❛s❡❛❞❛ ♥❛ ❡str❛té❣✐❛ ❙❱P❲▼✳ ❖ ❡q✉✐❧í❜r✐♦ ❞❡ t❡♥sã♦ é ♦❜t✐❞♦ ❛❧t❡r❛♥❞♦

♦ t❡♠♣♦ ❞❡ ❛♣❧✐❝❛çã♦ ❞❡ ❝❛❞❛ ❝♦♥✜❣✉r❛çã♦ ❞♦s ✈❡t♦r❡s r❡❞✉♥❞❛♥t❡s✳ ❊♠ ✭❇✉sq✉❡ts✲▼♦♥❣❡

❡t ❛❧✳✱ ✷✵✵✹✮ ♠♦❞✐✜❝♦✉ ❛ ❡str❛té❣✐❛ SV PWM ❝♦♠ ❜❛s❡ ♥♦s ✈❡t♦r❡s ✈✐rt✉❛✐s q✉❡ ❡q✉✐❧✐❜r❛♠
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❛ t❡♥sã♦ ♥♦s ❝❛♣❛❝✐t♦r❡s✳ ❊st❡s ✈❡t♦r❡s ✈✐rt✉❛✐s ❢❛③❡♠ ❝♦♠ q✉❡ ❛ ❝♦rr❡♥t❡ ♠é❞✐❛ ✐♥❥❡t❛❞❛ ♥♦

♣♦♥t♦ ♥❡✉tr♦ s❡❥❛ s❡♠♣r❡ ③❡r♦✱ ❣❛r❛♥t✐♥❞♦ ♦ ❡q✉✐❧í❜r✐♦ ♥❛s t❡♥sõ❡s ❞♦s ❝❛♣❛❝✐t♦r❡s✳ ❆ té❝♥✐❝❛

✈✐rt✉❛❧ ❛✉♠❡♥t❛ ❛s ♣❡r❞❛s ❞❡✈✐❞♦ ❛♦ ❛✉♠❡♥t♦ ❞♦ ♥ú♠❡r♦ ❞❡ ❝♦♠✉t❛çõ❡s✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❢♦✐

❝♦♥st❛t❛❞♦ q✉❡ q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛ ❝♦♠ ❛ té❝♥✐❝❛ ❞❡ ❡s♣❛ç♦ ✈❡t♦r✐❛❧ tr❛❞✐❝✐♦♥❛❧ ✭❙❱P❲▼✮✱

❛ té❝♥✐❝❛ ✈✐rt✉❛❧ ✭❱❙❱P❲▼✮ ♣♦❞❡ tr❛❜❛❧❤❛r ❝♦♠ ✉♠❛ ❢r❡qüê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ♠❡♥♦r✱

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

❈♦♠ ❜❛s❡ ♥❛ ❡str❛té❣✐❛ ❤í❜r✐❞❛ ✭HPWM✮ ✭❞❡ ❖❧✐✈❡✐r❛✳✱ ✷✵✵✺✮ ❛♣r❡s❡♥t❛ ✉♠❛ ❡str❛té❣✐❛

q✉❡ ✉t✐❧✐③❛ ♦ ♣r✐♥❝í♣✐♦ ❞❛ ❡str❛té❣✐❛ CBPWM ✭q✉❡ é ❛ ✐♥❥❡çã♦ ❞❡ ✉♠❛ t❡♥sã♦ ❞❡ s❡q✉ê♥❝✐❛

③❡r♦ ❝♦♠ ❛ ❝♦♠♣❡♥s❛çã♦ ❞❛s ❝♦♥✜❣✉r❛çõ❡s ❞♦s ✈❡t♦r❡s r❡❞✉♥❞❛♥t❡s ♣♦r ♠❡✐♦ ❞❡ ✉♠❛ ✈❛r✐á✲

✈❡❧ ❝❤❛♠❛❞❛ ❞❡ r❛③ã♦ ❞❡ ❞✐str✐❜✉✐çã♦✮✳ ❆ ❡str❛té❣✐❛ t❡♠ ❝♦♠♦ ✉♠❛ ❞❛s ❣r❛♥❞❡ ✈❛♥t❛❣❡♥s ❛

❣❡♥❡r❛❧✐③❛çã♦ ♣❛r❛ ♥✲♥í✈❡✐s✳ ◆♦ tr❛❜❛❧❤♦ ❞❡ ❞✐ss❡rt❛çã♦ ✭❆♥❞r❛❞❡✳✱ ✷✵✶✷✮ ❝♦♠❜✐♥♦✉ ❛s ❡str❛✲

té❣✐❛s ♣r♦♣♦st❛s ♣♦r ✭P♦✉ ❡t ❛❧✳✱ ✷✵✵✺❜✮ ❡ ♣♦r ✭❞❡ ❖❧✐✈❡✐r❛✳✱ ✷✵✵✺✮✳ ❊ss❛ ❝♦♠❜✐♥❛çã♦ r❡s✉❧t♦✉

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

❡♥❡r❣✐❛✳

❖ ❞❡s❡q✉✐❧í❜r✐♦ ❞❛s t❡♥sõ❡s ❞♦ ❜❛rr❛♠❡♥t♦ CC ❡♠ q✉❛tr♦ ♥í✈❡✐s s❡ t♦r♥❛ ✉♠ ♣r♦❜❧❡♠❛

♠❛✐s ❝rít✐❝♦✳ ◆♦ ✐♥✈❡rs♦r ❞❡ três ♥í✈❡✐s✱ ♦ ❞❡s❡q✉✐❧í❜r✐♦ ❞❛s t❡♥sõ❡s ♦❝♦rr❡ ♣♦r ❝❛✉s❛ ❞❛

❝♦rr❡♥t❡ q✉❡ é ✐♥❥❡t❛❞❛ ♥♦ ♣♦♥t♦ ❝❡♥tr❛❧ ❞♦ ❜❛rr❛♠❡♥t♦ ✭❆♥❞r❛❞❡✳✱ ✷✵✶✷✮ ❡ ♦ ❝♦♥tr♦❧❡ é

❢❡✐t♦ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ❡ss❛ ❝♦rr❡♥t❡ ❛♣r❡s❡♥t❡ ✈❛❧♦r ♠é❞✐♦ ✐❣✉❛❧ ❛ ③❡r♦ ❡♠ ✉♠ ♣❡rí♦❞♦ ❞❛

♠♦❞✉❧❛♥t❡✳ ◆♦ ❝❛s♦ ❞❡ q✉❛tr♦ ♥í✈❡✐s ❡①✐st❡♠ ❞♦✐s ♣♦♥t♦s ❞❡ ✐♥t❡r❝♦♥❡①ã♦ ❝♦♠ ♦ ❜❛rr❛♠❡♥t♦✱

✐ss♦ ✐♥❞✐❝❛ q✉❡ ❛❣♦r❛ ♥ã♦ ❤á ❛♣❡♥❛s ✉♠❛ ❝♦rr❡♥t❡ ♣❛r❛ ❝♦♥tr♦❧❛r✱ ♠❛s ❞✉❛s ❝♦rr❡♥t❡s✳ ❊ss❡

❛✉♠❡♥t♦ ❞❡ ✈❛r✐á✈❡✐s ❢❛③ ❝♦♠ q✉❡ ❛ s♦❧✉çã♦ ✈✐❛ ❡str❛té❣✐❛ ❞❡ ♠♦❞✉❧❛çã♦✱ ❝♦♠♦ é ❢❡✐t❛ ♥♦ ❞❡

três ♥í✈❡✐s✱ s❡❥❛ ✐♥✈✐á✈❡❧✳

❯♠❛ s♦❧✉çã♦ ❜❛st❛♥t❡ ❛❝❡✐tá✈❡❧ ♣❛r❛ ❝♦♥t♦r♥❛r ❡ss❡ ❞❡s❛✜♦ ♥♦s ✐♥✈❡rs♦r❡s ❞❡ q✉❛tr♦

♥í✈❡✐s ❡stá ❛♣r❡s❡♥t❛❞❛ ♥♦s tr❛❜❛❧❤♦s ❞❡ ✭❈♦r③✐♥❡ ❡t ❛❧✳✱ ✷✵✵✷❀ P❡r❛♥t③❛❦✐s ❡t ❛❧✳✱ ✷✵✵✹❀

❘✉❜✐❧❛r ❡t ❛❧✳✱ ✷✵✵✼✮✱ ♦♥❞❡ s❡ ❛❞✐❝✐♦♥❛ ✉♠ ❝♦♥✈❡rs♦r CC/CC ❞✐✈✐s♦r ❞❡ t❡♥sã♦ ♣❛r❛ r❡❛❧✐③❛r

♦ ❡q✉✐❧í❜r✐♦ ❞❛s t❡♥sõ❡s ❞♦s ❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦ CC✳

❆ t♦♣♦❧♦❣✐❛ ♣r♦♣♦st❛ ♣♦r ✭❈♦r③✐♥❡ ❡t ❛❧✳✱ ✷✵✵✷✮ é ❜❛s❡❛❞❛ ♥♦ ❝♦♥✈❡rs♦r CC/CC ❛❜❛✐①❛✲

❞♦r ❡ ❛s t♦♣♦❧♦❣✐❛s ♣r♦♣♦st❛s ♣♦r ✭❈♦r③✐♥❡ ❡ ▼❛❥❡❡t❤❛✱ ✶✾✾✾❀ ❘♦s❛s✲❈❛r♦ ❡t ❛❧✳✱ ✷✵✵✽✮ sã♦

❜❛s❡❛❞❛s ♥♦ ❝♦♥✈❡rs♦r CC/CC ❡❧❡✈❛❞♦r✳ ❆s ❞✉❛s ú❧t✐♠❛s ♣♦ss✉❡♠ ❛ ✈❛♥t❛❣❡♠ ❞❛ t❡♥sã♦

❞❡ ❡♥tr❛❞❛ ❞♦ ❝♦♥✈❡rs♦r s❡r ❜❛s✐❝❛♠❡♥t❡ ✉♠ t❡rç♦ ❞❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ CC✱ ❡♥q✉❛♥t♦
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q✉❡ ♥❛ ♣r✐♠❡✐r❛ ❡str✉t✉r❛ ❛ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛ ❞❡✈❡ s❡r ✐❣✉❛❧ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ CC✳

✶✳✷✳✸ ❆♣❧✐❝❛çã♦ ❞❡ ■♥✈❡rs♦r❡s ▼✉❧t✐♥í✈❡✐s ❡♠ ❙✐st❡♠❛s ❋♦t♦✈♦❧t❛✐✲
❝♦s

❈♦♥✈❡rs♦r❡s ❞❡ ❡♥❡r❣✐❛ ❞❡ ♠é❞✐❛ t❡♥sã♦ t♦r♥❛r❛♠✲s❡ ❜♦♥s ❝❛♥❞✐❞❛t♦s ♣❛r❛ ❡st❛s ❛♣❧✐❝❛çõ❡s

❝♦♠❡r❝✐❛✐s ♦❢❡r❡❝❡♥❞♦ ♠❛✐♦r ❡✜❝✐ê♥❝✐❛ ♦♣❡r❛❝✐♦♥❛❧✳ ❖ ❝♦♥✈❡rs♦r ♠✉❧t✐♥í✈❡✐s tê♠ ✈ár✐❛s ✈❛♥✲

t❛❣❡♥s✱ t❛✐s ❝♦♠♦ ❛ r❡❞✉çã♦ ❞♦ ❡str❡ss❡ ❞❡ t❡♥sã♦ ♥♦s s❡♠✐❝♦♥❞✉t♦r❡s✱ ❛ ❢♦r♠❛ ❞❡ ♦♥❞❛ ❞❛

t❡♥sã♦ ♥❛ s❛í❞❛ ♣♦ss✉✐r ♠❡♥♦s ❤❛r♠ô♥✐❝♦s✱ ❡ ❜❛✐①❛ ✐♥t❡r❢❡rê♥❝✐❛ ❡❧❡tr♦♠❛❣♥ét✐❝❛✳ ❆ss✐♠✱ ❛

✉t✐❧✐③❛çã♦ ❞♦s ❝♦♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s ❢♦✐ ❛✉♠❡♥t❛❞❛ ❡♠ ❛♣❧✐❝❛çõ❡s ✐♥❞✉str✐❛✐s q✉❡ r❡q✉❡r❡♠

❡❧❡✈❛❞❛ t❡♥sã♦ ❡ ❡❧❡✈❛❞❛ q✉❛❧✐❞❛❞❡ ♥♦ s✐♥❛❧ ❞❡ s❛í❞❛✳ ❘❡❝❡♥t❡♠❡♥t❡✱ ❞❡♥tr♦ ❞❛ ❛♣❧✐❝❛çã♦ ❝♦♠

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

s✐st❡♠❛✳ ❊♥tr❡ ❡❧❡s✱ ♦ ❝♦♥✈❡rs♦r ❡♠ ❝❛s❝❛t❛ ✉s❛♥❞♦ ♣♦♥t❡✲❍ ❞❡ N ♥í✈❡✐s✱ ♦s ◆P❈✱ ❝❛♣❛❝✐t♦r

✢✉t✉❛♥t❡ ❡ ♦s ❤í❜r✐❞♦s✱ q✉❡ ✉♥❡♠ ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❞♦✐s ♦✉ ♠❛✐s t✐♣♦s ❞❡ t♦♣♦❧♦❣✐❛s✳

❍á ❛❧❣✉♠❛s ❞é❝❛❞❛s✱ ❛❧❣✉♥s tr❛❜❛❧❤♦s tê♠ s✐❞♦ ❞❡s❡♥✈♦❧✈✐❞♦s✱ ❝♦♠♦ é ♦ ❝❛s♦ ❞❡ ✭❚♦❧❜❡rt

❡ P❡♥❣✱ ✷✵✵✵✮✱ q✉❡ r❡❛❧✐③❛ ✉♠ ❝♦♥tr♦❧❡ ú♥✐❝♦ ❛✉t♦♠át✐❝♦ ♣❛r❛ ❛♣❧✐❝❛r ♦s ♣❛✐♥é✐s ❡♠ ❝❛❞❛ ❢❛s❡

❞♦ s✐st❡♠❛✳ ❊♠ ✷✵✵✼✱ ✭❈❤❡♥ ❡t ❛❧✳✱ ✷✵✵✼✮✱ ♣r♦♣ôs ✉♠ ✐♥✈❡rs♦r ❝♦♠ ❡♥tr❛❞❛ ♠ú❧t✐♣❧❛ ♣❛r❛

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

s❡❣✉✐❞❛ é ❝♦♥❡❝t❛❞♦ ♦ ❝♦♥✈❡rs♦r CC/CA✳ ◆♦ ❛♥♦ s❡❣✉✐♥t❡✱ ✭●r❛♥❞✐ ❡t ❛❧✳✱ ✷✵✵✽✮✱ ❛♣r❡s❡♥t♦✉

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

tr❛♥s❢♦r♠❛❞♦r tr✐❢ás✐❝♦ ♣❛r❛ r❡❛❧✐③❛r ❛ ❝♦♥❡①ã♦ ❝♦♠ ❛ r❡❞❡✳

◆♦s ú❧t✐♠♦s ❛♥♦s✱ ♦✉tr♦s tr❛❜❛❧❤♦s tê♠ s✐❞♦ ❛♣r❡s❡♥t❛❞♦ r❡❧❛❝✐♦♥❛♥❞♦ ❛ ❛♣❧✐❝❛çã♦ ❞♦

s✐st❡♠❛ ❢♦t♦✈♦❧t❛✐❝♦ ❝♦♠ ♦s ✐♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s✱ ❡♥tr❡ ❡❧❡s ✭❘❛❥❛s❡❦❛r ❡ ●✉♣t❛✱ ✷✵✶✶❀

■❜r❛❤✐♠ ❡t ❛❧✳✱ ✷✵✶✶❀ ❆❜❞❛❧❧❛ ❡t ❛❧✳✱ ✷✵✶✶❀ ❑❛s❤✐❤❛r❛ ❡ ■t♦❤✱ ✷✵✶✷❀ ❙❤❛✜②✐ ❡t ❛❧✳✱ ✷✵✶✷❀

❖❧✐✈❡✐r❛ ❡ ❈♦rr❡❛✱ ✷✵✶✷✮✳

■ss♦ s❡ t♦r♥❛ ❜❛st❛♥t❡ ❛tr❛t✐✈♦ ❡♠ ✉♠ ❝❡♥ár✐♦ ♦♥❞❡ ❛ ♣♦♣✉❧❛çã♦ s❡ t♦r♥❛ ❝❛❞❛ ✈❡③ ♠❛✐s

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

❝❛❞❛ ✈❡③ ♠❛✐s ♥❡❝❡ssár✐♦✳ ❆t✉❛❧♠❡♥t❡✱ ❡①✐st❡♠ ✈ár✐♦s ♠❡❝❛♥✐s♠♦s ♣❛r❛ s❡ ♦❜t❡r ❛ ❡♥❡r❣✐❛ ❛

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

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

♣r✐♠ár✐❛ ✭✐rr❛❞✐❛çã♦ s♦❧❛r✮✱ ❡s♣❡❝✐❛❧♠❡♥t❡ ♥❛s r❡❣✐õ❡s tr♦♣✐❝❛✐s ✭●r❛♥❞✐ ❡t ❛❧✳✱ ✷✵✵✾✮✳



■♥tr♦❞✉çã♦ ●❡r❛❧ ✾

❆❧❣✉♠❛s s♦❧✉çõ❡s ❜❛st❛♥t❡ ✐♥t❡r❡ss❛♥t❡s sã♦ ❡♥❝♦♥tr❛❞❛s ♥❛ ❧✐t❡r❛t✉r❛ ❝♦♠ ❛ ❝♦♥❡①ã♦

❞♦s ♣❛✐♥é✐s ❢♦t♦✈♦❧t❛✐❝♦s ❡♠ ✐♥✈❡rs♦r❡s ♠✉❧t✐♥✐✈❡✐s✳ ✭●r❛♥❞✐ ❡t ❛❧✳✱ ✷✵✵✾✮ ♣r♦♣õ❡ ✉♠ ❡sq✉❡♠❛

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

❞❡ ❞♦✐s ♥í✈❡✐s ✭❱❙■ ✲ ❢♦♥t❡ ❞❡ t❡♥sã♦✮✳ ❆ss✐♠ ❝♦♠♦ ♥♦ ❝❛s♦ ❛♥t❡r✐♦r ✭●r❛♥❞✐ ❡t ❛❧✳✱ ✷✵✵✾✮

♣r♦♣õ❡ ❛ ♠❡s♠❛ ❝♦♥✜❣✉r❛çã♦✳ ❆ ❞✐❢❡r❡♥ç❛ ❡stá ♥♦ ❛❝rés❝✐♠♦ ❞♦ ❝♦♥✈❡rs♦r CC/CC ❡♥tr❡

♦s ♣❛✐♥é✐s ❢♦t♦✈♦❧t❛✐❝♦s ❡ ♦ ❜❛rr❛♠❡♥t♦ CC✳ ❖ ❝♦♥✈❡rs♦r CC/CC ❛❞✐❝✐♦♥❛❞♦ t❡♠ ❝♦♠♦

♣r✐♥❝✐♣❛❧ ❢✉♥çã♦ ❡st❛❜❡❧❡❝❡r ❛ t❡♥sã♦ ❡ r❡❛❧✐③❛r ♦ r❛str❡❛♠❡♥t♦ ❞♦ ▼PP❚✳ P❛r❛ ✐ss♦✱ ✉♠

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

❢❛③❡♥❞♦ ❝♦♠ q✉❡ ❛ té❝♥✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦ ❛♣❧✐❝❛❞❛ ❛♦ ✐♥✈❡rs♦r s❡❥❛ ❞❡s❡♥✈♦❧✈✐❞❛ ❛♣❡♥❛s ❝♦♠

♦ ♦❜❥❡t✐✈♦ ❞❡ ✐♥❥❡t❛r ♣♦tê♥❝✐❛ ❞♦ ❜❛rr❛♠❡♥t♦ CC ♥❛ r❡❞❡✳

❊♠ ✭❑♦✉r♦ ❡t ❛❧✳✱ ✷✵✶✵✮ ♦ s✐st❡♠❛ ♣r♦♣♦st♦ ♣❡r♠✐t❡ ❛ ❧✐❣❛çã♦ ❝♦♠ ♠✉✐t♦s ❝❛♣❛❝✐t♦r❡s✱

❢♦r♠❛♥❞♦ ♦s ♥í✈❡✐s ❞❛ t❡♥sã♦ t♦t❛❧ ❞♦ ◆P❈✳ ❖ ◆P❈ ♣❡r♠✐t❡ ❛ ♦♣❡r❛çã♦ ❝♦♠ ✉♠❛ ❢r❡q✉ê♥❝✐❛

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

❞❛❞❡ ❞❡ ❡♥❡r❣✐❛ q✉❡ ❡stá ❡♠ ❝♦♥❢♦r♠✐❞❛❞❡ ❝♦♠ ❛s ♥♦r♠❛s ❡st❛❜❡❧❡❝✐❞❛s ♥♦ s❡t♦r ❡❧étr✐❝♦✳

❊♠ ♦✉tr♦s s✐st❡♠❛s é ♣♦ssí✈❡❧ t❡r ♦ s✐st❡♠❛ ❢♦t♦✈♦❧tá✐❝♦ ❛t✉❛♥❞♦ ❝♦♠♦ ✉♠ ❣❡r❛❞♦r ♦✉

❝♦♠♦ ✉♠ ✜❧tr♦ ❞❡ ♣♦tê♥❝✐❛ ❛t✐✈❛✳ ✭❙❤❛✜②✐ ❡t ❛❧✳✱ ✷✵✶✷✮ ❛♣r❡s❡♥t❛ ✉♠❛ ❡str✉t✉r❛ q✉❡ t❡♠

❡ss❛ ✜♥❛❧✐❞❛❞❡✱ ❡ t❡♠ ❝♦♠♦ ❜❛s❡ ✉♠ ❝♦♥✈❡rs♦r ♠✉❧t✐❝❡❧✉❧❛r ❛ ❝❛♣❛❝✐t♦r ✢✉t✉❛♥t❡ ✭❋❈▼✮✳

❊ss❡ t✐♣♦ ❞❡ ❡str✉t✉r❛ ♣♦ss✉✐ ❝♦♠♦ ✈❛♥t❛❣❡♠ ✉s❛r ♠❛✐s ♥í✈❡✐s ❡ ❛s t❡♥sõ❡s s✉❜♠❡t✐❞❛s ❛♦s

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

❖✉tr♦s tr❛❜❛❧❤♦s ❛♣r❡s❡♥t❛♠ ♦✉tr❛s s♦❧✉çõ❡s ❝♦♠♦ é ♦ ❝❛s♦ ❞❡ ✭❖③❞❡♠✐r ❡t ❛❧✳✱ ✷✵✵✾✮ ❡

✭❘❛❥❛s❡❦❛r ❡ ●✉♣t❛✱ ✷✵✶✶✮✱ ♦♥❞❡ ♦ ♣r✐♠❡✐r♦ ❛♣r❡s❡♥t❛ ✉♠❛ ❝♦♥❡①ã♦ ❞♦ s✐st❡♠❛ ❢♦t♦✈♦❧t❛✐❝♦

♣❛r❛ ❛ ❝♦♥❡①ã♦ ❝♦♠ ✉♠ ✐♥✈❡rs♦r ❞❡ s❡✐s ♥í✈❡✐s ❞♦ t✐♣♦ ◆P❈✱ ❡♥q✉❛♥t♦ q✉❡ ♦ s❡❣✉♥❞♦ ♣r♦♣õ❡

✉♠ s✐st❡♠❛ ❜❛s❡❛❞♦ ♥♦ ✐♥✈❡rs♦r ❡♠ ❝❛s❝❛t❛ ❢✉♥❝✐♦♥❛♥❞♦ ❝♦♠♦ ✉♠ ✜❧tr♦ ❛t✐✈♦✳ ❙❡♥❞♦ ❛ss✐♠✱

❡①✐st❡ ❜❛st❛♥t❡ ❡s♣❛ç♦ ❞❡ ❛♣❧✐❝❛çã♦ ❞❡♥tr♦ ❞♦ ❝❛♠♣♦ ❞❡ ❡st✉❞♦ ❡♠ ❛♣❧✐❝❛çõ❡s ❝♦♠ s✐st❡♠❛s

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

♦✉ ♣❛ss❛r ♣♦r ✉♠ ❡stá❣✐♦ ❛ ♠❛✐s q✉❡ s❡r✐❛ ♦ ❝♦♥✈❡rs♦r CC/CC✳

❖ ❞❡s❛✜♦ ❞❡ r❛str❡❛r ♦ ▼PP❚ ♥❡ss❡s ❝❛s♦s s❡ t♦r♥❛ ✉♠ ❛❧✈♦ ❞❡ ♣❡sq✉✐s❛ ❜❛st❛♥t❡ ♣❡r✲

t✐♥❡♥t❡✳ P♦rt❛♥t♦✱ é ♥❡❝❡ssár✐♦ r❡❛❧✐③❛r ✉♠ ❡st✉❞♦ s♦❜r❡ ♦s ❞✐✈❡rs♦s t✐♣♦s ❞❡ s♦♠❜r❡❛♠❡♥t♦

♣❛r❝✐❛✐s s♦❜r❡ ❛ ♠❛tr✐③ ♣❛r❛ t♦♠❛r ❛ ♠❡❧❤♦r ❞❡❝✐sã♦ ♥♦ r❛str❡❛♠❡♥t♦ ❞♦ ▼PP❚ ✭❱❡♠✉r✉

❡t ❛❧✳✱ ✷✵✶✷✮✳ ❆ té❝♥✐❝❛ ♣❛❞rã♦ ♣❛r❛ ♣r♦t❡❣❡r ♦s ♠ó❞✉❧♦s P❱ ❝♦♥tr❛ ♦s ❡❢❡✐t♦s ❞♦ s♦♠❜r❡❛✲



■♥tr♦❞✉çã♦ ●❡r❛❧ ✶✵

♠❡♥t♦ ♣❛r❝✐❛❧ é ❛❞✐❝✐♦♥❛♥❞♦ ❞✐♦❞♦s ❡♠ ❞❡r✐✈❛çã♦ ♥❛ s❛í❞❛ ❞♦ ♠ó❞✉❧♦ P❱✳ ❖✉tr❛ té❝♥✐❝❛ é

❝♦♥❡❝t❛♥❞♦ ❝❛❞❛ ♠ó❞✉❧♦ P❱ ❛ ✉♠ ❝♦♥✈❡rs♦r ❈❈✲❈❈ ♣❛r❛ r❡❛❧✐③❛r ♦ ▼PP❚ ✐♥❞✐✈✐❞✉❛❧♠❡♥t❡✳

❊♠ ✭❍♦❤♠ ❡ ❘♦♣♣✱ ✷✵✶✸✮ é ❢❡✐t❛ ✉♠❛ ❝♦♠♣❛r❛çã♦ ♥♦ ❞❡s❡♠♣❡♥❤♦ ❞❡ três ❛❧❣♦r✐t♠♦s

♦t✐♠✐③❛❞♦s✱ ✉s❛♥❞♦ ✉♠❛ ♦♣❡r❛çã♦ ❞❡ ▼PP❚ ❝♦♥tr♦❧❛❞♦ ♣♦r ♠✐❝r♦♣r♦❝❡ss❛❞♦r ❞❡ ✉♠ ♣❛✐✲

♥❡❧ ❢♦t♦✈♦❧t❛✐❝♦ ❡ ✉♠ s✐♠✉❧❛❞♦r✳ ❱❡r✐✜❝❛♥❞♦ q✉❡ ♦s ♠ét♦❞♦s P&O ✭P❡rt✉❜❛ ❡ ❖❜s❡r✈❛✮ ❡

IncCond ✭■♥❝r❡♠❡♥t❛❧ ❈♦♥❞✉❝t❛♥❝❡✮ sã♦ ♦s q✉❡ r❡♣r❡s❡♥t❛♠ ♠❡❧❤♦r❡s r❡s✉❧t❛❞♦s✳

❆s ♣❡r❞❛s ❞❡✈✐❞♦ ❛♦ s♦♠❜r❡❛♠❡♥t♦ ♣❛r❝✐❛❧ ♥ã♦ sã♦ ♣r♦♣♦r❝✐♦♥❛✐s à ár❡❛ s♦♠❜r❡❛❞❛✱ ♠❛s

❞❡♣❡♥❞❡♠ ❞♦ ♣❛❞rã♦ ❞❡ s♦♠❜r❡❛♠❡♥t♦✱ ♦✉ s❡❥❛✱ ❞❡ ❝♦♠♦ ♦s ♣❛✐♥é✐s ❡stã♦ ❝♦♥✜❣✉r❛❞♦s ♥❛

♠❛tr✐③ ❞♦s ♣❛✐♥é✐s✳ ➱ ♣♦ssí✈❡❧ ❡♥❝♦♥tr❛r ♥❛ ❧✐t❡r❛t✉r❛ ✈ár✐❛s ❢♦r♠❛s ❞❡ r❡❛❧✐③❛r ❛ ❝♦♥✜❣✉r❛çã♦

❞❡ss❛ ♠❛tr✐③✱ ❡♥tr❡ ❡❧❛s ❡stã♦✱ ❙ér✐❡✲P❛r❛❧❡❧❛ ✭❙P✮✱ ❚♦t❛❧✲❈r♦ss✲❚✐❡❞ ✭❚❈❚✮✱ ❇r✐❞❣❡ ▲✐♥❦❡❞

✭❇▲✮ ❡ ✉♠❛ ❝♦♥✜❣✉r❛çã♦ é ❛ ❜❛s❡❛❞❛ ♥❛ ❧ó❣✐❝❛ ❞❡ ❙❯ ❉❖ ❑❯ ❛♣r❡s❡♥t❛❞♦ ♥♦ tr❛❜❛❧❤♦

✭❘❛♥✐ ❡t ❛❧✳✱ ✷✵✶✸✮✳ ❚♦❞❛s ❡ss❛s ❢♦r♠❛s ❞❡ ❝♦♥❡①ã♦ t❡♠ ❝♦♠♦ ♦ ♦❜❥❡t✐✈♦ ❛♣r♦✈❡✐t❛r ♦ ♠❡❧❤♦r

r❡♥❞✐♠❡♥t♦ ❞❛ ♠❛tr✐③ ❞♦s ♣❛✐♥é✐s ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ♦ s✐st❡♠❛ s❡♠♣r❡ ♣r♦❝✉r❡ ♦ ♣♦♥t♦ ❞❡

tr❛♥s❢❡rê♥❝✐❛ ♠á①✐♠❛ ❞❡ ♣♦tê♥❝✐❛ ❣❧♦❜❛❧ ❡ ♥ã♦ ♦ ✐♥❞✐✈✐❞✉❛❧ ❞❡ ❝❛❞❛ ♠ó❞✉❧♦✳

✶✳✸ ❈♦♥tr✐❜✉✐çã♦ ❡ Pr♦♣♦st❛ ❞♦ ❚r❛❜❛❧❤♦

❖ ♦❜❥❡t✐✈♦ ❞❡st❡ tr❛❜❛❧❤♦ ❡stá ♥❛ ✐♥✈❡st✐❣❛çã♦ ❞♦s ❝♦♥✈❡rs♦r❡s ❡stát✐❝♦s CC/CA ❜❛s❡❛❞♦s ♥❛s

t♦♣♦❧♦❣✐❛s ❝♦♠ ❜❛rr❛♠❡♥t♦ ❣r❛♠♣❡❛❞♦✳ ❖ ❡st✉❞♦ é ❢❡✐t♦ ❡♠ t♦r♥♦ ❞♦s s❡❣✉✐♥t❡s ♣r♦❜❧❡♠❛s✿

• ❞❡s❡q✉✐❧í❜r✐♦ ❞❛ t❡♥sã♦ ❞♦s ❝❛♣❛❝✐t♦r❡s q✉❡ ❝♦♠♣õ❡♠ ♦ ❜❛rr❛♠❡♥t♦ CC ❞♦ ✐♥✈❡rs♦r✿

❆ s♦❧✉çã♦ ❞♦ ❞❡s❡q✉✐❧í❜r✐♦ s❡rá ♣r♦♣♦st❛ ❝♦♠ ❜❛s❡ ♥❛ ❡str❛té❣✐❛ ❞❡ ♠♦❞✉❧❛çã♦✱ ♣♦r

✉♠ ❝♦♥✈❡rs♦r❡s CC/CC ❝♦♥❡❝t❛❞♦ ❛♦ ❜❛rr❛♠❡♥t♦ ❡✴♦✉ r❡❝♦♥✜❣✉r❛çã♦ ❞❛ ❢♦♥t❡ ❞❡

❛❧✐♠❡♥t❛çã♦❀

• r❡❞✉çã♦ ♥♦ ♥ú♠❡r♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s❀

• ❛❧✐♠❡♥t❛çã♦ ❝♦♠ ❢♦♥t❡ ❞❡ ❜❛✐①❛ t❡♥sã♦❀

• ❡ ❛♣❧✐❝❛çã♦ ❞♦ s✐st❡♠❛s ❢♦t♦✈♦❧t❛✐❝♦s✳

❖s ✐♥✈❡rs♦r❡s ♣r♦♣♦st♦s ♥❡st❡ tr❛❜❛❧❤♦ sã♦✿
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✶✳ ■♥✈❡rs♦r ❍í❜r✐❞♦✿ Pr♦♣♦st❛ ❞❡ ✐♥✈❡rs♦r ❞❡ três ♥í✈❡✐s ♣❛r❛ ✉♠❛ ❛❧✐♠❡♥t❛çã♦ ❞❡ t❡♥sã♦

r❡❞✉③✐❞❛ ❝♦♠ ♠✐♥✐♠✐③❛çã♦ ♥❛ ❝❛♣❛❝✐tâ♥❝✐❛ ❞♦ ❜❛rr❛♠❡♥t♦❀

✷✳ ■♥✈❡rs♦r ❋♦♥t❡ ❋❧✉t✉❛♥t❡ ✭❋❋✮✿ Pr♦♣♦st❛ ❞❡ ✐♥✈❡rs♦r ❞❡ três ♥í✈❡✐s ♣❛r❛ ✉♠❛ ❛❧✐✲

♠❡♥t❛çã♦ ❞❡ t❡♥sã♦ r❡❞✉③✐❞❛ ❝♦♠ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ♦♣❡r❛r ❡♠ q✉❛tr♦ ♥í✈❡✐s❀

✸✳ ■♥✈❡rs♦r ✷▲✹▲✿ Pr♦♣♦st❛ ❞❡ ✐♥✈❡rs♦r ❞❡ ✺ ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s

q✉❡ ♣♦❞❡ ♦♣❡r❛r ❡♠ ✼ ♥í✈❡✐s✳

❏á ♦s s✐st❡♠❛s ♣r♦♣♦st♦s ♣❛r❛ ❛♣❧✐❝❛çõ❡s ❝♦♠ ♦ ♣❛✐♥❡❧ ❢♦t♦✈♦❧t❛✐❝♦ sã♦✿

✶✳ P❱✲❇♦♦st✲◆P❈✿ ❙✐st❡♠❛ ❝♦♠♣♦st♦ ♣♦r ♣❛✐♥é✐s ❢♦t♦✈♦❧t❛✐❝♦s ✭P❱✮✱ ❝♦♥✈❡rs♦rCC/CC

❞♦ t✐♣♦ ❇♦♦st ❛♣❧✐❝❛❞♦s ❛♦ ◆P❈ ❞❡ três ♥í✈❡✐s tr✐❢ás✐❝♦❀

✷✳ P❱✲❇♦♦st✲❋❧②❇❛❝❦✲❋❋✿❙✐st❡♠❛ ❝♦♠♣♦st♦ ♣♦r ♣❛✐♥é✐s ❢♦t♦✈♦❧t❛✐❝♦s ✭P❱✮✱ ❝♦♥✈❡rs♦r

CC/CC ❞♦ t✐♣♦ ❇♦♦st ❡ ❋❧②❇❛❝❦ ❛♣❧✐❝❛❞♦s ❛♦ ✐♥✈❡rs♦r ❋♦♥t❡ ❋❧✉t✉❛♥t❡❀

✸✳ P❱✲❇♦♦st✲✷▲✹▲✿ ❙✐st❡♠❛ ❝♦♠♣♦st♦ ♣♦r ♣❛✐♥é✐s ❢♦t♦✈♦❧t❛✐❝♦s ✭P❱✮✱ ❝♦♥✈❡rs♦rCC/CC

❞♦ t✐♣♦ ❇♦♦st ❛♣❧✐❝❛❞♦s ❛♦ ✐♥✈❡rs♦r ♣r♦♣♦st♦ ✷▲✹▲✳

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

❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡✳ ❙ã♦ ❛✈❛❧✐❛❞❛s ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ q✉❛❧✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛ ❝♦♠ ❜❛s❡ ♥♦

❚❍❉ ❡ ❲❚❍❉✱ ❝❛r❛❝t❡ríst✐❝❛s ❞❡ r❡♥❞✐♠❡♥t♦ ❝♦♠ ❜❛s❡ ♥❛s ♣❡r❞❛s ♥♦ ❜❛rr❛♠❡♥t♦ CC ❡ ♥❛s

♣❡r❞❛s ❞❡ ❝♦♥❞✉çã♦ ❡ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞❛s ❝❤❛✈❡s ❡ ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❝♦♠ ❜❛s❡

♥♦ ❡str❡ss❡ tér♠✐❝♦ ❞❛s ❝❤❛✈❡s✳ ❆ ✉t✐❧✐③❛çã♦ ❞❡ss❡s ❝r✐tér✐♦s t❡♠ ♣♦r ✜♠ ❝r✐❛r ❝♦♠♣❛r❛çõ❡s

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

❆❧é♠ ❞✐ss♦✱ é ♣r♦♣♦st♦ ♥♦ tr❛❜❛❧❤♦ ✉♠❛ té❝♥✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦ PWM ❜❛s❡❛❞❛ ♥❛ ❡str❛✲

té❣✐❛ SV PWM ♣❛r❛ ♦ ✐♥✈❡rs♦r ❞❡ q✉❛tr♦ ♥í✈❡✐s ❛♣r❡s❡♥t❛❞♦✳

✶✳✹ ❖r❣❛♥✐③❛çã♦ ❞♦ ❚r❛❜❛❧❤♦

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

♥í✈❡✐s ❛♣❧✐❝❛❞♦s ❛ ♣❛✐♥❡✐s ❢♦t♦✈♦❧t❛✐❝♦s✳ ❆s ✐♥❢♦r♠❛çõ❡s s♦❜r❡ ♦ ❞❡s❡♠♣❡♥❤♦ ❡ ❛ ❛♣r❡s❡♥t❛çã♦

❞❡ ❝❛❞❛ s✐st❡♠❛ ❡stã♦ ❞✐✈✐❞✐❞❛s ♥❡st❡ tr❛❜❛❧❤♦ ❡♠ s❡✐s ❝❛♣ít✉❧♦s✳
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◆♦ ❈❛♣ít✉❧♦ ✶ é ❛♣r❡s❡♥t❛❞❛ ❛ ✐♥tr♦❞✉çã♦ q✉❡ ❞❡s❝r❡✈❡ ♦ t❡♠❛ q✉❡ s❡rá ❞✐s❝✉t✐❞♦ ♥♦

❞❡❝♦rr❡r ❞♦ tr❛❜❛❧❤♦✱ ❛♣r❡s❡♥t❛❞♦ ❛s ♣❡sq✉✐s❛s ❥á r❡❛❧✐③❛❞❛s✱ ✐♥❞✐❝❛♥❞♦ ❛s ♣r❡t❡♥sõ❡s ❞♦ q✉❡

s❡ q✉❡r ♠♦str❛r ❡ ❝♦♠♦ ❛s ✐♥❢♦r♠❛çõ❡s ❡stã♦ ❞✐s♣♦st❛s ♥♦ ❞♦❝✉♠❡♥t♦✳

◆♦ ❈❛♣ít✉❧♦ ✷ é ❛♣r❡s❡♥t❛❞❛ ✉♠❛ s✐st❡♠át✐❝❛ ❞❡ ❝♦♥❝❡♣çã♦ ❞❛s t♦♣♦❧♦❣✐❛s ❞♦s ✐♥✈❡rs♦r❡s

♠✉❧t✐♥í✈❡✐s ❝♦♠ ❜❛rr❛♠❡♥t♦ ❣r❛♠♣❡❛❞♦✳ ❆❧é♠ ❞✐ss♦✱ sã♦ ❡st❛❜❡❧❡❝✐❞♦s ♦s ♣❛râ♠❡tr♦s ❞❡

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

◆♦ ❈❛♣ít✉❧♦ ✸ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s t♦♣♦❧♦❣✐❛s ❞❡ ✐♥✈❡rs♦r❡s ❞❡ três ♥í✈❡✐s✳ ❊ r❡❛❧✐③❛❞❛ ❛

❛♥á❧✐s❡ ❝♦♠♣❛r❛t✐✈❛ ❞❡st❛s✱ ❧❡✈❛♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ♦ ❚❍❉ ❞❡ ❝♦rr❡♥t❡✱ ❲❚❍❉ ❞❡ t❡♥sã♦✱

♣❡r❞❛s ❞❡ ❛❧t❛ ❢r❡q✉ê♥❝✐❛ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ♣❡r❞❛s ♥❛s ❝❤❛✈❡s ❡ ❡str❡ss❡ tér♠✐❝♦❀

◆♦ ❈❛♣ít✉❧♦ ✹ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s t♦♣♦❧♦❣✐❛s ❞❡ ✐♥✈❡rs♦r❡s ❞❡ q✉❛tr♦ ♥í✈❡✐s ❡ ❛ t♦♣♦❧♦❣✐❛

♣r♦♣♦st❛ ❞❡ ❝✐♥❝♦ ♥í✈❡✐s✳ ✳ ❊ r❡❛❧✐③❛❞❛ ❛ ❛♥á❧✐s❡ ❝♦♠♣❛r❛t✐✈❛ ❞❡st❛s✱ ❧❡✈❛♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦

♦ ❚❍❉ ❞❡ ❝♦rr❡♥t❡✱ ❲❚❍❉ ❞❡ t❡♥sã♦✱ ♣❡r❞❛s ❞❡ ❛❧t❛ ❢r❡q✉ê♥❝✐❛ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ♣❡r❞❛s

♥❛s ❝❤❛✈❡s ❡ ❡str❡ss❡ tér♠✐❝♦❀

◆♦ ❈❛♣ít✉❧♦ ✺ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s s✐st❡♠❛s ❝♦♠ ❛♣❧✐❝❛çã♦ ❞♦ ♣❛✐♥❡❧ ❢♦t♦✈♦❧t❛✐❝♦❀

◆♦ ❈❛♣ít✉❧♦ ✻ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ❝♦♥❝❧✉sõ❡s s♦❜r❡ ♦s ❡st✉❞♦s r❡❛❧✐③❛❞♦s✳ ❚❛♠❜é♠ sã♦

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



2
❚♦♣♦❧♦❣✐❛s ❞❡ ■♥✈❡rs♦r❡s ▼✉❧t✐♥í✈❡✐s✱
P❛râ♠❡tr♦s ❞❡ ❉❡s❡♠♣❡♥❤♦s ❡ ❆♣❧✐❝❛çã♦
❞♦s P❛✐♥❡✐s ❋♦t♦✈♦❧t❛✐❝♦s

✷✳✶ ■♥tr♦❞✉çã♦

❉❡♥tr❡ ❛s t♦♣♦❧♦❣✐❛s ❡①✐st❡♥t❡s ❞❡ ❝♦♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s✱ ❡st❡ tr❛❜❛❧❤♦ t❡rá ❝♦♠♦ ❜❛s❡ ❛s

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

♠❡✐♦ ❞❡ ❣r❛♠♣❡❛♠❡♥t♦ ❡♠ ♥í✈❡✐s ✐♥t❡r♠❡❞✐ár✐♦s✳ ❆ s❡❣✉✐r s❡rá ❛♣r❡s❡♥t❛❞♦ ✉♠❛ ❞❡s❝r✐çã♦

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

❆ t♦♣♦❧♦❣✐❛ ♠❛✐s ✉t✐❧✐③❛❞❛ ❝♦♠ ❜❛rr❛♠❡♥t♦ ❈❈ ❣r❛♠♣❡❛❞♦ é ❛ ◆P❈✱ ❛❧é♠ ❞❡st❛✱ ♦✉tr❛s

t♦♣♦❧♦❣✐❛s ❞❡r✐✈❛❞❛s ❞❛ ♠❡s♠❛ t❛♠❜é♠ sã♦ ✉t✐❧✐③❛❞❛s✳ ❆ t♦♣♦❧♦❣✐❛ ANPC s✉r❣✐✉ ♥♦ ✐♥t✉✐t♦

❞❡ s❡ ♦❜t❡r ✉♠❛ ♠❡❧❤♦r ❞✐str✐❜✉✐çã♦ ❞♦s ❡s❢♦rç♦ ❞❛s ❝❤❛✈❡s✳ ❈♦♠ ❞✉❛s ❝❤❛✈❡s ❛t✐✈❛s ♥♦ ❧✉❣❛r

❞♦s ❞✐♦❞♦s ❞❡ ❣r❛♠♣❡❛♠❡♥t♦✱ ❛✉♠❡♥t❛♠ ❛s ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❝♦♥❡①ã♦ ❝♦♠ ♦ ♣♦♥t♦ ♥❡✉tr♦ ❞♦

❜❛rr❛♠❡♥t♦ CC✳

❈♦♠ ♦ ♣❛ss❛r ❞♦s ❛♥♦s ❛s ❝❤❛✈❡s s❡ t♦r♥❛r❛♠ ❝❛❞❛ ✈❡③ ♠❛✐s r♦❜✉st❛s ❡ ❝♦♠ ❛ ❝❛♣❛❝✐❞❛❞❡

❞❡ ♣r♦❝❡ss❛r ♣♦tê♥❝✐❛s ♠❛✐s ❡❧❡✈❛❞❛s✳ ❉❡ss❛ ❢♦r♠❛✱ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ♠❡❧❤♦r❛r ❛ ❡✜❝✐ê♥❝✐❛

❞♦ s✐st❡♠❛✱ ❞✐♠✐♥✉✐♥❞♦ ❛s ♣❡r❞❛s ♥❛s ❝❤❛✈❡s✱ s✉r❣✐✉✱ ❛ t♦♣♦❧♦❣✐❛ NRC ♦✉ NPC t✐♣♦✲❚✳

❖s ❞✐♦❞♦s ❞❡ ❣r❛♠♣❡❛♠❡♥t♦ ❞❛ ❡str✉t✉r❛ ♦r✐❣✐♥❛❧ sã♦ r❡t✐r❛❞♦s ❡ ❛s q✉❛tr♦s ❝❤❛✈❡s sã♦

r❡♦r❣❛♥✐③❛❞❛s ❞❡ t❛❧ ❢♦r♠❛ q✉❡ ♦s três ♥í✈❡✐s sã♦ ♠❛♥t✐❞♦s✳

✶✸



❚♦♣♦❧♦❣✐❛s ❞❡ ■♥✈❡rs♦r❡s ▼✉❧t✐♥í✈❡✐s✱ P❛râ♠❡tr♦s ❞❡ ❉❡s❡♠♣❡♥❤♦s ❡ ❆♣❧✐❝❛çã♦ ❞♦s P❛✐♥❡✐s ❋♦t♦✈♦❧t❛✐❝♦s✶✹

◆❡st❡ ❝❛♣✐t✉❧♦ s❡rã♦ ❛♣r❡s❡♥t❛❞❛s ❛s t♦♣♦❧♦❣✐❛s ❡♠ ❡st✉❞♦✱ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❞❡s❡♠✲

♣❡♥❤♦ ✉t✐❧✐③❛❞❛s ♣❛r❛ ❛✈❛❧✐❛r ❝❛❞❛ ✉♠❛ ❞❡st❛s ❡ ❛ ❡str✉t✉r❛ ❜ás✐❝❛ ♣❛r❛ ❛ ❛♣❧✐❝❛çã♦ ❞♦s

♣❛✐♥❡✐s ❢♦t♦✈♦❧t❛✐❝♦s✳

✷✳✷ ❙í♥t❡s❡ ❞❛ ❈♦♥❝❡♣çã♦ ❞❛s ❚♦♣♦❧♦❣✐❛s ❝♦♠ ❇❛rr❛♠❡♥t♦

❈❈ ●r❛♠♣❡❛❞♦

❖s ✐♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s ❝♦♠ ❜❛rr❛♠❡♥t♦ CC ❣r❛♠♣❡❛❞♦ sã♦ ❝♦♥st✐t✉í❞♦s ♣♦r ❞♦✐s ❡❧❡♠❡♥✲

t♦s✿ ♦ ♣r✐♠❡✐r♦ é ♦ ❜❛rr❛♠❡♥t♦ CC ❡ ♦ s❡❣✉♥❞♦ é ♦ ❜r❛ç♦ ❞♦ ✐♥✈❡rs♦r✳ ❖ ❜❛rr❛♠❡♥t♦ CC

é ❝♦♠♣♦st♦ ♣♦r ❛ss♦❝✐❛çã♦ ❡♠ sér✐❡ ❞❡ ❝❛♣❛❝✐t♦r❡s✱ ❝♦♠♦ ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✶✳ ❖✉ s❡❥❛✱

♣❛r❛ ♦ ✐♥✈❡rs♦r ❞❡ ❞♦✐s ♥í✈❡✐s é ♥❡❝❡ssár✐♦ ✉♠ ❝❛♣❛❝✐t♦r❀ ♥♦ ❝❛s♦ ❞❡ três ♥í✈❡✐s sã♦ ❞♦✐s ❝❛✲

♣❛❝✐t♦r❡s✳ ●❡♥❡r❛❧✐③❛♥❞♦✿ t❡♠✲s❡ ✉♠❛ t♦t❛❧✐❞❛❞❡ ❞❡ ◆✲✶ ❝❛♣❛❝✐t♦r❡s ❡♠ sér✐❡ ♣❛r❛ ❝♦♠♣♦r

♦ ❜❛rr❛♠❛♥t♦ CC ❞❡ ✉♠ ✐♥✈❡rs♦r ❞❡ ◆ ♥í✈❡✐s✳ ❖ ❜❛rr❛♠❡♥t♦ s✐♠étr✐❝♦ é ❛q✉❡❧❡ ❡♠ q✉❡ ❛s

t❡♥sõ❡s ❞♦s ❝❛♣❛❝✐t♦r❡s sã♦ ✐❣✉❛✐s ❛ VDC/(N − 1)✳ ❊①✐st❡♠✱ ❡♥tr❡t❛♥t♦✱ ❝❛s♦s ❡♠ q✉❡ ❛s

t❡♥sõ❡s ❞♦ ❜❛rr❛♠❡♥t♦ ♥ã♦ sã♦ ✐❣✉❛✐s✳ ◆♦ ♠♦♠❡♥t♦ s❡rã♦ ❞✐s❝✉t✐❞❛s ❛♣❡♥❛s ❛s t♦♣♦❧♦❣✐❛s

❝♦♠ ❜❛rr❛♠❡♥t♦s s✐♠étr✐❝♦s✳

❋✐❣✉r❛ ✷✳✶✿ ❇❛rr❛♠❡♥t♦ CC ♣❛r❛ ♦s ✐♥✈❡rs♦r❡s ❝♦♠ ❣r❛♠♣❡❛♠❡♥t♦✿ ✭❛✮ ❞♦✐s ♥í✈❡✐s
✭❜✮ três ♥í✈❡✐s ✭❝✮ ◆ ♥í✈❡✐s

❖ ❜r❛ç♦ ❞♦s ✐♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s é ❝♦♠♣♦st♦ ♣♦r ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❝❤❛✈❡s ❡ ❞✐♦❞♦s ♦♥❞❡

♦ ♦❜❥❡t✐✈♦ é r❡❛❧✐③❛r ❛ ❝♦♥❡①ã♦ ❞❛ ❢❛s❡ ❝♦♠ ❝❛❞❛ ♥í✈❡❧ ❞❡ t❡♥sã♦ ❞✐s♣♦♥í✈❡❧ ♥♦ ❜❛rr❛♠❡♥t♦✳

❉❡♣❡♥❞❡♥❞♦ ❞❡ ❝♦♠♦ s❡❥❛ ♦ ❛rr❛♥❥♦ ❞❛s ❝❤❛✈❡s ❡ ❞♦s ❞✐♦❞♦s é q✉❡ s❡ t❡♠ ❛s t♦♣♦❧♦❣✐❛s ❞♦s

✐♥✈❡rs♦r❡s✳

◆♦ tr❛❜❛❧❤♦ ❞❡ ✭❞♦s ❙❛♥t♦s ❏✉♥✐♦r ❡ ❞❛ ❙✐❧✈❛✱ ✷✵✶✸✮ é ♣♦ssí✈❡❧ ♦❜t❡r ✉♠❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡



❚♦♣♦❧♦❣✐❛s ❞❡ ■♥✈❡rs♦r❡s ▼✉❧t✐♥í✈❡✐s✱ P❛râ♠❡tr♦s ❞❡ ❉❡s❡♠♣❡♥❤♦s ❡ ❆♣❧✐❝❛çã♦ ❞♦s P❛✐♥❡✐s ❋♦t♦✈♦❧t❛✐❝♦s✶✺

❝♦♥❝❡♣çã♦ ❞♦s ✐♥✈❡rs♦r❡s ✉t✐❧✐③❛♥❞♦ ❝é❧✉❧❛s ❜ás✐❝❛s✳ ❆ ❋✐❣✉r❛ ✷✳✷ ❛♣r❡s❡♥t❛ q✉❛tr♦ ❝é❧✉❧❛s

❜ás✐❝❛s✳ ❈❛❞❛ ✉♠❛ ❞❛s ❝é❧✉❧❛s t❡♠ ❝♦♠♦ ♦❜❥❡t✐✈♦ ❢♦r♥❡❝❡r ✉♠ ❝❛♠✐♥❤♦ ♣❛r❛ ❛ ❝♦♥❡①ã♦

❞♦ ♣♦♥t♦ VA ❝♦♠ ♦s ♣♦♥t♦s V1 ❡✴♦✉ V2✳ ❆ ♣r✐♠❡✐r❛ ❝é❧✉❧❛ ❜ás✐❝❛ é ❞❡ ❞♦✐s ♥í✈❡✐s CA

✭✷◆❈❆✮✱ ♠♦str❛❞❛ ♥❛ ❋✐❣✉r❛ ✷✳✷✳❛✳ ❆ s❡❣✉♥❞❛ é ✉♠❛ ❝❤❛✈❡ ❜✐❞✐r❡❝✐♦♥❛❧ ✭❈❇✮✱ ♠♦str❛❞❛

♥❛ ❋✐❣✉r❛ ✷✳✷✳❜✳ ❆ t❡r❝❡✐r❛ ❡ q✉❛rt❛ sã♦ ❛s ❝é❧✉❧❛s ❞❡ ❞♦✐s ♥í✈❡✐s CC✱ q✉❡ ❛ss✉♠❡ ❛♣❡♥❛s

❝♦rr❡♥t❡ ♣♦s✐t✐✈❛ ✭✷◆❈❈♣✮ ❡ ❝♦rr❡♥t❡ ♥❡❣❛t✐✈❛ ✭✷◆❈❈♥✮ ♠♦str❛❞❛s ♥❛s ❋✐❣✉r❛s ✷✳✷✳❝ ❡ ✷✳✷✳❞✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❆s t♦♣♦❧♦❣✐❛s ❛♣r❡s❡♥t❛❞❛s ♥❡ss❡ tr❛❜❛❧❤♦ sã♦ ❝♦♥str✉í❞❛s ✉t✐❧✐③❛♥❞♦ ❡ss❛s q✉❛tr♦ ❝é❧✉❧❛s

❜ás✐❝❛s✳ ❆ ❝♦♥str✉çã♦ s❡❣✉❡ ❛❧❣✉♠❛s r❡❣r❛s✿

❋✐❣✉r❛ ✷✳✷✿ ❈❡❧✉❧❛s ❇ás✐❝❛s✿ ✭❛✮ ❞♦✐s ♥í✈❡✐s CA ✭✷◆❈❆✮✭❜✮ ❝❤❛✈❡ ❜✐❞✐r❡❝✐♦♥❛❧
✭❈❇✮✭❝✮ ❞♦✐s ♥í✈❡✐s CC ♣♦s✐t✐✈❛ ✭✷◆❈❈♣✮✭❞✮ ❞♦✐s ♥í✈❡✐s CC ♥❡❣❛✲
t✐✈❛✭✷◆❈❈♥✮

• ❈é❧✉❧❛ ❜ás✐❝❛ 2NCA✿ ❚♦❞❛s ❛s t♦♣♦❧♦❣✐❛s ♣❛rt❡♠ ❞❡ss❛ ❝é❧✉❧❛✳ ❊❧❛ é ✉t✐❧✐③❛❞❛ ♣❛r❛

r❡❛❧✐③❛r ❛ ❝♦♥❡①ã♦ ❝♦♠ ❛ ❢❛s❡ ❞♦ ❜r❛ç♦✱ ♣♦❞❡♥❞♦ t❛♠❜é♠ s❡r ❝♦♥❡❝t❛❞❛ ♥♦s ♣♦♥t♦s v1

♦✉ v2 ❞❡ q✉❛❧q✉❡r ♦✉tr❛ ❝é❧✉❧❛ ❜ás✐❝❛❀

• ❈é❧✉❧❛ ❜ás✐❝❛ CB✿ ❯t✐❧✐③❛❞❛ ♣❛r❛ ✐♥t❡r❧✐❣❛r ♦ ♣♦♥t♦ ❝❡♥tr❛❧ ❞❛ ❝é❧✉❧❛ 2NCA ❛ ✉♠

♣♦♥t♦ ✐♥t❡r♠❡❞✐ár✐♦ ❞♦ ❜❛rr❛♠❡♥t♦ CC❀

• ❈é❧✉❧❛ ❜ás✐❝❛ 2NCCp✿ ❯t✐❧✐③❛❞❛ ♣❛r❛ ❝♦♥❡①ã♦ ❞♦s ♥í✈❡✐s ♣♦s✐t✐✈♦s ❞♦ ❜❛rr❛♠❡♥t♦✱

♣♦rt❛♥t♦ ♣♦❞❡ s❡r ❝♦♥❡❝t❛❞❛ ♥♦ ♣♦♥t♦ v1 ❞❡ q✉❛❧q✉❡r ♦✉tr❛ ❝é❧✉❧❛ ❜ás✐❝❛❀

• ❈é❧✉❧❛ ❜ás✐❝❛ 2NCCn✿ ❯t✐❧✐③❛❞❛ ♣❛r❛ ❝♦♥❡①ã♦ ❞♦s ♥í✈❡✐s ♥❡❣❛t✐✈♦s ❞♦ ❜❛rr❛♠❡♥t♦✱

♣♦❞❡♥❞♦ s❡r ❝♦♥❡❝t❛❞❛ ♥♦ ♣♦♥t♦ v2 ❞❡ q✉❛❧q✉❡r ♦✉tr❛ ❝é❧✉❧❛ ❜ás✐❝❛✳

❆ ❝♦♥❝❡♣çã♦ ❞❛s t♦♣♦❧♦❣✐❛s sã♦ ❞❡✜♥✐❞❛s ♣❡❧❛ ❝♦♠❜✐♥❛çã♦ ❞❛s ❝é❧✉❧❛s ❜ás✐❝❛s✳ ❈♦♠❜✐✲

♥❛♥❞♦ ❛ ❝é❧✉❧❛ 2NCA ❝♦♠ CB é ♣♦ssí✈❡❧ ♦❜t❡r ❛s t♦♣♦❧♦❣✐❛s NRC ❞❡ ✸ ♥í✈❡✐s ❡ Nested ❞❡ ✹



❚♦♣♦❧♦❣✐❛s ❞❡ ■♥✈❡rs♦r❡s ▼✉❧t✐♥í✈❡✐s✱ P❛râ♠❡tr♦s ❞❡ ❉❡s❡♠♣❡♥❤♦s ❡ ❆♣❧✐❝❛çã♦ ❞♦s P❛✐♥❡✐s ❋♦t♦✈♦❧t❛✐❝♦s✶✻

❋✐❣✉r❛ ✷✳✸✿ ■♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s✿ ❞❡ três ♥í✈❡✐s✱ ✭❛✮◆❡st❡❞ ✭❜✮ ◆P❈ ✭❝✮ ❆◆P❈✱
❞❡ q✉❛tr♦ ♥í✈❡✐s✱ ✭❞✮ ◆❡st❡❞ ✭❡✮ ◆P❈ ✭❢✮ ❉P❈

♥í✈❡✐s✱ q✉❡ ❡stã♦ ✐❧✉str❛❞❛s ♥❛s ❋✐❣✉r❛s ✷✳✸✳❛ ❡ ✷✳✸✳❞✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❊ss❡ t✐♣♦ ❞❡ t♦♣♦❧♦❣✐❛

♣♦ss✉✐ ❞✉❛s ❝❛r❛t❡ríst✐❝❛s ❜❡♠ ❞❡✜♥✐❞❛s q✉❛♥t♦ ❛ s✉❛ ❝♦♥str✉çã♦✳ ❆ ♣r✐♠❡✐r❛ ❝❛r❛t❡ríst✐❝❛

é q✉❡ ❛ t♦♣♦❧♦❣✐❛ s❡♠♣r❡ ✉t✐❧✐③❛ ✉♠❛ ❝é❧✉❧❛ ❜ás✐❝❛ 2NCA ❝♦♥❡❝t❛❞❛ ♥♦s ♣♦♥t♦s s✉♣❡r✐♦r ❡

✐♥❢❡r✐♦r ❞♦ ❜❛rr❛♠❡♥t♦✳ ■ss♦ ❢❛③ ❝♦♠ q✉❡ ❝❛❞❛ ❝❤❛✈❡ s✉♣♦rt❡ ✉♠❛ t❡♥sã♦ ❞❡ ❜❧♦q✉❡✐♦ ✐❣✉❛❧ ❛

t❡♥sã♦ t♦t❛❧ ❞♦ ❜❛rr❛♠❡♥t♦ CC✱ ♦ q✉❡ ♣♦❞❡ s❡r ✉♠ ❧✐♠✐t❛❞♦r ♥❛ s✉❛ ✉t✐❧✐③❛çã♦✳ ❆ s❡❣✉♥❞❛

❝❛r❛t❡ríst✐❝❛ é q✉❡ ❛ ❝♦♥❡①ã♦ ❞❛ ❢❛s❡ ♥♦s ♣♦♥t♦s ✐♥t❡r♠❡❞✐ár✐♦s ❞♦ ❜❛rr❛♠❡♥t♦ CC é ❢❡✐t❛

♣♦r ♠❡✐♦ ❞❡ ✉♠❛ ú♥✐❝❛ ❝❤❛✈❡ ❜✐❞✐r❡❝✐♦♥❛❧✱ ♦ q✉❡ t♦r♥❛ ❛ t♦♣♦❧♦❣✐❛ ❜❛st❛♥t❡ ❛tr❛t✐✈❛ q✉❛♥❞♦

s❡ q✉❡r ❛✉♠❡♥t❛r ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♥í✈❡✐s✳

❆s t♦♣♦❧♦❣✐❛s NPC ♣♦❞❡♠ s❡r ❞❡r✐✈❛❞❛s ❞❛ ❝♦♠❜✐♥❛çã♦ ❞❛ ❝é❧✉❧❛ ❜ás✐❝❛ 2NCA ❝♦♠ ❛s

❝é❧✉❧❛s 2NCCp ❡ 2NCCn✱ ✈❡r ❋✐❣✉r❛s ✷✳✸✳❜ ❡ ✷✳✸✳❡ ♣❛r❛ três ❡ q✉❛tr♦ ♥í✈❡✐s r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❆s ❝❛r❛❝t❡ríst✐❝❛s ❜ás✐❝❛s ❞❡ss❛ t♦♣♦❧♦❣✐❛ sã♦✿ ✐✮ q✉❡ ❛ t❡♥sã♦ ♠á①✐♠❛ s✉♣♦rt❛❞❛ ♣❡❧❛s ❝❤❛✈❡s

é ✐❣✉❛❧ à ❢r❛çã♦ ❞❡ 1
(n−1)

❞❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❞❡ CC ❡ ✐✐✮ q✉❡ ❛ ❝♦♥❡①ã♦ ❞❛ ❢❛s❡ ♥♦s

♣♦♥t♦s ✐♥t❡r♠❡❞✐ár✐♦s ❞♦ ❜❛rr❛♠❡♥t♦ é ❢❡✐t♦ ♣❡❧♦ ❣r❛♠♣❡❛♠❡♥t♦ ❞♦s ❞✐♦❞♦s✳

❏á ♦ ❛rr❛♥❥♦ ❢❡✐t♦ ❝♦♠ ❛s ❝é❧✉❧❛s ❜ás✐❝❛s 2NCA ♦r✐❣✐♥❛♠ ❛s t♦♣♦❧♦❣✐❛s DPC ✭❉✐r❡❝t

P♦✐♥t ❈❧❛♠♣❡❞✮✳ ❆ ❝♦♥❡①ã♦ ❞❛ ❢❛s❡ ♥♦s ♥í✈❡✐s ❞♦ ❜❛rr❛♠❡♥t♦ é ❢❡✐t♦ ♣♦r ♠❡✐♦ ❞❡ ❝❤❛✈❡s

❛t✐✈❛s✳ ❆ ❋✐❣✉r❛ ✷✳✸✳❝ ✐❧✉str❛ ❛ t♦♣♦❧♦❣✐❛ ❞❡ três ♥í✈❡✐s ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ANPC✱ ❡ ♥❛ ❋✐❣✉r❛



❚♦♣♦❧♦❣✐❛s ❞❡ ■♥✈❡rs♦r❡s ▼✉❧t✐♥í✈❡✐s✱ P❛râ♠❡tr♦s ❞❡ ❉❡s❡♠♣❡♥❤♦s ❡ ❆♣❧✐❝❛çã♦ ❞♦s P❛✐♥❡✐s ❋♦t♦✈♦❧t❛✐❝♦s✶✼

✷✳✸✳❢ é ✐❧✉str❛❞❛ ✉♠❛ ❡str✉t✉r❛ ❞❡ q✉❛tr♦ ♥í✈❡✐s ♣r♦♣♦st❛ ♣♦r ✭❈❤❡♥ ❡t ❛❧✳✱ ✷✵✵✽✮✳

✷✳✸ ❘❡❧❛çã♦ ❡♥tr❡ ❛s ❚♦♣♦❧♦❣✐❛s ❊st✉❞❛❞❛s

❊♥tr❡ ❛s ♣r✐♥❝✐♣❛✐s t♦♣♦❧♦❣✐❛s ♠✉❧t✐♥í✈❡✐s ❡st✉❞❛❞❛s ❡ ❝✐t❛❞❛s ♥❛ ❧✐t❡r❛t✉r❛ ❡stã♦✿ ❛ ❡str✉✲

t✉r❛ ◆P❈✱ ❛ ❡str✉t✉r❛ ❋❈ ✭❋❧②✐♥❣ ❈❛♣❛❝✐t♦r✮ ❡ ❛ ❡str✉t✉r❛ ❍❇ ✭❍✲❜r✐❞❣❡✮✳ ❆s ♣r✐♥❝✐♣❛✐s

❝❛r❛❝t❡ríst✐❝❛s ❞❛s t♦♣♦❧♦❣✐❛s ❡stã♦ r❡❧❛❝✐♦♥❛❞❛s ❝♦♠ ♦s s❡❣✉✐♥t❡s ❛s♣❡❝t♦s✿ ✭✐✮ ❢♦♥t❡ ❞❡ ❛❧✐✲

♠❡♥t❛çã♦ ❞♦ ✐♥✈❡rs♦r❀ ✭✐✐✮ ❜❛rr❛♠❡♥t♦ ❈❈❀ ✭✐✐✐✮ ♥ú♠❡r♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s✳ ◆❛ ❚❛❜❡❧❛ ✷✳✶ sã♦

❡s♣❡❝✐✜❝❛❞❛s ❛s q✉❛♥t✐❞❛❞❡s ❞❡ ❝♦♠♣♦♥❡♥t❡s q✉❡ ♣♦ss✉✐ ❝❛❞❛ t♦♣♦❧♦❣✐❛ ❞❡ três ♥í✈❡✐s✳

❚❛❜❡❧❛ ✷✳✶✿ Pr✐♥❝✐♥♣❛✐s ❝❛r❛t❡r✐st✐❝❛s ❞❛s t♦♣♦❧♦❣✐❛s ❝♦♥✈❡♥❝✐♦♥❛✐s ❞❡ três ♥í✈❡✐s

❚♦♣♦❧♦❣✐❛ ❋♦♥t❡ ❈❛♣✳ ❞♦ ❇❛rr❛♠❡♥t♦ ❈❛♣✳ ❋❧✉t✉❛♥t❡ ❈❤❛✈❡s ❉✐♦❞♦s ❚♦t❛✐s
◆P❈ Ú♥✐❝❛ ✷ ✲ ✹ ✷ ✻
❋❈ Ú♥✐❝❛ ✷ ✶ ✹ ✲ ✺
❍❇ ■♥❞❡♣❡♥❞❡♥t❡ ✲ ✲ ✹ ✲ ✹

❆s t♦♣♦❧♦❣✐❛s ◆P❈ ❡ ❋❈ ✉t✐❧✐③❛♠ ✉♠❛ ú♥✐❝❛ ❢♦♥t❡ q✉❡ é ❝♦♥❡❝t❛❞❛ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈✱

❥á ❛ t♦♣♦❧♦❣✐❛ ❍❇ ✉t✐❧✐③❛ ❢♦♥t❡s ✐♥❞❡♣❡♥❞❡♥t❡✳ ❊♠ t❡r♠♦s ❞❡ ♦♣❡r❛❝✐♦♥❛❧✐❞❛❞❡ ❛ t♦♣♦❧♦❣✐❛

◆P❈ ♣♦ss✉✐ ✉♠ ❞❡s❡q✉✐❧í❜r✐♦ ❞❛s t❡♥sõ❡s ❞♦s ❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ q✉❡ é ✐♥trí♥s❡❝❛

❛ t♦♣♦❧♦❣✐❛✳ ❊♠ três ♥í✈❡✐s ♦ ❞❡s❡q✉✐❧í❜r✐♦ é r❡s♦❧✈✐❞♦ ♣❡❧❛ ♠♦❞✉❧❛çã♦ P❲▼✳ ❏á ❛ t♦♣♦❧♦❣✐❛

❋❈ ♥ã♦ t❡♠ ♦ ❞❡s❡q✉✐❧í❜r✐♦ ❞❛s t❡♥sõ❡s✱ ♥♦ ❡♥t❛♥t♦✱ é ♥❡❝❡ssár✐♦ ❣❛r❛♥t✐r q✉❡ ❛ t❡♥sã♦ ❞♦

❝❛♣❛❝✐t♦r ✢✉t✉❛♥t❡ s❡❥❛ ✐❣✉❛❧ ❛ ♠❡t❛❞❡ ❞❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦✳

❋✐❣✉r❛ ✷✳✹✿ ❘❡❧❛çã♦ ❞❛s t♦♣♦❧♦❣✐❛s ❡st✉❞❛s

❖ ❞✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦ ❞❛ ❋✐❣✉r❛ ✷✳✹ ✐❧✉str❛ ❛ r❡❧❛çã♦ ❞❛s ♥♦✈❛s t♦♣♦❧♦❣✐❛s q✉❡ ❢♦r❛♠

❝♦♥❝❡❜✐❞❛s ✉t✐❧✐③❛♥❞♦ ❝❛r❛❝t❡ríst✐❝❛s ❞❛s t♦♣♦❧♦❣✐❛s ❝♦♥✈❡♥❝✐♦♥❛✐s✳ ❈❛❞❛ ✉♠❛ ❞❛s ❝❛r❛❝t❡✲

ríst✐❝❛s ♣❛r❛ ❛ ❝♦♥❝❡♣çã♦ ❞❛s ♥♦✈❛s t♦♣♦❧♦❣✐❛s ❡stã♦ r❡♣r❡s❡♥t❛❞❛s ♣♦r ✉♠❛ ❧❡tr❛✳ P❛r❛ ❛s



❚♦♣♦❧♦❣✐❛s ❞❡ ■♥✈❡rs♦r❡s ▼✉❧t✐♥í✈❡✐s✱ P❛râ♠❡tr♦s ❞❡ ❉❡s❡♠♣❡♥❤♦s ❡ ❆♣❧✐❝❛çã♦ ❞♦s P❛✐♥❡✐s ❋♦t♦✈♦❧t❛✐❝♦s✶✽

t♦♣♦❧♦❣✐❛s ❞❡ três ♥í✈❡✐s✱ t❡♠✲s❡✿

• ✭❆✮ ❛ t♦♣♦❧♦❣✐❛ ❍í❜r✐❞❛ ✭❍②❜ ✵✶✮ é ✉♠❛ ❝♦♠❜✐♥❛çã♦ ❞❛ t♦♣♦❧♦❣✐❛ ❆◆P❈ ❝♦♠ ❋❈✳

• ✭❇✮ ♣❛r❛ ❛♣❧✐❝❛çõ❡s ❝♦♠ ❢♦♥t❡ r❡❞✉③✐❞❛s ❞❡ t❡♥sã♦ é ♣♦ssí✈❡❧ ♦❜t❡r ❞✉❛s t♦♣♦❧♦❣✐❛s

✭❍②❜ ✵✷ ❡ ❍②❜ ✵✸✮ ❞❡r✐✈❛❞❛s ❞❛ t♦♣♦❧♦❣✐❛ ❍②❜ ✵✶✳ ❆ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❡ss❛s t♦♣♦❧♦❣✐❛s

❡stá ♥❛ ♣♦s✐çã♦ ❡♠ q✉❡ ❛ ❢♦♥t❡ é ❝♦♥❡❝t❛❞❛✳

❇❛s✐❝❛♠❡♥t❡✱ ❡①✐st❡♠ três ❢♦r♠❛s ❞❡ ❛✉♠❡♥t❛r ♦s ♥í✈❡✐s ❞❡ ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ t♦♣♦❧♦❣✐❛✱

❡❧❛s sã♦✿ ✭✐✮ t❡♥sõ❡s ❞✐❢❡r❡♥t❡s ♥♦s ❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦❀ ✭✐✐✮ ❛✉♠❡♥t♦ ♥♦ ♥ú♠❡r♦ ❞❡

❢♦♥t❡s❀ ✭✐✐✐✮ ❡ ❛♣❧✐❝❛çã♦ ❡♠ ♣♦♥t❡✳ ❈♦♠ ❜❛s❡ ♥❡st❡s ❛s♣❡❝t♦s é ♣♦ssí✈❡❧ ♦❜t❡r ❛s s❡❣✉✐♥t❡s

t♦♣♦❧♦❣✐❛s ♣❛r❛ ✹ ♥í✈❡✐s✿

• ✭❈✮ ❝♦♠ ❜❛s❡ ♥❛ t♦♣♦❧♦❣✐❛ ❋❈ é ♣♦ssí✈❡❧ ❛✉♠❡♥t❛r ♦ ♥ú♠❡r♦ ❞❡ ♥í✈❡✐s s✉❜st✐t✉✐♥❞♦ ✉♠

❝❛♣❛❝✐t♦r ✢✉t✉❛♥t❡ ♣♦r ✉♠❛ ❢♦♥t❡ ❞❡ t❡♥sã♦ ❝♦♠ ✉♠ t❡rç♦ ❞❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦✳

❊st❛ t♦♣♦❧♦❣✐❛ s❡rá ❝❤❛♠❛❞❛ ❋❋ ✭❋♦♥t❡ ❋❧✉t✉❛♥t❡✮✿

• ✭❉✮ ❛ t♦♣♦❧♦❣✐❛ ✷▲✸▲ é ❛ ❝♦♠❜✐♥❛çã♦ ❞❛ t♦♣♦❧♦❣✐❛ ◆P❈ ❝♦♠ ❍❇✳ ◆♦ ❧✉❣❛r ❞❡ s❡ t❡r

❞♦✐s ❜r❛ç♦s ❞❡ ❞♦✐s ♥í✈❡✐s✱ ❝♦♠♦ é ♦ ❝❛s♦ ❞❛ t♦♣♦❧♦❣✐❛ ❍❇✱ ❛ t♦♣♦❧♦❣✐❛ ♣♦ss✉✐ ❛♣❡♥❛s

✉♠ ❜r❛ç♦ ❞❡ ❞♦✐s ♥í✈❡✐s ❡ ♦✉tr♦ s❡♥❞♦ ❞❡ três ♥í✈❡✐s ❞♦ t✐♣♦ ◆P❈❀

• ✭❊✮ ❛ t♦♣♦❧♦❣✐❛ ❉P❈ é ❜❛s❡❛❞❛ ♥❛ t♦♣♦❧♦❣✐❛ ❆◆P❈ ❞❡ ✸ ◆í✈❡✐s✳ P❛r❛ ❡❧❡✈❛r ♦ ♥ú♠❡r♦

❞❡ ♥í✈❡✐s ❢♦✐ ❛❞✐❝✐♦♥❛❞♦ ✉♠ ❝❛♣❛❝✐t♦r ❛ ♠❛✐s ♥♦ ❜❛rr❛♠❡♥t♦✳ ◆♦ ❡♥t❛♥t♦✱ ❛ q✉❛♥t✐❞❛❞❡

❞❡ ❝❤❛✈❡s ♣❡r♠❛♥❡❝❡ ❛ ♠❡s♠❛✳

• ✭❋✮ ❛❧é♠ ❞❡ss❛s t♦♣♦❧♦❣✐❛s ❞❡ três ❡ q✉❛tr♦ ♥í✈❡✐s s❡rá ♣r♦♣♦st♦ ✉♠❛ t♦♣♦❧♦❣✐❛ ❞❡ ✺

♥í✈❡✐s ❜❛s❡❛❞❛ ♥❛s t♦♣♦❧♦❣✐❛s ❉P❈ ❡ ❍❇✳ ❆ ♣❛rt✐r ❞❛ ❛❧t❡r❛çã♦ ❞♦ ✈❛❧♦r ❞❛ t❡♥sã♦ ❞♦

❝❛♣❛❝✐t♦r ❝❡♥tr❛❧✱ é ♣♦ssí✈❡❧ ♦❜t❡r ✼ ♥í✈❡✐s ❝♦♠ ❛ ♠❡s♠❛ ❡str✉t✉r❛✳

❆s t♦♣♦❧♦❣✐❛s q✉❡ s❡rã♦ ❡st✉❞❛❞❛s ♥❡st❡ tr❛❜❛❧❤♦ ❡stã♦ ✐❧✉str❛❞❛s ♥❛ ❋✐❣✉r❛ ✷✳✺✳ ❆s

t♦♣♦❧♦❣✐❛s ❡♠ ❡st✉❞♦ s❡rã♦✿

• ❛s t♦♣♦❧♦❣✐❛s ❍②❜✵✷ ❡ ❍②❜✵✸✿ ❊ss❛s t♦♣♦❧♦❣✐❛s ♣r♦♣õ❡ ♣r♦❝❡ss❛r ❛ ♠❡s♠❛ ♣♦tê♥❝✐❛ ❞❛

t♦♣♦❧♦❣✐❛ ❍②❜✵✶ ❝♦♠ ✉♠❛ ❢♦♥t❡ ❞❡ t❡♥sã♦ r❡❞✉③✐❞❛❀



❚♦♣♦❧♦❣✐❛s ❞❡ ■♥✈❡rs♦r❡s ▼✉❧t✐♥í✈❡✐s✱ P❛râ♠❡tr♦s ❞❡ ❉❡s❡♠♣❡♥❤♦s ❡ ❆♣❧✐❝❛çã♦ ❞♦s P❛✐♥❡✐s ❋♦t♦✈♦❧t❛✐❝♦s✶✾

• ❛ t♦♣♦❧♦❣✐❛ ❋❋✿ P❡♥s❛♥❞♦ t❛♠❜é♠ ♥❛ ❛♣❧✐❝❛çã♦ ❢♦t♦✈♦❧t❛✐❝❛ é ♣r♦♣♦st♦ ❛ s✉❜st✐t✉✐çã♦

❞♦ ❝❛♣❛❝✐t♦r ✢✉t✉❛♥t❡ ♣♦r ✉♠❛ ❢♦♥t❡ ❞❡ t❡♥sã♦ ❝♦♠ ✶✴✸ ❞❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦❀

• ❛ t♦♣♦❧♦❣✐❛ ❉P❈✿ ◗✉❡ é ♣r♦♣♦st❛ ❝♦♠♦ ✉♠❛ s♦❧✉çã♦ ❞❡ r❡❞✉çã♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ♣❛r❛

t❡r ✉♠❛ ❡✜❝✐ê♥❝✐❛ ♠❛✐♦r❀

• ❛ t♦♣♦❧♦❣✐❛ ♣r♦♣♦st❛ ✷▲✹▲✿ ❊ss❛ t♦♣♦❧♦❣✐❛ ✉t✐❧✐③❛ ♦ ❜❛rr❛♠❡♥t♦ ❞❛s t♦♣♦❧♦❣✐❛s ❞❡ ✹

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

❋✐❣✉r❛ ✷✳✺✿ ❚♦♣♦❧♦❣✐❛s ❡st✉❞❛❞❛s



❚♦♣♦❧♦❣✐❛s ❞❡ ■♥✈❡rs♦r❡s ▼✉❧t✐♥í✈❡✐s✱ P❛râ♠❡tr♦s ❞❡ ❉❡s❡♠♣❡♥❤♦s ❡ ❆♣❧✐❝❛çã♦ ❞♦s P❛✐♥❡✐s ❋♦t♦✈♦❧t❛✐❝♦s✷✵

✷✳✹ ❆♥á❧✐s❡ ❞❡ ❉❡s❡♠♣❡♥❤♦ ❞❛s ❈♦♥✜❣✉r❛çõ❡s ❞❡ ■♥✈❡r✲

s♦r❡s Pr♦♣♦st✵s

❆s ❝♦♥✜❣✉r❛çõ❡s ❞♦s ✐♥✈❡rs♦r❡s ♣r♦♣♦st♦ ♥❡st❡ tr❛❜❛❧❤♦ s❡rã♦ ❛✈❛❧✐❛❞♦s ❝♦♠ ❜❛s❡ ❡♠ três

❛s♣❡❝t♦s✱ ❞✐s❝r✐♠✐♥❛❞♦s ❛ s❡❣✉✐r✿

• ◗✉❛❧✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛✿ ❝á❧❝✉❧♦s ❞♦s ✈❛❧♦r❡s ❞❡ ❚❍❉ ❞❡ ❝♦rr❡♥t❡ ❡ ❲❚❍❉ ❞❡ t❡♥sã♦❀

• ❊✜❝✐ê♥❝✐❛✿ ❝á❧❝✉❧♦s ❞❛s ♣❡r❞❛s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❡ ❝♦♥❞✉çã♦ ♥❛s ❝❤❛✈❡s❀

• ❈♦♥✜❛❜✐❧✐❞❛❞❡✿ ❛♥á❧✐s❡ ❝♦♠ ❜❛s❡ ♥♦ ❡str❡ss❡ tér♠✐❝♦✳

✷✳✹✳✶ ◗✉❛❧✐❞❛❞❡ ❞❡ ❊♥❡r❣✐❛ ✭❈á❧❝✉❧♦ ❞♦ ❚❍❉ ❞❡ ❝♦rr❡♥t❡ ❡ ❲❚❍❉
❞❡ t❡♥sã♦✮

❆ ❚❛①❛ ❞❡ ❉✐st♦rçã♦ ❍❛r♠ô♥✐❝❛ ✭❞♦ ✐♥❣❧ês✱ ❚♦t❛❧ ❍❛r♠♦♥✐❝ ❉✐st♦rt✐♦♥ ✲ ❚❍❉✮ é ✉♠ ❝r✐tér✐♦

♠✉✐t♦ ✉t✐❧✐③❛❞❛ ♣❛r❛ ❞❡✜♥✐r ♦ ❝♦♥t❡ú❞♦ ❤❛r♠ô♥✐❝♦ ❞❡ ✉♠ s✐♥❛❧ ❛❧t❡r♥❛❞♦✳ ❆ THD é ❞❡✜♥✐❞❛

❝♦♠♦✿

THD% =
100

V1

√

Σ∞

n=2V
2
n ✭✷✳✶✮

❆ ❚❍❉ ❞❡✜♥❡ ♦ q✉❛♥t♦ q✉❡ ♦ s✐♥❛❧ ❞✐❢❡r❡ ❞❡ ✉♠❛ ♦♥❞❛ s❡♥♦✐❞❛❧ ♣✉r❛✳ ❆ ♣r❡s❡♥ç❛ ❞❡

✉♠ ❚❍❉ ❛❧t♦ t❡♠ ✐♥✢✉ê♥❝✐❛ ❡♠ ✈ár✐♦s ♣♦♥t♦s ♥♦ ❡st✉❞♦ ❞❡ ❝♦♥✈❡rs♦r❡s✳ Pr✐♠❡✐r❛♠❡♥t❡

q✉❡ ❛ q✉❛❧✐❞❛❞❡ ❞❛ ❡♥❡r❣✐❛ ❞✐♠✐♥✉✐ ❝♦♥s✐❞❡r❛✈❡❧♠❡♥t❡✳ ❖✉tr♦ ♣♦♥t♦ ❡♠ q✉❡ ♦ ❚❍❉ t❡♠

✐♥✢✉ê♥❝✐❛ é ♥♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛✳ ❖ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛✱ ❛❧é♠ ❞♦ ❞❡s❧♦❝❛♠❡♥t♦ ❞❛ ❝♦rr❡♥t❡

❡♠ r❡❧❛çã♦ ❛ t❡♥sã♦✱ ❞❡♣❡♥❞❡ ❞❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ ❞❛ ❝♦rr❡♥t❡✱ ✈❡r ❡q✉❛çã♦ ✷✳✷✳ ❖ ❜❛✐①♦

❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ ❞❛s ✐♥st❛❧❛çõ❡s✱ ❞❡✈✐❞♦ às ❞✐st♦rçõ❡s ❞❡ ❝♦rr❡♥t❡s✱ t❡♠ ❣❡r❛❞♦ ✉♠❛ sér✐❡

❞❡ ♣r♦❜❧❡♠❛s✱ ❞❡s❞❡ ❛ ❣❡r❛çã♦✱ tr❛♥s♠✐ssã♦✱ ❛té ♥♦s s✐st❡♠❛s ❞❡ ❞✐str✐❜✉✐çã♦ ✭P♦♠✐❧✐♦ ❡

❉❡❝❦♠❛♥♥✱ ✷✵✵✸❀ P♦♠✐❧✐♦✱ ✷✵✵✻✮✳

❊st❛s ❝♦rr❡♥t❡s ❞✐st♦r❝✐❞❛s r❡s✉❧t❛♠ ❡♠✿

• ■♥t❡r❢❡rê♥❝✐❛s ❡❧❡tr♦♠❛❣♥ét✐❝❛s❀

• P❡r❞❛s ♥❛s ❧✐♥❤❛s ❞❡ tr❛♥s♠✐ssõ❡s ✭❞✐ss✐♣❛çã♦ ♣♦r ❝❛❧♦r✮ s❡♥❞♦ ♥❡❝❡ssár✐♦✱ ❡♠ ❛❧❣✉♥s

❝❛s♦s✱ ♦ s♦❜r❡❞✐♠❡♥s✐♦♥❛♠❡♥t♦❀



❚♦♣♦❧♦❣✐❛s ❞❡ ■♥✈❡rs♦r❡s ▼✉❧t✐♥í✈❡✐s✱ P❛râ♠❡tr♦s ❞❡ ❉❡s❡♠♣❡♥❤♦s ❡ ❆♣❧✐❝❛çã♦ ❞♦s P❛✐♥❡✐s ❋♦t♦✈♦❧t❛✐❝♦s✷✶

• ❉✐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✐❧✳

❙❡♥❞♦ ❛ss✐♠✱ ♥í✈❡✐s ❡❧❡✈❛❞♦s ❞❡ ❚❍❉ sã♦ s✐♥ô♥✐♠♦s ❞❡ ♣r❡❥✉í③♦✳ P❡♥s❛♥❞♦ ♥❡st❡ ♣r♦✲

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

❛❝❡✐tá✈❡✐s ❞❡ ❚❍❉ ♥❛ r❡❞❡ ❡❧étr✐❝❛✳ ❆❧❣✉♠❛s ♥♦r♠❛s sã♦ ❡st❛❜❡❧❡❝✐❞❛s ♣❡❧♦s ♦r❣ã♦s r❡❣✉✲

❧❛♠❡♥t❛❞♦r❡s ♣❛r❛ ❣❛r❛♥t✐r ❛ q✉❛❧✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛✳ ❆t✉❛❧♠❡♥t❡✱ ♦s ♣r✐♥❝✐♣❛✐s ♣❛❞rõ❡s sã♦

♦ ❡✉r♦♣❡✉ ■❊❈ ✭■♥t❡r♥❛t✐♦♥❛❧ ❊❧❡❝tr♦t❡❝❤♥✐❝❛❧ ❈♦♠♠✐ss✐♦♥✮ ✭st❞✳ ✻✶✵✵✵✲✸✲✹✱ ✶✾✾✽✮ ✭❧✐♠✐t❡s

♣❛r❛ ❡♠✐ssã♦ ❞❡ ❤❛r♠ô♥✐❝♦s ♣❛r❛ ❝♦rr❡♥t❡s ♠❡♥♦r❡s q✉❡ ✶✻❆ ♣♦r ❢❛s❡✮✱ ✭st❞✳ ✻✶✵✵✵✲✸✲✹✱ ✶✾✾✽✮

✭❝♦rr❡♥t❡s ♠❛✐♦r❡s q✉❡ ✶✻❆ ♣♦r ❢❛s❡✮ ❡ ♦ ❛♠❡r✐❝❛♥♦ ✭st❞✳ ✺✶✾✲✶✾✾✷✱ ✶✾✾✸✮ ✭r❡❝♦♠❡♥❞❛çã♦ ❞♦

■❊❊❊ ♣❛r❛ ♣rát✐❝❛s ❡ r❡q✉✐s✐t♦s ♣❛r❛ ❝♦♥tr♦❧❡ ❞❡ ❤❛r♠ô♥✐❝❛s ♥♦ s✐st❡♠❛ ❡❧étr✐❝♦ ❞❡ ♣♦tê♥❝✐❛✮✳

◆♦ ❇r❛s✐❧ ♦ ór❣ã♦ r❡s♣♦♥sá✈❡❧ ♣❡❧❛ ❡❧❛❜♦r❛çã♦ ❞❡ ♥♦r♠❛s ❡♠ ❣❡r❛❧ é ❛ ❆❇◆❚ ✭❆ss♦❝✐❛çã♦

❇r❛s✐❧❡✐r❛ ❞❡ ◆♦r♠❛s ❚é❝♥✐❝❛s✮ ✭❆❇◆❚✱ ✷✵✶✶✮✱ q✉❡ ❛ ✜♠ ❞❡ ❡st❛r ❡♠ ❝♦♥❝♦r❞â♥❝✐❛ ❝♦♠

♠✉✐t❛s ❞❛s ♥♦r♠❛s ✐♥t❡r♥❛❝✐♦♥❛✐s✱ é ❛ss♦❝✐❛❞❛ ❛♦ ■❊❈✳

FP =
cosθ√

1 + THD2
✭✷✳✷✮

❖✉tr♦ ♣❛râ♠❡tr♦ q✉❡ ❛❥✉❞❛rá ♥♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞♦ ❚❍❉ é ❛ ❉✐st♦rçã♦ ❍❛r♠ô♥✐❝❛ ❚♦t❛❧

P♦♥❞❡r❛❞❛ ✭❞♦ ✐♥❣❧ês✱ ❲❡✐❣❤t❡❞ ❚♦t❛❧ ❍❛r♠♦♥✐❝ ❉✐st♦rt✐♦♥ ✲ WTHD✮✳ ❆ ❲❚❍❉ é ✉s❛❞❛

♣❛r❛ ❝♦♠♣❛r❛r ♦ ❞❡s❡♠♣❡♥❤♦ ❤❛r♠ô♥✐❝♦ ❞❡ ❞✐❢❡r❡♥t❡s té❝♥✐❝❛s ❡ ❡str✉t✉r❛s✳ ❆ ❞✐❢❡r❡♥ç❛

❡♥tr❡ ❛ ❲❚❍❉ ❡ ❚❍❉ é q✉❡ ❛ t❛①❛ ❞❡ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ ♣♦♥❞❡r❛❞❛ ♥ã♦ s♦❢r❡ ✐♥✢✉ê♥❝✐❛

❞♦s ✜❧tr♦ ✐♥❞✉t✐✈♦s✱ s❡♥❞♦ ❞❡✜♥✐❞❛ ♣♦r✿

WTHD% =
100

V1

√

Σ∞

h=2(
Vh

h
)2 ✭✷✳✸✮

❖ ❲❚❍❉ ♣♦❞❡ ♥♦s ❞❛r ✉♠❛ ♥♦❝ã♦ ❞❡ ❝♦♠♦ é ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ❡s♣❡❝tr♦ ❞❡ ❢r❡q✉ê♥✲

❝✐❛✱ ✉♠❛ ✈❡③ q✉❡ ❛ ❝♦♥tr✐❜✉✐çã♦ ❞❛ t❡♥sã♦ ❞♦ ❤❛r♠ô♥✐❝♦ é ♣♦♥❞❡r❛❞♦ ♣♦r s✉❛ ♣♦s✐çã♦✳ P♦r



❚♦♣♦❧♦❣✐❛s ❞❡ ■♥✈❡rs♦r❡s ▼✉❧t✐♥í✈❡✐s✱ P❛râ♠❡tr♦s ❞❡ ❉❡s❡♠♣❡♥❤♦s ❡ ❆♣❧✐❝❛çã♦ ❞♦s P❛✐♥❡✐s ❋♦t♦✈♦❧t❛✐❝♦s✷✷

❡①❡♠♣❧♦✱ s❡ ❞✉❛s té❝♥✐❝❛s ♣♦ss✉❡♠ ♦s ♠❡s♠♦s ✈❛❧♦r❡s ♣❛r❛ ♦ ❚❍❉✱ ♠❛s ✈❛❧♦r❡s ❞✐❢❡r❡♥t❡s

♣❛r❛ ♦ ❲❚❍❉✱ ✐st♦ s✐❣♥✐✜❝❛ q✉❡ ❛ té❝♥✐❝❛ q✉❡ t❡♠ ♦ ❲❚❍❉ ♠❡♥♦r ♣♦ss✉✐ ❤❛r♠ô♥✐❝♦s ♠❛✐s

❞✐st❛♥t❡s ❞❛ ❢✉♥❞❛♠❡♥t❛❧ ❞♦ q✉❡ ❛ ♦✉tr❛ té❝♥✐❝❛✱ ❢❛❝✐❧✐t❛♥❞♦ ❛ss✐♠✱ ❛ ✜❧tr❛❣❡♠ ❞♦ s✐♥❛❧✳

❆ r♦t✐♥❛ ❞❡ ❝á❧❝✉❧♦ ❞♦ ❚❍❉ ❡ ❲❚❍❉ é ❛♣r❡s❡♥t❛❞❛ ♥♦ ❆♣ê♥❞✐❝❡ ❆

✷✳✹✳✷ ❊✜❝✐ê♥❝✐❛ ❞♦ ■♥✈❡rs♦r ✭❈á❧❝✉❧♦ ❞❛s P❡r❞❛s ❞❡ ❈❤❛✈❡❛♠❡♥t♦ ❡
❈♦♥❞✉çã♦ ♥❛s ❈❤❛✈❡s✮

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

♣♦st❛✱ t♦r♥❛✲s❡ ♠✉✐t♦ ✐♠♣♦rt❛♥t❡ ❞❡t❡r♠✐♥❛r ❛s ♣❡r❞❛s ❞❡ ♣♦tê♥❝✐❛ ♥♦s ✐♥t❡rr✉♣t♦r❡s✳ ❯♠❛

❜♦❛ ❡st✐♠❛çã♦ ❞❡ss❛s ♣❡r❞❛s ♣❡r♠✐t❡ ❛✈❛❧✐❛r ♦ r❡♥❞✐♠❡♥t♦ ❞❛s t♦♣♦❧♦❣✐❛s ❡ ❞❛s té❝♥✐❝❛s ❡s✲

t✉❞❛❞❛s✳ ◆❡ss❡ ❝♦♥t❡①t♦✱ ❛❧❣✉♥s tr❛❜❛❧❤♦s tê♠ ❛♣r❡s❡♥t❛❞♦ ❡st✉❞♦s s♦❜r❡ r❡❞✉çã♦ ❛s ♣❡r❞❛s

❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❡ ❝♦♥❞✉çã♦ ♥❛s ❝❤❛✈❡s ❞❡ ♣♦tê♥❝✐❛ ❥✉♥t❛♠❡♥t❡ ❝♦♠ ♦ ♠ét♦❞♦ ✉t✐❧✐③❛❞♦ ♣❛r❛

❡❢❡t✉❛r ♦s ❝á❧❝✉❧♦s ✭❞❛ ❙✐❧✈❛ ❡t ❛❧✳✱ ✷✵✵✸❀ ❉✐❛s ❡t ❛❧✳✱ ✷✵✵✾❀ ❈❛✈❛❧❝❛♥t✐ ❡t ❛❧✳✱ ✷✵✵✶❀ ❈❛✈❛❧❝❛♥t✐

❡t ❛❧✳✱ ✷✵✵✷❀ ❈❛✈❛❧❝❛♥t✐ ❡t ❛❧✳✱ ✷✵✵✸✮✳

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

ThermalModule✳ ❊st❡ ❜❧♦❝♦ ♣❡r♠✐t❡ ❝❛❧❝✉❧❛r ❛s ♣❡r❞❛s t❛♥t♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ q✉❛♥❞♦ ❛s

♣❡r❞❛s ❞❡ ❝♦♥❞✉çã♦ ♣❛r❛ ❛s ❝❤❛✈❡s ❡ ♣❛r❛ ♦s ❞✐♦❞♦s✳

✷✳✹✳✸ ❈♦♥✜❛❜✐❧✐❞❛❞❡ ❞♦ ■♥✈❡rs♦r ✭❈á❧❝✉❧♦ ❞♦ ❊str❡ss❡ ❞❛s ❈❤❛✈❡s✮

❖ ❡str❡ss❡ tér♠✐❝♦ ❡♠ s❡♠✐❝♦♥❞✉t♦r❡s ❞❡ ♣♦tê♥❝✐❛ é ❞❡ ❣r❛♥❞❡ ✐♠♣♦rtâ♥❝✐❛ ♣♦r ❡st❛r ❞✐r❡✲

t❛♠❡♥t❡ ❛ss♦❝✐❛❞❛ às ♣❡r❢♦r♠❛♥❝❡s ❞❡ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❡ ❝✉st♦ ❞♦ ❝♦♥✈❡rs♦r✳ P♦rt❛♥t♦✱ ♥❡st❡

tr❛❜❛❧❤♦ s❡rá ❛♣r❡s❡♥t❛❞❛ ✉♠❛ ❛♥á❧✐s❡ ❞♦ ❡str❡ss❡ tér♠✐❝♦✱ ❧❡✈❛♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❝❛r❛✲

t❡ríst✐❝❛s ❞♦ s✐st❡♠❛ ❝♦♠♦✿ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦❀ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦❀ ❡ ❢r❡q✉ê♥❝✐❛ ❞❡

♦♣❡r❛çã♦✳

■♠♣♦rtâ♥❝✐❛ ❞♦ ❆♥á❧✐s❡ ❞♦ ❊str❡ss❡ ❚ér♠✐❝♦

❖s s❡♠✐❝♦♥❞✉t♦r❡s ❡r❛♠ ✉t✐❧✐③❛❞♦s ❛♣❡♥❛s ❡♠ ❛♣❧✐❝❛çõ❡s ❞❡ ❜❛✐①❛ ♣♦tê♥❝✐❛✳ ❈♦♠ ❛ ❡✈♦❧✉çã♦

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

♣❛ss♦✉ ❛ ❛t✉❛r ❡♠ s✐st❡♠❛s ❞❡ ❛❧t❛ ♣♦tê♥❝✐❛ ♣❛r❛ ✈ár✐❛s ❛♣❧✐❝❛çõ❡s✳ ❈♦♠ ❛ ❡✈♦❧✉çã♦ ♦s

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



❚♦♣♦❧♦❣✐❛s ❞❡ ■♥✈❡rs♦r❡s ▼✉❧t✐♥í✈❡✐s✱ P❛râ♠❡tr♦s ❞❡ ❉❡s❡♠♣❡♥❤♦s ❡ ❆♣❧✐❝❛çã♦ ❞♦s P❛✐♥❡✐s ❋♦t♦✈♦❧t❛✐❝♦s✷✸

r❡♥♦✈á✈❡✐s✳

❈♦♥s✐❞❡r❛♥❞♦ q✉❡ ♦s ❝♦♥✈❡rs♦r❡s ❡stã♦ ❝❛❞❛ ✈❡③ ♠❛✐s s❡♥❞♦ ✉t✐❧✐③❛❞♦s ❡♠ ✉♠❛ ❣r❛♥❞❡

❞✐✈❡rs✐❞❛❞❡ ❞❡ ❛♣❧✐❝❛çõ❡s✱ ❛ ❣❛r❛♥t✐❛ ❞❛ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❞❡ss❡ ❞✐s♣♦s✐t✐✈♦ s❡ t♦r♥❛ ❛❧❣♦ ✐♠✲

♣r❡s❝✐♥❞í✈❡❧✳ ❈♦♠♦ ✐♥❞✐❝❛❞♦r ❞❡ ❝♦♥✜❛❜✐❧✐❞❛❞❡✱ ❛ t❡♥sã♦ tér♠✐❝❛ é ❛ ✈❛r✐á✈❡❧ ♠❛✐s ❛❞❡q✉❛❞❛

♣❛r❛ ❛✈❛❧✐❛r ♦s ❝♦♥✈❡rs♦r❡s ❞❡ ♣♦tê♥❝✐❛✳

❉❡ ❛❝♦r❞♦ ❝♦♠ ❛s ❡st❛tíst✐❝❛s r❡❛❧✐③❛❞❛s ♣♦r ✭▼❛ ❡ ❇❧❛❛❜❥❡r❣✱ ✷✵✶✶✮✱ ❛ ♣r♦♣♦rçã♦ ❞❡ ✈á✲

r✐♦s ❡str❡ss❡s ❝❛✉s❛♥❞♦ ❢❛❧❤❛s ♥♦s ❝♦♠♣♦♥❡♥t❡s ❡❧❡trô♥✐❝♦s é ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✻✳ P♦❞❡✲s❡

✈❡r q✉❡ ✺✺✪ ❞❛s ❢❛❧❤❛s ♥♦s ❝♦♠♣♦♥❡♥t❡s sã♦ ❝❛✉s❛❞❛s ♣❡❧❛ t❡♠♣❡r❛t✉r❛ ♦✉ ❡str❡ss❡ tér♠✐❝♦✳

❆ ❞✐str✐❜✉✐çã♦ ❞♦s ❡str❡ss❡s ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✻ ♣♦❞❡ ✈❛r✐❛r✱ ❞❡♣❡♥❞❡♥❞♦ ❞❛ ❛♣❧✐❝❛çã♦✳

◆♦ ❡♥t❛♥t♦✱ ❝♦♥❢♦r♠❡ r❡❧❛t❛❞♦ ❡♠ ✭❨❛♥❣ ❡t ❛❧✳✱ ✷✵✶✶✮✱ é ❣❡r❛❧♠❡♥t❡ ❛❝❡✐t♦ q✉❡ ❛ ❝❛r❣❛ tér✲

♠✐❝❛ é ✉♠ ✧❝r✐❛❞♦r ❞❡ ♣r♦❜❧❡♠❛s✧♣❛r❛ ❛ ♠❛✐♦r✐❛ ❞♦s ♠❡❝❛♥✐s♠♦s ❞❡ ❢❛❧❤❛ ♥♦s ❞✐s♣♦s✐t✐✈♦s

❡❧❡trô♥✐❝♦s✱ ❝♦♠♦ ❝♦♥❞❡♥s❛❞♦r✱ ❝✐r❝✉✐t♦ ✐♠♣r❡ss♦✱ s❡♠✐❝♦♥❞✉t♦r❡s ❞❡ ♣♦tê♥❝✐❛✱ ❡t❝✳

❋✐❣✉r❛ ✷✳✻✿ ❊str❡ss❡s ❝rít✐❝♦s q✉❡ ❝♦♥tr✐❜✉❡♠ ♣❛r❛ ❢❛❧❤❛s ♥♦s s❡♠✐❝♦♥❞✉t♦r❡s✳
❋♦♥t❡✿ ✭❑❡ ▼❛✱ ✷✵✶✺✮

❖ ❡str❡ss❡ tér♠✐❝♦ ❡ t❡♠♣♦ ❞❡ ✈✐❞❛ ❞♦s ♠ó❞✉❧♦s ■●❇❚ ♣♦❞❡♠ s❡r ❝♦rr❡❧❛❝✐♦♥❛❞♦s ♠❛✲

t❡♠❛t✐❝❛♠❡♥t❡✱ t❛❧ ❝♦♠♦ r❡s✉♠✐❞♦ ❡♠ ✭❲❛♥❣ ❡t ❛❧✳✱ ✷✵✶✷✮✱ ❡♠ q✉❡ ✉♠❛ sér✐❡ ❞❡ ♠♦❞❡❧♦s ❞❡

✈✐❞❛ út✐❧ é ✐♥tr♦❞✉③✐❞❛ ❛♦ ❧♦♥❣♦ ❞♦s ❡st✉❞♦s✳ ◆♦r♠❛❧♠❡♥t❡✱ ♦s ♣❛râ♠❡tr♦s ❞❡st❡s ♠♦❞❡❧♦s

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

✐♠♣♦st❛s ❛♦s ❞✐s♣♦s✐t✐✈♦s ❞❡ ♣♦tê♥❝✐❛ ✈ár✐❛s ❝❛r❣❛s tér♠✐❝❛s ❡ q✉❡ ❛s ❢❛❧❤❛s sã♦ ♦❜s❡r✈❛❞❛s ❡

r❡❣✐str❛❞❛s✳ ❆ ❋✐❣✉r❛ ✷✳✼ ❛♣r❡s❡♥t❛ ✉♠ ❡①❡♠♣❧♦ ❞❡ t❡st❡s ❞❡ ✈✐❞❛ út✐❧ ❢♦r♥❡❝✐❞♦ ♣♦r ❙❊▼■✲

❑❘❖◆✱ ❡♠ q✉❡ ✈ár✐♦s ❛❥✉st❡ ❞❡ ❝✉r✈❛s sã♦ ❞❡s❡♥❤❛❞♦s ♣❛r❛ r❡♣r❡s❡♥t❛r ❛ r❡❧❛çã♦ ❡♥tr❡ ♦s

❝✐❝❧♦s ❞❡ ❢❛❧❤❛ ❞❡ ✉♠❛ sér✐❡ ❞❡ ♠ó❞✉❧♦s ■●❇❚ ❡ ❛s t❡♥sõ❡s tér♠✐❝❛s ❛♣❧✐❝❛❞❛s ✲ ♥❡st❡ ❝❛s♦✱

❛ ✈❛r✐❛çã♦ ❞❡ t❡♠♣❡r❛t✉r❛ ❞❡ ❥✉♥çã♦ ∆Tj ❡ ❛ t❡♠♣❡r❛t✉r❛ ♠é❞✐❛ ❞❡ ❥✉♥çã♦ Tjm✳

❖ ❡str❡ss❡ tér♠✐❝♦ é ❞❡t❡r♠✐♥❛❞♦ ♣♦r ✈ár✐♦s ❢❛t♦r❡s ❞❡ ♣r♦❥❡t♦✿ t❡❝♥♦❧♦❣✐❛ ❞❡ ❡♥❝❛♣✲



❚♦♣♦❧♦❣✐❛s ❞❡ ■♥✈❡rs♦r❡s ▼✉❧t✐♥í✈❡✐s✱ P❛râ♠❡tr♦s ❞❡ ❉❡s❡♠♣❡♥❤♦s ❡ ❆♣❧✐❝❛çã♦ ❞♦s P❛✐♥❡✐s ❋♦t♦✈♦❧t❛✐❝♦s✷✹

❋✐❣✉r❛ ✷✳✼✿ ■❧✉str❛çã♦ ❞♦s ❝✐❝❧♦s ❞❡ ❢❛❧❤❛s ✈s ✈❛r✐❛çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❥✉♥çã♦ ❞♦
♠♦❞✉❧♦ ■●❇❚ ❞❛ ❙❊▼■❑❘❖◆✳ ❋♦♥t❡✿ ✭❑❡ ▼❛✱ ✷✵✶✺✮

s✉❧❛♠❡♥t♦❀ ❞❡s✐❣♥ ❞♦ ❞✐ss✐♣❛❞♦r ❞❡ ❝❛❧♦r❀ t♦♣♦❧♦❣✐❛s ❞♦s ❝♦♥✈❡rs♦r❡s✱ ❡t❝✳ ❖s q✉❛✐s ❡stã♦

r❡❧❛❝✐♦♥❛❞♦s ❝♦♠ ♦ ❝✉st♦ ❞♦ ❝♦♥✈❡rs♦r✳ ❖✉ s❡❥❛✱ s❡ ✉♠ ❝♦♥✈❡rs♦r é ✉s❛❞♦ ♣❛r❛ ♣r♦❝❡ss❛r ❛

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

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

♠❡♥♦r ❞❡ ❝♦♠♣♦♥❡♥t❡s✳ ❆ss✐♠✱ ❞❡✈❡r✐❛ s❡r ♣♦ssí✈❡❧ ❝♦rr❡❧❛❝✐♦♥❛r ♦ ❡str❡ss❡ tér♠✐❝♦ ❝♦♠ ♦

❝✉st♦ ❞♦ ❝♦♥✈❡rs♦r✳ ❈♦♠♦ ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✽✱ ♦♥❞❡ ♦ sí♠❜♦❧♦ ❞❛ ❝❤❛✈❡✱ ❛ ❝♦♥str✉çã♦

r❡❛❧ ❡ ✐♠❛❣❡♠ ❞❡s❝♦❜❡rt❛ ❞❡ ✉♠ ♠ó❞✉❧♦ IGBT sã♦ ✐❧✉str❛❞♦s✱ é ❞❡ ♥♦t❛r q✉❡✱ ♥❛ ✈❡r❞❛❞❡✱

♦ ♠ó❞✉❧♦ ■●❇❚ é ❝♦♠♣♦st♦ ♣♦r ❞✐✈❡rs♦s ❝❤✐♣s ❞❡ s✐❧í❝✐♦ ❝♦♠♣♦♥❞♦ ❛ ❝❤❛✈❡ IGBT ❡ ♦ ❞✐♦❞♦

❡♠ ♣❛r❛❧❡❧♦✳ ❆ ❝❧❛ss✐✜❝❛çã♦ ❞❛ ❝♦rr❡♥t❡ é ❞❡✜♥✐❞❛ ♣❡❧❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❝❤✐♣s ✉t✐❧✐③❛❞♦s ❡♠

♣❛r❛❧❡❧♦✳ ❆ss✐♠✱ ♦ t❛♠❛♥❤♦ ❞♦ ♠ó❞✉❧♦ IGBT ❞❡♣❡♥❞❡ ❞♦ ♥ú♠❡r♦ ❞❡ ❝❤✐♣✱ ♣♦❞❡♥❞♦ s❡r

✉t✐❧✐③❛❞♦ ♣❛r❛ q✉❛♥t✐✜❝❛r ♦ ❝✉st♦ ❞♦ ❝♦♥✈❡rs♦r✳

▼♦❞❡❧♦ ❞♦ ❊str❡ss❡ ❚ér♠✐❝♦

❖ ❡str❡ss❡ tér♠✐❝♦ ❞♦s s❡♠✐❝♦♥❞✉t♦r❡s ❞❡ ♣♦tê♥❝✐❛ é ✐♥✢✉❡♥❝✐❛❞♦ ♣♦r ♠✉✐t♦s ❢❛t♦r❡s ❡ ❛

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

três ❣r✉♣♦s✿ ✭✐✮ ❋❛t♦r❡s r❡❧❛❝✐♦♥❛❞♦s ❝♦♠ ❛♣❧✐❝❛çã♦ ❞♦ ✐♥✈❡rs♦r✱ ❝♦♠♦ ♣♦r ❡①❡♠♣❧♦✱ ♥♦ ❝❛s♦

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

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



❚♦♣♦❧♦❣✐❛s ❞❡ ■♥✈❡rs♦r❡s ▼✉❧t✐♥í✈❡✐s✱ P❛râ♠❡tr♦s ❞❡ ❉❡s❡♠♣❡♥❤♦s ❡ ❆♣❧✐❝❛çã♦ ❞♦s P❛✐♥❡✐s ❋♦t♦✈♦❧t❛✐❝♦s✷✺

(a) Símbolo (b) Construção - chips em paralelo

(c) imagem do IGBT real 

❋✐❣✉r❛ ✷✳✽✿ ❆s♣❡❝t♦ ❝♦♥str✉t✐✈♦ ❞♦ ♠ó❞✉❧♦ ❞♦ ■●❇❚✳ ❋♦♥t❡✿ ✭❑❡ ▼❛✱ ✷✵✶✺✮

❝♦♠♦ ❛s ❝♦♥❞✐çõ❡s ❞❡ r❡❞❡ q✉❛♥❞♦ ♦ ♦❜❥❡t✐✈♦ é ✐♥❥❡t❛r ♣♦tê♥❝✐❛ ♥♦ s✐st❡♠❛ ❡❧étr✐❝♦❀ ✭✐✐✮

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

♦✉ s❡❥❛✱ s❡♠✐❝♦♥❞✉t♦r❡s ❞❡ ♣♦tê♥❝✐❛✱ ❝♦♠♣♦♥❡♥t❡s ♣❛ss✐✈♦s✱ ❡t❝❀ ✭✐✐✐✮ ❋❛t♦r❡s r❡❧❛❝✐♦♥❛❞♦ ❛♦

❝♦♥tr♦❧❡ q✉❡ ❡♥✈♦❧✈❡ ❛ ♠♦❞✉❧❛çã♦✱ ❝♦♥tr♦❧❡ ❞❡ ✢✉①♦ ❞❡ ♣♦tê♥❝✐❛✱ ❡♥tr❡ ♦✉tr♦s✳ ◆♦ ❝❛s♦ ❞❡st❡

tr❛❜❛❧❤♦✱ ❛ ❞✐s❝✉ssã♦ s❡rá ❡♠ t♦r♥♦ ❞♦ ❡str❡ss❡ tér♠✐❝♦ ❣❡r❛❞♦ ♣❡❧♦s s❡♠✐❝♦♥❞✉t♦r❡s ✭▼❛ ❡

❇❧❛❛❜❥❡r❣✱ ✷✵✶✶✮✳

❖ ♠♦❞❡❧♦ tér♠✐❝♦ ♣❛r❛ ♦s s❡♠✐❝♦♥❞✉t♦r❡s ❞❡ ♣♦tê♥❝✐❛ é ❜❛s❡❛❞❛ ♥❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡

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

♥❛ ❥✉♥çã♦✱ ♥♦ ❡♥✈ó❧✉❝r♦ ♦✉ ♥♦ ❞✐ss✐♣❛❞♦r ❞❡ ❝❛❧♦r✳ ◆♦r♠❛❧♠❡♥t❡✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ tér♠✐❝♦

❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ♠❛t❡r✐❛❧ é r❡♣r❡s❡♥t❛❞♦ ♣♦r s✉❛ r❡s✐stê♥❝✐❛ tér♠✐❝❛ ❘t❤ ❡ ❝❛♣❛❝✐tâ♥❝✐❛

❈t❤ ✭❇❧❛❛❜❥❡r❣ ❡t ❛❧✳✱ ✶✾✾✺✮✳ ❆ ✐♠♣❡❞â♥❝✐❛ tér♠✐❝❛ t♦t❛❧ ❞♦ s❡♠✐❝♦♥❞✉t♦r ❛té ❛ t❡♠♣❡r❛t✉r❛

❛♠❜✐❡♥t❡ ♣♦❞❡ s❡r ♠♦❞❡❧❛❞❛ ❝♦♠♦ r❡❞❡s ❘❈ tér♠✐❝❛s ❡♠ ❝❛s❝❛t❛ q✉❡ r❡♣r❡s❡♥t❛♠ ❞✐❢❡r❡♥t❡s

❝❛♠❛❞❛s ❞❡ ♠❛t❡r✐❛❧✳ ❆ ❋✐❣✉r❛ ✷✳✾ ✐❧✉str❛ ✉♠ ♠♦❞❡❧♦ s✐♠♣❧✐✜❝❛❞♦ ♣r♦♣♦st♦ ♣♦r ✭▼❛ ❡

❇❧❛❛❜❥❡r❣✱ ✷✵✶✶✮✳

❉❡ ❛❝♦r❞♦ ❝♦♠ ✭▼❛ ❡ ❇❧❛❛❜❥❡r❣✱ ✷✵✶✶✮✱ ♥ã♦ só ❛ t❡♠♣❡r❛t✉r❛ ❞❛ ❥✉♥çã♦✱ ♠❛s t❛♠❜é♠

❛s t❡♠♣❡r❛t✉r❛s ❞♦ ❞✐ss✐♣❛❞♦r ❞❡ ❝❛❧♦r sã♦ ✐♠♣♦rt❛♥t❡s ♣❛r❛ ❛ ❡st✐♠❛t✐✈❛ ❞♦ ❡str❡ss❡ tér✲

♠✐❝♦✳ ❖ ♠♦❞❡❧♦ tér♠✐❝♦ ♣r♦♣♦st♦ é ❜❛s❡❛❞♦ ♥♦ ♠ét♦❞♦ ❞❡ s✐♠✉❧❛çã♦ ❢♦r♥❡❝✐❞♦ ♣❡❧♦ P❙■▼✱

s❡♥❞♦ ♣♦ssí✈❡❧ ❡st✐♠❛r ♥ã♦ ❛♣❡♥❛s ❛ t❡♠♣❡r❛t✉r❛ ❞❛ ❥✉♥çã♦✱ ♠❛s t❛♠❜é♠ ❛ t❡♠♣❡r❛t✉r❛ ❞♦

❞✐ss✐♣❛❞♦r ❞❡ ❝❛❧♦r✳



❚♦♣♦❧♦❣✐❛s ❞❡ ■♥✈❡rs♦r❡s ▼✉❧t✐♥í✈❡✐s✱ P❛râ♠❡tr♦s ❞❡ ❉❡s❡♠♣❡♥❤♦s ❡ ❆♣❧✐❝❛çã♦ ❞♦s P❛✐♥❡✐s ❋♦t♦✈♦❧t❛✐❝♦s✷✻

❋✐❣✉r❛ ✷✳✾✿ ▼♦❞❡❧♦ tér♠✐❝♦✳ ❋♦♥t❡✿ ✭❑❡ ▼❛✱ ✷✵✶✺✮

✷✳✺ ❆♣❧✐❝❛çã♦ ❞♦s P❛✐♥❡✐s ❋♦t♦✈♦❧t❛✐❝♦s

◆❡st❛ s❡❝çã♦ s❡rá ❞✐s❝✉t✐❞❛ ❛ ❝♦♥✜❣✉r❛çã♦ q✉❡ s❡rá ❛❞♦t❛❞❛ ♣❛r❛ ❛ ❛♣❧✐❝❛çã♦ ❞♦s ♣❛✐♥é✐s

❢♦t♦✈♦❧t❛✐❝♦s ♥♦s ✐♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s✳ ❆ ❋✐❣✉r❛ ✷✳✶✵ ✐❧✉str❛ ♦ ♠♦❞❡❧♦ ❝♦♠ ✉♠ ❡ ❞♦✐s

❡stá❣✐♦s ❞❡ ♣♦tê♥❝✐❛✳

❋✐❣✉r❛ ✷✳✶✵✿ ❙✐st❡♠❛s ❝♦♠ ✉♠ ❡ ❞♦✐s ❡stá❣✐♦s ❞❡ ♣♦tê♥❝✐❛s ❡ ❝♦♠ ♠♦❞❡❧♦ ❞❡ ❝❛r❣❛

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

❞♦ ♣❛✐♥❡❧ ❢♦t♦✈♦❧t❛✐❝♦✳ P❛r❛ ❢♦rç❛r ♦ ♣❛✐♥❡❧ ❢♦t♦✈♦❧t❛✐❝♦ ❛ tr❛❜❛❧❤❛r ♥♦ ▼PP é ♥❡❝❡ssár✐♦

❝♦♥tr♦❧❛r ♦ ✢✉①♦ ♣r♦✈❡♥✐❡♥t❡ ❞♦ ♣❛✐♥❡❧✳ ❊ss❡ ✢✉①♦ ❞❡ ❡♥❡r❣✐❛ é ❝♦♥tr♦❧❛❞♦ ✈❛r✐❛♥❞♦✲s❡ ❛

❝❛r❣❛ ✈✐st❛ ❞♦ ♣❛✐♥❡❧✳

❖ ♣♦♥t♦ ❞❡ ♦♣❡r❛çã♦ ❝♦♠ ♠❛✐♦r tr❛♥s❢❡rê♥❝✐❛ ❞❡ ♣♦tê♥❝✐❛ ✭▼PP✮ ♦❝♦rr❡rá ♥❛ ✐♥t❡rs❡çã♦

❞❛s ❝✉r✈❛s ❱①■ ❞♦ ♣❛✐♥❡❧ ❡ ❞❛ ❝❛r❣❛✱ ❝♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ❋✐❣✉r❛ ✷✳✶✶✳ ◗✉❛♥❞♦ ❛ ✐rr❛❞✐❛çã♦

✈❛r✐❛r✱ ♦ ♣♦♥t♦ ❞❡ ♦♣❡r❛çã♦ ❞❡ ♠á①✐♠❛ ♣♦tê♥❝✐❛ ❞❡✈❡ s❡r r❡❧♦❝❛❞♦✳ P♦rt❛♥t♦✱ é ♥❡❝❡ssár✐♦

❛❧t❡r❛r ❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❛ ❝✉r✈❛ ❞❛ ❝❛r❣❛✳

❆ ❝✉r✈❛ ❞❛ ❝❛r❣❛ é ♠♦❞✐✜❝❛❞❛ ♣❡❧❛ ♠♦❞✉❧❛çã♦ ❞♦s ❝♦♥✈❡rs♦r❡s q✉❡ ❡stã♦ ❡♥tr❡ ❛ ❝❛r❣❛ ❡



❚♦♣♦❧♦❣✐❛s ❞❡ ■♥✈❡rs♦r❡s ▼✉❧t✐♥í✈❡✐s✱ P❛râ♠❡tr♦s ❞❡ ❉❡s❡♠♣❡♥❤♦s ❡ ❆♣❧✐❝❛çã♦ ❞♦s P❛✐♥❡✐s ❋♦t♦✈♦❧t❛✐❝♦s✷✼

♦ ♣❛✐♥❡❧ ❢♦t♦✈♦❧t❛✐❝♦✳ ❖ â♥❣✉❧♦ q✉❡ ❞❡✜♥❡ ❛ ✐♥❝❧✐♥❛çã♦ ❞❛ ❝✉r✈❛ ❱①■ ❞❛ ❝❛r❣❛ é ❞❡✜♥✐❞♦ ♣❡❧♦

✈❛❧♦r ❞❛ ❝❛r❣❛ ❡ ♣❡❧♦ ❣❛♥❤♦ ❞♦ ✐♥✈❡rs♦r ✭θe(G,Ro)✮✱ q✉❡ é ❞❡✜♥✐❞♦ ♣❡❧❛s s❡❣✉✐♥t❡s ❡q✉❛çõ❡s✿

❋✐❣✉r❛ ✷✳✶✶✿ ❈✉r✈❛ ■ ① ❱ ❞♦ ♣❛✐♥❡❧ s♦❧❛r

V rms
ao = G.Vpv ✭✷✳✹✮

Irms
ao =

Ipv
G

✭✷✳✺✮

V rms
ao = Ro.I

r
aoms ✭✷✳✻✮

♦♥❞❡✱ G é ♦ ❣❛♥❤♦ ❞♦ ❝♦♥✈❡rs♦r✳ ❙✉❜st✐t✉✐♥❞♦ ❛s ❡q✉❛çõ❡s ✭✷✳✹✮ ❡ ✭✷✳✺✮ ❡♠ ✭✷✳✻✮✱ t❡♠✲s❡✿

Vpv

Ipv
=

Ro

G2
= RL ✭✷✳✼✮

❆ ❡q✉❛çã♦ ✷✳✼ ✐♠♣❧✐❝❛ ❝♦♥s✐❞❡r❛r q✉❡ ❛ r❡s✐stê♥❝✐❛ ❡❢❡t✐✈❛ ✈✐st❛ ♣❡❧♦ ♣❛✐♥❡❧ ❢♦t♦✈♦❧t❛✐❝♦

♣♦ss✉✐ ✉♠ ✈❛❧♦r q✉❡ ❞❡♣❡♥❞❡ ❞❛ r❡s✐stê♥❝✐❛ Ro ❡ ❞♦ ❣❛♥❤♦ G✳ ◆❛ ♣rát✐❝❛✱ ❛ ❝✉r✈❛ ❞❛ ❝❛r❣❛

RL(G,Ro) é ✉♠❛ r❡t❛ ❝✉❥❛ ✐♥❝❧✐♥❛çã♦ θe(G,Ro) é ❝❛❧❝✉❧❛❞❛ ♣♦r✿

θe(G,Ro) = arctg(
G2

Ro

) ✭✷✳✽✮

P❛r❛ ♦ s✐st❡♠❛ ♦♥❞❡ s❡ t❡♠ ✉♠ ú♥✐❝♦ ❡stá❣✐♦ ❞❡ ♣♦tê♥❝✐❛ ❛ t❡♥sã♦ ❞❡ s❛í❞❛ é ❞❛❞❛ ♣♦r✿

V rms
ao =

ma.Vpv√
2

✭✷✳✾✮

♦♥❞❡ma é ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❡♠ ❛♠♣❧✐t✉❞❡✳ ❖ ❣❛♥❤♦G é ♦❜t✐❞♦ ❝♦♠♣❛r❛♥❞♦ ❛s ❡q✉❛çõ❡s

✭✷✳✹✮ ❝♦♠ ✭✷✳✾✮✿



❚♦♣♦❧♦❣✐❛s ❞❡ ■♥✈❡rs♦r❡s ▼✉❧t✐♥í✈❡✐s✱ P❛râ♠❡tr♦s ❞❡ ❉❡s❡♠♣❡♥❤♦s ❡ ❆♣❧✐❝❛çã♦ ❞♦s P❛✐♥❡✐s ❋♦t♦✈♦❧t❛✐❝♦s✷✽

G =
ma√
2

✭✷✳✶✵✮

❙✉❜st✐t✉✐♥❞♦ ❛ ❡q✉❛çã♦ ✭✷✳✶✵✮ ❡♠ ✭✷✳✽✮✱ ♦❜té♠✲s❡ ♦ â♥❣✉❧♦ ❞❛ ❝✉r✈❛ ❞❛ ❝❛r❣❛✿

θe(ma,Ro) = arctg(
m2

a

2.Ro

) ✭✷✳✶✶✮

❖ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❡♠ ❛♠♣❧✐t✉❞❡ ✭ma✮ é ❞❡✜♥✐❞♦ ♣♦r ✉♠ ❧✐♠✐t❡ ♠í♥✐♠♦ ❡ ♠á①✐♠♦

✭0 < ma < 1✮✱ ❛ss✐♠✱ ♦ â♥❣✉❧♦ θe(ma,Ro) ✐rá ❧✐♠✐t❛r ♦ ♣♦♥t♦ ❞❡ ♦♣❡r❛çã♦ ❞❡ ♠á①✐♠❛

♣♦tê♥❝✐❛ ❡♥tr❡✳

θmin
e (ma,Ro) = arctg(

0

2.Ro

) = 0o ✭✷✳✶✷✮

❡

θmax
e (ma,Ro) = arctg(

1

2.Ro

) ✭✷✳✶✸✮

❆♥❛❧✐s❛♥❞♦ ❣r❛✜❝❛♠❡♥t❡ ✭✈❡r ❋✐❣✉r❛ ✷✳✶✷✭❛✮✮✱ é ♣♦ssí✈❡❧ ♦❜s❡r✈❛r q✉❡ ❡①✐st❡♠ ❞✉❛s r❡✲

❣✐õ❡s ❜❡♠ ❞❡✜♥✐❞❛s✳ ❆ ♣r✐♠❡✐r❛ r❡tr❛t❛ ✉♠❛ ❢❛✐①❛ ❞❡ ✈❛❧♦r❡s ♣♦ssí✈❡✐s ❞❡ θe(ma, Ro) ♦♥❞❡

é ♣♦ssí✈❡❧ r❡❛❧✐③❛r ♦ r❛str❡❛♠❡♥t♦✳ ❏á ❛ s❡❣✉♥❞❛ r❡❣✐ã♦ r❡♣r❡s❡♥t❛ ✉♠❛ ❢❛✐①❛ ❞❡ ✈❛❧♦r❡s

✐♠♣♦ssí✈❡✐s θe(ma, Ro) ♦♥❞❡ ♥ã♦ é ♣♦ssí✈❡❧ r❡❛❧✐③❛r ♦ r❛str❡❛♠❡♥t♦✳

✭❛✮ ❙✐st❡♠❛ ❝♦♠ ✉♠ ❡stá❣✐♦ ❞❡ ♣♦tê♥❝✐❛ ✭❜✮ ❙✐st❡♠❛ ❝♦♠ ❞♦✐s ❡stá❣✐♦s ❞❡ ♣♦tê♥❝✐❛

❋✐❣✉r❛ ✷✳✶✷✿ ❘❡❣✐õ❡s ❞❡ r❛str❡❛♠❡♥t♦ ♣❛r❛ ♦ s✐st❡♠❛ ♣r♦♣♦st♦



❚♦♣♦❧♦❣✐❛s ❞❡ ■♥✈❡rs♦r❡s ▼✉❧t✐♥í✈❡✐s✱ P❛râ♠❡tr♦s ❞❡ ❉❡s❡♠♣❡♥❤♦s ❡ ❆♣❧✐❝❛çã♦ ❞♦s P❛✐♥❡✐s ❋♦t♦✈♦❧t❛✐❝♦s✷✾

P❛r❛ ♦ ❝❛s♦ ❞♦ s✐st❡♠❛ q✉❡ ✉t✐❧✐③❛ ❞♦✐s ❡stá❣✐♦s ❞❡ ♣♦tê♥❝✐❛ ❛ t❡♥sã♦ ❞❡ s❛í❞❛ é ❞❛❞❛

♣♦r✿

V rms
ao =

ma.VDC√
2

✭✷✳✶✹✮

VDC =
Vpv

(1−D)
✭✷✳✶✺✮

♦♥❞❡✱ D é ❛ r❛③ã♦ ❝í❝❧✐❝❛ ❞♦ ′boost′✳ ❙✉❜st✐t✉✐♥❞♦ ❛ ❡q✉❛çã♦ ✭✷✳✶✺✮ ♥❛ ✭✷✳✶✹✮✱ t❡♠✲s❡✿

V rms
ao =

ma.Vpv√
2(1−D)

✭✷✳✶✻✮

❖ ❣❛♥❤♦ G é ♦❜t✐❞♦ ❝♦♠♣❛r❛♥❞♦ ❛s ❡q✉❛çõ❡s ✭✷✳✹✮ ❝♦♠ ✭✷✳✶✻✮✿

G =
ma√

2(1−D)
✭✷✳✶✼✮

❙✉❜st✐t✉✐♥❞♦ ❛ ❡q✉❛çã♦ ✭✷✳✶✼✮ ❡♠ ✭✷✳✽✮✱ ♦❜té♠✲s❡ ♦ â♥❣✉❧♦ ❞❛ ❝✉r✈❛ ❞❛ ❝❛r❣❛✿

θe(ma,Ro) = arctg(
m2

a

2.(1−D)Ro

) ✭✷✳✶✽✮

❆ss✐♠ ❝♦♠♦ ♦ ma✱ ❛ r❛③ã♦ ❝í❝❧✐❝❛ ❞♦ ′boost′ é ❞❡✜♥✐❞❛ ♣♦r ✉♠ ❧✐♠✐t❡ ♠í♥✐♠♦ ❡ ♠á①✐♠♦

✭0 < D < 1✮✱ ❛ss✐♠✱ ♦ â♥❣✉❧♦ θe(ma,Ro) ✐rá ❧✐♠✐t❛r ♦ ♣♦♥t♦ ❞❡ ♦♣❡r❛çã♦ ❞❡ ♠á①✐♠❛ ♣♦tê♥❝✐❛

❡♥tr❡✱

θmin
e (ma,Ro) = arctg(

0

2.Ro

) = 0o ✭✷✳✶✾✮

q✉❛♥❞♦ D = 0 ❡ ma = 0 ❡✿

θmax
e (ma,Ro) = arctg(

1

0
) = 90o ✭✷✳✷✵✮

q✉❛♥❞♦ D = 1 ❡ ma = 1✳



❚♦♣♦❧♦❣✐❛s ❞❡ ■♥✈❡rs♦r❡s ▼✉❧t✐♥í✈❡✐s✱ P❛râ♠❡tr♦s ❞❡ ❉❡s❡♠♣❡♥❤♦s ❡ ❆♣❧✐❝❛çã♦ ❞♦s P❛✐♥❡✐s ❋♦t♦✈♦❧t❛✐❝♦s✸✵

❆♥❛❧✐s❛♥❞♦ ❣r❛✜❝❛♠❡♥t❡ ✭✈❡r ❋✐❣✉r❛ ✷✳✶✷✭❜✮✮✱ ♦❜s❡r✈❛✲s❡ q✉❡ é ♣♦ssí✈❡❧ r❛str❡❛r ♦ ♣♦♥t♦

♠á①✐♠♦ ❞❡ ♣♦tê♥❝✐❛ ❡♠ q✉❛❧q✉❡r ♣♦♥t♦ ❞❡ ♦♣❡r❛çã♦✳ ❊ss❡ é ✉♠ ❞♦s ♠♦t✐✈♦s ♣❛r❛ ✉t✐❧✐③❛r ♦

❝♦♥✈❡rs♦r ′boost′ ❝♦♠♦ ✉♠ ❡stá❣✐♦ ❞❡ ♣♦tê♥❝✐❛✳

P♦rt❛♥t♦✱ ♦ ❝♦♥❥✉♥t♦ PV −Boost ♣♦❞❡ s❡r ❛♣❧✐❝❛❞♦ ❛♦s ✐♥✈❡rs♦r❡s ❞❡ três✱ q✉❛tr♦ ❡ ❝✐♥❝♦

♥í✈❡✐s ❛♣r❡s❡♥t❛❞♦ ♥❡ss❡ tr❛❜❛❧❤♦✳

✷✳✻ ❈♦♥❝❧✉sõ❡s

◆❡ss❡ ❝❛♣✐t✉❧♦ ❢♦✐ ❛♣r❡s❡♥t❛❞♦ ✉♠❛ sí♥t❡s❡ ❞❛ ❝♦♥❝❡♣çã♦ ❞❛s t♦♣♦❧♦❣✐❛s ❝♦♠ ❜❛rr❛♠❡♥t♦ ❈❈

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

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

✐♥✈❡rs♦r❡s ♠✉❧tí♥✐✈❡✐s✱ q✉❡ sã♦✿

• ❚✐♣♦ ❞❛ ❢♦♥t❡ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❞♦ ✐♥✈❡rs♦r ✭ú♥✐❝❛ ♦✉ ✐♥❞❡♣❡♥❞❡♥t❡✮❀

• ❘❡❧❛çã♦ ❞❛s t❡♥sõ❡s ❞♦s ❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈❀

• ◆ú♠❡r♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s✳

❋♦r❛♠ ❛♣r❡s❡♥t❛❞❛s ❛s ✈❛r✐á✈❡✐s q✉❡ s❡rã♦ ✉t✐❧✐③❛❞❛s ♣❛r❛ ❛✈❛❧✐❛r ♦s ❞❡s❡♠♣❡♥❤♦s ❞♦s

✐♥✈❡rs♦r❡s q✉❛♥t♦ ❛ q✉❛❧✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛✱ ❡✜❝✐ê♥❝✐❛ ❡ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❞♦ ✐♥✈❡rs♦r✳
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✸✳✶ ■♥tr♦❞✉çã♦

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

♣♦ss✉❛♠ ❝❛r❛❝t❡ríst✐❝❛s ✈♦❧t❛❞❛s ♣❛r❛ ❡ss❛ ❛♣❧✐❝❛çã♦✳ ❖s s✐st❡♠❛s ❢♦t♦✈♦❧t❛✐❝♦s s❡ ♠♦str❛♠

❛tr❛t✐✈♦s ♣❛r❛ ❛♣❧✐❝❛çõ❡s q✉❡ sã♦ ♥❡❝❡ssár✐♦ ✉t✐❧✐③❛r ✈ár✐❛s ❢♦♥t❡s ❞❡ ❜❛✐①❛ t❡♥sã♦✳ ◆❡st❡

❝❛♣✐t✉❧♦ s❡rá ❛♣r❡s❡♥t❛❞♦ ❞✉❛s ♠♦❞✐✜❝❛çõ❡s ♣❛r❛ ❡str✉t✉r❛s ❝♦♥✈❡♥❝✐♦♥❛✐s ❝♦♠ ❜❛s❡s ♥❡ss❡s

❛s♣❡❝t♦s✳ ❆s t♦♣♦❧♦❣✐❛s sã♦✿

• ❱❛r✐❛çõ❡s ❞❛ t♦♣♦❧♦❣✐❛ ❍②❜✵✶ ♣❛r❛ ❛ ✉t✐❧✐③❛çã♦ ❝♦♠ ❢♦♥t❡s r❡❞✉③✐❞❛s ❞❡ t❡♥sã♦❀

• ❆ t♦♣♦❧♦❣✐❛ ❋❋ q✉❡ ✉t✐❧✐③❛ ❞✉❛s ❢♦♥t❡s ❞❡ t❡♥sã♦ ❝♦♠ ✈❛❧♦r❡s ❞✐❢❡r❡♥t❡s✳

✸✳✷ ■♥✈❡rs♦r ▼♦♥♦❢ás✐❝♦ ❍í❜r✐❞♦

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

❧✐③❛♥❞♦ s❡♠✐❝♦♥❞✉t♦r❡s ❞❡ ♠é❞✐❛ t❡♥sã♦✱ ❛❧é♠ ❞❡ ♣r♦♣♦r❝✐♦♥❛r ✉♠❛ r❡❞✉çã♦ ❞❛ ❞✐st♦rçã♦

❤❛r♠ô♥✐❝❛ ♥❛ t❡♥sã♦ ❞❡ s❛í❞❛ ✭❋r❛♥q✉❡❧♦ ❡t ❛❧✳✱ ✷✵✵✽✮✳ ❆ t♦♣♦❧♦❣✐❛ ❤✐❜r✐❞❛ ❆◆P❈✴❋❈ ✭P❡♥❣✱

✷✵✵✵✮✱✐❧✉str❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✶✭❝✮✱ ✐♥✐❝✐❛❧♠❡♥t❡ ❢♦✐ ❡st✉❞❛❞❛ ♣❛r❛ ♦♣❡r❛r ❝♦♠ ❝❛r❛❝t❡ríst✐❝❛s

❞♦s ✐♥✈❡rs♦r❡s ❆◆P❈✴❋❈✳ ◆❡st❡ tr❛❜❛❧❤♦ ❛ ♦♣❡r❛çã♦ ❞♦ ✐♥✈❡rs♦r ❤í❜r✐❞♦ s❡rá ❛❧t❡r❛❞❛ ♠♦✲

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

❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦✳ ❈♦♠ ✐ss♦✱ ♦ ✐♥✈❡rs♦r ❛♣r❡s❡♥t❛ ✉♠❛ ♠❡❧❤♦r❛ ♥♦ ❡q✉✐❧í❜r✐♦ ❞❛s

✸✶
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t❡♥sõ❡s ❞♦s ❝❛♣❛❝✐t♦r❡s ❡ r❡❞✉③ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ♦ ✈❛❧♦r ❞❛ ❝❛♣❛❝✐tâ♥❝✐❛ t♦t❛❧ ❞♦ ✐♥✈❡rs♦r✱

♠❛♥t❡♥❞♦ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞♦s ✐♥✈❡rs♦r❡s ❆◆P❈ ❡ ❋❈ ✭❞❛ ❙✐❧✈❛ ❡t ❛❧✳✱ ✷✵✶✸✮✳

+

_

+

_

+

_

1

2 

_

VDC

VDC C1

1

2 

_
VDC C2

vo

S1

S2

S3

S4

S5

S6

✭❛✮ ❆◆P❈

+

_

+

_

+

_

+

_

1

2 

_

VDC

VDC C1

1

2 

_
VDC C2

S1

S2

S3

S4

C3vC3 vo

✭❜✮ ❋❈

+

_

+

_

+

_

1

2 

_

VDC

VDC C1

1

2 

_
VDC C2

vo

S1

S2

S3

S4

S5

S6

+

_ C3

✭❝✮ ■♥✈❡rs♦r ❍✐❜r✐❞♦ ✲ ❍②❜✵✶

❋✐❣✉r❛ ✸✳✶✿ ❚♦♣♦❧♦❣✐❛ ❞❡ ✐♥✈❡rs♦r❡s ❞❡ três ♥í✈❡✐s

❖s ✐♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s ♠♦♥♦❢ás✐❝♦s t❛♠❜é♠ tê♠ s✐❞♦ ❡①♣❧♦r❛❞♦s ❞❡✈✐❞♦ à s✉❛ ✐♠♣♦r✲

tâ♥❝✐❛ ❡♠ ❛♣❧✐❝❛çõ❡s ❞❡ ❜❛✐①❛ t❡♥sã♦ ✭❇❛r❜♦s❛ ❡t ❛❧✳✱ ✷✵✵✻❀ ❘❛❤♠❛♥✐ ❡ ❆❧✲❍❛❞❞❛❞✱ ✷✵✵✻❀

❚❛♥❣ ❡t ❛❧✳✱ ✷✵✵✼✮✳ ❆ t♦♣♦❧♦❣✐❛ ❤í❜r✐❞❛ ♣❡r♠✐t❡ ✉♠❛ ♦♣❡r❛çã♦ ✉t✐❧✐③❛♥❞♦ ✉♠❛ ❢♦♥t❡ q✉❡

♣♦ss✉❛ ❛ ♠❡t❛❞❡ ❞❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✳ ❆ ❋✐❣✉r❛ ✸✳✷ ❛♣r❡s❡♥t❛ ❛s ❞✉❛s ✈❛r✐❛çõ❡s

❞❛ t♦♣♦❧♦❣✐❛ ❤í❜r✐❞❛ ♣❛r❛ ❛♣❧✐❝❛çõ❡s ❝♦♠ ❢♦♥t❡s ❞❡ t❡♥sã♦ r❡❞✉③✐❞❛✳ ❆ ♣r✐♠❡✐r❛ ❛❧t❡r♥❛t✐✈❛

é ❛❧✐♠❡♥t❛r ♦ ❝❛♣❛❝✐t♦r ✢✉t✉❛♥t❡ ❝♦♠ ❛ ❢♦♥t❡ ❞❡ t❡♥sã♦ ✭✈❡r ❋✐❣✉r❛ ✸✳✷✭❛✮✮ ❡ ❛ s❡❣✉♥❞❛ é

❛❧✐♠❡♥t❛r ♦ ❝❛♣❛❝✐t♦r ✐♥❢❡r✐♦r ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ✭✈❡r ❋✐❣✉r❛ ✸✳✷✭❜✮✮✳

+

_

+

_

+

_VDC

VDC C1

VDC C2

vo

S1

S2

S3

S4

S5

S6

✭❛✮ ❍②❜✵✷

+

_

+

_

VDC C1

VDC

vo

S1

S2

S3

S4

S5

S6

+

_ Ca

✭❜✮ ❍②❜✵✸

❋✐❣✉r❛ ✸✳✷✿ ❈♦♥❝❡♣çã♦ ❞❛ t♦♣♦❧♦❣✐❛ ❤í❜r✐❞❛

❊st❡ ❝❛♣ít✉❧♦ ♣r♦♣õ❡ ✉♠❛ ❛♥á❧✐s❡ ❞❛s três ♣♦ssí✈❡✐s ❝♦♥✜❣✉r❛çõ❡s ❞♦ ✐♥✈❡rs♦r ❤í❜r✐❞♦ ❥á

❝♦♥❤❡❝✐❞♦ ♥❛ ❧✐t❡r❛t✉r❛ ❡ ❞✉❛s ♣r♦♣♦st❛s✳ ❆ t♦♣♦❧♦❣✐❛ ❍②❜✵✶ q✉❡ é ❛ t♦♣♦❧♦❣✐❛ ❝♦♥✈❡♥❝✐♦♥❛❧

✭✈❡r ❋✐❣✉r❛ ✸✳✶✭❝✮✮ ❡ ❛s t♦♣♦❧♦❣✐❛s q✉❡ ♣♦ss✉❡♠ ❢♦♥t❡ ❝♦♠ t❡♥sã♦ r❡❞✉③✐❞❛✱ ❍②❜✵✷ ❡ ❍②❜✵✸

✭✈❡r ❋✐❣✉r❛ ✸✳✷✮✳ Pr❛ ✐ss♦ s❡rã♦ ❡st✉❞❛❞❛s ❛ ♦♣❡r❛çã♦✱ ♦ ♠♦❞❡❧♦ ❡ ❛ ♠♦❞✉❧❛çã♦ P❲▼

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

❝♦♠♣❛r❛çã♦✱ ❛s ♣❡r❞❛s ❞❡ ❝♦♥❞✉çã♦ ❡ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❡ ❞♦ ❡str❡ss❡ tér♠✐❝♦ ♥❛s ❝❤❛✈❡s✱ ❛s

♣❡r❞❛s ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❡ ❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ ♣♦r ♠❡✐♦ ❞❡ s✐♠✉❧❛çã♦✳ ❊♠ s❡❣✉✐❞❛ sã♦

❛♣r❡s❡♥t❛❞♦s ♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s q✉❡ ❝♦♥✜r♠❛♠ ❛ ✈❛❧✐❞❛❞❡ ❞♦ s✐st❡♠❛✳
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✸✳✷✳✶ ■♥✈❡rs♦r ❍í❜r✐❞♦

❖ ❜r❛ç♦ ❞♦ ✐♥✈❡rs♦r ❤í❜r✐❞♦ é ❝♦♠♣♦st♦ ♣♦r três ❝é❧✉❧❛s ❜ás✐❝❛s ❝♦♠♦ ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛

✸✳✸✳ ❆ ❝é❧✉❧❛ ❜ás✐❝❛ ♣♦ss✉✐ ❞✉❛s ❝❤❛✈❡s ■●❇❚ ❝♦♠ ❛t✉❛çã♦ ❝♦♠♣❧❡♠❡♥t❛r✳ ❖s ❝❛♣❛❝✐t♦r❡s

C1 ❡ C2 ❝♦♠♣õ❡♠ ♦ ❜❛rr❛♠❡♥t♦ CC ❡ ♦ ❝❛♣❛❝✐t♦r Ca é ♦ ❝❛♣❛❝✐t♦r ✢✉t✉❛♥t❡✳ ❆ t❡♥sã♦ ❞❡

t♦❞♦s ♦s ❝❛♣❛❝✐t♦r❡s é ✐❣✉❛❧ à ♠❡t❛❞❡ ❞❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ CC✳ ❖s ♣♦♥t♦s P ✱ O ❡ N

r❡❢❡r❡♠✲s❡ ❛ ❝♦♥❡①ã♦ ❞❛ ❢❛s❡ ♥♦s ♣♦♥t♦s s✉♣❡r✐♦r✱ ✐♥t❡r♠❡❞✐ár✐♦ ❡ ✐♥❢❡r✐♦r ❞♦ ❜❛rr❛♠❡♥t♦ CC

r❡s♣❡❝t✐✈❛♠❡♥t❡✳

S

S

_

✭❛✮
❈é❧✉❧❛
❇ás✐❝❛

+

_

+

_

C1

C2

S1

S2

S2

S3

S1

S3

+

_

Célula 03

_

_

_

a

Célula 01

Célula 02

+

_VDC

Lk

P

N

O

✭❜✮ ■♥✈❡rs♦r ❍í❜r✐❞♦

❋✐❣✉r❛ ✸✳✸✿ ❆❧t❡r♥❛t✐✈❛s ❞❛ t♦♣♦❧♦❣✐❛ ❍②❜✵✶ ♣❛r❛ ❛♣❧✐❝❛çõ❡s ❝♦♠ ❢♦♥t❡ ❞❡ t❡♥sã♦
r❡❞✉③✐❞❛

❯♠ ✐♥❞✉t♦r ❞❡ 0, 5uH é ❝♦♥❡❝t❛❞♦ ♥♦ ♣♦♥t♦ ❝❡♥tr❛❧ ❞♦ ❜❛rr❛♠❡♥t♦ ♣❛r❛ ♠✐t✐❣❛r ♦ ♣✐❝♦

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

✸✳✷✳✷ Pr✐♥❝í♣✐♦ ❞❡ ❖♣❡r❛çã♦

◆❛ ❚❛❜❡❧❛ ✸✳✶ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s ♣♦ssí✈❡✐s ❡st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦✱ ❛ r❡❧❛çã♦ ❞❛ ❛ss♦❝✐❛çã♦

❞♦ ❝❛♣❛❝✐t♦r ✢✉t✉❛♥t❡ ✭Ca✮ ❝♦♠ ♦s ❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦ ✭C1 ❡ C2✮ ❡ ❛ t❡♥sã♦ ❞❡ s❛í❞❛

✭Vo✮✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❖♥❞❡ ♦ ❡st❛❞♦ ′1′ r❡♣r❡s❡♥t❛ ❛ ❝❤❛✈❡ ❡♠ ❝♦♥❞✉çã♦ ❡ ♦ ❡st❛❞♦ ′0′

r❡♣r❡s❡♥t❛ ❛ ❝❤❛✈❡ ❡♠ ❜❧♦q✉❡✐♦✳

P❛r❛ q✉❡ ❛ t❡♥sã♦ ❞❡ s❛í❞❛ s❡❥❛ ✐❣✉❛❧ ❛ VDC/2 ✉t✐❧✐③❛✲s❡ ❛ ❝♦♥✜❣✉r❛çã♦ P ✱ ♥❡st❡ ❝❛s♦✱

♦ ❝❛♣❛❝✐t♦r Ca é ❝♦♥❡❝t❛❞♦ ❡♠ ♣❛r❛❧❡❧♦ ❝♦♠ ♦ ❝❛♣❛❝✐t♦r C1 ✭✈❡r ❋✐❣✉r❛ ✸✳✹✭❛✮✮✳ P❛r❛✱

Vo = −VDC/2 ✉t✐❧✐③❛✲s❡ ❛ ❝♦♥✜❣✉r❛çã♦ N ❝♦♥❡❝t❛♥❞♦ ♦ ❝❛♣❛❝✐t♦r Ca ❡♠ ♣❛r❛❧❡❧♦ ❝♦♠ ♦

❝❛♣❛❝✐t♦r C2✭✈❡r ❋✐❣✉r❛ ✸✳✹✭❜✮✮✳ ❊①✐st❡♠ ❞✉❛s ♠❛♥❡✐r❛s ❞❡ s❡ ♦❜t❡r ❛ t❡♥sã♦ ❞❡ s❛í❞❛ ♥✉❧❛✳

❆ ♣r✐♠❡✐r❛ é ♣♦r ♠❡✐♦ ❞❛ ❝♦♥✜❣✉r❛çã♦ O+✱ ♦♥❞❡ ❛ ❝♦♥❞✉çã♦ ❞❡ ❝♦rr❡♥t❡ ♦❝♦rr❡ ♣❡❧❛s ❝❤❛✈❡s

q✉❡ ❡stã♦ ❛❝✐♠❛ ❞♦ ❝❛♣❛❝✐t♦r Ca✱ s❡❞♦ ♦ ♠❡s♠♦✱ ❝♦♥❡❝t❛❞♦ ❝♦♠ ♦ ❝❛♣❛❝✐t♦r C2✭✈❡r ❋✐❣✉r❛
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❚❛❜❡❧❛ ✸✳✶✿ ❊st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ ❛ss♦❝✐❛çã♦ ❞♦s ❝❛♣❛❝✐t♦r❡s ❡ t❡♥sã♦ ❞❡ s❛í❞❛

❈♦♥✜❣✳ S1 S2 S3 Ca ✴✴ Cx Vo

P ✶ ✶ ✶ Ca ✴✴ C1 VDC✴✷

O+ ✵ ✶ ✵ Ca ✴✴ C2 ✵
O− ✶ ✵ ✶ Ca ✴✴ C1

N ✵ ✵ ✵ Ca ✴✴ C2 ✲VDC✴✷

✸✳✹✭❝✮✮✳ ❆ s❡❣✉♥❞❛ é ♣♦r ♠❡✐♦ ❞❛ ❝♦♥✜❣✉r❛çã♦ O−✱ ♦♥❞❡ ❛ ❝♦♥❞✉çã♦ ❞❡ ❝♦rr❡♥t❡ é ♣❡❧❛s

❝❤❛✈❡s q✉❡ ❡stã♦ ❛❜❛✐①♦ ❞♦ ❝❛♣❛❝✐t♦r Ca✱ s❡❞♦ ♦ ♠❡s♠♦✱ ❝♦♥❡❝t❛❞♦ ❛♦ ❝❛♣❛❝✐t♦r C1✭✈❡r

❋✐❣✉r❛ ✸✳✹✭❞✮✮✳

✭❛✮ ❈♦♥✜❣✳ P ✭❜✮ ❈♦♥✜❣✳ N ✭❝✮ ❈♦♥✜❣✳ O+ ✭❞✮ ❈♦♥✜❣✳ O−

❋✐❣✉r❛ ✸✳✹✿ ❈♦♥✜❣✉r❛çõ❡s ❞❡ ♦♣❡r❛çõ❡s ❞♦ ✐♥✈❡rs♦r ❤í❜r✐❞♦

✸✳✷✳✸ ▼♦❞❡❧♦ ❡ ▼♦❞✉❧❛çã♦ P❲▼

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

r❡❞✉♥❞❛♥t❡ ✭O+ ❡ O−✮ ❝♦♥s✐❞❡r❛♥❞♦ ❛ ❛ss♦❝✐❛çã♦ ❞♦ ❝❛♣❛❝✐t♦r Ca ❝♦♠ ♦s ❝❛♣❛❝✐t♦r❡s ❞♦

❜❛rr❛♠❡♥t♦ C1 ❡ C2✳ ❆s ❚❛❜❡❧❛s ✸✳✷ ❡ ✸✳✸ ❛♣r❡s❡♥t❛♠ ♦ ♣❛❞rã♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❡ ❛ss♦❝✐❛çã♦

❞♦s ❝❛♣❛❝✐t♦r❡s ♣❛r❛ ♦ PWM − 1 ❡ PWM − 2✳

❚❛❜❡❧❛ ✸✳✷✿ ❈♦♠♣♦s✐çã♦ ❞♦s ❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ♦ P❲▼✲✶

❈♦♥✜❣✳ Ca//Cx S1 ❡ S3 S2

V ∗

o > 0
P

Ca✴✴C1
✶ ✶

O− ✶ ✵

V ∗

o < 0
O+

Ca✴✴C2
✵ ✶

◆ ✵ ✵

❖♥❞❡ x = 1, 2
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❚❛❜❡❧❛ ✸✳✸✿ ❈♦♠♣♦s✐çã♦ ❞♦s ❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ✵ P❲▼✲✷

❈♦♥✜❣✳ Ca//Cx S1 ❡ S3 S2

V ∗

o > 0
P Ca✴✴C1 ✶ ✶
O+ Ca✴✴C2 ✵ ✶

V ∗

o < 0
O− Ca✴✴C1 ✶ ✵
◆ Ca✴✴C2 ✵ ✵

❖♥❞❡ x = 1, 2

P❲▼✲✶ ① P❲▼✲✷

❈❛❞❛ P❲▼ ❛♣r❡s❡♥t❛ ❝❛r❛❝t❡ríst✐❝❛s ❞✐st✐♥t❛s ❡♠ r❡❧❛çã♦ ❛ ❛ss♦❝✐❛çã♦ ❞♦s ❝❛♣❛❝✐t♦r❡s ❡

❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞❛s ❝❤❛✈❡s✳ P❛r❛ ♦ P❲▼✲✶ ♦ ❝❛♣❛❝✐t♦r Ca é ❝♦♥❡❝t❛❞♦ ❝♦♠ ♦

❝❛♣❛❝✐t♦r C1 ❞✉r❛♥t❡ t♦❞♦ ♦ s❡♠✐❝✐❝❧♦ ♣♦s✐t✐✈♦ ❡ ❝♦♥❡❝t❛❞♦ ❝♦♠ ♦ ❝❛♣❛❝✐t♦r C2 ❞✉r❛♥t❡ ♦

s❡♠✐❝✐❝❧♦ ♥❡❣❛t✐✈♦✳ ◆♦ ❝❛s♦ ❞♦ P❲▼✲✷ ♦ ❝❛♣❛❝✐t♦r Ca ✜❝❛ ❝♦♠✉t❛♥❞♦ ❡♥tr❡ ♦s ❝❛♣❛❝✐t♦r❡s

C1 ❡ C2 ❛ ❝❛❞❛ ♠✉❞❛♥ç❛ ❞❡ ❡st❛❞♦✳

❊♠ r❡❧❛çã♦ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞❛s ❝❤❛✈❡s✱ ♦ P❲▼✲✶ ♣♦ss✉✐ ❞✉❛s ❝❤❛✈❡s ❝♦♠

❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞❛ r❡❢❡rê♥❝✐❛ ✭S1 ❡ S3✮ ❡ ✉♠❛ ❝❤❛✈❡ ♥❛ ❢r❡q✉ê♥❝✐❛ ❞❛ ♣♦rt❛❞♦r❛

✭S2✮✳ ❏á ♣❛r❛ ♦ P❲▼✲✷ ❡ss❛ ❝♦♥❞✐çã♦ s❡ ✐♥✈❡rt❡✱ ♦✉ s❡❥❛✱ sã♦ ❞✉❛s ❝❤❛✈❡s ♥❛ ❢r❡q✉ê♥❝✐❛

❞❛ ♣♦rt❛❞♦r❛ ✭S1 ❡ S3✮ ❡ ✉♠❛ ❝❤❛✈❡ ♥❛ ❢r❡q✉ê♥❝✐❛ ❞❛ r❡❢❡rê♥❝✐❛ ✭S2✮✳ ❈♦♠ ❞✉❛s ❝❤❛✈❡s ♥❛

❢r❡q✉ê♥❝✐❛ ❞❛ r❡❢❡r❡♥❝✐❛ ❢❛③ ❝♦♠ q✉❡ ♦ P❲▼✲✶ ♣♦ss✉❛ ✉♠❛ r❡❞✉çã♦ ♥❛s ♣❡r❞❛s ❞❡ ❝❤❛✈❡❛✲

♠❡♥t♦ ❡♠ r❡❧❛çã♦ ❛♦ P❲▼✲✷✳

❚é❝♥✐❝❛ ❞❡ ▼♦❞✉❧❛çã♦ P❲▼

❆ ♠♦❞✉❧❛çã♦ ❝♦♥s✐st❡ ❡♠ ❞❡t❡r♠✐♥❛r ♦ ❡st❛❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞♦s s✐♥❛✐s qr ❡ qp✳ ❖ s✐♥❛❧ qr

é ♠♦❞✉❧❛❞♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ❞❛ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛ ❡ ♦ s✐♥❛❧ qp é ♠♦❞✉❧❛❞♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ❞❛

♣♦rt❛❞♦r❛✳ ❆ r❡❧❛çã♦ ❞♦s s✐♥❛✐s qr ❡ qp ❝♦♠ ♦s P❲▼✲✶ ❡ P❲▼✲✷ ❡stá ✐♥❞✐❝❛❞♦ ♥❛ t❛❜❡❧❛

✸✳✹✳

❚❛❜❡❧❛ ✸✳✹✿ ❘❡❧❛çã♦ ❞❛s ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦s

P❲▼✲✶ P❲▼✲✷

qr q1 ❡ q3 q2

qp q2 q1 ❡ q3
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❆ té❝♥✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦ ❡stá r❡♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✺ ❡ é ❞✐✈✐❞✐❞❛ ❡♠ q✉❛tr♦ ♣❛ss♦s✱

❡❧❡s sã♦✿

 
eixo[1]

eixo[2]

eixo[3]

Tb

Tc

 

2Ts

Tb

Pa

Tc

 

0

T2

Vo*

0

VDC/2

Tb

Pa

Tc

 

0

qr

qp

Vo*

0

1

-VDC/2

0

1

Tb

Pa

Tc

Vo < 0Vo > 0

Vo*

2Ts

T1T2T1

❋✐❣✉r❛ ✸✳✺✿ ❊str❛té❣✐❛ ❞❡ ▼♦❞✉❧❛çã♦ P❲▼ ♣❛r❛ ✸ ♥í✈❡✐s

P❛ss♦ ✉♠✿ ❉❡✜♥❡♠✲s❡ ♦s ♥í✈❡✐s ❞♦ ✐♥✈❡rs♦r✱ ♦♥❞❡ ❝❛❞❛ ♥í✈❡❧ é r❡♣r❡s❡♥t❛❞♦ ♣♦r ✉♠

❡✐①♦ ❤♦r✐③♦♥t❛❧✱ ♥♦ ❝❛s♦ ❞♦ ✐♥✈❡rs♦r ❤í❜r✐❞♦ t❡♠✲s❡✿ ♦ ❡✐①♦❬✶❪✱ ❡✐①♦❬✷❪ ❡ ❡✐①♦❬✸❪✱ ❝♦♠ ♦s ✈❛❧♦r❡s

VDC/2✱ 0 ❡ −VDC/2✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

P❛ss♦ ❞♦✐s✿ ❈❛❧❝✉❧❛✲s❡ ♦ ✈❛❧♦r ❞❛ ✈❛r✐á✈❡❧ Pa q✉❡ é ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ♦ ❡✐①♦ s✉♣❡r✐♦r ❡

❛ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛✿

❙❡ ✭V ∗

o > 0✮ ❂❃ Pa = eixo[1]− V ∗

o ❀

❙❡✭V ∗

o < 0✮ ❂❃ Pa = eixo[2]− V ∗

o ❀

P❛ss♦ três✿ ❈❛❧❝✉❧❛✲s❡ ♦s ✐♥t❡r✈❛❧♦s ❞❡ t❡♠♣♦ ❡♠ q✉❡ ❛s ❝❤❛✈❡s ♣❡r♠❛♥❡❝❡♠ ❡♠ ❝♦♥✲

❞✉çã♦ ✭Tc✮ ❡ ❜❧♦q✉❡✐♦ ✭Tb✮✱ ❡♠ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ♣❡rí♦❞♦ ❞❡ ♠♦❞✉❧❛çã♦ ✭TS✮✱ ❡♠ s❡❣✉✐❞❛

❞❡t❡r♠✐♥❛ss❡ ♦s t❡♠♣♦s ❞❡ tr❛♥s✐çã♦ ✭T1 ❡ T2✮✱ ♣❡❧❛s ❡q✉❛çõ❡s✿

Tb = 2(
Pa

VDC

)TS; ✭✸✳✶✮

Tc = TS − Tb; ✭✸✳✷✮

T1 = t+ Tc; ✭✸✳✸✮

T2 = T1 + 2Tb. ✭✸✳✹✮

P❛ss♦ q✉❛tr♦✿ ❉❡✜♥❡♠✲s❡ ♦s ❡st❛❞♦s ❞❡ ❝♦♥❞✉çã♦ ❞❛s ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦s qr ❡ qp

s❡❣✉✐♥❞♦ ❛ ❧ó❣✐❝❛ ❛♣r❡s❡♥t❛❞❛ ❛ s❡❣✉✐r✿

• P❛r❛ ❛ ✈❛r✐á✈❡❧ qr
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❙❡ ✭V ∗

o > 0) qr = 1❀

❙❡ ✭V ∗

o < 0) qr = 0❀

• P❛r❛ ❛ ✈❛r✐á✈❡❧ qp

❙❡ ✭t ≤ T1 ♦✉ t > T2✮ qp = 1❀

❙❡ ✭t > T1 ❡ t ≤ T2✮ qp = 0❀

❖♥❞❡ ♦s ❡st❛❞♦s ❧ó❣✐❝♦s ′1′ ❡ ′0′ r❡♣r❡s❡♥t❛♠ ❛s ❝❤❛✈❡s ❡♠ ❝♦♥❞✉çã♦ ❡ ❡♠ ❜❧♦q✉❡✐♦

r❡s♣❡❝t✐✈❛♠❡♥t❡✳

▼♦❞❡❧♦ ❞♦ ■♥✈❡rs♦r ❍í❜r✐❞♦

❆ ❋✐❣✉r❛ ✸✳✻ ✐❧✉str❛ ♦ ❝✐r❝✉✐t♦ ❡q✉✐✈❛❧❡♥t❡ ♣❛r❛ ♦ ✐♥✈❡rs♦r ❤í❜r✐❞♦✳ ❆s ❝❤❛✈❡s ❞♦ S1✱ S2 ❡

S3 sã♦ r❡♣r❡s❡♥t❛❞❛s ♣❡❧❛s ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦ q1✱ q2 ❡ q3✱ r❡s♣❡❝t✐✈❛♠❡♥t❡ ❛s q✉❛✐s ❡stã♦

❛ss♦❝✐❛❞❛s ❛s ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦s qr ❡ qp ❝♦♠♦ ❛♣r❡s❡♥t❛ ❛ ❚❛❜❡❧❛ ✸✳✹✳ ❆♣❧✐❝❛♥❞♦ ❛ ▲❡✐ ❞❡

❑✐r❝❤❤♦✛ ♥♦ ❝✐r❝✉✐t♦ ❡q✉✐✈❛❧❡♥t❡ t❡♠ ❛ s❡❣✉✐♥t❡ ❡q✉❛çã♦✿

vo −Roio − Lo(dio/dt) = 0 ✭✸✳✺✮

io +

_
Lo

Vo

Ro

❋✐❣✉r❛ ✸✳✻✿ ▼♦❞❡❧♦ ❞♦ ✐♥✈❡rs♦r ❤í❜r✐❞♦

❆ t❡♥sã♦ ❞❡ s❛í❞❛ ✭Vo✮ é ❞❡✜♥✐❞❛ ❡♠ ❢✉♥çã♦ ❞♦s ❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❝♦♠ ✐ss♦ ♣♦❞❡

s❡r ❞❡t❡r♠✐♥❛❞❛ ♣❡❧❛ ❡q✉❛çã♦✿

Vo = (qr + qp − 1)(VDC/2) ✭✸✳✻✮
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✸✳✷✳✹ ❆♥á❧✐s❡ ❞❛ ◗✉❛❧✐❞❛❞❡ ❞♦s ❙✐♥❛✐s ❞❡ ❙❛í❞❛

◆❡st❡ tr❛❜❛❧❤♦ ❢♦✐ ♣♦ssí✈❡❧ ♦❜t❡r r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❡ ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ❛s três ✈❛✲

r✐❛çõ❡s ❞♦ ✐♥✈❡rs♦r ❤í❜r✐❞♦ ✭❍②❜✵✶✱ ❍②❜✵✷ ❡ ❍②❜✵✸✮✳ ❆s ♣❧❛t❛❢♦r♠❛s ❞❡ s✐♠✉❧❛çã♦ ❡ ❡①✲

♣❡r✐♠❡♥t❛❧ ♦♥❞❡ ♦s r❡s✉❧t❛❞♦s ❢♦r❛♠ ♦❜t✐❞♦s sã♦ ♠♦str❛❞❛s ♥♦ ❆♣ê♥❞✐❝❡ ❇✳ ❆ ❚❛❜❡❧❛ ✸✳✺

❛♣r❡s❡♥t❛ ♦s ♣❛râ♠❡tr♦s ✉t✐❧✐③❛❞♦s ♣❛r❛ ❛ s✐♠✉❧❛çã♦ ❞♦ s✐st❡♠❛ ♣r♦♣♦st♦✳

❚❛❜❡❧❛ ✸✳✺✿ P❛r❛♠❡tr♦s ❞❡ ❙✐♠✉❧❛çã♦ ❡ ❊①♣❡r✐♠❡♥t❛❧

P❛râ♠❡tr♦ ❙í♠❜♦❧♦ ❱❛❧♦r

❚❡♥sã♦ ❞♦ ❇❛rr❛♠❡♥t♦ VDC ✷✵✵ ❱

❚❡♥sã♦ ❞♦ ❈❛♣✳ ❋❧✉t✉❛♥t❡ Vca ✶✵✵ ❱

❈❛r❣❛ ❘▲ Ro✴Lo ✺✵ Ω✴ ✼ ♠❍

❢r❡q✳ ❝❤❛✈❡❛♠❡♥t♦ fs ✶✵ ❦❍③

❈❛♣❛❝✐t♦r❡s ❞♦ ❇❛rr❛♠❡♥t♦ C1 ❡ C2 ✷✷✵ ✉❋

❈❛♣❛❝✐t♦r ✢✉t✉❛♥t❡ Ca ✷✷✵ ✉❋

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

três ✈❛r✐❛çõ❡s ❞♦ ✐♥✈❡rs♦r ❤í❜r✐❞♦✱ ❛♣❧✐❝❛❞♦s ❛s ♠♦❞✉❧❛çõ❡s P❲▼✲✶ ❡ P❲▼✲✷ sã♦ ✐❧✉str❛❞❛s

♥❛s ❋✐❣✉r❛s ✸✳✼✱ ✸✳✽ ❡ ✸✳✾✳
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❋✐❣✉r❛ ✸✳✼✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ♣❛r❛ ❛ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ ♣❛r❛ ♦ ✐♥✲
✈❡rs♦r ❍②❜✵✶

❆♥á❧✐s❡ ❞❛ ❚❍❉ ❞❡ ❈♦rr❡♥t❡ ❡ ❞❛ ❲❚❍❉ ❞❡ ❚❡♥sã♦

❆s ❚❍❉ ❡ ❲❚❍❉ sã♦ ✉t✐❧✐③❛❞❛s ♥❡st❡ tr❛❜❛❧❤♦ ♣❛r❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ❞✐st♦rçã♦ ❞❛ ❝♦r✲

r❡♥t❡ ❡ ❞❛ t❡♥sã♦ ❛♣❧✐❝❛❞❛s ♣❡❧♦ ✐♥✈❡rs♦r à ❝❛r❣❛✳ ■♥✐❝✐❛❧♠❡♥t❡ ❢♦✐ r❡❛❧✐③❛❞❛ ✉♠❛ ❛♥á❧✐s❡
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❋✐❣✉r❛ ✸✳✾✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ♣❛r❛ ❛ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ ♣❛r❛ ♦ ✐♥✲
✈❡rs♦r ❍②❜✵✸

❞❡ ❞❡s❡♠♣❡♥❤♦ ❞♦s P❲▼✲✶ ❡ ❞♦ P❲▼✲✷ ♣❛r❛ ❛s três t♦♣♦❧♦❣✐❛s✳ ❆ ❋✐❣✉r❛ ✸✳✶✵ ✐❧✉str❛ ♦s

❞❛❞♦s ❞♦ ❚❍❉ ❡ ❲❚❍❉ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ❛♠♣❧✐t✉❞❡ ✭ma✮✳

❖❜s❡r✈❛♥❞♦ ❛s ❋✐❣✉r❛s ✸✳✶✵✭❛✮ ❡ ✸✳✶✵✭❝✮✱ é ♣♦ssí✈❡❧ ♣❡r❝❡❜❡r q✉❡ ♥❛s t♦♣♦❧♦❣✐❛s ❍②❜✵✶

❡ ❍②❜✵✷ ♦s ❞❡s❡♠♣❡♥❤♦s ❞♦s ❞♦✐s t✐♣♦s ❞❡ P❲▼ sã♦ ❜❛st❛♥t❡ s❡♠❡❧❤❛♥t❡s✳ ◆♦ ❡♥t❛♥t♦✱ ❛

t♦♣♦❧♦❣✐❛ ❍②❜✵✸ ♦♣❡r❛♥❞♦ ♥♦ P❲▼✲✶ ❛♣r❡s❡♥t❛ ✉♠ ❞❡s❡♠♣❡♥❤♦ ✐♥❢❡r✐♦r✳ ❖ ❝❛s♦ ♠❛✐s ❝rít✐❝♦

❞♦ ❞❡s❡♠♣❡♥❤♦ ❞❛ t♦♣♦❧♦❣✐❛ ❍②❜✵✸ é ❡♠ ma = 1✳ ◆❡st❡ ♣♦♥t♦ ❞❡ ♦♣❡r❛çã♦ ♦ THD é ❞❡

✼✱✽✷✪ ❡ ✺✱✹✶✪ ♣❛r❛ ♦ P❲▼✲✶ ❡ P❲▼✲✷✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ♦ q✉❡ r❡♣r❡s❡♥t❛ ✉♠❛ ❞✐❢❡r❡♥ç❛

❞❡ ✸✵✱✽✷✪ ❡♥tr❡ ♦ P❲▼✲✷ ❡ ♦ P❲▼✲✶✳ ❊♠ t❡r♠♦s ❞❡ ❲❚❍❉ ♦s ✈❛❧♦r❡s sã♦✿ ✸✱✹✷✪ ❡

✵✱✽✹✪ ♣❛r❛ ♦ P❲▼✲✶ ❡ P❲▼✲✷✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ r❡♣r❡s❡♥t❛♥❞♦ ✉♠❛ ❞✐❢❡r❡♥ç❛ ❞❡ ✼✺✱✹✹✪

❞♦ P❲▼✲✷ ❡♠ r❡❧❛çã♦ ❛♦ P❲▼✲✶✳

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

❢r❡♥t❡ ❛ ❝❛❞❛ té❝♥✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦ ❞❡ P❲▼✳ ❆s ❋✐❣✉r❛s ✸✳✶✶✭❛✮ ❡ ✸✳✶✶✭❜✮ ✐❧✉str❛♠ ❛s ❚❍❉

❞❡ ❝♦rr❡♥t❡ ❡ ❛s ❝✉r✈❛s ❞❛s ❋✐❣✉r❛s ✸✳✶✶✭❛✮ ❡ ✸✳✶✶✭❜✮ ❛♣r❡s❡♥t❛♠ ♦s ❲❚❍❉ ❞❡ t❡♥sã♦ ❞❛s
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❋✐❣✉r❛ ✸✳✶✵✿ ❈♦♠♣❛r❛t✐✈♦ ❞♦ ❚❍❉ ❞❡ ❈♦rr❡♥t❡ ❡ ❲❚❍❉ ❞❡ t❡♥sã♦ ❡♠ r❡❧❛çã♦ ❛♦
P❲▼

três t♦♣♦❧♦❣✐❛s ♣❛r❛ ♦ P❲▼✲✶ ❡ P❲▼✲✷✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❆ t♦♣♦❧♦❣✐❛ ❍②❜✵✷ ❛♣r❡s❡♥t❛ ✉♠ ♠❡❧❤♦r ❞❡s❡♠♣❡♥❤♦ ❡♠ r❡❧❛çã♦ às ♦✉tr❛s t♦♣♦❧♦❣✐❛s✳

❏á ❛ t♦♣♦❧♦❣✐❛ ❍②❜✵✸ ♥ã♦ ❛♣r❡s❡♥t❛ ✉♠ ❜♦♠ r❡s✉❧t❛❞♦ ♣❛r❛ ❛ ♠♦❞✉❧❛çã♦ P❲▼✲✶✳ P♦r

❡①❡♠♣❧♦✱ ♥♦ P❲▼✲✶ ❝♦♠ ma = 1 s❡ ♦❜té♠ ✉♠ ❚❍❉ ❞❡ ✼✱✽✷✪ ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ ❍②❜✵✸ ❡
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❋✐❣✉r❛ ✸✳✶✶✿ ❈♦♠♣❛r❛t✐✈♦ ❞❛s t♦♣♦❧♦❣✐❛s ♣❛r❛ ❝❛❞❛ P❲▼ r❡❢❡r❡♥t❡ às ❚❍❉ ❞❡
❝♦rr❡♥t❡ ❡ ❲❚❍❉ ❞❡ t❡♥sã♦

✸✱✷✽✪ ♣❛r❛ ❍②❜✵✷✳ ❊ss❡s ✈❛❧♦r❡s r❡♣r❡s❡♥t❛♠ ✉♠ ❛✉♠❡♥t♦ ❞❡ ✶✸✽✱✹✶✪ ❞♦ ❚❍❉ ❞❡ ❍②❜✵✸

❡♠ r❡❧❛çã♦ ❛ ❍②❜✵✷✳

❊ss❛ ❞✐❢❡r❡♥ç❛ ❞❡ ❞❡s❡♠♣❡♥❤♦ ❛✉♠❡♥t❛ q✉❛♥❞♦ s❡ ❛♥❛❧✐s❛ ♦ ❲❚❍❉✱ q✉❡ ♥❡ss❛ ♠❡s♠❛

❝♦♥❞✐çã♦ ❛♣r❡s❡♥t❛ ✉♠ ❲❚❍❉ ❞❡ ✸✱✹✽✪ ♣❛r❛ ❍②❜✵✸ ❡ ❞❡ ✵✱✺✶✪ ♣❛r❛ ❍②❜✵✷✱ ✐♠♣❧✐❝❛♥❞♦

✉♠❛ ❞✐❢❡r❡♥ç❛ ❞❡ ✺✼✵✱✺✾✪✳

✸✳✷✳✺ ❆♥á❧✐s❡ ❞♦ ❇❛rr❛♠❡♥t♦ ❈❈

❯♠ ❞♦s ❡❧❡♠❡♥t♦s ♣r✐♥❝✐♣❛✐s ❞♦s ✐♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s é ♦ ❜❛rr❛♠❡♥t♦ ❈❈✳ P♦r ✐ss♦✱ ❛ s❡❣✉✐r

s❡rã♦ ❛♥❛❧✐s❛❞♦s ❞♦✐s ❛s♣❡❝t♦s ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✿

• ❛ ♦♥❞✉❧❛çã♦ ❞❛ t❡♥sã♦ ♥♦s ❝❛♣❛❝✐t♦r❡s❀

• ❡ ❛s ♣❡r❞❛s ❞❡ ❛❧t❛ ❢r❡q✉ê♥❝✐❛ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✳
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◆❛s ❋✐❣✉r❛s ✸✳✶✷✱ ✸✳✶✸ ❡ ✸✳✶✹ sã♦ ✐❧✉str❛❞❛s ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❡ ❡①♣❡r✐♠❡♥t❛❧

♣❛r❛ ❛s t❡♥sõ❡s ❡ ❝♦rr❡♥t❡s ❞♦s ❝❛♣❛❝✐t♦r❡s ♣❛r❛ ❛s ❡str✉t✉r❛s ❍②❜✵✶✱ ❍②❜✵✷ ❡ ❍②❜✵✸ ♥❛s

❞✉❛s ❝♦♥❞✐çõ❡s ❞❡ ♠♦❞✉❧❛çã♦✳
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❋✐❣✉r❛ ✸✳✶✷✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ♣❛r❛ ❛ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ♥♦s ❝❛♣❛❝✐t♦r❡s ♣❛r❛
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❋✐❣✉r❛ ✸✳✶✸✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ♣❛r❛ ❛ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ♥♦s ❝❛♣❛❝✐t♦r❡s ♣❛r❛
♦ ✐♥✈❡rs♦r ❍②❜✵✷

❖♥❞✉❧❛çã♦ ❞❛ ❚❡♥sã♦ ♥♦s ❈❛♣❛❝✐t♦r❡s

❆ ♦♥❞✉❧❛çã♦ ❞❡ t❡♥sã♦ ♥♦s ❝❛♣❛❝✐t♦r❡s ❡stá ❛ss♦❝✐❛❞❛ ❞✐r❡t❛♠❡♥t❡ à ✈✐❞❛ út✐❧ ❞♦ ♠❡s♠♦✳

❙❡♥❞♦ ❛ss✐♠✱ q✉❛♥t♦ ♠❡♥♦r ❛ ♦♥❞✉❧❛çã♦✱ ♠❡❧❤♦r s❡rá ♣❛r❛ ♦ ❝❛♣❛❝✐t♦r ❡ ❛ss✐♠ ❝♦♠♦ ♣❛r❛ ♦

✐♥✈❡rs♦r✳ ❆ ❋✐❣✉r❛ ✸✳✶✺ ❛♣r❡s❡♥t❛ ❛ ♦♥❞✉❧❛çã♦ ❞❡ t❡♥sã♦ ♥♦s ❝❛♣❛❝✐t♦r❡s ♣❛r❛ ♦ P❲▼✲✶ ❡

P❲▼✲✷✳
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✭❜✮ P❲▼✲✷

❋✐❣✉r❛ ✸✳✶✹✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ♣❛r❛ ❛ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ♥♦s ❝❛♣❛❝✐t♦r❡s ♣❛r❛
♦ ✐♥✈❡rs♦r ❍②❜✵✸

✭❛✮ P❲▼✲✶ ✭❜✮ P❲▼✲✷

❋✐❣✉r❛ ✸✳✶✺✿ ❖♥❞✉❧❛çã♦ ❞❡ t❡♥sã♦ ♥♦s ❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦ ❡ ♥♦ ❝❛♣❛❝✐t♦r
✢✉t✉❛♥t❡

P♦❞❡✲s❡ ♣❡r❝❡❜❡r q✉❡ ❛ t♦♣♦❧♦❣✐❛ ❍②❜✵✷ ❛♣r❡s❡♥t❛ ♠❡❧❤♦r ❞❡s❡♠♣❡♥❤♦✳ ◆❛ t♦♣♦❧♦❣✐❛

❍②❜✵✷ ❛s t❡♥sõ❡s ❞♦s ❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦ ✭C1 ❡ C2✮ sã♦ ❞❡✜♥✐❞❛s ♣❡❧❛ t❡♥sã♦ ❞♦

❝❛♣❛❝✐t♦r ❞❛ ❢♦♥t❡ ✭Ca✮✳ P❛r❛ ❛s t♦♣♦❧♦❣✐❛s ❍②❜✵✶ ❡ ❍②❜✵✸✱ ♦ ❝❛♣❛❝✐t♦r ✢✉t✉❛♥t❡ ♥ã♦ t❡♠

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

❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✳

P❡r❞❛s ❞❡ ❛❧t❛ ❋r❡q✉ê♥❝✐❛ ❞♦ ❇❛rr❛♠❡♥t♦ ❈❈

◆❡st❡ tó♣✐❝♦ s❡rá ❛♣r❡s❡♥t❛ ✉♠❛ ❡st✐♠❛t✐✈❛ ♣❛r❛ ❛s ♣❡r❞❛s ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✳ ◆❡st❡ ❝❛s♦✱ ❛

♦♣❡r❛çã♦ ❞❛s ❝♦♥✜❣✉r❛çõ❡s ❝♦♥✈❡♥❝✐♦♥❛✐s ❡ ♣r♦♣♦st❛s ❢♦r❛♠ ✜①❛❞❛s ♥❛s ♠❡s♠❛s ❝♦♥❞✐çõ❡s✱

♦✉ s❡❥❛✱ VDC = 200V ❡ í♥❞✐❝❡ ❞♦ ♠♦❞✉❧❛çã♦ ❡♠ ❛♠♣❧✐t✉❞❡ ✭ma✮ ❡♠ três ✈❛❧♦r❡s✱ 1, 0✱ 0, 75

❡ 0, 50✳

❆s ♣❡r❞❛s ❞❡ ❛❧t❛ ❢r❡q✉ê♥❝✐❛ sã♦ ❝❛❧❝✉❧❛❞❛s ♣♦r✿
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PHO
loss = Nc(0, 45)[ESR](100Hz)(I

HO
c(rms))

2 ✭✸✳✼✮

♦♥❞❡ Nc é ♦ ♥ú♠❡r♦ ❞❡ ❝❛♣❛❝✐t♦r❡s✱ IHO
c(rms) é ❛ ❝♦♠♣♦♥❡♥t❡ ❞❡ ❛❧t❛ ♦r❞❡♠ rms ❞❛ ❝♦rr❡♥t❡

❞♦ ❝❛♣❛❝✐t♦r ✭❝♦♠ ❤❃✺✵✮✱ [ESR](100Hz) ❝♦rr❡s♣♦♥❞❡ à r❡s✐stê♥❝✐❛ ❡q✉✐✈❛❧❡♥t❡ ❡♠ sér✐❡ ♣❛r❛

❛ ❢r❡q✉ê♥❝✐❛ ❡♠ ✶✵✵ ❍③✳ ❆ ❊❙❘ ♣♦❞❡ s❡r ❝♦♥s✐❞❡r❛❞❛ ❝♦♥st❛♥t❡ ♣❛r❛ ❢r❡q✉ê♥❝✐❛ ♠❛✐♦r❡s ❞♦

q✉❡ ✸❦❍③✳ ❈♦♠♦ ♦s ❝❛♣❛❝✐t♦r❡s sã♦ ✐❣✉❛✐s ❛s PHO
loss ❞❡♣❡♥❞❡♠ ❛♣❡♥❛s ❞❛ IHO

c(rms)✳

❚❛❜❡❧❛ ✸✳✻✿ ❈♦rr❡♥t❡s ♥♦r♠❛❧✐③❛❞❛s ♥♦ ❜❛rr❛♠❡♥t♦ ❡ ♥♦ ❝❛♣❛❝✐t♦r ✢✉t✉❛♥t❡ ♣❛r❛ ♦
P❲▼✲✶ ✭IHO

c(rms)✴ IHO
c(rms)(Hyb01)

✮

ma
❇❛rr❛♠❡♥t♦ ❈❈ ❈❛♣❛❝✐t♦r ❋❧✉t✉❛♥t❡

❍②❜✵✶ ❍②❜✵✷ ❍②❜✵✸ ❍②❜✵✶ ❍②❜✵✷ ❍②❜✵✸

✵✱✺✵ ✶✱✵ ✵✱✶✻ ✷✱✹✶ ✶✱✵ ✵✱✾✶ ✷✱✹

✵✱✼✺ ✶✱✵ ✵✱✷✸ ✶✱✽✼ ✶✱✵ ✵✱✹✻ ✷✱✵✸

✶✱✵✵ ✶✱✵ ✵✱✷✶ ✶✱✺✻ ✶✱✵ ✵✱✷✾ ✶✱✼✵

❆ ❚❛❜❡❧❛ ✸✳✻ ✐♥❞✐❝❛ ♦s ✈❛❧♦r❡s ❞❛s ❝♦rr❡♥t❡s ❞❛s t♦♣♦❧♦❣✐❛s ♥♦r♠❛❧✐③❛❞❛s ♣❡❧❛ t♦♣♦❧♦❣✐❛

❍②❜✵✶ ✭✐✳❡✳ IHO
c(rms)✴ IHO

c(rms)(Hyb01)✮ ♣❛r❛ ❛ ♦♣❡r❛çã♦ ❝♦♠ ♦ P❲▼✲✶✳ ◆♦t❡ q✉❡ ❛ t♦♣♦❧♦❣✐❛

❍②❜✵✷ ❛♣r❡s❡♥t❛ ✉♠❛ r❡❞✉çã♦ ❞❡ ♣❡r❞❛s ♥♦ ❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❡ ♥♦ ❝❛♣❛❝✐t♦r

✢✉t✉❛♥t❡ ❡♠ t♦❞♦s ♦s ♣♦♥t♦s ❞❡ ♦♣❡r❛çã♦ ❡♠ r❡❧❛çã♦ à t♦♣♦❧♦❣✐❛ ❍②❜✵✶✳ ❏á ❍②❜✵✸ ❛♣r❡s❡♥t❛

✉♠ ❛✉♠❡♥t♦ ♥❛s ♣❡r❞❛s ♥❡ss❛s ♠❡s♠❛s ❝♦♥❞✐çõ❡s✳

◆❛ ♦♣❡r❛çã♦ ❝♦♠ ma = 1 ❛ t♦♣♦❧♦❣✐❛ ❍②❜✵✷ ❛♣r❡s❡♥t❛ ✉♠❛ r❡❞✉çã♦ ❞❡ ✼✾✪ ❡ ✼✶✪ ♣❛r❛

♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❡ ❝❛♣❛❝✐t♦r ✢✉t✉❛♥t❡✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❏á ❍②❜✵✸ ❛♣r❡s❡♥t❛ ✉♠ ❛✉♠❡♥t♦

❞❡ ✺✻✪ ❡ ✼✵✪ ♣❛r❛ ♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❡ ❝❛♣❛❝✐t♦r ✢✉t✉❛♥t❡✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❆ ❚❛❜❡❧❛ ✸✳✼ ✐♥❞✐❝❛ ❛s ❝♦rr❡♥t❡s ♥♦r♠❛❧✐③❛❞❛s ♣❛r❛ ❛ ♦♣❡r❛çã♦ ❝♦♠ ♦ P❲▼✲✷✳ ❙❡❣✉✐♥❞♦

♦ ♠❡s♠♦ ♣❛❞rã♦ ❞♦ P❲▼✲✶ ❛ t♦♣♦❧♦❣✐❛ ❍②❜✵✷ ❛♣r❡s❡♥t❛ ✉♠❛ r❡❞✉çã♦ ❞❡ ♣❡r❞❛s ♥♦ ❜❛rr❛✲

♠❡♥t♦ ❈❈ ❡ ♥♦ ❝❛♣❛❝✐t♦r ✢✉t✉❛♥t❡ ❡♠ t♦❞♦s ♦s ♣♦♥t♦s ❞❡ ♦♣❡r❛çã♦ ❡ ❍②❜✵✸ ❛♣r❡s❡♥t❛ ✉♠

❛✉♠❡♥t♦ ❞❡ ♣❡r❞❛s ♥❡ss❛s ♠❡s♠❛s ❝♦♥❞✐çõ❡s✳

◆❛ ♦♣❡r❛çã♦ ❝♦♠ma = 1 ❛ t♦♣♦❧♦❣✐❛ ❍②❜✵✷ ❛♣r❡s❡♥t❛ ✉♠❛ r❡❞✉çã♦ ❞❡ ✼✺✪ ❡ ✻✹✪ ♣❛r❛ ♦

❜❛rr❛♠❡♥t♦ ❈❈ ❡ ❝❛♣❛❝✐t♦r ✢✉t✉❛♥t❡✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❉✐❢❡r❡♥t❡♠❡♥t❡ ❞❛ ♠♦❞✉❧❛çã♦ P❲▼✲

✶ ♥❡ss❛s ❝♦♥❞✐çõ❡s ❛ t♦♣♦❧♦❣✐❛ ❍②❜✵✸ ❛♣r❡s❡♥t❛ ✉♠❛ r❡❞✉çã♦ ❞❡ ✻✪ ♣❛r❛ ♦ ❜❛rr❛♠❡♥t♦ ❈❈

❡ ♣❛r❛ ♦ ❝❛♣❛❝✐t♦r ✢✉t✉❛♥t❡ ❛♣r❡s❡♥t❛ ♦s ♠❡s♠♦s ✈❛❧♦r❡s ❞❡ ♣❡r❞❛s✳
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❚❛❜❡❧❛ ✸✳✼✿ ❈♦rr❡♥t❡s ♥♦r♠❛❧✐③❛❞❛s ❞♦ ❜❛rr❛♠❡♥t♦ ❡ ❝❛♣❛❝✐t♦r ✢✉t✉❛♥t❡ ♣❛r❛ ♦
P❲▼✲✷ IHO

c(rms)✴ IHO
c(rms)(Hyb01)

ma
❇❛rr❛♠❡♥t♦ ❈❈ ❈❛♣❛❝✐t♦r ❋❧✉t✉❛♥t❡

❍②❜✵✶ ❍②❜✵✷ ❍②❜✵✸ ❍②❜✵✶ ❍②❜✵✷ ❍②❜✵✸

✵✱✺✵ ✶✱✵ ✵✱✹✹ ✶✱✶✻ ✶✱✵ ✶✱✺✶ ✶✱✸✺

✵✱✼✺ ✶✱✵ ✵✱✹✻ ✶✱✶✷ ✶✱✵ ✵✱✾✷ ✶✱✷✶

✶✱✵✵ ✶✱✵ ✵✱✷✺ ✵✱✾✹ ✶✱✵ ✵✱✸✻ ✶✱✵✵

✸✳✷✳✻ ❆♥á❧✐s❡ ❞♦ ❊str❡ss❡ ❞❛s ❈❤❛✈❡s

❖ ❡st✉❞♦ ❞♦ ❡str❡ss❡ ❞❛s ❝❤❛✈❡s s❡rá r❡❛❧✐③❛❞♦ ❝♦♥s✐❞❡r❛♥❞♦✲s❡ ❞♦✐s ❛s♣❡❝t♦s✳ Pr✐♠❡✐r♦

❝♦♥s✐❞❡r❛♥❞♦ ❛ ✐♥✢✉ê♥❝✐❛ ❞♦ ❡str❡ss❡ tér♠✐❝♦✳ ❊ ♦ s❡❣✉♥❞♦ ♦❜s❡r✈❛♥❞♦ ❛s ♣❡r❞❛s ❞❡ ❝♦♥❞✉çã♦

❡ ❝❤❛✈❡❛♠❡♥t♦ ♣r♦❞✉③✐❞♦s ❡♠ ❝❛❞❛ ❝♦♥✜❣✉r❛çã♦ ❞❛ t♦♣♦❧♦❣✐❛ ❤í❜r✐❞❛✳

❊str❡ss❡ ❚ér♠✐❝♦ ❞❛s ❈❤❛✈❡s

❖ ❡str❡ss❡ tér♠✐❝♦ ❡stá r❡❧❛❝✐♦♥❛❞♦ ❞✐r❡t❛♠❡♥t❡ ❝♦♠ ❛ ❝♦♥✜❛❜✐❧✐❞❛❞❡✱ ❝✉st♦ ❡ ❞❡♥s✐❞❛❞❡

❞❡ ♣♦tê♥❝✐❛ ❞♦ ✐♥✈❡rs♦r✳ ❖ ❝á❧❝✉❧♦ ❞♦ ❡str❡ss❡ ❢♦✐ ❢❡✐t♦ ✉t✐❧✐③❛♥❞♦ ❛ ❢❡rr❛♠❡♥t❛ PSIM ✱

♦♥❞❡ ❛ ❝é❧✉❧❛ ❡ ♦ ❞✐ss✐♣❛❞♦r ❢♦r❛♠ ❝♦♥✜❣✉r❛❞♦s ❝♦♠ ❜❛s❡s ♥♦s ❞✐s♣♦s✐t✐✈♦s ❞❛ ❙❡♠✐❦r♦♥ ♦

SKM50GB12T4 ❡ KL− 285− P3− 300✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❖ ♠♦❞❡❧♦ tér♠✐❝♦ ♣❛r❛ ❛s ❝❤❛✈❡s ❞❡ ♣♦tê♥❝✐❛ ♣♦❞❡ tr❛♥s❢❡r✐r ❛s ♣❡r❞❛s ❞❡ ❡♥❡r❣✐❛ ❣❡r❛❞❛✱

❡♠ t❡r♠♦s tér♠✐❝♦s✱ ❡♠ ❞✐❢❡r❡♥t❡s ❧♦❝❛✐s ❞♦s ❞✐s♣♦s✐t✐✈♦s ❞❡ ♣♦tê♥❝✐❛ ✭♣♦r ❡①❡♠♣❧♦✱ ♥❛

❥✉♥çã♦✱ ♥♦ ❝❛s❡✱ ♦✉ ❞✐ss✐♣❛❞♦r ❞❡ ❝❛❧♦r✮✳ ◆♦r♠❛❧♠❡♥t❡✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ tér♠✐❝♦ ❞❡ ✉♠

❞❡t❡r♠✐♥❛❞♦ ♠❛t❡r✐❛❧ é r❡♣r❡s❡♥t❛❞♦ ♣❡❧❛ r❡s✐stê♥❝✐❛ tér♠✐❝❛ ❘t❤✳ ❆ ✐♠♣❡❞â♥❝✐❛ tér♠✐❝❛

t♦t❛❧ ❞❛ ❝❤❛✈❡ ❞❡ ♣♦tê♥❝✐❛ ❛ ♣❛rt✐r ❞❛ ❥✉♥çã♦ ♥s t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ♣♦❞❡ s❡r ♠♦❞❡❧❛❞❛

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

❆s ♣❡r❞❛s ❞❡ ❡♥tr❛❞❛ ❞♦ s✐st❡♠❛ sã♦ ♦❜t✐❞❛s ♣❡❧❛ ❢❡rr❛♠❡♥t❛ ❚❤❡r♠❛❧ ▼♦❞✉❧❡ ❞♦ PSIM

❡ ❛s r❡s✐stê♥❝✐❛s tér♠✐❝❛s ❢♦r❛♠ ❡①tr❛í❞❛s ❞♦s ✧❞❛t❛s❤❡❡ts✧❞❡ ❝❛❞❛ ❝♦♠♣♦♥❡♥t❡✳ ❆ t❡♠♣❡✲

r❛t✉r❛ ❞❡ ❥✉♥çã♦ é ❝❛❧❝✉❧❛❞❛ ♣❛r❛ ❛s ❝❤❛✈❡s ❡ ❞✐♦❞♦s ❞❡ ❝❛❞❛ ❝é❧✉❧❛✳ ◆❛ ❋✐❣✉r❛ ✸✳✶✻ sã♦

✐❧✉str❛❞❛s ❛s ❝✉r✈❛s ❞❛s t❡♠♣❡r❛t✉r❛s ❞❡ ❥✉♥çã♦ ♣❛r❛ ❝❛❞❛ t♦♣♦❧♦❣✐❛✳ ❖♥❞❡✱ TjSi ❡ TjDi

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

✐❂✶✱✷✱✸✳
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❋✐❣✉r❛ ✸✳✶✻✿ ❚❡♠♣❡r❛t✉r❛ ❞❡ ❥✉♥çã♦

P❛r❛ ❛s t♦♣♦❧♦❣✐❛s ❍②❜✵✶ ❡ ❍②❜✵✷ ❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❥✉♥çã♦ ❞❛ ❝é❧✉❧❛ ✵✸ é ✐❣✉❛❧ ❛ ❝é❧✉❧❛

✵✶✱ ♣♦r ✐ss♦✱ ♣❛r❛ ❡ss❛s t♦♣♦❧♦❣✐❛s sã♦ ❛♣r❡s❡♥t❛❞♦s ❛♣❡♥❛s ♦s r❡s✉❧t❛❞♦s ❞❛s ❝é❧✉❧❛ ✵✶ ❡ ❞❛

❝é❧✉❧❛ ✵✷✳

❆ ✈❛r✐❛çã♦ ❞❡ t❡♠♣❡r❛t✉r❛ ❞❡ ❥✉♥çã♦ ❞❛s ❝❤❛✈❡s ❡ ❞♦s ❞✐♦❞♦s ♣❛r❛ ❛s três t♦♣♦❧♦❣✐❛s

♦♣❡r❛♥❞♦ ♥♦s P❲▼✲✶ ❡ P❲▼✲✷ é ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ③❡r♦✳ ❉❡st❛❝❛✲s❡ ♦ ❝❛s♦ ❞❛ t♦♣♦❧♦❣✐❛

❍②❜✵✸✱ ♦♣❡r❛♥❞♦ ❝♦♠ ♦ P❲▼✲✷✱ q✉❡ s❡ t❡♠ ✉♠❛ t❡♠♣❡r❛t✉r❛ ♠é❞✐❛ ❞❡ ✹✷✱✹✻ ◦❈ ❝♦♠

ma = 0, 5 ❡ ❞❡ ✹✹✱✻✼◦❈ ❝♦♠ ma = 1, 0✱ ✐st♦ r❡♣r❡s❡♥t❛ ❛♣❡♥❛s ✉♠❛ ❞✐❢❡r❡♥ç❛ ❞❡ ✷✱✷◦❈✳

❚❛♠❜é♠ ❢♦✐ ❛♥❛❧✐s❛❞❛ ❛ ❡✈♦❧✉çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❥✉♥çã♦ ❡♠ ❢✉♥çã♦ ❞♦ ❛✉♠❡♥t♦ ❞❛

t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✳ ❆s ❚❛❜❡❧❛s ✸✳✽ ❡ ✸✳✾ ❛♣r❡s❡♥t❛♠ ❞❛❞♦s ❞❡ t❡♠♣❡r❛t✉r❛ ❞❡ ❥✉♥çã♦
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♠é❞✐❛ ❝♦♠♦ ❛ t❡♠♣❡r❛t✉r❛ ♠é❞✐❛ ♥♦r♠❛❧✐③❛❞❛ ♣❛r❛ ♦ P❲▼✲✶ ❡ P❲▼✲✷✳ ❆ t❡♠♣❡r❛t✉r❛

❞❡ ❥✉♥çã♦ ❝r❡s❝❡ ❛ ♠❡❞✐❞❛ ❡♠ q✉❡ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ t❛♠❜é♠ ❛✉♠❡♥t❛✳ ◆♦ ❡♥t❛♥t♦✱ ❛

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

◆♦ ❝❛s♦ ❞❛ ♦♣❡r❛çã♦ ❝♦♠ ♦ P❲▼✲✶ ✭✈❡r ❚❛❜❡❧❛ ✸✳✽✮ ♦❜❡s❡r✈❛✲s❡ q✉❡ ♣❛r❛ VDC = 200V ❛s

t♦♣♦❧♦❣✐❛s ❍②❜✵✶ ❡ ❍②❜✵✸ ❛♣r❡s❡♥t❛♠ ✉♠ ❛✉♠❡♥t♦ ❞❡ t❡♠♣❡r❛t✉r❛ ❡♠ r❡❧❛çã♦ ❛ t♦♣♦❧♦❣✐❛

❍②❜✵✷ ❞❡ ✹✪ ❡ ✶✪✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ◆♦ ❡♥t❛♥t♦✱ q✉❛♥❞♦ VDC = 1800V ❛ ❞✐❢❡r❡♥ç❛ s♦❜❡

♣❛r❛ ✶✺✪ ❡ ✹✹✪ ♣❛r❛ ❛s t♦♣♦❧♦❣✐❛s ❍②❜✵✶ ❡ ❍②❜✵✸✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❚❛❜❡❧❛ ✸✳✽✿ ❚❡♠♣❡r❛t✉r❛ ❞❡ ❥✉♥çã♦ ♣❛r❛ ✈❛r✐❛çã♦ ❞❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ♥❛
♠♦❞✉❧❛çã♦ P❲▼✲✶

VDC
❚❡♠♣❡r❛t✉r❛ ▼é❞✐❛ ❞❡ ❏✉♥çã♦ ✭◦❈✮ ❚❡♠♣❡r❛t✉r❛ ◆♦r♠❛❧✐③❛❞❛ TjHyb0x/TjHyb02

❍②❜✵✶ ❍②❜✵✷ ❍②❜✵✸ ❍②❜✵✶ ❍②❜✵✷ ❍②❜✵✸

✷✵✵ ✹✷✱✹✵ ✹✷✱✸✹ ✹✸✱✶✻ ✶✱✵✹ ✶✱✵✵ ✶✱✵✶

✻✵✵ ✺✵✱✸✼ ✹✾✱✸✹ ✺✺✱✵✺ ✶✱✵✹ ✶✱✵✵ ✶✱✶✺

✶✽✵✵ ✾✼✱✸✼ ✽✺✱✷✼ ✶✷✷✱✼✾ ✶✱✶✺ ✶✱✵✵ ✶✱✹✹

◆♦ P❲▼✲✷ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ s❡ r❡♣❡t❡✳ ❙❡ ❡♠ VDC = 200V ❛ t♦♣♦❧♦❣✐❛ ❍②❜✵✶ ❛♣r❡✲

s❡♥t❛✈❛ ✉♠ ❛✉♠❡♥t♦ ❞❡ ❛♣❡♥❛s ✶✪✱ ♣❛r❛ VDC = 1800V ❡st❡ ✈❛❧♦r ❝❤❡❣❛ ❛ ✶✵✪✳

❚❛❜❡❧❛ ✸✳✾✿ ❚❡♠♣❡r❛t✉r❛ ❞❡ ❥✉♥çã♦ ♣❛r❛ ✈❛r✐❛çã♦ ❞❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ♥❛
♠♦❞✉❧❛çã♦ P❲▼✲✷

VDC
❚❡♠♣❡r❛t✉r❛ ▼é❞✐❛ ❞❡ ❏✉♥çã♦ ✭◦❈✮ ❚❡♠♣❡r❛t✉r❛ ◆♦r♠❛❧✐③❛❞❛ TjHyb0x/TjHyb02

❍②❜✵✶ ❍②❜✵✷ ❍②❜✵✸ ❍②❜✵✶ ❍②❜✵✷ ❍②❜✵✸

✷✵✵ ✹✸✱✹✻ ✹✷✱✽✾ ✹✸✱✾✷ ✶✱✵✶ ✶✱✵✵ ✶✱✵✷

✻✵✵ ✺✺✱✻✶ ✺✸✱✶✾ ✺✼✱✻✹ ✶✱✵✺ ✶✱✵✵ ✶✱✵✽

✶✽✵✵ ✶✷✵✱✺✶ ✶✶✵✱✵✷ ✶✸✼✱✶✼ ✶✱✶✵ ✶✱✵✵ ✶✱✷✹

❆ ❚❛❜❡❧❛ ✸✳✶✵ ✐❧✉str❛ ✉♠❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ ❞❡s❡♠♣❡♥❤♦ ❞♦s P❲▼✳ ❋♦✐ t♦♠❛❞❛ ❝♦♠♦

❜❛s❡ ❛ t♦♣♦❧♦❣✐❛ ❍②❜✵✷ ♣♦r ❡❧❛ ❛♣r❡s❡♥t❛r t❡♠♣❡r❛t✉r❛ ❞❡ ❥✉♥çã♦ ♠❡♥♦r ❞♦ q✉❡ ❛s ♦✉tr❛s

t♦♣♦❧♦❣✐❛s✳ ◆❡st❡ ❝❛s♦ é ✉t✐❧✐③❛❞❛ ❛ t❡♠♣❡r❛t✉r❛ ♠é❞✐❛ ❞♦ P❲▼✲✶ ♣❛r❛ ♥♦r♠❛❧✐③❛r✳ ❖

P❲▼✲✶ ❛♣r❡s❡♥t❛ t❡♠♣❡r❛t✉r❛s ♠❛✐s ❜❛✐①❛s ❞♦ q✉❡ ♦ P❲▼✲✷✱ ✈❛❧♦r❡s q✉❡ ♣♦❞❡♠ ❝❤❡❣❛r ❛

✷✾✪ ❞❡ ❞✐❢❡r❡♥ç❛ ♥♦ ❝❛s♦ ❡♠ q✉❡ VDC = 1800V ✳
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❚❛❜❡❧❛ ✸✳✶✵✿ ❈♦♠♣❛r❛çã♦ ❞❡ ❞❡s❡♠♣❡♥❤♦ ❞❛ t♦♣♦❧♦❣✐❛ ❍②❜✵✷ ❡♠ t❡r♠♦s ❞❡ ❡str❡ss❡

VDC
❚❡♠♣❡r❛t✉r❛ ▼é❞✐❛ ❞❡ ❏✉♥çã♦ ✭◦❈✮ ❚❡♠♣❡r❛t✉r❛ ◆♦r♠❛❧✐③❛❞❛ TjHyb0x/TjHyb02

P❲▼✲✶ P❲▼✲✷ P❲▼✲✶ P❲▼✲✷

✷✵✵ ✹✷✱✸✹ ✹✷✱✽✾ ✶✱✵✵ ✶✱✵✶

✻✵✵ ✹✾✱✸✹ ✺✸✱✶✾ ✶✱✵✵ ✶✱✵✼

✶✽✵✵ ✽✺✱✷✼ ✶✶✵✱✵✷ ✶✱✵✵ ✶✱✷✾

P❡r❞❛s ❞❡ ❈♦♥❞✉çã♦ ❡ ❞❡ ❈❤❛✈❡❛♠❡♥t♦ ♥❛s ❈❤❛✈❡s

❖s ✐♥✈❡rs♦r❡s r❡❛❧✐③❛♠ ❝♦♥✈❡rsã♦ ❞❡ ❡♥❡r❣✐❛ ♦ q✉❡ t♦r♥❛ ❡ss❡♥❝✐❛❧ s❡ t❡r ✉♠❛ ❛♥á❧✐s❡ ❞❛

❡✜❝✐ê♥❝✐❛ ❞♦ ✐♥✈❡rs♦r✳ ❆ ❡✜❝✐ê♥❝✐❛ é ❡st✐♠❛❞❛ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♣❡❧♦ ♦ ❝á❧❝✉❧♦ ❞❛s ♣❡r❞❛s ♥❛s

❝❤❛✈❡s✳

P❛r❛ ♦ ❝á❧❝✉❧♦ ❞❡ ♣❡r❞❛s é ♥❡❝❡ssár✐♦ ❣❛r❛♥t✐r q✉❡ t♦❞❛s ❛s t♦♣♦❧♦❣✐❛s ❢♦r♥❡ç❛♠ ♣❛r❛

❛ ❝❛r❣❛ ✉♠❛ t❡♥sã♦ q✉❡ ♣♦ss✉❛ ♦ ♠❡s♠♦ ✈❛❧♦r r♠s ♣❛r❛ ❛ ♠❡s♠❛ ❲❚❍❉✳ P❛r❛ ❣❛r❛♥t✐r

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

✵✱✾✳ ❏á ❛ ❲❚❍❉ ❢♦✐ ✜①❛❞♦✱ ❡♠ ✵✱✻✷✳ P❛r❛ ✐ss♦ ❛s t♦♣♦❧♦❣✐❛s ❍②❜✵✶✱ ❍②❜✵✷ ❡ ❍②❜✵✸ ❢♦r❛♠

s✐♠✉❧❛❞❛s ♥❛s ❢r❡q✉ê♥❝✐❛s ❞❡ ✺✱✺✵ ❦❍③✱ ✻✱✺✵ ❦❍③ ❡ ✼✱✷✺ ❦❍③✳

❋✐❣✉r❛ ✸✳✶✼✿ P❡r❞❞❛s ♥❛s ❝❤❛✈❡s ♣❛r❛ ♦♣❡r❛çã♦ ❝♦♠ ♦ P❲▼✲✷

❆ ❋✐❣✉r❛ ✸✳✶✼ ✐❧✉str❛ ❛s ♣❡r❞❛s ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ ❞❡ ❝♦♥❞✉çã♦ ❡ ♣❡r❞❛s t♦t❛✐s ♣❛r❛ ❛

♦♣❡r❛çã♦ ✉s❛♥❞♦ ❛ té❝♥✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦ P❲▼✲✷✳ ❆ t♦♣♦❧♦❣✐❛ ❝♦♥✈❡♥❝✐♦♥❛❧ ✭❍②❜✵✶✮ ♣♦ss✉✐

♠❡♥♦r❡s ♣❡r❞❛s✱ ♣♦✐s é ❛ t♦♣♦❧♦❣✐❛ ❝♦♠ ❛ ♠❡♥♦r ❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳ P❛r❛ ❛ t♦♣♦❧♦❣✐❛

❍②❜✵✷ é ✐♥❞✐❝❛ ♣❡r❞❛s t♦t❛✐s ❞❡ ✼✱✷✼ ❲ ❡♥q✉❛♥t♦ q✉❡ ❍②❜✵✶ ❛♣❡♥❛s ✹✱✼✶ ❲✱ ♦✉ s❡❥❛✱ ✉♠
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❛✉♠❡♥t♦ ❞❡ ✸✺✱✶✶✪✳

✸✳✷✳✼ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s

❆ ❚❛❜❡❧❛ ✸✳✶✶ ❛♣r❡s❡♥t❛ ♦s ♣❛râ♠❡tr♦s ✉t✐❧✐③❛❞♦s ♣❛r❛ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❡①♣❡r✐♠❡♥t❛❧ ❞♦

s✐st❡♠❛ ♣r♦♣♦st♦✳

❚❛❜❡❧❛ ✸✳✶✶✿ P❛r❛♠❡tr♦s ❞♦ ♣r♦❝❡❞✐♠❡♥t♦ ❡①♣❡r✐♠❡♥t❛❧

P❛râ♠❡tr♦ ❙í♠❜♦❧♦ ❱❛❧♦r

❚❡♥sã♦ ❞♦ ❇❛rr❛♠❡♥t♦ VDC ✷✵✵ ❱

❚❡♥sã♦ ❞♦ ❈❛♣✳ ❋❧✉t✉❛♥t❡ Vca ✶✵✵ ❱

❈❛r❣❛ ❘▲ Ro✴Lo ✺✵ Ω✴ ✼ ♠❍

❢r❡q✳ ❝❤❛✈❡❛♠❡♥t♦ fs ✶✵ ❦❍③

❈❛♣❛❝✐t♦r❡s ❞♦ ❇❛rr❛♠❡♥t♦ C1 ❡ C2 ✷✷✵✵ ✉❋

❈❛♣❛❝✐t♦r ✢✉t✉❛♥t❡ Ca ✷✷✵✵ ✉❋

❆ ❋✐❣✉r❛ ✸✳✶✽ ✐❧✉str❛ ❛s ❝✉r✈❛s ❞❛ ❝♦rr❡♥t❡ ❡ ❞❛ t❡♥sã♦ ❞❡ s❛í❞❛ ♣❛r❛ ❝❛❞❛ t♦♣♦❧♦❣✐❛

♦♣❡r❛♥❞♦ ♥❛s ❝♦♥❞✐çõ❡s ❞❛s té❝♥✐❝❛s ❞❡ ♠♦❞✉❧❛çã♦ P❲▼✲✶ ❡ P❲▼✲✷✳

❆ ❋✐❣✉r❛ ✸✳✶✾ ✐❧✉str❛ ❛s ❝✉r✈❛s ❞❛s ❝♦rr❡♥t❡s ❡ ❞❛s t❡♥sõ❡s ♥♦ ❝❛♣❛❝✐t♦r C1 ♦ ❜❛rr❛♠❡♥t♦

❡ ♥♦ ❝❛♣❛❝✐t♦r ❝❡♥tr❛❧ Ca ♣❛r❛ ❛s t♦♣♦❧♦❣✐❛s ❍②❜✵✶✱ ❍②❜✵✷ ❡ ❍②❜✵✸✳

✸✳✸ ■♥✈❡rs♦r ▼♦♥♦❢ás✐❝♦ ❋♦♥t❡ ❋❧✉t✉❛♥t❡ ✭❋❋✮

❆ t♦♣♦❧♦❣✐❛ ❜ás✐❝❛ ❞♦ ✐♥✈❡rs♦r ♠♦♥♦❢ás✐❝♦ ❋❋ ✭❋♦♥t❡ ❋❧✉t✉❛♥t❡✮ é ✐❧✉str❛❞❛ ♥❛ ✜❣✉r❛ ✸✳✷✵✭❛✮✳

❖ ✐♥✈❡rs♦r ❋❋ t❡♠ ♣♦r ❜❛s❡ ❛ t♦♣♦❧♦❣✐❛ ❋❈ s✉❜st✐t✉✐♥❞♦ ♦ ❝❛♣❛❝✐t♦r ✢✉t✉❛♥t❡ ♣♦r ✉♠❛ ❢♦♥t❡

❞❡ t❡♥sã♦ ✭Vca✮✳ ❆ ♣r♦♣♦st❛ ❞♦ ✐♥✈❡rs♦r ❋❋ é ✈❛r✐❛r ♦ ✈❛❧♦r ❞❛ t❡♥sã♦ ❞❡st❛ ❢♦♥t❡ ♣❛r❛ ♦♣❡r❛r

❡♠ q✉❛tr♦ ♥í✈❡✐s✳ ❙❡ Vca =
VDC

2
❛ t♦♣♦❧♦❣✐❛ ❋❋ ♣r♦❞✉③ ✉♠❛ t❡♥sã♦ ❞❡ s❛í❞❛ ❞❡ três ♥í✈❡✐s ❡

s❡ Vca =
VDC

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

◆❡st❛ t♦♣♦❧♦❣✐❛ é ♥❡❝❡ssár✐♦ ✉t✐❧✐③❛r ❞✉❛s ❢♦♥t❡s ❞❡ t❡♥sã♦✳ ❯♠❛ ❝♦♥❡❝t❛❞❛ ♥♦ ❜❛rr❛✲

♠❡♥t♦ ❡ ♦✉tr❛ ❝♦♥❡❝t❛❞❛ ♥♦ ♣♦♥t♦ ✢✉t✉❛♥t❡✳ ◆♦ ✐♥t✉✐t♦ ❞❡ ✉t✐❧✐③❛r ❛♣❡♥❛s ✉♠❛ ❢♦♥t❡ ❞❡

t❡♥sã♦ r❡❞✉③✐❞❛ ❢♦✐ ❝♦♥❡❝t❛❞♦ ✉♠ ❝♦♥✈❡rs♦r ✢②❜❛❝❦ ❡♥tr❡ ❛ ❢♦♥t❡ ✢✉t✉❛♥t❡ ❡ ♦ ❜❛rr❛♠❡♥t♦

❈❈ ✭✈❡r ❋✐❣✉r❛ ✸✳✷✵✭❜✮✮✳ ❉❡st❛ ❢♦r♠❛✱ é ♣♦ssí✈❡❧ ❝♦♥tr♦❧❛r ❛ t❡♥sã♦ ❞❡ s❛í❞❛ ✭VDC✮ ❞♦
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i
O (2A/div) 

V
O (50V/div) 

✭❛✮ ❍②❜✵✶ ✲ ✭P❲▼✲✶✮

i
O (2A/div) 

V
O (50V/div) 

✭❜✮ ❍②❜✵✶ ✲ ✭P❲▼✲✷✮

i
O (2A/div) 

V
O (50V/div) 

✭❝✮ ❍②❜✵✷ ✲ ✭P❲▼✲✶✮

i
O (2A/div) 

V
O (50V/div) 

✭❞✮ ❍②❜✵✷ ✲ ✭P❲▼✲✷✮

i
O (2A/div) 

V
O (50V/div) 

✭❡✮ ❍②❜✵✸ ✲ ✭P❲▼✲✶✮

i
O (2A/div) 

V
O (50V/div) 

✭❢✮ ❍②❜✵✸ ✲ ✭P❲▼✲✷✮

❋✐❣✉r❛ ✸✳✶✽✿ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛ ❛ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ ♣❛r❛ ♦s
✐♥✈❡rs♦r❡s ❍②❜✵✶✱ ❍②❜✵✷ ❡ ❍②❜✵✸ ♦♣❡r❛♥❞♦✲♦s ♥❛s té❝♥✐❝❛s ❞❡ ♠♦❞✉✲
❧❛çã♦ P❲▼✲✶ ❡ P❲▼✲✷

✢②❇❛❝❦ ❡♠ ❢✉♥çã♦ ❞❛ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛ ✭Vca✮✳

❉❡✈✐❞♦ às ❛❧t❛s ♦s❝✐❧❛çõ❡s ❞❡ ❝♦rr❡♥t❡s✱ ♦ ✢②❜❛❝❦ é ♠❡♥♦s ❡✜❝✐❡♥t❡ ❞♦ q✉❡ ♦✉tr♦s ♠♦✲

❞❡❧♦s ❡✱ ♣♦rt❛♥t♦✱ ♥ã♦ é ❣❡r❛❧♠❡♥t❡ ✉s❛❞♦ ♣❛r❛ ❛♣❧✐❝❛çõ❡s ❞❡ ❛❧t❛ ♣♦tê♥❝✐❛✳ ❆❧é♠ ❞✐ss♦✱ ♦

✢②❜❛❝❦ ♣♦❞❡ t❡r ♣✐❝♦s ❞❡ t❡♥sã♦ ♥♦ ♣r✐♠ár✐♦ q✉❡ ♣♦❞❡rá ❝♦♠♣r♦♠❡t❡r ♦✉tr♦s ❝♦♠♣♦♥❡♥t❡s

❡ ❞✐♠✐♥✉✐r ❛ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❞♦ s✐st❡♠❛ ✭▼❆●◆❊❚■❈❙✱ ✷✵✶✸❀ ❍❛❧❞❡r✱ ✷✵✶✸❀ ❍♦❧❣✉✐♥ ❡t ❛❧✳✱

✷✵✶✺❀ P❛♣❛♥✐❦♦❧❛♦✉ ❡ ❚❛t❛❦✐s✱ ✷✵✵✷✮✳ ❆♣❡s❛r ❞❡ss❛ ❞❡s✈❛♥t❛❣❡♠ ❛ t♦♣♦❧♦❣✐❛ ✢②❜❛❝❦ é ♠✉✐t♦

✉t✐❧✐③❛❞♦✳ ◆❛s ❝♦♥❞✐çõ❡s ❞❡st❛ ❛♣❧✐❝❛çã♦ ❛ ♣♦tê♥❝✐❛ ♠á①✐♠❛ ♣r♦❝❡ss❛❞❛ ♣❡❧♦ ✢②❜❛❝❦ é ❞❡

✶✵✵❲✱ q✉❡ é ❝♦♥s✐❞❡r❛❞❛ ✉♠ ✈❛❧♦r ❛❝❡✐tá✈❡❧ ✭❈❛✉s♦ ❡t ❛❧✳✱ ✷✵✶✸❀ ▲❛r♦✉❝✐ ❡t ❛❧✳✱ ✷✵✵✷✮✳

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

✐♥✈❡rs♦r ❋❋✳ ❊♠ s❡❣✉✐❞❛ s❡rá ❛♣r❡s❡♥t❛❞❛ ✉♠❛ ❛♥á❧✐s❡ ❝♦♠♣❛r❛t✐✈❛ ❞❛s ♦♣❡r❛çõ❡s ❡♠ três ❡
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i
C1 (1A/div) 

V
C1 (50V/div) 

i
CA (1A/div) 

V
CA (50V/div) 

✭❛✮ ❍②❜✵✶ ✲ ✭P❲▼✲✶✮

i
C1 (1A/div) 

V
C1 (50V/div) 

i
CA (1A/div) 

V
CA (50V/div) 

✭❜✮ ❍②❜✵✶ ✲ ✭P❲▼✲✷✮

i
C1 (1A/div) 

V
C1 (50V/div) 

i
CA (5A/div) 

V
CA (50V/div) 

✭❝✮ ❍②❜✵✷ ✲ ✭P❲▼✲✶✮

i
C1 (1A/div) 

V
C1 (50V/div) 

i
CA (5A/div) 

V
CA (50V/div) 

✭❞✮ ❍②❜✵✷ ✲ ✭P❲▼✲✷✮

i
C1 (5A/div) 

V
C1 (50V/div) 

i
CA (5A/div) 

V
CA (50V/div) 

✭❡✮ ❍②❜✵✸ ✲ ✭P❲▼✲✶✮

i
C1 (5A/div) 

V
C1 (50V/div) 

i
CA (5A/div) 

V
CA (50V/div) 

✭❢✮ ❍②❜✵✸ ✲ ✭P❲▼✲✷✮

❋✐❣✉r❛ ✸✳✶✾✿ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛ ❛ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ♥♦s ❝❛♣❛❝✐t♦r❡s ❞♦
❜❛rr❛♠❡♥t♦ ♣❛r❛ ♦s ✐♥✈❡rs♦r❡s ❍②❜✵✶✱ ❍②❜✵✷ ❡ ❍②❜✵✸ ♦♣❡r❛♥❞♦✲♦s
♥❛s té❝♥✐❝❛s ❞❡ ♠♦❞✉❧❛çã♦ P❲▼✲✶ ❡ P❲▼✲✷

q✉❛tr♦ ♥í✈❡✐s✳

✸✳✸✳✶ Pr✐♥❝í♣✐♦ ❞❡ ❖♣❡r❛çã♦

❆ ❚❛❜❡❧❛ ✸✳✶✷ ❛♣r❡s❡♥t❛ ♦s ♣♦ssí✈❡✐s ❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞♦ ✐♥✈❡rs♦r ❋❋✳ ❖ ♣❛❞rã♦ ❞❡

❝❤❛✈❡❛♠❡♥t♦ é ♦ ♠❡s♠♦ ✉t✐❧✐③❛❞♦ ♥♦ ✐♥✈❡rs♦r ❋❈✳ ❖❜s❡r✈❡ q✉❡ q✉❛♥❞♦ Vca = VDC

2
❡①✐st❡♠

❞♦✐s ❡st❛❞♦s ❡♠ q✉❡ ❛ t❡♥sã♦ ❞❡ s❛í❞❛ é ✐❣✉❛❧ ❛ 0✳ ❚♦❞❛✈✐❛✱ s❡ ❛ t❡♥sã♦ ❞❛ ❢♦♥t❡ ✢✉t✉❛♥t❡
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+

_

+

_

C1

C2

S1

S2

S2

S3

+

_ _

_

Ca

Célula 01

Célula 02

✭❛✮ ■♥✈❡rs♦r ❋♦♥t❡ ❋❧✉t✉❛♥t❡

+

_

+

_

+

_

1_
VDC

C1

1

2 

_
VDC C2

S1

S2

S3

S4

vo

1

2 

_
VDC

N-1 

Célula 01

Célula 02

S

1:1

✭❜✮ ❙✐st❡♠❛ ♣r♦♣♦st♦

❋✐❣✉r❛ ✸✳✷✵✿ ❙✐st❡♠❛ ♣r♦♣♦st♦ ♣❛r❛ ❛♣❧✐❝❛çã♦ ❝♦♠ ❢♦♥t❡ ❞❡ t❡♥sã♦ r❡❞✉③✐❞❛ ✉t✐❧✐✲
③❛♥❞♦ ❝♦♠♦ ❜❛s❡ ♦ ✐♥✈❡rs♦r ❋❈

❢♦r Vca =
VDC

3
♣❛r❛ ❝❛❞❛ ❡st❛❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❡①✐st❡ ✉♠ ♥í✈❡❧ ❞❡✜♥✐❞♦✳

❚❛❜❡❧❛ ✸✳✶✷✿ ❊st❛❞♦s ❞❛s ❈❤❛✈❡s ❡ ❚❡♥sã♦ ❞❡ P♦❧♦

❊st❛❞♦✳ S1 S2 S3 S4 Vo ✭✸▲✮ Vo ✭✹▲✮

1 ✶ ✶ ✵ ✵ VDC✴✷ VDC✴✷

2 ✶ ✵ ✶ ✵
✵

VDC✴✻
3 ✵ ✶ ✵ ✶ ✲VDC✴✻

4 ✵ ✵ ✶ ✶ ✲VDC✴✷ ✲VDC✴✷

◆❛ ❋✐❣✉r❛ ✸✳✷✶ sã♦ ♠♦str❛❞♦s ♦s ♠♦❞♦s ❞❡ ♦♣❡r❛çã♦ ♣❛r❛ ❝❛❞❛ ❡st❛❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳

◆♦ ❝❛s♦ ❞♦ ✐♥✈❡rs♦r ♦♣❡r❛♥❞♦ ❡♠ ✸ ♥í✈❡✐s ♦s ❡st❛❞♦s ✷ ❡ ✸ ❡stã♦ ❛ss♦❝✐❛❞♦s ❛ t❡♥sã♦ ♥✉❧❛✳

❆ ❞✐❢❡r❡♥ç❛ ❞♦s ❞♦✐s ❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ é q✉❡ ♥♦ ❡st❛❞♦ ✷ ♦ ❝❛♣❛❝✐t♦r Ca é ❝❛rr❡❣❛❞♦

❡ ♥♦ ❡st❛❞♦ ✸ ♦ ❝❛♣❛❝✐t♦r é ❞❡s❝❛rr❡❣❛❞♦✳

✭❛✮ ❊st❛❞♦ ✶ ✭❜✮ ❊st❛❞♦ ✷ ✭❝✮ ❊st❛❞♦ ✸ ✭❞✮ ❊st❛❞♦ ✹

❋✐❣✉r❛ ✸✳✷✶✿ ❊sq✉❡♠❛ ❞❛s ❝♦♥✜❣✉r❛çõ❡s ❝♦♠ ❛ ❝♦♥❞✉çã♦ ❞❡ ❝♦rr❡♥t❡ ♣❛r❛ ❛ t♦♣♦✲
❧♦❣✐❛ ❋❋

❊♠ ✹ ♥í✈❡✐s ❝❛❞❛ ❡st❛❞♦ ❡stá ❛ss♦❝✐❛❞♦ ❛ ✉♠ ♥í✈❡❧ ❞❡ t❡♥sã♦✱ ♣♦rt❛♥t♦ ♥ã♦ ❤á ❝♦♠♦ r❡❛✲

❧✐③❛r ♦ ❝♦♥tr♦❧❡ ❞❛ t❡♥sã♦ ✢✉t✉❛♥t❡✳ ❈♦♠ ✐ss♦✱ ❛ ✉t✐❧✐③❛çã♦ ❞♦ ❝♦♥✈❡rs♦r ✢②❇❛❝❦ é ♥❡❝❡ssár✐♦
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♥ã♦ só ♣❛r❛ ✐s♦❧❛r ❛ t❡♥sã♦ ♠❛s ♣❛r❛ t♦r♥❛r ♣♦ssí✈❡❧ q✉❡ ♦ ♥í✈❡❧ ❞❡ t❡♥sã♦ s❡❥❛ ❞❡✜♥✐❞♦ ❡♠

✉♠ t❡rç♦ ❞♦ ❜❛rr❛♠❡♥t♦✱ ❣❛r❛♥t✐♥❞♦ ❛ss✐♠✱ ♦s ✹ ♥í✈❡✐s✳

✸✳✸✳✷ ▼♦❞❡❧♦ ❡ ▼♦❞✉❧❛çã♦ P❲▼

▼♦❞❡❧♦

❆ ❋✐❣✉r❛ ✸✳✷✷ ✐❧✉str❛ ♦ ❝✐r❝✉✐t♦ ❡q✉✐✈❛❧❡♥t❡ ♣❛r❛ ♦ ✐♥✈❡rs♦r ❋❋✳ ❆s ❝❤❛✈❡s S1 ❡ S2 sã♦

r❡♣r❡s❡♥t❛❞❛s ♣❡❧❛s ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦ qS1 ❡ qS3✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆♣❧✐❝❛♥❞♦ ❛ ▲❡✐ ❞❡

❑✐r❝❤❤♦✛ ♥♦ ❝✐r❝✉✐t♦ ❡q✉✐✈❛❧❡♥t❡ t❡♠ ❛ s❡❣✉✐♥t❡ ❡q✉❛çã♦✿

vo −Roio − Lo(dio/dt) = 0 ✭✸✳✽✮

io +

_
Lo

Vo

Ro

❋✐❣✉r❛ ✸✳✷✷✿ ▼♦❞❡❧♦ ❞♦ ✐♥✈❡rs♦r ❋❋

❆ t❡♥sã♦ ❞❡ s❛í❞❛ ✭vo✮ é ❞❡✜♥✐❞❛ ❡♠ ❢✉♥çã♦ ❞♦s ❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳ P❛r❛ ❛ ♦♣❡r❛çã♦

❡♠ três ♥í✈❡✐s ❛ ❡q✉❛çã♦ é ❞❡✜♥✐❞❛ ♣♦r✿

Vo = (qS1 + qS2 − 1)(VDC/2) ✭✸✳✾✮

P❛r❛ ❛ ♦♣❡r❛çã♦ ❡♠ q✉❛tr♦ ♥í✈❡✐s ❛ ❡q✉❛çã♦ é ❞❡✜♥✐❞❛ ♣♦r✿

❙❡ ✭Vo ≤ VDC

6
♦✉ Vo ≤ −VDC

6
✮

Vo = (qS1 + qS2 − 1)(VDC/2) ✭✸✳✶✵✮

❙❡ ✭Vo ≤ VDC

6
❡ Vo >

−VDC

6
✮

Vo = (qS1 − qS2)(VDC/6) ✭✸✳✶✶✮
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❆ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ é ❞❛❞♦ ♣♦r✿

VDC =
N1

N2

dS
(1− dS)

Vca ✭✸✳✶✷✮

♦♥❞❡✱ N1 = N2 ❡ q✉❡ r❡♣r❡s❡♥t❛♠ ♦s ♥ú♠❡r♦s ❞❡ ❡s♣✐r❛ ❞♦ tr❛♥s❢♦r♠❛❞♦r ❡ dS ❛ r❡❧❛çã♦

❝í❝❧✐❝❛ ❞❛ ❝❤❛✈❡ ❞♦ ✢②❜❛❝❦✳

▼♦❞✉❧❛çã♦ P❲▼

❆ té❝♥✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦ é ❞✐✈✐❞✐❞❛ ❡♠ q✉❛tr♦ ♣❛ss♦s✱ ❡❧❡s sã♦✿

P❛ss♦ ✉♠✿ ❞❡✜♥❡♠✲s❡ ♦s ♥í✈❡✐s ❞♦ ✐♥✈❡rs♦r✱ ♦♥❞❡ ❝❛❞❛ ♥í✈❡❧ é r❡♣r❡s❡♥t❛❞♦ ♣♦r ✉♠ ❡✐①♦

❤♦r✐③♦♥t❛❧✳

P❛ss♦ ❞♦✐s✿ ❝❛❧❝✉❧❛✲s❡ ♦ ✈❛❧♦r ❞❛ ✈❛r✐á✈❡❧ Pa q✉❡ é ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ♦ ❡✐①♦ s✉♣❡r✐♦r ❡ ❛

t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛✳

P❛ss♦ três✿ ❝❛❧❝✉❧❛✲s❡ ♦s ✐♥t❡r✈❛❧♦s ❞❡ t❡♠♣♦ ❡♠ q✉❡ ❛s ❝❤❛✈❡s ♣❡r♠❛♥❡❝❡♠ ❡♠ ❝♦♥❞✉✲

çã♦ ❡ ❜❧♦q✉❡✐♦✱ ❡♠ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ♣❡rí♦❞♦ ❞❡ ♠♦❞✉❧❛çã♦ ✭❚❙✮✱ ❡♠ s❡❣✉✐❞❛ ❞❡t❡r♠✐♥❛ss❡

♦s t❡♠♣♦s ❞❡ tr❛♥s✐çã♦✳

P❛ss♦ q✉❛tr♦✿ ❞❡✜♥❡♠✲s❡ ♦s ❡st❛❞♦s ❞❡ ❝♦♥❞✉çã♦ ❞❛s ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦s qS1 ❡ qS2 ❞❛s

❝❤❛✈❡s S1 ❡ S2✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

P❛r❛ ♦♣❡r❛çã♦ ❡♠ ❚rês ◆í✈❡✐s

❆ té❝♥✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦ ❡stá ✐❧✉str❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✷✸✳ ❖s ♣❛ss♦s r❡❢❡r❡♥t❡ ❛ ♠♦❞✉❧❛çã♦ ❡♠

três ♥í✈❡✐s sã♦✿

P❛ss♦ ✉♠✿ ♦s ❡✐①♦s sã♦✿ ❡✐①♦❬✶❪ ❂ VDC/2✱ ❡✐①♦❬✷❪ ❂ 0 ❡ ❡✐①♦❬✸❪ ❂ −VDC/2

P❛ss♦ ❞♦✐s✿ ❝á❧❝✉❧♦ ❞♦ ✈❛❧♦r ❞❛ ✈❛r✐á✈❡❧ Pa✿

❙❡ ✭V ∗

o > 0✮ ❂❃ Pa = eixo[1]− V ∗

o ❀

❙❡✭V ∗

o < 0✮ ❂❃ Pa = eixo[2]− V ∗

o ❀

P❛ss♦ três✿ ❝á❧❝✉❧♦ ❞♦s ✐♥t❡r✈❛❧♦s ❞❡ t❡♠♣♦ ❡♠ q✉❡ ❛s ❝❤❛✈❡s ♣❡r♠❛♥❡❝❡♠ ❡♠ ❝♦♥❞✉çã♦

✭Tc✮ ❡ ❜❧♦q✉❡✐♦ ✭Tb✮✿
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eixo[1]

eixo[2]

eixo[3]

Tb

Tc

 

2Ts

Tb

Pa

Tc

 

0

T2

Vo*

0

VDC/2

Tb

Pa

Tc

 

0

qS2

Vo*

0

1

-VDC/2

0

1

Tb

Pa

Tc

Vo < 0Vo > 0

Vo*

2Ts

T1T2T1

qS1

❋✐❣✉r❛ ✸✳✷✸✿ ❊str❛té❣✐❛ ❞❡ ▼♦❞✉❧❛çã♦ P❲▼ ♣❛r❛ ✸ ♥í✈❡✐s

Tb = 2(
Pa

VDC

)TS; ✭✸✳✶✸✮

Tc = TS − Tb. ✭✸✳✶✹✮

❈á❧❝✉❧♦ ❞♦s t❡♠♣♦s ❞❡ tr❛♥s✐çã♦✿

T1 = t+ Tc; ✭✸✳✶✺✮

T2 = T1 + 2Tb. ✭✸✳✶✻✮

P❛ss♦ q✉❛tr♦✿ ❧ó❣✐❝❛ ❞❛s ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦s qS1 ❡ qS2✿

❙❡ ✭V ∗

o > 0✮④

qS1 = 1❀

❙❡ ✭t ≤ T1 ♦✉ t > T2✮ qS2 = 1❀

❙❡ ✭t > T1 ❡ t ≤ T2✮ qS2 = 0❀

⑥

❙❡ ✭V ∗

o ≤ 0✮④

qS1 = 0❀

❙❡ ✭t ≤ T1 ♦✉ t > T2✮ qS2 = 1❀

❙❡ ✭t ≤ T1 ❡ t ≤ T2✮ qS2 = 0❀
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⑥

P❛r❛ ♦♣❡r❛çã♦ ❡♠ ◗✉❛tr♦ ◆í✈❡✐s

❆ té❝♥✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦ ❡stá ✐❧✉str❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✷✹✱ ♦s ♣❛ss♦s r❡❢❡r❡♥t❡ ❛ ♠♦❞✉❧❛çã♦ ❡♠

q✉❛tr♦ ♥í✈❡✐s sã♦ ❞❡s❝r✐t♦s ❛ s❡❣✉✐r✳

 

eixo[1]

eixo[2]

eixo[3]

 

2Ts

Tb

Pa

Tc

 

T2

0

VDC/6
 

0

qS2

Vo*

0

1

-VDC/6

0

1
Tb

Pa

Tc

VDC/6<Vo < VDC/2

Vo*

2Ts

T1T2T1

qS1

 

Tb

Tc

 

2Ts

Tb

Pa

Tc

T2T1

-VDC/6<Vo < VDC/6 -VDC/2<Vo < -VDC/6

Vo*

eixo[4]

VDC/2

-VDC/2

❋✐❣✉r❛ ✸✳✷✹✿ ❊str❛té❣✐❛ ❞❡ ▼♦❞✉❧❛çã♦ P❲▼ ♣❛r❛ ✸ ♥í✈❡✐s

P❛ss♦ ✉♠✿ ❖s ❡✐①♦s sã♦✿ ❡✐①♦❬✶❪ ❂ VDC/2✱ ❡✐①♦❬✷❪ ❂ VDC/6✱ ❡✐①♦❬✸❪ ❂ −VDC/6 ❡ ❡✐①♦❬✹❪

❂ −VDC/2✳

P❛ss♦ ❞♦✐s✿ ❈á❧❝✉❧♦ ❞♦ ✈❛❧♦r ❞❛ ✈❛r✐á✈❡❧ Pa✿

❙❡ ✭V ∗

o > VDC/6✮ ❂❃ Pa = eixo[1]− V ∗

o ❀

❙❡ ✭V ∗

o > −VDC/6✮ ❂❃ Pa = eixo[2]− V ∗

o ❀

❙❡ ✭V ∗

o > −VDC/2✮ ❂❃ Pa = eixo[3]− V ∗

o ✳

P❛ss♦ três✿ ❈á❧❝✉❧♦ ❞♦s ✐♥t❡r✈❛❧♦s ❞❡ t❡♠♣♦ ❡♠ q✉❡ ❛s ❝❤❛✈❡s ♣❡r♠❛♥❡❝❡♠ ❡♠ ❝♦♥❞✉çã♦

✭Tc✮ ❡ ❜❧♦q✉❡✐♦ ✭Tb✮✿

Tb = 2(
Pa

VDC

)TS; ✭✸✳✶✼✮

Tc = TS − Tb. ✭✸✳✶✽✮

❈á❧❝✉❧♦ ❞♦s t❡♠♣♦s ❞❡ tr❛♥s✐çã♦✿

T1 = t+ Tc; ✭✸✳✶✾✮
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T2 = T1 + 2Tb. ✭✸✳✷✵✮

P❛ss♦ q✉❛tr♦✿ ❧ó❣✐❝❛ ❞❛s ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦s qS1 ❡ qS2✿

❙❡ ✭VDC

6
≤ Vao ≤ VDC

2
✮④

qS1 = 1❀

❙❡ ✭t ≤ T1 ♦✉ t > T2✮ qS2 = 1❀

❙❡ ✭t > T1 ❡ t ≤ T2✮ qS2 = 0❀

⑥

❙❡ ✭−VDC

6
≤ Vao ≤ VDC

6
✮④

❙❡ ✭t ≤ T1 ♦✉ t > T2✮④

qS1 = 1❀

qS2 = 0❀

⑥

❙❡ ✭t > T1 ❡ t ≤ T2✮④

qS1 = 0❀

qS2 = 1❀

⑥ ⑥

❙❡ ✭−VDC

2
≤ Vao ≤ −VDC

6
✮④

qS1 = 0❀

❙❡ ✭t ≤ T1 ♦✉ t > T2✮ qS2 = 1❀

❙❡ ✭t > T1 ❡ t ≤ T2✮ qS2 = 0❀

⑥
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✸✳✸✳✸ ❈♦♥tr♦❧❡

❖ ❞✐❛❣r❛♠❛ ❞❡ ❝♦♥tr♦❧❡ ❡stá ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✷✺✳ ❆ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛ ❞♦ ❜❛rr❛♠❡♥t♦

❈❈✱ V ∗

DC ✱ é ❝♦♠♣❛r❛❞❛ ❝♦♠ ❛ t❡♥sã♦ ❧✐❞❛ VDC ✳ ❖ ❡rr♦ ❞❡st❛ ❝♦♠♣❛r❛çã♦ é ❛ ❡♥tr❛❞❛ ❞♦

❝♦♥tr♦❧❛❞♦r ♣r♦♣♦r❝✐♦♥❛❧ ♠❛✐s ✐♥t❡❣r❛❧ ✐♠♣❧❡♠❡♥t❛❞♦ ♥♦ ❜❧♦❝♦ Ra✳ ❆ s❛í❞❛ ❞❡st❡ ❝♦♥tr♦❧❛❞♦r

é ♦ s✐♥❛❧ ❞❡ r❡❢❡rê♥❝✐❛ é ❛ r❛③ã♦ ❝í❝❧✐❝❛ ❞❛ ❝❤❛✈❡ ❞♦ ✢②❜❛❝❦✳

VVVV

*

+
-

Ra +

-
S

VDC

VDC

❋✐❣✉r❛ ✸✳✷✺✿ ❉✐❛❣r❛♠❛ ❞❡ ❝♦♥tr♦❧❡ ❞♦ ❇❛rr❛♠❡♥t♦ ❈❈

❖ ❛❥✉st❡ ❞❛ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛ é ❞❡✜♥✐❞♦ ❝♦♠ ❜❛s❡ ♥❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♥í✈❡✐s ❣❡r❛❞♦s

♣❡❧♦ ✐♥✈❡rs♦r ❋❋✳ ❆ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛ ❛ss✉♠❡ ♦s ✈❛❧♦r❡s ❞❡ V ∗

DC = 2Vca ❡ V ∗

DC = 3Vca ♣❛r❛

❛s ♦♣❡r❛çõ❡s ❡♠ três ❡ q✉❛tr♦ ♥í✈❡✐s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

✸✳✸✳✹ ❆♥á❧✐s❡ ❞❛ ◗✉❛❧✐❞❛❞❡ ❞♦s ❙✐♥❛✐s ❞❡ ❙❛í❞❛

◆❡st❡ tr❛❜❛❧❤♦ ❢♦✐ ♣♦ssí✈❡❧ ♦❜t❡r r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❡ ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ❛s ♦♣❡r❛çõ❡s

❡♠ três ❡ q✉❛tr♦ ♥í✈❡✐s✳ ❆s ♣❧❛t❛❢♦r♠❛s ❞❡ s✐♠✉❧❛çã♦ ❡ ❡①♣❡r✐♠❡♥t❛❧ ♦♥❞❡ ♦s r❡s✉❧t❛❞♦s ❢♦r❛♠

♦❜t✐❞♦s ❡stã♦ ♠♦str❛❞❛s ♥♦ ✐♥❞✐❝❛❞♦s ❇✳ ◆❛ ❚❛❜❡❧❛ ✸✳✶✸ sã♦ ❛♣r❡s❡♥t❛❞❛s ♦s ♣❛râ♠❡tr♦s

✉t✐❧✐③❛❞♦s t❛♥t♦ ♥❛ ♣❛rt❡ ❞❡ s✐♠✉❧❛çã♦ ❝♦♠♦ ♥❛ ♣❛rt❡ ❡①♣❡r✐♠❡♥t❛❧✳

❚❛❜❡❧❛ ✸✳✶✸✿ P❛r❛♠❡tr♦s ❞❡ ❙✐♠✉❧❛çã♦ ❡ ❊①♣❡r✐♠❡♥t❛❧ ♣❛r❛ ♦ ✐♥✈❡rs♦r ❋❋

P❛râ♠❡tr♦ ❙í♠❜♦❧♦ ❱❛❧♦r

❚❡♥sã♦ ❞♦ ❇❛rr❛♠❡♥t♦ VDC ✷✵✵ ❱

❚❡♥sã♦ ❞❛ ❋♦♥t❡ ❋❧✉t✉❛♥t❡ Vca ✶✵✵❱ ✲ ✸◆ ✴ ✻✻✱✻✼❱ ✲ ✹◆

❈❛r❣❛ ❘▲ Ro✴Lo ✺✵ Ω✴ ✼ ♠❍

❢r❡q✳ ❝❤❛✈❡❛♠❡♥t♦ fs ✶✵ ❦❍③

❈❛♣❛❝✐t♦r❡s ❞♦ ❇❛rr❛♠❡♥t♦ C1 ❡ C2 ✷✷✵✵ ✉❋

❈❛♣❛❝✐t♦r ✢✉t✉❛♥t❡ Ca ✷✷✵✵ ✉❋

❘❡❧❛çã♦ N1/N2 ❞♦ ✢②❜❛❝❦ a ✶
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❆s ❝✉r✈❛s ❞❛ t❡♥sã♦ ❡ ❞❛ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ ♣❛r❛ ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❡ ❡①♣❡r✐♠❡♥t❛❧✱

❞❛s ♦♣❡r❛çã♦ ❡♠ três ❡ q✉❛tr♦ ♥í✈❡✐s sã♦ ✐❧✉str❛❞❛s ♥❛ ❋✐❣✉r❛ ✸✳✷✻✳
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✭❜✮ ✹ ◆í✈❡✐s

❋✐❣✉r❛ ✸✳✷✻✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❡ ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛
♣❛r❛ ♦ ✐♥✈❡rs♦r ❋❋

❆♥á❧✐s❡ ❞♦ ❚❍❉ ❞❡ ❈♦rr❡♥t❡ ❡ ❲❚❍❉ ❞❡ ❚❡♥sã♦

❆ ❚❍❉ ❡ ❲❚❍❉ sã♦ ✉t✐❧✐③❛❞❛s ♥❡st❡ tr❛❜❛❧❤♦ ♣❛r❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ❞✐st♦rçã♦ ❞❛ ❝♦rr❡♥t❡

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

❚❍❉ ❞❡ ❝♦rr❡♥t❡ ❡ ❞❛ ❲❚❍❉ ❞❡ t❡♥sã♦ ❡♠ r❡❧❛çã♦ ❛♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❡♠ ❛♠♣❧✐t✉❞❡✳

❈♦♠ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ♦♣❡r❛r ❡♠ q✉❛tr♦ ♥í✈❡✐s ♦ ✐♥✈❡rs♦r ❋❋✱ q✉❡ ✐♥✐❝✐❛❧♠❡♥t❡ ❢♦✐

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

♣♦❞❡ s❡r ✈❡r✐✜❝❛❞♦ ♥❛s ❋✐❣✉r❛s ✸✳✷✼✭❛✮ ❡ ✸✳✷✼✭❜✮✳

❊♠ r❡❧❛çã♦ ❛♦ ❚❍❉ ❞❡ ❝♦rr❡♥t❡✱ ✈❡r✐✜❝❛✲s❡ ✉♠❛ r❡❞✉çã♦ ❞❡ ✹✾✱✶✸✪ q✉❛♥❞♦ ma = 0, 5 ❡

❞❡ ✸✶✱✼✵✪ ♣❛r❛ ma = 1, 0✳ ❏á ❡♠ r❡❧❛çã♦ ❛♦ ❲❚❍❉ ❞❡ t❡♥sã♦✱ ✈❡r✐✜❝❛✲s❡ ✉♠❛ r❡❞✉çã♦ ❞❡

✹✶✱✾✼✪ ♣❛r❛ ma = 0, 5 ❡ ❞❡ ✷✼✱✵✷✪ ♣❛r❛ ma = 1, 0✳
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❋✐❣✉r❛ ✸✳✷✼✿ ❈♦♠♣❛r❛t✐✈♦ ❞♦ ❚❍❉ ❞❡ ❈♦rr❡♥t❡ ❡ ❲❚❍❉ ❞❡ t❡♥sã♦ ♣❛r❛ ♦♣❡r❛çã♦
❡♠ três ❡ q✉❛tr♦ ♥í✈❡✐s

✸✳✸✳✺ ❆♥á❧✐s❡ ❞♦ ❇❛rr❛♠❡♥t♦ ❈❈

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

❜❛rr❛♠❡♥t♦ ❈❈✿
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❆ ❋✐❣✉r❛ ✸✳✷✽ ❛s ❝✉r✈❛s ❞❡ s✐♠✉❧❛çã♦ ♣❛r❛ ❛ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞♦ ❝❛♣❛❝✐t♦r C1 ❞♦

❜❛rr❛♠❡♥t♦ ❡ ♣❛r❛ ❛ t❡♥sã♦ ❞❛ ❢♦♥t❡ ✢✉t✉❛♥t❡ ♦❜t✐❞❛s ♣♦r s✐♠✉❧❛çã♦✳
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✭❜✮ ✹ ◆í✈❡✐s

❋✐❣✉r❛ ✸✳✷✽✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ♣❛r❛ ❛ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ♥♦s ❝❛♣❛❝✐t♦r❡s ❞♦
❜❛rr❛♠❡♥t♦ ❈❈

❖♥❞✉❧❛çã♦ ❞❛ ❚❡♥sã♦ ♥♦s ❈❛♣❛❝✐t♦r❡s

❆ ❋✐❣✉r❛ ✸✳✷✾ ✐❧✉str❛ ♦s ❣rá✜❝♦s ❞❡ ❝♦❧✉♥❛s ♣❛r❛ ❛ ♦♥❞✉❧❛çã♦ ❞❡ t❡♥sã♦ ♥♦s ❝❛♣❛❝✐t♦r❡s

❝♦♥s✐❞❡r❛♥❞♦ ❛ ♦♣❡r❛çã♦ ❡♠ três ❡ q✉❛tr♦ ♥í✈❡✐s✳
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❋✐❣✉r❛ ✸✳✷✾✿ ❖♥❞✉❧❛çã♦ ❞❡ t❡♥sã♦ ♥♦s ❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈

P♦❞❡✲s❡ ♣❡r❝❡❜❡r q✉❡ ❛ ♦♥❞✉❧❛çã♦ ❞❛ t❡♥sã♦ ♥♦s ❝❛♣❛❝✐t♦r❡s ♥ã♦ s♦❢r❡♠ t❛♥t❛ ♠✉❞❛♥ç❛

q✉❛♥❞♦ s❡ ♦♣❡r❛ ❡♠ ✹ ♥í✈❡✐s✳ P❛r❛ ♦s í♥❞✐❝❡s ❞❡ ♠♦❞✉❧❛çã♦ ❞❡ ✵✱✺ ❡ ✵✱✼✺ ❤á ✉♠❛ r❡❞✉çã♦

♥❛ ♦♥❞✉❧❛çã♦ ❞❡ t❡♥sã♦ ♥❛ ♦♣❡r❛çã♦ ❡♠ ✹ ♥í✈❡✐s ❞❡ ✵✱✼✷✪ ❡ ✷✱✹✶✪✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ P❛r❛ ♦

í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ✉♥✐tár✐♦ ❤á ✉♠ ❛✉♠❡♥t♦ ❞❡ ✹✱✵✹✪ q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦ ❝♦♠ ❛ ♦♣❡r❛çã♦

❡♠ três ♥í✈❡✐s✳

P❡r❞❛s ❞❡ ❛❧t❛ ❋r❡q✉ê♥❝✐❛ ❞♦ ❇❛rr❛♠❡♥t♦ ❈❈

◆❡st❡ tó♣✐❝♦ s❡rá ❛♣r❡s❡♥t❛❞♦ ✉♠❛ ❡st✐♠❛t✐✈❛ ♣❛r❛ ❛s ♣❡r❞❛s ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✳ ◆❡st❡ ❝❛s♦✱

❛ ♦♣❡r❛çã♦ ❞❛s ❝♦♥✜❣✉r❛çõ❡s ❝♦♥✈❡♥❝✐♦♥❛✐s ❡ ♣r♦♣♦st❛s ❢♦r❛♠ ✜①❛❞❛s ♥❛s ♠❡s♠❛s ❝♦♥❞✐çõ❡s✱

♦✉ s❡❥❛✱ VDC = 200V ❡ í♥❞✐❝❡ ❞♦ ♠♦❞✉❧❛çã♦ ❡♠ ❛♠♣❧✐t✉❞❡ ✭ma✮ ❡♠ três ✈❛❧♦r❡s ✭1, 0❀ 0, 75

❡ 0, 50✮✳

❆s ♣❡r❞❛s ❞❡ ❛❧t❛ ❢r❡q✉ê♥❝✐❛ sã♦ ❝❛❧❝✉❧❛❞❛s ♣♦r✿

PHO
loss = N(0, 45)[ESR](100Hz)(I

HO
c(rms))

2 ✭✸✳✷✶✮

♥❛ ❚❛❜❡❧❛ ✸✳✶✹ ❡stã♦ ❝♦♥t✐❞♦s ♦s ✈❛❧♦r❡s ❞❛s ❝♦rr❡♥t❡s ❞❛s t♦♣♦❧♦❣✐❛s✱ ♥♦r♠❛❧✐③❛❞❛s ♣❡❧❛

♦♣❡r❛çã♦ ❡♠ ✸ ♥í✈❡✐s ✭✐✳❡✳ IHO
c(rms)✴ IHO

c(rms)(3N)✳ P❡r❝❡❜❡✲s❡ q✉❡ ♣❛r❛ ma = 0, 5 ❛ ♦♣❡r❛çã♦

❡♠ ✹ ♥í✈❡✐s ♣♦ss✉✐ ✉♠❛ r❡❞✉çã♦ ❞❡ ✹✪✱ ❡♥q✉❛♥t♦ q✉❡ ♣❛r❛ ma = 1, 0 ✉♠❛ ❛✉♠❡♥t♦ ❞❡ ✽✪✳

❙❡❣✉✐♥❞♦ ♦ ♠❡s♠♦ ♣❛❞rã♦ ❞❛ ♦♥❞✉❧❛çã♦ ❞❡ t❡♥sã♦✱ ♦ ✐♥✈❡rs♦r ❋❋ ♦♣❡r❛♥❞♦ ❡♠ ✹ ♥í✈❡✐s ♣♦ss✉✐

♠❡❧❤♦r ❞❡s❡♠♣❡♥❤♦ q✉❛♥❞♦ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ é ♣ró①✐♠♦ ❞❡ ✵✱✺✳
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❚❛❜❡❧❛ ✸✳✶✹✿ ❈♦rr❡♥t❡s ♥♦r♠❛❧✐③❛❞❛s ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ IHO
c(rms)✴ IHO

c(rms)(3N)

ma
❇❛rr❛♠❡♥t♦ ❈❈

✸ ◆í✈❡✐s ✹ ◆í✈❡✐s

✵✱✺✵ ✶✱✵ ✵✱✾✻

✵✱✼✺ ✶✱✵ ✶

✶✱✵✵ ✶✱✵ ✶✱✵✽

✸✳✸✳✻ ❆♥á❧✐s❡ ❞♦ ❊str❡ss❡ ❞❛s ❈❤❛✈❡s

❆ss✐♠ ❝♦♠♦ ❢♦✐ ❞✐s❝✉t✐❞♦ ♥❛ s❡çã♦ ❛♥t❡r✐♦r✱ ♦ ❡st✉❞♦ ❞♦ ❡str❡ss❡ ❞❛s ❝❤❛✈❡s s❡rá ❝♦♠♣♦st♦

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

❊str❡ss❡ ❚ér♠✐❝♦ ❞❛s ❈❤❛✈❡s

❖ ❡str❡ss❡ tér♠✐❝♦ é ❝á❧❝✉❧♦ ✉t✐❧✐③❛♥❞♦ ❛ ❢❡rr❛♠❡♥t❛ PSIM ✱ ♦♥❞❡ ❛ ❝é❧✉❧❛ ❡ ♦ ❞✐ss✐♣❛❞♦r

❢♦r❛♠ ❝♦♥✜❣✉r❛❞♦s ❝♦♠ ❜❛s❡s ♥♦s ❞✐s♣♦s✐t✐✈♦s ❞❛ ❙❡♠✐❦r♦♥ ♦ SKM50GB12T4 ❡ P3✱ r❡s✲

♣❡❝t✐✈❛♠❡♥t❡✳ ❈♦♠ ❜❛s❡ ♥♦ ♣r♦❝❡❞✐♠❡♥t♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ s❡çã♦ ❛♥t❡r✐♦r ❢♦✐ ❝❛❧❝✉❧❛❞♦ ❛

t❡♠♣❡r❛t✉r❛ ❞❡ ❥✉♥çã♦ ❞❛s ❝❤❛✈❡s ❝♦♥tr♦❧❛❞❛s ❡ ❞♦s ❞✐♦❞♦s ❞♦ ✐♥✈❡rs♦r ❋❋ ✭TjS ❡ TjD✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✮ ❡ ❞❛ ❝❤❛✈❡ ❞♦ ✢②❜❛❝❦ ✭TjC✮✳

❆ ❋✐❣✉r❛ ✸✳✸✵ ✐❧✉str❛ ❛s ❝✉r✈❛s ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❥✉♥çã♦✱ ❡♠ r❡❧❛çã♦ ❛♦ í♥❞✐❝❡ ❞❡

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

❋❋ ✭TjS✮ é ❞❡ ✹✹✱✾✸◦❈ ♣❛r❛ ♦♣❡r❛çã♦ ❡♠ ✸ ❡ ✹ ♥í✈❡✐s ✭✈❡r ❋✐❣✉r❛ ✸✳✸✵✭❛✮✮✳ ❏á ♣❛r❛ ♦s ❞✐♦❞♦s

❡♠ ❛♥t✐✲♣❛r❛❧❡❧♦ ♦ ✐♥✈❡rs♦r ❋❋ ✭TjD✮ sã♦ ❞❡ ✺✺✱✵✽◦❈ ❡ ✺✺✱✶✸◦❈ ♣❛r❛ ♦♣❡r❛çã♦ ❡♠ ✸ ❡ ✹ ♥í✈❡✐s✱

r❡s♣❡❝t✐✈❛♠❡♥t❡ ✭✈❡r ❋✐❣✉r❛ ✸✳✸✵✭❜✮✱ ❡st❛ ❞✐❢❡r❡♥ç❛ é ❞❡ ❛♣❡♥❛s ✵✱✵✽✪✳

❆ t❡♠♣❡r❛t✉r❛ ❞❡ ❥✉♥çã♦ ♥❛ ❝❤❛✈❡ ❞♦ ❝♦♥✈❡rs♦r ✢②❜❛❝❦ é ♠❛✐♦r ❞♦ q✉❡ ♥❛s ❝❤❛✈❡s ❞♦

✐♥✈❡rs♦ ❋❋ ✭✈❡r ❋✐❣✉r❛ ✸✳✸✵✭❝✮✮✳ ❊♠ ma = 1, 0✱ ❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❥✉♥çã♦ ✭TjC✮ é ❞❡ ✺✼✱✽◦❈

❡ ✺✾✱✺✼◦❈ ♣❛r❛ ❛ ♦♣❡r❛çã♦ ❡♠ ✸ ❡ ✹ ♥í✈❡✐s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ P❡r❝❡❜❡✲s❡ q✉❡ ♦ ♣❛❞rã♦ ❞♦

❡str❡ss❡ tér♠✐❝♦ ♥ã♦ é ❛❧t❡r❛❞♦ q✉❛♥❞♦ ♦ ✐♥✈❡rs♦r ♦♣❡r❛ ❡♠ q✉❛tr♦ ♥í✈❡✐s✳
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✭❝✮ TjC

❋✐❣✉r❛ ✸✳✸✵✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ♣❛r❛ ❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❥✉♥çã♦ ❞❛s ❝❤❛✈❡s ❡
❞✐♦❞♦s

P❡r❞❛s ❞❡ ❈♦♥❞✉çã♦ ❡ ❞❡ ❈❤❛✈❡❛♠❡♥t♦ ♥❛s ❈❤❛✈❡s

P❛r❛ ❝♦♠♣❛r❛r ❛s ♣❡r❞❛s ♥❛s ❝❤❛✈❡s✱ ❡♥tr❡ ❛s ❝♦♥❞✐çõ❡s ❞❡ ♦♣❡r❛çã♦✱ ❢♦r❛♠ ❛❥✉st❛❞❛s ❛❧❣✉✲

♠❛s ✈❛r✐á✈❡✐s✱ ❡❧❛s sã♦✿

• ❖ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✿ ❈♦♠ ✐♥t✉✐t♦ ❞❡ ♣r♦❞✉③✐r ❛ ♠❡s♠❛ t❡♥sã♦ r♠s t❛♥t♦ ♥❛ ♦♣❡r❛çã♦

❡♠ ✸ ♥í✈❡✐s q✉❛♥t♦ ❡♠ ✹ ♥í✈❡✐s ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❢♦✐ ✜①❛❞♦ ❡♠ ✵✱✾ ♣❛r❛ ❛♠❜♦s ♦s

❝❛s♦s❀

• ❆ ❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✿ ❈♦♠ ✐♥t✉✐t♦ ❞❡ ♣r♦❞✉③✐r ♦s s✐♥❛✐s ❝♦♠ ♠❡s♠❛ ❲❚❍❉

❞❡ t❡♥sã♦✱ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❢♦✐ ❛❥✉st❛❞❛ ♣❛r❛ ✶✵ ❦❍③ ❡ ✽ ❦❍③ ♣❛r❛ ✸ ❡ ✹

♥í✈❡✐s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❆ ❋✐❣✉r❛ ✸✳✸✶ ✐❧✉str❛ ❛s ♣❡r❞❛s ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ ❞❡ ❝♦♥❞✉çã♦ ❡ t♦t❛✐s ♥❛s ❝❤❛✈❡s✳ ❖

✐♥✈❡rs♦r ♦♣❡r❛♥❞♦ ❡♠ ✹ ♥í✈❡✐s ♣♦ss✉✐ ♣❡r❞❛s ♠❡♥♦r❡s✳ ❆ r❡❞✉çã♦ s❡ ❞á ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♣❡❧♦

❢❛t♦ ❞❡ s❡ ❡st❛r ♦♣❡r❛♥❞♦ ❡♠ ✉♠❛ ❢r❡q✉ê♥❝✐❛ ♠❡♥♦r✳ ❆ ♦♣❡r❛çã♦ ❡♠ ✹ ♥í✈❡✐s ❛♣r❡s❡♥t❛ ✉♠❛
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❋✐❣✉r❛ ✸✳✸✶✿ P❡r❞❛s ❞❡ ❝♦♥❞✉çã♦✱ ❝❤❛✈❡❛♠❡♥t♦ ❡ t♦t❛✐s ♥❛s ❝❤❛✈❡s

r❡❞✉çã♦ ❞❡ ✹✱✾✾❲ ❡ ❛✉♠❡♥t♦ ❞❡ ✷✱✶✻❲ ❡♠ r❡❧❛çã♦ ❛s ♣❡r❞❛s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❡ ❝♦♥❞✉çã♦✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✱ t♦t❛❧✐③❛♥❞♦ ♥✉♠❛ ❞✐❢❡r❡♥ç❛ ❞❡ ✷✱✽✸❲ q✉❡ r❡♣r❡s❡♥t❛ ✉♠❛ r❡❞✉çã♦ ❞❡ ✼✱✽✪✳

✸✳✹ ❆♣❧✐❝❛çã♦ ❞♦ P❛✐♥❡❧ ❋♦t♦✈♦❧t❛✐❝♦ ❛♦ ■♥✈❡rs♦r ❋♦♥t❡

❋❧✉t✉❛♥t❡

❖ s✐st❡♠❛ ♣r♦♣♦st♦ ❡stá r❡♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✸✷✳ ❯♠ ♣❛✐♥❡❧ ❢♦t♦✈♦❧t❛✐❝♦ ❛❧✐♠❡♥t❛ ♦

✐♥✈❡rs♦r ♠✉❧t✐♥í✈❡❧ ♣♦r ♠❡✐♦ ❞❡ ✉♠ ❜♦♦st ❝♦♥❡❝t❛❞♦ ❡♠ sér✐❡ ❝♦♠ ♦ ✢②❇❛❝❦✳ ❖ ✐♥✈❡rs♦r é

❜❛s❡❛❞♦ ♥❛ ❡str✉t✉r❛ ❞♦ ✐♥✈❡rs♦r ❛ ❝❛♣❛❝✐t♦r ✢✉t✉❛♥t❡✱ ♥♦ ❡♥t❛♥t♦✱ ❛ t❡♥sã♦ ❞♦ ❝❛♣❛❝✐t♦r

✢✉t✉❡♥t❡ é ❞❡✜♥✐❞❛ ♣❡❧❛ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r ✢②❜❛❝❦✳ ❈♦♠♦ ❛ t❡♥sã♦ ❞♦ ❝❛♣❛❝✐t♦r ♥ã♦ s❡rá

♠❛✐s ✢✉t✉❛♥t❡ ♦ ✐♥✈❡rs♦r s❡rá ❝❤❛♠❛❞♦ ❞❡ ❢♦♥t❡ ✢✉t✉❛♥t❡✱ ✉♠❛ ✈❡③ q✉❡ ♦ ❝❛♣❛❝✐t♦r ♣♦❞❡ s❡r

r❡♣r❡s❡♥t❛❞♦ ♣♦r ✉♠❛ ❢♦♥t❡ ❞❡ t❡♥sã♦✳

+

_

+

_

+

_

1_
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_
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_
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LO 

+

_

D1
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CpvVpv

Sa
Sb

+

_
Vca

ipv

il
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1:1

❋✐❣✉r❛ ✸✳✸✷✿ ❙✐st❡♠❛ ♣r♦♣♦st♦ ♣❛r❛ ❛♣❧✐❝❛çã♦ ❝♦♠ ♦ ✐♥✈❡rs♦r ❋❋

❖ s✐st❡♠❛ ❢♦✐ s✐♠✉❧❛❞♦ ❝♦♠ ❜❛s❡ ♥♦s ❞❛❞♦s ❛♣r❡s❡♥t❛❞♦s ♥❛ t❛❜❡❧❛ ✸✳✶✺✳
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❚❛❜❡❧❛ ✸✳✶✺✿ ❉❛❞♦s ❞❡ s✐♠✉❧❛çã♦✳

❱❛r✐á✈❡❧ ❱❛❧♦r ❱❛r✐á✈❡❧ ❱❛❧♦r

❉❛❞♦s ❞♦ P❛✐♥❡❧ ❋♦t♦✈♦❧t❛✐❝♦

◗✉❛♥t✳ ❞❡ ❈é❧✉❧❛s ✸✻ ❝é❧✉❧❛s ❡♠ sér✐❡ ■rr❛❞✐❛çã♦ 900W/m2

Cpv 50uF

❉❛❞♦s ❞♦ ❈♦♥✈❡rs♦r ❇♦♦st

Ll 3mH Ca 2200uH

❢r❡q✳ ❝❤❛✈❡❛♠❡♥t♦ 1kHz

❉❛❞♦s ❞♦ ❈♦♥✈❡rs♦r ✢②❇❛❝❦

N1/N2 1 C1 ❡ C2 2200uH

❢r❡q✳ ❝❤❛✈❡❛♠❡♥t♦ 1kHz

❉❛❞♦s ❞♦ ■♥✈❡rs♦r ❋❋

■♥❞✉t♦r ❞❛ ▲✐♥❤❛ Lo 7mH ❚❡♥sã♦ ❞♦ ❣r✐❞ 50V

VDC 120V VCa ♣❛r❛ ✸ ♥í✈❡✐s 60V

VCa ♣❛r❛ ✹ ♥í✈❡✐s 40V ❢r❡q✳ ❞♦ PWM 10kHz

❖♣❡r❛çã♦

❖ ❝♦♥✈❡rs♦r Boost é ✉t✐❧✐③❛❞♦ ♣❛r❛ r❛str❡❛r ♦ ♣♦♥t♦ ♠á①✐♠♦ ❞❡ ♣♦tê♥❝✐❛ q✉❡ ♦ ♣❛✐♥❡❧ ♣♦❞❡

♦♣❡r❛r✳ ❆ t❡♥sã♦ ❞❡ s❛í❞❛ ❞♦ ❇♦♦st ✭VCa✮ ❛❧✐♠❡♥t❛ ♦ ❝♦♥✈❡rs♦r ✢②❇❛❝❦ q✉❡ é ❛ t❡♥sã♦

❞♦ ❝❛♣❛❝✐t♦r ✢✉t✉❛♥t❡✳ ❆ t❡♥sã♦ ❞❡ s❛í❞❛ ❞♦ ✢②❇❛❝❦ ❡st❛❜❡❧❡❝❡ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦

✭VDC = VC1 + VC2✮✳ ❖ ✢②❇❛❝❦ é ✉t✐❧✐③❛❞♦ ❥✉st❛♠❡♥t❡ ♣❛r❛ ✐s♦❧❛r ♦ ❝❛♣❛❝✐t♦r ✢✉t✉❛♥t❡ ❞♦

❜❛rr❛♠❡♥t♦ CC✳

❈♦♥tr♦❧❡

❖ ❝♦♥tr♦❧❡ ❞♦ ▼PP❚ é r❡❛❧✐③❛❞♦ ♣❡❧❛ r❡❣✉❧❛çã♦ ❞❛ t❡♥sã♦ Vpv ♣♦r ♠❡✐♦ ❞♦ ❝♦♥✈❡rs♦r ❇♦♦st✳

❏á ❛ t❡♥sã♦ ❞❡ s❛í❞❛ ❞♦ ❇♦♦st ✭VCa✮ é ❛ t❡♥sã♦ ❞♦ ❝❛♣❛❝✐t♦r ✢✉t✉❛♥t❡✱ q✉❡ ❞❡✈❡ s❡r r❡❣✉❧❛❞❛

❡♠ VDC

2
♣❛r❛ ❛ ♦♣❡r❛çã♦ ❡♠ ✸ ♥í✈❡✐s ❡ ❡♠ VDC

3
♣❛r❛ ♦♣❡r❛çã♦ ❡♠ ✹ ♥í✈❡✐s✳ ❆ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛

❞♦ ✢②❜❛❝❦ é ❞❡✜♥❛ ♣❡❧❛ s❡❣✉✐♥t❡ ❡q✉❛çã♦✿ VDC

VCa

= N2

N1

. d
1−d

♦♥❞❡ N2 = N1✳ ❖ ❞✐❛❣r❛♠❛ ❞❡

❜❧♦❝♦s ❞♦ ❝♦♥tr♦❧❡ ❞❛ t❡♥sã♦ ❞♦ ✢②❜❛❝❦ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✸✸✳ ❆ t❡♥sã♦ VCa é

❝♦♠♣❛r❛❞❛ ❝♦♠ ❛ t❡♥sã♦ ❞❡ r❡❢❡r❡♥❝✐❛ ❡ ♦ ❡rr♦ ❞❡ t❡♥sã♦ é ♣r♦❝❡ss❛❞♦ ♣♦r ✉♠ ❝♦♥tr♦❧❛❞♦r

❞♦ t✐♣♦ PI✱ ♦ ❝♦♥tr♦❧❛❞♦r r❡s♣♦♥❞❡ ❝♦♠ ♦ ✈❛❧♦r ❞❛ r❡❧❛çã♦ ❝í❝❧✐❝❛ q✉❡ s❡rá ✉t✐❧✐③❛❞❛ ♣❛r❛

❛❝✐♦♥❛r ❛ ❝❤❛✈❡ ❞♦ ✢②❜❛❝❦✳
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PI

+

_

+

_ Sa
Vca

Vca

*

❋✐❣✉r❛ ✸✳✸✸✿ ❊sq✉❡♠❛ ❞❡ ❝♦♥tr♦❧❡ ❞♦ ❝❛♣❛❝✐t♦r ✢✉t✉❛♥t❡

❆ ❋✐❣✉r❛ ✸✳✸✹ ❛♣r❡s❡♥t❛ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❝♦♥tr♦❧❡ ♣❛r❛ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦✳ ❆ t❡♥sã♦

VDC é ❝♦♠♣❛r❛❞❛ ❝♦♠ ♦ s✐♥❛❧ ❞❡ r❡❢❡rê♥❝✐❛ V ∗

DC ✱ ♦ ❡rr♦ ❞❡ t❡♥sã♦ é ♣r♦❝❡ss❛❞♦ ♣❡❧♦ ❝♦♥✲

tr♦❧❛❞♦r Rd✱ q✉❡ ❣❡r❛ ❛ ❛♠♣❧✐t✉❞❡ ❞❛ ❝♦rr❡♥t❡ q✉❡ s❡rá ✐♥❥❡t❛❞❛ ♥♦ ❣r✐❞ I∗L0✳ ❆ ❝♦rr❡♥t❡ é

s✐♥❝r♦♥✐③❛❞❛ ❝♦♠ ❛ t❡♥sã♦ ❞❛ r❡❞❡ ✭♣♦r ♠❡✐♦ ❞♦ ❜❧♦❝♦ PLL✮ ♣❛r❛ s❡ ✐♠♣♦r ♦ ❢❛t♦r ❞❡ ♣♦✲

tê♥❝✐❛ ✉♥✐tár✐♦✳ ❆ ❝♦rr❡♥t❡ ❞❡ r❡❢❡rê♥❝✐❛ é ❝♦♠♣❛r❛❞❛ ❝♦♠ ❛ ❝♦rr❡♥t❡ ❛t✉❛❧ ❡ ♣r♦❝❡ss❛❞❛ ♣♦r

✉♠ ❝♦♥tr♦❧❛❞♦r ❞❡ ❞✉♣❧❛ s❡q✉ê♥❝✐❛✳ ◆❛ s❛í❞❛ ❞♦ ❝♦♥tr♦❧❛❞♦r t❡♠✲s❡ ❛ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛

q✉❡ s❡rá ✉t✐❧✐③❛❞❛ ♥❛ ♠♦❞✉❧❛çã♦ PWM ✳

PImod

+

_
S1il* PWM

+

_
VDC

VDC

*

il

vgrid*

cos(x)

S2

Il*
Rd

PLL
vgrid

❋✐❣✉r❛ ✸✳✸✹✿ ❊sq✉❡♠❛ ❞❡ ❝♦♥tr♦❧❡ ❞♦ ❜❛rr❛♠❡♥t♦ CC

❘❡s✉❧t❛❞♦s

❆s ❛♥á❧✐s❡s ❞♦ ❞❡s❡♠♣❡♥❤♦ ❞❛ ❡str✉t✉r❛ ❢♦r❛♠ r❡❛❧✐③❛❞❛s ♣♦r ♠❡✐♦ ❞❡ s✐♠✉❧❛çã♦✳ ❖ ❜❛rr❛✲

♠❡♥t♦ CC é ❛❥✉st❛❞♦ ♣❛r❛ ✉♠❛ t❡♥sã♦ ❞❡ 120V ✳ P❛r❛ ❛ ❡str✉t✉r❛ ❢✉♥❝✐♦♥❛♥❞♦ ❛ três ♥í✈❡s ❛

t❡♥sã♦ VC1 é ❛❥✉st❛❞❛ ♣❛r❛ 60V ✱ ❡♥q✉❛♥t♦ q✉❡ ♣❛r❛ ♦ ❝❛s♦ ❞❡ ♦♣❡r❛r ❡♠ ✹ ♥í✈❡✐s é ❛❥✉st❛❞♦

♣❛r❛ 40V q✉❡ é ✉♠ t❡rç♦ ❞❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ t♦t❛❧✳ ❖ ♠♦❞✉❧♦ P❱ ♣♦ss✉✐ ✸✻ ❝❡❧✉❧❛s ❡

✉♠❛ r❛❞✐❛çã♦ ✈❛r✐❛♥❞♦ ❞❡ ✾✵✵ ❛ ✶✶✵✵ ❲✴♠✷ ✭✈❡r ❋✐❣✉r❛ ✸✳✸✺✭❛✮✮ ❝♦♠ t❡♠♣❡r❛t✉r❛ ❞❡ ✷✺♦ ❈✳

❊ss❛ ✐rr❛❞✐❛çã♦ ♣r♦❞✉③ ✉♠❛ ♣♦tê♥❝✐❛ ♠é❞✐❛ ❞❡ ✻✼ ❲✳ ❖ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛ é ✉♥✐tár✐♦ ❝♦♠♦

♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✸✺✭❜✮✱ ❛ t❡♥sã♦ ❞♦ ❣r✐❞ ❢♦✐ ❞❡ 50V ✳

❆ ❋✐❣✉r❛ ✸✳✸✺✭❝✮ ❛♣r❡s❡♥t❛ ❛ t❡♥sã♦ ❞❡ ♣♦❧♦ ❡ ❛s t❡♥sõ❡s VC1 ❡ VDC ♥❛ ♦♣❡r❛çã♦ ❛ três

♥í✈❡✐s✱ ❥á ❛ ❋✐❣✉r❛ ✸✳✸✺✭❞✮ ❛♣r❡s❡♥t❛ ❛ t❡♥sã♦ ❞❡ ♣♦❧♦ ❡ ❛s t❡♥sõ❡s VC1 ❡ VDC ♥❛ ♦♣❡r❛çã♦ ❛

q✉❛tr♦ ♥í✈❡✐s✳

❖ ❚❍❉ ❞❡ ❝♦rr❡♥t❡ ❡♠ três ♥í✈❡✐s ❢♦✐ ❞❡ ✸✱✷✹✪✱ ❥á ♣❛r❛ ♦ ❝❛s♦ ❞❛ ❛♣❧✐❝❛çã♦ ❡♠ q✉❛tr♦

♥í✈❡✐s ❢♦✐ ❞❡ ✷✳✽✽✪✳ ❍♦✉✈❡ ✉♠❛ r❡❞✉çã♦ ♥♦ ❚❍❉ q✉❛♥❞♦ s❡ ♦♣❡r❛ ❡♠ q✉❛tr♦ ♥í✈❡✐s✱ ♦ q✉❡

❡r❛ ❞❡ s❡ ❡s♣❡r❛r ❥á q✉❡ ❤♦✉✈❡ ✉♠ ❛✉♠❡♥t♦ ❞❡ ♥í✈❡✐s✳
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✭❞✮ ❚❡♥sã♦ ❞❡ ♣♦❧♦ ❡ ❞♦s ❈❛♣❛❝✐t♦r❡s ❡♠ ✹ ◆í✈❡✐s

❋✐❣✉r❛ ✸✳✸✺✿ ❘❡s✉❧t❛❞♦s ❞❡ ❙✐♠✉❧❛çã♦

✭❛✮ ❚❡♥sã♦ ❞❡ ♣♦❧♦ ✸ ◆í✈❡✐s ✭❜✮ Vdc ❡ VC1 ✸ ◆í✈❡✐s

❋✐❣✉r❛ ✸✳✸✻✿ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s

✸✳✺ ❈♦♥❝❧✉sõ❡s

◆❡ss❡ ❝❛♣ít✉❧♦ ❢♦r❛♠ ❛♣r❡s❡♥t❛❞❛s ❞✉❛s t♦♣♦❧♦❣✐❛s ❞❡ ✐♥✈❡rs♦r❡s ❞❡ três ♥í✈❡✐s ❡ ✉♠ s✐st❡♠❛

❝♦♠ ❛❧✐♠❡♥t❛çã♦ ❞♦ ♣❛✐♥❡❧ ❢♦t♦✈♦❧t❛✐❝♦✱ ❜❛s❡❛❞❛s ♥❛s t♦♣♦❧♦❣✐❛s ❝♦♥✈❡♥❝✐♦♥❛✐sNPC✱ ANPC

❡ FC✱ ♣❛r❛ ❛♣❧✐❝❛çã♦ ❝♦♠ ❢♦♥t❡ ❞❡ t❡♥sã♦ r❡❞✉③✐❞❛✳

❆ ♠♦❞✐✜❝❛çã♦ ❞❛s t♦♣♦❧♦❣✐❛s✱ ❞✐t❛s ❝♦♥✈❡♥❝✐♦♥❛✐s✱ ♣❛r❛ ♦♣❡r❛r ❝♦♠ ❢♦♥t❡ ❞❡ t❡♥sã♦ r❡✲

❞✉③✐❞❛ ♣r♦♣♦r❝✐♦♥♦✉ ♥♦✈❛s ♦♣❡r❛çã♦ ♣❛r❛ ❛ ❛♣❧✐❝❛çã♦ ❞♦s ♣❛✐♥❡❧ ❢♦t♦✈♦❧t❛✐❝♦s s❡♠ r❡s✉❧t❛r
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❡♠ ♣❡r❞❛s ❞❡ ❞❡s❡♠♣❡♥❤♦✳ ◆❛ ♣r✐♠❡✐r❛ t♦♣♦❧♦❣✐❛ ❡st✉❞❛❞❛✱ ♦ ✐♥✈❡rs♦r ❤í❜r✐❞♦ ✭■❍✮✱ ❞❡♥♦✲

♠✐♥❛❞♦ ♥❡st❡ tr❛❜❛❧❤♦ ❝♦♠♦ s❡♥❞♦ ❍②❜✵✶ ❡ s✉❛s ❞✉❛s ✈❛r✐❛çõ❡s✱ s❡♥❞♦ ❛ t♦♣♦❧♦❣✐❛ ❍②❜✵✷

♦♥❞❡ ❛ ❢♦♥t❡ é ❝♦♥❡❝t❛❞❛ ♥♦ ❧✉❣❛r ❞♦ ❝❛♣❛❝✐t♦r ✢✉t✉❛♥t❡ ❡ ❛ t♦♣♦❧♦❣✐❛ ❍②❜✵✸ ♦♥❞❡ ❛ ❢♦♥t❡

é ❝♦♥❡❝t❛❞❛ ♥♦ ❝❛♣❛❝✐t♦r ✐♥❢❡r✐♦r ❞♦ ❜❛rr❛♠❡♥t♦ CC✳ ❆❧é♠ ❞❡ ❛❧t❡r❛r ❛ ♦♣❡r❛çã♦ ❞❛s t♦♣♦✲

❧♦❣✐❛ ❢♦✐ ♥❡❝❡ssár✐♦ ✉♠❛ ♥♦✈❛ té❝♥✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦ P❲▼ ♣❛r❛ ♠✐t✐❣❛r ♦ ♣✐❝♦ ❞❡ ❝♦rr❡♥t❡✳

❆ s❡❣✉♥❞❛ t♦♣♦❧♦❣✐❛ ❡st✉❞❛❞❛ ❢♦✐ ♦ ✐♥✈❡rs♦r ❢♦♥t❡ ✢✉t✉❛♥t❡ ✭❋❋✮✳ ❋♦✐ ♣r♦♣♦st♦ ✉t✐❧✐③❛r ✉♠

❝♦♥✈❡rs♦r CC/CC ❞♦ t✐♣♦ ✢②❜❛❝❦ ♣❛r❛ ❛❧✐♠❡♥t❛r ♦ ✐♥✈❡rs♦r ❋❋✳ ▼♦❞✐✜❝❛♥❞♦ ❛ r❡❧❛çã♦ ❞❛

t❡♥sã♦ ❞♦ ❝❛♣❛❝✐t♦r ✢✉t✉❛♥t❡ ❝♦♠ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❢♦✐ ♣♦ssí✈❡❧ ♦♣❡r❛r ♦ ✐♥✈❡rs♦r ❞❡

três ♥í✈❡s ♥❛ ❝♦♥❞✐çã♦ ❞❡ q✉❛tr♦ ♥í✈❡✐s✳

P❛r❛ ❝❛❞❛ ✉♠❛ ❞❛s t♦♣♦❧♦❣✐❛s ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ♦ ♠♦❞❡❧♦ ❞♦ s✐st❡♠❛✱ ❡str❛té❣✐❛ P❲▼ ❡

❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡✳ ❖ ❞❡s❡♠♣❡♥❤♦ ❞❡ ❝❛❞❛ t♦♣♦❧♦❣✐❛ ❢♦✐ ❛✈❛❧✐❛❞❛ ❝♦♠ ❜❛s❡ ♥♦s s❡❣✉✐♥t❡s

♣❛râ♠❡tr♦s✿

• ❚❍❉ ❞❡ ❝♦rr❡♥t❡ ❡ ❲❚❍❉ ❞❡ t❡♥sã♦❀

• ❖♥❞✉❧❛çã♦ ❞❛ t❡♥sã♦ ❡ ♣❡r❞❛s ❞❡ ❛❧t❛ ❢r❡q✉ê♥❝✐❛ ♥♦ ❜❛rr❛♠❡♥t♦ ❈❈❀

• ❊str❡ss❡ tér♠✐❝♦ ❡ ♣❡r❞❛s ❞❡ ❝♦♥❞✉çã♦ ❡ ❝❤❛✈❡❛♠❡♥t♦ ♥❛s ❝❤❛✈❡s✳
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✹✳✶ ■♥tr♦❞✉çã♦

◆❡st❡ ❝❛♣ít✉❧♦✱ sã♦ ❛♣r❡s❡♥t❛❞♦s ❡str✉t✉r❛s ❞❡ ✐♥✈❡rs♦r❡s q✉❡ ♣♦ss✉❡♠ ❜r❛ç♦s ❡ ❜❛rr❛♠❡♥t♦

❞❡ q✉❛tr♦ ♥í✈❡✐s✳ P❛r❛ ❝❛❞❛ ✉♠ ❞❡❧❡s sã♦ ❛♣r❡s❡♥t❛❞♦s ♦ ♠♦❞❡❧♦ ❞♦ s✐st❡♠❛❀ ❡str❛té❣✐❛

P❲▼ ❡ ❞✐❛❣r❛♠❛ ❞❡ ❝♦♥tr♦❧❡✳ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞❡♠♦♥str❛♠ ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦s

❝♦♥✈❡rs♦r❡s ❡♠ r❡❣✐♠❡ ♣❡r♠❛♥❡♥t❡✳

■♥✐❝✐❛❧♠❡♥t❡ s❡rá ❛♥❛❧✐s❛❞❛ ❛ t♦♣♦❧♦❣✐❛ DPC q✉❡ ♣♦ss✉✐ ✉♠❛ r❡❞✉çã♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s

q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛s ❝♦♠ ❛ t♦♣♦❧♦❣✐❛ ❝♦♥✈❡♥❝✐♦♥❛❧ NPC✳ ❊♠ s❡❣✉✐❞❛ s❡rá ❛♣r❡s❡♥t❛❞♦ ❛

t♦♣♦❧♦❣✐❛ ♣r♦♣♦st❛ 2L4L✳

✹✳✶✳✶ ❖♣❡r❛çã♦ ❞❛s ❚♦♣♦❧♦❣✐❛s ❞❡ ✹ ◆í✈❡✐s

❖ ❜❛rr❛♠❡♥t♦ CC ❞♦ ✐♥✈❡rs♦r ❞❡ ✹ ♥í✈❡✐s NPC é ❝♦♥st✐t✉í❞♦ ♣♦r três ❝❛♣❛❝✐t♦r❡s✱ ♦♥❞❡ ❛

❢❛s❡ ♣♦❞❡ s❡r ❝♦♥❡❝t❛❞❛ ♥♦s ✹ ♣♦♥t♦s ❞✐s♣♦♥í✈❡✐s ❞♦ ❜❛rr❛♠❡♥t♦ CC ✭3✱ 2✱ 1 ❡ 0✮ ✭✈❡r ❋✐❣✉r❛

✹✳✶✭❛✮✮✳ ❈❛❞❛ ❜r❛ç♦ ❞♦ ✐♥✈❡rs♦r NPC ♣♦ss✉✐ s❡✐s ❝❤❛✈❡s ✭S1✱ S2✱ S3✱ S4✱ S5 ❡ S6✮ ❝♦♠ ❞✐♦❞♦s

❡♠ ❛♥t✐♣❛r❛❧❡❧♦✱ ❡ q✉❛tr♦ ❞✐♦❞♦s ❞❡ ❣r❛♠♣❡❛♠❡♥t♦ ✭D1✱ D2✱ D3 ❡ D4✮ ❝♦♥❡❝t❛❞♦s ♥♦s ♣♦♥t♦s

✐♥t❡r♠❡❞✐ár✐♦s ✭2 ❡ 1✮ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✳

◆❛ ❚❛❜❡❧❛ ✹✳✶ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s ♣♦ssí✈❡✐s ❡st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦ ❡ ❛ ❋✐❣✉r❛ ✹✳✶✭❛✮ ❛

s✉❛ r❡s♣❡❝t✐✈❛ r❡♣r❡s❡♥t❛çã♦ ❣rá✜❝❛✳ ❖ ❡st❛❞♦ ❞❡ ❝♦♥❞✉çã♦ 3 é ♦❜t✐❞♦ ❛❝✐♦♥❛♥❞♦✲s❡ ♦s três

✐♥t❡rr✉♣t♦r❡s s✉♣❡r✐♦r❡s✱ ♦ q✉❡ r❡s✉❧t❛ ❡♠ ✉♠❛ t❡♥sã♦ ❞❡ ♣♦❧♦ ✐❣✉❛❧ ❛ VDC✴✷✳ P❛r❛ ♦ ❡st❛❞♦

✻✾
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❞❡ ❝♦♥❞✉çã♦ 2✱ sã♦ ❛❝✐♦♥❛❞❛s ❛s ❝❤❛✈❡s S2✱ S3 ❡ S4✱ ♦❜t❡♥❞♦✲s❡ ✉♠❛ t❡♥sã♦ ❞❡ ♣♦❧♦ VDC✴✻✱

♥♦ ❝❛s♦ ❞❡ ❝♦♥❡①ã♦ ♥♦ ♣♦♥t♦ 1 ❛❝✐♦♥❛♠✲s❡ ❛s ❝❤❛✈❡s S3✱ S4 ❡ S5 ♣❛r❛ s❡ ♦❜t❡r ✉♠❛ t❡♥sã♦

❞❡ ♣♦❧♦ ❞❡ ✲VDC✴✻ ❡ ♣❛r❛ ❛ ❝♦♥❡①ã♦ ❝♦♠ ♦ ♣♦♥t♦ 0 sã♦ ❛❝✐♦♥❛❞❛s ❛s três ❝❤❛✈❡s ✐♥❢❡r✐♦r❡s

♥♦ q✉❡ r❡s✉❧t❛ ❡♠ ✉♠❛ t❡♥sã♦ ❞❡ ♣♦❧♦ ❞❡ ✲VDC✴✷✳

❚❛❜❡❧❛ ✹✳✶✿ P♦ssí✈❡✐s ❡st❛❞♦s ❞❡ ❝♦♥❞✉çã♦ ❡ ✈❛❧♦r❡s ❞❛ t❡♥sã♦ ❞❡ ♣ó❧♦

❊st❛❞♦ S1 S2 S3 S4 S5 S6 ❚❡♥sã♦ ❞❡ ❙❛í❞❛ ✭Vo✮
3 ✶ ✶ ✶ ✵ ✵ ✵ Vdc/2
2 ✵ ✶ ✶ ✶ ✵ ✵ Vdc/6
1 ✵ ✵ ✶ ✶ ✶ ✵ ✲Vdc/6
0 ✵ ✵ ✵ ✶ ✶ ✶ ✲Vdc/2

✭❛✮ ❚♦♣♦❧♦❣✐❛ ◆P❈

✭❜✮ ❚♦♣♦❧♦❣✐❛ ◆❡st❡❞

✭❝✮ ❚♦♣♦❧♦❣✐❛ ❉P❈ ✲ Pr♦♣♦st❛

❋✐❣✉r❛ ✹✳✶✿ ❊st❛❞♦ ❞❡ ❝♦♥❞✉çã♦ ❞❛s t♦♣♦❧♦❣✐❛s DPC✱ Nested✱ ❡ PROP

P❛r❛ ❛ t♦♣♦❧♦❣✐❛ Nested✱ ❝❛❞❛ ❜r❛ç♦ ♣♦ss✉✐ ❞✉❛s ❝❤❛✈❡s ♣r✐♥❝✐♣❛✐s ✭S1 ❡ S2✮ ♣❛r❛ ❛

❝♦♥❡①ã♦ ♥❛s ❡①tr❡♠✐❞❛❞❡s ❞♦ ❜❛rr❛♠❡♥t♦✱ ❡ ♦ ❣r❛♠♣❡❛♠❡♥t♦ ❞♦s ♣♦♥t♦s ✐♥t❡r♠❡❞✐ár✐♦s é



❆♥á❧✐s❡ ❞♦s ■♥✈❡rs♦r❡s ❞❡ ◗✉❛tr♦ ◆í✈❡✐s ✼✶

r❡❛❧✐③❛❞♦ ♣♦r ❞✉❛s ❝❤❛✈❡s ❜✐❞✐r❡❝✐♦♥❛✐s ✭S3✱ ❡ S4✮✳ ❆ ❚❛❜❡❧❛ ✹✳✷ ✐♥❞✐❝❛ ♦s ♣♦ssí✈❡✐s ❡st❛❞♦s

❞❡ ❝♦♠✉t❛çã♦ ❡ ❛ ❋✐❣✉r❛ ✹✳✶✭❜✮ ❛ s✉❛ r❡s♣❡❝t✐✈❛ r❡♣r❡s❡♥t❛çã♦ ❣rá✜❝❛✳ ❖ ♠❡s♠♦ ♦❝♦rr❡

♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ DPC ♦♥❞❡ ♦s ❡st❛❞♦s ❞❡ ❝♦♥❞✉çã♦ ❡stã♦ ✐♥❞✐❝❛❞♦ ♥❛ ❚❛❜❡❧❛ ✹✳✸ ❡ ❛ s✉❛

r❡♣❡s❡♥t❛çã♦ ❣rá✜❝❛ ♥❛ ❋✐❣✉r❛ ✹✳✶✭❝✮

❚❛❜❡❧❛ ✹✳✷✿ P♦ssí✈❡✐s ❡st❛❞♦s ❞❡ ❝♦♥❞✉çã♦ ❡ ✈❛❧♦r❡s ❞❛ t❡♥sã♦ ❞❡ ♣ó❧♦ ♣❛r❛ t♦♣♦❧♦❣✐❛
Nested

❊st❛❞♦ S1 S2 S3 S4 ❚❡♥sã♦ ❞❡ ♣♦❧♦ ✭Vo✮
3 ✶ ✵ ✵ ✵ Vdc/2
2 ✵ ✶ ✵ ✵ Vdc/6
1 ✵ ✵ ✶ ✵ ✲Vdc/6
0 ✵ ✵ ✵ ✶ ✲Vdc/2

❚❛❜❡❧❛ ✹✳✸✿ P♦ssí✈❡✐s ❡st❛❞♦s ❞❡ ❝♦♥❞✉çã♦ ❡ ✈❛❧♦r❡s ❞❛ t❡♥sã♦ ❞❡ ♣ó❧♦ ♣❛r❛ t♦♣♦❧♦❣✐❛
DPC

❊st❛❞♦ S1 S2 Sx3 S4 S5 S6 ❚❡♥sã♦ ❞❡ ♣♦❧♦ ✭Vo✮
3 ✶ ✶ ✶ ✵ ✵ ✶ Vdc/2
2 ✵ ✶ ✵ ✵ ✶ ✵ Vdc/6
1 ✵ ✵ ✶ ✵ ✵ ✶ ✲Vdc/6
0 ✵ ✵ ✶ ✶ ✵ ✵ ✲Vdc/2

✹✳✷ ❊str❛té❣✐❛ ❞❡ ▼♦❞✉❧❛çã♦ ❱❡t♦r✐❛❧ ✲ ❙❱P❲▼

❆ ♠♦❞✉❧❛çã♦ ✈❡t♦r✐❛❧ s❡ ❞á ♣❡❧❛ ❛♣❧✐❝❛çã♦ ❞♦s ✈❡t♦r❡s ❝♦♥st✐t✉í❞♦s ♣❡❧❛ ❝♦♠❜✐♥❛çã♦ ❞♦s

❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞❡ ❝❛❞❛ ❜r❛ç♦ ❞♦ ✐♥✈❡rs♦r✳ ❖ ✐♥✈❡rs♦r ♠♦♥♦❢ás✐❝♦ ❡♠ ♠❡✐❛ ♣♦♥t❡

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

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

✈❡t♦r✐❛❧ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✷✳

V1 V2 V30 VREFV0

Setor II Setor IIISetor I

❋✐❣✉r❛ ✹✳✷✿ ❊s♣❛ç♦ ✈❡t♦r✐❛❧ ♣❛r❛ ♦ ✐♥✈❡rs♦r ❞❡ ✹ ♥í✈❡✐s ❡♠ ♠❡✐❛ ♣♦♥t❡

❆ss✐♠ ❝♦♠♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ s❡çã♦ ✹✳✶✳✶✱ ♣❛r❛ ❝❛❞❛ t♦♣♦❧♦❣✐❛✱ ♦s ✈❡t♦r❡s sã♦ ♦❜t✐❞♦s ❞❡

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



❆♥á❧✐s❡ ❞♦s ■♥✈❡rs♦r❡s ❞❡ ◗✉❛tr♦ ◆í✈❡✐s ✼✷

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

♥♦ ❡s♣❛ç♦ ✈❡t♦r✐❛❧ ❡ ❛♣❧✐❝❛r ♦s ❞♦✐s ✈❡t♦r❡s ♠❛✐s ♣ró①✐♠♦s✳

P❛r❛ ❢❛❝✐❧✐t❛r ♦ ❡♥t❡♥❞✐♠❡♥t♦ ♦ ❡s♣❛ç♦ ✈❡t♦r✐❛❧ é ❞✐✈✐❞♦ ❡♠ três s❡t♦r❡s✳ ❖ s❡t♦r ■ ❞❡✜♥✐❞♦

❡♥tr❡ ♦s ✈❡t♦r❡s V0 ❡ V1✱ ♦ s❡t♦r ■■ ❞❡✜♥✐❞♦ ❡♥tr❡ ♦s ✈❡t♦r❡s V1 ❡ V2 ❡ ♦ s❡t♦r ■■■ ❞❡✜♥✐❞♦

❡♥tr❡ ♦s ✈❡t♦r❡s V2 ❡ V3✳ ❆ ❞❡s❝r✐çã♦ ❞♦ ♣r✐♥❝í♣✐♦ s❡ ❞❛rá ♥♦ s❡t♦r ■■■ ❡ ♦ ❝á❧❝✉❧♦ ♣❛r❛ ♦s

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

✹✳✷✳✶ ❆♥á❧✐s❡ ❞♦ ❙❡t♦r ■■■ ✲ ❈á❧❝✉❧♦ ❞♦s ❚❡♠♣♦s ❞❡ ❆♣❧✐❝❛çã♦ ❞❡
❝❛❞❛ ❈❤❛✈❡

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

✈❡t♦r❡s ♠❛✐s ♣ró①✐♠♦s✳ ❖ t❡♠♣♦ ❞❡ ❛♣❧✐❝❛çã♦ ❞❡ ❝❛❞❛ ✈❡t♦r ❞❡✈❡ s❡r ❝❛❧❝✉❧❛❞♦ ❞❡ t❛❧ ❢♦r♠❛

q✉❡ ❛ t❡♥sã♦ ♠é❞✐❛ ♥♦ ♣❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❣❡r❛❞♦ ♣❡❧♦s ✈❡t♦r❡s s❡❥❛ ✐❣✉❛❧ ❛ t❡♥sã♦ ❞❡

r❡❢❡rê♥❝✐❛ ♠é❞✐❛ ♥♦ ♠❡s♠♦ ♣❡rí♦❞♦✱ ❞♦s ❞♦✐s ✈❡t♦r❡s ♠❛✐s ♣ró①✐♠♦✳ P❛r❛ ✐ss♦✱ ❛ ❡q✉❛çã♦ ✹✳✶

❞❡✈❡ s❡r s❛t✐s❢❡✐t❛✿

VREF · T
2
= (d2 · V2 + d3 · V3) ·

T

2
; ✭✹✳✶✮

d2 + d3 = 1. ✭✹✳✷✮

♦♥❞❡✱

VREF = ma · cos(θ)✱ ma s❡♥❞♦ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦❀

d2 é ❛ r❡❧❛çã♦ ❝í❝❧✐❝❛ ❞♦ ✈❡t♦r V2❀

d3 é ❛ r❡❧❛çã♦ ❝í❝❧✐❝❛ ❞♦ ✈❡t♦r V3❀

❘❡s♦❧✈❡♥❞♦ ♦ s✐st❡♠❛ ❢♦r♠❛❞♦ ♣❡❧❛s ❡q✉❛çõ❡s ✹✳✶ ❡ ✹✳✷✱ ❛s r❡❧❛çõ❡s ❝í❝❧✐❝❛s sã♦✿

d2 = 3− 3
Vdc

VREF

e
d3 = −2 + 3

Vdc

VREF

✭✹✳✸✮

❖ ♣❛❞rã♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ é ❞❡t❡r♠✐♥❛❞♦ ♣❡❧❛ ✉t✐❧✐③❛çã♦ ❞❡ss❡s ✈❡t♦r❡s✳ ❆ ❋✐❣✉r❛ ✹✳✸

❛♣r❡s❡♥t❛ ♦ ❝❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ♦ s❡t♦r III r❡❢❡r❡♥t❡ ❛ ❝❛❞❛ t♦♣♦❧♦❣✐❛ ❡st✉❞❛❞❛✳ ❇✉s❝❛♥❞♦

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



❆♥á❧✐s❡ ❞♦s ■♥✈❡rs♦r❡s ❞❡ ◗✉❛tr♦ ◆í✈❡✐s ✼✸

♣❡rí♦❞♦ ✭T
2
✮ ❡ r❡❜❛t✐❞♦ ♣❛r❛ ❛ ♦✉tr❛ ♠❡t❛❞❡✳ P♦rt❛♥t♦✱ ♦s t❡♠♣♦s ❞♦s ✈❡t♦r❡s sã♦ ❝❛❧❝✉❧❛❞♦s

❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿

τ2 = d2 · T
2

τ3 = d3 · T
2

✭✹✳✹✮

❙❡♥❞♦ ❛ss✐♠✱ s✉❜st✐t✉✐♥❞♦ ❛ ❡q✉❛çã♦ ✹✳✸ ❡♠ ✹✳✹✱ ❡ ❛♣❧✐❝❛♥❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✸✱ ♦s t❡♠♣♦s

❞❡ ❛♣❧✐❝❛çã♦ ❞❡ ❝❛❞❛ ❝❤❛✈❡ sã♦ ❞❛❞♦s ♣♦r✿

❋✐❣✉r❛ ✹✳✸✿ P❛❞rã♦ ❞❡ ❈❤❛✈❡❛♠❡♥t♦ ❞♦ s❡t♦r ■■■

τS1 = −T + 3T
2Vdc

VREF

τS2 = τS3 =
T
2

✭✹✳✺✮

♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ NPC✳ ❖♥❞❡ ❛s ❝❤❛✈❡s S4✱ S5 ❡ S6 sã♦ ❝♦♠♣❧❡♠❡♥t❛r❡s ❞❛s ❝❤❛✈❡s S1✱ S2 ❡

S3 r❡s♣❡❝t✐✈❛♠❡♥t❡✳

τS1 = −T + 3T
2Vdc

VREF

τS2 =
3T
2
− 3T

2Vdc

VREF

τS4 = τS6 = 0

✭✹✳✻✮

♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ Nested✱ ♦♥❞❡ ❛s ❝❤❛✈❡s S1 ❡ S3 ❝♦♠✉t❛♠ ❞❡ ❢♦r♠❛ ❝♦♠♣❧❡♠❡♥t❛r✱ ❛s ❝❤❛✈❡s

S2 ❡ S4 ✜❝❛♠ ❣r❛♠♣❡❛❞❛s ❡♠ ′0′✳

◆♦ ❝❛s♦ ❞❛ t♦♣♦❧♦❣✐❛ DPC✱ ❛ ❝❤❛✈❡ Sa3 é ❝♦♠♣❧❡♠❡♥t❛r ❞❛ ❝❤❛✈❡ Sa2 ❡✱ ♣♦r ✐ss♦✱ s❡rã♦

❛♣r❡s❡♥t❛❞♦s ❛♣❡♥❛s ♦s t❡♠♣♦s ♣❛r❛ ❛s ❝❤❛✈❡s Sa1✱ Sa2✱ Sa4✱ Sa5 ❡ Sa6 q✉❡ sã♦ ❞❛❞♦s ♣♦r✿



❆♥á❧✐s❡ ❞♦s ■♥✈❡rs♦r❡s ❞❡ ◗✉❛tr♦ ◆í✈❡✐s ✼✹

τS1 = −T + 3T
2Vdc

VREF

τS2 =
T
2

τS4 = τSa6 = 0

τS5 =
3T
2
− 3T

2Vdc

VREF

✭✹✳✼✮

❖ ❝á❧❝✉❧♦ ♣❛r❛ ♦s s❡t♦r❡s ■ ❡ ■■ sã♦ ❢❡✐t♦s s❡❣✉✐♥❞♦ ♦ ♠❡s♠♦ ♣r♦❝❡❞✐♠❡♥t♦ ❢❡✐t♦ ♣❛r❛ ♦

s❡t♦r ■■■✳

✹✳✸ ❆♥á❧✐s❡ ❈♦♠♣❛r❛t✐✈❛ ❞❛s ❚♦♣♦❧♦❣✐❛s NPC✱ Nested ❡

DPC

❆ t♦♣♦❧♦❣✐❛ ❝♦♥✈❡♥❝✐♦♥❛❧ ✭NPC✮ ♣♦ss✉✐ ✉♠ t♦t❛❧ ❞❡ ✶✷ ❞✐s♣♦s✐t✐✈♦s s❡♠✐❝♦♥❞✉t♦r❡s ❡♥tr❡

❝❤❛✈❡s ❡ ❞✐♦❞♦s✳ ❖ ❡s❢♦rç♦ ♥♦s ❞✐s♣♦s✐t✐✈♦s é ✐❣✉❛❧✱ ♦✉ s❡❥❛✱ t♦❞♦s ♦s ❞✐s♣♦s✐t✐✈♦s ❡stã♦ s✉❥❡✐t♦s

❛ ✉♠❛ t❡♥sã♦ r❡✈❡rs❛ ❞❡ ✶✴✸ ❞❛ t❡♥sã♦ t♦t❛❧ ❞♦ ❜❛rr❛♠❡♥t♦ CC✳ ❆ t♦♣♦❧♦❣✐❛ Nested s✉r❣✐✉

♣❛r❛ ❞✐♠✐♥✉✐r ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❞✐s♣♦s✐t✐✈♦s✳ ◆♦ ❡♥t❛♥t♦✱ ❞✉❛s ❝❤❛✈❡s ❞❡ ❝❛❞❛ ❜r❛ç♦ ❞❡ss❛

t♦♣♦❧♦❣✐❛ ✜❝❛♠ s✉❥❡✐t❛s ❛ t❡♥sã♦ t♦t❛❧ ❞♦ ❜❛rr❛♠❡♥t♦ CC✳ ❊ss❛ ❝❛r❛❝t❡ríst✐❝❛ ✈❛✐ ❞❡ ❡♥❝♦♥tr♦

❝♦♠ ✉♠❛ ❞❛s ❢✉♥❞❛♠❡♥t❛çõ❡s ❞♦s ✐♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s q✉❡ é ✉t✐❧✐③❛r ❞✐s♣♦s✐t✐✈♦s ❞❡ ♠é❞✐❛

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

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

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

❝♦♠ q✉❡ ❛ t❡♥sã♦ s♦❜r❡ ❡ss❛s ❝❤❛✈❡s s❡❥❛ ❛ ♠❡t❛❞❡ ❞❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❡ ♥ã♦ ♠❛✐s ❛

t❡♥sã♦ t♦t❛❧ ❞♦ ❜❛rr❛♠❡♥t♦ CC✳

❈♦♠♦ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❝♦♠♣❛r❛çã♦✱ s❡rá ✉t✐❧✐③❛❞❛✱ ❛ ♠❡s♠❛ té❝♥✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦ P❲▼

♣❛r❛ ❛❝✐♦♥❛r ❛s três t♦♣♦❧♦❣✐❛s ♥♦ ✐♥t✉✐t♦ ❞❡ s❡ ♦❜t❡r ❛ ♠❡s♠❛ q✉❛❧✐❞❛❞❡ ♥♦ s✐♥❛❧ ❞❡ s❛í❞❛✳

❆ ❚❛❜❡❧❛ ✹✳✹ ❛♣r❡s❡♥t❛ ♦s ❞❛❞♦s ✉t✐❧✐③❛❞♦s ♥❛ s✐♠✉❧❛çã♦ ❞❛s t♦♣♦❧♦❣✐❛s ❞❡ ✹ ♥í✈❡✐s✳

✹✳✸✳✶ ❆♥á❧✐s❡ ❞❡ ❚❍❉ ❞❡ ❈♦rr❡♥t❡ ❡ ❲❚❍❉ ❞❡ ❚❡♥sã♦

❖ ❚❍❉ ❞❡ ❝♦rr❡♥t❡ ❡ ❲❚❍❉ ❞❡ t❡♥sã♦ s❡♠♣r❡ sã♦ ✉t✐❧✐③❛❞♦s ♣❛r❛ ♠❡❞✐r ❛ q✉❛❧✐❞❛❞❡ ❞♦ s✐♥❛❧

❞❡ s❛í❞❛ ❞♦ ✐♥✈❡rs♦r✳ ❆ ❞✐❢❡r❡♥ç❛ ❞❛s t♦♣♦❧♦❣✐❛s ❡stá ♥❛ ❢♦r♠❛ ❝♦♠♦ ♦ ❜r❛ç♦ é ❝♦♥❡❝t❛❞♦



❆♥á❧✐s❡ ❞♦s ■♥✈❡rs♦r❡s ❞❡ ◗✉❛tr♦ ◆í✈❡✐s ✼✺

❚❛❜❡❧❛ ✹✳✹✿ ❉❛❞♦s ●❡r❛✐s ❞❡ ❙✐♠✉❧❛çã♦ ❞♦ ■♥✈❡rs♦r✳

❉❛❞♦s ❞❡ ❙✐♠✉❧❛çã♦

❈❛r❣❛ ❘▲✿ R = 50Ω, L = 7mH

❚❡♥sã♦ ❚♦t❛❧ ❞♦ ❇❛rr❛♠❡♥t♦ (Vdc)✿ ✶✵✺✵ ❱

❋r❡q✉ê♥❝✐❛ ❞❡ ❈❤❛✈❡❛♠❡♥t♦ (fs)✿ ✶✵❦❍③

❋r❡q✉ê♥❝✐❛ ❞❛ ❘❡❞❡ (fm)✿ ✻✵ ❍③

❮♥❞✐❝❡ ❞❡ ▼♦❞✉❧❛çã♦ ✭ma✮✿ ✵✱✾

❈❛♣❛❝✐t♦r❡s ❞♦ ❇❛rr❛♠❡♥t♦ ✭VC1✱ VC2 ❡ VC3✮✿ ✷✷✵✵✉❋

❊str❛té❣✐❛ ❞❡ ▼♦❞✉❧❛çã♦✿ SV PWM ✲ Pr♦♣♦st❛

♥♦s ♣♦♥t♦s ✐♥t❡r♠❡❞✐ár✐♦s ❞♦ ❜❛rr❛♠❡♥t♦ CC✳ ❖✉ s❡❥❛✱ t♦❞❛s ❛s t♦♣♦❧♦❣✐❛s ♣r♦❞✉③❡♠ ♦s

♠❡s♠♦s ♥í✈❡✐s ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ t❡rã♦ ♦s ♠❡s♠♦s s✐♥❛✐s ❞❡ s❛í❞❛✱ ❝♦♠♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦

♥❛ ❋✐❣✉r❛ ✹✳✹ ❡ q✉❡ ❛♣r❡s❡♥t❛✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❛ t❡♥sã♦ ✭Vo✮ ❡ ❛ ❝♦rr❡♥t❡ ✭io✮ ❞❡ s❛í❞❛ ♣❛r❛

❝❛❞❛ t♦♣♦❧♦❣✐❛✳
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✭❛✮ ❚♦♣♦❧♦❣✐❛ ◆P❈
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✭❜✮ ❚♦♣♦❧♦❣✐❛ ◆❡st❡❞
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✭❝✮ ❚♦♣♦❧♦❣✐❛ ❉P❈

❋✐❣✉r❛ ✹✳✹✿ ❚❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ ✭Vo ❡ io

❆ ❚❛❜❡❧❛ ✹✳✺ ❛♣r❡s❡♥t❛ ♦s ♠❡s♠♦ ✈❛❧♦r❡s ❞❡ ❚❍❉ ❡ ❲❚❍❉ ♣❛r❛ ✉♠❛ ❢r❡q✉ê♥❝✐❛ ❞❡

♠♦❞✉❧❛çã♦ ❞❡ ✶✵❦❍③ ❡ ✉♠ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞❡ ✵✳✾✳



❆♥á❧✐s❡ ❞♦s ■♥✈❡rs♦r❡s ❞❡ ◗✉❛tr♦ ◆í✈❡✐s ✼✻

❚❛❜❡❧❛ ✹✳✺✿ ❚❍❉ ❞❡ ❝♦rr❡♥t❡ ❡ ❲❚❍❉ ❞❡ t❡♥sã♦ ♣❛r❛ ma = 0, 9 ❡ fs = 10kHz

❈♦♥✜❣✳ ❚❍❉✭✪✮ ❲❚❍❉✭✪✮

NPC ✹✱✶✷✹✷ ✵✱✷✹✼✼

Nested ✹✱✶✷✼✹ ✵✱✷✹✼✸

DPC − proposto ✹✱✶✷✺✽ ✵✱✷✹✼✸

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

♣r♦❞✉③❡♠ ♦s ♠❡s♠♦s s✐♥❛✐s ❞❡ s❛í❞❛ ❝♦♠ ❛ ♠❡s♠❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❞♦s í♥❞✐✲

❝❡s ❞❡ q✉❛❧✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛ s✉♣r❛❝✐t❛❞♦s✳ ❊♥tã♦ é ✐♠♣♦rt❛♥t❡ s❛❧✐❡♥t❛r ❛ ♣♦ssí✈❡❧ ✈❛♥t❛❣❡♠

❞❡ s❡ ✉t✐❧✐③❛r ✉♠❛ t♦♣♦❧♦❣✐❛ ❡♠ ❞❡tr✐♠❡♥t♦ ❞❡ ♦✉tr❛✳ ❈✐t❛✲s❡ ❛ s❡❣✉✐r ❛❧❣✉♠❛s ❞✐❢❡r❡♥ç❛s

❡♥tr❡ ❛s t♦♣♦❧♦❣✐❛s✱ t❛✐s ❝♦♠♦✿

• ❞❡♥s✐❞❛❞❡ ❞❡ ♣♦tê♥❝✐❛✿ ❥á q✉❡ ❛ t♦♣♦❧♦❣✐❛ NPC ✉t✐❧✐③❛ ❜❡♠ ♠❛✐s ❝♦♠♣♦♥❡♥t❡s t❡rá

✉♠ ✈♦❧✉♠❡ ♠❛✐♦r❀

• ❡s❢♦rç♦ ♥❛s ❝❤❛✈❡s✿ q✉❡ ❡stá r❡❧❛❝✐♦♥❛❞♦ ❝♦♠ ♦ ❞❡s❡♠♣❡♥❤♦ ❞❛ ❝❤❛✈❡ ❡ ♦ ♣♦ssí✈❡❧ r✐s❝♦

❞❡ ❢❛❧❤❛❀

• ❡✜❝✐ê♥❝✐❛✿ r❡❧❛❝✐♦♥❛❞♦ ❝♦♠ ❛s ♣❡r❞❛s✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡✱ ❛s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❡ ❛s ❞❡ ❝♦♥✲

❞✉çã♦ ❞❛s ❝❤❛✈❡s❀

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

❛♣r❡s❡♥t❛❞❛s❀

✹✳✸✳✷ ❆♥á❧✐s❡ ❞♦ ❊s❢♦rç♦ ❞❛s ❈❤❛✈❡s

❆ ❋✐❣✉r❛ ✹✳✺ ✐❧✉str❛ ❛s t❡♥sõ❡s s♦❜r❡ ❛s ❝❤❛✈❡s ❞❛s três t♦♣♦❧♦❣✐❛s✳ P❛r❛ ❛ t♦♣♦❧♦❣✐❛ NPC

t♦❞❛s ❛s ❝❤❛✈❡s ♣♦ss✉❡♠ ✉♠❛ t❡♥sã♦ q✉❡ é ✉♠ t❡rç♦ ❞❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❡ ✉♠ ❝❤❛✈❡✲

❛♠❡♥t♦ ✐❞ê♥t✐❝♦ ✭✈❡r ❋✐❣✉r❛ ✹✳✺✭❛✮ ✹✳✺✭❜✮✮✳ ❈♦♠ ✐ss♦✱ s❡ t❡♠ ✉♠❛ ♠❡❧❤♦r ❞✐str✐❜✉✐çã♦ ❞♦

❡s❢♦rç♦ ❞❛s ❝❤❛✈❡s✱ ♥♦ q✉❡ ❛❝❛rr❡t❛ q✉❡ t♦❞❛s ❛s ❝❤❛✈❡s ✐rã♦ s♦❢r❡r ✉♠ ❞❡s❣❛st❡ ♥❛ ♠❡s♠❛

♣r♦♣♦rçã♦✳

P❛r❛ ❛ t♦♣♦❧♦❣✐❛ Nested ✭✈❡r ❋✐❣✉r❛ ✹✳✺✭❝✮✮ ♣❡r❝❡❜❡✲s❡ q✉❡ ❛s ❝❤❛✈❡s ❞❛s ❡①tr❡♠✐❞❛❞❡s

♣♦ss✉❡♠ ✉♠❛ t❡♥sã♦ ♠á①✐♠❛ ✐❣✉❛❧ ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ CC✳ ❆♣❡s❛r ❞❛ ❡str✉t✉r❛ s❡r



❆♥á❧✐s❡ ❞♦s ■♥✈❡rs♦r❡s ❞❡ ◗✉❛tr♦ ◆í✈❡✐s ✼✼

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

❞❡ ♠é❞✐❛ ♣♦tê♥❝✐❛✱ ✉♠❛ ✈❡③ q✉❡ ♣♦ss✉✐ ❝❤❛✈❡s q✉❡ ❝♦♥❞✉③❡♠ t♦❞❛ ❛ ❝♦rr❡♥t❡ ❞♦ ❝✐r❝✉✐t♦✳

❊♠ r❡❧❛çã♦ à t♦♣♦❧♦❣✐❛ DPC ♣♦❞❡✲s❡ s❡ ❞✐③❡r q✉❡ ❡stá ♥♦ ♠❡✐♦ t❡r♠♦ ❡♠ r❡❧❛çã♦ ❛s

❞✉❛s ❛♥t❡r✐♦r❡s ✭✈❡r ❋✐❣✉r❛ ✹✳✺✭❞✮✮✳ ❆ t❡♥sã♦ ♠á①✐♠❛ q✉❡ ♦❝♦rr❡ ♥❛s ❝❤❛✈❡s é ❛ ♠❡t❛❞❡ ❞♦

❜❛rr❛♠❡♥t♦✳ ■ss♦ ❢❛③ ❝♦♠ q✉❡ ❛✐♥❞❛ s❡ ♣♦ss❛ ✉t✐❧✐③❛r ❛ t♦♣♦❧♦❣✐❛ ❡♠ s✐st❡♠❛ ❞❡ ❛❧t❛ ♣♦tê♥❝✐❛

✉t✐❧✐③❛♥❞♦ ❝❤❛✈❡s ❞❡ ♠é❞✐❛ ♣♦tê♥❝✐❛✳

✹✳✸✳✸ ❆♥á❧✐s❡ ❞❛s P❡r❞❛s ♣♦r ❈♦♥❞✉çã♦ ❡ ❈❤❛✈❡❛♠❡♥t♦

❖✉tr♦ ❛s♣❡❝t♦ ❛♥❛❧✐s❛❞♦ sã♦ ❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ ❡ ❝❤❛✈❡❛♠❡♥t♦✳ P❛r❛ ❛s ♣❡r❞❛s ♣♦r

❝❤❛✈❡❛♠❡♥t♦ ❞♦✐s ❛s♣❡❝t♦s sã♦ ❜❛st❛♥t❡s ✐♠♣♦rt❛♥t❡s✳ ❖ ♣r✐♠❡✐r♦ é ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❝❤❛✈❡✲

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

❞❛ ❝♦♠✉t❛çã♦✳ ❖❜s❡r✈❛♥❞♦ ❡ss❡ ❝♦♥❥✉♥t♦✱ ❛ t♦♣♦❧♦❣✐❛ NPC ♣♦ss✉✐ ♠❡♥♦s ♣❡r❞❛s ❞♦ q✉❡ ❛s

♦✉tr❛s t♦♣♦❧♦❣✐❛s✱ ✈❡r ❋✐❣✉r❛ ✹✳✻✭❛✮✳ ■st♦ s❡ ❞á ♣♦rq✉❡ ❛❧é♠ ❞❡ t❡r ❛ ♠❡♥♦r t❡♥sã♦ s♦❜r❡ ❛

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

❏á ❛s ♣❡r❞❛s ❞❡ ❝♦♥❞✉çã♦ ❡stã♦ ♠❛✐s ❛ss♦❝✐❛❞❛s ❝♦♠ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❝♦♥❞✉çã♦✳ ◆♦ ❝❛s♦

❞❛ ❡str✉t✉r❛ ❝♦♥✈❡♥❝✐♦♥❛❧ ✭NPC✮✱ ❡♠ q✉❛❧q✉❡r ♥í✈❡❧ q✉❡ ❛ ❢❛s❡ ❡st❡❥❛ ❝♦♥❡❝t❛❞❛✱ ❛ ❝♦♥❞✉çã♦

❞❛ ❝♦rr❡♥t❡ ♣❛ss❛ ♣♦r três ❞✐s♣♦s✐t✐✈♦s✳ P❛r❛ ❛ t♦♣♦❧♦❣✐❛ Nested s❡ t❡♠ ❞♦✐s ❞✐s♣♦s✐t✐✈♦s

♣❛r❛ ♦s ❡st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦ 1 ❡ 2 ❡ ✉♠❛ ú♥✐❝❛ ❝❤❛✈❡ ❝♦♥❞✉③✐♥❞♦ ♣❛r❛ ♦s ❡st❛❞♦s 0 ❡

3✳ ◆❛ t♦♣♦❧♦❣✐❛ DPC ♣r♦♣♦st❛ s❡rã♦ s❡♠♣r❡ ❞✉❛s ❝❤❛✈❡s✳ P♦rt❛♥t♦✱ ♥♦ ❝❛s♦ ❞❛s ♣❡r❞❛s

❞❡ ❝♦♥❞✉çã♦ ❛ t♦♣♦❧♦❣✐❛ NPC ♣♦ss✉✐ ❛s ♠❛✐♦r❡s ♣❡r❞❛s s❡❣✉✐❞❛ ♣❡❧❛s t♦♣♦❧♦❣✐❛s DPC ❡

Nested✳

◆❛ t♦t❛❧✐❞❛❞❡ ♦❜s❡r✈❛✲s❡ ♣❡❧❛ ❋✐❣✉r❛ ✹✳✼ q✉❡ ♣❛r❛ ma > 0, 5 ❛ t♦♣♦❧♦❣✐❛ NPC ♣♦ss✉✐

♠❛✐♦r❡s ♣❡r❞❛s s❡❣✉✐❞❛ ♣❡❧❛s t♦♣♦❧♦❣✐❛s DPC ❡ Nested✳ ◆♦ ❡♥t❛♥t♦✱ ♣❛r❛ ma < 0, 5 ♦s

♣❛♣é✐s ❞❛s t♦♣♦❧♦❣✐❛s NPC ❡ Nested s❡ ✐♥✈❡rt❡♠✱ ♠❛s ❛ t♦♣♦❧♦❣✐❛ DPC ❝♦♥t✐♥✉❛ ♥♦ ♠❡✐♦

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

✉♠❛ ❜♦❛ s♦❧✉çã♦✳

✹✳✸✳✹ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s ❞❛ ❚♦♣♦❧♦❣✐❛ ❉P❈

❆ t♦♣♦❧♦❣✐❛ ❉P❈ ❢♦✐ ✐♠♣❧❡♠❡♥t❛❞❛ ♥❛ ❜❛♥❝❛❞❛ ❡①♣❡r✐♠❡♥t❛❧✳ ❆ ❚❛❜❡❧❛ ✹✳✻ ❛♣r❡s❡♥t❛ ♦s

❞❛❞♦s ✉t✐❧✐③❛❞♦s ♥♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ ❉P❈✳ ❆ ❋✐❣✉r❛ ✹✳✻ ✐❧✉str❛
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❋✐❣✉r❛ ✹✳✼✿ P❡r❞❛s t♦t❛✐s

♦s r❡s✉❧t❛❞♦s ♣❛r❛ ❛ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛✱ t❡♥sã♦ ♥❛s ❝❤❛✈❡s ❡ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ♥♦s

❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦✳

P♦❞❡✲s❡ ♣❡r❝❡❜❡r q✉❡ ♦ ✐♥✈❡rs♦r ❣❡r❛ ✉♠❛ t❡♥sã♦ ❞❡ s❛í❞❛ ❞❡ q✉❛tr♦ ♥í✈❡✐s ✭✈❡r ❋✐❣✉r❛

✹✳✽✭❛✮✮✳ ❏á ❛s ❝✉r✈❛s ❞❛ ❋✐❣✉r❛ ✹✳✽✭❜✮ r❡♣r❡s❡♥t❛♠ ❛s t❡♥sõ❡s ♥❛s ❝❤❛✈❡s✳ ❖❜s❡r✈❡ q✉❡ ❛

❝❤❛✈❡ S2 s✉♣♦rt❛ ❛ ♠❛✐♦r t❡♥sã♦ ♥♦ ✈❛❧♦r ❞❡ 2VDC

3
✳

❆ ❋✐❣✉r❛ ✹✳✽✭❝✮ ✐❧✉str❛ ❛ t❡♥sã♦ ❡ ❛ ❝♦rr❡♥t❡ ♥♦s ❝❛♣❛❝✐t♦r❡s C1 ❡ C2✳ ❈♦♠♦ ♦ ✐♥✈❡rs♦r

é s✐♠étr✐❝♦ ♦ ❝❛♣❛❝✐t♦r C3 ♣♦ss✉✐ ♦ ♠❡s♠♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ❝❛♣❛❝✐t♦r C1✳
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❚❛❜❡❧❛ ✹✳✻✿ ❉❛❞♦s ●❡r❛✐s ❞❡ ❙✐♠✉❧❛çã♦ ❡ ❊①♣❡r✐♠❡♥t❛✐s ❞♦ ■♥✈❡rs♦r✳

❉❛❞♦s ❞❡ ❙✐♠✉❧❛çã♦

❈❛r❣❛ ❘▲✿ R = 50Ω, L = 7mH

❚❡♥sã♦ ❚♦t❛❧ ❞♦ ❇❛rr❛♠❡♥t♦ (Vdc)✿ ✷✵✵ ❱

❋r❡q✉ê♥❝✐❛ ❞❡ ❈❤❛✈❡❛♠❡♥t♦ (fs)✿ ✶✵❦❍③

❋r❡q✉ê♥❝✐❛ ❞❛ ❘❡❞❡ (fm)✿ ✻✵ ❍③

❮♥❞✐❝❡ ❞❡ ▼♦❞✉❧❛çã♦ ✭ma✮✿ ✵✱✾✺

❈❛♣❛❝✐t♦r❡s ❞♦ ❇❛rr❛♠❡♥t♦ ✭VC1✱ VC2 ❡ VC3✮✿ ✷✷✵✵✉❋

❊str❛té❣✐❛ ❞❡ ▼♦❞✉❧❛çã♦✿ SV PWM ✲ Pr♦♣♦st❛

iO  

VO 

✭❛✮ ❚❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ ✭Vo ❡
io✮

S1 

S2 

S3 

✭❜✮ ❚❡♥sã♦ ♥❛s ❈❤❛✈❡s ✭S1✱ S2 ❡ S3✮

VC1 VC2 

iC1 

iC2 

✭❝✮ ❚❡♥sã♦ ❡ ❝♦rr❡♥t❡ ♥♦s ❝❛♣❛❝✐t♦✲
r❡s ✭VC1✱ VC2✳ iC1 ❡ ic2✮

❋✐❣✉r❛ ✹✳✽✿ P❡r❞❛s ♣♦r ❈♦♥❞✉çã♦ ❡ ❈❤❛✈❡❛♠❡♥t♦

✹✳✹ ■♥✈❡rs♦r ✷▲✹▲ ✲ Pr♦♣♦st♦

❖s ✐♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s ♠♦♥♦❢ás✐❝♦s t❛♠❜é♠ t❡♠ s✐❞♦ ❡①♣❧♦r❛❞♦s ❞❡✈✐❞♦ à s✉❛ ✐♠♣♦rtâ♥❝✐❛

❡♠ ❛♣❧✐❝❛çõ❡s ❞❡ ❜❛✐①❛ ♣♦tê♥❝✐❛ ✭❖③❞❡♠✐r ❡t ❛❧✳✱ ✷✵✵✾❀ ❘❛❤♠❛♥✐ ❡ ❆❧✲❍❛❞❞❛❞✱ ✷✵✵✻❀ ❚❛♥❣

❡t ❛❧✳✱ ✷✵✵✼✮✳ ◆❛ t❡♥t❛t✐✈❛ ❞❡ r❡❞✉③✐r ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❝♦♠♣♦♥❡♥t❡s ❛❧❣✉♠❛s t♦♣♦❧♦❣✐❛s tê♠

s✐❞♦ ♣r♦♣♦st❛s ♣❛r❛ três✱ ❝♦♠♦ é ♦ ❝❛s♦ ❞❛ t♦♣♦❧♦❣✐❛ ◆P❈ ❚✐♣♦✲❚✱ ❡ q✉❛tr♦ ♥í✈❡✐s✱ ❝♦♠♦ é

♦ ❝❛s♦ ❞❛s t♦♣♦❧♦❣✐❛s ◆❡st❡❞ ❡ ❉P❈✳



❆♥á❧✐s❡ ❞♦s ■♥✈❡rs♦r❡s ❞❡ ◗✉❛tr♦ ◆í✈❡✐s ✽✶

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

♠♦♥♦❢ás✐❝♦ ❞❡ ❝✐♥❝♦ ♥í✈❡✐s ✭✈❡r ❋✐❣✉r❛ ✹✳✾✭❞✮✮ ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s✳ ❆

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

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

♣♦♥t❡ ❝♦♠♣♦st❛ ♣♦r ✉♠ ❜r❛ç♦ ❞❡ q✉❛rt♦ ♥í✈❡✐s ❡ ♦✉tr♦ ❞❡ ❞♦✐s ♥í✈❡✐s✱ ♣♦rt❛♥t♦ s❡rá ❝❤❛♠❛❞❛✱

t♦♣♦❧♦❣✐❛ ✷▲✹▲✳ ❈♦♠ ❜❛s❡ ♥❛s t♦♣♦❧♦❣✐❛s ◆P❈ ❝♦♥✈❡♥❝✐♦♥❛✐s ❞❡ ✺ ♥í✈❡✐s ✭✈❡r ❋✐❣✉r❛s ✹✳✾✭❛✮

❡ ✹✳✾✭❜✮✮ ❡ ❛ t♦♣♦❧♦❣✐❛ ❡♠ ♣♦♥t❡❂❍ ✭✈❡r ❋✐❣✉r❛ ✹✳✾✭❝✮✮✳ ❆ t♦♣♦❧♦❣✐❛ ✷▲✹▲ ♣♦ss✉✐ ❛ ♠❡s♠❛

q✉❛♥t✐❞❛❞❡ ❞❡ ❝❤❛✈❡s ✭✽ ♥♦ t♦t❛❧✮✱ ♥♦ ❡♥t❛♥t♦✱ ♥ã♦ ✉t✐❧✐③❛ ♥❡♥❤✉♠ ❞✐♦❞♦ ❞❡ ❣r❛♠♣❡❛♠❡♥t♦✳

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

+

_

+

_
1

4 

_
VDC C1

1

4 

_
VDC C2

D1

D2

vo

S1

S2

S3

S4

+

_

+

_
1

4 

_
VDC C1

1

4 

_
VDC C2

D6

S1

S2

S3

S4

D3

D4

D5

✭❛✮ ◆P❈ ✲ ❈♦♥✈❡♥❝✐♦✲
♥❛❧

+

_

+

_
1

2 

_
VDC C1

1

2 

_
VDC C2

D3

D4

S1

S2

S3

S4

C1

C2

vo

S1

S2

S3

S4

D1

D2

✭❜✮ ◆P❈✲❍❇

+

_
1

2 

_
VDC C1

vo

S1

S1

S2

S2

+

_
1

2 

_
VDC C2

S3

S3

S4

S4

✭❝✮ ❍❇

C2
vo

S1

S2

S2

S3

S1S4

+

_

+

_

+

_

C1C1C1

C3

C1

1

3 

_
VDC

1

3 

_
VDC

1

3 

_
VDC

ab

S4 S3

✭❞✮ ✷▲✹▲ ✲ Pr♦♣♦st♦

❋✐❣✉r❛ ✹✳✾✿ ❊str✉t✉r❛s ❞❡ ✐♥✈❡rs♦r❡s ❞❡ ❝✐♥❝♦✲♥í✈❡✐s

✹✳✹✳✶ ❖♣❡r❛çã♦ ❞♦ ■♥✈❡rs♦r ✷▲✹▲

❖ ✐♥✈❡rs♦r ✷▲✹▲ ♣r♦♣♦st♦ é ❝♦♥st✐t✉í❞♦ ♣♦r ❞♦✐s ❜r❛ç♦s✱ ♦ ❜r❛ç♦ a ❝♦♠ s❡✐s ❝❤❛✈❡s ❝♦♥tr♦❧❛❞❛s

✭S1✱ S1✱ S2✱ S2✱ S3 ❡ S3✮ ✱ ❜r❛ç♦ b ❝♦♠ ❞✉❛s ❝❤❛✈❡s ❝♦♥tr♦❧❛❞❛s ✭S4✱ S4✮ ❡ ♣♦r ✉♠ ❜❛rr❛♠❡♥t♦

❈❈ ❝♦♠ três ❝❛♣❛❝✐t♦r❡s ✭C1✱ C2 ❡ C3✮✳

❖ ❜r❛ç♦ a ♣♦ss✉✐ q✉❛tr♦ ♥í✈❡✐s ✭4L✮ ❡ ♦ ❜r❛ç♦ b ❞♦✐s ♥í✈❡✐s ✭2L✮✳ ❖ ✐♥✈❡rs♦r ♣♦❞❡ ♦♣❡r❛r



❆♥á❧✐s❡ ❞♦s ■♥✈❡rs♦r❡s ❞❡ ◗✉❛tr♦ ◆í✈❡✐s ✽✷

❡♠ ❝✐♥❝♦ ♥í✈❡✐s ✭2L4L − 5N✮ ❡ ❡♠ s❡t❡ ♥í✈❡✐s ✭2L4L − 7N✮✳ ❆ ❞✐str✐❜✉✐çã♦ ❞❛ t❡♥sã♦ ♥♦

❜❛rr❛♠❡♥t♦ ♣❛r❛ ❣❡r❛r ♦s s✐♥❛✐s s✐♠étr✐❝♦s é ❞❡ VC1 = VC2 = VC3 = VDC

3
♦♣❡r❛♥❞♦ ❛ ❝✐♥❝♦

♥í✈❡✐s✱ ❡ VC1 = VC3 = VDC

4
❡ VC2 = VDC

2
♦♣❡r❛♥❞♦ ❡♠ s❡t❡ ♥í✈❡✐s✱ ♦♥❞❡ VDC é ❛ t❡♥sã♦ ❞♦

❜❛rr❛♠❡♥t♦ ❈❈✳

◆❛ ❚❛❜❡❧❛ ✹✳✼ sã♦ ❡①♣r❡ss❛s ♦s ♣♦ssí✈❡✐s ❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❡ ♦s r❡s♣❡❝t✐✈♦s ♥í✈❡✐s

❞❡ t❡♥sã♦ ♣❛r❛ ❛ t❡♥sã♦ ❞❡ s❛í❞❛ ✭vo✮✳ ❈♦♠ ❛ r❡❞✐str✐❜✉✐çã♦ ❞❛s t❡♥sõ❡s ❞♦ ❜❛rr❛♠❡♥t♦ é

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

❚❛❜❡❧❛ ✹✳✼✿ ❊st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ♦ ✐♥✈❡rs♦r ✷▲✹▲ ♦♣❡r❛♥❞♦ ❡♠ ✺ ❡ ✼ ♥í✈❡✐s✳

❊st❛❞♦ S1 S2 S3 S4 vo ✷▲✹▲✲✺◆ vo ✷▲✹▲✲✼◆

✶ ✵ ✵ ✵ ✶ −2VDC

3
−3VDC

4

✷ ✵ ✵ ✶ ✶
−VDC

3

−2VDC

4

✸ ✵ ✵ ✵ ✵ −1VDC

4

✹ ✵ ✵ ✶ ✵
✵

−VDC

4

✺ ✵ ✶ ✶ ✶ ✵

✻ ✶ ✶ ✶ ✶ VDC

3

VDC

4

✼ ✵ ✶ ✶ ✵ 2VDC

4

✽ ✶ ✶ ✶ ✵ 2VDC

3
3VDC

4

❆ ❋✐❣✉r❛ ✹✳✶✵ ✐❧✉str❛ ❛ ❝♦♥✜❣✉r❛çã♦ ♣❛r❛ ❝❛❞❛ ❡st❛❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳ ❆ ❝♦♥❞✉çã♦ ❞❛

❝♦rr❡♥t❡ ❞❡ ❝❛r❣❛ é ❢❡✐t❛ s❡♠♣r❡ ♣♦r três ❝❤❛✈❡s✱ ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦ ❡st❛❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳

❖✉tr♦ ❛s♣❡❝t♦ ✐♠♣♦rt❛♥t❡ ❛ s❡r ❝♦♥s✐❞❡r❛❞♦ é q✉❡ ❛ ❞✐str✐❜✉✐çã♦ ❞❛ t❡♥sã♦ ♠á①✐♠❛ s✉♣♦rt❛❞❛

♣❡❧❛s ❝❤❛✈❡s ♥ã♦ é ✐❣✉❛✐s✳

✹✳✹✳✷ ▼♦❞✉❧❛çã♦ P❲▼

❆ té❝♥✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦ é ❞✐✈✐❞✐❞❛ ❡♠ q✉❛tr♦ ♣❛ss♦s✿

P❛ss♦ ✉♠✿ ❞❡✜♥❡♠✲s❡ ♦s ♥í✈❡✐s ❞♦ ✐♥✈❡rs♦r✱ ♦♥❞❡ ❝❛❞❛ ♥í✈❡❧ é r❡♣r❡s❡♥t❛❞♦ ♣♦r ✉♠ ❡✐①♦

❤♦r✐③♦♥t❛❧❀

P❛ss♦ ❞♦✐s✿ ❝❛❧❝✉❧❛✲s❡ ♦ ✈❛❧♦r ❞❛ ✈❛r✐á✈❡❧ Pa q✉❡ é ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ♦ ❡✐①♦ s✉♣❡r✐♦r ❡ ❛

t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛❀

P❛ss♦ três✿ ❝❛❧❝✉❧❛✲s❡ ♦s ✐♥t❡r✈❛❧♦s ❞❡ t❡♠♣♦ ❡♠ q✉❡ ❛s ❝❤❛✈❡s ♣❡r♠❛♥❡❝❡♠ ❡♠ ❝♦♥✲

❞✉çã♦ ❡ ❜❧♦q✉❡✐♦✱ ❡♠ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ♣❡rí♦❞♦ ❞❡ ♠♦❞✉❧❛çã♦ ✭TS✮✱ ❡♠ s❡❣✉✐❞❛ ❞❡t❡r♠✐♥❛ss❡



❆♥á❧✐s❡ ❞♦s ■♥✈❡rs♦r❡s ❞❡ ◗✉❛tr♦ ◆í✈❡✐s ✽✸

❋✐❣✉r❛ ✹✳✶✵✿ ❈♦♥✜❣✉r❛çã♦ ❞♦s ❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦

♦s t❡♠♣♦s ❞❡ tr❛♥s✐çã♦❀

P❛ss♦ q✉❛tr♦✿ ❞❡✜♥❡✲s❡ ♦s ❡st❛❞♦s ❞❡ ❝♦♥❞✉çã♦ ❞❛s ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦s qS1✱ qS2✱ qS3 ❡

qS4 ❞❛s ❝❤❛✈❡s S1✱ S2✱ S3 ❡ S4 r❡s♣❡❝t✐✈❛♠❡♥t❡✳

P❛r❛ ♦♣❡r❛çã♦ ❡♠ ❈✐♥❝♦ ◆í✈❡✐s

❆ té❝♥✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦ ❡stá ✐❧✉str❛❞❛ ♥❛ ❋✐❣✉r❛ ✹✳✶✶✱ ❡ ♦s ♣❛ss♦s r❡❢❡r❡♥t❡s ❛ ♠♦❞✉❧❛çã♦

❡♠ ❝✐♥❝♦ ♥í✈❡✐s sã♦✿

eixo[1]

eixo[2]

eixo[3]
 

VDC/3

 
0

qS2

0

1

-VDC/3

0

1

Tb

Pa

Tc

0 <Vo < VDC/3

Vo*

2Ts
qS1

eixo[4]

qS4

0

1

0

1

T2T1

qS3

2VDC/3

-2VDC/3

  

Tb

Pa

Tc

2Ts

0
T2T1

VDC/3<Vo < 2VDC/3 -VDC/3<Vo < 0

  

Tb

Tc

2Ts

T2T1

-2VDC/3<Vo < -VDC/3

  

Tb

Tc

2Ts

T2T1

Vo*

Vo*

Vo*

Pa

Pa

eixo[5]

❋✐❣✉r❛ ✹✳✶✶✿ ❊str❛té❣✐❛ ❞❡ ▼♦❞✉❧❛çã♦ P❲▼ ♣❛r❛ ✺ ♥í✈❡✐s
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P❛ss♦ ✉♠✿ ♦s ❡✐①♦s sã♦✿ ❡✐①♦❬✶❪ ❂ 2VDC/3✱ ❡✐①♦❬✷❪ ❂ VDC/3✱ ❡✐①♦❬✸❪ ❂ 0✱ ❡✐①♦❬✹❪ ❂

−VDC/3 ❡ ❡✐①♦❬✺❪ ❂ −2VDC/3✳

P❛ss♦ ❞♦✐s ❡ três✿ ❝á❧❝✉❧♦ ❞♦ ✈❛❧♦r ❞❛ ✈❛r✐á✈❡❧ Pa ❡ ❞♦s ✐♥t❡r✈❛❧♦s ❞❡ t❡♠♣♦ ❡♠ q✉❡ ❛s

❝❤❛✈❡s ♣❡r♠❛♥❡❝❡♠ ❡♠ ❝♦♥❞✉çã♦ ✭Tc✮ ❡ ❜❧♦q✉❡✐♦ ✭Tb✮✿

❙❡ ✭VDC/3 ≤ V ∗

o ≤ 2VDC/3✮ ❂❃ Pa = eixo[1]− V ∗

o ❀

❙❡ ✭0 ≤ V ∗

o ≤ VDC/3✮ ❂❃ Pa = eixo[2]− V ∗

o ❀

❙❡ ✭−VDC/3 ≤ V ∗

o ≤ 0✮ ❂❃ Pa = eixo[3]− V ∗

o ❀

❙❡ ✭−2VDC/3 ≤ V ∗

o ≤ −VDC/3✮ ❂❃ Pa = eixo[4]− V ∗

o ❀

Tb = 2(
Pa

VDC

)TS; ✭✹✳✽✮

Tc = TS − Tb. ✭✹✳✾✮

❈á❧❝✉❧♦ ❞♦s t❡♠♣♦s ❞❡ tr❛♥s✐çã♦✿

T1 = t+ Tc ✭✹✳✶✵✮

T2 = T1 + 2Tb ✭✹✳✶✶✮

P❛ss♦ q✉❛tr♦✿ ▲ó❣✐❝❛ ❞❛s ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦s qS1✱ qS2✱ qS3 ❡ qS4✳

❖ q✉❛rt♦ ❡ ú❧t✐♠♦ ♣❛ss♦ é ❛ ❡s❝♦❧❤❛ ❞❡ q✉❛❧ ❡st❛❞♦ ❞❡ ❝♦♠✉t❛çã♦ ✈❛✐ s❡r ✉t✐❧✐③❛❞♦✳ ❆

❋✐❣✉r❛ ✹✳✶✷ ✐❧✉str❛ ❛s ♣♦ssí✈❡✐s ♠✉❞❛♥ç❛s ❞♦s ❡st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦ ♣❛r❛ ❛ ♦♣❡r❛çã♦ ❡♠ ✺

♥í✈❡✐s✳ ❆s s❡t❛s ❡♠ ❛③✉✐s ✐♥❞✐❝❛♠ q✉❛✐s ❡st❛❞♦s s❡rã♦ ✉t✐❧✐③❛❞♦s✳ ❆ ❡s❝♦❧❤❛ ❞♦s ❡st❛❞♦s ❢♦✐

❝♦♠ ❜❛s❡ ♥♦ ♠❡♥♦r ♥ú♠❡r♦ ♣♦ssí✈❡❧ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ♣r♦♣♦r❝✐♦♥❛r ✉♠❛ r❡❞✉çã♦ ♥❛s

♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦✳

❋✐❣✉r❛ ✹✳✶✷✿ ❙❡q✉ê♥❝✐❛ ❞❡ ❡st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦ ♣❛r❛ ✺ ♥í✈❡✐s

❙❡ ✭V ∗

o > 0✮④
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qS1 = qS2 = 0❀

❙❡ ✭VDC/3 ≤ V ∗

o ≤ 2VDC/3✮④

qS4 = 1❀

❙❡ ✭t ≤ T1 ♦✉ t > T2✮ qS3 = 1❀

❙❡ ✭t > T1 ❡ t ≤ T2✮ qS3 = 0❀

⑥

❙❡ ✭VDC/3 ≤ V ∗

o ≤ 2VDC/3✮④

qS3 = 0❀

❙❡ ✭t ≤ T1 ♦✉ t > T2✮ qS4 = 1❀

❙❡ ✭t > T1 ❡ t ≤ T2✮ qS4 = 0❀

⑥

⑥

❙❡ ✭V ∗

o ≤ 0✮④

qS2 = 1❀

qS3 = 0❀

❙❡ ✭VDC/3 ≤ V ∗

o ≤ 2VDC/3✮④

qS4 = 1❀

❙❡ ✭t ≤ T1 ♦✉ t > T2✮ qS1 = 0❀

❙❡ ✭t > T1 ❡ t ≤ T2✮ qS1 = 1❀

⑥

❙❡ ✭VDC/3 ≤ V ∗

o ≤ 2VDC/3✮④

qS1 = 1❀

❙❡ ✭t ≤ T1 ♦✉ t > T2✮ qS4 = 1❀

❙❡ ✭t > T1 ❡ t ≤ T2✮ qS4 = 0❀
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⑥

⑥

P❛r❛ ♦♣❡r❛çã♦ ❡♠ ❙❡t❡ ◆í✈❡✐s

❆ té❝♥✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦ ❡stá ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✹✳✶✸✱ ♦s ♣❛ss♦s r❡❢❡r❡♥t❡ ❛ ♠♦❞✉❧❛çã♦

❡♠ s❡t❡ ♥í✈❡✐s sã♦✿

eixo[1]

eixo[2]

eixo[3]

 

2VDC/4

 

0

qS2

0

1

-2VDC/4

0

1

Tb

Pa

Tc

Vo*

2Ts
qS1

eixo[4]

qS4

0

1

0

1

T2T1

qS3

3VDC/4

-3VDC/4

  

Tb

Pa

Tc

2Ts

0
T2T1

2VDC/4<Vo < 3VDC/4

  

Tb

Tc

2Ts

T2T1

  

Tb

Tc

2Ts

T2T1

Vo*

Vo*

Vo*

Pa

Pa

eixo[5]
  

Tb

Tc

2Ts

T2T1

  

Tb

Tc

2Ts

T2T1

Vo*

Vo*

Pa

Pa
eixo[6]

eixo[7]

VDC/4

-VDC/4

VDC/4<Vo < 2VDC/4 0<Vo < VDC/4 -VDC/4<Vo < 0 -2VDC/4<Vo < -VDC/4 -3VDC/4<Vo < -2VDC/4

❋✐❣✉r❛ ✹✳✶✸✿ ❊str❛té❣✐❛ ❞❡ ▼♦❞✉❧❛çã♦ P❲▼ ♣❛r❛ ✼ ♥í✈❡✐s

P❛ss♦ ✉♠✿ ❖s ❡✐①♦s sã♦✿ ❡✐①♦❬✶❪ ❂ 3VDC/4✱ ❡✐①♦❬✷❪ ❂ 2VDC/4✱ ❡✐①♦❬✸❪ ❂ VDC/4✱ ❡✐①♦❬✹❪

❂ 0✱ ❡✐①♦❬✺❪ ❂ −VDC/4✱ ✱ ❡✐①♦❬✻❪ ❂ −2VDC/4 ❡ ❡✐①♦❬✼❪ ❂ −3VDC/4✳

P❛ss♦ ❞♦✐s ❡ três✿ ❈á❧❝✉❧♦ ❞♦ ✈❛❧♦r ❞❛ ✈❛r✐á✈❡❧ Pa ❡ ❞♦s ✐♥t❡r✈❛❧♦s ❞❡ t❡♠♣♦ ❡♠ q✉❡

❛s ❝❤❛✈❡s ♣❡r♠❛♥❡❝❡♠ ❡♠ ❝♦♥❞✉çã♦ ✭Tc✮ ❡ ❜❧♦q✉❡✐♦ ✭Tb✮✿

❙❡ ✭2VDC/4 ≤ V ∗

o ≤ 3VDC/4✮ ❂❃ Pa = eixo[1]− V ∗

o ❀

❙❡ ✭VDC/4 ≤ V ∗

o ≤ 2VDC/4✮ ❂❃ Pa = eixo[2]− V ∗

o ❀

❙❡ ✭0 ≤ V ∗

o ≤ VDC/4✮ ❂❃ Pa = eixo[3]− V ∗

o ❀

❙❡ ✭−VDC/4 ≤ V ∗

o ≤ 0✮ ❂❃ Pa = eixo[4]− V ∗

o ❀

❙❡ ✭−2VDC/4 ≤ V ∗

o ≤ −VDC/4✮ ❂❃ Pa = eixo[5]− V ∗

o ❀

❙❡ ✭−3VDC/4 ≤ V ∗

o ≤ −2VDC/4✮ ❂❃ Pa = eixo[6]− V ∗

o ❀

Tb = 2(
Pa

VDC

)TS; ✭✹✳✶✷✮

Tc = TS − Tb. ✭✹✳✶✸✮
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❈á❧❝✉❧♦ ❞♦s t❡♠♣♦s ❞❡ tr❛♥s✐çã♦✿

T1 = t+ Tc; ✭✹✳✶✹✮

T2 = T1 + 2Tb. ✭✹✳✶✺✮

P❛ss♦ q✉❛tr♦✿ ▲ó❣✐❝❛ ❞❛s ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦s qS1✱ qS2✱ qS3 ❡ qS4✿

❆ ❋✐❣✉r❛ ✹✳✶✹ ✐❧✉str❛ ❛s ♣♦ssí✈❡✐s ♠✉❞❛♥ç❛s ❞♦s ❡st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦ ♣❛r❛ ❛ ♦♣❡r❛çã♦

❡♠ ✼ ♥í✈❡✐s✳ ❆s s❡t❛s ❡♠ ❛③✉✐s ✐♥❞✐❝❛♠ q✉❛✐s ❡st❛❞♦s s❡rã♦ ✉t✐❧✐③❛❞♦s✳

❋✐❣✉r❛ ✹✳✶✹✿ ❙❡q✉ê♥❝✐❛ ❞❡ ❡st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦ ♣❛r❛ ✼ ♥í✈❡✐s

❙❡ ✭V ∗

o > 0✮④

qS1 = qS2 = 0❀

❙❡ ✭2VDC/4 < V ∗

o < 3VDC/4✮④

qS4 = 1❀

❙❡ ✭t < T1 ♦✉ t > T2✮ qS3 = 1❀

❙❡ ✭t > T1 ❡ t < T2✮ qS3 = 0❀

⑥

❙❡ ✭VDC/4 < V ∗

o < 2VDC/4✮④

❙❡ ✭t < T1 ♦✉ t > T2✮④

qS3 = 0❀

qS4 = 1❀

⑥

❙❡ ✭t > T1 ❡ t < T2✮④

qS3 = 1❀
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qS4 = 0❀

⑥

⑥

❙❡ ✭0 < V ∗

o < VDC/4✮④

qS4 = 0❀

❙❡ ✭t < T1 ♦✉ t > T2✮ qS3 = 1❀

❙❡ ✭t > T1 ❡ t < T2✮ qS3 = 0❀

⑥

⑥

❙❡ ✭V ∗

o < 0✮④

qS2 = 1❀

qS3 = 0❀

❙❡ ✭−VDC/4 < V ∗

o < 0✮④

qS4 = 1❀

❙❡ ✭t < T1 ♦✉ t > T2✮ qS1 = 0❀

❙❡ ✭t > T1 ❡ t < T2✮ qS1 = 1❀

⑥

❙❡ ✭−2VDC/4 < V ∗

o < −VDC/4✮④

❙❡ ✭t < T1 ♦✉ t > T2✮ qS1 = qS4 = 1❀

❙❡ ✭t > T1 ❡ t < T2✮ qS1 = qS4 = 0

⑥

❙❡ ✭−3VDC/4 < V ∗

o < −2VDC/4✮④

qS4 = 0❀

❙❡ ✭t < T1 ♦✉ t > T2✮ qS1 = 0❀
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❙❡ ✭t > T1 ❡ t < T2✮ qS1 = 1❀

⑥

⑥

✹✳✹✳✸ ❆♥á❧✐s❡ ❈♦♠♣❛r❛t✐✈❛ ❞❛s ❚♦♣♦❧♦❣✐❛s ❞❡ ❈✐♥❝♦✲◆í✈❡✐s

❋♦r❛♠ ♦❜t✐❞♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❡ ❡①♣❡r✐♠❡♥t❛❧✳ ◆❛ ❚❛❜❡❧❛ ✹✳✽ sã♦ ❞❡✜♥✐❞♦s ♦s

♣❛râ♠❡tr♦s ✉t✐❧✐③❛❞♦s✳

❚❛❜❡❧❛ ✹✳✽✿ ❉❛❞♦s ●❡r❛✐s ❞❡ ❙✐♠✉❧❛çã♦ ❞♦ ■♥✈❡rs♦r✳

P❛r❛♠❡tr♦ ❙í♠❜♦❧♦ ❱❛❧♦r

❚❡♥sã♦ ❞♦ ❇❛rr❛♠❡♥t♦ ✷▲✹▲✲✺◆ VDC ✷✷✺ ❱

❚❡♥sã♦ ❞♦ ❇❛rr❛♠❡♥t♦ ✷▲✹▲✲✼◆ VDC ✷✵✵ ❱

❚❡♥sã♦ ❞♦ ❇❛rr❛♠❡♥t♦ ◆P❈ VDC ✸✵✵ ❱

❚❡♥sã♦ ❞♦ ❇❛rr❛♠❡♥t♦ ❍❇ V1 ❡ V2 ✶✺✵ ❱

❈❛♣❛❝✐t♦r❡s ❞♦ ❇❛rr❛♠❡♥t♦ C1✱ C2 ❡ C3 ✷✷✵✵ ✉❋

❚❡♥sã♦ ♥♦s ❈❛♣❛❝✐t♦r❡s C1✱ C2 ❡ C3 ✭✷▲✹▲✲✺◆✮ VC1✱ VC2 ❡ VC3 ✼✺ ❱

❚❡♥sã♦ ♥♦s ❈❛♣❛❝✐t♦r❡s C1 ❡ C3 ✭✷▲✹▲✲✼◆✮ VC1 ❡ VC3 ✺✵ ❱

❚❡♥sã♦ ♥♦ ❈❛♣❛❝✐t♦r C2 ✭✷▲✹▲✲✼◆✮ VC2 ✶✵✵ ❱

❋r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ fs ✶✵ ❦❍③

❈❛r❣❛ Ro/Lo 50Ω ✴ 7mH

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

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

✺ ♥í✈❡✐s✱ ❝♦♠ ❞✐str✐❜✉✐çã♦ ✐❣✉❛✐s ❞❛s t❡♥sõ❡s ♥♦s ❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦✳ ❖ s❡❣✉♥❞♦

❛s♣❡❝t♦ ❡st❛ ❡♠ r❡❧❛çã♦ ❛♦s ♥í✈❡✐s ♥❛ t❡♥sã♦ ♥❛ s❛í❞❛✳ ❆s t♦♣♦❧♦❣✐❛s ◆P❈ ❝♦♥✈❡♥❝✐♦♥❛❧ ❡

❍❇ ♣r♦❞✉③❡♠ ♥í✈❡✐s ♥❛ t❡♥sã♦ ❞❡ s❛í❞❛ ✭vo✮ ❞❡ VDC à −VDC ✱ ❡♥q✉❛♥t♦ q✉❡ ❛ t♦♣♦❧♦❣✐❛ ✷▲✹▲

♣r♦❞✉③ ♥í✈❡✐s ❞❡ 2VDC/3 à −2VDC/3 ❡♠ ✺ ♥í✈❡✐s ❡ ❞❡ 3VDC/4 à −3VDC/4 ❡♠ ✼ ♥í✈❡✐s✳

P❛r❛ q✉❡ ❛ t❡♥sã♦ ❞❡ s❛í❞❛ t❡♥❤❛ ♦ ♠❡s♠♦ ✈❛❧♦r ♥❛s três t♦♣♦❧♦❣✐❛s ♦s ✈❛❧♦r❡s ❞❛ t❡♥sã♦

❞♦ ❜❛rr❛♠❡♥t♦ sã♦ ❞✐❢❡r❡♥t❡s ❝♦♠♦ ✐♥❞✐❝❛❞❛s ♥❛ ❚❛❜❡❧❛ ✹✳✽✳

❆s ❋✐❣✉r❛s ✹✳✶✺ ❡ ✹✳✶✻ ✐❧✉str❛♠ ♦s s✐♥❛✐s ❞❡ s❛í❞❛ ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ ♣r♦♣♦st❛✳ ❙ã♦ ❛♣r❡✲

s❡♥t❛❞♦s ❛ t❡♥sã♦ ❞♦ ❜r❛ç♦ ′a′ ✭Vao✮ ❡ ′b′ ✭Vbo✮✱ ❛ t❡♥sã♦ ❞❡ s❛í❞❛ ✭Vo✮ ❡ ❛ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛
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❡①♣❡r✐♠❡♥t❛❧ ❞❛ t♦♣♦❧♦❣✐❛ ♦♣❡r❛♥❞♦ ❡♠ ✺ ♥í✈❡✐s✱ ❥á ❛s ❋✐❣✉r❛s ✹✳✶✻✭❛✮ ❡ ✹✳✶✻✭❜✮ ♦♣❡r❛♥❞♦
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❆ ❋✐❣✉r❛ ✹✳✶✼ ✐❧✉str❛ ❛s ❝✉r✈❛s ❞❛ ❚❍❉ ❞❡ ❝♦rr❡♥t❡ ❡ ❞❛ ❲❚❍❉ ❞❡ t❡♥sã♦ ❡♠ ❢✉♥çã♦ ❞♦

í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❡♠ ❛♠♣❧✐t✉❞❡✳
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✭❜✮ ❲❚❍❉ ❞❡ ❚❡♥sã♦

❋✐❣✉r❛ ✹✳✶✼✿ ❆♥á❧✐s❡ ❞❛ q✉❛❧✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛

❊♠ r❡❧❛çã♦ ❛ ❚❍❉ ❞❛ ❝♦rr❡♥t❡✱ ❛ t♦♣♦❧♦❣✐❛ ♣r♦♣♦st❛ ❛♣r❡s❡♥t❛ ♠❡❧❤♦r ❞❡s❡♠♣❡♥❤♦ ❡♠

r❡❧❛çã♦ ❛s ♦✉tr❛s t♦♣♦❧♦❣✐❛s✳ P❛r❛ ma = 0, 9 ❛ ❚❍❉ ❞❛ t♦♣♦❧♦❣✐❛ ♣r♦♣♦st❛ é ✷✱✵✾✪ ❡ ✶✱✵✽✪✱

♣❛r❛ ❛ ♦♣❡r❛çã♦ ❡♠ ✺ ❡ ✼ ♥í✈❡✐s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ P❛r❛ ❛ t♦♣♦❧♦❣✐❛ ◆P❈ s❡ t❡♠ ✸✱✵✾✪

❡ ✸✱✹✹✪ ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ ❍❇✳ ❆ t♦♣♦❧♦❣✐❛ ♣r♦♣♦st❛ ♦♣❡r❛♥❞♦ ❡♠ ✼ ♥í✈❡✐s t❛♠❜é♠ ♣♦ss✉✐

♠❡❧❤♦r❡s r❡s✉❧t❛❞♦s ❞❡ ❲❚❍❉ ❞❡ t❡♥sã♦✳ ❆ ❲❚❍❉ ❞❡ t❡♥sã♦ ♣❛r❛ ma = 0, 9 é ✵✱✶✷✪ ♣❛r❛

✷▲✹▲✲✼◆✱ ❡ ✵✱✶✸✪ ♣❛r❛ ✷▲✹▲✲✺◆ ❡ ◆P❈ ❡ ❞❡ ✵✱✹✹✪ ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ ❍❇✳

❆♥á❧✐s❡ ❞❛s P❡r❞❛s ♥❛s ❈❤❛✈❡s

❆ ❋✐❣✉r❛ ✹✳✶✽ ✐❧✉str❛ ♦s ❣rá✜❝♦s ❝♦♥t❡♥❞♦ ❛s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦✱ ❝♦♥❞✉çã♦ ❡ t♦t❛✐s

♣❛r❛ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❡♠ ❛♠♣❧✐t✉❞❡ ✐❣✉❛✐s ❛ ✵✱✺❀ ✵✱✼ ❡ ✵✱✾✳

❆s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ sã♦ ❢✉♥çã♦ ❞♦s ✈❛❧♦r❡s ❞❡ ❝♦rr❡♥t❡s q✉❡ ❛tr❛✈❡ss❛♠ ❛s ❝❤❛✈❡s

❞♦ ✐♥✈❡rs♦r✱ ♠❛s ♥ã♦ sã♦ ❢✉♥çã♦ ❞❛s t❡♥sõ❡s ❛♣❧✐❝❛❞❛s s♦❜r❡ ❛s ❝❤❛✈❡s✳ ❆s ♣❡r❞❛s ♣♦r ❝❤❛✈❡✲
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✭❝✮ P❡r❞❛s ❚♦t❛✐s

❋✐❣✉r❛ ✹✳✶✽✿ ❆♥á❧✐s❡ ❞❛ q✉❛❧✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛

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

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

❞❡ ❝❛r❣❛ ❡ ♣❛r❛ três ✈❛❧♦r❡s ❞✐st✐♥t♦s ❞❡ ma✳ P♦❞❡✲s❡ ✈❡r✐✜❝❛r q✉❡ ❛ t♦♣♦❧♦❣✐❛ ♣r♦♣♦st❛

♦♣❡r❛♥❞♦ ❡♠ ✺ ♥í✈❡✐s ❛♣r❡s❡♥t❛ ❛s ♠❡♥♦r❡s ♣❡r❞❛s ✭✈❡r ❋✐❣✉r❛ ✹✳✶✽✭❝✮✮✳
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✹✳✺ ❆♣❧✐❝❛çã♦ ❞♦ P❛✐♥❡❧ ❋♦t♦✈♦❧t❛✐❝♦ ♥♦ ■♥✈❡rs♦r ✷▲✹▲

Pr♦♣♦st♦

❆ ❋✐❣✉r❛ ✹✳✶✾ ❛♣r❡s❡♥t❛ ♦ s✐st❡♠❛ ♣r♦♣♦st♦ ♣❛r❛ ❛♣❧✐❝❛çã♦ ❞♦ ♣❛✐♥❡❧ ❢♦t♦✈♦❧t❛✐❝♦ ♥♦ ✐♥✈❡rs♦r

♣r♦♣♦st♦ 2L4L✳ ❇❛s✐❝❛♠❡♥t❡ ♦ s✐st❡♠❛ ♣♦ss✉✐ três ❡t❛♣❛s✳ ❆ ♣r✐♠❡✐r❛ ❡t❛♣❛ é ❞♦ ❝♦♥✈❡rs♦r

❜♦♦st ❥✉♥t♦ ❛♦ ♣❛✐♥❡❧ s♦❧❛r q✉❡ é r❡s♣♦♥sá✈❡❧ ♣♦r r❡❛❧✐③❛r ❛ ♦♣❡r❛çã♦ ❞♦ ▼PP❚✳ ❆ s❡❣✉♥❞❛

❡t❛♣❛ é ♦ ❝✐r❝✉✐t♦ ❞✐✈✐s♦r ❞❡ t❡♥sã♦ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❞❡✜♥✐r ❛ ❞✐str✐❜✉✐çã♦ ❞❛ t❡♥sã♦ ♥♦ ❜❛rr❛✲

♠❡♥t♦✳ ❊ ♣♦r ✜♠✱ ❛ t❡r❝❡✐r❛ ❡t❛♣❛ é ❛ ❞♦ ✐♥✈❡rs♦r ♣r♦♣♦st♦ ✷▲✹▲ ❛❧✐♠❡♥t❛♥❞♦ ✉♠❛ ❝❛r❣❛
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✹✳✺✳✶ ❙✐st❡♠❛ ❞❡ ❈♦♥tr♦❧❡

◆❡st❛ s✉❜s❡çã♦ é ❛♣r❡s❡♥t❛❞♦ ♦s ❞✐❛❣r❛♠❛ ❞❡ ❝♦♥tr♦❧❡ ♣❛r❛ ♦ s✐st❡♠❛ ♣r♦♣♦st♦✳ ❖ ❝♦♥tr♦❧❡

❞♦ ▼PP❚ ❥á ❢♦✐ ❛♣r❡s♥❡t❛❞♦ ♥♦ ❝❛♣✐t✉❧♦ ✹✳ ❖ ❞✐❛❣r❛♠❛ ❞❡ ❝♦♥tr♦❧❡ ❡stá ❛♣r❡s❡♥t❛❞♦ ♣❡❧❛

❋✐❣✉r❛ ✹✳✷✵✭❛✮✳ ❆ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ♣❛r❛ ❡ss❡ s✐st❡♠❛ ❣❛r❛♥t❡ ♦ ❡q✉✐❧í❜r✐♦ ❞❛s t❡♥sõ❡s

❞♦s ❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦ ❞❡ ❛❝♦r❞♦ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♥í✈❡✐s q✉❡ ♦ ✐♥✈❡rs♦r ♣r♦♣♦st♦ ✐rá
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❋✐❣✉r❛ ✹✳✷✵✿ ❉✐❛❣r❛♠❛ ❞❡ ❈♦♥tr♦❧❡ ♥❛ ❆♣❧✐❝❛çã♦ ❝♦♠ ♦ ■♥✈❡rs♦r Pr♦♣♦st♦ ✷▲✹▲

❖ ❝♦♥tr♦❧❡ ❞❛ t❡♥sã♦ t♦t❛❧ ❞♦ ❜❛rr❛♠❡♥t♦ é ❢❡✐t♦ ❝♦♥tr♦❧❛♥❞♦ ♦ ♥í✈❡❧ ❞❡ ❝♦rr❡♥t❡ q✉❡ é

❡①tr❛í❞♦ ❞♦ ❜❛rr❛♠❡♥t♦✳ ❆ t❡♥sã♦ ❞❡ ♣♦❧♦ é ❞✐r❡t❛♠❡♥t❡ ♣r♦♣♦r❝✐♦♥❛❧ à ❝♦rr❡♥t❡ ❞❡ s❛í❞❛✳
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❆ ♣❛rt✐r ❞♦ ❞✐❛❣r❛♠❛ ❛ t❡♥sã♦ VDC é ❞❡✜♥✐❞❛ ♣♦r ✉♠ ❝♦♥tr♦❧❛❞♦r ❞♦ t✐♣♦ PI✱ r❡♣r❡s❡♥t❛❞♦

♣❡❧♦ ❜❧♦❝♦ Rd✳ ❊ss❡ ❝♦♥tr♦❧❛❞♦r ❞❡t❡r♠✐♥❛ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❡♠ ❛♠♣❧✐t✉❞❡ ✭ma✮✳ ❖

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

❝♦♠ ❣r✐❞ s❡rá ♦❜t✐❞♦ ♣♦r ♠❡✐♦ ❞❡ ♣r♦❝❡ss♦ ❝❤❛♠❛❞♦ P▲▲ ✭P❤❛s❡ ▲♦♦❦ ▲♦♦♣✮✳ ❊♠ s❡❣✉✐❞❛

❛ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛ s❡rá ✉t✐❧✐③❛ ♥❛ ❡str❛té❣✐❛ ❞❡ ♠♦❞✉❧❛çã♦ ♣❛r❛ ❞❡✜♥✐r ♦s ❡st❛❞♦ ❞❡ ❝❛❞❛

❝❤❛✈❡ ❞♦ ✐♥✈❡rs♦r✳

❖ ❝♦♥tr♦❧❡ ❞❛ t❡♥sã♦ ❝❡♥tr❛❧ ❞♦ ❜❛rr❛♠❡♥t♦ é ❢❡✐t♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❞✐❛❣r❛♠❛ ❛♣r❡s❡♥t❛❞♦

♥❛ ❋✐❣✉r❛ ✹✳✷✵✭❜✮✳ ❆ t❡♥sã♦ ❝❡♥tr❛❧ ❞♦ ❜❛rr❛♠❡♥t♦ é ❝♦♥tr♦❧❛❞❛ ♣❛r❛ s❡r ✶✴✸ ❞❛ t❡♥sã♦ t♦t❛❧

❞♦ ❜❛rr❛♠❡♥t♦ ♣❛r❛ ♦♣❡r❛r ❡♠ ❝✐♥❝♦ ♥í✈❡✐s ❡ ❝♦♥tr♦❧❛❞❛ ♣❛r❛ ✶✴✷ ♥❛ ♦♣❡r❛çã♦ ❡♠ s❡t❡ ♥í✈❡✐s✳

❆ r❡❧❛çã♦ ❝í❝❧✐❝❛ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ❝❝✴❝❝ é ♦❜t✐❞♦ ♣♦r ♠❡✐♦ ❞❡ ✉♠ ❝♦♥tr♦❧❛❞♦r ❞❡ t✐♣♦ PI

✭r❡♣r❡s❡♥t❛❞♦ ♣❡❧♦ ❜❧♦❝♦ Rc✮✳

✹✳✺✳✷ ❘❡s✉❧t❛❞♦s ❞❡ ❙✐♠✉❧❛çã♦

❖s r❡s✉❧t❛❞♦s ❛♥❛❧✐s❛❞♦s ❢♦r❛♠ ♦❜t✐❞♦s ♣♦r ♠❡✐♦ ❞❡ s✐♠✉❧❛çã♦✳ ❆ t❛❜❡❧❛ ✹✳✾ ❛♣r❡s❡♥t❛ ♦s

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

❚❛❜❡❧❛ ✹✳✾✿ ❉❛❞♦s ❞❡ s✐♠✉❧❛çã♦✳

❱❛r✐á✈❡❧ ❱❛❧♦r ❱❛r✐á✈❡❧ ❱❛❧♦r

✶✵ P❛✐♥é✐s ❡♠ s❡r✐❡ ✸✻ ❝❡❧✉❧❛s ❝❛❞❛ ■rr❛❞✐❛çã♦ ♠é❞✐❛ 800W/m2

■♥❞✉t♦r ❇♦♦st 3mH ■♥❞✉t♦r ❝♦♥✈❡rs♦r ❈❈ 7mH

❈❛♣❛❝✐t♦r❡s 2200uF ❈❛r❣❛ ❘▲ R = 50Ω ❡ L = 7mH

❋r❡q✳ ❇♦♦st 1kHz ❋r❡q✳ P❲▼ 10kHz

VDC 300V VC1 = VC2 = VC3 ♣✴ ✺◆ 100V

VC1 = VC3 ♣✴ ✼◆ 75V VC2 ♣✴ ✼◆ 150V

❆ ❋✐❣✉r❛ ✹✳✷✶ ❛♣r❡s❡♥t❛ ❛ ♣♦tê♥❝✐❛ ♠á①✐♠❛ ❡ ♦ ❛ ♣♦tê♥❝✐❛ ✐♥st❛♥tâ♥❡❛ ❞♦ ♣❛✐♥❡❧ ❢♦t♦✲

✈♦❧t❛✐❝♦✳ ❈♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ♦ r❛str❡❛♠❡♥t♦ ❞❛ ♣♦tê♥❝✐❛ ♠á①✐♠❛ é ❢❡✐t♦ ❞❡ ❢♦r♠❛ ❡✜❝❛③✱

♣❡r♠✐t✐♥❞♦ q✉❡ ❤❛❥❛ ✉♠❛ ✉♠ ❛♣r♦✈❡✐t❛♠❡♥t♦ ♠á①✐♠♦ ❞❛ ❡♥❡r❣✐❛ q✉❡ ♦ ♣❛✐♥❡❧ ♣♦ss❛ ❢♦r♥❡❝❡r✳

❆s t❡♥sõ❡s ❡ ❝♦rr❡♥t❡s ❞❡ s❛í❞❛ ♣❛r❛ ❛ ♦♣❡r❛çã♦ ❡♠ ✺ ❡ ✼ ♥í✈❡✐s sã♦ ❛♣r❡s❡♥t❛❞♦s ♣❡❧❛

❋✐❣✉r❛ ✹✳✷✷✳

❆s t❡♥sõ❡s ❞♦ ❜❛rr❛♠❡♥t♦ ♣❛r❛ ❛ ♦♣❡r❛çã♦ ❡♠ ✺ ❡ ✼ ♥í✈❡✐s sã♦ ❛♣r❡s❡♥t❛❞♦s ♣❡❧❛ ❋✐❣✉r❛
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✹✳✻ ❈♦♥❝❧✉sã♦

◆❡st❡ ❝❛♣ít✉❧♦ ❢♦r❛♠ ❛♣r❡s❡♥t❛❞❛s ❛s ❛♥á❧✐s❡s ❝♦♠♣❛r❛t✐✈❛s ❡♥tr❡ t♦♣♦❧♦❣✐❛s ❞❡ ✐♥✈❡rs♦r❡s

♠✉❧t✐♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ❞❡ q✉❛tr♦ ❡ ❝✐♥❝♦ ♥í✈❡✐s✳ P❛r❛ ❝❛❞❛ t♦♣♦✲

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

♥ú♠❡r♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s r❡❞✉③✐❞♦s ❝♦♠♦ é ♦ ❝❛s♦ ❞❡ DPC ❡ ❞❛ t♦♣♦❧♦❣✐❛ 2L4L ♣r♦♣♦st❛✳

◆♦ ❝❛s♦ ❞♦s ✐♥✈❡rs♦r❡s ❞❡ q✉❛tr♦ ♥í✈❡✐s ❛ s♦❧✉çã♦ ❞❛ t♦♣♦❧♦❣✐❛ Nested✱ ♣❛r❛ ❛ ♦❜t❡♥çã♦

❞♦s q✉❛tr♦ ♥í✈❡✐s ❝♦♠ ♥ú♠❡r♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s r❡❞✉③✐❞♦s✱ ♥ã♦ é ❜❡♠ ❛❝❡✐t❛ ❞❡✈✐❞♦ ❛♦ ❢❛t♦

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

❢♦✐ ❛♣r❡s❡♥t❛❞❛ ❛ t♦♣♦❧♦❣✐❛ DPC q✉❡ ♣♦ss✉✐ ❛ ♠❡s♠❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❝♦♠♣♦♥❡♥t❡s q✉❡ ❛

❡str✉t✉r❛ Nested✱ ♠❛s ♥ã♦ ❛♣r❡s❡♥t❛ ❛ ❝❤❛✈❡ q✉❡ ♦♣❡r❛ ❝♦♠ ❛ t❡♥sã♦ t♦t❛❧ ❞♦ ❜❛rr❛♠❡♥t♦✳

P♦r ♠❡✐♦ ❞❡ ❞❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❢♦✐ ❢❡✐t❛ ✉♠❛ ❛♥á❧✐s❡ ❝♦♠♣❛r❛t✐✈❛✱ ❝♦♠ ❜❛s❡ ♥♦ THD

❞❡ ❝♦rr❡♥t❡✱ WTHD ❞❡ t❡♥sã♦ ❡ ♣❡r❞❛s ♥❛s ❝❤❛✈❡s✳ ❱❡r✐✜❝♦✉✲s❡ q✉❡ ❛ t♦♣♦❧♦❣✐❛ DPC

❛♣r❡s❡♥t❛ ❜♦♥s r❡s✉❧t❛❞♦s ❡♠ r❡❧❛çã♦ ❛ ❡str✉t✉r❛ ❝♦♥✈❡♥❝✐♦♥❛❧ ❡ ♦ Nested✳

❚❛♠❜é♠ ❢♦✐ ❛♣r❡s❡♥t❛❞♦ ✉♠❛ ♥♦✈❛ t♦♣♦❧♦❣✐❛ ❞❡ ✺ ♥í✈❡✐s ✭✷▲✹▲✮✳ ❆ t♦♣♦❧♦❣✐❛ ✷▲✹▲ é

❝♦♠♣♦st❛ ♣♦r ✉♠ ❜r❛ç♦ q✉❡ ♣r♦❞✉③ ❞♦✐s ♥í✈❡✐s ❡ ♣♦r ✉♠ ❜r❛ç♦ q✉❡ ♣r♦❞✉③ q✉❛tr♦ ♥í✈❡✐s✳

❆♣❡s❛r ❞❛ t♦♣♦❧♦❣✐❛ ♦r✐❣✐♥❛❧♠❡♥t❡ ♣r♦❞✉③✐r ✺ ♥í✈❡✐s✱ é ♣♦ssí✈❡❧ ✈❛r✐❛r ❛ t❡♥sã♦ ❞♦s ❝❛♣❛❝✐t♦r❡s

❞♦ ❜❛rr❛♠❡♥t♦ ♣❛r❛ q✉❡ ♦ ✐♥✈❡rs♦r ♣r♦♣♦st♦ ♣r♦❞✉③❛ ✉♠❛ t❡♥sã♦ ❞❡ s❛í❞❛ ❝♦♠ s❡t❡ ♥í✈❡✐s✳

P♦r ♠❡✐♦ ❞❡ ❞❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❢♦✐ ❢❡✐t❛ ✉♠❛ ❛♥á❧✐s❡ ❝♦♠♣❛r❛t✐✈❛✱ ❝♦♠ ❜❛s❡ ♥♦ THD

❞❡ ❝♦rr❡♥t❡✱ WTHD ❞❡ t❡♥sã♦ ❡ ♣❡r❞❛s ♥❛s ❝❤❛✈❡s✳ ❱❡r✐✜❝♦✉✲s❡ q✉❡ ❛ t♦♣♦❧♦❣✐❛ ♣r♦♣♦st❛

2L4L ❛♣r❡s❡♥t♦✉ ❜♦♥s r❡s✉❧t❛❞♦s ❡♠ r❡❧❛çã♦ ❛ ❡str✉t✉r❛ ◆P❈ ❝♦♥✈❡♥❝✐♦♥❛❧ ❡ ❛ ❍❇✳
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■♥✈❡rs♦r ❚r✐❢ás✐❝♦ ❞❡ ✸ ◆í✈❡✐s ◆P❈

✺✳✶ ■♥tr♦❞✉çã♦

◆❡st❡ ❝❛♣ít✉❧♦ s❡rá ❛♣r❡s❡♥t❛❞♦ ❛ ❛♣❧✐❝❛çã♦ ❞♦ ♣❛✐♥❡❧ ❢♦t♦✈♦❧t❛✐❝♦ ❛♦ ✐♥✈❡rs♦r tr✐❢ás✐❝♦ ❞❡

três ♥í✈❡✐s ❞♦ t✐♣♦ ◆P❈✳ ❙❡rá ❛♥❛❧✐s❛❞♦ ♦ ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦ s✐st❡♠❛ ❡♠ ❝♦♥❞✐çõ❡s ❞❡

s♦♠❜r❡❛♠❡♥t♦ ♣❛r❝✐❛❧

✺✳✶✳✶ ❖♣❡r❛çã♦ ❡ ▼♦❞❡❧♦ ❞♦ ❙✐st❡♠❛

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

♣❡❧♦ ▼PP❚✱ ✉s❛❞♦s ❡♠ ❝♦♥❥✉♥t♦ ❝♦♠ ✉♠ ✐♥✈❡rs♦r ❞❡ três ♥í✈❡✐s ♣❛r❛ ❛❝✐♦♥❛r ✉♠❛ ❝❛r❣❛

tr✐❢ás✐❝❛✳ ❈♦♠♦ ♦ ✐♥✈❡rs♦r ❞❡ três ♥í✈❡✐s ❞♦ t✐♣♦ ◆P❈ ♣♦ss✉✐ ❞♦✐s ❝❛♣❛❝✐t♦r❡s✱ s❡rã♦ ✉s❛❞♦s

❞♦✐s ♣❛✐♥é✐s ♣❛r❛ ❛❧✐♠❡♥t❛r ❝❛❞❛ ✉♠ ❞♦s ❝❛♣❛❝✐t♦r❡s ❞♦ ❝✐r❝✉✐t♦✳ ❖ s✐st❡♠❛ ❡stá ✐❧✉str❛❞♦

♥❛ ❋✐❣✉r❛ ✺✳✶✳

❙❡rã♦ ❛♥❛❧✐s❛❞♦s ❞✉❛s s✐t✉❛çõ❡s✱ ❛ ♣r✐♠❡✐r❛✱ q✉❛♥❞♦ ♦s ❞♦✐s ♣❛✐♥é✐s ❡st❛rã♦ s✉❜♠❡t✐❞♦s

❛ ♠❡s♠❛ ✐rr❛❞✐❛çã♦ ❡ ❛ s❡❣✉♥❞❛ q✉❛♥❞♦ ❛ ✐rr❛❞✐❛çã♦ ❞♦s ♣❛✐♥é✐s ❢♦r❡♠ ❞✐❢❡r❡♥t❡s✳

❆ ❋✐❣✉r❛ ✺✳✷ ❛♣r❡s❡♥t❛ ♦ ❝✐r❝✉✐t♦ ❡q✉✐✈❛❧❡♥t❡ ♣❛r❛ ♦ s✐st❡♠❛ ♣r♦♣♦st♦✳ ❆s ❝❤❛✈❡s ❞♦

✐♥✈❡rs♦r NPC Sj1✱ Sj2✱ Sj3 ❡ Sj4 sã♦ r❡♣r❡s❡♥t❛❞❛s ♣❡❧❛s ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦ qj1✱ qj2✱ qj3

❡ qj4✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❡♥q✉❛♥t♦ q✉❡ ❛s ❝❤❛✈❡s ❞♦s ❜♦♦st s✉♣❡r✐♦r ❡ ✐♥❢❡r✐♦r ✭S1 ❡ S2✮ sã♦

✾✼
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+

_

+

_

Sa1

Sa2

Sa3

Sa4

Da1

Da2

C1

C2

VC2

A

VC1

LC RC 

LB RB 

LA RA 

N

O

+

_

Cpv1
Vpv1

Ipv1

D1

S1

L1

IL1

+

_

Cpv2
Vpv2

Ipv2

D2

S2

L2

IL2

ID2

ID1
IC1

IC2

Inp

❋✐❣✉r❛ ✺✳✶✿ P❛✐♥❡❧ s♦❧❛r ❛♣❧✐❝❛❞♦ ❛♦ ✐♥✈❡rs♦r ❞❡ ✸ ♥í✈❡✐s

r❡♣r❡s❡♥t❛❞❛s ♣❡❧❛s ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦ q1 ❡ q2✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❋✐❣✉r❛ ✺✳✷✿ ▼♦❞❡❧♦ ❞♦ ✐♥✈❡rs♦r ❞❡ ✸ ♥í✈❡✐s

❈♦♠♦ ❛ ❝❛r❣❛ ❡stá ❧✐❣❛❞❛ ❡♠ ❡str❡❧❛ ♦ ♠♦❞❡❧♦ ❞♦ ✐♥✈❡rs♦r é ❞❛❞♦ ♣❡❧❛s s❡❣✉✐♥t❡s ❡q✉❛çõ❡s

vjo −Rjij − Lj(dij/dt)− von ✭✺✳✶✮

♦♥❞❡✱ j = a, b, c✳ ❈♦♥s✐❞❡r❛♥❞♦ ❛ ❝❛r❣❛ ❡q✉✐❧✐❜r❛❞❛ ❛ t❡♥sã♦ von é ❞❛❞❛ ♣♦r✿

von = (vao + vbo + vco)/3 ✭✺✳✷✮

❆s t❡♥sõ❡s ❞❡ ♣♦❧♦ sã♦ ❞❡✜♥✐❞❛s ❡♠ ❢✉♥çã♦ ❞♦s ❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❡ ❞❡t❡r♠✐♥❛❞❛s

♣❡❧❛s ❡q✉❛çõ❡s ❛ s❡❣✉✐r✿

vjo = (qj1 + qj2 − 1)(VC1 + VC2)/2 ✭✺✳✸✮

❏á ❛s t❡♥sõ❡s ❞♦s ❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦ CC sã♦ ❞❛❞❛s ❡♠ ❢✉♥çã♦ ❞❛ t❡♥sã♦ ❞♦s
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♣❛✐♥❡✐s q✉❡ ❛❧✐♠❡♥t❛ ♦ s✐st❡♠❛✳ ❈♦♠ ❜❛s❡ ♥♦ ♠♦❞❡❧♦ ❞♦ ❝♦♥✈❡rs♦r ′boost′ ✐❧✉str❛❞♦ ♥❛

❋✐❣✉r❛ ✺✳✸ ❛s t❡♥sõ❡s ❞♦ ❜❛rr❛♠❡♥t♦ sã♦ ❞❛❞❛s ♣❡❧❛s s❡❣✉✐♥t❡s ❡q✉❛çõ❡s✿

❋✐❣✉r❛ ✺✳✸✿ ▼♦❞❡❧♦ ❞♦ ❝♦♥✈❡rs♦r ❜♦♦st

VCk = (1− qk)(Vpvk − Lk(diLK/dt)) ✭✺✳✹✮

♦♥❞❡ k = 1, 2 ❡ Vpvk sã♦ ❛s t❡♥sõ❡s ♥♦s ♣❛✐♥é✐s s♦❧❛r❡s ❡ ILk sã♦ ❛s ❝♦rr❡♥t❡s ♥♦s ✐♥❞✉t♦r❡s

❞♦s ❝♦♥✈❡rs♦r❡s ′boost′✳

✺✳✶✳✷ ▼♦❞✉❧❛çã♦ P❲▼ ❡ ❈♦♥tr♦❧❡

❆ ❋✐❣✉r❛ ✺✳✹ ✐❧✉str❛ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❝♦♥tr♦❧❡ ♣❛r❛ ❛ ♠♦❞✉❧❛çã♦ P❲▼ ❡ ♣❛r❛ ♦ ❝♦♥tr♦❧❡ ❞♦

❜❛rr❛♠❡♥t♦ CC✳ ◆❛ ♠♦❞✉❧❛çã♦ ❞❛ ❡str✉t✉r❛ ♣r♦♣♦st❛ é r❡❛❧✐③❛❞♦ ♦ ❝♦♥tr♦❧❡ ❞♦ ♥í✈❡❧ ❞❡

t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ CC ❡ ♦ ❝♦♥tr♦❧❡ ❞♦ ❡q✉✐❧í❜r✐♦ ❞❛ t❡♥sã♦ ❞♦s ❝❛♣❛❝✐t♦r❡s q✉❡ ❝♦♠♣õ❡

♦ ♠❡s♠♦✱ ♦✉ s❡❥❛✱ VC1 = VC2 ✳ ❖ ❝♦♥tr♦❧❡ ❞♦ ♥í✈❡❧ ❞❡ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ CC ✭VDC✮ é

r❡❛❧✐③❛❞♦ r❡❣✉❧❛♥❞♦ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❡♠ ❛♠♣❧✐t✉❞❡ ✭ma✮ ♣♦r ♠❡✐♦ ❞♦ ❝♦♥tr♦❧❛❞♦r PI✳

❖ ma ❞❡t❡r♠✐♥❛ ♦ ♥í✈❡❧ ❞❡ ❝♦rr❡♥t❡ q✉❡ ❞❡✈❡rá s❡r ✐♥❥❡t❛❞♦ ♥♦ ❜❛rr❛♠❡♥t♦ ♣❛r❛ ♠❛♥t❡r ♦

♥í✈❡❧ ❞❡ t❡♥sã♦ ❞❡s❡❥❛❞♦✳ ▼✉❧t✐♣❧✐❝❛♥❞♦ ♦ ma ♣♦r três s❡♥♦✐❞❡s ✉♥✐tár✐❛s t❡♠✲s❡ ❛s t❡♥sõ❡s

❞❡ r❡❢❡rê♥❝✐❛ vjo✳ ❈♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ❡q✉✐❧✐❜r❛r ❛s t❡♥sõ❡s ❞♦s ❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦ CC

é s♦♠❛❞♦ ♥❛s três t❡♥sõ❡s ❞❡ r❡❢❡rê♥❝✐❛ ✉♠❛ t❡♥sã♦ ❤♦♠♦♣♦❧❛r ✭V h✮✱ ❞❛❞❛ ♣❡❧❛ s❡❣✉✐♥t❡

❡q✉❛çã♦✿

V h = (1− 2µ)
VDC

2
+ µ.vmax+ (1 + µ).vmin ✭✺✳✺✮

❖♥❞❡✱ vmax = VDC

2
max(V ∗

ao, V
∗

bo, V
∗

co)✱ vmin = −VDC

2
min(V ∗

ao, V
∗

bo, V
∗

co) ❡ µ é ❛ r❛③ã♦ ❞❡

❞✐str✐❜✉✐çã♦✳

❆ ✈❛r✐á✈❡❧ µ é ✉t✐❧✐③❛❞❛ ♣❛r❛ ♦ ❝♦♥tr♦❧❡ ❞♦ ❡q✉✐❧í❜r✐♦ ❞❛s t❡♥sõ❡s ❞♦ ❜❛rr❛♠❡♥t♦✭❆♥❞r❛❞❡✳✱

✷✵✶✷❀ ❞❡ ❖❧✐✈❡✐r❛✳✱ ✷✵✵✺✮✳ ❆s ♥♦✈❛s t❡♥sõ❡s ❞❡ r❡❢❡rê♥❝✐❛ ✭vjonew = vjo + V h✮ sã♦ ✉t✐❧✐③❛❞❛s
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❋✐❣✉r❛ ✺✳✹✿ ❉✐❛❣r❛♠❛ ❞❡ ❝♦♥tr♦❧❡ ❡ ♠♦❞✉❧❛çã♦ P❲▼

♥❛ ♠♦❞✉❧❛çã♦ ❈❇P❲▼ ▲❡✈❡❧✲❙❤✐❢t ✭❋r❛♥q✉❡❧♦ ❡t ❛❧✳✱ ✷✵✵✽✮✱ ♦♥❞❡ sã♦ ❝♦♠♣❛r❛❞❛s ❝♦♠ ❞✉❛s

t❡♥sõ❡s tr✐❛♥❣✉❧❛r❡s ♣❛r❛ ❞❡✜♥✐r ♦s s✐♥❛✐s ❞❡ ❝♦♠❛♥❞♦ ❞❛s ❝❤❛✈❡s ❞♦ ✐♥✈❡rs♦r NPC✳

◆❛ ❡str✉t✉r❛ ❝♦♥✈❡♥❝✐♦♥❛❧ ❞♦ ✐♥✈❡rs♦r ◆P❈✱ ♦ ❝♦♥tr♦❧❡ ❞❛ ✈❛r✐á✈❡❧ µ ♣♦ss✐❜✐❧✐t❛ q✉❡ ❛

♠é❞✐❛ ❞❛ ❝♦rr❡♥t❡ ✐♥❥❡t❛❞❛ ♥♦ ♣♦♥t♦ ❝❡♥tr❛❧ ❞♦ ❜❛rr❛♠❡♥t♦ ✭inp✮ s❡❥❛ ③❡r♦✱ ❡ss❛ é ❛ ❝♦♥❞✐çã♦

♣❛r❛ q✉❡ ❛s t❡♥sõ❡s ❞♦s ❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦ s❡❥❛♠ ✐❣✉❛✐s✳ ◆♦ ❝❛s♦ ❞❛ ❡str✉t✉r❛

♣r♦♣♦st❛✱ ❛❧é♠ ❞❛ ❝♦rr❡♥t❡ inp ❛s ❝♦rr❡♥t❡s ❞❡ s❛í❞❛ ❞♦s ❞♦✐s ❝♦♥✈❡rs♦r❡s ❜♦♦st ✭iD1eiD2✮

t❛♠❜é♠ sã♦ ✐♥❥❡t❛❞❛s ♥♦ ♣♦♥t♦ ❝❡♥tr❛❧✳ ❙❡♥❞♦ ❛ss✐♠✱ ❛♣❧✐❝❛♥❞♦ ❛ ❧❡✐ ❞❡ ❑✐r❝❤❤♦✛ ♣❛r❛ ❛s

❝♦rr❡♥t❡s ♠é❞✐❛s ♥♦ ♣♦♥t♦ ❝❡♥tr❛❧✱ t❡♠✲s❡ ❛ s❡❣✉✐♥t❡ ❡q✉❛çã♦✿

iC1 = iC2 + (iD2 − iD1) + inp ✭✺✳✻✮

❖❜s❡r✈❛♥❞♦ ❛ ❡q✉❛çã♦ ✭✺✳✻✮ ♣❛r❛ q✉❡ iC1 = iC2 ❜❛st❛ q✉❡ (iD2 − iD1) + inp = 0✳ ❆

❝♦rr❡♥t❡ ✐♥❥❡t❛❞❛ ♥♦ ♣♦♥t♦ ❝❡♥tr❛❧ ❞♦ ❜❛rr❛♠❡♥t♦ ♣❡❧♦ ✐♥✈❡rs♦r ✭inp✮ ♣♦❞❡ s❡r ❝♦♥tr♦❧❛❞❛

♣❡❧❛ ✈❛r✐á✈❡❧ µ✱ ❝♦♠♦ ❛♣r❡s❡♥t❛❞♦ ❡♠ ✭❆♥❞r❛❞❡✳✱ ✷✵✶✷✮✳ P♦rt❛♥t♦✱ ❛ ❝♦rr❡♥t❡ inp é ❛❥✉st❛❞❛

♣❛r❛

inp = iD1 − iD2 ✭✺✳✼✮

❙✉❜st✐t✉✐♥❞♦ ❛ ❡q✉❛çã♦ ✭✺✳✼✮ ❡♠ ✭✺✳✻✮✱ t❡♠✲s❡✿

iC1 = iC2 ✭✺✳✽✮



❆♣❧✐❝❛çã♦ ❞♦s P❛✐♥é✐s ❋♦t♦✈♦❧t❛✐❝♦s ❛♦ ■♥✈❡rs♦r ❚r✐❢ás✐❝♦ ❞❡ ✸ ◆í✈❡✐s ◆P❈ ✶✵✶

✺✳✶✳✸ ❆♥á❧✐s❡ ❞❡ ❉❡s❡♠♣❡♥❤♦

❖s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❢♦r❛♠ ♦❜t✐❞♦s ♣♦r ♠❡✐♦ ❞❛s ❢❡rr❛♠❡♥t❛s ❞♦ ▼❆❚▲❆❇ ❡ P❙■▼✳

❆ ❚❛❜❡❧❛ ✺✳✶ ❛♣r❡s❡♥t❛ ♦s ❞❛❞♦s ❞♦s ❡❧❡♠❡♥t♦s ✉t✐❧✐③❛❞♦s ♥❛ s✐♠✉❧❛çã♦✳

❚❛❜❡❧❛ ✺✳✶✿ ❉❛❞♦s ❞❡ s✐♠✉❧❛çã♦✳

❱❛r✐á✈❡❧ ❱❛❧♦r ❱❛r✐á✈❡❧ ❱❛❧♦r

■♥❞✉t♦r ❞♦ ❇♦♦st 3mH ❢r❡q✳ ❝❤❛✈✳ P❲▼ ✶✵ ❦❍③

❈❛♣❛❝✐t♦r ❞♦ P❛✐♥❡❧ 1100uF VC1 ❡ VC2 ✻✺ ❱

❢r❡q✳ ❝❤❛✈ ❇♦♦st ✶ ❦❍③ ❈❛r❣❛ ❘▲ R = 50Ω ❡ L = 7mH

❈❛❞❛ ♠ó❞✉❧♦ ❞♦ ♣❛✐♥❡❧ s♦❧❛r ♣♦ss✉✐ ✸✻ ❝é❧✉❧❛s ❢♦t♦✈♦❧t❛✐❝❛s✱ ❝♦♠ t❡♠♣❡r❛t✉r❛ ✜①❛ ❡♠

✷✺◦❈✳ ❖s ♠ó❞✉❧♦s sã♦ s✉❜♠❡t✐❞♦s ❛ ✉♠❛ ✐rr❛❞✐❛çã♦ ❞❡ ✶✵✵✵❲✴♠✷ ✱ ♥♦ ✐♥st❛♥t❡ t ❂ ✵✱✾✺ ❛

✐rr❛❞❛çã♦ ❞♦ s❡❣✉♥❞♦ ♣❛✐♥❡❧ é ❛❧t❡r❛❞❛ ♣❛r❛ ✾✵✵❲✴♠✷ ✭✈❡r ❋✐❣✉r❛ ✺✳✺✮✳

❆♥á❧✐s❡ ❡♠ ▼❛❧❤❛ ❆❜❡rt❛

◆❛ ❋✐❣✉r❛ ✺✳✺ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ❝✉r✈❛s ❞❡ ❝♦rr❡♥t❡✱ ❞❡ t❡♥sã♦ ❡ ❞❡ ♣♦tê♥❝✐❛ ♥♦ ♣❛✐♥❡❧

s♦❧❛r✳ P❛r❛ t ❁ ✵✳✾✷ ♦s ❞♦✐s ♣❛✐♥é✐s✱ q✉❡ sã♦ ✐❞ê♥t✐❝♦s ❡stã♦ s✉❜♠❡t✐❞♦s ❛ ✉♠❛ ✐rr❛❞✐❛çã♦

❞❡ ✶✵✵✵❲✴♠✷✳ ❉✉r❛♥t❡ ❡st❡ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ é ♣♦ssí✈❡❧ ♣❡r❝❡❜❡r q✉❡ t❛♥t♦ ❛ ❝♦rr❡♥t❡

❝♦♠♦ ❛ t❡♥sã♦ ❡ ♣♦tê♥❝✐❛ ♣♦ss✉❡♠ ♦s ♠❡s♠♦s ✈❛❧♦r❡s✳ ❖✉ s❡❥❛✱ ❝❛❞❛ P❱ ❢♦r♥❡❝❡ ❛ ♠❡s♠❛

q✉❛♥t✐❞❛❞❡ ❞❡ ♣♦tê♥❝✐❛✳

❏á ♣❛r❛ t ❃ ✵✳✾✷✱ é ❛♣❧✐❝❛❞❛ ✉♠❛ ✐rr❛❞✐❛çã♦ ❞❡ ✾✵✵ ❲✴♠✷ ♥♦ ♣❛✐♥❡❧ ❞♦✐s ✭P❱✷✮✳ ❊st❛

✐♠♣♦s✐çã♦ t❡♠ ❝♦♠♦ ♦❜❥❡t✐✈♦ ❡♠✉❧❛r ♦ s♦♠❜r❡❛♠❡♥t♦ ♣❛r❝✐❛❧✳ ❖❜s❡r✈❛✲s❡ ♥❛ ❋✐❣✉r❛ ✺✳✺ q✉❡

❛ t❡♥sã♦ r❡❢❡r❡♥t❡ ❛♦ ▼PP❚ ♥ã♦ s♦❢r❡ ✉♠❛ ✈❛r✐❛çã♦ tã♦ ❡①♣r❡ss✐✈❛ ❝♦♠♦ ❛ ❝♦rr❡♥t❡✳ ❈♦♠♦

❛ s✐♠✉❧❛çã♦ ❡st❛ ♦♣❡r❛♥❞♦ ❡♠ ♠❛❧❤❛ ❛❜❡rt❛ ❡st❛ ✈❛r✐❛çã♦ ❞❡ ❝♦rr❡♥t❡ ✈❛✐ ❛❧t❡r❛r ♦ ♣♦♥t♦ ❞❡

♦♣❡r❛çã♦ ❞♦ ❝♦♥✈❡rs♦r✱ ♠♦❞✐✜❝❛♥❞♦ ❛s ❝♦rr❡♥t❡s ♥♦s ❞✐♦❞♦s ❞♦s ❝♦♥✈❡rs♦r❡s ′boosts′ ❝♦♠♦

♣♦❞❡ s❡r ✈✐st♦ ♥❛ ❋✐❣✉r❛ ✺✳✻✳

❆ ♠❡❞✐❞❛ q✉❡ ❛s ❝♦rr❡♥t❡s iD1 ❡ iD2 ♥ã♦ sã♦ ♠❛✐s ✐❣✉❛✐s✱ ❛ ✐❣✉❛❧❞❛❞❡ ❡♥tr❡ iC1 ❡ iC2 ♥ã♦

é s❛t✐s❢❡✐t❛✳ P♦rt❛♥t♦✱ ♦❝♦rr❡ ♦ ❞❡s❡q✉✐❧í❜r✐♦ ❞❛ t❡♥sã♦ ❞♦s ❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦✳ P❛r❛

s♦❧✉❝✐♦♥❛r ❡ss❡ ♣r♦❜❧❡♠❛ ❢♦✐ r❡❛❧✐③❛❞♦ ♦ ❝♦♥tr♦❧❡ ❡♠ ♠❛❧❤❛ ❢❡❝❤❛❞❛✳



❆♣❧✐❝❛çã♦ ❞♦s P❛✐♥é✐s ❋♦t♦✈♦❧t❛✐❝♦s ❛♦ ■♥✈❡rs♦r ❚r✐❢ás✐❝♦ ❞❡ ✸ ◆í✈❡✐s ◆P❈ ✶✵✷

❋✐❣✉r❛ ✺✳✺✿ ❈♦rr❡♥t❡✱ t❡♥sã♦ ❡ ♣♦tê♥❝✐❛ ❞♦ ♣❛✐♥❡❧ ❢♦t♦✈♦❧t❛✐❝♦

✭❛✮ ❈♦rr❡♥t❡ iD1 ❡ iD2

✭❜✮ ❚❡♥sã♦ VC1 ❡ VC2

❋✐❣✉r❛ ✺✳✻✿ ❈♦rr❡♥t❡s ❡ t❡♥sõ❡s ❞❡ s❛í❞❛ ❞♦ ❜♦♦st

❆♥á❧✐s❡ ❡♠ ▼❛❧❤❛ ❋❡❝❤❛❞❛

❆ ❋✐❣✉r❛ ✺✳✼ ✐❧✉str❛ ❛s ❞✉❛s ✈❛r✐á✈❡✐s ❞❡ ❝♦♥tr♦❧❡ ❞♦ s✐st❡♠❛✳ ❈♦♠♦ s❡ ♣♦❞❡ ♣❡r❝❡❜❡r✱ q✉❛♥❞♦

♦ s♦♠❜r❡❛♠❡♥t♦ ♦❝♦rr❡ ✭❡♠ t❂✵✱✾✷✮ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❞✐♠✐♥✉❡ ♥♦ ✐♥t✉✐t♦ ❞❡ s❡ ❛❥✉st❛r

♣❛r❛ ❛ ♣❡r❞❛ ❞❡ ❝♦rr❡♥t❡ ♦❝❛s✐♦♥❛❞❛ ♣❡❧♦ s♦♠❜r❡❛♠❡♥t♦✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❛ ✈❛r✐á✈❡❧ µ ♥ã♦ é

♠❛✐s ❛❥✉st❛❞❛ ❡♠ t♦r♥♦ ❞❡ ✵✱✺✱ ❝♦♠♦ ❡r❛ ♥♦ ❝❛s♦ ❞♦ s✐st❡♠❛ ❝♦♥✈❡♥❝✐♦♥❛❧✱ ❡ s✐♠ ❡♠ t♦r♥♦



❆♣❧✐❝❛çã♦ ❞♦s P❛✐♥é✐s ❋♦t♦✈♦❧t❛✐❝♦s ❛♦ ■♥✈❡rs♦r ❚r✐❢ás✐❝♦ ❞❡ ✸ ◆í✈❡✐s ◆P❈ ✶✵✸

❞❡ ✵✱✼✺✳ ■st♦ ♣♦rq✉❡ ♦ ✈❛❧♦r ❞♦ µ é ❛❥✉st❛❞♦ ❝♦♥s✐❞❡r❛♥❞♦ ♦ ❡rr♦ ❞❡ ❝♦rr❡♥t❡ ❞♦s ❝♦♥✈❡rs♦r❡s

′boost′✳

❋✐❣✉r❛ ✺✳✼✿ ❱❛r✐á✈❡✐s ❞❡ ❈♦♥tr♦❧❡✿ ❮♥❞✐❝❡ ❞❡ ▼♦❞✉❧❛çã♦ ✭m✮ ❡ r❛③ã♦ ❞❡ ❞✐str✐❜✉✐çã♦
✭µ✮

❆ ♣❛rt✐r ❞♦ ❝♦♥tr♦❧❡ ❞❛s ✈❛r✐á✈❡✐s ❛♥t❡r✐♦r❡s é ♣♦ssí✈❡❧ ♣❡r❝❡❜❡r q✉❡ ♦ ❡q✉✐❧í❜r✐♦ ❞❛ t❡♥sã♦

❞♦s ❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦ é s❛t✐s❢❡✐t❛✳ ◆❛ ❋✐❣✉r❛ ✺✳✽ ♣❡r❝❡❜❡✲s❡ q✉❡ ❛ ✉♠ ❡rr♦ ❞❡ t❡♥sã♦

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

r❡t♦r♥❛♠ ❡q✉✐❧✐❜r❛❞❛s✳

❋✐❣✉r❛ ✺✳✽✿ ❚❡♥sõ❡s ❞♦ ❇❛rr❛♠❡♥t♦ ❡q✉✐❧✐❜r❛❞❛s✳ VC1 ❡ VC2

✺✳✶✳✹ ❆♥á❧✐s❡ ❞♦ ❉❡s❡♠♣❡♥❤♦ ❞♦ ❙✐st❡♠❛

❆♥á❧✐s❡ ❞❡ ❚❍❉ ❞❡ ❈♦rr❡♥t❡ ❡ ❲❚❍❉ ❞❡ ❚❡♥sã♦

◆❛ ❋✐❣✉r❛ ✺✳✶✻ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ❝✉r✈❛s ❞❡ ❝♦rr❡♥t❡s tr✐❢ás✐❝❛s ❞❛ ❝❛r❣❛ ✭ia✱ ib ❡ ic✮✱

❛ t❡♥sã♦ ❞❡ ♣♦❧♦ ✭vao✮ ❡ ❛ t❡♥sã♦ ❞❡ ❧✐♥❤❛ ✭vab✮✳ ❱✐s✉❛❧♠❡♥t❡ ♥ã♦ é ♣♦ssí✈❡❧ ✐❞❡♥t✐✜❝❛r ❛

✐♥✢✉ê♥❝✐❛ ❞♦ s♦♠❜r❡❛♠❡♥t♦ ♥♦ s✐st❡♠❛✳ ❈♦♠♦ ❛s ✈❛r✐á✈❡✐s ❞❡ ❝♦♥tr♦❧❡ ❡stã♦ ❞✐r❡t❛♠❡♥t❡

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

♥❛ ❚❍❉ ❞❡ ❝♦rr❡♥t❡ ❡ ❲❚❍❉ ❞❡ t❡♥sã♦✳
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❋✐❣✉r❛ ✺✳✾✿ ❈♦rr❡♥t❡s ❡ t❡♥sõ❡s ❞♦ ✐♥✈❡rs♦r✳

❆ ✈❛r✐❛çã♦ ❞♦ µ ✐♠♣❧✐❝❛ ♥✉♠❛ ♠✉❞❛♥ç❛ ❞♦ ♣❛❞rã♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ ✉♠❛ ✈❡③ q✉❡ ♦ ✈❛❧♦r

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

♣❡rí♦❞♦ ❞❡ ♠♦❞✉❧❛çã♦✳ ❆ ❚❛❜❡❧❛ ✺✳✷ ✐♥❞✐❝❛ ♦s ✈❛❧♦r❡s ♦❜t✐❞♦s ♣❛r❛ ♦ ❚❍❉ ❞❡ ❝♦rr❡♥t❡ ❡

❲❚❍❉ ❞❡ t❡♥sã♦ ❛♥t❡s ❞♦ s♦♠❜r❡❛♠❡♥t♦ ❡ ❞❡♣♦✐s ❞♦ s♦♠❜r❡❛♠❡♥t♦✳

❚❛❜❡❧❛ ✺✳✷✿ ❚❍❉ ❞❡ ❝♦rr❡♥t❡ ❡ ❲❚❍❉ ❞❡ t❡♥sã♦ ✭✪✮✳

❚❍❉ s❡♠ s♦♠❜r❡❛♠❡♥t♦ ✶✱✽✾

❚❍❉ ❝♦♠ s♦♠❜r❡❛♠❡♥t♦ ✷✱✽✾

❲❚❍❉ s❡♠ s♦♠❜r❡❛♠❡♥t♦ ✵✱✶✵

❲❚❍❉ ❝♦♠ s♦♠❜r❡❛♠❡♥t♦ ✵✱✶✸

◆❛ ❝♦♥❞✐çã♦ ❞❡ s♦♠❜r❡❛♠❡♥t♦ ❤♦✉✈❡ ♦ ❛✉♠❛♥❡t♦ ❞❛ ❚❍❉ ❡ ❞❛ ❲❚❍❉✳ ◆♦ ❡♥t❛♥t♦✱ ♦s

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

❛❝❡✐tá✈❡✐s✳

❆♥á❧✐s❡ ❞❛s P❡r❞❛s

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

❝❤❛✈❡❛♠❡♥t♦ ❞❛s ❝❤❛✈❡s t❛♥t♦ ❞♦ ✐♥✈❡rs♦r ◆P❈ ❝♦♠♦ ❞♦ ❇♦♦st✱ ❡ ❞❛ ❛♥á❧✐s❡ ❞❛s ♣❡r❞❛s ❞♦

❡♥r♦❧❛♠❡♥t♦ ❞♦ ❝♦♥✈❡rs♦r ❇♦♦st✳
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❆s ♣❡r❞❛s ❞❡ ❝♦♥❞✉çã♦ ❡ ❝❤❛✈❡❛♠❡♥t♦ ♥❛s ❝❤❛✈❡s sã♦ ♦❜t✐❞❛s ♣❡❧♦ ♠ét♦❞♦ ❞❡ r❡❣r❡ssã♦

❛♣r❡s❡♥t❛❞♦ ♣♦r ✭❈❛✈❛❧❝❛♥t✐ ❡t ❛❧✳✱ ✷✵✵✸✮✳ ❆s ❝❤❛✈❡s ✉t✐❧✐③❛❞❛s ♥❛ ❜❛♥❝❛❞❛ ❡①♣❡r✐♠❡♥t❛❧ ❢♦✲

r❛♠ ♠♦❞❡❧❛❞❛s✳ ❯t✐❧✐③❛♥❞♦ ❛ ❢❡rr❛♠❡♥t❛ ThermalModule✱ ❞♦ P❙■▼✾✳✵✱ ❢♦✐ ♣♦ssí✈❡❧ r❡❛❧✐③❛r

♦ ❝á❧❝✉❧♦ ❞❛s ♣❡r❞❛s✳

❆ ❋✐❣✉r❛ ✺✳✶✵ ✐❧✉str❛ ♦s ❣rá✜❝♦s ❞❛s ♣❡r❞❛s ♥♦ ✐♥✈❡rs♦r NPC ❡ ♥♦s ❝♦♥✈❡rs♦r❡s 1boosts′✳

◆❛ ❋✐❣✉r❛ ✺✳✶✵✭❛✮ s❡ t❡♠ ❛s ♣❡r❞❛s q✉❛♥❞♦ ♥ã♦ ❤á ♦ s♦♠❜r❡❛♠❡♥t♦✳ ❖❜s❡r✈❡ q✉❡ ♦ ❞❡s❡♠✲

♣❡♥❤♦ ❞♦s ❝♦♥✈❡rs♦r❡s ′boosts′ é s❡♠❡❧❤❛♥t❡✳ ■st♦ s❡ ❞á ♣❡❧♦ ❢❛t♦ ❞❡ q✉❡ ♦s ❞♦✐s ❝♦♥✈❡rs♦r❡s

❡stã♦ ❢♦r♥❡❝❡♥❞♦ ❛ ♠❡s♠❛ ♣♦tê♥❝✐❛ ♣❛r❛ ♦ ✐♥✈❡rs♦r ◆P❈✳

✭❛✮ P❡r❞❛s s❡♠ s♦♠❜r❡❛♠❡♥t♦

✭❜✮ P❡r❞❛s ❝♦♠ s♦♠❜r❡❛♠❡♥t♦

❋✐❣✉r❛ ✺✳✶✵✿ P❡r❞❛s ♥♦ ❡♥r♦❧❛♠❡♥t♦ ❞♦ ✐♥❞✉❝t♦r✱ ♣❡r❞❛s ❞❡ ❝♦♥❞✉çã♦ ❡ ❝❤❛✈❡❛♠❡♥t♦
♥❛s ❝❤❛✈❡s ❡ ♣❡r❞❛s t♦t❛✐s✳

◗✉❛♥❞♦ ♦❝♦rr❡ ♦ s♦♠❜r❡❛♠❡♥t♦ ♥♦ ♣❛✐♥❡❧ q✉❡ ❛❧✐♠❡♥t❛ ♦ ❇♦♦st ✵✷ ❛ ♣♦tê♥❝✐❛ ❢♦r♥❡❝✐❞❛

♣❡❧♦ ♣❛✐♥❡❧ s♦❧❛r ❞✐♠✐♥✉✐✳ ❖✉ s❡❥❛✱ ❛ ❝♦rr❡♥t❡ ♣r♦❝❡ss❛❞❛ ♣❡❧♦ ❇♦♦st ✵✶ é ♠❛✐♦r ❞♦ q✉❡ ❛

❝♦rr❡♥t❡ ❞♦ ❇♦♦st ✵✷✳ ❖ ❝♦♥✈❡rs♦r ❇♦♦st ✵✷ ♣r♦❝❡ss❛♥❞♦ ✉♠❛ ❝♦rr❡♥t❡ ♠❡♥♦r ❢❛③ ❝♦♠ q✉❡

❛s ♣❡r❞❛s ♥♦ ♠❡s♠♦ s❡❥❛♠ ♠❡♥♦r❡s✳ ❆ ❋✐❣✉r❛ ✺✳✶✵✭❜✮ ❛♣r❡s❡♥t❛ ❛s ♣❡r❞❛s ♥❛s ❝♦♥❞✐çõ❡s ❞❡

s♦♠❜r❡❛♠❡♥t♦✳ ❖❜s❡r✈❡ q✉❡ ❛s ♣❡r❞❛s ♥♦ ❇♦♦st ✵✷ sã♦ ♠❡♥♦r❡s ♥❛ ❝♦♥❞✐çã♦ ❞❡ s♦♠❜r❡❛✲

♠❡♥t♦✳ ❏á ❛s ♣❡r❞❛s ❞♦ ❇♦♦st ✵✶ ♣❡r♠❛♥❡❝❡♠ ❝♦♠ ♦s ♠❡s♠♦s ✈❛❧♦r❡s✱ ♣♦✐s ❛ ❝♦♥❞✐çã♦ ❞❡
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✐rr❛❞✐❛çã♦ ♣❛r❛ ♦ ♣❛✐♥❡❧ ❝♦♥❡❝t❛❞♦ ♥♦ ♠❡s♠♦ ♥ã♦ ❢♦✐ ❛❧t❡r❛❞❛✳

❋✐❣✉r❛ ✺✳✶✶✿ P❡r❞❛s t♦t❛✐s ♣❛r❛ ♦ ✐♥✈❡rs♦r ◆P❈✱ ❇♦♦st ✵✶ ❡ ❇♦♦st ✵✷

❆ ❋✐❣✉r❛ ✺✳✶✶ ✐❧✉str❛ ❛s ♣❡r❞❛s t♦t❛✐s ♥❛s ❝♦♥❞✐çõ❡s s❡♠✴❝♦♠ s♦♠❜r❡❛♠❡♥t♦✳ ❖❜s❡r✈❡

q✉❡ ❛s ♣❡r❞❛s ♥ã♦ s❡ ❛❧t❡r❛♠ ❝♦♠ ✈❛❧♦r❡s s✐❣♥✐✜❝❛t✐✈♦s ♣❛r❛ ♦ ◆P❈ ❡ ❜♦♦st ✵✶✳ ◆♦ ❡♥t❛♥t♦✱

♣❛r❛ ♦ ❜♦♦st ✵✷ ❛ ❞✐❢❡r❡♥ç❛ ♥❛s ♣❡r❞❛s ♣❛r❛ ❛s ❞✉❛s ❝♦♥❞✐çõ❡s é ❞❡ ✵✱✾✺ ❲✳ ❏á ❛s ♣❡r❞❛s

t♦t❛✐s ♥❛s ❝♦♥❞✐çõ❡s s❡♠ ❡ ❝♦♠ s♦♠❜r❡❛♠❡♥t♦ sã♦ ❞❡ ✷✷✱✻✾ ❲ ❡ ✷✶✱✼✸ ❲✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

■st♦ r❡s✉❧t❛ ❡♠ ✉♠❛ ❞✐❢❡r❡♥ç❛ ❞❡ ✵✱✾✻ ❲✳ ❇❛s✐❝❛♠❡♥t❡ ❛ r❡❞✉çã♦ ❞❡ ♣❡r❞❛s s❡ ❞á ♣❡❧♦ ❜♦♦st

q✉❡ ❡stá ❝♦♠ ♦ s♦♠❜r❡❛♠❡♥t♦ ♣❛r❝✐❛❧✳

❆♥á❧✐s❡ ❞❛s P❡r❞❛s ❞❡ ❆❧t❛✲❋r❡q✉ê♥❝✐❛ ♥♦ ❇❛rr❛♠❡♥t♦

◆❡st❛ s❡çã♦ s❡rá ❛♣r❡s❡♥t❛❞♦ ✉♠❛ ❝♦♠♣❛r❛çã♦ ❡♠ r❡❧❛çã♦ ❛s ♣❡r❞❛s ❞❡ ❛❧t❛✲❢r❡q✉ê♥❝✐❛ ❞♦

❜❛rr❛♠❡♥t♦✳ ❆s ♣❡r❞❛s ♣♦❞❡♠ s❡r ❝❛❧❝✉❧❛❞❛s ♣♦r✿

PHO
perdas = Nc(0, 45)ERS100Hz(I

HO
C(RMS))

2 ✭✺✳✾✮

♦♥❞❡✱ ◆❝ é ♦ ♥ú♠❡r♦ ❞❡ ❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ IHO
C(RMS) é ❛ ❝♦rr❡♥t❡ rms ❞❡ ❛❧t❛✲

❢r❡q✉ê♥❝✐❛ ✭❝♦♠ ❤❃✺✵✮ ❡ ESR100Hz ❝♦rr❡s♣♦♥❞❡ ❛ r❡s✐stê♥❝✐❛ sér✐❡ ❡q✉✐✈❛❧❡♥t❡ ❛ ✶✵✵ ❍③✳

P♦❞❡✲s❡ ❝♦♥s✐❞❡r❛r q✉❡ ❛ ESR100Hz é ❝♦♥st❛♥t❡ ♣❛r❛ ❢r❡q✉ê♥❝✐❛s ❛❝✐♠❛ ❞❡ ✸ ❦❍③✱ ❡ ✐❣✉❛❧

❛ ✵✳✹✺ ✈❡③❡s ❛ r❡s✐stê♥❝✐❛ sér✐❡ ❡♠ ✶✵✵ ❍③✳ ■st♦ s✐❣♥✐✜❝❛ q✉❡ ❛s ♣❡r❞❛s ✭PHO
perdas✮ ❞❡♣❡♥❞❡

❛♣❡♥❛s ❞❡ IHO
C(RMS)✳

❆ t❛❜❡❧❛ ✺✳✸ ❛♣r❡s❡♥t❛ ♦s ✈❛❧♦r❡s ❞❛ ❝♦rr❡♥t❡ IHO
C(RMS) ♥♦r♠❛❧✐③❛❞❛s ♣❡❧❛ ❝♦♥❞✐çã♦ ❡♠

q✉❡ ♦s ♣❛✐♥é✐s ♥ã♦ ❡stã♦ s♦♠❜r❡❛❞♦s✳ ◆♦t❡ q✉❡ ❛♣ós ♦ s♦♠❜r❡❛♠❡♥t♦ ❛ ✉♠❛ r❡❞✉çã♦ ❞❡ ✻✪

❝♦♠♣❛r❛❞♦ ❝♦♠ ❛ ❝♦♥❞✐çã♦ s❡♠ s♦♠❜r❡❛♠❡♥t♦✳
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❚❛❜❡❧❛ ✺✳✸✿ ❈♦rr❡♥t❡s IHO
C(RMS) ❞♦ ❜❛rr❛♠❡♥t♦✳

❈♦rr❡♥t❡ ◆♦r♠❛❧✐③❛❞❛ s❡♠ s♦♠❜r❡❛♠❡♥t♦ ❝♦♠ s♦♠❜r❡❛♠❡♥t♦

IHO
C(RMS)✴I

HO
C(RMS)✭s❡♠ s♦♠❜r❡❛♠❡♥t♦✮ ✶✱✵ ✵✱✾✹

❆♥á❧✐s❡ ❞♦ ❊str❡ss❡ ❚ér♠✐❝♦

❖ ♠♦❞❡❧♦ tér♠✐❝♦ ♣❛r❛ ❛s ❝❤❛✈❡s ❞❡ ♣♦tê♥❝✐❛ tr❛♥s❢❡r❡ ❛s ♣❡r❞❛s ❞❡ ❡♥❡r❣✐❛ ❣❡r❛❞❛✱ ❡♠

t❡r♠♦s tér♠✐❝♦s✱ ❡♠ ❞✐❢❡r❡♥t❡s ❧♦❝❛✐s ❞♦s ❞✐s♣♦s✐t✐✈♦s ❞❡ ♣♦tê♥❝✐❛ ✭♣♦r ❡①❡♠♣❧♦✱ ♥❛ ❥✉♥çã♦✱

♥♦ ❝❛s❡✱ ♦✉ ❞✐ss✐♣❛❞♦r ❞❡ ❝❛❧♦r✮✳ ◆♦r♠❛❧♠❡♥t❡✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ tér♠✐❝♦ ❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦

♠❛t❡r✐❛❧ é r❡♣r❡s❡♥t❛❞♦ ♣❡❧❛ ✐♠♣❡❞â♥❝✐❛ tér♠✐❝❛ ✭❘t❤ ❡ ❈t❤✮✳

❆ ✐♠♣❡❞â♥❝✐❛ tér♠✐❝❛ t♦t❛❧ ❞❛ ❝❤❛✈❡ ❞❡ ♣♦tê♥❝✐❛ ❛ ♣❛rt✐r ❞❛ ❥✉♥çã♦ ❛té à t❡♠♣❡r❛t✉r❛

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

❞✐❢❡r❡♥t❡s ❝❛♠❛❞❛s ❞❡ ♠❛t❡r✐❛❧ ✭✈❡r ❋✐❣✉r❛ ✺✳✶✷✮✳

+

_

PSa1(loss)

PSa2(loss)

PD1(loss)

Rth(Sa1)

Cth(Sa1)

Rth(DSa2)

Cth(Sa2)

Rth(D1)

Cth(D1)

Graxa

Térmica 
Dissipador 

TATjSa1

TjSa2

TjD1

Note:
PX(loss): Perdas
Rth(X): Resist. Termica
Cth(X): Cap. Térmico

TA: Temp. Ambiente
TjX: Temp. de Junção

Onde: X = {Sa1, Sa2 e D1}

❋✐❣✉r❛ ✺✳✶✷✿ ▼♦❞❡❧♦ ❞♦ ❡str❡ss❡ tér♠✐❝♦

❆ ❋✐❣✉r❛ ✺✳✶✸ ❛♣r❡s❡♥t❛ ❛s t❡♠♣❡r❛t✉r❛s ❞❡ ❥✉♥çã♦ ♣❛r❛ ❛s ❝❤❛✈❡s Sa1 ❡ Sa2 ❡ ♣❛r❛ ♦

❞✐♦❞♦ ❞❡ ❣r❛♠♣❡❛♠❡♥t♦ Da1✳ ❖❜s❡r✈❡ q✉❡ ♦ s♦♠❜r❡❛♠❡♥t♦ ♣❛r❝✐❛❧ ♥ã♦ ❛❢❡t❛ ♥♦ ♣❛❞rã♦ ❞❛

t❡♠♣❡r❛t✉r❛ ❞♦ ✐♥✈❡rs♦r✳

❆♥á❧✐s❡ ❞♦ ▲✐♠✐t❡ ❞❡ ❙♦♠❜r❡❛♠❡♥t♦

❈♦♠♦ ❢♦✐ ✈✐st♦ ❛♥t❡r✐♦r♠❡♥t❡ ♦ ❝♦♥tr♦❧❡ ❞❛s t❡♥sõ❡s ❞♦ ❜❛rr❛♠❡♥t♦ é ♦❜t✐❞✐❞♦ ❝♦♥tr♦❧❛♥❞♦

❛ ✈❛r✐á✈❡❧ µ✳ ❉❡ t❛❧ ❢♦r♠❛ q✉❡✿ ✭✐✮ s❡ ❛ ✐rr❛❞✐❛çã♦ ❞♦ ♣❛✐♥❡❧ PV 1 ✭IrradPV 1✮ ❢♦r ✐❣✉❛❧ ❛

✐rr❛❞✐❛çã♦ ❞♦ ♣❛✐♥❡❧ PV 2 ✭IrradPV 1✮ ❛ ✈❛r✐á✈❡❧ µ ❛❥✉st❛✲s❡ ♣❛r❛ ✵✱✺❀ ✭✐✐✮ s❡ IrradPV 1 >

IrradPV 2 ❡♥tã♦ 0, 5 < µ < 1, 0❀ ✭✐✐✐✮ s❡ IrradPV 1 < IrradPV 2 ❡♥tã♦ 0 < µ < 0, 5✳
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❋✐❣✉r❛ ✺✳✶✸✿ ❚❡♠♣❡r❛t✉r❛ ❞❡ ❥✉♥çã♦

❖✉ s❡❥❛✱ ❛ ✈❛r✐á✈❡❧ ❞❡ ❝♦♥tr♦❧❡ µ ✈❛r✐❛ ❞❡ ✵ ❛té ✶✱✵✳ P❛r❛ ❡st✐♠❛r ♦ ❧✐♠✐t❡ ❞❡ ♦♣❡r❛çã♦ ❞♦

❝♦♥tr♦❧❡✱ ❡♠ ❢✉♥çã♦ ❞♦ s♦♠❜r❡❛♠❡♥t♦ ♣❛r❝✐❛❧✱ ♣r✐♠❡✐r❛♠❡♥t❡ ❢♦✐ ✜①❛❞♦ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦

✭ma✮✳ ❊♠ s❡❣✉✐❞❛ ♦ ♣❛✐♥❡❧ PV 1 ❢♦✐ s♦♠❜r❡❛❞♦ ❡ ♦ ♣❛✐♥❡❧ PV 2 ✜①❛❞♦ ❝♦♠ ✐rr❛❞✐❛çã♦ ❞❡

✶✵✵✵❲✴♠✷ ❛té ❛ ✈❛r✐á✈❡❧ ❞❡ ❝♦♥tr♦❧❡ µ ❛t✐♥❣✐r ♦ s❡✉ ❧✐♠✐t❡ ✐♥❢❡r✐♦r✳ P♦st❡r✐♦r♠❡♥t❡✱ ❢♦✐

✐♥✈❡rt✐❞❛ ❛s ❝♦♥❞✐çõ❡s ❞♦s ♣❛✐♥é✐s PV 1 ❡ PV 2 ❛té ❛ ✈❛r✐á✈❡❧ ❞❡ ❝♦♥tr♦❧❡ µ ❛t✐♥❣✐r ♦ s❡✉

❧✐♠✐t❡ s✉♣❡r✐♦r✳

❆ ❋✐❣✉r❛ ✺✳✶✹ ❛♣r❡s❡♥t❛ ❛ r❡❣✐ã♦ ❞❡ ❛t✉❛çã♦ ❞♦ ❝♦♥tr♦❧❡ ♣❛r❛ ❝❛❞❛ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✳

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

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

P♦r ❡①❡♠♣❧♦✱ ♣❛r❛ ♠❂✶ ♦ ❝♦♥tr♦❧❡ ❛t✉❛rá ❛té ✉♠❛ ✈❛r✐❛çã♦ ❞❡ r❛❞✐❛çã♦ ❞❡ ✶✹✱✸✪✱ ❥á ♣❛r❛

♠❂✵✳✺ ❛ ✈❛r✐❛çã♦ é ❞❡ ❛té ✾✷✪✳

❋✐❣✉r❛ ✺✳✶✹✿ ▲✐♠✐t❡ ❞❡ s♦♠❜r❡❛♠❡♥t♦ ❞♦s ♣❛✐♥é✐s ♣❛r❛ ♦ ❡q✉✐❧í❜r✐♦ ❞❛s t❡♥sõ❡s ❞♦
❜❛rr❛♠❡♥t♦

❆ ❋✐❣✉r❛ ✺✳✶✺ ❛♣r❡s❡♥t❛ ♦s r❡s✉❧t❛❞♦ ❞❛s ✈❛r✐á✈❡✐s ❞❡ ❝♦♥tr♦❧❡ ✭µ ❡ ma✮ ♣❛r❛ ❛ ♦♣❡r❛çã♦

♦♥❞❡ ♦❝♦rr❡ ✺✵✪ ❞❡ s♦♠❜r❡❛♠❡♥t♦ ❞♦ ♣❛✐♥❡❧ PV 2✳ ❖ s♦♠❜r❡❛♠❡♥t♦ é ❛♣❧✐❝❛❞♦ ♥♦ ✐♥st❛♥t❡

❞❡ t❡♠♣♦ t ❂ ✵✱✾✷s✳ ❖❜s❡r✈❡ q✉❡ ♥❡ss❛s ❝♦♥❞✐çõ❡s ❛ ✈❛r✐á✈❡❧ µ ❝♦♥✈❡r❣❡ ♣❛r❛ ✵✱✼✷ ❡ ♦ í♥❞✐❝❡
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❞❡ ♠♦❞✉❧❛çã♦ ♣❛r❛ ✵✱✺✶✳ ❊st❡ ♣♦♥t♦ ❞❡ ♦♣❡r❛çã♦ ❡stá ✐♥❞✐❝❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✶✹ ♣❡❧♦ ♣♦♥t♦

′OP ′✳

❋✐❣✉r❛ ✺✳✶✺✿ ❱❛r✐á✈❡✐s ❞❡ ❝♦♥tr♦❧❡ ♣❛r❛ ✉♠❛ ❝♦♥❞✐çã♦ ❞❡ s♦♠❜r❡❛♠❡♥t♦ ❞❡ ✺✵✪

✺✳✶✳✺ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛❧

❖ ✐♥✈❡rs♦r ✉t✐❧✐③❛❞♦ ♥♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s é ❝♦♠♣♦st♦ ♣♦r ❝❤❛✈❡s ■●❇❚ ❞❛ ❙❊▼■✲

❑❘❖◆ ❝♦♥tr♦❧❛❞❛s ♣♦r ❞r✐✈❡s ❞❡❞✐❝❛❞♦s ✭❙❑❍✶✷✸✮✳ P❛r❛ ❛ ❣❡r❛çã♦ ❞♦s s✐♥❛✐s ❞❡ ❝♦♥tr♦❧❡ ❢♦✐

✉t✐❧✐③❛❞♦ ♦ ❉❙P ❚▼❙✸✷✵❋✷✽✸✸✺ ✭❚❡①❛s ■♥str✉♠❡♥ts✮✳ P❛r❛ ❛ ❡♠✉❧❛çã♦ ❞♦s ♣❛✐♥é✐s s♦❧❛r❡s

❢♦✐ ✉t✐❧✐③❛❞♦ ❛ ❢♦♥t❡ ❞❡ ❞♦✐s ❝❛♥❛✐s ❊✹✸✻✵❆ ❞❛ ❆❣✐❧❡♥t ❚❡❝❤♥♦❧♦❣✐❡s✳ ❆ ❢♦♥t❡ ❢♦✐ ❛❥✉st❛❞❛

♣❛r❛ q✉❡ ✉♠ ❝❛♥❛❧ ❢♦r♥❡❝❡ss❡ ✶✵✵✵ ❲✴♠✷ ❡ ♦ ♦✉tr♦ ✾✵✵ ❲✴♠✷✱ s♦❜ ❛s ♠❡s♠❛s ❝♦♥❞✐çõ❡s

❞❡ t❡♠♣❛r❛t✉r❛✳ ❈❛❞❛ ❝❛♥❛❧ ❞❛ ❢♦♥t❡ ❡st❛ ❧✐❣❛❞❛ ❛ ✉♠ ❝♦♥✈❡rs♦r ′boost′ q✉❡ ♣♦ss✉✐ ✉♠❛ ✐♥✲

❞✉tã♥❝✐❛ ❞❡ ✼♠❍ ❡ ❝❛♣❛❝✐t♦r❡s ❞❡ ✷✷✵✵✉❋✳ ❖ ✐♥✈❡rs♦r ❛❧✐♠❡♥t❛ ✉♠❛ ❝❛r❣❛ ❘▲ ❝✉❥♦s ✈❛❧♦r❡s

sã♦✿ R = 50ω ❡ ▲❂✼✱✷♠❍✳

❆ ❋✐❣✉r❛ ✺✳✶✻✭❛✮ ✐❧✉str❛ ❛s t❡♥sõ❡s ♦❜t✐❞❛s ❝♦♠ ❛ ❜❛♥❝❛❞❛ ❡①♣❡r✐♠❡♥t❛❧✳ ❈♦♠♦ ♣♦❞❡ s❡r

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

♣❛r❝✐❛❧✳ ❚❛♥t♦ ❛s t❡♥sõ❡s ❞❡ ♣♦❧♦ ❝♦♠♦ ❛s t❡♥sõ❡s ❞❡ ❧✐♥❤❛ ♣♦ss✉❡♠ ♦s s❡✉s ♥í✈❡✐s ❜❡♠

❞❡✜♥✐❞♦s✱ ♣❡r♠✐t✐♥❞♦ ❛ss✐♠ ✉♠ ❢✉♥❝✐♦♥❛♠❡♥t♦ ♥❛s ❝♦♥❞✐çõ❡s ✐❞❡❛✐s✳

❏á ❛ ❋✐❣✉r❛ ✺✳✶✻✭❜✮ ✐❧✉str❛ ❛s ❝♦rr❡♥t❡s ♥♦s ❞✐♦❞♦s ❞❡ s❛í❞❛ ❞❡ ❝❛❞❛ ❜♦♦st✳ ❈♦♠♦

♦s ♣❛✐♥é✐s ♥ã♦ ♣♦ss✉❡♠ ❛ ♠❡s♠❛ ✐rr❛❞✐❛çã♦ ❡♥tã♦ ❛ ❝♦rr❡♥t❡ ❢♦r♥❡❝✐❞❛ ♣❡❧♦s ♣❛✐♥é✐s sã♦
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✭❛✮ Vab✱ Vao✱ VC1 ❡ VC2 ✭❜✮ iD1 ❡ iD2

❋✐❣✉r❛ ✺✳✶✻✿ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s

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

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

✺✳✶✳✻ Pr♦♣♦st❛ ❞♦ ❙✐st❡♠❛ ♣❛r❛ ❈♦♥❡①ã♦ ❝♦♠ ❛ ❘❡❞❡ ❊❧étr✐❝❛

❆ ❝♦♥❡①ã♦ ❝♦♠ ❛ r❡❞❡ ❡❧étr✐❝❛ ♥ã♦ é ♦ ♦❜❥❡t✐✈♦ ♣r✐♥❝✐♣❛❧ ❞❡st❡ tr❛❜❛❧❤♦✱ ♥♦ ❡♥t❛♥t♦✱ ♦ s✐st❡♠❛

❢♦✐ ❛♣❧✐❝❛❞♦ ❛ ❛ ❡st❛ ✜♥❛❧✐❞❛❞❡ ♣❛r❛ ❛✈❛❧✐❛r ♦ ❝♦♥tr♦❧❡ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✳ ❆ ❋✐❣✉r❛ ✺✳✶✼

✐❧✉str❛ ♦ s✐st❡♠❛ ♣r♦♣♦st♦ ❝♦♥❡❝t❛❞♦ ❛ r❡❞❡ ❡❧étr✐❝❛ ❡ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❝♦♥tr♦❧❡✳ ❖❜s❡r✈❡ q✉❡

❛ ♠❛❧❤❛ ❞❡ ❝♦♥tr♦❧❡ ❞❛s t❡♥sõ❡s ♥♦s ❝❛♣❛❝✐t♦r❡s ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ é ❛ ♠❡s♠❛ ❛♣r❡s❡♥t❛❞♦

♥❛ ❋✐❣✉r❛ ✺✳✹✳ ❆ ❞✐❢❡r❡♥ç❛ ❡stá ❛♣❡♥❛s ♥❛ ♠❛❧❤❛ ❞❡ ❝♦♥tr♦❧❡ ❞❛ t❡♥sã♦ t♦t❛❧ ❞♦ ❜❛rr❛♠❡♥t♦

❈❈✳

❋✐❣✉r❛ ✺✳✶✼✿ ❙✐st❡♠❛ ♣r♦♣♦st♦ ❝♦♥❡❝t❛❞♦ ❛ r❡❞❡ ❡❧étr✐❝❛



❆♣❧✐❝❛çã♦ ❞♦s P❛✐♥é✐s ❋♦t♦✈♦❧t❛✐❝♦s ❛♦ ■♥✈❡rs♦r ❚r✐❢ás✐❝♦ ❞❡ ✸ ◆í✈❡✐s ◆P❈ ✶✶✶

❆ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ VDC é ❝♦♠♣❛r❛❞❛ ❝♦♠ ❛ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛ V ∗

DC ❡ ♦ ❡rr♦ ❞❡

t❡♥sã♦ ❣❡r❛❞♦ é ❛♣❧✐❝❛❞♦ à ✉♠ ❝♦♥tr♦❧❛❞♦r P■ q✉❡ r❡s♣♦♥❞❡ ❝♦♠ ❛ ❛♠♣❧✐t✉❞❡ ❞❛ ❝♦rr❡♥t❡

❞❡ ❧✐♥❤❛ ❞❡ r❡❢❡rê♥❝✐❛✳ ❆ ❛♠♣❧✐t✉❞❡ ❞❡ ❝♦rr❡♥t❡ é ♠✉❧t✐♣❧✐❝❛❞♦ ♣♦r três s❡♥♦✐❞❡s q✉❡ sã♦

s✐♥❝r♦♥✐③❛❞❛s ❝♦♠ ❛ r❡❞❡ ♣❡❧♦ P▲▲ ✭♣❤❛s❡✲❧♦❝❦❡❞✲❧♦♦♣✮✳ ❆s ❝♦rr❡♥t❡s ❞❡ r❡❢❡rê♥❝✐❛ sã♦

❝♦♠♣❛r❛❞❛s ❝♦♠ ❛s ❝♦rr❡♥t❡s ❞❡ ❧✐♥❤❛s ❛t✉❛✐s✳ ♦ ❡rr♦ ❞❛ ❝♦rr❡♥t❡ é ❛♣❧✐❝❛❞♦ ❛♦ ❝♦♥tr♦❧❛❞♦r

PImod✱ q✉❡ ♣♦r s✉❛ ✈❡③ ❣❡r❛♠ ❛s t❡♥sõ❡s ❞❡ r❡❢❡rê♥❝✐❛s q✉❡ s❡rã♦ ❛♣❧✐❝❛❞❛s ♥❛ ♠♦❞✉❧❛çã♦

P❲▼✳

❘❡s✉❧t❛❞♦s ❞❡ ❙✐♠✉❧❛çã♦

❖s ❞❛❞♦s ❞♦ ♣❛✐♥❡❧ ❢♦t♦✈♦❧t❛✐❝♦ ❡ ❞♦ ❜♦♦st sã♦ ♦s ♠❡s♠♦s ❛❞♦t❛❞♦s ❛♥t❡r✐♦r♠❡♥t❡✳ ❆ t❛❜❡❧❛

✺✳✹ ❛♣r❡s❡♥t❛ ♦s ❞❛❞♦s r❡❢❡r❡♥t❡ ❛♦ ❣r✐❞

❚❛❜❡❧❛ ✺✳✹✿ ❉❛❞♦s ❞❡ s✐♠✉❧❛çã♦✳

P❛râ♠❡tr♦ ❙í♠❜♦❧♦ ❱❛❧♦r

❚❡♥sã♦ ❞❛ r❡❞❡ Vjn ✶✶✵❱

■♥❞✉t♦r ❞♦ ✜❧tr♦ ❞❡ ❧✐♥❤❛ ▲ ✼♠❍

❚❡♥sã♦ ❞♦ ❇❛rr❛♠❡♥t♦ VDC ✷✷✵❱

❆ ❋✐❣✉r❛ ✺✳✶✽ ❛♣r❡s❡♥t❛ ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ♣❛r❛ ✉♠❛ ❝♦♥❞✐çã♦ ❞❡ s♦♠❜r❡❛♠❡♥t♦

❞❡ ✶✵✪ ❞♦ ♣❛✐♥❡❧ ✐♥❢❡r✐♦r✳ ❖❜s❡r✈❡ q✉❡ ♦ ❡q✉✐❧í❜r✐♦ ❞❛ t❡♥sã♦ ♥♦s ❝❛♣❛❝✐t♦r❡s é s❛t✐s❢❡✐t♦

♣❛r❛ ❛♣❧✐❝❛çã♦ ❝♦♠ ♦ ❣r✐❞

✺✳✷ ❈♦♥❝❧✉sõ❡s

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

❞♦ ❝♦♥✈❡rs♦r ❜♦♦st ♣❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞♦ ▼PP❚✳ ❉✐❛♥t❡ ❞❡ ✉♠ ♣♦ssí✈❡❧ s♦♠❜r❡❛♠❡♥t♦ ♥♦s

♣❛✐♥é✐s ❢♦t♦✈♦❧t❛✐❝♦s ❢♦✐ ♥❡❝❡ssár✐♦ ❛❥✉st❛ ♦ ❝♦♥tr♦❧❡ ♣❛r❛ q✉❡ ❛s t❡♥sõ❡s ❞♦ ❜❛rr❛♠❡♥t♦

♣❡r♠❛♥❡❝❡ss❡♠ ❡q✉✐❧✐❜r❛❞❛s✳ ❖s ✈❛❧♦r❡s ❞❡ ❚❍❉ ❞❡ ❝♦rr❡♥t❡ ❡ ❲❚❍❉ ❞❡ t❡♥sã♦ ♣♦ss✉❡♠

í♥❞✐❝❡s ❜❛✐①♦s ♠❡s♠♦ ❛♣ós ♦ s♦♠❜r❡❛♠❡♥t♦✳ ❆❧é♠ ❞✐ss♦✱ ❖ s✐st❡♠❛ ♥ã♦ s♦❢r❡ ♣❡r❞❛s ❡♠

r❡❧❛çã♦ ❛♦ ❡str❡ss❡ tér♠✐❝♦✱ ♣❡r❞❛s ❞❡ ❛❧t❛✲❢r❡q✉ê♥❝✐❛ ♥♦ ❜❛rr❛♠❡♥t♦ ❡ ♣❡r❞❛s ♥❛s ❝❤❛✈❡s✳

P♦rt❛♥t♦✱ ♠❡s♠♦ ❡♠ ❝♦♥❞✐çõ❡s ❞❡ s♦♠❜r❡❛♠❡♥t♦ ❢♦✐ ♣♦ssí✈❡❧ ♦♣❡r❛r ♦ ✐♥✈❡rs♦r ♥❛s ❝♦♥❞✐çõ❡s

✐❞❡❛✐s✳
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❋✐❣✉r❛ ✺✳✶✽✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ♣❛r❛ ❝♦♥❡①ã♦ ❝♦♠ ❛ r❡❞❡ ❡❧étr✐❝❛✳ ❉❡ ❝✐♠❛
♣❛r❛ ❜❛✐①♦✿ t❡♥sã♦ ❞♦ ❣r✐❞✱ ❝♦rr❡♥t❡ ❞❡ ❧✐♥❤❛✱ t❡♥sã♦ ❞❡ ❧✐♥❤❛ ❡ t❡♥sã♦
♥♦s ❝❛♣❛❝✐t♦r❡s✳



6
❈♦♥❝❧✉sõ❡s ●❡r❛✐s ❡ ❚r❛❜❛❧❤♦s ❋✉t✉r♦s

✻✳✶ ❈♦♥❝❧✉sõ❡s ●❡r❛✐s

◆❡st❡ tr❛❜❛❧❤♦ ❢♦r❛♠ ❛♣r❡s❡♥t❛❞❛s ❛♥á❧✐s❡s ❞❡ q✉❛tr♦ t♦♣♦❧♦❣✐❛s ❡ três s✐st❡♠❛ ❝♦♠ ❛♣❧✐❝❛çã♦

❢♦t♦✈♦❧t❛✐❝❛✳ ❆ r❡❧❛çã♦ ❞❛s t♦♣♦❧♦❣✐❛s ❡st✉❞❛❞❛s ❢♦✐ ❝♦♥❝❡❜✐❞❛ ✉t✐❧✐③❛♥❞♦ ❝❛r❛❝t❡ríst✐❝❛s ❞❛s

t♦♣♦❧♦❣✐❛s ❝♦♥✈❡♥❝✐♦♥❛✐s NPC✱ ANPC ❡ FC✳

❱❡r✐✜❝♦✉✲s❡ q✉❡ ❛ ❛♣❧✐❝❛çã♦ ❞♦s s✐st❡♠❛s ❢♦t♦✈♦❧t❛✐❝♦s ♥♦s ✐♥✈❡rs♦r❡s ♠✉❧t✐♥✐✈❡✐s é ❜❛s✲

t❛♥t❡ ❛♠♣❧❛✳ ◆♦ ❡♥t❛♥t♦✱ ✉♠❛ ❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❞♦ s✐st❡♠❛ ❢♦t♦✈♦❧t❛✐❝♦ é ❛ ❜❛✐①❛ ❡✜❝✐ê♥❝✐❛✳

◆♦r♠❛❧♠❡♥t❡✱ ♥❛s ❛♣❧✐❝❛çõ❡s ❝♦♠ ♦s ✐♥✈❡rs♦r❡s ♠✉❧t✐♥✐✈❡✐s ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ CC é

♦❜t✐❞❛ ❝♦♥❡❝t❛♥❞♦ ♦s ♣❛✐♥❡✐s ❡♠ sér✐❡✳ ❊ss❛ ❝♦♥❡①ã♦ ♣♦ss✉✐ ✉♠❛ ❞❡s✈❛♥t❛❣❡♠ q✉❛♥❞♦ ♦s

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

❞✉③✐❞❛ ❞❡ t❡♥sã♦ ❛♣r❡s❡♥t♦✉ ✉♠❛ ót✐♠❛ s♦❧✉çã♦ ♣❛r❛ ❡st❡ ♣r♦❜❧❡♠❛✳ ❉❡♥tr❡ ❛s t♦♣♦❧♦❣✐❛s

❡st✉❞❛❞❛s ❞❡st❛q✉❡✲s❡ ❛ t♦♣♦❧♦❣✐❛ ❍②❜✵✷ q✉❡ é ✉♠❛ ❞❡r✐✈❛çã♦ ❞❛ t♦♣♦❧♦❣✐❛ ❍②❜✵✶✳ ❆ t♦♣♦✲

❧♦❣✐❛ ❛♣r❡s❡♥t♦✉ ❞❡s❡♠♣❡♥❤♦s s❛t✐s❢❛tór✐♦ ♠❡s♠♦ ❝♦♠ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ✉♠❛ ❢♦♥t❡ ❞❡ t❡♥sã♦

r❡❞✉③✐❞❛✳

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

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

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

♠❛✐s ♥í✈❡✐s✳ ❊st❛ t♦♣♦❧♦❣✐❛ ❢♦✐ ❝❤❛♠❛❞❛ ❞❡ ❋♦♥t❡ ❋❧✉t✉❛♥t❡✳

❆ t♦♣♦❧♦❣✐❛ ❉P❈ ❢♦✐ ❜❛s❡❛❞❛ ♥❛ t♦♣♦❧❣♦✐❛ ❆◆P❈ ❞❡ ✸ ♥í✈❡✐s✳ P❛r❛ ❡❧❡✈❛r ♦ ♥ú♠❡r♦ ❞❡

✶✶✸



❈♦♥❝❧✉sõ❡s ●❡r❛✐s ❡ ❚r❛❜❛❧❤♦s ❋✉t✉r♦s ✶✶✹

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

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

❝✐♥❝♦ ♥í✈❡✐s ✭2L4L✮✳ ❆ t♦♣♦❧♦❣✐❛ s❡ t♦r♥❛ ❛tr❛t✐✈❛ ♣♦rq✉❡ ✉t✐❧✐③❛ ♦ ❜❛rr❛♠❡♥t♦ ❞❡ ✉♠ ✐♥✈❡rs♦r

❞❡ q✉❛tr♦ ♥í✈❡✐s ❡ ♦♣❡r❛ ❡♠ ❝✐♥❝♦ ♥í✈❡✐s✳ ❆❧é♠ ❞✐ss♦✱ ❢♦✐ ♣♦ssí✈❡❧ ♠♦❞✐✜❝❛r ❛ ❞✐str✐❜✉✐çã♦

❞❛s t❡♥sõ❡s ❞♦ ❜❛rr❛♠❡♥t♦ ♣❛r❛ ♦♣❡r❛r ♦ ✐♥✈❡rs♦r ❡♠ s❡t❡ ♥í✈❡✐s✳

❆ ❛✈❛❧✐❛çã♦ ❞♦s ✐♥✈❡rs♦r❡s ❢♦✐ r❡❛❧✐③❛❞❛ ❛♥❛❧✐s❛♥❞♦ ♣❛râ♠❡tr♦s ❞❡ ❞❡s❡♠♣❡♥❤♦ ❛ ❛ss♦❝✐❛✲

❞♦s ❛ q✉❛❧✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛ ♥♦s s✐♥❛✐s ❞❡ s❛í❞❛✱ ❡✜❝✐ê♥❝✐❛ ❞♦ ✐♥✈❡rs♦r ❡ ❛ ❝♦♥✜❛❜✐❧✐❞❛❞❡✳ P❛r❛

❛ q✉❛❧✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛ ❛ ❝❛r❛t❡ríst✐❝❛ ❛❜♦r❞❛❞❛ ❢♦✐ ♦ ❚❍❉ ❞❡ ❝♦rr❡♥t❡ ❡ ❲❚❍❉ ❞❡ t❡♥sã♦✳

◆❛s ❝♦♥❞✐çõ❡s ❞❡ ♦♣❡r❛çã♦ ❛♣r❡s❡♥t❛❞❛s ♥❡ss❡ tr❛❜❛❧❤♦ ♦s ✈❛❧♦r❡s ❝❛❧❝✉❧❛❞♦s ✜❝❛r❛♠ ❞❡♥tr♦

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

P❛r❛ ❛❜♦r❞❛r ❛ ❡✜❝✐ê♥❝✐❛ ❞♦ ✐♥✈❡rs♦r ❢♦r❛♠ ❝❛❧❝✉❧❛❞❛s ❛s ♣❡r❞❛s ❞❡ ❝♦♥❞✉çã♦ ❡ ❝❤❛✈❡❛✲

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

r❡❢❡r❡♥t❡ ❛ t♦♣♦❧♦❣✐❛ ❤í❜r✐❞❛ ❞❡ três ♥í✈❡✐s ♥❛ ❝♦♥✜❣✉r❛çã♦ ❍②❜✵✷✳ ❆❧é♠ ❞✐ss♦✱ ❢♦✐ ❛♥❛✲

❧✐s❛❞♦ ❛ ✉t✐❧✐③❛çã♦ ❞♦ s✐st❡♠❛ ❢♦t♦✈♦❧t❛✐❝♦ ♥♦ ✐♥✈❡rs♦r ◆P❈ ♣♦r ♠❡✐♦ ❞♦ ❝♦♥✈❡rs♦r ❜♦♦st

♣❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞♦ ▼PP❚✳ ❉✐❛♥t❡ ❞❡ ✉♠ ♣♦ssí✈❡❧ s♦♠❜r❡❛♠❡♥t♦ ♥♦s ♣❛✐♥é✐s s♦❧❛r❡s ❢♦✐

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

❖s ✈❛❧♦r❡s ❞❡ ❚❍❉ ❞❡ ❝♦rr❡♥t❡ ❡ ❲❚❍❉ ❞❡ t❡♥sã♦ ♣♦ss✉❡♠ í♥❞✐❝❡s ❜❛✐①♦s ♠❡s♠♦ ❛♣ós ♦

s♦♠❜r❡❛♠❡♥t♦✳

✻✳✷ ❚r❛❜❛❧❤♦s ❋✉t✉r♦s

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

❊♥tr❡ ❡❧❛s✿

• ❚é❝♥✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦ P❲▼ ✈❡t♦r✐❛❧✳

✶✳ ❉❡s❡♥✈♦❧✈❡r ✉♠❛ té❝♥✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦ ✈❡t♦r✐❛❧ ♣❛r❛ ✐♥✈❡rs♦r❡s ❞❡ q✉❛tr♦✲♥í✈❡✐s

tr✐❢ás✐❝♦s ❝♦♠ ❝♦♥tr♦❧❡ ❞❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ CC✳

• ■♥✈❡rs♦r ❞❡ três ♥í✈❡✐s✳

✶✳ ❈♦♥str✉✐r ♦ ♣r♦tót✐♣♦ ❞♦s ✐♥✈❡rs♦r❡s Hyb01✱ Hyb02✱ Hyb03 ❡ FF ✳

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



❈♦♥❝❧✉sõ❡s ●❡r❛✐s ❡ ❚r❛❜❛❧❤♦s ❋✉t✉r♦s ✶✶✺

✸✳ ❯t✐❧✐③❛r ♦s ✐♥✈❡rs♦r❡s ♣❛r❛ ❛♣❧✐❝❛çã♦ ❞♦ s✐st❡♠❛ ❢♦t♦✈♦❧t❛✐❝❛ ❝♦♥❡❝t❛❞❛ ♥❛ r❡❞❡

❡❧étr✐❝❛✳

• ■♥✈❡rs♦r ♠✉❧t✐♥í✈❡❧✳

✶✳ Pr♦♣♦r ❛ ❣❡♥❡r❛❧✐③❛çã♦ ❞❛ ❝♦♥❝❡♣çã♦ ❞❛s t♦♣♦❧♦❣✐❛s ❞❡ ✐♥✈❡rs♦r❡s ♠✉❧t✐♥í✈❡✐s ❝♦♠

♦ ❜❛rr❛♠❡♥t♦ CC ❣r❛♠♣❡❛❞♦✳

✷✳ Pr♦♣♦r t♦♣♦❧♦❣✐❛s ❞❡ ✐♥✈❡rs♦r❡s ❝♦♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s s❡❣✉✐♥❞♦

♦ r❛❝✐♦❝í♥✐♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ t♦♣♦❧♦❣✐❛ ✷▲✹▲



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s

❆❜❞❛❧❧❛✱ ■✳❀ ❩❤❛♥❣✱ ▲✳ ❡ ❈♦r❞❛✱ ❏✳ ✭✷✵✶✶✮ ●❡♥❡r❛❧✐③❡❞ ✐♥t❡❣r❛t✐♦♥ ❞✉t② ❝②❝❧❡ ❝♦♥✈❡rs✐♦♥

♣✉❧s❡✲✇✐❞t❤ ♠♦❞✉❧❛t✐♦♥ ✭✐♣✇♠✮ ❛❧❣♦r✐t❤♠ ❢♦r ♠✉❧t✐❧❡✈❡❧✲♣✈ ❞❝✲❧✐♥❦ ✐♥✈❡rt❡r✱ ■♥✿ P♦✇❡r

❊❧❡❝tr♦♥✐❝s ❛♥❞ ❆♣♣❧✐❝❛t✐♦♥s ✭❊P❊ ✷✵✶✶✮✱ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ✷✵✶✶✲✶✹t❤ ❊✉r♦♣❡❛♥ ❈♦♥✲

❢❡r❡♥❝❡ ♦♥✱ ♣♣✳ ✶✕✶✵✳

❆♥❞r❛❞❡✳✱ ❆✳ ❙✳ ✭✷✵✶✷✮ ❚é❝♥✐❝❛s ❞❡ ▼♦❞✉❧❛ç❛♦ ❞❡ ❚rês ◆í✈❡✐s✿ ❇❛❧❛♥❝❡❛♠❡♥t♦ ❞♦ P♦♥t♦

◆❡✉tr♦✱ ❈á❧❝✉❧♦ ❞❡ P❡r❞❛s ❡ ❘❡❞✉çã♦ ♥♦ ◆ú♠❡r♦ ❞❡ ❈♦♠♣♦♥❡♥t❡s✱ ❉✐ss❡rt❛çã♦ ❞❡ ♠❡s✲

tr❛❞♦✱ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❈❛♠♣✐♥❛ ●r❛♥❞❡✱ ❉❡♣❛rt❛♠❡♥t♦ ❞❡ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛✱

❈❛♠♣✐♥❛ ●r❛♥❞❡ ✲ P❇✳

❇❛r❜♦s❛✱ P✳ ●✳❀ ❇r❛❣❛✱ ❍✳ ❆✳ ❈✳❀ ❘♦❞r✐❣✉❡s✱ ▼✳ ❈✳ ❇✳ ❡ ❚❡✐①❡✐r❛✱ ❊✳ ❈✳ ✭✷✵✵✻✮ ❇♦♦st ❝✉r✲

r❡♥t ♠✉❧t✐❧❡✈❡❧ ✐♥✈❡rt❡r ❛♥❞ ✐ts ❛♣♣❧✐❝❛t✐♦♥ ♦♥ s✐♥❣❧❡✲♣❤❛s❡ ❣r✐❞✲❝♦♥♥❡❝t❡❞ ♣❤♦t♦✈♦❧t❛✐❝

s②st❡♠s✱ ■❊❊❊ ❚r❛♥s❛❝t✐♦♥s ♦♥ P♦✇❡r ❊❧❡❝tr♦♥✐❝s✱ ✷✶✭✹✮✿✶✶✶✻✕✶✶✷✹✳

❇❡♥❆❜❞❡❧❣❤❛♥✐✱ ❆✳❀ ▼❛rt✐♥s✱ ❈✳❀ ❘♦❜♦❛♠✱ ❳✳ ❡ ▼❡②♥❛r❞✱ ❚✳ ✭✷✵✵✷✮ ❯s❡ ♦❢ ❡①tr❛ ❞❡❣r❡❡s ♦❢

❢r❡❡❞♦♠ ✐♥ ♠✉❧t✐❧❡✈❡❧ ❞r✐✈❡s✱ ■♥❞✉str✐❛❧ ❊❧❡❝tr♦♥✐❝s✱ ■❊❊❊ ❚r❛♥s❛❝t✐♦♥s ♦♥✱ ✹✾✭✺✮✿✾✻✺ ✕

✾✼✼✳

❇❤❛❣✇❛t✱ P✳ ▼✳ ❡ ❙t❡❢❛♥♦✈✐❝✱ ❱✳ ❘✳ ✭✶✾✽✸✮ ●❡♥❡r❛❧✐③❡❞ str✉❝t✉r❡ ♦❢ ❛ ♠✉❧t✐❧❡✈❡❧ ♣✇♠ ✐♥✈❡rt❡r✱

■♥❞✉str② ❆♣♣❧✐❝❛t✐♦♥s✱ ■❊❊❊ ❚r❛♥s❛❝t✐♦♥s ♦♥✱ ■❆✲✶✾✭✻✮✿✶✵✺✼ ✕✶✵✻✾✳

❇❧❛❛❜❥❡r❣✱ ❋✳❀ ❏❛❡❣❡r✱ ❯✳ ❡ ▼✉♥❦✲◆✐❡❧s❡♥✱ ❙✳ ✭✶✾✾✺✮ P♦✇❡r ❧♦ss❡s ✐♥ ♣✇♠✲✈s✐ ✐♥✈❡rt❡r ✉s✐♥❣

♥♣t ♦r ♣t ✐❣❜t ❞❡✈✐❝❡s✱ ■❊❊❊ ❚r❛♥s❛❝t✐♦♥s ♦♥ P♦✇❡r ❊❧❡❝tr♦♥✐❝s✱ ✶✵✭✸✮✿✸✺✽✕✸✻✼✳

❇✉sq✉❡ts✲▼♦♥❣❡✱ ❙✳❀ ❇♦r❞♦♥❛✉✱ ❏✳❀ ❇♦r♦②❡✈✐❝❤✱ ❉✳ ❡ ❙♦♠❛✈✐❧❧❛✱ ❙✳ ✭✷✵✵✹✮ ❚❤❡ ♥❡❛r❡st t❤r❡❡

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

✐♥ t❤❡ t❤r❡❡✲❧❡✈❡❧ ♥♣❝ ✐♥✈❡rt❡r✱ P♦✇❡r ❊❧❡❝tr♦♥✐❝s ▲❡tt❡rs✱ ■❊❊❊✱ ✷✭✶✮✿✶✶ ✕ ✶✺✳

❈❛✉s♦✱ ❆✳❀ ❙❛❧❛t✐✱ ❆✳❀ ▲♦r❡♥③❛♥✐✱ ❊✳❀ ■♠♠♦✈✐❧❧✐✱ ❋✳ ❡ ❇✐❛♥❝❤✐♥✐✱ ❈✳ ✭✷✵✶✸✮ P♦✇❡r ❧♦ss❡s

❛♥❛❧②s✐s ✐♥ ✐♥t❡r❧❡❛✈❡❞ ✢②❜❛❝❦ ❜❛s❡❞ ♣✈ ❣r✐❞ ❝♦♥♥❡❝t❡❞ ♠✐❝r♦✲✐♥✈❡rt❡rs✱ ■♥✿ ■♥❞✉str✐❛❧

✶✶✻



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s ✶✶✼

❊❧❡❝tr♦♥✐❝s ❙♦❝✐❡t②✱ ■❊❈❖◆ ✷✵✶✸ ✲ ✸✾t❤ ❆♥♥✉❛❧ ❈♦♥❢❡r❡♥❝❡ ♦❢ t❤❡ ■❊❊❊✱ ♣♣✳ ✶✽✸✸✕✶✽✸✽✳

❈❛✈❛❧❝❛♥t✐✱ ▼✳❀ ❞❛ ❙✐❧✈❛✱ ❊✳ ❡ ❏❛❝♦❜✐♥❛✱ ❈✳ ✭✷✵✵✶✮ ❚❡❝❤♥✐q✉❡s ❢♦r ♠✐♥✐♠✐③✐♥❣ ❧♦ss❡s ❛♥❞

t❤❡ ♦✉t♣✉t ❝✉rr❡♥t r✐♣♣❧❡ ✐♥ q✉❛s✐✲r❡s♦♥❛♥t ✐♥✈❡rt❡rs✱ ■♥✿ P♦✇❡r ❊❧❡❝tr♦♥✐❝s ❙♣❡❝✐❛❧✐sts

❈♦♥❢❡r❡♥❝❡✱ ✷✵✵✶✳ P❊❙❈✳ ✷✵✵✶ ■❊❊❊ ✸✷♥❞ ❆♥♥✉❛❧✱ ✈♦❧✳ ✶✱ ♣♣✳ ✶✻✹ ✕✶✻✾ ✈♦❧✳ ✶✳

❈❛✈❛❧❝❛♥t✐✱ ▼✳❀ ❞❛ ❙✐❧✈❛✱ ❊✳❀ ▲✐♠❛✱ ❆✳❀ ❏❛❝♦❜✐♥❛✱ ❈✳ ❡ ❆❧✈❡s✱ ❘✳ ✭✷✵✵✷✮ ❘❡❞✉❝✐♥❣ ❧♦ss❡s

✐♥ t❤r❡❡✲♣❤❛s❡ ♣✇♠ ♣✉❧s❡❞ ❞❝✲❧✐♥❦ ✈♦❧t❛❣❡✲t②♣❡ ✐♥✈❡rt❡r s②st❡♠s✱ ■♥❞✉str② ❆♣♣❧✐❝❛t✐♦♥s✱

■❊❊❊ ❚r❛♥s❛❝t✐♦♥s ♦♥✱ ✸✽✭✹✮✿✶✶✶✹ ✕ ✶✶✷✷✳

❈❛✈❛❧❝❛♥t✐✱ ▼✳❀ ❞❛ ❙✐❧✈❛✱ ❊✳❀ ❇♦r♦②❡✈✐❝❤✱ ❉✳❀ ❉♦♥❣✱ ❲✳ ❡ ❏❛❝♦❜✐♥❛✱ ❈✳ ✭✷✵✵✸✮ ❆ ❢❡❛s✐❜❧❡ ❧♦ss

♠♦❞❡❧ ❢♦r ✐❣❜t ✐♥ s♦❢t✲s✇✐t❝❤✐♥❣ ✐♥✈❡rt❡rs✱ ■♥✿ P♦✇❡r ❊❧❡❝tr♦♥✐❝s ❙♣❡❝✐❛❧✐st ❈♦♥❢❡r❡♥❝❡✱

✷✵✵✸✳ P❊❙❈ ✬✵✸✳ ✷✵✵✸ ■❊❊❊ ✸✹t❤ ❆♥♥✉❛❧✱ ✈♦❧✳ ✹✱ ♣♣✳ ✶✽✹✺ ✕ ✶✽✺✵ ✈♦❧✳✹✳

❈❡❧❛♥♦✈✐❝✱ ◆✳ ❡ ❇♦r♦②❡✈✐❝❤✱ ❉✳ ✭✷✵✵✵✮ ❆ ❝♦♠♣r❡❤❡♥s✐✈❡ st✉❞② ♦❢ ♥❡✉tr❛❧✲♣♦✐♥t ✈♦❧t❛❣❡ ❜❛❧❛♥✲

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

❊❧❡❝tr♦♥✐❝s✱ ■❊❊❊ ❚r❛♥s❛❝t✐♦♥s ♦♥✱ ✶✺✭✷✮✿✷✹✷ ✕✷✹✾✳

❈❡❧❛♥♦✈✐❝✱ ◆✳ ❡ ❇♦r♦②❡✈✐❝❤✱ ❉✳ ✭✷✵✵✶✮ ❆ ❢❛st s♣❛❝❡✲✈❡❝t♦r ♠♦❞✉❧❛t✐♦♥ ❛❧❣♦r✐t❤♠ ❢♦r ♠✉❧t✐❧❡✈❡❧

t❤r❡❡✲♣❤❛s❡ ❝♦♥✈❡rt❡rs✱ ■♥❞✉str② ❆♣♣❧✐❝❛t✐♦♥s✱ ■❊❊❊ ❚r❛♥s❛❝t✐♦♥s ♦♥✱ ✸✼✭✷✮✿✻✸✼ ✕✻✹✶✳

❈❤❡♥✱ ❆✳❀ ❩❤❛♥❣✱ ❈✳❀ ▼❛✱ ❍✳ ❡ ❉❡♥❣✱ ❨✳ ✭✷✵✵✽✮ ❆ ♥♦✈❡❧ ♠✉❧t✐❧❡✈❡❧ ✐♥✈❡rt❡r t♦♣♦❧♦❣② ✇✐t❤

♥♦ ❝❧❛♠♣✐♥❣ ❞✐♦❞❡s ❛♥❞ ✢②✐♥❣ ❝❛♣❛❝✐t♦rs✱ ■♥✿ ■♥❞✉str✐❛❧ ❊❧❡❝tr♦♥✐❝s✱ ✷✵✵✽✳ ■❊❈❖◆ ✷✵✵✽✳

✸✹t❤ ❆♥♥✉❛❧ ❈♦♥❢❡r❡♥❝❡ ♦❢ ■❊❊❊✱ ♣♣✳ ✸✶✽✹✕✸✶✽✼✳

❈❤❡♥✱ ❨✳✲▼✳❀ ▲✐✉✱ ❨✳✲❈✳❀ ❍✉♥❣✱ ❙✳✲❈✳ ❡ ❈❤❡♥❣✱ ❈✳✲❙✳ ✭✷✵✵✼✮ ▼✉❧t✐✲✐♥♣✉t ✐♥✈❡rt❡r ❢♦r ❣r✐❞✲

❝♦♥♥❡❝t❡❞ ❤②❜r✐❞ ♣✈✴✇✐♥❞ ♣♦✇❡r s②st❡♠✱ P♦✇❡r ❊❧❡❝tr♦♥✐❝s✱ ■❊❊❊ ❚r❛♥s❛❝t✐♦♥s ♦♥✱

✷✷✭✸✮✿✶✵✼✵✕✶✵✼✼✳

❈❤♦✐✱ ◆✳❀ ❈❤♦✱ ❏✳ ❡ ❈❤♦✱ ●✳ ✭✶✾✾✶✮ ❆ ❣❡♥❡r❛❧ ❝✐r❝✉✐t t♦♣♦❧♦❣② ♦❢ ♠✉❧t✐❧❡✈❡❧ ✐♥✈❡rt❡r✱ ■♥✿

P♦✇❡r ❊❧❡❝tr♦♥✐❝s ❙♣❡❝✐❛❧✐sts ❈♦♥❢❡r❡♥❝❡✱ ✶✾✾✶✳ P❊❙❈ ✬✾✶ ❘❡❝♦r❞✳✱ ✷✷♥❞ ❆♥♥✉❛❧ ■❊❊❊✱

♣♣✳ ✾✻ ✕✶✵✸✳

❈♦r③✐♥❡✱ ❑✳ ❡ ▼❛❥❡❡t❤❛✱ ❙✳ ✭✶✾✾✾✮ ❆♥❛❧②s✐s ♦❢ ❛ ♥♦✈❡❧ ❢♦✉r✲❧❡✈❡❧ ❞❝✴❞❝ ❜♦♦st ❝♦♥✈❡rt❡r✱ ■♥✿

■♥❞✉str② ❆♣♣❧✐❝❛t✐♦♥s ❈♦♥❢❡r❡♥❝❡✱ ✶✾✾✾✳ ❚❤✐rt②✲❋♦✉rt❤ ■❆❙ ❆♥♥✉❛❧ ▼❡❡t✐♥❣✳ ❈♦♥❢❡r❡♥❝❡

❘❡❝♦r❞ ♦❢ t❤❡ ✶✾✾✾ ■❊❊❊✱ ✈♦❧✳ ✸✱ ♣♣✳ ✶✾✻✹✕✶✾✼✶ ✈♦❧✳✸✳

❈♦r③✐♥❡✱ ❑✳❀ ❨✉❡♥✱ ❏✳ ❡ ❇❛❦❡r✱ ❏✳ ✭✷✵✵✷✮ ❆♥❛❧②s✐s ♦❢ ❛ ❢♦✉r✲❧❡✈❡❧ ❞❝✴❞❝ ❜✉❝❦ ❝♦♥✈❡rt❡r✱

■♥❞✉str✐❛❧ ❊❧❡❝tr♦♥✐❝s✱ ■❊❊❊ ❚r❛♥s❛❝t✐♦♥s ♦♥✱ ✹✾✭✹✮✿✼✹✻✕✼✺✶✳



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s ✶✶✽

❉✐❛s✱ ❏✳❀ ❞♦s ❙❛♥t♦s✱ ❊✳❀ ❏❛❝♦❜✐♥❛✱ ❈✳ ❡ ❞❛ ❙✐❧✈❛✱ ❊✳ ✭✷✵✵✾✮ ❆♣♣❧✐❝❛t✐♦♥ ♦❢ s✐♥❣❧❡✲♣❤❛s❡ t♦

t❤r❡❡✲♣❤❛s❡ ❝♦♥✈❡rt❡r ♠♦t♦r ❞r✐✈❡ s②st❡♠s ✇✐t❤ ✐❣❜t ❞✉❛❧ ♠♦❞✉❧❡ ❧♦ss❡s r❡❞✉❝t✐♦♥✱ ■♥✿

P♦✇❡r ❊❧❡❝tr♦♥✐❝s ❈♦♥❢❡r❡♥❝❡✱ ✷✵✵✾✳ ❈❖❇❊P ✬✵✾✳ ❇r❛③✐❧✐❛♥✱ ♣♣✳ ✶✶✺✺ ✕✶✶✻✷✳

❋r❛♥q✉❡❧♦✱ ▲✳❀ ❘♦❞r✐❣✉❡③✱ ❏✳❀ ▲❡♦♥✱ ❏✳❀ ❑♦✉r♦✱ ❙✳❀ P♦rt✐❧❧♦✱ ❘✳ ❡ Pr❛ts✱ ▼✳ ✭✷✵✵✽✮ ❚❤❡ ❛❣❡ ♦❢

♠✉❧t✐❧❡✈❡❧ ❝♦♥✈❡rt❡rs ❛rr✐✈❡s✱ ■♥❞✉str✐❛❧ ❊❧❡❝tr♦♥✐❝s ▼❛❣❛③✐♥❡✱ ■❊❊❊✱ ✷✭✷✮✿✷✽ ✕✸✾✳

●❤❡r❛✐❛✱ ❍✳❀ ❇❡r❦♦✉❦✱ ❊✳ ❡ ▼❛♥❡ss❡✱ ●✳ ✭✶✾✾✾✮ ❋❡❡❞❜❛❝❦ ❝♦♥tr♦❧ ♦❢ t❤❡ ✐♥♣✉t ❞❝ ✈♦❧t❛❣❡

s♦✉r❝❡s ♦❢ t❤❡ s❡✈❡♥ ❧❡✈❡❧s ♥♣❝ ✈♦❧t❛❣❡ s♦✉r❝❡ ✐♥✈❡rt❡r✱ ■♥✿ ❆❢r✐❝♦♥✱ ✶✾✾✾ ■❊❊❊✱ ✈♦❧✳ ✷✱

♣♣✳ ✻✾✶✕✻✾✻ ✈♦❧✳✷✳

●r❛♥❞✐✱ ●✳❀ ❖st♦❥✐❝✱ ❉✳❀ ❘♦ss✐✱ ❈✳ ❡ ❈❛s❛❞❡✐✱ ❉✳ ✭✷✵✵✽✮ ▼✉❧t✐❧❡✈❡❧ ♣♦✇❡r ❝♦♥❞✐t✐♦♥❡r ❢♦r ❣r✐❞✲

❝♦♥♥❡❝t❡❞ ♣❤♦t♦✈♦❧t❛✐❝ ❛♣♣❧✐❝❛t✐♦♥s✱ ■♥✿ ❊❧❡❝tr♦t❡❝❤♥✐❝❛❧ ❈♦♥❢❡r❡♥❝❡✱ ✷✵✵✽✳ ▼❊▲❊❈❖◆

✷✵✵✽✳ ❚❤❡ ✶✹t❤ ■❊❊❊ ▼❡❞✐t❡rr❛♥❡❛♥✱ ♣♣✳ ✺✼✸ ✕✺✼✽✳

●r❛♥❞✐✱ ●✳❀ ❘♦ss✐✱ ❈✳❀ ❖st♦❥✐❝✱ ❉✳ ❡ ❈❛s❛❞❡✐✱ ❉✳ ✭✷✵✵✾✮ ❆ ♥❡✇ ♠✉❧t✐❧❡✈❡❧ ❝♦♥✈❡rs✐♦♥ str✉❝✲

t✉r❡ ❢♦r ❣r✐❞✲❝♦♥♥❡❝t❡❞ ♣✈ ❛♣♣❧✐❝❛t✐♦♥s✱ ■♥❞✉str✐❛❧ ❊❧❡❝tr♦♥✐❝s✱ ■❊❊❊ ❚r❛♥s❛❝t✐♦♥s ♦♥✱

✺✻✭✶✶✮✿✹✹✶✻ ✕✹✹✷✻✳

●✉❡❞♦✉❛♥✐✱ ❘✳❀ ❋✐❛❧❛✱ ❇✳❀ ❇❡r❦♦✉❦✱ ❊✳ ❡ ❇♦✉❝❤❡r✐t✱ ▼✳ ✭✷✵✵✼✮ ❈♦♥tr♦❧ ♦❢ ❝❛♣❛❝✐t♦r ✈♦❧t❛❣❡

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

■♥✿ ❊❧❡❝tr✐❝❛❧ ▼❛❝❤✐♥❡s ❛♥❞ P♦✇❡r ❊❧❡❝tr♦♥✐❝s✱ ✷✵✵✼✳ ❆❈❊▼P ✬✵✼✳ ■♥t❡r♥❛t✐♦♥❛❧ ❆❡❣❡❛♥

❈♦♥❢❡r❡♥❝❡ ♦♥✱ ♣♣✳ ✼✾✹✕✼✾✾✳

❍❛❧❞❡r✱ ❚✳ ✭✷✵✶✸✮ ❈♦♠♣r❡❤❡♥s✐✈❡ ♣♦✇❡r ❧♦ss ♠♦❞❡❧ ♦❢ t❤❡ ♠❛✐♥ s✇✐t❝❤ ♦❢ t❤❡ ✢②❜❛❝❦ ❝♦♥✲

✈❡rt❡r✱ ■♥✿ P♦✇❡r✱ ❊♥❡r❣② ❛♥❞ ❈♦♥tr♦❧ ✭■❈P❊❈✮✱ ✷✵✶✸ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥✱ ♣♣✳

✼✾✷✕✼✾✼✳

❍♦❤♠✱ ❉✳ P✳ ❡ ❘♦♣♣✱ ▼✳ ❊✳ ✭✷✵✶✸✮ ❈♦♠♣❛r❛t✐✈❡ st✉❞② ♦❢ ♠❛①✐♠✉♠ ♣♦✇❡r ♣♦✐♥t tr❛❝❦✐♥❣

❛❧❣♦r✐t❤♠s✱ ■♥✿ Pr♦❣✳ P❤♦t♦✈♦❧t✿ ❘❡s✳ ❆♣♣❧✳

❍♦❧❣✉✐♥✱ ❋✳ ❆✳❀ Pr✐❡t♦✱ ❘✳❀ ❆s❡♥s✐✱ ❘✳ ❡ ❈♦❜♦s✱ ❏✳ ❆✳ ✭✷✵✶✺✮ P♦✇❡r ❧♦ss❡s ❝❛❧❝✉❧❛t✐♦♥s ✐♥ ✇✐♥✲

❞✐♥❣s ♦❢ ❣❛♣♣❡❞ ♠❛❣♥❡t✐❝ ❝♦♠♣♦♥❡♥ts✿ ❚❤❡ ✐✷❞ ♠❡t❤♦❞ ❛♣♣❧✐❡❞ t♦ ✢②❜❛❝❦ tr❛♥s❢♦r♠❡rs✱

■♥✿ ✷✵✶✺ ■❊❊❊ ❊♥❡r❣② ❈♦♥✈❡rs✐♦♥ ❈♦♥❣r❡ss ❛♥❞ ❊①♣♦s✐t✐♦♥ ✭❊❈❈❊✮✱ ♣♣✳ ✺✻✼✺✕✺✻✽✶✳

■❜r❛❤✐♠✱ ■✳ ❘✳❀ ❉❛♠❛♥❤✉r✐✱ ◆✳ ❙✳❀ ❖t❤♠❛♥✱ ◆✳❀ ❘❛❞③❛❧✐✱ ❘✳❀ ▼♦❤❞✱ ▼✳ ◆✳ ❡ ❖♠❛r✱ ❆✳
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