
❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❈❛♠♣✐♥❛ ●r❛♥❞❡

❈❡♥tr♦ ❞❡ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛ ❡ ■♥❢♦r♠át✐❝❛

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

❈♦♥✈❡rs♦r ❊stát✐❝♦ ❞❡ ◆♦✈❡ ❈❤❛✈❡s ❆❝✐♦♥❛♥❞♦

▼áq✉✐♥❛ ❍❡①❛❢ás✐❝❛

❉■❙❙❊❘❚❆➬➹❖ ❉❊ ▼❊❙❚❘❆❉❖

❆❞✐ ◆❡✈❡s ❘♦❝❤❛

❈❛♠♣✐♥❛ ●r❛♥❞❡✱ P❛r❛í❜❛✱ ❇r❛s✐❧

❆❣♦st♦ ❞❡ ✷✵✶✹



❈♦♥✈❡rs♦r ❊stát✐❝♦ ❞❡ ◆♦✈❡ ❈❤❛✈❡s ❆❝✐♦♥❛♥❞♦
▼áq✉✐♥❛ ❍❡①❛❢ás✐❝❛

❆❞✐ ◆❡✈❡s ❘♦❝❤❛

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

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

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

♣❛r❛ ♦❜t❡♥çã♦ ❞♦ ❣r❛✉ ❞❡ ▼❡str❡ ❡♠ ❈✐ê♥❝✐❛s ♥♦ ❉♦♠í♥✐♦ ❡♠

❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛✳

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

❈✉rs✐♥♦ ❇r❛♥❞ã♦ ❏❛❝♦❜✐♥❛✱ ❉r✳ ■♥❣✳✱ ❯❋❈●

❖r✐❡♥t❛❞♦r

❊✉③❡❧✐ ❈✐♣r✐❛♥♦ ❞♦s ❙❛♥t♦s ❏ú♥✐♦r✱ ❉r✳ ❙❝✳✱ ■❯P❯■ ❯❙❆

❖r✐❡♥t❛❞♦r

❈❛♠♣✐♥❛ ●r❛♥❞❡✱ P❛r❛í❜❛✱ ❇r❛s✐❧

❝©❆❞✐ ◆❡✈❡s ❘♦❝❤❛✱ ❆❣♦st♦ ❞❡ ✷✵✶✹



❈♦♥✈❡rs♦r ❊stát✐❝♦ ❞❡ ◆♦✈❡ ❈❤❛✈❡s ❆❝✐♦♥❛♥❞♦
▼áq✉✐♥❛ ❍❡①❛❢ás✐❝❛

❆❞✐ ◆❡✈❡s ❘♦❝❤❛

❉✐ss❡rt❛çã♦ ❞❡ ▼❡str❛❞♦ ❛♣r❡s❡♥t❛❞❛ ❡♠ ✵✽ ❞❡ ❛❣♦st♦ ❞❡ ✷✵✶✹

❈✉rs✐♥♦ ❇r❛♥❞ã♦ ❏❛❝♦❜✐♥❛✱ ❉r✳ ■♥❣✳✱ ❯❋❈●

❖r✐❡♥t❛❞♦r

❊✉③❡❧✐ ❈✐♣r✐❛♥♦ ❞♦s ❙❛♥t♦s ❏ú♥✐♦r✱ ❉r✳ ❙❝✳✱ ■❯P❯■ ❯❙❆

❖r✐❡♥t❛❞♦r

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

❈♦♠♣♦♥❡♥t❡ ❞❡ ❇❛♥❝❛

❚❛❧✈❛♥❡s ▼❡♥❡s❡s ❖❧✐✈❡✐r❛✱ ❉r✳ ❙❝✳✱ ❯❋❈●

❈♦♠♣♦♥❡♥t❡ ❞❡ ❇❛♥❝❛

❈❛♠♣✐♥❛ ●r❛♥❞❡✱ P❛r❛í❜❛✱ ❇r❛s✐❧

❆❣♦st♦ ❞❡ ✷✵✶✹



❉❡❞✐❝♦ ❡st❡ tr❛❜❛❧❤♦ ❛♦s ♠❡✉s P❛✐s✱
❈❛r❧♦s ❡ ❙✐r❧❡♥❡✳



❆●❘❆❉❊❈■▼❊◆❚❖❙

❆ ❉❡✉s ♣❡❧♦ ❞♦♠ ❞❛ ❱✐❞❛ ❡ ❞♦ P❡r❞ã♦✳

❆ ♠✐♥❤❛ ❢❛♠í❧✐❛ ♣❡❧♦ ❛♣♦✐♦ ❛♠♦r♦s♦✱ ♣♦r s✉♣♦rt❛r ❛ ❛✉sê♥❝✐❛✱ ♣♦r ❛❝r❡❞✐t❛r ❡♠ ✉♠ s♦♥❤♦

❡ ♣♦r ♠❡ ✐♥❝❡♥t✐✈❛r❡♠✳

❆♦s ♠❡✉s ♦r✐❡♥t❛❞♦r❡s✱ Pr♦❢❡ss♦r ❈✉rs✐♥♦ ❇r❛♥❞ã♦ ❏❛❝♦❜✐♥❛ ❡ Pr♦❢❡ss♦r ❊✉③❡❧✐ ❈✐♣r✐❛♥♦

❞♦s ❙❛♥t♦s✱ ♣❡❧❛ ❝♦♥✜❛♥ç❛ ❡ ♣❛❝✐ê♥❝✐❛ ♣❛r❛ r❡❛❧✐③❛r❡♠ ❡st❛ t❛r❡❢❛✳ ❯♠ ❛❣r❛❞❡❝✐♠❡♥t♦ ❛♦s

❡♥s✐♥❛♠❡♥t♦s q✉❡ r❡❝❡❜✐ ❡ ❛♦s ❡s❝❧❛r❡❝✐♠❡♥t♦s ♥♦s ♠♦♠❡♥t♦s ❞í✜❝✐❡s✳

❆♦s ♣r♦❢❡ss♦r❡s ❞❛ Pós✲●r❛❞✉❛çã♦ ❡ ❞❡ ●r❛❞✉❛çã♦ ❞♦ ❞❡♣❛rt❛♠❡♥t♦ ❞❡ ❊♥❣❡♥❤❛r✐❛

❊❧étr✐❝❛ ❞❛ ❯❋❈● ❡♠ ❡s♣❡❝✐❛❧ ❛♦s q✉❡ ❝♦♠♣õ❡♠ ♦ ▲❛❜♦r❛tór✐♦ ▲❊■❆▼✳ ❆❧❡①❛♥❞r❡ ❈✉♥❤❛

❞❡ ❖❧✐✈❡✐r❛✱ ❊❞✐s♦♥ ❘♦❜❡rt♦ ❈❛❜r❛❧ ❞❛ ❙✐❧✈❛✱ ▼❛✉rí❝✐♦ ❇❡❧trã♦ ❈♦rrê❛ ❡ t❛♠❜é♠ ❛ ❚❛❧✈❛♥❡s

▼❡♥❡s❡s ❖❧✐✈❡✐r❛✳

❆ t♦❞♦s ♦s ❝♦❧❡❣❛s ❞♦ ▲❊■❆▼✱ ❡♠ ❡s♣❡❝✐❛❧ ❛ ❏✉❧✐❛♥♦✱ ❉✐❡❣♦✱ ❆❜✐♥❛❞❛❜❡✱ ➪❧✈❛r♦✱ ❆②s❧❛♠✱

❮t❛❧♦ ❘♦❣❡r✱ ❆❜✐♥❛❞❛❜❡✱ ●r❡❣♦r② ❆rt✉r ❡ ◆❛❞② ❘♦❝❤❛✱ ♣❡❧❛ ✐♥❡st✐♠á✈❡❧ ❛❥✉❞❛ ♥❛s ❤♦r❛s ♠❛✐s

✐♥✉s✐t❛❞❛s✳

❆♦s ❢✉♥❝✐♦♥ár✐♦s ❞❛ ❈❖P❊▲❊ ❡♠ ❡s♣❡❝✐❛❧ ➶♥❣❡❧❛ ♣❡❧❛ ♣❛❝✐ê♥❝✐❛✳

❆♦ ❈◆P◗ ♣❡❧♦ s✉♣♦rt❡ ✜♥❛♥❝❡✐r♦ q✉❡ ✈✐❛❜✐❧✐③♦✉ ❛ r❡❛❧✐③❛çã♦ ❞❡st❡ tr❛❜❛❧❤♦✳

✐✐



❘❡s✉♠♦

❖ ♦❜❥❡t✐✈♦ ❞♦ ❡st✉❞♦ ❛♣r❡s❡♥t❛❞♦ ♥❡st❛ ❞✐ss❡rt❛çã♦ é ❛♥❛❧✐s❛r ❡ ❝♦♠♣❛r❛r ❞♦✐s ✐♥✈❡rs♦r❡s

❢♦♥t❡ ❞❡ t❡♥sã♦ ❛❝✐♦♥❛♥❞♦ ✉♠❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦ ❤❡①❛❢ás✐❝❛✳ ❆s ❡str✉t✉r❛s ❛♥❛❧✐s❛❞❛s sã♦✿

♦ ❝♦♥✈❡rs♦r ❝♦♠♣♦st♦ ❞❡ s❡✐s ❜r❛ç♦s ♣♦ss✉✐♥❞♦ ❞♦✐s ❞✐s♣♦s✐t✐✈♦s s❡♠✐❝♦♥❞✉t♦r❡s ♣♦r ❜r❛ç♦

✭12 ❝❤❛✈❡s✮ ❡ ✉♠ ❝♦♥✈❡rs♦r ❝♦♠♣♦st♦ ❞❡ três ❜r❛ç♦s ❡ ♥♦✈❡ ❞✐s♣♦s✐t✐✈♦s s❡♠✐❝♦♥❞✉t♦r❡s ✭9

❝❤❛✈❡s✮✳

❆ ❡str✉t✉r❛ ❝♦♠♣♦st❛ ♣♦r 12 ❝❤❛✈❡s é ❛ ❝♦♥✜❣✉r❛çã♦ ♣❛❞rã♦ ♣❛r❛ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ❝❛r❣❛s

❤❡①❛❢ás✐❝❛s✳ ❆♥❛❧✐s❛❞♦ q✉❛♥t♦ ❛♦ ❛s♣❡❝t♦ ❞❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❝❤❛✈❡s ♦ ❝♦♥✈❡rs♦r ❞❡ 9 ❝❤❛✈❡s

❛♣r❡s❡♥t❛ ✉♠❛ ❡✈✐❞❡♥t❡ r❡❞✉çã♦ ❞♦ ♥ú♠❡r♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s✳ ◆❡st❡ tr❛❜❛❧❤♦ ❜✉s❝❛✲s❡ ✉♠❛

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

❝❛r❛❝t❡ríst✐❝❛s✱ t❛✐s ❝♦♠♦✿ ✭✐✮ ❡str✉t✉r❛ ♦✉ ♠♦❞♦ ❞❡ ❝♦♥❡①ã♦ ❞♦s ❞✐s♣♦s✐t✐✈♦s ❝♦♠ ❛ ❞❡s❝r✐çã♦

❞❛s ❧✐♠✐t❛çõ❡s ❞❡ ❝❛❞❛ ❡str✉t✉r❛❀ ✭✐✐✮ ❞✐❢❡r❡♥ç❛s ♥❛s té❝♥✐❝❛s ❞❡ ♠♦❞✉❧❛çã♦ ❡♠♣r❡❣❛❞❛s❀ ✭✐✐✐✮

♥í✈❡✐s ❞❡ ❝♦rr❡♥t❡ ❡ t❡♥sã♦ ❡♠ ❝❛❞❛ ✉♠ ❞♦s ❞✐s♣♦s✐t✐✈♦s q✉❡ ❝♦♠♣õ❡♠ ❛ ❡str✉t✉r❛❀ ✭✐✈✮

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

✭✈✮ ❛♥á❧✐s❡ ❞♦ ❞❡s❡♠♣❡♥❤♦ q✉❛♥t♦ ❛♦s ♥í✈❡✐s ❞❡ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛✳

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

❞❛ ♠áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ ♠♦❞❡❧❛❞❛ ♣♦r ❞❡❝♦♠♣♦s✐çã♦ ✈❡t♦r✐❛❧ ❡ ❛ ❛♣❧✐❝❛çã♦ ❞❡ ✉♠❛ ❡str❛té❣✐❛

❞❡ ❝♦♥tr♦❧❡ ♥♦ ❛❝✐♦♥❛♠❡♥t♦ ❞❛ ♠áq✉✐♥❛✱ ✉t✐❧✐③❛♥❞♦ ❛ té❝♥✐❝❛ ❞❡ ❝♦♥tr♦❧❡ ♣♦r ✢✉①♦ r♦tór✐❝♦✳

P❛❧❛✈r❛s✲❝❤❛✈❡✿ ▼áq✉✐♥❛ ❞❡ ■♥❞✉çã♦ ❍❡①❛❢ás✐❝❛✱ ❘❡❞✉çã♦ ❞❡ ❈♦♠♣♦♥❡♥t❡s✱ ▼♦❞✉❧❛✲

çã♦ P❲▼ s❡♥♦✐❞❛❧✱ P❡r❞❛s✳

✐✐✐



❆❜str❛❝t

❚❤❡ ❣♦❛❧ ♦❢ t❤❡ st✉❞② ♣r❡s❡♥t❡❞ ✐♥ t❤✐s t❤❡s✐s ✐s t♦ ❛♥❛❧②③❡ ❛♥❞ ❝♦♠♣❛r❡ t✇♦ ✈♦❧t❛❣❡ s♦✉r❝❡

✐♥✈❡rt❡rs ❞r✐✈✐♥❣ ❛ s✐①✲♣❤❛s❡ ✐♥❞✉❝t✐♦♥ ♠❛❝❤✐♥❡✳ ❚❤❡ t②♣❡s ♦❢ str✉❝t✉r❡s ❛♥❛❧②③❡❞ ❛r❡✿ t❤❡

❝♦♥✈❡rt❡r ♦❢ s✐① ❧❡❣s ❤❛✈✐♥❣ t✇♦ s❡♠✐❝♦♥❞✉❝t♦r ❞❡✈✐❝❡s ♣❡r ❧❡❣ ✭✶✷ s✇✐t❝❤❡s✮ ❛♥❞ ❛♥ ✐♥✈❡rt❡r

❝♦♠♣♦s❡❞ ♦❢ t❤r❡❡ ❧❡❣s ✲✭♥✐♥❡ s❡♠✐❝♦♥❞✉❝t♦r ❞❡✈✐❝❡s ✾ s✇✐t❝❤❡s✮✳

❚❤❡ ❝♦♥✈❡rt❡r ♦❢ ✶✷ s✇✐t❝❤❡s ✐s t❤❡ ❞❡❢❛✉❧t ❝♦♥✜❣✉r❛t✐♦♥ ❢♦r ❞r✐✈✐♥❣ s✐①✲♣❤❛s❡ ❧♦❛❞s✳

❆♥❛❧②③✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ s✇✐t❝❤❡s ❛s♣❡❝t✱ t❤❡ ✾ s✇✐t❝❤❡s ❝♦♥✈❡rt❡r s❤♦✇s ❛ ❝❧❡❛r r❡❞✉❝t✐♦♥ ✐♥

t❤❡ ♥✉♠❜❡r ♦❢ ❝♦♠♣♦♥❡♥ts✳ ❚❤✐s ♣❛♣❡r s❡❡❦s ❛ ♠♦r❡ r❡❛s♦♥❡❞ ❝♦♠♣❛r✐s♦♥ ❢r♦♠ t❤❡ ❛♥❛❧②s✐s

♦❢ t❤❡s❡ t♦♣♦❧♦❣✐❡s ✇✐t❤ r❡s♣❡❝t t♦ ♦t❤❡r ❝❤❛r❛❝t❡r✐st✐❝s✱ s✉❝❤ ❛s✿ ✭✐✮ str✉❝t✉r❡ ♦r ✇❛② ♦❢

❝♦♥♥❡❝t✐♥❣ ❞❡✈✐❝❡s t♦ t❤❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❧✐♠✐t❛t✐♦♥s ♦❢ ❡❛❝❤ str✉❝t✉r❡❀ ✭✐✐✮ ❞✐✛❡r❡♥❝❡s ✐♥

t❤❡ ♠♦❞✉❧❛t✐♦♥ t❡❝❤♥✐q✉❡s ❡♠♣❧♦②❡❞❀ ✭✐✐✐✮ ❧❡✈❡❧s ♦❢ ❝✉rr❡♥t ❛♥❞ ✈♦❧t❛❣❡ ✐♥ ❡❛❝❤ ♦❢ t❤❡ ❞❡✈✐❝❡s

♦❢ t❤❡ str✉❝t✉r❡❀ ✭✐✈✮ ❛♥❛❧②s✐s ♦❢ ♣❡r❢♦r♠❛♥❝❡ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❛♠♦✉♥t ♦❢ ❝♦♥❞✉❝t✐♦♥ ❛♥❞

s✇✐t❝❤✐♥❣ ❧♦ss❡s❀ ✭✈✮ ♣❡r❢♦r♠❛♥❝❡ ❛♥❛❧②s✐s ♦❢ t❤❡ ❧❡✈❡❧s ♦❢ ❤❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥✳

❆❧t❤♦✉❣❤ t❤❡ ❛♥❛❧②s✐s ✐s ❢♦❝✉s❡❞ ♦♥ t❤❡ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❝♦♥✈❡rt❡rs✱ t❤❡r❡ ✐s ❛ ❞❡s❝r✐♣✲

t✐♦♥ ♦❢ t❤❡ s✐①✲♣❤❛s❡ ♠❛❝❤✐♥❡ ♠♦❞❡❧❡❞ ❜② ✈❡❝t♦r ❞❡❝♦♠♣♦s✐t✐♦♥ ❛♥❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❛

❝♦♥tr♦❧ str❛t❡❣② t♦ ❞r✐✈❡ t❤❡ ♠❛❝❤✐♥❡ ✉s✐♥❣ t❤❡ r♦t♦r ✢✉① ❝♦♥tr♦❧ t❡❝❤♥✐q✉❡✳

❑❡②✇♦r❞s✿ ❙✐①✲♣❤❛s❡ ♠❛❝❤✐♥❡✱ r❡❞✉❝❡❞ ♥✉♠❜❡r ♦❢ ❝♦♠♣♦♥❡♥ts✱ s✐♥✉s♦✐❞❛❧ P❲▼ ♠♦❞✲

✉❧❛t✐♦♥✱ ▲♦ss❡s ✳
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✸✳✹✳✶ ▼♦❞✉❧❛çã♦ ♣❛r❛ ♦ ❈♦♥✈❡rs♦r ❞❡ 12 ❝❤❛✈❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾

✸✳✹✳✷ ▼♦❞✉❧❛çã♦ ♣❛r❛ ♦ ❈♦♥✈❡rs♦r ❞❡ 9 ❝❤❛✈❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✷
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α = 30◦ ✲ ♠❛❧❤❛ ❢❡❝❤❛❞❛ ✭❛✮ ❚❡♥sã♦ ❞❡ ❢❛s❡ ♠é❞✐❛ v1✳ ✭❜✮ ❈♦rr❡♥t❡ ❞❡ ❢❛s❡

✭i1✱ i3 ❡ i5✮✳ ✭❝✮ ❈♦rr❡♥t❡s ❞❡ ❢❛s❡ ✭i1✱ i2✱ i3✱ i4✱ i5 ❡ i6✮ ✭❞✮ ❱❡❧♦❝✐❞❛❞❡ ❞❛
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✼✳✶✵ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞✐♥â♠✐❝❛ ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ 12S α = 60◦ ✲ ♠❛❧❤❛

❢❡❝❤❛❞❛ ✭❛✮ ❚❡♥sã♦ ❞❡ ❢❛s❡ ♠é❞✐❛ v1✳ ✭❜✮ ❈♦rr❡♥t❡s ❞❡ ❢❛s❡ ✭i1✱ i3 ❡ i5✮✳ ✭❝✮

❈♦rr❡♥t❡s ❞❡ ❢❛s❡ ✭i1✱ i2✱ i3✱ i4✱ i5 ❡ i6✮✳ ✭❞✮ ❱❡❧♦❝✐❞❛❞❡ ❞❛ ♠áq✉✐♥❛ r❡❛❧ ❡ ❞❡
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✼✳✶✶ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞✐♥â♠✐❝❛ ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ 9S α = 60◦ ✲ ♠❛❧❤❛

❢❡❝❤❛❞❛ ✭❛✮ ❚❡♥sã♦ ❞❡ ❢❛s❡ ♠é❞✐❛ v1✳ ✭❜✮ ❈♦rr❡♥t❡s ❞❡ ❢❛s❡ ✭i1✱ i3 ❡ i5✮✳ ✭❝✮

❈♦rr❡♥t❡s ❞❡ ❢❛s❡ ✭i1✱ i2✱ i3✱ i4✱ i5 ❡ i6✮✳ ✭❞✮ ❱❡❧♦❝✐❞❛❞❡ ❞❛ ♠áq✉✐♥❛✳ ✳ ✳ ✳ ✳ ✳ ✻✽



❮♥❞✐❝❡ ❞❡ ❋✐❣✉r❛s ①✐✐

✼✳✶✷ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞✐♥â♠✐❝❛ ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ 9S α = 60◦ ✲ ♠❛❧❤❛

❢❡❝❤❛❞❛ ✭❛✮ ❚❡♥sã♦ ❞❡ ❢❛s❡ ♠é❞✐❛ v1✳ ✭❜✮ ❈♦rr❡♥t❡ ❞❡ ❢❛s❡ i1✱ i3 ❡ i5✳ ✭❝✮

❈♦rr❡♥t❡s ♥❛ ♠áq✉✐♥❛ i1✱ i3✱ i5✱ i2✱ i4 ❡ i6 ✳ ✭❞✮ ❱❡❧♦❝✐❞❛❞❡ ❞❛ ♠áq✉✐♥❛✳ ✳ ✳ ✳ ✻✾

✼✳✶✸ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦✳ ✭❛✮ P✉❧s♦s ♣❛r❛ ❛❝✐♦♥❛r ❛s ❝❤❛✈❡s ✭q1✱ qa ❡ q2✮✳ ✭❜✮
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✼✳✶✹ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ✭❛✮ P✉❧s♦s ♣❛r❛ ❛❝✐♦♥❛r ❛s ❝❤❛✈❡s ✭q1✱ qa ❡ q2✮✳ ✭❜✮
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▲✐st❛ ❞❡ ❙í♠❜♦❧♦s

12S✲❈♦♥✈❡rs♦r ❡stát✐❝♦ ❞❡ ♣♦tê♥❝✐❛ ❝♦♠ ✶✷ ❞✐s♣♦s✐t✐✈♦s ♥❛ t♦♣♦❧♦❣✐❛

9S✲❈♦♥✈❡rs♦r ❡stát✐❝♦ ❞❡ ♣♦tê♥❝✐❛ ❝♦♠ ✾ ❞✐s♣♦s✐t✐✈♦s ♥❛ t♦♣♦❧♦❣✐❛

d1q1o1✲❯♠❛ ❞❛s tr❛♥s❢♦r♠❛❞❛s ❞♦ ❞✉♣❧♦ tr✐❢ás✐❝♦

d2q2o2✲❯♠❛ ❞❛s tr❛♥s❢♦r♠❛❞❛s ❞♦ ❞✉♣❧♦ tr✐❢ás✐❝♦

dqxyoo′✲❚r❛♥s❢♦r♠❛❞❛ ♣❛r❛ ❞❡❝♦♠♣♦s✐çã♦ ✈❡t♦r✐❛❧

E✲❚❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈

fs✲❋r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦

✐rdq✲❱❡t♦r ❝♦rr❡♥t❡ ❞♦ r♦t♦r ❡♠ ✉♠ r❡❢❡r❡♥❝✐❛❧ ❞♦ ❡st❛t♦r✱ irdq = ird + jirq

✐sdq✲❱❡t♦r ❝♦rr❡♥t❡ ❞♦ ❡st❛t♦r ❡♠ ✉♠ r❡❢❡r❡♥❝✐❛❧ ❞♦ ❡st❛t♦r✱ vsdq = vsd + jvsq

✐roo′✲❱❡t♦r ❝♦rr❡♥t❡ ❞♦ ❡st❛t♦r ❡♠ ✉♠ r❡❢❡r❡♥❝✐❛❧ ❞♦ ❡st❛t♦r✱ iroo′ = iro + jiro′

✐soo′✲❱❡t♦r ❝♦rr❡♥t❡ ❞♦ ❡st❛t♦r ❡♠ ✉♠ r❡❢❡r❡♥❝✐❛❧ ❞♦ ❡st❛t♦r✱ isoo′ = iso + jiso′

✐rxy✲❱❡t♦r ❝♦rr❡♥t❡ ❞♦ ❡st❛t♦r ❡♠ ✉♠ r❡❢❡r❡♥❝✐❛❧ ❞♦ ❡st❛t♦r✱ irxy = irx + jiry

✐sxy✲❱❡t♦r ❝♦rr❡♥t❡ ❞♦ ❡st❛t♦r ❡♠ ✉♠ r❡❢❡r❡♥❝✐❛❧ ❞♦ ❡st❛t♦r✱ isxy = isx + jisy

lr✲■♥❞✉tâ♥❝✐❛ ♣ró♣r✐❛ ❞♦ r♦t♦r

ls✲■♥❞✉tâ♥❝✐❛ ♣ró♣r✐❛ ❞♦ ❡st❛t♦r

lsr✲■♥❞✉tâ♥❝✐❛ ♠út✉❛ ❡♥tr❡ ❡st❛t♦r ❡ r♦t♦r

µ✲❋❛t♦r ❞❡ r♦❞❛ ❧✐✈r❡

odq✲❚r❛♥s❢♦r♠❛çã♦ ❞❡ ❝♦♦r❞❡♥❛❞❛s tr✐❢ás✐❝❛ ♣❛r❛ ❜✐❢ás✐❝❛

P ✲◆ú♠❡r♦ ❞❡ ♣❛r❡s ❞❡ ♣ó❧♦s ❞❛ ♠áq✉✐♥❛

①✐✐✐



▲✐st❛ ❞❡ ❙í♠❜♦❧♦s ①✐✈

qi✲❱❛r✐á✈❡❧ ❜✐♥ár✐❛ ❛ss♦❝✐❛❞❛ ❛♦ ❡st❛❞♦ ❞❡ ✉♠❛ ❝❤❛✈❡

rr✲❘❡s✐stê♥❝✐❛ r♦tór✐❝❛

rs✲❘❡s✐stê♥❝✐❛ ❡st❛tór✐❝❛

T ✲P❡rí♦❞♦ ❞❛ tr✐❛♥❣✉❧❛r

τi✲❚❡♠♣♦ q✉❡ ❛s ❝❤❛✈❡s i = 1, 3, 5 ♣❡r♠❛♥❡❝❡♠ ❢❡❝❤❛❞❛s

τj✲❚❡♠♣♦ q✉❡ ❛s ❝❤❛✈❡s j = 2, 4, 6 ♣❡r♠❛♥❡❝❡♠ ❢❡❝❤❛❞❛s

Te✲❈♦♥❥✉❣❛❞♦ ❡❧❡tr♦♠❛❣♥ét✐❝♦

vh0✲❈♦♠♣♦♥❡♥t❡ ❤♦♠♦♣♦❧❛r ❞❡ t❡♥sã♦

vi0✲❚❡♥sã♦ ❞❡ ♣♦❧♦ ❞♦ ❝♦♥✈❡rs♦r✱i = 1a6

vm0✲❚❡♥sã♦ ❞❡ ♥❡✉tr♦ ❞❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦

vn0✲❚❡♥sã♦ ❞❡ ♥❡✉tr♦ ❞❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦

✈rdq✲❱❡t♦r t❡♥sã♦ ❞♦ r♦t♦r ❡♠ ✉♠ r❡❢❡r❡♥❝✐❛❧ ❞♦ ❡st❛t♦r✱ vrdq = vrd + jvrq

✈sdq✲❱❡t♦r t❡♥sã♦ ❞♦ ❡st❛t♦r ❡♠ ✉♠ r❡❢❡r❡♥❝✐❛❧ ❞♦ ❡st❛t♦r✱ vsdq = vsd + jvsq

✈roo′✲❱❡t♦r t❡♥sã♦ ❞♦ r♦t♦r ❡♠ ✉♠ r❡❢❡r❡♥❝✐❛❧ ❞♦ ❡st❛t♦r✱ vroo′ = vro + jvro′

✈soo′✲❱❡t♦r t❡♥sã♦ ❞♦ ❡st❛t♦r ❡♠ ✉♠ r❡❢❡r❡♥❝✐❛❧ ❞♦ ❡st❛t♦r✱ vsoo′ = vso + jvso′

vsi✲❚❡♥sã♦ ❞❡ ❢❛s❡ ❞❛ ♠áq✉✐♥❛✱i = 1a6

✈rxy✲❱❡t♦r t❡♥sã♦ ❞♦ r♦t♦r ❡♠ ✉♠ r❡❢❡r❡♥❝✐❛❧ ❞♦ ❡st❛t♦r✱ vrxy = vrx + jvry

✈sxy✲❱❡t♦r t❡♥sã♦ ❞♦ ❡st❛t♦r ❡♠ ✉♠ r❡❢❡r❡♥❝✐❛❧ ❞♦ ❡st❛t♦r✱ vsxy = vsx + jvsy

ω✲❋r❡q✉ê♥❝✐❛ ❛♥❣✉❧❛r

θ✲❉❡❢❛s❛♠❡♥t♦ ❡♥tr❡ ❞✉❛s ❣r❛♥❞❡③❛s

λsdq✲❱❡t♦r ✢✉①♦ ❞♦ ❡st❛t♦r ❡♠ ✉♠ r❡❢❡r❡♥❝✐❛❧ ❞♦ ❡st❛t♦r✱ λsdq = λsd + jλsq

λrdq✲❱❡t♦r ✢✉①♦ ❞♦ ❡st❛t♦r ❡♠ ✉♠ r❡❢❡r❡♥❝✐❛❧ ❞♦ ❡st❛t♦r✱ λrdq = λrd + jλrq

ωr✲❋r❡q✉ê♥❝✐❛ ❞❡ r♦t❛çã♦ ❞♦ r♦t♦r r❛❞✴s



●❧♦ssár✐♦

❇4 ✕ ■♥✈❡rs♦r tr✐❢ás✐❝♦ ❝♦♠ q✉❛tr♦ ❝❤❛✈❡s ❡ q✉❛tr♦ ❞✐♦❞♦s

❈❆ ✕ ❈♦rr❡♥t❡ ❛❧t❡r♥❛❞❛

❈❈ ✕ ❈♦rr❡♥t❡ ❝♦♥tí♥✉❛

❉❋■● ✕ ❉♦✉❜❧❡ ❋❡❞ ■♥❞✉❝t✐♦♥ ❣❡♥❡r❛t♦rs ✲ ▼áq✉✐♥❛ ❞❡ ■♥❞✉çã♦ ❯t✐❧✐③❛❞❛ ❝♦♠♦ ●❡r✲
❛❞♦r ❉✉♣❧❛♠❡♥t❡ ❆❧✐♠❡♥t❛❞❛

❉❚❈ ✕ ❉✐r❡❝t ❚♦rq✉❡ ❈♦♥tr♦❧ ✲ ❈♦♥tr♦❧❡ ❉✐r❡t♦ ❞❡ ❚♦rq✉❡

●P■✶✱●P■✷ ✕ ❈♦♥tr♦❧❛❞♦r❡s P■

●P■✸ ✕ ❈♦♥tr♦❧❛❞♦r P■ ♠♦❞✐✜❝❛❞♦

●❚❖ ✕ ●❛t❡ ❚✉r♥ ❖✛ ❚❤②s✐st♦r

■❋❖❈ ✕ ■♥❞✐r❡❝t ❋✐❡❧❞ ❖r✐❡♥t❡❞ ❈♦♥tr♦❧ ✲ ❈♦♥tr♦❧❡ ♣♦r ❖r✐❡♥t❛çã♦ ■♥❞✐r❡t❛ ♣❡❧♦
❈❛♠♣♦

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

▼■❍ ✕ ▼áq✉✐♥❛ ❞❡ ■♥❞✉çã♦ ❍❡①❛❢ás✐❝❛

◆❖❘ ✕ ❖✉ ▲ó❣✐❝♦ ❊①❝❧✉s✐✈♦

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

❙❱P❲▼ ✕ ▼♦❞✉❧❛çã♦ ✈❡t♦r✐❛❧

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

❯P❙ ✕ ❯♥✐♥t❡rr✉♣t✐❜❧❡ P♦✇❡r ❙✉♣❧② ✲ ❋♦♥t❡ ❞❡ ❚❡♥sã♦ ■♥✐♥t❡rr✉♣t❛

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

①✈
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✶✳✶ ❆♣r❡s❡♥t❛çã♦ ❞♦ t❡♠❛

❖ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ t❡❝♥♦❧ó❣✐❝♦ ♥❛s ú❧t✐♠❛s ❞é❝❛❞❛s ♠✉✐t♦ ❝♦♥tr✐❜✉✐✉ ♣❛r❛ ♦ ❛♣❡r❢❡✐❝♦❛♠❡♥t♦

❞♦s ❞✐s♣♦s✐t✐✈♦s s❡♠✐❝♦♥❞✉t♦r❡s✿ ■●❇❚✬s✱ ●❚❖✬s✱ ❞✐♦❞♦s✱ t✐r✐st♦r❡s✱ ❡t❝✳ ❖s ♥í✈❡✐s ❞❡ t❡♥sã♦

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

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

s✐♥❛✐s ❡ ❛s té❝♥✐❝❛s ❞❡ ❝♦♥tr♦❧❡ t❛♠❜é♠ ❡✈♦❧✉✐r❛♠ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❛ ❝❛♣❛❝✐❞❛❞❡ t❡❝♥♦❧ó❣✐❝❛✳

❖ ❛✉♠❡♥t♦ ♥♦ ❞❡s❡♠♣❡♥❤♦ ❞❡st❡s ❞✐s♣♦s✐t✐✈♦s ❛❧✐❛❞♦ ❛♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❛s ár❡❛s ❛✜♥s

♣❡r♠✐t✐✉ ✉♠❛ ♠❛✐♦r ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ❞❡ ❡♥❡r❣✐❛✱ ❛❧é♠ ❞❡ ✉♠❛ ✉t✐❧✐③❛çã♦ ❝❛❞❛

✈❡③ ♠❛✐♦r ❞❛s ♣♦ss✐❜✐❧✐❞❛❞❡s ✐♥❡r❡♥t❡s à ✐♥♦✈❛çã♦ t❡❝♥♦❧ó❣✐❝❛✳

❆ ❡❧❡trô♥✐❝❛ ❞❡ ♣♦tê♥❝✐❛✱ ❡♠ s✉♠❛✱ tr❛t❛ ❞❛ ❝♦♥✈❡rsã♦✱ ❝♦♥tr♦❧❡ ❡ ❞✐r❡❝✐♦♥❛♠❡♥t♦ ❞❡

♣♦tê♥❝✐❛ ❡❧étr✐❝❛ ❡♠ ♠✉✐t❛s ❛♣❧✐❝❛çõ❡s✱ t❛✐s ❝♦♠♦✿ ❢♦♥t❡s r❡❣✉❧❛❞❛s✱ ❛q✉❡❝✐♠❡♥t♦✱ ❝♦♥tr♦❧❡

❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛✱ ✜❧tr❛❣❡♠ ❛t✐✈❛ ❞❡ ❤❛r♠ô♥✐❝♦s✱ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ♠áq✉✐♥❛s ❡❧étr✐❝❛s✱

❡t❝✳ ❆ ♠❛✐♦r ♣❛rt❡ ❞❡st❛s t❛r❡❢❛s ♥❡❝❡ss✐t❛ ❞❡ ✉♠❛ ❢♦r♠❛ ❞❡ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞❡ ❡♥❡r❣✐❛ ❡

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

❛♣❧✐❝❛❞♦s ❡♠ ♠é❞✐❛✱ ❜❛✐①❛ ❡ ❛❧t❛ ♣♦tê♥❝✐❛✳ ❈♦♠♦ ♦ ✉s♦ ❞❡ t❛✐s ❝♦♥❞✐❝✐♦♥❛❞♦r❡s ❞❡ ♣♦tê♥❝✐❛

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

❞❛s t♦♣♦❧♦❣✐❛s ❡①✐st❡♥t❡s ❜✉sq✉❡♠ ❞❡ ❛❧❣✉♠ ♠♦❞♦ r❡❞✉③✐r ❡ss❡s ❡❢❡✐t♦s✳

❖s ❞✐s♣♦s✐t✐✈♦s s❡♠✐❝♦♥❞✉t♦r❡s sã♦ ❛rr❛♥❥❛❞♦s ❡♠ t♦♣♦❧♦❣✐❛s ✭❝♦♥✈❡rs♦r❡s✮ q✉❡ ♣❡r♠✐t❡♠

✶
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❛ ❝♦♥✈❡rsã♦ ❡stát✐❝❛ ❞❡ ♣♦tê♥❝✐❛✱ ❛❧❣✉♥s ❞❡ss❡s ❝♦♥✈❡rs♦r❡s sã♦ ♦❜t✐❞♦s ✉t✐❧✐③❛♥❞♦ ❞✐s♣♦s✐t✐✈♦s

❞❡ ❞✐s♣❛r♦ ❡ ❜❧♦q✉❡✐♦ ❝♦♥tr♦❧❛❞♦✱ ❞❡ss❡ ♠♦❞♦✱ ♦ ❝♦♥tr♦❧❡ ❡stát✐❝♦ ❞♦ ✢✉①♦ ❞❡ ♣♦tê♥❝✐❛ ❡❧étr✐❝❛

❡♥tr❡ ❛ ❢♦♥t❡ ❡ ❛ ❝❛r❣❛ é r❡❛❧✐③❛❞♦ ❛ ♣❛rt✐r ❞❡ ✉♠ ❛❞❡q✉❛❞♦ ❝❤❛✈❡❛♠❡♥t♦ ❞♦ ❝♦♥✈❡rs♦r✱ ♣♦r

♠❡✐♦ ❞❡ ✉♠❛ ❡strát❡❣✐❛ ❞❡ ♠♦❞✉❧❛çã♦ q✉❡ ❝♦♥s✐st❡ ♥❛ t❡♥t❛t✐✈❛ ❞❡ r❡♣r♦❞✉③✐r ❝♦♠ ♦ ♠á①✐♠♦

❞❡ ✜❞❡❧✐❞❛❞❡ ✉♠❛ ❣r❛♥❞❡③❛ ❞❡ r❡❢❡rê♥❝✐❛✳ ❊♠ ❣❡r❛❧✱ ❛ r❡❢❡rê♥❝✐❛ é ✉♠ s✐♥❛❧ s❡♠ ♥❡♥❤✉♠

❝♦♥t❡ú❞♦ ❤❛r♠ô♥✐❝♦✱ ❝♦♠ ❛♠♣❧✐t✉❞❡ ❡ ❢❛s❡ ❞❡✜♥✐❞❛s✳ ❊♠ ú❧t✐♠❛ á♥❛❧✐s❡✱ ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦

❞♦s ❝♦♥✈❡rs♦r❡s é ✉♠❛ ❛çã♦ ❞❡ ❧✐❣❛✴❞❡s❧✐❣❛✱ ❝♦♠ t❛①❛s ❞❡ ✈❛r✐❛çã♦ ❞❡ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ às

✈❡③❡s ❡❧❡✈❛❞❛s✳ ❆s ❣r❛♥❞❡③❛s ❞❡ s❛í❞❛ ✭♠♦❞✉❧❛❞❛s✮ ♣♦❞❡rã♦ ❡st❛r ❞❡❢❛s❛❞❛s✱ ❞✐st♦r❝✐❞❛s ♦✉

♣♦ss✉✐r❡♠ ✉♠ ❝♦♥t❡ú❞♦ ❤❛♠ô♥✐❝♦ ❡t❝✳ ❆ t❛r❡❢❛ ❞❛ ❡❧❡trô♥✐❝❛ ❞❡ ♣♦tê♥❝✐❛ ❝♦♥s✐st❡ ❡♥tã♦ ♥❛

❜✉s❝❛ ❞❛ ♠❡❧❤♦r t♦♣♦❧♦❣✐❛✱ ❞♦ ♠❡❧❤♦r ♠♦❞♦ ❞❡ ❛❝✐♦♥á✲❧❛ ❡ ❡♠ ❛❧❣✉♥s ❝❛s♦s✱ ♥❛ té❝♥✐❝❛ ❞❡

❝♦♥tr♦❧❡ ♥❡❝❡ssár✐❛ ♣❛r❛ r❡❞✉③✐r ❛♦ ♠á①✐♠♦ ❛s ❞✐❢❡r❡♥ç❛s ❡♥tr❡ ❛ ❣r❛♥❞❡③❛ ❞❡ r❡❢❡rê♥❝✐❛ ❡ ❛

❞❡ s❛í❞❛✳

❖ ♣r♦❥❡t♦ ❞❡ ✉♠❛ ❡str✉t✉r❛ ♦✉ ❛ ♦t✐♠✐③❛çã♦ ❞❛s ❡str✉t✉r❛s ❡①✐st❡♥t❡s ✐♥❡✈✐t❛✈❡❧♠❡♥t❡

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

❛✉♠❡♥t❛r ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❤❛r♠ô♥✐❝♦s ♦✉ ❛✐♥❞❛ ❛✉♠❡♥t❛r ♦ ❡s❢♦rç♦ s♦❜r❡ ❛s ❝❤❛✈❡s r❡st❛♥t❡s✳

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

♠❛✐s ❝♦♠♣♦♥❡♥t❡s✳ ➱ ♥❡❝❡ssár✐♦✱ ♣♦rt❛♥t♦✱ ❛ ❞❡✜♥✐çã♦ ❞❡ ❢❛t♦r❡s q✉❡ ♣❡r♠✐t❛♠ ❝♦♠♣❛r❛r

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

s❡❣✉✐♥t❡s ❝❛r❛❝t❡ríst✐❝❛s✿ ❛♥á❧✐s❡ ❞❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧✱ q✉❛♥t✐❞❛❞❡ ❞❡ ❞✐s♣♦s✐t✐✈♦s

♥❛ ❡str✉t✉r❛✱ ❝✉st♦✱ ♣❡r❞❛s ♥♦s s❡♠✐❝♦♥❞✉t♦r❡s ✭❜❧♦q✉❡✐♦ ❡ ❝❤❛✈❡❛♠❡♥t♦✮✱ ❝♦♠♣❧❡①✐❞❛❞❡ ❞❡

✐♠♣❧❡♠❡♥t❛çã♦✱ ❡t❝✳

❖ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ♠áq✉✐♥❛s ❡❧étr✐❝❛s ❛❜r❛♥❣❡ ✉♠❛ ❞✐✈❡rs✐❞❛❞❡ ❞❡ ❛♣❧✐❝❛çõ❡s✿ ✈❡í❝✉❧♦s

❡❧étr✐❝♦s✱ ❜♦♠❜❛s✱ tr❛♥s♣♦rt❛❞♦r❡s✱ ❛♣❧✐❝❛çõ❡s r✉r❛✐s ❡ r♦❜ôs✳ ❊♠ ❣❡r❛❧ ❛s ♠áq✉✐♥❛s ❡❧étr✐❝❛s

❛❝✐♦♥❛❞❛s ♥❡st❛s ❛♣❧✐❝❛çõ❡s sã♦ tr✐❢ás✐❝❛s ❡ ❛❧✐♠❡♥t❛❞❛s ❞✐r❡t❛♠❡♥t❡ ❞❛ r❡❞❡ tr✐❢ás✐❝❛✱ ♦✉

❛✐♥❞❛✱ ❝♦♠♦ ❢r✐s❛❞♦✱ ♣♦❞❡♠ s❡r ❛❧✐♠❡♥t❛❞❛s ❛ ♣❛rt✐r ❞❡ ❝♦♥✈❡rs♦r❡s ❡stát✐❝♦s✳ ❘❡ss❛❧t❛♥❞♦

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

❞❡ ❞❛❞♦s ❝♦♠♦ ❢❛t♦r❡s q✉❡ t❛♠❜é♠ ❝♦♥tr✐❜✉ír❛♠ ♣❛r❛ ♦ ✉s♦ ❞❡ ❝♦♥✈❡rs♦r❡s✱ ❛❝r❡s❝❡♥t❛❞♦

às ♣♦ss✐❜✐❧✐❞❛❞❡s ❞❡ ❝♦♥❡①ã♦ ❞♦s ❞✐s♣♦s✐t✐✈♦s ❢♦✐ ♣♦ssí✈❡❧ ❛❧❝❛♥ç❛r ♥í✈❡✐s ♠❛✐s ❡❧❡✈❛❞♦s ❞❡

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

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

r❡♠♦✈✐❞❛✱ ❛❜r✐♥❞♦ ❛ss✐♠ ❛♣❧✐❝❛çõ❡s ♣❛r❛ ♠áq✉✐♥❛s ❝♦♠ ♥ú♠❡r♦ ❞❡ ❢❛s❡s ♠❛✐♦r q✉❡ três✳
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◗✉❛♥❞♦ ♦ ♥ú♠❡r♦ ❞❡ ❢❛s❡s é ❛♠♣❧✐❛❞♦ ❤á ✉♠❛ ♠❡❧❤♦r ❞✐str✐❜✉✐çã♦ ❞❛ ♣♦tê♥❝✐❛ ❡ ✉♠❛

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

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

❈♦♠♦ ♣♦ss✉❡♠ ✉♠ ♠❛✐♦r ♥ú♠❡r♦ ❞❡ ❢❛s❡s ♣♦❞❡♠ s❡r ❛❝✐♦♥❛❞❛s ❞❡ ♠♦❞♦ s❛t✐s❢❛tór✐♦✱ ♠❡s♠♦

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

❛ ❝♦♥✜❣✉r❛çã♦ ❞♦ ❝♦♥✈❡rs♦r✳ ❙ã♦ ✉t✐❧✐③❛❞❛s ❛✐♥❞❛ ❝♦♠ ✈✐st❛s ❛ ✉♠❛ r❡❞✉çã♦ ❞❛ t❡♥sã♦ ❞❡

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

❍á ❞✐❢❡r❡♥t❡s ❝♦♥✜❣✉r❛çõ❡s ❞❡ ♠áq✉✐♥❛s ♠✉❧t✐❢❛s❡s✱ ♣♦r ❡①❡♠♣❧♦✿ ♣❡♥t❛❢ás✐❝❛✱ ❤❡①❛❢ás✐❝❛

❡ ♥♦♥❛❢ás✐❝❛✳ ❊✈✐❞❡♥t❡ q✉❡ sã♦ ❞✐❢❡r❡♥t❡s q✉❛♥t♦ ❛♦ ♥ú♠❡r♦ ❞❡ ❢❛s❡s✱ ♠❛s t❛♠❜é♠ ❞✐❢❡r❡♠

q✉❛♥t♦ ❛♦ ♠♦❞♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦ ♣♦❞❡♥❞♦ s❡r ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦✱ sí♥❝r♦♥❛✱ ❞❡ r❡❧✉tâ♥❝✐❛

❝❤❛✈❡❛❞❛✱ ❡t❝✳ ❯♠❛ ❞❡st❛s ❝♦♥✜❣✉r❛çõ❡s é ❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦ ❤❡①❛❢ás✐❝❛ ❝♦♠ ♦ ❡st❛t♦r

❝♦♥st✐t✉✐❞♦ ♣♦r ❞♦✐s ❝♦♥❥✉♥t♦s tr✐❢ás✐❝♦s ❞✐✈✐❞✐♥❞♦ ♦ ♠❡s♠♦ ♠❛t❡r✐❛❧ ♠❛❣♥ét✐❝♦✳ ❖s ❝♦♥✲

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

✈❛r✐❛çã♦ ❞❡ ❛❧❢❛ sã♦ ❞❡ ✵✱ ✸✵ ❡ ✻✵ ❣r❛✉s✳

❖ ❛❝✐♦♥❛♠❡♥t♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ❞❡ ✉♠❛ ♠áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ ✉t✐❧✐③❛♥❞♦ ❝♦♥✈❡rsã♦ ❡stát✐❝❛

é ❢❡✐t♦ ❛ ♣❛rt✐r ❞❡ ✉♠ ✐♥✈❡rs♦r ❞❡ ✻ ❜r❛ç♦s✱ ❝♦♠♦ ✐❧✉str❛❞♦ ♥❛ ✜❣✉r❛ ✶✳✶✳ ❯♠ s✐st❡♠❛ ❝♦♠♦

❡st❡ t❡♠ ✉♠ t♦t❛❧ ❞❡ ✶✷ ❞✐s♣♦s✐t✐✈♦s s❡♠✐❝♦♥❞✉t♦r❡s✳ ❯♠❛ ❞❛s ♣r✐♥❝✐♣❛✐s ❞❡s✈❛♥t❛❣❡♥s ❞❡

s❡ ✉t✐❧✐③❛r ♠áq✉✐♥❛s ❝♦♠ ✉♠ ♠❛✐♦r ♥ú♠❡r♦ ❞❡ ❢❛s❡s é ♦ ❝♦♥s❡q✉❡♥t❡ ❛✉♠❡♥t♦ ❞♦ ♥ú♠❡r♦

❞❡ ❞✐s♣♦s✐t✐✈♦s ♥❡❝❡ssár✐♦s ♥❛s t♦♣♦❧♦❣✐❛s✳ ❖ ❛❝✐♦♥❛♠❡♥t♦ tr✐❢ás✐❝♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ✉t✐❧✐③❛ ✉♠

t♦t❛❧ ❞❡ ✻ ❝❤❛✈❡s ❡♥q✉❛♥t♦ ♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ❤❡①❛❢ás✐❝♦ ✉t✐❧✐③❛ ♦ ❞♦❜r♦✳

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

❝♦♥❞✉t♦r❡s ♥❛s ♣❧❛t❛❢♦r♠❛s ❞❡ ❛❝✐♦♥❛♠❡♥t♦✳ ❆s t♦♣♦❧♦❣✐❛s ❝❧áss✐❝❛s sã♦ ♠♦❞✐✜❝❛❞❛s ❝♦♠ ❛

r❡t✐r❛❞❛ ❞❡ ❝❤❛✈❡s ❡ ❛❧t❡r❛çã♦ ❞♦ ❝♦♥✈❡rs♦r ❡ ❞❡ s✉❛ té❝♥✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦✳ P❛r❛ ♦ ❝♦♥✈❡r✲

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

❝❛r❣❛ ❛♦ ♣♦♥t♦ ❝❡♥tr❛❧ ❞♦ ❜❛rr❛♠❡♥t♦ ❝❛♣❛❝✐t✐✈♦✳ P❛r❛ ♦ ❝❛s♦ ❤❡①❛❢ás✐❝♦✱ ❛❧é♠ ❞❡st❛s ♣♦s✲

s✐❜✐❧✐❞❛❞❡s✱ ❤á ❛♣❧✐❝❛çõ❡s q✉❡ ✉t✐❧✐③❛♠ ✉♠ ❝♦♥✈❡rs♦r t❡tr❛❢ás✐❝♦✱ ❡♠ ♦✉tr♦s ❝❛s♦s é ♣♦ssí✈❡❧

❝♦♥❡❝t❛r t❡r♠✐♥❛✐s ❞❛ ♠áq✉✐♥❛ ❡ ✉t✐❧✐③❛r ✉♠ ❝♦♥✈❡rs♦r ♣❡♥t❛❢ás✐❝♦✳

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

◆❛ ✜❣✉r❛ ✶✳✷ ❡stá ✐♥❞✐❝❛❞❛ ✉♠❛ t♦♣♦❧♦❣✐❛ ❝♦♠ ✾ ❞✐s♣♦s✐t✐✈♦s ✭✾❙✮✱ ✐♥✐❝✐❛❧♠❡♥t❡ ✉t✐❧✐③❛❞❛

♥♦ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ❞✉❛s ❝❛r❣❛s tr✐❢ás✐❝❛s ✐♥❞❡♣❡♥❞❡♥t❡s✱ q✉❡ ♣♦ss✉✐ ✻ t❡r♠✐♥❛✐s ❡ q✉❡ ♣♦❞❡
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❋✐❣✉r❡ ✶✳✶✿ ❊str✉t✉r❛ ❝♦♥✈❡♥❝✐♦♥❛❧ ♣❛r❛ ❛❝✐♦♥❛♠❡♥t♦ ❤❡①❛❢ás✐❝♦✳

s❡r ❛♣❧✐❝❛❞❛ ♥♦ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ❝❛r❣❛s ❤❡①❛❢ás✐❝❛s✳ ❈♦♠♦ ✈✐st♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ❛s t♦♣♦❧♦✲

❣✐❛s ❝❧áss✐❝❛s ♣❛r❛ ❛❧✐♠❡♥t❛çã♦ ❞❡ ❝❛r❣❛s ❤❡①❛❢ás✐❝❛s ✉t✐❧✐③❛♠ ✉♠ t♦t❛❧ ❞❡ ✶✷ ❝❤❛✈❡s ✭✶✷❙✮✱

❡♥q✉❛♥t♦ ❡st❛ t♦♣♦❧♦❣✐❛ ♣❡r♠✐t❡ ✉♠❛ r❡❞✉çã♦ ❞❡ ✸ ❝❤❛✈❡s✳ ❉❡ss❡ ♠♦❞♦✱ é ♥❡❝❡ssár✐♦ ❛ ❛♣❧✐✲

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

❡♥tr❡ ✉♠❛ ❞❡ss❛s t♦♣♦❧♦❣✐❛s ♣❛r❛ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ✉♠❛ ♠áq✉✐♥❛ ❤❡①❛❢ás✐❝❛✳
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✶✳✷ ❖r❣❛♥✐③❛çã♦ ❞♦ ❚r❛❜❛❧❤♦

❖ t❡①t♦ r❡❧❛t✐✈♦ ❛ ❡st❡ tr❛❜❛❧❤♦ ❞❡ ♣❡sq✉✐s❛ ❡stá ❞✐✈✐❞✐❞♦ ❡♠ ♦✐t♦ ❝❛♣ít✉❧♦s ❡ ♦s tó♣✐❝♦s ❛

s❡❣✉✐r tr❛③❡♠ ✉♠❛ ❜r❡✈❡ ❞❡s❝r✐çã♦ ❞❡ ❝❛❞❛ ✉♠ ❞❡❧❡s✳

❖ ❝❛♣✐t✉❧♦ ✶ ❛♣r❡s❡♥t❛ ✉♠❛ rá♣✐❞❛ ✐♥tr♦❞✉çã♦ ❛♦ t❡♠❛ ❞❛ ❝♦♥✈❡rsã♦ ❡stát✐❝❛ ❞❡ ♣♦tê♥❝✐❛✱

❜✉s❝❛♥❞♦ ❞❡s❝r❡✈❡r ❛s ♣♦ss✐❜✐❧✐❞❛❞❡s ❞❡ ❛♣❧✐❝❛çã♦ ❞♦s ❝♦♥✈❡rs♦r❡s ♥♦ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞❡

♣♦tê♥❝✐❛ ♣❛r❛ ❞✐✈❡rs❛s ❛♣❧✐❝❛çõ❡s ✐♥❝❧✉s✐✈❡ ♥♦ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ♠áq✉✐♥❛s ❡❧étr✐❝❛s✳ ❈✐t❛

t❛♠❜é♠ ❛❧❣✉♥s ♣❛râ♠❡tr♦s ✉t✐❧✐③❛❞♦s ♥❛ ❝♦♠♣❛r❛çã♦ ❞❡ ❞✐❢❡r❡♥t❡s t♦♣♦❧♦❣✐❛s ❞❡ ❝♦♥✈❡rs♦r❡s

❡ ✐♥tr♦❞✉③ ❞✉❛s ❡str✉t✉r❛s ✉t✐❧✐③❛❞❛s ♥♦ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ✉♠❛ ❝❛r❣❛ ❤❡①❛❢ás✐❝❛✳

❖ ❝❛♣ít✉❧♦ ✷ ❛♣r❡s❡♥t❛ ❛ r❡✈✐sã♦ ❜✐❜❧✐♦❣rá✜❝❛ ❡♥❢❛t✐③❛♥❞♦ ❛s ❛♣❧✐❝❛çõ❡s ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛

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

❡ ❛s ❝♦♥tr✐❜✉✐çõ❡s ❞❡❧❡ ❡s♣❡r❛❞❛✳

❖ ❝❛♣ít✉❧♦ ✸ ❛♣r❡s❡♥t❛ ✉♠❛ ❜r❡✈❡ ❞❡s❝r✐çã♦ ❞♦ ❝♦♥✈❡rs♦r ✾❙ ✲ ▼♦❞❡❧♦✱ ❡st❛❞♦s ❞❡ ❝❤❛✈❡❛✲

♠❡♥t♦ ❡ ❛s r❡str✐çõ❡s ✐♠♣♦st❛s à ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ♠♦❞✉❧❛çã♦ P❲▼✱ ❛ss✐♠ ❝♦♠♦ ❞❡s❝r❡✈❡ ❛

té❝♥✐❝❛ P❲▼ ❡♠♣r❡❣❛❞❛✳ ❆♣r❡s❡♥t❛ ❛✐♥❞❛ ✉♠❛ ❞❡s❝r✐çã♦ ❞♦ ♠♦❞❡❧♦ ❞♦ ❝♦♥✈❡rs♦r ✶✷❙✳

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

❝❛❞❛s ❡♠ ❝♦♥✈❡rs♦r❡s ♣❛r❛ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ♠áq✉✐♥❛s ❡❧étr✐❝❛s✳ ❚❛♠❜é♠ ❞❡s❝r❡✈❡ ❜r❡✈❡♠❡♥t❡

❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ❛♣❧✐❝❛❞❛ ♥❛s ❞✉❛s ❡st✉t✉r❛s ❛♥❛❧✐s❛❞❛s✳

◆♦ ❝❛♣ít✉❧♦ ✺ ❛s t♦♣♦❧♦❣✐❛s sã♦ ❛♥❛❧✐s❛❞❛s q✉❛♥t♦ ❛♦ ✈❛❧♦r ❞❡ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ ❞❛

t❡♥sã♦ ❡ ❞❛ ❝♦rr❡♥t❡ ♥♦ ❧❛❞♦ ❞❛ ❝❛r❣❛✳ P❛r❛ ✉♠ ❡st✉❞♦ ❞❛s ❝❛r❛❝t❡rít✐❝❛s ❞♦s ❝♦♥✈❡rs♦r❡s

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

❝♦♥s✐❞❡r♦✉✲s❡ ❛♣❡♥❛s ❛❧❣✉♥s ✈❛❧♦r❡s ❡s♣❡❝í✜❝♦s ❞♦ ❢❛t♦r ❞❡ r♦❞❛ ❧✐✈r❡✳

◆♦ ❝❛♣ít✉❧♦ ✻ ❡stã♦ t❛❜❡❧❛❞♦s ♦s ❞❛❞♦s r❡❧❛t✐✈♦s ❛♦ ❡st✉❞♦ ❞❡ ♣❡r❞❛s ♥♦s s❡♠✐ ❝♦♥❞✉t♦r❡s

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

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

♠áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ ❝♦♥s✐❞❡r❛❞♦s✿ ▼áq✉✐♥❛ ❛ss✐♠étr✐❝❛ ❡ ♠áq✉✐♥❛ s✐♠étr✐❝❛✳

❖ ❝❛♣ít✉❧♦ ✼ ❛♣r❡s❡♥t❛ ♦s ♣❛râ♠❡tr♦s ❞♦ s✐st❡♠❛ s✐♠✉❧❛❞♦ ❡ ❛s ❝♦♥❞✐çõ❡s q✉❡ ❞❡✈❡♠

s❡r ♦❜s❡r✈❛❞❛s ♥❛ s✐♠✉❧❛çã♦ ❞♦ ♠♦❞❡❧♦✳ ◆❡st❡ ❝❛♣ít✉❧♦ t❛♠❜é♠ é ❛♣r❡s❡♥t❛❞♦ ✉♠❛ ❛♥á❧✐s❡

❞♦s ♥í✈❡✐s ❞❡ t❡♥sã♦ ❡ ❝♦rr❡♥t❡ ❛ q✉❡ ♦s ❞✐s♣♦s✐t✐✈♦s ❞❡ ❝❛❞❛ t♦♣♦❧♦❣✐❛s ❡stã♦ s✉❜♠❡t✐❞♦s✳

❆♣r❡s❡♥t❛ ❛✐♥❞❛ ♦s r❡s✉❧t❛❞♦s ❞❡ ♠❛❧❤❛ ❛❜❡rt❛ ❡ ❞❡ ♠❛❧❤❛ ❢❡❝❤❛❞❛ ♣❛r❛ ❛s ❞✉❛s t♦♣♦❧♦❣✐❛s
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❖ ❝❛♣ít✉❧♦ ✽ s✉♠❛r✐③❛ t♦❞❛s ❛s ❝♦♥❝❧✉sõ❡s ❞❡st❡ tr❛❜❛❧❤♦ ❞❡ ♣❡sq✉✐s❛ ❡ ❛♣♦♥t❛ ❛s ♣r♦✲

♣♦st❛ ♣❛r❛ ✐♥✈❡st✐❣❛çõ❡s ❢✉t✉r❛s ❛ ♣❛rt✐r ❞❛s ✐❞é✐❛s ♥❡❧❡ ❞❡s❡♥✈♦❧✈✐❞❛✳
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❆ ♣❡sq✉✐s❛ ♣♦r ❞✐♠✐♥✉✐çã♦ ❞❡ ❝✉st♦s ❞♦s s✐st❡♠❛s ❞❡ ❛❧✐♠❡♥t❛çã♦ ❞❡ ❝❛r❣❛s t❡♠ s✐❞♦ ❝♦♠✉♠

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

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

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

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

♣❡r♠✐t❡♠ r❡❞✉③✐r ♦ ♥ú♠❡r♦ ❞❡ ❝❤❛✈❡s ❛ss✐♠ ❝♦♠♦ ♦ ♥ú♠❡r♦ ❞❡ ❝✐r❝✉✐t♦s ❛✉①✐❧✐❛r❡s ✉t✐❧✐③❛❞♦s

♥♦ ❝❤❛✈❡❛♠❡♥t♦✳ ❊st❛s ♠♦❞✐✜❝❛çõ❡s ❛❧t❡r❛♠ ♦ ❝✉st♦ t♦t❛❧ ❞❛ ❡str✉t✉r❛✱ ♠❛s ♣♦❞❡♠ ❛❧t❡r❛r

♦✉tr♦s ❢❛t♦r❡s q✉❡ ✐♥✢✉❡♥❝✐❛♠ ♦ ❞❡s❡♠♣❡♥❤♦ ❡ ❛ ❡✜❝✐ê♥❝✐❛ ❞❛ t♦♣♦❧♦❣✐❛✳

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

❝♦♥✈❡rs♦r❡s ♠❛tr✐③❡s✳ ❊♠ ✭❲❤❡❡❧❡r ❡t ❛❧✳✱ ✷✵✵✷✮ é ❢❡✐t❛ ✉♠❛ r❡✈✐sã♦ ❞♦s ❛s♣❡❝t♦s ❣❡r❛✐s

❞❡st❡ t✐♣♦ ❞❡ ❝♦♥✈❡rs♦r✳ ❆ ✐❞é✐❛ ❜ás✐❝❛ é ✉♠ ❛rr❛♥❥♦ ❞❡ s❡♠✐❝♦♥❞✉t♦r❡s ❝♦♥tr♦❧❛❞♦s ❞❡ t❛❧

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

t❛✐s ❝♦♥✈❡rs♦r❡s é ❛ ❣r❛♥❞❡ q✉❛♥t✐❞❛❞❡ ❞❡ ❝❤❛✈❡s ♥❡❝❡ssár✐❛✱ ♥♦r♠❛❧♠❡♥t❡ 18✳ ❆ t♦♣♦❧♦❣✐❛

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

q✉❛♥t✐❞❛❞❡ ❞❡ ❝❤❛✈❡s✱ ❡♠ ✭❲❡✐ ❡t ❛❧✳✱ ✷✵✵✷✮ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛❧❣✉♠❛s ✈❛r✐❛çõ❡s ♣♦ssí✈❡✐s ❡

❛s r❡s♣❡❝t✐✈❛s té❝♥✐❝❛s ❞❡ ❝♦♥tr♦❧❡✳

❯♠ ❡①❡♠♣❧♦ ❞❡ ❝♦♥✈❡rs♦r ❝♦♠ ❧✐❣❛çã♦ ❞❡ ✉♠❛ ❞❛s ❢❛s❡s ❛♦ ♣♦♥t♦ ❝❡♥tr❛❧ ❞♦ ❜❛rr❛♠❡♥t♦

❝❛♣❛❝✐t✐✈♦ é ♦ ✐♥✈❡rs♦r tr✐❢ás✐❝♦ ❝♦♠ q✉❛tr♦ ❝❤❛✈❡s ❡ q✉❛tr♦ ❞✐♦❞♦s ✭❇✹✮✱ s✉❣❡r✐❞♦ ❝♦♠♦

❛❧t❡r♥❛t✐✈❛ ❛♦ ❛❝✐♦♥❛♠❡♥t♦ ♣❛❞rã♦ tr✐❢ás✐❝♦ ❢❡✐t♦ ❝♦♠ 6 ❝❤❛✈❡s✳ ❆❧❣✉♠❛s ♠❡❧❤♦r✐❛s t❡♠ s✐❞♦

✼
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s✉❣❡r✐❞❛s ♣❛r❛ ♦t✐♠✐③❛r ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❡ t❛❧ ✐♥✈❡rs♦r✳ Pr♦♣♦st❛s q✉❡ ✐♥❝❧✉❡♠ té❝♥✐❝❛s ❞❡

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

♦s❝✐❧❛çõ❡s ❞❡ t♦rq✉❡ ❞♦ ♠♦t♦r ✭❇❧❛❛❜❥❡r❣ ❡t ❛❧✳✱ ✶✾✾✺✮✳ ❖✉ ❛ ✐♥✈❡st✐❣❛çã♦ ❞❡ ✉♠❛ té❝♥✐❝❛

P❲▼ ♣❛r❛ r❡❞✉çã♦ ❞♦ ❝♦♥t❡ú❞♦ ❤❛r♠ô♥✐❝♦ ✭❱❛♥ ❞❡r ❇r♦❡❝❦ ❡ ❱❛♥ ❲②❦✱ ✶✾✽✹✮ ❞❡ ♠♦❞♦ ❛

♦♣❡r❛r ♦ ✐♥✈❡rs♦r ❇✹ ❝♦♠ ♦ ♠❡s♠♦ r❡s✉❧t❛❞♦ ❞❡ ✉♠ ✐♥✈❡rs♦r tr✐❢ás✐❝♦ ❝♦♥✈❡♥❝✐♦♥❛❧✳

❯♠❛ ❛❜♦r❞❛❣❡♠ ❞✐❢❡r❡♥t❡ é ♣r♦♣♦st❛ ❡♠ ✭❏♦♥❡s ❡t ❛❧✳✱ ✷✵✵✽✮ ❝♦♠ ❛ t♦♣♦❧♦❣✐❛ ✜✈❡ ❧❡❣s

❛♣❧✐❝❛❞❛ ♥♦ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ❞✉❛s ♠áq✉✐♥❛s tr✐❢ás✐❝❛s✳ ❯♠ ❜r❛ç♦ é ❝♦♠♣❛rt✐❧❤❛❞♦ ❡♥tr❡ ❞✉❛s

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

❡♠♣r❡❣❛❞❛ ✭❝♦♥tr♦❧❡ ✈❡t♦r✐❛❧✮✱ ❛s ♠áq✉✐♥❛s ♣♦❞❡♠ s❡r ❛❝✐♦♥❛❞❛s ❞❡ ♠♦❞♦ ✐♥❞❡♣❡♥❞❡♥t❡✳ ❖

❝♦♥✈❡rs♦r ✜✈❡ ❧❡❣s ♣♦❞❡ ❛✐♥❞❛ s❡r ♠♦❞✐✜❝❛❞♦ ♣❡❧❛ ❝♦♥❡①ã♦ ❞❡ ✉♠ ❞♦s ❜r❛ç♦❛ ❛♦ ♣♦♥t♦ ❝❡♥tr❛❧

❞♦s ❝❛♣❛❝✐t♦r❡s✱ ❝♦♠♦ ❡♠ ✭▲❡❞❡③♠❛ ❡t ❛❧✳✱ ✷✵✵✶✮✱ ❛ t♦♣♦❧♦❣✐❛ r❡s✉❧t❛♥t❡ é s❡♠❡❧❤❛♥t❡ ❛♦ ✭❇✹✮

❡ ♣♦ss✉✐ ❛♣❡♥❛s 8 ❝❤❛✈❡s ♣❛r❛ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ❞✉❛s ❝❛r❣❛s tr✐❢ás✐❝❛s✳

❆ ❡str✉t✉r❛ ♣r♦♣♦st❛ ❡♠ ✭❑♦♠✐♥❛♠✐ ❡ ❋✉❥✐♠♦t♦✱ ✷✵✵✼✮ ♣♦ss✐❜✐❧✐t❛ ♦ ❝♦♥tr♦❧❡ ✐♥❞❡♣❡♥✲

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

❆ ❡str✉t✉r❛ é ♣♦ss✉✐ ✾ ❝❤❛✈❡s✱ s❡♥❞♦ ♦❜t✐❞❛ ❛ ♣❛rt✐r ❞❛ s♦❜r❡♣♦s✐çã♦ ❞❡ ❞♦✐s ✐♥✈❡rs♦r❡s tr✐❢ás✐✲

❝♦s ❡ ❝♦♠♣❛rt✐❧❤❛♥❞♦ ❛s ✸ ❝❤❛✈❡s ❞♦ ♠❡✐♦ ❞❡ ❝❛❞❛ ❜r❛ç♦✳ ❍á ✉♠❛ r❡❞✉çã♦ ❞❡ três ❝❤❛✈❡s

q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦ ❝♦♠ ♦ ♠♦❞♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ❞❡ ❛❝✐♦♥❛r ❞✉❛s ❝❛r❣❛s tr✐❢ás✐❝❛s✳ ❊st❡ ❛rt✐❣♦

♣r♦♣õ❡ ❛✐♥❞❛ ✉♠❛ ❣❡♥❡r❛❧✐③❛çã♦ ❞❡st❛ t♦♣♦❧♦❣✐❛✱ ♣❛r❛ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ◆ ❝❛r❣❛s✳

❖❜s❡r✈❛♥❞♦✲s❡ ✉♠ ❜r❛ç♦ ❡♠ ❡s♣❡❝í✜❝♦ ❞♦ ❝♦♥✈❡rs♦r 9❙✱ ♣❡r❝❡❜❡✲s❡ ❛ ❝♦♥❡①ã♦ ❞❡ três

❞✐s♣♦s✐t✐✈♦s ✐♠♣õ❡ r❡str✐çõ❡s q✉❛♥t♦ ❛♦ ♠♦❞♦ ❞❡ s❡ ❛❝✐♦♥❛r ♦ ❝♦♥✈❡rs♦r✳ ❆ ❧✐st❛ ❞❡ t♦❞♦s

♦s ❡st❛❞♦s ♣♦ssí✈❡s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞♦ ❝♦♥✈❡rs♦r 9❙ é r❡❞✉③✐❞❛ q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛ ❝♦♠

❛ ❞❡ ✉♠ ❝♦♥✈❡rs♦r ✶✷❙✳ ✭●❛♦ ❡t ❛❧✳✱ ✷✵✶✵✮ ❢❛③ ✉♠ ❡st✉❞♦ ♠❛✐s ❞❡t❛❧❤❛❞♦ ❞❛s r❡str✐çõ❡s

❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞♦ ✐♥✈❡rs♦r ✾❙✳ ❙ã♦ ❡st✉❞❛❞❛s ❛s ♣♦ss✐❜✐❧✐❞❛❞❡s ❞❡ ❛❝✐♦♥❛♠❡♥t♦ q✉❛♥❞♦

❛s s❛í❞❛s ❞♦s ❞♦✐s ❝♦♥❥✉♥t♦s tr✐❢ás✐❝♦s ❛❧✐♠❡♥t❛♠ ❝❛r❣❛s ❝♦♠ ❛ ♠❡s♠❛ ❢r❡q✉ê♥❝✐❛ ❡ q✉❛♥❞♦

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

❝♦♥tí♥✉❛ ❡ ❞❡s❝♦♥tí♥✉❛✳ ❆ q✉❛♥t✐❞❛❞❡ ❞❡ ❝♦♠✉t❛çõ❡s é ❛ ♠❡s♠❛ ❞♦ 12❙ q✉❛♥❞♦ ♦♣❡r❛♥❞♦

❡♠ ✉♠❛ ♠❡s♠❛ ❢r❡q✉ê♥❝✐❛✱ ❛♣❡s❛r ❞❛ r❡❞✉çã♦ ❞❡ ❝❤❛✈❡s ❞♦ 9❙✳ ❆s ❡str❛té❣✐❛s ♣r♦♣♦st❛s ❞❡

♠♦❞✉❧❛çã♦ ❞❡s❝♦♥tí♥✉❛ ❛✉♠❡♥t❛♠ ❛ ❡✜❝✐ê♥❝✐❛ ❞♦ ✐♥✈❡rs♦r✱ ❥á q✉❡ ♣❡r♠✐t❡♠ ❛❝✐♦♥á✲❧♦ ❝♦♠

✉♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ❝♦♠✉t❛çõ❡s✳

❆ t♦♣♦❧♦❣✐❛ ❞❡ ♥♦✈❡ ❞✐s♣♦s✐t✐✈♦s é ❝♦♠♣❛r❛❞❛ ❝♦♠ ♦ ✐♥✈❡rs♦r ❞❡ ✺ ❜r❛ç♦s ❡♠ ✭❖❦❛ ❡t ❛❧✳✱
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✷✵✵✼✮✱ ❛♠❜♦s ❛❝✐♦♥❛♥❛♥❞♦ ❞♦✐s ♠♦t♦r❡s ❈❆✲tr✐❢ás✐❝♦s ❞❡ ♠♦❞♦ ✐♥❞❡♣❡♥❞❡♥t❡✳ ❖s ❝♦♥✈❡rs♦r❡s

sã♦ ❝♦♠♣❛r❛❞♦s q✉❛♥t♦ ❛ r❡❧❛çã♦ ❡♥tr❡ ♠á①✐♠❛ t❡♥sã♦ ❛♣r❡s❡♥t❛❞❛ ♥❛ s❛í❞❛ ❡ ❛ t❡♥sã♦ ❈❈

❞♦ ❜❛rr❛♠❡♥t♦✳ ❯♠❛ ❡str❛té❣✐❛ ❞❡ ♠♦❞✉❧❛çã♦ é ✉t✐❧✐③❛❞❛ ♣❛r❛ ♣❡r♠✐t✐r ♦ ❛❝✐♦♥❛♠❡♥t♦ ❞❡

❞✉❛s ♠áq✉✐♥❛s ❞✐❢❡r❡♥t❡s ❡♥tr❡ s✐✱ ♦✉ s❡❥❛✱ ♠áq✉✐♥❛s ❝♦♠ ♥í✈❡✐s ❞✐❢❡r❡♥t❡s ❞❡ ♣♦tê♥❝✐❛✳ ❖

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

❢❛t♦r❡s ❧✐♠✐t❛♥t❡s ♣❛r❛ ♦ ❝♦♥✈❡rs♦r 9❙ ♥❡st❛ ❛♣❧✐❝❛çã♦✱ ♠❛s ✭❉❡❤♥❛✈✐ ❡t ❛❧✳✱ ✷✵✶✵✮ ♣r♦♣õ❡ ❛

❝♦♥❡①ã♦ ❞❡ ✉♠ ❡❧❡♠❡♥t♦ ❜♦♦st ✲ ❢♦♥t❡ ❩ ❛♦ 9❙ ♣❛r❛ ❡❧✐♠✐♥❛r ❡ss❛ r❡str✐çã♦✳ ❚❛♠❜é♠ ♣r♦♣õ❡

♠♦❞✉❧❛çõ❡s ✈❡t♦r✐❛✐s✳ ❆s té❝♥✐❝❛s ❞❡ ♠♦❞✉❧❛çã♦ ✈✐s❛♠ ♦ ♠í♥✐♠♦ ❞❡ ❝♦♠✉t❛çõ❡s ♦✉ ♦ ♠í♥✐♠♦

❞❡ ❚❍❉✳ ❆ ❢♦♥t❡ ❩ t❛♠❜é♠ é ✉t✐❧✐③❛❞❛ ♣♦r ✭❉❡❤❣❤❛♥ ❡t ❛❧✳✱ ✷✵✶✵✮ ♥♦s s✐st❡♠❛s ❤✐❜r✐❞♦s

❞❡ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ✈❡í❝✉❧♦s ❡❧étr✐❝♦s ❡ ❛ss✐♠ ❝♦♥t♦r♥❛r ❛ ❧✐♠✐t❛çã♦ ❞♦ 9❙ ❞❡ ❢♦r♥❡❝❡r ✉♠❛

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

❖s í♥❞✐❝❡s ❞❡ ♠♦❞✉❧❛çã♦ ♠❡♥♦r❡s t❛♠❜é♠ sã♦ ❛♣♦♥t❛❞♦s ❝♦♠♦ ❧✐♠✐t❛çã♦ ♣❛r❛ ♦ 9❙ ❡♠

✭❆❣❛♥❛❤ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❯♠❛ ❞❛s ♣♦ss✐❜✐❧✐❞❛❞❡s ❞❡ ❝♦♥t♦r♥❛r t❛❧ ❧✐♠✐t❛çã♦ ❡stá ♥❛ ❛❧t❡r❛çã♦

❞❛s té❝♥✐❝❛s ❞❡ ♠♦❞✉❧❛çã♦✱ ♥❡st❡ s❡♥t✐❞♦ t❛❧ ❛rt✐❣♦ ♣r♦♣õ❡ ❞♦✐s ❡sq✉❡♠❛s ❞❡ ♠♦❞✉❧❛çã♦✿

❯♠❛ ♠♦❞✉❧❛çã♦ ✈❡t♦r✐❛❧ ❙❱P❲▼ ❡ ✉♠❛ ♠♦❞✉❧❛çã♦ ❜❛s❡❛❞❛ ❡♠ ♣♦rt❛❞♦r❛✱ ❛♠❜❛s ❜✉s❝❛♠

❛ss❡❣✉r❛r ♦ ♠❡❧❤♦r ♣♦♥t♦ ❞❡ ♦♣❡r❛çã♦✱ ❞❡ t❛❧ ♠♦❞♦ q✉❡ s❡ ✉t✐❧✐③❡ ❛ ♠á①✐♠❛ ❝❛♣❛❝✐❞❛❞❡ ❞♦

❝♦♥✈❡rs♦r✳

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

❣❡r❛❞♦r ❞❡ ✐♥❞✉çã♦ ✭❉❋■●✮✳ ❖ ❝♦♥✈❡rs♦r q✉❡ ❡stá ❧✐❣❛❞♦ ❛♦ r♦t♦r ❞♦ s✐st❡♠❛ ❞❡ ❣❡r❛çã♦ ❡①✐❣❡

✉♠❛ ♠❡♥♦r ♣♦tê♥❝✐❛ ❡ ♣♦r ✐ss♦ ♦ 9❙ ♣♦❞❡ s❡r ✉s❛❞♦ s❡♠ ♠❛✐♦r❡s ❡①✐❣ê♥❝✐❛s q✉❛♥t♦ ❛♦ ♥í✈❡❧ ❞❡

t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦✳ ❖s ❞♦✐s ❝♦♥❥✉♥t♦s tr✐❢ás✐❝♦s sã♦ ❝♦♥tr♦❧❛❞♦s ❞❡ ♠♦❞♦ ✐♥❞❡♣❡♥❞❡♥t❡✳

❯♠ ❞♦s ❝♦♥✉♥t♦s tr✐❢ás✐❝♦s é ❝♦♥❡❝t❛❞♦ ❛♦ ❡st❛t♦r ❞♦ ❣❡r❛❞♦r✳ ❖ ❝♦♥tr♦❧❡ ♣❛r❛ ❡st❡ ❝♦♥✉♥t♦

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

❝♦♥❥✉♥t♦✱ ❧✐❣❛❞♦ ❛♦ r♦t♦r é ♦♣❡r❛❞♦ à ❢r❡q✉ê♥❝✐❛ ✈ár✐❛✈❡❧✱ ♣♦❞❡ s❡r ✉s❛❞♦ ♣❛r❛ ❝♦♥tr♦❧❛r ❛

♣♦tê♥❝✐❛ ❛t✐✈❛ ❡ r❡❛t✐✈❛✳

❈♦♠ ✻ t❡r♠✐♥❛✐s ❛❣r✉♣❛❞♦s ❡♠ ❞♦✐s ❝♦♥❥✉♥t♦s tr✐❢ás✐❝♦s✱ ♦ ❝♦♥✈❡rs♦r 9❙ é ✐❞❡❛❧ ♣❛r❛

❛♣❧✐❝❛çõ❡s q✉❡ ✉s❛♠ r❡t✐✜❝❛❞♦r ❡ ✐♥✈❡rs♦r ❡♠ ❝♦♥❥✉♥t♦✳ ❚❛❧ ❝❛r❛❝t❡ríst✐❝❛ é ❝♦♥✈❡♥✐❡♥t❡ ♣❛r❛

❛❧✐♠❡♥t❛r ❝❛r❣❛s ❝rít✐❝❛s✳ ❉❡ss❡ ♠♦❞♦ ✭▲✐✉ ❡t ❛❧✳✱ ✷✵✵✼✮ ❝♦♥s✐❞❡r❛ ♦ 9S ❝♦♠♦ ✉♠ ú♥✐❝♦ ❡stá❣✐♦

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

❞❡ ♣♦tê♥❝✐❛ ❡ ♣r♦♣õ❡ ♦ ✉s♦ ❞❡st❛ ❡str✉t✉r❛ ❡♠ ✉♠ s❡r✈✐ç♦ ✐♥✐♥t❡rr✉♣t♦ ❯P❙✳ ❊♠ ❝♦♥❞✐çõ❡s

♥♦r♠❛✐s ❛ ♣♦tê♥❝✐❛ r❡q✉❡r✐❞❛ ♣❡❧❛ ❝❛r❣❛ é ❢♦r♥❡❝✐❞❛ ❡♠ ♣❛rt❡ ♣♦r ✉♠❛ ❝♦♥✈❡rsã♦ ❞✐r❡t❛



❘❊❱■❙➹❖ ❇■❇▲■❖●❘➪❋■❈❆ ✶✵

❈❆✴❈❆ ❡ ❡♠ ♣❛rt❡ ♣❡❧♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ q✉❛♥❞♦ ♦❝♦rr❡ ✉♠❛ ❢❛❧t❛✱ ❛♣❡♥❛s ♦ ❜❛rr❛♠❡♥t♦

s✉♣r❡ ❛ ❝❛r❣❛✳ ❆ ♠♦❞✉❧❛çã♦ ❞♦ ❝♦♥✈❡rs♦r é ❢❡✐t❛ ❞❡ t❛❧ ♠♦❞♦ ❛ ❣❛r❛♥t✐r ✉♠ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛

✉♥✐tár✐♦ ❡ ✉♠❛ tr❛♥s✐çã♦ s✉❛✈❡ ❡♥tr❡ ♦ ♠♦❞♦ ♥♦r♠❛❧ ❡ ♦ ♠♦❞♦ ❞❡ ❢❛❧❤❛✳

❊♠ ✭▲✐✉ ❡t ❛❧✳✱ ✷✵✵✾✮ ♦ ❝♦♥✈❡rs♦r 9❙ é ❛♣r❡s❡♥t❛❞♦ ♣❛r❛ ♦s ♣r♦♣ós✐t♦s ❞❡ ❝♦♥✈❡rsã♦

❈❆✴❈❆✳ ❆ té❝♥✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦ ♣r♦♣♦st❛ ♣❡r♠✐t❡ ❛♦ ❝♦♥✈❡rs♦r ❢✉♥❝✐♦♥❛r ❝♦♠♦ r❡t✐✜❝❛❞♦r

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

♣♦tê♥❝✐❛✳ ❆♥❛❧✐s❛ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ♠♦❞✉❧❛çã♦ ❡♠ ❢r❡q✉ê♥❝✐❛ ❝♦♥st❛♥t❡ ❡ ✈ár✐❛✈❡❧✳ ◆❛

t♦♣♦❧♦❣✐❛ ♣r♦♣♦st❛✱ ♦ ✐♥✈❡rs♦r ♣♦❞❡ ♦♣❡r❛r ❝♦♠ ✉♠❛ ❢r❡q✉ê♥❝✐❛ ❞✐st✐♥t❛ ❞♦ r❡t✐✜❝❛❞♦r✱ t✐♣✐✲

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

❊♠ ♣❛rq✉❡s ❞❡ ❣❡r❛çã♦ ❡ó❧✐❝❛ às ✈❡③❡s é ♥❡❝❡ssár✐♦ ❝♦♥❡❝t❛r ❞✐✈❡rs♦s ❣❡r❛❞♦r❡s ❛ ✉♠❛

r❡❞❡ ❞❡ ❞✐str✐❜✉✐çã♦✱ ❝♦♠ ♦ ✉s♦ ❞❡ ❝♦♥✈❡rs♦r❡s✱ ❡♠ ❣❡r❛❧ ✉♠ ❝♦♥✈❡rs♦r ♣❛r❛ ❝❛❞❛ ❣❡r❛❞♦r✳

P♦r ✐ss♦ ✭❆st❛❞ ❡ ▼♦❧✐♥❛s✱ ✷✵✶✵✮ ❧❡✈❛♥t❛ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ✉s♦ ❞♦ ✐♥✈❡rs♦r 9❙ ❡♠ ❝♦♥❥✉♥t♦

❝♦♠ ♦s ❣❡r❛❞♦r❡s ❡ó❧✐❝♦s✳ ❆ ❞✉♣❧❛ ❡♥tr❛❞❛ ❈❆ ❞♦ ❝♦♥✈❡rs♦r ♣♦❞❡ s❡r ❝♦♥❡❝t❛❞❛ ❛ ✉♠ ♣❛r

❞❡ ❣❡r❛❞♦r❡s ❡ ♥❡ss❡s ❝❛s♦s ❛s t❡♥sõ❡s ❞❡ ❡♥tr❛❞❛ ♣♦❞❡♠ t❡r ❢r❡q✉ê♥❝✐❛s ❞✐s✐t✐♥t❛s✳

◆❛t✉r❛❧♠❡♥t❡ ♦ ❝♦♥✈❡rs♦r ✾❙ ♣♦❞❡ s❡r ✉t✐❧✐③❛❞♦ ♣❛r❛ ♦s ♣r♦♣ós✐t♦s ❞❡ ❝♦♠♣❡♥s❛çã♦

tí♣✐❝♦s ❞♦s ✜❧tr♦s sér✐❡✱ ♣❛r❛❧❡❧♦ ♦✉ ✉♥✐✈❡rs❛❧✳ ❊♠ ✭❩❤❛♥❣ ❡t ❛❧✳✱ ✷✵✶✷✮ é ✉t✐❧✐③❛❞♦ ❝♦♠♦ ✉♠

❝♦♥❞✐❝✐♦♥❛❞♦r ❞❡ ♣♦tê♥❝✐❛ ❞♦ t✐♣♦ sér✐❡✲♣❛r❛❧❡❧♦✳ ❯♠ ❞♦s ❝♦♥❥✉♥t♦s tr✐❢ás✐❝♦s é ✉t✐❧✐③❛❞♦ ♣❛r❛

❝♦♠♣❡♥s❛r ♦s ❤❛r♠ô♥✐❝♦s ❞❡ ❝♦rr❡♥t❡✱ ♦ ✢✉①♦ ❞❡ ♣♦tê♥❝✐❛ r❡❛t✐✈❛ ❡ ♦s ❞❡s❜❛❧❛♥❝❡❛♠❡♥t♦s

♣r♦✈♦❝❛❞♦s ♣♦r ❝❛r❣❛s ♥ã♦ ❧✐♥❡❛r❡s✳ ❖ ♦✉tr♦ ❝♦♥❥✉♥t♦ ❜✉s❝❛ ❝♦♥tr♦❧❛r ♦s ❞❡s❜❛❧❛♥❝❡❛♠❡♥t♦s

❞❡ t❡♥sã♦ ❡ ❞✉r❛♥t❡ ❛s ♣❡rt✉r❜❛çõ❡s ♠❛♥té♠ ❛ t❡♥sã♦ ❞❡♥tr♦ ❞❡ ❧✐♠✐t❡s t♦❧❡rá✈❡✐s✳

◆❛ té❝♥✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦ ♣r♦♣♦st❛ ❡♠ ✭▲✐✉ ❡t ❛❧✳✱ ✷✵✵✾✮ ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛s t❡♥sõ❡s ❞❡

r❡❢❡rê♥❝✐❛ ♣❛r❛ ♠♦❞✉❧❛r ✉♠ ❜r❛ç♦ é s❡♠♣r❡ ❝♦♥st❛♥t❡✱ ❝♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ♠❡❧❤♦r ✉t✐❧✐③❛r ❛

t❡♥sã♦ ❞❡ ❜❛rr❛♠❡♥t♦ ✭❋❛❜r✐❝✐♦✱ ✷✵✶✵✮✱ ♣r♦♣õ❡ ✉♠ ❛❧❣♦r✐t♠♦ q✉❡ ♣❡r♠✐t❡ ❝❛❧❝✉❧❛r ✉♠ ✈❛❧♦r

❧✐♠✐t❡ ♣❛r❛ ❛ ❞✐❢❡r❡♥ç❛ ❞❛s t❡♥sõ❡s ❞❡ r❡❢❡rê♥❝✐❛ ❞❡ ✉♠ ❜r❛ç♦ ❞♦ ❝♦♥✈❡rs♦r✱ ❛♣❡s❛r ❞❛ té❝♥✐❝❛

s✉❣❡r✐❞❛ ❛✉♠❡♥t❛r ♦ ❡s❢♦rç♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ♣❡r♠✐t❡ ❛ ♠❡❧❤♦r ✉t✐❧✐③❛çã♦ ❞♦ ❜❛rr❛♠❡♥t♦✳

❖ ❝♦♥✈❡rs♦r 9❙ ♣♦❞❡ s❡r ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛❝✐♦♥❛r ♠♦t♦r❡s ❤❡①❛❢ás✐❝♦s✳ ❊ss❛ ❛❜♦r❞❛❣❡♠

♣❡r♠✐t❡ ✉♠❛ r❡❞✉çã♦ ❞❡ três ❝❤❛✈❡s ❢r❡♥t❡ ❛♦ ❛❝✐♦♥❛♠❡♥t♦ ❝♦♥✈❡♥❝✐♦♥❛❧✳ ◆ã♦ s❡ ♣♦❞❡ ❞❡✐①❛r

❞❡ ❡①♣♦r q✉❡ ❛s ♠áq✉✐♥❛s ♠✉❧t✐❢❛s❡s t❡♠ ❣❛♥❤❛❞♦ ❛❧❣✉♠ ❞❡st❛q✉❡ ♥♦s ❛♥♦s r❡❝❡♥t❡s ♣♦r

♣♦ss✉✐r❡♠ ❞❡t❡r♠✐♥❛❞❛s ❝❛r❛❝t❡ríst✐❝❛s✿ r❡❞✉çã♦ ❞❛s ❝♦rr❡♥t❡s ❞❡ ❢❛s❡ q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛s

às ♠áq✉✐♥❛s tr✐❢ás✐❝❛s✱ ♠❛✐♦r❡s ♣♦ss✐❜✐❧✐❞❛❞❡s ❞❡ t♦❧❡r❛r ❢❛❧❤❛s✱ r❡❞✉çã♦ ❞❛ t❡♥sã♦ ❡♠ ♠♦❞♦
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❝♦♠✉♠ ❡ ♦♣❡r❛r ❝♦♠ ✉♠ ♠❡♥♦r ❝♦♥téú❞♦ ❤❛r♠ô♥✐❝♦✳ ❈♦♠ ❜❛s❡ ♥❡ss❛s ❝❛r❛❝t❡ríst✐❝❛s ✭❞♦s

❙❛♥t♦s ❡t ❛❧✳✱ ✷✵✶✶✮ t❡❝❡ ❝♦♥s✐❞❡r❛çõ❡s q✉❛♥t♦ ❛♦ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ♠áq✉✐♥❛s ❞❡ ✐♥❞✉çã♦

❤❡①❛❢ás✐❝❛s✳ ❋♦r❛♠ ❝♦♥s✐❞❡r❛❞♦s ♠♦t♦r❡s ❛ss✐♠étr✐❝♦s ❡ s✐♠étr✐❝♦s✱ ♦✉ s❡❥❛✱ ❞❡s❧♦❝❛♠❡♥t♦

❡♥tr❡ ❛s ❜♦❜✐♥❛s ❞❡ 30◦ ♦✉ 60◦ ❡♥tr❡ ♦s ❞♦✐s ❝♦♥❥✉♥t♦s tr✐❢ás✐❝♦s ❞❛ ♠áq✉✐♥❛✳

✷✳✶ ❖❜❥❡t✐✈♦s

❖ ❢♦❝♦ ❞❡st❡ tr❛❜❛❧❤♦ ❡stá ♥❛ ❛♥á❧✐s❡ ❡ ❝♦♠♣❛r❛çã♦ ❞❡ ❝♦♥✈❡rs♦r❡s ❡stát✐❝♦s ❞❡ ♣♦tê♥❝✐❛ ❞♦

t✐♣♦ ❈❈✲❈❆ ✉t✐❧✐③❛❞♦s ❡♠ ❛❝✐♦♥❛♠❡♥t♦ ❤❡①❛❢ás✐❝♦✱ ❡s♣❡❝✐✜❝❛♠❡♥t❡ ✉♠❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦✳

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

✉♠ t♦t❛❧ ❞❡ 12 ❞✐s♣♦st✐✈♦s s❡♠✐❝♦♥❞✉t♦r❡s ❡ ♦✉tr❛ t♦♣♦❧♦❣✐❛ ❝♦♠ ✉♠ t♦t❛❧ ❞❡ 9 ❞✐s♣♦s✐t✐✈♦s✳

P❛r❛ ❝❛❞❛ ✉♠❛ ❞❛s t♦♣♦❧♦❣✐❛s s❡rá ❛♣r❡s❡♥t❛❞♦ ♦ ♠♦❞❡❧♦ ❞♦ s✐st❡♠❛✱ ❛ ❡str❛té❣✐❛ P❲▼

❡ ✉♠❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ♣❛r❛ ✉♠ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❡♠ ♠❛❧❤❛ ❢❡❝❤❛❞❛✳ ❙❡rã♦ ❛♥❛❧✐s❛❞❛s

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

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

❛ ♦❜t❡♥çã♦ ♣❛râ♠❡tr♦s ❞❡ ❝♦♠♣❛r❛çõ❡s ❡♥tr❡ ❛s t♦♣♦❧♦❣✐❛s q✉❡ ♣❡r♠✐t❛♠ ✉♠❛ ❛♥á❧✐s❡ ❞♦

❞❡s❡♠♣❡♥❤♦ ❞❡ ❝❛❞❛ ✉♠❛ ❞❛s t♦♣♦❧♦❣✐❛s✳
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✸✳✶ ■♥tr♦❞✉çã♦

❆s ♠áq✉✐♥❛s ♠✉❧t✐❢❛s❡s ✭♠❛✐s ❞❡ três ❢❛s❡s✮ t❡♠ s✐❞♦ ✉t✐❧✐③❛❞❛s ❡♠ s✐st❡♠❛s ❞❡ ❛❝✐♦♥❛♠❡♥t♦

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

❞❡♥tr❡ ❡❧❛s✿ r❡❞✉çã♦ ❞❛ ❝♦rr❡♥t❡ ♣♦r ❢❛s❡✱ r❡❞✉çã♦ ❞❛s ♦s❝✐❧❛çõ❡s ❞♦ ❝♦♥❥✉❣❛❞♦✱ ♠❛✐♦r ♣♦tê♥✲

❝✐❛ ♣♦r ❝♦rr❡♥t❡ ❡✜❝❛③ ❡ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♦♣❡r❛r ❞❡ ♠♦❞♦ s❛t✐s❢❛tór✐♦ ❡♠ ❝♦♥❞✐çõ❡s ❞❡ ❢❛❧t❛✳

❊♠ ❣❡r❛❧ ❡ss❛s ♠áq✉✐♥❛s sã♦ ❛❧✐♠❡♥t❛❞❛s ♣♦r ✐♥✈❡rs♦r❡s✱ t❡♥❞♦✲s❡ ♣♦r ❝♦♥s❡q✉ê♥❝✐❛ ♦ ♠❛✐♦r

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

❞♦s ♥❛s ❡str✉t✉r❛s q✉❡ ❛❝✐♦♥❛♠ t❛✐s ♠áq✉✐♥❛s ❡ ♣♦rt❛♥t♦ ✉♠ ❛✉♠❡♥t♦ ❞♦s ❝✉st♦s✳

❯♠❛ ❞❛s ♠áq✉✐♥❛s ♠❛✐s ❝♦♠✉♥s ❡♠ ❛❝✐♦♥❛♠❡♥t♦ ♠✉❧t✐❢❛s❡s é ❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦

❤❡①❛❢ás✐❝❛ ❝✉❥❛ ❞❡s❝r✐çã♦ s❡ ❡♥❝♦♥tr❛ ♥♦ ❛♣ê♥❞✐❝❡ ❆✳ ❖ ❛❝✐♦♥❛♠❡♥t♦ ♣❛❞rã♦ ❞❡ ✉♠❛ ♠áq✉✐♥❛

❤❡①❛❢ás✐❝❛ r❡q✉❡r ✉♠ ✐♥✈❡rs♦r ❤❡①❛❢ás✐❝♦ ❝♦♠ ✉♠ t♦t❛❧ ❞❡ 12 ❞✐s♣♦s✐t✐✈♦s s❡♠✐ ❝♦♥❞✉t♦r❡s

❝♦♠♦ ❡①✐❜✐❞♦ ♥❛ ✜❣✉r❛ ✸✳✷✳ ▼❛s ❤á t♦♣♦❧♦❣✐❛s ❛❧t❡r♥❛t✐✈❛s ❞❡ ❛❝✐♦♥❛♠❡♥t♦ q✉❡ ✉t✐❧✐③❛♠ ✉♠

♠❡♥♦r ♥ú♠❡r♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s✱ ❝♦♠♦ ❛ t♦♣♦❧♦❣✐❛ 9❙ ♥❛ ✜❣✉r❛ ✸✳✶✳ ❊st❡ ❝❛♣ít✉❧♦ ❞❡s❝r❡✈❡

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

♠♦❞✉❧❛çã♦✱ ❛❧é♠ ❞❡ ❝✐t❛r r❡str✐çõ❡s q✉❛♥t♦ ❛ ♦♣❡r❛çã♦ ❞♦ ❝♦♥✈❡rs♦r 9❙✳

✶✷
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✸✳✷ ▼♦❞❡❧♦ ❞♦ ❈♦♥✈❡rs♦r 12❙

❆ ❡str✉t✉r❛ ❝♦♥✈❡♥❝✐♦♥❛❧ ❞♦ ✐♥✈❡rs♦r ❢♦♥t❡ ❞❡ t❡♥sã♦ ❤❡①❛❢ás✐❝♦ ❡stá ❡①✐❜✐❞❛ ♥❛ ✜❣✉r❛ ✸✳✸✱

❛❧✐♠❡♥t❛♥❞♦ ✉♠❛ ♠áq✉✐♥❛ ❤❡①❛❢ás✐❝❛✳ ❖ ❝♦♥✈❡rs♦r ♣♦ss✉✐ ✻ ❜r❛ç♦s ✭✉♠ t♦t❛❧ ❞❡ ✶✷ ❝❤❛✈❡s✮

❛s ❝❤❛✈❡s sã♦ q1✱ q1✱ q2✱ q2✱ q3✱ q3✱ q4✱ q4✱ q5✱ q5✱ q6✱ q6✳ ❖ ❡st❛❞♦ ❞❡ ❝♦♥❞✉çã♦ ❞❛s ❝❤❛✈❡s qi ❡

qi✱ ♣❛r❛ ✭i = 1 ❛ 6✮ é ❞❡✜♥✐❞♦ ♣♦r ✈❛r✐á✈❡✐s ❜✐♥ár✐❛s✱ q✉❛♥❞♦ qi = 1 ♦✉ qi = 1 ❛ ❝❤❛✈❡ ❡stá

❢❡❝❤❛❞❛ ❡ q✉❛♥❞♦ qi = 0 ♦✉ qi = 0 ❛ ❝❤❛✈❡ ❡stá ❛❜❡rt❛✳ ❖s ♣❛r❡s ❞❡ ❝❤❛✈❡s✿ q1q1✱ q2q2✱ q3q3✱

q4q4✱ q5q5✱ q6q6✱ ❢✉♥❝✐♦♥❛♠ ❞❡ ♠♦❞♦ ❝♦♠♣❧❡♠❡♥t❛r✱ ♦✉ s❡❥❛✱ q1 + q1 = 1✱ ♣❛r❛ ✭i = 1 ❛ 6✮✳
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❋✐❣✉r❡ ✸✳✸✿ ❙✐st❡♠❛ ❞❡ ❛❝✐♦♥❛♠❡♥t♦ ✲ ■♥✈❡rs♦r 12❙ ❡ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦ ❤❡①❛❢ás✐❝❛✳

❆s t❡♥sõ❡s ❞❡ ♣♦❧♦ ❞♦ ❝♦♥✈❡rs♦r✱ ❜❛s❡❛♥❞♦✲s❡ ♥❛ ✜❣✉r❛ ✸✳✷✱ sã♦ ❞❛❞❛s ♥♦ ❝♦♥❥✉♥t♦ ❞❡

❡q✉❛çõ❡s ❡①✐❜✐❞♦ ❡♠ ✭✸✳✶✮✳
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v10 = vs1 + vn0 = (2q1 − 1)
E

2

v50 = vs5 + vn0 = (2q5 − 1)
E

2

v30 = vs3 + vn0 = (2q3 − 1)
E

2

v20 = vs2 + vm0 = (2q2 − 1)
E

2

v40 = vs4 + vm0 = (2q4 − 1)
E

2

v60 = vs6 + vm0 = (2q6 − 1)
E

2

✭✸✳✶✮

❖♥❞❡ E é ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈ ❡ vn0 ❡ vm0 sã♦ ❛s t❡♥sõ❡s ❞❡ ♥❡✉tr♦ ❞❡ ❝❛❞❛ ❝♦♥❥✉♥t♦

❝♦♠ r❡❧❛çã♦ ❛♦ ♣♦♥t♦ ❝❡♥tr❛❧ ❞♦ ❜❛rr❛♠❡♥t♦✳

❆s t❡♥sõ❡s vn0 ❡ vm0 sã♦ ♠♦str❛❞❛s ❡♠ ✭✸✳✷✮✳

vn0 = (v10 + v30 + v50)
1

3

vm0 = (v20 + v40 + v60)
1

3

✭✸✳✷✮

❆s t❡♥sõ❡s ❞❡ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r sã♦ ❞❛❞❛s ♣♦r
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vs1 = (2v10 − v30 − v50)/3

vs3 = (2v30 − v50 − v10)/3

vs5 = (2v50 − v10 − v30)/3

vs2 = (2v20 − v40 − v60)/3

vs4 = (2v40 − v60 − v20)/3

vs6 = (2v60 − v20 − v40)/3

✭✸✳✸✮

✸✳✸ ▼♦❞❡❧♦ ❞♦ ❈♦♥✈❡rs♦r ❞❡ 9 ❝❤❛✈❡s

❯♠❛ ❢♦r♠❛ ❣❡r❛❧ ❞♦ s✐st❡♠❛ ❞❡ ❛❝✐♦♥❛♠❡♥t♦ ♣❛r❛ ♠áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ ✉t✐❧✐③❛♥❞♦ ♦ ❝♦♥✈❡rs♦r

9S ❡stá ❛♣r❡s❡♥t❛❞❛ ♥❛ ✜❣✉r❛ ✸✳✶✳ ❖ s✐st❡♠❛ é ❝♦♠♣♦st♦ ❞❡ ✉♠ ❜❛rr❛♠❡♥t♦ ❝❛♣❛❝✐t✐✈♦✱ ✉♠

✐♥✈❡rs♦r ❤❡①❛❢ás✐❝♦ ❞❡ t❡♥sã♦ ❡ ❛ ♠áq✉✐♥❛ ❛ssí♥❝r♦♥❛✳ ❖ ❝♦♥✈❡rs♦r ♣♦ss✉✐ 3 ❜r❛ç♦s ✭♥♦✈❡

❝❤❛✈❡s✮✱ s❡♥❞♦ ❝❛❞❛ ❜r❛ç♦ é ❝♦♥st✐t✉í❞♦ ♣♦r três ❝❤❛✈❡s ❝♦♥❡❝t❛❞❛s ❡♠ sér✐❡✳ ❆s ❝❤❛✈❡s ❞♦

♠❡✐♦ ❞❡ ❝❛❞❛ ❜r❛ç♦ s❡♣❛r❛♠ ♦s t❡r♠✐♥❛✐s ❞❡ s❛í❞❛✱ ♣♦rt❛♥t♦ sã♦ ❝♦♠♣❛rt✐❧❤❛❞❛s ❝♦♠ ♦s ❞♦✐s

t❡r♠✐♥❛✐s✳

❖ ✐♥✈❡rs♦r ❢♦♥t❡ ❞❡ t❡♥sã♦ ✐❧✉str❛❞♦ ♥❛ ✜❣✉r❛ ✸✳✶ é ❝♦♠♣♦st♦ ♣❡❧❛s ❝❤❛✈❡s s✉♣❡r✐♦r❡s q1✱

q2✱ q3✱ ♣❡❧❛s ❝❤❛✈❡s ✐♥❢❡r✐♦r❡s q4✱ q5✱ q6 ❡ ♣❡❧❛s ❝❤❛✈❡s ❞♦ ♠❡✐♦ qa✱ qb✱ qc ❡♠ q✉❡ ❝❛❞❛ ❜r❛ç♦

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

qi ✭i = 1✱2✱ 3✱ 4✱ 5 6✱ a✱ b✱ c✱ qi = 1 ✐♥❞✐❝❛ ❝❤❛✈❡ ❢❡❝❤❛❞❛✱ ❡♥q✉❛♥t♦ qi = 0 ✐♥❞✐❝❛ ❝❤❛✈❡ ❛❜❡rt❛✳

P❛r❛ ♦ ❝♦rr❡t♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦ ❝♦♥✈❡rs♦r ❡ ❛ ❡❧✐♠✐♥❛çã♦ ❞♦ r✐s❝♦ ❞❡ ❝✉rt♦ ❝✉r❝✉✐t♦

❞♦ ❜❛rr❛♠❡♥t♦ ❝❛♣❛❝✐t✐✈♦✱ ❛s três ❝❤❛✈❡s ❞❡ ✉♠ ❜r❛ç♦ ♥ã♦ ❞❡✈❡♠ s❡r ❛❝✐♦♥❛❞❛s ❛♦ ♠❡s♠♦

t❡♠♣♦✳ P❛r❛ ✐st♦ ♦❝♦rr❡r✱ é ♥❡❝❡ssár✐♦ q✉❡ ♦ ❛❝✐♦♥❛♠❡♥t♦ ❞❛s ❝❤❛✈❡s qa✱ qb✱ qc ❞❡♣❡♥❞❛

❞♦ ❡st❛❞♦ ❞❡ ❝♦♥❞✉çã♦ ❞❛s ❝❤❛✈❡s s✉♣❡r✐♦r❡s q1✱ q2✱ q3 ❡ ✐♥❢❡r✐♦r❡s q4✱ q5✱ q6✳ ❆ ♣❛rt✐r ❞❛

❛♣❧✐❝❛çã♦ ❞❛ ❧ó❣✐❝❛ ❳❖❘ ✲ ❖✉ ❡①❝❧✉s✐✈♦✲ s♦❜r❡ ♦s s✐♥❛✐s ❞❡ ❣❛t✐❧❤♦ ❞❛ ❝❤❛✈❡s s✉♣❡r✐♦r❡s ❡
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✐♥❢❡r✐♦r❡s ❞❡t❡r♠✐♥❛✲s❡ ♦ ❡st❛❞♦ ❞❡ ❝♦♥❞✉çã♦ ❞❛ ❝❤❛✈❡s qa✱ qb✱ qc✳

❖ ❝♦♠♣❛rt✐❧❤❛♠❡♥t♦ ❞❡ ❝❤❛✈❡s ❡♥tr❡ ♦s t❡r♠✐♥❛✐s ❞❡ s❛í❞❛ ✐♠♣õ❡ ❛❧❣✉♠❛s r❡str✐çõ❡s

❛ s❡r❡♠ ♦❜❡❞❡❝✐❞❛s✳ ❆s ♣♦ss✐❜✐❧✐❞❛❞❡s ❞❡ ❝♦♠✉t❛çã♦ ❞❛s ❝❤❛✈❡s sã♦ ♠❛✐s ❧✐♠✐t❛❞❛s✱ s❡

❝♦♠♣❛r❛❞❛s ❝♦♠ ❛s ♣♦ss✐❜✐❧✐❞❛❞❡s ✐♥❡r❡♥t❡s ❛♦ ❝♦♥✈❡rs♦r 12S✳ ❖❜s❡r✈❛♥❞♦ ❛ ✜❣✉r❛ ✸✳✶ ♥♦t❛✲

s❡ q✉❡ ♥ã♦ ❤á ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ s❡ ❝♦♥❡❝t❛r ❛ ❢❛s❡ ❆ ❛♦ ♥❡❣❛t✐✈♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✱ ❛♦ ♠❡s♠♦

t❡♠♣♦ q✉❡ ❛ ❢❛s❡ ❳ é ❝♦♥❡❝t❛❞❛ ❛♦ t❡r♠✐♥❛❧ ♣♦s✐t✐✈♦ ❞♦ ❜❛rr❛♠❡♥t♦ ✳ ❊st❛ ❧✐♠✐t❛çã♦ r❡❞✉③

♦s ❡st❛❞♦s ❞❡ ❝♦♠✉t❛çã♦ ❞♦ ❝♦♥✈❡rs♦r✳ ◆❛ ❚❛❜❡❧❛ ✸✳✶ ❡stã♦ ❡①✐❜✐❞♦s ♦s ❡st❛❞♦s ♣♦ssí✈❡✐s ❞❡

❝❤❛✈❡❛♠❡♥t♦ ❞❡ ✉♠ ❜r❛ç♦ ❞♦ ❝♦♥✈❡rs♦r ✾❙ ❡ ❛s ♣♦ss✐❜✐❧✐❞❛❞❡s ❞❡ t❡♥sã♦ ❞❡ ♣♦❧♦ ❞♦ ❝♦♥✈❡rs♦r✱

❡♥q✉❛♥t♦ ♥❛ ❚❛❜❡❧❛ ✸✳✷ ❡stã♦ ❡①✐❜✐❞❛s ❛s ♣♦ss✐❜✐❧✐❞❛❞❡s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞♦ ❝♦♥✈❡rs♦r 12S

♣❛r❛ s❡ ♦❜t❡r ❛s ♠❡s♠❛s t❡♥sõ❡s ❞❡ ♣♦❧♦✳ ❖❜s❡r✈❛✲s❡ q✉❡ ♦ ❡st❛❞♦ 4 ♥ã♦ é ♣♦ssí✈❡❧ ❞❡ s❡r

♦❜t✐❞♦ ♥♦ ❝♦♥✈❡rs♦r 9S ❞❡✈✐❞♦ às r❡str✐çõ❡s ✐♠♣♦st❛s ♥♦ ❝❤❛✈❡❛♠❡♥t♦✳

❚❛❜❧❡ ✸✳✶✿ ❊st❛❞♦s ❞❛s ❝❤❛✈❡s ❡ t❡♥sõ❡s ❞❡ ♣♦❧♦ ❞♦ ❝♦♥✈❡rs♦r ✾❙✳

❊st❛❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ q1 qa q2 v10 v20

✶ ✶ ✶ ✵ E/2 E/2

✷ ✵ ✶ ✶ −E/2 −E/2

✸ ✶ ✵ ✶ E/2 −E/2

❚❛❜❧❡ ✸✳✷✿ ❊st❛❞♦s ❞❛s ❝❤❛✈❡s ❡ t❡♥sõ❡s ❞❡ ♣♦❧♦ ❞♦ ❝♦♥✈❡rs♦r ✶✷❙✳

❊st❛❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ q1 q1 q2 q2 v10 v20

✶ ✶ ✵ ✶ ✵ E/2 E/2

✷ ✵ ✶ ✵ ✶ −E/2 −E/2

✸ ✶ ✵ ✵ ✶ E/2 −E/2

✹ ✵ ✶ ✶ ✵ −E/2 E/2

❆♣ós ❛ ❞❡s❝r✐çã♦ ❞❛ ❝♦♥✜❣✉r❛çã♦ ❞♦ ❝♦♥✈❡rs♦r ❞❡ 9 ❝❤❛✈❡s✱ ❞❡t❡r♠✐♥❛✲s❡ ❛s ❡q✉❛çõ❡s

q✉❡ ♣❡r♠✐t✐rã♦ ♦❜t❡r ✉♠ ♠♦❞❡❧♦ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r✳ ❆s t❡♥sõ❡s ❞❡ ♣♦❧♦ ❞♦ ❝♦♥✈❡rs♦r ❞♦ t✐♣♦

✾❙ sã♦ ❞❛❞❛s ❡♠ ✭✸✳✹✮✳
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v10 = (q1)E/2− (qaq2)E/2

v30 = (q3)E/2− (qbq4)E/2

v50 = (q5)E/2− (qcq6)E/2

v20 = −(q2)E/2 + (qaq1)E/2

v40 = −(q4)E/2 + (qbq3)E/2

v60 = −(q6)E/2 + (qcq5)E/2

✭✸✳✹✮

❖♥❞❡ E é ❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❝❛♣❛❝✐t✐✈♦✳

❆s t❡♥sõ❡s ❞❡ ❢❛s❡ ♦❜t✐❞❛s ♥❛s s❛í❞❛s ❞♦ ❝♦♥✈❡rs♦r ✾❙ sã♦ ❛s ♠❡s♠❛s ♦❜t✐❞❛s ♣❛r❛ ♦

❝♦♥✈❡rs♦r ❞❡ ✶✷ ❝❤❛✈❡s ❡♠ ✭✸✳✸✮

✸✳✹ ▼♦❞✉❧❛çã♦ P❲▼

❆s t❡♥sõ❡s ❞❡ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r ✭9S ♦✉ 12S✮ ♣❛r❛ ❛❝✐♦♥❛r ✉♠❛ ❝❛r❣❛ ❤❡①❛❢ás✐❝❛ s❡rã♦ ♦❜t✐❞❛s

♣♦r ♠❡✐♦ ❞❡ ♠♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦s ✭P❲▼✮✳ ❉❡♥tr❡ ❛s ❞✐✈❡rs❛s ♣♦ss✐❜✐❧✐❞❛❞❡s ❞❡

P❲▼✱ ❛ ❛❜♦r❞❛❣❡♠ ✉t✐❧✐③❛❞❛ s❡rá ❛ ❡s❝❛❧❛r ♦✉ s❡♥♦✐❞❛❧✳ ◆❛ té❝♥✐❝❛ P❲▼ s❡♥♦✐❞❛❧✱ ❞❡✜♥❡✲

s❡ ✉♠❛ t❡♥sã♦ s❡♥♦✐❞❛❧ ❞❡ r❡❢❡rê♥❝✐❛ q✉❡ s❡rá ♠♦❞✉❧❛❞❛ ♣❡❧♦ ❝♦♥✈❡rs♦r ❡ ♦❜t✐❞❛ ❝♦♠♦ ✉♠❛

t❡♥sã♦ ♠é❞✐❛ ♥❛ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r✳ ❆ ♠♦❞✉❧❛çã♦ ❝♦♥s✐st❡ ♥♦ ❝❤❛✈❡❛♠❡♥t♦ ❞♦ ✐♥✈❡rs♦r✱

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

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

❆ ✐♥t❡rs❡❝çã♦ ❞♦ s✐♥❛❧ s❡♥♦✐❞❛❧ ❝♦♠ ❛ ♣♦rt❛❞♦r❛ ❞❡✜♥❡ ♦ t❡♠♣♦ ❞❡ ❜❧♦q✉❡✐♦ ♦✉ ❝♦♥❞✉çã♦ ❞❡

❝❛❞❛ ❞✐s♣♦s✐t✐✈♦ s❡♠✐❝♦♥❞✉t♦r✳
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✸✳✹✳✶ ▼♦❞✉❧❛çã♦ ♣❛r❛ ♦ ❈♦♥✈❡rs♦r ❞❡ 12 ❝❤❛✈❡s

❆s t❡♥sõ❡s ❞❡ ❢❛s❡ ❞❡ r❡❢❡rê♥❝✐❛ ♣❛r❛ ❛ ♦♣❡r❛çã♦ ❜❛❧❛♥❝❡❛❞❛ ❞❡ ✉♠❛ ♠áq✉✐♥❛ ❤❡①❛❢ás✐❝❛

❡stã♦ ❞❡✜♥✐❞❛s ✭✸✳✺✮ ❡ ✭✸✳✻✮✳ P❛r❛ ❝❛❞❛ ❝♦♥❥✉♥t♦ ❞❡ ❡q✉❛çõ❡s sã♦ ❞❡✜♥✐❞❛s s❡✐s r❡❢❡rê♥❝✐❛s

s❡♥♦✐❞❛✐s✳ ◆❛s ❡q✉❛çõ❡s ✭✸✳✺✮ ❡stã♦ ❞❡s❝r✐t❛s ❛s r❡❢❡rê♥❝✐❛s ♣❛r❛ ✉♠❛ ♠áq✉✐♥❛ ❛ss✐♠étr✐❝❛

α = 30◦ ❡ ❡♠ ✭✸✳✻✮ ❡①♣õ❡✲s❡ ❛s t❡♥sõ❡s s❡♥♦✐❞❛✐s ✉t✐❧✐③❛❞❛s ♣❛r❛ ♦ ❝❛s♦ ❞❡ ✉♠❛ ♠áq✉✐♥❛

s✐♠étr✐❝❛ α = 60◦✳

• α = 30◦

v∗s1 = M sin(ωt)

v∗s3 = M sin(ωt− 2π

3
)

v∗s5 = M sin(ωt− 4π

3
)

v∗s2 = M sin(ωt− π

6
)

v∗s4 = M sin(ωt− 5π

6
)

v∗s6 = M sin(ωt− 9π

6
)

✭✸✳✺✮

• α = 60◦

v∗s1 = −v∗s4 = M cos(ωt)

v∗s3 = −v∗s6 = M cos(ωt− 2π

3
)

v∗s5 = −v∗s2 = M cos(ωt− 4π

3
)

✭✸✳✻✮
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• α = 0◦

v∗s1 = v∗s2 = M cos(ωt)

v∗s3 = v∗s4 = M cos(ωt− 2π

3
)

v∗s5 = v∗s6 = M cos(ωt− 4π

3
)

✭✸✳✼✮

❆s t❡♥sõ❡s ❞❡ ♣♦❧♦ ♣♦❞❡♠ s❡r ❡①♣r❡ss❛s ❛ ♣❛rt✐r ❞❛s t❡♥sõ❡s ❞❡ ♥❡✉tr♦ ❝♦♠♦ ❞❡s❝r✐t♦ ♥♦s

❝♦♥❥✉♥t♦s ❞❡ ❡q✉❛çõ❡s ✭✸✳✽✮ ❡ ✭✸✳✾✮✳

v∗10 = v∗s1 + v∗n0

v∗30 = v∗s3 + v∗n0

v∗50 = v∗s5 + v∗n0

✭✸✳✽✮

v∗20 = v∗s2 + v∗m0

v∗40 = v∗s4 + v∗m0

v∗60 = v∗s6 + v∗m0

✭✸✳✾✮

❖♥❞❡ v∗n0 ❡ v
∗
m0 sã♦ ❝♦♠♣♦♥❡♥t❡s ❤♦♠♦♣♦❧❛r❡s ❡ ♥ã♦ ♣r♦❞✉③❡♠ ❞✐st♦rçõ❡s✱ ✉♠❛ ✈❡③ q✉❡ ❡stã♦

♣r❡s❡♥t❡s ♥❛s três ❢❛s❡s✳

❖ s✐st❡♠❛ ❞❡ ❡q✉❛çõ❡s ❞❡s❝r✐t♦ ❡♠ ✭✸✳✽✮ ❡ ✭✸✳✾✮ só t❡rá s♦❧✉çã♦ ❛ ♣❛rt✐r ❞❛ ❡s♣❡❝✐✜❝❛çã♦

❞❛s t❡♥sõ❡s v∗n0 ❡ v∗m0✳ ❖ ♣r♦❝❡❞✐♠❡♥t♦ ❛❞♦t❛❞♦ ❛q✉✐✱ ♣❛r❛ ❡s♣❡❝✐✜❝❛r ❛s t❡♥sõ❡s v∗n0 ❡ v∗m0

é s❡♠❡❧❤❛♥t❡ ❛♦ ❛❞♦t❛❞♦ ♥♦ ❝❛s♦ tr✐❢ás✐❝♦ ✭❏❛❝♦❜✐♥❛ ❡t ❛❧✳✱ ✷✵✵✶✮✳ ❊st❛s t❡♥sõ❡s ♣♦❞❡♠ s❡r

❞❡✜♥✐❞❛s ❡♠ ❢✉♥çã♦ ❞❡ ✉♠ ❢❛t♦r ✈❛r✐á✈❡❧ µ ♦✉ ❢❛t♦r ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ r♦❞❛ ❧✐✈r❡ ✭0 < µ > 1✮

❡①♣r❡ss♦ ♥❛ ❡q✉❛çã♦ ✭✸✳✶✵✮✳

µ = toi/t0 ✭✸✳✶✵✮
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❊♠ ❣❡r❛❧ to✱ t❡♠♣♦ ❞❡ ❛♣❧✐❝❛çã♦ ❞♦s ✈❡t♦r❡s ❞❡ r♦❞❛ ❧✐✈r❡✱ é ❞✐✈✐❞✐❞♦ ❞♦ s❡❣✉✐♥t❡ ♠♦❞♦✳

❯♠❛ ♣❛rt❡ ❛♣❧✐❝❛❞❛ ♥♦ ✐♥✐❝✐♦ ❞♦ ♣❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ✭toi ❂ µto✮ ❡ ♦✉tr❛ ✭tof ❂ (1−µ)to✮

♥♦ ✜♥❛❧ ❞♦ ♣❡rí♦❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳ ❉❡♣❡♥❞❡♥❞♦ ❞♦ ♠♦❞♦ ❞❡ ❝♦♥❡①ã♦ ❞♦s ♥❡✉tr♦s ❞❛

♠áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ ♣♦❞❡ s❡ ❞❡✜♥✐r ✉♠ µ ❣❧♦❜❛❧ ♣❛r❛ ♦s ❝❛s♦s ❞❡ ♥❡✉tr♦s s✐♠♣❧❡s ♦✉ ❞♦✐s

❢❛t♦r❡s µ1 ❡ µ2 ♣❛r❛ ♦s ❝❛s♦s ❞♦s ❝♦♥❥✉♥t♦s tr✐❢ás✐❝♦s t❡r❡♠ ♥❡✉tr♦s ❞✐st✐♥t♦s✳

❈♦♥s✐❞❡r❛♥❞♦ ❛ ♠áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ ❝♦♥❡❝t❛❞❛ ❝♦♠ ♥❡✉tr♦ s✐♠♣❧❡s✱ µ ❣❧♦❜❛❧✳ ❈♦♥✲

s✐❞❡r❛♥❞♦ v∗m0 ❂ v∗n0❂ v∗h0✱ ❝❛❧❝✉❧❛✲s❡ ❛ ❝♦♠♣♦♥❡♥t❡ ❞❡ s❡q✉ê♥❝✐❛ ③❡r♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ✭✸✳✶✶✮✳

v∗h0 = E(
1

2
− µ)− (1− µ)v∗sM − µv∗sm ✭✸✳✶✶✮

❖s ✈❛❧♦r❡s ❞❡ v∗sM ❡ v∗sm sã♦ ♦❜t✐❞♦s ♥♦ ❝♦♥❥✉♥t♦ ❞❡ r❡❢❡rê♥❝✐❛s ❬v∗s1, v
∗
s2, v

∗
s3, v

∗
s4, v

∗
s5, v

∗
s6❪

r❡s♣❡❝t✐✈❛♠❡♥t❡ ❝♦♠♦ ♦ ✈❛❧♦r ♠á①✐♠♦ ❡ ♠í♥✐♠♦ ❞❡♥tr❡ t❛✐s r❡❢❡rê♥❝✐❛s✳

❈♦♥❡❝t❛♥❞♦ ❛ ♠áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ ❞❡ ♠♦❞♦ ❛ ♣♦ss✉✐r ❞♦✐s ♥❡✉tr♦s✱ é ♣♦ssí✈❡❧ ❞❡✜♥✐r ❞♦✐s

❢❛t♦r❡s ❞❡ ❞✐str✐❜✉✐çã♦✱ ❝❛❞❛ ✉♠ r❡❧❛❝✐♦♥❛❞♦ ❛ ✉♠ ❞♦s ❝♦♥❥✉♥t♦s tr✐❢ás✐❝♦s ❞❛ ♠áq✉✐♥❛✳ ❉❡ss❡

♠♦❞♦✱ ❞❡✜♥❡✲s❡✱ ❞✉❛s ♠❛♥❡✐r❛s ♣❛r❛ ❝á❧❝✉❧♦ ❞❛s t❡♥sõ❡s ❤♦♠♦♣♦❧❛r❡s v∗m0 ❡ v∗n0✱ ❡①♣r❡ss❛s

❡♠ ✭✸✳✶✷✮ ❡ ✭✸✳✶✸✮✳

v∗n0 = E(
1

2
− µ1)− (1− µ1)v

∗
sM1 − µ1v

∗
sm1 ✭✸✳✶✷✮

v∗m0 = E(
1

2
− µ2)− (1− µ2)v

∗
sM2 − µ2v

∗
sm2 ✭✸✳✶✸✮

v∗sM1 ❡ v∗sm1 sã♦ r❡s♣❡❝t✐✈❛♠❡♥t❡ ♦s ✈❛❧♦r❡s ♠á①✐♠♦ ❡ ♠í♥✐♠♦✱ ♣♦ré♠ ❛♣❡♥❛s ❞♦ ❝♦♥❥✉♥t♦ ❞❡

t❡♥sõ❡s ❬v∗s1, v
∗
s3, v

∗
s5❪✱ ❞❡ ♠♦❞♦ s✐♠✐❧❛r v∗sM2 ❡ v∗sm2 sã♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ♦s ✈❛❧♦r❡s ♠á①✐♠♦

❡ ♠í♥✐♠♦ ❞❡ t❡♥sõ❡s ❬v∗s2, v
∗
s4, v

∗
s6❪✳

❈♦♥s✐❞❡r❛♥❞♦ ❛ ❢r❡q✉ê♥❝✐❛ ❞❛ ♦♥❞❛ ❞❛ tr✐❛♥❣✉❧❛r ♠✉✐t♦ ♠❛✐♦r q✉❡ ❛ ❢r❡q✉ê♥❝✐❛ ❞❛s

t❡♥sõ❡s ❞❡ r❡❢❡rê♥❝✐❛✱ ♣♦❞❡ s❡ ❝♦♥s✐❞❡r❛r q✉❡ ❛s t❡♥sõ❡s ❞❡ ♣♦❧♦ ❞❡ r❡❢❡rê♥❝✐❛ sã♦ ❝♦♥st❛♥t❡s

❡♠ ✉♠ ♣❡rí♦❞♦ ✭❚✮ ❞❛ tr✐❛♥❣✉❧❛r✳ ❈♦♥s✐❞❡r❛♥❞♦ t❛♠❜é♠ q✉❡ ❛s t❡♥sõ❡s ❞❡ ♣♦❧♦ ❞❡ r❡❢❡rê♥❝✐❛

v∗i0✱ i = 1, 3, 5 ❡ v∗j0 ♣❛r❛ j = 2, 4, 6 sã♦ ✐❣✉❛✐s às t❡♥sõ❡s ❞❡ ♣♦❧♦ vi0 ❡ vj0✱ ♣♦❞❡ s❡ ❞❡✜♥✐r ♦s

✐♥t❡r✈❛❧♦s ❞❡ t❡♠♣♦ q✉❡ ❛s ❝❤❛✈❡s ❡st❛rã♦ ❢❡❝❤❛❞❛s✳ ❈♦♠♦ ❡stá ❡①♣r❡ss♦ ❡♠ ✭✸✳✶✹✮ ❡ ✭✸✳✶✺✮✳
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1

T

∫

v∗i0dt =
1

T

∫

vi0dt =
1

T
(τi

E

2
− (T − τi)

E

2
) ✭✸✳✶✹✮

1

T

∫

v∗j0dt =
1

T

∫

vj0dt =
1

T
(τj

E

2
− (T − τj)

E

2
) ✭✸✳✶✺✮

P♦❞❡ s❡ ❛✐♥❞❛ ✐s♦❧❛r ♦s t❡r♠♦s τi ❡ τj ❞❡ ✭✸✳✶✻✮ ❡ ✭✸✳✶✼✮✳ ❖❜t❡♥❞♦ ❛ss✐♠ ♦s t❡♠♣♦s ❡♠

q✉❡ ❛s ❝❤❛✈❡s ❞❡ ❝❛❞❛ ❜r❛ç♦ ❡st❛rã♦ ❢❡❝❤❛❞❛s✳

τi = (
vi0
E

+
1

2
)T ✭✸✳✶✻✮

τj = (
vj0
E

+
1

2
)T ✭✸✳✶✼✮

❈♦♠ t❛❧ ♣r♦❝❡❞✐♠❡♥t♦ ❛s t❡♥sõ❡s ❞❡ s❛í❞❛ sã♦ s✐♥t❡t✐③❛❞❛s ❞❡ t❛❧ ♠♦❞♦ ❛ t❡r❡♠ ♦ ✈❛❧♦r❡s

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

✸✳✹✳✷ ▼♦❞✉❧❛çã♦ ♣❛r❛ ♦ ❈♦♥✈❡rs♦r ❞❡ 9 ❝❤❛✈❡s

❆ ♠♦❞✉❧❛çã♦ P❲▼ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r 9❙ ❞❡✈❡ s❡r ❢❡✐t❛ ❞❡ ♠♦❞♦ ❛ ❝♦♥t♦r♥❛r ❛ ❧✐♠✐t❛çã♦

✐♠♣♦st❛ ♣❡❧❛s 3 ❝❤❛✈❡s ❡♠ ✉♠ ú♥✐❝♦ ❜r❛ç♦✳ P❛r❛ ❡❧✐♠✐♥❛r ♦ r✐s❝♦ ❞❡ ❝✉rt♦✲❝✐r❝✉✐t♦ ❞♦

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

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

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

❡♠ ❞❡s❧♦❝❛r ❛s r❡❢❡rê♥❝✐❛s ❝♦♠ ❛ ❛❞✐çã♦ ❞❡ ✉♠❛ t❡♥sã♦ ❝♦♥tí♥✉❛ ❞❡ t❛❧ ♠♦❞♦ q✉❡ ❛ t❡♥sã♦ ❞❡

r❡❢❡rê♥❝✐❛ ♣❛r❛ ❛s ❢❛s❡s s✉♣❡r✐♦r❡s 246✱ ❡♠ ♥❡♥❤✉♠ ♠♦♠❡♥t♦ s❡❥❛♠ ♠❡♥♦r❡s q✉❡ ❛s t❡♥sõ❡s

❞❡ r❡❢❡rê♥❝✐❛ ❞❛s ❢❛s❡s ✐♥❢❡r✐♦r❡s 135✳ ◆❛ ✜❣✉r❛ ✸✳✹ ❡stã♦ ❛♣r❡s❡♥t❛❞❛s ❛s s❡✐s r❡❢❡rê♥❝✐❛s ❞❡

t❡♥sã♦ ♣❛r❛ ♦ 9❙✱ ❞❡✈✐❞❛♠❡♥t❡ ❞❡❢❛s❛❞❛s✳

◆❛ ✜❣✉r❛ ✸✳✹ ❛ t❡♥sã♦ ❝♦♥tí♥✉❛ ❢♦✐ ❛❞✐❝✐♦♥❛❞❛ ❛♦s ❞♦✐s ❝♦♥❥✉♥t♦s ❞❡ r❡❢❡rê♥❝✐❛✳ P❛r❛

❡♥❢❛t✐③❛r ♦ ❞❡s❧♦❝❛♠❡♥t♦ ♦✉ ♦✛s❡t✱ ♥❛ ✜❣✉r❛ ✸✳✺✭❛✮ ❡stã♦ ❡①✐❜✐❞❛s✱ ❞❡ ♠♦❞♦ ❣❡♥ér✐❝♦✱ ❛s

r❡❢❡rê♥❝✐❛s ♣❛r❛ ✉♠ ❞♦s ❜r❛ç♦s ❞♦ ❝♦♥✈❡rs♦r✳ ❖ ❞❡s❧♦❝❛♠❡♥t♦ ♣♦❞❡ s❡r ❡❢❡t✉❛❞♦ ❡♠ ❞✐✈❡rs♦s

♥í✈❡✐s✱ ❡♠ ♦✉tr❛s ♣❛❧❛✈r❛s✱ ❤á ✉♠❛ ❢❛✐①❛ ❞❡ t❡♥sã♦ ❈❈ q✉❡ ♣♦❞❡ s❡r ❛❞✐❝✐♦♥❛❞❛ ❞❡ ♠♦❞♦ ❛

♠❛♥t❡r ♦ ❝♦♥✈❡rs♦r ♦♣❡r❛♥❞♦ ❞❡ ♠♦❞♦ s❛t✐s❢❛tór✐♦✳ ◆❛ ✜❣✉r❛ ✸✳✺✭❜✮ ❡stá ❞❡t❛❧❤❛❞♦ ❝♦♠♦
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s❡ ❝♦♠♣♦rt❛♠ ❛s r❡❢❡rê♥❝✐❛s q✉❛♥❞♦ ✉♠ ♠á①✐♠♦ ❞❡ ♦✛s❡t é ❛❞✐❝✐♦♥❛❞♦✳ ◆❡st❡ ❝❛s♦ vref1 ❡

vref2 ❡♠ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ✐♥st❛♥t❡ t❡♥❞❡♠ ❛ ✉♠❛ r❡❧❛çã♦ ❛ss✐♥tót✐❝❛✱ ♣♦ré♠ vref1 é s❡♠♣r❡

♠❛✐♦r q✉❡ vref2✳
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❋✐❣✉r❡ ✸✳✹✿ ❚❡♥sõ❡s ❣❡♥ér✐❝❛s ❞❡ r❡❢❡rê♥❝✐❛ ♣❛r❛ ♠♦❞✉❧❛çã♦ P❲▼ ❞♦ ❝♦♥✈❡rs♦r 9❙✳

❆s r❡❢❡rê♥❝✐❛s ❛♣r❡s❡♥t❛❞❛s ♥❛ ✜❣✉r❛ ✸✳✹✱ q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛s ❝♦♠ ✉♠ s✐♥❛❧ tr✐❛♥❣✉❧❛r

❣❡r❛♠ ♦s s✐♥❛✐s ❞❡ ❣❛t✐❧❤♦ ❞❛s ❝❤❛✈❡s s✉♣❡r✐♦r❡s q1✱ q2✱ q3 ❡ ✐♥❢❡r✐♦r❡s q4✱ q5✱ q6✳ ❆s ❝❤❛✈❡s

❞♦ ♠❡✐♦ qa✱ qb✱ qc sã♦ ❝♦♥tr♦❧❛❞❛s ❝♦♠ ❛♣❧✐❝❛çã♦ ❞♦ ♦♣❡r❛❞♦r ❧ó❣✐❝♦ ❳❖❘ s♦❜r❡ ♦s s✐♥❛✐s ❞❛s

❝❤❛✈❡s s✉♣❡r✐♦r❡s ❡ ✐♥❢❡r✐♦r❡s✳ ❉❡st❛❝❛✲s❡✱ ♣❛r❛ ♦ 9❙✱ q✉❡ ❛s ❝❤❛✈❡s s✉♣❡r✐♦r❡s sã♦ ❛❝✐♦♥❛❞❛s

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

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

❛s ❝❤❛✈❡s s✉♣❡r✐♦r❡s s❡rã♦ ❝♦♠✉t❛❞❛s✱ ❝❛s♦ ❝♦♥trár✐♦ s❡rã♦ ❜❧♦q✉❡❛❞❛s✳ P❛r❛ ❛s ❝❤❛✈❡s

✐♥❢❡r✐♦r❡s ♦❝♦rr❡ ♦ ❝♦♥trár✐♦✿ ❞✐s♣❛r❛❞❛s s❡♠♣r❡ q✉❡ ♦ ♥í✈❡❧ ❞♦ s✐♥❛❧ s❡♥♦✐❞❛❧ ❢♦r ♠❡♥♦r q✉❡

1.9 1.95 2
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✭❛✮ ❚❡♥sõ❡s ❞❡ r❡❢❡rê♥❝✐❛

1.94 1.945 1.95
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✭❜✮ ❩♦♦♠ ❞❛s t❡♥sõ❡s ❞❡ r❡❢❡rê♥❝✐❛

❋✐❣✉r❡ ✸✳✺✿ ❘❡❢❡rê♥❝✐❛s ♣❛r❛ ♠♦❞✉❧❛çã♦ P❲▼ ✲ ❯♠ ❜r❛ç♦ ❞❛ t♦♣♦❧♦❣✐❛ 9❙✳
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♦ ♥í✈❡❧ ❞❛ tr✐❛♥❣✉❧❛r✳

❆s ❡q✉❛çõ❡s ❛♣r❡s❡♥t❛❞❛s ❡♠ ✭✸✳✶✽✮ ❞❡s❝r❡✈❡♠ ❛s t❡♥sõ❡s ❞❡ r❡❢❡rê♥❝✐❛ ♣❛r❛ ❛ ♠♦❞✉❧❛çã♦

P❲▼ ❞♦ ❝♦♥✈❡rs♦r 9❙✳

v∗s1 = M1 sin(ωt+ ϕ1) + (1−M1)

v∗s3 = M1 sin(ωt+ ϕ1 +
2π

3
) + (1−M1)

v∗s5 = M1 sin(ωt+ ϕ1 −
2π

3
) + (1−M1)

v∗s2 = M2 sin(ωt+ ϕ2) + (M2 − 1)

v∗s4 = M2 sin(ωt+ ϕ2 +
2π

3
) + (M2 − 1)

v∗s6 = M2 sin(ωt+ ϕ2 −
2π

3
) + (M2 − 1)

✭✸✳✶✽✮

♦♥❞❡ ω é ❛ ❢r❡q✉ê♥❝✐❛ ❛♥❣✉❧❛r✱ ω = 2π❢✱ ❢ = 60Hz✱ ϕ1 ❡ ϕ2 sã♦ ❞❡s❧♦❝❛♠❡♥t♦s ❞❡ ❢❛s❡ ❡

M é ❛ ❛♠♣❧✐t✉❞❡ ❞❡ r❡❢❡rê♥❝✐❛✳

❖ ❝♦♥✈❡rs♦r ❞❡ 9 ❝❤❛✈❡s ♣♦❞❡ s❡r ❛❝✐♦♥❛❞♦ ❞❡ ❞♦✐s ♠♦❞♦s ❞✐st✐♥t♦s ❡♠ r❡❧❛çã♦ à ❢r❡q✉ê♥✲

❝✐❛ ❞❛s t❡♥sõ❡s ❞❡ s❛í❞❛✿ ❢r❡q✉ê♥❝✐❛ ❝♦♥st❛♥t❡✱ ❡ ❢r❡q✉ê♥❝✐❛ ✈❛r✐á✈❡❧✳ ❈♦♠♦ ♦ ❛❝✐♦♥❛♠❡♥t♦

r❡❛❧✐③❛❞♦ ♥❡st❡ tr❛❜❛❧❤♦ é ❤❡①❛❢ás✐❝♦✱ ❛ ❢r❡q✉ê♥❝✐❛ ω t❡♠ ♦ ♠❡s♠♦ ✈❛❧♦r ♣❛r❛ ♦s ❞♦✐s ❝♦♥❥✉♥✲

t♦s ❞❡ r❡❢❡rê♥❝✐❛✱ ❛❧é♠ ❞✐ss♦ ❛ ♠áq✉✐♥❛ ♣♦ss✉✐ ✉♠ â♥❣✉❧♦ ❞❡ ❞❡❢❛s❛♠❡♥t♦ α ❝♦♥st❛♥t❡ ❡♥tr❡

❛s ❜♦❜✐♥❛s✳ ■ss♦ ✐♠♣õ❡ ✉♠ ✈❛❧♦r ❞❡ ❞❡s❧♦❝❛♠❡♥t♦ ✜①♦ ❡♥tr❡ ❛s r❡❢❡rê♥❝✐❛s✳ ❈♦♥s✐❞❡r❛♥❞♦

α = ϕ1−ϕ2 ❡ s❡❣✉✐♥❞♦ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ♣r♦♣♦st♦ ❡♠ ✭●❛♦ ❡t ❛❧✳✱ ✷✵✶✵✮ ♣♦❞❡ s❡ ❞❡t❡r♠✐♥❛r

✉♠ ✈❛❧♦r ❧✐♠✐t❡ ♠á①✐♠♦ ♣❛r❛ ♦s ♥í✈❡✐s ❞❡ t❡♥sã♦ M1 ❡ M2 ❡ ♦s r❡s♣❡❝t✐✈♦s ❞❡s❧♦❝❛♠❡♥t♦s ♦✉

♦✛s❡ts ❞❛❞♦ às r❡❢❡rê♥❝✐❛s✱ ❞❡ ♠♦❞♦ ❛ ♦t✐♠✐③❛r ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦✳

M1 sin(ωt+ ϕ1) + (1−M1) ≥ M2 sin(αt+ ϕ2) + (M2 − 1) ✭✸✳✶✾✮

❈♦♥s✐❞❡r❛♥❞♦ q✉❡ ❛s r❡❢❡rê♥❝✐❛s ❞❡ t❡♥sã♦ ♣❛r❛ ✉♠ ❜r❛ç♦ ❞❡✈❡♠ ♦❜❡❞❡❝❡r ❛ ❡①♣r❡ssã♦

✭✸✳✶✾✮✱ ✐s♦❧❛♥❞♦✲s❡ ✉♠ ❞♦s t❡r♠♦s M1 ♦✉ M2✱ ♦❜té♠✲s❡ ❛ ❡q✉❛çã♦ ✭✸✳✷✵✮✳
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M2 ≤ 2 +M1(sin(ωt+ α)− 1)

1 + sin(ωt)
✭✸✳✷✵✮

❆ss✉♠✐♥❞♦✲s❡ M1 = M2 = M ❡ ❛♣ós ❛❧❣✉♠❛s ♠❛♥✐♣✉❧❛çõ❡s ♣♦❞❡ s❡ ❝❤❡❣❛r à ❡①♣r❡ssã♦

✭✸✳✷✶✮ q✉❡ r❡❧❛❝✐♦♥❛ ❞✐r❡t❛♠❡♥t❡ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ❛♦ ❞❡s❧♦❝❛♠❡♥t♦ α✳ P♦r ♦✉tr♦ ❧❛❞♦

α é ♦ ❞❡s❧♦❝❛♠❡♥t♦ ❞❡ ❢❛s❡ ❡♥tr❡ ♦s ❞♦✐s ❝♦♥❥✉♥t♦s ❞❡ t❡♥sõ❡s ❞❡ r❡❢❡rê♥❝✐❛ ❡ ❛✐♥❞❛ α é ♦

❞❡s❧♦❝❛♠❡♥t♦ ❛♥❣✉❧❛r ✜①♦ ❡♥tr❡ ♦s ❝♦♥❥✉♥t♦s ❞❡ ❜♦❜✐♥❛s ❞❛ ♠áq✉✐♥❛✱ ❞❡♣r❡❡♥❞❡✲s❡ ❞❛í q✉❡

♣❛r❛ ❛❝✐♦♥❛r ✉♠❛ ♠áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ ❝♦♠ ♦ ♠á①✐♠♦ ❞❡ ❛♣♦✈❡✐t❛♠❡♥t♦ ❞♦ ❜❛rr❛♠❡♥t♦✱ M

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

P❛r❛ ✉♠❛ ♠áq✉✐♥❛ ❛ss✐♠étr✐❝❛ α = 30◦ ❡ ❝♦♠ ✉s♦ ❞❡ ✭✸✳✷✶✮✱ ♦❜té♠✲s❡ ✉♠ ✈❛❧♦r M = 0, 794✳

♣❛r❛ ✉♠❛ ♠áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ q✉❡ ♣♦ss✉✐ α = 60◦ ❡♥tã♦ M = 0, 667✳

M ≤ 1

1 + sin(α/2)
✭✸✳✷✶✮

✸✳✹✳✸ ❋❛t♦r ❞❡ ❉✐str✐❜✉✐çã♦ ♣❛r❛ ♦ ❈♦♥✈❡rs♦r ❞❡ 9 ❈❤❛✈❡s

❆ ❡str❛té❣✐❛ ❞❡ ♠♦❞✉❧❛çã♦ ♣r♦♣♦st❛ ♥♦ ✐t❡♠ ✸✳✹✳✷ ♣♦ss✉✐ ✉♠❛ ❞✐❢❡r❡♥ç❛ ❞❡ t❡♥sã♦ ❡♥tr❡ ❛s

r❡❢❡rê♥❝✐❛s vref1 ❡ vref2 s❡♠♣r❡ ✜①❛✱ s❡♥❞♦ ✜①❛ t❛♠❜é♠ ❡♥tr❡ ❛s ❞❡♠❛✐s r❡❢❡rê♥❝✐❛s✳ ❯♠❛

❡str❛té❣✐❛ ❛❧t❡r♥❛t✐✈❛ ❞❡ ♠♦❞✉❧❛çã♦ P❲▼ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r 9S ♣r♦♣♦st❛ ❡♠ ✭❋❛❜r✐❝✐♦✱ ✷✵✶✵✮✱

❝♦♥s✐❞❡r❛ ❛ ❞✐❢❡r❡♥ç❛ ❞❡ t❡♥sã♦ ❡♥tr❡ vref1 ❡ vref2 ✈❛r✐á✈❛❧ ❡ ♥❡st❡ ❝❛s♦ ♣❡r♠✐t❡ ✉♠❛ ♠❡❧❤♦r

✉t✐❧✐③❛çã♦ ❞♦ ❜❛rr❛♠❡♥t♦ ❈❈✳ P❛r❛ q✉❡ t❛❧ ❞✐❢❡r❡♥ç❛ s❡❥❛ ✈❛r✐á✈❛❧ ✐♥tr♦❞✉③✲s❡ ♦s ❢❛t♦r❡s ❞❡

❞✐str✐❜✉✐çã♦ ❞❡ r♦❞❛ ❧✐✈r❡✳ ◆♦ ❝♦♥❥✉♥t♦ ❞❡ ❡q✉❛çõ❡s ✭✸✳✷✷✮ ♠♦str❛✲s❡ ❛s t❡♥sõ❡s ❞❡ ♣♦❧♦ ❞❡

r❡❢❡rê♥❝✐❛ ♣❛r❛ ♦s ❞♦✐s ❝♦♥❥✉♥t♦s tr✐❢ás✐❝♦s ❞♦ ❝♦♥✈❡rs♦r✳
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v∗10 = v∗s1 + v∗n0

v∗30 = v∗s3 + v∗n0

v∗50 = v∗s5 + v∗n0

v∗20 = v∗s2 + v∗m0

v∗40 = v∗s4 + v∗m0

v∗60 = v∗s6 + v∗m0

✭✸✳✷✷✮

P❛r❛ ❡♥❝♦♥tr❛r ❛s s♦❧✉çõ❡s ❞♦ ❝♦♥❥✉♥t♦ ❞❡ ❡q✉❛çõ❡s ✭✸✳✷✷✮ ❞❡t❡r♠✐♥❛✲s❡ ♦s ✈❛❧♦r❡s ❞❡

vn0 ❡ vm0✳ ◆❡st❡ ❝❛s♦✱ ❞❡✜♥❡✲s❡ ♦s ♣❛râ♠❡tr♦s µ1 ❡ µ2 q✉❡ sã♦ ❢❛t♦r❡s ❞❡ r♦❞❛ ❧✐✈r❡ ❡ sã♦

❛♣r❡s❡♥t❛❞♦s ♥❛s ❡q✉❛çõ❡s ✭✸✳✷✸✮ ❡ ✭✸✳✷✹✮✳

v∗n0 = E(
1

2
− µ1)− (1− µ1)v

∗
sM1 − µ1v

∗
sm1 ✭✸✳✷✸✮

v∗m0 = E(
1

2
− µ2)− (1− µ2)v

∗
sM2 − µ2v

∗
sm2 ✭✸✳✷✹✮

❖♥❞❡ v∗sM1 ❡ v∗sm1 sã♦ r❡s♣❡❝t✐✈❛♠❡♥t❡ ♦s ✈❛❧♦r❡s ♠á①✐♠♦ ❡ ♠í♥✐♠♦ ❞♦ ❝♦♥❥✉♥t♦ ❞❡ t❡♥sõ❡s

❬v∗s1, v
∗
s3, v

∗
s5❪✱ ❛ss✐♠ ❝♦♠♦ v∗sM2 ❡ v∗sm2 sã♦ r❡s♣❡❝t✐✈❛♠❡♥t❡ ♦s ✈❛❧♦r❡s ♠á①✐♠♦ ❡ ♠í♥✐♠♦ ❞❡

t❡♥sõ❡s ❬v∗s2, v
∗
s4, v

∗
s6❪✳

❖s ♣❛râ♠❡tr♦s µ1 ❡ µ2 ♣♦❞❡♠ ✈❛r✐❛r ❞❡ 0 ❛ 1✳ ❆ ❡str❛té❣✐❛ ❞❡ ♠♦❞✉❧❛çã♦ ✉t✐❧✐③❛ ❛ ♣♦ss✐✲

❜✐❧✐❞❛❞❡ ❞❡ ✈❛r✐❛çã♦ ❞♦s ♣❛râ♠❡tr♦s µ1 ❡ µ2 ♣❛r❛ ❣❛r❛♥t✐r ♦ ❞❡s❧♦❝❛♠❡♥t♦ ❡♥tr❡ ❛s r❡❢❡rê♥❝✐❛s

❞❡ t❡♥sã♦ s✉♣❡r✐♦r ❡ ✐♥❢❡r✐♦r ❞❡ ❝❛❞❛ ❜r❛ç♦ ❡ ❛ss✐♠ ♦❜❡❞❡❝❡r ❛ r❡str✐çã♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ✐♥❡r✲

❡♥t❡ à ❡str✉t✉r❛ ❞♦ ❝♦♥✈❡rs♦r✱ ♦✉ s❡❥❛✱ ♦ ❝á❧❝✉❧♦ ❞❡ss❡s ♣❛râ♠❡tr♦s é ❡❢❡t✉❛❞♦ ❞❡ t❛❧ ♠♦❞♦

q✉❡ ✈❛❧♦r ♣❛r❛ µ1 s❡❥❛ ✜①♦ ❡♥tr❡ ✵ ❡ ✶ ❡ ♦ ✈❛❧♦r ❞❡ µ2 é ❝❛❧❝✉❧❛❞♦ ♣❛r❛ ❣❛r❛♥t✐r s❡♠♣r❡ ❛

❝♦♥❞✐çã♦ ❡①♣r❡ss❛ ❡♠ ✭✸✳✷✺✮✳

vsi ≥ vsj ✭✸✳✷✺✮
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♣❛r❛ ♦s s❡❣✉✐♥t❡s ❝❛s♦s ✭i = 1; j = 2✮✱✭i = 3; j = 4✮ ♦✉ ✭i = 5; j = 6✮✳

❙✉❜st✐t✉✐♥❞♦ ❛ ❡q✉❛çã♦ ✭✸✳✷✷✮ ♥❛ ❡q✉❛çã♦ ✭✸✳✷✺✮ ♣❛r❛ ❝❛❞❛ ✉♠ ❞♦s ❝❛s♦s✳ ❖❜té♠ s❡

✉♠❛ r❡❧❛çã♦ q✉❡ ❡①♣r❡ss❛ ♦ ♠❛✐♦r ✈❛❧♦r ♣❡r♠✐t✐❞♦ ❞❡ ❡s❝♦❧❤❛ ♣❛r❛ ❛ t❡♥sã♦ v∗m0 ❞❡ ♠❛♥❡✐r❛

❛ s❡ ♦❜❡❞❡❝❡r ❛ r❡str✐çã♦ ✐♠♣♦st❛ ♥❛ ❡q✉❛çã♦ ✭✸✳✷✺✮✳ ❈♦♠♦ ♦ ✈❛❧♦r ❞❡ µ1 é ❞❡✜♥✐❞♦✱ r❡s✉❧t❛

q✉❡ ♦ ✈❛❧♦r ❞❡ v∗n0 t❛♠❜é♠ ❡stá ❞❡✜♥✐❞♦✳ P♦rt❛♥t♦✱ ❛ ✈❛r✐á✈❡❧ ✐s♦❧❛❞❛ s❡rá v∗m0✱ ❝♦♥❢♦r♠❡ ❛

❡q✉❛çã♦ ✭✸✳✷✻✮✳

v∗mo 6 min(v∗s1 − v∗s2, v
∗
s3 − v∗s4, v

∗
s5 − v∗s6) ✭✸✳✷✻✮

P❛r❛ s❡ ♦❜t❡r ♦ ✈❛❧♦r ❞❡ v∗mo q✉❡ s❛t✐s❢❛ç❛ ❛ ❝♦♥❞✐çã♦✱ ❛tr✐❜✉✐✲s❡ ✉♠ ✈❛❧♦r ♣❛r❛ µ2 ❡

❝❛❧❝✉❧❛ ♦ ✈❛❧♦r ❞❡ vm0 ❝♦rr❡s♣♦♥❞❡♥t❡✱ s❡ ❛ ❝♦♥❞✐çã♦ ❡①♣r❡ss❛ ❡♠ ✭✸✳✷✻✮ ❛✐♥❞❛ ♥ã♦ ❡st✐✈❡r

s❛t✐s❢❡✐t❛✱ ❞❡❝r❡♠❡♥t❛ s❡ µ2 ❡ ❝❛❧❝✉❧❛✲s❡ ✉♠ ♥♦✈♦ ✈❛❧♦r ♣❛r❛ vm0✳ ❊ss❡ ♣r♦❝❡ss♦ é r❡♣❡t✐❞♦

❛té q✉❡ ❛ ❝♦♥❞✐çã♦ ❞❛ ❡q✉❛çã♦ ✭✸✳✷✻✮ s❡❥❛ s❛t✐s❢❡✐t❛✳

✸✳✺ ❈♦♥❝❧✉sã♦

◆❡st❡ ❝❛♣ít✉❧♦ ❢♦r❛♠ ❞❡s❝r✐t♦s ❛s ❝♦♥✜❣✉r❛çõ❡s 9❙ ❡ 12❙ ✉t✐❧✐③❛❞❛s ♥♦ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ✉♠❛

♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦ ❤❡①❛❢ás✐❝❛✳ ❋♦r❛♠ ❞❡s❝r✐t♦s ♦s ♠♦❞❡❧♦s ❞❡ t❡♥sã♦✱ ❛ss✐♠ ❝♦♠♦ ❛s

té❝♥✐❝❛s ❞❡ ♠♦❞✉❧❛çã♦ ❡s❝❛❧❛r ♣❛r❛ ❛s ❞✉❛s ❡str✉t✉r❛s✳

❖ ❝♦♥✈❡rs♦r 9❙ ♣♦ss✉✐ r❡str✐çõ❡s ♥♦ s❡✉ ♠♦❞♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦ q✉❡ r❡❞✉③❡♠ ♦ ✐♥❞í❝❡ ❞❡

♠♦❞✉❧❛çã♦✱ ❡st❛s r❡str✐çõ❡s sã♦ ❝♦♥s❡q✉ê♥❝✐❛s ❞❛ ❡str✉t✉r❛ ❞♦ ❝♦♥✈❡rs♦r q✉❡ ♣♦ss✉✐ ♠❡♥♦s

❡st❛❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ q✉❡ ❝♦♥✈❡rs♦r ✶✷❙✳ ❆ ❡❧✐♠✐♥❛çã♦ ❞❡st❛s r❡str✐çõ❡s ❡①✐❣❡ ✉♠ ❛✉♠❡♥t♦

❞❛ t❡♥sã♦ ❞❡ ❜❛rr❛♠❡♥t♦ ❡ ♥❡st❡ ❝❛s♦ ♦s ❞✐s♣♦s✐t✐✈♦s s❡♠✐❝♦♥❞✉t♦r❡s ❡stã♦ s✉❜♠❡t✐❞♦s ❛ ✉♠❛

♠❛✐♦r t❡♥sã♦ r❡✈❡rs❛ q✉❡ ♦s ❞❛ t♦♣♦❧♦❣✐❛ ✶✷❙✳

P❛r❛ ♦ ❝♦♥✈❡rs♦r ✾❙ ❢♦✐ ❛♣r❡s❡♥t❛❞♦ t❛♠❜é♠ ✉♠❛ ♠♦❞✉❧çã♦ ❛❧t❡r♥❛t✐✈❛ ❛ ♣❛rt✐r ❞❛

✉t✐❧✐③❛çã♦ ❞❡ ❞♦✐s ❢❛t♦r❡s ❞❡ r♦❞❛ ❧✐✈r❡✳ ❊ss❡s ❢❛t♦r❡s sã♦ ❝❛❧❝✉❧❛❞♦s ❞❡ ♠♦❞♦ ❛ t❛♠❜é♠

❝♦♥t♦r♥❛r ❛s r❡str✐çõ❡s ❞♦ ❝♦♥✈❡rs♦r✱ ♠❛s ❛ r♦t✐♥❛ ❞❡ ❡s❝♦❧❤❛ ❞❡st❡s ❞♦✐s ❢❛t♦r❡s ❡①✐❣❡ ✉♠

♠❛✐♦r ❡s❢♦rç♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✳ ❖ ✈❛❧♦r ❞♦s ❢❛t♦r❡s ❞❡ ❞✐str✐❜✉✐çã♦ sã♦ ❞❡♣❡♥❞❡♥t❡s✱ ♣♦r ✐ss♦ ♦

❛❧❣♦r✐t♠♦ ❞❡ ❝á❧❝✉❧♦ ♥❡❝❡ss✐t❛ ❞❡ ✉♠❛ r♦t✐♥❛ ✐t❡r❛t✐✈❛ q✉❡ ♣❡r♠✐t❛ ❡s❝♦❧❤❡r ♦ s❡❣✉♥❞♦ ❢❛t♦r✳
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❆s ♠áq✉✐♥❛s ❞❡ ❝♦rr❡♥t❡ ❛❧t❡r♥❛❞❛✱ ❡♠ ❡s♣❡❝✐❛❧ ❛s ♠áq✉✐♥❛s ❞❡ ✐♥❞✉çã♦✱ ♣♦ss✉❡♠ ❛❧❣✉✲

♠❛s ✈❛♥t❛❣❡♥s q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛s às ❞❡ ❝♦rr❡♥t❡ ❝♦♥tí♥✉❛✱ ❞❡♥tr❡ ❡ss❛s ✈❛♥t❛❣❡♥s ❝✐t❛✲s❡✿

▼❛✐♦r ❞❡♥s✐❞❛❞❡ ❞❡ ♣♦tê♥❝✐❛✱ ♠❡♥♦r❡s ❝✉st♦s✱ ♠❡♥♦s ❡①✐❣ê♥❝✐❛ q✉❛♥t♦ à ♠❛♥✉♥t❡♥çã♦✱ ♣♦ré♠

❛❝✐♦♥❛r ❛s ♠áq✉✐♥❛s ❞❡ ❝♦rr❡♥t❡ ❛❧t❡r♥❛❞❛✱ ❝♦♠ ♦❜❥❡t✐✈♦ ❞❡ ❝♦♥tr♦❧❛r ❛ ✈❡❧♦❝✐❞❛❞❡ ♦✉ ♦ ❝♦♥✲

❥✉❣❛❞♦✱ ❡①✐❣❡ s✐st❡♠❛s ♠❛✐s s♦✜st✐❝❛❞♦s q✉❡ ❛q✉❡❧❡s ✉t✐❧③❛❞♦s ❡♠ ❛❝✐♦♥❛♠❡♥t♦ ❞❛s ♠áq✉✐♥❛s

❞❡ ❝♦rr❡♥t❡ ❝♦♥tí♥✉❛✳ ❖ ❝✉st♦ t♦t❛❧ ❞❡ ✉♠ s✐st❡♠❛ ❞❡ ❛❝✐♦♥❛♠❡♥t♦✿ ♠áq✉✐♥❛✱ ❝♦♥✈❡rs♦r ❡

s✐st❡♠❛ ❞❡ ❝♦♥tr♦❧❡✱ t❡♠ ❞✐♠✐♥✉✐❞♦✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♣❛r❛ ❛s ♠áq✉✐♥❛ ❞❡ ❝♦rr❡♥t❡ ❛❧t❡r♥❛❞❛✱

s❡♥❞♦ ❡st❛ ♠❛✐s ✉♠❛ ✈❛♥t❛❣❡♠ ♣❛r❛ t❛✐s ♠áq✉✐♥❛s✳

❯♠❛ ❞❛s ✈❛♥t❛❣❡♥s ❞❡ s❡ ✉t✐❧③❛r ✉♠ s✐st❡♠❛ ❞❡ ❝♦♥tr♦❧❡ é ❛ ❡✜❝✐ê♥❝✐❛ ❞♦ s✐st❡♠❛✿ ♠❛✐♦r

♣r♦❞✉t✐✈✐❞❛❞❡✱ ♠❡♥♦r❡s ❝✉st♦s ❞❡ ♣r♦❞✉çã♦❀ ❡ às ✈❡③❡s✱ é ♣♦ssí✈❡❧ ✉♠ ❛❝✐♦♥❛♠❡♥t♦ ❝♦♠

♠❡♥♦r❡s ♣❡r❞❛s✳ ❖ s✐st❡♠❛ ❞❡ ❝♦♥tr♦❧❡ t❛♠❜é♠ ♣❡r♠✐t❡ ✉t✐❧✐③❛r ❛ ♠áq✉✐♥❛ ❞❡ ♠♦❞♦ ❛❞❡✲

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

✈❡❧♦❝✐❞❛❞❡ ✈❛r✐á✈❡❧✳ ❆s ♠áq✉✐♥❛s ❞❡ ❝♦rr❡♥t❡ ❛❧t❡r♥❛❞❛✱ ♣♦r s✉❛ ♣ró♣r✐❛ ♥❛t✉r❡③❛ sã♦ ♠❛✐s

❝♦♠♣❧❡①❛s q✉❡ ❛s ❞❡ ❝♦rr❡♥t❡ ❝♦♥tí♥✉❛✱ ❞❡ss❡ ♠♦❞♦ ♦s s✐st❡♠❛s ❞❡ ❝♦♥tr♦❧❡ r❡q✉❡r❡♠ ✉♠❛

♠❛✐♦r ❝♦♠♣❧❡①✐❞❛❞❡✱ ❝♦♠♦ ❝✐t❛❞♦ ❡♠ ✭❇♦s❡✱ ✷✵✵✷✮ ♦s ♣r✐♥❝✐♣❛✐s ♠♦t✐✈♦s ♣❛r❛ ❛ ❝♦♠♣❧❡①✐❞❛❞❡

♥♦s s✐st❡♠❛s ❞❡ ❝♦♥tr♦❧❡ ❞❡ ♠áq✉✐♥❛s ❞❡ ❝♦rr❡♥t❡ ❛❧t❡r♥❛❞❛ sã♦✿ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❛❧✐♠❡♥t❛çã♦

❝♦♠ ❢r❡q✉ê♥❝✐❛ ✈ár✐❛✈❡❧✱ ❛ss✐♠ ❝♦♠♦ ♦ ❝♦♥t❡ú❞♦ ❤❛r♠ô♥✐❝♦ ❞❡st❛s ❢♦♥t❡s ❞❡ ❛❧✐♠❡♥t❛çã♦❀ ❛

✈❛r✐❛çã♦ ❞♦s ♣❛râ♠❡tr♦s ❞❛ ♠áq✉✐♥❛❀ ❡ ❛ ❞✐✜❝✉❧❞❛❞❡ ❞❡ ♣r♦❝❡ss❛r ♦s s✐♥❛✐s ❞❡ r❡❛❧✐♠❡♥t❛çã♦

✷✽
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❞❛s ❣r❛♥❞❡③❛s ❝♦♥tr♦❧❛❞❛s✳

❍á ❞✐✈❡rs❛s té❝♥✐❝❛s ❞❡ ❝♦♥tr♦❧❡ ♣❛r❛ ❛❝✐♦♥❛♠❡♥t♦ ❛❞❡q✉❛❞♦ ❞❡ ♠áq✉✐♥❛s✳ ❆❧❣✉♠❛s

❞❡❧❛s ❡stã♦ ❧✐st❛❞❛s ❡ ❞✐s❝✉t✐❞❛s ❜r❡✈❡♠❡♥t❡ ❡♠ ✭❍❡♥r✐q✉❡ ◆✱ ✷✵✵✻✮ ❡ ♠❡❧❤♦r ❞✐s❝✉t✐❞❛s

❡♠ ✭❇♦s❡✱ ✷✵✵✷✮✳ ❆ ❞❡♣❡♥❞❡r ❞❛s ❡①✐❣ê♥❝✐❛s q✉❛♥t♦ ❛♦ ❞❡s❡♠♣❡♥❤♦✱ ❛❧❣✉♠❛s sã♦ ♠❛✐s

❛❞❡q✉❛❞❛s q✉❡ ♦✉tr❛s✳ ❉❡♥tr❡ ❛s ❡str❛té❣✐❛s ❞❡ ❝♦♥tr♦❧❡ ❧✐st❛❞❛s✱ ❛q✉❡❧❛s ❝♦♥❤❡❝✐❞❛s ❝♦♠♦

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

❞❛s ♠áq✉✐♥❛s ❞❡ ❝♦rr❡♥t❡ ❛❧t❡r♥❛❞❛ ❞❡ ♠♦❞♦ s❡♠❡❧❤❛♥t❡ ❛♦ ❞❡ ✉♠❛ ♠áq✉✐♥❛ ❞❡ ❝♦rr❡♥t❡

❝♦♥tí♥✉❛✳ ❆s ❞❡♠❛✐s té❝♥✐❝❛s ❞❡ ❝♦♥tr♦❧❡✱ ❡♠❜♦r❛ ❝♦♥s✐❞❡r❛❞❛s ♠❡♥♦s ❡✜❝✐❡♥t❡s✱ ♣♦❞❡♠ s❡r

✉t✐❧✐③❛❞❛s ♥♦ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ♠áq✉✐♥❛s ❞❡ ✐♥❞✉çã♦✱ ♠❛s s❡rã♦ ❝✐t❛❞❛s ❛q✉✐ ❛♣❡♥❛s ❝♦♠♦

❡①❡♠♣❧♦✳

P❛r❛ ❛s ♠áq✉✐♥❛s ❞❡ ✐♥❞✉çã♦ q✉❡ ♣♦ss✉❡♠ r♦t♦r ❜♦❜✐♥❛❞♦✱ ✉♠❛ ❞❛s ♠❛♥❡✐r❛s ❞❡ s❡

❡❢❡t✉❛r ✉♠ ❝♦♥tr♦❧❡✱ é ❛✉♠❡♥t❛♥❞♦ ❛ r❡s✐stê♥❝✐❛ ❞♦ r♦t♦r✳ ❈♦♠ ♦ ❛❝rés❝✐♠♦ ❞❡ r❡s✐stê♥❝✐❛s

❛❧t❡r❛✲s❡ ❛ r❡❧❛çã♦ ❡♥tr❡ ❝♦♥❥✉❣❛❞♦ ❡ ✈❡❧♦❝✐❞❛❞❡✱ ❞❡ ♠♦❞♦ q✉❡ ✉♠ ❛✉♠❡♥t♦ ❞❡ r❡s✐stê♥❝✐❛

r❡s✉❧t❛ ❡♠ q✉❡❞❛ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❡ ❞❡ ♠♦❞♦ ✐♥✈❡rs♦ ❛ r❡t✐r❛❞❛ ❞❡ r❡s✐stê♥❝✐❛s ❞♦ ❝♦♥❥✉♥t♦

♣♦ss✐❜✐❧✐t❛ ♦ ❛✉♠❡♥t♦ ❞❛ ✈❡❧♦❝✐❞❛❞❡✳

❖ ❝♦♥tr♦❧❡ ❞❛ t❡♥sã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❞❛ ♠áq✉✐♥❛ é ✉♠ ❞♦s ♠❛✐s ♣♦♣✉❧❛r❡s ♠ét♦❞♦s ❞❡

❝♦♥tr♦❧❡ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ♠áq✉✐♥❛s ❡❧étr✐❝❛s ♣♦r s✉❛ s✐♠♣❧✐❝✐❞❛❞❡ ❡ ❢á❝✐❧ ✐♠♣❧❡♠❡♥t❛çã♦✳ ❖

❡ss❡♥❝✐❛❧ ❞❡st❡ ♠ét♦❞♦ é ♠❛♥t❡r ❛ r❡❧❛çã♦ ❡♥tr❡ t❡♥sã♦ ❡ ❢r❡q✉ê♥❝✐❛ ❝♦♥st❛♥t❡ ❞❡ ♠♦❞♦ ❛

❣❛r❛♥t✐r ✉♠ ✢✉①♦ ❝♦♥st❛♥t❡✳ P❛r❛ ❛s ❛♣❧✐❝❛çõ❡s ❛ ✈❡❧♦❝✐❞❛❞❡ ✈❛r✐á✈❡❧ é ❝♦♠✉♠ ✉t✐❧✐③❛r ✉♠

✐♥✈❡rs♦r ❢♦♥t❡ ❞❡ t❡♥sã♦ q✉❡ ♣❡r♠✐t❡ ✉♠❛ ♠❛✐♦r ✢❡①✐❜✐❧✐❞❛❞❡ ♥❛ r❡❧❛çã♦ t❡♥sã♦✴❢r❡q✉ê♥❝✐❛✳

❙❡ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ❛❧✐♠❡♥t❛çã♦ s♦❢r❡ ✉♠ ❛✉♠❡♥t♦ ❛❧t❡r❛✲s❡ ❛ r❡❛tâ♥❝✐❛ ❞❛ ♠áq✉✐♥❛ ❡ ♦ ✢✉①♦

❞❡ ❡♥tr❡❢❡rr♦ t❡♥❞❡ ❛ ❞✐♠✐♥✉✐r ❞❡✈✐❞♦ à q✉❡❞❛ ❞❡ t❡♥sã♦ s♦❜r❡ ❛ r❡❛tâ♥❝✐❛✳ P❛r❛ ♠❛♥t❡r ❛

✈❡❧♦❝✐❞❛❞❡ ❡ ♦ ❝♦♥❥✉❣❛❞♦ ❡♠ ✈❛❧♦r❡s ❝♦♥st❛♥t❡s é ♥❡❝❡ssár✐♦ q✉❡ s❡❥❛ ❛♣❧✐❝❛❞♦ ✉♠ ❛✉♠❡♥t♦

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

❯♠ ❛s♣❡❝t♦ ❞❡s✈❛♥t❛❥♦s♦ ❞❡st❛ té❝♥✐❝❛ ❞❡ ❝♦♥tr♦❧❡ ❡stá ♥❛ t❡♥sã♦ ♥♦♠✐♥❛❧ ❞❛ ♠áq✉✐♥❛ ❡

❞❡ss❡ ♠♦❞♦ ♦ ❛✉♠❡♥t♦ ❞❡ t❡♥sã♦ ❞❡✈❡ r❡s♣❡✐t❛r ❡ss❡ ❧✐♠✐t❡✳ ❖ ❞❡s❡♠♣❡♥❤♦ ❡♠ ❜❛✐①❛ ✈❡❧♦❝✐✲

❞❛❞❡ ♦✉ ❞✉r❛♥t❡ ♦s tr❛♥s✐tór✐♦s é ❝♦♥s✐❞❡r❛❞♦ ✐♥s❛t✐s❢❛tór✐♦✳ ❯♠ ♦✉tr♦ ✐♥❝♦♥✈❡♥✐❡♥t❡ ❡stá

♥♦ ❢✉♥❞❛♠❡♥t♦ ❞❡st❡ t✐♣♦ ❞❡ ❝♦♥tr♦❧❡✱ ♦✉ s❡❥❛✱ ♦ ♠ét♦❞♦ ❞❡♣❡♥❞❡ ❞✐r❡t❛♠❡♥t❡ ❞♦ ❛❝♦♣❧❛✲

♠❡♥t♦ ❡♥tr❡ t❡♥sã♦ ❡ ❢r❡q✉ê♥❝✐❛✳ ❆ ✈❛r✐❛çã♦ ❜r✉s❝❛ ❞❡ ✉♠❛ ❞❡st❛s ❣r❛❞❡③❛s ♣♦❞❡ ♦❝❛s✐♦♥❛r

✐♥st❛❜✐❧✐❞❛❞❡s ♥♦ ❛❝✐♦♥❛♠❡♥t♦✳
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P♦r s✉❛ ♣ró♣r✐❛ ♥❛t✉r❡③❛ ♦s ♠♦t♦r❡s ❞❡ ✐♥❞✉çã♦ ❛♣r❡s❡♥t❛♠ ✉♠❛ ❞❡♣❡♥❞ê♥❝✐❛ ❡♥tr❡

✢✉①♦ ♠❛❣♥ét✐❝♦ ❡ ❝♦♥❥✉❣❛❞♦✳ ❊st❛ ❝❛r❛❝t❡ríst✐❝❛ ♥ã♦ é ♦❜s❡r✈❛❞❛ ♥♦s ♠♦t♦r❡s ❞❡ ❝♦rr❡♥t❡

❝♦♥tí♥✉❛✳ ❆ té❝♥✐❝❛ ❞❡ ❝♦♥tr♦❧❡ ✈❡t♦r✐❛❧ q✉❛♥❞♦ ❛♣❧✐❝❛❞♦ ❛♦s ♠♦t♦r❡s ❞❡ ✐♥❞✉çã♦ ❜✉s❝❛

r❡♣r♦❞✉③✐r ❛ ❡①❝✐t❛çã♦ ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦s ♠♦t♦r❡s ❞❡ ❝♦rr❡♥t❡ ❝♦♥tí♥✉❛✳ ❖ ♣rí♥❝✐♣✐♦ ❞❡ t❛❧

❡str❛té❣✐❛✱ ❝♦♥s✐st❡ ❡♠ s❡ ✉t✐❧✐③❛r ✈❡t♦r❡s ❡s♣❛❝✐❛✐s ♣❛r❛ ❡❢❡t✉❛r ♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ❛s

❞✉❛s ❝♦♠♣♦♥❡♥t❡s ❞❛ ❝♦rr❡♥t❡ ❞♦ ❡st❛t♦r✱ ❞❡ t❛❧ ♠♦❞♦ q✉❡ ♦ ❞❡s❛❝♦❧♣❧❛♠❡♥t♦ ❞❡ss❛s ❞✉❛s

❝♦♠♣♦♥❡♥t❡s s❡❥❛ r❡✢❡t✐❞♦ ♥♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ♦ ✢✉①♦ ❡ ♦ ❝♦♥❥✉❣❛❞♦ ✭◗✐❛♥ ❈❤❡♥❣ ▲✱

✷✵✶✶✮✳

❯♠❛ ♦✉tr❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ é ♦ ❝♦♥tr♦❧❡ ❞✐r❡t♦ ❞❡ t♦rq✉❡ ✭❉❚❈✮ ✭❇❛t✐st❛✱ ✷✵✶✸✮✱

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

❡❧❡tr♦♠❛❣♥ét✐❝♦✳ ❯♠❛ ❞❛s ✈❛♥t❛❣❡♥s ❛♣r❡s❡♥t❛❞❛s ♣❡❧♦ ♠ét♦❞♦ ❞❡ ❝♦♥tr♦❧❡ ❉❚❈ é ♦ ❢❛t♦ ❞❡

♥ã♦ ♥❡❝❡ss✐t❛r ❞❡ s❡♥s♦r❡s ♠❡❝â♥✐❝♦s ❡ ♥ã♦ ♥❡❝❡ss✐t❛r ❞❡ tr❛♥s❢♦r♠❛çã♦ ❞❡ ❝♦♦r❞❡♥❛❞❛s✱ ❡♠

ú❧t✐♠❛ á♥❛❧✐s❡ ❞❡♣❡♥❞❡ ❛♣❡♥❛s ❞❛ r❡s✐stê♥❝✐❛ ❞♦ ❡st❛t♦r ❞❛ ♠áq✉✐♥❛ ✭❇✉❥❛ ❡ ❑❛③♠✐❡r❦♦✇s❦✐✱

✷✵✵✹✮✳

❙❡❣✉✐♥❞♦ ♦ ♠❡s♠♦ r❛❝✐♦❝í♥✐♦ ♣♦❞❡ s❡ ❛✜r♠❛r ❛ ❡①✐stê♥❝✐❛ ❞❡ ♦✉tr❛s ♣♦ss✐❜✐❧✐❞❛❞❡s ❞❡ s❡

❡❢❡t✉❛r ♦ ❝♦♥tr♦❧❡ ❞❡ ✉♠❛ ♠áq✉✐♥❛ ❡❧étr✐❝❛✱ ♣♦r ❡①❡♠♣❧♦ ❛ ❞✉♣❧❛ ❛❧✐♠❡♥t❛çã♦ ❞❛ ♠áq✉✐♥❛✱ ❛

♠✉❞❛♥ç❛ ❞❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♣♦❧♦s✱ ♠❛s ❡st❛s ❢♦r♠❛s ❞❡ ❝♦♥tr♦❧❡ t❛♠❜é♠ ♥ã♦ s❡rã♦ tr❛t❛❞❛s

♥❡st❡ tr❛❜❛❧❤♦✳

✹✳✷ ❊str❛té❣✐❛ ❞❡ ❈♦♥tr♦❧❡

◆❡st❡ ♠ét♦❞♦✱ ♦ ❝♦♥tr♦❧❡ ❞♦ ❝♦♥❥✉❣❛❞♦ é ♦❜t✐❞♦ ❞❡ ❢♦r♠❛ ✐♥❞✐r❡t❛ ❛ ♣❛rt✐r ❞♦ ❝♦♥tr♦❧❡ ❞❛

❝♦rr❡♥t❡ ❡st❛tór✐❝❛✳ ❆ ✐❞❡✐❛ é r❡♣r♦❞✉③✐r ❛ ♣❡r❢♦r♠❛♥❝❡ ❞♦s ♠♦t♦r❡s ❞❡ ❝♦rr❡♥t❡ ❝♦♥tí♥✉❛

❛ ♣❛rt✐r ❞❛ ❞❡s❝r✐çã♦ ❞♦ ♠♦❞❡❧♦ ❞❛ ♠áq✉✐♥❛ ❡♠ ✉♠ r❡❢❡r❡♥❝✐❛❧ ❣✐r❛♥t❡✲dq✳ ❖ r❡❢❡r❡♥❝✐❛❧ é

❡s❝♦❧❤✐❞♦ ❞❡ t❛❧ ♠♦❞♦ q✉❡ ❛s ❣r❛♥❞❡③❛s ♥ã♦ t❡♥❤❛♠ ♠❛✐s ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ s❡♥♦✐❞❛❧ ❡ ♥♦

r❡❢❡r❡♥❝✐❛❧ ❛❞♦t❛❞♦ s❡❥❛♠ q✉❛♥t✐❞❛❞❡s ❝♦♥tí♥✉❛s✳ ❆ ❡q✉❛çã♦ ❞❡s❝r❡✈❡ ❞❡ ♠❛♥❡✐r❛ ❣❡♥ér✐❝❛ ♦

t♦rq✉❡ ❝♦♠♦ r❡s✉❧t❛❞♦ ❞❛s ❝♦rr❡♥t❡s id ❡ iq✳

T = Kidiq ✭✹✳✶✮

❖♥❞❡ K é ✉♠❛ ❝♦♥st❛♥t❡✳

❖ r❡❢❡r❡♥❝✐❛❧ ♣❛r❛ ❞❡s❝r✐çã♦ ❞❛s ❝♦rr❡♥t❡s id ❡ iq ❞❡✈❡ s❡r t❛❧ q✉❡ id ❝♦rr❡s♣♦♥❞❛ ❛ ❝♦rr❡♥t❡
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❞❡ ❝❛♠♣♦ if ❞❛ ♠áq✉✐♥❛ ❞❡ ❝♦rr❡♥t❡ ❝♦♥tí♥✉❛ ❡ iq s❡❥❛ á♥❛❧♦❣❛ à ❝♦rr❡♥t❡ ❞❡ ❛r♠❛❞✉r❛ ❞❛

♠áq✉✐♥❛ ❈❈✳ ❆ ❝♦♠♣♦♥❡♥t❡ id é ♦r✐❡♥t❛❞❛ ❡♠ r❡❧❛çã♦ ❛ ✉♠ ❞♦s ✈❡t♦r❡s ✢✉①♦ ❞❛ ♠áq✉✐♥❛ ❡

❛ ❝♦♠♣♦♥❡♥t❡ iq ❡♠ q✉❛❞r❛t✉r❛ ♦✉ ♣❡r♣❡♥❞✐❝✉❧❛r ❛ id✳ ❈♦♠♦ ❛s ❣r❛♥❞❡③❛s ❡stã♦ ❞❡❢❛s❛❞❛s

90◦ ❡♥tr❡✲s✐✱ ♦❜té♠ s❡ ♦ ❡❢❡✐t♦ ❞❡ ❞❡s❛❝♦♣❧❛♠❡♥t♦✳ ❍á três ♣♦ss✐❜✐❧✐❞❛❞❡s ❞❡ s❡ ❛❧✐♥❤❛r ❛

❝♦♠♣♦♥❡♥t❡ id ❝♦♠ ♦ ✢✉①♦ ❞❛ ♠áq✉✐♥❛✱ ✭✐✮ ✢✉①♦ r♦tór✐❝♦✱ ✭✐✐✮ ❞❡ ❡♥tr❡❢❡rr♦ ♦✉ ✭✐✐✐✮ ❡st❛tór✐❝♦✳

❖ ❝♦♠♣❧❡t♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ é ♦❜t✐❞♦ ❝♦♠ ❛ ♦r✐❡♥t❛çã♦ ♣❡❧♦ ✢✉①♦ r♦tór✐❝♦✳

❍á ❜❛s✐❝❛♠❡♥t❡ ❞♦✐s ♠ét♦❞♦s ♣❛r❛ s❡ r❛str❡❛r ❛ ♣♦s✐çã♦ ❡ ♦ ✈❛❧♦r ❞♦ ✈❡t♦r ✢✉①♦ ✉t✐❧✐③❛❞♦✳

◆♦ ♠ét♦❞♦ ❞✐r❡t♦ ♦ ✢✉①♦ é ♠❡❞✐❞♦ ❞✐r❡t❛♠❡♥t❡ ♥❛ ♠áq✉✐♥❛✱ ❛ ♣❛rt✐r ❞❡ s❡♥s♦r❡s✱ ♥♦ ♠ét♦❞♦

✐♥❞✐r❡t♦ ❡st❡ ✢✉①♦ é ❡st✐♠❛❞♦ ❝♦♠ ❛✉①✐❧✐♦ ❞❡ ✉♠ ❡st✐♠❛❞♦r ❞❡ ♠❛❧❤❛ ❛❜❡rt❛ ❡ ❝♦♠ ✉♠

♦❜s❡r✈❛❞♦r ✉t✐❧✐③❛♥❞♦ ♦ ♠♦❞❡❧♦ ❞❛ ♠áq✉✐♥❛✳ P♦r ♥ã♦ ♥❡❝❡ss✐t❛r ❞❡ s❡♥s♦r❡s ♦ ♠ét♦❞♦ ✐♥❞✐r❡t♦

às ✈❡③❡s é ♠❛✐s ✉t✐❧✐③❛❞♦✱ ♣♦ré♠ é ❞❡♣❡♥❞❡♥❞❡ ❞❛s ✈❛r✐❛çõ❡s ❞♦s ♣❛râ♠❡tr♦s ❞❛ ♠áq✉✐♥❛✱

s❡♥❞♦ ❡st❛ ✉♠❛ ❢♦♥t❡ ❞❡ ✐♥st❛❜✐❧✐❞❛❞❡s ❛♦ s❡ ✉t✐❧✐③❛r ❡st❡ ♠ét♦❞♦✳

❯♠ ❞✐❛❣r❛♠❛ ❜ás✐❝♦ ❞❡ ❝♦♥tr♦❧❡ ❡stá ❡①✐❜✐❞♦ ♥❛ ✜❣✉r❛ ✹✳✶✳ ❆ ❝♦♠♣♦♥❡♥t❡ ❞❡ ❝♦rr❡♥t❡

i∗qb é ❣❡r❛❞❛ ❛ ♣❛rt✐r ❞❛ ♠❛❧❤❛ ❞❡ ❝♦♥tr♦❧❡ ❞❡ ✈❡❧♦❝✐❞❛❞❡✳ ❖ ❡rr♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡ é ❛♣❧✐❝❛❞♦ ❛♦

❝♦♥tr♦❧❛❞♦r ●P■✶✱ ❝✉❥❛ ❛ s❛í❞❛ é ✉♠ ❝♦♥❥✉❣❛❞♦ ❞❡ r❡❢❡rê♥❝✐❛✳ ❖ ❝♦♥❥✉❣❛❞♦ é ♣r♦♣♦r❝✐♦♥❛❧

❛ i∗qb ❡ ♥❡st❡ ♣♦♥t♦✱ ✉♠❛ ♠❛❧❤❛ ❛❞✐❝✐♦♥❛❧ ❞❡ ❝♦♥tr♦❧❡ ♣♦❞❡ s❡r ✐♥s❡r✐❞❛ ♣❛r❛ ❢♦r♥❡❝❡r ✉♠

❝♦♥tr♦❧❡ ❞♦ ❝♦♥❥✉❣❛❞♦✳ ❆ s❡❣✉♥❞❛ ❝♦♠♣♦♥❡♥t❡ ❞❡ ❝♦rr❡♥t❡ i∗db é ♦❜t✐❞❛ ❛ ♣❛rt✐r ❞♦ ❡rr♦ ❞❡

✢✉①♦ r♦tór✐❝♦✳ ❖ ❡rr♦ é ❛♣❧✐❝❛❞♦ ❛♦ ❝♦♥tr♦❧❛❞♦r ●P■✷✱ ❝✉❥❛ ❛ s❛í❞❛ é ❛ ❝♦rr❡♥t❡ ❞❡ r❡❢❡rê♥❝✐❛

❞❡s❡❥❛❞❛✳ ❖s ❝♦♥tr♦❧❛❞♦r❡s ●P■✶ ❡ ●P■✷ sã♦ ❝♦♥tr♦❧❛❞♦r❡s ❞♦ t✐♣♦ P■ ❝♦♥✈❡♥❝✐♦♥❛❧✳

❆s ✈❛r✐á✈❡✐s i∗db ❡ i
∗
qb✱ sã♦ ♦s ✈❛❧♦r❡s ❝♦♥tí♥✉♦s ❞❡ ❝♦rr❡♥t❡ ❞❡s❝r✐t♦s ♥♦ r❡❢❡r❡♥❝✐❛❧ sí♥❝r♦♥♦

❣✐r❛♥t❡✳ P❛r❛ r❡❛❧✐③❛r ❛ tr❛♥s❢♦r♠❛çã♦ ❞❡ r❡❢❡r❡♥❝✐❛❧ ♦❜té♠✲s❡ ♦ ✈❛❧♦r ❞❡ ✢✉①♦ r♦tór✐❝♦ ❛

♣❛rt✐r ❞❛s t❡♥sõ❡s ❡ ❝♦rr❡♥t❡s ❞❛ ♠áq✉✐♥❛✳ ❉❡✜♥❡✲s❡ ✉♠ ✈❡t♦r ✉♥✐tár✐♦ sin(θb) ❡ cos(θb)

❝♦♠ ❛✉①í❧✐♦ ❞❛s ❡q✉❛çõ❡s ✭✹✳✹✮✱ ✭✹✳✷✮ ❡ ✭✹✳✸✮✳ ❖ ✈❡t♦r ✉♥✐tár✐♦ ❣✐r❛♥t❡ s❡rá ✉t✐❧✐③❛❞♦ ♣❛r❛

❝♦♥✈❡rt❡r ❛s ❝♦rr❡♥t❡s i∗db ❡ i
∗
qb ♣❛r❛ ✉♠ r❡❢❡r❡♥❝✐❛❧ ❡st❛❝✐♦♥ár✐♦✱ ❝♦♠♦ ❞❡♠♦♥str❛❞♦ ❡♠ ✭✹✳✺✮✱

✭✹✳✻✮✳

❆s ❝♦rr❡♥t❡s i∗ds ❡ i
∗
qs sã♦ ❛♣❧✐❝❛❞❛s à tr❛♥s❢♦r♠❛❞❛ ✐♥✈❡rs❛ dqxyoo′ ❡①✐❜✐❞❛ ❡♠ ✭✹✳✼✮ ♣❛r❛

s❡ ♦❜t❡r ❛s s❡✐s ❝♦rr❡♥t❡s ❞❡ ❢❛s❡ ❞❡ r❡❢❡rê♥❝✐❛✳ ❯♠❛ ❞❡s❝r✐çã♦ ♠❛✐s ❝♦♠♣❧❡t❛ ❞❛ tr❛♥s❢♦r♠❛❞❛

dqxyoo′ ❡stá ❞❛❞❛ ♥♦ ❛♣ê♥❞✐❝❡ ❆✳

cos(θb) = frd/fr ✭✹✳✷✮
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❋✐❣✉r❡ ✹✳✶✿ ❉✐❛❣r❛♠❛ ❞❡ ❝♦♥tr♦❧❡✳

sin(θb) = frq/fr ✭✹✳✸✮

fr =
2

√

f 2
rd + f 2

rq ✭✹✳✹✮

❖♥❞❡ fr é ❛ ❛♠♣❧✐t✉❞❡ ❞♦ ✢✉①♦ r♦tór✐❝♦✱ frd é ❛ ❝♦♠♣♦♥❡♥t❡ ❞❡ ❡✐①♦ ❞✐r❡t♦ ❞♦ ✢✉①♦ r♦tór✐❝♦

♥♦ r❡❢❡r❡♥❝✐❛❧ sí♥❝r♦♥♦ ❣✐r❛♥t❡ ❡ frq é ❛ ❝♦♠♣♦♥❡♥t❡ ❡♠ q✉❛❞r❛t✉r❛ ❞♦ ✢✉①♦ r♦tór✐❝♦ ♥♦

r❡❢❡r❡♥❝✐❛❧ sí♥❝r♦♥♦ ❣✐r❛♥t❡✳

i∗ds = i∗db cos(θb)− i∗qb sin(θb) ✭✹✳✺✮

i∗qs = i∗db sin(θb) + i∗qb cos(θb) ✭✹✳✻✮

















i∗1
i∗2
i∗3
i∗4
i∗5
i∗6

















=
1√
3

















cos(δr) − sin(δr)
cos(δr − 2π

3
) − sin(δr − 2π

3
)

cos(δr − 4π
3
) − sin(δr − −4π

3
)

cos(δr − α) − sin(δr − α)
cos(δr − 2π

3
− α) − sin(δr − 2π

3
− α)

cos(δr − 4π
3
− α) sin(δr − 4π

3
− α)

















(

i∗ds
i∗qs

)

✭✹✳✼✮

❖♥❞❡ δr é ♦ â♥❣✉❧♦ ❞♦ r❡❢❡r❡♥❝✐❛❧ ❛❞♦t❛❞♦ ♣❛r❛ ❛ tr❛♥s❢♦r♠❛❞❛ dqxyoo′✳
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❆s ❝♦rr❡♥t❡s ❞❡ ❢❛s❡ ❞❡ r❡❢❡rê♥❝✐❛ sã♦ ❛✐♥❞❛ ❛♣❧✐❝❛❞❛s ❛♦ ❝♦♥tr♦❧❛❞♦r ●P■✸ ❝✉❥❛ s❛í❞❛

sã♦ ♦s ✈❛❧♦r❡s ❞❡ r❡❢❡rê♥❝✐❛ ❞❡ t❡♥sã♦ ❛ s❡r❡♠ ♦❜t✐❞♦s ♥❛ s❛í❞❛ ❞♦s ❝♦♥✈❡rs♦r❡s✳ ❈♦♠♦

❛s ❝♦rr❡♥t❡s ❞❡ r❡❢❡rê♥❝✐❛s ♥❛ ❡♥tr❛❞❛ ❞♦ ❝♦♥tr♦❧❛❞♦r ●P■✸ sã♦ s❡♥♦✐❞❛✐s✱ ✉♠ ❝♦♥tr♦❧❛❞♦r

P■ ❝♦♥✈❡♥❝✐♦♥❛❧ ♥ã♦ ❣❛r❛♥t❡ ❡rr♦ ♥✉❧♦ ❡♠ r❡❣✐♠❡ ♣❡r♠❛♥❡♥t❡✳ ❉❡ss❡ ♠♦❞♦ ♦ ❝♦♥tr♦❧❛❞♦r

●P■✸ é ✉♠ ❝♦♥tr♦❧❛❞♦r ❞❡ ❞✉♣❧❛ s❡q✉ê♥❝✐❛ ✭❝♦♥tr♦❧❛❞♦r ❞❡ s❡q✉ê♥❝✐❛ ♣♦s✐t✐✈❛ ❡ ♥❡❣❛t✐✈❛✮✱

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

❣❛♥❤♦ ✐♥✜♥✐t♦ ♣❛r❛ ♦s s✐♥❛✐s q✉❡ ♣♦ss✉❛♠ ❛ ❢r❡q✉ê♥❝✐❛ we✳ ❆s ❡q✉❛çõ❡s ✭✹✳✽✮✱ ✭✹✳✾✮ ❡ ✭✹✳✶✵✮

❞❡s❝r❡✈❡♠ ♦ ♠♦❞❡❧♦ ❞♦ ❝♦♥tr♦❧❛❞♦r✳

pxa = xb + 2kiξj ✭✹✳✽✮

pxb = −wexa ✭✹✳✾✮

v∗i = xa + kpξj ✭✹✳✶✵✮

❖♥❞❡✿ xa ❡ xb sã♦ ❛s ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦ ❞♦ ❝♦♥tr♦❧❛❞♦r✱ kp ❡ ki sã♦ ♦s ❣❛♥❤♦s ♣r♦♣♦r❝✐♦♥❛❧

❡ ✐♥t❡❣r❛❧ ❞♦ ❝♦♥tr♦❧❛❞♦r v∗i é ❛ s❛í❞❛ ❞♦ ❝♦♥tr♦❧❛❞♦r ✭✉♠❛ ❞❛s s❡✐s t❡♥sõ❡s ❞❡ ❢❛s❡✮ ❡ ξj é ♦

❡rr♦ ❞❡ ❝♦rr❡♥t❡ ❡ we é ❛ ❢r❡q✉ê♥❝✐❛ ❞♦ s✐♥❛❧ ❛❧t❡r♥❛❞♦✳

✹✳✸ ❈♦♥❝❧✉sã♦

◆❡st❡ ❝❛♣ít✉❧♦ ❢♦✐ ❛♣r❡s❡♥t❛❞♦ ✉♠❛ ❜r❡✈❡ r❡✈✐sã♦ ❞♦ ♠ét♦❞♦ ❞❡ ❝♦♥tr♦❧❡ ✉t✐❧✐③❛❞♦ ♣❛r❛

❛❝✐♦♥❛r ✉♠❛ ♠áq✉✐♥❛ ❛ ♣❛rt✐r ❞❡ ✉♠ ❝♦♥✈❡rs♦r✳ ❯♠❛ ❞❡s❝r✐çã♦ ♠❛✐s ❞❡t❛❧❤❛❞❛ ❞♦ ❝♦♥t✲

r♦❧❡ ✈❡t♦r✐❛❧ é ❛♣r❡s❡♥t❛❞❛✱ ❜❛s✐❝❛♠❡♥t❡ ♦ ❝♦♥tr♦❧❡ ♣♦r ✢✉①♦ r♦tór✐❝♦✳ ❙ã♦ ❞❡s❝r✐t❛s q✉❛✐s

❝♦rr❡♥t❡s sã♦ ❝♦♥tr♦❧❛❞❛s ❡ ♦ r❡❢❡r❡♥❝✐❛❧ ❛❞♦t❛❞♦✳ ❆ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ❛❞♦t❛❞❛ ♣❡r♠✐t❡ ♦

❞❡s❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ❛s ✈❛r✐á✈❡✐s ❞❡ ✢✉①♦ ❡ ❝♦♥❥✉❣❛❞♦ ❡❧❡tr♦♠❛❣♥ét✐❝♦✱ ❝♦♥tr♦❧❛♥❞♦ ♦ ✢✉①♦

r♦tór✐❝♦ ❛ ♣❛rt✐r ❞❛ ❝♦♠♣♦♥❡♥t❡ ❞❡ ❝♦rr❡♥t❡ ❡st❛tór✐❝❛ ❡♠ ❢❛s❡ ❝♦♠ ♦ ✢✉①♦✱ ❡ ♣♦r ♦✉tr♦ ❧❛❞♦✱

❝♦♥tr♦❧❛♥❞♦ ♦ ❝♦♥❥✉❣❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♠♣♦♥❡♥t❡ ❞❛ ❝♦rr❡♥t❡ ❡st❛tór✐❝❛ ❡♠ q✉❛❞r❛t✉r❛ ❝♦♠

♦ ✢✉①♦✳
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✺✳✶ ■♥tr♦❞✉çã♦

◆❡st❡ ❝❛♣ít✉❧♦ é ❢❡✐t❛ ✉♠❛ ❛♥á❧✐s❡ ❝♦♠♣❛r❛t✐✈❛ ❡♥tr❡ ❛s t♦♣♦❧♦❣✐❛s 9S ❡ 12S✱ ♦❜s❡r✈❛♥❞♦

s❡ ❛s ❝✉r✈❛s ❞❡ WTHD ✭❉✐st♦rçã♦ ❍❛r♠ô♥✐❝❛ ❚♦t❛❧ P♦♥❞❡r❛❞❛✮ ❞❛s t❡♥sõ❡s ❞❡ s❛í❞❛ ❞♦s

❝♦♥✈❡rs♦r❡s ♣❛r❛ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞♦ ❢❛t♦r ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ r♦❞❛ ❧✐✈r❡ µ ❝♦♠ 0 ≤ µ ≤ 1✳

❆ WTHD é ❝❛❧❝✉❧❛❞❛ s❡❣✉♥❞♦ ❛ ❡①♣r❡ssã♦ ✭✺✳✶✮✿

WTHD(h) =
100

α1

√

√

√

√

Nh
∑

h=2

(
α1

h
)2 ✭✺✳✶✮

♦♥❞❡ α1 é ❛ ❛♠♣❧✐t✉❞❡ ❞❛ t❡♥sã♦ ❢✉♥❞❛♠❡♥t❛❧✱ αh é ❛ ❛♠♣❧✐t✉❞❡ ❞❛ ❝♦♠♣♦♥❡♥t❡ ❤❛r♠ô♥✐❝❛

❞❡ ♦r❞❡♠ h ❡ Nh é ♦ ♥ú♠❡r♦ ❞❡ ❤❛r♠ô♥✐❝♦s ❝♦♥s✐❞❡r❛❞♦s✳

❙ã♦ ✐❧✉str❛❞❛s ♥❛ ✜❣✉r❛ ✺✳✶ ❛ WTHD ❞❛ t❡♥sã♦ ♣❛r❛ ♦s ❝♦♥✈❡rs♦r❡s 9S ❡ 12S✱ ❛ ✜❣✉r❛

❡①✐❜❡ ❛ ✈❛r✐❛çã♦ ❞❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ ♣♦♥❞❡r❛❞❛ ❡♠ ❢✉♥çã♦ ❞♦ ❢❛t♦r ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡

r♦❞❛ ❧✐✈r❡✳ ❆ t❡♥sã♦ ❞❡ ❢❛s❡ é ❛♣❧✐❝❛❞❛ ❡♠ ✉♠❛ ♠áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ ❝♦♠ ❡♥r♦❧❛♠❡♥t♦ ❛s✲

s✐♠étr✐❝♦✱ α = 30◦✳ P♦❞❡ s❡ ✈❡r✐✜❝❛r q✉❡ ❡♠ t♦❞❛ ❛ ❢❛✐①❛ ❞❡ ✈❛r✐❛çã♦ ❞♦s ✈❛❧♦r❡s ❞❡ µ ♦

❝♦♥✈❡rs♦r ✶✷❙ ❛♣r❡s❡♥t❛ ♠❡♥♦r❡s ✈❛❧♦r❡s ❞❡ WTHD q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦s ❛♦s ✈❛❧♦r❡s ❞♦ ❝♦♥✲

✈❡rs♦r ❞❡ ✾ ❝❤❛✈❡s✳ ❖ ♠❡♥♦r ✈❛❧♦r ❞❛ WTHD ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ❝♦♥✈❡♥❝✐♦♥❛❧ ♦❝♦rr❡ q✉❛♥❞♦

µ = 0.5✳ ❖ ♠❡♥♦r ✈❛❧♦r ❞❛ ❲❚❍❉ ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ ✾❙ ♦❝♦rr❡ ❡♠ µ = 1✳

◗✉❛♥❞♦ ♦s ❝♦♥✈❡rs♦r❡s ❛❧✐♠❡♥t❛♠ ✉♠❛ ♠áq✉✐♥❛ s✐♠étr✐❝❛✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛WTHD

é ❞✐❢❡r❡♥t❡✱ ❝♦♠♦ ❡①✐❜✐❞♦ ♥❛ ✜❣✉r❛ ✺✳✷✳ ❆ WTHD é ❝❛❧❝✉❧❛❞❛ ❡♠ ❢✉♥çã♦ ❞♦ ❢❛t♦r ❞❡

✸✹
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❋✐❣✉r❡ ✺✳✶✿ ❈✉r✈❛s ❞❛ WTHD ❞❛s t♦♣♦❧♦❣✐❛s ✾❙ ❡ ✶✷❙✳ α = 30✳

❞✐str✐❜✉✐çã♦ ❞❡ r♦❞❛ ❧✐✈r❡✳

0 0.2 0.4 0.6 0.8 1

0.4

0.5

0.6

0.7

0.8

W
T

H
D

 d
e 

v g
1
 (

%
)

µ

 

 
12S

9S

❋✐❣✉r❡ ✺✳✷✿ ❈✉r✈❛s ❞❛ WTHD ❞❛s t♦♣♦❧♦❣✐❛s ✾❙ ❡ ✶✷❙✳ α = 60✳

❖ ❝♦♥✈❡rs♦r ✶✷❙ ❛♣r❡♥s❡♥t❛ ♠❡♥♦r❡s ✈❛❧♦r❡s ❞❡ WTHD r❡s✉❧t❛❞♦s ♥❛ ❢❛✐①❛ 0, 3 ≤ µ ≤

0, 7 q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦ ❛♦ ❝♦♥✈❡rs♦r ❞❡ ✾ ❝❤❛✈❡s✳ ❖ ♠❡♥♦r ✈❛❧♦r ❞❛WTHD ♣❛r❛ ♦ ❝♦♥✈❡rs♦r

❝♦♥✈❡♥❝✐♦♥❛❧ ♥♦✈❛♠❡♥t❡ ♦❝♦rr❡ q✉❛♥❞♦ µ = 0, 5✳ P❛r❛ ❛ t♦♣♦❧♦❣✐❛ ✾❙ ♦ ♠❡♥♦r ✈❛❧♦r ❞❛
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WTHD ♦❝♦rr❡ ❡♠ µ = 1✳ ❖ µ = 1 é ✉♠ ❝❛s♦ ❛ s❡r ❛♥❛❧✐s❛❞♦ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ✾❙✱ ♣♦✐s ♥❡st❡

♣♦♥t♦ ♦ ❝♦♥✈❡rs♦r ♣♦❞❡ ❛♣r❡s❡♥t❛r ♠❡♥♦r❡s ♣❡r❞❛s✳

✺✳✶✳✶ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ❛s ❚♦♣♦❧♦❣✐❛s ✾❙ ❡ ✶✷❙ ✲ WTHD

❯♠❛ ❛♥❛❧✐s❡ q✉❛♥t✐t❛t✐✈❛ ❞♦s ✈❛❧♦r❡s ❞❡ WTHD ❞❛s t❡♥sõ❡s ♥♦ ❧❛❞♦ ❞❛ ❝❛r❣❛✱ ♣❛r❛ ❛s

❞✉❛s t♦♣♦❧♦❣✐❛s é ❞❡s❡♥✈♦❧✈✐❞❛ ♥❡st❛ s❡çã♦✳ P♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ ❛s ❝✉r✈❛s ❞❡ WTHD ♣❛r❛

♦ ❝♦♥✈❡rs♦r ✶✷❙✱ ❛♣r❡s❡♥t❛❞❛s ♥❛ s❡çã♦ ❛♥t❡r✐♦r✱ ♣♦ss✉❡♠ s✐♠❡tr✐❛ ❡♠ t♦r♥♦ ❞❡ µ = 0, 5✳

❊st❛ s✐♠❡tr✐❛ ♥ã♦ é ♦❜s❡r✈❛❞❛ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ✾❙✱ ♣♦rt❛♥t♦ ♣❛r❛ ❛ ❛♥á❧✐s❡ q✉❛♥t✐t❛t✐✈❛

❛♣r❡s❡♥t❛♠ s❡ ♦s ✈❛❧♦r❡s ♣❛r❛ ♦s ❝❛s♦s ❡♠ q✉❡ µ = 0✱ µ = 0, 5 ❡ µ = 1✳

◆❛ ❚❛❜❡❧❛ ✺✳✶ sã♦ ♠♦str❛❞♦s ♦s ✈❛❧♦r❡s ❞❛ WTHD ♣❛r❛ ❛s ❞✉❛s ❝♦♥✜❣✉r❛çõ❡s✱ ❝♦♥✲

s✐❞❡r❛♥❞♦ s❡ ✉♠ ❢❛t♦r ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ r♦❞❛ ❧✐✈r❡ µ = 0✳ P❛r❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ♦s

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

❚❛❜❡❧❛ ♣❛r❛ µ = 0, 5✳

❚❛❜❧❡ ✺✳✶✿ ❱❛❧♦r❡s ❞❛WTHD ❞❛s t♦♣♦❧♦❣✐❛s ✾❙ ❡ ✶✷❙✳ µ = 0✳ ▼áq✉✐♥❛ ❛ss✐♠étr✐❝❛✳

❲❚❍❉✭✪✮ ✾❙ ✶✷❙

✈❣✶ ✵✱✸✾✹ ✵✱✷✾✽

✈❣✷ ✵✱✸✾✹ ✵✱✷✾✽

❚❛❜❧❡ ✺✳✷✿ ❱❛❧♦r❡s ❞❛ WTHD ❞❛s t♦♣♦❧♦❣✐❛s ✾❙ ❡ ✶✷❙✳ µ = 0, 5✳ ▼áq✉✐♥❛ ❛s✲
s✐♠étr✐❝❛✳

❲❚❍❉✭✪✮ ✾❙ ✶✷❙

✈❣✶ ✵✱✸✹✾ ✵✱✷✼✶

✈❣✷ ✵✱✸✹✾ ✵✱✷✼✶

◆❛ ❚❛❜❡❧❛ ❡stã♦ ❡①✐❜✐❞♦s ♦s ✈❛❧♦r❡s ♥✉♠ér✐❝♦s ❞❛WTHD ♣❛r❛ ✉♠❛ ♠áq✉✐♥❛ ❛ss✐♠étr✐❝❛

❡ µ = 1✳

❆ t♦♣♦❧♦❣✐❛ 9❙ ❛♣r❡s❡♥t♦✉ ♠❛✐♦r❡s ✈❛❧♦r❡s ❞❡ WTHD ❡♠ t♦❞♦s ♦s ❝❛s♦s ❛♥❛❧✐s❛❞♦s✱ ♦

♠❡❧❤♦r r❡s✉❧t❛❞♦ ♥❛ ❝♦♠♣❛r❛çã♦ é ♣❛r❛ ♦ ❝❛s♦ ❡♠ q✉❡ µ = 1 ❝✉❥❛ ❛ ✈❛r✐❛çã♦ ❞♦ ✈❛❧♦r ❞❛

WTHD é ❞❡ ✾✪✱ ❡st❡ é ✉♠ ❝❛s♦ ❛ s❡r ❛♥❛❧✐s❛❞♦ ❝♦♠ r❡❧❛çã♦ às ♣❡r❞❛s✱ ♣♦✐s ♣❛r❛ ❡ss❡ ✈❛❧♦r

❞❡ µ ♦s ❝♦♥✈❡rs♦r❡s ❛♣r❡s❡♥t❛♠ ♠❡♥♦r❡s ✈❛❧♦r❡s ❞❡ ♣❡r❞❛s✱ ❥á q✉❡ ❞✉r❛♥t❡ ♦ ❝❤❛✈❡♠❡♥t♦ ❡
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❚❛❜❧❡ ✺✳✸✿ ❱❛❧♦r❡s ❞❛WTHD ❞❛s t♦♣♦❧♦❣✐❛s ✾❙ ❡ ✶✷❙✳ µ = 1✳ ▼áq✉✐♥❛ ❛ss✐♠étr✐❝❛✳

❲❚❍❉✭✪✮ ✾❙ ✶✷❙

✈❣✶ ✵✱✸✷✺ ✵✱✷✾✽

✈❣✷ ✵✱✸✷✺ ✵✱✷✾✽

❡♠ ❛❧❣✉♥s ✐♥st❛♥t❡s ♦ ❜r❛ç♦ ♣♦❞❡ ♦♣❡r❛r ❝♦♠ ❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ♥✉❧❛✳ ❖ ♣✐♦r ❝❛s♦

♦❝♦rr❡ ♣❛r❛ µ = 0 ❝✉❥❛ ✈❛r✐❛çã♦ ❞❛ ❲❚❍❉ ❝❤❡❣❛ ❛ 32✪✳

❯♠ ❝♦♥❥✉♥t♦ s❡♠❡❧❤❛♥t❡ ❞❡ r❡s✉❧t❛❞♦s ❢♦✐ ♦❜t✐❞♦ ♣❛r❛ ❛ ♠áq✉✐♥❛ s✐♠étr✐❝❛✳ ◆❛ ❚❛❜❡❧❛

✺✳✹ sã♦ ♠♦str❛❞♦s ♦s ✈❛❧♦r❡s ❞❛ ❲❚❍❉ ♦❜t✐❞♦s ♣❛r❛ ❝❛❞❛ ✉♠ ❞♦s ❝♦♥✈❡rs♦r❡s✱ ♦ ❢❛t♦r

✉t✐❧✐③❛❞♦ é µ = 0✳

❚❛❜❧❡ ✺✳✹✿ ❱❛❧♦r❡s ❞❛ WTHD ❞❛s t♦♣♦❧♦❣✐❛s ✾❙ ❡ ✶✷❙✳ µ = 0✳ ▼áq✉✐♥❛ s✐♠étr✐❝❛✳

❲❚❍❉✭✪✮ ✾❙ ✶✷❙

✈❣✶ ✵✱✹✾✼ ✵✱✽✵✻

✈❣✷ ✵✱✹✾✼ ✵✱✽✵✻

◆❛ ❚❛❜❡❧❛ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s ✈❛❧♦r❡s ❞❛ WTHD ♣❛r❛ ♦s ❞♦✐s ❝♦♥✈❡rs♦r❡s✱ ♣♦ré♠

✉t✐❧✐③❛♥❞♦ ✉♠ ✈❛❧♦r ❞❡ µ = 0, 5✱ ❡♥q✉❛♥t♦ ♥❛ ❚❛❜❡❧❛ ♦s ✈❛❧♦r❡s ❞❛ ❲❚❍❉ ❛♣r❡s❡♥t❛❞♦s

❢♦r❛♠ ❝❛❧❝✉❧❛❞♦s ♣❛r❛ µ = 1✳

❚❛❜❧❡ ✺✳✺✿ ❱❛❧♦r❡s ❞❛WTHD ❞❛s t♦♣♦❧♦❣✐❛s ✾❙ ❡ ✶✷❙✳ µ = 0, 5✳ ▼áq✉✐♥❛ s✐♠étr✐❝❛✳

❲❚❍❉✭✪✮ ✾❙ ✶✷❙

✈❣✶ ✵✱✹✺✶ ✵✱✸✼✹

✈❣✷ ✵✱✹✺✶ ✵✱✸✼✶

❆♥❛❧✐s❛♥❞♦ ❛s ❚❛❜❡❧❛s ♣♦❞❡ s❡ ❝♦♥st❛t❛r q✉❡ ❛ t♦♣♦❧♦❣✐❛ ✾❙ ❛♣r❡s❡♥t♦✉ ♠❛✐♦r r❡s✉❧t❛❞♦

❞❛ WTHD ♣❛r❛ µ = 0✳ ❯♠❛ ✈❛r✐❛çã♦ ❞❡ 20, 58%✳ ❖ ♠❡❧❤♦r r❡s✉❧t❛❞♦ ♥❛ ❝♦♠♣❛r❛çã♦ é

♣❛r❛ µ = 1✱ ❝✉❥❛ ❛ ✈❛r✐❛çã♦ ❞♦ ✈❛❧♦r ❞❛ WTHD é ❝❡r❝❛ ❞❡ 44%✱ ♥❡st❡ ❝❛s♦ ♦ ❝♦♥✈❡rs♦r

✾❙ ❛♣r❡s❡♥t❛ ✈❛♥t❛❣❡♠ ♥❛ ❝♦♠♣❛r❛çã♦✱ ❛❧é♠ ❞♦ ♠❛✐s✱ ❡st❡ é ✉♠ ❝❛s♦ ❛ s❡r ❛♥❛❧✐s❛❞♦ ❝♦♠

r❡❧❛çã♦ às ♣❡r❞❛s✱ ♣♦✐s ♣❛r❛ ❡ss❡ ✈❛❧♦r ❞❡ µ ♦s ❝♦♥✈❡rs♦r❡s ❣❡r❛❧♠❡♥t❡ ❛♣r❡s❡♥t❛♠ ♠❡♥♦r❡s

✈❛❧♦r❡s ❞❡ ♣❡r❞❛s✳

P❛r❛ ✉♠❛ ❛♥á❧✐s❡ ♠❛✐s ❝♦♠♣❧❡t❛ ❞❛ WTHD ❝♦♠ r❡❧❛çã♦ ❛♦ â♥❣✉❧♦ α✱ ♥❛s ❚❛❜❡❧❛s ❛
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❚❛❜❧❡ ✺✳✻✿ ❱❛❧♦r❡s ❞❛ WTHD ❞❛s t♦♣♦❧♦❣✐❛s ✾❙ ❡ ✶✷❙✳ µ = 1✳ ▼áq✉✐♥❛ s✐♠étr✐❝❛✳

❲❚❍❉✭✪✮ ✾❙ ✶✷❙

✈❣✶ ✵✱✹✹✶ ✵✱✼✾✵

✈❣✷ ✵✱✹✹✶ ✵✱✼✾✵

s❡❣✉✐r sã♦ ❡①✐❜✐❞♦s ♦s ✈❛❧♦r❡s ❞❛ WTHD ♣❛r❛ ♦s ❞♦✐s ❝♦♥✈❡rs♦r❡s ❝♦♥s✐❞❡r❛❞♦s✱ ♥♦ ❡♥t❛♥t♦

❛ ♠áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ ❝♦♥s✐❞❡r❛❞❛ ❡♠ t❛✐s ❝❛s♦s ♣♦ss✉✐ â♥❣✉❧♦ ❞❡ ❞❡❢❛s❛❣❡♠ ♥✉❧♦ α = 0✳

❉❡ss❡ ♠♦❞♦ ❛ ❚❛❜❡❧❛ ✺✳✼ ❛♣r❡s❡♥t❛ ♦s ✈❛❧♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❡♠ q✉❡ ♦ ❢❛t♦r ❞❡ ❞✐str✐❜✉✐çã♦

❞❡ r♦❞❛ ❧✐✈r❡ é ♥✉❧♦ µ = 0✳ ❖s ❞❡♠❛✐s ❝❛s♦s ❝♦♥s✐❞❡r❛❞♦s sã♦ µ = 0, 5 ❡ µ = 1✱ ❝✉❥♦s ✈❛❧♦r❡s

sã♦ ❡①✐❜✐❞♦s ♥❛s ❚❛❜❡❧❛s ✺✳✽ ❡ ✺✳✾ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❚❛❜❧❡ ✺✳✼✿ ❱❛❧♦r❡s ❞❛ WTHD ❞❛s t♦♣♦❧♦❣✐❛s ✾❙ ❡ ✶✷❙✳ µ = 0 ❡ α = 0◦

❲❚❍❉✭✪✮ ✾❙ ✶✷❙

✈❣✶ ✵✱✹✶✹ ✵✱✷✽✺

✈❣✷ ✵✱✹✶✹ ✵✱✷✽✺

❚❛❜❧❡ ✺✳✽✿ ❱❛❧♦r❡s ❞❛ WTHD ❞❛s t♦♣♦❧♦❣✐❛s ✾❙ ❡ ✶✷❙✳ µ = 0, 5 ❡ α = 0◦✳

❲❚❍❉✭✪✮ ✾❙ ✶✷❙

✈❣✶ ✵✱✸✹✺ ✵✱✷✹✾

✈❣✷ ✵✱✸✹✺ ✵✱✷✹✾

✺✳✶✳✷ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ❛s ❚♦♣♦❧♦❣✐❛s ✾❙ ❡ ✶✷❙ ✲ THD

◆❡st❛ s❡çã♦ é ❢❡✐t❛ ✉♠❛ ❛♥❛❧✐s❡ q✉❛♥t✐t❛t✐✈❛ ❞♦s ✈❛❧♦r❡s ❞❡ THD ❞❛s ❝♦rr❡♥t❡s ♥♦ ❧❛❞♦ ❞❛

❝❛r❣❛✱ ♣❛r❛ ❛s ❞✉❛s ❝♦♥✜❣✉r❛çõ❡s✳ ❖ ✈❛❧♦r ❞❡ THD t❛♠❜é♠ ✈❛r✐❛ ❝♦♠ r❡❧❛çã♦ ❛♦ ✈❛❧♦r

❛ss✉♠✐❞♦ ♣♦r µ ❡ ❛ss✐♠ ❝♦♠♦ ♥♦ ❝❛s♦ ❞❛ WTHD✱ ❛ ❛♥á❧✐s❡ q✉❛♥t✐t❛t✐✈❛ s❡rá ❢❡✐t❛ ♣❛r❛ ♦s

✈❛❧♦r❡s ❞❡ µ = 0✱ µ = 0, 5 ❡ µ = 1✳

❆ ❚❍❉ é ❝❛❧❝✉❧❛❞❛ s❡❣✉♥❞♦ ❛ ❡①♣r❡ssã♦ ✺✳✷✳

THD(h) =
100

α1

√

√

√

√

Nh
∑

h=2

α2
1 ✭✺✳✷✮
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❚❛❜❧❡ ✺✳✾✿ ❱❛❧♦r❡s ❞❛ WTHD ❞❛s t♦♣♦❧♦❣✐❛s ✾❙ ❡ ✶✷❙✳ µ = 1 ❡ α = 0◦✳

❲❚❍❉✭✪✮ ✾❙ ✶✷❙

✈❣✶ ✵✱✷✾✼ ✵✱✷✽✺

✈❣✷ ✵✱✷✾✼ ✵✱✷✽✺

❖♥❞❡ α1 é ❛ ❛♠♣❧✐t✉❞❡ ❞❛ t❡♥sã♦ ❢✉♥❞❛♠❡♥t❛❧✱ αh é ❛ ❛♠♣❧✐t✉❞❡ ❞❛ ❝♦♠♣♦♥❡♥t❡ ❤❛r♠ô♥✐❝❛

❞❡ ♦r❞❡♠ h ❡ Nh é ♦ ♥ú♠❡r♦ ❞❡ ❤❛r♠ô♥✐❝♦s ❝♦♥s✐❞❡r❛❞♦s✳

◆❛ ❚❛❜❡❧❛ ✺✳✶✵ ❡stã♦ ❡①✐❜✐❞♦s ♦s ✈❛❧♦r❡s ❞❡ THD ❞❛ ❝♦rr❡♥t❡ q✉❛♥❞♦ µ ❛ss✉♠❡ ♦ ✈❛❧♦r

0✱ ❡♥q✉❛♥t♦ ♥❛s ❚❛❜❡❧❛s ✺✳✶✶ ❡ ✺✳✶✷ ♦s ✈❛❧♦r❡s ❞❡ µ sã♦ r❡s♣❡❝t✐✈❛♠❡♥t❡ 0 ❡ 1✳

❚❛❜❧❡ ✺✳✶✵✿ ❱❛❧♦r❡s ❞❛ THD ❞❛s t♦♣♦❧♦❣✐❛s ✾❙ ❡ ✶✷❙✳ µ = 0✳ ▼áq✉✐♥❛ ❛ss✐♠étr✐❝❛✳

❚❍❉✭✪✮ ✾❙ ✶✷❙

✐g1 ✹✱✼✽ ✸✱✼✷

✐g2 ✹✱✼✽ ✸✱✼✷

❚❛❜❧❡ ✺✳✶✶✿ ❱❛❧♦r❡s ❞❛ THD ❞❛s t♦♣♦❧♦❣✐❛s ✾❙ ❡ ✶✷❙✳ µ = 0, 5✳ ▼áq✉✐♥❛ ❛s✲
s✐♠étr✐❝❛✳

❚❍❉✭✪✮ ✾❙ ✶✷❙

✐g1 ✹✱✸✶ ✸✱✼✾

✐g2 ✹✱✸✶ ✸✱✼✾

❊♠ t♦❞♦s ♦s ❝❛s♦s ❛♥❛❧✐s❛❞♦s ❛ ❞✐st♦rçã♦ ❞❛ ❝♦rr❡♥t❡ ❞❡ ❢❛s❡ é s❡♠♣r❡ ♠❛✐♦r ♣❛r❛ ♦

❝♦♥✈❡rs♦r 9S✱ ❛ss✐♥❛❧❛♥❞♦ q✉❡ ♣❛r❛ ❡st❡ ❝♦♥✈❡rs♦r ❤❛✈❡rá ✉♠❛ ♠❛✐♦r ♣r♦❞✉çã♦ ❞❡ ❤❛r♠ô♥✐❝♦s

❞❡ ❝♦rr❡♥t❡s q✉❡ ♥♦ ❝❛s♦ ❞♦ ❝♦♥✈❡rs♦r 12S✳ ◆♦ ♠❡❧❤♦r ❝❛s♦ ❛ ❞✐st♦rçã♦ ❞❡ ❝♦rr❡♥t❡ ❛✐♥❞❛

s❡rá ❝❡r❝❛ ❞❡ ✶✸✪ ♠❛✐♦r ♣❛r❛ ♦ ❝♦♥✈❡rs♦r 9S q✉❛♥❞♦ µ = 1✳

❖ ❝á❧❝✉❧♦ ❞❡ THD t❛♠❜é♠ ❢♦✐ ❡❢❡t✉❛❞♦ ♣❛r❛ ❛s ❝♦♥✜❣✉r❛çõ❡s q✉❛♥❞♦ ❛❝✐♦♥❛♠ ✉♠❛

♠áq✉✐♥❛ s✐♠étr✐❝❛✱ ♦s r❡s✉❧t❛❞♦s ❡stã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛s ❚❛❜❡❧❛s ✺✳✶✸✱ ✺✳✶✹ ❡ ✺✳✶✺✳ P❛r❛

❝❛❞❛ ✉♠❛ ❞❡st❛s ❚❛❜❡❧❛s é ❡✈✐❞❡♥t❡ q✉❡ ♦ ✈❛❧♦r ❛ss✉♠✐❞♦ ♣♦r µ é ❞✐❢❡r❡♥t❡✳
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❚❛❜❧❡ ✺✳✶✷✿ ❱❛❧♦r❡s ❞❛ THD ❞❛s t♦♣♦❧♦❣✐❛s ✾❙ ❡ ✶✷❙✳ µ = 1✳ ▼áq✉✐♥❛ ❛ss✐♠étr✐❝❛✳

❚❍❉ ✾❙ ✶✷❙

✐g1 ✸✱✾✼ ✸✱✼✷

✐g2 ✸✱✾✼ ✸✱✼✷

❚❛❜❧❡ ✺✳✶✸✿ ❱❛❧♦r❡s ❞❛ THD ❞❛s t♦♣♦❧♦❣✐❛s ✾❙ ❡ ✶✷❙✳ µ = 0✳ ▼áq✉✐♥❛ s✐♠étr✐❝❛✳

❚❍❉ ✾❙ ✶✷❙

✐g1 ✸✱✸✻ ✹✱✹✺

✐g2 ✸✱✸✻ ✹✱✹✺

❚❛❜❧❡ ✺✳✶✹✿ ❱❛❧♦r❡s ❞❛ THD ❞❛s t♦♣♦❧♦❣✐❛s ✾❙ ❡ ✶✷❙✳ µ = 0, 5✳ ▼áq✉✐♥❛ s✐♠étr✐❝❛✳

❚❍❉ ✾❙ ✶✷❙

✐g1 ✸✱✶✾ ✸✱✵✽

✐g2 ✸✱✶✾ ✸✱✵✽

❚❛❜❧❡ ✺✳✶✺✿ ❱❛❧♦r❡s ❞❛ THD ❞❛s t♦♣♦❧♦❣✐❛s ✾❙ ❡ ✶✷❙✳ µ = 1✳ ▼áq✉✐♥❛ s✐♠étr✐❝❛✳

❚❍❉ ✾❙ ✶✷❙

✐g1 ✸✱✶✹ ✹✱✹✺

✐g2 ✸✱✶✹ ✹✱✹✺

◗✉❛♥❞♦ µ = 0.5 ♦ ❝♦♥✈❡rs♦r 12S ❛♣r❡s❡♥t❛ ♠❡♥♦r ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ q✉❡ ♦ ❝♦♥✈❡rs♦r

9S✱ ✉♠❛ r❡❞✉çã♦ ❞❡ 3%✳ ❆s ♠❡♥♦r❡s ❞✐st♦rçõ❡s✱ ❞❡♥tr❡ ♦s ❝❛s♦s ❛♥❛❧✐s❛❞♦s✱ sã♦ ♣❛r❛ µ = 1

♥❡st❡ ❝❛s♦ ❛ t♦♣♦❧♦❣✐❛ 9S ❛♣r❡s❡♥t❛ ✉♠❛ r❡❞✉çã♦ ❞❡ 29%

✺✳✶✳✸ ❈♦♥❝❧✉sã♦

❆ ♣❛rt✐r ❞❛ ❝♦♠♣❛r❛çã♦ ❞♦s r❡s✉❧t❛❞♦s ❞❛ WTHD ♣❛r❛ ❛s ❞✉❛s t♦♣♦❧♦❣✐❛s ❛❝✐♦♥❛♥❞♦ ✉♠❛

♠áq✉✐♥❛ s✐♠étr✐❝❛✱ ❝♦♥❝❧✉✐✲s❡ q✉❡ ❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ 12S ❝❤❛✈❡s ❛♣r❡s❡♥t❛ ♦s ♠❡♥♦r❡s ✈❛❧♦r❡s

❞❡ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛✳ ❆ ✈❛r✐❛çã♦ ❞♦ ❢❛t♦r ❞❡ r♦❞❛ ❧✐✈r❡✱ ♥❡st❡ ❝❛s♦ ♥ã♦ ♦❢❡r❡❝❡ ✉♠❛

✈❛♥t❛❣❡♠ ❛♦ ❝♦♥✈❡rs♦r 9S ❝♦♠ r❡❧❛çã♦ à q✉❛♥t✐❞❛❞❡ ❞❡ ❤❛r♠ô♥✐❝♦s✳ ◆♦ ♠❡❧❤♦r ❝❛s♦ µ = 1

❛ WTHD ❛✐♥❞❛ é ✾✪ ♠❛✐♦r✳
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❖s r❡s✉❧t❛❞♦s ❞❛ WTHD ♣❛r❛ ♠áq✉✐♥❛ s✐♠étr✐❝❛✱ t❛♠❜é♠ ♠♦str❛♠ q✉❡ ♣❛r❛ ❡st❡ ✈❛❧♦r

❞❡ α é ♠❛✐s ✈❛♥t❥♦s♦ ❛❝✐♦♥❛r ❛ ♠áq✉✐♥❛ ❝♦♠ ♦ ❝♦♥✈❡rs♦r ✶✷❙✱ ❡♠❜♦r❛ ❡st❡ ❝♦♥✈❡rs♦r ❛♣r❡s❡♥t❡

♠❛✐♦r❡s ✈❛❧♦r❡s ❞❡ WTHD ♣❛r❛ ✉♠❛ ❢❛✐①❛ ❞❡ ✈❛r✐❛çã♦ ❞❡ µ✱ ♦❜s❡r✈❛✲s❡ q✉❡ ❛♦ s❡ ❛❝✐♦♥❛r

♦ ❝♦♥✈❡rs♦r ✶✷❙ ♥❛ ❢❛✐①❛ ❞❡ µ ❝♦♠♣r❡❡♥❞✐❞❛ ❡♥tr❡ 0, 3 ❡ 0, 7 ♦s ✈❛❧♦r❡s ❞❛ WTHD s❡rã♦

♠❡♥♦r❡s q✉❡ ♦s ❞❛ t♦♣♦❧♦❣✐❛ ✾❙✳ ❯♠❛ r❡❞✉çã♦ ❞❡ ✷✵✱✺✪ ♣❛r❛ µ = 0, 5✳ ❖ ❝♦♥✈❡rs♦r ❞❡

✾ ❝❤❛✈❡s ❛♣r❡s❡♥t❛ ♠❡♥♦r ✈❛❧♦r ❞❛ WTHD ♣❛r❛ µ = 1✱ ♣♦ré♠ q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦ ❝♦♠ ♦

♠❡❧❤♦r ❝❛s♦ ❞♦ ❝♦♥✈❡rs♦r ❞❡ ✶✷ ❝❤❛✈❡s✱ ❛ WTHD ♣❛r❛ ❡st❡ ú❧t✐♠♦ ❝♦♥✈❡rs♦r ❛✐♥❞❛ é ♠❡♥♦r

❡♠ ❝❡r❝❛ ❞❡ ✶✼✪✳

P❛r❛ ❛s t❛①❛s ❞❡ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ ❞❡ ❝♦rr❡♥t❡ ♦ ❝♦♥✈❡rs♦r ✶✷❙ t❛♠❜é♠ ❛♣r❡s❡♥t❛

♦s ♠❡♥♦r❡s r❡s✉❧t❛❞♦s ♥❛ ❝♦♠♣❛r❛çã♦✳ P❛r❛ ✉♠❛ ♠áq✉✐♥❛ ❛ss✐♠étr✐❝❛ ♦ ❝♦♥✈❡rs♦r 12S

❛♣r❡s❡♥t❛ ♠❡♥♦r❡s ❞✐st♦rçõ❡s ❞❡ ❝♦rr❡♥t❡✱ ♦s ♠❡♥♦r❡s ✈❛❧♦r❡s sã♦ ♣❛r❛ µ = 0, 5✳

❖❜s❡r✈♦✉✲s❡ q✉❡ ♦ â♥❣✉❧♦ ❞❡ r❡❢❡rê♥❝✐❛ ❛❢❡t❛ ❛ q✉❛❧✐❞❛❞❡ ❞❛s t❡♥sõ❡s ❡ ❝♦rr❡♥t❡s ❣❡r❛❞❛s✱

♣♦✐s ♣❛r❛ ✉♠❛ ♠áq✉✐♥❛ s✐♠étr✐❝❛ ❛ WTHD ❢♦✐ ♠❛✐♦r ❡♠ t♦❞♦s ♦s ❝❛s♦s✱ ❢❛❝❡ à ♠áq✉✐♥❛

❛ss✐♠étr✐❝❛✳ ❈♦♠ ♦s ✈❛❧♦r❡s ❞❛ WTHD ❛♣r❡s❡♥t❛❞♦s ♣❛r❛ ♦s ❞♦✐s ❝♦♥✈❡rs♦r❡s ❛❝✐♦♥❛♥❞♦

✉♠❛ ♠áq✉✐♥❛ ❝♦♠ â♥❣✉❧♦ α = 0 r❡❢♦rç♦✉ s❡ ❛ t❡s❡ ❞❡ q✉❡ ♦ â♥❣✉❧♦ ❞❡ ❞❡❢❛s❛❣❡♠ ❞❛ ❝❛r❣❛

❛❢❡t❛ ♦ WTHD ❞❛ t❡♥sã♦ ❡ ♦ THD ❞❛s ❝♦rr❡♥t❡s ❞❡ ❢❛s❡✳
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✻✳✶ ■♥tr♦❞✉çã♦

❆ ❛♥á❧✐s❡ ❞❡ ♣❡r❞❛s ♣❡r♠✐t❡ ❞❡t❡r♠✐♥❛r ❛ ❡✜❝✐ê♥❝✐❛ ❡♥❡r❣ét✐❝❛ ❞♦s ❝♦♥✈❡rs♦r❡s ❡ ♦ ♣❡r❝❡♥t✉❛❧

❞❡ ♣♦tê♥❝✐❛ út✐❧ q✉❡ ♣♦❞❡ s❡r ❡♥tr❡❣✉❡ à ❝❛r❣❛✳ ◆❡st❡ ❝❛♣ít✉❧♦ ❛s t♦♣♦❧♦❣✐❛s 9S ❡ 12S t❡♠ ♦

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

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

♣❡r❞❛s ♣♦r ❝❤❛✈❡♠❡♥t♦ ❡ ♣♦r ❝♦♥❞✉çã♦✳

❇❛s✐❝❛♠❡♥t❡✱ ❡①✐st❡♠ ❞♦✐s ♠ét♦❞♦s ❞✐st✐♥t♦s ❞❡ ❡st✐♠❛çã♦ ❞❡ ♣❡r❞❛s ❡♠ ❞✐s♣♦s✐t✐✈♦s

s❡♠✐❝♦♥❞✉t♦r❡s✿

• ▼♦❞❡❧♦ ❧✐♥❡❛r ❞❛ ❝❤❛✈❡✿ ♦❜t✐❞♦ ❛ ♣❛rt✐r ❞♦s ❞❛❞♦s ❢♦r♥❡❝✐❞♦s ♥♦s ❝❛tá❧♦❣♦s ❞❡ ❢❛❜r✐✲

❝❛♥t❡s✱ ♣❛r❛ ✉♠❛ ❞❛❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ♦♣❡r❛çã♦✳

• ▼♦❞❡❧♦ ❡st❛tíst✐❝♦ ❞❛ ❝❤❛✈❡✿ ♦❜t✐❞♦ ❞❡ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ♠❡❞✐❞❛s ❞❡ ♣❡r❞❛s ✐♥st❛♥tâ♥❡❛s

♥♦s ❞✐s♣♦s✐t✐✈♦s s❡♠✐❝♦♥❞✉t♦r❡s✱ ❛ ♣❛rt✐r ❞♦ tr❛t❛♠❡♥t♦ ❡st❛tíst✐❝♦ ❞♦s ❞❛❞♦s✳

❖ ♠♦❞❡❧♦ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛♥á❧✐s❡ ❞❡ ♣❡r❞❛s ♥❡st❡ ❝❛♣ít✉❧♦ é ♦❜t✐❞♦ ❛ ♣❛rt✐r ❞❡ ✉♠ ❝♦♥❥✉♥t♦

❞❡ ♠❡❞✐❞❛s ❞❡ ♣❡r❞❛s ✐♥st❛♥tâ♥❡❛s ❡❢❡t✉❛❞❛s ♥♦ ❞✐s♣♦s✐t✐✈♦ s❡♠✐❝♦♥❞✉t♦r✱ ❝♦♠♦ ❡♠ ✭❉✐❛s

❡t ❛❧✳✱ ✷✵✶✵✮✳ ❈♦♠ ✉♠ ♠ét♦❞♦ ❞❡ r❡❣r❡ssã♦ ♦❜té♠✲s❡ ✉♠❛ ❛♣r♦①✐♠❛çã♦ ❞❛s ❡q✉❛çõ❡s q✉❡

r❡❣❡♠ ♦ ♣r♦❝❡ss♦ ❞❡ ♣❡r❞❛s ♥❛s ❝❤❛✈❡s✳ ❆ ❝❤❛✈❡ ✉t✐❧✐③❛❞❛ ♥♦ ♣r♦❝❡❞✐♠❡♥t♦ ❡①♣❡r✐♠❡♥t❛❧ ❢♦✐

✹✷
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♦ ■●❇❚ ❝♦♠ ♠ó❞✉❧♦ ❞✉❛❧ ❈▼✺✵❉❨✲✷✹❍ ✭P❖❲❊❘❊❳ ✮ ❝♦♠ ❞r✐✈❡ ❙❑❍■✲10 ✭❙❊▼■❑❘❖◆✮✳

❆s ❡q✉❛çõ❡s ❞❡ ♣❡r❞❛s ♦❜t✐❞❛s ❛♣ós ♦ tr❛t❛♠❡♥t♦ ❞♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s sã♦✿

Pcd = a(Tj)
bicl + b(Tj)

di2cl + c(Tj)
f i3cl ✭✻✳✶✮

Pch =
1

∆t
[a(vc)

b(Tj)
c + d(vc)

e(Tj)
f icl + g(vc)

h(Tj)
2(icl)

2] ✭✻✳✷✮

♦♥❞❡✿ Pcd ❡ Pch sã♦ ♦s r❡s✉❧t❛❞♦s ❞❡ ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ❡ ♣♦r ❝♦♥❞✉çã♦ r❡s♣❡❝t✐✲

✈❛♠❡♥t❡✱ Tj é ❛ t❡♠♣❡r❛t✉r❛ ❞❛ ❥✉♥çã♦✱ icl é ❛ ❝♦rr❡♥t❡ ❞♦ ❝♦❧❡t♦r✱ a✱ b✱ c✱ d✱ e✱ f ✱ g ❡ h sã♦

♣❛râ♠❡tr♦s ♦❜t✐❞♦s ✈✐❛ r❡❣r❡ssã♦ ♥✉♠ér✐❝❛ ❛♣❧✐❝❛❞❛ às ♠❡❞✐❞❛s ❞❡ ♣❡r❞❛s ✐♥st❛♥tâ♥❡❛s✳

❖ ❝á❧❝✉❧♦ ❞❡ ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ ♥❛ ❡q✉❛çã♦ ✭✻✳✶✮ ❞❡♣❡♥❞❡ ❛♣❡♥❛s ❞♦s ✈❛❧♦r❡s ❞❡

❝♦rr❡♥t❡ q✉❡ ❛tr❛✈❡ss❛♠ ❛s ❝❤❛✈❡s ❞♦ ❝♦♥✈❡rs♦r✱ ❡♥q✉❛♥t♦ ❛s ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ♥❛

❡q✉❛çã♦ ✭✻✳✷✮ ❞❡♣❡♥❞❡♠ ❞♦s ✈❛❧♦r❡s ❞❡ ❝♦rr❡♥t❡ q✉❡ ❛tr❛✈❡ss❛♠ ♦s ❞✐s♣♦s✐t✐✈♦s ❡ ❞❛s t❡♥sõ❡s

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

✻✳✶✳✶ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ❛s ❚♦♣♦❧♦❣✐❛s ✾❙ ❡ ✶✷❙

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

✐t✐✈♦s s❡♠✐❝♦♥❞✉t♦r❡s✳ ❖ ❢❛t♦r ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ r♦❞❛ ❧✐✈r❡✱ µ✱ é ✉♠ ❢❛t♦r ❞❡ ✐♥✢✉ê♥❝✐❛ ♥❛

q✉❛♥t✐❞❛❞❡ ❞❡ ♣❡r❞❛s ♣♦r ❝❤❛✈❡❛♠❡♥t♦✱ ♣♦✐s ♣❛r❛ ✈❛❧♦r❡s ❡s♣❡❝✐✜❝♦s ❞❡ µ✱ t❛✐s ❝♦♠♦ µ = 0✱

♦✉ µ = 1✱ ❛❧❣✉♥s ❜r❛ç♦s ❞♦ ❝♦♥✈❡rs♦r ♣♦❞❡♠ ♦♣❡r❛r ❝♦♠ ❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ♥✉❧❛✳

❊♠❜♦r❛ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ✶✷❙ ❛ ✈❛r✐❛çã♦ ❞♦ ❢❛t♦r ❞❡ r♦❞❛ ❧✐✈r❡ t❡♥❤❛ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦

s✐♠étr✐❝♦ ❝♦♠ r❡❧❛çã♦ ❛♦ ♣♦♥t♦ µ = 0, 5✱ ❡st❛ s✐♠❡tr✐❛ ♥ã♦ é ♦❜s❡r✈❛❞❛ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ✾❙✳

P♦rt❛♥t♦ ❛s ♣❡r❞❛s s❡rã♦ ❝❛❧❝✉❧❛❞❛s ♣❛r❛ três ✈❛❧♦r❡s ❞♦ ❢❛t♦r ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ r♦❞❛ ❧✐✈r❡✿

µ = 0✱ µ = 0, 5 ❡ µ = 1✳

◆❛ ❚❛❜❡❧❛ ✻✳✶ sã♦ ♠♦str❛❞♦s ♦s ✈❛❧♦r❡s ❞❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ (Pcd)✱ ❝❤❛✈❡❛♠❡♥t♦

(Pch) ❡ ♣❡r❞❛s t♦t❛✐s ♦❜t✐❞♦s ❞❛ t♦♣♦❧♦❣✐❛ ❞❡ ✾ ❝❤❛✈❡s ❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ♦s ✈❛❧♦r❡s ♦❜t✐❞♦s

❝♦♠ ♦ ❝♦♥✈❡rs♦r ❝♦♥✈❡♥❝✐♦♥❛❧ ✶✷❙✱ q✉❛♥❞♦ ♦s ❢❛t♦r❡s ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ r♦❞❛ ❧✐✈r❡ ❛♣r❡s❡♥t❛♠

✈❛❧♦r ✜①♦ µ = 0 ❡ ❛ ♠áq✉✐♥❛ ✉t✐❧✐③❛❞❛ é ❛ss✐♠étr✐❝❛✳

◆❛ ❚❛❜❡❧❛ ✻✳✷ ✉♠ ❝♦♥❥✉♥t♦ s✐♠✐❧❛r ❞❡ r❡s✉❧t❛❞♦s é ❛♣r❡s❡♥t❛❞♦✱ sã♦ ❡①✐❜✐❞♦s ♦s ✈❛❧♦r❡s

❞❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ (Pcd)✱ ❝❤❛✈❡❛♠❡♥t♦ (Pch) ❡ t♦t❛✐s ♦❜t✐❞♦s ❝♦♠ ❛ t♦♣♦❧♦❣✐❛ ✾❙ ❡♠
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❚❛❜❧❡ ✻✳✶✿ P❡r❞❛s ♣♦r ❝♦♥❞✉çã♦✱ ❝❤❛✈❡❛♠❡♥t♦ ❡ t♦t❛✐s ❞❛ t♦♣♦❧♦❣✐❛ ❝♦♥✈❡♥❝✐♦♥❛❧
✶✷❙ ❡ ❞❛ t♦♣♦❧♦❣✐❛ ✾❙✳ µ = 0✳

✶✷❙ ✾❙

Pcd(W ) ✶✱✽✺ ✺✱✶✺

Pch(W ) ✼✱✻✸ ✶✻✱✹✺

Totais(W ) ✾✱✹✽ ✷✶✱✻✵

❝♦♠♣❛r❛çã♦ ❝♦♠ ♦s ✈❛❧♦r❡s ♦❜t✐❞♦s ❝♦♠ ❛ t♦♣♦❧♦❣✐❛ ❝♦♥✈❡♥❝✐♦♥❛❧ ✶✷❙✱ q✉❛♥❞♦ ♦ ❢❛t♦r ❞❡

❞✐str✐❜✉✐çã♦ ❞❡ r♦❞❛ ❧✐✈r❡ t❡♠ ✉♠ ✈❛❧♦r µ = 0, 5 ❡ ❛ ♠áq✉✐♥❛ ✉t✐❧✐③❛❞❛ é ❛ss✐♠étr✐❝❛✳

❚❛❜❧❡ ✻✳✷✿ P❡r❞❛s ♣♦r ❝♦♥❞✉çã♦✱ ❝❤❛✈❡❛♠❡♥t♦ ❡ t♦t❛✐s ❞❛ t♦♣♦❧♦❣✐❛ ❝♦♥✈❡♥❝✐♦♥❛❧
✶✷❙ ❡ ❞❛ t♦♣♦❧♦❣✐❛ ✾❙✳ µ = 0, 5✳

✶✷❙ ✾❙

Pcd(W ) ✶✱✽✻ ✹✱✷✻

Pch(W ) ✽✱✽✷ ✶✷✱✻✻

Totais(W ) ✶✵✱✻✽ ✶✻✱✾✷

P❛r❛ ♦ ❝❛s♦ ❡♠ q✉❡ ♦ ❢❛t♦r ❞❡ r♦❞❛ ❧✐✈r❡ ❛ss✉♠❡ ♦ ✈❛❧♦r µ = 1, 0✱ ♦s ✈❛❧♦r❡s ❞❛s ♣❡r❞❛s

♣♦r ❝♦♥❞✉çã♦ (Pcd)✱ ❝❤❛✈❡❛♠❡♥t♦ (Pch) ❡ t♦t❛✐s ❡stã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛s ❚❛❜❡❧❛s ✻✳✸✳ ❈♦♠♦

❡♠ t♦❞♦s ♦s ❝❛s♦s✱ ❛s ♣❡r❞❛s sã♦ ❝❛❧❝✉❧❛❞❛s ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ ✾❙ ❡ ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ ✶✷❙✳ ❆

♠áq✉✐♥❛ ✉t✐❧✐③❛❞❛ é ❛ss✐♠étr✐❝❛✳

❚❛❜❧❡ ✻✳✸✿ P❡r❞❛s ♣♦r ❝♦♥❞✉çã♦✱ ❝❤❛✈❡❛♠❡♥t♦ ❡ t♦t❛✐s ❞❛ t♦♣♦❧♦❣✐❛ ❝♦♥✈❡♥❝✐♦♥❛❧
✶✷❙ ❡ ❞❛ t♦♣♦❧♦❣✐❛ ✾❙✳ µ = 1✳

✶✷❙ ✾❙

Pcd(W ) ✶✱✽✼ ✹✱✷✹

Pch(W ) ✼✱✻✶ ✶✶✱✼✾

Totais(W ) ✾✱✹✽ ✶✻✱✵✸

❖s ✈❛❧♦r❡s ❛♣r❡s❡♥t❛❞♦s ♥❛s ❚❛❜❡❧❛s ✻✳✶✱ ✻✳✷ ❡ ✻✳✸ sã♦ r❡❢❡r❡♥t❡s ❛ ✉♠ ❜r❛ç♦ ❞❛ t♦♣♦❧♦❣✐❛

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

♥❛ ❚❛❜❡❧❛ ✻✳✹✳



❆◆➪▲■❙❊ ❉❊ P❊❘❉❆❙ ◆❖❙ ❙❊▼■❈❖◆❉❯❚❖❘❊❙ ✹✺

❚❛❜❧❡ ✻✳✹✿ P❡r❞❛s ❚♦t❛✐s ❞❛ t♦♣♦❧♦❣✐❛ ❝♦♥✈❡♥❝✐♦♥❛❧ ✶✷❙ ❡ ❞❛ t♦♣♦❧♦❣✐❛ ✾❙✳ µ = 1✳

µ = 0 µ = 0.5 µ = 1

Pcd(W ) ✶✶✱✶✵ ✶✶✱✶✻ ✶✶✱✷✷

Pch(W ) ✹✺✱✼✽ ✺✷✱✾✷ ✹✺✱✻✻

Totais(W ) ✺✻✱✽✽ ✻✹✱✵✽ ✺✻✱✽✽

µ = 0 µ = 0, 5 µ = 1

Pcd(W ) ✶✺✱✹✺ ✶✷✱✼✽ ✶✷✱✼✷

Pch(W ) ✹✾✱✸✺ ✸✼✱✾✽ ✸✺✱✸✼

Totais(W ) ✻✹✱✼✵ ✺✵✱✼✻ ✹✽✱✵✾

❖ ♠❡s♠♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ❛♥á❧✐s❡ ❞♦ ❝á❧❝✉❧♦ ❞❡ ♣❡r❞❛s é r❡❛❧✐③❛❞♦ ♣❛r❛ ♦s ❞♦✐s ❝♦♥✲

✈❡rs♦r❡s ❛❝✐♦♥❛♥❞♦ ✉♠❛ ♠áq✉✐♥❛ s✐♠étr✐❝❛✱ ❛ss✐♠ s❡♥❞♦ ♥❛ ❚❛❜❡❧❛ ✻✳✺ ❡stã♦ ❡①✐❜✐❞♦s ♦s

✈❛❧♦r❡s ❞❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ (Pcd)✱ ❝❤❛✈❡❛♠❡♥t♦ (Pch) ❡ t♦t❛✐s✳ ◆❛ ❚❛❜❡❧❛ ✻✳✺ ♦ ❢❛t♦r ❞❡

❞✐str✐❜✉✐çã♦ ❞❡ r♦❞❛ ❧✐✈r❡ ❝♦♥s✐❞❡r❛❞♦ é µ = 0✳

❚❛❜❧❡ ✻✳✺✿ P❡r❞❛s ♣♦r ❝♦♥❞✉çã♦✱ ❝❤❛✈❡❛♠❡♥t♦ ❡ t♦t❛✐s ❞❛ t♦♣♦❧♦❣✐❛ ❝♦♥✈❡♥❝✐♦♥❛❧
✶✷❙ ❡ ❞❛ t♦♣♦❧♦❣✐❛ ✾❙✳ µ = 0✳

✶✷❙ ✾❙

Pcd(W ) ✶✱✽✻ ✹✱✹✹

Pch(W ) ✼✱✻✻ ✶✽✱✸✾

Totais(W ) ✾✱✺✷ ✷✷✱✽✸

❯t✐❧✐③❛♥❞♦ ✉♠ ❢❛t♦r ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ r♦❞❛ ❧✐✈r❡ µ = 0, 5 ❡♠ ❛♠❜♦s ♦s ❝♦♥✈❡rs♦r❡s

❡ ❛❝✐♦♥❛♥❞♦ ✉♠❛ ♠áq✉✐♥❛ s✐♠étr✐❝❛ ❝❛❧❝✉❧♦✉✲s❡ ♦s ✈❛❧♦r❡s ❞❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ (Pcd)✱

❝❤❛✈❡❛♠❡♥t♦ (Pch) ❡ t♦t❛✐s✱ ♦s r❡s✉❧t❛❞♦s ❡stã♦ ❡①✐❜✐❞♦s ♥❛s ❚❛❜❡❧❛s ✻✳✻✳

❚❛❜❧❡ ✻✳✻✿ P❡r❞❛s ♣♦r ❝♦♥❞✉çã♦✱ ❝❤❛✈❡❛♠❡♥t♦ ❡ t♦t❛✐s ❞❛ t♦♣♦❧♦❣✐❛ ❝♦♥✈❡♥❝✐♦♥❛❧
✶✷❙ ❡ ❞❛ t♦♣♦❧♦❣✐❛ ✾❙✳ µ = 0, 5✳

✶✷❙ ✾❙

Pcd(W ) ✶✱✽✻ ✹✱✹✷

Pch(W ) ✽✱✼✾ ✶✾✱✾✹

Totais(W ) ✶✵✱✻✺ ✷✹✱✸✻

P♦r ✜♠✱ ✉t✐❧✐③❛♥❞♦ ✉♠ ❢❛t♦r ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ r♦❞❛ ❧✐✈r❡ µ = 1 ❛♣❧✐❝❛❞♦ ❡♠ ❛♠❜♦s ♦s

❝♦♥✈❡rs♦r❡s ❡ ❛❝✐♦♥❛♥❞♦ ✉♠❛ ♠áq✉✐♥❛ s✐♠étr✐❝❛ ♦❜té♠✲s❡ ♦s ✈❛❧♦r❡s ❞❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦

(Pcd)✱ ❝❤❛✈❡❛♠❡♥t♦ (Pch) ❡ ♣❡r❞❛s t♦t❛✐s✱ ♦s r❡s✉❧t❛❞♦s ❡stã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✻✳✼✳

❘❡ss❛❧t❛♥❞♦ q✉❡ ♦s ✈❛❧♦r❡s ❛♣r❡s❡♥t❛❞♦s ♥❛s ❚❛❜❡❧❛s ✻✳✺✱ ✻✳✻ ❡ ✻✳✼ sã♦ ♦s ✈❛❧♦r❡s ❞❡

♣❡r❞❛s ♣❛r❛ ✉♠ ❜r❛ç♦ ❛♣❡♥❛s✱ ♥❛ ❚❛❜❡❧❛ ✻✳✽ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s ✈❛❧♦r❡s t♦t❛✐s ❞❡ ♣❡r❞❛s

♣❛r❛ t♦❞♦s ♦s ❞✐s♣♦s✐t✐✈♦s ❞❛s t♦♣♦❧♦❣✐❛s ❛♥❛❧✐s❛❞❛s✳
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❚❛❜❧❡ ✻✳✼✿ P❡r❞❛s ♣♦r ❝♦♥❞✉çã♦✱ ❝❤❛✈❡❛♠❡♥t♦ ❡ t♦t❛✐s ❞❛ t♦♣♦❧♦❣✐❛ ❝♦♥✈❡♥❝✐♦♥❛❧
✶✷❙ ❡ ❞❛ t♦♣♦❧♦❣✐❛ ✾❙✳ µ = 1✳

✶✷❙ ✾❙

Pcd(W ) ✶✱✽✻ ✹✱✹✶

Pch(W ) ✼✱✻✻ ✶✽✱✺✻

Totais(W ) ✾✱✺✷ ✷✷✱✾✼

❚❛❜❧❡ ✻✳✽✿ P❡r❞❛s ❚♦t❛✐s ✭❛✮ ❚♦♣♦❧♦❣✐❛ ❝♦♥✈❡♥❝✐♦♥❛❧✶✷❙ ✭❜✮ ✾❙✳

µ = 0 µ = 0, 5 µ = 1

Pcd(W ) ✶✶✱✶✻ ✶✶✱✶✻ ✶✶✱✶✻

Pch(W ) ✹✺✱✾✻ ✺✷✱✼✹ ✹✺✱✾✻

Totais(W ) ✺✼✱✶✷ ✻✸✱✽✵ ✺✼✱✶✷

µ = 0 µ = 0, 5 µ = 1

Pcd(W ) ✶✸✱✸✷ ✶✸✱✷✻ ✶✸✱✷✸

Pch(W ) ✺✺✱✶✼ ✺✾✱✽✷ ✺✺✱✻✽

Totais(W ) ✻✽✱✹✾ ✼✸✱✵✽ ✻✽✱✾✶

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

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

❣✐❛s ❡♠ ✉♠ ♣❡rí♦❞♦ ❞❛ ❢✉♥❞❛♠❡♥t❛❧✳ ❈♦♠ r❡❧❛çã♦ ❛ ✉♠ ❜r❛ç♦ ❞♦ ❝♦♥✈❡rs♦r ❛ t♦♣♦❧♦❣✐❛ ✾❙

r❡q✉❡r ✉♠ ♥ú♠❡r♦ ❞❡ ❝♦♠✉t❛çõ❡s ✷✵✪ ♠❛✐♦r q✉❡ ♦ t♦t❛❧ ❞❡ ❝♦♠✉t❛çõ❡s ❞❡ ✉♠ ❜r❛ç♦ ❞❛

t♦♣♦❧♦❣✐❛ ✶✷❙✳ ❊♠ ✉♠❛ ❝♦♠♣❛r❛çã♦ ❣❡r❛❧ ❛s t♦♣♦❧♦❣✐❛s ❛♣r❡s❡♥t❛♠ ♣r❛t✐❝❛♠❡♥t❡ ♦ ♠❡s♠♦

♥ú♠❡r♦ ❞❡ ❝♦♠✉t❛çõ❡s✱ ♦✉ s❡❥❛✱ ❛♣❡s❛r ❞❛ t♦♣♦❧♦❣✐❛ ✾❙ ✉t✐❧✐③❛r ✉♠ ♥ú♠❡r♦ ♠❡♥♦r ❞❡ ❝♦♠✲

♣♦♥❡♥t❡s ❡❧❡s ❡st❛rã♦ s✉❜♠❡t✐❞♦s ❛ ✉♠ ❡s❢♦rç♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ♠❛✐♦r✱ ❡ss❡ ❡s❢♦rç♦ ♣♦❞❡ s❡r

r❡s♣♦♥sá✈❡❧ ♣♦r r❡❞✉③✐r ❛ ✈✐❞❛ út✐❧ ❞♦s ❝♦♠♣♦♥❡♥t❡s ❛❧é♠ ❞❡ ❝♦rr❡s♣♦♥❞❡r ❛ ✉♠ ❛✉♠❡♥t♦

♥❛s ♣❡r❞❛s✳

✻✳✶✳✷ ❈♦♥❝❧✉sã♦

◆❡ss❡ ❝❛♣ít✉❧♦ ❢♦✐ ❢❡✐t❛ ✉♠❛ ❛♥á❧✐s❡ ❞❛s ♣❡r❞❛s ♣♦r ❝♦♥❞✉çã♦ ❡ ♣♦r ❝❤❛✈❡❛♠❡♥t♦ ♥♦s ❞✐s♣♦s✲

✐t✐✈♦s s❡♠✐❝♦♥❞✉t♦r❡s✳

❈♦♠♦ ❡s♣❡r❛❞♦✱ ❛ t♦♣♦❧♦❣✐❛ ✾❙ ❛♣r❡s❡♥t♦✉ ♠❛✐♦r❡s ♣❡r❞❛s ♣♦r ❜r❛ç♦ ❡♠ t♦❞♦s ♦s ❝❛s♦s

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

❛ ❝♦rr❡♥t❡ q✉❡ ❝✐r❝✉❧❛ ♥♦s ❞✐s♣♦s✐t✐✈♦s ❞❛ t♦♣♦❧♦❣✐❛ ✶✷❙✳ ❆❧é♠ ❞✐ss♦ ♣♦ss✉✐ ♠❛✐s ❞✐s♣♦s✐t✐✈♦s

♣♦r ❜r❛ç♦ ❡ r❡q✉❡r ✉♠❛ ♠❛✐♦r t❡♥sã♦ ❞❡ ❜❛rr❛♠❡♥t♦✳ ◗✉❛♥❞♦ s❡ ❝♦♥s✐❞❡r♦✉ ❛s ♣❡r❞❛s t♦t❛✐s
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♣❛r❛ t♦❞♦s ♦s ❜r❛ç♦s ❞❛s t♦♣♦❧♦❣✐❛s✱ ❛❝✐♦♥❛♥❞♦ ❛ ♠áq✉✐♥❛ ❛ss✐♠étr✐❝❛ ❡ ♣❛r❛ ❛❧❣✉♥s ✈❛❧♦r❡s

❞❡ µ✱ ♦ ❝♦♥✈❡rs♦r ✾❙ ❛♣r❡s❡♥t♦✉ ♠❡♥♦r❡s ♣❡r❞❛s✱ é ♦ ❝❛s♦ ❞❡ µ = 0, 5 ❡ µ = 1✳ P❛r❛ µ = 1✱ ✐ss♦

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

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

r❡♣❡t❡ ♣❛r❛ µ = 0✱ ♠❛s ❛♣❡♥❛s ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ✶✷❙✳

❖s ❞♦✐s ❝♦♥✈❡rs♦r❡s ❛♣r❡s❡♥t❛r❛♠ ♠❛✐♦r❡s ✈❛❧♦r❡s ❞❡ ♣❡r❞❛s q✉❛♥❞♦ s❡ ❛❧t❡r♦✉ ♦ â♥❣✉❧♦

α ❞❛s t❡♥sõ❡s ❞❡ r❡❢❡rê♥❝✐❛✱ ♣♦ré♠ ♦ ❝♦♥✈❡rs♦r ✾❙ ❛♣r❡s❡♥t♦✉ ♦ ♣✐♦r ❞❡s❡♠♣❡♥❤♦ q✉❛♥❞♦

❛❝✐♦♥❛♥❞♦ ✉♠❛ ♠áq✉✐♥❛ s✐♠étr✐❝❛✱ ❛❧é♠ ❞♦s ♠♦t✐✈♦s ❝✐t❛❞♦s ❛♥t❡r✐♦r♠❡♥t❡✱ ♦ ❝♦♥✈❡rs♦r ✾❙

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

❖ ♠❡❧❤♦r ❝❛s♦ ❞❡♥tr❡ ♦s ❛♥❛❧✐s❛❞♦s✱ ♣❛r❛ α = 60◦✱ ❡q✉✐✈❛❧❡ ❛ µ = 0✳ ❆s t♦♣♦❧♦❣✐❛s

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

❞❡t❡r♠✐♥❛❞♦s ✐♥st❛♥t❡s✱ ❝♦♠ ❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ♥✉❧❛✱ ♣♦ré♠ ♦ ❝♦♥✈❡rs♦r ✾❙ ❛♣r❡s❡♥t❛

✉♠ ✈❛❧♦r ✷✵✪ ♠❛✐♦r ❞❡ ♣❡r❞❛s q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦ ❝♦♠ ♦ ❝♦♥✈❡rs♦r ✶✷❙✳

❆ t♦♣♦❧♦❣✐❛ ✾❙ ❛♣r❡s❡♥t❛ ✉♠ t♦t❛❧ ❞❡ ❝♦♠✉t❛çõ❡s s♦❢r✐❞❛s ♣❡❧♦s ❞✐s♣♦s✐t✐✈♦s ❞❛s ❡str✉✲

t✉r❛s ♣r❛t✐❝❛♠❡♥t❡ ✐❣✉❛❧ ❛♦ ❞❛ t♦♣♦❧♦❣✐❛ ✶✷❙✱ ❛♣❡s❛r ❞❡ ♣♦ss✉✐r ✉♠ ♠❡♥♦r ♥ú♠❡r♦ ❞❡ ❝❤❛✈❡s✱

✐st♦ ✐♥❞✐❝❛ q✉❡ ❛s ❝❤❛✈❡s ❞❛q✉❡❧❛ t♦♣♦❧♦❣✐❛ ❡st❛rã♦ s✉❜♠❡t✐❞❛s ❛ ✉♠ ♠❛✐♦r ❡s❢♦rç♦✳ ❆♥❛❧✲

✐s❛♥❞♦ ♦ t♦t❛❧ ❞❡ ❝♦♠✉t❛çõ❡s ♣♦r ❜r❛ç♦✱ ❡str✉t✉r❛ ✾❙ s♦❢r❡ ✉♠ ♠❛✐♦r ♥ú♠❡r♦ ❞❡ ❝♦♠✉t❛çõ❡s

q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛ ❵à t♦♣♦❧♦❣✐❛ 12S



7
❘❊❙❯▲❚❆❉❖❙ ❉❊ ❙■▼❯▲❆➬➹❖ ❊
❊❳P❊❘■▼❊◆❚❆■❙

❖ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ♠áq✉✐♥❛s ♠✉❧t✐❢❛s❡s ✭♥ú♠❡r♦ ❞❡ ❢❛s❡s ♠❛✐♦r q✉❡ três✮ ✉t✐❧✐③❛ ✉♠❛ ♠❛✐♦r

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

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

t❡r♥❛t✐✈❛s ❛ ♣❛rt✐r ❞❛ r❡❞✉çã♦ ❞♦ ♥ú♠❡r♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s✱ ♣♦ré♠ ❡ss❛s ♠♦❞✐✜❝❛❝õ❡s ❛❧t❡r❛♠

♦ ❞❡s❡♠♣❡♥❤♦ ❞♦ s✐st❡♠❛✳ ❖s ♥í✈❡✐s ❞❡ t❡♥sã♦ ❡ ❝♦rr❡♥t❡✱ ❛ q✉❛♥t✐❞❛❞❡ ❞❛s ❝♦♠♣♦♥❡♥t❡s

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

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

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

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

❞❡st✐♥❛♠ à ♠❡s♠❛ ❡s♣é❝✐❡ ❞❡ ❛❝✐♦♥❛♠❡♥t♦✳

❉♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❞❡ ❝❛r❣❛s ❤❡①❛❢ás✐❝❛s ♦ ♠ét♦❞♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ❞❡ ❛❝✐♦♥❛♠❡♥t♦ é ✉♠❛

❡str✉t✉r❛ ❝♦♠♣♦st❛ ♣♦r 12 ❞✐s♣♦s✐t✐✈♦s s❡♠✐ ❝♦♥❞✉t♦r❡s✱ ❡♥q✉❛♥t♦ ✉♠❛ ❞❛s t♦♣♦❧♦❣✐❛s ❛❧t❡r✲

♥❛t✐✈❛s é ❝♦♥st✐t✉í❞❛ ♣♦r ❛♣❡♥❛s 9 ❞✐s♣♦s✐t✐✈♦s✱ ♣❛r❛ ❡❢❡✐t♦ ❞❡ ❝♦♠♣❛r❛çã♦ ❞♦ ❞❡s❡♠♣❡♥❤♦

❛s ❞✉❛s ❡str✉t✉r❛s s❡rã♦ t❡st❛❞❛s ❡♠ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ s✐♠✉❧❛çõ❡s✳

✹✽
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✼✳✶ ❆♥á❧✐s❡ ❞❛s t❡♥sõ❡s ❡ ❝♦rr❡♥t❡s s♦❜r❡ ❛s ❝❤❛✈❡s

❆s ❞✉❛s ❡str✉t✉r❛s✱ ❝♦♥✈❡rs♦r 9S ❡ 12S✱ ❢♦r❛♠ s✐♠✉❧❛❞❛s ✐♥✐❝✐❛❧♠❡♥t❡ q✉❛♥t♦ ❛♦s ♥í✈❡✐s ❞❡

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

❝❤❛✈❡✳ P❛r❛ t❡st❛r ♦s ♥í✈❡✐s ❞❡ ❝♦rr❡♥t❡ ❞❡ ♣✐❝♦ ❝♦♥s✐❞❡r♦✉✲s❡ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ s✐♠✉❧❛çõ❡s

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

♥í✈❡✐s ❞❡ ❝♦rr❡♥t❡ ♥❛s ❝❤❛✈❡s✳ P❛r❛ t♦❞♦s ♦s t❡st❡s ❢♦✐ ✉t✐❧✐③❛❞❛ ✉♠❛ ❝❛r❣❛ RL ❞❡ ❞❡ 1kV A✳

❆ t❡♥sã♦ ❡✜❝❛③ ❞❡ ❢❛s❡ Vm ♥♦s t❡r♠✐♥❛✐s ❞❛ ❝❛r❣❛ ❢♦✐ ♠❛♥t✐❞❛ ❡♠ ✉♠ ♠❡s♠♦ ♥í✈❡❧ ✭150❱✮

♣❛r❛ t♦❞♦s ♦s ❝❛s♦s s✐♠✉❧❛❞♦s✳

❆♣r❡s❡♥t❛✲s❡ ♥❛ ❚❛❜❡❧❛ ✼✳✶ ❛s ❛♠♣❧✐t✉❞❡s ❞❡ ❝♦rr❡♥t❡ ♥❛s ❝❤❛✈❡s Is ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ✶✷❙✱

❝♦♥s✐❞❡r❛♥❞♦ ♦ â♥❣✉❧♦ ❞❡ ❞❡❢❛s❛♠❡♥t♦ ❡♥tr❡ ❛s t❡♥sõ❡s ❞❡ r❡❢❡rê♥❝✐❛ α = 30◦✱ ❡♥q✉❛♥t♦ ♥❛

❚❛❜❡❧❛ ✼✳✷ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s ♥í✈❡✐s ❞❡ ❝♦rr❡♥t❡ ♥❛s ❝❤❛✈❡s ❞♦ ❝♦♥✈❡rs♦r ✾❙ ♣❛r❛ ❛ ♠❡s♠❛

❝♦♥❞✐çã♦✱ α = 30◦✳

❚❛❜❧❡ ✼✳✶✿ ◆í✈❡✐s ❞❡ ❝♦rr❡♥t❡s ♥❛s ❝❤❛✈❡s ❞♦ ❝♦♥✈❡rs♦r ✶✷❙ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❢❛t♦r❡s
❞❡ ♣♦tê♥❝✐❛ ❡ α = 30✳

cos(φ) = 0, 9 cos(φ) = 0, 85 cos(φ) = 0, 8 cos(φ) = 0, 75

iq1✭♣✉✮ ✶✱✵ ✶✱✵ ✶✱✵ ✶✱✵

iq2✭♣✉✮ ✶✱✵ ✶✱✵ ✶✱✵ ✶✱✵

❚❛❜❧❡ ✼✳✷✿ ❆♠♣❧✐t✉❞❡s ❞❡ ❝♦rr❡♥t❡s ♥❛s ❝❤❛✈❡s ❞♦ ❝♦♥✈❡rs♦r ✾❙ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❢❛✲
t♦r❡s ❞❡ ♣♦tê♥❝✐❛ ❡ α = 30✳

cos(φ) = 0, 9 cos(φ) = 0, 85 cos(φ) = 0, 8 cos(φ) = 0, 75

iq1✭♣✉✮ ✶✱✽✹ ✶✱✽✸ ✶✱✽✸ ✶✱✽✸

iqa✭♣✉✮ ✶✱✵ ✶✱✵ ✶✱✵ ✶✱✵

iq2✭♣✉✮ ✶✱✽✹ ✶✱✽✸ ✶✱✽✸ ✶✱✽✸

❯♠ ❝♦♥❥✉♥t♦ s❡♠❡❧❤❛♥t❡ ❞❡ r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❢♦✐ ♦❜t✐❞♦ ♣❛r❛ ✉♠ â♥❣✉❧♦ ❡♥tr❡

t❡♥sõ❡s ❞❡ r❡❢❡rê♥❝✐❛ ❞❡ α = 60◦✳ ❆s ❛♠♣❧✐t✉❞❡s ❞❡ ❝♦rr❡♥t❡ ♥❛s ❝❤❛✈❡s ❢♦r❛♠ ♦❜t✐❞❛s ♣❛r❛

✉♠❛ t❡♥sã♦ ❡✜❝❛③ ❞❡ ❢❛s❡ ❞❡ 150V ❛♣❧✐❝❛❞❛ s♦❜r❡ ♦s t❡r♠✐♥❛✐s ❞❛ ❝❛r❣❛ ❘▲✳ ❆♣r❡s❡♥t❛✲s❡ ♥❛

❚❛❜❡❧❛ ✼✳✸ ♦s ✈❛❧♦r❡s ❞❡ ❝♦rr❡♥t❡ ✭♣✉✮ ❛ss♦❝✐❛❞♦s ❛♦s r❡s♣❡❝t✐✈♦s ✈❛❧♦r❡s ❞♦ ❢❛t♦r ❞❡ ♣♦tê♥❝✐❛

❞❛ ❝❛r❣❛✱ ♥❡st❛ ❚❛❜❡❧❛ ♦s ❞❛❞♦s ❢♦r❛♠ ♦❜t✐❞♦s ❝♦♠ ♦ ❝♦♥✈❡rs♦r ✶✷❙✱ ❡♥q✉❛♥t♦ ♥❛ ❚❛❜❡❧❛ ✼✳✹

sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s ♥í✈❡✐s ❞❡ ❝♦rr❡♥t❡ ♥❛s ❝❤❛✈❡s ❞♦ ❝♦♥✈❡rs♦r 9S q✉❛♥❞♦ ♦ â♥❣✉❧♦ α = 60✳
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❚❛❜❧❡ ✼✳✸✿ ❆♠♣❧✐t✉❞❡s ❞❡ ❝♦rr❡♥t❡s ♥❛s ❝❤❛✈❡s ❞♦ ❝♦♥✈❡rs♦r ✶✷❙ ♣❛r❛ ❞✐❢❡r❡♥t❡s
❢❛t♦r❡s ❞❡ ♣♦tê♥❝✐❛ α = 60✳

cos(φ) = 0, 9 cos(φ) = 0, 85 cos(φ) = 0, 8 cos(φ) = 0, 75

iq1 ✶✱✵ ✶✱✵ ✶✱✵ ✶✱✵

iq2 ✶✱✵ ✶✱✵ ✶✱✵ ✶✱✵

❚❛❜❧❡ ✼✳✹✿ ❆♠♣❧✐t✉❞❡s ❞❡ ❝♦rr❡♥t❡s ♥❛s ❝❤❛✈❡s ❞♦ ❝♦♥✈❡rs♦r ✾❙ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❢❛✲
t♦r❡s ❞❡ ♣♦tê♥❝✐❛ α = 60✳

cos(φ) = 0, 9 cos(φ) = 0, 85 cos(φ) = 0, 8 cos(φ) = 0, 75

iq1 ✶✱✽✵ ✶✱✽✷ ✶✱✼✾ ✶✱✽✵

iqa ✶✱✵ ✶✱✵ ✶✱✵ ✶✱✵

iq2 ✶✱✽✵ ✶✱✽✷ ✶✱✼✾ ✶✱✽✵

P❛r❛ ✉♠❛ ♠❡s♠❛ ❝♦♥❞✐çã♦ ❞❡ ❝❛r❣❛✱ ❝♦♠♦ ♣♦r ❡①❡♠♣❧♦ ♦ ❝❛s♦ cos(φ) = 0.9 ❡ ❛♥❛❧✐s❛♥❞♦✲

s❡ ♦s ♥í✈❡✐s ❞❡ ❝♦rr❡♥t❡ ❝♦♥❝❧✉✐✲s❡ q✉❡ é ♥❡❝❡ssár✐♦ ✉♠ r❡❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞❛s ❝❤❛✈❡s q1 ❡

q2 ❞♦ ❝♦♥✈❡rs♦r 9❙✱ ♣❛r❛ ✉♠ ❛✉♠❡♥t♦ ❞❡ ❝♦rr❡♥t❡ ❞❡ ❝❡r❝❛ ❞❡ 80% q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦ ❛♦

❝♦♥✈❡rs♦r 12S✳ ❊st❡ ❛✉♠❡♥t♦ ❡stá ✐♥tr✐♥s✐❝❛♠❡♥t❡ ❧✐❣❛❞♦ ❛♦ ♠♦❞♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦

❝♦♥✈❡rs♦r 9S✱ ♥❛ ❚❛❜❡❧❛ ✼✳✺ ❡stã♦ ❡①✐❜✐❞♦s ♦s ♣♦ssí✈❡✐s ❡st❛❞♦s ❞❡ ❝❤❛✈❡♠❡♥t♦ ❞❛ ❡str✉t✉r❛✱

♦❜s❡r✈❛✲s❡ q✉❡ ♣❛r❛ ♦s ❡st❛❞♦s 1 ❡ 2 ❞❡s❝r✐t♦s ♥❛ ❚❛❜❡❧❛✱ ❛s ❝❤❛✈❡s q1 ❡ q2 sã♦ ❛❝✐♦♥❛❞❛s ❡♠

❝♦♥❥✉♥t♦ ❝♦♠ ❛ ❝❤❛✈❡ qa✱ ♣♦rt❛♥t♦ ❝♦♥❞✉③❡♠ ❝♦rr❡♥t❡ ♣❛r❛ ❞✉❛s ❢❛s❡s ❞❛ ❝❛r❣❛✳

❚❛❜❧❡ ✼✳✺✿ ❊st❛❞♦s ♣♦ssí✈❡✐s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞♦ ❝♦♥✈❡rs♦r ✾❙✳

❊st❛❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ q1 qa q2 v10 v20

✶ ✶ ✶ ✵ E/2 E/2

✷ ✵ ✶ ✶ −E/2 −E/2

✸ ✶ ✵ ✶ E/2 −E/2

P♦r ✜♠✱ ♥❛ ❚❛❜❡❧❛ ✼✳✻ ❡stã♦ ❞❛❞♦s ♦s ✈❛❧♦r❡s ❞❡ t❡♥sã♦ r❡✈❡rs❛ s♦❜r❡ ♦s t❡r♠✐♥❛✐s ❞❛

❝❤❛✈❡ ❞✉r❛♥t❡ ❛ ♦♣❡r❛çã♦ ❞♦ ❝♦♥✈❡rs♦r 12S✳ P❛r❛ ♦ ❝♦♥✈❡rs♦r ✾❙ ♦s ✈❛❧♦r❡s ❞❡ t❡♥sã♦ r❡✈❡rs❛

❛♣❧✐❝❛❞♦ s♦❜r❡ ♦s t❡r♠✐♥❛✐s ❞❛s ❝❤❛✈❡s ❡stã♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❚❛❜❡❧❛s ✼✳✼✳ ◆❛s ❚❛❜❡❧❛s E é ❛

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

P❛r❛ s❡ ♦❜tér ✉♠❛ ♠❡s♠❛ t❡♥sã♦ ♠é❞✐❛ ♥❛ ❝❛r❣❛✱ ♦ ❝♦♥✈❡rs♦r 9S ♥❡❝❡ss✐t❛ ❞❡ ✉♠❛ ♠❛✐♦r

t❡♥sã♦ ❞❡ ❜❛rr❛♠❡♥t♦ q✉❡ ♦ ❝♦♥✈❡rs♦r 12❙ ❞❡✈✐❞♦ às r❡str✐çõ❡s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ✐♠♣♦st❛s
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❚❛❜❧❡ ✼✳✻✿ ❚❡♥sõ❡s r❡✈❡rs❛s ❛♣❧✐❝❛❞❛s ♥❛s ❝❤❛✈❡s ❞♦ ❝♦♥✈❡rs♦r ✶✷❙✳

α = 30 α = 60

vq1 ❊ ❊

❚❛❜❧❡ ✼✳✼✿ ❚❡♥sõ❡s r❡✈❡rs❛s ❛♣❧✐❝❛❞❛s ♥❛s ❝❤❛✈❡s ❞♦ ❝♦♥✈❡rs♦r ✾❙✳

α = 30 α = 60

vq1 ✶✱✸✺❊ ✶✱✺❊

vqa ✶✱✸✺❊ ✶✱✺❊

♣❡❧❛ ❡str✉t✉r❛ ❞♦ ❝♦♥✈❡rs♦r 9❙✳ ❆s r❡❢❡rê♥❝✐❛s ❞❡ t❡♥sã♦ ♣❛r❛ ♦ ❝♦♥❥✉♥t♦ tr✐❢ás✐❝♦ s✉♣❡r✐♦r

❞❡✈❡♠ s❡r ♠❛✐♦r❡s ♦✉ ✐❣✉❛✐s às ❞♦ ❝♦♥❥✉♥t♦ tr✐❢ás✐❝♦ ✐♥❢❡r✐♦r✱ s♦❜ ♣❡♥❛ ❞❡ ❝✉rt♦ ❝✐r❝✉✐t❛r

♦ ❜❛rr❛♠❡♥t♦✳ ❊st❡ ❞❡s❧♦❝❛♠❡♥t♦ ✭offset✮ ✐♥tr♦❞✉③✐❞♦ ♥❛s r❡❢❡rê♥❝✐❛s ❞❡ t❡♥sã♦ ❞❡♣❡♥❞❡

❞♦ â♥❣✉❧♦ α ❡♥tr❡ ❛s t❡♥sõ❡s ❞❡ ❢❛s❡ ❞❛ ❝❛r❣❛✳ ❖ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r 9❙

❞❡♣❡♥❞❡rá ❞♦ ❞❡s❧♦❝❛♠❡♥t♦ ❡♥tr❡ ♦s ❞♦✐s ❝♦♥❥✉♥t♦s ❞❡ t❡♥sõ❡s ❞❡ r❡❢❡rê♥❝✐❛✳

❈♦♠ r❡❧❛çã♦ ❛ t❡♥sã♦ s♦❜r❡ ♦s t❡r♠✐♥❛✐s ❞❛ ❝❤❛✈❡s✱ t♦❞❛s ❛s três ❝❤❛✈❡s ❞❡ ❝❛❞❛ ❜r❛ç♦ ❞♦

❝♦♥✈❡rs♦r ✾❙ s✉♣♦rt❛♠ ♠❛✐♦r t❡♥sã♦ r❡✈❡rs❛✳ P❛r❛ ❣❛r❛♥t✐r q✉❡ ❛ ♠❡s♠❛ t❡♥sã♦ s❡❥❛ ❛♣❧✐❝❛❞❛

♥❛ ❝❛r❣❛✱ ❛s ❝❤❛✈❡s ❞♦ ❝♦♥✈❡rs♦r 9S ❞❡✈❡rã♦ s❡r r❡❞✐♠❡♥s✐♦♥❛❞❛s q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛ às ❞❛

t♦♣♦❧♦❣✐❛ ❞❡ ✶✷ ❝❤❛✈❡s✳

✼✳✷ ❈♦♥✈❡rs♦r ✾❙ ❡ ✶✷❙ ❆❝✐♦♥❛♥❞♦ ❛ ▼áq✉✐♥❛ ❍❡①❛❢ás✐❝❛

❆s ❝♦♥✜❣✉r❛çõ❡s 9❙ ❡ 12❙ ❢♦r❛♠ ❡st✉❞❛❞❛s ♣♦r s✐♠✉❧❛çã♦✳ ❆♠❜❛s ❢♦r❛♠ ❛♣❧✐❝❛❞❛s ♥♦ ❛❝✐♦♥❛✲

♠❡♥t♦ ❞❛ ♠áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ ✭s✐♠étr✐❝❛ ❡ ❛ss✐♠étr✐❝❛✮✳ ❆s s✐♠✉❧❛çõ❡s ❢♦r❛♠ ♦❜t✐❞❛s ❝♦♠ ♦

♣r♦❣r❛♠❛ ▼❆❚▲❆❇r✳

❖ ♣r✐♠❡✐r♦ ❝♦♥❥✉♥t♦ ❞❡ r❡s✉❧t❛❞♦s ❢♦✐ ♦❜t✐❞♦ ❡♠ ♠❛❧❤❛ ❛❜❡rt❛✳ ❆ té❝♥✐❝❛ ❡♠♣r❡❣❛❞❛ ♣❛r❛

♠♦❞✉❧❛r t❛✐s ❝♦♥✈❡rs♦r❡s ❢♦✐ ♦ P❲▼ s❡♥♦✐❞❛❧✳ P❛r❛ t♦❞♦s ♦s ❝❛s♦s s✐♠✉❧❛❞♦s✱ ❝♦♥s✐❞❡r♦✉

s❡ ✉♠ ❜❛rr❛♠❡♥t♦ ❈❈✱ ❧✐✈r❡ ❞❡ ♣❡rt✉r❜❛çõ❡s ❡ ❢♦r♥❡❝❡♥❞♦ à ❝❛r❣❛ t♦❞❛ t❡♥sã♦ ♥❡❝❡ssár✐❛✳

❖s r❡s✉❧t❛❞♦s sã♦ ❡①✐❜✐❞♦s ♣❛r❛ ♦ ❝❛s♦ ❡♠ q✉❡ ♦ s✐st❡♠❛ ♦♣❡r❛ ❡♠ r❡❣✐♠❡ ♣❡r♠❛♥❡♥t❡✱ ♥ã♦

s❡♥❞♦ ❝♦♥s✐❞❡r❛❞♦s ♦s ❡❢❡✐t♦s tr❛♥s✐tór✐♦s✳

❯t✐❧✐③♦✉✲s❡ ♦s ♣❛râ♠❡tr♦s ❞❡ ✉♠❛ ♠áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ ✉t✐❧✐③❛❞❛ ♥♦ ▲❛❜♦r❛tór✐♦ ❞❡ ❊❧❡trô♥✐❝❛

■♥❞✉str✐❛❧ ❡ ❆❝✐♦♥❛♠❡♥t♦ ❞❡ ▼áq✉✐♥❛s✭▲❊■❆▼✮✱ ❞❛ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❈❛♠♣✐♥❛ ●r❛♥❞❡✳
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❖s ♣❛râ♠❡tr♦s ❡stã♦ ❧✐st❛❞♦s ♥❛ ❚❛❜❡❧❛ ✼✳✽✿

❚❛❜❧❡ ✼✳✽✿ ❉❛❞♦s ❣❡r❛✐s ❞❡ s✐♠✉❧❛çã♦✳

P❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦

rs = 3, 00Ω

rs = 2, 987Ω

lm = 0, 599mH

ls = 0, 614mH

lr = 0, 614mH

p = 2

❋r❡q✉ê♥❝✐❛ ❞❡ ❈❤❛✈❡❛♠❡♥t♦ (fs)✿ ✶✵❦❍③

❋r❡q✉ê♥❝✐❛ ❞❛ ❘❡❞❡ (fm)✿ ✻✵ ❍③

♦♥❞❡✿ rs é ❛ r❡s✐stê♥❝✐❛ ❡st❛tór✐❝❛✱ rr r❡s✐stê♥❝✐❛ r♦tór✐❝❛✱ lm é ❛ ✐♥❞✉tã♥❝✐❛ ♠út✉❛ ❡♥tr❡

r♦t♦r ❡ ❡st❛t♦r✱ ls ❡ lr sã♦ r❡s♣❡❝t✐✈❛♠❡♥t❡ ✐♥❞✉tâ♥❝✐❛s ❞♦ ❡st❛t♦r ❡ ❞♦ r♦t♦r✱ ❡ p ♥ú♠❡r♦ ❞❡

♣❛r❡s ❞❡ ♣ó❧♦s✳

✼✳✸ ❘❡s✉❧t❛❞♦s ❞❡ ❙✐♠✉❧❛çã♦

✼✳✸✳✶ ▼❛q✉✐♥❛ ❤❡①❛❢❛s✐❝❛ ❛ss✐♠étr✐❝❛✿ α ❂ 30◦ ✲ ❝♦♥✈❡rs♦r ✶✷❙

❆♣r❡s❡♥t❛✲s❡ ♥❛ ✜❣✉r❛ ✼✳✶✭❛✮ ❛ t❡♥sã♦ ♠é❞✐❛ ❡♠ ✉♠❛ ❞❛s ❢❛s❡s ❡ ♥❛ ✜❣✉r❛ ✼✳✶✭❜✮ ❛s s❡✐s

t❡♥sõ❡s ❞❡ ❢❛s❡ ♠é❞✐❛✳ ◆❛ ✜❣✉r❛ ✼✳✶✭❝✮ ❡stã♦ ❡①✐❜✐❞❛s ❛s ❝♦rr❡♥t❡s i1✱ i3 ❡ i5 ❞❛ ♠áq✉✐♥❛✱

♣❛r❛ ✉♠ ❞♦s ❝♦♥❥✉♥t♦s tr✐❢ás✐❝♦s ❞♦ ❝♦♥✈❡rs♦r✳ ◆❛ ✜❣✉r❛ ✼✳✼✭❝✮ sã♦ ❡①✐❜✐❞❛s ❛s s❡✐s ❝♦rr❡♥t❡s

q✉❡ ❝✐r❝✉❧❛♠ ♥❛ ♠áq✉✐♥❛✱ ❡♥q✉❛♥t♦ ♥❛ ✜❣✉r❛ ✼✳✶✭❡✮ ♦❜s❡r✈❛✲s❡ ❛ t❡♥sã♦ ✐♥st❛♥tâ♥❡❛ ❞❡ ❢❛s❡

v1 ❡ ♥❛ ✜❣✉r❛ ✼✳✶✭❢✮ é ❡①✐❜✐❞♦ ♦ ✈❛❧♦r ❞❡ r❡❣✐♠❡ ♣❡r♠❛♥❡♥t❡ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ♠áq✉✐♥❛✳
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❋✐❣✉r❡ ✼✳✶✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞✐♥â♠✐❝❛ ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ 12S α = 30◦ ✲
♠❛❧❤❛ ❛❜❡rt❛ ✭❛✮ ❚❡♥sã♦ ❞❡ ❢❛s❡ ♠é❞✐❛✳ ✭❜✮ ❚❡♥sõ❡s ♠é❞✐❛s ❛♣❧✐❝❛❞❛s
♥❛ ❝❛r❣❛✳ ✭❝✮ ❈♦rr❡♥t❡s ♥❛ ♠áq✉✐♥❛ ✭i1✱ i3 ❡ i5✮✳ ✭❞✮ ❈♦rr❡♥t❡s ♥❛
♠áq✉✐♥❛ ✭i1✱ i2 ❡ i3✱ i4✱ i5 ❡ i6✮✳ ✭❡✮ ❚❡♥sã♦ ✐♥st❛♥tâ♥❡❛ ❞❡ ❢❛s❡ v1✳ ✭❢✮
❱❡❧♦❝✐❞❛❞❡ ❞❛ ♠áq✉✐♥❛✳
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✼✳✸✳✷ ▼❛q✉✐♥❛ ❤❡①❛❢❛s✐❝❛ ❛ss✐♠étr✐❝❛✿ α ❂ 30◦ ✲ ❝♦♥✈❡rs♦r ✾❙

❯♠ ❝♦♥❥✉♥t♦ s✐♠✐❧❛r ❞❡ r❡s✉❧t❛❞♦s ❢♦✐ ♦❜t✐❞♦ ❝♦♠ ❛ s✐♠✉❧❛çã♦ ❞❛ t♦♣♦❧♦❣✐❛ ✾❙✳ ❖❜s❡r✈❛✲s❡ ♥❛

✜❣✉r❛ ✼✳✷✿ ❆ t❡♥sã♦ ❞❡ ❢❛s❡ ♠é❞✐❛ ♥❛ ✜❣✉r❛ ✼✳✷✭❛✮ ❡ ❡♠ ✼✳✷✭❜✮ ❡stã♦ ❡①✐❜✐❞♦s ❛s s❡✐s t❡♥sõ❡s

❞❡ ❢❛s❡ ♣❛r❛ ❛ ♠áq✉✐♥❛ ✭v1✱ v3 ❡ v5, v2✱ v4 ❡ v6✮✳ ▼♦str❛✲s❡ ♥❛ ✜❣✉r❛ ✼✳✷✭❝✮ ❛s ❝♦rr❡♥t❡s ✭i1✱

i3 ❡ i5✮ ❞❛ ♠áq✉✐♥❛✱ ❡♥q✉❛♥t♦ ♥❛ ✜❣✉r❛ ✼✳✷✭❞✮ ❡stã♦ ❡①✐❜✐❞❛s ❛s s❡✐s ❝♦rr❡♥t❡s ❞❡ ❢❛s❡ ♣❛r❛ ❛

♠áq✉✐♥❛✳ ▼♦str❛✲s❡ ♥❛ ✜❣✉r❛ ✼✳✷✭❡✮ ❛ t❡♥sã♦ ✐♥st❛♥tâ♥❡❛ ❞❡ ❢❛s❡ v1 ❡ ❡♠ ✼✳✷✭❢✮ ❡stá ❡①✐❜✐❞♦

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

✼✳✸✳✸ ▼áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ ❛ss✐♠étr✐❝❛✿ α ❂ 30◦ ✲ ❝♦♥✈❡rs♦r ✾❙ ✲
▼♦❞✉❧❛çã♦ ❛❧t❡r♥❛t✐✈❛

▼♦str❛✲s❡ ♥❛ ✜❣✉r❛ ✼✳✸ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ r❡s✉❧t❛❞♦s ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ ✾❙ ✉t✐❧✐③❛♥❞♦ ❛ té❝♥✐❝❛ ❞❡

♠♦❞✉❧❛çã♦ ❛❧t❡r♥❛t✐✈❛ ❞❡s❝r✐t❛ ❡♠ ✸✳ ◆♦s r❡s✉❧t❛❞♦s ❝♦♥s✐❞❡r♦✉✲s❡ µ1 = 1 ❡ ♦ ✈❛❧♦r ❛❞❡q✉❛❞♦

❞❡ µ2 é ❝❛❧❝✉❧❛❞♦ ♣❡❧♦ ❛❧❣♦r✐t♠♦ ❞❡s❝r✐t♦ ♥♦ ❝❛♣ít✉❧♦ ✸✳ ❖❜s❡r✈❛✲s❡ ♥❛ ✜❣✉r❛ ✼✳✸✭❛✮ ❛ t❡♥sã♦

♠é❞✐❛ ❡♠ ✉♠❛ ❞❛s ❢❛s❡s✱ ❡♥q✉❛♥t♦ ❡♠ ✼✳✸✭❜✮ ❡stã♦ ❡①✐❜✐❞❛s ❛s s❡✐s t❡♥sõ❡s ❢❛s❡ ♠é❞✐❛s✳ ❆s

❝♦rr❡♥t❡s i1✱ i3 ❡ i5 ❞❛ ♠áq✉✐♥❛ ❡stã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛ ✜❣✉r❛ ✼✳✸✭❝✮✳ ◆❛ ✜❣✉r❛ ✼✳✺✭❞✮ ♠♦str❛✲

s❡ ❛s ❝♦rr❡♥t❡s ♥♦s t❡r♠✐♥❛✐s ❞❛ ❝❛r❣❛✳ ❆ ✜❣✉r❛ ✼✳✸✭❡✮ ❡stá ❡①✐❜✐❞♦ ❛ t❡♥sã♦ ✐♥st❛♥tâ♥❡❛ ❞❡

❢❛s❡ ❡ ♥❛ ✜❣✉r❛ ✼✳✸✭❢✮ é ❡①✐❜✐❞♦ ♦ ✈❛❧♦r ❞❡ r❡❣✐♠❡ ♣❡r♠❛♥❡♥t❡ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ♠áq✉✐♥❛✳
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❋✐❣✉r❡ ✼✳✷✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞✐♥â♠✐❝❛ ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ 9S α = 30◦ ✲ ♠❛❧❤❛
❛❜❡rt❛ ✭❛✮ ❚❡♥sã♦ ❞❡ ❢❛s❡ ♠é❞✐❛✳ ✭❜✮ ❚❡♥sõ❡s ♠é❞✐❛s ♣❛r❛ ❛s s❡✐s ❢❛s❡s
✭❝✮ ❈♦rr❡♥t❡s ♥❛ ♠áq✉✐♥❛ ✭i1✱ i3 ❡ i5✮✳ ✭❞✮ ❈♦rr❡♥t❡s ♥❛ ♠áq✉✐♥❛ ✭i1✱ i2
❡ i3✱ i4✱ i5 ❡ i6✮✳ ✭❡✮ ❚❡♥sã♦ ❞❡ ❢❛s❡ v1✳ ✭❢✮ ❱❡❧♦❝✐❞❛❞❡ ❞❛ ♠áq✉✐♥❛✳
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❋✐❣✉r❡ ✼✳✸✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ 9S α = 30◦ ✲ ♠❛❧❤❛ ❛❜❡rt❛
✭❛✮ ❚❡♥sã♦ ❞❡ ❢❛s❡ ♠é❞✐❛ ✭v1✮✳ ✭❜✮ ❚❡♥sõ❡s ❞❡ ❢❛s❡ ✭v1✱ v2✱ v3✱ v4✱ v5 ❡
v6✮✳ ✭❝✮ ❈♦rr❡♥t❡s ♥❛ ♠áq✉✐♥❛ ✭i1✱ i3 ❡ i5✮✳ ✭❞✮ ❈♦rr❡♥t❡s ♥❛ ♠áq✉✐♥❛✭i1✱
i2✱ i3✱ i4✱ i5 ❡ i6✮✳ ✭❡✮ ❚❡♥sã♦ ✐♥stâ♥t❛♥❡❛ ❞❡ ❢❛s❡✳ ✭❢✮ ❱❡❧♦❝✐❞❛❞❡ ❞❛
♠áq✉✐♥❛✳
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✼✳✸✳✹ ▼❛q✉✐♥❛ ❤❡①❛❢❛s✐❝❛ s✐♠étr✐❝❛✿ α ❂ 60◦ ✲ ❝♦♥✈❡rs♦r ✶✷❙

❆♣r❡s❡♥t❛✲s❡ ♥❛ ✜❣✉r❛ ✼✳✹✭❛✮ ❛ t❡♥sã♦ ♠é❞✐❛ ❡♠ ✉♠❛ ❞❛s ❢❛s❡s ❞❡ ✉♠❛ ♠áq✉✐♥❛ s✐♠étr✐❝❛✭α =

60◦✮✱ ❡♥q✉❛♥t♦ ♥❛ ✜❣✉r❛ ✼✳✹✭❜✮ ♦❜s❡r✈❛✲s❡ ❛s t❡♥sõ❡s ❞❡ ❢❛s❡ ♠é❞✐❛s ♥♦s t❡r♠✐♥❛✐s ❞❛

♠áq✉✐♥❛✳ ◆❛ ✜❣✉r❛ ✼✳✹✭❝✮ ♦❜s❡r✈❛✲s❡ ❛s ❝♦rr❡♥t❡s ❞❡ ❢❛s❡ ♥❛ ♠áq✉✐♥❛ i1✱ i3 ❡ i5✳ ◆❛ ✜❣✉r❛

✼✳✹✭❞✮ sã♦ ❡①✐❜✐❞❛s ❛s s❡✐s ❝♦rr❡♥t❡s q✉❡ ❝✐r❝✉❧❛♠ ♥❛ ♠áq✉✐♥❛✳ ❆ t❡♥sã♦ ✐♥st❛♥tâ♥❡❛ ❞❡

❢❛s❡ v1 ❡stá ❡①✐❜✐❞❛ ❡♠ ✼✳✹✭❡✮ ❡ ♥❛ ✜❣✉r❛ ✼✳✶✭❢✮ é ❡①✐❜✐❞♦ ♦ ✈❛❧♦r ❞❡ r❡❣✐♠❡ ♣❡r♠❛♥❡♥t❡ ❞❛

✈❡❧♦❝✐❞❛❞❡ ❞❛ ♠áq✉✐♥❛✳

✼✳✸✳✺ ▼❛q✉✐♥❛ ❤❡①❛❢❛s✐❝❛ ❙✐♠étr✐❝❛✿ α ❂ 60◦ ✲ ❝♦♥✈❡rs♦r ✾❙

▼♦str❛✲s❡ ♥❛ ✜❣✉r❛ ✼✳✺ ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ✾❙✱ ♦ ❝♦♥❥✉♥t♦ ❞❡ r❡s✉❧✲

t❛❞♦s é s✐♠✐❧❛r ❛♦ ❞❛ ✜❣✉r❛ ✼✳✹✳ ❖❜s❡r✈❛✲s❡ ❡♠ ✼✳✺✭❛✮ ❛ t❡♥sã♦ ❞❡ ❢❛s❡ ♠é❞✐❛ ✭v1✮✱ ❡♥q✉❛♥t♦

♥❛ ✜❣✉r❛ ✼✳✺✭❜✮ ❡stã♦ ❡①✐❜✐❞❛s ❛s t❡♥sõ❡s ❞❡ ❢❛s❡ ♠é❞✐❛s i1✱ i3✱ i5 ❡ i1✱ i4 ❡ i6 ❞❛ ♠áq✉✐♥❛✳ ◆❛

✜❣✉r❛ ✼✳✺✭❝✮ ❡stã♦ ❡①✐❜✐❞❛s ❛s ❝♦rr❡♥t❡s ❞❡ ❢❛s❡ i1✱ i3 ❡ i5 ♣❛r❛ ✉♠ ❞♦s ❝♦♥❥✉♥t♦s tr✐❢ás✐❝♦s

❞❛ ♠áq✉✐♥❛✳ ◆❛ ✜❣✉r❛ ✼✳✺✭❞✮ ❡stã♦ ❡①✐❜✐❞❛s ❛s s❡✐s ❝♦rr❡♥t❡s ❞❡ ❢❛s❡ ♣❛r❛ ❛ ♠áq✉✐♥❛✱ ♥❛

✜❣✉r❛ ✼✳✺✭❡✮ ♠♦str❛✲s❡ ❛ t❡♥sã♦ ✐♥stâ♥t❛♥❡❛ ❞❡ ❢❛s❡ ❞❛ ♠áq✉✐♥❛ ❡ ❡♠ ✼✳✺✭❢✮ ❡stá ❡①✐❜✐❞♦ ♦

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

✼✳✸✳✻ ▼áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ ❛ss✐♠étr✐❝❛✿ α ❂ 60◦ ✲ ❝♦♥✈❡rs♦r ✾❙ ✲
▼♦❞✉❧❛çã♦ ❛❧t❡r♥❛t✐✈❛

P❛r❛ ♦ s❡❣✉♥❞♦ ❝❛s♦✱ ❝♦♠ α = 60◦✱ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ♣❛r❛ ❞❡✜♥✐çã♦ ❞❡ µ1 ❡ µ2 é s❡♠❡❧❤❛♥t❡ ❛♦

❝❛s♦ ❛♥t❡r✐♦r✳ ❉❡✜♥❡✲s❡ µ1 = 1 ❡ ♦ ❛❧❣♦r✐t♠♦ ❝❛❧❝✉❧❛ ✉♠ ✈❛❧♦r ❞❡ µ2 q✉❡ s❛t✐s❢❛ç❛ ❛ r❡str✐çã♦

❞♦ ❝♦♥✈❡rs♦r✳ ❖s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦✱ ✉t✐❧✐③❛♥❞♦ ❛ t♦♣♦❧♦❣✐❛ ✾❙✱ ❡♥❝♦♥tr❛♠✲s❡ ♥❛ ✜❣✉r❛

✼✳✻✳

◆❛ ✜❣✉r❛ ✼✳✻✭❛✮ t❡♠✲s❡ ❛ t❡♥sã♦ ♠é❞✐❛ ❡♠ ✉♠❛ ❞❛s ❢❛s❡s✳ ◆❛ ✜❣✉r❛ ✼✳✻✭❜✮ ❡stã♦ ❡①✐❜✐❞❛s

❛s s❡✐s t❡♥sõ❡s ♠é❞✐❛s ♥♦s t❡r♠✐♥❛✐s ❞❛ ♠áq✉✐♥❛✳ ❊①✐❜❡✲s❡ ♥❛ ✜❣✉r❛ ✼✳✻✭❝✮ ❛s ❝♦rr❡♥t❡s i1✱

i3 ❡ i5 ❞❛ ♠áq✉✐♥❛✱ ♣❛r❛ ✉♠ ❞♦s ❝♦♥❥✉♥t♦s tr✐❢ás✐❝♦s ◆❛ ✜❣✉r❛ ✼✳✻✭❞✮ ❡stã♦ ❡①✐❜✐❞❛s ❛s s❡✐s

❝♦rr❡♥t❡s ❞❡ ❢❛s❡ ♣❛r❛ ❛ ♠áq✉✐♥❛✳ ◆❛ ✜❣✉r❛ ✼✳✻✭❡✮ ♦❜s❡r✈❛✲s❡ ❛ t❡♥sã♦ ❞❡ ❢❛s❡ ♥♦s t❡r♠✐♥❛✐s

❞❛ ♠áq✉✐♥❛ ❡ ❡♠ ✼✳✻✭❢✮ ❡stá ❡①✐❜✐❞♦ ♦ ✈❛❧♦r ❞❡ r❡❣✐♠❡ ♣❡r♠❛♥❡♥t❡ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ♠áq✉✐♥❛✳

◆♦✈❛♠❡♥t❡ s❡ ♦❜s❡r✈❛ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ✉♠❛ ♠❛✐♦r t❡♥sã♦ ❞❡ ❜❛rr❛♠❡♥t♦ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r
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✾❙ q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦ ❝♦♠ ♦ ❝♦♥✈❡rs♦r tr❛❞✐❝✐♦♥❛❧✳ ◆❡st❡ ❝❛s♦✱ α = 60◦✱ ❛s t❡♥sõ❡s ❞❡

❜❛rr❛♠❡♥t♦ sã♦ ♠❛✐♦r❡s q✉❡ ♥♦ ❝❛s♦ α = 30◦✱ ♣♦rq✉❡ ♦ ❞❡s❧♦❝❛♠❡♥t♦ ❛❞✐❝✐♦♥❛❞♦ às t❡♥sõ❡s ❞❡

r❡❢❡rê♥❝✐❛ ❞❡♣❡♥❞❡ ❞✐r❡t❛♠❡♥t❡ ❞♦ â♥❣✉❧♦ α ❞❛ ❝❛r❣❛✱ ✭♥❡st❡ ❝❛s♦ α = 60◦✮ ❡ ♦ ❞❡s❧♦❝❛♠❡♥t♦

♥❡❝❡ssár✐♦ é ♠❛✐♦r✱ ❧✐♠✐t❛♥❞♦ ❛ss✐♠ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ✉s♦ ❞♦ ❜❛rr❛♠❡♥t♦✳
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❋✐❣✉r❡ ✼✳✹✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞✐♥â♠✐❝❛ ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ 12❙ α = 60◦ ✲ ♠❛❧❤❛
❛❜❡rt❛ ✭❛✮ ❚❡♥sã♦ ❞❡ ❢❛s❡ ♠é❞✐❛ v1✳ ✭❜✮ ❚❡♥sõ❡s ❞❡ ❢❛s❡ ♥♦s t❡r♠✐♥❛✐s
❞❛ ♠áq✉✐♥❛✳ ✭❝✮ ❈♦rr❡♥t❡s ♥❛ ♠áq✉✐♥❛ ✭i1✱ i3 ❡ i5✮✳ ✭❞✮ ❈♦rr❡♥t❡s ♥❛
♠áq✉✐♥❛ ✭i1✱ i2✱ i3✱ i4✱ i5 ❡ i6✮✳ ✭❡✮ ❚❡♥sã♦ ❞❡ ❢❛s❡ v1✳ ✭❢✮ ❱❡❧♦❝✐❞❛❞❡ ❞❛
♠áq✉✐♥❛✳
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❋✐❣✉r❡ ✼✳✺✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞✐♥â♠✐❝❛ ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ 9S α = 60◦ ✲ ♠❛❧❤❛
❛❜❡rt❛ ✭❛✮ ❚❡♥sã♦ ❞❡ ❢❛s❡ ♠é❞✐❛ v1✳ ✭❜✮ ❚❡♥sõ❡s ❞❡ ❢❛s❡ ♥♦s t❡r♠✐♥❛✐s
❞❛ ♠áq✉♥❛✳ ✭❝✮ ❈♦rr❡♥t❡s ♥❛ ♠áq✉✐♥❛✭i1✱ i3 ❡ i5✮✳✭❞✮ ❈♦rr❡♥t❡s ♥❛
♠áq✉✐♥❛✭i1✱ i2✱ i3✱ i4✱ i5 ❡ i6✮✳ ✭❡✮ ❚❡♥sã♦ ✐♥stâ♥t❛♥❡❛ ❞❡ ❢❛s❡ v1✳ ✭❢✮
❱❡❧♦❝✐❞❛❞❡ ❞❛ ♠áq✉✐♥❛✳
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❋✐❣✉r❡ ✼✳✻✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞✐♥â♠✐❝❛ ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ 9S α = 60◦ ✲ ♠❛❧❤❛
❛❜❡rt❛ ✭❛✮ ❚❡♥sã♦ ❞❡ ❢❛s❡ ♠é❞✐❛✳ ✭❜✮ ❚❡♥sõ❡s ❞❡ ❢❛s❡ ♠é❞✐❛s✳ ✭❝✮
❈♦rr❡♥t❡s ♥❛ ♠áq✉✐♥❛ ✭i1✱ i3 ❡ i5✮✳ ✭❞✮ ❈♦rr❡♥t❡s ♥❛ ♠áq✉✐♥❛ ✭i1✱ i2✱
i3✱ i4✱ i5 ❡ i6✮✳ ✭❡✮ ❚❡♥sã♦ ✐♥st❛♥tâ♥❡❛ ❞❡ ❢❛s❡ v1✳ ✭❢✮ ❱❡❧♦❝✐❞❛❞❡ ❞❛
♠áq✉✐♥❛✳
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✼✳✹ ❘❡s✉❧t❛❞♦s ❞❡ ❙✐♠✉❧❛çã♦ ❡♠ ▼❛❧❤❛ ❋❡❝❤❛❞❛

◆❡st❛ s❡çã♦ s❡rã♦ ❛♣r❡s❡♥t❛❞♦s ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞✐♥â♠✐❝❛✱ ❝♦♠ ❛♣❧✐❝❛çã♦ ❞❡ ✉♠❛

❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ❞♦ ✢✉①♦ r♦tór✐❝♦✳ ❊st❛ ❡str❛t➹ ❝©❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ➹ ❝© ❛♣❧✐❝❛❞❛ ♥❛s

♠➹➼q✉✐♥❛s ❤❡①❛❢➹➼s✐❝❛s ✉t✐❧✐③❛♥❞♦ ❛s t♦♣♦❧♦❣✐❛s 9S ❡ 12S✳ ❆ ✈❡❧♦❝✐❞❛❞❡ ❞❡ r❡❢❡rê♥❝✐❛ ❛❞♦t❞❛

♥♦ ❝♦♥tr♦❧❡ ❢♦✐ ❞❡ 370rad/s✳

✼✳✹✳✶ ▼áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ ❛ss✐♠étr✐❝❛✿ α ❂ 30◦ ✲ ❈♦♥✈❡rs♦r ✶✷❙

❆s ❝✉r✈❛s ❛♣r❡s❡♥t❛❞❛s sã♦✿ t❡♥sã♦ ❞❡ ❢❛s❡ ♠é❞✐❛✱ ❝♦rr❡♥t❡ ❞❡ ❢❛s❡ ❞❛ ♠áq✉✐♥❛✱ ♣❛r❛ ✉♠

❞♦s ❝♦♥❥✉♥t♦s ❞❡ ❜♦❜✐♥❛s ❛ss✐♠ ❝♦♠♦ ❛s r❡s♣❡❝t✐✈❛s r❡❢❡rê♥❝✐❛s✳ ❆✐♥❞❛ ❝♦♠♦ r❡s✉❧t❛❞♦s sã♦

❛♣r❡s❡♥t❛❞♦s ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ r❡❢❡rê♥❝✐❛ ❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ♠❡❞✐❞❛ ❞❛ ♠áq✉✐♥❛ ❡ ❛s ❝♦rr❡♥t❡s

♣❛r❛ ❛s s❡✐s ❢❛s❡s ❞❛ ♠áq✉✐♥❛✳

❖s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ✉t✐❧✐③❛♥❞♦ ❛ t♦♣♦❧♦❣✐❛ 12S ❡♥❝♦♥tr❛♠✲s❡ ♥❛ ✜❣✉r❛ ✼✳✼✳ P❛r❛

♦ ♣r✐♠❡✐r♦ ❝❛s♦ ♦ â♥❣✉❧♦ ❞❡ ❞❡❢❛s❛❣❡♠ ❡♥tr❡ ❛s ❜♦❜✐♥❛s é α = 30◦✳ ◆❛ ✜❣✉r❛ ✼✳✼✭❛✮ t❡♠✲s❡

❛ t❡♥sã♦ ❞❡ ❢❛s❡ ♠é❞✐❛✳ ◆❛ ✜❣✉r❛ ✼✳✼✭❜✮ ❡stã♦ ❡①✐❜✐❞❛s ❛s ❝♦rr❡♥t❡s i1✱ i3 ❡ i5 ❞❛ ♠áq✉✐♥❛✱

❛ss✐♠ ❝♦♠♦ ❛s r❡s♣❡❝t✐✈❛s ❝♦rr❡♥t❡s ❞❡ r❡❢❡rê♥❝✐❛✳ ◆❛ ✜❣✉r❛ ✼✳✼✭❜✮ ❡stã♦ ❡①✐❜✐❞❛s ❛s s❡✐s

❝♦rr❡♥t❡s i1✱ i3 ❡ i5✱ i2✱ i4 ❡ i6 ❞❛ ♠áq✉✐♥❛ ❡ ♣♦r ✜♠ ❡♠ ✼✳✼✭❞✮ ❡stã♦ ❡①✐❜✐❞♦s ♦s ✈❛❧♦r❡s ❞❡

r❡❢❡rê♥❝✐❛ ❡ r❡❛❧ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ♠áq✉✐♥❛✳
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❋✐❣✉r❡ ✼✳✼✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞✐♥â♠✐❝❛ ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ 12S α = 30◦ ✲
♠❛❧❤❛ ❢❡❝❤❛❞❛ ✭❛✮ ❚❡♥sã♦ ❞❡ ❢❛s❡ ♠é❞✐❛ v1✳ ✭❜✮ ❈♦rr❡♥t❡s ❞❡ ❢❛s❡ ✭i1✱
i3 ❡ i5✮✳ ✭❝✮ ❈♦rr❡♥t❡s ❞❡ ❢❛s❡ ✭i1✱ i2✱ i3✱ i4✱ i5 ❡ i6✮✳ ✭❞✮ ❱❡❧♦❝✐❞❛❞❡ ❞❛
♠áq✉✐♥❛ r❡❢❡rê♥❝✐❛ ❡ r❡❛❧✳

✼✳✹✳✷ ▼áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ ❛ss✐♠étr✐❝❛✿ α ❂ 30◦ ✲ ❝♦♥✈❡rs♦r ✾❙

❯♠ ❝♦♥❥✉♥t♦ s✐♠✐❧❛r ❞❡ r❡s✉❧t❛❞♦s ❢♦✐ ♦❜t✐❞♦ ♣❛r❛ ✉♠❛ ♠áq✉✐♥❛ ❛ss✐♠étr✐❝❛✳ ❈♦♠♦ ♥♦ ❝❛s♦

❛♥t❡r✐♦r ❛ ♠❛❧❤❛ ❢♦✐ ❢❡❝❤❛❞❛ ❛♣❧✐❝❛♥❞♦ s❡ ❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ❞❡ ✢✉①♦ r♦tór✐❝♦✳ ❖s

r❡s✉❧t❛❞♦s ❡stã♦ ❡①✐❜✐❞♦s ♥❛ ✜❣✉r❛ ✼✳✽✳ ❆ t❡♥sã♦ ♠é❞✐❛ ❡♠ ✉♠❛ ❞❛s ❢❛s❡s ❡stá ❛♣r❡s❡♥t❛❞❛

♥❛ ✜❣✉r❛ ✼✳✽✭❛✮✳ ❊♠ ✼✳✽✭❜✮ ♦❜s❡r✈❛✲s❡ ❛s ❝♦rr❡♥t❡s ❞❡ ❢❛s❡ ❞♦ ❝♦♥❥✉♥t♦ ❞❡ ❜♦❜✐♥❛s 135 ❞❛

♠áq✉✐♥❛✱ ❛ss✐♠ ❝♦♠♦ ❛s ❝♦rr❡♥t❡s ❞❡ r❡❢❡rê♥❝✐❛✱ ♥❡ss❡ ❝❛s♦ ♣♦❞❡✲s❡ ♦❜❡r✈❛r✱ q✉❡ ♦ ❝♦♥t♦❧❛❞♦r
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❞❡ ❝♦rr❡♥t❡ ❡stá s✐♥t♦♥✐③❛❞♦ ❞❡ t❛❧ ♠♦❞♦ q✉❡ ❛s ❝♦rr❡♥t❡s r❡❛✐s ❡stã♦ s❡❣✉✐♥❞♦ ❛s r❡❢❡rê♥❝✐❛s

✐♠♣♦st❛s✳ ◆❛ ✜❣✉r❛ ✼✳✽✭❝✮ ❡stã♦ ❡①✐❜✐❞❛s ❛s s❡✐s ❝♦rr❡♥t❡s ❞❡ ❢❛s❡ i1✱ i3✱ i5 ❡ i2✱ i4✱ i6 ❞❛

♠áq✉✐♥❛ ❡ ❡♠ ✼✳✽✭❞✮ ❡stá ❡①✐❜✐❞♦ ♦ ✈❛❧♦r ❞❡ r❡❣✐♠❡ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ♠áq✉✐♥❛ ❛ss✐♠ ❝♦♠♦

♦ ✈❛❧♦r ❞❡ r❡❢❡rê♥❝✐❛ ✐♠♣♦st♦ ♣❡❧♦ ❝♦♥tr♦❧❛❞♦r ❞❡ ✈❡❧♦❝✐❞❛❞❡✱ ♥❡st❡ ❝❛s♦ ♦❜s❡r✈❛✲s❡ q✉❡ ❛

✈❡❧♦❝✐❞❛❞❡ r❡❛❧ s❡❣✉❡ ❛ r❡❢❡rê♥❝✐❛✳
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❋✐❣✉r❡ ✼✳✽✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞✐♥â♠✐❝❛ ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ 9S α = 30◦ ✲ ♠❛❧❤❛
❢❡❝❤❛❞❛ ✭❛✮ ❚❡♥sã♦ ❞❡ ❢❛s❡ ♠é❞✐❛ v1✳ ✭❜✮ ❈♦rr❡♥t❡s ❞❡ ❢❛s❡ ✭i1✱ i3 ❡ i5✮✳
✭❝✮ ❈♦rr❡♥t❡s ❞❡ ❢❛s❡ ✭i1✱ i2✱ i3✱ i4✱ i5 ❡ i6✮✳ ✭❞✮ ❱❡❧♦❝✐❞❛❞❡ ❞❛ ♠áq✉✐♥❛
✭r❡❢❡r❡♥❝✐❛ ❡ r❡❛❧✮✳
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✼✳✹✳✸ ▼áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ ❛ss✐♠étr✐❝❛✿ α ❂ 30◦ ✲ ❝♦♥✈❡rs♦r ✾❙ ✲
▼♦❞✉❧❛çã♦ ❛❧t❡r♥❛t✐✈❛

◆❛ ✜❣✉r❛ ✼✳✾ t❡♠✲s❡ ❡①✐❜✐❞♦ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ r❡s✉❧t❛❞♦s ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ✾❙✳ ❆ té❝♥✐❝❛ ❞❡

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

✐♠♣♦st❛s✱ r❡ss❛❧t❛✲s❡ ❛♣❡♥❛s ✉♠ ♠❛✐♦r ❡s❢♦rç♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ♣❛r❛ ❛♣❧✐❝❛çã♦ ❞❛ té❝♥✐❝❛ ❞❡

❝♦♥tr♦❧❡ ❛❧✐❛❞♦ ❛♦ ❛❧❣♦r✐t♠♦ ❞❡ ❡s❝♦❧❤❛ ❞♦ ✈❛❧♦r ❞❡ µ✳ ❆ ✜❣✉r❛ ✼✳✾✭❛✮ ❡①✐❜❡ ❛ ❝✉r✈❛ ❞❡

t❡♥sã♦ ❡♠ ✉♠❛ ❞❛s ❢❛s❡s✱ ❡♥q✉❛♥t♦ ❛ ✜❣✉r❛ ✼✳✾✭❜✮ ❡stã♦ ❡①✐❜✐❞❛s ❛s ❝♦rr❡♥t❡s i1✱ i3 ❡ i5 ❞❛

♠áq✉✐♥❛✱ ♣❛r❛ ✉♠ ❞♦s ❝♦♥❥✉♥t♦s tr✐❢ás✐❝♦s ❛ss✐♠ ❝♦♠♦ ❛s r❡s♣❡❝t✐✈❛s r❡❢❡rè♥❝✐❛s✳ ◆❛ ✜❣✉r❛

✼✳✾✭❝✮ ❡stã♦ ❡①✐❜✐❞❛s ❛s s❡✐s ❝♦rr❡♥t❡s ❞❡ ❢❛s❡ ♣❛r❛ ❛ ♠áq✉✐♥❛ ❡ ♥❛ ✜❣✉r❛ ✼✳✾✭❞✮ ❡stá ❡①✐❜✐❞♦s

♦s ✈❛❧♦r❡s ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ♠áq✉✐♥❛ r❡❛❧ ❡ ❞❛ r❡s♣❡❝t✐✈❛ r❡❢❡rè♥❝✐❛✳
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❋✐❣✉r❡ ✼✳✾✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞✐♥â♠✐❝❛ ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ 9S ▼♦❞✉❧❛çã♦ ❛❧✲
t❡r♥❛t✐✈❛ α = 30◦ ✲ ♠❛❧❤❛ ❢❡❝❤❛❞❛ ✭❛✮ ❚❡♥sã♦ ❞❡ ❢❛s❡ ♠é❞✐❛ v1✳ ✭❜✮
❈♦rr❡♥t❡ ❞❡ ❢❛s❡ ✭i1✱ i3 ❡ i5✮✳ ✭❝✮ ❈♦rr❡♥t❡s ❞❡ ❢❛s❡ ✭i1✱ i2✱ i3✱ i4✱ i5 ❡ i6✮
✭❞✮ ❱❡❧♦❝✐❞❛❞❡ ❞❛ ♠áq✉✐♥❛✳

✼✳✹✳✹ ▼áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ s✐♠étr✐❝❛✿ α ❂ 60◦ ✲ ❝♦♥✈❡rs♦r ✶✷❙

❆s ❞✉❛s t♦♣♦❧♦❣✐❛s ❢♦r❛♠ s✐♠✉❧❛❞❛s t❛♠❜é♠ ❛❝✐♦♥❛♥❞♦ ✉♠❛ ♠áq✉✐♥❛ s✐♠étr✐❝❛✳ ❖s r❡s✉❧t❛✲

❞♦s ❞❡ s✐♠✉❧❛çã♦ ✉t✐❧✐③❛♥❞♦ ❛ t♦♣♦❧♦❣✐❛ ✶✷❙ ❡♥❝♦♥tr❛♠✲s❡ ♥❛ ✜❣✉r❛ ✼✳✶✵✳ ◆❛ ✜❣✉r❛ ✼✳✶✵✭❜✮

❡stã♦ ❡①✐❜✐❞❛s ❛s ❝♦rr❡♥t❡s i1✱ i3 ❡ i5 ❞❛ ♠áq✉✐♥❛✱ ❛ss✐♠ ❝♦♠♦ ❛s r❡s♣❡❝t✐✈❛s ❝♦rr❡♥t❡s ❞❡

r❡❢❡rê♥❝✐❛ ❡ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ q✉❡ ❛s ❝♦rr❡♥t❡s r❡❛✐s s❡❣✉❡♠ ❛s r❡❢❡rê♥❝✐❛s✳ ◆❛ ✜❣✉r❛ ✼✳✶✵✭❝✮

❡stã♦ ❡①✐❜✐❞❛s ❛s s❡✐s ❝♦rr❡♥t❡s ❞❡ ❢❛s❡ ❞❛ ♠áq✉✐♥❛✳ ❊♠ ✼✳✶✵✭❞✮ ❡stã♦ ❡①✐❜✐❞♦s ♦s ✈❛❧♦r❡s ❞❡
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r❡❢❡rê♥❝✐❛ ❡ r❡❛❧ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ♠áq✉✐♥❛✳
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❋✐❣✉r❡ ✼✳✶✵✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞✐♥â♠✐❝❛ ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ 12S α = 60◦ ✲
♠❛❧❤❛ ❢❡❝❤❛❞❛ ✭❛✮ ❚❡♥sã♦ ❞❡ ❢❛s❡ ♠é❞✐❛ v1✳ ✭❜✮ ❈♦rr❡♥t❡s ❞❡ ❢❛s❡ ✭i1✱
i3 ❡ i5✮✳ ✭❝✮ ❈♦rr❡♥t❡s ❞❡ ❢❛s❡ ✭i1✱ i2✱ i3✱ i4✱ i5 ❡ i6✮✳ ✭❞✮ ❱❡❧♦❝✐❞❛❞❡ ❞❛
♠áq✉✐♥❛ r❡❛❧ ❡ ❞❡ r❡❢❡rê♥❝✐❛✳

✼✳✹✳✺ ▼áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ s✐♠étr✐❝❛✿ α ❂ 60◦ ✲ ❝♦♥✈❡rs♦r ✾❙

P❛r❛ ❛ ♠áq✉✐♥❛ s✐♠étr✐❝❛ t❛♠❜é♠ ❢♦r❛♠ ♦❜t✐❞♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞✐♥â♠✐❝❛ ♣❛r❛ ❛

❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ❞♦ ✢✉①♦ r♦tór✐❝♦✳ ❖s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❡stã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ✜❣✉r❛

✼✳✶✶✳ P❛r❛ ❡st❛ ✜❣✉r❛ t❡♠✲s❡ ❡s♣❡❝✐✜❝❛❞♦s ❛s s❡❣✉✐♥t❡s ✈❛r✐á✈❡✐s✿ ◆❛ ✜❣✉r❛ ✼✳✶✶✭❛✮ ❡stá

❡①✐❜✐❞❛ ❛ t❡♥sã♦ ♠é❞✐❛ ♣❛r❛ ✉♠❛ ❞❛s ❢❛s❡s✳ ❆s ❝♦rr❡♥t❡s ❞❡ ❢❛s❡ i1✱ i3 ❡ i5 ❞❛ ♠áq✉✐♥❛ ❡stã♦
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❡①✐❜✐❞❛s ♥❛ ✜❣✉r❛ ✼✳✶✶✭❜✮✱ ♥❡st❛ ✜❣✉r❛ t❛♠❜é♠ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s r❡❢❡rê♥❝✐❛s ❞❡ ❝♦rr❡♥t❡✳

❊♠ ✼✳✶✶✭❝✮ ❡stã♦ ❡①✐❜✐❞❛s ❛s s❡✐s ❝♦rr❡♥t❡s i1✱ i3✱ i5 ❡ i2✱ i4✱ i6 ❞❛ ♠áq✉✐♥❛ ❡ ♣♦r ✜♠ ❡♠

✼✳✶✶✭❞✮ ❡stá ❡①✐❜✐❞♦ ♦ ✈❛❧♦r ❞❡ r❡❣✐♠❡ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ♠áq✉✐♥❛✳
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❋✐❣✉r❡ ✼✳✶✶✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞✐♥â♠✐❝❛ ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ 9S α = 60◦ ✲ ♠❛❧❤❛
❢❡❝❤❛❞❛ ✭❛✮ ❚❡♥sã♦ ❞❡ ❢❛s❡ ♠é❞✐❛ v1✳ ✭❜✮ ❈♦rr❡♥t❡s ❞❡ ❢❛s❡ ✭i1✱ i3 ❡ i5✮✳
✭❝✮ ❈♦rr❡♥t❡s ❞❡ ❢❛s❡ ✭i1✱ i2✱ i3✱ i4✱ i5 ❡ i6✮✳ ✭❞✮ ❱❡❧♦❝✐❞❛❞❡ ❞❛ ♠áq✉✐♥❛✳

✼✳✹✳✻ ▼áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ s✐♠étr✐❝❛✿ α ❂ 60◦ ✲ ❝♦♥✈❡rs♦r ✾❙ ✲ ▼♦❞✲
✉❧❛çã♦ ❛❧t❡r♥❛t✐✈❛

◆❛ ✜❣✉r❛ ✼✳✶✷ ❡stá ❡①✐❜✐❞♦ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ r❡s✉❧t❛❞♦s ✉t✐❧✐③❛♥❞♦ ❛ ♠♦❞✉❧❛çã♦ ❛❧t❡r♥❛t✐✈❛✳

◆❛ ✜❣✉r❛ ✼✳✶✷✭❛✮ t❡♠✲s❡ ❡①✐❜✐❞❛ ❛ ❝✉r✈❛ ❞❡ t❡♥sã♦ ♠é❞✐❛ ❡♠ ✉♠❛ ❞❛s ❢❛s❡s ❞❛ ♠áq✉✐♥❛✳ ◆❛
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✜❣✉r❛ ✼✳✶✷✭❜✮ ♦❜s❡r✈❛✲s❡ ❛s ❝♦rr❡♥t❡s ❞❡ ❢❛s❡ ❞❡ ✉♠ ❝♦♥❥✉♥t♦s tr✐❢ás✐❝♦s 135✱ ❡♥q✉❛♥t♦ ♥❛

✜❣✉r❛ ✼✳✶✷✭❝✮ sã♦ ❡①✐❜✐❞❛s ❛s s❡✐s ❝♦rr❡♥t❡s ❞❡ ❢❛s❡ ❞❛ ♠áq✉✐♥❛ ❡ ♣♦r ú❧t✐♠♦ ❡♠ ✼✳✶✷✭❞✮ ❡stá

❡①✐❜✐❞♦ ♦ ✈❛❧♦r ❞❡ r❡❣✐♠❡ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ♠áq✉✐♥❛ ❛ss✐♠ ❝♦♠♦ ♦ ✈❛❧♦r ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡
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❋✐❣✉r❡ ✼✳✶✷✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞✐♥â♠✐❝❛ ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ 9S α = 60◦ ✲ ♠❛❧❤❛
❢❡❝❤❛❞❛ ✭❛✮ ❚❡♥sã♦ ❞❡ ❢❛s❡ ♠é❞✐❛ v1✳ ✭❜✮ ❈♦rr❡♥t❡ ❞❡ ❢❛s❡ i1✱ i3 ❡ i5✳
✭❝✮ ❈♦rr❡♥t❡s ♥❛ ♠áq✉✐♥❛ i1✱ i3✱ i5✱ i2✱ i4 ❡ i6 ✳ ✭❞✮ ❱❡❧♦❝✐❞❛❞❡ ❞❛
♠áq✉✐♥❛✳
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❖ ❝♦♥✈❡rs♦r ✾❙ ♣♦ss✉✐ ✸ ❝❤❛✈❡s ♣♦r ❜r❛ç♦✱ ♦ ❝❤❛✈❡❛♠❡♥t♦ ♣❛r❛ ❛❝✐♦♥❛r ❝❛❞❛ ❜r❛ç♦ ❞❡✈❡ s❡r

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

q✉❛♥❞♦ s❡ ❛❝✐♦♥❛ ❛s ✸ ❝❤❛✈❡s ❞❡ ✉♠ ❜r❛ç♦ ❛♦ ♠❡s♠♦ t❡♠♣♦✱ ❡st❡ ❡st❛❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✱ três

❝❤❛✈❡s ❧✐❣❛❞❛s ❛♦ ♠❡s♠♦ t❡♠♣♦✱ ❞❡✈❡ s❡r ❡❧✐♠✐♥❛❞♦✳ ❈♦♠ ❛ ✉t✐❧✐③❛çã♦ ❞♦ ♦♣❡r❛❞♦r ❧ó❣✐❝♦ ou

exclusivo s♦❜r❡ ♦s s✐♥❛✐s q✉❡ ❛❝✐♦♥❛♠ ❛s ❝❤❛✈❡s ❞❛s ❡①tr❡♠✐❞❛❞❡s q1 ❡ q2 ♦❜t❡♠✲s❡ ♦ s✐♥❛❧

q✉❡ ❛❝✐♦♥❛rá ❛ ❝❤❛✈❡ ❞♦ ♠❡✐♦ qa✱ ❞❡ss❡ ♠♦❞♦ ❡❧✐♠✐♥❛✲s❡ ♦ ❡st❛❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ q✉❡ ❝❛✉s❛

♦ ❝✉rt♦✳

❖s ♣✉❧s♦s q✉❡ ❛❝✐♦♥❛♠ ❛s ❝❤❛✈❡s ❢♦r❛♠ ♦❜t✐❞♦s ♣♦r s✐♠✉❧❛çã♦✳ ◆❛ ✜❣✉r❛ ✼✳✶✸ ❡stã♦

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

❞✐st✐♥t♦s✳ ❖❜s❡r✈❛✲s❡ q✉❡ ♦ s✐♥❛❧ q✉❡ ❛❝✐♦♥❛ ❛ ❝❤❛✈❡ ♦❜❡❞❡❝❡ à ❧ó❣✐❝❛ ❞♦ ♦✉ ❡①❝❧✉s✐✈♦✳
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✭❛✮ P✉❧s♦s ✭q1✱ qa ❡ q2✮✱ ♥❛ ♦r❞❡♠✱ ❞❡
❝✐♠❛ ♣❛r❛ ❜❛✐①♦
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✭❜✮ P✉❧s♦s ✭q1✱ qa ❡ q2✮ ♥❛ ♦r❞❡♠✱ ❞❡ ❝✐♠❛
♣❛r❛ ❜❛✐①♦

❋✐❣✉r❛ ✼✳✶✸✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦✳ ✭❛✮ P✉❧s♦s ♣❛r❛ ❛❝✐♦♥❛r ❛s ❝❤❛✈❡s ✭q1✱ qa ❡
q2✮✳ ✭❜✮ P✉❧s♦s ♣❛r❛ ❛❝✐♦♥❛r ❛s ❝❤❛✈❡s ✭q1✱ qa ❡ q2✮
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✭❛✮ P✉❧s♦s ✭q1✱ qa ❡ q2✮ ♥❛ ♦r❞❡♠✱ ❞❡ ❝✐♠❛
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✭❜✮ P✉❧s♦s ✭q1✱ qa ❡ q2✮ ♥❛ ♦r❞❡♠✱ ❞❡ ❝✐♠❛
♣❛r❛ ❜❛✐①♦

❋✐❣✉r❛ ✼✳✶✹✿ ❘❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ✭❛✮ P✉❧s♦s ♣❛r❛ ❛❝✐♦♥❛r ❛s ❝❤❛✈❡s ✭q1✱ qa ❡
q2✮✳ ✭❜✮ P✉❧s♦s ♣❛r❛ ❛❝✐♦♥❛r ❛s ❝❤❛✈❡s ✭q1✱ qa ❡ q2✮

✼✳✻ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s

❖ ❝♦♥✈❡rs♦r ✾❙ ❢♦✐ ♠♦♥t❛❞♦ ❡♠♣r❡❣❛♥❞♦ ❞✐s♣♦s✐t✐✈♦s ❞❡ ♣♦tê♥❝✐❛ ❙❊▼■❑❘❖◆ ✲ ■●❇❚s✱ ❝♦♠

❞r✐✈❡s ❞❡❞✐❝❛❞♦s ✭❙❑❍■✷✸✮✳ ❯♠ ❉❙P✲ ✷✽✸✸✺ ❢♦✐ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❣❡r❛çã♦ ❞♦s s✐♥❛✐s ❞❡ ❣❛t✐❧❤♦✳

◆❛ ✜❣✉r❛ ✼✳✶✺ ❡stã♦ ❡①✐❜✐❞♦s ♦s s✐♥❛✐s ❞❡ ❣❛t✐❧❤♦ ♣❛r❛ ❛❝✐♦♥❛♠❡♥t♦ ❞❛s ✸ ❝❤❛✈❡s ❞❡ ✉♠ ❜r❛ç♦

❞♦ ❝♦♥✈❡rs♦r ✾❙✳ ❖❜s❡r✈❛✲s❡ ♥❛ ✜❣✉r❛ q✉❡ ♦ s✐♥❛❧ ❞♦ ♠❡✐♦ qa é r❡s✉❧t❛❞♦ ❞❛ ❛♣❧✐❝❛çã♦ ❞❛

❧ó❣✐❝❛ ❳❖❘ ❛♦s s✐♥❛✐s q1 ❡ q2✳

✭❛✮ P✉❧s♦s ✭q1✱ qa ❡ q2✮ ♥❛ ♦r❞❡♠✱ ❞❡ ❝✐♠❛
♣❛r❛ ❜❛✐①♦

✭❜✮ P✉❧s♦s ✭q1✱ qa ❡ q2✮ ♥❛ ♦r❞❡♠✱ ❞❡ ❝✐♠❛
♣❛r❛ ❜❛✐①♦

❋✐❣✉r❛ ✼✳✶✺✿ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ 9S ✭❛✮ P✉❧s♦s ♣❛r❛ ❛❝✐♦♥❛r
❛s ❝❤❛✈❡s ✭q1✱ qa ❡ q2✮✳ ✭❜✮P✉❧s♦s ♣❛r❛ ❛❝✐♦♥❛r ❛s ❝❤❛✈❡s ✭q1✱ qa ❡ q2✮✳ ✳

P❛r❛ ♠❡❧❤♦r ✈✐s✉❛❧✐③❛çã♦✱ ♥❛ ✜❣✉r❛ ✼✳✶✻ ❡stã♦ ❡①✐❜✐❞♦s ♦s ♣✉❧s♦s ♣❛r❛ ❛s ❝❤❛✈❡s q1✱ qa ❡
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q2✱ ♦❜s❡r✈❛✲s❡ q✉❡ ♦ s✐♥❛❧ qa é r❡s✉❧t❛❞♦ ❞♦ ❳❖❘ ❧ó❣✐❝♦ ❛♦s s✐♥❛✐s q1 ❡ q2✳ ◆❡st❛ ✜❣✉r❛ ❡stã♦

❡①✐❜✐❞❛s ❛s ❜♦r❞❛s ❞❡ s✉❜✐❞❛ ❡ ❞❡s❝✐❞❛ ❞♦s s✐♥❛✐s q1✱ qa✱ ♦❜s❡r✈❛✲s❡ ❛ ❛♣❧✐❝❛çã♦ ❞♦ t❡♠♣♦

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

❜❛rr❛♠❡♥t♦✳

✭❛✮ P✉❧s♦s ✭q1✱ qa ❡ q2✮ ♥❛ ♦r❞❡♠✱ ❞❡ ❝✐♠❛
♣❛r❛ ❜❛✐①♦ zoom

✭❜✮ P✉❧s♦s ✭q1✱ qa ❡ q2✮ ♥❛ ♦r❞❡♠✱ ❞❡ ❝✐♠❛
♣❛r❛ ❜❛✐①♦ zoom

❋✐❣✉r❛ ✼✳✶✻✿ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ 9S ✭❛✮ P✉❧s♦s ♣❛r❛ ❛❝✐♦♥❛r
❛s ❝❤❛✈❡s ✭q1✱ qa ❡ q2✮ zoom✳ ✭❜✮ P✉❧s♦s ♣❛r❛ ❛❝✐♦♥❛r ❛s ❝❤❛✈❡s ✭q1✱ qa
❡ q2✮ zoom✳

◆❛ ✜❣✉r❛ ✼✳✶✼ ❡stã♦ ❡①✐❜✐❞❛s ❛s ❜♦r❞❛s ❞❡ s✉❜✐❞❛ ❡ ❞❡s❝✐❞❛ ❞♦s ♣✉❧s♦s ♣❛r❛ ❛❝✐♦♥❛♠❡♥t♦

❞❛s ❝❤❛✈❡s q1✱ qa ❡ q2✳

✭❛✮ P✉❧s♦s ✭q1✱ qa ❡ q2✮ ♥❛ ♦r❞❡♠✱ ❞❡ ❝✐♠❛
♣❛r❛ ❜❛✐①♦ zoom

✭❜✮ P✉❧s♦s ✭q1✱ qa ❡ q2✮ ♥❛ ♦r❞❡♠✱ ❞❡ ❝✐♠❛
♣❛r❛ ❜❛✐①♦ zoom

❋✐❣✉r❛ ✼✳✶✼✿ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ❛ t♦♣♦❧♦❣✐❛ 9S ✭❛✮ P✉❧s♦s ♣❛r❛ ❛❝✐♦♥❛r
❛s ❝❤❛✈❡s ✭q1✱ qa ❡ q2✮ zoom✳ ✭❜✮ P✉❧s♦s ♣❛r❛ ❛❝✐♦♥❛r ❛s ❝❤❛✈❡s ✭q1✱ qa
❡ q2✮ zoom✳
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✼✳✼ ❈♦♥❝❧✉sã♦

◆❡st❛ s❡çã♦ ❢♦r❛♠ ❛♣r❡s❡♥t❛❞♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞✐♥â♠✐❝❛ ♣❛r❛ s❡✐s ♣♦ss✐❜✐❧✐❞❛❞❡s

✭▼❛❧❤❛ ❛❜❡rt❛✮ ❞❡ ❛❝✐♦♥❛♠❡♥t♦ ❤❡①❛❢ás✐❝♦✱ ✐♥❡r❡♥t❡s à t♦♣♦❧♦❣✐❛s ✾❙ ❡ ✶✷❙✳ ❆tr❛✈és ❞❛

❛♣❧✐❝❛çã♦ ❞♦s ♠♦❞❡❧♦s ❞♦ s✐st❡♠❛ ❡①✐❜✐❞♦s ♥♦ ❝❛♣ít✉❧♦✸✱ ♣♦❞❡✲s❡ ♦❜t❡r r❡s✉❧t❛❞♦s ❞❡ ❝♦rr❡♥t❡✱

t❡♥sã♦ ❡ ✈❡❧♦❝✐❞❛❞❡ ❡♠ ♠❛❧❤❛ ❛❜❡rt❛ ❛ss✐♠ ❝♦♠♦ r❡s✉❧t❛❞♦s ❞❡ ♠❛❧❤❛ ❢❡❝❤❛❞❛✳

❖s ❝♦♥✈❡rs♦r❡s ❢♦r❛♠ ❛♥❛❧✐s❛❞♦s t❛♠❜é♠ q✉❛♥t♦ ❛♦s ♥í✈❡✐s ❞❡ ❝♦rr❡♥t❡ ❝♦♥❞✉③✐❞❛ ♣♦r

❝❛❞❛ ✉♠ ❞♦s ❞✐s♣♦s✐t✐✈♦s✳ P❛r❛ ♦ ❝♦♥✈❡rs♦r ✾❙ ♦s ♥í✈❡✐s ❞❡ ❝♦rr❡♥t❡ ❝♦♥❞✉③✐❞♦s ♣♦r ❛❧❣✉♥s

❞✐s♣♦s✐t✐✈♦s sã♦ ♠❛✐♦r❡s✳ ❊st❡ ❝♦♥✈❡rs♦r ❛♣r❡s❡♥t❛ ✸ ❝❤❛✈❡s ♣♦r ❜r❛ç♦ ❡ ❞❡ss❡ ♠♦❞♦ ❛❧❣✉♥s

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

✈❡rs♦r ✾❙ ♣♦❞❡rá ❤❛✈❡r ♥❡❝❡ss✐❞❛❞❡ ❞❡ r❡❞✐♠❡♥s✐♦♥❛r ❛❧❣✉♥s ❞✐s♣♦s✐t✐✈♦s s❡♠✐❝♦♥❞✉t♦r❡s✱

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

❖ ❝♦♥✈❡rs♦r ✾❙ t❛♠❜é♠ é ❞❡s✈❛♥t❛❥♦s♦ q✉❛♥t♦ ❛s t❡♥sõ❡s r❡✈❡rs❛s s✉♣♦rt❛❞❛s ♣❡❧❛s

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

❝❛r❣❛ ❛ ♠❡s♠❛ ❛♠♣❧✐t✉❞❡ ❞❡ ❝♦rr❡♥t❡✱ ❡st❡ ❛❝rés❝✐♠♦ ♥❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ é ❢❡✐t♦ ♣❛r❛

❝♦♥t♦r♥❛r ❛s ❧✐♠✐t❛çõ❡s ❞♦ ❛❝✐♦♥❛♠❡♥t♦ ❞❛ ❡str✉t✉r❛✳ ❆ té❝♥✐❝❛ ❞❡ ♠♦❞✉❧❛çã♦ ❡♠♣r❡❣❛❞❛

♣❛r❛ ❡st❡ ❝♦♥✈❡rs♦r r❡q✉❡r ✉♠ ❞❡s❧♦❝❛♠❡♥t♦ ❞❛s t❡♥sõ❡s ❞❡ r❡❢❡rê♥❝✐❛ ❡ ❡st❡ ❞❡s❧♦❝❛♠❡♥t♦

r❡❞✉③✉③ ♦ í♥❞✐❝❡ ❞❡ ♠♦❞✉❧❛çã♦✳ ❖ ❛✉♠❡♥t♦ ❞❛ t❡♥sã♦ ❞♦ ❜❛rr❛♠❡♥t♦ é ♠❛✐♦r ♣❛r❛ ❝❛r❣❛s

q✉❡ ♣♦ss✉❛♠ ♦ â♥❣✉❧♦ α = 60◦
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✽✳✶ ❈♦♥❝❧✉sõ❡s

◆❡st❡ tr❛❜❛❧❤♦ ❢♦✐ r❡❛❧✐③❛❞♦ ♦ ❡st✉❞♦ ❞♦ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ✉♠❛ ♠áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ ❛ ♣❛rt✐r ❞❡

✉♠ ❝♦♥✈❡rs♦r ❝♦♠ q✉❛♥t✐❞❛❞❡ r❡❞✉③✐❞❛ ❞❡ ❝❤❛✈❡s ✭✾✮✳ ❊♠ ❣❡r❛❧ ♦s s✐st❡♠❛s ❞❡ ❛❝✐♦♥❛♠❡♥t♦

♣❛r❛ ❝❛r❣❛s ❤❡①❛❢ás✐❝❛s ♦✉ ❞✉❛s ❝❛r❣❛s tr✐❢ás✐❝❛s✱ sã♦ ❡❢❡t✐✈❛❞♦s ❝♦♠ ✉♠ t♦t❛❧ ❞❡ ✶✷ ❝❤❛✈❡s✳

❆ ❡s❝♦❧❤❛ ❞❛ ♠áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ ♣❛r❛ ♦ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ❝❛r❣❛s ❧❡✈❛ ❡♠ ❝♦♥s✐❞❡r❛çã♦

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

❝❛s✱ ❞❡♥tr❡ ❡❧❛s ❝✐t❛✲s❡✿ ❘❡❞✉çã♦ ♥❛s ♦s❝✐❧❛çõ❡s ❞❡ ❝♦♥❥✉❣❛❞♦✱ ♠❛✐♦r❡s ♣♦tê♥❝✐❛s ♣♦r ✈♦❧✉♠❡✱

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

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

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

❉❡♥tr❡ ❛s ❞✐✈❡rs❛s ♣♦ss✐❜✐❧✐❞❛❞❡s ❞❡ r❡❞✉çã♦ ❞❡ ❝✉st♦s✱ ♣❡r❞❛s ♦✉ ❜✉s❝❛ ❞❡ ❡✜❝✐ê♥❝✐❛ ❞♦

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

♠♦❞♦ ❞❡ ❛❝✐♦♥á✲❧❛s✱ ❞❡♥tr♦ ❞❡st❡ ❝♦♥❥✉♥t♦ ❞❡ ♣♦ss✐❜✐❧✐❞❛❞❡s ♦ ❝♦♥✈❡rs♦r ✾❙ é ✉♠❛ ♠❡s❝❧❛

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

❞❡ ♠♦❞✐✜❝❛çõ❡s ❡♠ s✉❛s té❝♥✐❝❛s ❞❡ ❛❝✐♦♥❛♠❡♥t♦✳

❊st❡ tr❛❜❛❧❤♦ ❜✉s❝❛ ❢♦r♥❡❝❡r ✉♠ ❡st✉❞♦ ❝♦♠ ✉♠❛ ❝❡rt❛ ❛❜❛♥❣ê♥❝✐❛ q✉❡ ♣❡r♠✐t❛ ✉♠❛

❝♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ ♠ét♦❞♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ❞❡ ❛❝✐♦♥❛r ✉♠❛ ♠áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ ❡ ♦ ❝♦♥✈❡rs♦r

✼✹
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✾❙✳ ❯♠❛ ❜r❡✈❡ ❞❡s❝r✐çã♦ ❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❛♥❛❧✐s❛❞❛s ♥❡st❡ ❡st✉❞♦✿

■♥✐❝✐❛❧♠❡♥t❡ ❢❛③✲s❡ ✉♠❛ ❞❡s❝r✐çã♦ ❞♦s ❞♦✐s ❝♦♥✈❡rs♦r❡s ❛ s❡r❡♠ tr❛t❛❞♦s ♥❡st❛ ❛♥á❧✐s❡✳ ◆♦

❝❛♣ít✉❧♦ ✸ ❡stá ❛ ♠♦❞❡❧❛❣❡♠ ❛ ♣❛rt✐r ❞❡ ❡q✉❛çõ❡s ❞❡ t❡♥sã♦ ♣❛r❛ ❞❡s❝r❡✈❡r ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦

❞♦s ❝♦♥✈❡rs♦r❡s✳ ◆♦ q✉❡ s❡ r❡❢❡r❡ ❛♦ ♠♦❞♦ ❞❡ ❛❝✐♦♥á✲❧♦s✱ ♦ ❝❛♣ít✉❧♦ ❛✐♥❞❛ ❞❡s❝r❡✈❡ ❛ ♠♦❞✉✲

❧❛çã♦ s❡♥♦✐❞❛❧ ❛❧é♠ ❞❡ ❡①♣♦r ❛s r❡str✐çõ❡s ✐♥❡r❡♥t❡s ❛♦ P❲▼ ❞♦ ❝♦♥✈❡rs♦r ✾❙✳ ❯♠ ♠♦❞❡❧♦

❞❛ ♠áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦✱ ❞❡ í♥✐❝✐♦ ♦ ♠♦❞❡❧♦ ❢♦✐ ♦❜t✐❞♦ ♣♦r ♠❡✐♦ ❞❡ ❡q✉❛çõ❡s

❞✐❢❡r❡♥❝✐❛✐s ❞❡ t❡♥sã♦ ❡ ✢✉①♦✱ ♠❛s ♣❡❧❛ ❞✐✜❝✉❧❞❛❞❡ ✐♥❡r❡♥t❡ ❞❡ s♦❧✉çã♦ ❞❡ t❛✐s ❡q✉❛çõ❡s✱

✉t✐❧✐③♦✉✲s❡ ❛ ❛❜♦r❞❛❣❡♠ ♣♦r ❞❡❝♦♠♣♦s✐çã♦ ✈❡t♦r✐❛❧ ❞❡ t❛❧ ♠♦❞♦ ❛ r❡❞✉③✐r ❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❞♦

♠♦❞❡❧♦ ❡ ❢❛❝✐❧✐t❛r ❛ t❛r❡❢❛ ❞❡ s✐♠✉❧❛çã♦ ❞♦ s✐st❡♠❛✳

◆♦ ❝❛♣ít✉❧♦ ✹ ❞❡s❝r❡✈❡ s❡ ❜r❡✈❡♠❡♥t❡ ♦s ♠❡✐♦s ♠❛✐s ❝♦♥✈❡♥❝✐♦♥❛✐s ❞❡ s❡ r❡❛❧✐③❛r ♦ ❝♦♥✲

tr♦❧❡ ❞❡ ✉♠ s✐st❡♠❛ ❞❡ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ♠áq✉✐♥❛ ❤❛①❛❢ás✐❝❛✳ ■♥❝✐❛❧♠❡♥t❡ sã♦ ❞❡s❝r✐t♦s ♦s

♠ét♦❞♦s ❡s❝❛❧❛r❡s ❝♦♠♦ r❡❧❛çõ❡s ❡♥tr❡ t❡♥sã♦✱ ❢r❡q✉ê♥❝✐❛ ❡ ✢✉①♦✳ ❖s ♠ét♦❞♦s ❞✐t♦s ❡s❝❛❧❛r❡s

♣♦ss✉❡♠ ❧✐♠✐t❛çõ❡s ♥♦ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ♠áq✉✐♥❛s ❞❡ ✐♥❞✉çã♦✱ ✉♠❛ ✈❡③ q✉❡ ♥ã♦ ❤á ❞❡s❛❝♦♣❧❛✲

♠❡♥t♦ ❡♥tr❡ ❛s ❣r❛♥❞❡③❛s ✢✉①♦ ❡ ❝♦♥❥✉❣❛❞♦✱ ❞❡st❡ ♠♦❞♦ ✈❛r✐❛çõ❡s ❡♠ ✉♠❛ ❞❡st❛s ❣r❛♥❞❡③❛s

♣❡rt✉r❜❛♠ ❛ ♦✉tr❛ ❣r❛♥❞❡③❛✱ ❝♦♠ ❜❛s❡ ♥❡ss❛ ❧✐♠✐t❛çã♦ ❡ ✐♥s♣✐r❛❞♦ ♥♦ ♠ét♦❞♦ ❞❡ ❝♦♥tr♦❧❡ ❞❛

♠áq✉✐♥❛ ❞❡ ❝♦rr❡♥t❡ ❝♦♥tí♥✉❛ ❝✐t❛ s❡ ♦s ♠ét♦❞♦s ❞❡ ❝♦♥tr♦❧❡ ❝♦♠ ❛❜♦r❞❛❣❡♠ ✈❡t♦r✐❛❧✳ ◆❡st❡

❝❛s♦ ❛ ♣❛rt✐r ❞❛ ❝♦♠♣♦♥❡♥t❡ ❞❡ ❝♦rr❡♥t❡ ❡st❛tór✐❝❛ ❡ ✉t✐❧✐③❛♥❞♦ ♦ r❡❢❡r❡♥❝✐❛❧ ❞q ♣♦❞❡ s❡ ❞❡s✲

♠❡♠❜r❛r ❛ ❝♦rr❡♥t❡ ❡st❛tór✐❝❛ ❡♠ ❞✉❛s ❝♦♠♣♦♥❡♥t❡s t♦t❛❧♠❡♥t❡ ❞❡s❛❝♦♣❧❛❞❛s✳ ❯♠❛ ❞❡ss❛s

❝♦♠♣♦♥❡♥t❡s é ✉t✐❧✐③❛❞❛ ♥♦ ❝♦♥tr♦❧❡ ❞♦ ❝♦♥❥✉❣❛❞♦ ❡ ❛ ♦✉tr❛ ♥♦ ❝♦♥tr♦❧❡ ❞♦ ✢✉①♦ r♦tór✐❝♦✳

❖ ❝♦♥✈❡rs♦r ✾❙ ♣❡r♠✐t❡ ✉♠❛ r❡❞✉çã♦ ❞❡ três ❝❤❛✈❡s q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦ ❛♦ ✶✷❙✱ ❡ss❛

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

s♦❜ ♦✉tr♦s ❢❛t♦r❡s ♦ ❝♦♥✈❡rs♦r ✾❙ t❡♥❞❡ ❛ s❡ t♦r♥❛r ❞❡s✈❛♥t❛❥♦s♦✳ ❆❧❣✉♠❛s ❝❤❛✈❡s ❝♦♥❞✉③❡♠

✉♠ ♥í✈❡❧ ❞❡ ❝♦rr❡♥t❡ ♠❛✐♦r q✉❡ ❛s ❞♦ ✶✷❙ ❡ ❡st❛rã♦ s✉❜♠❡t✐❞❛s ❛ ✉♠ ♠❛✐♦r ❡s❢♦rç♦✱ ❡st❡ ❢❛t♦

❛❧✐❛❞♦ à ♥❡❝❡ss✐❞❛❞❡ ❞❡ ✉♠❛ ♠❛✐♦r t❡♥sã♦ ❞❡ ❜❛rr❛♠❡♥t♦ sã♦ ❛ ❝❛✉s❛ ❞❡ ✉♠❛ ♠❛✐♦r ❲❚❍❉

❡ ❞❡ ♠❛✐♦r❡s ♣❡r❞❛s q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛s às ❞❛ t♦♣♦❧♦❣✐❛ ❞❡ ✶✷ ❝❤❛✈❡s✳

❯♠❛ ❛♥á❧✐s❡ ❞❛ ❞✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ é r❡❛❧✐③❛❞❛ ♣❛r❛ ♦s ❞♦✐s ❝♦♥✈❡rs♦r❡s ❝♦♠ r❡❧❛çã♦ à

✈❛r✐❛çã♦ ❞♦ ❢❛t♦r ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ r♦❞❛ ❧✐✈r❡✳ ◗✉❛♥❞♦ s❡ ❛❝✐♦♥❛ ✉♠❛ ♠áq✉✐♥❛ ❛ss✐♠étr✐❝❛

♦ ❝♦♥✈❡rs♦r ✾❙ ♥ã♦ ❛♣r❡s❡♥t❛ r❡❞✉çã♦ ❞❛ ❲❚❍❉ ❝♦♠♣❛r❛❞♦ ❛♦ ❝♦♥✈❡rs♦r ✶✷❙✳ ❖ ♠❡❧❤♦r

❝❛s♦ é ♣❛r❛ µ = 1✱ ♠❛s ♦ ❝♦♥✈❡rs♦r ✾❙ ❛✐♥❞❛ ❛♣r❡s❡♥t❛ ✉♠ r❡s✉❧t❛❞♦ 9% ♠❛✐♦r✳ P❛r❛ ✉♠❛

♠áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ s✐♠étr✐❝❛✱ ❛ ❢❛✐①❛ ❞❡ ✈❛❧♦r❡s ❞♦ ❢❛t♦r ❞❡ r♦❞❛ ❧✐✈r❡ ❝♦♠♣r❡❡♥❞✐❞❛ ❡♥tr❡



❈❖◆❈▲❯❙Õ❊❙ ❊ ❚❘❆❇❆▲❍❖❙ ❋❯❚❯❘❖❙ ✼✻

0.3 ≤ µ ≤ 0.7 ❛♣r❡s❡♥t❛ ♠❡♥♦r❡s ✈❛❧♦r❡s ❞❛ ❲❚❍❉ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r 12S✳

❆s ♣❡r❞❛s ♥♦s s❡♠✐❝♦♥❞✉t♦r❡s ❞❛ t♦♣♦❧♦❣✐❛ 12S ❛❝✐♦♥❛♥❞♦ ✉♠❛ ♠áq✉✐♥❛ ❤❡①❛❢ás✐❝❛

❛ss✐♠étr✐❝❛ ❢♦r❛♠ ♠❡♥♦r❡s q✉❡ ❛s ❞❛ t♦♣♦❧♦❣✐❛ ✾❙✱ ❝♦♠♣❛r❛♥❞♦ s❡ ❛s ♣❡r❞❛s ❡♠ ✉♠ ❜r❛ç♦✱

❥á q✉❡ ♦ ❝♦♥✈❡rs♦r ❞❡ ✶✷ ❝❤❛✈❡s ❛♣r❡s❡♥t❛ ✉♠❛ ♠❡♥♦r q✉❛♥t✐❞❛❞❡ ❞❡ ❝❤❛✈❡s ♣♦r ❜r❛ç♦✳

P♦ré♠ q✉❛♥❞♦ s❡ ❛♥❛❧✐s❛ ❛s ♣❡r❞❛s t♦t❛✐s ♣❛r❛ ❛s t♦♣♦❧♦❣✐❛s✱ ♦ ❝♦♥✈❡rs♦r ✾❙✱ ♣♦r ♣♦ss✉✐r

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

é ♦ ❝❛s♦ ❡♠ µ = 0.5 ❡ µ = 1✳ ❆ q✉❛♥t✐❞❛❞❡ ❞❡ ♣❡r❞❛s ♥ã♦ ❞❡♣❡♥❞❡ s♦♠❡♥t❡ ❞♦ ♥ú♠❡r♦ ❞❡

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

♦ ❝♦♥✈❡rs♦r ✾❙ P❛r❛ ♦ ❛❝✐♦♥❛♠❡♥t♦ ❞❛ ♠áq✉✐♥❛ s✐♠étr✐❝❛ ♦ ❝♦♥✈❡rs♦r ❞❡ ✶✷ ❝❤❛✈❡s ❛♣r❡s❡♥t❛

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

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

❖ ♥ú♠❡r♦ t♦t❛❧ ❞❡ ❝♦♠✉t❛çõ❡s ❞♦s ❞✐s♣♦s✐t✐✈♦s ❞❛ t♦♣♦❧♦❣✐❛ ✾❙ é ♦ ♠❡s♠♦ q✉❡ ♦ ❞❛

t♦♣♦❧♦❣✐❛ ✶✷❙✳ ❈♦♠♦ ♣♦ss✉✐ ✉♠ ♥ú♠❡r♦ ♠❡♥♦r ❞❡ ❝❤❛✈❡s✱ ✐ss♦ ✐♥❞✐❝❛ q✉❡ ❛s ❝❤❛✈❡s ❞♦ ✾❙

❡stã♦ s♦❜ ✉♠ ❡s❢♦rç♦ ♠❛✐♦r ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❝♦♠♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ❞♦ t♦t❛❧ ❞❡ ❝♦♠✉t❛çõ❡s

♣♦r ❜r❛ç♦✱ ❝♦♠♦ ❡s♣❡r❛❞♦ ♦s ❞✐s♣♦s✐t✐✈♦s ❞♦ ❝♦♥✈❡rs♦r ✾❙ s♦❢r❡ ♠❛✐s ❝♦♠✉t❛çõ❡s ♣♦r ❜r❛ç♦✱

✐st♦ ✐♥✢✉❡♥❝✐❛ ♦s r❡s✉❧t❛❞♦s ❞❛ ❲❚❍❉ ❡ ❞❛s ♣❡r❞❛s✳

❇✉s❝❛♥❞♦✲s❡ ♦❜s❡r✈❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛s ❡str✉t✉r❛s✱ s✐♠✉❧♦✉✲s❡ ♦ s✐st❡♠❛ ❞❡ ❛❝✐♦♥❛✲

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

❛♣❧✐❝❛çã♦ ❞❡ ♥❡♥❤✉♠ ❞❡❣r❛✉ ❞❡ ❝❛r❣❛✳ ❆ s❡❣✉✐r ❡ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ♦❜s❡r✈❛r ♦ ❝♦♠♣♦rt❛✲

♠❡♥t♦ ❞❛ té❝♥✐❝❛ ❞❡ ❝♦♥tr♦❧❡ ■❋❖❈✱ ♦ s✐st❡♠❛ ❢♦✐ s✐♠✉❧❛❞♦ ❡♠ ♠❛❧❤❛ ❢❡❝❤❛❞❛✱ t❛♠❜é♠ ♣❛r❛

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

✽✳✷ ❚r❛❜❛❧❤♦s ❋✉t✉r♦s

❆ ❛♥á❧✐s❡ r❡❛❧✐③❛❞❛ ♥❡st❛ ❞✐ss❡rt❛çã♦ ❛❜r❡♠ ❛❧❣✉♠❛s ♣♦ss✐❜✐❧✐❞❛❞❡s ❞❡ ♣❡sq✉✐s❛ q✉❡ s❡ ✐♠✲

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

♠❛✐♦r ❛❜r❛♥❣ê♥❝✐❛ ❡ ♠❛✐♦r ✐♥t❡❣r❛çã♦ ❞❛ ❛♥á❧✐s❡ ❢❡✐t❛ ❛q✉✐ ❝♦♠ tó♣✐❝♦s s❡♠❡❧❤❛♥t❡s q✉❡

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

✶✳ ❆❝✐♦♥❛♠❡♥t♦ ❡♠ ✈❡❧♦❝✐❞❛❞❡ ✈❛r✐á✈❡❧✳

✷✳ ❆q✉✐s✐çã♦ ❞♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ♠❛❧❤❛ ❛❜❡rt❛ ❡ ❢❡❝❤❛❞❛✳
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✸✳ ❆♣❧✐❝❛çã♦ ❞♦ ❝♦♥✈❡rs♦r ✾❙ ❡♠ ❛❝✐♦♥❛♠❡♥t♦ open− end✳
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❆✳✶ ▼♦❞❡❧♦ ❞❛ ▼áq✉✐♥❛

❆ ✉t✐❧✐③❛çã♦ ❞❡ ❝♦♥✈❡rs♦r❡s ❡stát✐❝♦s ❢❛❝✐❧✐t♦✉ ♦ ✉s♦ ❞❡ ♠áq✉✐♥❛s ❡❧étr✐❝❛s ❝♦♠ ✉♠ ♠❛✐♦r

♥ú♠❡r♦ ❞❡ ❢❛s❡s✱ ❡♠ ❣❡r❛❧ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❢❛s❡s é 3✳ ❖ ❛❝✐♦♥❛♠❡♥t♦ ❞❡ ✉♠❛ ♠áq✉✐♥❛

♠✉❧t✐❢❛s❡ ♣♦❞❡ ❡①✐❣✐r ✉♠ ♠❛✐♦r ♥ú♠❡r♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s✱ ♣♦ré♠ ♣♦ss✐❜✐❧✐t❛ ❛ ❛♣❧✐❝❛çã♦ ❞❡

✉♠❛ ♠❛✐♦r ♣♦tê♥❝✐❛✱ ❝♦♥s❡❣✉❡✲s❡ ❝♦♠ ✐ss♦ ✉♠❛ r❡❞✉çã♦ ❞❡ ♦s❝✐❧❛çõ❡s ♥♦ ❝♦♥❥✉❣❛❞♦✱ ❛❧é♠ ❞❡

♣♦ss✐❜✐❧✐t❛r ✉♠❛ ♠❛✐♦r t♦❧❡râ♥❝✐❛ ❛ ❢❛❧t❛s✱ ♥❛ ♠❡❞✐❞❛ ❡♠ q✉❡ ❝♦♠ ❛ ❢❛❧❤❛ ❞❡ ✉♠❛ ♦✉ ♠❛✐s ❞❛s

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

❞❡ ♠♦❞♦ s❛t✐s❢❛tór✐♦✳

❍á ❞✐❢❡r❡♥t❡s t✐♣♦s ❞❡ ♠áq✉✐♥❛ ♠✉❧t✐❢❛s❡✿ ✭❲❛r❞ ❡ ❍är❡r✱ ✶✾✻✾✮✱ ✭◆❡❧s♦♥ ❡ ❑r❛✉s❡✱

✶✾✼✹✮✱ ✭❚♦❧✐②❛t ❡t ❛❧✳✱ ✶✾✾✶❛✮ ❡ ✭❚♦❧✐②❛t ❡t ❛❧✳✱ ✶✾✾✶❜✮✱ ♠❛s ❡♥tr❡ ❛s ❞✐❢❡r❡♥t❡s ❝♦♥✜❣✉r❛çõ❡s✱

❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦ ❤❡①❛❢ás✐❝❛ ❝♦♥st✐t✉✐❞❛ ♣♦r ❞♦✐s ❡♥r♦❧❛♠❡♥t♦s tr✐❢ás✐❝♦s ♥♦ ❡st❛t♦r✱

s❡♣❛r❛❞♦s ❡♥tr❡✲s✐ ♣♦r ✉♠ â♥❣✉❧♦ ❛❧❢❛✱ é ♠✉✐t♦ ❝♦♠✉♠✱ s❡♥❞♦ ❝♦♥s✐❞❡r❛❞❛ ♣❛r❛ ♦s ♣r♦♣ós✐t♦s

❞❡ ❛❝✐♦♥❛♠❡♥t♦ ❝♦♠ ♦ ❝♦♥✈❡rs♦r ✾❙✳

❆ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ✉♠ ♠♦❞❡❧♦ ♣❛r❛ t❛❧ ♠áq✉✐♥❛ é ✐♥❡r❡♥t❡ à t❛r❡❢❛

❞❡ s✐♠✉❧❛çã♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦ ❤❡①❛❢ás✐❝❛ ✲ ▼■❍✳ ❖ ♠♦❞❡❧♦ ✐♥✐❝✐❛❧

♦❜t✐❞♦ ❛ ♣❛rt✐r ❞❡ ❡q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛✐s é ♠✉✐t♦ ❝♦♠♣❧❡①♦✱ ♣♦✐s ❞❡s❝r❡✈❡ ✉♠ ❝✐r❝✉✐t♦ ♠❛❣✲

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

❛ss✐♠ ❛ s✐♠✉❧❛çã♦ ♣♦r ❡st❡ ♠ét♦❞♦ ❡①✐❣❡ ❝♦♥s✐❞❡r❛✈❡❧ ❡s❢♦rç♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✳ P❛r❛ ♦❜t❡r

✼✽
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♦ ♠♦❞❡❧♦ ♣♦r ❡q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛s✱ ❛❧❣✉♠❛s ❝♦♥s✐❞❡r❛çõ❡s sã♦ ❢❡✐t❛s ❞❡ ♠♦❞♦ ❛ s✐♠♣❧✐✜❝❛r

❛❧❣✉♠❛s ❝❛r❛❝t❡ríst✐❝❛s q✉❡ ❛♣❡s❛r ❞❡ ♣r❡s❡♥t❡s ♥❛ ♠áq✉✐♥❛ ♥ã♦ ❛❧t❡r❛♠ ❞r❛st✐❝❛♠❡♥t❡ ♦s

r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❝♦♠ ♦ ♠♦❞❡❧♦✱ sã♦ ❡❧❛s✿

• ❊♥tr❡❢❡rr♦ ✉♥✐❢♦r♠❡✱ ♣❛r❛ ❞✐str✐❜✉✐çã♦ ✉♥✐❢♦r♠❡ ❞♦ ✢✉①♦✱ ❛❧é♠ ❞❛ ❡❧✐♠✐♥❛r ❛ ♣♦ss✐❜✐✲

❧✐❞❛❞❡ ❞❡ s❛t✉r❛çã♦❀

• P❡r❞❛s sã♦ ❞❡s♣r❡③❛❞❛s✱ s❡❥❛ ♥♦ ❢❡rr♦ ♦✉ ♣♦r ❛tr✐t♦❀

• ❊♥r♦❧❛♠❡♥t♦s ❝♦♠ ❞✐str✐❜✉✐çã♦ s❡♥♦✐❞❛❧✱ ♣❛r❛ ♦❜t❡r ❞✐str✐❜✉✐çã♦ ❞❡ ✢✉①♦ s❡♥♦✐❞❛❧ ❡

❝♦♠ ❡❧✐♠✐♥❛çã♦ ❞♦s ❤❛r♠ô♥✐❝♦s❀

• ❊♥r♦❧❛♠❡♥t♦s ✐❞ê♥t✐❝♦s✱ ♣❛r❛ ❡✈✐t❛r ❞✐str✐❜✉✐çã♦ ❞❡ ✢✉①♦ ❞❡s✐❣✉❛❧✳

❖ ♠♦❞❡❧♦ ♣❛r❛ ❛ ♠áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ é ♦❜t✐❞♦ ❞❡ ♠♦❞♦ s❡♠❡❧❤❛♥t❡ ❛♦ ♦❜t✐❞♦ ♣❛r❛ ❛

♠áq✉✐♥❛ tr✐❢ás✐❝❛✳ ❈♦♥s✐❞❡r❛♥❞♦ ✉♠❛ ♠áq✉✐♥❛ ❞❡ ✐♥❞✉çã♦ ❝♦♥st✐t✉í❞❛ ♣♦r ✻ ❜♦❜✐♥❛s ♥♦

❡st❛t♦r ❡ ✸ ❜♦❜✐♥❛s ♥♦ r♦t♦r ♣♦❞❡✲s❡ ❡s❝r❡✈❡r ❛s ❡q✉❛çõ❡s ❞❡ t❡♥sã♦ ❡ ✢✉①♦ ♣❛r❛ ❝❛❞❛ ✉♠❛

❞❛s ❢❛s❡s✱ ❞❡ ♠♦❞♦ ❣❡♥ér✐❝♦ ❡①♣r❡ss❛s ❡♠ ✭❆✳✶✮ ♣❛r❛ ♦ ❡st❛t♦r ❡ ❡♠ ✭❆✳✷✮ ♣❛r❛ ♦ r♦t♦r✳

✈s = rs✐s +
d

dt
λs

✈s = rs✐s +
d

dt
(λss + λsr)

✈s = rs✐s +
d

dt
(▲ss✐s + ▲sr✐r)

✭❆✳✶✮

✈r = rr✐r +
d

dt
λr

✈r = rr✐r +
d

dt
(λrr + λsr)

✈r = rr✐r +
d

dt
(▲rr✐r + ▲rs✐s)

✭❆✳✷✮

❖♥❞❡ ✈s = [vs1, vs2, vs3, vs4, vs5, vs6]
T ✱ ✐s = [is1, is2, is3, is4, is5, is6]

T ✱ ❡ λs = [λs1, λs2, λs3, λs4, λs5, λs6]
T ✱
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r❡s♣❡❝t✐✈❛♠❡♥t❡ sã♦ ♦s ✈❡t♦r❡s t❡♥sã♦✱ ❝♦rr❡♥t❡ ❡ ✢✉①♦ ❞♦ ❡st❛t♦r✳ ✈r = [vr1, vr2, vr3]
T ✱

✐r = [ir1, ir2, ir3]
T ✱ ❡ λr = [λr1, λr2, λr3]

T ✱ r❡s♣❡❝t✐✈❛♠❡♥t❡ sã♦ ♦s ✈❡t♦r❡s t❡♥sã♦✱ ❝♦rr❡♥t❡ ❡

✢✉①♦ ❞♦ r♦t♦r✳ rs = rs■6 ❡ rr = rr■3 sã♦ ♠❛tr✐③❡s ❞❡ r❡s✐stê♥❝✐❛ ❞❡ ❢❛s❡ ❞♦ ❡st❛t♦r ❡ ❞♦ r♦t♦r

r❡s♣❡❝t✐✈❛♠❡♥t❡❀ ■6 ❡ ■3 sã♦ ♠❛tr✐③❡s ✐❞❡♥t✐❞❛❞❡ ❞❡ ♦r❞❡♠ 6X6 ❡ 3X3 r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ▲rr

❡ ▲ss sã♦ ♠❛tr✐③❡s ❞❡ ✐♥❞✉tâ♥❝✐❛s ❞♦ r♦t♦r ❡ ❞♦ ❡st❛t♦r r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❛ss✐♠ ❝♦♠♦ ▲sr ❂

▲T
rs sã♦ ♠❛tr✐③❡s ❞❡ ✐♥❞✉tâ♥❝✐❛ ♠út✉❛ ❡♥tr❡ ❡st❛t♦r ❡ r♦t♦r✳

P❛r❛ ✉♠❛ ♠áq✉✐♥❛ ❡q✉✐❧✐❜r❛❞❛ ❛s ♠❛tr✐③❡s ▲ss✱ ▲sr ❡ ▲rr sã♦ ♦❜t✐❞❛s ❛ ♣❛rt✐r ❞❛s ❡q✉❛✲

çõ❡s ❞❡ ✢✉①♦ ❡ ❡stã♦ ❞❡s❝r✐t❛s ❡♠ ✭❆✳✸✮✱ ✭❆✳✹✮ ❡ ✭❆✳✺✮ r❡s♣❡❝t✐✈❛♠❡♥t❡✿

▲ss = LlsI6+Lms

















1 −1
2

−1
2

cos(α) cos(α + 2π
3
) cos(α + 4π

3
)

−1
2

1 −1
2

cos(α + 4π
3
) cos(α) cos(α + 2π

3
)

−1
2

−1
2

1 cos(α + 2π
3
) cos(α + 4π

3
) cos(α)

cos(α) cos(α + 4π
3
) cos(α + 2π

3
) 1 −1

2
−1

2

cos(α + 2π
3
) cos(α) cos(α + 4π

3
) −1

2
1 −1

2

cos(α + 4π
3
) cos(α + 2π

3
) cos(α) −1

2
−1

2
1

















✭❆✳✸✮

▲sr = Msr

















cos(δr) cos(δr +
2π
3
) cos(δr +

4π
3
)

cos(δr +
4π
3
) cos(δr) cos(δr +

2π
3
)

cos(δr +
2π
3
) cos(δr +

4π
3
) cos(δr)

cos(δr − α) cos(δr +
2π
3
− α) cos(δr +

4π
3
− α)

cos(δr +
4π
3
− α) cos(δr − α) cos(δr +

2π
3
− α)

cos(δr +
2π
3
− α) cos(δr +

4π
3
− α) cos(δr − α)

















✭❆✳✹✮

▲rr = LlrI3 + Lmr





1 −1
2

−1
2

−1
2

1 −1
2

−1
2

−1
2

1



 ✭❆✳✺✮

❖♥❞❡ Lms ❡ Lmr sã♦ ✐♥❞✉tâ♥❝✐❛s ❞❡ ♠❛❣♥❡t✐③❛çã♦ ❞♦ ❡st❛t♦r ❡ ❞♦ r♦t♦r r❡s♣❡❝t✐✈❛♠❡♥t❡✳ Lls

❡ Llr sã♦ ✐♥❞✉tâ♥❝✐❛s ❞❡ ❞✐s♣❡rsã♦ ❡ ♣♦r ✜♠ Msr é ❛ ✐♥❞✉tâ♥❝✐❛ ♠út✉❛ ❡♥tr❡ ❛s ❜♦❜✐♥❛s ❞❡

r♦t♦r ❡ ❡st❛t♦r✳ I6 ❡ I3 sã♦ ♠❛tr✐③❡s ✐❞❡♥t✐❞❛❞❡ ❛ ♣r✐♠❡✐r❛ 6X6 ❡ ❛ s❡❣✉♥❞❛ 3X3 ❡ δr é ❛

♣♦s✐çã♦ ❡❧étr✐❝❛ ❞♦ r♦t♦r✳

δr =

∫ t

0

ωrdt+ δr(0) ✭❆✳✻✮
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♦♥❞❡ ωr é ❛ ✈❡❧♦❝✐❞❛❞❡ ❞♦ r♦t♦r✳

❉❡ ✭❆✳✶✮ ❡ ✭❆✳✻✮ ✈ê s❡ q✉❡ ♦ ♠♦❞❡❧♦ ♦❜t✐❞♦ é ❝♦♠♣❧❡①♦✱ é ❝♦♠✉♠ ✉♠❛ tr❛♥s❢♦r♠❛çã♦ ❞❡

❝♦♦r❞❡♥❛❞❛s ♣❛r❛ s✐♠♣❧✐✜❝❛çã♦ ❞♦ ♠♦❞❡❧♦ ❞❛s ♠áq✉✐♥❛s ❡❧étr✐❝❛s✳ ❇❛s✐❝❛♠❡♥t❡ ❛ tr❛♥s❢♦r✲

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

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

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

❖ ♠♦❞❡❧♦ ❞❡ ✉♠❛ ♠áq✉✐♥❛✱ s❡❥❛ tr✐❢ás✐❝❛ ♦✉ ❤❡①❛❢ás✐❝❛✱ é r❡♣r❡s❡♥t❛❞♦ ♣❡❧❛s ❡q✉❛çõ❡s

❞❡ t❡♥sã♦✱ ❞❡ ✢✉①♦ ❡ ❞❡ ❝♦♥❥✉❣❛❞♦✱ ❞❡ss❡ ♠♦❞♦ ❛ tr❛♥s❢♦r♠❛çã♦ ❞❡ ✈❛r✐á✈❡✐s s❡rá ❛♣❧✐❝❛❞❛ à

❡st❛s r❡s♣❡❝t✐✈❛s ❡q✉❛çõ❡s✳ P❛r❛ ✉♠❛ ♠áq✉✐♥❛ tr✐❢ás✐❝❛ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❝♦♠✉♠ é ❛♣❧✐❝❛r ❛

tr❛♥s❢♦r♠❛❞❛ ♦❞q✱ q✉❡ ❝♦♥s✐st❡ ❡♠ tr❛♥s❢♦r♠❛r ♦ ❝♦♥❥✉♥t♦ ❞❡ três ❜♦❜✐♥❛s✱ s❡♣❛r❛❞❛s ❡♥tr❡✲s✐

120◦✱ ❡♠ ✉♠ ❝♦♥❥✉♥t♦ ❝♦♠ ❞✉❛s ❜♦❜✐♥❛s✱ s❡♣❛r❛❞❛s ❡♥tr❡✲s✐ 90◦ ❡ ♠❛✐s ✉♠❛ ❜♦❜✐♥❛ ✐s♦❧❛❞❛

❞❡ ✐♥❞✐❝❡ o✳ ❉❡ ♠♦❞♦ s❡♠❡❧❤❛♥t❡✱ ❡st❡ ♣r♦❝❡❞✐♠❡♥t♦ ♣♦❞❡ s❡r ❛♣❧✐❝❛❞♦ à ♠áq✉✐♥❛ ❤❡①❛❢ás✐❝❛✱

♣❛r❛ ❡st❡ ❝❛s♦ ❛♣❧✐❝❛ s❡ ❛ tr❛♥s❢♦r♠❛çã♦ ❡♠ ❝❛❞❛ ✉♠ ❞♦s ❝♦♥❥✉♥t♦s tr✐❢ás✐❝♦s✱ ♦❜t❡♥❞♦ ❛ss✐♠

♦s s❡❣✉✐♥t❡s s✉❜❡s♣❛ç♦s✿ d1q1o1 ❡ d2q2o2✳

Ss1

Ss2

Ss3

Ss4

Ss5

Ss6

Ps

Ss1

Ss2

Oo1

Oo2

Ad2
Aq2

Aq1
Ad1

Sα

❋✐❣✉r❛ ❆✳✶✿ ❉✐❛❣r❛♠❛ ✈❡t♦r✐❛❧ ❡ ❛s ♣♦ssí✈❡✐s tr❛♥s❢♦r♠❛çõ❡s ❞❡ ❝♦♦r❞❡♥❛❞❛s ♣❛r❛
✉♠ r❡❢❡r❡♥❝✐❛❧ ❛r❜✐trár✐♦✳

❯♠❛ ♦✉tr❛ tr❛♥s❢♦r♠❛çã♦ ❞❡ ✉s♦ ❝♦♠✉♠✱ ❛♣❧✐❝❛❞❛ s♦❜r❡ ❛s ❡q✉❛çõ❡s ❞❛ ▼■❍ é ❛ tr❛♥✲

❢♦r♠❛❞❛ dqxyoo′✱ q✉❡ ❝♦♥s✐st❡ ❡♠ r❡♣r❡s❡♥t❛r ♦ s✐st❡♠❛ ♦r✐❣✐♥❛❧ ❞❡ ❞✐♠❡♥sã♦ s❡✐s ❡♠ três

s✉❜❡s♣❛ç♦s ❞❡ ❞✐♠❡♥sã♦ ❞♦✐s✱ ❞❡✜♥✐❞♦s r❡s♣❡❝t✐✈❛♠❡♥t❡ ❝♦♠♦✿ dq✱ xy✱ oo′✳ ❖s s✉❜❡s♣❛ç♦s

sã♦ ♠✉t✉❛♠❡♥t❡ ♦rt♦❣♦♥❛✐s✳ ❆ ❞❡✜♥✐çã♦ ❣❡♥ér✐❝❛ ❞❡ ✉♠❛ tr❛♥s❢♦r♠❛❞❛ é ❞❛❞❛ ❡♠ ✭❆✳✼✮✳
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Ss1

Ss2

Ss3

Ss4

Ss5

Ss6

Ps

Ss1

Ax
Ay

Aq
Ad

Sα

Ao
Ao’

❋✐❣✉r❛ ❆✳✷✿ ❉✐❛❣r❛♠❛ ✈❡t♦r✐❛❧ ❤❡①❛❢ás✐❝♦ ❡ ❛s ♣♦ssí✈❡✐s tr❛♥s❢♦r♠❛çõ❡s ❞❡ ❝♦♦r❞❡✲
♥❛❞❛s ♣❛r❛ ✉♠ r❡❢❡r❡♥❝✐❛❧ ❛r❜✐trár✐♦✳

✇s135246 = Ps✇
g
sdqxyoo′ ✭❆✳✼✮

❙❡♥❞♦

Ps =
1√
3

















cos(δg) − sin(δg) cos(δg) − sin(δg)
√
2

2

√
2

2

cos(δg− 2π
3
) − sin(δg− 2π

3
) cos(δg− 2π

3
) − sin(δg− 4π

3
)

√
2

2

√
2

2

cos(δg− 4π
3
) − sin(δg− 4π

3
) cos(δg− 4π

3
) − sin(δg− 4π

3
)

√
2

2

√
2

2

cos(δg−α) − sin(δg−α) − cos(δg−α) sin(δg−α)
√
2

2
−

√
2

2

cos(δg− 2π
3
−α) − sin(δg− 2π

3
−α) − cos(δg− 2π

3
−α) sin(δg− 2π

3
−α)

√
2

2
−

√
2

2

cos(δg− 4π
3
−α) − sin(δg− 4π

3
−α) − cos(δg− 4π

3
−α) sin(δg− 4π

3
−α)

√
2

2
−

√
2

2

















✭❆✳✽✮

❡

✇g
sdqxyoo′ = [wsd, wsq, wsx, wsy, wso, wso′ ]

T ✭❆✳✾✮

❖♥❞❡ w é ✉♠❛ ✈❛r✐á✈❡❧ q✉❛❧q✉❡r q✉❡ ♣♦❞❡ s❡r t❡♥sã♦✱ ❝♦rr❡♥t❡ ♦✉ ✢✉①♦✳

P❛r❛ ♦ r♦t♦r ❛ ❡q✉❛çã♦ ❣❡♥ér✐❝❛ ❞❡ tr❛♥s❢♦r♠❛çã♦ é s✐♠✐❧❛r àq✉❡❧❛ ❛♣r❡s❡♥t❛❞❛ ❡♠ ❆✳✼✱

❝♦♥s✐❞❡r❛♥❞♦ ❛♣❡♥❛s q✉❡ ❛ ♠❛tr✐③ Pr é ❞✐❢❡r❡♥t❡✱ ❞♦ t✐♣♦ 3X3✱ s❡♥❞♦ ❛♣r❡s❡♥t❛❞❛ ♥❛ ❡q✉❛çã♦

✭❆✳✶✵✮✳ ❆s ♠❛tr✐③❡s ❞❡ tr❛♥s❢♦r♠❛çã♦ t❡♠ ❛s s❡❣✉♥t❡s ❝❛r❛❝t❡ríst✐❝❛s✿ PT
s = P−1

s ❡ PT
r =

P−1
r ✳ ❖s ❝♦❡✜❝✐❡♥t❡s 1√

3
❡
√

2
3
sã♦ ❡s❝♦❧❤✐❞♦s ♣❛r❛ q✉❡ ❛ tr❛♥s❢♦r♠❛çã♦ s❡❥❛ ✐♥✈❛r✐❛♥t❡ ❡♠

♣♦tê♥❝✐❛✳

Pr =

√

2

3







cos(δg − δr) − sin(δg − δr)
√
2
2

− cos(δg − δr +
π
3
) sin(δg − δr +

π
3
)

√
2
2

− sin(δg − δr +
π
6
) − cos(δg − δr +

π
6
)

√
2
2






✭❆✳✶✵✮
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❆ tr❛♥s❢♦r♠❛❞❛ dqxyoo′ ❢♦✐ ✉t✐❧✐③❛❞❛ ♥❡st❡ tr❛❜❛❧❤♦✱ ❛ss✐♠ ❛s ❡q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛✐s ❞❛

♠áq✉✐♥❛ ✭❆✳✶✮ ❡ ✭❆✳✻✮✱ sã♦ ❛♣❧✐❝❛❞❛s à tr❛♥s❢♦r♠❛❞❛ ✭❆✳✼✮ ❡ à r❡s♣❡❝t✐✈❛ tr❛♥s❢♦r♠❛❞❛

tr✐❢ás✐❝❛ ♣❛r❛ ♦ r♦t♦r✳

vgsdqxyoo′ = rs✐
g
sdqxyoo′ +

dλsdqxyoo′

g

dt
+ ωg

(

❏ ✵
✵ ❏

)

λsdqxyoo′ ✭❆✳✶✶✮

❖♥❞❡ ωg =
dδg
dt
✱ ✵ é ✉♠❛ ♠❛tr✐③ ❞❡ ③❡r♦s ❞❡ ♦r❞❡♠ 3X3✱ ❡

❏ =





0 −1 0
1 0 0
0 0 0



 ✭❆✳✶✷✮

P❡❧♦ ♠❡s♠♦ ♣r♦❝❡❞✐♠❡♥t♦ ♣♦❞❡ s❡ ♦❜t❡r ❛ ❡①♣r❡ssã♦ ♣❛r❛ ♦ ✢✉①♦ ❡ ❛ t❡♥sã♦ r♦tór✐❝❛✳

❆s ♠❛tr✐③❡s ❞❡ tr❛♥s❢♦r♠❛çã♦ ❡stã♦ ❞❛❞❛s ❡♠ ✭❆✳✶✸✮ ❡ ✭❆✳✶✹✮ ♣❛r❛ ♦ ❡st❛t♦r ❡ ♣❛r❛ ♦ r♦t♦r

r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❆s =
1√
3

















cos(δg) − sin(δg)
√

2

2
0 0 0

cos(δg− 2π
3
) − sin(δg− 2π

3
)

√
2

2
0 0 0

cos(δg− 4π
3
) − sin(δg− 4π

3
)

√
2

2
0 0 0

0 0 0 cos(δg−α) − sin(δg−α)
√
2

2

0 0 0 cos(δg−α− 2π
3
) − sin(δg−π

3
−α)

√
2

2

0 0 0 cos(δg− 4π
3
−α) − sin(δg− 4π

3
−α)

√
2

2

















✭❆✳✶✸✮

❆r =

√

2

3







cos(δg − δr) − sin(δg − δr)
√
2
2

cos(δg − δr − 2π
3
) − sin(δg − δr − 2π

3
)

√
2
2

cos(δg − δr − 4π
3
) − sin(δg − δr +

4π
3
)

√
2
2






✭❆✳✶✹✮

P❛r❛ ❛ t❡♥sã♦ r♦tór✐❝❛✿

vgrdqo = rr✐
g
rdqo +

dλg
rdqo

dt
+ (ωg − ωr)❏λrdqo

✭❆✳✶✺✮

❖ ♠♦❞❡❧♦ ❞✐♥â♠✐❝♦ ❞❛ ♠áq✉✐♥❛ ❤❡①❛❢ás✐❝❛ ♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞♦ t❛♠❜é♠ ♣♦r ♠❡✐♦ ❞❡

✉♠❛ ♥♦t❛çã♦ ✈❡t♦r✐❛❧ ❝♦♠♣❧❡①❛✳ ❖ ❝♦rr❡s♣♦♥❞❡♥t❡ ♠❛♣❡❛♠❡♥t♦ ❡♥tr❡ ❛s ♥♦t❛çõ❡s ❝♦♠♣❧❡①❛

❡ ❡s❝❛❧❛r é ❞❡✜♥✐❞❛ ❝♦♠♦✿
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fsdq = fsd + jfsq ✭❆✳✶✻✮

❖♥❞❡ f r❡♣r❡s❡♥t❛ ✉♠ ✈❡t♦r ❝♦♠♣❧❡①♦ ❣❡♥ér✐❝♦✳ ❯s❛♥❞♦ ♥♦t❛çã♦ ❝♦♠♣❧❡①❛ ♦ ♠♦❞❡❧♦ ❞✐♥â✲

♠✐❝♦ ❞❛ ♠áq✉✐♥❛ ♣♦❞❡ ❛✐♥❞❛ s❡r ❡s❝r✐t♦ ❝♦♠♦

vgsdq = rsi
g
sdq +

d

dt
λsdq + jwgλ

g
sdq

vgrdq = rri
g
rdq +

d

dt
λg
rdq + j(wg − wr)λ

g
rdq

λg
sdq = lsi

g
sdq + lsri

g
rdq

λg
rdq = lsri

g
sdq + lri

g
rdq

vsoo′ = rsisoo′ + Lls

d

dt
isoo′

vro = rriro + Llr

d

dt
iro

vgsxy = rsi
g
sxy + Lls

d

dt
igsxy + jwgλ

g
sxy

✭❆✳✶✼✮

❖♥❞❡ vgsdq = vgsd + jvgsq, igsdq = igsd + jigsq, λg
sdq = λg

sd + jλg
sq✱ r❡s♣❡❝t✐✈❛♠❡♥t❡ sã♦ ♦s ✈❡t♦r❡s

t❡♥sõ❡s✱ ❝♦rr❡♥t❡s ❡ ✢✉①♦ ❞♦ ❡st❛t♦r ♥♦ s✉❜❡s♣❛❝♦ dq✳ ✈g
sxy = vgsx + jvgsy, ✐gsxy = igsx +

jigsy, λg
sxy = λg

sx+jλg
sy✱ r❡s♣❡❝t✐✈❛♠❡♥t❡ sã♦ ♦s ✈❡t♦r❡s t❡♥sõ❡s✱ ❝♦rr❡♥t❡s ❡ ✢✉①♦ ❞♦ ❡st❛t♦r ♥♦

s✉❜❡s♣❛ç♦ xy✱ ♣♦r ✜♠ ✈soo′ = vso+jvso′ , ✐soo′ = iso+jiso′ , λsoo′ = λso+jλso′ ✱ r❡s♣❡❝t✐✈❛♠❡♥t❡

sã♦ ♦s ✈❡t♦r❡s t❡♥sõ❡s✱ ❝♦rr❡♥t❡s ❡ ✢✉①♦ ❞♦ ❡st❛t♦r ♥♦ s✉❜❡s♣❛❝♦ oo′✳ ✭❆s ♠❡s♠❛s ✈❛r✐á✈❡✐s

sã♦ ♦❜t✐❞❛s ♣❛r❛ ♦ r♦t♦r✱ ❜❛st❛♥❞♦ tr♦❝❛r ♦ s✉❜s❝r✐t♦ s ♣♦r r✮ rs ❡ rr sã♦ ❛s r❡s✐stê♥❝✐❛s

❞♦ ❡st❛t♦r ❡ ❞♦ r♦t♦r r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ls = Lls + 3Lms é ❛ ✐♥❞✉tâ♥❝✐❛ ♣ró♣r✐❛ ❞♦ ❡st❛t♦r✱

lr = Llr+
3
2
Lmr é ❛ ✐♥❞✉tâ♥❝✐❛ ♣ró♣r✐❛ ❞♦ r♦t♦r✳ lm = 3Lms ❡ lsr = 3√

2
Msr sã♦ ❛s ✐♥❞✉tâ♥❝✐❛s

❞❡ ♠❛❣♥❡t✐③❛çã♦ ❡ ♠út✉❛ ❡q✉✐✈❛❧❡♥t❡s ❞❛ ♠áq✉✐♥❛✳

P❛r❛ ❝♦♠♣❧❡t❛r ❛ ❞❡s❝r✐çã♦✱ ❛ ❡q✉❛çã♦ ♣❛r❛ ♦ ❝♦♥❥✉❣❛❞♦ ❡❧❡tr♦♠❛❣♥ét✐❝♦ ❞❛ ♠áq✉✐♥❛ é

❛♣r❡s❡♥t❛❞❛ ❡♠ ✭❆✳✶✽✮✳
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Te = plsr(i
g
sqi

g
rd − igsdi

g
rq) ✭❆✳✶✽✮

❖♥❞❡✿ Te é ♦ ❝♦♥❥✉❣❛❞♦ ♦✉ t♦rq✉❡ ♥♦ ❡✐①♦ ❞❛ ♠áq✉✐♥❛ ❡ p é ♦ ♥ú♠❡r♦ ❞❡ ♣❛r❡s ❞❡ ♣ó❧♦s ❞❛

♠áq✉✐♥❛✳

❆ ♣❛rt✐r ❞♦ ❝♦♥❥✉♥t♦ ❞❡ ❡q✉❛çõ❡s ✭❆✳✶✼✮ ♣♦❞❡ s❡ ♦❜t❡r ♦ ❝✐r❝✉✐t♦ ❡q✉✐✈❛❧❡♥t❡ ❞❛ ♠áq✉✐♥❛

❤❡①❛❢ás✐❝❛✱ r❡✢❡t✐♥❞♦ t♦❞❛s ❛s ❣r❛♥❞❡③❛s ❞♦ r♦t♦r ♣❛r❛ ♦ ❡st❛t♦r✳

vgsdq = rsi
g
sdq + Lls

d

dt
igsdq + lm(i

g
sdq +

1√
2
i
′g
rdq) + jwgλ

g
sdq

v
′g
rdq = r′ri

′g
rdq + L

′

ls

d

dt
i
′g
rdq + lm(

1√
2
igsdq +

1

2
i
′g
rdq) + j(wg − wr)λ

′g
rdq

vgsxy = rsi
g
sxyLls

d

dt
igsxy + jwgλ

g
sxy

vsoo′ = rsisoo′ + Lls

d

dt
isoo′

✭❆✳✶✾✮

❖ ❝✐r❝✉✐t♦ ❡q✉✐✈❛❧❡♥t❡ ❡stá ❡①✐❜✐❞♦ ♥❛ ✜❣✉r❛ ❆✳✸✳ ❆s ✈❛r✐á✈❡✐s q✉❡ ♣❛rt✐❝✐♣❛♠ ❞❛ ❝♦♥✈❡r✲

sã♦ ❡❧❡tr♦♠❡❝â♥✐❝❛ ❞❡ ❡♥❡r❣✐❛ ❡stã♦ ♠❛♣❡❛❞❛s ♥♦ s✉❜❡s♣❛ç♦ dq✱ ♣♦r ♦✉tr♦ ❧❛❞♦ ❛s ✈❛r✐á✈❡✐s

q✉❡ ♥ã♦ ♣r♦❞✉③❡♠ ❝♦♥❥✉❣❛❞♦ sã♦ ♠❛♣❡❛❞❛s ♥♦s ♦✉tr♦s ❞♦✐s s✉❜❡s♣❛ç♦s✳ ❆s ❝♦♠♣♦♥❡♥t❡s ❞❡

❝♦rr❡♥t❡ ♥♦s s✉❜❡s♣❛ç♦s xy ❡ oo′ ♥ã♦ ❝♦♥tr✐❜✉❡♠ ♣❛r❛ ♦ ✢✉①♦ ❡ sã♦ ❝♦♠♣♦♥❡♥t❡s q✉❡ ❛♣❡♥❛s

♣r♦❞✉③❡♠ ♣❡r❞❛s ❡ ♣♦rt❛♥t♦ ❞❡✈❡♠ s❡r ♠❛♥t✐❞❛s ♦ ♠❛✐s ♣ró①✐♠♦ ♣♦ssí✈❡❧ ❞♦ ③❡r♦✳
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A rs

isdq
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‘

vsdq vrdq

‘
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❋✐❣✉r❛ ❆✳✸✿ ❈✐r❝✉✐t♦ ❡q✉✐✈❛❧❡♥t❡ ❞❛ ▼■❍ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❛❜♦r❞❛❣❡♠ ✈❡t♦r✐❛❧✳
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s❝❤❡♠❡s ❢♦r ♠❛①✐♠✉♠ ✉t✐❧✐③❛t✐♦♥ ♦❢ ✈♦❧t❛❣❡ s♦✉r❝❡s ♦❢ ❛ ♥✐♥❡✲s✇✐t❝❤ ❝♦♥✈❡rt❡r✱ ■♥✿ ❊♥❡r❣②

❈♦♥✈❡rs✐♦♥ ❈♦♥❣r❡ss ❛♥❞ ❊①♣♦s✐t✐♦♥ ✭❊❈❈❊✮✱ ✷✵✶✷ ■❊❊❊✱ ♣♣✳ ✷✺✷✶✕✷✺✷✽✳
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❣❡♥❡r❛t♦r ❞r✐✈❡tr❛✐♥ ❝♦♥✜❣✉r❛t✐♦♥ ✐♥ ✇✐♥❞ t✉r❜✐♥❡s✱ ■♥✿ ■♥❞✉str✐❛❧ ❊❧❡❝tr♦♥✐❝s ✭■❙■❊✮✱
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❇❧❛❛❜❥❡r❣✱ ❋✳❀ ❋r❡②ss♦♥✱ ❙✳❀ ❍❛♥s❡♥✱ ❍✳✲❍✳ ❡ ❍❛♥s❡♥✱ ❙✳ ✭✶✾✾✺✮ ❆ ♥❡✇ ♦♣t✐♠✐③❡❞ s♣❛❝❡ ✈❡❝t♦r

♠♦❞✉❧❛t✐♦♥ str❛t❡❣② ❢♦r ❛ ❝♦♠♣♦♥❡♥t ♠✐♥✐♠✐③❡❞ ✈♦❧t❛❣❡ s♦✉r❝❡ ✐♥✈❡rt❡r✱ ■♥✿ ❆♣♣❧✐❡❞

P♦✇❡r ❊❧❡❝tr♦♥✐❝s ❈♦♥❢❡r❡♥❝❡ ❛♥❞ ❊①♣♦s✐t✐♦♥✱ ✶✾✾✺✳ ❆P❊❈ ✬✾✺✳ ❈♦♥❢❡r❡♥❝❡ Pr♦❝❡❡❞✐♥❣s

✶✾✾✺✳✱ ❚❡♥t❤ ❆♥♥✉❛❧✱ ✈♦❧✳ ✷✱ ♣♣✳ ✺✼✼✕✺✽✺ ✈♦❧✳✷✳

❇♦s❡✱ ❇✳ ❑✳ ✭✷✵✵✷✮ ▼♦❞❡r♥ P♦✇❡r ❊❧❡❝tr♦♥✐❝s ❛♥❞ ❆❈ ❉r✐✈❡s✳

❱❛♥ ❞❡r ❇r♦❡❝❦✱ ❍✳ ❡ ❱❛♥ ❲②❦✱ ❏✳ ✭✶✾✽✹✮ ❆ ❝♦♠♣❛r❛t✐✈❡ ✐♥✈❡st✐❣❛t✐♦♥ ♦❢ ❛ t❤r❡❡✲♣❤❛s❡

✐♥❞✉❝t✐♦♥ ♠❛❝❤✐♥❡ ❞r✐✈❡ ✇✐t❤ ❛ ❝♦♠♣♦♥❡♥t ♠✐♥✐♠✐③❡❞ ✈♦❧t❛❣❡✲❢❡❞ ✐♥✈❡rt❡r ✉♥❞❡r ❞✐✛❡r❡♥t

❝♦♥tr♦❧ ♦♣t✐♦♥s✱ ■♥❞✉str② ❆♣♣❧✐❝❛t✐♦♥s✱ ■❊❊❊ ❚r❛♥s❛❝t✐♦♥s ♦♥✱ ■❆✲✷✵✭✷✮✿✸✵✾✕✸✷✵✳

❇✉❥❛✱ ●✳ ❡ ❑❛③♠✐❡r❦♦✇s❦✐✱ ▼✳ ✭✷✵✵✹✮ ❉✐r❡❝t t♦rq✉❡ ❝♦♥tr♦❧ ♦❢ ♣✇♠ ✐♥✈❡rt❡r✲❢❡❞ ❛❝ ♠♦t♦rs ✲

❛ s✉r✈❡②✱ ■♥❞✉str✐❛❧ ❊❧❡❝tr♦♥✐❝s✱ ■❊❊❊ ❚r❛♥s❛❝t✐♦♥s ♦♥✱ ✺✶✭✹✮✿✼✹✹✕✼✺✼✳
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❞✐r❡❝t✐♦♥❛❧ ③✲s♦✉r❝❡ ♥✐♥❡✲s✇✐t❝❤ ✐♥✈❡rt❡r✱ ❱❡❤✐❝✉❧❛r ❚❡❝❤♥♦❧♦❣②✱ ■❊❊❊ ❚r❛♥s❛❝t✐♦♥s ♦♥✱

✺✾✭✻✮✿✷✻✹✶✕✷✻✺✸✳
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