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❆ r❡s✐st✐✈❡ ❧♦❛❞ ✐s r❡♣❧❛❝❡❞ ❛t t❤❡ ♦✉t♣✉t ❢♦r s✇✐t❝❤✐♥❣ ♠❡❛s✉r❡♠❡♥ts✳ ✳ ✳ ✸✼

✺✳✶✵ ■♥❞✉❝t♦r ❝✉rr❡♥t✱ ♦✉t♣✉t ✈♦❧t❛❣❡✱ ❛♥❞ ✐♥♣✉t r❡❢❡r❡♥❝❡ ♥♦❞❡ ✈♦❧t❛❣❡ r✐♣♣❧❡

❛t ✐♥♣✉t ✈♦❧t❛❣❡s ♦❢ ✺✵ ❱✱ ♦✉t♣✉t ✈♦❧t❛❣❡ ♦❢ ✼✵ ❱✱ ❛♥❞ ❛✈❡r❛❣❡ ✐♥❞✉❝t♦r

❝✉rr❡♥t ♦❢ ✸✺ ❆✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽

✺✳✶✶ ■♥❞✉❝t♦r ❝✉rr❡♥t ❛♥❞ ♦✉t♣✉t ✈♦❧t❛❣❡ ❞②♥❛♠✐❝ r❡s♣♦♥s❡ ❞✉❡ t♦ ❛ st❡♣ ❝❤❛♥❣❡

✐♥ t❤❡ r❡❢❡r❡♥❝❡ ❝✉rr❡♥t ♦❢ t❤❡ ❝✉rr❡♥t ❝♦♥tr♦❧❧❡r✳ ❚❤❡ ♦✉t♣✉t ✈♦❧t❛❣❡ ✐s

r❡❣✉❧❛t❡❞ ❜② ❛♥ ❡①t❡r♥❛❧ ♣♦✇❡r s✉♣♣❧②✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✺✳✶✷ ✭❛✮ ■♥❞✉❝t♦r ❝✉rr❡♥t ✭❛❝✲❝♦✉♣❧❡❞✮ ❛t ✐♥♣✉t ✈♦❧t❛❣❡s ♦❢ ✺✵ ❱ ❛♥❞ ♦✉t♣✉t

✈♦❧t❛❣❡ ♦❢ ✼✵ ❱✳ ✭❜✮ ■♥❞✉❝t♦r ❝✉rr❡♥t ✭❛❝✲❝♦✉♣❧❡❞✮ ❛t ✐♥♣✉t ✈♦❧t❛❣❡s ♦❢ ✺✺

❱ ❛♥❞ ✹✺ ❱ ❛♥❞ ♦✉t♣✉t ✈♦❧t❛❣❡ ♦❢ ✼✵ ❱✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵

✺✳✶✸ ❱♦❧t❛❣❡ ❜❛❧❛♥❝✐♥❣ r❡s✉❧ts ❢♦r ❜♦t❤ ❝❤❛r❣✐♥❣ ❛♥❞ ❞✐s❝❤❛r❣✐♥❣ ♦♣❡r❛t✐♦♥s✳

❩❡r♦ ✈♦❧t❛❣❡ ❞✐✛❡r❡♥❝❡ ✐♥❞✐❝❛t❡s ❜❛❧❛♥❝❡❞ ❜❛tt❡r② ✈♦❧t❛❣❡s ❛t t❤❡ ✐♥♣✉t

♣♦rts✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶
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✺✳✶✹ ❈♦♥✈❡rt❡r ❡✣❝✐❡♥❝② ♠❡❛s✉r❡♠❡♥ts ❢♦r ✈❛r✐♦✉s ♦♣❡♥ ❧♦♦♣ ❞✉t② ❝②❝❧❡ ✈❛❧✉❡s

❛t r❛t❡❞ ✐♥♣✉t ♣♦rt ✈♦❧t❛❣❡s ♦❢ ✻✵ ❱ ❛♥❞ ✉♣t♦ r❛t❡❞ ♦✉t♣✉t ❝✉rr❡♥t ♦❢ ✹✵ ❆✳ ✹✷

✻✳✶ Pr♦♣♦s❡❞ ❝❛s❝❛❞❡❞ ❜✐❞✐r❡❝t✐♦♥❛❧ ♠✉❧t✐✲♣♦rt ❞❝✲❞❝ ❝♦♥✈❡rt❡r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✹

✻✳✷ Pr♦♣♦s❡❞ ❝❛s❝❛❞❡❞ ❜✐❞✐r❡❝t✐♦♥❛❧ ♠✉❧t✐✲♣♦rt ❞❝✲❞❝ ❝♦♥✈❡rt❡r ✈❛r✐❛♥t ✶✳ ✳ ✳ ✹✺

✻✳✸ Pr♦♣♦s❡❞ ❝❛s❝❛❞❡❞ ❜✐❞✐r❡❝t✐♦♥❛❧ ♠✉❧t✐✲♣♦rt ❞❝✲❞❝ ❝♦♥✈❡rt❡r ✈❛r✐❛♥t ✷✳ ✳ ✳ ✹✻

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

✻✳✺ ❇❧♦❝❦ ❞✐❛❣r❛♠s ♦❢ t❤❡ ❝♦♥tr♦❧❧❡rs ❢♦r t❤❡ ❝❛s❝❛❞❡❞ ❝♦♥✈❡rt❡r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵

✻✳✻ ■♥❞✉❝t♦r ❝✉rr❡♥t st❡♣ r❡s♣♦♥s❡ ♦❢ t❤❡ ❝❛s❝❛❞❡❞ ❝♦♥✜❣✉r❛t✐♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷

✻✳✼ ❙✐♠✉❧❛t❡❞ ✈♦❧t❛❣❡ ❜❛❧❛♥❝✐♥❣ r❡s✉❧ts ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝❛s❝❛❞❡❞ ❝♦♥✜❣✉r❛t✐♦♥✳ ✺✷

❆✳✶ ❆ s②♥❝❤r♦♥♦✉s ❜✉❝❦ ❝♦♥✈❡rt❡r ❝❡❧❧ ✉s❡❞ ❢♦r ❧♦ss ❛♥❛❧②s✐s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽

❆✳✷ ✭❛✮ ❋❧✉① ❧✐♥❦❛❣❡ ❛♥❞ ✐♥❞✉❝t♦r ❝✉rr❡♥t ♣❧♦t ❢♦r ❞✉t② ❝②❧❡ ♦❢ ✽✵✪ ✇✐t❤

♥♦ ✈♦❧t❛❣❡ ❛❞❥✉st♠❡♥t✳ ✭❜✮ ❋❧✉① ❧✐♥❦❛❣❡ ❛♥❞ ✐♥❞✉❝t♦r ❝✉rr❡♥t ♣❧♦t ✇✐t❤
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❆✳✸ ▼❛❣♥❡t✐❝ ❧♦ss❡s ❛♥❞ ❧♦❛❞ ❝✉rr❡♥t ♣❧♦t ❢♦r ✈❛r✐♦✉s ❞✉t② ❝②❝❧❡ r❛t✐♦s✳ ✳ ✳ ✳ ✳ ✻✷

❆✳✹ ❈♦♠♣❛r✐s♦♥ ♦❢ ♠❡❛s✉r❡❞ ♣♦✇❡r ❧♦ss ♦❢ ❛ s✐♥❣❧❡ ❜✉❝❦ s✇✐t❝❤✐♥❣ ❝❡❧❧ ❛❣❛✐♥st

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

♦❢ ✻✵ ❱ ❛♥❞ ❞✉t② ❝②❝❧❡ ❡q✉❛❧s t❤❛t t♦ ✽✵✪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸
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❈❤❛♣t❡r ✶

■♥tr♦❞✉❝t✐♦♥

✶✳✶ ❘❡s❡❛r❝❤ ❈❤❛❧❧❡♥❣❡ ✐♥ ❉❈✲❉❈ ❈♦♥✈❡rt❡r

❈♦♠♠❡r❝✐❛❧✐③❛t✐♦♥ ♦❢ ❜♦t❤ ❞✐str✐❜✉t❡❞ ❣❡♥❡r❛t✐♦♥ ✭❉●✮ ❛♥❞ ❡❧❡❝tr✐❝ ✈❡❤✐❝❧❡s ✭❊❱✮ ❤❛s

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

♣r♦❝❡ss✐♥❣ ❝♦♥✈❡rt❡rs ❬✶✵✱ ✶✸✱ ✷✶❪✳ ❚②♣✐❝❛❧ ❛♣♣❧✐❝❛t✐♦♥s ✐♥ ❉● ❛♥❞ ❊❱ r❡q✉✐r❡ ❛ ❞❝✲❞❝

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

✭P❱✮ ♣❛♥❡❧s ♦r ❜❛tt❡r② st❛❝❦s✱ ✇✐t❤ ❛ ❤✐❣❤ ✈♦❧t❛❣❡ ❞❝ ❜✉s ❬✸✱ ✶✻✱ ✷✵❪✳ P❛rt✐❝✉❧❛r❧②✱ t❤❡

❦❡② ❢✉♥❝t✐♦♥❛❧ ❛♥❞ s❛❢❡t② r❡q✉✐r❡♠❡♥ts ❢♦r s✉❝❤ ❛ ♠✉❧t✐✲♣♦rt ❞❝✲❞❝ t♦♣♦❧♦❣② ✐♥❝❧✉❞❡

✐♥❞❡♣❡♥❞❡♥t ♦♣t✐♠❛❧ ❧♦❛❞✐♥❣ ♦❢ ✐♥♣✉ts✱ ❧♦✇ ❣r♦✉♥❞ ❧❡❛❦❛❣❡ ❝✉rr❡♥ts✱ ❛♥❞✱ ✐♥ t❤❡ ❝❛s❡

♦❢ ❡♥❡r❣② st♦r❛❣❡ ❛♣♣❧✐❝❛t✐♦♥s✱ ❜✐❞✐r❡❝t✐♦♥❛❧ ♣♦✇❡r tr❛♥s❢❡r ❝❛♣❛❜✐❧✐t② ❬✶✸✱✶✽✱✷✶❪✳

❚❤❡ ❞❝ ❡♥❡r❣② s♦✉r❝❡s ✐♥ ❉● ♦r ❊❱ ❛♣♣❧✐❝❛t✐♦♥s t②♣✐❝❛❧❧② ♦♣❡r❛t❡ ❛t ❛ ❧♦✇ ❞❝ ✈♦❧t❛❣❡

❧❡✈❡❧✱ r❛♥❣✐♥❣ ❢r♦♠ ✸ t♦ ✹ ❱ ❢♦r ❛ ▲✐✲✐♦♥ ❜❛tt❡r② ❝❡❧❧ t♦ ❛♣♣r♦①✐♠❛t❡❧② ✶✻✲✶✼ ❱ ❢♦r ❛

✧✶✷✲❱✧ P❱ ♣❛♥❡❧ ♦❢ ✸✻ ❝❡❧❧s ❛t ♠❛①✐♠✉♠ ♣♦✇❡r ♣♦✐♥t ✭▼PP✮ ❬✷✵❪✳ ❇❛tt❡r② ❝❡❧❧s ♦r

❧♦✇ ✈♦t❧❛❣❡ P❱ ♣❛♥❡❧s ❛r❡ t❤❡♥ ♣❛❝❦❛❣❡❞ ✐♥ ♠♦❞✉❧❡s ✇✐t❤ ❤✐❣❤❡r ✈♦❧t❛❣❡s ❛♥❞ ✉s❡❞ ✐♥

❛♣♣❧✐❝❛t✐♦♥s✳ ❋♦r ❡①❛♠♣❧❡✱ st❛♥❞❛r❞ ❜❛tt❡r② ♣❛❝❦s ❝❛♥ ❜❡ ❢♦✉♥❞ ✇✐t❤ ✶✷ ❱✱ ✹✽ ❱✱ ✾✻ ❱

♦r ✶✾✷ ❱ ❬✶✾❪✳ ❍♦✇❡✈❡r✱ ✈♦❧t❛❣❡s ❛t t❤✐s ❧❡✈❡❧ st✐❧❧ ❝❛♥♥♦t ♠❡❡t t❤❡ ✈♦❧t❛❣❡ r❡q✉✐r❡♠❡♥ts

♦❢ ❡①✐st✐♥❣ ❤✐❣❤❡r ♣♦✇❡r s②st❡♠s ❬✷✵✱ ✷✶❪✳ ❋♦r ✐♥st❛♥❝❡✱ t❤❡ ♠♦st ❝♦♠♠♦♥ P❱ s②st❡♠s

❛r❡ ❞❡s✐❣♥❡❞ ❢♦r ♦♣❡r❛t✐♦♥ ✉♥❞❡r ✶✵✵✵ ❱ ✇✐t❤ ❞❝ ❜✉s ❧✐♠✐ts r❛♥❣✐♥❣ ❢r♦♠ ✺✼✺ ❱ t♦ ✽✺✵

❱ ❬✶✺❪✳ ❈♦♥s❡q✉❡♥t❧②✱ ❡♥❡r❣② s♦✉r❝❡s s✉❝❤ ❛s ❜❛tt❡r② ♣❛❝❦s ♦r P❱ ♣❛♥❡❧s ❛r❡ ✉s✉❛❧❧②

❝♦♥♥❡❝t❡❞ ✐♥ s❡r✐❡s t♦ ❛❝❤✐❡✈❡ t❤❡ r❡q✉✐r❡❞ ❞❝ ✈♦❧t❛❣❡ ❧❡✈❡❧✳ ❆s t❤❡ ♥✉♠❜❡r ♦❢ s❡r✐❡s

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

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

♦♣t✐♠❛❧ ❧♦❛❞✐♥❣ r❡s✉❧ts ✐♥ r❡❞✉❝❡❞ ♣♦✇❡r ❤❛r✈❡st✐♥❣✱ ✇❤✐❝❤ ✐s ❝♦st❧② ❜✉t ♥♦t ❤❛③❛r❞♦✉s✳

■♥ t❤❡ ❝❛s❡ ♦❢ ❡♥❡r❣② st♦r❛❣❡ ❛♣♣❧✐❝❛t✐♦♥s ✇❤❡r❡ ▲✐✲✐♦♥ ❜❛tt❡r✐❡s ❢♦r♠ t❤❡ ❡♥❡r❣② s♦✉r❝❡✱

❜❛tt❡r② ❝❡❧❧s t❤❛t ❛r❡ ❡q✉❛❧❧② ❝❤❛r❣❡❞ ♦r ❞✐s❝❤❛r❣❡❞ ❜② t❤❡ s❛♠❡ ❝✉rr❡♥t ✇✐❧❧ st✐❧❧ ❞❡✈✐❛t❡

✶
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✐♥ t❤❡✐r st❛t❡ ♦❢ ❝❤❛r❣❡ ✭❙❖❈✮ ♦✈❡r t✐♠❡ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ ❡❧❡❝tr♦❝❤❡♠✐❝❛❧

❝❤❛r❛❝t❡r✐st✐❝s ❛♠♦♥❣ ❜❛tt❡r② ❝❡❧❧s ❬✷✶❪✳ ❈♦♥s❡q✉❡♥t❧②✱ ✇✐t❤♦✉t ❝❤❛r❣❡ ❡q✉❛❧✐③❛t✐♦♥✱ t❤❡

❝❛♣❛❝✐t② ❢♦r t❤❡ ❡♥t✐r❡ ❜❛tt❡r② str✐♥❣ ✐s ❧✐♠✐t❡❞ ❜② t❤❡ ❜❛tt❡r② ❝❡❧❧ t❤❛t ❤❛s t❤❡ ❧❡❛st

❝❛♣❛❝✐t②✱ ❛♥❞ s✉❝❤ ❧✐♠✐t❛t✐♦♥ ❝❛♥ ❡✈❡♥t✉❛❧❧② r❡❞✉❝❡ t❤❡ ❜❛tt❡r② ♣❛❝❦ ❝❛♣❛❝✐t② ❜② ✷✺✲

✸✵✪ ❬✶✷❪✳ ❖❢ ❡✈❡♥ ❣r❡❛t❡r ❝♦♥❝❡r♥✱ ❛ ❧❛❝❦ ♦❢ ❝❤❛r❣❡ ❡q✉❛❧✐③❛t✐♦♥ ❝❛♥ ❧❡❛❞ t♦ ♦✈❡r❝❤❛r❣✐♥❣

❛♥❞ ♦✈❡r✲❞✐s❝❤❛r❣✐♥❣ t❤❛t ♥♦t ♦♥❧② ❣r❡❛t❧② r❡❞✉❝❡ ❜❛tt❡r② ❝②❝❧❡ ❧✐❢❡✱ ❜✉t✱ ♣❛rt✐❝✉❧❛r❧② ❢♦r

♦✈❡r❝❤❛r❣✐♥❣✱ ♠❛② ❛❧s♦ ❝❛✉s❡ ❜❛tt❡r② ❤❡❛t✐♥❣✱ ✈❡♥t✐♥❣✱ ♦r ❡①♣❧♦s✐♦♥s ❬✷❪✳

❲❤✐❧❡ ❝♦st ❛♥❞ ❡✣❝✐❡♥❝② ❝♦♥str❛✐♥ts ❣❡♥❡r❛❧❧② ♠❛❦❡ ❡♥❡r❣② ❜❛❧❛♥❝✐♥❣ ❛t t❤❡ ✐♥❞✐✈✐❞✉❛❧

s♦❧❛r ❝❡❧❧ ♦r ❜❛tt❡r② ❝❡❧❧ ❧❡✈❡❧ ✐♥❢❡❛s✐❜❧❡✱ ♠♦❞✉❧❡ ❧❡✈❡❧ ❡♥❡r❣② ❜❛❧❛♥❝✐♥❣ ❝❛♥ s✉❜st❛♥t✐❛❧❧②

r❡❞✉❝❡ t❤❡ s❡✈❡r✐t② ♦❢ t❤❡ ♣r♦❜❧❡♠✱ ✐♥❝r❡❛s✐♥❣ ②✐❡❧❞ ❢r♦♠ s♦❧❛r P❱ ❛rr❛②s ❛♥❞ ✐♠♣r♦✈✐♥❣

❙❖❈ ❜❛❧❛♥❝❡ ✇✐t❤✐♥ ❜❛tt❡r② s②st❡♠s✳ ❲❤✐❧❡ ▲✐✲✐♦♥ ❜❛tt❡r② s②st❡♠s st✐❧❧ r❡q✉✐r❡ ♣❡r✲❝❡❧❧

♦✈❡r❝❤❛r❣❡ ❛♥❞ ♦✈❡r✲❞✐s❝❤❛r❣❡ ♣r♦t❡❝t✐♦♥✱ s✉❝❤ ♣r♦t❡❝t✐♦♥ ❝✐r❝✉✐tr② ✐s ❣r❡❛t❧② s✐♠♣❧✐✜❡❞

✐❢ t❤❡ ❜❛tt❡r② ♣❛❝❦ ✈♦❧t❛❣❡ ✐s r❡❞✉❝❡❞ ✈✐❛ str✐♥❣ s✉❜✲❞✐✈✐s✐♦♥✳

P♦✇❡r ❝♦♥✈❡rt❡rs ❛r❡ ✉s✉❛❧❧② ✉s❡❞ t♦ ❝♦♥♥❡❝t ❜❛tt❡r② ♣❛❝❦s ♦r P❱ ♣❛♥❡❧s ✐♥ s❡r✐❡s t♦

❢♦r♠ ❤✐❣❤ ✈♦❧t❛❣❡ str✐♥❣s ❛♥❞ ❜②♣❛ss ❢❛✉❧t② ✉♥✐ts✳ ▼✉❧t✐✲♣♦rt ❞❝✲❞❝ ❝♦♥✈❡rt❡rs ❛r❡ ❛♥

❝♦st✲❡✛❡❝t✐✈❡ ❛♥❞ ❡✣❝✐❡♥t ♦♣t✐♦♥s t♦ ❤❡❧♣ ♠✐t✐❣❛t❡ ❡♥❡r❣② ✐♠❜❛❧❛♥❝❡ ❛♠♦♥❣st st❛❝❦❡❞

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

❞❝✲❞❝ ❝♦♥✈❡rt❡r ✐s t❤❡ ❣r♦✉♥❞ ❧❡❛❦❛❣❡ ❝✉rr❡♥t✳ ❈❤❛❧❧❡♥❣❡s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❣r♦✉♥❞ ❧❡❛❦❛❣❡

❝✉rr❡♥ts ❛r❡ ✇❡❧❧✲❞♦❝✉♠❡♥t❡❞ ✐♥ ♥♦♥✲✐s♦❧❛t❡❞ ❞❝✲❞❝ ❝♦♥✈❡rt❡rs ❢♦r P❱ ❛♣♣❧✐❝❛t✐♦♥s✳ ❚❤❡s❡

❝✉rr❡♥ts ❛r❡ ❛♥ ✉♥✐♥t❡♥t✐♦♥❛❧ ❝❛♣❛❝✐t✐✈❡ ❝✉rr❡♥t ❝❛✉s❡❞ ❜② ❤✐❣❤ ❢r❡q✉❡♥❝② ✢✉❝t✉❛t✐♥❣

✈♦❧t❛❣❡s ❛❝r♦ss ♣❛r❛s✐t✐❝ ❝❛♣❛❝✐t❛♥❝❡s ❬✹✱ ✺✱ ✾✱ ✶✶❪✳ ❚❤❡ ♥❛t✉r❡ ♦❢ ♥♦♥✲✐s♦❧❛t❡❞ ❝❛s❝❛❞❡❞

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

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

♣♦t❡♥t✐❛❧ ❛♥❞ ❣r♦✉♥❞ ♠❛② ♦❝❝✉r ❛t ❡✐t❤❡r ❣r✐❞ ❢r❡q✉❡♥❝② ♦r s✇✐t❝❤✐♥❣ ❢r❡q✉❡♥❝② ❬✶✶❪✳ ❚❤✐s

✢✉❝t✉❛t✐♥❣ ♣♦t❡♥t✐❛❧ ✇✐❧❧ ❡♥❡r❣✐③❡ ❛♥② ♣❛r❛s✐t✐❝ ❝❛♣❛❝✐t❛♥❝❡✱ r❡s✉❧t✐♥❣ ✐♥ ❣r♦✉♥❞ ❧❡❛❦❛❣❡

❝✉rr❡♥t✳

■♥ t❤❡ ❝♦♥t❡①t ♦❢ ❝❛s❝❛❞❡❞ P❱ ♣❛♥❡❧s✱ t❤❡ ♣❛r❛s✐t✐❝ ❝❛♣❛❝✐t❛♥❝❡ r❡❢❡rs t♦ t❤❡ ❡✛❡❝t✐✈❡

❝❛♣❛❝✐t❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❝♦♥❞✉❝t✐♥❣ s✉r❢❛❝❡ ♦❢ t❤❡ P❱ ❛rr❛② ❛♥❞ t❤❡ ❣r♦✉♥❞ ♦r ❣r♦✉♥❞❡❞

❢r❛♠❡ ❬✺❪✳ ❊①♣❡r✐♠❡♥t❛❧ st✉❞✐❡s ✐♥ ❬✾❪ ❡st✐♠❛t❡ t❤❛t ❤✐❣❤ ❢r❡q✉❡♥❝② ♣❛r❛s✐t✐❝ ❣r♦✉♥❞

❝❛♣❛❝✐t❛♥❝❡ ✐s ❛♣♣r♦①✐♠❛t❡❧② ✼✳✵✽ ♥❋✴❦❲p✱ ✇❤✐❧❡ ♦t❤❡r st✉❞✐❡s ✐♥ ❬✺❪ ❛♥❞ ❬✶✶❪ r❡♣♦rt

❛ r❛♥❣❡ ♦❢ ♣❛r❛s✐t✐❝ ❝❛♣❛❝✐t❛♥❝❡ ❢r♦♠ ♣❋✴❦❲ ✉♣ t♦ µ❋✴❦❲ ❞❡♣❡♥❞✐♥❣ ♦♥ t♦♣♦❧♦❣②✱

s✇✐t❝❤✐♥❣ str❛t❡❣✐❡s✱ ❛♥❞ ❡♥✈✐r♦♥♠❡♥t❛❧ ❝♦♥❞✐t✐♦♥s✳ ❇❡❝❛✉s❡ t❤❡ ❣r♦✉♥❞ ❧❡❛❦❛❣❡ ❝✉rr❡♥t

✢♦✇s ✐♥ ❛ r❡s♦♥❛♥t ❝✐r❝✉✐t t❤❛t ❛❧s♦ ✐♥❝❧✉❞❡s t❤❡ ❝♦♥✈❡rt❡r ✜❧t❡r ❝♦♠♣♦♥❡♥ts✱ ✐t ❝❛♥

❜❡❝♦♠❡ ✈❡r② s✐❣♥✐✜❝❛♥t ✉♥❞❡r ❝❡rt❛✐♥ ♦♣❡r❛t✐♥❣ ❝♦♥❞✐t✐♦♥s ❬✾❪✳

●r♦✉♥❞ ❧❡❛❦❛❣❡ ❝✉rr❡♥ts ❛r❡ ❤✐❣❤❧② ✉♥❞❡s✐r❛❜❧❡ ❛s t❤❡② ❜♦t❤ ❧♦✇❡r ❝♦♥✈❡rt❡r ❡✣❝✐❡♥❝②

❛♥❞ ♣♦st s❛❢❡t② ❤❛③❛r❞s t♦ ♣❡♦♣❧❡ ❛♥❞ ❛♥✐♠❛❧s ❬✼✱ ✶✶✱ ✶✼❪✳ ❈♦♥s❡q✉❡♥t❧②✱ ✐t ✐s ✐♠♣♦rt❛♥t
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❢♦r ❝♦♥✈❡rt❡rs t♦ ❧✐♠✐t ❛♥❞ ♠✐♥✐♠✐③❡ t❤❡ ❣r♦✉♥❞ ❧❡❛❦❛❣❡ ❝✉rr❡♥t✳

✶✳✷ ❊①✐st✐♥❣ ❚❡❝❤♥♦❧♦❣②

▼❛♥② ♠✉❧t✐✲♣♦rt ❞❝✲❞❝ ❝♦♥✈❡rt❡rs ❤❛✈❡ ❜❡❡♥ ♣r♦♣♦s❡❞ ♦✈❡r t❤❡ ②❡❛rs ❛s ♣♦ss✐❜❧❡ s♦❧✉t✐♦♥s

t♦ t❤❡ ❝❤❛❧❧❡♥❣❡s ✐♥ ❉● ♦r ❊❱ ❛♣♣❧✐❝❛t✐♦♥s✳ ❍♦✇❡✈❡r✱ ♠♦st ♦❢ t❤❡s❡ ❝♦♥✈❡rt❡rs ❛❞❞r❡ss

♦♥❧② s♦♠❡ ♦❢ t❤❡ ❛❜♦✈❡ ♠❡♥t✐♦♥❡❞ r❡s❡❛r❝❤ ❝❤❛❧❧❡♥❣❡s ❛♥❞ ❛r❡ ♦❢t❡♥ ♥♦t s❛t✐s❢❛❝t♦r② ❞✉❡

t♦ ❡❝♦♥♦♠✐❝s ♦r ♣❡r❢♦r♠❛♥❝❡ ❝♦♥❝❡r♥s✳

+
vinK

SKa

SKb
_

+
vin2

S2a

S2b
_

+

vout

_

L2

LK

C2

CK

+
vin1

S1a

S1b
_

+
vn1
_

L1

C1

+
vn2_

+
vnK_

Cin1

Cin2

CinK

❋✐❣✉r❡ ✶✳✶✿ ❈❧❛ss✐❝❛❧ ❝❛s❝❛❞❡❞ ❜✉❝❦ ❝♦♥✈❡rt❡r✳

❇❡❝❛✉s❡ ❛ ♠✉❧t✐✲♣♦rt ❞❝✲❞❝ ❝♦♥✈❡rt❡r ❛♣♣❧✐❝❛t✐♦♥ t②♣✐❝❛❧❧② ❤❛s ✐♥❞✐st✐♥❣✉✐s❤❛❜❧❡ ✐♥♣✉t

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

♥❡✇ ♠✉❧t✐✲♣♦rt t♦♣♦❧♦❣✐❡s ✐s t♦ s❡❧❡❝t ❛ s✐♥❣❧❡✲✐♥♣✉t s✐♥❣❧❡✲♦✉t♣✉t t♦♣♦❧♦❣② ♦❢ ❞❡s✐r❛❜❧❡

❝❤❛r❛❝t❡r✐st✐❝s ❛♥❞ ❝♦♥♥❡❝t ♠✉❧t✐♣❧❡ ✐♥st❛♥❝❡s ♦❢ ✐t ✐♥ s❡r✐❡s t♦ ❢♦r♠ ❛ ♠✉❧t✐✲♣♦rt ❝♦♥✈❡rt❡r✳
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❋✐❣✳ ✶✳✶ s❤♦✇s ❛♥ ❡①❛♠♣❧❡ ♦❢ t❤✐s ❦✐♥❞ ♦❢ ♠✉❧t✐✲♣♦rt ❞❝✲❞❝ ❝♦♥✈❡rt❡r ✇✐t❤ ❛ ❜✉❝❦

t♦♣♦❧♦❣②✳ ❚❤✐s ❝❧❛ss✐❝❛❧ ❝❛s❝❛❞❡❞ ❜✉❝❦ ❝♦♥✈❡rt❡r ❝❛♥ s❛t✐s❢② ♠♦st ♦❢ t❤❡ ❢✉♥❝t✐♦♥❛❧

r❡q✉✐r❡♠❡♥ts ♦❢ ❛♣♣❧✐❝❛t✐♦♥s ✐♥ ❉● ❛♥❞ ❊❱ ✇✐t❤ ✐♥❞❡♣❡♥❞❡♥t ♦♣t✐♠❛❧ ❧♦❛❞✐♥❣ ♦❢ ✐♥♣✉ts✱

❧♦✇ ❣r♦✉♥❞ ❧❡❛❦❛❣❡ ❝✉rr❡♥ts✱ ❛♥❞ ❜✐❞✐r❡❝t✐♦♥❛❧ ♣♦✇❡r tr❛♥s❢❡r ❝❛♣❛❜✐❧✐t②✱ ❛♥❞ t❤❡r❡❢♦r❡

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

❚❤❡ ❝❧❛ss✐❝❛❧ ❝❛s❝❛❞❡❞ ❜✉❝❦ ❝♦♥✈❡rt❡r✱ ❤♦✇❡✈❡r✱ ❞♦❡s ♥♦t ✉t✐❧✐③❡ t❤❡ ♣♦ss✐❜❧❡ ❝♦♠♣♦♥❡♥t

s❤❛r✐♥❣ ❛♠♦♥❣ ✐ts ♠♦❞✉❧❡s ❛♥❞ t❤✉s ❞♦❡s ♥♦t t❛❦❡ ❛♥② ❛❞✈❛♥t❛❣❡ ♦❢ ❝♦st r❡❞✉❝t✐♦♥ ❛♥❞

♣r♦✈✐❞❡s ♦♣♣♦rt✉♥✐t② ❢♦r ❢✉rt❤❡r ✐♠♣r♦✈❡♠❡♥t✳

+
vinK

SKa

SKb
_

+
vin2

S2a

S2b
_

+

vout

_

CK

+
vin1

S1a

S1b
_

+
vn1
_

L1

+
vn2_

+
vnK_

Cin1

Cin2

CinK

❋✐❣✉r❡ ✶✳✷✿ ❚✇♦✲♣❛rt ❤②❜r✐❞ ❝❛s❝❛❞❡❞ ♠✉❧t✐✲❧❡✈❡❧ ❝♦♥✈❡rt❡r✳

❆ t✇♦✲♣❛rt ❤②❜r✐❞ ❝❛s❝❛❞❡❞ ♠✉❧t✐✲❧❡✈❡❧ ❝♦♥✈❡rt❡r ✐s ♣r♦♣♦s❡❞ ✐♥ ❬✷✶❪ ❢♦r t❤❡ ❡♥❡r❣②

st♦r❛❣❡ s②st❡♠ ✐♥ ❊❱ ❛♥❞ ❉●✳ ❚❤❡ ❞❝✲❞❝ st❛❣❡ ✐♥❝❧✉❞❡s ❝❛s❝❛❞❡❞ ❤❛❧❢✲❜r✐❞❣❡s ✇✐t❤

❜❛tt❡r② ❝❡❧❧s ✐♥t❡r❢❛❝❡❞ ✇✐t❤ ❛ ❞❝ ❜✉s ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✳✷✳ ❚❤❡ t♦♣♦❧♦❣② r❡s❡♠❜❧❡s t❤❡

❝❧❛ss✐❝❛❧ ❝❛s❝❛❞❡❞ ❜✉❝❦ t♦♣♦❧♦❣② ✐♥ ❋✐❣✳ ✶✳✶ ❜✉t ❤❛s ♣r♦♣♦s❡❞ t♦ ❝♦♠❜✐♥❡ ❛❧❧ ✐♥❞✐✈✐❞✉❛❧

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

❛tt❡♠♣t t♦ r❡❞✉❝❡ t❤❡ ❝♦♥✈❡rt❡r ❝♦♥str✉❝t✐♦♥ ❝♦st ❛♥❞ ❡♥❤❛♥❝❡ ♣♦✇❡r ❞❡♥s✐t②✳ ❍♦✇❡✈❡r✱

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

❡①♣❡r✐❡♥❝❡ ❤✐❣❤ ❢r❡q✉❡♥❝② ✢✉❝t✉❛t✐♥❣ ✈♦❧t❛❣❡✱ ✇❤✐❝❤ ❝❛♥ ❧❡❛❞ t♦ ✉♥❝♦♥tr♦❧❧❛❜❧❡ ❧❡✈❡❧ ♦❢

❣r♦✉♥❞ ❧❡❛❦❛❣❡ ❝✉rr❡♥ts✳

❆ ♠♦❞✉❧❛r s②st❡♠ t❤❛t ♣❡r❢♦r♠s ❜♦t❤ ❜❛tt❡r② ❝❡❧❧✲❧❡✈❡❧ ❜❛❧❛♥❝✐♥❣ ❛♥❞ ❞❝✲❞❝ ❝♦♥✈❡rs✐♦♥

t♦ s✉♣♣❧② ❛ ❧♦✇✲✈♦❧t❛❣❡ ❜✉s ✐s ♣r♦♣♦s❡❞ ✐♥ ❬✻❪✳ ❚❤❡ ❝❛s❝❛❞❡❞ s②st❡♠ s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✳✸

✐s ❜❛s❡❞ ♦♥ ❛ s❡r✐❡s✲✐♥♣✉t ♣❛r❛❧❧❡❧✲♦✉t♣✉t ❛r❝❤✐t❡❝t✉r❡ ♦❢ ❧♦✇ ✈♦❧t❛❣❡✱ ❧♦✇ ♣♦✇❡r ❞❝✲❞❝

❝♦♥✈❡rt❡rs✳ ❇❛tt❡r② ❝❡❧❧s ❛r❡ ❝♦♥♥❡❝t❡❞ ❞✐r❡❝t❧② ✐♥ s❡r✐❡s ✐♥ t❤✐s s②st❡♠✱ t❤✉s ❡❧✐♠✐♥❛t✐♥❣

t❤❡ ♣r♦❜❧❡♠ ♦❢ ❣r♦✉♥❞ ❧❡❛❦❛❣❡ ❝✉rr❡♥t ❞✉❡ t♦ ❤✐❣❤ ❢r❡q✉❡♥❝② ✢✉❝t✉❛t✐♥❣ ♣♦t❡♥t✐❛❧✳ ❚❤❡

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

s❤❛r✐♥❣ ❜❡t✇❡❡♥ t❤❡ ❝❡❧❧s ❛♥❞ t❤❡ ❜✉s t♦ ❛❝❤✐❡✈❡ ❜❛tt❡r② ❜❛❧❛♥❝✐♥❣✳ ❍♦✇❡✈❡r✱ t❤✐s s②st❡♠

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

t♦ ❜❡ ✉t✐❧✐③❡❞ ❛s ❛ ♣♦✇❡r ♣r♦❝❡ss✐♥❣ ❝♦♥✈❡rt❡r ❢♦r ❊❱ ♦r ❉● ❛♣♣❧✐❝❛t✐♦♥s✳

CK

+
vin1_

Cellin1 Isolated

dc-dc

+
vin2_

Cellin2 Isolated

dc-dc

+
vinK_

CellinK Isolated

dc-dc

+
vLV,dc

_

+

vHV,dc

_

❋✐❣✉r❡ ✶✳✸✿ ❆❝t✐✈❡ ❇❛❧❛♥❝✐♥❣ ❙②st❡♠ ❢♦r ❊❧❡❝tr✐❝ ❱❡❤✐❝❧❡s ✇✐t❤ ■♥❝♦r♣♦r❛t❡❞ ▲♦✇ ❱♦❧t❛❣❡

❇✉s✳

■t ✐s ❡✈✐❞❡♥t ❢r♦♠ t❤❡ ❛❜♦✈❡ ❞✐s❝✉ss✐♦♥ t❤❛t t❤❡ ❡①✐st✐♥❣ ♠✉❧t✐✲♣♦rt ❞❝✲❞❝ t♦♣♦❧♦❣✐❡s

❛r❡ ✐♥❛❞❡q✉❛t❡ ✐♥ ❛❞❞r❡ss✐♥❣ s♦♠❡ ♦❢ t❤❡ ♠♦st ✐♠♣♦rt❛♥t ♦♣❡♥ ❝❤❛❧❧❡♥❣❡s ✐♥ ❊❱ ❛♥❞ ❉●

❛♣♣❧✐❝❛t✐♦♥s✳ ▼♦r❡ s♣❡❝✐✜❝❛❧❧②✱ t❤❡r❡ ❧❛❝❦s ❛♥ ❡✣❝✐❡♥t ❛♥❞ ❡❝♦♥♦♠✐❝❛❧ ♠✉❧t✐✲♣♦rt ♣♦✇❡r
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♣r♦❝❡ss✐♥❣ ❝♦♥✈❡rt❡r t❤❛t ✐s ❝❛♣❛❜❧❡ ♦❢ ✐♥t❡r❢❛❝✐♥❣ ❡♥❡r❣② st♦r❛❣❡ ✇✐t❤ ❤✐❣❤ ✈♦❧t❛❣❡ ❞❝

❜✉s ❛s ✇❡❧❧ ❛s ♣❡r❢♦r♠✐♥❣ ❦❡② ❢✉♥❝t✐♦♥❛❧ r❡q✉✐r❡♠❡♥ts s✉❝❤ ❛s ❜❛tt❡r② ❝❡❧❧ ❜❛❧❛♥❝✐♥❣✳ ❚❤❡

✐ss✉❡ ♦❢ ❣r♦✉♥❞ ❧❡❛❦❛❣❡ ❝✉rr❡♥t ✐♥ ♥♦♥✲✐s♦❧❛t❡❞ ♠✉❧t✐✲♣♦rt t♦♣♦❧♦❣✐❡s ❢✉rt❤❡r ❝♦♠♣❧✐❝❛t❡s

t❤❡ ❝♦♥✈❡rt❡r ❞❡s✐❣♥✱ ♠❛❦✐♥❣ t❤❡ r❡s❡❛r❝❤ ♦❢ s✉✐t❛❜❧❡ ♣♦✇❡r ♣r♦❝❡ss✐♥❣ ❝♦♥✈❡rt❡rs ✐♥ ❊❱

❛♥❞ ❉● ❛ ✇♦rt❤② ❝❤❛❧❧❡♥❣❡✳

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

♠✉❧t✐✲♣♦rt ❞❝✲❞❝ ❝♦♥✈❡rt❡r ✇✐t❤ ❧✐♠✐t❡❞ ❣r♦✉♥❞ ❧❡❛❦❛❣❡ ❝✉rr❡♥t ❛♥❞ ❧♦✇ s✇✐t❝❤✐♥❣ r✐♣♣❧❡

t❤❛t ❝❛♥ ❜❡ ✉s❡❞ ❛s ❛ ♣♦✇❡r ♣r♦❝❡ss✐♥❣ ❝♦♥✈❡rt❡r ❛♥❞ ♣❡r❢♦r♠ ❢❛st ❜❛tt❡r② ✈♦❧t❛❣❡

❜❛❧❛♥❝✐♥❣ ✐♥ ❛♥ ❡♥❡r❣② st♦r❛❣❡ s②st❡♠✳

✶✳✸ ❚❤❡s✐s ❖✉t❧✐♥❡

❚❤❡ t❤❡s✐s ♦✉t❧✐♥❡ ✐s ❛s ❢♦❧❧♦✇s✿

■♥ ❈❤❛♣t❡r ✷✱ ❛ ♠♦❞✉❧❛r ❝♦♥✈❡rt❡r t♦♣♦❧♦❣② ❛❧♦♥❣ ✇✐t❤ ✐ts ✈❛r✐❛♥ts ❛r❡ ♣r♦♣♦s❡❞ ❛s

s♦❧✉t✐♦♥s t♦ ❛ ❧✐st ♦❢ ❞❡s✐❣♥ ♦❜❥❡❝t✐✈❡s✳ ❚❤❡ ❝❛s❝❛❞❡❞ ❝♦♥✜❣✉r❛t✐♦♥ ✐s ❞✐s❝✉ss❡❞ ✐♥ ❈❤❛♣t❡r

✻ ❛s ❛ s❡♣❛r❛t❡ t♦♣✐❝✳

■♥ ❈❤❛♣t❡r ✸✱ ❛❢t❡r ♦❜t❛✐♥✐♥❣ t❤❡ ❝♦♥✈❡rt❡r st❡❛❞② st❛t❡ ✐♥♣✉t✲♦✉t♣✉t r❡❧❛t✐♦♥s❤✐♣✱

❛♥ ✐♥t❡r❧❡❛✈❡❞ s✇✐t❝❤✐♥❣ str❛t❡❣② ✐s ♣r♦♣♦s❡❞ t♦ ❡♥❤❛♥❝❡ t❤❡ s✇✐t❝❤✐♥❣ r✐♣♣❧❡ r❡❞✉❝t✐♦♥

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

■♥ ❈❤❛♣t❡r ✹✱ t❤❡ ❞②♥❛♠✐❝ ♠♦❞❡❧ ♦❢ t❤❡ ❝♦♥✈❡rt❡r ✐s ❞❡r✐✈❡❞✱ ❛♥❞ ❛ ❝♦♥tr♦❧ ❛❧❣♦r✐t❤♠

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

❝♦♥tr♦❧ ❝❤❛❧❧❡♥❣❡s✳

■♥ ❈❤❛♣t❡r ✺✱ ❛ ❝❛s❡ st✉❞② ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ ❝❧❛ss✐❝❛❧

❝❛s❝❛❞❡❞ ❜✉❝❦ ❝♦♥✈❡rt❡r ✐s ❝♦♥❞✉❝t❡❞ ❛♥❞ s✉♣♣♦rt❡❞ ✇✐t❤ ❜♦t❤ s✐♠✉❧❛t✐♦♥ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧

r❡s✉❧ts✳

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

s❡❧❡❝t❡❞ ❢♦r ❝♦♥tr♦❧ ❞❡s✐❣♥✳ ❚❤❡ ❝♦♥tr♦❧ ❛❧❣♦r✐t❤♠ ✐s ❢✉rt❤❡r ✈❡r✐✜❡❞ ✇✐t❤ s✐♠✉❧❛t✐♦♥

r❡s✉❧ts✳
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Pr♦♣♦s❡❞ ❈♦♥✈❡rt❡r ❚♦♣♦❧♦❣②

✷✳✶ ❉❡s✐❣♥ ❖❜❥❡❝t✐✈❡s

■t ✐s r❡❝♦❣♥✐③❡❞ t❤❛t t❤❡r❡ ❛r❡ ♠❛♥② ♦♣❡♥ ❝❤❛❧❧❡♥❣❡s ✐♥ ♠✉❧t✐✲♣♦rt ❞❝✲❞❝ ❝♦♥✈❡rt❡r r❡s❡❛r❝❤

t❤❛t r❡q✉✐r❡ ❛tt❡♥t✐♦♥ ✇❤✐❧❡ ♠❛♥② r❡q✉✐r❡♠❡♥ts ❝❛♥♥♦t ❜❡ s❛t✐s✜❡❞ s✐♠✉❧t❛♥❡♦✉s❧②✳ ❚❤✐s

r❡s❡❛r❝❤ ✇✐❧❧ ❢♦❝✉s ♦♥ ❜r✐♥❣✐♥❣ ❛ s♦❧✉t✐♦♥ t♦ s♦♠❡ ♦❢ t❤❡ ♣r❛❝t✐❝❛❧ ❝❤❛❧❧❡♥❣❡s ✐♥ ❉● ❛♥❞

❊❱ ❛♣♣❧✐❝❛t✐♦♥s ❞✐s❝✉ss❡❞ ✐♥ t❤❡ ✐♥tr♦❞✉❝t♦r② ❝❤❛♣t❡r✳ ■t ✐s ❞❡❝✐❞❡❞ ✐♥ t❤❡ ❡❛r❧② st❛❣❡s

♦❢ t❤❡ r❡s❡❛r❝❤ t❤❛t t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r t♦♣♦❧♦❣② s❤♦✉❧❞ ❜❡✿

❼ ▼♦❞✉❧❛r ❛♥❞ ❝❛♥ ❜❡ ❡①t❡♥❞❡❞ t♦ ❛ ♠✉❧t✐✲✐♥♣✉t s✐♥❣❧❡✲♦✉t♣✉t ❝♦♥✈❡rt❡r❀

❼ ❈❛♣❛❜❧❡ ♦❢ ♠❛♥❛❣✐♥❣ ♣♦✇❡r s❤❛r✐♥❣ ✐♥❞❡♣❡♥❞❡♥t❧② ❛♠♦♥❣ ✐♥♣✉t ♣♦rts❀

❼ ❈❛♣❛❜❧❡ ♦❢ ❜✐❞✐r❡❝t✐♦♥❛❧ ♣♦✇❡r tr❛♥s❢❡r ❢r♦♠ ✐♥♣✉t ♣♦rts t♦ t❤❡ ♦✉t♣✉t ♣♦rt❀

❼ ❈❛♣❛❜❧❡ ♦❢ ❧✐♠✐t✐♥❣ ❤✐❣❤ ❢r❡q✉❡♥❝② ❣r♦✉♥❞ ❧❡❛❦❛❣❡ ❝✉rr❡♥t❀ ❛♥❞

❼ ❍✐❣❤❧② ❡✣❝✐❡♥t ✇✐t❤ r❡❞✉❝❡❞ ✜❧t❡r r❡q✉✐r❡♠❡♥t✱ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❝❛s❝❛❞❡❞ ❜✉❝❦

❝♦♥✈❡rt❡r ♦❢ ❋✐❣✳ ✶✳✶✳

❚❤❡ ❛❜♦✈❡ ✜✈❡ ❞❡s✐❣♥ ♦❜❥❡❝t✐✈❡s ❛r❡ ❡s♣❡❝✐❛❧❧② ✐♠♣♦rt❛♥t ❢♦r ❛ ❜❛tt❡r② ♠❛♥❛❣❡♠❡♥t

s②st❡♠✳ ▼♦r❡ s♣❡❝✐✜❝❛❧❧②✱ ❛ ♠♦❞✉❧❛r str✉❝t✉r❡ ❛❧❧♦✇s ✢❡①✐❜✐❧✐t② ✐♥ ❞❡s✐❣♥✐♥❣ t♦t❛❧ ✐♥♣✉t

❜❛tt❡r② ✈♦❧t❛❣❡ ❧❡✈❡❧ ✇❤✐❧❡ ✐♥❞❡♣❡♥❞❡♥t ♣♦✇❡r s❤❛r✐♥❣ ♠❛♥❛❣❡♠❡♥t ❝❛♥ s❛t✐s❢② ❢✉♥❝t✐♦♥❛❧

r❡q✉✐r❡♠❡♥ts s✉❝❤ ❛s ❜❛tt❡r② ✈♦❧t❛❣❡ ❜❛❧❛♥❝✐♥❣ ♦r ❢❛✉❧t ❜②♣❛ss✐♥❣✳ ❇✐❞✐r❡❝t✐♦♥❛❧ ♣♦✇❡r

tr❛♥s❢❡r ✐s ❡ss❡♥t✐❛❧ t♦ ❝❤❛r❣❡ ❛♥❞ ❞✐s❝❤❛r❣❡ t❤❡ ❜❛tt❡r✐❡s✳ ▲✐♠✐t✐♥❣ ❣r♦✉♥❞ ❧❡❛❦❛❣❡ ❝✉rr❡♥t

♥♦t ♦♥❧② r❡❞✉❝❡s s❛❢❡t② ❤❛③❛r❞s s✉❝❤ ❛s ❡❧❡❝tr✐❝ s❤♦❝❦ ❜✉t ❛❧s♦ r❡❞✉❝❡s ♣♦✇❡r ❧♦ss✳ ❋✐♥❛❧❧②✱

❛ ❤✐❣❤❧② ❡✣❝✐❡♥t ❝♦♥✈❡rt❡r ✇✐t❤ r❡❞✉❝❡❞ ✜❧t❡r r❡q✉✐r❡♠❡♥t ❤❡❧♣s r❡❞✉❝❡ t❤❡ ❝♦st ❛♥❞ s✐③❡

♦❢ t❤❡ ❝♦♥✈❡rt❡r ❛♥❞ ✐♠♣r♦✈❡s t❤❡ ❧✐❢❡ ❛♥❞ ❡❝♦♠♦♥② ♦❢ ❛ ❜❛tt❡r② s②st❡♠✳

✼



❈❤❛♣t❡r ✷✳ Pr♦♣♦s❡❞ ❈♦♥✈❡rt❡r ❚♦♣♦❧♦❣② ✽

✷✳✷ Pr♦♣♦s❡❞ ❚♦♣♦❧♦❣②

❚♦ ❝♦♥❝❡✐✈❡ ❛ ❤✐❣❤❧② ❡✣❝✐❡♥t ♠♦❞✉❧❛r ❝♦♥✈❡rt❡r ✇✐t❤ r❡❞✉❝❡❞ ✜❧t❡r r❡q✉✐r❡♠❡♥t✱ ✐t ✐s

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

♣♦rts✳ ❆ ❞♦✉❜❧❡✲✐♥♣✉t s✐♥❣❧❡✲♦✉t♣✉t ❣❡♥❡r❛❧ str✉❝t✉r❡ ✐s ♦♥❡ ♦❢ t❤❡ s✐♠♣❧❡st str✉❝t✉r❡s

t❤❛t ❛❧❧♦✇s ❢♦r ✜❧t❡r s❤❛r✐♥❣ ❞❡s✐❣♥ ❛♥❞ ✐s t❤❡r❡❢♦r❡ ❝❤♦s❡♥ ❛s t❤❡ ❜❛s❡ str✉❝t✉r❡ t♦ ❞❡s✐❣♥

t❤❡ ♠✉❧t✐✲♣♦rt ♠♦❞✉❧❛r ❝♦♥✈❡rt❡r✳

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

❝♦♥✈❡rt❡r ❤❛s t✇♦ ✐♥♣✉t ♣♦rts v1 ❛♥❞ v2✱ ❛♥❞ ♦♥❡ ♦✉t♣✉t ♣♦rt v3✳ ❚✇♦ ♣❛✐rs ♦❢ ❝♦♠♣❧❡♠❡♥t❛r②

s✇✐t❝❤❡s ❛r❡ ❡♠♣❧♦②❡❞✿ ✶✮ S1a✱ S1b ❛♥❞ ✷✮ S2a✱ S2b✱ ❝♦♥♥❡❝t❡❞ ✈✐❛ ❛ s✐♥❣❧❡ ✐♥t❡r❢❛❝❡

✐♥❞✉❝t♦r✳ ❙✇✐t❝❤❡s S1b ❛♥❞ S2a ❛r❡ ❛❝t✐✈❡ s✇✐t❝❤❡s✳ ❙✇✐t❝❤❡s S1a ❛♥❞ S2b ♠❛② ❜❡

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

❛❝t✐✈❡ s✇✐t❝❤❡s t♦ ❡♥❛❜❧❡ ❜✐❞✐r❡❝t✐♦♥❛❧ ♣♦✇❡r ❝♦♥✈❡rs✐♦♥✳ ❆♥ ✐♥t❡r❧❡❛✈❡❞ ♣❛✐r ♦❢ ❝❛♣❛❝✐t♦rs✱

C3a ❛♥❞ C3b✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✶✱ s✐♠✉❧t❛♥❡♦✉s❧② ♣r♦✈✐❞❡ ♦✉t♣✉t ✜❧t❡r✐♥❣ ❛♥❞ ✜❧t❡r✐♥❣ ♦❢

t❤❡ r❡❢❡r❡♥❝❡ ✈♦❧t❛❣❡ vn1 t♦ ❣r♦✉♥❞✳ ❍❡♥❝❡✱ t❤❡ s✐③✐♥❣ ♦❢ ❝❛♣❛❝✐t♦rs C3a ❛♥❞ C3b ♣r♦✈✐❞❡s

❛ ❞✐r❡❝t ♠❡❝❤❛♥✐s♠ ❢♦r ♠✐t✐❣❛t✐♥❣ ❤✐❣❤ ❢r❡q✉❡♥❝② ❣r♦✉♥❞ ❝✉rr❡♥ts t❤❛t ♠✐❣❤t ♦t❤❡r✇✐s❡

✢♦✇ t❤r♦✉❣❤ ♣❛r❛s✐t✐❝ ❝❛♣❛❝✐t❛♥❝❡s t❤❛t ❡①✐st ❜❡t✇❡❡♥ t❤❡ ✢♦❛t✐♥❣ ❞❝ ❡♥❡r❣② s♦✉r❝❡s ❛♥❞

❣r♦✉♥❞✳
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+
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+vn1
_

C1

I1

I2

C2

❋✐❣✉r❡ ✷✳✶✿ Pr♦♣♦s❡❞ ❜✐❞✐r❡❝t✐♦♥❛❧ ♠✉❧t✐✲♣♦rt ❞❝✲❞❝ ❝♦♥✈❡rt❡r✳

❖♥❡ ♦❢ t❤❡ ❦❡② ❢❡❛t✉r❡s ♦❢ t❤❡ ♣r♦♣♦s❡❞ t♦♣♦❧♦❣② ✐s t❤❡ ✐♥t❡r❢❛❝✐♥❣ ✐♥❞✉❝t♦r L ✢❛♥❦❡❞

❜② t❤❡ t✇♦ ♣❛✐rs ♦❢ ❝♦♠♣❧❡♠❡♥t❛r② s✇✐t❝❤❡s✳ ■t ✐s s❤❛r❡❞ ❛♠♦♥❣ ❛❧❧ s✇✐t❝❤✐♥❣ st❛t❡s ❛♥❞

♣r♦✈✐❞❡s ❡♥❡r❣② tr❛♥s❢❡r ❛♥❞ ❝✉rr❡♥t ✜❧t❡r✐♥❣ s✐♠✉❧t❛♥❡♦✉s❧②✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡

♣❧❛❝❡♠❡♥t ♦❢ ❝❛♣❛❝✐t♦rs C3a ❛♥❞ C3b ♣r♦✈✐❞❡s ❡♥❤❛♥❝❡❞ ✜❧t❡r✐♥❣ ♦❢ ❜♦t❤ ♦✉t♣✉t ✈♦❧t❛❣❡



❈❤❛♣t❡r ✷✳ Pr♦♣♦s❡❞ ❈♦♥✈❡rt❡r ❚♦♣♦❧♦❣② ✾

v3 ❛♥❞ t❤❡ r❡❢❡r❡♥❝❡ ✈♦❧t❛❣❡ vn1 t♦ ❣r♦✉♥❞ ❢♦r ❛ ❣✐✈❡♥ ❝❛♣❛❝✐t♦r s✐③❡ ❛♥❞ ✈♦❧t❛❣❡ r❛t✐♥❣✳

❉✉❡ t♦ t❤❡ ✐♥t❡r❧❡❛✈❡❞ ♣❧❛❝❡♠❡♥t ♦❢ ❝❛♣❛❝✐t♦rs✱ t❤❡ ❡q✉✐✈❛❧❡♥t ♦✉t♣✉t ❝❛♣❛❝✐t♦r Cout ❝❛♥

❜❡ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ✭✷✳✶✮✳ ✭✷✳✷✮ ❛♥❞ ✭✷✳✸✮ s❤♦✇ t❤❡ ❞❝ ✈♦❧t❛❣❡ r❛t✐♥❣ ❢♦r C3a ❛♥❞ C3b ✐♥

t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r✳

Cout = (C3a//C2) + (C3b//C1) ✭✷✳✶✮

VC3a = V3 − V2 ✭✷✳✷✮

VC3b = V3 − V1 ✭✷✳✸✮

❚❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ❤❛s r❡❞✉❝❡❞ ❡♥❡r❣② st♦r❛❣❡ r❡q✉✐r❡♠❡♥ts ✇❤❡♥ ❝♦♠♣❛r❡❞ t♦

t❤❡ ♠❛❥♦r✐t② ♦❢ ♦t❤❡r ❞♦✉❜❧❡✲✐♥♣✉t s✐♥❣❧❡✲♦✉t♣✉t t♦♣♦❧♦❣✐❡s ✐♥ ❬✽❪✳ ■t s❤♦✉❧❞ ❜❡ ♥♦t❡❞

t❤❛t t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ♠♦❞✉❧❡ ❝❛♥ ❜❡ ❡①♣❛♥❞❡❞ t♦ ❛ ✭2K + 1✮✲♣♦rt ❝♦♥✈❡rt❡r ❜②

❝❛s❝❛❞✐♥❣ ✇✐t❤ ✐ts❡❧❢✳ ❚❤❡ ❝❛s❝❛❞❡❞ ❝♦♥✜❣✉r❛t✐♦♥ ✇✐❧❧ ❜❡ ❞✐s❝✉ss❡❞ ✐♥ ❈❤❛♣t❡r ✻✳

✷✳✸ ❱❛r✐❛♥ts ❛♥❞ ❈♦♠♣❛r✐s♦♥

❚❤❡ ♣❧❛❝❡♠❡♥t ♦❢ t❤❡ ❝❛♣❛❝✐t♦rs C3a ❛♥❞ C3b ❝❛♥ ❜❡ ❝❤❛♥❣❡❞ t♦ ❞❡r✐✈❡ t♦♣♦❧♦❣✐❝❛❧ ✈❛r✐❛♥ts

♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ♠♦❞✉❧❡✳ ❋♦r ❡①❛♠♣❧❡✱ C3a ❛♥❞ C3b ❝❛♥ ❜❡ ♠♦✈❡❞ t♦ t❤❡ ♦✉t♣✉t

♣♦rt V3 t♦ ❢♦r♠ ❛ s✐♥❣❧❡ ♦✉t♣✉t ❝❛♣❛❝✐t♦r C3 ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✷✳

+
v2

S2a

S2b

_

+
v1

S1a

S1b

_

L

+
v3
_

C3

Inputs Output

I3

+vn2
_

IL

+vn1
_

C1

I1

I2

C2

❋✐❣✉r❡ ✷✳✷✿ ❱❛r✐❛♥t ✶ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ✇✐t❤ ❛ s✐♥❣❧❡ ♦✉t♣✉t ❝❛♣❛❝✐t♦r✳

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

❝❛♣❛❝✐t♦rs C3a ❛♥❞ C3b t♦ ❛ s✐♥❣❧❡ ❝❛♣❛❝✐t♦r C3 ❛♥❞ ♣❧❛❝❡❞ ❜❡t✇❡❡♥ t❤❡ ✐♥♣✉t ♣♦rts ❛s



❈❤❛♣t❡r ✷✳ Pr♦♣♦s❡❞ ❈♦♥✈❡rt❡r ❚♦♣♦❧♦❣② ✶✵

s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✸✳ ■♥ t❤✐s ❝❛s❡✱ t❤❡ ❡q✉✐✈❛❧❡♥t ♦✉t♣✉t ❝❛♣❛❝✐t♦r Cout ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞

❢r♦♠ ✭✷✳✹✮✳ ❚❤❡ ❞❝ ✈♦❧t❛❣❡ r❛t✐♥❣ ❢♦r C3 ✐s s❤♦✇♥ ✐♥ ✭✷✳✺✮✳

Cout = C3//C2//C1 ✭✷✳✹✮

VC3 = V3 − V1 − V2 ✭✷✳✺✮

+
v2

S2a

S2b

_

+
v1

S1a

S1b

_

L

+
v3
_

C3

Inputs Output

I3

+vn2
_

IL

+vn1
_

C1

I1

I2

C2

❋✐❣✉r❡ ✷✳✸✿ ❱❛r✐❛♥t ✷ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ✇✐t❤ ❛ ❝❡♥tr❛❧❧② ♣❧❛❝❡❞ s✐♥❣❧❡ ♦✉t♣✉t

❝❛♣❛❝✐t♦r✳

■♥ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ❛♥❞ ✐ts ✈❛r✐❛♥ts✱ ✐♥♣✉t ♣♦rts V1 ❛♥❞ V2 ❛r❡ t②♣✐❝❛❧❧②

❝♦♥♥❡❝t❡❞ t♦ ❜❛tt❡r✐❡s✳ ❈♦♥s❡q✉❡♥t❧②✱ C1 ❛♥❞ C2 ❛r❡ ❞♦♠✐♥❛t❡❞ ❜② t❤❡ ❜❛tt❡r② ❝❛♣❛❝✐t❛♥❝❡✱

✇❤✐❝❤ ✐s s✐❣♥✐✜❝❛♥t❧② ❧❛r❣❡r t❤❛♥ t❤❡ ✜❧t❡r ❝❛♣❛❝✐t♦r✳ ❆s ❛ r❡s✉❧t✱ ❡q✉✐✈❛❧❡♥t ♦✉t♣✉t

❝❛♣❛❝✐t♦rs ❢♦r t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ❛♥❞ t❤❡ ✈❛r✐❛♥t ✷ s❤♦✇♥ ❜❡❢♦r❡ ❝❛♥ ❜❡ ❛♣♣r♦①✐♠❛t❡❞

❛s ✭✷✳✻✮ ❛♥❞ ✭✷✳✼✮✱ r❡s♣❡❝t✐✈❡❧②✳

Cout,proposed = C3a + C3b ✭✷✳✻✮

Cout,variant 2 = C3 ✭✷✳✼✮

■❢ ✇❡ ❝❛♥ ❛ss✉♠❡ ❜♦t❤ ✐♥♣✉ts ❤❛✈❡ ✈♦❧t❛❣❡ V ✱ ✐t ✐s ❡✈✐❞❡♥t t❤❛t t❤❡ ♦✉t♣✉t ♣♦rt ✈♦❧t❛❣❡

V3 ❤❛s t❤❡ r❛♥❣❡ s❤♦✇♥ ✐♥ ✭✷✳✽✮✳

V3 = [0, 2V ] ✭✷✳✽✮

❚❛❜❧❡ ✷✳✶ ❝♦♠♣❛r❡s t❤❡ ❝❛♣❛❝✐t♦r ♣❧❛❝❡♠❡♥ts ❜❡t✇❡❡♥ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ❛♥❞ ✐ts



❈❤❛♣t❡r ✷✳ Pr♦♣♦s❡❞ ❈♦♥✈❡rt❡r ❚♦♣♦❧♦❣② ✶✶

✈❛r✐❛♥ts✳ ■t ❝❛♥ ❜❡ s❡❡♥ t❤❡ ♣r♦♣♦s❡❞ ❝❛♣❛❝✐t♦r ❝♦♥✜❣✉r❛t✐♦♥ ❤❛s t❤❡ ❧♦✇❡st ❝❛♣❛❝✐t♦r

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

♣r♦✈✐❞❡s ❛ ❞✐r❡❝t ❝❛♣❛❝✐t✐✈❡ ♣❛t❤ ❢r♦♠ t❤❡ r❡❢❡r❡♥❝❡ ♥♦❞❡ vn1 t♦ ❣r♦✉♥❞ ❛♥❞ ✐s ♥♦t

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

✢❡①✐❜✐❧✐t②✳

❱❛r✐❛♥t ✶ ❱❛r✐❛♥t ✷ Pr♦♣♦s❡❞

❈❛♣❛❝✐t♦r r❛t✐♥❣ ✷❱ ✷❱ ❱

❊q✉✐✈❛❧❡♥t Cout C3 C3 C3a✰C3b

❉✐r❡❝t ✜❧t❡r vn1 t♦ ❣♥❞ X

❚❛❜❧❡ ✷✳✶✿ ❈♦♠♣❛r✐s♦♥ ♦❢ ✈❛r✐♦✉s ❝❛♣❛❝✐t♦r ❝♦♥✜❣✉r❛t✐♦♥s✳



❈❤❛♣t❡r ✸

Pr✐♥❝✐♣❧❡ ♦❢ ❖♣❡r❛t✐♦♥

✸✳✶ ■♥♣✉t ❖✉t♣✉t ❘❡❧❛t✐♦♥s❤✐♣

❚❤❡ ♣r♦♣♦s❡❞ s✇✐t❝❤ ♠♦❞❡ ❝♦♥✈❡rt❡r ❝♦♥s✐sts ♦❢ ♦♥❡ ✐♥❞✉❝t♦r ❛♥❞ ❢♦✉r ❝❛♣❛❝✐t♦rs ❛♥❞ ✐s

❝♦♥tr♦❧❧❡❞ ❜② t✇♦ ♣❛✐rs ♦❢ ❝♦♠♣❧❡♠❡♥t❛r② s✇✐t❝❤❡s✱ ✇❤✐❝❤ ❝❛♥ ❛❧s♦ ❜❡ ❞❡s✐❣♥❡❞ t♦ ❤❛✈❡

❛r❜✐tr❛② ♣❤❛s❡ s❤✐❢t ✐♥ t❤❡✐r r❡s♣❡❝t✐✈❡ ❝❛rr✐❡rs✳ ❈♦♥s❡q✉❡♥t❧②✱ t❤❡ ♦r❞❡r ❛♥❞ ❞✉r❛t✐♦♥ ♦❢

t❤❡ s✇✐t❝❤✐♥❣ st❛t❡s ❢♦r t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ❞❡♣❡♥❞ ♦♥ t❤❡ s✇✐t❝❤✐♥❣ str❛t❡❣②✱ ♠❛❦✐♥❣

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

✈♦❧t❛❣❡ s❡❝♦♥❞ ❜❛❧❛♥❝✐♥❣ ✭■❱❙❇✮ ♠❡t❤♦❞ ❛♥❞ t❤❡ ❝❛♣❛❝✐t♦r ❝❤❛r❣❡ ❜❛❧❛♥❝✐♥❣ ✭❈❈❇✮

❡q✉❛t✐♦♥s✳ ❍♦✇❡✈❡r✱ ❛ ❝❧♦s❡r ❡①❛♠✐♥❛t✐♦♥ ♦❢ t❤❡ ✈❛r✐❛♥t ✶ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ✐♥

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

t❤❡✐r ♦✉t♣✉ts ❝♦♥♥❡❝t❡❞ t♦❣❡t❤❡r ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✸✳✶✳

+
v2

S2a

S2b

_

+

v1

S1b

S1a

_

L

C3
I3

+vn2
_

+ vn1
_

C1

I2

C2

+v3
_

I1

+
vx2
_

+
vx1
_

IL

+ vL
_

❋✐❣✉r❡ ✸✳✶✿ ❱❛r✐❛♥t ✶ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ✇✐t❤ ❛ s✐♥❣❧❡ ♦✉t♣✉t ❝❛♣❛❝✐t♦r s❤♦✇♥ ✐♥

❛ ❞✐✛❡r❡♥t ♣❡rs♣❡❝t✐✈❡✳

❈♦♥s❡q✉❡♥t❧②✱ t❤❡ ♦✉t♣✉t ♣♦rt ✈♦❧t❛❣❡ V3 ❝❛♥ ❜❡ ❢♦✉♥❞ ✇✐t❤ ✭✸✳✶✮✳

✶✷
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V3 =
1

Ts

∫

Ts

vx2 − vx1 − vL ✭✸✳✶✮

✇❤❡r❡
1

Ts

∫

Ts

vx2 = D2V2 ✭✸✳✷✮

1

Ts

∫

Ts

−vx1 = D1V1 ✭✸✳✸✮

1

Ts

∫

Ts

−vL = 0 ✭✸✳✹✮

❉✉t② ❝②❝❧❡ D1 ❝♦♥tr♦❧s t❤❡ ♣❡r❝❡♥t❛❣❡ ♦♥✲t✐♠❡ ♦❢ s✇✐t❝❤ S1b✱ ❛♥❞ D2 ❝♦♥tr♦❧s s✇✐t❝❤

S2a✳ ❙✐♠✐❧❛r❧②✱ t❤❡ ❝✉rr❡♥t r❡❧❛t✐♦♥s❤✐♣ ❝❛♥ ❜❡ ❢♦✉♥❞ ✉s✐♥❣ ✭✸✳✺✮ ❛♥❞ ✭✸✳✻✮✱ ✇❤❡r❡ t❤❡

❛✈❡r❛❣❡ ❝❛♣❛❝✐t♦r ❝✉rr❡♥ts ❛r❡ ❛❧❧ ③❡r♦✳

I3 =
1

Ts

∫

Ts

iL ✭✸✳✺✮

1

Ts

∫

Ts

iL =
I1
D1

=
I2
D2

✭✸✳✻✮

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

✐s s❤♦✇♥ ✐♥ ✭✸✳✼✮ ❛♥❞ ✭✸✳✽✮✳

V3 = D1V1 +D2V2 ✭✸✳✼✮

I3 =
I1
D1

=
I2
D2

✭✸✳✽✮

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

❢♦r t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ❛♥❞ ✐ts ✈❛r✐❛♥t ✷✳ ❈♦♥s❡q✉❡♥t❧②✱ t❤❡ s❛♠❡ ❞❝ ✐♥♣✉t✲♦✉t♣✉t

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

❚♦ s✐♠♣❧✐❢② t❤❡ ❞✐s❝✉ss✐♦♥✱ ✈❛r✐❛♥t ✶ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ✇✐t❤ ❛ s✐♥❣❧❡ ♦✉t♣✉t

❝❛♣❛❝✐t♦r ✐s ✉s❡❞ ❢♦r t❤❡ ❢♦❧❧♦✇✐♥❣ ❛♥❛❧②s✐s ♦❢ ✐♥t❡r❧❡❛✈❡❞ ❝♦♥tr♦❧✳ ■❱❙❇ ❛♥❛❧②s✐s ♦❢ t❤❡

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

✸✳✷ ■♥t❡r❧❡❛✈❡❞ ❈♦♥tr♦❧

❋✐❣✳ ✸✳✷ t♦ ✸✳✺ ✐❧❧✉str❛t❡ ❛❧❧ ❢♦✉r ♣♦ss✐❜❧❡ s✇✐t❝❤✐♥❣ st❛t❡s ❞✉❡ t♦ t❤❡ s✇✐t❝❤✐♥❣ s❡q✉❡♥❝❡

♦❢ t❤❡ t✇♦ ♣❛✐rs ♦❢ ❝♦♠♣❧❡♠❡♥t❛r② s✇✐t❝❤❡s✳
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+
v2

S2a

S2b

_

+
v1

S1a

S1b

_

C3
L

+
v3_+

vL

_

IL

C2

C1

❋✐❣✉r❡ ✸✳✷✿ ❙✇✐t❝❤✐♥❣ st❛t❡ ✶ ♦❢ ✈❛r✐❛♥t ✶ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r✳

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

s❤✐❢t ♦❢ t❤❡ ❝❛rr✐❡r s✐❣♥❛❧s ❢♦r t❤❡ t✇♦ ♣❛✐rs ♦❢ ❝♦♠♣❧❡♠❡♥t❛r② s✇✐t❝❤❡s✳ ❈♦♥s❡q✉❡♥t❧②✱

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

❝♦♥tr♦❧ t♦ r❡❞✉❝❡ ✐♥❞✉❝t♦r s✇✐t❝❤✐♥❣ r✐♣♣❧❡✳

+
v2

S2a

S2b
_

+
v1

S1a

S1b

_

C3
L

+
v3
_+

vL

_

IL

C1

C2

❋✐❣✉r❡ ✸✳✸✿ ❙✇✐t❝❤✐♥❣ st❛t❡ ✷ ♦❢ ✈❛r✐❛♥t ✶ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r✳
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+
v2

S2a

S2b
_

+
v1

S1a

S1b
_

C3
L

+
v3_+

vL

_

IL

C1

C2

❋✐❣✉r❡ ✸✳✹✿ ❙✇✐t❝❤✐♥❣ st❛t❡ ✸ ♦❢ ✈❛r✐❛♥t ✶ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r✳

+
v2

S2a

S2b
_

+
v1

S1a

S1b
_

C3
L

+
v3
_+

vL

_

IL

C1

C2

❋✐❣✉r❡ ✸✳✺✿ ❙✇✐t❝❤✐♥❣ st❛t❡ ✹ ✈❛r✐❛♥t ✶ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r✳

State 1 : vL = v2 − v3 ✭✸✳✾✮

State 2 : vL = v1 + v2 − v3 ✭✸✳✶✵✮

State 3 : vL = v1 − v3 ✭✸✳✶✶✮

State 4 : vL = −v3 ✭✸✳✶✷✮

■♥ ♦r❞❡r t♦ ✜♥❞ t❤❡ ❛♣♣r♦♣r✐❛t❡ ✐♥t❡r❧❡❛✈❡❞ s✇✐t❝❤✐♥❣ str❛t❡❣②✱ ✐t ✐s ✐♠♣♦rt❛♥t t♦

r❡✈✐❡✇ t❤❡ ✐♥t❡♥❞❡❞ ❝♦♥✈❡rt❡r ♦♣❡r❛t✐♦♥✳ ❚❤❡ ❝♦♥✈❡rt❡r ✐s ✐♥t❡♥❞❡❞ t♦ ❜❡ ✉s❡❞ ✐♥ ❛

❜❛tt❡r② ♠❛♥❛❣❡♠❡♥t s②st❡♠ t♦ r❡❣✉❧❛t❡ ❞❝ ♣♦✇❡r tr❛♥s❢❡r ❢r♦♠ ❜❛tt❡r② s♦✉r❝❡s t♦ ❤✐❣❤
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✈♦❧t❛❣❡ ❞❝ ❜✉s ❛s ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ ❉❡s✐❣♥ ❖❜❥❡❝t✐✈❡s ✐♥ ✷✳✶✳ ❇❡❝❛✉s❡ ❜❛tt❡r② ✈♦❧t❛❣❡

❜❛❧❛♥❝✐♥❣ ✐s ❛♥ ✐♠♣♦rt❛♥t r❡q✉✐r❡♠❡♥t ♦❢ s✉❝❤ ❛ s②st❡♠✱ ✐t ✐s r❡❛s♦♥❛❜❧❡ t♦ ❛ss✉♠❡ t❤❛t

t❤❡ ❞❡s✐r❡❞ ✈♦❧t❛❣❡ ❛♥❞ ♣♦✇❡r tr❛♥s❢❡r ❢♦r ❜♦t❤ t❤❡ ✐♥♣✉t ♣♦rts ✇✐❧❧ ❜❡ ✐❞❡♥t✐❝❛❧ ❞✉r✐♥❣

st❡❛❞② st❛t❡ ♦♣❡r❛t✐♦♥s✳ ❈♦♥s❡q✉❡♥t❧②✱ ✭✸✳✶✸✮ ❛♥❞ ✭✸✳✶✹✮ ❝❛♥ ❜❡ ❛ss✉♠❡❞ ✐♥ ❞❡s✐❣♥✐♥❣

t❤❡ s✇✐t❝❤✐♥❣ str❛t❡❣②✳

V1 = V2 = Vin ✭✸✳✶✸✮

D1 = D2 = D ✭✸✳✶✹✮

❚❤❡r❡❢♦r❡✱ t❤❡ ✐♥❞✉❝t♦r ❝✉rr❡♥t r❛t❡ ♦❢ ❝❤❛♥❣❡ ✇✐❧❧ ❜❡ t❤❡ s❛♠❡ ❢♦r ❜♦t❤ s✇✐t❝❤✐♥❣

st❛t❡s ✶ ❛♥❞ ✸ ✐♥ t❤❡ st❡❛❞② st❛t❡ ♦♣❡r❛t✐♦♥ ❛❝❝♦r❞✐♥❣ t♦ ✭✸✳✾✮ ❛♥❞ ✭✸✳✶✶✮✳ ■♥ ❝♦♥s❡q✉❡♥❝❡✱

✐♥ ♦r❞❡r t♦ r❡❞✉❝❡ t❤❡ ✐♥❞✉❝t♦r ❝✉rr❡♥t r✐♣♣❧❡✱ t❤❡ s✇✐t❝❤✐♥❣ str❛t❡❣② s❤♦✉❧❞ ❛❧❧♦✇ st❛t❡s

✶ ❛♥❞ st❛t❡ ✸ t♦ ❤❛✈❡ t❤❡ s❛♠❡ ❞✉r❛t✐♦♥ ❛♥❞ ❜❡ s❡♣❛r❛t❡❞ ❜② ♦t❤❡r s✇✐t❝❤✐♥❣ st❛t❡s t♦

❡♥s✉r❡ t❤❛t t❤❡ ♣❡❛❦ ✐♥❞✉❝t♦r ❝✉rr❡♥t r✐♣♣❧❡ ❛t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ st❛t❡s ✶ ❛♥❞ ✸ ✐s t❤❡

s❛♠❡✳ ❊✛❡❝t✐✈❡❧②✱ t❤✐s ❝❛✉s❡s t❤❡ ✐♥❞✉❝t♦r ❝✉rr❡♥t r✐♣♣❧❡ t♦ ❛♣♣❡❛r ❛t ❞♦✉❜❧✐♥❣ ♦❢ t❤❡

♣❤②s✐❝❛❧ s✇✐t❝❤✐♥❣ ❢r❡q✉❡♥❝② ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✸✳✻✳

t

Ts
0

X 1

iL

X 3 X 1

0.5Ts

Switching State

❋✐❣✉r❡ ✸✳✻✿ ❚❤❡ ✐♥❞✉❝t♦r ❝✉rr❡♥t ✇❛✈❡❢♦r♠ ❢♦r t❤❡ ✐♥t❡r❧❡❛✈❡❞ ❝♦♥tr♦❧ ♦❢ t❤❡ t✇♦ ♣❛✐rs ♦❢

❝♦♠♣❧❡♠❡♥t❛r② s✇✐t❝❤❡s✳

❇❡❝❛✉s❡ ❡❛❝❤ s✇✐t❝❤✐♥❣ st❛t❡ ❝♦rr❡s♣♦♥❞s t♦ ❛ s♣❡❝✐✜❝ s❡t ♦❢ s✇✐t❝❤ ❖◆✴❖❋❋ st❛t✉s✱

t❤❡ ❞❡s✐r❡❞ ❞✉t② ❝②❝❧❡ ✇❛✈❡❢♦r♠s ❢♦r D1 ❛♥❞ D2 ❝❛♥ ❜❡ ❞❡❞✉❝t❡❞ ❢r♦♠ ❋✐❣✳ ✸✳✻✳ ❚❤❡

❞❡s✐r❡❞ ❞✉t② ❝②❝❧❡ ✇❛✈❡❢♦r♠s ❛❧♦♥❣ ✇✐t❤ t❤❡ P❲▼ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳

✸✳✼✳
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❋✐❣✉r❡ ✸✳✼✿ ■♥t❡r❧❡❛✈❡❞ ❝♦♥tr♦❧ ♦❢ t❤❡ t✇♦ ♣❛✐rs ♦❢ ❝♦♠♣❧❡♠❡♥t❛r② s✇✐t❝❤❡s✳

❚✇♦ tr✐❛♥❣✉❧❛r ❝❛rr✐❡r s✐❣♥❛❧s ✇✐t❤ 180➦ ♣❤❛s❡ s❤✐❢t ❛r❡ ✉s❡❞ t♦ ❝♦♥tr♦❧ ❛♥❞ s②♥❝❤r♦♥✐③❡

s✇✐t❝❤❡s S1b ❛♥❞ S2a✳ ❚❤❡ s②♠♠❡tr✐❝❛❧ ❝❛rr✐❡r ❡♥s✉r❡s t❤❛t t❤❡ s✇✐t❝❤✐♥❣ st❛t❡s ✶ ❛♥❞ ✸

❤❛✈❡ t❤❡ s❛♠❡ ❞✉r❛t✐♦♥ ✐♥ t❤❡ st❡❛❞② st❛t❡ ♦♣❡r❛t✐♦♥✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ st❛t❡ ✷ ❛♣♣❡❛rs

✐♥ t❤❡ s✇✐t❝❤✐♥❣ s❡q✉❡♥❝❡ ✇❤❡♥ D ✐s ❣r❡❛t❡r t❤❛♥ ✵✳✺ ✇❤✐❧❡ st❛t❡ ✹ ❛♣♣❡❛rs ✇❤❡♥ t❤❡ ❞✉t②

❝②❝❧❡ ✐s ❧❡ss t❤❛♥ ✵✳✺✳ ✭✸✳✶✺✮ ❝♦♥✜r♠s ✇✐t❤ t❤❡ ■❱❙❇ ❛♥❛❧②s✐s t❤❛t t❤❡ ✈♦❧t❛❣❡ ❝♦♥✈❡rs✐♦♥

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

❢♦✉♥❞ ✐♥ ✭✸✳✼✮✳

< VL >Ts
=

1

Ts

(

∫

T2

(v1 + v2 − v3) +

∫

T1

(v2 − v3) +

∫

T2

(v1 + v2 − v3) +

∫

T3

(v1 − v3))

✭✸✳✶✺✮

= (
D

2
−

1−D

2
)(V1 + V2 − V3) + (1−D)(V1 − V3)

+ (
D

2
−

1−D

2
)(V1 + V2 − V3) + (1−D)(V2 − V3)

= DV1 +DV2 − V3

✸✳✸ ■❱❙❇ ❆♥❛❧②s✐s ♦❢ t❤❡ Pr♦♣♦s❡❞ ❈♦♥✜❣✉r❛t✐♦♥

❲✐t❤ t❤❡ ✐♥t❡r❧❡❛✈❡❞ ❝♦♥tr♦❧ ❛♥❞D ✐s ❣r❡❛t❡r t❤❛♥ ✵✳✺✱ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ❝♦♥✜❣✉r❛t✐♦♥

❤❛s t❤❡ ❢♦❧❧♦✇✐♥❣ t❤r❡❡ s✇✐t❝❤✐♥❣ st❛t❡s✿



❈❤❛♣t❡r ✸✳ Pr✐♥❝✐♣❧❡ ♦❢ ❖♣❡r❛t✐♦♥ ✶✽

+ S2a

S2b

_

S1a

S1b

L

C1

C2C3b

C3a

+

_

+

_

+

_

+

_

❋✐❣✉r❡ ✸✳✽✿ ❙✇✐t❝❤✐♥❣ st❛t❡ ✶ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r✳

+ S2a

S2b

_

S1a

S1b

L

C1

C2C3b

C3a

+

_

+

_

+

_

+

_

❋✐❣✉r❡ ✸✳✾✿ ❙✇✐t❝❤✐♥❣ st❛t❡ ✷ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r✳



❈❤❛♣t❡r ✸✳ Pr✐♥❝✐♣❧❡ ♦❢ ❖♣❡r❛t✐♦♥ ✶✾

+ S2a

S2b

_

S1a

S1b

L

C1

C2C3b

C3a

+

_

+

_

+

_

+

_

❋✐❣✉r❡ ✸✳✶✵✿ ❙✇✐t❝❤✐♥❣ st❛t❡ ✸ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r✳

State 1 : vL = −v3a ✭✸✳✶✻✮

State 2 : vL = v1 − v3a = v2 − v3b ✭✸✳✶✼✮

State 3 : vL = −v3b ✭✸✳✶✽✮

■❱❙❇ ❛♥❛❧②s✐s ✭✸✳✶✾✮ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ✇✐t❤ ✐♥t❡r❧❡❛✈❡❞ ❝❛♣❛❝✐t♦r ❝♦♥✜❣✉r❛t✐♦♥

❛❧s♦ ❝♦♥✜r♠s t❤❡ ❞❝ r❡❧❛t✐♦♥s❤✐♣✳

< VL >Ts
=

1

Ts

(

∫

T2

(v1 − v3a) +

∫

T1

(−v3a) +

∫

T2

(v2 − v3b) +

∫

T3

(−v3b)) ✭✸✳✶✾✮

= (
D

2
−

1−D

2
)(V1 − V3a) + (1−D)(−V3a)

+ (
D

2
−

1−D

2
)(V2 − V3b) + (1−D)(−V3b)

= DV1 +DV2 −
1

2
(V1 + V2 + V3a + V3b)

= DV1 +DV2 − Vout



❈❤❛♣t❡r ✹

❈♦♥tr♦❧ ❙tr❛t❡❣②

✹✳✶ ❚❤❡♦r❡t✐❝❛❧ ❈♦♥tr♦❧ ❉❡s✐❣♥

❚♦ ❜❡tt❡r ✉♥❞❡rst❛♥❞ t❤❡ ❞②♥❛♠✐❝ ❜❡❤❛✈✐♦✉r ❛♥❞ ❝♦♥tr♦❧ ❢♦r t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r✱ t❤❡

❧♦ss❧❡ss ❞②♥❛♠✐❝ ♠♦❞❡❧ ✐s ✜rst ❞❡r✐✈❡❞ ✉s✐♥❣ t❤❡ st❛t❡✲s♣❛❝❡ ❛✈❡r❛❣✐♥❣ t❡❝❤♥✐q✉❡ s❤♦✇♥

✐♥ ✭✹✳✶✮ t♦ ✭✹✳✸✮ ❢♦r t❤❡ ✈❛r✐❛♥t ✶ ✇✐t❤ ❛ s✐♥❣❧❡ ♦✉t♣✉t ❝❛♣❛❝✐t♦r✳

L
diL
dt

= (d1v1 + d2v2)− vout ✭✹✳✶✮

C1
dv1
dt

= −d1iL ✭✹✳✷✮

C2
dv2
dt

= −d2iL ✭✹✳✸✮

❚❤❡ ♦✉t♣✉t ❞②♥❛♠✐❝s ❛r❡ tr❡❛t❡❞ ❛s ❛ ❞✐st✉r❜❛♥❝❡ vout t♦ t❤❡ ❝♦♥tr♦❧ s②st❡♠ ❜❡❝❛✉s❡

t❤❡ ♦✉t♣✉t ♣♦rt ✈♦❧t❛❣❡ ✐s t②♣✐❝❛❧❧② r❡❣✉❧❛t❡❞ ❜② ❝♦♥♥❡❝t❡❞ s♦✉r❝❡s ♦r s❡♣❛r❛t❡ ❝♦♥✈❡rt❡rs✳

❈♦♥s✐❞❡r✐♥❣ t❤❡ ❝♦♥✈❡rt❡r ✐♥t❡♥❞❡❞ ❛♣♣❧✐❝❛t✐♦♥ ✐♥ ❜❛tt❡r② ♠❛♥❛❣❡♠❡♥t s②st❡♠s✱ t❤❡r❡ ❛r❡

t✇♦ ♠❛✐♥ ❝♦♥tr♦❧ ♦❜❥❡❝t✐✈❡s ❢♦r t❤❡ t②♣✐❝❛❧ ♦♣❡r❛t✐♦♥ ♦❢ t❤✐s ❝♦♥✈❡rt❡r✿

❼ ❘❡❣✉❧❛t✐♥❣ ♦✉t♣✉t ❝✉rr❡♥t❀ ❛♥❞

❼ ❇❛❧❛♥❝✐♥❣ ✐♥♣✉t ♣♦rt ✈♦❧t❛❣❡s✳

■t ✐s ♥♦t ✐♠♠❡❞✐❛t❡❧② ♦❜✈✐♦✉s ❤♦✇ t♦ ❛❝❤✐❡✈❡ t❤❡s❡ t✇♦ ❣♦❛❧s s✐♠✉❧t❛♥❡♦✉s❧② ✉s✐♥❣ t❤❡

❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s d1 ❛♥❞ d2 ❜❡❝❛✉s❡ ❝♦♥tr♦❧❧✐♥❣ t❤❡ t✇♦ ✐♥♣✉t ♣♦rt ✈♦❧t❛❣❡s ✐♥❞❡♣❡♥❞❡♥t❧②

✇❤✐❧❡ r❡❣✉❧❛t✐♥❣ t❤❡ ♦✉t♣✉t ❝✉rr❡♥t s❡❡♠s t♦ r❡q✉✐r❡ t❤r❡❡ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s✳ ❍♦✇❡✈❡r✱

❜❡❝❛✉s❡ t❤❡ ♦✉t♣✉t ✈♦❧t❛❣❡ ✐s r❡❣✉❧❛t❡❞ ❜② ❛♥ ❡①t❡r♥❛❧ s②st❡♠✱ t❤❡ ❛❝t✐♦♥ ♦❢ ❝♦♥tr♦❧❧✐♥❣

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

s❤♦✇♥ ✐♥ ✭✹✳✶✮✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ s❡❝♦♥❞ ♦❜❥❡❝t✐✈❡ ♦❢ ❜❛❧❛♥❝✐♥❣ t❤❡ ✐♥♣✉t ♣♦rt

✷✵



❈❤❛♣t❡r ✹✳ ❈♦♥tr♦❧ ❙tr❛t❡❣② ✷✶

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

♣♦rts✳ ■♥ ♦t❤❡r ✇♦r❞s✱ t♦ ❛❝❤✐❡✈❡ t❤❡ ❝♦♥tr♦❧ ♦❜❥❡❝t✐✈❡s ✐t ✐s r❡q✉✐r❡❞ t♦ ❝♦♥tr♦❧ t❤❡ s✉♠

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

❝♦♥tr♦❧ ❞❡s✐❣♥ t♦ ✉s❡ t❤❡ s✉♠ ❛♥❞ ❞✐✛❡r❡♥❝❡ ✈❛r✐❛❜❧❡s ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ❛s

s❤♦✇♥ ✐♥ ✭✹✳✹✮ t♦ ✭✹✳✼✮✳

vΣ = v1 + v2 ✭✹✳✹✮

v∆ = v1 − v2 ✭✹✳✺✮

dΣ =
d1 + d2

2
✭✹✳✻✮

d∆ =
d1 − d2

2
✭✹✳✼✮

❚♦ s✐♠♣❧✐❢② t❤❡ ❞②♥❛♠✐❝ ♠♦❞❡❧✱ ✐t ✐s ❛ss✉♠❡❞ t❤❛t t❤❡ ✐♥♣✉t ✜❧t❡r ❝❛♣❛❝✐t❛♥❝❡ C1 ❛♥❞

C2 ❛r❡ t❤❡ s❛♠❡ ❛♥❞ ❡q✉❛❧ t♦ C✳ ❚❤✐s ✐s ❛ r❡❛s♦♥❛❜❧❡ ❛ss✉♠♣t✐♦♥ ❛s ❜❛tt❡r✐❡s ♦❢ t❤❡ s❛♠❡

t②♣❡ ❛r❡ ♦❢t❡♥ ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ✐♥♣✉t ♣♦rts ❛♥❞ ❝♦♥s❡q✉❡♥t❧②✱ t❤❡ ✜❧t❡rs ❛r❡ ❛❧s♦ ❝❤♦s❡♥

t♦ ❜❡ t❤❡ s❛♠❡✳ ❚❤❡ tr❛♥s❢♦r♠❡❞ ❞②♥❛♠✐❝ ♠♦❞❡❧ ✉s✐♥❣ t❤❡ s✉♠ ❛♥❞ ❞✐✛❡r❡♥❝❡ ✈❛r✐❛❜❧❡s

✐s s❤♦✇♥ ✐♥ ✭✹✳✽✮ t♦ ✭✹✳✶✵✮✳

L
diL
dt

= dΣvΣ + d∆v∆ − vout ✭✹✳✽✮

C
dv∆
dt

= −2iLd∆ ✭✹✳✾✮

C
dvΣ
dt

= −2iLdΣ ✭✹✳✶✵✮

❇❡❝❛✉s❡ vΣ ✐s r❡❧❛t❡❞ t♦ t❤❡ ♦✉t♣✉t ♣♦rt ✈♦❧t❛❣❡ t❤r♦✉❣❤ t❤❡ ❞✉t② ❝②❧❡ ❝♦♠♠❛♥❞

dΣ✱ t❤❡r❡ ❛r❡ ♦♥❧② t✇♦ st❛t❡s ♦❢ ✐♥t❡r❡st ❢♦r t❤✐s ❝♦♥tr♦❧ s②st❡♠✱ ♥❛♠✐♥❣❧② t❤❡ ✐♥❞✉❝t♦r

❝✉rr❡♥t iL ❛♥❞ t❤❡ ✐♥♣✉t ✈♦❧t❛❣❡ ❞✐✛❡r❡♥❝❡ v∆✳ ❋✐❣✳ ✹✳✶ s❤♦✇s t❤❡ ❝♦♥tr♦❧❧❡r ❜❧♦❝❦

❞✐❛❣r❛♠s ♦❢ ✭✹✳✽✮ ❛♥❞ ✭✹✳✾✮ ✇✐t❤ t❤❡ ✐♥❝❧✉s✐♦♥ ♦❢ ♣❛r❛s✐❞✐❝ r❡s✐st❛♥❝❡ Resr✳ ❚❤❡ ❝✉rr❡♥t

❝♦♥tr♦❧❧❡r r❡❣✉❧❛t❡s t❤❡ ✐♥❞✉❝t♦r ❝✉rr❡♥t t♦ irefL ✱ ❛♥❞ t❤❡ ❞❡❧t❛ ❝♦♥tr♦❧❧❡r r❡❣✉❧❛t❡s t❤❡

✐♥♣✉t ✈♦❧t❛❣❡ ❞✐✛❡r❡♥❝❡ t♦ ③❡r♦✳ ❇❡❝❛✉s❡ t❤❡ ✈♦❧t❛❣❡ ❞✐❢❡r❡♥❝❡ ❜❡t✇❡❡♥ ✐♥♣✉t ♣♦rts ✐s

s♠❛❧❧ ❞✉r✐♥❣ st❡❛❞② st❛t❡ ♦♣❡r❛t✐♦♥✱ d∆v∆ ✐s s♠❛❧❧ ❛♥❞ tr❡❛t❡❞ ❛s ❛ ❞✐st✉r❜❛♥❝❡ t♦ t❤❡

s②st❡♠ t♦❣❡t❤❡r ✇✐t❤ vout✳ P❤②s✐❝❛❧❧② s♣❡❛❦✐♥❣✱ ✇❤✐❧❡ t❤❡ ❝✉rr❡♥t ❝♦♥tr♦❧❧❡r ♦✉t♣✉ts t❤❡

❞❡s✐r❡❞ ✈♦❧t❛❣❡ ❧❡✈❡❧ t♦ ❛❝❤✐❡✈❡ t❤❡ ❧♦❛❞ ❝✉rr❡♥t r❡❢❡r❡♥❝❡✱ t❤❡ ❞❡❧t❛ ❝♦♥tr♦❧❧❡r ❞✐✈✐❞❡s

t❤❡ ❝✉rr❡♥t t♦ ❝❤❛r❣❡ ♦r ❞✐s❝❤❛r❣❡ t❤❡ ✐♥♣✉t ♣♦rts ❛t ❞✐✛❡r❡♥t r❛t❡s t♦ ❛❝❤✐❡✈❡ ✈♦❧t❛❣❡

❜❛❧❛♥❝✐♥❣✳



❈❤❛♣t❡r ✹✳ ❈♦♥tr♦❧ ❙tr❛t❡❣② ✷✷

❋✐❣✉r❡ ✹✳✶✿ ❇❧♦❝❦ ❞✐❛❣r❛♠s ♦❢ t❤❡ ❝✉rr❡♥t ❛♥❞ ❞❡❧t❛ ❝♦♥tr♦❧❧❡rs

❚❤❡♦r❡t✐❝❛❧ ❞❡s✐❣♥ ❢♦r ❜♦t❤ t❤❡ ❝✉rr❡♥t ❝♦♥tr♦❧❧❡r ❛♥❞ ❞❡❧t❛ ❝♦♥tr♦❧❧❡r ❝❛♥ ❜❡ ❛❝❤✐❡✈❡❞

✇✐t❤ ❛ ❝♦♥✈❡♥t✐♦♥❛❧ P■ ❝♦♥tr♦❧❧❡r ❢♦r t❤❡ ✜rst ♦r❞❡r s②st❡♠✳ ❚❤❡ ❝♦♥tr♦❧❧❡r ♦✉t♣✉t ❝❛♥

❜❡ r❡❝♦♥str✉❝t❡❞ t♦ t❤❡ ✉s❛❜❧❡ ❢♦r♠ ♦❢ d1 ❛♥❞ d2 ✇✐t❤ ✭✹✳✶✶✮ ❛♥❞ ✭✹✳✶✷✮✳

d1 =
dΣvΣ

vsense1 + vsense2

+
−d∆iL

−irefL

✭✹✳✶✶✮

d2 =
dΣvΣ

vsense1 + vsense2

−
−d∆iL

−irefL

✭✹✳✶✷✮

irefL ✐s ✉s❡❞ ✐♥ ❝❛❧❝✉❧❛t✐♥❣ d∆ t♦ r❡❞✉❝❡ t❤❡ ❡✛❡❝t ♦❢ ❝✉rr❡♥t s❡♥s✐♥❣ ♥♦✐s❡ ✐♥ ❝♦♠♣✉t✐♥❣

t❤❡ ❞✉t② ❝②❝❧❡✳ ❍♦✇❡✈❡r✱ s✉❝❤ ❛♣♣r♦①✐♠❛t✐♦♥ ✐s ✈❛❧✐❞ ❢♦r ❛ r❡❧❛t✐✈❡❧② ❢❛st ❝♦♥tr♦❧❧❡r✱ ❛♥❞

❛♣♣r♦♣r✐❛t❡ ❧♦❣✐❝ s❤♦✉❧❞ ❜❡ ✐♠♣❧❡♠❡♥t❡❞ s✉❝❤ t❤❛t ✇❤❡♥ irefL ❝❤❛♥❣❡s s✐❣♥s t❤❡ ❞❡❧t❛

❝♦♥tr♦❧❧❡r ✐s ♥♦t ❞r✐✈✐♥❣ d∆ t♦ t❤❡ ✇r♦♥❣ ❞✐r❡❝t✐♦♥ ❞✉❡ t♦ t❤❡ r❡s♣♦♥s❡ t✐♠❡ ♦❢ t❤❡

✐♥❞✉❝t♦r ❝✉rr❡♥t✳

❚❤❡ s❛♠❡ ❝♦♥tr♦❧ s❝❤❡♠❡ ❝❛♥ ❛❧s♦ ❜❡ ❞❡r✐✈❡❞ ❢♦r t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ❝♦♥✜❣✉r❛t✐♦♥✳

❚❤❡ st❛t❡ s♣❛❝❡ ❡q✉❛t✐♦♥s ❛r❡ s❤♦✇♥ ✐♥ ✭✹✳✶✸✮ t♦ ✭✹✳✶✺✮✳

L
diL
dt

= (d1v1 + d2v2)−
1

2
(v1 + v2 + v3a + v3b) ✭✹✳✶✸✮



❈❤❛♣t❡r ✹✳ ❈♦♥tr♦❧ ❙tr❛t❡❣② ✷✸

C1
dv1
dt

= −d1iL + C3b
dv3b
dt

✭✹✳✶✹✮

C2
dv2
dt

= −d2iL + C3a
dv3a
dt

✭✹✳✶✺✮

❆♣♣❧②✐♥❣ t❤❡ s❛♠❡ s✉♠ ❛♥❞ ❞✐✛❡r❡♥❝❡ ✈❛r✐❛❜❧❡ tr❛♥s❢♦r♠❛t✐♦♥ ✐♥ ✭✹✳✹✮ t♦ ✭✹✳✼✮✱ t❤❡

tr❛♥s❢♦r♠❡❞ ❞②♥❛♠✐❝ ♠♦❞❡❧ ❢♦r t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✜❣✉r❛t✐♦♥ ✐s s❤♦✇♥ ✐♥ ✭✹✳✶✻✮ ❛♥❞ ✭✹✳✶✼✮✱

✇❤❡r❡ t❤❡ s❛♠❡ ❝♦♥tr♦❧s str✉❝t✉r❡ ❝❛♥ ❜❡ ✉s❡❞✳

L
diL
dt

= dΣvΣ + d∆v∆ − vout ✭✹✳✶✻✮

(C + Cf )
dv∆
dt

= −2iLd∆ ✭✹✳✶✼✮

✹✳✷ Pr❛❝t✐❝❛❧ ❈♦♥tr♦❧ ❈❤❛❧❧❡♥❣❡

✹✳✷✳✶ Pr❡❞✐❝t✲❘❡s❡t ❈♦♥tr♦❧

❖♥❡ ♣r❛❝t✐❝❛❧ ❝❤❛❧❧❡♥❣❡ ✐♥ ❞❡s✐❣♥✐♥❣ t❤❡ ❞❡❧t❛ ❝♦♥tr♦❧❧❡r ✐s t❤❛t t❤❡ ✐♥♣✉t ♣♦rt ❝❛♣❛❝✐t❛♥❝❡

✐s ❣r❡❛t❧② ✐♥✢✉❡♥❝❡❞ ❜② t❤❡ ❝♦♥♥❡❝t❡❞ s♦✉r❝❡✱ ❛♥❞ ❝♦♥s❡q✉❡♥t❧②✱ t❤❡ st❛❜✐❧✐t② ❛♥❞ ❞②♥❛♠✐❝

r❡s♣♦♥s❡ ✐♥ ♣r❛❝t✐❝❡ ❝❛♥ ❜❡ ✈❡r② ❞✐✛❡r❡♥t ❢r♦♠ t❤❡ ❝♦♥tr♦❧ ❞❡s✐❣♥✳ ❋✐❣✳ ✹✳✷ ❝♦♠♣❛r❡s

❧♦♦♣ ❣❛✐♥ ❛♥❞ ♣❤❛s❡ ♠❛r❣✐♥ ✈❛r✐❛t✐♦♥s ❞✉❡ t♦ ❞✐✛❡r❡♥t ✐♥♣✉t ♣♦rt ❝❛♣❛❝✐t❛♥❝❡s✳ ■t ❝❛♥ ❜❡

s❡❡♥ t❤❛t ❢♦r ❛ s♣❡❝✐✜❝ P■ ❝♦♥tr♦❧❧❡r t❤❡ ❞❡❧t❛ ❝♦♥tr♦❧ ❧♦♦♣ r❡♠❛✐♥s st❛❜❧❡ ❜✉t t❤❡ ♣❤❛s❡

♠❛r❣✐♥ ❜❡❝♦♠❡s ✈❡r② s♠❛❧❧ ❢♦r ❧❛r❣❡ ✐♥♣✉t ❝❛♣❛❝✐t❛♥❝❡✳ ❚❤❡ ♠❛❣♥✐t✉❞❡ ♣❧♦t s❤♦✇s t❤❛t

t❤❡ ✐♥♣✉t ❝❛♣❛❝✐t❛♥❝❡ ❛❧t❡rs t❤❡ ❧♦♦♣ ❣❛✐♥ ❛♥❞ ❝❛✉s❡s t❤❡ ❞②♥❛♠✐❝ ♣❡r❢♦r♠❛♥❝❡ t♦ ✈❛r②✳

■♥ ♦t❤❡r ✇♦r❞s✱ ✐❢ ❛ ✉s❡r ❝♦♥♥❡❝ts ❤✐❣❤ ❝❛♣❛❝✐t❛♥❝❡ ❡♥❡r❣② s♦✉r❝❡s t♦ t❤❡ ✐♥♣✉t ♣♦rts✱ t❤✐s

s♣❡❝✐✜❝ ❞❡❧t❛ ❝♦♥tr♦❧❧❡r ♠✐❣❤t ❝❛✉s❡ ❤✐❣❤❧② ♦s❝✐❧❧❛t♦r② ✐♥♣✉t ✈♦❧t❛❣❡ ✈❛r✐❛t✐♦♥s ❞✉r✐♥❣ t❤❡

♣r♦❝❡ss ♦❢ ✈♦❧t❛❣❡ ❜❛❧❛♥❝✐♥❣✳
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❋✐❣✉r❡ ✹✳✷✿ ▲♦✇ ❢r❡q✉❡♥❝② ❜♦❞❡ ♣❧♦ts ❝♦♠♣❛r✐♥❣ ❣❛✐♥ ❛♥❞ ♣❤❛s❡ ♠❛r❣✐♥ ✈❛r✐❛t✐♦♥s ❞✉❡

t♦ ❞✐✛❡r❡♥t ❜❛tt❡r② ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ ✐♥♣✉t ♣♦rts✳

❚♦ ♣r❡✈❡♥t s✉❝❤ ✉♥❞❡s✐r❡❞ ❞②♥❛♠✐❝ ❜❡❤❛✈✐♦✉r✱ ❛ ♣r❡❞✐❝t✲r❡s❡t P■ ❝♦♥tr♦❧❧❡r✱ s❤♦✇♥ ✐♥

❋✐❣✳ ✹✳✸✱ ✐s ❞❡s✐❣♥❡❞ ❛♥❞ ✐♠♣❧❡♠❡♥t❡❞ ✐♥ t❤❡ ❞❡❧t❛ ❝♦♥tr♦❧ ❧♦♦♣✳ ❆♥ ❡①❛♠✐♥❛t✐♦♥ ♦❢ t❤❡

❝♦♥tr♦❧ ♦❜❥❡❝t✐✈❡s r❡✈❡❛❧s t❤❛t t❤❡ r❡❢❡r❡♥❝❡ t♦ t❤❡ ❞❡❧t❛ ❝♦♥tr♦❧❧❡r ♥❡❡❞s t♦ ❜❡ ❝♦♥st❛♥t

❛♥❞ ③❡r♦ ❢♦r ♣r♦♣❡r ✈♦❧t❛❣❡ ❜❛❧❛♥❝✐♥❣✳ ❈♦♥s❡q✉❡♥t❧②✱ t❤❡ ❝♦♥tr♦❧❧❡r ❡rr♦r✲♦✉t♣✉t ♣r♦❞✉❝t

t❤r❡s❤♦❧❞✱ M ✱ ❝❛♥ ❜❡ ✉s❡❞ ❛s ❛ r❡❧✐❛❜❧❡ ✐♥❞✐❝❛t♦r t♦ r❡s❡t t❤❡ ❛❝❝✉♠✉❧❛t❡❞ ❝♦♥tr♦❧ ❡rr♦rs✱

❛s s❤♦✇♥ ✐♥ ❋✐❣ ✹✳✸✳ ■♥ ♣r❛❝t✐❝❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥s✱ ✐t ✐s ♣♦ss✐❜❧❡ t❤❛t t❤❡ s②st❡♠ s❡tt❧❡s t♦

❛ st❡❛❞② st❛t❡ ✇✐t❤ d∆ ♥♦t ❡q✉❛❧ t♦ ③❡r♦ ❞✉❡ t♦ ❞✐✛❡r❡♥t ❧❡❛❦❛❣❡ ❝✉rr❡♥t ♦❢ t❤❡ ❜❛tt❡r✐❡s✳

❚❤❡r❡❢♦r❡✱ M ✐s s❡t t♦ ❛ s♠❛❧❧ ♥❡❣❛t✐✈❡ ♥✉♠❜❡r t♦ r❡❧❛① ✐♥t❡❣r❛t♦r r❡s❡t ❝r✐t❡r✐❛✳

❚❤❡ r❡s❡t t❤r❡s❤♦❧❞ M ✐s ❛ s♠❛❧❧ ❜✉t ♥❡❣❛t✐✈❡ q✉❛♥t✐t② ✇✐t❤ s✉✣❝✐❡♥t ❛♠♣❧✐t✉❞❡ t♦

❡♥s✉r❡ t❤❛t ❛❝❝✉♠✉❧❛t♦r r❡s❡t ❞♦❡s ♥♦t ♦❝❝✉r ✉♥❞❡r st❡❛❞②st❛t❡ ❝♦♥❞✐t✐♦♥s ❞✉❡ t♦ ❧❡❛❦❛❣❡

❝✉rr❡♥ts✳ ❋✐❣✳ ✹✳✹ ❝♦♠♣❛r❡s t❤❡ ❞②♥❛♠✐❝ r❡s♣♦♥s❡ ♦❢ ❜♦t❤ t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧ ❛♥❞ ♣r❡❞✐❝t✲

r❡s❡t P■ ❝♦♥tr♦❧❧❡rs ❢♦r ❞✐✛❡r❡♥t ✐♥♣✉t ❝❛♣❛❝✐t❛♥❝❡✳ ■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t t❤❡ ♣r❡❞✐❝t✲r❡s❡t

P■ ❝♦♥tr♦❧❧❡r ♣r❡✈❡♥ts ✈♦❧t❛❣❡ ♦✈❡rs❤♦♦t ❛♥❞ ❛❝❤✐❡✈❡s ❜❛❧❛♥❝✐♥❣ ❛♣♣r♦①✐♠❛t❡❧② ✶✵ t✐♠❡s

❢❛st❡r t❤❛♥ t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧ P■ ❝♦♥tr♦❧❧❡r✳
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Predict-reset PI control in the Delta Controller
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True then reset

❋✐❣✉r❡ ✹✳✸✿ ❚❤❡ ♣r❡❞✐❝t✲r❡s❡t P■ ❝♦♥tr♦❧ ❧♦❣✐❝ ✉s❡❞ ✐♥ t❤❡ ♣r❛❝t✐❝❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡

❞❡❧t❛ ❝♦♥tr♦❧❧❡r✳

❋✐❣✉r❡ ✹✳✹✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❞②♥❛♠✐❝ r❡s♣♦♥s❡ ♦❢ ❜♦t❤ t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧ ❛♥❞ ♣r❡❞✐❝t✲

r❡s❡t ❞❡❧t❛ ❝♦♥tr♦❧❧❡rs ❢♦r ❞✐✛❡r❡♥t ✐♥♣✉t ♣♦rt ❝❛♣❛❝✐t❛♥❝❡✳
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✹✳✷✳✷ ■♥t❡❣r❛t♦r ❆♥t✐✲❲✐♥❞✉♣

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

▼❛♥② ❢❛❝t♦rs✱ ✐♥❝❧✉❞✐♥❣ ❜❛tt❡r② ❝❛♣❛❝✐t②✱ ❧♦❛❞ ❝✉rr❡♥t✱ ❜✐❞✐r❡❝t✐♦♥❛❧ ♣♦✇❡r tr❛♥s❢❡r ❛♥❞

❞✐✛❡r❡♥❝❡ ✈♦❧t❛❣❡ ❧❡✈❡❧✱ ❝❛♥ ❛✛❡❝t t❤❡ ✐♥t❡❣r❛t♦r s❛t✉r❛t✐♦♥✳ ❈♦♥s❡q✉❡♥t❧②✱ ❛♥ ❡✛❡❝t✐✈❡

✐♥t❡❣r❛t♦r ❛♥t✐✲✇✐♥❞✉♣ ♠❡t❤♦❞ ✐s r❡q✉✐r❡❞✳ ■♥ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥tr♦❧ str❛t❡❣②✱ ❛ ✈❛r✐❛t✐♦♥

♦❢ t❤❡ ✐♥t❡❣r❛t♦r ❝❧❛♠♣✐♥❣ ♠❡t❤♦❞ ✐s ✐♠♣❧❡♠❡♥t❡❞ ❢♦r t❤❡ ❝✉rr❡♥t ❝♦♥tr♦❧❧❡r ❛s s❤♦✇♥ ✐♥

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

✇✐♥❞✉♣ ✇❤❡r❡ t❤❡ ✐♥t❡❣r❛t✐♦♥ ✐s s✉s♣❡♥❞❡❞ ✇❤❡♥ ❛ ❝❡rt❛✐♥ ❝♦♥❞✐t✐♦♥ ✐s ♠❡t ❬✶✹❪✳ ■♥ t❤✐s

❝❛s❡✱ t❤❡ ❝♦♥❞✐t✐♦♥ ✉s❡❞ ✐s s❤♦✇♥ ✐♥ ✭✹✳✶✽✮ ✇❤❡r❡ ✐t ✐s ❢♦✉♥❞ t♦ ♣r♦✈✐❞❡ t❤❡ ❜❡st r❡s✉❧t ❬✶✹❪✳

+
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< >
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0

0

dΣ
*

ei

❋✐❣✉r❡ ✹✳✺✿ ❆♥t✐✲✇✐♥❞✉♣ ♠❡t❤♦❞ ✉s❡❞ ❢♦r t❤❡ ❝✉rr❡♥t ❝♦♥tr♦❧ ❧♦♦♣✳

ei =







0, if e · dΣ > 0 and dΣ 6= d∗Σ

e, else
✭✹✳✶✽✮

❋✐❣✳ ✹✳✻ s❤♦✇s t❤❛t t❤❡ ✐♥t❡❣r❛t♦r ❝❧❛♠♣✐♥❣ ♠❡t❤♦❞ r❡t✉r♥s t❤❡ ♦✉t♣✉t t♦ t❤❡ ❧✐♥❡❛r

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

s❝❤❡♠❡✳
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❋✐❣✉r❡ ✹✳✻✿ ❘❡s♣♦♥s❡ ♦❢ t❤❡ ❝✉rr❡♥t ❝♦♥tr♦❧❧❡r ✇✐t❤ ❛♥t✐✲✇✐♥❞✉♣✳

❙✐♠✐❧❛r❧②✱ t❤❡ ✐♥t❡❣r❛t♦r ❝❧❛♠♣✐♥❣ ♠❡t❤♦❞ ❝❛♥ ❛❧s♦ ❜❡ ✉s❡❞ ✐♥ t❤❡ ❞❡❧t❛ ❝♦♥tr♦❧❧❡r✳

❍♦✇❡✈❡r✱ ❛ s❧✐❣❤t ♠♦❞✐✜❝❛t✐♦♥ ♦❢ t❤❡ s❛t✉r❛t✐♦♥ ❧♦❣✐❝ ✐s r❡q✉✐r❡❞ t♦ ❝♦♥s✐❞❡r t❤❡ s✐❣♥ ♦❢

t❤❡ ✐♥❞✉❝t♦r ❝✉rr❡♥t ❛s s❤♦✇♥ ✐♥ ✭✹✳✶✾✮✳

ei =







0, if e · (d∆ − d∗∆) · iref < 0

e, else
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❚♦ ❝♦♠♣❛r❡ ❛♥❞ q✉❛♥t✐❢② t❤❡ r❡❞✉❝t✐♦♥ ✐♥ s✇✐t❝❤✐♥❣ r✐♣♣❧❡ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r✱

❛ s✐♠✉❧❛t✐♦♥ st✉❞② ❛♥❞ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ❛ t②♣✐❝❛❧ ❞♦✉❜❧❡✲✐♥♣✉t s✐♥❣❧❡✲♦✉t♣✉t ❝❧❛ss✐❝❛❧

❝❛s❝❛❞❡❞ ❜✉❝❦ ❝♦♥✈❡rt❡r ✭❋✐❣✳ ✺✳✶ ✭❛✮✮ ✐s ❝♦♥❞✉❝t❡❞ ✐♥ P▲❊❈❙✳ ❊q✉✐✈❛❧❡♥t ❡♥❡r❣② st♦r❛❣❡

r❡q✉✐r❡♠❡♥ts ✭♦❢ ✐♥❞✉❝t♦rs ❛♥❞ ❝❛♣❛❝✐t♦rs✮ ❛r❡ ✐♠♣❧❡♠❡♥t❡❞ ✐♥ ❜♦t❤ ❝♦♥✈❡rt❡rs ❛s s❤♦✇♥

✐♥ ❚❛❜❧❡ ✺✳✶✳

❙②♠❜♦❧ ❉❡✜♥✐t✐♦♥ ❱❛❧✉❡

fs ❙✇✐t❝❤✐♥❣ ❢r❡q✉❡♥❝② ✻✵ ❦❍③

C3a✱ C3b ❋✐❧t❡r ❝❛♣❛❝✐t♦r ✻✽ µ❋

L1✱ L2 ■♥❞✉❝t♦rs ✶✸✳✶ µ❍

L ❊q✉✐✈❛❧❡♥t s✐♥❣❧❡ ✐♥❞✉❝t♦r ✷✻✳✷ µ❍

❚❛❜❧❡ ✺✳✶✿ ❈♦♠♣♦♥❡♥ts ✉s❡❞ ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥ ❛♥❞ ❡①♣❡r✐♠❡♥t✳

✺✳✶✳✶ ❙✇✐t❝❤✐♥❣ P❡r❢♦r♠❛♥❝❡

❇♦t❤ ❝♦♥✈❡rt❡rs ❛r❡ ♦♣❡r❛t❡❞ ✇✐t❤ ✐♥t❡r❧❡❛✈✐♥❣ t♦ ♠✐♥✐♠✐③❡ s✇✐t❝❤✐♥❣ r✐♣♣❧❡✳ ❋✐❣✳ ✺✳✷

s❤♦✇s s✐♠✉❧❛t❡❞ ✇❛✈❡❢♦r♠s ♦❢ iL✱ vout✱ ❛♥❞ ∆vn1,pp ❢♦r ❜♦t❤ ❝♦♥✈❡rt❡rs ❛t ✐♥♣✉t ✈♦❧t❛❣❡s

♦❢ ✺✵ ❱ ❛♥❞ ♦✉t♣✉t ✈♦❧t❛❣❡ ♦❢ ✼✵ ❱✳ ❚❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ❤❛s ❧♦✇❡r s✇✐t❝❤✐♥❣ r✐♣♣❧❡

❢♦r ❡q✉✐✈❛❧❡♥t ❡♥❡r❣② st♦r❛❣❡✳ ❙✉♠♠❛r✐❡s ✐♥ ❚❛❜❧❡ ✺✳✷ s❤♦✇ t❤❛t ✇❤❡♥ ❝♦♠♣❛r❡❞ t♦

t❤❡ ❝❧❛ss✐❝❛❧ ❝❛s❝❛❞❡❞ ❜✉❝❦ ❝♦♥✈❡rt❡r✱ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ✐♥❞✉❝t♦r ❝✉rr❡♥t r✐♣♣❧❡ ✐s

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

✷✽
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❋✐❣✉r❡ ✺✳✶✿ ✭❛✮ ❚❤❡ ❞♦✉❜❧❡✲✐♥♣✉t s✐♥❣❧❡✲♦✉t♣✉t ❝❧❛ss✐❝❛❧ ❝❛s❝❛❞❡❞ ❜✉❝❦ ❝♦♥✈❡rt❡r ✉s❡❞
✐♥ t❤❡ s✐♠✉❧❛t✐♦♥ ❛s ❛ ❝♦♠♣❛r✐s♦♥ t♦ s❤♦✇ t❤❡ r✐♣♣❧❡ r❡❞✉❝t✐♦♥ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡
♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r✳ ✭❜✮ ❚❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ❝♦♥✜❣✉r❛t✐♦♥✳
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r❡❞✉❝❡❞ ❜② ✸✳✼ ❛♥❞ ✶✷✳✽ t✐♠❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ r❡❞✉❝t✐♦♥ ✐♥ s✇✐t❝❤✐♥❣ r✐♣♣❧❡ ❧❡❛❞s t♦

s✐❣♥✐✜❝❛♥t ❝♦st s❛✈✐♥❣s ✐♥ t❤❡ ❢♦r♠ ♦❢ r❡❞✉❝❡❞ ✜❧t❡r r❡q✉✐r❡♠❡♥ts ❛♥❞ ✐♠♣r♦✈❡❞ ❡✣❝✐❡♥❝②✳

❋✐❣✉r❡ ✺✳✷✿ P▲❊❈❙ s✐♠✉❧❛t✐♦♥ ❛♥❞ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ❛♥❞ t❤❡

❞♦✉❜❧❡✲✐♥♣✉t s✐♥❣❧❡✲♦✉t♣✉t ❝❧❛ss✐❝❛❧ ❝❛s❝❛❞❡❞ ❜✉❝❦ ❝♦♥✈❡rt❡r✳

❱❛r✐❛❜❧❡ ❈❧❛ss✐❝❛❧

❈❛s❝❛❞❡❞ ❇✉❝❦

Pr♦♣♦s❡❞

❈♦♥✈❡rt❡r

∆iL,pp ✶✸✳✹✸ ❆ ✸✳✼✽ ❆

∆vout,pp ✶✶✼ ♠❱ ✸✷ ♠❱

∆vn1,pp ✹✶✵ ♠❱ ✸✷ ♠❱

❚❛❜❧❡ ✺✳✷✿ ❙✐♠✉❧❛t✐♦♥ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ❛♥❞ t❤❡ ❞♦✉❜❧❡✲✐♥♣✉t

s✐♥❣❧❡✲♦✉t♣✉t ❝❧❛ss✐❝❛❧ ❝❛s❝❛❞❡❞ ❜✉❝❦ ❝♦♥✈❡rt❡r✳
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❆ ❝❧♦s❡❞ ❧♦♦♣ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ✐s ❞❡✈❡❧♦♣❡❞ ✐♥ ❙✐♠✉❧✐♥❦✳ ❚❤❡ ❝✐r❝✉✐t

s❡t✉♣ ✐♥❝❧✉❞❡s ❝❛♣❛❝✐t♦rs ♦❢ ✵✳✶❋ ❛t t❤❡ ✐♥♣✉t ♣♦rts t♦ r❡♣r❡s❡♥t ❜❛tt❡r② ❝❛♣❛❝✐t❛♥❝❡

✇✐t❤ ✐♥✐t✐❛❧ ✈♦❧t❛❣❡s ♦❢ ✺✷ ❱ ❛♥❞ ✺✵ ❱✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ♦✉t♣✉t ♣♦rt ✐s ❝♦♥♥❡❝t❡❞ t♦ ❛

❞❝ ✈♦❧t❛❣❡ s♦✉r❝❡ ♦❢ ✻✵ ❱✳

✭❛✮

✭❜✮

❋✐❣✉r❡ ✺✳✸✿ ✭❛✮ ■♥❞✉❝t♦r ❝✉rr❡♥t st❡♣ r❡s♣♦♥s❡ t♦ ❜♦t❤ ♣♦s✐t✐✈❡ ❛♥❞ ♥❡❣❛t✐✈❡ ❝✉rr❡♥t

❝♦♠♠❛♥❞s✳ ✭❜✮ v1 + v2 ❝♦♠♣❛r❡❞ t♦ t❤❡ ♦✉t♣✉t ♣♦rt ✈♦❧t❛❣❡✳



❈❤❛♣t❡r ✺✳ ❈❛s❡ ❙t✉❞✐❡s ✸✷

❋✐❣✳ ✺✳✸ ✭❛✮ s❤♦✇s t❤❛t t❤❡ s✐♠✉❧❛t❡❞ ❝♦♥✈❡rt❡r ✐s ❝❛♣❛❜❧❡ ♦❢ ❜✐❞✐r❡❝t✐♦♥❛❧ ♣♦✇❡r

tr❛♥s❢❡r ❢♦❧❧♦✇✐♥❣ ❜♦t❤ ♣♦s✐t✐✈❡ ❛♥❞ ♥❡❣❛t✐✈❡ Iref ✳ ❋✐❣✳ ✺✳✸ ✭❜✮ s❤♦✇s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣

✈♦❧t❛❣❡ r❡s♣♦♥s❡ t♦ t❤❡ ❝✉rr❡♥t st❡♣✳ ■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t t❤❡ s✉♠ ♦❢ t❤❡ ✐♥♣✉t ✈♦❧t❛❣❡s

❞❡❝r❡❛s❡s ✇❤❡♥ t❤❡ ❝♦♥✈❡rt❡r ✐s ❞✐s❝❤❛r❣✐♥❣ ❝✉rr❡♥t t♦ t❤❡ ♦✉t♣✉t✱ ❛♥❞ t❤❡ s✉♠ ♦❢ t❤❡

✐♥♣✉t ✈♦❧t❛❣❡s ✐♥❝r❡❛s❡s ✇❤❡♥ t❤❡ ❝♦♥✈❡rt❡r ✐s s✐♥❦✐♥❣ ❝✉rr❡♥t ❢r♦♠ t❤❡ ♦✉t♣✉t✳

✺✳✶✳✸ ❱♦❧t❛❣❡ ❇❛❧❛♥❝✐♥❣

❋✐❣✳ ✺✳✹ s❤♦✇s t❤❡ ✈♦❧t❛❣❡ ❜❛❧❛♥❝✐♥❣ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ❢♦r t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ✐♥

t❤❡ s❛♠❡ s✐♠✉❧❛t✐♦♥ s❡t✉♣ ✐♥ ❋✐❣✳ ❄❄✳ ■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t t❤❡ t✇♦ ✐♥♣✉t ♣♦rts ❤❛❞ ❛♥

✐♥✐t✐❛❧ ✈♦❧t❛❣❡ ❞✐✛❡r❡♥❝❡ ♦❢ ✷ ❱✱ ❛♥❞ t❤❡ ✈♦❧t❛❣❡ ❞✐✛❡r❡♥❝❡ r❡♠❛✐♥❡❞ ❛t ✷ ❱ ✇❤❡♥ IL ✐s

③❡r♦✳ ❉✉r✐♥❣ t❤❡ ♥♦♠✐♥❛❧ ❜✐❞✐r❡❝t✐♦♥❛❧ ♦♣❡r❛t✐♦♥ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ♦❢ ♥♦♥✲③❡r♦

r❡❢❡r❡♥❝❡ ❝✉rr❡♥t✱ t❤❡ ✈♦❧t❛❣❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ✐♥♣✉t ♣♦rts r❡❞✉❝❡s✱ ❛♥❞ t❤❡ ✐♥♣✉t

✈♦❧t❛❣❡s ❜❡❝♦♠❡ ❜❛❧❛♥❝❡❞✳

❋✐❣✉r❡ ✺✳✹✿ ❱♦❧t❛❣❡ ❜❛❧❛♥❝✐♥❣ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ❢♦r t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ✇✐t❤ ✐♥✐t✐❛❧

✐♥♣✉t ♣♦rt ✈♦❧t❛❣❡s ♦❢ ✺✷ ❱ ❛♥❞ ✺✵ ❱✱ r❡s♣❡❝t✐✈❡❧②✳

✺✳✶✳✹ ❈♦♥tr♦❧❧❡r ❙❛t✉r❛t✐♦♥

❈♦♥tr♦❧❧❡r s❛t✉r❛t✐♦♥ ✐s ❛♥ ✐♠♣♦rt❛♥t ❝♦♥❝❡r♥ ✐♥ t❤❡ ❝♦♥tr♦❧ ❞❡s✐❣♥ ❛s ❞✐s❝✉ss❡❞ ✐♥ ❝❤❛♣t❡r

✹✳✷✳ ❲❤❡♥ t❤❡ ✐♥♣✉ts ♦❢ t❤❡ ❝♦♥✈❡rt❡r ❛r❡ ❝♦♥♥❡❝t❡❞ t♦ ❜❛tt❡r✐❡s ♦❢ ❞✐✛❡r❡♥t ✐♥✐t✐❛❧ ✈♦❧t❛❣❡

❛♥❞ ❝❛♣❛❝✐t❛♥❝❡✱ ❡✐t❤❡r ♦r ❜♦t❤ ♦❢ t❤❡ ❝✉rr❡♥t ❝♦♥tr♦❧❧❡r ❛♥❞ t❤❡ ❞❡❧t❛ ❝♦♥tr♦❧❧❡r ❝❛♥ ❡♥t❡r

✐♥t♦ s❛t✉r❛t✐♦♥ ❛♥❞ ❛✛❡❝t t❤❡ ❜✐❞✐r❡❝t✐♦♥❛❧ ♣♦✇❡r tr❛♥s❢❡r ❛♥❞ ✈♦❧t❛❣❡ ❜❛❧❛♥❝✐♥❣✳



❈❤❛♣t❡r ✺✳ ❈❛s❡ ❙t✉❞✐❡s ✸✸

✭❛✮

✭❜✮

❋✐❣✉r❡ ✺✳✺✿ ✭❛✮ ■♥❞✉❝t♦r ❝✉rr❡♥t st❡♣ r❡s♣♦♥s❡ t♦ ❜♦t❤ ♣♦s✐t✐✈❡ ❛♥❞ ♥❡❣❛t✐✈❡ ❝✉rr❡♥t

❝♦♠♠❛♥❞s✳ ✭❜✮ v1 + v2 ❝♦♠♣❛r❡❞ t♦ t❤❡ ♦✉t♣✉t ♣♦rt ✈♦❧t❛❣❡✳

❈♦♥s✐❞❡r ❛ s❡t ♦❢ ♥❡✇ s✐♠✉❧❛t✐♦♥ ❝♦♥❞✐t✐♦♥s ✇❤❡r❡ t❤❡ ❜❛tt❡r② ❝❛♣❛❝✐t❛♥❝❡ ❢♦r t❤❡

✐♥♣✉t ♣♦rts ✐s r❡❞✉❝❡❞ t♦ ✵✳✵✺ ❋✱ ❛♥❞ t❤❡ ✐♥✐t✐❛❧ ✈♦❧t❛❣❡s ❛r❡ s❡t t♦ ✺✵ ❱ ❛♥❞ ✹✺ ❱✱

r❡s♣❡❝t✐✈❡❧②✳ ❋✐❣✳ ✺✳✺ ✭❛✮ s❤♦✇s t❤❡ ✐♥❞✉❝t♦r ❝✉rr❡♥t r❡s♣♦♥s❡ t♦ Iref ✇✐t❤ t❤❡ ♥❡✇ s❡t ♦❢

s✐♠✉❧❛t✐♦♥ ❝♦♥❞✐t✐♦♥s✱ ❛♥❞ ❋✐❣✳ ✺✳✻ s❤♦✇s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ✈♦❧t❛❣❡ ❜❛❧❛♥❝✐♥❣ r❡s✉❧ts✳

❇♦t❤ ❋✐❣✳ ✺✳✺ ❛♥❞ ❋✐❣✳ ✺✳✻ ❛r❡ ❞✐✈✐❞❡❞ ✐♥t♦ ③♦♥❡s ✶ t♦ ✹ ✇❤❡r❡ ❞✐✛❡r❡♥t ❝♦♥tr♦❧❧❡r



❈❤❛♣t❡r ✺✳ ❈❛s❡ ❙t✉❞✐❡s ✸✹

s❛t✉r❛t✐♦♥ s✐t✉❛t✐♦♥s ♦❝❝✉r✳ ❊①❛♠✐♥✐♥❣ t❤❡ ❝♦♥tr♦❧❧❡r s❛t✉r❛t✐♦♥ st❛t✉s ✐♥ ❋✐❣✳ ✺✳✼ r❡✈❡❛❧s

t❤❛t t❤❡ ❞❡❧t❛ ❝♦♥tr♦❧❧❡r s❛t✉r❛t❡s ✐♥ ③♦♥❡s ✶✱ ✷✱ ❛♥❞ ✸ ❛♥❞ t❤❡ ❝✉rr❡♥t ❝♦♥tr♦❧❧❡r s❛t✉r❛t❡s

✐♥ ③♦♥❡ ✸✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ ✇✐❧❧ ❛♥❛❧②③❡ t❤❡ ❡✛❡❝t ♦❢ s❛t✉r❛t✐♦♥ ♦♥ ♣♦✇❡r tr❛♥s❢❡r ❛♥❞ ✈♦❧t❛❣❡

❜❛❧❛♥❝✐♥❣ ✐♥ ❞✐✛❡r❡♥t ③♦♥❡s✳

❋✐❣✉r❡ ✺✳✻✿ ❱♦❧t❛❣❡ ❜❛❧❛♥❝✐♥❣ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ❢♦r t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ✇✐t❤ ✐♥✐t✐❛❧

✐♥♣✉t ♣♦rt ✈♦❧t❛❣❡s ♦❢ ✺✵ ❱ ❛♥❞ ✹✺ ❱✱ r❡s♣❡❝t✐✈❡❧②✳

■♥ ③♦♥❡ ✶✱ ♦♥❧② t❤❡ ❞❡❧t❛ ❝♦♥tr♦❧❧❡r ❜❡❝♦♠❡s s❛t✉r❛t❡❞✳ ❉✉t② ❝②❧❡ ✈❛❧✉❡s ♣❧♦tt❡❞ ✐♥

❋✐❣✳ ✺✳✽ s❤♦✇ t❤❛t dΣ ✐s ❛♣♣r♦①✐♠❛t❡❧② ✵✳✻ ❛♥❞ d∆ ✐s ✲✵✳✸✺✳ ❚❤❡ ❞❡❧t❛ ❝♦♥tr♦❧❧❡r ❜❡❝♦♠❡s

s❛t✉r❛t❡❞ ✇❤❡♥❡✈❡r ✉♥tr❛♥s❢♦r♠❡❞ ❞✉t② ❝♦♠♠❛♥❞ d1 ♦r d2 ❜❡❝♦♠❡s s❛t✉r❛t❡❞ ❛❝❝♦r❞✐♥❣

t♦ ✭✹✳✶✶✮ ❛♥❞ ✭✹✳✶✷✮✳ ■♥ t❤✐s ❝❛s❡✱ d2 ❜❡❝♦♠❡s s❛t✉r❛t❡❞✱ ❛♥❞ t❤❡ ✐♥❞✉❝t♦r ❝✉rr❡♥t ✐s

❞✐✈✐❞❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ s❛t✉r❛t✐♦♥ ❧✐♠✐t ✵✳✵✺✿✵✳✾✺✱ ✇❤❡r❡ ❛ ♠❛❥♦r✐t② ♦❢ t❤❡ ❝✉rr❡♥t ✐s

❝❤❛♥♥❡❧❡❞ ✐♥t♦ ✐♥♣✉t ♣♦rt V2✳ ❆s ❛ r❡s✉❧t✱ v∆ ✐s r❡❞✉❝❡❞ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✺✳✻✳ ■t s❤♦✉❧❞

❜❡ ♥♦t❡❞ t❤❛t ❛s ❧♦♥❣ ❛s d∆ ✐s s❛t✉r❛t❡❞ ❛♥❞ Iref r❡♠❛✐♥s ✉♥❝❤❛♥❣❡❞✱ I1 ❛♥❞ I2 ✇✐❧❧ ❛❧s♦

❜❡ ❝♦♥st❛♥t✱ ❛♥❞ ❝♦♥s❡q✉❡♥t❧②✱ v∆ ✇✐❧❧ ❝❤❛♥❣❡ ❧✐♥❡❛r❧② ❛s s❤♦✇♥ ✐♥ ③♦♥❡ ✶ ✐♥ ❋✐❣✳ ✺✳✻✳

❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ iL ✐s ✉♥❛✛❡❝t❡❞ ❜② t❤❡ ❞❡❧t❛ ❝♦♥tr♦❧❧❡r s❛t✉r❛t✐♦♥ s❤♦✇♥ ✐♥ ③♦♥❡ ✶ ✐♥

❋✐❣✳ ✺✳✺ ✭❛✮✳ ❚❤✐s ✐s ❡①♣❡❝t❡❞ ❜❡❝❛✉s❡ d∆v∆ ♦♥❧② ❛♣♣❡❛rs ❛s ❛ ❞✐st✉r❜❛♥❝❡ ✐♥ t❤❡ ❝✉rr❡♥t

❝♦♥tr♦❧ ❧♦♦♣ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳✶✱ ❛♥❞ ✐ts ✈❛❧✉❡ ✐s s♠❛❧❧ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❝♦♥tr♦❧ ♦✉t♣✉t

dΣvΣ✳



❈❤❛♣t❡r ✺✳ ❈❛s❡ ❙t✉❞✐❡s ✸✺

❋✐❣✉r❡ ✺✳✼✿ ❈✉rr❡♥t ❛♥❞ ❞❡❧t❛ ❝♦♥tr♦❧❧❡r s❛t✉r❛t✐♦♥ ❣r❛♣❤ ✇❤❡r❡ ❛ ✈❛❧✉❡ ♦❢ ✧✶✧ ✐♥❞✐❝❛t❡s

s❛t✉r❛t✐♦♥✳

■♥ ③♦♥❡ ✷✱ Iref ❝❤❛♥❣❡s s✐❣♥✱ ❛♥❞ t❤❡ ❞❡❧t❛ ❝♦♥tr♦❧❧❡r r❡s❡ts ❛♥❞ ❜❡❝♦♠❡s s❛t✉r❛t❡❞

❛❣❛✐♥ ✇❤✐❧❡ t❤❡ ❝✉rr❡♥t ❝♦♥tr♦❧❧❡r r❡♠❛✐♥s ✉♥s❛t✉r❛t❡❞ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✺✳✼✳ ❇❡❝❛✉s❡

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

❞r♦♣s ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✺✳✺ ✭❜✮✳ ❚❤❡ r❡st ♦❢ t❤❡ ❛♥❛❧②s✐s ✐s t❤❡ s❛♠❡ ❛s ✐♥ ③♦♥❡ ✶✳

■♥ ③♦♥❡ ✸✱ ❜♦t❤ t❤❡ ❝✉rr❡♥t ❛♥❞ ❞❡❧t❛ ❝♦♥tr♦❧❧❡rs ❛r❡ s❛t✉r❛t❡❞ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✺✳✼✳

❚❤❡ s❛t✉r❛t✐♦♥ ♦❢ t❤❡ ❝✉rr❡♥t ❝♦♥tr♦❧❧❡r ✐♥ t❤✐s ③♦♥❡ ✐s ❞✉❡ t♦ ✐♥s✉✣❝✐❡♥t ✐♥♣✉t ❜❛tt❡r②

✈♦❧t❛❣❡ t♦ s✉♣♣♦rt t❤❡ r❡q✉✐r❡❞ ♣♦✇❡r tr❛♥s❢❡r t♦ t❤❡ ♦✉t♣✉t✳ ❆s ✇❡ ❝❛♥ s❡❡ ❢r♦♠ ❋✐❣✳ ✺✳✺

✭❜✮✱ t❤❡ ❞❡❝r❡❛s❡ ♦❢ s✉♠ ♦❢ ✐♥♣✉t ✈♦❧t❛❣❡s st❛rts ✐♥ ③♦♥❡ ✷ ❛♥❞ ❝♦♥t✐♥✉❡s t❤r♦✉❣❤♦✉t ③♦♥❡

✸ ❞✉❡ t♦ ❝✉rr❡♥t ❞✐s❝❤❛r❣❡✳ ❆s ❛ r❡s✉❧t✱ dΣ st❛rts t♦ ✐♥❝r❡❛s❡ ✐♥ ③♦♥❡ ✷ ❛♥❞ r❡❛❝❤❡s ✐ts

✉♣♣❡r s❛t✉r❛t✐♦♥ ❧✐♠✐t ✐♥ ③♦♥❡ ✸ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✺✳✽ ✭❛✮✳ ❇❡❝❛✉s❡ t❤❡ s❛t✉r❛t❡❞ ❝✉rr❡♥t

❝♦♥tr♦❧❧❡r ❝❛♥ ♥♦ ❧♦♥❣❡r r❡❣✉❧❛t❡ iL✱ iL st❛rts ❞❡❝r❡❛s✐♥❣ ✇✐t❤ ❛ ❧❛r❣❡ t✐♠❡ ❝♦♥st❛♥t ❞✉❡

t♦ t❤❡ ❜❛tt❡r② ❝❛♣❛❝✐t❛♥❝❡ ❛♥❞ t❤❡ ✐♥❞✉❝t♦r✳ ❚❤❡ ❝♦♥✈❡rt❡r ✇♦✉❧❞ ❡✐t❤❡r s❤✉t ❞♦✇♥ ✇❤❡♥

t❤❡ ✐♥♣✉t ✈♦❧t❛❣❡s r❡❛❝❤ t❤❡✐r ❧♦✇❡r ❧✐♠✐ts ♦r ✐♥ t❤✐s ❝❛s❡✱ ❛ s✉❜s❡q✉❡♥t ♥❡❣❛t✐✈❡ r❡❢❡r❡♥❝❡

❝✉rr❡♥t ❝♦♠♠❛♥❞ ❛❧❧♦✇s t❤❡ ❜❛tt❡r✐❡s t♦ ❜❡ ❝❤❛r❣❡❞✱ ❛♥❞ t❤❡ ❝✉rr❡♥t ❝♦♥tr♦❧❧❡r ❝♦♠❡s

♦✉t ♦❢ s❛t✉r❛t✐♦♥ ❞✉❡ t♦ ✐ts ❛♥t✐✲✇✐♥❞✉♣ ♠❡❝❤❛♥✐s♠✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ v∆ r❡♠❛✐♥s

❝♦♥st❛♥t ✐♥ ③♦♥❡ ✸ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✺✳✻✳ ❚❤✐s ✐s ❡①♣❡❝t❡❞ ❜❡❝❛✉s❡ ✇❤❡♥ dΣ ❜❡❝♦♠❡s

s❛t✉r❛t❡❞✱ ❛♥② ♥♦♥✲③❡r♦ d∆ ✇✐❧❧ ❝❛✉s❡ d1 ♦r d2 t♦ ❜❡ s❛t✉r❛t❡❞ ❛❝❝♦r❞✐♥❣ t♦ ✭✹✳✶✶✮ ❛♥❞

✭✹✳✶✷✮✳ ❈♦♥s❡q✉❡♥t❧②✱ t❤❡ ✐♥❞✉❝t♦r ❝✉rr❡♥t ✐s ❞r❛✇♥ ❡✈❡♥❧② ❢r♦♠ t❤❡ ✐♥♣✉t ♣♦rts✱ ❛♥❞ v∆

r❡♠❛✐♥s ✉♥❝❤❛♥❣❡❞ ✐♥ t❤✐s ❝❛s❡✳

■♥ ③♦♥❡ ✹✱ Iref ❝❤❛♥❣❡s ✐ts s✐❣♥ ❛❣❛✐♥✱ ❛♥❞ ❜♦t❤ ❝♦♥tr♦❧❧❡rs ❜❡❝♦♠❡ ✉♥s❛t✉r❛t❡❞✳ ❚❤❡



❈❤❛♣t❡r ✺✳ ❈❛s❡ ❙t✉❞✐❡s ✸✻

❝♦♥✈❡rt❡r r❡s✉♠❡s ♥♦r♠❛❧ ♦♣❡r❛t✐♦♥✳

✭❛✮

✭❜✮

❋✐❣✉r❡ ✺✳✽✿ ✭❛✮ ❈✉rr❡♥t ❝♦♥tr♦❧❧❡r ❞✉t② ❝②❝❧❡ ❝♦♠♠❛♥❞ dΣ ✭❜✮ ❉❡❧t❛ ❝♦♥tr♦❧❧❡r ❞✉t② ❝②❝❧❡

❝♦♠♠❛♥❞ d∆✳



❈❤❛♣t❡r ✺✳ ❈❛s❡ ❙t✉❞✐❡s ✸✼

✺✳✷ ❊①♣❡r✐♠❡♥t❛❧ ❘❡s✉❧ts

❆ ✸✳✸ ❦❲ ❝♦♥✈❡rt❡r ♣r♦t♦t②♣❡ r❛t❡❞ ❛t ✹✵ ❆ ✇✐t❤ ❝♦♠♣♦♥❡♥t ✈❛❧✉❡s s❤♦✇♥ ✐♥ ❚❛❜❧❡

✺✳✶ ✐s t❡st❡❞ t♦ ✈❡r✐❢② ❝♦♥✈❡rt❡r s✇✐t❝❤✐♥❣ r✐♣♣❧❡✱ ❜✐❞✐r❡❝t✐♦♥❛❧ ♣♦✇❡r tr❛♥s❢❡r ❝❛♣❛❜✐❧✐t②✱

❛♥❞ ✐♥♣✉t ✈♦❧t❛❣❡ ❜❛❧❛♥❝✐♥❣ ♣❡r❢♦r♠❛♥❝❡✳ ❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✉♣ s❤♦✇♥ ✐♥ ❋✐❣✳ ✺✳✾

✉s❡s t✇♦ st❛❝❦s ♦❢ ✸✵ s✉♣❡r❝❛♣❛❝✐t♦rs ❢♦r ❡♥❡r❣② st♦r❛❣❡✳ ❆ ❘❡❣❛tr♦♥ ❚♦♣❈♦♥ ◗✉❛❞r♦

❜✐❞✐r❡❝t✐♦♥❛❧ ♣♦✇❡r s✉♣♣❧② ✐s ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ♦✉t♣✉t ♣♦rt t♦ r❡❣✉❧❛t❡ t❤❡ ♦✉t♣✉t ♣♦rt

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

t❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ✇✐t❤ s✐♠✉❧❛t✐♦♥ t♦ q✉❛♥t✐❢② t❤❡ ❝♦♥✈❡rt❡r ♣❡r❢♦r♠❛♥❝❡✳

❋✐❣✉r❡ ✺✳✾✿ ❊①♣❡r✐♠❡♥t❛❧ s❡t✉♣ ❢♦r ❝❧♦s❡❞ ❧♦♦♣ ♦♣❡r❛t✐♦♥ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r✳ ❆

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

✺✳✷✳✶ ❙✇✐t❝❤✐♥❣ P❡r❢♦r♠❛♥❝❡

❋✐❣✳ ✺✳✶✵ s❤♦✇s t❤❡ ✐♥❞✉❝t♦r ❝✉rr❡♥t✱ ♦✉t♣✉t ✈♦❧t❛❣❡✱ ❛♥❞ ✐♥♣✉t r❡❢❡r❡♥❝❡ ♥♦❞❡ ✈♦❧t❛❣❡

r✐♣♣❧❡ ❛t ✐♥♣✉t ✈♦❧t❛❣❡s ♦❢ ✺✵ ❱ ❛♥❞ ♦✉t♣✉t ✈♦❧t❛❣❡ ♦❢ ✼✵ ❱✳ ❚❤❡ ❛✈❡r❛❣❡ ✐♥❞✉❝t♦r ❝✉rr❡♥t

✐s ✸✺ ❆✳ ❚❛❜❧❡ ✺✳✸ ❝♦♠♣❛r❡s t❤❡ ✶✷✵ ❦❍③ ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❛♥❞ s✐♠✉❧❛t✐♦♥

r❡s✉❧ts✳ ■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t ❜♦t❤ t❤❡ ✐♥❞✉❝t♦r ❝✉rr❡♥t ❛♥❞ ♦✉t♣✉t ✈♦❧t❛❣❡ r✐♣♣❧❡ ✐♥ t❤❡

❡①♣❡r✐♠❡♥t ❝❧♦s❡❧② ♠❛t❝❤ t❤❡ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts✳



❈❤❛♣t❡r ✺✳ ❈❛s❡ ❙t✉❞✐❡s ✸✽

❋✐❣✉r❡ ✺✳✶✵✿ ■♥❞✉❝t♦r ❝✉rr❡♥t✱ ♦✉t♣✉t ✈♦❧t❛❣❡✱ ❛♥❞ ✐♥♣✉t r❡❢❡r❡♥❝❡ ♥♦❞❡ ✈♦❧t❛❣❡ r✐♣♣❧❡ ❛t

✐♥♣✉t ✈♦❧t❛❣❡s ♦❢ ✺✵ ❱✱ ♦✉t♣✉t ✈♦❧t❛❣❡ ♦❢ ✼✵ ❱✱ ❛♥❞ ❛✈❡r❛❣❡ ✐♥❞✉❝t♦r ❝✉rr❡♥t ♦❢ ✸✺ ❆✳

❙✐♠✉❧❛t✐♦♥ ❊①♣❡r✐♠❡♥t

∆iL,pp ✸✳✵✻ ❆ ✷✳✽✽ ❆

∆vout,pp ✸✸✳✻ ♠❱ ✹✶✳✹ ♠❱

∆vn,pp ✸✸✳✻ ♠❱ ✾✾✳✷ ♠❱

❚❛❜❧❡ ✺✳✸✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❛♥❞ s✐♠✉❧❛t❡❞ s✇✐t❝❤✐♥❣ r✐♣♣❧❡ ♦❢ t❤❡ ♣r♦♣♦s❡❞

❝♦♥✈❡rt❡r

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

t♦ ✐♥♣✉t ♣❛r❛s✐t✐❝ ✐♥❞✉❝t❛♥❝❡ ❛♥❞ s❡r✐❡s r❡s✐st❛♥❝❡ ✐♥ t❤❡ ❝❛♣❛❝✐t♦rs✳ ■♥ t❤❡ ❡①♣❡r✐♠❡♥t❛❧

s❡t✉♣✱ t❤❡ ✐♥♣✉t s♦✉r❝❡s ❛r❡ ❧♦❝❛t❡❞ ❛✇❛② ❢r♦♠ t❤❡ ❡①♣❡r✐♠❡♥t❡r ❛♥❞ t❤❡ ❝♦♥✈❡rt❡r ✐♥♣✉t

♣♦rts ❞✉❡ t♦ s❛❢❡t② ♣r❡❝❛✉t✐♦♥s✳ ❈♦♥s❡q✉❡♥t❧②✱ t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ♣❛r❛s✐t✐❝ ✐♥❞✉❝t❛♥❝❡

✐♥ t❤❡ ❧♦♥❣ ❝♦♥♥❡❝t✐♥❣ ❝❛❜❧❡s ✐s ✉♥❛✈♦✐❞❛❜❧❡✱ ❛♥❞ s✉❝❤ ♣❛r❛s✐t✐❝ ✐♥❞✉❝t❛♥❝❡✱ ✇❤✐❧❡ ♥♦t

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



❈❤❛♣t❡r ✺✳ ❈❛s❡ ❙t✉❞✐❡s ✸✾

♣❛r❛s✐t✐❝ ✐♥❞✉❝t❛♥❝❡ ✇✐❧❧ ❜❡ r❡❞✉❝❡❞ ✇❤❡♥ t❤❡ ✐♥♣✉t s♦✉r❝❡s ❛r❡ ❝♦♥♥❡❝t❡❞ ❞✐r❡❝t❧② t♦

t❤❡ ✐♥♣✉t ♣♦rts ✐♥ ❛♥ ✐♥❞✉str✐❛❧ s❡t✉♣✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ s♦❧❞❡r✐♥❣ ♦❢ t❤r♦✉❣❤ ❤♦❧❡

❝❛♣❛❝✐t♦rs ✐♥ t❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ ♣r♦t♦t②♣❡ ❛❞❞s ♣❛r❛s✐t✐❝ s❡r✐❡s r❡s✐st❛♥❝❡✳ ❙✉❝❤

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

s✇✐t❝❤✐♥❣ ❛♥❞ ❝❛♥ ❜❡ ♦❜s❡r✈❡❞ ✐♥ t❤❡ ✐♥♣✉t r❡❢❡r❡♥❝❡ ♥♦❞❡ ✈♦❧t❛❣❡ r✐♣♣❧❡ ✐♥ ❋✐❣✳ ✺✳✶✵✳

◆❡✈❡rt❤❡❧❡ss✱ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ✐♥♣✉t r❡❢❡r❡♥❝❡ ♥♦❞❡ r✐♣♣❧❡ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ✇✐t❤

t❤❡ ✐♥♣✉t ♣❛r❛s✐t✐❝ ✐♥❞✉❝t❛♥❝❡ ❛♥❞ ❝❛♣❛❝✐t♦r s❡r✐❡s r❡s✐st❛♥❝❡ ✐s st✐❧❧ ❛♣♣r♦①✐♠❛t❡❧② ✹ t✐♠❡s

❜❡tt❡r t❤❛♥ t❤❡ ❝❧❛ss✐❝❛❧ ❝❛s❝❛❞❡❞ ❜✉❝❦ ❝♦♥✈❡rt❡r✳ ■t s❤♦✉❧❞ ❜❡ ♥♦t❡❞ t❤❛t t❤❡ ♣❡❛❦✲t♦✲

♣❡❛❦ ✈❛❧✉❡ ♦❢ t❤❡ ✐♥♣✉t r❡❢❡r❡♥❝❡ ♥♦❞❡ ✈♦❧t❛❣❡ r✐♣♣❧❡ ✐s ❛❜♦✉t ✵✳✶ ❱✳ ❋♦r ❝♦♥s❡r✈❛t✐✈❡

❡st✐♠❛t❡s ♦❢ ❤✉♠❛♥ ✐♠♣❡❞❛♥❝❡ ♦❢ ✶✵✵✵ t♦ ✷✵✵✵ Ω ✐♥ ❞r② ❝♦♥❞✐t✐♦♥s ❬✼❪✱ t❤❡ r❡s✉❧t✐♥❣

❝✉rr❡♥t ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ✐s ✇❡❧❧ ❜❡❧♦✇ t❤❡ ✵✳✺ ♠❆ st❛rt❧❡ r❡❛❝t✐♦♥ ❝✉rr❡♥t ❧✐♠✐t

❛s r❡❝♦♠♠❡♥❞❡❞ ❜② ❯▲ ❬✶❪✳

✺✳✷✳✷ ❇✐❞✐r❡❝t✐♦♥❛❧ P♦✇❡r ❚r❛♥s❢❡r

❋✐❣✉r❡ ✺✳✶✶✿ ■♥❞✉❝t♦r ❝✉rr❡♥t ❛♥❞ ♦✉t♣✉t ✈♦❧t❛❣❡ ❞②♥❛♠✐❝ r❡s♣♦♥s❡ ❞✉❡ t♦ ❛ st❡♣ ❝❤❛♥❣❡

✐♥ t❤❡ r❡❢❡r❡♥❝❡ ❝✉rr❡♥t ♦❢ t❤❡ ❝✉rr❡♥t ❝♦♥tr♦❧❧❡r✳ ❚❤❡ ♦✉t♣✉t ✈♦❧t❛❣❡ ✐s r❡❣✉❧❛t❡❞ ❜② ❛♥

❡①t❡r♥❛❧ ♣♦✇❡r s✉♣♣❧②✳

❋✐❣✳ ✺✳✶✶ s❤♦✇s t❤❡ st❡♣ r❡s♣♦♥s❡ ❢♦r ❛ tr❛♥s✐t✐♦♥ ❜❡t✇❡❡♥ ♣♦s✐t✐✈❡ ❛♥❞ ♥❡❣❛t✐✈❡ irefL

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

r❡s♣♦♥s❡ t✐♠❡ ♦❢ t❤❡ V3 ✈♦❧t❛❣❡ r❡❣✉❧❛t♦r ✇✐t❤✐♥ t❤❡ ❘❡❣❛tr♦♥ ♣♦✇❡r s✉♣♣❧② ❝♦♠❜✐♥❡❞



❈❤❛♣t❡r ✺✳ ❈❛s❡ ❙t✉❞✐❡s ✹✵

✇✐t❤ t❤❡ ❧✐♥❡ ✐♥❞✉❝t❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ♣♦✇❡r s✉♣♣❧② ❛♥❞ t❤❡ t❡st s❡t✉♣✳ ❇❡❝❛✉s❡ t❤❡ ♦✉t♣✉t

✈♦❧t❛❣❡ ✐s ❤❡❧❞ ♣♦s✐t✐✈❡✱ ✐t ✐s ❝❧❡❛r t❤❛t ❜✐❞✐r❡❝t✐♦♥❛❧ ❝✉rr❡♥t ✢♦✇ ❝♦♥st✐t✉t❡s ❜✐❞✐r❡❝t✐♦♥❛❧

♣♦✇❡r tr❛♥s❢❡r ❜❡t✇❡❡♥ t❤❡ ✐♥♣✉t ♣♦rts ❛♥❞ t❤❡ ♦✉t♣✉t ♣♦rt✳

✺✳✷✳✸ ❱♦❧t❛❣❡ ❇❛❧❛♥❝✐♥❣

✭❛✮

✭❜✮

❋✐❣✉r❡ ✺✳✶✷✿ ✭❛✮ ■♥❞✉❝t♦r ❝✉rr❡♥t ✭❛❝✲❝♦✉♣❧❡❞✮ ❛t ✐♥♣✉t ✈♦❧t❛❣❡s ♦❢ ✺✵ ❱ ❛♥❞ ♦✉t♣✉t

✈♦❧t❛❣❡ ♦❢ ✼✵ ❱✳ ✭❜✮ ■♥❞✉❝t♦r ❝✉rr❡♥t ✭❛❝✲❝♦✉♣❧❡❞✮ ❛t ✐♥♣✉t ✈♦❧t❛❣❡s ♦❢ ✺✺ ❱ ❛♥❞ ✹✺ ❱

❛♥❞ ♦✉t♣✉t ✈♦❧t❛❣❡ ♦❢ ✼✵ ❱✳



❈❤❛♣t❡r ✺✳ ❈❛s❡ ❙t✉❞✐❡s ✹✶

❯♥❜❛❧❛♥❝❡❞ ✐♥♣✉t ✈♦❧t❛❣❡s ❝❛♥ ❧❡❛❞ t♦ ❞❛♥❣❡r♦✉s ♦✈❡r❝❤❛r❣❡ ❝♦♥❞✐t✐♦♥s ❛♥❞ ❝❛♥ ❛✛❡❝t t❤❡

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

r❡❞✉❝❡❞ ❡✣❝✐❡♥❝②✳

❋✐❣✳ ✺✳✶✷ ❝♦♠♣❛r❡s t❤❡ ✐♥❞✉❝t♦r ❝✉rr❡♥t r✐♣♣❧❡ ❞✉❡ t♦ ❜❛❧❛♥❝❡❞ ❛♥❞ ✉♥❜❛❧❛♥❝❡❞ ✐♥♣✉t

✈♦❧t❛❣❡s ❢♦r ❛ ❣✐✈❡♥ vΣ✳ ■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t ✉♥❜❛❧❛♥❝❡❞ ✈♦❧t❛❣❡s ❝❛♥ ❝❛✉s❡ ∆iL,pp t♦ ❜❡

✷✺✪ ❤✐❣❤❡r ✇❤❡♥ t❤❡ ✈♦❧t❛❣❡ ❞❡✈✐❛t✐♦♥ ❢r♦♠ t❤❡ ♠❡❛♥ ✐s ❛♣♣r♦①✐♠❛t❡❧② ± ✶✵✪✳

❚❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ❝❛♥ ♣❡r❢♦r♠ ✐♥♣✉t ✈♦❧t❛❣❡ ❜❛❧❛♥❝✐♥❣ ❢♦r ♣♦s✐t✐✈❡ ❛♥❞ ♥❡❣❛t✐✈❡

♣♦✇❡r ✢♦✇s✳ ❋✐❣✳ ✺✳✶✸ s❤♦✇s t❤❡ ✈♦❧t❛❣❡ ❜❛❧❛♥❝✐♥❣ r❡s✉❧ts ❢♦r t✇♦ ❞✐✛❡r❡♥t ✐♥✐t✐❛❧ ❝❤❛r❣✐♥❣

st❛t❡s✱ ♦♥❡ ✐♥ t❤❡ ❝❤❛r❣✐♥❣ ♠♦❞❡✱ ❛♥❞ t❤❡ ♦t❤❡r ✐♥ t❤❡ ❞✐s❝❤❛r❣✐♥❣ ♠♦❞❡✳ ■♥ ❜♦t❤ ❝❛s❡s✱

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

r❡♠❛✐♥✱ ❜❛❧❛♥❝❡❞✳

❋✐❣✉r❡ ✺✳✶✸✿ ❱♦❧t❛❣❡ ❜❛❧❛♥❝✐♥❣ r❡s✉❧ts ❢♦r ❜♦t❤ ❝❤❛r❣✐♥❣ ❛♥❞ ❞✐s❝❤❛r❣✐♥❣ ♦♣❡r❛t✐♦♥s✳ ❩❡r♦

✈♦❧t❛❣❡ ❞✐✛❡r❡♥❝❡ ✐♥❞✐❝❛t❡s ❜❛❧❛♥❝❡❞ ❜❛tt❡r② ✈♦❧t❛❣❡s ❛t t❤❡ ✐♥♣✉t ♣♦rts✳

✺✳✷✳✹ ❊✣❝✐❡♥❝②

❚❤❡ s✇✐t❝❤✐♥❣ r✐♣♣❧❡ s✉♣♣r❡ss✐♦♥ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ❝♦♥tr✐❜✉t❡s

t♦ r❡❞✉❝❡❞ ✜❧t❡r r❡q✉✐r❡♠❡♥ts ❛♥❞ ✐♠♣r♦✈❡❞ ❡✣❝✐❡♥❝②✳ ❋✐❣✳ ✺✳✶✹ s❤♦✇s t❤❡ ❡✣❝✐❡♥❝②

❞❛t❛ ❝❛❧❝✉❧❛t❡❞ ❛♥❞ r❡❝♦r❞❡❞ ❢r♦♠ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤ ❨♦❦♦❣❛✇❛ ❲❚✸✵✵✵ ❤✐❣❤✲♣r❡❝✐s✐♦♥

♣♦✇❡r ❛♥❛❧②③❡r ❛t r❛t❡❞ ✐♥♣✉t ✈♦❧t❛❣❡s ♦❢ ✻✵ ❱ ❛♥❞ ✉♣t♦ r❛t❡❞ ♦✉t♣✉t ❝✉rr❡♥t ♦❢ ✹✵

❆✳ ■t s❤♦✉❧❞ ❜❡ ♥♦t❡❞ t❤❛t ❨♦❦♦❣❛✇❛ ❲❚✸✵✵✵ ❤❛s ❢♦✉r ♠❡❛s✉r✐♥❣ t❡r♠✐♥❛❧s✱ ❛♥❞ ❡❛❝❤

t❡r♠✐♥❛❧ ❤❛s ❛ ❝✉rr❡♥t ❧✐♠✐t ♦❢ ✸✵ ❆✳ ■♥ ♦r❞❡r t♦ ♠❡❛s✉r❡ ✉♣t♦ t❤❡ r❛t❡❞ ♦✉t♣✉t ❝✉rr❡♥t✱

t✇♦ t❡r♠✐♥❛❧s ❛r❡ ❞❡❞✐❝❛t❡❞ t♦ t❤❡ ♦✉t♣✉t ♣♦rt✳ ■t ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✳ ✺✳✶✹ t❤❛t t❤❡

❝♦♥✈❡rt❡r ❝❛♥ ♦♣❡r❛t❡ ❛t ❛❜♦✈❡ ✾✾✪ ❡✣❝✐❡♥❝② ♦✈❡r ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ ❞✉t② ❝②❝❧❡s ❛♥❞ ✐♥♣✉t

♣♦✇❡rs ❞✉❡ t♦ t❤❡ s✐❣♥✐✜❝❛♥t r❡❞✉❝t✐♦♥ ✐♥ s✇✐t❝❤✐♥❣ r✐♣♣❧❡ ❛♥❞ r❡❞✉❝❡❞ ❝♦♠♣♦♥❡♥t ❝♦✉♥t✳



❈❤❛♣t❡r ✺✳ ❈❛s❡ ❙t✉❞✐❡s ✹✷

❋✐❣✉r❡ ✺✳✶✹✿ ❈♦♥✈❡rt❡r ❡✣❝✐❡♥❝② ♠❡❛s✉r❡♠❡♥ts ❢♦r ✈❛r✐♦✉s ♦♣❡♥ ❧♦♦♣ ❞✉t② ❝②❝❧❡ ✈❛❧✉❡s

❛t r❛t❡❞ ✐♥♣✉t ♣♦rt ✈♦❧t❛❣❡s ♦❢ ✻✵ ❱ ❛♥❞ ✉♣t♦ r❛t❡❞ ♦✉t♣✉t ❝✉rr❡♥t ♦❢ ✹✵ ❆✳

❚♦ ❢✉rt❤❡r ✈❛❧✐❞❛t❡ t❤❡ ❡✣❝✐❡♥❝② ♠❡❛s✉r❡♠❡♥ts✱ ❛♥ ❡✣❝✐❡♥❝② ❛♥❛❧②s✐s ✐s ❝♦♥❞✉❝t❡❞ ♦♥

❛ ❜✉❝❦ ❝♦♥✈❡rt❡r ✉s✐♥❣ t❤❡ s❛♠❡ ❡①♣❡r✐♠❡♥t❛❧ ❝♦♠♣♦♥❡♥ts ❛♥❞ P❈❇ ❜♦❛r❞ ✇✐t❤ ❛✈❛✐❧❛❜❧❡

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



❈❤❛♣t❡r ✻

❈❛s❝❛❞❡❞ ❈♦♥✜❣✉r❛t✐♦♥

✻✳✶ ❚♦♣♦❧♦❣② ❛♥❞ ❱❛r✐❛t✐♦♥s

❚❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ✐s ♠♦❞✉❧❛r ❛♥❞ ❝❛♥ ❜❡ ❡①t❡♥❞❡❞ t♦ ❛ ✭2K +1✮✲♣♦rt ❝♦♥✈❡rt❡r ❜②

❝❛s❝❛❞✐♥❣ ✇✐t❤ ✐ts❡❧❢ ♦r ✐ts ✈❛r✐❛t✐♦♥s✳ ❚❤❡ ♣r♦♣♦s❡❞ ❝❛s❝❛❞❡❞ ❝♦♥✈❡rt❡r ✐♥ ❋✐❣✳ ✻✳✶ ❤❛s

✭2K + 1✮✲♣♦rt ✇✐t❤ ❛ s✐♥❣❧❡ ♦✉t♣✉t ♣♦rt ❝❛♣❛❝✐t♦r✳ ❚❤✐s ❝❛s❝❛❞❡❞ ❝♦♥✜❣✉r❛t✐♦♥ ✇✐❧❧ ❜❡

✉s❡❞ ❢♦r ❝♦♥tr♦❧ ❛♥❛❧②s✐s ❛♥❞ s✐♠✉❧❛t✐♦♥ t♦ ❞❡♠♦♥str❛t❡ ❜✐❞✐r❡❝t✐♦♥❛❧ ♣♦✇❡r tr❛♥s❢❡r ❛♥❞

✈♦❧t❛❣❡ ❜❛❧❛♥❝✐♥❣ ❝❛♣❛❜✐❧✐t②✳ ❖t❤❡r ✈❛r✐❛t✐♦♥s ♦❢ t❤❡ ❝❛s❝❛❞❡❞ ❝♦♥✜❣✉r❛t✐♦♥ ❛r❡ s❤♦✇♥

✐♥ ❋✐❣✳ ✻✳✷ t♦ ✻✳✹✳

✻✳✷ ❈♦♥tr♦❧ ❙tr❛t❡❣②

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

♠♦❞✉❧❡ ❝♦♥✈❡rt❡r ❛❧❜❡✐t t❤❡ ✐♥❝r❡❛s❡❞ ❝♦♥tr♦❧ ❝♦♠♣❧❡①✐t②✳ ❚❤❡ ♣r✐♥❝✐♣❧❡s ♦❢ t❤❡ s✉♠ ❛♥❞

❞✐✛❡r❡♥❝❡ ❝♦♥tr♦❧ ❝❛♥ ❜❡ ❡①t❡♥❞❡❞ t♦ ✐♥❝❧✉❞❡ ✐♥tr❛✲♠♦❞✉❧❡ ❛s ✇❡❧❧ ❛s ✐♥t❡r✲♠♦❞✉❧❡ ✈♦❧t❛❣❡

❜❛❧❛♥❝✐♥❣ ❢♦r ❛ s②st❡♠ ♦❢ K ❝❛s❝❛❞❡❞ ♠♦❞✉❧❡s✳ ✭✻✳✶✮ ❛♥❞ ✭✻✳✷✮ s❤♦✇ t❤❡ tr❛♥s❢♦r♠❡❞

✈❛r✐❛❜❧❡ ♦❢ ♠♦❞✉❧❡ ✈♦❧t❛❣❡ s✉♠ ❛♥❞ ✐♥tr❛✲♠♦❞✉❧❡ ✈♦❧t❛❣❡ ❞✐✛❡r❡♥❝❡ ♦❢ t❤❡ t✇♦ ✐♥♣✉t ♣♦rts

s✐♠✐❧❛r t♦ t❤❡ tr❛♥s❢♦r♠❛t✐♦♥ s❤♦✇♥ ✐♥ ✭✹✳✹✮ ❛♥❞ ✭✹✳✺✮ ❢♦r t❤❡ s✐♥❣❧❡ ♠♦❞✉❧❡ ❝❛s❡ ✇✐t❤

t❤❡ ❛❞❞✐t✐♦♥ ♦❢ ❛ s✉❜s❝r✐♣t i t♦ ✐❞❡♥t✐❢② t❤❡ s♣❡❝✐✜❝ ♠♦❞✉❧❡ ✐♥ t❤✐s ❝❛s❝❛❞❡❞ s②st❡♠✳

vi,Σ = vi,1 + vi,2 ✭✻✳✶✮

vi,∆ = vi,1 − vi,2 ✭✻✳✷✮

✭✻✳✸✮ ❛♥❞ ✭✻✳✹✮ ✐♥tr♦❞✉❝❡ t✇♦ ♥❡✇ ✈❛r✐❛❜❧❡s ❢♦r t❤❡ ❝♦♥tr♦❧✳ v∗ ✐s t❤❡ ❛✈❡r❛❣❡ ♠♦❞✉❧❡

s✉♠ ✈♦❧t❛❣❡ ♦❢ ❛❧❧K ♠♦❞✉❧❡s ✐♥ t❤❡ ❝❛s❝❛❞❡❞ s②st❡♠✱ ❛♥❞ ṽi ✐s t❤❡ ✐♥t❡r✲♠♦❞✉❧❡ ❞✐✛❡r❡♥❝❡

✈♦❧t❛❣❡ ❜❡t✇❡❡♥ t❤❡ ❛❝t✉❛❧ ♠♦❞✉❧❡ s✉♠ ✈♦❧t❛❣❡ vi,Σ ❛♥❞ t❤❡ s②st❡♠ ❛✈❡r❛❣❡ ♠♦❞✉❧❡ s✉♠

✹✸



❈❤❛♣t❡r ✻✳ ❈❛s❝❛❞❡❞ ❈♦♥❢✐❣✉r❛t✐♦♥ ✹✹

+
v1,2

S1,2a

S1,2b

_ C1,2

+
v2,1

S2,1a

S2,1b

_ C2,1

+
vK,2

SK,2a

SK,2b

_

+
vK,1

SK,1a

SK,1b

_

+

vout

_

CK,1

CK,2

L1

L2

LK

+

vn1,2
_

+

vn2,1
_

+

vnK,1
_

+

vnK,2
_

+

v1,3

_

+

v2,3

_

+

vK,3

_

+
v2,2

S2,2a

S2,2b

_ C2,2+

vn2,2
_

+
v1,1

S1,1a

S1,1b

_ C1,1

Input Ports Output Port

+

vn1,1
_

CK,3
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+
v1,2

S1,2a

S1,2b

_

+
v1,1

S1,1a

S1,1b

_ C1,1

C1,2

+
v2,2

S2,2a

S2,2b

_

+
v2,1

S2,1a

S2,1b

_ C2,1

C2,2

+
vK,2

SK,2a

SK,2b

_

+
vK,1

SK,1a

SK,1b

_

+

vout

_

CK,1

CK,2

L1

L2

LK

Input Ports Output Port

+

vn1,1
_

+

vn1,2
_

+

vn2,1
_

+
vn2,2

_
+

vnK,1
_

+

vnK,2
_

+

v1,3

_

+

v2,3

_

+

vK,3

_

C1,3a

C1,3b

C2,3a

C2,3b

CK,3a

CK,3b
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+
v1,2

S1,2a

S1,2b

_

+
v1,1

S1,1a

S1,1b

_

C1,3

C1,1

C1,2

+
v2,2

S2,2a

S2,2b

_

+
v2,1

S2,1a

S2,1b

_

C2,3

C2,1

C2,2

+
vK,2

SK,2a

SK,2b

_

+
vK,1

SK,1a

SK,1b

_

CK,3

+

vout

_

CK,1

CK,2

L1

L2

LK

Input Ports Output Port

+

vn1,1
_

+

vn1,2
_

+

vn2,1
_

+
vn2,2

_
+

vnK,1
_

+

vnK,2
_

+

v1,3

_

+

v2,3

_

+

vK,3

_
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+
v1,2

S1,2a

S1,2b

_ C1,2

+
v2,1

S2,1a

S2,1b

_ C2,1

+
vK,2

SK,2a

SK,2b

_

+
vK,1

SK,1a

SK,1b

_

+

vout

_

CK,1

CK,2

L1

L2

LK

+

vn1,2
_

+

vn2,1
_

+

vnK,1
_

+

vnK,2
_

+

v1,3

_

+

v2,3

_

+

vK,3

_

+
v2,2

S2,2a

S2,2b

_ C2,2+

vn2,2
_

CK,3

C2,3

C1,3

+
v1,1

S1,1a

S1,1b

_ C1,1

Input Ports Output Port

+

vn1,1
_
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❈❤❛♣t❡r ✻✳ ❈❛s❝❛❞❡❞ ❈♦♥❢✐❣✉r❛t✐♦♥ ✹✽

✈♦❧t❛❣❡ v∗✳ ❈♦♥s❡q✉❡♥t❧②✱ v∗ ✇✐❧❧ s❡r✈❡ ❛s ❛ ♠♦✈✐♥❣ t❛r❣❡t ✇❤❡r❡ ❛❧❧ ♠♦❞✉❧❡ ✈♦❧t❛❣❡s ✐♥

t❤❡ s②st❡♠ ✇✐❧❧ ❝♦♥✈❡r❣❡ t♦ ❛❝❤✐❡✈❡ ✐♥t❡r✲♠♦❞✉❧❡ ✈♦❧t❛❣❡ ❜❛❧❛♥❝✐♥❣✳

v∗ =
1

K

K
∑

i=1

vi,Σ ✭✻✳✸✮

ṽi = vi,Σ − v∗ ✭✻✳✹✮

❙✐♠✐❧❛r t♦ t❤❡ tr❛♥s❢♦r♠❡❞ ✈♦❧t❛❣❡ ✈❛r✐❛❜❧❡s✱ tr❛♥s❢♦r♠❡❞ ❞✉t② ❝②❝❧❡ ✈❛r✐❛❜❧❡s ❛r❡

❞❡✜♥❡❞ ✐♥ ✭✻✳✺✮ t♦ ✭✻✳✽✮✱ ✇❤❡r❡ t❤❡ ❛❝t✉❛❧ ❞✉t② ❝♦♠♠❛♥❞ t♦ ❡✈❡r② ♣❛✐r ♦❢ ❝♦♠♣❧❡♠❡♥t❛r②

s✇✐t❝❤❡s ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ ✭✻✳✾✮ ❛♥❞ ✭✻✳✶✵✮✳

di,Σ =
di,1 + di,2

2
✭✻✳✺✮

di,∆ =
di,1 − di,2

2
✭✻✳✻✮

d∗ =
1

K

K
∑

i=1

di,Σ ✭✻✳✼✮

d̃i = di,Σ − d∗ ✭✻✳✽✮

di,1 = d∗ + d̃i + di,∆ ✭✻✳✾✮

di,2 = d∗ + d̃i − di,∆ ✭✻✳✶✵✮

❚❤❡ tr❛♥s❢♦r♠❛t✐♦♥ ♦❢ ✈❛r✐❛❜❧❡s ✇✐❧❧ ❧❡❛❞ t♦ ❛ ❝♦♥tr♦❧ s②st❡♠ s✐♠✐❧❛r t♦ t❤❡ s✐♥❣❧❡

♠♦❞❡❧ ❝❛s❡✳ ✭✻✳✶✶✮ t♦ ✭✻✳✶✸✮ s❤♦✇ t❤❡ s②st❡♠ ♦❢ ❡q✉❛t✐♦♥s ✇✐t❤ t❤❡ tr❛♥s❢♦r♠❡❞ ✈❛r✐❛❜❧❡s

❢♦r t❤❡ ♣r♦♣♦s❡❞ ❝❛s❝❛❞❡❞ str✉❝t✉r❡✳ ❚❤❡ K ✐♥❞✉❝t♦rs ❝♦♥♥❡❝t❡❞ ✐♥ s❡r✐❡s ❢♦r♠ ❛♥

❡q✉✐✈❛❧❡♥t s✐♥❣❧❡ ✐♥❞✉❝t❛♥❝❡ ♦❢ KL✳ ❚❤❡ s✐♠♣❧✐✜❡❞ ❝✉rr❡♥t ❡q✉❛t✐♦♥ ✐♥ ✭✻✳✶✶✮ ❤❛s t❤r❡❡

❞✐st✉r❜❛♥❝❡ t❡r♠s t❤❛t r❡s❡♠❜❧❡s t❤❡ ❝✉rr❡♥t ❡q✉❛t✐♦♥ ✐♥ t❤❡ s✐♥❣❧❡ ♠♦❞✉❧❡ ❝❛s❡ ✇✐t❤ t❤❡

❛❞❞✐t✐♦♥ ♦❢ ❛ s✉♠ ♦❢ ♣r♦❞✉❝ts t❤❛t ✐♥❝❧✉❞❡s ✐♥tr❛✲♠♦❞✉❧❡ ✈♦❧t❛❣❡ ❞✐✛❡r❡♥❝❡s ṽi✳ ❚❤❡ ✐♥t❡r✲

♠♦❞✉❧❡ ✈♦❧t❛❣❡ ❞✐✛❡r❡♥❝❡ ❡q✉❛t✐♦♥ s❤♦✇♥ ✐♥ ✭✻✳✶✷✮ ✐s t❤❡ s❛♠❡ ❛s ✐♥ t❤❡ s✐♥❣❧❡ ♠♦❞✉❧❡

❝♦♥tr♦❧✳ ❍♦✇❡✈❡r✱ ❜❡❝❛✉s❡ t❤❡ s②st❡♠ ❝♦♥t❛✐♥s K ♠♦❞✉❧❡s✱ t❤❡r❡ ❛r❡ K ❡q✉❛t✐♦♥s ♦❢

✭✻✳✶✷✮✳ ❙✐♠✐❧❛r❧②✱ t❤❡r❡ ❛r❡ ❛❧s♦ K ❡q✉❛t✐♦♥s ♦❢ ✭✻✳✶✸✮ t❤❛t r❡♣r❡s❡♥ts t❤❡ ✈♦❧t❛❣❡ s✉♠ ♦❢

❡❛❝❤ ♠♦❞✉❧❡ ✐♥ t❤❡ ❢♦r♠ ♦❢ (v∗ + ṽi) ❞❡r✐✈❡❞ ❢r♦♠ ✭✻✳✹✮✳ ❚❤❡r❡ ❛r❡ ❛ t♦t❛❧ ♦❢ (2K + 1)

❡q✉❛t✐♦♥s ✐♥ t❤❡ s②st❡♠✱ ❤♦✇❡✈❡r✱ t❤❡② ❛r❡ ♥♦t ❛❧❧ ✐♥❞❡♣❡♥❞❡♥t✳ ✭✻✳✶✹✮ s❤♦✇s t❤❛t t❤❡



❈❤❛♣t❡r ✻✳ ❈❛s❝❛❞❡❞ ❈♦♥❢✐❣✉r❛t✐♦♥ ✹✾

s✉♠ ♦❢ ❛❧❧ ✐♥tr❛✲♠♦❞✉❧❡ ✈♦❧t❛❣❡ ❞✐✛❡r❡♥❝❡ ✐s ③❡r♦✱ ❛♥❞ ❝♦♥s❡q✉❡♥t❧②✱ ♦♥❧② (K − 1) ♦❢ t❤❡

K ❡q✉❛t✐♦♥s ♦❢ ✭✻✳✹✮ ❛r❡ ✐♥❞❡♣❡♥❞❡♥t✳

KL
diL
dt

=
K
∑

i=1

(di,1vi,1 + di,2vi,2)− vout

=
K
∑

i=1

di,Σvi,Σ +
K
∑

i=1

di,∆vi,∆ − vout

= Kd∗v∗ +
K
∑

i=1

d̃iṽi +
K
∑

i=1

di,∆vi,∆ − vout

✭✻✳✶✶✮

C
dvi,∆
dt

= C
dvi,2
dt

− C
dvi,1
dt

= −di,2iL − (−di,1iL)

= −2iLdi,∆



















i = 1, ..., K ✭✻✳✶✷✮

C
d(v∗ + ṽi)

dt
= C

dvi,2
dt

+ C
dvi,1
dt

= −di,2iL + (−di,1iL)

= −2iL(d
∗ + d̃i)



















i = 1, ..., K ✭✻✳✶✸✮

K
∑

i=1

ṽi =
K
∑

i=1

(vi,Σ − v∗)

=
K
∑

i=1

vi,Σ −Kv∗

= 0

✭✻✳✶✹✮

❋✐❣✳ ✻✳✺ s❤♦✇s t❤❡ ♣r♦♣♦s❡❞ ❝♦♥tr♦❧ ❜❧♦❝❦ ❞✐❛❣r❛♠s✳ ❚❤❡r❡ ❛r❡✿ ♦♥❡ ❝✉rr❡♥t ❝♦♥tr♦❧❧❡r✱

K ❞❡❧t❛ ❝♦♥tr♦❧❧❡rs t♦ r❡❣✉❧❛t❡ ❞✐✛❡r❡♥t ❜❛tt❡r② ✈♦❧t❛❣❡s vi,∆ ♦❢ ❡❛❝❤ ♠♦❞✉❧❡ t♦ ③❡r♦✱

❛♥❞ (K − 1) t✐❧❞❡ ❝♦♥tr♦❧❧❡rs t♦ r❡❣✉❧❛t❡ ❞✐✛❡r❡♥t ✈♦❧t❛❣❡ s✉♠ vi,Σ ♦❢ ❡❛❝❤ ♠♦❞✉❧❡ t♦

t❤❡ ❛✈❡r❛❣❡ ♠♦❞✉❧❡ ✈♦❧t❛❣❡ s✉♠ v∗ ♦❢ t❤❡ ❝❛s❝❛❞❡❞ str✉❝t✉r❡✳ ❚❤❡ ❝✉rr❡♥t ❝♦♥tr♦❧❧❡r

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

♦✉t♣✉t ❛♥❞ ✐♥♣✉t ♣♦rts✳ ❚❤❡ K ❞❡❧t❛ ❝♦♥tr♦❧❧❡r ✇♦r❦s ✐♥ ♣❛r❛❧❧❡❧ t♦ ♣❡r❢♦r♠ ✐♥tr❛✲♠♦❞✉❧❡

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

s❛♠❡✳ ❚❤❡ t✐❧❞❡ ❝♦♥tr♦❧❧❡rs ❤❛✈❡ s②st❡♠ ♠♦❞✉❧❡ ❛✈❡r❛❣❡ ✈♦❧t❛❣❡ v∗ ❛s t❤❡ r❡❢❡r❡♥❝❡✱

✇❤✐❝❤ ✇✐❧❧ ❝❛✉s❡ ❛❧❧ ♠♦❞✉❧❡ s✉♠ ✈♦❧t❛❣❡s t♦ ❝♦♥✈❡r❣❡ t♦ v∗✱ r❡s✉❧t✐♥❣ ✐♥ ③❡r♦ ṽi ♦r ✐♥ ♦t❤❡r



❈❤❛♣t❡r ✻✳ ❈❛s❝❛❞❡❞ ❈♦♥❢✐❣✉r❛t✐♦♥ ✺✵

✇♦r❞s✱ ❛❝❤✐❡✈✐♥❣ ❞❡s✐r❡❞ ✐♥t❡r✲♠♦❞✉❧❡ ✈♦❧t❛❣❡ ❜❛❧❛♥❝✐♥❣✳ ❚❤❡ (K − 1) t✐❧❞❡ ❝♦♥tr♦❧❧❡rs

✇✐❧❧ ❝♦♠♣✉t❡ (K − 1) d̃i✬s ✇❤❡r❡ d̃K ✐s ❝♦♠♣✉t❡❞ ❜② ✭✻✳✶✺✮ ❞✉❡ t♦ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❢♦✉♥❞

✐♥ ✭✻✳✶✻✮✳

s
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+

_ PI

Current Controller

i
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+

+

i
L

i
sense

L

KL

s
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_ PI
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d
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L

v
sense
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_
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L

sense

C
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v
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)
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v
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)

v
*

d
i,∆vi,∆

_ v
outΣ d

K

v
i

+
i=1

( )
i

~ ~

i = 1, … , K

i = 1, … , K-1

Kd v
* *

❋✐❣✉r❡ ✻✳✺✿ ❇❧♦❝❦ ❞✐❛❣r❛♠s ♦❢ t❤❡ ❝♦♥tr♦❧❧❡rs ❢♦r t❤❡ ❝❛s❝❛❞❡❞ ❝♦♥✈❡rt❡r✳

d̃K = −

K−1
∑

i=1

d̃i ✭✻✳✶✺✮



❈❤❛♣t❡r ✻✳ ❈❛s❝❛❞❡❞ ❈♦♥❢✐❣✉r❛t✐♦♥ ✺✶

K
∑

i=1

d̃i =
K
∑

i=1

(di,Σ − d∗)

=
K
∑

i=1

di,Σ −Kd∗

= 0

✭✻✳✶✻✮

✻✳✸ ❙✐♠✉❧❛t✐♦♥ ❘❡s✉❧ts

❚♦ ✈❛❧✐❞❛t❡ t❤❡ ❝♦♥tr♦❧ str❛t❡❣② ❢♦r t❤❡ ❝❛s❝❛❞❡❞ ❝♦♥✜❣✉r❛t✐♦♥✱ ❛ t❤r❡❡ ♠♦❞✉❧❡ ♠♦❞❡❧ ✐s

❞❡✈❡❧♦♣❡❞ ✐♥ ❙✐♠✉❧✐♥❦✳

■♥ t❤✐s s✐♠✉❧❛t✐♦♥ s②st❡♠✱ t❤❡ ❜❛tt❡r② ❝❛♣❛❝✐t❛♥❝❡ ❢♦r ❡❛❝❤ ✐♥♣✉t ♣♦rt ✐s ✵✳✶ ❋✱ ❛♥❞

t❤❡ t♦t❛❧ ✐♥❞✉❝t❛♥❝❡ ♦❢ t❤❡ ❝❛s❝❛❞❡❞ str✉❝t✉r❡ ✐s ✷✻✳✷ µ❍✳ ❚❤❡ ✐♥✐t✐❛❧ ✐♥♣✉t ✈♦❧t❛❣❡ ❢♦r

❡❛❝❤ ♣♦rt ✐s s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✻✳✶✳ ❚❤❡ ♦✉t♣✉t ♣♦rt ✐s ❝♦♥♥❡❝t❡❞ t♦ ❛ ❞❝ ✈♦❧t❛❣❡ s♦✉r❝❡ ♦❢

✶✺✵ ❱ ✈✐❛ ❛ ❧✐♥❡ ✐♥❞✉❝t❛♥❝❡ ♦❢ ✺✵ µ❍✳

❋✐❣✳ ✻✳✻ s❤♦✇s t❤❡ ❝♦♥✈❡rt❡r ❝✉rr❡♥t st❡♣ r❡s♣♦♥s❡ t♦ ❜♦t❤ ♣♦s✐t✐✈❡ ❛♥❞ ♥❡❣❛t✐✈❡

Iref ✳ ❋✐❣✳ ✻✳✼ s❤♦✇s t❤❡ ✈♦❧t❛❣❡ ❜❛❧❛♥❝✐♥❣ r❡s✉❧ts ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝❛s❝❛❞❡❞ ❝♦♥✈❡rt❡r✳

■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t ❛❧❧ ✐♥♣✉t ♣♦rt ✈♦❧t❛❣❡s ❝♦♥✈❡r❣❡ t♦ t❤❡ ❣❧♦❜❛❧ ♠♦✈✐♥❣ ❛✈❡r❛❣❡ v∗

❛♥❞ ❝♦♥s❡q✉❡♥t❧② ❛❝❤✐❡✈❡s ✈♦❧t❛❣❡ ❜❛❧❛♥❝✐♥❣✳ ■♥ s✉♠♠❛r②✱ t❤❡ ❝❛s❝❛❞❡❞ ❝♦♥✜❣✉r❛t✐♦♥ ✐s

❝❛♣❛❜❧❡ ♦❢ ❜✐❞✐r❡❝t✐♦♥❛❧ ♣♦✇❡r tr❛♥s❢❡r ❛s ✇❡❧❧ ❛s ❜❛tt❡r② ✈♦❧t❛❣❡ ❜❛❧❛♥❝✐♥❣✳

vi,1 vi,2

▼♦❞✉❧❡ ✶ ✺✺ ❱ ✺✸ ❱

▼♦❞✉❧❡ ✷ ✺✶ ❱ ✹✾ ❱

▼♦❞✉❧❡ ✸ ✹✼ ❱ ✹✺ ❱

❚❛❜❧❡ ✻✳✶✿ ■♥✐t✐❛❧ ✐♥♣✉t ✈♦❧t❛❣❡ ❢♦r ❡❛❝❤ ♣♦rt ❢♦r t❤❡ ❝❛s❝❛❞❡❞ ❝♦♥✈❡rt❡r✳



❈❤❛♣t❡r ✻✳ ❈❛s❝❛❞❡❞ ❈♦♥❢✐❣✉r❛t✐♦♥ ✺✷

❋✐❣✉r❡ ✻✳✻✿ ■♥❞✉❝t♦r ❝✉rr❡♥t st❡♣ r❡s♣♦♥s❡ ♦❢ t❤❡ ❝❛s❝❛❞❡❞ ❝♦♥✜❣✉r❛t✐♦♥✳

❋✐❣✉r❡ ✻✳✼✿ ❙✐♠✉❧❛t❡❞ ✈♦❧t❛❣❡ ❜❛❧❛♥❝✐♥❣ r❡s✉❧ts ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝❛s❝❛❞❡❞ ❝♦♥✜❣✉r❛t✐♦♥✳



❈❤❛♣t❡r ✼

❈♦♥❝❧✉s✐♦♥

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

♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ✐s ❝❛♣❛❜❧❡ ♦❢ ✐♥♣✉t ✈♦❧t❛❣❡ ❜❛❧❛♥❝✐♥❣ ❢♦r ❜✐❞✐r❡❝t✐♦♥❛❧ ♣♦✇❡r tr❛♥s❢❡r

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

r❡❞✉❝❡❞ ✜❧t❡r r❡q✉✐r❡♠❡♥ts ❛♥❞ ❝♦♠♣♦♥❡♥t ❝♦✉♥t✱ ✇❤✐❝❤ ❝❛♥ ❧❡❛❞ t♦ ✐♠♣r♦✈❡❞ ❡✣❝✐❡♥❝②

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

❆♥ ✐♥t❡r❧❡❛✈❡❞ s✇✐t❝❤✐♥❣ str❛t❡❣② ✐s ❞❡✈❡❧♦♣❡❞ ❢♦r t❤❡ ❝♦♥✈❡rt❡r s✉❝❤ t❤❛t t❤❡ ✐♥❞✉❝t♦r

❝✉rr❡♥t r✐♣♣❧❡ ✐s r❡❞✉❝❡❞ ❛♥❞ ❛♣♣❡❛rs ❛t ❞♦✉❜❧✐♥❣ ♦❢ t❤❡ ♣❤②s✐❝❛❧ s✇✐t❝❤✐♥❣ ❢r❡q✉❡♥❝②✳

❚♦ ❛❝❤✐❡✈❡ t❤❡ ♦❜❥❡❝t✐✈❡s ♦❢ r❡❣✉❧❛t✐♥❣ ♦✉t♣✉t ❝✉rr❡♥t ❛♥❞ ✈♦❧t❛❣❡ ❜❛❧❛♥❝✐♥❣ ♦❢ t❤❡

✐♥♣✉t ♣♦rts✱ ❛ s✉♠ ❛♥❞ ❞✐✛❡r❡♥❝❡ ❝♦♥tr♦❧ str❛t❡❣② ✐s ❞❡✈❡❧♦♣❡❞ ❢♦r t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r✱

✇❤❡r❡ ❛ ❝✉rr❡♥t ❝♦♥tr♦❧❧❡r ✐s ✉s❡❞ t♦ r❡❣✉❧❛t❡ ♦✉t♣✉t ❝✉rr❡♥t✱ ❛♥❞ ❛ ❞❡❧t❛ ❝♦♥tr♦❧❧❡r ✐s

✉s❡❞ t♦ r❡❣✉❧❛t❡ ✐♥♣✉t ♣♦rt ❜❛tt❡r② ✈♦❧t❛❣❡s t♦ ③❡r♦✳ Pr❛❝t✐❝❛❧ ❝♦♥tr♦❧ ❝❤❛❧❧❡♥❣❡s s✉❝❤ ❛s

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

❚❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ❝❛♥ ❜❡ ❡①t❡♥❞❡❞ t♦ ❛ ✭2K + 1✮✲♣♦rt ❝♦♥✈❡rt❡r ❜② ❝❛s❝❛❞✐♥❣

✇✐t❤ ✐ts❡❧❢ ♦r ✐ts ✈❛r✐❛t✐♦♥s✳ ❙❡✈❡r❛❧ ❝❛s❝❛❞❡❞ ❝♦♥✜❣✉r❛t✐♦♥s ❛r❡ ♣r♦♣♦s❡❞✱ ❛♥❞ ♦♥❡ ♦❢

t❤❡♠ ✐s s❡❧❡❝t❡❞ ❢♦r ❛♥❛❧②s✐s ❛♥❞ ❝♦♥tr♦❧ ❞❡s✐❣♥✳ ❚❤❡ ❝♦♥tr♦❧ str❛t❡❣② ❢♦r ❛ s✐♥❣❧❡ ♠♦❞✉❧❡

✐s ❡①t❡♥❞❡❞ t♦ t❤❡ ❝❛s❝❛❞❡❞ ❝♦♥✜❣✉r❛t✐♦♥✱ ✇❤❡r❡ t❤❡r❡ ❛r❡✿ ♦♥❡ ❝✉rr❡♥t ❝♦♥tr♦❧❧❡r✱ K

❞❡❧t❛ ❝♦♥tr♦❧❧❡rs t♦ r❡❣✉❧❛t❡ ✐♥tr❛♠♦❞✉❧❡ ❜❛tt❡r② ✈♦❧t❛❣❡s t♦ ③❡r♦✱ ❛♥❞ (K − 1) t✐❧❞❡

❝♦♥tr♦❧❧❡rs t♦ r❡❣✉❧❛t❡ t❤❡ ✈♦❧t❛❣❡ s✉♠ ♦❢ ❡❛❝❤ ♠♦❞✉❧❡ t♦ t❤❡ ❛✈❡r❛❣❡ ♠♦❞✉❧❡ ✈♦❧t❛❣❡ ♦❢

t❤❡ ❝❛s❝❛❞❡❞ str✉❝t✉r❡✳

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

❛r❡ ❜✉✐❧t ✐♥ ❙✐♠✉❧✐♥❦ ❢♦r ❢✉♥❝t✐♦♥❛❧✐t② ❛♥❛❧②s✐s✳ ❇♦t❤ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ❛♥❞ ❝❛s❝❛❞❡❞

❝♦♥✜❣✉r❛t✐♦♥ ❛r❡ ❛❜❧❡ t♦ ♣❡r❢♦r♠ ❜❛tt❡r② ✈♦❧t❛❣❡ ❜❛❧❛♥❝✐♥❣ ♦❢ t❤❡ ✐♥♣✉t ♣♦rts ✇❤✐❧❡

♠❛✐♥t❛✐♥✐♥❣ ♥♦♠✐♥❛❧ ❜✐❞✐r❡❝t✐♦♥❛❧ ♣♦✇❡r tr❛♥s❢❡r ❜❡t✇❡❡♥ t❤❡ ✐♥♣✉t ♣♦rts ❛♥❞ t❤❡ ♦✉t♣✉t

♣♦rt✳ ❆ s✐♠✉❧❛t✐♦♥ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ❛♥❞ ❛ ❞♦✉❜❧❡✲✐♥♣✉t s✐♥❣❧❡✲

♦✉t♣✉t ❝❧❛ss✐❝❛❧ ❝❛s❝❛❞❡❞ ❜✉❝❦ ❝♦♥✈❡rt❡r ❞❡♠♦♥str❛t❡s t❤❛t t❤❡ ♣❡❛❦✲t♦✲♣❡❛❦ ✐♥❞✉❝t♦r

✺✸



❈❤❛♣t❡r ✼✳ ❈♦♥❝❧✉s✐♦♥ ✺✹

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

✈♦❧t❛❣❡ r✐♣♣❧❡ ❛r❡ r❡❞✉❝❡❞ ❜② ✸✳✼ ❛♥❞ ✶✷✳✽ t✐♠❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤✐s s✐❣♥✐✜❝❛♥t r❡❞✉❝t✐♦♥

✐♥ s✇✐t❝❤✐♥❣ r✐♣♣❧❡ ❧❡❛❞s t♦ ❛ ❤✐❣❤❧② ❡✣❝✐❡♥t ❝♦♥✈❡rt❡r✳

❊①♣❡r✐♠❡♥t❛❧ t❡st✐♥❣ ✇✐t❤ ✐♥♣✉t ♣♦✇❡r ✉♣ t♦ ✸✳✸ ❦❲ ❝♦♥✜r♠s t❤❡ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts

❛♥❞ ❞❡♠♦♥str❛t❡s t❤❛t t❤❡ ❝♦♥✈❡rt❡r ♣r♦t♦t②♣❡ ❤❛s ❛❜♦✈❡ ✾✾✪ ❡✣❝✐❡♥❝② ♦✈❡r ❛ ✇✐❞❡ r❛♥❣❡

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

✐ts ❝♦♥tr♦❧ ♠❡t❤♦❞ ❛r❡ ❛♥❛❧②③❡❞ ❛♥❞ s✐♠✉❧❛t❡❞ ✉s✐♥❣ ❙✐♠✉❧✐♥❦ t♦ ❞❡♠♦♥str❛t❡ ❜✐❞✐r❡❝t✐♦♥❛❧

♣♦✇❡r tr❛♥s❢❡r ❝❛♣❛❜✐❧✐t② ❛♥❞ ✈♦❧t❛❣❡ ❜❛❧❛♥❝✐♥❣ ❢♦r ♠✉❧t✐♣❧❡ ✐♥♣✉t ♣♦rts✳ ■t ✐s s❤♦✇♥ ✐♥

t❤✐s r❡s❡❛r❝❤ t❤❛t t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ♦✛❡rs ❛ ❤✐❣❤❧② ❡✣❝✐❡♥t ❛♥❞ ❝♦st✲❡✛❡❝t✐✈❡ ♠❡❛♥s

❢♦r ❛❝❤✐❡✈✐♥❣ ♠✉❧t✐✲♣♦rt ♣♦✇❡r ♣r♦❝❡ss✐♥❣ ❛♥❞ ✐s ✇❡❧❧✲s✉✐t❡❞ ❢♦r ❛♣♣❧✐❝❛t✐♦♥s ✐♥ ❉● ❛♥❞

❊❱✳

✼✳✶ ❋✉t✉r❡ ❘❡s❡❛r❝❤

❚❤❡ ❢♦❧❧♦✇✐♥❣ ❛r❡ s♦♠❡ ❛r❡❛s ♦❢ ✐♥t❡r❡st ❢♦r ❢✉t✉r❡ ✐♥✈❡st✐❣❛t✐♦♥s r❡❧❛t❡❞ t♦ t❤✐s t❤❡s✐s✿

❼ ❚❤❡ ✈❛r✐❛♥ts ♦❢ t❤❡ ❝❛s❝❛❞❡❞ ❝♦♥✜❣✉r❛t✐♦♥ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r s❤♦✇♥ ✐♥

❋✐❣✳ ✻✳✷ t♦ ✻✳✹ ❤❛✈❡ ❞✐✛❡r❡♥t ❝❛♣❛❝✐t♦r ♣❧❛❝❡♠❡♥t✳ ❈♦♥s❡q✉❡♥t❧②✱ t❤❡s❡ ❝❛s❝❛❞❡❞

✈❛r✐❛♥ts ❛❧❧ ❤❛✈❡ ❞✐✛❡r❡♥t ❝♦♥tr♦❧ ❞②♥❛♠✐❝s ❛♥❞ s❤♦✉❧❞ ❜❡ st✉❞✐❡❞ ✐♥❞✐✈✐❞✉❛❧❧②✳ ■t ✐s

❡①♣❡❝t❡❞ t❤❛t ♠♦r❡ ❢❡❡❞❜❛❝❦ s✐❣♥❛❧s ♠✐❣❤t ❜❡ ♥❡❡❞❡❞ ❢♦r t❤❡s❡ ❝♦♥✈❡rt❡rs t♦ ❡♥❛❜❧❡

r❡❣✉❧❛t✐♦♥ ♦❢ t❤❡ ✐♥t❡r♥❛❧ ✈♦❧t❛❣❡ ❞②♥❛♠✐❝s ✐♥tr♦❞✉❝❡❞ ❜② t❤❡ ❡①tr❛ ❝❛♣❛❝✐t♦rs❀

❼ ❋✉rt❤❡r t❡st✐♥❣ ♦♥ t❤❡ ♣r♦t♦t②♣❡ t♦ q✉❛♥t✐❢② ❛♥❞ ❝❛t❡❣♦r✐③❡ ♣♦✇❡r ❧♦ss❡s ✐♥ ❛❞❞✐t✐♦♥

t♦ t❤❡ ❡✣❝✐❡♥❝② ❛♥❛❧②s✐s s❤♦✇♥ ✐♥ ❆♣♣❡♥❞✐① ❆ ✐♥ ♦r❞❡r t♦ ❜❡tt❡r ✉♥❞❡rst❛♥❞ t❤❡

❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ♠❡❛s✉r❡❞ ❧♦ss❡s ❛♥❞ ❝❛❧❝✉❧❛t❡❞ ❧♦ss❡s❀ ❛♥❞

❼ ❋✉rt❤❡r t❡st✐♥❣ ♦♥ t❤❡ ♣r♦t♦t②♣❡ ✇✐t❤ ❛❝t✉❛❧ ❜❛tt❡r② ♣❛❝❦s ✐♥st❡❛❞ ♦❢ s✉♣❡r ❝❛♣❛❝✐t♦rs

t♦ ✈❡r✐❢② t❤❡ ❝♦♥tr♦❧ ❢♦r ❜✐❞✐r❡❝t✐♦♥❛❧ ♣♦✇❡r tr❛♥s❢❡r ❛♥❞ ✈♦❧t❛❣❡ ❜❛❧❛♥❝✐♥❣✳



❇✐❜❧✐♦❣r❛♣❤②

❬✶❪ ▲❡❛❦❛❣❡ ❝✉rr❡♥t ❢♦r ❛♣♣❧✐❛♥❝❡s✳ ❯▲ ✶✵✶✱ ❆♣r✳ ✷✵✵✷✳

❬✷❪ ❆✳ ❆✛❛♥♥✐✱ ❆✳ ❇❡❧❧✐♥✐✱ ●✳ ❋r❛♥❝❡s❝❤✐♥✐✱ P✳ ●✉❣❧✐❡❧♠✐✱ ❛♥❞ ❈✳ ❚❛ss♦♥✐✳ ❇❛tt❡r② ❝❤♦✐❝❡

❛♥❞ ♠❛♥❛❣❡♠❡♥t ❢♦r ♥❡✇✲❣❡♥❡r❛t✐♦♥ ❡❧❡❝tr✐❝ ✈❡❤✐❝❧❡s✳ ■❊❊❊ ❚r❛♥s✳ ■♥❞✳ ❊❧❡❝tr♦♥✳✱

✺✷✭✺✮✿✶✸✹✸✕✶✸✹✾✱ ❖❝t✳ ✷✵✵✺✳

❬✸❪ ❆✳■✳ ❇r❛t❝✉✱ ■✳ ▼✉♥t❡❛♥✉✱ ❙✳ ❇❛❝❤❛✱ ❉✳ P✐❝❛✉❧t✱ ❛♥❞ ❇✳ ❘❛✐s♦♥✳ ❈❛s❝❛❞❡❞ ❞❝✲

❞❝ ❝♦♥✈❡rt❡r ♣❤♦t♦✈♦❧t❛✐❝ s②st❡♠s✿ P♦✇❡r ♦♣t✐♠✐③❛t✐♦♥ ✐ss✉❡s✳ ■❊❊❊ ❚r❛♥s✳ ■♥❞✳

❊❧❡❝tr♦♥✳✱ ✺✽✭✷✮✿✹✵✸✕✹✶✶✱ ❋❡❜✳ ✷✵✶✶✳

❬✹❪ ●✳ ❇✉t✐❝❝❤✐✱ ❉✳ ❇❛r❛t❡r✱ ❊✳ ▲♦r❡♥③❛♥✐✱ ❛♥❞ ●✳ ❋r❛♥❝❡s❝❤✐♥✐✳ ❉✐❣✐t❛❧ ❝♦♥tr♦❧ ♦❢ ❛❝t✉❛❧

❣r✐❞✲❝♦♥♥❡❝t❡❞ ❝♦♥✈❡rt❡rs ❢♦r ❣r♦✉♥❞ ❧❡❛❦❛❣❡ ❝✉rr❡♥t r❡❞✉❝t✐♦♥ ✐♥ ♣✈ tr❛♥s❢♦r♠❡r❧❡ss
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❧♦ss❡s ❛r❡ ❣r♦✉♣❡❞ ✐♥t♦ t❤r❡❡ ❝❛t❡❣♦r✐❡s ❜❛s❡❞ ♦♥ t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ❧♦ss✳ ▼♦r❡ s♣❡❝✐✜❝❛❧❧②✱

t❤❡ t❤r❡❡ ❣r♦✉♣s ♦❢ ❧♦ss❡s ❝♦♥s✐❞❡r❡❞ ❛r❡ ▼❖❙❋❊❚ ❧♦ss❡s✱ ✐♥❞✉❝t♦r ❧♦ss❡s ❛♥❞ ♦t❤❡r ❝✐r❝✉✐t

❝♦♥❞✉❝t✐♦♥ ❧♦ss❡s✳ ❚❤❡ t❤❡♦r❡t✐❝❛❧ ♣♦✇❡r ❧♦ss❡s ❛r❡ ❢✉rt❤❡r st✉❞✐❡❞ ❜② ❝♦♠♣❛r✐♥❣ ✇✐t❤

♠❡❛s✉r❡❞ t♦t❛❧ ♣♦✇❡r ❧♦ss t❤r♦✉❣❤ ❝✉r✈❡ ✜tt✐♥❣ ❛♥❞ ❝♦❡✣❝✐❡♥t ♠❛t❝❤✐♥❣✳ ❇❡❝❛✉s❡ ❜♦t❤

t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ❛♥❞ t❤❡ ❝♦♠♣❛r❛❜❧❡ ❝❧❛ss✐❝❛❧ ❝❛s❝❛❞❡❞ ❜✉❝❦ ❝♦♥✈❡rt❡r ❝♦♥t❛✐♥ t✇♦

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

✇✐t❤ ❛❝t✉❛❧ ❝♦♠♣♦♥❡♥ts s❡❧❡❝t❡❞ ❢♦r t❤❡ ♣r♦♣♦s❡❞ ❝♦♥✈❡rt❡r ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ❆✳✶✳

S1

S2

L

Cout

+

vout

_

Iin

Vin

IL

Buck converter cell

Iout

❋✐❣✉r❡ ❆✳✶✿ ❆ s②♥❝❤r♦♥♦✉s ❜✉❝❦ ❝♦♥✈❡rt❡r ❝❡❧❧ ✉s❡❞ ❢♦r ❧♦ss ❛♥❛❧②s✐s✳

❆✳✵✳✶ ▼❖❙❋❊❚ ▲♦ss❡s

▼❖❙❋❊❚ ❧♦ss❡s ✐♥❝❧✉❞❡ s✇✐t❝❤✐♥❣ ❧♦ss✱ ❝♦♥❞✉❝t✐♦♥ ❧♦ss✱ ❜♦❞② ❞✐♦❞❡ r❡✈❡rs❡ r❡❝♦✈❡r② ❧♦ss

❛♥❞ ❝♦♥❞✉❝t✐♦♥ ❧♦ss ❞✉r✐♥❣ ❞❡❛❞ t✐♠❡✳ ▼♦r❡ s♣❡❝✐✜❝❛❧❧②✱ ✭❆✳✶✮ ❛♥❞ ✭❆✳✷✮ ❞❡s❝r✐❜❡ t❤❡

♣♦✇❡r t❤❛t ❡❛❝❤ ♦❢ t❤❡ ▼❖❙❋❊❚ s✇✐t❝❤❡s S1 ❛♥❞ S2 ♥❡❡❞s t♦ ❞✐ss✐♣❛t❡ t❤r♦✉❣❤ ❤❡❛t✳

✺✽



❆♣♣❡♥❞✐① ❆✳ ❊❢❢✐❝✐❡♥❝② ❆♥❛❧②s✐s ✺✾

Ps1 = Ps1,on + Ps1,off + Ps1,cond + Prr ✭❆✳✶✮

Ps2 = Ps2,on + Ps2,off + Ps2,cond + Pdiode,cond ✭❆✳✷✮

✭❆✳✸✮ t♦ ✭❆✳✶✵✮ s❤♦✇ ❞❡t❛✐❧❡❞ ❡q✉❛t✐♦♥s ♦♥ ❡①♣❧✐❝✐t ❧♦ss ❝❛❧❝✉❧❛t✐♦♥s✱ ❛♥❞ ✈❛r✐❛❜❧❡s

✉s❡❞ ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ ❚❛❜❧❡ ❆✳✶✳ ■t s❤♦✉❧❞ ❜❡ ♥♦t❡❞ t❤❛t Rds ✐s t❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥t✳

Ps1,on =
1

2
VblockIds,on(tri + tfu)fs ✭❆✳✸✮

Ps1,off =
1

2
VblockIds,off (tru + tfi)fs ✭❆✳✹✮

Ps2,on =
1

2
VdiodeIds,off trifs ✭❆✳✺✮

Ps2,off =
1

2
VdiodeIds,ontfifs ✭❆✳✻✮

Ps1,cond = Rds(T1)I
2
L,rmsD ✭❆✳✼✮

Ps2,cond = Rds(T2)I
2
L,rms(1−D) ✭❆✳✽✮

Pdiode,cond = 2VdiodeILtdtfs ✭❆✳✾✮

Prr = Qrr

Vblock

Vdatasheet

Vblockfs ✭❆✳✶✵✮



❆♣♣❡♥❞✐① ❆✳ ❊❢❢✐❝✐❡♥❝② ❆♥❛❧②s✐s ✻✵

❙②♠❜♦❧ ❉❡✜♥✐t✐♦♥ ❙♦✉r❝❡ ❱❛❧✉❡

Vblock ❙✇✐t❝❤ ❜❧♦❝❦✐♥❣ ✈♦❧t❛❣❡ ❖♣❡r❛t✐♥❣ ♣♦✐♥t ✻✵ ❱

Vdatasheet ❇❧♦❝❦✐♥❣ ✈♦❧t❛❣❡ ❉❛t❛s❤❡❡t ✹✵ ❱

Vdiode ❉✐♦❞❡ ❢♦r✇❛r❞ ✈♦❧t❛❣❡ ❉❛t❡s❤❡❡t ✶✳✷ ❱

IL ❆✈❡r❛❣❡ ✐♥❞✉❝t♦r ❝✉rr❡♥t ❖♣❡r❛t✐♥❣ ♣♦✐♥t ❱❛r✐❡s

Ids,on ■♥❞✉❝t♦r ❝✉rr❡♥t ❜❡❢♦r❡

▼❖❙❋❊❚ S1 ✐s s✇✐t❝❤❡❞ ♦♥

❖♣❡r❛t✐♥❣ ♣♦✐♥t ❱❛r✐❡s

Ids,off ■♥❞✉❝t♦r ❝✉rr❡♥t ❜❡❢♦r❡

▼❖❙❋❊❚ S1 ✐s s✇✐t❝❤❡❞ ♦✛

❖♣❡r❛t✐♥❣ ♣♦✐♥t ❱❛r✐❡s

Rds ❉r❛✐♥✲s♦✉r❝❡ r❡s✐st❛♥❝❡ ❉❛t❛s❤❡❡t

❝❛❧❝✉❧❛t❡❞

3.75mΩ ✭25 ◦C✮

5.37mΩ ✭108 ◦C✮

RL ■♥❞✉❝t♦r r❡s✐st❛♥❝❡ ❉❛t❛s❤❡❡t 1.51mΩ

Rc ❈♦♥♥❡❝t✐♦♥ r❡s✐st❛♥❝❡ ▼❡❛s✉r❡♠❡♥t 6mΩ

IL,rms ■♥❞✉❝t♦r ❘▼❙ ❝✉rr❡♥t ❖♣❡r❛t✐♥❣ ♣♦✐♥t ❱❛r✐❡s

tri ❈✉rr❡♥t r✐s❡ t✐♠❡ ❉❛t❛s❤❡❡t ✼✾ ♥s

tfi ❈✉rr❡♥t ❢❛❧❧ t✐♠❡ ❉❛t❛s❤❡❡t ✶✹ ♥s

tru ❱♦❧t❛❣❡ r✐s❡ t✐♠❡ ▼❡❛s✉r❡♠❡♥t ✹✺ ♥s

tfu ❱♦❧t❛❣❡ ❢❛❧❧ t✐♠❡ ▼❡❛s✉r❡♠❡♥t ✹✺ ♥s

trr ❘❡✈❡rs❡ r❡❝♦✈❡r② t✐♠❡ ❉❛t❛s❤❡❡t ✼✸ ♥s

tdt ❞❡❛❞ t✐♠❡ ❯s❡r ❞❡✜♥❡❞ ✷✵✵ ♥s

Qrr ❘❡✈❡rs❡ r❡❝♦✈❡r② ❝❤❛r❣❡ ❉❛t❛s❤❡❡t ✼✸ ♥s

fs ❙✇✐t❝❤✐♥❣ ❢r❡q✉❡♥❝② ❯s❡r ❞❡✜♥❡❞ ✻✵ ❦❍③

❚❛❜❧❡ ❆✳✶✿ ❱❛r✐❛❜❧❡s ✉s❡❞ ✐♥ ❧♦ss ❝❛❧❝✉❧❛t✐♦♥✳

❆✳✵✳✷ ■♥❞✉❝t♦r ▲♦ss❡s

■♥❞✉❝t♦r ❝♦♥❞✉❝t✐♦♥ ❧♦ss ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ ✭❆✳✶✶✮ ✇❤❡r❡ RL ✐s ❣✐✈❡♥ ✐♥ t❤❡ ❞❛t❛s❤❡❡t

❛s 1.51mΩ✳

PL,cond = RLI
2
L,rms ✭❆✳✶✶✮

✭❆✳✶✷✮ ✐s ✉s❡❞ t♦ ❡st✐♠❛t❡ t❤❡ ✐♥❞✉❝t♦r ♠❛❣♥❡t✐❝ ❝♦r❡ ❧♦ss❡s✳ ■♥❞✉❝t♦r ✈♦❧t❛❣❡ ❛♥❞

❝✉rr❡♥t ✈❛❧✉❡s ❛r❡ s❛♠♣❧❡❞ ❛♥❞ r❡❝♦r❞❡❞ ♦✈❡r s❡✈❡r❛❧ s✇✐t❝❤✐♥❣ ♣❡r✐♦❞s✳ ❉✐✛❡r❡♥t✐❛❧ ✢✉①

❧✐♥❦❛❣❡ dλ ❝❛♥ ❜❡ ❡st✐♠❛t❡❞ ❜② t❤❡ ❞✐✛❡r❡♥❝❡ ❡q✉❛t✐♦♥ ✐♥ ✭❆✳✶✸✮✱ ❛♥❞ λ ❛t ❡❛❝❤ t✐♠❡ st❡♣

❝❛♥ ❜❡ ❢♦✉♥❞ ❜② s✉♠♠✐♥❣ ✉♣ t❤❡ ∆λ ✈❛❧✉❡s ✉♣ t♦ t❤❛t t✐♠❡ st❡♣✳



❆♣♣❡♥❞✐① ❆✳ ❊❢❢✐❝✐❡♥❝② ❆♥❛❧②s✐s ✻✶

Pcore = fs

∫ λT s

λ0

iL dλ ✭❆✳✶✷✮

∆λ = (tn − tn−1)
vn + vn−1

2
✭❆✳✶✸✮

❆ ✢✉① ❧✐♥❦❛❣❡✲❝✉rr❡♥t ♣❧♦t ✐s ❝♦♥str✉❝t❡❞ t♦ ✈✐s✉❛❧✐③❡ t❤❡ ❤②st❡r❡s✐s ❧♦♦♣✳ ❇❡❝❛✉s❡

♦❢ t❤❡ ✐♥❞✉❝t♦r s❡r✐❛❧ r❡s✐st❛♥❝❡ ❛♥❞ ♠❡❛s✉r❡♠❡♥t ♦✛s❡t✱ t❤❡ ❤②st❡r❡s✐s ❧♦♦♣ ♠✐❣❤t ♥♦t

❝♦✐♥❝✐❞❡ ♦✈❡r s❡✈❡r❛❧ s✇✐t❝❤✐♥❣ ♣❡r✐♦❞s ❛♥❞ ❛♥ ❛❞❥✉st♠❡♥t t♦ t❤❡ ✐♥❞✉❝t♦r ✈♦❧t❛❣❡ ♠❡❛s✉r❡♠❡♥ts

♥❡❡❞ t♦ ❜❡ ♠❛❞❡ t♦ ❛❝❝♦✉♥t ❢♦r t❤❡ ❞❝ ♦✛s❡ts✳ ❆♥ ❛❝❝✉r❛t❡ ❛❞❥✉st♠❡♥t t♦ t❤❡ ✈♦❧t❛❣❡

♠❡❛s✉r❡♠❡♥t ❛t ❡❛❝❤ t✐♠❡ st❡♣ ❝❛♥ ❜❡ ♠❛❞❡ ❜② s✉❜tr❛❝t✐♥❣ ❛ ✈♦❧t❛❣❡ r❡❧❛t❡❞ ❜② ❛

♣s❡✉❞♦✲✐♥❞✉❝t♦r r❡s✐st❛♥❝❡ ❛♥❞ t❤❡ ❝✉rr❡♥t ♠❡❛s✉r❡♠❡♥t✳ ❚❤❡ ♣s❡✉❞♦✲✐♥❞✉❝t♦r r❡s✐st❛♥❝❡

✐s ♠♦❞✐✜❡❞ ✐t❡r❛t✐✈❡❧② ❢r♦♠ t❤❡ s♣❡❝✐✜❡❞ ✐♥❞✉❝t♦r r❡s✐st❛♥❝❡ ✉♥t✐❧ t❤❡ ❤②st❡r❡s✐s ❧♦♦♣s

♦✈❡r❧❛♣s ✇✐t❤ ♦♥❡ ❛♥♦t❤❡r ♦✈❡r s❡✈❡r❛❧ s✇✐t❝❤✐♥❣ ♣❡r✐♦❞s✳ ❋✐❣✳ ❆✳✷ ❝♦♠♣❛r❡s t❤❡ ❤②st❡r❡s✐s

❧♦♦♣ ✇✐t❤♦✉t ❛♥❞ ✇✐t❤ ✈♦❧t❛❣❡ ❛❞❥✉st♠❡♥t✳

✭❛✮ ✭❜✮

❋✐❣✉r❡ ❆✳✷✿ ✭❛✮ ❋❧✉① ❧✐♥❦❛❣❡ ❛♥❞ ✐♥❞✉❝t♦r ❝✉rr❡♥t ♣❧♦t ❢♦r ❞✉t② ❝②❧❡ ♦❢ ✽✵✪ ✇✐t❤ ♥♦

✈♦❧t❛❣❡ ❛❞❥✉st♠❡♥t✳ ✭❜✮ ❋❧✉① ❧✐♥❦❛❣❡ ❛♥❞ ✐♥❞✉❝t♦r ❝✉rr❡♥t ♣❧♦t ✇✐t❤ ✈♦❧t❛❣❡ ❛❞❥✉st♠❡♥t✳

❖♥❝❡ ✇❡ ❛r❡ s❛t✐s✜❡❞ t❤❛t ❛♥ ❛❝❝✉r❛t❡ ❡st✐♠❛t✐♦♥ ♦❢ λ ✐s ❢♦✉♥❞✱ t❤❡ ✐♥❞✉❝t♦r ♠❛❣♥❡t✐❝

❧♦ss ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ✇✐t❤ ❞✐s❝r❡t✐③❡❞ ✭❆✳✶✷✮✳ ❋✐❣✳ ❆✳✸ s❤♦✇s t❤❡ ♠❛❣♥❡t✐❝ ❧♦ss ❛s ❛

❢✉♥❝t✐♦♥ ♦❢ ❧♦❛❞ ❝✉rr❡♥t✳ ■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t ✐♥ r❡❣✐♦♥s ✇❤❡r❡ t❤❡ ❛✈❡r❛❣❡ ❝✉rr❡♥t ✐s

❣r❡❛t❡r t❤❛♥ t❤❡ ♣❡❛❦ ✐♥❞✉❝t♦r ❝✉rr❡♥t✱ t❤❡ ♠❛❣♥❡t✐❝ ❧♦ss ✐s r❡❧❛t✐✈❡❧② ❝♦♥st❛♥t✳ ❍♦✇❡✈❡r✱

t❤❡ ❡st✐♠❛t✐♦♥ ♠❡t❤♦❞ ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ ♠❛❣♥❡t✐❝ ❧♦ss ❜❡❝♦♠❡s ✐♥❛❝❝✉r❛t❡ ❢♦r ❧♦✇ ❧♦❛❞

❝✉rr❡♥t ❛♥❞ ♣r♦❞✉❝❡s ✈❡r② ❧❛r❣❡ ❝♦r❡ ❧♦ss ✈❛❧✉❡s✳ ❚❤✐s ❞✐s❝r❡♣❛♥❝② ♠✐❣❤t ❤❛✈❡ ❜❡❡♥ ❝❛✉s❡❞

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

❛♥❞ ❝✉rr❡♥t ♠❛❦❡ ❣r❛♣❤✐❝❛❧ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ ❛ ❝❧♦s❡❞ ❤②st❡r❡s✐s ❧♦♦♣ ✈❡r② ❞✐✣❝✉❧t✳ ❋♦r



❆♣♣❡♥❞✐① ❆✳ ❊❢❢✐❝✐❡♥❝② ❆♥❛❧②s✐s ✻✷

t❤❡ s✐♠♣❧✐❝✐t② ♦❢ ❡st✐♠❛t✐♦♥✱ ❛♥ ❛✈❡r❛❣❡ ✈❛❧✉❡ ♦❢ ♠❛❣♥❡t✐❝ ❝♦r❡ ❧♦ss ✐♥ t❤❡ ❛❝❝❡♣t❛❜❧❡

r❡❣✐♦♥ ✐s ❝❛❧❝✉❧❛t❡❞ ❢♦r ❡❛❝❤ ❞✉t② ❝②❝❧❡ ❛♥❞ s✉♠♠❛r✐③❡❞ ✐♥ ❚❛❜❧❡ ❆✳✷✳

❋✐❣✉r❡ ❆✳✸✿ ▼❛❣♥❡t✐❝ ❧♦ss❡s ❛♥❞ ❧♦❛❞ ❝✉rr❡♥t ♣❧♦t ❢♦r ✈❛r✐♦✉s ❞✉t② ❝②❝❧❡ r❛t✐♦s✳

❉ ✷✵✪ ❉ ✺✵✪ ❉ ✽✵✪

Pcore ✶✳✼✻ ✇ ✹✳✸✾ ✇ ✷✳✶✽ ✇

❚❛❜❧❡ ❆✳✷✿ ▼❛❣♥❡t✐❝ ❧♦ss❡s ❢♦r ✈❛r✐♦✉s ❞✉t② ❝②❝❧❡s✳

❆✳✵✳✸ ❈✐r❝✉✐t ❈♦♥❞✉❝t✐♦♥ ▲♦ss❡s

❈✐r❝✉✐t ❝♦♥❞✉❝t✐♦♥ ❧♦ss❡s ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ ✭❆✳✶✹✮✱ ✇❤❡r❡ Rc ✐s ❛ ❧✉♠♣❡❞ s❡r✐❛❧

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

❧❛②♦✉t ❛♥❞ ❤❡❛✈② ❝♦♣♣❡r ❛r❡ ✉s❡❞ ❢♦r t❤❡ tr❛❝❡ t♦ ♠✐♥✐♠✐③❡ r❡s✐st❛♥❝❡✳ ❍♦✇❡✈❡r✱ ❝♦♥♥❡❝t✐♦♥s

❛r❡ ♠❛❞❡ ✇✐t❤ ❝♦♣♣❡r ✇❛s❤❡rs ❛♥❞ t✐❣❤t❡♥❡❞ ✇✐t❤ ♥✉ts ❛♥❞ ❜♦❧ts✳ ❈♦♥s❡q✉❡♥t❧②✱ ✐t ✐s

❡①♣❡❝t❡❞ t❤❛t t❤❡ ❝♦♥♥❡❝t✐♦♥ r❡s✐st❛♥❝❡ ✐s t❤❡ ♠❛❥♦r ❝♦♥tr✐❜✉t♦r t♦ t❤❡ ❝✐r❝✉✐t r❡s✐st✐✈❡

❧♦ss t❤❛t ✐s ②❡t t♦ ❜❡ ❞❡t❡r♠✐♥❡❞✳

Pcircuit,cond = RcI
2
L,rms ✭❆✳✶✹✮

❇❡❝❛✉s❡ ❝♦♥♥❡❝t✐♦♥ ❧♦ss ✐s ❞✐✣❝✉❧t t♦ ♠❡❛s✉r❡ ❞✐r❡❝t❧②✱ ❛ ♠✐❝r♦✲♦❤♠♠❡t❡r ✐s ✉s❡❞ t♦

♠❡❛s✉r❡ t❤❡ r❡s✐st❛♥❝❡ ♦❢ ✈❛r✐♦✉s ♥✉♠❜❡rs ♦❢ ❝♦♥♥❡❝t✐♦♥s✱ ❛♥❞ t❤❡ ❛✈❡r❛❣❡ r❡s✐st❛♥❝❡ ❢♦r

❛ s✐♥❣❧❡ ❝♦♥♥❡❝t✐♦♥ ✐s ❢♦✉♥❞ t♦ ❜❡ ❛♣♣r♦①✐♠❛t❡❧② 1mΩ✳ ❚❤❡r❡ ✐s ❛ t♦t❛❧ ♦❢ ✻ ❝♦♥♥❡❝t✐♦♥

♣♦✐♥ts ✐♥ t❤❡ ❜✉❝❦ ❝♦♥✈❡rt❡r ♣r♦t♦t②♣❡✱ r❡s✉❧t✐♥❣ ❛♥ ❡st✐♠❛t❡❞ ❝♦♥♥❡❝t✐♦♥ r❡s✐st❛♥❝❡ ♦❢

6mΩ✳



❆♣♣❡♥❞✐① ❆✳ ❊❢❢✐❝✐❡♥❝② ❆♥❛❧②s✐s ✻✸

❆✳✵✳✹ ❊✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ▲♦ss ▼♦❞❡❧

❆ s✐♥❣❧❡ ❜✉❝❦ s✇✐t❝❤✐♥❣ ❝❡❧❧ ♣r♦t♦t②♣❡ ✐s ❜✉✐❧t ✇✐t❤ ✐ts ✐♥♣✉t ❝♦♥♥❡❝t❡❞ t♦ ❛ ❞❝ ♣♦✇❡r

s✉♣♣❧② ❛♥❞ t❤❡ ♦✉t♣✉t ❝♦♥♥❡❝t❡❞ t♦ ❛ ❞❝ ❡❧❡❝tr♦♥✐❝ ❧♦❛❞ ♦♣❡r❛t✐♥❣ ✐♥ ❝♦♥st❛♥t ❝✉rr❡♥t

♠♦❞❡✳ ❚❤❡ ❜✉❝❦ s✇✐t❝❤✐♥❣ ❝❡❧❧ ✐s ❝♦♥tr♦❧❧❡❞ ✇✐t❤ ❛♥ ♦♣❡♥ ❞✉t② ❝②❝❧❡ ❝♦♠♠❛♥❞ t❤❛t

❡q✉❛❧s t♦ ✽✵✪✱ ❛♥❞ t❤❡ ♦✉t♣✉t ❝✉rr❡♥t ♦r t❤❡ ❛✈❡r❛❣❡ ✐♥❞✉❝t♦r ❝✉rr❡♥t ✐s ❛❞❥✉st❡❞ ❜②

❝❤❛♥❣✐♥❣ t❤❡ ❝✉rr❡♥t s❡tt✐♥❣s ♦♥ t❤❡ ❞❝ ❡❧❡❝tr♦♥✐❝ ❧♦❛❞✳ ❚♦t❛❧ ♣♦✇❡r ❧♦ss❡s ❢♦r ✈❛r✐♦✉s

♦✉t♣✉t ❝✉rr❡♥t ❧❡✈❡❧s ❛r❡ ♠❡❛s✉r❡❞ ❜② ❨♦❦♦❣❛✇❛ ❲❚✸✵✵✵ ❤✐❣❤✲♣r❡❝✐s✐♦♥ ♣♦✇❡r ❛♥❛❧②③❡r

❛♥❞ ❝♦♠♣❛r❡❞ ❛❣❛✐♥st t❤❡ t♦t❛❧ ♣♦✇❡r ❧♦ss❡s ♣r❡❞✐❝t❡❞ ❜② t❤❡ t❤❡♦r❡t✐❝❛❧ ♠♦❞❡❧ ❛s s❤♦✇♥

✐♥ ❋✐❣✳ ❆✳✹✳ ■t s❤♦✉❧❞ ❜❡ ♥♦t❡❞ t❤❛t ✐♥ t❤❡ t❤❡♦r❡t✐❝❛❧ ♣♦✇❡r ❧♦ss ♠♦❞❡❧✱ ❞r❛✐♥✲s♦✉r❝❡

r❡s✐st❛♥❝❡ Rds ✐s ❝♦♠♣✉t❡❞ ❛♥❞ ❛❞❥✉st❡❞ ❢♦r ✐ts t❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥❝② ❛❝❝♦r❞✐♥❣ t♦ t❤❡

❞❛t❛s❤❡❡t✳ ❚❤❡ ▼❖❙❋❊❚ t❡♠♣❡r❛t✉r❡ ✐s r❡❝♦r❞❡❞ t❤r♦✉❣❤ ❛ t❤❡r♠❛❧ ❝❛♠❡r❛✳

❋✐❣✉r❡ ❆✳✹✿ ❈♦♠♣❛r✐s♦♥ ♦❢ ♠❡❛s✉r❡❞ ♣♦✇❡r ❧♦ss ♦❢ ❛ s✐♥❣❧❡ ❜✉❝❦ s✇✐t❝❤✐♥❣ ❝❡❧❧ ❛❣❛✐♥st

t❤❡ ♣♦✇❡r ❧♦ss ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ t❤❡ t❤❡♦r❡t✐❝❛❧ ❧♦ss ♠♦❞❡❧ ❢♦r ✐♥♣✉t ✈♦❧t❛❣❡s ♦❢ ✻✵ ❱ ❛♥❞

❞✉t② ❝②❝❧❡ ❡q✉❛❧s t❤❛t t♦ ✽✵✪✳

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

❛♥❞ ❝❛❧❝✉❧❛t❡❞ ♣♦✇❡r ❧♦ss✳ ❚❤✐s ✐s ❡①♣❡❝t❡❞ ❜❡❝❛✉s❡ ❢♦r ❛ ✜①❡❞ ❞✉t② ❝②❝❧❡ ❝♦♠♠❛♥❞✱

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

❝♦♥❞✉❝t✐♦♥ ❧♦ss❡s ❛r❡ r❡❧❛t❡❞ t♦ t❤❡ sq✉❛r❡ ♦❢ t❤❡ ❝✉rr❡♥t✱ ❛♥❞ s✇✐t❝❤✐♥❣ ❧♦ss ✐s ❧✐♥❡❛r

t♦ t❤❡ ❝✉rr❡♥t ✇❤❡r❡❛s t❤❡ ❞✐♦❞❡ r❡✈❡rs❡ r❡❝♦✈❡r② ❧♦ss ❛♥❞ t❤❡ ♠❛❣♥❡t✐❝ ❧♦ss ❝❛♥ ❜❡

❝♦♥s✐❞❡r❡❞ ❝♦♥st❛♥t✳

■♥ ♦r❞❡r t♦ r❡❧❛t❡ t❤❡ ❝♦❡✣❝✐❡♥ts ♦❢ t❤❡ s❡❝♦♥❞ ♦r❞❡r ♣♦❧②♥♦♠✐❛❧ t♦ ♣❛r❛♠❡t❡rs ♦❢ t❤❡

t❤❡♦r❡t✐❝❛❧ ♣♦✇❡r ❧♦ss ♠♦❞❡❧ ❞✐s❝✉ss❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥s✱ ✐t ✐s ♥❡❝❡ss❛r② t♦ r❡❣r♦✉♣



❆♣♣❡♥❞✐① ❆✳ ❊❢❢✐❝✐❡♥❝② ❆♥❛❧②s✐s ✻✹

t❤❡ ♣♦✇❡r ❧♦ss ❡q✉❛t✐♦♥s ❛♥❞ ❡①♣r❡ss t❤❡♠ ✐♥ t❡r♠s ♦❢ ❛✈❡r❛❣❡ ✐♥❞✉❝t♦r ❝✉rr❡♥ts✳ ❚❤❡

❘▼❙ ✈❛❧✉❡ ♦❢ t❤❡ ✐♥❞✉❝t♦r ❝✉rr❡♥t IL,rms ✐s r❡❧❛t❡❞ t♦ t❤❡ ❛✈❡r❛❣❡ ✐♥❞✉❝t♦r ❝✉rr❡♥t IL

❛♥❞ ♣❡❛❦ ✐♥❞✉❝t♦r ❝✉rr❡♥t r✐♣♣❧❡ ∆iL,peak t❤r♦✉❣❤ ✭❆✳✶✺✮✱ ✇❤❡r❡ ∆iL,peak ✐s ❝♦♥st❛♥t ❢♦r

❛ ✜①❡❞ ❞✉t② ❝②❝❧❡ ❝♦♠♠❛♥❞✳

I2L,rms = I2L +
∆i2L,peak

3
✭❆✳✶✺✮

❈♦♥s❡q✉❡♥t❧②✱ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ♣♦✇❡r ❧♦ss❡s ❛♥❞ IL ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ t❤❡

❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥s✳ ✭❆✳✶✻✮ s❤♦✇s t❤❡ ❧♦ss t❡r♠s t❤❛t ❤❛✈❡ s❡❝♦♥❞ ♦r❞❡r r❡❧❛t✐♦♥s❤✐♣ t♦

t❤❡ ❛✈❡r❛❣❡ ✐♥❞✉❝t♦r ❝✉rr❡♥t✱ ✇❤❡r❡ ✭❆✳✶✼✮ ❛♥❞ ✭❆✳✶✽✮ s❤♦✇ t❤❡ ✜rst ♦r❞❡r ❛♥❞ ❝♦♥st❛♥t

t❡r♠s✱ r❡s♣❡❝t✐✈❡❧②✳ a✱ b✱ ❛♥❞ c ❝❛♥ ❜❡ r❡❧❛t❡❞ t♦ t❤❡ tr❡♥❞❧✐♥❡ ❡q✉❛t✐♦♥ ❝♦❡✣❝✐❡♥ts a0✱

b0✱ ❛♥❞ c0 ❜② ✭❆✳✶✾✮ t♦ ✭❆✳✷✶✮✳

a(I2L +
∆i2L,peak

3
) = Ps1,cond + Ps1,cond + PL,cond + Pcircuit,cond ✭❆✳✶✻✮

b(IL +∆iL,peak) = Ps1,on + Ps1,off + Ps2,on + Ps2,off + Pdiode,cond ✭❆✳✶✼✮

c = Prr + Pcore ✭❆✳✶✽✮

a = a0 ✭❆✳✶✾✮

b = b0 ✭❆✳✷✵✮

c = c0 − a
∆i2L,peak

3
− b∆iL,peak ✭❆✳✷✶✮

❚❤❡ ❡①♣❧✐❝✐t ❡①♣r❡ss✐♦♥ ♦❢ a ❛♥❞ b ❝❛♥ ❛❧s♦ ❜❡ ❢♦✉♥❞ ❢r♦♠ t❤❡ t❤❡♦r❡t✐❝❛❧ ♣♦✇❡r ❧♦ss

♠♦❞❡❧s ❛s s❤♦✇♥ ✐♥ ✭❆✳✷✷✮ t♦ ✭❆✳✷✸✮✳ ❈♦♥s❡q✉❡♥t❧②✱ tr❡♥❞❧✐♥❡ ♣♦❧②♥♦♠✐❛❧ ❝♦❡✣❝✐❡♥ts a0✱

b0✱ ❛♥❞ c0 ❝❛♥ ♥♦✇ ❜❡ ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ ♣❛r❛♠❡t❡rs ❢♦r t❤❡ t❤❡♦r❡t✐❝❛❧ ♣♦✇❡r ❧♦ss ♠♦❞❡❧s✳

a = Rds +RL +Rc ✭❆✳✷✷✮

b ≈
1

2
Vblock(tri + tfu + tru + tfi)fs ✭❆✳✷✸✮

❚❛❜❧❡ ❆✳✸ ❝♦♠♣❛r❡s ❦❡② ♣❛r❛♠❡t❡rs ✉s❡❞ ✐♥ t❤❡ t❤❡♦r❡t✐❝❛❧ ❧♦ss ♠♦❞❡❧ ❛♥❞ t❤❡ s❛♠❡

♣❛r❛♠❡t❡rs ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ tr❡♥❞❧✐♥❡ ❝♦❡✣❝✐❡♥ts✳



❆♣♣❡♥❞✐① ❆✳ ❊❢❢✐❝✐❡♥❝② ❆♥❛❧②s✐s ✻✺

❈✐r❝✉✐t r❡s✐st❛♥❝❡ tri✰tfi✰tru✰tfu Prr✰Pcore

▼♦❞❡❧ ✈❛❧✉❡ 6mΩ ✶✽✸ ♥s ✷✳✽✽ ✇

❚r❡♥❞❧✐♥❡ ❝❛❧❝✳ 19.7mΩ ✼✼ ♥s ✶✳✺✽ ✇

❆❞❥✉st♠❡♥t ♥❡❡❞❡❞ ✰13.7mΩ ✷✳✹ t✐♠❡s ❧❡ss ✲✶✳✸ ✇

❚❛❜❧❡ ❆✳✸✿ ❈♦♠♣❛r✐s♦♥ ♦❢ ❦❡② ♣❛r❛♠❡t❡rs ✉s❡❞ ✐♥ t❤❡ t❤❡♦r❡t✐❝❛❧ ❧♦ss ♠♦❞❡❧ ❛♥❞ t❤❡

s❛♠❡ ♣❛r❛♠❡t❡rs ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ tr❡♥❞❧✐♥❡ ❝♦❡✣❝✐❡♥ts✳

■t ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❚❛❜❧❡ ❆✳✸ t❤❛t t❤❡ ❛❝t✉❛❧ ❝✐r❝✉✐t r❡s✐st❛♥❝❡ s❤♦✉❧❞ ❜❡ ❤✐❣❤❡r t❤❛♥ t❤❡

✈❛❧✉❡ ♦❢ 6mΩ ✉s❡❞ ✐♥ t❤❡ t❤❡♦r❡t✐❝❛❧ ♠♦❞❡❧✳ ❚❤✐s ✐s ❡①♣❡❝t❡❞ ❢♦r t❤❡ ❢♦❧❧♦✇✐♥❣ r❡❛s♦♥s✿

❼ ❖♥❧② r❡s✐st❛♥❝❡ r❡❧❛t❡❞ t♦ t❤❡ ❝✐r❝✉✐t ❝♦♥♥❡❝t✐♦♥s ✐s ♠❡❛s✉r❡❞ ❛♥❞ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡

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

✐t ✐s ❞✐✣❝✉❧t t♦ ❞❡t❡r♠✐♥❡ ❛❝❝✉r❛t❡❧②❀ ❛♥❞

❼ ❚❤❡ ❞❝ r❡s✐st❛♥❝❡ ♦❢ t❤❡ ✐♥❞✉❝t♦r s❤♦✇♥ ✐♥ t❤❡ ❞❛t❛s❤❡❡t ✐s ✉s❡❞ ✐♥ t❤❡ t❤❡♦r❡t✐❝❛❧

♠♦❞❡❧❀ ❤♦✇❡✈❡r✱ t❤❡ ❛❝t✉❛❧ r❡s✐st❛♥❝❡ ❝♦✉❧❞ ❜❡ ❤✐❣❤❡r ❞✉❡ t♦ s❦✐♥ ❡✛❡❝t ❛♥❞ ✐♥❞✉❝t♦r

❝♦♥str✉❝t✐♦♥✳

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

❛❝t✉❛❧ ▼❖❙❋❊❚ s✇✐t❝❤✐♥❣ t✐♠❡ s❤♦✉❧❞ ❜❡ ❛❜♦✉t ✷✳✹ t✐♠❡s ❧❡ss t❤❛♥ t❤❡ ✈❛❧✉❡s ✉s❡❞ ✐♥

t❤❡ t❤❡♦r❡t✐❝❛❧ ♠♦❞❡❧✳ ❚❤✐s ✐s ❛❧s♦ ❡①♣❡❝t❡❞ ❞✉❡ t♦ t❤❡ ❢♦❧❧♦✇✐♥❣ r❡❛s♦♥s✿

❼ tri ❛♥❞ tfi ❛r❡ ❞✐✣❝✉❧t t♦ ♠❡❛s✉r❡✱ ❛♥❞ ❛s ❛ r❡s✉❧t✱ t❤❡ ✈❛❧✉❡s ✐♥ t❤❡ ❞❛t❛s❤❡❡t ❛r❡

t②♣✐❝❛❧❧② t❤❡ ✈❛❧✉❡s ❢♦r t❤❡ ✇♦rst ❝❛s❡ s❝❡♥❛r✐♦❀ ❛♥❞

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

❍♦✇❡✈❡r✱ ✐t ✐s ❛ss✉♠❡❞ ✐♥ t❤❡ ♠♦❞❡❧ t❤❛t t❤❡ ❝✉rr❡♥t r✐s❡ ❛♥❞ ❢❛❧❧ ❞♦ ♥♦t ♦✈❡r❧❛♣

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

❋✐♥❛❧❧②✱ t❤❡ ♠❛❣♥❡t✐❝ ❧♦ss ✐s ❛❧s♦ ♦✈❡r❡st✐♠❛t❡❞ ❜❡❝❛✉s❡✿

❼ ❆♥ ❛❝❝✉r❛t❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ♠❛❣♥❡t✐❝ ❧♦ss r❡q✉✐r❡s ❛♥ ❛❝❝✉r❛t❡ ❛❧✐❣♥♠❡♥t ♦❢ t❤❡

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

❛ ❣r❛♣❤✐❝❛❧ ♠❡t❤♦❞❀ ❛♥❞

❼ ❘✐♥❣✐♥❣ ♥♦✐s❡s ❞✉❡ t♦ s✇✐t❝❤✐♥❣ ♠❛❦❡ ❤②st❡r❡s✐s ❧♦♦♣ ❛❧✐❣♥♠❡♥t ❞✐✣❝✉❧t✱ ❡s♣❡❝✐❛❧❧②

❢♦r ❛ ✈❡r② ♥❛rr♦✇ ❧♦♦♣✳

■♥ s✉♠♠❛r②✱ t❤❡ t❤❡♦r❡t✐❝❛❧ ❧♦ss ♠♦❞❡❧ ♣r♦✈✐❞❡s ❛♥ ✐♥s✐❣❤t ✐♥t♦ ❝♦♥✈❡rt❡r ♣♦✇❡r ❧♦ss

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



❆♣♣❡♥❞✐① ❆✳ ❊❢❢✐❝✐❡♥❝② ❆♥❛❧②s✐s ✻✻

♣♦✇❡r ❧♦ss✱ ✐t ❝❛♥ ❜❡ s❡❡♥ t❤❛t ❣r❛♣❤✐❝❛❧ ♠❡t❤♦❞s ✇✐t❤ ❝✉r✈❡ ✜tt✐♥❣ ❛♥❞ ❝♦❡✣❝✐❡♥t

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

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

♦❢ ❢✉t✉r❡ ♣r♦t♦t②♣❡s✳


