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

▼♦❞❡❧❛❣❡♠ ❡ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡ ✉♠ s✐♠✉❧❛❞♦r

❤✐❞rá✉❧✐❝♦ ❡ ❞❡ ✉♠ ❞✐s♣♦s✐t✐✈♦ ❞❡ ❛ss✐stê♥❝✐❛ ✈❡♥tr✐❝✉❧❛r

❉❛♥✐❡❧ ▲❡❛❧ ❙♦✉s❛

❉✐ss❡rt❛çã♦ ❞❡ ▼❡str❛❞♦ ❛♣r❡s❡♥t❛❞❛ à ❈♦♦r❞❡♥❛❞♦r✐❛ ❞♦

Pr♦❣r❛♠❛ ❞❡ Pós✲●r❛❞✉❛çã♦ ❡♠ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛ ❞❛
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❛ ♦❜t❡♥çã♦ ❞♦ ❣r❛✉ ❞❡ ▼❡str❡ ❡♠ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛✳
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❆❣r❛❞❡❝✐♠❡♥t♦s

❆ ❉❡✉s✱ ♣❡❧❛ ✈✐❞❛✱ ❡ ♣♦r t❡r ♠❡ ❞❛❞♦ s❛ú❞❡ ❡ ❢♦rç❛ ♣❛r❛ s✉♣❡r❛r ❛s ❞✐✜❝✉❧❞❛❞❡s ❛♦ ❧♦♥❣♦

❞❡ ♠✐♥❤❛ ✈✐❞❛✳

❆♦s ♠❡✉s ♣❛✐s✱ ❏♦ã♦ ❞❛ ❙✐❧✈❛ ❡ ❙♦✉s❛ ❡ ▼❛r✐❛ ❍❡❧❡♥✐t❛ ❘✉✜♥♦ ▲❡❛❧ ❙♦✉s❛✱ ♣❡❧♦ ✐♥❝❡♥✲

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

❛✉sê♥❝✐❛✳

❆ t♦❞❛ ❛ ♠✐♥❤❛ ❢❛♠í❧✐❛ q✉❡ s❡♠♣r❡ ❡st❡✈❡ ♣r❡s❡♥t❡ ❡ ❛♣♦✐❛♥❞♦ ❡ss❛ ♥♦✈❛ ❢❛s❡ ❞❡ ♠✐♥❤❛

✈✐❞❛✳

❆♦ ♠❡✉ ❝♦❧❡❣❛ ❚❤✐❛❣♦ ❉❛♠❛s❝❡♥♦ ❈♦r❞❡✐r♦ ♣❡❧♦ ❛♣♦✐♦ ❞✉r❛♥t❡ t♦❞♦ ♦ tr❛❜❛❧❤♦ ❡ ❛❥✉❞❛

♥❛ r❡❛❧✐③❛çã♦ ❞❛s ❛t✐✈✐❞❛❞❡s✳

❆♦s ❝♦❧❡❣❛s ❞♦ ▲❛❜♦r❛tór✐♦ ❞❡ ❇✐♦s❡♥s♦r❡s ♣❡❧❛s ❝♦♥✈❡rs❛s ❡ ❝♦♥tr✐❜✉✐çõ❡s q✉❡ ❛❥✉❞❛r❛♠

♠✉✐t♦ ♥♦ r❡s✉❧t❛❞♦ ✜♥❛❧ ❞❡st❡ tr❛❜❛❧❤♦✳

❆♦ Pr♦❢✳ ❉r✳ ❆♥t♦♥✐♦ ▼❛r❝✉s ◆♦❣✉❡✐r❛ ▲✐♠❛✱ ♣❡❧❛ ♦r✐❡♥t❛çã♦✱ ❡♥s✐♥❛♠❡♥t♦s✱ ❡ ♣r✐♥❝✐✲

♣❛❧♠❡♥t❡ ♣❡❧♦ ✐♥❝❡♥t✐✈♦✱ ❛✉①✐❧✐❛♥❞♦✲♠❡ ♥❛ ❡①❡❝✉çã♦ ❞❡st❡ tr❛❜❛❧❤♦✳

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

❈❛♠♣✐♥❛ ●r❛♥❞❡✱ ♣❡❧♦ s✉♣♦rt❡ ❞❛❞♦ ♥❡st❡ tr❛❜❛❧❤♦✳

❆ ❈❆P❊❙ ❡ ❛ ❋❆P❊❙P ♣❡❧♦ ❛♣♦✐♦ ✜♥❛♥❝❡✐r♦ ♣❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞♦ tr❛❜❛❧❤♦✳

❊♥✜♠ ❛ t♦❞♦s ❛q✉❡❧❡s q✉❡ ❞✐r❡t❛ ♦✉ ✐♥❞✐r❡t❛♠❡♥t❡ ❝♦♥tr✐❜✉ír❛♠ ♣❛r❛ ♦ ♠❡✉ ❞❡s❡♥✈♦❧✲

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

✐



❘❡s✉♠♦

◆❡st❡ tr❛❜❛❧❤♦ é ❛♣r❡s❡♥t❛❞♦ ✉♠ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✭❙❍✮ ✉t✐❧✐③❛❞♦ ♣❛r❛ t❡st❛r ❡

✈❛❧✐❞❛r ❞✐s♣♦s✐t✐✈♦s ❞❡ ❛ss✐stê♥❝✐❛ ✈❡♥tr✐❝✉❧❛r ✭❉❆❱s✮ ❞❡st✐♥❛❞♦s ❛ ♣❛❝✐❡♥t❡s ♣❡❞✐átr✐❝♦s✳

❊ss❡ s✐st❡♠❛ ♣♦❞❡ s❡r ❝♦♥✜❣✉r❛❞♦ ♣❛r❛ ✈ár✐❛s ❝♦♥❞✐çõ❡s ❞❡ ♦♣❡r❛çã♦ ❡ é ♠♦♥✐t♦r❛❞♦ ♣♦r

♠❡✐♦ ❞❡ ✉♠❛ ✐♥t❡r❢❛❝❡ ✐♠♣❧❡♠❡♥t❛❞❛ ♥❛ ♣❧❛t❛❢♦r♠❛ ▲❛❜❱■❊❲✳ ❚❡st❡s ❡①♣❡r✐♠❡♥t❛✐s ❝♦♠ ♦

❉❆❱ ✐s♦❧❛❞♦ ❡ ❝♦♠ ♦ ❉❆❱ ❛❝♦♣❧❛❞♦ ❛♦ s✐♠✉❧❛❞♦r ❤✐❞rá✉❧✐❝♦ ❢♦r❛♠ r❡❛❧✐③❛❞♦s ♣❛r❛ q✉❡ s✐♥❛✐s

❞❡ ✢✉①♦ ❡ ♣r❡ssã♦ ♣✉❞❡ss❡♠ s❡r ❛♥❛❧✐s❛❞♦s✳ ❯t✐❧✐③❛♥❞♦ ❛ ❛♥❛❧♦❣✐❛ ❡♥tr❡ s✐st❡♠❛s ❤✐❞rá✉❧✐❝♦s

❡ ❝✐r❝✉✐t♦s ❡❧étr✐❝♦s✱ ❢♦✐ ♣r♦♣♦st♦ ✉♠ ♠♦❞❡❧♦ ✵❉ ♣❛r❛ ♦ ❉❆❱ ❡ ♣❛r❛ t♦❞♦ ♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦✳

P❛r❛ ❡st✐♠❛r ♦s ♣❛râ♠❡tr♦s ❞♦s ♠♦❞❡❧♦s✱ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s✿ ♦ ♠ét♦❞♦ ❞♦s ♠í♥✐♠♦s q✉❛❞r❛❞♦s

❡ ♦ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥ ❡st❡♥❞✐❞♦✳ ❋♦r❛♠ r❡❛❧✐③❛❞❛s s✐♠✉❧❛çõ❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s ❝♦♠ ♦s ♠♦❞❡❧♦s

♦❜t✐❞♦s ❡ ❝❛❧❝✉❧♦✉✲s❡ ♦ ❡rr♦ ♠é❞✐♦ q✉❛❞rát✐❝♦ ❡♥tr❡ ❛s ❝✉r✈❛s ❞❡ ♣r❡ssõ❡s ❡ ✢✉①♦s s✐♠✉❧❛❞❛s

❡ ❛s ❝✉r✈❛s ♦❜t✐❞❛s ♥♦s t❡st❡s ❡①♣❡r✐♠❡♥t❛✐s ♥♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦✳ ❖ ❡rr♦ ❡♥tr❡ ❛s ❝✉r✈❛s

é ♣❡q✉❡♥♦✱ ❝♦♠♣r♦✈❛♥❞♦ ❛ ✈❛❧✐❞❛❞❡ ❞♦ ♠♦❞❡❧♦✳ ❈♦♠ ♦ ♠♦❞❡❧♦ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❛r❛ ♦ ❉❆❱

✈❛❧✐❞❛❞♦✱ ❡st❡ ♣♦❞❡ s❡r ❛❝♦♣❧❛❞♦ ❛ ♠♦❞❡❧♦s ❡❧étr✐❝♦s ❞♦ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r ❤✉♠❛♥♦

✭❙❈❍✮ ♣❛r❛ ❛✈❛❧✐❛r ❛ ✐♥t❡r❛çã♦ ❞♦ ❉❆❱ ❝♦♠ ♦ ❙❈❍✳

P❛❧❛✈r❛s ❝❤❛✈❡✿✿ ❉✐s♣♦s✐t✐✈♦ ❞❡ ❆ss✐stê♥❝✐❛ ❱❡♥tr✐❝✉❧❛r✱ ❙✐♠✉❧❛❞♦r ❍✐❞rá✉❧✐❝♦✱ ❙✐st❡♠❛

❈❛r❞✐♦✈❛s❝✉❧❛r ❍✉♠❛♥♦✱ ▼♦❞❡❧❛❣❡♠ ✵❉✳

✐✐



❆❜str❛❝t

❚❤✐s ✇♦r❦ s❤♦✇s ❛ ❤②❞r❛✉❧✐❝ s②st❡♠ ✉s❡❞ t♦ t❡st ❛♥❞ ✈❛❧✐❞❛t❡ ❱❡♥tr✐❝✉❧❛r ❆ss✐st

❉❡✈✐❝❡ ✭❱❆❉s✮✳ ❚❤✐s s②st❡♠ ♠❛② ❜❡ ❛❞❥✉st❡❞ ❛t s❡✈❡r❛❧ ♦♣❡r❛t✐♥❣ ❝♦♥❞✐t✐♦♥s ❛♥❞ ✐s ♠♦♥✐✲

t♦r❡❞ ❜② ❛♥ ✐♥t❡r❢❛❝❡ ❜✉✐❧❞ ♦♥ ▲❛❜❱■❊❲ ♣❧❛t❢♦r♠✳ ❯s✐♥❣ ♣r❡ss✉r❡ ❛♥❞ ✢♦✇ s✐❣♥❛❧s✱ ✇❤✐❝❤

✇❡r❡ ♦❜t❛✐♥❡❞ ❜② ❡①♣❡r✐♠❡♥t❛❧ t❡sts ✐♥ t❤❡ ❤②❞r❛✉❧✐❝ s②st❡♠✱ ❛ ✵❉ ♠♦❞❡❧ ✇❛s ♣r♦♣♦s❡❞ ❛♥❞

❞❡✈❡❧♦♣❡❞ ❢♦r ❛♥ s♣❡❝✐✜❝ ♣❡❞✐❛tr✐❝ ❱❆❉ ✭♣❱❆❉✮ ❛♥❞ ❢♦r t❤❡ ❡♥t✐r❡ ❤②❞r❛✉❧✐❝ s②st❡♠✱ ❜❛s❡❞
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✈



✻ ❈♦♥❝❧✉sã♦ ❡ tr❛❜❛❧❤♦s ❢✉t✉r♦s ✾✸

✻✳✶ ❚r❛❜❛❧❤♦s ❢✉t✉r♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✹

❆ ❈♦♥✈❡rsã♦ ❞❡ ✉♥✐❞❛❞❡s ❞♦ ❝✐r❝✉✐t♦ ❡q✉✐✈❛❧❡♥t❡ ✾✻

❆✳✶ ❈♦♥✈❡rsã♦ ❞❛s ✉♥✐❞❛❞❡s ❞❛s ✐♥❞✉tâ♥❝✐❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✽

❆✳✷ ❈♦♥✈❡rsã♦ ❞❛s ✉♥✐❞❛❞❡s ❞❛s r❡s✐stê♥❝✐❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✾

❆✳✸ ❈♦♥✈❡rsã♦ ❞❛s ✉♥✐❞❛❞❡s ❞❛s ❝❛♣❛❝✐tâ♥❝✐❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✾

❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s ✶✵✵

✈✐



▲✐st❛ ❞❡ ❙í♠❜♦❧♦s ❡ ❆❜r❡✈✐❛t✉r❛s

❆❉ ✲ ❆♥❛❧ó❣✐❝♦ ❉✐❣✐t❛❧

❈❆ ✲ ❈♦rr❡♥t❡ ❆❧t❡r♥❛❞❛ ❬❆❪

❈❈ ✲ ❈♦rr❡♥t❡ ❈♦♥tí♥✉❛ ❬❆❪

❉❆❚❆❙❯❙ ✲ ❉❡♣❛rt❛♠❡♥t♦ ❞❡ ■♥❢♦r♠át✐❝❛ ❞♦ ❙✐st❡♠❛ Ú♥✐❝♦ ❞❡ ❙❛ú❞❡

❉❆❱ ✲ ❉✐s♣♦s✐t✐✈♦ ❞❡ ❆ss✐stê♥❝✐❛ ❱❡♥tr✐❝✉❧❛r

♣❉❆❱ ✲ ❉✐s♣♦s✐t✐✈♦ ❞❡ ❆ss✐stê♥❝✐❛ ❱❡♥tr✐❝✉❧❛r P❡❞✐átr✐❝♦

❋❋❚ ✲ ❚r❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r

●❋ ✲ ❋❛t♦r ●❛✉❣❡

❍❈❋▼❯❙P ✲ ❍♦s♣✐t❛❧ ❞❛s ❈❧✐♥✐❝❛s ❞❛ ❋❛❝✉❧❞❛❞❡ ❞❡ ▼❡❞✐❝✐♥❛ ❞❛ ❯♥✐✈❡rs✐❞❛❞❡ ❞❡ ❙ã♦ P❛✉❧♦

❍❘ ✲ ❋r❡q✉ê♥❝✐❛ ❈❛r❞í❛❝❛ ❬❇P▼❪

■❋❋❚ ✲ ❚r❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ■♥✈❡rs❛

■❍▼ ✲ ■♥t❡r❢❛❝❡ ❍♦♠❡♠ ▼áq✉✐♥❛

■♥❈♦r ✲ ■♥st✐t✉t♦ ❞♦ ❈♦r❛çã♦

❑❈▲ ✲ ▲❡✐ ❞♦s ◆ós ❞❡ ❑✐r❝❤❤♦✛

❑❱▲ ✲ ▲❡✐ ❞❛s ▼❛❧❤❛s ❞❡ ❑✐r❝❤❤♦✛

▲❈❉ ✲ ❉✐s♣❧❛② ❞❡ ❈r✐st❛❧ ▲íq✉✐❞♦

▲❊❉ ✲ ❉✐♦❞♦ ❊♠✐ss♦r ❞❡ ▲✉③

◆■ ✲ ◆❛t✐♦♥❛❧ ■♥str✉♠❡♥ts

❖▼❙ ✲ ❖r❣❛♥✐③❛çã♦ ▼✉♥❞✐❛❧ ❞❛ ❙❛ú❞❡

P❈ ✲ ❈♦♠♣✉t❛❞♦r P❡ss♦❛❧

❘❈ ✲ ❘❡s✐st♦r✲❈❛♣❛❝✐t♦r

εrms ✲ ❘♦♦t ♠❡❛♥ sq✉❛r❡ ❡rr♦r ♦✉ ✭❘❛✐③ ❞♦ ❡rr♦ ♠é❞✐♦ q✉❛❞rát✐❝♦✮

❙❈❍ ✲ ❙✐st❡♠❛ ❈❛r❞✐♦✈❛s❝✉❧❛r ❍✉♠❛♥♦



❙❍ ✲ ❙✐st❡♠❛ ❍✐❞rá✉❧✐❝♦

❙■ ✲ ❙✐st❡♠❛ ■♥t❡r♥❛❝✐♦♥❛❧ ❞❡ ▼❡❞✐❞❛s

❯❙❇ ✲ ❯♥✐✈❡rs❛❧ ❙❡r✐❛❧ ❇✉s

α ✲ ◗✉❡❞❛ ❞❡ ♣r❡ssã♦ ♣r♦✈♦❝❛❞❛ ♣❡❧❛ ♠❡♠❜r❛♥❛

ε ✲ ▼❛❣♥✐t✉❞❡ ❞❛ ❞❡❢♦r♠❛çã♦

η ✲ ❱✐s❝♦s✐❞❛❞❡ ❞♦ ✢✉✐❞♦ ❬❣❪❬❝♠❪−1❬s❪−1

ρ ✲ ❉❡♥s✐❞❛❞❡ ❞♦ ✢✉✐❞♦ ❬❣❪❬❝♠❪−3

τca ✲ ❈♦♥st❛♥t❡ ❞❡ t❡♠♣♦ ❬s❪

g ✲ ❆❝❡❧❡r❛çã♦ ❞❛ ❣r❛✈✐❞❛❞❡ ❬♠❪❬s❪−2

hf ✲ ❆❧t✉r❛ ❞❛ ❝♦❧✉♥❛ ❞❡ ✢✉✐❞♦ ♥♦ r❡s❡r✈❛tór✐♦ ✶ ❬❝♠❪

l ✲ ❈♦♠♣r✐♠❡♥t♦ ❬❝♠❪

N ✲ ◆ú♠❡r♦ ❞❡ ❛♠♦str❛s

r ✲ ❘❛✐♦ ❞♦ t✉❜♦ ❬❝♠❪

Cae ✲ ❈♦♠♣❧❛❝ê♥❝✐❛ ❞♦ átr✐♦ ❡sq✉❡r❞♦ ❬♠▲❪❬♠♠❍❣❪−1

Cao ✲ ❈♦♠♣❧❛❝ê♥❝✐❛ ❞❛ ❛♦rt❛ ❬♠▲❪❬♠♠❍❣❪−1

Cca ✲ ❈♦♠♣❧❛❝ê♥❝✐❛ ❞❛ ❝â♠❛r❛ ❞❡ ❛r ❬♠▲❪❬♠♠❍❣❪−1

Ccs ✲ ❈♦♠♣❧❛❝ê♥❝✐❛ ❞❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❬♠▲❪❬♠♠❍❣❪−1

Cs ✲ ❈♦♠♣❧❛❝ê♥❝✐❛ s✐stê♠✐❝❛ ❬♠▲❪❬♠♠❍❣❪−1

Da ✲ ❱á❧✈✉❧❛ ❛órt✐❝❛

Di ✲ ❱á❧✈✉❧❛ ❞❡ ❡♥tr❛❞❛

Dm ✲ ❱á❧✈✉❧❛ ♠✐tr❛❧

Do ✲ ❱á❧✈✉❧❛ ❞❡ s❛í❞❛

L ✲ ■♥❞✉tâ♥❝✐❛ ❝❛r❛❝t❡ríst✐❝❛ ❬♠♠❍❣❪❬s❪2❬♠▲❪−1

Li ✲ ■♥❞✉tâ♥❝✐❛ ❞❛ ❝â♥✉❧❛ ❞❡ ❡♥tr❛❞❛ ❬♠♠❍❣❪❬s❪2❬♠▲❪−1

Lo ✲ ■♥❞✉tâ♥❝✐❛ ❞❛ ❝â♥✉❧❛ ❞❡ s❛í❞❛ ❬♠♠❍❣❪❬s❪2❬♠▲❪−1

Pae ✲ Pr❡ssã♦ ♥♦ átr✐♦ ❡sq✉❡r❞♦ ❬♠♠❍❣❪

Pao ✲ Pr❡ssã♦ ♥❛ ❛♦rt❛ ❬♠♠❍❣❪

Pca ✲ Pr❡ssã♦ ♥❛ ❝â♠❛r❛ ❞❡ ❛r ❬♠♠❍❣❪

Pcs ✲ Pr❡ssã♦ ♥❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❬♠♠❍❣❪

Pej ✲ Pr❡ssã♦ ❞❡ ❡❥❡çã♦ ❞♦ ♣❉❆❱ ❬♠♠❍❣❪

Pen ✲ Pr❡ssã♦ ❞❡ ❡♥❝❤✐♠❡♥t♦ ❞♦ ♣❉❆❱ ❬♠♠❍❣❪

✈✐✐✐



Pf ✲ Pr❡ssã♦ ❞♦ ✢✉✐❞♦ ♥♦ r❡s❡r✈❛tór✐♦ ✶ ❬♠♠❍❣❪

Ps ✲ Pr❡ssã♦ s✐stê♠✐❝❛ ❬♠♠❍❣❪

Pve ✲ Pr❡ssã♦ ♥♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦ ❬♠♠❍❣❪

Qa ✲ ❋❧✉①♦ ♥❛ ❛♦rt❛ ❬♠▲❪❬s❪−1

Qi ✲ ❋❧✉①♦ ❞❡ ❡♥tr❛❞❛ ❬♠▲❪❬s❪−1

Qo ✲ ❋❧✉①♦ ❞❡ s❛í❞❛ ❬♠▲❪❬s❪−1

Qs ✲ ❋❧✉①♦ ❞❡ s✐stê♠✐❝♦ ❬♠▲❪❬s❪−1

Ra ✲ ❘❡s✐stê♥❝✐❛ ❞❛ ✈á❧✈✉❧❛ ❛órt✐❝❛ ❬♠♠❍❣❪❬s❪❬♠▲❪−1

Rc ✲ ❘❡s✐stê♥❝✐❛ ❝❛r❛❝t❡ríst✐❝❛ ❬♠♠❍❣❪❬s❪❬♠▲❪−1

Rca ✲ ❘❡s✐stê♥❝✐❛ ❞♦ t✉❜♦ ❞❡ ❛r ❝♦♠♣r✐♠✐❞♦ ❬♠♠❍❣❪❬s❪❬♠▲❪−1

Rcs ✲ ❘❡s✐stê♥❝✐❛ ❞❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❬♠♠❍❣❪❬s❪❬♠▲❪−1

Ri ✲ ❘❡s✐stê♥❝✐❛ ❞❛ ❝â♥✉❧❛ ❞❡ ❡♥tr❛❞❛ ❬♠♠❍❣❪❬s❪❬♠▲❪−1

Rm ✲ ❘❡s✐stê♥❝✐❛ ❞❛ ✈á❧✈✉❧❛ ♠✐tr❛❧ ❬♠♠❍❣❪❬s❪❬♠▲❪−1

Ro ✲ ❘❡s✐stê♥❝✐❛ ❞❛ ❝â♥✉❧❛ ❞❡ s❛í❞❛ ❬♠♠❍❣❪❬s❪❬♠▲❪−1

Rs ✲ ❘❡s✐stê♥❝✐❛ s✐stê♠✐❝❛ ❬♠♠❍❣❪❬s❪❬♠▲❪−1

V0 ✲ ❚❡♥sã♦ ❞❡ s❛í❞❛ ❞♦ ❝✐r❝✉✐t♦ ❬❱❪

Vcs ✲ ❱♦❧✉♠❡ ♥❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❬♠▲❪

Vf ✲ ❱♦❧✉♠❡ ❞♦ ✢✉✐❞♦ ♥♦ r❡s❡r✈❛tór✐♦ ✶ ❬♠▲❪

Vr ✲ ❱♦❧✉♠❡ ❞♦ r❡s❡r✈❛tór✐♦ ✶ ❬♠▲❪

VS ✲ ❚❡♥sã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❞♦ ❝✐r❝✉✐t♦ ❬❱❪

Vve ✲ ❱♦❧✉♠❡ ♥♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦ ❬♠▲❪

✐①



▲✐st❛ ❞❡ ❚❛❜❡❧❛s

❚❛❜❡❧❛ ✸✳✶✿ P❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✼ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✷

❚❛❜❡❧❛ ✺✳✶✿ ▼❛t❡r✐❛✐s ✉t✐❧✐③❛❞♦s ♣❛r❛ ❛ ♠♦♥t❛❣❡♠ ❞♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✷

❚❛❜❡❧❛ ✺✳✷✿ ❊s♣❡❝✐✜❝❛çõ❡s ❞❛ ♣❧❛❝❛ ❞❡ ❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s ◆■ ❯❙❇✲✻✷✶✵✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✻

❚❛❜❡❧❛ ✺✳✸✿ ❊s♣❡❝✐✜❝❛çõ❡s ❞♦ s❡♥s♦r ❙❈❳✵✺❉◆❈ ❞❛ ❍♦♥❡②✇❡❧❧❘©✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽

❚❛❜❡❧❛ ✺✳✹✿ ❊s♣❡❝✐✜❝❛çõ❡s ❞♦ tr❛♥s❞✉t♦r ❞❡ ♣r❡ssã♦ ❚r✉❲❛✈❡ ✭❊❞✇❛r❞s✮ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽

❚❛❜❡❧❛ ✺✳✺✿ P❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦ ✵❉ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✷✹✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺

❚❛❜❡❧❛ ✺✳✻✿ P❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦ ✵❉ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✷✹✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✻



▲✐st❛ ❞❡ ❋✐❣✉r❛s

❋✐❣✉r❛ ✷✳✶✿ ❊sq✉❡♠át✐❝♦ ❞♦ ❝♦r❛çã♦ ❡ ❞♦ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r✳ ➱ ♣♦ssí✈❡❧ ♦❜s❡r✈❛r

♦ ✢✉①♦ ❞❡ s❛♥❣✉❡ ♥❛s ♣r✐♥❝✐♣❛✐s ♣❛rt❡s ❞♦ ❝♦r♣♦ ❡ ❝♦♠♦ ❡ss❡ ✢✉①♦ ♣❛ss❛

♣❡❧♦ ❝♦r❛çã♦✳ ❆ ❝♦r ✈❡r♠❡❧❤❛ r❡♣r❡s❡♥t❛ ♦ s❛♥❣✉❡ r✐❝♦ ❡♠ ♦①✐❣ê♥✐♦✱ q✉❡

é ❜♦♠❜❡❛❞♦ ♣❡❧♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦ ♣❛r❛ t♦❞♦ ♦ ❝♦r♣♦✳ ❆ ❝♦r ❛③✉❧

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

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

r✐❝♦ ❡♠ ♦①✐❣ê♥✐♦ ♣❛r❛ ♦ ❧❛❞♦ ❡sq✉❡r❞♦ ❞♦ ❝♦r❛çã♦ ♣❛r❛ s❡r ❜♦♠❜❡❛❞♦
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❋✐❣✉r❛ ✷✳✹✿ ❘❡❧❛çã♦ ❡♥tr❡ ♦ ✈♦❧✉♠❡ ❡ ❛ ♣r❡ssã♦ ❞♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦ ❞✉r❛♥t❡ ♦
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❋✐❣✉r❛ ✷✳✺✿ ❊❧❛stâ♥❝✐❛ ♣❛r❛ ❛ ❢r❡q✉ê♥❝✐❛ ❝❛r❞í❛❝❛ ❞❡ ✻✵ ❜❛t✐♠❡♥t♦s ♣♦r ♠✐♥✉t♦✳ ✳ ✳ ✶✸

❋✐❣✉r❛ ✸✳✶✿ ❈✐r❝✉✐t♦ r❡♣r❡s❡♥t❛t✐✈♦ ❞♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❡ ✉♠❛ ✈á❧✈✉❧❛ ❝❛r❞í❛❝❛✳ ✳ ✳ ✳ ✶✺

❋✐❣✉r❛ ✸✳✷✿ ❊sq✉❡♠át✐❝♦ ❞♦ s✐st❡♠❛ ✉t✐❧✐③❛❞♦ ♣❡❧♦s ❜♦♠❜❡✐r♦s ♣❛r❛ ❜♦♠❜❡❛r á❣✉❛

❡ ♦ ❜♦♠❜❡❛♠❡♥t♦ r❡❛❧✐③❛❞♦ ♣❡❧♦ ❝♦r❛çã♦✿ ❛ ❝♦r ❛③✉❧ r❡♣r❡s❡♥t❛ ❛ á❣✉❛❀

❛ ❝♦r ✈❡r♠❡❧❤❛ r❡♣r❡s❡♥t❛ ♦ s❛♥❣✉❡ q✉❡ ♦ ❝♦r❛çã♦ ❜♦♠❜❡✐❛❀ ❛s s❡t❛s
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❋✐❣✉r❛ ✸✳✸✿ ▼♦❞❡❧♦ ❲✐♥❞❦❡ss❡❧ ❞❡ ❞♦✐s ❡❧❡♠❡♥t♦s✿ ♦ ❝❛♣❛❝✐t♦r C r❡♣r❡s❡♥t❛ ❛ ❝♦♠✲

♣❧❛❝ê♥❝✐❛ ❞❛ ❛♦rt❛ ❡ ♦ r❡s✐st♦r R ❛ r❡s✐stê♥❝✐❛s ❞♦s ✈❛s♦s s❛♥❣✉í♥❡♦s✳ ✳ ✳ ✶✽



❋✐❣✉r❛ ✸✳✹✿ ▼♦❞❡❧♦ ❲✐♥❞❦❡ss❡❧ ❞❡ três ❡❧❡♠❡♥t♦s✿ ♦ ❝❛♣❛❝✐t♦r C r❡♣r❡s❡♥t❛ ❛ ❝♦♠✲

♣❧❛❝ê♥❝✐❛ ❞❛ ❛♦rt❛❀ ♦ r❡s✐st♦r R ❛ r❡s✐stê♥❝✐❛s ❞♦s ✈❛s♦s s❛♥❣✉í♥❡♦s ❡ ♦

r❡s✐st♦r Rc ❛ r❡s✐stê♥❝✐❛s ❞♦s ✈❛s♦s ❞❛ r❡❞❡ ❛rt❡r✐❛❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽

❋✐❣✉r❛ ✸✳✺✿ ▼♦❞❡❧♦ ❲✐♥❞❦❡ss❡❧ ❞❡ q✉❛tr♦ ❡❧❡♠❡♥t♦s ✭s❡r✐❡✮✿ ♦ ❝❛♣❛❝✐t♦r C r❡♣r❡✲

s❡♥t❛ ❛ ❝♦♠♣❧❛❝ê♥❝✐❛ ❞❛ ❛♦rt❛❀ ♦ r❡s✐st♦r R ❛ r❡s✐stê♥❝✐❛s ❞♦s ✈❛s♦s

s❛♥❣✉í♥❡♦s❀ ♦ r❡s✐st♦r Rc ❛ r❡s✐stê♥❝✐❛s ❞♦s ✈❛s♦s ❞❛ r❡❞❡ ❛rt❡r✐❛❧ ❡ ♦
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♣♥❡✉♠át✐❝♦✳ ■ ✕ ❈♦♥❥✉♥t♦ ❝♦♠♣♦st♦ ♣♦r ❝♦♠♣r❡ss♦r✱ r❡❣✉❧❛❞♦r❡s ❞❡
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❜♦❜✐♥❛ ❞❛ ✈á❧✈✉❧❛ é ❞❡s❡♥❡r❣✐③❛❞❛❀ t4 ✲ ✐♥st❛♥t❡ ❞❡ t❡♠♣♦ q✉❡ ❛ ✈á❧✈✉❧❛
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❡ ✜❧tr❛❞❛ ✉t✐❧✐③❛♥❞♦ ❛ té❝♥✐❝❛ t❤r❡s❤♦❧❞✐♥❣ ✭P̂ao✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶
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❋✐❣✉r❛ ✺✳✸✽✿ ❈✉r✈❛ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛ ❞♦ ✜❧tr♦ ♣❛r❛ ♦s ♣❛râ♠❡tr♦s Rs ❡ Ls✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✺

❋✐❣✉r❛ ✺✳✸✾✿ ▼♦❞❡❧♦ ✵❉ ❞♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ❛❝♦♣❧❛❞♦ ❛♦ ♣❉❆❱✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✻
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❋✐❣✉r❛ ✺✳✹✶✿ ❈✉r✈❛s ❞❡ ♣r❡ssã♦ ♦❜t✐❞❛s ❝♦♠ ❛ s✐♠✉❧❛çã♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❞♦ ♠♦❞❡❧♦
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❈❛♣ít✉❧♦ ✶

■♥tr♦❞✉çã♦

◆❡st❡ ❝❛♣ít✉❧♦ s❡rã♦ ❛♣r❡s❡♥t❛❞♦s ❛ ❥✉st✐✜❝❛t✐✈❛ ♣❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡st❡ tr❛❜❛❧❤♦✱ ♦s

♦❜❥❡t✐✈♦s ❡ ❝♦♠♦ ♦ tr❛❜❛❧❤♦ ❡stá ♦r❣❛♥✐③❛❞♦✳

✶✳✶ ❏✉st✐✜❝❛t✐✈❛

❙❡❣✉♥❞♦ ❛ ❖r❣❛♥✐③❛çã♦ ▼✉♥❞✐❛❧ ❞❛ ❙❛ú❞❡ ✭❖▼❙✮✱ ❛s ❞♦❡♥ç❛s ❝❛r❞✐♦✈❛s❝✉❧❛r❡s sã♦ ❛s ♣r✐♥✲

❝✐♣❛✐s ❝❛✉s❛s ❞❡ ♠♦rt❡ ❤✉♠❛♥❛ ♥♦ ♠✉♥❞♦✳ ❊♠ ✷✵✶✺✱ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶✼✱✼ ♠✐❧❤õ❡s ❞❡

♣❡ss♦❛s ♠♦rr❡r❛♠ ✈ít✐♠❛s ❞❡ ❞♦❡♥ç❛s ♥♦ ❙✐st❡♠❛ ❈❛r❞✐♦✈❛s❝✉❧❛r ❍✉♠❛♥♦ ✭❙❈❍✮✳ ❊ss❡ ♥ú✲

♠❡r♦ r❡♣r❡s❡♥t❛ ✸✶✪ ❞❡ t♦❞❛s ❛s ♠♦rt❡s q✉❡ ♦❝♦rr❡r❛♠ ♥♦ ♠✉♥❞♦ ♥❡st❡ ❛♥♦ ❬✶❪✳

◆♦ ❇r❛s✐❧✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❞❛❞♦s ❞♦ ❉❡♣❛rt❛♠❡♥t♦ ❞❡ ■♥❢♦r♠át✐❝❛ ❞♦ ❙✐st❡♠❛ Ú♥✐❝♦ ❞❡

❙❛ú❞❡ ✭❉❆❚❆❙❯❙✮ ❬✷❪✱ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✸✹✺ ♠✐❧ ♣❡ss♦❛s ♠♦rr❡r❛♠ ❡♠ ❢✉♥çã♦ ❞❡ ❞♦❡♥ç❛s

❝❛r❞✐♦✈❛s❝✉❧❛r❡s✳ ❊ss❡ ♥ú♠❡r♦ ❝♦rr❡s♣♦♥❞❡ ❛ ❝❡r❝❛ ❞❡ ✷✽✪ ❞❡ t♦❞❛s ❛s ♠♦rt❡s q✉❡ ♦❝♦rr❡r❛♠

♥♦ ❇r❛s✐❧ ❡♠ ✷✵✶✺✳

❊①✐st❡♠ ♠✉✐t♦s t✐♣♦s ❞❡ ❝✐r✉r❣✐❛s q✉❡ t❡♠ ❝♦♠♦ ♦❜❥❡t✐✈♦ tr❛t❛r ♦s ♣r♦❜❧❡♠❛s r❡❧❛❝✐✲

♦♥❛❞♦s ❛♦ ❙❈❍✳ ❉♦❡♥ç❛s r❡❧❛❝✐♦♥❛❞❛s ❛♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❡✜❝✐❡♥t❡ ❞❛s ✈á❧✈✉❧❛s ❝❛r❞í❛❝❛s

✐♥t❡r❢❡r❡♠ ❞✐r❡t❛♠❡♥t❡ ♥♦ ❜♦♠❜❡❛♠❡♥t♦ r❡❛❧✐③❛❞♦ ♣❡❧♦ ❝♦r❛çã♦ ❬✸❪✳ ◆❡st❡s ❝❛s♦s✱ ❛ tr♦❝❛

❞❛s ✈á❧✈✉❧❛s ♣♦❞❡ r❡s♦❧✈❡r ♦ ♣r♦❜❧❡♠❛✳ P♦ré♠✱ ❞♦❡♥ç❛s ♠❛✐s ❣r❛✈❡s q✉❡ ❛❢❡t❛♠ ♦ ♠ús❝✉❧♦

❝❛r❞í❛❝♦ ♣♦ss✉❡♠ ❝♦♠♦ ♣r✐♥❝✐♣❛❧ ❛❧t❡r♥❛t✐✈❛ ♦ tr❛♥s♣❧❛♥t❡ ❞♦ ❝♦r❛çã♦✳ ◆♦ ❡♥t❛♥t♦✱ ❛ ✜❧❛ ❞❡

❡s♣❡r❛ ♣♦r ❡ss❡ ♣r♦❝❡❞✐♠❡♥t♦ é ❣r❛♥❞❡ ❞❡✈✐❞♦ à ❡s❝❛ss❡③ ❞♦ ór❣ã♦✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ♠✉✐t♦s

♣❛❝✐❡♥t❡s ♥ã♦ s✉♣♦rt❡♠ ♦ t❡♠♣♦ ❞❡ ❡s♣❡r❛ ❡ ❛❝❛❜❡♠ ✐♥❞♦ ❛ ó❜✐t♦✳
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P❛r❛ t❡♥t❛r ❛✉♠❡♥t❛r ❛ ❡①♣❡❝t❛t✐✈❛ ❞❡ ✈✐❞❛ ❞❡ ♣❛❝✐❡♥t❡s ❛❞✉❧t♦s ❡ ♣❡❞✐átr✐❝♦s q✉❡ ❡stã♦

♥❛ ✜❧❛ ❞❡ ❡s♣❡r❛ ♣♦r ✉♠ tr❛♥s♣❧❛♥t❡ ❞❡ ❝♦r❛çã♦✱ é ❞❡ ❣r❛♥❞❡ ✐♠♣♦rtâ♥❝✐❛ ❛ ❛♣❧✐❝❛çã♦ ❡ ♦ ❞❡✲

s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ❞✐s♣♦s✐t✐✈♦s ❞❡ ❛ss✐stê♥❝✐❛ ✈❡♥tr✐❝✉❧❛r ✭❉❆❱s✮✳ ❊st❡s ❞✐s♣♦s✐t✐✈♦s ❛✉①✐❧✐❛♠

♦ ❜♦♠❜❡❛♠❡♥t♦ ❞♦ ❝♦r❛çã♦ ♠❛♥t❡♥❞♦ ❛s ✈❛r✐á✈❡✐s ❤❡♠♦❞✐♥â♠✐❝❛s ❡♠ ♥í✈❡✐s ✜s✐♦❧♦❣✐❝❛♠❡♥t❡

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

P❛r❛ q✉❡ ♦s ❉❆❱s s❡❥❛♠ ❛♣❧✐❝❛❞♦s ❡♠ ♣❛❝✐❡♥t❡s✱ é ♥❡❝❡ssár✐♦ q✉❡ ✐♥ú♠❡r♦s t❡st❡s s❡❥❛♠

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

♥✉✐r ♦ ✐♠♣❛❝t♦ q✉❡ ❡❧❡s ❝❛✉s❛♠ ♥♦ ♦r❣❛♥✐s♠♦ ❬✹❪✳ ❊①♣❡r✐♠❡♥t♦s r❡❛❧✐③❛❞♦s ❡♠ s✐♠✉❧❛❞♦r❡s

❤✐❞rá✉❧✐❝♦s sã♦ ❝❤❛♠❛❞♦s ❞❡ t❡st❡s ✧✐♥ ✈✐tr♦✧✶ ❡ ❛q✉❡❧❡s r❡❛❧✐③❛❞♦s ❡♠ ❛♥✐♠❛✐s sã♦ ❝❤❛♠❛❞♦s

❞❡ t❡st❡s ✧✐♥ ✈✐✈♦✧✷✳

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

♣r♦❜❧❡♠❛s sã♦ ❞❡t❡❝t❛❞♦s ❡ ❝♦rr✐❣✐❞♦s ❛♥t❡s ❞♦s t❡st❡s ✐♥ ✈✐✈♦✳ ❊st❡ ♣r♦❝❡❞✐♠❡♥t♦ ❡✈✐t❛ ❛

♠♦rt❡ ❞❡ ♠✉✐t♦s ❛♥✐♠❛✐s q✉❡ ♥ã♦ s✉♣♦rt❛r✐❛♠ ♦ ✐♠♣❧❛♥t❡ ❞♦ ❉❆❱ s❡♠ ✉♠ ❛❥✉st❡ ♣ré✈✐♦✳

❆❧é♠ ❞✐ss♦✱ ♠✉✐t❛s ✈❛r✐á✈❡✐s q✉❡ ♥ã♦ sã♦ ♠❡♥s✉rá✈❡✐s ♥♦s t❡st❡s ❡♠ ❛♥✐♠❛✐s✱ ♣♦❞❡♠ s❡r

♦❜s❡r✈❛❞❛s ♥♦s t❡st❡s ✐♥ ✈✐tr♦ ❡ ❢❛❝✐❧✐t❛♠ ♦ ❛❥✉st❡ ❞♦s ♣❛râ♠❡tr♦s ❞♦s ❝♦♥tr♦❧❛❞♦r❡s ❞♦s

❉❆❱s✳

P❛r❛ ❝♦♠♣r❡❡♥❞❡r ❛ ✐♠♣♦rtâ♥❝✐❛ ❡ ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦s s✐♠✉❧❛❞♦r❡s ❞♦ ❙❈❍✱ ❢♦r❛♠

❡st✉❞❛❞♦s ❛❧❣✉♥s ❞♦s s✐♠✉❧❛❞♦r❡s ❥á ❞❡s❡♥✈♦❧✈✐❞♦s ♣♦r ❣r✉♣♦s ❞❡ ♣❡sq✉✐s❛s ❞✐s♣♦♥í✈❡✐s ♥❛

❧✐t❡r❛t✉r❛ ❬✺✕✼❪✳ ❆♣ós ❡ss❡ ❡st✉❞♦✱ ♣❛ss♦✉✲s❡ ♣❛r❛ ♦ ❡st✉❞♦ ❡ ❝❛r❛❝t❡r✐③❛çã♦ ❞♦ s✐st❡♠❛

s✐♠✉❧❛❞♦r ❤✐❞rá✉❧✐❝♦ ❞❡s❡♥✈♦❧✈✐❞♦ ♥❛ ❉✐✈✐sã♦ ❞❡ ❇✐♦❡♥❣❡♥❤❛r✐❛ ❞♦ ■♥st✐t✉t♦ ❞♦ ❈♦r❛çã♦ ❬✽❪

❡ ❝❡❞✐❞♦ ♣❛r❛ ♦ ❡st✉❞♦ ❛tr❛✈és ❞❡ ❝♦♦♣❡r❛çã♦ ❝✐❡♥tí✜❝❛ ❡st❛❜❡❧❡❝✐❞❛ ♥♦ Pr♦❥❡t♦ ❚❡♠át✐❝♦

❋❆P❊❙P ✷✵✶✷✴✺✵✷✽✸✲✻✳

❊ss❡ s✐st❡♠❛ é ✉t✐❧✐③❛❞♦ ♣❛r❛ t❡st❛r ❡ ❝❛r❛❝t❡r✐③❛r ❞✐s♣♦s✐t✐✈♦s ❞❡ ❛ss✐stê♥❝✐❛ ✈❡♥tr✐❝✉✲

❧❛r ❡♠ ❝♦♥❞✐çõ❡s ❞❡ ♦♣❡r❛çã♦ ♣ró①✐♠❛s às ❝♦♥❞✐çõ❡s ✜s✐♦❧ó❣✐❝❛s ❞❡ ✉♠ ♣❛❝✐❡♥t❡ ♣❡❞✐átr✐❝♦✳

◆❡st❡ tr❛❜❛❧❤♦✱ s❡rá ✉t✐❧✐③❛❞♦ ♦ ♣❉❆❱ ✭❝❛♣❛❝✐❞❛❞❡ ❞❡ ❡❥❡çã♦ ❞❡ ✶✺ ♠▲✮✱ ❛♣❧✐❝❛❞♦ ❡♠ ♣❛✲

❝✐❡♥t❡s ♣❡❞✐átr✐❝♦s ✭✵ ❛ ✻ ♠❡s❡s ❞❡ ✈✐❞❛✮✳ ❈♦♠ ❛ ✉t✐❧✐③❛çã♦ ❞❡ss❡ s✐st❡♠❛✱ ✉♠ ♠♦❞❡❧♦

♠❛t❡♠át✐❝♦ ✵❉✱ q✉❡ t❡♠ ❛ ❢♦r♠❛ ❞❡ ✉♠ ❝✐r❝✉✐t♦ ❡❧étr✐❝♦ ❛♥á❧♦❣♦✱ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❛r❛ ♦

♣❉❆❱ ♣❛r❛ ❛ ✉t✐❧✐③❛çã♦ ❡♠ s✐♠✉❧❛çõ❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s✳

✶❊①♣r❡ssã♦ ❡♠ ▲❛t✐♠ q✉❡ ❞❡s❝r❡✈❡ ❡①♣❡r✐♠❡♥t♦s r❡❛❧✐③❛❞♦s ♥♦ ❛♠❜✐❡♥t❡ ❝♦♥tr♦❧❛❞♦ ❡ ❢❡❝❤❛❞♦ ❞❡ ✉♠

❧❛❜♦r❛tór✐♦ ❡ q✉❡ ♥❛ ♠❛✐♦r✐❛ ❞❛s ✈❡③❡s ✉t✐❧✐③❛ r❡❝✐♣✐❡♥t❡s ❞❡ ✈✐❞r♦✳
✷❊①♣r❡ssã♦ ❡♠ ▲❛t✐♠ q✉❡ r❡❢❡r❡✲s❡ à ❡①♣❡r✐♠❡♥t♦s r❡❛❧✐③❛❞♦s ✉t✐❧✐③❛♥❞♦ ✉♠ ♦r❣❛♥✐s♠♦ ✈✐✈♦✱ ♣♦r ❡①❡♠♣❧♦✱

❡①♣❡r✐ê♥❝✐❛s ❝♦♠ ❛♥✐♠❛✐s ❡ ❡♥s❛✐♦s ❝❧í♥✐❝♦s✳
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✶✳✷ ❖❜❥❡t✐✈♦ ❣❡r❛❧

❖ ♦❜❥❡t✐✈♦ ♥❡st❡ tr❛❜❛❧❤♦ é ❡st✉❞❛r✱ ❝❛r❛❝t❡r✐③❛r✱ ❡ ❛❥✉st❛r ♦ ❙✐st❡♠❛ ❍✐❞rá✉❧✐❝♦ ✭❙❍✮ ❞❡✲

s❡♥✈♦❧✈✐❞♦ ♣❡❧♦ ■♥❈♦r✱ q✉❡ é ✉t✐❧✐③❛❞♦ ♣❛r❛ ❝❛r❛❝t❡r✐③❛r ❡ t❡st❛r ❉❆❱s✳ Pr♦♣♦r ✉♠ ♠♦❞❡❧♦

♠❛t❡♠át✐❝♦ ✵❉ ♣❛r❛ ♦ ♣❉❆❱ ❡ ♣❛r❛ ♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ❡ ❡st✐♠❛r t♦❞♦s ♦s ♣❛râ♠❡tr♦s✳

✶✳✸ ❖❜❥❡t✐✈♦s ❡s♣❡❝í✜❝♦s

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

❡ t❡st❛r ❉❆❱s✳

• ▼♦❞❡❧❛r ♦ ♣❉❆❱ ❡ ♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ❞❡s❡♥✈♦❧✈✐❞♦s ♣❡❧♦ ■♥❈♦r✱ ❜❛s❡❛❞♦ ♥❛ ❛♥❛❧♦❣✐❛

❡♥tr❡ s✐st❡♠❛s ❤✐❞rá✉❧✐❝♦s ❡ ❝✐r❝✉✐t♦s ❡❧étr✐❝♦s✳

• ❊st✐♠❛r ♦s ♣❛râ♠❡tr♦s ❞♦s ♠♦❞❡❧♦s ❝♦♠ ❜❛s❡ ♥♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳

• ❱❛❧✐❞❛r ♦ ♠♦❞❡❧♦ ♦❜t✐❞♦✳

✶✳✹ ❖r❣❛♥✐③❛çã♦ ❞♦ t❡①t♦

◆♦ ❝❛♣ít✉❧♦ ✶ ❢♦✐ r❡❛❧✐③❛❞❛ ✉♠❛ ✐♥tr♦❞✉çã♦ s♦❜r❡ ❛ ✐♠♣♦rtâ♥❝✐❛ ❞❛ ✉t✐❧✐③❛çã♦ ❞♦s ❞✐s♣♦s✐t✐✈♦s

❞❡ ❛ss✐stê♥❝✐❛ ✈❡♥tr✐❝✉❧❛r ♣❛r❛ tr❛t❛r ❞♦❡♥ç❛s ❝❛r❞í❛❝❛s✳ ❆♣r❡s❡♥t♦✉✲s❡ ♥❡st❡ ❝❛♣ít✉❧♦ ❛

❥✉st✐✜❝❛t✐✈❛ ❡ ♦s ♦❜❥❡t✐✈♦s ❛ s❡r❡♠ ❛❧❝❛♥ç❛❞♦s✳

◆♦ ❝❛♣ít✉❧♦ ✷✱ s❡rá ❛♣r❡s❡♥t❛❞❛ ✉♠❛ ✐♥tr♦❞✉çã♦ s♦❜r❡ ❛ ✜s✐♦❧♦❣✐❛ ❞♦ s✐st❡♠❛ ❝❛r❞✐♦✲

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

❡♥✈♦❧✈✐❞❛s ♥❡st❡ ♣r♦❝❡ss♦✳

◆♦ ❝❛♣ít✉❧♦ ✸✱ s❡rã♦ ❛♣r❡s❡♥t❛❞♦s ♣r✐♥❝í♣✐♦s ❢ís✐❝♦s q✉❡ sã♦ ✉t✐❧✐③❛❞♦s ♣❛r❛ ♠♦❞❡❧❛❣❡♠

❞♦ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r ❤✉♠❛♥♦ ❝♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ♦❜t❡r ✉♠ ♠♦❞❡❧♦ ❡❧étr✐❝♦ ❛ ♣❛râ♠❡✲

tr♦s ❝♦♥❝❡♥tr❛❞♦s ✭✵❉✮✱ ✉t✐❧✐③❛♥❞♦ ❛ ♠♦❞❡❧❛❣❡♠ ❲✐♥❞❦❡ss❡❧✳ ❚❛♠❜é♠ s❡rá ❛♣r❡s❡♥t❛❞♦

✉♠ ♠♦❞❡❧♦ ♠❛t❡♠át✐❝♦s ✵❉ ❞♦ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r ❤✉♠❛♥♦ ❞✐s♣♦♥í✈❡❧ ❡ ✈❛❧✐❞❛❞♦ ♥❛

❧✐t❡r❛t✉r❛✳

◆♦ ❝❛♣ít✉❧♦ ✹✱ s❡rá ❞❡s❝r✐t♦ ♦ ❞✐s♣♦s✐t✐✈♦ ❞❡ ❛ss✐stê♥❝✐❛ ✈❡♥tr✐❝✉❧❛r ♣❉❆❱✳ ❚❛♠❜é♠ s❡rá

❛♣r❡s❡♥t❛❞♦ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ♠♦❞❡❧❛❣❡♠ ❞❡ss❡ ❞✐s♣♦s✐t✐✈♦ ❡ ♦ ♠♦❞❡❧♦ ✵❉ ♦❜t✐❞♦✳
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◆♦ ❝❛♣ít✉❧♦ ✺✱ s❡rã♦ ❛♣r❡s❡♥t❛❞♦s ❛❧❣✉♥s ❞♦s s✐st❡♠❛s ❤✐❞rá✉❧✐❝♦s ❞✐s♣♦♥í✈❡✐s ♥❛ ❧✐t❡✲

r❛t✉r❛ ❡ q✉❡ sã♦ ✉t✐❧✐③❛❞♦s ♣❛r❛ ❛✈❛❧✐❛r ♦s ❉❆❱s✳ ❚❛♠❜é♠ s❡rá ❛♣r❡s❡♥t❛❞♦ ♦ s✐st❡♠❛

❤✐❞rá✉❧✐❝♦ ✉t✐❧✐③❛❞♦ ♣❛r❛ t❡st❛r ❡ ✈❛❧✐❞❛r ♦ ♠♦❞❡❧♦ ❞♦ ♣❉❆❱✳ ❙❡rã♦ ❛♣r❡s❡♥t❛❞♦s ♦s r❡s✉❧✲

t❛❞♦s ❞❡ s✐♠✉❧❛çõ❡s ✉t✐❧✐③❛♥❞♦ ♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦✱ ❛ss✐♠ ❝♦♠♦ r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦

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

♦❜t✐❞♦ ❛ ♣❛rt✐r ❞❡ ❡①♣❡r✐♠❡♥t♦s ♥♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ❡ ❛ ✈❛❧✐❞❛çã♦ ❞♦ ♠♦❞❡❧♦✳

◆♦ ❝❛♣ít✉❧♦ ✻✱ s❡rã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ❝♦♥❝❧✉sõ❡s ❡ tr❛❜❛❧❤♦s ❢✉t✉r♦s✳



❈❛♣ít✉❧♦ ✷

❖ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r

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

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

✷✳✶ ❖ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦ ❝♦r❛çã♦

❖ ❝♦r❛çã♦ é ♦ ór❣ã♦ q✉❡ ❜♦♠❜❡✐❛ ♦ s❛♥❣✉❡ ♣♦r t♦❞♦ ♦ s✐st❡♠❛ ❝✐r❝✉❧❛tór✐♦ ❡ ♣♦r ✐ss♦ é

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

s❛♥❣✉❡ ♣❛r❛ ♦s ♣✉❧♠õ❡s ❡ é r❡s♣♦♥sá✈❡❧ ♣❡❧❛ ❝✐r❝✉❧❛çã♦ ♣✉❧♠♦♥❛r✱ ❡ ♦ ❝♦r❛çã♦ ❡sq✉❡r❞♦✱

q✉❡ ❜♦♠❜❡✐❛ s❛♥❣✉❡ ♣❛r❛ ♦s ór❣ã♦s ♣❡r✐❢ér✐❝♦s✱ r❡t✐r❛ ❡ ❞✐str✐❜✉✐ ❞✐✈❡rs❛s s✉❜stâ♥❝✐❛s q✉❡

sã♦ ❡ss❡♥❝✐❛✐s ♣❛r❛ ♠❛♥t❡r ♦ ❝♦r♣♦ ❡♠ ❡q✉✐❧í❜r✐♦ ❡ ♠❛♥té♠ ❛ ❝✐r❝✉❧❛çã♦ s✐stê♠✐❝❛ ❬✾❪✳ ❈❛❞❛

❧❛❞♦ ❞♦ ❝♦r❛çã♦ é ❝♦♠♣♦st♦ ♣♦r ❞✉❛s ❝â♠❛r❛s✿ ♦s átr✐♦s ❞✐r❡✐t♦ ❡ ❡sq✉❡r❞♦✱ ❡ ♦s ✈❡♥trí❝✉❧♦s

❞✐r❡✐t♦ ❡ ❡sq✉❡r❞♦✳ ❯♠ ❡sq✉❡♠át✐❝♦ s✐♠♣❧✐✜❝❛❞♦ ❞♦ ❝♦r❛çã♦ ❡ ❞♦ s✐st❡♠❛ ❝✐r❝✉❧❛tór✐♦✱ ♣♦❞❡

s❡r ♦❜s❡r✈❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✶✳

❖ ✢✉①♦ ❞❡ s❛♥❣✉❡ q✉❡ ❡♥tr❛ ❡ s❛✐ ❞❛s q✉❛tr♦ ❝â♠❛r❛s✱ é ❝♦♥tr♦❧❛❞♦ ♣♦r q✉❛tr♦ ✈á❧✈✉❧❛s

❝❛r❞í❛❝❛s ✉♥✐❞✐r❡❝✐♦♥❛✐s q✉❡ ♠❛♥té♠ ♦ ✢✉①♦ ❡♠ ❛♣❡♥❛s ✉♠ s❡♥t✐❞♦✳ ❖ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❡st❛s

✈á❧✈✉❧❛s é ❜❛s❡❛❞♦ ♥❛ ❞✐❢❡r❡♥ç❛ ❞❡ ♣r❡ssã♦ ❡♥tr❡ ❛s ❝â♠❛r❛s ❬✾❪✳

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

♥ã♦ ❡stá ❢✉♥❝✐♦♥❛♥❞♦ ❝♦rr❡t❛♠❡♥t❡✱ ❝❛✉s❛ ❣r❛♥❞❡s ❝♦♠♣❧✐❝❛çõ❡s ❡♠ t♦❞♦ ♦ s✐st❡♠❛ ❝✐r❝✉❧❛✲

tór✐♦✳ ❈♦♠ ✐ss♦✱ ♦ ✉s♦ ❞❡ ❞✐s♣♦s✐t✐✈♦s ❞❡ ❛ss✐stê♥❝✐❛ ✈❡♥tr✐❝✉❧❛r ♥❡st❡ ❧❛❞♦ ❞♦ ❝♦r❛çã♦ t❡♠

s❡ t♦r♥❛❞♦ ❝❛❞❛ ✈❡③ ♠❛✐s ❢r❡q✉❡♥t❡✳ P❛r❛ ❛ ✉t✐❧✐③❛çã♦ ❞♦s ❉❆❱s✱ é ♥❡❝❡ssár✐♦ t❡st❛r ❡ss❡s



❈❛♣ít✉❧♦ ✷✳ ❖ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r ✻

❋✐❣✉r❛ ✷✳✶✿ ❊sq✉❡♠át✐❝♦ ❞♦ ❝♦r❛çã♦ ❡ ❞♦ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r✳ ➱ ♣♦ssí✈❡❧ ♦❜s❡r✈❛r ♦
✢✉①♦ ❞❡ s❛♥❣✉❡ ♥❛s ♣r✐♥❝✐♣❛✐s ♣❛rt❡s ❞♦ ❝♦r♣♦ ❡ ❝♦♠♦ ❡ss❡ ✢✉①♦ ♣❛ss❛ ♣❡❧♦ ❝♦r❛çã♦✳ ❆ ❝♦r
✈❡r♠❡❧❤❛ r❡♣r❡s❡♥t❛ ♦ s❛♥❣✉❡ r✐❝♦ ❡♠ ♦①✐❣ê♥✐♦✱ q✉❡ é ❜♦♠❜❡❛❞♦ ♣❡❧♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦
♣❛r❛ t♦❞♦ ♦ ❝♦r♣♦✳ ❆ ❝♦r ❛③✉❧ r❡♣r❡s❡♥t❛ ♦ s❛♥❣✉❡ ♣♦❜r❡ ❡♠ ♦①✐❣ê♥✐♦ q✉❡ r❡t♦r♥❛ ❞♦ ❝♦r♣♦
♣❛r❛ ♦ ❧❛❞♦ ❞✐r❡✐t♦ ❞♦ ❝♦r❛çã♦✳ ❊ss❡ s❛♥❣✉❡ é ❜♦♠❜❡❛❞♦ ♣❛r❛ ♦s ♣✉❧♠õ❡s ❡ ✈♦❧t❛ r✐❝♦ ❡♠
♦①✐❣ê♥✐♦ ♣❛r❛ ♦ ❧❛❞♦ ❡sq✉❡r❞♦ ❞♦ ❝♦r❛çã♦ ♣❛r❛ s❡r ❜♦♠❜❡❛❞♦ ♣❛r❛ ♦ ❝♦r♣♦ ❬✶✵❪✳

❞✐s♣♦s✐t✐✈♦s ❛♥t❡s ❞❡ ✐♠♣❧❛♥t❛r ❡♠ ✉♠ ♣❛❝✐❡♥t❡✳ ❊ss❡s t❡st❡s sã♦ r❡❛❧✐③❛❞♦s ❡♠ s✐st❡♠❛s

❤✐❞rá✉❧✐❝♦s ♦✉ ❡♠ ❛♥✐♠❛✐s ❡ sã♦ ❞❡ ❣r❛♥❞❡ ✐♠♣♦rtâ♥❝✐❛ ♣❛r❛ ♦ ❛❥✉st❡ ❞♦ ♠♦❞♦ ❞❡ ♦♣❡r❛çã♦

❡ ♦ ❛❥✉st❡ ❞♦s ♣❛râ♠❡tr♦s ❞♦s ❝♦♥tr♦❧❛❞♦r❡s ❛♣❧✐❝❛❞♦s ❛♦s ❉❆❱s✳

✷✳✷ ❖ ❝✐❝❧♦ ❝❛r❞í❛❝♦

❖ ❝✐❝❧♦ ❝❛r❞í❛❝♦ é ♦ ❝♦♥❥✉♥t♦ ❞❡ ❡✈❡♥t♦s ❝❛r❞í❛❝♦s q✉❡ ♦❝♦rr❡ ❡♥tr❡ ♦ ✐♥í❝✐♦ ❞❡ ✉♠ ❜❛t✐♠❡♥t♦

❡ ♦ ✐♥í❝✐♦ ❞♦ ♣ró①✐♠♦✳ ❊ss❡ ❝✐❝❧♦✱ ❝♦♥s✐st❡ ♥♦ ♣❡rí♦❞♦ ❞❡ r❡❧❛①❛♠❡♥t♦✱ ❝❤❛♠❛❞♦ ❞✐ást♦❧❡✱



❈❛♣ít✉❧♦ ✷✳ ❖ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r ✼

♥♦ q✉❛❧ ♦ ❝♦r❛çã♦ s❡ ❡♥❝❤❡ ❞❡ s❛♥❣✉❡✱ s❡❣✉✐❞♦ ♣❡❧♦ ♣❡rí♦❞♦ ❞❡ ❝♦♥tr❛çã♦✱ ❝❤❛♠❛❞♦ síst♦❧❡✱

♥♦ q✉❛❧ ♦ ❝♦r❛çã♦ é ❡s✈❛③✐❛❞♦ ❬✾❪✳ ❆ ❋✐❣✉r❛ ✷✳✷ r❡♣r❡s❡♥t❛ ♦s ❡✈❡♥t♦s q✉❡ ♦❝♦rr❡♠ ♥♦ ❧❛❞♦

❡sq✉❡r❞♦ ❞♦ ❝♦r❛çã♦ ❞✉r❛♥t❡ ♦ ❝✐❝❧♦ ❝❛r❞í❛❝♦✳

❋✐❣✉r❛ ✷✳✷✿ ❊✈❡♥t♦s ❞♦ ❝✐❝❧♦ ❝❛r❞í❛❝♦ ♣❛r❛ ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦ ❬✾❪✳

❆s três ❝✉r✈❛s ❞❡ ♣r❡ssã♦✱ r❡♣r❡s❡♥t❛♠ ❛s ✈❛r✐❛çõ❡s ❞❛ ♣r❡ssã♦ ♥❛ ❛♦rt❛✱ ♥♦ átr✐♦ ❡sq✉❡r❞♦

❡ ♥♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦✳ ❆ ✈❛r✐❛çã♦ ❞♦ ✈♦❧✉♠❡ ♥♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦ ❡stá r❡♣r❡s❡♥t❛❞❛

♣❡❧❛ ❝✉r✈❛ ❛③✉❧✳

✷✳✷✳✶ ❋✉♥çã♦ ❞♦ átr✐♦

❊♠ ♣❡ss♦❛s s❛✉❞á✈❡✐s✱ ♦ s❛♥❣✉❡ ✢✉✐ ❞❡ ❢♦r♠❛ ❝♦♥t✐♥✉❛ ❞❛s ✈❡✐❛s ♣❛r❛ ♦s átr✐♦s✱ ❝♦♠♦ ♣♦❞❡

s❡r ♦❜s❡r✈❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✶✳ ❈❡r❝❛ ❞❡ ✽✵✪ ❞♦ s❛♥❣✉❡ q✉❡ ❝❤❡❣❛ ♥♦ átr✐♦✱ ✢✉✐ ❞✐r❡t❛♠❡♥t❡

♣❛r❛ ♦ ✈❡♥trí❝✉❧♦ ❛♥t❡s ❞❛ ❝♦♥tr❛çã♦ ❛tr✐❛❧✳ ❆ss✐♠✱ ❛ ❝♦♥tr❛çã♦ ❛tr✐❛❧ é r❡s♣♦♥sá✈❡❧ ❛♣❡♥❛s

♣♦r ✷✵✪ ❞♦ t♦t❛❧ ❞❡ s❛♥❣✉❡ q✉❡ ✈❛✐ ♣❛r❛ ♦ ✈❡♥trí❝✉❧♦✳ ❙❛❜❡✲s❡ q✉❡ ♦ ❝♦r❛çã♦ s❛✉❞á✈❡❧

t❡♠ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❜♦♠❜❡❛r ✸✵✵✪ ❛ ✹✵✵✪ ♠❛✐s s❛♥❣✉❡ q✉❡ ♦ ♥❡❝❡ssár✐♦ ♣❛r❛ ♦ ❝♦r♣♦ ❡♠

❝♦♥❞✐çõ❡s ❞❡ r❡♣♦✉s♦ ❬✾❪✳ ▲♦❣♦✱ s❡ ♦ átr✐♦ ❞❡✐①❛r ❞❡ ❢✉♥❝✐♦♥❛r✱ ❡ss❛ ❞✐❢❡r❡♥ç❛ ♣r❛t✐❝❛♠❡♥t❡

♥ã♦ s❡rá ♣❡r❝❡❜✐❞❛✱ ❞❡s❞❡ q✉❡ ♦ ♣❛❝✐❡♥t❡ ❡st❡❥❛ ❡♠ r❡♣♦✉s♦✳ P♦ré♠✱ ♣r♦❜❧❡♠❛s ♥♦ ✈❡♥trí❝✉❧♦✱

♣r✐♥❝✐♣❛❧♠❡♥t❡ ♥♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦✱ ❝❛✉s❛♠ ❣r❛♥❞❡s ❞❛♥♦s à s❛ú❞❡✳



❈❛♣ít✉❧♦ ✷✳ ❖ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r ✽

✷✳✷✳✷ ❋✉♥çã♦ ❞♦s ✈❡♥trí❝✉❧♦s

❖ ❝♦r❛çã♦ ❤✉♠❛♥♦ ♣♦ss✉✐ ❞♦✐s ✈❡♥trí❝✉❧♦s✿ ♦ ✈❡♥trí❝✉❧♦ ❞✐r❡✐t♦✱ q✉❡ é r❡s♣♦♥sá✈❡❧ ♣♦r ❜♦♠✲

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

❜♦♠❜❡❛r ♦ s❛♥❣✉❡ ❡ ♠❛♥t❡r ❛ ❝✐r❝✉❧❛çã♦ s✐stê♠✐❝❛✳ ◆❛s s❡çõ❡s ❛❜❛✐①♦✱ s❡rã♦ ❛♣r❡s❡♥t❛❞❛s

❛s ❢❛s❡s ❞❡ ❡♥❝❤✐♠❡♥t♦ ❡ ❡s✈❛③✐❛♠❡♥t♦ ❞♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦ ❞✉r❛♥t❡ ♦ ❝✐❝❧♦ ❝❛r❞í❛❝♦✳

❊♥❝❤✐♠❡♥t♦ ❞♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦

❉✉r❛♥t❡ ❛ síst♦❧❡✱ ❛ ✈á❧✈✉❧❛ ♠✐tr❛❧ ❡stá ❢❡❝❤❛❞❛✱ ❡ ❤á ✉♠ ❣r❛♥❞❡ ❛❝ú♠✉❧♦ ❞❡ s❛♥❣✉❡ ♥♦

átr✐♦✳ ❉❡st❛ ❢♦r♠❛✱ ❛ss✐♠ q✉❡ ❛ síst♦❧❡ t❡r♠✐♥❛ ❛ ♣r❡ssã♦ ❞♦ ✈❡♥trí❝✉❧♦ ❞✐♠✐♥✉✐ ♣❛r❛ ✈❛❧♦r❡s

♠✉✐t♦ ❜❛✐①♦s✳ ❆ ♣r❡ssã♦ ✏❛❧t❛✑ q✉❡ ♦ átr✐♦ s❡ ❡♥❝♦♥tr❛ ❞❡✈✐❞♦ ❛♦ ♣❡rí♦❞♦ ❞❡ síst♦❧❡✱ ❢♦rç❛ ❛

✈á❧✈✉❧❛ ♠✐tr❛❧ ❛ s❡ ❛❜r✐r✱ ♦ q✉❡ ❣❡r❛ ✉♠ ✢✉①♦ ❞❡ s❛♥❣✉❡ ❞♦ átr✐♦ ♣❛r❛ ♦ ✈❡♥trí❝✉❧♦✳ ❊ss❡ é

♦ ❝❤❛♠❛❞♦ ♣❡rí♦❞♦ ❞❡ ❡♥❝❤✐♠❡♥t♦ rá♣✐❞♦ ❬✾❪✳

❖ ❡♥❝❤✐♠❡♥t♦ ❞♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦ ✭❞✐ást♦❧❡✮ ♣♦❞❡ s❡r ❞✐✈✐❞✐❞♦ ❡♠ três ♣❡rí♦❞♦s ❝♦♠

✉♠ t❡rç♦ ❞♦ t❡♠♣♦ ❞❛ ❞✐ást♦❧❡ ❝❛❞❛✳ ❖ ❡♥❝❤✐♠❡♥t♦ rá♣✐❞♦ ❡①♣❧✐❝❛❞♦ ❛❝✐♠❛✱ ♦❝♦rr❡ ♥♦

♣r✐♠❡✐r♦ t❡rç♦✳ ◆♦ s❡❣✉♥❞♦ t❡rç♦ ❞❛ ❞✐ást♦❧❡✱ ♦ s❛♥❣✉❡ q✉❡ ✈❡♠ ❞❛s ✈❡✐❛s ♣❛r❛ ♦ átr✐♦

❝♦♥t✐♥✉❛ ❛ ✢✉✐r ❞✐r❡t❛♠❡♥t❡ ♣❛r❛ ♦ ✈❡♥trí❝✉❧♦ s❡♠ ♦ átr✐♦ ❜♦♠❜❡❛r✳ ◆♦ ú❧t✐♠♦ t❡rç♦ ❞❛

❞✐ást♦❧❡✱ ♦❝♦rr❡ ❛ ❝♦♥tr❛çã♦ ❛tr✐❛❧✱ r❡s♣♦♥sá✈❡❧ ♣♦r ✐♠♣✉❧s✐♦♥❛r ❝❡r❝❛ ❞❡ ✷✵✪ ❞♦ t♦t❛❧ ❞❡

s❛♥❣✉❡ ♥❡❝❡ssár✐♦ ♣❛r❛ ♦ ❡♥❝❤✐♠❡♥t♦ ❞♦ ✈❡♥trí❝✉❧♦ ❬✾❪✳

❊s✈❛③✐❛♠❡♥t♦ ❞♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦

❖ ❡s✈❛③✐❛♠❡♥t♦ ❞♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦ é ❞✐✈✐❞✐❞♦ ❡♠ três ♣❡rí♦❞♦s✿ ♣❡rí♦❞♦ ❞❡ ❝♦♥tr❛çã♦

✐s♦✈♦❧✉♠étr✐❝❛✱ ♣❡rí♦❞♦ ❞❡ ❡❥❡çã♦ ❡ ♣❡rí♦❞♦ ❞❡ r❡❧❛①❛♠❡♥t♦ ✐s♦✈♦❧✉♠étr✐❝♦✳

P❡rí♦❞♦ ❞❡ ❈♦♥tr❛çã♦ ■s♦✈♦❧✉♠étr✐❝❛✿ ❝♦♠ ♦ ✐♥í❝✐♦ ❞❛ ❝♦♥tr❛çã♦ ✈❡♥tr✐❝✉❧❛r✱ ♦❜s❡r✈❛✲

s❡ ✉♠ ❛✉♠❡♥t♦✱ ❞❡ ❢♦r♠❛ ❛❜r✉♣t❛✱ ❞❛ ♣r❡ssã♦ ♥♦ ✈❡♥trí❝✉❧♦✳ ❉❡ss❛ ❢♦r♠❛✱ ❛ ✈á❧✈✉❧❛ ♠✐tr❛❧

s❡ ❢❡❝❤❛✳ ❆♣ós ♦ ❢❡❝❤❛♠❡♥t♦ ❞❡ss❛ ✈á❧✈✉❧❛✱ ♦ ✈❡♥trí❝✉❧♦ ❛✐♥❞❛ ❝♦♥t✐♥✉❛ ❝♦♥tr❛✐♥❞♦ ♣♦r ❝❡r❝❛

❞❡ ✵✱✵✷ ❛ ✵✱✵✸ s❡❣✉♥❞♦s ❛té ❛t✐♥❣✐r ✉♠ ✈❛❧♦r ❞❡ ♣r❡ssã♦ q✉❡ ♣r♦✈♦❝❛ ❛ ❛❜❡rt✉r❛ ❞❛ ✈á❧✈✉❧❛

❛órt✐❝❛✳ ❖❜s❡r✈❛✲s❡ q✉❡ ♥❡ss❡ ♣❡rí♦❞♦ ♦ ✈❡♥trí❝✉❧♦ ❡st❛ ❝♦♥tr❛✐♥❞♦ ❡ ❛s ❞✉❛s ✈á❧✈✉❧❛s ✭♠✐tr❛❧

❡ ❛órt✐❝❛✮ ❡stã♦ ❢❡❝❤❛❞❛s✱ ♥ã♦ ❛❧t❡r❛♥❞♦ ♦ ✈♦❧✉♠❡ ❞❡ s❛♥❣✉❡ ♥♦ ✈❡♥trí❝✉❧♦ ❬✾✱ ✶✵❪✳

P❡rí♦❞♦ ❞❡ ❊❥❡çã♦✿ ❛♣ós ♦ ♣❡rí♦❞♦ ❞❡ ❝♦♥tr❛çã♦ ✐s♦✈♦❧✉♠étr✐❝❛✱ ❛ ♣r❡ssã♦ ♥♦ ✈❡♥trí❝✉❧♦

❡sq✉❡r❞♦ é ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✽✵ ♠♠❍❣✱ ❡ ❡ss❛ ♣r❡ssã♦ ❢♦rç❛ ❛ ❛❜❡rt✉r❛ ❞❛ ✈á❧✈✉❧❛ ❛órt✐❝❛✳



❈❛♣ít✉❧♦ ✷✳ ❖ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r ✾

◆❡st❡ ♠♦♠❡♥t♦ ♦ s❛♥❣✉❡ ❝♦♠❡ç❛ ❛ ✢✉✐r ♣❛r❛ ❛ ❛♦rt❛✱ s❡♥❞♦ q✉❡ ✼✵✪ ❞♦ s❛♥❣✉❡ ✢✉✐ ❞✉r❛♥t❡ ♦

♣r✐♠❡✐r♦ t❡rç♦ ❞♦ ♣❡rí♦❞♦ ❞❡ ❡❥❡çã♦✱ ❝❤❛♠❛❞♦ ❞❡ ♣❡rí♦❞♦ ❞❡ ❡❥❡çã♦ rá♣✐❞❛✱ ❡ ♦s ✸✵✪ r❡st❛♥t❡

♥♦s ú❧t✐♠♦s ❞♦✐s t❡rç♦s ❞♦ ♣❡rí♦❞♦✱ s❡♥❞♦ ❝❤❛♠❛❞♦ ♣❡rí♦❞♦ ❞❡ ❡❥❡çã♦ ❧❡♥t❛ ❬✾✱ ✶✵❪✳

P❡rí♦❞♦ ❞❡ ❘❡❧❛①❛♠❡♥t♦ ■s♦✈♦❧✉♠étr✐❝♦✿ ❛♣ós ♦ ♣❡rí♦❞♦ ❞❡ ❡❥❡çã♦ ✭síst♦❧❡✮✱ ♦

✈❡♥trí❝✉❧♦ ❝♦♠❡ç❛ ❛ r❡❧❛①❛r ❞❡ ♠♦❞♦ r❡♣❡♥t✐♥♦✱ ❝♦♠ ✐ss♦ ❛ ♣r❡ssã♦ ♥♦ ✈❡♥trí❝✉❧♦ ❞✐♠✐♥✉✐

r❛♣✐❞❛♠❡♥t❡✳ ❈♦♠♦ ❛ ❛♦rt❛ ❛❝❛❜♦✉ ❞❡ r❡❝❡❜❡r ♠✉✐t♦ s❛♥❣✉❡ ❞♦ ✈❡♥trí❝✉❧♦ ❡ ❡stá ❝♦♠ ❛❧t❛

♣r❡ssã♦✱ ♦ s❛♥❣✉❡ ❞❛ ❛♦rt❛ t❡♥t❛ ✈♦❧t❛r ♣❛r❛ ♦ ✈❡♥trí❝✉❧♦ ❡ ❢♦rç❛ ♦ ❢❡❝❤❛♠❡♥t♦ ❞❛ ✈á❧✈✉❧❛

❛órt✐❝❛✳ ❆♣ós ❡ss❡ ❢❡❝❤❛♠❡♥t♦✱ ♦ ✈❡♥trí❝✉❧♦ ❝♦♥t✐♥✉❛ r❡❧❛①❛♥❞♦ ❞✉r❛♥t❡ ✵✱✵✸ ❛ ✵✱✵✻ s❡❣✉♥❞♦s✱

s❡♠ ❛❧t❡r❛çã♦ ❞♦ ✈♦❧✉♠❡✱ ♦r✐❣✐♥❛♥❞♦ ♦ ♣❡rí♦❞♦ ❞❡ r❡❧❛①❛♠❡♥t♦ ✐s♦✈♦❧✉♠étr✐❝♦✳ ❉✉r❛♥t❡ ❡ss❡

♣❡rí♦❞♦✱ ❛ ♣r❡ssã♦ ❞♦ ✈❡♥trí❝✉❧♦ ❛t✐♥❣❡ ✈❛❧♦r❡s ❞✐❛stó❧✐❝♦s ❡ ♣❡r♠✐t❡ ❛ ❛❜❡rt✉r❛ ❞❛ ✈á❧✈✉❧❛

♠✐tr❛❧✱ ✐♥✐❝✐❛♥❞♦ ✉♠ ♥♦✈♦ ❝✐❝❧♦ ❬✾❪ ❬✶✵❪✳

✷✳✷✳✸ ❋✉♥❝✐♦♥❛♠❡♥t♦ ❞❛s ✈á❧✈✉❧❛s ❝❛r❞í❛❝❛s

❆s ✈á❧✈✉❧❛s✱ ♠✐tr❛❧ ❡ ❛órt✐❝❛✱ ❝♦♥tr♦❧❛♠ ❛ ❡♥tr❛❞❛ ❡ ❛ s❛í❞❛ ❞❡ s❛♥❣✉❡ ♥♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆ ♠✐tr❛❧ é r❡s♣♦♥sá✈❡❧ ♣♦r ❡✈✐t❛r ♦ r❡✢✉①♦ ❞❡ s❛♥❣✉❡ ❞♦ ✈❡♥trí❝✉❧♦ ♣❛r❛

♦ átr✐♦ ❞✉r❛♥t❡ ❛ síst♦❧❡ ❡ ❛ ❛órt✐❝❛ ✐♠♣❡❞❡ ♦ r❡✢✉①♦ ❞❛ ❛♦rt❛ ♣❛r❛ ♦ ✈❡♥trí❝✉❧♦ ❞✉r❛♥t❡

❛ ❞✐ást♦❧❡✳ ❖ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❡❧❛s é ♣❛ss✐✈♦ ❡ é ❜❛s❡❛❞♦ ♥♦ ❣r❛❞✐❡♥t❡ ❞❡ ♣r❡ssã♦ ❡♥tr❡ ❛s

❝â♠❛r❛s q✉❡ ❡❧❛s ✐♥t❡r❧✐❣❛♠✳

❆ ✈á❧✈✉❧❛ ♠✐tr❛❧✱ é ❝♦♠♣♦st❛ ✜s✐♦❧♦❣✐❝❛♠❡♥t❡ ♣♦r t❡❝✐❞♦s ✜♥♦s ❡ ♠❡♠❜r❛♥♦s♦s ❡ ♣♦r ✐ss♦✱

♣❛r❛ ✉♠ ♣❡q✉❡♥♦ ❣r❛❞✐❡♥t❡ ❞❡ ❞✐❢❡r❡♥ç❛ ❞❡ ♣r❡ssã♦ r❡tró❣r❛❞❛✱ ❡❧❡ s❡ ❢❡❝❤❛✱ ❥á ❛ ✈á❧✈✉❧❛

❛órt✐❝❛ é ❜❡♠ ♠❛✐s ♣❡s❛❞❛ ❡ r❡q✉❡r ✉♠ ✢✉①♦ r❡tró❣r❛❞♦ rá♣✐❞♦ ♣♦r ❛❧❣✉♥s ♠✐❧✐ss❡❣✉♥❞♦s

♣❛r❛ ♣♦❞❡r ❢❡❝❤❛r ❬✾✱ ✶✵❪✳ ◆❛ ❋✐❣✉r❛ ✷✳✸ s❡❣✉❡ ✉♠ ❝♦rt❡ ❞♦ ❝♦r❛çã♦ ✭s❡çã♦ tr❛♥s✈❡rs❛❧✮

❞✉r❛♥t❡ ❛ ❝♦♥tr❛çã♦ ✈❡♥tr✐❝✉❧❛r ❡ r❡♣r❡s❡♥t❛ ❛s ✈á❧✈✉❧❛s ❆❱ ✭▼✐tr❛❧ ♣❛r❛ ♦ ❧❛❞♦ ❡sq✉❡r❞♦✮

✈✐st❛s ❛ ♣❛rt✐r ❞♦ átr✐♦ ❡ ❛s ✈á❧✈✉❧❛s s❡♠✐❧✉♥❛r❡s ✭❆órt✐❝❛ ♣❛r❛ ♦ ❧❛❞♦ ❡sq✉❡r❞♦✮ ✈✐st❛ ❞❡

❞❡♥tr♦ ❞❛s ❛rtér✐❛s✳



❈❛♣ít✉❧♦ ✷✳ ❖ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r ✶✵

❋✐❣✉r❛ ✷✳✸✿ ❱á❧✈✉❧❛s ❝❛r❞í❛❝❛s ❞✉r❛♥t❡ ❛ ❝♦♥tr❛çã♦ ✈❡♥tr✐❝✉❧❛r ❬✶✵❪✳

✷✳✷✳✹ Pr❡ssã♦ ❛órt✐❝❛

◆♦ ♠♦♠❡♥t♦ ❞❛ ❝♦♥tr❛çã♦ ❞♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦✱ ❛ ♣r❡ssã♦ ✈❡♥tr✐❝✉❧❛r ❛✉♠❡♥t❛ ♠✉✐t♦

rá♣✐❞♦ ❛té ♦ ♠♦♠❡♥t♦ ❡♠ q✉❡ ❛ ✈á❧✈✉❧❛ ❛órt✐❝❛ s❡ ❛❜r❡✳ ❆♣ós ❛ ❛❜❡rt✉r❛✱ ❛ ♣r❡ssã♦ ♥♦

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

❋✐❣✉r❛ ✷✳✷✱ ♣♦✐s ♦ s❛♥❣✉❡ ✢✉✐ ❞✐r❡t❛♠❡♥t❡ ❞♦ ✈❡♥trí❝✉❧♦ ♣❛r❛ ❛ ❛♦rt❛ ❡ ❞❛ ❛♦rt❛ ♣❛r❛ ❛s

❛rtér✐❛s ❞❛ ❝✐r❝✉❧❛çã♦ s✐stê♠✐❝❛✳ ❊ss❡ s❛♥❣✉❡ q✉❡ ❝❤❡❣❛ ♥❛s ❛rtér✐❛s✱ ❢❛③ ❝♦♠ q✉❡ s✉❛s

♣❛r❡❞❡s s❡❥❛♠ ❞✐st❡♥❞✐❞❛s✱ ❡ ❛ ♣r❡ssã♦ ❛✉♠❡♥t❛ ♣❛r❛ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶✷✵ ♠♠❍❣ ❡♠

❝♦♥❞✐çõ❡s ♥♦r♠❛✐s✳

❆♦ ✜♥❛❧ ❞❛ síst♦❧❡✱ q✉❛♥❞♦ ♦ ✈❡♥trí❝✉❧♦ ♣❛r❛ ❞❡ ❡❥❡t❛r s❛♥❣✉❡ ❡ ❛ ✈á❧✈✉❧❛ ❛órt✐❝❛ s❡ ❢❡❝❤❛✱

❛s ♣❛r❡❞❡s ❡❧ást✐❝❛s ❞❛s ❛rtér✐❛s ❝♦♥s❡❣✉❡♠ ♠❛♥t❡r ❛ ♣r❡ssã♦ ❛órt✐❝❛ ❡❧❡✈❛❞❛✳ ❖❜s❡r✈❛✲s❡ q✉❡

♥♦ ♠♦♠❡♥t♦ ❞♦ ❢❡❝❤❛♠❡♥t♦ ❞❛ ✈á❧✈✉❧❛ ❛órt✐❝❛ ❡①✐st❡ ✉♠❛ ✏✐♥❝✐s✉r❛✑ ♥❛ ❝✉r✈❛ ❞❛ ♣r❡ssã♦

❛órt✐❝❛✱ ❝♦♠♦ ❡stá r❡♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✷✱ q✉❡ é ❝❛✉s❛❞❛ ♣❡❧♦ ✢✉①♦ r❡tró❣r❛❞♦ q✉❡

❡①✐st❡ ♠♦♠❡♥t♦s ❛♥t❡s ❞♦ ❢❡❝❤❛♠❡♥t♦ t♦t❛❧ ❞❛ ✈á❧✈✉❧❛ ❛órt✐❝❛✳ ❆♣ós ♦ ❢❡❝❤❛♠❡♥t♦ t♦t❛❧ ❞❛

✈á❧✈✉❧❛✱ ♦❜s❡r✈❛✲s❡ q✉❡ ❛ ♣r❡ssã♦ ♥❛ ❛♦rt❛ ❞✐♠✐♥✉✐ ❞❡ ❢♦r♠❛ ❜❡♠ ❧❡♥t❛ ❞✉r❛♥t❡ ❛ ❞✐ást♦❧❡✳

■ss♦ ♦❝♦rr❡ ❞❡✈✐❞♦ ♦ ✢✉①♦ ❝♦♥tí♥✉♦ ❞❡ s❛♥❣✉❡ ❞❛s ❛rtér✐❛s ❛té r❡t♦r♥❛r ♣❛r❛ ❛s ✈❡✐❛s✳ ❆♦

✜♥❛❧ ❞❛ ❞✐ást♦❧❡✱ ❡♠ ❝♦♥❞✐çõ❡s ♥♦r♠❛✐s✱ ❛ ♣r❡ssã♦ ❛órt✐❝❛ ❞✐♠✐♥✉✐ ♣❛r❛ ❛♣r♦①✐♠❛❞❛♠❡♥t❡

✽✵ ♠♠❍❣ ❬✾✱ ✶✵❪✳



❈❛♣ít✉❧♦ ✷✳ ❖ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r ✶✶

✷✳✷✳✺ ❉✐❛❣r❛♠❛ ♣r❡ssã♦✲✈♦❧✉♠❡ ❞✉r❛♥t❡ ♦ ❝✐❝❧♦ ❝❛r❞í❛❝♦

❖ ❞✐❛❣r❛♠❛ ❞❡ ♣r❡ssã♦✲✈♦❧✉♠❡✱ ❋✐❣✉r❛ ✷✳✹✱ é ♠✉✐t♦ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❡①♣❧✐❝❛r ❛ ♠❡❝â♥✐❝❛ ❞♦

❜♦♠❜❡❛♠❡♥t♦ ❞♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦✳ ❊ss❡ ❞✐❛❣r❛♠❛ é ❝♦♥str✉í❞♦ ❛ ♣❛rt✐r ❞❛s ❝✉r✈❛s ❞❡

♣r❡ssã♦ ❞✐❛stó❧✐❝❛✱ q✉❡ é ♦❜t✐❞❛ ♠❡❞✐♥❞♦✲s❡ ❛ ♣r❡ssã♦ ❞✉r❛♥t❡ ♦ ♣❡rí♦❞♦ ❞❡ ❡♥❝❤✐♠❡♥t♦ ✈❡♥✲

tr✐❝✉❧❛r✱ ❡ ❛ ❝✉r✈❛ ❞❡ ♣r❡ssã♦ s✐stó❧✐❝❛✱ q✉❡ é ❞❡t❡r♠✐♥❛❞❛ ♣❡❧❛ ♠❡❞✐❞❛ ❞❛ ♣r❡ssã♦ ✈❡♥tr✐❝✉❧❛r

❞✉r❛♥t❡ ❛ ❝♦♥tr❛çã♦ ❞♦ ✈❡♥trí❝✉❧♦✳

❋✐❣✉r❛ ✷✳✹✿ ❘❡❧❛çã♦ ❡♥tr❡ ♦ ✈♦❧✉♠❡ ❡ ❛ ♣r❡ssã♦ ❞♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦ ❞✉r❛♥t❡ ♦ ❝✐❝❧♦
❝❛r❞í❛❝♦ ❬✾❪✳

❆s ❧✐♥❤❛s ✈❡r♠❡❧❤❛s ♥❛ ❋✐❣✉r❛ ✷✳✹✱ r❡♣r❡s❡♥t❛♠ ♦ ❞✐❛❣r❛♠❛ ♣r❡ssã♦✲✈♦❧✉♠❡ ❞♦ ❝✐❝❧♦

❝❛r❞í❛❝♦ ♣❛r❛ ✉♠ ✐♥❞✐✈í❞✉♦ s❛✉❞á✈❡❧✳ ❖❜s❡r✈❛✲s❡ q✉❡ ❡st❡ ❞✐❛❣r❛♠❛ é ❞✐✈✐❞✐❞♦ ❡♠ q✉❛tr♦

❢❛s❡s✳ ❆ ❢❛s❡ ■ r❡♣r❡s❡♥t❛ ♦ ♣❡rí♦❞♦ ❞❡ ❡♥❝❤✐♠❡♥t♦✱ ❛ ❢❛s❡ ■■ r❡♣r❡s❡♥t❛ ♦ ♣❡rí♦❞♦ ❞❡

❝♦♥tr❛çã♦ ✐s♦✈♦❧✉♠étr✐❝❛✱ ❛ ❢❛s❡ ■■■ r❡♣r❡s❡♥t❛ ♦ ♣❡rí♦❞♦ ❞❡ ❡❥❡çã♦ ❡ ❛ ❢❛s❡ ■❱ r❡♣r❡s❡♥t❛

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

❖ ♣❡rí♦❞♦ ❞❡ ❡♥❝❤✐♠❡♥t♦✱ ❢❛s❡ ■✱ ✐♥✐❝✐❛✲s❡ ❝♦♠ ♦ ✈♦❧✉♠❡ ✈❡♥tr✐❝✉❧❛r ❡♠ ❛♣r♦①✐♠❛❞❛✲

♠❡♥t❡ ✹✺ ♠▲ ❡ ❛ ♣r❡ssã♦ q✉❛s❡ ♥✉❧❛✳ ❊ss❡ ✈♦❧✉♠❡ ❞❡ s❛♥❣✉❡ ♣r❡s❡♥t❡ ♥♦ ✐♥í❝✐♦ ❞❛ ❢❛s❡ ❞❡

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

♥ã♦ ❢♦✐ ❜♦♠❜❡❛❞❛ ♥❛ síst♦❧❡ ❛♥t❡r✐♦r✳ ◆❡st❛ ❢❛s❡ ♦ s❛♥❣✉❡ ✢✉✐ ❞♦ átr✐♦ ♣❛r❛ ♦ ✈❡♥trí❝✉❧♦

❡ ♦ ✈♦❧✉♠❡ ❞❡ s❛♥❣✉❡ ♥♦ ✈❡♥trí❝✉❧♦ ❛✉♠❡♥t❛ ♣❛r❛ ✶✶✺ ♠▲ ✭✈♦❧✉♠❡ ❞✐❛stó❧✐❝♦ ✜♥❛❧✮✱ ❡ ❛

♣r❡ssã♦ ❛✉♠❡♥t❛ ♣❛r❛ ❝❡r❝❛ ❞❡ ✺ ♠♠❍❣✳ ◆♦ ♣❡rí♦❞♦ ❞❡ ❝♦♥tr❛çã♦ ✐s♦✈♦❧✉♠étr✐❝❛✱ ❢❛s❡ ■■✱



❈❛♣ít✉❧♦ ✷✳ ❖ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r ✶✷

❛s ✈á❧✈✉❧❛s✱ ♠✐tr❛❧ ❡ ❛órt✐❝❛✱ ❡stã♦ ❢❡❝❤❛s ❡ ❝♦♠ ✐ss♦ ♦ ✈♦❧✉♠❡ ❞❡ s❛♥❣✉❡ ♥♦ ✐♥t❡r✐♦r ❞♦

✈❡♥trí❝✉❧♦ ♥ã♦ s❡ ❛❧t❡r❛✳ ❈♦♠ ❛ ❝♦♥tr❛çã♦ ❞❛s ♣❛r❡❞❡s ❞♦ ✈❡♥trí❝✉❧♦✱ ❛ ♣r❡ssã♦ ❛✉♠❡♥t❛ ❛té

✐❣✉❛❧❛r ❛♦ ✈❛❧♦r ❞❛ ♣r❡ssã♦ ❛órt✐❝❛✱ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✽✵ ♠♠❍❣✳

❖ ♣❡rí♦❞♦ ❞❡ ❡❥❡çã♦✱ ❢❛s❡ ■■■✱ ✐♥✐❝✐❛ ❝♦♠ ❛ ❛❜❡rt✉r❛ ❞❛ ✈á❧✈✉❧❛ ❛órt✐❝❛✱ q✉❡ ❣❡r❛ ✉♠ ✢✉①♦

❞❡ s❛♥❣✉❡ ❞♦ ✈❡♥trí❝✉❧♦ ♣❛r❛ ❛ ❛♦rt❛✳ ◆❡st❛ ❢❛s❡ ♦ ✈❡♥trí❝✉❧♦ ❝♦♥t✐♥✉❛ ❝♦♥tr❛✐♥❞♦ ❡ ❢❛③ ❝♦♠

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

■■■ ❞❛ ❋✐❣✉r❛ ✷✳✹✳ ❖ ♣❡rí♦❞♦ ❞❡ r❡❧❛①❛♠❡♥t♦ ✐s♦✈♦❧✉♠étr✐❝♦✱ ❢❛s❡ ■❱✱ ✐♥✐❝✐❛ ♥♦ ♠♦♠❡♥t♦

q✉❡ ❛ ✈á❧✈✉❧❛ ❛órt✐❝❛ s❡ ❢❡❝❤❛✳ ❆ ♣❛rt✐r ❞❡st❡ ♠♦♠❡♥t♦✱ ❛ ♣r❡ssã♦ ♥♦ ✈❡♥trí❝✉❧♦ ❞✐♠✐♥✉✐ s❡♠

♦❝♦rr❡r ✈❛r✐❛çã♦ ♥♦ ✈♦❧✉♠❡✱ ♣♦✐s ❛s ✈á❧✈✉❧❛s ♠✐tr❛❧ ❡ ❛órt✐❝❛ ❡stã♦ ❢❡❝❤❛❞❛s✳ ◆♦ ✜♠ ❞❡st❛

❢❛s❡✱ ♦❜s❡r✈❛✲s❡ q✉❡ ♦ ✈❡♥trí❝✉❧♦ r❡t♦r♥❛ ❛♦ ♣♦♥t♦ ❞❡ ♣❛rt✐❞❛ ❝♦♠ ❝❡r❝❛ ❞❡ ✹✺ ♠▲ ❞❡ s❛♥❣✉❡

❡ ♣r❡ssã♦ ♣ró①✐♠♦ ❞❡ ③❡r♦✳ ◆❡st❡ ♠♦♠❡♥t♦✱ ✐♥✐❝✐❛✲s❡ ✉♠ ♥♦✈♦ ❝✐❝❧♦ ❝♦♠ ♦ ❡♥❝❤✐♠❡♥t♦ ❞♦

✈❡♥trí❝✉❧♦ ❬✾❪✳

❙❛❣❛✇❛ ❡❧ ❛❧✳ ❬✶✶❪ ♣❡r❝❡❜❡r❛♠ ✉♠❛ r❡❧❛çã♦ ❡♥tr❡ ❛ ♣r❡ssã♦ ❡ ♦ ✈♦❧✉♠❡ ❞♦ ✈❡♥trí❝✉❧♦

❡sq✉❡r❞♦ ❡ ♠♦❞❡❧❛r❛♠ ❡ss❡ ❝♦♠♣♦rt❛♠❡♥t♦ ♣♦r ♠❡✐♦ ❞❛ ❢✉♥çã♦ ❡❧❛stâ♥❝✐❛ E(t) ❞❛❞❛ ♣❡❧❛

❡q✉❛çã♦ ❛❜❛✐①♦✿

E(t) =
Pve(t)

Vve(t)− V0

[♠♠❍❣]
[♠▲]

✭✷✳✶✮

s❡♥❞♦ ❛ ❡❧❛stâ♥❝✐❛ E(t) ❝❛❧❝✉❧❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✭✷✳✷✮ ❞❛❞♦s ♦s ♣❛râ♠❡tr♦s Emax ❡ Emin ❡ ❛

❢✉♥çã♦ ♥♦r♠❛❧✐③❛❞❛ ❞❛ ❡❧❛stâ♥❝✐❛ En✳

E(t) = (Emax − Emin)En(tn) + Emin ✭✷✳✷✮

❆ ❢✉♥çã♦ ♥♦r♠❛❧✐③❛❞❛ En ❢♦✐ ♠♦❞❡❧❛❞❛ ❝♦♠♦ ✉♠❛ ❢✉♥çã♦ ❞♦ t✐♣♦ ❞♦✉❜❧❡ ❤✐❧❧ ❞❡ ❛❝♦r❞♦

❝♦♠ ❛ ❡q✉❛çã♦ ✭✷✳✸✮✳

En = 1,55.







(

tn
0,7

)1,9

1 +
(

tn
0,7

)1,9






.







1

1 +
(

tn
1,17

)21,9






✭✷✳✸✮

◆❛ ❡q✉❛çã♦ ✭✷✳✸✮ ♦ t❡r♠♦ tn = t/Tmax✱ Tmax = 0,2 + 0,15tc✱ s❡♥❞♦ tc = 60/HR✱ q✉❡ é

♦ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ ❞❡ ✉♠ ❝✐❝❧♦ ❝❛r❞í❛❝♦ ❡ HR ❛ ❢r❡q✉ê♥❝✐❛ ❝❛r❞í❛❝❛ ❞♦ ✐♥❞✐✈í❞✉♦✳ P❛r❛

✉♠❛ ❢r❡q✉ê♥❝✐❛ ❝❛r❞í❛❝❛ ❞❡ ✻✵ ❜❛t✐♠❡♥t♦s ♣♦r ♠✐♥✉t♦✱ Emax = 2,5 ❡ Emin = 0,06✱ t❡♠♦s ❛



❈❛♣ít✉❧♦ ✷✳ ❖ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r ✶✸

❝✉r✈❛ ❞❡ ❡❧❛stâ♥❝✐❛ ❞❛❞❛ ♥❛ ❋✐❣✉r❛ ✷✳✺✳

❋✐❣✉r❛ ✷✳✺✿ ❊❧❛stâ♥❝✐❛ ♣❛r❛ ❛ ❢r❡q✉ê♥❝✐❛ ❝❛r❞í❛❝❛ ❞❡ ✻✵ ❜❛t✐♠❡♥t♦s ♣♦r ♠✐♥✉t♦✳
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✷✳✸ ❈♦♥s✐❞❡r❛çõ❡s ✜♥❛✐s

❖ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦s ✈❡♥trí❝✉❧♦s ❢♦✐ ❝❛r❛❝t❡r✐③❛❞♦ ♣❡❧❛ ❢✉♥çã♦ ❡❧❛stâ♥❝✐❛✱ q✉❡ é ❞❡✜♥✐❞❛

♣❡❧❛ r❡❧❛çã♦ ❡♥tr❡ ❛ ♣r❡ssã♦ ❡ ♦ ✈♦❧✉♠❡ ♥♦ ✐♥t❡r✐♦r ❞♦ ✈❡♥trí❝✉❧♦✳ ❊ss❛ ❢✉♥çã♦ é ❝r✉❝✐❛❧ ♣❛r❛

❛ ♠♦❞❡❧❛❣❡♠ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ✉♠ ✈❡♥trí❝✉❧♦ ✭❡sq✉❡r❞♦ ♦✉ ❞✐r❡✐t♦✮✳ ❖✉tr♦ ♣♦♥t♦ q✉❡

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

❝♦♠♣♦rt❛♠❡♥t♦ ✭❛❜❡rt✉r❛ ❡ ❢❡❝❤❛♠❡♥t♦✮ ❞❛s ✈á❧✈✉❧❛s ❝❛r❞í❛❝❛s✳ ❆❞♠✐t✐♥❞♦ q✉❡ ♦ ❝♦♠♣♦r✲

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

❡ss❡ s✐st❡♠❛ ❝♦♠♦ ✉♠ s✐st❡♠❛ ♣❡r✐ó❞✐❝♦ ❞❡♣❡♥❞❡♥t❡ ❞❛ ❢r❡q✉ê♥❝✐❛ ❝❛r❞í❛❝❛✳ ❉❡ ♣♦ss❡ ❞❡

t♦❞❛s ❡ss❛s ✐♥❢♦r♠❛çõ❡s✱ ❢♦✐ ♣♦ssí✈❡❧ ❡①♣❧✐❝❛r ♠❡❧❤♦r ❛ ✜s✐♦❧♦❣✐❛ ❞♦ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r✱ ♦

q✉❡ ❢❛❝✐❧✐t♦✉ ❛ ♠♦❞❡❧❛❣❡♠ ❞❛s ♣r✐♥❝✐♣❛✐s ✈❛r✐á✈❡✐s ❤❡♠♦❞✐♥â♠✐❝❛s ❞❛ ❝✐r❝✉❧❛çã♦ s✐stê♠✐❝❛✱

❝♦♠♦ s❡rá ✈✐st♦ ♥♦ ♠♦❞❡❧♦ ❛ ♣❛râ♠❡tr♦s ❝♦♥❝❡♥tr❛❞♦s ❛♣r❡s❡♥t❛❞♦ ♥♦ ♣ró①✐♠♦ ❝❛♣ít✉❧♦

❞❡ss❛ ❞✐ss❡rt❛çã♦✳



❈❛♣ít✉❧♦ ✸

▼♦❞❡❧❛❣❡♠ ❞♦ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r

❤✉♠❛♥♦

◆❡st❡ ❝❛♣ít✉❧♦ ❡stã♦ ❛♣r❡s❡♥t❛❞♦s ♣r✐♥❝í♣✐♦s ❢ís✐❝♦s q✉❡ sã♦ ✉t✐❧✐③❛❞♦s ♣❛r❛ ♠♦❞❡❧❛❣❡♠ ❞♦

s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r ❤✉♠❛♥♦ ❝♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ♦❜t❡r ✉♠ ♠♦❞❡❧♦ ❡❧étr✐❝♦ ❛ ♣❛râ♠❡tr♦s

❝♦♥❝❡♥tr❛❞♦s ✭✵❉✮✳ ❯♠ ❞♦s ♠♦❞❡❧♦s q✉❡ r❡♣r❡s❡♥t❛ ♦ ❙❈❍ é ♦ ♠♦❞❡❧♦ ❞❡ ✺❛ ♦r❞❡♠ q✉❡ s❡rá

❛♣r❡s❡♥t❛❞♦ ♥❡st❡ ❝❛♣ít✉❧♦✳

✸✳✶ ▼♦❞❡❧♦s ❛ ♣❛râ♠❡tr♦s ❝♦♥❝❡♥tr❛❞♦s

❘❡♣r❡s❡♥t❛çõ❡s s✐♠♣❧✐✜❝❛❞❛s ❞♦s ❝♦♠♣♦♥❡♥t❡s ❞♦ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r ♣♦❞❡♠ ❝♦♥tr✐❜✉✐r

❢♦rt❡♠❡♥t❡ ♣❛r❛ ❛ ❝♦♠♣r❡❡♥sã♦ ❞❛ ✜s✐♦❧♦❣✐❛ ❝✐r❝✉❧❛tór✐❛✳ ❊①✐st❡♠ ❞✐✈❡rs❛s ♣✉❜❧✐❝❛çõ❡s ❞❡

♠♦❞❡❧♦s q✉❡ r❡♣r❡s❡♥t❛♠ ♦ ❙❈❍ ❞❡ ❞✐❢❡r❡♥t❡s ❢♦r♠❛s✱ ❡ ❝❛❞❛ ✉♠ ❞❡st❡s ♠♦❞❡❧♦s t❡♠ ♠ér✐t♦s

♣❛r❛ ❛♣❧✐❝❛çõ❡s ❡s♣❡❝í✜❝❛s ❬✶✷❪✳

❊①✐st❡♠ ❞✐❢❡r❡♥t❡s té❝♥✐❝❛s ❞❡ ♠♦❞❡❧❛❣❡♠ ❞♦ ❙❈❍ ❝♦♠ ❞✐❢❡r❡♥t❡s ♥í✈❡✐s ❞❡ ❞❡t❛❧❤❡s✳ ❖s

♠♦❞❡❧♦s ❡♠ três ❞✐♠❡♥sõ❡s ✭✸❉✮ ❜✉s❝❛♠ r❡♣r♦❞✉③✐r ♣r❡❝✐s❛♠❡♥t❡ ❛❧❣✉♠❛ ✈❛r✐á✈❡❧ ❤❡♠♦❞✐✲

♥â♠✐❝❛✳ ❊ss❡ t✐♣♦ ❞❡ ♠♦❞❡❧♦ é ♠✉✐t♦ út✐❧ q✉❛♥❞♦ ❝♦♠♣❧❡①♦s ♣❛❞rõ❡s ❞♦ ✢✉①♦ s❛♥❣✉í♥❡♦

♣r❡❝✐s❛♠ s❡r ❛♥❛❧✐s❛❞♦s ❬✶✷❪✳ ▼♦❞❡❧♦s ✸❉ ❝❛♣❛③❡s ❞❡ s✐♠✉❧❛r ❛ ✐♥t❡r❛çã♦ ❞♦ ❉❆❱ ❝♦♠ ♦

❙❈❍ t❛♠❜é♠ ❢♦r♥❡❝❡♠ r❡s✉❧t❛❞♦s ♣r❡❝✐s♦s ❡ ♣❡r♠✐t❡♠✱ ♣♦r ❡①❡♠♣❧♦✱ ❡s❝♦❧❤❡r ♦ ♠❡❧❤♦r ❧♦❝❛❧

♣❛r❛ ✐♥s❡rçã♦ ❞❛ ❝â♥✉❧❛ ❞♦ ❉❆❱ ♥♦ ✈❡♥trí❝✉❧♦ ❡ ♥❛ ❛♦rt❛ ❬✶✸❪✳ ❈♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ s✐♠♣❧✐✜❝❛r

❛ ♠♦❞❡❧❛❣❡♠✱ ❢♦r❛♠ ❞❡s❡♥✈♦❧✈✐❞♦s ♠♦❞❡❧♦s ❡♠ ✉♠❛ ❞✐♠❡♥sã♦ ✭✶❉✮✱ ♥♦s q✉❛✐s ✉t✐❧✐③❛✲s❡



❈❛♣ít✉❧♦ ✸✳ ▼♦❞❡❧❛❣❡♠ ❞♦ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r ❤✉♠❛♥♦ ✶✺

❛♣❡♥❛s ✉♠❛ ❝♦♦r❞❡♥❛❞❛ ❞♦ ♠♦❞❡❧♦ ✸❉ ♣❛r❛ r❡♣r❡s❡♥t❛r ❛ ❞✐r❡çã♦ ❞♦ ✢✉①♦ s❛♥❣✉í♥❡♦✳ ❊ss❡s

♠♦❞❡❧♦s ♣♦❞❡♠ s❡r s✐♠♣❧✐✜❝❛❞♦s ❡ ❝♦♠ ✐ss♦ ♦❜té♠✲s❡ ♦s ♠♦❞❡❧♦s ❛ ♣❛râ♠❡tr♦s ❝♦♥❝❡♥tr❛❞♦s

✭✵❉✮ q✉❡ r❡♣r❡s❡♥t❛♠ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❣❧♦❜❛❧ ❞♦ ❙❈❍✱ ❝♦♠♦ ♦s ♥í✈❡✐s ❞❡ ♣r❡ssõ❡s ❡ ✢✉①♦s✳

❖s ♠♦❞❡❧♦s ❛ ♣❛râ♠❡tr♦s ❝♦♥❝❡♥tr❛❞♦s ♦✉ ♠♦❞❡❧♦s ✵❉✱ ❛ss✉♠❡♠ ✉♠❛ ❞✐str✐❜✉✐çã♦ ✉♥✐✲

❢♦r♠❡ ❞❛s ✈❛r✐á✈❡✐s ❢✉♥❞❛♠❡♥t❛✐s ✭♣r❡ssã♦✱ ✢✉①♦ ❡ ✈♦❧✉♠❡✮ ❡♠ q✉❛❧q✉❡r ❝♦♠♣❛rt✐♠❡♥t♦

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

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

❬✶✷❪✳

❙✐st❡♠❛s ❤✐❞rá✉❧✐❝♦s ♣♦❞❡♠ s❡r r❡♣r❡s❡♥t❛❞♦s ♣♦r ♠❡✐♦ ❞❡ ❝✐r❝✉✐t♦s ❡❧étr✐❝♦s ❛♥á❧♦❣♦s✳

P❛r❛ ❛ ❝♦♠♣❛r❛çã♦ ❞❡ ✉♠ ❝✐r❝✉✐t♦ ❡❧étr✐❝♦ ❝♦♠ ♦ ❙❈❍ é r❡❛❧✐③❛❞❛ ❛ s❡❣✉✐♥t❡ ❡q✉✐✈❛❧ê♥❝✐❛✿

❛s ❝♦rr❡♥t❡s ❡❧étr✐❝❛s r❡♣r❡s❡♥t❛♠ ♦s ✢✉①♦s ❞❡ s❛♥❣✉❡ ♥♦s ✈❛s♦s s❛♥❣✉í♥❡♦s ❡ ❛s t❡♥sõ❡s ❡❧é✲

tr✐❝❛s r❡♣r❡s❡♥t❛♠ ❛s ♣r❡ssõ❡s ❞♦ s✐st❡♠❛ ❝✐r❝✉❧❛tór✐♦✳ ❖s ♣r✐♥❝✐♣❛✐s ❡❧❡♠❡♥t♦s ❞❡ ❝✐r❝✉✐t♦

✉t✐❧✐③❛❞♦s sã♦ ♦s r❡s✐st♦r❡s✱ ❝❛♣❛❝✐t♦r❡s✱ ✐♥❞✉t♦r❡s ❡ ❞✐♦❞♦s✳ ❖s r❡s✐st♦r❡s r❡♣r❡s❡♥t❛♠ ❛

r❡s✐stê♥❝✐❛ q✉❡ ♦s ✈❛s♦s s❛♥❣✉í♥❡♦s ♦❢❡r❡❝❡♠ à ♣❛ss❛❣❡♠ ❞♦ s❛♥❣✉❡❀ ♦s ❝❛♣❛❝✐t♦r❡s r❡♣r❡✲

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

s❛♥❣✉❡✮❀ ❡ ♦s ✐♥❞✉t♦r❡s r❡♣r❡s❡♥t❛♠ ❛ ✐♥ér❝✐❛ ❞♦ s❛♥❣✉❡ ♥♦s ✈❛s♦s✳

❆s ✈á❧✈✉❧❛s ❝❛r❞í❛❝❛s ♣♦❞❡♠ s❡r r❡♣r❡s❡♥t❛❞❛s ❡♠ ♠♦❞❡❧♦s ❡❧étr✐❝♦s ❛ ♣❛râ♠❡tr♦s ❝♦♥✲

❝❡♥tr❛❞♦s ♣♦r ❞✐♦❞♦s ❡♠ sér✐❡ ❝♦♠ ✉♠❛ r❡s✐stê♥❝✐❛✱ ♦✉ s❡❥❛✱ ♣❡r♠✐t❡♠ ♣❛ss❛❣❡♠ ❞❡ ✢✉①♦

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

❢❡❝❤❛♠❡♥t♦ ❞❛ ✈á❧✈✉❧❛✱ q✉❡ ♣❡r♠✐t❡ ❛ ♣❛ss❛❣❡♠ ❞❡ ✢✉①♦ ♥♦ s❡♥t✐❞♦ r❡✈❡rs♦✳ ❚❛♠❜é♠ ♥ã♦

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

❡ ❞♦ ❢❡❝❤❛♠❡♥t♦✱ ♣♦ré♠ é ✉♠❛ ❜♦❛ ❛♣r♦①✐♠❛çã♦ ♣❛r❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛s ✈á❧✈✉❧❛s✳ ❖

❡sq✉❡♠❛ ❛ s❡❣✉✐r é ✉t✐❧✐③❛❞♦ ♣❛r❛ r❡♣r❡s❡♥t❛r ❛s ✈á❧✈✉❧❛s ❝❛r❞í❛❝❛s✳

❋✐❣✉r❛ ✸✳✶✿ ❈✐r❝✉✐t♦ r❡♣r❡s❡♥t❛t✐✈♦ ❞♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❡ ✉♠❛ ✈á❧✈✉❧❛ ❝❛r❞í❛❝❛✳

DR

P1 P2Q

❆ ❝♦rr❡♥t❡ ❡❧étr✐❝❛ q✉❡ ✢✉✐ ❞♦ ♣♦♥t♦ P1 ♣❛r❛ ♦ ♣♦♥t♦ P2 ❝♦rr❡s♣♦♥❞❡ ❛♦ ✢✉①♦ s❛♥❣✉í♥❡♦

Q q✉❡ ♣❛ss❛ ♣❡❧❛ ✈á❧✈✉❧❛ ❝❛r❞í❛❝❛ r❡♣r❡s❡♥t❛❞❛ ♣❡❧♦ ❞✐♦❞♦D ❡ ♣❡❧❛ r❡s✐stê♥❝✐❛ R✳ ❆ ✈❛r✐á✈❡❧



❈❛♣ít✉❧♦ ✸✳ ▼♦❞❡❧❛❣❡♠ ❞♦ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r ❤✉♠❛♥♦ ✶✻

D r❡❝❡❜❡ ✉♠ ✈❛❧♦r ✐❣✉❛❧ ❛ ✶ s❡♠♣r❡ q✉❡ ❛ t❡♥sã♦ ♥♦ ♣♦♥t♦ P1 ❢♦r ♠❛✐♦r ❞♦ q✉❡ ❛ t❡♥sã♦

♥♦ ♣♦♥t♦ P2 ♣❛r❛ r❡♣r❡s❡♥t❛r q✉❡ ❛ ✈á❧✈✉❧❛ ❡stá ❛❜❡rt❛❀ ❡ ✉♠ ✈❛❧♦r ✐❣✉❛❧ ❛ ✵ s❡♠♣r❡ q✉❡ ❛

t❡♥sã♦ ♥♦ ♣♦♥t♦ P1 ❢♦r ♠❡♥♦r ❞♦ q✉❡ ❛ t❡♥sã♦ ♥♦ ♣♦♥t♦ P2 ♣❛r❛ r❡♣r❡s❡♥t❛r q✉❡ ❛ ✈á❧✈✉❧❛

❡stá ❢❡❝❤❛❞❛✳ ❊st❡ ✢✉①♦ ♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✭✸✳✶✮✳

Q = D
(P1 − P2)

R

[♠▲]
[s]

✭✸✳✶✮

♥❛ q✉❛❧✿

D =







1, s❡ P1 > P2;

0, s❡ P1 ≤ P2;
✭✸✳✷✮

❯t✐❧✐③❛♥❞♦ ❛s ❧❡✐s ❞♦s ♥ós ❡ ❞❛s ♠❛❧❤❛s ❞❡ ❑✐r❝❤❤♦✛✱ ♣♦❞❡♠♦s ❡①tr❛✐r ❛s ❡q✉❛çõ❡s ❞❡

t❛✐s ❝✐r❝✉✐t♦s ❡ ❛ss✐♠ r❡♣r❡s❡♥t❛r ♦s ♠♦❞❡❧♦s ❤✐❞rá✉❧✐❝♦s ♣♦r ♠❡✐♦ ❞❡ ♠♦❞❡❧♦s ❛ ♣❛râ♠❡tr♦s

❝♦♥❝❡♥tr❛❞♦s ❜❛s❡❛❞♦s ❡♠ ❡q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛✐s✳

✸✳✶✳✶ ▼♦❞❡❧♦s ❲✐♥❞❦❡ss❡❧

❆ ❛♥á❧✐s❡ ❞♦ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r ❝♦♠ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ♠♦❞❡❧♦s ✵❉ ✐♥✐❝✐♦✉ ❝♦♠ ❛ ♠♦❞❡✲

❧❛❣❡♠ ❞❡ ✢✉①♦ ❛rt❡r✐❛❧ ✉s❛♥❞♦ ♦ ♠♦❞❡❧♦ ❲✐♥❞❦❡ss❡❧✳ ❉❡♣♦✐s✱ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❝♦❜r✐r

❛ ♠♦❞❡❧❛❣❡♠ ❞❡ ♦✉tr♦s ór❣ã♦s✱ ❝♦♠♦ ♦ ❝♦r❛çã♦✱ ✈á❧✈✉❧❛s ❞♦ ❝♦r❛çã♦ ❡ ❛s ✈❡✐❛s✱ ❡ss❡ ♠♦✲

❞❡❧♦ s♦❢r❡✉ ❛❧t❡r❛çõ❡s ♣❛r❛ r❡♣r❡s❡♥t❛r ❡ss❛s ♦✉tr❛s ♣❛rt❡s ❞♦ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r✳ ❖

t❡r♠♦ ❲✐♥❞❦❡ss❡❧ é ✉♠❛ ❡①♣r❡ssã♦ ❛❧❡♠ã q✉❡ ❛ tr❛❞✉çã♦ ❧✐t❡r❛❧ s✐❣♥✐✜❝❛ ✏❝â♠❛r❛ ❞❡ ❛r✑✱ ❡

é ✉♠❛ ❛♥❛❧♦❣✐❛ ❝♦♠ ♦s ❛♥t✐❣♦s s✐st❡♠❛s ✉t✐❧✐③❛❞♦s ♣❡❧♦s ❜♦♠❜❡✐r♦s ♣❛r❛ ♦ ❜♦♠❜❡❛♠❡♥t♦ ❞❡

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

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

♣r❡ssã♦✳ ❆ ❛❧t❛ ♣r❡ssã♦ ♥❛ ❝â♠❛r❛ ❞❡ ❛r ❢❡❝❤❛❞❛✱ ❢❛③✐❛ ❝♦♠ q✉❡ q✉❛♥❞♦ ❛ s❛í❞❛ ❢♦ss❡ ❛❜❡rt❛✱

❛ á❣✉❛ t❛♠❜é♠ s❛íss❡ ❝♦♠ ❛❧t❛ ♣r❡ssã♦ ♣❛r❛ s❡r ✉t✐❧✐③❛❞❛ ♣❡❧♦s ❜♦♠❜❡✐r♦s✳ ❯♠ ❡sq✉❡♠át✐❝♦

s✐♠♣❧✐✜❝❛❞♦ ❞❡ss❡ t✐♣♦ ❞❡ s✐st❡♠❛ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✷✳



❈❛♣ít✉❧♦ ✸✳ ▼♦❞❡❧❛❣❡♠ ❞♦ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r ❤✉♠❛♥♦ ✶✼

❋✐❣✉r❛ ✸✳✷✿ ❊sq✉❡♠át✐❝♦ ❞♦ s✐st❡♠❛ ✉t✐❧✐③❛❞♦ ♣❡❧♦s ❜♦♠❜❡✐r♦s ♣❛r❛ ❜♦♠❜❡❛r á❣✉❛ ❡ ♦
❜♦♠❜❡❛♠❡♥t♦ r❡❛❧✐③❛❞♦ ♣❡❧♦ ❝♦r❛çã♦✿ ❛ ❝♦r ❛③✉❧ r❡♣r❡s❡♥t❛ ❛ á❣✉❛❀ ❛ ❝♦r ✈❡r♠❡❧❤❛ r❡♣r❡s❡♥t❛
♦ s❛♥❣✉❡ q✉❡ ♦ ❝♦r❛çã♦ ❜♦♠❜❡✐❛❀ ❛s s❡t❛s ✐♥❞✐❝❛♠ ♦ s❡♥t✐❞♦ ❞♦ ✢✉①♦✳

Ar

Bomba

Coração Aorta

❆ t❡♦r✐❛ s♦❜r❡ ♦s ♠♦❞❡❧♦s ❲✐♥❞❦❡ss❡❧✱ ✐♥✐❝✐♦✉✲s❡ ❝♦♠ ♦s ❡st✉❞♦s ❞❡ ❙t❡♣❤❡♥ ❍❛❧❡s ❡♠

✶✼✸✸ ❬✶✹❪✳ ❊♠ ✶✽✾✾✱ ❖tt♦ ❋r❛♥❦ ✉t✐❧✐③♦✉ ❛ ✐❞❡✐❛ ❞❡ ❙t❡♣❤❡♥ ❍❛❧❡s ♣❛r❛ r❡♣r❡s❡♥t❛r ♦ ✢✉①♦

❡ ❛ ♣r❡ssã♦ ❞♦ s❛♥❣✉❡ ♥♦ s✐st❡♠❛ ❛rt❡r✐❛❧ ❬✶✺✱ ✶✻❪✳ ❊❧❡ ♦❜s❡r✈♦✉ q✉❡ ♦ s✐st❡♠❛ ✉t✐❧✐③❛❞♦

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

♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦ ❢✉♥❝✐♦♥❛ ❝♦♠♦ ❛ ❜♦♠❜❛✱ ❛ ❛♦rt❛ ❡ ♦✉tr❛s ❣r❛♥❞❡s ❛rtér✐❛s✱ ❡♠ q✉❡

❛ ✈❛r✐❛çã♦ ❞❛ ♣r❡ssã♦ é s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ♠❡♥♦r ❞❡✈✐❞♦ à ❡❧❛st✐❝✐❞❛❞❡✱ ❢✉♥❝✐♦♥❛♠ ❝♦♠♦ ❛

❝â♠❛r❛ ❞❡ ❛r ❡ ♦s ✈❛s♦s ♣❡r✐❢ér✐❝♦s✱ ♣♦❞❡♠ s❡r r❡♣r❡s❡♥t❛❞♦s ♣♦r t✉❜♦s rí❣✐❞♦s✱ ❝♦♠♦ ♣♦❞❡

s❡r ♦❜s❡r✈❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✷ ❬✶✼❪✳ ❊st❛ ❛♥❛❧♦❣✐❛ r❡s✉❧t♦✉ ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦ ♣r✐♠❡✐r♦

♠♦❞❡❧♦ ❲✐♥❞❦❡ss❡❧✱ q✉❡ ❝♦♥s✐st❡ ❡♠ ✉♠ ❝✐r❝✉✐t♦ ❡❧étr✐❝♦ ❝♦♠ ✉♠ r❡s✐st♦r ❡ ✉♠ ❝❛♣❛❝✐t♦r

✭❋✐❣✉r❛ ✸✳✸✮✳



❈❛♣ít✉❧♦ ✸✳ ▼♦❞❡❧❛❣❡♠ ❞♦ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r ❤✉♠❛♥♦ ✶✽

❋✐❣✉r❛ ✸✳✸✿ ▼♦❞❡❧♦ ❲✐♥❞❦❡ss❡❧ ❞❡ ❞♦✐s ❡❧❡♠❡♥t♦s✿ ♦ ❝❛♣❛❝✐t♦r C r❡♣r❡s❡♥t❛ ❛ ❝♦♠♣❧❛❝ê♥❝✐❛
❞❛ ❛♦rt❛ ❡ ♦ r❡s✐st♦r R ❛ r❡s✐stê♥❝✐❛s ❞♦s ✈❛s♦s s❛♥❣✉í♥❡♦s✳

Po , QoPi , Qi

C

R

Coração Aorta 2r

l

◆♦ ♠♦❞❡❧♦ ❞❛ ❋✐❣✉r❛ ✸✳✸✱ ♦ ❝❛♣❛❝✐t♦r r❡♣r❡s❡♥t❛ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ ❛r♠❛③❡♥❛♠❡♥t♦ ❞❛s

❣r❛♥❞❡s ❛rtér✐❛s ❡ ♦ r❡s✐st♦r r❡♣r❡s❡♥t❛ ❛ ♥❛t✉r❡③❛ ❞✐ss✐♣❛t✐✈❛ ❞♦s ♣❡q✉❡♥♦s ✈❛s♦s ♣❡r✐❢ér✐✲

❝♦s✳ ❆♣❡s❛r ❞❛ s✐♠♣❧✐❝✐❞❛❞❡✱ ❝♦♠♣❛r❛❞♦ ❝♦♠ ♦s ♠♦❞❡❧♦s ♠❛✐s s♦✜st✐❝❛❞♦s ❞❡s❡♥✈♦❧✈✐❞♦s

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

♣r❡ssã♦ ♥❛ ❛♦rt❛ ❞✉r❛♥t❡ ♦ ♣❡rí♦❞♦ ❞❛ ❞✐ást♦❧❡✱ ❡ ❛✐♥❞❛ ❤♦❥❡ é ✉t✐❧✐③❛❞♦ ❬✶✷❪✳

❯♠ ♦✉tr♦ ♠♦❞❡❧♦ ❲✐♥❞❦❡ss❡❧✱ ❞❡r✐✈❛❞♦ ❞♦ ♠♦❞❡❧♦ ❞❡ ❞♦✐s ❡❧❡♠❡♥t♦s✱ ❢♦✐ ♠✉✐t♦ ❡st✉❞❛❞♦

♣♦r ❲❡st❡r❤♦❢ ❬✶✽❪ ❡ é ❝❤❛♠❛❞♦ ❞❡ ❲❡st❦❡ss❡❧ ♦✉ ♠♦❞❡❧♦ ❲✐♥❞❦❡ss❡❧ ❞❡ três ❡❧❡♠❡♥t♦s✳ ❊ss❡

♠♦❞❡❧♦ ✐♥tr♦❞✉③✐✉ ✉♠❛ r❡s✐stê♥❝✐❛ ❛❞✐❝✐♦♥❛❧ RC ♥♦ ♠♦❞❡❧♦ ❲✐♥❞❦❡ss❡❧ ❞❡ ❞♦✐s ❡❧❡♠❡♥t♦s

❝♦♠♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✹✳ ❆ r❡s✐stê♥❝✐❛ RC r❡♣r❡s❡♥t❛ ❛ ✐♠♣❡❞â♥❝✐❛ ❝❛r❛❝✲

t❡ríst✐❝❛ ❞❛ r❡❞❡ ❛rt❡r✐❛❧✱ ❡ ❛ ❛❞✐çã♦ ❞❡ss❡ ❡❧❡♠❡♥t♦✱ ♠❡❧❤♦r❛ ♠✉✐t♦ ♦ ❞❡s❡♠♣❡♥❤♦ ❞❡ss❡

♠♦❞❡❧♦ ❬✶✷✱ ✶✾❪✳

❋✐❣✉r❛ ✸✳✹✿ ▼♦❞❡❧♦ ❲✐♥❞❦❡ss❡❧ ❞❡ três ❡❧❡♠❡♥t♦s✿ ♦ ❝❛♣❛❝✐t♦r C r❡♣r❡s❡♥t❛ ❛ ❝♦♠♣❧❛❝ê♥❝✐❛
❞❛ ❛♦rt❛❀ ♦ r❡s✐st♦r R ❛ r❡s✐stê♥❝✐❛s ❞♦s ✈❛s♦s s❛♥❣✉í♥❡♦s ❡ ♦ r❡s✐st♦r Rc ❛ r❡s✐stê♥❝✐❛s ❞♦s
✈❛s♦s ❞❛ r❡❞❡ ❛rt❡r✐❛❧✳

Po , QoPi , Qi

C

R

Coração Aorta

RC

2r

ll

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



❈❛♣ít✉❧♦ ✸✳ ▼♦❞❡❧❛❣❡♠ ❞♦ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r ❤✉♠❛♥♦ ✶✾

❞❛ ✐♥ér❝✐❛ ❞♦ s❛♥❣✉❡✱ ❢♦✐ ✐♥tr♦❞✉③✐❞♦ ♥♦ ♠♦❞❡❧♦ ❞❡ três ❡❧❡♠❡♥t♦s✱ ✉♠ ✐♥❞✉t♦r L ❡♠ sér✐❡

❝♦♠ ♦ r❡s✐st♦r RC ✳ ❆ ❝♦♥✜❣✉r❛çã♦ r❡s✉❧t❛♥t❡ ❞❡ss❛ ❛❞✐çã♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✺✳

❊ss❡ ♠♦❞❡❧♦ é ❝❤❛♠❛❞♦ ❞❡ ❲✐♥❞❦❡ss❡❧ ❞❡ ✹ ❡❧❡♠❡♥t♦s✳ ❈♦♠ ❡ss❡ ♠❡s♠♦ ♦❜❥❡t✐✈♦✱ ❲❡st❡r❤♦❢✱

t❛♠❜é♠ ♣r♦♣ôs ✉♠ ♦✉tr♦ ♠♦❞❡❧♦ ❞❡ ✹ ❡❧❡♠❡♥t♦s✱ ♣♦ré♠✱ ♦ ✐♥❞✉t♦r L✱ ❢♦✐ ❛❞✐❝✐♦♥❛❞♦ ❡♠

♣❛r❛❧❡❧♦ ❝♦♠ ♦ r❡s✐st♦r RC ✱ ❡ ❡stá ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✻✳ ❆ ✐♥❝❧✉sã♦ ❞♦ ✐♥❞✉t♦r ♠❡❧❤♦r♦✉

❛ ♣r❡❝✐sã♦ ❞❛ ♠♦❞❡❧❛❣❡♠ ❞♦ s✐st❡♠❛✳

❋✐❣✉r❛ ✸✳✺✿ ▼♦❞❡❧♦ ❲✐♥❞❦❡ss❡❧ ❞❡ q✉❛tr♦ ❡❧❡♠❡♥t♦s ✭s❡r✐❡✮✿ ♦ ❝❛♣❛❝✐t♦r C r❡♣r❡s❡♥t❛ ❛
❝♦♠♣❧❛❝ê♥❝✐❛ ❞❛ ❛♦rt❛❀ ♦ r❡s✐st♦r R ❛ r❡s✐stê♥❝✐❛s ❞♦s ✈❛s♦s s❛♥❣✉í♥❡♦s❀ ♦ r❡s✐st♦r Rc ❛
r❡s✐stê♥❝✐❛s ❞♦s ✈❛s♦s ❞❛ r❡❞❡ ❛rt❡r✐❛❧ ❡ ♦ ✐♥❞✉t♦r L ❛ ✐♥❡r❝✐❛ ❞♦ s❛♥❣✉❡ ♥♦s ✈❛s♦s✳

Po , QoPi , Qi

C

R

Coração Aorta

RC L

ll

2r

❋✐❣✉r❛ ✸✳✻✿ ▼♦❞❡❧♦ ❲✐♥❞❦❡ss❡❧ ❞❡ q✉❛tr♦ ❡❧❡♠❡♥t♦s ✭♣❛r❛❧❡❧♦✮✿ ♦ ❝❛♣❛❝✐t♦r C r❡♣r❡s❡♥t❛
❛ ❝♦♠♣❧❛❝ê♥❝✐❛ ❞❛ ❛♦rt❛❀ ♦ r❡s✐st♦r R ❛ r❡s✐stê♥❝✐❛s ❞♦s ✈❛s♦s s❛♥❣✉í♥❡♦s❀ ♦ r❡s✐st♦r Rc ❛
r❡s✐stê♥❝✐❛s ❞♦s ✈❛s♦s ❞❛ r❡❞❡ ❛rt❡r✐❛❧ ❡ ♦ ✐♥❞✉t♦r L ❛ ✐♥❡r❝✐❛ ❞♦ s❛♥❣✉❡ ♥♦s ✈❛s♦s✳

Po , QoPi , Qi

C

R

Coração Aorta

RC

L

ll

2r

❆ ♣❛rt✐r ❞♦s ❡st✉❞♦s r❡❛❧✐③❛❞♦s ♣❛r❛ ❝♦♠♣❛r❛r ❛ ♣r❡❝✐sã♦ ❞♦s ♠♦❞❡❧♦s ❲✐♥❞❦❡ss❡❧ ❞❡

❞♦✐s✱ três ❡ ❞❡ q✉❛tr♦ ❡❧❡♠❡♥t♦s ✭s❡r✐❡ ❡ ♣❛r❛❧❡❧♦✮✱ ♦ ♠♦❞❡❧♦ q✉❡ ♠❡❧❤♦r r❡♣r♦❞✉③✐✉ ♦ ❝♦♠✲

♣♦rt❛♠❡♥t♦ ❞❛ ✐♠♣❡❞â♥❝✐❛ ✈❛s❝✉❧❛r ❢♦✐ ♦ ❲✐♥❞❦❡ss❡❧ ❞❡ q✉❛tr♦ ❡❧❡♠❡♥t♦s sér✐❡✱ ❋✐❣✉r❛ ✸✳✺✳

❖s r❡s✉❧t❛❞♦ ♦❜t✐❞♦s ❝♦♠ ❛ ✉t✐❧✐③❛çã♦ ❞♦s ♠♦❞❡❧♦s ❞❡ ✹ ❡❧❡♠❡♥t♦s sã♦ ♠❡❧❤♦r❡s q✉❡ ♦s ♦❜✲

t✐❞♦s ❝♦♠ ❛ ✉t✐❧✐③❛çã♦ ❞♦s ♠♦❞❡❧♦s ♠❛✐s s✐♠♣❧❡s ❞❡ ❞♦✐s ❡ três ❡❧❡♠❡♥t♦s✱ ♣♦ré♠✱ ❝♦♠ ❛



❈❛♣ít✉❧♦ ✸✳ ▼♦❞❡❧❛❣❡♠ ❞♦ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r ❤✉♠❛♥♦ ✷✵

✐♥❝❧✉sã♦ ❞❡ ♥♦✈♦s ❡❧❡♠❡♥t♦s✱ ❛ ✐❞❡♥t✐✜❝❛çã♦ ❞♦s ♣❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦ ✜❝❛ ♠❛✐s ❝♦♠♣❧✐❝❛❞❛

❬✶✷✱ ✷✵❪✳

❖ ❝á❧❝✉❧♦ ❞♦s ♣❛râ♠❡tr♦s✱ r❡s✐stê♥❝✐❛s✱ ✐♥❞✉tâ♥❝✐❛s ❡ ❝❛♣❛❝✐tâ♥❝✐❛s✱ ♣♦❞❡♠ s❡r r❡❛❧✐③❛❞♦s

❝♦♠ ❜❛s❡ ♥❛s ❞✐♠❡♥sõ❡s ❢ís✐❝❛s ❞♦s t✉❜♦s ❡ ❝â♠❛r❛s ❞♦ s✐st❡♠❛✳ ◆❛ ♣ró①✐♠❛ s❡çã♦ s❡rã♦

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

✸✳✶✳✷ ❈á❧❝✉❧♦ ❞♦s ♣❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦

❖s ♣❛râ♠❡tr♦s ❞❡ r❡s✐stê♥❝✐❛✱ ✐♥❞✉tâ♥❝✐❛ ❡ ❝❛♣❛❝✐tâ♥❝✐❛ ❞♦s s✐st❡♠❛s ❤✐❞rá✉❧✐❝♦s✱ ♣♦❞❡♠ s❡r

❝❛❧❝✉❧❛❞♦s ❛ ♣❛rt✐r ❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❣❡♦♠étr✐❝❛s ❞❡ s❡✉s ❝♦♠♣♦♥❡♥t❡s ❡ ❞❛s ❝❛r❛❝t❡ríst✐❝❛s

❤✐❞rá✉❧✐❝❛s ❞♦ ✢✉✐❞♦✳

❆ r❡s✐stê♥❝✐❛ ❞♦ t✉❜♦✱ ❝♦♠ ❜❛s❡ ♥❛s ❝♦♥❞✐çõ❡s ❞❡ ✢✉①♦ ❞❡ P♦✐s❡✉✐❧❧❡ ♣♦❞❡ s❡r ❛♣r♦①✐♠❛❞❛

♣♦r ❬✶✼✱ ✷✶✱ ✷✷❪✿

R =
8ηl

πr4
❬♠♠❍❣❪.❬s❪

❬♠▲❪
✭✸✳✸✮

♥❛ q✉❛❧✱ η é ❛ ✈✐s❝♦s✐❞❛❞❡ ❞♦ ✢✉✐❞♦ ❡♠ ❬❣✴✭❝♠✳s✮❪✱ l é ♦ ❝♦♠♣r✐♠❡♥t♦ ❡♠ ❬❝♠❪ ❡ r é ♦ r❛✐♦

❞♦ t✉❜♦ ❡♠ ❬❝♠❪✳

❆ ✐♥❞✉tâ♥❝✐❛ t❛♠❜é♠ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ✉t✐❧✐③❛♥❞♦ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞♦ ✢✉✐❞♦ ❡ ❞♦ t✉❜♦✳

❯♠❛ ❡q✉❛çã♦ s✐♠♣❧✐✜❝❛❞❛ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛ ✐♥❞✉tâ♥❝✐❛ ❞❡ ✉♠ t✉❜♦ ❝✐❧í♥❞r✐❝♦ é ❬✷✶✱ ✷✸❪✿

L =
ρl

πr2
❬♠♠❍❣❪.❬s❪2

❬♠▲❪
✭✸✳✹✮

♥❛ q✉❛❧✱ ρ é ❛ ❞❡♥s✐❞❛❞❡ ❞♦ ✢✉✐❞♦ ❡♠ ❬❣✴❝♠3❪✱ l é ♦ ❝♦♠♣r✐♠❡♥t♦ ❡ r é ♦ r❛✐♦ ❞♦ t✉❜♦ ❡♠

❬❝♠❪✳

❆ ❝♦♠♣❧❛❝ê♥❝✐❛ ❞❡ ✉♠ r❡s❡r✈❛tór✐♦ ❢❡❝❤❛❞♦✱ é r❡♣r❡s❡♥t❛❞❛ ♥♦ ♠♦❞❡❧♦ ❡❧étr✐❝♦ ❛♥á❧♦❣♦

♣♦r ✉♠ ❝❛♣❛❝✐t♦r✱ ❡ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ❝♦♠ ❜❛s❡ ♥❛s ❞✐♠❡♥sõ❡s ❞♦ r❡s❡r✈❛tór✐♦ ❡ ❞❛s ❝❛r❛❝✲

t❡ríst✐❝❛s ❞❡ ✢✉✐❞♦ ♣❡❧❛ ❡①♣r❡ssã♦ ❬✷✹✱ ✷✺❪✿

C =
Vr − Vf

Pf − ρghf

❬♠▲❪
❬♠♠❍❣❪

✭✸✳✺✮

♥❛ q✉❛❧✱ Vr é ♦ ✈♦❧✉♠❡ t♦t❛❧ ❞♦ r❡s❡r✈❛tór✐♦ ❡♠ ♠✐❧✐❧✐tr♦s ❬♠▲❪✱ Vf é ♦ ✈♦❧✉♠❡ t♦t❛❧ ❞❡ ✢✉✐❞♦



❈❛♣ít✉❧♦ ✸✳ ▼♦❞❡❧❛❣❡♠ ❞♦ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r ❤✉♠❛♥♦ ✷✶

❞❡♥tr♦ ❞♦ r❡s❡r✈❛tór✐♦ ❡♠ ♠✐❧✐❧✐tr♦s ❬♠▲❪✱ Pf é ❛ ♣r❡ssã♦ ❛❜s♦❧✉t❛ ❞♦ ✢✉✐❞♦ ♥♦ r❡s❡r✈❛tór✐♦

❡♠ ❬♠♠❍❣❪✱ ρ é ❛ ❞❡♥s✐❞❛❞❡ ❞♦ ✢✉✐❞♦ ❡♠ ❬❣✴❝♠3❪✱ g é ❛ ❛❝❡❧❡r❛çã♦ ❞❛ ❣r❛✈✐❞❛❞❡ ❡♠ ❬♠✴s2❪

❡ hf é ❛ ❛❧t✉r❛ ❞❛ ❝♦❧✉♥❛ ❞❡ ✢✉✐❞♦ ♥♦ r❡s❡r✈❛tór✐♦ ❡♠ ❬❝♠❪✳

❆s ✉♥✐❞❛❞❡s ❞❡ r❡s✐stê♥❝✐❛✱ ✐♥❞✉tâ♥❝✐❛ ❡ ❝❛♣❛❝✐tâ♥❝✐❛ ❡♥❝♦♥tr❛❞❛s✱ ♠❡s♠♦ ❛♣❧✐❝❛♥❞♦

✉♥✐❞❛❞❡s ❞♦ s✐st❡♠❛ ✐♥t❡r♥❛❝✐♦♥❛❧ ❞❡ ♠❡❞✐❞❛s ✭❙■✮✱ ♥ã♦ sã♦ ❛s ✉♥✐❞❛❞❡s ✉s✉❛✐s ❡♠ s✐st❡♠❛s

❤✐❞rá✉❧✐❝♦s✳ ❆ ✉♥✐❞❛❞❡ ✉t✐❧✐③❛❞❛ ♣❛r❛ r❡s✐stê♥❝✐❛ é ❬♠♠❍❣❪.[s]/[♠▲]✱ ♣❛r❛ ❛ ✐♥❞✉tâ♥❝✐❛ é

❬♠♠❍❣❪.[s2]/[♠▲] ❡ ♣❛r❛ ❛ ❝❛♣❛❝✐tâ♥❝✐❛ é ❬♠▲❪/❬♠♠❍❣❪✳ ◆♦ ❛♣ê♥❞✐❝❡ ❆✱ ♣♦❞❡✲s❡ ✈❡r✐✜✲

❝❛r ❝♦♠♦ é r❡❛❧✐③❛❞❛ ❛ ❛♥á❧✐s❡ ❞✐♠❡♥s✐♦♥❛❧ ♣❛r❛ ♦s ✈❛❧♦r❡s ❞❡ r❡s✐stê♥❝✐❛s✱ ✐♥❞✉tâ♥❝✐❛s ❡

❝❛♣❛❝✐tâ♥❝✐❛s✳

❊ss❡s ✈❛❧♦r❡s✱ ❝❛❧❝✉❧❛❞♦s ❛ ♣❛rt✐r ❞❛ ❣❡♦♠❡tr✐❛ ❞♦ t✉❜♦ ❡ ❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❞♦ ✢✉✐❞♦✱

♣♦❞❡♠ s❡r ✉t✐❧✐③❛❞♦s ❝♦♠♦ ✉♠❛ ❡st✐♠❛t✐✈❛ ✐♥✐❝✐❛❧ ❞♦ ✈❛❧♦r r❡❛❧✱ ♣♦ré♠ é ♥❡❝❡ssár✐♦ r❡❛❧✐③❛r

❛❥✉st❡s ❞❡ ❢♦r♠❛ ❡♠♣ír✐❝❛ ♦✉ ✉t✐❧✐③❛♥❞♦ ♠ét♦❞♦s ❞❡ ❡st✐♠❛çã♦✳ P♦❞❡♠♦s ❝✐t❛r ❝♦♠ ❡①❡♠♣❧♦

❞❡ ♠ét♦❞♦s ✉t✐❧✐③❛❞♦s✱ ♦ ♠ét♦❞♦ ❞♦s ♠í♥✐♠♦s q✉❛❞r❛❞♦s ❡ ♦ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥✳

✸✳✷ ▼♦❞❡❧♦ ❞❡ ✺❛ ♦r❞❡♠

❯♠ ❞♦s ♠♦❞❡❧♦s ❡❧étr✐❝♦s ❞♦ ❙❈❍ ♣r❡s❡♥t❡s ♥❛ ❧✐t❡r❛t✉r❛ é ♦ ♠♦❞❡❧♦ ♣r♦♣♦st♦ ♣♦r ❙✐✲

♠❛❛♥ ❡t ❛❧✳ ❬✷✻❪ ❝✉❥♦ ❝✐r❝✉✐t♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✼✳ ❊ss❡ ❝✐r❝✉✐t♦ ❡❧étr✐❝♦✱ t❡♠

❝♦♠♦ ♦❜❥❡t✐✈♦ r❡♣r♦❞✉③✐r ❛ ❤❡♠♦❞✐♥â♠✐❝❛ ❞♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦✳ ❖ ✈❡♥trí❝✉❧♦ ❞✐r❡✐t♦ ❡ ❛

❝✐r❝✉❧❛çã♦ ♣✉❧♠♦♥❛r sã♦ ❝♦♥s✐❞❡r❛❞♦s ♥♦r♠❛✐s ❡ ❛✐♥❞❛ ❛ss✉♠❡✲s❡ q✉❡ ❡st❡ ❧❛❞♦ ♥ã♦ ✐♥t❡r❢❡r❡

♥♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❡ ❉❆❱s ❛❝♦♣❧❛❞♦s ❛♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦✱ ♣♦r ✐ss♦✱ ♥ã♦ sã♦ ❝♦♥s✐❞❡r❛❞♦s

✐♥❞✐✈✐❞✉❛❧♠❡♥t❡ ♥♦ ♠♦❞❡❧♦ ❬✷✻❪✳

❋✐❣✉r❛ ✸✳✼✿ ▼♦❞❡❧♦ ❡❧étr✐❝♦ ❞♦ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r✳

Cae C(t) Cao Cs

DmRm Ra Da LRc

Rs

Pve PaoPae Ps

Qa



❈❛♣ít✉❧♦ ✸✳ ▼♦❞❡❧❛❣❡♠ ❞♦ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r ❤✉♠❛♥♦ ✷✷

◆❡st❡ ❝✐r❝✉✐t♦✱ ♦ átr✐♦ ❡sq✉❡r❞♦ é r❡♣r❡s❡♥t❛❞❛ ♣❡❧♦ ❝❛♣❛❝✐t♦r Cae❀ ❛ ✈á❧✈✉❧❛ ♠✐tr❛❧ é

r❡♣r❡s❡♥t❛❞❛ ♣❡❧♦ r❡s✐st♦r Rm ❡ ♣❡❧♦ ❞✐♦❞♦ ✐❞❡❛❧ Dm❀ ❛ ✈á❧✈✉❧❛ ❛órt✐❝❛ é r❡♣r❡s❡♥t❛❞❛ ♣❡❧♦

r❡s✐st♦r Ra ❡ ♣❡❧♦ ❞✐♦❞♦ ✐❞❡❛❧ Da❀ ❛ ❝♦♠♣❧❛❝ê♥❝✐❛ ❞❛ ❛♦rt❛ é r❡♣r❡s❡♥t❛❞❛ ♣❡❧♦ ❝❛♣❛❝✐t♦r

Cao ❡ ❛ ♣ós✲❝❛r❣❛ é r❡♣r❡s❡♥t❛❞❛ ♣❡❧♦ ♠♦❞❡❧♦ ❲✐♥❞❦❡ss❡❧ ❞❡ ✹ ❡❧❡♠❡♥t♦s ❝♦♠ ♦s s❡❣✉✐♥✲

t❡s ❝♦♠♣♦♥❡♥t❡s✿ Rc ✭r❡s✐stê♥❝✐❛ ❝❛r❛❝t❡ríst✐❝❛✮✱ L ✭✐♥❞✉tâ♥❝✐❛ ❞♦ s❛♥❣✉❡ ♥❛ ❛♦rt❛✮✱ Cs

✭❝♦♠♣❧❛❝ê♥❝✐❛ s✐stê♠✐❝❛✮ ❡ Rs ✭r❡s✐stê♥❝✐❛ s✐stê♠✐❝❛✮✳ ❆ ❚❛❜❡❧❛ ✸✳✶ ❧✐st❛ ♦s ♣❛râ♠❡tr♦s ❞♦

❝✐r❝✉✐t♦ ❡ ♦s s❡✉s ✈❛❧♦r❡s ❬✷✻❪✳

❈♦♠♦ ❝✐t❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦ é ♠♦❞❡❧❛❞♦ ♣♦r

♠❡✐♦ ❞❛ ❝❛♣❛❝✐tâ♥❝✐❛ ✈❛r✐á✈❡❧ C(t)✱ q✉❡ é ♦ ✐♥✈❡rs♦ ❞❛ ❢✉♥çã♦ ❡❧❛stâ♥❝✐❛ E(t) ❞❛❞❛ ♣❡❧❛

❡q✉❛çã♦ ✭✷✳✶✮✳

❚❛❜❡❧❛ ✸✳✶✿ P❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✼
P❛râ♠❡tr♦s ❱❛❧♦r ❙✐❣♥✐✜❝❛❞♦ ❋✐s✐♦❧ó❣✐❝♦

❘❡s✐stê♥❝✐❛s ✭♠♠❍❣✳s✴♠▲✮
Rs ✶✱✵✵✵✵ ❘❡s✐stê♥❝✐❛ s✐stê♠✐❝❛
Rm ✵✱✵✵✺✵ ❘❡s✐stê♥❝✐❛ ❞❛ ✈á❧✈✉❧❛ ♠✐tr❛❧
Ra ✵✱✵✵✶✵ ❘❡s✐stê♥❝✐❛ ❞❛ ✈á❧✈✉❧❛ ❛órt✐❝❛
Rc ✵✱✵✸✾✽ ❘❡s✐stê♥❝✐❛ ❝❛r❛❝t❡ríst✐❝❛

❈♦♠♣❧❛❝ê♥❝✐❛s ✭♠▲✴♠♠❍❣✮

C(t) = (Vve(t)− V0)/Pve(t)
❱❛r✐❛♥t❡
♥♦ t❡♠♣♦

❈♦♠♣❧❛❝ê♥❝✐❛ ❞♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦

Cae ✹✱✹✵✵✵ ❈♦♠♣❧❛❝ê♥❝✐❛ ❞♦ átr✐♦ ❡sq✉❡r❞♦
Cs ✶✱✸✸✵✵ ❈♦♠♣❧❛❝ê♥❝✐❛ s✐stê♠✐❝❛
Cao ✵✱✵✽✵✵ ❈♦♠♣❧❛❝ê♥❝✐❛ ❞❛ ❛♦rt❛

■♥❞✉tâ♥❝✐❛s ✭♠♠❍❣✳s2✴♠▲✮
L ✵✱✵✵✵✺ ■♥❞✉tâ♥❝✐❛ ❞♦ s❛♥❣✉❡ ♥❛ ❛♦rt❛

❱á❧✈✉❧❛s
Dm ✕ ❱á❧✈✉❧❛ ♠✐tr❛❧
Da ✕ ❱á❧✈✉❧❛ ❛órt✐❝❛

P❛r❛ r❡❛❧✐③❛r ❛ s✐♠✉❧❛çã♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❞♦ ♠♦❞❡❧♦ ♣r♦♣♦st♦ ♣♦r ❙✐♠❛❛♥ ❡t ❛❧✳ ❬✷✻❪✱

✉t✐❧✐③♦✉✲s❡ ❛ ❧❡✐ ❞♦s ♥ós ✭❑❈▲✮ ❡ ❛ ❧❡✐ ❞❛s ♠❛❧❤❛s ✭❑❱▲✮ ❞❡ ❑✐r❝❤❤♦✛ ♣❛r❛ ♦❜t❡r ❛s ❡q✉❛✲

çõ❡s q✉❡ r❡♣r❡s❡♥t❛♠ ❛ ❞✐♥â♠✐❝❛ ❞♦ s✐st❡♠❛✳ ❖ ❡st❛❞♦ ❞♦s ❞✐♦❞♦s ✭Dm ❡ Da✮ ❢♦r❛♠ ✉t✐❧✐✲

③❛❞♦s ♣❛r❛ ✐♥❞✐❝❛r s❡ ❡❧❡ ❡stá ❞✐r❡t❛♠❡♥t❡ ♣♦❧❛r✐③❛❞♦ ✭Dm = 1✮ ♦✉ r❡✈❡rs❛♠❡♥t❡ ♣♦❧❛r✐③❛❞♦

✭Dm = 0✮ ❬✹❪✳

❆ r❡♣r❡s❡♥t❛çã♦ ♠❛t❡♠át✐❝❛ ❞❡ss❡ ♠♦❞❡❧♦ é ❢❡✐t❛ ♣♦r ♠❡✐♦ ❞❡ ❡q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛✐s✱ ❝✉❥❛s

✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦ ❡stã♦ r❡♣r❡s❡♥t❛❞❛s ♥♦ ❝✐r❝✉✐t♦ ❞❛ ❋✐❣✉r❛ ✸✳✼✳ ❯t✐❧✐③❛♥❞♦ ♦s ♠ét♦❞♦s



❈❛♣ít✉❧♦ ✸✳ ▼♦❞❡❧❛❣❡♠ ❞♦ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r ❤✉♠❛♥♦ ✷✸

❞❡ ❛♥á❧✐s❡ ❞❡ ❝✐r❝✉✐t♦s ✭❑❈▲ ❡ ❑❱▲✮✱ ♦❜t❡♠♦s ❛s ❡q✉❛çõ❡s ❞❡ ❡st❛❞♦ ♣❛r❛ ♦ ♠♦❞❡❧♦✳ ❆s

✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦ sã♦ ❛ ♣r❡ssã♦ ♥❛ ❛♦rt❛ ✭Pao✮✱ ♦ ✢✉①♦ ♥❛ ❛♦rt❛ ✭Qa✮✱ ♦ ✈♦❧✉♠❡ ❞♦ ✈❡♥trí❝✉❧♦

❡sq✉❡r❞♦ ✭Vve✮✱ ❛ ♣r❡ssã♦ ♥❛ ❝✐r❝✉❧❛çã♦ s✐stê♠✐❝❛ ✭Ps✮ ❡ ❛ ♣r❡ssã♦ ♥♦ átr✐♦ ❡sq✉❡r❞♦ ✭Pae✮✳

❈♦♠ ❛s ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦ ❞❡✜♥✐❞❛s✱ t❡♠♦s ❛s s❡❣✉✐♥t❡s ❡q✉❛çõ❡s ♣❛r❛ ❡ss❡ ♠♦❞❡❧♦ ❬✹❪✳

P❛r❛ ♦❜t❡r ❛ ❡q✉❛çã♦ ❞❡ Pao ♥♦ ❝✐r❝✉✐t♦ ❡❧étr✐❝♦ ✭❋✐❣✉r❛ ✸✳✼✮✱ ✉t✐❧✐③♦✉✲s❡ ❛ ❧❡✐s ❞♦s ♥ós ❞❡

❑✐r❝❤❤♦✛✱ ❡ ✐❣✉❛❧♦✉✲s❡ ❛s ❝♦rr❡♥t❡s q✉❡ ❝❤❡❣❛♠ ❝♦♠ ❛s ❝♦rr❡♥t❡s q✉❡ s❛❡♠ ❞♦ ♥ó ❝♦♥❢♦r♠❡

❛s ❡q✉❛çõ❡s ❛❜❛✐①♦✳

Da

Ra

(Pve − Pao) =Cao
˙Pao +Qa ✭✸✳✻✮

Cao
˙Pao =−

Da

Ra

Pao −Qa +
Da

Ra

Pve ✭✸✳✼✮

Cao
˙Pao =−

Da

Ra

Pao −Qa +
Da

Ra

E(t)(Vve − Vo) ✭✸✳✽✮

˙Pao =−
Da

RaCao

Pao −
1

Cao

Qa +
Da

RaCao

E(t)Vve −
Da

RaCao

E(t)Vo ✭✸✳✾✮

P❛r❛ ♦❜t❡r ❛ ❡q✉❛çã♦ ❞❡ Qa ♥♦ ❝✐r❝✉✐t♦ ❡❧étr✐❝♦ ✭❋✐❣✉r❛ ✸✳✼✮✱ ✉t✐❧✐③♦✉✲s❡ ❝♦♠♦ ❜❛s❡ ❛

t❡♥sã♦ ♥♦s ♥ós Pao ❡ Ps ❡ ♦❜t❡✈❡✲s❡ ❛ ❡q✉❛çã♦ q✉❡ r❡❧❛❝✐♦♥❛ ❡ss❡s ❞♦✐s ♥ós ❞❡ ❛❝♦r❞♦ ❝♦♠

❛s ❡q✉❛çõ❡s ❛❜❛✐①♦✳

Pao =RcQa + LQ̇a + Ps ✭✸✳✶✵✮

LQ̇a =Pao −RcQa − Ps ✭✸✳✶✶✮

Q̇a =
1

L
Pao −

Rc

L
Qa −

1

L
Ps ✭✸✳✶✷✮

❆ ✈❛r✐❛çã♦ ❞♦ ✈♦❧✉♠❡ ♥♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦✱ ❢♦✐ ♦❜t✐❞❛ s✉❜tr❛✐♥❞♦ ♦ ✢✉①♦ ❞❡ s❛í❞❛

❞♦ ✢✉①♦ ❞❡ ❡♥tr❛❞❛✱ q✉❡ sã♦ ❞❛❞♦s ♣❡❧❛s ❝♦rr❡♥t❡s q✉❡ s❛❡♠ ❡ q✉❡ ❝❤❡❣❛♠ ♥♦ ♥ó Pve

r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆ss✐♠✱ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛ ✈❛r✐❛çã♦ ❞♦ ✈♦❧✉♠❡ ❞♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦✱

t❡♠♦s ❛s s❡❣✉✐♥t❡s ❡q✉❛çõ❡s✳

V̇ve =
Dm

Rm

(Pae − Pve)−
Da

Ra

(Pve − Pao) ✭✸✳✶✸✮
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V̇ve =
Da

Ra

Pao −

[

Dm

Rm

+
Da

Ra

]

Pve +
Dm

Rm

Pae ✭✸✳✶✹✮

V̇ve =
Da

Ra

Pao −

[

Dm

Rm

+
Da

Ra

]

E(t)Vve +
Dm

Rm

Pae +

[

Dm

Rm

+
Da

Ra

]

E(t)Vo ✭✸✳✶✺✮

P❛r❛ ♦❜t❡r ❛ ❡q✉❛çã♦ ❞❡ Ps✱ ♣r♦❝❡❞❡✉✲s❡ ❞❛ ♠❡s♠❛ ❢♦r♠❛ q✉❡ ❢♦✐ ❢❡✐t♦ ♣❛r❛ ❞❡t❡r♠✐♥❛r

Pao✳ ■❣✉❛❧♦✉✲s❡ ❛s ❝♦rr❡♥t❡s q✉❡ ❝❤❡❣❛♠ ❝♦♠ ❛s ❝♦rr❡♥t❡s q✉❡ s❛❡♠ ❞♦ ♥ó Ps✱ ❝♦♥❢♦r♠❡ ❛s

❡q✉❛çõ❡s ❛❜❛✐①♦✳

Qa =CsṖs +
Ps − Pae

Rs

✭✸✳✶✻✮

CsṖ s =Qa −
Ps − Pae

Rs

✭✸✳✶✼✮

Ṗs =
1

Cs

Qa −
1

RsCs

Ps +
1

RsCs

Pae ✭✸✳✶✽✮

P❛r❛ ♦❜t❡r ❛ ❡q✉❛çã♦ ❞❡ Pae✱ ♣r♦❝❡❞❡✉✲s❡ ❞❛ ♠❡s♠❛ ❢♦r♠❛ q✉❡ ❢♦✐ ❢❡✐t♦ ♣❛r❛ ❞❡t❡r♠✐♥❛r

Pao✳ ■❣✉❛❧♦✉✲s❡ ❛s ❝♦rr❡♥t❡s q✉❡ ❝❤❡❣❛♠ ❝♦♠ ❛s ❝♦rr❡♥t❡s q✉❡ s❛❡♠ ❞♦ ♥ó Pae✱ ❝♦♥❢♦r♠❡ ❛s

❡q✉❛çõ❡s ❛❜❛✐①♦✳

(Ps − Pae)

Rs

=Cae
˙Pae +

Dm

Rm

(Pae − Pve) ✭✸✳✶✾✮

Cae
˙Pae =

1

Rs

Ps −
1

Rs

Pae −
Dm

Rm

Pae +
Dm

Rm

Pve ✭✸✳✷✵✮

Cae
˙Pae =

1

Rs

Ps −

[

1

Rs

+
Dm

Rm

]

Pae +
Dm

Rm

E(t)Vve −
Dm

Rm

E(t)Vo ✭✸✳✷✶✮

˙Pae =
Dm

RmCae

E(t)Vve +
1

RsCae

Ps −
1

Cae

[

1

Rs

+
Dm

Rm

]

Pae −
Dm

RmCae

E(t)Vo ✭✸✳✷✷✮

P♦❞❡♠♦s ❛❣r✉♣❛r ❛s ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦ ♥♦ ✈❡t♦r x ❝♦♠♦✿

x =























x1

x2

x3

x4

x5























=























Pao

Qa

Vve

Ps

Pae























✭✸✳✷✸✮

❉❡ ♣♦ss❡ ❞❛s ❡q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛✐s ❞❡s❝r✐t❛s ❛❝✐♠❛✱ ✉♠❛ ❞❛s ♣♦ss✐❜✐❧✐❞❛❞❡s ❞❡ r❡♣r❡s❡♥t❛r
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❛ ❞✐♥â♠✐❝❛ ❞♦ s✐st❡♠❛ é ♣♦r ♠❡✐♦ ❞❡ ✉♠❛ r❡♣r❡s❡♥t❛çã♦ ♠❛tr✐❝✐❛❧ ❛ s❡❣✉✐r✿

ẋ = A(t)x+B(t) ✭✸✳✷✹✮

♥❛ q✉❛❧ A(t) é ✉♠❛ ♠❛tr✐③ ♥ã♦ ❧✐♥❡❛r ❞❡✈✐❞♦ ❛♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦s ❞✐♦❞♦s ❡ ✈❛r✐❛♥t❡ ♥♦

t❡♠♣♦ ❡♠ ✈✐rt✉❞❡ ❞❛ ❢✉♥çã♦ ❞❡ ❡❧❛stâ♥❝✐❛ ❞♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦✳ ❊ss❛ ♠❛tr✐③ é ❞❛❞❛ ♣♦r✿

A(t) =























− Da

RaCao

− 1
Cao

Da

RaCao

E(t) 0 0

1
L

−Rc

L
0 − 1

L
0

Da

Ra

0 −
[

Dm

Rm

+ Da

Ra

]

E(t) 0 Dm

Rm

0 1
Cs

0 − 1
RsCs

1
RsCs

0 0 Dm

RmCae

E(t) 1
RsCae

− 1
Cae

[

1
Rs

+ Dm

Rm

]























✭✸✳✷✺✮

❡ ♦ ✈❡t♦r B(t)✱ t❛♠❜é♠ ✈❛r✐❛♥t❡ ♥♦ t❡♠♣♦✱ ❝♦♥té♠ ♦s t❡r♠♦s ✐♥❞❡♣❡♥❞❡♥t❡s ❞❛s ✈❛r✐á✈❡✐s

❞❡ ❡st❛❞♦s✱ s❡♥❞♦ r❡♣r❡s❡♥t❛❞♦ ♣♦r✿

B(t) =















































− Da

RaCao

E(t)Vo

0

[

Dm

Rm

+ Da

Ra

]

E(t)Vo

0

− Dm

RmCae

E(t)Vo















































✭✸✳✷✻✮

❯t✐❧✐③❛❞♦ ❛s ❡q✉❛çõ❡s ♦❜t✐❞❛s ❛ ♣❛rt✐r ❞♦ ♠♦❞❡❧♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✼✱ ❢♦r❛♠ r❡❛❧✐✲

③❛❞❛s s✐♠✉❧❛çõ❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s✳ ◆❛ ❋✐❣✉r❛ ✸✳✽ ❡stã♦ r❡♣r❡s❡♥t❛❞❛s ❛s ❝✉r✈❛s ❞❡ ♣r❡ssã♦ ♥❛

❛♦rt❛ ✭Pao✮✱ ♣r❡ssã♦ ♥♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦ ✭Pve✮ ❡ ♣r❡ssã♦ ♥♦ átr✐♦ ❡sq✉❡r❞♦ ✭Pae✮ ♦❜t✐❞❛s

❝♦♠ ❛ s✐♠✉❧❛çã♦ ❞❡st❡ ♠♦❞❡❧♦ ❬✹❪✳

❆s ❝✉r✈❛s r❡♣r❡s❡♥t❛❞❛s ♥❛ ❋✐❣✉r❛ ✸✳✽✱ ♦❜t✐❞❛s ❝♦♠ ♦ ♠♦❞❡❧♦ ❞❡ ✺❛ ♦r❞❡♠ ♣r♦♣♦st♦ ♣♦r

❙✐♠❛❛♥ ❡t ❛❧✳ ❬✷✻❪ ❝♦♥s❡❣✉❡ r❡♣r♦❞✉③✐r ❞❡ ❢♦r♠❛ ❜❡♠ ❛♣r♦①✐♠❛❞❛ ❛s ❝✉r✈❛s ❞♦ ❝✐❝❧♦ ❝❛r❞í❛❝♦
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❞♦ ❙❈❍ ♣r♦♣♦st❛s ♣♦r ●✉②t♦♥ ❡ q✉❡ ❡stã♦ r❡♣r❡s❡♥t❛❞❛s ♥❛ ❋✐❣✉r❛ ✷✳✷✳

❋✐❣✉r❛ ✸✳✽✿ Pr❡ssõ❡s ♦❜t✐❞❛s ❛ ♣❛rt✐r ❞♦ ♠♦❞❡❧♦ ❞❡ ❙✐♠❛❛♥ ❡t ❛❧✳ ❬✷✻❪✳

Tempo (s)
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P
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✸✳✸ ❈♦♥s✐❞❡r❛çõ❡s ✜♥❛✐s

❈♦♠ ❛ ♠♦❞❡❧❛❣❡♠ ❲✐♥❞❦❡ss❡❧ é ♣♦ssí✈❡❧ r❡♣r❡s❡♥t❛r ✉♠ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ♣♦r ♠❡✐♦ ❞❡

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

❞❡ ❝♦♠♣❧❡①✐❞❛❞❡✳ ❊ss❡ t✐♣♦ ❞❡ ♠♦❞❡❧❛❣❡♠ t❛♠❜é♠ s❡rá ✉t✐❧✐③❛❞❛ ♥♦ ♣ró①✐♠♦ ❝❛♣ít✉❧♦

♣❛r❛ ❛ ♠♦❞❡❧❛❣❡♠ ❞❡ ✉♠ ❞✐s♣♦s✐t✐✈♦s ❞❡ ❛ss✐stê♥❝✐❛ ✈❡♥tr✐❝✉❧❛r✳ ❈♦♠ ♦ ♠♦❞❡❧♦ ✵❉ ❞❡ ✺a

♦r❞❡♠ q✉❡ r❡♣r❡s❡♥t❛ ♦ ❙❈❍✱ é ♥❡❝❡ssár✐♦ ✉♠ ♠♦❞❡❧♦ ✵❉ ❞❡ ✉♠ ❞✐s♣♦s✐t✐✈♦ ❞❡ ❛ss✐stê♥❝✐❛

✈❡♥tr✐❝✉❧❛r ♣❛r❛ ♣♦❞❡r s❡r ❛❝♦♣❧❛❞♦ ❛ ❡st❡ ♠♦❞❡❧♦✳ ◆♦ ❝❛♣ít✉❧♦ ✹✱ s❡rá ❛♣r❡s❡♥t❛❞♦ ♦

❞✐s♣♦s✐t✐✈♦ ❞❡ ❛ss✐stê♥❝✐❛ ✈❡♥tr✐❝✉❧❛r ♣❉❆❱ ❡ ❛ ❡str❛té❣✐❛ ✉t✐❧✐③❛❞❛ ♣❛r❛ ♦❜t❡r ✉♠ ♠♦❞❡❧♦

✵❉ ❞❡ss❡ ❞✐s♣♦s✐t✐✈♦ ♣❛r❛ s❡r ❛❝♦♣❧❛❞♦s ❛ ♠♦❞❡❧♦s ✵❉ q✉❡ r❡♣r❡s❡♥t❛♠ ♦ ❙❈❍ ❡ ❛✈❛❧✐❛r ❛

✐♥t❡r❛çã♦ ❞♦ ❉❆❱ ❝♦♠ ♦ ❙❈❍✳



❈❛♣ít✉❧♦ ✹

▼♦❞❡❧❛❣❡♠ ❞♦ ❞✐s♣♦s✐t✐✈♦ ❞❡ ❛ss✐stê♥❝✐❛

✈❡♥tr✐❝✉❧❛r

◆❡st❡ ❝❛♣ít✉❧♦ s❡rá ❛♣r❡s❡♥t❛❞♦ ♦ ❞✐s♣♦s✐t✐✈♦ ❞❡ ❛ss✐stê♥❝✐❛ ✈❡♥tr✐❝✉❧❛r ♣❉❆❱ ❡ ❛ ❡str❛té❣✐❛

✉t✐❧✐③❛❞❛ ♣❛r❛ ♦❜t❡r ✉♠ ♠♦❞❡❧♦ ✵❉ ♣❛r❛ ❡ss❡ ❞✐s♣♦s✐t✐✈♦✳ ❆ ❣r❛♥❞❡ ✐♠♣♦rtâ♥❝✐❛ ❞❡ ♠♦❞❡❧❛r

❡ss❡ ❞✐s♣♦s✐t✐✈♦ é ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ✉t✐❧✐③❛r ❡ss❡ ♠♦❞❡❧♦ ❛❝♦♣❧❛❞♦ ❛ ✉♠ ♠♦❞❡❧♦ ✵❉ q✉❡

r❡♣r❡s❡♥t❛ ♦ ❙❈❍ ♣❛r❛ ❛✈❛❧✐❛r ❛ ✐♥t❡r❛çã♦ ❞♦ ❉❆❱ ❝♦♠ ♦ ❙❈❍✳

✹✳✶ ❉✐s♣♦s✐t✐✈♦ ❞❡ ❛ss✐stê♥❝✐❛ ✈❡♥tr✐❝✉❧❛r ♣✉❧sát✐❧

❖ ♣❉❆❱ ❡st✉❞❛❞♦ ♥❡ss❡ tr❛❜❛❧❤♦ ❬✷✼❪✱ ❋✐❣✉r❛ ✹✳✶✱ é ❝♦♠♣♦st♦ ❜❛s✐❝❛♠❡♥t❡ ♣♦r ❞✉❛s ❝â✲

♠❛r❛s s❡♣❛r❛❞❛s ♣♦r ✉♠❛ ♠❡♠❜r❛♥❛ ❡ ❞✉❛s ❛❜❡rt✉r❛s✿ ✉♠❛ ❛❜❡rt✉r❛ ♣❛r❛ ❡♥tr❛❞❛ ❡ ♦✉tr❛

♣❛r❛ s❛í❞❛ ❞❡ ❧íq✉✐❞♦✳ ◆❛ ❡♥tr❛❞❛ ❡①✐st❡ ✉♠❛ ✈á❧✈✉❧❛ ✉♥✐❞✐r❡❝✐♦♥❛❧ q✉❡ ♣❡r♠✐t❡ ❛♣❡♥❛s ❛

❡♥tr❛❞❛ ❞❡ ❧íq✉✐❞♦ ♣❛r❛ ♦ ✐♥t❡r✐♦r ❞♦ ♣❉❆❱✳ ◆❛ s❛í❞❛ ❡stá ❧♦❝❛❧✐③❛❞❛ ♦✉tr❛ ✈á❧✈✉❧❛ ✉♥✐❞✐r❡✲

❝✐♦♥❛❧ q✉❡ ♣❡r♠✐t❡ ❛♣❡♥❛s ❛ s❛í❞❛ ❞❡ ❧íq✉✐❞♦ ❞♦ ♣❉❆❱✳ ❊ss❡ ❞✐s♣♦s✐t✐✈♦✱ ♣♦ss✉✐ ❛❝✐♦♥❛♠❡♥t♦

♣♥❡✉♠át✐❝♦ ❞❡ ♠♦❞♦ q✉❡ é ♣♦ssí✈❡❧ ❝♦♥tr♦❧❛r ❛ ♣r❡ssã♦ ❡ ♦s t❡♠♣♦s ❞❡ ❡❥❡çã♦ ❞❡ ❛r✳ ❊ss❡

❛❝✐♦♥❛❞♦r ♣r❡ss✉r✐③❛ ❛ ❝â♠❛r❛ ❞❡ ❛r ❞♦ ♣❉❆❱✱ ♠♦✈✐♠❡♥t❛ ❛ ♠❡♠❜r❛♥❛ ❡ ❣❡r❛ ❛ ♣✉❧s❛çã♦ ❡

♦ ❜♦♠❜❡❛♠❡♥t♦ ❞♦ ❧íq✉✐❞♦ ♣♦r t♦❞♦ ♦ s✐st❡♠❛ ❞❡ ❢♦r♠❛ s❡♠❡❧❤❛♥t❡ ❛♦ q✉❡ ♦❝♦rr❡ ♥♦ ❝✐❝❧♦

❝❛r❞í❛❝♦✳ ◆❛ ❋✐❣✉r❛ ✹✳✷ s❡❣✉❡ ✉♠ ❞✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s s✐♠♣❧✐✜❝❛❞♦ ❞❛ ❡str✉t✉r❛ ❞♦ ♣❉❆❱✳



❈❛♣ít✉❧♦ ✹✳ ▼♦❞❡❧❛❣❡♠ ❞♦ ❞✐s♣♦s✐t✐✈♦ ❞❡ ❛ss✐stê♥❝✐❛ ✈❡♥tr✐❝✉❧❛r ✷✽

❋✐❣✉r❛ ✹✳✶✿ ❉✐s♣♦s✐t✐✈♦ ❞❡ ❛ss✐stê♥❝✐❛ ✈❡♥tr✐❝✉❧❛r ♣✉❧sát✐❧ ✲ ♣❉❆❱ ❬✷✼❪✳

Conector para 
sensor de pressão

Conector para 
tubo de ar 

comprimido
Válvula de 

Saída

Válvula de 
Entrada

Conector para 
cânula de saída

Conector para 
cânula de entrada Membrana

❋✐❣✉r❛ ✹✳✷✿ ❉✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞♦ ♣❉❆❱ ✉t✐❧✐③❛❞♦ ♥♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦✳

Cânula de Entrada Cânula de Saída

Tubo

Sensor de Pressão

Válvula de 
Entrada

Válvula 
de Saída

Sensor 
de Fluxo

Sensor 
de Fluxo

Membrana

Qi Qo

Atuador 
Pneumático

Câmara de 
Sangue

Câmara de Ar
Sensor de Pressão

◗✉❛♥❞♦ ❛ ♠❡♠❜r❛♥❛ q✉❡ s❡♣❛r❛ ❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❞❛ ❝â♠❛r❛ ❞❡ ❛r r❡❧❛①❛✱ ❛ ✈á❧✈✉❧❛

❞❡ s❛í❞❛ ❢❡❝❤❛✱ ❛ ♣r❡ssã♦ ❞❡♥tr♦ ❞❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❞✐♠✐♥✉✐ ♣❛r❛ ✈❛❧♦r❡s ❜❛✐①♦s ❡ ❝♦♠

✐ss♦ ❛ ✈á❧✈✉❧❛ ❞❡ ❡♥tr❛❞❛ ❛❜r❡✱ ♣❡r♠✐t✐♥❞♦ ❛ ❡♥tr❛❞❛ ❞❡ ❧íq✉✐❞♦ ♥❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❛té ♦

♠♦♠❡♥t♦ q✉❡ ♦ ❛t✉❛❞♦r ♣♥❡✉♠át✐❝♦ ♣r❡ss✉r✐③❛ ❛ ❝â♠❛r❛ ❞❡ ❛r ♣❛r❛ ❜♦♠❜❡❛r ♦ ❧✐q✉✐❞♦ q✉❡

❡stá ♣r❡❡♥❝❤❡♥❞♦ ❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡✳ ◆♦ ♠♦♠❡♥t♦ q✉❡ ♦ ❛t✉❛❞♦r ♣r❡ss✉r✐③❛ ❛ ❝â♠❛r❛ ❞❡



❈❛♣ít✉❧♦ ✹✳ ▼♦❞❡❧❛❣❡♠ ❞♦ ❞✐s♣♦s✐t✐✈♦ ❞❡ ❛ss✐stê♥❝✐❛ ✈❡♥tr✐❝✉❧❛r ✷✾

❛r✱ ❛ ✈á❧✈✉❧❛ ❞❡ ❡♥tr❛❞❛ ❢❡❝❤❛✱ ❡ ❛ ♣r❡ssã♦ ❞❡♥tr♦ ❞❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❛✉♠❡♥t❛ ♠✉✐t♦✱ ❝♦♠

✐ss♦✱ ❛ ✈á❧✈✉❧❛ ❞❡ s❛í❞❛ ❛❜r❡✱ ❡ ♣❡r♠✐t❡ ❛ s❛í❞❛ ❞♦ ❧íq✉✐❞♦ ♣❛r❛ ♦ r❡s❡r✈❛tór✐♦ ✶✱ ❝✉❥❛ ♣r❡ssã♦

❞❡✈❡ ❡st❛r ♣ró①✐♠❛ ❞♦s ✈❛❧♦r❡s ❞❡ r❡❢❡rê♥❝✐❛ ❞❡ ♣r❡ssã♦ ♣❛r❛ ✉♠ ♣❛❝✐❡♥t❡ ♣❡❞✐átr✐❝♦✳

❆♣ós ❛ s❛í❞❛ ❞♦ ❧✐q✉✐❞♦✱ ♦ ❛t✉❛❞♦r ♣♥❡✉♠át✐❝♦ ♣❡r♠✐t❡ ♦ r❡❧❛①❛♠❡♥t♦ ❞❛ ♠❡♠❜r❛♥❛✳

❈♦♠♦ ✐ss♦ ❛ ♣r❡ssã♦ ❞❡♥tr♦ ❞❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❞✐♠✐♥✉✐ r❛♣✐❞❛♠❡♥t❡✱ ❡ ❝♦♠♦ ❛ ♣r❡ssã♦

♥♦ r❡s❡r✈❛tór✐♦ ✶ ❡stá ❛❧t❛✱ ♣♦✐s ❡❧❡ ❛❝❛❜♦✉ ❞❡ r❡❝❡❜❡r ❧íq✉✐❞♦✱ ❡ss❡ ❧íq✉✐❞♦ t❡♥t❛ ✈♦❧t❛r ♣❛r❛

❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❡ ❢♦rç❛ ♦ ❢❡❝❤❛♠❡♥t♦ ❞❛ ✈á❧✈✉❧❛ ❞❡ s❛í❞❛✳ ❊♠ s❡❣✉✐❞❛ ❛ ✈á❧✈✉❧❛ ❞❡

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

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

❞❡r❛r q✉❡ ❡①✐st❡ ✢✉①♦ ❛♣❡♥❛s ❡♠ ✉♠ s❡♥t✐❞♦✳ P♦ré♠ ♥♦ ♠♦♠❡♥t♦ ❡♠ q✉❡ ❛s ✈á❧✈✉❧❛s ❡stã♦

❢❡❝❤❛♥❞♦✱ ❤á ✉♠ ♣❡q✉❡♥♦ ✢✉①♦ ❝♦♥trár✐♦ ❛♦ s❡♥t✐❞♦ ❞❛ ❝✐r❝✉❧❛çã♦ ♣♦r ✉♠ t❡♠♣♦ ♠✉✐t♦ ♣❡✲

q✉❡♥♦✳ ❖ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❛s ✈á❧✈✉❧❛s ♣♦❞❡ s❡r ❞❡s❝r✐t♦ ❞❡ ❢♦r♠❛ s✐♠♣❧✐✜❝❛❞❛✳ ◆♦ ♠♦♠❡♥t♦

❡♠ q✉❡ ♦ ♣❉❆❱ ❡stá ♥❛ ❢❛s❡ ❞❡ ❡♥❝❤✐♠❡♥t♦✱ ❛ ✈á❧✈✉❧❛ ❞❡ ❡♥tr❛❞❛ ❡stá ❛❜❡rt❛ ❡ ❛ ❞❡ s❛í❞❛

❡stá ❢❡❝❤❛❞❛✱ ❥á ♥❛ ❢❛s❡ ❞❡ ❡❥❡çã♦ ♦❝♦rr❡ ♦ ✐♥✈❡rs♦✳ ❊st❛s ✈á❧✈✉❧❛s r❡♣r♦❞✉③❡♠ ❡ s❡❣✉❡♠ ♦

♣❛❞rã♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❛s ✈á❧✈✉❧❛s ❝❛r❞í❛❝❛s✱ ❡♠ q✉❡ ♦ s❡✉ ♣r♦❝❡ss♦ ❞❡ ❛❜❡rt✉r❛ ❡ ❢❡❝❤❛✲

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

❛t✐✈♦s ♣❛r❛ ♦ s❡✉ ❢✉♥❝✐♦♥❛♠❡♥t♦✳

✹✳✶✳✶ Prót❡s❡s ✈❛❧✈✉❧❛r❡s ❝❛r❞í❛❝❛s

❊①✐st❡♠ ❞♦✐s t✐♣♦s ♣r✐♥❝✐♣❛✐s ❞❡st❛s ✈á❧✈✉❧❛s✿ ❛s ♠❡❝â♥✐❝❛s ❡ ❛s ❜✐♦❧ó❣✐❝❛s✳ ❆s ♣r✐♠❡✐r❛s

❛ s❡r❡♠ ❞❡s❡♥✈♦❧✈✐❞❛s ❢♦r❛♠ ❛s ♠❡❝â♥✐❝❛s✱ ❞✉r❛♥t❡ ❛ ❞é❝❛❞❛ ❞❡ ❝✐♥q✉❡♥t❛✳ ❆s ✈á❧✈✉❧❛s

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

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

t❛♠❜é♠ ❡①✐st❡♠ ♣rót❡s❡s ❞❡ ✈á❧✈✉❧❛s ♦❜t✐❞❛s ♣♦r ♣♦❧í♠❡r♦s ❡ ♣♦r ❡♥❣❡♥❤❛r✐❛ ❞❡ t❡❝✐❞♦s✱

♠❛s sã♦ ♣♦✉❝♦ ✉t✐❧✐③❛❞❛s ❬✸❪✳ ❊ss❛s ♣rót❡s❡s ✈❛❧✈✉❧❛r❡s ❝❛r❞í❛❝❛s sã♦ ✉t✐❧✐③❛❞❛s ♥❛ ❡♥tr❛❞❛

❡ ♥❛ s❛í❞❛ ❞♦s ❉❆❱s✱ ❝♦♠♦ t❛♠❜é♠ sã♦ ✉t✐❧✐③❛❞❛s ❡♠ ❝✐r✉r❣✐❛s ♣❛r❛ s✉❜st✐t✉✐r ✈á❧✈✉❧❛s

❝♦♠ ♣r♦❜❧❡♠❛s ❞♦ ❝♦r❛çã♦✳ ◆❛ ❋✐❣✉r❛ ✹✳✸✱ s❡❣✉❡ ✐♠❛❣❡♥s ❞❡ ♣rót❡s❡s ✈❛❧✈✉❧❛r❡s ❝❛r❞í❛❝❛s

♠❡❝â♥✐❝❛s ❡ ♥❛ ❋✐❣✉r❛ ✹✳✹ s❡❣✉❡ ✐♠❛❣❡♥s ❞❡ ♣rót❡s❡s ✈❛❧✈✉❧❛r❡s ❝❛r❞í❛❝❛s ❜✐♦❧ó❣✐❝❛s ❬✷✽❪✳

❖ ♣❉❆❱ ✉t✐❧✐③❛ ♣rót❡s❡s ❜✐♦❧ó❣✐❝❛s ❞❡s❡♥❤❛❞❛s ❡ ❝♦♥❢❡❝❝✐♦♥❛❞❛s ❡s♣❡❝✐❛❧♠❡♥t❡ ♣❛r❛ ❡ss❛

❛♣❧✐❝❛çã♦✳
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❋✐❣✉r❛ ✹✳✸✿ Prót❡s❡s ✈❛❧✈✉❧❛r❡s ❝❛r❞í❛❝❛s ♠❡❝â♥✐❝❛s ❞❡ ❞✉♣❧♦ ❢♦❧❤❡t♦ ❡ ✈á❧✈✉❧❛ ♠❡❝â♥✐❝❛
❝❛❣❡❞✲❜❛❧❧ ✉t✐❧✐③❛❞❛s ♣❛r❛ s✉❜st✐t✉✐r ❛s ✈á❧✈✉❧❛s ❞♦ ❝♦r❛çã♦ ❡ ❡♠ ❉❆❱s ❬✷✽❪✳

❋✐❣✉r❛ ✹✳✹✿ Prót❡s❡s ✈❛❧✈✉❧❛r❡s ❝❛r❞í❛❝❛s ❜✐♦❧ó❣✐❝❛s ❝♦♥str✉í❞❛s ❝♦♠ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ♣❡r✐✲
❝ár❞✐♦ ❜♦✈✐♥♦ ✉t✐❧✐③❛❞❛s ♣❛r❛ s✉❜st✐t✉✐r ❛s ✈á❧✈✉❧❛s ❞♦ ❝♦r❛çã♦ ❡ ❡♠ ❉❆❱s ❬✷✽❪✳

✹✳✶✳✷ ❆t✉❛❞♦r ♣♥❡✉♠át✐❝♦

❖ ❜♦♠❜❡❛♠❡♥t♦ r❡❛❧✐③❛❞♦ ♣❡❧♦ ♣❉❆❱ é ❝♦♥tr♦❧❛❞♦ ♣❡❧♦ ✉s✉ár✐♦ ❝♦♠ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ✉♠

❛t✉❛❞♦r ♣♥❡✉♠át✐❝♦ q✉❡ é ✉♠ ♠♦❞❡❧♦ s✐♠♣❧✐✜❝❛❞♦ ❞♦ s✐st❡♠❛ ❞❡ ❛❝✐♦♥❛♠❡♥t♦ ♣♥❡✉♠át✐❝♦

✉t✐❧✐③❛❞♦ ❝❧✐♥✐❝❛♠❡♥t❡ ❬✷✾❪ ❝❡❞✐❞♦ ♣❛r❛ ❡ss❡ ❡st✉❞♦ ❛tr❛✈és ❞❛ ❝♦♦♣❡r❛çã♦ ❝✐❡♥tí✜❝❛ ❡st❛❜❡✲

❧❡❝✐❞❛ ♠❡♥❝✐♦♥❛❞❛ ♥❛ ■♥tr♦❞✉çã♦ ❞❡ss❡ tr❛❜❛❧❤♦✳ ❯♠ ❞✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s s✐♠♣❧✐✜❝❛❞♦s ❞♦

s✐st❡♠❛ ♣♥❡✉♠át✐❝♦ ❡stá r❡♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✺✳ ❊ss❡ ❛t✉❛❞♦r é ✉t✐❧✐③❛❞♦ ♣❛r❛ ❣❡r❛r ❛

s❛í❞❛ ❞❡ ❛r ❝♦♥tr♦❧❛❞❛ q✉❡ é ✉t✐❧✐③❛❞❛ ♣❛r❛ ♣r❡ss✉r✐③❛r ❛ ❝â♠❛r❛ ❞❡ ❛r ❞♦ ♣❉❆❱✳



❈❛♣ít✉❧♦ ✹✳ ▼♦❞❡❧❛❣❡♠ ❞♦ ❞✐s♣♦s✐t✐✈♦ ❞❡ ❛ss✐stê♥❝✐❛ ✈❡♥tr✐❝✉❧❛r ✸✶

❋✐❣✉r❛ ✹✳✺✿ ❊sq✉❡♠át✐❝♦ s✐♠♣❧✐✜❝❛❞♦ ❞❛ ✐♥t❡r❧✐❣❛çã♦ ❞♦s ❝♦♠♣♦♥❡♥t❡s ❞♦ ❛t✉❛❞♦r ♣♥❡✉♠á✲
t✐❝♦✳ ■ ✕ ❈♦♥❥✉♥t♦ ❝♦♠♣♦st♦ ♣♦r ❝♦♠♣r❡ss♦r✱ r❡❣✉❧❛❞♦r❡s ❞❡ ♣r❡ssã♦ ❡ ✜❧tr♦ ♣❛r❛ ❛❞❡q✉❛r ❛
♣r❡ssã♦ ❞❡ ❛r ❣❡r❛❞❛ ♣❡❧♦ ❝♦♠♣r❡ss♦r à ♣r❡ssã♦ ✉t✐❧✐③❛❞❛ ♥❛ ❡♥tr❛❞❛ ❞♦ ❛t✉❛❞♦r ♣♥❡✉♠át✐❝♦✳
■■ ✕ ❆t✉❛❞♦r ♣♥❡✉♠át✐❝♦✳

FILTRO

REGULADOR DE 
PRESSÃO
(VÁCUO)

REGULADOR DE 
PRESSÃO
(EJEÇÃO)

VÁLVULA 
SOLENOIDE

SAÍDA DE AR 
CONTROLADA

pDAV

Sinal de 
controle

COMPRESSOR

REGULADOR DE 
PRESSÃO

+
FILTRO

REGULADOR 
DE PRESSÃO

I

II

❚♦❞♦ ♦ ❛r ❝♦♠♣r✐♠✐❞♦ ✉t✐❧✐③❛❞♦ ♥❡st❡ s✐st❡♠❛ é ♣r♦✈❡♥✐❡♥t❡ ❞❡ ✉♠ ❝♦♠♣r❡ss♦r q✉❡

❞✐s♣♦♥✐❜✐❧✐③❛ ♥í✈❡✐s ❞❡ ♣r❡ssã♦ ❡♥tr❡ ✼ ❜❛r ❡ ✾ ❜❛r✳ ❆ s❛í❞❛ ❞❡st❡ ❝♦♠♣r❡ss♦r é ❝♦♥❡❝t❛❞❛ à

✉♠ ❝♦♥❥✉♥t♦ ❝♦♠♣♦st♦ ♣♦r ✉♠ r❡❣✉❧❛❞♦r ❞❡ ♣r❡ssã♦ ❡ ✉♠ ✜❧tr♦ ❞❡ ❛r ❡ ❞❡ ✉♠✐❞❛❞❡✱ ♣❛r❛

r❡❣✉❧❛r ❛ ♣r❡ssã♦ ❞❛ s❛í❞❛ ❞♦ ❝♦♠♣r❡ss♦r ♣❛r❛ ✻ ❜❛r✳ ❆ s❛í❞❛ ❞❡ss❡ ❝♦♥❥✉♥t♦ é ❝♦♥❡❝t❛❞❛

❛ ✉♠❛ t✉❜✉❧❛çã♦ ❞❡ ❛r ❝♦♠♣r✐♠✐❞♦ q✉❡ ♣r♦♣♦r❝✐♦♥❛ ♦ tr❛♥s♣♦rt❡ ❞♦ ❛r ❛té ♦ ❧♦❝❛❧ ♥♦ q✉❛❧

❡stá ♦ ❛t✉❛❞♦r✳ ❆♥t❡s ❞❛ ❡♥tr❛❞❛ ❞♦ ❛t✉❛❞♦r✱ ❡①✐st❡ ♦✉tr♦ r❡❣✉❧❛❞♦r ❞❡ ♣r❡ssã♦ q✉❡ ❜❛✐①❛

❛ ♣r❡ssã♦ ❞❛ t✉❜✉❧❛çã♦ ❞❡ ❛r ❝♦♠♣r✐♠✐❞♦ ♣❛r❛ ✸ ❜❛r✱ q✉❡ é ❛ ♣r❡ssã♦ ♥❡❝❡ssár✐❛ ♥❛ ❡♥tr❛❞❛

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

◆❛ ❡♥tr❛❞❛ ❞♦ ❛t✉❛❞♦r ❢♦✐ ❝♦❧♦❝❛❞♦ ♠❛✐s ✉♠ ✜❧tr♦ ❞❡ ❛r ♣❛r❛ ❣❛r❛♥t✐r q✉❡ ♥ã♦ ✐rá ❡♥tr❛r

✐♠♣✉r❡③❛s ❡ ✉♠✐❞❛❞❡ ♥♦ s✐st❡♠❛✳ ❆ s❛í❞❛ ❞♦ ✜❧tr♦ é ❝♦♥❡❝t❛❞❛ ❛ ❞♦✐s r❡❣✉❧❛❞♦r❡s ❞❡ ♣r❡ssã♦

♣❛r❛ ❛❞❡q✉❛r ♦ ♥í✈❡❧ ❞❡ ♣r❡ssã♦ ❞✐s♣♦♥✐❜✐❧✐③❛❞♦ ♥♦ ✜❧tr♦ ❞❡ ❡♥tr❛❞❛ ❞♦ ❛t✉❛❞♦r ♣♥❡✉♠át✐❝♦

❛♦ ♥í✈❡❧ ✉t✐❧✐③❛❞♦ ♣❡❧♦ ♣❉❆❱✳ ❯♠ ❞♦s r❡❣✉❧❛❞♦r❡s ❛❥✉st❛ ♦ ♥í✈❡❧ ❞❛ ♣r❡ssã♦ ❞❡ ❡❥❡çã♦ ❞♦

♣❉❆❱ ❡ ♦✉tr♦ ♣❛r❛ ❛❥✉st❛r ♦ ♥í✈❡❧ ❞❛ ♣r❡ssã♦ ❞❡ ❡♥❝❤✐♠❡♥t♦ ❞♦ ♣❉❆❱✳ ❊ss❡s ♥í✈❡✐s ❞❡



❈❛♣ít✉❧♦ ✹✳ ▼♦❞❡❧❛❣❡♠ ❞♦ ❞✐s♣♦s✐t✐✈♦ ❞❡ ❛ss✐stê♥❝✐❛ ✈❡♥tr✐❝✉❧❛r ✸✷

♣r❡ssã♦ ❡stã♦ ❞✐s♣♦♥í✈❡✐s ♥❛s ❞✉❛s ❡♥tr❛❞❛s ❞❛ ✈á❧✈✉❧❛ s♦❧❡♥♦✐❞❡✳

❆ ♣r❡ssã♦ ❞❡ ❡❥❡çã♦ ❡ ❛ ♣r❡ssã♦ ❞❡ ❡♥❝❤✐♠❡♥t♦✱ sã♦ ♠❡❞✐❞❛s ♣❡❧♦ s❡♥s♦r ❞❡ ♣r❡ssã♦

❙❈❳✵✺❉◆❈ ❞❛ ❍♦♥❡②✇❡❧❧❘©✳ ❆s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ss❡ s❡♥s♦r ❡ ♦ ♠♦❞♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦

❡stã♦ ❞❡t❛❧❤❛❞♦s ♥❛ s❡çã♦ ❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s✳

P❛r❛ ❛❧t❡r♥❛r ❡♥tr❡ ♦s ❞♦✐s ♥í✈❡✐s ❞❡ ♣r❡ssã♦ ❞❡ ♦♣❡r❛çã♦✱ ✉t✐❧✐③♦✉✲s❡ ✉♠❛ ✈á❧✈✉❧❛ s♦❧❡✲

♥♦✐❞❡✳ ❊ss❛ ✈á❧✈✉❧❛ ♣♦ss✉✐ ❞✉❛s ❝♦♥❡①õ❡s ♥❛ ❡♥tr❛❞❛ ♣❛r❛ ❛s t✉❜✉❧❛çõ❡s ❞❡ ♣r❡ssã♦ ❝♦♥tr♦✲

❧❛❞❛ ❡ ✉♠❛ ❝♦♥❡①ã♦ ♥❛ s❛í❞❛ q✉❡ é ❛❧t❡r♥❛❞❛ ❡♥tr❡ ❛s ❞✉❛s ❝♦♥❡①õ❡s ❞❛ ❡♥tr❛❞❛✳

❊ss❡ é ✉♠ s♦❧❡♥♦✐❞❡ q✉❡ ♣♦ss✉✐ ❞✉❛s ♣♦s✐çõ❡s✱ ❛❝✐♦♥❛❞♦ ♣♦r t❡♥sã♦✱ ❡ ♦ r❡t♦r♥♦ é r❡❛❧✐③❛❞♦

♣♦r ✉♠❛ ♠♦❧❛✳ ◗✉❛♥❞♦ ♦ s♦❧❡♥♦✐❞❡ ❡stá ❞❡s❡♥❡r❣✐③❛❞♦✱ ❛ s❛í❞❛ é ❝♦♥❡❝t❛❞❛ à ❡♥tr❛❞❛ ✶

❞❛ ✈á❧✈✉❧❛✱ ❡♥q✉❛♥t♦ ❛ ♦✉tr❛ ❝♦♥❡①ã♦ é ❝♦♥❡❝t❛❞❛ à ❡①❛✉stã♦✳ ◆❛ ♣♦s✐çã♦ ❡♥❡r❣✐③❛❞❛✱ ❛

❡♥tr❛❞❛ ✷ ❞❛ ✈á❧✈✉❧❛ é ❝♦♥❡❝t❛❞❛ à s❛í❞❛ ❡♥q✉❛♥t♦ ❛ ♦✉tr❛ s❛í❞❛ é ❝♦♥❡❝t❛❞❛ à ❡①❛✉stã♦✳

❯♠ ❡sq✉❡♠át✐❝♦ ❞❡ss❡ s✐st❡♠❛ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✻✳ ❖ t❡♠♣♦ ♣❛r❛ ❛t✐✈❛r

✭∆t1✮✱ ♦✉ s❡❥❛✱ ❡♥❡r❣✐③❛r ❛ ❜♦❜✐♥❛ ❡ ❝❤❛✈❡❛r ❛ s❛í❞❛ ♣❛r❛ ❛ ❡♥tr❛❞❛ ✷ é ❞❡ ✵✱✵✸✷ s ❡ ♣❛r❛

❞❡s❛t✐✈❛r ✭∆t2✮✱ ♦✉ s❡❥❛✱ ❝❤❛✈❡❛r ❛ s❛í❞❛ ♣❛r❛ ❛ ❡♥tr❛❞❛ ✶ é ❞❡ ✵✱✵✶✵ s✳ ❆ t❡♥sã♦ ❞❡ ♦♣❡r❛çã♦

é ❞❡ ✶✷ ❱✱ ✵✱✺ ❆✱ ♥❡❝❡ss✐t❛♥❞♦ ❞❡ ✻❲ ❞❡ ♣♦tê♥❝✐❛✳

❋✐❣✉r❛ ✹✳✻✿ ❊sq✉❡♠át✐❝♦ ❞❛ ✈á❧✈✉❧❛ s♦❧❡♥♦✐❞❡ ✉t✐❧✐③❛❞❛✳

Mola

Bobina

Entrada 1

Saída

Entrada 2

Núcleo 
de ferro

❆ ✈á❧✈✉❧❛ s♦❧❡♥♦✐❞❡ é ❝♦♥tr♦❧❛❞❛ ♠❡❞✐❛♥t❡ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ✉♠ ♠✐❝r♦❝♦♥tr♦❧❛❞♦r✱ ❛ss✐♠✱

♦ ✉s✉ár✐♦ ❞❡✜♥❡ ♦ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ q✉❡ ❛ s❛í❞❛ ❞❛ ✈á❧✈✉❧❛ ✜❝❛rá ❝♦♥❡❝t❛❞❛ à ❡♥tr❛❞❛

✶ ❡ ♦ ✐♥t❡r✈❛❧♦ q✉❡ ❛ s❛í❞❛ ✜❝❛rá ❝♦♥❡❝t❛❞❛ à ❡♥tr❛❞❛ ✷✳ P❛r❛ ❢❛❝✐❧✐t❛r ❛ ✉t✐❧✐③❛çã♦ ❞❡ss❡

s✐st❡♠❛✱ q✉❡ ❢✉♥❝✐♦♥❛ ❞❡ ❢♦r♠❛ ♣❡r✐ó❞✐❝❛✱ ❡stá ❞✐s♣♦♥í✈❡❧ ♦ ❛❥✉st❡ ❞♦ ♣❡rí♦❞♦ ❡ ❞♦ ✐♥t❡r✈❛❧♦

❞❡ t❡♠♣♦ q✉❡ ❛ s❛í❞❛ ❞❛ ✈á❧✈✉❧❛ ✜❝❛rá ❝♦♥❡❝t❛❞❛ à ❡♥tr❛❞❛ ✷ ✭t❡♠♣♦ ❞❡ ❡❥❡çã♦✮✳

◆❛ ❋✐❣✉r❛ ✹✳✼✱ é ♣♦ssí✈❡❧ ♦❜s❡r✈❛r ❛ ❞✐str✐❜✉✐çã♦ ❞♦ t❡♠♣♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❛ ✈á❧✈✉❧❛



❈❛♣ít✉❧♦ ✹✳ ▼♦❞❡❧❛❣❡♠ ❞♦ ❞✐s♣♦s✐t✐✈♦ ❞❡ ❛ss✐stê♥❝✐❛ ✈❡♥tr✐❝✉❧❛r ✸✸

s♦❧❡♥♦✐❞❡✳ ❖ ♣❡rí♦❞♦ ❞❡ tr❛❜❛❧❤♦ ♣♦❞❡ s❡r ✈❛r✐❛❞♦ ❡ ♦ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ q✉❡ ❛ s❛í❞❛ ❞❛

✈á❧✈✉❧❛ ✜❝❛rá ❝♦♥❡❝t❛❞❛ à ❡♥tr❛❞❛ ✷ t❛♠❜é♠ ♣♦❞❡ s❡r ❛❥✉st❛❞♦✳ ❆ s❛í❞❛ ❞❛ ✈á❧✈✉❧❛ s♦❧❡♥♦✐❞❡

é ❝♦♥❡❝t❛❞❛ ♣♦r ♠❡✐♦ ❞❡ ✉♠ t✉❜♦ ❛♦ ♣❉❆❱✳

❋✐❣✉r❛ ✹✳✼✿ ❋✉♥❝✐♦♥❛♠❡♥t♦ ❞❛ ✈á❧✈✉❧❛ s♦❧❡♥♦✐❞❡ ♥♦ t❡♠♣♦✿ t1 ✲ ✐♥st❛♥t❡ ❞❡ t❡♠♣♦ ♥♦ q✉❛❧
♦ s✐♥❛❧ ❡❧étr✐❝♦ é ❛♣❧✐❝❛❞♦ à ❜♦❜✐♥❛ ❞❛ ✈á❧✈✉❧❛❀ t2 ✲ ✐♥st❛♥t❡ ❞❡ t❡♠♣♦ q✉❡ ❛ ✈á❧✈✉❧❛ ❡stá
❛t✐✈❛❞❛❀ t3 ✲ ✐♥st❛♥t❡ ❞❡ t❡♠♣♦ ♥♦ q✉❛❧ ❛ ❜♦❜✐♥❛ ❞❛ ✈á❧✈✉❧❛ é ❞❡s❡♥❡r❣✐③❛❞❛❀ t4 ✲ ✐♥st❛♥t❡
❞❡ t❡♠♣♦ q✉❡ ❛ ✈á❧✈✉❧❛ ❡stá ❞❡s❛t✐✈❛❞❛❀ t5 ✲ ✐♥st❛♥t❡ ❞❡ t❡♠♣♦ ♥♦ q✉❛❧ ♦ s✐♥❛❧ ❡❧étr✐❝♦ é
❛♣❧✐❝❛❞♦ à ❜♦❜✐♥❛ ❞❛ ✈á❧✈✉❧❛✳

t1 t2 t3 t4
Δt1 Δt2

t5

0 0,032 0,3 0,310 1 Tempo (s)

Tempo de Ejeção

Período

✹✳✷ ▼♦❞❡❧❛❣❡♠ ❞♦ s✐st❡♠❛ ❞❡ ❛t✉❛çã♦ ♣♥❡✉♠át✐❝❛

P❛r❛ ❛ ♠♦❞❡❧❛❣❡♠ ❝♦♠♣❧❡t❛ ❞♦ ♣❉❆❱✱ ✐♥✐❝✐♦✉✲s❡ ❝♦♠ ❛ ♠♦❞❡❧❛❣❡♠ ❞♦ s✐st❡♠❛ ❞❡ ❛t✉❛çã♦

♣♥❡✉♠át✐❝❛ ❞♦ ♣❉❆❱✳ ❊st❡ s✐st❡♠❛ é s✐♠✐❧❛r ❛♦ ❞❡s❝r✐t♦ ♣♦r ❋❡rr❛r✐ ❡t ❛❧✳ ❬✸✵❪✱ ❝♦♠♦ ♣♦❞❡

s❡r ♦❜s❡r✈❛❞♦ ♥♦ ❡sq✉❡♠át✐❝♦ s✐♠♣❧✐✜❝❛❞♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✽✳ ◆❡ss❡ ❡sq✉❡♠át✐❝♦✱

♣♦❞❡♠♦s ♦❜s❡r✈❛r q✉❡ ❛ s❛í❞❛ ❞❛ ✈á❧✈✉❧❛ s♦❧❡♥♦✐❞❡✱ q✉❡ é ❝❤❛✈❡❛❞❛ ❡♥tr❡ ♦s ♥í✈❡✐s ❞❡ ♣r❡ssã♦

❞❛ ❡♥tr❛❞❛ Pej ❡ Pen✱ é ❝♦♥❡❝t❛❞❛ à ❝â♠❛r❛ ❞❡ ❛r ❞♦ ♣❉❆❱ ♣♦r ✉♠ t✉❜♦✳

❋✐❣✉r❛ ✹✳✽✿ ❊sq✉❡♠át✐❝♦ s✐♠♣❧✐✜❝❛❞♦ ❞♦ s✐st❡♠❛ ❞❡ ❛t✉❛çã♦ ♣♥❡✉♠át✐❝❛ ❞♦ ♣❉❆❱✳

Controle 
de tempo Tubo Câmara 

de Ar

Membrana
(interface com a 

câmara de sangue)

Pen

Pej

Pej

Pen

❈♦♠ ❜❛s❡ ♥❡st❛ ❞❡s❝r✐çã♦✱ ❡ ✉t✐❧✐③❛♥❞♦ ❛ ❛♥❛❧♦❣✐❛ ❡♥tr❡ s✐st❡♠❛s ❤✐❞rá✉❧✐❝♦s ❡ s✐st❡♠❛s



❈❛♣ít✉❧♦ ✹✳ ▼♦❞❡❧❛❣❡♠ ❞♦ ❞✐s♣♦s✐t✐✈♦ ❞❡ ❛ss✐stê♥❝✐❛ ✈❡♥tr✐❝✉❧❛r ✸✹

❡❧étr✐❝♦s✱ ♦ ♠♦❞❡❧♦ ✵❉ ❞♦ s✐st❡♠❛ ❞❡ ❛t✉❛çã♦ ♣♥❡✉♠át✐❝❛ ❞♦ ♣❉❆❱ é ♠♦❞❡❧❛❞♦ ❝♦♠♦ ✉♠

❝✐r❝✉✐t♦ ❘❈✱ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✾✱ ♥♦ q✉❛❧✿ ♦ r❡s✐st♦r Rca r❡♣r❡s❡♥t❛ ❛ r❡s✐stê♥❝✐❛ ❞♦

t✉❜♦ q✉❡ ❧✐❣❛ ❛ ✈á❧✈✉❧❛ s♦❧❡♥♦✐❞❡ à ❝â♠❛r❛ ❞❡ ❛r ❞♦ ♣❉❆❱❀ ♦ ❝❛♣❛❝✐t♦r Cca r❡♣r❡s❡♥t❛ ❛

❝♦♠♣❧❛❝ê♥❝✐❛ ❞❛ ❝â♠❛r❛ ❞❡ ❛r❀ ❡ ❛ ♣r❡ssã♦ Pca✱ ❡q✉✐✈❛❧❡♥t❡ ❛ t❡♥sã♦ s♦❜r❡ ♦ ❝❛♣❛❝✐t♦r Cca✱

r❡♣r❡s❡♥t❛ ❛ ♣r❡ssã♦ ♥❛ ❝â♠❛r❛ ❞❡ ❞❡ ❛r ❞♦ ♣❉❆❱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛s ♣r❡ssõ❡s ❞❡ ❡♥tr❛❞❛

Pej ❡ Pen ❬✸✶❪✳

❋✐❣✉r❛ ✹✳✾✿ ▼♦❞❡❧♦ ✵❉ ❞♦ ❛t✉❛❞♦r ♣♥❡✉♠át✐❝♦ ❞♦ ♣❉❆❱✳

Cca

RcaPej

Pen Pca αPca

◆ã♦ ❤á tr♦❝❛ ❞❡ ✢✉✐❞♦ ❛tr❛✈és ❞❛ ♠❡♠❜r❛♥❛✱ ♦✉ s❡❥❛✱ ♦ ✢✉✐❞♦ q✉❡ ❝✐r❝✉❧❛ ♥♦ s✐♠✉❧❛❞♦r

♥ã♦ ❡♥tr❛ ❡♠ ❝♦♥t❛t♦ ❝♦♠ ♦ ❛r ❝♦♠♣r✐♠✐❞♦ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❜♦♠❜❡❛r ♦ ❧íq✉✐❞♦ ♥♦ s✐st❡♠❛✳

❆ss✐♠✱ é ♥❡❝❡ssár✐♦ ✐♥tr♦❞✉③✐r ✉♠❛ ✐♥t❡r❢❛❝❡ ❡♥tr❡ ♦ s✐st❡♠❛ ❞❡ ❛t✉❛çã♦ ♣♥❡✉♠át✐❝♦ ❡ ❛

❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ♣❛r❛ r❡♣r❡s❡♥t❛r ❡ss❡ ✐s♦❧❛♠❡♥t♦✳ ❖ ❡❧❡♠❡♥t♦ ❡❧étr✐❝♦ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❡ss❛

❢✉♥çã♦ é ✉♠❛ ❢♦♥t❡ ❞❡ t❡♥sã♦ ❝♦♥tr♦❧❛❞❛ ♣♦r t❡♥sã♦✱ αPac✱ ♥❛ q✉❛❧ α r❡♣r❡s❡♥t❛ ❛ q✉❡❞❛ ❞❡

♣r❡ssã♦ ♣r♦✈♦❝❛❞❛ ♣❡❧❛ ♠❡♠❜r❛♥❛✱ ❝♦♠♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✾✳ ◆❡st❡ tr❛❜❛❧❤♦✱

❡ss❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ❢♦✐ ❝♦♥s✐❞❡r❛❞❛ ✐♥s✐❣♥✐✜❝❛♥t❡✱ ❛ss✐♠✱ α = 1✳

❆ r❡s✐stê♥❝✐❛ Rca ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ r❡s✐stê♥❝✐❛ ❞♦ t✉❜♦ q✉❡ ❧✐❣❛ ❛

✈á❧✈✉❧❛ s♦❧❡♥♦✐❞❡ à ❝â♠❛r❛ ❞❡ ❛r ❞♦ ♣❉❆❱ ✉t✐❧✐③❛♥❞♦ ❛ ❧❡✐ ❞❡ P♦✐s❡✉✐❧❧❡ ❬✶✼❪✿

Rca =
8ηlca
πr4ca

✭✹✳✶✮

♥❛ q✉❛❧✱ ❛ ✈✐s❝♦s✐❞❛❞❡ ❞♦ ❛r η = 1,72×10−4 ❣✴✭❝♠ s✮✱ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦ t✉❜♦ lca = 300 ❝♠ ❡ ♦

r❛✐♦ ❞♦ t✉❜♦ rca = 0,25 ❝♠✳ ❆ss✐♠✱ ♦ ✈❛❧♦r ❞❛ r❡s✐stê♥❝✐❛ ❞♦ t✉❜♦ é Rca = 33,64 ❣✴✭❝♠ s ♠▲✮✳

❋❛③❡♥❞♦ ❛ ❛♥á❧✐s❡ ❞✐♠❡♥s✐♦♥❛❧ ❡①♣❧✐❝✐t❛❞❛ ♥♦ ❆♣ê♥❞✐❝❡ ❆✱ Rca = 0,25 ♠♠❍❣ s✴♠▲✳

P❛r❛ ❡st✐♠❛r ♦ ✈❛❧♦r ❞♦s ♣❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦✱ ❢♦✐ ♥❡❝❡ssár✐♦ r❡❛❧✐③❛r ❡①♣❡r✐♠❡♥t♦s ❝♦♠

♦ ♣❉❆❱ ♣❛r❛ ♦❜t❡r ♦s ❞❛❞♦s ♥❡❝❡ssár✐♦s ♣❛r❛ ❛ ❡st✐♠❛çã♦✳ ◆♦ ❝❛♣ít✉❧♦ ✺✱ s❡rá ❞❡t❛❧❤❛❞♦

❝♦♠♦ sã♦ r❡❛❧✐③❛❞♦s ♦s t❡st❡s ❝♦♠ ❡ss❡ ❞✐s♣♦s✐t✐✈♦ ❡ q✉❛❧ ❛ ✐♥str✉♠❡♥t❛çã♦ ✉t✐❧✐③❛❞❛✳



❈❛♣ít✉❧♦ ✹✳ ▼♦❞❡❧❛❣❡♠ ❞♦ ❞✐s♣♦s✐t✐✈♦ ❞❡ ❛ss✐stê♥❝✐❛ ✈❡♥tr✐❝✉❧❛r ✸✺

✹✳✸ ▼♦❞❡❧❛❣❡♠ ❞♦ ♣❉❆❱

P❛r❛ ❛ ♠♦❞❡❧❛❣❡♠ ❞♦ ♣❉❆❱✱ s❡❣✉✐✉✲s❡ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❛❞♦t❛❞❛ ♣♦r ❍✉♥s❜❡r❣❡r ❬✷✶❪✱ q✉❡

❞❡s❡♥✈♦❧✈❡✉ ✉♠ ♠♦❞❡❧♦ ✵❉ ♣❛r❛ ♦ ❉❆❱ ❚❤♦r❛t❡❝❘© P❱❆❉✱ q✉❡ t❛♠❜é♠ é ✉♠ ❉❆❱ ❞♦ t✐♣♦

♣✉❧sát✐❧✱ ♣♦ré♠ ✉t✐❧✐③❛❞♦ ♣❛r❛ ♣❛❝✐❡♥t❡s ❛❞✉❧t♦s✳

❋♦✐ r❡❛❧✐③❛❞♦ ✉♠ ❡st✉❞♦ ❝♦♠ ♦ ❞✐s♣♦s✐t✐✈♦ ✐s♦❧❛❞♦ ✭t❡st❡ ❡stát✐❝♦✮ ♣❛r❛ ♦❜t❡r ❛ r❡❧❛çã♦

❡♥tr❡ ❛ ♣r❡ssã♦ ❡ ♦ ✈♦❧✉♠❡ ♥♦ ✐♥t❡r✐♦r ❞❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡✱ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❞❡t❡r♠✐♥❛r ❛

❝♦♠♣❧❛❝ê♥❝✐❛ ❞❡ss❛ ❝â♠❛r❛ ✭Ccs✮✳ ❉❡t❛❧❤❡s ❞♦ t❡st❡ ❡stát✐❝♦ ❡ t❡st❡s ❞✐♥â♠✐❝♦s ♣❛r❛ ❡st✐♠❛r

♦ ✈❛❧♦r ❞❡ss❛ ❝♦♠♣❧❛❝ê♥❝✐❛ s❡rã♦ ❛♣r❡s❡♥t❛❞♦s ♥♦ ♣ró①✐♠♦ ❝❛♣ít✉❧♦✳

❈♦♠♦ ♦ ♣❉❆❱ ♣♦ss✉✐ ❞✉❛s ✈á❧✈✉❧❛s✱ ✉♠❛ ♥❛ ❡♥tr❛❞❛ ❡ ♦✉tr❛ ♥❛ s❛í❞❛ ❞❛ ❝â♠❛r❛ ❞❡

s❛♥❣✉❡✱ ✉t✐❧✐③♦✉✲s❡ ❛ ❛♥❛❧♦❣✐❛ ❡♥tr❡ ❝✐r❝✉✐t♦s ❡❧étr✐❝♦s ❡ s✐st❡♠❛s ❤✐❞rá✉❧✐❝♦s✱ q✉❡ ❢♦✐ ❡①❡♠✲

♣❧✐✜❝❛❞❛ ♥♦ ❝❛♣ít✉❧♦ ✸✱ ♣❛r❛ ♠♦❞❡❧❛r ❛s ✈á❧✈✉❧❛s ❡ ❛s ❝â♥✉❧❛s ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛ q✉❡ sã♦

❛❝♦♣❧❛❞❛s ❛♦ ♣❉❆❱✳ ❆ ❋✐❣✉r❛ ✹✳✶✵ ❛♣r❡s❡♥t❛ ♦ ♠♦❞❡❧♦ ✵❉ ❞♦ ♣❉❆❱✱ ❝â♥✉❧❛s ❡ ❛t✉❛❞♦r

♣♥❡✉♠át✐❝♦✳

❋✐❣✉r❛ ✹✳✶✵✿ ✭❛✮ ▼♦❞❡❧♦ ✵❉✱ ✭❜✮ ❡sq✉❡♠át✐❝♦ s✐♠♣❧✐✜❝❛❞♦ ❞♦ ♣❉❆❱✱ ❝â♥✉❧❛s ❡ ❛t✉❛❞♦r
♣♥❡✉♠át✐❝♦✳

Qi Qo

Ri Di RoLi LoPbc PaoPae
Do

Ccs

Cca

RcaPej

Pen Pca

pDAV (a)

+ αPca

Cânula de entrada

Tubo

Atuador 
pneumático

Tubo

Membrana

Câmara de Sangue

Câmara de ar

(b)
Qi Qo

Atuador 
pneumático

Válvula 
de saída

Válvula de 
entrada

Cânula de saída

Cânula de entrada Cânula de saída

Rcs

◆❛ ❋✐❣✉r❛ ✹✳✶✵ ✭❛✮✱ ♦ ✐♥❞✉t♦r Li ❡ ♦ r❡s✐st♦r Ri r❡♣r❡s❡♥t❛♠ ❛ ❝â♥✉❧❛ ❞❡ ❡♥tr❛❞❛ ❞♦

❞✐s♣♦s✐t✐✈♦ ❡ ♦ ❞✐♦❞♦ Di r❡♣r❡s❡♥t❛ ❛ ✈á❧✈✉❧❛ ❞❡ ❡♥tr❛❞❛ ♥❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡✳ ❖ ✐♥❞✉t♦r



❈❛♣ít✉❧♦ ✹✳ ▼♦❞❡❧❛❣❡♠ ❞♦ ❞✐s♣♦s✐t✐✈♦ ❞❡ ❛ss✐stê♥❝✐❛ ✈❡♥tr✐❝✉❧❛r ✸✻

Lo ❡ ♦ r❡s✐st♦r Ro r❡♣r❡s❡♥t❛♠ ❛ ❝â♥✉❧❛ ❞❡ s❛í❞❛ ❞♦ ❞✐s♣♦s✐t✐✈♦ ❡ ♦ ❞✐♦❞♦ Do r❡♣r❡s❡♥t❛ ❛

✈á❧✈✉❧❛ ❞❡ s❛í❞❛ ❞❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❬✸✶❪✳

✹✳✹ ❈♦♥s✐❞❡r❛çõ❡s ✜♥❛✐s

❯t✐❧✐③❛♥❞♦ ❛ ♠♦❞❡❧❛❣❡♠ ❲✐♥❞❦❡ss❡❧ ❡ ❛ ❛♥❛❧♦❣✐❛ ❡♥tr❡ ♦s s✐st❡♠❛s ❤✐❞rá✉❧✐❝♦s ❡ ❝✐r❝✉✐t♦s

❡❧étr✐❝♦s✱ ❢♦✐ ♣♦ssí✈❡❧ ♦❜t❡r ✉♠ ♠♦❞❡❧♦ ♣❛r❛ ♦ ♣❉❆❱ ❡ ♣❛r❛ ♦ s✐st❡♠❛ ❞❡ ❛t✉❛çã♦ ♣♥❡✉♠át✐❝❛✳

P❛r❛ q✉❡ s❡❥❛ ♣♦ssí✈❡❧ ❡st✐♠❛r ♦s ♣❛râ♠❡tr♦s ❡ ✈❛❧✐❞❛r ❡ss❡ ♠♦❞❡❧♦✱ ❢♦✐ ✉t✐❧✐③❛❞♦ ✉♠ s✐st❡♠❛

❤✐❞rá✉❧✐❝♦ ❝❡❞✐❞♦ ❛tr❛✈és ❞❡ ♣❛r❝❡r✐❛ ❝♦♠ ♦ ■♥❈♦r ❡ q✉❡ ♣r♦♣♦r❝✐♦♥❛ ♥í✈❡✐s ❞❡ ♣r❡ssõ❡s ♥❛

❡♥tr❛❞❛ ❡ ♥❛ s❛í❞❛ ❞♦ ♣❉❆❱ ♣ró①✐♠♦s ❛♦s ♥í✈❡✐s ❞❡ ♣r❡ssã♦ ❞❡ ✉♠ ♣❛❝✐❡♥t❡ ♣❡❞✐átr✐❝♦✳

❆ss✐♠✱ ♥♦ ❝❛♣ít✉❧♦ ✺✱ s❡rã♦ ❛♣r❡s❡♥t❛❞♦s ❛❧❣✉♥s ❙❍s ❞✐s♣♦♥í✈❡✐s ♥❛ ❧✐t❡r❛t✉r❛ ❜❡♠ ❝♦♠♦

♦ ❙❍ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❡❧♦ ■♥❈♦r q✉❡ ❢♦✐ ✉t✐❧✐③❛❞♦ ♣❛r❛ ✈❛❧✐❞❛r ♦ ♠♦❞❡❧♦ ♣r♦♣♦st♦✳ ❚❛♠❜é♠

s❡rá ❛♣r❡s❡♥t❛❞♦ ✉♠ ♠♦❞❡❧♦ ✵❉ ❛♥á❧♦❣♦ ❛♦ ❙❍ q✉❡ s❡rá ❛❝♦♣❧❛❞♦ ❛♦ ♠♦❞❡❧♦ ❞♦ ♣❉❆❱ ❡ ❞♦

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



❈❛♣ít✉❧♦ ✺

❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦

◆❡st❡ ❝❛♣ít✉❧♦ s❡rã♦ ❛♣r❡s❡♥t❛❞♦s ❛❧❣✉♥s s✐♠✉❧❛❞♦r❡s ❤✐❞rá✉❧✐❝♦s ❞♦ ❙❈❍ ❞✐s♣♦♥í✈❡✐s ♥❛

❧✐t❡r❛t✉r❛✳ ❚❛♠❜é♠ s❡rá ❛♣r❡s❡♥t❛❞♦ ♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ♣r❡✈✐❛♠❡♥t❡ ❞❡s❡♥✈♦❧✈✐❞♦ ♣♦r

❚♦rr❡s ❡ ❈❡st❛r✐ ❬✽❪ ❡ q✉❡ é ✉t✐❧✐③❛❞♦ ♣❛r❛ t❡st❛r ❞✐s♣♦s✐t✐✈♦s ❞❡ ❛ss✐stê♥❝✐❛ ✈❡♥tr✐❝✉❧❛r✳ ❯♠

♠♦❞❡❧♦ ✵❉ ♣❛r❛ ♦ ❙❍ ❝♦♠ ♦ ♣❉❆❱ ❛❝♦♣❧❛❞♦ t❛♠❜é♠ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ❡ ❡stá ❞✐s♣♦♥í✈❡❧

♥❡st❡ ❝❛♣ít✉❧♦✳ ❖ ♠♦❞❡❧♦ ❞♦ ♣❉❆❱ ❛♣r❡s❡♥t❛❞♦ ♥♦ ❝❛♣ít✉❧♦ ✹✱ s❡rá ✈❛❧✐❞❛❞♦ ❝♦♠ ✉t✐❧✐③❛çã♦

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

❝❛r❞✐♦✈❛s❝✉❧❛r ♣❡❞✐átr✐❝♦ ❬✸✷✱ ✸✸❪✱ ♣❛r❛ ❛✈❛❧✐❛r ❛ ✐♥t❡r❛çã♦ ❞♦ ❉❆❱ ❝♦♠ ♦ ❙❈❍✳

✺✳✶ ❙✐♠✉❧❛❞♦r❡s ❤✐❞rá✉❧✐❝♦s ❞♦ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r

❖s s✐st❡♠❛s ❤✐❞rá✉❧✐❝♦s q✉❡ sã♦ ✉t✐❧✐③❛❞♦s ♣❛r❛ t❡st❛r ♦s ❉❆❱s t❡♥t❛♠ r❡♣r♦❞✉③✐r ❝♦♥❞✐çõ❡s

❞❡ ♣r❡ssõ❡s q✉❡ ♦s ❉❆❱s s❡rã♦ s✉❜♠❡t✐❞♦s q✉❛♥❞♦ ✐♠♣❧❛♥t❛❞♦s ❡♠ ✉♠ ♣❛❝✐❡♥t❡✳ ❊♠❜♦r❛

❡ss❡s s✐st❡♠❛s ♥ã♦ ♣♦ss❛♠ s✉❜st✐t✉✐r ♦s t❡st❡s ❝♦♠ ❛♥✐♠❛✐s ❡ ❡♥s❛✐♦s ❝❧í♥✐❝♦s✱ ❡❧❡s sã♦ ✉♠

♣❛ss♦ ❡ss❡♥❝✐❛❧ ❡ ✐♠♣♦rt❛♥t❡ ♥♦ ♣r♦❥❡t♦ ❡ ✈❛❧✐❞❛çã♦ ❞♦s ❉❆❱s ❬✻❪✳

❊ss❡s s✐st❡♠❛s ❞❡✈❡♠ s❡r ❝❛♣❛③❡s ❞❡ r❡♣r♦❞✉③✐r ❞✐✈❡rs❛s s✐t✉❛çõ❡s ✜s✐♦❧ó❣✐❝❛s ♥♦r♠❛✐s ❡

❞❡ ✐♥s✉✜❝✐ê♥❝✐❛ ❝❛r❞í❛❝❛✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦s ♣❛râ♠❡tr♦s ❛❥✉st❛❞♦s ♣❡❧♦ ♦♣❡r❛❞♦r✳ P❛r❛ t❛♥t♦✱

❞❡✈❡♠ ♣♦ss✉✐r r❡s✐stê♥❝✐❛s ✭♣r❡s❡♥t❡s ♥♦s t✉❜♦s✮ ❡ ❝♦♠♣❧❛❝ê♥❝✐❛s ✭❞❡♣❡♥❞❡♠ ❞♦ ✈♦❧✉♠❡ ❞❡

❛r ❞♦s r❡s❡r✈❛tór✐♦s✮ q✉❡ ♣♦ss❛♠ s❡r ❛❥✉st❛❞❛s ❡ ♠❡❞✐❞❛s ♣❛r❛ ❛ ❝♦rr❡t❛ ❝♦♥✜❣✉r❛çã♦ ❞♦

♣♦♥t♦ ❞❡ ♦♣❡r❛çã♦❀ ❞❡✈❡♠ ♣♦ss✉✐r ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ s✐♠✉❧❛r ♦ ✉s♦ ❞❡ ❉❆❱s❀ ❞❡✈❡♠ s❡r

❞❡ ❢á❝✐❧ ♦♣❡r❛çã♦ ❡❀ ❞❡✈❡♠ s❡r ❝♦♥str✉í❞♦s ❛ ♣❛rt✐r ❞❡ ✉♠ ♠♦❞❡❧♦ ❛♥❛❧ít✐❝♦ q✉❡ ♣♦ss❛ s❡r



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✸✽

❞❡s❡♥✈♦❧✈✐❞♦ ♣❛r❛ ❛ss❡❣✉r❛r ❛ ❝♦♥✜❛♥ç❛ ❞♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❬✸✹✱ ✸✺❪✳

❖s ♣r✐♠❡✐r♦s s✐st❡♠❛s ❢♦r❛♠ ❝♦♥str✉í❞♦s ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ s✐♠✉❧❛r ♦ ❙❈❍ ❡ t❡st❛r

♣rót❡s❡s ❞❡ ✈á❧✈✉❧❛s ❝❛r❞í❛❝❛s✳ ❊❧❡s ❡r❛♠ ❜❛s✐❝❛♠❡♥t❡ ❞✉♣❧✐❝❛❞♦r❡s ❞❡ ♣✉❧s♦✱ ❛❝✐♦♥❛❞♦s ♣♦r

♠♦t♦r❡s ❞❡ ♣❛ss♦ ❡ ❛t✉❛❞♦r❡s ❧✐♥❡❛r❡s ❬✻❪✳ ❆♣ós ❡ss❡s ♣r✐♠❡✐r♦s s✐st❡♠❛s✱ ❝♦♠❡ç❛r❛♠ ❛ s❡r

❞❡s❡♥✈♦❧✈✐❞♦s s✐st❡♠❛s ♣❛r❛ ❛✈❛❧✐❛r ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❡ ❉❆❱s ❬✸✹❪✳

❯♠ ❞♦s ♣r✐♠❡✐r♦s ♣r♦tót✐♣♦s ✉t✐❧✐③❛❞♦s ♣❛r❛ t❡st❛r ❉❆❱s ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ♥❛ ❯♥✐✈❡rs✐✲

❞❛❞❡ ❞❛ P❡♥♥s②❧✈❛♥✐❛ ❡♠ ✶✾✽✶ ♣♦r ❘♦s❡♥❜❡r❣ ❡t✳ ❛❧ ❬✸✺❪✳ ❊ss❡ s✐st❡♠❛ s✐♠✉❧❛✈❛ t❛♥t♦ ❛

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

❝♦r❛çã♦ ❢♦ss❡♠ r❡♣r❡s❡♥t❛❞♦s✳

❲✐❧❧✐❛♠s ❡t ❛❧✳ ❬✺❪ ❡♠ ✶✾✾✹✱ ❞❡s❡♥✈♦❧✈❡r❛♠ ✉♠ s✐♠✉❧❛❞♦r ❤✐❞rá✉❧✐❝♦ ❝♦♠ ♦ ✐♥t✉✐t♦ ❞❡

❛♥❛❧✐s❛r ♦ ❡♠♣r❡❣♦ ❞❡ ❉❆❱s ❛❝♦♣❧❛❞♦s ❛♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦✳ ❊ss❡ s✐♠✉❧❛❞♦r ❢♦✐ ❝♦♥str✉í❞♦

❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ r❡♣r♦❞✉③✐r ❛s r❡❧❛çõ❡s ❞❡ ♣r❡ssã♦ ❡ ✈♦❧✉♠❡ ❞♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦ ❞❡ ✉♠

♣❛❝✐❡♥t❡ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ♠♦❞❡❧♦ ❞❛ ❡❧❛stâ♥❝✐❛ ✈❛r✐á✈❡❧ ♥♦ t❡♠♣♦ ❞❡s❝r✐t♦ ♣♦r ❙❛❣❛✇❛ ❡t

❛❧✳ ❬✶✶❪✳ ❊ss❡ s✐♠✉❧❛❞♦r é ❝♦♠♣♦st♦ ♣♦r ✉♠❛ ❜♦♠❜❛ ❞❡ ♣✐stã♦ q✉❡ r❡♣r❡s❡♥t❛ ♦ ✈❡♥trí❝✉❧♦

❡sq✉❡r❞♦✱ ❞✉❛s ✈á❧✈✉❧❛s tr✐❝ús♣✐❞❡s✱ ✉♠❛ ♥❛ ❡♥tr❛❞❛ ❡ ✉♠❛ ♥❛ s❛í❞❛ ❞❛ ❜♦♠❜❛ ❡ ❛ ❝❛r❣❛

❤❡♠♦❞✐♥â♠✐❝❛✳ ❊ss❡ s✐♠✉❧❛❞♦r ❢♦✐ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❞❡s❡♥✈♦❧✈❡r ♥♦✈♦s ❛❧❣♦r✐t♠♦s ❞❡ ❝♦♥tr♦❧❡

❛✉t♦♠át✐❝♦ ♣❛r❛ ❉❆❱s✱ ❡st✉❞❛r ❛ ✐♥t❡r❛çã♦ ❤❡♠♦❞✐♥â♠✐❝❛ ❝♦♠ ❉❆❱s ❡①✐st❡♥t❡s ❡ ❡st✉❞❛r

♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ♣rót❡s❡s ✈❛❧✈✉❧❛r❡s ❝❛r❞í❛❝❛s ❡♠ ❝♦♥❞✐çõ❡s ♣ró①✐♠❛s ❛s r❡❛✐s ✭❋✐❣✉r❛

✺✳✶✮✳

❋✐❣✉r❛ ✺✳✶✿ ❊sq✉❡♠át✐❝♦ ❞♦ s✐♠✉❧❛❞♦r ♣r♦♣♦st♦ ♣♦r ❲✐❧❧✐❛♠s ❡t ❛❧✳ ❬✺❪✳

P❛♥t❛❧♦s ❡t ❛❧✳ ❬✻✱ ✸✻✱ ✸✼❪ ❝♦♥str✉ír❛♠ ✉♠ s✐♠✉❧❛❞♦r ❞♦ ❙❈❍ ♣❛r❛ t❡st❛r ❉❆❱s ❡♠ ✷✵✵✷✳

❊ss❡ s✐♠✉❧❛❞♦r ❝♦♥s✐st❡ ❞❡ ✉♠ átr✐♦✱ ✉♠ ✈❡♥trí❝✉❧♦✱ ❝✐r❝✉❧❛çã♦ s✐stê♠✐❝❛ ❡ ❝♦r♦♥ár✐❛ ✭❋✐❣✉r❛

✺✳✷✮✳ ❖ ♦❜❥❡t✐✈♦ ❞❡ss❡ tr❛❜❛❧❤♦ ❢♦✐ ❛✈❛❧✐❛r ❛ ❝❛♣❛❝✐❞❛❞❡ q✉❡ ♦ s✐♠✉❧❛❞♦r ❞♦ ✈❡♥trí❝✉❧♦ t❡♠



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✸✾

♣❛r❛ r❡♣r♦❞✉③✐r ❛ r❡s♣♦st❛ ❞❡ ❋r❛♥❦✲❙t❛r❧✐♥❣ ♣❛r❛ ♣❛❝✐❡♥t❡s ❡♠ ❝♦♥❞✐çã♦ ♥♦r♠❛❧✱ ❝♦♠ ✐♥s✉✲

✜❝✐ê♥❝✐❛ ❝❛r❞í❛❝❛ ❡ r❡❝✉♣❡r❛çã♦ ❝❛r❞í❛❝❛✳ ❊❧❡ ❝♦♥❝❧✉✐ q✉❡ ♦ s✐♠✉❧❛❞♦r ❝♦♥s❡❣✉❡ r❡♣r♦❞✉③✐r

❛s ❝✉r✈❛s ❞❡ Pr❡ssã♦✲❱♦❧✉♠❡ ✭P❱✲❧♦♦♣s✮ ✈❡♥tr✐❝✉❧❛r❡s ♣❛r❛ ❛s três ❝♦♥❞✐çõ❡s ♣r♦♣♦st❛s ❡

❝♦♠♣❛r❛ ❡ss❛s ❝✉r✈❛s ❝♦♠ ❞❛❞♦s ❞❛ ✜s✐♦❧♦❣✐❛ ❤✉♠❛♥❛✱ ♣♦ré♠ é ♣♦ssí✈❡❧ ♦❜s❡r✈❛r ♥♦s r❡✲

s✉❧t❛❞♦s ❞❡st❡ tr❛❜❛❧❤♦✱ q✉❡ ❛ ❝✉r✈❛ ❞❡ ♣r❡ssã♦ ♥♦ ✈❡♥trí❝✉❧♦ ♥ã♦ r❡♣r❡s❡♥t❛ ✜❡❧♠❡♥t❡ ♦

❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦ ❞❡ ✉♠ ♣❛❝✐❡♥t❡✳

❋✐❣✉r❛ ✺✳✷✿ ❊sq✉❡♠át✐❝♦ ❞♦ s✐♠✉❧❛❞♦r ♣r♦♣♦st♦ ♣♦r P❛♥t❛❧♦s ❡t ❛❧✳ ❬✻❪✳

❯♠ ♦✉tr♦ s✐♠✉❧❛❞♦r ❞♦ ❙❈❍ ✉t✐❧✐③❛❞♦ ♣❛r❛ t❡st❡ ❞❡ ❞✐s♣♦s✐t✐✈♦s ❞❡ ❛ss✐stê♥❝✐❛ ✈❡♥tr✐✲

❝✉❧❛r✱ ♣r❡s❡♥t❡ ♥❛ ❧✐t❡r❛t✉r❛✱ ❢♦✐ ♣r♦♣♦st♦ ♣♦r ▲✐✉ ❡t ❛❧✳ ❡♠ ✷✵✵✺ ❬✼❪✳ ❊ss❡ s✐♠✉❧❛❞♦r é

❝♦♠♣♦st♦ ♣♦r✿ ✉♠ s✐♠✉❧❛❞♦r ♣✉❧sát✐❧ ❞♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦ ❡ ✉♠ ❞♦ ❞✐r❡✐t♦❀ t❛♥q✉❡s ❞❡ ❛r

❡ á❣✉❛ ♣❛r❛ ♠♦❞❡❧❛r ❛ ❝♦♠♣❧❛❝ê♥❝✐❛ ✈❡♥♦s❛ ❡ ❛rt❡r✐❛❧❀ t✉❜♦s ♣❛r❛ ♠♦❞❡❧❛r ❛s r❡s✐stê♥❝✐❛s

✈❡♥♦s❛✱ ❛rt❡r✐❛❧✱ ❡ ♦✉tr❛s r❡s✐stê♥❝✐❛s ❛♦ ❡s❝♦❛♠❡♥t♦ ♥♦ s✐st❡♠❛❀ ❡ ✉♠❛ r❡s✐stê♥❝✐❛ ♠❡❝â♥✐❝❛

♣❛r❛ ♠♦❞❡❧❛r ❛ ✈❛r✐❛çã♦ ♥❛s r❡s✐stê♥❝✐❛ s✐stê♠✐❝❛ ❞♦ s✐st❡♠❛ s♦❜ ❞✐❢❡r❡♥t❡s ❝♦♥❞✐çõ❡s ❝❛r✲

❞í❛❝❛s ❞❡ ♣r❡ssã♦ ❡ ✢✉①♦ ❬✼❪✳ ❖ ❡sq✉❡♠át✐❝♦ ❞❛ ♠♦♥t❛❣❡♠ ❞❡s❝r✐t❛ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥❛

❋✐❣✉r❛ ✺✳✸✳ ❖s ♥ú♠❡r♦s ❞❡♥tr♦ ❞❡ ✉♠ ❝ír❝✉❧♦ r❡♣r❡s❡♥t❛♠ ♣♦♥t♦s ❞❡ ♠❡❞✐çã♦ ❞❡ ♣r❡ssã♦ ❡

♦s ♥ú♠❡r♦s ❞❡♥tr♦ ❞❡ ✉♠ q✉❛❞r❛❞♦ r❡♣r❡s❡♥t❛♠ ♣♦♥t♦s ❞❡ ♠❡❞✐çã♦ ❞❡ ✢✉①♦✳

◆♦ s✐♠✉❧❛❞♦r ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✸✱ ♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦ ♣♦ss✉✐ ❛❝✐♦♥❛♠❡♥t♦ ♣♥❡✉✲

♠át✐❝♦✳ ❈♦♠ ✐ss♦✱ ❛ ♣r❡ssã♦ ❞❡ ❡❥❡çã♦ ❡ ❞❡ ❡♥❝❤✐♠❡♥t♦ ❞♦ ✈❡♥trí❝✉❧♦ é ❞❡✜♥✐❞❛ ♣♦r ✉♠

♠ó❞✉❧♦ ❞❡ ❛❝✐♦♥❛♠❡♥t♦ ♣♥❡✉♠át✐❝♦ q✉❡ s✐♠✉❧❛ ❛ ♣✉❧s❛çã♦ ❞♦ ✈❡♥trí❝✉❧♦✳ ◆❛ ❡♥tr❛❞❛ ❡ ♥❛

s❛í❞❛ ❞❡ss❛ ♣❛rt❡ ❞♦ s✐♠✉❧❛❞♦r ❡①✐st❡♠ ✈á❧✈✉❧❛s ✉♥✐❞✐r❡❝✐♦♥❛✐s q✉❡ r❡♣r❡s❡♥t❛♠ ❛ ✈á❧✈✉❧❛

♠✐tr❛❧ ❡ ❛ ✈á❧✈✉❧❛ ❛órt✐❝❛✳



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✹✵

❋✐❣✉r❛ ✺✳✸✿ ❊sq✉❡♠át✐❝♦ ❞♦ s✐♠✉❧❛❞♦r ♣r♦♣♦st♦ ♣♦r ▲✐✉ ❡t ❛❧✳ ❬✼❪✳

P❛r❛ t❡st❛r ♦ s✐♠✉❧❛❞♦r ❢♦r❛♠ r❡❛❧✐③❛❞❛s ✈ár✐❛s ♠❡❞✐çõ❡s s❡♠ ❛ ✉t✐❧✐③❛çã♦ ❞♦ ❉❆❱ ❝♦♠ ♦

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

r❡♣♦✉s♦ ❡ ❡♠ ❛t✐✈✐❞❛❞❡ ❢ís✐❝❛✱ ❝♦♠♦ t❛♠❜é♠ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❡st❛❞♦s ♣❛t♦❧ó❣✐❝♦s✳ ❖s ❞❛❞♦s

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

✈❛❧✐❞❛r ♦ ❞❡s❡♠♣❡♥❤♦ ❞♦ s✐♠✉❧❛❞♦r ❬✼❪✱ ♣♦ré♠✱ ❝♦♠♦ ♥♦s ❞❡♠❛✐s s✐♠✉❧❛❞♦r❡s ❛♣r❡s❡♥t❛❞♦s✱

♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ♣r❡ssã♦ ♥♦ ✈❡♥trí❝✉❧♦ ❡sq✉❡r❞♦ ♥ã♦ r❡♣r❡s❡♥t❛ ✜❡❧♠❡♥t❡ ❛ ♣r❡ssã♦ ❡♠

✉♠ ♣❛❝✐❡♥t❡✳

✺✳✷ ❊str✉t✉r❛ ❞♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦

❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ❞❡s❡♥✈♦❧✈✐❞♦ t❡♠ ❝♦♠♦ ✜♥❛❧✐❞❛❞❡ ♣r♦♣♦r❝✐♦♥❛r ♥í✈❡✐s ❞❡ ♣r❡ssõ❡s ♥❛

❡♥tr❛❞❛ ❡ ♥❛ s❛í❞❛ ❞♦ ❉❆❱ ♣ró①✐♠♦s ❛♦s ♥í✈❡✐s ❞❡ ♣r❡ssã♦ ❞❡ ✉♠ ♣❛❝✐❡♥t❡ ♣❡❞✐átr✐❝♦✳ ❊ss❡

s✐st❡♠❛ é ❝♦♠♣♦st♦ ❜❛s✐❝❛♠❡♥t❡ ♣♦r ❞♦✐s r❡s❡r✈❛tór✐♦s✱ ♦ ♣❉❆❱✱ r❡s♣♦♥sá✈❡❧ ♣♦r ❜♦♠❜❡❛r ♦

✢✉✐❞♦ ♥♦ s✐st❡♠❛✱ ❡ t✉❜♦s ♣❛r❛ ❛ ✐♥t❡r❧✐❣❛çã♦ ❞❡st❡s ❝♦♠♣♦♥❡♥t❡s✳ ❖ ✢✉✐❞♦ ✉t✐❧✐③❛❞♦ ♥❡ss❡

s✐st❡♠❛ é ✉♠❛ s♦❧✉çã♦ ❝♦♠♣♦st❛ ♣♦r ✷✴✸ ❞❡ s♦r♦ ✜s✐♦❧ó❣✐❝♦ ❡ ✶✴✸ ❞❡ ❣❧✐❝❡r✐♥❛✱ ❡ ♣♦ss✉✐ ❛

✈✐s❝♦s✐❞❛❞❡ s✐♠✐❧❛r ❛ ✈✐s❝♦s✐❞❛❞❡ ❞♦ s❛♥❣✉❡✳ P❛r❛ ❡✈✐t❛r ❛ ♣r♦❧✐❢❡r❛çã♦ ❞❡ ❜❛❝tér✐❛s ❡ ❢✉♥❣♦s✱



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✹✶

❢♦✐ ❛❞✐❝✐♦♥❛❞♦ à s♦❧✉çã♦ ✶✪ ❞❡ á❧❝♦♦❧ ❜❡♥③í❧✐❝♦✳ ❆ ♠♦♥t❛❣❡♠ ❢♦✐ r❡❛❧✐③❛❞❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦

❡sq✉❡♠át✐❝♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✹✳ ❊ss❡ s✐st❡♠❛ é s✐♠✐❧❛r ❛♦s s✐♠✉❧❛❞♦r❡s ❛♣r❡s❡♥t❛❞♦s

♥♦ ✐♥í❝✐♦ ❞❡st❡ ❝❛♣ít✉❧♦ ❝♦♠ r❡❧❛çã♦ ❛♦s ♥í✈❡✐s ❞❡ ♣r❡ssõ❡s q✉❡ ❡❧❡ ❝♦♥s❡❣✉❡ r❡♣r♦❞✉③✐r✱ q✉❡

❡stã♦ ♣ró①✐♠♦s ❛♦s ♥í✈❡✐s ♠❡❞✐❞♦s ❡♠ ✉♠ ♣❛❝✐❡♥t❡✳ ❆ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❡st❡s s✐♠✉❧❛❞♦r❡s ❡stá

♥♦ ❢❛t♦ ❞❡ q✉❡ ♦ s✐st❡♠❛ ♣r♦♣♦st♦ ♥❡st❡ tr❛❜❛❧❤♦ t❡♠ ❝♦♠♦ ♦❜❥❡t✐✈♦ t❡st❛r ♦s ❉❆❱s ❡ ♥ã♦

r❡♣r❡s❡♥t❛r ✉♠ ♣❛❝✐❡♥t❡✳

❋✐❣✉r❛ ✺✳✹✿ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✉t✐❧✐③❛❞♦ ♣❛r❛ t❡st❛r ❡ ♠♦❞❡❧❛r
❞✐s♣♦s✐t✐✈♦ ❞❡ ❛ss✐stê♥❝✐❛ ✈❡♥tr✐❝✉❧❛r✳

pDAV

Reservatório
1

Reservatório
2

Atuador
Pneumático

Condicionamento 
de sinais

- Resistência
  Mecânica

- Sensor de
  Pressão

- Sensor de
  Fluxo

LEGENDA

- Leitura de
  Pressão

- Leitura de
  Fluxo

- Sinal para
  atuador
  pneumático

- Direção do
  fluxo no
  sistema

- Válvula de
   Entrada

- Válvula de
   Saída

❖ r❡s❡r✈❛tór✐♦ ✶✱ ❝♦♥❡❝t❛❞♦ à s❛í❞❛ ❞♦ ♣❉❆❱✱ r❡♣r♦❞✉③ ♥í✈❡✐s ❞❡ ♣r❡ssã♦ ♣ró①✐♠♦s



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✹✷

❛♦s ♥í✈❡✐s ❞❡ ♣r❡ssã♦ ♥❛ ❛♦rt❛ ❞❡ ✉♠ ♣❛❝✐❡♥t❡ ♣❡❞✐átr✐❝♦✳ ❖ r❡s❡r✈❛tór✐♦ ✷✱ ❝♦♥❡❝t❛❞♦ à

❡♥tr❛❞❛ ❞♦ ♣❉❆❱✱ r❡♣r♦❞✉③ ♥í✈❡✐s ❞❡ ♣r❡ssã♦ ♣ró①✐♠♦s ❛♦s ♥í✈❡✐s ❞❡ ♣r❡ssã♦ ♥♦ átr✐♦ ❞❡ ✉♠

♣❛❝✐❡♥t❡ ♣❡❞✐átr✐❝♦✳ ❆ r❡s✐stê♥❝✐❛ ♠❡❝â♥✐❝❛ ♥❛ ✐♥t❡r❧✐❣❛çã♦ ❡♥tr❡ ♦s ❞♦✐s r❡s❡r✈❛tór✐♦s ♣♦❞❡

s❡r ❛❥✉st❛❞❛ ❡♠ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s✳ ❊ss❛ r❡s✐stê♥❝✐❛ ❢✉♥❝✐♦♥❛ ❝♦♠♦ ✉♠❛ ♣r❡♥s❛✱ q✉❡ ♣♦❞❡

r❡❞✉③✐r ♦✉ ❛✉♠❡♥t❛r ❛ s❡çã♦ tr❛♥s✈❡rs❛❧ ❞♦ t✉❜♦✳ P❛r❛ ❛ ❝♦♥str✉çã♦ ❞❡ss❡ s✐st❡♠❛✱ ❢♦r❛♠

✉t✐❧✐③❛❞♦s ♦s ♠❛t❡r✐❛✐s ❧✐st❛❞♦s ♥❛ ❚❛❜❡❧❛ ✺✳✶✳

❚❛❜❡❧❛ ✺✳✶✿ ▼❛t❡r✐❛✐s ✉t✐❧✐③❛❞♦s ♣❛r❛ ❛ ♠♦♥t❛❣❡♠ ❞♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦
■t❡♠ ❉❡s❝r✐çã♦

❘❡s❡r✈❛tór✐♦
✶

✲ ❘❡s❡r✈❛tór✐♦ ❝✐❧í♥❞r✐❝♦ ❞❡ ❛❝rí❧✐❝♦ ❝♦♠ ❞✉❛s
❝♦♥❡①õ❡s ❡♠ t♦r♥♦ ❞❛ ❜❛s❡✳

❘❡s❡r✈❛tór✐♦
✷

✲ ❘❡s❡r✈❛tór✐♦ ❝✐❧í♥❞r✐❝♦ ❞❡ ❛❝rí❧✐❝♦ ❝♦♠ ❞✉❛s
❝♦♥❡①õ❡s ❡♠ t♦r♥♦ ❞❛ ❜❛s❡✳

♣❉❆❱ ✲ ❉✐s♣♦s✐t✐✈♦ ❞❡ ❛ss✐stê♥❝✐❛ ✈❡♥tr✐❝✉❧❛r ♣❉❆❱

❙❡♥s♦r❡s ❞❡
♣r❡ssã♦

✲ ❙❡♥s♦r ♣❛r❛ ♠❡❞✐r ❛ ♣r❡ssã♦ ♥♦ r❡s❡r✈❛tór✐♦ ✶
✲ ❙❡♥s♦r ♣❛r❛ ♠❡❞✐r ❛ ♣r❡ssã♦ ♥♦ r❡s❡r✈❛tór✐♦ ✷

✲ ❙❡♥s♦r ♣❛r❛ ♠❡❞✐r ❛ ♣r❡ssã♦ ♥♦ ♣❉❆❱

❙❡♥s♦r❡s ❞❡
✢✉①♦

✲ ❙❡♥s♦r ♣❛r❛ ♠❡❞✐r ♦ ✢✉①♦ ❞❡ ❡♥tr❛❞❛ ♥♦ ♣❉❆❱
✲ ❙❡♥s♦r ♣❛r❛ ♠❡❞✐r ♦ ✢✉①♦ ❞❡ s❛í❞❛ ❞♦ ♣❉❆❱

✲ ❙❡♥s♦r ♣❛r❛ ♠❡❞✐r ♦ ✢✉①♦ s✐stê♠✐❝♦
❘❡s✐stê♥❝✐❛
♠❡❝â♥✐❝❛

✲ ❘❡s✐stê♥❝✐❛ ♠❡❝â♥✐❝❛ ♣❛r❛ ♦ t✉❜♦ ❞❡ P❱❈
q✉❡ ❧✐❣❛ ♦ r❡s❡r✈❛tór✐♦ ✶ ❛♦ r❡s❡r✈❛tór✐♦ ✷

❱á❧✈✉❧❛ ✶ ✲ Prót❡s❡ ❞❡ ✈á❧✈✉❧❛ ❝❛r❞í❛❝❛
❱á❧✈✉❧❛ ✷ ✲ Prót❡s❡ ❞❡ ✈á❧✈✉❧❛ ❝❛r❞í❛❝❛

❚✉❜♦s
✲ ❚✉❜♦s ❞❡ P❱❈ ❡ s✐❧✐❝♦♥❡ ♣❛r❛ ✐♥t❡r❧✐❣❛çã♦ ❞♦s

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

✲ ❑✐t ❝♦♠ P❧❛❝❛ ❞❛ ◆❛t✐♦♥❛❧ ■♥str✉♠❡♥ts ✰
▲❛❜❱■❊❲

❈❛❞❛ ❝♦♠♣♦♥❡♥t❡ ❞❡ss❡ s✐st❡♠❛✱ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✺✳✶✱ ❝♦♠♦ t♦❞❛ ❛ ♣❛rt❡ ❞❡ ❛q✉✐✲

s✐çã♦ ❞❡ ❞❛❞♦s ❡ ♦s s❡♥s♦r❡s ✉t✐❧✐③❛❞♦s s❡rã♦ ❞❡t❛❧❤❛❞♦ ♥❛s ♣ró①✐♠❛s s❡çõ❡s ❞❡st❡ ❝❛♣ít✉❧♦✳

◆❛ ❋✐❣✉r❛ ✺✳✺ s❡q✉❡ ❛ ♠♦♥t❛❣❡♠ ❞♦ s✐st❡♠❛ ❝♦♠ ♦ ♣❉❆❱ ❛❝♦♣❧❛❞♦ ❬✸✶❪✳



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✹✸

❋✐❣✉r❛ ✺✳✺✿ ❙✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✉t✐❧✐③❛❞♦ ♣❛r❛ t❡st❛r ❡ ♠♦❞❡❧❛r ♦ ♣❉❆❱✳

12

1

2

3
4

5
6

7

8

9

  – Atuador Pneumático.
2 - NI myDAQ.
  – Tubo de Ar Comprimido.
4 - Câmara de Ar.
  – Membrana.
6 - Câmara de Sangue.

7 - Cânula de Entrada.
8 - Cânula de Saída.
  – Sensor de Fluxo.
10 - Reservatório 2.
11 - Reservatório 1.
   – Sensor de Pressão.

10

11

✺✳✷✳✶ ❘❡s❡r✈❛tór✐♦ ✶

❖ r❡s❡r✈❛tór✐♦ ✶✱ q✉❡ r❡♣r♦❞✉③ ♥í✈❡✐s ❞❡ ♣r❡ssõ❡s ♠✉✐t♦ ♣ró①✐♠♦s ❞♦s ♥í✈❡✐s ❞❡ ♣r❡ssã♦ ♥❛

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

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

❝♦♥❡❝t♦r ♣❛r❛ ✉♠ s❡♥s♦r ❞❡ ♣r❡ssã♦✳ ➱ ❢❡❝❤❛❞♦ ❡ ♦ ✈♦❧✉♠❡ ❞❡ ❛r q✉❡ ✜❝❛ ♥❛ ♣❛rt❡ q✉❡

♥ã♦ ❡stá ♣r❡❡♥❝❤✐❞❛ ❝♦♠ ❧íq✉✐❞♦✱ r❡♣r♦❞✉③ ❞❡ ❢♦r♠❛ ❜❡♠ s✐♠✐❧❛r ❛ ❝♦♠♣❧❛❝ê♥❝✐❛ ❞❛ ❛♦rt❛

❤✉♠❛♥❛✱ ❋✐❣✉r❛ ✺✳✻✳



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✹✹

❋✐❣✉r❛ ✺✳✻✿ ❘❡s❡r✈❛tór✐♦ ✶ ✲ ❛♦rt❛✳

Conector 
para sensor 
de pressão

Conector para 
cânula de saída Conector 1

❖ ❝♦♥❡❝t♦r q✉❡ ❧✐❣❛ ❡ss❡ r❡s❡r✈❛tór✐♦ ❛♦ ♣❉❆❱ ✭❝♦♥❡❝t♦r ♣❛r❛ ❛ ❝â♥✉❧❛ ❞❡ s❛í❞❛ ✲ ✶✴✹✧✮

s❡rá ❧✐❣❛❞♦ ❛ ✉♠ t✉❜♦ ❞❡ s✐❧✐❝♦♥❡✳ ❯♠ ♦✉tr♦ ❝♦♥❡❝t♦r s❡rá ✉t✐❧✐③❛❞♦ ♣❛r❛ ✐♥t❡r❧✐❣❛✲❧♦ ❛♦

r❡s❡r✈❛tór✐♦ q✉❡ r❡♣r❡s❡♥t❛rá ♦s ♥í✈❡✐s ❞❡ ♣r❡ssã♦ ♥♦ átr✐♦ ❞❡ ✉♠ ♣❛❝✐❡♥t❡✳ ❊ss❛ ✐♥t❡r❧✐❣❛çã♦

é ❢♦✐ ❝♦♥str✉í❞❛ ❝♦♠ ✉♠ t✉❜♦ ❞❡ P❱❈ ✭♣♦❧✐❝❧♦r❡t♦ ❞❡ ♣♦❧✐✈✐♥✐❧❛✮✳ ❊ss❡s ❞♦✐s ❝♦♥❡❝t♦r❡s

❡st❛rã♦ ❡♠ t♦r♥♦ ❞❛ ❜❛s❡ ❞❡st❡ r❡s❡r✈❛tór✐♦✳ ❯♠ t❡r❝❡✐r♦ ❝♦♥❡❝t♦r✱ ❡st❛rá ❧♦❝❛❧✐③❛❞♦ ♥♦

t♦♣♦✱ ♣❛r❛ ❛ ❝♦♥❡①ã♦ ❞♦ s❡♥s♦r ❞❡ ♣r❡ssã♦✳

✺✳✷✳✷ ❘❡s❡r✈❛tór✐♦ ✷

◆❡st❛ s❡çã♦ s❡rã♦ ❞❡s❝r✐t❛s ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞♦ r❡s❡r✈❛tór✐♦ q✉❡ r❡♣r❡s❡♥t❛rá ♦s ♥í✈❡✐s ❞❡

♣r❡ssã♦ ♥♦ átr✐♦ ❡sq✉❡r❞♦ ❞♦ ❝♦r❛çã♦✳ ❊ss❡ r❡s❡r✈❛tór✐♦ é s✐♠✐❧❛r ❛♦ r❡s❡r✈❛tór✐♦ ✉t✐❧✐③❛❞♦

♣❛r❛ r❡♣r❡s❡♥t❛r ❛ ❛♦rt❛✱ ♦✉ s❡❥❛✱ é ❝♦♥str✉í❞♦ ❡♠ ❛❝rí❧✐❝♦ ❝♦♠ ❢♦r♠❛t♦ ❝✐❧í♥❞r✐❝♦✳ P♦ss✉✐

❞♦✐s ❝♦♥❡❝t♦r❡s ❡♠ t♦r♥♦ ❞❛ ❜❛s❡✳ ❯♠ ♣❛r❛ ❛ ❝♦♥❡①ã♦ ❝♦♠ ♦ r❡s❡r✈❛tór✐♦ ✶ ❡ ♦✉tr♦ ♣❛r❛

❝♦♥❡①ã♦ ❝♦♠ ❛ ❡♥tr❛❞❛ ❞♦ ♣❉❆❱ ❡ ♠❛✐s ❞♦✐s ❝♦♥❡❝t♦r❡s ♥❛ ♣❛r❡❞❡✱ ✉♠ ♣❛r❛ ❝♦♥❡①ã♦ ❞❡ ✉♠



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✹✺

s❡♥s♦r ❞❡ ♣r❡ssã♦ ❡ ♦✉tr♦ ♣❛r❛ ❛❥✉st❛r ♦ ✈♦❧✉♠❡ ❞❡ ❛r ♥♦ ✐♥t❡r✐♦r ❞♦ r❡s❡r✈❛tór✐♦✱ ❝❛s♦ s❡❥❛

♥❡❝❡ssár✐♦ ✉t✐❧✐③❛r ♦ r❡s❡r✈❛tór✐♦ ❢❡❝❤❛❞♦✱ ❝♦♠♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✼✳

❖ ❝♦♥❡❝t♦r q✉❡ ❧✐❣❛ ❡ss❡ r❡s❡r✈❛tór✐♦ à ❡♥tr❛❞❛ ❞♦ ♣❉❆❱ ✭❝♦♥❡❝t♦r ♣❛r❛ ❝â♥✉❧❛ ❞❡ ❡♥✲

tr❛❞❛✮ s❡rá ❧✐❣❛❞♦ ❛ ✉♠ t✉❜♦ ❞❡ s✐❧✐❝♦♥❡✳ ❯♠ ♦✉tr♦ ❝♦♥❡❝t♦r s❡rá ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛ ❝♦♥❡①ã♦

❞♦ t✉❜♦ ♣r♦✈❡♥✐❡♥t❡ ❞♦ r❡s❡r✈❛tór✐♦ ✶ ✭❝♦♥❡❝t♦r ✷✮✳ ❊ss❛ ✐♥t❡r❧✐❣❛çã♦✱ ❝♦♠♦ ❥á ♠❡♥❝✐♦♥❛❞♦✱

❢♦✐ ❢❡✐t❛ ❝♦♠ ✉♠ t✉❜♦ ❞❡ P❱❈✳ ◆❡st❡ t✉❜♦ ❤á ✉♠ ♣❛r❛❢✉s♦ ❛❝♦♣❧❛❞♦ ❛ ❝❤❛♣❛s ♠❡tá❧✐❝❛s✱

q✉❡ ♣♦❞❡ s❡r ✉s❛❞♦ ♣❛r❛ r❡❞✉③✐r ❛ s❡çã♦ tr❛♥s✈❡rs❛❧ ❞♦ t✉❞♦✱ ❛✉♠❡♥t❛♥❞♦ ❛ r❡s✐stê♥❝✐❛ à

♣❛ss❛❣❡♠ ❞❡ ✢✉✐❞♦s✳ P♦r ❛✉♠❡♥t❛r ♦✉ r❡❞✉③✐r ❛ r❡s✐stê♥❝✐❛ à ♣❛ss❛❣❡♠ ❞♦ ✢✉✐❞♦ ❞❡ ❢♦r♠❛

♠❡❝â♥✐❝❛✱ ❡ss❡ ❝♦♠♣♦♥❡♥t❡ é ❞❡♥♦♠✐♥❛❞♦ ❞❡ r❡s✐stê♥❝✐❛ ♠❡❝â♥✐❝❛✳

❋✐❣✉r❛ ✺✳✼✿ ❘❡s❡r✈❛tór✐♦ ✷ ✲ átr✐♦✳

Conector 
para cânula 
de entrada

Conector 2

Conector para 
sensor de pressão

Conector para 
ajuste do 

volume de ar

✺✳✸ ❆q✉✐s✐çã♦ ❞❡ ❞❛❞♦s

P❛r❛ ♦❜t❡r ♦s ❞❛❞♦s ❞❡ ✢✉①♦ ❡ ♣r❡ssã♦ ♥♦s ♣♦♥t♦s ❞✐s♣♦st♦s ♥❛ ❋✐❣✉r❛ ✺✳✹ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s

s❡♥s♦r❡s ❞❡ ♣r❡ssã♦ ❡ ✢✉①♦ ❡ ✉♠ ♠ó❞✉❧♦ ♣❛r❛ ❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s✳ ❆s ❝✉r✈❛s ❞❡ ♣r❡ssõ❡s

❡ ✢✉①♦s ♦❜t✐❞❛s ♥♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ❢♦r❛♠ ✉t✐❧✐③❛❞❛s ♣❛r❛ ❡st✐♠❛r ❛❧❣✉♥s ♣❛râ♠❡tr♦s ❞♦

♠♦❞❡❧♦ ✵❉ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❛r❛ ♦ ♣❉❆❱ ❛❝♦♣❧❛❞♦ ❛♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ❡ ♣❛r❛ ❛ ✈❛❧✐❞❛çã♦



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✹✻

❞♦ ♠♦❞❡❧♦ ❞♦ ♣❉❆❱ ❡ ❞♦ ❛t✉❛❞♦r ♣♥❡✉♠át✐❝♦ ❛♣r❡s❡♥t❛❞♦s ♥♦ ❝❛♣ít✉❧♦ ✹✳ ❆ss✐♠✱ ❡ss❡s

s❡♥s♦r❡s ♣r❡❝✐s❛♠ t❡r rá♣✐❞♦ t❡♠♣♦ ❞❡ r❡s♣♦st❛ ❡ ♣r❡❝✐sã♦ ♣❛r❛ ❣❛r❛♥t✐r ✉♠ ❝♦♥❥✉♥t♦ ❞❡

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

✺✳✸✳✶ ▼ó❞✉❧♦ ❞❡ ❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s ✲ ◆■ ❯❙❇✲✻✷✶✵

P❛r❛ ❛ ♦❜t❡♥çã♦ ❞♦s ❞❛❞♦s ❞❡ ✢✉①♦ ❡ ♣r❡ssã♦✱ ❢♦✐ ✉t✐❧✐③❛❞♦ ♦ ♠ó❞✉❧♦ ❞❛ ◆❛t✐♦♥❛❧ ■♥str✉♠❡♥ts

✭◆■✮ ❯❙❇✲✻✷✶✵✳ ❊st❡ ♠ó❞✉❧♦ é ❝♦♥❡❝t❛❞♦ ❛♦ ❝♦♠♣✉t❛❞♦r ♣♦r ♠❡✐♦ ❞❡ ✉♠ ❝❛❜♦ ❯❙❇✱ ❡ ♦s

s✐♥❛✐s ♣♦❞❡♠ s❡r ♠♦♥✐t♦r❛❞♦s ✉s❛♥❞♦ ✉♠❛ ✐♥t❡r❢❛❝❡ ❤♦♠❡♠ ♠áq✉✐♥❛ ✭■❍▼✮ ✐♠♣❧❡♠❡♥t❛❞❛

♥❛ ♣❧❛t❛❢♦r♠❛ ▲❛❜❱■❊❲✳ ❆ ❚❛❜❡❧❛ ✺✳✷✱ ❧✐st❛ ❛❧❣✉♠❛s ❡s♣❡❝✐✜❝❛çõ❡s ❞♦ ♠ó❞✉❧♦✳

❚❛❜❡❧❛ ✺✳✷✿ ❊s♣❡❝✐✜❝❛çõ❡s ❞❛ ♣❧❛❝❛ ❞❡ ❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s ◆■ ❯❙❇✲✻✷✶✵✳
❊s♣❡❝✐✜❝❛çõ❡s

❘❡s♦❧✉çã♦ ❝♦♥✈❡rs♦r ❆❉ ✶✻ ❜✐ts
❚❛①❛ ♠á①✐♠❛ ❞❡ ❧❡✐t✉r❛ ✷✺✵ ♠✐❧ ❛♠♦str❛s ♣♦r s❡❣✉♥❞♦
❊♥tr❛❞❛s ❛♥❛❧ó❣✐❝❛s ✲✶✵ ❛ ✶✵ ❱

❖ ❞✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ✐♠♣❧❡♠❡♥t❛❞♦ ♥♦ ▲❛❜❱■❊❲ ♥❡st❡ tr❛❜❛❧❤♦✱ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦

♥❛ ❋✐❣✉r❛ ✺✳✽✱ ♥♦ q✉❛❧ ♦ ❜❧♦❝♦ q✉❡ r❡♣r❡s❡♥t❛ ♦ ◆■ ❯❙❇✲✻✷✶✵ ✭❉❆◗ ❆ss✐st❛♥t✮✱ ❞✐s♣♦♥✐❜✐❧✐③❛

♦s s✐♥❛✐s ♣r♦✈❡♥✐❡♥t❡s ❞❛s ❡♥tr❛❞❛s ❛♥❛❧ó❣✐❝❛s✱ q✉❡ ❡stã♦ ❝♦♥❡❝t❛❞❛s ❛♦s s❡♥s♦r❡s ❞❡ ♣r❡ssã♦

❡ ❞❡ ✢✉①♦ ❞✐s♣♦♥í✈❡✐s ♥♦ s✐st❡♠❛✳ ❊ss❡s s✐♥❛✐s sã♦ ❝♦♥✈❡rt✐❞♦s ❡♠ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ✈❛❧♦r❡s

♥✉♠ér✐❝♦s q✉❡ sã♦ ❛r♠❛③❡♥❛❞♦s ❡♠ ✉♠ ❛rq✉✐✈♦ ❝♦♠ ❡①t❡♥sã♦ ✧❧✈♠✧ ♥♦ P❈ ✭❲r✐t❡ ❚♦

▼❡❛s✉r❡♠❡♥t ❋✐❧❡✮✳ ❆ ❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s ❡stá ❝♦♥✜❣✉r❛❞❛ ♣❛r❛ ♦❜t❡r ✶✵✵✵ ❛♠♦str❛s ♣♦r

s❡❣✉♥❞♦✳ ❈♦♠♦ ❛ ♠á①✐♠❛ ❢r❡q✉ê♥❝✐❛ ❞♦ s✐st❡♠❛ é ✷✱✺ ❍③✱ ❛ t❛①❛ ❞❡ ❛♠♦str❛❣❡♠ ❞❡ ✶✵✵✵ ❍③

❡ ❡stá ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ t❡♦r❡♠❛ ❞❛ ❛♠♦str❛❣❡♠ ❞❡ ◆②q✉✐st✳



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✹✼

❋✐❣✉r❛ ✺✳✽✿ ❉✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ♠♦♥t❛❞♦ ♥♦ ▲❛❜❱■❊❲ ♣❛r❛ ❛q✉✐s✐çã♦ ❞♦s s✐♥❛✐s ❞❛s ❡♥tr❛✲
❞❛s ❛♥❛❧ó❣✐❝❛s ❞♦ ◆■ ❯❙❇✲✻✷✶✵✳

✺✳✸✳✷ ❙❡♥s♦r❡s ❞❡ ♣r❡ssã♦

P❛r❛ ❛q✉✐s✐çã♦ ❞♦ ✈❛❧♦r ❞❛ ♣r❡ssã♦ ♥❛ ❝â♠❛r❛ ❞❡ ❛r ❞♦ ♣❉❆❱ ✭♣r❡ssã♦ ❞❡ ❡❥❡çã♦ ❡ ♣r❡ssã♦

❞❡ ❡♥❝❤✐♠❡♥t♦✮✱ s❡rá ✉t✐❧✐③❛❞♦ ♦ s❡♥s♦r ❞❡ ♣r❡ssã♦ ❙❈❳✵✺❉◆❈ ❞❛ ❍♦♥❡②✇❡❧❧❘©✳ ◆❛ ❋✐❣✉r❛

✺✳✾✱ é ♣♦ssí✈❡❧ ♦❜s❡r✈❛r ♦ s❡♥s♦r ❞❡ ♣r❡ssã♦ ✉t✐❧✐③❛❞♦✳

❋✐❣✉r❛ ✺✳✾✿ ❙❡♥s♦r ❞❡ ♣r❡ssã♦ ✉t✐❧✐③❛❞♦ ♥♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ♣❛r❛ ♠❡❞✐r ❛ ♣r❡ssã♦ ♥❛ ❝â♠❛r❛
❞❡ ❛r ❞♦ ♣❉❆❱ ✲ ❍♦♥❡②✇❡❧❧❘©✳

❊ss❡ s❡♥s♦r é ♠✉✐t♦ ✉t✐❧✐③❛❞♦ ❡♠ ❛♣❧✐❝❛çõ❡s q✉❡ ❡①✐❣❡♠ ❛❧t❛ ♣r❡❝✐sã♦ ♥❛ ♠❡❞✐❞❛ ❞❛

♣r❡ssã♦ ❡ s❡✉ t❡♠♣♦ ❞❡ r❡s♣♦st❛ é ❞❡ ✶✵−4 s❡❣✉♥❞♦s✳ P♦❞❡ s❡r ❛♣❧✐❝❛❞♦ ❡♠ ✢✉✐❞♦s ♥ã♦

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

✼✵ ◦❈✳ ❊ss❡ ♠♦❞❡❧♦✱ ♣♦ss✉✐ ✉♠ ❞✐❛❢r❛❣♠❛ ❞❡ ❞❡t❡❝çã♦ ❞❛ ♣r❡ssã♦ ❡ é ♣♦ssí✈❡❧ ❛♣❧✐❝❛r às ❞✉❛s

❡♥tr❛❞❛s ♥í✈❡✐s ❞❡ ♣r❡ssã♦✳ ❯♠ ❞♦s ♥í✈❡✐s ❞❡✈❡ s❡r ❝♦♥❤❡❝✐❞♦✱ ❡ ♦ ♦✉tr♦ é ✈❡r✐✜❝❛❞♦ ❝♦♠

❜❛s❡ ♥❛ r❡❢❡rê♥❝✐❛ ✐♠♣♦st❛✳ ❆ ❢❛✐①❛ ❞❡ ♣r❡ssã♦ q✉❡ ❡ss❡ s❡♥s♦r ❢♦✐ ♣r♦❥❡t❛❞♦ ♣❛r❛ ♦♣❡r❛r é



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✹✽

❞❡ ✲✷✻✵ ❛ ✷✻✵ ♠♠❍❣✱ ❝♦♠ s❡♥s✐❜✐❧✐❞❛❞❡ ❞❡ ✷✹✵ µ❱✴♠♠❍❣✱ ❝♦♠ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❛❥✉st❡ ❞♦

③❡r♦✳ ◆❛ ❚❛❜❡❧❛ ✺✳✸ ❡stã♦ ❧✐st❛❞❛s ❛❧❣✉♠❛s ❡s♣❡❝✐✜❝❛çõ❡s ❞❡ss❡ s❡♥s♦r✳

❚❛❜❡❧❛ ✺✳✸✿ ❊s♣❡❝✐✜❝❛çõ❡s ❞♦ s❡♥s♦r ❙❈❳✵✺❉◆❈ ❞❛ ❍♦♥❡②✇❡❧❧❘©✳
❊s♣❡❝✐✜❝❛çõ❡s

❋❛✐①❛ ❞❡ ♣r❡ssã♦ ♦♣❡r❛❝✐♦♥❛❧ ✲✷✻✵ ❛ ✰✷✻✵ ♠♠❍❣
❋❛✐①❛ ❞❡ t❡♠♣❡r❛t✉r❛ ♦♣❡r❛❝✐♦♥❛❧ ✲✹✵ ◦❈ ❛ ✽✺ ◦❈

❋❛✐①❛ ❞❡ t❡♠♣❡r❛t✉r❛ ❞❡ ❛r♠❛③❡♥❛♠❡♥t♦ ✲✺✺ ◦❈ ❛ ✰ ✶✷✺ ◦❈
❙❡♥s✐❜✐❧✐❞❛❞❡ ✷✹✵ µ❱✴♠♠❍❣

❚♦❧❡râ♥❝✐❛ ❞❡ s♦❜r❡❝❛r❣❛ ❞❡ ♣r❡ssã♦ ✲ ✺✵✵ ❛ ✶✵✵✵ ♠♠❍❣

P❛r❛ ❛ ❛q✉✐s✐çã♦ ❞❛ ♣r❡ssã♦ ♥❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❞♦ ♣❉❆❱✱ ♥♦ r❡s❡r✈❛tór✐♦ ✶ ❡ ♥♦

r❡s❡r✈❛tór✐♦ ✷✱ s❡rá ✉t✐❧✐③❛❞♦ ✉♠ tr❛♥s❞✉t♦r ❞❡ ♣r❡ssã♦ ❚r✉❲❛✈❡ ❞❛ ❡♠♣r❡s❛✿ ❊❞✇❛r❞s

▲✐❢❡s❝✐❡♥❝❡s ▲▲❈ ✕ ■r✈✐♥❡✱ ❈❛❧✐❢ór♥✐❛✱ ❊❯❆❀ ✐♠♣♦rt❛❞♦ ❡ ❞✐str✐❜✉í❞♦ ♣♦r✿ ❊❞✇❛r❞s ▲✐❢❡s✲

❝✐❡♥❝❡s ❈✳P✳▼✳❈✳ ▲t❞❛✳ ❊ss❡ tr❛♥s❞✉t♦r ❞❡ ♣r❡ssã♦ ♣♦ss✉✐ ✜♦s r❡❝♦❜❡rt♦s ❞❡ ♦✉r♦ ♣❛r❛ ❛

tr❛♥s❢❡rê♥❝✐❛ ❞❡ s✐♥❛❧ ❞❡ ❛❧t❛ ✜❞❡❧✐❞❛❞❡✳ ◆❛ ❋✐❣✉r❛ ✺✳✶✵✱ é ♣♦ssí✈❡❧ ♦❜s❡r✈❛r ♦ tr❛♥s❞✉t♦r

✉t✐❧✐③❛❞♦ ♥♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ❡ ♥❛ ❚❛❜❡❧❛ ✺✳✹ ❡stã♦ ❧✐st❛❞❛s ❛❧❣✉♠❛s ❡s♣❡❝✐✜❝❛çõ❡s ❞❡st❡

s❡♥s♦r✳

❋✐❣✉r❛ ✺✳✶✵✿ ❚r❛♥s❞✉t♦r ❞❡ ♣r❡ssã♦ ❚r✉❲❛✈❡ ✭❊❞✇❛r❞s ▲✐❢❡s❝✐❡♥❝❡s ▲▲❈ ✕ ■r✈✐♥❡✱ ❈❛❧✐❢ór♥✐❛✱
❊❯❆✮ ✉t✐❧✐③❛❞♦ ♥♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦✳

❚❛❜❡❧❛ ✺✳✹✿ ❊s♣❡❝✐✜❝❛çõ❡s ❞♦ tr❛♥s❞✉t♦r ❞❡ ♣r❡ssã♦ ❚r✉❲❛✈❡ ✭❊❞✇❛r❞s✮
❊s♣❡❝✐✜❝❛çõ❡s

❋❛✐①❛ ❞❡ ♣r❡ssã♦ ♦♣❡r❛❝✐♦♥❛❧ ✲✺✵ ❛ ✰✸✵✵ ♠♠❍❣
❋❛✐①❛ ❞❡ t❡♠♣❡r❛t✉r❛ ♦♣❡r❛❝✐♦♥❛❧ ✶✺ ◦❈ ❛ ✹✵ ◦❈

❋❛✐①❛ ❞❡ t❡♠♣❡r❛t✉r❛ ❞❡ ❛r♠❛③❡♥❛♠❡♥t♦ ✲✷✺ ◦❈ ❛ ✰ ✼✵ ◦❈
❙❡♥s✐❜✐❧✐❞❛❞❡ ✺✱✵ µ❱✴♠♠❍❣

❚♦❧❡râ♥❝✐❛ ❞❡ s♦❜r❡❝❛r❣❛ ❞❡ ♣r❡ssã♦ ✲ ✺✵✵ ❛ ✰ ✺✵✵✵ ♠♠❍❣



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✹✾

❖s s❡♥s♦r❡s ❞❡ ♣r❡ssã♦ ✉t✐❧✐③❛♠ ♦ ❢❛t♦ ❞❛ r❡s✐stê♥❝✐❛ ❡❧étr✐❝❛ ❞❡ ✉♠ ✜❧❛♠❡♥t♦ ♠❡tá❧✐❝♦

✈❛r✐❛r ❝♦♠ ❛ ❞❡❢♦r♠❛çã♦ ❛♣❧✐❝❛❞❛ ✭❡①t❡♥sô♠❡tr♦ ✲ str❛✐♥ ❣❛✉❣❡✮✳ ❆ ❋✐❣✉r❛ ✺✳✶✶ r❡♣r❡s❡♥t❛

✉♠ ❞✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞♦ str❛✐♥ ❣❛✉❣❡✳ ❊❧❡ é ❝♦♠♣♦st♦ ♣♦r ✉♠❛ ❣r❛❞❡ ♠❡tá❧✐❝❛ s❡♥sí✈❡❧✱

❧✐❣❛❞❛ ❛ ✉♠❛ ❜❛s❡ q✉❡ ✜❝❛ ❡♠ ❝♦♥t❛t♦ ❝♦♠ ❛ ❡str✉t✉r❛ q✉❡ s❡ ❞❡s❡❥❛ ♠♦♥✐t♦r❛r✳ ❖ ✜♦

s❡♥sí✈❡❧ é ❝♦♥st✐t✉í❞♦ ♣♦r ❧✐❣❛s ♠❡tá❧✐❝❛s ❡s♣❡❝í✜❝❛s ❡ t❡♠✱ ♥❛ ♠❛✐♦r✐❛ ❞♦s ❡①t❡♥sô♠❡tr♦s✱

✉♠ ❞✐â♠❡tr♦ ❛♣r♦①✐♠❛❞♦ ❞❡ ✵✱✵✶♠♠✳ ❊ss❡ t✐♣♦ ❞❡ s❡♥s♦r❡s sã♦ ❛tr❛t✐✈♦s ❡ ♠✉✐t♦ ✉t✐❧✐③❛❞♦s

❞❡✈✐❞♦ s✉❛ ♣r❡❝✐sã♦✳

❋✐❣✉r❛ ✺✳✶✶✿ ❊①t❡♥sô♠❡tr♦ ✲ ❙tr❛✐♥ ●❛✉❣❡✳

Terminais

P❛r❛ ❛ ♠❡❞✐çã♦ ❞❛ ♣r❡ssã♦ ✉t✐❧✐③❛♥❞♦ ❡ss❡ s✐st❡♠❛✱ é ♥❡❝❡ssár✐♦ t❡r ❝♦♥❤❡❝✐♠❡♥t♦ ❞❛

s❡♥s✐❜✐❧✐❞❛❞❡ à ❞✐st❡♥sã♦ ❞♦ str❛✐♥ ❣❛✉❣❡ ❡①♣r❡ss❛ ♣❡❧♦ ❢❛t♦r ❣❛✉❣❡ ✭❞♦ ✐♥❣❧ês ❣❛✉❣❡ ❢❛t♦r

✲ ●❋✮ ❞❡✜♥✐❞♦ ❝♦♠♦ ❛ r❛③ã♦ ❞❛ ♠✉❞❛♥ç❛ ❢r❛❝✐♦♥❛❧ ♥❛ r❡s✐stê♥❝✐❛ ❡❧étr✐❝❛ ❝♦♠ ❛ ♠✉❞❛♥ç❛

❢r❛❝✐♦♥❛❧ ♥♦ ❝♦♠♣r✐♠❡♥t♦ ✭❞✐st❡♥sã♦✮ ❬✸✽❪✳

GF =
∆R/R

∆L/L
=

∆R/R

ε
✭✺✳✶✮

◆❛ ❋✐❣✉r❛ ✺✳✶✷ s❡❣✉❡ ✉♠ ❡sq✉❡♠át✐❝♦ ❞❛ ❞❡❢♦r♠❛çã♦ ❞❡ ✉♠ ❝♦r♣♦ ❞❡✈✐❞♦ ❛ ✉♠❛ ❢♦rç❛

❛♣❧✐❝❛❞❛ ✭❞✐st❡♥sã♦ ✲ ε✮✳

❋✐❣✉r❛ ✺✳✶✷✿ ❉❡❢♦r♠❛çã♦ ❞❡ ✉♠ ❝♦r♣♦ ❞❡✈✐❞♦ ❛ ✉♠❛ ❢♦rç❛ ❛♣❧✐❝❛❞❛ ✭❞✐st❡♥sã♦ ✲ ε✮✳

ΔLL

ForçaForça

P❛r❛ ❛♣❧✐❝❛çõ❡s ❡♠ s❡♥s♦r❡s ❞❡ ♣r❡ssã♦✱ ❛ ✈❛r✐❛çã♦ ❞❡ r❡s✐stê♥❝✐❛ é ♠✉✐t♦ ♣❡q✉❡♥❛✱ ♣♦r

✐ss♦✱ ♥❛ ♠❛✐♦r✐❛ ❞♦s ❝❛s♦s✱ str❛✐♥ ❣❛✉❣❡s sã♦ ✉t✐❧✐③❛❞♦s ♥❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ♣♦♥t❡ ❞❡ ❲❤❡❛ts✲

t♦♥❡✳ P♦❞❡✲s❡ ✉t✐❧✐③❛r três ❝♦♥✜❣✉r❛çõ❡s ❞❛ ♣♦♥t❡ ♣❛r❛ ♠❡❞✐r ❛ r❡s✐stê♥❝✐❛✿ ✉♠ q✉❛rt♦ ❞❡

♣♦♥t❡✱ ♠❡✐❛ ♣♦♥t❡ ❡ ♣♦♥t❡ ❝♦♠♣❧❡t❛✳ ❖s s❡♥s♦r❡s ✉t✐❧✐③❛❞♦s ♥❡st❡ tr❛❜❛❧❤♦ ✉t✐❧✐③❛♠ ❛ ❝♦♥✲

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



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✺✵

♣♦r str❛✐♥ ❣❛✉❣❡s ❛t✐✈♦s✳ ❊ss❛ é ❛ ❝♦♥✜❣✉r❛çã♦ ♠❛✐s s❡♥sí✈❡❧ ❡ q✉❡ ♠❡♥♦s é ✐♥✢✉❡♥❝✐❛❞❛

♣❡❧❛ t❡♠♣❡r❛t✉r❛✳ ❆ ❋✐❣✉r❛ ✺✳✶✸ r❡♣r❡s❡♥t❛ ❛ ❝♦♥✜❣✉r❛çã♦ ❡♠ ♣♦♥t❡ ❝♦♠♣❧❡t❛✳

❋✐❣✉r❛ ✺✳✶✸✿ ❊①t❡♥sô♠❡tr♦ ✲ ❙tr❛✐♥ ●❛✉❣❡ ♥❛ ❝♦♥✜❣✉r❛çã♦ ♣♦♥t❡ ❝♦♠♣❧❡t❛✳

R-ΔR 

R+ΔR 

R+ΔR 

R-ΔR 

V0
VS

◆❡st❛ ❝♦♥✜❣✉r❛çã♦✱ ❛ t❡♥sã♦ ❞❡ s❛í❞❛ V0 é ❞❛❞❛ ♣♦r✿

V0

VS

= ε GF ✭✺✳✷✮

❈♦♠ ❛ r❡❧❛çã♦ ❡♥tr❡ ❛ ✈❛r✐❛çã♦ ❞❛ r❡s✐stê♥❝✐❛ ❡ ❛ ❞❡❢♦r♠❛çã♦✱ é ♣♦ssí✈❡❧ ♦❜t❡r ❝♦♠ ♦

❝✐r❝✉✐t♦ ❡♠ ♣♦♥t❡✱ ✉♠❛ r❡❧❛çã♦ ❡♥tr❡ ❛ t❡♥sã♦ ❞❡ s❛í❞❛ ❡ ♦ ✈❛❧♦r ❞❛ ♣r❡ssã♦✳ ❊ss❡ ✈❛❧♦r ❞❡

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

♦ ❛❥✉st❡ ❞♦ ❣❛♥❤♦✳ ❊ss❛ ♣❧❛❝❛ r❡❝❡❜❡ ♦ s✐♥❛❧ ❞❡ t❡♥sã♦ ❞♦s ❞♦✐s s❡♥s♦r❡s ❞❡ ♣r❡ssã♦ ❡ ♣♦ss✉✐

❞✉❛s s❛í❞❛s ❞❡ t❡♥sã♦ q✉❡ ✈❛r✐❛♠ ❞❡ ✵ ❛ ✺ ❱ ♣r♦♣♦r❝✐♦♥❛❧ à ♣r❡ssã♦ ♠❡❞✐❞❛ ♣❡❧♦ s❡♥s♦r✳

◗✉❛♥❞♦ ♦ ✈❛❧♦r ❞❡ t❡♥sã♦ ❡♠ q✉❛❧q✉❡r ❞❛s s❛í❞❛s é ❞❡ ✵✱✺ ❱✱ ✐ss♦ ✐♥❞✐❝❛ q✉❡ ❛ ♣r❡ssã♦ é

❛ ✵ ♠♠❍❣✳ ❊ss❡ ♥í✈❡❧ ❞❡ t❡♥sã♦ ♣❛r❛ ✐♥❞✐❝❛r ❛ ♣r❡ssã♦ ✵ ♠♠❍❣ ♣♦❞❡ s❡r ❛❥✉st❛❞♦ ❝♦♠

❛ ✉t✐❧✐③❛çã♦ ❞❡ ♣♦t❡♥❝✐ô♠❡tr♦s✳ P❛r❛ s❛❜❡r ♦ ✈❛❧♦r ❞❛ ♣r❡ssã♦ ❛ ♣❛rt✐r ❞♦ ✈❛❧♦r ❞❡ t❡♥sã♦

♥❛ s❛í❞❛✱ ❜❛st❛ s✉❜tr❛✐r ✵✱✺ ❱ ❞♦ ✈❛❧♦r ❞❡ t❡♥sã♦ ❧✐❞♦ ❡ ♠✉❧t✐♣❧✐❝❛r ♣♦r ✶✵✵✱ ♦✉ s❡❥❛✱ ✶ ❱

❡q✉✐✈❛❧❡ ❛ ✶✵✵ ♠♠❍❣✳ ❊ss❡ ❣❛♥❤♦ t❛♠❜é♠ ♣♦❞❡ s❡r ❛❥✉st❛❞♦ ♣♦r ♣♦t❡♥❝✐ô♠❡tr♦s✳

✺✳✸✳✸ ❙❡♥s♦r ❞❡ ✢✉①♦

P❛r❛ ♠❡❞✐r ♦ ✢✉①♦ ♥♦s três ♣♦♥t♦s ✐♥❞✐❝❛❞♦s ♥❛ ❋✐❣✉r❛ ✺✳✹✱ ❢♦✐ ✉t✐❧✐③❛❞♦ ✉♠ tr❛♥s❞✉t♦r ❞❡

✢✉①♦ ❡❧❡tr♦♠❛❣♥ét✐❝♦ ❬✸✾❪✳ ❊ss❡ s❡♥s♦r ❜❛s❡✐❛✲s❡ ♥♦ ❢❛t♦ ❞❡ q✉❡ ❛ ♣❛ss❛❣❡♠ ❞❡ ✉♠ ❝♦♥❞✉t♦r

❡❧étr✐❝♦ ♣♦r ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ r❡s✉❧t❛ ♥❛ ❣❡r❛çã♦ ❞❡ ✉♠❛ ❢♦rç❛ ❡❧❡tr♦♠♦tr✐③ ♣r♦♣♦r❝✐♦♥❛❧

à ✈❡❧♦❝✐❞❛❞❡ ❞❛ ♣❛ss❛❣❡♠ ❞♦ ❝♦♥❞✉t♦r✳ ❉❡ ♠♦❞♦ s❡♠❡❧❤❛♥t❡✱ q✉❛♥❞♦ ✉♠ ✢✉✐❞♦ ❝♦♥❞✉t♦r

♣❛ss❛ ♣♦r ✉♠ t✉❜♦ ♣❡r♣❡♥❞✐❝✉❧❛r ❛ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱ ✉♠❛ ❢♦rç❛ ❡❧❡tr♦♠♦tr✐③ é ✐♥❞✉③✐❞❛

♦rt♦❣♦♥❛❧♠❡♥t❡ à ❞✐r❡çã♦ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❝♦♠ ✈❛❧♦r ♣r♦♣♦r❝✐♦♥❛❧ ❛♦



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✺✶

✢✉①♦✳ ❆ss✐♠✱ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞♦ ✢✉✐❞♦ é ♠❡❞✐❞❛ ♣❡❧❛ t❡♥sã♦ ❣❡r❛❞❛ ❡♥tr❡ ❡❧❡tr♦❞♦s q✉❛♥❞♦ ✉♠

✢✉✐❞♦ ❝♦♥❞✉t♦r s❡ ❞❡s❧♦❝❛ ❡♠ ♠❡✐♦ ❛ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✳ ❯♠ ❡sq✉❡♠át✐❝♦ ❞♦ s✐st❡♠❛ ❞❡

♠❡❞✐çã♦ ❞❡ ✢✉①♦ ❡❧❡tr♦♠❛❣♥ét✐❝♦ ♣♦❞❡ ❡stá ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✶✹✳

❋✐❣✉r❛ ✺✳✶✹✿ ❊sq✉❡♠át✐❝♦ ❞♦ s✐st❡♠❛ ✉t✐❧✐③❛❞♦ ♣❡❧♦ s❡♥s♦r ♣❛r❛ ♠❡❞✐r ♦ ✢✉①♦✳

B

v
B

e
L

P❡❧❛ ❧❡✐ ❞❛ ✐♥❞✉çã♦ ❞❡ ❋❛r❛❞❛②✱ t❡♠♦s q✉❡✿

e =

∫ L

0

✈×❇ dL ✭✺✳✸✮

♥❛ q✉❛❧ e é ❛ ❢♦rç❛ ❡❧❡tr♦♠♦tr✐③ ✐♥❞✉③✐❞❛ ✭❱✮❀ ✈ é ❛ ✈❡❧♦❝✐❞❛❞❡ ✐♥st❛♥tâ♥❡❛ ❞♦ ✢✉✐❞♦ ❝♦♥❞✉t♦r

✭♠✴s✮❀ ❇ é ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ✢✉①♦ ♠❛❣♥ét✐❝♦ ✭❲❜✴♠2✮ ❡ L é ❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ♦s ❡❧❡tr♦❞♦s

❡♠ ♠❡tr♦s ✭♠✮✳ ❉❡ss❛ ❢♦r♠❛✱ ❛ t❡♥sã♦ e é ♣r♦♣♦r❝✐♦♥❛❧ à ✈❡❧♦❝✐❞❛❞❡ ❞♦ ✢✉✐❞♦ ❝♦♥❞✉t♦r✳

❊ss❡ s❡♥s♦r ❡stá ❝❛❧✐❜r❛❞♦ ♣❛r❛ ♦♣❡r❛r ❝♦♠ s❛♥❣✉❡ ♦✉ s♦❧✉çã♦ ❝♦♠♣♦st❛ ❞❡ s♦r♦ ✜s✐♦❧ó❣✐❝♦

❝♦♠ ❣❧✐❝❡r✐♥❛✳ ◆❛ ❋✐❣✉r❛ ✺✳✶✺✱ s❡❣✉❡ ♦ tr❛♥s❞✉t♦r ❡ ♦ s❡♥s♦r ❞❡ ✢✉①♦ ❞♦ ✢✉①ô♠❡tr♦ q✉❡

s❡rá ✉t✐❧✐③❛❞♦ ❡♠ ❝♦♥❥✉♥t♦ ❝♦♠ ♦ ♠ó❞✉❧♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✶✻✳

❊ss❡ s❡♥s♦r ♣♦ss✉✐ ❞✉❛s s❛í❞❛s ❞❡ ✢✉①♦✿ ✉♠❛ s❛í❞❛ q✉❡ ❢♦r♥❡❝❡ ♦ s✐♥❛❧ ❞❡ ✢✉①♦ ♠é❞✐♦

✭❉❈✮✱ ♣♦r ♠❡✐♦ ❞❡ ✉♠ s✐♥❛❧ ❞❡ t❡♥sã♦ q✉❡ ✈❛r✐❛ ❞❡ ✵ ❛ ✹✱✺ ❱❀ ❡ ♦✉tr❛ q✉❡ ❢♦r♥❡❝❡ ♦ s✐♥❛❧

❞❡ ✢✉①♦ ❛♥❛❧ó❣✐❝♦ ✭❆❈✮ ♣♦r ♠❡✐♦ ❞❡ ✉♠ s✐♥❛❧ ❞❡ t❡♥sã♦ q✉❡ ✈❛r✐❛ ❞❡ ✲✹✱✺ ❛ ✹✱✺ ❱✳ P❛r❛

❝♦♥✈❡rt❡r ♦ ✈❛❧♦r ❞❡ t❡♥sã♦ ❡♠ ✈♦❧ts ♣❛r❛ ✢✉①♦ ❡♠ ❧✐tr♦s ♣♦r ♠✐♥✉t♦✱ ❜❛st❛ ♠✉❧t✐♣❧✐❝❛r ♦

✈❛❧♦r ❞❡ t❡♥sã♦ ♣♦r ✺✱ ♣♦✐s ✶ ❱ ♥❛s s❛í❞❛s ❆❈ ♦✉ ❉❈ ❡q✉✐✈❛❧❡ ❛ ✺ ❧✐tr♦s ♣♦r ♠✐♥✉t♦✳



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✺✷

❋✐❣✉r❛ ✺✳✶✺✿ ❚r❛♥s❞✉t♦r ✭❆✮ ❡ s❡♥s♦r ❞❡ ✢✉①♦ ✭❇✮ ✉t✐❧✐③❛❞♦s✳ ❙❡♥s♦r ❞❡ ✢✉①♦ ❛❝♦♣❧❛❞♦ ❛♦
tr❛♥s❞✉t♦r ✭❈✮✳

A B

C

❋✐❣✉r❛ ✺✳✶✻✿ ▼ó❞✉❧♦ ❞♦ ✢✉①ô♠❡tr♦ ❡❧❡tr♦♠❛❣♥ét✐❝♦✿ ✶ ✲ ❝❤❛✈❡ ❧✐❣❛✴❞❡s❧✐❣❛❀ ✷ ✲ ❝♦♥❡❝t♦r ❞♦
tr❛♥s❞✉t♦r ❞❡ ✢✉①♦❀ ✸ ✲ ❛❥✉st❡ ❞♦ ③❡r♦❀ ✹ ✲ ♠♦str❛❞♦r ❞✐❣✐t❛❧ ❞♦ ✢✉①♦❀ ✺ ✲ s❛í❞❛ ❞♦ s✐♥❛❧ ❞❡
✢✉①♦ ♠é❞✐❛❀ ✻ ✲ s❛í❞❛ ❞♦ s✐♥❛❧ ❞❡ ✢✉①♦ ❛♥❛❧ó❣✐❝❛✳

1 2

3 4 5

6



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✺✸

✺✳✸✳✹ ❈✉r✈❛s ❞❡ ♣r❡ssõ❡s ♦❜t✐❞❛s ♥♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦

❯t✐❧✐③❛♥❞♦ ♦ s✐st❡♠❛ ❞❡ ❛q✉✐s✐çã♦ ❞❡s❝r✐t♦✱ ❢♦r❛♠ ♦❜t✐❞❛s ❞✐❢❡r❡♥t❡s ❝✉r✈❛s ❞❡ ♣r❡ssõ❡s ❡

✢✉①♦s ♥♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦✳ ◆❛ ❋✐❣✉r❛ ✺✳✶✼ ❡stã♦ r❡♣r❡s❡♥t❛❞❛s ❝✉r✈❛s ❞❡ ♣r❡ssã♦ ♥♦

r❡s❡r✈❛tór✐♦ ✷✱ ♥❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❞♦ ♣❉❆❱ ❡ ♥♦ r❡s❡r✈❛tór✐♦ ✶✳

❋✐❣✉r❛ ✺✳✶✼✿ ❈✉r✈❛s ❞❡ ♣r❡ssã♦ ♠❡❞✐❞❛s ♥♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦✿ ✭❆✮ ❝✉r✈❛ ❞❡ ♣r❡ssã♦ ♥♦
r❡s❡r✈❛tór✐♦ ✷ ✭Pae✮❀ ✭❇✮ ❝✉r✈❛ ❞❡ ♣r❡ssã♦ ♥❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❞♦ ♣❉❆❱ ✭Pcs✮ ❡ ✭❈✮ ❝✉r✈❛
❞❡ ♣r❡ssã♦ ♥♦ r❡s❡r✈❛tór✐♦ ✶ ✭Pao✮✳

(A)

(B)

(C)

▼♦❞✐✜❝♦✉✲s❡ ♦ ✈❛❧♦r ❞❛ r❡s✐stê♥❝✐❛ ♠❡❝â♥✐❝❛ ❡ r❡❛❧✐③♦✉✲s❡ ✉♠ ♥♦✈♦ ❡①♣❡r✐♠❡♥t♦ ♣❛r❛

✈❡r✐✜❝❛r ♦s ♥í✈❡✐s ❞❡ ♣r❡ssã♦✳ ◆❛ ❋✐❣✉r❛ ✺✳✶✽ ❡stã♦ r❡♣r❡s❡♥t❛❞❛s ❝✉r✈❛s ❞❡ ♣r❡ssã♦ ♥♦

r❡s❡r✈❛tór✐♦ ✷✱ ♥❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❞♦ ♣❉❆❱ ❡ ♥♦ r❡s❡r✈❛tór✐♦ ✶ ♣❛r❛ ♦ ♥♦✈♦ ✈❛❧♦r ❞❡

r❡s✐stê♥❝✐❛ s✐stê♠✐❝❛✳



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✺✹

❋✐❣✉r❛ ✺✳✶✽✿ ❈✉r✈❛s ❞❡ ♣r❡ssã♦ ♠❡❞✐❞❛s ♥♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦✿ ✭❆✮ ❝✉r✈❛ ❞❡ ♣r❡ssã♦ ♥♦
r❡s❡r✈❛tór✐♦ ✷ ✭Pae✮❀ ✭❇✮ ❝✉r✈❛ ❞❡ ♣r❡ssã♦ ♥❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❞♦ ♣❉❆❱ ✭Pcs✮ ❡ ✭❈✮ ❝✉r✈❛
❞❡ ♣r❡ssã♦ ♥♦ r❡s❡r✈❛tór✐♦ ✶ ✭Pao✮✳

(A)

(B)

(C)

❚♦❞♦s ♦s ❞❛❞♦s ♦❜t✐❞♦s ❞✉r❛♥t❡ ♦s ❡①♣❡r✐♠❡♥t♦s r❡❛❧✐③❛❞♦s ♥♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦s ❢♦r❛♠

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

♠❛r❛s ❞♦ ♣❉❆❱✱ r❡❛❧✐③❛❞❛ ✐♥✐❝✐❛❧♠❡♥t❡ ♣❡❧♦ t❡st❡ ❡stát✐❝♦✱ ❝♦♠♦ t❛♠❜é♠ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s

♣❛r❛ ❛ ♠♦❞❡❧❛❣❡♠ ❞♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ❝♦♠ ♦ ♣❉❆❱ ❛❝♦♣❧❛❞♦✳

✺✳✹ ▼♦❞❡❧❛❣❡♠ ❡①♣❡r✐♠❡♥t❛❧ ❞♦ ❛t✉❛❞♦r ♣♥❡✉♠át✐❝♦

P❛r❛ ❡st✐♠❛r ♦ ✈❛❧♦r ❞❛ ❝❛♣❛❝✐tâ♥❝✐❛ Cca✱ ❢♦✐ ♥❡❝❡ssár✐♦ r❡❛❧✐③❛r ✉♠ ❡①♣❡r✐♠❡♥t♦ ❝♦♠ ♦

♣❉❆❱ ♣❛r❛ ♦❜t❡r ❛ ❝✉r✈❛ ❞❡ ♣r❡ssã♦ ♥❛ ❝â♠❛r❛ ❞❡ ❛r Pca✳ ❖ ❣rá✜❝♦ ♦❜t✐❞♦ ♣❛r❛ ❛ ♣r❡ssã♦



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✺✺

♥❛ ❝â♠❛r❛ ❞❡ ❛r ❡stá r❡♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✶✾✳ P♦❞❡✲s❡ ♦❜s❡r✈❛r ♥❛ ❝✉r✈❛ ❞❡ ♣r❡ssã♦ ♥❛

❝â♠❛r❛ ❞❡ ❛r✱ q✉❡ ♦ s❡✉ ❝♦♠♣♦rt❛♠❡♥t♦ é s❡♠❡❧❤❛♥t❡ à r❡s♣♦st❛ ❛♦ ❞❡❣r❛✉ ❞❡ ✉♠ ❝✐r❝✉✐t♦

❘❈ sér✐❡✱ ❝♦♥✜r♠❛♥❞♦ ❛ ❡str✉t✉r❛ ✉t✐❧✐③❛❞❛ ♣❛r❛ ♠♦❞❡❧❛r ❡ss❡ s✐st❡♠❛ ❬✸✶❪✳

❋✐❣✉r❛ ✺✳✶✾✿ ❈✉r✈❛ ❞❡ ♣r❡ssã♦ ♥❛ ❝â♠❛r❛ ❞❡ ❛r ❞♦ ♣❉❆❱✳
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u - entrada
Pca - medido

❈♦♠ ♦s ❞❛❞♦s ❞❡ ♣r❡ssã♦ ♥❛ ❝â♠❛r❛ ❞❡ ❛r ✭Pca✮ ❡ ♦s ❞❛❞♦s ❞❡ ❡♥tr❛❞❛ ♣❛r❛ ♦❜t❡r

❡ss❛ ♣r❡ssã♦ ✭Pej ❡ Pen✮✱ ✉t✐❧✐③♦✉✲s❡ ♦ ♠ét♦❞♦ ❞♦s ♠í♥✐♠♦s q✉❛❞r❛❞♦s ♣❛r❛ ❡♥❝♦♥tr❛r ♦s

♣❛râ♠❡tr♦s ❞❛ ❢✉♥çã♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞✐s❝r❡t❛ ❞❡ ♣r✐♠❡✐r❛ ♦r❞❡♠✳

✺✳✹✳✶ ❊st✐♠❛❞♦r ❞♦s ♠í♥✐♠♦s q✉❛❞r❛❞♦s

❖ ♠ét♦❞♦ ❞♦s ♠í♥✐♠♦s q✉❛❞r❛❞♦s ❢♦✐ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❡st✐♠❛r ♦s ♣❛râ♠❡tr♦s Rca ❡ Cca ❞♦

♠♦❞❡❧♦ ❞♦ s✐st❡♠❛ ❞❡ ❛t✉❛çã♦ ♣♥❡✉♠át✐❝❛✱ q✉❡ t❡♠ ❛ ❡str✉t✉r❛ ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✺✳✷✵✳

❋✐❣✉r❛ ✺✳✷✵✿ ▼♦❞❡❧♦ ✵❉ ❞♦ s✐st❡♠❛ ❞❡ ❛t✉❛çã♦ ♣♥❡✉♠át✐❝❛ ❞♦ ♣❉❆❱✳

Cca

RcaPej

Pen

Pca

u(t) y(t)

❆ ❢✉♥çã♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ♥♦ ❞♦♠í♥✐♦ s ❞♦ s✐st❡♠❛ ❞❛ ❋✐❣✉r❛ ✺✳✷✵ é ❞❛❞❛ ♣♦r✿

Y (s)

U(s)
=

1

sRcaCca + 1
✭✺✳✹✮



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✺✻

❡ t❛♠❜é♠ ♣♦❞❡ s❡r ❡s❝r✐t❛ ❞❛ s❡❣✉✐♥t❡ ♠❛♥❡✐r❛✿

RcaCcasY (s) + Y (s) = U(s) ✭✺✳✺✮

❯t✐❧✐③❛♥❞♦ ❛ tr❛♥s❢♦r♠❛❞❛ ✐♥✈❡rs❛ ❞❡ ▲❛♣❧❛❝❡✱ é ♣♦ssí✈❡❧ ♦❜t❡r ❛ r❡♣r❡s❡♥t❛çã♦ ♣♦r ♠❡✐♦

❞❡ ❡q✉❛çõ❡s ❛ ❞✐❢❡r❡♥ç❛s ❞♦ s✐st❡♠❛ q✉❡ é ❞❛❞❛ ♣♦r✿

RcaCca

(

y(k)− y(k − 1)

Ts

)

+ y(k) = u(k) ✭✺✳✻✮

❉❡s❡♥✈♦❧✈❡♥❞♦ ❛ ❡q✉❛çã♦ ✭✺✳✻✮✱ t❡♠♦s✿

(RcaCca + Ts) y(k)−RcaCcay(k − 1) = Tsu(k) ✭✺✳✼✮

■s♦❧❛♥❞♦ y(k) ♥❛ ❡q✉❛çã♦ ✭✺✳✼✮✱ ♦❜t❡♠♦s ❛ s❡❣✉✐♥t❡ r❡♣r❡s❡♥t❛çã♦✿

y(k) =
RcaCca

(RcaCca + Ts)
y(k − 1) +

Ts

(RcaCca + Ts)
u(k) ✭✺✳✽✮

P♦❞❡♠♦s ❡s❝r❡✈❡r ❛ ❡q✉❛çã♦ ✭✺✳✽✮ ❝♦♠♦✿

y(k) = a1y(k − 1) + b1u(k) ✭✺✳✾✮

♥❛ q✉❛❧✿

a1 =
RcaCca

RcaCca + Ts

✭✺✳✶✵✮

b1 =
Ts

RcaCca + Ts

✭✺✳✶✶✮

❖ ♠ét♦❞♦ ❞♦s ♠í♥✐♠♦s q✉❛❞r❛❞♦s ❢♦✐ ✉t✐❧✐③❛❞♦ ♣❛r❛ ♦❜t❡r ♦ ✈❡t♦r ❞❡ ♣❛râ♠❡tr♦s ❞❡s❝♦✲

♥❤❡❝✐❞♦s✱ θ✱ ❞❛❞♦ ♣♦r✿

θ = [a1 b1]
T ✭✺✳✶✷✮



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✺✼

P❛r❛ ❡st✐♠❛r ♦s ♣❛râ♠❡tr♦s ❞❡s❝♦♥❤❡❝✐❞♦s✱ ❢♦r❛♠ ✉t✐❧✐③❛❞❛s ❛s ♠❡❞✐❞❛s ❞❡ ❡♥tr❛❞❛✱ u(k)✱

❡ s❛í❞❛✱ y(k)✱ ❞♦ ♣r♦❝❡ss♦✱ ϕ(k) ❞❡✜♥✐❞♦ ❝♦♠♦✿

ϕ(k) = [y(k − 1) u(k)]T ✭✺✳✶✸✮

❆ss✐♠✱ ❛ s❛í❞❛ ❡st✐♠❛❞❛ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ♣♦r✿

ŷ(k|θ) = ϕT (k)θ ✭✺✳✶✹✮

❞❡♥♦♠✐♥❛❞❛ ♠♦❞❡❧♦ ❞❡ r❡❣r❡ssã♦ ❧✐♥❡❛r✱ ❡ ŷ(kTs|θ) é ♦ ✈❛❧♦r ❞❛ s❛í❞❛ ♥♦ ✐♥st❛♥t❡ (kTs) ❝♦♠

❜❛s❡ ♥♦ ✈❡t♦r ❞❡ ♣❛râ♠❡tr♦s θ ❬✹✵❪✳

❆ ❢✉♥çã♦ ❞❡ ❝✉st♦ ❞♦s ♠í♥✐♠♦s q✉❛❞r❛❞♦s é ❞❛❞❛ ♣♦r✿

VN =
1

N

N
∑

t=1

1

2
(ε(k,θ))2 ✭✺✳✶✺✮

♥❛ q✉❛❧✱ ε(k,θ) é ♦ ❡rr♦✱ ❞❛❞♦ ♣♦r✿

ε(k,θ) = y(k)− ϕT (k)θ̂ ✭✺✳✶✻✮

P❛r❛ ♦❜t❡r ♦ ✈❡t♦r ❞❡ ♣❛râ♠❡tr♦s é ♥❡❝❡ssár✐♦ ♠✐♥✐♠✐③❛r ❛ ❡ ❡q✉❛çã♦ ✭✺✳✶✺✮✳

θ̂N =

(

1

N

N
∑

t=1

ϕ(t)ϕT (t)

)−1

1

N

N
∑

t=1

ϕ(t)y(t) ✭✺✳✶✼✮

❆ss✐♠✱ ♣❛r❛ ✉♠ s✐st❡♠❛ q✉❡ ♦s ♣❛râ♠❡tr♦s ✭θ✮ ♥ã♦ sã♦ ❝♦♥❤❡❝✐❞♦s✱ ♠❛s ❛s ♠❡❞✐❞❛s

❞❡ ❡♥tr❛❞❛ ✭✉✭t✮✮ ❡ s❛í❞❛ ✭②✭t✮✮ ❡stã♦ ❞✐s♣♦♥í✈❡✐s✱ ♦ ✈❡t♦r ❞❡ ♣❛râ♠❡tr♦s ❡st✐♠❛❞♦ ✭θ̂✮ é

❝❛❧❝✉❧❛❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✭✺✳✶✼✮ ❬✹✵❪✳

❈♦♠ ♦ ✈❛❧♦r ❞❡ss❡s ♣❛râ♠❡tr♦s ❡st✐♠❛❞♦s✱ ❝❛❧❝✉❧♦✉✲s❡ ♦ ✈❛❧♦r ❞❛ ❝♦♥st❛♥t❡ ❞❡ t❡♠♣♦ τca

♣❡❧❛s ❡q✉❛çõ❡s ✺✳✶✵ ❡ ✺✳✶✶✳ ❙❛❜❡✲s❡ t❛♠❜é♠ q✉❡ ❛ ❝♦♥st❛♥t❡ ❞❡ t❡♠♣♦ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛

♣❡❧❛ ❡q✉❛çã♦ ✭✺✳✶✽✮✳

τca = RcaCca ✭✺✳✶✽✮
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❉❡ ♣♦ss❡ ❞♦ ✈❛❧♦r ❞❛ ❝♦♥st❛♥t❡ ❞❡ t❡♠♣♦✱ τca = 0,0415 s✱ ❡ ❞❛ r❡s✐stê♥❝✐❛ Rca✱ ♣♦❞❡✲s❡

❝❛❧❝✉❧❛r ❞✐r❡t❛♠❡♥t❡ ♦ ✈❛❧♦r ❞❛ ❝❛♣❛❝✐tâ♥❝✐❛ Cca ♣❡❧❛ ❡q✉❛çã♦ ✭✺✳✶✽✮✳

❈♦♠ ♦s ✈❛❧♦r❡s ❞❡ Rca ❡ Cca ❝❛❧❝✉❧❛❞♦s✱ é ♣♦ssí✈❡❧ ♦❜t❡r ❛ ❝✉r✈❛ ❞❡ ♣r❡ssã♦ ♥❛ ❝â♠❛r❛

❞❡ ❛r ❡st✐♠❛❞❛✱ P̂ca✱ ♣❛r❛ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❡ ♣r❡ssõ❡s ❞❡ ❡♥tr❛❞❛ Pej ❡ Pen✳ ❆ ❋✐❣✉r❛ ✺✳✷✶✱

r❡♣r❡s❡♥t❛ ❛s ❝✉r✈❛s ❞❡ ♣r❡ssã♦ ♥❛ ❝â♠❛r❛ ❞❡ ❛r ♠❡❞✐❞❛ ♥♦ ♣❉❆❱ ❡ ❡st✐♠❛❞❛ ✉t✐❧✐③❛♥❞♦

♦ ♠♦❞❡❧♦ ♣r♦♣♦st♦ ♣❛r❛ ♦ ❛t✉❛❞♦r ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✾✳ ❖ ✈❛❧♦r ❞❛ r❡s✐stê♥❝✐❛ ❞♦

t✉❜♦ ❞❡ ❛r ❝❛❧❝✉❧❛❞❛ ✉s❛♥❞♦✲s❡ ❛ ❡q✉❛çã♦ ✭✹✳✶✮ ❢♦✐ Rca = 0,25 ♠♠❍❣✳s✴♠▲ ❡ ♦ ✈❛❧♦r ❞❛

❝❛♣❛❝✐tâ♥❝✐❛ q✉❡ r❡♣r❡s❡♥t❛ ❛ ❝♦♠♣❧❛❝ê♥❝✐❛ ❞❛ ❝â♠❛r❛ ❞❡ ❛r ♦❜t✐❞♦ é Cca = 0,16♠▲✴♠♠❍❣✳

❖s s✐♥❛✐s ❞❡ ♣r❡ssã♦ ♥❛ ❡♥tr❛❞❛ ✉t✐❧✐③❛❞♦s ♥❡st❡ ❡①♣❡r✐♠❡♥t♦ ❢♦r❛♠✿ Pej = 180 ♠♠❍❣ ❡

Pen = 0 ♠♠❍❣✳ P♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ ❛ ❝✉r✈❛ ❞❡ ♣r❡ssã♦ ❡st✐♠❛❞❛ ♥❛ ❝â♠❛r❛ ❞❡ ❛r é ♠✉✐t♦

♣ró①✐♠❛ ❞♦ s✐♥❛❧ ♠❡❞✐❞♦✳

❋✐❣✉r❛ ✺✳✷✶✿ ❈✉r✈❛ ❞❡ ♣r❡ssã♦ ♥❛ ❝â♠❛r❛ ❞❡ ❛r ❞♦ ♣❉❆❱ ♠❡❞✐❞❛ ❡ ❡st✐♠❛❞❛ ❝♦♠ ❜❛s❡ ♥♦
♠ét♦❞♦ ❞♦s ♠í♥✐♠♦s q✉❛❞r❛❞♦s✳

Tempo (s)
0 0.5 1 1.5
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Pej Pen

u - entrada
Pca - medido

P̂ca - estimado

P❛r❛ ❛ ✈❛❧✐❞❛çã♦ ❞❡ss❡ ♠♦❞❡❧♦✱ ❝❛❧❝✉❧♦✉✲s❡ ❛ r❛✐③ ❞♦ ❡rr♦ ♠é❞✐♦ q✉❛❞rát✐❝♦ ✭εrms✮ ❡♥tr❡

❛ ❝✉r✈❛ ❞❡ ♣r❡ssã♦ ♠❡❞✐❞❛ ❡ ❛ ❝✉r✈❛ ❞❡ ♣r❡ssã♦ ❡st✐♠❛❞❛✱ ♣❛r❛ ✉♠ ❝♦♥❥✉♥t♦ ❞❡✱ N = 1600

❛♠♦str❛s✱ ❞✐❢❡r❡♥t❡s ❞❛s ❛♠♦str❛s ✉t✐❧✐③❛❞❛s ♥❛ ❡st✐♠❛t✐✈❛ ❬✸✶❪✳ ❆ ✈❛♥t❛❣❡♠ ❞❛ ✉t✐❧✐③❛çã♦

❞❛ r❛✐③ ❞♦ ❡rr♦ ♠é❞✐♦ q✉❛❞rát✐❝♦ é q✉❡ ♦ ✈❛❧♦r ❞♦ ❡rr♦ ❡stá ♥❛ ♠❡s♠❛ ❞✐♠❡♥sã♦ ❞❛ ✈❛r✐á✈❡❧

❛♥❛❧✐s❛❞❛✳

εrms =

(

1

N

N
∑

k=1

(

Pca(k)− P̂ca(k)
)2
)1/2

✭✺✳✶✾✮

❆ r❛✐③ ❞♦ ❡rr♦ ♠é❞✐♦ q✉❛❞rát✐❝♦ ✭εrms✮ ❝❛❧❝✉❧❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✭✺✳✶✾✮ é ✐❣✉❛❧ ❛ ✺✱✷✼ ♠♠❍❣✳

P❡❧❛ ❝✉r✈❛ ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✺✳✷✶✱ é ♣♦ssí✈❡❧ ♦❜s❡r✈❛r q✉❡ ❛s ❝✉r✈❛s ♠❡❞✐❞❛ ❡ ❡st✐♠❛❞❛



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✺✾

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

❛ ❢❛✐①❛ ❞❡ ✈❛r✐❛❜✐❧✐❞❛❞❡ ❞♦ s✐♥❛❧ ✭✵ ♠♠❍❣ à ✶✽✵ ♠♠❍❣✮✳

❖❜s❡r✈❛✲s❡ ✉♠❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❡ss❛s ❝✉r✈❛s ♥❛ ❞❡s❝✐❞❛ ✭♠✉❞❛♥ç❛ ♥♦ s✐♥❛❧ ❞❡ ❡♥tr❛❞❛✱

u✱ ❞❡ Pej ♣❛r❛ Pen✮✳ ■ss♦ ✐♥❞✐❝❛ q✉❡ ❛ ❝♦♥st❛♥t❡ ❞❡ t❡♠♣♦ ❞❡ s✉❜✐❞❛ é ❞✐❢❡r❡♥t❡ ❞❛ ❞❡ ❞❡s❝✐❛✳

P♦ré♠ ❝♦♠♦ ♦ ❡rr♦ ❡♥tr❡ ❡ss❛s ❞✉❛s ❝✉r✈❛s é ♣❡q✉❡♥♦ ♠❡s♠♦ ❝♦♠ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ✉♠ ú♥✐❝♦

✈❛❧♦r ♣❛r❛ ♦ ❝❛♣❛❝✐t♦r ✭Cca✮✱ ♦♣t♦✉✲s❡ ♣♦r ♠♦❞❡❧❛r ❡ss❡ ❛t✉❛❞♦r ❝♦♠ ♦s ♠❡s♠♦s ✈❛❧♦r❡s ❞❡

Rca ❡ Cca✳

✺✳✺ ▼♦❞❡❧❛❣❡♠ ❞♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦

P❛r❛ r❡❛❧✐③❛r ❛ ♠♦❞❡❧❛❣❡♠ ❞♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ❝❡❞✐❞♦ ♣❛r❛ ❡ss❡ tr❛❜❛❧❤♦ ♣❛r❛ t❡st❛r ❡

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

s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✷✷ ❡ ❛s ❝✉r✈❛s ❞❡ ♣r❡ssõ❡s ❡ ✢✉①♦s ♦❜t✐❞❛s ♥♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦✳

❋✐❣✉r❛ ✺✳✷✷✿ ❊sq✉❡♠át✐❝♦ ❞♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ❝♦♠ ♦ ♣❉❆❱ ❛❝♦♣❧❛❞♦✳

Reservatório
2

Resistência 
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Cânula de Entrada Cânula de Saída

Tubo para Ar 
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Sensor de Pressão

Válvula de 
Entrada

Válvula 
de Saída

Sensor 
de Fluxo

Sensor 
de Fluxo

Membrana

Qi Qo

Atuador 
Pneumático

Câmara de 
Sangue

Câmara de Ar
Sensor de Pressão

Reservatório
1

Sensor 
de Fluxo

Sensor de Pressão

Sensor de 
Pressão



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✻✵

✺✳✺✳✶ ❚❡st❡ ❡stát✐❝♦ ✲ ♣❉❆❱

P❛r❛ ❛ ♠♦❞❡❧❛❣❡♠ ❞♦ ♣❉❆❱✱ ❢♦✐ r❡❛❧✐③❛❞♦ ✉♠ ❡st✉❞♦ ❝♦♠ ♦ ❞✐s♣♦s✐t✐✈♦ ✐s♦❧❛❞♦ ✭t❡st❡ ❡stá✲

t✐❝♦✮ ♣❛r❛ ♦❜t❡r ❛ r❡❧❛çã♦ ❡♥tr❡ ❛ ♣r❡ssã♦ ❡ ♦ ✈♦❧✉♠❡ ♥♦ ✐♥t❡r✐♦r ❞❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡✱ ❝♦♠

♦ ♦❜❥❡t✐✈♦ ❞❡ ❞❡t❡r♠✐♥❛r ❛ ❝♦♠♣❧❛❝ê♥❝✐❛ ❞❡ss❛ ❝â♠❛r❛✳ P❛r❛ r❡❛❧✐③❛r ❡st❡ t❡st❡✱ r❡t✐r♦✉✲s❡

❛s ❞✉❛s ✈á❧✈✉❧❛s ❞♦ ♣❉❆❱ ❡ ❢❡❝❤♦✉✲s❡ ❛ s❛í❞❛✳ ❈♦♠ ♦ ♣❉❆❱ s❡♠ ✈á❧✈✉❧❛s ❡ ❛ s❛í❞❛ ❢❡❝❤❛❞❛✱

s❡❣✉✐✉✲s❡ ♦ s❡❣✉✐♥t❡ ♣r♦❝❡❞✐♠❡♥t♦ ♣❛r❛ ♦❜t❡r ❛ r❡❧❛çã♦ ❡♥tr❡ ❛ ♣r❡ssã♦ ✭Pcs✮ ❡ ♦ ✈♦❧✉♠❡ ❞❛

❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ✭Vcs✮✳

✶✳ ❈♦♥❡❝t♦✉✲s❡ ✉♠❛ s❡r✐♥❣❛ à ❡♥tr❛❞❛ ❞♦ ♣❉❆❱ ♣❛r❛ ❡♥❝❤❡r ❝♦♠♣❧❡t❛♠❡♥t❡ ❛ ❝â♠❛r❛

❞❡ s❛♥❣✉❡ ❞♦ ❞✐s♣♦s✐t✐✈♦ ❝♦♠ ✸✺ ♠▲ ❞♦ ✢✉✐❞♦ ✉t✐❧✐③❛❞♦ ♥♦ ❙❍✳

✷✳ ◗✉❛♥t✐❞❛❞❡s ✜①❛s ❞❡ ✶ ♠▲ ❢♦r❛♠ r❡t✐r❛❞❛s ❞♦ ✐♥t❡r✐♦r ❞❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❞♦ ♣❉❆❱

✉s❛♥❞♦ ❛ ♠❡s♠❛ s❡r✐♥❣❛✳

✸✳ ❆ ♣r❡ssã♦ ✭Pcs✮ ❡ ♦ ✈♦❧✉♠❡ ❞❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ✭Vcs✮ ❢♦r❛♠ r❡❣✐str❛❞♦s ♣❛r❛ ❝❛❞❛

r❡t✐r❛❞❛ ❞❡ ✶ ♠▲✳

❘❡♣❡t✐✉✲s❡ ❝✐♥❝♦ ✈❡③❡s ❡st❡ ❡①♣❡r✐♠❡♥t♦ ✭♣❛ss♦s ✶✱ ✷ ❡ ✸✮✱ ✈❛r✐❛♥❞♦✲s❡ ❛ ♣r❡ssã♦ ♥❛

❝â♠❛r❛ ❞❡ ❛r ✭Pca✮ ❡ ♠❛♥t❡♥❞♦ ❛ ♠❡s♠❛ ❝♦♥st❛♥t❡ ♥♦s s❡❣✉✐♥t❡s ✈❛❧♦r❡s✿ ✵✱ ✺✵✱ ✶✵✵✱ ✶✺✵ ❡

✷✵✵ ♠♠❍❣✳ ❊ss❛s ♣r❡ssõ❡s ❢♦r❛♠ ♠❛♥t✐❞❛s ❝♦♥st❛♥t❡s ♣❛r❛ ❝❛❞❛ ❡①♣❡r✐♠❡♥t♦✳ ❆♦ ✜♥❛❧ ❞♦

❡①♣❡r✐♠❡♥t♦✱ ✉♠ ❣rá✜❝♦ ✈♦❧✉♠❡✲♣r❡ssã♦ ♣ô❞❡ s❡r tr❛ç❛❞♦ ❡ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥❛ ❋✐❣✉r❛

✺✳✷✸✳



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✻✶

❋✐❣✉r❛ ✺✳✷✸✿ ❚❡st❡ ❡stát✐❝♦ r❡❛❧✐③❛❞♦ ♣❛r❛ ♠♦❞❡❧❛❣❡♠ ❞♦ ♣❉❆❱✳

Vcs (mL)
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região de operação

Pca = 0 mmHg
Pca = 50 mmHg
Pca = 100 mmHg
Pca = 150 mmHg
Pca = 200 mmHg

◆❛ r❡❣✐ã♦ ❞❡ ♦♣❡r❛çã♦ ❞♦ ♣❉❆❱ ✭✷✹ ♠▲ ❛ ✸✸ ♠▲✮✱ ❛ ✈❛r✐❛çã♦ ❞❛ ♣r❡ssã♦ ❝♦♠ r❡❧❛çã♦ à

✈❛r✐❛çã♦ ❞♦ ✈♦❧✉♠❡ ♣♦❞❡ s❡r ❛♣r♦①✐♠❛❞❛ ♣♦r ✉♠❛ ❢✉♥çã♦ ❧✐♥❡❛r✳ ❊ss❛ r❡❣✐ã♦ ❞❡ ♦♣❡r❛çã♦

❢♦✐ ❞❡✜♥✐❞❛ ❝♦♠ ❜❛s❡ ♥♦ ✈♦❧✉♠❡ q✉❡ é ❡❥❡t❛❞♦ ♣❡❧♦ ♣❉❆❱ q✉❛♥❞♦ ❡stá ❡♠ ♦♣❡r❛çã♦ ❬✸✶❪✳

❆ ❝♦♠♣❧❛❝ê♥❝✐❛ ❞❡ ✉♠❛ ❝â♠❛r❛ ❢❡❝❤❛❞❛ é ❞❛❞❛ ♣❡❧❛ r❡❧❛çã♦ ❞✐r❡t❛ ❡♥tr❡ ♦ ✈♦❧✉♠❡ ❡ ❛ ❛

♣r❡ssã♦✳ ❉❡ss❛ ♠❛♥❡✐r❛✱ ❛ ❝♦♠♣❧❛❝ê♥❝✐❛ ❞❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❞♦ ♣❉❆❱ ❢♦✐ ❝❛❧❝✉❧❛❞❛ ♣❡❧❛

r❡❧❛çã♦ ❡♥tr❡ ❛ ✈❛r✐❛çã♦ ❞♦ ✈♦❧✉♠❡ ✭∆Vcs✮ ❡ ❛ ✈❛r✐❛çã♦ ❞❛ ♣r❡ssã♦ ♥♦ ✐♥t❡r✐♦r ❞❛ ❝â♠❛r❛ ❞❡

s❛♥❣✉❡ ✭∆Pcs✮✱ ♥❛ ❢❛✐①❛ ❞❡ ♦♣❡r❛çã♦ ❞♦ ♣❉❆❱✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❡①♣r❡ssã♦✿

Ccs =
∆Vcs

∆Pcs

✭✺✳✷✵✮

❛ss✐♠✱ ❛ ❝♦♠♣❧❛❝ê♥❝✐❛ ❞❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❞♦ ♣❉❆❱ ❢♦✐ ❝❛❧❝✉❧❛❞❛ ♣❛r❛ ❝❛❞❛ ✈❛❧♦r ❞❡

♣r❡ssã♦ ♥❛ ❝â♠❛r❛ ❞❡ ❛r ✭Pca✮ ❡ ❢♦✐ ❝❛❧❝✉❧❛❞❛ ❛ ♠é❞✐❛ ❞❡ss❡s ✈❛❧♦r❡s✳ ❉❡ss❛ ❢♦r♠❛✱ ♦ ✈❛❧♦r ❞❛

❝♦♠♣❧❛❝ê♥❝✐❛ ❞❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❝❛❧❝✉❧❛❞❛ ♣❡❧♦ t❡st❡ ❡stát✐❝♦ é Ccs = 0,2525 ♠▲✴♠♠❍❣✳

✺✳✺✳✷ ▼♦❞❡❧❛❣❡♠ ❞✐♥â♠✐❝❛ ❞♦ ♣❉❆❱

❈♦♠ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ♠♦♥t❛❞♦✱ r❡❛❧✐③♦✉✲s❡ ✉♠ t❡st❡ ❞✐♥â♠✐❝♦ ♣❛r❛ ❝❛❧❝✉❧❛r ❛ ❝♦♠♣❧❛❝ê♥✲

❝✐❛ ❞❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❞♦ ♣❉❆❱✱ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ♠❡❧❤♦r❛r ❛ ❡st✐♠❛t✐✈❛ r❡❛❧✐③❛❞❛ ♥♦

t❡st❡ ❡stát✐❝♦✳ ❈♦♠ ♦ ♣❉❆❱ ❝♦♥❡❝t❛❞♦ ❛♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦✱ s❡❣✉✐✉✲s❡ ♦ s❡❣✉✐♥t❡ ♣r♦❝❡❞✐✲



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✻✷

♠❡♥t♦ ♣❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞♦ t❡st❡ ❞✐♥â♠✐❝♦ ♣❛r❛ ♦ ❡♥❝❤✐♠❡♥t♦ ❞♦ ♣❉❆❱✳

✶✳ ❆ ❝â♠❛r❛ ❞❡ ❛r ❞♦ ♣❉❆❱ ❢♦✐ ♣r❡ss✉r✐③❛❞❛ ❝♦♠ Pej = 175 ♠♠❍❣ ❡ ❡♠ s❡❣✉✐❞❛ ❛ ❝â♥✉❧❛

❞❡ s❛í❞❛ ❢♦✐ ❢❡❝❤❛❞❛✳

✷✳ ❈❤❛✈❡♦✉✲s❡ ❛ ✈á❧✈✉❧❛ s♦❧❡♥♦✐❞❡ ♣❛r❛ ❛ ♣r❡ssã♦ ❞❡ ❡♥❝❤✐♠❡♥t♦ Pen = −30 ♠♠❍❣✳

✸✳ ❆ ♣r❡ssã♦ ✭Pcs✮ ❡ ♦ ✢✉①♦ ❞❡ ❡♥tr❛❞❛ ✭Qi✮ ❢♦r❛♠ s❛❧✈♦s ✉t✐❧✐③❛❞♦ ♦ s✐st❡♠❛ ❞❡ ❛q✉✐s✐çã♦

❞❡ ❞❛❞♦s ❞❡s❡♥✈♦❧✈✐❞♦✳

❉❡ ♣♦ss❡ ❞❡ss❡s ✈❛❧♦r❡s✱ ✐♥t❡❣r♦✉✲s❡ ❛ ❝✉r✈❛ ❞❡ ✢✉①♦ ♣❛r❛ ♦❜t❡r ♦ ✈♦❧✉♠❡✳ ❈♦♠ ♦s

✈❛❧♦r❡s ❞❡ ✈♦❧✉♠❡ ❡ ♣r❡ssã♦ ❛♦ ❧♦♥❣♦ ❞♦ t❡♠♣♦✱ ❝❛❧❝✉❧♦✉✲s❡ ♦ ✈❛❧♦r ♠é❞✐♦ ❞❡ Ccs ♣❛r❛ ♦

t❡st❡ ❞✐♥â♠✐❝♦✳ ❖ ✈❛❧♦r ♠é❞✐♦ ♦❜t✐❞♦ ❝♦♠ ❡st❡ t❡st❡ Ccs = 0,2682 ♠▲✴♠♠❍❣✱ ❢♦✐ ❜❡♠

♣ró①✐♠♦ ❞♦ ✈❛❧♦r ♦❜t✐❞♦ ❝♦♠ ♦ t❡st❡ ❡stát✐❝♦✳ ❆♣ós ❡st❡ t❡st❡✱ r❡❛❧✐③♦✉✲s❡ ♦ t❡st❡ ❞✐♥â♠✐❝♦

♣❛r❛ ❛ ❡❥❡çã♦ ❞♦ ♣❉❆❱ ❡ s❡❣✉✐✉✲s❡ ♦ s❡❣✉✐♥t❡ ♣r♦❝❡❞✐♠❡♥t♦✳

✶✳ ❆ ❝â♠❛r❛ ❞❡ ❛r ❞♦ ♣❉❆❱ ❢♦✐ ♣r❡ss✉r✐③❛❞❛ ❝♦♠ Pen = −30 ♠♠❍❣ ❡ ❡♠ s❡❣✉✐❞❛ ❛

❝â♥✉❧❛ ❞❡ ❡♥tr❛❞❛ ❢♦✐ ❢❡❝❤❛❞❛✳

✷✳ ❈❤❛✈❡♦✉✲s❡ ❛ ✈á❧✈✉❧❛ s♦❧❡♥♦✐❞❡ ♣❛r❛ ❛ ♣r❡ssã♦ ❞❡ ❡❥❡çã♦ Pej = 175 ♠♠❍❣✳

✸✳ ❆ ♣r❡ssã♦ ✭Pcs✮ ❡ ♦ ✢✉①♦ ❞❡ s❛í❞❛ ✭Qo✮ ❢♦r❛♠ s❛❧✈♦s ✉t✐❧✐③❛❞♦ ♦ s✐st❡♠❛ ❞❡ ❛q✉✐s✐çã♦

❞❡ ❞❛❞♦s ❞❡s❡♥✈♦❧✈✐❞♦✳

❈♦♠ ❡st❡s ✈❛❧♦r❡s s❛❧✈♦s✱ r❡❛❧✐③♦✉✲s❡ ♦ ♠❡s♠♦ ❝❛❧❝✉❧♦ ✉t✐❧✐③❛❞♦ ♣❛r❛ ♦ t❡st❡ ❞❡ ❡♥❝❤✐✲

♠❡♥t♦✳ ❖ ✈❛❧♦r ♠é❞✐♦ ♦❜t✐❞♦ ❝♦♠ ❡st❡ t❡st❡ Ccs = 0,2357 ♠▲✴♠♠❍❣✱ q✉❡ é ❜❡♠ ♣ró①✐♠♦

❞♦s ✈❛❧♦r❡s ♦❜t✐❞♦s ♥♦ t❡st❡ ❡stát✐❝♦ ❡ ♥♦ t❡st❡ ❞❡ ❡♥❝❤✐♠❡♥t♦✳ ❆ss✐♠✱ s❡rá ✉t✐❧✐③❛❞♦ ♣❛r❛

s✐♠✉❧❛çõ❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s✱ Ccs = 0,2521 ♠▲✴♠♠❍❣✱ ♦❜t✐❞♦ ❝♦♠ ♦ ❝á❧❝✉❧♦ ❞❛ ♠é❞✐❛ ❞♦s

três ✈❛❧♦r❡s ❝❛❧❝✉❧❛❞♦s✳

P❛r❛ ❝♦♠♣❧❡t❛r ♦ ♠♦❞❡❧♦ ❞♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦✱ ✉t✐❧✐③♦✉✲s❡ ❛ ❛♥❛❧♦❣✐❛ ❡♥tr❡ s✐st❡♠❛s

❤✐❞rá✉❧✐❝♦s ❡ ❝✐r❝✉✐t♦s ❡❧étr✐❝♦s ♣❛r❛ ♠♦❞❡❧❛r ♦s ❞♦✐s r❡s❡r✈❛tór✐♦s ❡ ♦ t✉❜♦ q✉❡ ♣♦ss✉✐

❛ r❡s✐stê♥❝✐❛ ♠❡❝â♥✐❝❛ ❡ ❢❛③ ❛ ✐♥t❡r❧✐❣❛çã♦ ❡♥tr❡ ♦s r❡s❡r✈❛tór✐♦s✳ ❆ss✐♠✱ ♦ ♠♦❞❡❧♦ ✵❉

♣r♦♣♦st♦✱ q✉❡ r❡♣r❡s❡♥t❛ t♦❞♦ ♦ s✐st❡♠❛✱ ♥❛ ❋✐❣✉r❛ ✺✳✷✹✳

◆❛ ❋✐❣✉r❛ ✺✳✷✹✱ ❛s ♣❛rt❡s ❞♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ❢♦r❛♠ ❞✐✈✐❞❛s ❡ ❡♥✉♠❡r❛❞❛s✳ ❖ ♥ú♠❡r♦

✶✱ r❡♣r❡s❡♥t❛ ♦ ❛t✉❛❞♦r ♣♥❡✉♠át✐❝♦✱ ♦ ♥ú♠❡r♦ ✷ r❡♣r❡s❡♥t❛ ♦ t✉❜♦ q✉❡ ❢❛③ ❛ ✐♥t❡r❧✐❣❛çã♦



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✻✸

❋✐❣✉r❛ ✺✳✷✹✿ ❈✐r❝✉✐t♦ ❡❧étr✐❝♦ ❛♥á❧♦❣♦ ❛♦ s✐♠✉❧❛❞♦r ❤✐❞rá✉❧✐❝♦✳

Qi Qo

Ri Di RoLi LoPcs PaoPae
Do

Ccs

Cca

RcaPej

Pen Pca
+ αPca

Rs

Qs

Ls

8

4 6

1
2

Pae Cao

5 73

Rcs

❡♥tr❡ ♦ ❛t✉❛❞♦r ♣♥❡✉♠át✐❝♦ ❡ ❛ ❝â♠❛r❛ ❞❡ ❛r ❞♦ ♣❉❆❱✱ ♦s ♥ú♠❡r♦s ✹ ❡ ✻ r❡♣r❡s❡♥t❛♠ ❛s

❝â♥✉❧❛s ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ♦ ♥ú♠❡r♦ ✺ r❡♣r❡s❡♥t❛ ♦ ♣❉❆❱✳ ❖ ♣r♦❝❡ss♦

❞❡ ♠♦❞❡❧❛❣❡♠ ❞❡ss❡s ❝♦♠♣♦♥❡♥t❡s ❡stá ❜❡♠ ❞❡t❛❧❤❛❞♦ ♥♦ ❝❛♣ít✉❧♦ ✹ ❡ ♥❡st❡ ❝❛♣ít✉❧♦ s❡rá

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

❡①♣❡r✐♠❡♥t♦s r❡❛❧✐③❛❞♦s ❝♦♠ ♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦✳ ❚❛♠❜é♠ s❡rá r❡❛❧✐③❛❞❛ ❛ ♠♦❞❡❧❛❣❡♠ ❡

❡st✐♠❛çã♦ ❞♦s ♣❛râ♠❡tr♦s ❞♦s ❞❡♠❛✐s ❝♦♠♣♦♥❡♥t❡s ❞♦ ❙❍✳

✺✳✺✳✸ ▼♦❞❡❧❛❣❡♠ ❞♦ r❡s❡r✈❛tór✐♦ ✷

❆ ♠♦❞❡❧❛❣❡♠ ❞♦ r❡s❡r✈❛tór✐♦ ✷✱ ✐♥❞✐❝❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✷✷✱ ❢♦✐ r❡❛❧✐③❛❞❛ ❝♦♠ ❜❛s❡ ♥❛s ❝❛r❛❝✲

t❡ríst✐❝❛s ❞♦ r❡s❡r✈❛tór✐♦ ❡ ♥❛ ❝✉r✈❛ ❞❡ ♣r❡ssã♦ Pae ❋✐❣✉r❛s ✺✳✶✼ ✭❆✮ ❡ ✺✳✶✽ ✭❆✮✳ ❈♦♠♦ ❡ss❡

é ✉♠ r❡s❡r✈❛tór✐♦ ❛❜❡rt♦✱ ❡ ♦ ♥í✈❡❧ ❞♦ ✢✉✐❞♦ ♥♦ s❡✉ ✐♥t❡r✐♦r é ❝♦♥st❛♥t❡✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦

❞❛ ♣r❡ssã♦ ♥❡ss❡ r❡s❡r✈❛tór✐♦ t❛♠❜é♠ é ❝♦♥st❛♥t❡✱ ❛ss✐♠✱ ♥♦ ♠♦❞❡❧♦ ✵❉✱ ♦ r❡s❡r✈❛tór✐♦ ✷

❢♦✐ r❡♣r❡s❡♥t❛❞♦ ♣♦r ✉♠❛ ❢♦♥t❡ ❞❡ t❡♥sã♦ ❝♦♥tí♥✉❛ ✭❈❈✮✱ ❡ ❡stá ✐♥❞✐❝❛❞♦ ♣❡❧♦ ♥ú♠❡r♦ ✸ ♥❛

❋✐❣✉r❛ ✺✳✷✹✳ P❛r❛ ❡st✐♠❛r ♦ ✈❛❧♦r ❞❛ ♣r❡ssã♦ Pae✱ ✉t✐❧✐③♦✉✲s❡ ✉♠ ♣❡rí♦❞♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦

❞♦ s✐st❡♠❛ ❞❡ ✵✱✽ s❡❣✉♥❞♦s ✭✽✵✵ ❛♠♦str❛s✮ ❡ ❝❛❧❝✉❧♦✉✲s❡ ❛ ♠é❞✐❛ ❞♦ ✈❛❧♦r ❞❛ ♣r❡ssã♦ ♥❡ss❡

✐♥t❡r✈❛❧♦✱ ♣❛r❛ ✹ ❡①♣❡r✐♠❡♥t♦s ❞✐❢❡r❡♥t❡s✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❡q✉❛çã♦ ❛❜❛✐①♦✿

Pae =
1

N

N
∑

k=1

Pae(kTs) ✭✺✳✷✶✮



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✻✹

♥❛ q✉❛❧ N é ♦ ♥ú♠❡r♦ t♦t❛❧ ❞❡ ❛♠♦str❛s✱ Ts é ❛ t❛①❛ ❞❡ ❛♠♦str❛❣❡♠ ❡ k é ♦ í♥❞✐❝❡ ❞❡ ❝❛❞❛

❛♠♦str❛✳ ❊♠ t♦❞♦s ♦s ❡①♣❡r✐♠❡♥t♦s ♦ ✈❛❧♦r ♠é❞✐♦ ❞❛ ♣r❡ssã♦ ❢♦✐ ❞❡ ✻ ♠♠❍❣✳ ❆ss✐♠✱ ❡ss❡

r❡s❡r✈❛tór✐♦ s❡rá r❡♣r❡s❡♥t❛❞♦ ♣♦r ✉♠❛ ❢♦♥t❡ ❞❡ t❡♥sã♦ ❈❈ ❞❡ ✻ ❱✳

✺✳✺✳✹ ▼♦❞❡❧❛❣❡♠ ❞♦ r❡s❡r✈❛tór✐♦ ✶

P❛r❛ ♠♦❞❡❧❛r ♦ r❡s❡r✈❛tór✐♦ ✶✱ ✐♥❞✐❝❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✷✷✱ ✉t✐❧✐③♦✉✲s❡ ♦ ❝♦♥❝❡✐t♦ ❞❡ ♠♦❞❡❧❛✲

❣❡♠ ❲✐♥❞❦❡ss❡❧ ♣❛r❛ ✉♠❛ ❝â♠❛r❛ ❢❡❝❤❛❞❛✳ ❆ss✐♠✱ ❛ ❝♦♠♣❧❛❝ê♥❝✐❛ ❞❡ss❡ r❡s❡r✈❛tór✐♦ ❢♦✐

r❡♣r❡s❡♥t❛❞❛ ♣❡❧♦ ❝❛♣❛❝✐t♦r Cao✱ ❡ ❡stá ✐♥❞✐❝❛❞♦ ♣❡❧♦ ♥ú♠❡r♦ ✼ ♥❛ ❋✐❣✉r❛ ✺✳✷✹✳

❖ ❝á❧❝✉❧♦ ❞❛ ❝❛♣❛❝✐tâ♥❝✐❛ Cao✱ ❢♦✐ r❡❛❧✐③❛❞♦ ❝♦♠ ❜❛s❡ ♥❛ ❝✉r✈❛ ❞❡ ♣r❡ssã♦ Pao ❡ ❞♦ ✢✉①♦

Qs ♦❜t✐❞♦s ♥♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ♥❛ ❢❛s❡ ❞❡ ❡♥❝❤✐♠❡♥t♦ ❞♦ ♣❉❆❱✱ ♣♦✐s ♥❡st❡ ♠♦♠❡♥t♦ ♦

✢✉①♦ ❞❡ s❛í❞❛ ❞♦ ♣❉❆❱ é ♥✉❧♦ ❡ só ❡①✐st❡ ✢✉①♦ s❛✐♥❞♦ ❞♦ r❡s❡r✈❛tór✐♦ ✶ ♣❛r❛ ♦ r❡s❡r✈❛tór✐♦

✷ ✭Qs✮✳ ❈♦♠ ❡ss❡s ❞❛❞♦s✱ ❡ ❛ ❡q✉❛çã♦ ❞❡ ❝♦rr❡♥t❡ ❡♠ ✉♠ ❝❛♣❛❝✐t♦r ❞❛❞❛ ♣♦r✿

I = C
dV

dt
C =

I
dV
dt

✭✺✳✷✷✮

♣♦❞❡♠♦s ✉t✐❧✐③❛r ❛ ❛♥❛❧♦❣✐❛ ❡♥tr❡ s✐st❡♠❛s ❤✐❞rá✉❧✐❝♦s ❡ ❝✐r❝✉✐t♦s ❡❧étr✐❝♦s ♥❛ q✉❛❧ ♦ ✢✉①♦ é

r❡♣r❡s❡♥t❛❞♦ ♣❡❧❛ ❝♦rr❡♥t❡ ❡❧étr✐❝❛ ❡ ❛ ♣r❡ssã♦ é r❡♣r❡s❡♥t❛❞❛ ♣❡❧❛ t❡♥sã♦ ❡❧étr✐❝❛✱ ❡ ✉t✐❧✐③❛r

❛ ❡q✉❛çã♦ ✭✺✳✷✸✮ ♣❛r❛ ❝❛❧❝✉❧❛r ♦ ✈❛❧♦r ❞❡ Cao✳

Cao(kTs) =
−Qs(kTs)

Pao((k+1)Ts)−Pao(kTs)
Ts

, k = 1, 2,..., 200. ✭✺✳✷✸✮

♥❛ q✉❛❧✱ Ts é ❛ t❛①❛ ❞❡ ❛♠♦str❛❣❡♠ ❡ k é ♦ í♥❞✐❝❡ ❞❡ ❝❛❞❛ ❛♠♦str❛✳ ❯t✐❧✐③❛♥❞♦ ❛ ❡q✉❛çã♦

✭✺✳✷✸✮✱ ❡ ♦s ❞❛❞♦s ❞❡ ✢✉①♦ ❡ ♣r❡ssã♦ ♥♦ ✐♥t❡r✈❛❧♦ ❞❡ ❡♥❝❤✐♠❡♥t♦ ❞♦ ♣❉❆❱ ✭✷✵✵ ❛♠♦str❛s✮✱

♦ ✈❛❧♦r ❝❛❧❝✉❧❛❞♦ ♣❛r❛ ❛ ❝♦♠♣❧❛❝ê♥❝✐❛ ❞♦ r❡s❡r✈❛tór✐♦ ✶ é Cao = 0,2385 ✭♠▲✴♠♠❍❣✮✳

❊ss❡ ✈❛❧♦r ❢♦✐ ♦❜t✐❞♦ ♣❡❧❛ ♠é❞✐❛ ❞♦s ✈❛❧♦r❡s ❞❡ Cao ♦❜t✐❞♦s ♣❡❧❛ ❡q✉❛çã♦ ✭✺✳✷✷✮ ♣❛r❛ ❛s ✷✵✵

❛♠♦str❛s ❞✐s♣♦♥í✈❡✐s ❝❛❧❝✉❧❛❞♦ ♣❡❧❛ ❡q✉❛çã♦ ❛❜❛✐①♦✿

Cao =
1

N

N
∑

k=1

Cao(kTs) ✭✺✳✷✹✮

♥❛ q✉❛❧ N é ♦ ♥ú♠❡r♦ t♦t❛❧ ❞❡ ❛♠♦str❛s✱ k é ♦ í♥❞✐❝❡ ❞❡ ❝❛❞❛ ❛♠♦str❛ ❡ Cao(kTs) é ♦ ✈❛❧♦r

❞❛ ❝❛♣❛❝✐tâ♥❝✐❛ ❞♦ r❡s❡r✈❛tór✐♦ ✶ ♥♦ ✐♥st❛♥t❡ kTs✳



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✻✺

✺✳✺✳✺ ▼♦❞❡❧❛❣❡♠ ❞❛s ❝â♥✉❧❛s ❞♦ ♣❉❆❱

❆♠♦❞❡❧❛❣❡♠ ❞❛ ✐♥t❡r❧✐❣❛çã♦ ❡♥tr❡ ♦ r❡s❡r✈❛tór✐♦ ✶ ❡ ♦ r❡s❡r✈❛tór✐♦ ✷✱ q✉❡ ♣♦ss✉✐ ❛ r❡s✐stê♥❝✐❛

♠❡❝â♥✐❝❛✱ t❛♠❜é♠ ❢♦✐ ❜❛s❡❛❞❛ ♥♦ ♠❡s♠♦ ♣r✐♥❝í♣✐♦ ❞❡ ♠♦❞❡❧❛❣❡♠ ❞❛s ❝â♥✉❧❛s✱ ❛ss✐♠✱ ❡ss❛

✐♥t❡r❧✐❣❛çã♦ ❢♦✐ r❡♣r❡s❡♥t❛❞❛ ♣❡❧♦ r❡s✐st♦r Rs ❡ ♣❡❧♦ ✐♥❞✉t♦r Ls✱ ❡ ❡stá ✐♥❞✐❝❛❞❛ ♣❡❧♦ ♥ú♠❡r♦

✽ ♥❛ ❋✐❣✉r❛ ✺✳✷✹✳

P❛r❛ ❡st✐♠❛r ♦s ♣❛râ♠❡tr♦s Ri✱ Li✱ Ro✱ Lo✱ Rs ❡ Ls ✉t✐❧✐③♦✉✲s❡ ♦ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥ ❡st❡♥✲

❞✐❞♦✱ ✉t✐❧✐③❛♥❞♦ ♦s s✐♥❛✐s ❞❡ ♣r❡ssõ❡s ❡ ✢✉①♦s ♦❜t✐❞♦s ❞♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ♣❛r❛ ❞✐❢❡r❡♥t❡s

❝♦♥❞✐çõ❡s ❞❡ ♦♣❡r❛çã♦ ❞♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ s❡❣✉✐♥t❡ ♣r♦❝❡❞✐♠❡♥t♦ ♣❛r❛

♦❜t❡r ♦s ❞❛❞♦s ❞❡ ♣r❡ssã♦ ❡ ✢✉①♦✳

■♥✐❝✐❛❧♠❡♥t❡✱ ❞❡✜♥✐✉✲s❡ ✻ ♣♦♥t♦s ❞❡ ♦♣❡r❛çã♦ ♣❛r❛ ♦ ♣❉❆❱ ❛❝♦♣❧❛❞♦ ❛♦ s✐st❡♠❛ ❤✐❞rá✉✲

❧✐❝♦✱ ❝♦♠ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ♣❛r❛ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ♣✉❧s❛çã♦ ✭❍❘✮ ❡ ♣❛r❛ ❛ ♣r❡ssã♦ ♥♦ r❡s❡r✲

✈❛tór✐♦ ✶ ✭Pao✮✳ ◆❛ ❚❛❜❡❧❛ ✺✳✺ ❡stã♦ ❧✐st❛❞♦s ♦s ♣♦♥t♦s ❞❡ ♦♣❡r❛çã♦ ✉t✐❧✐③❛❞♦s ♣❛r❛ t❡st❛r ♦

♣❉❆❱ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ♦❜t❡r ♦s ❞❛❞♦s ♣❛r❛ ❡st✐♠❛r ♦ ✈❛❧♦r ❞❛s r❡s✐stê♥❝✐❛s ❡ ✐♥❞✉tâ♥❝✐❛s

❞❛ ❝â♥✉❧❛s ❡ ❞♦ t✉❜♦ q✉❡ ♣♦ss✉✐ ❛ r❡s✐stê♥❝✐❛ ♠❡❝â♥✐❝❛✳ ❊ss❡s ♣♦♥t♦s ❞❡ ♦♣❡r❛çã♦ ❢♦r❛♠

❞❡✜♥✐❞♦s ❝♦♠ ❜❛s❡ ❡♠ ✈❛❧♦r❡s ❞❡ ♣r❡ssõ❡s ❡ ❢r❡q✉ê♥❝✐❛ ❝❛r❞í❛❝❛ ♣❛r❛ ♣❛❝✐❡♥t❡s ♣❡❞✐átr✐❝♦s

❬✹✶✱ ✹✷❪✳ ❖ ✈❛❧♦r ❞❡ ♣r❡ssã♦ ♥♦ r❡s❡r✈❛tór✐♦ ✶ Pao ❡stá ✐♥❞✐❝❛❞♦ ♦ ✈❛❧♦r ❞❛ ♠á①✐♠❛ ❡ ❞❛

♠í♥✐♠❛ ♣r❡ssã♦ ♥❡ss❡ r❡s❡r✈❛tór✐♦✭Pao❂✽✵✴✹✵✱ ✐♥❞✐❝❛ q✉❡ ♦ ✈❛❧♦r ♠á①✐♠♦ ❞❛ ♣r❡ssã♦ ♥❡st❡

r❡s❡r✈❛tór✐♦ é ✽✵ ♠♠❍❣ ❡ ♦ ✈❛❧♦r ♠í♥✐♠♦ ❞❛ ♣r❡ssã♦ é ✹✵ ♠♠❍❣✮✳

❚❛❜❡❧❛ ✺✳✺✿ P❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦ ✵❉ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✷✹✳
P♦♥t♦s ❞❡ ❖♣❡r❛çã♦ ❍❘ ✭❜❛t✐♠❡♥t♦s ♣♦r ♠✐♥✉t♦✮ P❛♦ ✭♠♠❍❣✮

❚❡st❡ ✵✶ ✽✵ ✽✵✴✹✵
❚❡st❡ ✵✷ ✽✵ ✻✵✴✷✵
❚❡st❡ ✵✸ ✶✵✵ ✽✵✴✹✵
❚❡st❡ ✵✹ ✶✵✵ ✻✵✴✷✵
❚❡st❡ ✵✺ ✶✺✵ ✽✵✴✹✵
❚❡st❡ ✵✻ ✶✺✵ ✻✵✴✷✵

◆ã♦ é ♣♦ssí✈❡❧ ♦❜t❡r ❛s três ❝✉r✈❛s ❞❡ ✢✉①♦s ✭❡♥tr❛❞❛ Qi✱ s❛í❞❛ Qo ❡ s✐stê♠✐❝♦ Qs✮

❞✉r❛♥t❡ ✉♠ ú♥✐❝♦ ❡①♣❡r✐♠❡♥t♦ ♣♦✐s só ❤á ✉♠ s❡♥s♦r ❞❡ ✢✉①♦✳ ❆ss✐♠✱ ❢♦r❛♠ r❡❛❧✐③❛❞♦s ♦s

s❡✐s t❡st❡s✱ ♠❡❞✐♥❞♦ ♦ ✢✉①♦ ❞❡ ❡♥tr❛❞❛✱ ❞❡♣♦✐s ❢♦r❛♠ r❡♣❡t✐❞♦s ♦s ♠❡s♠♦s t❡st❡s ♠❡❞✐♥❞♦

♦ ✢✉①♦ ❞❡ s❛í❞❛ ❡ ♣♦r ✜♠ ❢♦r❛♠ r❡♣❡t✐❞♦s ♦s ♠❡s♠♦s t❡st❡s ♠❡❞✐♥❞♦ ♦ ✢✉①♦ s✐stê♠✐❝♦✱

t♦t❛❧✐③❛♥❞♦ ❞❡③♦✐t♦ ❡①♣❡r✐♠❡♥t♦s✳



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✻✻

P❛r❛ t♦❞♦s ♦s ❡①♣❡r✐♠❡♥t♦s✱ ❛ ♣r❡ssã♦ ❞❡ ❡❥❡çã♦ ❞♦ ♣❉❆❱ ✭Pej✮ ❢♦✐ ♠❛♥t✐❞❛ ❝♦♥st❛♥t❡

♥♦ ✈❛❧♦r ❞❡ ✶✾✵ ♠♠❍❣ ❡ ❛ ♣r❡ssã♦ ❞❡ ❡♥❝❤✐♠❡♥t♦ ✭Pen✮ t❛♠❜é♠ ❢♦✐ ♠❛♥t✐❞❛ ❝♦♥st❛♥t❡ ♥♦

✈❛❧♦r ❞❡ ✵ ♠♠❍❣✳ ❖ t❡♠♣♦ ❞❡ ❡❥❡çã♦ ❞♦ ♣❉❆❱ ❢♦✐ ❛❥✉st❛❞♦ ♣❛r❛ ✸✵✪ ❞♦ ♣❡rí♦❞♦ ❞❡ ✉♠

❝✐❝❧♦ ♣❛r❛ ❝❛❞❛ ❡①♣❡r✐♠❡♥t♦✳ ❊ss❡s ✈❛❧♦r❡s ❢♦r❛♠ ❞❡✜♥✐❞♦s ❝♦♠ ❜❛s❡ ♥❛ ❢❛✐①❛ ❞❡ ♦♣❡r❛çã♦

s❡❣✉r❛ ❞♦ ♣❉❆❱ ❡ ♣♦r ❝♦♥s❡❣✉✐r ♠❛♥t❡r ❛ ♣r❡ssã♦ Pao ♥❛ ✈❛❧♦r ❞❡s❡❥❛❞♦✳

P❛r❛ ❝❛❞❛ ✉♠ ❞♦s ❡①♣❡r✐♠❡♥t♦s✱ r❡❛❧✐③♦✉✲s❡ ♦ s❡❣✉✐♥t❡ ♣r♦❝❡❞✐♠❡♥t♦ ♣❛r❛ ❛❥✉st❛r ❛

♣r❡ssã♦ Pao ♥♦ ✈❛❧♦r ❞❡s❡❥❛❞♦✳

• ❉❡✜♥✐✉✲s❡ ✐♥✐❝✐❛❧♠❡♥t❡ ♦s ✈❛❧♦r❡s ❞❡ ❍❘✱ t❡♠♣♦ ❞❡ ❡❥❡çã♦✱ Pej✱ Pen✳

• ❈♦♠ ♦s ♣❛râ♠❡tr♦s ❞❡✜♥✐❞♦s✱ ❡♥❝❤❡✉✲s❡ ♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ❝♦♠ ❛ s♦❧✉çã♦ ❞❡ s♦r♦

✜s✐♦❧ó❣✐❝♦ ❝♦♠ ❣❧✐❝❡r✐♥❛ ❡ ❛❥✉st♦✉✲s❡ ♦ ♥í✈❡❧ ❞♦s ❞♦✐s r❡s❡r✈❛tór✐♦s✳

• ❊♠ s❡❣✉✐❞❛✱ ♦ ♣❉❆❱ ❢♦✐ ❛❝✐♦♥❛❞♦ ♣❡r✐♦❞✐❝❛♠❡♥t❡✳

• ❆❥✉st♦✉✲s❡ ❛ r❡s✐stê♥❝✐❛ ♠❡❝â♥✐❝❛ ♣❛r❛ q✉❡ ❛ ♣r❡ssã♦ ♥♦ r❡s❡r✈❛tór✐♦ ✶ ❛t✐♥❣✐ss❡ ♦ ✈❛❧♦r

❞❡s❡❥❛❞♦✳

• ❈♦♠ ❛ ♣r❡ssã♦ Pao ♥♦ ✈❛❧♦r ❞❡s❡❥❛❞♦✱ ♦s ❞❛❞♦s ❞❡ ♣r❡ssõ❡s ❡ ✢✉①♦s ❢♦r❛♠ s❛❧✈♦s ♥♦

P❈✳

P❛r❛ ❡st✐♠❛r ♦ ✈❛❧♦r ❞❛ r❡s✐stê♥❝✐❛ ❡ ❞❛ ✐♥❞✉tâ♥❝✐❛ ❞❛ ❝â♥✉❧❛ ❞❡ ❡♥tr❛❞❛✱ ❢♦r❛♠ s❛❧✈♦s

♥♦ P❈✱ ♣❛r❛ ♦s s❡✐s t❡st❡s✱ ♦s ✈❛❧♦r❡s ❞❛ ♣r❡ssã♦ ♥❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❞♦ ♣❉❆❱ ✭Pcs✮✱ ❞❛

♣r❡ssã♦ ♥♦ r❡s❡r✈❛tór✐♦ ✷ ✭Pae✮ ❡ ❞♦ ✢✉①♦ ❞❡ ❡♥tr❛❞❛ ✭Qi✮✱ ♣❛r❛ ❛s ❝♦♥✜❣✉r❛çõ❡s ❞❡✜♥✐❞❛s

♥❛ ❚❛❜❡❧❛ ✺✳✺✳

❋✐❣✉r❛ ✺✳✷✺✿ ❈✐r❝✉✐t♦ ❡❧étr✐❝♦ ❛♥á❧♦❣♦ à ❝â♥✉❧❛ ❞❡ ❡♥tr❛❞❛ ❞♦ ♣❉❆❱ ❝♦♠ ❛ ✈á❧✈✉❧❛ ❞❡
❡♥tr❛❞❛✳

Qi

Ri DiLi

PcsPae

➱ ♣♦ssí✈❡❧ ♦❜s❡r✈❛r ♥❛ ❋✐❣✉r❛ ✺✳✷✺ q✉❡ ❡①✐st❡ ✉♠❛ ✈á❧✈✉❧❛ ✭Di✮ q✉❡ ♣❡r♠✐t❡ ❛ ♣❛ss❛❣❡♠

❞❡ ✢✉①♦ ♥❛ ❝â♥✉❧❛ ❞❡ ❡♥tr❛❞❛ ❛♣❡♥❛s q✉❛♥❞♦ ❛ ♣r❡ssã♦ Pae é ♠❛✐♦r q✉❡ ❛ ♣r❡ssã♦ Pcs✳

❆ss✐♠✱ ♣❛r❛ ❡st✐♠❛r ♦s ✈❛❧♦r❡s ❞♦s ♣❛râ♠❡tr♦s Ri ❡ Li✱ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ❛♣❡♥❛s ♦s ❞❛❞♦s ♥♦

✐♥t❡r✈❛❧♦ ❡♠ q✉❡ ❡①✐st❡ ❛ ♣❛ss❛❣❡♠ ❞♦ ✢✉①♦ Qi✳



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✻✼

❈♦♥❝❧✉í❞❛ ❛ ❡①❡❝✉çã♦ ❞♦s s❡✐s t❡st❡s ♠❡❞✐♥❞♦ ♦ ✢✉①♦ ❞❡ ❡♥tr❛❞❛ ♥♦ ♣❉❆❱✱ ♦ s❡♥s♦r ❞❡

✢✉①♦ ❢♦✐ ❝♦❧♦❝❛❞♦ ♥❛ ❝â♥✉❧❛ ❞❡ s❛í❞❛✱ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ♦❜t❡r ♦s ❞❛❞♦s ♣❛r❛ ❡st✐♠❛r ♦ ✈❛❧♦r

❞❛ r❡s✐stê♥❝✐❛ ❡ ✐♥❞✉tâ♥❝✐❛ ❞❛ ❝â♥✉❧❛ ❞❛ s❛í❞❛✳ ❘❡♣❡t✐✉✲s❡ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ♣❛r❛ ❛❥✉st❛r ❛

♣r❡ssã♦ Pao ♥♦ ✈❛❧♦r ❞❡s❡❥❛❞♦ ❡ ❡♠ s❡❣✉✐❞❛✱ ❢♦r❛♠ s❛❧✈♦s ♥♦ P❈✱ ♣❛r❛ s❡✐s t❡st❡s✱ ♦s ✈❛❧♦r❡s

❞❛ ♣r❡ssã♦ ♥❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❞♦ ♣❉❆❱ ✭Pcs✮✱ ❞❛ ♣r❡ssã♦ ♥♦ r❡s❡r✈❛tór✐♦ ✶ ✭Pao✮ ❡ ❞♦

✢✉①♦ ❞❡ s❛í❞❛ ✭Qo✮✱ ♣❛r❛ ❛s ❝♦♥✜❣✉r❛çõ❡s ❞❡✜♥✐❞❛s ♥❛ ❚❛❜❡❧❛ ✺✳✺✳

❋✐❣✉r❛ ✺✳✷✻✿ ❈✐r❝✉✐t♦ ❡❧étr✐❝♦ ❛♥á❧♦❣♦ à ❝â♥✉❧❛ ❞❡ s❛í❞❛ ❞♦ ♣❉❆❱ ❝♦♠ ❛ ✈á❧✈✉❧❛ ❞❡ s❛í❞❛✳

Qo

Ro DoLo

PaoPcs

❆ss✐♠ ❝♦♠♦ ♥❛ ❝â♥✉❧❛ ❞❡ ❡♥tr❛❞❛✱ ♥❛ ❝â♥✉❧❛ ❞❡ s❛í❞❛ t❛♠❜é♠ ♣♦ss✉✐ ✉♠❛ ✈á❧✈✉❧❛ ✭Do✮

q✉❡ ♣❡r♠✐t❡ ❛ ♣❛ss❛❣❡♠ ❞❡ ✢✉①♦ ♥❛ ❝â♥✉❧❛ ❛♣❡♥❛s q✉❛♥❞♦ ❛ ♣r❡ssã♦ Pcs é ♠❛✐♦r q✉❡ ❛

♣r❡ssã♦ Pao ✭❋✐❣✉r❛ ✺✳✷✻✮✳ ❆ss✐♠✱ ♣❛r❛ ❡st✐♠❛r ♦s ✈❛❧♦r❡s ❞♦s ♣❛râ♠❡tr♦s Ro ❡ Lo✱ ❢♦r❛♠

✉t✐❧✐③❛❞♦s ❛♣❡♥❛s ♦s ❞❛❞♦s ♥♦ ✐♥t❡r✈❛❧♦ ❡♠ q✉❡ ❡①✐st❡ ❛ ♣❛ss❛❣❡♠ ❞♦ ✢✉①♦ Qo✳

❈♦♠ ♦s ❡①♣❡r✐♠❡♥t♦s ♣❛r❛ ❛s ❞✉❛s ❝â♥✉❧❛s ❝♦♥❝❧✉í❞♦s✱ ♦ s❡♥s♦r ❞❡ ✢✉①♦ ❢♦✐ ❝♦❧♦❝❛❞♦

♥♦ t✉❜♦ q✉❡ ❢❛③ ❛ ✐♥t❡r❧✐❣❛çã♦ ❡♥tr❡ ♦s r❡s❡r✈❛tór✐♦s ✶ ❡ ✷ ♣❛r❛ ♠❡❞✐r ♦ ✢✉①♦ Qs ❝♦♠ ♦

♦❜❥❡t✐✈♦ ❞❡ ♦❜t❡r ♦s ❞❛❞♦s ♣❛r❛ ❡st✐♠❛r ♦ ✈❛❧♦r ❞❛ r❡s✐stê♥❝✐❛ ❡ ✐♥❞✉tâ♥❝✐❛ ❞❡st❛ ✐♥t❡r❧✐❣❛çã♦✳

❘❡♣❡t✐✉✲s❡ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ♣❛r❛ ❛❥✉st❛r ❛ ♣r❡ssã♦ Pao ♥♦ ✈❛❧♦r ❞❡s❡❥❛❞♦ ❡ ❡♠ s❡❣✉✐❞❛✱ ❢♦r❛♠

s❛❧✈♦s ♥♦ P❈✱ ♣❛r❛ ♦s s❡✐s t❡st❡s✱ ♦s ✈❛❧♦r❡s ❞❛ ♣r❡ssã♦ ♥♦ r❡s❡r✈❛tór✐♦ ✶ ✭Pao✮✱ ❞❛ ♣r❡ssã♦ ♥♦

r❡s❡r✈❛tór✐♦ ✷ ✭Pae✮ ❡ ❞♦ ✢✉①♦ ❞❡ s✐stê♠✐❝♦ ✭Qs✮✱ ♣❛r❛ ❛s ❝♦♥✜❣✉r❛çõ❡s ❞❡✜♥✐❞❛s ♥❛ ❚❛❜❡❧❛

✺✳✺✳

❋✐❣✉r❛ ✺✳✷✼✿ ❈✐r❝✉✐t♦ ❡❧étr✐❝♦ ❛♥á❧♦❣♦ à ✐♥t❡r❧✐❣❛çã♦ ❡♥tr❡ ♦s r❡s❡r✈❛tór✐♦s✳

Qs

Rs Ls

PaePao

❖ ✢✉①♦ s✐stê♠✐❝♦✱ Qs✱ s❡♠♣r❡ ❡①✐st❡✱ ♣♦✐s ♥ã♦ ❡①✐st❡ ✉♠❛ ✈á❧✈✉❧❛ ♥❡ss❛ ✐♥t❡r❧✐❣❛çã♦ ❡ ❛

♣r❡ssã♦ Pao s❡♠♣r❡ é ♠❛✐♦r q✉❡ ❛ ♣r❡ssã♦ Pae ✭❋✐❣✉r❛ ✺✳✷✼✳ ❆ss✐♠✱ ♣❛r❛ ❡st✐♠❛r ♦s ✈❛❧♦r❡s

❞♦s ♣❛râ♠❡tr♦s Rs ❡ Ls✱ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♦s ❞❛❞♦s ♥♦ ✐♥t❡r✈❛❧♦ ❞❡ ✉♠ ❝✐❝❧♦ ❞❡ ❜❛t✐♠❡♥t♦✳

❆♦ ✜♥❛❧✐③❛r t♦❞♦s ♦s t❡st❡s✱ ✐♥✐❝✐♦✉✲s❡ ♦ ❡st✉❞♦ ❞♦s s✐♥❛✐s ♣❛r❛ ✉t✐❧✐③❛r ♥❛ ❡st✐♠❛çã♦ ❞♦s



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✻✽

♣❛râ♠❡tr♦s✳ P❛r❛ t♦❞♦s ♦s t❡st❡s✱ ♦❜s❡r✈♦✉✲s❡ q✉❡ ♦s ❞❛❞♦s ❞❡ ♣r❡ssã♦ ❡ ✢✉①♦ ❛♣r❡s❡♥t❛✈❛♠

r✉í❞♦s ❡ ❝♦♠ ✐ss♦ ❢♦✐ ♥❡❝❡ssár✐♦ ✜❧tr❛r ❡ss❡s s✐♥❛✐s✳

✺✳✺✳✻ ❋✐❧tr❛❣❡♠ ♥ã♦ ❧✐♥❡❛r ✲ t❤r❡s❤♦❧❞✐♥❣

❖s s✐♥❛✐s ❢♦r❛♠ ✜❧tr❛❞♦s ❝♦♠ ❜❛s❡ ♥❛ ❢r❡q✉ê♥❝✐❛ ❢✉♥❞❛♠❡♥t❛❧ ❞♦ s✐♥❛❧ q✉❡ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛

♣❡❧❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ❜❛t✐♠❡♥t♦ ❞♦ ♣❉❆❱✳ ❆ ♠❛✐♦r ❢r❡q✉ê♥❝✐❛ ❞❡ ❜❛t✐♠❡♥t♦ ❞♦ ♣❉❆❱ é ✷✱✺ ❍③

♣❛r❛ ✶✺✵ ❜❛t✐♠❡♥t♦s ♣♦r ♠✐♥✉t♦✳ ❖s s✐♥❛✐s ♠❡❞✐❞♦s ❢♦r❛♠ ✜❧tr❛❞♦s ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡

❡❧✐♠✐♥❛r ❛s ❛❧t❛s ❢r❡q✉ê♥❝✐❛s✳

❆ ❡str❛té❣✐❛ ❞❡ ✜❧tr❛❣❡♠ ❛♣❧✐❝❛❞❛ ♣❛r❛ ❡st❡ ♣r♦♣ós✐t♦ ❢♦✐ ❛ té❝♥✐❝❛ ❞❡ t❤r❡s❤♦❧❞✐♥❣✱ q✉❡

♣❡r♠✐t❡ ❡❧✐♠✐♥❛r ❛s ❝♦♠♣♦♥❡♥t❡s ❤❛r♠ô♥✐❝❛s q✉❡ ❡stã♦ ❢♦r❛ ❞❡ ✉♠ ❣❛❜❛r✐t♦ ❡s♣❡❝✐✜❝❛❞♦

✭s✉❜tr❛çã♦ ❡s♣❡❝tr❛❧✮ ❬✹✸✕✹✺❪✳

❯♠ s✐♥❛❧ r✉✐❞♦s♦ ♣♦❞❡ s❡r ❡①♣r❡ss♦ ♣♦r✿

y(k) = x(k) + n(k) ✭✺✳✷✺✮

♥❛ q✉❛❧ y(k) é ♦ s✐♥❛❧ r✉✐❞♦s♦✱ x(k) é ♦ s✐♥❛❧ s❡♠ r✉í❞♦ ❡ n(k) é ♦ r✉í❞♦✳ ◆♦ ❞♦♠í♥✐♦ ❞❛

❢r❡q✉ê♥❝✐❛✱ ♦ ♠♦❞❡❧♦ ❞❡ s✐♥❛❧ r✉✐❞♦s♦ ❞❛ ❡q✉❛çã♦ ✭✺✳✷✾✮ é ❡①♣r❡ss♦ ❝♦♠♦✿

Y (f) = X(f) +N(f) ✭✺✳✷✻✮

♥❛ q✉❛❧ Y (f) é ❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ❞♦ s✐♥❛❧ r✉✐❞♦s♦✱ X(f) é ❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r

❞♦ s✐♥❛❧ s❡♠ r✉í❞♦✱ N(f) é ❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ❞♦ r✉í❞♦ ❡ f é ❛ ✈❛r✐á✈❡❧ ❞❡ ❢r❡q✉ê♥❝✐❛✳

❆ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r é ♦❜t✐❞❛ ♣❡❧❛ s❡❣✉✐♥t❡ ❡q✉❛çã♦✿

X(f) =
N−1
∑

k=0

x(k)e−j2πk/N ✭✺✳✷✼✮

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

❡q✉❛çã♦✿

x(k) =
1

N

N−1
∑

f=0

X(f)ej2πk/N ✭✺✳✷✽✮
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P❛r❛ ❞❡✜♥✐r ❛s ❤❛r♠ô♥✐❝❛s q✉❡ ❞❡✈❡♠ s❡r ❡❧✐♠✐♥❛❞❛s ❢♦r❛♠ r❡❛❧✐③❛❞❛s s✐♠✉❧❛çõ❡s ❝♦♠

♦ ♠♦❞❡❧♦ ✵❉ ♣r♦♣♦st♦✳ ❆♥❛❧✐s♦✉✲s❡ ♦ ❡s♣❡❝tr♦ ❞❡ ❛♠♣❧✐t✉❞❡ ❞❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r

❞♦s s✐♥❛✐s ❞❡ ♣r❡ssõ❡s ❡ ✢✉①♦s s✐♠✉❧❛❞♦s✳ ◆❛ ❋✐❣✉r❛ ✺✳✷✽ s❡❣✉❡ ♦ ❡s♣❡❝tr♦ ❞❡ ❛♠♣❧✐t✉❞❡

❞♦s s✐♥❛✐s ❞❡ ✢✉①♦ s✐♠✉❧❛❞♦s ❡ ♥❛ ❋✐❣✉r❛ ✺✳✷✾ s❡❣✉❡ ♦ ❡s♣❡❝tr♦ ❞❡ ❛♠♣❧✐t✉❞❡ ❞♦s s✐♥❛✐s ❞❡

♣r❡ssã♦ s✐♠✉❧❛❞♦s✳

❋✐❣✉r❛ ✺✳✷✽✿ ❊s♣❡❝tr♦ ❞❡ ❛♠♣❧✐t✉❞❡ ❞❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ❞♦s s✐♥❛✐s ❞❡ ✢✉①♦✿ ✭❆✮
✢✉①♦ s✐stê♠✐❝♦ ✭Qs✮❀ ✭❇✮ ✢✉①♦ ❞❡ ❡♥tr❛❞❛ ✭Qi✮❀ ✭❈✮ ✢✉①♦ ❞❡ s❛í❞❛ ✭Qo✮✳
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❋✐❣✉r❛ ✺✳✷✾✿ ❊s♣❡❝tr♦ ❞❡ ❛♠♣❧✐t✉❞❡ ❞❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ❞♦s s✐♥❛✐s ❞❡ ♣r❡ssã♦✿ ✭❆✮
♣r❡ssã♦ ♥♦ r❡s❡r✈❛tór✐♦ ✷ ✭Pae✮❀ ✭❇✮ ♣r❡ssã♦ ♥❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❞♦ ♣❉❆❱ ✭Pcs✮❀ ✭❈✮ ♣r❡ssã♦
♥♦ r❡s❡r✈❛tór✐♦ ✶ ✭Pao✮✳
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➱ ♣♦ssí✈❡❧ ♦❜s❡r✈❛r q✉❡ ♦s s✐♥❛✐s ❞❡ ♣r❡ssõ❡s ❡ ✢✉①♦s s✐♠✉❧❛❞♦s✱ sã♦ ❝♦♠♣♦st♦s ❜❛s✐✲

❝❛♠❡♥t❡ ♣❡❧♦ ♥í✈❡❧ ❉❈ ❡ ♠❛✐s ✹ ❤❛r♠ô♥✐❝❛s ✭♣r✐♠❡✐r❛ à q✉❛rt❛ ❤❛r♠ô♥✐❝❛✮✱ ❧♦❣♦✱ ♣❛r❛ ♦s

s✐♥❛✐s ♠❡❞✐❞♦s✱ ❢♦r❛♠ ❡❧✐♠✐♥❛❞❛s ❛s ❤❛r♠ô♥✐❝❛s ❢♦r❛ ❞❡ss❛ ❢❛✐①❛✳

◆❛ ❋✐❣✉r❛ ✺✳✸✵ s❡❣✉❡ ✉♠ ❞✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞♦ ♣r♦❝❡ss♦ ❞❡ s✉❜tr❛çã♦ ❡s♣❡❝tr❛❧ r❡❛❧✐✲

③❛❞♦✳

❋✐❣✉r❛ ✺✳✸✵✿ ❉✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞❛ s✉❜tr❛çã♦ ❡s♣❡❝tr❛❧✳

y(k)
FFT

Y( f ) Subtração 
espectral

X( f )^

IFFT
x(k)^

Gabarito 
espectral

N( f )^

❆ ❡q✉❛çã♦ q✉❡ ❞❡s❝r❡✈❡ ❛ s✉❜tr❛çã♦ ❡s♣❡❝tr❛❧ ♣♦❞❡ s❡r ❡①♣r❡ss❛ ❝♦♠♦✿

X̂(f) = Y (f)− N̂(f) ✭✺✳✷✾✮

♥❛ q✉❛❧ X̂(f) é ✉♠❛ ❡st✐♠❛t✐✈❛ ❞♦ ❡s♣❡❝tr♦ ❞♦ s✐♥❛❧ ♦r✐❣✐♥❛❧ ❡ N̂(f) é ✉♠❛ ❡st✐♠❛t✐✈❛ ❞♦

❡s♣❡❝tr♦ ❞♦ r✉í❞♦ ❞♦ s✐♥❛❧✳ ❆ ❡st✐♠❛t✐✈❛ ❞♦ r✉í❞♦ ❢♦✐ r❡❛❧✐③❛❞❛ ❝♦♠ ❜❛s❡ ♥♦ ♠♦❞❡❧♦ ❞♦

s✐st❡♠❛✱ ♣♦✐s ❢♦✐ ♣♦ssí✈❡❧ ❞❡✜♥✐r q✉❛✐s ❤❛r♠ô♥✐❝❛s ❡stã♦ ♣r❡s❡♥t❡s ♥♦ s✐♥❛❧ s❡♠ r✉í❞♦✱ ❝♦♠

✐ss♦ ❡❧✐♠✐♥♦✉✲s❡ ❛s q✉❡ ❡stã♦ ❢♦r❛ ❞❡ss❛ ❢❛✐①❛✳

❊♠ r❡s✉♠♦✱ ♦ ♣r♦❝❡❞✐♠❡♥t♦ r❡❛❧✐③❛❞♦ ♣❛r❛ ✜❧tr❛r ♦s s✐♥❛✐s ❞❡ ♣r❡ssã♦ ❡ ✢✉①♦ ❢♦✐ ♦

s❡❣✉✐♥t❡✿

✶✳ s❡❧❡❝✐♦♥♦✉✲s❡ ✉♠ ♣❡rí♦❞♦ ❞♦ s✐♥❛❧ ♠❡❞✐❞♦ ✭r✉✐❞♦s♦✮❀

✷✳ ❝❛❧❝✉❧♦✉✲s❡ ❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ✭❋❋❚✮ ❞❡ss❡ s✐♥❛❧❀

✸✳ tr❛ç♦✉✲s❡ ♦ ❡s♣❡❝tr♦ ❞❡ ♠❛❣♥✐t✉❞❡ ❡ ③❡r♦✉✲s❡ ❛s ❤❛r♠ô♥✐❝❛s q✉❡ ❡stã♦ ❢♦r❛ ❞❛ ❢❛✐①❛

❞❡✜♥✐❞❛❀

✹✳ ❝❛❧❝✉❧♦✉✲s❡ ❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ✐♥✈❡rs❛ ✭■❋❋❚✮ ❞❡st❡s ❝♦❡✜❝✐❡♥t❡s ♣❛r❛ ♦❜t❡r ♦

s✐♥❛❧ ✜❧tr❛❞♦✳



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✼✶

❚♦❞♦s ♦s s✐♥❛✐s ✉t✐❧✐③❛❞♦s ❢♦r❛♠ ❛♠♦str❛❞♦s ❛ ✉♠❛ t❛①❛ ❞❡ ✶ ❦❍③✳ ❊ss❛ t❛①❛ é ♠❛✐♦r

q✉❡ ❞✉❛s ✈❡③❡s ❛ ♠á①✐♠❛ ❢r❡q✉ê♥❝✐❛ ❞♦ s✐♥❛❧✱ ❣❛r❛♥t✐♥❞♦ q✉❡ ♥ã♦ t❡r❡♠♦s ♣r♦❜❧❡♠❛s ❝♦♠ ❛

❛♠♦str❛❣❡♠ ❞♦ s✐♥❛❧ ✭❛❧✐❛s✐♥❣✮✳ P❛r❛ ❛ ❛♥á❧✐s❡✱ ❢♦✐ ✉t✐❧✐③❛❞♦ ✉♠ ♣❡rí♦❞♦ ❝♦♠♣❧❡t♦ ❞♦ s✐♥❛❧✱

♣❛r❛ ❡✈✐t❛r ♦ ❡rr♦ ❞❡ tr✉♥❝❛♠❡♥t♦ ♥♦ ❡s♣❡❝tr♦ ❝❛❧❝✉❧❛❞♦✱ ❧❡❛❦❛❣❡✳ ◆❛ ❋✐❣✉r❛ ✺✳✸✶ s❡❣✉❡ ✉♠❛

❝✉r✈❛ ❞♦ s✐♥❛❧ ❞❡ ♣r❡ssã♦ ♥♦ r❡s❡r✈❛tór✐♦ ✶ ✭Pao✮ ♠❡❞✐❞❛ ♥♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ❡ ✜❧tr❛❞❛

✉t✐❧✐③❛♥❞♦ ❛ té❝♥✐❝❛ t❤r❡s❤♦❧❞✐♥❣ ❡ ♥❛ ❋✐❣✉r❛ ✺✳✸✷✱ s❡❣✉❡ ✉♠❛ ❝✉r✈❛ ❞♦ s✐♥❛❧ ❞❡ ✢✉①♦ ✭Qs✮

♠❡❞✐❞❛ ♥♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ❡ ✜❧tr❛❞❛ ✉t✐❧✐③❛♥❞♦ ❛ té❝♥✐❝❛ t❤r❡s❤♦❧❞✐♥❣✳

❋✐❣✉r❛ ✺✳✸✶✿ ❈✉r✈❛ ❞❡ ♣r❡ssã♦ ♥♦ r❡s❡r✈❛tór✐♦ ✶ ✭Pao✮ ♠❡❞✐❞❛ ♥♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ❡ ✜❧tr❛❞❛
✉t✐❧✐③❛♥❞♦ ❛ té❝♥✐❝❛ t❤r❡s❤♦❧❞✐♥❣ ✭P̂ao✮✳
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❋✐❣✉r❛ ✺✳✸✷✿ ❈✉r✈❛ ❞❡ ✢✉①♦ ✭Qs✮ ♠❡❞✐❞❛ ♥♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ❡ ✜❧tr❛❞❛ ✉t✐❧✐③❛♥❞♦ ❛ té❝♥✐❝❛
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❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✼✷

❖s s✐♥❛✐s ✜❧tr❛❞♦s ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♣❛r❛ ❡st✐♠❛r ♦s ♣❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦ ❞♦ ❙❍✳ ❊ss❛

❡st✐♠❛t✐✈❛ ❢♦✐ ❜❛s❡❛❞❛ ♥❛s ❡q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛✐s ❞♦ tr❡❝❤♦ q✉❡ s❡ ❞❡s❡❥❛ ♦❜t❡r ♦ ✈❛❧♦r ❞♦s

♣❛râ♠❡tr♦s ❡ ♥♦s ❞❛❞♦s ❞❡ ♣r❡ssõ❡s ❡ ✢✉①♦s✳ P❛r❛ ❛ ❡st✐♠❛t✐✈❛ ❞❡st❡s ♣❛râ♠❡tr♦s✱ ❢♦✐

✉t✐❧✐③❛❞♦ ♦ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥ ❡st❡♥❞✐❞♦✳

✺✳✺✳✼ ❋✐❧tr♦ ❞❡ ❑❛❧♠❛♥

❖ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥ ❢♦✐ ♣r♦♣♦st♦ ♥♦ ✐♥í❝✐♦ ❞❛ ❞é❝❛❞❛ ❞❡ ✶✾✻✵ ♣♦r ❘✉❞♦❧❢ ❊♠✐❧ ❑❛❧♠❛♥

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

❞❡ ♣r♦❜❧❡♠❛s ❧✐♥❡❛r❡s ♣♦r ♠❡✐♦ ❞❛ ♦❜s❡r✈❛çã♦ ❡ ❡st✐♠❛çã♦ ❞❡ ❡st❛❞♦s ❬✹✻❪✳ ■♥✐❝✐❛❧♠❡♥t❡✱

❛♣❡♥❛s ♣r♦❜❧❡♠❛s ❡♠ t❡♠♣♦ ❞✐s❝r❡t♦ ❢♦r❛♠ ❛❜r❛♥❣✐❞♦s✱ ❡✱ ❛✐♥❞❛ ♥♦ ❝♦♠❡ç♦ ❞❛ ❞é❝❛❞❛ ❞❡

✶✾✻✵✱ ❡♠ ❝♦♥❥✉♥t♦ ❝♦♠ ❘✐❝❤❛r❞ ❇✉❝②✱ ❢♦✐ ✐♠♣❧❡♠❡♥t❛❞❛ ❛ ✈❛r✐❛♥t❡ ♣❛r❛ t❡♠♣♦ ❝♦♥tí♥✉♦

❬✹✼❪✳

❖ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥ ✉t✐❧✐③❛ ♠❡❞✐çõ❡s ❞❡ ❣r❛♥❞❡③❛s r❡❛❧✐③❛❞❛s ❛♦ ❧♦♥❣♦ ❞♦ t❡♠♣♦ ✭❝♦♥t❛✲

♠✐♥❛❞❛s ❝♦♠ r✉í❞♦ ❡ ♦✉tr❛s ✐♥❝❡rt❡③❛s✮✱ ❣❡r❛♥❞♦ r❡s✉❧t❛❞♦s q✉❡ t❡♥❞❛♠ ❛ s❡ ❛♣r♦①✐♠❛r ❞♦s

✈❛❧♦r❡s r❡❛✐s ❞❛s ❣r❛♥❞❡③❛s ♠❡❞✐❞❛s✳ ❊ss❡ ♠ét♦❞♦ é ✉t✐❧✐③❛❞♦✱ ♣♦r ❡①❡♠♣❧♦✱ ♣❛r❛ ✜❧tr❛❣❡♠

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

♠♦❞❡❧♦s ❡❧étr✐❝♦s ❡♥tr❡ ♦✉tr♦s ❬✹✽✱ ✹✾❪✳

❆s ♠❡❞✐çõ❡s r❡❛❧✐③❛❞❛s ♥♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ❞❡s❡♥✈♦❧✈✐❞♦ ♥❡st❡ tr❛❜❛❧❤♦ sã♦ r❡❛❧✐③❛❞❛s

❞❡ ❢♦r♠❛ ❞✐s❝r❡t❛ ♥♦ t❡♠♣♦✳ P♦r ❡ss❡ ♠♦t✐✈♦✱ s❡rá ♥❡❝❡ssár✐♦ ❞❡✜♥✐r ✉♠❛ ❢r❡q✉ê♥❝✐❛ ❞❡

❛♠♦str❛❣❡♠ q✉❡ ❞❡♣❡♥❞❡ ❞♦s s❡♥s♦r❡s ✉t✐❧✐③❛❞♦s✳

P❛r❛ ❞✐s❝r❡t✐③❛r ♦ s✐st❡♠❛✱ t❡♠♦s q✉❡ ♦ t❡♠♣♦ ❞✐s❝r❡t♦ é ❞❛❞♦ ♣♦r✿

t(k) = t ∈ [kTs, (k + 1)Ts], k = 0,1,2,... ✭✺✳✸✵✮

❛ss✐♠✱ ♣♦❞❡♠♦s ❞❡✜♥✐r ❛ ❞❡r✐✈❛❞❛ ❞❡ ✉♠ s✐♥❛❧ ♥♦ ❞♦♠í♥✐♦ ❞✐s❝r❡t♦ ✉t✐❧✐③❛❞♦ ♦ ♠ét♦❞♦ ❞❡

❊✉❧❡r ♣♦r✿

ẋ =
x(k)− x(k − 1)

Ts

⇒ x(k) = ẋTs + x(k − 1) ✭✺✳✸✶✮

♥❛ q✉❛❧✱ Ts é ♦ ♣❛ss♦ ❞❡ t❡♠♣♦✱ k ❡ k − 1 é ♦ ♥ú♠❡r♦ ❞❛ ❛♠♦str❛ ♥♦ ✐♥st❛♥t❡ ❞❡ t❡♠♣♦ ❡♠



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✼✸

t = kTs ❡ t = (k− 1)Ts✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆ss✐♠✱ ❛s ❡q✉❛çõ❡s ❞♦ ♠♦❞❡❧♦ s❡rã♦ ❞✐s❝r❡t✐③❛❞❛s

♣❛r❛ ❛ ❛♣❧✐❝❛çã♦ ❞♦ ❛❧❣♦r✐t♠♦ ❞❡ ❡st✐♠❛çã♦✳ ◆❡st❡ tr❛❜❛❧❤♦✱ ♦ ♣❛ss♦ ❞❡ t❡♠♣♦ ✉t✐❧✐③❛❞♦ ❢♦✐

✶✵−3✱ ❡ s❛t✐s❢❛③ ♦ t❡♦r❡♠❛ ❞❛ ❛♠♦str❛❣❡♠ ❞❡ ◆②q✉✐st✳

P❛r❛ ✉t✐❧✐③❛r ♦ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥ ♣❛❞rã♦ ♣❛r❛ ❡st✐♠❛r ✉♠ ♣❛râ♠❡tr♦✱ ♦ s✐st❡♠❛ ❞❡✈❡ s❡r

❞❡s❝r✐t♦ ♣♦r ❡q✉❛çõ❡s ❧✐♥❡❛r❡s✳ ❯♠ s✐st❡♠❛ ❧✐♥❡❛r ❞✐s❝r❡t♦ ♣♦❞❡ s❡r ❞❡s❝r✐t♦ ♣❡❧❛s ❡q✉❛çõ❡s

✺✳✸✷✿

x(k + 1) =Ax(k) + Bu(k) + w(k) ✭✺✳✸✷✮

y(k) =Cx(k) + v(k) ✭✺✳✸✸✮

❆s ❡q✉❛çõ❡s ✺✳✸✷ ❡ ✺✳✸✸ ❞❡✜♥❡♠ ✉♠ s✐st❡♠❛ ❧✐♥❡❛r ♣♦✐s ♥ã♦ ❝♦♥t❡♠ q✉❛✐sq✉❡r ❢✉♥çõ❡s

❡①♣♦♥❡♥❝✐❛✐s✱ tr✐❣♦♥♦♠étr✐❝❛s✱ ♦✉ q✉❛✐sq✉❡r ♦✉tr❛s ❢✉♥çõ❡s ❞❡ ❝❛r❛❝t❡ríst✐❝❛ ♥ã♦ ❧✐♥❡❛r✳ ❆s

✈❛r✐á✈❡✐s A✱ B✱ ❡ C sã♦ ♠❛tr✐③❡s❀ k é ♦ í♥❞✐❝❡ ❞❡ t❡♠♣♦ ❞✐s❝r❡t♦❀ x é ❝❤❛♠❛❞♦ ❞❡ ❡st❛❞♦

❞♦ s✐st❡♠❛❀ u é ✉♠❛ ❡♥tr❛❞❛ ❝♦♥❤❡❝✐❞❛ ❞♦ s✐st❡♠❛ ✭s✐♥❛❧ ❞❡ ❝♦♥tr♦❧❡✮❀ y é ♦ s✐♥❛❧ ❞❡ s❛í❞❛

♠❡❞✐❞♦❀ w ❡ v sã♦ r✉í❞♦s s❡♥❞♦ w ♦ r✉í❞♦ ❞♦ ♣r♦❝❡ss♦ ❡ v ♦ r✉í❞♦ ❞❡ ♠❡❞✐çã♦✳

◆❛ ♠❛✐♦r✐❛ ❞♦s ♣r♦❜❧❡♠❛s ❞❡ ❡st✐♠❛çã♦ ❞❡ ❡st❛❞♦s✱ ♦ ♦❜❥❡t✐✈♦ é ❡st✐♠❛r x ♣♦✐s ❝♦♥té♠

t♦❞❛s ❛s ✐♥❢♦r♠❛çõ❡s ❞♦ s✐st❡♠❛✱ ♣♦ré♠✱ ♥❡♠ s❡♠♣r❡ é ♣♦ssí✈❡❧ ♠❡❞✐r ❞✐r❡t❛♠❡♥t❡ ♦ ✈❛❧♦r

❞❡ x✱ ❛ss✐♠ é ♥❡❝❡ssár✐♦ ♠❡❞✐r y✱ q✉❡ é ✉♠❛ ❢✉♥çã♦ ❞❡ x ❡ ✉t✐❧✐③❛♠♦s ❡ss❡s ❞❛❞♦s ♣❛r❛

❡st✐♠❛r x✳ ◆♦ ❡♥t❛♥t♦ ❛s ♠❡❞✐çõ❡s ♣♦ss✉❡♠ r✉í❞♦ ❡ ♥ã♦ é ♣♦ssí✈❡❧ ✉t✐❧✐③❛r ❞✐r❡t❛♠❡♥t❡

❡ss❡s ✈❛❧♦r❡s✳ ❆ ✉t✐❧✐③❛çã♦ ❞♦ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥ é ✐♥❞✐❝❛❞❛ ♥❡st❡s ❝❛s♦s✱ ♣♦✐s ❡❧❡ ✉t✐❧✐③❛ ❛s

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

❞♦ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥ ♣♦❞❡♠ s❡r ❡s❝r✐t❛s ❝♦♠♦✿

K(k) =P (k)CT (CP (k)CT +R)−1 ✭✺✳✸✹✮

x̂(k + 1) =(Ax̂(k) + Bu(k)) +K(k)(y(k)− Cx̂(k)) ✭✺✳✸✺✮

P (k + 1) =A(I −K(k)C)P (k)AT +Q ✭✺✳✸✻✮

♥❛s q✉❛✐s x̂(k) é ❛ ❡st✐♠❛t✐✈❛ ❞❡ x(k)❀ K(k) é ♦ ❣❛♥❤♦ ❞❡ ❑❛❧♠❛♥ ✭❞❛❞♦ ♣♦r ✉♠❛ ♠❛tr✐③✮❀

P (k) é ❛ ♠❛tr✐③ ❞❡ ❝♦✈❛r✐â♥❝✐❛ ❞♦ ❡rr♦ ❞❡ ❡st✐♠❛çã♦❀ Q é ❛ ♠❛tr✐③ ❞❡ ❝♦✈❛r✐â♥❝✐❛ ❞♦ r✉í❞♦

❞♦ ♣r♦❝❡ss♦ w(k) ❡ R é ❛ ♠❛tr✐③ ❞❡ ❝♦✈❛r✐â♥❝✐❛ ❞♦ r✉í❞♦ ❞❡ ♠❡❞✐çã♦ v(k)❀ I é ❛ ♠❛tr✐③

✐❞❡♥t✐❞❛❞❡✳



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✼✹

◆❛ ✐♥✐❝✐❛❧✐③❛çã♦ ❞♦ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥✱ é ♥❡❝❡ssár✐♦ ❛tr✐❜✉✐r ✉♠ ✈❛❧♦r ✐♥✐❝✐❛❧ ♣❛r❛ x̂0✳ ❆

♠❛tr✐③ P t❛♠❜é♠ ❞❡✈❡ s❡r ✐♥✐❝✐❛❧✐③❛❞❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ✐♥❝❡rt❡③❛ ❞❛ ❡st✐♠❛t✐✈❛ ❞♦ ✈❛❧♦r

✐♥✐❝✐❛❧✳ ❙❡ t❡♠♦s ❝♦♥✜❛♥ç❛ ♥♦ ✈❛❧♦r ❞❛ ❡st✐♠❛t✐✈❛ ✐♥✐❝✐❛❧ x̂0✱ ♦✉ s❡❥❛✱ é ✉♠❛ ❜♦❛ ❡st✐♠❛t✐✈❛✱

❡♥tã♦ P0 ❞❡✈❡ s❡r ♣❡q✉❡♥❛✳ ❙❡ ❡st❛♠♦s ♠✉✐t♦ ✐♥❝❡rt♦s s♦❜r❡ ♦ ✈❛❧♦r ❞❛ ❡st✐♠❛t✐✈❛ ✐♥✐❝✐❛❧

x̂0✱ ❡♥tã♦ P0 ❞❡✈❡ s❡r ❣r❛♥❞❡✳ ❊ss❡s ✈❛❧♦r❡s ❞❡ ✐♥✐❝✐❛❧✐③❛çã♦ ❡stã♦ ❞✐r❡t❛♠❡♥t❡ r❡❧❛❝✐♦♥❛❞♦s

❝♦♠ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛ ❞♦ ❡st✐♠❛❞♦r✳

❖ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥ t❡♠ ✉♠ ❜♦♠ ❞❡s❡♠♣❡♥❤♦ ♣❛r❛ s✐st❡♠❛s ❧✐♥❡❛r❡s✱ ♣♦ré♠ ♥ã♦ ❝♦♥s❡❣✉❡

r❡❛❧✐③❛r ❜♦❛s ❡st✐♠❛t✐✈❛s q✉❛♥❞♦ ♦ s✐st❡♠❛ é ♥ã♦ ❧✐♥❡❛r✳ P❛r❛ r❡s♦❧✈❡r ❡ss❡ ♣r♦❜❧❡♠❛✱ é

♥❡❝❡ssár✐♦ ✉t✐❧✐③❛r ♦ ❋✐❧tr♦ ❞❡ ❑❛❧♠❛♥ ❊st❡♥❞✐❞♦ ✭❞♦ ✐♥❣❧ês ❊①t❡♥❞❡❞ ❑❛❧♠❛♥ ❋✐❧t❡r ✲ ❊❑❋✮

q✉❡ ❡st✐♠❛ ♦ ❡st❛❞♦ ❞❡ ✉♠❛ ✈❛r✐á✈❡❧ ❛❧❡❛tór✐❛ ❛ ♣❛rt✐r ❞❛ s❡q✉ê♥❝✐❛ ❞❡ ♦❜s❡r✈❛çõ❡s ❝♦♠

r✉í❞♦s✳ ❊ss❡ ❛❧❣♦r✐t♠♦ s❡❣✉❡ ♦s ♠❡s♠♦s ❝♦♥❝❡✐t♦s ❞♦ ✜❧tr♦ ♣❛❞rã♦✱ ♣♦ré♠ ❝♦♠ ❛❧❣✉♠❛s

♠❛♥✐♣✉❧❛çõ❡s ♠❛t❡♠át✐❝❛s ♣❛r❛ s❡r ✉t✐❧✐③❛❞♦ ❡♠ s✐st❡♠❛s ♥ã♦ ❧✐♥❡❛r❡s✱ t❡♠♦s ♦ s❡❣✉✐♥t❡

❛❧❣♦r✐t♠♦ ♣❛r❛ ♦ ❊❑❋✳

P❛r❛ ❛s ❡q✉❛çõ❡s ❞❡ ✉♠ s✐st❡♠❛ ❞❛❞❛s ♣♦r✿

x(k + 1) =f(x(k), u(k)) + w(k) ✭✺✳✸✼✮

y(k) =g(x(k)) + v(k) ✭✺✳✸✽✮

❞❡✈❡ s❡r ❝❛❧❝✉❧❛❞♦ ❡♠ ❝❛❞❛ ♣❛ss♦ ❞❡ t❡♠♣♦ ♦s ✈❛❧♦r❡s ❞❛s ♠❛tr✐③❡s F ❡ G✳

F (k − 1) =
∂f

∂x

∣

∣

∣

x̂(k−1)|k−1,u(k−1)
✭✺✳✸✾✮

G(k) =
∂g

∂x

∣

∣

∣

x̂(k)|k−1
✭✺✳✹✵✮

❈♦♠ ❡ss❛s ♠❛tr✐③❡s ❝❛❧❝✉❧❛❞❛s✱ ❡①❡❝✉t❛♠✲s❡ ❛s s❡❣✉✐♥t❡s ❡q✉❛çõ❡s ❞♦ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥✿

K(k) =P (k)GT (k)(G(k)P (k)GT (k) +R)−1 ✭✺✳✹✶✮

x̂(k + 1) =f(x̂(k), u(k)) +K(k)(y(k)− h(x̂(k))) ✭✺✳✹✷✮

P (k + 1) =F (k)(I −K(k)G(k))P (k)F T (k) +Q ✭✺✳✹✸✮

P♦❞❡✲s❡ ❛✜r♠❛r q✉❡ ❡ss❡ ✜❧tr♦ ♣r♦❞✉③ ❡st✐♠❛t✐✈❛s ❞♦s ✈❛❧♦r❡s r❡❛✐s ❞❡ ❣r❛♥❞❡③❛s ♠❡❞✐❞❛s ❡

❡st✐♠❛ ❛ ✐♥❝❡rt❡③❛ ❞♦ ✈❛❧♦r ♣r❡❞✐t♦✳ P♦r ❡①❡♠♣❧♦✱ s❡ ❞✐s♣✉s❡r♠♦s ❞❡ ✉♠❛ ❡st✐♠❛t✐✈❛ ✐♥✐❝✐❛❧



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✼✺

❞❡ ✉♠ ❡st❛❞♦✱ é ♣♦ssí✈❡❧ ❝♦rr✐❣✐✲❧❛ ❝♦♠ ✉♠ ❣❛♥❤♦ ❝❛❧❝✉❧❛❞♦ ❛ ❝❛❞❛ ❡st✐♠❛t✐✈❛✳ ❆ ❝♦rr❡çã♦

❞❛ ❡st✐♠❛t✐✈❛ ♣♦r ♠❡✐♦ ❞♦ ❣❛♥❤♦ ❢✉♥❝✐♦♥❛ ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✳ ❙❡ ❛ ❡st✐♠❛t✐✈❛ é ❜♦❛✱ ❡♥tã♦

♦ ❣❛♥❤♦ ❞❡✈❡ s❡r ♣❡q✉❡♥♦✱ ♣♦ré♠ s❡ ❛ ❡st✐♠❛t✐✈❛ é r✉✐♠ ♦ ❣❛♥❤♦ ❞❡✈❡rá s❡r ❣r❛♥❞❡✱ ❛ss✐♠

❛ ✈❛❧♦r ❞❡ ♠❡♥♦r ✐♥❝❡rt❡③❛ s❡rá s❡♠♣r❡ ♦ ♠❛✐s ✐♠♣♦rt❛♥t❡ ♣❛r❛ ♦ ❛❧❣♦r✐t♠♦ ❞♦ ✜❧tr♦✳

P❛r❛ ❛ ❝♦rr❡t❛ ❛♣❧✐❝❛çã♦ ❡ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦ ❛❧❣♦r✐t♠♦ ❞♦ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥ ❡st❡♥❞✐❞♦✱

é ♥❡❝❡ssár✐♦ q✉❡ ♦ ♠♦❞❡❧♦ ❞♦ s✐st❡♠❛ ❡st❡❥❛ ❛❞❡q✉❛❞♦✳ ❖✉tr♦ ♣♦♥t♦ ✐♠♣♦rt❛♥t❡ sã♦ ❛s

♠❡❞✐çõ❡s✱ ♣♦✐s s❡rá ❛ ♣❛rt✐r ❞❡❧❛s q✉❡ s❡rã♦ ❡st✐♠❛❞♦s t♦❞♦s ♦s ♣❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦✳ ❆s

❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s t❛♠❜é♠ ✐♥✢✉❡♥❝✐❛♠ ♥❛ ❝♦♥✈❡r❣ê♥❝✐❛ ❞♦ ✜❧tr♦✱ ❡ q✉❛♥t♦ ♠❛✐s ♣ró①✐♠❛s ❞♦

✈❛❧♦r ✐❞❡❛❧ ❡❧❛s ❡stã♦✱ ♠❛✐s rá♣✐❞♦ ♦ ❛❧❣♦r✐t♠♦ ✈❛✐ ❝♦♥✈❡r❣✐r ❡ ♠❡❧❤♦r❡s s❡rã♦ ♦s r❡s✉❧t❛❞♦s✳

✺✳✺✳✽ ❋✐❧tr♦ ❞❡ ❑❛❧♠❛♥ ❡①t❡♥❞✐❞♦

P❛r❛ ❛ ❡st✐♠❛çã♦ ❞♦s ♣❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦ ❡❧étr✐❝♦ ❛♥á❧♦❣♦ ❛♦ s✐♠✉❧❛❞♦r ❤✐❞rá✉❧✐❝♦ ❞❡✲

s❡♥✈♦❧✈✐❞♦ ❞✉r❛♥t❡ ❡st❡ tr❛❜❛❧❤♦✱ ❢♦✐ ✉t✐❧✐③❛❞♦ ♦ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥ ❊st❡♥❞✐❞♦ ✭❊❑❋✮✳ ❈♦♠♦

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

♥✉❧♦✱ ❝♦♠♦ ❥á ❡①♣❧✐❝❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✳ ❆❧é♠ ❞✐ss♦✱ só ❡①✐st❡ ❞✐s♣♦♥í✈❡❧ ✉♠ s❡♥s♦r ❞❡ ✢✉①♦✳

❆ss✐♠✱ ✐♠♣❧❡♠❡♥t♦✉✲s❡ ♦ ❊❑❋ ♣❛r❛ ♦ tr❡❝❤♦ ❛ s❡r ❡st✐♠❛❞♦✱ ❡s❝♦❧❤❡♥❞♦ s❡♠♣r❡ ❛ ❢❛s❡ ❞❡

❢✉♥❝✐♦♥❛♠❡♥t♦ q✉❡ ❡①✐st❡ ✢✉①♦✳

P❛r❛ t♦❞♦s ♦s ✜❧tr♦s✱ ❛ ♠❛tr✐③ ❞❡ ❝♦✈❛r✐â♥❝✐❛ ❞♦ ❡rr♦ ❞❡ ❡st✐♠❛çã♦✱ P ❀ ❛ ♠❛tr✐③ ❞❡

❝♦✈❛r✐â♥❝✐❛ ❞♦ r✉í❞♦ ❞❡ ♠❡❞✐çã♦R ❡ ❛ ♠❛tr✐③ ❞❡ ❝♦✈❛r✐â♥❝✐❛ ❞♦ r✉í❞♦ ❞♦ ♣r♦❝❡ss♦Q ✉t✐❧✐③❛❞❛s

♥♦ ❊❑❋✱ ❢♦r❛♠✿

P =











10 0 0

0 10 0

0 0 10











✭✺✳✹✹✮

R =











10−8 0 0

0 10−8 0

0 0 10−8











✭✺✳✹✺✮



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✼✻

Q =











0 0 0

0 10−2 0

0 0 10−2











✭✺✳✹✻✮

❖ ✈❛❧♦r ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛ ♠❛tr✐③ ❞❡ ❝♦✈❛r✐â♥❝✐❛ P ❢♦✐ ❡s❝♦❧❤✐❞♦ ❝♦♠ ❜❛s❡ ♥❛ ✐♥❝❡rt❡③❛ ❞❛

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

♣ró①✐♠❛ ❞♦ ✈❛❧♦r r❡❛❧✱ ❡ ❛ss✐♠✱ ✉t✐❧✐③♦✉✲s❡ ✉♠❛ ✈❛❧♦r ♣❡q✉❡♥♦ ♣❛r❛ ❛ ♠❛tr✐③ P ✳ ❖ r✉í❞♦

❞❡ ♠❡❞✐çã♦ R ❡ ♦ r✉í❞♦ ❞♦ ♣r♦❝❡ss♦ Q ✉t✐❧✐③❛❞♦s✱ ♣❡r♠✐t✐r❛♠ ❛ ❝♦♥✈❡r❣ê♥❝✐❛ ❞♦ ✜❧tr♦ ♣❛r❛

t♦❞♦s ♦s ❝❛s♦s✳

❋❛s❡ ❞❡ ❡♥❝❤✐♠❡♥t♦ ✲ Ri ❡ Li

◆❛ ❢❛s❡ ❞❡ ❡♥❝❤✐♠❡♥t♦✱ ♦ ✢✉①♦ ❞❡ s❛í❞❛ Qo é ♥✉❧♦✱ ❡♥tã♦✱ t❡♠♦s ❛♣❡♥❛s ♦ ✢✉①♦ ❞❡ ❡♥tr❛❞❛

Qi✱ ❞♦ r❡s❡r✈❛tór✐♦ ✷ ✭Pae✮ ♣❛r❛ ❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❞♦ ♣❉❆❱ ✭Pcs✮✳ ❆ss✐♠✱ ♦ ❝✐r❝✉✐t♦ ❞❛

❋✐❣✉r❛ ✺✳✷✹ ✜❝❛ r❡s✉♠✐❞♦ ❛♦ r❛♠♦ ❞❡st❛❝❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✸✸✳

❋✐❣✉r❛ ✺✳✸✸✿ ❈✐r❝✉✐t♦ ❡❧étr✐❝♦ ❛♥á❧♦❣♦ ❛♦ s✐♠✉❧❛❞♦r ❤✐❞rá✉❧✐❝♦✳

Qi Qo

Ri Di RoLi LoPcs PaoPae
Do

Ccs

Cca

RcaPej

Pen Pca
+ αPca

Rs

Qs

Ls

Pae Cao

Rcs

❈♦♠ ❡ss❡ ❝✐r❝✉✐t♦ ❞❡✜♥✐❞♦ ❡ ✉t✐❧✐③❛♥❞♦ ❛s ❧❡✐s ❞❡ ❑✐r❝❤❤♦✛✱ t❡♠♦s ❛s s❡❣✉✐♥t❡s ❡q✉❛çõ❡s

♣❛r❛ ♦ ✢✉①♦ ❞❡ ❡♥tr❛❞❛✿



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✼✼

Pae =RiQi + LiQ̇i + Pcs ✭✺✳✹✼✮

LiQ̇i =Pae −RiQi − Pcs ✭✺✳✹✽✮

Q̇i =−
Ri

Li

Qi +
1

Li

Pae −
1

Li

Pcs ✭✺✳✹✾✮

❢❛③❡♥❞♦✱ x1 ❂ Qi✱ x2 ❂ 1
Li

❡ x3 ❂ Ri

Li

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

❡♥❝❤✐♠❡♥t♦✿

ẋ1 = −x3x1 − x2Pcs + x2Pae ✭✺✳✺✵✮

♦ ✈❡t♦r ❞❡ ❡st❛❞♦s é ❞❛❞♦ ♣♦r✿

x = [x1 x2 x3]
T ✭✺✳✺✶✮

❆ ❝♦♥❞✐çã♦ ✐♥✐❝✐❛❧ ❛❞♦t❛❞❛ ♣❛r❛ ❛ ❡st✐♠❛t✐✈❛ ❞❛ r❡s✐stê♥❝✐❛✱ ❢♦✐ ❡s❝♦❧❤✐❞❛ ❝♦♠ ❜❛s❡ ♥♦

✐♥st❛♥t❡ ❞❡ ✢✉①♦ ✭❦ ❂ ✶✵✵ ♥❛ ❋✐❣✉r❛ ✺✳✸✹✮✳ ◆❡st❡ ✐♥st❛♥t❡✱ ❛ r❡s✐stê♥❝✐❛ ❢♦✐ ❝❛❧❝✉❧❛❞❛ ♣❡❧❛

❞✐❢❡r❡♥ç❛ ❞❡ ♣r❡ssã♦ ❞✐✈✐❞✐❞♦ ♣❡❧♦ ✈❛❧♦r ❞♦ ✢✉①♦✳ ❖ ✈❛❧♦r ✐♥✐❝✐❛❧ ❞❛ ✐♥❞✉tâ♥❝✐❛ ❢♦✐ ❝❛❧❝✉❧❛❞♦

❝♦♠ ❜❛s❡ ♥❛s ❞✐♠❡♥sõ❡s ❞♦ t✉❞♦ ❡ ❝❛r❛❝t❡ríst✐❝❛s ❞♦ ✢✉✐❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✭✸✳✹✮✳

x0 = [5 25 10]T ✭✺✳✺✷✮

❖ s✐st❡♠❛ ♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞♦ ♥❛ ❢♦r♠❛ ♠❛tr✐❝✐❛❧✳

f(x) =











ẋ1

ẋ2

ẋ3











=











−x3x1 − x2Pcs + x2Pae

0

0











✭✺✳✺✸✮



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✼✽

❉✐s❝r❡t✐③❛♥❞♦ ♦ s✐st❡♠❛ t❡♠♦s✿

F (x(k + 1)) =











x1(k + 1)

x2(k + 1)

x3(k + 1)











=











x1(k) + Ts(−x3x1 − x2Pcs + x2Pae)

x2(k)

x3(k)











✭✺✳✺✹✮

❖ ♣ró①✐♠♦ ♣❛ss♦ é ❝❛❧❝✉❧❛r ♦ ❏❛❝♦❜✐❛♥♦ ❞❛ ♠❛tr✐③ ❞♦ s✐st❡♠❛ ❞✐s❝r❡t✐③❛❞♦✳

∂F1

∂x1

=1 + Ts(−x3) ✭✺✳✺✺✮

∂F1

∂x2

=Ts(Pae − Pcs) ✭✺✳✺✻✮

∂F1

∂x3

=Ts(−x1) ✭✺✳✺✼✮

∂F2

∂x2

=1 ✭✺✳✺✽✮

∂F3

∂x3

=1 ✭✺✳✺✾✮

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

♣❛r❛ ♦ ❏❛❝♦❜✐❛♥♦✳

F =











1 + Ts(−x3) Ts(Pae − Pcs) Ts(−x1)

0 1 0

0 0 1











✭✺✳✻✵✮

◆❛ ❋✐❣✉r❛ ✺✳✸✹✱ s❡q✉❡ ❛ ❝✉r✈❛ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛ ❞♦ ✜❧tr♦ ♥❛ ❡st✐♠❛çã♦ ❞♦s ♣❛râ♠❡tr♦s

Ri ❡ Li ♣❛r❛ ❛ ❝â♥✉❧❛ ❞❡ ❡♥tr❛❞❛ ❞♦ ♣❉❆❱ ♣❛r❛ ❛s ✷✵✵ ❛♠♦str❛s ❞✐s♣♦♥í✈❡✐s ♥❡st❛ ❢❛s❡✳

P❛r❛ ❝❛❧❝✉❧❛r ♦ ✈❛❧♦r ❞❛ r❡s✐stê♥❝✐❛ ❡ ✐♥❞✉tâ♥❝✐❛✱ ✉t✐❧✐③♦✉✲s❡ ❛ ♠é❞✐❛ ❞♦s ✈❛❧♦r❡s ♥♦ r❡❣✐♠❡

♣❡r♠❛♥❡♥t❡ ❞❛ ❝♦♥✈❡r❣ê♥❝✐❛ ❞♦ ✜❧tr♦✳ ◆❡st❡ ❡①♣❡r✐♠❡♥t♦✱ ✉t✐❧✐③♦✉✲s❡ ♦s ✈❛❧♦r❡s ❞❛s ✺✵

ú❧t✐♠❛s ❛♠♦str❛s✳



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✼✾

❋✐❣✉r❛ ✺✳✸✹✿ ❈✉r✈❛ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛ ❞♦ ✜❧tr♦ ♣❛r❛ ♦s ♣❛râ♠❡tr♦s Ri ❡ Li✳

Amostras
0 50 100 150 200

m
m
H
g.
s/
m
L

0

10

20

R̂i - Estimado

Amostras
0 50 100 150 200

m
m
H
g.
s2
/m

L

0

0.5 L̂i - Estimado

Amostras
0 50 100 150 200

m
L
/s

0

20

40

Qi - Medido

Q̂i - Estimado

❋❛s❡ ❞❡ ❡❥❡çã♦ ✲ Ro✱ Lo

◆❛ ❢❛s❡ ❞❡ ❡❥❡çã♦✱ ♦ ✢✉①♦ ❞❡ ❡♥tr❛❞❛ Qi é ♥✉❧♦✱ ❡♥tã♦✱ t❡♠♦s ❛♣❡♥❛s ♦ ✢✉①♦ ❞❡ s❛í❞❛ Qo✱ ❞❛

❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❞♦ ♣❉❆❱ ✭Pcs✮ ♣❛r❛ ♦ r❡s❡r✈❛tór✐♦ ✶ ✭Pao✮✳ ❆ss✐♠✱ ♦ ❝✐r❝✉✐t♦ ❞❛ ❋✐❣✉r❛

✺✳✷✹ ✜❝❛ r❡s✉♠✐❞♦ ❛♦ r❛♠♦ ❞❡st❛❝❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✸✺✳

❋✐❣✉r❛ ✺✳✸✺✿ ❈✐r❝✉✐t♦ ❡❧étr✐❝♦ ❛♥á❧♦❣♦ ❛♦ s✐♠✉❧❛❞♦r ❤✐❞rá✉❧✐❝♦✳

Qi Qo

Ri Di RoLi LoPcs PaoPae
Do

Ccs

Cca

RcaPej

Pen Pca
+ αPca

Rs

Qs

Ls

Pae Cao

Rcs

❈♦♠ ❡ss❡ ❝✐r❝✉✐t♦ ❞❡✜♥✐❞♦ ❡ ✉t✐❧✐③❛♥❞♦ ❛s ❧❡✐s ❞❡ ❑✐r❝❤❤♦✛✱ t❡♠♦s ❛s s❡❣✉✐♥t❡s ❡q✉❛çõ❡s

♣❛r❛ ♦ ✢✉①♦ ❞❡ s❛í❞❛✿



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✽✵

Pcs =LoQ̇o +RoQo + Pao ✭✺✳✻✶✮

LoQ̇o =Pcs −RoQo − Pao ✭✺✳✻✷✮

Q̇o =
1

Lo

Pcs −
Ro

Lo

Qo −
1

Lo

Pao ✭✺✳✻✸✮

❢❛③❡♥❞♦✱ x1 ❂ Qo✱ x2 ❂ 1
Lo

❡ x3 ❂ Ro

Lo

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

❡❥❡çã♦✿

ẋ1 = −x3x1 − x2Pao + x2Pcs ✭✺✳✻✹✮

♦ ✈❡t♦r ❞❡ ❡st❛❞♦s é ❞❛❞♦ ♣♦r✿

x = [x1 x2 x3]
T ✭✺✳✻✺✮

❆ ❝♦♥❞✐çã♦ ✐♥✐❝✐❛❧ ❛❞♦t❛❞❛ ♣❛r❛ ❛ ❡st✐♠❛t✐✈❛ ❞❛ r❡s✐stê♥❝✐❛✱ ❢♦✐ ❡s❝♦❧❤✐❞❛ ❝♦♠ ❜❛s❡ ♥♦

✐♥st❛♥t❡ ❞❡ ✢✉①♦ ✭❦ ❂ ✶✷✵ ♥❛ ❋✐❣✉r❛ ✺✳✸✻✮✳ ◆❡st❡ ✐♥st❛♥t❡✱ ❛ r❡s✐stê♥❝✐❛ ❢♦✐ ❝❛❧❝✉❧❛❞❛ ♣❡❧❛

❞✐❢❡r❡♥ç❛ ❞❡ ♣r❡ssã♦ ❞✐✈✐❞✐❞♦ ♣❡❧♦ ✈❛❧♦r ❞♦ ✢✉①♦✳ ❖ ✈❛❧♦r ✐♥✐❝✐❛❧ ❞❛ ✐♥❞✉tâ♥❝✐❛ ❢♦✐ ❝❛❧❝✉❧❛❞♦

❝♦♠ ❜❛s❡ ♥❛s ❞✐♠❡♥sõ❡s ❞♦ t✉❞♦ ❡ ❝❛r❛❝t❡ríst✐❝❛s ❞♦ ✢✉✐❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✭✸✳✹✮✳

x0 = [9 25 100]T ✭✺✳✻✻✮

❖ s✐st❡♠❛ ♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞♦ ♥❛ ❢♦r♠❛ ♠❛tr✐❝✐❛❧✳

f(x) =











ẋ1

ẋ2

ẋ3











=











−x3x1 − x2Pao + x2Pcs

0

0











✭✺✳✻✼✮
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❉✐s❝r❡t✐③❛♥❞♦ ♦ s✐st❡♠❛ t❡♠♦s✿

F (x(k + 1)) =











x1(k + 1)

x2(k + 1)

x3(k + 1)











=











x1(k) + Ts(−x3x1 − x2Pao + x2Pcs)

x2(k)

x3(k)











✭✺✳✻✽✮

❖ ♣ró①✐♠♦ ♣❛ss♦ é ❝❛❧❝✉❧❛r ♦ ❏❛❝♦❜✐❛♥♦ ❞❛ ♠❛tr✐③ ❞♦ s✐st❡♠❛ ❞✐s❝r❡t✐③❛❞♦✳

∂F1

∂x1

=1 + Ts(−x3) ✭✺✳✻✾✮

∂F1

∂x2

=Ts(Pcs − Pao) ✭✺✳✼✵✮

∂F1

∂x3

=Ts(−x1) ✭✺✳✼✶✮

∂F2

∂x2

=1 ✭✺✳✼✷✮

∂F3

∂x3

=1 ✭✺✳✼✸✮

❆s ❞❡♠❛✐s ❞❡r✐✈❛❞❛s ♣❛r❝✐❛✐s sã♦ ✐❣✉❛✐s ❛ ③❡r♦✳ ❈♦♠ ❡ss❡s ✈❛❧♦r❡s✱ t❡♠♦s ❛ s❡❣✉✐♥t❡

♠❛tr✐③ ♣❛r❛ ♦ ❏❛❝♦❜✐❛♥♦✳

F =











1 + Ts(−x3) Ts(Pcs − Pao) Ts(−x1)

0 1 0

0 0 1











✭✺✳✼✹✮

◆❛ ❋✐❣✉r❛ ✺✳✸✻✱ s❡q✉❡ ❛ ❝✉r✈❛ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛ ❞♦ ✜❧tr♦ ♥❛ ❡st✐♠❛çã♦ ❞♦s ♣❛râ♠❡tr♦s

Ro ❡ Lo ♣❛r❛ ❛ ❝â♥✉❧❛ ❞❡ s❛í❞❛ ❞♦ ♣❉❆❱ ♣❛r❛ ❛s ✶✺✵ ❛♠♦str❛s ❞✐s♣♦♥í✈❡✐s ♥❡st❛ ❢❛s❡✳

P❛r❛ ❝❛❧❝✉❧❛r ♦ ✈❛❧♦r ❞❛ r❡s✐stê♥❝✐❛ ❡ ✐♥❞✉tâ♥❝✐❛✱ ✉t✐❧✐③♦✉✲s❡ ❛ ♠é❞✐❛ ❞♦s ✈❛❧♦r❡s ♥♦ r❡❣✐♠❡

♣❡r♠❛♥❡♥t❡ ❞❛ ❝♦♥✈❡r❣ê♥❝✐❛ ❞♦ ✜❧tr♦✳ ◆❡st❡ ❡①♣❡r✐♠❡♥t♦✱ ✉t✐❧✐③♦✉✲s❡ ♦s ✈❛❧♦r❡s ❞❛s ✺✵

ú❧t✐♠❛s ❛♠♦str❛s✳
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❋✐❣✉r❛ ✺✳✸✻✿ ❈✉r✈❛ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛ ❞♦ ✜❧tr♦ ♣❛r❛ ♦s ♣❛râ♠❡tr♦s Ro ❡ Lo✳
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❋❛s❡ ❞❡ ❡♥❝❤✐♠❡♥t♦ ❡ ❞❡ ❡❥❡çã♦ ✲ Rs ❡ Ls

❖ ✢✉①♦ s✐stê♠✐❝♦ ✭Qs✮✱ ❞♦ r❡s❡r✈❛tór✐♦ ✶ ✭Pao✮ ♣❛r❛ ♦ r❡s❡r✈❛tór✐♦ ✷ ✭Pae✮✱ é ❞✐❢❡r❡♥t❡ ❞❡

③❡r♦ t❛♥t♦ ♥❛ ❢❛s❡ ❞❡ ❡♥❝❤✐♠❡♥t♦ q✉❛♥t♦ ♥❛ ❢❛s❡ ❞❡ ❡❥❡çã♦✱ ❛ss✐♠✱ ✉t✐❧✐③♦✉✲s❡ ♦s ❞❛❞♦s ❞❡

✉♠ ❝✐❝❧♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦ ♣❛r❛ ❛ ❡st✐♠❛t✐✈❛ ❞♦s ♣❛râ♠❡tr♦s✳ ❖ ❝✐r❝✉✐t♦ ❞❛ ❋✐❣✉r❛ ✺✳✷✹ ✜❝❛

r❡s✉♠✐❞♦ ❛♦ r❛♠♦ ❞❡st❛❝❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✸✼ ♣❛r❛ ❛ ❡st✐♠❛çã♦ ❞♦s ♣❛râ♠❡tr♦s Rs ❡ Ls✳

❋✐❣✉r❛ ✺✳✸✼✿ ❈✐r❝✉✐t♦ ❡❧étr✐❝♦ ❛♥á❧♦❣♦ ❛♦ s✐♠✉❧❛❞♦r ❤✐❞rá✉❧✐❝♦✳

Qi Qo

Ri Di RoLi LoPcs PaoPae
Do

Ccs

Cca

RcaPej

Pen Pca
+ αPca

Rs

Qs

Ls

Pae Cao

Rcs
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❈♦♠ ❡ss❡ ❝✐r❝✉✐t♦ ❞❡✜♥✐❞♦ ❡ ✉t✐❧✐③❛♥❞♦ ❛s ❧❡✐s ❞❡ ❑✐r❝❤❤♦✛✱ t❡♠♦s ❛s s❡❣✉✐♥t❡s ❡q✉❛çõ❡s

♣❛r❛ ♦ ✢✉①♦ s✐stê♠✐❝♦✿

Pao =LsQ̇s +RsQs + Pae ✭✺✳✼✺✮

LsQ̇s =Pao −RsQs − Pae ✭✺✳✼✻✮

Q̇s =
1

Ls

Pao −
Rs

Ls

Qs −
1

Ls

Pae ✭✺✳✼✼✮

❢❛③❡♥❞♦✱ x1 ❂ Qs✱ x2 ❂ 1
Ls

❡ x3 ❂ Rs

Ls

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

s✐stê♠✐❝♦✿

ẋ1 = −x3x1 − x2Pae + x2Pao ✭✺✳✼✽✮

♦ ✈❡t♦r ❞❡ ❡st❛❞♦s é ❞❛❞♦ ♣♦r✿

x = [x1 x2 x3]
T ✭✺✳✼✾✮

❆ ❝♦♥❞✐çã♦ ✐♥✐❝✐❛❧ ❛❞♦t❛❞❛ ♣❛r❛ ❛ ❡st✐♠❛t✐✈❛ ❞❛ r❡s✐stê♥❝✐❛✱ ❢♦✐ ❡s❝♦❧❤✐❞❛ ❝♦♠ ❜❛s❡ ♥♦

✐♥st❛♥t❡ ❞❡ ✢✉①♦ ✭❦ ❂ ✶✺✵ ♥❛ ❋✐❣✉r❛ ✺✳✸✽✮✳ ◆❡st❡ ✐♥st❛♥t❡✱ ❛ r❡s✐stê♥❝✐❛ ❢♦✐ ❝❛❧❝✉❧❛❞❛ ♣❡❧❛

❞✐❢❡r❡♥ç❛ ❞❡ ♣r❡ssã♦ ❞✐✈✐❞✐❞♦ ♣❡❧♦ ✈❛❧♦r ❞♦ ✢✉①♦✳ ❖ ✈❛❧♦r ✐♥✐❝✐❛❧ ❞❛ ✐♥❞✉tâ♥❝✐❛ ❢♦✐ ❝❛❧❝✉❧❛❞♦

❝♦♠ ❜❛s❡ ♥❛s ❞✐♠❡♥sõ❡s ❞♦ t✉❞♦ ❡ ❝❛r❛❝t❡ríst✐❝❛s ❞♦ ✢✉✐❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✭✸✳✹✮✳

x0 = [12 10 15]T ✭✺✳✽✵✮

❖ s✐st❡♠❛ ♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞♦ ♥❛ ❢♦r♠❛ ♠❛tr✐❝✐❛❧✳

f(x) =











ẋ1

ẋ2

ẋ3











=











−x3x1 − x2Pae + x2Pao

0

0











✭✺✳✽✶✮
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❉✐s❝r❡t✐③❛♥❞♦ ♦ s✐st❡♠❛ t❡♠♦s✿

F (x(k + 1)) =











x1(k + 1)

x2(k + 1)

x3(k + 1)











=











x1(k) + Ts(−x3x1 − x2Pae + x2Pao)

x2(k)

x3(k)











✭✺✳✽✷✮

❖ ♣ró①✐♠♦ ♣❛ss♦ é ❝❛❧❝✉❧❛r ♦ ❏❛❝♦❜✐❛♥♦ ❞❛ ♠❛tr✐③ ❞♦ s✐st❡♠❛ ❞✐s❝r❡t✐③❛❞♦✳

∂F1

∂x1

=1 + Ts(−x3) ✭✺✳✽✸✮

∂F1

∂x2

=Ts(Pao − Pae) ✭✺✳✽✹✮

∂F1

∂x3

=Ts(−x1) ✭✺✳✽✺✮

∂F2

∂x2

=1 ✭✺✳✽✻✮

∂F3

∂x3

=1 ✭✺✳✽✼✮

❆s ❞❡♠❛✐s ❞❡r✐✈❛❞❛s ♣❛r❝✐❛✐s sã♦ ✐❣✉❛✐s ❛ ③❡r♦✳ ❈♦♠ ❡ss❡s ✈❛❧♦r❡s✱ t❡♠♦s ❛ s❡❣✉✐♥t❡

♠❛tr✐③ ♣❛r❛ ♦ ❏❛❝♦❜✐❛♥♦✳

F =











1 + Ts(−x3) Ts(Pao − Pae) Ts(−x1)

0 1 0

0 0 1











✭✺✳✽✽✮

◆❛ ❋✐❣✉r❛ ✺✳✸✽✱ s❡q✉❡ ❛ ❝✉r✈❛ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛ ❞♦ ✜❧tr♦ ♥❛ ❡st✐♠❛çã♦ ❞♦s ♣❛râ♠❡tr♦s

Rs ❡ LS ♣❛r❛ ♦ t✉❜♦ q✉❡ ❢❛③ ❛ ✐♥t❡r❧✐❣❛çã♦ ❡♥tr❡ ♦s r❡s❡r✈❛tór✐♦s ♣❛r❛ ❛s ✷✵✵ ❛♠♦str❛s

❞✐s♣♦♥í✈❡✐s ♥❡st❛ ❢❛s❡✳ P❛r❛ ❝❛❧❝✉❧❛r ♦ ✈❛❧♦r ❞❛ r❡s✐stê♥❝✐❛ ❡ ✐♥❞✉tâ♥❝✐❛✱ ✉t✐❧✐③♦✉✲s❡ ❛ ♠é❞✐❛

❞♦s ✈❛❧♦r❡s ♥♦ r❡❣✐♠❡ ♣❡r♠❛♥❡♥t❡ ❞❛ ❝♦♥✈❡r❣ê♥❝✐❛ ❞♦ ✜❧tr♦✳ ◆❡st❡ ❡①♣❡r✐♠❡♥t♦✱ ✉t✐❧✐③♦✉✲s❡

♦s ✈❛❧♦r❡s ❞❛s ✺✵ ú❧t✐♠❛s ❛♠♦str❛s✳
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❋✐❣✉r❛ ✺✳✸✽✿ ❈✉r✈❛ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛ ❞♦ ✜❧tr♦ ♣❛r❛ ♦s ♣❛râ♠❡tr♦s Rs ❡ Ls✳
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❈♦♠ ❛ ✉t✐❧✐③❛çã♦ ❞♦ ❡st✐♠❛❞♦r ❢♦✐ ♣♦ssí✈❡❧ ❡st✐♠❛r ♦ ✈❛❧♦r ❞❛s r❡s✐stê♥❝✐❛s ❡ ✐♥❞✉tâ♥❝✐❛s

❞❛s ❝â♥✉❧❛s ❞♦ ♣❉❆❱ ❡ ❞♦ t✉❜♦ q✉❡ ❢❛③ ❛ ✐♥t❡r❧✐❣❛çã♦ ❡♥tr❡ ♦s r❡s❡r✈❛tór✐♦s✱ ❝♦♠♣❧❡t❛♥❞♦

❛ ❡st✐♠❛t✐✈❛ ❞❡ t♦❞♦s ♦s ♣❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦✳ ❆♣❡s❛r ❞❡ ❡st❛r ❞✐s♣♦♥í✈❡❧ ❛♣❡♥❛s ✉♠

s❡♥s♦r ❞❡ ✢✉①♦ ♣❛r❛ ❛q✉✐s✐çã♦ ❞♦s ❞❛❞♦s ♣❛r❛ ✉t✐❧✐③❛çã♦ ♥♦ ❡st✐♠❛❞♦r✱ ❛ ❡str❛té❣✐❛ ❛❞♦t❛❞❛

❞❡ r❡❛❧✐③❛r ❛ ❡st✐♠❛t✐✈❛ ♣♦r ♣❛rt❡s r❡s♦❧✈❡✉ ❡ss❡ ♣r♦❜❧❡♠❛✳ P❛r❛ ❣❛r❛♥t✐r q✉❡ ♦ ♠♦❞❡❧♦

❝♦♠♣❧❡t♦ ✭❥✉♥çã♦ ❞❡ t♦❞❛s ❛s ♣❛rt❡s ❡st✐♠❛❞❛s s❡♣❛r❛❞❛♠❡♥t❡✮ ❢✉♥❝✐♦♥❡ ❛❞❡q✉❛❞❛♠❡♥t❡✱

t♦❞❛s ❛s ❡st✐♠❛t✐✈❛s ❢♦r❛♠ r❡❛❧✐③❛❞❛s ❝♦♠ ♦ s✐st❡♠❛ ♦♣❡r❛♥❞♦ ♥❛s ❝♦♥❞✐çõ❡s ♣r❡❞❡✜♥✐❞❛s

♥❛ ❚❛❜❡❧❛ ✺✳✺✳ ❆ss✐♠✱ ❢♦✐ ♣♦ssí✈❡❧ ❧✐st❛r ♥❛ ❚❛❜❡❧❛ ✺✳✻ ♦s ✈❛❧♦r❡s ❞❡ t♦❞♦s ♦s ♣❛râ♠❡tr♦s

❡st✐♠❛❞♦s ♣❛r❛ ♦ ♠♦❞❡❧♦ ✵❉ ❞♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ❛❝♦♣❧❛❞♦ ❛♦ ♣❉❆❱✳



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✽✻

❚❛❜❡❧❛ ✺✳✻✿ P❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦ ✵❉ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✷✹✳
P❛râ♠❡tr♦s ❱❛❧♦r
❘❡s✐stê♥❝✐❛s ✭♠♠❍❣✳s✴♠▲✮

R̂i ✵✱✹✵✺✵
R̂o ✶✱✵✽✻✷
R̂s ✶✱✹✻✻✸
R̂ca ✵✱✷✺✵✵
R̂cs ✵✱✸✵✵✵

❈❛♣❛❝✐tâ♥❝✐❛s ✭♠▲✴♠♠❍❣✮
Ĉca ✵✱✶✻✵✵
Ĉcs ✵✱✷✺✷✶
Ĉao ✵✱✷✸✽✺

■♥❞✉tâ♥❝✐❛s ✭♠♠❍❣✳s2✴♠▲✮
L̂i ✵✱✵✽✺✵
L̂o ✵✱✵✹✸✵
L̂s ✵✱✵✾✶✸

❋♦♥t❡ ❞❡ t❡♥sã♦ ✭❉❈✮ ✭♠♠❍❣✮
P̂ae ✻✱✵

P❛r❛ ❛ ✈❛❧✐❞❛çã♦ ❞❡st❡ ♠♦❞❡❧♦✱ ❢♦r❛♠ r❡❛❧✐③❛❞❛s s✐♠✉❧❛çõ❡s ✉t✐❧✐③❛♥❞♦ ♦ ♠♦❞❡❧♦ ❝♦♠✲

♣❧❡t♦ ❞♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ❛❝♦♣❧❛❞♦ ❛♦ ♣❉❆❱✱ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✸✾✳ ❖ ✈❛❧♦r ❞♦s

♣❛râ♠❡tr♦s ❞❡ss❡ ♠♦❞❡❧♦✱ ❡stã♦ ❧✐st❛❞♦s ♥❛ ❚❛❜❡❧❛ ✺✳✻✳ ❊ss❛s s✐♠✉❧❛çõ❡s ❢♦r❛♠ r❡❛❧✐③❛❞❛s

❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❝♦♠♣❛r❛r ❛s ❝✉r✈❛s s✐♠✉❧❛❞❛s ❝♦♠ ❛s ❝✉r✈❛s ♠❡❞✐❞❛s ❡ ❛✈❛❧✐❛r ♦ ❡rr♦✳

❋✐❣✉r❛ ✺✳✸✾✿ ▼♦❞❡❧♦ ✵❉ ❞♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ❛❝♦♣❧❛❞♦ ❛♦ ♣❉❆❱✳
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❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✽✼

✺✳✺✳✾ ❈✉r✈❛s ❞❡ ♣r❡ssõ❡s ♦❜t✐❞❛s ❝♦♠ ♦ ♠♦❞❡❧♦ ✵❉

❈♦♠ ♦s ♣❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦ ✵❉ ❞♦ ❙❍ ❛❝♦♣❧❛❞♦ ❛♦ ♣❉❆❱ ❡st✐♠❛❞♦s✱ ❢♦r❛♠ r❡❛❧✐③❛❞❛s

s✐♠✉❧❛çõ❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s ♣❛r❛ ✈❡r✐✜❝❛r ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❡ss❡ ♠♦❞❡❧♦✳ ❖ ♠ét♦❞♦ ❞❡

✐♥t❡❣r❛çã♦ ✉t✐❧✐③❛❞♦ ❢♦✐ ♦ ❘✉♥❣❡✲❑✉tt❛ ❞❡ ✹a ♦r❞❡♠✱ ❝♦♠ ♣❛ss♦ ✜①♦ ❞❡ ✐♥t❡❣r❛çã♦ 10−4✳ ❆s

s✐♠✉❧❛çõ❡s ✉t✐❧✐③❛r❛♠ ♦ ♠♦❞❡❧♦ ✵❉ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✷✹✳

❆s ❝✉r✈❛s ❞❡ ♣r❡ssõ❡s✱ ♦❜t✐❞❛s ❝♦♠ ❛ s✐♠✉❧❛çã♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❞❡ss❡ ♠♦❞❡❧♦✱ ❋✐❣✉r❛s

✺✳✹✵ ❡ ✺✳✹✶ sã♦ s✐♠✐❧❛r❡s às ❞❛s ❝✉r✈❛s ♦❜t✐❞❛s ♣❡❧❛s ♠❡❞✐çõ❡s ❞❡ ♣r❡ssõ❡s ♥♦ ❙❍✱ ❋✐❣✉r❛s

✺✳✶✼ ❡ ✺✳✶✽✳

◆❛ ❋✐❣✉r❛ ✺✳✹✵ s❡❣✉❡ ❛s ❝✉r✈❛s ❞❡ ♣r❡ssõ❡s ♦❜t✐❞❛s ❝♦♠ ❛ s✐♠✉❧❛çã♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❞♦

♠♦❞❡❧♦ ❞♦ ♣❉❆❱✳ ❖ s✐st❡♠❛ ❢♦✐ ❛❥✉st❛❞♦ ♣❛r❛ q✉❡ ❛ ♣r❡ssã♦ ♥♦ r❡s❡r✈❛tór✐♦ ✶ ✭Pao✮ ✜q✉❡

♥❛ ❢❛✐①❛ ❞❡ ✽✵ ❛ ✹✵ ♠♠❍❣ ✭✽✵✴✹✵ ♠♠❍❣✮✳ ❆ ♣r❡ssã♦ ♥♦ r❡s❡r✈❛tór✐♦ ✷ é ❝♦♥st❛♥t❡ ❡ ✐❣✉❛❧ ❛

✻ ♠♠❍❣ ❡ ❛ ♣r❡ssã♦ ♥❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❞♦ ♣❉❆❱ ❡stá ✈❛r✐❛♥❞♦ ❞❡ ✲✹✵ ♠♠❍❣ ❛ ✶✻✵ ♠♠❍❣✳

❋✐❣✉r❛ ✺✳✹✵✿ ❈✉r✈❛s ❞❡ ♣r❡ssã♦ ♦❜t✐❞❛s ❝♦♠ ❛ s✐♠✉❧❛çã♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❞♦ ♠♦❞❡❧♦ ✵❉ ❞♦
♣❉❆❱ ✲ ❈♦♥❞✐çã♦ ✶✳
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❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✽✽

◆❛ ❋✐❣✉r❛ ✺✳✹✶ s❡❣✉❡ ❛s ❝✉r✈❛s ❞❡ ♣r❡ssõ❡s ♦❜t✐❞❛s ❝♦♠ ❛ s✐♠✉❧❛çã♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❞♦

♠♦❞❡❧♦ ❞♦ ♣❉❆❱✳ ❖ s✐st❡♠❛ ❢♦✐ ❛❥✉st❛❞♦ ♣❛r❛ q✉❡ ❛ ♣r❡ssã♦ ♥♦ r❡s❡r✈❛tór✐♦ ✶ ✭Pao✮ ✜q✉❡

♥❛ ❢❛✐①❛ ❞❡ ✻✵ ❛ ✷✵ ♠♠❍❣ ✭✻✵✴✷✵ ♠♠❍❣✮✳ ❆ ♣r❡ssã♦ ♥♦ r❡s❡r✈❛tór✐♦ ✷ é ❝♦♥st❛♥t❡ ❡ ✐❣✉❛❧ à

✻ ♠♠❍❣ ❡ ❛ ♣r❡ssã♦ ♥❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❞♦ ♣❉❆❱ ❡stá ✈❛r✐❛♥❞♦ ❞❡ ✲✹✵ ♠♠❍❣ ❛ ✶✻✵ ♠♠❍❣✳

❋✐❣✉r❛ ✺✳✹✶✿ ❈✉r✈❛s ❞❡ ♣r❡ssã♦ ♦❜t✐❞❛s ❝♦♠ ❛ s✐♠✉❧❛çã♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❞♦ ♠♦❞❡❧♦ ✵❉ ❞♦
♣❉❆❱ ✲ ❈♦♥❞✐çã♦ ✷✳
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P❛r❛ ❢❛❝✐❧✐t❛r ❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ❛s ❝✉r✈❛s ❞❡ ♣r❡ssõ❡s ♠❡❞✐❞❛s ❡ s✐♠✉❧❛❞❛s✱ ❡ss❛s

❞✉❛s ❝✉r✈❛s ❢♦r❛♠ tr❛ç❛❞❛s ♥♦ ♠❡s♠♦ ❣rá✜❝♦✳ ❚❛♠❜é♠ ❢♦✐ ❝❛❧❝✉❧❛❞♦ ❛ r❛✐③ ❞♦ ❡rr♦ ♠é❞✐♦

q✉❛❞rát✐❝♦ ✭εrms✮ ❡♥tr❡ ❛ ❝✉r✈❛ ♠❡❞✐❞❛ ❡ ❛ ❝✉r✈❛ s✐♠✉❧❛❞❛✱ ♣❛r❛ ✉♠ ❝✐❝❧♦ ❞❡ ♦♣❡r❛çã♦✱

✉t✐❧✐③❛♥❞♦ ❛ ❡q✉❛çã♦ ✭✺✳✶✾✮✳

◆❛s ❋✐❣✉r❛s ✺✳✹✷ ❡ ✺✳✹✸ s❡❣✉❡ ❛s ❝✉r✈❛s ❞❡ ♣r❡ssã♦ ♥♦ r❡s❡r✈❛tór✐♦ ✷ ✭Pae✮ ♠❡❞✐❛ ♥♦

s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ❡ s✐♠✉❧❛❞❛ ✉t✐❧✐③❛♥❞♦ ♦ ♠♦❞❡❧♦ ❝♦♠♣❧❡t♦ ❞♦ s✐st❡♠❛ ❝♦♠ ♦s ♣❛râ♠❡tr♦s

❡st✐♠❛❞♦s ♥❡st❡ tr❛❜❛❧❤♦✳ ❋♦✐ ❝❛❧❝✉❧❛❞❛ ❛ r❛✐③ ❞♦ ❡rr♦ ♠é❞✐♦ q✉❛❞rát✐❝♦ ✭εrms✮ ❡♥tr❡ ❡ss❛s

❝✉r✈❛s✳ ❖ ❡rr♦ ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ✶ ✭Pao❂✽✵✴✹✵ ♠♠❍❣✮ ❢♦✐✿ ✭εrms✮ ❂ ✵✱✶✼ ♠♠❍❣ ❡ ♣❛r❛ ❛



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✽✾

❝♦♥❞✐çã♦ ✷ ✭Pao❂✻✵✴✷✵ ♠♠❍❣✮ ❢♦✐ ✭εrms✮ ❂ ✵✱✶✹ ♠♠❍❣✳ ❊ss❡ ❡rr♦ é ❝♦♥s✐❞❡r❛❞♦ ♣❡q✉❡♥♦✱

❝♦♠♣❛r❛❞♦ ❝♦♠ ♦ ✈❛❧♦r ❈❈ ❞♦ s✐♥❛❧ ❡ ✐ss♦ é ❝♦♥✜r♠❛❞♦ ♥❛s ❋✐❣✉r❛s ✺✳✹✷ ❡ ✺✳✹✸✱ ♣♦✐s ❛s

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

❋✐❣✉r❛ ✺✳✹✷✿ ❈✉r✈❛s ❞❡ ♣r❡ssã♦ ♥♦ r❡s❡r✈❛tór✐♦ ✷ ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ✶ ✭Pao❂✽✵✴✹✵ ♠♠❍❣✮
♠❡❞✐❞❛ ❡ s✐♠✉❧❛❞❛✳

Tempo (s)
0 0.5 1 1.5 2 2.5 3

P
re
ss
ão

(m
m
H
g)

0

2

4

6

8

10
Pae - Medido
Pae - Simulado

❋✐❣✉r❛ ✺✳✹✸✿ ❈✉r✈❛s ❞❡ ♣r❡ssã♦ ♥♦ r❡s❡r✈❛tór✐♦ ✷ ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ✷ ✭Pao❂✻✵✴✷✵ ♠♠❍❣✮
♠❡❞✐❞❛ ❡ s✐♠✉❧❛❞❛✳
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◆❛s ❋✐❣✉r❛s ✺✳✹✹ ❡ ✺✳✹✺ s❡❣✉❡ ❛s ❝✉r✈❛s ❞❡ ♣r❡ssã♦ ♥❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❞♦ ♣❉❆❱ ✭Pcs✮

♠❡❞✐❛ ♥♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ❡ s✐♠✉❧❛❞❛ ✉t✐❧✐③❛♥❞♦ ♦ ♠♦❞❡❧♦ ❝♦♠♣❧❡t♦ ❞♦ s✐st❡♠❛ ❝♦♠ ♦s

♣❛râ♠❡tr♦s ❡st✐♠❛❞♦s ♥❡st❡ tr❛❜❛❧❤♦✳ ❋♦✐ ❝❛❧❝✉❧❛❞❛ ❛ r❛✐③ ❞♦ ❡rr♦ ♠é❞✐♦ q✉❛❞rát✐❝♦ ✭εrms✮

❡♥tr❡ ❡ss❛s ❝✉r✈❛s✳ ❖ ❡rr♦ ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ✶ ✭Pao❂✽✵✴✹✵ ♠♠❍❣✮ ❢♦✐✿ ✭εrms✮ ❂ ✷✷✱✾✾ ♠♠❍❣ ❡

♣❛r❛ ❛ ❝♦♥❞✐çã♦ ✷ ✭Pao❂✻✵✴✷✵ ♠♠❍❣✮ ❢♦✐ ✭εrms✮ ❂ ✷✽✱✻✸ ♠♠❍❣✳ ❖ ✈❛❧♦r ❛❜s♦❧✉t♦ ❞❡ss❡ ❡rr♦



❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✾✵

é ❣r❛♥❞❡✱ ♣♦ré♠✱ q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦ ❝♦♠ ❛ ❢❛✐①❛ ❞❡ ✈❛r✐❛❜✐❧✐❞❛❞❡ ❞♦ s✐♥❛❧✱ ❞❡ ✷✵✵ ♠♠❍❣✱

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

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

♣r❡ssã♦ ❞❡ ❡♥❝❤✐♠❡♥t♦ ♣❛r❛ ❛ ♣r❡ssã♦ ❞❡ ❡❥❡çã♦ ❡ ✈✐❝❡✲✈❡rs❛✳ ❊ss❡ ❝♦♠♣♦rt❛♠❡♥t♦ ♣♦❞❡

❡st❛r r❡❧❛❝✐♦♥❛❞♦ ❝♦♠ ❛ ❛❜❡rt✉r❛ ❡ ♦ ❢❡❝❤❛♠❡♥t♦ ❞❛s ✈á❧✈✉❧❛s ❝❛r❞í❛❝❛s ❡ s❡rá ♦❜❥❡t♦ ❞❡

❡st✉❞♦ ❡♠ tr❛❜❛❧❤♦s ❢✉t✉r♦s✳

❋✐❣✉r❛ ✺✳✹✹✿ ❈✉r✈❛s ❞❡ ♣r❡ssã♦ ♥❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❞♦ ♣❉❆❱ ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ✶
✭Pao❂✽✵✴✹✵ ♠♠❍❣✮ ♠❡❞✐❞❛ ❡ s✐♠✉❧❛❞❛✳
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❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✾✶

◆❛s ❋✐❣✉r❛s ✺✳✹✻ ❡ ✺✳✹✼ s❡❣✉❡ ❛s ❝✉r✈❛s ❞❡ ♣r❡ssã♦ ♥♦ r❡s❡r✈❛tór✐♦ ✶ ✭Pao✮ ♠❡❞✐❛ ♥♦

s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ❡ s✐♠✉❧❛❞❛ ✉t✐❧✐③❛♥❞♦ ♦ ♠♦❞❡❧♦ ❝♦♠♣❧❡t♦ ❞♦ s✐st❡♠❛ ❝♦♠ ♦s ♣❛râ♠❡tr♦s

❡st✐♠❛❞♦s ♥❡st❡ tr❛❜❛❧❤♦✳ ❋♦✐ ❝❛❧❝✉❧❛❞♦ ❛ r❛✐③ ❞♦ ❡rr♦ ♠é❞✐♦ q✉❛❞rát✐❝♦ ✭εrms✮ ❡♥tr❡ ❡ss❛s

❝✉r✈❛s✳ ❖ ❡rr♦ ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ✶ ✭Pao❂✽✵✴✹✵ ♠♠❍❣✮ ❢♦✐✿ ✭εrms✮ ❂ ✶✱✽✻ ♠♠❍❣ ❡ ♣❛r❛ ❛

❝♦♥❞✐çã♦ ✷ ✭Pao❂✻✵✴✷✵ ♠♠❍❣✮ ❢♦✐ ✭εrms✮ ❂ ✷✱✼✸ ♠♠❍❣✳ ❊ss❡ ❡rr♦ é ♣❡q✉❡♥♦✱ ❝♦♠♣❛r❛❞♦ à

✈❛r✐❛❜✐❧✐❞❛❞❡ ❞♦ s✐♥❛❧✱ ❞❡ ✹✵ ♠♠❍❣✱ ❡ ♥❛s ❋✐❣✉r❛s ✺✳✹✻ ❡ ✺✳✹✼✱ ❛s ❝✉r✈❛s ♠❡❞✐❞❛s ❡ s✐♠✉❧❛❞❛s

❡stã♦ ♣r❛t✐❝❛♠❡♥t❡ s♦❜r❡♣♦st❛s✳
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❈❛♣ít✉❧♦ ✺✳ ❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ✾✷

❉❡st❛ ❢♦r♠❛ ♦ ♠♦❞❡❧♦ ❞♦ ♣❉❆❱ ❡stá ✈❛❧✐❞❛❞♦✱ ❡ ♣♦❞❡ s❡r ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛✉①✐❧✐❛r ♥♦

❡st✉❞♦ ❞❡ ❡str❛té❣✐❛s ❞❡ ❝♦♥tr♦❧❡✱ ❧❡✈❛♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛ ✐♥t❡r❛çã♦ ❞♦ ♠♦❞❡❧♦ ❞♦ ♣❉❆❱

❝♦♠ ♠♦❞❡❧♦s ❞♦ s✐st❡♠❛ ❝❛r❞✐♦✈❛s❝✉❧❛r ❤✉♠❛♥♦✳

✺✳✻ ❈♦♥s✐❞❡r❛çõ❡s ✜♥❛✐s

❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ é ❞❡ ❣r❛♥❞❡ ✐♠♣♦rtâ♥❝✐❛ ♣❛r❛ ❛ ❡st✐♠❛çã♦ ❞♦s ♣❛râ♠❡tr♦s ❞♦s ♠♦❞❡❧♦s

❞♦ ♣❉❆❱ ❡ ❞♦ s✐st❡♠❛ ❞❡ ❛t✉❛çã♦ ♣♥❡✉♠át✐❝❛✳ ❈♦♠ ❛ ✉t✐❧✐③❛çã♦ ❞♦ ♠♦❞❡❧♦ ❡❧étr✐❝♦ ♣r♦✲

♣♦st♦✱ ❢♦r❛♠ ♦❜t✐❞❛s ❝✉r✈❛s ❞❡ ♣r❡ssã♦ ❜❡♠ ♣ró①✐♠❛s ❛s ❝✉r✈❛s ♦❜t✐❞❛s ✉t✐❧✐③❛❞♦ ♦ s✐st❡♠❛

❤✐❞rá✉❧✐❝♦✳ P❛r❛ ❛✈❛❧✐❛r ❛ ♣r♦①✐♠✐❞❛❞❡ ❡♥tr❡ ❛s ❝✉r✈❛s ♠❡❞✐❞❛s ❡ ❡st✐♠❛❞❛s✱ ❝♦♠♣❛r♦✉✲s❡

❛s ❢♦r♠❛s ❞❡ ♦♥❞❛ ♣❡❧❛s ✜❣✉r❛s ❡ ✉t✐❧✐③♦✉✲s❡ t❛♠❜é♠ ❛ r❛✐③ ❞♦ ❡rr♦ ♠é❞✐♦ q✉❛❞rát✐❝♦ ✭εrms✮✳

❆ ❝✉r✈❛ q✉❡ ❛♣r❡s❡♥t♦✉ ♠❛✐♦r ❡rr♦ ❢♦✐ ❛ ❞❛ ♣r❡ssã♦ ♥❛ ❝â♠❛r❛ ❞❡ s❛♥❣✉❡ ❞♦ ♣❉❆❱✱ ♠❛s

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

❈♦♠ ❡ss❡s r❡s✉❧t❛❞♦s✱ ❢♦✐ ❝♦♥st❛t❛❞♦ q✉❡ ❛ té❝♥✐❝❛ ❞❡ ♠♦❞❡❧❛❣❡♠ ❞♦ ♣❉❆❱ ❡ ❞♦ s✐st❡♠❛

❤✐❞rá✉❧✐❝♦ ❛ss✐♠ ❝♦♠♦ ❛ té❝♥✐❝❛ ❞❡ ❡st✐♠❛çã♦ ❞♦s ♣❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦ ❡stá ❝♦rr❡t❛✳ ◆♦

❝❛♣ít✉❧♦ ✻✱ s❡rã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ❝♦♥❝❧✉sõ❡s ❡ tr❛❜❛❧❤♦s ❢✉t✉r♦s q✉❡ ✐♥❞✐❝❛♠ ✉♠ ❝❛♠✐♥❤♦

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



❈❛♣ít✉❧♦ ✻

❈♦♥❝❧✉sã♦ ❡ tr❛❜❛❧❤♦s ❢✉t✉r♦s

◆❡st❡ tr❛❜❛❧❤♦ ❞❡ ❞✐ss❡rt❛çã♦ ❞❡ ♠❡str❛❞♦✱ ♦s ♣r✐♥❝✐♣❛✐s ♣♦♥t♦s ❞❛ ✜s✐♦❧♦❣✐❛ ❞♦ s✐st❡♠❛

❝❛r❞✐♦✈❛s❝✉❧❛r ❤✉♠❛♥♦ ✭❙❈❍✮ ❢♦r❛♠ ❝♦♠❡♥t❛❞♦s ❡ s❡r✈✐r❛♠ ❞❡ ❜❛s❡ ♣❛r❛ t♦❞♦ ♦ tr❛❜❛❧❤♦✳

❊st❡ ❡st✉❞♦ s❡r✈✐✉ ♣❛r❛ ♠❡❧❤♦r❛r ❛ ❝♦♠♣r❡❡♥sã♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ❙❈❍ ❝♦♠ r❡❧❛çã♦ ❛♦s

♥í✈❡✐s ✐❞❡❛✐s ❞❡ ✈♦❧✉♠❡s ❡ ♣r❡ssõ❡s ♣❛r❛ ❞✐❢❡r❡♥t❡s ❝♦♥❞✐çõ❡s ✜s✐♦❧ó❣✐❝❛s ❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦

♣❛❝✐❡♥t❡✳

❖ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ é ❛❥✉st❛❞♦ ♣❛r❛ ♠❛♥t❡r ♥í✈❡✐s ❞❡ ♣r❡ssõ❡s ♣ró①✐♠♦s ❛♦s ♥í✈❡✐s ❞❡

✉♠ ♣❛❝✐❡♥t❡ ♣❡❞✐átr✐❝♦✱ ♦ q✉❡ ❣❛r❛♥t❡ q✉❡ ♦ ❉❆❱ tr❛❜❛❧❤❡ ❡♠ ✉♠❛ r❡❣✐ã♦ ❞❡ ♦♣❡r❛çã♦ ♠✉✐t♦

♣ró①✐♠❛ ❛ ✉♠❛ s✐t✉❛çã♦ r❡❛❧✳ ❊ss❛ ♣❧❛t❛❢♦r♠❛ ❡①♣❡r✐♠❡♥t❛❧ ♣♦ss✉✐ s❡♥s♦r❡s ❞❡ ♣r❡ssã♦ ❡

✢✉①♦ ✉t✐❧✐③❛❞♦s ♣❛r❛ ✈❡r✐✜❝❛r ♦ s❡✉ ❢✉♥❝✐♦♥❛♠❡♥t♦✳ ❖s s❡♥s♦r❡s ❞❡ ♣r❡ssã♦ ❛♣r❡s❡♥t❛r❛♠

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

s❡♥s♦r ❞❡ ✢✉①♦ ❡❧❡tr♦♠❛❣♥ét✐❝♦ ❛♣r❡s❡♥t♦✉ ✉♠ ❜♦♠ t❡♠♣♦ ❞❡ r❡s♣♦st❛✱ ♣♦ré♠ ❜❛✐①❛ ✐♠✉♥✐✲

❞❛❞❡ ❛ r✉í❞♦✱ ❞✐✜❝✉❧t❛♥❞♦ ❛ ♦❜t❡♥çã♦ ❞♦ s✐♥❛❧ r❡❛❧ ❞❡ ✢✉①♦✳ P❛r❛ ❝♦♥t♦r♥❛r ❡ss❡ ♣r♦❜❧❡♠❛✱

✉♠❛ ❛♥á❧✐s❡ ❢r❡q✉❡♥❝✐❛❧ ❢♦✐ r❡❛❧✐③❛❞❛ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❛♥❛❧✐s❛r ♦ ❡s♣❡❝tr♦ ❞❡ ♠❛❣♥✐t✉❞❡ ❞♦s

❝♦♠♣♦♥❡♥t❡s ❤❛r♠ô♥✐❝♦s ❞❡ss❡ s✐♥❛❧ ❡ ❡❧✐♠✐♥❛r ❛s ❝♦♠♣♦♥❡♥t❡s ❢♦r❛ ❞♦ ❣❛❜❛r✐t♦ ❡s♣❡❝✐✜❝❛❞♦✳

▼♦❞❡❧♦s ♠❛t❡♠át✐❝♦s ✵❉✱ ❜❛s❡❛❞♦s ♥❛ ❛♥❛❧♦❣✐❛ ❡♥tr❡ s✐st❡♠❛s ❤✐❞rá✉❧✐❝♦s ❡ ❡❧étr✐❝♦s✱

❢♦r❛♠ ❞❡s❡♥✈♦❧✈✐❞♦s t❛♥t♦ ♣❛r❛ ♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ q✉❛♥t♦ ♣❛r❛ ♦ ❉❆❱ ♣❡❞✐átr✐❝♦ ✭♣❉❆❱✮✳

❚❛✐s ♠♦❞❡❧♦s ❢♦r❛♠ ♦❜t✐❞♦s ❝♦♠ ❜❛s❡ ❡♠ t❡st❡s ✐s♦❧❛❞♦s ❡ t❡st❡s ❝♦♠ ♦ ❞✐s♣♦s✐t✐✈♦ ❛❝♦♣❧❛❞♦

❛♦ ♣ró♣r✐♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦✳ ❆ ♠❡t♦❞♦❧♦❣✐❛ ✉t✐❧✐③❛❞❛ ♣❛r❛ ❛ ♠♦❞❡❧❛❣❡♠ ❞♦ ♣❉❆❱ ♣♦❞❡

s❡r ❛♣❧✐❝❛❞❛ ❛ q✉❛❧q✉❡r ❉❆❱ ❞♦ t✐♣♦ ♣✉❧sát✐❧✳ P❛r❛ ❡st✐♠❛r ♦s ♣❛râ♠❡tr♦s ❞♦s ♠♦❞❡❧♦s✱

❢♦r❛♠ ✉t✐❧✐③❛❞♦s✿ ♦ ♠ét♦❞♦ ❞♦s ♠í♥✐♠♦s q✉❛❞r❛❞♦s ❡ ♦ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥ ❡st❡♥❞✐❞♦ ❝♦♠ ❜❛s❡



❈❛♣ít✉❧♦ ✻✳ ❈♦♥❝❧✉sã♦ ❡ tr❛❜❛❧❤♦s ❢✉t✉r♦s ✾✹

♥❛s ❝✉r✈❛s ❞❡ ♣r❡ssã♦ ❡ ✢✉①♦ ♦❜t✐❞❛s ♥♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦✳ ❉❡✈✐❞♦ ❛ ❞✐s♣♦♥✐❜✐❧✐❞❛❞❡ ❞❡

❛♣❡♥❛s ✉♠ s❡♥s♦r ❞❡ ✢✉①♦✱ ♥ã♦ ❢♦✐ ♣♦ssí✈❡❧ r❡❛❧✐③❛r ❛ ✐❞❡♥t✐✜❝❛çã♦ ❞♦ ♠♦❞❡❧♦ ❝♦♠♣❧❡t♦ ♣♦✐s

❝♦♠ ❛♣❡♥❛s ✉♠ ❡①♣❡r✐♠❡♥t♦ ♥ã♦ é ♣♦ssí✈❡❧ ♦❜t❡r t♦❞♦s ♦s s✐♥❛✐s ❞❡ ✢✉①♦ ❡ ♣r❡ssã♦ s✐♠✉❧t❛✲

♥❡❛♠❡♥t❡✳ ❉❡ss❛ ♠❛♥❡✐r❛✱ t❡st❡s ✐♥❞✐✈✐❞✉❛✐s ❢♦r❛♠ r❡❛❧✐③❛❞♦s ♣❛r❛ ❡st✐♠❛r ♦s ♣❛râ♠❡tr♦s

❞♦s s❡❣✉✐♥t❡s ❝♦♠♣♦♥❡♥t❡s✿ r❡s❡r✈❛tór✐♦ ✶✱ r❡s❡r✈❛tór✐♦ ✷✱ ♣❉❆❱✱ ❝â♥✉❧❛ ❞❡ ❡♥tr❛❞❛✱ ❝â♥✉❧❛

❞❡ s❛í❞❛ ❡ ✐♥t❡r❧✐❣❛çã♦ ❡♥tr❡ ♦s r❡s❡r✈❛tór✐♦s✱ ❝♦♥❢♦r♠❡ ♦s ♣r♦❝❡❞✐♠❡♥t♦s ❛♣r❡s❡♥t❛❞♦s ♥♦

❝❛♣ít✉❧♦ ✺✳ ❆♣ós ❛ ❡st✐♠❛çã♦ ❞♦s ♣❛râ♠❡tr♦s ❞❡ ❝❛❞❛ ✉♠ ❞♦s ❝♦♠♣♦♥❡♥t❡s ❝✐t❛❞♦s ❛❝✐♠❛✱

❢♦✐ ♣♦ssí✈❡❧ ❛❣r✉♣❛r t♦❞♦s ♦s ♣❛râ♠❡tr♦s ❡st✐♠❛❞♦s ❡ ♦❜t❡r ✉♠ ♠♦❞❡❧♦ ❝♦♠♣❧❡t♦ ❝❛♣❛③ ❞❡

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

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

❞❛s ❢♦r❛♠ ❝♦♠♣❛r❛❞❛s ❝♦♠ ❛s ❝✉r✈❛s ❡①♣❡r✐♠❡♥t❛✐s ♦❜t✐❞❛s ❝♦♠ ♦ s✐st❡♠❛ ❤✐❞rá✉❧✐❝♦ ♣❛r❛

✈❛❧✐❞❛r ♦ ♠♦❞❡❧♦✳ ❖ ❡rr♦ ♠é❞✐♦ q✉❛❞rát✐❝♦ ❡♥tr❡ ❛s ❝✉r✈❛s s✐♠✉❧❛❞❛s ❡ ❛s ❝✉r✈❛s ❡①♣❡r✐✲

♠❡♥t❛✐s ♣❛r❛ ✉♠ ❝✐❝❧♦ ❞❡ ♦♣❡r❛çã♦ ❞♦ s✐st❡♠❛ é ❞❛ ♦r❞❡♠ ❞❡ ✵✱✶✺ ♠♠❍❣✱ ♣❛r❛ ♦ s✐♥❛❧ ❈❈

❞❡ ✻ ♠♠❍❣❀ é ❞❛ ♦r❞❡♠ ❞❡ ✷✺ ♠♠❍❣ ♣❛r❛ ♦ s✐♥❛❧ ❝♦♠ ❛ ✈❛r✐❛❜✐❧✐❞❛❞❡ ❞❡ ✷✵✵ ♠♠❍❣ ❡ é

❞❛ ♦r❞❡♠ ❞❡ ✷ ♠♠❍❣ ♣❛r❛ ♦ s✐♥❛❧ ❝♦♠ ✈❛r✐❛❜✐❧✐❞❛❞❡ ❞❡ ✹✵ ♠♠❍❣✳ ❉❡ss❛ ❢♦r♠❛✱ ♣♦❞❡✲s❡

❝♦♠♣r♦✈❛r q✉❡ ♦ ❡rr♦ é ♣❡q✉❡♥♦ q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦ ❛♦s ♥í✈❡✐s ❞♦ s✐♥❛❧✳ ❆ss✐♠✱ é ♣♦ssí✈❡❧

❛✜r♠❛r q✉❡ ♦ ♠♦❞❡❧♦ ❡stá ❝♦rr❡t♦ ❡ ❝♦♥✜r♠❛ q✉❡ ❛ ❡str❛té❣✐❛ ❞❡ r❡❛❧✐③❛r ❛ ✐❞❡♥t✐✜❝❛çã♦

♣❛r❛ ❝❛❞❛ ❝♦♠♣♦♥❡♥t❡ ♣♦r t❡st❡s ✐♥❞✐✈✐❞✉❛✐s é ✈á❧✐❞❛ ♣❛r❛ s✐st❡♠❛s ❞❡st❛ ♥❛t✉r❡③❛✳ ❈♦♠ ♦

♠♦❞❡❧♦ ❞♦ ♣❉❆❱ ✈❛❧✐❞❛❞♦✱ é ♣♦ssí✈❡❧ t❡st❛r ❛❧❣♦r✐t♠♦s ❞❡ ❝♦♥tr♦❧❡ ❡♠ s✐♠✉❧❛çõ❡s ❝♦♠♣✉t❛✲

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

❧✐t❡r❛t✉r❛✳ ■ss♦ ✐rá ❝♦♥tr✐❜✉✐r ♣❛r❛ ❛ ❛✈❛❧✐❛çã♦ ❞❛ ✐♥t❡r❛çã♦ ❞♦ ♣❉❆❱ ❝♦♠ ♦ ❙❈❍ ❛♥t❡s ❞❛

❛♣❧✐❝❛çã♦ ❞♦ ♣❉❆❱ ❡♠ ❛♥✐♠❛✐s ♦✉ s❡r❡s ❤✉♠❛♥♦s✳

✻✳✶ ❚r❛❜❛❧❤♦s ❢✉t✉r♦s

❆❧❣✉♠❛s s✉❣❡stõ❡s ♣❛r❛ tr❛❜❛❧❤♦s ❢✉t✉r♦s ♥❡ss❛ ❧✐♥❤❛ ❞❡ ♣❡sq✉✐s❛ sã♦✿

• ✐♥✈❡st✐❣❛r ♦ ♣r♦❜❧❡♠❛ ❞♦ ♥í✈❡❧ ❞❡ r✉í❞♦ ♣r❡s❡♥t❡ ♥♦ s✐♥❛❧ ❞♦ s❡♥s♦r ❞❡ ✢✉①♦❀

• ♠❡❧❤♦r❛r ❛ ♠♦❞❡❧❛❣❡♠ ❞❛s ✈á❧✈✉❧❛s ❞♦ ♣❉❆❱ ❡ ❞❛ ♠❡♠❜r❛♥❛✱ ❝♦♠ ❡st✉❞♦s ♠❛✐s ❞❡t❛✲

❧❤❛❞♦s ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ❛❧❣✉♠❛s ♦s❝✐❧❛çõ❡s ❞❡ ♣r❡ssõ❡s q✉❡ ♦❝♦rr❡♠ ♥❛ ❛❜❡rt✉r❛

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



❈❛♣ít✉❧♦ ✻✳ ❈♦♥❝❧✉sã♦ ❡ tr❛❜❛❧❤♦s ❢✉t✉r♦s ✾✺

sã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛s ❋✐❣✉r❛s ✺✳✹✹ ❡ ✺✳✹✺✳ ❆ ✉t✐❧✐③❛çã♦ ❞❡ ♠♦❞❡❧♦s ♠❛✐s ❝♦♠♣❧❡①♦s ❞❡

❞✐♦❞♦s✱ ♣♦❞❡ ♠❡❧❤♦r❛r ❛ r❡s♣♦st❛ ❞♦ ♠♦❞❡❧♦❀

• ❞❡s❡♥✈♦❧✈❡r ✉♠ ♠❡❝❛♥✐s♠♦ ♣❛r❛ ❛❥✉st❡ ❛✉t♦♠át✐❝♦ ❞♦ ✈❛❧♦r ❞❛ r❡s✐stê♥❝✐❛ ♠❡❝â♥✐❝❛

q✉❡ ✜❝❛ ♥❛ ✐♥t❡r❧✐❣❛çã♦ ❡♥tr❡ ♦s ❞♦✐s r❡s❡r✈❛tór✐♦s ❞♦ ❙❍❀

• ❛❞✐❝✐♦♥❛r ✉♠ r❡❣✉❧❛❞♦r ❞❡ ♣r❡ssã♦ ❛✉t♦♠át✐❝♦ ♥♦ ❛t✉❛❞♦r ♣♥❡✉♠át✐❝♦ ♣❛r❛ ❛❥✉st❛r ❛

♣r❡ssã♦ ❞❡ ❡❥❡çã♦ ❞♦ ❉❆❱✳



❆♣ê♥❞✐❝❡ ❆

❈♦♥✈❡rsã♦ ❞❡ ✉♥✐❞❛❞❡s ❞♦ ❝✐r❝✉✐t♦

❡q✉✐✈❛❧❡♥t❡

◆❡st❡ ❛♣ê♥❞✐❝❡✱ s❡rá ❞❡s❝r✐t❛ ❛ ❛♥á❧✐s❡ ❞✐♠❡♥s✐♦♥❛❧ r❡❛❧✐③❛❞❛ ♥♦ ❝á❧❝✉❧♦ ❞♦s ✈❛❧♦r❡s ❞❡

r❡s✐stê♥❝✐❛s✱ ✐♥❞✉tâ♥❝✐❛s ❡ ❝❛♣❛❝✐tâ♥❝✐❛s ♣❛r❛ q✉❡ s❡❥❛ ♣♦ssí✈❡❧ ✉t✐❧✐③❛r ❛s ✉♥✐❞❛❞❡s ♠❛✐s

❞✐❢✉♥❞✐❞❛s ♥♦ ♠❡✐♦ ♠é❞✐❝♦✳

❆s ✉♥✐❞❛❞❡s ✉t✐❧✐③❛❞❛s ♣❛r❛ ❛s ❣r❛♥❞❡③❛s ❢♦r❛♠✿

• ❬❣❪❬❝♠❪−1❬s❪−1 ♣❛r❛ ❛ ✈✐s❝♦s✐❞❛❞❡ ❞♦ ✢✉✐❞♦ η✳

• ❬❣❪❬❝♠❪−3 ♣❛r❛ ❛ ❞❡♥s✐❞❛❞❡ ❞♦ ✢✉✐❞♦ ρ✳

• ❬♠❪❬s❪−2 ♣❛r❛ ❛ ❛❝❡❧❡r❛çã♦ ❞❛ ❣r❛✈✐❞❛❞❡ g✳

• ❬♠♠❍❣❪ ♣❛r❛ ❛ ♣r❡ssã♦ ❛❜s♦❧✉t❛ ❞♦ ✢✉✐❞♦ ♥♦ r❡s❡r✈❛tór✐♦ Pf ✳

• ❬❝♠❪ ♣❛r❛ ♦ ❝♦♠♣r✐♠❡♥t♦ l✳

• ❬❝♠❪ ♣❛r❛ ♦ r❛✐♦ r✳

• ❬❝♠❪ ♣❛r❛ ❛ ❛❧t✉r❛ ❞❛ ❝♦❧✉♥❛ ❞❡ ✢✉✐❞♦ h✳

• ❬♠▲❪ ♣❛r❛ ♦ ✈♦❧✉♠❡ t♦t❛❧ ❞♦ r❡s❡r✈❛tór✐♦ Vr✳

• ❬♠▲❪ ♣❛r❛ ♦ ✈♦❧✉♠❡ t♦t❛❧ ❞❡ ✢✉✐❞♦ Vf ✳



❆♣ê♥❞✐❝❡ ❆✳ ❈♦♥✈❡rsã♦ ❞❡ ✉♥✐❞❛❞❡s ❞♦ ❝✐r❝✉✐t♦ ❡q✉✐✈❛❧❡♥t❡ ✾✼

❆♣❧✐❝❛♥❞♦ ❛s ✉♥✐❞❛❞❡s ❧✐st❛❞❛s ❛❝✐♠❛ ♥❛s ❡q✉❛çõ❡s ♣❛r❛ ❝á❧❝✉❧♦ ❞❡ r❡s✐stê♥❝✐❛s✱ ✐♥❞✉tâ♥✲

❝✐❛s ❡ ❝❛♣❛❝✐tâ♥❝✐❛s q✉❡ r❡♣r❡s❡♥t❛♠ ❛s ♣❛rt❡s ❞♦ s✐♠✉❧❛❞♦r ❤✐❞rá✉❧✐❝♦✱ ♥ã♦ é ♣♦ssí✈❡❧ ♦❜t❡r

♦s ✈❛❧♦r❡s ♥❛s ✉♥✐❞❛❞❡s q✉❡ sã♦ ♣❛❞rõ❡s ♣❛r❛ ❡ss❡ t✐♣♦ ❞❡ s✐st❡♠❛✳ ❆s ✉♥✐❞❛❞❡s ❞❡s❡❥❛❞❛s

♣❛r❛ ❡ss❡s ♣❛râ♠❡tr♦s sã♦✿

• ❬♠♠❍❣❪❬s❪❬♠▲❪−1 ♣❛r❛ ❛s r❡s✐stê♥❝✐❛s✳

• ❬♠♠❍❣❪❬s❪2❬♠▲❪−1 ♣❛r❛ ❛s ✐♥❞✉tâ♥❝✐❛s✳

• ❬♠▲❪❬♠♠❍❣❪−1 ♣❛r❛ ❛s ❝❛♣❛❝✐tâ♥❝✐❛s✳

❈♦♠♦ ❥á ❢♦✐ ❞✐s❝✉t✐❞♦ ♥♦ ❝❛♣ít✉❧♦ ✷✱ ♦s ♣❛râ♠❡tr♦s ❞❡ r❡s✐stê♥❝✐❛✱ ✐♥❞✉tâ♥❝✐❛ ❡ ❝❛♣❛❝✐tâ♥✲

❝✐❛ ❞♦s s✐♠✉❧❛❞♦r❡s ❤✐❞rá✉❧✐❝♦s✱ ♣♦❞❡♠ s❡r ❝❛❧❝✉❧❛❞♦s ❛ ♣❛rt✐r ❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❣❡♦♠étr✐❝❛s

❞❡ s❡✉s ❝♦♠♣♦♥❡♥t❡s ❡ ❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❤✐❞rá✉❧✐❝❛s ❞♦ ✢✉✐❞♦✳

❆ r❡s✐stê♥❝✐❛ ❞♦ t✉❜♦✱ ❝♦♠ ❜❛s❡ ♥❛s ❝♦♥❞✐çõ❡s ❞❡ ✢✉①♦ ❞❡ P♦✐s❡✉✐❧❧❡ ♣♦❞❡ s❡r ❛♣r♦①✐♠❛❞❛

♣♦r ❬✶✼✱ ✷✶✱ ✷✷❪✿

R =
8ηl

πr4
✭❆✳✶✮

❆ ✐♥❞✉tâ♥❝✐❛ t❛♠❜é♠ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ✉t✐❧✐③❛♥❞♦ ♦ ♣r✐♥❝í♣✐♦ ❞❛ ♣r✐♠❡✐r❛ ❧❡✐ ❞❡ ◆❡✇✲

t♦♥✳ ❯♠❛ ❡q✉❛çã♦ s✐♠♣❧✐✜❝❛❞❛ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛ ✐♥❞✉tâ♥❝✐❛ ❞❡ ✉♠ t✉❜♦ ❝✐❧í♥❞r✐❝♦ é ❬✷✶✱ ✷✸❪✿

L =
ρl

πr2
✭❆✳✷✮

❆ ❝♦♠♣❧❛❝ê♥❝✐❛ ❞❡ ✉♠ r❡s❡r✈❛tór✐♦ ❢❡❝❤❛❞♦✱ é r❡♣r❡s❡♥t❛❞❛ ♥♦ ♠♦❞❡❧♦ ❡❧étr✐❝♦ ❛♥á❧♦❣♦

♣♦r ✉♠ ❝❛♣❛❝✐t♦r✱ ❡ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ❝♦♠ ❜❛s❡ ♥❛s ❞✐♠❡♥sõ❡s ❞♦ r❡s❡r✈❛tór✐♦ ❡ ❞❛s ❝❛r❛❝✲

t❡ríst✐❝❛s ❞❡ ✢✉✐❞♦ ♣❡❧❛ ❡①♣r❡ssã♦ ❬✷✹✱ ✷✺❪✿

C =
Vr − Vf

Pf − ρghf

✭❆✳✸✮



❆♣ê♥❞✐❝❡ ❆✳ ❈♦♥✈❡rsã♦ ❞❡ ✉♥✐❞❛❞❡s ❞♦ ❝✐r❝✉✐t♦ ❡q✉✐✈❛❧❡♥t❡ ✾✽

❆s ✉♥✐❞❛❞❡s ❞❡ r❡s✐stê♥❝✐❛ ❡ ✐♥❞✉tâ♥❝✐❛ ❡♥❝♦♥tr❛❞❛s✱ ♠❡s♠♦ ❛♣❧✐❝❛♥❞♦ ✉♥✐❞❛❞❡s ❞♦ s✐s✲

t❡♠❛ ✐♥t❡r♥❛❝✐♦♥❛❧ ❞❡ ♠❡❞✐❞❛s ✭❙■✮✱ ♥ã♦ sã♦ ❛s ✉♥✐❞❛❞❡s ❞❡s❡❥❛❞❛s ♣❛r❛ ♦ s✐♠✉❧❛❞♦r ❤✐❞rá✉✲

❧✐❝♦✳ ❆ss✐♠ é ♥❡❝❡ssár✐♦ ❢❛③❡r ✉♠❛ ❛♥á❧✐s❡ ❞✐♠❡♥s✐♦♥❛❧ ♣❛r❛ ❡ss❡s ♣❛râ♠❡tr♦s✳

❆✳✶ ❈♦♥✈❡rsã♦ ❞❛s ✉♥✐❞❛❞❡s ❞❛s ✐♥❞✉tâ♥❝✐❛s

L =
ρl

πr2
⇒

❬❣❪[❝♠]−3❬❝♠❪
[❝♠]2

=
[❣]

[❝♠]4
=

[❣]
[❝♠]

[1]

[♠▲]
✭❆✳✹✮

1❬◆❪ =
1❬❑❣❪❬♠❪

[s]2
= 0,101972❬❑❣❢❪ ✭❆✳✺✮

1❬♠♠❍❣❪ = 0,0013595
❬❑❣❢❪
[❝♠]2

✭❆✳✻✮

❋❛③❡♥❞♦ λ1 = 0,101972 ❡ λ2 = 0,0013595 t❡♠♦s✿

1❬♠♠❍❣❪ =λ2
❬❑❣❢❪
[❝♠]2

=
λ2❬❑❣❪❬♠❪
λ1[s]2[❝♠]2

✭❆✳✼✮

1❬♠♠❍❣❪ =
λ210

3❬❣❪102❬❝♠❪
λ1[s]2[❝♠]2

=
105λ2

λ1

❬❣❪
❬❝♠❪

1

[s]2
✭❆✳✽✮

1
❬❣❪
[❝♠]

=
λ110

−5

λ2

❬♠♠❍❣❪[s]2 ✭❆✳✾✮



❆♣ê♥❞✐❝❡ ❆✳ ❈♦♥✈❡rsã♦ ❞❡ ✉♥✐❞❛❞❡s ❞♦ ❝✐r❝✉✐t♦ ❡q✉✐✈❛❧❡♥t❡ ✾✾

▲♦❣♦✱ t❡♠♦s ❝♦♠♦ ✉♥✐❞❛❞❡ ♣❛r❛ ♦ ✐♥❞✉t♦r✿

L =
ρl

πr2
λ110

−5

λ2

❬♠♠❍❣❪[s]2

[♠▲]
✭❆✳✶✵✮

❆✳✷ ❈♦♥✈❡rsã♦ ❞❛s ✉♥✐❞❛❞❡s ❞❛s r❡s✐stê♥❝✐❛s

R =
8ηl

πr4
⇒

❬❣❪❬❝♠❪−1❬s❪−1❬❝♠❪
[❝♠]4

=
❬❣❪
❬❝♠❪

1

❬♠▲❪❬s❪
✭❆✳✶✶✮

1
❬❣❪
❬❝♠❪

=
λ110

−5

λ2

❬♠♠❍❣❪[s]2 ✭❆✳✶✷✮

▲♦❣♦✱ t❡♠♦s ❝♦♠♦ ✉♥✐❞❛❞❡ ♣❛r❛ ♦ r❡s✐st♦r✿

R =
8ηl

πr4
λ110

−5

λ2

❬♠♠❍❣❪[s]
[♠▲]

✭❆✳✶✸✮

❆✳✸ ❈♦♥✈❡rsã♦ ❞❛s ✉♥✐❞❛❞❡s ❞❛s ❝❛♣❛❝✐tâ♥❝✐❛s

C =
Vr − Vf

Pf − ρghf

⇒
[♠▲]− [♠▲]

❬♠♠❍❣❪− [❣]−1[❝♠]−3[♠][s]−2[❝♠]
=

[♠▲]
[♠♠❍❣]− ✶✵✵[❣][❝♠]−1[s]−2

✭❆✳✶✹✮

1
❬❣❪
❬❝♠❪

=
λ110

−5

λ2

❬♠♠❍❣❪[s]2 ✭❆✳✶✺✮

▲♦❣♦✱ t❡♠♦s ❝♦♠♦ ✉♥✐❞❛❞❡ ♣❛r❛ ♦ ❝❛♣❛❝✐t♦r✿

C =
Vr − Vf

Pf − ρghfλ110−3λ−1
2

❬♠▲❪
[♠♠❍❣]

✭❆✳✶✻✮



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s

✶ ❖▼❙✳ ❈❛r❞✐♦✈❛s❝✉❧❛r ❉✐s❡❛s❡s ✭❈❱❉s✮✿ ❋❛❝t s❤❡❡t✳ ❘❡✈✐✲
❡✇❡❞ ❥✉♥❡ ✷✵✶✻✳ ♥ ✸✶✼✳ ✷✵✶✻✳ ❲♦r❧❞ ❍❡❛❧t❤ ❖r❣❛♥✐③❛t✐♦♥✳
❤tt♣✿✴✴✇✇✇✳✇❤♦✳✐♥t✴♠❡❞✐❛❝❡♥tr❡✴❢❛❝ts❤❡❡ts✴❢s✸✶✼✴❡♥✴✐♥❞❡①✳❤t♠❧✳ ❆❝❡ss❛❞♦ ❡♠ ✵✷
❞❡ ❏✉♥❤♦ ❞❡ ✷✵✶✻✳

✷ ❇❘❆❙■▲✳ ❉❡♣❛rt❛♠❡♥t♦ ❞❡ ■♥❢♦r♠át✐❝❛ ❞♦ ❙❯❙ ✲ ❉❆❚❆❙❯❙✳
❤tt♣✿✴✴❞❛t❛s✉s✳s❛✉❞❡✳❣♦✈✳❜r✳ ❆❝❡ss❛❞♦ ❡♠ ✵✷ ❞❡ ❏✉♥❤♦ ❞❡ ✷✵✶✻✳

✸ ❇❆❩❆◆✱ ❖✈❛♥❞✐r✳ ❊st✉❞♦ ❡①♣❡r✐♠❡♥t❛❧ ❞❡ ❡s❝♦❛♠❡♥t♦ ♣✉❧sát✐❧ ❛tr❛✈és ❞❡ ❜✐♦♣rót❡s❡s
✈❛❧✈✉❧❛r❡s ❝❛r❞í❛❝❛s ♠✐tr❛✐s ❛ ♣❛rt✐r ❞♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ✉♠ s✐♠✉❧❛❞♦r ❞♦ ❧❛❞♦ ❡sq✉❡r❞♦
❞♦ ❝♦r❛çã♦✳ ❚❡s❡ ✭❉♦✉t♦r❛❞♦✮ ✖ ❯♥✐✈❡rs✐❞❛❞❡ ❞❡ ❙ã♦ P❛✉❧♦✱ ✷✵✶✹✳

✹ ❈❖❘❉❊■❘❖✱ ❚❤✐❛❣♦ ❉❀ ❙❖❯❙❆✱ ❉❛♥✐❡❧ ▲❀ ❈❊❙❚❆❘■✱ ■❞á❣❡♥❡ ❆❀ ▲■▼❆✱ ❆♥t♦♥✐♦ ▼◆✳
❈♦♥tr♦❧❧✐♥❣ t❤❡ ❝❛r❞✐♦✈❛s❝✉❧❛r r❡s♣♦♥s❡ ✉♥❞❡r s②♥❝❤r♦♥✐③❡❞ ✈❡♥tr✐❝✉❧❛r ❛ss✐st ❞❡✈✐❝❡ s✉♣✲
♣♦rt✳ ■♥✿ ■❊❊❊✳ ❆✉t♦♠❛t✐❝❛ ✭■❈❆✲❆❈❈❆✮✱ ■❊❊❊ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥✳ P✐s❝❛t❛✇❛②✱
✷✵✶✻✳ ♣✳ ✶✕✻✳

✺ ❲■▲▲■❆▼❙✱ ❏❡✛r❡② ▲❀ ❆◆❚❆❑■✱ ❏❛♠❡s ❋❀ ❇❖❙❚❖◆✱ ❏❘❀ ❲■▲▲■❆▼❙✱ ❙▲❀ ❲❖❖✲
❉❆❘❉✱ ❏❈❀ ▼■▲▲❊❘✱ P❏❀ ❑❖❘▼❖❙✱ ❘▲✳ ▲♦❛❞ s❡♥s✐t✐✈❡ ♠♦❝❦ ❝✐r❝✉❧❛t♦r② s②st❡♠ ❢♦r ❧❡❢t
✈❡♥tr✐❝✉❧❛r ❛ss✐st ❞❡✈✐❝❡ ❝♦♥tr♦❧❧❡r ❡✈❛❧✉❛t✐♦♥ ❛♥❞ ❞❡✈❡❧♦♣♠❡♥t✳ ■♥✿ ■❊❊❊✳ ❊♥❣✐♥❡❡r✐♥❣ ✐♥
▼❡❞✐❝✐♥❡ ❛♥❞ ❇✐♦❧♦❣② ❙♦❝✐❡t②✱ ✶✾✾✹✳ ❊♥❣✐♥❡❡r✐♥❣ ❆❞✈❛♥❝❡s✿ ◆❡✇ ❖♣♣♦rt✉♥✐t✐❡s ❢♦r ❇✐♦✲
♠❡❞✐❝❛❧ ❊♥❣✐♥❡❡rs✳ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ✶✻t❤ ❆♥♥✉❛❧ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦❢ t❤❡ ■❊❊❊✳
P✐s❝❛t❛✇❛②✱ ✶✾✾✹✳ ✈✳ ✶✱ ♣✳ ✽✾✕✾✵✳

✻ P❆◆❚❆▲❖❙✱ ●❡♦r❣❡ ▼❀ ❑❖❊◆■●✱ ❙t❡✈❡♥ ❈❀ ●■▲▲❆❘❙✱ ❑❡✈✐♥ ❏❀ ●■❘■❉❍❆❘❆◆✱
●✉r✉♣r❛s❛❞ ❆❀ ❊❲❊❘❚✱ ❉❛♥ ▲✳ ❈❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ❛♥ ❛❞✉❧t ♠♦❝❦ ❝✐r❝✉❧❛t✐♦♥ ❢♦r t❡st✐♥❣
❝❛r❞✐❛❝ s✉♣♣♦rt ❞❡✈✐❝❡s✳ ❆❙❆■❖ ❥♦✉r♥❛❧✱ ▲❲❲✱ ✈✳ ✺✵✱ ♥✳ ✶✱ ♣✳ ✸✼✕✹✻✱ ✷✵✵✹✳

✼ ▲■❯✱ ❨✐♥❣❥✐❡❀ ❆▲▲❆■❘❊✱ P❛✉❧❀ ❲❖❖❉✱ ❍♦✉st♦♥❀ ❖▲❙❊◆✱ ❉♦♥✳ ❉❡s✐❣♥ ❛♥❞ ✐♥✐t✐❛❧
t❡st✐♥❣ ♦❢ ❛ ♠♦❝❦ ❤✉♠❛♥ ❝✐r❝✉❧❛t♦r② ❧♦♦♣ ❢♦r ❧❡❢t ✈❡♥tr✐❝✉❧❛r ❛ss✐st ❞❡✈✐❝❡ ♣❡r❢♦r♠❛♥❝❡
t❡st✐♥❣✳ ❆rt✐✜❝✐❛❧ ♦r❣❛♥s✱ ❲✐❧❡② ❖♥❧✐♥❡ ▲✐❜r❛r②✱ ✈✳ ✷✾✱ ♥✳ ✹✱ ♣✳ ✸✹✶✕✸✹✺✱ ✷✵✵✺✳

✽ ❚❖❘❘❊❙✱ ❉❛♥✐❡❧ ❙✳❀ ❈❊❙❚❆❘■✱ ■❞á❣❡♥❡ ❆✳ ❙✐♠✉❧❛❞♦r ❤✐❞rá✉❧✐❝♦ ❞❛ ❝✐r❝✉❧❛çç♦ s✐stê✲
♠✐❝❛ ♣❡❞✐átr✐❝❛ ❝♦♠ ♣❛râ♠❡tr♦s ❝♦♥tr♦❧❛❞♦s ❝♦♠♣✉t❛❝✐♦♥❛❧♠❡♥t❡✳ ■♥✿ ❙❇❊❇✳ ❈♦♥❣r❡ss♦
❇r❛s✐❧❡✐r♦ ❞❡ ❊♥❣❡♥❤❛r✐❛ ❇✐♦♠é❞✐❝❛✳ ❋♦③ ❞♦ ■❣✉❛ç✉✱ ✷✵✶✻✳ ♣✳ ✸✷✾✕✸✸✷✳

✾ ❍❆▲▲✱ ❏♦❤♥ ❊✳ ●✉②t♦♥ ❛♥❞ ❍❛❧❧ t❡①t❜♦♦❦ ♦❢ ♠❡❞✐❝❛❧ ♣❤②s✐♦❧♦❣②✳ ✶✸✳ ❡❞✳ ❆♠st❡r❞❛♠✿
❊❧s❡✈✐❡r ❍❡❛❧t❤ ❙❝✐❡♥❝❡s✱ ✷✵✶✺✳



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s ✶✵✶

✶✵ ❙■▲❱❊❘❚❍❖❘◆✱ ❉❡❡ ❯♥❣❧❛✉❜✳ ❋✐s✐♦❧♦❣✐❛ ❤✉♠❛♥❛✿ ✉♠❛ ❛❜♦r❞❛❣❡♠ ✐♥t❡❣r❛❞❛✳ ✺✳ ❡❞✳
P♦rt♦ ❆❧❡❣r❡✿ ❆rt♠❡❞ ❊❞✐t♦r❛✱ ✷✵✵✾✳

✶✶ ❙❆●❆❲❆✱ ❑✐✐❝❤✐✳ ❈❛r❞✐❛❝ ❝♦♥tr❛❝t✐♦♥ ❛♥❞ t❤❡ ♣r❡ss✉r❡✲✈♦❧✉♠❡ r❡❧❛t✐♦♥s❤✐♣✳ ✶✳ ❡❞✳ ◆❡✇
❨♦r❦✿ ❖①❢♦r❞ ❯♥✐✈❡rs✐t② Pr❡ss✱ ❯❙❆✱ ✶✾✽✽✳

✶✷ ❙❍■✱ ❨✉❜✐♥❣❀ ▲❆❲❋❖❘❉✱ P❛tr✐❝✐❛❀ ❍❖❙❊✱ ❘♦❞♥❡② ❡t ❛❧✳ ❘❡✈✐❡✇ ♦❢ ③❡r♦✲❞ ❛♥❞ ✶✲❞
♠♦❞❡❧s ♦❢ ❜❧♦♦❞ ✢♦✇ ✐♥ t❤❡ ❝❛r❞✐♦✈❛s❝✉❧❛r s②st❡♠✳ ❇✐♦♠❡❞✳ ❊♥❣✳ ❖♥❧✐♥❡✱ ✈✳ ✶✵✱ ♥✳ ✶✱ ♣✳ ✸✸✱
✷✵✶✶✳

✶✸ ❖◆●✱ ❈❤✐❲❡✐❀ ❉❖❑❖❙✱ ❙♦❝r❛t❡s❀ ❈❍❆◆✱ ❇❡❡❚✐♥❣❀ ▲■▼✱ ❊✐♥❧②❀ ❆❇❊❉✱ ❆♠r ❆❧❀
❖❙▼❆◆✱ ◆♦♦r❆③✉❛♥❇✐♥❆❜✉❀ ❑❆❉■▼❆◆✱ ❙✉❤❛✐♥✐❀ ▲❖❱❊▲▲✱ ◆✐❣❡❧ ❍✳ ◆✉♠❡r✐❝❛❧ ✐♥✈❡s✲
t✐❣❛t✐♦♥ ♦❢ t❤❡ ❡✛❡❝t ♦❢ ❝❛♥♥✉❧❛ ♣❧❛❝❡♠❡♥t ♦♥ t❤r♦♠❜♦s✐s✳ ❚❤❡♦r❡t✐❝❛❧ ❇✐♦❧♦❣② ❛♥❞ ▼❡❞✐❝❛❧
▼♦❞❡❧❧✐♥❣✱ ❇✐♦▼❡❞ ❈❡♥tr❛❧✱ ✈✳ ✶✵✱ ♥✳ ✶✱ ♣✳ ✸✺✱ ✷✵✶✸✳

✶✹ ❍❆▲❊❙✱ ❙t✳ ❙t❛t✐❝❛❧ ❡ss❛②s ❤❛❡♠♦st❛t✐❝❦s✳ ▲♦♥❞♦♥ ❲✱ ✈✳ ✷✱ ♣✳ ✷✸✵✱ ✶✼✸✸✳

✶✺ ❋❘❆◆❑✱ ❖tt♦✳ ❉✐❡ ❣r✉♥❞❢♦r♠ ❞❡s ❛rt❡r✐❡❧❧❡♥ ♣✉❧s❡s✳ ❩ ❇✐♦❧✱ ✈✳ ✸✼✱ ♥✳ ✹✽✸✲✺✷✻✱ ♣✳ ✹✺✾✱
✶✽✾✾✳

✶✻ ❙❆●❆❲❆✱ ❑✐✐❝❤✐❀ ▲■❊✱ ❘❡✐❞❛r ❑❀ ❙❈❍❆❊❋❊❘✱ ❏♦❝❤❡♥✳ ❚r❛♥s❧❛t✐♦♥ ♦❢ ♦tt♦ ❢r❛♥❦✬s
♣❛♣❡r ✏❞✐❡ ❣r✉♥❞❢♦r♠ ❞❡s ❛rt❡r✐❡❧❧❡♥ ♣✉❧s❡s✑ ③❡✐ts❝❤r✐❢t ❢ür ❜✐♦❧♦❣✐❡ ✸✼✿ ✹✽✸✕✺✷✻ ✭✶✽✾✾✮✳
❏♦✉r♥❛❧ ♦❢ ♠♦❧❡❝✉❧❛r ❛♥❞ ❝❡❧❧✉❧❛r ❝❛r❞✐♦❧♦❣②✱ ❆❝❛❞❡♠✐❝ Pr❡ss✱ ✈✳ ✷✷✱ ♥✳ ✸✱ ♣✳ ✷✺✸✕✷✺✹✱ ✶✾✾✵✳

✶✼ ❖▲❯❋❙❊◆✱ ▼❡tt❡ ❙❀ ◆❆❉■▼✱ ❆❧✐ ❡t ❛❧✳ ❖♥ ❞❡r✐✈✐♥❣ ❧✉♠♣❡❞ ♠♦❞❡❧s ❢♦r ❜❧♦♦❞ ✢♦✇
❛♥❞ ♣r❡ss✉r❡ ✐♥ t❤❡ s②st❡♠✐❝ ❛rt❡r✐❡s✳ ▼❛t❤ ❇✐♦s❝✐ ❊♥❣✱ ✈✳ ✶✱ ♥✳ ✶✱ ♣✳ ✻✶✕✽✵✱ ✷✵✵✹✳

✶✽ ❲❊❙❚❊❘❍❖❋✱ ◆✐❝♦❧❛❛s❀ ❊▲❩■◆●❆✱ ●■❏❙❀ ❙■P❑❊▼❆✱ P✳ ❆♥ ❛rt✐✜❝✐❛❧ ❛rt❡r✐❛❧ s②st❡♠
❢♦r ♣✉♠♣✐♥❣ ❤❡❛rts✳ ❏♦✉r♥❛❧ ♦❢ ❛♣♣❧✐❡❞ ♣❤②s✐♦❧♦❣②✱ ❆♠ P❤②s✐♦❧♦❣✐❝❛❧ ❙♦❝✱ ✈✳ ✸✶✱ ♥✳ ✺✱ ♣✳
✼✼✻✕✼✽✶✱ ✶✾✼✶✳

✶✾ ❲❊❙❚❊❘❍❖❋✱ ◆✐❝♦❀ ▲❆◆❑❍❆❆❘✱ ❏❛♥✲❲✐❧❧❡♠❀ ❲❊❙❚❊❘❍❖❋✱ ❇❡r❡♥❞ ❊✳ ❚❤❡ ❛r✲
t❡r✐❛❧ ✇✐♥❞❦❡ss❡❧✳ ▼❡❞✐❝❛❧ ✫ ❜✐♦❧♦❣✐❝❛❧ ❡♥❣✐♥❡❡r✐♥❣ ✫ ❝♦♠♣✉t✐♥❣✱ ❙♣r✐♥❣❡r✱ ✈✳ ✹✼✱ ♥✳ ✷✱ ♣✳
✶✸✶✕✶✹✶✱ ✷✵✵✾✳

✷✵ ❙❍❆❘P✱ ▼ ❑❡✐t❤❀ P❆◆❚❆▲❖❙✱ ●❡♦r❣❡ ▼❀ ▼■◆■❈❍✱ ▲✉❛♥♥❀ ❚❆◆■✱ ▲❧♦②❞ ❨❀ ▼❈✲
●❖❯●❍✱ ❊❞✇✐♥ ❈❀ ❍❆❲❑■◆❙✱ ❏♦❤♥ ❆✳ ❆♦rt✐❝ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ✐♥ ✐♥❢❛♥ts ❛♥❞ ❝❤✐❧❞r❡♥✳
❏♦✉r♥❛❧ ♦❢ ❆♣♣❧✐❡❞ P❤②s✐♦❧♦❣②✱ ❆♠ P❤②s✐♦❧♦❣✐❝❛❧ ❙♦❝✱ ✈✳ ✽✽✱ ♥✳ ✻✱ ♣✳ ✷✷✷✼✕✷✷✸✾✱ ✷✵✵✵✳

✷✶ ❍❯◆❙❇❊❘●❊❘✱ ❆♥❞r❡✇ ❩②❣♠✉♥❞✳ ▼♦❞❡❧✐♥❣ ❛♥❞ ❛♥❛❧②s✐s ♦❢ ✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ ❛
♣✉❧s❛t✐❧❡ ♣♥❡✉♠❛t✐❝ ✈❡♥tr✐❝✉❧❛r ❛ss✐st ❞❡✈✐❝❡ ❛♥❞ t❤❡ ❧❡❢t ✈❡♥tr✐❝❧❡✳ ❉✐ss❡rt❛çã♦ ✭▼❡str❛❞♦✮
✖ ❯♥✐✈❡rs✐t② ♦❢ P✐tts❜✉r❣❤✱ ✷✵✵✺✳

✷✷ ●❊❱❊◆✱ ▼❛❛rt❥❡ ❈❋❀ ❇❖❍❚➱✱ ❱✐♥❝❡♥t ◆❀ ❆❆❘◆❖❯❉❙❊✱ ❲✐❧❜❡rt ❍❀ ❇❊❘●✱ P❡✲
tr❛ ▼❏ ✈❛♥ ❞❡♥❀ ❘❯❚❚❊◆✱ ▼❛r❝❡❧ ❈▼❀ P■❏▲❙✱ ◆✐❝♦ ❍❏❀ ❱❖❙❙❊✱ ❋r❛♥s ◆ ✈❛♥ ❞❡✳ ❆
♣❤②s✐♦❧♦❣✐❝❛❧❧② r❡♣r❡s❡♥t❛t✐✈❡ ✐♥ ✈✐tr♦ ♠♦❞❡❧ ♦❢ t❤❡ ❝♦r♦♥❛r② ❝✐r❝✉❧❛t✐♦♥✳ P❤②s✐♦❧♦❣✐❝❛❧ ♠❡✲
❛s✉r❡♠❡♥t✱ ■❖P P✉❜❧✐s❤✐♥❣✱ ✈✳ ✷✺✱ ♥✳ ✹✱ ♣✳ ✽✾✶✱ ✷✵✵✹✳

✷✸ ❋❖❘▼❆●●■❆✱ ▲✉❝❛❀ ❱❊◆❊❩■❆◆■✱ ❆❧❡ss❛♥❞r♦✳ ❘❡❞✉❝❡❞ ❛♥❞ ♠✉❧t✐s❝❛❧❡ ♠♦❞❡❧s ❢♦r
t❤❡ ❤✉♠❛♥ ❝❛r❞✐♦✈❛s❝✉❧❛r s②st❡♠✳ ▲❡❝t✉r❡ ♥♦t❡s ❱❑■ ❧❡❝t✉r❡ s❡r✐❡s✱ ✈✳ ✼✱ ✷✵✵✸✳



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s ✶✵✷

✷✹ ❍❯❆◆●✱ ❍✉❛♥❀ ❨❆◆●✱ ▼✐♥❣❀ ❩❆◆●✱ ❲❛♥❣❢✉❀ ❲❯✱ ❙❤✉♥❥✐❡❀ P❆◆●✱ ❨❛❢❡✐✳ ■♥ ✈✐tr♦
✐❞❡♥t✐✜❝❛t✐♦♥ ♦❢ ❢♦✉r✲❡❧❡♠❡♥t ✇✐♥❞❦❡ss❡❧ ♠♦❞❡❧s ❜❛s❡❞ ♦♥ ✐t❡r❛t❡❞ ✉♥s❝❡♥t❡❞ ❦❛❧♠❛♥ ✜❧t❡r✳
❇✐♦♠❡❞✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣✱ ■❊❊❊ ❚r❛♥s❛❝t✐♦♥s ♦♥✱ ■❊❊❊✱ ✈✳ ✺✽✱ ♥✳ ✾✱ ♣✳ ✷✻✼✷✕✷✻✽✵✱ ✷✵✶✶✳

✷✺ ▲■❯✱ ❨✐♥❣❥✐❡❀ ❆▲▲❆■❘❊✱ P❛✉❧❀ ❲❯✱ ❨✐❀ ❲❖❖❉✱ ❍♦✉st♦♥❀ ❖▲❙❊◆✱ ❉♦♥✳ ❈♦♥str✉❝t✐♦♥
♦❢ ❛♥ ❛rt✐✜❝✐❛❧ ❤❡❛rt ♣✉♠♣ ♣❡r❢♦r♠❛♥❝❡ t❡st s②st❡♠✳ ❈❛r❞✐♦✈❛s❝✉❧❛r ❊♥❣✐♥❡❡r✐♥❣✱ ❙♣r✐♥❣❡r✱
✈✳ ✻✱ ♥✳ ✹✱ ♣✳ ✶✺✶✕✶✺✽✱ ✷✵✵✻✳

✷✻ ❙■▼❆❆◆✱ ▼❛r✇❛♥ ❆❀ ❋❊❘❘❊■❘❆✱ ❆♥t♦♥✐♦❀ ❈❍❊◆✱ ❙❤❛♦❤✐❀ ❆◆❚❆❑■✱ ❏❛♠❡s ❋❀ ●❆✲
▲❆❚■✱ ❉❛✈✐❞ ●✳ ❆ ❞②♥❛♠✐❝❛❧ st❛t❡ s♣❛❝❡ r❡♣r❡s❡♥t❛t✐♦♥ ❛♥❞ ♣❡r❢♦r♠❛♥❝❡ ❛♥❛❧②s✐s ♦❢ ❛
❢❡❡❞❜❛❝❦✲❝♦♥tr♦❧❧❡❞ r♦t❛r② ❧❡❢t ✈❡♥tr✐❝✉❧❛r ❛ss✐st ❞❡✈✐❝❡✳ ❈♦♥tr♦❧ ❙②st❡♠s ❚❡❝❤♥♦❧♦❣②✱ ■❊❊❊
❚r❛♥s❛❝t✐♦♥s ♦♥✱ ■❊❊❊✱ ✈✳ ✶✼✱ ♥✳ ✶✱ ♣✳ ✶✺✕✷✽✱ ✷✵✵✾✳

✷✼ ❈❊❙❚❆❘■✱ ■❞á❣❡♥❡ ❆✳ ❉✐s♣♦s✐t✐✈♦ ❞❡ ❛ss✐stê♥❝✐❛ ✈❡♥tr✐❝✉❧❛r✿ s✉♣♦rt❡ ❝✐r❝✉❧❛tór✐♦ ❡♠
♣❛❝✐❡♥t❡s ♣❡❞✐átr✐❝♦s✳ ❚❡s❡ ✭❧✐✈r❡✲❞♦❝ê♥❝✐❛✮✿ ❋❛❝✉❧❞❛❞❡ ❞❡ ▼❡❞✐❝✐♥❛ ❞❛ ❯♥✐✈❡rs✐❞❛❞❡ ❞❡
❙ã♦ P❛✉❧♦✱ ✷✵✶✼✳

✷✽ ❩❖●❍❇■✱ ❲✐❧❧✐❛♠ ❆❀ ❈❍❆▼❇❊❘❙✱ ❏♦❤♥ ❇❀ ❉❯▼❊❙◆■▲✱ ❏❡❛♥ ●❀ ❋❖❙❚❊❘✱ ❊❧②s❡❀
●❖❚❚❉■❊◆❊❘✱ ❏♦❤♥ ❙❀ ●❘❆❨❇❯❘◆✱ P❛✉❧ ❆❀ ❑❍❆◆❉❍❊❘■❆✱ ❇✐❥♦② ❑❀ ▲❊❱■◆❊✱ ❘♦✲
❜❡rt ❆❀ ▼❆❘❳✱ ●❡r❛❧❞ ❘♦ss❀ ▼■▲▲❊❘✱ ❋❧❡t❝❤❡r ❆ ❡t ❛❧✳ ❘❡❝♦♠♠❡♥❞❛t✐♦♥s ❢♦r ❡✈❛❧✉❛t✐♦♥
♦❢ ♣r♦st❤❡t✐❝ ✈❛❧✈❡s ✇✐t❤ ❡❝❤♦❝❛r❞✐♦❣r❛♣❤② ❛♥❞ ❞♦♣♣❧❡r ✉❧tr❛s♦✉♥❞✳ ❏♦✉r♥❛❧ ♦❢ t❤❡ ❆♠❡r✐✲
❝❛♥ ❙♦❝✐❡t② ♦❢ ❊❝❤♦❝❛r❞✐♦❣r❛♣❤②✱ ▼♦s❜②✱ ✈✳ ✷✷✱ ♥✳ ✾✱ ♣✳ ✾✼✺✕✶✵✶✹✱ ✷✵✵✾✳

✷✾ ▲❊■❘◆❊❘✱ ❆❆❀ ❍❆▼❆▼❖❚❖✱ ●❍❀ ❈❊❙❚❆❘■✱ ■❆❀ ▼❆❩❩❊❚❚❖✱ ▼❀ ❖❙❍■❘❖✱ ▼❙❀
❇❆❈❍❚✱ ❙❀ ▼■❘❆◆❉❆✱ ❘❀ ❍❆❨❆❙❍■❉❆✱ ❆❙✳ ❙✐st❡♠❛ ❞❡ ❈♦♥tr♦❧❡ ❊❧❡trô♥✐❝♦ ❞❡ ✉♠ ❉✐s✲
♣♦s✐t✐✈♦ ❞❡ ❆ss✐stê♥❝✐❛ ❱❡♥tr✐❝✉❧❛r P✉❧sát✐❧ P♥❡✉♠át✐❝♦✳ P❛t✳ ❉❡♣♦s✐t❛❞❛✿ ■◆P■ ✵✹✵✹✾✸✽✲✶✳

✸✵ ❋❊❘❘❆❘■✱ ●❀ ▲❆❩❩❆❘■✱ ❈ ❉❡❀ ▼■▼▼❖✱ ❘❀ ❚❖❙❚■✱ ●❀ ❆▼❇❘❖❙■✱ ❉✳ ❆ ♠♦❞✉❧❛r
♥✉♠❡r✐❝❛❧ ♠♦❞❡❧ ♦❢ t❤❡ ❝❛r❞✐♦✈❛s❝✉❧❛r s②st❡♠ ❢♦r st✉❞②✐♥❣ ❛♥❞ tr❛✐♥✐♥❣ ✐♥ t❤❡ ✜❡❧❞ ♦❢
❝❛r❞✐♦✈❛s❝✉❧❛r ♣❤②s✐♦♣❛t❤♦❧♦❣②✳ ❏♦✉r♥❛❧ ♦❢ ❜✐♦♠❡❞✐❝❛❧ ❡♥❣✐♥❡❡r✐♥❣✱ ❊❧s❡✈✐❡r✱ ✈✳ ✶✹✱ ♥✳ ✷✱ ♣✳
✾✶✕✶✵✼✱ ✶✾✾✷✳

✸✶ ❙❖❯❙❆✱ ❉❛♥✐❡❧ ▲❀ ❈❖❘❉❊■❘❖✱ ❚❤✐❛❣♦ ❉❀ ▼❊▲❖✱ ❚❤❛♠✐❧❡s ❘❀ ◆❊❚❖✱ ❏♦sé ❙ ❞❛
❘♦❝❤❛❀ ❈❊❙❚❆❘■✱ ■❞á❣❡♥❡ ❆❀ ▲■▼❆✱ ❆♥t♦♥✐♦ ▼◆✳ ▼♦❞❡❧✐♥❣✱ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ❛♥❞ t❡st ♦❢
❛ ♣❡❞✐❛tr✐❝ ✈❡♥tr✐❝✉❧❛r ❛ss✐st ❞❡✈✐❝❡✳ ■♥✿ ■▼❊❑❖✳ ■♥t❡r♥❛t✐♦♥❛❧ ▼❡❛s✉r❡♠❡♥t ❋❡❞❡r❛t✐♦♥
❙❡❝r❡t❛r✐❛t✳ ❇✉❞❛♣❡st✱ ✷✵✶✻✳ ♣✳ ✶✕✻✳

✸✷ ▼❖▲❋❊❚❚❆✱ ❆r✐❛♥♥❛ ❉✐❀ ❆▼❖❉❊❖✱ ❆♥t♦♥✐♦❀ ❋❘❊❙■❊▲▲❖✱ ▲✐❜❡r❛❀ ❚❘■❱❊▲▲❆✱
▼❛r✐❛ ●✐♦✈❛♥♥❛❀ ■❆❈❖❇❊▲▲■✱ ❘♦❜❡rt❛❀ P■▲❆❚■✱ ▼❛r❛❀ ❋❊❘❘❆❘■✱ ●✐❛♥❢r❛♥❝♦✳ ❙✐♠✉❧❛✲
t✐♦♥ ♦❢ ✈❡♥tr✐❝✉❧❛r✱ ❝❛✈♦✲♣✉❧♠♦♥❛r②✱ ❛♥❞ ❜✐✈❡♥tr✐❝✉❧❛r ✈❡♥tr✐❝✉❧❛r ❛ss✐st ❞❡✈✐❝❡s ✐♥ ❢❛✐❧✐♥❣
❢♦♥t❛♥✳ ❆rt✐✜❝✐❛❧ ♦r❣❛♥s✱ ❲✐❧❡② ❖♥❧✐♥❡ ▲✐❜r❛r②✱ ✈✳ ✸✾✱ ♥✳ ✼✱ ♣✳ ✺✺✵✕✺✺✽✱ ✷✵✶✺✳

✸✸ ❙➪✲❈❖❯❚❖✱ ❈❛r❧❛ ❉❀ ❆◆❉❘■❊❙❙❊◆✱ P❡t❡r❀ ▼❊❯❘❙✱ ❲✐❧❧❡♠ ▲ ❱❛♥❀ ❈❆▼P❖❙✱ ❉✐✲
♦❣♦ ❆②r❡s✲❞❡❀ ❙➪✲❈❖❯❚❖✱ P❡❞r♦ ▼✳ ❆ ♠♦❞❡❧ ❢♦r ❡❞✉❝❛t✐♦♥❛❧ s✐♠✉❧❛t✐♦♥ ♦❢ ❤❡♠♦❞②♥❛♠✐❝
tr❛♥s✐t✐♦♥s ❛t ❜✐rt❤✳ P❡❞✐❛tr✐❝ r❡s❡❛r❝❤✱ ◆❛t✉r❡ P✉❜❧✐s❤✐♥❣ ●r♦✉♣✱ ✈✳ ✻✼✱ ♥✳ ✷✱ ♣✳ ✶✺✽✕✶✻✺✱
✷✵✶✵✳

✸✹ ❋❖◆❙❊❈❆✱ ❏❡✐s♦♥ ❲✐❧❧✐❛♥ ●♦♠❡s ❞❛✳ Pr♦❥❡t♦✱ ❈♦♥str✉çã♦ ❡ ❱❛❧✐❞❛çã♦ ❞❡ ✉♠ ❙✐♠✉✲
❧❛❞♦r ❍í❜r✐❞♦ ❞♦ ❙✐st❡♠❛ ❈❛r❞✐♦✈❛s❝✉❧❛r✳ ❚❡s❡ ✭❉♦✉t♦r❛❞♦✮ ✖ ■♥st✐t✉t♦ ❚❡❝♥♦❧ó❣✐❝♦ ❞❡
❆❡r♦♥á✉t✐❝❛✱ ✷✵✶✸✳



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s ✶✵✸

✸✺ ❘❖❙❊◆❇❊❘●✱ ●❀ P❍■▲▲■P❙✱ ❲✐♥❢r❡❞ ▼❀ ▲❆◆❉■❙✱ ❉♦♥❛❧❞ ▲❀ P■❊❘❈❊✱ ❲❙✳ ❉❡s✐❣♥
❛♥❞ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ♣❡♥♥s②❧✈❛♥✐❛ st❛t❡ ✉♥✐✈❡rs✐t② ♠♦❝❦ ❝✐r❝✉❧❛t♦r② s②st❡♠✳ ❆❙❆■❖ ❏✱
✈✳ ✹✱ ♥✳ ✷✱ ♣✳ ✹✶✕✹✾✱ ✶✾✽✶✳

✸✻ P❆◆❚❆▲❖❙✱ ●▼❀ ❑❖❊◆■●✱ ❙❈❀ ●■▲▲❆❘❙✱ ❑❏❀ ❊❲❊❘❚✱ ❉▲✳ ▼♦❝❦ ❝✐r❝✉❧❛t♦r② s②s✲
t❡♠ ❢♦r t❡st✐♥❣ ❝❛r❞✐♦✈❛s❝✉❧❛r ❞❡✈✐❝❡s✳ ■♥✿ ■❊❊❊✳ ❊♥❣✐♥❡❡r✐♥❣ ✐♥ ▼❡❞✐❝✐♥❡ ❛♥❞ ❇✐♦❧♦❣②✱
✷✵✵✷✳ ✷✹t❤ ❆♥♥✉❛❧ ❈♦♥❢❡r❡♥❝❡ ❛♥❞ t❤❡ ❆♥♥✉❛❧ ❋❛❧❧ ▼❡❡t✐♥❣ ♦❢ t❤❡ ❇✐♦♠❡❞✐❝❛❧ ❊♥❣✐♥❡❡✲
r✐♥❣ ❙♦❝✐❡t② ❊▼❇❙✴❇▼❊❙ ❈♦♥❢❡r❡♥❝❡✱ ✷✵✵✷✳ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ❙❡❝♦♥❞ ❏♦✐♥t✳ P✐s❝❛t❛✇❛②✱
✷✵✵✷✳ ✈✳ ✷✱ ♣✳ ✶✺✾✼✕✶✺✾✽✳

✸✼ ❑❖❊◆■●✱ ❙t❡✈❡♥ ❈❀ P❆◆❚❆▲❖❙✱ ●❡♦r❣❡ ▼❀ ●■▲▲❆❘❙✱ ❑❡✈✐♥ ❏❀ ❊❲❊❘❚✱ ❉❛♥ ▲❀
▲■❚❲❆❑✱ ❑❡♥♥❡t❤ ◆❀ ❊❚❖❈❍✱ ❙t❡✈❡♥ ❲✳ ❍❡♠♦❞②♥❛♠✐❝ ❛♥❞ ♣r❡ss✉r❡✕✈♦❧✉♠❡ r❡s♣♦♥s❡s
t♦ ❝♦♥t✐♥✉♦✉s ❛♥❞ ♣✉❧s❛t✐❧❡ ✈❡♥tr✐❝✉❧❛r ❛ss✐st ✐♥ ❛♥ ❛❞✉❧t ♠♦❝❦ ❝✐r❝✉❧❛t✐♦♥✳ ❆❙❆■❖ ❥♦✉r♥❛❧✱
▲❲❲✱ ✈✳ ✺✵✱ ♥✳ ✶✱ ♣✳ ✶✺✕✷✹✱ ✷✵✵✹✳

✸✽ ❑■▼✱ ❨♦♥❣❞❛❡❀ ❑❲❖◆✱ ❙❡❥✐♥✳ ❘❡s✐st✐✈✐t② ❞❡♣❡♥❞❡♥❝❡ ♦❢ ❣❛✉❣❡ ❢❛❝t♦r ♦❢ ♣♦❧②s✐❧✐❝♦♥
str❛✐♥ ❣❛✉❣❡✳ ▼✐❝r♦ ✫ ◆❛♥♦ ▲❡tt❡rs✱ ■❊❚✱ ✈✳ ✺✱ ♥✳ ✸✱ ♣✳ ✶✽✾✕✶✾✷✱ ✷✵✶✵✳

✸✾ ▲❊■❘◆❊❘✱ ❆❆❀ ❖❨❆▼❆✱ ❍❚❚❀ ❈❊❙❚❆❘■✱ ■❆❀ ❙❆▼P❊▲✱ ❏❘❀ ▼❆❩❩❊❚❚❖✱ ▼❀
❯❙❍■❩■▼❆✱ ▼❘❀ ❖❙❍■❘❖✱ ▼❙❀ ❍❆❨❆❙❍■❉❆✱ ❆❙❀ ❇❆❈❍❚✱ ❙✳ ❆♣❡r❢❡✐ç♦❛♠❡♥t♦s ✐♥tr♦✲
❞✉③✐❞♦s ❡♠ ✢✉①ô♠❡tr♦ ❡❧❡tr♦♠❛❣♥ét✐❝♦✳ P❛t✳ ❉❡♣♦s✐t❛❞❛✿ ■◆P■ ✵✸✵✳✵✵✻✼✲✷✳

✹✵ ▲❏❯◆●✱ ▲❡♥♥❛rt✳ ❙②st❡♠ ■❞❡♥t✐✜❝❛t✐♦♥✿ ❚❤❡♦r② ❢♦r t❤❡ ❯s❡r✳ ✷✳ ❡❞✳ ❯♣♣❡r ❙❛❞❞❧❡
❘✐✈❡r✿ Pr❡♥t✐❝❡ ❍❛❧❧✱ ✶✾✾✾✳

✹✶ ❑❨▲❊✱ ❚❡rr✐✳ ❊ss❡♥t✐❛❧s ♦❢ ♣❡❞✐❛tr✐❝ ♥✉rs✐♥❣✳ ✷✳ ❡❞✳ P❤✐❧❛❞❡❧♣❤✐❛✿ ▲✐♣♣✐♥❝♦tt ❲✐❧❧✐❛♠s
✫ ❲✐❧❦✐♥s✱ ✷✵✵✽✳

✹✷ ❍❖❈❑❊◆❇❊❘❘❨✱ ▼❛r✐❧②♥❀ ❲■▲❙❖◆✱ ❉❛✈✐❞✳ ❋✉♥❞❛♠❡♥t♦s ❊♥❢❡r♠❛❣❡♠ P❡❞✐átr✐❝❛✳
✾✳ ❡❞✳ ❘✐♦ ❞❡ ❏❛♥❡✐r♦✿ ❊❧s❡✈✐❡r ❇r❛s✐❧✱ ✷✵✶✹✳

✹✸ ❨❊❑❚❆❊■❆◆✱ ▼❡❤❞✐❀ ❆▼■❘❋❆❚❚❆❍■✱ ❘❛ss✉❧✳ ❈♦♠♣❛r✐s♦♥ ♦❢ s♣❡❝tr❛❧ s✉❜tr❛❝t✐♦♥
♠❡t❤♦❞s ✉s❡❞ ✐♥ ♥♦✐s❡ s✉♣♣r❡ss✐♦♥ ❛❧❣♦r✐t❤♠s✳ ■♥✿ ■❊❊❊✳ ■♥❢♦r♠❛t✐♦♥✱ ❈♦♠♠✉♥✐❝❛t✐♦♥s ✫
❙✐❣♥❛❧ Pr♦❝❡ss✐♥❣✱ ✷✵✵✼ ✻t❤ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥✳ P✐s❝❛t❛✇❛②✱ ✷✵✵✼✳ ✈✳ ✶✱ ♣✳ ✶✕✹✳

✹✹ ❱❆❙❊●❍■✱ ❙❛❡❡❞ ❱✳ ❆❞✈❛♥❝❡❞ ❞✐❣✐t❛❧ s✐❣♥❛❧ ♣r♦❝❡ss✐♥❣ ❛♥❞ ♥♦✐s❡ r❡❞✉❝t✐♦♥✳ ✷✳ ❡❞✳ ◆❡✇
❏❡rs❡②✿ ❏♦❤♥ ❲✐❧❡② ✫ ❙♦♥s✱ ✷✵✵✽✳

✹✺ ❆●❆◆❚❊✱ P▼❀ ❙➪✱ ❏P ▼❛rq✉❡s ❉❡✳ ❊❝❣ ♥♦✐s❡ ✜❧t❡r✐♥❣ ✉s✐♥❣ ✇❛✈❡❧❡ts ✇✐t❤ s♦❢t✲
t❤r❡s❤♦❧❞✐♥❣ ♠❡t❤♦❞s✳ ■♥✿ ■❊❊❊✳ ❈♦♠♣✉t❡rs ✐♥ ❈❛r❞✐♦❧♦❣②✱ ✶✾✾✾✳ P✐s❝❛t❛✇❛②✱ ✶✾✾✾✳ ♣✳
✺✸✺✕✺✸✽✳

✹✻ ❑❆▲▼❆◆✱ ❘✉❞♦❧♣❤ ❊♠✐❧✳ ❆ ♥❡✇ ❛♣♣r♦❛❝❤ t♦ ❧✐♥❡❛r ✜❧t❡r✐♥❣ ❛♥❞ ♣r❡❞✐❝t✐♦♥ ♣r♦❜❧❡♠s✳
❏♦✉r♥❛❧ ♦❢ ❜❛s✐❝ ❊♥❣✐♥❡❡r✐♥❣✱ ❆♠❡r✐❝❛♥ ❙♦❝✐❡t② ♦❢ ▼❡❝❤❛♥✐❝❛❧ ❊♥❣✐♥❡❡rs✱ ✈✳ ✽✷✱ ♥✳ ✶✱ ♣✳
✸✺✕✹✺✱ ✶✾✻✵✳

✹✼ ❑❆▲▼❆◆✱ ❘✉❞♦❧♣❤ ❊❀ ❇❯❈❨✱ ❘✐❝❤❛r❞ ❙✳ ◆❡✇ r❡s✉❧ts ✐♥ ❧✐♥❡❛r ✜❧t❡r✐♥❣ ❛♥❞ ♣r❡❞✐❝t✐♦♥
t❤❡♦r②✳ ❏♦✉r♥❛❧ ♦❢ ❜❛s✐❝ ❡♥❣✐♥❡❡r✐♥❣✱ ❆♠❡r✐❝❛♥ ❙♦❝✐❡t② ♦❢ ▼❡❝❤❛♥✐❝❛❧ ❊♥❣✐♥❡❡rs✱ ✈✳ ✽✸✱ ♥✳ ✶✱
♣✳ ✾✺✕✶✵✽✱ ✶✾✻✶✳



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s ✶✵✹

✹✽ ❚❍❘❯◆✱ ❙❡❜❛st✐❛♥❀ ❇❯❘●❆❘❉✱ ❲♦❧❢r❛♠❀ ❋❖❳✱ ❉✐❡t❡r✳ Pr♦❜❛❜✐❧✐st✐❝ r♦❜♦t✐❝s✳ ✶✳ ❡❞✳
❈❛♠❜r✐❞❣❡✿ ▼■❚ ♣r❡ss✱ ✷✵✵✺✳

✹✾ ❈❘❯❩✱ ❙ér❣✐♦ ▼❡ss✐❛s✳ ■♠♣❧❡♠❡♥t❛çã♦ ❞❡ ✉♠ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥ ❡st❡♥❞✐❞♦ ❡♠ ❛rq✉✐✲
t❡t✉r❛s r❡❝♦♥✜❣✉rá✈❡✐s ❛♣❧✐❝❛❞♦ ❛♦ ♣r♦❜❧❡♠❛ ❞❡ ❧♦❝❛❧✐③❛çã♦ ❞❡ r♦❜ôs ♠ó✈❡✐s✳ ❉✐ss❡rt❛çã♦
✭▼❡str❛❞♦✮ ✖ ❯♥✐✈❡rs✐❞❛❞❡ ❞❡ ❇r❛sí❧✐❛✱ ✷✵✶✸✳


