
 
 
 

博士論文 
令和元年度 

マルチロータの状態変数モデリングと 
飛行状態、モータ故障への応用 

 
 
 
 

令和 2 年 3 月 
湘南工科大学大学院 

工学研究科電気情報工学専攻 
磯貝 海斗 

 



࣍

ୈ 1ষ ং 1

1.1 ຊڀݚͷഎܠͱత . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 ຊจͷ֓ཁ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

ୈ 2ষ Ϛϧνϩʔλͷӡಈͷֶతૅج 5

2.1 ಈ࠲ඪܥɼϩʔΧϧ࠲ඪܥɼ੩࠲ࢭඪܥʹ͓͚Δӡಈ . . . . . . . . . . . . . . . . . 5

2.2 ߶ମͷಈྗֶ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

ୈ 3ষ ϚϧνϩʔλͷྗֶγεςϜͱͯ͠ͷঢ়ଶํఔࣜ 11

3.1 ΦΠϥʔ֯ͷঢ়ଶมΛͭ࣋ϚϧνϩʔλͷΦΠϥʔʹϥάϥϯδϡํఔࣜ . . . . . 11

3.2 ඪ४తͳରশͳܗঢ়Λ༗͢ΔϚϧνϩʔλͷػମϑϨʔϜߏ . . . . . . . . . . . . 15

ୈ 4ষ Ϛϧνϩʔλͷඈߦঢ়ଶͱඈ࡞ૢߦɼ͓Αͼඈߦͷಈ࡞ 18

4.1 Ϛϧνϩʔλͷಈ࡞ʢ·ͨɼඈߦঢ়ଶʣɼඈؔ͢ʹ࡞ૢߦΔॾఆཧ . . . . . . . 20

4.2 ঢ়ଶߦΔඈ࣋͢ΛҡߦԼͰϚϧνϩʔλͷམΛճආ͠ɼඈࡏোͷଘނશͳϞʔλ

ͱඈ࡞ૢߦͷ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

ୈ 5ষ ఆཧΛԠ༻ͨ͠ϑΟʔυϑΥϫʔυࣜܗͷϚϧνϩʔλͷඈߦγϛϡϨʔγϣϯ 30

5.1 ͷ࡞ૢߦঢ়ଶɼඈߦͳ͍ɼਖ਼ৗͳ߹ͷϚϧνϩʔλͷඈ͠ࡏো͕ଘނશͳϞʔλ

γϛϡϨʔγϣϯ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

5.2 Δγϛϡ࣋͢ΛҡߦΔɼϚϧνϩʔλͷམΛճආ͠ɼඈ͢ࡏো͕ଘނશͳϞʔλ

Ϩʔγϣϯ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

ୈ 6ষ ঢ়ߦՄͳ߹ͷϔΩαϩʔλͷඈ͕࡞ૢߦԼɼͯ͢ͷඈࡏোͷଘނશͳϞʔλ

ଶΛ҆ఆͤ͞Δঢ়ଶมϑΟʔυόοΫΛͭ࣋ઢܗ·ͨඇઢܗͷಈྗֶͷঢ়ଶํఔࣜ 47

6.1 Մͳ߹ͷϔΩαϩʔλͷ҆ఆඈ͕࡞ૢߦԼɼͯ͢ͷඈࡏোͷଘނશͳϞʔλ

ͷγϛϡϨʔγϣϯߦ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

ୈ 7ষ ݁ 55

7.1 ݁ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

7.2 ͷలޙࠓ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

ݙจߟࢀ 57

 60

i



A ӄؔఆཧ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

B తӄؔఆཧߏ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

C ϋʔτϚϯʹάϩϒϚϯͷఆཧ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

ँࣙ 64

Ϧετۀڀݚ 65

ii



ୈ 1ষ

ং

1.1 ຊڀݚͷഎܠͱత

ཱࣗඈܕߦυϩʔϯɼಛʹཱࣗඈܕߦϚϧνϩʔλʢਤ 1.1ʣɼࢹɼ༌ૹɼ୳ࠪɼݐΠϯϑ

ϥઃඋͷௐࠪͳͲ༷ʑͳ༻్ͷ͕ࡧଓ͍͓ͯΓɼٕज़։ൃ͕ਐΊΒΕ͍ͯΔ [1]–[17]ɽ

ਤ 1.1 ཱࣗඈܕߦϚϧνϩʔλͷҰྫʢELEV-8 Quadcopter KitΛϕʔεͱ͢Δࣗ࡞ͷΫΞουϩʔλʣ

ͦͯ͠ɼཱࣗඈܕߦϚϧνϩʔλʢҎԼɼϚϧνϩʔλͱলུ͢ΔʣͷൃలنࡁܦΛ֦େ͠ɼ֤࢈

͞Ε͍ͯΔɽϚϧνϩʔλɼϚϧνίϓλʔظେ͖ͳརӹͱࣾձʹେ͖ͳརศΛͨΒ͢ͱʹۀ

ͱ͍͏දݱΑ͘ΘΕΔ͕ɼલऀΑΓਖ਼֬ͳදݱͰ͋ΔͨΊ [1]ɼຊจͰʠϚϧνϩʔλʡͱ

͍͏දݱΛ༻͍ΔɽΫΞουϩʔλʢϚϧνϩʔλͷҰछͰϞʔλ 4ʣɼػցతγϯϓϧ͞ͱ੍ޚ

ͷ༰қ͔͞Βɼֶ͓ྗۭߤΑͼϩϘοτֶͷͰΛूΊ͍ͯΔͷपͷͱ͓ΓͰ͋Δɽݚ

ڀ [1], [3]–[12]ͳͲʹݟΒΕΔΑ͏ʹɼΫΞουϩʔλͷϞσϦϯάɼμΠφϛΫεʢಈྗֶʣɼͦ͠

ΕɼϔΩαϩʔλʢϞʔλ͞ڀݚ͍ͯͭ͘ʹ๏ํޚ੍ͯ 6ʣΦΫτϩʔλʢϞʔλ 8ʣͳͲͷ

Ϛϧνϩʔλʹ͘Ԡ༻͞Ε͍ͯΔɽ

͔͠͠ͳ͕Βɼඈ͢ߦΔϚϧνϩʔλʹɼϞʔλނো෩ͳͲͷ֎ཚʹΑΔམ∗ͱ͍͏જࡏతϦ

εΫ͕ଘ͢ࡏΔɽ͕ͨͬͯ͠ɼશͳϞʔλނোͷଘࡏԼͰͷϚϧνϩʔλͷඈޚ੍ߦΛྀ͢ߟΔ͜

ͱॏཁͰ͋Δɽ͔͠͠ɼͦͷΑ͏ͳϞʔλ੍ޚΛಘΔํ๏શʹཱ֬͞Ε͍ͯͳ͍ɽҎԼʹɼ

දతͳؔ࿈ڀݚΛ·ͱΊΔɽ

∗ ॏཁͳͰ͋Δ͕ɼຊจͰѻΘͳ͍ɽऀޙ
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• Muellerͱ D’Andreaɼڀݚ [18]͔Βൃలͤͨ͞ํ๏ΛఏҊ͍ͯ͠Δɽ͜Εɼ1ɼ2ʢର֯

ઢ্ͷ͍͔߹͏ 2ͭʣɼ·ͨ 3ͭͷϓϩϖϥΛࣦͬͨ߹ʹɼΫΞουϩʔλͷػମʹݻఆ

ͨ࣠͠Λத৺ʹࣗ༝ʹճసͤ͞Δͱ͍͏ઓུΛ༻͍ͯҐஔΛҡ࣋Ͱ͖ΔΑ͏ʹ͢Δํ๏Ͱ͋Δ

[19]ɽ

• DongjieΒɼϞʔλނো࣌ͷՄ੍͍ͯͮجʹੑޚɼ࣍ͷΑ͏ͳ i), ii)ͷϚϧνϩʔλͷ࠷దͳ

ઃܭʹؔ͢Δ৴པੑΛఏҊ͍ͯ͠Δɽi)ϩʔλͷҟͳΔϚϧνϩʔλͷՄ੍ੑޚղੳɽ ii)ҟ

ͳΔϩʔλߏʢPNPNPNܕͱ PPNNPNܕɼPܭ࣌ճΓͷϩʔλɼNܭ࣌ճΓͷϩʔ

λΛද͢ʣΛ༗͢ΔϔΩαϩʔλͷՄ੍ੑޚղੳ [20]ɽ

• Saied Βɼ4 ରͷಉ࣠ϩʔλΛඋ͑ͨΦΫτϩʔλ͕ 1 ͭ·ͨෳͷϞʔλΛࣦͬͨ߹

ʹɼશՄ੍ੑޚΛҡ࣋Ͱ͖ΔશͳϑΥʔϧττϨϥϯτ੍ํޚ๏ΛఏҊ͠ɼ࿈ଓ·ͨಉ

ఏࣔͨ͠ূݕతݧͳ݁ՌΛಘΔ࣮োͰྑނͷϞʔλ࣌ [21]ɽ

• Yuͱ Dongɼނোͨ͠ΞΫνϡΤʔλΛݕग़͠ɼִ͢Δ͜ͱ͕Ͱ͖ΔΞϧΰϦζϜΛఏҊ

ͨ͠ɽ͜Ε͕ϚϧνϩʔλͷϑϥΠτίϯτϩʔϥͷߏ࠶ஙͷૅجͱͳΓɼམճආͷͨΊͷ

൫ͱͳΓ͑Δ͜ͱΛࣔͨ͠جͷޚ੍ [22]ɽ

• GiribetΒɼϞʔλ֯ͷςΟϧτߏΛ༗͢ΔϔΩαϩʔλͷϞʔλͷ ো͠ނʹશ1͕ͭ

ͨ߹ɼڀݚ Ͱ͖Δ͜ͱΛཧతʹূ໌͠ɼͦͷ࣋Λҡޚ੍࢟ͱߴશͳ͍ͯͮجʹ[23]

݁ՌΛ࣮ݧతʹͨ͠ূݕ [24], [25]ɽ

ଟ͘ͷϚϧνϩʔλڀݚͰɼओʹཧͱݱͷؒΛײతʹཧղɼཧ͍͢͠ɼճసӡಈͷΦ

ΠϥʔͷӡಈํఔࣜʢҎԼɼΦΠϥʔํఔࣜͱ͏ݴʣΛ༻͍ͯཧతͳ෦Λ؆ܿʹड़ɼ࠷খͷͷ

ঢ়ଶมͱೖྗมͷͷॱংϦετʹΑΔϕΫτϧදݱ (ྫ͑ɼ[x, y, z, u, v, w])Λ༻͍ͨϞσ

ϧΛఏҊ͠ར༻͍ͯ͠Δɽଟ͘ͷ͕ऀڀݚΦΠϥʔํఔࣜΛ༻͍ͯ߶ମͷಈྗֶͷૅجతͳ෦Λप

ͷ࣮ࣄͰ͋Δͷͱ͠ɼཧΛ؆ܿʹड़͍ͯΔ͜ͱͰɼϚϧνϩʔλͷຊͷঢ়ଶมͰ͋ΔΦ

Πϥʔ֯ɼฏߧɼಈ࡞ͱ͍ͬͨ֓೦ͱɼϚϧνϩʔλͷཧΛ݁ͼ͚ͭΔͨΊͷɼϚϧνϩʔ

λͷΦΠϥʔ֯ͷճసӡಈͷҰ֊ͷৗඍํఔࣜͷ͕͋ࣜܗ·Γॏཁ͞ࢹΕ͍ͯͳ͍ɽͦͷͨΊɼϚ

ϧνϩʔλͷฏߧɼಈ࡞ɼඈߦঢ়ଶɼ͓ΑͼͦΕΒΛ࣮͢ݱΔͨΊͷϞʔλͷ੍ޚೖྗ৴߸ʢ·

ͨඈ࡞ૢߦʣʹؔ͢ΔٞΛ͜͏ߦͱ͕ࠔʹͳ͍ͬͯΔɽ

͜͏͍ͬͨഎܠʹɼϚϧνϩʔλͷಈྗֶΛΦΠϥʔ֯ͷ֯ͱͦͷ֯Λঢ়ଶมͱͨ͠ঢ়ଶ

มΞϓϩʔνʹΑͬͯهड़͢Δํ๏ཱ͕֬͞Ε͍ͯͳ͍͜ͱ͕ͱͯ͛͠ڍΒΕΔɽ͜͜Ͱ͏ݴ

ঢ়ଶมΞϓϩʔνɼKalman [26]ͷ͏ݴɼγεςϜͷৼΔ͍Λશʹهड़͢ΔಠཱมΛɼͲ

͏બ͢Δ͔ͱ͍͏ҙຯͰఆٛ͞ΕΔɽϚϧνϩʔλͷଟ͘ͷ੍ޚͷڀݚͰɼ੍ޚͷతͷͨΊͷ

ঢ়ଶมΛબ͢ΔͨΊɼKalmanͷ͏ݴɼϚϧνϩʔλγεςϜͷৼΔ͍Λશʹهड़͢Δಠཱม

ʢҰൠԽ࠲ඪͷΦΠϥʔ֯ͱมҐͷ 6ม [27]ʣʹͳ͍ͬͯͳ͍ɽঢ়ଶมΞϓϩʔνΛ༻͍ͯϚ

ϧνϩʔλͷಈྗֶΛهड़͢Δ͜ͱʹΑͬͯ͡Ίͯɼ͍͔ͭ͘ͷฏߧɼಈ࡞ʢ·ͨɼඈߦঢ়

ଶʣΛୡ͢ΔͨΊͷϞʔλͷ੍ํޚ๏ΛܾఆͰ͖ɼϚϧνϩʔλͷඈ࡞ૢߦΛશʹཧղ͢Δ͜ͱ

͕ՄͱͳΔɽͦͯ͠ɼ1ͭ·͍͔ͨͭ͘ͷϞʔλ͕શʹނোͨ͠ͱ͖ʹམΛճආ͠ඈߦΛҡ

͢Δ͜ͱ͕Ͱ͖Δɽٞʹࡉৄ͍ͯͭʹো∗ʣͳͲނ๏ʢϞʔλํޚଓ͚ΔͨΊͷϞʔλͷ੍࣋͠

ΠϯλʔωοτੈքͱδΣοτػɼࣗಈंͳͲͷࡏݱͷػցจ໌ͷૅͱͳ͍ͬͯΔڊେूੵճ࿏

∗ ຊจͰɼϚϧνϩʔλͷϞʔλނো࣌ͷམΛճආ͢Δඈߦঢ়ଶͷҡ࣋ͷͱ͍͏ҙຯͰ “Ϟʔλނো”ͱ͍
ɽ͏༿Λݴ͏
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ʢిࢠճ࿏ʣͷྺ࢙ʹ͓͍ͯɼ1950ޙҎ߱ͷճ࿏ཧͰɼঢ়ଶมΞϓϩʔνɼ৴པੑͷߴ

͍ιϧόʔ [28]Λڊͯ͠༺େूੵճ࿏Λ࣮֬ʹղੳ͢ΔͨΊʹඇৗʹ༗ޮͰɼ·͢·͢Ұൠత

ʹͳ͕ͬͨɼ͜ΕΒͷ୯७ͳࣜܗͱରরతʹɼϚϧνϩʔλΛ੍͢ޚΔͨΊͷಈྗֶෳࡶͰ͋ͬ

ͨͨΊɼܥ౷తʹঢ়ଶมΞϓϩʔν͕ద༻͞Εͯ͜ͳ͔ͬͨͱ͑ߟΒΕΔɽ

ຊจͷओͳڀݚతΛҎԼʹ͢هɽ

1. Kalman ͷ͏ݴঢ়ଶมΞϓϩʔνʹ͖ͮجɼΦΠϥʔ֯ͷ֯ͱ֯ͷճసͱฒਐʹ͓͚

ΔมҐΛঢ়ଶมʹͭ࣋ঢ়ଶํఔࣜΛಋग़͢Δɽͦͯ͠ɼϚϧνϩʔλͷಈྗֶͷঢ়ଶํఔࣜ

Λૅجʹஔ͖ɼϚϧνϩʔλͷඈߦঢ়ଶɼඈ࡞ૢߦɼฏߧͱಈ࡞ͷఆٛΛ͍ߦɼฏߧͱಈ

ड़͢ΔɽՃ͑هʹΛ໌֬ঢ়ଶͷؔߦͱඈ࡞ૢߦͱଟ͘ͷԠ༻ʹ͓͚ΔϚϧνϩʔλͷඈ࡞

ͯɼશͳϞʔλނোͷଘࡏԼͰͷϚϧνϩʔλͷଘϞʔλͷֶతఆٛΛ༩͑ɼඈߦঢ়ଶɼ

ඈ࡞ૢߦɼฏߧͱಈ࡞ͷఆٛΛ͍ߦɼͦͷฏߧͱಈ࡞ͱϚϧνϩʔλͷམΛճආ͠

ඈߦΛҡ࣋͢Δඈ࡞ૢߦͱඈߦঢ়ଶʢಛʹɼͯ͢ͷඈߦঢ়ଶͷ੍͕ޚՄͳঢ়ଶͱɼϤʔͷ

ड़͢ΔɽهʹΛ໌֬Մͳঢ়ଶʣͷ͕ؔޚෆՄͰͦͷଞͷ੍ޚ੍

2. ͷఆٛΛ࡞ͱಈߧɼฏ࡞ૢߦঢ়ଶɼඈߦԼͰͷϚϧνϩʔλͷඈࡏোͷଘނશͳϞʔλ

ΊΔํ๏ٻ৴߸ΛޚଘϞʔλ੍ΔͨΊͷ࣋͢ঢ়ଶΛҡߦஔ͖ɼམΛճආ͠ඈʹૅج

Λఆཧͱͯ͠༩͑Δɽͦͯ͠ɼఏҊͨ͠ఆཧΛԠ༻ͯ͠ɼϑΟʔυϑΥϫʔυͷࣜܗͷϚϧν

ϩʔλʢΫΞουϩʔλɼϔΩαϩʔλɼͦͯ͠ΦΫτϩʔλʣͷશͳϞʔλނোଘࡏԼʹ

͓͚ΔམΛճආ͢Δඈߦঢ়ଶͷγϛϡϨʔγϣϯΛ͍ߦɼఆཧͷ༗ޮੑΛ֬ೝ͢Δɽ

3. ϚϧνϩʔλͷશͳϞʔλނোͷଘࡏԼͰɼඈߦঢ়ଶΛ҆ఆͤ͞Δঢ়ଶมϑΟʔυόοΫ

Λͭ࣋ઢܗ·ͨඇઢܗͷಈྗֶͷঢ়ଶํఔࣜʹ͍ͭͯٞ͢ΔɽಛʹɼશͳϞʔλނোͷ

ଘࡏԼͰɼͯ͢ͷඈ͕࡞ૢߦՄͳ߹ͷϔΩαϩʔλͷམΛճආ͢Δඈߦঢ়ଶͷ҆ఆੑ

ͷఆཧΛఏ͠ڙɼঢ়ଶมϑΟʔυόοΫΛͭ࣋ඇઢܗͷಈྗֶͷঢ়ଶํఔࣜʹΑͬͯɼͦͷ

Α͏ͳඈߦঢ়ଶΛ҆ఆͤ͞Δ͜ͱΛɼఆཧͱͯ͠·ͱΊΔɽͦͯ͠ɼγϛϡϨʔγϣϯΛ

ఆཧͷ༗ޮੑΛ֬ೝ͢Δɽ͍ߦ

1.2 ຊจͷ֓ཁ

ຊจͷ 2ষҎ߱ͷ֓ཁΛҎԼʹड़Δɽ

2ষͰɼΞʔϊϧυͷ߶ମͷӡಈͷهड़ํ๏ [29] Λૅجʹஔ͖ɼϚϧνϩʔλΛ߶ମͱݟͳ͠ɼ

ͦͷӡಈΛهड़͢ΔͨΊͷֶతૅجʹ͍ͭͯ·ͱΊΔɽ·ͨɼϚϧνϩʔλͷಈྗֶͷํఔࣜͷಋ

ग़ͷͨΊʹɼ߶ମͷಈྗֶʹΞʔϊϧυͷ࡞༻ૉʢΦΠϥʔ֯ͷ૬͙ͭ 3 ͭͷճసͷੵྻߦͷ͜ͱʣ

Λద༻͢Δɽ͞ΒʹɼΞʔϊϧυͷ࡞༻ૉΛ༻͍Δ͜ͱͰɼΦΠϥʔ֯ͱ੩࠲ࢭඪܥͱϚϧνϩʔλ

ʹுΓ͍͍ͯΔಈ࠲ඪܥͱͷؔهʹ֬໌͕ड़Ͱ͖Δ͜ͱΛࣔ͢ɽ

3ষͰɼ2ষΛૅجʹஔ͖ɼϚϧνϩʔλͷಈྗֶͷঢ়ଶํఔࣜΛಋग़͢ΔɽಛʹɼϚϧνϩʔλ

ͷΦΠϥʔ֯ͷ֯ͱ֯Λঢ়ଶมʹͭ࣋ঢ়ଶํఔࣜΛఆཧͱͯ͠ɼϚϧνϩʔλͷΦΠϥʔ֯

ͷ֯ʹґΔฒਐʹ͓͚ΔมҐΛঢ়ଶมʹͭ࣋ঢ়ଶํఔࣜ·ͨఆཧͱͯ͠༩͑ΔɽՃ͑ͯɼຊ
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จͰѻ͏ɼඪ४తͳରশͳܗঢ়Λ༗͢ΔϚϧνϩʔλͷػମϑϨʔϜͷߏΛهड़͢Δɽ

4ষʹ͓͍ͯɼ3ষͰಋग़ͨ͠Ϛϧνϩʔλͷ 1֊ͷࣜܗͷӡಈͷৗඍํఔࣜΛૅجʹஔ͖ɼϚϧ

νϩʔλͷඈ࡞ૢߦɼඈߦঢ়ଶɼ͓Αͼඈߦͷಈ࡞ʢ·ͨฏߧʣΛఆٛ͠ɼͦΕΒͷؔΛ໌

Αͬʹޚड़͢Δɽ·ͨɼΦΠϥʔ֯ͷঢ়ଶ͕ϚϧνϩʔλͷͦΕͧΕͷϞʔλͷճసͷ੍هʹ֬

ͯɼͲͷΑ͏ʹୡ͞ΕΔ͔Λ༩͑Δɼ͢ͳΘͪɼͦΕͧΕͷϞʔλͷճసͷมԽʹΑͬͯࡏݱ

ͷಈ࡞ͷঢ়ଶ͔Βɼܭըͨ͠ಈ࡞ͷঢ়ଶʹͲͷΑ͏ʹୡ͞ΕΔ͔ѲͰ͖ΔఆཧΛ༩͑Δɽͦ

ͯ͠ɼϚϧνϩʔλͷҰఆߴͷඈߦͱϗόϦϯάͷඈߦΛؚΉɼҙͷඈߦঢ়ଶ͕ͲͷΑ͏ͳϞʔ

λͷճసͷ੍ޚ∗ʹΑͬͯୡ͞ΕΔ͔Λ༩͑ΔఆཧΛ༩͑Δɽ

͞ΒʹɼશͳϞʔλނো͕ଘ͢ࡏΔ߹ͷɼϚϧνϩʔλͷଘϞʔλͷϞʔλ੍ޚ৴߸ϕ

ΫτϧͷఆٛΛ༩͑ɼϞʔλނো࣌ͷඈ࡞ૢߦɼඈߦঢ়ଶɼඈߦͷಈ࡞ʢ·ͨฏߧʣΛͦΕͧ

Εఆٛ͠ɼͦΕΒͷؔΛ໌֬ʹهड़͢ΔɽՃ͑ͯɼނো͕ͳ͍ਖ਼ৗͳ߹ͷҙͷඈߦঢ়ଶͷͨΊ

ͷϞʔλͷճసͷ੍ޚΛ༩͑ΔఆཧΛϞʔλނোͷܗʹ֦ு͠ɼશͳϞʔλނো͕ଘ͢ࡏ

Δ߹ʹམΛճආ͢Δඈߦঢ়ଶͷͨΊͷϞʔλ੍ޚ৴߸ʢϑΟʔυϑΥϫʔυ੍ޚʣΛٻ

ΊΔఆཧΛ༩͑Δɽ

5ষʹ͓͍ͯɼϚϧνϩʔλʢΫΞουϩʔλɼϔΩαϩʔλɼͦͯ͠ΦΫτϩʔλʣͷਖ਼ৗͳ

߹ͷҰఆߴͷඈߦͱϗόϦϯάͷඈߦΛؚΉɼҙͷඈߦঢ়ଶ͕ͲͷΑ͏ͳϞʔλͷճసͷ੍

ͷγϛϡޚ੍ߦʣʹΑͬͯୡ͞ΕΔ͔Λ༩͑ΔఆཧΛద༻ͨ͠ඈޚʢϑΟʔυϑΥϫʔυ੍ޚ

ϨʔγϣϯͱɼػମͷϞʔλ͕શʹނোͨ͠߹ʹམΛճආ͢Δඈߦঢ়ଶͷͨΊͷϞʔλ੍

Δ࣋͢ΛҡߦʣΛ༩͑ΔఆཧΛద༻ͯ͠ɼམΛճආ͠ඈޚ৴߸ʢϑΟʔυϑΥϫʔυ੍ޚ

γϛϡϨʔγϣϯΛ͍ߦɼͦΕͧΕͷఆཧͷ༗ޮੑΛ֬ೝ͢Δɽ

6ষͰɼϔΩαϩʔλΛྫʹɼશͳϞʔλނোͷଘࡏԼͰɼͯ͢ͷඈ͕࡞ૢߦՄͳ߹ͷ

ඈߦঢ়ଶΛ҆ఆͤ͞Δঢ়ଶมϑΟʔυόοΫΛͭ࣋ઢܗ·ͨඇઢܗͷಈྗֶͷঢ়ଶํఔࣜʹ͍ͭ

ͯٞ͢ΔɽಛʹɼશͳϞʔλނোͷଘࡏԼͰɼϔΩαϩʔλͷམΛճආ͢Δඈߦঢ়ଶͷ҆ఆੑ

ͷఆཧΛఏ͠ڙɼঢ়ଶมϑΟʔυόοΫΛͭ࣋ඇઢܗͷಈྗֶͷঢ়ଶํఔࣜʹΑͬͯɼͦͷΑ͏ͳ

ඈߦঢ়ଶΛ҆ఆͤ͞Δ͜ͱΛɼఆཧͱͯ͠·ͱΊΔɽͦͯ͠ɼγϛϡϨʔγϣϯΛ͍ߦఆཧͷ༗

ޮੑΛ֬ೝ͢Δɽ

7ষͷ݁ʹ͓͍ͯɼຊڀݚͷओͳ݁Ռʹ͍ͭͯ·ͱΊɼޙࠓͷలΛड़Δɽ

∗ ҙͷඈߦঢ়ଶͷͨΊͷϑΟʔυϑΥϫʔυͷܗͰ༩͑ΒΕΔ੍ޚೖྗ
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ୈ 2ষ

Ϛϧνϩʔλͷӡಈͷֶతૅج

ຊষͰɼΞʔϊϧυͷ߶ମͷྗֶͷهड़ [29]Λૅجʹஔ͖ɼϚϧνϩʔλΛ߶ମͱͯ͠ɼͦͷӡ

ಈͷهड़ͷֶతૅجʹ͍ͭͯ·ͱΊΔɽͦͯ͠ɼΞʔϊϧυͷ࡞༻ૉʢΦΠϥʔ֯ͷ૬͙ͭ 3ͭͷ

ճసͷੵྻߦʣʹΑͬͯɼΦΠϥʔ֯ɼ੩࠲ࢭඪܥɼಈ࠲ඪؒܥͷؔΛ໌֬ʹهड़Ͱ͖Δ͜ͱΛࣔ

͢ɽՃ͑ͯɼϚϧνϩʔλͷಈྗֶํఔࣜͷಋग़Λ༰қʹ͢ΔͨΊɼ߶ମͷಈྗֶʹΞʔϊϧυͷ࡞

༻ૉΛద༻͢Δɽ

2.1 ಈ࠲ඪܥɼϩʔΧϧ࠲ඪܥɼ੩࠲ࢭඪܥʹ͓͚Δӡಈ

Ξʔϊϧυͷಈ࠲ඪܥͷهड़ [29]ͷΑ͏ͳҎԼͷදهΛ༻͢Δʢਤ 2.1ɼਤ 2.2ʣɽ

R3  3 ͷ࣮ϕΫτϧۭؒΛද͠ɼݩ࣍ V ⊂ R3 ฏߦҠಈͷͱͯ͠ΞϑΟϯۭؒ A3 ༺࡞ʹ

͢Δ:

a→ a + v, a ∈ A3, v ∈ V , a + v ∈ A3. (2.1)

Oc + span{E1, E2, E3}, Oc + span{e1, e2, e3},ͦͯ͠ O + span{e1, e2, e3} [30]ͦΕͧΕɼಈ࠲ඪܥ (ಈ

ܥ࣠ [31]),ϩʔΧϧ࠲ඪܥ (ϩʔΧϧ࣠ܥ [31]),ͦͯ͠੩࠲ࢭඪܥ ܥ࣠ੑ׳) [31])Λද͢ɽ

w: O+ span{e1, e2, e3} [30]ӈखܥͷσΧϧτ੩࠲ࢭඪܥͷجఈϕΫτϧͰ͋Γݪ OͰ͋ΔɽW:

Oc + span{E1, E2, E3} (or Oc + span{e1, e2, e3}) [30]࣭ྔத৺ Oc Ͱ߶ମʹݻఆ͞ΕͨӈखܥͷσΧϧ

τಈʢ·ͨɼϩʔΧϧʣ࠲ඪܥͷجఈϕΫτϧͰ͋Δɽ

ఆٛ 1 wɼW Λ͚͖ͮΒΕͨ ݩ࣍3 Euclidۭؒͱ͢Δɽwʹؔ͢Δ W ͷӡಈͱɼΞϑΟϯม

 ([33], pp. 125–128)

T(t) : W → w, (2.2)

Ͱྔܭͱ͚͖ͮͱΛอͭͷͰ͋Δ (ਤ 2.1)ɽ
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ਤ 2.1 ಈ࠲ඪܥɼϩʔΧϧ࠲ඪܥɼͱ੩࠲ࢭඪܥ

ఆٛ 2 ӡಈ T(t)͕ճసͰ͋ΔͱɼT(t)͕ W ͷݪΛ wͷݪҠ͢ͱ͖ɼͭ·Γ T(t)͕ઢࣸܗ

૾Ͱ͋Δͱ͖Λ͍͏ɽ

ఆཧʢ[29], p. 124ʣ શͯͷӡಈ T(t)ճస B(t)ͱฒਐ C(t)ͷ߹ͱͯ͠Ұҙʹॻ͚Δ:

T(t) = C(t)B(t), (2.3)

͜͜ʹ C(t)q(t) = r(t) + q(t), (q(t), r(t) ∈ w).

ఆٛ 3 ӡಈ T(t)͕ฒਐͰ͋Δͱɼࣸ૾ B(t): Oc + span{E1, E2, E3}→ Oc + span{e1, e2, e3}͕ؒ࣌ t

ʹґଘ͠ͳ͍͜ͱΛ͍͏ɽ͢ͳΘͪɼB(t) = B(0) = B, T(t)Q = r(t) + BQ.

ఆٛ 4 w Λ੩࠲ࢭඪܥɼW Λಈ࠲ඪܥɼq ∈ w Λ੩࠲ࢭඪܥʹؔ͢ΔಈͷಈܘϕΫτϧͱݺͿɽ

͠ɼQ͕ɼ

q(t) = r(t) + B(t)Q(t) (2.4)

Ͱ͋Δͱ͖ɼQ(t)Λಈ࠲ඪܥʹؔ͢ΔಈܘϕΫτϧͱ͍͏ʢਤ 2.2ʣɽ

ҎԼʹ͓͍ͯɼr(t),·ͨ Ω(t)ͳͲͷͯ͢ͷؒ࣌ύϥϝʔλ tͷมɼศ্ٓলུ͢Δɽ

ਤ 2.2 ੩࠲ࢭඪܥ (w)ͱಈ࠲ඪܥ (W)ʹؔ͢ΔಈܘϕΫτϧ

“ઈର”q̇Λ૬ରӡಈ Qͱ࠲ඪܥͷӡಈ BͱͰද͢ɽࣜʢ2.4ʣΛؒ࣌ tͰඍ͢ΕɼΛ߹

͢Δࣜ [ࣜ (2.5)]͕ಘΒΕΔɽ

q̇ = ṙ + ḂQ + BQ̇. (2.5)
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ఆٛ 5 ਤ 2.3ͷ֯ ψ, θ, ͦͯ͠ φ (ψ, θ, φ ∈ R)ςΠτʹϒϥΠΞϯ֯ͱݺΕɼͦΕΦΠϥʔ֯

ͷͻͱͭͰ͋ΓɼҎԼͷΑ͏ʹఆٛ͢Δɽ

0 ≤ ψ < 2π, −π
2
< θ <

π

2
, −π

2
< φ <

π

2
.

Ϛϧνϩʔλ͕ࣗ༝ʹϤʔͷճసʢ֯ ψͷ࣠·ΘΓͷճసʣΛ͠ଓ͚Δͱ͖ɼఆٛ 5Λຬͨ֯͢ ψͷ

มԽΛݟΔʹɼ࣍ষҎ߱ʹઆ໌͢ΔΦΠϥʔ֯ͷ֯ͱ֯Λঢ়ଶมͱͯͭ࣋͠ঢ়ଶํఔࣜͷ

ղ ψΛɼ࣍ͷϞδϡϩࢉܭʹΑͬͯม͢Δඞཁ͕͋Δ͜ͱʹҙ͢Δ ψ(t) = (ψ(t) + π) mod 2π − πɽ
ຊڀݚͰಛʹ͕ͳ͍ͨΊɼϞδϡϩࢉܭʹΑΔมলུ͍ͯ͠Δɽ

੩࠲ࢭඪݻʹܥఆ͞ΕͨجఈϕΫτϧ ei (i = 1, 2, 3) Λɼಈ࠲ඪݻʹܥఆ͞ΕͨجఈϕΫτϧ Ei

(i = 1, 2, 3)Ҡͨ͢Ίʹɼ࣍ͷ 3ͭͷճసΛ͏ߦʢਤ 2.3ʣɽ

1. ࣠ e3 ͷ·ΘΓͷ֯ ψ ͷճసɽ͜ͷͱ͖ɼe3 ಈ͔ͣɼe2  E(−2)
2 ҠΔʢRψ ͱ͓͘ʢࣜ

ʢ2.7ʣʣʣ.

2. ࣠ E(−2)
2 ͷ·ΘΓͷ֯ θ ͷճసɽ͜ͷͱ͖ɼE(−2)

2 ಈ͔ͣɼE(−2)
1  E(−1)

1 ҠΔʢRθ ͱ͓͘

ʢࣜʢ2.8ʣʣʣɽ

3. ࣠ E(−1)
1 ͷ·ΘΓͷ֯ φͷճసɽ͜ͷͱ͖ɼE(−1)

1 ಈ͔ͣɼE(−1)
3  E3 ҠΔʢRφ ͱ͓͘ʢࣜ

ʢ2.9ʣʣʣɽ

͜͜ʹ E(l)
i , i = 1, 2, 3, l = −1,−2ϩʔΧϧ࠲ඪܥ ei (i = 1, 2, 3)ͱಈ࠲ඪܥ Ei (i = 1, 2, 3)ͷؒͷਖ਼

ͱɼe1͏ߦఈΛද͢ɽ3ͭͷճసΛجަن  E1 ɼe2  E2 ɼͦͯ͠ɼe3  E3 ҠΔɽ֯ ψ, θ,

φΛςΠτʹϒϥΠΞϯ֯ͱ͍͏ [27]ʢΦΠϥʔ֯ͷͻͱͭʣɽ

ਤ 2.3 ςΠτʹϒϥΠΞϯ֯Λఆٛ͢Δճస

ҎԼͷΑ͏ʹɼΞʔϊϧυͷهड़ [29] ͱಉ༷ʹɼςΠτʹϒϥΠΞϯ֯ͷճసΛ࡞༻ૉ B(ψ, θ, φ) ∈
SO(3): (ψ, θ, φ) ∈ R3 (span{ε1, ε2, ε3})→ R3×3, B(ψ, θ, φ): Oc + span{E1, E2, E3}→ Oc + span{e1, e2, e3}
ͱͯ͠هड़͢Δɽ

B(ψ, θ, φ) = RψRθRφ

=




cosψ cos θ cosψ sin θ sin φ − sinψ cos φ cosψ sin θ cos φ + sinψ sin φ
sinψ cos θ sinψ sin θ sin φ + cosψ cos φ sinψ sin θ cos φ − cosψ sin φ
− sin θ cos θ sin φ cos θ cos φ


 , (2.6)
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Rψ =




cosψ − sinψ 0
sinψ cosψ 0

0 0 1


 , (2.7)

Rθ =




cos θ 0 sin θ
0 1 0

− sin θ 0 cos θ


 , (2.8)

Rφ =




1 0 0
0 cos φ − sin φ
0 sin φ cos φ


 . (2.9)

ಈ࠲ඪܥͷجఈϕΫτϧΛ࡞༻ૉ B(ψ, θ, φ)ΛͯͬɼҎԼͷΑ͏ʹද͢͜ͱ͕Ͱ͖Δɽ



B(ψ, θ, φ)E1
B(ψ, θ, φ)E2
B(ψ, θ, φ)E3


 = B(ψ, θ, φ)T




e1
e2
e3


 , (2.10)

͜͜ʹ ( · )T  ( · )ͷసஔΛද͢ه߸Ͱ͋Δɽ

͕ͨͬͯ͠ɼҎԼͷؔࣜΛಘΔɽ

Q =
3∑

i=1

QiEi ∈ W (or Oc + span{E1, E2, E3}), (2.11)

B(ψ, θ, φ)Q =
3∑

i=1

QiB(ψ, θ, φ)Ei ∈ Oc + span{e1, e2, e3}, (2.12)

3∑

i=1

QiB(ψ, θ, φ)Ei =

3∑

i=1

Qi(
3∑

j=1

〈B(ψ, θ, φ)Ei, e j〉e j) =
3∑

i=1

Qi(
3∑

j=1

〈Ei, B(ψ, θ, φ)Te j〉e j)

=

3∑

j=1

〈
3∑

i=1

QiEi, B(ψ, θ, φ)Te j〉e j =

3∑

j=1

〈Q, B(ψ, θ, φ)Te j〉e j =

3∑

j=1

〈B(ψ, θ, φ)Q, e j〉e j, (2.13)

͜͜ʹ 〈 · , · 〉ੵΛද͢ه߸Ͱ͋Δɽ
ࣜ (2.10)–(2.13) ͷΑ͏ͳ࡞༻ૉ B Λ༻͍ͨ߹ͷجఈϕΫτϧͷऔΓѻ͍ʹ͍ͭͯͷΑΓৄࡉͳٞ
 [32]Λࢀর͞Ε͍ͨɽ

ҎԼʹ͓͍ͯɼ࡞༻ૉ Bͷ֯ (ψ, θ, φ)؆ศͷͨΊ͠͠লུ͞ΕΔɽ

2.2 ߶ମͷಈྗֶ

ܥඪ࠲ W ߶ମʹݻఆ͞Εͨ࠲ඪܥͳͷͰɼ߶ମͷ෦Λද͢ Q ੩͍ͯͯ͠ࢭʢ͢ͳΘͪɼ
Q̇ = 0ʣ࠲ඪܥW ͕ճస͍ͯ͠Δʢ͢ͳΘͪɼr = 0ʣɽ͜ͷ߹ɼqͷભҠճసͷӡಈͷࣜ࣍Ͱ
༩͑ΒΕΔɽ

q̇ = ṙ + ḂQ = ṙ + B[Ω,Q] = ṙ + [BΩ, BQ], (2.14)

͜͜ʹ [ · , · ]ϕΫτϧੵΛҙຯ͢Δه߸Ͱ͋Δɽ

Ω ∈ W Λ߶ମͷ֯ϕΫτϧͱ͍͏ɽ͜ͷ߹ Ωࣜ࣍Ͱ༩͑ΒΕΔɽ

Ω = BTω. (2.15)
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ϕΫτϧ ω ∈ wɼۭؒ wʹ͓͚Δॠؒճస࣠ͱ͍͍ɼࣜ࣍Ͱ༩͑ΒΕΔɽ

ω = ψ̇e3 + θ̇E(−2)
2 + φ̇E(−1)

1 . (2.16)

ΦΠϥʔ֯ͷ֯ϕΫτϧ ψ̇, θ̇, φ̇ଟ͘ͷจɼॻ੶ͳͲͰɼಈ࠲ඪܥͷجఈϕΫτϧ Ei, i = 1, 2, 3

্ͷ࠲ඪͱͯ͠ද͞هΕ͍ͯΔ͕ɼࣜʢ2.16ʣͷهड़͕ਖ਼͍͜͠ͱΛڧௐ͓ͯ͘͠ɽࣜʢ2.16ʣͷ

ΦΠϥʔ֯ʢςΠτʹϒϥΠΞϯ֯ʣͷ֯ϕΫτϧͷ߹ɼࣜʢ2.14ʣ࣍ͷΑ͏ʹॻ͖͑Β

ΕΔɽ

q̇ = ṙ + ψ̇
∂

∂ψ
(BQ) + θ̇

∂

∂θ
(BQ) + φ̇

∂

∂φ
(BQ). (2.17)

͜͜ͰɼΑΓҰൠతͳ߹ʢQ̇ ! 0ʣͰٞΛਐΊΔɽϚϧνϩʔλͷܗঢ়͕มԽ͢Δ߹ɼ

ΞʔϜͳͲΛऔΓ͚ͯɼΛӡͿࡍͳͲ͕ͦΕʹ૬͢Δɽࣜ (2.5)Λ͏Ұؒ࣌ tͰඍ͢Δͱ

ΛಘΔɽࣜ࣍

q̈ = r̈ + B̈Q + 2ḂQ̇ + BQ̈
= r̈ + B[Ω, [Ω,Q]] + B[Ω̇,Q] + 2B[Ω, Q̇] + BQ̈
= r̈ + [ω, [ω, BQ]] + [ω̇, BQ] + 2[ω, BQ̇] + BQ̈, (2.18)

͜͜ʹࣜʢ2.18ʣͷ 3߲࣍ͷ “Ճత”ͳྗੑ׳ʹରԠ͢Δɽ

B[Ω̇,Q]ɿճసͷྗੑ׳ɼ

2B[Ω, Q̇]ɿCoriolisͷྗɼ

B[Ω, [Ω,Q]]ɿԕ৺ྗɽ

h ∈ wͱ H ∈ W ΛɼͦΕͧΕ੩࠲ࢭඪܥͱಈ࠲ඪܥͰͷ߶ମͷ֯ӡಈྔͱ͓͘ɽ͞ΒʹɼÎΛ߶ମ
ͷੑ׳Ϟʔϝϯτͱ͓͘ͱɼ࡞༻ૉ BʹΑΓҎԼͷΑ͏ͳཱ͕ؔ͢Δɽ

h = Îω = BH ∈ w, (2.19)
H = ÎΩ ∈ W. (2.20)

͞Βʹɼτ ∈ wΛ߶ମʹ͔͔ΔτϧΫʢ֎ྗͷϞʔϝϯτʣͱ͢Δͱɼ֯ӡಈྔͷؒ࣌ඍ͕Ϟʔϝ

ϯτͱ͍͠ͱ͍͏ҎԼͷ͕ؔࣜಘΒΕΔɽ

d
dt

h = τ =
d
dt

BH = BT = ḂH + BḢ = B[Ω,H] + BḢ,

B(Ḣ + [Ω,H] − T) = Ḣ + [Ω,H] − T = ÎΩ̇ + [Ω,H] − T = 0. (2.21)

Ұൠʹɼؔࣜʢ2.21ʣΛΦΠϥʔํఔࣜΛݺͿɽ

·ͨɼΩͱ Ω̇ɼ۩ମతʹͦΕͧΕ࣍ͷΑ͏ʹද͢͜ͱ͕Ͱ͖Δɽ

Ω = (−ψ̇ sin θ + φ̇)E1 + (ψ̇ cos θ sin φ + θ̇ cos φ)E2 + (ψ̇ cos θ cos φ − θ̇ sin φ)E3, (2.22)

Ω̇ = (−ψ̈ sin θ − ψ̇θ̇ cos θ + φ̈)E1

+ (ψ̈ cos θ sin φ − ψ̇θ̇ sin θ sin φ + ψ̇φ̇ cos θ cos φ + θ̈ cos φ − θ̇φ̇ sin φ)E2

+ (ψ̈ cos θ cos φ − ψ̇θ̇ sin θ cos φ − ψ̇φ̇ cos θ sin φ − θ̈ sin φ − θ̇φ̇ cos φ)E3, (2.23)
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ࣜʢ2.21ʣͷτϧΫ τ·ͨɼҎԼͷΑ͏ʹ༩͑ΒΕΔɽ

τ = [r, f ]. (2.24)

͜͜Ͱɼrͱ f ɼͦΕͧΕ֎ྗ͕͔͔ΔҐஔϕΫτϧͱ֎ྗϕΫτϧΛද͢ɽ
߶ମͷ֯ӡಈྔͷ࠲ඪࣜ࣍Ͱ༩͑ΒΕΔɽ

H =
3∑

i=1

HiEi. (2.25)

͕ͨͬͯ͠ɼ

(H1,H2,H3)T = Î(Ω1,Ω2,Ω3)T. (2.26)

ͱॻ͚Δɽ

Î߶ମͷੑ׳ϞʔϝϯτΛද͠ɼࣜ࣍Ͱఆٛ͢Δɽ

Î =




I11 I12 I13
I21 I22 I23
I31 I32 I33


 , (2.27)

ÎEk = I1k E1 + I2k E2 + I3k E3. (2.28)

ຊจɼষ 3.2Ͱఆٛ͢Δɼඪ४తͳରশͳܗঢ়Λ༗͢ΔϚϧνϩʔλͷΈΛѻ͏ͷͰɼੑ׳Ϟʔ

ϝϯτͷྻߦ Îʹ͍ͭͯɼର֯Ҏ֎ 0ʢIkl = 0, for k ! lʣͱԾఆ͢Δɽ
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ୈ 3ষ

ϚϧνϩʔλͷྗֶγεςϜͱͯ͠ͷঢ়
ଶํఔࣜ

ຊষɼલষΛૅجʹஔ͖ɼϚϧνϩʔλͷಈྗֶͷঢ়ଶํఔࣜʹ͍ͭͯٞ͢ΔɽಛʹɼϚϧν

ϩʔλͷΦΠϥʔ֯ͷ֯ͱ֯ͷճసΛঢ়ଶมʹͭ࣋ঢ়ଶํఔࣜΛఆཧͱͯ͠ɼϚϧνϩʔλ

ͷΦΠϥʔ֯ʹґΔฒਐʹ͓͚ΔมҐΛঢ়ଶมʹͭ࣋ঢ়ଶํఔࣜ·ͨఆཧͱͯ͠༩͑ΔɽՃ͑ͯɼ

ຊจͰѻ͏ɼඪ४తͳରশͳܗঢ়Λ༗͢ΔϚϧνϩʔλͷػମϑϨʔϜͷߏΛهड़͢Δɽ

3.1 ΦΠϥʔ֯ͷঢ়ଶมΛͭ࣋ϚϧνϩʔλͷΦΠϥʔʹϥάϥϯ

δϡํఔࣜ

span{ε1, ε2, ε3} Λ 3 ఈϕΫτϧجϕΫτϧۭؒͷ࣮ܥӈखݩ࣍ R3ʢ͢ͳΘͪɼަۭؒʣͱ͠ɼ

x = (ψ, θ, φ)T ͱ ẋ = (ψ̇, θ̇, φ̇)T ΛͦΕͧΕࣜ (3.1)ͱࣜ (3.2)ͷΑ͏ʹهड़͢Δɽ

x = ψε1 + θε2 + φε3 = ψε1 + η, (3.1)
ẋ = ψ̇ε1 + θ̇ε2 + φ̇ε3 = ψ̇ε1 + η̇, (3.2)

η = θε2 + φε3, (3.3)
η̇ = θ̇ε2 + φ̇ε3. (3.4)

߶ମͷঢ়ଶมͱͯ͠ɼॠؒ֯Ω ∈ W ͱฒਐͷม rͱ ṙΛબͼɼ߶ମͷϥάϥϯδΞϯ LΛ

ҎԼʹఆٛ͢Δɽ

L =
1
2

m〈ṙ, ṙ〉 + 1
2
〈ÎΩ,Ω〉 − mg〈r, e3〉, (3.5)

͜͜ʹ m߶ମͷ૯ॏྔΛද͠ɼgॏྗՃΛද͢ɽͦͯ͠ɼ〈 · , · 〉ੵΛද͢ه߸Ͱ͋Δɽ
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3.1.1 ճసͷํఔࣜ

ҰൠԽʹؔͯ͠ɼ֎෦ͷҰൠԽྗʢ·ͨɼϞʔϝϯτʣB(x)Frot(u)ͷԾύϫʔ [34]ɼҎ

ԼͰ༩͑ΒΕΔɽ

〈B(x)Frot(u), δω〉 = 〈B(x)Frot(u),ωẋ(ψ, θ)δẋ〉
= 〈ωẋ(ψ, θ)TB(x)Frot(u), δẋ〉, (3.6)

͜͜ʹ ωẋ(ψ, θ)TB(x)Frot(u)ҰൠԽྗɼͦͯ͠ u ∈ Λ ⊂ Rρ, ρ ∈ NϚϧνϩʔλʹ࡞༻͢Δ֎෦ͷ
ҰൠԽྗΛ੍͢ޚΔϚϧνϩʔλͷೖྗͷ ρύϥϝʔλϕΫτϧΛද͢ [26]ɽ

͕ͨͬͯ͠ɼϚϧνϩʔλͷճసͷঢ়ଶมͱͯ͠ม xɼẋΛબͿͱɼϚϧνϩʔλͷճసͷΦΠ
ϥʔʹϥάϥϯδϡํఔࣜҎԼͷࣜͰ༩͑ΒΕΔɽ

L =
1
2

m〈ṙ, ṙ〉 + 1
2
〈ÎB(x)Tω(ψ, θ, ẋ), B(x)Tω(ψ, θ, ẋ)〉 − mg〈r, e3〉

=
1
2

m〈ṙ, ṙ〉 + 1
2
〈ÎB(x)Tωẋ(ψ, θ) · ẋ, B(x)Tωẋ(ψ, θ) · ẋ〉 − mg〈r, e3〉, (3.7)

d
dt

Lẋ(η, ẋ, ẍ) − Lx(η, ẋ) = ωẋ(ψ, θ)TB(x)Frot(u), (3.8)

ω(ψ, θ, ẋ) = B(x)Ω(η, ẋ). (3.9)

·ͨɼω(ψ, θ, ẋ)ͱ ωẋ(ψ, θ)۩ମతʹҎԼͷࣜͰ༩͑ΒΕΔɽ

ω(ψ, θ, ẋ) = (−θ̇ sinψ + φ̇ cos θ cosψ)e1 + (θ̇ cosψ + φ̇ cos θ sinψ)e2 + (ψ̇ − φ̇ sin θ)e3, (3.10)

ωẋ(ψ, θ) =




0 − sinψ cos θ cosψ
0 cosψ cos θ sinψ
1 0 − sin θ


 . (3.11)

ҎԼʹ͓͍ͯɼ࡞༻ૉ Bͷೖྗม x֯ͱ ωẋ ͷೖྗม ψͱ θ؆ศͷͨΊ͠͠লུ͞Εͯ

͍Δɽ

Lẋk =
1
2
〈ÎBTωẋεk, BTωẋ ẋ〉 + 1

2
〈ÎBTωẋ ẋ, BTωẋεk〉, (3.12)

d
dt

Lẋk =
1
2
〈ÎḂT

ωẋεk + ÎBTω̇ẋεk, BTωẋ ẋ〉 + 1
2
〈ÎBTωẋεk, Ḃ

T
ωẋ ẋ + BTω̇ẋ ẋ + BTωẋ ẍ〉

+
1
2
〈ÎḂT

ωẋ ẋ + ÎBTω̇ẋ ẋ + ÎBTωẋ ẍ, BTωẋεk〉 +
1
2
〈ÎBTωẋ ẋ, ḂT

ωẋεk + BTω̇ẋεk〉

= εT
kω

T
ẋ ḂÎBTωẋ ẋ + εT

k ω̇
T
ẋ BÎBTωẋ ẋ

+ εT
kω

T
ẋ BÎḂT

ωẋ ẋ + εT
kω

T
ẋ BÎBTω̇ẋ ẋ + εT

kω
T
ẋ BÎBTωẋ ẍ, (3.13)

Lxk =
1
2
〈ÎBT

xk
ωẋ ẋ + ÎBTωẋxk ẋ, BTωẋ ẋ〉 + 1

2
〈ÎBTωẋ ẋ, BT

xk
ωẋ ẋ + BTωẋxk ẋ〉

= ẋT(ωT
ẋ Bxk + ω

T
ẋxk

B)ÎBTωẋ ẋ, (3.14)
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͜͜ʹ k = 1, 2, 3ɽḂ(x, ẋ) ∈ R3×3  B(x)ͷؒ࣌ tʹΑΔඍɼͦ ͯ͠ ω̇ẋ(ψ, θ, ψ̇, θ̇) ∈ R3×3  ωẋ(ψ, θ)

ͷؒ࣌ tʹΑΔඍΛද͢ɽྻߦͷඍͷఆٛ [35] (p. 248)Λ༻͍Δɽ·ͨɼ࡞༻ૉ BʹΑΓ ω̇T
ẋ B =

ΩT
x ͱ͍͏͕ؔࣜΓཱͭɽ͕ͨͬͯ͠ɼࣜ (3.13)ͷ߲ εT

k ω̇
T
ẋ BÎBTωẋ ẋͱࣜ (3.14) Lxk ͍͠ɽ

εT
k ω̇

T
ẋ BÎBTωẋ ẋ − ẋT(ωT

ẋ Bxk + ω
T
ẋxk

B)ÎBTωẋ ẋ = 0, (3.15)

͜͜ʹ k = 1, 2, 3.

ͦͷ݁Ռɼ߶ମͷճసͷϕΫτϧํఔ͕ࣜ࣍ͷΑ͏ʹٻ·Δɽ

ωT
ẋ ḂÎBTωẋ ẋ + ωT

ẋ BÎḂT
ωẋ ẋ + ωT

ẋ BÎBTω̇ẋ ẋ + ωT
ẋ BÎBTωẋ ẍ = ωT

ẋ BFrot(u). (3.16)

(ωT
ẋ)−1 Λࣜ (3.16)ͷ྆ลʹֻ͚ɼࣜ (3.17)ͷੑ࣭͕ࣜ (3.16)ʹద༻͞ΕΔͱɼ࣍ͷΑ͏ʹࣜ (3.18)͕

ऴతʹಘΒΕΔɽ࠷

ḂT
ωẋ ẋ = ḂT

ω = −BT ḂBTω = −BTB[Ω,Ω] = (0, 0, 0)T, (3.17)

ḂÎBTωẋ ẋ + BÎBTω̇ẋ ẋ + BÎBTωẋ ẍ = BFrot(u), (3.18)

͜͜ʹ (B(x)ÎB(x)T): x = (ψ, θ, φ) ∈ R3 → R3×3. (Ḃ(x, ẋ)ÎB(x)T): (x, ẋ) = (ψ, θ, φ, ψ̇, θ̇, φ̇) ∈ R6 →
R3×3.

͜͜ͰɼϚϧνϩʔλͷΦΠϥʔ֯ͷ֯ͱ֯ͷঢ়ଶมΛؚΉ໌ࣔతͳࣜܗͷճసͷಈྗֶ

ํఔࣜͷఆཧ 1Λ༩͑Δɽ

ఆཧ 1

͠ det(BÎBTωẋ) = −I11I22I33 cos θ ! 0 ͳΒɼ (3.19)

Ϛϧνϩʔλͷճసͷঢ়ଶͷಈྗֶํఔࣜΦΠϥʔ֯ͷ֯ͱ֯ͷঢ়ଶม (x, ẋ)T ∈ Σrot ⊂ R6

ͱϚϧνϩʔλʹ༩͑ΔҰൠԽྗΛ੍͢ޚΔೖྗϕΫτϧؔ u ∈ Λ ⊂ Rρ Λ༻͍ͯҎԼͷΑ͏ʹ໌
ࣔతʹهड़͞ΕΔɽ

d
dt

(
x
ẋ

)
=

(
ẋ

Y(η, ẋ) + Z(η)Frot(u)

)
, (3.20)

Z(η) = (B(x)ÎB(x)T · ωẋ(ψ, θ))−1 · B(x), (3.21)

Y(η, ẋ) = −(B(x)ÎB(x)T · ωẋ(ψ, θ))−1(Ḃ(x, ẋ)ÎB(x)T · ωẋ(ψ, θ) + B(x)ÎB(x)T · ω̇ẋ(ψ, θ, ψ̇, θ̇)) · ẋ, (3.22)

͜͜ʹ t ∈ Rؒ࣌Λද͢ɽx = (ψ, θ, φ)T = (ψ, η)T, η = (θ, φ)T, ẋ = (ψ̇, θ̇, φ̇)T = (ψ̇, η̇)T, η̇ = (θ̇, φ̇)T,ͦ

ͯ͠ ρ ∈ N.

ূ໌ 1 ࣜʢ3.18ʣΛࣜʢ3.23ʣʹ࠶ཧ͢Δɽ
(

I3×3 03×3

03×3 BÎBTωẋ

)
d
dt

(
x
ẋ

)
=

(
ẋ

−(ḂÎBTωẋ + BÎBTω̇ẋ)ẋ + BFrot(u)

)
, (3.23)
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͜͜ʹ I3×3  3 × 3ͷ߃ྻߦɼ03×3  3 × 3ͷθϩྻߦΛද͢ɽ

ࣜʢ3.23ʣͷࠨลͷྻߦ




I3×3 03×3

03×3 BÎBTωẋ



͕ඇಛҟͰ͋Δͱ͖ɼࣜʢ3.23ʣࣜʢ3.20ʣʹม͞Ε

Δɽͦͯ͠ɼߦల։ࣜ [36]͔ΒɼҎԼͷࣜΛಘΔɽ

det
(

I3×3 03×3

03×3 BÎBTωẋ

)
= det(BÎBTωẋ), (3.24)

det(BÎBTωẋ) = det(B)det(Î)det(BT)det(ωẋ)
= −I11I22I33 cos θ. (3.25)

det(B) = det(BT) = 1, det(Î) = I11I22I33, det(ωẋ) = − cos θ ͔Βࣜʢ3.25ʣ͕Γཱͭɽ͕ͨͬͯ͠ɼ

͠ det(Î) ! 0ɼθ ! π/2 [rad]Ͱ͋Δͱ͖ࣜʢ3.20ʣ͕Γཱͭɽ୯७ͳࢉܭྻߦΛ༻͢Δͱɼࣜ

ʢ3.21ʣͷ͕ؔঢ়ଶม ψ, ẋΛͨ࣋ͳ͍͜ͱɼࣜʢ3.22ʣͷ͕ؔঢ়ଶม ψΛͨ࣋ͳ͍͜ͱ͕༰қ

ΕΔɽΑͬͯɼલड़ͷ͔ٞΒূ໌Λऴ͑Δɽ͞ূݕʹ

3.1.2 ฒਐͷํఔࣜ

Ϛϧνϩʔλͷฒਐͷঢ়ଶมͱͯ͠ม r, ṙΛબͿͱɼΦΠϥʔɾϥάϥϯδϡํఔࣜҎԼͷ
ࣜͰ༩͑ΒΕΔɽ

d
dt

Lṙ(ṙ) − Lr = B(x)Ftra(u), (3.26)

͜͜ʹɼB(x)Ftra(u)ҰൠԽྗʢ͍ΘΏΔਪྗʣͱݟͳ͞ΕΔɽ

͕ͨͬͯ͠ɼϚϧνϩʔλͷฒਐͷϕΫτϧํఔ͕ࣜ࣍ͷΑ͏ʹٻ·Δɽ

r̈ = −ge3 +
1
m

B(x)Ftra(u). (3.27)

ΑͬͯɼϚϧνϩʔλͷฒਐͷঢ়ଶํఔࣜΛҎԼͷΑ͏ʹ·ͱΊΒΕΔɽ

d
dt

(
r
ṙ

)
=

(
ṙ

−ge3 +
1
m B(x)Ftra(u)

)
. (3.28)

ͷϚϧνϩʔλͷͨΊͷฒਐͷঢ়ଶํఔࣜͷఆཧࣜܗɼҎԼʹɼ໌ࣔతͳ͍ͯͮجʹࢉܭͷه্ 2

Λ༩͑Δɽ

ఆཧ 2 (x(t), ẋ(t))T Λఆཧ 1ͷࣜʢ3.20ʣͷղͱ͢Δɽͦͯ͠ɼ໌ࣔతͳࣜܗͷϚϧνϩʔλͷͨΊ

ͷฒਐͷมҐͱͷঢ়ଶํఔࣜҎԼͷΑ͏ʹ༩͑ΒΕΔɽ

d
dt

(
r
ṙ

)
=

(
ṙ

−ge3 +
1
m B(φ1(t, (x0, ẋ0)T,u))Ftra(u)

)
; (3.29)

͜͜ʹɼॳظ (t0, (x0, ẋ0)T) ∈ R × Σrot ⊂ R × R6 ͱ u ∈ Λ Λͭ࣋ (x(t), ẋ(t))T = (φ1(t, (x0, ẋ0)T,u),

φ2(t, (x0, ẋ0)T,u))T = φ(t, (x0, ẋ0)T,u) ∈ Σrot⊂ R6ɽ

ূ໌ 2 Ϛϧνϩʔλͷฒਐͷঢ়ଶํఔࣜࣜʢ3.28ʣͰ͋Δɽͦͯ͠ɼࣜʢ3.28ʣB(x)ͷΦΠϥʔ

֯ xɼࣜʢ3.20ʣͷղ φ1(t, (x0, ẋ0)T,u)Ͱ༩͑ΒΕΔɽΑͬͯɼࣜʢ3.28ʣࣜʢ3.29ʣʹॻ͖͑

ΒΕΔɽূ໌ऴΘΓɽ
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3.2 ඪ४తͳରশͳܗঢ়Λ༗͢ΔϚϧνϩʔλͷػମϑϨʔϜߏ

ຊจͰٞ͢ΔϚϧνϩʔλɼ[20]ͱಉ༷ʹɼશͯͷϩʔλಉ͡Ͱ͋ΓɼۉʹɼಉҰฏ໘্

ʹஔ͞ΕɼϚϧνϩʔλͷزԿֶతத৺͔Βͷڑ͍͜͠ͱΛԾఆ͢ΔɽϚϧνϩʔλϩʔ

λͷͰ۠ผ͞ΕɼΫΞουϩʔλɼϔΩαϩʔλɼΦΫτϩʔλ͕ྑ͘ΒΕ͍ͯΔɽਤ 3.1–3.3ʹ

ࣔ͢Α͏ʹɼྡ͍ͯ͠Δϩʔλͷ൪߸Λܭ࣌ճΓʹ൪߸͚͢Δɽ

ਤ 3.1 ඪ४తͳߏͷΫΞουϩʔλ

ਤ 3.2 ඪ४తͳߏͷϔΩαϩʔλ

ਤ 3.3 ඪ४తͳߏͷΦΫτϩʔλ

ਤ 3.1–3.3 ͷ Fi (i = 1, 2, . . . , 2p, p = 2, 3, 4) ͱ Mi (i = 1, 2, . . . , 2p, p = 2, 3, 4) ͦΕͧΕɼਨ

ͷྗͱϞʔϝϯτΛද͍ͯ͠ΔɽϚϧνϩʔλͷͦΕͧΕͷϞʔλ֯ ωi Λ͓ͯͬ࣋Γɼ

Fi (i = 1, 2, . . . , 2p, p = 2, 3, 4)ͱ Mi (i = 1, 2, . . . , 2p, p = 2, 3, 4)ҎԼͷΑ͏ʹ [12]ͱಉ༷ʹఆٛ
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͞Ε͍ͯΔɽ͜͜ʹ 2p, p = 2, 3, 4ඈʹߦΘΕΔϚϧνϩʔλͷػମʹݻఆ͞ΕͨϞʔλͷݸ

Λද͢ʢp = 2: ΫΞουϩʔλɼp = 3: ϔΩαϩʔλɼp = 4: ΦΫτϩʔλʣɽ

Fi = kFiω
2
Mi, i = 1, 2, . . . , 2p, p = 2, 3, 4, (3.30)

Mi = kMiω
2
Mi, i = 1, 2, . . . , 2p, p = 2, 3, 4. (3.31)

ɼkFʹࡍ࣮ > 0 ͱ kM > 0 ͕੩తͳεϥετݧࢼͰ؆୯ʹܾఆͰ͖Δఆͱͯ͠༩͑ΒΕΔΑ͏

ͳ୯७ͳूதఆϞσϧ͕ద༻͞ΕΔɽඪ४తͳରশͳܗঢ়Λ༗͢ΔϚϧνϩʔλʹɼ࣍ͷΑ͏ʹ p

ͷόϦΤʔγϣϯΛద༻͠ɼΫΞουϩʔλʢp = 2ʣɼϔΩαϩʔλʢp = 3ʣɼͦͯ͠ΦΫτϩʔλ

ʢp = 4ʣʹରͯ͠ɼࣜ (3.20)ͷϞʔϝϯτ Frot(u)ͱࣜ (3.29)ͷฒਐͷྗ Ftra(u)ΛͦΕͧΕ Srot2pu2p

ͱ Stra2pu2p, p = 2, 3, 4ͱஔ͍ͯɼҎԼͷΑ͏ʹఆٛ͢Δɽ

ΫΞουϩʔλʢp = 2ʣɼ

Srot4 =




0 −) · kF2 0 ) · kF4
) · kF1 0 −) · kF3 0
−kM1 kM2 −kM3 kM4


 , (3.32)

Srot4 : span{εM1, εM2, εM3, εM4}→ span{E1, E2, E3}, (3.33)

u4 = (ω2
M1,ω

2
M2,ω

2
M3,ω

2
M4)T. (3.34)

ϔΩαϩʔλʢp = 3ʣɼ

Srot6 =




0 −
√

3
2 ) · kF2 −

√
3

2 ) · kF3 0
√

3
2 ) · kF5

√
3

2 ) · kF6
) · kF1 0.5) · kF2 −0.5) · kF3 −) · kF4 −0.5) · kF5 0.5) · kF6
−kM1 kM2 −kM3 kM4 −kM5 kM6



, (3.35)

Srot6 : span{εM1, εM2, . . . , εM6}→ span{E1, E2, E3}, (3.36)

u6 = (ω2
M1,ω

2
M2, . . . ,ω

2
M6)T. (3.37)

ΦΫτϩʔλʢp = 4ʣɼ

Srot8 =




0 −
√

2
2 ) · kF2 −) · kF3 −

√
2

2 ) · kF4 0
√

2
2 ) · kF6 ) · kF7

√
2

2 ) · kF8

) · kF1

√
2

2 ) · kF2 0 −
√

2
2 ) · kF4 −) · kF5 −

√
2

2 ) · kF6 0
√

2
2 ) · kF8

−kM1 kM2 −kM3 kM4 −kM5 kM6 −kM7 kM8



, (3.38)

Srot8 : span{εM1, εM2, . . . , εM8}→ span{E1, E2, E3}, (3.39)

u8 = (ω2
M1,ω

2
M2, . . . ,ω

2
M8)T. (3.40)

Ϛϧνϩʔλʢp = 2, 3, 4ʣͷฒਐͷྗɼ

Stra2p =




0 0 · · · 0
0 0 · · · 0

kF1 kF2 · · · kF2p


 , (3.41)
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Stra2p : span{εM1, εM2, . . . , εM2p}→ span{E1, E2, E3}, (3.42)

u2p = (ω2
M1,ω

2
M2, . . . ,ω

2
M2p)T, (3.43)

͜͜ʹ span{εM1, εM2, . . . , εM2p}ӈखܥ 2p࣮ݩ࣍ϕΫτϧۭؒͷجఈϕΫτϧΛද͢ɽ

͕ͨͬͯ͠ɼඪ४తͳରশͳܗঢ়Λ༗͢ΔϚϧνϩʔλ p = 2, 3, 4ͷঢ়ଶํఔࣜҎԼͷΑ͏ʹ·

ͱΊΒΕΔɽ

d
dt

(
x
ẋ

)
=

(
ẋ

Y(η, ẋ) + Z(η)Srot2pu2p

)
, (3.44)

d
dt

(
r
ṙ

)
=

(
ṙ

−ge3 +
1
m B(φ1(t, (x0, ẋ0)T,u2p))Stra2pu2p

)
, (3.45)

͜͜ʹ u2p ∈ Λ2p ⊂ R2p Ͱ͋Δɽ
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ୈ 4ষ

Ϛϧνϩʔλͷඈߦঢ়ଶͱඈ࡞ૢߦɼ͓
Αͼඈߦͷಈ࡞

ຊষͰɼϚϧνϩʔλͷಈྗֶͷঢ়ଶํఔࣜΛૅجʹஔ͖ɼϚϧνϩʔλͷඈ࡞ૢߦ∗ɼඈߦঢ়ଶɼ

ͦͯ͠ඈߦͷಈ࡞ʢ·ͨฏߧʣΛఆٛ͠ɼͦΕΒͷؔΛ໌֬ʹهड़͢Δɽ·ͨɼΦΠϥʔ֯

ͷঢ়ଶ͕ϚϧνϩʔλͷͦΕͧΕͷϞʔλͷճసͷ੍ޚʹΑͬͯɼͲͷΑ͏ʹୡ͞ΕΔ͔Λ༩

͑Δɼ͢ͳΘͪɼͦΕͧΕͷϞʔλͷճసͷมԽʹΑͬͯࡏݱͷಈ࡞ͷঢ়ଶ͔Βɼܭըͨ͠ಈ

ߴͷঢ়ଶʹͲͷΑ͏ʹୡ͞ΕΔ͔ΛѲͰ͖ΔఆཧΛ༩͑Δɽͦͯ͠ɼϚϧνϩʔλͷҰఆ࡞

ͷඈߦͱϗόϦϯάͷඈߦΛؚΉɼҙͷඈߦঢ়ଶ͕ͲͷΑ͏ͳϞʔλͷճసͷ੍ޚʢϑΟʔυ

ϑΥϫʔυ੍ޚʣʹΑͬͯୡ͞ΕΔ͔Λ༩͑ΔఆཧΛ༩͑Δɽ͞ΒʹɼશͳϞʔλނো͕ଘ͢ࡏ

Δ߹ͷϚϧνϩʔλͷଘϞʔλͷϞʔλ੍ޚ৴߸ϕΫτϧͷఆٛΛ༩͑ɼϞʔλނো࣌ͷ

མΛճආ͢Δඈ࡞ૢߦɼඈߦঢ়ଶɼͦͯ͠ඈߦͷಈ࡞ʢ·ͨฏߧʣΛͦΕͧΕఆٛ͠ɼͦΕΒ

ͷؔΛ໌֬ʹهड़͢ΔɽՃ͑ͯɼނো͕ͳ͍ਖ਼ৗͳ߹ͷճసͷ੍ޚΛ༩͑ΔఆཧΛϞʔλނ

োͷܗʹ֦ு͠ɼશͳϞʔλނো͕ଘ͢ࡏΔ߹ʹམΛճආ͢Δඈߦঢ়ଶͷͨΊͷϞʔλ

੍ޚ৴߸ʢϑΟʔυϑΥϫʔυ੍ޚʣΛٻΊΔఆཧΛ༩͑Δɽ

ਤ 4.1 ςΠτʹϒϥΠΞϯ֯ͷϤʔ֯ɼϩʔϧ֯ɼϐον͕֯΄΅θϩͰ͋Δ߹ͷΫΞουϩʔ

λͷճసӡಈͱฒਐӡಈͷඈߦঢ়ଶɽΦΠϥʔ֯ͷճస֯ͷൣғͷఆٛ 5ͷهड़͔ΒɼςΠτʹϒ
ϥΠΞϯ֯ͷঢ়ଶΛ؆୯ʹઆ໌Ͱ͖ͳ͍͜ͱʹҙ͞Ε͍ͨɽ

∗ Ϛϧνϩʔλͷҙͷඈߦঢ়ଶΛ࣮͢ݱΔϞʔλ੍ޚͷ͜ͱɽϑϥΠτϚψʔό·ͨϑϥΠτίϯτϩʔϧͱ͏ݴɽ
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ද 4.1 ϚϧνϩʔλͷϑϥΠτϚψʔόͱඈߦঢ়ଶʢਤ 4.1ʣ

ϑϥΠτϚψʔό ؔ࿈͢Δঢ়ଶม ඈߦঢ়ଶ

(i-1)ߴΛ্͛Δ੍ޚ r3 ɼํ d
dt ṙ3 > 0 ॏྗԼͰϚϧνϩʔλ͕ු͖ɼ

ಈ͘ɽʹํ্

(i-2)ߴΛԼ͛Δ੍ޚ r3 ɼํ d
dt ṙ3 < 0 ॏྗԼͰϚϧνϩʔλ͕ු͖ɼ

Լํʹಈ͘ɽ

(ii)ϗόϦϯά͢Δ੍ޚ r3 ɼṙ1ํ = ṙ2 = ṙ3 = 0, d
dt ṙ1 =

d
dt ṙ2 =

d
dt ṙ3 = 0, ψ̇ = θ̇ = φ̇ = 0

ॏྗԼͰϚϧνϩʔλ͕ු͖ฏ

ঢ়ଶʹ͋Γɼճసӡಈͳ͘ɼߧ

ۭதͷ 1ͭͷॴͰఀ͢ࢭΔɽ

(iii-1) ਖ਼ํͷϤʔͷճసͷ੍

ޚ

ψ, 0 ≤ ψ < 2π, ψ̇ > 0 ͦͷͰܭ࣌ճΓͷϤʔͷճ

సΛ͢Δɽ

(iii-2) ෛํͷϤʔͷճసͷ੍

ޚ

ψ, −2π < ψ ≤ 0, ψ̇ < 0 ͦͷͰܭ࣌ճΓͷϤʔͷճస

Λ͢Δɽ

(iv-1) ਖ਼ํͷϐονͷճసͷ

ޚ੍

r1 ɼํ d
dt ṙ1 > 0, θ, 0 ≤ θ < π

2 , θ̇

> 0

ϐον͕ܭ࣌ճΓʢਖ਼ํʣ

ʹճస͠ɼػट͕Լ͕Γɼػඌ

Ճ͠ʹΓɼલํ্͕͕ͪ࣋

ΊΔɽ࢝

(iv-2) ෛํͷϐονͷճసͷ

ޚ੍

r1 ɼํ d
dt ṙ1 < 0, θ, − π2 < θ ≤ 0, θ̇

< 0

ϐον͕ܭ࣌ճΓʢෛํʣʹ

ճస͠ɼػट্͕͕ͪ࣋Γɼػ

ඌ͕Լ͕ΓɼޙΖํʹՃ͠

ΊΔɽ࢝

(v-1) ਖ਼ํͷϩʔϧͷճసͷ

ޚ੍

r2 ɼํ d
dt ṙ2 < 0, φ, 0 ≤ φ < π

2 , φ̇

> 0

ϩʔϧ͕ܭ࣌ճΓʹճస͠ɼ

ࠨମͷػମͷӈଆ͕Լ͕Γɼػ

ଆ্͕͕ͪ࣋ΓɼӈํʹՃ

ΊΔɽ࢝͠

(v-2) ෛํͷϩʔϧͷճసͷ

ޚ੍

r2 ɼํ d
dt ṙ2 > 0, φ, − π2 < φ ≤ 0,

φ̇ < 0

ϩʔϧ͕ܭ࣌ճΓʹճస͠ɼػ

ମͷӈଆ্͕͕ͪ࣋Γɼػମͷ

Ճ͠ʹํࠨଆ͕Լ͕Γɼࠨ

ΊΔɽ࢝

ճసͷӡಈͷΦΠϥʔ֯ͷঢ়ଶม x = (ψ, θ, φ)T, ẋ = (ψ̇, θ̇, φ̇)T ͱฒਐͷӡಈͷঢ়ଶม r =
(r1, r2, r3)T, ṙ = (ṙ1, ṙ2, ṙ3)Tʢਤ 4.1ʣΛ༻͍ͯɼϚϧνϩʔλͷඈ࡞ૢߦʢϑϥΠτϚψʔόʣͱඈߦ

ঢ়ଶΛද 4.1ʹ·ͱΊΔɽϚϧνϩʔλඈߦʹ 2pݸͷػମʹݻఆ͞ΕͨϞʔλΛ༻͍ΔʢΫΞου

ϩʔλ p = 2ɼϔΩαϩʔλ p = 3ɼͦͯ͠ΦΫτϩʔλ p = 4ʣɽϞʔλͷ֯ϕΫτϧ u2p ද

4.1ͷඈߦঢ়ଶʢ·ͨಈ࡞ʣΛୡ͢ΔͨΊʹΘΕΔɽબͨ͠ඈߦঢ়ଶ·ͨಈ࡞Λୡ

͢ΔͨΊʹɼϞʔλͷ੍ํޚ๏ͳͲɼϚϧνϩʔλͷϚψʔόΛཧղ͢Δ͜ͱ͕ॏཁͰ͋Δɽ

ΦΠϥʔ֯Λঢ়ଶมͱ͢Δঢ়ଶํఔࣜ [ࣜ (3.44)] d
dt (x, ẋ)T = (03, 03)T, 03 = (0, 0, 0)T Λอ࣋͢

Δͱ͖ɼϤʔ ψɼ ϐον θɼͦͯ͠ϩʔϧ φ ͷಈ͖ݻఆ͞ΕΔɽ࣍ʹɼฒਐͷมҐΛঢ়ଶมͱ
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͢Δঢ়ଶํఔࣜ [ࣜ (3.45)] ͕ࣔ͢Α͏ʹɼr̈  x(t) = φ1(t, (x0, ẋ0)T,u) ʹґଘ͢ΔͨΊɼri ͷӡಈ

 d
dt ṙi = 〈ei,

1
m B(x)Stra2pu2p〉, i = 1, 2 ͰͦΕͧΕ༩͑ΒΕΔɽϚϧνϩʔλͷ r3 ͷӡಈɼ d

dt ṙ3 =

〈e3,−ge3 +
1
m B(x)Stra2pu2p〉ʹΑͬͯ༩͑ΒΕΔߴΛৗʹҡ࣋·੍ͨ͢ޚΔɽ

ҎԼʹ͓͍ͯɼϚϧνϩʔλͷಈ࡞ͱฏߧͷఆٛ 6Λ༩͑Δɽ

4.1 Ϛϧνϩʔλͷಈ࡞ʢ·ͨɼඈߦঢ়ଶʣɼඈؔ͢ʹ࡞ૢߦ

Δॾఆཧ

ఆٛ 6 Ϛϧνϩʔλͷಈ࡞ʢ·ͨɼඈߦͷಈ࡞ͱ͏ݴʣ(xop, ẋop)T ∈ R3×R3, xop = (ψop, ηop)T,

ηop = (θop, φop)T,ͦͯ͠ (rop, ṙop)T ∈ R3 × R3 ҎԼͷࣜʹΑܾͬͯఆ͞ΕΔɽ

(
ẋop

Z(ηop)Srot2pu2p(op)

)
=

(
03
03

)
, (4.1)

(
ṙop

〈e3,−ge3 +
1
m B(xop)Stra2pu2p(op)〉

)
=

(
03
c

)
, (4.2)

Z(ηop) = (B(xop)ÎB(xop)T · ωẋ(ψop, θop))−1 · B(xop), (4.3)

r̈1 = 〈e1,
1
m B(xop)Stra2pu2p(op)〉, (4.4)

r̈2 = 〈e2,
1
m B(xop)Stra2pu2p(op)〉, (4.5)

r̈3 = c, (4.6)

͜͜ʹ c ∈ Rఆɼ03 = (0, 0, 0)T Ͱ͋Δɽ͠ c = 0ͳΒಈ࡞ (xop, ẋop)T ͱ (rop, ṙop)T ఆߴ

ඈߦͷঢ়ଶʹ͋Δɽ͞Βʹ͠ r̈1 = r̈2 = 0͔ͭ c = 0 (r̈3 = 0)ͳΒඈߦͷಈ࡞Λฏߧ (xe, ẋe)T

ͱ (re, ṙe)T ͱݺͼɼϗόϦϯάͷඈߦঢ়ଶʹ͋Δɽ

Ϛϧνϩʔλͷಈ࡞ͷఆٛΛ༻͍ͯҎԼͷఆཧ 3, 4͕ಋग़͞ΕΔɽ

ఆཧ 3 H(u2p, x)Λ ũ2p ∈ R2p ͱ x̃ ∈ R3 ͷۙͷྖҬͰ R3 ͷҬΛͭ࣋ C1 ؔͱ͓͘ɽ͞Βʹࣜ

(4.1)ͱࣜ (4.2)Λ༻͍ͯ༩͑ΒΕɼH(ũ2p, x̃) = cΛຬͨ͢ͱ͢Δɽ۩ମతʹҎԼͷΑ͏ʹఆٛ͞Ε
Δͷͱ͢Δɽ

H(u2p, x) =




〈εi, Z(η)Srot2pu2p〉
〈e j,−ge3 +

1
m B(x)Stra2pu2p〉

〈e3,−ge3 +
1
m B(x)Stra2pu2p〉


 , (4.7)

Z(η) = (B(x)ÎB(x)T · ωẋ(ψ, θ))−1 · B(x), (4.8)

͜͜ʹ 1 ≤ i ≤ 3, 1 ≤ j ≤ 2, i, j ∈ N, c = (0, r̈ j, c)T ∈ R3, r̈ j, c ∈ R͋Δఆɼx = (ψ, η)T, η = (θ, φ)T

Ͱ͋Δɽ

͜ͷͱ͖ɼ͠ εi ͱ e j ͕ɼHx(ũ2p, x̃)͕ྻߦٯΛͭ࣋Α͏ʹબͰ͖Εɼશͯͷ u2p ∈ U ʹର

ͯ͠ɼH(u2p, x(u2p)) = c = (0, r̈ j, c)T ͱ x(ũ2p) = x̃Λຬ͢ΔΑ͏ͳ C1 ؔ x: U → R3 ͱ ũ2p ͷۙ
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 U ͕ଘ͢ࡏΔɽ͞Βʹ H(u2p, z) = cΛຬ͢Δ V ͷதͷ།Ұͷղ z͕ଘ͢ࡏΔΑ͏ͳɼ͢ͳΘͪ
z = x(u2p)Ͱ͋ΔΑ͏ͳ x̃ͷۙ VʢV  x(U)ͷ૾Ͱ͋Δʣ͕ଘ͢ࡏΔதͰ x།ҰͰ͋Δɽ͞Βʹ
(i) xͷඍɼ͢ͳΘͪ 3 × 2pྻߦ dx(u2p)ҎԼͷΑ͏ʹӄతඍԋࢉʹΑͬͯࢉܭͰ͖Δɽ

dx(u2p) = −[Hx(u2p, x(u2p))−1Hu2p (u2p, x(u2p))]. (4.9)

(ii) x(u2p), u2p ∈ U ҎԼͷΑ͏ʹ (ũ2p, x̃)ͰͷΞϑΟϯۙࣅʹΑͬͯۙ͞ࣅΕΔɽ

x(u2p) ≈ x̃ + dx(ũ2p) · (u2p − ũ2p)
= x̃ − [Hx(ũ2p, x̃)−1Hu2p (ũ2p, x̃)] · (u2p − ũ2p). (4.10)

(iii) ψ̈ҎԼͷΑ͏ʹܾఆ͞ΕΔɽ

ψ̈ = 〈ε1,Y(η, ẋ) + Z(η)Srot2pu2p〉. (4.11)

ূ໌ 3 ࣜ (4.2) ͷ 4 ߦ 〈e3,−ge3 +
1
m B(x)Stra2pu2p〉 ͱࣜ (4.8) ͷؔঢ়ଶม ψ ΛؚΜͰ͓Β

ͣɼ ∂
∂x (Z(η)Srot2pu2p) ϥϯΫ 2 Ͱ͋Δɽ͞Βʹɼఆཧ 1 ͱࣜ (3.44) ͔Βɼঢ়ଶม ψ ঢ়ଶม

 θ ͱ φ ʹӨڹΛ༩͑ͳ͍͜ͱ໌Β͔Ͱ͋Δɽͦͯ͠ɼψ̈  ψ ͱ ψ̇ ͷΘΓʹɼࣜ (3.44)

ψ̈ = 〈ε1,Y((θ, φ)T, (ψ̇, θ̇, φ̇)T)+Z((θ, φ)T)Srot2pu2p〉ʹΑͬͯͷΈܾఆ͞ΕΔɽ͕ͨͬͯ͠ɼH(u2p, x)

ͱ cͷߏஙɼղੳՄͰ߹ཧత͔ͭޮՌతʹߦΘΕΔɽ
H(u2p, x) ∈ R3, c ∈ R3, u2p ∈ R2p,ͦͯ͠ x ∈ R3 ͷӄؔఆཧͷ F(x, y) ∈ Rm, c ∈ Rm, x ∈ Rn,

ͦͯ͠ y ∈ Rm ʹͦΕͧΕஔ͖͑Δ͜ͱ͕Ͱ͖ΔͷͰɼͷӄؔఆཧͱಉ༷ͷ݁Ռ͕ಘΒΕΔɽ

͞Βʹɼ(iii)ͷ݁Ռࣜ (3.44)ͷ ͔ΒಘΒΕΔ͜ͱ໌Β͔Ͱ͋Δɽ͔ͯ͘͠ɼఆཧߦ3 3ূ໌

͞Εͨɽ

ఆཧ 3ͷΫΞουϩʔλͷԠ༻ྫΛҎԼʹࣔ͢ɽ۩ମతͳύϥϝʔλͷਤ 4.2ʹࣔ͞ΕΔɽ

͜ΕΒͷύϥϝʔλɼ5ষͰࣔ͞ΕΔύϥϝʔλͱಉҰͰ͋Δɽ

ਤ 4.2 ͷྗʗϞʔϝϯτΔਨํ͢༺࡞ͱΫΞουϩʔλʹϞʔλʹΑͬͯܥඪ࠲ (m =
1.656 [kg], g = 9.80665 [m/s2], ) = 0.365 [m], I11 = 0.01982 [kg ·m2], I22 = 0.01954 [kg ·m2], I33 =

0.03221 [kg ·m2], kF = 1.79 × 10−7 [N/rpm2], kM = 4.38 × 10−9 [Nm/rpm2])

x̃ = (ψ̃ [rad], θ̃ [rad], φ̃ [rad])T = (0 [rad], 0.5236 [rad], 0 [rad])T,ͦͯ͠ ũ4 = (ω̃M1 [rpm], ω̃M2 [rpm],

ω̃M3 [rpm], ω̃M4 [rpm])T = (5118.6279 [rpm], 5117.6279 [rpm], 5117.6279 [rpm], 5118.6279 [rpm])T,

x(u4), u4 ∈ U ্هͷ (ũ4, x̃)ʹ͓͚ΔҎԼͷΞϑΟϯมʹΑͬͯਪఆ͞ΕΔɽ
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x(u4) ≈ x̃ −



−0.7946 × 10−5 0.7946 × 10−5 −0.7946 × 10−5 0.7946 × 10−5

−0.1653 × 10−7 −0.1653 × 10−7 −0.1653 × 10−7 −0.1653 × 10−7

−0.3973 × 10−5 0.3973 × 10−5 −0.3973 × 10−5 0.3973 × 10−5




· (u4 − ũ4). (4.12)

͜͜ʹ ψ̈ఆཧ 3ͷ߲ (iii)ʹΑܾͬͯఆ͞ΕΔɽఆཧ 3ɼͦΕͧΕͷϞʔλͷมԽʹԠͯ͡

มԽ͢ΔΦΠϥʔ֯ͷঢ়ଶΛਪఆͰ͖Δɽ

ఆཧ 4 F(x,u2p) Λ x̃ ∈ R3 ͱ ũ2p ∈ R2p ͷۙͷྖҬͰ R2p, p = 2, 3, 4 ͷҬΛͭ࣋ C1 ؔͱ͓

͘ɽ͞Βʹࣜ (4.1)ͱࣜ (4.2)ͷԼͷߦɼͦ ΕͧΕ Z(ηop)Srot2pu2p(op)ͱ 〈e3,−ge3+
1
m B(xop)Stra2pu2p(op)〉

Λ༻͍ͯ༩͑ΒΕɼF(x̃, ũ2p) = 02p = (0, 0, . . . , 0)T Λຬͨ͢ͱ͢Δɽ۩ମతʹҎԼͷΑ͏ʹఆٛ͞

ΕΔͷͱ͢Δɽ

F(x,u2p) = A2p(x)u2p − b2p. (4.13)

ΫΞουϩʔλʢp = 2ʣͷ߹ɼ

A4(η) ∈ R4×4 =

(
Z(η)Srot4

eT
3

1
m B(x)Stra4

)
, (4.14)

͜͜ʹ b4 = (ψ̈, θ̈, φ̈, c + g)T ∈ R4ɼc ∈ RఆΛද͢ɽ
ϔΩαϩʔλ·ͨΦΫτϩʔλʢp = 3·ͨ 4ʣͷ߹ɼ

A2p(x) ∈ R2p×2p =

(
A′4×2p(η)
Q(2p−4)×2p

)
, (4.15)

A′4×2p(η) ∈ R4×2p =

(
Z(η)Srot2p

eT
3

1
m B(x)Stra2p

)
, (4.16)

͜͜ʹ Q(2p−4)×2p ∈ R(2p−4)×2p ఆྻߦΛද͢ɽb2p = (ψ̈, θ̈, φ̈, c+ g, b′2p−4)T ∈ R2p. b′2p−4 ∈ R2p−4 

ఆϕΫτϧΛද͢ɽ

ҙͷ x̃ ∈ R3 ͰɼF(x̃, ũ2p) = 02p, det(A2p(x̃)) ! 0, ũ2p ∈ R2p Ͱ͋Εɼũ2p = A2p(x̃)−1b2p Ұҙʹ

ఆ·Δɽͦͯ͠ ψ̈, θ̈, φ̈ҎԼͰܾఆ͞ΕΔɽ

ψ̈ = 〈ε1,Y(η, ẋ) + Z(η)Srot2pu2p〉,
θ̈ = 〈ε2,Y(η, ẋ) + Z(η)Srot2pu2p〉, (4.17)
φ̈ = 〈ε3,Y(η, ẋ) + Z(η)Srot2pu2p〉.

ূ໌ 4 ΫΞουϩʔλʢp = 2ʣͷ߹ɼη̃ ∈ R2 ఆϕΫτϧͰ͋ΓɼA4(η̃) 4 × 4ͷఆྻߦ

Ͱ͋ΔɽϔΩαϩʔλ·ͨΦΫτϩʔλʢp = 3·ͨ 4ʣͷ߹ɼx̃ ∈ R3 ఆϕΫτϧͰ͋Γɼ

A′4×2p(x̃) 4 × 2pͷఆྻߦͰ͋Δɽ͞ΒʹɼQ(2p−4)×2p  (2p − 4) × 2pͷఆཧͷ݅Λຬͨ͋͢

ΔఆྻߦͰ͋Δɽ

͕ͨͬͯ͠ɼҙͷ x̃ ∈ R3, A2p(x̃)ũ2p − b2p = 02p Ͱ det(A2p(x̃)) ! 0, ũ2p ∈ R2p Ͱ͋ΕҰҙʹ

ũ2p = A2p(x̃)−1b2p ͕ఆ·Δɽͦͯ͠ ψ̈, θ̈, φ̈ࣜ (3.44)ͷୈ ߦ6–4 Y(η, ẋ)+ Z(η)Srot2pu2p ͔ΒಘΒ

ΕΔɽ͜͏ͯ͠ఆཧ 4ͷূ໌Λऴ͑Δɽ

22



Ϛϧνϩʔλ௨ৗແઢૹ৴ػΛ༻͍Δඪ४తͳແઢૢॎ R/CͷܕඈػߦͷΑ͏ʹίϯτϩʔ

ϧ͞Ε͍ͯΔɽR/CͷγεςϜܕඈػߦͷ੍ޚ༻ʹઃఆ͞Ε͓ͯΓɼϚϧνϩʔλͷ੍ޚ༻ʹ

ΒΕ͍ͯͳ͍ɽͦͷͨΊ࡞ R/C ͷγεςϜͰϚϧνϩʔλͷ੍ྩ໋ޚΛೖྗ͢Δ࣌ʹͲͷΑ͏ͳ

༁͕͞ΕΔ͔ΛΔ͜ͱ͕ॏཁͱͳΔɽϚϧνϩʔλͷϑϥΠτ੍ޚϘʔυ͕௨ৗͷܕඈػߦͷ੍

ͷࠩҟ͕ൃੜ͢Δޚ੍ʹ࣌৴߸ʹ༁͢ΔޚΛղऍͯͦ͠ΕΒΛదͳϞʔλͷճస੍ྩ໋ޚ

[16]ɽແઢૹ৴ػɼܕඈػߦʹɼThrottle, Rudder, Elevator,ͦͯ͠ AileronsͷͦΕͧΕͷ੍ޚ৴߸

Λಠཱʹૹ৴Ͱ͖Δগͳ͘ͱ 4ͭͷಠཱͷνϟϯωϧΛ͍ͯͬ࣋Δɽૹ৴ػͷࠨଆͷεςΟοΫ

Throttle ͱ Rudder ͷ྆ํΛ੍͢ޚΔɽ͔͠Δʹɼૹ৴ػͷӈଆͷεςΟοΫ Ailerons ͱ Elevator

ͷ྆ํΛ੍͢ޚΔɽ͜ΕΒͷ໊લݻఆཌྷͷ੍ޚཌྷ͕༝དྷͰ͋Δɽ͜ΕΒͷཌྷཌྷͷपΓͷۭؾͷྲྀ

Εͷ͖ΛมԽͤͯ͞ඈػߦͷඈͿ͖ΛมԽͤ͞ΔϑϥοϓͰ͋ΔɽϚϧνϩʔλʔͰ throttle,

rudder, elevator,ͦͯ͠ ailerons௨ৗ altitude ɼyaw(ߴ) (Ϥʔ)ɼpitch (ϐον)ɼroll (ϩʔϧ)ʹର

Ԡ͢Δ [15]ɽ

ఆཧ 3ΦΠϥʔ֯ͷঢ়ଶ x(u2p)͕ͦΕͧΕͷϞʔλͷճసͷ੍ޚ u2p ∈ U ʹΑͬͯɼͲͷΑ

͏ʹୡ͞ΕΔ͔Λ༩͑Δɽ͞Βʹ x(u2p), u2p ∈ U ͷ݅ԼͰɼࣜ (3.45) ฒਐͷՃϕΫτϧ

r̈ = −ge3 +
1
m B(x(u2p))Stra2pu2p Λܾఆ͢Δɽࣜ (3.45)ͱఆཧ 3Λ༻͍ͯɼͦΕͧΕͷϞʔλͷճస

 u2p ͷมԽʹΑͬͯࡏݱͷಈ࡞ͷঢ়ଶ͔Βɼܭըͨ͠ಈ࡞ͷঢ়ଶʹͲͷΑ͏ʹୡ͞ΕΔ͔Λ

ѲͰ͖Δɽ

ఆཧ 4ɼఆཧͷ݅Λຬ͢Δ݅ԼͰɼϚϧνϩʔλͷҙͷඈߦঢ়ଶ (ಛʹɼม θ, φ, ψ̈, θ̈, φ̈,

c (·ͨ r̈3))͕ͲͷΑ͏ͳϞʔλͷճసͷ੍ޚ u2p ∈ U ʹΑͬͯୡ͞ΕΔ͔ΛҰҙղʢϑΟʔ

υϑΥϫʔυ੍ޚͷܗʣͱͯ͠༩͑Δɽ

ఆཧ 3 ·ͨఆཧ 4 Λ༻͍Δ͜ͱͰɼ௨ৗͷܕඈػߦͷ੍ྩ໋ޚͷ throttle (·ͨ altitude),

rudder (·ͨ yaw), elevator (·ͨ pitch),ͦͯ͠ ailerons (·ͨ roll)ΛͦΕͧΕରԠ͢ΔϞʔλͷ

ճసͷ੍ޚೖྗʹ༁͠ɼແઢૹ৴ػͷͨΊͷ༗ޮͳ “༁”ΛఆٛͰ͖Δɽ
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4.2 ߦԼͰϚϧνϩʔλͷམΛճආ͠ɼඈࡏোͷଘނશͳϞʔλ

Λҡ࣋͢Δඈߦঢ়ଶͱඈ࡞ૢߦͷ

ຊઅͰɼશͳϞʔλނো͕ଘ͢ࡏΔ߹ͷϚϧνϩʔλͷଘϞʔλʢނো͍ͯ͠ͳ͍Ϟʔλʣ

ͷఆٛΛ༩͑ɼϞʔλނো࣌ͷམΛճආ͢Δඈ࡞ૢߦɼඈߦঢ়ଶɼඈߦͷಈ࡞ʢ·ͨฏߧʣΛ

ͦΕͧΕఆٛ͠ɼͦΕΒͷؔΛ໌֬ʹهड़͢ΔɽՃ͑ͯɼނো͕ͳ͍ਖ਼ৗͳ߹ͷඈߦঢ়ଶͷͨΊ

ͷϞʔλͷճసͷ੍ޚΛ༩͑ΔఆཧΛϞʔλނোͷܗʹ֦ு͠ɼશͳϞʔλނো͕ଘ͢ࡏ

Δ߹ʹམΛճආ͢Δඈߦঢ়ଶͷͨΊͷϞʔλ੍ޚ৴߸ʢϑΟʔυϑΥϫʔυ੍ޚʣΛٻ

ΊΔఆཧΛ༩͑Δɽ

Ϟʔλφϯόʔ i͕શʹނো͠ఀͨ͜͠ࢭͱΛɼجఈϕΫτϧ εMi ͷுΔ෦ۭؒ Vi ⊂ R2p Ͱද

͢ [36], pp. 628–632ɽͦͯ͠ɼVi ͷ্ͷࣹӨΛ Pi ͱ͢Δ [36], pp. 628–632ɽϕΫτϧ v ∈ R2p ͷ

Vi ͷ্ͷࣹӨ PivɼަؔΛຬ͢ΔϕΫτϧ Piv ∈ Vi ͱͯ͠ఆٛ͞ΕΔ

〈v − Piv,w〉 = 0 for all w ∈ Vi, (4.18)
〈Piv, εMi〉 = 〈v, εMi〉. (4.19)

ఆٛ 7 Ϟʔλφϯόʔ i͕શʹނো͠ఀͨ͠ࢭ߹ɼଘϞʔλϕΫτϧҎԼͷΑ͏ʹܾఆ͞

ΕΔɽ

ui
2p−1 = u2p − Piu2p

=

i−1∑

j=1

ω2
M jεM j +

2p∑

j=i+1

ω2
M jεM j. (4.20)

·ͨɼFrot(ui
2p−1)ͱ Ftra(ui

2p−1)ͦΕͧΕҎԼͷΑ͏ʹ༩͑ΒΕΔɽ

Frot(ui
2p−1) = Srot2pui

2p−1 = Si
rot2p−1ui

2p−1, (4.21)

Ftra(ui
2p−1) = Stra2pui

2p−1 = Si
tra2p−1ui

2p−1, (4.22)

͜͜ʹ Si
ξ2p−1 ɼSξ2pྻߦ ͷྻߦ iྻ͕আ͞ΕͨྻߦΛද͢ (ξ = rot, tra)ɽ

ఆٛ 8 Ϟʔλφϯόʔ i1th, i2th, . . . , inth (1 ≤ i1 < i2 < · · · < in ≤ 2p, 1 ≤ n ≤ 2p − 2, p = 2, 3, 4,

n ∈ N)͕શʹނো͠ఀͨ͠ࢭ߹ɼଘϞʔλϕΫτϧҎԼͷΑ͏ʹܾఆ͞ΕΔɽ

ui1,i2,...,in
2p−n =

i1−1∑

j=1

ω2
M jεM j +

i2−1∑

j=i1+1

ω2
M jεM j + · · · +

2p∑

j=in+1

ω2
M jεM j. (4.23)

·ͨɼଘϞʔλʹΑΔϞʔϝϯτ Srot2pui1,i2,...,in
2p−n ͱฒਐͷྗ Stra2pui1,i2,...,in

2p−n , p = 2, 3, 4ͦΕͧΕҎԼ

ͷΑ͏ʹ༩͑ΒΕΔɽ

Srot2pui1,i2,...,in
2p−n = Si1,i2,...,in

rot2p−n ui1,i2,...,in
2p−n , (4.24)

Stra2pui1,i2,...,in
2p−n = Si1,i2,...,in

tra2p−n ui1,i2,...,in
2p−n , (4.25)

͜͜ʹ Si1,i2,...,in
ξ2p−n ɼSξ2pྻߦ ͷྻߦ i1th, i2th, . . . , inthྻ͕আ͞ΕͨྻߦΛද͢ (ξ = rot, tra)ɽ
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ྫ 1 ϔΩαϩʔλͷϞʔλφϯόʔ 1൪ɼ3൪ɼͱ 5൪͕શʹނো͠ఀͨ͠ࢭ߹ʢਤ 4.3ʣɼ

ଘϞʔλϕΫτϧҎԼͷΑ͏ʹܾఆ͞ΕΔɽ

ui1,i2,...,in
2p−n = u1,3,5

3 = ω2
M2εM2 + ω

2
M4εM4 + ω

2
M6εM6, (4.26)

͜͜ʹ i1 = 1, i2 = 3, i3 = 5,ͦͯ͠ n = 3.

Srot3u1,3,5
3 ͱ Stra3u1,3,5

3 ͦΕͧΕҎԼͷΑ͏ʹ༩͑ΒΕΔɽ

Srot3u1,3,5
3 = S1,3,5

rot3 u1,3,5
3 , (4.27)

Stra3u1,3,5
3 = S1,3,5

tra3 u1,3,5
3 , (4.28)

S1,3,5
rot3 u1,3,5

3 =




−
√

3
2 ) · kF2 0

√
3

2 ) · kF6
0.5) · kF2 −) · kF4 0.5) · kF6

kM2 kM4 kM6







ω2
M2

ω2
M4

ω2
M6


 , (4.29)

S1,3,5
tra3 u1,3,5

3 =




0 0 0
0 0 0

kF2 kF4 kF6







ω2
M2

ω2
M4

ω2
M6


 , (4.30)

͜͜ʹ S1,3,5
ξ3 ɼSξ6ྻߦ ͷྻߦ 1ɼ3ɼͦͯ͠ 5ྻ͕আ͞ΕͨྻߦΛද͢ (ξ = rot, tra)ɽ

ਤ 4.3 1൪ɼ3൪ɼͱ 5൪ͷϞʔλ͕ނোͨ͠߹ͷϔΩαϩʔλ

͜͜ͰɼΦΠϥʔ֯ͷճసͷํఔࣜ [ࣜ (3.44)]ͱฒਐͷมҐͷํఔࣜ [ࣜ (3.45)]Λૅجʹஔ͖ɼ

શͳϞʔλނোͷଘࡏԼͷඪ४తͳରশͳܗঢ়Λ༗͢ΔϚϧνϩʔλ (p = 2, 3, 4)ͷঢ়ଶํఔࣜ࣍

ͷΑ͏ʹ·ͱΊΒΕΔɽ

d
dt

(
x
ẋ

)
=

(
ẋ

Y(η, ẋ) + Z(η)Si1,i2,...,in
rot2p−n ui1,i2,...,in

2p−n

)
, (4.31)

d
dt

(
r
ṙ

)
=

(
ṙ

−ge3 +
1
m B(x)Si1,i2,...,in

tra2p−n ui1,i2,...,in
2p−n

)
. (4.32)

ͨ͠ࢭো͠ఀނɼಛఆͷϞʔλ͕ߧͱฏ࡞ԼɼϚϧνϩʔλͷಈࡏোͷଘނશͳϞʔλ

߹ʹམΛճආ͢Δද 4.2ͷ 2λΠϓͷඈߦঢ়ଶʹ͚ؔΔ͜ͱ͕Ͱ͖Δɽ
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ҎԼʹ͓͍ͯɼಛఆͷϞʔλ͕ނো͠ఀͨ͠ࢭͱ͖ʹམΛճආ͢Δද 4.2ͷඈߦঢ়ଶΛୡ͢Δ

ͨΊͷϚϧνϩʔλͷಈ࡞ͱฏߧͷఆٛ 9Λ༩͑Δɽ·ͨɼಛఆͷϞʔλ͕ނো͠ఀͨ͠ࢭͱ͖

ʹམΛճආ͢Δද 4.2ͷඈߦঢ়ଶΛୡ͢ΔͨΊͷɼଘϞʔλ੍ޚ৴߸Λ༩͑Δఆཧ 5ͱఆ

ཧ 6Λఆٛ 9Λૅجʹஔ͖ɼ༩͑Δɽ

ಛఆͷϞʔλ͕ނোͯ͠ఀͨ͠ࢭ߹ͷɼϚϧνϩʔλͷམΛճආ͢Δ 2λΠϓͷඈߦঢ়ଶΛද

4.2ͷΑ͏ʹԾఆ͢Δɽ

ද 4.2 ϚϧνϩʔλͷམΛճආ͢Δ 2छྨͷඈߦঢ়ଶ

λΠϓ ୡ͢Δද 4.1ͷඈߦঢ়ଶ

(I) No Problem*1 શͯ (ྫਤ 4.4)

(II) Admissible Problem*2 Ϥʔ੍ޚͰ͖ͳ͍ɽϤʔࣗ༝ʹճస͢Δ (ྫਤ 4.5).

ਤ 4.4 Ϟʔλ͕ނোɼఀͯ͠ࢭɼͻͱͭͷଘϞʔλΛఀ͢ࢭΔ͜ͱͰɼϔΩαϩʔλͷද 4.1ͷ
ͯ͢ͷඈߦঢ়ଶΛୡ͢Δද 4.2ͷλΠϓ (I)ͷྫ

ਤ 4.5 Ϟʔλ͕ނোɼఀͯ͠ࢭɼͻͱͭͷଘϞʔλΛఀ͢ࢭΔ͜ͱͰɼΫΞουϩʔλͷද 4.1
ͷʠϤʔͷ੍ޚΛআ͘ʡͯ͢ͷඈߦঢ়ଶΛୡ͢Δද 4.2ͷλΠϓ (II)ͷྫ

ҙϔΩαϩʔλʢp = 3,ਤ 3.2ʣͷର֯ઢ্ͷ 2ͭͷϞʔλͷճసํ͍͠ͷͰɼϞʔλ͕ ݸ4

ো͠ର֯ઢ্ͷނ 2ͭͷϞʔλͷΈ͕ͨͬ߹ (n = 4)ɼද 4.2ͷछྨ (I)ͷϚϧνϩʔλͷམΛආ

*1 λΠϓ (I)ଘϞʔλͷ͏ͪɼಛఆͷϞʔλ͕ނোͯ͠ఀͨ͠ࢭ߹ɼද 4.1ͷશͯͷඈߦঢ়ଶΛୡ͢ΔʹɼҰ෦ͷ
ϞʔλΛఀ͢ࢭΔඞཁ͕͋Δɽ

*2 λΠϓ (II)ଘϞʔλͷ͏ͪɼಛఆͷϞʔλ͕ނোͯ͠ఀͨ͠ࢭ߹ɼද 4.1ͷશͯͷඈߦঢ়ଶʢϤʔͷ੍ޚΛআ͘ʣΛ
ୡ͢ΔʹɼҰ෦ͷϞʔλΛఀ͢ࢭΔඞཁ͕͋Δɽ
λΠϓ (I)ͱ (II)શͳϞʔλނোͷਂࠁϨϕϧΛද͢ɽλΠϓ (I)ͱ (II)ఆཧ 5ͷࣜʢ4.42ʣͷܗʹΑܾͬͯఆ
͞ΕΔɽλΠϓ (II)Ϥʔͷ੍͕ޚͰ͖ͳ͍ͷͰɼλΠϓ (I)ΑΓਂࠁͰ͋Δɽ
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͚Δඈߦঢ়ଶΛୡ͢Δ͜ͱ࣮ݱతͰͳ͍ɽͦͷͨΊɼϔΩαϩʔλͷϞʔλ͕ োͨ͠߹ނݸ4

ຊจͰѻΘͳ͍ɽ͕ͨͬͯ͠ɼϔΩαϩʔλͷϞʔλނোʹ͍ͭͯɼ1 ≤ i1 < i2 < · · · < in ≤ 2p,

1 ≤ n ≤ 2p − 3, p = 3, n ∈ NͱͳΔɽ

ఆٛ 9 ಛఆͷϞʔλ͕ނোͯ͠ఀ͢ࢭΔͱɼམΛճආ͢Δඈߦঢ়ଶʢද 4.2ʣΛୡ͢ΔϚϧνϩʔ

λͷಈ࡞ͱฏߧ (xop, ẋop)T ∈ R3×R3, xop = (ψop, ηop)T, ηop = (θop, φop)T,ͦͯ͠ (rop, ṙop)T ∈ R3×R3

ҎԼͷࣜʹΑܾͬͯఆ͞ΕΔɽ

(
ẋop

Z(ηop)Si1,i2,...,in
rot2p−n ui1,i2,...,in

2p−n(op)

)
=

(
03
03

)
, (4.33)

(
ṙ3(op)

〈e3,−ge3 +
1
m B(xop)Si1,i2,...,in

tra2p−n ui1,i2,...,in
2p−n(op)〉

)
=

(
0
c

)
, (4.34)

Z(ηop) = (B(xop)ÎB(xop)T · ωẋ(ψop, θop))−1 · B(xop), (4.35)

r̈1 = 〈e1,
1
m B(xop)Si1,i2,...,in

tra2p−n ui1,i2,...,in
2p−n(op)〉, (4.36)

r̈2 = 〈e2,
1
m B(xop)Si1,i2,...,in

tra2p−n ui1,i2,...,in
2p−n(op)〉, (4.37)

r̈3 = c, (4.38)

͜͜ʹ c ∈ Rఆɼ03 = (0, 0, 0)T Ͱ͋Δɽ͠ c = 0ͳΒಈ࡞ (xop, ẋop)T ͱ (rop, ṙop)T ఆߴ

ඈߦͷঢ়ଶʹ͋Δɽ͞Βʹ͠ r̈1 = r̈2 = 0 ͔ͭ c = 0 (r̈3 = 0) ͳΒಈ࡞Λฏߧ (xe, ẋe)T ͱ

(re, ṙe)T ͱݺͼɼϗόϦϯάͷඈߦঢ়ଶʹ͋Δɽ

ද 4.2ͷλΠϓ (II)ͷඈߦঢ়ଶͷ߹ɼࣜ (4.33)ͷ ʢψ̇ʣͱߦ1 ʢψ̈ʣࣗಈతʹܾఆ͞Εߦ4

Δɽ͕ͨͬͯ͠ɼࣜ (4.33)࣍ͷΑ͏ʹॻ͖͑ΒΕΔɽ




η̇op
〈ε2, Z(ηop)Si1,i2,...,in

rot2p−n ui1,i2,...,in
2p−n(op)〉

〈ε3, Z(ηop)Si1,i2,...,in
rot2p−n ui1,i2,...,in

2p−n(op)〉



=




02
0
0


 , (4.39)

ψ̈ = 〈ε1,Y(η, ẋ) + Z(η)Si1,i2,...,in
rot2p−n ui1,i2,...,in

2p−n 〉, (4.40)

ψ̇ = cψt + ψ̇(0), (4.41)

͜͜ʹ cψ ∈ RఆΛද͢ɽ
ҙ͜ͷ߹ɼϤʔͷ੍ޚ͑ߦͳ͍ͨΊɼද 4.1ͷʠ(ii)ϗόϦϯά͢Δ੍ޚʡୡͰ͖ͳ͍ɽ

ఆཧ 5 ಛఆͷϞʔλ͕ނো͠ఀͨ͠ࢭͱ͖ͷɼམΛճආ͢Δද 4.2 ͷλΠϓ (I) ͷඈߦঢ়ଶͷ

߹ɼF(x,ui1,i2,...,in
2p−n ), p = 2, 3, 4 ΛΦΠϥʔ֯ͷ֯ͷঢ়ଶม x̃ ∈ R3 ͱଘϞʔλͷϞʔλ੍

৴߸ϕΫτϧޚ ũi1,i2,...,in
2p−n ∈ R2p−n ͷۙͰ R2p−n ͷҬΛͭ࣋ C1 ؔͱ͓͘ɽ͞Βʹࣜ (4.33) ͱࣜ

(4.34) ͷԼͷߦɼͦΕͧΕ Z(ηop)Si1,i2,...,in
rot2p−n ui1,i2,...,in

2p−n(op) ͱ 〈e3,−ge3 +
1
m B(xop)Si1,i2,...,in

tra2p−n ui1,i2,...,in
2p−n(op)〉 Λ༻͍ͯ༩
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͑ΒΕɼF(x̃, ũi1,i2,...,in
2p−n ) = 02p−n = (0, 0, . . . , 0)T Λຬͨ͢ͱ͢Δɽ۩ମతʹҎԼͷΑ͏ʹఆٛ͞ΕΔ

ͷͱ͢Δɽ

F(x,ui1,i2,...,in
2p−n ) = Ai1,i2,...,in

2p−n (x)ui1,i2,...,in
2p−n − b2p−n. (4.42)

ΫΞουϩʔλʢp = 2ʣͷ߹ɼ

Ai1,i2,...,in
4−n (η) ∈ R(4−n)×(4−n) =

(
Z(η)Si1,i2,...,in

rot4−n
eT

3
1
m B(x)Si1,i2,...,in

tra4−n

)
, (4.43)

͜͜ʹ b4−n = (ψ̈, θ̈, φ̈, c + g)T ∈ R4−nɼc ∈ RఆΛද͢ɽ
ϔΩαϩʔλ·ͨΦΫτϩʔλʢp = 3·ͨ 4ʣͷ߹ɼ

Ai1,i2,...,in
2p−n (x) ∈ R(2p−n)×(2p−n) =




A′i1,i2,...,in4×(2p−n)(η)
Qi1,i2,...,in

(2p−4)×(2p−n)


 , (4.44)

A′i1,i2,...,in4×(2p−n)(η) ∈ R4×(2p−n) =




Z(η)Si1,i2,...,in
rot2p−n

eT
3

1
m B(x)Si1,i2,...,in

tra2p−n


 , (4.45)

͜͜ʹ Qi1,i2,...,in
(2p−4)×(2p−n) ∈ R(2p−4)×(2p−n) ҙͷఆྻߦΛද͢ɽb2p−n = (ψ̈, θ̈, φ̈, c + g, b′2p−4)T ∈ R2p−n.

b′2p−4 ∈ R2p−4 ఆϕΫτϧΛද͢ɽ

ҙͷ x̃ ∈ R3 ͰɼF(x̃, ũi1,i2,...,in
2p−n ) = 02p−n, det(Ai1,i2,...,in

2p−n (x̃)) ! 0, ũi1,i2,...,in
2p−n ∈ R2p−n Ͱ͋Εɼũi1,i2,...,in

2p−n =

Ai1,i2,...,in
2p−n (x̃)−1b2p−n Ұҙʹఆ·Δɽͦͯ͠ ψ̈, θ̈,ͱ φ̈ҎԼͰܾఆ͞ΕΔɽ

ψ̈ = 〈ε1,Y(η, ẋ) + Z(η)Si1,i2,...,in
rot2p−n ui1,i2,...,in

2p−n 〉,
θ̈ = 〈ε2,Y(η, ẋ) + Z(η)Si1,i2,...,in

rot2p−n ui1,i2,...,in
2p−n 〉, (4.46)

φ̈ = 〈ε3,Y(η, ẋ) + Z(η)Si1,i2,...,in
rot2p−n ui1,i2,...,in

2p−n 〉.

͕ͨͬͯ͠ɼũi1,i2,...,in
2p−n ∈ R2p−n Ϟʔλނো࣌ͷམΛճආ͢Δද 4.2ͷλΠϓ (I)ͷඈߦঢ়ଶͷͨΊ

ͷϞʔλ੍ޚ৴߸ϕΫτϧΛ༩͑Δɽ

ূ໌ 5 ΫΞουϩʔλʢp = 2ʣͷ߹ɼη̃ ∈ R2ఆϕΫτϧͰ͋ΓɼAi1,i2,...,in
4−n (η̃) (4−n)× (4−n)

ͷఆྻߦͰ͋ΔɽϔΩαϩʔλ·ͨΦΫτϩʔλʢp = 3·ͨ 4ʣͷ߹ɼx̃ ∈ R3 (x̃ = (ψ̃, η̃)T)

ఆϕΫτϧͰ͋ΓɼA′i1,i2,...,in4×(2p−n)(η̃)  4 × (2p − n) ͷఆྻߦͰ͋Δɽ͞ΒʹɼQi1,i2,...,in
(2p−4)×(2p−n) 

(2p − 4) × (2p − n)ͷఆཧͷ݅Λຬͨ͋͢ΔఆྻߦͰ͋Δɽ

͕ͨͬͯ͠ɼҙͷ x̃ ∈ R3, Ai1,i2,...,in
2p−n (x̃)ũi1,i2,...,in

2p−n − b2p−n = 02p−n Ͱ det(Ai1,i2,...,in
2p−n (x̃)) ! 0, ũi1,i2,...,in

2p−n ∈
R2p−n Ͱ͋ΕҰҙʹ ũi1,i2,...,in

2p−n = Ai1,i2,...,in
2p−n (x̃)−1b2p−n ͕ఆ·Δɽͦͯ͠ ψ̈, θ̈, φ̈ࣜ (4.31)ͷୈ ߦ6–4

 Y(η, ẋ) + Z(η)Si1,i2,...,in
rot2p−n ui1,i2,...,in

2p−n ͔ΒಘΒΕΔɽ͜͏ͯ͠ఆཧ 5ͷূ໌Λऴ͑Δɽ

ఆཧ 6 ಛఆͷϞʔλ͕ނো͠ఀͨ͠ࢭͱ͖ͷɼམΛճආ͢Δද 4.2ͷλΠϓ (II)ͷඈߦঢ়ଶͷ

߹ɼF(x,ui1,i2,...,in
2p−n ), p = 2, 3, 4 ΛΦΠϥʔ֯ͷ֯ͷঢ়ଶม x̃ ∈ R3 ͱଘϞʔλͷϞʔλ੍

৴߸ϕΫτϧޚ ũi1,i2,...,in
2p−n ∈ R2p−n ͷۙͰ R2p−n ͷҬΛͭ࣋ C1 ؔͱ͓͘ɽ͞Βʹࣜ (4.39) ͱࣜ

(4.34) ͷԼͷߦɼͦΕͧΕ Z(ηop)Si1,i2,...,in
rot2p−n ui1,i2,...,in

2p−n(op) ͱ 〈e3,−ge3 +
1
m B(xop)Si1,i2,...,in

tra2p−n ui1,i2,...,in
2p−n(op)〉 Λ༻͍ͯ༩

͑ΒΕɼF(x̃, ũi1,i2,...,in
2p−n ) = 02p−n = (0, 0, . . . , 0)T Λຬͨ͢ͱ͢Δɽ۩ମతʹҎԼͷΑ͏ʹఆٛ͞ΕΔ

ͷͱ͢Δɽ

F(x,ui1,i2,...,in
2p−n ) = Ai1,i2,...,in

2p−n (x)ui1,i2,...,in
2p−n − b2p−n. (4.47)
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ΫΞουϩʔλʢp = 2ʣͷ߹ɼ

Ai1,i2,...,in
4−n (η) ∈ R(4−n)×(4−n) =




εT
2 Z(η)Si1,i2,...,in

rot2p−n
εT

3 Z(η)Si1,i2,...,in
rot2p−n

eT
3

1
m B(x)Si1,i2,...,in

tra2p−n



, (4.48)

͜͜ʹ b4−n = (θ̈, φ̈, c + g)T ∈ R4−nɼc ∈ RఆΛද͢ɽ
ϔΩαϩʔλ·ͨΦΫτϩʔλʢp = 3·ͨ p = 4ʣɼ

Ai1,i2,...,in
2p−n (x) ∈ R(2p−n)×(2p−n) =




A′′i1,i2,...,in3×(2p−n)(η)
Qi1,i2,...,in

(2p−4)×(2p−n)


 , (4.49)

A′′i1,i2,...,in3×(2p−n)(η) ∈ R3×(2p−n) =




εT
2 Z(η)Si1,i2,...,in

rot2p−n
εT

3 Z(η)Si1,i2,...,in
rot2p−n

eT
3

1
m B(x)Si1,i2,...,in

tra2p−n



, (4.50)

͜͜ʹ Qi1,i2,...,in
(2p−4)×(2p−n) ∈ R(2p−4)×(2p−n) ҙͷఆྻߦΛද͢ɽb2p−n = (θ̈, φ̈, c + g, b′2p−4)T ∈ R2p−n.

b′2p−4 ∈ R2p−4 ఆϕΫτϧΛද͢ɽ

ҙͷ x̃ ∈ R3 ͰɼF(x̃, ũi1,i2,...,in
2p−n ) = 02p−n, det(Ai1,i2,...,in

2p−n (x̃)) ! 0, ũi1,i2,...,in
2p−n ∈ R2p−n Ͱ͋Εɼũi1,i2,...,in

2p−n =

Ai1,i2,...,in
2p−n (x̃)−1b2p−n Ұҙʹఆ·Δɽͦͯ͠ ψ̈, θ̈,ͱ φ̈ҎԼͰܾఆ͞ΕΔɽ

ψ̈ = 〈ε1,Y(η, ẋ) + Z(η)Si1,i2,...,in
rot2p−n ui1,i2,...,in

2p−n 〉,
θ̈ = 〈ε2,Y(η, ẋ) + Z(η)Si1,i2,...,in

rot2p−n ui1,i2,...,in
2p−n 〉, (4.51)

φ̈ = 〈ε3,Y(η, ẋ) + Z(η)Si1,i2,...,in
rot2p−n ui1,i2,...,in

2p−n 〉.

͕ͨͬͯ͠ɼũi1,i2,...,in
2p−n ∈ R2p−n Ϟʔλނো࣌ͷམΛճආ͢Δද 4.2ͷλΠϓ (II)ͷඈߦঢ়ଶͷͨΊ

ͷϞʔλ੍ޚ৴߸ϕΫτϧΛ༩͑Δɽ

ূ໌ 6 ΫΞουϩʔλʢp = 2ʣͷ߹ɼη̃ ∈ R2ఆϕΫτϧͰ͋ΓɼAi1,i2,...,in
4−n (η̃) (4−n)× (4−n)

ͷఆྻߦͰ͋ΔɽϔΩαϩʔλ·ͨΦΫτϩʔλʢp = 3·ͨ 4ʣͷ߹ɼx̃ ∈ R3 (x̃ = (ψ̃, η̃)T)

ఆϕΫτϧͰ͋ΓɼA′′i1,i2,...,in3×(2p−n)(η̃) ͷ 3 × (2p − n) ͷఆྻߦͰ͋Δɽ͞ΒʹɼQi1,i2,...,in
(2p−4)×(2p−n) 

(2p − 4) × (2p − n)ͷఆཧͷ݅Λຬͨ͋͢ΔఆྻߦͰ͋Δɽ

͕ͨͬͯ͠ɼҙͷ x̃ ∈ R3, Ai1,i2,...,in
2p−n (x̃)ũi1,i2,...,in

2p−n − b2p−n = 02p−n Ͱ det(Ai1,i2,...,in
2p−n (x̃)) ! 0, ũi1,i2,...,in

2p−n ∈
R2p−n Ͱ͋ΕҰҙʹ ũi1,i2,...,in

2p−n = Ai1,i2,...,in
2p−n (x̃)−1b2p−n ͕ఆ·Δɽͦͯ͠ ψ̈, θ̈, φ̈ࣜ (4.31)ͷୈ ߦ6–4

 Y(η, ẋ) + Z(η)Si1,i2,...,in
rot2p−n ui1,i2,...,in

2p−n ͔ΒಘΒΕΔɽ͜͏ͯ͠ఆཧ 6ͷূ໌Λऴ͑Δɽ

͜ͷΑ͏ʹ ũi1,i2,...,in
2p−n ∈ R2p−n ɼϞʔλނো࣌ͷམΛճආ͢Δද 4.2ͷඈߦঢ়ଶΛୡ͢ΔϞʔλ

੍ޚ৴߸ͱͯ͠ಘΒΕΔɽϞʔλͷނো n͕૿͑ΔʹͭΕͯɼྻߦ Si1,i2,...,in
rot2p−n ∈ R3×(2p−n) ·ͨ

ྻߦ Si1,i2,...,in
tra2p−n ∈ R3×(2p−n) ͷϥϯΫͱೖྗϕΫτϧ ui1,i2,...,in

2p−n ∈ R2p−n ͷݩ࣍ݮগ͢Δɽ͕ͨͬͯ͠ɼߦ

ྻ Ai1,i2,...,in
2p−n ∈ R(2p−n)×(2p−n) ͕ϞʔλނোʹΑͬͯਖ਼ํྻߦͰͳ͘ͳͬͨ߹ɼҙͷߦΛݮΒͯ͠ਖ਼

Δඞཁ͕͋Δɽ·ͨɼද͢ʹྻߦํ 4.2ͷλΠϓ (II)ͷঢ়ଶͷ߹ɼࣜ (4.48)ࣜ ΒΕΔݟʹ(4.50)

Α͏ʹɼϤʔͷใ εT
1 Z(η)Si1,i2,...,in

rot2p−n ࠷ॳ͔Βআ͞Ε͍ͯΔͱΈͳ͍ͯ͠Δ͜ͱʹҙ͢Δɽ
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ୈ 5ষ

ఆཧΛԠ༻ͨ͠ϑΟʔυϑΥϫʔυࣜܗ
ͷϚϧνϩʔλͷඈߦγϛϡϨʔγϣϯ

ຊষͰɼϞʔλނো͕ൃੜ͍ͯ͠ͳ͍ਖ਼ৗͳ߹ͷϚϧνϩʔλͷද 4.1ͷඈߦঢ়ଶͱɼશͳ

ϞʔλނোͷଘࡏԼɼམΛճආ͢Δද 4.2ͷ 2λΠϓͷඈߦঢ়ଶͷඈߦͷయྫܕΛγϛϡϨʔ

γϣϯʹΑͬͯࣔ͠ɼఆཧ 4–6ͷ༗ޮੑΛ֬ೝ͢ΔɽҎԼͷγϛϡϨʔγϣϯɼϚϧνϩʔλ

ͷมඍํఔࣜΛ༻͍ͨঢ়ଶϑΟʔυόοΫ੍ޚͰͳ͘ɼఆཧ 4–6Λ༻͍ͯಘΒΕͨɼҰҙͷ੍

Δ͜ͱʹҙ͢Δɽ͍ͯͬߦͰޚೖྗʹΑΔϑΟʔυϑΥϫʔυ੍ޚ

ΫΞουϩʔλ (p = 2)ɼϔΩαϩʔλ (p = 3)ɼͦͯ͠ΦΫτϩʔλ (p = 4)ͷύϥϝʔλ

ද 5.1, 5.2,ͦͯ͠ ඞཁͳϚϧνϩʔλͷύϥϝʔλɼ૯ॏྔʹࢉܭड़͢Δɽهʹ5.3 m,ੑ׳Ϟʔ

ϝϯτ I11, I22, I33, Ϛϧνϩʔλͷத৺͔ΒϞʔλ·Ͱͷڑ ), ϞʔλͷਪྗͱϞʔϝϯτʹؔ͢

Δ kF , kM ,ͦͯ͜͠ΕΒͷύϥϝʔλ ELEV-8 Quadcopter Kit [15], [16]Λϕʔεͱ͢Δࣗ࡞ͷ

ΫΞουϩʔλγεςϜ [37]͔Βܾఆ͍ͯ͠Δɽ

ද 5.1 ΫΞουϩʔλʢp = 2ʣͷύϥϝʔλ

߸ه આ໌ ͱ୯Ґ

m ΫΞουϩʔλͷ૯ॏྔ 1.656 [kg]

I11 ΫΞουϩʔλͷੑ׳Ϟʔϝϯτ 0.01982 [kg ·m2]

I22 ΫΞουϩʔλͷੑ׳Ϟʔϝϯτ 0.01954 [kg ·m2]

I33 ΫΞουϩʔλͷੑ׳Ϟʔϝϯτ 0.03221 [kg ·m2]

g ॏྗՃ 9.80665 [m/s2]

kF ΫΞουϩʔλͷϞʔλͷྗͷ 1.79 × 10−7 [N/rpm2]

kM ΫΞουϩʔλͷϞʔλͷϞʔϝϯτͷ 4.38 × 10−9 [Nm/rpm2]

) ΫΞουϩʔλͷزԿֶతத৺͔ΒϞʔλ·Ͱͷڑ 0.365 [m]
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ද 5.2 ϔΩαϩʔλʢp = 3ʣͷύϥϝʔλ

߸ه આ໌ ͱ୯Ґ

m ϔΩαϩʔλͷ૯ॏྔ 2 [kg]

I11 ϔΩαϩʔλͷੑ׳Ϟʔϝϯτ 0.02973 [kg ·m2]

I22 ϔΩαϩʔλͷੑ׳Ϟʔϝϯτ 0.02931 [kg ·m2]

I33 ϔΩαϩʔλͷੑ׳Ϟʔϝϯτ 0.048315 [kg ·m2]

g ॏྗՃ 9.80665 [m/s2]

kF ϔΩαϩʔλͷϞʔλͷྗͷ 1.79 × 10−7 [N/rpm2]

kM ϔΩαϩʔλͷϞʔλͷϞʔϝϯτͷ 4.38 × 10−9 [Nm/rpm2]

) ϔΩαϩʔλͷزԿֶతத৺͔ΒϞʔλ·Ͱͷڑ 0.365 [m]

ද 5.3 ΦΫτϩʔλʢp = 4ʣͷύϥϝʔλ

߸ه આ໌ ͱ୯Ґ

m ΦΫτϩʔλͷ૯ॏྔ 3.5 [kg]

I11 ΦΫτϩʔλͷੑ׳Ϟʔϝϯτ 0.03964 [kg ·m2]

I22 ΦΫτϩʔλͷੑ׳Ϟʔϝϯτ 0.03908 [kg ·m2]

I33 ΦΫτϩʔλͷੑ׳Ϟʔϝϯτ 0.06442 [kg ·m2]

g ॏྗՃ 9.80665 [m/s2]

kF ΦΫτϩʔλͷϞʔλͷྗͷ 1.79 × 10−7 [N/rpm2]

kM ΦΫτϩʔλͷϞʔλͷϞʔϝϯτͷ 4.38 × 10−9 [Nm/rpm2]

) ΦΫτϩʔλͷزԿֶతத৺͔ΒϞʔλ·Ͱͷڑ 0.365 [m]

Ճ͑ͯɼγϛϡϨʔγϣϯͰ༻͍Δఆཧ 4–6 ͷ݅Λຬ͢Δఆྻߦ Q(2p−4)×2p ∈ R(2p−4)×2p,

p = 3·ͨ 4ΛҎԼʹఆٛ͢Δɽ

ϔΩαϩʔλʢp = 3ʣɼ

Q2×6 =

(
0 1 −1 0 0 0
0 0 0 1 −1 0

)
, (5.1)

ΦΫτϩʔλʢp = 4ʣɼ

Q4×8 =




0 1 −1 0 0 0 0 0
0 0 −1 1 0 0 0 0
0 0 0 0 0 1 −1 0
0 0 0 0 0 0 −1 1



. (5.2)
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5.1 ͳ͍ɼਖ਼ৗͳ߹ͷϚϧνϩʔλͷඈ͠ࡏো͕ଘނશͳϞʔλ

ͷγϛϡϨʔγϣϯ࡞ૢߦঢ়ଶɼඈߦ

ຊઅͰɼϞʔλނো͕ൃੜ͍ͯ͠ͳ͍ਖ਼ৗͳ߹ͷϚϧνϩʔλͷػମͷද 4.1ͷඈߦঢ়ଶͷඈ

ΛγϛϡϨʔγϣϯʹΑͬͯࣔ͢ɽҎ߱ͷ݁Ռɼఆཧྫܕͷయߦ 4ಈྗֶͷঢ়ଶํఔࣜ [ࣜ

(3.44)], [ࣜ (3.45)] ͷ࣮Λ Maple ͷγϯϘϦοΫࢉܭɼMATLAB ͷࢉܭྻߦɼͦͯ͠ ode45 ιϧ

όʔ [38]ΛؚΉMATLABͷࢉܭΛ༻͍͍ͯߦɼಘ͍ͯΔɽ͜͜Ͱҙ͖͢ɼࣜ (3.45)ͷ

ࢉܭʹΦΠϥʔ֯ʢψ(t), θ(t), φ(t)ʣ͕ඞཁͰ͋ΔͨΊɼࣜ (3.44)ͷ݁ࢉܭՌͷλΠϜεςοϓͱ

ࣜ (3.45)Λղ͘ࡍͷλΠϓεςοϓͷͣΕΛิؒ͢Δิؒؔ [39]Λ༻͍ͯΦΠϥʔ֯ ψ(t), θ(t),ͦ

ͯ͠ φ(t)ͷղΛಘ͍ͯΔɽҎԼʹࣔ͢Α͏ʹɼ௨ৗͷඈޚ੍ߦͷίϚϯυʢྫ͑ɼ͞ߴɼϤʔɼϐο

νɼͦͯ͠ϩʔϧͳͲʣΛϞʔλ੍ޚ৴߸ʹมͰ͖͍ͯΔ͜ͱ͕͔Δɽ

(a) ΫΞουϩʔλͷϗόʔঢ়ଶʢਤ 5.1ɼਤ 5.2ɼද 4.1 ͷϚψʔό (ii)ʣɼ݅ θ̃ = 0 [rad], φ̃ =

0 [rad], ψ̈ = 0 [rad/s2], ͦͯ͠ c = 0 [m/s2] , ఆཧ 4 ͔ΒٻΊͨҎԼͷϞʔλʹΑ࣮ͬͯ͞ݱ

ΕΔɽ

ω̃M1 = ω̃M2 = ω̃M3 = ω̃M4 = 4762.4891 [rpm].
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ਤ 5.1 (a) ΫΞουϩʔλͷϗόʔঢ়ଶͷςΠτʹϒ
ϥΠΞϯ֯ͷγϛϡϨʔγϣϯ݁Ռ
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ਤ 5.2 (a)ΫΞουϩʔλͷϗόʔঢ়ଶͷҐஔͷ
ಈ͖ͷγϛϡϨʔγϣϯ݁Ռʢr3 = 3 [m]ɿॳظ
ঢ়ଶʣ

͜͜Ͱɼਤ 5.1ͷ ψ(t), θ(t), φ(t)ͷϓϩοτɼਤ 5.2ͷ r1(t)ͱ r2(t)ͷϓϩοτશʹॏͳ͍ͬͯΔɽ

γϛϡϨʔγϣϯ (a)Λͱ͓ͯ͠ɼఆཧʹΑͬͯٻΊͨϞʔλ੍ޚೖྗ৴߸Ͱ࢟ (ψ(t), θ(t), φ(t))

Ґஔ (r1(t), r2(t), r3(t))ʹภ͕ࠩൃੜ͢Δ͜ͱͳ͘ɼϗόϦϯάͷঢ়ଶʢද 4.1ͷϚψʔό (ii)ʣ͕ҡ࣋

͞Ε͍ͯΔ͜ͱ͕͔֬ΊΒΕͨɽ

(b) ΫΞουϩʔλͷϗόʔঢ়ଶ͔ΒϤʔঢ়ଶʢਤ 5.3ɼਤ 5.4ɼද 4.1 ͷϚψʔό (iii-1)ʣɼ݅

θ̃ = 0 [rad], φ̃ = 0 [rad], ψ̈ = 2 [rad/s2],ͦͯ͠ c = 0 [m/s2],ఆཧ 4͔ΒٻΊͨҎԼͷϞʔλʹ
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Α࣮ͬͯ͞ݱΕΔɽ

ω̃M1 = ω̃M3 = 4359.3992 [rpm],
ω̃M2 = ω̃M4 = 5134.0279 [rpm].
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ਤ 5.3 (b) ΫΞουϩʔλͷϗόʔঢ়ଶ͔ΒϤʔঢ়ଶ
ͷςΠτʹϒϥΠΞϯ֯ͷγϛϡϨʔγϣϯ݁Ռ
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ਤ 5.4 (b)ΫΞουϩʔλͷϗόʔঢ়ଶ͔ΒϤʔ
ঢ়ଶͷҐஔͷಈ͖ͷγϛϡϨʔγϣϯ݁Ռʢr3 =

3 [m]ɿॳظঢ়ଶʣ

͜͜Ͱɼਤ 5.3ͷ θ(t)ͱ φ(t)ͷϓϩοτɼਤ 5.4ͷ r1(t)ͱ r2(t)ͷϓϩοτશʹॏͳ͍ͬͯΔɽγ

ϛϡϨʔγϣϯ (b)Λͱ͓ͯ͠ɼఆཧʹΑͬͯٻΊͨϞʔλ੍ޚೖྗ৴߸Ͱɼ࢟ͷมԽϤʔͷճ

స͚ͩൃੜ͠ɼͦͷଞͷ࢟ (θ(t), φ(t))Ґஔ (r1(t), r2(t), r3(t))ʹภࠩൃੜͤͣɼҰఆͷߴͰϤʔ

ͷճసͷӡಈʢද 4.1ͷϚψʔό (iii-1)ʣ͕͍ͯ͑ߦΔ͜ͱ͕͔֬ΊΒΕͨɽ

(c)ΫΞουϩʔλͷϗόʔঢ়ଶ͔Βϐονঢ়ଶʢਤ 5.5ɼਤ 5.6ɼද 4.1ͷϚψʔό (iv-1)ɼͦͯ͠

θݻఆ͞Ε͍ͯΔʣɼ݅ θ̃ = 0.5236 [rad], φ̃ = 0 [rad], ψ̈ = 0 [rad/s2],ͦͯ͠ c = 0 [m/s2],ఆཧ

4͔ΒٻΊͨҎԼͷϞʔλʹΑ࣮ͬͯ͞ݱΕΔɽ

ω̃M1 = ω̃M2 = ω̃M3 = ω̃M4 = 5117.6279 [rpm].
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ਤ 5.5 (c) ΫΞουϩʔλͷϗόʔঢ়ଶ͔Βϐονঢ়
ଶͷςΠτʹϒϥΠΞϯ֯ͷγϛϡϨʔγϣϯ݁Ռ
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ਤ 5.6 (c) ΫΞουϩʔλͷϗόʔঢ়ଶ͔Βϐ
ονঢ়ଶͷҐஔͷಈ͖ͷγϛϡϨʔγϣϯ݁Ռ

ʢr3 = 3 [m]ɿॳظঢ়ଶʣ
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͜͜Ͱɼਤ 5.5 ͷ ψ(t) ͱ φ(t) ͷϓϩοτશʹॏͳ͍ͬͯΔɽγϛϡϨʔγϣϯ (c) Λͱ͓ͯ͠ɼ

ఆཧʹΑͬͯٻΊͨϞʔλ੍ޚೖྗ৴߸ͰɼҰఆͷϐον֯ θΛҡ࣋͠ɼͦͷ݁Ռ r1 ฒਐӡಈʹํ

Λ͍ߦɼͦͷଞͷ࢟ (ψ(t), φ(t))Ґஔ (r2(t), r3(t))ʹภࠩൃੜͤͣɼҰఆͷߴͰϐον֯ͷฒਐ

ӡಈʢද 4.1ͷϚψʔό (iv-1)ɼ͜͜ʹ θݻఆ͞Ε͍ͯΔʣ͕͍ͯ͑ߦΔ͜ͱ͕͔֬ΊΒΕͨɽ

(d)ΫΞουϩʔλͷϗόʔঢ়ଶ͔Βϩʔϧঢ়ଶʢਤ 5.7ɼਤ 5.8ɼද 4.1ͷϚψʔό (v-1)ɼͦͯ͠

φݻఆ͞Ε͍ͯΔʣɼ݅ θ̃ = 0 [rad], φ̃ = 0.3491 [rad], ψ̈ = 0 [rad/s2],ͦͯ͠ c = 0 [m/s2],ఆཧ

4͔ΒٻΊͨҎԼͷϞʔλʹΑ࣮ͬͯ͞ݱΕΔɽ

ω̃M1 = ω̃M2 = ω̃M3 = ω̃M4 = 4912.9359 [rpm].
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ਤ 5.7 (d) ΫΞουϩʔλͷϗόʔঢ়ଶ͔Βϩʔϧঢ়
ଶͷςΠτʹϒϥΠΞϯ֯ͷγϛϡϨʔγϣϯ݁Ռ
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ਤ 5.8 (d) ΫΞουϩʔλͷϗόʔঢ়ଶ͔Β
ϩʔϧঢ়ଶͷҐஔͷಈ͖ͷγϛϡϨʔγϣϯ݁

Ռʢr3 = 3 [m]ɿॳظঢ়ଶʣ

͜͜Ͱɼਤ 5.7 ͷ ψ(t) ͱ θ(t) ͷϓϩοτશʹॏͳ͍ͬͯΔɽγϛϡϨʔγϣϯ (d) Λͱ͓ͯ͠ɼ

ఆཧʹΑͬͯٻΊͨϞʔλ੍ޚೖྗ৴߸ͰɼҰఆͷϩʔϧ֯ φΛҡ࣋͠ɼͦͷ݁Ռ r2 ฒਐӡಈʹํ

Λ͍ߦɼͦͷଞͷ࢟ (ψ(t), θ(t))Ґஔ (r1(t), r3(t))ʹภࠩൃੜͤͣɼҰఆͷߴͰϩʔϧ֯ͷฒਐ

ӡಈʢද 4.1ͷϚψʔό (v-1)ɼ͜͜ʹ φݻఆ͞Ε͍ͯΔʣ͕͍ͯ͑ߦΔ͜ͱ͕͔֬ΊΒΕͨɽ

(e)ΫΞουϩʔλͷਨඈߦͷߴΛ্͛Δঢ়ଶʢਤ 5.9ɼਤ 5.10ɼද 4.1ͷϚψʔό (i-1)ʣɼ݅

θ̃ = 0 [rad], φ̃ = 0 [rad], ψ̈ = 0 [rad/s2],ͦͯ͠ c = 3 [m/s2],ఆཧ 4͔ΒٻΊͨҎԼͷϞʔλʹ

Α࣮ͬͯ͞ݱΕΔɽ

ω̃M1 = ω̃M2 = ω̃M3 = ω̃M4 = 5442.4121 [rpm].
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ਤ 5.9 (e) ΫΞουϩʔλͷਨඈߦͷߴΛ্͛Δ
ঢ়ଶͷςΠτʹϒϥΠΞϯ֯ͷγϛϡϨʔγϣϯ݁Ռ
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ਤ 5.10 (e) ΫΞουϩʔλͷਨඈߦͷߴΛ
্͛Δঢ়ଶͷҐஔͷಈ͖ͷγϛϡϨʔγϣϯ݁Ռ

ʢr3 = 3 [m]ɿॳظঢ়ଶʣ

͜͜Ͱɼਤ 5.10ͷ ψ(t), θ(t), φ(t)ͷϓϩοτɼਤ 5.10ͷ r1(t)ͱ r2(t)ͷϓϩοτશʹॏͳ͍ͬͯ

ΔɽγϛϡϨʔγϣϯ (e)Λͱ͓ͯ͠ɼఆཧʹΑͬͯٻΊͨϞʔλ੍ޚೖྗ৴߸Ͱɼਨํͷ r3 ํ

࢟ɼͦͷଞͷ͍ߦฒਐӡಈΛʹ (ψ(t), θ(t), φ(t))Ґஔ (r1(t), r2(t))ʹภࠩൃੜͤͣɼਨඈߦͷ

Λ্͛Δӡಈʢฒਐӡಈɼදߴ 4.1ͷϚψʔό (i-1)ʣ͕͍ͯ͑ߦΔ͜ͱ͕͔֬ΊΒΕͨɽ

( f )ΫΞουϩʔλͷਨඈߦͷߴΛԼ͛Δঢ়ଶʢਤ 5.11ɼਤ 5.12ɼද 4.1ͷϚψʔό (i-2)ʣɼ

݅ θ̃ = 0 [rad], φ̃ = 0 [rad], ψ̈ = 0 [rad/s2],ͦͯ͠ c = −0.1 [m/s2],ఆཧ 4͔ΒٻΊͨҎԼͷϞʔλ

ʹΑ࣮ͬͯ͞ݱΕΔɽ

ω̃M1 = ω̃M2 = ω̃M3 = ω̃M4 = 4738.1449 [rpm].
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ਤ 5.11 ( f ) ΫΞουϩʔλͷਨඈߦͷߴΛԼ
͛Δঢ়ଶͷςΠτʹϒϥΠΞϯ֯ͷγϛϡϨʔγϣϯ
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ਤ 5.12 ( f )ΫΞουϩʔλͷਨඈߦͷߴΛ
Լ͛Δঢ়ଶͷҐஔͷಈ͖ͷγϛϡϨʔγϣϯ݁Ռ

ʢr3 = 3 [m]ɿॳظঢ়ଶʣ

͜͜Ͱɼਤ 5.12ͷ ψ(t), θ(t), φ(t)ͷϓϩοτɼਤ 5.12ͷ r1(t)ͱ r2(t)ͷϓϩοτશʹॏͳ͍ͬͯ

ΔɽγϛϡϨʔγϣϯ ( f )Λͱ͓ͯ͠ɼఆཧʹΑͬͯٻΊͨϞʔλ੍ޚೖྗ৴߸Ͱɼਨํͷ r3 ํ

࢟ɼͦͷଞͷ͍ߦฒਐӡಈΛʹ (ψ(t), θ(t), φ(t))Ґஔ (r1(t), r2(t))ʹภࠩൃੜͤͣɼਨඈߦͷ
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ΛԼ͛Δӡಈʢฒਐӡಈɼදߴ 4.1ͷϚψʔό (i-2)ʣ͕͍ͯ͑ߦΔ͜ͱ͕͔֬ΊΒΕͨɽ

(g) ϔΩαϩʔλͷϗόʔঢ়ଶ͔ΒϤʔঢ়ଶʢਤ 5.13ɼਤ 5.14ɼද 4.1 ͷϚψʔό (iii-1)ʣɼ݅

θ̃ = 0 [rad], φ̃ = 0 [rad], ψ̈ = 1 [rad/s2], c = 0 [m/s2],ఆཧ 4͔ΒٻΊͨҎԼͷϞʔλʹΑͬͯ

ΕΔɽ͞ݱ࣮

ω̃M1 = 3570.2251 [rpm],
ω̃M2 = ω̃M3 = 4483.3457 [rpm],
ω̃M4 = ω̃M5 = 4052.5853 [rpm],

ω̃M6 = 4876.2003 [rpm].
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ਤ 5.13 (g) ϔΩαϩʔλͷϗόʔঢ়ଶ͔ΒϤʔ
ঢ়ଶͷςΠτʹϒϥΠΞϯ֯ͷγϛϡϨʔγϣϯ

݁Ռ
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ਤ 5.14 (g) ϔΩαϩʔλͷϗόʔঢ়ଶ͔ΒϤʔ
ঢ়ଶͷҐஔͷಈ͖ͷγϛϡϨʔγϣϯ݁Ռʢr3 =

3 [m]ɿॳظঢ়ଶʣ

͜͜Ͱɼਤ 5.13ͷ θ(t), φ(t)ͷϓϩοτɼਤ 5.14ͷ r1(t), r2(t)ͷϓϩοτશʹॏͳ͍ͬͯΔɽγ

ϛϡϨʔγϣϯ (g)Λͱ͓ͯ͠ɼఆཧʹΑͬͯٻΊͨϞʔλ੍ޚೖྗ৴߸Ͱɼ࢟ͷมԽϤʔͷճ

స͚ͩൃੜ͠ɼͦͷଞͷ࢟ (θ(t), φ(t))Ґஔ (r1(t), r2(t), r3(t))ʹภࠩൃੜͤͣɼҰఆͷߴͰϤʔ

ͷճసͷӡಈʢද 4.1ͷϚψʔό (iii-1)ʣ͕͍ͯ͑ߦΔ͜ͱ͕͔֬ΊΒΕͨɽ

(h)ϔΩαϩʔλͷϗόʔঢ়ଶ͔Βϐονঢ়ଶʢਤ 5.15ɼਤ 5.16ɼද 4.1ͷϚψʔό (iv-1)ɼͦͯ͠

θ ݻఆ͞Ε͍ͯΔʣɼ݅ θ̃ = 0.01745 [rad], φ̃ = 0 [rad], ψ̈ = 0 [rad/s2], c = 0 [m/s2],ఆཧ 4͔

ΒٻΊͨҎԼͷϞʔλʹΑ࣮ͬͯ͞ݱΕΔɽ

ω̃M1 = ω̃M2 = ω̃M3 = ω̃M4 = ω̃M5 = ω̃M6 = 4273.7220 [rpm].
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ਤ 5.15 (h) ϔΩαϩʔλͷϗόʔঢ়ଶ͔Βϐο
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ਤ 5.16 (h) ϔΩαϩʔλͷϗόʔঢ়ଶ͔Βϐ
ονঢ়ଶͷҐஔͷಈ͖ͷγϛϡϨʔγϣϯ݁Ռ

ʢr3 = 3 [m]ɿॳظঢ়ଶʣ

͜͜Ͱɼਤ 5.15ͷ ψ(t), φ(t)ͷϓϩοτશʹॏͳ͍ͬͯΔɽγϛϡϨʔγϣϯ (h)Λͱ͓ͯ͠ɼఆ

ཧʹΑͬͯٻΊͨϞʔλ੍ޚೖྗ৴߸ͰɼҰఆͷϐον֯ θΛҡ࣋͠ɼͦͷ݁Ռ r1 ฒਐӡಈΛʹํ

࢟ɼͦͷଞͷ͍ߦ (ψ(t), φ(t))Ґஔ (r2(t), r3(t))ʹภࠩൃੜͤͣɼҰఆͷߴͰϐον֯ͷฒਐӡ

ಈʢද 4.1ͷϚψʔό (iv-1)ɼ͜͜ʹ θݻఆ͞Ε͍ͯΔʣ͕͍ͯ͑ߦΔ͜ͱ͕͔֬ΊΒΕͨɽ

(i) ΦΫτϩʔλͷϗόʔঢ়ଶ͔ΒϤʔঢ়ଶʢਤ 5.17ɼਤ 5.18ɼද 4.1 ͷϚψʔό (iii-2)ʣɼ݅

θ̃ = 0 [rad], φ̃ = 0 [rad], ψ̈ = −1 [rad/s2], c = 0 [m/s2],ఆཧ 4͔ΒٻΊͨҎԼͷϞʔλʹΑͬ

ΕΔɽ͞ݱ࣮ͯ

ω̃M1 = 3489.4736 [rpm],
ω̃M2 = ω̃M3 = ω̃M4 = 5184.9965 [rpm],

ω̃M5 = ω̃M6 = 4419.3107 [rpm],
ω̃M7 = ω̃M8 = 5470.8561 [rpm].
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ਤ 5.17 (i) ΦΫτϩʔλͷϗόʔঢ়ଶ͔ΒϤʔ
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ਤ 5.18 (i) ΦΫτϩʔλͷϗόʔঢ়ଶ͔ΒϤʔ
ঢ়ଶͷҐஔͷಈ͖ͷγϛϡϨʔγϣϯ݁Ռʢr3 =

3 [m]ɿॳظঢ়ଶʣ

͜͜Ͱɼਤ 5.17ͷ θ(t), φ(t)ͷϓϩοτɼਤ 5.18ͷ r1(t), r2(t)ͷϓϩοτશʹॏͳ͍ͬͯΔɽγ

ϛϡϨʔγϣϯ (i)Λͱ͓ͯ͠ɼఆཧʹΑͬͯٻΊͨϞʔλ੍ޚೖྗ৴߸Ͱɼ࢟ͷมԽϤʔͷճస
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͚ͩൃੜ͠ɼͦͷଞͷ࢟ (θ(t), φ(t))Ґஔ (r1(t), r2(t), r3(t))ʹภࠩൃੜͤͣɼҰఆͷߴͰϤʔͷ

ճసͷӡಈʢද 4.1ͷϚψʔό (iii-2)ʣ͕͍ͯ͑ߦΔ͜ͱ͕͔֬ΊΒΕͨɽ

( j)ΦΫτϩʔλͷϗόʔঢ়ଶ͔Βϐονঢ়ଶʢਤ 5.19ɼਤ 5.20ɼද 4.1ͷϚψʔό (iv-2)ɼͦͯ͠

θ ݻఆ͞Ε͍ͯΔʣɼ݅ θ̃ = 0.01745 [rad], φ̃ = 0 [rad], ψ̈ = 0 [rad/s2], c = 0 [m/s2],ఆཧ 4͔

ΒٻΊͨҎԼͷϞʔλʹΑ࣮ͬͯ͞ݱΕΔɽ

ω̃M1 = ω̃M2 = ω̃M3 = ω̃M4 = ω̃M5 = ω̃M6 = ω̃M7 = ω̃M8 = 4896.1635 [rpm].
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ਤ 5.19 ( j) ΦΫτϩʔλͷϗόʔঢ়ଶ͔Βϐο
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ਤ 5.20 ( j) ΦΫτϩʔλͷϗόʔঢ়ଶ͔Βϐ
ονঢ়ଶͷҐஔͷಈ͖ͷγϛϡϨʔγϣϯ݁Ռ

ʢr3 = 3 [m]ɿॳظঢ়ଶʣ

͜͜Ͱɼਤ 5.19ͷ ψ(t), φ(t)ͷϓϩοτશʹॏͳ͍ͬͯΔɽγϛϡϨʔγϣϯ ( j)Λͱ͓ͯ͠ɼఆ

ཧʹΑͬͯٻΊͨϞʔλ੍ޚೖྗ৴߸ͰɼҰఆͷϐον֯ θΛҡ࣋͠ɼͦͷ݁Ռ r1 ฒਐӡಈΛʹํ

࢟ɼͦͷଞͷ͍ߦ (ψ(t), φ(t))Ґஔ (r2(t), r3(t))ʹภࠩൃੜͤͣɼҰఆͷߴͰϐον֯ͷฒਐӡ

ಈʢද 4.1ͷϚψʔό (iv-2)ɼ͜͜ʹ θݻఆ͞Ε͍ͯΔʣ͕͍ͯ͑ߦΔ͜ͱ͕͔֬ΊΒΕͨɽ
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5.2 ΔɼϚϧνϩʔλͷམΛճආ͠ɼඈ͢ࡏো͕ଘނશͳϞʔλ

ΔγϛϡϨʔγϣϯ࣋͢Λҡߦ

ຊઅͰɼશͳϞʔλނোͷଘࡏԼɼམΛճආ͢Δද 4.2ͷ 2λΠϓͷඈߦঢ়ଶͷඈߦͷయܕ

ྫΛγϛϡϨʔγϣϯʹΑͬͯࣔ͢ɽҎ߱ͷ݁Ռɼఆཧ 5ɼఆཧ 6ɼͱશͳϞʔλނোଘࡏԼ

ͷಈྗֶͷঢ়ଶํఔࣜ [ࣜ (4.31)], [ࣜ (4.32)]ͷ࣮ΛMapleͷγϯϘϦοΫࢉܭɼMATLABͷྻߦ

ɼͦͯ͠ࢉܭ ode45ιϧόʔ [38]ΛؚΉMATLABͷࢉܭΛ༻͍͍ͯߦɼಘ͍ͯΔɽ͜͜Ͱҙ

͖͢ɼࣜ (4.32)ͷࢉܭʹΦΠϥʔ֯ʢψ(t), θ(t), φ(t)ʣ͕ඞཁͰ͋ΔͨΊɼࣜ (4.31)ͷࢉܭ

݁ՌͷλΠϜεςοϓͱࣜ (4.32)Λղ͘ࡍͷλΠϓεςοϓͷͣΕΛิؒ͢Δิؒؔ [39]Λ༻͍ͯ

ΦΠϥʔ֯ ψ(t), θ(t),ͦͯ͠ φ(t)ͷղΛಘ͍ͯΔɽ

(A) ϔΩαϩʔλͷϞʔλ൪߸ 3 ͷ݅Լ࣍ͱ͖ͷͨ͠ࢭো͠ఀނ͕ (ਤ 6.1)ɿt[s] ∈ [0 5],

θ = φ = 0 [rad], θ̈ = φ̈ = 0 [rad/s2], kF1 = kF2 = kF4 = kF5 = kF6 = 1.79 × 10(−7) [N/rpm2], kM1 = kM2 =

kM4 = kM5 = kM6 = 4.38 × 10(−9) [Nm/rpm2], c (or r̈3) = 0 [m/s2]ͷਤ 5.22ͱਤ 5.23ʹࣔ͢ϗόϦϯ

άͷඈߦঢ়ଶ (ද 4.2ͷλΠϓ (I)ͷঢ়ଶͱද 4.1ͷϚψʔό (ii))Λୡ͢ΔϞʔλ੍ޚ৴߸ఆ

ཧ 5ʹΑΓ࣍ͷΑ͏ʹٻ·Δɽ

ωM1 = ωM2 = ωM4 = ωM5 = 5233.820507 [rpm],
ωM6 = 0 [rpm].

ਤ 5.21 ྫ (A)൪߸ 3ͷϞʔλ͕શʹނো͠ఀͨ͠ࢭͱ͖ͷϔΩαϩʔλͷඈߦ
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ਤ 5.22 3 ൪ͷϞʔλ͕ނো͠ఀͨ͠ࢭͱ͖
ͷɼམΛආ͚ΔඈߦͷςΠτʹϒϥΠΞϯ֯ͷ

γϛϡϨʔγϣϯ݁Ռʢྫ (A)ʣ

ਤ 5.23 3 ൪ͷϞʔλ͕ނো͠ఀͨ͠ࢭͱ͖
ͷɼམΛආ͚Δඈߦͷಈ͖ͷҐஔͷγϛϡϨʔ

γϣϯ݁Ռʢྫ (A)ɼr3 = 3 [m]ɿॳظঢ়ଶʣ

͜͜ʹɼਤ 5.22ͷ ψ(t), θ(t),ͦͯ͠ φ(t)શʹॏͳ͍ͬͯΔɽਤ 5.23ͷ r1(t)ͱ r2(t)·ͨɼશ

ʹॏͳ͍ͬͯΔɽγϛϡϨʔγϣϯ (A)Λͱ͓ͯ͠ɼϔΩαϩʔλͷϞʔλ ͱ͖ɼͨ͠ࢭো͠ఀނ3͕

ఆཧʹΑͬͯٻΊͨଘϞʔλ੍ޚೖྗ৴߸ͰɼϞʔλ 3ͱର֯ઢ্ʹ͋ΔϞʔλ 6Λఀ͠ࢭɼ࢟

(ψ(t), θ(t), φ(t)) Ґஔ (r1(t), r2(t), r3(t)) ʹภࠩൃੜͤͣɼϗόϦϯάͷঢ়ଶ (ද 4.2 ͷλΠϓ (I) ͷ

ঢ়ଶͱද 4.1ͷϚψʔό (ii))͕ҡ࣋Ͱ͖Δ͜ͱ͕͔֬ΊΒΕͨɽ

͜ͷͱ͖ɼఆཧ 5ͷؔ F(x, ui1,i2,...,in
2p−n )ҎԼͷΑ͏ʹ༩͑ΒΕΔɽ

F(x,u3
5) = A3

5(x)u3
5 − b5, (5.3)

A3
5(x) ∈ R5×5 =

(
A′4×5(η)
εT

Q2Q3
2×5

)
, (5.4)

A′4×5(η) ∈ R4×5 =

(
Z(η)S3

rot5
eT

3
1
m B(x)S3

tra5

)
, (5.5)

b5 = (ψ̈, θ̈, φ̈, c + g, b′1)T ∈ R5, (5.6)

͜͜ʹ i1 = 3ͦͯ͠ n = 1. span{εQ1, εQ2} ͷ࣮ϕΫτϧۭؒݩ࣍2 R2 ͷجఈϕΫτϧΛද͢ɽߦ

ྻ Q3
2×5 ∈ R2×5 ҙͷఆྻߦ Q2×6 ͔Β 3ྻ͕আ͞ΕͨྻߦΛද͢ɽb′1 ∈ RఆΛද͢ɽ

ྻߦ S3
ξ5 ྻߦ Sξ6 ͷ 3ྻ͕আ͞ΕͨྻߦΛද͢ɼ(ξ = rot, tra)ɽ

(B)ΦΫτϩʔλͷϞʔλ൪߸ 2ɼ5ɼ8͕ނো͠ఀͨ͠ࢭͱ͖ͷ࣍ͷ݅Լʢਤ 5.24ʣɿt[s] ∈ [0 5],

θ = 0.0872665 [rad], φ = 0 [rad], θ̈ = φ̈ = 0 [rad/s2], kF1 = kF3 = kF4 = kF6 = kF7 = 1.79 ×
10(−7) [N/rpm2], kM1 = kM3 = kM4 = kM6 = kM7 = 4.38× 10(−9) [N/rpm2], c (or r̈3) = 0 [m/s2]ͷਤ 5.25

ͱਤ 5.26ʹࣔ͢ҰఆͷߴͰϐον֯ͷฒਐӡಈΛ͢Δඈߦঢ়ଶʢද 4.2ͷλΠϓ (I)ͷঢ়ଶɼද 4.1

ͷϚψʔό (iv-1)ɼͦͯ͠ θ ݻఆ͞Ε͍ͯΔ)Λୡ͢ΔϞʔλ੍ޚ৴߸ఆཧ 5ʹΑͬͯ࣍
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ͷΑ͏ʹٻ·Δɽ

ωM1 = ωM6 = 8249.4166 [rpm],
ωM3 = ωM4 = 5309.2771 [rpm],

ωM7 = 0 [rpm].

ਤ 5.24 ྫ (B)൪߸ 2, 5, 8ͷϞʔλ͕શʹނো͠ఀͨ͠ࢭͱ͖ͷΦΫτϩʔλͷඈߦ

ਤ 5.25 2ɼ5ɼ8൪ͷϞʔλ͕ނো͠ఀͨ͠ࢭ
ͱ͖ͷɼམΛආ͚ΔඈߦͷςΠτʹϒϥΠΞϯ

֯ͷγϛϡϨʔγϣϯ݁Ռʢྫ (B)ʣ

ਤ 5.26 2ɼ5ɼ8൪ͷϞʔλ͕ނো͠ఀͨ͠ࢭ
ͱ͖ͷɼམΛආ͚Δඈߦͷಈ͖ͷҐஔͷγϛϡ

Ϩʔγϣϯ݁Ռʢྫ (B)ɼr3 = 3 [m]ɿॳظঢ়ଶʣ

͜͜ʹɼਤ 5.25ͷ ψ(t)ͱ φ(t)શʹॏͳ͍ͬͯΔɽγϛϡϨʔγϣϯ (B)Λͱ͓ͯ͠ɼΦΫτϩʔ

λͷϞʔλ 2ɼ5ɼ8͕ނো͠ఀͨ͠ࢭͱ͖ɼఆཧʹΑͬͯٻΊͨଘϞʔλ੍ޚೖྗ৴߸ͰɼϞʔλ

3ͱର֯ઢ্ʹ͋ΔϞʔλ 7Λఀ͠ࢭɼҰఆͷϐον֯ θΛҡ࣋͠ɼͦͷ݁Ռ r1 ߦฒਐӡಈΛʹํ

͍ɼͦͷଞͷ࢟ (ψ(t), φ(t))Ґஔ (r2(t), r3(t))ʹภࠩൃੜͤͣɼҰఆͷߴͰϐον֯ͷฒਐӡಈ

ʢද 4.2ͷλΠϓ (I)ͷঢ়ଶɼද 4.1ͷϚψʔό (iv-1)ɼͦͯ͠ θݻఆ͞Ε͍ͯΔ)͕͍ͯ͑ߦΔ͜ͱ

͕͔֬ΊΒΕͨɽ

͜ͷ߹ɼఆཧ 5ͷؔ F(x, ui1,i2,...,in
2p−n )ҎԼͷΑ͏ʹ༩͑ΒΕΔɽ

F(x,u2,5,8
5 ) = A2,5,8

5 (x)u2,5,8
5 − b5, (5.7)

A2,5,8
5 (x) ∈ R5×5 =

(
A′2,5,84×5 (η)
εT

Q2Q2,5,8
4×5

)
, (5.8)
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A′2,5,84×5 (η) ∈ R4×5 =

(
Z(η)S2,5,8

rot5
eT

3
1
m B(x)S2,5,8

tra5

)
, (5.9)

b5 = (ψ̈, θ̈, φ̈, c + g, b′1)T ∈ R5, (5.10)

͜͜ʹ i1 = 2, i2 = 5, i3 = 8, ͦͯ͠ n = 3. span{εQ1, εQ2, εQ3, εQ4} ϕΫτϧۭ࣮ؒܥͷӈखݩ࣍4

R4 ͷجఈϕΫτϧΛද͢ɽྻߦ Q2,5,8
4×5 ∈ R4×5 ҙͷఆྻߦ Q4×8 ͷ 2ɼ5ɼ8 ྻ͕আ͞Εͨ

Λද͢ɽb′1ྻߦ ∈ R ఆΛද͢ɽྻߦ S2,5,8
ξ5 ྻߦ Sξ8 ͷ 2ɼ5ɼ8 ྻ͕আ͞ΕͨྻߦΛද͢

(ξ = rot, tra)ɽ

(C) ΫΞουϩʔλͷϞʔλ൪߸ 2 ͱ͖ͷ݅ͨ͠ࢭো͠ఀނ͕ t[s] ∈ [0 5], θ = φ = 0 [rad], θ̈ =

φ̈ = 0 [rad/s2], kF1 = kF3 = kF4 = 1.79 × 10(−7) [N/rpm2], kM1 = kM3 = kM4 = 4.38 × 10(−9) [Nm/rpm2],

c (or r̈3) = 0 [m/s2] ͷͱ͖ʹɼਤ 5.28 ͱਤ 5.29 ͷམΛආ͚Δඈߦঢ়ଶ (ਤ 5.27ɼද 4.2 ͷλΠϓ

(II)ͷঢ়ଶɼද 4.1ͷϚψʔό (i-1), (i-2)ɼr3 ݻఆ͞Ε͍ͯΔɼͦͯ͠ ψ̈ = −12.3371 [rad/s2]݁Ռ

Ͱ͋Δ)Λୡ͢ΔϞʔλ੍ޚ৴߸ఆཧ 6ʹΑͬͯ࣍ͷΑ͏ʹಘΒΕΔɽ

ωM1 = ωM3 = 6735.1766 [rpm], ωM4 = 0 [rpm].

ਤ 5.27 ྫ (C)൪߸ 2ͷϞʔλ͕શʹނো͠ఀͨ͠ࢭͱ͖ͷམΛආ͚ΔΫΞουϩʔλͷඈߦ

ਤ 5.28 2 ൪ͷϞʔλ͕ނো͠ఀͨ͠ࢭͱ͖
ͷɼམΛආ͚ΔඈߦͷςΠτʹϒϥΠΞϯ֯ͷ

γϛϡϨʔγϣϯ݁Ռʢྫ (C)ʣ

ਤ 5.29 2 ൪ͷϞʔλ͕ނো͠ఀͨ͠ࢭͱ͖
ͷɼམΛආ͚Δඈߦͷಈ͖ͷҐஔͷγϛϡϨʔ

γϣϯ݁Ռʢྫ (C)ɼr3 = 3 [m]ɿॳظঢ়ଶʣ
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͜͜ʹɼਤ 5.28ͷม θ(t)ͱ φ(t)શʹॏͳ͍ͬͯΔɽਤ 5.29ͷม r1(t)ͱ r2(t)·ͨɼશ

ʹॏͳ͍ͬͯΔɽγϛϡϨʔγϣϯ (C)Λͱ͓ͯ͠ɼΫΞουϩʔλͷϞʔλ ͱͨ͠ࢭো͠ఀނ2͕

͖ɼఆཧʹΑͬͯٻΊͨଘϞʔλ੍ޚೖྗ৴߸ͰɼϞʔλ 2ͱର֯ઢ্ʹ͋ΔϞʔλ 4Λఀ͠ࢭɼ

ϤʔΛࣗ༝ʹճసͤ͞Δ͜ͱͰ (ਤ 5.27ɼද 4.2ͷλΠϓ (II)ͷঢ়ଶɼද 4.1ͷϚψʔό (i-1), (i-2)ɼ

r3 ݻఆ͞Ε͍ͯΔɼͦͯ͠ ψ̈ = −12.3371 [rad/s2]݁ՌͰ͋Δ)ɼͦͷଞͷ࢟ (θ(t), φ(t))Ґஔ

(r1(t), r2(t), r3(t))ʹภࠩൃੜͤͣɼඈ͠ߦଓ͚ɼམΛճආͰ͖Δ͜ͱ͕͔֬ΊΒΕͨɽ

͜ͷ࣌ɼఆཧ 6ͷؔ F(x,ui1,i2,...,in
2p−n )ҎԼͷΑ͏ʹ༩͑ΒΕΔɽ

F(η,u2
3) = A2

3(η)u2
3 − b3, (5.11)

A2
3(η) ∈ R3×3 =




εT
2 Z(η)S2

rot3
εT

3 Z(η)S2
rot3

eT
3

1
m B(x)S2

tra3


 , (5.12)

b3 = (θ̈, φ̈, c + g)T ∈ R3. (5.13)

͜͜ʹ i1 = 2ͦͯ͠ n = 1. ྻߦ S2
ξ3 ྻߦ Sξ4 ͷ 2ྻ͕আ͞ΕͨྻߦΛද͢ (ξ = rot, tra).

(D)ΫΞουϩʔλͷϞʔλ൪߸ 1ͱ ͱ͖ͷ݅ͨ͠ࢭো͠ఀނ3͕ t[s] ∈ [0 0.1], θ = φ = 0 [rad],

θ̈ = 0 [rad/s2], φ̈ = 17.4533 [rad/s2], kF2 = kF4 = 1.79 × 10(−7) [N/rpm2], kM2 = kM4 = 4.38 ×
10(−9) [Nm/rpm2], c (or r̈3) = 0 [m/s2]ͷͱ͖ʹɼਤ 5.31ͱਤ 5.32ͷམΛආ͚Δඈߦঢ়ଶ (ਤ 5.30)ɼ

ද 4.2ͷλΠϓ (II)ͷঢ়ଶɼද 4.1ͷϚψʔό (v-1)ɼͦͯ͠ ψ̈ = 12.3371 [rad/s2]݁ՌͰ͋Δ)Λୡ

͢ΔϞʔλ੍ޚ৴߸ఆཧ 6ʹΑͬͯ࣍ͷΑ͏ʹಘΒΕΔɽ

ωM2 = 6535.6936 [rpm], ωM4 = 6928.9189 [rpm].

ਤ 5.30 ྫ (D)൪߸ 1ͱ 3ͷϞʔλ͕શʹނো͠ఀͨ͠ࢭͱ͖ͷམΛආ͚ΔΫΞουϩʔλͷඈߦ
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ਤ 5.31 1ɼ3 ൪ͷϞʔλ͕ނো͠ఀͨ͠ࢭͱ
͖ͷɼམΛආ͚ΔඈߦͷςΠτʹϒϥΠΞϯ֯

ͷγϛϡϨʔγϣϯ݁Ռʢྫ (D)ʣ

ਤ 5.32 1ɼ3 ൪ͷϞʔλ͕ނো͠ఀͨ͠ࢭͱ
͖ͷɼམΛආ͚Δඈߦͷಈ͖ͷҐஔͷγϛϡ

Ϩʔγϣϯ݁Ռʢྫ (D)ɼr3 = 3 [m]ɿॳظঢ়ଶʣ

͜͜ʹɼਤ 5.32ͷ r1(t)ͱ r2(t)શʹॏͳ͍ͬͯΔɽ·ͨɼฒਐͷՃ͕؍ଌͰ͖ͳ͍ཧ༝ɼ

γϛϡϨʔγϣϯ͕ؒ࣌ͱ͍͔ͯΒͰ͋Δʢt[s] ∈ [0 0.1]ʣɽγϛϡϨʔγϣϯ (D) Λͱ͓ͯ͠ɼ

ΫΞουϩʔλͷϞʔλ 1ɼ3 ߸ೖྗ৴ޚଘϞʔλ੍Ίͨٻͱ͖ɼఆཧʹΑͬͯͨ͠ࢭো͠ఀނ͕

ͰɼϤʔΛࣗ༝ʹճసͤ͞ɼߴΛҡ࣋͠ͳ͕ΒɼϩʔϧͷճసΛ͜͏ߦͱ (ද 4.2ͷλΠϓ (II)ͷঢ়

ଶɼද 4.1 ͷϚψʔό (v-1)ɼͦͯ͠ ψ̈ = 12.3371 [rad/s2] ݁ՌͰ͋Δ) ͕Ͱ͖Δ͜ͱ͕͔֬ΊΒΕ

ͨɽ͜ΕɼϤʔͷ੍͕ޚͰ͖ͳ͍߹ͰɼҐஔͷ੍ޚ͋ΔఔՄͰ͋Δ͜ͱΛҙຯ͢Δɽ

͜ͷ߹ɼఆཧ 6ͷؔ F(x, ui1,i2,...,in
2p−n )ҎԼͷΑ͏ʹ༩͑ΒΕΔɽ

F(η,u1,3
2 ) = A1,3

2 (η)u1,3
2 − b2, (5.14)

A1,3
2 (η) ∈ R2×2 =

(
εT

3 Z(η)S1,3
rot2

eT
3

1
m B(x)S1,3

tra2

)
, (5.15)

b2 = (φ̈, c + g)T ∈ R2. (5.16)

͜͜ʹ i1 = 1, i2 = 3, ͦͯ͠ n = 2. ྻߦ S1,3
ξ2 ྻߦ Sξ4 ͷ 1ɼ3 ྻ͕আ͞ΕͨྻߦΛද͢

(ξ = rot, tra).
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(E) ΦΫτϩʔλͷϞʔλ൪߸ 1ɼ3ɼ4ɼ6ɼͱ 8 ͱ͖ͷ݅ͨ͠ࢭো͠ఀނ͕ t[s] ∈ [0 5], θ =

φ = 0 [rad], θ̈ = φ̈ = 0 [rad/s2], kF2 = kF5 = kF7 = 1.79 × 10(−7) [N/rpm2], kM2 = kM5 = kM7 =

4.38 × 10(−9) [Nm/rpm2], c (or r̈3) = −0.1 [m/s2]ͷͱ͖ʹɼਤ 5.34ͱਤ 5.35ͷམΛආ͚Δඈߦঢ়ଶ

(ਤ Fig. 5.33ɼද 4.2ͷλΠϓ (II)ͷঢ়ଶɼද 4.1ͷϚψʔό (i-2)ɼͦͯ͠ ψ̈ = −2.2140 [rad/s2]݁

ՌͰ͋Δ)Λୡ͢ΔϞʔλ੍ޚ৴߸ఆཧ 6ʹΑͬͯҎԼͷΑ͏ʹಘΒΕΔɽ

ωM2 = 8866.5435 [rpm], ωM5 = ωM7 = 7455.8446 [rpm].

ਤ 5.33 ྫ (E)൪߸ 1ɼ3ɼ4ɼ6ɼͦͯ͠ 8ͷϞʔλ͕શʹނো͠ఀͨ͠ࢭͱ͖ͷམΛආ͚Δ
ΦΫτϩʔλͷඈߦ

ਤ 5.34 1ɼ3ɼ4ɼ6ɼ8൪ͷϞʔλ͕ނো͠ఀ
ͷςΠτʹϒϥߦͱ͖ͷɼམΛආ͚Δඈͨ͠ࢭ

ΠΞϯ֯ͷγϛϡϨʔγϣϯ݁Ռʢྫ (E)ʣ

ਤ 5.35 1ɼ3ɼ4ɼ6ɼ8൪ͷϞʔλ͕ނো͠ఀ
ͷಈ͖ͷҐஔͷߦͱ͖ͷɼམΛආ͚Δඈͨ͠ࢭ

γϛϡϨʔγϣϯ݁Ռʢྫ (E)ɼr3 = 3 [m]ɿॳظ
ঢ়ଶʣ

͜͜ʹɼਤ 5.34ͷঢ়ଶม θ(t)ͱ φ(t)શʹॏͳ͍ͬͯΔɽਤ 5.35ͷঢ়ଶม r1(t)ͱ r2(t)·

ͨɼશʹॏͳ͍ͬͯΔɽγϛϡϨʔγϣϯ (E)Λͱ͓ͯ͠ɼΦΫτϩʔλͷϞʔλ 1ɼ3ɼ4ɼ6ɼ8

ೖྗ৴߸ͰɼϤʔΛࣗ༝ʹճసͤ͞ͳޚଘϞʔλ੍Ίͨٻͱ͖ɼఆཧʹΑͬͯͨ͠ࢭো͠ఀނ͕

͕ΒɼਨඈߦͷߴΛԼ͛Δӡಈʢද 4.2 ͷλΠϓ (II) ͷঢ়ଶɼද 4.1 ͷϚψʔό (i-2)ɼͦͯ͠

ψ̈ = −2.2140 [rad/s2]݁ՌͰ͋Δ)Λ͍ߦɼͦͷଞͷ࢟ (θ(t), φ(t))Ґஔ (r1(t), r2(t))ʹภࠩൃੜ

ͤͣɼམΛճආͰ͖Δ͜ͱ͕͔֬ΊΒΕͨɽ
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͜ͷ߹ɼఆཧ 6ͷؔ F(x, ui1,i2,...,in
2p−n )۩ମతʹҎԼͷΑ͏ʹ༩͑ΒΕΔɽ

F(η, u1,3,4,6,8
3 ) = A1,3,4,6,8

3 (η)u1,3,4,6,8
3 − b3, (5.17)

A1,3,4,6,8
3 (η) ∈ R(3)×(3) =




εT
2 Z(η)S1,3,4,6,8

rot3
εT

3 Z(η)S1,3,4,6,8
rot3

eT
3

1
m B(x)S1,3,4,6,8

tra3



, (5.18)

b3 = (θ̈, φ̈, c + g)T ∈ R3. (5.19)

͜͜ʹ i1 = 1, i2 = 3, i3 = 4, i4 = 6, i5 = 8,ͦͯ͠ n = 5. ྻߦ S1,3,4,6,8
ξ3 Ϟʔλͷྗʹؔ͢Δྻߦ

Sξ8 ͷ 1ɼ3ɼ4ɼ6ɼ8ྻ͕আ͞ΕͨྻߦΛද͢ (ξ = rot, tra).
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ୈ 6ষ

Լɼͯ͢ͷඈࡏোͷଘނશͳϞʔλ
Մͳ߹ͷϔΩαϩʔλͷඈ͕࡞ૢߦ
ঢ়ଶΛ҆ఆͤ͞Δঢ়ଶมϑΟʔυߦ
όοΫΛͭ࣋ઢܗ·ͨඇઢܗͷಈྗֶ
ͷঢ়ଶํఔࣜ

ຊষͰɼམΛճආ͢Δද 4.2 ͷλΠϓ (I) ͷঢ়ଶΛԾఆͯ͠ɼϔΩαϩʔλΛྫʹɼϞʔλނ

ো࣌ͷඈߦঢ়ଶΛ҆ఆͤ͞Δঢ়ଶมϑΟʔυόοΫΛͭ࣋ઢܗ·ͨඇઢܗͷಈྗֶͷঢ়ଶํఔࣜ

ʹ͍ͭͯٞ͢ΔɽಛʹɼϞʔλނো࣌ͷϔΩαϩʔλͷམΛճආ͢Δඈߦঢ়ଶͷ҆ఆੑͷఆཧΛ

ఏ͠ڙɼঢ়ଶมϑΟʔυόοΫΛͭ࣋ඇઢܗͷಈྗֶͷঢ়ଶํఔࣜʹΑͬͯͦͷΑ͏ͳඈߦঢ়ଶΛ

҆ఆԽͰ͖Δ͜ͱΛఆཧͱͯ͠·ͱΊΔɽͦͯ͠ɼγϛϡϨʔγϣϯΛ͍ߦఆཧͷ༗ޮੑΛ֬ೝ

͢Δɽ

མΛճආ͢Δද 4.2ͷλΠϓ (I)ͷঢ়ଶͷͱ͖ (1 ≤ i1 < · · · < in ≤ 6, 1 ≤ n ≤ 2, n ∈ N)ɼϔΩα

ϩʔλ (p = 3)ͷঢ়ଶํఔࣜ [ࣜ (4.31) ]ΛςΠϥʔల։͠ɼ߲࣍ߴΛແͯ͠ࢹɼҎԼͷɼམΛճආ

͢Δද 4.2ͷλΠϓ (I)ͷඈߦঢ়ଶΛ҆ఆͤ͞ΔͨΊʹར༻Ͱ͖Δಈ࡞ (xop, ẋop)T ͱ (rop, ṙop)T ʹ͓

͚ΔఆྻߦΛͭ࣋ϔΩαϩʔλͷมඍํఔࣜΛಘΔɽ

d
dt
δXrot = Frot6−n(op)δXrot + Grot6−n(op)δUi1,...,in

6−n , (6.1)

δXrot = (δx, δẋ)T,

(δx, δẋ)T = (x − x(op), ẋ − ẋ(op))T,

Frot6−n(op) =

(
03×3 I3×3

frotx(ηop, ẋop,ui1,...,in
6−n(op)) frotẋ(ηop, ẋop)

)
, (6.2)
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Grot6−n(op) =

( 03×(6−n)
frotui1 ,...,in

6−n
(ηop)

)
, (6.3)

frotζ(ηop, ẋop,ui1,...,in
6−n(op)) = Yζ(ηop, ẋop) +

[
∂

∂ζ

(
Z(η)Si1,...,in

rot6−nui1,...,in
6−n(op)

)]∣∣∣∣∣∣
η=ηop

, (6.4)

frotζ̇(ηop, ẋop) = Yζ̇(ηop, ẋop), (6.5)

frotui1 ,...,in
6−n

(ηop) = Z(ηop)Si1,...,in
rot6−n, (6.6)

͜͜ʹ ζ = x ∈ R3,·ͨ η ∈ R2, ζ̇ = ẋ ∈ R3,·ͨ η̇ ∈ R2,ͦͯ͠ 03×(6−n)  3 × (6 − n)θϩྻߦ

Ͱ͋Δ. Yx ͱ Yẋ ͦΕͧΕɼY ͷ xʹΑΔภඍͱ Y ͷ ẋʹΑΔภඍΛද͢ɽ frotx, frotẋ,ͦͯ͠

frotui1 ,...,in
6−n

ͧΕͧΕɼ frot ͷ xʹΑΔภඍ, frot ͷ ẋʹΑΔภඍ, ͦͯ͠ frot ͷ ui1,...,in
6−n ʹΑΔภඍ

Λද͢ɽ

ఆཧ 7 ϔΩαϩʔλͷམΛճආ͢Δද 4.2 ͷλΠϓ (I) ͷঢ়ଶͷͱ͖ (1 ≤ i1 < · · · < in ≤ 6,

1 ≤ n ≤ 2, n ∈ N)ɼCMrot6−n(op) ∈ R6×(6×(6−n))  6 × (6 × (6 − n))Մ੍ྻߦੑޚΛද͠ɼࣜ (6.7)Ͱఆٛ

͞ΕΔͷͱ͢Δɽ

CMrot6−n(op) = [Grot6−n(op), Frot6−n(op)Grot6−n(op),

F 2
rot6−n(op)Grot6−n(op), . . . ,

F 5
rot6−n(op)Grot6−n(op)], (6.7)

͠ CMrot6−n(op) ͕ϑϧϥϯΫ 6 Ͱ͋ΔͳΒɼఆྻߦͷର (Frot6−n(op),Grot6−n(op)) શՄ੍ޚ

Ͱ͋Δͱ͍͍ɼࣜ (6.8) ͷղ͕ͯ͢ݪϕΫτϧ 06 = (0, 0, . . . , 0)T ∈ R6 ʹ͍͍ۙͮͯ͘Α͏ͳ

(6 − n) × ྻߦͷఆݩ࣍6 K6−n(op) ͕ଘ͢ࡏΔʢ͢ͳΘͪɼͦͷݪۙ҆ఆͰ͋ΔʣɽՃ͑ͯɼ͜

ͷͱ͖ࣜ (6.9)ͷมՃ δr̈·ͨݪϕΫτϧ 03 = (0, 0, 0)T ∈ R3 ʹ͍͍ۙͮͯ͘ɽ

d
dt
δXrot = (Frot6−n(op) − Grot6−n(op)K6−n(op))δXrot, (6.8)

δr̈ =
1
m

[
∂

∂x
(
B(x)Si1,...,in

tra6−nui1,...,in
6−n(op)

)]∣∣∣∣∣∣
x=xop

δx − 1
m

B(xop)Si1,...,in
tra6−nK6−n(op)δXrot, (6.9)

͜͜ʹ δXrot = (δx, δẋ)T,ͦͯ͠ δṙ = ṙ − ṙop Ͱ͋Δ.

ূ໌ 7 ϔΩαϩʔλͷམΛճආ͢Δද 4.2 ͷλΠϓ (I) ͷঢ়ଶͷͱ͖ (1 ≤ i1 < · · · < in ≤ 6,

1 ≤ n ≤ 2, n ∈ N)ɼࣜ (6.1) ʹࣜ δUi1,...,in
6−n = −K6−n(op)δXrot Λೖͯ͠ɼࣜ (6.8) ͷϔΩαϩʔλͷด

ϧʔϓγεςϜΛఆٛ͢Δɽ
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[43]ʹ͓͍ͯɼఆྻߦͷର (Frot6−n(op),Grot6−n(op))͕શՄ੍ޚͷͱ͖ɼFrot6−n(op)−Grot6−n(op)K6−n(op)

ͷݻ༗ͷ࣮෦͕ෛʹͳΔΑ͏ͳఆྻߦ K6−n(op) ͕ଘ͢ࡏΔ͜ͱ͕ূ໌͞Ε͍ͯΔɽ͕ͨͬͯ͠ɼ

ఆྻߦͷର (Frot6−n(op),Grot6−n(op))͕શՄ੍ޚͷͱ͖ɼࣜ (6.8)ͷͯ͢ͷղݪϕΫτϧ 06 ʹ

͍͍ۙͮͯ͘ɽ

͞Βʹɼ͜ͷͱ͖ࣜ (6.9)ʹ͓͍ͯɼδXrot → 06, (ͦͯ͠ δx→ 03)ͱͳΔͷͰɼ݁Ռɼδr̈→ 03 ͱͳ

Δɽ͕ͨͬͯ͠ɼఆཧ 7ূ໌͞Εͨɽ

ఆཧ 8 ϔΩαϩʔλͷམΛճආ͢Δද 4.2 ͷλΠϓ (I) ͷঢ়ଶͷͱ͖ (1 ≤ i1 < · · · < in ≤ 6,

1 ≤ n ≤ 2, n ∈ N)ɼ(i)͠ɼࣜ (6.7) CMrot6−n(op) ͕ϑϧϥϯΫ 6Ͱ͋Ε,Ϟʔλ੍ޚೖྗ৴߸ δui1,...,in
6−n

= MδUi1,...,in
6−n = −K6−n(op)(x− x(op), ẋ− ẋ(op))T Λඇઢܗͷಈྗֶͷঢ়ଶํఔࣜ [ࣜ (4.31)]ͱ [ࣜ 4.32]ʹ

Ճ͑Δ͜ͱͰɼҎԼͷดϧʔϓํఔࣜ [ࣜ (6.10)]ͱ [ࣜ (6.12)]͕ಘΒΕΔɽ

(ii) ͞Βʹɼ͠ɼϠίϏྻߦ (Frot6−n(op) − Grot6−n(op)K6−n(op)) ͷͯ͢ͷݻ༗ͷ࣮෦͕ෛͰ͋Ε

ɼಈ࡞ (xop, ẋop)T ۙʹॳظ (t0, (x0, ẋ0)T) Λࣜͭ࣋ (6.10) ͷղ (ϕ(t, (x0, ẋ0)T), ϕ̇(t, (x0, ẋ0)T))

 (xop, ẋop)T ʹ͍͍ۙͮͯ͘ɽͦͯ͠ɼࣜ (6.12)ͷՃ r̈(t)·ͨɼಈ࡞ϕΫτϧ r̈(op) ʹ͍ۙͮ

͍ͯ͘ɽ

d
dt

(
x
ẋ

)
=

(
ẋ

frot(x, ẋ)

)
, (6.10)

M =
(

03×3 I3×3
)
,

frot(x, ẋ) = Y(TLx, ẋ) + Z(TLx)Si1,...,in
rot6−n(ui1,...,in

6−n(op) + δu
i1,...,in
6−n ), (6.11)

TL =

(
0 1 0
0 0 1

)
,

d
dt

(
r
ṙ

)
=

(
ṙ

ftra(ϕ(t, (x0, ẋ0)T), ϕ̇(t, (x0, ẋ0)T))

)
, (6.12)

ftra(x, ẋ) = −!e3 +
1
m

B(x)Si1,...,in
tra6−n(ui1,...,in

6−n(op) + δu
i1,...,in
6−n ), (6.13)

͜͜ʹ K6−n(op) ఆཧ 7 Ͱఆٛ͞ΕΔఆྻߦ, (δx, δẋ)T = (x − x(op), ẋ − ẋ(op))T, (x(t), ẋ(t))T =

(ϕ(t, (x0, ẋ0)T), ϕ̇(t, (x0, ẋ0)T))T = (φ(t, (x0, ẋ0)T, ui1,...,in
6−n(op) + δu

i1,...,in
6−n ), φ̇(t, (x0, ẋ0)T,ui1,...,in

6−n(op) + δu
i1,...,in
6−n ))T

∈ Σrot ⊂ R6, ॳظ (t0, (x0, ẋ0)T) ∈ R × U, ͦͯ͠ ui1,...,in
6−n(op) + δu

i1,...,in
6−n ∈ Λ, ͦͯ͠ U  ‖(x0 − xop, ẋ0 −

ẋop)T‖ < 1Λຬ͢ΔΑ͏ͳಈ࡞ (xop, ẋop)T ∈ Σrot ⊂ R6 ͷۙΛҙຯ͢Δɽ

ূ໌ 8 ϔΩαϩʔλͷམΛճආ͢Δද 4.2 ͷλΠϓ (I) ͷঢ়ଶͷͱ͖ (1 ≤ i1 < · · · < in ≤ 6,

1 ≤ n ≤ 2, n ∈ N)ɼ CͷϋʔτϚϯʹάϩϒϚϯͷఆཧΛར༻͢Δɽͦͯ͠ɼK6−n(op) ∈ R(6−n)×6

49



ҙͷఆྻߦͰ͋ΓɼϞʔλ੍ޚೖྗ৴߸ δui1,...,in
6−n (x, ẋ) = −K6−n(op)(x−x(op), ẋ− ẋ(op))TΛඇઢܗͷಈ

ྗֶͷঢ়ଶํఔࣜ [ࣜ (4.31)]ͱ [ࣜ 4.32]ʹೖ͢Δ͜ͱͰɼดϧʔϓํఔࣜ [ࣜ (6.10)]ͱ [ࣜ (6.12)]

͕ಘΒΕΔɽࣜ (6.7) CMrot6−n(op) ͕ϑϧϥϯΫ 6ͳΒɼࣜ (6.10) Frot6−n(op) − Grot6−n(op)K6−n(op) ͷ͢

ͯͷݻ༗ͷ࣮෦͕ෛʹͳΔΑ͏ͳఆྻߦ K6−n(op) ͕ఆཧ 7 ΑΓଘ͢ࡏΔɽ͞ΒʹϠίϏྻߦ

(Frot6−n(op) −Grot6−n(op)K6−n(op))ͷͯ͢ͷݻ༗ͷ࣮෦͕ෛͰ͋Γɼ͜Εɼಈ࡞ (xop, ẋop)T ۙͷ

ॳظ (t0, (x0, ẋ0)T) Λࣜͭ࣋ (6.10) ͷղ (ϕ(t, (x0, ẋ0)T), ϕ̇(t, (x0, ẋ0)T)) ઢܗԽ͞ΕͨϑϩʔϚοϓ

(Dϕ(t, (xop, ẋop)T),Dϕ̇(t, (xop, ẋop)T)) (x0 − x(op), ẋ0 − ẋ(op))T ͱτϙϩδʔతʹՁͱͳΔ͜ͱ͕ϋʔτ

ϚϯʹάϩϒϚϯͷఆཧʹΑΓূ໌͞Ε͍ͯΔɽͭ·ΓɼઢܗԽ͞ΕͨϑϩʔϚοϓۙ҆ఆͰ͋

ΔͨΊɼಈ࡞ (xop, ẋop)T ۙͷॳظ (t0, (x0, ẋ0)T) ∈ R × U Λͭ࣋ղ (ϕ(t, (x0, ẋ0)T), ϕ̇(t, (x0, ẋ0)T))

·ͨۙ҆ఆͰ͋Δɽ͕ͨͬͯ͠ɼࣜ (6.12) ͷՃ r̈(t) ɼಈ࡞ϕΫτϧ r̈(op) ʹ͍͍ۙͮͯ

͘ɽ͜ΕͰɼఆཧ 8ূ໌͞Εͨɽ

6.1 Մͳ߹ͷϔ͕࡞ૢߦԼɼͯ͢ͷඈࡏোͷଘނશͳϞʔλ

Ωαϩʔλͷ҆ఆඈߦͷγϛϡϨʔγϣϯ

ҎԼʹ͓͍ͯɼશͳϞʔλނোͷଘࡏԼͰɼද 4.1ͷϚψʔό (ii)ͷϗόʔ੍͕ޚՄͳද 4.2ͷ

λΠϓ (I)ͷঢ়ଶͷྫͱͯ͠ɼϔΩαϩʔλͷ൪߸ 1ͷϞʔλ͕શʹނোͨ͠ͱ͍͏Ϟʔλނোͷ

έʔεΛఆ͢Δ (ਤ 6.1)ɽϔΩαϩʔλͷύϥϝʔλͳͲʹ͍ͭͯɼ5ষͷͷΛ࠶ͼ༻͍Δɽ

ඈߦঢ়ଶʢॳظʣ: ψ(op) = θ(op) = φ(op) = 0 [rad], ψ̇(op) = θ̇(op) = φ̇(op) = 0 [rad/s2], r1(op) = r2(op) =

0[m], r3(op) = 3[m], ṙ1(op) = ṙ2(op) = ṙ3(op) = 0[m/s], c (or r̈3) = 0 [m/s2],Ϟʔλ੍ޚ৴߸ʢϞʔλճస

ʣ: ωM2(op) = ωM3(op) = ωM5(op) = ωM6(op) = 5233.8205 [rpm], ωM4(op) = 0 [rpm].

ਤ 6.1 1൪ͷϞʔλ͕ނোͨ͠߹ͷϔΩαϩʔλͷඈߦʢද 4.2ͷλΠϓ (I)ͷঢ়ଶͷྫʣ

ఆཧ 5Λྫ (a)ʹద༻͢Δɽ

(a)ϔΩαϩʔλͷϞʔλ൪߸ ͷ݅Լ࣍ͱ͖ͷͨ͠ࢭো͠ఀނ1͕ (ਤ 6.1)ɿt[s] ∈ [0 1], θ = φ =

0 [rad], θ̈ = φ̈ = 0 [rad/s2], kF2 = kF3 = kF4 = kF5 = kF6 = 1.79 × 10(−7) [N/rpm2], kM2 = kM3 = kM4 =

kM5 = kM6 = 4.38 × 10(−9) [Nm/rpm2], c (or r̈3) = 0 [m/s2] ͷϗόϦϯάͷඈߦঢ়ଶ (ද 4.2 ͷλΠϓ

(I)ͷঢ়ଶͱද 4.1ͷλΠϓ (ii)ͷϚψʔό)Λਤ 6.2ͱਤ 6.3ʹࣔ͢ɽ
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ਤ 6.2 1൪ͷϞʔλ͕ނো͠ఀͨ͠ࢭͱ͖ͷɼ
མΛආ͚ΔඈߦͷςΠτʹϒϥΠΞϯ֯ͷγ

ϛϡϨʔγϣϯ݁Ռ (ྫ (a)).
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ਤ 6.3 1൪ͷϞʔλ͕ނো͠ఀͨ͠ࢭͱ͖ͷɼ
མΛආ͚Δඈߦͷಈ͖ͷҐஔͷγϛϡϨʔγϣ

ϯ݁Ռʢྫ (a)ɼr3 = 3 [m]ɿॳظঢ়ଶʣ

ਤ 6.2ͱਤ 6.3ʹࣔ͢ϗόϦϯάͷඈߦঢ়ଶ (ද 4.2ͷλΠϓ (I)ͷঢ়ଶͱද 4.1ͷλΠϓ (ii)ͷϚ

ψʔό)Λୡ͢ΔϞʔλ੍ޚ৴߸ϕΫτϧఆཧ 5ʹΑΓ࣍ͷΑ͏ʹٻ·Δɽ

F(η,ui1
5 ) = Ai1

5 (η)ui1
5 − b5, (6.14)

Ai1
5 (η) ∈ R5×5 =

(
A′4×5(η)
εT

QkQi1
2×5

)
, (6.15)

A′4×5(η) ∈ R4×5 =

(
Z(η)Si1

rot5
eT

3
1
m B(x)Si1

tra5

)
, (6.16)

b5 = (ψ̈, θ̈, φ̈, c + g, b′1)T ∈ R5, (6.17)

͜͜ʹ i1 = 1, k = 1, Qi1
2×5 ∈ R2×5,ͦͯ͠ b′1 ∈ RͰ͋Δ. span{εQ1, εQ2} ϕΫτϧ࣮ܥͷӈखݩ࣍2

ۭؒ R2 ͷجఈϕΫτϧΛද͢ɽྻߦ Qi1
2×5 ྻߦ Q2×6 ͷ 1ྻ͕আ͞ΕͨྻߦΛද͢ɽྻߦ Si1

ξ5

ྻߦ Sξ6 ͷ 1ྻ͕আ͞ΕͨྻߦΛද͢ (ξ = rot, tra)ɽ

(a)ͷྫͰɼϑΟʔυόοΫ੍ޚΛߦΘͳͯ͘ɼϓϩϖϥϞʔλ͕શʹނোͨ͠߹ʹɼఆཧ

5͕ϔΩαϩʔλͷΓͷϞʔλΛ༻ͯ͠མΛճආ͢ΔͨΊͷϔΩαϩʔλͷඈߦঢ়ଶ (ද 4.2ͷ

λΠϓ (I)ͷঢ়ଶͱද 4.1ͷλΠϓ (ii)ͷϚψʔό)Λୡ͢Δ͜ͱΛূݕͰ͖ͨɽ

ఆཧ 7Λྫ (b)ʹద༻͢Δ.

(b)ਤ 6.1ͷ߹ͷ݅ԼͰɼఆཧ 7ͷԠ༻ΛҎԼʹࣔ͢ɽϔΩαϩʔλͷ൪߸ 1ͷϞʔλ͕શʹ

ྻߦোͨ͠ͱ͖ɼఆނ K5(op) ∈ R5×6 ΛҎԼͷΑ͏ʹબ͢Δɽ

K5(op) ∈ R5×6 = 1011·




0.8273 −0.0336 −0.0591 0.0083 −0.0003 −0.0006
−0.8273 0.0336 −0.0591 −0.0083 0.0003 −0.0006
1.6546 0.1346 0 0.0165 0.0013 0
−0.8273 0.0336 0.0591 −0.0083 0.0003 0.0006
0.8273 −0.0336 0.0591 0.0083 −0.0003 0.0006



, (6.18)

͜ͷͱ͖ɼࣜ (6.8) Frot5(op) −Grot5(op)K5(op) ͷݻ༗ͦΕͧΕ −300, −300, −300, −150, −150,ͦͯ͠

−150ͱͳΔɽ͕ͨͬͯ͠ɼࣜ (6.8)ͷดϧʔϓγεςϜۙ҆ఆͰ͋Δɽ

γϛϡϨʔγϣϯͷॳظΛҎԼͷΑ͏ʹઃఆ͢Δ (t [s] ∈ [0 0.1]):
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• δψ(0) = 0.00174533 [rad], δθ(0) = 0 [rad], δφ(0) = 0 [rad], δψ̇(0) = 0 [rad/s], δθ̇(0) = 0 [rad/s],

ͦͯ͠ δφ̇(0) = 0 [rad/s].

• θop = 0, [rad], φop = 0, [rad], ψ̇op = 0 [rad/s], θ̇op = 0 [rad/s], φ̇op = 0 [rad/s], ωM2(op) =

ωM3(op) = ωM5(op) = ωM6(op) = 5233.8205 [rpm],ͦͯ͠ ωM4(op) = 0 [rpm].

ࣜ (6.8) ͷดϧʔϓγεςϜͷయܕతͳৼΔ͍Λਤ 6.4 ͱਤ 6.5 ʹɼࣜ (6.9) ͷมՃ δr̈ ͷ
యܕతͳৼΔ͍Λਤ 6.6ͱਤ 6.7ʹɼঢ়ଶมϑΟʔυόοΫ੍ޚͷଘϞʔλ੍ޚ৴߸Λਤ

6.8 ʹͦΕͧΕࣔ͢ɽਤ 6.4 ͷ δθ(t) ͱ δφ(t) શʹॏͳ͍ͬͯΔɽͦͯ͠ɼਤ 6.5 ͷ d/dt δθ(t) ͱ

d/dt δφ(t)·ͨɼશʹॏͳ͍ͬͯΔɽਤ 6.6ͷ δr1(t)ͱ δr2(t)શʹॏͳ͍ͬͯΔɽͦͯ͠ɼਤ

6.7ͷ d/dt δr1(t)ͱ d/dt δr2(t)·ͨɼશʹॏͳ͍ͬͯΔɽਤ 6.8ͷ δu2(t)ͱ δu6(t), δu3(t)ͱ δu5(t)

·ͨɼશʹॏͳ͍ͬͯΔɽ
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ਤ 6.4 ൪߸ 1ͷϞʔλ͕શʹނোͨ͠߹ͷɼঢ়ଶ
มϑΟʔυόοΫΛͭ࣋ઢܗԽ͞Εͨঢ়ଶํఔࣜʹ
ΑΔɼམΛճආ͢ΔͨΊͷඈߦঢ়ଶΛ҆ఆԽ͢ΔςΠ
τʹϒϥΠΞϯ֯ͷγϛϡϨʔγϣϯ݁Ռ (ྫ (b))
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ਤ 6.5 ൪߸ 1ͷϞʔλ͕શʹނোͨ͠߹ͷɼঢ়ଶ
มϑΟʔυόοΫΛͭ࣋ઢܗԽ͞Εͨঢ়ଶํఔࣜʹ
ΑΔɼམΛճආ͢ΔͨΊͷඈߦঢ়ଶΛ҆ఆԽ͢ΔςΠ
τʹϒϥΠΞϯ֯ͷ֯ͷγϛϡϨʔγϣϯ݁Ռ (ྫ
(b))
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ਤ 6.6 ൪߸ 1ͷϞʔλ͕શʹނোͨ͠߹ͷɼঢ়ଶ
มϑΟʔυόοΫΛͭ࣋ઢܗԽ͞Εͨঢ়ଶํఔࣜʹ
ΑΔɼམΛճආ͢ΔͨΊͷඈߦঢ়ଶΛ҆ఆԽ͢Δӡಈ
ͷҐஔͷγϛϡϨʔγϣϯ݁Ռ (ྫ (b))
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ਤ 6.7 ൪߸ 1ͷϞʔλ͕શʹނোͨ͠߹ͷɼঢ়ଶ
มϑΟʔυόοΫΛͭ࣋ઢܗԽ͞Εͨঢ়ଶํఔࣜʹ
ΑΔɼམΛճආ͢ΔͨΊͷඈߦঢ়ଶΛ҆ఆԽ͢Δӡಈ
ͷͷγϛϡϨʔγϣϯ݁Ռ (ྫ (b))

52



0 0.02 0.04 0.06 0.08 0.1
−3

−2.5

−2

−1.5

−1

−0.5

0

0.5

1

1.5
x 10

8 Motor speed control signals of the hexarotor
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ਤ 6.8 ൪߸ 1ͷϞʔλ͕શʹނোͨ͠߹ͷɼঢ়ଶมϑΟʔυόοΫΛͭ࣋ઢܗԽ͞Εͨঢ়ଶํఔࣜʹ
ΑΔɼམΛճආ͢ΔͨΊͷඈߦঢ়ଶΛ҆ఆԽ͢ΔଘϞʔλ੍ޚ৴߸ͷγϛϡϨʔγϣϯ݁Ռ (ྫ (b))

(b)ͷྫͰɼϓϩϖϥϞʔλ͕શʹނোͨ͠߹ʹɼఆཧ 7͕ϔΩαϩʔλͷΓͷϞʔλΛ

༻ͯ͠མΛճආ͢ΔͨΊͷϔΩαϩʔλͷඈߦঢ়ଶ (ද 4.2ͷλΠϓ (I)ͷঢ়ଶ)Λ҆ఆԽ͢Δ͜ͱ

ΛূݕͰ͖ͨɽ

ఆཧ 8Λྫ (c)ʹద༻ɼͦͯࣜ͠ (6.18)ͷఆྻߦ K5(op) Λ༻͍Δɽ

(c)ਤ 6.1ͷ߹ͷ݅ԼͰɼγϛϡϨʔγϣϯͷॳظΛҎԼͷΑ͏ʹઃఆ͢Δ (t [s] ∈ [0 0.1]):

• δψ(0) = 0.00174533 [rad], δθ(0) = 0 [rad], δφ(0) = 0 [rad], δψ̇(0) = 0 [rad/s], δθ̇(0) = 0 [rad/s],

ͦͯ͠ δφ̇(0) = 0 [rad/s].

• θop = 0, [rad], φop = 0, [rad], ψ̇op = 0 [rad/s], θ̇op = 0 [rad/s], φ̇op = 0 [rad/s], ωM2(op) =

ωM3(op) = ωM5(op) = ωM6(op) = 5233.8205 [rpm],ͦͯ͠ ωM4(op) = 0 [rpm].

ঢ়ଶมϑΟʔυόοΫΛͭ࣋ඇઢܗͷΦΠϥʔ֯ͷঢ়ଶํఔࣜ [ࣜ (6.10)] ͷయܕతͳৼΔ͍

Λɼਤ 6.9ͱਤ 6.10ʹɼঢ়ଶมϑΟʔυόοΫΛͭ࣋ඇઢܗͷฒਐͷঢ়ଶํఔࣜ [ࣜ (6.12)]ͷయܕ

తͳৼΔ͍Λɼਤ 6.11ͱਤ 6.12ʹɼඇઢܗͷঢ়ଶํఔࣜΛ༻͍ͨঢ়ଶมϑΟʔυόοΫʹΑΔɼ

མΛճආ͢ΔͨΊͷ҆ఆͨ͠ඈߦΛ࣮͢ݱΔͨΊͷଘϞʔλ੍ޚ৴߸Λਤ 6.13ʹͦΕͧΕࣔ

͢ɽਤ 6.9ͷ δθ(t)ͱ δφ(t)શʹॏͳ͍ͬͯΔɽͦͯ͠ɼਤ 6.10ͷ d/dt δθ(t)ͱ d/dt δφ(t)·ͨɼ

શʹॏͳ͍ͬͯΔɽਤ 6.11ͷ δr1(t)ͱ δr2(t)શʹॏͳ͍ͬͯΔɽͦͯ͠ɼਤ 6.12ͷ d/dt δr1(t)

ͱ d/dt δr2(t)·ͨɼશʹॏͳ͍ͬͯΔɽਤ 6.13ͷ δu2(t)ͱ δu6(t), δu3(t)ͱ δu5(t)·ͨɼશ

ʹॏͳ͍ͬͯΔɽ

(c)ͷྫͰɼϓϩϖϥϞʔλ͕શʹނোͨ͠߹ʹɼఆཧ 8͕ϔΩαϩʔλͷΓͷϞʔλΛ

༻ͯ͠མΛճආ͢ΔͨΊͷϔΩαϩʔλͷඈߦঢ়ଶ (ද 4.2ͷλΠϓ (I)ͷঢ়ଶ)Λ҆ఆԽ͢Δ͜ͱ

ΛূݕͰ͖ͨɽ
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ਤ 6.9 ൪߸ 1ͷϞʔλ͕શʹނোͨ͠߹ͷɼམ
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ϥΠΞϯ֯ͷγϛϡϨʔγϣϯ݁Ռ (ྫ (c))
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ਤ 6.10 ൪߸ 1ͷϞʔλ͕શʹނোͨ͠߹ͷɼ
མΛճආ͢Δ҆ఆͨ͠ඈߦΛୡ͢Δɼඇઢܗͷঢ়ଶํ
ఔࣜΛ༻͍ͨঢ়ଶมϑΟʔυόοΫʹΑΔςΠτʹ
ϒϥΠΞϯ֯ͷ֯ͷγϛϡϨʔγϣϯ݁Ռ (ྫ (c))
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ਤ 6.11 ൪߸ 1ͷϞʔλ͕શʹނোͨ͠߹ͷɼ
མΛճආ͢Δ҆ఆͨ͠ඈߦΛୡ͢Δɼඇઢܗͷঢ়ଶํ
ఔࣜΛ༻͍ͨঢ়ଶมϑΟʔυόοΫʹΑΔӡಈͷҐ
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ਤ 6.12 ൪߸ 1ͷϞʔλ͕શʹނোͨ͠߹ͷɼ
མΛճආ͢Δ҆ఆͨ͠ඈߦΛୡ͢Δɼඇઢܗͷঢ়ଶํ
ఔࣜΛ༻͍ͨঢ়ଶมϑΟʔυόοΫʹΑΔӡಈͷ
ͷγϛϡϨʔγϣϯ݁Ռ (ྫ (c))
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ਤ 6.13 ൪߸ 1ͷϞʔλ͕શʹނোͨ͠߹ͷɼམΛճආ͢Δ҆ఆͨ͠ඈߦΛୡ͢Δɼඇઢܗͷঢ়ଶํ
ఔࣜΛ༻͍ͨঢ়ଶมϑΟʔυόοΫʹΑΔଘϞʔλ੍ޚ৴߸ͷγϛϡϨʔγϣϯ݁Ռ (ྫ (c))
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ୈ 7ষ

݁

7.1 ݁

ຊڀݚʹ͓͍ͯҎԼͷ݁Λಘͨɽ

1. Ξʔϊϧυͷ࡞༻ૉ BʢΦΠϥʔ֯ͷ૬͙ͭ 3ͭͷճసͷੵྻߦʣͱͱʹ 2ͭͷ࠲ඪܥʢ੩ࢭ

ܥඪ࠲ wͱಈ࠲ඪܥ WʣͷؔΛ໌֬ʹ·ͱΊͨɽͦͯ͠ɼKalmanͷ͏ݴঢ়ଶมΞϓϩʔ

νͱɼجఈϕΫτϧ ei ∈ w, Ei ∈ W (i = 1, 2, 3)Λૅجͱ͢ΔϚϧνϩʔλͷճసͷಈྗֶͷΦ

Πϥʔ֯ͷ֯ͱ֯Λঢ়ଶมͱ͢Δঢ়ଶํఔࣜʢఆཧ 1ʣͱϚϧνϩʔλͷΦΠϥʔ֯

ͷ֯ʹґଘ͢ΔฒਐͷมҐͷಈྗֶͷঢ়ଶํఔࣜʢఆཧ 2ʣΛ༩͑ͨɽఆཧ 1ͷࣜʢ3.20ʣͷ

ӈลͷ͕ؔ ψͷঢ়ଶมΛͨ࣋ͳ͍͜ͱʹ͢Δɽ

2. Kalmanͷ͏ݴঢ়ଶมΞϓϩʔνʹΑͬͯಋग़ͨ͠Ϛϧνϩʔλͷঢ়ଶํఔࣜʢఆཧ 1ͱఆ

ཧ 2ʣΛ༻͍ͯɼϚϧνϩʔλͷಈ࡞ʢ·ͨɼฏߧʣͷֶతͳఆٛΛ༩͑ɼଟ͘ͷԠ

༻ʹ͓͚Δද 4.1ͷϑϥΠτϚψʔόඈߦঢ়ଶͱ͚ؔΔ͜ͱʹޭͨ͠ɽͦͯ͠ɼΦΠ

ϥʔ֯ͷঢ়ଶ͕ϚϧνϩʔλͷͦΕͧΕͷϞʔλͷճసͷ੍ޚʹΑͬͯɼͲͷΑ͏ʹୡ

͞ΕΔ͔Λ༩͑Δɼ͢ͳΘͪɼͦΕͧΕͷϞʔλͷճసͷมԽʹΑͬͯࡏݱͷಈ࡞ͷঢ়

ଶ͔Βɼܭըͨ͠ಈ࡞ͷঢ়ଶʹͲͷΑ͏ʹୡ͞ΕΔ͔ΛѲͰ͖Δఆཧ 3Λ༩͑ͨɽ·ͨɼ

ϚϧνϩʔλͷҰఆߴͷඈߦͱϗόϦϯάͷඈߦΛؚΉɼҙͷඈߦঢ়ଶ͕ͲͷΑ͏ͳϞʔ

λͷճసͷ੍ޚʹΑͬͯୡ͞ΕΔ͔Λ༩͑Δఆཧ 4 Λ༩͑ͨɽఆཧ 3 ·ͨఆཧ 4 Λ

༻͍Δ͜ͱͰɼ௨ৗͷܕඈػߦͷ੍ྩ໋ޚͷ throttle (·ͨ altitude), rudder (·ͨ yaw),

elevator (·ͨ pitch),ͦͯ͠ ailerons (·ͨ roll)ΛͦΕͧΕରԠ͢ΔϞʔλͷճసͷ੍

ͷͨΊͷ༗ޮͳػೖྗʹ༁͠ɼແઢૹ৴ޚ “༁”ΛఆٛͰ͖Δɽ

3. ো͍ͯ͠ͳ͍ਖ਼ৗͳϞʔނଘϞʔλϕΫτϧʢԼɼϚϧνϩʔλͷࡏোͷଘނશͳϞʔλ

λʣͷֶతఆٛΛ༩͑ͨɽͦͯ͠ɼ݁ 2ͷཧΛ֦ுͯ͠ɼશͳϞʔλނোͷଘࡏԼʹ

͓͚ΔϚϧνϩʔλͷಈ࡞ʢ·ͨɼฏߧʣͷֶతͳఆٛΛ༩͑ɼམΛճආ͢Δද 4.2

ͷ 2λΠϓͷϚϧνϩʔλͷϑϥΠτϚψʔόඈߦঢ়ଶͱ͚ؔΔ͜ͱʹޭͨ͠ɽՃ͑

ͯɼશͳϞʔλނোͷଘࡏԼʹ͓͚ΔϚϧνϩʔλͷಈ࡞ʢ·ͨɼฏߧʣͷఆٛΛૅج

ʹஔ͖ɼམΛճආ͢Δඈߦঢ়ଶͷͨΊͷଘϞʔλ੍ޚ৴߸ϕΫτϧΛ༩͑Δํ๏

ͱͯ͠ɼද 4.2ͷλΠϓ (I)ͱ (II)ͷঢ়ଶΛୡ͢ΔͨΊͷఆཧ 5ͱఆཧ 6ΛͦΕͧΕ༩͑ͨɽ

4. ఆཧ 5ͱఆཧ 6ʹΑͬͯɼϚϧνϩʔλʢΫΞουϩʔλɼϔΩαϩʔλɼͦͯ͠ΦΫτϩʔ
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λʣͷམΛճආ͢Δ 2λΠϓͷඈߦঢ়ଶͷͨΊͷଘϞʔλ੍͕ޚ༩͑ΒΕɼམΛճ

ආ͢ΔඈྫߦΛγϛϡϨʔγϣϯʹΑͬͯࣔͨ͠ɽམΛճආ͢Δද 4.2ͷϚϧνϩʔλ

ͷ 2λΠϓͷඈߦঢ়ଶͷͨΊͷଘϞʔλ੍ޚͷఆཧ 5ͱఆཧ 6ͷྫɼ1ͭ·͍ͨ͘

͔ͭͷϞʔλ͕શʹނো͠ఀͨ͠ࢭͱ͖ͷམΛආ͚Δඈߦঢ়ଶʹ࠷దͨ͠Ϛϧνϩʔλ

ͷϞʔλɼϓϩϖϥͷஔͦͯ͠ Electric Speed Controllerʢ·ͨΞϯϓʣͷઃఆΛͲͷΑ͏

ͨ͠Β͍͍ͷ͔ͷΨΠυϥΠϯʹͳΔՄੑ͕͋ΔɽՃ͑ͯɼఆཧߏʹ 4ɼఆཧ 5ɼఆཧ 6ɼ

ఆཧͷ݅Λຬͨ͢Ϛϧνϩʔλͷඈߦঢ়ଶͷͨΊͷϞʔλ੍ޚͷଘࡏͷఆཧͰ͋Γɼϔ

ΩαϩʔλͱΦΫτϩʔλʹඞཁͳྻߦ Q(2p−4)×2p ΛͲͷΑ͏ʹܾఆ͢Δ͔·ͨผͷͰ

͋ΔɽຊڀݚͰϚϧνϩʔλͷಈྗֶతͳݟʹ͖ͮجɼ͏·͕͘ࢉܭͰ͖Δྻߦ Q(2p−4)×2p

Λൃͨͨ͠ݟΊɼͦΕΛ༻͍͍ͯΔ (ࣜ (5.1),ࣜ (5.2)).

5. Ϟʔλނো࣌ʹམΛճආ͢Δද 4.2 ͷλΠϓ (I) ͷঢ়ଶͷϔΩαϩʔλͷඈߦͷಈ࡞ͷ҆

ఆੑͷఆཧ 7ͱɼͦͷΑ͏ͳඈߦঢ়ଶΛ෩ͳͲͷ֎ཚͷӨڹԼͰɼ҆ఆԽ͢ΔͨΊʹঢ়ଶม

ϑΟʔυόοΫΛͭ࣋ඇઢܗͷϔΩαϩʔλͷಈྗֶͷঢ়ଶํఔࣜͷఆཧ 8Λఏͨ͠ڙɽ

7.2 ͷలޙࠓ

1. ఆཧ 5ͱఆཧ 6ͷΨΠυϥΠϯʹैͬͯɼൢࢢͷϚϧνϩʔλΛϕʔεʹզʑͷํ๏ʹԊ͏Α

͏ʹ෦తͳվΛͯ͠ࢪɼϓϩϖϥ͕શʹނোͨ͠߹ͷམΛճආ͢ΔͨΊͷ͍͔ͭ͘

ͷඈݧ࣮ߦΛ௨ͯ͡ɼఆཧͷ༗ޮੑΛ࣮ݧతʹ͢ূݕΔɽ

2. Ϟʔλނো࣌ʹམΛճආ͢Δද 4.2ͷλΠϓ (II)ͷঢ়ଶͷϔΩαϩʔλͷඈߦͷಈ࡞ͷ҆

ఆੑͷఆཧͱɼͦͷΑ͏ͳඈߦঢ়ଶΛ෩ͳͲͷ֎ཚͷӨڹԼͰɼ҆ఆԽ͢ΔͨΊʹঢ়ଶม

ϑΟʔυόοΫΛͭ࣋ඇઢܗͷϔΩαϩʔλͷಈྗֶͷঢ়ଶํఔࣜͷఆཧΛͭ͘Δɽ
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A ӄؔఆཧ

ఆཧʢImplicit Function Theorem: theorem 13.1.1 [40]ʣ F(x, y)Λ x̃ ∈ Rn ͱ ỹ ∈ Rm ͷۙͷྖҬͰ

R3 ͷҬΛͭ࣋ C1 ؔͱ͓͘ɽ͞Βʹ F(x̃, ỹ) = cΛຬͨ͢ͱ͢Δɽ
͜ͷͱ͖ɼ͠ Fy(x̃, ỹ)͕ྻߦٯΛͭ࣋ͳΒɼશͯͷ x ∈ U ʹରͯ͠ɼy(x̃) = ỹͱ F(x, y(x)) = c
ཱ͕͢ΔΑ͏ͳ C1 ؔ y : U → Rm ͱ x̃ͷۙ U ͕ଘ͢ࡏΔɽ͞Βʹ F(x, z) = cΛຬ͢Δ V

ͷதͷ།Ұͷղ z͕ଘ͢ࡏΔΑ͏ͳɼ͢ͳΘͪ z = y(x)Ͱ͋ΔΑ͏ͳ x̃ͷۙ V(V  y(U)ͷ૾Ͱ͋

Δ)͕ଘ͢ࡏΔதͰ y།ҰͰ͋Δɽ͞Βʹ
(i) yͷඍ,͢ͳΘͪ m × nྻߦ dy(x)ҎԼͷΑ͏ʹӄతඍԋࢉʹΑͬͯࢉܭͰ͖Δɽ

dy(x) = −[Fy(x, y(x))−1Fx(x, y(x))]. (A.1)

(ii) y(x), x ∈ U ҎԼͷΑ͏ʹ (x̃, ỹ)ͰͷΞϑΟϯۙࣅʹΑͬͯۙ͞ࣅΕΔɽ

y(x) ≈ ỹ + dy(x̃) · (x − x̃)
= ỹ − [Fy(x̃, ỹ)−1Fx(x̃, ỹ)] · (x − x̃). (A.2)

͜ͷఆཧͷ (i)ΛؚΉશͯͷهड़ [40]ͷ theorem 13.1.1ͱશ͘ಉ͡ͷͰ͋ΔɽStrichartz (ii)

ͷ෦Λ theorem 13.1.1 ʹՃ͍͑ͯͳ͍͕ɼͦͷఆཧͷূ໌ͱͯ͠ (ii) ͷ෦Λѻ͍ͬͯΔɽͨ͠

͕ͬͯɼ্هͷఆཧͷূ໌ׂѪ͢Δɽ

B తӄؔఆཧߏ

ఆཧʢߏతӄؔఆཧʣ F(x, y)Λ x ∈ Uε ⊂ U ⊂ Rn ͱ y ∈ Vδ ⊂ V ⊂ Rm ͷۙͷྖҬͰɼ Rm ͷ

ҬΛͭ࣋ C1 ؔͱ͓͘ɽ͜ͷͱ͖ɼҎԼͷࣜ (B.3)ͷؔΛຬͨ͢ɽ

F(x, y) = c. (B.3)

ͦͯ͠ɼࣜ (B.3) ͷ F(x, y) = c ม y ʹؔ͢ΔϠίϏΞϯྻߦ Fy(x, y) ͷ͕ࣜྻߦ (x, y) = (x̃, ỹ)

Ͱ 0ʹͳΒͳ͍Α͏ͳ F(x, y) = cͷۙࣅղ: ỹ s.t. F(x̃, ỹ) ≈ cΛͭ࣋ͱԾఆ͢Δɽ·ͨɼҎԼͷΑ͏
ͳੑ࣭Λͭ࣋ਖ਼ͷఆ: ε, δͱඇෛͷఆ: κ1 < 1, κ2 < 1 (κ1 + κ2 < 1)͕ଘ͢ࡏΔͱԾఆ͢Δɽ
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(i) Uε = {x | ‖x − x̃‖ ≤ ε} ⊂ U,
(ii) Vδ = {y | ‖y − ỹ‖ ≤ δ} ⊂ V,
(iii) ‖Fy(x̃, ỹ) − Fy(x̃, y)‖ ≤ κ1/M,
for any y ∈ Vδ,
(iv) ‖Fy(x̃, y) − Fy(x, y)‖ ≤ κ2/M,
for any y ∈ Vδ, and for any x ∈ Uε ,

(v) M(r+M′ε)
1−(κ1+κ2) < δ,

(B.4)

͜͜ʹ r, M,ͦͯ͠ M′ (> 0)ҎԼͷੑ࣭Λຬ͢ΔఆͰ͋Δɽ
{

(i) ‖c − F(x̃, ỹ)‖ ≤ r and ‖Fy(x̃, ỹ)−1‖ ≤ M,
(ii) ‖Fx(x, ỹ)‖ ≤ M′ for any x ∈ Uε ,

(B.5)

͜ͷͱ͖ࣜ (B.3)F(x, y) = cɼͯ͢ͷ x ∈ Uε ʹରͯ͠ɼF(x, y(x)) = cΛຬ͢Δ།Ұͷ C1 ؔ

ͷղ: y(x) ∈ Vδ Λͭ࣋ɽͦͯ͠ɼҎԼͷۙࣅղͷࠩޡධՁཱ͕͢Δɽ

‖y(x) − ỹ‖ ≤ M(r + M′ε)
1 − (κ1 + κ2)

. (B.6)

͞Βʹ

(i) ͯ͢ͷ x ∈ Uε ʹରͯ͠ y ͷඍ, ͢ͳΘͪɼm × n ྻߦ dy(x) ҎԼͷΑ͏ʹӄతඍԋࢉʹ

ΑͬͯࢉܭͰ͖Δɽ

dy(x) = −[Fy(x, y(x))−1Fx(x, y(x))]. (B.7)

(ii) y(x), x ∈ Uε ҎԼͷΑ͏ʹɼF(x′, y(x′)) = c, x′(! x) ∈ Uε Λຬ͢Δ (x′, y(x′))ͰͷΞϑΟϯۙ
ΕΔɽ͞ࣅΑͬͯۙʹࣅ

y(x) ≈ y(x′) + dy(x′) · (x − x′)
= y(x′) − [Fy(x′, y(x′))−1Fx(x′, y(x′))] · (x − x′). (B.8)

͜ͷఆཧͷόοΫϘʔϯͷӄؔఆཧ [40]ͱ෦ͷఆཧ [41]Λૅجͱͯ͠ɼ[42]ͷߏత

ӄؔఆཧͷߏํ๏Λ͍ͯͬߦͯ͠ʹߟࢀΔɽ[42]ͷߏతӄؔఆཧͷཱ݅ͱҟͳΔ݅Λ

༩͍͑ͯΔ͜ͱɼ(i)ͷ yͷඍͷଘൣࡏғΛ༩͍͑ͯΔ͜ͱɼͦͯ͠ɼ(ii)ͷΞϑΟϯۙࣅͷؔࣜ

Λ༩͍͑ͯΔ͜ͱ͕৽ੑنʹͳ͍ͬͯΔɽ

ఆཧ 9ʢఆཧ 3ͷߏతӄؔఆཧ൛ʣ H(u2p, x)Λ u2p ∈ Uε ⊂ R2p ͱ x ∈ Vδ ⊂ R3 ͷۙͷྖҬͰ

R3 ͷҬΛͭ࣋ C1 ؔͱ͓͘ɽ͞Βʹࣜ (4.1)ͱࣜ (4.2)Λ༻͍ͯ༩͑ΒΕɼH(u2p, x) = cΛຬͨ
͢ͱ͢Δɽ

۩ମతʹҎԼͷΑ͏ʹఆٛ͞ΕΔͷͱ͢Δɽ

H(u2p, x) =




〈εi, Z(η)Srot2pu2p〉
〈e j,−ge3 +

1
m B(x)Stra2pu2p〉

〈e3,−ge3 +
1
m B(x)Stra2pu2p〉


 = 0, (B.9)

Z(η) = (B(x)ÎB(x)T · ωẋ(ψ, θ))−1 · B(x), (B.10)

͜͜ʹ x = (ψ, η)T, η = (θ, φ)T. 1 ≤ i ≤ 3, 1 ≤ j ≤ 2, i, j ∈ N. c = (0, r̈ j, c)T ∈ R3, r̈ j, c ∈ R͋ΔఆΛ
ද͢ɽ

61



ͦͯ͠ɼࣜ (B.9) ͷ H(u2p, x) = c ม x ʹؔ͢ΔϠίϏΞϯྻߦ Hx(u2p, x) ͷ͕ࣜྻߦ

(u2p, x) = (ũ2p, x̃) Ͱ 0 ʹͳΒͳ͍Α͏ͳ H(u2p, x) = c ͷۙࣅղ: x̃ s.t. H(ũ2p, x̃) ≈ c Λͭ࣋ͱ
Ծఆ͢Δɽ·ͨɼҎԼͷΑ͏ͳੑ࣭Λͭ࣋ਖ਼ͷఆɿ ε, δͱඇෛͷఆɿκ1 < 1, κ2 < 1 (κ1 + κ2 < 1)

͕ଘ͢ࡏΔͱԾఆ͢Δɽ




(i) Uε =
{
u2p | ‖u2p − ũ2p‖ ≤ ε

}
⊂ R2p,

(ii) Vδ = {x | ‖x − x̃‖ ≤ δ} ⊂ R3,
(iii) ‖Hx(ũ2p, x̃) − Hx(ũ2p, x)‖ ≤ κ1/M,
for any x ∈ Vδ,
(iv) ‖Hx(ũ2p, x) − Hx(u2p, x)‖ ≤ κ2/M,
for any x ∈ Vδ, and for any u2p ∈ Uε ,

(v) M(r+M′ε)
1−(κ1+κ2) < δ,

(B.11)

͜͜ʹ r, M,ͦͯ͠ M′ (> 0)ҎԼͷੑ࣭Λຬ͢ΔఆͰ͋Δɽ
{

(i) ‖c − H(ũ2p, x̃)‖ ≤ r and ‖Hx(ũ2p, x̃)−1‖ ≤ M,
(ii) ‖Hu2 p(u2p, x̃)‖ ≤ M′ for any u2p ∈ Uε ,

(B.12)

͜ͷͱ͖ࣜ (B.9)H(u2p, x) = cɼͯ͢ͷ u2p ∈ Uε ʹରͯ͠ɼH(u2p, x(u2p)) = cΛຬ͢Δ།Ұͷ
C1 ؔͷղ: x(u2p) ∈ Vδ Λͭ࣋ɽͦͯ͠ɼҎԼͷۙࣅղͷࠩޡධՁཱ͕͢Δɽ

‖x(u2p) − x̃‖ ≤ M(r + M′ε)
1 − (κ1 + κ2)

. (B.13)

͞Βʹ

(i)ͯ͢ͷ u2p ∈ Uε ʹରͯ͠ xͷඍ,͢ͳΘͪɼ3 × 2pྻߦ dx(u2p)ҎԼͷΑ͏ʹӄతඍԋࢉ

ʹΑͬͯࢉܭͰ͖Δɽ

dx(u2p) = −[Hx(u2p, x(u2p))−1Hu2p (u2p, x(u2p))]. (B.14)

(ii) x(u2p), u2p ∈ Uε ҎԼͷΑ͏ʹɼH(u′2p, x(u′2p)) = c, u′2p(! u2p) ∈ Uε Λຬ͢Δ (u′2p, x(u′2p))Ͱ

ͷΞϑΟϯۙࣅʹΑͬͯۙ͞ࣅΕΔɽ

x(u2p) ≈ x(u′2p) + dx(u′2p) · (u2p − u′2p)

= x(u′2p) − [Hx(u′2p, x(u′2p))−1Hu2p (u′2p, x(u′2p))] · (u2p − u′2p). (B.15)

(iii) ψ̈ҎԼͷΑ͏ʹܾఆ͞ΕΔɽ

ψ̈ = 〈ε1,Y(η, ẋ) + Z(η)Srot2pu2p〉. (B.16)

తӄؔఆཧΛఆཧߏͷه্ 3ʹૉʹద༻͢Δ͜ͱͰ্هͷ݁ՌΛಘΔ͜ͱ͕Ͱ͖ΔͷͰɼূ

໌ΛׂѪ͢Δɽ
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C ϋʔτϚϯʹάϩϒϚϯͷఆཧ

f : U ⊂ Rn → Rn ΛඍՄͳؔͱ͢Δɽ

dx
dt
= f (x), x(t0) = x0, (C.17)

͜͜ʹ t ∈ R: ,ؒ࣌ x ∈ U ⊂ Rn: ؒ࣌ t ʹ͓͚ΔγεςϜͷ nݩ࣍ͷঢ়ଶϕΫτϧɼ x0: ॳظঢ়ଶ,ͦ

ͯ͠ n ∈ N. ॳظͷղ: ࣜ (C.17)গͳ͘ͱ͍͔ͭ͘ͷۙ t = 0, t ∈ (−c, c), c ∈ RͰఆٛ͞
ΕΔɽͦΕ͔Βہॴϑϩʔ ϕt : Rn → Rn ɼϕt (x0) = x(t, x0) ʹΑͬͯఆٛ͞ΕΔɽݻఆ x̄, ͢ͳ

Θͪ f (x̄) = 0,͕͋Γɼࣜ (C.17)Λݻఆ x̄ͰઢܗԽ͢Δ͜ͱʹΑΓɼͭ·ΓɼઢܗԽ͞Εͨϑϩʔ
Ϛοϓ Dϕt(x̄)ξ Λ࣍ͷΑ͏ʹௐΔ͜ͱʹΑΓɼx̄ۙͷղ ϕt ͷৼΔ͍Λಛ͚Δɽ

Dϕt(x̄)ξ = exp(tD f (x̄))ξ. (C.18)

ఆݻ x̄Ͱͷࣜ (C.17)͔Βੜ͡ΔઢܗԽ͞ΕͨϑϩʔϚοϓ Dϕt(x̄)ξ ɼੵʹΑΓࣜ (C.19)͔

ΒಘΒΕΔɽ

dξ
dt
= D f (x̄)ξ, x(t0) = x0, (C.19)

͜͜ʹ D f =
[
∂ fi
∂x j

]
ɼؔ f = ( f1(x1, . . . , xn), f2(x1, . . . , xn), . . . , fn(x1, . . . , xn))T, (TసஔΛද͢)ͷ

ɼͦͯ͠ྻߦภඍͷϠίϏ࣍1 x = x̄ + ξ, |ξ| ≤ 1.

ࣜ (C.17)ͷ x̄ۙ͘ͷղ ϕt ͱɼࣜ (C.19)ͷઢܗԽ͞ΕͨϑϩʔϚοϓ Dϕt(x̄)ξ ɼҎԼͷϋʔτϚ

ϯʹάϩϒϚϯͷఆཧʹΑͬͯɼτϙϩδʔతʹՁͱͳΔɽྫ͑ɼϋʔτϚϯʹάϩϒϚϯͷఆ

ཧɼDϕt(x̄)ξ ͕ۙ҆ఆͰ͋Δ߹ɼx̄ۙͷ ϕt ·ͨɼۙ҆ఆͰ͋Δ͜ͱΛอূ͢Δɽ

ఆཧʢTheorem 1. 3. 1 (Hartman–Grobman) [44], p. 13ʣ ͠ɼD f (x̄)ͷݻ༗͕ 0·ͨ७ڏͰ

ͳ͍ͳΒɼࣜ (C.17)ͷඇઢܗϑϩʔ ϕt ͱͦΕΒͷࣜ (C.19)ͷઢܗϑϩʔ exp(tD f (x̄))ͷͱΔيಓ

 x̄ ∈ Rn ͷ͋Δۙ U ্ͰɼҐ૬ಉܕ hΛఆٛ͢ΔɽҐ૬ಉܕيಓͷ͖Λอ࣋͠ɼؒ࣌ tʹΑΔ

ύϥϝʔλԽΛอ࣋͢ΔΑ͏ʹબ͢Δ͜ͱͰ͖Δɽ
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ँࣙ

ຊڀݚɺஶऀ͕ভೆՊେֶେֶӃതظޙ࢜՝ఔֶࡏதʹͳ͞ΕͨͷͰ͋ΔɻຊڀݚΛਐΊΔ

ʹ͋ͨΓɺऴࢦޚ͍͔ͨͨ͋࢝ಋΛࣀΘΓ·ͨ͠Ԭ࡚लߊɹڭतɺԬ࡚ઍึɹઌੜɺதलɹڭत

ʹ৺͔ΒͷँײͷҙΛද͠·͢ɻ

·ͨɺத্༑थɹڭतɺوɹ।ڭतɺా༟Ұɹ।ڭतɺ٠ܚ༞ɹ।ڭतɺυϯɾϝΠϏ

ϯɹڭत࢝Ίଟ͘ͷࣔڭޚΛ͍͖ͨͩ·ͨ͠ॾઌੜํʹਂ͍ͨ͘͠ँײ·͢ɻ

͞Βʹɺٸͳ͓͍ئʹ͔͔ΘΒͣɺຊจͷ৹ࠪһΛΊ͍ͯͩ͘͞·࡚ͨ͠େֶ෭ֶɹࢁ

ຊҮɹڭतʹਂ͍ͨ͘͠ँײ·͢ɻ

Ճ͑ͯɺভೆՊେֶେֶӃిؾใֶઐ߈Ԭ࡚ࣨڀݚɹሩ܅ݯࢥͱڞಉͰڀݚΛਐΊɺଟ͘

ͷܹͱࣔࠦΛಘΔ͜ͱ͕Ͱ͖·ͨ͠ɻँײͷҙΛද͠·͢ɻ

ຊڀݚͷߦฒͼʹຊจͷ࡞ʹ͋ͨΓɺଟ͘ͷखॿ͚Λ͍͍ͯͨͩͨ͠ভೆՊେֶେֶӃి

ɻ͢·͍ͨ͠ँײʹ܅ഐॾޙΊಉഐɺ࢝܅ɹখᖒࣨڀݚԬ࡚߈ઐֶใؾ

ɻ͢·͍ͨ͠ँײʹΛՄʹͯͩͬͨ྆͘͠͞׆ੜڀݚ·Ͱͷஶऀͷࠓɺʹޙ࠷
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