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i Curve 1 - Asymptotically Stable
‘ Curve 2 - Marginally Stable
" Curve 3 - Unstable
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Equation, =
(11.7mRr cos S +5.85 .., )Sin SO +((M +2.13m+m, ) Rrcos B —2.13,,..., ) B
+(Mr? +32mr? + mr? +16.961,,, +15.041,., )37 —m.Lr{sin S'sin A
—(M +2.13m+m,)Rr3°sin #—m.Lr¢? cos ¢ sin B —mLr B¢ sin & cos B
+(23.42mRr cos® 8 ~11.7mRr +5.851,,,,.,, C0s B) S0 =T,
(AY-Y)
Equation, =
(mLrcos¢ +m,LRcos¢ cos B+m,L* cos B + I, cos )6 —(m,Lrsing sin By +(mL* + 1, )&
—(2mSLRcos.§+m5L2 + ISX)Bésinﬂ—mstézsin ¢ cos¢sin® f+m,LO%sin & cos B(r +Rcos A)
—m,LryBsin¢ cos f+m,g(Lcos¢ cos@ - Lsing cos Bsin @) =-T,
(AY-Y)
Equation, =
+M,LRsin £ sin B +31mRrsin j(cos Osin 6 —cos’ 0) +33.13mR?sin S cos 3 (cos fsin 6 —cos® ) p
—0.38mR? sin /3 +5.85mR’ sin 3(cos’ 6 +sin Ocos 6) ~11.7mR? cos” Bsin B(cos’ 0 +sin fcos o)
+(hwgige +3Lhygna + MR? (66.26.00s 0+ 4.265in cos 0)sin® f+(M +15.96m+m,)R*) 3
+(=2.181 gy, + (M +2.13m+m, ) Rr cos )y +(11.7mRr — 23.42mRr €05’ 3 —~5.85 1,1, €0S ) Oy
(62mRr +66.26mR* cos 2)(cos’ 0 +cos Osin @) +m,L (2R cos B+ )cos & +m,L* cos® ¢ cos B
+| —23.4mR* (cos” @ —cos #sin 6)cos® B+ (MRr +2.13mRr —5.85mR* +m,Rr ) 6%sin g
+11.7mR? (cos® 6 +cos® S —cos Osin 0) + (MR? +18.09mR? + MR? + I, = I, + lygig, — sy, )OS 3
+MR? (66.26 cos” 0 +4.265in 0cos 0) 5% cos Bsin -+ (2m,LRcos & + I, +m,L* )6 sin B +m,Lr&yrsin ¢ cos B
+(—4.26mR2 sin” 3+ mR? (8.53cos” 0 ~132.5cos fsin 0 sin’ ﬁ)ﬁ@'—(M +32m+m, ) gRsin Gsin 8
—-mygLcosg’sin Bsing =-T,
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Equation, =
{(ZMRr +66.26mRr +2m,Rr +2m,Lr cos &)+ (1, — Is, + hyeige — hweigz ) COS ,B}

dcos f
+(MR? +51.22mR? + m,R* ) cos B +(m,L* cos® £ +2m,LR cos ¢ )cos /3

+(( Lsigz 32 hygmany + Is; +15.MR? + Mr? +32mr? +-m,L* + m,r® ) - m,L* cos’ g)é

+[—11.7lmR2 (sin 6 cos 0 + cos? 0)0052 B +31mRr (cos @sin 6 —cos® 9) -0.38mR? ]Bsin P
+33.13mR? (sin @ cos @ — cos” 0) cos 3 +5.85mR? (sin & cos & +cos’ )+ m,LRsin &

+(ms (L2 +LR cosg’)cos,b’+ I, cos B+m.Lr cos §)§+(11.7lmRr C0S /3 +5.85 a1 ) ¥ SIN B

+2m,L(Lcos¢ sin* B —(Rcos B +1)cos )05 sin & —m,L(r+Rcos B)¢sin g

+£(—2MR2 —2m,R? ~102.45MR? + 2510, — 2lygigy — 21, + 21, )COS B J,Bésin p
—(2MRr —66.26mRr +2m,Rr ) —2m_L (r + 2R cos B+ L cos ¢ cos B)cos ¢

29.27mR? (sin 6¢cos 0 + cos? 0)+31mRr (cos Osin 6 —cos? 49)—0.38mR2
+ B cos S

-35.13mR? (sin 0 cos 0 + cos’ 0)0032 B
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0 — Equation, : A0+ A B+ AL + Ay + A =+T, 0-%)
S — Equation, : B4 + B,/ + By + By =T, -t
¢ — Equation, : H,6 + H,Z + H 7+ H, =T, (v-%)
y — Equation, :G,0 +G,B+G,¢ + G + G, =+T, (A-%)

D oo i 25 5 Dygo a4 (A-F) 9 (V-F) o(F-F) «(B-F) ¥olre ol a5

(2MRr +66.26mRr +2m.Rr + 2m,Lr cos,§)+(lSX — g, + lygige — IWBigz)cosﬁ
cos 8
A =|| +(MR?+51.22mR?* + m,R?)cos 3 +(m,L* cos® £ +2m LR cos ¢ ) cos B

+(Twsigz 32 ygmany + 15, +15.MR? + Mr? +32mr? +- m L% +m,r® ) —m,L* cos® £
~11.71mR? (sin @ cos 0 + cos’® #)cos’ 4 +31mRr (cos @sin 6 —cos’ @)+ m LRsin &

A = sin g
+33.13mR? (sin @ cos 6 —cos” 0) cos 3 +5.85mR? (sin O cos @ + cos” 0) —0.38mR?

A, :(mS(L2+LRcos§)cosﬂ+ISXcos,B+mSchos§)
A, =(11.71mRr cos 8 +5.851,,,., )Sin B
+2mSL(Lcos§sin2ﬁ—(Rcos/3+ r)cosﬂ)ég'sing“—msL(H Rcos )¢ ?sing
(—2MR? —2m_R?* —102.45MR? + 2150, — 2y, — 215, + 21, ) COS B
—(2MRr —66.26mRr + 2m,Rr)—2m,L (r +2Rcos 8 + L cos{ cos B)cos ¢

+ }Bésinﬂ
29.27mR2(sin0(:030+cosz49)+31mRr(cos:9sin0—cos?0)—0.38mR2 .
P cos
=| | ~35.13mR?(sin @ cos 6 +cos’ 0)cos’ 3

2.13mR?sin? B+m_LRsin ¢ cos B +33.13mR*sin #cos 4 | . L
+ B = (1s, + ML) B¢ sin B

+MR? (~62cos” 8+ 28.86 )cos’ 0

—11.7mRr By +(23.42mRr cosﬁ+5.85IWSmallx)ﬁw cos S+ m.gL cos¢g cos S cosé
+(M +32m+m,)Rg cos@cos f—m_gLsin ¢ sin & +(M +32m+m,)rg cos g

A-¥)

A¢



B, =

+M,LRsin¢ sin 4 +31mRrsin f3(cos Osin 6 —cos’ ) +33.13mR sin /3 cos 3 (cos Osin 6 —cos” )
~0.38mR? sin /3 +5.85mR? sin 3(cos” 0 +sin #cos 0) ~11.7mR? cos® Bsin j3(cos” 0+sin O cos 0
B, = ( lgigz + 3L yem, + MR? (66.26 cOs? 6+ 4.2655in O cos O)sin® B+ (M +15.96m +m, ) RZ)
B,=0
B, = (213, +(M +2.13m+m, ) Rr cos )
(11.7mRr — 23.42MRr 0s* B —5.85 1,41, COS ) Oy +(2M,LRcOs ¢ + I, +m,L* )65 sin 3

(62mRr +66.26mR” cos 3 ) (cos® 6 +cos Osin &) +m,L (2Rcos +1)cos & +m,L* cos’ £ cos 3
+| —23.4mR* (cos’ 0 - cos Osin 0)cos® B +(MR* +18.09mR’ + mR? + I, — I, + Iy, JCOS B |6 sin 3
~lygig: €OS B +11.7mR? (cos® 6+ cos” B —cos #sin @) + (MRr +2.13mRr —5.85mR* + m,Rr )

+m.Lryrsin ¢ cos f—m gL cos £ sin #sin @+ mR? (66.26 cos’ @ +4.26sin 6 cos G)Bz cos Bsin S

+(—4.26mR2 sin® 8+ mR? (8.53c0s” # —132.50s Osin 6 )sin’ ﬁ)ﬁé—(M +32m+m,) gRsindsin g

(\e-%)
H, =(mercos§+mSLRcosg“cosﬂ+msL2 cos S + ISXcosﬂ)
H,=0
Hy=(m,L* +1g,)
H, =—(m,Lrsin{sin g)

o —(2m,LRcos¢ +m,L* + I, ) fOsin B—m,L*6° sin & cos¢ sin’ B—m,LryBsin & cos B
’ +m,L&%sin & cos B(r +Rcos B)+m,g (L cos¢ cosd—Lsin g cos Bsin )
\Y-Y)
G, = (11.7mRr cos B +5.851 .4 )SiN B
G, =((M +2.13m+m,)Rrcos #2131 ..., )
G, =—-m.Lrsind’sin g

G, :(Mr2+32mr2+msr2+16.96l +15-04|W5mallx)

Wsmall z
—(M +2.13m+m,)RrB%sin f—m,Lr¢? cos ¢ sin B—mLr B¢ sin & cos B
G = ..
" | +(23.42mRr cos® S —11.7mRr +5.851,,,,.,, 05 B) 36
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Equation, + Equation, =

(2MRr +66.26mRr + 2m,Rr +3m,Lr cos & +M,L% + 1, )+ (15, = I, + hygige — lysigz )OS B Goos
cos
+(MR? +51.22mR? + m,R? ) cos B + (m,L* cos £ +2m,LR cos £ ) cos B
+( Leigz 32 hyemaury + 15, +15.MmR% + Mr? +-32mr® +-m,L* + m,r* +-mLr cos & —m,L* cos* £ )6

~11.71mR? (sin 0¢0s 0 + cos? <9)cos2 B+31mRr (cos @sin 6 —cos’ 49) +m.LRsin¢ ) .
+ ing
+33.13mR? (sin @ cos @ — cos’ 0) cos 3 +5.85mR (sin O cos 6 +cos’ @) —0.38mR?
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+(m, (L* + LRcos ¢ )cos B+ I, cos B+mLrcos +m L% + )f—msL(r+Rcosﬂ)§'zsin§

+(11.7AmRr cos S +5.85I —m.Lrsin g“)y‘isinﬁ+2msL(Lcosg’sin2ﬂ—(Rcosﬂ+r)cosﬂ)é¢fsin4’
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(1
2MRr—66 26mRr +2mRr +m_L? + 1 ) 2m,L(r+R+2Rcos f+Lcosg cos f)cos
BOsin B
2|\/|R2 2m,R? —102.45MR? + 215, = 2lyyeigy — 21, + 215, )COS B
29.27mR? (sin @cos 6 +cos” 0) —35.13mR” (sin & cos @ +cos’ @) cos’ B —0.38mR?
ﬁ cos g
+31mRr (cos #sin @ —cos® )
+(2 13mR’sin® 8+ m,LRsin ¢ cos 3 +33.13mR*sin & cos @ + mR* (— 62cos2,8+28.86)00526?),6"2

L +m Lz)ﬁgsin B —11.7mRr By +(23.42mMRr c0s B +5.851y,.0x —M,Lrsin &) By cos g
+mschos§cosﬂcos¢9+(M +32m+m,)Rg cos&cos S —m.gLsin{'sin &+ (M +32m+m,)rgcosd
+m,g (L cos¢ cos@ — Lsin ¢ cos Bsin @) —m L°0% sin & cos ¢ sin® £ +m Lo sin & cos B(r +Rcos B)=0
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+M,LRsin ¢'sin B +31mRr sin A(cos Osin 6 —cos’ 0) +33.13mR’sin Bcos A3 (cos Osin 6 —cos’ 6)
—0.38mR’sin 3 +5.85mR’sin ﬁ<0052 0 +sin @cos 49)—11.7mR2 cos? Ssin ,3(0052 0 +sin Ocos 9) 0
+5.85I sin S +11.7mRr cos gsin g
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lygig, +27.871 +MR? (66.26 C0s” 0 +4.26sin Ocos 0)sin® B +(M +15.96m +m, ) R?
+
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+(M +2.13m+m,)Rrcos g

+(+(M +2.13m+m,)Rrcos B+(M +32m+m,)r? +14.83l +15. 04|Wsmaux)l//
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+(2mLRcos¢ + Ig, +m,L*)6¢ sin B+ (11.7mRr —23.42mRr cos® 3 —5.851,,,.,, C0S B) Oy

—m,Lrésin¢ sin B+m_ Lréy sin ¢ cos B—mLr B¢ sin cos f—m Lrd cos ¢ sin
(62mRr +66.26mR? cos,B)(cos2 6 +cos fsin 6') +m,L(2Rcos B+r)cos ¢

+| —23.4mR? (cos” 0 - cos @sin @) cos’ B +m,L* cos® ¢ cos f+11.7mR? (cos’ 6+ cos® S —cosdsind) |67 sin B
+(MRr +2.13mRr —5.85mR? + mRr ) + (MR? +18.09mR” + MR + 1, = I, + lygie, — lygig )COS B

+(mR? (66.26 cos” 6+ 4.26sin O.cos ) cos f—(M +2.13m+m,)Rr) Fsin 4

+(—4.26mR2 sin’ #+mR? (8.53(:052 6 —132.5c0s Osin 49)sin2 B+ mRr(23.42cos2 /3—11.7))/39

+5.85 g €08 BBO — (M +32m+m, ) gRsin Osin B —m,gL cos{ sin Asin 6 =0
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(\a-Y)
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+B ((Bl+Gl)(A5+H5+(A3+H3)5+A2ﬁ)_(A1+Hl)(BS+G5+(BZ+GZ)ﬁ+GSé;)) -|—B
) AB,-AB, +AG,-AG,-BH,+B,H,-GH, +G,H, °
(¥)-¥)

H ((A4+H4)(Bs+G5+(Bz+Gz)ﬁ+G3§)_(B4+G4)(A§+H5+(A3+H3)5+A2ﬁ)) +Hé:
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) AiB4_A4Bl+A1G4_A461_BlH4+B4H1_G1H4+G4Hl o ’

(YY-¥)

AA



5 Wolee g0l culps o o lii 1) € g B Ol s 4 (YY-F)g (Y)-F) aoles a5

s 505 sy Sose a ) Aol 50 ol el 00 Bl (VY-F) 5 (VV-F) () +-F) (A-F) Ly,
ols oyl

(Bzu +B,(A, +H,)G, - B, (B, +G,)(A +H;) + B, (B, +G,)(A; + H;) - B, (A + Hl)G3)é;

+(Bl(A4 +H,)(B,+G,)-B,(B, +G,)A, +B,(B, +G,)A, - B,(A +H,)(B, +G2))ﬁ

Bl(A4 + H4)(Bs +Gs)_ Bl(BA +G4)(A5 + H5)+ B4(Bl +Gl)(A5 + Hs)

~B, (A +H,)(B, +G;)+BU =-T U
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+H, (A, +H,)(B; +G,)-H,(B, +G,)(A, +H;)+ H,(B,+G))(A, + H))
-H,(A+H)B,+G,)+HU =-T,U
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0 — Equation, : A0+ A B+ AL + Ay + A =+T, 0-%)
S — Equation, : B4 + B,/ + By + By =T, -t
¢ — Equation, : H,6 + H,Z + H 7+ H, =T, (vV-Y)
y — Equation, :G,0 +G,B+G,¢ + G + G, =+T, (A-%)

S B SEST R NS =R IC E U
A = P5Q5 —2PQu, + P2eQss — PuoQss +2P5Qs5 + Pag + P1oQss
A, = PieQs7 + PusQss + P1oQp1 = P1oQp + PeQ4 + P1aQys — P1aQus + P1sQy + P1sQp + PuQ,
A = PgQ, + PsQp, — PeQy
A= pQ +PQ,
As =-2 p10Q59 -2 psQeo + p6Q61 + peQez o p8Q84 + psers + p31Q85 +2 p6Q64 -4 p8Q65 +2 plOQ66
P32Qs7 + P52Qes + P12Qs7 — P1, Qe + P1aQso + PssQro + PasQy1 + Py Qrz + PeQrs + P1sQre
+ p35Q75 + p36Q76 - p9Q77 - p1Q78 + p7Q79 + szse + p11Q80 - p26Q81 - p11Q82 + p37Q83

(Y5-¥ )

Bl= pgQ, + P1Qa = P1oQp + P13Qo = P13Qps = PraQz + PusQzp + PusQy + P1eQos + P1sQse
B2 = Py; + p18Q27 + pngzs
B3=0
B4=p,+p,Q,
P1Qas — P7Qq0 — P2Qs1 = P1yQsp + P2oQss + PooQss + PisQss + P1eQss +2P5Qy,
BS=| + pers - p10Q39 + p21Q4o - p21Q41 + pzzQsz - p16Q33 - p16Q42 + p16Q34 + p23Q37
+P1gQus + PioQus +2P;Qus + PyQus + PeQsr — PugQus + P2sQuo + PosQs + P2 Qs

(YV-Y)



Hl == p6Q11 + psle + p9Q3

H,=0
H,=p,
H, = peQ,
Hy = 2P,Qu — RQu, + PioQis — PeQus + PsQu7 + PsQss + P Qig — P1yQy
(YA-Y)
G, = pQ + p.Q,
G, = p,Q3+p,
G, = peQ,
G4 =Ps
Gy =—PsQs + PeQs + PsQ; + P,Q; — P,.Qy + P,Qyp
(Ya-Y)

oS 0l o s ol Byxe P glys (YA-F) o (YA-F) (YV-F) (Y5-F ) Luly, ;o
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p, =11.7mRr ) :(MRr+2.13mRr ]

P, =5.850,, .1, ? | -5.85mR?+m,Rr

p, =(M +2.13m+m,)Rr MR? +18.09mR? + m_R?

p, =—2.131,, .., Pas = [+|SX Y P |WBigJ
_[(Mr?+32mr? +m,r? p,, =8.53mR’

P~ [+16-96|Wsma..z +15-04|WsmauJ P, = -132.5mR?
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Pg =—-m.Lr

P, =23.42mRr
P, = mLR

Py =(M.L* +15,)
P, =-mL?

Py =MoL

p,, =31mRr

p,; = 33.13mR?
p,, =—0.38mR’
p,; =5.85mR’
P, =-11.7mR’

Py =—(M +32m+m,)Rg
P, =(2MRr +66.26mRr + 2mRr)

Pas =

Py =

Py =

Py =—

T O L (T
+MR2+51.22mR2+mSR2J
i, + 321 +1,, +15.mR?
+Mr? +32mr? + m L* + m.r’ }
—2MR? —2m R? —-102.45mR’
+2|WBigZ—2|WBigX—2|SX+2|SZ]

WBIig z Wsmall x

(2MRr —66.26mRr +2m_Rr)

Py, = 29.27MR?

I igz +31| smallz
p,=| oer e ) p,, = —35.13mR>
+(M +15.96m+m, )R ,
, Py, =2.13mR
Pis = 66.26ij Dy = _62mR?2
Py = 4.26MR Dy, = 28.86MR?
P, = 62mRr
Py, =(M +32m+m,)rg
p,, = —23.4mR’
E2SS 9395 &5 > SYolae glapaie V-F Jour
Q, =cos Ssin Q,; = f3° cos Bsin B cos® 6
Q,=sinj Q,, = 3% cos Bsin Bsin #cos
Q,=cos Q,; =0 sin fcos¢
=singsin o
Qumenesing Qu = 6Zsin B
= f3%sin ..
=feng Q. = vrsin¢ cos B
Q6:gf -cosg“smﬂ’ Q48=,36"Sinzﬂ
Q =pesingcosp Q,, = SO cos? fsin® 3
f— 2 20 . .
QS_C.O.S PO Qy, = SO cosdsinGsin’® B
Q=40 Q,, =sindsin B
Qlo = cos S0 Q52 = 92 sinﬁ
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Q, =cos¢

Q, =cosg cos f

Q= ffcossin B

Q. = fBosinp

Qs =6°sin cos¢sin’
Q, =0*sinZ cos

Q, =6*sin¢ cos? 8

Q, =ypfsin cos B

Q,, =c0sg cos @

Q,, =sin¢ cos Bsin @

Q,, =sin Bcosdsin @

Q,, =sin Bcos” 6

Q,; =sin S cos S cos dsin @
Q,, =sin Bcos Bcos’ O

Q,s =cos’ Bsin fcos’ O
Q,, = cos® Ssin Bsin & cos
Q,, = cos® dsin® B

Q,s =sindcosdsin®

ng = HW
Q,, = Oy cos? B
Q., =0y cos

Q,, =cos{'sin gsin @

Q., = 0%sin fcos® 0

Q., = 6%sin Bcossin &

Q,; = §?sin Bcos Bcos? O
Q,, = 6%sin Bcos Scosdsin O
Q,, = 0*sin fcos

Q,, = 0?sin Bcos¢

Q,, = 0%sin Bcos? £ cos B
Q,, = 0*sin fcos? Ocos’ B
Q,, =0’ sin Bcosfsin G cos®
Q,, =6°sin Bcos? 8

Q,; =cos’

Q,, =cos’ £ cos’

Q,; =cos¢ cos® B

Q. =cos’ ¢

Q,; =sin@cos@cos’ Bsin B
Q,, = cos’ @cos’ Bsin B

Qy = 6¢ sin ¢ cos¢sin® Asin g
Qg = OC sin¢ cos?

Q., = ¢ sin ¢ cos

Q, =¢2sin¢

Qgs = ,B.ésm pcosp

Qs = A0sin pcos¢

Qqs = 30sin Bcos ¢ cos 3
Qg = f0sin fcos fcos’ &
Qs = ,82 cos f#sin@cosd
Q. = 3% cos fcos? @

Q. = f%cos

Q,, = f3* cos® B cosfsin &
Q= BZ cos® [)’COS2 o

Q, = ,B'2 COS,BSiI’]2 p

Q,, = Bsin¢ cos f

Q,, = #%sin@coso

Qs = ,82 cos® Bcos’ @

Qs = 7 cos’

Q,, = p<sin g

Q7s 218'//

Q,, = Byrcos® B

Qg, = COS & cos B cos
Q,, =c0sdcos f

Q,, =sing'sin@
Qg; =cosé

Qg :é;ZCOSﬁSincj
Q,s = f0sin g

Qg6 :B‘/}COSIB
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Wi+ (W, + Wy + W, )QuL — W Qe+ WiQud W, Qud = (2W, + We) Q8+ WeQuad + 2, Qs

~(Whg + Wig) QG (W + W + W) Q5" — WyiQ Qe d + WiiQuQed — W,Qu Q8 — 20,Q, Qs
W,3QsQ56 ~ Wi QuQud + WisQuy Qe + 2WsQQ55¢ — Wiy Qud — Wi QuuQud +WioQuQud W QQuE
_szleQaQaé; + W27Q11Q3Q44; - W24Q11Q324? + Wszleszé; + W23Q2Q324.; _WZGQSQAé; + 2W27Q12Q3Q44.;
(W + Wi )QuQ4°C + g Q,QuQ58 ~ WspQuQuQu58 ~ Wi Q:Qu Qs — 25, Q,Q, Q558 — WWhQ: Qs
+2W3,Qq,Q,* +W5gQqeQ,” +WpgQeQ,* + 2W3,QusQ,* +W5,Q,,Q, " +WeyQ,Q,” — 4W,,Q,,Q,Q6

Wiy Qu0Q,” +WieQyyQ,” +Wyy Qi Q,” —W,,QQ,% +WigQusQ,* Wi Q,Q, + 2W,6Q1,Q, + 2W,4Q, Qg
+AW,5Q, Qg5 —Wy5Q,Qys +W1sQ,Qas —W10Q15Q, + 2W,0Q, Qs +Wi5Qy6Q, —WisQ16Q, — 2W,0Q, Qs
—W,,Q, Qg5 + W3, Q14 Q =W, Qu Qg5 —W35Q, Q51 —W35Q, Qe — 2W,Q, Q¢ +W;Q, Q77 —W,,Q4Q, Q5
+WgeQy* Qg +WoQuQs +WigQ3* Qg + W, QuQq — Weg + 2We; JQiQ47 ~WeeQuQz ~WeeQuQs — 2We,QQ,5
“We;Q,Qu7 ~WeeQ,Q; ~WiggQyQu6 —Wigy QuQs, +WigQs"Quq ~WegQ;Q46Qs4 +WegQsQu6Qs6 + Wi, Qs Qs”
_2W52Q32Q59 _W24Q16Q32 +W24Q18Q32 + 2W52Q66Q32 - 2W52Q13Q32 +W25Q17Qs2 +W54Q32Q63 _W23Q32Q14
+W56Q85Q32 +W24Q61Q32 +WZ4Q62Q32 + 2W24Q64Q32 - 2\N25Q60Q32 - 4W25Q65Q32 +W25Q73Q32 _W25Q84Q32
“W,Q7, Q5" +W,, Q1 Q,Qu + (W, W, )Q1,QQs5 — W5, QiQu Qs +W;,QiQu Qs —W10Q1,Q,Qs

+(2W,; =W, )Q1,Q,Q5 — W5, Q3Q Qs + (—2W,y + AW, )Q1,Q,Q;; + (W, +2W,,)Qy,Q,Q;

_(4W21 + 2W97)Q12Q3Q6 - 2W21Q12Q3Q47 +W27Q12QaQ7 + (_W76 - 2W81 _Wsz - szo + 4W22)Q3Q45Q55

~ (Wi +Wy )Q5Qur Qss + 2W55QuQ4 Qs +WipQuQuQgs — Wi +Wig)Q1,QQ; — (Wig +W,g)Q3"Qy

_(2W81 + 2W20)Q32Q37 o (W81 +W20)Q32Q52 - (\N78 +W86)Q32Q38 _W90Q32Q7 + (2W30 _W46)Q32Q6
+(-Wog + 2W,6)Q,"Qus + Wog — 2W,6)Q,°Q, + (-Woy + 2W,,)Q1,Q,Qq —W5,Q3Q;, Qs —W,,Q,0Q,

+ Wy, — 2W,51)Q1,Q3Qq0 +Wi3Q3Q47 Qs —WisQyQ39Qs5 + (—2Wos +Wog)Q;,Q,Qs5; +Wo; QiQ4 Qs
_W30Q3Q52Q54 +W30Q3Q52Q56 + 2W99Q11Q3Q52 _W100Q3Q52Q53 _W100Q3Q38Q54 _W100Q3Q38Q56
+2W,6Q3Q5,Qs5 +W3pQ3Q36Q55 —Wi30Q3Q6:Q5 + 2W16Q;Q55Q; — 2W,6Q3Q4 Qs +W,16Q:Q5,Qs
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_W46Q3Q56Q6 - 2W101Q3Q45Q54 _W101Q3Q45Q56 +W30Q3Q47Q54 + 2W22Q3Q47Q56 _W30Q3Q45Q53
+W,,Q3Q47, Q55 +WaoQyQ54 Q7 + Wag —Wo0)Q1;QuQu5 + 2Woe QiQs6 Q7 —W,Q1;,Q4Q47 — 2W,,Q,Q,6Qs,
—2W 22Q3Q46Q56 - 2W22Q3Q55Q7 —2W 20Q3Q46Q55 _W34Q32Q42 +W38Q42Q51 +W41Q4on _W41Q4Q30
+W41Q4Q82 +W43Q4Q81 _W45Q4Q83 +W61Q3Q32 _W65Q3Q51 +W53Q19Q32 _W53Q20Q32 +W53Q80Q32
_VvssQazQs2 _W55Q81Q32 +W57Q83Q32 + (\N74 "'\/\/79)Q32Q32 - (VV77 +W85 )Q51Q32 _W87Q3Q32Q54
+W87Q3Q32Q56 +W88Q11Q3Q32 + (2W88 _W47)Q12Q3Q32 _W103Q3Q32Q53 _W94Q3Q51Q54 +W94Q3Q51Q56
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Abstract

In this thesis, One-wheel vehicle with four degrees of freedom for the first
time as a non-linear and without linearization is modeled. In all studies,
vehicle model have two or three degrees of freedom due to motion limitations
of a single wheel. In this thesis, the model by using special mechanism for a
wheel that provides more degrees of freedom is presented. Equations of
motion one-wheel vehicle by using Lagrange method and sequential Euler
angles are calculated. Four equation of motion are coupled and nonlinear and
more complicated to compare vehicle model with three degrees of freedom.
This vehicle is included passenger seating, two motor and one Omni
directional wheels which consists of a number of small wheel and a large
wheel.

Four degrees of freedom of the system are: the pitch angle which the axis of
rotation of the big wheel, roll angle which describe the vehicle inclination, the
angle of inclination of the passenger seating cause moving forward —backward
and rotation angle of small wheels cause moving left — right. Motors are
located on the passenger seating and reaction torque generated by the motor is
applied to body and chassis of passenger seating.

There is uncertainty in computing the geometric parameters of the system due
to measurement error. Nonlinear adaptive control method is used to overcome
the uncertainties of system and control it. Also by using Lyapunov stability
method, the stability of the vehicle is investigated and ensured. Adaptive
control method is used Self-Tuning adaptive controllers which performance
improved by making correction in it. Due to the complex structure equations
using a new idea that contains an inner loop, torque control signal is calculated
and sent to the motor.

Finally, the equations of motion are simulated in MATLAB-Simulink and
after verification and comparison with the physics and modeling is
acknowledged. To verify the performance of the adaptive control method, its
results are compared with a PD control method. Adaptive control works well
and compensates the inclination of vehicle to forward-backward and sideway
and ensures stability.

Keywords: Adaptive control, nonlinear dynamic, one-wheeled vehicle,
Lagrange method
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