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Abstract

■♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ❞❡❝❛❞❡s✱ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦rs ❛r❡ ❡①♣❡❝t❡❞ t♦ ❜❡ ❞❡♣❧♦②❡❞ ✐♥
s❝❡♥❛r✐♦s t❤❛t ❛r❡ ❡✐t❤❡r t♦♦ ❞❛♥❣❡r♦✉s ❢♦r ❤✉♠❛♥ ❜❡✐♥❣s ♦r t♦♦ ❡①♣❡♥s✐✈❡
t♦ ❜❡ ❛❝❝♦♠♣❧✐s❤❡❞ ❜② tr❛❞✐t✐♦♥❛❧ ♠❡t❤♦❞s✳ ❚❤✐s t❤❡s✐s ♣r❡s❡♥ts ❛ ♥♦✈❡❧ s♦❧✉✲
t✐♦♥ ❢♦r t❤❡ ♦✈❡r❛❧❧ ❝♦♥tr♦❧ ♦❢ ❤✐❣❤❧② r❡❞✉♥❞❛♥t ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t✐♦♥ s②st❡♠s✳
❚❤❡ r❡s✉❧ts ❛r❡ ❛♣♣❧✐❡❞ t♦ ❛ r❡❢❡r❡♥❝❡ ❝♦♥✜❣✉r❛t✐♦♥ ❡st❛❜❧✐s❤❡❞ ❛s ❛ ✉♥✐✈❡r✲
s❛❧ ♣❧❛t❢♦r♠ ❢♦r ♣❡r❢♦r♠✐♥❣ ✈❛r✐♦✉s ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t✐♦♥ t❛s❦s✳ ❚❤❡ ♣❧❛t❢♦r♠
❝♦♥s✐sts ♦❢ ❛♥ ♦♠♥✐❞✐r❡❝t✐♦♥❛❧ ♠✉❧t✐r♦t♦r ❯❆❱ ❛♥❞ ❛ s❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦r✳ ❚♦
❡♥s✉r❡ ♠♦❞✉❧❛r ❝♦♥tr♦❧ ❞❡s✐❣♥✱ t✇♦ ❝♦♠♣✉t❛t✐♦♥❛❧❧② ❡✣❝✐❡♥t ❛❧❣♦r✐t❤♠s ❛r❡
st✉❞✐❡❞ t♦ ❛❧❧♦❝❛t❡ t❤❡ ✈✐rt✉❛❧ ✐♥♣✉t t♦ ❛❝t✉❛t♦r ❝♦♠♠❛♥❞s✳ ❋❛✉❧t t♦❧❡r❛♥❝❡
♦❢ t❤❡ ❛❡r✐❛❧ ✈❡❤✐❝❧❡ ✐s ❛❝❤✐❡✈❡❞ ❜② ✐♥t❡❣r❛t✐♥❣ ❛ ❞✐❛❣♥♦st✐❝ ♠♦❞✉❧❡ ❜❛s❡❞ ♦♥
❛♥ ❛rt✐✜❝✐❛❧ ♥❡✉r❛❧ ♥❡t✇♦r❦ ❛♥❞ t❤❡ r❡❝♦♥✜❣✉r❛❜❧❡ ❝♦♥tr♦❧ ❛❧❧♦❝❛t✐♦♥ ✐♥t♦ t❤❡
❝♦♥tr♦❧ ❧♦♦♣✳ ❇❡s✐❞❡s✱ t❤❡ r✐s❦ ♦❢ ✐♥♣✉t s❛t✉r❛t✐♦♥ ♦❢ ✐♥❞✐✈✐❞✉❛❧ r♦t♦rs ✐s ♠✐♥✐✲
♠✐③❡❞ ❜② ♣r❡❞✐❝t✐♥❣ ❛♥❞ r❡❝♦♥✜❣✉r✐♥❣ t❤❡ s♣❡❡❞ ❛♥❞ ❛❝❝❡❧❡r❛t✐♦♥ r❡s♣♦♥s❡s✳
❚✇♦ ✜❧t❡r✲❜❛s❡❞ ♦❜s❡r✈❡rs ❛r❡ ♣r❡s❡♥t❡❞ t♦ ♣r♦✈✐❞❡ t❤❡ ❦♥♦✇❧❡❞❣❡ ♦❢ ❡①t❡r♥❛❧
❢♦r❝❡s ❛♥❞ t♦rq✉❡s✱ ✇❤✐❝❤ ✐s ♥❡❝❡ss❛r② t♦ ❛❝❤✐❡✈❡ ❝♦♠♣❧✐❛♥t ❜❡❤❛✈✐♦r ♦❢ t❤❡
❡♥❞✲❡✛❡❝t♦r t❤r♦✉❣❤ ❛♥ ❛①✐s✲s❡❧❡❝t✐✈❡ ✐♠♣❡❞❛♥❝❡ ❝♦♥tr♦❧ ✐♥ t❤❡ ♦✉t❡r ❧♦♦♣✳
❊①♣❧♦✐t✐♥❣ t❤❡ r❡❞✉♥❞❛♥❝② ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦r✱ t❤❡ ❛✉t❤♦r
❤❛s ❞❡s✐❣♥❡❞ ❛ ❝♦♥tr♦❧ ❧❛✇ t♦ ❛❝❤✐❡✈❡ t❤❡ ❞❡s✐r❡❞ ❡♥❞✲❡✛❡❝t♦r ♠♦t✐♦♥ ❛♥❞
❡①❡❝✉t❡ s❡❝♦♥❞❛r② t❛s❦s ✐♥ ♦r❞❡r ♦❢ ♣r✐♦r✐t②✳ ❚❤❡ ❡✛❡❝t✐✈❡♥❡ss ♦❢ t❤❡ ♣r♦✲
♣♦s❡❞ ❞❡s✐❣♥s ✐s ✈❡r✐✜❡❞ ✇✐t❤ ❡①t❡♥s✐✈❡ t❡sts ❣❡♥❡r❛t❡❞ ❜② ❢♦❧❧♦✇✐♥❣ ▼♦♥t❡
❈❛r❧♦ ♠❡t❤♦❞✱ ❛♥❞ t❤❡ ♣r❡s❡♥t❡❞ ❝♦♥tr♦❧ s❝❤❡♠❡ ✐s ♣r♦✈❡❞ t♦ ❜❡ ✈❡rs❛t✐❧❡
❛♥❞ ❡✛❡❝t✐✈❡✳
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✷✳✷ ❨❛✇✲♣✐t❝❤✲r♦❧❧ ✭ψ✲ϑ✲ϕ✮ ❊✉❧❡r s❡q✉❡♥❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽
✷✳✸ ❇❛s✐❝ ❝♦♥❝❡♣t ♦❢ ❛♥ ❛rt✐✜❝✐❛❧ ♥❡✉tr❛❧ ♥❡t✇♦r❦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✸
✷✳✹ ❙tr✉❝t✉r❡ ♦❢ ❛ ▲❙❚▼ ♥❡t✇♦r❦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✸

✸✳✶ ❉❡✜♥✐t✐♦♥ ♦❢ t❤❡ ✐♥❡rt✐❛❧ ❢r❛♠❡ ④■⑥✱ ❜♦❞② ❢r❛♠❡ ④❇⑥✱ r♦t♦r
❢r❛♠❡ ④❘i⑥ ❛♥❞ t✐❧t✐♥❣ ❛♥❣❧❡ αi✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

✸✳✷ ❋♦r❝❡ ❛♥❞ t♦rq✉❡ ❝❛♣❛❜✐❧✐t✐❡s ❛♥❞ ❤♦✈❡r ❡✣❝✐❡♥❝② ♦❢ t❤❡ ❞❡s✐✲
❣♥❡❞ t✐❧t✲❤❡①❛r♦t♦r ❡①♣r❡ss❡❞ ✐♥ ④❇⑥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽

✸✳✸ ❉❡s✐❣♥ ♠❡t❤♦❞♦❧♦❣② ❢♦r ❛ ❣❡♥❡r❛❧ r♦❜♦t ♠❛♥✐♣✉❧❛t♦r✳ ✳ ✳ ✳ ✳ ✹✸
✸✳✹ ❘❡♥❞❡r❡❞ ✈✐❡✇ ♦❢ t❤❡ ❛r♠ s②st❡♠✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✹
✸✳✺ ❖✈❡r❛❧❧ ❞✐♠❡♥s✐♦♥s ♦❢ t❤❡ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦r ✇✐t❤ ❣r✐♣♣❡r ✐♥

❞✐✛❡r❡♥t ❝♦♥✜❣✉r❛t✐♦♥s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✻
✸✳✻ ❘❡♥❞❡r❡❞ ✸❉ ✈✐❡✇ ♦❢ t❤❡ t♦♦❧s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✻
✸✳✼ ❉❡✜♥✐t✐♦♥ ♦❢ t❤❡ ❝♦♦r❞✐♥❛t❡s ❢r❛♠❡s ♦❢ t❤❡ ♠❛♥✐♣✉❧❛t♦r s②st❡♠✳ ✹✼
✸✳✽ ❲♦r❦s♣❛❝❡ ♦❢ t❤❡ ♠❛♥✐♣✉❧❛t♦r ✇✐t❤♦✉t t♦♦❧s s❤♦✇♥ ✐♥ t❤❡ ❢r❛✲

♠❡ ④❇⑥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾
✸✳✾ ❆❜s♦❧✉t❡ ✈❛❧✉❡s ♦❢ t❤❡ ❞❡t❡r♠✐♥❛♥t ♦❢ t❤❡ s✉❜✲♠❛tr✐① J11 ✇✐t❤

r❡s♣❡❝t t♦ ❥♦✐♥t ✷ ❛♥❞ ✸✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷
✸✳✶✵ ❉❡✜♥✐t✐♦♥ ♦❢ t❤❡ ❝♦♦r❞✐♥❛t❡s ❢r❛♠❡s ♦❢ t❤❡ ✇❤♦❧❡ s②st❡♠✳ ✳ ✳ ✺✸
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✹✳✶ ❚❤r❡❡✲❞✐♠❡♥s✐♦♥❛❧ ❞❡♠♦♥str❛t✐♦♥ ♦❢ t❤❡ ❡♠❡r❣❡♥❝② r♦✉t✐♥❡s✳ ✻✹
✹✳✷ ❚r❛❝❦✐♥❣ ❡rr♦r ♦❢ t❤❡ ❈▼P■ ✉s✐♥❣ ❞♦✇♥✲s❝❛❧✐♥❣ ❛♥❞ ❞✐♠❡♥s✐♦♥

r❡❞✉❝t✐♦♥ ❛s ❡♠❡r❣❡♥❝② r♦✉t✐♥❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✽
✹✳✸ ❍♦✈❡r✐♥❣ r♦t♦r s♣❡❡❞ ♦❢ ❈▼P■ ❛♥❞ ■P▼ ✇✐t❤ r♦t♦r ✶ ❛♥❞ ✹

❞❡❛❝t✐✈❛t❡❞ ♦♥❡ ❛❢t❡r t❤❡ ♦t❤❡r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵
✹✳✹ ❆❧❧♦❝❛t✐♦♥ ❊rr♦r ♦❢ t❤❡ ❈▼P■ ❛❧❣♦r✐t❤♠ ✇✐t❤ r♦t♦r ✶ ❛♥❞ ✹

❞❡❛❝t✐✈❛t❡❞ ♦♥❡ ❛❢t❡r t❤❡ ♦t❤❡r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵
✹✳✺ ❆❧❧♦❝❛t✐♦♥ ❊rr♦r ♦❢ t❤❡ ■P▼ ❛❧❣♦r✐t❤♠ ✇✐t❤ r♦t♦r ✶ ❛♥❞ ✹ ❞❡✲

❛❝t✐✈❛t❡❞ ♦♥❡ ❛❢t❡r t❤❡ ♦t❤❡r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶
✹✳✻ ❙❝❤❡♠❛t✐❝ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ♠♦t✐♦♥ ✐♥ ❝❧♦s❡❞✲❧♦♦♣

t❡st✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶
✹✳✼ ❘♦t♦r s♣❡❡❞ ♦❢ ❈▼P■ ❛♥❞ ■P▼ ✐♥ ❝❧♦s❡❞✲❧♦♦♣ t❡st✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✷
✹✳✽ ❆❧❧♦❝❛t✐♦♥ ❊rr♦r ♦❢ t❤❡ ❈▼P■ ❛❧❣♦r✐t❤♠ ✐♥ ❝❧♦s❡❞✲❧♦♦♣ t❡st✳ ✳ ✼✸
✹✳✾ ❆❧❧♦❝❛t✐♦♥ ❊rr♦r ♦❢ t❤❡ ■P▼ ❛❧❣♦r✐t❤♠ ✐♥ ❝❧♦s❡❞✲❧♦♦♣ t❡st✳ ✳ ✼✸

✺✳✶ Pr❡♣❛r❛t✐♦♥ ❞❛t❛ ❢♦r ▲❙❚▼✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻
✺✳✷ ❆r❝❤✐t❡❝t✉r❡ ♦❢ t❤❡ ▲❙❚▼✲❜❛s❡❞ ❋❉■✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻
✺✳✸ ❚r❛✐♥✐♥❣ ♣r♦❝❡ss ♦❢ ❛ ▲❙❚▼ ♥❡t✇♦r❦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼
✺✳✹ ▼❡t❤♦❞♦❧♦❣② ♦❢ ❢❛✉❧t ❡st✐♠❛t✐♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✽
✺✳✺ ❆r❝❤✐t❡❝t✉r❡ ♦❢ t❤❡ ▲❙❚▼ ♠♦❞❡❧ ❢♦r ❢❛✉❧t ❡st✐♠❛t✐♦♥✳ ✳ ✳ ✳ ✳ ✼✾
✺✳✻ ❘❛♥❞♦♠❧② s❡❧❡❝t❡❞ ❢❛✐❧✉r❡ ❧♦❝❛t✐♦♥s ❛♥❞ t✐♠❡ ❢♦r s✐♥❣❧❡✲❢❛✉❧t

t❡sts✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✵
✺✳✼ ❉✐❛❣♥♦st✐❝ r❡s✉❧ts ♦❢ ✷✵✵ r❛♥❞♦♠ s✐♠✉❧❛t✐♦♥s ✉s✐♥❣ t❤❡ ❊❑❋✲

❜❛s❡❞ ❋❉■✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✶
✺✳✽ ❉✐❛❣♥♦st✐❝ r❡s✉❧ts ♦❢ ✷✵✵ r❛♥❞♦♠ s✐♠✉❧❛t✐♦♥s ✉s✐♥❣ t❤❡ ▲❙❚▼✲

❜❛s❡❞ ❋❉■ ✇✐t❤ lLST M = 4✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✶
✺✳✾ ❉✐❛❣♥♦st✐❝ r❡s✉❧ts ♦❢ ✷✵✵ r❛♥❞♦♠ s✐♠✉❧❛t✐♦♥s ✉s✐♥❣ t❤❡ ▲❙❚▼✲

❜❛s❡❞ ❋❉■ ✇✐t❤ lLST M = 7✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷
✺✳✶✵ ❉✐❛❣♥♦st✐❝ r❡s✉❧ts ♦❢ ✷✵✵ r❛♥❞♦♠ s✐♠✉❧❛t✐♦♥s ✉s✐♥❣ t❤❡ ▲❙❚▼✲

❜❛s❡❞ ❋❉■ ✇✐t❤ lLST M = 10✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷
✺✳✶✶ ❘❛♥❞♦♠❧② s❡❧❡❝t❡❞ ❢❛✐❧✉r❡ ❧♦❝❛t✐♦♥s ❛♥❞ t✐♠❡ ❢♦r t✇♦✲❢❛✉❧t

t❡sts✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✸
✺✳✶✷ ❉✐❛❣♥♦st✐❝ r❡s✉❧ts ♦❢ ❋❉■ ❢♦r t✇♦ ❢❛✉❧ts✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✹
✺✳✶✸ ❘❛♥❞♦♠❧② s❡❧❡❝t❡❞ ❢❛✐❧✉r❡ ❧♦❝❛t✐♦♥s✱ ♠❛❣♥✐t✉❞❡s ❛♥❞ t✐♠❡ ❢♦r

♣❛rt✐❛❧✲❢❛✉❧t t❡sts✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✺
✺✳✶✹ ❉✐❛❣♥♦st✐❝ r❡s✉❧ts ♦❢ ❢❛✉❧t ❡st✐♠❛t✐♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✻

✻✳✶ ❆r❝❤✐t❡❝t✉r❡ ♦❢ ❛ ❑❛❧♠❛♥ ✜❧t❡r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✼
✻✳✷ ❆✈❡r❛❣❡ ♥♦r♠❛❧✐③❡❞ ❡st✐♠❛t✐♦♥ ❡rr♦r sq✉❛r❡❞✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✾
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✻✳✸ ❚✐♠✐♥❣ st❛t✐st✐❝s ♦❢ ✶✵✱✵✵✵ ❧♦♦♣s ❢♦r t❤❡ ♦❜s❡r✈❡rs✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✵

✻✳✹ ❚✐♠✐♥❣ st❛t✐st✐❝s ♦❢ ✶✵✵ ❧♦♦♣s ❢♦r t❤❡ ❊❑❋✲❜❛s❡❞ ✇r❡♥❝❤ ♦❜✲
s❡r✈❡r ✇✐t❤ ♦♥❧✐♥❡✴♦✤✐♥❡ ❧✐♥❡❛r✐③❛t✐♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✶

✻✳✺ ▼❛✐♥ str✉❝t✉r❡ ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥ ❢♦r ❝❛s❡ st✉❞②✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✷

✻✳✻ ❘❡❢❡r❡♥❝❡ ❛♥❞ ❡st✐♠❛t❡❞ ✇r❡♥❝❤ ♦❢ t❤❡ ❊❑❋ ❛♥❞ t❤❡ ❑❋ ✐♥
❚❡st ❆✳✶✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✹

✻✳✼ ❊st✐♠❛t✐♦♥ ❡rr♦rs ♦❢ t❤❡ ❊❑❋ ❛♥❞ t❤❡ ❑❋ ✐♥ ❚❡st ❆✳✶✳ ✳ ✳ ✳ ✶✵✺

✻✳✽ ❙❡❧❡❝t❡❞ ❡st✐♠❛t✐♦♥ ❡rr♦rs ♦❢ t❤❡ ❊❑❋ ❛♥❞ t❤❡ ❑❋ ✐♥ ❚❡st ❇✳✶✳ ✶✵✻

✻✳✾ ❙❡❧❡❝t❡❞ ❡st✐♠❛t✐♦♥ ❡rr♦rs ♦❢ t❤❡ ❊❑❋ ❛♥❞ t❤❡ ❑❋ ✐♥ ❚❡st ❈✳✶✳ ✶✵✻

✻✳✶✵ ❘❡❢❡r❡♥❝❡ ❛♥❞ ❡st✐♠❛t❡❞ ❢♦r❝❡s ♦❢ t❤❡ ❊❑❋ ❛♥❞ t❤❡ ❑❋ ✐♥ ❚❡st
❉✳✶✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✼

✻✳✶✶ ❙❡❧❡❝t❡❞ ❡st✐♠❛t✐♦♥ ❡rr♦rs ♦❢ t❤❡ ❊❑❋ ❛♥❞ t❤❡ ❑❋ ✐♥ ❚❡st ❉✳✶✳ ✶✵✽

✻✳✶✷ ❘❡❢❡r❡♥❝❡ ❛♥❞ ❡st✐♠❛t❡❞ t♦rq✉❡s ♦❢ t❤❡ ❊❑❋ ❛♥❞ t❤❡ ❑❋ ✐♥
❚❡st ❉✳✷✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✽

✻✳✶✸ ❙❡❧❡❝t❡❞ ❡st✐♠❛t✐♦♥ ❡rr♦rs ♦❢ t❤❡ ❊❑❋ ❛♥❞ t❤❡ ❑❋ ✐♥ ❚❡st ❉✳✷✳ ✶✵✾

✻✳✶✹ ❙❡❧❡❝t❡❞ ❡st✐♠❛t✐♦♥ ❡rr♦rs ♦❢ t❤❡ ❊❑❋ ❧✐♥❡❛r✐③❡❞ ❛t t❤❡ ♣r❡s✉✲
♠❡❞ ❝♦♥✜❣✉r❛t✐♦♥ x0 ❛♥❞ t❤❡ ❝❤❛♥❣❡❞ ❝♦♥✜❣✉r❛t✐♦♥ x∗

0✳ ✳ ✳ ✳ ✶✵✾

✼✳✶ ❘♦t♦r s♣❡❡❞s ❛♥❞ t✐❧t✐♥❣ ❛♥❣❧❡s ❛t ❤♦✈❡r✐♥❣ st❛t❡s s♣❡❝✐✜❡❞ ❜②
❛♥ ❛①✐s k = (0.65 0.65 − 0.38)⊤ ❛♥❞ ❛♥❣❧❡ ϑe ✈❛r②✐♥❣ ❢r♦♠ 0
t♦ 2π✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✼

✼✳✷ ■♥t❡rs❡❝t✐♦♥✲s❡❛r❝❤ ✉s✐♥❣ ◆❡✇t♦♥✬s ♠❡t❤♦❞ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✽

✼✳✸ ❋❧♦✇❝❤❛rt ♦❢ t❤❡ ♣r♦❝❡ss ❢♦r s❛t✉r❛t✐♦♥ ♣r❡❞✐❝t✐♦♥ ❛♥❞ ❛✈♦✐✲
❞❛♥❝❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✸

✼✳✹ ❙❝❛tt❡r ♣❧♦t ♦❢ t❤❡ r❛♥❞♦♠❧② s❡❧❡❝t❡❞ t❛r❣❡t ♣♦s❡s ♦❢ ▼♦♥t❡
❈❛r❧♦ t❡sts✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✹

✼✳✺ ❘♦t♦r s♣❡❡❞ t✐♠❡ s❡r✐❡s ❢r♦♠ ❛ s❡t ♦❢ ▼♦♥t❡ ❈❛r❧♦ t❡sts s♣❡❝✐✲
✜❡❞ ❜② ✷✵✵ r❛♥❞♦♠ t❛r❣❡t ♣♦s❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✺

✼✳✻ ❘♦t♦r ❛❝❝❡❧❡r❛t✐♦♥ t✐♠❡ s❡r✐❡s ❢r♦♠ ❛ s❡t ♦❢ ▼♦♥t❡ ❈❛r❧♦ t❡sts
s♣❡❝✐✜❡❞ ❜② ✷✵✵ r❛♥❞♦♠ t❛r❣❡t ♣♦s❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✻

✽✳✶ ❚❤❡ ✐♠♣❡❞❛♥❝❡ ❝♦♥tr♦❧ str❛t❡❣②✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✵

✽✳✷ ❇❧♦❝❦ s❝❤❡♠❡ ♦❢ t❤❡ ❛①✐s✲s❡❧❡❝t✐✈❡ ✐♠♣❡❞❛♥❝❡ ❛♥❞ ♣♦s✐t✐♦♥ ❝♦♥✲
tr♦❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✷

✽✳✸ ❙②st❡♠ r❡s♣♦♥s❡ t♦ fe,z = 5 N ✇✐t❤ mA = 5.8✱ kA = 80 ❛♥❞
✈❛r②✐♥❣ dA✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✹

✽✳✹ ❙②st❡♠ r❡s♣♦♥s❡s t♦ fe,z = 5 N ✇✐t❤ mA = 5.8✱ dA = 30 ❛♥❞
✈❛r②✐♥❣ kA✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✹

①✈



❆❜❜✐❧❞✉♥❣s✈❡r③❡✐❝❤♥✐s

✽✳✺ ❙②st❡♠ r❡s♣♦♥s❡s t♦ fe,z = 5 N ✇✐t❤ dA = 30✱ kA = 40 ❛♥❞
✈❛r②✐♥❣ mA✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✺

✽✳✻ ❇❧♦❝❦ ❞✐❛❣r❛♠ ♦❢ t❤❡ ♣♦s❡ ❝♦♥tr♦❧ ✇✐t❤ ❡①❛❝t ❧✐♥❡❛r✐③❛t✐♦♥ ❛♥❞
✐♥✈❡rs❡ ❞✐✛❡r❡♥t✐❛❧ ❦✐♥❡♠❛t✐❝s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✺

✽✳✼ ❚✐♠❡ ❤✐st♦r② ♦❢ t❤❡ r❡❢❡r❡♥❝❡ tr❛❥❡❝t♦r② ❛♥❞ t❤❡ ❛❝t✉❛❧ ❡♥❞✲
❡✛❡❝t♦r ♣♦s❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✼

✽✳✽ ❚✐♠❡ ❤✐st♦r② ♦❢ t❤❡ tr❛❝❦✐♥❣ ❡rr♦rs ❛♥❞ t❤❡ ❊✉❝❧✐❞❡❛♥ ♥♦r♠✳ ✶✹✼
✽✳✾ ❚✐♠❡ ❤✐st♦r② ♦❢ t❤❡ ❡♥❞✲❡✛❡❝t♦r ✈❡❧♦❝✐t② ❛♥❞ t❤❡ r❡❢❡r❡♥❝❡ ✐♥

t❤❡ ♦♣❡r❛t✐♦♥❛❧ s♣❛❝❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✽
✽✳✶✵ ❚✐♠❡ ❤✐st♦r② ♦❢ t❤❡ ❝♦♥tr♦❧ ✐♥♣✉t✳ ▲❡❢t✿ ❝♦♥tr♦❧ ✐♥♣✉t ♦❢ t❤❡

❯❆❱✳ ❘✐❣❤t✿ ❝♦♥tr♦❧ ✐♥♣✉t ♦❢ t❤❡ ♠❛♥✐♣✉❧❛t♦r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✽
✽✳✶✶ ❚✐♠❡ ❤✐st♦r② ♦❢ ‖PG,xy‖ ✇✐t❤ ❞✐✛❡r❡♥t kgp ❛♥❞ kgd✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✾
✽✳✶✷ ✶✵✵ st❡❛❞② ♣♦s❡ r❡❢❡r❡♥❝❡s r❛♥❞♦♠❧② ❣❡♥❡r❛t❡❞ ❢♦r t❤❡ ❡♥❞✲

❡✛❡❝t♦r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✵
✽✳✶✸ ❆❧✐❣♥♠❡♥t ❡rr♦r ❢r♦♠ ✶✵✵ ▼♦♥t❡ ❈❛r❧♦ r✉♥s ✇✐t❤ r❛♥❞♦♠ ✐♥✲

✐t✐❛❧ ♣♦s❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✶
✽✳✶✹ ❚✐♠❡ ❤✐st♦r② ♦❢ t❤❡ ✹t❤ ❥♦✐♥t ❛♥❣❧❡ ✇✐t❤ ❞✐✛❡r❡♥t kgp ❛♥❞ kgd✳ ✶✺✷
✽✳✶✺ ◆♦r♠ ♦❢ t❤❡ ❥♦✐♥t ❡rr♦rs ❢r♦♠ ✶✵✵ ▼♦♥t❡ ❈❛r❧♦ r✉♥s ✇✐t❤ r❛♥✲

❞♦♠ ✐♥✐t✐❛❧ ♣♦s❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✷
✽✳✶✻ ❚✐♠❡ ❤✐st♦r② ♦❢ t❤❡ ♦❜st❛❝❧❡ ❞✐st❛♥❝❡ ✇✐t❤ ❞✐✛❡r❡♥t kgp ❛♥❞

kgd✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✸
✽✳✶✼ ❙❝❤❡♠❛t✐❝ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❣❛✐♥ t❡st ❢♦r ❝♦❧❧✐s✐♦♥ ❛✈♦✐✲

❞❛♥❝❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✹
✽✳✶✽ ❙❦❡t❝❤ ♦❢ ▼♦♥t❡ ❈❛r❧♦ t❡st ❢♦r ❝♦❧❧✐s✐♦♥ ❛✈♦✐❞❛♥❝❡ ✇✐t❤

√
ts❛❢❡ =

0.5 m✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✺
✽✳✶✾ ❘❡s✉❧ts ♦❢ t❤❡ s❡❝♦♥❞❛r② t❛s❦s ❢r♦♠ t❤❡ t❡st ✇✐t❤ r❛♥❞♦♠

♦❜st❛❝❧❡ tr❛❝❦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✻

✾✳✶ ❚❤❡ ♣r♦♣♦s❡❞ ❢❛✉❧t✲t♦❧❡r❛♥t ❝♦♥tr♦❧ s❝❤❡♠❡ ✐♥ s✐♠✉❧❛t✐♦♥✳ ✳ ✳ ✶✺✽
✾✳✷ ❊①❡♠♣❧❛r② ♣♦s❡ r❡❢❡r❡♥❝❡ ✐❧❧✉str❛t❡❞ ✐♥ t❤❡ ❈❛rt❡s✐❛♥ s♣❛❝❡✳ ✶✺✽
✾✳✸ ❘❛♥❞♦♠ ❛①❡s ♦❢ r♦t❛t✐♦♥ ❢♦r ▼♦♥t❡ ❈❛r❧♦ t❡st✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✶
✾✳✹ ❚r❛❝❦s ♦❢ t❤❡ t✐❧t✲❤❡①❛r♦t♦r r❡❝♦r❞❡❞ ❢r♦♠ ✷✵✵ r❛♥❞♦♠ t❡sts✳ ✶✻✶
✾✳✺ ❙❡❧❡❝t❡❞ tr❛❝❦✐♥❣ r❡s✉❧ts ♦❢ t❤❡ ❋❚❈ ❢r♦♠ ❛ ▼♦♥t❡ ❈❛r❧♦ r✉♥✳ ✶✻✷
✾✳✻ ❈♦♥tr♦❧ s❝❤❡♠❡ ❢♦r t❤❡ ✐♥t❡❣r❛t✐♦♥ t❡st✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✸
✾✳✼ ❚✐♠❡ ❤✐st♦r② ♦❢ t❤❡ ♣♦s✐t✐♦♥ r❡❢❡r❡♥❝❡ ❛♥❞ t❤❡ ❛❝t✉❛❧ ❡♥❞✲

❡✛❡❝t♦r ♣♦s✐t✐♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✹
✾✳✽ ❚✐♠❡ ❤✐st♦r② ♦❢ t❤❡ ♣♦s✐t✐♦♥ ❡rr♦r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✺
✾✳✾ ❚✐♠❡ ❤✐st♦r② ♦❢ t❤❡ ❈❖● ❛❧✐❣♥♠❡♥t ❡rr♦r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✺
✾✳✶✵ ❚✐♠❡ ❤✐st♦r② ♦❢ t❤❡ ❥♦✐♥t ❡rr♦r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✻
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❆❜❜✐❧❞✉♥❣s✈❡r③❡✐❝❤♥✐s

✾✳✶✶ ❚✐♠❡ ❤✐st♦r② ♦❢ t❤❡ ♦❜st❛❝❧❡ ❞✐st❛♥❝❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✻
✾✳✶✷ P❛t❤s ♦❢ t❤❡ ✈❡❤✐❝❧❡ ❛♥❞ t❤❡ ❡♥❞✲❡✛❡❝t♦r ✈✐s✉❛❧✐③❡❞ ✐♥ ④■⑥✳ ✳ ✶✻✼
✾✳✶✸ ❘❡s♣♦♥s❡ ♦❢ t❤❡ ❡♥❞✲❡✛❡❝t♦r ♣♦s❡ t♦ t❤❡ ❢♦r❝❡ ❛♥❞ t♦rq✉❡ st❡♣✳ ✶✻✽

❇✳✶ Pr♦♣♦s❡❞ ✻✲❉❖❋ ♠❛♥✐♣✉❧❛t♦r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✷

❈✳✶ ❙tr✉❝t✉r❡ ♦❢ t❤❡ ❋❉■ ❜❛s❡❞ ♦♥ ♠✉❧t✐♣❧❡ ❊❑❋s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✺

❉✳✶ ❊st✐♠❛t✐♦♥ ❡rr♦rs ♦❢ t❤❡ ❊❑❋ ❛♥❞ t❤❡ ❑❋ ✐♥ ❚❡st ❆✳✶✳ ✳ ✳ ✳ ✶✽✾
❉✳✷ ❊st✐♠❛t✐♦♥ ❡rr♦rs ♦❢ t❤❡ ❊❑❋ ❛♥❞ t❤❡ ❑❋ ✐♥ ❚❡st ❇✳✶✳ ✳ ✳ ✳ ✶✾✵
❉✳✸ ❊st✐♠❛t✐♦♥ ❡rr♦rs ♦❢ t❤❡ ❊❑❋ ❛♥❞ t❤❡ ❑❋ ✐♥ ❚❡st ❈✳✶✳ ✳ ✳ ✳ ✶✾✵
❉✳✹ ❘❡❢❡r❡♥❝❡ ❛♥❞ ❡st✐♠❛t❡❞ ✇r❡♥❝❤ ♦❢ t❤❡ ❊❑❋ ❛♥❞ t❤❡ ❑❋ ✐♥

❚❡st ❉✳✶✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✶
❉✳✺ ❊st✐♠❛t✐♦♥ ❡rr♦rs ♦❢ t❤❡ ❊❑❋ ❛♥❞ t❤❡ ❑❋ ✐♥ ❚❡st ❉✳✶✳ ✳ ✳ ✳ ✶✾✷
❉✳✻ ❘❡❢❡r❡♥❝❡ ❛♥❞ ❡st✐♠❛t❡❞ ✇r❡♥❝❤ ♦❢ t❤❡ ❊❑❋ ❛♥❞ t❤❡ ❑❋ ✐♥

❚❡st ❉✳✷✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✸
❉✳✼ ❊st✐♠❛t✐♦♥ ❡rr♦rs ♦❢ t❤❡ ❊❑❋ ❛♥❞ t❤❡ ❑❋ ✐♥ ❚❡st ❉✳✷✳ ✳ ✳ ✳ ✶✾✹
❉✳✽ ❊st✐♠❛t✐♦♥ ❡rr♦rs ♦❢ t❤❡ ❊❑❋ ❧✐♥❡❛r✐③❡❞ ❛t x0 ❛♥❞ x∗

0✳ ✳ ✳ ✳ ✳ ✶✾✹
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Tabellenverzeichnis

✸✳✶ ❘♦t❛t✐♦♥ r❛♥❣❡ ♦❢ t❤❡ ❥♦✐♥ts ❞❡✜♥❡❞ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ❝♦♦r✲
❞✐♥❛t❡ ❛①✐s s♣❡❝✐✜❡❞ ✐♥ ❋✐❣✳ ✸✳✼✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✺

✹✳✶ ❊①♣❡r✐♠❡♥t r❡s✉❧ts ♦❢ ❝♦♠♣❧❡t❡♥❡ss ❛♥❞ t✐♠❡ ❝♦♥s✉♠♣t✐♦♥ ❢♦r
❝♦♥tr♦❧ ❛❧❧♦❝❛t✐♦♥ ✇✐t❤ ❈▼P■ ❛♥❞ ■P▼✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼

✹✳✷ ❊①♣❡r✐♠❡♥t r❡s✉❧ts ♦❢ ❢❛✉❧t✲t♦❧❡r❛♥❝❡ ❢♦r ❝♦♥tr♦❧ ❛❧❧♦❝❛t✐♦♥ ✇✐t❤
❈▼P■ ❛♥❞ ■P▼✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✾

✺✳✶ ◆♦✐s❡ ❛♥❞ ❞❡❧❛② ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥t✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✵
✺✳✷ ❆✈❡r❛❣❡ t✐♠❡ ❝♦♥s✉♠♣t✐♦♥ ❛♥❞ ❋❉■ ❛❝❝✉r❛❝② ✐♥ s✐♥❣❧❡✲❢❛✉❧t

t❡st✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✸

✻✳✶ ❈♦♥✜❣✉r❛t✐♦♥ ♦❢ t❤❡ ❝♦♠♣✉t❡r ✉s❡❞ ❢♦r t✐♠✐♥❣ t❡sts✳ ✳ ✳ ✳ ✳ ✳ ✶✵✵
✻✳✷ ◆♦✐s❡ ❛♥❞ ❞❡❧❛② ♦❢ t❤❡ st❛t❡ ❡st✐♠❛t✐♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✷
✻✳✸ ❈♦♥✜❣✉r❛t✐♦♥s ♦❢ t❤❡ t❡st ❝❛s❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✸
✻✳✹ ❘♦♦t ♠❡❛♥ sq✉❛r❡ ❡rr♦rs ♦❢ t❤❡ ✇r❡♥❝❤ ♦❜s❡r✈❡rs ✐♥ t❤❡ ❝❛s❡

st✉❞②✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✶

✽✳✶ ▼❡❛s✉r❡♠❡♥t r❛♥❣❡s ❛♥❞ ✉♥❝❡rt❛✐♥t✐❡s ♦❢ t❤❡ ❋✴❚✲s❡♥s♦r ✳ ✳ ✶✹✸

❇✳✶ ❍❡①❛r♦t♦r ♥♦♠✐♥❛❧ ♣❛r❛♠❡t❡rs✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✶
❇✳✷ ❉❍ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ s❡r✐❛❧ ❛r♠✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✷
❇✳✸ ❉❍ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ t♦♦❧ ❧✐♥❦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✷
❇✳✹ ❚❤❡ ❈❖▼ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❧✐♥❦s ❡①♣r❡ss❡❞ ✐♥ t❤❡ ❧✐♥❦ ❢r❛♠❡✳ ✳ ✶✽✸
❇✳✺ ▼❛ss ♦❢ t❤❡ ❧✐♥❦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✹
❇✳✻ ■♥❡rt✐❛ ♠❛tr✐① ♦❢ t❤❡ ❧✐♥❦s r❡❧❛t✐✈❡ t♦ t❤❡ ❝❡♥t❡r ♦❢ ♠❛ss✳ ✳ ✳ ✶✽✹
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Abkürzungs- und Symbolverzeichnis

Abbreviations
❆◆❊❊❙ ❆✈❡r❛❣❡ ♥♦r♠❛❧✐③❡❞ ❡st✐♠❛t✐♦♥ ❡rr♦r sq✉❛r❡❞
❆◆◆ ❆rt✐✜❝✐❛❧ ♥❡✉r❛❧ ♥❡t✇♦r❦
❈❋❘P ❈❛r❜♦♥ ✜❜❡r r❡✐♥❢♦r❝❡❞ ♣♦❧②♠❡r
❈▼P■ ❈❛s❝❛❞✐♥❣ ▼♦♦r❡✲P❡♥r♦s❡ ✐♥✈❡rs❡
❈◆◆ ❈♦♥✈♦❧✉t✐♦♥❛❧ ♥❡✉r❛❧ ♥❡t✇♦r❦
❈❖● ❈❡♥t❡r ♦❢ ❣r❛✈✐t②
❈❖▼ ❈❡♥t❡r ♦❢ ♠❛ss
❉❍ ❉❡♥❛✈✐t ❛♥❞ ❍❛rt❡♥❜❡r❣ ❝♦♥✈❡♥t✐♦♥
❉▲❙ ❉❛♠♣❡❞ ❧❡❛st✲sq✉❛r❡
❉❖❋ ❉❡❣r❡❡ ♦❢ ❢r❡❡❞♦♠
❊❑❋ ❊①t❡♥❞❡❞ ❑❛❧♠❛♥ ✜❧t❡r
❊❙❈ ❊❧❡❝tr♦♥✐❝ s♣❡❡❞ ❝♦♥tr♦❧
❋❉❉ ❋❛✉❧t ❞❡t❡❝t✐♦♥ ❛♥❞ ❞✐❛❣♥♦s✐s
❋❋❚ ❋❛st ❋♦✉r✐❡r tr❛♥s❢♦r♠
❋❚❈ ❋❛✉❧t✲t♦❧❡r❛♥t ❝♦♥tr♦❧
■▼❯ ■♥❡rt✐❛❧ ♠❡❛s✉r❡♠❡♥t ✉♥✐t
■P▼ ■♥t❡r✐♦r✲♣♦✐♥t ♠❡t❤♦❞
❑❋ ❑❛❧♠❛♥ ✜❧t❡r
▲▼❆ ▲❡✈❡♥❜❡r❣✲▼❛rq✉❛r❞t ❛❧❣♦r✐t❤♠
▲P ▲✐♥❡❛r ♣r♦❣r❛♠
▲◗❘ ▲✐♥❡❛r q✉❛❞r❛t✐❝ r❡❣✉❧❛t♦r
▲❙▼ ▲❡❛st sq✉❛r❡ ♠❡t❤♦❞
▲❙❚▼ ▲♦♥❣ s❤♦rt✲t❡r♠ ♠❡♠♦r② ♥❡✉r❛❧ ♥❡t✇♦r❦
▼❋❈◗ ▼❛♥❣❛s❛r✐❛♥✲❋r♦♠♦✇✐t③ ❝♦♥str❛✐♥t q✉❛❧✐✜❝❛t✐♦♥
▼■▼❖ ▼✉❧t✐✲✐♥♣✉t✱ ♠✉❧t✐✲♦✉t♣✉t
▼P❈ ▼♦❞❡❧ ♣r❡❞✐❝t✐✈❡ ❝♦♥tr♦❧
▼P■ ▼♦♦r❡✲P❡♥r♦s❡ ✐♥✈❡rs❡
◆❊❊❙ ◆♦r♠❛❧✐③❡❞ ❡st✐♠❛t✐♦♥ ❡rr♦r sq✉❛r❡❞
◆■❙ ◆♦r♠❛❧✐③❡❞ ✐♥♥♦✈❛t✐♦♥ ❡rr♦r sq✉❛r❡❞
❖❉❊ ❖r❞✐♥❛r② ❞✐✛❡r❡♥t✐❛❧ ❡q✉❛t✐♦♥
◗P ◗✉❛❞r❛t✐❝ ♣r♦❣r❛♠♠✐♥❣
❘▼❙❊ ❘♦♦t ♠❡❛♥ sq✉❛r❡ ❡rr♦r
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❆❜❦ür③✉♥❣s✲ ✉♥❞ ❙②♠❜♦❧✈❡r③❡✐❝❤♥✐s

❘◆◆ ❘❡❝✉rr❡♥t ♥❡✉r❛❧ ♥❡t✇♦r❦
❙❱▼ ❙✉♣♣♦rt ✈❡❝t♦r ♠❛❝❤✐♥❡
❚❈P ❚♦♦❧ ❝❡♥t❡r ♣♦✐♥t
❯❆❱ ❯♥♠❛♥♥❡❞ ❛❡r✐❛❧ ✈❡❤✐❝❧❡
❯❑❋ ❯♥s❝❡♥t❡❞ ❑❛❧♠❛♥ ✜❧t❡r
❱❚❖▲ ❱❡rt✐❝❛❧ t❛❦❡✲♦✛ ❛♥❞ ❧❛♥❞✐♥❣
❲P❉ ❲❛✈❡❧❡t ♣❛❝❦❡t ❞❡❝♦♠♣♦s✐t✐♦♥

Symbols
ū ❱✐rt✉❛❧ ✐♥♣✉t ✐♥ t❤❡ ♦♣❡r❛t✐♦♥❛❧ s♣❛❝❡
λ ▲❛❣r❛♥❣❡ ♠✉❧t✐♣❧✐❡r
τm ■♥♣✉t ❢♦r❝❡ ♦❢ t❤❡ ♠❛♥✐♣✉❧❛t♦r
θ ❏♦✐♥t ❛♥❣❧❡ ✈❡❝t♦r
ξ ❱❡❝t♦r ♦❢ t❤❡ ❣❡♥❡r❛❧✐③❡❞ ❝♦♦r❞✐♥❛t❡s
C ❈❡♥tr✐❢✉❣❛❧ ❛♥❞ ❈♦r✐♦❧✐s ♠❛tr✐①
DA ❆♣♣❛r❡♥t ❞❛♠♣✐♥❣
G ●r❛✈✐t❛t✐♦♥❛❧ ♠❛tr✐①
h ❍❡❛❧t❤ ❧❡✈❡❧ ✈❡❝t♦r ♦❢ t❤❡ r♦t♦rs
IB ■♥❡rt✐❛ ♦❢ t❤❡ ❡♥t✐r❡ ❯❆❱ ✇✳r✳t✳ t❤❡ ❈❖▼
J ❏❛❝♦❜✐❛♥ ♠❛tr✐①
JD ❉❛♠♣❡❞ ❧❡❛st✲sq✉❛r❡ ♦❢ J

JW ❲❡✐❣❤t❡❞ ▼P■ ♦❢ J

KA ❆♣♣❛r❡♥t st✐✛♥❡ss
Kk ❑❛❧♠❛♥ ❣❛✐♥
M ●❡♥❡r❛❧✐③❡❞ ✐♥❡rt✐❛ t❡♥s♦r
M❡✛ ❈♦♥tr♦❧ ❡✛❡❝t✐✈❡♥❡ss ♠❛tr✐①
M❡①t ❙t❛t✐❝ ❝♦♥tr♦❧ ❛❧❧♦❝❛t✐♦♥ ♠❛tr✐①
MA ❆♣♣❛r❡♥t ✐♥❡rt✐❛ ♠❛tr✐①
NJ Pr♦❥❡❝t♦r ✐♥ t❤❡ ♥✉❧❧ s♣❛❝❡ ♦❢ J

ns ❱❡❝t♦r ❝♦♥t❛✐♥✐♥❣ t❤❡ sq✉❛r❡ ✈❛❧✉❡s ♦❢ ❛❧❧ r♦t♦r s♣❡❡❞s
O❊❑❋ ❖❜s❡r✈❛❜✐❧✐t② ♠❛tr✐①
S ❙❡❧❡❝t✐♦♥ ♠❛tr✐① ♦❢ t❤❡ ❤②❜r✐❞ ♣♦s❡ ❛♥❞ ✐♠♣❡❞❛♥❝❡ ❝♦♥tr♦❧
T ❈♦♥❥✉❣❛t❡ ❊✉❧❡r ❛♥❣❧❡ r❛t❡s ♠❛tr✐①
tl ❚❛s❦ ✈❡❝t♦r ❢♦r t❤❡ ♣r❡❢❡rr❡❞ ❥♦✐♥t ❝♦♥✜❣✉r❛t✐♦♥
u ❈♦♥tr♦❧ ✐♥♣✉t ♦❢ t❤❡ ❯❆❱
uξ ❱✐rt✉❛❧ ✐♥♣✉t ✐♥ t❤❡ ❥♦✐♥t s♣❛❝❡
vT ❚✇✐st ✈❡❝t♦r ♦❢ t❤❡ ❡♥❞✲❡✛❡❝t♦r
W ❲❡✐❣❤t ♠❛tr✐①
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❆❜❦ür③✉♥❣s✲ ✉♥❞ ❙②♠❜♦❧✈❡r③❡✐❝❤♥✐s

w ●❡♥❡r❛❧✐③❡❞ ✐♥♣✉t ❢♦r❝❡
we ●❡♥❡r❛❧✐③❡❞ ❡①t❡r♥❛❧ ❢♦r❝❡
x ❙t❛t❡ ✈❡❝t♦r
y ▼❡❛s✉r❡♠❡♥t ✈❡❝t♦r
ǫk ♥♦r♠❛❧✐③❡❞ ✐♥♥♦✈❛t✐♦♥ ❡rr♦r sq✉❛r❡❞
ητ ❚♦rq✉❡ ❡✣❝✐❡♥❝② ✐♥❞❡①
ηf ❋♦r❝❡ ❡✣❝✐❡♥❝② ✐♥❞❡①
λs ❙❝❛❧✐♥❣ ✈❡❝t♦r ✐♥ ❡♠❡r❣❡♥❝② r♦✉t✐♥❡
K ❚♦t❛❧ ❦✐♥❡t✐❝ ❡♥❡r❣②
L ▲❛❣r❛♥❣✐❛♥
U ❚♦t❛❧ ♣♦t❡♥t✐❛❧ ❡♥❡r❣②
ψ ❨❛✇ ❛♥❣❧❡
ϕ ❘♦❧❧ ❛♥❣❧❡
ϑ P✐t❝❤ ❛♥❣❧❡
b ❚♦rq✉❡ ❝♦❡✣❝✐❡♥t
e♠❡❛♥ ❆❜s♦❧✉t❡ ♠❡❛♥ ✈❛❧✉❡ ♦❢ ❡rr♦rs
g ●r❛✈✐t❛t✐♦♥❛❧ ❛❝❝❡❧❡r❛t✐♦♥
gm ▼❛♥✐♣✉❧❛❜✐❧✐t② ♠❡❛s✉r❡
k ❚❤r✉st ❝♦❡✣❝✐❡♥t
lLST M ❙❡q✉❡♥❝❡ ❧❡♥❣t❤ ♦❢ t❤❡ ▲❙❚▼ ♥❡t✇♦r❦
ni ❙♣❡❡❞ ♦❢ t❤❡ i✲t❤ ♣r♦♣❡❧❧❡r
n+ ❊①tr❡♠❡ ✈❛❧✉❡ ♦❢ t❤❡ r♦t♦r s♣❡❡❞ ❝✉r✈❡
tg ❖❜❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥ ❢♦r t❤❡ ❛❧✐❣♥♠❡♥t t❛s❦
to ❖❜❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥ ❢♦r ❝♦❧❧✐s✐♦♥ ❛✈♦✐❞❛♥❝❡
A
BT ❍♦♠♦❣❡♥❡♦✉s tr❛♥s❢♦r♠❛t✐♦♥ ♠❛tr✐① ❢r♦♠ ④❇⑥ t♦ ④❆⑥
Bτ ■♥♣✉t t♦rq✉❡ ❡①♣r❡ss❡❞ ✐♥ ④❇⑥
BτD,i ❚♦rq✉❡ ❣❡♥❡r❛t❡❞ ❜② t❤❡ i✲t❤ r♦t♦r ❡①♣r❡ss❡❞ ✐♥ ④❇⑥
BeRi

❉✐r❡❝t✐♦♥ ♦❢ t❤❡ i✲t❤ r♦t♦r ✐♥ ④❇⑥
Bf ■♥♣✉t ❢♦r❝❡ ❡①♣r❡ss❡❞ ✐♥ ④❇⑥
BfT,i ❚❤r✉st ❣❡♥❡r❛t❡❞ ❜② t❤❡ i✲t❤ r♦t♦r ❡①♣r❡ss❡❞ ✐♥ ④❇⑥
BpG ❉✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❈❖● ♦❢ t❤❡ ❛r♠ ❛♥❞ t❤❡ ✈❡rt✐❝❛❧ ❧✐♥❡

❞❡✜♥❡❞ ❜② t❤❡ ❣r❛✈✐t② ✈❡❝t♦r ♦❢ t❤❡ ✈❡❤✐❝❧❡
Bpi P♦s✐t✐♦♥ ♦❢ t❤❡ i✲t❤ ❧✐♥❦ ❡①♣r❡ss❡❞ ✐♥ ④❇⑥
Bpm,i ❈❖▼ ♣♦s✐t✐♦♥ ♦❢ t❤❡ i✲t❤ ❧✐♥❦ ❡①♣r❡ss❡❞ ✐♥ ④❇⑥
IfG ●r❛✈✐t② ❡①♣r❡ss❡❞ ✐♥ ④■⑥
Ifext ❊①t❡r♥❛❧ ❢♦r❝❡ ❡①♣r❡ss❡❞ ✐♥ ④■⑥
Bτext ❊①t❡r♥❛❧ t♦rq✉❡ ❡①♣r❡ss❡❞ ✐♥ ④■⑥
Bpm,B P♦s✐t✐♦♥ ♦❢ t❤❡ ❈❖▼ ♦❢ t❤❡ ❯❆❱ ❡①♣r❡ss❡❞ ✐♥ ④❇⑥
Bri P♦s✐t✐♦♥ ♦❢ t❤❡ i✲t❤ ♣r♦♣❡❧❧❡r ❡①♣r❡ss❡❞ ✐♥ ④❇⑥

①①✐✐✐



❆❜❦ür③✉♥❣s✲ ✉♥❞ ❙②♠❜♦❧✈❡r③❡✐❝❤♥✐s

I
Bφ ❊✉❧❡r ❛♥❣❧❡s r❡♣r❡s❡♥t t❤❡ r♦t❛t✐♦♥ ❢r♦♠ ④❇⑥ t♦ ④❆⑥
IpB ❖r✐❣✐♥ ♣♦s✐t✐♦♥ ♦❢ ④❇⑥ ❡①♣r❡ss❡❞ ✐♥ ④■⑥
αi ❚✐❧t✐♥❣ ❛♥❣❧❡ ♦❢ t❤❡ i✲t❤ r♦t♦r
ω ❆♥❣✉❧❛r ✈❡❧♦❝✐t②
A
BR ❘♦t❛t✐♦♥ ♠❛tr✐① ❢r♦♠ ④❇⑥ t♦ ④❆⑥
❙❊✭n✮ ❙♣❡❝✐❛❧ ❊✉❝❧✐❞❡❛♥ ❣r♦✉♣ ✇✐t❤ ❞✐♠❡♥s✐♦♥ n
❙❖✭n✮ ❙♣❡❝✐❛❧ ♦rt❤♦❣♦♥❛❧ ❣r♦✉♣ ✇✐t❤ ❞✐♠❡♥s✐♦♥ n
d ❱❡❝t♦r ❝♦♥t❛✐♥✐♥❣ ❛❧❧ ✈❡rt✐❝❛❧ ❛♥❞ ❧❛t❡r❛❧ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡

❡①t❡♥❞❡❞ t❤r✉st ❢♦r♠✉❧❛t✐♦♥
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Kapitel 1

Introduction

1.1 Motivation

❚❤❡ st✉❞② ♦♥ ✉♥♠❛♥♥❡❞ ❛❡r✐❛❧ ✈❡❤✐❝❧❡s ✭❯❆❱s✮ ❤❛s ❜❡❡♥ ❛ ♣♦♣✉❧❛r r❡s❡✲
❛r❝❤ t♦♣✐❝ ✐♥ t❤❡ ♣❛st ❞❡❝❛❞❡✱ ❛♥❞ ♠❛♥② ♣r♦❢♦✉♥❞ ❞❡✈❡❧♦♣♠❡♥ts ❤❛✈❡ ❜❡❡♥
❡st❛❜❧✐s❤❡❞ ❬✶✼✻❪✳ ❉✉❡ t♦ t❤❡ ❝❛♣❛❜✐❧✐t② ♦❢ r❡❛❝❤✐♥❣ ❤✐❣❤✲❛❧t✐t✉❞❡ ✇♦r❦s♣❛❝❡
s✇✐❢t❧② ❛♥❞ ❝♦✈❡r✐♥❣ ❧❛r❣❡ ♦✉t❞♦♦r ❛r❡❛s ❡✣❝✐❡♥t❧②✱ ❯❆❱s ❤❛✈❡ r❡❝❡♥t❧② ❜❡❡♥
❞❡♣❧♦②❡❞ ✐♥ ✈❛r✐♦✉s s❝❡♥❛r✐♦s t❤❛t ❤❛③❛r❞ ❤✉♠❛♥ ❜❡✐♥❣s ♦r ❛r❡ t♦♦ ❝♦st❧②✳ ❇②
❣❛✐♥✐♥❣ ❢r♦♠ t❤❡ ❤❛r❞✇❛r❡ ♠✐♥✐❛t✉r✐③❛t✐♦♥✱ t❤❡ ✐♥❝r❡❛s❡ ✐♥ ❝♦♠♣✉t❛t✐♦♥❛❧
♣♦✇❡r✱ t❤❡ ❛❞✈❛♥❝❡♠❡♥ts ✐♥ ❝♦♠♣✉t❡r ✈✐s✐♦♥ ❛♥❞ ❝♦♥tr♦❧ t❡❝❤♥✐q✉❡s✱ ❯❆❱s
❤❛✈❡ ❜❡❡♥ ♠❛❞❡ ♣♦ss✐❜❧❡ ❛s ❝♦♥s✉♠❡r ♣r♦❞✉❝ts✱ ❛♥❞ t❤❡✐r ✉s❛❜✐❧✐t② ❛♥❞ ♣♦✲
t❡♥t✐❛❧ ❛r❡ ♠❛♥✐❢❡st❡❞ ✐♥ ❛♥ ❡♥♦r♠♦✉s ♣✉❜❧✐❝ ✐♥t❡r❡st✳ ❚❤❡ ♠❛r❦❡t ♦❢ ❯❆❱s
❢♦r ❝♦♠♠❡r❝✐❛❧ ✉s❡ ✇❛s ❡✈❡♥ ✈❛❧✉❡❞ ❛s ❤✐❣❤ ❛s ✩ 13.44 ❜✐❧❧✐♦♥ ✐♥ ✷✵✷✵ ❬✻✷❪✳
❚❤❡ ♠♦st ❝♦♠♠♦♥ ❛♣♣❧✐❝❛t✐♦♥ ❢♦r ❯❆❱s✱ ❜♦t❤ ✐♥ ♠✐❧✐t❛r② ❛♥❞ ❝✐✈✐❧✐❛♥✱ ✐s t♦
❣❛t❤❡r ✈✐s✐♦♥ ♦r ♦t❤❡r st❡r❡♦ ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠ t❤❡ ✈❡❤✐❝❧❡ ✐♥ t❤❡ ♦❜s❡r✈❛t✐♦♥❛❧
✜❡❧❞✳
◆❡✈❡rt❤❡❧❡ss✱ t❤❡ ♣♦t❡♥t✐❛❧ ♦❢ ❯❆❱s ❝❛♥ ❜❡ ❢✉rt❤❡r ❞❡✈❡❧♦♣❡❞ ❜② ♠✐❣r❛t✐♥❣

❢r♦♠ ♣❛ss✐✈❡ t❛s❦s ❧✐❦❡ r❡❝♦♥♥❛✐ss❛♥❝❡ ❛♥❞ r❡♠♦t❡ s❡♥s✐♥❣ t♦ ❛❝t✐✈❡ t❛s❦s
✐♥✈♦❧✈✐♥❣ ♣❤②s✐❝❛❧ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ r♦❜♦t ❛♥❞ ♦❜❥❡❝ts ✐♥ ✐ts ❡♥✈✐r♦♥✲
♠❡♥t✱ ✐✳❡✳✱ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t✐♦♥✳ ❚❤✐s ♣r♦♠✐s❡s t♦ ♣r❡s❡♥t ♥❡✇ ♦♣♣♦rt✉♥✐t✐❡s
❛♥❞ ♦♣❡♥ ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ ♣♦ss✐❜❧❡ ❛♣♣❧✐❝❛t✐♦♥s ✇❤❡r❡ ❛❡r✐❛❧ r♦❜♦ts ❝♦✉❧❞
❜❡ ❞❡♣❧♦②❡❞ ❢♦r ❝♦♥str✉❝t✐♦♥ ❛♥❞ ♠❛✐♥t❡♥❛♥❝❡ ♦♥ ✐♥❛❝❝❡ss✐❜❧❡ ❛♥❞ ❝♦♠♣❧❡①
str✉❝t✉r❡s✱ t❤✉s r❡❞✉❝✐♥❣ ❝♦sts ❛♥❞ r✐s❦s t♦ ❤✉♠❛♥s✳ ❋♦r ❡①❛♠♣❧❡✱ ❝❧❡❛♥✐♥❣
❧❛r❣❡✲s❝❛❧❡ s♦❧❛r ♣❛♥❡❧s✱ r❡♣❛✐r✐♥❣ ✇✐♥❞ t✉r❜✐♥❡ ❜❧❛❞❡s✱ ♠❛✐♥t❛✐♥✐♥❣ ❤✐❣❤✲
✈♦❧t❛❣❡ ♣♦✇❡r ❧✐♥❡s✱ ❛♥❞ ♣✐♣❡❧✐♥❡ ✐♥s♣❡❝t✐♦♥s ✭s❡❡ ❋✐❣✳ ✶✳✶✮ ❛r❡ ❢♦r❡s❡❡❛❜❧❡
✐♥❞✉str② ❛♥❞ s❡r✈✐❝❡ ❛♣♣❧✐❝❛t✐♦♥s ♦❢ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t✐♦♥✳
P❤②s✐❝❛❧ ✐♥t❡r❛❝t✐♦♥ s✉❝❤ ❛s ❣r❛s♣✐♥❣ ♦r ♠❛♥✐♣✉❧❛t✐♦♥ ❝♦♥st✐t✉t❡s ❛ ♣❛rt✐✲

❝✉❧❛r❧② ❝❤❛❧❧❡♥❣✐♥❣ s❝❡♥❛r✐♦ ❢♦r ❛❡r✐❛❧ r♦❜♦ts ❞✉❡ t♦ t❤❡ ✐♥tr✐♥s✐❝ ✐♥st❛❜✐❧✐t②
❛♥❞ t②♣✐❝❛❧ ✉♥❞❡r❛❝t✉❛t✐♦♥✳ ❆❡r✐❛❧ ♠❛♥✐♣✉❧❛t✐♦♥ r❡q✉✐r❡s ❛ ✈❡rt✐❝❛❧ t❛❦❡✲♦✛
❛♥❞ ❧❛♥❞✐♥❣ ✭❱❚❖▲✮ ✢♦❛t✐♥❣ ❜❛s❡ t♦ ♣❡r❢♦r♠ ❛❣✐❧❡ ♠❛♥❡✉✈❡rs ❛♥❞ t♦ ❡①❡rt
♣r❡❝✐s❡ ❢♦r❝❡s ♦♥ t❤❡ ❡♥✈✐r♦♥♠❡♥t ✐♥ ❛♥② ❞✐r❡❝t✐♦♥ ✇❤✐❧❡ ❛t t❤❡ s❛♠❡ t✐♠❡
r❡❥❡❝t✐♥❣ ♦t❤❡r s♦✉r❝❡s ♦❢ ❞✐st✉r❜❛♥❝❡✳ ❚❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ ♠♦st ❝♦♥❝✉rr❡♥t
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❑❛♣✐t❡❧ ✶ ■♥tr♦❞✉❝t✐♦♥

(a) P❤♦t♦✈♦❧t❛✐❝ ♣♦✇❡r st❛t✐♦♥ ✐♥ t❤❡
❑✉❜✉q✐ ❉❡s❡rt✳

(b) ▼❛✐♥t❡♥❛♥❝❡ ♣❡rs♦♥♥❡❧ ❛r❡ r❡♣❛✐r✐♥❣
❛ ✇✐♥❞ t✉r❜✐♥❡ ❜❧❛❞❡✳

(c) ❩❤❛♥❣❜❡✐✲❳✐♦♥❣❛♥ ✶✵✵✵❦❱ ❯❍❱
❚r❛♥s♠✐ss✐♦♥ ▲✐♥❡✳

(d) P✐♣❡s ♦❢ ❛ ♣❡tr♦❝❤❡♠✐❝❛❧ ♣❧❛♥t✳

Abbildung 1.1: ❊①❛♠♣❧❡s ♦❢ ♣♦t❡♥t✐❛❧ ❛♣♣❧✐❝❛t✐♦♥ s❝❡♥❛r✐♦s ❢♦r ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t✐♦♥✳

❱❚❖▲ ❯❆❱s ✐s ❜❛s❡❞ ♦♥ ❛ ❝♦✲♣❧❛♥❛r ♠✉❧t✐r♦t♦r ❞❡s✐❣♥✱ ✇❤❡r❡ t❤❡ r♦t♦r ❛①❡s
❛r❡ ♣❛r❛❧❧❡❧ t♦ t❤❡ ✈❡rt✐❝❛❧ ❛①✐s ♦❢ t❤❡ ✈❡❤✐❝❧❡✳ ❚❤✐s ❞❡s✐❣♥ ❤❛s ❜❡❡♥ ♣r♦✈❡❞
t❤r♦✉❣❤ ♠❛♥② ②❡❛rs ❛♥❞ ❡♥❥♦②s t❤❡ ❜❡♥❡✜ts ♦❢ s✐♠♣❧❡ ❛♥❞ r♦❜✉st ❝♦♥str✉❝✲
t✐♦♥ ❛♥❞ ♦♣t✐♠❛❧ t❤r✉st ❡✣❝✐❡♥❝② ✇❤❡♥ ❤♦✈❡r✐♥❣✳ ❚❤❡ ✐♥♥❛t❡ ❝♦✉♣❧✐♥❣ ♦❢
♦r✐❡♥t❛t✐♦♥ ❛♥❞ ♣♦s✐t✐♦♥ ✐s t❤❡ ❞r❛✇❜❛❝❦ t❤❛t ♠❛❦❡s t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧ ❞❡✲
s✐❣♥ ✉♥s✉✐t❛❜❧❡ ❢♦r ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t✐♦♥✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❢✉❧❧② ❛❝t✉❛t❡❞
♠✉❧t✐r♦t♦rs ❝❛♥ ❝♦♠♣❡♥s❛t❡ ❢♦r t♦rq✉❡s ❛♥❞ ❢♦r❝❡s ❝❛✉s❡❞ ❜② t❤❡ ❝♦♥t❛❝t
❛♥❞ ♦r✐❡♥t t❤❡♠s❡❧✈❡s ❛♥❞ ♦♥❜♦❛r❞ t♦♦❧s t♦ ♣❡r❢♦r♠ ♠❛♥✐♣✉❧❛t✐♦♥ t❛s❦s ♦♥
t❤❡ s✉r❢❛❝❡s ♦❢ ❝♦♠♣❧❡① str✉❝t✉r❡s✱ ❛s ❡①❡♠♣❧✐✜❡❞ ✐♥ ❋✐❣✳ ✶✳✶✳ ❆❞❞✐t✐♦♥❛❧❧②✱
❝♦♠♣❧❡① ✉s❡ ❝❛s❡s r❡q✉✐r❡ ❛ ❤✐❣❤ ✜❞❡❧✐t② ❛♥❞ ❢❛✉❧t t♦❧❡r❛♥❝❡ ✉♥❞❡r t❤❡ ♣r❡✲
s❡r✈❛t✐♦♥ ♦❢ ♦♠♥✐❞✐r❡❝t✐♦♥❛❧ ♠❛♥❡✉✈❡r❛❜✐❧✐t②✳ ■♥ t❤❡ ❡✈❡♥t ♦❢ ❛♥ ✉♥❡①♣❡❝t❡❞
❧♦ss ♦❢ t❤r✉st✱ ❡✳❣✳✱ ❞✉❡ t♦ ♣r♦♣❡❧❧❡r ❞❛♠❛❣❡✱ ✐t ✐s ❞❡s✐r❡❞ t❤❛t t❤❡ ✈❡❤✐❝❧❡
❝❛♥ st✐❧❧ ❜❡ s❛❢❡❧② ♦♣❡r❛t❡❞ ❛♥❞ ❧❛♥❞❡❞✳ ❈♦♥s❡q✉❡♥t❧②✱ ❛❡r✐❛❧ ✈❡❤✐❝❧❡s s❤♦✉❧❞
❜❡ ❝♦♥✜❣✉r❡❞ ✇✐t❤ r❡❞✉♥❞❛♥❝② t♦ t♦❧❡r❛t❡ ♣❛rt✐❛❧✱ s✐♥❣❧❡✱ ♦r ❡✈❡♥ ♠✉❧t✐♣❧❡
❡✛❡❝t♦r ❢❛✐❧✉r❡s✳

❚♦ ❡♥❞♦✇ ❛❡r✐❛❧ ✈❡❤✐❝❧❡s ✇✐t❤ s✉✣❝✐❡♥t ♠❛♥✐♣✉❧❛❜✐❧✐t② ❢♦r ✏t❛❝t✐❧❡✑ t❛s❦s✱
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✶✳✷ ❘❡s❡❛r❝❤ ❖❜❥❡❝t✐✈❡s

❝♦♠❜✐♥✐♥❣ ❛ ❢✉❧❧② ❛❝t✉❛t❡❞ ♠✉❧t✐r♦t♦r ❯❆❱ ✇✐t❤ ❛ ♠✉❧t✐✲❥♦✐♥t ♠❛♥✐♣✉❧❛t♦r
❜❡❝♦♠❡s r❡❧❡✈❛♥t✳ ❚❤❡ r❡s✉❧t✐♥❣ s②st❡♠ ✐♥❤❡r✐ts ✉♥❧✐♠✐t❡❞ ♠♦❜✐❧✐t② ❢r♦♠ t❤❡
❯❆❱ ❛♥❞ ❞❡①t❡r✐t② ❢r♦♠ t❤❡ r♦❜♦t✐❝ ♠❛♥✐♣✉❧❛t♦r✳ ❚❤❡r❡❢♦r❡✱ ❛❡r✐❛❧ ♠❛♥✐✲
♣✉❧❛t✐♦♥ ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ t❤❡ ♥❛t✉r❛❧ ❡✈♦❧✉t✐♦♥ ♦❢ ♠♦❜✐❧❡ r♦❜♦t✐❝s✱ ❛❞❞✐♥❣
♠❛♥✐♣✉❧❛t✐♦♥ ❝❛♣❛❜✐❧✐t✐❡s t♦ t❤❡ ❛❣✐❧✐t② ❛♥❞ ✈❡rs❛t✐❧✐t② ♦❢ ❱❚❖▲ ❯❆❱s✳ ❚❤❡r❡
✐s ♥♦ ❞♦✉❜t t❤❛t ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦rs ✇✐❧❧ ✐♠♣r♦✈❡ t❤❡ q✉❛❧✐t② ♦❢ ✇♦r❦ ❞✐str✐❜✉✲
t❡❞ ♦✈❡r ❛ ✇✐❞❡ ❛r❡❛ ♦r ✐♥ ❤❛③❛r❞♦✉s ❝♦♥❞✐t✐♦♥s ❛♥❞ s✐t✉❛t✐♦♥s✳ ◆❡✈❡rt❤❡❧❡ss✱
t❤❡ q✉❡st✐♦♥ r❡♠❛✐♥s ❤♦✇ t♦ ❞❡✈❡❧♦♣ ❛❝❝✉r❛t❡ ❛♥❞ r❡❧✐❛❜❧❡ ✐♥t❡r❛❝t✐♦♥ ❝♦♥tr♦❧
✐♥ s✐① ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠ ✭❉❖❋✮ ❢♦r ❛ ❝♦♠♣❧❡① ✢♦❛t✐♥❣ ♠✉❧t✐✲❜♦❞② s②st❡♠✳

1.2 Research Objectives

❚❤✐s ❞✐ss❡rt❛t✐♦♥ ❛✐♠s ❛t ❞❡✈❡❧♦♣✐♥❣ ❛♥ ❛❡r✐❛❧ ♣❧❛t❢♦r♠ ❛♥❞ ❝♦♥tr♦❧ s♦❧✉t✐♦♥s
♠♦t✐✈❛t❡❞ ❡①♣❧✐❝✐t❧② ❜② ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t✐♦♥✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤✐s ✇♦r❦ ✇✐❧❧ ❞❡✲
s✐❣♥ ❛♥ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦r ❝♦♥s✐st✐♥❣ ♦❢ t✐❧t❛❜❧❡ r♦t♦rs ❛♥❞ s❡r✐❛❧ r♦t❛t✐♦♥❛❧
❥♦✐♥ts ❛♥❞ ❢♦❝✉s ♦♥ ❞❡✈❡❧♦♣✐♥❣ ❤②❜r✐❞ ♣♦s❡ ❛♥❞ ✐♠♣❡❞❛♥❝❡ ❝♦♥tr♦❧ ❢♦r t❤❡
♣❧❛t❢♦r♠ s✉❜❥❡❝t t♦ ❝♦♥str❛✐♥ts ✐♥ r❡❛❧✐st✐❝ ❝♦♥❞✐t✐♦♥s✳ ❇② ❝♦♥s✐❞❡r✐♥❣ ✐♥❞✐✈✐✲
❞✉❛❧ ❡❧❡♠❡♥ts ✇❤✐❝❤ ❝♦♥st✐t✉t❡ t❤❡ ✇❤♦❧❡ ❝♦♥tr♦❧ ❧♦♦♣✱ ♦❜❥❡❝t✐✈❡s ❛r❡ ❧✐st❡❞
❛s✿

❼ ❉❡s✐❣♥ ♦❢ t❤❡ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦r ❛s ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❛ t❛✐❧♦r✲♠❛❞❡
♠❛♥✐♣✉❧❛t♦r ❢♦r ❛ ✢♦❛t✐♥❣ ❜❛s❡ ❛♥❞ ❛ ♠✉❧t✐r♦t♦r ❯❆❱ ❡①t❡♥❞❡❞ ✇✐t❤
t❤❡ ❝❛♣❛❜✐❧✐t✐❡s ♦❢ ❢✉❧❧ ❛❝t✉❛t✐♦♥✳

❼ ❈♦♥tr♦❧❧❛❜✐❧✐t② ❛♥❞ ♦❜s❡r✈❛❜✐❧✐t② ❛♥❛❧②s✐s ❢♦r t❤❡ ♣r♦♣♦s❡❞ ❛❡r✐❛❧ ♠❛♥✐✲
♣✉❧❛t♦r✳

❼ ❘✐s❦ ♠✐♥✐♠✐③❛t✐♦♥ ♦❢ ✐♥♣✉t s❛t✉r❛t✐♦♥ ✐♥ ❛♥ ❡❛r❧② st❛❣❡ s✐♥❝❡ ✐t ✐s t❤❡
♠♦st ✉♥❞❡s✐r❡❞ s✐t✉❛t✐♦♥ ✇❤✐❝❤ ❡♥❞❛♥❣❡rs t❤❡ s②st❡♠ st❛❜✐❧✐t②✳

❼ ❆❝t✐✈❡ ❢❛✉❧t✲t♦❧❡r❛♥t ❝♦♥tr♦❧ ✐s t♦ ❜❡ ❞❡✈❡❧♦♣❡❞ ❢♦r ❛ s✐♥❣❧❡ ❢❛✉❧t ❞✉r✐♥❣
❢r❡❡ ✢✐❣❤t✱ ✇❤❡r❡ t❤❡ s②st❡♠ ♠♦❞❡❧ ❝❛♥ ❜❡ s✐♠♣❧✐✜❡❞✳ ❆s ❛ ♣r❡r❡q✉✐s✐t❡✱
t❤r✉st ❧♦ss ❤❛s t♦ ❜❡ ❞❡t❡❝t❡❞ ❛♥❞ ✐s♦❧❛t❡❞ ❝♦rr❡❝t❧②✳ ■t ❝♦✉❧❞ ❛❧s♦ ❜❡
❤❡❧♣❢✉❧ t♦ ❡st✐♠❛t❡ t❤❡ s❡✈❡r✐t② ♦❢ t❤❡ ❢❛✉❧t✳

❼ ❈♦♠♣❧✐❛♥t ❜❡❤❛✈✐♦r ♦❢ t❤❡ ❡♥❞✲❡✛❡❝t♦r ❛❧♦♥❣ ❛ s♣❡❝✐✜❝ ❞✐r❡❝t✐♦♥ ✐s
♥❡❝❡ss❛r② ❢♦r s♦❢t ❝♦♥t❛❝t ❞✉r✐♥❣ ❛ ♠❛♥✐♣✉❧❛t✐♦♥ t❛s❦✳ ❇❛s❡❞ ♦♥ t❤❡
❦♥♦✇❧❡❞❣❡ ♦❢ ❡①t❡r♥❛❧ ❢♦r❝❡s ❛♥❞ t♦rq✉❡s ♣r♦✈✐❞❡❞ ❜② ❛♥ ♦❜s❡r✈❡r ♦r
❛ ❢♦r❝❡✴t♦rq✉❡ s❡♥s♦r✱ t❤✐s ♦❜❥❡❝t✐✈❡ ❝❛♥ ❜❡ ❛❝❤✐❡✈❡❞ ❜② ❛①✐s✲s❡❧❡❝t✐✈❡
❤②❜r✐❞ ♣♦s❡ ❛♥❞ ✐♠♣❡❞❛♥❝❡ ❝♦♥tr♦❧✳
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❑❛♣✐t❡❧ ✶ ■♥tr♦❞✉❝t✐♦♥

❼ ❆♣❛rt ❢r♦♠ t❤❡ ♣r✐♠❛r② ❝♦♥tr♦❧ ♦❜❥❡❝t✐✈❡✱ r❡❞✉♥❞❛♥❝② ♦❢ t❤❡ ♣r♦♣♦s❡❞
❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦r ❝❛♥ ❜❡ ❡①♣❧♦✐t❡❞ t♦ ❛❝❝♦♠♣❧✐s❤ ❛ s❡t ♦❢ s❡❝♦♥❞❛r②
t❛s❦s✱ ✇❤✐❝❤ ❛r❡ ♦r❞❡r❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡✐r ♣r✐♦r✐t②✳

❼ ❉❡s♣✐t❡ t❤❡ ❢♦❝✉s ♦♥ ❛ ♣❛rt✐❝✉❧❛r ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦r✱ t❤❡ ✇♦r❦ s❤♦✉❧❞
❜❡ ♣r❡s❡♥t❡❞ ✐♥ ❛♥ ❛♣♣❧✐❝❛t✐♦♥✲❛❣♥♦st✐❝ ♠❛♥♥❡r ✇❤❡♥❡✈❡r ♣♦ss✐❜❧❡ t♦
❡❛s❡ t❤❡ tr❛♥s❢❡r t♦ ♦t❤❡r r❡❞✉♥❞❛♥t ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t✐♦♥ s②st❡♠s ✇✐t❤
✢❛t ❞②♥❛♠✐❝s✳

1.3 State of the Art

1.3.1 Aerial Manipulation

❆❡r✐❛❧ r♦❜♦ts ❤❛✈❡ ❜❡❡♥ ❡✐t❤❡r ❡q✉✐♣♣❡❞ ✇✐t❤ ❛ ❣r✐♣♣❡r ♦r ❛ ♠✉❧t✐✲✜♥❣❡r❡❞
❤❛♥❞ r✐❣✐❞❧② ❛tt❛❝❤❡❞ t♦ t❤❡ ❛❡r✐❛❧ r♦❜♦t ❢✉s❡❧❛❣❡ ✭❡✳❣✳✱ ❬✺✱ ✺✽✱ ✾✾✱ ✶✷✽❪✮ ♦r
❝♦♠♣❧❡① ♠❛♥✐♣✉❧❛t♦rs ✭s❡❡ ❬✽✾✱ ✶✹✸✱ ✶✻✼✱ ✶✼✷❪✮ t♦ ❛❝❝♦♠♣❧✐s❤ ♠❛♥✐♣✉❧❛t✐♦♥
t❛s❦s ✐♥ t❤❡ ❛✐r✳ ❋✐❣✳ ✶✳✷ s❤♦✇s ❡①❛♠♣❧❡s ❢♦r ❜♦t❤ s♦❧✉t✐♦♥s✳ ▲✐❣❤t✇❡✐❣❤t

(a) ❨❛❧❡ ❆❡r✐❛❧ ▼❛♥✐♣✉❧❛t♦r ❡q✉✐♣♣❡❞ ✇✐t❤ ❛ ❣r✐♣✲
♣❡r ❬✶✷❪✳

(b) ❍❡❧✐❝♦♣t❡r ❡q✉✐♣♣❡❞ ✇✐t❤ ❛ ✼✲
❉❖❋ ♠❛♥✐♣✉❧❛t♦r ❬✽✾❪✳

Abbildung 1.2: ❊①❛♠♣❧❡s ♦❢ t✇♦ s♦❧✉t✐♦♥s ❢♦r ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t✐♦♥✳

❧♦✇✲❝♦♠♣❧❡①✐t② ❣r✐♣♣❡rs ❛r❡ ✐♠♣❧❡♠❡♥t❡❞ ❢♦❧❧♦✇✐♥❣ t❤❡ ✜rst s♦❧✉t✐♦♥ ❢♦r ♠✉❧✲
t✐r♦t♦rs ❬✾✾✱ ✶✵✼❪ ❛♥❞ ❤❡❧✐❝♦♣t❡rs ❬✶✷❪✳ ❆ ❧♦✇✲❝♦st s♦❧✉t✐♦♥ ✐s ❞✐s❝✉ss❡❞ ✐♥ ❬✻✵❪✳
❋✐①❡❞ t♦♦❧s ✐♥ t❤❡ ✜rst ❛♣♣r♦❛❝❤ ❞♦ ♥♦t ❜r✐♥❣ ❡①tr❛ ❉❖❋ t♦ t❤❡ ✇❤♦❧❡ s②st❡♠✳
❉✉❡ t♦ ❧❛❝❦ ♦❢ ❞❡①t❡r✐t②✱ t❤✐s ❛♣♣r♦❛❝❤ ✐s ❝♦♠♠♦♥❧② ✉s❡❞ ❢♦r s✐♠♣❧❡ t❛s❦s
s✉❝❤ ❛s ♣✐❝❦ ❛♥❞ ♣❧❛❝❡ ❬✶✽✹❪✱ ♣✉s❤✐♥❣ ❬✶✷✽❪✱ ❛♥❞ ❞♦♦r ♦♣❡♥✐♥❣ ❬✶✼✺❪✳
▲✐♥❦✐♥❣ t❤❡ ♦❜❥❡❝t t♦ ❛♥ ❛❡r✐❛❧ ✈❡❤✐❝❧❡ t❤r♦✉❣❤ t❡t❤❡r ♠❡❝❤❛♥✐s♠s ❝❛♥ ❜❡

❝❧❛ss✐✜❡❞ ❛s ❛♥♦t❤❡r ♣♦ss✐❜❧❡ s♦❧✉t✐♦♥✳ ❈❛❜❧❡✲s✉s♣❡♥❞❡❞ ❧♦❛❞✲❧✐❢t✐♥❣ ❜② ❛ q✉❛✲
❞r♦t♦r ✐s ❛❞❞r❡ss❡❞ ✐♥ ❬✹✵❪✳ ❋♦❡❤♥ ✉✳ ❛✳ ❬✺✵❪ ♣r❡s❡♥t ❛ ❢❛st tr❛❥❡❝t♦r② ♦♣t✐♠✐③❛✲
t✐♦♥ ❛❧❣♦r✐t❤♠ ❢♦r q✉❛❞r♦t♦rs ✇✐t❤ ❛ ❝❛❜❧❡✲s✉s♣❡♥❞❡❞ ♣❛②❧♦❛❞✳ ❚r❛♥s♣♦rt✐♥❣
t❤❡ ♣❛②❧♦❛❞ ❜② ♠✉❧t✐♣❧❡ ❛❡r✐❛❧ r♦❜♦ts ✈✐❛ ❝❛❜❧❡s ✐s ❞✐s❝✉ss❡❞ ✐♥ ❬✶✻✱ ✶✵✾✱ ✶✻✹❪✳
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✶✳✸ ❙t❛t❡ ♦❢ t❤❡ ❆rt

■♥ ❝♦♥tr❛st✱ ❛❡r✐❛❧ r♦❜♦ts ❡q✉✐♣♣❡❞ ✇✐t❤ ♠❛♥✐♣✉❧❛t♦rs ❝❛♥ ❛❝❝♦♠♣❧✐s❤ ♠♦r❡
❝♦♠♣❧✐❝❛t❡❞ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t✐♦♥ t❛s❦s✳ ❚❤❡ r♦❜♦t✐❝ ❛r♠ ♦❢ ❛♥ ❛❡r✐❛❧ ♠❛♥✐✲
♣✉❧❛t♦r ♣❧❛②s ❛ ❝r✉❝✐❛❧ r♦❧❡ ✐♥ ✐ts ❢✉♥❝t✐♦♥❛❧✐t②✳ ❚❤❡ ♠❛♥✐♣✉❧❛t♦r ❝❛♥ ❜❡ ❝❛✲
t❡❣♦r✐③❡❞ ❜❛s❡❞ ♦♥ t❤❡ ❝♦♥✜❣✉r❛t✐♦♥✳ ❚❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡ ♣❛r❛❧❧❡❧ str✉❝t✉r❡ ✐s
♠♦t✐✈❛t❡❞ ❜② ✐ts ❤✐❣❤ st✐✛♥❡ss✳ ❆ ✻✲❉❖❋ ♣❛r❛❧❧❡❧ ♠❛♥✐♣✉❧❛t♦r✱ ✇❤✐❝❤ ❛❧❧♦✇s
❢♦r ❧✐tt❧❡ ♠♦✈✐♥❣ ♠❛ss✱ ❛♥❞ ✐s ❡❛s✐❧② st♦✇❡❞ ❜❡❧♦✇ ❛ q✉❛❞r♦t♦r✱ ✐s ♣r❡s❡♥t❡❞
✐♥ ❬✹✶❪✱ ✇❤✐❧❡ ❑❛♠❡❧✱ ❆❧❡①✐s ✉♥❞ ❙✐❡❣✇❛rt ❬✽✷❪ ✐♥tr♦❞✉❝❡ ❛ ✸✲❉❖❋ ♣❛r❛❧✲
❧❡❧ ♠❛♥✐♣✉❧❛t♦r✳ ▲✐❣❤t✇❡✐❣❤t ❉❡❧t❛ ♠❛♥✐♣✉❧❛t♦rs✱ ❝❛♣❛❜❧❡ ♦❢ ♣✉r❡ tr❛♥s❧❛t✐♦✲
♥❛❧ ♠♦t✐♦♥✱ ❛r❡ ✉s❡❞ ✐♥ ❬✸✽✱ ✼✾❪✳ ❙❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦rs✱ ❝❤❛r❛❝t❡r✐③❡❞ ❜② t❤❡✐r
♦♣❡♥ ❦✐♥❡♠❛t✐❝ ❝❤❛✐♥s✱ ❤❛✈❡ ❛ r❡❧❛t✐✈❡❧② ❤✐❣❤❡r ✇♦r❦s♣❛❝❡✴r♦❜♦t✲s✐③❡ r❛t✐♦✳
■♥ ❬✶✻✼❪✱ ❛♥ ❛♥t❤r♦♣♦♠♦r♣❤✐❝ ❞✉❛❧✲❛r♠ ✐s ❞❡s✐❣♥❡❞ ❢♦r ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t✐♦♥✳
❋✐❣✳ ✶✳✸ s❤♦✇s t❤r❡❡ ❡①❛♠♣❧❡s ♦❢ ♠❛♥✐♣✉❧❛t♦r ❝♦♥✜❣✉r❛t✐♦♥✳ ❚❤❡ ❡①✐st✐♥❣

(a) ❉❡❧t❛ ❛r♠ ❬✼✾❪✳ (b) P❛r❛❧❧❡❧ ❛r♠ ❬✽✷❪✳ (c) ❆♥t❤r♦♣♦♠♦r♣❤✐❝ ❛r♠ ❬✶✻✼❪✳

Abbildung 1.3: ❊①❛♠♣❧❡s ♦❢ ♠❛♥✐♣✉❧❛t♦r ❝♦♥✜❣✉r❛t✐♦♥✳

❞❡s✐❣♥s ❝❛♥ ❜❡ ❞✐st✐♥❣✉✐s❤❡❞ ❛❧t❡r♥❛t✐✈❡❧② ❜② t❤❡ ♥✉♠❜❡r ♦❢ t❤❡ ❛r♠✲❉❖❋✿ ✶✲
❉❖❋ ❬✶✾✷❪✱ ✷✲❉❖❋ ❬✺✼✱ ✽✺✱ ✶✼✷❪✱ ✸✲❉❖❋ ❬✽✻✱ ✽✼✱ ✾✵✱ ✶✶✽❪✱ ✺✲❉❖❋ ❬✶✺❪✱ ✻✲❉❖❋
❬✸✵❪ ♦r ♠♦r❡ ❬✻✺✱ ✽✾❪✳ ■t ✐s ♣r❡❢❡r❛❜❧❡ t♦ ♠✐♥✐♠✐③❡ t❤❡ ♦✈❡r❛❧❧ s②st❡♠ ✐♥❡rt✐❛ ❜②
r❛✐s✐♥❣ t❤❡ ❈❖▼ ♦❢ t❤❡ ♠❛♥✐♣✉❧❛t♦r ❝❧♦s❡r t♦ t❤❡ ❯❆❱✬s ❈❖▼✳ ❲✉t❤✐❡r ✉✳ ❛✳
❬✶✽✻❪ ♣r♦♣♦s❡❞ ❛ ❝♦♠♣❛❝t ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦r ❞❡s✐❣♥✱ ✇❤✐❝❤ ❛ss✐❣♥s ❛❧❧ ♠♦t♦rs
✐♥ t❤❡ ❜❛s❡✳ ▼❡❝❤❛♥✐❝❛❧ ♣♦✇❡r ✐s tr❛♥s♠✐tt❡❞ ❢r♦♠ t❤❡ ♠♦t♦rs t♦ t❤❡ ❥♦✐♥ts
✈✐❛ t✐♠✐♥❣ ❜❡❧t ❛♥❞ ♣✉❧❧❡②s ♠❡❝❤❛♥✐s♠ ✭s❡❡ ❋✐❣✳ ✶✳✹❛✮✳ ❍♦♥❡②❝♦♠❜ str✉❝t✉r❡
✭s❡❡ ❋✐❣✳ ✶✳✹❜✮ ✐s ✉s❡❞ ✐♥ ❬✶✺❪ t♦ r❡❞✉❝❡ t❤❡ t♦t❛❧ ✇❡✐❣❤t✳ ❚❤❡ ❝♦♠♣❧✐❛♥❝❡ ❝❛♥
r❡❞✉❝❡ t❤❡ ❡✛❡❝t ♦❢ t❤❡ ♣❤②s✐❝❛❧ ✐♥t❡r❛❝t✐♦♥ ✇✐t❤ t❤❡ ❡♥✈✐r♦♥♠❡♥t ♦♥ ❯❆❱
st❛❜✐❧✐t②✱ ❛♥❞ ✐t ✐s ❛❝❤✐❡✈❡❞ ✐♥ ❬✶✻✻❪ ❜② ✐♥t❡❣r❛t✐♥❣ ❛ tr❛♥s♠✐ss✐♦♥ ♠❡❝❤❛♥✐s♠
❝♦♥s✐st✐♥❣ ♦❢ ❛ ♣❛✐r ♦❢ ❝♦♠♣r❡ss✐♦♥ s♣r✐♥❣s ❜❡t✇❡❡♥ t❤❡ s❡r✈♦ s❤❛❢t ❛♥❞ t❤❡
♦✉t♣✉t ❢r❛♠❡ ✭s❡❡ ❋✐❣✳ ✶✳✹❞✮✳

❖✈❡r❛❧❧✱ ❡♠♣❧♦②✐♥❣ t❤❡ t♦♦❧s✱ t❤❡ ♦❜❥❡❝t ❝❛♥ ❜❡ ❣r❛s♣❡❞ ❛♥❞ ❧♦❝❛❧❧② ♠❛✲
♥✐♣✉❧❛t❡❞ ❞✉r✐♥❣ t❤❡ ✢✐❣❤t✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡ s✐♥❣❧❡ ❣r✐♣♣❡r ✐s ♥♦t ❡♥♦✉❣❤

✺



❑❛♣✐t❡❧ ✶ ■♥tr♦❞✉❝t✐♦♥

(a) ❈❆❘▼❆ ✐♥ r❡tr❛❝t❡❞ st❛t❡ ❛♥❞
❡①t❡♥❞❡❞ st❛t❡ ❬✶✽✻❪✳

(b) ❆r♠ ✇✐t❤ ❤♦♥❡②❝♦♠❜ str✉❝✲
t✉r❡ ❬✶✺❪✳

(c) ▼❛♥✐♣✉❧❛t♦r ❞❡✈❡❧♦♣❡❞ ✐♥ ❆❘✲
❈❆❙ ♣r♦❥❡❝t ❬✸✵❪✳

(d) ❈♦♠♣❧✐❛♥t ❛r♠ ❬✶✻✻❪✳

Abbildung 1.4: ❊①❛♠♣❧❡s ♦❢ ♠❛♥✐♣✉❧❛t♦r ❞❡s✐❣♥✳

t♦ ♦❜t❛✐♥ ❛ ❝♦♠♣❧❡t❡ ❡✈♦❧✉t✐♦♥ ❢r♦♠ ♣❛ss✐✈❡ t♦ ❛❝t✐✈❡ ♠❛♥✐♣✉❧❛t✐♦♥ t❛s❦s✳
❚❤❡ ❛♣♣r♦❛❝❤ ✐♥✈♦❧✈✐♥❣ ❝♦♠♣❧❡① ♠❛♥✐♣✉❧❛t♦rs ❝♦✉❧❞ ❜❡ ❛ ❜❡tt❡r s♦❧✉t✐♦♥ ❢♦r
❛❝t✐✈❡ t❛s❦s s✐♥❝❡ ✐t ♣r♦✈✐❞❡s ❛♥ ❛❡r✐❛❧ ✈❡❤✐❝❧❡ ❝❛♣❛❜❧❡ ♦❢ ♣❡r❢♦r♠✐♥❣ ❞❡①✲
t❡r♦✉s ❛❝t✐♦♥s✳ ■♥ t❤❡ ♣❛st ❢❡✇ ②❡❛rs✱ ✇❡ ❤❛✈❡ s❡❡♥ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ❯❆❱s
❡q✉✐♣♣❡❞ ✇✐t❤ s✐♠♣❧❡ ❣r✐♣♣❡rs t♦✇❛r❞s ❤✐❣❤❧② ❝♦♠♣❧❡① n✲❉❖❋ ♠❛♥✐♣✉❧❛t♦rs✳
❆❊❘❖❆❘▼❙✶ ✐s ❛ ❊✉r♦♣❡❛♥ ♣r♦❥❡❝t ❢♦❝✉s✐♥❣ ♦♥ ❛❡r✐❛❧ r♦❜♦ts ❢♦r ♦✉t❞♦♦r ✐♥✲
❞✉str✐❛❧ ✐♥s♣❡❝t✐♦♥ ❛♥❞ ♠❛✐♥t❡♥❛♥❝❡❀ ❉❡✈❡❧♦♣❡❞ ❛❡r✐❛❧ r♦❜♦t✐❝ ♠❛♥✐♣✉❧❛t✐♦♥
t❡❝❤♥♦❧♦❣✐❡s ❛♥❞ ♠❡t❤♦❞s ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ ❬✶✷✸❪✳ ❙❡✈❡r❛❧ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛✲
t♦rs ✇❡r❡ ❛❧s♦ ♣r❡s❡♥t❡❞ ❛♥❞ ❞❡♠♦♥str❛t❡❞ ❢♦r ❛♣♣❧✐❝❛t✐♦♥s s✉❝❤ ❛s ❞r❛✇❡r
♦♣❡♥✐♥❣ ❬✽✼❪✱ ✈❛❧✈❡ t✉r♥✐♥❣ ❬✾✷❪✱ ❛♥❞ ♣✐♣❡ ✐♥s♣❡❝t✐♦♥ ❬✶✵✸❪✳ ❆ ❜r✐❡❢ ❧✐t❡r❛✲
t✉r❡ r❡✈✐❡✇ ♦❢ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t✐♦♥ ✉♣ t♦ ✷✵✶✽ ✇❛s ❝❛rr✐❡❞ ♦✉t ❜② ❘✉❣❣✐❡r♦✱
▲✐♣♣✐❡❧❧♦ ✉♥❞ ❖❧❧❡r♦ ❬✶✹✺❪✳

✶https://aeroarms-project.eu/
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✶✳✸ ❙t❛t❡ ♦❢ t❤❡ ❆rt

1.3.2 Fully Actuated UAVs

❚❤❡ ❣❡♥❡r✐❝ ♠✉❧t✐r♦t♦r ❯❆❱s ✇✐t❤ ❝♦❧❧✐♥❡❛r r♦t♦rs s❤♦✇ t❤❡✐r ❧✐♠✐t❛t✐♦♥ ✐♥
t❤❡ s❝❡♥❛r✐♦s ✇❤❡r❡ t❤❡ ❯❆❱ ❤❛s t♦ ✐♥t❡r❛❝t ♣❤②s✐❝❛❧❧② ✇✐t❤ t❤❡ ❡♥✈✐r♦♥♠❡♥t✳
■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ ✉♥❞❡r❛❝t✉❛t❡❞ ♠✉❧t✐r♦t♦r ❝❛♥♥♦t ❡①❡rt ❛♥② ❢♦r❝❡ ♣❛r❛❧❧❡❧
t♦ t❤❡ ♣❧❛♥❡ ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ❜♦❞②✬s ✈❡rt✐❝❛❧ ❛①✐s✱ s♦ t❤❛t ✐ts ❛tt✐t✉❞❡
❤❛s t♦ ❜❡ ❝❤❛♥❣❡❞ ❢♦r ❧❛t❡r❛❧ ♠♦t✐♦♥✳ ❚❤❡r❡❢♦r❡✱ ✉♥❞❡r❛❝t✉❛t✐♦♥ ❧✐♠✐ts t❤❡
♣♦ss✐❜❧❡ ♣❤②s✐❝❛❧ ✐♥t❡r❛❝t✐♦♥s t♦ ❡①❝❤❛♥❣❡ ❢♦r❝❡s ❛❧♦♥❣ t❤❡ t❤r❡❡ ❛①❡s ❛♥❞
t♦rq✉❡s ❛r♦✉♥❞ t❤❡ ✈❡rt✐❝❛❧ ❛①✐s✳ ■t ❤❛s ❜❡❡♥ s❤♦✇♥ t❤❛t ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢
✐♥t❡r❛❝t✐♦♥s ✇✐t❤ ♣♦✐♥ts ♦❢ t❤❡ str✉❝t✉r❡ ♦t❤❡r t❤❛♥ t❤❡ ❈❖▼✱ t❤❡ ✐♥t❡r♥❛❧
❞②♥❛♠✐❝s ♦❢ ✉♥❞❡r❛❝t✉❛t❡❞ ♠✉❧t✐r♦t♦rs ❛r❡ ♥♦t ❣✉❛r❛♥t❡❡❞ t♦ ❜❡ st❛❜❧❡ ❛♥❞
❛r❡ ♥♦t✱ ✐♥ ❣❡♥❡r❛❧✱ ❡❛s② t♦ st❛❜✐❧✐③❡ ❬✶✶✾❪✳
❉✐✈❡rs❡ ❝♦♥❝❡♣ts ❢♦r ❢✉❧❧② ❛❝t✉❛t❡❞ ❛❡r✐❛❧ ✈❡❤✐❝❧❡s ❤❛✈❡ ❜❡❡♥ ♣r♦♣♦s❡❞ t♦

t❛❝❦❧❡ t❤✐s ❢✉♥❞❛♠❡♥t❛❧ ❧✐♠✐t❛t✐♦♥ t❤❛t ❝❛♥ ❤♦✈❡r ❛t ❛r❜✐tr❛r② ♦r✐❡♥t❛t✐♦♥s
❛♥❞ ❝❤❛♥❣❡ ✐ts ♣♦s✐t✐♦♥ r❡❣❛r❞❧❡ss ♦❢ ✐ts ❝✉rr❡♥t ♦r✐❡♥t❛t✐♦♥✳ ❚❤❡ ❛❜✐❧✐t② t♦
❡①❡rt ❛ ❢✉❧❧✲❉❖❋ ❢♦r❝❡ ❛♥❞ t♦rq✉❡ ❞❡❝♦✉♣❧❡s t❤❡ tr❛♥s❧❛t✐♦♥❛❧ ❛♥❞ r♦t❛t✐♦♥❛❧
❞②♥❛♠✐❝s✱ ❡♥❛❜❧✐♥❣ ♣r❡❝✐s❡ ✐♥t❡r❛❝t✐♦♥ ✇✐t❤ t❤❡ ❡♥✈✐r♦♥♠❡♥t ✇❤✐❧❡ ♠❛✐♥t❛✐✲
♥✐♥❣ st❛❜✐❧✐t②✳ ●❡♥❡r❛❧❧②✱ ❢✉❧❧✲❛❝t✉❛t✐♦♥ ✐s ❛❝❤✐❡✈❡❞ ❜② ❛ ♣r♦♣❡r ❞❡s✐❣♥ ♦❢ t❤❡
♣r♦♣❡❧❧❡r ♣♦s✐t✐♦♥s ❛♥❞ ♦r✐❡♥t❛t✐♦♥s✳ ■♥ ❬✶✺✸❪✱ t❤❡ ✐ss✉❡ ✐s ❛❞❞r❡ss❡❞ ❜② ❢♦✉r
❛❞❞✐t✐♦♥❛❧ r♦t♦rs ❛t t❤❡ ❡♥❞ ♦❢ ❡❛❝❤ ❢r❛♠❡ ✐♥ ❧❛t❡r❛❧ ♣♦s✐t✐♦♥✳ ◆❡✈❡rt❤❡❧❡ss✱
t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ r♦t♦r ✐♥❝r❡❛s❡❞ t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ ❝♦♥tr♦❧❧❛❜✐❧✐t② ❜❡❝❛✉s❡
♦❢ t❤❡ ❛✐r✢♦✇ ❜❡t✇❡❡♥ t❤❡ ✈❡rt✐❝❛❧ ❛♥❞ t❤❡ ❧❛t❡r❛❧ r♦t♦rs✱ r❡s✉❧t✐♥❣ ✐♥ ♥♦♥❧✐♥❡✲
❛r ❞②♥❛♠✐❝s✳ ■♥ ❣❡♥❡r❛❧✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❝❧❛ss✐❢② ❢✉❧❧② ❛❝t✉❛t❡❞ ❯❆❱s ❜❛s❡❞
♦♥ t❤❡✐r ♣r♦♣❡❧❧❡r ❝♦♥✜❣✉r❛t✐♦♥✳

UAVs with Fixedly Tilted Rotors ❖♥❡ ✇❛② t♦ ✐♠♣❧❡♠❡♥t ❛ ❢✉❧❧② ❛❝t✉❛t❡❞
♠✉❧t✐r♦t♦r ✐s t♦ ♠♦✉♥t t✐❧t❡❞ r♦t♦rs ❬✶✹✽❪ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✳✺❛ s✉❝❤ t❤❛t t❤❡
t❤r✉st ♦❢ ❡❛❝❤ ♣r♦♣❡❧❧❡r ✐s ♥♦t ❝♦❧❧✐♥❡❛r ❛♥②♠♦r❡✳ ■❢ t❤❡ ♥✉♠❜❡r ♦❢ ♣r♦♣❡❧❧❡rs
✐s ❛t ❧❡❛st s✐① ❛♥❞ t✐❧t✐♥❣ ❞✐r❡❝t✐♦♥s ❞♦ ♥♦t ❣❡♥❡r❛t❡ ❛ s✐♥❣✉❧❛r ❝♦♥✜❣✉r❛t✐♦♥✱
✐t ✐s t❤❡♥ ♣♦ss✐❜❧❡ t♦ ❝♦♥tr♦❧ t❤❡ ❢♦r❝❡ ✈❡❝t♦r ❛t ✇✐❧❧ ✭✐♥s✐❞❡ t❤❡ ✐♥♣✉t ❡♥✈❡❧♦✲
♣❡✮ ❜② s❡❧❡❝t✐♥❣ t❤❡ ✐♥t❡♥s✐t② ♦❢ t❤❡ t❤r✉st ♣r♦❞✉❝❡❞ ❜② ❡❛❝❤ ♣r♦♣❡❧❧❡r✳ ❚❤✐s
♠❡t❤♦❞ ❤❛s t❤❡ ❜❡♥❡✜t t❤❛t ❧✐tt❧❡ ❛❞❞✐t✐♦♥❛❧ ❤❛r❞✇❛r❡ ✐s ♥❡❡❞❡❞ ❝♦♠♣❛r❡❞
t♦ ❛ ❝♦♥✈❡♥t✐♦♥❛❧ ❝♦❧❧✐♥❡❛r ❤❡①❛r♦t♦r✱ ❛♥❞ t❤❡s❡ ✈❡❤✐❝❧❡s t❡♥❞ t♦ ✐♥❤❡r✐t t❤❡
❛❞✈❛♥t❛❣❡ ♦❢ ❧♦✇ ❝♦♠♣❧❡①✐t② t❤❛t ❤❛s ♠❛❞❡ ❝♦♥✈❡♥t✐♦♥❛❧ ♠✉❧t✐r♦t♦rs s✉❝✲
❝❡ss❢✉❧✳ ❚❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♦❢ t✐❧t✐♥❣ ❛♥❣❧❡s ❤❛s ❜❡❡♥ ✐♥tr♦❞✉❝❡❞ ✐♥ ❬✽✽✱ ✶✸✾✱
✶✹✵✱ ✶✻✽❪✱ ✇❤✐❝❤ ❝♦♥s✐❞❡r❡❞ ❞✐✛❡r❡♥t ♦♣t✐♠✐③❛t✐♦♥ ♣❛r❛♠❡t❡rs✳ ❙❝❤✉st❡r ✉✳ ❛✳
❬✶✺✹❪ ❝♦♠♣❛r❡❞ ❞❡s✐❣♥ ❛♣♣r♦❛❝❤❡s ❜❛s❡❞ ♦♥ ♠❛①✐♠✉♠ ✇r❡♥❝❤ ❣❡♥❡r❛t✐♦♥
❛♥❞ ♠✐♥✐♠✉♠ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✳ ❘❛s❤❛❞ ✉✳ ❛✳ ❬✶✹✵❪ ❡♠♣❤❛s✐③❡❞ t❤❡ ♥❡❡❞
❢♦r ❜✐✲❞✐r❡❝t✐♦♥❛❧ ♣r♦♣❡❧❧❡rs ♦♥ ✈❡❤✐❝❧❡s ✇✐t❤ ✜①❡❞ r♦t♦r ❛♥❣❧❡s t♦ ❛❝❤✐❡✈❡ ❛

✼



❑❛♣✐t❡❧ ✶ ■♥tr♦❞✉❝t✐♦♥

tr✉❧② ♦♠♥✐❞✐r❡❝t✐♦♥❛❧ ❯❆❱✳ ❚❤❡ ❛❜✐❧✐t② t♦ r❡✈❡rs❡ t❤❡ t❤r✉st ♦❢ t❤❡ ♠♦t♦rs
❝❛♥ ❜❡ ❛❝❤✐❡✈❡❞ ✇✐t❤ ✈❛r✐❛❜❧❡✲♣✐t❝❤ ♣r♦♣❡❧❧❡rs ❬✽✹✱ ✾✹❪ ♦r ❜② ❤❛✈✐♥❣ ❊❙❈s
✇✐t❤ ❞✐r❡❝t✐♦♥ ❝♦♥tr♦❧ ❬✶✸✵❪✳

UAVs with Tilting Mechanisms ■♥ t❤✐s ❝❛s❡✱ t❤❡ ❝♦♥✜❣✉r❛t✐♦♥ ✐s ❝❤❛♥✲
❣✐♥❣ ❞✉r✐♥❣ ♦♣❡r❛t✐♦♥ ❞✉❡ t♦ ❛❞❞✐t✐♦♥❛❧ t✐❧t✐♥❣ ♠❡❝❤❛♥✐s♠s✳ ❚❤❡ q✉❛❞r♦✲
t♦r ❞❡s✐❣♥ ✇✐t❤ ❢♦✉r ❛❞❞✐t✐♦♥❛❧ s❡r✈♦ ♠♦t♦rs ✐♥❝❧✉❞❡❞ ❢♦r t❤❡ t✐❧t✐♥❣ ❬✹✽✱
✶✹✻❪ ♣r♦✈✐❞❡s ✈❡rs❛t✐❧✐t② ✐♥ ❢♦r❝❡ ❣❡♥❡r❛t✐♦♥ ❛♥❞ ❡✣❝✐❡♥❝② ❜✉t ✇✐t❤♦✉t ♣♦s❡✲
♦♠♥✐❞✐r❡❝t✐♦♥❛❧✐t②✳ ❚❤❡ ❝♦♥tr♦❧ s❝❤❡♠❡ ♣r♦♣♦s❡❞ ✐♥ ❬✶✹✻❪ ❛❧❧♦✇s t❤❡ q✉❛❞r♦✲
t♦r t♦ ❤♦✈❡r ❛t ❛ ♠❛①✐♠✉♠ ♣✐t❝❤ ❛♥❣❧❡ ♦❢ 25°✳ ❊✈❡♥ t❤♦✉❣❤ t❤❡ ✈❡❤✐❝❧❡
s❤♦✇❡❞ t❤❡ ❛❜✐❧✐t② ❢♦r ❛ ✻✲❉❖❋ ✢✐❣❤t✱ t❤❡ ❧✐♠✐t❡❞ s♣❡❡❞ ♦❢ t❤❡ s❡r✈♦ ♠♦t♦rs
❛♥❞ t❤❡ ❛❞❞✐t✐♦♥❛❧ ✇❡✐❣❤t ❝❛✉s❡❞ t❤❡ s②st❡♠ t♦ ❜❡ ❤❛r❞ t♦ ❝♦♥tr♦❧✳ ❆♥♦t❤❡r
❤❡①❛r♦t♦r ✇✐t❤ t❤❡ ❛❜✐❧✐t② t♦ t✐❧t ❛❧❧ r♦t♦rs s②♥❝❤r♦♥♦✉s❧② ✇❛s ♣r❡s❡♥t❡❞ ❜②
❘②❧❧✱ ❇✐❝❡❣♦ ✉♥❞ ❋r❛♥❝❤✐ ❬✶✹✼❪ ✐♥ ❋✐❣✳ ✶✳✺❜✳ ❚❤✐s ✈❡❤✐❝❧❡ ❛✐♠s t♦ t❛❦❡ t❤❡ ❜❡st
♦❢ t✇♦ ✇♦r❧❞s ❜② ❝♦♠❜✐♥✐♥❣ t❤❡ ❡✣❝✐❡♥t ✢✐❣❤t ♦❢ ❛♥ ✉♥❞❡r❛❝t✉❛t❡❞ ❯❆❱ ✇✐t❤
t❤❡ s✉♣r❡♠❡ ❛❝❝✉r❛❝② ❛♥❞ tr❛❝❦✐♥❣ ❛❜✐❧✐t✐❡s ♦❢ ❛ ❢✉❧❧② ❛❝t✉❛t❡❞ ❛❡r✐❛❧ ✈❡❤✐❝❧❡✳
■♥ ❬✽✶❪✱ t❤❡ r♦t♦rs ❛r❡ t✐❧t❡❞ ❜② ❇▲❉❈ ♠♦t♦rs ♠♦✉♥t❡❞ ✇✐t❤✐♥ t❤❡ ❛r♠s ♦❢
t❤❡ ✈❡❤✐❝❧❡ ✭s❡❡ ❋✐❣✳ ✶✳✺❝✮ ❛♥❞ r❡♣r❡s❡♥t ❛ s✐❣♥✐✜❝❛♥t ✐♠♣r♦✈❡♠❡♥t ✐♥ s♣❡❡❞
❛♥❞ r❛♥❣❡ ♦❢ ♠♦t✐♦♥ ❝♦♠♣❛r❡❞ t♦ ♣r❡✈✐♦✉s ❞❡s✐❣♥s ✉s✐♥❣ s❡r✈♦♠♦t♦rs ❬✶✹✻❪✳
❚❤❡ t✐❧t✐♥❣ ♠❡❝❤❛♥✐s♠ ❛❧s♦ ❡♥❛❜❧❡s t❤❡ ❛❡r✐❛❧ ✈❡❤✐❝❧❡ t♦ ❛❞❥✉st t❤❡ ❞✐r❡❝t✐✲

(a) ❚✐❧t✲❍❡① ❬✶✹✽❪✳ (b) ❋❆❙❚✲❍❡① ❬✶✹✼❪✳ (c) ❱♦❧✐r♦ ❬✽✶❪✳

Abbildung 1.5: ❊①❛♠♣❧❡s ♦❢ ❋✉❧❧② ❛❝t✉❛t❡❞ ❯❆❱s ✇✐t❤ t✐❧t❡❞ r♦t♦rs✳

♦♥ ♦❢ ✐♥❞✐✈✐❞✉❛❧ t❤r✉st t♦ ✐♠♣r♦✈❡ ❡✣❝✐❡♥❝② ❞r❛st✐❝❛❧❧② ✇❤❡♥ ❤♦✈❡r✐♥❣ ❛t ❛
♥♦♥✲③❡r♦ ♣✐t❝❤✴r♦❧❧ ♦r✐❡♥t❛t✐♦♥✳ ❍♦✇❡✈❡r✱ t❤❡s❡ ❜❡♥❡✜ts ❝♦♠❡ ❛t t❤❡ ❝♦st ♦❢
❤✐❣❤❡r ❝♦♠♣❧❡①✐t② ❛♥❞ ✇❡✐❣❤t✳

UAVs with Unconventional Geometries ■♥ ❛❞❞✐t✐♦♥ t♦ ❯❆❱s ❜✉✐❧❞✐♥❣
♦♥ ❛ ❝♦♥✈❡♥t✐♦♥❛❧ ❞❡s✐❣♥✱ s♦♠❡ ♠♦r❡ ❡①♦t✐❝ ✈❡❤✐❝❧❡s ❤❛✈❡ ❜❡❡♥ ♣r❡s❡♥t❡❞✳
❚❤❡s❡ ✈❡❤✐❝❧❡s ❢❡❛t✉r❡ ❛♥ ✉♥❝♦♥✈❡♥t✐♦♥❛❧ ❣❡♦♠❡tr② ❛♥❞ ❛✐♠ t♦ ✐♠♣r♦✈❡ ❝❡r✲
t❛✐♥ ❛s♣❡❝ts ♦❢ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❛ ❢✉❧❧② ❛❝t✉❛t❡❞ ❛❡r✐❛❧ r♦❜♦t✳ Pr✐♠❛r✐❧②✱
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✶✳✸ ❙t❛t❡ ♦❢ t❤❡ ❆rt

t❤❡s❡ ❞❡s✐❣♥s ❡♠♣❤❛s✐③❡ ♠❛♥❡✉✈❡r❛❜✐❧✐t② ❛♥❞ ❝❛♥ ❤❛✈❡ ❜❡♥❡✜ts ♦✈❡r ♠♦r❡
tr❛❞✐t✐♦♥❛❧ ❞❡s✐❣♥s ✐♥ ♣❛rt✐❝✉❧❛r ❛♣♣❧✐❝❛t✐♦♥s✳ ❯s✐♥❣ ❛♥ ♦♣t✐♠✐③❡❞ ❣❡♦♠❡tr✐❝
❝♦♥✜❣✉r❛t✐♦♥ ♦❢ ✽ ✜①❡❞ r♦t♦rs✱ ❛ ❝✉❜❡✲s❤❛♣❡❞ ♦♠♥✐❞✐r❡❝t✐♦♥❛❧ ❯❆❱ ❬✷✽❪ ❝❛♥
♣r♦❞✉❝❡ t❤❡ s❛♠❡ ♠❛❣♥✐t✉❞❡ ♦❢ ❢♦r❝❡s ❛♥❞ ♠♦♠❡♥ts ❡q✉❛❧❧② ✐♥ ❛❧❧ ❞✐r❡❝t✐♦♥s✳
❚❤✐s ❝♦♥❝❡♣t ♠❛①✐♠✐③❡s t❤❡ ✢✐❣❤t ❡♥✈❡❧♦♣❡ ❜✉t s❛❝r✐✜❝❡s ❡♥❡r❣② ❡✣❝✐❡♥❝②✱ ❛s
♦♥❧② s♦♠❡ r♦t♦rs ❛r❡ ✇♦r❦✐♥❣ ♣❛r❛❧❧❡❧ t♦ t❤❡ ❣r❛✈✐t② ✈❡❝t♦r ✐♥ ❛♥② ❣✐✈❡♥ ♦r✐✲
❡♥t❛t✐♦♥✳ ❆♥♦t❤❡r ❝♦♥❝❡♣t ✐s t❤❡ ❖❉❆❘ ❯❆❱ ♣r❡s❡♥t❡❞ ❜② P❛r❦ ✉✳ ❛✳ ❬✶✸✵❪✱
❝♦♥s✐st✐♥❣ ♦❢ ❡✐❣❤t ❜✐✲❞✐r❡❝t✐♦♥❛❧ ♣r♦♣❡❧❧❡rs ♠♦✉♥t❡❞ t♦ ❛ s✐♥❣❧❡ ❝❡♥tr❛❧ ❜❛r✳
❚❤❡ ❛✉t❤♦rs ❤❛✈❡ r❡♣♦rt❡❞ ❛ ❢✉❧❧ ✢✐❣❤t ❡♥✈❡❧♦♣❡ ❛♥❞ ♠❡♥t✐♦♥❡❞ t❤❡ ♣♦ss✐❜✐❧✐t②
♦❢ ❡①❡rt✐♥❣ ❞♦✇♥✇❛r❞ ♣✉s❤✐♥❣ ❢♦r❝❡ ❧❛r❣❡r t❤❛♥ ✐ts ✇❡✐❣❤t✳

(a) ❖♠♥✐❝♦♣t❡r✷ ❬✷✽❪✳ (b) ❖❉❆❘ ❬✶✸✵❪✳

Abbildung 1.6: ❊①❛♠♣❧❡s ♦❢ ❢✉❧❧② ❛❝t✉❛t❡❞ ❯❆❱s ✇✐t❤ ✉♥❝♦♥✈❡♥t✐♦♥❛❧ ❣❡♦♠❡tr✐❝
str✉❝t✉r❡s✳

❚❤❡ ✈❡❤✐❝❧❡✬s ✢✐❣❤t ❡♥✈❡❧♦♣❡ ✐s t❤❡ r❛♥❣❡ ♦❢ ❛❡r♦❞②♥❛♠✐❝ ♣❛r❛♠❡t❡rs s✉❝❤
❛s s♣❡❡❞✱ ❛tt✐t✉❞❡✱ ❛❧t✐t✉❞❡✱ ❛♥❞ ❧♦❛❞ ❢❛❝t♦r✷ ✐♥ ✇❤✐❝❤ t❤❡ ✈❡❤✐❝❧❡ ✐s ❛❡r♦❞②✲
♥❛♠✐❝❛❧❧② st❛❜❧❡✳ ❋♦r ❢✉❧❧② ❛❝t✉❛t❡❞ ❯❆❱s✱ t❤❡ t❡r♠ ❛ss❡ss❡s ✈❡❤✐❝❧❡✬s ♠❛✲
♥❡✉✈❡r❛❜✐❧✐t② ❛♥❞ ♣r✐♠❛r✐❧② ❞❡s❝r✐❜❡s t❤❡ r❛♥❣❡ ♦❢ ♦r✐❡♥t❛t✐♦♥s t❤❡ ✈❡❤✐❝❧❡
❝❛♥ ♠❛✐♥t❛✐♥ ❛ ❤♦✈❡r✐♥❣ ♣♦s✐t✐♦♥✳ ❚❤❡ r❡❛❝❤❛❜❧❡ ❢♦r❝❡ ❡♥✈❡❧♦♣❡ ✐s ✈✐s✉❛❧✐③❡❞
❢♦r t❤❡ ❞❡s✐❣♥s ♠❡♥t✐♦♥❡❞ ❛❜♦✈❡ ✐♥ ❬✼✱ ✺✷❪✳

1.3.3 Control Strategies of Multirotors

❉✉r✐♥❣ ♠❛♥✐♣✉❧❛t✐♥❣ ♦♣❡r❛t✐♦♥s✱ t❤❡ ♠♦t✐♦♥ ♦❢ t❤❡ ❛r♠ ✐♥✈♦❧✈❡s ❝❤❛♥❣❡s ✐♥
t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❝❡♥t❡r ♦❢ ❣r❛✈✐t② ✭❈❖●✮✳ ❚❤❡ ♣❤②s✐❝❛❧ ✐♥t❡r❛❝t✐♦♥ ✇✐t❤
t❤❡ ❡♥✈✐r♦♥♠❡♥t ❛❧s♦ ❣❡♥❡r❛t❡s ❢♦r❝❡s ❛♥❞ t♦rq✉❡s✱ ✇❤✐❝❤ ❞❡♣❡♥❞ ♦♥ t❤❡
❛❝t✉❛❧ ❝♦♥✜❣✉r❛t✐♦♥ ♦❢ t❤❡ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦r✳ ❚♦❣❡t❤❡r ✇✐t❤ t❤❡ ✐♥tr✐♥s✐❝❛❧❧②

✷■♥ ❛❡r♦♥❛✉t✐❝s t❤❡ ❧♦❛❞ ❢❛❝t♦r ✐s t❤❡ r❛t✐♦ ♦❢ t❤❡ ✈❡❤✐❝❧❡✬s ❧✐❢t t♦ ✐ts ✇❡✐❣❤t✳
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❑❛♣✐t❡❧ ✶ ■♥tr♦❞✉❝t✐♦♥

✉♥st❛❜❧❡ ❞②♥❛♠✐❝s ♦❢ t❤❡ ❛❡r✐❛❧ ✈❡❤✐❝❧❡s✱ s✉❝❤ ❝❤❛❧❧❡♥❣❡s ❤❛✈❡ t♦ ❜❡ ❛❞❞r❡ss❡❞
❜② t❤❡ ❝♦♥tr♦❧❧❡r t♦ ❝♦♠♣❧❡t❡ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t✐♦♥ t❛s❦s s✉❝❝❡ss❢✉❧❧②✳
❉✐✈❡rs❡ ❝♦♥tr♦❧ ❛♣♣r♦❛❝❤❡s ❞❡s✐❣♥❡❞ ❢♦r ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t✐♦♥ s②st❡♠s ❝❛♥

❜❡ ❝❧❛ss✐✜❡❞ ✐♥t♦ t✇♦ ❝❛t❡❣♦r✐❡s✳ ❚❤❡ ✜rst ❝❛t❡❣♦r② ❝♦♥s✐sts ♦❢ ❞❡❝❡♥tr❛❧✐✲
③❡❞ ❛♣♣r♦❛❝❤❡s✳ ❚❤❡ ❛❡r✐❛❧ ✈❡❤✐❝❧❡ ❛♥❞ t❤❡ ♠❛♥✐♣✉❧❛t♦r ❛r❡ ❝♦♥s✐❞❡r❡❞ t✇♦
s❡♣❛r❛t❡ s✉❜s②st❡♠s ✇✐t❤ t❤❡✐r ♦✇♥ ❝♦♥tr♦❧ ❧♦♦♣s✳ ❈♦✉♣❧✐♥❣ ❡✛❡❝ts ❛r❡ ❤❛♥❞✲
❧❡❞ ❡✐t❤❡r ❜② ❢❡❡❞❜❛❝❦ ❛s ❡①t❡r♥❛❧ ❞✐st✉r❜❛♥❝❡s ♦r ❜② ❢❡❡❞❢♦r✇❛r❞ ❜❛s❡❞ ♦♥
❞❡❝♦✉♣❧✐♥❣ t❡❝❤♥✐q✉❡s✳ ■♥ t❤❡ ♦t❤❡r ❝❛t❡❣♦r②✱ ❝❡♥tr❛❧✐③❡❞ ❝♦♥tr♦❧❧❡rs ❛r❡ ❞❡✲
s✐❣♥❡❞ ❜❛s❡❞ ♦♥ t❤❡ ❝♦♠♣❧❡t❡ ❦✐♥❡♠❛t✐❝ ❛♥❞ ❞②♥❛♠✐❝ ♠♦❞❡❧s ♦❢ t❤❡ ❛❡r✐❛❧
♠❛♥✐♣✉❧❛t♦r✳ ■♥ t❤✐s ❝❛s❡✱ t❤❡ ❛❡r✐❛❧ ♣❧❛t❢♦r♠ ❛♥❞ t❤❡ ❛r♠ ❛r❡ ❝♦♥s✐❞❡r❡❞ ❛
✉♥✐q✉❡ ❡♥t✐t②✿ ❛ ♠✉❧t✐✲❜♦❞② s②st❡♠✳

Decentralized Control

■❢ t❤❡ ❯❆❱ ❛♥❞ t❤❡ ❛tt❛❝❤❡❞ ♠❛♥✐♣✉❧❛t♦r ❛r❡ s❡❡♥ ❛s t✇♦ s❡♣❛r❛t❡ s②st❡♠s✱
t❤❡ ♠♦❞❡❧✐♥❣ ❛♥❞ ❝♦♥tr♦❧ ♣r♦❜❧❡♠s ❛r❡ ❛❞❞r❡ss❡❞ ✐♥❞✐✈✐❞✉❛❧❧②✳ ▼❡t❤♦❞s ❢♦r
♠♦❞❡❧✐♥❣✱ ♣❧❛♥♥✐♥❣✱ ❛♥❞ ❝♦♥tr♦❧❧✐♥❣ t❤❡ s♦❧❡ ♠❛♥✐♣✉❧❛t♦r ❛r❡ ✇❡❧❧ ❡st❛❜❧✐s❤❡❞
❛♥❞ ❞❡t❛✐❧❡❞ ✐❧❧✉str❛t❡❞ ✐♥ ♠❛♥② t❡①t❜♦♦❦s ❬✶✺✼✱ ✶✺✽✱ ✶✻✷❪✳ ❖♥❡ ❝❛♥ ✉s❡ t❤❡
♠❛t✉r❡ ♠❛♥✐♣✉❧❛t♦r ❝♦♥tr♦❧ t❡❝❤♥✐q✉❡s ❛s t❤❡ ✐♥s♣✐r❛t✐♦♥ ❢♦r ❛❡r✐❛❧ ♠❛♥✐♣✉✲
❧❛t♦r ❝♦♥tr♦❧ ✇❤✐❧❡ ❦❡❡♣✐♥❣ ✐♥ ♠✐♥❞ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ❞✐✛❡r❡♥❝❡ ♦❢ t❤❡ ✢♦❛t✐♥❣
❜❛s❡✳
❘❡❣❛r❞✐♥❣ t❤❡ ❛❡r✐❛❧ ♣❧❛t❢♦r♠✱ t❤❡ ❝♦♥tr♦❧ ♣r♦❜❧❡♠ ♦❢ ✉♥❞❡r❛❝t✉❛t❡❞ q✉❛✲

❞r♦t♦rs ❤❛s ❜❡❡♥ ✇❡❧❧ r❡s❡❛r❝❤❡❞ ✇✐t❤ ❧✐♥❡❛r ❝♦♥tr♦❧ ❛♣♣r♦❛❝❤❡s ✭❡✳❣✳✱ ❬✷✻✱
✶✶✷✱ ✶✶✺✱ ✶✼✵✱ ✶✽✸❪✮✳ ◆♦♥❧✐♥❡❛r ❝♦♥tr♦❧ ❛♣♣r♦❛❝❤❡s✱ ✐♥❝❧✉❞✐♥❣ ❜❛❝❦st❡♣♣✐♥❣
❬✷✼✱ ✶✵✹✱ ✶✾✸❪✱ H∞ ♠❡t❤♦❞ ❬✶✸✼❪✱ s❧✐❞✐♥❣ ♠♦❞❡ ❝♦♥tr♦❧ ❬✶✼✱ ✶✽✼❪✱ ♥❡st❡❞ s❛✲
t✉r❛t✐♦♥ ❬✸✶❪✱ ♠♦❞❡❧ ♣r❡❞✐❝t✐✈❡ ❝♦♥tr♦❧ ✭▼P❈✮ ❬✻❪✱ ❤❛✈❡ ❜❡❡♥ ❛♣♣❧✐❡❞ ❛s ✇❡❧❧✳
❋✉♠❛❣❛❧❧✐ ✉♥❞ ❈❛r❧♦♥✐ ❬✺✺❪ ❤❛✈❡ ♣r♦♣♦s❡❞ ❛ ♠♦❞✐✜❡❞ ✐♠♣❡❞❛♥❝❡ ❝♦♥tr♦❧ str❛✲
t❡❣② ❢♦r t❤❡ ♣❤②s✐❝❛❧ ✐♥t❡r❛❝t✐♦♥ ♦❢ ❯❆❱s ❛♥❞ ✈❛❧✐❞❛t❡❞ ✐t ✐♥ ❡①♣❡r✐♠❡♥ts ♦♥
❛ r❡❛❧ q✉❛❞r♦t♦r ✢②✐♥❣ ✈❡❤✐❝❧❡✳ ❚❤❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤r✉st ♦♥ t❤❡ ❛♥❣❧❡ ♦❢
❛tt❛❝❦✱ ❛✐r✢♦✇ ❞✐sr✉♣t✐♦♥s✱ ❛♥❞ ❜❧❛❞❡ ✢❛♣♣✐♥❣ ❤❛s ❜❡❡♥ st✉❞✐❡❞ ✐♥ ❬✻✽✱ ✼✷❪✳
■t ❤❛s ❜❡❡♥ s❤♦✇♥ t❤❛t t❤❡s❡ ❡✛❡❝ts s✐❣♥✐✜❝❛♥t❧② ✐♥✢✉❡♥❝❡ ❢❛st ♠❛♥❡✉✈❡r✐♥❣
❛♥❞ s❤♦✉❧❞ ❜❡ ♠❡♥t✐♦♥❡❞ ✐♥ ❝♦♥tr♦❧❧❡r ❞❡✈❡❧♦♣♠❡♥t ❢♦r ❛❣❣r❡ss✐✈❡ ✢✐❣❤t ♠❛✲
♥❡✉✈❡rs ❬✼✶❪✳ ●❡♦♠❡tr✐❝ P■❉ ❝♦♥tr♦❧ ♦♥ ❙❊✭✸✮ ✭❬✽✹✱ ✶✹✵❪✮✱ ❡①❛❝t ❧✐♥❡❛r✐③❛t✐♦♥
✭❬✸✾✱ ✶✸✾❪✮✱ ❛♥❞ ✐♥t❡❣r❛❧ s❧✐❞✐♥❣ ♠♦❞❡ ❝♦♥tr♦❧ ❬✶✽✾❪ ❛r❡ ❦♥♦✇♥ ❛♣♣r♦❛❝❤❡s ❛♣♣✲
❧✐❡❞ t♦ ❢✉❧❧② ❛❝t✉❛t❡❞ ❤❡①❛r♦t♦rs ✇✐t❤ ♥♦♥♣❛r❛❧❧❡❧ t✐❧t❡❞ r♦t♦rs✳ ❆♥ ❛❞❛♣t✐✈❡
❜❛❝❦st❡♣♣✐♥❣ ❝♦♥tr♦❧❧❡r ✐s ✉s❡❞ t♦ ❝♦♥tr♦❧ ❛ ❯❆❱ ✇✐t❤ ❛♥ ✉♥❝♦♥✈❡♥t✐♦♥❛❧
str✉❝t✉r❡ ✐♥ ❬✶✷✶❪✳
❯t✐❧✐③✐♥❣ t❤❡ r❡❞✉♥❞❛♥t ❉❖❋ ♦❢ t❤❡ ❑✉❦❛ ▲❲❘✱ t❤❡ ♣❛rt✐❛❧ ❞❡❝♦✉♣❧✐♥❣

❜❡t✇❡❡♥ ❤❡❧✐❝♦♣t❡r ❛♥❞ ❛r♠ ✐s ❛❝❤✐❡✈❡❞ ✐♥ ❬✼✸❪ ❜② ♠❡❛♥s ♦❢ r❡str✐❝t✐♥❣ t❤❡

✶✵



✶✳✸ ❙t❛t❡ ♦❢ t❤❡ ❆rt

♠♦✈❡♠❡♥t ♦❢ ❛r♠ ❈❖● ✐♥ t❤❡ ❧❛t❡r❛❧ ♣❧❛♥❡ ♦❢ t❤❡ ❤❡❧✐❝♦♣t❡r✳ ❘✉❣❣✐❡r♦ ✉✳ ❛✳
❬✶✹✹❪ ❤❛✈❡ ❡♠♣❧♦②❡❞ ❛♥ ❡st✐♠❛t♦r t♦ ❝♦♠♣❡♥s❛t❡ ✉♥♠♦❞❡❧❡❞ ❞②♥❛♠✐❝s ❛♥❞
❡①t❡r♥❛❧ ✇r❡♥❝❤ ❛❝t✐♥❣ ♦♥ t❤❡ ❛❡r✐❛❧ ✈❡❤✐❝❧❡✳ ❆ ♠♦✈✐♥❣ ❜❛tt❡r② ✐s ✉s❡❞ ✐♥
❬✶✹✸❪ t♦ ❝♦✉♥t❡r✇❡✐❣❤t t❤❡ st❛t✐❝s ♦❢ t❤❡ r♦❜♦t✐❝ ❛r♠✳

Centralized Control

❆s t❤❡ ❜❛s✐s ❢♦r ❝❡♥tr❛❧✐③❡❞ ❝♦♥tr♦❧ ❛♣♣r♦❛❝❤❡s✱ t❤❡ ❦✐♥❡♠❛t✐❝ ❛♥❞ ❞②♥❛♠✐❝
♠♦❞❡❧s ♦❢ t❤❡ ✇❤♦❧❡ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦r ♥❡❡❞ t♦ ❜❡ ❞❡r✐✈❡❞ ✜rst✳ ❲❤❡♥ ✐t ❝♦✲
♠❡s t♦ ❞②♥❛♠✐❝ ♠♦❞❡❧✐♥❣✱ t✇♦ ❛♣♣r♦❛❝❤❡s ❛r❡ ❛♣♣❧✐❡❞ ❝♦♠♠♦♥❧②✿ t❤❡ ❊✉❧❡r✲
▲❛❣r❛♥❣✐❛♥ ❢♦r♠❛❧✐s♠ ❛♥❞ ◆❡✇t♦♥✲❊✉❧❡r r❡❝✉rs✐✈❡ ❢♦r♠✉❧❛t✐♦♥✳ ■♥ ❬✶✵✵❪✱ t❤❡
❞②♥❛♠✐❝ ♠♦❞❡❧ ♦❢ ❛ ❯❆❱ ✇✐t❤ ❛♥ ❛tt❛❝❤❡❞ r♦❜♦t✐❝ ❛r♠ ✐s ❞❡r✐✈❡❞ ✐♥ ❛ s②♠❜♦✲
❧✐❝ ♠❛tr✐① ❢♦r♠ t❤r♦✉❣❤ t❤❡ ❊✉❧❡r✲▲❛❣r❛♥❣✐❛♥ ❢♦r♠❛❧✐s♠✳ ❑❛♥♥❛♥✱ ❖❧✐✈❛r❡s✲
▼❡♥❞❡③ ✉♥❞ ❱♦♦s ❬✽✸❪ ❤❛✈❡ ♠♦❞❡❧❡❞ ❛♥ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦r ✇✐t❤ t❤❡ ◆❡✇t♦♥✲
❊✉❧❡r ❛♣♣r♦❛❝❤✳ ❚❤❡ ❛❞❛♣t✐✈❡ ❝♦♥tr♦❧ ❛♣♣r♦❛❝❤ ✐♥ ❬✾❪ ✐s ❜❛s❡❞ ♦♥ t❤❡ r❡❝✉rs✐✈❡
◆❡✇t♦♥✲❊✉❧❡r ❢♦r♠✉❧❛t✐♦♥✳
❙❡✈❡r❛❧ ❝♦♥tr♦❧ s❝❤❡♠❡s ❤❛✈❡ ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ t♦ ❛❞❞r❡ss t❤❡ ❝♦♥tr♦❧ ♣r♦✲

❜❧❡♠s ❢♦r ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t✐♦♥✳ ❑✐♠✱ ❈❤♦✐ ✉♥❞ ❑✐♠ ❬✽✺❪ ❤❛✈❡ ❞❡♠♦♥str❛t❡❞
❛♥ ❛❞❛♣t✐✈❡ s❧✐❞✐♥❣ ♠♦❞❡ ❝♦♥tr♦❧❧❡r ✐♥ ❛♥ ❡①♣❡r✐♠❡♥t ✐♥❝❧✉❞✐♥❣ ♣✐❝❦✐♥❣ ✉♣
❛♥❞ ❞❡❧✐✈❡r✐♥❣ ❛♥ ♦❜❥❡❝t ✉s✐♥❣ ❛ q✉❛❞r♦t♦r ✇✐t❤ ❛ ✷✲❉❖❋ ❛r♠✳ ❨❛♥❣ ✉✳ ❛✳
❬✶✽✽❪ ❤❛✈❡ ❞❡s✐❣♥❡❞ ❛ ❢✉❧❧✲st❛t❡ ❢❡❡❞❜❛❝❦ ❧✐♥❡❛r q✉❛❞r❛t✐❝ r❡❣✉❧❛t♦r ✭▲◗❘✮
❝♦♥tr♦❧❧❡r ❛♥❞ r❡✈❡❛❧❡❞ ❛♥ ✉♥❞❡r❧②✐♥❣ str✉❝t✉r❡ ♦❢ t❤❡ ❝❡♥tr❛❧✐③❡❞ ❞②♥❛♠✐❝s
t❤❛t ❤❡❧♣s t❤❡ ❝♦♥tr♦❧ ❞❡s✐❣♥✳ ❖✉t♣✉t ❢❡❡❞❜❛❝❦ ❧✐♥❡❛r✐③❛t✐♦♥ ❛♥❞ st❛❜❧❡ ③❡r♦
❞②♥❛♠✐❝s ❛r❡ ❡①♣❧♦✐t❡❞ ✐♥ ❬✶✵✽❪✳ ❖rs❛❣✱ ❑♦r♣❡❧❛ ✉♥❞ ❖❤ ❬✶✷✻❪ ✉♥❞ ❖rs❛❣
✉✳ ❛✳ ❬✶✷✼❪ ❤❛✈❡ ♣r❡s❡♥t❡❞ ❛ ❝♦♥tr♦❧ s❝❤❡♠❡ t♦ ❛❝❤✐❡✈❡ ❞②♥❛♠✐❝ st❛❜✐❧✐t② ✐♥
❛ ♠♦❜✐❧❡ ♠❛♥✐♣✉❧❛t✐♥❣ ✉♥♠❛♥♥❡❞ ❛❡r✐❛❧ ✈❡❤✐❝❧❡ ✉s✐♥❣ ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❣❛✐♥
s❝❤❡❞✉❧✐♥❣ ❛♥❞ ▲②❛♣✉♥♦✈ ❜❛s❡❞ ♠♦❞❡❧ r❡❢❡r❡♥❝❡ ❛❞❛♣t✐✈❡ ❝♦♥tr♦❧✳ ❆♥♦t❤❡r
❤✐❡r❛r❝❤✐❝❛❧ ♠♦t✐♦♥ ❝♦♥tr♦❧ s❝❤❡♠❡ ✐s ♣r♦♣♦s❡❞ ✐♥ ❬✶✵❪ ❢♦r ❛ q✉❛❞r♦t♦r ❯❆❱
❡q✉✐♣♣❡❞ ✇✐t❤ ❛ ♠❛♥✐♣✉❧❛t♦r✳ ❆ ♠✉❧t✐✲❧❡✈❡❧ ✐♠♣❡❞❛♥❝❡ ❝♦♥tr♦❧ s❝❤❡♠❡ ❢♦r
❛❡r✐❛❧ r♦❜♦t✐❝ ♠❛♥✐♣✉❧❛t♦rs ✐s ♣r♦♣♦s❡❞ ✐♥ ❬✸✷❪✳ ❚❤❡ ♦✉t❡r ❧♦♦♣ ✐s ❝♦♠♣♦s❡❞
♦❢ ❛ tr❛❥❡❝t♦r② ❣❡♥❡r❛t♦r ❛♥❞ ❛♥ ✐♠♣❡❞❛♥❝❡ ✜❧t❡r t❤❛t ♠♦❞✐✜❡s t❤❡ tr❛❥❡❝t♦✲
r② ❜❛s❡❞ ♦♥ t❤❡ ❢♦r❝❡✴t♦rq✉❡ ❢❡❡❞❜❛❝❦ ♣r♦✈✐❞❡❞ ❜② ❛ s❡♥s♦r ♠♦✉♥t❡❞ ♦♥ t❤❡
✇r✐st t♦ ❛❝❤✐❡✈❡ ❛ ❝♦♠♣❧✐❛♥t ❜❡❤❛✈✐♦r❀ ❛ ♠✐❞❞❧❡ ❧♦♦♣ ✐s ✉s❡❞ t♦ s♦❧✈❡ ✐♥✈❡rs❡
❦✐♥❡♠❛t✐❝s❀ ✜♥❛❧❧②✱ t❤❡ ✐♥♥❡r ❧♦♦♣ ✐s ❛✐♠❡❞ ❛t ❡♥s✉r✐♥❣ t❤❡ ♠♦t✐♦♥ tr❛❝❦✐♥❣✳
❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❡♠♣❧♦②❡❞ ❯❆❱ ❛♥❞ ♠❛♥✐♣✉❧❛t♦r✱ t❤❡ ♠❡❝❤❛♥✐❝❛❧ s②st❡♠
♠❛② ❜❡ r❡❞✉♥❞❛♥t ❢♦r t❤❡ ❣✐✈❡♥ t❛s❦✳ ❚❤❡r❡❢♦r❡✱ ❛ ❈❛rt❡s✐❛♥ ✐♠♣❡❞❛♥❝❡ ❝♦♥✲
tr♦❧ ✇✐t❤ r❡❞✉♥❞❛♥❝② r❡s♦❧✉t✐♦♥ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❬✶✵✵❪✳ ❍♦✇❡✈❡r✱ ❡✈❡♥ ✐❢ t❤❡
✇❤♦❧❡ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦r ✐s r❡❞✉♥❞❛♥t ❢♦r t❤❡ t❛s❦✱ t❤❡ ✉♥❞❡r❛❝t✉❛t✐♦♥ ♣r♦✲
❜❧❡♠ r❡❣❛r❞✐♥❣ t❤❡ ✉♥❞❡r❛❝t✉❛t❡❞ ❯❆❱ ♣❡rs✐sts✳
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❑❛♣✐t❡❧ ✶ ■♥tr♦❞✉❝t✐♦♥

❋♦❧❧♦✇✐♥❣ ❝❡♥tr❛❧✐③❡❞ ❛♣♣r♦❛❝❤❡s✱ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦rs ❛r❡ ❡♠♣❧♦②❡❞ ✐♥ s❡✲
✈❡r❛❧ ❛♣♣❧✐❝❛t✐♦♥s✳ ❑♦r♣❡❧❛✱ ❖rs❛❣ ✉♥❞ ❖❤ ❬✾✶❪ ❤❛✈❡ ❞❡✈❡❧♦♣❡❞ ❛ t❡st r✐❣
✐♥❝♦r♣♦r❛t✐♥❣ t❤❡ ❞②♥❛♠✐❝ ❛♥❞ ❦✐♥❡♠❛t✐❝ ♠♦❞❡❧ ❢♦r ❛ ♠♦❜✐❧❡ ♠❛♥✐♣✉❧❛t✐♥❣
❯❆❱✳ ❚❤❡ ❡♥❞✲❡✛❡❝t♦r ♣♦s❡ ❝♦♠❜✐♥❡s t❤❡ s✐① ❉❖❋s ♦❢ t❤❡ ❡♠✉❧❛t❡❞ ❛✐r❝r❛❢t✱
s❡✈❡♥ ❉❖❋s ♦❢ t❤❡ ♠❛♥✐♣✉❧❛t♦r✱ ❛♥❞ ❢♦✉r ❉❖❋s ❢♦r t❤❡ ❤❛♥❞✳ ❆ s❡r✐❡s ♦❢
❤♦❧❡ ✐♥s❡rt✐♦♥ ❡①♣❡r✐♠❡♥ts ✇❡r❡ ♣❡r❢♦r♠❡❞ ❢♦r ♠♦❞❡❧ ✈❡r✐✜❝❛t✐♦♥✳ ■♥ ❬✾✵❪✱ ❛
❞✉❛❧✲❛r♠ ♠❛♥✐♣✉❧❛t♦r ✐s ✉s❡❞ ❢♦r ❛♥ ❛❡r✐❛❧ ✈❛❧✈❡ t✉r♥✐♥❣ t❛s❦✳ ❆ s❡q✉❡♥✲
t✐❛❧ ◆❡✇t♦♥ ♠❡t❤♦❞ ❢♦r ✉♥❝♦♥str❛✐♥❡❞ ♦♣t✐♠❛❧ ❝♦♥tr♦❧ ✐s ✉s❡❞ ✐♥ ❬✺✼❪ ❢♦r
♠♦❞❡❧✲♣r❡❞✐❝t✐✈❡ ❝♦♥tr♦❧ ✐♥ ❛❡r✐❛❧ ♣✐❝❦✲❛♥❞✲♣❧❛❝❡ t❛s❦s✳ ❊①♣❡r✐♠❡♥ts ✐♥❝❧✉✲
❞✐♥❣ ♦♣❡♥✐♥❣ ❛♥❞ ❝❧♦s✐♥❣ ❛♥ ✉♥❦♥♦✇♥ ❞r❛✇❡r ✉s✐♥❣ ❛♥ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦r
❤❛✈❡ ❛❧s♦ ❜❡❡♥ ❝♦♥❞✉❝t❡❞ ❬✽✼❪✳

1.3.4 Control Allocation

❆s ♦♥❡ ♦❢ t❤❡ ❡✛❡❝t✐✈❡ ❛❝❝♦♠♠♦❞❛t✐♦♥ t❡❝❤♥✐q✉❡s ❢♦r ❝♦♥tr♦❧❧✐♥❣ ♦✈❡r✲❛❝t✉❛t❡❞
s②st❡♠s ❬✹✺❪✱ t❤❡ ❝♦♥tr♦❧ ❛❧❧♦❝❛t✐♦♥ ❛♣♣r♦❛❝❤ ♦✛❡rs t❤❡ ❛❞✈❛♥t❛❣❡ ♦❢ ♠♦❞✉❧❛r
❞❡s✐❣♥✳ ❚❤❡ ❞❡s✐❣♥ ♦❢ t❤❡ ❤✐❣❤✲❧❡✈❡❧ ❝♦♥tr♦❧ str❛t❡❣② ✐s ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡
❛❝t✉❛t♦r ❝♦♥✜❣✉r❛t✐♦♥ ❜② ✐♥tr♦❞✉❝✐♥❣ t❤❡ ✈✐rt✉❛❧ ❝♦♥tr♦❧ ♠♦❞✉❧❡ ❛♥❞ ❝♦♥tr♦❧
❛❧❧♦❝❛t✐♦♥ ♠♦❞✉❧❡✱ r❡s♣❡❝t✐✈❡❧②✳ ❆s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✳✼✱ t❤❡ ♠♦t✐♦♥ ❝♦♥tr♦❧ ❛❧✲
❣♦r✐t❤♠ ♦❢ ♦✈❡r✲❛❝t✉❛t❡❞ ♠❡❝❤❛♥✐❝❛❧ s②st❡♠s ✐s ♦r❣❛♥✐③❡❞ ❤✐❡r❛r❝❤✐❝❛❧❧② ✐♥
t❤r❡❡ ❧❛②❡rs✳ ❆ ❤✐❣❤✲❧❡✈❡❧ ❝♦♥tr♦❧❧❡r r❡♣r❡s❡♥ts t❤❡ t♦♣ ❧❛②❡r ✇❤✐❝❤ ❝♦♠♣✉✲

High-Level 

Motion 

Control

Control 

Allocation

Low-Level 

actuator

control

Actuators
Mechanical

System

Over-actuated System

𝜏" 𝑢 𝜏 𝑥

Abbildung 1.7: ❈♦♥tr♦❧ s②st❡♠ str✉❝t✉r❡ ✉s✐♥❣ ❝♦♥tr♦❧ ❛❧❧♦❝❛t✐♦♥✳

t❡s t❤❡ ❞❡s✐r❡❞ ❝♦♥tr♦❧ ✇r❡♥❝❤ ✭❢♦r❝❡ ❛♥❞ t♦rq✉❡✮ ✐♥ ❜♦❞②✲✜①❡❞ ❝♦♦r❞✐♥❛t❡s
♦❢ t❤❡ ♠❡❝❤❛♥✐❝❛❧ s②st❡♠ t♦ ♠❡❡t t❤❡ ♦✈❡r❛❧❧ ❝♦♥tr♦❧ ♦❜❥❡❝t✐✈❡s✳ ❚❤❡ ❝♦♠✲
♠❛♥❞❡❞ ✈✐rt✉❛❧ ✐♥♣✉t ✈❡❝t♦r ✐s ♠❛♣♣❡❞ t♦ ✐♥❞✐✈✐❞✉❛❧ ❛❝t✉❛t♦rs ❜② ❛ ❝♦♥tr♦❧
❛❧❧♦❝❛t✐♦♥ ❛❧❣♦r✐t❤♠✳ ❚❤❡ ❝♦♠♣✉t❡❞ ♠♦t♦r ❝♦♠♠❛♥❞s ❛r❡ ❡✈❡♥t✉❛❧❧② ❢❡❞ ✐♥t♦
t❤❡ ♠♦t♦r ❝♦♥tr♦❧❧❡rs✱ ✇❤✐❝❤ ❢♦r♠ t❤❡ ❧♦✇❡st ❧❡✈❡❧ ♦❢ t❤❡ ❝♦♥tr♦❧ ❛❧❣♦r✐t❤♠
❤✐❡r❛r❝❤②✳
❚❤❡ ♣r✐♠❛r② t❛s❦ ♦❢ t❤❡ ❝♦♥tr♦❧ ❛❧❧♦❝❛t✐♦♥ ✐s ❞❡✜♥❡❞ ❛s ♠✐♥✐♠✐③✐♥❣ t❤❡ ❛❧✲

❧♦❝❛t✐♦♥ ❡rr♦rs ✉♥❞❡r t❤❡ ❣✐✈❡♥ ❡✛❡❝t✐✈❡♥❡ss ♦❢ t❤❡ ♣r♦♣✉❧s✐♦♥ s②st❡♠ ✇✐t❤♦✉t
s❛t✉r❛t✐♥❣ ❛♥② ❛❝t✉❛t♦r✳ ❚❤❡ ❛❧❧♦❝❛t✐♦♥ ❛❧❣♦r✐t❤♠ ❝❛♥ ❛❧s♦ ❤❛♥❞❧❡ s❡❝♦♥❞❛✲
r② ♦❜❥❡❝t✐✈❡s s✉❝❤ ❛s ♣♦✇❡r ❡✣❝✐❡♥❝② ❛♥❞ t❡❛r✲❛♥❞✲✇❡❛r ♠✐♥✐♠✐③❛t✐♦♥✳ ❚❤✐s
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✶✳✸ ❙t❛t❡ ♦❢ t❤❡ ❆rt

✐s ❢r❡q✉❡♥t❧② s♦❧✈❡❞ ❜② ❞❡r✐✈✐♥❣ ❛ ✭q✉❛s✐✲✮st❛t✐❝ ❝♦♥tr♦❧ ❛❧❧♦❝❛t✐♦♥ ♣r♦❜❧❡♠
❛♥❞ ❝♦♠♣✉t✐♥❣ t❤❡ ❡①❛❝t s♦❧✉t✐♦♥ ❛t ❡❛❝❤ ✐t❡r❛t✐♦♥ ♦❢ t❤❡ ❝♦♥tr♦❧ ❧♦♦♣ ✭❡✳❣✳✱
❬✷✸✱ ✷✹✱ ✶✻✾❪✮✳ ■❢ t❤❡ s②st❡♠ ✐s ✐♥❤❡r❡♥t❧② ♥♦♥❧✐♥❡❛r✱ ✐t ✐s ❡✐t❤❡r ❧✐♥❡❛r✐③❡❞
❜② ❡✈❛❧✉❛t✐♥❣ ✐ts ❏❛❝♦❜✐❛♥ ♠❛tr✐① ♦r ❧✐♥❡❛r✐③❡❞ ❜② ♠❡❛♥s ♦❢ ❛ ♥♦♥❧✐♥❡❛r ✐♥✲
♣✉t tr❛♥s❢♦r♠❛t✐♦♥ t❤❛t ❡❧✐♠✐♥❛t❡s t❤❡ s②st❡♠✬s ♥♦♥❧✐♥❡❛r✐t✐❡s✳ ❏♦❤❛♥s❡♥ ✉♥❞
❋♦ss❡♥ ❬✼✽❪ ♣r♦✈✐❞❡❞ ❛ s✉r✈❡② ♦❢ ❝♦♥tr♦❧ ❛❧❧♦❝❛t✐♦♥ ❛❧❣♦r✐t❤♠s ❝❧❛ss✐✜❡❞ ❜❛s❡❞
♦♥ t❤❡ ✉s❡ ♦❢ ❧✐♥❡❛r ♦r ♥♦♥❧✐♥❡❛r ♠♦❞❡❧s✳
❚❤❡ ❡❛s✐❡st s♦❧✉t✐♦♥ t♦ t❤❡ st❛t✐❝ ♠❛♣♣✐♥❣ ♣r♦❜❧❡♠ ✐s ❛♣♣❧②✐♥❣ ❛ ▼♦♦r❡✲

P❡♥r♦s❡ ■♥✈❡rs❡ ✭▼P■✮✱ ❡✳❣✳✱ ❬✻✶✱ ✻✾❪✳ ❉✉❡ t♦ t❤❡ ♥♦♥✲sq✉❛r❡ ❡✛❡❝t✐✈❡♥❡ss
♠❛tr✐① ♦❢ ♦✈❡r✲❛❝t✉❛t❡❞ s②st❡♠s✱ t❤❡ ❣❡♥❡r❛❧✐③❡❞ ✐♥✈❡rs❡ ✐s ✉s❡❞ t♦ s♦❧✈❡ t❤✐s
♣r♦❜❧❡♠ ✉s✐♥❣ t❤❡ ❧❡❛st sq✉❛r❡ ♠❡t❤♦❞ ✭▲❙▼✮✳ ❚❤✐s ❛❧❧♦✇s ❝♦♠♣✉t✐♥❣ ❛♥❛✲
❧②t✐❝❛❧ s♦❧✉t✐♦♥s ✉s✐♥❣ ♥✉♠❡r✐❝❛❧ ❧✐♥❡❛r ❛❧❣❡❜r❛ ❬✹✻✱ ✺✶✱ ✶✷✺✱ ✶✺✾❪✳ ❍♦✇❡✈❡r✱
t❤❡ ♠✐♥✐♠✐③❛t✐♦♥ ♦❢ t❤❡ s✉♠ ♦❢ sq✉❛r❡❞ ✐♥♣✉ts ❞♦❡s ♥♦t ❣✉❛r❛♥t❡❡ t❤❛t ❝♦♥s✲
tr❛✐♥ts ♦♥ ✐♥❞✐✈✐❞✉❛❧ ❛❝t✉❛t♦rs ❛r❡ s❛t✐s✜❡❞✳ ❙❤✐ ✉✳ ❛✳ ❬✶✺✻❪ t❛❝❦❧❡ t❤✐s ✐ss✉❡
✇✐t❤ r❡❞✐str✐❜✉t❡❞ ♣s❡✉❞♦✲✐♥✈❡rs❡✱ ✇❤✐❝❤ ♣r♦❥❡❝ts t❤❡ ✉♥❝♦♥str❛✐♥❡❞ ♦♣t✐♠❛❧
❝♦♥tr♦❧ ✈❡❝t♦r ♦♥t♦ t❤❡ ❛❞♠✐ss✐❜❧❡ s❡t✳ ❚❤❡ ✉♥s❛t✉r❛t❡❞ ❡❧❡♠❡♥ts ♦❢ t❤❡ ✐♥✲
♣✉t ✈❡❝t♦r ❛r❡ r❡✲❝♦♠♣✉t❡❞ ❜② s♦❧✈✐♥❣ ❛ r❡❞✉❝❡❞ ♣r♦❜❧❡♠ ✉s✐♥❣ ❛ r❡❞✉❝❡❞
♣s❡✉❞♦✲✐♥✈❡rs❡✳ ❚❤❡ ❞❛✐s②✲❝❤❛✐♥✐♥❣ ♠❡t❤♦❞ ❬✸✱ ✶✷✹❪ ♦✛❡rs ❛ ❧❡ss ❡✛❡❝t✐✈❡ ❜✉t
str❛✐❣❤t❢♦r✇❛r❞ ❛❧t❡r♥❛t✐✈❡ ❜② ❣r♦✉♣✐♥❣ t❤❡ ❡✛❡❝t♦rs ✐♥t♦ r❛♥❦❡❞ ❣r♦✉♣s✳ ❚❤❡
❝♦♥tr♦❧ ❛❧❧♦❝❛t✐♦♥ ♣r♦❜❧❡♠ ✐s s♦❧✈❡❞ ✐♥ ♦r❞❡r ♦❢ ♣r✐♦r✐t②✱ ❛♥❞ ✐t ♠❛② ❧❡❛❞ t♦
s♦❧✉t✐♦♥s ✇❤❡r❡ s❡✈❡r❛❧ ❡✛❡❝t♦rs ❛r❡ ♥♦t ❢✉❧❧② ✉t✐❧✐③❡❞ t♦ ♠✐♥✐♠✐③❡ t❤❡ ❛❧❧♦❝❛✲
t✐♦♥ ❡rr♦r ❛♥❞ ❜❡ s✉❜♦♣t✐♠❛❧ ❝♦♠♣❛r❡❞ t♦ t❤❡ r❡❞✐str✐❜✉t❡❞ ♣s❡✉❞♦✲✐♥✈❡rs❡✳
❉✉❡ t♦ t❤❡ r❡q✉❡st t♦ ❤❛♥❞❧❡ ♠♦r❡ ❝❤❛❧❧❡♥❣✐♥❣ ❢♦r♠✉❧❛t✐♦♥s ✇✐t❤ ♥♦♥❧✐✲

♥❡❛r ♠♦❞❡❧s ♦r ❝♦♠♣❧❡① ❝♦♥str❛✐♥ts ❛♥❞ ♦❜❥❡❝t✐✈❡s✱ t❤❡r❡ ❤❛s r❡❝❡♥t❧② ❜❡❡♥
✐♥❝r❡❛s✐♥❣ ✐♥t❡r❡st ✐♥ ✐t❡r❛t✐✈❡ ♥✉♠❡r✐❝❛❧ ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❝❡❞✉r❡s s✐♥❝❡ t❤❡✐r
❝♦♠♣✉t❛t✐♦♥❛❧ ❝♦♠♣❧❡①✐t② ✐s ❛❧r❡❛❞② ✇✐t❤✐♥ t❤❡ ❝❛♣❛❜✐❧✐t✐❡s ♦❢ t♦❞❛②✬s ♦✛✲
t❤❡✲s❤❡❧❢ ❡♠❜❡❞❞❡❞ ❝♦♠♣✉t❡r t❡❝❤♥♦❧♦❣②✳ ❲✐t❤ t❤❡ ❝♦st ❢✉♥❝t✐♦♥ ❞❡✜♥❡❞ ❜②
❡✐t❤❡r ✶✲♥♦r♠ ♦r ∞✲♥♦r♠✱ t❤❡ ❝♦♥tr♦❧ ❛❧❧♦❝❛t✐♦♥ ✐s r❡❢♦r♠✉❧❛t❡❞ ✐♥t♦ ❛ ❧✐♥❡✲
❛r ♣r♦❣r❛♠ ✭▲P✮ ✐♥ ❬✷✵✱ ✷✶✱ ✶✷✾❪✳ ❆ ❝♦st ❢✉♥❝t✐♦♥ ✇✐t❤ ∞✲♥♦r♠ ♠✐♥✐♠✐③❡s
t❤❡ ♠❛①✐♠✉♠ ❡✛❡❝t♦r ✉s❡ ❛♥❞ t❤❡r❡❢♦r❡ ❜❛❧❛♥❝❡s t❤❡ ✇❡❛r ♦❢ ❛❝t✉❛t♦rs ❬✷✶❪✳
❯s✐♥❣ ✷✲♥♦r♠ ❛s t❤❡ ❝♦st✱ ❏♦❤❛♥s❡♥✱ ❋♦ss❡♥ ✉♥❞ ❇❡r❣❡ ❬✼✻❪ ❤❛✈❡ ❢♦r♠❡❞ t❤❡
❝♦♥tr♦❧ ❛❧❧♦❝❛t✐♦♥ ♣r♦❜❧❡♠ ❛s ❛ q✉❛❞r❛t✐❝ ♣r♦❣r❛♠ ✭◗P✮✳ ❲❛♥❣✱ ❨✐ ✉♥❞ ❋❛♥
❬✶✽✵❪ ❡①t❡♥❞❡❞ ❛ ◗P ❜② ❛❞❞✐♥❣ ❛♥ ❛❞❞✐t✐♦♥❛❧ t❡r♠ t♦ ♣❡♥❛❧✐③❡ t❤❡ ❛❝t✉❛t♦r
r❛t❡s✱ ✇❤❡r❡ t❤❡ ❝♦♥tr♦❧ ❛❧❧♦❝❛t✐♦♥ r❡s✉❧t ❛❧s♦ ❞❡♣❡♥❞s ♦♥ t❤❡ ♣r❡✈✐♦✉s ❞✐s✲
tr✐❜✉t✐♦♥✳ ■♥ t❤❡ ❝♦♥t❡①t ♦❢ ❝♦♥tr♦❧ ❛❧❧♦❝❛t✐♦♥✱ t❤❡ ♠♦st ❝♦♠♠♦♥ ♥✉♠❡r✐❝❛❧
♠❡t❤♦❞s ❢♦r ▲P ❛♥❞ ◗P ❛r❡ t❤❡ s✐♠♣❧❡① ♠❡t❤♦❞ ❬✷✵❪✱ ❛❝t✐✈❡ s❡t ♠❡t❤♦❞ ❬✻✸❪✱
❛♥❞ ✐♥t❡r✐♦r✲♣♦✐♥t ♠❡t❤♦❞ ❬✶✸✸❪✳
❚❤❡ ♠❛✐♥ ♣r♦❜❧❡♠ ✐♥ st❛t✐❝ ❝♦♥tr♦❧ ❛❧❧♦❝❛t✐♦♥ ✐s ✐ts ❝♦♠♣✉t❛t✐♦♥❛❧ ❜✉r❞❡♥

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

✶✸



❑❛♣✐t❡❧ ✶ ■♥tr♦❞✉❝t✐♦♥

❡❛❝❤ s❛♠♣❧✐♥❣ ✐♥st❛♥t✳ ■t ✐s ❤❛r❞ t♦ ❣✉❛r❛♥t❡❡ t❤❡ ❧✐♠✐t ♦❢ t❤❡ ♥✉♠❜❡r ♦❢
✐t❡r❛t✐♦♥s✳ ❚❤❡ ❝♦♥tr♦❧ ❛❧❧♦❝❛t✐♦♥ ♠❛② ❤❛✈❡ t♦ ❛❝❝❡♣t ❛ ❝❡rt❛✐♥ ❞❡❣r❡❡ ♦❢
s✉❜♦♣t✐♠❛❧✐t② s✐♥❝❡ t❤❡ ♠❛①✐♠✉♠ ♥✉♠❜❡r ♦❢ ✐t❡r❛t✐♦♥s ✐s ❧✐♠✐t❡❞ ✐♥ r❡❛❧✲t✐♠❡
✐♠♣❧❡♠❡♥t❛t✐♦♥✳ ❉②♥❛♠✐❝ ❝♦♥tr♦❧ ❛❧❧♦❝❛t✐♦♥ ♠❡t❤♦❞s ❛r❡ ❞❡✈❡❧♦♣❡❞ t♦ ❞❡❛❧
✇✐t❤ t❤✐s ❞✐✣❝✉❧t②✱ ✇❤❡r❡ ❛ ❞②♥❛♠✐❝ ✉♣❞❛t❡ ❧❛✇ ✐s ❞❡r✐✈❡❞ ✐♥st❡❛❞ ♦❢ s♦❧✈✐♥❣
❛♥ ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠ ❛t ❡❛❝❤ ✐♥st❛♥t✳ ❚❤✐s r❡❞✉❝❡s t❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧
✐♥t❡♥s✐t② ❝♦♠♣❛r❡❞ t♦ ♦♣t✐♠✐③❛t✐♦♥ ❛❧❣♦r✐t❤♠s t❤❛t ♠✐❣❤t ♥♦t ✜♥❞ ❛ ❢❡❛s✐❜❧❡
s♦❧✉t✐♦♥ ✇✐t❤✐♥ t❤❡ ❣✐✈❡♥ t✐♠❡✳ ■♥tr♦❞✉❝✐♥❣ ❛ ❞②♥❛♠✐❝ ▲②❛♣✉♥♦✈✲❈♦♥tr♦❧ ❧❛✇✱
❏♦❤❛♥s❡♥ ❬✼✼❪ ♣r♦♣♦s❡❞ ❛♥ ❛❧❣♦r✐t❤♠ ❢♦r s❧♦✇✲♠♦✈✐♥❣ ♠❛r✐t✐♠❡ ✈❡ss❡❧s✱ ✇❤✐❝❤
❛s②♠♣t♦t✐❝❛❧❧② tr❛❝❦s t❤❡ ♦♣t✐♠❛❧ ❛❧❧♦❝❛t✐♦♥✳ ❉②♥❛♠✐❝ ✐♥✈❡rs✐♦♥ t❡❝❤♥✐q✉❡ ✐s
✉s❡❞ ✐♥ ❬✾✽❪✱ ✇❤✐❝❤ ✐s ❜❛s❡❞ ♦♥ ❛ ▲②❛♣✉♥♦✈ ❞❡s✐❣♥ ❛♣♣r♦❛❝❤ ✇✐t❤ ✜♥✐t❡✲t✐♠❡
❝♦♥✈❡r❣❡♥❝❡ t♦ ♦♣t✐♠❛❧✐t②✳ ❯s✐♥❣ ▲②❛♣✉♥♦✈ ❛♥❛❧②s✐s ❢♦r ❝❛s❝❛❞❡❞ s❡t✲st❛❜❧❡
s②st❡♠s✱ ✉♥✐❢♦r♠ ❣❧♦❜❛❧✴❧♦❝❛❧ ❛s②♠♣t♦t✐❝ st❛❜✐❧✐t② ✐s ❣✉❛r❛♥t❡❡❞ ❢♦r t❤❡ s❡ts
❞❡s❝r✐❜❡❞ ❜② t❤❡ s②st❡♠✱ t❤❡ ♦♣t✐♠❛❧ ❛❧❧♦❝❛t✐♦♥ ✉♣❞❛t❡✲❧❛✇✱ ❛♥❞ t❤❡ ❛❞❛♣t✐✈❡
✉♣❞❛t❡✲❧❛✇ ✐♥ ❬✶✼✶❪✳ ■♥ ❬✺✻❪✱ ❛ s②st❡♠❛t✐❝ ♠❡t❤♦❞ ❢♦r ❝❧♦s❡❞✲❧♦♦♣ ❞②♥❛♠✐❝
❝♦♥tr♦❧ ❛❧❧♦❝❛t✐♦♥ ✐s ♣r♦♣♦s❡❞✱ ❛♥❞ ❛✐r❝r❛❢t st❛❜✐❧✐t② ❛♥❛❧②s✐s ✐s ✐♥tr♦❞✉❝❡❞✳
❚❤❡ ❞②♥❛♠✐❝ ❝♦♥tr♦❧ ❛❧❧♦❝❛t✐♦♥ ✐s ♦♥❧② ❛s②♠♣t♦t✐❝❛❧❧② ♦♣t✐♠❛❧✳ ❆s s❤♦✇♥ ✐♥
t❤❡ ❝❛s❡ st✉❞② ✐♥ ❬✶✻✾❪✱ t❤✐s ❧❡❛❞s t♦ ♣❡r❢♦r♠❛♥❝❡ ❞❡❣r❛❞❛t✐♦♥✳

1.3.5 UAV Fault-Tolerant Control

❋❛✉❧t✲t♦❧❡r❛♥t ❝❛♣❛❜✐❧✐t② ✐s ❛ ❜❡♥❡✜❝✐❛❧ ❢❡❛t✉r❡ ❢♦r ♠✉❧t✐❝♦♣t❡r s②st❡♠s t♦
✐♠♣r♦✈❡ r❡❧✐❛❜✐❧✐t② ❛♥❞ s❛❢❡t②✳ ❋❛✉❧t✲t♦❧❡r❛♥t ❝♦♥tr♦❧ ✭❋❚❈✮ ❛✐♠s ❛t ♣r❡✈❡♥✲
t✐♥❣ ❛ ❝♦♠♣♦♥❡♥t ❢❛✉❧t✸ ❢r♦♠ ❝❛✉s✐♥❣ ❛ ❢❛✐❧✉r❡✹ ❛t t❤❡ s②st❡♠ ❧❡✈❡❧ ❬✶✾❪✳ ❚❤❡
❋❚❈ ❝❛♥ ❝♦♥tr♦❧ t❤❡ s②st❡♠ ✇✐t❤ s❛t✐s❢❛❝t♦r② ♣❡r❢♦r♠❛♥❝❡ ❡✈❡♥ ✐❢ ♦♥❡ ♦r
s❡✈❡r❛❧ ❢❛✉❧ts✱ ♦r ♠♦r❡ ❝r✐t✐❝❛❧❧②✱ ♦♥❡ ♦r s❡✈❡r❛❧ ❢❛✐❧✉r❡s ♦❝❝✉r ✐♥ t❤✐s s②st❡♠
❬✹✺❪✳ ❚❤❡ ❛❝t✐✈❡ ❋❚❈ s❝❤❡♠❡ ❝♦♥s✐sts ♦❢ t✇♦ ♣❛rts✿ ❛✮ t❤❡ ❞✐❛❣♥♦s✐s ✉♥✐t ❞❡✲
t❡❝ts✱ ✐s♦❧❛t❡s✱ ❛♥❞ ❡st✐♠❛t❡s t❤❡ ❢❛✉❧t❀ ❜✮ t❤❡ r❡❝♦♥✜❣✉r❛t✐♦♥ ✉♥✐t ❛❞❛♣ts t❤❡
❝♦♥tr♦❧❧❡r ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❢❛✉❧t② s✐t✉❛t✐♦♥ t♦ ♠❛✐♥t❛✐♥ t❤❡ ♦✈❡r❛❧❧ s②st❡♠
♣❡r❢♦r♠❛♥❝❡✳

Fault detection: ❚❤❡ s②st❡♠ ✐s ❛❜❧❡ t♦ ❞❡t❡❝t t❤❡ ❢❛✉❧t ✇❤❡♥ ❛ ❢❛✉❧t ♦❝❝✉rs✳

Fault isolation: ❚❤❡ s②st❡♠ ✐s ❛❜❧❡ t♦ t❡❧❧ ✇❤❡r❡ ♦r ♦♥ ✇❤✐❝❤ ♣❛rt t❤❡ ❢❛✉❧t
♦❝❝✉rs✳

✸■♥ t❤❡ ❝♦♥t❡①t ♦❢ ❋❚❈✱ ❛ ❢❛✉❧t ✐s ❛♥ ✉♥♣❡r♠✐tt❡❞ ❞❡✈✐❛t✐♦♥ ♦❢ ❛t ❧❡❛st ♦♥❡ ❝❤❛r❛❝t❡r✐st✐❝
♣r♦♣❡rt② ✭❢❡❛t✉r❡✮ ♦❢ t❤❡ s②st❡♠ ❢r♦♠ t❤❡ ❛❝❝❡♣t❛❜❧❡✱ ✉s✉❛❧✱ st❛♥❞❛r❞ ❝♦♥❞✐t✐♦♥ ❬✼✹❪✳

✹■♥ t❤❡ ❝♦♥t❡①t ♦❢ ❋❚❈✱ ❛ ❢❛✐❧✉r❡ ✐s ❛ ♣❡r♠❛♥❡♥t ✐♥t❡rr✉♣t✐♦♥ ♦❢ ❛ s②st❡♠✬s ❛❜✐❧✐t② t♦
♣❡r❢♦r♠ ❛ r❡q✉✐r❡❞ ❢✉♥❝t✐♦♥ ✉♥❞❡r s♣❡❝✐✜❡❞ ♦♣❡r❛t✐♥❣ ❝♦♥❞✐t✐♦♥s ❬✼✹❪✳
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✶✳✸ ❙t❛t❡ ♦❢ t❤❡ ❆rt

Fault estimation/identification: ❚❤❡ s②st❡♠ ✐s ❛❜❧❡ t♦ ❡st✐♠❛t❡ t❤❡ s❡✈❡r✐t②
♦❢ t❤❡ ❢❛✉❧t✳

Control reconfiguration: ❚❤❡ ❝♦♥tr♦❧❧❡r ✐s r❡❝♦♥✜❣✉r❡❞ s♦ t❤❛t t❤❡ ♦✈❡r❛❧❧
s②st❡♠ ❝♦♥t✐♥✉❡s t♦ s❛t✐s❢② ✐ts ❣♦❛❧✳

❆♥ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ ❡①✐st✐♥❣ ✇♦r❦s ♦♥ ❢❛✉❧t ❞❡t❡❝t✐♦♥ ❛♥❞ ❞✐❛❣♥♦s✐s ✭❋❉❉✮
❛♥❞ ❢❛✉❧t✲t♦❧❡r❛♥t ❝♦♥tr♦❧ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❬✶✾✹❪ ❢♦r q✉❛❞r♦t♦r s②st❡♠s✳ ❍♦✇❡✲
✈❡r✱ ❞✉❡ t♦ t❤❡ ❝♦♥✜❣✉r❛t✐♦♥ ♦❢ ❛ q✉❛❞r♦t♦r ✈❡❤✐❝❧❡✱ ✐t ❧❛❝❦s ❛❝t✉❛t♦r r❡❞✉♥✲
❞❛♥❝② t❤❛t ✐s ♥❡❝❡ss❛r② ❢♦r ❢❛✉❧t t♦❧❡r❛♥❝❡ ✇✐t❤♦✉t ❞♦✇♥❣r❛❞✐♥❣ t❤❡ ❝♦♥tr♦❧
♣❡r❢♦r♠❛♥❝❡✳ ❆♥② r♦t♦r ❢❛✐❧✉r❡ ✇✐❧❧ ❝❛✉s❡ t❤❡ q✉❛❞r♦t♦r t♦ ❜❡❝♦♠❡ ✉♥❝♦♥✲
tr♦❧❧❛❜❧❡✳ ❚❤❡r❡❢♦r❡✱ ♠♦st st✉❞✐❡s ♦♥ q✉❛❞r♦t♦r s②st❡♠s ❛r❡ ❡✐t❤❡r ❧✐♠✐t❡❞ t♦
❋❉❉ ❬✸✺✱ ✸✻✱ ✶✾✺❪ ♦r ♦♥❧② ❝♦♥s✐❞❡r t❤❡ ♣❛rt✐❛❧ ❧♦ss ♦❢ ❝♦♥tr♦❧ ❡✛❡❝t✐✈❡♥❡ss
❢❛✉❧t ✐♥ ❛❝t✉❛t♦rs ❬✾✼✱ ✶✺✺❪✳ ❚❤❡ t♦t❛❧ ❢❛✐❧✉r❡ ✇❛s st✉❞✐❡❞ ✐♥ ❬✺✸✱ ✶✶✼❪✱ ✇❤❡r❡
t❤❡ ②❛✇ ♠♦t✐♦♥ ❝♦♥tr♦❧ ✐s s❛❝r✐✜❝❡❞✳ ■♥ ❬✶✽❪✱ t❤❡ ❢❛✉❧t ✐s ♦♥❧② ❞❡t❡❝t❡❞ ❜❛s❡❞
♦♥ t❤❡ ❑❛❧♠❛♥ ✜❧t❡r ✭❑❋✮ ❜✉t ♥♦t ✐s♦❧❛t❡❞ ❛♥❞ ❡st✐♠❛t❡❞✳ ❲❛♥❣ ✉♥❞ P✉✐❣
❬✶✽✷❪ ❤❛✈❡ ✉s❡❞ ③♦♥♦t♦♣✐❝ ❡①t❡♥❞❡❞ ❑❛❧♠❛♥ ✜❧t❡r ✭❊❑❋✮ ❢♦r ❢❛✉❧t ❞❡t❡❝t✐♦♥✳
❍♦✇❡✈❡r✱ ❢❛✉❧t ✐s♦❧❛t✐♦♥ ✐s ♥♦t ❝♦♥s✐❞❡r❡❞ ✐♥ t❤❡✐r r❡s❡❛r❝❤✳
❍❡①❛❝♦♣t❡rs ❛♥❞ ❖❝t♦❝♦♣t❡rs ❛r❡ ♠♦r❡ s✉✐t❛❜❧❡ ❢♦r ❋❚❈ ❞❡s✐❣♥ ❞✉❡ t♦

t❤❡ ❛✈❛✐❧❛❜❧❡ ♣❤②s✐❝❛❧ r❡❞✉♥❞❛♥❝② ❢♦r t❤❡ ✹✲❉❖❋ ♠♦t✐♦♥ ❝♦♥tr♦❧✳ ❙②st❡♠ r❡✲
❧✐❛❜✐❧✐t② ❛♥❞ s❛❢❡t② ❛r❡ ✐♠♣r♦✈❡❞ s✐❣♥✐✜❝❛♥t❧② ❞✉❡ t♦ r❡❞✉♥❞❛♥t r♦t♦rs✳ ❚❤❡
r❡❝♦♥✜❣✉r❛❜✐❧✐t② ♦❢ ♠✉❧t✐r♦t♦r ✈❡❤✐❝❧❡s ✐s ❛♥❛❧②③❡❞ ✐♥ ❬✹✹✱ ✶✼✽❪✳ ❆ ❢❛✉❧t ❞❡t❡❝✲
t✐♦♥ ❛♥❞ r❡❝♦♥str✉❝t✐♦♥ s❝❤❡♠❡ ✐s ❡st❛❜❧✐s❤❡❞ ✐♥ ❬✶✽✶❪ ❢♦r ❤❡①❛r♦t♦r ✈❡❤✐❝❧❡s✳
❋♦r ❡✈❡r② ❛❝t✉❛t♦r✱ ❛♥ ❊❑❋✲❜❛s❡❞ ♦❜s❡r✈❡r ✐s ❡q✉✐♣♣❡❞ t♦ ❡st✐♠❛t❡ t❤❡ ❧✐❢t
❢❛❝t♦r✱ ❛♥❞ t❤❡ ❢❛✉❧t ✐s ❞❡t❡❝t❡❞ ❛♥❞ ✐s♦❧❛t❡❞ ❜② ❛♥❛❧②③✐♥❣ t❤✐s ❧✐❢t ❢❛❝t♦r✳
❱❡② ✉♥❞ ▲✉♥③❡ ❬✶✼✼❪✱ ♦♥ t❤❡ ❝♦♥tr❛r②✱ ✉s❡ s❡✈❡♥ ❊❑❋s ❢♦r t❤❡✐r ❋❚❈ s❝❤❡♠❡✳
❖♥❡ ♦❜s❡r✈❡r ✐s r❡s♣♦♥s✐❜❧❡ ❢♦r ❢❛✉❧t ❞❡t❡❝t✐♦♥✱ ❛♥❞ t❤❡ ♦t❤❡r s✐① ❛r❡ ❢♦r ❢❛✉❧t
✐s♦❧❛t✐♦♥✳ ❆❝❝♦r❞✐♥❣ t♦ t❤❡ ❞✐❛❣♥♦s✐s✱ ❛ ❝♦♥tr♦❧ r❡❝♦♥✜❣✉r❛t✐♦♥ ✐s ❝♦♥str✉❝✲
t❡❞✳ ❋❛✉❧t ❡st✐♠❛t✐♦♥ ✐s ♥♦t t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t ✐♥ t❤❡✐r ♠❡t❤♦❞✳ ❚❤❡ ✢❛t♥❡ss
t❡❝❤♥✐q✉❡ ❤❛s ❜❡❡♥ ✉s❡❞ ✐♥ ❬✶✺✷❪ t♦ ❞❡t❡❝t s❡♥s♦r ❛♥❞ ❛❝t✉❛t♦r ❢❛✉❧ts✳ ■♥
❬✶✺✵✱ ✶✺✶❪✱ ❋❉■ ❛♣♣r♦❛❝❤❡s ❜❛s❡❞ ♦♥ ♥♦♥❧✐♥❡❛r ♦❜s❡r✈❡rs ❛r❡ ♣r❡s❡♥t❡❞ ❢♦r ❛♥
♦❝t♦❝♦♣t❡r ✇✐t❤ ❛ ❝♦❛①✐❛❧ ❝♦♥✜❣✉r❛t✐♦♥✳ ■❢ ❛ r♦t♦r ❡♥❝♦✉♥t❡rs ❢❛✉❧t ♦r ❢❛✐❧✉r❡✱
❛ ❝♦✉♥t❡r❛❝t✐♦♥ ♦♥ ✐ts ❞✉❛❧✲♠♦t♦r ❝♦♠♣❡♥s❛t❡s ❢♦r t❤❡ ❧♦ss ♦❢ t❤r✉st✳ ❆❝✲
❝♦♠♠♦❞❛t✐♦♥ str❛t❡❣✐❡s ❜❛s❡❞ ♦♥ ❧✐♥❡❛r ♣❛r❛♠❡t❡r ✈❛r②✐♥❣ ❬✽❪✱ s❧✐❞✐♥❣ ♠♦❞❡
❝♦♥tr♦❧ ❬✶✼✾❪✱ ❛♥❞ ❝❛s❝❛❞❡ ♣s❡✉❞♦✲✐♥✈❡rs❡ ❬✶✵✺❪ ❛r❡ ♣r♦♣♦s❡❞ ❢♦r ♦❝t♦❝♦♣t❡rs
✐♥ ❝❛s❡ ♦❢ r♦t♦r ❢❛✐❧✉r❡s✳ ❚❤❡s❡ ♣❛♣❡rs ❝♦♥s✐❞❡r ♦♥❧② t❤❡ r❡❝♦✈❡r② ♣❛rt ♦❢ t❤❡
❋❚❈ ❜② ❛ss✉♠✐♥❣ ❛✈❛✐❧❛❜❧❡ ❢❛✉❧t ✐♥❢♦r♠❛t✐♦♥✳
■♥ ❛❞❞✐t✐♦♥ t♦ ♠♦❞❡❧✲❜❛s❡❞ ❛♣♣r♦❛❝❤❡s✱ ❞❛t❛✲❞r✐✈❡♥ ♠❡t❤♦❞s ❜❛s❡❞ ♦♥ ❛r✲

t✐✜❝✐❛❧ ♥❡✉r❛❧ ♥❡t✇♦r❦s ✭❆◆◆✮ ❛r❡ ❛❧s♦ r❡s❡❛r❝❤❡❞ ❢♦r ❋❚❈✳ ❯t✐❧✐③✐♥❣ ❛ s✉♣✲
♣♦rt ✈❡❝t♦r ♠❛❝❤✐♥❡ ✭❙❱▼✮ ❛s t❤❡ ❋❉■ s♦❧✉t✐♦♥✱ ❏✉♥ ✉♥❞ ❚✐❛♥ ❬✽✵❪ ❛❞❛♣t
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❑❛♣✐t❡❧ ✶ ■♥tr♦❞✉❝t✐♦♥

t❤❡ ♣❛r❛♠❡t❡rs ✐♥ t❤❡ ❝♦♥tr♦❧ ❧♦♦♣ ♦❢ ❛ q✉❛❞r♦t♦r ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❞✐❛❣♥♦s✐s
r❡s✉❧t✳ ❍♦✇❡✈❡r✱ ❙❱▼ ✐s ❛ tr❛❞✐t✐♦♥❛❧ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ ♠❡t❤♦❞✱ t❤❡ ❣❡♥❡r❛❧
♣❡r❢♦r♠❛♥❝❡ ♦❢ ✇❤✐❝❤ ❝❛♥ ❜❡ ✐♠♣r♦✈❡❞ ✐♥❞❡❡❞✳ ❆♥♦t❤❡r tr❛❞✐t✐♦♥❛❧ ♠❛❝❤✐♥❡
❧❡❛r♥✐♥❣ ♠❡t❤♦❞✱ r❛♥❞♦♠ ❢♦r❡st ❝❧❛ss✐✜❡r✱ ✐s ✉s❡❞ ✐♥ ❬✶✸✹❪✳ ❚❤❡② ♦♥❧② ❢♦❝✉s
♦♥ t❤❡ ❢❛✉❧t t❤❛t ♦❝❝✉rs ♦♥ t❤❡ ♠♦t♦r r❛t❤❡r t❤❛♥ t❤❡ ♣r♦♣❡❧❧❡r✱ ✇❤✐❝❤ ❝❛♥
❜❡ ❡❛s✐❧② ❞❡t❡❝t❡❞ ❜② ♠❡❛s✉r✐♥❣ ♠♦t♦r ❝✉rr❡♥t ❢♦r ❛♥ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦r✳ ❋✉
✉✳ ❛✳ ❬✺✹❪ ❤❛✈❡ ♣r♦♣♦s❡❞ ❛ ❤②❜r✐❞ ❝♦♥✈♦❧✉t✐♦♥❛❧ ❛♥❞ ❧♦♥❣ s❤♦rt✲t❡r♠ ♠❡♠♦r②
♥❡✉r❛❧ ♥❡t✇♦r❦ ✭❈◆◆✲▲❙❚▼✮ ♠♦❞❡❧ ❢♦r ❛ r❡❣✉❧❛r ❍❡①❛r♦t♦r✳ ❖♥❡ s✐❣♥✐✜❝❛♥t
✢❛✇ ♦❢ t❤❡✐r ♠❡t❤♦❞ ✐s ❛ ❞✐❛❣♥♦st✐❝ ❞❡❧❛② ♦✈❡r 200 ms✳ ❨♦✉s❡✜ ✉✳ ❛✳ ❬✶✾✶❪ ✉s❡
❧✐♥❡❛r ❞✐s❝r✐♠✐♥❛♥t ❛♥❛❧②s✐s ❛♥❞ ❧♦❣✐st✐❝ r❡❣r❡ss✐♦♥ ❛s ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ ❛❧✲
❣♦r✐t❤♠s ✐♥ t❤❡✐r r❡s❡❛r❝❤✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤❡② ❞✐❞ ♥♦t ❝♦♥s✐❞❡r t❤❡ ✐s♦❧❛t✐♦♥
♣r♦❝❡ss✳ ❏✐❛♥❣ ✉✳ ❛✳ ❬✼✺❪ ❝❧❛✐♠ t❤❛t t❤❡② ❛r❡ t❤❡ ✜rst t♦ ✐♥✈♦❧✈❡ s✐❣♥❛❧ ♣r♦✲
❝❡ss✐♥❣ t❡❝❤♥✐q✉❡s ✐♥ t❤❡ ❋❉■ ♦❢ t❤❡ ❛❝t✉❛t♦rs ♦❢ t❤❡ ❯❆❱✳ ❇❡❢♦r❡ ❢❡❡❞✐♥❣
✐♥♣✉t ❞❛t❛ ✐♥t♦ ❛ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ ❛❧❣♦r✐t❤♠✱ t❤❡② ✉s❡ ✇❛✈❡❧❡t ♣❛❝❦❡t ❞❡✲
❝♦♠♣♦s✐t✐♦♥ ✭❲P❉✮ t♦ ♣r❡♣r♦❝❡ss t❤❡ s❡♥s♦r s✐❣♥❛❧✳ ❇♦♥❞②r❛ ✉✳ ❛✳ ❬✷✷❪ ✉s❡
t❤❡ ❲P❉ ❛♥❞ ❢❛st ❋♦✉r✐❡r tr❛♥s❢♦r♠ ✭❋❋❚✮ ❢♦r ♣r❡♣r♦❝❡ss✐♥❣✳ ❚❤❡ s✐❣♥❛❧ ✐s
t❤❡♥ ❢♦r✇❛r❞❡❞ t♦ ❛♥ ❙❱▼✳ ❈❤❡♥❣ ✉✳ ❛✳ ❬✸✼❪ ✐♥tr♦❞✉❝❡ ❛♥ ❛❝t✐✈❡ ❢❛✉❧t✲t♦❧❡r❛♥t
❝♦♥tr♦❧❧❡r ❢♦r ❯❆❱✬s ❛tt✐t✉❞❡ ✉s✐♥❣ ❛ ♥♦♥✲s✐♥❣✉❧❛r ❢❛st t❡r♠✐♥❛❧ s❧✐❞✐♥❣ ♠♦❞❡
❝♦♥tr♦❧ t❡❝❤♥✐q✉❡✱ ✇❤❡r❡ ❛♥ ❆◆◆✲❜❛s❡❞ ❢❛✉❧t ❡st✐♠❛t✐♦♥ ♦❜s❡r✈❡r ✐s ❞❡s✐❣♥❡❞
t♦ ♦❜t❛✐♥ t❤❡ ❛❝t✉❛t♦r ❢❛✉❧t ❛♥❞ ❡①t❡r♥❛❧ ❞✐st✉r❜❛♥❝❡✳ ❚❤❡② ✉s❡ t❤❡ r❛❞✐❛❧
❜❛s✐s ❢✉♥❝t✐♦♥ t♦ ❜✉✐❧❞ t❤❡ ♥❡✉r❛❧ ♥❡t✇♦r❦✳ ■♥ t❤✐s ❝❛s❡✱ t❤❡ ♠❛t❤❡♠❛t✐❝❛❧ ❞❡✲
s❝r✐♣t✐♦♥ ✐s r❡q✉✐r❡❞ t♦ ✐♠♣❧❡♠❡♥t t❤❡ ♦❜s❡r✈❡r✲❜❛s❡❞ ❛❧❣♦r✐t❤♠✳ ◗✐❛♥✱ ❏✐❛♥❣
✉♥❞ ▲✐✉ ❬✶✸✺❪ ❛❧s♦ ❞❡s✐❣♥❡❞ ❛♥ ❋❚❈ s②st❡♠ ♦❢ ❛ ❯❆❱ ❢♦r ❛tt✐t✉❞❡ ❝♦♥tr♦❧✳
❚❤❡ ❢❛✉❧t ❞✐❛❣♥♦st✐❝ ❝♦♠♣♦♥❡♥t ❝❛♥ ❞❡t❡❝t ❛♥❞ ❡st✐♠❛t❡ ❛❝t✉❛t♦r ❢❛✉❧ts✱ ❛♥❞
❛ ♥♦♥❧✐♥❡❛r ❢❛✉❧t ❞❡t❡❝t✐♦♥ ♦❜s❡r✈❡r ✐s ❞❡✈❡❧♦♣❡❞ t♦ ❛❝❤✐❡✈❡ t❤✐s✳ ❙✐♠✐❧❛r t♦
❬✸✼❪✱ ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧✐♥❣ ✐s ❛❧s♦ r❡q✉✐r❡❞✳ ❖♥❡ ♥♦t❛❜❧❡ ❛♥❞ ❡①❝✐t✐♥❣ ♣✐❡❝❡
♦❢ r❡s❡❛r❝❤ ❜② ▲✐✉✱ ❈❤❡♥ ✉♥❞ ❩❤❡♥❣ ❬✶✵✶❪ ✐s ❜❛s❡❞ ♦♥ t❤❡ ❛✉❞✐♦ s✐❣♥❛❧✳ ❚❤✐s
♠❡t❤♦❞ ❝♦❧❧❡❝ts ❛✉❞✐♦ s✐❣♥❛❧s ❜② s♣❡❝✐✜❝ s❡♥s♦rs ❛♥❞ ❝♦♥✈❡rts t❤❡♠ t♦ ❛ s♣❡❝✲
tr♦❣r❛♠✳ ❇r♦❦❡♥ ♣r♦♣❡❧❧❡rs ❣❡♥❡r❛t❡ ❞✐✛❡r❡♥t s♣❡❝tr♦❣r❛♠s✳ ❲✐t❤ t❤❡ ❤❡❧♣
♦❢ ❈◆◆✱ t❤❡ tr❛✐♥❡❞ ♠♦❞❡❧ ❝❛♥ ❛❝❤✐❡✈❡ ❋❉■✳ ❚❤❡ ❛❝❝✉r❛❝② ✐♥ t❤❡✐r ❡①♣❡r✐✲
♠❡♥ts ✐s ❤✐❣❤❡r t❤❛♥ ✾✵✪✳ ❯♥❧✐❦❡ ♠♦❞❡❧✲❜❛s❡❞ ❛♣♣r♦❛❝❤❡s✱ ❢❛✉❧t ❡st✐♠❛t✐♦♥
✐s r❡❧❛t✐✈❡❧② ✉♥❝♦♠♠♦♥ ✐♥ ❞❛t❛✲❞r✐✈❡♥ ❛♣♣r♦❛❝❤❡s✳

❆❧❧ st✉❞✐❡s ♠❡♥t✐♦♥❡❞ ♣r❡✈✐♦✉s❧② ❛r❡ ❝❛rr✐❡❞ ♦✉t ❢♦r r❡❣✉❧❛r ✉♥❞❡r❛❝t✉❛t❡❞
♠✉❧t✐r♦t♦rs✳ ■♥ ❬✶✶✵✱ ✶✶✶❪✱ ❛ s❡t ♦❢ ❛❧❣❡❜r❛✐❝ ❝♦♥❞✐t✐♦♥s ✐s ♣r♦✈✐❞❡❞ ❢♦r ❢✉❧❧②
❛❝t✉❛t❡❞ ♠✉❧t✐r♦t♦rs ✇✐t❤ ❛♥② ♥✉♠❜❡r ♦❢ ❣❡♥❡r✐❝❛❧❧② ♦r✐❡♥t❡❞ r♦t♦rs t♦ ❡♥s✉r❡
st❛t✐❝ ❤♦✈❡r✳ ❚♦ t❤❡ ❜❡st ♦❢ t❤❡ ❛✉t❤♦r✬s ❦♥♦✇❧❡❞❣❡✱ ♥♦ ❝♦♠♣❧❡t❡ ❋❚❈ s❝❤❡♠❡
❤❛s ②❡t ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ❢♦r ❛ ❢✉❧❧② ♦r ♦✈❡r✲❛❝t✉❛t❡❞ ♠✉❧t✐r♦t♦r✳

✶✻



✶✳✸ ❙t❛t❡ ♦❢ t❤❡ ❆rt

1.3.6 Input Constraint Considerations

❉✉❡ t♦ t❤❡ ❜♦✉♥❞❡❞ r♦t♦r s♣❡❡❞✱ t✐❧t❡❞ ❤❡①❛r♦t♦rs ❛r❡ s✉❜❥❡❝t t♦ st❛t❡ ❛♥❞
✐♥♣✉t ❝♦♥str❛✐♥ts✳ ■♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ s❛t✉r❛t✐♦♥ ✐♥ s✉❝❤ ❛ ♥♦♥❧✐♥❡❛r s②st❡♠✱
t❤❡ ❝♦♥tr♦❧ ❛✉t❤♦r✐t② ✐s ❞❡❣r❛❞❡❞✱ ✐✳❡✳✱ ❛✛❡❝t❡❞ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ✻❉ ♣♦s❡
❝❛♥ ♥♦t ❜❡ ❝♦♥tr♦❧❧❡❞ ✐♥❞❡♣❡♥❞❡♥t❧② ❛♥②♠♦r❡✱ ✇❤✐❝❤ ❢✉rt❤❡r ✐♥❞✉❝❡s s✉❝❤ ❛
♣r♦❜❧❡♠ t❤❛t t❤❡ tr❛❥❡❝t♦r② ❝❛♥♥♦t ❜❡ ❢✉❧❧② tr❛❝❦❡❞✳ ■♥ ✇♦rs❡ ❝❛s❡s✱ t❤❡ ❯❆❱
❜❡❝♦♠❡s ✉♥❝♦♥tr♦❧❧❛❜❧❡ ❛♥❞ ❝r❛s❤❡s✳ ❆♥ ❛♣♣r♦❛❝❤ ✐s ♣r♦♣♦s❡❞ ❜② ▲❛✐✱ ❲❛♥❣
✉♥❞ ❈❤❡♥ ❬✾✸❪ ❢♦r ❛♥ ✉♥❞❡r❛❝t✉❛t❡❞ q✉❛❞❝♦♣t❡r✳ ■t ✐s ❜❛s❡❞ ♦♥ ❇✲s♣❧✐♥❡s ❢♦r
❛ ✸❉ tr❛❥❡❝t♦r② ❞❡s✐❣♥✳ ■t ✐s ❛ss✉♠❡❞ t❤❛t t❤❡ r♦t❛t✐♦♥ ♦❢ t❤❡ s②st❡♠ ❝❛♥
❜❡ ❡①♣r❡ss❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ tr❛♥s❧❛t✐♦♥❛❧ ✈❡❧♦❝✐t②✳ ❈♦♥s❡q✉❡♥t❧②✱ ✐t ✐s
♥♦t r❡❧❡✈❛♥t t♦ ❢✉❧❧②✲❛❝t✉❛t❡❞ ✈❡❤✐❝❧❡s✳ ❆♥♦t❤❡r ✇♦r❦ ❣❡♥❡r❛t❡s tr❛❥❡❝t♦r②
✐t❡r❛t✐✈❡❧② ✈✐❛ t❤❡ ❉✐r❡❝t ❆❞❥♦✐♥t ❆♣♣r♦❛❝❤✱ ❛♥❞ t❤❡ ♦✉t♣✉t ♣❛r❛♠❡t❡rs ❛r❡
❛❞❥✉st❡❞ ✉♥t✐❧ t❤❡ r❡s✉❧t ♠❡❡ts t❤❡ ❞②♥❛♠✐❝ ❧✐♠✐t❛t✐♦♥s ♦❢ t❤❡ q✉❛❞❝♦♣t❡r ❬✻✹❪✳
❚♦ ❝♦♣❡ ✇✐t❤ t❤❡ ✐♥♣✉t s❛t✉r❛t✐♦♥✱ ❝✉st♦♠✐③❡❞ ✢✐❣❤t ❝♦♥tr♦❧ ✇❛s r❡s❡❛r❝❤❡❞
❜② ◆✐❝♦tr❛✱ ◆❛❧❞✐ ✉♥❞ ●❛r♦♥❡ ❬✶✷✵❪ ❛♥❞ ❈♦♥✈❡♥s ✉✳ ❛✳ ❬✸✾❪✳ ❆ ♣r❡✜❧t❡r ❝❛❧❧❡❞
❊①♣❧✐❝✐t ❘❡❢❡r❡♥❝❡ ●♦✈❡r♥♦r ✐s ♣r❡✜①❡❞ t♦ t❤❡ ❝♦♥tr♦❧ ❧♦♦♣ ❛♥❞ ♠❛♥✐♣✉❧❛t❡s
❛ ❣✐✈❡♥ r❡❢❡r❡♥❝❡ tr❛❥❡❝t♦r② ♦♥❧✐♥❡ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ s②st❡♠ st❛t❡ t♦ ❛✈♦✐❞
✐♥♣✉t s❛t✉r❛t✐♦♥✳ ❋r❛♥❝❤✐ ✉✳ ❛✳ ❬✺✷❪ ♣r❡s❡♥t ❛ ❣❡♦♠❡tr✐❝ ❝♦♥tr♦❧❧❡r ❢♦r t✐❧t❡❞
❤❡①❛r♦t♦rs✳ ■t ✐❣♥♦r❡s t❤❡ ❛tt✐t✉❞❡ ❝♦♠♣♦♥❡♥ts ✐♥ t❤❡ ❝❛s❡ ♦❢ ✐♠♣r❛❝t✐❝❛❜✐❧✐t②
♦❢ ❛ r❡❢❡r❡♥❝❡ tr❛❥❡❝t♦r② ❛♥❞ ♦♥❧② ❢♦❧❧♦✇s t❤❡ tr❛♥s❧❛t✐♦♥❛❧ r❡❢❡r❡♥❝❡✳

1.3.7 Wrench Observer

❋♦r❝❡ ❝♦♥tr♦❧ ✐s ✉s✉❛❧❧② ❛♣♣❧✐❡❞ ❢♦r ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t✐♦♥ t❛s❦s✱ ✇❤✐❝❤ r❡q✉✐r❡s
❦♥♦✇❧❡❞❣❡ ❛❜♦✉t t❤❡ ❡①t❡r♥❛❧ ❢♦r❝❡ ❛♥❞ t♦rq✉❡ ✈❛❧✉❡s ❛❝t✐♥❣ ♦♥ t❤❡ t♦♦❧ ❝❡♥✲
t❡r ♣♦✐♥t ✭❚❈P✮ ✇❤❡♥ ✐♥ ❝♦♥t❛❝t ✇✐t❤ t❤❡ ❡♥✈✐r♦♥♠❡♥t ❬✶✹✽❪✳ ❚❤❡ r❡q✉✐r❡❞
❡①t❡r♥❛❧ ✇r❡♥❝❤ ❝❛♥ ❜❡ ♠❡❛s✉r❡❞ ❜② ❛ ❢♦r❝❡✴t♦rq✉❡ ✭❋✴❚✮ s❡♥s♦r ♦r ❡st✐✲
♠❛t❡❞ ❜② ❛♥ ❋✴❚ ♦❜s❡r✈❡r✳ ❆❧t❤♦✉❣❤ ❛ s❡♥s♦r ♣r♦✈✐❞❡s ❛ ❣♦♦❞ ❛♥❞ r❡❧✐❛❜❧❡
♠❡❛s✉r❡♠❡♥t✱ ✐t ✐♥❝r❡❛s❡s t❤❡ ❝♦st ❛♥❞ ✇❡✐❣❤t ♦❢ t❤❡ ♣❧❛t❢♦r♠ ❛♥❞ ♦♥❧② ♠❡❛✲
s✉r❡s t❤❡ ✇r❡♥❝❤ ❛♣♣❧✐❡❞ t♦ t❤❡ ♣♦✐♥t ✇❤❡r❡ ✐t ✐s ♠♦✉♥t❡❞✳ ❆ ✇❡❧❧✲❞❡s✐❣♥❡❞
✇r❡♥❝❤ ♦❜s❡r✈❡r ♣r♦✈✐❞❡s ❛♥ ❛❞❡q✉❛t❡❧② ♣r❡❝✐s❡ ❡st✐♠❛t✐♦♥ ❛t ❛ r❡❞✉❝❡❞ ❝♦st✱
✇❡✐❣❤t✱ ❛♥❞ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ❬✶✾✵❪✳ ❈♦♠♣❛r❡❞ t♦ ❛ ❢♦r❝❡✴t♦rq✉❡ s❡♥s♦r✱ ❛♥
♦❜s❡r✈❡r r❡q✉✐r❡s ♥♦ ❛❞❞✐t✐♦♥❛❧ ❤❛r❞✇❛r❡✱ ♠❛❦✐♥❣ t❤❡ ✇❤♦❧❡ s②st❡♠ ❝❤❡❛♣❡r
❛♥❞ ♠♦r❡ ❧✐❣❤t✇❡✐❣❤t✳ ■♥st❡❛❞✱ t❤❡ ♦❜s❡r✈❡r r❡q✉✐r❡s ❛ ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧
♦❢ t❤❡ ♣❧❛t❢♦r♠✱ ♠❡❛s✉r❡♠❡♥ts ♦❢ ♦♥❜♦❛r❞ s❡♥s♦rs ❛s ✇❡❧❧ ❛s ❦♥♦✇❧❡❞❣❡ ❛❜♦✉t
t❤❡ ✇r❡♥❝❤ ❣❡♥❡r❛t❡❞ ❜② t❤❡ r♦t♦rs ♦❢ t❤❡ ❯❆❱ ❬✶✼✹❪✳ ❋✉rt❤❡r♠♦r❡✱ ♦♥❡ ❝❛♥
❡st✐♠❛t❡ t❤❡ ✇r❡♥❝❤ ❛♣♣❧✐❡❞ t♦ ❛♥② ♣♦✐♥t ♦❢ t❤❡ ♣❧❛t❢♦r♠✳

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

♦❜s❡r✈❡r ✉s❡❞ ❢♦r r♦❜♦t✐❝ ♠❛♥✐♣✉❧❛t♦rs ❬✶✶✹❪✳ ❚❤✐s ❣❡♥❡r❛❧ ❛♣♣r♦❛❝❤ ✇❛s ♣r❡✲
s❡♥t❡❞ ❢♦r ✉♥❞❡r❛❝t✉❛t❡❞ ❬✶✵✷✱ ✶✹✷✱ ✶✾✵❪ ❛s ✇❡❧❧ ❛s ❢♦r ❢✉❧❧②✲❛❝t✉❛t❡❞ ❬✶✸✽✱
✶✹✹✱ ✶✹✽❪ ♠✉❧t✐r♦t♦rs✳ ❘❡❣❛r❞✐♥❣ t❤❡ ❛❡r✐❛❧ ♣❧❛t❢♦r♠ ❛♥❞ t❤❡ ♠❛♥✐♣✉❧❛t♦r
❛s t✇♦ s❡♣❛r❛t❡❞ s②st❡♠s ✐♥st❡❛❞ ♦❢ ♦♥❡ ❡♥t✐r❡ ❡♥t✐t②✱ ❘✉❣❣✐❡r♦ ✉✳ ❛✳ ❬✶✹✸❪
❛♣♣❧✐❡❞ t❤❡ ❛♣♣r♦❛❝❤ t♦ ❛♥ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦r ✇✐t❤ t❤❡ ♣✉r♣♦s❡ ♦❢ ❝♦♠♣❡♥✲
s❛t✐♥❣ t❤❡ ❞②♥❛♠✐❝ ❡✛❡❝t ♦❢ t❤❡ ❛tt❛❝❤❡❞ ♠❛♥✐♣✉❧❛t♦r ♦♥ t❤❡ ♠✉❧t✐r♦t♦r✳
❚❤❡ ❞r❛✇❜❛❝❦ ♦❢ t❤❡ ♠♦♠❡♥t✉♠✲❜❛s❡❞ ♦❜s❡r✈❡r ✐s t❤❡ ❛ss✉♠♣t✐♦♥ t❤❛t t❤❡
t✐♠❡ ❞❡r✐✈❛t✐✈❡ ♦❢ t❤❡ ❡①t❡r♥❛❧ ❢♦r❝❡s ✐s ③❡r♦ ❛♥❞✱ t❤❡r❡❢♦r❡✱ r❛♣✐❞❧② ✈❛r②✐♥❣
❡①t❡r♥❛❧ ❢♦r❝❡s ✇✐❧❧ ❧❡❛❞ t♦ ♣♦♦r ❡st✐♠❛t✐♦♥✳ ■t ✐s ❝❤❛❧❧❡♥❣✐♥❣ t♦ ♦❜t❛✐♥ t❤❡ r❡✲
q✉✐r❡❞ ❞r✐❢t✲❢r❡❡ tr❛♥s❧❛t✐♦♥❛❧ ✈❡❧♦❝✐t② ♦❢ ❛ ❯❆❱✱ ❛♥❞ t❤✐s ✇♦✉❧❞ ❛❧s♦ r❡str✐❝t
t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ♠♦♠❡♥t✉♠✲❜❛s❡❞ ♦❜s❡r✈❡r✳ ❚♦♠✐➣ ✉♥❞ ❍❛❞❞❛❞✐♥ ❬✶✼✸❪
♣r♦♣♦s❡❞ ❛ ❤②❜r✐❞ ♦❜s❡r✈❡r t♦ ✐♠♣r♦✈❡ t❤❡ ❯❆❱✬s ❜❡❤❛✈✐♦r ✉♣♦♥ ❝♦❧❧✐s✐♦♥s✱
r❡❧②✐♥❣ ♦♥❧② ♦♥ ❞✐r❡❝t❧② ♠❡❛s✉r❡❞ ✈❛❧✉❡s ❢r♦♠ ❛ ✐♥❡rt✐❛❧ ♠❡❛s✉r❡♠❡♥t ✉♥✐t
✭■▼❯✮✳ ❆♥ ❛❝❝❡❧❡r❛t✐♦♥✲❜❛s❡❞ ♠❡t❤♦❞ ❡st✐♠❛t❡s t❤❡ ❡①t❡r♥❛❧ ❢♦r❝❡s✱ ✇❤✐❧❡
t❤❡ ❡①t❡r♥❛❧ t♦rq✉❡s ❛r❡ ❡st✐♠❛t❡❞ ✉s✐♥❣ t❤❡ ♠♦♠❡♥t✉♠✲❜❛s❡❞ ❝♦♥❝❡♣t✳ ❇❡✲
❝❛✉s❡ t❤❡ ❡①t❡r♥❛❧ ✇r❡♥❝❤ ✐s ❛ss✉♠❡❞ t♦ ❜❡ ❝♦♥st❛♥t ❞✉r✐♥❣ ♦♥❡ ❡st✐♠❛t✐♦♥
st❡♣✱ t❤❡ s❛♠❡ ♣r♦❜❧❡♠ ❛s ❢♦r t❤❡ ♠♦♠❡♥t✉♠✲❜❛s❡❞ ♦❜s❡r✈❡r ♦❝❝✉rs ✇❤❡♥
q✉✐❝❦❧② ❝❤❛♥❣✐♥❣ ❡①t❡r♥❛❧ ✇r❡♥❝❤❡s ❛r❡ ❛❝t✐♥❣ ♦♥ t❤❡ ❛❡r✐❛❧ ♣❧❛t❢♦r♠✳ ❈❛✲
②❡r♦✱ ▼♦r❝❡❣♦ ✉♥❞ ❈✉❣❡ró ❬✸✸❪ ❛♣♣❧✐❡❞ ❛ ❑❛❧♠❛♥ ✜❧t❡r t♦ ❛ q✉❛❞r♦t♦r ❛♥❞
♣♦✐♥t❡❞ ♦✉t t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ t❤❡ ❛❝❝❡❧❡r❛t✐♦♥ ♠❡❛s✉r❡♠❡♥ts ❞✉❡ t♦ t❤❡ ❑❛❧✲
♠❛♥ ✜❧t❡r✬s s✉♣❡r✐♦r ♣❡r❢♦r♠❛♥❝❡✱ ✐♥❝❧✉❞✐♥❣ t❤❡ ❛❝❝❡❧❡r❛t✐♦♥ ♠❡❛s✉r❡♠❡♥ts✳
❆♥♦t❤❡r ♦❜s❡r✈❡r ❞❡s✐❣♥ ❜❛s❡❞ ♦♥ ❛♥ ❊❑❋ ✇❛s ♣r❡s❡♥t❡❞ ❜② ❈❛②❡r♦ ❇❡❝❡rr❛✱
❈✉❣✉❡ró ❊s❝♦❢❡t ✉♥❞ ▼♦r❝❡❣♦ ❙❡✐① ❬✸✹❪ ❢♦r ❛ ♣❧❛♥❛r q✉❛❞r♦t♦r✳ ❇❛❡t③ ✉✳ ❛✳
❬✶✸❪ ♣r♦✈❡❞ t❤❛t ❛♥ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥t ✈❡❝t♦r ❜② ❛❝❝❡❧❡r❛t✐♦♥ ♠❡❛✲
s✉r❡♠❡♥ts r❡s✉❧ts ✐♥ ❛ s✐❣♥✐✜❝❛♥t❧② ✐♠♣r♦✈❡❞ ♣❡r❢♦r♠❛♥❝❡ ❢♦r ❛ ♠❛♥✐♣✉❧❛t♦r✳
❋✉rt❤❡r♠♦r❡✱ t❤❡ ♦❜s❡r✈❡rs ❜❛s❡❞ ♦♥ ❡①t❡♥❞❡❞ ♦r ✉♥s❝❡♥t❡❞ ❑❛❧♠❛♥ ✜❧t❡r
✭❯❑❋✮ s❤♦✇ ♥❡❛r❧② t❤❡ s❛♠❡ ♣❡r❢♦r♠❛♥❝❡✳ ■♥ ❬✶✽✺❪✱ ❞✐✛❡r❡♥t ♦❜s❡r✈❡rs ❢r♦♠
t❤❡ ❛❜♦✈❡ t❤r❡❡ ❣r♦✉♣s ❛r❡ ❡✈❛❧✉❛t❡❞ ❢♦r ❛♥ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦r ✇✐t❤ ❛ ✸✲❉❖❋
♠❛♥✐♣✉❧❛t♦r ❛tt❛❝❤❡❞ t♦ ❛ ❤❡①❛r♦t♦r ✇✐t❤ ✈❛r✐❛❜❧❡ t✐❧t❡❞ r♦t♦rs✳ ■t ❤❛s ❛♣✲
♣❡❛r❡❞ t❤❛t t❤❡ ❊❑❋ ♣r♦✈✐❞❡s ❛ ♠♦r❡ ❛❝❝✉r❛t❡ ❡st✐♠❛t✐♦♥ ✇✐t❤ ❝♦♥❝✉rr❡♥t
❣♦♦❞ ♥♦✐s❡ s✉♣♣r❡ss✐♦♥ ❛♥❞ ❤✐❣❤ ❞②♥❛♠✐❝s✳ ❈❛♠♦r✐❛♥♦ ✉✳ ❛✳ ❬✷✾❪ ♣r❡s❡♥t❡❞ ❛♥
✐♥❝r❡♠❡♥t❛❧ s❡♠✐♣❛r❛♠❡tr✐❝ ❛♣♣r♦❛❝❤✳ ❚❤❡ ♥♦♥♣❛r❛♠❡tr✐❝ ♠♦❞❡❧✐♥❣ ✐s ❜❛s❡❞
♦♥ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣✳

1.4 Scientific Contributions

■♥ t❤✐s ✇♦r❦✱ ❛ ♥♦✈❡❧ s♦❧✉t✐♦♥ ✐s ♣r❡s❡♥t❡❞ ❢♦r t❤❡ ♦✈❡r❛❧❧ ❝♦♥tr♦❧ ♦❢ t❤❡
❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦r✳ ❚❤❡ ❝♦♥tr✐❜✉t✐♦♥s ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ ❢♦✉r ❣r♦✉♣s ✐♥ ❋✐❣✳
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✶✳✹ ❙❝✐❡♥t✐✜❝ ❈♦♥tr✐❜✉t✐♦♥s

✶✳✽✳ ■t ✐s ✇♦rt❤ ♠❡♥t✐♦♥✐♥❣ t❤❛t ❛❧❧ t❤❡ r❡s✉❧ts ❛r❡ ❢♦r♠✉❧❛t❡❞ ✐♥ ❛ ❣❡♥❡r❛❧
✇❛② t♦ ❜❡ ❛♣♣❧✐❡❞ t♦ ❛♥② s♣❡❝✐✜❝ ♣❧❛t❢♦r♠ ❝♦♥✜❣✉r❛t✐♦♥✱ ❛s ❧♦♥❣ ❛s t❤❡
♥❡❝❡ss❛r② r❡❞✉♥❞❛♥❝② ✐s ❛✈❛✐❧❛❜❧❡ ✐♥s✐❞❡ t❤❡ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦r✳ ❋♦r t❤❡ s❛❦❡
♦❢ tr❛♥s♣❛r❡♥❝② ♦❢ t❤❡ ❞❡s✐❣♥ r❡s✉❧ts✱ ❛ s✉✐t❛❜❧❡ r❡❢❡r❡♥❝❡ ❝♦♥✜❣✉r❛t✐♦♥ ✭s❡❡
t❤❡ ❢♦❧❧♦✇✐♥❣ ❝♦♥tr✐❜✉t✐♦♥ ❛♥❞ ❈❤❛♣t❡r ✸✮ ✐s ✉s❡❞ t❤r♦✉❣❤ t❤❡ t❤❡s✐s✱ ✇❤✐❝❤
✐s ❡st❛❜❧✐s❤❡❞ ❛s ❛ ✉♥✐✈❡rs❛❧ ♣❧❛t❢♦r♠ t♦ ♣❡r❢♦r♠ ✈❛r✐♦✉s ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t✐♦♥
t❛s❦s✳

Fault Tolerance for Free Flight

   Reconfigurable control allocation

   Fault diagnostics

   Fault-tolerant control

Task Priority Control

   Secondary tasks:

  1. Collision avoidance

  2. COG alignment

  3. Preferred joint configuration

Hybrid Pose/Impedance Control

   Controllability and observability analysis

   Exact linearization (inverse dynamics)

   Saturation prediction and accommodation

   Axis-selective impedance filter

   Force and torque observer

Aerial Manipulator Design

   Highly agile tilt-hexarotor

   Tailor-made 6-DOF manipulator

increase operational robustness

consider additional constraints 
increase operational envelope

obtain compliant behavior 
increase operational safety

Original work
Transplanting and adaption of concepts from other research domains
Applying existing approaches to the specific system class

Abbildung 1.8: ❖✈❡r✈✐❡✇ ♦❢ t❤❡ ❝♦♥tr✐❜✉t✐♦♥s ❛♥❞ ❜❡♥❡✜ts✳

Aerial manipulator design ■♥ ♦r❞❡r t♦ ♣r♦✈✐❞❡ ❛ s✉✣❝✐❡♥t ✢✐❣❤t ❡♥✈❡❧♦♣❡✱
t❤✐s t❤❡s✐s ❛❞♦♣ts t❤❡ t✐❧t✲❤❡①❛r♦t♦r ❝♦♥❝❡♣t ❢♦r t❤❡ ✢②✐♥❣ ❜❛s❡✳ ❊✈♦❧✈✐♥❣ ❢r♦♠
r❡❣✉❧❛r ✉♥❞❡r❛❝t✉❛t❡❞ ❤❡①❛r♦t♦r ❞❡s✐❣♥ ✇✐t❤ ❝♦❧❧✐♥❡❛r r♦t♦rs✱ t❤❡ ❤✐❣❤❧② ❛❣✐❧❡
t✐❧t✲❤❡①❛r♦t♦r ♣♦ss❡ss❡s ❛ ♠❡❝❤❛♥✐s♠ ❢♦r t✐❧t✐♥❣ t❤❡ ✐♥❞✐✈✐❞✉❛❧ r♦t♦rs ❛r♦✉♥❞
t❤❡✐r ❛①❡s✳ ❚❤✐s ❝♦♥❝❡♣t ❝♦♠❡s ✇✐t❤ t❤❡ ❞r❛✇❜❛❝❦ ♦❢ ❛ ♠♦r❡ ❝♦♠♣❧❡① ♠✉❧t✐✲
r♦t♦r s②st❡♠ ❜✉t ✐s ❜❡♥❡✜❝✐❛❧ ✐♥ s❡✈❡r❛❧ ♣♦✐♥ts✳ ❚❤❡ ❛❜✐❧✐t② t♦ ❣❡♥❡r❛t❡ ❢♦r❝❡s
❛♥❞ t♦rq✉❡s ✐♥ ❛r❜✐tr❛r② ❞✐r❡❝t✐♦♥s ♠❛❦❡s t❤❡ t✐❧t✲❤❡①❛r♦t♦r ❢✉❧❧② ❛❝t✉❛t❡❞
✇✐t❤ ❛♥ ♦♠♥✐❞✐r❡❝t✐♦♥❛❧ ✢✐❣❤t ❡♥✈❡❧♦♣❡✳ ❚♦ t❤❡ ❜❡st ♦❢ ❢♦✉♥❞ ❦♥♦✇❧❡❞❣❡✱ t❤❡
♣r♦♣♦s❡❞ ❞❡s✐❣♥ ✐s t❤❡ ♠♦st ❡✣❝✐❡♥t ❛♠♦♥❣ ❛❧❧ t❤❡ ❢✉❧❧② ❛❝t✉❛t❡❞ ♠✉❧t✐r♦t♦rs
❞❡s♣✐t❡ r❡❞✉❝❡❞ ❡✣❝✐❡♥❝② ❝♦♠♣❛r❡❞ t♦ ❝♦♠♠♦♥ ❝♦♠♠❡r❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡ ♠✉❧✲
t✐r♦t♦rs ❞✉❡ t♦ ❝♦✉♥t❡r❛❝t✐♥❣ ❢♦r❝❡s✳ ▼♦r❡♦✈❡r✱ t❤❡r❡ ✐s ❢r❡❡ s♣❛❝❡ ♦♥ t❤❡ t♦♣
❛♥❞ ❜♦tt♦♠ ♦❢ t❤❡ ❢✉s❡❧❛❣❡ ❢♦r ❛❝❝❡ss♦r✐❡s✱ ❛♥❞ t❤❡ ♠❛♥✐♣✉❧❛t♦r ❝❛♥ ❜❡ ❡❛s✐❧②
♠♦✉♥t❡❞✳ ▲❛st ❜✉t ♥♦t ❧❡❛st✱ t❤❡ t✐❧t✲❤❡①❛r♦t♦r ♣r♦✈✐❞❡s ❛❝t✉❛t♦r r❡❞✉♥❞❛♥❝②
✉t✐❧✐③❡❞ ❜② t❤❡ ❝♦♥tr♦❧ ❛❧❧♦❝❛t✐♦♥ ❢♦r ❡♥❡r❣② ♠✐♥✐♠✐③❛t✐♦♥ ❛♥❞ ❢❛✉❧t t♦❧❡r❛♥❝❡✳
❙✉❜❥❡❝t t♦ t❤❡ ❝♦♥str❛✐♥ts r❡❧❛t❡❞ t♦ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t✐♦♥✱ ❛ ❞❡①t❡r♦✉s✱ ❢✉❧❧②

✶✾



❑❛♣✐t❡❧ ✶ ■♥tr♦❞✉❝t✐♦♥

st♦✇❛❜❧❡ ✻✲❉❖❋ ♠❛♥✐♣✉❧❛t♦r ❤❛s ❜❡❡♥ ❞❡s✐❣♥❡❞ t♦ ❤❛✈❡ ❧♦✇ ✇❡✐❣❤t✱ ❛ s✐♠♣❧❡
str✉❝t✉r❡✱ ❛♥❞ ❡♥♦✉❣❤ str❡♥❣t❤✳ ▼❛♥✐♣✉❧❛❜✐❧✐t② ✐s ❡✈❛❧✉❛t❡❞ ❛s ✇❡❧❧✳

Hybrid pose and impedance control ❆s ❛ ♣r❡r❡q✉✐s✐t❡ ♦❢ t❤❡ ❝♦♥tr♦❧ ❞❡✲
s✐❣♥✱ t❤❡ ❝♦♥tr♦❧❧❛❜✐❧✐t② ♦❢ t❤❡ ♥♦♥❧✐♥❡❛r s②st❡♠ ✐s ✈❡r✐✜❡❞ ❜② ♣r♦✈✐♥❣ t❤❛t
t❤❡ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦r ✐s ❞✐✛❡r❡♥t✐❛❧❧② ✢❛t✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❤✐❣❤✲❞✐♠❡♥s✐♦♥❛❧✱
♥♦♥❧✐♥❡❛r s②st❡♠ ❝❛♥ ❜❡ ❞②♥❛♠✐❝❛❧❧② ❧✐♥❡❛r✐③❡❞ ✐♥ t❤❡ ❥♦✐♥t s♣❛❝❡✳ ❚❤❡ ♦♣❡r❛✲
t✐♦♥❛❧ s♣❛❝❡ ✐s ❧✐♥❦❡❞ t♦ t❤❡ ❥♦✐♥t s♣❛❝❡ ✈✐❛ t❤❡ ✭✐♥✈❡rs❡✮ ❞✐✛❡r❡♥t✐❛❧ ❦✐♥❡♠❛✲
t✐❝s ❡q✉❛t✐♦♥✳ ❈♦♥s❡q✉❡♥t❧②✱ t❤❡ ♠♦t✐♦♥ ♦❢ t❤❡ ❡♥❞✲❡✛❡❝t♦r ❝❛♥ ❜❡ ❝♦♥tr♦❧❧❡❞
✐♥ t❤❡ ♦♣❡r❛t✐♦♥❛❧ s♣❛❝❡✳

❲❤✐❧❡ ♣r❡✈✐♦✉s❧② ♣✉❜❧✐s❤❡❞ st✉❞✐❡s ❝♦♥s✐❞❡r✐♥❣ ✐♥♣✉t ❝♦♥str❛✐♥ts ♦❢ ❢✉❧❧②✲
❛❝t✉❛t❡❞ ❯❆❱s t❡♥❞ t♦ ❝✉st♦♠✐③❡ t❤❡ ❝♦♥tr♦❧ ❧♦♦♣✱ t❤✐s ✇♦r❦ ✐♥tr♦❞✉❝❡s ❛♥
❛❧t❡r♥❛t✐✈❡ ❝♦♥❝❡♣t t♦ ❣❡♥❡r❛t❡ s❛t✉r❛t✐♦♥✲❢r❡❡ tr❛❥❡❝t♦r✐❡s ❢♦r ❢r❡❡ ✢✐❣❤t ❜②
st✉❞②✐♥❣ t❤❡ t✐❧t✲❤❡①❛r♦t♦r ✇✐t❤ ❜♦✉♥❞❡❞ r♦t♦r s♣❡❡❞ ❛♥❞ ❛❝❝❡❧❡r❛t✐♦♥✳ ■❢ ❛♥②
s❛t✉r❛t✐♦♥ ✐s ♣r❡❞✐❝t❡❞✱ t❤❡ tr❛❥❡❝t♦r✐❡s ❛r❡ ❛❞❥✉st❡❞ t♦ ❡♥s✉r❡ t❤❡ ❢❡❛s✐❜✐❧✐t②
♦❢ t❤❡ r❡❢❡r❡♥❝❡ tr❛♥s❢❡rr❡❞ t♦ t❤❡ s✉❜s❡q✉❡♥t ❝♦♥tr♦❧ ❧♦♦♣✳ ❈♦♠♣❛r❡❞ t♦
❡①✐st✐♥❣ ❛♣♣r♦❛❝❤❡s✱ t❤❡ r❡q✉✐r❡♠❡♥ts ❛♥❞ ❝♦♠♣❧❡①✐t② ♦❢ ✢✐❣❤t ❝♦♥tr♦❧❧❡rs
❛r❡ r❡❞✉❝❡❞ ❜② t❤❡ tr❛❞❡✲♦✛ ♦❢ ✐♥❝r❡❛s✐♥❣ t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ t❤❡ tr❛❥❡❝t♦r②
❣❡♥❡r❛t♦r✳ ❈♦♥s✐❞❡r✐♥❣ t❤❛t tr❛❥❡❝t♦r✐❡s ❛r❡ ❝❛❧❝✉❧❛t❡❞ ♦✤✐♥❡✱ t❤❡ s②st❡♠
❜❡♥❡✜ts ❢r♦♠ ❛ ❧♦✇❡r ❝♦♥tr♦❧ ❞❡❧❛②✳

❈♦♠♣❧✐❛♥t ❜❡❤❛✈✐♦r ♦❢ t❤❡ s②st❡♠ ✐s ❞❡s✐r❡❞ t♦ ✐♥❝r❡❛s❡ t❤❡ ♦♣❡r❛t✐♦♥❛❧ s❛✲
❢❡t② ♦❢ ♠❛♥✐♣✉❧❛t✐♦♥ t❛s❦s✳ ❚❤❡ ❛①✐s✲s❡❧❡❝t✐✈❡ ✐♠♣❡❞❛♥❝❡ ❝♦♥tr♦❧ ✐s ❡♠♣❧♦②❡❞
❛s ❛♥ ♦✉t❡r ❝♦♥tr♦❧ ❧♦♦♣ t♦ ❛❝❤✐❡✈❡ t❤✐s ❜❡❤❛✈✐♦r t❤❛t ❛❧❧♦✇s t❤❡ ❛♣♣❛r❡♥t ✐♥✲
❡rt✐❛✱ ❞❛♠♣✐♥❣✱ ❛♥❞ st✐✛♥❡ss t♦ ❜❡ ♠♦❞✐✜❡❞ ❛s ♥❡❡❞❡❞✳ ❚❤✐s ❛♣♣r♦❛❝❤ ❛❧❧♦✇s
s♠♦♦t❤ s✇✐t❝❤✐♥❣ ❜❡t✇❡❡♥ ✐♠♣❡❞❛♥❝❡ ❛♥❞ ♣♦s✐t✐♦♥ ❝♦♥tr♦❧ s✐♥❝❡ t❤❡ ✐♠♣❡✲
❞❛♥❝❡ ❝♦♥tr♦❧ ❛❝ts ❛s ❛ s✐♠♣❧❡ ♣❛ss✲t❤r♦✉❣❤ ✐♥ t❤❡ ♦✈❡r❛❧❧ ❝♦♥tr♦❧ s❝❤❡♠❡✳ ❚❤❡
♦♣❡r❛t✐♦♥❛❧ s♣❛❝❡ ✐s ❞✐✈✐❞❡❞ ✐♥t♦ ❛♥ ✐♠♣❡❞❛♥❝❡✴❢♦r❝❡✲❝♦♥tr♦❧❧❡❞ s✉❜s♣❛❝❡ ❛♥❞
❛ ♣♦s✐t✐♦♥✲❝♦♥tr♦❧❧❡❞ s✉❜s♣❛❝❡✳ ❚❤❡ ❡♥❞✲❡✛❡❝t♦r r❡✈❡❛❧s ❝♦♠♣❧✐❛♥t ♣r♦♣❡rt②
✐♥ s♣❡❝✐✜❡❞ ❞✐♠❡♥s✐♦♥s ✇❤✐❧❡ ❦❡❡♣✐♥❣ r✐❣✐❞ ✐♥ ♦t❤❡r ❞✐♠❡♥s✐♦♥s✳

❋✉rt❤❡r♠♦r❡✱ ❛ ❢♦r❝❡ ❛♥❞ t♦rq✉❡ ♦❜s❡r✈❡r ✐s ♥❡❝❡ss❛r② t♦ ♣r♦✈✐❞❡ ❦♥♦✇✲
❧❡❞❣❡ ♦❢ t❤❡ ❢♦r❝❡s ❛♥❞ t♦rq✉❡s ❛❝t✐♥❣ ♦♥ t❤❡ ❡♥❞✲❡✛❡❝t♦r t♦ t❤❡ ✐♠♣❡❞❛♥❝❡
❝♦♥tr♦❧❧❡r✳ ❲❤✐❧❡ t❤❡ ✈❛st ♠❛❥♦r✐t② ♦❢ r❡❧❛t❡❞ r❡s❡❛r❝❤❡s ♣r❡s✉♠❡❞ ♦♥❧② ❯❆❱s
✇✐t❤♦✉t ❛ ♠❛♥✐♣✉❧❛t♦r✱ t❤❡ ❢♦r❝❡✴t♦rq✉❡ ❡st✐♠❛t✐♦♥ ❢♦r ❛♥ ❡♥t✐r❡ ❛❡r✐❛❧ ♠❛✲
♥✐♣✉❧❛t✐♦♥ s②st❡♠ ❝♦♥s✐st✐♥❣ ♦❢ ❜♦t❤ ❛ ✢♦❛t✐♥❣ ❜❛s❡ ❛♥❞ ❛ ♠❛♥✐♣✉❧❛t♦r ❤❛s
❜❡❡♥ r❡s❡❛r❝❤❡❞ ✐♥ t❤✐s ✇♦r❦✳ ❚✇♦ ✜❧t❡r✲❜❛s❡❞ ♦❜s❡r✈❡rs ❛r❡ ♣r❡s❡♥t❡❞✿ ❛♥
❊❑❋✲❜❛s❡❞ ♦❜s❡r✈❡r ❛♥❞ ❛ ❑❋✲❜❛s❡❞ ♦❜s❡r✈❡r✳ ❆❝❝♦r❞✐♥❣❧②✱ t❤❡ ❛❡r✐❛❧ ♠❛♥✐✲
♣✉❧❛t♦r ✐s ♠♦❞❡❧❡❞ ❛s ❛ ♥♦♥❧✐♥❡❛r ❛♥❞ ❛ ❧✐♥❡❛r ♠♦❞❡❧✱ r❡s♣❡❝t✐✈❡❧②✳ ❆❧t❤♦✉❣❤
t❤❡ ❊✉❧❡r✲▲❛❣r❛♥❣❡ ♠❡t❤♦❞ ✐s t❤❡♦r❡t✐❝❛❧❧② ✉s❛❜❧❡ t♦ ❞❡r✐✈❡ t❤❡ ❞②♥❛♠✐❝ ♠♦✲
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✶✳✹ ❙❝✐❡♥t✐✜❝ ❈♦♥tr✐❜✉t✐♦♥s

❞❡❧✱ ✐t ✐s ❝❤❛❧❧❡♥❣✐♥❣ t♦ ❛♣♣❧② ✐t ❢♦r ❤✐❣❤✲❉❖❋ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t✐♦♥ s②st❡♠s ✐♥
♣r❛❝t✐❝❡ ❞✉❡ t♦ t❤❡ ❝♦♠♣❧❡① ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ❞❡r✐✈❛t✐✈❡ ♠❛tr✐❝❡s✳ ■♥ t❤❡ ♣r❡s❡♥t
✇♦r❦✱ t❤❡ ❤✐❣❤✲❞✐♠❡♥s✐♦♥❛❧ ❝♦♠♣✉t✐♥❣ ♣r♦❝❡ss ✐s ❞❡❝♦♠♣♦s❡❞ ♠❛t❤❡♠❛t✐❝❛❧✲
❧②✱ ❛♥❞ t❤❡ ❞❡r✐✈❛t✐✈❡s ❛r❡ ❞❡r✐✈❡❞ ✉s✐♥❣ ❛ ♥✉♠❡r✐❝❛❧ ♠❡t❤♦❞ t♦ ♠❡❡t t❤❡
r❡❛❧✲t✐♠❡ r❡q✉✐r❡♠❡♥t✳ ❇♦t❤ st❛t❡✲s♣❛❝❡ ♠♦❞❡❧s ❛r❡ st✉❞✐❡❞ ❢♦r ♦❜s❡r✈❛❜✐❧✐t②✳
❚♦ t❤❡ ❜❡st ♦❢ t❤❡ ❛✉t❤♦r✬s ❦♥♦✇❧❡❞❣❡✱ t❤✐s ✐s t❤❡ ✜rst t✐♠❡ t❤❡ ♦❜s❡r✈❛❜✐❧✐✲
t② ❛♥❛❧②s✐s ❛♥❞ ❝♦♥s✐st❡♥❝② t❡st ❤❛✈❡ ❜❡❡♥ ❝❛rr✐❡❞ ♦✉t ❢♦r t❤❡ ❢♦r❝❡✴t♦rq✉❡
❡st✐♠❛t✐♦♥ ♦♥ ❛♥ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦r✳

Fault-tolerant control for free flight ❋❛✉❧t t♦❧❡r❛♥❝❡ ❞✉r✐♥❣ t❤❡ ❢r❡❡ ✢✐❣❤t
✐s ♣r❡s❡♥t❡❞ ❛s t❤❡ ♠❛✐♥ r❡s✉❧t ♦❢ t❤✐s ❝♦♥tr✐❜✉t✐♦♥✳ ❉✉❡ t♦ t❤❡ r❡❞✉♥❞❛♥❝②
♦❢ t❤❡ t✐❧t✲❤❡①❛r♦t♦r✱ t❤❡ ♣r♦♣♦s❡❞ ❝♦♥tr♦❧ s❝❤❡♠❡ ❝❛♥ t♦❧❡r❛t❡ ♦♥❡ ♦r ♠♦r❡
❡✛❡❝t♦r ❢❛✉❧ts ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♣♦✇❡r ♦❢ ✐♥❞✐✈✐❞✉❛❧ ♣r♦♣✉❧s✐♦♥ ✉♥✐ts✳ ■♥ s♣❡✲
❝✐✜❝✱ t❤❡ ❛❝t✐✈❡ ❢❛✉❧t✲t♦❧❡r❛♥t ❝♦♥tr♦❧ ✐s ❛❝❤✐❡✈❡❞ ❜② ✐♥t❡❣r❛t✐♥❣ ❛ ❞✐❛❣♥♦st✐❝
♠♦❞✉❧❡✱ ✐♥❝❧✉❞✐♥❣ ❢❛✉❧t ❞❡t❡❝t✐♦♥✱ ✐s♦❧❛t✐♦♥✱ ❛♥❞ ❡st✐♠❛t✐♦♥✱ ✐♥t♦ t❤❡ ❝♦♥tr♦❧
❧♦♦♣ ♦❢ t❤❡ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦r ✐♥ ❢r❡❡✲✢✐❣❤t ♠♦❞❡ ✭s❡❡ ❋✐❣✳ ✶✳✾✮✳ ❚❤❡ s✉❝✲
❝❡ss❢✉❧ ▼♦♥t❡ ❈❛r❧♦ s✐♠✉❧❛t✐♦♥s ✐♥❞✐❝❛t❡ t❤❛t t❤✐s ✇♦r❦ ✜❧❧s ❛ ❣❛♣ ✐♥ t❤❡
❢❛✉❧t✲t♦❧❡r❛♥t ❝♦♥tr♦❧ ♦❢ ❢✉❧❧②✲❛❝t✉❛t❡❞ ❛❡r✐❛❧ ♣❧❛t❢♦r♠s ✇✐t❤♦✉t s❛❝r✐✜❝✐♥❣
t❤❡ ❝♦♥tr♦❧❧❛❜✐❧✐t② ✐♥ ❛♥② ❞✐♠❡♥s✐♦♥✳
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Abbildung 1.9: ❆r❝❤✐t❡❝t✉r❡ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❛❝t✐✈❡ ❢❛✉❧t✲t♦❧❡r❛♥t ❝♦♥tr♦❧✳

■♥s♣✐r❡❞ ❜② t❤❡ st✉❞✐❡s ❬✶✾✶❪ ❛♥❞ ❬✺✹❪ ❞♦♥❡ ❢♦r ❝♦❧❧✐♥❡❛r ♠✉❧t✐r♦t♦rs✱ ❛
❞❛t❛✲❞r✐✈❡♥ ❞✐❛❣♥♦st✐❝ ❛♣♣r♦❛❝❤ ❤❛s ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ✐♥ t❤✐s t❤❡s✐s ❢♦r t❤❡
♦♠♥✐❞✐r❡❝t✐♦♥❛❧ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦r ❞✉r✐♥❣ ❛ ❢r❡❡ ✢✐❣❤t✳ ■♥ ❝♦♥tr❛st t♦ t❤❡
❡①✐st✐♥❣ ✜❧t❡r✲❜❛s❡❞ ♠❡t❤♦❞s✱ ✐t ❞♦❡s ♥♦t r❡q✉✐r❡ ❛♥② ♣r❡❝✐s❡ ❦♥♦✇❧❡❞❣❡ ♦❢
t❤❡ ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧✳ ❚❤❛♥❦s t♦ t❤❡ r❡❞✉♥❞❛♥t t✐❧t✲❤❡①❛r♦t♦r ❞❡s✐❣♥✱ ✉♣
t♦ t✇♦ ❡✛❡❝t♦r ❢❛✐❧✉r❡s ❝❛♥ ❜❡ t♦❧❡r❛t❡❞ t❤❡♦r❡t✐❝❛❧❧②✳ ❆❝❝♦r❞✐♥❣❧②✱ t❤✐s t❤❡s✐s
✐♥♥♦✈❛t✐✈❡❧② ♣r♦♣♦s❡s ❛♥ ▲❙❚▼✲❜❛s❡❞ s♦❧✉t✐♦♥ ❢♦r t❤❡ ❋❉■ ❜② ❡①♣❛♥❞✐♥❣ t❤❡
♣r❡❞✐❝t✐♦♥ ❝❧❛ss❡s ❢r♦♠ ❛ s✐♥❣❧❡ ❢❛✉❧t t♦ t✇♦ ❢❛✉❧ts ❛♥❞ ♠♦❞✐❢②✐♥❣ t❤❡ ❝❧❛s✲
s✐✜❝❛t✐♦♥ ♣r♦❜❧❡♠ t♦ ❛ r❡❣r❡ss✐♦♥ ♣r♦❜❧❡♠✳ ❋✉rt❤❡r♠♦r❡✱ ❛ ❢❛✉❧t ❡st✐♠❛t✐♦♥

✷✶



❑❛♣✐t❡❧ ✶ ■♥tr♦❞✉❝t✐♦♥

♣r♦❝❡❞✉r❡ ❝❛♥ ♣r♦✈✐❞❡ ❛♥ ✐♥❞✐❝❛t♦r ❞❡✜♥❡❞ ✐♥ t❤❡ r❛♥❣❡ ❬✵✱ ✶❪ t♦ ❞❡s❝r✐❜❡
t❤❡ s❡✈❡r✐t② ♦❢ t❤❡ ❢❛✉❧t ✐♥ ❝❛s❡ ♦❢ ♣❛rt✐❛❧ ❧♦ss ♦❢ t❤❡ ❝♦♥tr♦❧ ❡✛❡❝t✐✈❡♥❡ss✳
❚❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❞✐❛❣♥♦st✐❝ ♠♦❞✉❧❡ ✐s ❛ss❡ss❡❞ ❛♥❞ ❝♦♠♣❛r❡❞ ✇✐t❤ ❛
♠♦❞❡❧✲❜❛s❡❞ ❛♣♣r♦❛❝❤ ✐♥ ❛ s❡r✐❡s ♦❢ s✐♠✉❧❛t✐♦♥s ✉s✐♥❣ ▼♦♥t❡ ❈❛r❧♦ ♠❡t❤♦❞✳
❚❤❡ ❝♦♠♣❛r❛❜❧❡ ❛❝❝✉r❛❝② ❛♥❞ ♠✉❝❤ s❤♦rt❡r ✐s♦❧❛t✐♦♥ t✐♠❡ ❣✐✈❡ t❤❡ ♣r♦♣♦s❡❞
♠❡t❤♦❞ t❤❡ ❞♦♠✐♥❛♥t ♣♦s✐t✐♦♥ ✐♥ t❤❡ ❝♦♠♣❛r✐s♦♥✳

❚❤❡ ❢❛✉❧ts ❛r❡ ❛❝❝♦♠♠♦❞❛t❡❞ ❜② ❛ ❝♦♥tr♦❧ ❛❧❧♦❝❛t✐♦♥ ♠♦❞✉❧❡✱ ✇❤✐❝❤ t❛✲
❦❡s t❤❡ ❞✐❛❣♥♦s✐s ❛s ✐♥♣✉t✱ ❛♥❞ r❡❝♦✈❡rs t❤❡ t✐❧t✲❤❡①❛r♦t♦r ❢r♦♠ t♦❧❡r❛❜❧❡
❢❛✉❧t② st❛t❡s ❛❝❝♦r❞✐♥❣❧②✳ ❚❤✐s ✇♦r❦ ❢♦❝✉s❡s ♦♥ ❢❛st ❛♥❞ ❝♦♠♣✉t❛t✐♦♥❛❧❧② ❡❢✲
✜❝✐❡♥t ❛❧❧♦❝❛t✐♦♥ ❛❧❣♦r✐t❤♠s ❛s ✐t tr❡❛ts ❛ r❡❛❧✲t✐♠❡ ❛♣♣❧✐❝❛t✐♦♥ ❝❛♣❛❜❧❡ ♦❢
r❛♣✐❞ ♠♦✈❡♠❡♥ts✳ Pr♦♠✐s✐♥❣ r❡s✉❧ts ❛r❡ ❛❝❤✐❡✈❡❞ ❜② t❤❡ ❈❛s❝❛❞✐♥❣ ▼♦♦r❡✲
P❡♥r♦s❡ ✐♥✈❡rs❡ ✭❈▼P■✮✱ ✇❤✐❝❤ ✐s ❛♥ ❡①t❡♥s✐♦♥ t♦ t❤❡ ❛❧r❡❛❞② ✐♠♣❧❡♠❡♥t❡❞
▼P■✳ ◆❡✈❡rt❤❡❧❡ss✱ s♦♠❡ s♦✉r❝❡s ❛❧s♦ ♠❡♥t✐♦♥ ❞✐s❛❞✈❛♥t❛❣❡s ✐♥ t❤❡ ❛❝t✉❛✲
t♦r r❛t❡ ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ t❤❡ ❜❡❤❛✈✐♦r ♦♥ ❛❝t✉❛t♦r s❛t✉r❛t✐♦♥❬✷✵❪❬✷✸❪❬✷✹❪❬✹✻❪✳
❚❤✉s✱ t❤✐s ✇♦r❦ ❛✐♠s ❛t ❡✈❛❧✉❛t✐♥❣ ❛♥❞ ♣♦ss✐❜❧② ✐♠♣r♦✈✐♥❣ t❤✐s ♠❡t❤♦❞ t♦
❛❝❤✐❡✈❡ t❤❡ ❞❡s✐r❡❞ ♣❡r❢♦r♠❛♥❝❡✳ ❆♥♦t❤❡r ♦♣t✐♠✐③❛t✐♦♥ ❛❧❣♦r✐t❤♠ ❜❛s❡❞ ♦♥
t❤❡ ✐♥t❡r✐♦r ♣♦✐♥t ♠❡t❤♦❞✱ ✇❤✐❝❤ ✐s ✉♥❧✐❦❡❧② t♦ ❤❛✈❡ ❜❡❡♥ ❛♣♣❧✐❡❞ t♦ ❛ ❢✉❧❧②
❛❝t✉❛t❡❞ ❯❆❱✱ ✐s ❡✈❛❧✉❛t❡❞ ❛s ❛♥ ❛❧t❡r♥❛t✐✈❡ s♦❧✉t✐♦♥ t♦ t❤❡ ❝♦♥tr♦❧ ❛❧❧♦❝❛t✐✲
♦♥ ♣r♦❜❧❡♠✳ ■t ❝♦♥s✐❞❡rs t❤❡ ❝♦♥str❛✐♥ts t❤r♦✉❣❤ ❛ ❝♦st ❢✉♥❝t✐♦♥ t❤❛t ❛❧❧♦✇s
❢♦r t❤❡ ❝♦♥s✐❞❡r❛t✐♦♥ ♦❢ ♦t❤❡r ♦♣t✐♠✐③❛t✐♦♥ ❝r✐t❡r✐❛ s✉❝❤ ❛s ♣♦✇❡r ❡✣❝✐❡♥❝②✳
❚❤✐s t❤❡s✐s ♣r♦♣♦s❡s t❤❡ ❢♦r♠✉❧❛t✐♦♥ ♦❢ ❛ q✉❛❞r❛t✐❝ ♣r♦❣r❛♠ ❢♦r t❤✐s ♠❛tt❡r✳
❚❡❝❤♥✐❝❛❧❧②✱ t❤✐s ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ s♦❧❡❧② t♦ ❧✐♥❡❛r ♠♦❞❡❧s✱ ❛♥❞ t❤❡r❡ ❡①✐st ♠❡✲
t❤♦❞s t♦ s❡q✉❡♥t✐❛❧❧② ❧✐♥❡❛r✐③❡ t❤❡ s②st❡♠ ❛♥❞ ❝♦st ❢✉♥❝t✐♦♥ ❢♦r ❡❛❝❤ t✐♠❡
st❡♣ ❬✼✻❪✳ ❚❤✐s ❧✐♠✐t❛t✐♦♥ ✐s ❛✈♦✐❞❡❞ ❤❡r❡ ❜② ✉s✐♥❣ ❛♥ ✐♥♣✉t tr❛♥s❢♦r♠❛t✐♦♥✱
t❡r♠❡❞ ❡①t❡♥❞❡❞ t❤r✉st ❢♦r♠✉❧❛t✐♦♥✳ ■♥ ❛❞❞✐t✐♦♥✱ ❡♠❡r❣❡♥❝② r♦✉t✐♥❡s ❛r❡ ❞❡s✐✲
❣♥❡❞ t♦ ♠❛✐♥t❛✐♥ t❤❡ ♦✈❡r❛❧❧ s②st❡♠ st❛❜✐❧✐t② ❡✈❡♥ ✐❢ t❤❡ ❛❧❧♦❝❛t✐♦♥ ❛❧❣♦r✐t❤♠
❢❛✐❧s t♦ ✜♥❞ ❛♥ ❛❞♠✐ss✐❜❧❡ s♦❧✉t✐♦♥✳ ❚❤❡ r❡❝♦♥✜❣✉r❛❜❧❡ ❝♦♥tr♦❧ ❛❧❧♦❝❛t✐♦♥ ❛♣✲
♣r♦❛❝❤❡s ❛r❡ t❡st❡❞ ❛♥❞ ❝♦♠♣❛r❡❞ ✐♥ t❡r♠s ♦❢ ❛❧❣♦r✐t❤♠ ❝♦♠♣❧❡t❡♥❡ss✱ t✐♠❡
❝♦♥s✉♠♣t✐♦♥✱ ❛♥❞ r♦t♦r ❢❛✐❧✉r❡s✳ ▼♦r❡♦✈❡r✱ t❤❡ r❡s✉❧ts ♦❢ t❤❡ ❛❧❣♦r✐t❤♠s ✉s❡❞
✐♥ ❝❧♦s❡❞✲❧♦♦♣ t❡sts ❢♦r tr❛❥❡❝t♦r② tr❛❝❦✐♥❣ ❛r❡ ♣r♦✈✐❞❡❞ ❛s ✇❡❧❧✳

Task priority control ❊①♣❧♦✐t✐♥❣ t❤❡ r❡❞✉♥❞❛♥❝② ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❛❡r✐❛❧
♠❛♥✐♣✉❧❛t♦r✱ ❛ ❝♦♥tr♦❧ ❧❛✇ ✐s ❞❡s✐❣♥❡❞ t♦ ❛❝❤✐❡✈❡ t❤❡ ❞❡s✐r❡❞ ❡♥❞✲❡✛❡❝t♦r
❝♦♥✜❣✉r❛t✐♦♥ ❛♥❞ ♣❡r❢♦r♠ s❡❝♦♥❞❛r② t❛s❦s ✐♥ ♦r❞❡r ♦❢ ♣r✐♦r✐t② ❞✉r✐♥❣ t❤❡
♠✐ss✐♦♥✳ ❚❤❡ ♣r✐♠❛r② ♠♦t✐♦♥ ❝♦♥tr♦❧ ✐s ❜❛s❡❞ ♦♥ ❡①❛❝t ❧✐♥❡❛r✐③❛t✐♦♥ ❬✹❪✱ ✇❤✐❧❡
t❤❡ ❝♦♥tr♦❧ ❧❛✇ ♦❢ s❡❝♦♥❞❛r② ♦❜❥❡❝t✐✈❡s ✐s ✐♥s♣✐r❡❞ ❜② t❤❡ t❛s❦ ♣r✐♦r✐t② ❝♦♥tr♦❧
❡st❛❜❧✐s❤❡❞ ❢♦r r❡❞✉♥❞❛♥t ♠❛♥✐♣✉❧❛t♦rs ❬✶✹✾❪✳ ❇② ❧✐♠✐t✐♥❣ t❤❡ ❛tt❡♥t✐♦♥ t♦
❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t✐♦♥✱ ✇❤✐❝❤ ✐♥✈♦❧✈❡s ♠♦r❡ ❝❤❛❧❧❡♥❣✐♥❣ ✐ss✉❡s ✇✐t❤ r❡s♣❡❝t t♦
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❣r♦✉♥❞ ♠❛♥✐♣✉❧❛t♦rs✱ t❤r❡❡ s❡❝♦♥❞❛r② t❛s❦s ❛r❡ ❞❡s✐❣♥❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣
♦r❞❡r✿ ❛✮ ❝♦❧❧✐s✐♦♥ ❛✈♦✐❞❛♥❝❡✱ ❜✮ ❝❡♥t❡r ♦❢ ❣r❛✈✐t② ❛❧✐❣♥♠❡♥t✱ ❝✮ ♣r❡❢❡rr❡❞
❥♦✐♥t ❝♦♥✜❣✉r❛t✐♦♥✳ ■♥ ❝♦♥tr❛st t♦ ❬✶✶✸❪✱ ✇❤❡r❡❜② t❤❡ ♣r✐♦r✐t②✲❜❛s❡❞ ❝♦♥tr♦❧
✐s ❞❡s✐❣♥❡❞ ❛t t❤❡ s♣❡❡❞ ❧❡✈❡❧✱ ♠✉❧t✐✲t❛s❦s ❤❛✈❡ ❜❡❡♥ ✐♥✈❡st✐❣❛t❡❞ ❛t t❤❡
❛❝❝❡❧❡r❛t✐♦♥ ❧❡✈❡❧ ✐♥ t❤✐s t❤❡s✐s✳ ❚❤❡ ❡♥t✐r❡ tr❛❥❡❝t♦r②✱ ✐♥❝❧✉❞✐♥❣ ❛❝❝❡❧❡r❛t✐♦♥✱
❝❛♥ ❜❡ tr❛❝❦❡❞ ❛t t❤❡ ❡①♣❡♥s❡ ♦❢ ❛ ♠♦r❡ ❝♦♠♣❧❡① str✉❝t✉r❡✱ ❛♥❞ s♣❡❡❞ ❥✉♠♣s
❛r❡ ♣r❡✈❡♥t❡❞✳ ❚❤❛♥❦s t♦ t❤❡ ♥❡st❡❞ str✉❝t✉r❡✱ ♠♦r❡ s❡❝♦♥❞❛r② t❛s❦s ❝❛♥
❜❡ ❡❛s✐❧② ❛❞❞❡❞ ✇✐t❤♦✉t ✇♦rr②✐♥❣ ❛❜♦✉t ❛✛❡❝t✐♥❣ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❤✐❣❤❡r✲
♣r✐♦r✐t② t❛s❦s✳

1.5 Thesis Structure

❚❤❡ t❤❡s✐s ✐s ♦r❣❛♥✐③❡❞ ❛s ❢♦❧❧♦✇s✳ ❋♦❧❧♦✇✐♥❣ t❤✐s ✐♥tr♦❞✉❝t✐♦♥✱ ❈❤❛♣t❡r ✷ ❞❡✲
s❝r✐❜❡s t❤❡ ♣r❡❧✐♠✐♥❛r✐❡s ♦❢ t❤✐s r❡s❡❛r❝❤✱ ✐♥❝❧✉❞✐♥❣ ✸❉ r✐❣✐❞ tr❛♥s❢♦r♠❛t✐♦♥s✱
♦r✐❡♥t❛t✐♦♥ r❡♣r❡s❡♥t❛t✐♦♥s✱ ❧♦♥❣ s❤♦rt✲t❡r♠ ♠❡♠♦r②✱ ❛♥❞ s♦♠❡ ♠❛t❤❡♠❛t✐✲
❝❛❧ ❢✉♥❞❛♠❡♥t❛❧s✳ ❈❤❛♣t❡r ✸ ♣r❡s❡♥ts t❤❡ ❞❡s✐❣♥ ❛♥❞ ♠♦❞❡❧✐♥❣ ♦❢ t❤❡ ❛❡r✐❛❧
♠❛♥✐♣✉❧❛t♦r✱ ✇❤✐❝❤ s❡r✈❡s ❛s t❤❡ ❜❛s✐s ❢♦r ❢✉rt❤❡r ✇♦r❦✳ ❙✉❜s❡q✉❡♥t❧②✱ t✇♦ ❛❧✲
❧♦❝❛t✐♦♥ ❛❧❣♦r✐t❤♠s ❛r❡ ✐♥tr♦❞✉❝❡❞ ❢♦r t❤❡ ❛❡r✐❛❧ ✈❡❤✐❝❧❡ ✐♥ ❈❤❛♣t❡r ✹✱ ✇❤✐❝❤
❛r❡ r❡❝♦♥✜❣✉r❛❜❧❡ ✐♥ ❝❛s❡ ♦❢ ❛ ❢❛✉❧t ✐♥ t❤❡ ♣r♦♣✉❧s✐♦♥ s②st❡♠✳ ❋✉rt❤❡r♠♦r❡✱
❡♠❡r❣❡♥❝② r♦✉t✐♥❡s ❛r❡ ✉t✐❧✐③❡❞ ❢♦r t❤❡ s✐t✉❛t✐♦♥ ✐♥ ✇❤✐❝❤ t❤❡ ❝♦♥tr♦❧ ❛❧❧♦✲
❝❛t✐♦♥ ✐s ♥♦t s♦❧✈❛❜❧❡✳ ❚❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❜♦t❤ ❛❧❣♦r✐t❤♠s ✐s ❝♦♠♣❛r❡❞ ✐♥
t❡r♠s ♦❢ ❝♦♠♣❧❡t❡♥❡ss✱ t✐♠❡ ❝♦♥s✉♠♣t✐♦♥✱ ❛♥❞ ❢❛✐❧✉r❡ ❛❞❛♣t❛❜✐❧✐t②✳ ❈❤❛♣t❡r
✺ ♣r❡s❡♥ts ❢❛✉❧t ❞❡t❡❝t✐♦♥✱ ✐s♦❧❛t✐♦♥✱ ❛♥❞ ❡st✐♠❛t✐♦♥ ❞❡s✐❣♥ ❜❛s❡❞ ♦♥ ❛ ✇❡❧❧✲
tr❛✐♥❡❞ ❛rt✐✜❝✐❛❧ ♥❡✉r❛❧ ♥❡t✇♦r❦✳ ❚❤❡♥✱ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤✐s ❞❛t❛✲❞r✐✈❡♥
❛♣♣r♦❛❝❤ ✐s ❞✐s❝✉ss❡❞ ❜❛s❡❞ ♦♥ t❤❡ r❡s✉❧ts ❢r♦♠ ▼♦♥t❡ ❈❛r❧♦ s✐♠✉❧❛t✐♦♥✳ ■♥
❈❤❛♣t❡r ✻✱ ✜❧t❡r✲❜❛s❡❞ ♦❜s❡r✈❡rs ❛r❡ ❞❡✈❡❧♦♣❡❞ t♦ ❡st✐♠❛t❡ ❢♦r❝❡s ❛♥❞ t♦r✲
q✉❡s✳ ■t ❛❧s♦ ❞❡t❛✐❧s t❤❡ t✐♠✐♥❣ st❛t✐st✐❝s ❛♥❞ t❤❡ ❡st✐♠❛t✐♦♥ ❛❝❝✉r❛❝② ✇✐t❤
❛ ❝❛s❡ st✉❞②✳ ❆❢t❡r ✐♥tr♦❞✉❝✐♥❣ t❤❡ ✐♥t❡r♣♦❧❛t✐♦♥ ♠❡t❤♦❞ ❢♦r ❙❊✭✸✮ ❛♥❞ t❤❡
♣♦ss✐❜❧❡ ♣r♦❝❡❞✉r❡ t♦ ♠✐♥✐♠✐③❡ t❤❡ r✐s❦ ♦❢ ✐♥♣✉t s❛t✉r❛t✐♦♥ ✐♥ ❈❤❛♣t❡r ✼✱
❈❤❛♣t❡r ✽ ♣r♦✈❡s t❤❡ ❞✐✛❡r❡♥t✐❛❧ ✢❛t♥❡ss ♣r♦♣❡rt② ♦❢ t❤❡ ❛❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦r✱
✇❤✐❝❤ ❛❧❧♦✇s ❝♦♥tr♦❧❧❡r ❞❡s✐❣♥ ✇✐t❤ ❡①❛❝t ❧✐♥❡❛r✐③❛t✐♦♥✳ ■♥ ❛❞❞✐t✐♦♥✱ ✐t ❞❡s✲
❝r✐❜❡s t❤❡ s❡❝♦♥❞❛r② t❛s❦s ❛♥❞ t❤❡ ✐♠♣❡❞❛♥❝❡ ✜❧t❡r ✇✐t❤ ❡✈❛❧✉❛t✐♦♥ r❡s✉❧ts
❜② ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥✳ ❈❤❛♣t❡r ✾ ✐s ❞❡✈♦t❡❞ t♦ ✐♥t❡❣r❛t✐♥❣ ❝♦♥tr✐❜✉t✐♦♥s
✐♥tr♦❞✉❝❡❞ ❛♥❞ t❡st❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s ❝❤❛♣t❡rs✱ st❛rt✐♥❣ ✇✐t❤ ❡①♣❧❛✐♥✐♥❣ t❤❡
♦✈❡r❛❧❧ ❢❛✉❧t✲t♦❧❡r❛♥t ❝♦♥tr♦❧ s❝❤❡♠❡ ❛♥❞ t❡st r❡s✉❧ts ✇✐t❤ ❢❛✐❧✉r❡ ✐♥❥❡❝t✐♦♥
✐♥ r❛♥❞♦♠❧② s❡❧❡❝t❡❞ ♣r♦♣✉❧s✐♦♥ ✉♥✐ts✱ ❢♦❧❧♦✇❡❞ ❜② t❤❡ ♣❡r❢♦r♠❛♥❝❡ ❡✈❛❧✉❛t✐✲
♦♥ ♦❢ t❤❡ ❤②❜r✐❞ t❛s❦ ♣r✐♦r✐t② ❝♦♥tr♦❧✳ ❚❤❡ r❡s✉❧ts ❛♥❞ ❛❝❤✐❡✈❡♠❡♥ts ♦❢ t❤✐s
t❤❡s✐s ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ ❈❤❛♣t❡r ✶✵✱ ✐♥❝❧✉❞✐♥❣ s✉❣❣❡st✐♦♥s ❢♦r t❤❡ ❢✉t✉r❡✳
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