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✸✳✷✸ ●❛♥❛♥❝✐❛ ❡♥ t❡♥s✐ó♥✳ AV = VRL/V1 ❢r❡♥t❡ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❛❝♦♣❧❛♠✐❡♥t♦ ❦ ✳ RL

✈❛r✐❛❜❧❡✳ ❚♦♣♦❧♦❣í❛ ❙✲P✳ ❍❡rr❛♠✐❡♥t❛ ▼❆❚▲❆❇✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼

✸✳✷✹ ●❛♥❛♥❝✐❛ ❡♥ ✐♥t❡♥s✐❞❛❞✳ AI = IRL/I1 ❢r❡♥t❡ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❛❝♦♣❧❛♠✐❡♥t♦ ❦ ✳ RL

✈❛r✐❛❜❧❡✳ ❚♦♣♦❧♦❣í❛ ❙✲P✳ ❍❡rr❛♠✐❡♥t❛ ▼❆❚▲❆❇✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽

✸✳✷✺ ❈✐r❝✉✐t♦ ❡❧é❝tr✐❝♦✳ ❚♦♣♦❧♦❣í❛ ❙✲P✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✾
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✸✳✷✼ P♦t❡♥❝✐❛ ❞❡ ❡♥tr❛❞❛ P1 ❢r❡♥t❡ ❛ ❢r❡❝✉❡♥❝✐❛✳ k ② RL ✈❛r✐❛❜❧❡s✳ ❚♦♣♦❧♦❣í❛ ❙✲P✳
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✸✳✷✽ ❘❡♥❞✐♠✐❡♥t♦✳ η = PRL/P1 ❢r❡♥t❡ ❛ ❢r❡❝✉❡♥❝✐❛✳ k ② RL ✈❛r✐❛❜❧❡s✳ ❚♦♣♦❧♦❣í❛ ❙✲P✳

❍❡rr❛♠✐❡♥t❛ ▼✉❧t✐s✐♠✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶

✸✳✷✾ ●❛♥❛♥❝✐❛ ❡♥ t❡♥s✐ó♥✳ AV = VRL/V1 ❢r❡♥t❡ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❛❝♦♣❧❛♠✐❡♥t♦ ❦ ✳ RL

✈❛r✐❛❜❧❡✳ ❚♦♣♦❧♦❣í❛ ❙✲P✳ ❍❡rr❛♠✐❡♥t❛ ▼✉❧t✐s✐♠✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷
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✸✳✸✵ ●❛♥❛♥❝✐❛ ❡♥ ✐♥t❡♥s✐❞❛❞✳ AI = IRL/I1 ❢r❡♥t❡ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❛❝♦♣❧❛♠✐❡♥t♦ ❦✳ RL

✈❛r✐❛❜❧❡✳ ❚♦♣♦❧♦❣í❛ ❙✲P✳ ❍❡rr❛♠✐❡♥t❛ ▼✉❧t✐s✐♠✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✹✳✶ ❊sq✉❡♠❛ ❞❡❧ ❝✐r❝✉✐t♦ r❡❝t✐✜❝❛❞♦r ♥♦ ❝♦♥tr♦❧❛❞♦ ❞❡ ♦♥❞❛ ❝♦♠♣❧❡t❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✻

✹✳✷ ❚❡♥s✐ó♥ ❞❡ ❡♥tr❛❞❛ ② s❛❧✐❞❛ ❞❡❧ ❝✐r❝✉✐t♦ r❡❝t✐✜❝❛❞♦r✳ ❙✐♠✉❧❛❝✐ó♥ ❝♦♥ ❧❛ ❤❡rr❛✲

♠✐❡♥t❛ ▼✉❧t✐s✐♠✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✻

✹✳✸ ❚❡♥s✐ó♥ ❞❡ ❡♥tr❛❞❛ ❛❧ r❡❝t✐✜❝❛❞♦r ❞❡ ❛♠♣❧✐t✉❞ Vm✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼

✹✳✹ ❚❡♥s✐ó♥ ❞❡ s❛❧✐❞❛ r❡❝t✐✜❝❛❞❛✳ s❡ñ❛❧ s❡♥♦✐❞❛❧ ❞❡ ❛♠♣❧✐t✉❞ Vm ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✽

✹✳✺ ❈✐r❝✉✐t♦ r❡❝t✐✜❝❛❞♦r ❝♦♥ ✜❧tr♦ ❝❛♣❛❝✐t✐✈♦ ❞❡ s❛❧✐❞❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵

✹✳✻ ❙❡ñ❛❧ ❞❡ s❛❧✐❞❛ r❡❝t✐✜❝❛❞❛ ② ✜❧tr❛❞❛✳ ❉❡s❝r✐♣❝✐ó♥ ❞❡ ♣❛rá♠❡tr♦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵
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✸✳✶ ❈❛r❛❝t❡ríst✐❝❛s ❞❡ ❜♦❜✐♥❛ tr❛♥s♠✐s♦r❛ ② r❡❝❡♣t♦r❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✷

✸✳✷ ❋r❡❝✉❡♥❝✐❛s ❞❡ r❡s♦♥❛♥❝✐❛✳ ❱❛r✐❛❜❧❡s k ② RL✳ ❚♦♣♦❧♦❣í❛ ❙✲P✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✻
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❈❛♣ít✉❧♦ ✶

■♥tr♦❞✉❝❝✐ó♥

▲❛ tr❛♥s♠✐s✐ó♥ ❞❡ ❡♥❡r❣í❛ ❞❡ ❢♦r♠❛ ✐♥❛❧á♠❜r✐❝❛ ❡s ✉♥❛ t❡❝♥♦❧♦❣í❛ ❛♠♣❧✐❛♠❡♥t❡ ✉t✐❧✐③❛❞❛

❛ ❞í❛ ❞❡ ❤♦②✳ ❙♦♥ ❝❛❞❛ ✈❡③ ♠ás ❧♦s ❞✐s♣♦s✐t✐✈♦s ❡❧❡❝tró♥✐❝♦s ❞❡ ❜❛❥❛ ♣♦t❡♥❝✐❛ q✉❡ ✐♥❝❧✉②❡♥ ❡st❛

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

❛✉r✐❝✉❧❛r❡s✱ ❡t❝✳✳✳ s♦♥ ❛❧❣✉♥♦s ❞❡ ❧♦s ❡❥❡♠♣❧♦s ♠ás ❝♦♠✉♥❡s✳ ❙✐♥ ❡♠❜❛r❣♦✱ ❡st❛ t❡❝♥♦❧♦❣í❛ ♥♦

❡stá ❧✐♠✐t❛❞❛ ❛ ❞✐s♣♦s✐t✐✈♦s ❞❡ ❜❛❥❛ ♣♦t❡♥❝✐❛ ♣✉❡s ❡❧ ❞❡s❛rr♦❧❧♦ ❞❡ ❧❛ ♠✐s♠❛ ♣❛r❛ s❡❝t♦r❡s ❞❡

♠❛②♦r ❞❡♠❛♥❞❛ ❞❡ ♣♦t❡♥❝✐❛✱ ❝♦♠♦ ❡❧ ❞❡❧ ❛✉t♦♠ó✈✐❧✱ ❡s ❝❛❞❛ ✈❡③ ♠❛②♦r✳

❊❧ ✉s♦ ❞❡ ❡st❛ té❝♥✐❝❛ ❡✈✐t❛ ❧❛ ♥❡❝❡s✐❞❛❞ ❞❡ ✉s♦ ❞❡ ❝♦♥❡❝t♦r❡s ❡♥ ❧♦s ❞✐s♣♦s✐t✐✈♦s✱ ❛sí ❝♦♠♦

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

♠❡❥♦r❛r ❧❛ ♣r♦t❡❝❝✐ó♥ ❞❡ ❧♦s ❞✐s♣♦s✐t✐✈♦s ❡♥ ❡♥t♦r♥♦s ✐♥❞✉str✐❛❧❡s ② ❤ú♠❡❞♦s ❛❧ ♣♦❞❡r ❞✐s❡ñ❛r

❞✐s♣♦s✐t✐✈♦s ♠ás ❡st❛♥❝♦s✳

❊s ♣♦r ❡❧❧♦ q✉❡ ❡❧ ❡st✉❞✐♦ ② ❛♥á❧✐s✐s ❞❡ ❡st❛ té❝♥✐❝❛ ❡s ❞❡ ✈✐t❛❧ ✐♠♣♦rt❛♥❝✐❛ ♣❛r❛ s✉

❝♦♠♣r❡♥s✐ó♥ ② ❛❞q✉✐s✐❝✐ó♥ ❞❡ ❧❛s ❛♣t✐t✉❞❡s ❜ás✐❝❛s ♥❡❝❡s❛r✐❛s ♣❛r❛ ♣♦❞❡r ❞✐s❡ñ❛r ❞✐s♣♦s✐t✐✈♦s

q✉❡ ❝✉❡♥t❡♥ ❝♦♥ ❡st❛ t❡❝♥♦❧♦❣í❛✳

✶
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✶✳✶✳ Pr✐♥❝✐♣✐♦ ❞❡ ❢✉♥❝✐♦♥❛♠✐❡♥t♦

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

❞❡ ✉♥ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ✈❛r✐❛❜❧❡✳

❈✉❛♥❞♦ ✉♥❛ ❝♦rr✐❡♥t❡ ❛❧t❡r♥❛ i(t) ✢✉②❡ ❛ tr❛✈és ❞❡ ✉♥❛ ❜♦❜✐♥❛✱ s❡ ❣❡♥❡r❛ ✉♥ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ ✈❛r✐❛❜❧❡ Φ ❛❧r❡❞❡❞♦r ❞❡ ❧❛ ♠✐s♠❛✳ ❉❡ ❛❝✉❡r❞♦ ❛ ❧❛ ▲❡② ❞❡ ❋❛r❛❞❛②✱ ❧❛ t❡♥s✐ó♥

✐♥❞✉❝✐❞❛ ❡♥ ❧❛ ❜♦❜✐♥❛ ❡s ♣r♦♣♦r❝✐♦♥❛❧ ❛❧ ♥ú♠❡r♦ ❞❡ ❡s♣✐r❛s ② ❛ ❧❛ t❛s❛ ❞❡ ✈❛r✐❛❝✐ó♥ ❞❡❧

❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ✭Φ✮✳ ❉❡ ❡st❡ ♠♦❞♦✿

vL = N · dΦ
di

✭✶✳✶✮

◆ → ♥ú♠❡r♦ ❞❡ ❡s♣✐r❛s✳

❊❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡s ❣❡♥❡r❛❞♦ ♣♦r ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡ ❧❛ ❝♦rr✐❡♥t❡ ❡♥ ❡❧ t✐❡♠♣♦ i(t)✳ ❉❡

❡st❡ ♠♦❞♦✿

vL = N · dΦ
di

· di(t)
dt

✭✶✳✷✮

▲❛ ✐♥❞✉❝t❛♥❝✐❛ s❡ ❡①♣r❡s❛ ❝♦♠♦✿

L = N · dΦ
di

✭✶✳✸✮

❘❡s✉❧t❛♥❞♦✿

vL = L · di(t)
dt

✭✶✳✹✮

❊❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ✈❛r✐❛❜❧❡ ❣❡♥❡r❛❞♦ ♣♦r ❧❛ ❜♦❜✐♥❛ tr❛♥s♠✐s♦r❛ ✭❚①✮ t✐❡♥❡ ❞♦s ❝♦♠♣♦✲

♥❡♥t❡s✿ ❊❧ ❝❛♠♣♦ q✉❡ s❡ ♠❛♥t✐❡♥❡ ❡♥ sí ♠✐s♠❛ ✭Φ11✮ ② ❡❧ q✉❡ ❛tr❛✈✐❡s❛ ❛ ❧❛ r❡❝❡♣t♦r❛ ✭Φ12✮
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♣♦r ❡st❛r ♣ró①✐♠❛ ❛ ❡st❛✳

Φ1 = Φ11 + Φ12 ✭✶✳✺✮

❉❡ ❡st❡ ♠♦❞♦✿

v11 = N1 ·
dΦ1

di
· di1
dt

= L1 ·
di1
dt

✭✶✳✻✮

v21 = N2 ·
dΦ12

di1
· di1
dt

= M21 ·
di1
dt

✭✶✳✼✮

M21 → ■♥❞✉❝t❛♥❝✐❛ ♠✉t✉❛ ❞❡ ❧❛ ❜♦❜✐♥❛ ✷ ❝♦♥ r❡s♣❡❝t♦ ❛ ❧❛ ❜♦❜✐♥❛ ✶✳

▲❛ t❡♥s✐ó♥ ❛❧t❡r♥❛ ✐♥❞✉❝✐❞❛ ❡♥ ❧❛ ❜♦❜✐♥❛ r❡❝❡♣t♦r❛ ❣❡♥❡r❛✱ ❛ s✉ ✈❡③✱ ✉♥❛ ❝♦rr✐❡♥t❡ ②

❝❛♠♣♦ ♠❛❣♥ét✐❝♦✳

Φ2 = Φ22 + Φ21 ✭✶✳✽✮

❉❡ ❡st❡ ♠♦❞♦✿

v22 = N2 ·
dΦ2

di
· di2
dt

= L2 ·
di2
dt

✭✶✳✾✮

v12 = N2 ·
dΦ21

di1
· di2
dt

= M12 ·
di2
dt

✭✶✳✶✵✮

M12 → ■♥❞✉❝t❛♥❝✐❛ ♠✉t✉❛ ❞❡ ❧❛ ❜♦❜✐♥❛ ✶ ❝♦♥ r❡s♣❡❝t♦ ❛ ❧❛ ❜♦❜✐♥❛ ✷✳

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

s❡ ❤❛rá r❡❢❡r❡♥❝✐❛ ❛ ❧❛ ✐♥❞✉❝t❛♥❝✐❛ ♠✉t✉❛ ❝♦♠♦ Lm✳

❋✐♥❛❧♠❡♥t❡✱ s❡ ❞❡❜❡ ❞❡st❛❝❛r q✉❡✱ ❞❡♣❡♥❞✐❡♥❞♦ ❞❡ ❧❛ ❞✐r❡❝❝✐ó♥ ❡♥ ❧❛ q✉❡ s❡ ❡♥❝✉❡♥tr❡♥

❛rr♦❧❧❛❞♦s ❧♦s ❞❡✈❛♥❛❞♦s ❞❡ ❧❛s ❜♦❜✐♥❛s ♣r✐♠❛r✐❛ ② s❡❝✉♥❞❛r✐❛✱ ❧❛ t❡♥s✐ó♥ ✐♥❞✉❝✐❞❛ ❝❛♠❜✐❛
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❞❡ s❡♥t✐❞♦✳ ❊♥ ❧❛ ✶✳✶ s❡ ♠✉❡str❛ ❧♦s s❡♥t✐❞♦s ❞❡ ❧❛s t❡♥s✐♦♥❡s ✐♥❞✉❝✐❞❛s ❡♥ ❡❧ ♣r✐♠❛r✐♦ ② ❡♥

❡❧ s❡❝✉♥❞❛r✐♦✳

❋✐❣✉r❛ ✶✳✶✿ ❚❡♥s✐♦♥❡s ✐♥❞✉❝✐❞❛s ❞❡♣❡♥❞✐❡♥❞♦ ❡♥ ✉♥ ❛❝♦♣❧❛♠✐❡♥t♦ ♠❛❣♥ét✐❝♦✳ ❊sq✉❡♠❛✳

✶✳✷✳ ❇❧♦q✉❡s ❢✉♥❝✐♦♥❛❧❡s

❊♥ ❡st❡ ❛♣❛rt❛❞♦ s❡ ♣r❡s❡♥t❛♥ ❧♦s ❜❧♦q✉❡s ❢✉♥❝✐♦♥❛❧❡s ❡♥ ❧♦s q✉❡ s❡ ❤❛ ❞✐✈✐❞✐❞♦ ❡❧ ❞✐s❡ñ♦

❞❡❧ ❞✐s♣♦s✐t✐✈♦✳

❚❛❧ ② ❝♦♠♦ s❡ ❤❛ ♠❡♥❝✐♦♥❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ❡s ♥❡❝❡s❛r✐♦ ❡❧ ✉s♦ ❞❡ ✉♥❛ ❢✉❡♥t❡ ❞❡ t❡♥s✐ó♥

❡♥ ❛❧t❡r♥❛ ♣❛r❛ ❧♦❣r❛r ❡❧ ❛❝♦♣❧❛♠✐❡♥t♦ ♠❛❣♥ét✐❝♦✳ ❊s ♣♦r ❡❧❧♦ q✉❡ ❡❧ ♣r✐♠❡r ❜❧♦q✉❡ ❡s ❡❧

✐♥✈❡rs♦r ♣❛r❛ ♣♦❞❡r ♦❜t❡♥❡r ✉♥❛ s❡ñ❛❧ ❛❧t❡r♥❛ ❛ ♣❛rt✐r ❞❡ ✉♥❛ s❡ñ❛❧ ❝♦♥t✐♥✉❛✳ ❊❧ s❡❣✉♥❞♦

❜❧♦q✉❡ ❡s ❡❧ ❛❝♦♣❧❛♠✐❡♥t♦ ♠❛❣♥ét✐❝♦ ❡♥ sí ♠✐s♠♦✳ ❊❧ t❡r❝❡r ❜❧♦q✉❡ ❡s ❡❧ r❡❝t✐✜❝❛❞♦r ② ✜❧tr♦

♣❛r❛ ❝♦♥✈❡rt✐r ❧❛ s❡ñ❛❧ ❛❧t❡r♥❛ r❡❝✐❜✐❞❛ ❡♥ ✉♥❛ s❡ñ❛❧ ❝♦♥t✐♥✉❛✳

❋✐❣✉r❛ ✶✳✷✿ ❉✐❛❣r❛♠❛ ❞❡ ❜❧♦q✉❡s ❞❡❧ ❝♦♥❥✉♥t♦✳



❈❛♣ít✉❧♦ ✷

■♥✈❡rs♦r

❊♥ ❡st❡ ❝❛♣ít✉❧♦ s❡ ♣r❡s❡♥t❛♥ ② ❞❡s❛rr♦❧❧❛♥ ❧❛s ❝♦♥s✐❞❡r❛❝✐♦♥❡s ② ❝á❧❝✉❧♦s ♥❡❝❡s❛r✐♦s ♣❛r❛

❡❧ ❞✐s❡ñ♦ ② ❝♦rr❡❝t♦ ❞✐♠❡♥s✐♦♥❛♠✐❡♥t♦ ❞❡ t♦❞♦s ❧♦s ❡❧❡♠❡♥t♦s ❞❡❧ ❝✐r❝✉✐t♦ ✐♥✈❡rs♦r✳ ▲❛ ❢✉♥❝✐ó♥

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

✷✳✶✳ ▼♦❞❡❧♦ s✐♠♣❧✐✜❝❛❞♦ ❞❡❧ ❝✐r❝✉✐t♦ ✐♥✈❡rs♦r

❊♥ ❧❛ ❋✐❣✉r❛ ✷✳✶ s❡ ♠✉❡str❛ ❡❧ ♠♦❞❡❧♦ s✐♠♣❧✐✜❝❛❞♦ ❞❡❧ ❝✐r❝✉✐t♦ ✐♥✈❡rs♦r ♣r♦♣✉❡st♦✱ ❡♥

❧❛ q✉❡ s❡ ♣✉❡❞❡ ♦❜s❡r✈❛r q✉❡ s❡ ♣❛rt❡ ❞❡ ✉♥❛ t❡♥s✐ó♥ ❝♦♥t✐♥✉❛ Vbus ② q✉❡ ❧❛ t❡♥s✐ó♥ ❞❡

s❛❧✐❞❛ Vout = Vout1 − Vout2 ♦❜t✐❡♥❡ ❡❧ ✈❛❧♦r Vbus ✭❋✐❣✉r❛ ✷✳✶❛✮ s✐ ❧♦s ✐♥t❡rr✉♣t♦r❡s S1 ② S2

❡stá♥ ❝❡rr❛❞♦s ② S3 ② S4 ❛❜✐❡rt♦s ②✱ −Vbus ✭❋✐❣✉r❛ ✷✳✶❜✮ s✐ S1 ② S2 ❡stá♥ ❛❜✐❡rt♦s ② S3 ② S4

❝❡rr❛❞♦s✳

❊s ♥❡❝❡s❛r✐♦ ❞❡st❛❝❛r q✉❡ ❡❧ r❡st♦ ❞❡ ❝♦♠❜✐♥❛❝✐♦♥❡s s❡ ❝♦♥s✐❞❡r❛rá♥ ❝♦♠♦ ❝♦♠❜✐♥❛❝✐♦♥❡s

✬♣r♦❤✐❜✐❞❛s✬ ②❛ q✉❡ ♣♦❞rí❛♥ ❝❛✉s❛r ❝♦♥❡①✐♦♥❡s ❞✐r❡❝t❛s ❡♥tr❡ Vbus ② ❧❛ r❡❢❡r❡♥❝✐❛ ❞❡ t❡♥s✐ó♥

✭0V ✮ ♣r♦❞✉❝✐❡♥❞♦ ✉♥ ❝♦rt♦❝✐r❝✉✐t♦ ❡♥ ❧❛ ❢✉❡♥t❡ ❞❡ t❡♥s✐ó♥ ❞❡ ❝♦♥t✐♥✉❛✳

P♦r ♦tr♦ ❧❛❞♦✱ ❡♥ ❧❛ ✜❣✉r❛ ✷✳✷ s❡ ♠✉❡str❛ ❧❛ ❢♦r♠❛ ❞❡ ♦♥❞❛ r❡s✉❧t❛♥t❡ tr❛s r❡❛❧✐③❛r ❧❛

✺
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✭❛✮ S1 ② S2 ❝❡rr❛❞♦s✳ ✭❜✮ S3 ② S4 ❝❡rr❛❞♦s✳

❋✐❣✉r❛ ✷✳✶✿ ▼♦❞❡❧♦ s✐♠♣❧✐✜❝❛❞♦ ❞❡❧ ❝✐r❝✉✐t♦ ✐♥✈❡rs♦r ❞❡ t❡♥s✐ó♥✳

s❡❝✉❡♥❝✐❛ ❞❡s❝r✐t❛ ❛♥t❡r✐♦r♠❡♥t❡✳ ❙❡ ♣✉❡❞❡ ♦❜s❡r✈❛r q✉❡ ❡s ✉♥❛ s❡ñ❛❧ ❝✉❛❞r❛❞❛ ❛❧t❡r♥❛ ❡♥tr❡

❧♦s ✈❛❧♦r❡s Vbus ② −Vbus✳

❋✐❣✉r❛ ✷✳✷✿ ❖♥❞❛ ❝✉❛❞r❛❞❛ ❛❧t❡r♥❛ ♦❜t❡♥✐❞❛ ❞❡❧ ❝✐r❝✉✐t♦ ✐♥✈❡rs♦r

❊♥ ❡st❡ ♠♦❞❡❧♦ s✐♠♣❧✐✜❝❛❞♦ ❡s ❢á❝✐❧ ❞❡t❡❝t❛r ❝✉á♥❞♦ s❡ ♣r♦❞✉❝❡ ✉♥❛ ❝♦♠❜✐♥❛❝✐ó♥ ♣r♦❤✐✲

❜✐❞❛ ②❛ q✉❡ ❧♦s ❡❧❡♠❡♥t♦s ❞❡ ❝♦♥♠✉t❛❝✐ó♥ s❡ ❝♦♥s✐❞❡r❛♥ ✐♥t❡rr✉♣t♦r❡s ✐❞❡❛❧❡s ❡♥ ❧♦s q✉❡ ❡❧

t✐❡♠♣♦ ❞❡ r❡t❛r❞♦ ② ❡❢❡❝t♦s tr❛♥s✐t♦r✐♦s q✉❡ ♣✉❡❞❛♥ ❝❛✉s❛r ❝♦♥♠✉t❛❝✐♦♥❡s ♥♦ ❞❡s❡❛❞❛s s❡

❝♦♥s✐❞❡r❛♥ ♥✉❧♦s✳ ❙✐♥ ❡♠❜❛r❣♦✱ ❡♥ ❡❧ ❝✐r❝✉✐t♦ r❡❛❧ ❡♥ ❡❧ q✉❡ s❡ ✉t✐❧✐③❛rá♥ ▼❖❙❋❊❚s ❝♦♠♦

❞✐s♣♦s✐t✐✈♦s ❞❡ ❝♦♥♠✉t❛❝✐ó♥✱ s❡ ❞❡❜❡rá t❡♥❡r ❡s♣❡❝✐❛❧ ❝✉✐❞❛❞♦ ❛ ❧❛ ❤♦r❛ ❞❡ ❝♦♥tr♦❧❛r❧♦s ②❛

q✉❡ ❡①✐st❡♥ t✐❡♠♣♦s ❞❡ r❡t❛r❞♦ ② ❢❡♥ó♠❡♥♦s tr❛♥s✐t♦r✐♦s ❡♥ ❧❛ ❝♦♥♠✉t❛❝✐ó♥ ❞❡ ❧♦s ♠✐s♠♦s
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q✉❡ ♣✉❡❞❡♥ ♣r♦✈♦❝❛r ❝♦♠❜✐♥❛❝✐♦♥❡s ♣r♦❤✐❜✐❞❛s q✉❡ ❝❛✉s❡♥ ❝♦rt♦❝✐r❝✉✐t♦s ♠♦♠❡♥tá♥❡♦s q✉❡

♣✉❡❞❡♥ ❞❛ñ❛r ❡♥ ❝♦rt♦ ♦ ❧❛r❣♦ ♣❧❛③♦ ❡❧ s✐st❡♠❛✳

❈♦♥s✐❞❡r❛r ❡❧ t✐❡♠♣♦ ❞❡ r❡t❛r❞♦ q✉❡ ❡①✐st❡ ❞❡s❞❡ q✉❡ s❡ ❣❡♥❡r❛ ❧❛ s❡ñ❛❧ ❞❡ ❝♦♥tr♦❧ ❞❡

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

✷✳✷✳ ❚r❛♥s✐st♦r ▼❖❙❋❊❚ ❝♦♠♦ ❞✐s♣♦s✐t✐✈♦ ❞❡ ❝♦♥♠✉t❛✲

❝✐ó♥

❈✉❛♥❞♦ s❡ ✐♥❝♦r♣♦r❛ ✉♥ ❝♦♠♣♦♥❡♥t❡ ❡❧❡❝tró♥✐❝♦ ❛ ✉♥ ❞✐s❡ñ♦ ❡st❡ s❡ ❞❡❜❡ ❡st✉❞✐❛r ②

❛♥❛❧✐③❛r ❡♥ ♣r♦❢✉♥❞✐❞❛❞✳ ▲❛ ♣r♦❢✉♥❞✐❞❛❞ ❞❡❧ ❛♥á❧✐s✐s ❧❛ ✈❛ ❛ ❞❡t❡r♠✐♥❛r ❧❛ ❛♣❧✐❝❛❝✐ó♥ ❡♥

❧❛ q✉❡ s❡ ✈❛②❛ ❛ ✉s❛r✳ P♦r ❡❥❡♠♣❧♦✱ s✐ ❡❧ ♦❜❥❡t✐✈♦ ❞❡ ❡st❡ tr❛❜❛❥♦ ❢✉❡s❡ ❧❛ ❢❛❜r✐❝❛❝✐ó♥ ❞❡

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

❛❜♦r❞❛r ❡s❡ t❡♠❛ ❡s ♠✉② ❞✐❢❡r❡♥t❡ ❛ ❝♦♠♦ s❡ ✈❛ ❛ ❛❜♦r❞❛r ❡♥ ❡st❛ ♦❝❛s✐ó♥✳ ❉❡ ❡st❡ ♠♦❞♦✱ ❛ ❧♦

❧❛r❣♦ ❞❡ ❡st❡ tr❛❜❛❥♦ s❡ r❡❛❧✐③❛ ❡st❡ ❛♥á❧✐s✐s ❝♦♥ ✉♥❛ ♣r♦❢✉♥❞✐❞❛❞ t❛❧ q✉❡ ❜r✐♥❞❡ ❛❧ ❞✐s❡ñ❛❞♦r

❧❛s ❤❡rr❛♠✐❡♥t❛s ② ❡❧ ❝♦♥♦❝✐♠✐❡♥t♦ ♥❡❝❡s❛r✐♦ ♣❛r❛ ♦❜t❡♥❡r ❞❡ é❧ ❡❧ ❢✉♥❝✐♦♥❛♠✐❡♥t♦ ❡s♣❡r❛❞♦ ②

q✉❡ ❡❧ ❝♦♥❥✉♥t♦ ❞❡❧ ❞✐s❡ñ♦ ❢✉♥❝✐♦♥❡ ❝♦rr❡❝t❛♠❡♥t❡✳ ❊♥ ❡st❛ s❡❝❝✐ó♥ s❡ ✈❛ ❛ r❡❛❧✐③❛r ❡❧ ❡st✉❞✐♦

❞❡❧ ▼❖❙❋❊❚ ❝♦♠♦ ❞✐s♣♦s✐t✐✈♦ ❞❡ ❝♦♥♠✉t❛❝✐ó♥ ❬✶❪✳

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

s❡ tr❛t❛ ❞❡❧ tr❛♥s✐st♦r ▼❖❙❋❊❚ ❞❡ ❡♥r✐q✉❡❝✐♠✐❡♥t♦ ❞❡ ❝❛♥❛❧ ◆✳ ❊st❛ ❡❧❡❝❝✐ó♥ ♥♦ ❡s

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

❉✐s♣♦s✐t✐✈♦ ❝♦♥tr♦❧❛❞♦ ♣♦r t❡♥s✐ó♥✳

❆❧t❛ ✐♠♣❡❞❛♥❝✐❛ ❞❡ ❡♥tr❛❞❛✳

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

❆♠♣❧✐❛♠❡♥t❡ ✉t✐❧✐③❛❞♦ ❡♥ ❛♣❧✐❝❛❝✐♦♥❡s ❞❡ ❡❧❡❝tró♥✐❝❛ ❞❡ ♣♦t❡♥❝✐❛✳



✽ ❈❆P❮❚❯▲❖ ✷✳ ■◆❱❊❘❙❖❘

❈♦♥tr♦❧❛❞♦ ❝♦♥ t❡♥s✐♦♥❡s ♣♦s✐t✐✈❛s ❧♦ q✉❡ ❢❛❝✐❧✐t❛ s✉ ✐♠♣❧❡♠❡♥t❛❝✐ó♥✳

❆ ❝♦♥t✐♥✉❛❝✐ó♥✱ s❡ ❞❡s❝r✐❜❡♥ ❧❛s ❝♦♥❞✐❝✐♦♥❡s q✉❡ s❡ ❞❡❜❡♥ ❞❛r ♣❛r❛ ❝❛❞❛ ✉♥❛ ❞❡ ❧❛s ③♦♥❛s

♦ r❡❣✐♦♥❡s ❞❡ ❢✉♥❝✐♦♥❛♠✐❡♥t♦ ❞❡ ❧♦s tr❛♥s✐st♦r❡s ▼❖❙❋❊❚✿

✶✳ ❘❡❣✐ó♥ ❞❡ ❝♦rt❡ VGS ≤ VT ✳

✷✳ ❘❡❣✐ó♥ ❞❡ s❛t✉r❛❝✐ó♥ VDS = VGS − VT ✳

✸✳ ❘❡❣✐ó♥ ❧✐♥❡❛❧ ♦ tr✐♦❞♦ VDS ≤ VGS − VT ✳

❊♥ ❧❛ r❡❣✐ó♥ ❞❡ ❝♦rt❡✱ ❧❛ ❝♦rr✐❡♥t❡ q✉❡ ❝✐r❝✉❧❛ ❛ tr❛✈és ❞❡❧ tr❛♥s✐st♦r ID ❡s ♥✉❧❛✳

❊♥ ❧❛ r❡❣✐ó♥ ❞❡ s❛t✉r❛❝✐ó♥✱ ❧❛ ❝♦rr✐❡♥t❡ ❞❡ ❞r❡♥❛❞♦r ♣❡r♠❛♥❡❝❡ ♣rá❝t✐❝❛♠❡♥t❡ ❝♦♥st❛♥✲

t❡ ❛♥t❡ ❝❛♠❜✐♦s ❡♥ ❧❛ t❡♥s✐ó♥ VDS ② ♣❛s❛ ❛ ❞❡♣❡♥❞❡r ú♥✐❝❛♠❡♥t❡ ❞❡ ❧❛ t❡♥s✐ó♥ VGS ❛♣❧✐❝❛❞❛✳

❊s ❞❡❝✐r✱ ❡❧ tr❛♥s✐st♦r s❡ ❝♦♠♣♦rt❛ ❝♦♠♦ ✉♥❛ ❢✉❡♥t❡ ❞❡ ❝♦rr✐❡♥t❡ ❝♦♥tr♦❧❛❞❛ ♣♦r t❡♥s✐ó♥✳ ❙❡

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

❊♥ ❧❛ r❡❣✐ó♥ ❧✐♥❡❛❧✱ ❧❛ ❝♦rr✐❡♥t❡ ID ✈❛rí❛ ❝♦♥ ❧❛ t❡♥s✐ó♥ VDS✳ ❉❡❜✐❞♦ ❛ ❧❛ ❜❛❥❛ t❡♥s✐ó♥

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

tr❛❜❛❥❛r ❡❧ ▼❖❙❋❊❚ ♣❛r❛ ❛♣❧✐❝❛❝✐♦♥❡s ❞❡ ❝♦♥♠✉t❛❝✐ó♥✳

P❛r❛ ❤❛❝❡r ✉s♦ ❞❡ ❧♦s▼❖❙❋❊❚s ❝♦♠♦ ❞✐s♣♦s✐t✐✈♦s ❞❡ ❝♦♥♠✉t❛❝✐ó♥✱ s❡ ❞❡❜❡♥ ♦♣❡r❛r ❡♥ ❧❛

③♦♥❛ ❞❡ ❝♦rt❡ ❝✉❛♥❞♦ ♥♦ s❡ r❡q✉✐❡r❛ ❝♦♥❞✉❝❝✐ó♥ ❞❡ ❝♦rr✐❡♥t❡ ② ❡♥ ❧❛ ❧✐♥❡❛❧ ❝✉❛♥❞♦ s❡ r❡q✉✐❡r❛

❡❧ ♣❛s♦ ❞❡ ❝♦rr✐❡♥t❡✳

❆✉♥q✉❡ tr❛❜❛❥❡♥ ❡♥ ③♦♥❛ ❞❡ ❝♦rt❡ ② ❧✐♥❡❛❧ ♣❛r❛ ❛♣❧✐❝❛❝✐♦♥❡s ❞❡ ❝♦♥♠✉t❛❝✐ó♥✱ ❧♦s tr❛♥s✐s✲

t♦r❡s ▼❖❙❋❊❚ ♥♦ s❡ ❝♦♠♣♦rt❛♥ ❝♦♠♦ ✐♥t❡rr✉♣t♦r❡s ✐❞❡❛❧❡s✳ ❊❧ ❛♥á❧✐s✐s ❞❡ ❧❛ ❝♦♥♠✉t❛❝✐ó♥

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

❡♥ ❝✉❡♥t❛ ❛ ❧❛ ❤♦r❛ ❞❡ ❛♥❛❧✐③❛r ② r❡❛❧✐③❛r ❧❛ ❝♦♥♠✉t❛❝✐ó♥✳ ▲❛ ♣r❡s❡♥❝✐❛ ❞❡ ❝♦♥❞❡♥s❛❞♦r❡s ♦

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

❞❡ ❡st❛❞♦ ❞❡ ❧♦s ♠✐s♠♦s s❡❛ ❞❡❧ ♦r❞❡♥ ❞❡ ❛♠♣❡r✐♦s t❛❧ ② ❝♦♠♦ s❡ ❞❡s❛rr♦❧❧❛rá ♠ás ❛❞❡❧❛♥t❡✳
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P❛r❛ ❡❧❧♦✱ s❡ ❞❡❜❡ ♣❛rt✐r ❞❡ ✉♥ ♠♦❞❡❧♦ ❡❧é❝tr✐❝♦ ❞❡❧ ♠✐s♠♦✳ ❊❧ ♠♦❞❡❧♦ ✉t✐❧✐③❛❞♦ ❡♥ ❡st❛

♦❝❛s✐ó♥ ❡s ❡❧ ♣r❡s❡♥t❛❞♦ ❡♥ ❧❛ ❋✐❣✉r❛ ✷✳✸✳ ❙❡ ❤❛ ❡❧❡❣✐❞♦ ❡st❡ ♠♦❞❡❧♦ ♣♦rq✉❡ ❡s ❡❧ q✉❡ ❡stá

♣r❡s❡♥t❡ ❡♥ ❧❛ ♠❛②♦rí❛ ❞❡ ❧❛ ❞♦❝✉♠❡♥t❛❝✐ó♥ ❝♦♥s✉❧t❛❞❛ ② ❞✐s♣♦♥✐❜❧❡✳ ❊st❡ ♠♦❞❡❧♦ ❡s s✉✜✲

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

❝♦♥♠✉t❛❝✐ó♥✳

❋✐❣✉r❛ ✷✳✸✿ ▼♦❞❡❧♦ ❞❡ ✉♥ ▼❖❙❋❊❚ ❞❡ ❡♥r✐q✉❡❝✐♠✐❡♥t♦ ❞❡ ❝❛♥❛❧ ◆ ❝♦♥ r❡s✐st❡♥❝✐❛ ② ❝❛♣❛❝✐✲
❞❛❞❡s ♣❛rás✐t❛s✳

▲♦s ✈❛❧♦r❡s ❞❡ RG,int✱ CGD✱ CGS ② CDS s❡ s✉❡❧❡♥ ❡♥❝♦♥tr❛r ❢á❝✐❧♠❡♥t❡ ❡♥ ❧❛ ❤♦❥❛ ❞❡ ❞❛t♦s

❞❡❧ ❢❛❜r✐❝❛♥t❡✳

P❛r❛ ❧♦❣r❛r q✉❡ ❡❧ tr❛♥s✐st♦r ❡♥tr❡ ❡♥ ③♦♥❛ ❧✐♥❡❛❧ s❡ ♣♦❞rí❛ ♣❡♥s❛r✱ ❛ ♣r✐♦r✐✱ q✉❡ s✐ ❧❛

t❡♥s✐ó♥ q✉❡ s❡ ❛♣❧✐❝❛ ❡♥tr❡ ❧❛ ♣✉❡rt❛ ●✭●❛t❡✮ ② ❡❧ s✉rt✐❞♦r ❙✭❙♦✉r❝❡✮ ❡s ♠❛②♦r q✉❡ ❧❛ t❡♥s✐ó♥

✉♠❜r❛❧ VTH ② s✐ s❡ ❝✉♠♣❧❡ ❧❛ ❝♦♥❞✐❝✐♦♥ ♣r❡s❡♥t❛❞❛ ❛♥t❡r✐♦r♠❡♥t❡✱ ❡❧ ▼❖❙❋❊❚ s❡ ❛❝t✐✈❛rá

❞❡ ❢♦r♠❛ ✐♥♠❡❞✐❛t❛✳ ❙✐♥ ❡♠❜❛r❣♦✱ ❛ ❝♦♥t✐♥✉❛❝✐ó♥ s❡ ✈❛ ❛ ❞❡t❛❧❧❛r ♣♦r q✉é ♥♦ ❡s ❛sí✳

❈✉❛♥❞♦ s❡ ❛♣❧✐❝❛ ✉♥❛ t❡♥s✐ó♥ ♣♦s✐t✐✈❛ ❡♥ ❧❛ ♣✉❡rt❛ ❞❡❧ ▼❖❙❋❊❚ ❡❧ ❝♦♥❞❡♥s❛❞♦r CGS

❝♦♠✐❡♥③❛ ❛ ❝❛r❣❛rs❡ ❛ tr❛✈és ❞❡ ❧❛ r❡s✐st❡♥❝✐❛ ✐♥t❡r♥❛ RG,int ❞❡❧ ▼❖❙❋❊❚✳ ❊♥ ❡st❡ ✐♥t❡r✈❛❧♦

❞❡ t✐❡♠♣♦ ❧❛ ❝♦rr✐❡♥t❡ q✉❡ ❝✐r❝✉❧❛ ❛ tr❛✈és ❞❡❧ ▼❖❙❋❊❚ ❡s ♥✉❧❛ ID = 0 ②❛ q✉❡ ♥♦ s❡ ❤❛

s✉♣❡r❛❞♦ ❧❛ t❡♥s✐ó♥ ✉♠❜r❛❧ VTH ✳ ❯♥❛ ✈❡③ q✉❡ ❡st❛ s❡ s✉♣❡r❛✱ ❧❛ ❝♦rr✐❡♥t❡ q✉❡ ❝✐r❝✉❧❛ ❛ tr❛✈és

❞❡❧ ▼❖❙❋❊❚ ♥♦ ❡s ♥✉❧❛✳ ❊♥ ❡s❡ ✐♥st❛♥t❡✱ ❡st❡ s❡ ❡♥❝✉❡♥tr❛ ❡♥ ♠♦❞♦ s❛t✉r❛❝✐ó♥ t❛❧ ② ❝♦♠♦

s❡ ❡①♣❧✐❝❛ ❡♥ ❬✷❪ ②❛ q✉❡ VGD < VTH ✳ ▲❛ ❝♦rr✐❡♥t❡ ID ❡♥ ❡st❡ ✐♥t❡r✈❛❧♦ ❡s ✐♥❞❡♣❡♥❞✐❡♥t❡ ❞❡

❧❛ t❡♥s✐ó♥ VDS ② ✈✐❡♥❡ ❞❡t❡r♠✐♥❛❞❛ ♣♦r ❧❛ t❡♥s✐ó♥ VGS✳ ▲❛ t❡♥s✐ó♥ ❞❡❧ ❝♦♥❞❡♥s❛❞♦r CGS
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s✐❣✉❡ ❛✉♠❡♥t❛♥❞♦✳ ❈♦♥❢♦r♠❡ ❧❛ t❡♥s✐ó♥ ❞❡❧ ❞r❡♥❛❞♦r✲s✉rt✐❞♦r ✈❛ ❞✐s♠✐♥✉②❡♥❞♦ ❞❡❜✐❞♦ ❛❧

❛✉♠❡♥t♦ ❞❡ ❧❛ t❡♥s✐ó♥ VGS✱ ❡❧ ❝♦♥❞❡♥s❛❞♦r CGD ❝♦♠✐❡♥③❛ ❛ ❝❛r❣❛rs❡ ❥✉♥t♦ ❛ CGS✳ ❊♥ ❡st❡

✐♥t❡r✈❛❧♦ ❞❡ t✐❡♠♣♦ ❛♣❛r❡❝❡ ❡❧ ❞❡♥♦♠✐♥❛❞♦ ❡❢❡❝t♦ ❞❡ ▼✐❧❧❡r❬✸❪ ♣♦r ❡❧ q✉❡ ❧❛ t❡♥s✐ó♥ ❞❡ ❧❛

♣✉❡rt❛ s❡ ♠❛♥t✐❡♥❡ ❝♦♥st❛♥t❡✳ ❋✐♥❛❧♠❡♥t❡✱ ❝✉❛♥❞♦ ❧❛ t❡♥s✐ó♥ ❞❡❧ ❞r❡♥❛❞♦r✲s✉rt✐❞♦r ❝❛❡ ❛

✉♥ ✈❛❧♦r ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✐❣✉❛❧ ❛ ❧❛ r❡❢❡r❡♥❝✐❛ ❞❡ t❡♥s✐ó♥ Rds(on) · ID✱ ❡❧ ❝♦♥❞❡♥s❛❞♦r CGD

✜♥❛❧✐③❛ s✉ ❝❛r❣❛ ② ❧❛ t❡♥s✐ó♥ VGS ❛❧❝❛♥③❛ ❡❧ ✈❛❧♦r ❞❡ t❡♥s✐ó♥ ❛♣❧✐❝❛❞♦✱ ♠♦♠❡♥t♦ ❡♥ ❡❧ q✉❡ ❡❧

▼❖❙❋❊❚ ❡♥tr❛ ❡♥ ❧❛ ③♦♥❛ ❧✐♥❡❛❧ ♦ tr✐♦❞♦✳

❋✐❣✉r❛ ✷✳✹✿ ▼♦❞❡❧♦ ❞❡❧ ▼❖❙❋❊❚ ❝♦♥ t❡♥s✐ó♥ ♣✉❡rt❛✲s✉rt✐❞♦r VGS ② VDD

❋✐❣✉r❛ ✷✳✺✿ ▼♦❞❡❧♦ ❡❧é❝tr✐❝♦ ❞❡ ❝♦♥♠✉t❛❝✐ó♥ ❞❡❧ ▼❖❙❋❊❚ ❝♦♥ ❝❛♣❛❝✐❞❛❞❡s ♣❛rás✐t❛s

❊♥ ❧❛ ❋✐❣✉r❛ ✷✳✺ s❡ ♠✉❡str❛ ❡❧ ♠♦❞❡❧♦ ❡❧é❝tr✐❝♦ ❞❡ ❝♦♥♠✉t❛❝✐ó♥ ❞❡❧ ▼❖❙❋❊❚✳ ▲❛ tr❛♥s✲

❝♦♥❞✉❝t❛♥❝✐❛ gm ② ❧❛ rDS s❡ ❞❡✜♥❡ ❝♦♠♦✿

gm =
∆ID
∆VGS

∣

∣

∣

∣

VDS=cte

✭✷✳✶✮
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rDS =
∆VDS

∆ID
✭✷✳✷✮

✷✳✸✳ ❈♦♥tr♦❧ ❞❡ ❧♦s ▼❖❙❋❊❚s

❯♥❛ ✈❡③ q✉❡ s❡ ❤❛ ♣r❡s❡♥t❛❞♦ ❡❧ ❝✐r❝✉✐t♦ ❜ás✐❝♦ ❞❡❧ ✐♥✈❡rs♦r ② ❡❧ ♠♦❞❡❧♦ r❡❛❧ ❡❧é❝tr✐❝♦

❞❡❧ ❞✐s♣♦s✐t✐✈♦ ❞❡ ❝♦♥♠✉t❛❝✐ó♥ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❡st❛ ❛♣❧✐❝❛❝✐ó♥ ✭▼❖❙❋❊❚✮✱ s❡ ♣r♦❝❡❞❡ ❡♥ ❡st❡

❛♣❛rt❛❞♦ ❛ ❞❡s❛rr♦❧❧❛r ❧❛ ❝✐r❝✉✐t❡rí❛ ♥❡❝❡s❛r✐❛ ♣❛r❛ ❡❧ ❝♦♥tr♦❧ ❞❡ ❧♦s ♠✐s♠♦s✳

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

❝♦♥♠✉t❛❝✐ó♥✱ ❞✉r❛♥t❡ ❡❧ ❞❡s❛rr♦❧❧♦ ❞❡❧ ❞♦❝✉♠❡♥t♦ s❡ ❡♥t❡♥❞❡rá q✉❡ ❡❧▼❖❙❋❊❚ s❡ ❡♥❝✉❡♥tr❛

✬❛❝t✐✈❛❞♦✬ ❝✉❛♥❞♦ ❡st❡ s❡ ❡♥❝✉❡♥tr❡ tr❛❜❛❥❛♥❞♦ ❡♥ ❧❛ ③♦♥❛ ❧✐♥❡❛❧✳ P♦r ❡❧ ❝♦♥tr❛r✐♦✱ s❡ ❡♥t❡♥❞❡rá

q✉❡ s❡ ❡♥❝✉❡♥tr❛ ✬❞❡s❛❝t✐✈❛❞♦✬ ❝✉❛♥❞♦ ❡sté ❡♥ ❝♦rt❡ ②✱ ♣♦r t❛♥t♦✱ ❧❛ ❝♦rr✐❡♥t❡ ID ❡s ♥✉❧❛✳

❊❧ ❝♦♥tr♦❧ ❞❡ ❧♦s tr❛♥s✐st♦r❡s ♣❛r❛ ❧❛ ♠♦❞✉❧❛❝✐ó♥ ❞❡ ❧❛ s❡ñ❛❧ ❞❡ s❛❧✐❞❛ ❞❡❧ ✐♥✈❡rs♦r s✉❡❧❡

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

❞❡ ❡st♦s s✉❡❧❡♥ ❡st❛r ❧❡❥♦s ❞❡ ❧♦s r❡q✉❡r✐♠✐❡♥t♦s ❞❡ t❡♥s✐ó♥ ② ❝♦rr✐❡♥t❡ r❡q✉❡r✐❞❛s ♣❛r❛ ❧❛

❛❝t✐✈❛❝✐ó♥ ② ❞❡s❛❝t✐✈❛❝✐ó♥ ❞❡ ❧♦s ▼❖❙❋❊❚s✳ ❊s ♣♦r ❡❧❧♦ q✉❡ ❡s ♥❡❝❡s❛r✐♦ ✐♥❝♦r♣♦r❛r ✉♥❛

❡t❛♣❛ ✐♥t❡r♠❡❞✐❛ ❡♥tr❡ ❧❛ s❡ñ❛❧ ❞❡ ❝♦♥tr♦❧ ❞❡❧ ♠✐❝r♦❝♦♥tr♦❧❛❞♦r ② ❡❧ tr❛♥s✐st♦r✳ ❊st❛ ❡t❛♣❛

✐♥t❡r♠❡❞✐❛ ❝♦♥st❛ ❞❡ ✉♥ ❞✐s♣♦s✐t✐✈♦ ❞❡♥♦♠✐♥❛❞♦ ❝♦♥tr♦❧❛❞♦r ❞❡ ♣✉❡rt❛ ❞❡ ▼❖❙❋❊❚ q✉❡

r❡❝✐❜❡ ❧❛ s❡ñ❛❧ ❞❡❧ ♠✐❝r♦❝♦♥tr♦❧❛❞♦r ② ❧❛ ❛❞❛♣t❛ ♣❛r❛ ♣♦❞❡r ❛❝t✐✈❛r ② ❞❡s❛❝t✐✈❛r ❡❧ ▼❖❙❋❊❚

s❛t✐s❢❛❝t♦r✐❛♠❡♥t❡✳ ❉❡❜✐❞♦ ❛ ❧❛ ❡str✉❝t✉r❛ ❞❡❧ ✐♥✈❡rs♦r ♣r♦♣✉❡st♦ ✭❋✐❣✉r❛ ✷✳✼✮✱ s❡ ♣✉❡❞❡

❋✐❣✉r❛ ✷✳✻✿ ❊sq✉❡♠❛ ❜❧♦q✉❡s ♣❛r❛ ❡❧ ❝♦♥tr♦❧ ❞❡ ✉♥ ▼❖❙❋❊❚ ❝♦♥ ✉♥ µC ② ❝♦♥tr♦❧❛❞♦r ❞❡
♣✉❡rt❛✳
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♦❜s❡r✈❛r q✉❡ ♥♦ t♦❞♦s ❧♦s tr❛♥s✐st♦r❡s t✐❡♥❡♥ ❡❧ s✉rt✐❞♦r ❝♦♥❡❝t❛❞♦ ❛ ❧❛ r❡❢❡r❡♥❝✐❛ ❝♦♠ú♥✳ ❙❡

❞❡♥♦♠✐♥❛♥ ▼❖❙❋❊❚❙ ❞❡ ❧❛❞♦ ❜❛❥♦ ♦ ▲❙✭▲♦✇ ❙✐❞❡✮ ❧♦s q✉❡ sí t✐❡♥❡♥ ❡❧ s✉rt✐❞♦r ❝♦♥❡❝t❛❞♦

❛ ❧❛ r❡❢❡r❡♥❝✐❛ ❞❡ t❡♥s✐ó♥ ❝♦♠ú♥ ✭◗✷ ② ◗✹✮ ② ❞❡ ❧❛❞♦ ❛❧t♦ ♦ ❍❙✭❍✐❣❤ ❙✐❞❡✮ ❧♦s q✉❡ ♥♦ ✭◗✶

② ◗✸✮✳ ❆❞❡♠ás ❞❡ ❞✐❢❡r✐r ❡♥ s✉ ❞❡♥♦♠✐♥❛❝✐ó♥✱ ❧❛ ❝✐r❝✉✐t❡rí❛ ❛s♦❝✐❛❞❛ ❛ ❧♦s ❞❡ ❧❛❞♦ ❜❛❥♦

❞✐✜❡r❡ ❛ ❧❛ ❞❡ ❧♦s ❞❡❧ ❧❛❞♦ ❛❧t♦✳ ❆ ❝♦♥t✐♥✉❛❝✐ó♥✱ s❡ ❞❡s❛rr♦❧❧❛ ❧❛ ❝✐r❝✉✐t❡rí❛ ♥❡❝❡s❛r✐❛ ♣❛r❛ ❡❧

❋✐❣✉r❛ ✷✳✼✿ ■♥✈❡rs♦r ❝♦♥ ▼❖❙❋❊❚s ❝♦♠♦ ❞✐s♣♦s✐t✐✈♦s ❞❡ ❝♦♥♠✉t❛❝✐ó♥✳

❝♦♥tr♦❧ ❞❡ ❧♦s ❞✐s♣♦s✐t✐✈♦s ❞❡ ❝♦♥♠✉t❛❝✐ó♥✳ ❊♥ ❧❛ ❋✐❣✉r❛ ✷✳✽ s❡ ♠✉❡str❛ ♠❡❞✐♦ ♣✉❡♥t❡ ②❛ q✉❡

❡s s✉✜❝✐❡♥t❡ ♣❛r❛ ❥✉st✐✜❝❛r ❡❧ ❝✐r❝✉✐t♦ ❞❡ ❛rr❛♥q✉❡ ♦ ❜♦♦tstr❛♣ ♣❛r❛ ❧♦s tr❛♥s✐st♦r❡s ❞❡ ❧❛❞♦

❛❧t♦ ✭❍❙✮✳ ❚❛❧ ② ❝♦♠♦ s❡ ❤❛ ❝♦♠❡♥t❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ❧♦s tr❛♥s✐st♦r❡s ❞❡❧ ❧❛❞♦ ❛❧t♦ ❝❛r❡❝❡♥

❞❡ ❝♦♥❡①✐ó♥ ❞✐r❡❝t❛ ❝♦♥ ❧❛ r❡❢❡r❡♥❝✐❛ ❞❡ t❡♥s✐ó♥ ❝♦♠ú♥✳ ❊❧ ❝✐r❝✉✐t♦ ❞❡ ❛rr❛♥q✉❡ ♣r❡s❡♥t❛❞♦

s♦❧✉❝✐♦♥❛ ❞✐❝❤♦ ♣r♦❜❧❡♠❛✳ ◗✶ ② ◗✹ s❡ ❛❝t✐✈❛♥ ❞❡ ❢♦r♠❛ ❛❧t❡r♥❛t✐✈❛✳ ❊❧ tr❛♥s✐st♦r ◗✹ s❡

❛❝t✐✈❛ ♣♦r ♠❡❞✐♦ ❞❡❧ ❝♦♥tr♦❧❛❞♦r ❞❡ ♣✉❡rt❛ ❞❡❧ ❧❛❞♦ ❜❛❥♦✳ ❊st❡ ❛♣❧✐❝❛ ✉♥❛ t❡♥s✐ó♥ ♣♦s✐t✐✈❛ ②

s✉✜❝✐❡♥t❡ ❡♥tr❡ ❧♦s t❡r♠✐♥❛❧❡s ● ② ❙ ❞❡ ◗✹✳ ❯♥❛ ✈❡③ q✉❡ ◗✹ ❡stá ❛❝t✐✈❛❞♦✱ ❡❧ ❝♦♥❞❡♥s❛❞♦r

❞❡ ❛rr❛♥q✉❡ Cboot s❡ ❝❛r❣❛ ❛ tr❛✈és ❞❡ ❧❛ r❡s✐st❡♥❝✐❛ Rboot ❤❛st❛ ❛❧❝❛♥③❛r ❧❛ t❡♥s✐ó♥ Vcc✳ ❊❧
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❋✐❣✉r❛ ✷✳✽✿ ❊sq✉❡♠❛ ❜ás✐❝♦ ❞❡ ❝✐r❝✉✐t♦ ❞❡ ❛rr❛♥q✉❡ ♦ ❜♦♦tstr❛♣

tr❛♥s✐st♦r ◗✶ s❡ ❛❝t✐✈❛ ♣♦r ♠❡❞✐♦ ❞❡❧ ❝♦♥tr♦❧❛❞♦r ❞❡ ♣✉❡rt❛ ❞❡❧ ❧❛❞♦ ❛❧t♦✳ ▲❛ t❡♥s✐ó♥ ❡♥tr❡

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

t❡r♠✐♥❛❧❡s ②❛ q✉❡✱ s✐♥ é❧✱ ❡❧ ♥♦❞♦ ❆ q✉❡❞❛rí❛ ❛ t❡♥s✐ó♥ ✢♦t❛♥t❡ ② ♥♦ s❡rí❛ ♣♦s✐❜❧❡ ❛♣❧✐❝❛r ✉♥❛

t❡♥s✐ó♥ ♣♦s✐t✐✈❛ ❡♥tr❡ ❧♦s t❡r♠✐♥❛❧❡s ● ② ❙ ❞❡ ◗✶✳

✷✳✹✳ ❙❡❧❡❝❝✐ó♥ ❞❡ ❞✐s♣♦s✐t✐✈♦s✱ ❝á❧❝✉❧♦s ② ❞✐♠❡♥s✐♦♥❛♠✐❡♥✲

t♦

P❛r❛ r❡❛❧✐③❛r ❡❧ ❞✐♠❡♥s✐♦♥❛♠✐❡♥t♦ ❞❡ ❧♦s ❝♦♠♣♦♥❡♥t❡s✱ ❡s ♥❡❝❡s❛r✐♦ ♣r❡s❡♥t❛r ❧♦s tr❛♥s✐s✲

t♦r❡s▼❖❙❋❊❚s ② ❧♦s ❝♦♥tr♦❧❛❞♦r❡s ❞❡ ♣✉❡rt❛ ✉s❛❞♦s ♣❛r❛ ❡❧ ❞✐s❡ñ♦ ❞❡❧ ✐♥✈❡rs♦r✳ ▲❛ s❡❧❡❝❝✐ó♥

❞❡ ❧♦s ♠✐s♠♦s s❡ ❤❛ r❡❛❧✐③❛❞♦ t❡♥✐❡♥❞♦ ❡♥ ❝✉❡♥t❛ ❧❛ ❞✐s♣♦♥✐❜✐❧✐❞❛❞ ❡♥ ❡❧ ♠❡r❝❛❞♦ ② q✉❡ s❡

tr❛t❛ ❞❡ ✉♥❛ ❛♣❧✐❝❛❝✐ó♥ ❞❡ ❜❛❥❛ ♣♦t❡♥❝✐❛✳

▲♦s tr❛♥s✐st♦r❡s ▼❖❙❋❊❚ ✉t✐❧✐③❛❞♦s ♣❛r❛ ❡❧ ❞✐s❡ñ♦ s♦♥ ❞❡❧ t✐♣♦ ■❘▲▼▲✵✵✸✵ ❞❡❧ ❢❛❜r✐✲
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VDS ✸✵ ❱
VGS ♠❛① ±✷✵ ❱
RDS(on)max

✭@VGS = 10V ✮
✷✼ ♠Ω

❚❛❜❧❛ ✷✳✶✿ ❈❛r❛❝t❡ríst✐❝❛s ♣r✐♥❝✐♣❛❧❡s ❞❡❧ tr❛♥s✐st♦r ■❘▲▼▲✵✵✸✵

❱✭♠❛①✳✮ ✼✵✵ ❱
❚✐❡♠♣♦ ❞❡ ♣r♦♣❛❣❛❝✐ó♥ ✻✵ ♥s

❈♦rr✐❡♥t❡
❊♥tr❛❞❛✴❙❛❧✐❞❛

✸✴✸✱✺ ❆

❈♦♥tr♦❧ ❞✐❣✐t❛❧ ✸✱✸ ✲ ✺ ❱
❉♦s ❝❛♥❛❧❡s✿ ▲❛❞♦ ❛❧t♦ ② ❧❛❞♦ ❜❛❥♦✳

Pr♦t❡❝❝✐ó♥ ❛♥t❡ ❜❛❥❛❞❛ ❞❡ t❡♥s✐ó♥ ❡♥ ❛♠❜♦s ❝❛♥❛❧❡s✳

❚❛❜❧❛ ✷✳✷✿ ❈❛r❛❝t❡ríst✐❝❛s ♣r✐♥❝✐♣❛❧❡s ❞❡❧ ❝♦♥tr♦❧❛❞♦r ❞❡ ♣✉❡rt❛ ◆❈P✺✶✺✸✵

❝❛♥t❡ ■♥t❡r♥❛t✐♦♥❛❧ ❘❡❝t✐✜❡r ❬✹❪✳ ▲❛s ❝❛r❛❝t❡ríst✐❝❛s ♣r✐♥❝✐♣❛❧❡s ❞❡❧ ♠✐s♠♦ s❡ ❡♥❝✉❡♥tr❛♥ ❡♥

❧❛ ❚❛❜❧❛ ✷✳✶

P❛r❛ ❧❛ s❡❧❡❝❝✐ó♥ ❞❡❧ ❝♦♥tr♦❧❛❞♦r ❞❡ ♣✉❡rt❛ ❡s ❝r✉❝✐❛❧ t❡♥❡r ❡♥ ❝✉❡♥t❛ q✉❡ ❡❧ ❝♦♥tr♦❧❛❞♦r

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

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

❈♦♠♦ ❝♦♥tr♦❧❛❞♦r ❞❡ ♣✉❡rt❛ s❡ ❤❛ s❡❧❡❝❝✐♦♥❛❞♦ ❡❧ ❞✐s♣♦s✐t✐✈♦ ◆❈P✺✶✺✸✵ ❞❡❧ ❢❛❜r✐❝❛♥t❡

❖♥s❡♠✐ ❬✺❪✳ ▲❛s ❝❛r❛❝t❡ríst✐❝❛s ♣r✐♥❝✐♣❛❧❡s s❡ ❡♥❝✉❡♥tr❛♥ ❡♥ ❧❛ ❚❛❜❧❛ ✷✳✷

• ❍■◆ → ❊♥tr❛❞❛ ❞❡ ❧❛❞♦ ❛❧t♦✳

• ▲■◆ → ❊♥tr❛❞❛ ❞❡ ❧❛❞♦ ❜❛❥♦✳

• ●◆❉ → ❘❡❢❡r❡♥❝✐❛ ❞❡ t❡♥s✐ó♥✴t✐❡rr❛✳

• ▲❖ → ❙❛❧✐❞❛ ❞❡❧ ❧❛❞♦ ❜❛❥♦✳

• ❱❈❈ → ❆❧✐♠❡♥t❛❝✐ó♥ ❞❡❧ ❧❛❞♦ ❜❛❥♦ ② ❛❧✐♠❡♥t❛❝✐ó♥ ❞❡❧ ❞✐s♣♦s✐t✐✈♦✳

• ❍❇ → ❘❡t♦r♥♦ ❞❡❧ ❧❛❞♦ ❛❧t♦✳
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❋✐❣✉r❛ ✷✳✾✿ ❉✐❛❣r❛♠❛ ❞❡ ❜❧♦q✉❡s ✐♥t❡r♥♦ ❞❡❧ ◆❈P✺✶✺✸✵

• ❍❖ → ❙❛❧✐❞❛ ❞❡❧ ❧❛❞♦ ❛❧t♦✳

• ❱❇ → ❆❧✐♠❡♥t❛❝✐ó♥ ❞❡❧ ❧❛❞♦ ❛❧t♦✳

❊♥ ❧❛ ❋✐❣✉r❛ ✷✳✾ s❡ ♠✉❡str❛ ❡❧ ❞✐❛❣r❛♠❛ ❞❡ ❜❧♦q✉❡s ✐♥t❡r♥♦ ❞❡❧ ❝♦♥tr♦❧❛❞♦r ❞❡ ♣✉❡rt❛✳

▲❛s ❡♥tr❛❞❛s ❍■◆ ② ▲■◆ ❝♦rr❡s♣♦♥❞❡♥ ❛ ❧❛s ❡♥tr❛❞❛s ❞❡ ❧❛s s❡ñ❛❧❡s ❞✐❣✐t❛❧❡s ♦ ❛♥❛❧ó❣✐❝❛s

♣❛r❛ ❧❛ ❛❝t✐✈❛❝✐ó♥ ② ❞❡s❛❝t✐✈❛❝✐ó♥ ❞❡ ❧♦s ❞✐s♣♦s✐t✐✈♦s ❞❡ ❝♦♥♠✉t❛❝✐ó♥ ❞❡❧ ❧❛❞♦ ❛❧t♦ ② ❜❛❥♦✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❙❡ ♦❜s❡r✈❛ q✉❡ ❧❛s ❡♥tr❛❞❛s t✐❡♥❡♥ r❡s✐st❡♥❝✐❛s ❞❡ ♣♦❧❛r✐③❛❝✐ó♥ ❛ ♥✐✈❡❧ ❜❛❥♦

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

② q✉❡❞❛r ❛ t❡♥s✐ó♥ ✢♦t❛♥t❡✳ ❚❛♠❜✐é♥ ♣♦s❡❡♥ ✉♥ ❝✐r❝✉✐t♦ ❞❡❧ t✐♣♦ ❞✐s♣❛r❛❞♦r ❞❡ ❙❝❤♠✐tt q✉❡

♣r♦♣♦r❝✐♦♥❛ ✐♥♠✉♥✐❞❛❞ ❛♥t❡ r✉✐❞♦✳

❊❧ ❞✐s♣♦s✐t✐✈♦ t❛♠❜✐é♥ ❝✉❡♥t❛ ❝♦♥ ♣r♦t❡❝❝✐ó♥ ♣❛r❛ ❛s❡❣✉r❛r ❧❛ ❝♦rr❡❝t❛ ❛❧✐♠❡♥t❛❝✐ó♥ ❞❡

❧❛ ❝✐r❝✉✐t❡rí❛ ② ❞✐s♣♦s✐t✐✈♦s ❞❡ ❝♦♥♠✉t❛❝✐ó♥ ❞❡❧ ❧❛❞♦ ❛❧t♦ ② ❜❛❥♦✳ ❊♥ ❡❧ ❞✐❛❣r❛♠❛ ❞❡ ❜❧♦q✉❡s

s❡ ♦❜s❡r✈❛ ❡❧ ❜❧♦q✉❡ ❯❱ ❉❡t❡❝t ✭❯♥❞❡r ❱♦❧t❛❣❡ ❉❡t❡❝t✮ ❝✉②❛ ❢✉♥❝✐ó♥ ❡s ❞❡t❡❝t❛r ❜❛❥❛❞❛s ❞❡

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

❆ ❝♦♥t✐♥✉❛❝✐ó♥✱ s❡ ♣r♦❝❡❞❡ ❛ ❧❛ r❡❛❧✐③❛❝✐ó♥ ❞❡ ❧♦s ❝á❧❝✉❧♦s ♥❡❝❡s❛r✐♦s ♣❛r❛ ❡❧ ❝♦rr❡❝t♦

❞✐♠❡♥s✐♦♥❛♠✐❡♥t♦ ❞❡ ❧♦s ❝♦♠♣♦♥❡♥t❡s ❞❡ ❧❛ ❝✐r❝✉✐t❡rí❛✳
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✷✳✹✳✶✳ ❈✐r❝✉✐t♦ ❞❡ ❛rr❛♥q✉❡ ♦ ❜♦♦tsr❛♣

❙❡ ❝♦♠✐❡♥③❛ ❝♦♥ ❡❧ ❞✐♠❡♥s✐♦♥❛♠✐❡♥t♦ ❞❡❧ ❝✐r❝✉✐t♦ ❞❡ ❛rr❛♥q✉❡ ♦ ❜♦♦tstr❛♣✳ ❚❛❧ ② ❝♦♠♦

s❡ ❤❛ ❞❡s❝r✐t♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ❡❧ ❝♦♥❞❡♥s❛❞♦r s♦❧♦ s❡ ❝❛r❣❛rá ♠✐❡♥tr❛s q✉❡ ❡❧ ❞✐s♣♦s✐t✐✈♦ ❞❡

❧❛❞♦ ❜❛❥♦ ❡sté ❛❝t✐✈❛❞♦✳ ❊s ❞❡❝✐r✱ ♠✐❡♥tr❛s ❧❛s ♣❛t✐❧❧❛ ❍❇ ❞❡❧ ❝♦♥tr♦❧❛❞♦r ❞❡ ♣✉❡rt❛ ❡sté ❛

♥✐✈❡❧ ❜❛❥♦✳ ▲❛ ❡♥❡r❣í❛ ❛❧♠❛❝❡♥❛❞❛ ❡♥ ❡❧ ❝♦♥❞❡♥s❛❞♦r Cboot ❞✉r❛♥t❡ ❡s❡ ♣❡rí♦❞♦ s❡ ✉t✐❧✐③❛rá

♣❛r❛ ❛❧✐♠❡♥t❛r ❛ ❧❛ ❝✐r❝✉✐t❡rí❛ ❞❡❧ ❧❛❞♦ ❛❧t♦ ❛sí ❝♦♠♦ ❛ ❧❛ ♣✉❡rt❛ ❞❡❧ ▼❖❙❋❊❚ ❞❡❧ ❧❛❞♦ ❛❧t♦

❝✉❛❞♦ s❡ r❡q✉✐❡r❛ s✉ ❛❝t✐✈❛❝✐ó♥✳ ❯♥❛ ❜❛❥❛❞❛ ❞❡ t❡♥s✐ó♥ ❡♥ ❡❧ ❝♦♥❞❡♥s❛❞♦r ♣✉❡❞❡ ♦❝❛s✐♦♥❛r

✉♥❛ ❝❛í❞❛ ❞❡ t❡♥s✐ó♥ ❡♥ VB✳ ❙✐ ❡st❛ ❡s ✐♥❢❡r✐♦r ❛ ❧❛ t❡♥s✐ó♥ ❞❡ ♣r♦t❡❝❝✐ó♥ ❯❱▲❖ ✭❯♥❞❡r

❱♦❧t❛❣❡ ▲♦❝❦✲❖✉t✮ ❡❧ ❞✐s♣♦s✐t✐✈♦ ❞❡s❝♦♥❡❝t❛rá ❧❛ ❝✐r❝✉✐t❡rí❛ ❞❡ ❧❛❞♦ ❛❧t♦ ❧♦ q✉❡ r❡s✉❧t❛rí❛ ❡♥

✉♥ ❢❛❧❧♦ ❞❡❧ s✐st❡♠❛✳ ❊s ♣♦r ❡s♦ q✉❡ ❡❧ ❞✐♠❡♥s✐♦♥❛♠✐❡♥t♦ ❞❡ Cboot ❡s ♠✉② ✐♠♣♦rt❛♥t❡✳

P❛r❛ ❞✐♠❡♥s✐♦♥❛r ❡❧ ❝♦♥❞❡♥s❛❞♦r Cboot s❡ ♥❡❝❡s✐t❛ ❝♦♥♦❝❡r ❧❛ ❝❛r❣❛ t♦t❛❧ ❞❡❧ ▼❖❙❋❊❚

♣❛r❛ s❡r ❛❝t✐✈❛❞♦✱ ❛sí ❝♦♠♦ ❧❛ ❝♦rr✐❡♥t❡ r❡q✉❡r✐❞❛ ♣♦r ❧❛ ❝✐r❝✉✐t❡rí❛ ❞❡❧ ❝♦♥tr♦❧❛❞♦r✱ ♣ér❞✐❞❛s

② ❡❧ t✐❡♠♣♦ ❞❡ ❡♥❝❡♥❞✐❞♦ ❬✻❪✳

C = A · s

❉♦♥❞❡✿

• C → ❈❛r❣❛ ❡♥ ❈✉❧♦♠❜✐♦s✳

• A → ❈♦rr✐❡♥t❡ ❡♥ ❆♠♣❡r✐♦s✳

• s → ❚✐❡♠♣♦ ❡♥ s❡❣✉♥❞♦s✳

❆ ❝♦♥t✐♥✉❛❝✐ó♥✱ s❡ ❞❡✜♥❡ ❧❛ ❝❛r❣❛ t♦t❛❧ ♥❡❝❡s❛r✐❛ ❝♦♠♦ s✉♠❛ ❞❡ ❧❛s ❝❛r❣❛s ❝♦♥♦❝✐❞❛s ❛sí

❝♦♠♦ ❝♦rr✐❡♥t❡ r❡q✉❡r✐❞❛ ② ❞❡ ♣ér❞✐❞❛s✿

Qtotal = QGATE + (ILKCAP + ILKGS + IQBS + ILK + IILKDIODE) · ton +QLS ✭✷✳✸✮
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❉♦♥❞❡✿

• QGATE → ❈❛r❣❛ t♦t❛❧ ❞❡ ♣✉❡rt❛ ❞❡❧ ▼❖❙❋❊❚✳

• ILKCAP → ❈♦rr✐❡♥t❡ ❞❡ ❢✉❣❛ ❞❡❧ ❝♦♥❞❡♥s❛❞♦r ❞❡ ❛rr❛♥q✉❡ ♦ ❜♦♦tstr❛♣✳

• ILKGS → ❈♦rr✐❡♥t❡ ❞❡ ❢✉❣❛ ❞❡ ❧❛ ♣✉❡rt❛ ② s✉rt✐❞♦r ❞❡❧ ▼❖❙❋❊❚✳

• IQBS → ❈♦rr✐❡♥t❡ ❞❡♠❛♥❞❛❞❛ ♣❛r❛ ❢✉♥❝✐♦♥❛♠✐❡♥t♦ ❞❡ ❧❛ ❝✐r❝✉✐t❡rí❛ ✐♥t❡r♥❛ ❞❡❧ ❝♦♥✲

tr♦❧❛❞♦r ❞❡ ♣✉❡rt❛✳

• ILK → ❈♦rr✐❡♥t❡ ❞❡ ❢✉❣❛ ❞❡ ❧❛ ❝✐r❝✉✐t❡rí❛ ✐♥t❡r♥❛ ❞❡❧ ❝♦♥tr♦❧❛❞♦r ❞❡ ♣✉❡rt❛✳

• ILKDIODE → ❈♦rr✐❡♥t❡ ❞❡ ❢✉❣❛ ❞❡❧ ❞✐♦❞♦ ❞❡❧ ❝✐r❝✉✐t♦ ❞❡ ❛rr❛♥q✉❡✳

• ton → ❚✐❡♠♣♦ ❞❡ ❡♥❝❡♥❞✐❞♦ ❞❡❧ ❧❛❞♦ ❛❧t♦✳

• QLS → ❈❛r❣❛ t♦t❛❧ ❞❡ ❧♦s ❛❞❛♣t❛❞♦r❡s ❞❡ ♥✐✈❡❧ ✐♥t❡r♥♦s ❞❡❧ ❝♦♥tr♦❧❛❞♦r✳

❊♥ ❧❛ ❋✐❣✉r❛ ✷✳✶✵ s❡ ♠✉❡str❛♥ ♣❛rá♠❡tr♦s ♦❜t❡♥✐❞♦s ❞❡ ❧❛ ❤♦❥❛ ❞❡ ❞❛t♦s ❞❡❧ ❢❛❜r✐❝❛♥t❡

❞❡❧ ▼❖❙❋❊❚ ■❘▲▼▲✵✵✸✵✳ ❙❡ ♦❜t✐❡♥❡ ❧❛ ❝❛r❣❛ t♦t❛❧ ❞❡ ♣✉❡rt❛ QGATE ② ❧❛ ❝♦rr✐❡♥t❡ ❞❡ ❢✉❣❛

❞❡ ❧❛ ♣✉❡rt❛ ② s✉rt✐❞♦r ILKGS✳

❋✐❣✉r❛ ✷✳✶✵✿ ❈❛r❣❛ t♦t❛❧ ❞❡ ♣✉❡rt❛ ② ❝♦rr✐❡♥t❡ ❞❡ ❢✉❣❛ P✉❡rt❛✲❙✉rt✐❞♦r✳▼❖❙❋❊❚ ■❘▲▼▲✵✵✸✵
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P♦r ♦tr♦ ❧❛❞♦✱ ❡♥ ❧❛ ❋✐❣✉r❛ ✷✳✶✶ ② ❡♥ ❧❛ ❋✐❣✉r❛ ✷✳✶✷ s❡ ♠✉❡str❛ ✉♥❛ t❛❜❧❛ ② ❣rá✜❝❛

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

❝♦rr✐❡♥❞❡ ❞❡♠❛♥❞❛❞❛ ♣❛r❛ ❡❧ ❢✉♥❝✐♦♥❛♠✐❡♥t♦ ❞❡ ❧❛ ❝✐r❝✉✐t❡rí❛ ❞❡❧ ❝♦♥tr♦❧ ❞❡ ❧❛❞♦ ❛❧t♦ ❛sí

❝♦♠♦ ❧❛ ❝♦rr✐❡♥t❡ ❞❡ ❢✉❣❛✳

❋✐❣✉r❛ ✷✳✶✶✿ ❈♦rr✐❡♥t❡ ❢✉♥❝✐♦♥❛♠✐❡♥t♦ IQBS✳ ❈♦♥tr♦❧❛❞♦r ❞❡ ♣✉❡rt❛ ◆❈P✺✶✺✸✵✳

❋✐❣✉r❛ ✷✳✶✷✿ ❈♦rr✐❡♥t❡ ❞❡ ❢✉❣❛ ILK ✳ ❈♦♥tr♦❧❛❞♦r ❞❡ ♣✉❡rt❛ ◆❈P✺✶✺✸✵✳

❊❧ ❞✐♦❞♦ s❡❧❡❝❝✐♦♥❛❞♦ ♣❛r❛ ❡❧ ❝✐r❝✉✐t♦ ❞❡ ❛rr❛♥q✉❡ ❡s ❡❧ ▼❯❘❆✶✻✵ ❞❡ ❖♥s❡♠✐ ❬✼❪✳ ❙❡

tr❛t❛ ❞❡ ✉♥ ❞✐♦❞♦ ❞❡ ♣♦t❡♥❝✐❛ ❞❡st✐♥❛❞♦ ❛ ❛♣❧✐❝❛❝✐♦♥❡s ❞❡ r❡❝t✐✜❝❛❝✐ó♥ ② ♣r♦t❡❝❝✐ó♥ ❛ ❛❧t❛

❢r❡❝✉❡♥❝✐❛✳ ❊♥ ❧❛ ❋✐❣✉r❛ ✷✳✶✸ s❡ ♦❜s❡r✈❛ q✉❡ ❧❛ ❝♦rr✐❡♥t❡ ❞❡ ❢✉❣❛ ❡s ❞❡s♣r❡❝✐❛❜❧❡ ❛ ❧❛ ❞✐❢❡r❡♥❝✐❛

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

✈♦❧t✐♦s✳

▲❛ ❝♦rr✐❡♥t❡ ❞❡ ❢✉❣❛ ❞❡❧ ❝♦♥❞❡♥s❛❞♦r ILKCAP ❞❡ ❛rr❛♥q✉❡ s❡ s✉♣♦♥❡ ❞❡s♣r❡❝✐❛❜❧❡✳ ▲❛

❝❛r❣❛ r❡q✉❡r✐❞❛ ♣♦r ❧♦s ❛❞❛♣t❛❞♦r❡s ❞❡ ♥✐✈❡❧ QLS ✱ t❛❧ ② ❝♦♠♦ ❛♣❛r❡❝❡ ❡♥ ❧❛ ❤♦❥❛ ❞❡ ❞❛t♦s

❞❡❧ ❢❛❜r✐❝❛♥t❡ ❞❡❧ ❝♦♥tr♦❧❛❞♦r✱ ❡s ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✵✱✺ ♥❈✳ P♦r ú❧t✐♠♦✱ ♣❛r❛ ♦❜t❡♥❡r ❡❧

t✐❡♠♣♦ ❞❡ ❡♥❝❡♥❞✐❞♦ ❞❡❧ ❧❛❞♦ ❛❧t♦ s❡ ❞❡❜❡ ❝♦♥♦❝❡r ❧❛ ❢r❡❝✉❡♥❝✐❛ ❞❡ s❛❧✐❞❛ ❞❡ ❧❛ s❡ñ❛❧ ❛❧t❡r♥❛
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❋✐❣✉r❛ ✷✳✶✸✿ ❈♦rr✐❡♥t❡ ❡♥ ❢✉❣❛ ❞❡❧ ❞✐♦❞♦ ▼❯❘❆✶✻✵
✳

r❡s✉❧t❛♥t❡✳ ❙✐ s❡ ❝♦♥s✐❞❡r❛ ✉♥❛ ❢r❡❝✉❡♥❝✐❛ ❞❡ ✶✵✵ ❦❍③ ❝♦♥ ✉♥ ❝✐❝❧♦ ❞❡ tr❛❜❛❥♦ ❞❡❧ ✺✵✪✱ ❡❧

t✐❡♠♣♦ q✉❡ s❡ ♠❛♥t✐❡♥❡ ❡♥❝❡♥❞✐❞♦ ❝❛❞❛ ✉♥♦ ❞❡ ❧♦s▼❖❙❋❊❚s ❞❡❧ ❧❛❞♦ ❛❧t♦ ❡s ✉♥ s❡♠✐♣❡r✐♦❞♦✿

T =
1

100 · 103Hz
= 10 · 10−6s = 10µs ✭✷✳✹✮

ton =
T

2
=

10µs

2
= 5µs ✭✷✳✺✮

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

Qtotal = QGATE + (ILKCAP + ILKGS + IQBS + ILK + IILKDIODE) · ton +QLS = ✭✷✳✻✮

= 2, 6nC + (✘✘✘✘
ILKCAP + 100nA+ 0, 15mA+ 6, 5µA+✭✭✭✭✭✭

IILKDIODE) · 5µs+ 0, 5nC =

= 3, 9nC

❯♥❛ ✈❡③ q✉❡ s❡ ❤❛ ♦❜t❡♥✐❞♦ ❧❛ ❝❛r❣❛ t♦t❛❧✱ s❡ ❞❡❜❡ ❝♦♥♦❝❡r ❧❛ ❝❛í❞❛ ❞❡ t❡♥s✐ó♥ ♠á①✐♠❛

♣❡r♠✐t✐❞❛ ❡♥ ❡❧ ❝♦♥❞❡♥s❛❞♦r Cboot ✳ ❆♥t❡r✐♦r♠❡♥t❡✱ s❡ ❤❛ ♠❡♥❝✐♦♥❛❞♦ ❡❧ ❝♦♥❝❡♣t♦ ❞❡ ❯❱▲❖

✭❯♥❞❡r ❱♦❧t❛❣❡ ▲♦❝❦ ❖✉t✮✳ ❙❡ tr❛t❛ ❞❡ ✉♥ s✐st❡♠❛ ❞❡ ♣r♦t❡❝❝✐ó♥ ❞❡❧ ❞✐s♣♦s✐t✐✈♦ ❝♦♥tr♦❧❛❞♦r

❞❡ ♣✉❡rt❛ ♠❡❞✐❛♥t❡ ❡❧ ❝✉❛❧ ❞❡s❝♦♥❡❝t❛rá s✉s s❛❧✐❞❛s s✐ ❧❛ t❡♥s✐ó♥ ❞❡ ❛❧✐♠❡♥t❛❝✐ó♥ ❡s ✐♥❢❡r✐♦r

❛ ❧❛ t❡♥s✐ó♥ ♠í♥✐♠❛ ♣❡r♠✐t✐❞❛✳ ❉❡ ❡st❡ ♠♦❞♦✱ s❡ ✈✉❡❧✈❡ ❛ ❝♦♥s✉❧t❛r ❧❛ ❤♦❥❛ ❞❡ ❞❛t♦s ❞❡❧
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❢❛❜r✐❝❛♥t❡ ♣❛r❛ ❧❛ ♦❜t❡♥❝✐ó♥ ❞❡ ❞✐❝❤❛ t❡♥s✐ó♥✳

❋✐❣✉r❛ ✷✳✶✹✿ ❚❡♥s✐ó♥ ♠í♥✐♠❛ VB − VHB

Cboot =
Qtotal

∆VCboot

=
Qtotal

VDD − VF − Vmin

✭✷✳✼✮

❉♦♥❞❡✿

• VDD → ❚❡♥s✐ó♥ ❞❡ ❛❧✐♠❡♥t❛❝✐ó♥ ❞❡❧ ❞✐s♣♦s✐t✐✈♦ ❝♦♥tr♦❧❛❞♦r ❞❡ ♣✉❡rt❛✳

• VF → ❈❛í❞❛ ❞❡ t❡♥s✐ó♥ ❡♥ ❞✐r❡❝t❛ ❞❡❧ ❞✐♦❞♦ Dboot✳

• Vmin → ❚❡♥s✐ó♥ ♠í♥✐♠❛ ❞❡s❡❛❞❛ (VB − VHB✮✳

❙✉st✐t✉②❡♥❞♦ ✈❛❧♦r❡s✱ s❡ ♦❜t✐❡♥❡ ❧❛ ❝❛♣❛❝✐❞❛❞ ♠í♥✐♠❛ q✉❡ ❞❡❜❡ t❡♥❡r ❡❧ ❝♦♥❞❡♥s❛❞♦r Cboot✿

Cbootmin
=

3, 9nC

15V − 1V − 10V
=

3, 9nC

4V
≈ 1nF ✭✷✳✽✮

❊s ❧ó❣✐❝♦ ♣❡♥s❛r q✉❡ ✉♥❛ ❝❛í❞❛ ❞❡ t❡♥s✐ó♥ ❞❡ ✹ ❱ ♥♦ ❡s ❞❡s❡❛❜❧❡ ❛✉♥q✉❡ q✉❡❞❡ ❞❡♥tr♦ ❞❡

❧♦s ❧í♠✐t❡s ❞❡ ❢✉♥❝✐♦♥❛♠✐❡♥t♦ ❞❡❧ ❞✐s♣♦s✐t✐✈♦✳ P♦r ❞✐❝❤❛ r❛③ó♥✱ ❧❛ ❝❛♣❛❝✐❞❛❞ s❡ ❝❛❧❝✉❧❛ ♣❛r❛

q✉❡ ❤❛②❛ ✉♥❛ ❝❛í❞❛ ❞❡ t❡♥s✐ó♥ ❡♥ ❡❧ ❝♦♥❞❡♥s❛❞♦r ❞❡❧ ✶✪ ❝♦♥ r❡s♣❡❝t♦ ❛ ❧❛ t❡♥s✐ó♥ ✐♥✐❝✐❛❧ ❞❡❧

♠✐s♠♦✳
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Cboot =
3, 9nC

0, 01 · (15V − 1V )
=

3, 9nC

0, 14V
≈ 28nF ✭✷✳✾✮

❊❧ ❝♦♥❞❡♥s❛❞♦r Cboot ❞❡❜❡ t❡♥❡r✱ ❛❧ ♠❡♥♦s✱ ✉♥❛ ❝❛♣❛❝✐❞❛❞ ❞❡ ✷✽ ♥❋✳

❆ ❝♦♥t✐♥✉❛❝✐ó♥✱ s❡ r❡❛❧✐③❛ ❡❧ ❞✐♠❡♥s✐♦♥❛♠✐❡♥t♦ ❞❡ ❧❛ r❡s✐st❡♥❝✐❛ Rboot✳ ❆❧ ❝♦♠✐❡♥③♦ ❞❡

❧❛ ❝❛r❣❛ ❞❡❧ ❝♦♥❞❡♥s❛❞♦r Cboot ❧❛ ✐♠♣❡❞❛♥❝✐❛ ❞❡❧ ♠✐s♠♦ s❡ ❝♦♥s✐❞❡r❛ ♥✉❧❛ ②✱ ♣♦r t❛♥t♦✱ ❧❛

❝♦rr✐❡♥t❡ ♠á①✐♠❛ q✉❡❞❛rá ❧✐♠✐t❛❞❛ ♣♦r ❧❛ r❡s✐st❡♥❝✐❛ Rboot✳ ❘❛③ó♥ ♣♦r ❧❛ q✉❡ ❡❧ ❞✐♠❡♥s✐♦♥❛✲

♠✐❡♥t♦ ❞❡ ❡st❛ ❡s ♠✉② ✐♠♣♦rt❛♥t❡✳

❋✐❣✉r❛ ✷✳✶✺✿ ❚❡♥s✐ó♥ ❢r❡♥t❡ ❛ ❝♦rr✐❡♥t❡ tí♣✐❝❛ ❡♥ ❞✐r❡❝t❛ ❞❡❧ ❞✐♦❞♦ ▼❯❘❆✶✻✵✳

❙❡ ❡st❛❜❧❡❝❡ ✷✱✺ ❆ ❝♦♠♦ ❧í♠✐t❡ ❞❡ ❝♦rr✐❡♥t❡ ♠á①✐♠❛✳ ❙✐ s❡ ♦❜s❡r✈❛ ❧❛ ❋✐❣✉r❛ ✷✳✶✺ s❡

❝♦♠♣r✉❡❜❛ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♥❛ ❝❛í❞❛ ❞❡ t❡♥s✐ó♥ ❡♥ ❡❧ ❞✐♦❞♦ ❞❡ ✶✱✸✺ ❱ ❛♣r♦①✐♠❛❞❛♠❡♥t❡✳

❉❡ ❡st❡ ♠♦❞♦✱ ❧❛ r❡s✐st❡♥❝✐❛ Rboot ♥❡❝❡s❛r✐❛ ♣❛r❛ ❧✐♠✐t❛r ❧❛ ❝♦rr✐❡♥t❡ ❛ ✷✱✺ ❆ s❡ ❝❛❧❝✉❧❛

❞❡❧ s✐❣✉✐❡♥t❡ ♠♦❞♦✿

Rboot =
VCC − VD

Imax

✭✷✳✶✵✮

❙✉st✐t✉②❡♥❞♦ ✈❛❧♦r❡s✿

Rboot =
15 V − 1, 35 V

2, 5 A
= 5, 46 Ω ≈ 5, 5 Ω ✭✷✳✶✶✮
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❊♥ ❧❛ ❤♦❥❛ ❞❡ ❞❛t♦s ❞❡❧ ❢❛❜r✐❝❛♥t❡ s❡ ❤❛❝❡ r❡❢❡r❡♥❝✐❛ ❛❧ ❝♦♥❞❡♥s❛❞♦r CV CC ❝♦♥❡❝t❛❞♦

❡♥tr❡ ❧♦s t❡r♠✐♥❛❧❡s ❞❡ ❛❧✐♠❡♥t❛❝✐ó♥ ❞❡❧ ❞✐s♣♦s✐t✐✈♦ ❝♦♥tr♦❧❛❞♦r ❞❡ ♣✉❡rt❛✳ ❊s ❝♦♠ú♥ ❡❧ ✉s♦

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

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

❙❡❣ú♥ ❡❧ ❢❛❜r✐❝❛♥t❡✱ s❡ r❡❝♦♠✐❡♥❞❛ q✉❡ s❡❛ ❛❧ ♠❡♥♦s ✶✵ ✈❡❝❡s ♠❛②♦r q✉❡ Cboot✳ ❊♥ ❡st❡

❝❛s♦✿

CV CC = Cboot · 10 = 28 nF · 10 = 280 nF ✭✷✳✶✷✮

✷✳✹✳✷✳ ❈✐r❝✉✐t♦ ❞❡ ♣✉❡rt❛ ❞❡ ▼❖❙❋❊❚

▲❛ ❝✐r❝✉✐t❡rí❛ ❛s♦❝✐❛❞❛ ❛ ❧❛ ♣✉❡rt❛ ❞❡ ❧♦s ▼❖❙❋❊❚ ❤❛❝❡ r❡❢❡r❡♥❝✐❛ ❛ ❧♦s ❝♦♠♣♦♥❡♥t❡s

r❡q✉❡r✐❞♦s ❡♥tr❡ ❧❛ s❛❧✐❞❛ ❞❡ ❝♦♥tr♦❧ ❞❡❧ ❞✐s♣♦s✐t✐✈♦ ◆❈P✺✶✺✸✵ ② ❧❛ ♣✉❡rt❛ ❞❡ ❧♦s ▼❖❙❋❊❚s✳

▲❛ ❝♦♥❡①✐ó♥ ❞✐r❡❝t❛ ❡♥tr❡ ❡❧ ❝♦♥tr♦❧❛❞♦r ② ❧❛ ♣✉❡rt❛ ❞❡❧ ▼❖❙❋❊❚✱ ❡♥ ❧❛ ♠❛②♦rí❛ ❞❡ ❧❛s

♦❝❛s✐♦♥❡s✱ r❡s✉❧t❛rá ❡♥ ✉♥❛ r❡s♣✉❡st❛ t❡♠♣♦r❛❧ ❞❡ ❧❛ t❡♥s✐ó♥ ❞❡ ❧❛s ❝❛♣❛❝✐❞❛❞❡s ♣❛rás✐t❛s ♥♦

❞❡s❡❛❞❛ q✉❡ ❛❢❡❝t❛rí❛ ❛❧ ❢✉♥❝✐♦♥❛♠✐❡♥t♦ ❞❡❧ s✐st❡♠❛✳

P❛r❛ ❡❧ ❞✐♠❡♥s✐♦♥❛♠✐❡♥t♦ ❞❡ ❧♦s ❝♦♠♣♦♥❡♥t❡s s❡ ♣❛rt❡ ❞❡❧ ♠♦❞❡❧♦ ❡❧é❝tr✐❝♦ ❞❡ ❝♦♥♠✉t❛✲

❝✐ó♥ ❞❡❧ ▼❖❙❋❊❚ ♣r❡s❡♥t❛❞♦ ❡♥ ❧❛ ❋✐❣✉r❛ ✷✳✺✳ ❊s ♥❡❝❡s❛r✐♦ ❞❡st❛❝❛r q✉❡✱ ♣❛r❛ ❛♥❛❧✐③❛r ❧❛

r❡s♣✉❡st❛ t❡♠♣♦r❛❧ ❞❡ ❧❛ t❡♥s✐ó♥ ❞❡ ❧❛ ♣✉❡rt❛ ❞❡❧ ▼❖❙❋❊❚ ❝✉❛♥❞♦ ❡s ❛❝t✐✈❛❞♦✱ ❡s ♣r❡❢❡r✐❜❧❡

❡❧ ✉s♦ ❞❡ ✉♥ ♠♦❞❡❧♦ ♠ás s❡♥❝✐❧❧♦✳ ❊s ♣♦r ❡❧❧♦ q✉❡✱ ♣❛r❛ ❡❧ ❞✐❝❤♦ ❛♥á❧✐s✐s s❡ ❤❛ r❡❛❧✐③❛❞♦ ✉♥❛

s✐♠✉❧❛❝✐ó♥ ❝♦♥ ❧❛ ❤❡rr❛♠✐❡♥t❛ ▼✉❧t✐s✐♠ ❡♥ ❧❛ q✉❡ s❡ ❝♦♠♣❛r❛♥ ❛♠❜♦s ♠♦❞❡❧♦s✳ ❊❧ ♠♦❞❡❧♦

s✐♠♣❧✐✜❝❛❞♦ s❡ ♠✉❡str❛ ❡♥ ❧❛ ❋✐❣✉r❛ ✷✳✶✻

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

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

♠♦r❢♦❧♦❣í❛ ❞❡ ❧❛s ♣✐st❛s ❞❡ ❧❛ P❈■✭P❧❛❝❛ ❞❡ ❈✐r❝✉✐t♦ ■♠♣r❡s♦✮✳ ▲♦s ♣❛rá♠❡tr♦s ❘ ② ❈ s❡

♦❜t✐❡♥❡♥ ❞❡ ❧❛ ❤♦❥❛ ❞❡ ❝❛r❛❝t❡ríst✐❝❛s ❞❡❧ ■❘▲▼▲✵✵✸✵ ② ❝♦rr❡s♣♦♥❞❡♥ ❛ ❧❛ r❡s✐st❡♥❝✐❛ ✐♥t❡r♥❛

❞❡ ♣✉❡rt❛ RGint
② ❛ ❧❛ ❝❛♣❛❝✐❞❛❞ ❞❡ ❡♥tr❛❞❛ ❡q✉✐✈❛❧❡♥t❡ Ciss✳
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❋✐❣✉r❛ ✷✳✶✻✿ ▼♦❞❡❧♦ ❡❧é❝tr✐❝♦ s✐♠♣❧✐✜❝❛❞♦ ❞❡ ❧❛ ♣✉❡rt❛ ❞❡❧ ▼❖❙❋❊❚ ♣❛r❛ ❧❛ ❝♦♥♠✉t❛❝✐ó♥✳

❊♥ ❧❛ ❋✐❣✉r❛ ✷✳✶✼ s❡ ♠✉❡str❛ ❡❧ ❝✐r❝✉✐t♦ ♣❛r❛ ❧❛ s✐♠✉❧❛❝✐ó♥ ② ❡♥ ❧❛ ❋✐❣✉r❛ ✷✳✶✽ s❡ ♠✉❡str❛

❧❛ r❡s♣✉❡st❛ t❡♠♣♦r❛❧ ❞❡ ❧❛ t❡♥s✐ó♥ ❞❡ ❧❛ ♣✉❡rt❛ ❡♥ ❛♠❜♦s ♠♦❞❡❧♦s ❛❧ ❝❡rr❛r ❡❧ ✐♥t❡rr✉♣t♦r

❙✶✳

❋✐❣✉r❛ ✷✳✶✼✿ ❈✐r❝✉✐t♦ ♣❛r❛ ❧❛ s✐♠✉❧❛❝✐ó♥ ❞❡ ❧❛ ❝♦♥♠✉t❛❝✐ó♥ ❡♥ ❧♦s ❞♦s ♠♦❞❡❧♦s✳

❚❛❧ ② ❝♦♠♦ s❡ ♣✉❡❞❡ ♦❜s❡r✈❛r✱ ❧❛ r❡s♣✉❡st❛ ❞❡ ❛♠❜♦s ♠♦❞❡❧♦s ❡s ♣rá❝t✐❝❛♠❡♥t❡ ✐❞é♥t✐❝❛✳

P♦r s✐♠♣❧✐❝✐❞❛❞✱ s❡ ❝♦♥t✐♥ú❛ ❡❧ ❛♥á❧✐s✐s ❝♦♥ ❡❧ s❡❣✉♥❞♦ ❞❡ ❡❧❧♦s✳

❙❡ q✉✐❡r❡ ♦❜t❡♥❡r ❧❛ ❢✉♥❝✐ó♥ ❞❡ tr❛♥s❢❡r❡♥❝✐❛✱ ♣♦r ❧♦ q✉❡ s❡ ❝♦♠✐❡♥③❛ ❛♣❧✐❝❛♥❞♦ ❧❛ s❡❣✉♥❞❛
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❋✐❣✉r❛ ✷✳✶✽✿ ❘❡s♣✉❡st❛ t❡♠♣♦r❛❧ ❞❡ ❧♦s ♠♦❞❡❧♦s ♣r❡s❡♥t❛❞♦s ❛♥t❡ s✉ ❛❝t✐✈❛❝✐ó♥✳

▲❡② ❞❡ ❑✐r❝❤♦✛ ❞❡ ♠❛❧❧❛s✿

Vin = VR + VL + VC ✭✷✳✶✸✮

▲❛ t❡♥s✐ó♥ ❞❡❧ ❝♦♥❞❡♥s❛❞♦r ❝♦♠♦ t❡♥s✐ó♥ ❞❡ s❛❧✐❞❛

Vout = VC ✭✷✳✶✹✮

❆♣❧✐❝❛♥❞♦ ❧❛ ▲❡② ❞❡ ❖❤♠✿

VR = I ·R; VL = I · ZL; VC = I · ZC ✭✷✳✶✺✮

❙❡ ♦❜t✐❡♥❡ ❧❛ ❢✉♥❝✐ó♥ ❞❡ tr❛♥s❢❡r❡♥❝✐❛✿

Vout

Vin

=
✓✓I · (R + ZL + ZC)

✓✓I · ZC

=
R + ZL + ZC

ZC

✭✷✳✶✻✮
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❙❡ ♣❛s❛ ❛❧ ❞♦♠✐♥✐♦ ❞❡ s✿

Vout

Vin

=
R + L · s+ 1

C·s
1

C·s

=
1

✟✟C·s

R·C·s+L·C·s2+1
✟✟C·s

=
1

L · C · s2 +R · C · s+ 1
✭✷✳✶✼✮

❋✐♥❛❧♠❡♥t❡✱ s❡ ❞✐✈✐❞❡ ❡♥tr❡ L · C✿

Vout

Vin

=
1

L·C

s2 + R
L
· s+ 1

L·C

✭✷✳✶✽✮

❯♥❛ ✈❡③ q✉❡ s❡ ❤❛ ♦❜t❡♥✐❞♦ ❧❛ ❢✉♥❝✐ó♥ ❞❡ tr❛♥s❢❡r❡♥❝✐❛ ❡♥ ❢✉♥❝✐ó♥ ❞❡ ❧♦s ✈❛❧♦r❡s ❞❡ ❘✱ ▲ ②

❈✱ s❡ ✐❣✉❛❧❛♥ tér♠✐♥♦s ❞❡ ❧❛ ❡❝✉❛❝✐ó♥ ✭✷✳✶✽✮ ❛ ❧❛ ❡①♣r❡s✐ó♥ ❣❡♥❡r❛❧ ❞❡ ✉♥ s✐st❡♠❛ ❞❡ s❡❣✉♥❞♦

♦r❞❡♥ ❡♥ ❡❧ ❞♦♠✐♥✐♦ ❞❡ s✳ ❊❧ ♦❜❥❡t✐✈♦ ❡s ♦❜t❡♥❡r ❡❧ ✈❛❧♦r ❞❡ ❘ ♥❡❝❡s❛r✐♦ ♣❛r❛ ♦❜t❡♥❡r ✉♥❛

r❡s♣✉❡st❛ t❡♠♣♦r❛❧ s♦❜r❡❛♠♦rt✐❣✉❛❞❛ ✭ξ = 1✮✳

C(s) =
ω2
n

s2 + 2 · ξ · ωn · s+ ω2
n

✭✷✳✶✾✮

❙❡ ✐❣✉❛❧❛♥ ❧♦s tér♠✐♥♦s ❞❡ ❧❛ ❢✉♥❝✐ó♥ ❞❡ tr❛♥s❢❡r❡♥❝✐❛ ♥♦r♠❛❧✐③❛❞❛ ❞❡ ✭✷✳✶✽✮ ❝♦♥ ❧♦s ❞❡

❧❛ ❡①♣r❡s✐ó♥ ❣❡♥❡r❛❧ ❞❡ ✉♥ s✐st❡♠❛ ❞❡ s❡❣✉♥❞♦ ♦r❞❡♥ ✭✷✳✶✾✮✿

ωn =

√

1

L · C ✭✷✳✷✵✮

2 · ξ · ωn =
R

L
✭✷✳✷✶✮

❉❡s♣❡❥❛♥❞♦ ❘ ② s✉st✐t✉②❡♥❞♦ ✭✷✳✷✵✮ ❡♥ ✭✷✳✷✶✮✿

R = 2 · ξ · ωn · L = 2 · ξ · L ·
√

1

L · C = 2 · ξ ·
√

L

C
✭✷✳✷✷✮
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❋✐♥❛❧♠❡♥t❡✱ s❡ ♦❜t✐❡♥❡✿

R = 2 · ξ ·
√

L

C
✭✷✳✷✸✮

❉♦♥❞❡✿

• ξ → ❈♦❡✜❝✐❡♥t❡ ❞❡ ❛♠♦rt✐❣✉❛♠✐❡♥t♦✳

• L → ■♥❞✉❝t❛♥❝✐❛ ♣❛rás✐t❛✳

• C → ❈❛♣❛❝✐❞❛❞ ♣❛rás✐t❛✳

❊♥ ❡st❡ ❝❛s♦✱ ❛ ❧❛ ✐♥❞✉❝t❛♥❝✐❛ s❡ ❧❡ ❛s✐❣♥❛ ✉♥ ✈❛❧♦r ❡st✐♠❛❞♦ ❞❡ 3 nH s❡❣ú♥ ❬✽❪✳ ❙✐♥

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

❞❡ ❧❛ ♣✐st❛ ❞❡ ❧❛ P❈■ ✜♥❛❧ ②❛ q✉❡ ❞❡♣❡♥❞❡ ❞❡ ❧❛ ♠♦r❢♦❧♦❣í❛ ❞❡ ❡st❛s✳ P♦r ♦tr♦ ❧❛❞♦✱ ❡❧ ✈❛❧♦r

❞❡ ❧❛ ❝❛♣❛❝✐❞❛❞ s❡rá ❡❧ Ciss ❞❡ ❧❛ ❤♦❥❛ ❞❡ ❞❛t♦s ❞❡❧ ❢❛❜r✐❝❛♥t❡ ❞❡❧ ▼❖❙❋❊❚✳

❊❧ ✈❛❧♦r ❞❡ r❡s✐st❡♥❝✐❛ ✜♥❛❧ q✉❡ ❞❡❜❡ ❤❛❜❡r ❡♥ ❡❧ ❝✐r❝✉✐t♦ ❞❡ ♣✉❡rt❛ ❞❡❧▼❖❙❋❊❚ ♣❛r❛ ✉♥❛

r❡s♣✉❡st❛ t❡♠♣♦r❛❧ s♦❜r❡❛♠♦rt✐❣✉❛❞❛ s❡ ♦❜t✐❡♥❡ s✉st✐t✉②❡♥❞♦ ✈❛❧♦r❡s ❡♥ ❧❛ ❡❝✉❛❝✐ó♥ ✭✷✳✷✸✮✿

R = 2 · ξ ·
√

L

C
= 2 · 1 ·

√

3 nH

382 pF
= 5, 6 Ω ✭✷✳✷✹✮

❉❡ ❡st❡ ♠♦❞♦✱ ❧❛ s✉♠❛ ❞❡ ❧❛s r❡s✐st❡♥❝✐❛s ❞❡❧ ❝✐r❝✉✐t♦ ❞❡ ♣✉❡rt❛ ❞❡ ▼❖❙❋❊❚ ❞❡❜❡ s❡r

✐❣✉❛❧ ❛ ✺✱✻ Ω ♣❛r❛ ♦❜t❡♥❡r ✉♥❛ r❡s♣✉❡st❛ t❡♠♣♦r❛❧ s♦❜r❡❛♠♦rt✐❣✉❛❞❛✳

❊♥ ❧❛ ❋✐❣✉r❛ ✷✳✶✾ s❡ ♠✉❡str❛ ❧❛ r❡s♣✉❡st❛ t❡♠♣♦r❛❧ ❞❡ ❧❛ t❡♥s✐ó♥ ❞❡ ♣✉❡rt❛ ❞❡❧ ♠♦❞❡❧♦

s✐♠♣❧✐✜❝❛❞♦ ♠♦str❛❞♦ ❡♥ ❧❛ ❋✐❣✉r❛ ✷✳✶✼ ♣❛r❛ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❡ ❘✳ ❙❡ ♣✉❡❞❡ ♦❜s❡r✈❛r q✉❡

✉♥ ✈❛❧♦r ❞❡♠❛s✐❛❞♦ ❜❛❥♦ ❞❡ ❘ ♣r♦✈♦❝❛ ♦s❝✐❧❛❝✐♦♥❡s ♥♦ ❞❡s❡❛❞❛s ②✱ ✉♥ ✈❛❧♦r ❞❡♠❛s✐❛❞♦ ❛❧t♦✱

r❛❧❡♥t✐③❛ ❧❛ r❡s♣✉❡st❛ ❞❡❧ s✐st❡♠❛✳

▲❛s r❡s✐st❡♥❝✐❛s r❡♣r❡s❡♥t❛❞❛s ♣♦r ❧❛ r❡s✐st❡♥❝✐❛ ❞❡❧ ❝✐r❝✉✐t♦ ❞❡ ♣✉❡rt❛ s♦♥ ❧❛s s✐❣✉✐❡♥t❡s✿
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❋✐❣✉r❛ ✷✳✶✾✿ ❘❡s♣✉❡st❛ t❡♠♣♦r❛❧ ♣❛r❛ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❡ ❘✳ ❙✐♠✉❧❛❝✐ó♥ r❡❛❧✐③❛❞❛ ❝♦♥ ❧❛
❤❡rr❛♠✐❡♥t❛ ▼✉❧t✐s✐♠✳

• ❘❡s✐st❡♥❝✐❛ ❞❡ s❛❧✐❞❛ ❞❡ ❝♦♥tr♦❧❛❞♦r ❞❡ ♣✉❡rt❛ ❞❡ ▼❖❙❋❊❚✳

• ❘❡s✐st❡♥❝✐❛ ❞❡ ♣✐st❛ ❞❡ ❧❛ P❈■ q✉❡ ❝♦♥❡❝t❛ ❧❛ s❛❧✐❞❛ ❞❡❧ ❝♦♥tr♦❧❛❞♦r ❞❡ ♣✉❡rt❛ ② ❧❛

♣✉❡rt❛ ❞❡❧ ▼❖❙❋❊❚✳

• ❘❡s✐st❡♥❝✐❛ ✐♥t❡r♥❛ ❞❡ ♣✉❡rt❛ ❞❡❧ ▼❖❙❋❊❚✳

• ❘❡s✐st❡♥❝✐❛ ❡①t❡r♥❛ ❞❡ ♣✉❡rt❛ ❞❡❧ ▼❖❙❋❊❚✳

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

✐♥t❡r♥♦s ❞❡❧ ♠✐s♠♦✳ ❙❡ ♣✉❡❞❡ ♦❜t❡♥❡r ❞✐❝❤♦ ✈❛❧♦r ♦❜s❡r✈❛♥❞♦ ❧❛ ❤♦❥❛ ❞❡ ❞❛t♦s ❞❡❧ ❢❛❜r✐❝❛♥t❡✿

❋✐❣✉r❛ ✷✳✷✵✿ ❈❛r❛❝t❡ríst✐❝❛s ❞❡ s❛❧✐❞❛ ❞❡❧ ❝♦♥tr♦❧❛❞♦r ❞❡ ♣✉❡rt❛ ◆❈P✺✶✺✸✵
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❙❡ ♣✉❡❞❡ ♦❜s❡r✈❛r q✉❡ t❛♥t♦ ❡❧ ❧❛❞♦ ❛❧t♦ ❝♦♠♦ ❡❧ ❧❛❞♦ ❜❛❥♦ t✐❡♥❡♥ ❧❛s ♠✐s♠❛s ❝❛r❛❝t❡✲

ríst✐❝❛s ❞❡ s❛❧✐❞❛✳ P♦r ♦tr♦ ❧❛❞♦✱ s✐ s❡ ♦❜s❡r✈❛ ❡❧ ❞✐❛❣r❛♠❛ ❞❡ ❜❧♦q✉❡s ✐♥t❡r♥♦ ❞❡ ❧❛ ❋✐❣✉r❛

✷✳✾ s❡ ❝♦♥✜r♠❛ q✉❡ ❧❛ t❡♥s✐♦♥❡s ✐♥❞✐❝❛❞❛s ❡♥ ❧❛ ❋✐❣✉r❛ ✷✳✷✵ ❝♦rr❡s♣♦♥❞❡♥ ❛ ❧❛ ❝❛í❞❛ ❞❡ t❡♥✲

s✐ó♥ ❞❡ ❧♦s ❞✐s♣♦s✐t✐✈♦s ❞❡ ❝♦♥♠✉t❛❝✐ó♥ ✐♥t❡r♥♦s ❞❡❧ ❝♦♥tr♦❧❛❞♦r✳ ❆ ❝♦♥t✐♥✉❛❝✐ó♥✱ s❡ ♦❜t✐❡♥❡

r❡s✐st❡♥❝✐❛ ❞❡ s❛❧✐❞❛ ♣❛r❛ ❡❧ ♥✐✈❡❧ ❛❧t♦ ② ❡❧ ❜❛❥♦✳

❘❡s✐st❡♥❝✐❛ ❞❡ s❛❧✐❞❛ ❝♦♥ ♥✐✈❡❧ ❛❧t♦ ❛ ❧❛ s❛❧✐❞❛✿

RoutH =
0, 150 V

100 mA
= 1, 5 Ω ✭✷✳✷✺✮

❘❡s✐st❡♥❝✐❛ ❞❡ s❛❧✐❞❛ ❝♦♥ ♥✐✈❡❧ ❜❛❥♦ ❛ ❧❛ s❛❧✐❞❛✿

RoutL =
0, 125 V

100 mA
= 1, 25 Ω ✭✷✳✷✻✮

▲❛ r❡s✐st❡♥❝✐❛ ❞❡ ❧❛ ♣✐st❛ ❞❡ ❧❛ P❈■ s❡ ❝♦♥s✐❞❡r❛ ♥✉❧❛ ♣❛r❛ ❧♦s ❝á❧❝✉❧♦s ✐♥✐❝✐❛❧❡s✳

▲❛ r❡s✐st❡♥❝✐❛ ✐♥t❡r♥❛ ❞❡ ♣✉❡rt❛ ❞❡❧ ▼❖❙❋❊❚ ■❘▲▼▲✵✵✸✵ s❡ ♦❜t✐❡♥❡ ❞❡ ❧❛ ❤♦❥❛ ❞❡

❞❛t♦s ❞❡❧ ♠✐s♠♦✳ ❊♥ ❧❛ ❋✐❣✉r❛ ✷✳✶✵ s❡ ♦❜s❡r✈❛ q✉❡ ❡st❡ ✈❛❧♦r ❡s ✐❣✉❛❧ ❛ ✷✱✸ Ω✳

▲❛ r❡s✐st❡♥❝✐❛ ❡①t❡r♥❛ ❞❡ ♣✉❡rt❛ ❡s ❧❛ q✉❡ s❡ ❞❡❜❡ ❛ñ❛❞✐r ♣❛r❛ ❛❧❝❛♥③❛r ❡❧ ✈❛❧♦r ❞❡

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

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

RgateH
= RoutH +Rtrace +RGint

+RGextH
✭✷✳✷✼✮
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❙❡ ❞❡s♣❡❥❛ ❧❛ r❡s✐st❡♥❝✐❛ ❡①t❡r♥❛ RGextH
✿

RGextH
= RgateH

− (RoutH +Rtrace +RGint
) =

= 5, 6 Ω− (1, 5 Ω +✘✘✘✘Rtrace + 2, 3 Ω) = ✭✷✳✷✽✮

= 1, 8 Ω

❘❡s✐st❡♥❝✐❛s ✐♠♣❧✐❝❛❞❛s ♣❛r❛ ✉♥ ♥✐✈❡❧ ❜❛❥♦ ❡♥ ❡❧ ❝♦♥tr♦❧❛❞♦r✿

RgateL
= RoutL +Rtrace +RGint

+RGextL
✭✷✳✷✾✮

❙❡ ❞❡s♣❡❥❛ ❧❛ r❡s✐st❡♥❝✐❛ ❡①t❡r♥❛ RGextL
✿

RGextL
= RgateL

− (RoutH +Rtrace +RGint
) =

= 5, 6 Ω− (1, 25 Ω +✘✘✘✘Rtrace + 2, 3 Ω) = ✭✷✳✸✵✮

= 2, 05 Ω

▲❛s r❡s✐st❡♥❝✐❛s ❡①t❡r♥❛s ❝❛❧❝✉❧❛❞❛s ❛♥t❡r✐♦r♠❡♥t❡ s❡ ❤❛♥ ♦❜t❡♥✐❞♦ ♣❛r❛ ❧♦❣r❛r ✉♥❛ r❡s✲

♣✉❡st❛ t❡♠♣♦r❛❧ ❞❡ ❧❛ t❡♥s✐ó♥ ❞❡ ♣✉❡rt❛ s♦❜r❡❛♠♦rt✐❣✉❛❞❛✳ ❙✐♥ ❡♠❜❛r❣♦✱ ❧❛ r❡s♣✉❡st❛ t❡♠✲

♣♦r❛❧ ❞❡ ❧❛ t❡♥s✐ó♥ ❡♥ ❡❧ ❛♣❛❣❛❞♦ ❝♦♥✈✐❡♥❡ q✉❡ s❡❛ ♠ás rá♣✐❞❛ ♣❛r❛ ❡✈✐t❛r ❡❧ s♦❧❛♣❛♠✐❡♥t♦ ❞❡

❡♥❝❡♥❞✐❞♦ ❡♥tr❡ ❧♦s▼❖❙❋❊❚s ❞❡ ❧❛❞♦ ❛❧t♦ ② ❜❛❥♦ ❞❡ ✉♥❛ ♠✐s♠❛ r❛♠❛✳ ❊♥ s✉ ❢✉♥❝✐♦♥❛♠✐❡♥t♦

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

❞✐s♣♦s✐t✐✈♦ ② ❡❧ ❡♥❝❡♥❞✐❞♦ ❞❡❧ ♦tr♦✳ ❈✉❛♥❞♦ ❡❧ ❞✐s♣♦s✐t✐✈♦ ❞❡❧ ❧❛❞♦ ❜❛❥♦ s❡ ❛♣❛❣❛ ②✱ ❞❡s♣✉és

❞❡ q✉❡ ♣❛s❡ ❡❧ t✐❡♠♣♦ ♠✉❡rt♦✱ ❡❧ ❞❡❧ ❧❛❞♦ ❛❧t♦ s❡ ❡♥❝✐❡♥❞❡ ② ❡❧ ♥♦❞♦ ❍❇ ♣❛s❛ ❞❡ 0 V ❛ VBUS✱

❧♦ q✉❡ ❣❡♥❡r❛ ✉♥ ❝❛♠❜✐♦ ❜r✉s❝♦ ❞❡ t❡♥s✐ó♥ ❡♥ ❡❧ ❞r❡♥❛❞♦r ❞❡❧ ❞✐s♣♦s✐t✐✈♦ ❞❡❧ ❧❛❞♦ ❜❛❥♦✳

❉❡❜✐❞♦ ❛❧ ❝♦♥❞❡♥s❛❞♦r ♣❛rás✐t♦ CGD✱ ❤❛rá q✉❡ ✢✉②❛ ✉♥❛ ❝♦rr✐❡♥t❡ ♣♦r ❡❧ ♠✐s♠♦ ② ♣♦r

❧❛ r❡s✐st❡♥❝✐❛ ❞❡ ♣✉❡rt❛✳ ❈✉❛♥t♦ ♠❛②♦r s❡❛ ❧❛ r❡s✐st❡♥❝✐❛ ♠❛②♦r s❡rá ❧❛ t❡♥s✐ó♥ ❞❡ ♣✉❡rt❛

✐♥❞✉❝✐❞❛ ②✱ ♣♦r t❛♥t♦✱ ♣♦❞rí❛ ❧❧❡❣❛r ❛ ♣r♦❞✉❝✐rs❡ ❡❧ ❡♥❝❡♥❞✐❞♦ ❞❡❧ ❞✐s♣♦s✐t✐✈♦ ❞❡ ❝♦♥♠✉t❛❝✐ó♥
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❋✐❣✉r❛ ✷✳✷✶✿ ❊❢❡❝t♦s tr❛♥s✐t♦r✐♦s ❡♥ ❧❛ ❝♦♥♠✉t❛❝✐ó♥ ❞❡❧ ❞✐s♣♦s✐t✐✈♦ ❞❡ ❧❛❞♦ ❜❛❥♦✳

❞❡❧ ❧❛❞♦ ❜❛❥♦✳ ❯♥❛ ❞❡ ❧❛s ❢♦r♠❛s ❞❡ s♦❧✉❝✐♦♥❛r❧♦ ❡s r❡❞✉❝✐r ❧❛ r❡s✐st❡♥❝✐❛ ❞❡ ♣✉❡rt❛ ❡♥ ❡❧

❛♣❛❣❛❞♦ ♣❛r❛ q✉❡ ❧❛ t❡♥s✐ó♥ ✐♥❞✉❝✐❞❛ s❡❛ ♠❡♥♦r ❡✈✐t❛♥❞♦✱ ❛sí✱ ❡st❛ s✐t✉❛❝✐ó♥ ❬✾❪✳

P❛r❛ ♣♦❞❡r ❤❛❝❡r ✉s♦ ❞❡ ❞✐❢❡r❡♥t❡s r❡s✐st❡♥❝✐❛s ❞❡ ♣✉❡rt❛ ❡①t❡r♥❛s ♣❛r❛ ❡❧ ❡♥❝❡♥❞✐❞♦ ②

♣❛r❛ ❡❧ ❛♣❛❣❛❞♦ ❡s ♥❡❝❡s❛r✐♦ ❧❛ ✐♥❝♦r♣♦r❛❝✐ó♥ ❞❡ ✉♥ ❞✐♦❞♦ ❛❞✐❝✐♦♥❛❧ t❛❧ ② ❝♦♠♦ s❡ ♠✉❡str❛ ❛

❝♦♥t✐♥✉❛❝✐ó♥✿

❋✐❣✉r❛ ✷✳✷✷✿ ❊sq✉❡♠❛ ♣❛r❛ ❤❛❝❡r ✉s♦ ❞❡ ❞✐❢❡r❡♥t❡s r❡s✐st❡♥❝✐❛s ❞❡ ♣✉❡rt❛ ♣❛r❛ ❡❧ ❡♥❝❡♥❞✐❞♦
② ❛♣❛❣❛❞♦ ❞❡❧ ▼❖❙❋❊❚

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

❡♥ ❡st❡ ❝❛s♦ s❡ ❧❡ ❞❛rá ✉♥ ✈❛❧♦r ❞❡ 1Ω ♣❛r❛ q✉❡ s❡ ❝✉♠♣❧❛ ❧❛ ❝♦♥❞✐❝✐ó♥ RGextL
< RGextH

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

✉♥❛ ✈❡③ q✉❡ s❡ r❡❛❧✐③❛♥ ♠❡❞✐❝✐♦♥❡s ❝♦♥ ❧❛ P❈■ ✜♥❛❧✳
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✷✳✹✳✸✳ ❈✐r❝✉✐t♦ ❞❡ r❡tr❛s♦ ❞❡❧ ✢❛♥❝♦ ❛s❝❡♥❞❡♥t❡ ♣❛r❛ ❧❛s s❡ñ❛❧❡s ❞❡

❝♦♥tr♦❧✳

❆❧ ❝♦♠✐❡♥③♦ ❞❡ ❧❛ ❞❡s❝r✐♣❝✐ó♥ ❞❡❧ ❝✐r❝✉✐t♦ ✐♥✈❡rs♦r✱ s❡ ♠✉❡str❛ ❡❧ ❡sq✉❡♠❛ s✐♠♣❧✐✜❝❛❞♦ ❞❡❧

♠✐s♠♦ ✭❋✐❣✉r❛ ✷✳✶✮ ❛sí ❝♦♠♦ ❡❧ ♣r✐♥❝✐♣✐♦ ❞❡ ❢✉♥❝✐♦♥❛♠✐❡♥t♦✳ ❊s ♥❡❝❡s❛r✐♦ r❡❝♦r❞❛r q✉❡✱ ♣❛r❛

♦❜t❡♥❡r ❧❛ s❡ñ❛❧ ❛❧t❡r♥❛✱ ❡s ♥❡❝❡s❛r✐♦ ❛❝t✐✈❛r s✐♠✉❧tá♥❡❛♠❡♥t❡ ❧♦s ❞✐s♣♦s✐t✐✈♦s ❞❡ ❝♦♥♠✉t❛❝✐ó♥

◗✶ ② ◗✷ ②✱ ♣♦st❡r✐♦r♠❡♥t❡✱ ◗✸ ② ◗✹✳ ❊❧ s♦❧❛♣❛♠✐❡♥t♦ ❡♥tr❡ ❛♠❜♦s ❡st❛❞♦s ♣r♦✈♦❝❛ ✉♥

❝♦rt♦❝✐r❝✉✐t♦ ②✱ ♣♦r t❛♥t♦✱ ♥♦ ❡s t♦❧❡r❛❜❧❡✳

❊♥ ❡st❡ ❛♣❛rt❛❞♦ s❡ ❞❡s❝r✐❜❡ ❡❧ ❝✐r❝✉✐t♦ ♣r♦♣✉❡st♦ ♣❛r❛ ❡❧ r❡tr❛s♦ ❞❡❧ ✢❛♥❝♦ ❛s❝❡♥❞❡♥t❡

❬✶✵❪ ❞❡ ❧❛s s❡ñ❛❧❡s ❞❡ ❝♦♥tr♦❧ ❡♥tr❛♥t❡s ❛ ❧♦s ❝♦♥tr♦❧❛❞♦r❡s ❞❡ ♣✉❡rt❛ ❞❡ ▼❖❙❋❊❚✳

❋✐❣✉r❛ ✷✳✷✸✿ ❈✐r❝✉✐t♦ ♣❛r❛ ❡❧ r❡tr❛s♦ ❞❡❧ ✢❛♥❝♦ ❛s❝❡♥❞❡♥t❡ ❞❡ ✉♥❛ s❡ñ❛❧✳

❘❡tr❛s❛♥❞♦ ❡❧ ✢❛♥❝♦ ❛s❝❡♥❞❡♥t❡ ❞❡ ❧❛s s❡ñ❛❧❡s ❞❡ ❝♦♥tr♦❧ s❡ ❛s❡❣✉r❛ q✉❡ ❧❛ ❞❡s❛❝t✐✈❛❝✐ó♥

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

❊♥ ❧❛ ❋✐❣✉r❛ ✷✳✷✸ s❡ ♠✉❡str❛ ❡❧ ❝✐r❝✉✐t♦ ♣r♦♣✉❡st♦✿ ❧❛ ❢♦r♠❛ ❞❡ ♦♥❞❛ ❞❡ ❧❛ s❡ñ❛❧ ❞❡ s❛❧✐❞❛

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

❈✉❛♥❞♦ s✉❝❡❞❡ ✉♥ ✢❛♥❝♦ ❞❡s❝❡♥❞❡♥t❡ ❡❧ ❝♦♥❞❡♥s❛❞♦r s❡ ❞❡s❝❛r❣❛ rá♣✐❞❛♠❡♥t❡ ❛ tr❛✈és ❞❡❧

❞✐♦❞♦✳

P❛r❛ ❞✐♠❡♥s✐♦♥❛r ❡❧ ❝✐r❝✉✐t♦ s❡ ❞❡❜❡ ❞❡t❡r♠✐♥❛r ❡❧ t✐❡♠♣♦ ❞❡ r❡tr❛s♦ r❡q✉❡r✐❞♦ ❞❡ ❧❛ s❡ñ❛❧

❛s❝❡♥❞❡♥t❡✳ P♦r ❧♦ q✉❡ ❡s ♥❡❝❡s❛r✐♦ ❝♦♥♦❝❡r ❧❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❡♥tr❛❞❛ ❞❡❧ ❝♦♥tr♦❧❛❞♦r ❞❡

♣✉❡rt❛✳
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❋✐❣✉r❛ ✷✳✷✹✿ ❈❛r❛❝t❡ríst✐❝❛s ❞❡ ❡♥tr❛❞❛ ❞❡❧ ❝♦♥tr♦❧❛❞♦r ❞❡ ♣✉❡rt❛ ◆❈P✺✶✺✸✵

❙❡ ❛♣❧✐❝❛ ✉♥ r❡tr❛s♦ ❞❡❧ ✢❛♥❝♦ ❛s❝❡♥❞❡♥t❡ ❞❡ 50 ns ♣♦r r❡♣r❡s❡♥t❛r ✉♥ 1✪ ❞❡❧ s❡♠✐♣❡✲

r✐♦❞♦ ♣❛r❛ ✉♥❛ s❡ñ❛❧ ❞❡ ❝♦♥tr♦❧ ❞❡ ✶✵✵ ❦❍③✳

❊❝✉❛❝✐ó♥ ❞❡ ❧❛ t❡♥s✐ó♥ ❞❡ ❝♦♥❞❡♥s❛❞♦r ❡♥ ❢✉♥❝✐ó♥ ❞❡❧ t✐❡♠♣♦✿

Vc(t) = V∞ − (V∞ − Vinicial) · e−
t

τ ✭✷✳✸✶✮

❉♦♥❞❡✿

• Vc(t) → ❚❡♥s✐ó♥ ❞❡❧ ❝♦♥❞❡♥s❛❞♦r ❡♥ ❢✉♥❝✐ó♥ ❞❡❧ t✐❡♠♣♦✳

• V∞ → ❚❡♥s✐ó♥ ❞❡❧ ❝♦♥❞❡♥s❛❞♦r q✉❡ ❛❧❝❛♥③❛rí❛ ❡♥ ✉♥ t✐❡♠♣♦ ✬✐♥✜♥✐t♦✬✳ ❚❡♥s✐ó♥ ❞❡

❡♥tr❛❞❛ ❛♣❧✐❝❛❞❛✳

• Vinicial → ❚❡♥s✐ó♥ ✐♥✐❝✐❛❧ ❞❡❧ ❝♦♥❞❡♥s❛❞♦r✳

• τ → ❈♦♥st❛♥t❡ ❞❡ t✐❡♠♣♦ R · C✳

❙❡ ❞❡s♣❡❥❛ τ ②❛ q✉❡ ❡❧ r❡st♦ ❞❡ ✈❛r✐❛❜❧❡s s♦♥ ❝♦♥♦❝✐❞❛s✳

τ = − t

ln
(

V∞−Vc(t)
V∞−Vinicial

) ✭✷✳✸✷✮

❉❡ ❧❛ ❤♦❥❛ ❞❡ ❞❛t♦s ❞❡❧ ❝♦♥tr♦❧❛❞♦r ✭❋✐❣✉r❛ ✷✳✷✹✮ s❡ ♦❜t✐❡♥❡ ❡❧ ✉♠❜r❛❧ ❞❡❧ t❡♥s✐ó♥ ♣❛r❛

✢❛♥❝♦ ❛s❝❡♥❞❡♥t❡ VHIT ✳ ▲❛ t❡♥s✐ó♥ q✉❡ s❡ t❡♥❞rá ❡♥ ❝✉❡♥t❛ s❡rá ❡❧ ✉♠❜r❛❧ ♠í♥✐♠♦ ♣❛r❛ q✉❡

❡❧ r❡tr❛s♦ ❞❡ ❧❛ s❡ñ❛❧ t❡♥❣❛ ❝♦♠♦ ✈❛❧♦r ♠í♥✐♠♦ 50 ns✳ ▲❛ t❡♥s✐ó♥ ❛♣❧✐❝❛❞❛ ❡♥ ❧❛ ❡♥tr❛❞❛ ❞❡❧

❝♦♥tr♦❧❛❞♦r s❡ s✉♣♦♥❡ ❞❡ ✸✱✸ ❱ ♣♦r s❡r ✉♥ ✈❛❧♦r ❝♦♠ú♥ ❡♥tr❡ ♠✐❝r♦❝♦♥tr♦❧❛❞♦r❡s✳



✷✳✹✳ ❙❊▲❊❈❈■Ó◆ ❉❊ ❉■❙P❖❙■❚■❱❖❙✱ ❈➪▲❈❯▲❖❙ ❨ ❉■▼❊◆❙■❖◆❆▼■❊◆❚❖ ✸✸

❙❡ s✉st✐t✉②❡♥ ✈❛❧♦r❡s ❡♥ ❧❛ ❊❝✉❛❝✐ó♥ ✭✷✳✸✷✮✿

τ = − 50 ns

ln
(

3,3 V−2,3 V

3,3 V−0 V

) = 41, 88 · 10−9 ✭✷✳✸✸✮

❈✉❛❧q✉✐❡r ✈❛❧♦r ❞❡ R · C q✉❡ ❞❡ ❝♦♠♦ r❡s✉❧t❛❞♦ ❡❧ ✈❛❧♦r ♦❜t❡♥✐❞♦✱ ❡s ✈á❧✐❞♦✳

P♦r ❡❥❡♠♣❧♦✱ s✐ s❡ ❡s❝♦❣❡ ✉♥ ❝♦♥❞❡♥s❛❞♦r ❞❡ ✈❛❧♦r 2, 2 nF ② r❡s✐st❡♥❝✐❛ ❞❡ 22 Ω✿

τ = R · C = 22 Ω · 2, 2 nF = 48, 4 · 10−9 ✭✷✳✸✹✮

❈♦♥ ❧♦s ✈❛❧♦r❡s ❡s❝♦❣✐❞♦s✱ ❡❧ t✐❡♠♣♦ ❞❡ r❡tr❛s♦ ❞❡❧ ✢❛♥❝♦ ❛s❝❡♥❞❡♥t❡ ❡s ❞❡ 58 ns ❛♣r♦①✐✲

♠❛❞❛♠❡♥t❡✳

❋✐❣✉r❛ ✷✳✷✺✿ ❈✐r❝✉✐t♦ ♣❛r❛ ❡❧ r❡tr❛s♦ ❞❡❧ ✢❛♥❝♦ ❛s❝❡♥❞❡♥t❡✳ ❍❡rr❛♠✐❡♥t❛ ▼✉❧t✐s✐♠
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✭❛✮ ❈✉rs♦r❡s ✐♥❞✐❝❛♥ t❡♥s✐ó♥✳ ✭❜✮ ❈✉rs♦r❡s ✐♥❞✐❝❛♥ t✐❡♠♣♦✳

❋✐❣✉r❛ ✷✳✷✻✿ ❙❡ñ❛❧ ❞❡ ❡♥tr❛❞❛ ❡♥ ❛♠❛r✐❧❧♦ ② ❛③✉❧ s❡ñ❛❧ ❞❡❧ ❝♦♥❞❡♥s❛❞♦r✳



❈❛♣ít✉❧♦ ✸

❆❝♦♣❧❛♠✐❡♥t♦ ♠❛❣♥ét✐❝♦

❙♦♥ ♥✉♠❡r♦s♦s ❧♦s ♠ét♦❞♦s ② ❝✐r❝✉✐t♦s ❡①✐st❡♥t❡s ♣❛r❛ ❧❛ tr❛♥s♠✐s✐ó♥ ❞❡ ❡♥❡r❣í❛ ❡❧é❝tr✐❝❛

❞❡ ❢♦r♠❛ ✐♥❛❧á♠❜r✐❝❛✳ ❙✐♥ ❡♠❜❛r❣♦✱ t♦❞♦s ❝♦♠♣❛rt❡♥ ✉♥❛ ❝❛r❛❝t❡ríst✐❝❛ ❝♦♠ú♥ ② s❡ tr❛t❛ ❞❡❧

✉s♦ ❞❡ ✉♥❛ s❡ñ❛❧ ❡❧é❝tr✐❝❛ ❛❧t❡r♥❛ ♣❛r❛ ❧♦❣r❛r ❧❛ tr❛♥s♠✐s✐ó♥ ❞❡ ❡♥❡r❣í❛✳ ❊st❡ ❞♦❝✉♠❡♥t♦ s❡

❝❡♥tr❛ ❡♥ ❡❧ ❛❝♦♣❧❛♠✐❡♥t♦ ♠❛❣♥ét✐❝♦ ❝♦♥ ❝✐r❝✉✐t♦s r❡s♦♥❛♥t❡s ❝♦♠♦ ❢♦r♠❛ ❞❡ tr❛♥s♠✐s✐ó♥ ❞❡

❡♥❡r❣í❛✳ ❉✐❝❤❛ ❡❧❡❝❝✐ó♥ ♥♦ ❡s ❛r❜✐tr❛r✐❛ s✐♥♦ q✉❡ s❡ ❞❡❜❡ ❛ q✉❡ ❡s ✉♥ ♠ét♦❞♦ ❝♦♠ú♥ ② ❝♦♥ ❡❧

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

❉❡♥tr♦ ❞❡❧ ❛❝♦♣❧❛♠✐❡♥t♦ ♠❛❣♥ét✐❝♦ ❝♦♠♦ ♠ét♦❞♦ ❡①✐st❡♥✱ ❛ s✉ ✈❡③✱ ♠✉❧t✐t✉❞ ❞❡ t♦♣♦❧♦❣í❛s

❞❡ ❝✐r❝✉✐t♦s ♣❛r❛ s✉ ✐♠♣❧❡♠❡♥t❛❝✐ó♥ ❬✶✶❪✳ ❆ ❝♦♥t✐♥✉❛❝✐ó♥✱ s❡ ♣r❡s❡♥t❛♥ ❧❛s t♦♣♦❧♦❣í❛s ❜ás✐❝❛s✿

• ❙❡r✐❡✲❙❡r✐❡ ✭❙✲❙✮✳

• ❙❡r✐❡✲P❛r❛❧❡❧♦ ✭❙✲P✮✳

• P❛r❛❧❡❧♦✲❙❡r✐❡ ✭P✲❙✮✳

• P❛r❛❧❡❧♦✲P❛r❛❧❡❧♦ ✭P✲P✮✳

▲❛ ❞✐❢❡r❡♥❝✐❛ ❡①✐st❡♥t❡ ❡♥tr❡ ❝❛❞❛ ✉♥❛ ❞❡ ❧❛s t♦♣♦❧♦❣í❛s ❡s ❡❧ t✐♣♦ ❞❡ r❡s♦♥❛♥❝✐❛ q✉❡ s❡

❞❛ ❡♥ ❡❧ ❝✐r❝✉✐t♦ ♣r✐♠❛r✐♦ ✭tr❛♥s♠✐s♦r✮ ② ❡♥ ❡❧ s❡❝✉♥❞❛r✐♦ ✭r❡❝❡♣t♦r✮✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

✸✺
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✭❛✮ ❚♦♣♦❧♦❣í❛ ❙❡r✐❡✲❙❡r✐❡ ✭❙✲❙✮✳ ✭❜✮ ❚♦♣♦❧♦❣✐❛ ❙❡r✐❡✲P❛r❛❧❡❧♦ ✭❙✲P✮✳

❋✐❣✉r❛ ✸✳✶✿ ❚♦♣♦❧♦❣í❛s ❡①❝✐t❛❞❛s ❝♦♥ ❢✉❡♥t❡ ❞❡ t❡♥s✐ó♥✳

✭❛✮ ❚♦♣♦❧♦❣í❛ P❛r❛❧❡❧♦✲❙❡r✐❡ ✭P✲❙✮✳ ✭❜✮ ❚♦♣♦❧♦❣í❛ P❛r❛❧❡❧♦✲P❛r❛❧❡❧♦ ✭P✲P✮✳

❋✐❣✉r❛ ✸✳✷✿ ❚♦♣♦❧♦❣í❛s ❡①❝✐t❛❞❛s ❝♦♥ ❢✉❡♥t❡ ❞❡ ❝♦rr✐❡♥t❡✳

❊♥ ❧❛ ❋✐❣✉r❛ ✸✳✶ s❡ ♠✉❡str❛♥ ❧❛s t♦♣♦❧♦❣í❛s ❜ás✐❝❛s ❡♥ ❧❛s q✉❡ ❡❧ ♣r✐♠❛r✐♦ s❡ ❜❛s❛ ❡♥

❧❛ r❡s♦♥❛♥❝✐❛ s❡r✐❡ ②✱ ♣♦r t❛♥t♦✱ ❡s ♥❡❝❡s❛r✐♦ ❡❧ ✉s♦ ❞❡ ❢✉❡♥t❡ ❞❡ t❡♥s✐ó♥ ♣❛r❛ ❡❧ ❝♦rr❡❝t♦

❢✉♥❝✐♦♥❛♠✐❡♥t♦ ❞❡❧ ❝✐r❝✉✐t♦✳

P♦r ♦tr♦ ❧❛❞♦✱ ❡♥ ❧❛ ❋✐❣✉r❛ ✸✳✷ s❡ ♠✉❡str❛♥ ❧❛s t♦♣♦❧♦❣í❛s ❜ás✐❝❛s ❡♥ ❧❛s q✉❡ ❡❧ ♣r✐♠❛r✐♦

s❡ ❜❛s❛ ❡♥ ❧❛ r❡s♦♥❛♥❝✐❛ ♣❛r❛❧❡❧❛ ② ❡s ♥❡❝❡s❛r✐♦ ❡❧ ✉s♦ ❞❡ ❢✉❡♥t❡ ❞❡ ❝♦rr✐❡♥t❡ ♣❛r❛ ❡❧ ❝♦rr❡❝t♦

❢✉♥❝✐♦♥❛♠✐❡♥t♦ ❞❡❧ ❝✐r❝✉✐t♦✳

❉❡ ❧❛s t♦♣♦❧♦❣í❛s ❜ás✐❝❛s ♣r❡s❡♥t❛❞❛s✱ s❡ ❞❡s❛rr♦❧❧❛♥ ❡♥ ❡st❡ tr❛❜❛❥♦ ❧❛s t♦♣♦❧♦❣í❛s ✭❙✲❙✮

② ✭❙✲P✮ ②❛ q✉❡ ❡❧ ✐♥✈❡rs♦r ❞✐s❡ñ❛❞♦ ❡s ❡q✉✐✈❛❧❡♥t❡ ❛ ✉♥❛ ❢✉❡♥t❡ ❞❡ t❡♥s✐ó♥ ❛❧t❡r♥❛✳

✸✳✶✳ ❘❡s♦♥❛♥❝✐❛ s❡r✐❡ ② ♣❛r❛❧❡❧❛✳

❊♥ ❡st❡ ❛♣❛rt❛❞♦ s❡ r❡❛❧✐③❛ ✉♥❛ ❜r❡✈❡ ♣r❡s❡♥t❛❝✐ó♥ ❞❡ ❧♦s ❝✐r❝✉✐t♦s ❞❡ r❡s♦♥❛♥❝✐❛ s❡r✐❡ ②

♣❛r❛❧❡❧❛✳

❘❡s♦♥❛♥❝✐❛ s❡r✐❡✿ ▲❛ r❡s♦♥❛♥❝✐❛ ❡♥ ✉♥ ❝✐r❝✉✐t♦ ❘▲❈ s❡r✐❡ ♦❝✉rr❡ ❝✉❛♥❞♦ ❧❛s r❡❛❝t❛♥❝✐❛s

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



✸✳✶✳ ❘❊❙❖◆❆◆❈■❆ ❙❊❘■❊ ❨ P❆❘❆▲❊▲❆✳ ✸✼

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

❋✐❣✉r❛ ✸✳✸✿ ❈✐r❝✉✐t♦ ❘▲❈ s❡r✐❡✳

P❛r❛ s✉ ❛♥á❧✐s✐s s❡ ♣❛rt❡ ❞❡❧ ❝✐r❝✉✐t♦ ❞❡ ❧❛ ❋✐❣✉r❛ ✸✳✸✳ ❊❧ ♦❜❥❡t✐✈♦ ❡s ♦❜t❡♥❡r ❧❛ ❢r❡❝✉❡♥❝✐❛

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

❞❡ ❧♦s ✈❛❧♦r❡s ❞❡ ❈ ② ▲✳

▲❛ ✐♠♣❡❞❛♥❝✐❛ ❞❡ ❡♥tr❛❞❛ ❡s✿

Zin = R + jωL+
1

jωC
✭✸✳✶✮

❙❡♣❛r❛♥❞♦ ❧❛ ♣❛rt❡ r❡❛❧ ❞❡ ❧❛ ❝♦♠♣❧❡❥❛✿

Zin = R + j

(

ωL− 1

ωC

)

✭✸✳✷✮

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

❝❡r♦✳

Im(Zin) = ωL− 1

ωC
= 0 ✭✸✳✸✮
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▲❛ ❢r❡❝✉❡♥❝✐❛ ❛ ❧❛ ❝✉❛❧ ❧❛ ♣❛rt❡ ✐♠❛❣✐♥❛r✐❛ s❡ ❤❛❝❡ ❝❡r♦ s❡ ❞❡♥♦♠✐♥❛ ❢r❡❝✉❡♥❝✐❛ ❞❡ r❡s♦✲

♥❛♥❝✐❛ ω0

ω0L− 1

ω0C
= 0 → L =

1

ω2
0C

→ ω2
0 =

1

LC
✭✸✳✹✮

❉❡s♣❡❥❛♥❞♦ ❧❛ ❢r❡❝✉❡♥❝✐❛ ❞❡ r❡s♦♥❛♥❝✐❛✿

ω0 =
1√
LC

→ f0 =
1

2π
√
LC

✭✸✳✺✮

❘❡s♦♥❛♥❝✐❛ ♣❛r❛❧❡❧❛✿ ▲❛ r❡s♦♥❛♥❝✐❛ ♣❛r❛❧❡❧❛ ❡♥ ✉♥ ❝✐r❝✉✐t♦ ❘▲❈ s❡ ❜❛s❛ ❡♥ ❡❧ ♠✐s♠♦

♣r✐♥❝✐♣✐♦ q✉❡ ❧❛ r❡s♦♥❛♥❝✐❛ s❡r✐❡✳ ❊♥ ❡❧ ❝❛s♦ ❞❡ ❧❛ r❡s♦♥❛♥❝✐❛ ♣❛r❛❧❡❧❛✱ s❡ ❛♥❛❧✐③❛ ♣❛rt✐❡♥❞♦

❞❡ ❧❛ ❛❞♠✐t❛♥❝✐❛ ❞❡ ❡♥tr❛❞❛ ❡q✉✐✈❛❧❡♥t❡✳

❋✐❣✉r❛ ✸✳✹✿ ❈✐r❝✉✐t♦ ❘▲❈ ♣❛r❛❧❡❧♦✳

Yin =
1

R
+

1

jωL
+ jωC ✭✸✳✻✮

❙❡♣❛r❛♥❞♦ ❧❛ ♣❛rt❡ r❡❛❧ ❞❡ ❧❛ ❝♦♠♣❧❡❥❛✿

Yin =
1

R
+ j

(

ωC − 1

ωL

)

✭✸✳✼✮
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▲❛ r❡s♦♥❛♥❝✐❛ s✉❝❡❞❡ ❝✉❛♥❞♦ ❧❛ ♣❛rt❡ ✐♠❛❣✐♥❛r✐❛ ❡s ❝❡r♦✿

Im(Yin) = ωC − 1

ωL
= 0 ✭✸✳✽✮

▲❛ ❢r❡❝✉❡♥❝✐❛ ❛ ❧❛ ❝✉❛❧ ❧❛ ♣❛rt❡ ✐♠❛❣✐♥❛r✐❛ s❡ ❤❛❝❡ ❝❡r♦ s❡ ❞❡♥♦♠✐♥❛ ❢r❡❝✉❡♥❝✐❛ ❞❡ r❡s♦✲

♥❛♥❝✐❛ ω0✳

ω0C − 1

ω0L
= 0 → C =

1

ω2
0C

→ ω2
0 =

1

LC
✭✸✳✾✮

❉❡s♣❡❥❛♥❞♦ ❧❛ ❢r❡❝✉❡♥❝✐❛ ❞❡ r❡s♦♥❛♥❝✐❛✿

ω0 =
1√
LC

→ f0 =
1

2π
√
LC

✭✸✳✶✵✮

❚❛❧ ② ❝♦♠♦ s❡ ♣✉❡❞❡ ❝♦♠♣r♦❜❛r✱ ♣❛r❛ ❛♠❜♦s ❝✐r❝✉✐t♦s ❧❛ ❡①♣r❡s✐ó♥ ❞❡ ❧❛ ❢r❡❝✉❡♥❝✐❛ ❞❡

r❡s♦♥❛♥❝✐❛ ❡♥ ❢✉♥❝✐ó♥ ❞❡ ❧♦s ✈❛❧♦r❡s ❞❡ ▲ ② ❈ ❡s ❧❛ ♠✐s♠❛✳

✸✳✷✳ ❚♦♣♦❧♦❣í❛ ❙❡r✐❡✲❙❡r✐❡✳

✸✳✷✳✶✳ ❆♥á❧✐s✐s ❡❧é❝tr✐❝♦✳

❊♥ ❡st❡ ❛♣❛rt❛❞♦✱ s❡ r❡❛❧✐③❛ ❡❧ ❛♥á❧✐s✐s ❞❡❧ ❝✐r❝✉✐t♦ ❞❡ t♦♣♦❧♦❣í❛ s❡r✐❡✲s❡r✐❡✳

❊♥ ♣r✐♠❡r ❧✉❣❛r✱ s❡ ♠✉❡str❛ ❞❡ ♥✉❡✈♦ ❡❧ ❝✐r❝✉✐t♦ ❡♥ ❧❛ ❋✐❣✉r❛ ✸✳✺✳ ▲❛ t❡♥s✐ó♥ ❞❡ ❡♥tr❛❞❛

s❡ ❝♦♥s✐❞❡r❛ s❡♥♦✐❞❛❧✱ ❛sí ❝♦♠♦ ❧❛ ❝❛r❣❛ ♣✉r❛♠❡♥t❡ r❡s✐st✐✈❛ RL✳ ▲❛ tr❛♥s✐♠✐s✐ó♥ ❞❡ ❡♥❡r❣í❛

❡❧é❝tr✐❝❛ s❡ r❡❛❧✐③❛ ♣♦r ♠❡❞✐♦ ❞❡ ❧❛s ❜♦❜✐♥❛ L1 ✭tr❛♥s♠✐s♦r❛✮ ② L2 ✭r❡❝❡♣t♦r❛✮✳ R1 ② R2

r❡♣r❡s❡♥t❛♥ ❧❛s r❡s✐st❡♥❝✐❛s ✐♥t❡r♥❛s ❞❡ ❧❛s ♠✐s♠❛s✳ P♦r ♦tr♦ ❧❛❞♦✱ ❧♦s ❝♦♥❞❡♥s❛❞♦r❡s C1 ②

C2 s❡ ✐♥❝❧✉②❡♥ ♣❛r❛ ❧♦❣r❛r q✉❡ ❡❧ ❝✐r❝✉✐t♦ ♣r✐♠❛r✐♦ ② s❡❝✉♥❞❛r✐♦ r❡s✉❡♥❡♥ ❛ ❧❛ ❢r❡❝✉❡♥❝✐❛

r❡q✉❡r✐❞❛ q✉❡✱ ❡♥ ❡st❡ ❝❛s♦✱ ❡s ❞❡ ✶✵✵ ❦❍③✳
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❋✐❣✉r❛ ✸✳✺✿ ❚♦♣♦❧♦❣í❛ ❙❡r✐❡✲❙❡r✐❡ ✭❙✲❙✮✳

P❛r❛ r❡❛❧✐③❛r ❡❧ ❛♥á❧✐s✐s ❡❧é❝tr✐❝♦ ❞❡❧ ❝✐r❝✉✐t♦ s❡ ♣❛rt❡ ❞❡ ✉♥ ♠♦❞❡❧♦ ❡♥ ❚✱ ❡♥ ❡❧ q✉❡ s❡

✐♥❝♦r♣♦r❛ ✉♥❛ ♥✉❡✈❛ ✐♥❞✉❝t❛♥❝✐❛ Lm ♣❛r❛ t❡♥❡r ❡♥ ❝✉❡♥t❛ ❧❛ ✐♥❞✉❝t❛♥❝✐❛ ♠✉t✉❛ ❞❡❧ ❛❝♦♣❧❛✲

♠✐❡♥t♦✳

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

Lm = k ·
√

L1 · L2 ✭✸✳✶✶✮

❋✐❣✉r❛ ✸✳✻✿ ▼♦❞❡❧♦ ❡♥ ❚ ❞❡❧ ❝✐r❝✉✐t♦ ❞❡ t♦♣♦❧♦❣í❛ ✭❙✲❙✮✳

❙✐❡♥❞♦ ❦ ❡❧ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❛❝♦♣❧❛♠✐❡♥t♦ ❝✉②♦ ✈❛❧♦r ❡stá ❝♦♠♣r❡♥❞✐❞♦ ❡♥tr❡ ✵ ② ✶✳ ❙✐ t♦♠❛

✈❛❧♦r ✶✱ ✐♠♣❧✐❝❛ ❛❝♦♣❧❛♠✐❡♥t♦ ♣❡r❢❡❝t♦ ❡♥tr❡ ❜♦❜✐♥❛s ② ✵ ❛❝♦♣❧❛♠✐❡♥t♦ ♥✉❧♦✳ ▲❛ ✈❛r✐❛❝✐ó♥ ❞❡

❞✐❝❤♦ ♣❛rá♠❡tr♦ ❞❡♣❡♥❞❡ ❞❡❧ ❛❧✐♥❡❛♠✐❡♥t♦✱ ❞✐st❛♥❝✐❛✱ ❢♦r♠❛✱ ❡t❝✳ ❞❡ ❧❛s ❜♦❜✐♥❛s✳

❆ ❝♦♥t✐♥✉❛❝✐ó♥✱ s❡ r❡❛❧✐③❛ ❡❧ ❛♥á❧✐s✐s ❡❧é❝tr✐❝♦ ❞❡❧ ❡sq✉❡♠❛ ❞❡ ❧❛ ❋✐❣✉r❛ ✸✳✻✳ ❆♣❧✐❝❛♥❞♦ ❧❛
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▲❡② ❞❡ ❑✐r❝❤❤♦✛ ❞❡ ♠❛❧❧❛s✿

V1 = (R1 +
1

jωC1

+ jωL1 − jωLm + jωLm) · I1 − (jωLm) · I2 ✭✸✳✶✷✮

0 = −(jωLm) · I1 + (jωLm + jωL2 − jωLm +
1

jωC2

+R2 +RL) · I2 ✭✸✳✶✸✮

❙❡ q✉✐❡r❡ ♦❜t❡♥❡r ❧❛ ✐♠♣❡❞❛♥❝✐❛ ✈✐st❛ ❞❡s❞❡ ❧❛ ❡♥tr❛❞❛ V1/I1✳ ❙❡ ❞❡s♣❡❥❛ I2 ❞❡ ❧❛ ❡❝✉❛❝✐ó♥

✭✸✳✶✸✮✳

I2 =
jωLm

jωL2 +
1

jωC2

+R2 +RL

· I1 ✭✸✳✶✹✮

❋✐♥❛❧♠❡♥t❡✱ s❡ s✉st✐t✉②❡ ❡♥ ❧❛ ❡❝✉❛❝✐ó♥ ✭✸✳✶✷✮✿

Z1 =
V1

I1
= (R1 +

1

jωC1

+ jωL1)− (jωLm) · jωLm

jωL2 +
1

jωC2

+R2 +RL

✭✸✳✶✺✮

P♦r ♦tr♦ ❧❛❞♦✱ ❡s ♥❡❝❡s❛r✐♦ ❞❡st❛❝❛r q✉❡ ❡❧ ❝✐r❝✉✐t♦ ♣✉❡❞❡ t❡♥❡r ✈❛r✐❛s ❢r❡❝✉❡♥❝✐❛s ❞❡

r❡s♦♥❛♥❝✐❛✳ ❊♥ ❡❧ ❆♥❡①♦ ❆ s❡ ❞❡s❛rr♦❧❧❛ ❧❛ ❡①♣r❡s✐ó♥ ♣❛r❛ s✉ ♦❜t❡♥❝✐ó♥✳ P❛r❛ ♦❜t❡♥❡r ❧❛s

r❛í❝❡s ❞❡ ω✿

ω6(L1L
2
2C1C

2
2 − L2

mL2C1C
2
2 ) + ω4(L2

mC1C2 − L2
2C

2
2 + L1C1C

2
2 (R2 +RL)

2 − 2L1L2C1C2)+

+ ω2(L1C1 − C2
2 (R2 +RL)

2 + 2L2C2)− 1 = 0 ✭✸✳✶✻✮

▲❛s r❛í❝❡s ♣♦s✐t✐✈❛s ② r❡❛❧❡s s♦♥ ❢r❡❝✉❡♥❝✐❛s ❞❡ r❡s♦♥❛♥❝✐❛ ❞❡❧ ❝✐r❝✉✐t♦✳

✸✳✷✳✷✳ ❉✐♠❡♥s✐♦♥❛♠✐❡♥t♦ ❞❡❧ ❝✐r❝✉✐t♦

❯♥❛ ✈❡③ q✉❡ s❡ ❤❛ ❛♥❛❧✐③❛❞♦ ❡❧ ❝✐r❝✉✐t♦ ② s❡ ❤❛♥ ♦❜t❡♥✐❞♦ ❧❛s ❡①♣r❡s✐♦♥❡s ♥❡❝❡s❛r✐❛s

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

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

❝♦♥❞❡♥s❛❞♦r❡s✳
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▲ ◗ ❘✐♥t ❉✐♠✳✭∅✮ ❋❛❜✳ ❈ó❞✳
µH ✲ mΩ ♠♠ ✲ ✲

❚r❛♥s♠✐s♦r❛✭❚①✮ ✻✱✺ ✹✷ ✶✷✺ ✷✵✱✺ ❲ürt❤ ❊❧❡❦tr♦♥✐❦ ✼✻✵✸✵✽✶✵✶✶✵✹
❘❡❝❡♣t♦r❛✭❘①✮ ✼✱✾ ✶✽ ✸✸✵ ✷✾ ❲ürt❤ ❊❧❡❦tr♦♥✐❦ ✼✻✵✸✵✽✶✵✷✷✶✸

❚❛❜❧❛ ✸✳✶✿ ❈❛r❛❝t❡ríst✐❝❛s ❞❡ ❜♦❜✐♥❛ tr❛♥s♠✐s♦r❛ ② r❡❝❡♣t♦r❛✳

❙❡ ♦❜t✐❡♥❡ ❡❧ ✈❛❧♦r ❞❡❧ ❝♦♥❞❡♥s❛❞♦r ♣❛r❛ q✉❡ t❛♥t♦ ❡❧ ❝✐r❝✉✐t♦ ♣r✐♠❛r✐♦ ❝♦♠♦ s❡❝✉♥❞❛r✐♦

r❡s✉❡♥❡ ❛ ✶✵✵ ❦❍③✿

C =
1

4 · π2 · L · f 2
0

✭✸✳✶✼✮

❱❛❧♦r ❞❡❧ ❝♦♥❞❡♥s❛❞♦r ❞❡❧ ❝✐r❝✉✐t♦ ♣r✐♠❛r✐♦✿

C1 =
1

4 · π2 · 6, 5 µH · (100 kHz)2
≈ 390 nF ✭✸✳✶✽✮

❱❛❧♦r ❞❡❧ ❝♦♥❞❡♥s❛❞♦r ❞❡❧ ❝✐r❝✉✐t♦ s❡❝✉♥❞❛r✐♦✿

C2 =
1

4 · π2 · 7, 9 µH · (100 kHz)2
≈ 320 nF ✭✸✳✶✾✮

❋✐♥❛❧♠❡♥t❡✱ ❡♥ ❧❛ ❋✐❣✉r❛ ✸✳✼ s❡ ♠✉❡str❛ ❡❧ ❝✐r❝✉✐t♦ ❞❡ t♦♣♦❧♦❣í❛ ❙❙ ❝♦♥ ❧♦s ✈❛❧♦r❡s ❞❡ ❧♦s

❝♦♠♣♦♥❡♥t❡s ♦❜t❡♥✐❞♦s✳

✸✳✷✳✸✳ ❘❡s✉❧t❛❞♦s ❛♥❛❧ít✐❝♦s✳ ▼❆❚▲❆❇

❆ ❝♦♥t✐♥✉❛❝✐ó♥✱ s❡ ♣r❡s❡♥t❛♥ ❧♦s r❡s✉❧t❛❞♦s ❞❡ ♣❛rá♠❡tr♦s ❞❡❧ ❝✐r❝✉✐t♦ ❞✐♠❡♥s✐♦♥❛❞♦✳ ❊♥

❧❛ ❋✐❣✉r❛ ✸✳✽ s❡ r❡♣r❡s❡♥t❛ ❧❛ ♣♦t❡♥❝✐❛ ❞❡ ❡♥tr❛❞❛ ❞❡❧ ❝✐r❝✉✐t♦ ❢r❡♥t❡ ❛ ❧❛ ❢r❡❝✉❡♥❝✐❛ ♣❛r❛

❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❡ r❡s✐st❡♥❝✐❛ ❞❡ ❝❛r❣❛ RL ② ♣❛r❛ ✈❛r✐♦s ✈❛❧♦r❡s ❞❡ k✳



✸✳✷✳ ❚❖P❖▲❖●❮❆ ❙❊❘■❊✲❙❊❘■❊✳ ✹✸

❋✐❣✉r❛ ✸✳✼✿ ❈✐r❝✉✐t♦ ❙❡r✐❡✲❙❡r✐❡ ✭❙✲❙✮✳ ❉✐♠❡♥s✐♦♥❛❞♦✳

❋✐❣✉r❛ ✸✳✽✿ P♦t❡♥❝✐❛ ❞❡ ❡♥tr❛❞❛ P1 ❢r❡♥t❡ ❛ ❢r❡❝✉❡♥❝✐❛✳ k ② RL ✈❛r✐❛❜❧❡s✳ ❚♦♣♦❧♦❣í❛ ❙✲❙✳
❍❡rr❛♠✐❡♥t❛ ▼❆❚▲❆❇✳
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P♦r ♦tr♦ ❧❛❞♦✱ ❡♥ ❧❛ ❋✐❣✉r❛ ✸✳✾ s❡ r❡♣r❡s❡♥t❛ ❡❧ r❡♥❞✐♠✐❡♥t♦ ❞❡❧ ❝✐r❝✉✐t♦ ❢r❡♥t❡ ❛ ❧❛ ❢r❡✲

❝✉❡♥❝✐❛ ♣❛r❛ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❡ r❡s✐st❡♥❝✐❛ ❞❡ ❝❛r❣❛ RL ② ♣❛r❛ ✈❛r✐♦s ✈❛❧♦r❡s ❞❡ k✳

η =
PRL

P1

✭✸✳✷✵✮

❋✐❣✉r❛ ✸✳✾✿ ❘❡♥❞✐♠✐❡♥t♦✳ η = PRL/P1 ❢r❡♥t❡ ❛ ❢r❡❝✉❡♥❝✐❛✳ k ② RL ✈❛r✐❛❜❧❡s✳ ❚♦♣♦❧♦❣í❛ ❙✲❙✳
❍❡rr❛♠✐❡♥t❛ ▼❆❚▲❆❇✳

❉❡ ❧❛s ❣rá✜❝❛s ❞❡ ♣♦t❡♥❝✐❛ ② r❡♥❞✐♠✐❡♥t♦ s❡ ♦❜s❡r✈❛ q✉❡ ❧❛ ♠á①✐♠❛ ♣♦t❡♥❝✐❛ ❝♦♥s✉♠✐❞❛

❛sí ❝♦♠♦ ❡❧ ♠á①✐♠♦ r❡♥❞✐♠✐❡♥t♦ s❡ ❞❛♥ ♣❛r❛ ❧❛ ❢r❡❝✉❡♥❝✐❛ ❞❡ 100 kHz✱ q✉❡ ❡s ❧❛ ❢r❡❝✉❡♥❝✐❛

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

♦❜t❡♥✐❞♦ ❧❛s r❛í❝❡s ❞❡ ❧❛ ❡❝✉❛❝✐ó♥ ✭✸✳✶✻✮ ♣❛r❛ t♦❞♦s ❧♦s ✈❛❧♦r❡s ❞❡❧ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❛❝♦♣❧❛♠✐❡♥t♦

② r❡s✐st❡♥❝✐❛ ❞❡ ❝❛r❣❛ r❡♣r❡s❡♥t❛❞♦s ②✱ ❡♥ t♦❞♦s ❧♦s ❝❛s♦s✱ ❧❛ ú♥✐❝❛ s♦❧✉❝✐ó♥ r❡❛❧ ② ♣♦s✐t✐✈❛ ❡s

❞❡ 100 kHz✳

❋✐♥❛❧♠❡♥t❡✱ ❡♥ ❧❛s ❋✐❣✉r❛s ✸✳✶✵ ② ✸✳✶✶ s❡ ♠✉❡str❛♥ ❧❛ ❣❛♥❛♥❝✐❛ ❞❡ t❡♥s✐ó♥ ❡ ✐♥t❡♥s✐❞❛❞
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❢r❡♥t❡ ❛❧ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❛❝♦♣❧❛♠✐❡♥t♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❙❡ ♠✉❡str❛♥ ♣❛r❛ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s

❞❡ RL

●❛♥❛♥❝✐❛ ❞❡ t❡♥s✐ó♥✿

AV =
VRL

V1

✭✸✳✷✶✮

●❛♥❛♥❝✐❛ ❞❡ ✐♥t❡♥s✐❞❛❞✿

AI =
IRL

V1

✭✸✳✷✷✮

❋✐❣✉r❛ ✸✳✶✵✿ ●❛♥❛♥❝✐❛ ❡♥ t❡♥s✐ó♥✳ AV = VRL/V1 ❢r❡♥t❡ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❛❝♦♣❧❛♠✐❡♥t♦ ❦ ✳ RL

✈❛r✐❛❜❧❡✳ ❚♦♣♦❧♦❣í❛ ❙✲❙✳ ❍❡rr❛♠✐❡♥t❛ ▼❆❚▲❆❇✳
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❋✐❣✉r❛ ✸✳✶✶✿ ●❛♥❛♥❝✐❛ ❡♥ ✐♥t❡♥s✐❞❛❞✳ AI = IRL/I1 ❢r❡♥t❡ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❛❝♦♣❧❛♠✐❡♥t♦ ❦ ✳ RL

✈❛r✐❛❜❧❡✳ ❚♦♣♦❧♦❣í❛ ❙✲❙✳ ❍❡rr❛♠✐❡♥t❛ ▼❆❚▲❆❇✳

❉❡ ❧♦s r❡s✉❧t❛❞♦s ♦❜t❡♥✐❞♦s s❡ ❧❧❡❣❛ ❛ ❧❛s s✐❣✉✐❡♥t❡s ❝♦♥❝❧✉s✐♦♥❡s✿

• ❆❧ ❛✉♠❡♥t❛r ❡❧ ✈❛❧♦r ❞❡ ❧❛ r❡s✐st❡♥❝✐❛ ❞❡ ❝❛r❣❛ ✭❘▲✮✱ ❛✉♠❡♥t❛ ❧❛ ♣♦t❡♥❝✐❛ ❡♥tr❡❣❛❞❛

♣❡r♦ ❞✐s♠✐♥✉②❡ ❡❧ r❡♥❞✐♠✐❡♥t♦ ❞❡❧ ❝✐r❝✉✐t♦✳

• ▲❛ ✈❛r✐❛❝✐ó♥ ❡♥ ❡❧ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❛❝♦♣❧❛♠✐❡♥t♦ ♥♦ t✐❡♥❡ ❡❢❡❝t♦ ♥♦t❛❜❧❡ ❡♥ ❧❛ ❢r❡✲

❝✉❡♥❝✐❛ ❞❡ r❡s♦♥❛♥❝✐❛ ♣❡r♦ sí ❡♥ r❡♥❞✐♠✐❡♥t♦✳ ❯♥ ♠❡❥♦r ❛❝♦♣❧❛♠✐❡♥t♦ ❞❡ ❧❛s ❜♦❜✐♥❛s

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

• ●❛♥❛♥❝✐❛ ❞❡ t❡♥s✐ó♥ ❡❧❡✈❛❞❛ q✉❡ ❤❛❜rá q✉❡ t❡♥❡r ❡♥ ❝✉❡♥t❛ ❛ ❧❛ ❤♦r❛ ❞❡ r❡❛❧✐③❛r ❡❧

❝♦♥tr♦❧ s♦❜r❡ ❡❧ s✐st❡♠❛✳

✸✳✷✳✹✳ ❘❡s✉❧t❛❞♦s s✐♠✉❧❛❝✐ó♥✳ ▼✉❧t✐s✐♠

❊❧ ❝✐r❝✉✐t♦ ✐♥tr♦❞✉❝✐❞♦ ❡♥ ❧❛ ❤❡rr❛♠✐❡♥t❛ ▼✉❧t✐s✐♠✱ ❛sí ❝♦♠♦ ❧❛ ❝♦♥✜❣✉r❛❝✐ó♥ ❞❡❧ ❛❝♦♣❧❛✲

♠✐❡♥t♦ ♠❛❣♥ét✐❝♦✱ ❡s ❡❧ ♠♦str❛❞♦ ❡♥ ❧❛ ❋✐❣✉r❛ ✸✳✶✷ ② ✸✳✶✸✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳
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❋✐❣✉r❛ ✸✳✶✷✿ ❈✐r❝✉✐t♦ ❡❧é❝tr✐❝♦✳

❋✐❣✉r❛ ✸✳✶✸✿ ❈♦♥✜❣✉r❛❝✐ó♥ ❜♦❜✐♥❛s ❛❝♦♣❧❛❞❛s✳
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❋✐❣✉r❛ ✸✳✶✹✿ P♦t❡♥❝✐❛ ❞❡ ❡♥tr❛❞❛ P1 ❢r❡♥t❡ ❛ ❢r❡❝✉❡♥❝✐❛✳ k ② RL ✈❛r✐❛❜❧❡s✳ ❚♦♣♦❧♦❣í❛ ❙✲❙✳
❍❡rr❛♠✐❡♥t❛ ▼✉❧t✐s✐♠✳
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❆ ❝♦♥t✐♥✉❛❝✐ó♥✱ s❡ ♣r❡s❡♥t❛♥ ❧♦s ♠✐s♠♦s r❡s✉❧t❛❞♦s ♦❜t❡♥✐❞♦s ♠❡❞✐❛♥t❡ s✐♠✉❧❛❝✐ó♥ ❝♦♥

❧❛ ❤❡rr❛♠✐❡♥t❛ ▼✉❧t✐s✐♠✳

❋✐❣✉r❛ ✸✳✶✺✿ ❘❡♥❞✐♠✐❡♥t♦✳ η = PRL/P1 ❢r❡♥t❡ ❛ ❢r❡❝✉❡♥❝✐❛✳ k ② RL ✈❛r✐❛❜❧❡s✳ ❚♦♣♦❧♦❣í❛ ❙✲❙✳
❍❡rr❛♠✐❡♥t❛ ▼✉❧t✐s✐♠✳
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❋✐❣✉r❛ ✸✳✶✻✿ ●❛♥❛♥❝✐❛ ❡♥ t❡♥s✐ó♥✳ AV = VRL/V1 ❢r❡♥t❡ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❛❝♦♣❧❛♠✐❡♥t♦ ❦ ✳ RL

✈❛r✐❛❜❧❡✳ ❚♦♣♦❧♦❣í❛ ❙✲❙✳ ❍❡rr❛♠✐❡♥t❛ ▼✉❧t✐s✐♠✳

❋✐❣✉r❛ ✸✳✶✼✿ ●❛♥❛♥❝✐❛ ❡♥ ✐♥t❡♥s✐❞❛❞✳ AI = IRL/I1 ❢r❡♥t❡ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❛❝♦♣❧❛♠✐❡♥t♦ ❦✳ RL

✈❛r✐❛❜❧❡✳ ❚♦♣♦❧♦❣í❛ ❙✲❙✳ ❍❡rr❛♠✐❡♥t❛ ▼✉❧t✐s✐♠✳
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❚❛❧ ② ❝♦♠♦ s❡ ♣✉❡❞❡ ❝♦♠♣r♦❜❛r✱ ❧♦s r❡s✉❧t❛❞♦s ♦❜t❡♥✐❞♦s ❞❡ ❢♦r♠❛ ❛♥❛❧ít✐❝❛ s♦♥ ❧♦s ♠✐s✲

♠♦s ❛ ❧♦s ♦❜t❡♥✐❞♦s ❝♦♥ ❧❛ s✐♠✉❧❛❝✐ó♥✳ ❉❡ ❡st❡ ♠♦❞♦✱ s❡ ✈❛❧✐❞❛ ❡❧ ❡st✉❞✐♦ ❛♥❛❧ít✐❝♦ r❡❛❧✐③❛❞♦

② ♣r❡s❡♥t❛❞♦✳

✸✳✸✳ ❚♦♣♦❧♦❣í❛ ❙❡r✐❡✲P❛r❛❧❡❧♦

✸✳✸✳✶✳ ❆♥á❧✐s✐s ❡❧é❝tr✐❝♦✳

❊♥ ❡st❡ ❛♣❛rt❛❞♦✱ ❛❧ ✐❣✉❛❧ q✉❡ ❝♦♠♦ s❡ ❤❛ ❤❡❝❤♦ ❝♦♥ ❧❛ t♦♣♦❧♦❣í❛ ❛♥t❡r✐♦r✱ s❡ r❡❛❧✐③❛ ❡❧

❛♥á❧✐s✐s ❞❡❧ ❝✐r❝✉✐t♦ ❞❡ t♦♣♦❧♦❣í❛ s❡r✐❡✲♣❛r❛❧❡❧♦✳ ❊♥ ♣r✐♠❡r ❧✉❣❛r✱ s❡ ♠✉❡str❛ ❡❧ ❝✐r❝✉✐t♦ ❡♥

❧❛ ❋✐❣✉r❛ ✸✳✶✽✳ ▲❛ t❡♥s✐ó♥ ❞❡ ❡♥tr❛❞❛ s❡ ❝♦♥s✐❞❡r❛ s❡♥♦✐❞❛❧✱ ❛sí ❝♦♠♦ ❧❛ ❝❛r❣❛ ♣✉r❛♠❡♥t❡

r❡s✐st✐✈❛ RL✳ ▲❛ tr❛♥s♠✐s✐ó♥ ❞❡ ❡♥❡r❣í❛ ❡❧é❝tr✐❝❛ s❡ r❡❛❧✐③❛ ♣♦r ♠❡❞✐♦ ❞❡ ❧❛s ❜♦❜✐♥❛s L1

✭tr❛♥s♠✐s♦r❛✮ ② L2 ✭r❡❝❡♣t♦r❛✮✳ ▲❛s r❡s✐st❡♥❝✐❛s R1 ② R2 r❡♣r❡s❡♥t❛♥ ❧❛s r❡s✐st❡♥❝✐❛ ✐♥t❡r♥❛

❞❡ ❧❛s ♠✐s♠❛s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ P♦r ♦tr♦ ❧❛❞♦✱ ❧♦s ❝♦♥❞❡♥s❛❞♦r❡s C1 ② C2 s❡ ✐♥❝❧✉②❡♥ ♣❛r❛

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

❝❛s♦ ❡s ❞❡ ✶✵✵ ❦❍③ ②✱ ❛sí✱ ❧♦❣r❛r ❧❛ ♠❛②♦r tr❛♥s❢❡r❡♥❝✐❛ ❞❡ ♣♦t❡♥❝✐❛ ❞❡❧ ❝✐r❝✉✐t♦ ❛ ❞✐❝❤❛

❢r❡❝✉❡♥❝✐❛✳

❋✐❣✉r❛ ✸✳✶✽✿ ❚♦♣♦❧♦❣í❛ ❙❡r✐❡✲P❛r❛❧❡❧♦ ✭❙✲P✮✳

P❛r❛ r❡❛❧✐③❛r ❡❧ ❛♥á❧✐s✐s ❡❧é❝tr✐❝♦ ❞❡❧ ❝✐r❝✉✐t♦ s❡ ♣❛rt❡ ❞❡ ✉♥ ♠♦❞❡❧♦ ❡♥ ❚✱ ❡♥ ❡❧ q✉❡ s❡

✐♥❝♦r♣♦r❛ ✉♥❛ ♥✉❡✈❛ ✐♥❞✉❝t❛♥❝✐❛ Lm ♣❛r❛ t❡♥❡r ❡♥ ❝✉❡♥t❛ ❧❛ ✐♥❞✉❝t❛♥❝✐❛ ♠✉t✉❛ ❞❡❧ ❛❝♦♣❧❛✲

♠✐❡♥t♦✳
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Lm = k ·
√

L1 · L2 ✭✸✳✷✸✮

❙✐❡♥❞♦ ❦ ❡❧ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❛❝♦♣❧❛♠✐❡♥t♦ ❝✉②♦ ✈❛❧♦r ❡stá ❝♦♠♣r❡♥❞✐❞♦ ❡♥tr❡ ✵ ② ✶✳ ❙✐ t♦♠❛

✈❛❧♦r ✶✱ ✐♠♣❧✐❝❛ ❛❝♦♣❧❛♠✐❡♥t♦ ♣❡r❢❡❝t♦ ❡♥tr❡ ❜♦❜✐♥❛s ② s✐ ❡s ✵✱ ❡❧ ❛❝♦♣❧❛♠✐❡♥t♦ ❡s ♥✉❧♦✳ ▲❛

✈❛r✐❛❝✐ó♥ ❞❡ ❞✐❝❤♦ ♣❛rá♠❡tr♦ ❞❡♣❡♥❞❡ ❞❡❧ ❛❧✐♥❡❛♠✐❡♥t♦✱ ❞✐st❛♥❝✐❛✱ ❢♦r♠❛✱ ❡t❝✳ ❞❡ ❧❛s ❜♦❜✐♥❛s✳

❋✐❣✉r❛ ✸✳✶✾✿ ▼♦❞❡❧♦ ❡♥ ❚ ❞❡❧ ❝✐r❝✉✐t♦ ❞❡ t♦♣♦❧♦❣í❛ ✭❙✲P✮✳

❆ ❝♦♥t✐♥✉❛❝✐ó♥✱ s❡ r❡❛❧✐③❛ ❡❧ ❛♥á❧✐s✐s ❡❧é❝tr✐❝♦ ❞❡❧ ❡sq✉❡♠❛ ❞❡ ❧❛ ❋✐❣✉r❛ ✸✳✶✾✳

❆♣❧✐❝❛♥❞♦ ❧❛ ▲❡② ❞❡ ❑✐r❝❤❤♦✛ ❞❡ ♠❛❧❧❛s✿

V1 = (R1 +
1

jωC1

+ jωL1 − jωLm + jωLm) · I1 − (jωLm) · I2 ✭✸✳✷✹✮

0 = −(jωLm) · I1 + (jωLm + jωL2 − jωLm +R2 +
RL

1 + jωC2RL

) · I2 ✭✸✳✷✺✮

❙❡ q✉✐❡r❡ ♦❜t❡♥❡r ❧❛ ✐♠♣❡❞❛♥❝✐❛ ✈✐st❛ ❞❡s❞❡ ❧❛ ❢✉❡♥t❡ V1/I1✳ ❙❡ ❞❡s♣❡❥❛ I2 ❞❡ ❧❛ ❡①♣r❡s✐ó♥

✭✸✳✷✺✮✳

I2 =
jωLm

R2 + jωL2 +
RL

jωRLC2+1

· I1 ✭✸✳✷✻✮

❋✐♥❛❧♠❡♥t❡✱ s❡ s✉st✐t✉②❡ ❡♥ ❧❛ ❡❝✉❛❝✐ó♥ ✭✸✳✷✹✮✳ ❙❡ ♦❜t✐❡♥❡ V1/I1✿

Z1 =
V1

I1
= R1 +

1

jωC1

+ jωL1 +
ω2L2

m

RL + jωL2 +
RL

jωRLC2+1

✭✸✳✷✼✮
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P♦r ♦tr♦ ❧❛❞♦✱ ❡s ♥❡❝❡s❛r✐♦ ❞❡st❛❝❛r q✉❡ ❡❧ ❝✐r❝✉✐t♦ ♣✉❡❞❡ t❡♥❡r ✈❛r✐❛s ❢r❡❝✉❡♥❝✐❛s ❞❡

r❡s♦♥❛♥❝✐❛✳ ❊♥ ❡❧ ❆ s❡ ❞❡s❛rr♦❧❧❛ ❧❛ ❡①♣r❡s✐ó♥ ❞❡ ❧❛ ✐♠♣❡❞❛♥❝✐❛ ❞❡ ❡♥tr❛❞❛ ♣❛r❛ s✉ ♦❜t❡♥❝✐ó♥✳

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

ω6(L1C1R
2
LC

2
2L

2
2 − C1L

2
mR2

LC
2
2L2) + ω4(−2R2RLC1C2L1L2 − 2L1C1R

2
LC2L2+ ✭✸✳✷✽✮

+ L1C1R
2
2R

2
LC

2
2 + L1C1L

2
2 − 2L1C1R2RLC2L2 −R2

LC
2
2L

2
2 + C1L

2
mR2RLC2+

+ C1L
2
mR2

LC2 − C1L
2
mR2RLC2 − C1L

2
mL2) + ω2(L1C1R

2
2 + L1C1R

2
L − 2R2RLL1C1+

+ 2R2RLC2L2 + 2R2
LC2L2 −R2

2R
2
LC

2
2 − L2

2 + 2R2RLC2L2)−R2
2 −R2

L + 2R2RL = 0

▲❛s r❛í❝❡s ♣♦s✐t✐✈❛s ② r❡❛❧❡s s❡rá♥ ❢r❡❝✉❡♥❝✐❛s ❞❡ r❡s♦♥❛♥❝✐❛ ❞❡❧ ❝✐r❝✉✐t♦✳

✸✳✸✳✷✳ ❉✐♠❡♥s✐♦♥❛♠✐❡♥t♦ ❞❡❧ ❝✐r❝✉✐t♦

❯♥❛ ✈❡③ ❛♥❛❧✐③❛❞♦ ❡❧ ❝✐r❝✉✐t♦ ② ♦❜t❡♥✐❞❛s ❧❛s ❡①♣r❡s✐♦♥❡s ♥❡❝❡s❛r✐❛s ♣❛r❛ ❡❧ ❡st✉❞✐♦ ❞❡❧

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

q✉❡ ♣❛r❛ ❧❛ t♦♣♦❧♦❣í❛ ❛♥t❡r✐♦r✳ ▲❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❧❛s ♠✐s♠❛s s❡ ❡♥❝✉❡♥tr❛♥ ❡♥ ❧❛ ❚❛❜❧❛

✸✳✶✳

❙❡ ♦❜t✐❡♥❡ ❡❧ ✈❛❧♦r ❞❡❧ ❝♦♥❞❡♥s❛❞♦r ♣❛r❛ q✉❡ t❛♥t♦ ❡❧ ❝✐r❝✉✐t♦ ♣r✐♠❛r✐♦ ❝♦♠♦ s❡❝✉♥❞❛r✐♦

r❡s✉❡♥❡ ❛ ✶✵✵ ❦❍③✿

C =
1

4 · π2 · L · f 2
0

✭✸✳✷✾✮



✺✹ ❈❆P❮❚❯▲❖ ✸✳ ❆❈❖P▲❆▼■❊◆❚❖ ▼❆●◆➱❚■❈❖

❱❛❧♦r ❞❡❧ ❝♦♥❞❡♥s❛❞♦r ❞❡❧ ❝✐r❝✉✐t♦ ♣r✐♠❛r✐♦✿

C1 =
1

4 · π2 · 6, 5 µH · (100 kHz)2
≈ 390 nF ✭✸✳✸✵✮

❱❛❧♦r ❞❡❧ ❝♦♥❞❡♥s❛❞♦r ❞❡❧ ❝✐r❝✉✐t♦ s❡❝✉♥❞❛r✐♦✿

C2 =
1

4 · π2 · 7, 9 µH · (100 kHz)2
≈ 320 nF ✭✸✳✸✶✮

❋✐♥❛❧♠❡♥t❡✱ ❡♥ ❧❛ ❋✐❣✉r❛ ✸✳✷✵ s❡ ♠✉❡str❛ ❡❧ ❝✐r❝✉✐t♦ ❞❡ t♦♣♦❧♦❣í❛ ❙P ❝♦♥ ❧♦s ✈❛❧♦r❡s ❞❡

❧♦s ❝♦♠♣♦♥❡♥t❡s ♦❜t❡♥✐❞♦s✳

❋✐❣✉r❛ ✸✳✷✵✿ ❈✐r❝✉✐t♦ ❙❡r✐❡✲P❛r❛❧❡❧♦ ✭❙✲P✮✳ ❉✐♠❡♥s✐♦♥❛❞♦✳

✸✳✸✳✸✳ ❘❡s✉❧t❛❞♦s ❛♥❛❧ít✐❝♦s✳ ▼❆❚▲❆❇

❊♥ ❧❛ ❋✐❣✉r❛ ✸✳✷✶ s❡ r❡♣r❡s❡♥t❛ ❧❛ ♣♦t❡♥❝✐❛ ❞❡ ❡♥tr❛❞❛ ❞❡❧ ❝✐r❝✉✐t♦ ❢r❡♥t❡ ❛ ❧❛ ❢r❡❝✉❡♥❝✐❛

♣❛r❛ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❡ r❡s✐st❡♥❝✐❛ ❞❡ ❝❛r❣❛ RL ② ♣❛r❛ ✈❛r✐♦s ✈❛❧♦r❡s ❞❡ k✳

P♦r ♦tr♦ ❧❛❞♦✱ ❡♥ ❧❛ ❋✐❣✉r❛ ✸✳✷✷ s❡ r❡♣r❡s❡♥t❛ ❡❧ r❡♥❞✐♠✐❡♥t♦ ❞❡❧ ❝✐r❝✉✐t♦ ❢r❡♥t❡ ❛ ❧❛

❢r❡❝✉❡♥❝✐❛ ♣❛r❛ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❡ r❡s✐st❡♥❝✐❛ ❞❡ ❝❛r❣❛ RL ② ♣❛r❛ ✈❛r✐♦s ✈❛❧♦r❡s ❞❡ k✳

η =
PRL

P1

✭✸✳✸✷✮
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❋✐❣✉r❛ ✸✳✷✶✿ P♦t❡♥❝✐❛ ❞❡ ❡♥tr❛❞❛ P1 ❢r❡♥t❡ ❛ ❢r❡❝✉❡♥❝✐❛✳ k ② RL ✈❛r✐❛❜❧❡s✳❚♦♣♦❧♦❣í❛ ❙✲P✳
❍❡rr❛♠✐❡♥t❛ ▼❆❚▲❆❇✳

❉❡ ❧❛s ❣rá✜❝❛s ❞❡ ♣♦t❡♥❝✐❛ ② r❡♥❞✐♠✐❡♥t♦ s❡ ♦❜s❡r✈❛ q✉❡ ❧❛s ♠á①✐♠❛s ♣♦t❡♥❝✐❛s ❝♦♥s✉♠✐✲

❞❛s ❛sí ❝♦♠♦ ❧♦s ♠á①✐♠♦s r❡♥❞✐♠✐❡♥t♦s s❡ ❞❛♥ ♣❛r❛ ✈❛r✐❛s ❢r❡❝✉❡♥❝✐❛s✳ ❙❡ ❞❡❞✉❝❡ q✉❡ ❡①✐st❡♥

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

❞❡ ❧❛ ❡❝✉❛❝✐ó♥ ✭✸✳✷✽✮ ♣❛r❛ t♦❞♦s ❧♦s ✈❛❧♦r❡s ❞❡❧ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❛❝♦♣❧❛♠✐❡♥t♦ ② r❡s✐st❡♥❝✐❛ ❞❡

❝❛r❣❛ r❡♣r❡s❡♥t❛❞♦s✳ ❊♥ ❧❛ ❚❛❜❧❛ ✸✳✷✱ s❡ ♠✉❡str❛♥ ❧❛s s♦❧✉❝✐♦♥❡s r❡❛❧❡s ② ♣♦s✐t✐✈❛s✳ ❋✐♥❛❧✲

♠❡♥t❡✱ ❡♥ ❧❛s ❋✐❣✉r❛s ✸✳✷✸ ② ✸✳✷✹ s❡ ♠✉❡str❛♥ ❧❛ ❣❛♥❛♥❝✐❛ ❞❡ t❡♥s✐ó♥ ❡ ✐♥t❡♥s✐❞❛❞ ❢r❡♥t❡ ❛❧

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

●❛♥❛♥❝✐❛ ❞❡ t❡♥s✐ó♥✿

AV =
VRL

V1

✭✸✳✸✸✮
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❋✐❣✉r❛ ✸✳✷✷✿ ❘❡♥❞✐♠✐❡♥t♦✳ η = PRL/P1 ❢r❡♥t❡ ❛ ❢r❡❝✉❡♥❝✐❛✳ k ② RL ✈❛r✐❛❜❧❡s✳ ❚♦♣♦❧♦❣í❛ ❙✲
P✳❍❡rr❛♠✐❡♥t❛ ▼❆❚▲❆❇✳

k = 0,25 f01 ✭❦❍③✮ f02 ✭❦❍③✮ f03 ✭❦❍③✮ k = 0,5 f01 ✭❦❍③✮ f02 ✭❦❍③✮ f03 ✭❦❍③✮
RL = 10 ✶✶✺ ✲ ✲ RL = 10 ✶✹✹ ✲ ✲
RL = 40 ✶✶✾ ✶✵✵ ✽✼ RL = 40 ✶✹✹ ✾✾ ✽✵
RL = 70 ✶✶✼ ✶✵✵ ✽✽ RL = 70 ✶✹✸ ✶✵✵ ✽✶
RL = 100 ✶✶✼ ✶✵✵ ✽✽ RL = 100 ✶✹✷ ✶✵✵ ✽✶

k = 0,75 f01 ✭❦❍③✮ f02 ✭❦❍③✮ f03 ✭❦❍③✮ k = 1 f01 ✭❦❍③✮ f02 ✭❦❍③✮ f03 ✭❦❍③✮
RL = 10 ✷✵✺ ✲ ✲ RL = 10 ✲ ✲ ✲
RL = 40 ✷✵✷ ✾✾ ✼✺ RL = 40 ✾✾ ✼✵ ✲
RL = 70 ✷✵✶ ✶✵✵ ✼✺ RL = 70 ✶✵✵ ✼✵ ✲
RL = 100 ✷✵✶ ✶✵✵ ✼✺ RL = 100 ✶✵✵ ✼✵ ✲

❚❛❜❧❛ ✸✳✷✿ ❋r❡❝✉❡♥❝✐❛s ❞❡ r❡s♦♥❛♥❝✐❛✳ ❱❛r✐❛❜❧❡s k ② RL✳ ❚♦♣♦❧♦❣í❛ ❙✲P✳
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●❛♥❛♥❝✐❛ ❞❡ ✐♥t❡♥s✐❞❛❞✿

AI =
IRL

V1

✭✸✳✸✹✮

❋✐❣✉r❛ ✸✳✷✸✿ ●❛♥❛♥❝✐❛ ❡♥ t❡♥s✐ó♥✳ AV = VRL/V1 ❢r❡♥t❡ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❛❝♦♣❧❛♠✐❡♥t♦ ❦ ✳ RL

✈❛r✐❛❜❧❡✳ ❚♦♣♦❧♦❣í❛ ❙✲P✳ ❍❡rr❛♠✐❡♥t❛ ▼❆❚▲❆❇✳
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❋✐❣✉r❛ ✸✳✷✹✿ ●❛♥❛♥❝✐❛ ❡♥ ✐♥t❡♥s✐❞❛❞✳ AI = IRL/I1 ❢r❡♥t❡ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❛❝♦♣❧❛♠✐❡♥t♦ ❦ ✳ RL

✈❛r✐❛❜❧❡✳ ❚♦♣♦❧♦❣í❛ ❙✲P✳ ❍❡rr❛♠✐❡♥t❛ ▼❆❚▲❆❇✳

❆ tr❛✈és ❞❡ ❧♦s r❡s✉❧t❛❞♦s ♦❜t❡♥✐❞♦s s❡ ❧❧❡❣❛ ❛ ❧❛s s✐❣✉✐❡♥t❡s ❝♦♥❝❧✉s✐♦♥❡s✿

• ❆❧ ❛✉♠❡♥t❛r ❡❧ ✈❛❧♦r ❞❡ ❧❛ r❡s✐st❡♥❝✐❛ ❞❡ ❝❛r❣❛ ✭❘▲✮✱ ❛✉♠❡♥t❛ ❧❛ ♣♦t❡♥❝✐❛ ❡♥tr❡❣❛❞❛

♣❡r♦ ❞✐s♠✐♥✉②❡ ❡❧ r❡♥❞✐♠✐❡♥t♦ ❞❡❧ ❝✐r❝✉✐t♦✳

• ▲❛ ✈❛r✐❛❝✐ó♥ ❡♥ ❡❧ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❛❝♦♣❧❛♠✐❡♥t♦ ❛❢❡❝t❛ ♥♦t❛❜❧❡♠❡♥t❡ ❛ ❧❛ ❢r❡❝✉❡♥❝✐❛

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

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

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

✸✳✸✳✹✳ ❘❡s✉❧t❛❞♦s s✐♠✉❧❛❝✐ó♥✳ ▼✉❧t✐s✐♠✳

❊❧ ❝✐r❝✉✐t♦ ✐♥tr♦❞✉❝✐❞♦ ❡♥ ❧❛ ❤❡rr❛♠✐❡♥t❛ ▼✉❧t✐s✐♠✱ ❛sí ❝♦♠♦ ❧❛ ❝♦♥✜❣✉r❛❝✐ó♥ ❞❡❧ ❛❝♦♣❧❛✲

♠✐❡♥t♦ ♠❛❣♥ét✐❝♦✱ ❡s ❡❧ ♠♦str❛❞♦ ❡♥ ❧❛ ❋✐❣✉r❛ ✸✳✷✺ ② ✸✳✷✻✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❆ ❝♦♥t✐♥✉❛❝✐ó♥✱ s❡ ♣r❡s❡♥t❛♥ ❧♦s ♠✐s♠♦s r❡s✉❧t❛❞♦s ♦❜t❡♥✐❞♦s ♠❡❞✐❛♥t❡ s✐♠✉❧❛❝✐ó♥ ❝♦♥
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❋✐❣✉r❛ ✸✳✷✼✿ P♦t❡♥❝✐❛ ❞❡ ❡♥tr❛❞❛ P1 ❢r❡♥t❡ ❛ ❢r❡❝✉❡♥❝✐❛✳ k ② RL ✈❛r✐❛❜❧❡s✳ ❚♦♣♦❧♦❣í❛ ❙✲P✳
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❧❛ ❤❡rr❛♠✐❡♥t❛ ▼✉❧t✐s✐♠✳

❋✐❣✉r❛ ✸✳✷✽✿ ❘❡♥❞✐♠✐❡♥t♦✳ η = PRL/P1 ❢r❡♥t❡ ❛ ❢r❡❝✉❡♥❝✐❛✳ k ② RL ✈❛r✐❛❜❧❡s✳ ❚♦♣♦❧♦❣í❛ ❙✲P✳
❍❡rr❛♠✐❡♥t❛ ▼✉❧t✐s✐♠✳
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❋✐❣✉r❛ ✸✳✷✾✿ ●❛♥❛♥❝✐❛ ❡♥ t❡♥s✐ó♥✳ AV = VRL/V1 ❢r❡♥t❡ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❛❝♦♣❧❛♠✐❡♥t♦ ❦ ✳ RL

✈❛r✐❛❜❧❡✳ ❚♦♣♦❧♦❣í❛ ❙✲P✳ ❍❡rr❛♠✐❡♥t❛ ▼✉❧t✐s✐♠✳

❋✐❣✉r❛ ✸✳✸✵✿ ●❛♥❛♥❝✐❛ ❡♥ ✐♥t❡♥s✐❞❛❞✳ AI = IRL/I1 ❢r❡♥t❡ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❛❝♦♣❧❛♠✐❡♥t♦ ❦✳ RL

✈❛r✐❛❜❧❡✳ ❚♦♣♦❧♦❣í❛ ❙✲P✳ ❍❡rr❛♠✐❡♥t❛ ▼✉❧t✐s✐♠✳
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❚❛❧ ② ❝♦♠♦ s❡ ♣✉❡❞❡ ❝♦♠♣r♦❜❛r✱ ❧♦s r❡s✉❧t❛❞♦s ♦❜t❡♥✐❞♦s ❞❡ ❢♦r♠❛ ❛♥❛❧ít✐❝❛ s♦♥ ❧♦s ♠✐s✲

♠♦s ❛ ❧♦s ♦❜t❡♥✐❞♦s ❝♦♥ ❧❛ s✐♠✉❧❛❝✐ó♥✳ ❉❡ ❡st❡ ♠♦❞♦✱ s❡ ✈❛❧✐❞❛ ❡❧ ❡st✉❞✐♦ ❛♥❛❧ít✐❝♦ r❡❛❧✐③❛❞♦

② ♣r❡s❡♥t❛❞♦✳
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❈❛♣ít✉❧♦ ✹

❘❡❝t✐✜❝❛❞♦r ② ✜❧tr♦

▲❛ t❡♥s✐ó♥ ✐♥❞✉❝✐❞❛ ❡♥ ❧❛ ❜♦❜✐♥❛ r❡❝❡♣t♦r❛ ❡s ❛❧t❡r♥❛✳ ❊s ♣♦r ❡❧❧♦ q✉❡ s❡ ♣r♦♣♦♥❡ ❡❧ ✉s♦

❞❡ ✉♥ ❝✐r❝✉✐t♦ r❡❝t✐✜❝❛❞♦r q✉❡✱ ❥✉♥t♦ ❝♦♥ ✉♥ ✜❧tr♦ ❞❡ s❛❧✐❞❛✱ ❧♦❣r❛rá ♦❜t❡♥❡r ✉♥❛ s❡ñ❛❧ ❞❡

s❛❧✐❞❛ ❝♦♥t✐♥✉❛ s✐♠✐❧❛r ❛ ❧❛ q✉❡ s❡ ♦❜t❡♥❞rí❛ ❞❡ ✉♥❛ ❢✉❡♥t❡ ❞❡ t❡♥s✐ó♥ ❝♦♥t✐♥✉❛✳

❍❛② ♠✉❧t✐t✉❞ ❞❡ té❝♥✐❝❛s ② ❝✐r❝✉✐t♦s ♣❛r❛ r❡❝t✐✜❝❛r ✉♥❛ s❡ñ❛❧ ❛❧t❡r♥❛ ❬✶❪✳ ❊♥ ❡st❡ ❝❛s♦✱

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

✐♠♣❧❡♠❡♥t❛❝✐ó♥✳

❊♥ ❧❛ ❋✐❣✉r❛ ✹✳✶ s❡ ♠✉❡str❛ ❡❧ ❝✐r❝✉✐t♦ r❡❝t✐✜❝❛❞♦r ♥♦ ❝♦♥tr♦❧❛❞♦ ❞❡ ♦♥❞❛ ❝♦♠♣❧❡t❛

♣r♦♣✉❡st♦✳

❚❛❧ ② ❝♦♠♦ s❡ ♣✉❡❞❡ ♦❜s❡r✈❛r ❡♥ ❧❛ ❋✐❣✉r❛ ✹✳✷✱ ❧♦s ❞✐♦❞♦s ❉✶ ② ❉✷ s♦❧♦ ❝♦♥❞✉❝❡♥ ❝✉❛♥❞♦

❧❛ t❡♥s✐ó♥ ❞❡ ❡♥tr❛❞❛ ❡s ♣♦s✐t✐✈❛ ②✱ ❉✸ ② ❉✹ ❝✉❛♥❞♦ ❡s ♥❡❣❛t✐✈❛✳ ❉❡❜✐❞♦ ❛ ❧❛ ❢♦r♠❛ ❡♥ ❧❛ q✉❡

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

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

❛ ❧❛ ❝❛í❞❛ ❞❡ t❡♥s✐ó♥ ❞❡ ❧♦s ❞✐♦❞♦s ❝✉❛♥❞♦ ❝♦♥❞✉❝❡♥✳

✻✺
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❋✐❣✉r❛ ✹✳✶✿ ❊sq✉❡♠❛ ❞❡❧ ❝✐r❝✉✐t♦ r❡❝t✐✜❝❛❞♦r ♥♦ ❝♦♥tr♦❧❛❞♦ ❞❡ ♦♥❞❛ ❝♦♠♣❧❡t❛✳

❋✐❣✉r❛ ✹✳✷✿ ❚❡♥s✐ó♥ ❞❡ ❡♥tr❛❞❛ ② s❛❧✐❞❛ ❞❡❧ ❝✐r❝✉✐t♦ r❡❝t✐✜❝❛❞♦r✳ ❙✐♠✉❧❛❝✐ó♥ ❝♦♥ ❧❛ ❤❡rr❛✲
♠✐❡♥t❛ ▼✉❧t✐s✐♠✳
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✹✳✶✳ ❊✜❝✐❡♥❝✐❛ ❞❡❧ r❡❝t✐✜❝❛❞♦r

❊♥ ❡st❡ ❛♣❛rt❛❞♦ s❡ ♦❜t✐❡♥❡ ❧❛ ❡✜❝✐❡♥❝✐❛ ❞❡❧ r❡❝t✐✜❝❛❞♦r ♣r♦♣✉❡st♦✳ P❛r❛ ❡❧❧♦✱ s❡ ❞❡❜❡

♦❜t❡♥❡r ❡♥ ♣r✐♠❡r ❧✉❣❛r ❧❛ t❡♥s✐ó♥ ❞❡ s❛❧✐❞❛ ♠❡❞✐❛ q✉❡ s❡ ✐❞❡♥t✐✜❝❛ ❝♦♥ ❡❧ s✉❜í♥❞✐❝❡ ❛✈❣ ② ❧❛

❡✜❝❛③✱ ❝♦♥ ❡❧ s✉❜í♥❞✐❝❡ r♠s✳

▲♦s ❝á❧❝✉❧♦s s❡ r❡❛❧✐③❛♥ ♣❛r❛ t❡♥s✐ó♥ ❞❡ ❡♥tr❛❞❛ s❡♥♦✐❞❛❧ ♣✉r❛ ✭❋✐❣✉r❛ ✹✳✸✮✳ ❙❡ ♣❛rt❡ ❞❡

❋✐❣✉r❛ ✹✳✸✿ ❚❡♥s✐ó♥ ❞❡ ❡♥tr❛❞❛ ❛❧ r❡❝t✐✜❝❛❞♦r ❞❡ ❛♠♣❧✐t✉❞ Vm✳

❧❛ ❡①♣r❡s✐ó♥ ❣❡♥❡r❛❧ ♣❛r❛ ❧❛ ♦❜t❡♥❝✐ó♥ ❞❡ ❧❛ t❡♥s✐ó♥ ♠❡❞✐❛ ❞❡ ✉♥❛ s❡ñ❛❧ ♣❡r✐ó❞✐❝❛✳

Vavg =
1

T

∫ T

0

v(ωt)d(ωt) ✭✹✳✶✮

❊❧ ♣❡r✐♦❞♦ ❞❡ ❧❛ s❡ñ❛❧ ❞❡ s❛❧✐❞❛ ❡s π ②✱ ❧❛ ❛♠♣❧✐t✉❞ Vm✳ ▲❛ t❡♥s✐ó♥ ❞❡ s❛❧✐❞❛ r❡❝t✐✜❝❛❞❛✱

s❡ ♠✉❡str❛ ❡♥ ❧❛ ❋✐❣✉r❛ ✹✳✹✳

Vavg =
1

T

∫ T

0

v(ωt)d(ωt) ✭✹✳✷✮
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❋✐❣✉r❛ ✹✳✹✿ ❚❡♥s✐ó♥ ❞❡ s❛❧✐❞❛ r❡❝t✐✜❝❛❞❛✳ s❡ñ❛❧ s❡♥♦✐❞❛❧ ❞❡ ❛♠♣❧✐t✉❞ Vm

P❛r❛ ❧❛ ❢♦r♠❛ ❞❡ ♦♥❞❛ ❞❡ s❛❧✐❞❛✿

Vavg =
1

π

∫ π

0

Vmsen(ωt)d(ωt) = ✭✹✳✸✮

=
1

π
[−Vmcos(ωt)]

π

0 =

=
1

π
[−Vmcos(π) + Vmcos(0)] =

=
1

π
[2 · Vm] =

=
2 · V m

π

❯♥❛ ✈❡③ q✉❡ s❡ ❤❛ ♦❜t❡♥✐❞♦ ❧❛ t❡♥s✐ó♥ ♠❡❞✐❛ ❞❡ ❧❛ s❛❧✐❞❛✱ s❡ ❝❛❧❝✉❧❛ ❧❛ t❡♥s✐ó♥ ❡✜❝❛③ ❞❡

❧❛ s❛❧✐❞❛✳ ❙❡ ♣❛rt❡ ❞❡ ❧❛ ❡①♣r❡s✐ó♥ ❣❡♥❡r❛❧✿

Vrms =

√

1

T

∫ T

0

(v(ωt))2d(ωt) ✭✹✳✹✮
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P❛r❛ ❧❛ ❢♦r♠❛ ❞❡ ♦♥❞❛ ❞❡ s❛❧✐❞❛✿

Vrms =

√

1

π

∫ π

0

V 2
msen(ωt)

2d(ωt) =

√

V 2
m

π

[
∫ π

0

1

2
− 1

2
cos(2ωt)d(ωt)

]

= ✭✹✳✺✮

=

√

V 2
m

π

[

1

2

∫ π

0

d(ωt)− 1

2

∫ π

0

cos(2ωt)d(ωt)

]

=

=

√

V 2
m

π

[

1

2
[π]− 1

2

[

1

2
sen(2π)− 1

2
sen(0)

]]

=

=

√

V 2
m

π
· π
2
=

Vm√
2

▲❛ ❡✜❝✐❡♥❝✐❛ ❞❡❧ r❡❝t✐✜❝❛❞♦r s❡ ❝❛❧❝✉❧❛ ❝♦♠♦ ❡❧ ❝♦❝✐❡♥t❡ ❡♥tr❡ ❧❛ ♣♦t❡♥❝✐❛ ♠❡❞✐❛ ② ❧❛

❡✜❝❛③✿

Pavg = Vavg · Iavg =
2Vm

π
· 2Vm

πR
=

4V 2
m

π2R
✭✹✳✻✮

Prms = Vrms · Irms =
Vm√
2
· Vm√

2R
=

V 2
m

2R
✭✹✳✼✮

▲❛ ❡✜❝✐❡♥❝✐❛ η ❞❡❧ r❡❝t✐✜❝❛❞♦r✿

η =
Pavg

Prms

=
4V 2

m

π2R

V 2
m

2R

=
8RV 2

m

π2RV 2
m

=
8

π2
≈ 0, 81 ✭✹✳✽✮

✹✳✷✳ ❋✐❧tr♦ ❞❡ s❛❧✐❞❛✳ ❆♥á❧✐s✐s✳

▲❛ ❢♦r♠❛ ❞❡ ♦♥❞❛ ❞❡ ❧❛ s❡ñ❛❧ ❞❡ s❛❧✐❞❛✱ ❛ ♣❡s❛r ❞❡ s❡r s✐❡♠♣r❡ ♣♦s✐t✐✈❛✱ ♥♦ s❡ ♣❛r❡❝❡ ❛ ❧❛

❢♦r♠❛ ❞❡ ♦♥❞❛ q✉❡ s❡ ♦❜t✐❡♥❡ ❞❡ ✉♥❛ ❢✉❡♥t❡ ❞❡ t❡♥s✐ó♥ ❞❡ ❝♦♥t✐♥✉❛✳ ❊s ♣♦r ❡s♦ q✉❡ ❡s ♥❡❝❡s❛r✐♦
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❡❧ ✉s♦ ❞❡ ✉♥ ✜❧tr♦ ❞❡ s❛❧✐❞❛ ♣❛r❛ ✬s✉❛✈✐③❛r✬ ❞✐❝❤❛ s❡ñ❛❧✳ ❊♥ ❡st❡ ❛♣❛rt❛❞♦ s❡ r❡❛❧✐③❛rá♥

❧♦s ❝á❧❝✉❧♦s ♥❡❝❡s❛r✐♦s ♣❛r❛ ❧❛ ✐♥❝♦r♣♦r❛❝✐ó♥ ❞❡ ✉♥ ✜❧tr♦ ❝❛♣❛❝✐t✐✈♦ ❬✶✷❪✳ ❊❧ ❡sq✉❡♠❛ ❞❡❧

❋✐❣✉r❛ ✹✳✺✿ ❈✐r❝✉✐t♦ r❡❝t✐✜❝❛❞♦r ❝♦♥ ✜❧tr♦ ❝❛♣❛❝✐t✐✈♦ ❞❡ s❛❧✐❞❛✳

r❡❝t✐✜❝❛❞♦r ❝♦♥ ❡❧ ✜❧tr♦ ❞❡ s❛❧✐❞❛ s❡ ♠✉❡str❛ ❡♥ ❧❛ ❋✐❣✉r❛ ✹✳✺✳ ❊❧ ♣r✐♥❝✐♣✐♦ ❞❡ ❢✉♥❝✐♦♥❛♠✐❡♥t♦

s❡ ❞❡t❛❧❧❛ ❛ ❝♦♥t✐♥✉❛❝✐ó♥✿

❋✐❣✉r❛ ✹✳✻✿ ❙❡ñ❛❧ ❞❡ s❛❧✐❞❛ r❡❝t✐✜❝❛❞❛ ② ✜❧tr❛❞❛✳ ❉❡s❝r✐♣❝✐ó♥ ❞❡ ♣❛rá♠❡tr♦s✳

P❛r❛ ❡❧ ❛♥á❧✐s✐s ✐♥✐❝✐❛❧ s❡ ❝♦♥s✐❞❡r❛ ♥✉❧❛ ❧❛ ❝❛í❞❛ ❞❡ t❡♥s✐ó♥ ❡♥ ❧♦s ❞✐♦❞♦s ❞❡❧ r❡❝t✐✜❝❛❞♦r

② ❝❛r❣❛ r❡s✐st✐✈❛✱ ♣♦r ❧♦ q✉❡ ❧❛ t❡♥s✐ó♥ ♠á①✐♠❛ ❛❧❝❛♥③❛❞❛ ❡♥ ❧❛ s❛❧✐❞❛ ❡s Vm✳ ❊❧ ❝♦♥❞❡♥s❛❞♦r

s❡ ❝❛r❣❛ ✐♥✐❝✐❛❧♠❡♥t❡ ❤❛st❛ ❧❛ t❡♥s✐ó♥ ♠á①✐♠❛ Vm✳ ❯♥❛ ✈❡③ ♣❛s❛❞❛ ❧❛ t❡♥s✐ó♥ ♠á①✐♠❛✱ ❧❛

t❡♥s✐ó♥ ❞❡ ❡♥tr❛❞❛ ❝♦♠✐❡♥③❛ ❛ ❞✐s♠✐♥✉✐r ❤❛st❛ ❧❧❡❣❛r ✉♥ ✐♥st❛♥t❡ ❡♥ ❡❧ q✉❡ ❡s ♠❡♥♦r q✉❡ ❧❛
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❞❡ s❛❧✐❞❛ ②❛ q✉❡ ❡❧ ❝♦♥❞❡♥s❛❞♦r s❡ ✐rá ❞❡s❝❛r❣❛♥❞♦ ❛ tr❛✈és ❞❡ ❧❛ r❡s✐st❡♥❝✐❛ ❞❡ ❝❛r❣❛✳ ❊♥ ❡s❡

✐♥st❛♥t❡✱ ❧♦s ❞✐♦❞♦s q✉❡❞❛♥ ♣♦❧❛r✐③❛❞♦s ✐♥✈❡rs❛♠❡♥t❡ ② q✉❡❞❛ ❛✐s❧❛❞❛ ❧❛ ❝❛r❣❛ ❞❡❧ ❣❡♥❡r❛❞♦r✳

Vout(ωt) =















|Vmsen(ωt)| ❉✐♦❞♦s ❡♥ ❝♦♥❞✉❝❝✐ó♥

Vθe
−

(ωt−θ)
ωRC ❉✐♦❞♦s ❡♥ ❝♦rt❡

✭✹✳✾✮

❉♦♥❞❡✿

Vθ = Vmsen(θ) ✭✹✳✶✵✮

P❛r❛ ♦❜t❡♥❡r ❡❧ á♥❣✉❧♦ θ ❡♥ ❡❧ q✉❡ ❧❛ t❡♥s✐ó♥ ❞❡ s❛❧✐❞❛ q✉❡❞❛ ❞❡✜♥✐❞❛ ♣♦r ❧❛ ❡❝✉❛❝✐ó♥ ❞❡

❞❡s❝❛r❣❛ ❞❡❧ ❝♦♥❞❡♥s❛❞♦r✱ s❡ ✐❣✉❛❧❛♥ ❧❛s ♣❡♥❞✐❡♥t❡s ❞❡ ❛♠❜❛s ❡①♣r❡s✐♦♥❡s✳ ❉❡ ❡st❡ ♠♦❞♦✿

P❛r❛ ❧♦s ❞✐♦❞♦s ❡♥ ❝♦♥❞✉❝❝✐ó♥✿

d

d(ωt)
(Vmsen(ωt)) = Vmcos(ωt) ✭✹✳✶✶✮

P❛r❛ ❧♦s ❞✐♦❞♦s ❡♥ ❝♦rt❡✿

d

d(ωt)
(Vmsen(θ)e

−
(ωt−θ)
ωRC ) = Vmsen(θ)

(

− 1

ωRC

)

e
(ωt−θ)
ωRC ✭✹✳✶✷✮
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❊♥ θ ❧❛s ♣❡♥❞✐❡♥t❡s ❞❡ ❛♠❜❛s ❢✉♥❝✐♦♥❡s ❞❡ t❡♥s✐ó♥ s♦♥ ✐❣✉❛❧❡s✿

Vmcos(θ) = −Vmsen(θ)

ωRC
e−

θ−θ

ωRC = −Vmsen(θ)

ωRC
✭✹✳✶✸✮

Vmcos(θ)

Vmsen(θ)
= − 1

ωRC
✭✹✳✶✹✮

1

tan(θ)
= − 1

ωRC
✭✹✳✶✺✮

❋✐♥❛❧♠❡♥t❡✱ s❡ ♦❜t✐❡♥t❡ ❡❧ á♥❣✉❧♦ θ✿

θ = −tan−1(ωRC) + π ✭✹✳✶✻✮

❈✉❛♥❞♦ ❧❛ t❡♥s✐ó♥ ❞❡ ❡♥tr❛❞❛ ❛❧❝❛♥③❛ ❡❧ ✈❛❧♦r ❞❡ ❧❛ t❡♥s✐ó♥ ❞❡ s❛❧✐❞❛ ❡♥ ❡❧ s✐❣✉✐❡♥t❡

♣❡r✐♦❞♦✱ ❧♦s ❞✐♦❞♦s ✈✉❡❧✈❡♥ ❛ ♣♦❧❛r✐③❛rs❡ ❡♥ ❞✐r❡❝t❛ ② ❧❛ t❡♥s✐ó♥ ❞❡ s❛❧✐❞❛ ♣❛s❛ ❛ s❡r ❧❛ ❞❡❧

❣❡♥❡r❛❞♦r✳ ❊❧ á♥❣✉❧♦ ❡♥ ❡❧ q✉❡ ❧♦s ❞✐♦❞♦s ❝♦♥❞✉❝❡♥ ❡♥ ❡❧ s❡❣✉♥❞♦ ♣❡r✐♦❞♦ ❡s π + α✳ P❛r❛

♦❜t❡♥❡r ❡❧ á♥❣✉❧♦ α s❡ ❞❡❜❡ r❡s♦❧✈❡r ♥✉♠ér✐❝❛♠❡♥t❡ ♠❡❞✐❛♥t❡ ❧❛ s✐❣✉✐❡♥t❡ ❡①♣r❡s✐ó♥✿

−Vmsen(π + α) = Vmsen(θ)e
−

π+α−θ

ωRC ✭✹✳✶✼✮

❋✐♥❛❧♠❡♥t❡✱ s❡ ❞❡✜♥❡ ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡ t❡♥s✐ó♥ ❝♦♠♦ ❞✐❢❡r❡♥❝✐❛ ❡♥tr❡ ❡❧ ✈❛❧♦r ♠á①✐♠♦ ②

♠í♥✐♠♦ ❞❡ ❧❛ t❡♥s✐ó♥ ❞❡ s❛❧✐❞❛ tr❛s s❡r ✜❧tr❛❞❛✳

∆Vout = Vm − |Vmsen(π + α)| = Vm(1− sen(α)) ✭✹✳✶✽✮



✹✳✸✳ ❉■▼❊◆❙■❖◆❆▼■❊◆❚❖ ❉❊▲ ❈❖◆❉❊◆❙❆❉❖❘ ✼✸

✹✳✸✳ ❉✐♠❡♥s✐♦♥❛♠✐❡♥t♦ ❞❡❧ ❝♦♥❞❡♥s❛❞♦r

❆ ❝♦♥t✐♥✉❛❝✐ó♥✱ s❡ ❞❡s❛rr♦❧❧❛ ❡❧ ♣r♦❝❡❞✐♠✐❡♥t♦ s❡❣✉✐❞♦ ♣❛r❛ ❡❧ ❞✐♠❡♥s✐♦♥❛♠✐❡♥t♦ ❞❡❧

❝♦♥❞❡♥s❛❞♦r Cfilter✳

P❛r❛ ❧❛ ♦❜t❡♥❝✐ó♥ ❞❡❧ ✈❛❧♦r ❞❡❧ ❝♦♥❞❡♥s❛❞♦r ♥❡❝❡s❛r✐♦ ♣❛r❛ ✉♥❛ ❝❛í❞❛ ❞❡ t❡♥s✐ó♥ ♠á①✐♠❛

r❡q✉❡r✐❞❛ ❡♥ ❧❛ s❡ñ❛❧ ❞❡ s❛❧✐❞❛✱ s❡ r❡❛❧✐③❛♥ ✈❛r✐❛s s✐♠♣❧✐✜❝❛❝✐♦♥❡s ♣❛r❛ ❢❛❝✐❧✐t❛r ❞✐❝❤♦ ❝á❧❝✉❧♦✳

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

❛❧❝❛♥③❛ ❧❛ t❡♥s✐ó♥ ♠á①✐♠❛ ②✱ ❡♥ s❡❣✉♥❞♦ ❧✉❣❛r✱ q✉❡ ❝♦♥❞✉❝❡ ❞✉r❛♥t❡ ✉♥ ♣❡r✐♦❞♦ ❝♦♠♣❧❡t♦✳

❉❡ ❡st❡ ♠♦❞♦✿ α = θ = π
2
✳

∆Vout = Vm − Vme
−

π

ωRC = Vm

(

1− e−
π

ωRC

)

✭✹✳✶✾✮

❉❡s♣❡❥❛♥❞♦ ❈✿

C = − π

ω ·R · ln
(

1− ∆Vout

Vm

) = − π

2πf ·R · ln
(

1− ∆Vout

Vm

) ✭✹✳✷✵✮

❊s ♥❡❝❡s❛r✐♦ ❞❡st❛❝❛r q✉❡ ❡♥ ❡st❡ ❝❛s♦ ❡s ♥❡❝❡s❛r✐♦ t❡♥❡r ❡♥ ❝✉❡♥t❛ ❧❛ ❝❛í❞❛ ❞❡ t❡♥s✐ó♥ ❞❡

❧♦s ❞✐♦❞♦s ②❛ q✉❡ r❡❞✉❝✐rá ❧❛ t❡♥s✐ó♥ ♠á①✐♠❛ ❞❡ ❧❛ s❛❧✐❞❛✳ P❛r❛ ✉♥❛ ❝❛í❞❛ ❞❡ t❡♥s✐ó♥ ❞❡❧ ✶✪

❡♥tr❡ ❡❧ ♠á①✐♠♦ ② ❡❧ ♠í♥✐♠♦ ❞❡ ❧❛ t❡♥s✐ó♥ ❞❡ s❛❧✐❞❛✱ ❢r❡❝✉❡♥❝✐❛ ❞❡ 100 kHz ② r❡s✐st❡♥❝✐❛ ❞❡

❝❛r❣❛ ❞❡ 10 Ω ✿

C = − π

2π100kHz · 10Ω · ln
(

1− (15V−2·0,85V )·0,01
(15V−2·0,85V )

) = ✭✹✳✷✶✮

= 49, 75µH ≈ 50µH
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❊❧ ✈❛❧♦r ❞❡❧ ❝♦♥❞❡♥s❛❞♦r s❡ ❤❛ ♦❜t❡♥✐❞♦ ♣❛r❛ ✉♥❛ r❡s✐st❡♥❝✐❛ ❞❡ ❝❛r❣❛ r❡❞✉❝✐❞❛ ②❛ q✉❡✱

❝♦♥ ✉♥ ✈❛❧♦r ❞❡ ❘ ♣❡q✉❡ñ♦✱ ❧❛ ❝♦♥st❛♥t❡ ❞❡ t✐❡♠♣♦ ❡s ♠❡♥♦r ②✱ ♣♦r t❛♥t♦✱ ❡①✐st❡ ♠❛②♦r ❝❛í❞❛

❞❡ t❡♥s✐ó♥ ❡♥tr❡ ♣❡r✐♦❞♦s ❞❡ ❧❛ s❡ñ❛❧ ❞❡ s❛❧✐❞❛✳

❊♥ ❧❛ ❋✐❣✉r❛ ✹✳✼ s❡ ♦❜s❡r✈❛ ❧❛ s❡ñ❛❧ ❞❡ s❛❧✐❞❛ ✜❧tr❛❞❛ ❝♦♥ ❡❧ ✈❛❧♦r ❞❡ ❝♦♥❞❡♥s❛❞♦r ❝❛❧✲

❝✉❧❛❞♦✳ ❙❡ ♣✉❡❞❡ ❝♦♠♣r♦❜❛r q✉❡ ❧❛ ❝❛í❞❛ ❞❡ t❡♥s✐ó♥ ❡♥ ❧❛ s❡ñ❛❧ ❞❡ s❛❧✐❞❛ ❡♥tr❡ ♣❡r✐♦❞♦s ❡s

❞❡ 0, 115 V q✉❡ ❡s ♠❡♥♦r ❛❧ r❡q✉❡r✐❞♦ (0, 133 V )✳ ❉❡ ❡st❡ ♠♦❞♦✱ s❡ ❝♦♠♣r✉❡❜❛ q✉❡ ❡❧ ✜❧tr♦

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

❋✐❣✉r❛ ✹✳✼✿ ❙❡ñ❛❧ ❞❡ s❛❧✐❞❛ r❡❝t✐✜❝❛❞❛ ② ✜❧tr❛❞❛✳❙✐♠✉❧❛❝✐ó♥ ❝♦♥ ❧❛ ❤❡rr❛♠✐❡♥t❛ ▼✉❧t✐s✐♠✳



❈❛♣ít✉❧♦ ✺

▲í♥❡❛s ❢✉t✉r❛s ❞❡ ✐♥✈❡st✐❣❛❝✐ó♥

❚r❛s ❤❛❜❡r ♣r❡s❡♥t❛❞♦ ② ❞❡s❛rr♦❧❧❛❞♦ ❝❛❞❛ ✉♥❛ ❞❡ ❧❛s ♣❛rt❡s ♥❡❝❡s❛r✐❛s ♣❛r❛ ♣♦❞❡r ❝♦♠✲

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

❞❡ ✐♥✈❡st✐❣❛❝✐ó♥✳

❉✐s❡ñ♦ ❡ ✐♠♣❧❡♠❡♥t❛❝✐ó♥ ❞❡❧ ❝♦♥tr♦❧ ❞❡ ♣♦t❡♥❝✐❛ ♣❛r❛ ❣❛r❛♥t✐③❛r ❡❧ ♥✐✈❡❧ ❞❡ t❡♥s✐ó♥

r❡q✉❡r✐❞♦ ❡♥ ❧❛ ❝❛r❣❛ t❡♥✐❡♥❞♦ ❡♥ ❝✉❡♥t❛ ❡❧ ❛♥á❧✐s✐s ②❛ r❡❛❧✐③❛❞♦ ❡♥ ❡❧ ♣r❡s❡♥t❡ tr❛❜❛❥♦✳

❆♥á❧✐s✐s ❞❡ ❧❛s ❝❛r❛❝t❡ríst✐❝❛s ❝♦♥str✉❝t✐✈❛s ❞❡❧ ❛❝♦♣❧❛♠✐❡♥t♦ ♠❛❣♥ét✐❝♦ ❝♦♠♦ ♣♦❞rí❛ s❡r

❡❧ ❛♥á❧✐s✐s ❞❡❧ t✐♣♦ ❞❡ ❤✐❧♦ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❧❛ ❝♦♥str✉❝❝✐ó♥ ❞❡ ❧❛s ❜♦❜✐♥❛s✳ ❊♥ ❡st❡ t✐♣♦ ❞❡

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

✭s❦✐♥ ❡✛❡❝t✮ ② ❡❧ ❞❡ ♣r♦①✐♠✐❞❛❞ ✭♣r♦①✐♠✐t② ❡✛❡❝t✮ q✉❡ t✐❡♥❡♥ ✐♥✢✉❡♥❝✐❛ ❡♥ ❡❧ r❡♥❞✐♠✐❡♥t♦

❞❡❧ ❛❝♦♣❧❛♠✐❡♥t♦✳ ❊❧ ✉s♦ ❞❡ ❝♦♥❞✉❝t♦r❡s ♠✉❧t✐✜❧❛r❡s ❛✐s❧❛❞♦s ✭❍✐❧♦ ❞❡ ▲✐t③✮ ❡s ❝❛❞❛ ✈❡③ ♠ás

❝♦♠ú♥ ♣❛r❛ ❡✈✐t❛r ❞✐❝❤♦s ❡❢❡❝t♦s✳

✼✺
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❆♥❡①♦ ❆

❆♥á❧✐s✐s ❡❧é❝tr✐❝♦✳ ❚♦♣♦❧♦❣í❛s ❙✲❙ ② ❙✲P✳

❆✳✶✳ ❚♦♣♦❧♦❣í❛ ❙✲❙

❋✐❣✉r❛ ❆✳✶✿ ❊sq✉❡♠❛ ❡❧é❝tr✐❝♦ ❙✲❙ ♣❛r❛ tr❛♥s♠✐s✐ó♥ ❞❡ ❡♥❡r❣í❛ ❡❧é❝tr✐❝❛

❊♥ ❧❛ ❋✐❣✉r❛ ❆✳✶ s❡ ♠✉❡str❛ ❡❧ ❡sq✉❡♠❛ ❡❧é❝tr✐❝♦ ❞❡ ❧❛ t♦♣♦❧♦❣í❛ ❙✲❙ ♣❛r❛ ❧❛ tr❛♥s♠✐s✐ó♥

❞❡ ❡♥❡r❣í❛ ❡❧é❝tr✐❝❛✳ P❛r❛ ❛♥❛❧✐③❛r ❡❧ ❝✐r❝✉✐t♦✱ s❡ r❡❛❧✐③❛ ♣♦r ♠❡❞✐♦ ❞❡❧ ♠♦❞❡❧♦ ❡♥ ❚ ❞❡❧ ♠✐s♠♦✳

❋✐❣✉r❛ ❆✳✷✿ ▼♦❞❡❧♦ ❡♥ ❚✳ ❚♦♣♦❧♦❣í❛ ❙✲❙✳

✼✼
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❆ ❝♦♥t✐♥✉❛❝✐ó♥✱ s❡ r❡❛❧✐③❛ ❡❧ ❛♥á❧✐s✐s ❡❧é❝tr✐❝♦ ❞❡❧ ❡sq✉❡♠❛ ❞❡ ❧❛ ❋✐❣✉r❛ ❆✳✷✳ ❆♣❧✐❝❛♥❞♦

❧❛ ▲❡② ❞❡ ❑✐r❝❤❤♦✛ ❞❡ ♠❛❧❧❛s✿

V1 = (R1 +
1

jωC1

+ jωL1 − jωLm + jωLm) · I1 − (jωLm) · I2 ✭❆✳✶✮

0 = −(jωLm) · I1 + (jωLm + jωL2 − jωLm +
1

jωC2

+R2 +RL) · I2 ✭❆✳✷✮

❙❡ q✉✐❡r❡ ♦❜t❡♥❡r ❧❛ ✐♠♣❡❞❛♥❝✐❛ ✈✐st❛ ❞❡s❞❡ ❧❛ ❡♥tr❛❞❛ V1/I1✳ ❙❡ ❞❡s♣❡❥❛ I2 ❞❡ ❧❛ ❡❝✉❛❝✐ó♥

✭❆✳✷✮✳

I2 =
jωLm

jωL2 +
1

jωC2

+R2 +RL

· I1 ✭❆✳✸✮

❙❡ s✉st✐t✉②❡ ❡♥ ❧❛ ❡❝✉❛❝✐ó♥ ✭❆✳✶✮✿

V1 = (R1 +
1

jωC1

+ jωL1) · I1 − (jωLm) · jωLm

jωL2 +
1

jωC2

+R2 +RL

· I1 ✭❆✳✹✮
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V1

I1
= (R1 +

1

jωC1

+ jωL1) +
ω2L2

m

jωL2 +
1

jωC2

+R2 +RL

= ✭❆✳✺✮

=
jωR1C1 + 1− ω2L1C1

jωC1

+
ω2L2

m

−ω2L2C2+1+jωR2C2+jωRLC2

jωC2

=

=
jωR1C1 + 1− ω2L1C1

jωC1

+
jω3L2

mC2

(1− ω2L2C2) + (jωC2(R2 +RL))
=

= R1 −
j

ωC1

+ jωL1 +
jω3L2

mC2

(1− ω2L2C2) + (jωC2(R2 +RL))

· (1− ω2L2C2)− (jωC2(R2 +RL))

(1− ω2L2C2)− (jωC2(R2 +RL))
=

= R1 −
j

ωC1

+ jωL1 +
jω3L2

mC2(1− ω2L2C2) + ω4L2
mC2

2 (R2 +RL)

(1− ω2L2C2)2 + (ωC2(R2 +RL))2
=

= R1 +
ω4L2

mC2
2 (R2 +RL)

(1− ω2L2C2)2 + (ωC2(R2 +RL))2
+

j

[

ωL1 −
1

ωC1

+
ω3L2

mC2(1− ω2L2C2)

(1− ω2L2C2)2 + (ωC2(R2 +RL))2

]

❆ ❝♦♥t✐♥✉❛❝✐ó♥✱ s❡ ✐❣✉❛❧❛ ❛ ❝❡r♦ ❧❛ ♣❛rt❡ ✐♠❛❣✐♥❛r✐❛ ❞❡ ❧❛ ❡①♣r❡s✐ó♥ ♦❜t❡♥✐❞❛ ✭❆✳✺✮ ♣❛r❛

♦❜t❡♥❡r ❧❛s ❢r❡❝✉❡♥❝✐❛s ❛ ❧❛s q✉❡ r❡s✉❡♥❛ ❡❧ ❝✐r❝✉✐t♦✳

Xeq = ωL1 −
1

ωC1

+
ω3L2

mC2(1− ω2L2C2)

(1− ω2L2C2)2 + (ωC2(R2 +RL))2
= ✭❆✳✻✮

=
ω2L1C1 − 1

ωC1

+
ω3L2

mC2 − ω5L2
mL2C

2
2

(1− ω2L2C2)2 + (ωC2(R2 +RL))2
=

=

[

ω2L1C1 − 1
] [

(1− ω2L2C2)
2 + (ωC2(R2 +RL))

2
]

+ ω4L2
mC1C2 − ω6L2

mL2C1C
2
2

[ωC1] [(1− ω2L2C2)2 + (ωC2(R2 +RL))2]
=

=
ω2L1C1 + ω6L1L

2
2C1C

2
2 − 2ω4L1L2C1C2 + ω4L1C1C

2
2 (R2 +RL)

2 − 1− ω4L2
2C

2
2

[ωC1] [(1− ω2L2C2)2 + (ωC2(R2 +RL))2]
+

+
2ω2L2C2 − ω2C2

2 (R2 +RL)
2 + ω4L2

mC1C2 − ω6L2
mL2C1C

2
2

[ωC1] [(1− ω2L2C2)2 + (ωC2(R2 +RL))2]
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❙❡ ✐❣✉❛❧❛ ❛ ❝❡r♦ ❡❧ ♥✉♠❡r❛❞♦r ❞❡ ❧❛ r❡❛❝t❛♥❝✐❛ ♣❛r❛ ♦❜t❡♥❡r ❧❛s r❛í❝❡s ❞❡ ω✳

ω6(L1L
2
2C1C

2
2 − L2

mL2C1C
2
2 ) + ω4(L2

mC1C2 − L2
2C

2
2 + L1C1C

2
2 (R2 +RL)

2 − 2L1L2C1C2)+

+ ω2(L1C1 − C2
2 (R2 +RL)

2 + 2L2C2)− 1 = 0 ✭❆✳✼✮

▲❛s ❢r❡❝✉❡♥❝✐❛s ❞❡ r❡s♦♥❛♥❝✐❛ s♦♥ ❧❛s r❛í❝❡s r❡❛❧❡s ❞❡ ❧❛ ❡❝✉❛❝✐ó♥ ✭❆✳✼✮✳

❆✳✷✳ ❚♦♣♦❧♦❣í❛ ❙✲P

❋✐❣✉r❛ ❆✳✸✿ ❊sq✉❡♠❛ ❡❧é❝tr✐❝♦ ❙✲P ♣❛r❛ tr❛♥s♠✐s✐ó♥ ❞❡ ❡♥❡r❣í❛ ❡❧é❝tr✐❝❛

❊♥ ❧❛ ❋✐❣✉r❛ ❆✳✸ s❡ ♠✉❡str❛ ❡❧ ❡sq✉❡♠❛ ❡❧é❝tr✐❝♦ ❞❡ ❧❛ t♦♣♦❧♦❣í❛ ❙✲P ♣❛r❛ ❧❛ tr❛♥s♠✐s✐ó♥

❞❡ ❡♥❡r❣í❛ ❡❧é❝tr✐❝❛✳ P❛r❛ ❛♥❛❧✐③❛r ❡❧ ❝✐r❝✉✐t♦✱ s❡ r❡❛❧✐③❛ ♣♦r ♠❡❞✐♦ ❞❡❧ ♠♦❞❡❧♦ ❡♥ ❚ ❞❡❧ ♠✐s♠♦✳

❋✐❣✉r❛ ❆✳✹✿ ▼♦❞❡❧♦ ❡♥ ❚✳ ❚♦♣♦❧♦❣í❛ ❙✲P✳

❆ ❝♦♥t✐♥✉❛❝✐ó♥✱ s❡ r❡❛❧✐③❛ ❡❧ ❛♥á❧✐s✐s ❡❧é❝tr✐❝♦ ❞❡❧ ❡sq✉❡♠❛ ❞❡ ❧❛ ❋✐❣✉r❛ ❆✳✹✳ ❆♣❧✐❝❛♥❞♦

❧❛ ▲❡② ❞❡ ❑✐r❝❤❤♦✛ ❞❡ ♠❛❧❧❛s✿

V1 = (R1 +
1

jωC1

+ jωL1 − jωLm + jωLm) · I1 − (jωLm) · I2 ✭❆✳✽✮

0 = −(jωLm) · I1 + (jωLm + jωL2 − jωLm +R2 +
RL

1 + jωC2RL

) · I2 ✭❆✳✾✮
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❙❡ q✉✐❡r❡ ♦❜t❡♥❡r ❧❛ ✐♠♣❡❞❛♥❝✐❛ ✈✐st❛ ❞❡s❞❡ ❧❛ ❢✉❡♥t❡ V1/I1✳ ❙❡ ❞❡s♣❡❥❛ I2 ❞❡ ❧❛ ❡①♣r❡s✐ó♥

✭❆✳✾✮✳

I2 =
jωLm

R2 + jωL2 +
RL

jωRLC2+1

· I1 ✭❆✳✶✵✮

❙❡ s✉st✐t✉②❡ ❡♥ ❧❛ ❡❝✉❛❝✐ó♥ ✭❆✳✽✮✳

V1 = (R1 +
1

jωC1

+ jωL1) · I1 − (jωLm)
jωLm

R2 + jωL2 +
RL

jωRLC2+1

· I1 ✭❆✳✶✶✮

❙❡ ♦❜t✐❡♥❡ V1/I1✿

V1

I1
= R1 +

1

jωC1

+ jωL1 +
ω2L2

m

RL + jωL2 +
RL

jωRLC2+1

= ✭❆✳✶✷✮

= R1 −
j

ωC1

+ jωL1 +
ω2L2

m

jωR2RLC2+R2−ω2RLC2L2+jωL2+RL

jωRLC2+1

=

= R1 −
j

ωC1

+ jωL1 +
jω3L2

mRLC2 + ω2L2
m

(R2 +RL − ω2RLC2L2) + (jω(R2RLC2 + L2))
=

= R1 −
j

ωC1

+ jωL1 +
jω3L2

mRLC2 + ω2L2
m

(R2 +RL − ω2RLC2L2) + (jω(R2RLC2 + L2))
·

· (R2 +RL − ω2RLC2L2)− (jω(R2RLC2 + L2))

(R2 +RL − ω2RLC2L2)− (jω(R2RLC2 + L2))
=

= R1 −
j

ωC1

+ jωL1 +

[

jω3L2
mRLC2 + ω2L2

m

]

(R2 +RL − ω2RLC2L2)2 − (jω(R2RLC2 + L2))2
·

·
[

(R2 +RL − ω2RLC2L2)− (jω(R2RLC2 + L2))
]

(R2 +RL − ω2RLC2L2)2 − (jω(R2RLC2 + L2))2
=

= R1 +
ω4L2

mR2R
2
LC

2
2 + ω4L2

mRLC2L2 + ω2L2
mR2 + ω2L2

mRL − ω4L2
mRLC2L2

(R2 +RL − ω2RLC2L2)2 + (ω(R2RLC2 + L2))2
+

+ j

[

ωL1 −
1

ωC1

+
ω3L2

mR2RLC2 + ω3L2
mR2

LC2 − ω5L2
mR2

LC
2
2L2 − ω3L2

mR2RLC2 − ω3L2
mL2

(R2 +RL − ω2RLC2L2)2 + (ω(R2RLC2 + L2))2

]

❯♥❛ ✈❡③ q✉❡ s❡ ♦❜t✐❡♥❡ ❧❛ ♣❛rt❡ r❡❛❧ ❡ ✐♠❛❣✐♥❛r✐❛ ❞❡ ❧❛ ✐♠♣❡❞❛♥❝✐❛ ✈✐st❛ ❞❡s❞❡ ❧❛ ❡♥tr❛❞❛✱
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s❡ ✐❣✉❛❧❛ ❧❛ ♣❛rt❡ ✐♠❛❣✐♥❛r✐❛ ❛ ❝❡r♦ ♣❛r❛ ♦❜t❡♥❡r ❧♦s ✈❛❧♦r❡s ❞❡ ω ♣❛r❛ ❧♦s q✉❡ s❡ ❛♥✉❧❛ ❧❛

♣❛rt❡ ❝♦♠♣❧❡❥❛✳

Xeq = ωL1 −
1

ωC1

+
ω3L2

mR2RLC2 + ω3L2
mR2

LC2 − ω5L2
mR2

LC
2
2L2 − ω3L2

mR2RLC2 − ω3L2
mL2

(R2 +RL − ω2RLC2L2)2 + (ω(R2RLC2 + L2))2
✭❆✳✶✸✮

❚r❛s ♦♣❡r❛r ❧❛ ❡①♣r❡s✐ó♥✭❆✳✷✮ ❡ ✐❣✉❛❧❛r❧❛ ❛ ❝❡r♦✱ s❡ ♦❜t✐❡♥❡ ❧❛ ❡❝✉❛❝✐ó♥ ♣❛r❛ ♦❜t❡♥❡r ❧❛s

r❛í❝❡s ❞❡ ω✳

ω6(L1C1R
2
LC

2
2L

2
2 − C1L

2
mR2

LC
2
2L2) + ω4(−2R2RLC1C2L1L2 − 2L1C1R

2
LC2L2+ ✭❆✳✶✹✮

+ L1C1R
2
2R

2
LC

2
2 + L1C1L

2
2 − 2L1C1R2RLC2L2 −R2

LC
2
2L

2
2 + C1L

2
mR2RLC2+

+ C1L
2
mR2

LC2 − C1L
2
mR2RLC2 − C1L

2
mL2) + ω2(L1C1R

2
2 + L1C1R

2
L − 2R2RLL1C1+

+ 2R2RLC2L2 + 2R2
LC2L2 −R2

2R
2
LC

2
2 − L2

2 + 2R2RLC2L2)−R2
2 −R2

L + 2R2RL = 0



❆♥❡①♦ ❇

▲✐st❛❞♦s ❞❡ ▼❆❚▲❆❇ ♣❛r❛ ❧❛ ♦❜t❡♥❝✐ó♥

❞❡ r❡s✉❧t❛❞♦s✳

❇✳✶✳ ❚♦♣♦❧♦❣í❛ ❙✲❙

▲✐st✐♥❣ ❇✳✶✿ ❈ó❞✐❣♦ ❞❡ ▼❆❚▲❆❇ ♣❛r❛ ❧❛ ♦❜t❡♥❝✐ó♥ ❞❡ ❧❛s ❢r❡❝✉❡♥❝✐❛s ❞❡ r❡s♦♥❛♥❝✐❛✳ ❚♦♣♦✲

❧♦❣í❛ ❙✲❙✳

%TOPOLOGIA S-S

%Componentes del circuito

R1 = 125*10^-3

C1 = 390*10^-9

L1 = 6.5*10^-6

R2 = 330*10^-3

C2 = 320*10^-9

L2 = 7.9*10^-6

k = 0.25 %Coeficiente de acoplamiento

Lm = k*sqrt(L1*L2)

RL = 100 %Resistencia de carga

✽✸
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%Terminos del polinomio

a = L1*L2^2*C1*C2^2-Lm^2*L2*C1*C2^2

b = Lm^2*C1*C2-L2^2*C2^2+L1*C1*C2^2*(R2+RL)^2-2*L1*L2*C1*C2

c = L1*C1-C2^2*(R2+RL)^2+2*L2*C2

d = -1

w = [a 0 b 0 c 0 d] %Expresion en forma polinomica

w0 = roots(w) %Se obtienen las raices del polinomio

f0 = w0/(2*pi) %Para expresar frecuencia en (Hz)

▲✐st✐♥❣ ❇✳✷✿ ❈ó❞✐❣♦ ❞❡ ▼❆❚▲❆❇ ♣❛r❛ ❧❛ ♦❜t❡♥❝✐ó♥ ❞❡ r❡s✉❧t❛❞♦s ❛♥❛❧ít✐❝♦s✳ ❚♦♣♦❧♦❣í❛ ❙✲❙✳

%TOPOLOGIA S-S

%Componentes del circuito

R1 = 125*10^-3

C1 = 390*10^-9

L1 = 6.5*10^-6

R2 = 330*10^-3

C2 = 320*10^-9

L2 = 7.9*10^-6

%Variables simbolicas para funciones

syms f k RL

w = 2*pi*f

Lm = k*sqrt(L1*L2)

%Se definen los parametros del circuito.

V1 = 1/sqrt(2)

I1(f,k,RL) = V1/(R1+1/(j*w*C1)+j*w*L1+(w^2*Lm^2)/(j*w*L2+1/(j*w*C2)+R2+RL))

I2(f,k,RL) = ((j*w*Lm)/(j*w*L2+1/(j*w*C2)+R2+RL))*I1

Z1(f,k,RL) = V1/I1

%% Potencia de entrada frente a frecuencia. Diferentes RL.

f_vect = 40*10^3:0.1*10^3:200*10^3 % Vector frecuencia 40kHz a 200kHz
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RL_vect = 10:30:100

P1(f,k,RL) = abs(I1(f,k,RL)).^2.*real(Z1(f,k,RL))

figure

subplot(2,2,1)

% k = 0.25

hold on

plot(f_vect,P1(f_vect,0.25,RL_vect(1)),'LineWidth',1.1)

plot(f_vect,P1(f_vect,0.25,RL_vect(2)),'LineWidth',1.1)

plot(f_vect,P1(f_vect,0.25,RL_vect(3)),'LineWidth',1.1)

plot(f_vect,P1(f_vect,0.25,RL_vect(4)),'LineWidth',1.1)

title('{\bf Potencia de entrada vs frecuencia. k=0.25}','interpreter','latex')

legend('RL=10','RL=40','RL=70','RL=100','interpreter','latex')

xlabel('Frecuencia (Hz)','interpreter','latex')

ylabel('Potencia (W)','interpreter','latex')

grid on

hold off

subplot(2,2,2)

hold on

% k = 0.5

plot(f_vect,P1(f_vect,0.5,RL_vect(1)),'LineWidth',1.1)

plot(f_vect,P1(f_vect,0.5,RL_vect(2)),'LineWidth',1.1)

plot(f_vect,P1(f_vect,0.5,RL_vect(3)),'LineWidth',1.1)

plot(f_vect,P1(f_vect,0.5,RL_vect(4)),'LineWidth',1.1)

title('{\bf Potencia de entrada vs frecuencia. k=0.5}','interpreter','latex')

legend('RL=10','RL=40','RL=70','RL=100','interpreter','latex')

xlabel('Frecuencia (Hz)','interpreter','latex')

ylabel('Potencia (W)','interpreter','latex')

grid on

hold off

subplot(2,2,3)
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hold on

% k = 0.75

plot(f_vect,P1(f_vect,0.75,RL_vect(1)),'LineWidth',1.1)

plot(f_vect,P1(f_vect,0.75,RL_vect(2)),'LineWidth',1.1)

plot(f_vect,P1(f_vect,0.75,RL_vect(3)),'LineWidth',1.1)

plot(f_vect,P1(f_vect,0.75,RL_vect(4)),'LineWidth',1.1)

title('{\bf Potencia de entrada vs frecuencia. k=0.75}','interpreter','latex')

legend('RL=10','RL=40','RL=70','RL=100','interpreter','latex')

xlabel('Frecuencia (Hz)','interpreter','latex')

ylabel('Potencia (W)','interpreter','latex')

grid on

hold off

subplot(2,2,4)

hold on

% k = 1

plot(f_vect,P1(f_vect,1,RL_vect(1)),'LineWidth',1.1)

plot(f_vect,P1(f_vect,1,RL_vect(2)),'LineWidth',1.1)

plot(f_vect,P1(f_vect,1,RL_vect(3)),'LineWidth',1.1)

plot(f_vect,P1(f_vect,1,RL_vect(4)),'LineWidth',1.1)

title('{\bf Potencia de entrada vs frecuencia. k=1}','interpreter','latex')

legend('RL=10','RL=40','RL=70','RL=100','interpreter','latex')

xlabel('Frecuencia (Hz)','interpreter','latex')

ylabel('Potencia (W)','interpreter','latex')

grid on

hold off

%% Rendimiento PRL/P1 frente a frecuencia. Diferentes RL.

f_vect = 40*10^3:0.5*10^3:200*10^3 % Vector frecuencia 40kHz a 200kHz

RL_vect = 10:30:100

eta(f,k,RL) = (abs(I2(f,k,RL)).^2.*RL)./(abs(I1(f,k,RL)).*V1)

figure
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subplot(2,2,1)

hold on

%k=0.25

plot(f_vect,eta(f_vect,0.25,RL_vect(1)),'LineWidth',1.1)

plot(f_vect,eta(f_vect,0.25,RL_vect(2)),'LineWidth',1.1)

plot(f_vect,eta(f_vect,0.25,RL_vect(3)),'LineWidth',1.1)

plot(f_vect,eta(f_vect,0.25,RL_vect(4)),'LineWidth',1.1)

title('{\boldmath $\eta = P_{RL}/P_{1}.\ k=0.25$}','interpreter','latex')

legend('RL=10','RL=40','RL=70','RL=100','interpreter','latex')

xlabel('Frecuencia (Hz)','interpreter','latex')

ylabel('$\eta$','interpreter','latex')

grid on

hold off

subplot(2,2,2)

hold on

%k=0.5

plot(f_vect,eta(f_vect,0.5,RL_vect(1)),'LineWidth',1.1)

plot(f_vect,eta(f_vect,0.5,RL_vect(2)),'LineWidth',1.1)

plot(f_vect,eta(f_vect,0.5,RL_vect(3)),'LineWidth',1.1)

plot(f_vect,eta(f_vect,0.5,RL_vect(4)),'LineWidth',1.1)

title('{\boldmath $\eta = P_{RL}/P_{1}.\ k=0.5$}','interpreter','latex')

legend('RL=10','RL=40','RL=70','RL=100','interpreter','latex')

xlabel('Frecuencia (Hz)','interpreter','latex')

ylabel('$\eta$','interpreter','latex')

grid on

hold off

subplot(2,2,3)

hold on

%k=0.75

plot(f_vect,eta(f_vect,0.75,RL_vect(1)),'LineWidth',1.1)

plot(f_vect,eta(f_vect,0.75,RL_vect(2)),'LineWidth',1.1)

plot(f_vect,eta(f_vect,0.75,RL_vect(3)),'LineWidth',1.1)
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plot(f_vect,eta(f_vect,0.75,RL_vect(4)),'LineWidth',1.1)

title('{\boldmath $\eta = P_{RL}/P_{1}.\ k=0.75$}','interpreter','latex')

legend('RL=10','RL=40','RL=70','RL=100','interpreter','latex')

xlabel('Frecuencia (Hz)','interpreter','latex')

ylabel('$\eta$','interpreter','latex')

grid on

hold off

subplot(2,2,4)

hold on

%k=1

plot(f_vect,eta(f_vect,1,RL_vect(1)),'LineWidth',1.1)

plot(f_vect,eta(f_vect,1,RL_vect(2)),'LineWidth',1.1)

plot(f_vect,eta(f_vect,1,RL_vect(3)),'LineWidth',1.1)

plot(f_vect,eta(f_vect,1,RL_vect(4)),'LineWidth',1.1)

title('{\boldmath $\eta = P_{RL}/P_{1}.\ k=1$}','interpreter','latex')

legend('RL=10','RL=40','RL=70','RL=100','interpreter','latex')

xlabel('Frecuencia (Hz)','interpreter','latex')

ylabel('$\eta$','interpreter','latex')

grid on

hold off

%% Ganancia en tension

k_vect = 0:0.01:1

RL_vect = 10:30:100

AV(f,k,RL) = ((abs(I2(f,k,RL)).*RL)./V1)

figure

hold on

plot(k_vect,AV(100*10^3,k_vect,RL_vect(1)),'LineWidth',1.1)

plot(k_vect,AV(100*10^3,k_vect,RL_vect(2)),'LineWidth',1.1)

plot(k_vect,AV(100*10^3,k_vect,RL_vect(3)),'LineWidth',1.1)

plot(k_vect,AV(100*10^3,k_vect,RL_vect(4)),'LineWidth',1.1)

title('{\bf Ganancia en tensi\''on.} $\mathbf{AV = V_{RL}/V_1}$.','interpreter
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','latex')

legend('RL=10','RL=40','RL=70','RL=100','interpreter','latex')

xlabel('Coeficiente de acoplamiento (k)','interpreter','latex')

ylabel('AV','interpreter','latex')

grid on

hold off

%% Ganancia en intensidad

k_vect = 0:0.01:1

RL_vect = 10:30:100

AI(f,k,RL) = ((abs(I2(f,k,RL)))./abs(I1))

figure

hold on

plot(k_vect,AI(100*10^3,k_vect,RL_vect(1)),'LineWidth',1.1)

plot(k_vect,AI(100*10^3,k_vect,RL_vect(2)),'LineWidth',1.1)

plot(k_vect,AI(100*10^3,k_vect,RL_vect(3)),'LineWidth',1.1)

plot(k_vect,AI(100*10^3,k_vect,RL_vect(4)),'LineWidth',1.1)

title('{\bf Ganancia en intensidad.} $\mathbf{AI = I_{RL}/I_1}$.','interpreter

','latex')

legend('RL=10','RL=40','RL=70','RL=100','interpreter','latex')

xlabel('Coeficiente de acoplamiento (k)','interpreter','latex')

ylabel('AI','interpreter','latex')

grid on

hold off
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%TOPOLOGIA S-P

%Componentes del circuito

R1 = 125*10^-3

C1 = 390*10^-9

L1 = 6.5*10^-6

R2 = 330*10^-3

C2 = 320*10^-9

L2 = 7.9*10^-6

k = 0.25 %Coeficiente de acoplamiento

Lm = k*sqrt(L1*L2)

RL = 40 %Resistencia de carga

%Terminos del polinomio

a = L1*C1*RL^2*C2^2*L2^2-C1*Lm^2*RL^2*C2^2*L2

b = -2*R2*RL*C1*C2*L2*L1-2*L1*C1*RL^2*C2*L2+...

L1*C1*R2^2*RL^2*C2^2+L1*C1*L2^2-2*L1*C1*R2*RL*C2*L2-...

RL^2*C2^2*L2^2+C1*Lm^2*R2*RL*C2+...

C1*Lm^2*RL^2*C2-C1*Lm^2*R2*RL*C2-C1*Lm^2*L2

c = L1*C1*R2^2+L1*C1*RL^2-2*R2*RL*L1*C1+2*R2*RL*C2*L2+...

2*RL^2*C2*L2-R2^2*RL^2*C2^2-L2^2+2*R2*RL*C2*L2

d = -R2^2-RL^2+2*R2*RL

w = [a 0 b 0 c 0 d] %Expresion en forma polinomica

w0 = roots(w) %Se obtienen las raices del poliomio.

f0 = w0/(2*pi) % Para expresar frecuencia en (Hz)
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%TOPOLOGIA S-P

%Componentes del circuito

R1 = 125*10^-3

C1 = 390*10^-9

L1 = 6.5*10^-6
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R2 = 330*10^-3

C2 = 320*10^-9

L2 = 7.9*10^-6

%Variables simbolicas para funciones

syms f k RL

w = 2*pi*f

Lm = k*sqrt(L1*L2)

%Se definen los parametros del circuito.

V1 = 1/sqrt(2)

I1(f,k,RL)=V1/(R1+1/(j*w*C1)+j*w*L1+(w^2*Lm^2)/(R2+j*w*L2+(RL)/(j*w*RL*C2+1)))

I2(f,k,RL)=(j*w*Lm)/(R2+j*w*L2+RL/(j*w*RL*C2+1))*I1

Z1(f,k,RL)= V1/I1

%% Potencia de entrada frente a frecuencia. Diferentes RL.

f_vect = 40*10^3:0.1*10^3:300*10^3 % Vector frecuencia 40kHz a 200kHz

RL_vect = 10:30:100

P1(f,k,RL) = abs(I1(f,k,RL)).^2.*real(Z1(f,k,RL))

figure

subplot(2,2,1)

% k = 0.25

hold on

plot(f_vect,P1(f_vect,0.25,RL_vect(1)),'LineWidth',1.1)

plot(f_vect,P1(f_vect,0.25,RL_vect(2)),'LineWidth',1.1)

plot(f_vect,P1(f_vect,0.25,RL_vect(3)),'LineWidth',1.1)

plot(f_vect,P1(f_vect,0.25,RL_vect(4)),'LineWidth',1.1)

title('{\bf Potencia de entrada vs frecuencia. k=0.25}','interpreter','latex')

legend('RL=10','RL=40','RL=70','RL=100','interpreter','latex')

xlabel('Frecuencia (Hz)','interpreter','latex')
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ylabel('Potencia (W)','interpreter','latex')

grid on

hold off

subplot(2,2,2)

hold on

% k = 0.5

plot(f_vect,P1(f_vect,0.5,RL_vect(1)),'LineWidth',1.1)

plot(f_vect,P1(f_vect,0.5,RL_vect(2)),'LineWidth',1.1)

plot(f_vect,P1(f_vect,0.5,RL_vect(3)),'LineWidth',1.1)

plot(f_vect,P1(f_vect,0.5,RL_vect(4)),'LineWidth',1.1)

title('{\bf Potencia de entrada vs frecuencia. k=0.5}','interpreter','latex')

legend('RL=10','RL=40','RL=70','RL=100','interpreter','latex')

xlabel('Frecuencia (Hz)','interpreter','latex')

ylabel('Potencia (W)','interpreter','latex')

grid on

hold off

subplot(2,2,3)

hold on

% k = 0.75

plot(f_vect,P1(f_vect,0.75,RL_vect(1)),'LineWidth',1.1)

plot(f_vect,P1(f_vect,0.75,RL_vect(2)),'LineWidth',1.1)

plot(f_vect,P1(f_vect,0.75,RL_vect(3)),'LineWidth',1.1)

plot(f_vect,P1(f_vect,0.75,RL_vect(4)),'LineWidth',1.1)

title('{\bf Potencia de entrada vs frecuencia. k=0.75}','interpreter','latex')

legend('RL=10','RL=40','RL=70','RL=100','interpreter','latex')

xlabel('Frecuencia (Hz)','interpreter','latex')

ylabel('Potencia (W)','interpreter','latex')

grid on

hold off

subplot(2,2,4)

hold on
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% k = 1

plot(f_vect,P1(f_vect,1,RL_vect(1)),'LineWidth',1.1)

plot(f_vect,P1(f_vect,1,RL_vect(2)),'LineWidth',1.1)

plot(f_vect,P1(f_vect,1,RL_vect(3)),'LineWidth',1.1)

plot(f_vect,P1(f_vect,1,RL_vect(4)),'LineWidth',1.1)

title('{\bf Potencia de entrada vs frecuencia. k=1}','interpreter','latex')

legend('RL=10','RL=40','RL=70','RL=100','interpreter','latex')

xlabel('Frecuencia (Hz)','interpreter','latex')

ylabel('Potencia (W)','interpreter','latex')

grid on

hold off

%% Rendimiento PRL/P1 frente a frecuencia. Diferentes RL.

f_vect = 40*10^3:0.5*10^3:300*10^3 % Vector frecuencia 40kHz a 300kHz

RL_vect = 10:30:100

ZLeq(RL) = RL/(1+j*w*C2*RL)

eta(f,k,RL) = (abs(I2(f,k,RL)).^2.*real(ZLeq(RL)))./(abs(I1(f,k,RL)).*V1)

figure

subplot(2,2,1)

hold on

%k=0.25

plot(f_vect,eta(f_vect,0.25,RL_vect(1)),'LineWidth',1.1)

plot(f_vect,eta(f_vect,0.25,RL_vect(2)),'LineWidth',1.1)

plot(f_vect,eta(f_vect,0.25,RL_vect(3)),'LineWidth',1.1)

plot(f_vect,eta(f_vect,0.25,RL_vect(4)),'LineWidth',1.1)

title('{\boldmath $\eta = P_{RL}/P_{1}.\ k=0.25$}','interpreter','latex')

legend('RL=10','RL=40','RL=70','RL=100','interpreter','latex')

xlabel('Frecuencia (Hz)','interpreter','latex')

ylabel('$\eta$','interpreter','latex')

grid on

hold off

subplot(2,2,2)
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hold on

%k=0.5

plot(f_vect,eta(f_vect,0.5,RL_vect(1)),'LineWidth',1.1)

plot(f_vect,eta(f_vect,0.5,RL_vect(2)),'LineWidth',1.1)

plot(f_vect,eta(f_vect,0.5,RL_vect(3)),'LineWidth',1.1)

plot(f_vect,eta(f_vect,0.5,RL_vect(4)),'LineWidth',1.1)

title('{\boldmath $\eta = P_{RL}/P_{1}.\ k=0.5$}','interpreter','latex')

legend('RL=10','RL=40','RL=70','RL=100','interpreter','latex')

xlabel('Frecuencia (Hz)','interpreter','latex')

ylabel('$\eta$','interpreter','latex')

grid on

hold off

subplot(2,2,3)

hold on

%k=0.75

plot(f_vect,eta(f_vect,0.75,RL_vect(1)),'LineWidth',1.1)

plot(f_vect,eta(f_vect,0.75,RL_vect(2)),'LineWidth',1.1)

plot(f_vect,eta(f_vect,0.75,RL_vect(3)),'LineWidth',1.1)

plot(f_vect,eta(f_vect,0.75,RL_vect(4)),'LineWidth',1.1)

title('{\boldmath $\eta = P_{RL}/P_{1}.\ k=0.75$}','interpreter','latex')

legend('RL=10','RL=40','RL=70','RL=100','interpreter','latex')

xlabel('Frecuencia (Hz)','interpreter','latex')

ylabel('$\eta$','interpreter','latex')

grid on

hold off

subplot(2,2,4)

hold on

%k=1

plot(f_vect,eta(f_vect,1,RL_vect(1)),'LineWidth',1.1)

plot(f_vect,eta(f_vect,1,RL_vect(2)),'LineWidth',1.1)

plot(f_vect,eta(f_vect,1,RL_vect(3)),'LineWidth',1.1)

plot(f_vect,eta(f_vect,1,RL_vect(4)),'LineWidth',1.1)
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title('{\boldmath $\eta = P_{RL}/P_{1}.\ k=1$}','interpreter','latex')

legend('RL=10','RL=40','RL=70','RL=100','interpreter','latex')

xlabel('Frecuencia (Hz)','interpreter','latex')

ylabel('$\eta$','interpreter','latex')

grid on

hold off

%% Ganancia en tension

k_vect = 0:0.01:1

RL_vect = 10:30:100

ZLeq(RL) = RL/(1+j*w*C2*RL)

AV(f,k,RL) = ((abs(I2(f,k,RL).*ZLeq(RL))./V1))

figure

hold on

plot(k_vect,AV(100*10^3,k_vect,RL_vect(1)),'LineWidth',1.1)

plot(k_vect,AV(100*10^3,k_vect,RL_vect(2)),'LineWidth',1.1)

plot(k_vect,AV(100*10^3,k_vect,RL_vect(3)),'LineWidth',1.1)

plot(k_vect,AV(100*10^3,k_vect,RL_vect(4)),'LineWidth',1.1)

title('{\bf Ganancia en tensi\''on.} $\mathbf{AV = V_{RL}/V_1}$.','interpreter

','latex')

legend('RL=10','RL=40','RL=70','RL=100','interpreter','latex')

xlabel('Coeficiente de acoplamiento (k)','interpreter','latex')

ylabel('AV','interpreter','latex')

grid on

hold off

%% Ganancia en intensidad

k_vect = 0:0.01:1

RL_vect = 10:30:100

IRL(f,k,RL) = I2(f,k,RL)*((1/(j*w*C2))/(RL+1/(j*w*C2)))

AI(f,k,RL) = ((abs(IRL(f,k,RL)))./abs(I1))
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figure

hold on

plot(k_vect,AI(100*10^3,k_vect,RL_vect(1)),'LineWidth',1.1)

plot(k_vect,AI(100*10^3,k_vect,RL_vect(2)),'LineWidth',1.1)

plot(k_vect,AI(100*10^3,k_vect,RL_vect(3)),'LineWidth',1.1)

plot(k_vect,AI(100*10^3,k_vect,RL_vect(4)),'LineWidth',1.1)

title('{\bf Ganancia en intensidad.} $\mathbf{AI = I_{RL}/I_1}$.','interpreter

','latex')

legend('RL=10','RL=40','RL=70','RL=100','interpreter','latex')

xlabel('Coeficiente de acoplamiento (k)','interpreter','latex')

ylabel('AI','interpreter','latex')

grid on

hold off
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