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V(x) = V)X

=V, (A(p,)X + BD(KxX + E(p)Kx) + BDD(p)X)
=V, (A(p,)X + BDKX) + V] (BDE(p)Kx) + BDD(p)x)

(YV-Y)
ol (YY-Y) alal, 5l eolaal b
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V! (BDE(p)KXx) +BD®(p)x) = —2x" K'E(p)Kx — 2x K d(p)x (Ya-Y)
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V(X)=-X"Fx-x"x-x"K"Kx-2x"K"E(p)Kx-2x"K ®(p)x
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=-X"Fx+x ®(p)  D(p)x-x ' x-x 'K 'Kx-2x 'K '®(p)x-x'®(p) ®(p)x-2x 'K E(p)Kx
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\Yj 0
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e o0 S50 ) Doz ) (Sl el
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oS o0 B 0 1) py ol el 8 6,85l byd el B(X) o slad o
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K =%J(o2 (Y-v)

51,5Y doles 1 ol P=mgh 2315 Gl 5 o h gl o moays ety 65,
Do o0 Ayl Djgeo (o

————=1 (Y-Y)

lberans logys 3l gam N oy T g abpress Slaise Jlan n Jlop g ol o a8
Lol (LY il g stz Glags ! o Dgls L=K =P 4 1,
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Yo

Y2

Y1
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X, X, X[
RP (Selgs gl by 55k 1V -Y S0

Wby b Swlys oy Glp 0SS o bul> mp > L) o)L Ol asS (6,8 isren

oS (o0 a3 1) ) Al slog s 5 Dlatse

4 Jloel HobsS 1, (8l bas 4 Cons YT gy 0, (88l Loz 4y o VS il 6,

Y M%JL&C‘)BL&J T, ) J..a_c.o

25 Syge M g m, M, slas,> XY Slatse a5 0gd oo sanlie Slol 4 V=Y o 5

X, =1,C0S0,

X, =1,c0s0, +r,cos(6, +6,) (f-Y)
X, =1,c0s6, +1,cos(0, +6,)

y, =rsing,

y, =1,sin0, +r,sin(6, +6,) 0-Y)

y, =1;sin6, +1,sin(6, +6,)

X, =—1,0,sin0,
X, =—16,5in0, —r,(6, +6,)sin(6, +6,) #-Y)
x, =-1,0,sin6,—1,(6, +6,)sin(6, +6,)
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y, =10, c0s06,
y, =1,6,c0s60, +1,(0, +6,)cos(6, +6,) (V-Y)
y, =16, c0s0, +1,(8, +6,)cos(d, +96,)

3 eensle VS iy g gt sloiss Sl onlpls

1 1 . . 1 .
Kl = E mlvl2 = E ml(xlz + y12) = E mlrlzelz (A-Y)

P, =m,gh, =m,gy, =m,gr, sin6,
bl VoS oy i s

1 1 ) .
Kz :Emzvg :Emz(xg +y§)

= % m, ((1,0,sin 0, +r,(6, +0,)sin(6, +0,))°
+(1,6,cos @, +r,(6, +6,) cos(6, +6,))?) A-Y)
=%m2(lféf F12(0,+0,) +1.0.r. (6, +6,)cos6,)

Pz = nghz =m,gy, = ng(IlSin e1 +1 Sin(e1 +92))

Jasle )b Jeily 5 stim ol

K, :%vaf :%mL(xﬁ +y7)
=%mL((Ilélsin 0, +1 (6, +6,)sin(6, +6,))?
+(1,6, cos 0, +1,(6, +6,) cos(8, +6,))?) (O --%)
:%mL(Iféf FB(O,+6,) + 2161, (6, +6,)cos6,)

P.=m.gh, =m_gy, =m_g(l,sin6, +1,sin(6, +6,))

L cwlply o S cn5l,5Y cnlplo
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L=K,+K,+K_—P —P,—P,

1.2

=M, 07 + % m, (1767 + 12 (6, +6,)* + 21,0,r,(6, +6,) cos6,)

+%mL(Ifé)12 +12(6,+6,)% +21,0,1,(6, +6,)cos0,) —m,gr, sin 6,

—m,g(l,sin 6, +r,sin(0, +6,)) —m g(l,sin 6, +1,sin(6, +6,)) (-1

a_ m,r20, +m, (126, +r7(6, +6,) +1,1,(26, +6,) cos9,)
00, \Y-Y)

+m, (16, +12(6, +6,) +1,1,(26, +6,) cos6,)
d oL ot ot T v .
iy m,r6, +m, (1,0, +r,(6,+6,)+1r,(26, +6,)cos0, —1r,(26, +6,)sin0,)
1
+m, (178, +12(8, +6,) +1,1,(26, +6,) cos 0, — 11, (26, +6,)sin6,)

AY-Y)

oL
a—el =m,gr, cos0, —m,g(l, cos6, +r, cos(6, +6,)) AE1)

—m_g(l, cos6, +1, cos(6, +6,))

% =m,(r7(6,+6,) +1,r,6,cos0,) +m_(I2(6, +6,) +1,1,8, cose,) (0 0-Y)
2
d oL

— ——=m,(r2(6,+6,)+1,r,0 cos0, —1,r,0,0,sin0,)
dt 06, (O5-Y)

+m, (138, +8,)+1,1,8, cose, —1,1,6,8,sin0,)

aL . . . . . . . .
a—ez = —mzllﬁll’z (91 + 92)S|n e2 - mlIlGlIZ (el + 92) sin 62 (\ V—Y‘)

—m,gr, cos(6, +6,)—m,gl, cos(6, +6,)
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d oL oL

T =T, =
dt 06, o0,

m,r20, +m, (126, +r2(6, +6,) +1,r,(26, +6,) cos8, —.r,(26, +6,)sin6,)
+m, (176, +15(6, +6,) +1,1,(26, +8,) cos 8, — 1.1, (26, +6,)sin6,)

—m,gr, cos 6, + m,g(l, cos6, +r, cos(6, +6,))

+m_g(l,cos@, +1,cos(, +0,)) =1,

(\A-Y)

: =1,=
dt 00, 2o,
m, (r2(6, +0,) +1,r,6, cos 8, —1,r,6,0,sin0,)
+m, (126, +6,) +1,1,0, cos 8, —1,1,6,0,sin6,)

+m, 10,1, (6, +0,)sin0, + m,1,0,1,(6, +6,)sin 6,
+m,gr, cos(6, +6,)+m, gl, cos(6, +6,) =1,

(\4-Y)

gs”“"’)"Lo SHye L L

mr7 +m,l7 +m,r? +2m,lr, cos@, +m, |7 +m, 2 +2m,1 1, cos@
11 271 272 2172 2 L1 L2 27172 2
2 2
m,r, +m,lr,cos6,+mI5+m,ll,cos6,
m,r2 +m,l,r,cos®, +m rZ+m L1, cos8, || 6,
m,r7 +m1 0,
—m,l,r,(26,+6,)0,sin0, —m, 11,(26, +6,)0,sin 6,
m,1,0%r, sin 0, + mL1,0?1,sin 0,

| mgr, cos 0, +m,g(l, cos 0, +1,cos(6; +6,)) +m g(l,cos 91} ) P }

| +l,cos(6, +6,))m,gr, cos(6, +06,) +m gr,cos(6, +0,) T,
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M(@)d+V(a.§)+U(@)+W(q) =t (YV-1)

M2 V(@,G) ol sl M(Q) caBlipmons 955 )00 T dBlipeass a0 )02 @ &5
Lol SBaal s U(Q) 5 (815 o W) 5 0 il S

ol Solw sl

V(a,§)+U(@)+W(a)=N(.q9) (YY-Y)
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A5l 09>

4SS 9k 210 0529 My (@) 5 Mo(a) oere S Sl ile ()

M, (a) = M(q) = M, (@) (YY-Y)

aS 5 ebas o b 0sg N (0,0) srie e 22U g No(g,q) o (F

IN(a, ) — N (0, §)] € N (9, 0) (YE-Y)
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oS (0
=1 (YO-Y)
X, =4
Dyge A 55 e iy b
u=M,(@) " (t—N,(a,9)) (Y£-Y)

lasle b egman 95k laSeslias

Xl:q:XZ
X, =G=M(0)" (t-N(q,0)=M(q)™ (t-N, (9,9)+M(q) " (N, (9,4)-N(q,)) V1)
=M(@) "M, (@M (@) " (t-No (4,0)M(q) " (N (q,9)-N(9,9))
=M(X,) "M (X, )u+M(X,) " (Ng (X, X, )-N(X, X))
Sy b
b(X) = M(X1)7 MO(Xl) -1 (YA-Y)

f(x)= M(Xl)_l(No(le X,) = N(X;, X;))
3w le cdls dolas

X, =X,
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s yile O g0 4 a5
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Gl (Ve =) dsdils g a5 laisS 4 cawl U= U (X) 9,980 J S 98 8L Bow
il o515 e gl B(X) 5 F(0) slacobibpue ol

el (V-1 alaly o JuS 5 6 K> L

X = AX + B(U, (X) +b(X)u, (X)) + Bf (x) (YY-Y)

g S e oo (A1) 5 (A-Y) Lly, 13 B(X) 5 F(X) clocaabions a5 oils oo

b(X) = M(X,) *M,(x,)—1>0 (YY-v)

[0 =M< (N 0¢,)-NEx X)) < MO [N (0,5, )-N(x, )|

(FF-Y)
< HMmin (Xl)_lH Ir-]max (Xl’ Xz) = fmax (X)

S 5o e e J5uS alies a1 pglie J S alts candS Jab Cllas 5l esliad L

X = AX+BuU (Y0-Y)

00,8 Jlax 5 aise @b &5 &5 b oo Gz U=UG(X) 3595um SS9l

j(fmax (X)? +x"x+u"u)dt (Y#-Y)

0
@WildS Jad mls gl ol 185 Sl egian 55k Gln Gl b a5 0S4z
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f(x)"f(x) <x"Fx (F¥-Y)
D9d g0 b 55 LOR alie &y adlllas Zwss o alis O j50 (0l )0

auie b aS a5 pub o Qls U=Ug(X) 9,55y J50S gl «(YV-T) aal) b v (1

25,5 Jalas (Y-Y) alal, b
R=RT =14l 0 &5 0iS 0 J> S cp |y 2 S, dolas il onl J> sl
A'S+SA+F+1-SBB'S=0 (YA-Y)
b Coslply ainge 505 alies Slo>
u=-B"Sx (¥a-Y)

o0 ol oowlive (gl el ooles SIS, (gyem doles > B 3 A ols Jlsls Ls 4

o oS (oo iy
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SRS o)
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ol S, g Aol )0 S 9 ABF 5,35 L

o 17[s, S, ] [s S0 17[R F][1 o0
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0 0| |S! S| [sI s.||o ol | R| |0 I
. i (f1-v)
{sl sﬂmm S, S, {0 o}
S, Sy 1][1]|S; S;] |00
FE+1-S,S; =0
S,+F,-S,8,=0 (FY-Y)
S,+S; +F,+1-S] =0
1

Y



1 1

1
S, =(F+1)2(2(F+1)?+F,+1)2—F,

1
2

S,=(R+1) (fY-Y)

1 1
S;=QFE+N*+F+1)?

u=-B"Sx
1 1 1 (F¥-1
=—(R+D2x, —Q2FE+D*+F+1)2Xx,
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m, =13.86 0z m, =3.33 0z
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L el plp Ol seaias 5950 (Sl doles
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M21 M22 qZ V2 UZ

Wl _|® (r-%)
W, T

Wgd oo dalno ) O jg0ds 358 Aol slaalyo

My, =3, +J, +mrf + mI2 + m,r? +2m,l,r, cosq, + m 17 +m I3 +2m |1, cosq,

2 2
My, =J,+m,r, +m,lr, cosq, +m |5 +m_| 1, cosq,

M,, =J, +m,r} +m,Lr, cosq, +m I2+m_ 11, cosq,

2 2
M,, =J,+m,r, +ml;

V1 = (mzllrz + ml_|1|2)(2q1 _Q2)Q2Sin q,
V, =(m,lr, + lellz)ql2 sing,

U1 = _blql
Uz = _b2Q2

¥-%)

(-

»-Y)

W, = (m,gr, + m,gl, + m gl,)sing, + (m,gr, + m_gl,)sin(q, +q,)

W, = (m,gr, +m, gl,)sin(q, +q,)

*-Y)

el el g, 5o =) sl el by puolie o WS L

M,, =562 +171.6cosq, +100m_+96m cosq,
M,, =51.2+85.8cosq, +36m,_ +48m,_cosq,
M,, =51.24+85.8cosq, +36m, +48m, cosq,
M,, =51.2+36m_

V, =(85.8+48m, )(29, -4,)q,sinq,
V, =(85.8+48m, )¢’ sing,
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U, =204,

9-f
U, =504, o

W =(820.68+78.4m, )sing, +(105.1+58.8m )sin(q, +d,)

y.-f
W, = (105.1+58.8m, )sin(q, +4,) ( )

Sasle b 5le ST «(YF-Y) 9 (VYY) Lalg) 4 axgils

M. (q) = 2562 +2091.6cosq, 771.2+1045.8cosq,
o) = 771.2+1045.8¢0s 0, 771.2
M, M
ZM(q):{ " 12} (-¥)
l\/|21 M22
562+171.6c0s 51.2+85.8cos
ZMmin(q): qz qZ
51.2+85.8c0sq, 51.2
ol nle
M ()”__562+171.6cosq2 51.2+85.8¢0s(,
min (= 51.2+85.8¢0s0, 51.2
L (\Y-F)

=567.1

S 562 51.2
512 51.2

r""ﬁfs“ m_=0 , N(q.9) 5 Ny(9,9) )L\'a"’
(85.8+48m,)(2¢,-4,)q,sinqg, —20¢, +820.68sinq,

N,(q,q) =| +105.1sin(q, +4,) \Y-%)
85.84: sinq, +50q, +105.1sin(q, +9,)

N(a,9) — Ny(a,9)
[ 48m_(29,-4,)d,sinq, +78.4m_sinq, +58.8m_ sin(q, +q,) | (\ F-F)
48m G sing, +58.8m, sin(g, +q,)
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IN(a. ) — N, (q,0)|
|l 48m (24, -4,)d,sinq, +78.4m__sinq, +58.8m_ sin(q, +q,)
B 48m @7 sing, +58.8m sin(q, +q,)

=N (0, 9)

<Im 480(2q1_Q2)+78-4q1+58'8(q1+q2)
B 480q, +58.8(q, +9,)

4,
[136.9 58.8 960 —480} d,

58.8 588 480 0 |q,
9,
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25 <30 4 F @O <My @[ N (@,0)° <XTFX 5 My, ()] 2 567.145 LT |
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567.1) | 588 58.8 480 0 58.8 58.8 480 0
276 143 1986 -81.7
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11986 1053 14329 -573.2
-81.7 -35.1 -5732 286.6
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b ol il JmS 098 (FF-Y) 5 (FA-Y) sloalal, 4 axgily
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u=—(F+02q-(F+1)2+F,+1)2q
_ [4.9863 1.9331} {36.1281 —11.7310} OV-Y)

19331 24212 a -11.7310 12.4011 a
ol nle
=M, (q)u+Ny(a,9)
| 2562+2091.6cosq, 771.2+1045.8cosq, J OA-F)
| 771.2+1045.8cosq, 771.2

N 85.8(29, -q,)q,sinq, — 204, +820.68sinq, +105.1sin(q, +4,)
85.8¢° sinq, +50¢° +105.1sin(q, +d,)
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Abstract

In this thesis, an optimized controller using the robust control method for robot
manipulator control based on torque controlling approach is designed. The uncertainties
include the object’s weight, friction and other dynamic parameters of the robot. The
purpose is to design a robust controller to deal with these uncertainties. To this reason,
the robust control problem is formulated as an optimal control problem framework by
minimizing the tracking error and control effort. Simulations demonstrate the good

performance of the proposed controller.
Keywords:

Robust control, Uncertainty, Optimal control, Tracking
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