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A Trajectory Tracking Control of Wheeled Mobile Robot
Using a Model Reference Adaptive Fuzzy Controller

:
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(Seungwoo Kim, Kisung Seo, and Youngwan Cho)

Abstract: This paper presents a design scheme of torque controi for wheeled mobile robot (WMR) to asymptotically track the target
reference trajectory. By considering the kinematic model of WMR, trajectory tracking control generates the desired tracking
trajectory, which is transformed into the command velocity vector for the real WMR to track the target reference trajectory. The
dynamic equation of the state error between the target reference trajectory and the desired tracking trajectory is represented by
Takagi-Sugeno fuzzy model, and this model is used as the reference model for the real mobile robot error dynamics to follow. The
control parameters are updated by adaptive laws that are designed for the error states of the real WMR to asymptotically follow the
states of reference error model for the desired tracking trajectory. The proposed control is applied to a typical wheeled mobile robot
and simulation studies are carried out to verify the validity and effectiveness of the control scheme.
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Fig. 1. Model of a wheeled mobile robot.
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Journal of Institute of Control, Robotics and Systems Vol. 15, No. 7, July 2008 713

2 @9 7178 2dz FEETE olF 2R dig] A4
&5 WEr B3 4% 9EE Sdsh) 50 7143t
71754 ReTS uHgtid A (59 9Y HEe o
% 2 (NE FoiAE B A u, u, ol 95 olF 254
e 22 Q4 WA (6) 71E AR s FoHe
2 ¢kgsitHe8).
u =—ke, (7a)
u, = —k,v,e, — kv, sine (7b)

A7VA, k,,kyok, >0 = A FEEE o]
L. S92 12ig A= ES Horlel A

4 4 G2 (M2 BEEE =22k olF ZXY A4

F% Aole A4 $= HE v=[v w] 7t AHFSA
o7]o| A HAIE ofF 2R £& ¥ WEHE A F
3 7Hsl g Zlolth ey o2d ML o
5 2R 9w AldE e FeE ddFoR ofd

Sug 3% 2] veld sieh 2o olF 23X HA F
#Z(real tracking trajectory)y> A FF AoYrielA A€
EX A3} 2oyt WA "k B =EolAe oyt
AS- AAe] Aol BR HEE FFE F URE Ao|E
AARKE S AR ol& {8 olF 25 &x HE
2 AAposture)E Al 7HA2 T35t TRE oot gle
o2 o]F 2R £% dE] 3 QAE YERZ] S8t o
it Zol Aeolste] ARSI

J1E KM Y &5 HE: 7]E

o Ae] Al q,(r [x
9 v,

QF XM & &5 HEf: B ] %(desired tracking trajectory)
AR A g, ()=[x () »() 6,(1)] 2 & %
= HHH v,

Ar ZH ¥ & HE: @zﬂ
trajectory) “3oll A ]:x ¥(1)
T A2 W v,

A 5 @A 45 HH v £ olF EXo] F3=
AR £x "5 7F ollal ©A] o]F mRo] FF37] ke
87 &5 9B E ofuldth webr A )elAe] v UA
v,=lv, w1 ol 2 3)lMe e

A (reference trajectory) A+
y(1) 6()] 2 9B &=

58 A (real tracking
t]T 24

cosd singd O
e, =|-sind cosé 0|(q,-q,) ®
0 0 1

2 B8 F 3 ol olF 2ol Fofxl VIE A4 ¢,
of s AG)st ME Y 87 &% 98 v, & €93
A FE2HUE A5 A3 q, 99 28 ouli. 4 6
olF 2R 7|78 Aok 21 (1) HE ﬂfﬁs}ﬂ ol 2
Bo| FlelAe B0 Uiz Al §9 v & 22ER &
718 AA v, ol AEH2E SRS AAE v, o &

_IEH

) RERokn AT ASE dAzE 39 2949 2
o] o)gzRo] Faslclol & 71 Y q I 0% 73}
£5 93k A% q, 9 03 ¢, o B FT P
7 2 4 Qome vheat 2o EHY 4 Utk

0 o 0 0 1 0] -
u

é,=|-w, 0 Ole,+|sine, (v +0 0 Lt 9
0 0 0 0 0 1f-°

9] ol% ZHo| Az &% WiE] yeof o3 AR A4
sqh q oﬂ ek 23 e o Y BAAL A Q42 HH
a3 o] EEE + gtk

0 o 0 cose, 0 -1 0
é=|-w 0 Ole+|sine 0 r’}r 0 0 {V} (10)
[0 a
0 0 0 0 1 0 -l
B =RAME 4 (92 FHHE 87 83 ¢, o AT &
5 WS 712 md Aol A 93 o] BE 59
H

&
g a2 (10)9) 3 HE e 7t A (99 71 2Ee Y
ki FheA gogn AAHoR vt v, o 59
R Sl olF 2R EF Aor|E AAlE: HEE Al
et o] gisted B =EdME A9t (10)9] HIAE 2
% 3 AAS TS HA ZH5)2 A5 TS HA
2 digt =g +% Hg Ao N9 HeTgo N
q 7t q,°1 FHHEE B2 Ao)r|E AR
1. TS =Y 7|H_ rixl Hol 2 =9 Zx ME HX| Hof

TS HA| B9 Takagi & Sugenof15]9] 2J3f #lorg wlA
g Axrle] mdy 7o Al2Ele] lE Ay FHE B
A 2@t Zhzpe] 39 37kl dis) 4EE dAE A¥
sfelo] EEgoRH HTAHo=RE o5 Ay ALH
nAY 2oz AAHE EHsE Zolth ARHeR o
F71 ofef vjdE Al2de siAe] visl TS ##] Eddf
:}]3} 3}]/&%0 H} x—1 x?— x%%ﬂ 1\%5-:) }\]AE‘W o}gg Htﬂ;g}o
2 Hgsie nAdges FFstnz o] wluH golst
o 8] 714 S8 FoplA 1 e o} Fis] avfE
I QloHi6,17).

TS ¥4 2l tEe] A ()% 2ol 4% e x() 9
7t 97 £& 3300 o) 91 72 R 2 549k

.-

R If x(t)is M| and - and x, (1) is M,

. )]

then X(t)= Ax(f)+ Bu(f)
A7IA, Ri(i=1,2,,)E i A8 HAFE, 1 & H= 75
ol & x() =[x (), -, xn(t)]T T dH ¥ ”"Ei u(t)=

(x(,u@) °l ol TS #HA Uﬁu 51&7-‘1?1 %%3% e
A (12)9} 2o] F2dr

> w{Ax(t)+ Bu(r)}
i(f) =+ - (12)

20




714

A7, (1) =T TM; (5, (0) 1=, x() 7 i ok 534

Jj=t

T AgHE AEE vehdoh 4 (129 2 U2 ¥
e A 2o o] Aol ¥H A (13)9 FHE 8
= pDC AoY7|[16]8 FE ARG

R': If x,(t) is M| and - and x,(t) is M,,

then u(f)=-Kx(r) 9

A (13) 2.8 Vehd B Ao)7] 3 28 Fild HFA
o2 4 (149 38 94 Ak

u(t):—f‘]—_li_—' (14}

4 (48] Aol 9B 2 199 Az Bgste 2 7
22 AsRe dehls BAAL T8 A 15)3% 2ol e

A&
A F% Alojr]e AAE Aste [191914 Al
g w2 Bl Az A$ Ao} 71EE o]8d

TS B4 292 TEHAE (129 1473 A== o3,
xeR"0] F3 7Vs3hL, 4 eR™ 9} BeRME L T §
A 389 b, Bd 2z HE Alolr] A EAls
HFZ A2ele] BE A HE x 7} o 4 (1028 &
e 71F A2 2de] Y x, eR E FFIH= 4=

gk

A7, rert & /1% 98 WEE $Fe mdo|
B x,(r) o) Dok e PHES S gHolnk
4 (1% vehte Azdl 99 2 169 32 29g
Fa7) 918 A1 2A ©he A (79 A AP ALE
% o,

3k (x() K, (x(0)+ L (0)r(0)}
u(t)=% : an
Zﬂf(x(’))

=

s 4 (192 F48 AL A8 K, (1) < L,(r) € HE
& B4 A7) a1 FAA Aa’ 129 BE 9 x &

MOl . 2% . AIARES| =2X H 15 3, M 7 & 2009.7

Aedew 715 =z 24 (169 48 W x o $HE5

A 17

Iﬁj(x) sgn(lj.)PeXT (18a)

2 45(x)

i=} i=

i(f)=—15 LA (s )per sy

2. X £F A Soet YHA TS HX| 2Y

A an F= (129 #9A7 ZdE g3@HE Al2"e] 4
(169 71& AF BdS FFHEE Ag HA A7) (18)
2 o3l o]F miol AA| oA FHE WA mde]
oa} BHE WAL Ry FEIHET = 5% A
712 A S8t 4 47 4 99 (1022 538
By ok 598 gL B gigk TS A B4 &
A& TaEjof gith

TS 7] Ed2 g wAdd A2g Aofr] dAY
sjalo] AL ZHA7] alde A dETA sk bjA
Aezglo]] tigk TS =] Rdlo] Hefje] njAdY AlLEel
& Syl AP dA|siool sh=d] ol 9T 2 7
gk B8 Alzglel] oigh #dE TS X 2y Wy
AQHs] 31 YTH18].
B =BqAe 2 99 109 HAE Al2" BEE TS
2 Bd2 R@s}7] st vAE & sinx & cosx E 2t
Z+ O A (19) © o)} e TS HA Bdze BEE
Eate] AR,

R': If xis w(x),
R*: If xis wy(x),

oo

o rx oy o
f

L gm 5 otk e T

P

1

then f(x)=ax

19
then f(x)=ax )

A7]A, w.(ﬂZ%E%qﬂ Wz(x)zisa—lx—% o

(& x=0)

R: Ifxis w3(x),
R*: If xiswy(x),

then g(x)=px

20
then f(x)= Byx )

cosx—fBox o :—cesx+,8,x o
o7]A, Wz(x)‘m 12 w,(x) A5 [i=s
(T x#0)
2 (192 F39E A A2gd 232 F8& F5
thgsh o] 9L % 9ok

Cw(x)ax+w,(x)ayx

f(x) ” (x)+ ", (x) =sinx
bz,
_w(x)Bx+w(x)Byx _
2(x)= w,(x)+w,(x) - oosx



Journal of Institute of Control, Robotics and Systems Vol. 15, No. 7, July 2009 715

e & & ok wehA, A (199 0)F ol&ahd HldE
o3} %‘?‘;ﬂ Zé/“ (9)—~ Z7F O Aenst &2 TS #HA|
zdz 4gs] 2@d & gtk

R': If eisw(e), then é,=4,e,+B,u (21

A71A, i=1,2,3,4 °]x,

0 o 0 0 o 0
dy=-0, 0 ay | 4,=|-0, 0 ay |
0 0 0 0 0 0
0 o 0
4, =4, =|-o, 0 0
6 0 0
ol
10
B,=B, =B, =B, =|0 0
0 1
oJTh

A onel TS B4 REE 289 04 B8 wRAe £
2 gz g8 g 2

gw e){A e, +B, u}
3 (e)

AR R A0)e) HAl exb i S W £
ol A ()02 FAFE TS BX 242 483 2
4 2l

e, =

R': If eis M,(e), then é=Ae+B¥ 23)

7|, i=1,2,3,4 °|%,

0 o 0 0 o 0
4=l-0 0 av,|, 4=-0 0 ay|
|0 0 0 |0 0 0 |
[0 o 0] [0 o 0
d=-0 0 fyv.| 4,=\-0 0 By,
|0 0 0| L0 0 0 |
o]m,
-1 0
A%
B =B,=B,=B,=|0 0|2 V{ }
a—Q
0 -1 ’
o]t}

A 23)9] HA 2R et 0x) 248 B 8
Sw v 4 oot 2e FeE FESE o Bug

34 g 4g + Uk

é="= (24)

ol 29 Al AFo] 71E AAE FFs] 3l A
< (7l «IBH AAE 2y AdE ATHeR FFhe &
A 22 A e AA $x 2dlo] 4 (22)¢] BHA 2
A g HoHes 2FE) she $AZ B widAe
ol& 913t Alolr]e] AA WS At

. 2Y AxE M FHo7|E ol8F ﬂl ZZ Ho{7] A
l‘f: EEOME W1 Aol a7id Zddz A3 #HA Ao

718 o83t A 22)F YERE 8 gx} Fds A= 2
a2 Am A9 QA Bd 24)9] FHEH e 7t FE B
de} AefdE e, o] HTHoE £ oz HAH
o= A9 A Wy q7F AZALRZ g, FHEsL
T q, 5 T e 20719 dAE AljbElaa) did.
o5 8l $4 ol B AT WEAS Pt 270
o} wiHE o1&l PEIE o A olFREY TS
gt oA WAL olg3dld e A (259 Zo] vehd 5
ATH12,13].

M(q)g+ V.(9,4)G+F(4)+G(q)+1,

ﬂ!l

w

25)

=B(q)r-4"(q)2
A71N, M(g)e R & thRel oo} 4 PHRUE 3
G, 7, (g4) R & HYW, F(g)eR’ & FAHEES

el G(g)eR" & FHAAES Uehdth =3, B(g)
eR™ I reR & 77t QEuEe WY Ao e
Ule 4(q)eR™ I AeR" & A7 F4zUT BEY ¥
g} o)z &R
& 98 Jehdle L=
nHEA] gorz FA,
ol 2R AXL F otﬂoﬂ AFHBE A (254
G(g)=0°lTh 4 252 ERH o|TRRY 5 Y
olgRRo] 71 FEA ol 4 (2)—3— ulEsial 2 @25y By
g 5 g 5T 2 FHoEA A (9)4 T SASL U
7} 7ro] YpERA <= Qlti{12].
STMSv+S"(MS+V,Syv+S"F=8"Br
o|& tiA] BHEH A (26)% 2T

Mv+V v+F=T (26)

oA7| M =S"MS, V,=S"(MS+V,S), F=S'F, T=
S'Br olth. B ML olF 2R EI Aojr|EA
oh A @3t 2 Ale71E ALE

| 2wlafE,

4
F=M+F+V |2

m

(t)e+L,(t)u}
e

J=1

0
v} @n

r

o0F 2R £ AelrlzA @72 Aol Hesh
4 o9 $ATe T ofF 2o AA| SE Al
@8)% 2ol FTh



716

v=L (28)

AA S 9 oflgfel] o3 HA #1H Qale] 5Hg 1}
B HE dHBEY o FEHE HA £ 9 v 9
FEe W gEd vE EA A7) 27)9] dFe o}
25 2 (28)% o] THAE A 4 242 FAHE A
A ddEe] FHE 71 g B2 )0 FsM s Al
oj71e] AAl EAl= A 282 uehs AAl £x A5}
4 @09 BH FEE A 229 g o SHEEE 3}
B3 e EAlZ AdEn.

43 A B4 #0)7] @nelAe) 2A sl K (1),
L(r) T A @2 vehte dAl £= v71 4 42 A
e ZH9 A e 7} 71E ol 29 ) e, o FH}
A Agates dAlsojof gtk TR A (22), (24), 28y
24 M AollA aviE Bdz J3 Hx)A0r]9 71FE
24 (16), Aol g =2 (12), Aol 4 (17 Ak
webA AA ole] 2E 4)9] FEE 7S BY (22)9]
of +HsHA shz W=H K, (1), L,(1) S AeHHE =
3% AE HAAA7IY H59E (182 gl ok
2 (29)9F 7ol F& < itk

k()= %€ p 7 pger (29)

L(0) =) rpgyr (29b)

gwj(e)

3% 32 o5 2329 A% FF Al 9% mdz A
$ ARG AA Ao} A=) 25 TelolaBg 1}
BR Tk 2 R AR RORE A S HAA
718 % ol% 229 AH FEL V12 W B A
of ol vla) A F% 039 £YHL BATHT ke
ZHolA] 1 540) ek & 4 gick

el | mubxekesnl v I
{ p2

Puzzy control

/ &=1lee)

Eepleem)

Adaptation law

a7 3. 018 2R HH FF Al A" FEE
Fig. 3. Configuration of trajectory tracking control system.

HO - 282 . AAESS =2X M 15 &, X 7 & 2009.7

Iv. AlZalold & Zat

= ol AR 29 g A3 H7) Aojr g ol &
°ols 2R H4 &5 A€ 29 19 L2 unicircle 3
9] o] F 2R H&slo HH FH 9 A5s AFEwlA
F3to] Helste Bty AlEH oo AHEE olF 2R
TE H% 2R T Aol A d=01< A4 4
25)%] 98 WA olA centripedalicoriolis BFHe] ¥, =0
o|aL, olF =x9 AXL FHEA APHEE G(q)=0°]
o ol =X FHE #dE FHHEE m=10kg,
I=5kg-m’, L=05m, r=0.05m°]i F =diag{10,10}
oltt.

2 EolA AER AE FF A7 s BRI
Fsted ANY AF, 98 AH, o 2E] FAZ tig o
& EXY w8 djg 18 §lo] kinematics TS 1123}
I AA o)F 2Fo] FHs HE L= WEHE FEIa
7Hske -9 AF 2F A6 45S vl
vl ARSE AR FF Aol7]e] e g Alojr]]
Hei=2

flo o

u=—k{v,o e, (302)
1 1 r r 1
4y =~k S04
3

ofu} Aoy A k, k, k= AH,

k(v,0,)=k(v, 0 )=2¢Jo+b}, k=>b

e, —ky(v,,0, e, (30b)

ojct.

44 AHS FFIE A% J1E AR 27 A
% (0)=3,(0)=-2 oM HA&Es AL=s 47 4 =
0.5mfs, @,=0rad[s ©|3L o5 2 27| $x)e} 244
7 22 x(0)=-15, »(0)=-2, 6(0)="74 Itk

43 AF9 A= AE 2m o] 98 A3 27] 94
x(0)=2, »,(0)=0 A A3l MEE v =0.5m/s &
FYsh= 75 Al i AlEelA dglen o] w),
ol 2R 7] A% AN AL A7 x(0)=25,

»(0)=0, 6(0)="74 oItk

o R Aol th gAY HS 71E AL
theel Aow HAE I olF 28e] 7] A} AHE 7
7t x(0)=05, »(0)=0, 6(0)=74 I},

xr(t):ZSin%, y,(t)zZSiHé (31

a9 4,5 62 Ad AH, 48 A3, o 2] A o
g 718 FYTs auwsA & v Ay )9 2
=M Ak HA 2 Az F$ B AoE 3 9
A FF A7 A 7% 45S 47 noFED

2% 4, 5, 6914 target reference trajectory 2 BAJH 1T
3% 20 YERE AXNF o)F 2Re] Tyt s 4=




Journal of Institute of Control, Robotics and Systems Vol. 15, Na. 7, July 2009 717

hnear !rajecmry trackmg

25 T T E— T T
“target raferem:e trajectary : : : : :
2h desirad tracking trajectory i
——=real fracking trajectory |
1.5 e
1E
051
E ob i
=
95k
K] }, i
RYA%
2t :
25 i i i i ) i L I i
26 2 15 1 05 jal 05 1 15 2 25
% [m]
tinear trajectory tracking eror | x value
08 T

""""" desired tracking trajectory error
seat tracking trajectory error —

efror [m]

4 [ 8 1 12
time [s}
reference madet tracking enor. x;x

T T

error [m]

H i 4

time [s]

tingar trajectory tracking error. y value

53

""""" desired tracking trajectory erar
-} — =gzl tracking trajectory error s

error [m]

time [s]
reférence model tracking error: j75 1

error [m)]

time 5]

a8 4 AN A 2F A%
Fig. 4. Linear trajectory trackmg.

Z VEhN L desired tracking trajectoryE= 7] 7-3HHS E%fi]—o—’{
A BEX AHS Uil 202 B =EA Agt

T

Aozl gAY FF v v dde urap‘gq
Desired tracking trajectory’= A2} o 23o] Adh= S

st 2EFATin JPgatn AAE AFelng oF
ii«i AR F=F BAAE 717E Ao =1L aEshd
ol gl BR AFd 7R AR B 4 o] B =8
A Akehe Alorle 1A 5 A5 vlas) 9 o
02 Aei3EIT) Real tracking trajectory= ¥ =Eoll A A|9HeH
Ao 71 HL3 olF 2R A4 B2E Yehdth

ke

Circular trajectory tracking

¥ [m]

: ? 1i o farget reference trajectory
2F R R T =~ dgsired tracking trajectory
: : :§ == =real fracking Yrajctory

25 2 45 1 85 0 05 1 15 2 25
x {m]

circufar trajectary tracking error : x value

“““““ desired tracking trajectory emor
real tracking trajectory emor |4

E
P S L I SRS R .4
H
02 i i i I i
8 5 10 15 20 25 30
time {s}
reference model tracking error. KX
0.15 - — . —
o1} .
E :
s 005 S G B
- : :
0 7\ IR J
005 i i i i L
i} 5 10 15 1] 25 30
time {s]

circutar trajectery tracking error. y value

015 T
N desired tracking trajactory enor
real tracking trajectory error |4

error [mj]
i

10 18 2D 25 30
time {s}
teference model tracking ertor. y-y

T — ——
- 1
3 :
H :
& v . 4
: ; .
18 n % 30
time {s]

a3 5. 9% 489 3% 45,
Fig. 5. ercular trajectory tracking control system.

a9 4,5, 6004 R A Tz A4z A4 A, 48
A, o ZFe] AH tiF HF AH FF Y5 B
T o] IfME 71T RS e ’gﬂ]ﬂ #AH &
F Aoj719 & =29 2110171°ﬂ A% AY FF ol ¥
glo] TEHA goug ¥ AN x, y HAR Lejdtod
7F HEA dshs e A- di@ 4 Aoy AE F
F A4S BoFIL Utk o] ZHZolA HAe 44 FF
e BE AE FF oA & d3ke e w‘*ﬂ’i‘M 7} et
2ato] 4dE X AHHe] o8 & FFsla 3
AAE F 3ok olF Bt W] Ve Sk

_1

1 o o
mlo R

2.
=
A



718

B-shaps trajectory tracking

B

2 desired tracking trajectory 17
. — — = real tracking trajectory : ; : : ;
26 2 45 1 DS g 056 1 15 2 25

* [}

8-ghape trajectory tracking error : x value

""""" desired tracking trajectory error
—=rgal tracking trajectery eror

error [m)

5 10 1 2 25 30
time {s]
weference madel tracking emor x,-x

01

=
=)
2]
:
i

E :
5 i} . SR p
5 H

DOEF- e F S R -

01 i i i i 1

5 10 15 A 25 30
time [s}
8-shape trajeciory tracking eror. ¥ value
0.15 T

""""" desired tracking trajectory emor
-} —real tracking trajectory ermor |

arror [r]

0.05 - | 1 1 T
1] 5 10 15 20 25 30
time {s]
reference model tracking error. Yoy

error fm]

801 L i i i
0 5 10 13 ) % 0

time {s]

a9 6. 0 BY HAHY F AT

Fig. 6. o0 -shape trajectory tracking control system.

23 Adeudide] 71& At A A" A x, -
x & y, -y B BT o] F3l Abet Aloir]d] o3

AH 2Fo] o]F 2R FANS THsle] I ANE 5
A3 YOl E WA 0% 2ol Pt S= HHE AT
S FFAR A A9 ARl FFHT e A
2 B 4 9k
v.2e
£ =FoAE olF 2] A FF Aol fstd #A
29 FE A% Ao 71HS A3l oF 2R 44 A

N

= T
o AH FF A7t 2 E9%e I B Ao
7} LEEA] €A olF 2R A Aol AF FF A
71904 AdE HHE ddsA FFATHE 7Hd 7
FI Ao ol 214 AA 9 AFL AY FF A
71o0A BdE 8 AHs o7k LA HER o] o
& 94% RS T £2 Aolrle) At
#l

9 o3 2de] 7|7 w9

o Al steteE g AT R AAl #AH LAt 7iE

AH H o7 FH Y FE 299 AF A
FEIESE B0l o8 st Y TIE BEe FE
Ay 2de) wAd 2P Jehe HA Rd st

Al ggglon A 2o oigh 29z HE Alo] 7]
He A8t ol 2R he B Aloj719] Al et
HE 73k HE s Frste] HEsisint

2 oAl Aldshs #AF F5 A017)9 e AlEEH o]
Mg Fdte] nAsglon] A4 A4 9% A8 H o BY

of Aol g AgE M A3} Are AHo) BT FF
2 S AT 2F A0l R oR Saa US
& o & AT 2 B RN Al A 2%
Aei7lel B2 Aol olF 2ol Felgt mae] o
@A ARE BOE U &5 ol2e sge] te
3749 E39 B3 A7l Pk el dE A7

3

s3cha Alg g

HOEH

[1] R. W. Brockett, “Asymptotic stability and feedback stabiliza-
tion,” Differential Geometric Control Theory, Birkhauser,
Boston, MA, pp. 181-191, 1983.

[2] J. L Neimark and F. A. Fufaev, Dynamics of Nonholonomic
Systems, American Mathematical Society, 1972.

[3] C. Samson, “Time-varying feedback stabilization of car like
wheeled mobile robot” International Journal of Robotics
Research, vol. 12, no. 1, pp. 55-64, 1993.

[4] C. Samson and K. Ait-abderrahim, “Feedback control of
nonholonomic wheeled cart in Cartesian space,” Proc. of the
IEEE International Conference of Robotics and Automation, vol.
9, no. 11, pp. 1136-1141, 1991.

(51 A. Luca, G Oriolo, and C. Samson, Feedback Control of a
Nonholonomic Car-like Robot, Robor Motion Planning and
Control, Springer-Verlag, London, vol. 229, pp. 171-253, 1998,

[6] A. Luca, G Oriolo, and M. Vendittelli, “Control of wheeled
mobile robots: An experimental overview,” Articulated and
mobile robots for services and techmology, Springer-Verlag,
London, vol. 270, pp. 181-226, 2001.

[7} G Oriolo, A. Luca, and M. Vendittelli, “WMR control via
dynamic feedback linearization: design, implementation, and
experimental validation,” IEEE Trans. on Control Systems
Techrology, vol. 10, no. 6, pp. 835-852, 2002.

[8] Y. Kanayama, Y. Kimura, F. Miyazaki, and T. Noguchi, “A
stable tracking control method for an autonomous mobile
robot,” Proc. of the IEEE International Conference of Robotics



Journal of Institute of Control, Robotics and Systems Vol. 15, No. 7, July 2009 719

and Automation, pp. 384-389, 1990.

[9] G. Klancar and I Skrjanc, “Tracking-error model-based
predictive control for mobile robots in real time,” Robotics and
Autonomous Systems, vol. 55, no. 6, pp. 460-469, June 2007.

[10] M. S.Kim, J. H. Shin, and J. J. Lee, “Design of a robust adaptive
controller for a mobile robot” IEEE/RSJ International
Conference on Intelligent Robots and Systems, pp. 1816-1821,
1996.

[11] F.N. Martins, W. C. Celeste, and R. Carelli, et al., “An adaptive
dynamic controller for autonomous mobile robot trajectory
tracking,” Control Engineering Practice(16), pp. 1354-1363,
2008.

[12] R. Fierro and F. L. Lewis, “Control of a nonholonomic mobile
robot using neural networks,” IEEE Trans. on Neural Networks,
vol. 9, no. 4, pp. 589-600, July 1998.

[13] N. Sarkar, X. Yun, and V. Kumar, “Control of mechanical
systems with rolling constraints: Application to dynamic control
of mobile robots,” International Journal of Robotics Research,
vol. 13, no. 1, pp. 55-69, 1994.

[14] J. C. Alexander and J. H. Maddocks, “On the kinematics of
wheeled mobile robots,” International Journal of Robotics
Research, vol. 8, no. 5, pp. 15-27, 1989,

[15] T. Takagi and M. Sugeno, “Fuzzy identification of systems and
its applications to modeling and control,” JEEE Trans. Systems,
Man, and Cybernetics, vol. 15, no. 1, pp. 116-132, 1985.

[16] K. Tanaka and M. Sugeno, “Stability analysis and design
of fuzzy control systems,” Fuzzy Sets and Systems, vol. 42,
no. 2, 135-156, 1992.

[17} K. Tanaka and H. O. Wang, Fuzzy Control Systems Design
and Analysis: A Linear Matrix Inequality Approach, John
Wiley & Sons, 2001.

[18] S. Kawamoto, “Nonlinear control and rigorous stability analysis
based on fuzzy system for inverted pendulum,” Proc. of the
IEEE International Conference on Fuzzy Systems, pp. 1427-
1432, 1996.

[19] Y. W. Cho, K. S. Seo, and H. J. Lee, “A direct adaptive fuzzy
control of nonlinear systems with application to robot
manipulator tracking control,” International Journal of Control,
Automation and Systems, vol. 5, no. 6, pp. 630-642, Dec. 2007.

ol

ds e

19873 AAT] AR E £, 1989

T ekl FehdakAlo) e, 19949
= eyl TR, 19804

' ~1990d AEREY AT
1 1998'd~1999%d Case Western Reserve

Univ. TR 2003 L& vfarof)
3 BRATA TS 200792008 AHYTh Univ. of
British Columbia L4 A A FTA Hulr. I
o ZRAY], HA| A A28, SFFS Tech. FrH]HE 2 AJH]
228 dEHRIYE 23

Mold

19861d AAtHgt A7) Eetat AL
1988'd A ohst H7)E ekt 58
AR 1993 AAltiEte A7]5 s
ghabAL 199313-1998' A 7 ol gt
AEe AL 2 19999
~2003%d  Michigan State  University,
Genetic Algorithms Research and Applications Group, Research
Associate. 2002'3~2003'd Michigan State University, Electrical &
Computer Engineering, Visiting Assistant Professor. 20043~ 7l
MAdEn At Fug. #EoFs GA, GP, 3}

A, AT RS

>

 of

=g g

1991 At HAEstY E9.
19933 AAf glsd dEska
FAAL 1999 F Uighd FEkAL
200053~20031d A Az} TxEZHE
AR APAT. 20033~8A A7
Wotw AFETEY Zug. HAEF
£ 97 2 AFY 2", A 2 7RI Ao, B2
A4 Ao, 1 oA AlZEL



