D

E
LICH.

!

=

S

ive

5
MZEXE HAIGHA OF

O N

o
[

2|

M

creat
commons

—

[—

t

[¢]

LICt:

O M
st

)

C
MNZERLEAlL A

ZHE Metor

—
=
=

R0 5 A

i 0 <4 15
o) B¢ 53 o0
) E[o} o
) = 7
&3 10 ol 00
< il R
jum] J—

ol 0~ =
il 3 o on
) X Rr
Rr S =

%_ =B s
r o m._ -
o o O
_ Rr RO
% R of
o © o il
—_ jum]

1] N ol =
R iS ol =
= T Uo gwo
) RE] S
1 ° s =
o) K —
= B < mrr
&= o

ol Kl <. KM
80 ol JIJ =
Ee) W = )
©

X ESLICH

I 2t

HOd

ot |

[¢]

H

=

[¢

o]
lection

=

=

Disclaimer
O

5

FAI LEEHLH O OF
E2FH 29

¢}
X

=

]

0l N2 0| =3 & 72 (Legal Code)

HEAH [E 0l8Ke als 219 ol o



http://creativecommons.org/licenses/by-nc-sa/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-sa/2.0/kr/

An adaptive control algorithm for
variable stiffness antagonistic joints

24

e

2014

AAGZZHR



An adaptive control algorithm for variable
stiffness antagonistic joints

2

gy

2014

N

2

2014

—_—

0

—_—

0

p—

0




ABSTRACT

An adaptive control algorithm for variable stiffness

antagonistic joints
by
Gyuhyun Park

School of Mechanical and Aerospace Engineering

Seoul National University

In this thesis, we consider the problem of estimating nonlinear stiffness of flexi-
ble transmissions in single link robots with antagonistic variable stiffness actuation.
Joint stiffness estimation is obtained using an adaptive control algorithm. For the
joint stiffness estimation, we assume that all rigid body dynamic parameters of robot
except stiffness are known value. The motor position, velocity, link angle position,
velocity and flexibility torque are assumed to be measurable for the state-feedback.
An adaptive control algorithm with input-output linearization state feedback is used

in our problem on the basis that this algorithm is optimal for our problem. Joint
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stiffness value is assumed to be intrinsically a nonlinear polynomial function of the
deformation. Simulation results from performed of single link arm robots are re-
ported, showing a good performance in trajectory tracking of link angle position

and in estimating a nonlinear polynomial function of the joint stiffness.

Keywords: Adaptive control algorithm, Variable stiffness actuation, antagonistic

joint, Flexible dynamic model

Student Number: 2012-20665
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Introduction

2 A 25319 interactiono]] lolA 2F 5ol tHEtL =R com-
pliant elements 2Z¥7] €] 3}¢] end-effector tools, joints, transmissions, actuators%
W& device oFoll A A7 A& HaL ity 53] 2ol @el dFEH = okt
VSA (Variable Stiffness Actuation) [7], [9], [13], [14] & 7]¥tS 2 3}= 25 t] ARl o]
t}. 2 & joint stiffnessZF transmission?] link = o] A & o] Y= displacement 2} reac-
tionol o3l WA H = flexibility torque Abo]o] A YT 4 gtk dubA <
A8 25 9] jointol| Al = linear elastic A4 A& 2= spring< 7} 519 constant $F
stiffness gk ZF=T}Hal modeling$tth. SHA| W A A 2= 2 F o] F2st= 5 < joint
stiffness] variation©| ¢J 7] W&ol flexible transmission ©] nonlineardt E4 & A4
i M S @ E87F Atk VSAS 7WteE dhs 2R dWAHoR 2R F
Aol ulz} stiffnessgro] Wal= AR L 2t 9l = stiffness gro] deformation®]
we} nonlineardt S4S A UA Aot 729 AFollA o832 = VSA devicew
VSA-IT [12]8} 22 antagonisticdt A2 & ZF= VSA deviceo]T}.  Antagonistic St
VSA<E lineardt elastic A A& 2t F 719 actuator7} parallelstA] =3¢ A 2T

o] 2531, agonistic-antagonistic$t Ad A& ZF=Tt}[8]. Paralleld} A A Z2H F 7}



1. Introduction 2

9] actuatorel 93l joint2] stiffness Z% o] motionol] W} v} B, linke] motion©] A
oJF ) linke o]F £E7) wlE W= small stiffnessZhS 22X, link?] o)l £ &
7F =9 uf = large stiffnessgh& =% sto] 2H o] £ o FEH 1 A3 FJEf S

motiong A4 3tct.

AU
ne
rE
o
[o
fru
o}
S
w

A= o stiffness k= A% S sensor7} k= FH ol
tion X 2} joint torque sensor FH E o] 3| A o] kS A4SI=t|, o]= VSAE
Zlvto 2 3= 2 B3 Zho| stiffnessZFo] deformation®l] ™ 8+ nonlinear function2
ZE31 7159] dynamic /4 & FE 3 nonlinearstil E543F F-9oll& A&o] =Tt 0t
A foF & VSAE 7|HEo 23 2 B oA 9] stiffness estimation W o] & 3}
. 29 AFArEe] ojgt HAH AFE Pt St} Griolo and Bicchi 6]+
A A E o] &3] flexibility torque AR E SA3= AL 7|HFO Z 3= stiffness es-
timatorE A|¢FstH T o] A= S 9 flexibility torque®] time derivativeE 2
= FA oA A noised] &3 A7} A2 4= AT} Flacco and De Luca [4]+ dynamic
residual approach& %3l flexibility torqueE estimationd}il I flexibility torque &
£ RLS(Recursive least squares) S ©]-83l polynomial model | fittingA] 71 & 2 ]
stiffness Zrg estimationd+tt}. SFA] gk Al Al SF HFH L 2@ & simulation . 2 ¢ A =3
P ARS 58 A5ol o]HA A grol Aol thgt AlF =7} A gtk 2417}

It VSA-IIZ}= 543 VSAo 231E o] AF7F 3% 12, deformation©]

o4

o
=

%0,
oM, ‘g‘ A
K

riu

o] = estimation 2 x}7} A A= EA| 7} Y.

_?_.
o A] = adaptive control algorithm2 ©]-&3}o] VSAE 7|Hto 2 3= 2 B9

re
2

joint stiffness estimationg 4=3) gtt}. B & 31= agonistic-antagonistic 3+ actuator&
Ad 8 BFo g FE5H = 1 ARE B3 2R tiste] o] Xt} Stiffness esti-
mation< ¢ 3l A+ link, motor inertia 72 dynamic parameter+= o]u] &3 ¢lt}al
7}4 811, motor position and velocity, link position and velocity, flexibility torque
e =4 M5ttt 74 sk} Adaptive control algorithm-S %3t parameter es-

timation®] 7-¢ parameter7} A H o= vlnAd Z k= A A 7ol whef



1. Introduction 3

parameter gko] Wol= Bf-ole AT update Al7]= 2ol GA gk & A
T-oll = ©XA] adaptive control algorithm-2 53} A variable stiffnessZ}-& updateA|
2 Aoll= A7 Aok A7, WA 2R FF ol el Wt stiffness g
adpative control algorithm© 2 update A|# datas L=t} o] 5 datas B S
Z stiffness7} deformation®] o] 3t polynomial©] 2}l 717 3}al, esimtaion¥l datas
polynomial curve fittings}o] deformationof T3} stiffness nonlinear functiong %+
= Y= A

H AFo| A o]83}8] = adaptive control algorithm-2 sastry®] [11]& 7|¥to 2 3t
t}. o] ¥} linearizable systemo©l t] 5}o] input-output linearizationg =3} state-
feedback & B &] controllerE A A 3tt}. Varying parametero] tf $F adaptive control
strategies= ©] 2] ol &= t}%¥3lr}t. o & 5o radial basis function neural networksS
o] &3l on-line approximatorg A 3+ Diao[3]9] ®HH 3} W= adaptation} input,
output signal 25 5 Al trackingdl+= Cao®] Ly adaptive controller [1]9} adap-
tive backstepping control algorithm-& ©]-83F Shuzhi [5]¢] ¥H So] Atk 1A
7 sastry @] algorithm-2 3 o]+ Diao2] W2 parameter®] rate of change”}
bounded® }&-< 7478 8t parameter7} 33 7338] 6] REHA WHoh= Aol v
dRH o] B FAO HEst7lol= A7 AL, Caodl W2 2] AFollA
= input signal®] trackingo] Z R gl7]o A eH3}A] &kt Shuzhi®] AF+= time-
varying parameter®]| )3} boundsE &o}of S}al, control coefficient”} unknown
time-varyingo] 2131 714 sHt] o] = 2 7o) Ao B ebeh. ¥ sastryo] <
T= B Ao A o] 83} robot system®] nonlineardt A4 Ao & A s}= o 4| 4
9] 7} 5] o] 91 11, nonlinear term-2 cancellationA] 71 & 23 A A~ H-2 robust3HA| 3=
T o] o] B A7) adaptive control algorithm ©. 2 o] 83} T}

o] paper= Th&3} Zto] A ATt 2- o A= B Lo A] o] &3} 7] 72 dynamic
modelingo] A A]E T} 3Z o A= trajectory tracking¥} parameter estimationS
3} adaptive control algorithmol] tj gt AW o] =E5 o] gt} 48oA = VSAE 7]
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Dynamic modeling

Motor 2 62

Moving Link

Figure 2.1: Antagonistic VSA schematic

VSA (variable Stiffness Actuation)& 7|HFC. 2 3= 1 A= H3 28-S 19
3FAF 2 E o] o] 85+ VSA+= VSA-II [12]8} 22 antagonisticy EJ S| VSA 2l 7}
A3l 2o o $F dynamic modeling2 [4]]] 4] AF&-3F model & o] &3t} VSA-II&
Figure 2.13} 2 Je| & XYW VSA 557 S ol PVSA(Parallel Variable Stiffness

2 A 2|8k



2. Dynamic modeling 6

Actuation) 2 EFH ). o]= F 719 actuator”} antagonistically 3 Al 2= o po-

sition} stiffness& FAlo AEE & 4 QT = 3t} Antagonisticst VSAS] L5

-

HkAl-S B Figure 2.12} ZHo] agonistic-antagonisticSHA| -5 %+ actuatorZ A
3 F-%of linearst stiffnessE 7} motor S+ 7 7} 4-bar linkage mechanism®] &
2 755 9] nonlinear E41& A joint stiffness S LAY A 7). AASF 5
AL [12] 5 R

o] Al Figure 2.292} Z+2 HE]E z2r+= Antagonistic VSA 7|9t 1 A= H3 2

o

Figure 2.2: Defnition of variables in a single joint robot with VSA

9] dynamic modeling equation-& 1123l 2 X}. W A] transmission®] deformation ¢+=
¢ =q— 0831 A3y, link angle ¢} motor angle 2] *}o] o]t} X deformation
ool o3l T =] = potential functions Ue(¢) > 00] 22l 3FAF. Transmissiono] 2
2]+ Flexibility torquex 7.(¢) = OU.(¢)/0pEFal 3FAF. 17 transmission®] stiff-
ness K(¢)2 link displacement®]| o 3} flexibility torque®] variation® & T3} 2+

o] 3T 5 ek



2. Dynamic modeling 7

K(¢) = aTg(qd)) = 6752?) (2.0.1)

rlr

Nonlinear stiffness actuators 7|WFC 2 3= &8 Wlgko 2 L2 E 1 A E g

3 2389 dynamic equationS TS} Zth.

MG+ mgLsing+1.(¢) = 0 (2.0.2)

Bl —1.(p) = 7 (2.0.3)

A7\A M >0 ©|a B > 009, 27} linke} motor?] inertiao|th E AZo|A =
viscous friction coefficient= I A FFS FA =t TAAdste] FA|SLE 7=
2E o 9 F+55 = torquegtol B mgLsing term- linkol] 2 2]+ gravity torque
Zrolth B Ao A o] £3}e]= VSAE antagonisticst VSAZ A F 7] 2] motor7}
linkol] parallels}A] 91 2% ©] nonlinear 3} flexible transmission< WA 71t} 7]+
9] HEefe}t ZF parameter?] notation®] Figure 2.292} 22 w), dynamic model-& T2
T} ZopXit.

MG+ mgLsing+71.4(¢) = 0 (2.0.4)

Bibli — 1oi(¢) = T i=1,2 (2.0.5)

o et F 7] 9] transmission®l] tf 3 stiffness®] o)== t}2 3} ol Rt}

Ki(¢i) = 8765;@) = aTgfi) >0, i=1,2 (2.0.6)
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AZNA Tet(P) = Te1(d1) + Te2(d2) BHL YTt o] A total device stiffness= T}
=3 2t

= Ki(¢1) + Ka(¢2) > 0 (2.0.7)

H A Lo A= 9] total device stiffnessE adaptive control algorithm-2 ©]-&3} esti-
mationdt= AS ZA o7 3}

2 AojA] A= adaptive control algorithm®] A8 A= $9 dynamic
equationsE standard state-space form© 2 W FQ 7} 9t} state= z € R® ]
Hor=1[¢q ¢ 6 0 Te]©1TF. Scalar input u= u = 72 %23}, scalar output
y=y = qZ A9 st} o] A| dynamic equations+ T3} 22 state equation & 2

AT}

0y

e

=4

.fl = X2 (2.0.8)
. mglL . x

Ty = - ]\94 sinxry — ME) (2.0.9)
i3 = T4 (2.0.10)
T

T4 = o + 5 (2.0.11)
5 = Ki(p)(xa — x4) (2.0.12)

2] 9] state equationsol| A estimationdl&] = F2 Eq. (2.0.12)2] Ki(¢)ZA] )& A

QE YA g oW &l = gholEhar 7Hg Tt



Adaptive variable stiffness control

algorithm

H oA VSAE 7|vte g 3 1 ASE 83 2289 total device stiffnessES
adaptive control algorithm-2 ©]-83}¢] estimation 321 dtt}. Adaptive control
algorithm-2 2 -85} 7]l ¢A 4] control problemo]| t]3s}o] A 2] 7} & & 3}t}. Link
angleo]] o] 3+ given desired trajectory gq(t)7F Tkl 7} 3kaL, ©] desired trjectory
@(t)E 7}53t 3t A&SHA| tracking® 4+ 9= control law uE 2=t F A9
stiffness value Ky(¢) S AA| groll 8 4 Q=2 ghS updater] 7= AL B3
° 2 3}

Estimation B} 20 2 o] £3}2] = Adaptive controlo] & A|o] A|A~H O] 423513
Edo] 22 gholv 2843t gho] EA st 470l ©] parametergt= 2 2 5
updatedtd A Y8k= performances FA & 7 JEF = Alo] Wyoltt Fig-
ure 3.1-2 adaptive control®] block diagram© & adaptive control algorithm®] & &
£ HolFE} Adaptive control®] F¥ 52 -2 control performance®]| ¢ X T o] &

o]- &3 Al2® oA B2+ parametergts FASE WHOEE o]§ 7155t



3. Adaptive variable stiffness control algorithm 10

Reference Mode l'

Error
e(t)
Controller
parameter i
Adaptive
Mechanism
h 4
Command Controller  [———— Plant >
Signal ontrol Signa Output
ut® yv

Figure 3.1: Block diagram of adaptive control scheme

t}. E A Fo A= joint stiffness kS B 2= parametergtil 7FA S o] E FA 5}
2 AL 7tsstty. B AdFoA thRE A]2E 2 W o] nonlinear system©]
Z 5 Ao A o] &3 nonlinear system©]| tj] $F adaptive control BH 2 of tjj 3

ke A E AT o] B ES [10], [11]o % ApAIS] A= o] drt.

= A



3.1. Review of linearized techniques 11

3.1 Review of linearized techniques

Nonlinear system-2 nonlinear state feedback control lawsE ©]-&3l input-output

linearization < 3¢ & Ut} o237 22 single-input, single-output system-<
12 3f KA
t = f(z)+g(x)u (3.1.1)
y = h(z) (3.1.2)

o 714 z € R™ o]a, f, g, h-= smooth function©] T}
o] A relative degree v ol tjst A2 7} B Q3Hd], v = LgL}h =0fori=0,---,y—2
|1, LyL} 'h #£0, VzeR'E wEdle g 22 gholth o714 Lih & fol

st o Lie derivative 2 2 A t}23} Z+o] A o] st}
oh
Lih(z) = — 1.
hiz) = o f(x) (3.1.3)

71X Lh(z) : R" = R ©]th. o] A control lawt a(z) + B(z)v EE & 5 JoH
g3t obah

1

9= f

o= t}23} 2L linear system< %= 3T}

y) = (3.1.5)
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3.2 Adaptive control of the SISO system

Adaptive control algorithmol] o g A ™ of] <
= ol 718 S o] W s of sz A] ofok 2
law 7} all state feedback©] 7}53l oF st} =

+ 7H8ol o3ttt VSAE 7|Hle® 31 AfE ¥3 2R fEAAs B
<€ state7} on-line 2 %74 7hgstth= Mol F27t flk. F A2 227t
updateA] 7] I A} SF= parameter©l] T3l state equation©] linearly parameterized 7}
Solof gth= 7FA o] B8ttt o= off e Eq. (3.2.6),(3.2.7) A A ™ linearly st

A 728 7Vl oF 3F7]0 a3t 7 ol B A9 state equation? Eq. (2.0.8)-
(2.0.12) E ¥ unknown parameter K;(¢)oll th3ll linearly parameterized ¥ Z1-&

adaptive controlo] 4~% 3} 7] 9] 5l A

HO

kA
Z 7} Ut} AR Z, adaptive control
2

= stateol] o3} measure”’} 7}=5F

_4

o] Al adaptive control algorithm-& 2-83}7] 93 Eq. (3.1.1),(3.1.2)2] SISO system

A A f(2)9 g()oll FE B2 parameterst 24 SR 3} 2ol

Ag % 5 ek
ni
f@) = fs(@)+ )0} filx) (3.2.6)
i=1
n2
z)+ Y 03g;(x) (3.2.7)
j=1
0f, i=1,--- ,n; 0]2, j=1,---,n2 = unknown parameters ©]1l, fi(z),g;(z) &

known functions©|t}. Al ZFe] t<4 W, f,g o U3t estimates = T3} Zro] A o]
c}.

<
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Fa) = fo@) + >0 (1) fil=) (3.2.8)
=1

(@) = go(a) + ) _ 07 (t)g;(x) (3.2.9)
j=1

VAl LYh 8k LyL} ™ h o thEt estimatesE oh3} 2ol 2} 3hA),

Lih = Lih (3.2.10)
LyL} 'h = LgL}flh (3.2.11)

3.1 2 2] non-adaptive caseol| A2} Zo]

laws T}&3} 2o}ty

Ho
>
>,
<
o2
i
o
X
ofo

A adaptive control

1 e

LyLy 'k

o

Trajectory trackinge &% 0 & 3}7] w] & control lawoll A ¢ & t}&& ©]-& 3t}

= Yy + al(yc(l’Yil) _ L’}*lh) 4+ 4 Ol'y(yd — y) (3.2.13)

Yq+= output®] ¥3}+= trajectory©] ot

o] Al control law u & Y3l A& AN th3 22 error equation©] LERFTE

6(7) + Oéle(’y_l) + .4 aye = OW (3214)
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J7]1X & = © — O Z parameter errore] 3 W = parameter vector®} linears}7|
F3l ] = regressor vectoro]th. Errordel] & A4 o & 39S Y8 Hurwitz
polynomial & 7 Sttt

o] A parameter update law= TF23} Z-o] Ao H ).

A . —yeW

J adaptation gain©.% o] ghe]l % £E9 28 Awo] 88 JGL 71k
Eq. (3.2.15)+= normalized gradient-type algorithm © 4] o] @] o] = T}2 parameter
update laws = &gt} 71 7] 24 Q1 P E unnormalized update law= Th

3} 2.

o= —yeW (3.2.16)

o] unnormalized update law= A& Zko] 2H& wl] = nomalized update lawol] 8] 3}
oL A ol update A5S HoFA E3ltt VSAE 7|H¥lo 2 3l 2 B 9] parameter
estimation A= Eq.(3.2.15)7} o] £2 +£3AS BojFAth. Adaptive con-
trole] R /ol st -2 [10],[11] Soll A3 AMHo] glermg B =FoA

£ AR

—



Simulation

VSA(Variable Stiffness Actuation)E 7|¥Fe 2 3t= 1 A= 3 25 s
adaptive control algorithm-& ©]-83)| stiffness estimationd}= A& & o] S A| 33}
At VSAE AU 1 A5 #H3 ZHo| st dynamic modelingd} state equa-
tions+= 2 Z-& 1 3H Hr}l Simulatione MathworksAle] MatlabS =2 13#H S

=
=3 A @A T oded5 functionS 7|¥ro g7 n]R ¥}AH AL Zo|dATh

4.1 Simulation Setup

AlEE oA 882 vt

namic parameters < o]u| <

m\!
ﬂl_u

skt 4ot stiffnessgh= A2l g U A dy-
ATk 7F e o2 thy = [4], [12] oA ]
23 g FLT FEL o)A

Z B 9] link angle Zto] wal7}al A} 3} desired trajectory A2 th-2-3F 2T}

lﬂ
¥

1 1

%'W (4-1.1)

ya(t) =

15
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A A total device stiffness K¢(¢) @2 ¢oll W3l nonlineardt polynomial 4} 2] 3 Ej
S Zretha 7hRs o, AA stiffnesse] gL Ki(¢)S] A& Ki(¢) = 22009 +
302+ 73t 7 state} stiffnessgfe] Initial condition2 statex= x(0) =
[0 0 01 0 0], stiffness g2 K;(0) = 308}l 7} 33 tl. Adaptation
gain 78] Z Ao we} A7 24 X &4 trial and error}F & A A gain Zk
< v =15000< °]-&5 At
Total device stiffness®] estimation ¥ < WA adaptive control algorithm< ©]
&5l Aol whet Mete Ki(t) g2 updater] 71w FA8ke] Ky(t)2] datas €L,
K E ¢ol dist A 22 polynomial curve fitting 3to] K;(¢)2AS F 3t} Poly-
nomial curve fitting-2 matlabol| A X Y& = St E o] 83} 11, ©]+= least square

methodE 7]¥lo g 31 30|}

4.2 Simulation Results

Figure 4.1 (a)= 1 A% ¥3 259 H3 % Fho] Y3+ reference trajectory
ya(t) = ﬁ . W% w2} Al ojE = AIE trajectory tracking performanceE H
o &t} gz Ao gZE Ao &3] 83t reference trajectoryS WelrtE &
= olth Figure 4.1 (b)+& trajectory tracking error L8] Z 2 A le-5 TRl A 3
Hol & AS FAF 5 At} o= AHEAZ AY errorgte] githal Bl E FHbsiTh
o}k A A st= g ool A 23] Qo] A= measurement noise2} 2+ disturbance]|
o} 22 &3 tracking A7 A= = ALo® A4 = k. 5t
3

simulation’} o]l A tracking performancex= 3 &3] Hojyrh= 2S &9l
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of whe} Wal= Ki(t)3h= F4st 2z ol ¢ 32 0] 7tA] = ¥ parame-
e} WEE FAE 2 ek R4S Bl 3% ol Tt The 9 At wAE
= AL AT 4 9t} time-Varying parameter7} A A3 R A AR 4
o oha o7t A7 AS AT 5 Ut SRR o] A 3}+= polynomial curve
fittinge 913k data® ©]&% = Ao]7]o] &H3 Ho] a3t A= ofrh
Adaptation gains 9] & HA3| 22T met 5 JE=E NAAZ &= QAT

trial and error A& A X of dtth= W o] Ut
Figure 4.3-2 Figure 4.20]A 22 K;(t) data®} zZ} A|7bof| S| F3l+= ¢gke] dataz
¥ polynomial curve fittingS A 3Fo] Ki(¢)Q] 4 A& F#3F adl=o|t}. 2

3 Y= AT 4+ 93, deformation®] F7]7} o]
27 A7 Ae AT 5 vk AA 7177 752w AR
oft= HW -0.391A4 0.35 dA 97] wiwol AA| tlelgolA FaeA H8&
A= datazbal & = itk A A stiffness functiond] F+ ZH-S Ky (¢) = 22004 43021
o B Ao Wog A% AL K (¢) = 1810¢* +28.130] 3ith v A H|
523} nonlinear function® 2 FA3}= 28 Qs 4 3t

o] AR A¥ A7 At vlws] & A= Figure 4.4 (a)9} Figure 4.4
b)E vl ste] & 4= th Figure 4.4 (a)+= Flaccod] A [4]olA U2 A2 Al

°|

2 deformation

0

o

—~
~—

)

A MY 2, YHEL dynamic residual approach® flexibility torqueE

(2
X
all
ol

F1l o] dataZ F-E] recursive least square W= ©] 8397 stiffness Zh=
o] W oAl = deformationo] & wf & Aol vls| 227t ¥ AX=
4 Aok 2o wkell 2 el A3} Figure 4.4 (b)= A3 Ao H]

deformation©] 2 AL % v A ¢ 7}7lo] +H3= AL 3Hod 4 ¢t

o,
et
0

P
o
_] -
(o,
12

&
2



4.2. Simulation Results

Tracking Performance

|
0 0.5 1 15 2 25 3 35 4 4.5 5
time(s)

(a) Trajectory tracking performance

Link pesition Error

I 1
0.5 1 15 2 25 3 35 4 4.5 5
Time(s)

(b) link trajectory tracking error

Figure 4.1: Trajectory tracking results
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