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Adaptive Learning Fuzzy Control of a Mobile Robot

Akira TSUKADA, Katsuo SUZUKI, Yoshio FUJII and Yoshikuni SHINOHARA

Department of Reactor Engineering
Tokai Research Establishment
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, lbaraki-ken

(Received October 21, 1989)

In this report a problem is studied to construct a fuzzy controller
for a mobile robot to move autonomously along a given reference direction
curve, for which control rules are generated and acquired through an
adaptive learning process. An adaptive learning fuzzy controller has
been developed for a mobile robot.

Good properties of the controller are shown through the travelling

experiments of the mobile robot.

Keywords: Adaptive Learning, Fuzzy Controller, Mobile Robot,

Self-Organization
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Ri:lf x is Ai and y is Bi then u is Ui {1)
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Ri : If(u is Ci — x is Ai, y is Bi) then u is Ci {2)
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-System
Objective p-----e-eememmeeeas » Control Rules
| Control Actual
State Error Ax Fuzzy Action wua State «x
Evaluation >4 Inference 3 System 2=
!
Fig. 1.1 Fuzzy control scheme for cement kiln
System
Objective [re---errmmmrmoorees 4 Control Rules
Y Control - Actual

Objects Ervor {u,x) Fuzzy Action wua State «x
Evaluation » Inference > System >

A 1
X ua

Fig. 1.2

Predictive fuzzy control scheme
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CHIEETHBAFTY v 7BERE S0, MIERRMLKESTNLERIIRE - TW5,
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Table 2.1 Performance index matrix ‘®

Chanrge in Error ¢

-6 -5 -4 -3 -2 -1 0 1 2 3 & 5 6
—§ ¢ 0 -1 -2 ~3 -4 —-6 -6 —6 —86 —6 —6 —6
-5 ® o 0 -1 -2 -3 -4 —4 -5 -5 —f -6 —6
-4 o o 0 © -1 -2 -3 -3 -4 —§5 —5 —§ —&
~13 10 0 0 D -1 -2 -2 —3 =4 —5 ~5 -—§
-2 2 1 0 6 0 0 —-1 —1 -2 ~3 -4 -5 —6b
-1 i 2 1 90 0 0 —1 -1 —1 -2 -3 —4 -5
0 4 3 2 1 1 0 0 0 -1 =1 —2 -3 -4
1 5 4 3 2 1 1 1 0 0 0 ~1 -2 -3
2 5 5 4 3 2 1 1 0 0 0 @0 -1 =2
3 6 5 5 4 3 2 2 1 0 0 0 0 -1
4 § 6 5 5§ 4 3 3 2 1 0 0 0 0
5 5 6 6 5 5 4 4 3 2 1 0 0 0
6 5 6 6 6 6 6 6 4 3 2 1 0 D
T I T ] T I
80} . Scaling Factors
6()_-/;r"‘\\ — GE=W/2 , GC=90° , GU=90°
4&5 ~o —--—GE=W/20 , GC=30° , GU=80°
\O\ - . "_"—{).\o
201 o S :
‘\o__-.o/ . A
O oI
v

-40

() robot's initial position
and orientation
O before steering

e after steering

| ! 1 I 1 ]

100 200 300

Distance along the centertine( cm )

Fig. 2.1 Typical trajectories obtained in preliminary experiment

using self-organiging fuzzy contreller
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EIGFE 7 7 U« HMBROHNEAEYE 7 » ¢ ¢ HEHROBE LERC. BEe X bEY
HMERES LTiEE LA BEMBRICIC > THREIS B2 28 ThHD . vF y F OBEIEHRD 5 O
e kU w ¥y FOEBHBRCHT ZME chS, FHHEBTHZR 7T Y YV AEuRRETS T
ETH 5,

BEER (6. 6] OICHEBILENABOERZR>7 » Y+ EHOGREROUD, TH
FRO7 7 ¥ BHETable 3 HURT L3200 3. T, DTV — Fhbii s A vov— oy 78
Bucd - TIERINHHE 7 » Y EHTH B

BEEE7 7 ¥+ HEBOREHH 0 BED £, b OETHMCE L B8 8t 5
fb. ERPFET - U HEREROARTERERE b LEROBERMAT,

© HFHEZEE LTOHBIRE., if-thenERTEAL N B EFEERE L
@ FouFHER L E N ER I mEREER L 7.
@ BEYE7 - VBB CHOSNTWS SO LD BN T 7 v 2 R Z IR L7

AT LIS FHE 7 » ¥ o SR OREAEE R § LIERT

3.1 HHEEAEAD

FHHERE & L TIEE L7 BiZeHgI BRI R o OF# d o E LT, KA TEESI NS,
[=1(d} (8)

:c@iw@%¢%béwﬁﬁda%ﬁ%QE@%®E%EEK%?%E§%E%%?O
Fa o OHERBICS LTS, BIFRIEERICEIL 7 7 ¢« BEARAVTif-then BRO &
HFEAS . RD5H>DMAITHEE L

If d is PB then I is R

1T d is PM then I is MR

If d is Z then 1 is P (9)
If d is NM then 1 is ML

[f d is NB then [ is L

NSORAB S 7 7 P HRETV. d, [OREHCH T BIER{UEE 6D, G1 OEER
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i b o T, HARETECEHENEREHET S - LAEETH b, Fig 3. UL EEHD
fEA GD=W "2, GI=60° &, GD=VW 2. GI=90° DF&DHRHHRZRT .

HIEIE IS A LROiT-thenfBA THEE T 5 COFER. TOHRTHVL SM T2 BEHOIER
{LER &, FHBETHOONARERORB L EROEEEL KR & 2R BE %, 2ED
HIHSE OB R R E T 2 EEL ST A — 5 Th L HB(LER B, 60 RU GV DfE&E LT,
HIFEE TS 3 HEthRic AW o Tw 23EBLEE 0 KU Gl OEEFFTE 5,

3.2 FH{mBEEL

BIGSE 7 » O 4 HIFSR T, HEEEeE < 2988 & U CEREIEE D1 £ KA TE
F L7

DI=Ts— 1. (10}

CCT |43 E S OB A A, ke ¥ F OBRALICHT 2HEELD
o EHMIEEL DI b F Ao, Table 3. LICRENAHHMEIO A »v— vy TRBICR - TERS N
B7 7V s HHMTEHE S,

Fig. 3. LiciR X 1% learning block TOMGFE T, BRICHEE LA REHIc &5 HiER
R MIEEL DI TIMEE L. 2 OMEIIE L THIEHIE & SIBET B LA -T, 20 DI 2H
WTHIEET OB TR t 2R T A H0 5B . RS> Dif-thenEAOHAITERIR Lo

If DI is PB then t is L

If DI is PM then t is ML
[f DI is Z then t is P. . (11)
If DI is KM then t is MR

I1f DI is NB then t is R

CCTHIERI BT R t &% oSS D1 SEHEICTable 3. LITRT A v oy— v TR
Fo>77 Y+ EHTH 2,

COFHTIsE DI OBBESOBRERICIT AEERESE, LM » SHim L TOBREE
L$TTable 3. 2SR d o CHNERVT, HEHAEICHES 2 FHEIEER DI OAHIIE L 7oHIfHE D
BIERt 2R, MEOHEFE 7 » ¥« EE L EHROFEICL O HEAIERBEST 5,

3.3 77 Vg iRk
WICABIEIR D7 7 ¥ 4 HERE TR W ARG > W THZ VW THRIZERMY %0

77 s EHe, oL RUuDIEMHAFEOWTRAEN S I FHOFMHEIN., KRKOFHNTH S &

T he
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If e is Bt and ¢ is C; then u is U, (12)

CCTE Gy RUT B ENENT 7 V4 EHO 7 » P4 FREEETRD LTV, BiRE®
A=y TEHICE - TERINE 127 » VAo EHIZ, 20X vr— v, THEOENE
RERBBEESOELEH—XIET 5, COBEEHVNE, (12) XOFIBATIKD £ 3 icE

TEIEBTES,

sz(el, Cl;ul) (13)
ZIT.
R. : i EHOHEA
er, ¢i, ur : WO, BEMHBICET 2RE. RERFTY UV FHEOY » ¥ 4 THO
Avnn—v, TR EFREFNBERE S 285850
HEA 2RI, ZRENOHBIAISROBEBECHIENTVWAE EELZ I EBTE D,

E=R: UR: URs U --- U R, (14)

BICHEE7 7 V2 HHR BT 57 7 ¥ ¢ L, Max-MindisiEs Hv 3, ColhRETiE,
2OoDREZHOER e LU c O, i BHEOHHEOBEBAER, KA TEbah 3,

wi=min{E.{e), C:.{e)) {15)

Lic - CiEHOHMAOHRER TH 2R 77 » FHED A vv— vy TR RKAT
Boid,

mi{uy =min{w;, U:{u)) {16)

CIT, uWRlRRFT Y Y P HEOCEREED 2 OEREEDT, L TR DHHEHE2E R
OHEFRFERD A Vo vy 7RG, B4 OHEE] R OHEBERD A vov— v, TREED nax
WELL AL ICESNS,

m{u) =max {min{w:, U {u))} an

L

BB HMETH 225 7Y v 7AER, 1(u) OBES LB 2EOMEL, & LTt
T3,

Uo==ru ¥ m{u) Tmlu) (18}
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3.4 SFEGHHR OBIET T

B - LIRS 5 2 ENFE U BN . B SHERED, S OREITICHV 2155
PRI HIER ORIC A EERE L 7

B CEITT DHEOYRIREE (do, lao) B, BFEETOMARE i, la,) L EOEE
HULTwahz, RATERT 2HMUE S ZRWTERDT,

S[*:\/ (du—d1i)z+(]a[}__[‘éﬁl()z (lg)
{=1-+-2
Smin:min(si*) (20)
t=1++n
Si:S(*/Sm[n (21)
{=1+-n

I AATICT S B B HIEE OM AT VIR ECBIIE S, 2R VT, HRICRA T
BEHIEAOES v & LTRRTESRT 5o

\\H:l/St (22)

ERoHHm TR, FNFNOHEHID» SHEERALRF 7 ¥ FHE u A E OFEHIOE S
wiEEL, FhoPEEE L TEANLBERNETH 225 7)) v 7HE weENT %,

Ug=Z (¥ ¥ Uy ) LW, (23)
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Table 3.1 Membership functions of fuzzy variables e, ¢ and u

Variables e , c and u

-F -5 -4 -3 ~72 =1 0 i 2 3 4 5 B

PB ( L) 0 0 0 0 i} b G 0 0 0 3 1 10
PM (ML) 0 0 0 1] 0 ] 0 3 7 10 1 3 0
Z (P 0 ¢ 0 0 3 7 10 7 3 0 0 0 0
KM (MR) 0 3 1 10 T 3 0 0 0 0 0 0 0
KB { R) 10 7 3 0 0 0 1] 0 0 0 0 0 0

For e and ¢

PB : Positive Big NM : Negative Medium

PH : Positive Medium g NB : MNegative Big

Z : lero

For u

L : Left MR : Middle Right

ML : Middle Left R : Right

P : Parallel

Table 3.2 Modification index matrix

Performance Index DI
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Fuzzy

Controiler

steering
angle

Mobile Robot
(HERD-2000)
Environment

actual path

learnig block

Tuning

Algorithm

A ks -4

Performance
Evaluation

I S—

Block diagram of adaptive learning fuzzy controller
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PB : Positive Big
PM : positive Medium
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Negative Big
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3.2 Examples of reference direction curves
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4.1 BioF., b
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Table 4.1 Main specifications of HERO-2000

ITEH

SPECIFICATION

MECHANICAL

Dimensions
Weight
Moving Speed

SONAR SYSTEM

Frequency

Measuring Range

Range Resolution

Beam Width
Bearings

41.9 cm width, 57.2 cm length, 82.3 cm height

31 kg
Max. 3 feet/sec.
(changeable within settled 7 stages)

30 kHz
Min. 4 inches
Max. 127.5 inches

0.5 inches

20 °
15 * apart (only for head sonar)

|
”_;\M :

|

|
&

el

— Base Sonar x
Right Base Wheel ]
left Base
M
o o Wheel
o0 front Auxiliary
] lWheel
I }
d Rear Auxiliary
lwheel
4 ] i \\\
s N O
: P Al ! 4
N |
2972 280 330
572 419

Fig. 4.1 OQutline drawing of HERC-2000
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Reference Direction Curve

i e
3 \ ‘»f///
— * w
w| Y RN
g [ T
b,
- Base Wheel B
D .~
< . ; \MZM Useo -,
‘s Centerline of Corridor
S|
;Z - HERO-2000 Ia : Direction Apgle
U : Steering Angle
DI : Direction
m : Straight Travel Distance
Y ¥ d : Deviation
Corridor
Fig. 4.2 Explanation of variables
T T i I
80| ———— d-st run -
—--— 2-nd run B
60 — —— 4-th run
40~ final run -
201 -
O centerline of corridor :;;:?EELQ;QEE;;;ggg;ggi.-o -
et e .
-—2(%5— ‘/gjgifi:;fo //g// robot'§ init?al position —
-gdC)J\l\ ,1257/£r yd and erientation -
T ) _
-601- \x;ff;f/;_o__ﬂ_oq/ O before steering -
-80} e after steering —
L | 1 | L |
@ 100 200 300

Distance along the centeriine ( cm )

Fig. 4.3(a) Convergence of trajectories for the case with

the initial conditions d=—24 cm and [a=63°
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' I T | ’ i
8O- - trajectory by the Self-tuning Fuzzy Controller—
60 - —-- trajectory by the SOC ]
4C) —--—refernce direction curve B
O’F,/’O“—_—ﬂ_o_.\_"‘-._o__
20_ ,O’//' -
O - = ’Q//O*Z'—\*:g__—_-c}:_—""—-(;:*—*--'
o
-—2(%3 }{/’ ,,aﬁo*”’ozs robot'§ init?ai position -
—40 ]2 L and orientation —
-80}- ////// O before steering -
-80+ - e after steering —
/ | l | I 1 l
0 100 200 300
Distance along the centerline ( cm )
Fig. 4.8(b} Comparison of the trajectories by adaptive learning
fuzzy controller and by self-organizing fuzzy controller
' [ I i ' I
80 - -
——-——1-st run
60 — -—2-nd run -
40 - final run —
20+ -
0 centerline of_porrid?fo.____gz;;;f —=Qp= O =T ==
. - — |
-20+ e __,0’”"0 robot's initial position —
and orientation .
O before steering N
e after steering —
1 ] ] 1 I

|
100 200 300

Distance along the centerline ( cm )

Fig. 4.4(a) Convergence of trajectories for the case with

the initial conditions d=-54 em and Iz=43°
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' I T i . ' i
— ———trajectory by the Self-tuning Fuzzy Controller—
. = —— trajectory by the S0OC
——--—refernce direction curve

— J—

I, T
o ~~ O

-

/Q;——-—‘o-r!\.—-—‘—‘—o—_":“‘_'_”o‘"

[] robot’s initial position—
and orientation

O before steering

e after steering

| !

I
O 100 200 300

Distance along the centerline { cm )}

Fig. 4.4(b) Comparison of the trajectories by adaptive learning

fuzzy controller and by self-organizing fuzzy controller

20}

60}

()

30t

0

Direction

-301- N

-00 final run -

90} -

1 1 1 1 l 1 L 1 L
=100 -50 O

Deviation ( cm )

Fig. 4.5 Phase plane plot of deviation (d) and direction (D1}

—20—
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I ] I [ [
80 ———— 1-st run -
601 —--— 2-nd run —
. ) —-— 4-th
40F  centerline of corrider ‘t run -
‘ final run
20*/ i
B
O / 0/’ M’J )’0—0
~-20k ,P - —0 _
/ﬁf,f———‘f' : robot s initial position
-40+t '__d- and orientation -
-0 - . O before steering —
E?>h*—dﬁ:7iigp_.“_or/
-80F e after steering —
. [ . | L |
O 100 200 300
Distance along the centerline { cm }
Fig. 4.6{a) Convergence of trajectories for the case with
the initial conditions d=—€9 cm and 1a=0°
T | I ] ' |
80 . N
trajectory by the Self-tuning Fuzzy Controller
60 _____ trajectory by the S0C
40 —— - -—refernce direction curve ]
20 ‘,&7fiy -
o T
0 ==

Deviation ( cm )

—_—— i — - “/OZ’—: -——
. 5:152:4””’/ it e

e~ - 0 robot’s initial position  —
and orientation —
O before steering _

e after steering _

| | ! {

100 200 300

Distance along the centerline ( cm )

Fig. 4.6(b) Comparison of the trajectories by adaptive learning

fuzzy controller and by self-organizing fuzzy controller .
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60
40
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T t T | j T

—-—— 1-s5t run
— -~ J-rd run
final run
~oe- 7
- ~~ g™
o= 3o

N robot’s initial position
and orientation -
O before steering ]

o after steering -
, |

|
200 300

|
100

Distance along the centerline ( cm )

Fig. 4.7(a}) Convergence of trajectories for the case with

the initial conditions d=-71 cm and a=$3°

T ] T [ T [

80 trajectory by the Self-tuning Fuzzy Controller—
601- ——— — trajectory by the S§C _
—--—refernce direction curve

40'_ ,/—O‘:‘—”—O;—"““-Ou_

— ’0/ -

20 o/t’_o,f’

O e SN s s -
—20 ol 0 robot’s initial position -
_40 and orientation -
g0/ O before steering —
-*8(§~ ® after steering —

! ! | | | |
0O 100 200 300

Distance along the centerline ( cm )

Fig. 4.7{(b) Comparison of the trajectories by zdaptive learning

fuzzy controller and by self-organizing fuzzy controller
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i [ ' | ' I
80+ 0 robot’s initial position
and orientaion
S0}~ { d=-70 cm ,Ta= 15 ° )
40~
S0l {£ tearning condition
O - e Oty = - -
‘/f)/ e
_.;3(2':_ -
-aof
"GCR;Z/ ——--—— reference direction curve
"Bd:—h
! | | | | !
O 100 200 300

Distance along the centerline ( cm )

Fig. 4.8 Trajectory obtained by using control rules

acquired from different initial conditions
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