
Pr♦❥❡t♦ ❞❡ ❈♦♥tr♦❧❡ P■❉ ❉❡s❝❡♥tr❛❧✐③❛❞♦ ❝♦♠

❉❡s❛❝♦♣❧❛♠❡♥t♦

❆♥♥❛ P❛✉❧❛ ❱✐r❣♦❧✐♥♦ ❞❡ ❆♥❞r❛❞❡ ❆❣✉✐❛r

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

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

❞❡ ❈❛♠♣✐♥❛ ●r❛♥❞❡ ✲ ❈❛♠♣✉s ❞❡ ❈❛♠♣✐♥❛ ●r❛♥❞❡ ❝♦♠♦ ♣❛rt❡ ❞♦s

r❡q✉✐s✐t♦s ♥❡❝❡ssár✐♦s ♣❛r❛ ❛ ♦❜t❡♥çã♦ ❞♦ ❣r❛✉ ❞❡ ▼❡str❡ ❡♠ ❊♥❣❡✲

♥❤❛r✐❛ ❊❧étr✐❝❛✳

➪r❡❛ ❞❡ ❈♦♥❝❡♥tr❛çã♦✿ ■♥str✉♠❡♥t❛çã♦ ❡ ❈♦♥tr♦❧❡

Pér✐❝❧❡s ❘❡③❡♥❞❡ ❇❛rr♦s✱ P❤✳❉

❖r✐❡♥t❛❞♦r

●❡♦r❣❡ ❆❝✐♦❧✐ ❏ú♥✐♦r✱ ❉✳❙❝

❖r✐❡♥t❛❞♦r

❈❛♠♣✐♥❛ ●r❛♥❞❡✱ P❛r❛í❜❛✱ ❇r❛s✐❧

❝©❆♥♥❛ P❛✉❧❛ ❱✐r❣♦❧✐♥♦ ❞❡ ❆♥❞r❛❞❡ ❆❣✉✐❛r✱ ❆❣♦st♦ ❞❡ ✷✵✶✽
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        Projeto de controle PID descentralizado com desacoplamento / Anna 
Paula Virgolino de Andrade. – Campina Grande, 2018. 
       72 f. : il. color. 

   
        Dissertação (Mestrado em Engenharia Elétrica) – Universidade 
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2018.  

         "Orientação: Prof. Dr. Péricles Rezende Barros, Prof. Dr. George 
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❉❡❞✐❝❛tór✐❛

❆♦s ♠❡✉s ♣❛✐s✳

✐✐✐



❆❣r❛❞❡❝✐♠❡♥t♦s

❆ ❉❡✉s✱ ♣❡❧❛ ✈✐❞❛✳

❆♦s ♣r♦❢❡ss♦r❡s Pér✐❝❧❡s ❘❡③❡♥❞❡ ❇❛rr♦s ❡ ●❡♦r❣❡ ❆❝✐♦❧✐ ❏ú♥✐♦r ♣❡❧❛ ♦r✐❡♥t❛çã♦✱ s✉✲

❣❡stõ❡s✱ ❡ ❝♦♥✜❛♥ç❛ ♥♦ ♠❡✉ tr❛❜❛❧❤♦✳

❆♦s ♣r♦❢❡ss♦r❡s ❞❛ ❜❛♥❝❛ ❇❡♥❡♠❛r ❆❧❡♥❝❛r ❞❡ ❙♦✉③❛ ❡ ▼❛✉rí❝✐♦ ❇❡❧trã♦ ❞❡ ❘♦ss✐t❡r

❈♦rrê❛✳

❆♦s ❢✉♥❝✐♦♥ár✐♦s ❞♦ ❉❊❊ ❡ ❞♦ ▲■❊❈ ♣❡❧♦s s❡r✈✐ç♦s ♣r❡st❛❞♦s✳

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

❞❡st❡ tr❛❜❛❧❤♦✳

❆♦s ❛♠✐❣♦s ❞♦ ▲■❊❈✱ ▼ó✐s❡s✱ ▲✉❝❛s✱ ❈❧❛r✐ss❡✱ ■s❛❜❡❧❧❡✱ ❘❡♥❛t♦✱ ❆❧❡q✉✐♥❡✱ ❈❤❛r❧❡s✱

❆♥tô♥✐♦✱ ▲❛r✐ss❛ ♣❡❧❛ ❛♠✐③❛❞❡ ❡ ❝♦♠♣❛♥❤❡✐r✐s♠♦✳

❆♦s ❛♠✐❣♦s ❊❞s♦♥✱ ❘✉②✱ ●❡♦r❣✐♥❛ ❡ ▼✐❧❡♥❛ ♣❡❧❛ ❛♠✐③❛❞❡ ❡ ❛♣♦✐♦✳

❆♦s ♠❡✉s ♣❛✐s✱ ❱❛❧❢r❡❞♦ ❡ ●❡♦r❣✐♥❛✱ ❡ ❛ ♠✐♥❤❛ ✐r♠ã✱ ■③❛❜❡❧✱ ♣❡❧♦ ❛♣♦✐♦ ✐♥❝♦♥❞✐❝✐♦♥❛❧

❡ ✐♥❝❡♥t✐✈♦✳

✐✈



❘❡s✉♠♦

▼✉✐t♦s ♣r♦❝❡ss♦s ✐♥❞✉str✐❛✐s sã♦ ♠✉❧t✐✈❛r✐á✈❡✐s✳ ◆❡ss❡s ♣r♦❝❡ss♦s ❛ ✐♥t❡r❛çã♦ ❡♥tr❡

❛s ✈❛r✐á✈❡✐s ❞✐✜❝✉❧t❛♠ ❛ s✐♥t♦♥✐❛ ❞♦s ♣❛râ♠❡tr♦s ❞♦ ❝♦♥tr♦❧❛❞♦r P■❉ ❡ ♦ ❞❡s❡♠♣❡♥❤♦

❞❡s❡❥❛❞♦ ♥ã♦ é ❛❧❝❛♥ç❛❞♦✳ ❯♠❛ ❢♦r♠❛ ❞❡ r❡s♦❧✈❡r ❡ss❡ ♣r♦❜❧❡♠❛ é ✉s❛r ❛ ❡str❛té❣✐❛ ❞❡

❝♦♥tr♦❧❡ ❝♦♠ ❞❡s❛❝♦♣❧❛♠❡♥t♦✳

❖ ♣r♦❥❡t♦ ❞♦ ❝♦♥tr♦❧❡ ❝♦♠ ❞❡s❛❝♦♣❧❛♠❡♥t♦ é ❞✐✈✐❞✐❞♦ ❡♠ ❞✉❛s ♣❛rt❡s✿ ♣r♦❥❡t♦ ❞♦

❞❡s❛❝♦♣❧❛❞♦r ❡ s✐♥t♦♥✐❛ ❞♦ ❝♦♥tr♦❧❛❞♦r✳ ❖ ❞❡s❛❝♦♣❧❛❞♦r é ♣r♦❥❡t❛❞♦ ❝♦♠ ❜❛s❡ ♥♦ ♠♦❞❡❧♦

❛♣r♦①✐♠❛❞♦ ❞♦ ♣r♦❝❡ss♦ r❡❛❧✱ ❛ss✐♠ t♦r♥❛✲s❡ ❡✜❝❛③ ❛♣❡♥❛s ♥❛s ❢r❡q✉ê♥❝✐❛s ♦♥❞❡ ♦ ♠♦❞❡❧♦ é

♣r❡❝✐s♦✱ ♣♦❞❡♥❞♦ s❡r ♥❡❝❡ssár✐♦ ✉♠ ❛❥✉st❡✳ ❆ s✐♥t♦♥✐❛ ❞♦ ❝♦♥tr♦❧❛❞♦r é r❡❛❧✐③❛❞❛ ✉t✐❧✐③❛♥❞♦

♦s ♠ét♦❞♦s ♣ró♣r✐♦s ♣❛r❛ ♣r♦❝❡ss♦s ♠♦♥♦✈❛r✐á✈❡✐s✳

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

♠❛✐s ❡❢❡t✐✈♦ ❡♠ ✉♠❛ ❢r❡q✉ê♥❝✐❛ r❡❧❡✈❛♥t❡✱ s❡♠ ❞❡❣r❛❞❛r ♦ ❡st❛❞♦ ❡st❛❝✐♦♥ár✐♦✳ ❆ ♣❛rt✐r

❞❡ ✉♠ ♠♦❞❡❧♦ ❋❖P❚❉ ❛♣r♦①✐♠❛❞♦ ❞♦ ♣r♦❝❡ss♦ r❡❛❧ ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✐❝✐❛❧ é ♣r♦❥❡t❛❞♦✳

❊♠ s❡❣✉✐❞❛✱ ♦ s✐st❡♠❛ ❞❡s❛❝♦♣❧❛❞♦ é ❡①❝✐t❛❞♦ ♣♦r ✉♠❛ ♦♥❞❛ q✉❛❞r❛❞❛ ♠❛✐s ♣✉❧s♦✱ ❛ ✜♠

❞❡ ❛✈❛❧✐❛r ♦ ❞❡s❛❝♦♣❧❛❞♦r✳ ❖ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✐❝✐❛❧ é✱ ❡♥tã♦✱ r❡♣r♦❥❡t❛❞♦✳

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

♣❧✐✜❝❛❞♦ ❡ ✐♥✈❡rt✐❞♦ ✉t✐❧✐③❛♥❞♦ ❡①♣❡r✐♠❡♥t♦s ❜❛s❡❛❞♦s ♥♦ r❡❧é✱ ♣❛r❛ ♣r♦❝❡ss♦s ❚■❚❖✱ é

♣r♦♣♦st♦✳

✈



❆❜str❛❝t

▼❛♥② ✐♥❞✉str✐❛❧ ♣r♦❝❡ss ❛r❡ ♠✉❧t✐✈❛r✐❛❜❧❡✳ ■♥ t❤♦s❡ ♣r♦❝❡ss❡s✱ t❤❡ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥

t❤❡ ✈❛r✐❛❜❧❡s ♠❛❦❡s P■❉ ❞❡s✐❣♥ ♣r♦❥❡❝ts ❝♦♠♣❧✐❝❛t❡❞✳ ❖♥❡ ✇❛② t♦ ♦✈❡r❝♦♠❡ t❤✐s ♣r♦❜❧❡♠

✐s t♦ ✉s❡ ❛ ❞❡❝♦✉♣❧✐♥❣ ❝♦♥tr♦❧ str❛t❡❣②✳

❚❤❡ ❞❡❝♦✉♣❧✐♥❣ ❝♦♥tr♦❧ ❞❡s✐❣♥ ✐s ❞✐✈✐❞❡❞ ✐♥t♦ t✇♦ ♣❛rts✿ ❞❡❝♦✉♣❧✐♥❣ ❞❡s✐❣♥ ❛♥❞ ❝♦♥✲

tr♦❧❧❡r t✉♥✐♥❣✳ ❚❤❡ ❞❡❝♦✉♣❧❡r ✐s ❞❡s✐❣♥❡❞ ❜❛s❡❞ ♦♥ ❛ ♣r♦❝❡ss ♠♦❞❡❧✱ ❛♥❞ t❤❡ ❞❡❝♦✉♣❧❡r

♦♥❧② ❡✛❡❝t✐✈❡❧② ❝♦♠♣❡♥s❛t❡ ✐♥t❡r❛❝t✐♦♥s ✇❤❡r❡ t❤❡ ♠♦❞❡❧ ✐s ❛❝❝✉r❛t❡ ✐♥ t❡r♠s ♦❢ ❢r❡q✉❡♥❝②✱

❛♥❞ ❛♥ ❛❞❥✉st♠❡♥t ♠❛② ❜❡ r❡q✉✐r❡❞✳

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

r❡❧❡✈❛♥t ❢r❡q✉❡♥❝② ✇✐t❤♦✉t ❞❡❣r❛❞✐♥❣ t❤❡ st❡❛❞② st❛t❡✳ ❋r♦♠ ❛♥ ❛♣♣r♦①✐♠❛t❡ ❋❖P❚❉

♠♦❞❡❧ ♦❢ t❤❡ r❡❛❧ ♣r♦❝❡ss t❤❡ ✐♥✐t✐❛❧ ❞❡❝♦✉♣❧❡r ✐s ❞❡s✐❣♥❡❞✳ ❚❤❡r❡❛❢t❡r✱ t❤❡ ❞❡❝♦✉♣❧❡❞

s②st❡♠ ✐s ❡①❝✐t❡❞ ❜② ❛ sq✉❛r❡ ✇❛✈❡ ♣❧✉s ♣✉❧s❡ t♦ ❡✈❛❧✉❛t❡ t❤❡ ❞❡❝♦✉♣❧❡r✳ ❚❤❡♥✱ t❤❡ ✐♥✐t✐❛❧

❞❡❝♦✉♣❧❡r ✐s r❡❞❡s✐❣♥❡❞✳

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

❞❡❝♦✉♣❧❡r ✉s✐♥❣ r❡❧❛② ❢❡❡❞❜❛❝❦ ❡①♣❡r✐♠❡♥ts ❢♦r ❚■❚❖ ♣r♦❝❡ss❡s ✐s ♣r♦♣♦s❡❞✳

✈✐



❙✉♠ár✐♦

✶ ■♥tr♦❞✉çã♦ ✷

✶✳✶ ▼♦t✐✈❛çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷

✶✳✷ ❘❡✈✐sã♦ ❇✐❜❧✐♦❣rá✜❝❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹

✶✳✸ ❈♦♥tr✐❜✉✐çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼
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✸✳✸ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽

✶



▲✐st❛ ❞❡ ❋✐❣✉r❛s ✶

✸✳✶✷ ❈✉r✈❛s ❞♦s ❙✐♥❛✐s ❞❡ ❊①❝✐t❛çã♦ ❞❡ ❆✈❛❧✐❛çã♦ ✭❘❡❧é ✾✵ ✰ P✉❧s♦✮ ❞♦ ❉❡s❛❝♦✲

♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ■♥✐❝✐❛❧ ✲ ❊①❡♠♣❧♦ ✸✳✸ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✹✳✶ ❊①❝✐t❛çã♦ ❞❡ ❆✈❛❧✐❛çã♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✸

✹✳✷ ❈✉r✈❛s ❞♦s ❙✐♥❛✐s ❞❡ ❊①❝✐t❛çã♦ ❞❡ ❆✈❛❧✐❛çã♦ ✭❘❡❧é ✾✵ ✰ P✉❧s♦✮ ❞♦ ❉❡s❛❝♦✲

♣❧❛❞♦r ■♥✈❡rt✐❞♦ ■♥✐❝✐❛❧ ✲ ❊①❡♠♣❧♦ ✹✳✶ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵

✹✳✸ ❈✉r✈❛s ❞❛ ❘❡s♣♦st❛ ❛♦ ❉❡❣r❛✉ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦ ✲ ❊①❡♠♣❧♦ ✹✳✶ ✳ ✳ ✳ ✺✷

✹✳✹ ❈✉r✈❛s ❞❛ ❘❡s♣♦st❛ ❛♦ ❉❡❣r❛✉ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦ ✲ ❊①❡♠♣❧♦ ✹✳✶ ✳ ✳ ✳ ✺✷

✹✳✺ ❈✉r✈❛s ❞❛ ❘❡s♣♦st❛ ❛♦ ❉❡❣r❛✉ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦ ✲ ❊①❡♠♣❧♦ ✹✳✶ ✳ ✳ ✳ ✺✸

✹✳✻ ❈✉r✈❛s ❞♦s ❙✐♥❛✐s ❞❡ ❊①❝✐t❛çã♦ ❞❡ ❆✈❛❧✐❛çã♦ ✭❘❡❧é ✾✵ ✰ P✉❧s♦✮ ❞♦ ❉❡s❛❝♦✲

♣❧❛❞♦r ■♥✈❡rt✐❞♦ ■♥✐❝✐❛❧ ✲ ❊①❡♠♣❧♦ ✹✳✷ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✺

✹✳✼ ❈✉r✈❛s ❞♦s ❙✐♥❛✐s ❞❡ ❊①❝✐t❛çã♦ ❞❡ ❆✈❛❧✐❛çã♦ ✭❘❡❧é ✾✵ ✰ P✉❧s♦✮ ❞♦ ❉❡s❛❝♦✲

♣❧❛❞♦r ■♥✈❡rt✐❞♦ ■♥✐❝✐❛❧ ✲ ❊①❡♠♣❧♦ ✹✳✸ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼

✺✳✶ ❊sq✉❡♠❛ ❞♦ ♠ó❞✉❧♦ ♣❡❧t✐❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶

✺✳✷ ❈✉r✈❛s ❞♦s ❙✐♥❛✐s ❞❡ ❊①❝✐t❛çã♦ ❞♦ Pr♦❝❡ss♦ ❙❡♠ ❉❡s❛❝♦♣❧❛❞♦r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✺✳✸ ❈✉r✈❛s ❞♦s ❙✐♥❛✐s ❞❡ ❊①❝✐t❛çã♦ ❞❡ ❆✈❛❧✐❛çã♦ ✭❘❡❧é ✾✵ ✰ P✉❧s♦✮ ❞♦ ❉❡s❛❝♦✲

♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ■♥✐❝✐❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸

✺✳✹ ❈✉r✈❛s ❞♦s ❙✐♥❛✐s ❞❡ ❊①❝✐t❛çã♦ ❞❡ ❆✈❛❧✐❛çã♦ ✭❘❡❧é ✾✵ ✰ P✉❧s♦✮ ❞♦ ❉❡s❛❝♦✲

♣❧❛❞♦r ■♥✈❡rt✐❞♦ ■♥✐❝✐❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺



❈❛♣ít✉❧♦ ✶

■♥tr♦❞✉çã♦

✶✳✶ ▼♦t✐✈❛çã♦

◆♦ ú❧t✐♠♦ sé❝✉❧♦✱ ❛ ♠♦❞❡r♥✐③❛çã♦ ❞♦s ♣r♦❝❡ss♦s ✐♥❞✉str✐❛✐s ❡ s❡✉ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❝♦♥tí♥✉♦

r❡s✉❧t♦✉ ❡♠ ♣❧❛♥t❛s ♠✉❧t✐✈❛r✐❛✈é✐s ✭▼■▼❖ ✲ ♠✉❧t✐♣❧❡✲✐♥♣✉t ♠✉❧t✐♣❧❡✲♦✉t♣✉t✮ ❝♦♠♣❧❡①❛s ♦✉

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

✈✐♠❡♥t♦✴♣r♦❥❡t♦s ❞❡ s✐st❡♠❛s ❞❡ ❝♦♥tr♦❧❡✳ P♦❞❡✲s❡ ❝✐t❛r ❝♦♠♦ ❡①❡♠♣❧♦s ❞❡ ♣r♦❝❡ss♦s

▼■▼❖✿ ❝♦❧✉♥❛s ❞❡ ❞❡st✐❧❛çã♦✱ ❝❛❧❞❡✐r❛s✱ r❡❛t♦r❡s q✉í♠✐❝♦s ❡ tr♦❝❛❞♦r❡s ❞❡ ❝❛❧♦r✳ ❉❡♥tr❡

♦s ♣r♦❝❡ss♦s ▼■▼❖✱ ♦s ♣r♦❝❡ss♦s ❝♦♠ ❞✉❛s ❡♥tr❛❞❛s✴❞✉❛s s❛í❞❛s ✭❚■❚❖ ✲ t✇♦✲✐♥♣✉t t✇♦✲

♦✉t♣✉t✮ sã♦ ♠❛✐s ❢r❡q✉❡♥t❡♠❡♥t❡ ❡♥❝♦♥tr❛❞♦s ♥❛ ✐♥❞ústr✐❛ q✉í♠✐❝❛ ❡ ❞❡ ♣❡tró❧❡♦ ✭P❆❘❑❀

❙❯◆●❀ ▲❊❊✱ ✷✵✶✼✮✳ ❆❧é♠ ❞✐ss♦✱ ♠❡s♠♦ q✉❛♥❞♦ ♦ ♣r♦❝❡ss♦ ♣♦ss✉✐ ♠✉❧t✐♣❧❛s ❡♥tr❛❞❛s ❡

s❛í❞❛s ♣♦❞❡ s❡r tr❛t❛❞♦ ❝♦♠♦ s✉❜♣r♦❝❡ss♦s ❚■❚❖ ✭▲■❯❀ ❩❍❆◆●❀ ●❯✱ ✷✵✵✻✮✳ P♦r ❡ss❡

♠♦t✐✈♦✱ ♣r♦❝❡ss♦s ❚■❚❖ tê♠ s✐❞♦ ❛♠♣❧❛♠❡♥t❡ ❡♥❝♦♥tr❛❞♦s ♥❛ ❧✐t❡r❛t✉r❛ ✭❍❆❏❆❘❊ ❡t ❛❧✳✱

✷✵✶✼✮✱ ✭❲❯ ❡t ❛❧✳✱ ✷✵✶✼✮✳

❖ ♣r♦❥❡t♦ ❞♦ s✐st❡♠❛ ❞❡ ❝♦♥tr♦❧❡ ❞❡ ♣r♦❝❡ss♦s ▼■▼❖ é ❝♦♠♣❧❡①♦ q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦

❛♦ ♣r♦❥❡t♦ ❞❡ ❝♦♥tr♦❧❡ ❞❡ ♣r♦❝❡ss♦s ♠♦♥♦✈❛r✐á✈❡✐s ✭❙■❙❖ ✲ s✐♥❣❧❡✲✐♥♣✉t s✐♥❣❧❡✲♦✉t♣✉t✮✳ ■ss♦

♦❝♦rr❡ ❞❡✈✐❞♦ à ♣r❡s❡♥ç❛ ❞❡ ✐♥t❡r❛çõ❡s ❡♥tr❡ ❛s ♠❛❧❤❛s ❞❡ ❝♦♥tr♦❧❡✳ ◗✉❛♥❞♦ ❛ ✐♥t❡r❛çã♦ é

❛♣❡♥❛s ❡♠ ✉♠ s❡♥t✐❞♦ ♣♦❞❡ s❡r tr❛t❛❞❛ ❝♦♠♦ ❞✐stúr❜✐♦✳ P♦ré♠✱ q✉❛♥❞♦ ❤á ✉♠ ❝❛♠✐♥❤♦

❞❡ ✐♥✢✉ê♥❝✐❛ ❝r✉③❛❞❛ ❛ ✐♥t❡r❛çã♦ é ❝❤❛♠❛❞❛ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ✭❆▲❇❊❘❚❖❙❀ ❆◆❚❖◆■❖✱

✷✵✵✻✮✳ ◆❡st❡ ❝❛s♦✱ ♦ ❛❥✉st❡ ❞♦s ♣❛râ♠❡tr♦s ❞♦ ❝♦♥tr♦❧❛❞♦r ❞❡ ✉♠❛ ♠❛❧❤❛ ❛❢❡t❛ ♦ ❞❡✲

s❡♠♣❡♥❤♦ ❞❡ ♦✉tr❛s ♠❛❧❤❛s✱ ♣♦❞❡♥❞♦ ✐♥❝❧✉s✐✈❡ ❧❡✈❛r ♦ ♣r♦❝❡ss♦ ▼■▼❖ à ✐♥st❛❜✐❧✐❞❛❞❡

✭❆❈■❖▲■ ❏Ú◆■❖❘✱ ✷✵✶✷✮✳

❖ ♣r♦❥❡t♦ ❞♦ s✐st❡♠❛ ❞❡ ❝♦♥tr♦❧❡ ♣❛r❛ ♣r♦❝❡ss♦s ▼■▼❖ ♣♦❞❡ s❡r ❝❧❛ss✐✜❝❛❞♦ ❝♦♠♦

❝♦♥tr♦❧❡ ❝❡♥tr❛❧✐③❛❞♦✱ ❝♦♥tr♦❧❡ ❞❡s❝❡♥tr❛❧✐③❛❞♦ ♦✉ ❝♦♥tr♦❧❡ ❝♦♠ ❞❡s❛❝♦♣❧❛♠❡♥t♦✳ ❖ ❝♦♥✲

tr♦❧❡ ❝❡♥tr❛❧✐③❛❞♦ ❡♥❣❧♦❜❛ ❡str❛té❣✐❛s ❞❡ ❝♦♥tr♦❧❡ ❛✈❛♥ç❛❞♦✿ ▲✐♥❡❛r✲◗✉❛❞r❛t✐❝✲●❛✉ss✐❛♥

✭▲◗●✮✱ ▲✐♥❡❛r✲◗✉❛❞r❛t✐❝✲❘❡❣✉❧❛t♦r ✭▲◗❘✮✱ ❝♦♥tr♦❧❡ ♣r❡❞✐t✐✈♦ ✭▼P❈✮✱ ❝♦♥tr♦❧❡ r♦❜✉st♦✱

♦s q✉❛✐s✱ ❛♣❡s❛r ❞❡ ♦❢❡r❡❝❡r❡♠ ✉♠ ❞❡s❡♠♣❡♥❤♦ s❛t✐s❢❛tór✐♦✱ ♥ã♦ sã♦ ❛♠♣❧❛♠❡♥t❡ ❛♣❧✐❝á✲

✷



❈❛♣ít✉❧♦ ✶✳ ■♥tr♦❞✉çã♦ ✸

✈❡✐s ♥❛ ♣rát✐❝❛ ❞❡✈✐❞♦ ❛♦ ❣r❛♥❞❡ ❡s❢♦rç♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ✭❙❯◆ ❡t ❛❧✳✱ ✷✵✶✻✮ ❡ ❛ ❞✐✜❝✉❧❞❛❞❡

❞❡ ❛❥✉st❡ ❞❡ ♣❛râ♠❡tr♦s✳

◆♦ ❝♦♥tr♦❧❡ ❞❡s❝❡♥tr❛❧✐③❛❞♦ ✉t✐❧✐③❛✲s❡ ♦ ❝♦♥tr♦❧❛❞♦r ♣r♦♣♦r❝✐♦♥❛❧✲✐♥t❡❣r❛❧✲❞❡r✐✈❛t✐✈♦

✭P■❉✮✱ s❡♥❞♦ ♥❡❝❡ssár✐❛ ❛ ❞✐✈✐sã♦ ❞♦ s✐st❡♠❛ ❡♠ s✉❜s✐st❡♠❛s ❙■❙❖✳ ❊ss❛ ❞✐✈✐sã♦✱ ♦✉ ♦

❛❣r✉♣❛♠❡♥t♦ ❛❞❡q✉❛❞♦ ❞❛s ✈❛r✐á✈❡✐s ❡♥tr❛❞❛✴s❛í❞❛✱ ❞❡✈❡ s❡r r❡❛❧✐③❛❞❛ ❞❡ ❢♦r♠❛ ❛ ♠✐♥✐✲

♠✐③❛r ♦ ❛❝♦♣❧❛♠❡♥t♦✳ P❛r❛ ❛✉①✐❧✐❛r ♥❛ ❞❡✜♥✐çã♦ ❞❡ss❡ ❛❣r✉♣❛♠❡♥t♦ sã♦ ✉t✐❧✐③❛❞❛s ♠étr✐✲

❝❛s✱ ❞❡♥♦♠✐♥❛❞❛s ♠❡❞✐❞❛s ❞❡ ✐♥t❡r❛çã♦✱ q✉❡ q✉❛♥t✐✜❝❛♠ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛s ❡♥tr❛❞❛s ❡

s❛í❞❛s✳ ❯♠❛ ❞❡ss❛s ♠étr✐❝❛s é ❛ ♠❛tr✐③ ❞♦ ❣❛♥❤♦ r❡❧❛t✐✈♦ ✭❘●❆ ✲ r❡❧❛t✐✈❡ ❣❛✐♥ ❛rr❛②✮

✭❇❘■❙❚❖▲✱ ✶✾✻✻✮✱ q✉❡ é ❝❛❧❝✉❧❛❞❛ ❝♦♠ ❜❛s❡ ♥♦ ❣❛♥❤♦ ❞♦ ❡st❛❞♦ ❡st❛❝✐♦♥ár✐♦✳ P♦ré♠✱

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

s❡r t♦t❛❧♠❡♥t❡ ❝❛♥❝❡❧❛❞♦✳ ◆❡ss❡s ❝❛s♦s✱ ❛ s✐♥t♦♥✐❛ ❞♦ ❝♦♥tr♦❧❛❞♦r P■❉ é r❡❛❧✐③❛❞❛ ♣❡✲

❧♦s ♠ét♦❞♦s ❞❡ ❉❡✲s✐♥t♦♥✐❛✱ s❡q✉❡♥❝✐❛✐s ♦✉ ♦ ♠ét♦❞♦ q✉❡ ✉t✐❧✐③❛ ❢✉♥çõ❡s ❞❡ tr❛♥s❢❡rê♥❝✐❛

❡q✉✐✈❛❧❡♥t❡s✳

❊♠ ♣r♦❝❡ss♦s ❝♦♠ ❛❝♦♣❧❛♠❡♥t♦ ♠✉✐t♦ ❢♦rt❡✱ ♦ ❝♦♥tr♦❧❡ ❞❡s❝❡♥tr❛❧✐③❛❞♦ ♣♦❞❡ ❛♣r❡s❡♥t❛r

♣❡r❞❛ ❞❡ ❞❡s❡♠♣❡♥❤♦✱ ♣♦rt❛♥t♦✱ ♥❡ss❡s ❝❛s♦s é ❛♣❧✐❝❛❞♦ ♦ ❝♦♥tr♦❧❡ ❝♦♠ ❞❡s❛❝♦♣❧❛♠❡♥t♦✳

◆♦ ❝♦♥tr♦❧❡ ❝♦♠ ❞❡s❛❝♦♣❧❛♠❡♥t♦ é r❡❛❧✐③❛❞♦ ❛ ❝♦♠♣❡♥s❛çã♦ ❞♦ ❛❝♦♣❧❛♠❡♥t♦ ♣❡❧❛ tr❛♥s❢♦r✲

♠❛çã♦ ❞♦ s✐st❡♠❛ ❡♠ ✉♠❛ ❡str✉t✉r❛ ❞✐❛❣♦♥❛❧ ✉s❛♥❞♦ ✉♠❛ ♠❛tr✐③ ❞❡ tr❛♥s❢♦r♠❛çã♦✳ ❊ss❛

♠❛tr✐③✱ ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❜❧♦❝♦ ❞❡s❛❝♦♣❧❛❞♦r✱ é ✐♠♣❧❡♠❡♥t❛❞❛ ❡♥tr❡ ♦ ♣r♦❝❡ss♦ ▼■▼❖ ❡ ♦

❝♦♥tr♦❧❛❞♦r P■❉✳ ❉❡ss❛ ❢♦r♠❛✱ ♦s ♠ét♦❞♦s ❞❡ s✐♥t♦♥✐❛ ✉t✐❧✐③❛❞♦s ❡♠ ♠❛❧❤❛s ❙■❙❖ ♣♦❞❡♠

s❡r ❛♣❧✐❝❛❞♦s ❛ ♠❛❧❤❛s ▼■▼❖ ❞❡s❛❝♦♣❧❛❞❛s ❝♦♠ ♣♦✉❝❛ ♣❡r❞❛ ❞❡ ❞❡s❡♠♣❡♥❤♦✳

❖ ❜❧♦❝♦ ❞❡s❛❝♦♣❧❛❞♦r é ♣r♦❥❡t❛❞♦ ❜❛s❡❛❞♦ ❡♠ ✉♠ ♠♦❞❡❧♦ s✐♠♣❧✐✜❝❛❞♦ ❞♦ ♣r♦❝❡ss♦✱

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

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

♥❡❝❡ssár✐♦✱ é r❡♣r♦❥❡t❛✲❧♦✳

❈❛❞❛ ✉♠❛ ❞❡ss❛s ❡str✉t✉r❛s ❞❡ ❝♦♥tr♦❧❡ t❡♠ s✉❛s ✈❛♥t❛❣❡♥s ❡ ❞❡s✈❛♥t❛❣❡♥s✱ ♣♦ré♠ ❛

❡str✉t✉r❛ ❞❡s❝❡♥tr❛❧✐③❛❞❛ t❡♠ s✐❞♦ ♠❛✐s ✉t✐❧✐③❛❞❛ q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛ ❛ ❡str✉t✉r❛ ❝❡♥tr❛❧✐✲

③❛❞❛ ✭❑❍❆❑■✲❙❊❉■●❍❀ ▼❖❆❱❊◆■✱ ✷✵✵✾✮✳ ❙❡❣✉♥❞♦ ➴strö♠ ❡ ❍ä❣❣❧✉♥❞ ✭✷✵✵✻✮ ❡ ❏❡❧❛❧✐

✭✷✵✶✷✮ ♦ ❝♦♥tr♦❧❛❞♦r P■❉✱ ✉t✐❧✐③❛❞♦ ♥♦ ❝♦♥tr♦❧❡ ❞❡s❝❡♥tr❛❧✐③❛❞♦✱ é ❛ s♦❧✉çã♦ ♠❛✐s ❝♦♠✉♠

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

r♦❜✉st❡③ ❡ ♣♦✉❝♦s ♣❛râ♠❡tr♦s ❛ s❡r❡♠ s✐♥t♦♥✐③❛❞♦s q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦ ❝♦♠ ♦ ❝♦♥tr♦❧❡

❛✈❛♥ç❛❞♦✳ ❊♥tr❡t❛♥t♦✱ ♦ ❝♦♥tr♦❧❡ ❛✈❛♥ç❛❞♦ t❡♠ s✐❞♦ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❞❡✜♥✐r ♦s s❡t♣♦✐♥ts

❞♦s ❝♦♥tr♦❧❛❞♦r❡s P■❉ ❙■❙❖✳

◆❡ss❡ ❝♦♥t❡①t♦✱ ❡ss❡ tr❛❜❛❧❤♦ ❛♣r❡s❡♥t❛ ❝♦♥tr✐❜✉✐çõ❡s ♥❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❛✈❛❧✐❛çã♦ ❡

r❡♣r♦❥❡t♦ ❞❡ ❞❡s❛❝♦♣❧❛❞♦r❡s✳



❈❛♣ít✉❧♦ ✶✳ ■♥tr♦❞✉çã♦ ✹

✶✳✷ ❘❡✈✐sã♦ ❇✐❜❧✐♦❣rá✜❝❛

❖ ♣r♦❥❡t♦ ❞♦ ❝♦♥tr♦❧❡ ❞❡s❝❡♥tr❛❧✐③❛❞♦ ♣♦ss✉✐ ❞♦✐s ♣❛ss♦s ❢✉♥❞❛♠❡♥t❛✐s✿ ❛ s❡❧❡çã♦ ❞❛ ❡s✲

tr✉t✉r❛ ❞❡ ❝♦♥tr♦❧❡ ❡ ❛ s✐♥t♦♥✐❛ ❞♦ ❝♦♥tr♦❧❛❞♦r✳ ❆ s❡❧❡çã♦ ❞❛ ❡str✉t✉r❛ ❞❡ ❝♦♥tr♦❧❡ é ♦

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

♠❛❧❤❛ t❛♠❜é♠ ♣♦❞❡ s❡r ❞❡✜♥✐❞❛ ❝♦♠♦ ❝❛s❝❛t❛✱ ❢❡❡❞❢♦r✇❛r❞✱ ❡t❝✳ ❊♥q✉❛♥t♦ q✉❡ ❛ s✐♥t♦♥✐❛

❞♦ ❝♦♥tr♦❧❛❞♦r r❡❢❡r❡✲s❡ ❛♦ ♣❛ss♦ ♦♥❞❡ ♦s ♣❛râ♠❡tr♦s ❞♦ ❝♦♥tr♦❧❛❞♦r sã♦ ❝❛❧❝✉❧❛❞♦s✳

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

r✐á✈❡✐s ❡♥tr❛❞❛✴s❛í❞❛ ❡♠ ♠❛❧❤❛s ❙■❙❖✳ ◆❛ ❧✐t❡r❛t✉r❛ ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞♦s ❞✐✈❡rs♦s

♣r♦❝❡❞✐♠❡♥t♦s ❞❡ ❛❣r✉♣❛♠❡♥t♦ ❞❡ss❛s ✈❛r✐á✈❡✐s✳ ❉❡♥tr❡ ❡❧❡s ❡stá ❛ ♠❛tr✐③ ❘●❆ ♣r♦♣♦st❛

♣♦r ❇r✐st♦❧ ✭✶✾✻✻✮✳ ❆ ♠❛tr✐③ ❘●❆ é ❜❛s❡❛❞❛ ♥♦ ❣❛♥❤♦ ❡st❛❝✐♦♥ár✐♦✱ ❞❡s❝♦♥s✐❞❡r❛♥❞♦ ❛

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

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

♥❛r ❡ss❡ ♣r♦❜❧❡♠❛ é ✉s❛♥❞♦ ❛ ♠❛tr✐③ ❞❡ ❣❛♥❤♦ r❡❧❛t✐✈♦ ❞✐♥â♠✐❝♦ ✭❉❘●❆ ✲ ❞②♥❛♠✐❝ r❡❧❛t✐✈❡

❣❛✐♥ ❛rr❛②✮ ✭❚❯◆●❀ ❊❉●❆❘✱ ✶✾✽✶✮✱ ♦✉ ❛❧❣✉♠❛ ❛♣r♦①✐♠❛çã♦ ❞❡ss❡ ♠ét♦❞♦ ✭❆❱❖❨ ❡t

❛❧✳✱ ✷✵✵✸✮✳ ❊♥tr❡t❛♥t♦✱ ♦ ❝á❧❝✉❧♦ ❞❛ ❉❘●❆ é ❞❡♣❡♥❞❡♥t❡ ❞♦ ❝♦♥tr♦❧❛❞♦r✱ t♦r♥❛♥❞♦ ♠❛✐s

❞✐❢í❝✐❧ ❛ ❝♦♠♣r❡❡♥sã♦ ❞♦ s❡✉ ❢✉♥❝✐♦♥❛♠❡♥t♦ ♣♦r ❡♥❣❡♥❤❡✐r♦s ❞❡ ❝❛♠♣♦✳ ❙❡♥❞♦ ❛ss✐♠✱ ❳✐✲

♦♥❣✱ ❈❛✐ ❡ ❍❡ ✭✷✵✵✺✮ ♣r♦♣ôs ❛ ♠❛tr✐③ ❞♦ ❣❛♥❤♦ r❡❧❛t✐✈♦ ❡❢❡t✐✈♦ ✭❊❘●❆ ✲ ❡✛❡❝t✐✈❡ r❡❧❛t✐✈❡

❣❛✐♥ ❛rr❛②✮✱ q✉❡ é ❜❛s❡❛❞❛ ♥❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ❝♦rt❡ ❞♦ s✐st❡♠❛ ❡ ♥♦ ❣❛♥❤♦ ❡st❛❝✐♦♥ár✐♦✳

Pr♦❥❡t♦s ❞❡ ❝♦♥tr♦❧❡ ✉s❛♥❞♦ ✐♥❢♦r♠❛çõ❡s ❞❛ ♠❛tr✐③ ❊❘●❆ sã♦ ❛♣r❡s❡♥t❛❞♦s ❡♠ ❳✐♦♥❣ ❡t

❛❧✳ ✭✷✵✵✻✮✳

❖✉tr❛ ♦♣çã♦ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛s ♠❡❞✐❞❛s ❞❡ ✐♥t❡r❛çã♦ é ❛ ♠❛tr✐③ ❞♦ ❣❛♥❤♦ ♥♦r♠❛❧✐③❛❞♦

r❡❧❛t✐✈♦ ✭❘◆●❆ ✲ r❡❧❛t✐✈❡ ♥♦r♠❛❧✐③❡❞ ❣❛✐♥ ❛rr❛②✮ ✭❍❊ ❡t ❛❧✳✱ ✷✵✵✾✮✳ ❆ ♠❛tr✐③ ❘◆●❆✱

❜❛s❡❛❞❛ ♥♦ tr❛♥s✐tór✐♦✱ ♦❢❡r❡❝❡ ✉♠❛ ❞❡s❝r✐çã♦ ❛❜r❛♥❣❡♥t❡ ❞❛ ✐♥t❡r❛çã♦ ❞✐♥â♠✐❝❛ ❡♥tr❡ ❛s

♠❛❧❤❛s ✐♥❞✐✈✐❞✉❛✐s✳ ◆❡ss❡ ❝❛s♦✱ ♥ã♦ é ♥❡❝❡ssár✐♦ ♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❞♦ ❝♦♥tr♦❧❛❞♦r ♥❡♠ ❞❡

❛❧❣✉♠❛ ❢r❡q✉ê♥❝✐❛ ❡s♣❡❝í✜❝❛ ❡ ♦ ❝á❧❝✉❧♦ é r❡❛❧✐③❛❞♦ ❝♦♠ ♠❡♥♦s ❡s❢♦rç♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✳

❆♣❧✐❝❛çõ❡s ❞❛ ♠❛tr✐③ ❘◆●❆ ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞❛s ❡♠ ❍✉✱ ❈❛✐ ❡ ❳✐❛♦ ✭✷✵✶✵❛✮✱ ♦♥❞❡ é

r❡❛❧✐③❛❞♦ ♦ ♣r♦❥❡t♦ ❞❡ ❝♦♥tr♦❧❡ ▼■▼❖ ❞❡s❝❡♥tr❛❧✐③❛❞♦ ❞❡ ❢♦r♠❛ s✐st❡♠át✐❝❛✳

P❛r❛ s✐st❡♠❛s ❝♦♠ ❞✐♥â♠✐❝❛ ✐♥t❡❣r❛❞♦r❛✱ ❛❧é♠ ❞❛ ♠❛tr✐③ ❘◆●❆✱ ♣♦❞❡ s❡r ✉s❛❞♦ ♦

♠ét♦❞♦ ♣r♦♣♦st♦ ♣♦r ❆r❦✉♥ ❡ ❉♦✇♥s ✭✶✾✾✵✮ ❜❛s❡❛❞♦ ♥❛s ❡q✉❛çõ❡s ❡♠ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s✳

❊st❡ ♠ét♦❞♦ é ❡❢❡t✐✈♦ q✉❛♥❞♦ ♦s ✐♥t❡❣r❛❞♦r❡s ♣♦❞❡♠ s❡r ❞❛❞♦s ♥❛ ❢♦r♠❛ ❞❡ ♠❛tr✐③ ❛♥t❡s

❞♦ ❝á❧❝✉❧♦ ❞❛ ♠❛tr✐③ ❘●❆✳ ❖✉tr❛ ❛❧t❡r♥❛t✐✈❛ ♣❛r❛ ♣r♦❝❡ss♦s ❝♦♠ ❞✐♥â♠✐❝❛ ✐♥t❡❣r❛❞♦r❛

é ♣r♦♣♦st❛ ❡♠ ❍✉✱ ❈❛✐ ❡ ❳✐❛♦ ✭✷✵✶✵❜✮ ♦♥❞❡ é ♣♦ssí✈❡❧ ❝❛❧❝✉❧❛r ❛ ♠❛tr✐③ ❘●❆ ❞❡ ❢♦r♠❛

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

P❡sq✉✐s❛s ♠❛✐s r❡❝❡♥t❡s t❡♠ tr❛t❛❞♦ ♦ ♣r♦❜❧❡♠❛ ❞❛ s❡❧❡çã♦ ❞❛ ❡str✉t✉r❛ ❞❡ ❝♦♥tr♦❧❡ ❞❡

♠❛♥❡✐r❛ ♠❛✐s ❣❡r❛❧✱ ♥ã♦ tr❛t❛♥❞♦ ❛♣❡♥❛s ♦ ❡♠♣❛r❡❧❤❛♠❡♥t♦ ❡♥tr❛❞❛✴s❛í❞❛✱ ♠❛s ✐♥❞✐❝❛♥❞♦

t❛♠❜é♠ ❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❛ ❡str✉t✉r❛ ❢❡❡❞❢♦r✇❛r❞✳ ❖✉ s❡❥❛✱ é ❝♦♥s✐❞❡r❛❞♦ q✉❡ ❝❛❞❛

❛t✉❛❞♦r ❡stá ❛ss♦❝✐❛❞♦ ❛ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ♠❡❞✐❞❛s ❛ s❡r❡♠ ✉t✐❧✐③❛❞❛s ♣❡❧♦ ❝♦♥tr♦❧❛❞♦r
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✭❆❘❘❆◆❩❀ ❇■❘❑❀ ❑❆❉❍■▼✱ ✷✵✶✼✮✱ ✭❆❘❘❆◆❩❀ ❇■❘❑✱ ✷✵✶✼❛✮✳ ❊ss❡ ♣r♦❝❡❞✐♠❡♥t♦ ♣♦❞❡

s❡r r❡❛❧✐③❛❞♦ ❛tr❛✈és ❞❛ ♠❛tr✐③ ❞❡ ♣❛rt✐❝✐♣❛çã♦ ❞❡✜♥✐❞❛ ❡♠ ❙❛❧❣❛❞♦ ❡ ❈♦♥❧❡② ✭✷✵✵✹✮✳ ❖✉tr❛

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

❧✐♥❡❛r❡s q✉❛♥t♦ ♥ã♦✲❧✐♥❡❛r❡s✱ é ❢♦r♠✉❧❛❞♦ ❝♦♠ ❜❛s❡ ♥❛ ❛♥á❧✐s❡ ❞♦ ❡rr♦ ❞❡ ♣r❡❞✐çã♦ ✭P❊■❆

✲ ♣r❡❞✐❝t✐♦♥ ❡rr♦r ✐♥❞❡① ❛rr❛②✮ ✭❆❘❘❆◆❩❀ ❇■❘❑✱ ✷✵✶✼❜✮✳ ❖ ❝á❧❝✉❧♦ ❞❛ P❊■❆ é ❜❛s❡❛❞♦

♥♦ q✉❛❞r❛❞♦ ❞❛ ♥♦r♠❛ ✷ ✭H2−norm✮✳

❊♠ ♣r♦❝❡ss♦s ▼■▼❖ ❢♦rt❡♠❡♥t❡ ❛❝♦♣❧❛❞♦✱ ♦ ❝♦♥tr♦❧❡ ❞❡s❝❡♥tr❛❧✐③❛❞♦ ♥ã♦ ❛❧❝❛♥ç❛ ♦

❞❡s❡♠♣❡♥❤♦ ❞❡s❡❥❛❞♦✳ ◆❡ss❡s ❝❛s♦s✱ ❛ s♦❧✉çã♦ é ✉s❛r ♦ ❝♦♥tr♦❧❡ ❝♦♠ ❞❡s❛❝♦♣❧❛♠❡♥t♦✳ ❊ss❡

❝♦♥tr♦❧❡ ❝♦♥s✐st❡ ❡♠ ✐♥s❡r✐r ✉♠ ❜❧♦❝♦ ❞❡s❛❝♦♣❧❛❞♦r ❡♥tr❡ ♦ ♣r♦❝❡ss♦ ▼■▼❖ ❡ ♦ ❝♦♥tr♦❧❛❞♦r

P■❉ ❞❡ ♠❛♥❡✐r❛ q✉❡ ♦ ♣r♦❝❡ss♦ ❞❡s❛❝♦♣❧❛❞♦ s❡❥❛ ❞✐❛❣♦♥❛❧✳ ❆ ✐♠♣❧❡♠❡♥t❛çã♦ ❞♦ ❜❧♦❝♦

❞❡s❛❝♦♣❧❛❞♦r ❡♠ ✉♠ s✐st❡♠❛ ▼■▼❖ ♣❡r♠✐t❡ ♦ ✉s♦ ❞❡ ❝♦♥tr♦❧❛❞♦r P■❉ q✉❡ ❛❧❝❛♥❝❡ ♦s

r❡q✉✐s✐t♦s ❞❡ ❞❡s❡♠♣❡♥❤♦ ❞❡s❡❥❛❞♦s✳ ❯♠ ❡sq✉❡♠át✐❝♦ ❞♦ ♣r♦❝❡ss♦ ❝♦♠ ❞❡s❛❝♦♣❧❛❞♦r é

❛♣r❡s❡♥t❛❞♦ ♥❛ ✜❣✉r❛ ✶✳✶✳

❋✐❣✉r❛ ✶✳✶✿ ❉✐❛❣r❛♠❛ ❞❡ ❇❧♦❝♦s q✉❡ ❘❡♣r❡s❡♥t❛ ❯♠ ❊sq✉❡♠át✐❝♦ ❞❡ ❯♠ ❙✐st❡♠❛ ❞❡
❈♦♥tr♦❧❡ ❝♦♠ ❉❡s❛❝♦♣❧❛♠❡♥t♦

❋♦♥t❡✿ ❊❧❛❜♦r❛❞❛ ♣❡❧♦ ❛✉t♦r

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

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

✭❋❆▲❇❀ ❲❖▲❖❱■❈❍✱ ✶✾✻✼✮✱ ✭●■▲❇❊❘❚✱ ✶✾✻✾✮✱ ✭❲❖◆❍❆▼❀ ▼❖❘❙❊✱ ✶✾✼✵✮✳ ▼❛✐s r❡✲

❝❡♥t❡♠❡♥t❡ ❲❛♥❣ ✭✷✵✵✷✮ ❞❡s❡♥✈♦❧✈❡✉ ♠ét♦❞♦s ❞❡ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ❡♠ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s✳

P♦ré♠✱ tr❛❜❛❧❤♦s ❝♦♥s✐❞❡r❛♥❞♦ ❛ ❢✉♥çã♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞♦ ♣r♦❝❡ss♦ ♣❛r❛ ♦ ♣r♦❥❡t♦ ❞♦

❞❡s❛❝♦♣❧❛❞♦r ✈❡♠ ❣❛♥❤❛♥❞♦ ❡s♣❛ç♦ ♥❛ ❧✐t❡r❛t✉r❛ ✭●❆❘❘■❉❖❀ ❱➪❩◗❯❊❩❀ ▼❖❘■▲▲❆✱

✷✵✶✷❜✮✱ ✭◆❖❘❉❋❊▲❉❚❀ ❍➘●●▲❯◆❉✱ ✷✵✵✻✮✱ ✭❙❆▼❆▲❀ ❙❆❍❖❖✱ ✷✵✶✻✮✳

❖ ❜❧♦❝♦ ❞❡s❛❝♦♣❧❛❞♦r ♣♦❞❡ s❡r ❝❧❛ss✐✜❝❛❞♦ ❝♦♠♦ ❡stát✐❝♦ ✭❲❖▲❖❱■❈❍✱ ✶✾✼✸✮✱ ✭▲❊❊❀

❑■▼❀ ❊❉●❆❘✱ ✷✵✵✺✮ ♦✉ ❞✐♥â♠✐❝♦ ✭▲❯❨❇❊◆✱ ✶✾✼✵✮✱ ✭❙❍■◆❙❑❊❨✱ ✶✾✾✻✮✳ ❖ ❞❡s❛❝♦♣❧❛❞♦r

❡stát✐❝♦ ❛t✉❛ ♥❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ❣❛♥❤♦ ❡stát✐❝♦ ♣♦❞❡♥❞♦ ♥ã♦ s❡r ❛❞❡q✉❛❞♦ ♣❛r❛ ✉♠ ❜♦♠

❞❡s❡♠♣❡♥❤♦ ❞♦ s✐st❡♠❛ ❞❡ ❝♦♥tr♦❧❡✳ ❊♥q✉❛♥t♦ q✉❡ ♦ ❞❡s❛❝♦♣❧❛❞♦r ❞✐♥â♠✐❝♦ ❛❜r❛♥❣❡ ✉♠❛
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❢❛✐①❛ ♠❛✐♦r ❞❡ ❢r❡q✉ê♥❝✐❛✱ ♣♦ss✐❜✐❧✐t❛♥❞♦ ♠❡❧❤♦r ❞❡s❡♠♣❡♥❤♦ ❞❡ ❝♦♥tr♦❧❡✳ ❖ ❞❡s❛❝♦♣❧❛❞♦r

❞✐♥â♠✐❝♦ é ❛❜♦r❞❛❞♦ ♥❡ss❡ tr❛❜❛❧❤♦✳

❖ ❞❡s❛❝♦♣❧❛❞♦r ❞✐♥â♠✐❝♦ ♣♦❞❡ s❡r ❝❧❛ss✐✜❝❛❞♦ ❝♦♠♦✿ ✐❞❡❛❧✱ s✐♠♣❧✐✜❝❛❞♦ ♦✉ ✐♥✈❡rt✐❞♦

✭❙❍■◆❙❑❊❨✱ ✶✾✾✻✮✳ ❖ ❞❡s❛❝♦♣❧❛❞♦r ✐❞❡❛❧ ♦❢❡r❡❝❡ ✉♠❛ ❡str✉t✉r❛ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r ❝♦♠✲

♣❧❡①❛✱ ♣♦r ✐ss♦ ♥ã♦ é ♠✉✐t♦ ✉s❛❞♦ ♥❛ ♣rát✐❝❛✳ ◆❛ ❡str✉t✉r❛ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦

♣♦❞❡ s❡r ♦❜t✐❞♦ ✉♠ ❞❡s❛❝♦♣❧❛❞♦r ♠❛✐s s✐♠♣❧❡s✱ ♣♦ré♠ ♦ ♣r♦❝❡ss♦ ❞❡s❛❝♦♣❧❛❞♦ r❡s✉❧t❛♥t❡

é ❝♦♠♣❧❡①♦✳ ❖ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✈❡rt✐❞♦ ♦❢❡r❡❝❡ ❛ s✐♠♣❧✐❝✐❞❛❞❡ ❞❛ ❡str✉t✉r❛ s✐♠♣❧✐✜❝❛❞❛

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

t✐❞♦ t❛♠❜é♠ é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❢❡❡❞❢♦r✇❛r❞✱ ♣♦rq✉❡ ❞❡r✐✈❛ ✉♠❛ ❡♥tr❛❞❛ ❞♦ ♣r♦❝❡ss♦ ❝♦♠♦

✉♠❛ ❝♦♠❜✐♥❛çã♦ ♣♦♥❞❡r❛❞❛ ❞❛ s❛í❞❛ ❞♦ ❝♦♥tr♦❧❛❞♦r ❡ ❛s ♦✉tr❛s ❡♥tr❛❞❛s ❞♦ ♣r♦❝❡ss♦✳

❆ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ❡ss❛s ❡str✉t✉r❛s é ❡♥❝♦♥tr❛❞❛ ❡♠ ●❛❣♥♦♥✱ P♦♠❡r❧❡❛✉ ❡ ❉❡s❜✐❡♥s

✭✶✾✾✽✮ ❡ ❡♠ ◆❛✐❦✱ ❑✉♠❛r ❡ ❆♥❥❛♥❡②✉❧✉ ✭✷✵✶✼✮✳ ❊♠ ❋r❛❣♦s♦ ❡t ❛❧✳ ✭✷✵✶✼✮✱ é ❛♣r❡s❡♥t❛❞❛

✉♠❛ ❛♥á❧✐s❡ ❞♦ ❞❡s❡♠♣❡♥❤♦ ❞♦s ❝♦♥tr♦❧❡s ❞❡s❛❝♦♣❧❛❞♦s ❡stát✐❝♦✱ ❞✐♥â♠✐❝♦ s✐♠♣❧✐✜❝❛❞♦ ❡

✐♥✈❡rt✐❞♦ ❡ ♦ ❝♦♥tr♦❧❡ ❝❡♥tr❛❧✐③❛❞♦ r♦❜✉st♦ H∞ ❛♣❧✐❝❛❞♦s ❛♦ s✐st❡♠❛ ❞❡ t✉r❜✐♥❛s ❡ó❧✐❝❛s✳

❊♠ ●❛rr✐❞♦ ❡t ❛❧✳ ✭✷✵✶✶✮ ❡ ❙✉♥ ❡t ❛❧✳ ✭✷✵✶✻✮✱ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ✈❛♥t❛❣❡♥s ♣rát✐❝❛s ❞♦

❞❡s❛❝♦♣❧❛❞♦r ✐♥✈❡rt✐❞♦✳

❊♠ ❈❤✐♣❧✉♥❦❛r ❡ ●✉❞✐ ✭✷✵✶✻✮✱ ♦ ♣r♦❥❡t♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r é r❡❛❧✐③❛❞♦ t❡♥❞♦ ❝♦♠♦ ❜❛s❡

❛ ♠❛tr✐③ ❞❡ ❣❛♥❤♦ r❡❧❛t✐✈♦ ❡❢❡t✐✈♦ ✭❊❘●❆✮✳ ❆tr❛✈és ❞❡ ✉♠ ♣r♦❜❧❡♠❛ ❞❡ ♦t✐♠✐③❛çã♦✱ ♦

❜❧♦❝♦ ❞❡s❛❝♦♣❧❛❞♦r é ❝❛❧❝✉❧❛❞♦ ❞❡ ♠❛♥❡✐r❛ q✉❡ ❛ ♠❛tr✐③ ❊❘●❆ s❡❥❛ ❞✐❛❣♦♥❛❧ ❞♦♠✐♥❛♥t❡✳

●❛rr✐❞♦✱ ❱á③q✉❡③ ❡ ▼♦r✐❧❧❛ ✭✷✵✶✶✮ ❢❛③ ❛ ❡①t❡♥sã♦ ❞♦ ♣r♦❥❡t♦ ❞♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ✐♥✈❡rt✐❞♦

♣❛r❛ ♣r♦❝❡ss♦ ▼■▼❖ n × n ❡ ●❛rr✐❞♦✱ ❱á③q✉❡③ ❡ ▼♦r✐❧❧❛ ✭✷✵✶✷❛✮ ♣❛r❛ ♦ ❞❡s❛❝♦♣❧❛❞♦r

s✐♠♣❧✐✜❝❛❞♦✳ ❊♠ ❙✉♥ ❡t ❛❧✳ ✭✷✵✶✻✮✱ ❛ ❡str✉t✉r❛ ✐♥✈❡rt✐❞❛ é ❛♣❧✐❝❛❞❛ ❡♠ ♣r♦❝❡ss♦s ❚■❚❖✱

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

❊♠ ●❛rr✐❞♦ ❡t ❛❧✳ ✭✷✵✶✽✮✱ ♦ ❝♦♥tr♦❧❡ ❞❡s❝❡♥tr❛❧✐③❛❞♦ ❝♦♠ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ✐♥✈❡rt✐❞♦ é

❛♣❧✐❝❛❞♦ ❛♦ s✐st❡♠❛ ▼■▼❖ ♥ã♦✲❧✐♥❡❛r ❞❡ ❝♦♠♣r❡ssã♦ ❞❡ ✈❛♣♦r ❞❡ r❡❢r✐❣❡r❛çã♦ ✭❇❡♥❝❤♠❛r❦

P■❉ ✷✵✶✽✮✱ s✉❥❡✐t♦ ❛ r❡str✐çõ❡s ❞❡ ❡♥tr❛❞❛✳ ❖ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ✐♥✈❡rt✐❞♦ é ♣r♦❥❡t❛❞♦ ❛

♣❛rt✐r ❞❡ ✉♠ ♠♦❞❡❧♦ ❧✐♥❡❛r ▼■▼❖ ❛♣r♦①✐♠❛❞♦✳

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

♣♦rt❛♥t♦✱ ✉♠❛ s♦❧✉çã♦ s❡r✐❛ ♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ♣❛r❝✐❛❧ ✭❙❍■◆❙❑❊❨✱ ✶✾✾✻✮✳ ❯♠ ❡①❡♠♣❧♦

❞❡ ♣r♦❝❡ss♦ ♦♥❞❡ ♦ ❞❡s❛❝♦♣❧❛❞♦r ♣❛r❝✐❛❧ ❞❡✈❡ s❡r ✐♠♣❧❡♠❡♥t❛❞♦ sã♦ ♦s ❞❡ ❢❛s❡ ♥ã♦✲♠í♥✐♠❛

✭❑❍❖❉❆❱❊❘❉■❆◆✱ ✷✵✶✻✮✳ ❖ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ♣❛r❝✐❛❧ ♠✐♥✐♠✐③❛ ♦ ❛❝♦♣❧❛♠❡♥t♦ ❡♠ ❛♣❡✲

♥❛s ✉♠❛ ❞✐r❡çã♦✳ P❛r❛ ❞❡✜♥✐r q✉❛❧ ♠❛❧❤❛ ❞❡✈❡ s❡r ❞❡s❛❝♦♣❧❛❞❛ três ❝r✐tér✐♦s ♣♦❞❡♠ s❡r

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

❛ ♠❡♥♦s ♣r♦✈á✈❡❧ ❞❡ t❡r ✈❛r✐❛çã♦ ♥♦ s❡t♣♦✐♥t✳

❊♠ ❙❤❡♥ ❡t ❛❧✳ ✭✷✵✶✶✮✱ ♦ ❞❡s❛❝♦♣❧❛❞♦r ♣❛r❝✐❛❧ é ♣r♦❥❡t❛❞♦ ❜❛s❡❛❞♦ ♥❛ t❡♦r✐❛ ❞❛s

❢✉♥çõ❡s ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❡q✉✐✈❛❧❡♥t❡s ✭❊❚❋s ✲ ❡q✉✐✈❛❧❡♥t tr❛♥s❢❡r ❢✉♥❝t✐♦♥s✮✳ ❖ ❡❢❡✐t♦ ❞❡

❝❛❞❛ ❡❧❡♠❡♥t♦ ❞❛ ❊❚❋ é ♠❡❞✐❞♦ ❡ ✉♠ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ♣❛r❝✐❛❧ é ♣r♦❥❡t❛❞♦ ✈✐s❛♥❞♦ ✉♠



❈❛♣ít✉❧♦ ✶✳ ■♥tr♦❞✉çã♦ ✼

❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧❡s✱ ❡stá✈❡❧ ❡ ❝❛✉s❛❧✳ ❖ ❡sq✉❡♠❛ ❞❡ ❝♦♥tr♦❧❡ ❞❡ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ♣❛r❝✐❛❧

♣♦❞❡ ❢♦r♥❡❝❡r ✉♠ ❞❡s❡♠♣❡♥❤♦ ❣❡r❛❧ ❞♦ s✐st❡♠❛✱ ❡♠ ♠✉✐t♦s ❝❛s♦s✱ ❝♦♠♣❛rá✈❡❧ àq✉❡❧❡

♦❜t✐❞♦ ❝♦♠ ♦ ❝♦♥tr♦❧❡ ❞❡ ❞❡s❛❝♦♣❧❛♠❡♥t♦ t♦t❛❧✳

❖✉tr❛ ❛♣❧✐❝❛çã♦ ❞♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ♣❛r❝✐❛❧ ♣♦❞❡ s❡r ❡♥❝♦♥tr❛❞❛ ❡♠ ❘♦❞rí❣✉❡③ ❡t ❛❧✳

✭✷✵✶✽✮✱ ♥♦ q✉❛❧✱ ♦ ♦❜❥❡t✐✈♦ é r❡❛❧✐③❛r ♦ ❝♦♥tr♦❧❡ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❝♦♠♣r❡ssã♦ ❞❡ ✈❛♣♦r ❞❡

r❡❢r✐❣❡r❛çã♦✳ ❈♦♠♦ ♦ ♣r♦❝❡ss♦ é ♥ã♦✲❧✐♥❡❛r✱ ♥♦ ♣r♦❥❡t♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r ✉t✐❧✐③❛✲s❡ ♦ ♠♦❞❡❧♦

❧✐♥❡❛r✐③❛❞♦✳

❖ ♣r♦❥❡t♦ ❞♦ ❜❧♦❝♦ ❞❡s❛❝♦♣❧❛❞♦r é ♥♦r♠❛❧♠❡♥t❡ ❜❛s❡❛❞♦ ❡♠ ♠♦❞❡❧♦s s✐♠♣❧✐✜❝❛❞♦s ❞♦

♣r♦❝❡ss♦ r❡❛❧✱ ✭◆❖❘❉❋❊▲❉❚❀ ❍➘●●▲❯◆❉✱ ✷✵✵✻✮✱ s❡♥❞♦ ❛ss✐♠✱ t♦r♥❛✲s❡ ❡❢❡t✐✈♦ ❛♣❡♥❛s

♥❛s ❢r❡q✉ê♥❝✐❛s ♥❛s q✉❛✐s ♦ ♠♦❞❡❧♦ é ♣r❡❝✐s♦✳ ❆❧é♠ ❞✐ss♦✱ ♦ ❞❡s❛❝♦♣❧❛❞♦r ❞✐♥â♠✐❝♦ é ❡①tr❡✲

♠❛♠❡♥t❡ s❡♥sí✈❡❧ às ✐♥❝❡rt❡③❛s ❞♦ ♠♦❞❡❧♦✱ ❧❡✈❛♥❞♦ ❛ ✉♠❛ ❞❡t❡r✐♦r✐③❛çã♦ ❞♦ ❞❡s❡♠♣❡♥❤♦

✭❚❍❆▼ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❯♠❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❛✈❛❧✐❛çã♦ ❡ r❡♣r♦❥❡t♦ ❞♦ ❜❧♦❝♦ ❞❡s❛❝♦♣❧❛❞♦r

❞✐♥â♠✐❝♦ s✐♠♣❧✐✜❝❛❞♦✱ ♣❛r❛ ♣r♦❝❡ss♦s ❚■❚❖✱ é ♣r♦♣♦st❛ ♣♦r ❆❝✐♦❧✐ ❏ú♥✐♦r ❡ ❇❛rr♦s ✭✷✵✶✶✮✳

❈♦♠ ♦ r❡♣r♦❥❡t♦ é ♣♦ssí✈❡❧ ♦❜t❡r ♠❡❧❤♦r✐❛ ♥♦ ❞❡s❡♠♣❡♥❤♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r✳ ❊ss❛ ♠❡t♦✲

❞♦❧♦❣✐❛ ✉t✐❧✐③❛ ❡①♣❡r✐♠❡♥t♦s ❜❛s❡❛❞♦s ♥♦ r❡❧é ❡ ✈✐s❛ t♦r♥❛r ♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ❡❢❡t✐✈♦ ♥❛

❢r❡q✉ê♥❝✐❛ ❞❡ ✐♥t❡r❡ss❡ ♣❛r❛ ❝♦♥tr♦❧❡✳

✶✳✸ ❈♦♥tr✐❜✉✐çã♦

◆♦ ❝♦♥t❡①t♦ ❞❡ ♣r♦❥❡t♦ ❞❡ ❝♦♥tr♦❧❡ ❞❡ ♣r♦❝❡ss♦s ❚■❚❖ ❡ss❡ tr❛❜❛❧❤♦ ♣r♦♣õ❡✿

• ❯♠❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ r❡♣r♦❥❡t♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦ ❞❡ ❢♦r♠❛ ❛ ♦❜t❡r ✉♠

❞❡s❛❝♦♣❧❛♠❡♥t♦ ♠❛✐s ❡❢❡t✐✈♦ ♥❛s ❢r❡q✉ê♥❝✐❛s ω = 0 ❡ ω90✳

• ❯♠❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ r❡♣r♦❥❡t♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✈❡rt✐❞♦ ♥♦ ✐♥t❡r✈❛❧♦ ❞❡ ❢r❡q✉ê♥❝✐❛

❡♥tr❡ ❛ ❢r❡q✉ê♥❝✐❛ ③❡r♦ ❡ ω90✳

❈♦♠♦ r❡s✉❧t❛❞♦ ❞❡st❡ tr❛❜❛❧❤♦✱ ✉♠ ❛rt✐❣♦ ❢♦✐ ❛❝❡✐t♦ ♣❛r❛ ♣✉❜❧✐❝❛çã♦ ♥♦ ✷✷♦ ❈♦♥❣r❡ss♦

❇r❛s✐❧❡✐r♦ ❞❡ ❆✉t♦♠át✐❝❛✱ ✷✵✶✽✱ s❡♥❞♦ ❡❧❡✿

❆●❯■❆❘✱ ❆✳ P✳ ❱✳ ❞❡ ❆✳❀ ❆❈■❖▲■ ❏Ú◆■❖❘✱ ●✳❀ ❇❆❘❘❖❙✱ P✳ ❘✳ ❆ ♥❡✇ ♠❡t❤♦❞♦✲

❧♦❣② ❢♦r r❡❞❡s✐❣♥ s✐♠♣❧✐✜❡❞ ❞❡❝♦✉♣❧❡r ❢♦r ❚■❚❖ ♣r♦❝❡ss ✉s✐♥❣ r❡❧❛②✲❜❛s❡❞ ❡①♣❡r✐♠❡♥t✳

❈❇❆✷✵✶✽ ✲ ✷✷♦ ❈♦♥❣r❡ss♦ ❇r❛s✐❧❡✐r♦ ❞❡ ❆✉t♦♠át✐❝❛✱ ✷✵✶✽✳

✶✳✹ ❊str✉t✉r❛ ❞♦ ❉♦❝✉♠❡♥t♦

❊st❡ ❞♦❝✉♠❡♥t♦ ❡stá ♦r❣❛♥✐③❛❞♦ ❞❛ s❡❣✉✐♥t❡ ♠❛♥❡✐r❛✿

❈❛♣ít✉❧♦ ✶✿ ❈❛♣ít✉❧♦ ✐♥tr♦❞✉tór✐♦ ♥♦ q✉❛❧ ❡stã♦ ❞✐s♣♦st❛s ❛ ♠♦t✐✈❛çã♦ ❞♦ tr❛❜❛❧❤♦✱

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

♠✉❧t✐✈❛r✐á✈❡✐s ❡ ♦s ♦❜❥❡t✐✈♦s ❞♦ tr❛❜❛❧❤♦✳



❈❛♣ít✉❧♦ ✶✳ ■♥tr♦❞✉çã♦ ✽

❈❛♣ít✉❧♦ ✷✿ ◆❡st❡ ❝❛♣ít✉❧♦ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ❡str✉t✉r❛s ❞❡ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ❡♥❝♦♥✲

tr❛❞❛s ♥❛ ❧✐t❡r❛t✉r❛✳

❈❛♣ít✉❧♦ ✸✿ ◆❡st❡ ❝❛♣ít✉❧♦✱ ✉♠❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❛✈❛❧✐❛çã♦ ❡ r❡♣r♦❥❡t♦ ❞❡ ❞❡s❛❝♦♣❧❛❞♦r

s✐♠♣❧✐✜❝❛❞♦ ♣❛r❛ ♣r♦❝❡ss♦s ❚■❚❖ ♥❛s ❢r❡q✉ê♥❝✐❛s ω = 0 ❡ ω90 é ♣r♦♣♦st❛✳ ❆❧é♠ ❞✐ss♦✱ ❛

♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❛✈❛❧✐❛çã♦ ❡ r❡♣r♦❥❡t♦ ♣❛r❛ ♦ ❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦ ♣r♦♣♦st❛ ♣♦r ❆❝✐♦❧✐

❏ú♥✐♦r ✭✷✵✶✷✮ é r❡✈✐s❛❞❛✳ P♦r ✜♠✱ sã♦ ❛♣r❡s❡♥t❛❞♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ q✉❡ ✐❧✉str❛♠

♦ ✉s♦ ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ♣r♦♣♦st❛✳

❈❛♣ít✉❧♦ ✹✿ ❊st❡ ❝❛♣ít✉❧♦ ✐♥✐❝✐❛✲s❡ ❝♦♠ ❛ r❡✈✐sã♦ ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❛✈❛❧✐❛çã♦ ❡ r❡✲

♣r♦❥❡t♦ ♣❛r❛ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✈❡rt✐❞♦ ♣r♦♣♦st❛ ♣♦r ❆❝✐♦❧✐ ❏ú♥✐♦r ✭✷✵✶✷✮✳ ❊♠ s❡❣✉✐❞❛✱ é

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

♣❛r❛ ♣r♦❝❡ss♦s ❚■❚❖ ♥❛s ❢r❡q✉ê♥❝✐❛s ω = 0 ❡ ω90✳ P♦r ✜♠✱ sã♦ ❛♣r❡s❡♥t❛❞♦s r❡s✉❧t❛❞♦s

❞❡ s✐♠✉❧❛çã♦ q✉❡ ✐❧✉str❛♠ ♦ ✉s♦ ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ♣r♦♣♦st❛✳

❈❛♣ít✉❧♦ ✺✿ ❆s ❝♦♥❝❧✉sõ❡s ❞♦ tr❛❜❛❧❤♦ ❡ s✉❣❡stõ❡s ♣❛r❛ tr❛❜❛❧❤♦s ❢✉t✉r♦s sã♦ ❛♣r❡s❡♥✲

t❛❞❛s ♥❡st❡ ❝❛♣ít✉❧♦✳



❈❛♣ít✉❧♦ ✷

❊str✉t✉r❛s ❞❡ ❉❡s❛❝♦♣❧❛♠❡♥t♦

✷✳✶ ■♥tr♦❞✉çã♦

❊♠ ♣r♦❝❡ss♦s ❢♦rt❡♠❡♥t❡ ❛❝♦♣❧❛❞♦✱ ♦ ❡♠♣❛r❡❧❤❛♠❡♥t♦ ❛❞❡q✉❛❞♦ ♥ã♦ é s✉✜❝✐❡♥t❡ ♣❛r❛

q✉❡ ♦ ♣r♦❥❡t♦ ❞❡ ❝♦♥tr♦❧❡ ❞❡s❝❡♥tr❛❧✐③❛❞♦ ❛❧❝❛♥❝❡ ♦ ❞❡s❡♠♣❡♥❤♦ ❞❡s❡❥❛❞♦ ✭❆▲❇❊❘❚❖❙❀

❆◆❚❖◆■❖✱ ✷✵✵✻✮✳ ◆❡ss❡s ❝❛s♦s✱ ✉♠❛ ❛❧t❡r♥❛t✐✈❛ ❞♦ ♣r♦❥❡t♦ ❞❡ ❝♦♥tr♦❧❡ é ♦ ❝♦♥tr♦❧❡

❝♦♠ ❞❡s❛❝♦♣❧❛♠❡♥t♦✱ q✉❡ ❝♦♥s✐st❡ ♥❛ ✐♥s❡rçã♦ ❞❡ ✉♠ ❜❧♦❝♦ ❞❡s❛❝♦♣❧❛❞♦r ✭❉(s)✮ ❡♥tr❡ ♦

♣r♦❝❡ss♦ r❡❛❧ ✭●(s)✮ ❡ ♦ ❝♦♥tr♦❧❛❞♦r P■❉ ❞❡s❝❡♥tr❛❧✐③❛❞♦ ✭❈(s)✮ ✭✈❡r ✜❣✉r❛ ✶✳✶✮✳

❖ ♦❜❥❡t✐✈♦ ❞♦ ❜❧♦❝♦ ❞❡s❛❝♦♣❧❛❞♦r é ♠✐♥✐♠✐③❛r✴❡❧✐♠✐♥❛r ♦s ❡❢❡✐t♦s ❞❛s ✐♥t❡r❛çõ❡s ❡♥tr❡

❛s ♠❛❧❤❛s ❞❡ ❝♦♥tr♦❧❡✱ ❛❞✐❝✐♦♥❛♥❞♦ ✉♠❛ q✉❛♥t✐❞❛❞❡ ♠í♥✐♠❛ ❞❡ ❞✐♥â♠✐❝❛ ❡ ❞❡ ❛tr❛s♦ ❛♦

s✐st❡♠❛ ✭◆❖❘❉❋❊▲❉❚✱ ✷✵✵✺✮✳ ❆ss✐♠✱ é ♣♦ssí✈❡❧ ♦ ✉s♦ ❞❡ ❝♦♥tr♦❧❡ ❞❡s❝❡♥tr❛❧✐③❛❞♦✳

❖ ♣r♦❥❡t♦ ❞♦ ❜❧♦❝♦ ❞❡s❛❝♦♣❧❛❞♦r ♣♦❞❡ s❡r ❜❛s❡❛❞♦ ♥❛ ❢✉♥çã♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ♦✉ ♥♦

♠♦❞❡❧♦ ❡♠ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ❞♦ ♣r♦❝❡ss♦✳ ◗✉❛♥❞♦ é ✉t✐❧✐③❛❞❛ ❛ ❢✉♥çã♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛✱

♦ ❜❧♦❝♦ ❞❡s❛❝♦♣❧❛❞♦r ♣♦❞❡ s❡r ❝❧❛ss✐✜❝❛❞♦ ❝♦♠♦✿ ✐❞❡❛❧✱ s✐♠♣❧✐✜❝❛❞♦ ♦✉ ✐♥✈❡rt✐❞♦✳

❖ ♣r♦❥❡t♦ ❞❡ ❝♦♥tr♦❧❡ ❝♦♠ ❞❡s❛❝♦♣❧❛♠❡♥t♦ é ❞✐✈✐❞✐❞♦ ❡♠ ❞♦✐s ♣❛ss♦s✳ ❖ ♣r✐♠❡✐r♦

❝♦♥s✐st❡ ♥♦ ♣r♦❥❡t♦ ❞♦ ❜❧♦❝♦ ❞❡s❛❝♦♣❧❛❞♦r ❛ ♣❛rt✐r ❞❡ ✉♠ ♠♦❞❡❧♦ ❞♦ ♣r♦❝❡ss♦✳ ◆♦ s❡❣✉♥❞♦✱

é r❡❛❧✐③❛❞❛ ❛ s✐♥t♦♥✐❛ ❞♦ ❝♦♥tr♦❧❛❞♦r P■❉ ✉t✐❧✐③❛♥❞♦ té❝♥✐❝❛s ❞❡ ♣r♦❥❡t♦ ❞❡ ❝♦♥tr♦❧❛❞♦r❡s

❙■❙❖✳

❊ss❡ ❝❛♣ít✉❧♦ ❡stá ❞✐✈✐❞✐❞♦ ❝♦♠♦ s❡❣✉❡✳ ◆❛ s❡çã♦ ✸✳✷✱ ❛s ❡str✉t✉r❛s ❞❡ ❞❡s❛❝♦♣❧❛♠❡♥t♦

❜❛s❡❛❞❛s ♥❛ ❢✉♥çã♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ sã♦ r❡✈✐s❛❞❛s✳ ❖ ♣r♦❥❡t♦ ❞❡ ❞❡s❛❝♦♣❧❛❞♦r❡s ♥♦ ❡s♣❛ç♦

❞❡ ❡st❛❞♦s é r❡✈✐s❛❞♦ ♥❛ s❡çã♦ ✸✳✸✳ ❆s ❝♦♥❝❧✉sõ❡s ❡stã♦ ♥❛ s❡çã♦ ✸✳✹✳

✷✳✷ ❉❡s❛❝♦♣❧❛❞♦r ❇❛s❡❛❞♦ ❋✉♥çã♦ ❞❡ ❚r❛♥s❢❡rê♥❝✐❛

❈♦♥s✐❞❡r❡ ♦ ♣r♦❝❡ss♦ ❚■❚❖ ●(s) ❡♠ ♠❛❧❤❛ ❛❜❡rt❛ ♠♦str❛❞♦ ♥❛ ✜❣✉r❛ ✷✳✶✱ ♦♥❞❡✿

✾



❈❛♣ít✉❧♦ ✷✳ ❊str✉t✉r❛s ❞❡ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ✶✵

●(s) =

[

G11(s) G12(s)

G21(s) G22(s)

]

. ✭✷✳✶✮

❋✐❣✉r❛ ✷✳✶✿ ❉✐❛❣r❛♠❛ ❞❡ ❇❧♦❝♦s q✉❡ ❘❡♣r❡s❡♥t❛ ❯♠ Pr♦❝❡ss♦ ❚■❚❖ ❡♠ ▼❛❧❤❛ ❆❜❡rt❛

❋♦♥t❡✿ ❊❧❛❜♦r❛❞❛ ♣❡❧♦ ❛✉t♦r

❉❡✈✐❞♦ ❛♦ ❛❝♦♣❧❛♠❡♥t♦ ❡ ✈✐s❛♥❞♦ s✐♠♣❧✐✜❝❛r ♦ ♣r♦❥❡t♦ ❞♦ ❝♦♥tr♦❧❛❞♦r P■❉ é ✉t✐❧✐③❛❞♦

♦ ❝♦♥tr♦❧❡ ❝♦♠ ❞❡s❛❝♦♣❧❛♠❡♥t♦✳

❖ ❡sq✉❡♠❛ ❞❡ ❝♦♥tr♦❧❡ ❝♦♠ ❞❡s❛❝♦♣❧❛♠❡♥t♦ é ♠♦str❛❞♦ ♥❛ ✜❣✉r❛ ✷✳✷✳ ❆s ✈❛r✐á✈❡✐s

y1 ❡ y2 sã♦ ♦s s✐♥❛✐s ❞❡ s❛í❞❛s ❞♦ ♣r♦❝❡ss♦✱ u′

1 ❡ u′

2 sã♦ ❛s ✈❛r✐á✈❡✐s ♠❛♥✐♣✉❧❛❞❛s✱ u1 ❡

u2 sã♦ ❛s s❛í❞❛s ❞♦ ❝♦♥tr♦❧❛❞♦r ❞❡s❝❡♥tr❛❧✐③❛❞♦ ❡ r1 ❡ r2 sã♦ ♦s s❡t♣♦✐♥ts✳ ❖ ❝♦♥tr♦❧❛❞♦r

❞❡s❝❡♥tr❛❧✐③❛❞♦ ❈(s) é ✉♠❛ ♠❛tr✐③ 2× 2 ❞✐❛❣♦♥❛❧✳

❋✐❣✉r❛ ✷✳✷✿ ❉✐❛❣r❛♠❛ ❞❡ ❇❧♦❝♦s q✉❡ ❘❡♣r❡s❡♥t❛ ❯♠❛ ❊str✉t✉r❛ ❞❡ ❈♦♥tr♦❧❡ ❝♦♠ ❉❡s❛✲
❝♦♣❧❛♠❡♥t♦

❋♦♥t❡✿ ❊❧❛❜♦r❛❞❛ ♣❡❧♦ ❛✉t♦r

❖ s✐st❡♠❛ r❡s✉❧t❛♥t❡ ❍(s) = ●(s)❉(s) é ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿



❈❛♣ít✉❧♦ ✷✳ ❊str✉t✉r❛s ❞❡ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ✶✶

❍(s) =

[

H11(s) 0

0 H22(s)

]

= ●(s)❉(s), ✭✷✳✷✮

♦♥❞❡✿

●(s) =

[

G11(s) G12(s)

G21(s) G22(s)

]

✭✷✳✸✮

❡

❉(s) =

[

D11(s) D12(s)

D21(s) D22(s)

]

. ✭✷✳✹✮

❘❡❡s❝r❡✈❡♥❞♦ ❛ ❡q✉❛çã♦ ✭✷✳✷✮ ❞❡ ♠❛♥❡✐r❛ ❛ ❡①♣❧✐❝✐t❛r ❉✱ t❡♠✲s❡ q✉❡✿

❉(s) = ●(s)−1❍(s) ✭✷✳✺✮

=
adj(●(s))

det(●(s))
❍(s) ✭✷✳✻✮

=
1

G11(s)G22(s)−G12(s)G12(s)

[

G22(s)H11(s) −G12(s)H22(s)

−G21(s)H11(s) G11(s)H22(s)

]

, ✭✷✳✼✮

♦♥❞❡ Gij(s) r❡♣r❡s❡♥t❛ ♦s ❡❧❡♠❡♥t♦s ❞♦ ♣r♦❝❡ss♦ ●(s) ❡ Hij(s) ♦s ❡❧❡♠❡♥t♦s ❞♦ s✐st❡♠❛

r❡s✉❧t❛♥t❡ ❍(s)✳

❖ ♣r♦❥❡t♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r ♣♦❞❡ s❡r r❡❛❧✐③❛❞♦ ❛ ♣❛rt✐r ❞❡ ❞✐❢❡r❡♥t❡s ❡s❝♦❧❤❛s ❞❡ H11(s)

❡ H22(s)✱ q✉❡ ❞❡♣❡♥❞❡♠ ❞❛ ❡str✉t✉r❛ ❞❡ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ✉t✐❧✐③❛❞❛✿ ✐❞❡❛❧✱ s✐♠♣❧✐✜❝❛❞❛ ♦✉

✐♥✈❡rt✐❞❛✳

✷✳✷✳✶ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ■❞❡❛❧

❈♦♥s✐❞❡r❛♥❞♦ ❛ ❡q✉❛çã♦ ✭✷✳✼✮✱ ❛ ❡s❝♦❧❤❛ ✐❞❡❛❧ ♣❛r❛ ♦s ❡❧❡♠❡♥t♦s ❞❡❍(s) éH11(s) = G11(s)

❡ H22(s) = G22(s)✳ ❆ss✐♠✱ ❛ ❡q✉❛çã♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r é ❞❛❞❛ ♣♦r✿

❉(s) =
1

G11(s)G22(s)−G12(s)G21(s)

[

G11(s)G22(s) −G12(s)G22(s)

−G21(s)G11(s) G11(s)G22(s)

]

✭✷✳✽✮

❊ss❛ ❡str✉t✉r❛ ❧❡✈❛ à ❡①♣r❡ssã♦ ❞❡ ❉(s) ❝♦♠♣❧❡①❛ ❡ ❝♦♠ ❞✐♥â♠✐❝❛ ❡♠ t♦❞♦s ♦s ❡❧❡✲

♠❡♥t♦s✱ ♥ã♦ s❡♥❞♦ ♠✉✐t♦ ✉t✐❧✐③❛❞❛ ♥❛ ♣rát✐❝❛ ✭●❆●◆❖◆❀ P❖▼❊❘▲❊❆❯❀ ❉❊❙❇■❊◆❙✱

✶✾✾✽✮✳



❈❛♣ít✉❧♦ ✷✳ ❊str✉t✉r❛s ❞❡ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ✶✷

✷✳✷✳✷ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ❙✐♠♣❧✐✜❝❛❞♦

❉✐❢❡r❡♥t❡♠❡♥t❡ ❞♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ✐❞❡❛❧✱ ♣❛r❛ ♦ ❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦✱ ♣r♦♣♦st♦ ♣♦r

▲✉②❜❡♥ ✭✶✾✼✵✮✱ ♦s t❡r♠♦s ❞❛ ❞✐❛❣♦♥❛❧ ♣r✐♥❝✐♣❛❧ ❞❡ ❉(s) sã♦ ✐❣✉❛✐s ❛ ✶✳ ❆ ❢✉♥çã♦ ❞❡

tr❛♥s❢❡rê♥❝✐❛ ❉(s) ♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞❛ ♣♦r✿

❉(s) =

[

1 D12(s)

D21(s) 1

]

✭✷✳✾✮

❆ss✐♠✱ ♦ s✐st❡♠❛ r❡s✉❧t❛♥t❡ ✭❍(s) = ●(s)❉(s)✮✱ ❝♦♥s✐❞❡r❛♥❞♦ ❡ss❡ ❞❡s❛❝♦♣❧❛❞♦r✱ é ❞❛❞♦

♣♦r✿

❍(s) =

[

G11(s) +G12(s)D21(s) G11(s)D12(s) +G12(s)

G21(s) +G22(s)D21(s) G21(s)D12(s) +G22(s)

]

✭✷✳✶✵✮

❈♦♠♦❍(s) ❞❡✈❡ s❡r ❞✐❛❣♦♥❛❧✱ ❡♥tã♦ ♦s t❡r♠♦s ❞❛ ❞✐❛❣♦♥❛❧ s❡❝✉♥❞ár✐❛ ❞❡✈❡♠ s❡r ♥✉❧♦s✱

♦✉ s❡❥❛✱ G11(s)D12(s) +G12(s) = 0 ❡ G22(s)D21(s) +G21(s) = 0✱ ❧♦❣♦✿

D12(s) = −
G12(s)

G11(s)
✭✷✳✶✶✮

❡

D21(s) = −
G21(s)

G22(s)
. ✭✷✳✶✷✮

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

❝♦♠ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ♠♦str❛❞♦ ♥❛ ✜❣✉r❛ ✷✳✸✳

❋✐❣✉r❛ ✷✳✸✿ ❉✐❛❣r❛♠❛ ❞❡ ❇❧♦❝♦s q✉❡ ❘❡♣r❡s❡♥t❛ ❯♠❛ ❊str✉t✉r❛ ❞❡ ❈♦♥tr♦❧❡ ❝♦♠ ❉❡s❛✲
❝♦♣❧❛♠❡♥t♦ ❙✐♠♣❧✐✜❝❛❞♦

❋♦♥t❡✿ ❊❧❛❜♦r❛❞❛ ♣❡❧♦ ❛✉t♦r



❈❛♣ít✉❧♦ ✷✳ ❊str✉t✉r❛s ❞❡ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ✶✸

❖s t❡r♠♦s ❞♦ ❞❡s❛❝♦♣❧❛❞♦r❉(s)✱ ♥❡ss❛ ❡str✉t✉r❛✱ t♦r♥❛♠✲s❡ s✐♠♣❧❡s✳ P♦ré♠✱ ♦s t❡r♠♦s

❞♦ s✐st❡♠❛ ❍(s) r❡s✉❧t❛♥t❡ sã♦ ❝♦♠♣❧❡①♦s✱ ♣♦✐s sã♦ ❝♦♠♣♦st♦s ♣❡❧❛ s♦♠❛ ❞❡ ❢✉♥çõ❡s ❞❡

tr❛♥s❢❡rê♥❝✐❛✳ ➱ ♣♦ssí✈❡❧ ❛♣r♦①✐♠❛r ❝❛❞❛ s♦♠❛ ♣♦r ✉♠❛ ❢✉♥çã♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ s✐♠♣❧❡s

✭●❆●◆❖◆❀ P❖▼❊❘▲❊❆❯❀ ❉❊❙❇■❊◆❙✱ ✶✾✾✽✮✳ ❖✉tr❛ ♠❛♥❡✐r❛ ♣❛r❛ s✐♠♣❧✐✜❝❛r ♦ s✐st❡♠❛

r❡s✉❧t❛♥t❡ é ✉t✐❧✐③❛r ❛ ❡str✉t✉r❛ ✐♥✈❡rt✐❞❛✳

✷✳✷✳✸ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ■♥✈❡rt✐❞♦

❆ ❡str✉t✉r❛ ✐♥✈❡rt✐❞❛ é ✉♠❛ ♠♦❞✐✜❝❛çã♦ ♥❛ ❡str✉t✉r❛ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦ ♣r♦✲

♣♦st❛ ♣♦r ❙❤✐♥s❦❡② ✭✶✾✾✻✮✳ ❉❡ ❛❝♦r❞♦ ❝♦♠ ❛ ✜❣✉r❛ ✷✳✷ ❡ ❢❛③❡♥❞♦ H11(s) = G11(s) ❡

H22(s) = G22(s) ♥❛ ❡q✉❛çã♦ ✭✷✳✼✮✱ ❛s ✈❛r✐á✈❡✐s ♠❛♥✐♣✉❧❛❞❛s sã♦ ❞❛❞❛s ♣♦r✿

u′

1(s) = D11(s)u1(s) +D12(s)u2(s), ✭✷✳✶✸✮

u′

2(s) = D21(s)u1(s) +D22(s)u2(s). ✭✷✳✶✹✮

❙✉❜st✐t✉✐♥❞♦ ❛ ❡q✉❛çã♦ ✭✷✳✽✮ ♥❛s ❡q✉❛çõ❡s ✭✷✳✶✸✮ ❡ ✭✷✳✶✹✮ ❡ r❡❡s❝r❡✈❡♥❞♦✱ t❡♠✲s❡ q✉❡✿

G11(s)G22(s)−G12(s)G21(s)

G11(s)G22(s)
u′

1(s) = u1(s)−
G12(s)

G11(s)
u2(s), ✭✷✳✶✺✮

G11(s)G22(s)−G12(s)G21(s)

G11(s)G22(s)
u′

2(s) = u2(s)−
G21(s)

G22(s)
u1(s). ✭✷✳✶✻✮

❊①♣❧✐❝✐t❛♥❞♦ u2(s) ♥❛ ❡q✉❛çã♦ ✭✷✳✶✻✮ ❡ u1(s) ♥❛ ❡q✉❛çã♦ ✭✷✳✶✺✮ ❡ s✉❜st✐t✉✐♥❞♦ ♥❛s

❡q✉❛çõ❡s ✭✷✳✶✺✮ ❡ ✭✷✳✶✻✮✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ t❡♠✲s❡✿

G11G22 −G12G21

G11G22

u′

1 = u1 −
G12

G11

[

G11G22 −G12G21

G11G22

]

u′

2 −
G12

G11

G21

G22

u1, ✭✷✳✶✼✮

G11G22 −G12G21

G11G22

u′

2 = u2 −
G21

G22

[

G11G22 −G12G21

G11G22

]

u′

1 −
G12

G11

G21

G22

u2, ✭✷✳✶✽✮

❝❛♥❝❡❧❛♥❞♦ ♦s t❡r♠♦s ❝♦♠✉♥s✱ t❡♠✲s❡ q✉❡✿

u
′

1(s) = u1(s)−
G12(s)

G11(s)
u′

2(s), ✭✷✳✶✾✮

u
′

2(s) = u2(s)−
G21(s)

G22(s)
u′

1(s). ✭✷✳✷✵✮

❆ ❡str✉t✉r❛ ❞♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ✐♥✈❡rt✐❞♦ ❞❡✜♥✐❞♦ ♣❡❧❛s ❡q✉❛çõ❡s ✭✷✳✶✾✮ ❡ ✭✷✳✷✵✮ é

♠♦str❛❞❛ ♥❛ ✜❣✉r❛ ✭✷✳✹✮✳ ❈♦♠♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦✱ ♥❡ss❛ ❡str✉t✉r❛ ❛ ❡♥tr❛❞❛ ❞❡ ✉♠❛

❞❛s ♠❛❧❤❛s ❞♦ ♣r♦❝❡ss♦ é ✈✐st❛ ❝♦♠♦ ♣❡rt✉r❜❛çã♦ ♣❛r❛ ❛ s❛í❞❛ ❞❡ ♦✉tr❛ ♠❛❧❤❛ ❞♦ ♣r♦❝❡ss♦✳



❈❛♣ít✉❧♦ ✷✳ ❊str✉t✉r❛s ❞❡ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ✶✹

❉❡ss❛ ♠❛♥❡✐r❛✱ ❡ss❡ ♣r♦❥❡t♦ ♣♦❞❡ s❡r ❝♦♥s✐❞❡r❛❞♦ ❝♦♠♦ ✉♠❛ ❛♣r♦①✐♠❛çã♦ ❢❡❡❞❢♦r✇❛r❞✳

❋✐❣✉r❛ ✷✳✹✿ ❉✐❛❣r❛♠❛ ❞❡ ❇❧♦❝♦s q✉❡ ❘❡♣r❡s❡♥t❛ ❯♠❛ ❊str✉t✉r❛ ❞❡ ❈♦♥tr♦❧❡ ❝♦♠ ❉❡s❛✲
❝♦♣❧❛♠❡♥t♦ ■♥✈❡rt✐❞♦

❋♦♥t❡✿ ❊❧❛❜♦r❛❞❛ ♣❡❧♦ ❛✉t♦r

❆ss✐♠✱ é ❢á❝✐❧ ♠♦str❛r q✉❡ ❛ r❡❧❛çã♦ ❡♥tr❛❞❛✴s❛í❞❛ ❞♦ s✐st❡♠❛ ❝♦♠ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✲

✈❡rt✐❞♦ é ❞❛❞❛ ♣♦r✿

[

y1(s)

y2(s)

]

=









G11(s)
G12(s) +G11(s)D12(s)

1−D12(s)D21(s)
G21(s) +G22(s)D21(s)

1−D12(s)D21(s)
G22(s)









[

u1(s)

u2(s)

]

, ✭✷✳✷✶✮

♦♥❞❡ D12 = −
G12(s)

G11(s)
❡ D21 = −

G21(s)

G22(s)
✳

❈♦♠ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✈❡rt✐❞♦ t❡♠✲s❡ ❛ ❢❛❝✐❧✐❞❛❞❡ ❞❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞♦s ❡❧❡♠❡♥t♦s ❞♦

❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦ ❡ ✉♠❛ ❢✉♥çã♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞♦ s✐st❡♠❛ ❞❡s❛❝♦♣❧❛❞♦ ❞✐❛❣♦♥❛❧

❍(s) ♠❛✐s s✐♠♣❧❡s ❝♦♠♦ ♥♦ ❝❛s♦ ❞♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ✐❞❡❛❧ ✭●❆●◆❖◆❀ P❖▼❊❘▲❊❆❯❀

❉❊❙❇■❊◆❙✱ ✶✾✾✽✮✳



❈❛♣ít✉❧♦ ✷✳ ❊str✉t✉r❛s ❞❡ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ✶✺

✷✳✸ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ❡♠ ❊s♣❛ç♦ ❞❡ ❊st❛❞♦s

P❛r❛ ♦ ♣r♦❥❡t♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r ❡♠ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s✱ ♣r♦♣♦st♦ ♣♦r ❲❛♥❣ ✭✷✵✵✷✮✱ ❝♦♥s✐❞❡r❡

♦ ♠♦❞❡❧♦ ❡♠ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ❞❛❞♦ ♣♦r✿

ẋ = Ax+Bu, x(0) = x0,

y = Cx,
✭✷✳✷✷✮

♦♥❞❡ x ∈ Rm✱ u, y ∈ Rn✱ A ∈ Rm×m✱ B ∈ Rm×n✱ C ∈ Rn×m✱ m é ♦ ♥ú♠❡r♦ ❞❡ ❡st❛❞♦s✱ n

♦ ♥ú♠❡r♦ ❞❡ ❡♥tr❛❞❛s✴s❛í❞❛s ❡ ❛ ❧❡✐ ❞❡ ❝♦♥tr♦❧❡✿

u = −Kx+ Fr. ✭✷✳✷✸✮

❆ ❢✉♥çã♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ♠❛❧❤❛ ❛❜❡rt❛ ❡ ❞❡ ♠❛❧❤❛ ❢❡❝❤❛❞❛ sã♦ ❞❛❞❛s✱ r❡s♣❡❝t✐✈❛✲

♠❡♥t❡✱ ♣♦r✿
G(s) = C(sI − A)−1B,

H(s) = C(sI − A+BK)−1BF.
✭✷✳✷✹✮

❙❛❜❡♥❞♦ q✉❡✿

C =















C1

C2

✳✳✳

Cn















, ✭✷✳✷✺✮

❞❡✜♥❡✲s❡ ♦ ✐♥t❡✐r♦ σi✱ ❝♦♠ i = 1, 2, ..., n✱ ❝♦♠♦✿

σi =

{

min(j|CiA
j−1B 6= 0), j = 1, 2, ...,m− 1

m− 1; s❡ CiA
j−1B = 0, j = 1, 2, ...,m

. ✭✷✳✷✻✮

❆ss✐♠✱ ♣♦❞❡✲s❡ ❞❡✜♥✐r✿

B∗ =















C1A
σ1−1B

C2A
σ2−1B
✳✳✳

CnA
σn−1B















✭✷✳✷✼✮

❡

C∗ =















C1A
σ1

C2A
σ2

✳✳✳

CnA
σn















. ✭✷✳✷✽✮



❈❛♣ít✉❧♦ ✷✳ ❊str✉t✉r❛s ❞❡ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ✶✻

❙❡♥❞♦ ❛ ♠❛tr✐③ B∗ ♥ã♦ s✐♥❣✉❧❛r✱ ♦s ♣❛râ♠❡tr♦s ❞❛ ❧❡✐ ❞❡ ❝♦♥tr♦❧❡ ✭✷✳✷✸✮ ♣❛r❛ ❞❡s❛❝♦♣❧❛r

♦ s✐st❡♠❛ ✭✷✳✷✷✮ ♣♦❞❡♠ s❡r ❞❡✜♥✐❞♦s ❝♦♠♦ F = (B∗)−1 ❡ K = (B∗)−1C∗✱ t♦r♥❛❞♦ ❛ ♠❛tr✐③

❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞♦ s✐st❡♠❛ r❡s✉❧t❛♥t❡ ✐❣✉❛❧ ❛✿

H(s) = diag{s−σ1 , s−σ2 , ..., s−σn}. ✭✷✳✷✾✮

◆❛ ✜❣✉r❛ ✷✳✺ é ♠♦str❛❞❛ ❛ ❡str✉t✉r❛ ❞♦ ❝♦♥tr♦❧❡ ❝♦♠ ❞❡s❛❝♦♣❧❛❞♦r ❡♠ ❡s♣❛ç♦ ❞❡

❡st❛❞♦s✳

❋✐❣✉r❛ ✷✳✺✿ ❊str✉t✉r❛ ❞❡ ❈♦♥tr♦❧❡ ❝♦♠ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ❝♦♠ ❘❡❛❧✐♠❡♥t❛çã♦ ❞❡ ❊st❛❞♦s

❋♦♥t❡✿ ❊❧❛❜♦r❛❞❛ ♣❡❧♦ ❛✉t♦r



❈❛♣ít✉❧♦ ✷✳ ❊str✉t✉r❛s ❞❡ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ✶✼

✷✳✹ ❈♦♥❝❧✉sã♦

P❛r❛ ♣♦ss✐❜✐❧✐t❛r ♦ ✉s♦ ❞♦ ❝♦♥tr♦❧❡ ❞❡s❝❡♥tr❛❧✐③❛❞♦ ❡♠ ♣r♦❝❡ss♦s ♠✉❧t✐✈❛r✐á✈❡✐s ❝♦♠ ❢♦rt❡

❛❝♦♣❧❛♠❡♥t♦ é ♥❡❝❡ssár✐♦ ❛ ✐♥s❡rçã♦ ❞♦ ❜❧♦❝♦ ❞❡s❛❝♦♣❧❛❞♦r ♥❡ss❛s ❡str✉t✉r❛s✳ ❖ ♣r♦❥❡t♦

❞❡ss❡ ❜❧♦❝♦ ♣♦❞❡ s❡r ❜❛s❡❛❞♦ ♥❛ ❢✉♥çã♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞♦ ♣r♦❝❡ss♦ ♦✉ ♥♦ ♠♦❞❡❧♦ ❡♠

❡s♣❛ç♦ ❞❡ ❡st❛❞♦s✳

❖ ♣r♦❥❡t♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r ❜❛s❡❛❞♦ ♥❛ ❢✉♥çã♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ♣♦❞❡ s❡r ❝❧❛ss✐✜❝❛❞♦ ❞❡

❛❝♦r❞♦ ❝♦♠ ❛ ❡str✉t✉r❛ ❝♦♠♦✿ ✐❞❡❛❧✱ s✐♠♣❧✐✜❝❛❞♦ ♦✉ ✐♥✈❡rt✐❞♦✳

❈♦♥❢♦r♠❡ ❛♣r❡s❡♥t❛❞♦ ♥❡st❡ ❝❛♣ít✉❧♦✱ ♦ ❞❡s❛❝♦♣❧❛❞♦r é ♣r♦❥❡t❛❞♦ ❛ ♣❛rt✐r ❞❡ ✉♠ ♠♦✲

❞❡❧♦ ❡st✐♠❛❞♦ ❞♦ ♣r♦❝❡ss♦ r❡❛❧✳ ❊ss❡ ♠♦❞❡❧♦✱ ❛❧é♠ ❞❡ ❝♦♥t❡r ❡rr♦s ✐♥❡✈✐tá✈❡✐s ❞❡ ❡st✐♠❛çã♦✱

❛✐♥❞❛ é ✉♠❛ ❛♣r♦①✐♠❛çã♦ ❞❡ ♣r✐♠❡✐r❛ ♦r❞❡♠ ❝♦♠ ❛tr❛s♦ ✭❋❖P❚❉ ✲ ✜rst ♦r❞❡r ♣❧✉s t✐♠❡

❞❡❧❛②✮✳ P♦r ❡st❡ ♠♦t✐✈♦✱ ♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ t♦r♥❛✲s❡ ❡✜❝❛③ ❛♣❡♥❛s ♥❛s ❢r❡q✉ê♥❝✐❛s ♦♥❞❡ ♦

♠♦❞❡❧♦ é ♣r❡❝✐s♦✳ ❆ss✐♠✱ ✉♠ ❛❥✉st❡ ♥♦s ♣❛râ♠❡tr♦s ♣♦❞❡ s❡r ♥❡❝❡ssár✐♦✳

❖s ♣ró①✐♠♦s ❝❛♣ít✉❧♦s tr❛t❛rã♦ ❞❛ ❛✈❛❧✐❛çã♦ ❡ r❡♣r♦❥❡t♦ ❞♦s ❞❡s❛❝♦♣❧❛❞♦r❡s s✐♠♣❧✐✜✲

❝❛❞♦ ❡ ✐♥✈❡rt✐❞♦✳



❈❛♣ít✉❧♦ ✸

❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r

❙✐♠♣❧✐✜❝❛❞♦

✸✳✶ ■♥tr♦❞✉çã♦

❖ ♠♦❞❡❧♦ ✉t✐❧✐③❛❞♦ ♥♦ ♣r♦❥❡t♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r ❞✐♥â♠✐❝♦✱ ❛❧é♠ ❞❡ s❡r ✉♠❛ ❛♣r♦①✐♠❛çã♦✱

❛✐♥❞❛ ❝♦♥té♠ ❡rr♦s ✐♥❡✈✐tá✈❡✐s ♣r❡s❡♥t❡s ♥❛ ✐❞❡♥t✐✜❝❛çã♦✳ ❉❡ss❛ ❢♦r♠❛✱ ♦ ❞❡s❛❝♦♣❧❛❞♦r

é ❡❢❡t✐✈♦ s♦♠❡♥t❡ ♥❛s ❢r❡q✉ê♥❝✐❛s ♦♥❞❡ ♦ ♠♦❞❡❧♦ é ♣r❡❝✐s♦✳ P♦ré♠✱ ✉♠ ❛❥✉st❡ ❞♦ ❜❧♦❝♦

❞❡s❛❝♦♣❧❛❞♦r ♣♦❞❡ s❡r r❡❛❧✐③❛❞♦ ❛ ✜♠ ❞❡ ❛❧❝❛♥ç❛r ✉♠ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ♠❛✐s ❡❢❡t✐✈♦ ♥❛

❢r❡q✉ê♥❝✐❛ ❞❡ ✐♥t❡r❡ss❡ ♣❛r❛ ❝♦♥tr♦❧❡ ♦✉ ❡♠ ✉♠ ❝♦♥❥✉♥t♦ ❞❡❧❛s✳ P❛r❛ ✐ss♦ é ♥❡❝❡ssár✐♦

r❡❛❧✐③❛r ❛ ❛✈❛❧✐❛çã♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦ ♥❛s ❢r❡q✉ê♥❝✐❛s ❞❡s❡❥❛❞❛s✳

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

❧✐③❛♥❞♦ ❞✉❛s ❢r❡q✉ê♥❝✐❛s é ♣r♦♣♦st❛✳ ❆❧é♠ ❞✐ss♦✱ sã♦ ❞❡t❛❧❤❛❞❛s ❛s ♠❡t♦❞♦❧♦❣✐❛s ❞❡

❛✈❛❧✐❛çã♦ ❡ r❡♣r♦❥❡t♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ω90✱ ❜❛s❡❛❞❛ ♥♦ ❡①♣❡r✐♠❡♥t♦ ❞♦ r❡❧é ♣r♦♣♦st❛ ♣♦r

❆❝✐♦❧✐ ❏ú♥✐♦r ✭✷✵✶✷✮ ♣❛r❛ ❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦✳

❊ss❡ ❝❛♣ít✉❧♦ ❡stá ❞✐✈✐❞✐❞♦ ❝♦♠♦ s❡❣✉❡✳ ◆❛ s❡çã♦ ✸✳✷ é ❛♣r❡s❡♥t❛❞♦ ♦ ♣r♦❥❡t♦ ❞♦

❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦ ✐♥✐❝✐❛❧✳ ❆ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❛✈❛❧✐❛çã♦ ❡ r❡♣r♦❥❡t♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r

s✐♠♣❧✐✜❝❛❞♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ω90 ♣r♦♣♦st♦ ♣♦r ❆❝✐♦❧✐ ❏ú♥✐♦r ✭✷✵✶✷✮ é r❡✈✐s❛❞❛ ♥❛ s❡çã♦

✸✳✸✳ ❆ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❛✈❛❧✐❛çã♦ ❡ r❡♣r♦❥❡t♦ ✉t✐❧✐③❛♥❞♦ ❞♦✐s ♣♦♥t♦s ❞❡ ❢r❡q✉ê♥❝✐❛ ♣❛r❛

❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦ é ♣r♦♣♦st❛ ♥❛ s❡çã♦ ✸✳✹✳ ◆❛ s❡çã♦ ✸✳✺ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s

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

❝♦♥❝❧✉sõ❡s ❡stã♦ ♥❛ s❡çã♦ ✸✳✻✳

✸✳✷ ❉❡s❛❝♦♣❧❛❞♦r ■♥✐❝✐❛❧

❖ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✐❝✐❛❧ é ♣r♦❥❡t❛❞♦ ❛ ♣❛rt✐r ❞♦ ♠♦❞❡❧♦ ❛♣r♦①✐♠❛❞♦ ❞♦ ♣r♦❝❡ss♦ r❡❛❧✳ ❆

✜♠ ❞❡ t♦r♥❛r ♦ ❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧❡s✱ é ✉t✐❧✐③❛❞❛ ❛ ❛♣r♦①✐♠❛çã♦ ❋❖P❚❉✱ ❞♦ ♠♦❞❡❧♦ r❡❛❧✿

✶✽



❈❛♣ít✉❧♦ ✸✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ✶✾

●̂(s) =

[

Ĝ11(s) Ĝ12(s)

Ĝ21(s) Ĝ22(s)

]

=







K11

1 + sτ11
e−sτd11

K12

1 + sτ12
e−sτd12

K21

1 + sτ21
e−sτd21

K22

1 + sτ22
e−sτd22






✭✸✳✶✮

❙❛❜❡♥❞♦ q✉❡ ♥❛ ❡str✉t✉r❛ s✐♠♣❧✐✜❝❛❞❛ D11(s) = D22(s) = 1 ❡✿

D12(s) = −
Ĝ12(s)

Ĝ11(s)
✭✸✳✷✮

❡

D21(s) = −
Ĝ21(s)

Ĝ22(s)
, ✭✸✳✸✮

❡♥tã♦✿

❉0(s) =









1 −
K12(1 + τ11s)

K11(1 + τ12s)
e−v(τd12−τd11)s

−
K21(1 + τ22s)

K22(1 + τ21s)
e−v(τd21−τd22)s 1









, ✭✸✳✹✮

♦♥❞❡ v =







1, s❡ τdij − τdii ≥ 0

0, s❡ τdij − τdii < 0
✱ i, j = 1, 2 ❡ i 6= j✳

❈♦♠♦ ♦ ♠♦❞❡❧♦ ❞♦ ♣r♦❝❡ss♦✱ ✉t✐❧✐③❛❞♦ ♥♦ ♣r♦❥❡t♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✐❝✐❛❧✱ é ✉♠❛ ❛♣r♦✲

①✐♠❛çã♦ ❞♦ ♣r♦❝❡ss♦ r❡❛❧✱ ❛❥✉st❡s ♥♦s ♣❛râ♠❡tr♦s ❞♦ ❞❡s❛❝♦♣❧❛❞♦r ♣♦❞❡♠ s❡r ♥❡❝❡ssár✐♦s✳

✸✳✸ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❯t✐❧✐③❛♥❞♦

❯♠ P♦♥t♦ ❞❡ ❋r❡q✉ê♥❝✐❛

◆❡st❛ s❡çã♦✱ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❛✈❛❧✐❛çã♦ ❡ r❡♣r♦❥❡t♦ ♣❛r❛ ❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦ ♣r♦✲

♣♦st❛ ❡♠ ❆❝✐♦❧✐ ❏ú♥✐♦r ✭✷✵✶✷✮ é r❡✈✐s❛❞❛✳

✸✳✸✳✶ ❆✈❛❧✐❛çã♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r

❈♦♥s✐❞❡r❛♥❞♦ ✉♠ ♣r♦❝❡ss♦ ❚■❚❖✱ ♦ ❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦ é ❛✈❛❧✐❛❞♦ ❡♠ r❡❧❛çã♦ ❛

❢r❡q✉ê♥❝✐❛ ω1
90 ✭♣❛r❛ ♠❛❧❤❛ ✶✮ ❡ ω2

90 ✭♣❛r❛ ♠❛❧❤❛ ✷✮✱ ♦♥❞❡ ωi
90 é ❛ ❢r❡q✉ê♥❝✐❛ ♥❛ q✉❛❧ Gii

t❡♠ ❢❛s❡ ✐❣✉❛❧ ❛ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ −90◦✳ ❊ss❛ ❢r❡q✉ê♥❝✐❛ ♣♦❞❡ s❡r ♦❜t✐❞❛ ❞❛ ✐♥❢♦r♠❛çã♦

♥♦ ❞♦♠í♥✐♦ ❞❛ ❢r❡q✉ê♥❝✐❛ ❡st✐♠❛❞❛ ♥❛ ✐❞❡♥t✐✜❝❛çã♦ ✭❆❈■❖▲■ ❏Ú◆■❖❘✱ ✷✵✶✷✮✱ ♦✉ ❛tr❛✈és

❞♦ ❞✐❛❣r❛♠❛ ❞❡ ❇♦❞❡ ❞❛s ♠❛❧❤❛s ❞✐r❡t❛s ❞♦ ♣r♦❝❡ss♦ ✭G11 ❡ G22✮✳ ❖ ♣r♦❝❡ss♦ ❞❡s❛❝♦♣❧❛❞♦

✭❍✭s✮✮ é ❡①❝✐t❛❞♦ ♣♦r ✉♠ s✐♥❛❧ q✉❛❞r❛❞♦ ❞❡ ❢r❡q✉ê♥❝✐❛ ωi
90 ♠❛✐s ✉♠ ♣✉❧s♦ r❡t❛♥❣✉❧❛r ❞❡

❧❛r❣✉r❛ ✐❣✉❛❧ ❛ ♠❡✐♦ ♣❡rí♦❞♦✳ ❈❛❞❛ ♠❛❧❤❛ i = 1, 2 é ❡①❝✐t❛❞❛ ❞❡ ♠❛♥❡✐r❛ s❡q✉❡♥❝✐❛❧ ❡ ♦



❈❛♣ít✉❧♦ ✸✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ✷✵

s✐♥❛❧ ❞❡ ❡①❝✐t❛çã♦ ❞❡ ❛✈❛❧✐❛çã♦ ❝♦♠ ❢r❡q✉ê♥❝✐❛ ωi
90 é ❛♣❧✐❝❛❞♦ ♥❛ ❡♥tr❛❞❛ ♦♣♦st❛ uj✱ ❝♦♠

i, j = 1, 2 ❡ j 6= i✳ ◆❛ ✜❣✉r❛ ✸✳✶ é ♠♦str❛❞❛ ❛ ❝✉r✈❛ ❞♦ s✐♥❛❧ ❞❡ ❡①❝✐t❛çã♦✳

❋✐❣✉r❛ ✸✳✶✿ ❈✉r✈❛ ❞♦ ❙✐♥❛❧ ❞❡ ❊①❝✐t❛çã♦ ❞❡ ❆✈❛❧✐❛çã♦

0 50 100 150 200 250 300 350 400
-2
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0
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y1

u1

0 50 100 150 200 250 300 350 400
-2

-1

0

1

2

y2

u2

N11T1 + T1/2 + N21T1

T2/2T2

N22T2

N21T1

T1/2T1

❋♦♥t❡✿ ❊❧❛❜♦r❛❞❛ ♣❡❧♦ ❛✉t♦r

❖ ♣r♦❝❡❞✐♠❡♥t♦ ♣❛r❛ ❛✈❛❧✐❛çã♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r é ❝♦♠♦ s❡❣✉❡✿

• N11 > 3 ♣❡rí♦❞♦s ❞❡ ✉♠❛ ♦♥❞❛ q✉❛❞r❛❞❛ ❞❡ ♣❡rí♦❞♦ T1 = 2π/ω1
90 s❡❣✉✐❞♦ ♣♦r ✉♠

♣✉❧s♦ r❡t❛♥❣✉❧❛r ❝♦♠ ❧❛r❣✉r❛ T1/2 é ❛♣❧✐❝❛❞❛ ♥❛ ❡♥tr❛❞❛ u2❀

• P❛ss❛❞♦N21T1 ✐♥st❛♥t❡s ❞❡ t❡♠♣♦✱ ❛ ❡♥tr❛❞❛ u1 é ❡①❝✐t❛❞❛ ♣♦r ♣❡❧♦ ♠❡♥♦s ✸ ♣❡rí♦❞♦s

❞❡ ✉♠❛ ♦♥❞❛ q✉❛❞r❛❞❛ ❝♦♠ ♣❡rí♦❞♦ T2 = 2π/ω2
90 s❡❣✉✐❞♦ ♣♦r ✉♠ ♣✉❧s♦ r❡t❛♥❣✉❧❛r

❝♦♠ ❧❛r❣✉r❛ T2/2✳

◆❛ ✜❣✉r❛ ✸✳✷ é ♠♦str❛❞❛ ❛ ❛✈❛❧✐❛çã♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r ♣❛r❛ ♠❛❧❤❛ 1✳

❆ r❡❧❛çã♦ ❡♥tr❛❞❛✴s❛í❞❛ ❛♦ ❛♣❧✐❝❛r ❛ ❡①❝✐t❛çã♦ ❡♠ u2 ❡ u1 é ❞❛❞❛ ♣♦r✿

Y1(s)

U2(s)
= G12(s) +G11(s)D

0
12(s) ✭✸✳✺✮

❡
Y2(s)

U1(s)
= G21(s) +G22(s)D

0
21(s), ✭✸✳✻✮

♦♥❞❡ D0
ij(s) é ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✐❝✐❛❧♠❡♥t❡ ♣r♦❥❡t❛❞♦✳



❈❛♣ít✉❧♦ ✸✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ✷✶

❋✐❣✉r❛ ✸✳✷✿ ❉✐❛❣r❛♠❛ ❞❡ ❇❧♦❝♦s q✉❡ ❘❡♣r❡s❡♥t❛ ❛ ❊①❝✐t❛çã♦ ❞❡ ❆✈❛❧✐❛çã♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r
❙✐♠♣❧✐✜❝❛❞♦

❋♦♥t❡✿ ❊❧❛❜♦r❛❞❛ ♣❡❧♦ ❛✉t♦r

P❛r❛ ❛❧❝❛♥ç❛r ♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ❡❢❡t✐✈♦ ❛s ❡q✉❛çõ❡s ✭✸✳✺✮ ❡ ✭✸✳✻✮ ❞❡✈❡♠ s❡r ✐❣✉❛✐s ❛

③❡r♦✳ ❆ ♣❛rt✐r ❞❡ss❛s ❡q✉❛çõ❡s é ❞❡✜♥✐❞♦ ♦ í♥❞✐❝❡ ❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ♣❛r❛ ♦ ❞❡s❛❝♦♣❧❛❞♦r

s✐♠♣❧✐✜❝❛❞♦✳

❉❡✜♥✐çã♦ ✶ ❖ í♥❞✐❝❡ ❞♦ ❡rr♦ ❞♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ s✐♠♣❧✐✜❝❛❞♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ωi
90 ♣❛r❛ ❛

♠❛❧❤❛ i é ❞❡✜♥✐❞♦ ♣♦r✿

Hisimpl
(jωi

90) = Gij(jω
i
90) +Gii(jω

i
90)D

0
ij(jω

i
90), ✭✸✳✼✮

♦♥❞❡ i, j = 1, 2 ❡ i 6= j✳

❙❡ ♦ í♥❞✐❝❡ ❞❡ ❡rr♦ ♥ã♦ ❢♦r ♣ró①✐♠♦ ❛ ③❡r♦ ♦ ❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦ ❞❡✈❡ s❡r r❡♣r♦✲

❥❡t❛❞♦✳

✸✳✸✳✷ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r

P❛r❛ ❛❧❝❛♥ç❛r ♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ❡❢❡t✐✈♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ωi
90 ♦ ❞❡s❛❝♦♣❧❛❞♦r ❞❡✈❡ s❡r r❡♣r♦✲

❥❡t❛❞♦✳

P❛r❛ ♦ ❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦✱ t❡♠✲s❡ q✉❡ ♦ í♥❞✐❝❡ ❞❡ ❡rr♦ ❞♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ❞❡✲

s❡❥❛❞♦ é ❞❛❞♦ ♣♦r✿

Gij(jω
i
90) +Gii(jω

i
90)D

1
ij(jω

i
90) ≈ 0, ✭✸✳✽✮

♦♥❞❡ i, j = 1, 2✱ i 6= j✱ D1
ij(jω

i
90) é ♦ r❡♣r♦❥❡t♦ ❞❡ D0

ij(jω
i
90)✳ ❉❛í✱ t❡♠✲s❡ ❛ ❞❡✜♥✐çã♦ ❞❛

❡q✉❛çã♦ ❞❡ r❡♣r♦❥❡t♦ ♣❛r❛ ♦ ❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦✳



❈❛♣ít✉❧♦ ✸✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ✷✷

❉❡✜♥✐çã♦ ✷ ❆ ❡q✉❛çã♦ ❞❡ r❡♣r♦❥❡t♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦ ♣❛r❛ ❛ ♠❛❧❤❛ i é ❞❡✲

✜♥✐❞❛ ❝♦♠♦ ❛ s✉❜tr❛çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ❡rr♦ ❞♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ♥♦ ❞♦♠í♥✐♦ ❞❛ ❢r❡q✉ê♥❝✐❛

❡st✐♠❛❞♦ ✭❡q✉❛çã♦ ✭✸✳✼✮✮ ❞♦ í♥❞✐❝❡ ❞❡s❡❥❛❞♦ ✭❡q✉❛çã♦ ✭✸✳✽✮✮✱ ❞❡✜♥✐❞♦ ♣♦r✿

[D1
ij(jω

i
90)−D0

ij(jω
i
90)] =

−Hisimpl
(jωi

90)

Gii(jωi
90)

, ✭✸✳✾✮

♦♥❞❡ i, j = 1, 2 ❡ i 6= j✳

❖ t❡r♠♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r é ❞❛❞♦ ♣♦r✿

D0,1
ij (jωi

90) = K̄0,1
i

(jωi
90τ

0,1
ii + 1)e−jωi

90
τdeij

(jωi
90τ

0,1
ij + 1)

✭✸✳✶✵✮

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

✭✸✳✾✮✱ ❞❡ss❛ ♠❛♥❡✐r❛✱ ♦s ♣❛râ♠❡tr♦s K̄1
i ✱ τ

1
ii ❡ τ 1ij ♣♦❞❡♠ s❡r ♠♦❞✐✜❝❛❞♦s✳ ❆ s❡❣✉✐r✱ sã♦

❞❡✜♥✐❞♦s três ❝❛s♦s ✉t✐❧✐③❛❞♦s ♥♦ r❡♣r♦❥❡t♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r✳

❈❛s♦ ✶

◆♦ ❝❛s♦ 1 ❛♣❡♥❛s ♦ ❣❛♥❤♦ K̄1
i é ♠♦❞✐✜❝❛❞♦ ♣❛r❛ ❝❛❞❛ t❡r♠♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r✳

❈♦♥s✐❞❡r❡ ❛ ♠❛❧❤❛ i✱ s✉❜st✐t✉✐♥❞♦✲s❡ ❛ ❡q✉❛çã♦ ✭✸✳✶✵✮ ♥❛ ❡q✉❛çã♦ ✭✸✳✾✮✱ t❡♠✲s❡ q✉❡ ❛

✈❛r✐❛çã♦ ♥♦ ❣❛♥❤♦ é ❞❛❞❛ ♣♦r✿

∆K̄ = Re











−Hisimpl
(jωi

90)

Gii(jωi
90)

(jωi
90τ

0
ii + 1)e−jωi

90
τdeij

(jω1
90τ

0
ij + 1)











, ✭✸✳✶✶✮

♦♥❞❡ ∆K̄i = (K̄1
i − K̄0

i )✱ i, j = 1, 2 ❡ i 6= j✳

❈❛s♦ ✷

◆❡ss❡ ❝❛s♦✱ sã♦ ❛❧t❡r❛❞♦s ♦ ❣❛♥❤♦ K̄1
i ❡ ❛ ❝♦♥st❛♥t❡ ❞❡ t❡♠♣♦ τ 1ij ♣❛r❛ ❛ ♠❛❧❤❛ i✳ ❙❛❜❡♥❞♦

q✉❡✿

D1
ij(jω

i
90) =

−Hisimpl
(jωi

90)

Gii(jωi
90)

+D0
ij(jω

i
90), ✭✸✳✶✷✮

♦♥❞❡ i, j = 1, 2 ❡ i 6= j✳

❙✉❜st✐t✉✐♥❞♦ ❛ ❡q✉❛çã♦ ✭✸✳✶✵✮ ♥❛ ❡q✉❛çã♦ ✭✸✳✶✷✮✱ t❡♠✲s❡ q✉❡ ❛ ❡q✉❛çã♦ ❞❡ r❡♣r♦❥❡t♦

❞♦ ❞❡s❛❝♦♣❧❛❞♦r é ❞❛❞❛ ♣♦r✿

K̄1
i

jωi
90τ

1
ij + 1

=

−Hisimpl
(jωi

90)

Gii(jωi
90)

+D0
ij(jω

i
90)

(jωi
90τ

0
ii + 1)e−jωi

90
τdeij

= Γi(jω
i
90). ✭✸✳✶✸✮



❈❛♣ít✉❧♦ ✸✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ✷✸

❉❡st❛ ❢♦r♠❛✱ t❡♠✲s❡ q✉❡✿

τ 1ij =
−Im(Γi(jω

i
90))

ωi
90Re(Γi(jωi

90))
, ✭✸✳✶✹✮

K̄1
i = Re(Γi(jω

i
90))[1 + (ωi

90τ
1
ij)

2]. ✭✸✳✶✺✮

◆❡ss❡ ❝❛s♦✱ é ✐♠♣♦rt❛♥t❡ ❧❡✈❛r ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛ ❡st❛❜✐❧✐❞❛❞❡ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r r❡✲

♣r♦❥❡t❛❞♦✳ P❛r❛ q✉❡ s❡❥❛ ❡stá✈❡❧ ♦ ❞❡s❛❝♦♣❧❛❞♦r ♥ã♦ ❞❡✈❡ t❡r ♣♦❧♦ ♣♦s✐t✐✈♦✱ ♦✉ s❡❥❛✱ ♥♦

s❡♠✐✲♣❧❛♥♦ ❞✐r❡✐t♦ ❞♦ ♣❧❛♥♦ ❝♦♠♣❧❡①♦✳ ❆ss✐♠✱ s❛❜❡♥❞♦ q✉❡ Γi(jω
i
90) é ✉♠ ♥ú♠❡r♦ ❝♦♠✲

♣❧❡①♦✱ é ♥❡❝❡ssár✐♦ q✉❡ ♦ s✐♥❛❧ ❞❛ ♣❛rt❡ r❡❛❧ s❡❥❛ ❞✐❢❡r❡♥t❡ ❞♦ s✐♥❛❧ ❞❛ ♣❛rt❡ ✐♠❛❣✐♥ár✐❛✳

❈❛s♦ ✸

◆❡ss❡ ❝❛s♦✱ ♦ ❣❛♥❤♦ K̄1
i ❡ ❛ ❝♦♥st❛♥t❡ ❞❡ t❡♠♣♦ τ 1ii sã♦ ❛❧t❡r❛❞♦s✳ ❆ ❡q✉❛çã♦ ❞❡ r❡♣r♦❥❡t♦

❞♦ ❞❡s❛❝♦♣❧❛❞♦r é ❞❛❞❛ ♣♦r✿

K̄1
i (jω

i
90τ

1
ii + 1) =

[

−Hisimpl
(jωi

90)

Gii(jωi
90)

+D0
ij(jω

i
90)

]

(jωi
90τ

0
ij + 1)e+jωi

90
τdeij , ✭✸✳✶✻✮

♦♥❞❡ i, j = 1, 2 ❡ i 6= j✳

❉❡✜♥✐♥❞♦✲s❡✿

[

−Hisimpl
(jωi

90)

Gii(jωi
90)

+D0
ij(jω

i
90)

]

(jωi
90τ

0
ij + 1)e+jωi

90
τdeij = Ψi(jω

i
90), ✭✸✳✶✼✮

t❡♠✲s❡ q✉❡✿

K̄1
i = Re(Ψi(jω

i
90)), ✭✸✳✶✽✮

τ 1ii =
Im(Ψi(jω

i
90))

ωi
90K̄

1
i

. ✭✸✳✶✾✮

✸✳✹ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❯t✐❧✐③❛♥❞♦

❉♦✐s P♦♥t♦s ❞❡ ❋r❡q✉ê♥❝✐❛

❖ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ r❡♣r♦❥❡t♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r✱ ❛♣r❡s❡♥t❛❞♦ ♥❛ s❡çã♦ ❛♥t❡r✐♦r✱ é ❡✜❝❛③ ♣❛r❛

❞✐♠✐♥✉✐r ♦ ❛❝♦♣❧❛♠❡♥t♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ω90✳ P♦ré♠✱ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ ❛♦ r❡♣r♦❥❡t❛r ♦

❞❡s❛❝♦♣❧❛❞♦r ❝♦♥s✐❞❡r❛♥❞♦ ❛♣❡♥❛s ❡ss❛ ❢r❡q✉ê♥❝✐❛✱ ♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ♥♦ ❡st❛❞♦ ❡st❛❝✐♦♥á✲

r✐♦ ✭❢r❡q✉ê♥❝✐❛ ③❡r♦✮ ♣♦❞❡ s❡r ❞❡❣r❛❞❛❞♦✳ ❉❡ss❛ ❢♦r♠❛✱ ♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ t♦r♥❛✲s❡ ✐♥❡✜❝❛③

q✉❛♥❞♦ ❛ ♠❛❧❤❛ é ❡①❝✐t❛❞❛✱ ♣♦r ❡①❡♠♣❧♦✱ ♣❡❧♦ ❞❡❣r❛✉✳



❈❛♣ít✉❧♦ ✸✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ✷✹

◆❡st❛ s❡çã♦✱ é ❛♣r❡s❡♥t❛❞♦ ✉♠ ♥♦✈♦ ♣r♦❝❡❞✐♠❡♥t♦ ♣❛r❛ ❛✈❛❧✐❛çã♦ ❡ r❡♣r♦❥❡t♦✱ ❝♦♥s✐✲

❞❡r❛♥❞♦ ❛s ❢r❡q✉ê♥❝✐❛s ω = 0 ❡ ω90✱ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦ ♣❛r❛ ♣r♦❝❡ss♦s ❚■❚❖✳

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

❡st❛❞♦ ❡st❛❝✐♦♥ár✐♦ ❡ ❝♦♠ ♠❡❧❤♦r✐❛s ❞❡ ❞❡s❡♠♣❡♥❤♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ω90✳

❆ ❛✈❛❧✐❛çã♦ é r❡❛❧✐③❛❞❛ t❛♥t♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ω = 0 ❝♦♠♦ ω90✳ ❖ í♥❞✐❝❡ ❞❡ ❡rr♦ ♥❛

❢r❡q✉ê♥❝✐❛ ③❡r♦ é ✉t✐❧✐③❛❞♦ ♣❛r❛ r❡♣r♦❥❡t❛r ♦ ❣❛♥❤♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r✳ ❊♥q✉❛♥t♦ q✉❡ ❛s

❝♦♥st❛♥t❡s ❞❡ t❡♠♣♦ sã♦ ❛❧t❡r❛❞❛s ♣❛r❛ ♠✐♥✐♠✐③❛r ♦ í♥❞✐❝❡ ❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ω90✳

✸✳✹✳✶ ❆✈❛❧✐❛çã♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r

❈♦♠ ❛ ✜♥❛❧✐❞❛❞❡ ❞❡ ♦❜t❡r ✉♠ ♠❡❧❤♦r ❞❡s❛❝♦♣❧❛♠❡♥t♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ωi
90 s❡♠ ❞❡❣r❛❞❛✲

❧♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ③❡r♦✱ ♦ s✐st❡♠❛ ❞❡s❛❝♦♣❧❛❞♦ ❍(s) = ●(s)❉0(s) ❞❡✈❡ s❡r ❛✈❛❧✐❛❞♦ ♥❛s

❢r❡q✉ê♥❝✐❛s ωi = 0 ❡ ωi
90✳ ❆ss✐♠✱ ❍(s) ❞❡✈❡ s❡r ❡①❝✐t❛❞♦ ♣♦r ✉♠ s✐♥❛❧ q✉❛❞r❛❞♦ ❝♦♠

❢r❡q✉ê♥❝✐❛ ωi
90 s❡❣✉✐❞♦ ♣♦r ✉♠ ♣✉❧s♦ ❝♦♠ ❧❛r❣✉r❛ ❞❡ ♣❡❧♦ ♠❡♥♦s ✸ ♣❡rí♦❞♦s ❞❛ ♦♥❞❛

q✉❛❞r❛❞❛✳

❆ ❡①❝✐t❛çã♦ ♣❛r❛ ❝❛❞❛ ♠❛❧❤❛ ✭u1 − y1 ❡ u2 − y2✮ é s❡q✉❡♥❝✐❛❧♠❡♥t❡ ❛♣❧✐❝❛❞❛✱ ✐st♦ é✱ ♦

s✐♥❛❧ ❞❡ ❡①❝✐t❛çã♦ é ❛♣❧✐❝❛❞♦ ❡♠ ❞✐❢❡r❡♥t❡s ♣❡rí♦❞♦s ❞❡ t❡♠♣♦ ❡ ♥❛ ❡♥tr❛❞❛ ♦♣♦st❛✳ ❖✉

s❡❥❛✱ ❛ ❡①❝✐t❛çã♦ ❝♦♠ ❢r❡q✉ê♥❝✐❛ ωi
90 ❞❡✈❡ s❡r ❛♣❧✐❝❛❞❛ ♥❛ ❡♥tr❛❞❛ ♦♣♦st❛ uj✱ i, j = 1, 2 ❡

i 6= j✳ ◆❛ ✜❣✉r❛ ✸✳✷ é ♠♦str❛❞❛ ❛ ❛✈❛❧✐❛çã♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r ♣❛r❛ ♠❛❧❤❛ 1✳

❆ ❝✉r✈❛ ❞♦ s✐♥❛❧ ❞❡ ❡①❝✐t❛çã♦ ❞❡ ❛✈❛❧✐❛çã♦ é ♠♦str❛❞❛ ♥❛ ✜❣✉r❛ ✸✳✸✱ ♦♥❞❡ T1 = 2π/ω1
90

é ♦ ♣❡rí♦❞♦ ❞♦ s✐♥❛❧ ❛♣❧✐❝❛❞♦ ❛ ♠❛❧❤❛ ✷ ❡ T2 = 2π/ω2
90 é ♦ ♣❡rí♦❞♦ ❞♦ s✐♥❛❧ ❛♣❧✐❝❛❞♦ ❛

♠❛❧❤❛ ✶✳ ❖ ♥ú♠❡r♦ ❞❡ ♣❡rí♦❞♦s Nii ❞❛ ♦♥❞❛ q✉❛❞r❛❞❛ ❞❡✈❡ s❡r ✐♥t❡✐r♦ ♠❛✐♦r ♦✉ ✐❣✉❛❧ ❛

2 ❡ ❛ ❧❛r❣✉r❛ ❞♦ ♣✉❧s♦ ✐❣✉❛❧ ❛ ♣❡❧♦ ♠❡♥♦s 3 ♣❡rí♦❞♦s ❞❛ ♦♥❞❛ q✉❛❞r❛❞❛✳ ❖ t❡r♠♦ N12 é

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

❈♦♥s✐❞❡r❛♥❞♦ ✉♠ s✐st❡♠❛ ❞❡s❛❝♦♣❧❛❞♦ ❛ r❡❧❛çã♦ ❡♥tr❛❞❛✴s❛í❞❛ é ❛ ♠❡s♠❛ ❞❛❞❛ ♣❡❧❛s

❡q✉❛çõ❡s ✭✸✳✺✮ ❡ ✭✸✳✻✮✳ ❉❡ss❛ ❢♦r♠❛✱ ♦ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛ é ❞❡✜♥✐❞♦ ♣❡❧❛s ❡q✉❛çõ❡s ✭✸✳✼✮

✭✈❡r s❡çã♦ ✸✳✸✮✳ ❆ ❞✐❢❡r❡♥ç❛ ❡♠ r❡❧❛çã♦ ❛ ❛✈❛❧✐❛çã♦ ❛♣r❡s❡♥t❛❞❛ ♥❛ s❡çã♦ ✸✳✸✱ ❛❧é♠ ❞♦

s✐♥❛❧ ❞❡ ❡①❝✐t❛çã♦✱ é q✉❡✱ ♥❡ss❡ ❝❛s♦✱ é ♥❡❝❡ssár✐♦ ❝❛❧❝✉❧❛r ♦ í♥❞✐❝❡ ❞❡ ❡rr♦ ❡♠ ❞♦✐s ♣♦♥t♦s

❞❡ ❢r❡q✉ê♥❝✐❛ ✭ωi = 0 ❡ ωi
90✮✳

❆ss✐♠✱ ♣❛r❛ ♦ ❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦ t❡♠✲s❡ ❛s s❡❣✉✐♥t❡s ❡q✉❛çõ❡s ♣❛r❛ ♦s í♥❞✐❝❡s

❞❡ ❡rr♦ ❡♠ ❝❛❞❛ ♣♦♥t♦ ❞❡ ❢r❡q✉ê♥❝✐❛✿

Hisimpl
(0) = Gij(0) +Gii(0)D

0
ij(0), ✭✸✳✷✵✮

Hisimpl
(jωi

90) = Gij(jω
i
90) +Gii(jω

i
90)D

0
ij(jω

i
90), ✭✸✳✷✶✮

♦♥❞❡ i, j = 1, 2 ❡ i 6= j✳

❙❡ ♦ í♥❞✐❝❡ ❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ③❡r♦ ♥ã♦ ❢♦r ♣ró①✐♠♦ ❛ ③❡r♦✱ ♦ ❣❛♥❤♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r



❈❛♣ít✉❧♦ ✸✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ✷✺

❋✐❣✉r❛ ✸✳✸✿ ❈✉r✈❛ ❞♦ ❙✐♥❛❧ ❞❡ ❊①❝✐t❛çã♦ ❞❡ ❆✈❛❧✐❛çã♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦
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Excitação inversa - malha 1
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Excitação inversa - malha 2
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❋♦♥t❡✿ ❊❧❛❜♦r❛❞❛ ♣❡❧♦ ❛✉t♦r

❞❡✈❡ s❡r r❡♣r♦❥❡t❛❞♦✳ ❙❡ ♦ í♥❞✐❝❡ ❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ω90 ♥ã♦ ❢♦r ♣ró①✐♠♦ ❛ ③❡r♦✱ ❛s

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

❞❡ ❡rr♦ ❢♦r❡♠ ♣ró①✐♠♦s ❛ ③❡r♦✱ ❞❡✈❡✲s❡✱ ♣r✐♠❡✐r❛♠❡♥t❡✱ ❛❧t❡r❛r ♦ ❣❛♥❤♦✳ ❊♠ s❡❣✉✐❞❛✱

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

✸✳✹✳✷ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r

❖ ♦❜❥❡t✐✈♦ ❞♦ r❡♣r♦❥❡t♦ é ♦❜t❡r ✉♠ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ❡❢❡t✐✈♦ ♥❛s ❢r❡q✉ê♥❝✐❛s ω = 0 ❡ ω90✳

❙❡♥❞♦ ❛ss✐♠✱ ♦ ❞❡s❛❝♦♣❧❛❞♦r ❞❡✈❡ s❡r r❡♣r♦❥❡t❛❞♦ ❞❡ ♠❛♥❡✐r❛ ❛ ♠✐♥✐♠✐③❛r ♦s í♥❞✐❝❡s ❞❡

❡rr♦✳

❈♦♥s✐❞❡r❛♥❞♦ ✉♠ ♣r♦❝❡ss♦ ❚■❚❖ ❡ ♦ ❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦ ❛ ❡q✉❛çã♦ ❞❡ r❡♣r♦❥❡t♦

é ❞❡✜♥✐❞❛ ♣♦r✿

[D1
ij(jω

i)−D0
ij(jω

i)] =
−Hisimpl

(jωi)

Ĝii(jωi)
, ✭✸✳✷✷✮

♦♥❞❡ i, j = 1, 2 ❡ i 6= j✳ ❊ ♦ t❡r♠♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r é ❞❛❞♦ ♣♦r✿

D0,1
ij (jωi) = K̄0,1

i

(jωiτ 0,1ii + 1)e−sτdeij

(jωiτ 0,1ij + 1)
. ✭✸✳✷✸✮

❖ r❡♣r♦❥❡t♦ é ❞✐✈✐❞✐❞♦ ❡♠ ❞✉❛s ❡t❛♣❛s✳ ◆❛ ♣r✐♠❡✐r❛ ❡t❛♣❛ ♦ ❣❛♥❤♦ K̄1
i ❞♦ ❞❡s❛❝♦♣❧❛❞♦r



❈❛♣ít✉❧♦ ✸✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ✷✻

é ❛❧t❡r❛❞♦ ❝♦♠ ❛ ✜♥❛❧✐❞❛❞❡ ❞❡ ❞✐♠✐♥✉✐r ♦ í♥❞✐❝❡ ❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ③❡r♦✱ ♦✉ s❡❥❛✱ é

❝♦♥s✐❞❡r❛❞♦ ❛♣❡♥❛s ♦ í♥❞✐❝❡ ❞❡ ❡rr♦ ♥♦ ❡st❛❞♦ ❡st❛❝✐♦♥ár✐♦✳

◆❛ ❡t❛♣❛ 2 sã♦ ❛❧t❡r❛❞❛s ❛s ❝♦♥st❛♥t❡s ❞❡ t❡♠♣♦ ❞♦ ❞❡♥♦♠✐♥❛❞♦r τij ✭❡t❛♣❛ 2.1✮ ♦✉

❞♦ ♥✉♠❡r❛❞♦r τii ✭❡t❛♣❛ 2.2✮✳ ❆ ✐♥t❡♥çã♦ ❛❣♦r❛ é ❞✐♠✐♥✉✐r ♦ í♥❞✐❝❡ ❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛

ω90✳ ◆❡ss❛ ❡t❛♣❛✱ ♦ ❣❛♥❤♦ ✉t✐❧✐③❛❞♦ ♥♦ ❞❡s❛❝♦♣❧❛❞♦r r❡♣r♦❥❡t❛❞♦ é ♦ ❣❛♥❤♦ ❝❛❧❝✉❧❛❞♦ ♥❛

❡t❛♣❛ 1✳

❊t❛♣❛ ✶

◆❡st❡ ❝❛s♦✱ ♦ ❣❛♥❤♦ K̄1
i é ♠♦❞✐✜❝❛❞♦✳

▲❡♠❛ ✶ ❖ ❣❛♥❤♦ r❡♣r♦❥❡t❛❞♦ K̄1
i é ❞❛❞♦ ♣♦r✿

K̄1
i = real

(

−
Hisimpl

(0)

K̄ii

)

+ K̄0
i , ✭✸✳✷✹✮

♦♥❞❡ i, j = 1, 2 ❡ i 6= j✳

Pr♦✈❛✳ ❙✉❜st✐t✉✐♥❞♦ ❛ ❡q✉❛çã♦ ✭✸✳✷✸✮ ♥❛ ❡q✉❛çã♦ ✭✸✳✷✷✮✿

Ĝii(jω
i)

[

K̄1
i

(jωiτ 0ii + 1)e−jωiτ0
deij

(jωiτ 0ij + 1)
− K̄0

i

(jωiτ 0ii + 1)e−jωiτdeij

(jωiτ 0ij + 1)

]

= −Hisimpl
(jωi), ✭✸✳✷✺✮

❢❛③❡♥❞♦ ωi = 0✱ t❡♠✲s❡✿

K̄ii

[

K̄1
i − K̄0

i

]

= −Hisimpl
(0). ✭✸✳✷✻✮

❙❛❜❡♥❞♦ q✉❡ Hisimpl
(0) é ✉♠ ♥ú♠❡r♦ ❝♦♠♣❧❡①♦ ❡ q✉❡ ♦ ❣❛♥❤♦ é ✉♠ ♥ú♠❡r♦ r❡❛❧✿

[

K̄1
i − K̄0

i

]

= real(−Hisimpl
(0)/K̄ii), ✭✸✳✷✼✮

K̄1
i = real(−Hisimpl

(0)/K̄ii) + K̄0
i . ✭✸✳✷✽✮

❊t❛♣❛ ✷

❊t❛♣❛ ✷✳✶ ❈♦♥st❛♥t❡ ❞❡ t❡♠♣♦ ❞♦ ❞❡♥♦♠✐♥❛❞♦r ✲ τ 1ij

❈♦♥s✐❞❡r❛♥❞♦ ♦ ♥♦✈♦ ✈❛❧♦r ❞♦ ❣❛♥❤♦ ♦❜t✐❞♦ ♥❛ ❡t❛♣❛ 1 ✭❡q✉❛çã♦ ✭✸✳✷✹✮✮✱ ❛ ❝♦♥st❛♥t❡ ❞❡

t❡♠♣♦ τ 1ij é ❛❧t❡r❛❞❛✳



❈❛♣ít✉❧♦ ✸✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ✷✼

▲❡♠❛ ✷ ❆ ❡q✉❛çã♦ ❞❡ r❡♣r♦❥❡t♦ ❞❛ ❝♦♥st❛♥t❡ ❞❡ t❡♠♣♦ τ 1ij é ❞❛❞❛ ♣♦r✿

τ 1ij =

imag

(

K̄1
i − Γi(jω

i
90)

Γi(jωi
90)

)

ωi
90

, ✭✸✳✷✾✮

♦♥❞❡

Γi(jω
i
90) =

−Hisimpl
(jωi

90)

Ĝii(jωi
90)

+D0
ij(jω

i
90)

(jωi
90τ

0
ii + 1)e−jωi

90
τdeij

. ✭✸✳✸✵✮

P❛r❛ ♦ ❞❡s❛❝♦♣❧❛❞♦r s❡r ❡stá✈❡❧ é ♥❡❝❡ssár✐♦ q✉❡ s✉❛ ❢✉♥çã♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ♥ã♦ t❡✲

♥❤❛ ♣♦❧♦ ♣♦s✐t✐✈♦✳ ❈♦♠♦ ♥❡ss❛ ❡t❛♣❛ ♦ ♣♦❧♦ ❡stá s❡♥❞♦ ❛❧t❡r❛❞♦✱ ❞❡ ❢♦r♠❛ ❛ ❣❛r❛♥t✐r ❛

❡st❛❜✐❧✐❞❛❞❡ é ♥❡❝❡ssár✐♦ q✉❡ imag

(

K̄1
i − Γi(jω

i
90)

Γi(jωi
90)

)

> 0✳

Pr♦✈❛✳ ❙✉❜st✐t✉✐♥❞♦ ❛ ❡q✉❛çã♦ ✭✸✳✷✸✮ ♥❛ ❡q✉❛çã♦ ✭✸✳✷✷✮✿

Ĝii(jω
i)

[

K̄1
i

(jωiτ 0ii + 1)e−jωiτdeij

(jωiτ 1ij + 1)
− K̄0

i

(jωiτ 0ii + 1)e−jωiτdeij

(jωiτ 0ij + 1)

]

= −Hisimpl
(jωi), ✭✸✳✸✶✮

❢❛③❡♥❞♦ ωi = ωi
90✱ t❡♠✲s❡ q✉❡✿

Ĝii(jω
i
90)

[

K̄1
i

(jωi
90τ

0
ii + 1)e−jωi

90
τdeij

(jωi
90τ

1
ij + 1)

− K̄0
i

(jωi
90τ

0
ii + 1)e−jωi

90
τdeij

(jωi
90τ

0
ij + 1)

]

= −Hisimpl
(jωi

90),

✭✸✳✸✷✮

K̄1
i

(jωi
90τ

0
ii + 1)e−jωi

90
τdeij

(jωi
90τ

1
ij + 1)

=
−Hisimpl

(jωi
90)

Ĝii(jωi
90)

+D0
ij. ✭✸✳✸✸✮

❋❛③❡♥❞♦

−Hisimpl
(jωi

90)

Ĝii(jωi
90)

+D0
ij(jω

i
90)

(jωi
90τ

0
ii + 1)e−jωi

90
τdeij

= Γi(jω
i
90)✿

K̄1
i

(jωi
90τ

1
ij + 1)

= Γi(jω
i
90) ✭✸✳✸✹✮

Γi(jω
i
90)(jω

i
90τ

1
ij + 1) = K̄1

i ✭✸✳✸✺✮

jωi
90τ

1
ij =

K̄1
i − Γi(jω

i
90)

Γi(jωi
90)

✭✸✳✸✻✮

τ 1ij =

imag

(

K̄1
i − Γi(jω

i
90)

Γi(jωi
90)

)

ωi
90

. ✭✸✳✸✼✮



❈❛♣ít✉❧♦ ✸✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ✷✽

❊t❛♣❛ ✷✳✷ ❈♦♥st❛♥t❡ ❞❡ t❡♠♣♦ ❞♦ ♥✉♠❡r❛❞♦r ✲ τ 1ii

❈♦♥s✐❞❡r❛♥❞♦ ♦ ♥♦✈♦ ✈❛❧♦r ❞♦ ❣❛♥❤♦ ♦❜t✐❞♦ ♥❛ ❡t❛♣❛ 1 ✭❡q✉❛çã♦ ✭✸✳✷✹✮✮✱ ❛ ❝♦♥st❛♥t❡ ❞❡

t❡♠♣♦ τ 1ii é ❛❧t❡r❛❞❛✳

▲❡♠❛ ✸ ❆ ❡q✉❛çã♦ ❞❡ r❡♣r♦❥❡t♦ ❞❛ ❝♦♥st❛♥t❡ ❞❡ t❡♠♣♦ τ 1ii é ❞❛❞❛ ♣♦r✿

τ 1ii =
imag(Ψi(jω

i
90))

K̄1
i ω

i
90

, ✭✸✳✸✽✮

♦♥❞❡

Ψi(jω
i
90) =

[

−Hisimpl
(jωi

90)

Ĝii(jωi
90)

+D0
ij(jω

i
90)

]

(jωi
90τ

0
ij + 1)e+jωi

90
τdeij . ✭✸✳✸✾✮

Pr♦✈❛✳ ❙✉❜st✐t✉✐♥❞♦ ❛ ❡q✉❛çã♦ ✭✸✳✷✸✮ ♥❛ ❡q✉❛çã♦ ✭✸✳✷✷✮✿

K̄1
i (jω

iτ 1ii + 1)e−jωiτdeij

(jωiτ 0ij + 1)
−D0

ij(jω
i) =

−Hisimpl
(jωi)

Gii(jωi)
. ✭✸✳✹✵✮

❋❛③❡♥❞♦ ωi = ωi
90✿

K̄1
i (jω

i
90τ

1
ii + 1)e−jωi

90
τdeij

(jωi
90τ

0
ij + 1)

=
−Hisimpl

(jωi
90)

Gii(jωi
90)

+D0
ij(jω

i
90) ✭✸✳✹✶✮

K̄1
i (jω

i
90τ

1
ii + 1) =

[

−Hisimpl
(jωi

90)

Gii(jωi
90)

+D0
ij(jω

i
90)

]

(jωi
90τ

0
ij + 1)e+jωi

90
τdeij , ✭✸✳✹✷✮

s✉❜st✐t✉✐♥❞♦
[

−Hisimpl
(jωi

90)

Gii(jωi
90)

+D0
ij(jω

i
90)

]

(jωi
90τ

0
ij+1)e+jωi

90
τdeij ♣♦r Ψi(jω

i
90)✱ t❡♠✲s❡ q✉❡✿

K̄1
i + τ 1iiK̄

1
i jω

i = Ψi(jω
i
90) ✭✸✳✹✸✮

τ 1iiK̄
1
i ω

i
90 = imag(Ψi(jω

i
90)) ✭✸✳✹✹✮

τ 1ii =
imag(Ψi(jω

i
90))

K̄1
i ω

i
90

. ✭✸✳✹✺✮

✸✳✺ ❘❡s✉❧t❛❞♦s ❞❡ ❙✐♠✉❧❛çã♦

◆❡st❛ s❡çã♦✱ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ❛✈❛❧✐❛çã♦ ❡ r❡♣r♦❥❡t♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r é ❛♣❧✐❝❛❞♦ ❛ três

♣r♦❝❡ss♦s ❚■❚❖✳ P❛r❛ ❝❛❞❛ ❡①❡♠♣❧♦✱ ❞❛❞♦ ♦ ♠♦❞❡❧♦ ❋❖P❚❉ ❞♦ ♣r♦❝❡ss♦ r❡❛❧✱ ♣r♦❥❡t❛✲s❡ ♦

❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦ ✐♥✐❝✐❛❧✳ ❖ s✐♥❛❧ ❞❡ ❡①❝✐t❛çã♦ é ❛♣❧✐❝❛❞♦ ❛♦ ♣r♦❝❡ss♦ ❞❡s❛❝♦♣❧❛❞♦✳



❈❛♣ít✉❧♦ ✸✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ✷✾

❊♠ s❡❣✉✐❞❛✱ sã♦ ❝❛❧❝✉❧❛❞♦s ♦s í♥❞✐❝❡s ❞❡ ❡rr♦ ❞❡ ❝❛❞❛ ♠❛❧❤❛ ❡✱ q✉❛♥❞♦ ♥❡❝❡ssár✐♦✱ ♦

❞❡s❛❝♦♣❧❛❞♦r é r❡♣r♦❥❡t❛❞♦✳

❖ ♣r♦❝❡❞✐♠❡♥t♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ s❡çã♦ ✸✳✸ t❛♠❜é♠ é ❛♣❧✐❝❛❞♦ ♣❛r❛ ❝❛❞❛ ❡①❡♠♣❧♦✳ ❊

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

❞♦ ❡①♣❡r✐♠❡♥t♦ ❞❡❣r❛✉ ♠❛❧❤❛ ❛❜❡rt❛ ❡ ❞♦ í♥❞✐❝❡ ❞❡ ❡rr♦ ♥♦ t❡♠♣♦✱ ❞❛❞♦ ♣❡❧♦ ❡rr♦ ♠é❞✐♦

q✉❛❞rát✐❝♦✳

◆❛s s✐♠✉❧❛çõ❡s r❡❛❧✐③❛❞❛s ♦ ♣❡rí♦❞♦ ❞❡ ❛♠♦str❛❣❡♠ ✉t✐❧✐③❛❞♦ ❢♦✐ Ts = 0, 1 ♠✐♥✉t♦✳ ◆❛

s❛í❞❛ ❞♦ ♣r♦❝❡ss♦ é ❛❞✐❝✐♦♥❛❞♦ ✉♠ r✉í❞♦ ❜r❛♥❝♦ ❞❡ ♠é❞✐❛ ③❡r♦ ❡ ✈❛r✐â♥❝✐❛ ✭var✮ ♥ã♦ ✜①❛✱

s❡♥❞♦ ❡stá ❞❡✜♥✐❞❛ ♣❛r❛ ❝❛❞❛ ❡①❡♠♣❧♦✳

✸✳✺✳✶ ❊①❡♠♣❧♦ ✸✳✶

❈♦♥s✐❞❡r❡ ♦ s❡❣✉✐♥t❡ ♠♦❞❡❧♦✱ ❛♣r❡s❡♥t❛❞♦ ♣♦r ❲♦♦❞ ❡ ❇❡rr② ✭✶✾✼✸✮✱ q✉❡ r❡♣r❡s❡♥t❛ ✉♠❛

❝♦❧✉♥❛ ❞❡ ❞❡st✐❧❛çã♦ ❜✐♥ár✐❛✿

●(s) =









12, 8e−s

16, 7s+ 1

−18, 9e−3s

21s+ 1
6, 6e−7s

10, 9s+ 1

−19, 4e−3s

14, 4s+ 1









. ✭✸✳✹✻✮

❖ ♠♦❞❡❧♦ ❋❖P❚❉ ❡st✐♠❛❞♦ é ❞❛❞♦ ♣♦r✿

●̂(s) =









12, 693e−1,009s

(18, 275s+ 1)

−20, 8439e−2,988s

(23, 166s+ 1)
6, 498e−7,7583s

(11, 687s+ 1)

−19, 465e−2,986s

(15, 9s+ 1)









. ✭✸✳✹✼✮

◆❛ ✜❣✉r❛ ✸✳✹ é ♠♦str❛❞❛ ❛ ❝✉r✈❛ ❞♦ s✐♥❛❧ ❞❡ ❡①❝✐t❛çã♦ ❡ ❞❛ r❡s♣♦st❛ ❞♦ s✐st❡♠❛ s❡♠

❞❡s❛❝♦♣❧❛♠❡♥t♦✳

❆ ♣❛rt✐r ❞♦ ♠♦❞❡❧♦ ❋❖P❚❉ ❡st✐♠❛❞♦ é ♣r♦❥❡t❛❞♦ ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✐❝✐❛❧✿

D0
12 = 1, 6421

(18, 275s+ 1)e−1,9784s

23, 166s+ 1
, ✭✸✳✹✽✮

D0
21 = 0, 3672

(15, 9s+ 1)e−4,0672s

11, 687s+ 1
. ✭✸✳✹✾✮

P❛r❛ ❛✈❛❧✐❛r ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✐❝✐❛❧✱ ♦ s✐♥❛❧ ❞❡ ❡①❝✐t❛çã♦ ❞❡ ❛✈❛❧✐❛çã♦ é ❛♣❧✐❝❛❞♦ ❛♦

♣r♦❝❡ss♦ ❞❡s❛❝♦♣❧❛❞♦✳ ❆s ❢r❡q✉ê♥❝✐❛s ❞♦ s✐♥❛❧ ❞❡ ❛✈❛❧✐❛çã♦ sã♦ ω1
90 = 0, 246 r❛❞✴♠✐♥ ❡

ω2
90 = 0, 138 r❛❞✴♠✐♥✳ ❆ ✈❛r✐â♥❝✐❛ ❞♦ r✉í❞♦ ❛❞✐❝✐♦♥❛❞♦ ❛♦ s✐♥❛❧ ❞❡ s❛í❞❛ é 0, 05✳

❆ ❝✉r✈❛ ❞❡ r❡s♣♦st❛ ❞♦ ♣r♦❝❡ss♦ ❡ ♦ s✐♥❛❧ ❞❡ ❡①❝✐t❛çã♦ ❞❡ ❛✈❛❧✐❛çã♦ ❛♦ s✐st❡♠❛ ❞❡s❛✲

❝♦♣❧❛❞♦ ❝♦♠ ❛ ❡str✉t✉r❛ s✐♠♣❧✐✜❝❛❞❛ é ♠♦str❛❞❛ ♥❛ ✜❣✉r❛ ✸✳✺✳



❈❛♣ít✉❧♦ ✸✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ✸✵

❋✐❣✉r❛ ✸✳✹✿ ❈✉r✈❛s ❞♦s ❙✐♥❛✐s ❞❡ ❊①❝✐t❛çã♦ ❞♦ Pr♦❝❡ss♦ ❙❡♠ ❉❡s❛❝♦♣❧❛❞♦r ✲ ❊①❡♠♣❧♦ ✸✳✶

0 100 200 300 400 500 600

Tempo

-20

-10

0

10

20

A
m

p
lit

u
d
e

Excitação inversa - malha 1

y1

u1

0 100 200 300 400 500 600

Tempo

-20

-10

0

10

A
m

p
lit

u
d
e

Excitação inversa - malha 2

y2

u2

❋♦♥t❡✿ ❊❧❛❜♦r❛❞❛ ♣❡❧♦ ❛✉t♦r

❋✐❣✉r❛ ✸✳✺✿ ❈✉r✈❛s ❞♦s ❙✐♥❛✐s ❞❡ ❊①❝✐t❛çã♦ ❞❡ ❆✈❛❧✐❛çã♦ ✭❘❡❧é ✾✵ ✰ P✉❧s♦✮ ❞♦ ❉❡s❛❝♦✲
♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ■♥✐❝✐❛❧ ✲ ❊①❡♠♣❧♦ ✸✳✶
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❋♦♥t❡✿ ❊❧❛❜♦r❛❞❛ ♣❡❧♦ ❛✉t♦r

❖s ♣❛râ♠❡tr♦s ♠♦❞✐✜❝❛❞♦s ❞♦s t❡r♠♦s ❞♦ ❞❡s❛❝♦♣❧❛❞♦r ♣❛r❛ ❝❛❞❛ ❡t❛♣❛ ❞❡ r❡♣r♦❥❡t♦

sã♦ ♠♦str❛❞♦s ♥❛ t❛❜❡❧❛ ✸✳✶✳

❖s í♥❞✐❝❡s ❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ③❡r♦ ❡ ❢r❡q✉ê♥❝✐❛ ω90 sã♦ ♠♦str❛❞♦s ♥❛s t❛❜❡❧❛s ✸✳✷

❡ ✸✳✸✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ♦♥❞❡ ♦❜s❡r✈❛✲s❡ ❛ r❡❞✉çã♦ ❞♦ ❡rr♦ ♥❛s ❞✉❛s ❢r❡q✉ê♥❝✐❛s ❡ q✉❡ ♦s

r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♥❛s ❡t❛♣❛s ✷✳✶ ❡ ✷✳✷ sã♦ ♣ró①✐♠♦s✳

❖s ♣❛râ♠❡tr♦s ♠♦❞✐✜❝❛❞♦s ❞♦s t❡r♠♦s ❞♦ ❞❡s❛❝♦♣❧❛❞♦r✱ ✉s❛♥❞♦ ❛♣❡♥❛s ❛ ❢r❡q✉ê♥❝✐❛



❈❛♣ít✉❧♦ ✸✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ✸✶

❚❛❜❡❧❛ ✸✳✶✿ P❛râ♠❡tr♦s ▼♦❞✐✜❝❛❞♦s ❞♦s ❚❡r♠♦s ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ❯t✐❧✐③❛♥❞♦
❉♦✐s P♦♥t♦s ❞❡ ❋r❡q✉ê♥❝✐❛ ✲ ❊①❡♠♣❧♦ ✸✳✶

K1 τ12 τ11
■♥✐❝✐❛❧ ✶✱✻✹✷✶ ✷✸✱✶✻✻ ✶✽✱✷✼✺
❊t❛♣❛ ✶ ✶✱✹✼✻✹ ✲ ✲
❊t❛♣❛ ✷✳✶ ✲ ✷✸✱✵✹✷ ✲
❊t❛♣❛ ✷✳✷ ✲ ✲ ✶✽✱✼✹✽

K2 τ21 τ22
■♥✐❝✐❛❧ ✵✱✸✻✼✷ ✶✶✱✻✽✼ ✶✺✱✾
❊t❛♣❛ ✶ ✵✱✸✹✵✵ ✲ ✲
❊t❛♣❛ ✷✳✶ ✲ ✶✷✱✶✺✾ ✲
❊t❛♣❛ ✷✳✷ ✲ ✲ ✶✺✱✷✽✺

❚❛❜❡❧❛ ✸✳✷✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥❛ ❋r❡q✉ê♥❝✐❛ ω = 0 ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ❙✐♠♣❧✐✜❝❛❞♦ ✲ ❊①❡♠✲
♣❧♦ ✸✳✶

| H1 | ∠H1 | H2 | ∠H2

■♥✐❝✐❛❧ ✷✱✶✵✸✶ ✵ ✵✱✺✸✵✼ ✸✱✶✹✶✻
❊t❛♣❛ ✶ ✵✱✵✶✺✼ ✸✱✶✹✶✻ ✵✱✵✵✷✺ ✸✱✶✹✶✻

❚❛❜❡❧❛ ✸✳✸✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥❛ ❋r❡q✉ê♥❝✐❛ ω90 ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ❙✐♠♣❧✐✜❝❛❞♦ ✲ ❊①❡♠♣❧♦
✸✳✶

| H1 | ∠H1 | H2 | ∠H2

■♥✐❝✐❛❧ ✵✱✸✹✸✹ ✲✷✱✵✼✼✾ ✵✱✹✶✷✺ ✶✱✶✻✷✹
❊t❛♣❛ ✷✳✶ ✵✱✵✹✸✼ ✵✱✺✹✶✸ ✵✱✵✼✶✽ ✲✵✱✸✺✷✷
❊t❛♣❛ ✷✳✷ ✵✱✵✹✼✸ ✲✶✱✷✹✻✼ ✵✱✵✻✹✶ ✲✵✱✺✸✺✻

ω90✱ sã♦ ♠♦str❛❞♦s ♥❛ t❛❜❡❧❛ ✸✳✹✳ ❊ ♦s í♥❞✐❝❡s ❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ω90 sã♦ ♠♦str❛❞♦s

♥❛ t❛❜❡❧❛ ✸✳✺✳

❆♦ ❛♥❛❧✐s❛r ♦s r❡s✉❧t❛❞♦s ♠♦str❛❞♦s ♥❛s t❛❜❡❧❛s ✸✳✸ ❡ ✸✳✺✱ ♦❜s❡r✈❛✲s❡ ♠❡❧❤♦r❡s r❡s✉❧✲

t❛❞♦s ♥♦ ♣r♦❥❡t♦ q✉❡ ✉t✐❧✐③❛ ❛s ❞✉❛s ❢r❡q✉ê♥❝✐❛s✳ P❛r❛ ❝♦♠♣❛r❛r ♦ ❞❡s❡♠♣❡♥❤♦ ❞♦s ❞♦✐s

r❡♣r♦❥❡t♦s ♥❛ ❢r❡q✉ê♥❝✐❛ ③❡r♦ ❢♦✐ r❡❛❧✐③❛❞♦ ♦ ❡①♣❡r✐♠❡♥t♦ ❞♦ ❞❡❣r❛✉✳

❖s í♥❞✐❝❡s ❞❡ ❡rr♦ ♥♦ t❡♠♣♦ ♣❛r❛ ❝❛❞❛ ♠ét♦❞♦ ❞❡ r❡♣r♦❥❡t♦ sã♦ ♠♦str❛❞♦s ♥❛s t❛❜❡❧❛s

✸✳✻ ❡ ✸✳✼✳ ❆ r❡s♣♦st❛ ❛♦ ❞❡❣r❛✉ ❞❛ ❡t❛♣❛ ✶ ❡ ❞♦ ❝❛s♦ ✶ sã♦ ♠♦str❛❞❛s ♥❛ ✜❣✉r❛ ✸✳✻✱ ❛

❡t❛♣❛ ✷✳✶ ❡ ♦ ❝❛s♦ ✷ sã♦ ♠♦str❛❞❛s ♥❛ ✜❣✉r❛ ✸✳✼✱ ❡ ♥❛ ✜❣✉r❛ ✸✳✽ sã♦ ♠♦str❛❞❛s ❛ ❡t❛♣❛

✷✳✷ ❡ ♦ ❝❛s♦ ✸✳

❖ r❡♣r♦❥❡t♦ ✉s❛♥❞♦ ❛♣❡♥❛s ❛ ❢r❡q✉ê♥❝✐❛ ω90 ❞❡❣r❛❞♦✉ ❛ ❢r❡q✉ê♥❝✐❛ ③❡r♦✱ ♦✉ s❡❥❛✱ ❛✉✲

♠❡♥t♦✉ ♦ í♥❞✐❝❡ ❞❡ ❡rr♦ ♥♦ ❡st❛❞♦ ❡st❛❝✐♦♥ár✐♦✳ ❊♥q✉❛♥t♦ q✉❡ ♦ r❡♣r♦❥❡t♦ ✉s❛♥❞♦ ❞♦✐s

♣♦♥t♦s ❞❡ ❢r❡q✉ê♥❝✐❛ r❡s✉❧t♦✉ ❡♠ ✉♠ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ♠❛✐s ❡✜❝❛③ t❛♥t♦ ❡♠ ω90 q✉❛♥t♦ ❡♠

ω = 0✳



❈❛♣ít✉❧♦ ✸✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ✸✷

❚❛❜❡❧❛ ✸✳✹✿ P❛râ♠❡tr♦s ▼♦❞✐✜❝❛❞♦s ❞♦s ❚❡r♠♦s ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ❯t✐❧✐③❛♥❞♦

❯♠ P♦♥t♦ ❞❡ ❋r❡q✉ê♥❝✐❛ ✲ ❊①❡♠♣❧♦ ✸✳✶
K1 τ12 τ11

■♥✐❝✐❛❧ ✶✱✻✹✷✶ ✷✸✱✶✻✻ ✶✽✱✷✼✺

❈❛s♦ ✶ ✶✱✹✶✽✽ ✲ ✲

❈❛s♦ ✷ ✵✱✺✽✼✺ ✽✱✹✹✸✽ ✲

❈❛s♦ ✸ ✲✵✱✸✽✵✸ ✲ ✲✼✷✱✹✻✺

K2 τ21 τ22

■♥✐❝✐❛❧ ✵✱✸✻✼✷ ✶✶✱✻✽✼ ✶✺✱✾

❈❛s♦ ✶ ✵✱✷✾✷✸ ✲ ✲

❈❛s♦ ✷ ✵✱✷✵✷✻ ✹✱✻✶✼✼ ✲

❈❛s♦ ✸ ✲✵✱✵✶✻✺ ✲ ✲✸✹✷✱✽✼

❚❛❜❡❧❛ ✸✳✺✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥❛ ❋r❡q✉ê♥❝✐❛ ω90 ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ❙✐♠♣❧✐✜❝❛❞♦ ✲ ❊①❡♠♣❧♦

✸✳✶
| H1 | ∠H1 | H2 | ∠H2

■♥✐❝✐❛❧ ✶✱✵✵✼✼ ✸✱✵✾✵✵ ✶✱✻✸✸✸ ✵✱✵✻✾✾

❈❛s♦ ✶ ✵✱✽✽✸✽ ✷✱✺✷✷✺ ✶✱✹✻✸✼ ✲✵✱✹✻✷✹

❈❛s♦ ✷ ✵✱✶✷✵✹ ✵✱✶✵✶✽ ✵✱✶✹✾✹ ✲✷✱✼✽✷✻

❈❛s♦ ✸ ✵✱✶✻✼✾ ✵✱✷✾✷✷ ✵✱✶✻✾✽ ✲✷✱✼✽✶✻

❋✐❣✉r❛ ✸✳✻✿ ❈✉r✈❛s ❞❛ ❘❡s♣♦st❛ ❛♦ ❉❡❣r❛✉ ❉❡s❛❝♦♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ✲ ❊①❡♠♣❧♦ ✸✳✶
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❚❛❜❡❧❛ ✸✳✻✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥♦ ❚❡♠♣♦ ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ❙✐♠♣❧✐✜❝❛❞♦ ❯t✐❧✐③❛♥❞♦ ❉♦✐s

P♦♥t♦s ❞❡ ❋r❡q✉ê♥❝✐❛ ✲ ❊①❡♠♣❧♦ ✸✳✶
ε1 ε2

■♥✐❝✐❛❧ ✶✱✹✾✶✽ ✵✱✶✶✾✵

❊t❛♣❛ ✶ ✵✱✵✼✵✹ ✵✱✵✺✶✹

❊t❛♣❛ ✷✳✶ ✵✱✵✻✻✾ ✵✱✵✺✶✺

❊t❛♣❛ ✷✳✷ ✵✱✵✽✺✹ ✵✱✵✺✶✻

❚❛❜❡❧❛ ✸✳✼✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥♦ ❚❡♠♣♦ ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ❙✐♠♣❧✐✜❝❛❞♦ ❯t✐❧✐③❛♥❞♦ ❯♠

P♦♥t♦ ❞❡ ❋r❡q✉ê♥❝✐❛ ✲ ❊①❡♠♣❧♦ ✸✳✶
ε1 ε2

■♥✐❝✐❛❧ ✶✱✹✾✶✽ ✵✱✶✶✾✵

❈❛s♦ ✶ ✵✱✼✾✺✾ ✵✱✻✽✻✵

❈❛s♦ ✷ ✶✵✷✱✺✻ ✹✱✶✸✽✷

❈❛s♦ ✸ ✸✻✸✱✶✼ ✷✸✱✵✵✶

✸✳✺✳✷ ❊①❡♠♣❧♦ ✸✳✷

❈♦♥s✐❞❡r❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❞❡st✐❧❛çã♦ ♠❡t❤❛♥♦❧✲❡t❤❛♥♦❧✱ ❛♣r❡s❡♥t❛❞♦ ♣♦r ❚❛✈❛❦♦❧✐✱ ●r✐✣♥ ❡

❋❧❡♠✐♥❣ ✭✷✵✵✻✮✱ q✉❡ ♣♦ss✉✐ ❛ s❡❣✉✐♥t❡ ❢✉♥çã♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛✿

●(s) =









0, 471e−s

(30, 7s+ 1)2
0, 495e−2s

(28, 5s+ 1)2

0, 749e−1,7s

(57s+ 1)2
−0, 832e−s

(50, 5s+ 1)2









. ✭✸✳✺✵✮

❖ ♠♦❞❡❧♦ ❋❖P❚❉ ❡st✐♠❛❞♦ é ❞❛❞♦ ♣♦r✿

●̂(s) =









0, 474e−15,39s

(55, 2s+ 1)

0, 4499e−16,09s

(45, 82s+ 1)
0, 797e−23,63s

(136, 72s+ 1)

−0, 8424e−25,36s

(89, 05s+ 1)









. ✭✸✳✺✶✮

◆❛ ✜❣✉r❛ ✸✳✾ é ♠♦str❛❞❛ ❛ ❝✉r✈❛ ❞♦ s✐♥❛❧ ❞❛ r❡s♣♦st❛ ❞♦ s✐st❡♠❛ ❛♦ s✐♥❛❧ ❞❡ ❡①❝✐t❛çã♦

s❡♠ ❞❡s❛❝♦♣❧❛♠❡♥t♦✳

❈♦♠ ♦ ♠♦❞❡❧♦ ❋❖P❚❉ ❡st✐♠❛❞♦ ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✐❝✐❛❧ é ♣r♦❥❡t❛❞♦✿

D0
12 = −1, 0527

(55, 2s+ 1)e−0,7s

45, 82s+ 1
, ✭✸✳✺✷✮
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❋♦♥t❡✿ ❊❧❛❜♦r❛❞❛ ♣❡❧♦ ❛✉t♦r

D0
21 = 0, 9461

89, 05s+ 1

136, 72s+ 1
. ✭✸✳✺✸✮

P❛r❛ ❛✈❛❧✐❛r ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✐❝✐❛❧✱ ♦ s✐♥❛❧ ❞❡ ❡①❝✐t❛çã♦ ❞❡ ❛✈❛❧✐❛çã♦ é ❛♣❧✐❝❛❞♦ ❛♦

♣r♦❝❡ss♦ ❞❡s❛❝♦♣❧❛❞♦✳ ❆s ❢r❡q✉ê♥❝✐❛s ❞♦ s✐♥❛❧ ❞❡ ❛✈❛❧✐❛çã♦ sã♦ ω1
90 = 0, 031 r❛❞✴♠✐♥ ❡

ω2
90 = 0, 019 r❛❞✴♠✐♥✳ ❆ ✈❛r✐â♥❝✐❛ ❞♦ r✉í❞♦ ❛❞✐❝✐♦♥❛❞♦ ❛♦ s✐♥❛❧ ❞❡ s❛í❞❛ é ❞❡ 0, 001✳

❆ r❡s♣♦st❛ ❞❛ ❛♣❧✐❝❛çã♦ ❞❛ ❡①❝✐t❛çã♦ ❞❡ ❛✈❛❧✐❛çã♦ ❛♦ s✐st❡♠❛ ❞❡s❛❝♦♣❧❛❞♦ ❝♦♠ ❛ ❡s✲

tr✉t✉r❛ s✐♠♣❧✐✜❝❛❞❛ é ♠♦str❛❞❛ ♥❛ ✜❣✉r❛ ✸✳✶✵✳

❖s ♣❛râ♠❡tr♦s ♠♦❞✐✜❝❛❞♦s ❞♦s t❡r♠♦s ❞♦ ❞❡s❛❝♦♣❧❛❞♦r✱ ♣❛r❛ ❝❛❞❛ ❡t❛♣❛ ❞❡ r❡♣r♦❥❡t♦✱

sã♦ ♠♦str❛❞♦s ♥❛ t❛❜❡❧❛ ✸✳✽✳

❚❛❜❡❧❛ ✸✳✽✿ P❛râ♠❡tr♦s ▼♦❞✐✜❝❛❞♦s ❞♦s ❚❡r♠♦s ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❯t✐❧✐③❛♥❞♦ ❉♦✐s P♦♥t♦s
❞❡ ❋r❡q✉ê♥❝✐❛ ✲ ❊①❡♠♣❧♦ ✸✳✷

K1 τ12 τ11
■♥✐❝✐❛❧ ✲✶✱✵✺✷✼ ✹✺✱✽✷ ✺✺✱✷✷
❊t❛♣❛ ✶ ✲✶✱✵✺✶✺ ✲ ✲
❊t❛♣❛ ✷✳✶ ✲ ✹✼✱✾✻✽ ✲
❊t❛♣❛ ✷✳✷ ✲ ✲ ✺✹✱✵✻✾

K2 τ21 τ22
■♥✐❝✐❛❧ ✵✱✾✹✻✶ ✶✸✻✱✼✷ ✽✾✱✵✺
❊t❛♣❛ ✶ ✵✱✾✷✻✵ ✲ ✲
❊t❛♣❛ ✷✳✶ ✲ ✶✷✵✱✸✹ ✲
❊t❛♣❛ ✷✳✷ ✲ ✲ ✶✵✶✱✹✹
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❋♦♥t❡✿ ❊❧❛❜♦r❛❞❛ ♣❡❧♦ ❛✉t♦r

❖s í♥❞✐❝❡s ❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ③❡r♦ ❡ ❢r❡q✉ê♥❝✐❛ ω90 sã♦ ♠♦str❛❞♦s ♥❛s t❛❜❡❧❛s ✸✳✾

❡ ✸✳✶✵✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❖❜s❡r✈❛✲s❡✱ ❛♦ ✈❡r✐✜❝❛r ❡ss❛s t❛❜❡❧❛s✱ ✉♠❛ r❡❞✉çã♦ ♥♦ ✈❛❧♦r ❞♦s

í♥❞✐❝❡s ❞❡ ❡rr♦s ♥❛s ❞✉❛s ❢r❡q✉ê♥❝✐❛s✳ ❖ ♠❡♥♦r í♥❞✐❝❡ ❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ω90 ❢♦✐ ♦❜t✐❞♦

♥❛ ❡t❛♣❛ ✷✳✶✳

❚❛❜❡❧❛ ✸✳✾✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥❛ ❋r❡q✉ê♥❝✐❛ ω = 0 ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ❙✐♠♣❧✐✜❝❛❞♦ ✲ ❊①❡♠✲
♣❧♦ ✸✳✷

| H1 | 10
−2 ∠H1 | H2 | 10

−2 ∠H2

■♥✐❝✐❛❧ ✵✱✵✺✽✷ ✸✱✶✹✶✻ ✶✱✻✾✻✷ ✸✱✶✹✶✻
❊t❛♣❛ ✶ ✵✱✵✷✾✸ ✸✱✶✹✶✻ ✵✱✽✻✽✸ ✸✱✶✹✶✻

❚❛❜❡❧❛ ✸✳✶✵✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥❛ ❋r❡q✉ê♥❝✐❛ ω90 ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ❙✐♠♣❧✐✜❝❛❞♦ ✲ ❊①❡♠♣❧♦
✸✳✷

| H1 | 10
−2 ∠H1 | H2 | 10

−2 ∠H2

■♥✐❝✐❛❧ ✶✱✶✵✾✽ ✷✱✵✾✷✻ ✸✱✵✻✶✹ ✲✶✱✺✹✵✼
❊t❛♣❛ ✷✳✶ ✵✱✹✼✶✶ ✶✱✽✼✵✶ ✶✱✺✽✾✻ ✲✶✱✾✷✷✷
❊t❛♣❛ ✷✳✷ ✵✱✼✻✵✸ ✷✱✵✹✼✼ ✶✱✼✼✽✷ ✲✷✱✵✵✶✹

❖s ♣❛râ♠❡tr♦s ♠♦❞✐✜❝❛❞♦s ❞♦s t❡r♠♦s ❞♦ ❞❡s❛❝♦♣❧❛❞♦r✱ ❢❛③❡♥❞♦ ♦ r❡♣r♦❥❡t♦ ✉s❛♥❞♦

❛♣❡♥❛s ❛ ❢r❡q✉ê♥❝✐❛ ω90✱ sã♦ ♠♦str❛❞♦s ♥❛ t❛❜❡❧❛ ✸✳✶✶✳ ❖s í♥❞✐❝❡s ❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛

ω90 sã♦ ♠♦str❛❞♦s ♥❛ t❛❜❡❧❛ ✸✳✶✷✳



❈❛♣ít✉❧♦ ✸✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ✸✼

❚❛❜❡❧❛ ✸✳✶✶✿ P❛râ♠❡tr♦s ▼♦❞✐✜❝❛❞♦s ❞♦s ❚❡r♠♦s ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❯t✐❧✐③❛♥❞♦ ❯♠ P♦♥t♦
❞❡ ❋r❡q✉ê♥❝✐❛ ✲ ❊①❡♠♣❧♦ ✸✳✷

D12 K1 τ12 τ11
■♥✐❝✐❛❧ ✲✶✱✵✺✷✼ ✹✺✱✽✷ ✺✺✱✷✷
❈❛s♦ ✶ ✲✵✱✾✽✷✾ ✲ ✲
❈❛s♦ ✷ ✲✵✱✾✺✻✶ ✹✸✱✾✵✼ ✲
❈❛s♦ ✸ ✲✵✱✾✹✾✷ ✲ ✺✼✱✽✼
D21 K2 τ21 τ22
■♥✐❝✐❛❧ ✵✱✾✹✻✶ ✶✸✻✱✼✷ ✽✾✱✵✺
❈❛s♦ ✶ ✶✱✶✸✷✽ ✲ ✲
❈❛s♦ ✷ ✶✱✵✷✼✷ ✶✷✶✱✾ ✲
❈❛s♦ ✸ ✶✱✵✺✺✼ ✲ ✾✼✱✼✽✹

❚❛❜❡❧❛ ✸✳✶✷✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥❛ ❋r❡q✉ê♥❝✐❛ ω90 ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ❙✐♠♣❧✐✜❝❛❞♦ ✲ ❊①❡♠♣❧♦
✸✳✷

| H1 | 10
−2 ∠H1 | H2 | 10

−2 ∠H2

■♥✐❝✐❛❧ ✶✱✸✹✼✺ ✲✶✱✶✽✵✺ ✽✱✸✻✷✵ ✲✶✱✹✺✸✾
❈❛s♦ ✶ ✵✱✸✾✸✸ ✵✱✵✸✶✸ ✷✱✷✽✼✺ ✲✵✱✸✷✹✺
❈❛s♦ ✷ ✵✱✶✶✽✷ ✲✵✱✶✶✻✷ ✶✱✶✽✸✼ ✲✵✱✺✵✹✻
❈❛s♦ ✸ ✵✱✶✶✽✶ ✲✵✱✶✷✵✵ ✶✱✶✺✶✻ ✲✵✱✹✾✽✽

P❛r❛ ❝♦♠♣❛r❛r ♦ ❞❡s❡♠♣❡♥❤♦ ❞♦s ❞♦✐s r❡♣r♦❥❡t♦s ♥❛ ❢r❡q✉ê♥❝✐❛ ③❡r♦ ❢♦✐ r❡❛❧✐③❛❞♦ ♦

❡①♣❡r✐♠❡♥t♦ ❞♦ ❞❡❣r❛✉✳

❖s í♥❞✐❝❡s ❞❡ ❡rr♦ ♥♦ t❡♠♣♦ ♣❛r❛ ❝❛❞❛ ♠ét♦❞♦ ❞❡ r❡♣r♦❥❡t♦ sã♦ ♠♦str❛❞♦s ♥❛s t❛❜❡✲

❧❛s ✸✳✶✸ ❡ ✸✳✶✹✳ ◆❡ss❡ ❡①❡♠♣❧♦✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ♥♦ ❡st❛❞♦ ❡st❛❝✐♦♥ár✐♦

é ❞❡❣r❛❞❛❞♦ ♥♦ r❡♣r♦❥❡t♦ ✉s❛♥❞♦ ❛♣❡♥❛s ω90✱ ♣♦ré♠ ❝♦♠ ♦ r❡♣r♦❥❡t♦ ✉s❛♥❞♦ ❛s ❞✉❛s

❢r❡q✉ê♥❝✐❛s ♦ ❡rr♦ ❞✐♠✐♥✉✐✉✳

❚❛❜❡❧❛ ✸✳✶✸✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥♦ ❚❡♠♣♦ ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ❙✐♠♣❧✐✜❝❛❞♦ ❯t✐❧✐③❛♥❞♦ ❉♦✐s
P♦♥t♦s ❞❡ ❋r❡q✉ê♥❝✐❛ ✲ ❊①❡♠♣❧♦ ✸✳✷

ε110
−2 ε210

−2

■♥✐❝✐❛❧ ✵✱✶✵✹✻✺ ✵✱✷✸✺✸
❊t❛♣❛ ✶ ✵✱✶✵✹✷✽ ✵✱✷✺✵✼✶
❊t❛♣❛ ✷✳✶ ✵✱✶✵✶✼✸ ✵✱✶✼✸✹✾
❊t❛♣❛ ✷✳✷ ✵✱✶✵✷✶ ✵✱✶✼✹✷✶

✸✳✺✳✸ ❊①❡♠♣❧♦ ✸✳✸

❈♦♥s✐❞❡r❡ ❛ ❢✉♥çã♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞❛ ❝♦❧✉♥❛ ❲❛r❞❧❡ ❛♥❞ ❲♦♦❞✱ ❛♣r❡s❡♥t❛❞♦ ♣♦r ▲✉②❜❡♥

✭✶✾✽✻✮✿



❈❛♣ít✉❧♦ ✸✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ✸✽

❚❛❜❡❧❛ ✸✳✶✹✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥♦ ❚❡♠♣♦ ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ❙✐♠♣❧✐✜❝❛❞♦ ❯t✐❧✐③❛♥❞♦ ❯♠
P♦♥t♦ ❞❡ ❋r❡q✉ê♥❝✐❛ ✲ ❊①❡♠♣❧♦ ✸✳✷

ε110
−2 ε210

−2

■♥✐❝✐❛❧ ✵✱✶✵✹✻ ✵✱✷✸✺✸
❈❛s♦ ✶ ✵✱✶✸✷✻ ✵✱✽✸✵✸✼
❈❛s♦ ✷ ✵✱✶✻✺✸ ✵✱✸✻✹✶✹
❈❛s♦ ✸ ✵✱✶✼✹✾✽ ✵✱✹✹✺✹✶

●(s) =









0, 126e−6s

(60s+ 1)

−0, 101e−12s

(48s+ 1)(45s+ 1)
−0, 094e−8s

(38s+ 1)

−0, 12e−8s

(35s+ 1)









. ✭✸✳✺✹✮

❖ ♠♦❞❡❧♦ ❋❖P❚❉ ❡st✐♠❛❞♦ é ❞❛❞♦ ♣♦r✿

●̂(s) =









0, 123e−6,07s

(64, 405s+ 1)

−0, 1188e−28,53s

(135, 86s+ 1)
0, 1012e−8,16s

(40, 524s+ 1)

−0, 12e−8,03s

(38, 39s+ 1)









. ✭✸✳✺✺✮

❆s ❝✉r✈❛s ❞♦ s✐♥❛❧ ❞❡ ❡①❝✐t❛çã♦ ❡ ❞❛ r❡s♣♦st❛ ❞♦ s✐st❡♠❛ s❡♠ ❞❡s❛❝♦♣❧❛♠❡♥t♦ é ♠♦s✲

tr❛❞♦ ♥❛ ✜❣✉r❛ ✸✳✶✶✳

❋✐❣✉r❛ ✸✳✶✶✿ ❈✉r✈❛s ❞♦s ❙✐♥❛✐s ❞❡ ❊①❝✐t❛çã♦ ❞♦ Pr♦❝❡ss♦ ❙❡♠ ❉❡s❛❝♦♣❧❛❞♦r ✲ ❊①❡♠♣❧♦
✸✳✸
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❋♦♥t❡✿ ❊❧❛❜♦r❛❞❛ ♣❡❧♦ ❛✉t♦r

❈♦♠ ♦ ♠♦❞❡❧♦ ❋❖P❚❉ ❡st✐♠❛❞♦ ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✐❝✐❛❧ é ♣r♦❥❡t❛❞♦✿

D0
12 = 0, 9658

(64, 405s+ 1)e−22,46s

135, 86s+ 1
, ✭✸✳✺✻✮



❈❛♣ít✉❧♦ ✸✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ✸✾

D0
21 = 0, 8433

(38, 39s+ 1)e−0,13s

40, 524s+ 1
. ✭✸✳✺✼✮

P❛r❛ ❛✈❛❧✐❛r ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✐❝✐❛❧✱ ♦ s✐♥❛❧ ❞❡ ❡①❝✐t❛çã♦ ❞❡ ❛✈❛❧✐❛çã♦ é ❛♣❧✐❝❛❞♦ ❛♦

♣r♦❝❡ss♦ ❞❡s❛❝♦♣❧❛❞♦✳ ❆s ❢r❡q✉ê♥❝✐❛s ❞♦ s✐♥❛❧ ❞❡ ❛✈❛❧✐❛çã♦ sã♦ ω1
1 = 0, 054 r❛❞✴♠✐♥ ❡

ω2
90 = 0, 054 r❛❞✴♠✐♥✳ ❆ ✈❛r✐â♥❝✐❛ ❞♦ r✉í❞♦ ❛❞✐❝✐♦♥❛❞♦ ❛♦ s✐♥❛❧ ❞❡ s❛í❞❛ é ❞❡ 0, 001✳

❆ r❡s♣♦st❛ ❞❛ ❛♣❧✐❝❛çã♦ ❞❛ ❡①❝✐t❛çã♦ ❞❡ ❛✈❛❧✐❛çã♦ ❛♦ s✐st❡♠❛ ❞❡s❛❝♦♣❧❛❞♦ ❝♦♠ ❛ ❡s✲

tr✉t✉r❛ s✐♠♣❧✐✜❝❛❞❛ é ♠♦str❛❞❛ ♥❛ ✜❣✉r❛ ✸✳✶✷✳

❋✐❣✉r❛ ✸✳✶✷✿ ❈✉r✈❛s ❞♦s ❙✐♥❛✐s ❞❡ ❊①❝✐t❛çã♦ ❞❡ ❆✈❛❧✐❛çã♦ ✭❘❡❧é ✾✵ ✰ P✉❧s♦✮ ❞♦ ❉❡s❛❝♦✲
♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ■♥✐❝✐❛❧ ✲ ❊①❡♠♣❧♦ ✸✳✸
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❋♦♥t❡✿ ❊❧❛❜♦r❛❞❛ ♣❡❧♦ ❛✉t♦r

❖s ♣❛râ♠❡tr♦s ♠♦❞✐✜❝❛❞♦s ❞♦s t❡r♠♦s ❞♦ ❞❡s❛❝♦♣❧❛❞♦r ♣❛r❛ ❝❛❞❛ ❡t❛♣❛ ❞❡ r❡♣r♦❥❡t♦

sã♦ ♠♦str❛❞♦s ♥❛ t❛❜❡❧❛ ✸✳✶✺✱ ❡ ♦s í♥❞✐❝❡s ❞❡ ❡rr♦ ♥❛s ❢r❡q✉ê♥❝✐❛s ③❡r♦ ❡ ω90 sã♦ ♠♦str❛❞♦s

♥❛s t❛❜❡❧❛s ✸✳✶✻ ❡ ✸✳✶✼✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❖❜s❡r✈❛✲s❡✱ ❛ ♣❛rt✐r ❞♦s r❡s✉❧t❛❞♦s ❛♣r❡s❡♥t❛❞♦s

♥❛s t❛❜❡❧❛s✱ r❡❞✉çã♦ ❡♠ t♦❞♦s ♦s í♥❞✐❝❡s ❞❡ ❡rr♦ ❡ q✉❡ ❛s ❡t❛♣❛s ✷✳✶ ❡ ✷✳✷ ♠❡❧❤♦r❛♠✱

s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡✱ ♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦✳

❖s ♣❛râ♠❡tr♦s ♠♦❞✐✜❝❛❞♦s ❞♦s t❡r♠♦s ❞♦ ❞❡s❛❝♦♣❧❛❞♦r✱ ❞❡t❡r♠✐♥❛❞♦s ❛ ♣❛rt✐r ❞♦

r❡♣r♦❥❡t♦ ❢❡✐t♦ ✉s❛♥❞♦ ❛♣❡r♥❛s ❛ ❢r❡q✉ê♥❝✐❛ ω90✱ sã♦ ♠♦str❛❞♦s ♥❛ t❛❜❡❧❛ ✸✳✶✽✳ ❖s í♥❞✐❝❡s

❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ω90 sã♦ ♠♦str❛❞♦s ♥❛ t❛❜❡❧❛ ✸✳✶✾✳

❖s í♥❞✐❝❡s ❞❡ ❡rr♦ ♥♦ t❡♠♣♦ ♣❛r❛ ❝❛❞❛ ♠ét♦❞♦ ❞❡ r❡♣r♦❥❡t♦ sã♦ ♠♦str❛❞♦s ♥❛s t❛❜❡❧❛s

✸✳✷✵ ❡ ✸✳✷✶✳ P♦❞❡✲s❡ ✈❡r✐✜❝❛r q✉❡ ❛♣❡♥❛s ♥♦ r❡♣r♦❥❡t♦ ✉s❛♥❞♦ ♦s ❞♦✐s ♣♦♥t♦s ❞❡ ❢r❡q✉ê♥❝✐❛

♦ ❡rr♦ ❢♦✐ r❡❞✉③✐❞♦ ❝♦♠ ♦ r❡♣r♦❥❡t♦✳



❈❛♣ít✉❧♦ ✸✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ✹✵

❚❛❜❡❧❛ ✸✳✶✺✿ P❛râ♠❡tr♦s ▼♦❞✐✜❝❛❞♦s ❞♦s ❚❡r♠♦s ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❯t✐❧✐③❛♥❞♦ ❉♦✐s P♦♥t♦s
❞❡ ❋r❡q✉ê♥❝✐❛ ✲ ❊①❡♠♣❧♦ ✸✳✸

K1 τ12 τ11
■♥✐❝✐❛❧ ✵✱✾✻✺✽ ✶✸✺✱✽✻ ✻✹✱✹✵✺
❊t❛♣❛ ✶ ✵✱✽✸✶✵ ✲ ✲
❊t❛♣❛ ✷✳✶ ✲ ✶✹✼✱✶✽ ✲
❊t❛♣❛ ✷✳✷ ✲ ✲ ✻✸✱✾✵✶

K2 τ21 τ22
■♥✐❝✐❛❧ ✵✱✽✹✸✸ ✹✵✱✺✷✹ ✸✽✱✸✾
❊t❛♣❛ ✶ ✵✱✽✵✷✹ ✲ ✲
❊t❛♣❛ ✷✳✶ ✲ ✹✶✱✸✶✵ ✲
❊t❛♣❛ ✷✳✷ ✲ ✲ ✸✼✱✻✻

❚❛❜❡❧❛ ✸✳✶✻✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥❛ ❋r❡q✉ê♥❝✐❛ ω = 0 ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ❙✐♠♣❧✐✜❝❛❞♦ ✲
❊①❡♠♣❧♦ ✸✳✸

| H1 | 10
−2 ∠H1 | H2 | 10

−2 ∠H2

■♥✐❝✐❛❧ ✶✱✺✹✽✸ ✵ ✵✱✹✾✵✼ ✸✱✶✹✶✻
❊t❛♣❛ ✶ ✵✱✼✺✶✻ ✸✱✶✹✶✻ ✵✱✽✶✷✹ ✸✱✶✹✶✻

❚❛❜❡❧❛ ✸✳✶✼✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥❛ ❋r❡q✉ê♥❝✐❛ ω90 ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ❙✐♠♣❧✐✜❝❛❞♦ ✲ ❊①❡♠♣❧♦
✸✳✸

| H1 | 10
−2 ∠H1 | H2 | 10

−2 ∠H2

■♥✐❝✐❛❧ ✵✱✸✻✾✶ ✲✷✱✹✹✸✾ ✵✱✸✷✼✽ ✶✱✸✶✺✼
❊t❛♣❛ ✷✳✶ ✵✱✷✶✾✶ ✲✶✱✵✶✽✼ ✵✱✵✻✺✼ ✵✱✷✹✷✶
❊t❛♣❛ ✷✳✷ ✵✱✶✽✶✶ ✲✶✱✺✽✾✵ ✵✱✵✼✵✽ ✵✱✷✷✶✺

❚❛❜❡❧❛ ✸✳✶✽✿ P❛râ♠❡tr♦s ▼♦❞✐✜❝❛❞♦s ❞♦s ❚❡r♠♦s ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ❯t✐❧✐✲
③❛♥❞♦ ❯♠ P♦♥t♦ ❞❡ ❋r❡q✉ê♥❝✐❛ ✲ ❊①❡♠♣❧♦ ✸✳✸

K1 τ12 τ11
■♥✐❝✐❛❧ ✵✱✾✻✺✾ ✶✸✺✱✽✻ ✻✹✱✹✵✺
❈❛s♦ ✶ ✵✱✸✷✸✽ ✲ ✲
❈❛s♦ ✷ ✵✱✵✽✸✸ ✷✹✱✹✶ ✲
❈❛s♦ ✸ ✲✵✱✸✶✵✻ ✲ ✲✼✽✱✶✶✾

K2 τ21 τ22
■♥✐❝✐❛❧ ✵✱✽✹✸✸ ✹✵✱✺✷✹ ✸✽✱✸✾
❈❛s♦ ✶ ✲✵✱✼✽✽✽ ✲ ✲
❈❛s♦ ✷ ✲✵✱✹✼✶✽ ✶✹✱✽✼✶ ✲
❈❛s♦ ✸ ✵✱✵✷✾✹ ✲ ✲✶✷✼✾✱✹

✸✳✻ ❈♦♥❝❧✉sã♦

◆❡ss❡ ❝❛♣ít✉❧♦ ❢♦r❛♠ ❛♣r❡s❡♥t❛❞❛s ❞✉❛s ♠❡t♦❞♦❧♦❣✐❛s ❞❡ ❛✈❛❧✐❛çã♦ ❡ r❡♣r♦❥❡t♦ ❞♦ ❞❡s❛✲

❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦ ♣❛r❛ ♣r♦❝❡ss♦s ❚■❚❖✳ ❆ ♣r✐♠❡✐r❛ é ❛ ♠❡t♦❧♦❞♦❣✐❛ ❛♣r❡s❡♥t❛❞❛ ❡♠

❆❝✐♦❧✐ ❏ú♥✐♦r ✭✷✵✶✷✮✱ ❡ ❛ s❡❣✉♥❞❛ é ♣r♦♣♦st❛ ♥❡st❡ tr❛❜❛❧❤♦✳



❈❛♣ít✉❧♦ ✸✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ✹✶

❚❛❜❡❧❛ ✸✳✶✾✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥❛ ❋r❡q✉ê♥❝✐❛ ω90 ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ❙✐♠♣❧✐✜❝❛❞♦ ✲ ❊①❡♠♣❧♦
✸✳✸

| H1 | 10
−2 ∠H1 | H2 | 10

−2 ∠H2

■♥✐❝✐❛❧ ✶✱✶✶✺✸ ✲✷✱✹✹✸✾ ✵✱✸✷✼✽ ✶✱✸✶✺✼
❈❛s♦ ✶ ✶✱✵✻✹✼ ✲✵✱✾✷✷✺ ✶✱✽✶✷✸ ✲✷✱✽✹✸✶
❈❛s♦ ✷ ✶✱✹✵✹✶ ✲✶✱✵✹✻✵ ✵✱✻✼✾✸ ✲✵✱✽✺✻✾
❈❛s♦ ✸ ✶✱✹✷✽✷ ✲✶✱✵✻✻✷ ✵✱✼✽✵✹ ✲✵✱✾✵✶✹

❚❛❜❡❧❛ ✸✳✷✵✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥♦ ❚❡♠♣♦ ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ❙✐♠♣❧✐✜❝❛❞♦ ❯t✐❧✐③❛♥❞♦ ❉♦✐s
P♦♥t♦s ❞❡ ❋r❡q✉ê♥❝✐❛ ✲ ❊①❡♠♣❧♦ ✸✳✸

ε110
−2 ε210

−2

■♥✐❝✐❛❧ ✵✱✶✶✹✵✸ ✵✱✶✶✶✾✻
❊t❛♣❛ ✶ ✵✱✶✵✼✻✻ ✵✱✶✶✵✵✹
❊t❛♣❛ ✷✳✶ ✵✱✶✶✶✹✹ ✵✱✶✶✶✹✽
❊t❛♣❛ ✷✳✷ ✵✱✶✵✼✽✺ ✵✱✶✶✵✹✸

❚❛❜❡❧❛ ✸✳✷✶✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥♦ ❚❡♠♣♦ ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ❙✐♠♣❧✐✜❝❛❞♦ ❯t✐❧✐③❛♥❞♦ ❯♠
P♦♥t♦ ❞❡ ❋r❡q✉ê♥❝✐❛ ✲ ❊①❡♠♣❧♦ ✸✳✸

ε110
−2 ε210

−2

■♥✐❝✐❛❧ ✵✱✶✶✹✵✸ ✵✱✶✶✶✾✻
❈❛s♦ ✶ ✵✱✸✺✻✾✾ ✵✱✶✵✻✷✼
❈❛s♦ ✷ ✵✱✻✶✺✶✻ ✵✱✶✾✹✹
❈❛s♦ ✸ ✵✱✶✶✽✶✼ ✵✱✻✻✻✼✺

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

✐♥✐❝✐❛❧✳ ❊♠ s❡❣✉✐❞❛✱ é r❡❛❧✐③❛❞❛ ❛ ❛✈❛❧✐❛çã♦ ❡ ♦ r❡♣r♦❥❡t♦ ❞❡ss❡ ❞❡s❛❝♦♣❧❛❞♦r✳ ❆ ❞✐❢❡r❡♥ç❛

♣r✐♥❝✐♣❛❧ ❡♥tr❡ ❛s ❞✉❛s ♠❡t♦❞♦❧♦❣✐❛s é q✉❡ ❡♠ ✉♠❛ ♦ ♣r♦❝❡❞✐♠❡♥t♦ é r❡❛❧✐③❛❞♦ ❝♦♥s✐❞❡✲

r❛♥❞♦ ❛♣❡♥❛s ❛ ❢r❡q✉ê♥❝✐❛ ω90✱ ❡ ♥❛ ♦✉tr❛ sã♦ ✉t✐❧✐③❛❞♦s ❞♦✐s ♣♦♥t♦s ❞❡ ❢r❡q✉ê♥❝✐❛✱ ω = 0

❡ ω90✳

❆ ♣❛rt✐r ❞♦s r❡s✉❧t❛❞♦s ❛♣r❡s❡♥t❛❞♦s ♥♦s ❡①❡♠♣❧♦s✱ ♣ô❞❡✲s❡ ❝♦♥st❛t❛r q✉❡ q✉❛♥❞♦ é

❝♦♥s✐❞❡r❛❞❛ ❛♣❡♥❛s ❛ ❢r❡q✉ê♥❝✐❛ ω90 ♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ♥♦ ❡st❛❞♦ ❡st❛❝✐♦♥ár✐♦ ♣♦❞❡ s❡r

❞❡❣r❛❞❛❞♦✱ ♦ q✉❡ ♥ã♦ é ✐♥t❡r❡ss❛♥t❡ ♣❛r❛ ❝♦♥tr♦❧❡✳ P♦ré♠✱ q✉❛♥❞♦ ❛ ❢r❡q✉ê♥❝✐❛ ③❡r♦ é

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

❝✐❛✳ ❆❧é♠ ❞✐ss♦✱ ❢♦r❛♠ ✈❡r✐✜❝❛❞♦s r❡s✉❧t❛❞♦s s❡♠❡❧❤❛♥t❡s ♥❛s ❡t❛♣❛s ✷✳✶ ❡ ✷✳✷✱ ♦♥❞❡ ❛s

❝♦♥st❛♥t❡s ❞❡ t❡♠♣♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r sã♦ ❛❧t❡r❛❞❛s✳



❈❛♣ít✉❧♦ ✹

❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r

■♥✈❡rt✐❞♦

✹✳✶ ■♥tr♦❞✉çã♦

◆♦ ❝❛♣ít✉❧♦ ❛♥t❡r✐♦r✱ ❢♦✐ ♠♦str❛❞♦ ❝♦♠♦ ♦ r❡♣r♦❥❡t♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦ ♣♦❞❡

t♦r♥❛r ♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ♠❛✐s ❡❢❡t✐✈♦ ❡♠ ✉♠ ✐♥t❡r✈❛❧♦ ❞❡ ❢r❡q✉ê♥❝✐❛s✳ P♦ré♠✱ ❢❛③❡♥❞♦

♠✉❞❛♥ç❛s ♥❡❝❡ssár✐❛s ❞❡✈✐❞♦ à ♠♦❞✐✜❝❛çã♦ ❞❛ ❡str✉t✉r❛✱ ❛s ♠❡t♦❞♦❧♦❣✐❛s ❞❡ ❛✈❛❧✐❛çã♦ ❡

r❡♣r♦❥❡t♦ t❛♠❜é♠ ♣♦❞❡♠ s❡r ❛♣❧✐❝❛❞❛s ❛ ❡str✉t✉r❛ ✐♥✈❡rt✐❞❛✳

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

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

❡ r❡♣r♦❥❡t♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✈❡rt✐❞♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ω90✱ ❜❛s❡❛❞❛ ♥♦ ❡①♣❡r✐♠❡♥t♦ ❞♦ r❡❧é

♣r♦♣♦st❛ ♣♦r ❆❝✐♦❧✐ ❏ú♥✐♦r ✭✷✵✶✷✮✳

❊ss❡ ❝❛♣ít✉❧♦ ❡stá ❞✐✈✐❞✐❞♦ ❝♦♠♦ s❡❣✉❡✳ ◆❛ s❡çã♦ ✸✳✷✱ é ❛♣r❡s❡♥t❛❞♦ ♦ ♣r♦❥❡t♦ ❞♦

❞❡s❛❝♦♣❧❛❞♦r ✐♥✐❝✐❛❧ ♣❛r❛ ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✈❡rt✐❞♦✳ ❆ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❛✈❛❧✐❛çã♦ ❡ r❡♣r♦❥❡t♦

❞♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✈❡rt✐❞♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ω90 ♣r♦♣♦st❛ ♣♦r ❆❝✐♦❧✐ ❏ú♥✐♦r ✭✷✵✶✷✮ é r❡✈✐s❛❞❛

♥❛ s❡çã♦ ✸✳✸✳ ❆ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❛✈❛❧✐❛çã♦ ❡ r❡♣r♦❥❡t♦ ✉t✐❧✐③❛♥❞♦ ❞♦✐s ♣♦♥t♦s ❞❡ ❢r❡q✉ê♥❝✐❛

é ♣r♦♣♦st❛ ♥❛ s❡çã♦ ✸✳✹✳ ◆❛ s❡çã♦ ✸✳✺✱ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛çã♦ ❞❛

❛♣❧✐❝❛çã♦ ❞❛s ❞✉❛s ♠❡t♦❞♦❧♦❣✐❛s ❞✐s❝✉t✐❞❛s ♥❡st❡ ❝❛♣ít✉❧♦✳ ❆s ❝♦♥❝❧✉sõ❡s ❡stã♦ ♥❛ s❡çã♦

✸✳✻✳

✹✳✷ ❉❡s❛❝♦♣❧❛❞♦r ■♥✐❝✐❛❧

❈♦♥❢♦r♠❡ ❛♣r❡s❡♥t❛❞♦ ♥❛ s❡çã♦ ✸✳✷ ❡ s❛❜❡♥❞♦ q✉❡ ❛ ❡q✉❛çã♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✐❝✐❛❧ é

✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ ❡str✉t✉r❛ s✐♠♣❧✐✜❝❛❞❛ ♦✉ ✐♥✈❡rt✐❞❛✱ t❡♠✲s❡ q✉❡✿

✹✷
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❉0(s) =









1 −
K12(1 + τ11s)

K11(1 + τ12s)
e−v(τd12−τd11)s

−
K21(1 + τ22s)

K22(1 + τ21s)
e−v(τd21−τd22)s 1









, ✭✹✳✶✮

♦♥❞❡ v =







1, s❡ τdij − τdii ≥ 0

0, s❡ τdij − τdii < 0
✱ i, j = 1, 2 ❡ i 6= j✳

❈♦♠♦ ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✐❝✐❛❧ é ♣r♦❥❡t❛❞♦ ❛ ♣❛rt✐r ❞❡ ✉♠ ♠♦❞❡❧♦ ❛♣r♦①✐♠❛❞♦ ❞♦ ♣r♦❝❡ss♦

r❡❛❧ é ♣♦ssí✈❡❧ q✉❡ ♥❡❝❡ss✐t❡ ❞❡ ❛❥✉st❡ ♣❛r❛ t♦r♥❛r✲s❡ ❡❢❡t✐✈♦ ❡♠ ❢r❡q✉ê♥❝✐❛s r❡❧❡✈❛♥t❡s✳

✹✳✸ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❯t✐❧✐③❛♥❞♦

❯♠ P♦♥t♦ ❞❡ ❋r❡q✉ê♥❝✐❛

◆❡st❛ s❡çã♦ é r❡✈✐s❛❞❛ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❛✈❛❧✐❛çã♦ ❡ r❡♣r♦❥❡t♦ ♣❛r❛ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✈❡rt✐❞♦

♣r♦♣♦st❛ ❡♠ ❆❝✐♦❧✐ ❏ú♥✐♦r ✭✷✵✶✷✮✳

✹✳✸✳✶ ❆✈❛❧✐❛çã♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r

P❛r❛ ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✈❡rt✐❞♦ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ❛✈❛❧✐❛çã♦ é s❡♠❡❧❤❛♥t❡ ❛♦ ♣r♦❝❡❞✐♠❡♥t♦

❞♦ ❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦ ✭✈❡r s❡çã♦ ✸✳✸✳✶✮✳ ❖✉ s❡❥❛✱ ♦ s✐st❡♠❛ ❞❡s❛❝♦♣❧❛❞♦ é ❡①❝✐t❛❞♦

♣♦r ✉♠❛ ♦♥❞❛ q✉❛❞r❛❞❛ ♠❛✐s ✉♠ ♣✉❧s♦ r❡t❛♥❣✉❧❛r ❞❡ ❧❛r❣✉r❛ ✐❣✉❛❧ ❛ ♠❡✐♦ ♣❡rí♦❞♦ ❞❡

♠❛♥❡✐r❛ s❡q✉❡♥❝✐❛❧✳ ◆❛ ✜❣✉r❛ ✹✳✶ é ♠♦str❛❞❛ ❛ ❛✈❛❧✐❛çã♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r ♣❛r❛ ♠❛❧❤❛ 1✳

❋✐❣✉r❛ ✹✳✶✿ ❊①❝✐t❛çã♦ ❞❡ ❆✈❛❧✐❛çã♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦

❋♦♥t❡✿ ❊❧❛❜♦r❛❞❛ ♣❡❧♦ ❛✉t♦r
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P♦ré♠✱ ❞❡✈✐❞♦ ❛ ❞✐❢❡r❡♥ç❛ ♥❛ ❡str✉t✉r❛✱ ❛ r❡❧❛çã♦ ❡♥tr❛❞❛✴s❛í❞❛ é ♠♦❞✐✜❝❛❞❛✱ s❡♥❞♦

❞❛❞❛ ♣♦r✿

Y1(s)

U2(s)
=

G12(s) +G11(s)D
0
12(s)

1−D0
12(s)D

0
21(s)

, ✭✹✳✷✮

Y2(s)

U1(s)
=

G21(s) +G22(s)D
0
21(s)

1−D0
12(s)D

0
21(s)

. ✭✹✳✸✮

❖ í♥❞✐❝❡ ❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛✱ ♣❛r❛ ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✈❡rt✐❞♦✱ é ❞❡✜♥✐❞♦ ❝♦♠ ❜❛s❡ ♥❛s

❡q✉❛çõ❡s ✭✹✳✷✮ ❡ ✭✹✳✸✮✳

❉❡✜♥✐çã♦ ✸ ❖ í♥❞✐❝❡ ❞❡ ❡rr♦ ❞♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ✐♥✈❡rt✐❞♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ωi
90 ♣❛r❛ ❛ ♠❛❧❤❛

i é ❞❡✜♥✐❞♦ ♣♦r✿

Hiinv
(jωi

90) =
Gij(jω

i
90) +Gii(jω

i
90)D

0
ij(jω

i
90)

1−D0
ij(jω

i
90)D

0
ji(jω

i
90)

, ✭✹✳✹✮

♦♥❞❡ i, j = 1, 2 ❡ i 6= j✳

❙❡ ♦ í♥❞✐❝❡ ❞❡ ❡rr♦ ♥ã♦ ❢♦r ♣ró①✐♠♦ ❛ ③❡r♦ ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✈❡rt✐❞♦ ❞❡✈❡ s❡r r❡♣r♦❥❡t❛❞♦✳

✹✳✸✳✷ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r

P❛r❛ ❛❧❝❛♥ç❛r ♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ❡❢❡t✐✈♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ωi
90 ♦ ❞❡s❛❝♦♣❧❛❞♦r ❞❡✈❡ s❡r r❡♣r♦✲

❥❡t❛❞♦✳

❖ í♥❞✐❝❡ ❞❡ ❡rr♦ ❞♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ❞❡s❡❥❛❞♦ é ❞❛❞♦ ♣♦r✿

Gij(jω
i
90) +Gii(jω

i
90)D

1
ij(jω

i
90)

1−D1
ij(jω

i
90)D

1
ji(jω

i
90)

≈ 0, ✭✹✳✺✮

♦♥❞❡ i, j = 1, 2✱ i 6= j✱ D1
ij(jω

i
90) é ♦ r❡♣r♦❥❡t♦ ❞❡ D0

ij(jω
i
90)✳ ❆ss✐♠✱ ❞❡✜♥❡✲s❡ ❛ ❡q✉❛çã♦

❞❡ r❡♣r♦❥❡t♦ ♣❛r❛ ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✈❡rt✐❞♦✳

❉❡✜♥✐çã♦ ✹ P❛r❛ ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✈❡rt✐❞♦✱ ❝♦♥s✐❞❡r❛✲s❡ q✉❡✿

D1
ij(jω

i
90)D

1
ji(jω

i
90) ≈ D0

ij(jω
i
90)D

0
ji(jω

i
90)

♥❛ ❡q✉❛çã♦ ✭✹✳✺✮✳ ❈♦♠ ✐ss♦✱ ❛ ❡q✉❛çã♦ ❞❡ r❡♣r♦❥❡t♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✈❡rt✐❞♦ ♣❛r❛ ❛

♠❛❧❤❛ i é ❞❡✜♥✐❞❛ ❝♦♠♦ ❛ s✉❜tr❛çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ❡rr♦ ❞♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ♥♦ ❞♦♠í♥✐♦ ❞❛

❢r❡q✉ê♥❝✐❛ ❡st✐♠❛❞♦ ✭❡q✉❛çã♦ ✭✹✳✹✮✮ ❞♦ í♥❞✐❝❡ ❞❡s❡❥❛❞♦ ✭❡q✉❛çã♦ ✭✹✳✺✮✮✱ ❞❛❞♦ ♣♦r✿

D1
ij(jω

i
90)−D0

ij(jω
i
90)

1−D0
ij(jω

i
90)D

0
ji(jω

i
90)

=
−Hiinv

(jωi
90)

Gii(jωi
90)

[D1
ij(jω

i
90)−D0

ij(jω
i
90)] =

−Hiinv
(jωi

90)(1−D0
ij(jω

i
90)D

0
ji(jω

i
90))

Gii(jωi
90)



❈❛♣ít✉❧♦ ✹✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦ ✹✺

[D1
ij(jω

i
90)−D0

ij(jω
i
90)] =

−Υiinv
(jωi

90)

Gii(jωi
90)

, ✭✹✳✻✮

♦♥❞❡ Υiinv
(jωi

90) = Hiinv
(jωi

90)(1−D0
ij(jω

i
90)D

0
ji(jω

i
90)), i, j = 1, 2 ❡ i 6= j✳

❖ t❡r♠♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r ♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞♦ ♣♦r✿

D0,1
ij (jωi

90) = K̄0,1
i

(jωi
90τ

0,1
ii + 1)e−jωi

90
τdeij

(jωi
90τ

0,1
ij + 1)

✭✹✳✼✮

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

✭✹✳✻✮✱ ❞❡ss❛ ♠❛♥❡✐r❛✱ ♦s ♣❛râ♠❡tr♦s K̄1
i ✱ τ

1
ii ❡ τ 1ij ♣♦❞❡♠ s❡r ♠♦❞✐✜❝❛❞♦s✳ ❆ s❡❣✉✐r✱ sã♦

❞❡✜♥✐❞♦s três ❝❛s♦s ✉t✐❧✐③❛❞♦s ♥♦ r❡♣r♦❥❡t♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r✳

❈❛s♦ ✶

◆♦ ❝❛s♦ 1✱ ❛♣❡♥❛s ♦ ❣❛♥❤♦ K̄1
i é ♠♦❞✐✜❝❛❞♦ ♣❛r❛ ❝❛❞❛ t❡r♠♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r✳

❈♦♥s✐❞❡r❡ ❛ ♠❛❧❤❛ i✱ s✉❜st✐t✉✐♥❞♦ ❛ ❡q✉❛çã♦ ✭✹✳✼✮ ♥❛ ❡q✉❛çã♦ ✭✹✳✻✮✱ t❡♠✲s❡ q✉❡ ❛

✈❛r✐❛çã♦ ❞♦ ❣❛♥❤♦ é ❞❛❞❛ ♣♦r✿

∆K̄ = Re











−Υi(jω
i
90)

Gii(jωi
90)

(jωi
90τ

0
ii + 1)e−jωi

90
τdeij

(jω1
90τ

0
ij + 1)











, ✭✹✳✽✮

♦♥❞❡ ∆K̄i = (K̄1
i − K̄0

i )✱ i, j = 1, 2 ❡ i 6= j✳

❈❛s♦ ✷

◆❡ss❡ ❝❛s♦✱ ♣❛r❛ ❛ ♠❛❧❤❛ i✱ ♦ ❣❛♥❤♦ K̄1
i ❡ ❛ ❝♦♥st❛♥t❡ ❞❡ t❡♠♣♦ ❞♦ ♥✉♠❡r❛❞♦r τ 1ij sã♦

❛❧t❡r❛❞♦s✳ ❆ss✐♠✱

τ 1ij =
−Im(Γi(jω

i
90))

ωi
90Re(Γi(jωi

90))
✭✹✳✾✮

K̄1
i = Re(Γi(jω

i
90))[1 + (ωi

90τ
1
ij)

2], ✭✹✳✶✵✮

♦♥❞❡

K̄1
i

jωi
90τ

1
ij + 1

=

−Υi(jω
i
90)

Gii(jωi
90)

+D0
ij(jω

i
90)

(jωi
90τ

0
ii + 1)e−jωi

90
τdeij

= Γi(jω
i
90), ✭✹✳✶✶✮

i, j = 1, 2 ❡ i 6= j✳

◆❡ss❡ ❝❛s♦✱ é ✐♠♣♦rt❛♥t❡ ❧❡✈❛r ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛ ❡st❛❜✐❧✐❞❛❞❡ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r r❡✲

♣r♦❥❡t❛❞♦✳ P❛r❛ q✉❡ s❡❥❛ ❡stá✈❡❧ ♦ ❞❡s❛❝♦♣❧❛❞♦r ♥ã♦ ❞❡✈❡ t❡r ♣♦❧♦ ♣♦s✐t✐✈♦✱ ♦✉ s❡❥❛✱ ♥♦



❈❛♣ít✉❧♦ ✹✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦ ✹✻

s❡♠✐✲♣❧❛♥♦ ❞✐r❡✐t♦ ❞♦ ♣❧❛♥♦ ❝♦♠♣❧❡①♦✳ ❙❛❜❡♥❞♦ q✉❡ Γi(jω
i
90) é ✉♠ ♥ú♠❡r♦ ❝♦♠♣❧❡①♦✱ ♦

s✐♥❛❧ ❞❛ ♣❛rt❡ r❡❛❧ ❞❡✈❡ s❡r ❞✐❢❡r❡♥t❡ ❞♦ s✐♥❛❧ ❞❛ ♣❛rt❡ ✐♠❛❣✐♥ár✐❛✳

❈❛s♦ ✸

◆❡ss❡ ❝❛s♦ ♦ ❣❛♥❤♦ K̄1
i ❡ ❛ ❝♦♥st❛♥t❡ ❞❡ t❡♠♣♦ ❞♦ ❞❡♥♦♠✐♥❛❞♦r τ 1ii sã♦ ❛❧t❡r❛❞♦s✳ ❆ss✐♠✱

K̄1
i = Re(Ψi(jω

i
90)) ✭✹✳✶✷✮

τ 1ii =
Im(Ψi(jω

i
90))

ωi
90K̄

1
i

, ✭✹✳✶✸✮

♦♥❞❡
[

−Υi(jω
i
90)

Gii(jωi
90)

+D0
ij(jω

i
90)

]

(jωi
90τ

0
ij + 1)e+jωi

90
τdeij = Ψi(jω

i
90), ✭✹✳✶✹✮

i, j = 1, 2 ❡ i 6= j✳

✹✳✹ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❯t✐❧✐③❛♥❞♦

❉♦✐s P♦♥t♦s ❞❡ ❋r❡q✉ê♥❝✐❛

❆ss✐♠ ❝♦♠♦ ❢♦✐ ♠♦str❛❞♦ ♣❛r❛ ♦ ❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦✱ ♥♦ ❝❛♣ít✉❧♦ ❛♥t❡r✐♦r✱ ♣❛r❛ ♦

❞❡s❛❝♦♣❧❛❞♦r ✐♥✈❡rt✐❞♦ ♦ r❡♣r♦❥❡t♦ ✉t✐❧✐③❛♥❞♦ ❛♣❡♥❛s ✉♠❛ ❢r❡q✉ê♥❝✐❛✱ ω90✱ ♣♦❞❡ ❝❛✉s❛r

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

❉❡ss❛ ❢♦r♠❛✱ ♥❡st❛ s❡çã♦✱ é ♣r♦♣♦st♦ ✉♠ ♠ét♦❞♦ ❞❡ ❛✈❛❧✐❛çã♦ ❡ r❡♣r♦❥❡t♦✱ ✉t✐❧✐③❛♥❞♦

❞♦✐s ♣♦♥t♦s ❞❡ ❢r❡q✉ê♥❝✐❛✱ ω = 0 ❡ ω90✱ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✈❡rt✐❞♦ ♣❛r❛ ♣r♦❝❡ss♦s ❚■❚❖✳

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

♠❡❧❤♦r✐❛s ❞❡ ❞❡s❡♠♣❡♥❤♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ω90 s❡♠ ❞❡❣r❛❞❛r ♦ ❡st❛❞♦ ❡st❛❝✐♦♥ár✐♦✳

❆ ❛✈❛❧✐❛çã♦ é r❡❛❧✐③❛❞❛ t❛♥t♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ω = 0 q✉❛♥t♦ ❡♠ ω90✳ ❖ í♥❞✐❝❡ ❞❡ ❡rr♦

♥❛ ❢r❡q✉ê♥❝✐❛ ③❡r♦ é ✉t✐❧✐③❛❞♦ ♣❛r❛ r❡♣r♦❥❡t❛r ♦ ❣❛♥❤♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r✳ ❊♥q✉❛♥t♦ q✉❡ ♦

í♥❞✐❝❡ ❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ω90 é ♠✐♥✐♠✐③❛❞♦ ❝♦♠ ❛❧t❡r❛çõ❡s ♥❛s ❝♦♥st❛♥t❡s ❞❡ t❡♠♣♦✳

✹✳✹✳✶ ❆✈❛❧✐❛çã♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r

❖ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ❛✈❛❧✐❛çã♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✈❡rt✐❞♦ é ❡q✉✐✈❛❧❡♥t❡ ❛♦ ❛♣r❡s❡♥t❛❞♦ ♥❛

s❡çã♦ ✸✳✹✳✶✳ ❖✉ s❡❥❛✱ ♣❛r❛ ❛✈❛❧✐❛r ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✈❡rt✐❞♦ ♦ s✐st❡♠❛ ❞❡s❛❝♦♣❧❛❞♦ é ❡①❝✐✲

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

❖✉ s❡❥❛✱ ❛ ❡①❝✐t❛çã♦ ❝♦♠ ❢r❡q✉ê♥❝✐❛ ωi
90 ❞❡✈❡ s❡r ❛♣❧✐❝❛❞❛ ♥❛ ❡♥tr❛❞❛ ♦♣♦st❛ uj✱ i, j = 1, 2

❡ i 6= j✱ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ✜❣✉r❛ ✹✳✶✳ P♦ré♠✱ ❝♦♠♦ ❛ ❡str✉t✉r❛ é ❞✐❢❡r❡♥t❡ ❛ r❡❧❛çã♦

❡♥tr❛❞❛✴s❛í❞❛ é ❛❧t❡r❛❞❛✳



❈❛♣ít✉❧♦ ✹✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦ ✹✼

❈♦♥s✐❞❡r❛♥❞♦ ♦ s✐st❡♠❛ ❞❡s❛❝♦♣❧❛❞♦✱ ❛ r❡❧❛çã♦ ❡♥tr❛❞❛✴s❛í❞❛ é ❛ ♠❡s♠❛ ❞❛❞❛ ♣❡❧❛s

❡q✉❛çõ❡s ✭✹✳✷✮ ❡ ✭✹✳✸✮✳ ❉❡ss❛ ❢♦r♠❛✱ ♦ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛ é ❞❡✜♥✐❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✭✹✳✹✮

✭✈❡r s❡çã♦ ✹✳✸✮✳ ❉❡st❛❝❛✲s❡ q✉❡✱ ♥❡ss❡ ❝❛s♦✱ ❛❧é♠ ❞♦ s✐♥❛❧ ❞❡ ❡①❝✐t❛çã♦ s❡r ❞✐❢❡r❡♥t❡ ❝♦♠

r❡❧❛çã♦ ❛♦ ♣r♦❝❡❞✐♠❡♥t♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ s❡çã♦ ✹✳✸ é ♥❡❝❡ssár✐♦ ❝❛❧❝✉❧❛r ♦ í♥❞✐❝❡ ❞❡ ❡rr♦

❡♠ ❞♦✐s ♣♦♥t♦s ❞❡ ❢r❡q✉ê♥❝✐❛✳

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

❞❛❞♦ ♣♦r✿

Hiinv
(0) =

Gij(0) +Gii(0)D
0
ij(0)

1−D0
ij(0)D

0
ji(0)

, ✭✹✳✶✺✮

Hiinv
(jωi

90) =
Gij(jω

i
90) +Gii(jω

i
90)D

0
ij(jω

i
90)

1−D0
ij(jω

i
90)D

0
ji(jω

i
90)

, ✭✹✳✶✻✮

♦♥❞❡ i, j = 1, 2 ❡ i 6= j✳

❙❡ ♦ í♥❞✐❝❡ ❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ③❡r♦ ♥ã♦ ❢♦r ♣ró①✐♠♦ ❛ ③❡r♦✱ ♦ ❣❛♥❤♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r

❞❡✈❡ s❡r r❡♣r♦❥❡t❛❞♦✳ ❙❡ ♦ í♥❞✐❝❡ ❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ω90 ♥ã♦ ❢♦r ♣ró①✐♠♦ ❛ ③❡r♦✱ ❛s

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

❡rr♦ ❢♦r❡♠ ♣ró①✐♠♦s ❛ ③❡r♦✱ ❞❡✈❡✲s❡ ✐♥✐❝✐❛❧♠❡♥t❡ ❛❧t❡r❛r ♦ ✈❛❧♦r ❞♦ ❣❛♥❤♦ ❡ ❡♠ s❡❣✉✐❞❛✱

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

✹✳✹✳✷ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r

❈♦♠♦ ❢♦✐ ❞✐t♦ ♥♦ ❝❛♣ít✉❧♦ ❛♥t❡r✐♦r✱ r❡❛❧✐③❛✲s❡ ♦ r❡♣r♦❥❡t♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡

♦❜t❡r ✉♠ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ❡❢❡t✐✈♦ ♥❛s ❢r❡q✉ê♥❝✐❛s ω = 0 ❡ ω90✳ ❙❡♥❞♦ ❛ss✐♠✱ ♦ ❞❡s❛❝♦♣❧❛❞♦r

❞❡✈❡ s❡r r❡♣r♦❥❡t❛❞♦ ❞❡ ♠❛♥❡✐r❛ ❛ ♠✐♥✐♠✐③❛r ♦s í♥❞✐❝❡s ❞❡ ❡rr♦✳

❈♦♥s✐❞❡r❛♥❞♦ ✉♠ ♣r♦❝❡ss♦ ❚■❚❖ ❡ ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✈❡rt✐❞♦✱ ❛ ❡q✉❛çã♦ ❞❡ r❡♣r♦❥❡t♦

é ❞❡✜♥✐❞❛ ♣♦r✿

[D1
ij(jω

i)−D0
ij(jω

i)] =
−Υiinv

(jωi)

Ĝii(jωi)
, ✭✹✳✶✼✮

♦♥❞❡ Υiinv
(jωi) = Hiinv

(jωi)(1 − D0
ij(jω

i)D0
ji(jω

i))✱ i, j = 1, 2 ❡ i 6= j✳ ❊ ♦ t❡r♠♦ ❞♦

❞❡s❛❝♦♣❧❛❞♦r é ❞❛❞♦ ♣♦r✿

D0,1
ij (jωi) = K̄0,1

i

(jωiτ 0,1ii + 1)e−sτdeij

(jωiτ 0,1ij + 1)
. ✭✹✳✶✽✮

❖ r❡♣r♦❥❡t♦ é ❞✐✈✐❞✐❞♦ ❡♠ ❞✉❛s ❡t❛♣❛s✳ ◆❛ ♣r✐♠❡✐r❛ ❡t❛♣❛ ♦ ❣❛♥❤♦ K̄1
i ❞♦ ❞❡s❛❝♦♣❧❛❞♦r

é ❛❧t❡r❛❞♦ ❝♦♠ ❛ ✜♥❛❧✐❞❛❞❡ ❞❡ ❞✐♠✐♥✉✐r ♦ í♥❞✐❝❡ ❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ③❡r♦✱ ♦✉ s❡❥❛✱ é

❝♦♥s✐❞❡r❛❞♦ ❛♣❡♥❛s ♦ í♥❞✐❝❡ ❞❡ ❡rr♦ ♥♦ ❡st❛❞♦ ❡st❛❝✐♦♥ár✐♦✳

◆❛ ❡t❛♣❛ 2 sã♦ ❛❧t❡r❛❞❛s ❛s ❝♦♥st❛♥t❡s ❞❡ t❡♠♣♦ ❞♦ ❞❡♥♦♠✐♥❛❞♦r τij ✭❡t❛♣❛ 2.1✮ ♦✉

❞♦ ♥✉♠❡r❛❞♦r τii ✭❡t❛♣❛ 2.2✮✳ ❆ ✐♥t❡♥çã♦ ❛❣♦r❛ é ❞✐♠✐♥✉✐r ♦ í♥❞✐❝❡ ❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛



❈❛♣ít✉❧♦ ✹✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦ ✹✽

ω90✳ ◆❡ss❛ ❡t❛♣❛✱ ♦ ❣❛♥❤♦ ✉t✐❧✐③❛❞♦ ♥♦ ❞❡s❛❝♦♣❧❛❞♦r r❡♣r♦❥❡t❛❞♦ é ♦ ❣❛♥❤♦ ❝❛❧❝✉❧❛❞♦ ♥❛

❡t❛♣❛ 1✳

❊t❛♣❛ ✶

◆❡st❡ ❝❛s♦✱ ♦ ❣❛♥❤♦ K̄1
i é ♠♦❞✐✜❝❛❞♦✳

❖ ❣❛♥❤♦ r❡♣r♦❥❡t❛❞♦ K̄1
i é ❝♦♥❢♦r♠❡ ❛♣r❡s❡♥t❛❞♦ ♥♦ ▲❡♠❛ ✶✱ ♦✉ s❡❥❛✿

K̄1
i = real

(

−
Υiinv

(0)

K̄ii

)

+ K̄0
i , ✭✹✳✶✾✮

♦♥❞❡ i, j = 1, 2 ❡ i 6= j✳

❊t❛♣❛ ✷

❊t❛♣❛ ✷✳✶ ❈♦♥st❛♥t❡ ❞❡ t❡♠♣♦ ❞♦ ❞❡♥♦♠✐♥❛❞♦r ✲ τ 1ij

❈♦♥s✐❞❡r❛♥❞♦ ♦ ♥♦✈♦ ✈❛❧♦r ❞♦ ❣❛♥❤♦ ♦❜t✐❞♦ ♥❛ ❡t❛♣❛ 1✱ ❛ ❝♦♥st❛♥t❡ ❞❡ t❡♠♣♦ τ 1ij é ❛❧t❡r❛❞❛✳

❆ ❡q✉❛çã♦ ❞❡ r❡♣r♦❥❡t♦ ❞❛ ❝♦♥st❛♥t❡ ❞❡ t❡♠♣♦ τ 1ij✱ ❝♦♥❢♦r♠❡ ❛♣r❡s❡♥t❛❞♦ ♥♦ ▲❡♠❛ ✷✱

é ❞❛❞❛ ♣♦r✿

τ 1ij =

imag

(

K̄1
i − Γi(jω

i
90)

Γi(jωi
90)

)

ωi
90

, ✭✹✳✷✵✮

♦♥❞❡

Γi(jω
i
90) =

−Υiinv
(jωi

90)

Ĝii(jωi
90)

+D0
ij(jω

i
90)

(jωi
90τ

0
ii + 1)e−jωi

90
τdeij

. ✭✹✳✷✶✮

P❛r❛ ♦ ❞❡s❛❝♦♣❧❛❞♦r s❡r ❡stá✈❡❧ é ♥❡❝❡ssár✐♦ q✉❡ ♥ã♦ t❡♥❤❛ ♣♦❧♦ ♣♦s✐t✐✈♦✳ ❈♦♠♦ ♥❡ss❛

❡t❛♣❛ ♦ ♣♦❧♦ ❡stá s❡♥❞♦ ❛❧t❡r❛❞♦✱ ❞❡ ❢♦r♠❛ ❛ ❣❛r❛♥t✐r ❛ ❡st❛❜✐❧✐❞❛❞❡ é ♥❡❝❡ssár✐♦ q✉❡

imag

(

K̄1
i − Γi(jω

i
90)

Γi(jωi
90)

)

> 0✳

❊t❛♣❛ ✷✳✷ ❈♦♥st❛♥t❡ ❞❡ t❡♠♣♦ ❞♦ ♥✉♠❡r❛❞♦r ✲ τ 1ii

❈♦♥s✐❞❡r❛♥❞♦ ♦ ♥♦✈♦ ✈❛❧♦r ❞♦ ❣❛♥❤♦ ♦❜t✐❞♦ ♥❛ ❡t❛♣❛ 1✱ ❛ ❝♦♥st❛♥t❡ ❞❡ t❡♠♣♦ τ 1ii é ❛❧t❡r❛❞❛✳

❆ ❡q✉❛çã♦ ❞❡ r❡♣r♦❥❡t♦ ❞❛ ❝♦♥st❛♥t❡ ❞❡ t❡♠♣♦ τ 1ii✱ ❝♦♥❢♦r♠❡ ❛♣r❡s❡♥t❛❞♦ ♥♦ ▲❡♠❛ ✸✱

é ❞❛❞❛ ♣♦r✿

τ 1ii =
imag(Ψi(jω

i
90))

K̄1
i ω

i
90

, ✭✹✳✷✷✮

♦♥❞❡

Ψi(jω
i
90) =

[

−Υiinv
(jωi

90)

Ĝii(jωi
90)

+D0
ij(jω

i
90)

]

(jωi
90τ

0
ij + 1)e+jωi

90
τdeij . ✭✹✳✷✸✮



❈❛♣ít✉❧♦ ✹✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦ ✹✾

✹✳✺ ❘❡s✉❧t❛❞♦s ❞❡ ❙✐♠✉❧❛çã♦

◆❡st❛ s❡çã♦✱ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ❛✈❛❧✐❛çã♦ ❡ r❡♣r♦❥❡t♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✈❡rt✐❞♦ é ❛♣❧✐❝❛❞♦

❛ três ♣r♦❝❡ss♦s ❚■❚❖✳ P❛r❛ ❝❛❞❛ ❡①❡♠♣❧♦✱ ❞❛❞♦ ♦s ♠♦❞❡❧♦s ❋❖P❚❉ ❞❡ ♣r♦❝❡ss♦s ❚■❚❖✱

♣r♦❥❡t❛✲s❡ ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✐❝✐❛❧✳ ❊♠ s❡❣✉✐❞❛✱ ♦ ♣r♦❝❡ss♦ ❞❡s❛❝♦♣❧❛❞♦ é ❡①❝✐t❛çã♦ ♣❡❧♦

s✐♥❛❧ ❞❡ ❛✈❛❧✐❛çã♦✳ ❊♥tã♦✱ sã♦ ❝❛❧❝✉❧❛❞♦s ♦s í♥❞✐❝❡s ❞❡ ❡rr♦ ❞❡ ❝❛❞❛ ♠❛❧❤❛ ❡✱ q✉❛♥❞♦

♥❡❝❡ssár✐♦✱ ♦ ❞❡s❛❝♦♣❧❛❞♦r é r❡♣r♦❥❡t❛❞♦✳

❖ ♣r♦❝❡❞✐♠❡♥t♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ s❡çã♦ ✹✳✸ t❛♠❜é♠ é ❛♣❧✐❝❛❞♦ ♣❛r❛ ❝❛❞❛ ❡①❡♠♣❧♦✳ ❊

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

❞♦ ❡①♣❡r✐♠❡♥t♦ ❞❡❣r❛✉ ♠❛❧❤❛ ❛❜❡rt❛ ❡ ❞♦ í♥❞✐❝❡ ❞❡ ❡rr♦ ♥♦ t❡♠♣♦✱ ❞❛❞♦ ♣❡❧♦ ❡rr♦ ♠é❞✐♦

q✉❛❞rát✐❝♦✳

◆❛s s✐♠✉❧❛çõ❡s ♦ ♣❡rí♦❞♦ ❞❡ ❛♠♦str❛❣❡♠ ✉t✐❧✐③❛❞♦ ❢♦✐ Ts = 0, 1 ♠✐♥✉t♦✳ ◆❛ s❛í❞❛ ❞♦

♣r♦❝❡ss♦ é ❛❞✐❝✐♦♥❛❞♦ ✉♠ r✉í❞♦ ❜r❛♥❝♦ ❞❡ ♠é❞✐❛ ③❡r♦ ❡ ✈❛r✐â♥❝✐❛ ✭var✮ ♥ã♦ ✜①❛✱ s❡♥❞♦

❡st❛ ❞❡✜♥✐❞❛ ♣❛r❛ ❝❛❞❛ ❡①❡♠♣❧♦✳

✹✳✺✳✶ ❊①❡♠♣❧♦ ✹✳✶

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

❇❡rr② ✭✶✾✼✸✮✿

●(s) =









12, 8e−s

16, 7s+ 1

−18, 9e−3s

21s+ 1
6, 6e−7s

10, 9s+ 1

−19, 4e−3s

14, 4s+ 1









. ✭✹✳✷✹✮

❖ ♠♦❞❡❧♦ ❋❖P❚❉ ❡st✐♠❛❞♦ é ❞❛❞♦ ♣♦r✿

●̂(s) =









12, 693e−1,009s

(18, 275s+ 1)

−20, 8439e−2,988s

(23, 166s+ 1)
6, 498e−7,7583s

(11, 687s+ 1)

−19, 465e−2,986s

(15, 9s+ 1)









. ✭✹✳✷✺✮

❆ ❝✉r✈❛ ❞❡ r❡s♣♦st❛ ❞♦ s✐st❡♠❛ s❡♠ ❞❡s❛❝♦♣❧❛♠❡♥t♦ é ♠♦str❛❞❛ ♥❛ ✜❣✉r❛ ✸✳✹✳

❈♦♠ ♦ ♠♦❞❡❧♦ ❋❖P❚❉ ❡st✐♠❛❞♦ ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✐❝✐❛❧ é ♣r♦❥❡t❛❞♦✿

D0
12 = 1, 6421

(18, 275s+ 1)e−1,9784s

23, 166s+ 1
, ✭✹✳✷✻✮

D0
21 = 0, 3672

(15, 9s+ 1)e−4,0672s

11, 687s+ 1
. ✭✹✳✷✼✮

P❛r❛ ❛✈❛❧✐❛r ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✐❝✐❛❧✱ ♦ s✐♥❛❧ ❞❡ ❡①❝✐t❛çã♦ ❞❡ ❛✈❛❧✐❛çã♦ é ❛♣❧✐❝❛❞♦ ❛♦

♣r♦❝❡ss♦ ❞❡s❛❝♦♣❧❛❞♦✳ ❆s ❢r❡q✉ê♥❝✐❛s ❞♦ s✐♥❛❧ ❞❡ ❛✈❛❧✐❛çã♦ sã♦ ω1
90 = 0, 246 r❛❞✴♠✐♥ ❡

ω2
90 = 0, 138 r❛❞✴♠✐♥✳ ❆ ✈❛r✐â♥❝✐❛ ❞♦ r✉í❞♦ ❛❞✐❝✐♦♥❛❞♦ ❛♦ s✐♥❛❧ ❞❡ s❛í❞❛ é ❞❡ 0, 05✳



❈❛♣ít✉❧♦ ✹✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦ ✺✵

❆ r❡s♣♦st❛ ❞❛ ❛♣❧✐❝❛çã♦ ❞❛ ❡①❝✐t❛çã♦ ❞❡ ❛✈❛❧✐❛çã♦ ❛♦ s✐st❡♠❛ ❞❡s❛❝♦♣❧❛❞♦ ❝♦♠ ❛ ❡s✲

tr✉t✉r❛ ✐♥✈❡rt✐❞❛ é ♠♦str❛❞❛ ♥❛ ✜❣✉r❛ ✹✳✷✳

❋✐❣✉r❛ ✹✳✷✿ ❈✉r✈❛s ❞♦s ❙✐♥❛✐s ❞❡ ❊①❝✐t❛çã♦ ❞❡ ❆✈❛❧✐❛çã♦ ✭❘❡❧é ✾✵ ✰ P✉❧s♦✮ ❞♦ ❉❡s❛❝♦✲
♣❧❛❞♦r ■♥✈❡rt✐❞♦ ■♥✐❝✐❛❧ ✲ ❊①❡♠♣❧♦ ✹✳✶
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Excitação inversa - malha 1

y1

u1
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Excitação inversa - malha 2

y2

u2

❋♦♥t❡✿ ❊❧❛❜♦r❛❞❛ ♣❡❧♦ ❛✉t♦r

❖s ♣❛râ♠❡tr♦s ♠♦❞✐✜❝❛❞♦s ❞♦s t❡r♠♦s ❞♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✈❡rt✐❞♦✱ ♣❛r❛ ❝❛❞❛ ❡t❛♣❛ ❞❡

r❡♣r♦❥❡t♦✱ sã♦ ♠♦str❛❞♦s ♥❛ t❛❜❡❧❛ ✹✳✶✳ ❖s í♥❞✐❝❡s ❞❡ ❡rr♦s ♥❛s ❢r❡q✉ê♥❝✐❛s ③❡r♦ ❡ ω90 sã♦

❛♣r❡s❡♥t❛❞♦s ♥❛s t❛❜❡❧❛s ✹✳✷ ❡ ✹✳✸✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❆♥❛❧✐s❛♥❞♦ ♦s í♥❞✐❝❡s ❞❡ ❡rr♦✱ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r r❡❞✉çã♦ ❞♦ ❡rr♦ ❡♠ ❛♠❜❛s ❛s ❢r❡q✉ê♥✲

❝✐❛s✱ ❡ q✉❡ ♥❛ ❡t❛♣❛ ✷✳✶ ❢♦✐ ♦❜t✐❞♦ ♦ ♠❡♥♦r í♥❞✐❝❡ ❞❡ ❡rr♦ ❡♠ ω90✳

❚❛❜❡❧❛ ✹✳✶✿ P❛râ♠❡tr♦s ▼♦❞✐✜❝❛❞♦s ❞♦s ❚❡r♠♦s ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦ ❯t✐❧✐③❛♥❞♦
❉♦✐s P♦♥t♦s ❞❡ ❋r❡q✉ê♥❝✐❛ ✲ ❊①❡♠♣❧♦ ✹✳✶

K1 τ12 τ11
■♥✐❝✐❛❧ ✶✱✻✹✷✶ ✷✸✱✶✻✻ ✶✽✱✷✼✺
❊t❛♣❛ ✶ ✶✱✹✼✼ ✲ ✲
❊t❛♣❛ ✷✳✶ ✲ ✷✸✱✵✶ ✲
❊t❛♣❛ ✷✳✷ ✲ ✲ ✷✵✱✶✶

K2 τ21 τ22
■♥✐❝✐❛❧ ✵✱✸✻✼✷ ✶✶✱✻✽✼ ✶✺✱✾
❊t❛♣❛ ✶ ✵✱✸✹✵✵ ✲ ✲
❊t❛♣❛ ✷✳✶ ✲ ✶✷✱✶✼✶ ✲
❊t❛♣❛ ✷✳✷ ✲ ✲ ✶✺✱✷✼✸

❋❛③❡♥❞♦ ♦ r❡♣r♦❥❡t♦ ✉s❛♥❞♦ ❛♣❡♥❛s ❛ ❢r❡q✉ê♥❝✐❛ ω90✱ ♦s ♣❛râ♠❡tr♦s ♠♦❞✐✜❝❛❞♦s ❞♦s

t❡r♠♦s ❞♦ ❞❡s❛❝♦♣❧❛❞♦r sã♦ ♠♦str❛❞♦s ♥❛ t❛❜❡❧❛ ✹✳✹✳ ❖s í♥❞✐❝❡s ❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ω90

sã♦ ♠♦str❛❞♦s ♥❛ t❛❜❡❧❛ ✹✳✺✳



❈❛♣ít✉❧♦ ✹✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦ ✺✶

❚❛❜❡❧❛ ✹✳✷✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥❛ ❋r❡q✉ê♥❝✐❛ ω = 0 ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ■♥✈❡rt✐❞♦ ✲ ❊①❡♠♣❧♦
✹✳✶

| H1 | ∠H1 | H2 | ∠H2

■♥✐❝✐❛❧ ✺✱✷✽✵✽ ✵ ✶✱✸✸✹✶ ✸✱✶✹✶✻
❊t❛♣❛ ✶ ✵✱✵✶✹✽ ✸✱✶✹✶✻ ✵✱✵✶✼✵ ✸✱✶✹✶✻

❚❛❜❡❧❛ ✹✳✸✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥❛ ❋r❡q✉ê♥❝✐❛ ω90 ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ■♥✈❡rt✐❞♦ ✲ ❊①❡♠♣❧♦ ✹✳✶
| H1 | ∠H1 | H2 | ∠H2

■♥✐❝✐❛❧ ✵✱✸✵✹✵ ✲✷✱✼✷✸✷ ✵✱✺✽✷✸ ✵✱✺✵✼✶
❊t❛♣❛ ✷✳✶ ✵✱✵✸✼✹ ✵✱✸✷✶✸ ✵✱✵✾✸✸ ✲✵✱✽✺✺✸
❊t❛♣❛ ✷✳✷ ✵✱✷✻✸✸ ✲✷✱✸✽✶✷ ✵✱✵✽✹✽ ✲✶✱✵✼✵✵

❚❛❜❡❧❛ ✹✳✹✿ P❛râ♠❡tr♦s ▼♦❞✐✜❝❛❞♦s ❞♦s ❚❡r♠♦s ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦ ❯t✐❧✐③❛♥❞♦
❯♠ P♦♥t♦ ❞❡ ❋r❡q✉ê♥❝✐❛ ✲ ❊①❡♠♣❧♦ ✹✳✶

K1 τ12 τ11
■♥✐❝✐❛❧ ✶✱✻✹✷✶ ✷✸✱✶✻✻ ✶✽✱✷✼✺
❈❛s♦ ✶ ✶✱✹✶✸✼ ✲ ✲
❈❛s♦ ✷ ✵✱✺✽✾✾ ✽✱✺✸✺✽ ✲
❈❛s♦ ✸ ✲✵✱✸✺✵✵ ✲ ✲✼✽✱✸✼✻

K2 τ21 τ22
■♥✐❝✐❛❧ ✵✱✸✻✼✷ ✶✶✱✻✽✼ ✶✺✱✾
❈❛s♦ ✶ ✵✱✷✾✹✷ ✲ ✲
❈❛s♦ ✷ ✵✱✷✵✹✶ ✹✱✻✼✼✽ ✲
❈❛s♦ ✸ ✲✵✱✵✶✷✵ ✲ ✲✹✼✺✱✶✾

❚❛❜❡❧❛ ✹✳✺✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥❛ ❋r❡q✉ê♥❝✐❛ ω90 ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ■♥✈❡rt✐❞♦ ✲ ❊①❡♠♣❧♦ ✹✳✶
| H1 | ∠H1 | H2 | ∠H2

■♥✐❝✐❛❧ ✵✱✽✾✹✵ ✷✱✺✵✻✾ ✷✱✷✼✶✸ ✲✵✱✻✵✵✻
❈❛s♦ ✶ ✵✱✽✹✸✸ ✷✱✵✼✻✽ ✶✱✾✶✻✺ ✲✵✱✽✻✷✺
❈❛s♦ ✷ ✵✱✶✹✹✸ ✲✵✱✸✷✼✽ ✵✱✷✶✺✷ ✲✷✱✼✽✽✷
❈❛s♦ ✸ ✵✱✶✼✷✽ ✵✱✵✸✻✼ ✵✱✷✸✾✹ ✲✷✱✼✵✻✺

❆♦ ❛♥❛❧✐s❛r ♦s ❞❛❞♦s ❛♣r❡s❡♥t❛❞♦s ❞❛s t❛❜❡❧❛s ✹✳✸ ❡ ✹✳✺✱ ♦❜s❡r✈❛✲s❡ ♠❡❧❤♦r❡s r❡s✉❧t❛❞♦s

♥♦ ♣r♦❥❡t♦ q✉❡ ✉t✐❧✐③❛ ❛s ❞✉❛s ❢r❡q✉ê♥❝✐❛s ✭❡t❛♣❛ ✷✳✶✮✳ P❛r❛ ❝♦♠♣❛r❛r ♦ ❞❡s❡♠♣❡♥❤♦ ❞♦s

❞♦✐s r❡♣r♦❥❡t♦s ♥❛ ❢r❡q✉ê♥❝✐❛ ③❡r♦ ♦ ❡①♣❡r✐♠❡♥t♦ ❞♦ ❞❡❣r❛✉ ❢♦✐ r❡❛❧✐③❛❞♦✳ ❆ r❡s♣♦st❛ ❛♦

❞❡❣r❛✉ ❞❛ ❡t❛♣❛ ✶ ❡ ❞♦ ❝❛s♦ ✶ sã♦ ♠♦str❛❞❛s ♥❛ ✜❣✉r❛ ✹✳✸✱ ❛ ❡t❛♣❛ ✷✳✶ ❡ ♦ ❝❛s♦ ✷ sã♦

♠♦str❛❞❛s ♥❛ ✜❣✉r❛ ✹✳✹✱ ❡ ♥❛ ✜❣✉r❛ ✹✳✺ sã♦ ♠♦str❛❞❛s ❛ ❡t❛♣❛ ✷✳✷ ❡ ♦ ❝❛s♦ ✸✳

❆ss✐♠✱ ♣♦❞❡✲s❡ ❝♦♥st❛t❛r✱ q✉❡✱ ❝♦♠ ♦ r❡♣r♦❥❡t♦ ❛♣❡♥❛s ❡♠ ω90✱ ♦ ❡rr♦ ♥♦ ❡st❛❞♦

❡st❛❝✐♦♥ár✐♦ ❛✉♠❡♥t♦✉ q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦ ❛♦ ♣r♦❥❡t♦ ✐♥✐❝✐❛❧✳ P♦ré♠✱ q✉❛♥❞♦ ❛ ❢r❡q✉ê♥❝✐❛

③❡r♦ é ❝♦♥s✐❞❡r❛❞❛ ♥♦ r❡♣r♦❥❡t♦✱ ❡ss❡ ❡rr♦ t♦r♥❛✲s❡ ❛✐♥❞❛ ♠❡♥♦r ❡♠ r❡❧❛çã♦ ❛♦ ♣r♦❥❡t♦

✐♥✐❝✐❛❧✳
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❋♦♥t❡✿ ❊❧❛❜♦r❛❞❛ ♣❡❧♦ ❛✉t♦r

❋✐❣✉r❛ ✹✳✹✿ ❈✉r✈❛s ❞❛ ❘❡s♣♦st❛ ❛♦ ❉❡❣r❛✉ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦ ✲ ❊①❡♠♣❧♦ ✹✳✶
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❋✐❣✉r❛ ✹✳✺✿ ❈✉r✈❛s ❞❛ ❘❡s♣♦st❛ ❛♦ ❉❡❣r❛✉ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦ ✲ ❊①❡♠♣❧♦ ✹✳✶
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❋♦♥t❡✿ ❊❧❛❜♦r❛❞❛ ♣❡❧♦ ❛✉t♦r

❚❛❜❡❧❛ ✹✳✻✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥♦ ❚❡♠♣♦ ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ■♥✈❡rt✐❞♦ ❯t✐❧✐③❛♥❞♦ ❉♦✐s P♦♥t♦s
❞❡ ❋r❡q✉ê♥❝✐❛ ✲ ❊①❡♠♣❧♦ ✹✳✶

ε1 ε2
■♥✐❝✐❛❧ ✶✵✱✺✺✼ ✵✱✺✶✾✾
❊t❛♣❛ ✶ ✵✱✷✼✶✵ ✵✱✵✺✹✽
❊t❛♣❛ ✷✳✶ ✵✱✷✻✾✹ ✵✱✵✺✸✺
❊t❛♣❛ ✷✳✷ ✵✱✹✽✾✼ ✵✱✵✺✷✾

❚❛❜❡❧❛ ✹✳✼✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥♦ ❚❡♠♣♦ ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ■♥✈❡rt✐❞♦ ❯t✐❧✐③❛♥❞♦ ❯♠ P♦♥t♦
❞❡ ❋r❡q✉ê♥❝✐❛ ✲ ❊①❡♠♣❧♦ ✹✳✶

ε1 ε2
■♥✐❝✐❛❧ ✶✵✱✺✺✼ ✵✱✺✶✾✾
❈❛s♦ ✶ ✶✱✽✾✼✻ ✶✱✹✶✸✻
❈❛s♦ ✷ ✶✸✺✱✼✽ ✺✱✷✷✺✶
❈❛s♦ ✸ ✸✸✹✱✸✸ ✷✶✱✵✹✾

✹✳✺✳✷ ❊①❡♠♣❧♦ ✹✳✷

❈♦♥s✐❞❡r❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❞❡st✐❧❛çã♦ ♠❡t❤❛♥♦❧✲❡t❤❛♥♦❧✱ ❛♣r❡s❡♥t❛❞♦ ♣♦r ❚❛✈❛❦♦❧✐✱ ●r✐✣♥ ❡

❋❧❡♠✐♥❣ ✭✷✵✵✻✮✱ q✉❡ ♣♦ss✉✐ ❛ s❡❣✉✐♥t❡ ❢✉♥çã♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛✿
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●(s) =









0, 471e−s

(30, 7s+ 1)2
0, 495e−2s

(28, 5s+ 1)2

0, 749e−1,7s

(57s+ 1)2
−0, 832e−s

(50, 5s+ 1)2









. ✭✹✳✷✽✮

❖ ♠♦❞❡❧♦ ❋❖P❚❉ ❡st✐♠❛❞♦ é ❞❛❞♦ ♣♦r✿

●̂(s) =









0, 474e−15,39s

(55, 2s+ 1)

0, 4499e−16,09s

(45, 82s+ 1)
0, 797e−23,63s

(136, 72s+ 1)

−0, 8424e−25,36s

(89, 05s+ 1)









. ✭✹✳✷✾✮

◆❛ ✜❣✉r❛ ✸✳✾✱ ❞♦ ❡①❡♠♣❧♦ ✸✳✷✱ é ♠♦str❛❞❛ ❛ ❝✉r✈❛ ❞❡ r❡s♣♦st❛ ❞♦ s✐st❡♠❛ s❡♠ ❞❡s❛❝♦✲

♣❧❛♠❡♥t♦✳

❯t✐❧✐③❛♥❞♦ ♦ ♠♦❞❡❧♦ ❋❖P❚❉ ❡st✐♠❛❞♦ é ♣r♦❥❡t❛❞♦ ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✐❝✐❛❧✿

D0
12 = −1, 0527

(55, 2s+ 1)e−0,7s

45, 82s+ 1
, ✭✹✳✸✵✮

D0
21 = 0, 9461

89, 05s+ 1

136, 72s+ 1
. ✭✹✳✸✶✮

P❛r❛ ❛✈❛❧✐❛r ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✐❝✐❛❧✱ ♦ s✐♥❛❧ ❞❡ ❡①❝✐t❛çã♦ ❞❡ ❛✈❛❧✐❛çã♦ é ❛♣❧✐❝❛❞♦ ❛♦

♣r♦❝❡ss♦ ❞❡s❛❝♦♣❧❛❞♦✳ ❆s ❢r❡q✉ê♥❝✐❛s ❞♦ s✐♥❛❧ ❞❡ ❛✈❛❧✐❛çã♦ sã♦ ω1
90 = 0, 031 r❛❞✴♠✐♥ ❡

ω2
90 = 0, 019 r❛❞✴♠✐♥✳ ❆ ✈❛r✐â♥❝✐❛ ❞♦ r✉í❞♦ ❛❞✐❝✐♦♥❛❞♦ ❛♦ s✐♥❛❧ ❞❡ s❛í❞❛ é ❞❡ 0, 001✳

❆ ❝✉r✈❛ ❞❡ r❡s♣♦st❛ ❞❛ ❛♣❧✐❝❛çã♦ ❞❛ ❡①❝✐t❛çã♦ ❞❡ ❛✈❛❧✐❛çã♦ ❛♦ s✐st❡♠❛ ❞❡s❛❝♦♣❧❛❞♦

❝♦♠ ❛ ❡str✉t✉r❛ ✐♥✈❡rt✐❞❛ é ♠♦str❛❞❛ ♥❛ ✜❣✉r❛ ✹✳✻✳

❖s ♣❛râ♠❡tr♦s ♠♦❞✐✜❝❛❞♦s ❞♦s t❡r♠♦s ❞♦ ❞❡s❛❝♦♣❧❛❞♦r✱ ♣❛r❛ ❝❛❞❛ ❡t❛♣❛ ❞❡ r❡♣r♦❥❡t♦✱

sã♦ ♠♦str❛❞♦s ♥❛ t❛❜❡❧❛ ✹✳✽✳ ❖s í♥❞✐❝❡s ❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ③❡r♦ ❡ ω90 sã♦ ❛♣r❡s❡♥t❛❞♦s

♥❛s t❛❜❡❧❛s ✹✳✾ ❡ ✹✳✶✵✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ♦♥❞❡ é ✈❡r✐✜❝❛❞♦ ❛ ❞✐♠✐♥✉✐çã♦ ❞♦s í♥❞✐❝❡s ❞❡ ❡rr♦✱

♣r✐♥❝✐♣❛❧♠❡♥t❡ ♥❛ ❡t❛♣❛ ✷✳✶✳

❚❛❜❡❧❛ ✹✳✽✿ P❛râ♠❡tr♦s ▼♦❞✐✜❝❛❞♦s ❞♦s ❚❡r♠♦s ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦ ❯t✐❧✐③❛♥❞♦
❉♦✐s P♦♥t♦s ❞❡ ❋r❡q✉ê♥❝✐❛ ✲ ❊①❡♠♣❧♦ ✹✳✷

K1 τ12 τ11
■♥✐❝✐❛❧ ✲✶✱✵✺✷✼ ✹✺✱✽✷ ✺✺✱✷✷
❊t❛♣❛ ✶ ✲✶✱✵✺✵✸ ✲ ✲
❊t❛♣❛ ✷✳✶ ✲ ✹✾✱✼ ✶ ✲
❊t❛♣❛ ✷✳✷ ✲ ✲ ✺✸✱✷✵✼

K2 τ21 τ22
■♥✐❝✐❛❧ ✵✱✾✹✻✶ ✶✸✻✱✼✷ ✽✾✱✵✺
❊t❛♣❛ ✶ ✵✱✾✵✺✾ ✲ ✲
❊t❛♣❛ ✷✳✶ ✲ ✶✵✾✱✹✻ ✲
❊t❛♣❛ ✷✳✷ ✲ ✲ ✶✶✶✱✺✽



❈❛♣ít✉❧♦ ✹✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦ ✺✺

❋✐❣✉r❛ ✹✳✻✿ ❈✉r✈❛s ❞♦s ❙✐♥❛✐s ❞❡ ❊①❝✐t❛çã♦ ❞❡ ❆✈❛❧✐❛çã♦ ✭❘❡❧é ✾✵ ✰ P✉❧s♦✮ ❞♦ ❉❡s❛❝♦✲
♣❧❛❞♦r ■♥✈❡rt✐❞♦ ■♥✐❝✐❛❧ ✲ ❊①❡♠♣❧♦ ✹✳✷
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❋♦♥t❡✿ ❊❧❛❜♦r❛❞❛ ♣❡❧♦ ❛✉t♦r

❚❛❜❡❧❛ ✹✳✾✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥❛ ❋r❡q✉ê♥❝✐❛ ω = 0 ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ■♥✈❡rt✐❞♦ ✲ ❊①❡♠♣❧♦
✹✳✷

| H1 | ∠H1 | H2 | ∠H2

■♥✐❝✐❛❧ ✵✱✵✵✵✺✽✷✸✼ ✸✱✶✹✶✻ ✵✱✵✶✻✾✻✷ ✸✱✶✹✶✻
❊t❛♣❛ ✶ ✾✱✶✷✾✺ 10−07 ✵ ✵✱✵✵✵✷✺✵✹ ✸✱✶✹✶✻

❚❛❜❡❧❛ ✹✳✶✵✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥❛ ❋r❡q✉ê♥❝✐❛ ω90 ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ■♥✈❡rt✐❞♦ ✲ ❊①❡♠♣❧♦
✹✳✷

| H1 | ∠H1 | H2 | ∠H2

■♥✐❝✐❛❧ ✵✱✵✶✶✵✾✽ ✷✱✵✾✷✻ ✵✱✵✸✵✻✶✹ ✲✶✱✺✹✵✼
❊t❛♣❛ ✷✳✶ ✵✱✵✵✶✻✵✶✾ ✵✱✹✵✻✺✽ ✵✱✵✶✷✵✽✽ ✲✷✱✼✺✵✾
❊t❛♣❛ ✷✳✷ ✵✱✵✵✺✶✷✶✼ ✶✱✾✾✷✾ ✵✱✵✶✹✼✵✷ ✲✷✱✼✶✻✸

❋❛③❡♥❞♦ ♦ r❡♣r♦❥❡t♦ ✉s❛♥❞♦ ❛♣❡♥❛s ❛ ❢r❡q✉ê♥❝✐❛ ω90✱ ♦s ♣❛râ♠❡tr♦s ♠♦❞✐✜❝❛❞♦s ❞♦s

t❡r♠♦s ❞♦ ❞❡s❛❝♦♣❧❛❞♦r sã♦ ♠♦str❛❞♦s ♥❛ t❛❜❡❧❛ ✹✳✶✶✳ ❊ ♦s í♥❞✐❝❡s ❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛

ω90 sã♦ ♠♦str❛❞♦s ♥❛ t❛❜❡❧❛ ✹✳✶✷✳

❈♦♠ ❛s t❛❜❡❧❛s ✹✳✶✵ ❡ ✹✳✶✷ é ♦❜s❡r✈❛❞♦ q✉❡ ❛ r❡❞✉çã♦ ❞♦ ❡rr♦ ♥ã♦ ❢♦✐ s✐❣♥✐✜❝❛t✐✈❛

❝♦♠♦ ♥♦ r❡♣r♦❥❡t♦ ✉s❛♥❞♦ ❛♣❡♥❛s ω90✳ P❛r❛ ❝♦♠♣❛r❛r ♦ ❞❡s❡♠♣❡♥❤♦ ❞♦s ❞♦✐s r❡♣r♦❥❡t♦s

♥❛ ❢r❡q✉ê♥❝✐❛ ③❡r♦ ♦ ❡①♣❡r✐♠❡♥t♦ ❞♦ ❞❡❣r❛✉ ❢♦✐ r❡❛❧✐③❛❞♦✳ ◆❛s t❛❜❡❧❛s ✹✳✶✸ ❡ ✹✳✶✹ sã♦

♠♦str❛❞♦s ♦s í♥❞✐❝❡s ❞❡ ❡rr♦ ♥♦ t❡♠♣♦ ♣❛r❛ ♦ r❡♣r♦❥❡t♦ ✉t✐❧✐③❛♥❞♦ ❞✉❛s ❢r❡q✉ê♥❝✐❛s ❡

✉t✐❧✐③❛♥❞♦ ❛♣❡♥❛s ω90✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❖❜s❡r✈❛✲s❡ ♦ r❡♣r♦❥❡t♦ ♣r♦♣♦st♦ ♥❡ss❡ tr❛❜❛❧❤♦

r❡s✉❧t♦✉ ❡♠ ♠❡♥♦r❡s ❡rr♦s ♥♦ ❡st❛❞♦ ❡st❛❝✐♦♥ár✐♦✱ ❡♥q✉❛♥t♦ q✉❡ ♦ r❡♣r♦❥❡t♦ ❡♠ ω90 ♦

❞❡s❛❝♦♣❧❛♠❡♥t♦ ❢♦✐ ❞❡❣r❛❞❛❞♦✳



❈❛♣ít✉❧♦ ✹✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦ ✺✻

❚❛❜❡❧❛ ✹✳✶✶✿ P❛râ♠❡tr♦s ▼♦❞✐✜❝❛❞♦s ❞♦s ❚❡r♠♦s ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦ ❯t✐❧✐③❛♥❞♦
❯♠ P♦♥t♦ ❞❡ ❋r❡q✉ê♥❝✐❛ ✲ ❊①❡♠♣❧♦ ✹✳✷

K1 τ12 τ11
■♥✐❝✐❛❧ ✲✶✱✵✺✷✼ ✹✺✱✽✷ ✺✺✱✷✷
❈❛s♦ ✶ ✲✵✱✾✽✷✶ ✲ ✲
❈❛s♦ ✷ ✲✵✱✾✺✼✸ ✹✹✱✵✹✾✼ ✲
❈❛s♦ ✸ ✲✵✱✾✺✶✵ ✲ ✺✼✱✻✻

K2 τ21 τ22
■♥✐❝✐❛❧ ✵✱✾✹✻✶ ✶✸✻✱✼✷ ✽✾✱✵✺
❈❛s♦ ✶ ✶✱✶✸✵✹ ✲ ✲
❈❛s♦ ✷ ✶✱✵✶✵✶ ✶✶✾✱✼✼ ✲
❈❛s♦ ✸ ✶✱✵✹✵✾ ✲ ✾✾✱✸✶✸✽

❚❛❜❡❧❛ ✹✳✶✷✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥❛ ❋r❡q✉ê♥❝✐❛ ω90 ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ■♥✈❡rt✐❞♦ ✲ ❊①❡♠♣❧♦
✹✳✷

| H1 | ∠H1 | H2 | ∠H2

■♥✐❝✐❛❧ ✵✱✵✶✶✸✺✸ ✶✱✹✻✸✺ ✵✱✵✸✸✶✾✼ ✲✶✱✸✶✻✸
❈❛s♦ ✶ ✵✱✵✵✵✾✷✻✽✾ ✲✷✱✻✾✼✶ ✵✱✵✶✶✸✾✸ ✲✵✱✵✻✶✽✺✹
❈❛s♦ ✷ ✵✱✵✵✵✺✺✸✵✾ ✲✷✱✺✶✵✼ ✵✱✵✵✷✽✼✾✻ ✲✵✱✵✼✻✹✽✽
❈❛s♦ ✸ ✵✱✵✵✵✺✺✹✹✶ ✲✷✱✺✵✺✼ ✵✱✵✵✷✽✺✼✽ ✲✵✱✵✶✼✷✼

❚❛❜❡❧❛ ✹✳✶✸✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥♦ ❚❡♠♣♦ ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ■♥✈❡rt✐❞♦ ❯t✐❧✐③❛♥❞♦ ❉♦✐s
P♦♥t♦s ❞❡ ❋r❡q✉ê♥❝✐❛ ✲ ❊①❡♠♣❧♦ ✹✳✷

ε110
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■♥✐❝✐❛❧ ✵✱✶✵✶✷✹ ✵✱✶✹✺✶
❊t❛♣❛ ✶ ✵✱✶✵✶✶✻ ✵✱✶✺✼✷✼
❊t❛♣❛ ✷✳✶ ✵✱✶✵✵✵✹ ✵✱✶✶✹✼✽
❊t❛♣❛ ✷✳✷ ✵✱✶✵✵✷✾ ✵✱✶✶✻✶✶

❚❛❜❡❧❛ ✹✳✶✹✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥♦ ❚❡♠♣♦ ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ■♥✈❡rt✐❞♦ ❯t✐❧✐③❛♥❞♦ ❯♠ P♦♥t♦
❞❡ ❋r❡q✉ê♥❝✐❛ ✲ ❊①❡♠♣❧♦ ✹✳✷

ε110
−2 ε210

−2

■♥✐❝✐❛❧ ✵✱✶✵✶✷✹ ✵✱✶✹✺✶
❈❛s♦ ✶ ✵✱✶✵✼✸✼ ✵✱✷✺✵✶✸
❈❛s♦ ✷ ✵✱✶✶✻✸✶ ✵✱✶✹✻✽✾
❈❛s♦ ✸ ✵✱✶✶✽✸✻ ✵✱✶✻✸✶✼

✹✳✺✳✸ ❊①❡♠♣❧♦ ✹✳✸

❈♦♥s✐❞❡r❡ ❛ ❢✉♥çã♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞❛ ❝♦❧✉♥❛ ❲❛r❞❧❡ ❛♥❞ ❲♦♦❞✱ ❛♣r❡s❡♥t❛❞♦ ♣♦r ▲✉②❜❡♥

✭✶✾✽✻✮✿

●(s) =
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





0, 126e−6s

(60s+ 1)

−0, 101e−12s

(48s+ 1)(45s+ 1)
−0, 094e−8s

(38s+ 1)

−0, 12e−8s

(35s+ 1)









. ✭✹✳✸✷✮
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❖ ♠♦❞❡❧♦ ❋❖P❚❉ ❡st✐♠❛❞♦ é ❞❛❞♦ ♣♦r✿

●̂(s) =









0, 123e−6,07s

(64, 405s+ 1)

−0, 1188e−28,53s

(135, 86s+ 1)
0, 1012e−8,16s

(40, 524s+ 1)

−0, 12e−8,03s

(38, 39s+ 1)









. ✭✹✳✸✸✮

❆ ❝✉r✈❛ ❞❛ r❡s♣♦st❛ ❞♦ s✐st❡♠❛ s❡♠ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ❛♦ s❡r ❡①❝✐t❛❞♦ ♣❡❧♦ ♠❡♥♦s s✐♥❛❧

✉t✐❧✐③❛❞♦ ♥❛ ❛✈❛❧✐❛çã♦ é ♠♦str❛❞❛ ♥❛ ✜❣✉r❛ ✸✳✶✶ ❞♦ ❡①❡♠♣❧♦ ✸✳✸✳

❈♦♠ ♦ ♠♦❞❡❧♦ ❋❖P❚❉ ❡st✐♠❛❞♦ ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✐❝✐❛❧ é ♣r♦❥❡t❛❞♦✿

D0
12 = 0, 9658

(64, 405s+ 1)e−22,46s

135, 86s+ 1
, ✭✹✳✸✹✮

D0
21 = 0, 8433

(38, 39s+ 1)e−0,13s

40, 524s+ 1
. ✭✹✳✸✺✮

P❛r❛ ❛✈❛❧✐❛r ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✐❝✐❛❧✱ ♦ s✐♥❛❧ ❞❡ ❡①❝✐t❛çã♦ ❞❡ ❛✈❛❧✐❛çã♦ é ❛♣❧✐❝❛❞♦ ❛♦

♣r♦❝❡ss♦ ❞❡s❛❝♦♣❧❛❞♦✳ ❆s ❢r❡q✉ê♥❝✐❛s ❞♦ s✐♥❛❧ ❞❡ ❛✈❛❧✐❛çã♦ sã♦ ω1
1 = 0, 054✱ ω1

90 = 0, 054

r❛❞✴♠✐♥ ❡ ω2
90 = 0, 054 r❛❞✴♠✐♥✳ ❆ ✈❛r✐â♥❝✐❛ ❞♦ r✉í❞♦ ❛❞✐❝✐♦♥❛❞♦ ❛♦ s✐♥❛❧ ❞❡ s❛í❞❛ é ❞❡

0, 001✳

❆ r❡s♣♦st❛ ❞❛ ❛♣❧✐❝❛çã♦ ❞❛ ❡①❝✐t❛çã♦ ❞❡ ❛✈❛❧✐❛çã♦ ❛♦ s✐st❡♠❛ ❞❡s❛❝♦♣❧❛❞♦ ❝♦♠ ❛ ❡s✲

tr✉t✉r❛ s✐♠♣❧✐✜❝❛❞❛ é ♠♦str❛❞❛ ♥❛ ✜❣✉r❛ ✹✳✼✳

❋✐❣✉r❛ ✹✳✼✿ ❈✉r✈❛s ❞♦s ❙✐♥❛✐s ❞❡ ❊①❝✐t❛çã♦ ❞❡ ❆✈❛❧✐❛çã♦ ✭❘❡❧é ✾✵ ✰ P✉❧s♦✮ ❞♦ ❉❡s❛❝♦✲
♣❧❛❞♦r ■♥✈❡rt✐❞♦ ■♥✐❝✐❛❧ ✲ ❊①❡♠♣❧♦ ✹✳✸
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❋♦♥t❡✿ ❊❧❛❜♦r❛❞❛ ♣❡❧♦ ❛✉t♦r

❖s ♣❛râ♠❡tr♦s ♠♦❞✐✜❝❛❞♦s ❞♦s t❡r♠♦s ❞♦ ❞❡s❛❝♦♣❧❛❞♦r✱ ♣❛r❛ ❝❛❞❛ ❡t❛♣❛ ❞❡ r❡♣r♦❥❡t♦✱



❈❛♣ít✉❧♦ ✹✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦ ✺✽

sã♦ ♠♦str❛❞♦s ♥❛ t❛❜❡❧❛ ✹✳✶✺✳ ❖s í♥❞✐❝❡s ❞❡ ❡rr♦ sã♦ ♠♦str❛❞♦s ♥❛s t❛❜❡❧❛s ✹✳✶✻ ❡ ✹✳✶✼✳

❖❜s❡r✈❛✲s❡ ❞✐♠✐♥✉✐çã♦ ❞♦s í♥❞✐❝❡s ❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ③❡r♦ ❡✱ ❝♦♥s✐❞❡r❛♥❞♦ ❛ ♠❛❧❤❛ ✷✱

♥❛ ❢r❡q✉ê♥❝✐❛ ω90✳ ❖ ♠❡❧❤♦r r❡s✉❧t❛❞♦ ♦❜t✐❞♦ ❢♦✐ ♥❛ ❡t❛♣❛ ✷✳✶✳

❚❛❜❡❧❛ ✹✳✶✺✿ P❛râ♠❡tr♦s ▼♦❞✐✜❝❛❞♦s ❞♦s ❚❡r♠♦s ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦ ❯t✐❧✐③❛♥❞♦
❉♦✐s P♦♥t♦s ❞❡ ❋r❡q✉ê♥❝✐❛ ✲ ❊①❡♠♣❧♦ ✹✳✸

K1 τ12 τ11
■♥✐❝✐❛❧ ✵✱✾✻✺✽✺ ✶✸✺✱✽✻ ✻✹✱✹✵✺
❊t❛♣❛ ✶ ✵✱✾✶✺✵✻ ✲ ✲
❊t❛♣❛ ✷✳✶ ✲ ✶✷✽✱✽✽ ✲
❊t❛♣❛ ✷✳✷ ✲ ✲ ✺✾✱✷✻

K2 τ21 τ22
■♥✐❝✐❛❧ ✵✱✽✹✸✸✸ ✹✵✱✺✷✹ ✸✽✱✸✾
❊t❛♣❛ ✶ ✵✱✼✽✷✷ ✲ ✲
❊t❛♣❛ ✷✳✶ ✲ ✹✵✱✽✽✾ ✲
❊t❛♣❛ ✷✳✷ ✲ ✲ ✸✼✱✾✽✶

❚❛❜❡❧❛ ✹✳✶✻✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥❛ ❋r❡q✉ê♥❝✐❛ ω = 0 ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ■♥✈❡rt✐❞♦ ✲ ❊①❡♠♣❧♦
✹✳✸

| H1 | ∠H1 | H2 | ∠H2

■♥✐❝✐❛❧ ✵✱✵✸✸✻✽✽ ✵ ✵✱✵✸✾✺✼ ✸✱✶✹✶✻
❊t❛♣❛ ✶ ✵✱✵✶✹✶✻✶ ✵ ✵✱✵✵✵✸✹✾✻✹ ✸✱✶✹✶✻

❚❛❜❡❧❛ ✹✳✶✼✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥❛ ❋r❡q✉ê♥❝✐❛ ω90 ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ■♥✈❡rt✐❞♦ ✲ ❊①❡♠♣❧♦
✹✳✸

| H1 | ∠H1 | H2 | ∠H2

■♥✐❝✐❛❧ ✵✱✵✵✶✾✼✾✾ ✲✶✱✼✽✺✽ ✵✱✵✵✸✶✷✺✷ ✶✱✺✹✹✽
❊t❛♣❛ ✷✳✶ ✵✱✵✵✷✹✹✷✷ ✲✷✱✸✹✽✽ ✵✱✵✵✵✽✵✻✹✷ ✲✵✱✼✹✾✽
❊t❛♣❛ ✷✳✷ ✵✱✵✶✷✷✶✶ ✲✶✱✹✶✶✹ ✵✱✵✷✶✸✵✺ ✲✵✱✵✻✽✺✽

❋❛③❡♥❞♦ ♦ r❡♣r♦❥❡t♦ ✉s❛♥❞♦ ❛♣❡♥❛s ❛ ❢r❡q✉ê♥❝✐❛ ω90✱ ♦s ♣❛râ♠❡tr♦s ♠♦❞✐✜❝❛❞♦s ❞♦s

t❡r♠♦s ❞♦ ❞❡s❛❝♦♣❧❛❞♦r sã♦ ♠♦str❛❞♦s ♥❛ t❛❜❡❧❛ ✹✳✶✽✳ ❊ ♦s í♥❞✐❝❡s ❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛

ω90 sã♦ ♠♦str❛❞♦s ♥❛ t❛❜❡❧❛ ✹✳✶✾✳

❈♦♠♣❛r❛♥❞♦ ♦s í♥❞✐❝❡s ❞❡ ❡rr♦ ❡♠ ω90 ❞♦s ❞♦✐s r❡♣r♦❥❡t♦s✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ✉s❛♥❞♦ ❛s

❞✉❛s ❢r❡q✉ê♥❝✐❛s ♦❜té♠✲s❡ ♠❡❧❤♦r❡s r❡s✉❧t❛❞♦s✳

❖s í♥❞✐❝❡s ❞❡ ❡rr♦ ♥♦ t❡♠♣♦ ♣❛r❛ ❝❛❞❛ ♠ét♦❞♦ ❞❡ r❡♣r♦❥❡t♦ sã♦ ♠♦str❛❞♦s ♥❛s t❛✲

❜❡❧❛s ✹✳✷✵ ❡ ✹✳✷✶✳ ◆❡ss❡ ❡①❡♠♣❧♦✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ❝♦♠ ♦ r❡♣r♦❥❡t♦ ✉s❛♥❞♦ ❞♦✐s ♣♦♥t♦s ❞❡

❢r❡q✉ê♥❝✐❛ ♦ ❡rr♦ ❢♦✐ r❡❞✉③✐❞♦✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♣❛r❛ ♠❛❧❤❛ ✶✳ ❈♦♠ ♦ r❡♣r♦❥❡t♦ ✉s❛♥❞♦

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



❈❛♣ít✉❧♦ ✹✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦ ✺✾

❚❛❜❡❧❛ ✹✳✶✽✿ P❛râ♠❡tr♦s ▼♦❞✐✜❝❛❞♦s ❞♦s ❚❡r♠♦s ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦ ❯t✐❧✐③❛♥❞♦
❯♠ P♦♥t♦ ❞❡ ❋r❡q✉ê♥❝✐❛ ✲ ❊①❡♠♣❧♦ ✹✳✸

K1 τ12 τ11
■♥✐❝✐❛❧ ✵✱✾✻✺✽✺ ✶✸✺✱✽✻ ✻✹✱✹✵✺
❈❛s♦ ✶ ✵✱✻✶✶✽✷ ✲ ✲
❈❛s♦ ✷ ✵✱✶✾✶✹ ✸✺✱✽✻✺ ✲
❈❛s♦ ✸ ✲✵✱✶✹✸✶ ✲ ✲✸✵✸✱✼✼

K2 τ21 τ22
■♥✐❝✐❛❧ ✵✱✽✹✸✸✸ ✹✵✱✺✷✹ ✸✽✱✸✾
❈❛s♦ ✶ ✲✵✱✶✶✼✹✽ ✲ ✲
❈❛s♦ ✷ ✲✵✱✵✾✽✽ ✸✷✱✸✽✸ ✲
❈❛s♦ ✸ ✵✱✵✾✺✸ ✲ ✹✾✱✸✾✼

❚❛❜❡❧❛ ✹✳✶✾✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥❛ ❋r❡q✉ê♥❝✐❛ ω90 ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ■♥✈❡rt✐❞♦ ✲ ❊①❡♠♣❧♦
✹✳✸

| H1 | ∠H1 | H2 | ∠H2

■♥✐❝✐❛❧ ✵✱✵✶✶✵✼✷ ✲✷✱✹✶✸✻ ✵✱✵✼✻✼✸✷ ✶✱✹✽✵✾
❈❛s♦ ✶ ✵✱✵✷✵✶✸✹ ✲✶✱✵✺✵✸ ✵✱✵✸✹✹✸✹ ✷✱✶✶✹✸
❈❛s♦ ✷ ✵✱✵✶✸✹✽✺ ✲✶✱✹✵✸✺ ✵✱✵✸✹✸✼ ✷✱✶✶✺✻
❈❛s♦ ✸ ✵✱✵✶✸✼✷✼ ✲✶✱✹✶✹✺ ✵✱✵✸✹✷✶✺ ✷✱✶✶✶✶

❚❛❜❡❧❛ ✹✳✷✵✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥♦ ❚❡♠♣♦ ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ■♥✈❡rt✐❞♦ ❯t✐❧✐③❛♥❞♦ ❉♦✐s
P♦♥t♦s ❞❡ ❋r❡q✉ê♥❝✐❛ ✲ ❊①❡♠♣❧♦ ✹✳✸
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❊t❛♣❛ ✷✳✷ ✵✱✶✸✵✷✺ ✵✱✶✵✼✾✼

❚❛❜❡❧❛ ✹✳✷✶✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥♦ ❚❡♠♣♦ ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ■♥✈❡rt✐❞♦ ❯t✐❧✐③❛♥❞♦ ❯♠ P♦♥t♦
❞❡ ❋r❡q✉ê♥❝✐❛ ✲ ❊①❡♠♣❧♦ ✹✳✸
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■♥✐❝✐❛❧ ✵✱✷✸✾✸✻ ✵✱✶✽✺✼✻
❈❛s♦ ✶ ✵✱✶✺✻✶✻ ✵✱✹✾✸✶
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❈❛s♦ ✸ ✵✱✾✶✾✶✸ ✵✱✺✷✽✷✹

✹✳✻ ❈♦♥❝❧✉sã♦

◆❡ss❡ ❝❛♣ít✉❧♦✱ ✉♠❛ ♥♦✈❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ r❡♣r♦❥❡t♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✈❡rt✐❞♦✱ ❝♦♥s✐❞❡✲

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

r❡♣r♦❥❡t♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✈❡rt✐❞♦ ♣r♦♣♦st❛ ❡♠ ❆❝✐♦❧✐ ❏ú♥✐♦r ✭✷✵✶✷✮ ❢♦✐ r❡✈✐s❛❞❛✳

P❛rt✐♥❞♦ ❞♦ ♠♦❞❡❧♦ ❞♦ ♣r♦❝❡ss♦ é ♣r♦❥❡t❛❞♦ ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✐❝✐❛❧✳ ❊♠ s❡❣✉✐❞❛✱ é

r❡❛❧✐③❛❞❛ ❛ ❛✈❛❧✐❛çã♦ ❝❛❧❝✉❧❛♥❞♦ ♦ í♥❞✐❝❡ ❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛✳ P♦r ✜♠✱ é r❡❛❧✐③❛❞♦ ♦



❈❛♣ít✉❧♦ ✹✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦ ✻✵

r❡♣r♦❥❡t♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r✳

◆♦s ❡①❡♠♣❧♦s✱ ♣ô❞❡✲s❡ ❝♦♥st❛t❛r q✉❡ q✉❛♥❞♦ ✉t✐❧✐③❛♥❞♦ ❛♣❡♥❛s ❛ ❢r❡q✉ê♥❝✐❛ ω90 ♦

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

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

♠❛✐s ❡✜❝❛③✳ ❆❧é♠ ❞✐ss♦✱ ❢♦✐ ✈❡r✐✜❝❛❞♦ q✉❡ ❛ ❡t❛♣❛ ✷✳✶ ❛❧❝❛♥ç♦✉ ✉♠ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ♠❛✐s

❡✜❝❛③ q✉❡ ❛ ❡t❛♣❛ ✷✳✷✳



❈❛♣ít✉❧♦ ✺

❘❡s✉❧t❛❞♦ ❊①♣❡r✐♠❡♥t❛❧

✺✳✶ ■♥tr♦❞✉çã♦

◆❡ss❡ ❝❛♣ít✉❧♦✱ é ❛♣r❡s❡♥t❛❞❛ ❛ ❛♣❧✐❝❛çã♦ ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❛✈❛❧✐❛çã♦ ❡ r❡♣r♦❥❡t♦ ❞♦s

❞❡s❛❝♦♣❧❛❞♦r❡s s✐♠♣❧✐✜❝❛❞♦ ❡ ✐♥✈❡rt✐❞♦✱ ♣r♦♣♦st❛ ♥❡ss❛ ❞✐ss❡rt❛çã♦✱ ❡♠ ✉♠ ♣r♦❝❡ss♦ t❡r✲

♠♦❡❧étr✐❝♦ ❞❡ ❡s❝❛❧❛ ❧❛❜♦r❛t♦r✐❛❧ ❜❛s❡❛❞♦ ♥♦ ❡❢❡✐t♦ ♣❡❧t✐❡r✳ ❖ ❡sq✉❡♠❛ ❞♦ ♠ó❞✉❧♦ ✉t✐❧✐③❛❞♦

é ♠♦str❛❞♦ ♥❛ ✜❣✉r❛ ✺✳✶✳

❋✐❣✉r❛ ✺✳✶✿ ❊sq✉❡♠❛ ❞♦ ♠ó❞✉❧♦ ♣❡❧t✐❡r

❋♦♥t❡✿ ❊❧❛❜♦r❛❞❛ ♣❡❧♦ ❛✉t♦r

❊ss❡ ♣r♦❝❡ss♦ ❝♦♥s✐st❡ ❡♠ ❞♦✐s ♠ó❞✉❧♦s ♣❡❧t✐❡r✱ q✉❛tr♦ s❡♥s♦r❡s ❞❡ t❡♠♣❡r❛t✉r❛ ▲▼✸✺✱

❞♦✐s ❛t✉❛❞♦r❡s P❲▼✱ q✉❛tr♦ ♣❧❛❝❛s ❞❡ ♠❡t❛❧✱ ❞♦✐s ❞✐ss✐♣❛❞♦r❡s ❡ ❞♦✐s ✈❡♥t✐❧❛❞♦r❡s✳ ❖

♠ó❞✉❧♦ é ❝♦♥❡❝t❛❞♦ ❛♦ ❝♦♥tr♦❧❛❞♦r ❧ó❣✐❝♦ ♣r♦❣r❛♠á✈❡❧ ✭❈▲P✮ ❡❩❆P✲✾✶✵ ❞❛ ❍■ ❚❡❝♥♦❧♦❣✐❛✳

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

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

✻✶



❈❛♣ít✉❧♦ ✺✳ ❘❡s✉❧t❛❞♦ ❊①♣❡r✐♠❡♥t❛❧ ✻✷

❖ ♠ó❞✉❧♦ t❡r♠♦❡❧étr✐❝♦ ♣♦ss✉✐ ❞✐♥â♠✐❝❛ ♥ã♦✲❧✐♥❡❛r✳ P♦ré♠✱ ♣♦❞❡✲s❡ ✉t✐❧✐③❛r ✉♠❛

❛♣r♦①✐♠❛çã♦ ❋❖P❚❉ ❞♦ ♣r♦❝❡ss♦ ♥♦ ♣r♦❥❡t♦ ❞❡ ❝♦♥tr♦❧❡ ✭❆❈■❖▲■ ❏Ú◆■❖❘❀ ❇❆❘❘❖❙✱

✷✵✶✷✮✳

✺✳✷ ❘❡s✉❧t❛❞♦s

P❛r❛ ♦❜t❡r ✉♠ ♣r♦❝❡ss♦ ❚■❚❖ ❛❝♦♣❧❛❞♦✱ ❛ ❝♦♥✜❣✉r❛çã♦ ✉t✐❧✐③❛❞❛ ❝♦♥s✐❞❡r♦✉ ❛♣❡♥❛s ❛s

s❛í❞❛s ❞❛s ♣❧❛❝❛s ❝❡♥tr❛✐s✱ y1 ❡ y2✳ ❖ ♣♦♥t♦ ❞❡ ♦♣❡r❛çã♦ ❝♦♥s✐❞❡r❛❞♦ ❢♦✐ y1 ≈ 36, 92◦❈✱

y2 ≈ 35, 85◦❈✱ u1 = u2 = 55% ❡ ❛ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ 24◦❈✳

❆ ✐❞❡♥t✐✜❝❛çã♦ ❞♦ ♠♦❞❡❧♦ ❋❖P❚❉ ❢♦✐ r❡❛❧✐③❛❞❛ ✉t✐❧✐③❛♥❞♦ ♦ ❡①♣❡r✐♠❡♥t♦ ❞❡❣r❛✉ ❡ ♦

❛❧❣♦r✐t♠♦ ❞♦s ♠í♥✐♠♦s q✉❛❞r❛❞♦s✱ ❛tr❛✈és ❞♦ s♦❢t✇❛r❡ ❇❘✲❚✉♥✐♥❣ ▼■▼❖r✳ ❖ ♠♦❞❡❧♦

♦❜t✐❞♦ é ❞❛❞♦ ♣♦r✿

●̂(s) =









0, 4856e−23,8493s

(103, 235s+ 1)

0, 3871e−52,7729s

(213, 9007s+ 1)
0, 1376e−20,2973s

(128, 7436s+ 1)

0, 6893e−22,8344s

(150, 4873s+ 1)









✭✺✳✶✮

◆❛ ✜❣✉r❛ ✺✳✷ é ♠♦str❛❞❛ ❛ ❝✉r✈❛ ❞❛ r❡s♣♦st❛ ❞♦ s✐st❡♠❛ s❡♠ ❞❡s❛❝♦♣❧❛♠❡♥t♦✳

❋✐❣✉r❛ ✺✳✷✿ ❈✉r✈❛s ❞♦s ❙✐♥❛✐s ❞❡ ❊①❝✐t❛çã♦ ❞♦ Pr♦❝❡ss♦ ❙❡♠ ❉❡s❛❝♦♣❧❛❞♦r
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❋♦♥t❡✿ ❊❧❛❜♦r❛❞❛ ♣❡❧♦ ❛✉t♦r

❈♦♠ ♦ ♠♦❞❡❧♦ ❋❖P❚❉ ❡st✐♠❛❞♦✱ ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✐❝✐❛❧ é ♣r♦❥❡t❛❞♦✿

D0
12 = −0, 7972

(103, 235s+ 1)e−28,9236s

213, 9007s+ 1
, ✭✺✳✷✮



❈❛♣ít✉❧♦ ✺✳ ❘❡s✉❧t❛❞♦ ❊①♣❡r✐♠❡♥t❛❧ ✻✸

D0
21 = −0, 0373

(150, 4873s+ 1)

128, 7436s+ 1
. ✭✺✳✸✮

P❛r❛ ❛✈❛❧✐❛r ♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✐❝✐❛❧✱ ♦ s✐♥❛❧ ❞❡ ❡①❝✐t❛çã♦ ❞❡ ❛✈❛❧✐❛çã♦ é ❛♣❧✐❝❛❞♦ ❛♦

♣r♦❝❡ss♦ ❞❡s❛❝♦♣❧❛❞♦✳ ❆s ❢r❡q✉ê♥❝✐❛s ❞♦ s✐♥❛❧ ❞❡ ❛✈❛❧✐❛çã♦ sã♦ ω1
90 = 0, 0191 r❛❞✴♠✐♥ ❡

ω2
90 = 0, 017 r❛❞✴♠✐♥✳

✺✳✷✳✶ ❉❡s❛❝♦♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦

❆ r❡s♣♦st❛ ❞❛ ❛♣❧✐❝❛çã♦ ❞❛ ❡①❝✐t❛çã♦ ❞❡ ❛✈❛❧✐❛çã♦ ❛♦ s✐st❡♠❛ ❞❡s❛❝♦♣❧❛❞♦✱ ❝♦♠ ❛ ❡str✉t✉r❛

s✐♠♣❧✐✜❝❛❞❛✱ é ♠♦str❛❞❛ ♥❛ ✜❣✉r❛ ✺✳✸✳

❖s ♣❛râ♠❡tr♦s ♠♦❞✐✜❝❛❞♦s ❞♦s t❡r♠♦s ❞♦ ❞❡s❛❝♦♣❧❛❞♦r✱ ♣❛r❛ ❝❛❞❛ ❡t❛♣❛ ❞❡ r❡♣r♦❥❡t♦✱

sã♦ ♠♦str❛❞♦s ♥❛ t❛❜❡❧❛ ✺✳✶✳ ❖s í♥❞✐❝❡s ❞❡ ❡rr♦ sã♦ ♠♦str❛❞♦s ♥❛s t❛❜❡❧❛s ✺✳✷ ✭ω = 0✮ ❡

✺✳✸ ✭ω90✮✳

❆♥❛❧✐s❛♥❞♦ ♦s ❞❛❞♦s ♠♦str❛❞♦s ♥❛s t❛❜❡❧❛s✱ ♣♦❞❡✲s❡ ✈❡r✐✜❝❛r ✉♠❛ r❡❞✉çã♦ ❞♦ ✈❛❧♦r

❞♦ í♥❞✐❝❡ ❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ③❡r♦✳ P❛r❛ ❛ ❢r❡q✉ê♥❝✐❛ ω90✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ❛ ❡t❛♣❛ ✷✳✶

r❡❞✉③✐✉ ♦ ✈❛❧♦r ❞♦ í♥❞✐❝❡ ♣❛r❛ ❛ ♠❛❧❤❛ ✶✱ ♣♦ré♠ ♣❛r❛ ♠❛❧❤❛ ✷ ♦ ❡rr♦ ❛✉♠❡♥t♦✉✳ ❆ss✐♠✱

♥❛ ❡t❛♣❛ ✷✳✷ ❢♦✐ r❡♣r♦❥❡t❛❞♦ ❛♣❡♥❛s ❛ ❝♦♥st❛♥t❡ ❞❡ t❡♠♣♦ ❞❡ D21✳

❋✐❣✉r❛ ✺✳✸✿ ❈✉r✈❛s ❞♦s ❙✐♥❛✐s ❞❡ ❊①❝✐t❛çã♦ ❞❡ ❆✈❛❧✐❛çã♦ ✭❘❡❧é ✾✵ ✰ P✉❧s♦✮ ❞♦ ❉❡s❛❝♦✲
♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦ ■♥✐❝✐❛❧
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❋♦♥t❡✿ ❊❧❛❜♦r❛❞❛ ♣❡❧♦ ❛✉t♦r



❈❛♣ít✉❧♦ ✺✳ ❘❡s✉❧t❛❞♦ ❊①♣❡r✐♠❡♥t❛❧ ✻✹

❚❛❜❡❧❛ ✺✳✶✿ P❛râ♠❡tr♦s ▼♦❞✐✜❝❛❞♦s ❞♦s ❚❡r♠♦s ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ❙✐♠♣❧✐✜❝❛❞♦
K1 τ12 τ11

■♥✐❝✐❛❧ ✲✵✱✼✾✼✷ ✷✶✸✱✾ ✶✵✸✱✷✹
❊t❛♣❛ ✶ ✲✵✱✻✷✻✶ ✲ ✲
❊t❛♣❛ ✷✳✶ ✲ ✶✽✻✱✾ ✲
❊t❛♣❛ ✷✳✷ ✲ ✲ ✲

K2 τ21 τ22
■♥✐❝✐❛❧ ✲✵✱✷✽✸✹ ✶✷✽✱✼✹ ✶✺✵✱✹✾
❊t❛♣❛ ✶ ✲✵✱✸✶✼✶ ✲ ✲
❊t❛♣❛ ✷✳✶ ✲ ✶✾✸✱✽✷ ✲
❊t❛♣❛ ✷✳✷ ✲ ✲ ✻✸✱✻✽✾

❚❛❜❡❧❛ ✺✳✷✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥❛ ❋r❡q✉ê♥❝✐❛ ω = 0 ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ❙✐♠♣❧✐✜❝❛❞♦
| H1 | ∠H1 | H2 | ∠H2

■♥✐❝✐❛❧ ✵✱✵✽✸✵✼ ✸✱✶✹✶✻ ✵✱✵✷✸✷✽ ✵
❊t❛♣❛ ✶ ✵✱✵✹✹✶✾ ✵ ✵✱✵✶✸✻✽ ✵

❚❛❜❡❧❛ ✺✳✸✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥❛ ❋r❡q✉ê♥❝✐❛ ω90 ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ❙✐♠♣❧✐✜❝❛❞♦
| H1 | ∠H1 | H2 | ∠H2

■♥✐❝✐❛❧ ✵✱✵✶✺✷✻ ✵✱✶✽✷✻ ✵✱✵✹✻✾✹ ✷✱✺✹✸✶
❊t❛♣❛ ✷✳✶ ✵✱✵✶✹✻✾ ✵✱✻✻✾✼ ✵✱✵✺✼✹✺ ✷✱✺✻✽✻
❊t❛♣❛ ✷✳✷ ✲ ✲ ✵✱✵✶✽✾✹ ✸✱✵✹✺✺

✺✳✷✳✷ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦

❆ r❡s♣♦st❛ ❞❛ ❛♣❧✐❝❛çã♦ ❞❛ ❡①❝✐t❛çã♦ ❞❡ ❛✈❛❧✐❛çã♦ ❛♦ s✐st❡♠❛ ❞❡s❛❝♦♣❧❛❞♦✱ ❝♦♠ ❛ ❡str✉t✉r❛

s✐♠♣❧✐✜❝❛❞❛✱ é ♠♦str❛❞❛ ♥❛ ✜❣✉r❛ ✺✳✹✳

❖s ♣❛râ♠❡tr♦s ♠♦❞✐✜❝❛❞♦s ❞♦s t❡r♠♦s ❞♦ ❞❡s❛❝♦♣❧❛❞♦r✱ ♣❛r❛ ❝❛❞❛ ❡t❛♣❛ ❞❡ r❡♣r♦❥❡t♦✱

sã♦ ♠♦str❛❞♦s ♥❛ t❛❜❡❧❛ ✺✳✹✳ ❖s í♥❞✐❝❡s ❞❡ ❡rr♦ sã♦ ♠♦str❛❞♦s ♥❛s t❛❜❡❧❛s ✺✳✺ ❡ ✺✳✻✳

❖❜s❡r✈❛✲s❡ ❞✐♠✐♥✉✐çã♦ ❞♦s í♥❞✐❝❡s ❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ③❡r♦ ❡ ♥❛ ❢r❡q✉ê♥❝✐❛ ω90 ♦ ♠❡❧❤♦r

r❡s✉❧t❛❞♦ ♦❜t✐❞♦ ❢♦✐ ♥❛ ❡t❛♣❛ ✷✳✶✳

❚❛❜❡❧❛ ✺✳✹✿ P❛râ♠❡tr♦s ▼♦❞✐✜❝❛❞♦s ❞♦s ❚❡r♠♦s ❞♦ ❉❡s❛❝♦♣❧❛❞♦r ■♥✈❡rt✐❞♦
K1 τ12 τ11

■♥✐❝✐❛❧ ✲✵✱✼✾✼✷ ✷✶✸✱✾ ✶✵✸✱✷✹
❊t❛♣❛ ✶ ✲✵✱✼✺✶✷ ✲ ✲
❊t❛♣❛ ✷✳✶ ✲ ✶✻✵✱✻✼ ✲
❊t❛♣❛ ✷✳✷ ✲ ✲ ✲✷✱✹✾✹✺

K2 τ21 τ22
■♥✐❝✐❛❧ ✲✵✱✷✽✸✹ ✶✷✽✱✼✹ ✶✺✵✱✹✾
❊t❛♣❛ ✶ ✲✵✱✹✸✷✾ ✲ ✲
❊t❛♣❛ ✷✳✶ ✲ ✷✺✸✱✻✾ ✲
❊t❛♣❛ ✷✳✷ ✲ ✲ ✷✶✱✺✼✺



❈❛♣ít✉❧♦ ✺✳ ❘❡s✉❧t❛❞♦ ❊①♣❡r✐♠❡♥t❛❧ ✻✺

❋✐❣✉r❛ ✺✳✹✿ ❈✉r✈❛s ❞♦s ❙✐♥❛✐s ❞❡ ❊①❝✐t❛çã♦ ❞❡ ❆✈❛❧✐❛çã♦ ✭❘❡❧é ✾✵ ✰ P✉❧s♦✮ ❞♦ ❉❡s❛❝♦✲
♣❧❛❞♦r ■♥✈❡rt✐❞♦ ■♥✐❝✐❛❧
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Excitação inversa - malha 1
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Excitação inversa - malha 2

y2

u2

❋♦♥t❡✿ ❊❧❛❜♦r❛❞❛ ♣❡❧♦ ❛✉t♦r

❚❛❜❡❧❛ ✺✳✺✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥❛ ❋r❡q✉ê♥❝✐❛ ω = 0 ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ■♥✈❡rt✐❞♦
| H1 | ∠H1 | H2 | ∠H2

■♥✐❝✐❛❧ ✵✱✵✷✷✷✻ ✸✱✶✹✶✻ ✵✱✶✵✸✶ ✵
❊t❛♣❛ ✶ ✵✱✵✵✹✸✷ ✵ ✵✱✵✶✷✼✽ ✸✱✶✹✶✻

❚❛❜❡❧❛ ✺✳✻✿ ❮♥❞✐❝❡ ❞❡ ❊rr♦ ♥❛ ❋r❡q✉ê♥❝✐❛ ω90 ❞♦ ❉❡s❛❝♦♣❧❛♠❡♥t♦ ■♥✈❡rt✐❞♦
| H1 | ∠H1 | H2 | ∠H2

■♥✐❝✐❛❧ ✵✱✵✸✶✾✼ ✲✵✱✽✼✻✹✹ ✵✱✵✻✺✽✶ ✷✱✹✹✶✷
❊t❛♣❛ ✷✳✶ ✵✱✵✹✼✶✽ ✵✱✽✵✹✻✷ ✵✱✵✸✸✾✼ ✷✱✻✸✸✶
❊t❛♣❛ ✷✳✷ ✵✱✵✸✸✵✼ ✲✵✱✻✻✺✹✷ ✵✱✶✷✺✸✺ ✶✱✾✽✾✽

✺✳✸ ❈♦♥❝❧✉sã♦

◆❡ss❡ ❝❛♣ít✉❧♦✱ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ r❡♣r♦❥❡t♦ ❞♦s ❞❡s❛❝♦♣❧❛❞♦r❡s s✐♠♣❧✐✜❝❛❞♦ ❡ ✐♥✈❡rt✐❞♦✱

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

r❛t♦r✐❛❧ ❜❛s❡❛❞♦ ♥♦ ❡❢❡✐t♦ ♣❡❧t✐❡r✳

❈♦♠ ♦s ❞❛❞♦s ♦❜t✐❞♦s ♣ô❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ r❡❞✉çõ❡s ♥♦s í♥❞✐❝❡s ❞❡ ❡rr♦ ♥❛ ❢r❡q✉ê♥❝✐❛

③❡r♦ ❢♦r❛♠ ❛❧❝❛♥ç❛❞❛s ❡♠ ❛♠❜❛s ❛s ❡str✉t✉r❛s✳ ❊♥q✉❛♥t♦ q✉❡ ♥❛ ❢r❡q✉ê♥❝✐❛ ω90✱ ♦ ❞❡s❛✲

❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦ ❛♣r❡s❡♥t♦✉ r❡❞✉çã♦ ❞♦ í♥❞✐❝❡ ❛♣❡♥❛s ♣❛r❛ ✉♠❛ ♠❛❧❤❛ ✶ ♥❛ ❡t❛♣❛ ✷✳✶

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

❝♦♠ ♦s ♣❛râ♠❡tr♦s ♦❜t✐❞♦s ♥❛ ❡t❛♣❛ ✷✳✶ ❞❡ r❡♣r♦❥❡t♦✳



❈❛♣ít✉❧♦ ✻

❈♦♥❝❧✉sã♦ ❡ ❙✉❣❡stã♦ ❞❡ ❚r❛❜❛❧❤♦

❋✉t✉r♦

✻✳✶ ❈♦♥❝❧✉sõ❡s

◆❡ss❛ ❞✐ss❡rt❛çã♦✱ ✉♠❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❛✈❛❧✐❛çã♦ ❡ r❡♣r♦❥❡t♦ ♣❛r❛ ❞❡s❛❝♦♣❧❛❞♦r❡s s✐♠♣❧✐✲

✜❝❛❞♦ ❡ ✐♥✈❡rt✐❞♦ ❢♦✐ ❛♣r❡s❡♥t❛❞❛✳

❖ ❝♦♥tr♦❧❡ ❞❡s❝❡♥tr❛❧✐③❛❞♦ ❛♣❧✐❝❛❞♦ ❛ ♣r♦❝❡ss♦s ♠✉❧t✐✈❛r✐á✈❡✐s ❛❝♦♣❧❛❞♦s ♥ã♦ ❛❧❝❛♥ç❛

♦ ❞❡s❡♠♣❡♥❤♦ ❞❡s❡❥❛❞♦✳ P♦ré♠✱ q✉❛♥❞♦ ✉t✐❧✐③❛❞♦ ♦ ❝♦♥tr♦❧❡ ❝♦♠ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ❡ss❡

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

♠❡s♠♦s ♠ét♦❞♦s ❞❡ s✐♥t♦♥✐❛ ❞♦ ❝♦♥tr♦❧❛❞♦r P■❉ ❛♣❧✐❝❛❞♦s ❛ s✐st❡♠❛s ❙■❙❖✳

◆♦ ❝❛♣ít✉❧♦ ✷ ❢♦r❛♠ r❡✈✐s❛❞❛s ❛s ❡str✉t✉r❛s ❞❡ ❞❡s❛❝♦♣❧❛♠❡♥t♦✳ ❖ ❜❧♦❝♦ ❞❡s❛❝♦♣❧❛❞♦r

♣♦❞❡ s❡r ♣r♦❥❡t❛❞♦ ❛ ♣❛rt✐r ❞❛ ❢✉♥çã♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ✭✐❞❡❛❧✱ s✐♠♣❧✐✜❝❛❞♦ ♦✉ ✐♥✈❡rt✐❞♦✮ ♦✉

❞♦ ♠♦❞❡❧♦ ❡♠ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ❞♦ ♣r♦❝❡ss♦✳ P♦ré♠✱ ❡ss❡ ♠♦❞❡❧♦✱ ❛❧é♠ ❞❡ ♠✉✐t❛s ✈❡③❡s

s❡r ✉♠❛ ❛♣r♦①✐♠❛çã♦ ❞♦ ♠♦❞❡❧♦ r❡❛❧✱ ❛✐♥❞❛ ❝♦♥té♠ ❡rr♦s ✐♥❡✈✐tá✈❡✐s ❞❡ ✐❞❡♥t✐✜❝❛çã♦✳

❉❡ss❛ ❢♦r♠❛✱ ♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ é ❡❢❡t✐✈♦ ❛♣❡♥❛s ♥❛ ❢r❡q✉ê♥❝✐❛ ♦♥❞❡ ♦ ♠♦❞❡❧♦ é ♣r❡❝✐s♦✳

❯♠ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ❛✈❛❧✐❛çã♦ ❡ r❡♣r♦❥❡t♦ ❞❡ ❞❡s❛❝♦♣❧❛❞♦r❡s s✐♠♣❧✐✜❝❛❞♦ ❡ ✐♥✈❡rt✐❞♦ é

❛♣r❡s❡♥t❛❞♦ ❡♠ ❆❝✐♦❧✐ ❏ú♥✐♦r ✭✷✵✶✷✮✳ ❊ss❡ ♣r♦❝❡❞✐♠❡♥t♦ é ❜❛s❡❛❞♦ ♥♦ ❡①♣❡r✐♠❡♥t♦ ❞♦

r❡❧é ❡ ✉t✐❧✐③❛ ❛ ✐♥❢♦r♠❛çã♦ ❞❛ ❢r❡q✉ê♥❝✐❛ ω90✳ ❈♦♥t✉❞♦✱ ♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ♥♦ ❡st❛❞♦

❡st❛❝✐♦♥ár✐♦ é ❞❡❣r❛❞❛❞♦✳

❈♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ t♦r♥❛r ♦ ❞❡s❛❝♦♣❧❛♠❡♥t♦ ❡✜❝❛③ ♥❛ ❢r❡q✉ê♥❝✐❛ ω90 s❡♠ ❞❡❣r❛❞❛✲❧♦ ♥❛

❢r❡q✉ê♥❝✐❛ ③❡r♦✱ ✉♠❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❛✈❛❧✐❛çã♦ ❡ r❡♣r♦❥❡t♦ ❞♦s ❞❡s❛❝♦♣❧❛❞♦r❡s s✐♠♣❧✐✜❝❛❞♦

❡ ✐♥✈❡rt✐❞♦✱ ❝♦♥s✐❞❡r❛♥❞♦ ❞♦✐s ♣♦♥t♦s ❞❡ ❢r❡q✉ê♥❝✐❛✱ ❢♦✐ ♣r♦♣♦st❛ ♥❡ss❡ tr❛❜❛❧❤♦✳

❊ss❛ ♠❡t♦❞♦❧♦❣✐❛ ♣♦ss✉✐ ♦ s❡❣✉✐♥t❡ ♣r♦❝❡❞✐♠❡♥t♦✿ ❉❛❞♦ ♦ ♠♦❞❡❧♦ ❋❖P❚❉ ❞♦ ♣r♦✲

❝❡ss♦✱ ✉♠ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✐❝✐❛❧ é ♣r♦❥❡t❛❞♦❀ ♦ ♣r♦❝❡ss♦ ❞❡s❛❝♦♣❧❛❞♦ é ❡①❝✐t❛❞♦ ♣❡❧♦ s✐♥❛❧ ❞❡

❛✈❛❧✐❛çã♦❀ ♦ ❡rr♦ ❞❡ ❞❡s❛❝♦♣❧❛♠❡♥t♦ é ❝❛❧❝✉❧❛❞♦ ♣❛r❛ ❛s ❢r❡q✉ê♥❝✐❛s ❝♦♥s✐❞❡r❛❞❛s ✭ω = 0

❡ ω90✮❀ ❝❛s♦ ♥❡❝❡ssár✐♦✱ ♦ r❡♣r♦❥❡t♦ é r❡❛❧✐③❛❞♦✳

✻✻



❈❛♣ít✉❧♦ ✻✳ ❈♦♥❝❧✉sã♦ ❡ ❙✉❣❡stã♦ ❞❡ ❚r❛❜❛❧❤♦ ❋✉t✉r♦ ✻✼

❖ r❡♣r♦❥❡t♦ é ❞✐✈✐❞✐❞♦ ❡♠ ❞✉❛s ❡t❛♣❛s✳ ◆❛ ❡t❛♣❛ ✶ ♦ ❣❛♥❤♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r é r❡✲

♣r♦❥❡t❛❞♦ ✉s❛♥❞♦ ❛s ✐♥❢♦r♠❛çõ❡s ❞❡ ❡st❛❞♦ ❡st❛❝✐♦♥ár✐♦ ✭ω = 0✮✳ ❈♦♥s✐❞❡r❛♥❞♦ ♦ ❣❛♥❤♦

❝❛❧❝✉❧❛❞♦ ♥❛ ❡t❛♣❛ ✶✱ ♥❛ ❡t❛♣❛ ✷ ❛ ✐♥❢♦r♠❛çã♦ ❞❛ ❢r❡q✉ê♥❝✐❛ ω90 é ✉t✐❧✐③❛❞❛ ♣❛r❛ ❛❧t❡r❛r ❛s

❝♦♥st❛♥t❡s ❞❡ t❡♠♣♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r ✐♥✐❝✐❛❧✱ s❡♥❞♦ ❛ ❝♦♥st❛♥t❡ ❞❡ t❡♠♣♦ ❞♦ ❞❡♥♦♠✐♥❛❞♦r

❛❧t❡r❛❞❛ ♥❛ ❡t❛♣❛ ✷✳✶ ❡ ❛ ❝♦♥st❛♥t❡ ❞❡ t❡♠♣♦ ❞♦ ♥✉♠❡r❛❞♦r✱ ♥❛ ❡t❛♣❛ ✷✳✷✳

❆s ♣r✐♥❝✐♣❛✐s ❞✐❢❡r❡♥ç❛s ❡♥tr❡ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❛q✉✐ ❛♣r❡s❡♥t❛❞❛ ❡ ❛ ♣r♦♣♦st❛ ❡♠ ❆❝✐♦❧✐

❏ú♥✐♦r ✭✷✵✶✷✮ sã♦✿ ♦ s✐♥❛❧ ❞❡ ❡①❝✐t❛çã♦ ❞❡ ❛✈❛❧✐❛çã♦ ✭♦♥❞❛ q✉❛❞r❛❞❛ ♠❛✐s ♣✉❧s♦ ❞❡ ❧❛r❣✉r❛

✐❣✉❛❧ ❛ ♣❡❧♦ ♠❡♥♦s três ♣❡rí♦❞♦s✮ ❡ ♦ ✉s♦ ❞❛ ❢r❡q✉ê♥❝✐❛ ω = 0 ♥♦ r❡♣r♦❥❡t♦ ❞♦ ❣❛♥❤♦ ❞♦

❞❡s❛❝♦♣❧❛❞♦r✳

❆ r❡✈✐sã♦ ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❛✈❛❧✐❛çã♦ ❡ r❡♣r♦❥❡t♦ ❡♥❝♦♥tr❛❞❛ ♥❛ ❧✐t❡r❛t✉r❛ ❡ ❛ ♠❡t♦✲

❞♦❧♦❣✐❛ ♣r♦♣♦st❛ ♥❡ss❡ tr❛❜❛❧❤♦✱ ♣❛r❛ ❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦✱ ❡♥❝♦♥tr❛✲s❡ ♥♦ ❝❛♣ít✉❧♦

✸✳ ❖♥❞❡ t❛♠❜é♠ sã♦ ❛♣r❡s❡♥t❛❞❛s s✐♠✉❧❛çõ❡s q✉❡ ❝♦♠♣r♦✈❛♠ ❛ ❡✜❝á❝✐❛ ❞♦ ♠ét♦❞♦ ❛♣r❡✲

s❡♥t❛❞♦✳ ◆❡ss❛s s✐♠✉❧❛çõ❡s✱ ♣ô❞❡✲s❡ ♦❜s❡r✈❛r✱ q✉❡ ♦ r❡♣r♦❥❡t♦✱ ✉s❛♥❞♦ ❞♦✐s ♣♦♥t♦s ❞❡

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

❡t❛♣❛s ✷✳✶ ❡ ✷✳✷ ❛♣r❡s❡♥t❛♠ r❡s✉❧t❛❞♦s s❡♠❡❧❤❛♥t❡s✳

◆♦ ❝❛♣ít✉❧♦ ✹✱ é ❛♣r❡s❡♥t❛❞♦ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ❛✈❛❧✐❛çã♦ ❡ r❡♣r♦❥❡t♦ ♣❛r❛ ♦ ❞❡s❛❝♦♣❧❛✲

❞♦r ✐♥✈❡rt✐❞♦✳ ❙❡♥❞♦✱ ✐♥✐❝✐❛❧♠❡♥t❡✱ r❡✈✐s❛❞❛ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❛♣r❡s❡♥t❛❞❛ ❡♠ ❆❝✐♦❧✐ ❏ú♥✐♦r

✭✷✵✶✷✮✱ s❡❣✉✐❞❛ ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ♣r♦♣♦st❛ ♥❡ss❡ tr❛❜❛❧❤♦✳ P♦r ✜♠✱ ❡①❡♠♣❧♦s ❞❡ s✐♠✉❧❛✲

çã♦ ❝♦♠♣r♦✈❛♠ ❛ ❡✜❝á❝✐❛ ❞♦ ♠ét♦❞♦✱ ❝♦♥❝❧✉✐♥❞♦ q✉❡ ❛ ❡t❛♣❛ ✷✳✶ ❛♣r❡s❡♥t♦✉ ♠❡❧❤♦r❡s

r❡s✉❧t❛❞♦s✳

◆♦ ❝❛♣ít✉❧♦ ✺✱ ♦ ♠ét♦❞♦ ❞❡ r❡♣r♦❥❡t♦✱ ❞♦s ❞❡s❛❝♦♣❧❛❞♦r❡s s✐♠♣❧✐✜❝❛❞♦ ❡ ✐♥✈❡rt✐❞♦✱

é ❛♣❧✐❝❛❞♦ ❛ ✉♠ ♣r♦❝❡ss♦ t❡r♠♦❡❧étr✐❝♦ ❞❡ ❡s❝❛❧❛ ❧❛❜♦r❛t♦r✐❛❧ ❜❛s❡❛❞♦ ♥♦ ❡❢❡✐t♦ ♣❡❧t✐❡r✳

◆❡ss❛ ❛♣❧✐❝❛çã♦✱ ♣ô❞❡✲s❡ ♦❜s❡r✈❛r r❡❞✉çã♦ s✐❣♥✐✜❝❛t✐✈❛ ♥♦s í♥❞✐❝❡s ❞❡ ❡rr♦ ♥♦ ❡st❛❞♦ ❡s✲

t❛❝✐♦♥ár✐♦✳ ❈♦♥s✐❞❡r❛♥❞♦ ❛ ❢r❡q✉ê♥❝✐❛ ω90 ❡ ♦ ❞❡s❛❝♦♣❧❛❞♦r s✐♠♣❧✐✜❝❛❞♦✱ ❛ ❡t❛♣❛ ✷✳✶

❛♣r❡s❡♥t♦✉ r❡❞✉çã♦ ❞♦ í♥❞✐❝❡ ❞❡ ❡rr♦ ❛♣❡♥❛s ♣❛r❛ ♠❛❧❤❛ ✶✱ ❞❡ss❛ ❢♦r♠❛✱ ❛ ❡t❛♣❛ ✷✳✷ ❢♦✐

r❡❛❧✐③❛❞❛ ❛♣❡♥❛s ♣❛r❛ ❛ ♠❛❧❤❛ ✷ ♦♥❞❡ ♣ô❞❡✲s❡ ♦❜s❡r✈❛ r❡❞✉çã♦ ❞♦ ❡rr♦✳ ❖ ❞❡s❛❝♦♣❧❛✲

❞♦r ✐♥✈❡rt✐❞♦ ❛♣r❡s❡♥t♦✉ ♠❡❧❤♦r ❞❡s❡♠♣❡♥❤♦ ❝♦♠ ♦s ♣❛râ♠❡tr♦s ♦❜t✐❞♦s ♥❛ ❡t❛♣❛ ✷✳✶ ❞❡

r❡♣r♦❥❡t♦✱ ♠❡s♠♦ r❡s✉❧t❛❞♦ ❡♥❝♦♥tr❛❞♦ ♥♦s ❡①❡♠♣❧♦s s✐♠✉❧❛❞♦s✳

✻✳✷ ❙✉❣❡stã♦ ❞❡ ❚r❛❜❛❧❤♦s ❋✉t✉r♦s

❆❧❣✉♥s ♣♦♥t♦s ♥ã♦ tr❛t❛❞♦s ♥❡ss❡ tr❛❜❛❧❤♦ ♣♦❞❡♠ s❡r✈✐r ❝♦♠♦ s✉❣❡stã♦ ♣❛r❛ ♦ ❞❡s❡♥✈♦❧✲

✈✐♠❡♥t♦ ❞❡ ♦✉tr♦s tr❛❜❛❧❤♦s✱ sã♦ ❡❧❡s✿

• ❘❡❛❧✐③❛r ❛♥á❧✐s❡ ❞❡ r♦❜✉st❡③ ❞♦ r❡♣r♦❥❡t♦ ❞♦ ❞❡s❛❝♦♣❧❛❞♦r❀

• ❊st❡♥❞❡r ♦ ♣r♦❝❡❞✐♠❡♥t♦ ♣❛r❛ ❛✈❛❧✐❛çã♦ ❡ r❡♣r♦❥❡t♦ ❞❡ ❞❡s❛❝♦♣❧❛❞♦r❡s s✐♠♣❧✐✜❝❛❞♦

❡ ✐♥✈❡rt✐❞♦ ♣❛r❛ ❝♦♥s✐❞❡r❛r ♣r♦❝❡ss♦s ▼■▼❖❀



❈❛♣ít✉❧♦ ✻✳ ❈♦♥❝❧✉sã♦ ❡ ❙✉❣❡stã♦ ❞❡ ❚r❛❜❛❧❤♦ ❋✉t✉r♦ ✻✽

• ❘❡❛❧✐③❛r ♦ r❡♣r♦❥❡t♦ ❝♦♥s✐❞❡r❛♥❞♦ ♦ ❞❡s❛❝♦♣❧❛❞♦r ❡♠ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s✳



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣r❛✜❝❛s

❆❈■❖▲■ ❏Ú◆■❖❘✱ ●✳ ❆✈❛❧✐❛çã♦ ❡ ❘❡♣r♦❥❡t♦ ♣❛r❛ ❈♦♥tr♦❧❡ P■ ❞❡ ❙✐st❡♠❛s ▼✉❧t✐✈❛r✐á✈❡✐s
✉t✐❧✐③❛♥❞♦ ❊str✉t✉r❛s ❞❡ ❘❡❛❧✐♠❡♥t❛çã♦ ❝♦♠ ❘❡❧é✳ ✷✸✺ ♣✳ ❚❡s❡ ✭❉♦✉t♦r❛❞♦✮✱ ❈❛♠♣✐♥❛
●r❛♥❞❡✱ ✷✵✶✷✳

❆❈■❖▲■ ❏Ú◆■❖❘✱ ●✳❀ ❇❆❘❘❖❙✱ P✳ ❘✳ ❊✈❛❧✉❛t✐♦♥ ❛♥❞ r❡❞❡s✐❣♥ ♦❢ ❞❡❝♦✉♣❧❡rs ❢♦r t✐t♦
♣r♦❝❡ss❡s ✉s✐♥❣ r❡❧❛② ❡①♣❡r✐♠❡♥t✳ ✷✵✶✶ ■❊❊❊ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥✱ ❈♦♥tr♦❧
❆♣♣❧✐❝❛t✐♦♥s ✭❈❈❆✮✱ ♣✳ ✶✶✹✺✕✶✶✺✵✱ ✷✵✶✶✳

❆❈■❖▲■ ❏Ú◆■❖❘✱ ●✳❀ ❇❆❘❘❖❙✱ P✳ ❘✳ ❊✈❛❧✉❛t✐♦♥ ❛♥❞ r❡❞❡s✐❣♥ ♦❢ s✐♠♣❧✐✜❡❞ ❞❡❝♦✉♣❧❡rs
❛♣♣❧✐❡❞ t♦ ❛ t✐t♦ ❧❛❜♦r❛t♦r②✲s❝❛❧❡ t❤❡r♠❛❧ ♣r♦❝❡ss✳ ❳■❳ ❈♦♥❣r❡ss♦ ❇r❛s✐❧❡✐r♦ ❞❡
❆✉t♦♠➹➼t✐❝❛✱ ❈❇❆✱ ✷✵✶✷✱ ✷✵✶✷✳

❆▲❇❊❘❚❖❙✱ P✳❀ ❆◆❚❖◆■❖✱ ❙✳ ▼✉❧t✐✈❛r✐❛❜❧❡ ❝♦♥tr♦❧ s②st❡♠s✿ ❛♥ ❡♥❣✐♥❡❡r✐♥❣ ❛♣♣r♦❛❝❤✳
❙♣❛✐♥✿ ❙♣r✐♥❣❡r ❙❝✐❡♥❝❡ ✫ ❇✉s✐♥❡ss ▼❡❞✐❛✱ ✷✵✵✻✳

❆❘❑❯◆✱ ❨✳❀ ❉❖❲◆❙✱ ❏✳ ❆ ❣❡♥❡r❛❧ ♠❡t❤♦❞ t♦ ❝❛❧❝✉❧❛t❡ ✐♥♣✉t✲♦✉t♣✉t ❣❛✐♥s ❛♥❞ t❤❡
r❡❧❛t✐✈❡ ❣❛✐♥ ❛rr❛② ❢♦r ✐♥t❡❣r❛t✐♥❣ ♣r♦❝❡ss❡s✳ ❈♦♠♣✉t❡rs ✫ ❝❤❡♠✐❝❛❧ ❡♥❣✐♥❡❡r✐♥❣✱ ❊❧s❡✈✐❡r✱
✈✳ ✶✹✱ ♥✳ ✶✵✱ ♣✳ ✶✶✵✶✕✶✶✶✵✱ ✶✾✾✵✳

❆❘❘❆◆❩✱ ▼✳ ❈✳❀ ❇■❘❑✱ ❲✳ ❖♥❧✐♥❡ ❛✉t♦♠❛t✐❝ ❛♥❞ r♦❜✉st ❝♦♥tr♦❧ ❝♦♥✜❣✉r❛t✐♦♥ s❡❧❡❝t✐♦♥✳
■❊❊❊ ▼❡❞✐t❡rr❛♥❡❛♥ ❈♦♥❢❡r❡♥❝❡ ♦♥ ❈♦♥tr♦❧ ❛♥❞ ❆✉t♦♠❛t✐♦♥✱ ✷✵✶✼✳

❆❘❘❆◆❩✱ ▼✳ ❈✳❀ ❇■❘❑✱ ❲✳ Pr❡❞✐❝t✐♦♥ ❡rr♦r ❜❛s❡❞ ✐♥t❡r❛❝t✐♦♥ ♠❡❛s✉r❡ ❢♦r ❝♦♥tr♦❧
❝♦♥✜❣✉r❛t✐♦♥ s❡❧❡❝t✐♦♥ ✐♥ ❧✐♥❡❛r ❛♥❞ ♥♦♥❧✐♥❡❛r s②st❡♠s✳ ✶✵t❤ ■❋❆❈ ■♥t❡r♥❛t✐♦♥❛❧
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