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Adaptive Control System for an Outdoor Mobile Robot

Masanori Sato*!, Atsushi Kanda*? and Kazuo Ishii*?

This paper describes the development of an adaptive control system for an outdoor mobile robot. The adaptive

control system is composed of an environment recognition system using a self-organizing map and hybrid-neural

network controllers based on neural networks. The environment recognition system can recognize the environment in

which the robot travels and can switch the hybrid-neural network controller. The hybrid-neural network controllers

are tuned by experimental results for each environment. To evaluate the performance of target tracking and vibration

suppression, an experiment using the wheeled mobile robot, “Zaurus”, was conducted in rough terrain. As a result,

our proposed method could show less oscillatory motion in rough terrain and performed better than a well tuned

PID controller.
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Fig.1 Overview of Zaurus climbing up stairs
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Fig.2 Link mechanism of Zaurus

Table 1 Specification of Zaurus

Specification Parameters
Size (L x W x H) 0.66 x 0.53 x 0.31 [m]
Weight 13 [kg]
Laptop PC

Computer System
PIC18F8720, PIC18F252

Wireless LAN
Communication
IrDA Remote Control
Velocity Sensor
Angular Sensor (x 3)
Sensor
Attitude Sensor
Current Sensor (x 6)
Battery Ni-MH 14.4 [V] 3300 [mAh]
Actuator DC motor 12 [V] 10 [W] (x 6)

Wheel Diameter 0.10 [m]

5 (PIC18F8720, PIC16F252) %##E# L T\ 5.
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Table 2 Parameters of evaluate function

Parameter | g | s Ha

Value 10° | 10° | 10* | 107

DEEFEEHRLTBY, KWL T 3 BORE (B
30 [cm], Bt LR S 15[cm]) &5 L LTEKREIICET 2
PERERFMERR 24T 572, 22T, REMBEI TR Y bAHT5%E L
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L7z
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EWBBIT Ry OBBIHFIC B B IERE OFE M TH
D, BEILEOWREIZET B, (c) IAEMBH DR b
Ey FHEEOFYRATHY, ¥y FALROREICET
BEHM, (d) S BEAAEMABE 125 LR = L ¥ —
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DEMIMFEMEF - A7 E L7,

Zaurus DHEGE, =% NI A NOEEHIENZ LY, —%ED
IR (S S 5. HEEES r B X OCHEBHHRE v, 205
E—F FITANNE R 2 BEAHEE w-(vr =7 Xwr) KD 5.
E— ¥ 2B, OEERE L72E, BLO, BEBSE)EEZ
0.1, 0.2, 0.3, 0.4[m/s] & L7236 DFEEER % Table 3 12
R, BEBEME 0.1 [m/s] UAAOBEIZB VT 3 BEORE:
EWEEB L7225, SEHEEE ICBWTRERHEERTHR L
ootz F7-HEBEEE 0.2[m/s] ICB1F5 Zaurus OFBHE
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MBI EBTE TV,
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Table 3 Comparison with climbing up the three step stairs by
motor battery direct connection and the constant ve-
locity control using motor drivers

Ctrl. Target E, E, E, E, Erota
[m/s] x107%) | (x10%) | (x10%) | (x 10%)
w/o ctrl. - 3.66 13.4 3.78 -
Const. Vel. 0.1 | Failure | Failure | Failure | Failure | Failure
Const. Vel. 0.2 25.9 7.0 2.17 1.26 36.33
Const. Vel. 0.3 38.6 18.6 6.95 0.446 64.60
Const. Vel. 0.4 77.4 38.8 14.4 0.355 118.00
04
target velocity
L = velocity
_ 02t
E
2
g
4
0.0
02 . . . . . . . )
0.0 10.0 20.0 30.0 40.0

time [s]

Fig.3 The experimental results climbing up three step stairs
by motor drivers controlled on 0.2 [m/s]
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Mobile Robot

Fig.4 The concept image of the adaptive control system for the
outdoor mobile robot

hybrid control system

pseud-torque control speed control

uj

Fig.5 Hybrid control system for an outdoor mobile robot
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EAIEE & M & T 2800 7% MV 7R TH Y, B
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Fig.6 The proposed controller design method
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3.2.2 AN Z (Elementary Neural Network Con-

troller)

Za2a—=F VA NI =7 OFFIZBWTEELRFEDO D
HMESOBSETHL. AHLIIKFERY bo=a—may
P = FEFENIBWT, BRY PO ARIEELYBRY bO
ITIal—%%fEL, T3al—%Larba—5%—200
Za—=F WAy bT—=2 L LTHEETH I ETRIFLFEREE
Tw 5 [17)~[20].

AT, HEfTY 7 b 27 DADS (Dynamics Anal-
ysis and Design System) 3 & U¥ Matlab/Simulink % 27>
VIialb—F IDEEETEREL, B —T VA Y FT—
7 DHFBEEIT R T IVORELT) . TETE1H572007)
WIS LR 5 % SLBIRIE &2 F v 72, 58 (2) IR
AN T. BEHRE v 13 0.05 [m/s], WHIZ A SIEFHIZBW
TATy TIWEHE MM L, BATHRNLHE 2T Kp =30
kL7

wr = Kp(vr — )
wp = [wrdt (2)
(Kp = 30)

FOMEZ13, PRI g T 2B I C B W CEH L 72RO E —
F FIANNER TZAEAMBE T, By Iab—525
BmonbuRy FOIREEE S OFSRYT— 4 MO SN S,

S=lev[ew éo v 0, 6, 05 0]
(ev = vr —v) (3)
T = w,

S II—fko PID HIfEZTHWONE AN, BLXOWRE Y
O M OBHENS.
BONTHMES 0 b R A VT2 =TVt y
M= OFBELT), FHEMRZ = a—T Ay VT =7
AR LCHY A, Fig. 7 ICERFIHBO 7T Y 74
M%ERY. HEBEEE v, BLUOOKRy NOIRREEH S 2 AT
EL, E=% FIANNOBEAMEE o, & & 55
W7 MV Gl %47 D ARG, BEAERE w,. 25 #E
HH %479 E—F FIANICEL AN T v R E R > T
w3,

3.2.3 HAHI#Z (Adjusted Neural Network Controller)
BIIH Cakat L7 2EARHIR %2, #E TN OFEIH L7 &
BRERRFHORE PIRELR L) 7 Efk4 2 REICHE
ML, X @) TRTEMBEHKCEIY =Tty P T—=2D

Fig.7 The block diagram of the elementary controller for Zau-
rus

2009 4 10 H



954 e o M o M MW

0.4

target velocity
""" Elementary NN Ctrl.
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Fig.8 The experimental result climbing over the 0.18 [m] height
of bump. The solid line shows the result of the adjusted
controller and the dashed line shows the elementary con-
troller

The estimated gradient of the hypearplane
1.0 \ = 400
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£ 3
200 200 §
E t
g 2
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input \
The histogram of input, e,
The hyperplane of the neural network

Fig.9 Input-Output characteristic of the adjusted controller in-
put ey,.The bars show the histogram of the input. The
thick line shows the hyperplane of the adjusted con-
troller, and the dashed line shows the estimated gradient
by least square method

MEMEZRET 5.

1 N
E, = 3 Zl(vr —v(n))? (4)
n=

X (4) CTRTIHMEEEN, FEBEIEE & REMBH TRy b
DOBEHEEOWRT T — 8 OfRELZ /NS T E2HNET
. INEWo ) & L-HIEREHE I L, T4 BEE
BN EHSIND Z L TREMH D WETH L LE X5 T
H5.

FEARGIEZR A B ER S 018 m] O LY @A L, 3 (4) TH
L -E G % R CRECRAH L 2cBoBahEEDZL%
Fig. 8 |5F. Fig. 8 1TRT X912, 8[s] HHEICA LN/ 4 —
= 2= FHPBMFEIZL > T L TWAEZ L0905,

3.2.4 SH#ZE (Simplified Controller)

AITEIC CEtET LTI 2 R L, oA Mot
WEMX D, B EAT) B, FIEHGEEL D 2 5
ICBWCHEH L, BRI AN DS A5, SHGEZ X
HEDRBETCHHAINAD, HLEEATHEAIKEE ST
L. Hulh& 7 B AJIEF OBV THEIEZE L L 5 Sl 2%
ORI T A= 28 HT 5, FHTHANREEL 2., D
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Table 4 Comparison with the experimental results using four
kinds of hyperplane gradient estimated methods. (a)
Average of the five trials. (b) Variance of the five trials

(a)
Estimated | E, E; s, E, Erora
method | (x107) | (x 10%) | (x 10%) | (x 10%)
I 1.85 5.56 2.11 1.66 | 11.18
1 2.04 6.16 2.34 1.59 | 12.13
111 2.06 6.19 1.63 144 | 1132
v 7.12 17.1 6.02 0.76 | 31.00
(b)
Estimated | O, o 9, oy OTotal
method | (x10%) | (x 10™) | (x 107) | (x 10%)
I 4.19 9.79 1.92 5.02 | 20.92
11 12.4 103 169 | 4.43 | 44.03
111 5.98 2.38 0.65 022 | 923
Y% 27.2 33.1 21.9 1.04 | 83.24

MoRER% v, TORNE yo L35 &, BAKEGE=2—
FINAy NT =7 OEEEE f VT, ye = f(ze, ;) &%
B fOBBEMICELTUTD 4B 2ER 5.

I A ye = k- 26, "2 =0

I AHBABEHE  ye=k-zc+ X, "2i=0

L AHIBEE  ye =K 2c, 20 =74

IV. AHWHBEE  ye=fk-zc+ N 2=

ZIT, kIIMEE, NIWH, Z EEATIORRYIT— ¥ OF
YA BT 5. SO 5, AT e, DFHftie, &
B o LV [6y — 20, & 4+ 20] &£ T 5. FIEMII RN
FekE V5.

Fig. 9 |[ZHEE L 12 B 2 HARIEZRO AT O—D e, IZH
FTHARNEMZRT. LA T L1E3EOBEED 2B
BANIT—% ey OBAi%TRT. AN TLATRENS LI,
ATT ey VEATIER [—1, 1] 130 L TUIZEAIEICS A LT 5,
Za—=F WAy T =7 DRI ey (KT B EGBHERIEE
g 5. BIBEMIILTORETITo 72, A ey 121 [-1, 1]
OHFEANT L. BonHAGEEORT), ThabbER
T2 AR S 2 A OBLER % Fig. 9 DKM TRL, ##
B L - EM A B TR L TWA,

RFSCTIE, D) OB BB B D 120w TR LR
FEEREAT o 72, EBRIIKELT 5 BTV, FOFHHEE S
BUEIC & o TR L 72, EERO#ER % Table 4 18T, FEIV
B ZODOF L, Table 4 (a) IR T FHMEICHE L CTIIIZHE
LEOMBMMREERL., 22 CHKHMIMEOSHICER L, 5Fl
AT o 72D 7% Table 4 (b) T 5. Table 4(b) D orotar T3
(5) BLU Table 5 T/RIFHEETH 5.
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Table 5 Parameters of evaluate function for variance

Parameter | 7, m m T4

Value 108 | 10" | 10° | 107

Table 6 The estimated gradient of the adjusted controller’s hy-
perplane for the three step stairs

K A
e | 1.4589 | -0.0006
Je | 0.0266 | 0.0102
¢ | 0.0557 | -0.0006
v | -0.6840 | 0.0002
6, | 0.0099 | -0.0028
6, | 0.0173 | -0.0008
0, | -0.0162 | -0.0006
6, | 0.0050 | 0.0001
OTotal = Z 17:0; (5)

Tk I 3D ik & B L TOBUEDV NS v, D F 1) Ak
EWRICBNWTREL N T+ =V AR LI E 2 ERT 5.
DX, fSHIEERORME ST 2 —F OERFFEE LTF
I Z2AT 5. FHEOLICEDVESNHBNT A—5 %
Table 6 |2/~ 7. [ESHIMHZRIAE S NG T 2 — 5 LEH
RO AN OHFHEEICL Y, X (6) THEIND.

W = kKpey+ K1 [ ey + KDéy + Kot + Ko, Op + g, Op
+ ko 05 + Ko,0s
wp = [wrdt
(6)

3.3 REDHZTL

3.3.1 REZHOER

IHRBRBE 2 T 5 720 DERTFRE LT, L—HFL VT 7
AT EHCETESRCAT VI I AT EHOWTEIRESIN
TWa., Rl CIRET AR Y A7 213, =8 v 7%
BEOSEBE I L CRBIMICLB 22 EbZ LICKER L,
ZEN) D) vy B REERE CRT 5. R
AT LEH 50 COERN L ESEFHRE 7T -y X—=2{LLTH
&, BIioERy b2 5EO N BEERY RIGERPORES
BT 5.

BREENME LTS ) v 7 AfEHRiE, 7ar 7+ —2f
Op, WA KRV 2805, ¥vTMH0, 1Mz, TNFhofmm
FEEHVL, F—=s0%r 7 v IREME AT (=0.25[s]) & L
T, Bt 25 t —3ATBHEFCTO 1 BHOT—5% 1 &y b
EFh. TNE L ATy TERMO Y VT — 7 I3ER R AT
MEBEoAZFRL, BEIOKRY O X)) BB Y AT AIHEBT
XV THL. A (1) ORY M VzE b v HERE RS

HARBRy bEEFE 27 5 8 &
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Fig.10 The attitude of Zaurus climbing over/down the 0.18 [m]
height of bump. The numbers show the typical attitude
of Zaurus

0.(t) = [0.(t) 0.(t— AT) 0.(t —2AT) 0.(t — 3AT)]
(x=f,5.p) (7)

BB E o(t) £ T2, o) 3Ky aELKY v
HEP SRR SN, X (8) TRINL.

@(t) = [07(t) 0:(t) Ox(t) O4(t) 0:(t) 6,(1)]  (3)

HOP LT — & N— AT 5 BERNHUE, Fib, 0.06, 0.12,
0.18 [m] DEZE % EW LB v 7 AEHREH VL. 7—%
TR D 7= Ol 21330k [14] T/RY PID filiflgR & v7z. &
& 0.18 [m] DEEAB O N % Fig. 10 \IRT. MHoF 51
RFEM % Zaurus DL %I/RT. Fig. 10 O 1 H3FH#, 2~5 7%
2D, 6~92BET DI T 5. DI, 2 (13) TRTE
s x(t) 2 S MBS A It LB O 5 2479 B IC,
K7 L £ E —FSE 5, Fig. 10 ® 4, 5128V T, Zaurus
ORGP FHIIFVW T LEoTWA, JNIE7E VM T7+—2 D
BN RHRICE R 0D THY, SHUEL TV LRLEND 5.

B T A7200T 38 LT, EESOH, k-means i,
B O~ v FIZonT ikt 5.

3.3.2 FWHHT (PCA: Principle Component Analysis)

TSI, SRTET— 5 OIEWRREZ TE B34 L
LCF— ¥ Di# % $A5FEDO—D2TH 5. PCA 1L B4
ERE Fig. 11 1R, BEEE 1 B85, filhdes 2 T
THA. Fig.11(a) & VEEAEIIBT B LELLIZOVT—
EDMEADA ST, Zaurus DEZDOGHESKNEETH L Z LAY
5%, Fig. 11 (b) & W BEZEOE S L THEMES A ST,
BEOSENNETH S, DX, EWOSTIIC L BT,
Zaurus DEBRIEO LW TH L L2 5.

3.3.3 k-means %

k—means &, RENLIIERBH 2 725 5 HiFETH
% [21]. k-means {E12 & 2 5HTH R A Fig. 12 12/R 3. Ml
BAT T, WD A FTTH L. HhoFsh L U%
1 Fig. 10 IR TREBN LB OKRF 0 XM ET. Fig. 12 (a)
12 Fig. 10 ORI UODLEBRIT LI FAY ) v a5 T L
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Fig.11 The results of the PCA. (a) The result of climbing

Fig.12 The results of the k—means method.
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(b) The re-

sults of climbing over/down the 0.06, 0.12, and 0.18 [m]
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Table 7 Comparison with the experimental results the elemen-
tary controller, adjusted controller, simplified con-
troller, and PID controller. (a) The experimental re-
sults of climbing over the 0.18 [m] bump. (b) The ex-
perimental results of climbing the three step stairs

(a)
E, E; Ee',, E; Etoal
Controller
x10%) | x10%) | (x10%) | (x 10%)
Elementary Ctrl. 2.62 12.7 2.00 7.35 24.67
Adjusted Ctrl. 2.27 5.58 2.19 8.04 18.08
Simplified Ctrl. 2.19 5.01 2.31 6.57 16.08
PID Ctrl. 5.67 4.75 3.03 5.60 19.05
(b)
E, E; Eép E, Eroa
Controller
x10%) | x10%) | x10%) | (x 10%)
Elementary Ctrl. 1.86 6.23 1.76 7.35 11.53

Adjusted Ctrl. 1.53 4.63 1.39 8.04 9.25

(a) (b)
— 0.06 [m] == 0.12 [m] == 0.18 [m] — 0.06[m] -+++ 0.10 [m] == 0.12 [m]
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Fig.13 The results of Self-Organizing Map. (a) The feature
map. (b) Classification regard as the attitude of Zau-
rus. (c) Trajectories of the data set of 0.06, 0.12, and
0.18 [m] height of bumps. (d) Trajectory of the 0.06,
0.10, and 0.12 [m] height of bumps

FELZY FOF—FR7 MvkDa—2 Y v FEEEISTEW S
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AL~ v TICAT) L7z R % Fig. 13 (d) 1ORT. KEHT7—
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Simplified Ctrl. 2.06 6.19 1.63 6.57 11.32

PID Ctrl. 2.87 7.90 2.41 5.60 14.83

4. REFEICL DR EHZE)

3EIIBVWT(o2a—0ary ba—FBLOREIRY AT 4
RIREL 7, KBTI, —a—uaybu—7, BLUBEER
Y AT A EREE LRSI RIHIE 2 A 7 A2 T B HERERT
%479 .

4.1 Z2—[A3>btaA-5

REL-HMes GEARMMSE, SAGMESE, MAHEE &
WHRFFEO—DTH 5 PID #ilf#flds % H WA BB ER %
179. PID #l#izz X (14) 1R T. 71 v i3k (2) LM,
FHZBWTAT v I EELEM L, RATHRN R gL T
WikE L7z (Kp =30, Tr = 50, Tp = 0.01). HE®EIE
vy = 0.05[m/s] TH 5.

1
wT—Kp{e—i— fedt+TDé}, e= (vr —v)

T;
Wy = fdzrdt
(14)

EEFBEY, —a2—F Ay M =2 OFE T~ F PRI
720.18 [m] DEELRY, BLURFERERETH S 3 ROME L
DEL, 2.2 8Tl RZEHMBISIC THRERHIT 21T 5 . EBROM
% Table 7 IZ/R7. Table 7(a) £V, ¥ & 0.18[m] DB
Fe Yz Tl, BAFMIZB VTS BRI TR b BN 7Bk
Lotz 72, Table 7(b) £V, RFBRBRED 3 RORE L
DIZDOVTIE, AR B W CEAHI 52 5 b B 72 B
Lot
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Fig.14 The block diagram of the adaptive control system
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Fig.15 The experimental results using the adaptive control sys-
tem. The top graph shows the target velocity, traveling
velocity, and adjusted controller’s output. The middle
graph shows the output of the environment recognition
system
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Fig.16 The experimental results using the adaptive control sys-
tem and single PID control system

Table 8 The comparison with the adaptive control system and
single PID control system

Ev E\'f Eép EJ ETotaI
Controller
(x10%) | (x10%) | (x 10 | (x 10%)
Adaptive Ctrl. | 2.50 5.59 1.17 0.86 | 10.12
PID Ctrl. 2.82 6.52 1.61 0.72 | 11.67

EBH R T Fig. 15 2" Y. EED 7 713 Zaurus O#H)
HMEB L UCHEHHEZE S OMNE2ERT. hEO T T 7135
B ATLOMNERT. BRERHR AT LADPRE LR L
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72, 25([s] PIECTHR SN LB ORMIE, Fig. 13(b) 125
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