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Modeling and Motion Control of Mobile Robot
for Lattice Type Welding Line
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Modeling and Motion Control of Mobile Robot
for Lattice Type Welding Line

Yang-Bae JEON

Department of Mechanical Engineering, Graduate School
PUKYONG National University

Abstract

This paper presents a motion control of a mobile robot for lattice
type welding line. Its dynamic equation and motion control methods
for welding speed and seam tracking are described.

The motion control is realized in the view of keeping constant
welding speed and precise target line even though the robot is
driven following straight line or curve. The mobile robot is modeled
based on Lagrange equation under nonholonomic constraints and the
model is represented in state space form. The motion control of the
mobile robot is separated into three driving motions of straight
locomotion, turning locomotion and torch slider control. For the torch
slider control, the proportional integral derivative (PID) control
method is used. For the straight locomotion, a concept of decoupling
method between input and output is adopted and for the turning

locomotion, the turning speed is controlled according to the angular

velocity value at each point of the corner with range of 90°
constrained to the welding speed.

The experiment has been done to verify the effectiveness of the
proposed controllers. These results are shown to fit well by the

simulation results.
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A S-A 108 ol =o] desA Ao a9, £H WHS
HolE & ALg3at7] fallME FAAFTAel Holok HH, ol5S 98] A
FAYJAL AAFGo2H FHAY W AL HolAM 323 ¥
He Aadoln. metA, &4 WUl E o154, 233, ¥E
o] FAE Fa7t ]S F2F AAY G LM FHEs . 0
A, AAE &4 23 2L 99T &4 FAHAA AFIE A
g8 &4 MuZeolEst AR JE G- GHE BG4 F % &

q, AFFe &3 2Rl 8= dx Ut

12 47 Ulg 2 =23

B A7E 24 A BollAM 29 49 A Eopd I T
o] ZEE Eol7] 938 ol vhi(egg box) FElS &FH HUE& A
& o5 BES og3td &3 ATt A7 HHS €9 AE

o

15 2% $lo EX &doldg ¥Ast] A3 &3 =19 AL
% RANRAA AFez +8E ¢ At As¥oz A& ¢4 o
UEdole B 493 agelny, AFFS] F3 2XE /st
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fUZgolee Rad Axdd #¥} ATE Bol olFoHEdH,
Yamamoto 52 vy Zolele] $1xs} d& Aojstr] s v AP
ol =l 2R Foge s dEH A
Nonlinear Ao]E& @739 3, Chung 5& 24y 23 5& g7l
93 choluywl maPS sgtoz F ZH2E Ao © HEANE A
447 AF% o]FojAHt}. 18 1, Tsuchiya® Fierro $< Lyapunov

24 ¥ 3}(linearization) & &

o8¢ slwrog & Aozl ¢AFA MAE FF Backstepping 71
g o] g3t = 2R $Fo] #E ATt FAHIUG 0¥ A, B
Uy Zeolge] tiat gBrEe] dnaFe Y 2R 3 Ao, v
UZgolee 9% 2 @ Alojo]l AL o]FoA glof, Wiy E oy
249 &% Aojo tgd AFE HFE AAelrh AR, §HE =
o2 t =y 239 A A, FAA @A EE AP FAS ©H
Zzgsdae X sdoldy B4 £59 &3 £E8 dASA A
FAY AP &= Y WE FAse BAEAA A7t o] FojH ok
Ao} S5, Ex9 94X Aoste &etolrie] Holzb AgH 317
o] 2 23 Jxg £ =SHeld FIHoE THY 7 UAEF
Aol iAol gt mAtow EX &gtolrle fAE &3 EXH
zo] £ Tl 4 fAE £ UEF Aol He Al U
=y

wetd, 2 =2qMe Y9 2 FAHE ddsty] A =ER
wol 72 zAaldA dadx WA (Larange equation)& 7|¥O2
o] 3 2Re mdy 3 3 FuwAHor gAY 2dn, F
g 2o AM F3 AojE e HAHAA FY 2R T o
3 YATY  PA(decoupling matrix)e T3 PE¥ AP
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Photo 1 Developed welding mobile robot
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Fig. 12 83¢ F3 2% 713 Az¢d 74& Yelddg &
M E Fig. 13 2e 8 28& Agstgen, 44 4 3 A
£ & AEE Ao A2dE 2¥ FA 9o AAsAT EF =
2ol R3s AU FA AAs ) dA Z2AME AP vhelA
2 3 2 A A (microprocessor)& 2 DSP(Digital Signal Processor)E ©l
43le] 2oE HargsAoh ALd £HE TP 2R AYAI A
A 43 e E1 o5 F JEF sy A 2 AFE 1Y
st guE A2AE olgdld 2R EAE AsAT.

=}

11 1 (D) Key pad
3 @) DC motor (for driving)

= Q) Torch slider

@ Driving wheel
T » ﬁ) () Floor limit switch
°° » (6) DC motor (for slider)

[ = (@) Proximity sensor
l Compensating sensor

E H
— ~ 2| ﬁ (©) Welding torch
% b A0 Seam tracking sensor

L

@ \@ dD Vertical slider

Fig. 1 Configuration of mobile robot
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ZRo] BAjoA TZolXX YEE ST AAE o]&3dte A
o 23, F e Bz uAe F3 22 JPL {FA57] A8 =
2ol g3} Hol| e 2o B FuHZ ztZ dAsT. 220 HA
F3 A 2EO AAE BASY] #4F A4 BA XM (compensating
sensor)E X9 gue] Rasgon, A BA MM gREd=
2Ae & nEod F JEF oy s XAt AA e Holg
A F JEZS do] 2 YAIE AXdd &3 24 R &3 &7
mex] Zolg 2AE & JEF sAvh. 23, MM AA &
=l 37 9)siA X el ivE(potentiometer) & A X AT T3, 2R
o] M3 Al mRo M3 YXNE 2AY F IEF &HE 2FH AA
(proximity sensor)& 239 23 waxt FYA AU A
AA el A Aole lemE &4 A FAE 2Ad BSow 2
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<«—— Photo interrupt sensor

Motor for torch slider

Vertical slider

Rack and Pinion
Spring

OO

oo/

Torch holder  Ball bearing

Fig. 2 Configuration of torch slider



230 7]13t8A FA9 YEEo A4 (electric magnet)S A3}
o 2R3 &4 2A7 4 2RAE 5 AEE A, 72 JH 4
Ay 28 HBAAdE HE HEEE Atk =2 AY FHl A 5
o] o]EHo] Bo] EojUL Afor HAAAY 5Foz ddes X
(off)3t¥ o]B Aol BF AFoz AAL F e 5AL ol&3in
a8z, BE g9 F) = (keypad)E AABE &3 £ 2 2WE
A &4 ¢5 2 AL £A 2 A FH2 FAE] As)
7-SegmentsZ ©]-& 3t}

Fig. 25 &8X %3 M (seam tracking sensor)& HAT EA &
golr el A F2Z Jein Aok EXS f4XE Aojstr]
Ex Zglol= #3 3 U<A(rack and pinion) 7]°i(gear)Z ©]F A
9lov, 24V DC ®He| o8] &tolde #4A7t Aojdrt. BEX S8
oltie] $x H=wg st FE JHYE AAM(photo interrupt
senson)& o] &3ttt EX ot &3 FH A7 FI 2X
o 713teta ZAlo] AL AAsAt FHA FH AM oF
Hole 2 wo]gde Aoz ZA} FF A 2 FEE 7 U=
st s, MM oo 2zee AXFeozA §HA F4 AN &
24 2A9 428 £ A= AAstH =, £33 F4 AN
Ex 9 Z9 9x9 FLEE g v1Ey AFsAd. §HA F
AA el 9)x1= ¥ elav])E (potentiometer)E ©]-835te] F=wgtt

fr ox g
o}

X
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Ao AR AL 4 YEE HQl Z2ANE YF vlolar T2
A4 (microprocessor) @ DSP(Digital Signal Processor)& °| &3te] Al



o] Ax"e RyEZ HidsAo. 93 rvlelaz ZERAME AL
(InteDAFell Al & 80C196KC-202 ©l&3t% 3, DSPE TI(Texas
Instrument)AFell A1 b€ TMS320C32-PCM50& AH8-stch F ZZ A
Azre] At AYE FPFo=N 7 Z2AAY FF AR R F3E
& HzxzeAu &, vlojaz Z2AAMCAA o3 ANZRE 49
dele g A4 A7 £x7} wj$ #WE DSPE A% F, A w2 4
o} o]fat] DSPAlME B =ToA AL Ao LnIdF

A ANE 5 ANE dolHE tA mlolag ZeAME AFS Ao
nfolZ 82 E2AAE DSPERE JHTL dlo|HE o] &8t F

2o AA 2 &% A|E FHHA Hrt

Noise Filter Gl:MPS,ﬂ’ l Microprocessor (5V)

L/C Noise Filter for .
, 12V
Stable Power :Motor driver signal (12V)

Noise Filter .
(] Motor driver (24V)
Power Supply
In Port ] C:llEmergency Switch "Keypad][:f) InPort]  HSI C:’llr]
1
1 1
[ Display (7-Segments) ICI Out port2 \| Approach Sensor |
____________ !
Sub Controller I"_—"__"__—____—-i Main Controller =
TMS320C32-PCMS0 | | Linear Sensor for Torck | 80C196KC20
: Linear Sensor for Body Position :
AD [ - 1COp 4P
Channel : Data Transfortation to ! Channel
H 80CI196KC H
pa | ———————mmmmmmz e \
Channet [ C= [ Data Transfortation 1o DSP_| C3[) PM HSO 0T Torchsignal |1
_____________ 1 !
e | |
24V, 2EA {34 PWM for 3 DC Motor :
1
1 1

Motor for Body (2EA)
iMotor for Slider (1EA)

_____________

(Body, Slider)

[ Sopetqparipamyimpunp gy ———p—

Fig. 3 Configuration of Control System

Fig. 3¢ &4 3 229 Ao A2y 7A=E Yehlz 3o, v
A AMol3el wo]ag Z2AAMe HE ARl DSPY Zt 7lEd o
Fe dyetla glon, oo dd A WeL et 2o

i
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AR wolaz =2 AN 71 R 74

Photo 2 80C196KC-20 Microprocessor Board

9% nlo)laz =2 A)MQ 80CIBKCE Fuldl 8xde A/D ¥ME7
2 Jlxx; Qoo Wxe A/DWE EES AFY "8 glo] eI
A/DHgo] 7}53kth. 80CI96KCE IntelAte] 16H]E mlo]a 2 ZZA|A
9l 809642 %9 sUzA tEz §xo] awA HAH FUAT
28 Folg A3 gtk B A7l AR 80CI6KC AR w2

2 Z2AN BEY 7% F A2del 488 715e Tt 2ok

- ;&9 g]¥g wolsd 4 & HSI(High Speed Input)

- &9 298 & & = HSO(High Speed Output)

- R L R S 937 ElolH

- e A5 dolHE FIRE 4 Ut ¥ 9EY XE
- o2 8L gAY JgEog uFE A/D R

- 71EA g2Ee & F Jde 4FY XE
~ PWM(Pulse Width Modulation) &2 &9

-11 -



o 22g 93 A% BE o9 oY /A 5% % mE
- RS232C A& 4 (Serial) ¥4

|
Jlm

Photo 2& 239 Ao Alz=dd HX€ 80CI%KC €7 wle|a=
Z2AAM BRES AF Aot B Az=gdiE F3 2R B £
T2 Aoyl Y8 HSI 715& °l&3ty RE &EE J=9sa,
HSO 7]%& o] &3te] PWM(Pulse Width Modulation)& 44438t DC
REHE FEaQ 22z, 48 XEHE o83t 7] =(keypad) 2H
B 43 $5 9 23¢ 99 ©1, 9 ¥EE o|&dtd BHY A Y
Ale] R 7-Segmentsell F1F=olA PATL £ £= F 2UE A
27 dob B 5 JEE EY3ych. 281, DSP wE dolE F
AL s WA" A/D WEy] 2 PWM A& o] &3

222 DSPe 715 € 74
TI(Texas Instrument)Ate]lA] Y& DSPAIE Fo gut Ajx"e] 7}

A @o] FE3tn YE 2P TMS320C32-PCM50L 32HE FFix
4 A4 A 2 sholx #el A PN Adsn Qo) £2 Az
SoiA Wle WE £EE Yn dom, 2%y Ade st 54

g AR Aok
Photo 3& B Alxdo] AHL3% TMS320C32-PCM50 B=9] A& A}

Aol ¥ AFlA ARe DSP REY A5 F A2 48 7]
5& gt 2o

- 71EAQ 9EEL T + dE JEY XE
- ohgEa 4¥e UAE Yo wFE AD WY
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_13_



& 4 QA dAEo Yol DC BH =golr R AA A a3 T
A9, 3A7HA 4&H QA 8 2 Hd 6A7HA] Fr1dFe] A2 5 3l
o] AA| Azwlo] HE3}rle] wg gojste] 2 AlLde] HEsHA H
AT,

Photo 4 DC Motor Driver

Photo 4= A|2®le] &3t DC 2E =golH BEo] AA Alzlo
t} 3709 REHE 75 & 4 JEE RE =golH BT E HASHL,
TTL A&e ¢ggeg Ry A -9 2 AX & 759 7|58 T

P T F UYxE g AAEAY
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A3 E FH 2R 2y

31 9384 75 ¥44

o] FelAE Fig. 414 el AAY 79 239 718ty £l
£% WAL FIG. FY 219 sty ¥

& AlA AXE A} o F3q 2xe] Ao
¢ Aesa o 2ok

2 98] ¢4 7z Ar<e(parameters)E<

He F& PR
2 o

WA G

The axis of symmetry

>
X
Fig. 4 Motion geometry of mobile robot
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Fig. 5% Ex £dolde FAd dig z A& Y givh

Rack and Pinion

\ ,ﬁﬁ Sprling
Yy

oo =21 s
____________________ !
| Potentiometer | ! Q
[P »la »
) X5 X = Xs
1€ = l iss Sl l
< ts o s

Fig. 5 Configuration of parameters for torch slider

. distance between driving wheel and symmetry axis
d : distance from P, to mass center of mobile robot
I. : inertia moment of mobile robot excluding driving wheels and

rotors of motors on a vertical axis through intersection

between symmetry axis and driving wheel axis.

I,, ' inertia moment of wheel and motor rotor on wheel diameter

I, : inertia moment of wheel and motor rotor on driving wheel
axis

/, : maximum distance of the seam tracking sensor

/, : maximum distance of the torch slider

m, : mass of mobile robot excluding masses for driving wheels

and rotors of DC motors

...16_



m, - mass of driving wheel including rotor of motor

P, : mass center of the mobile robot with coordinates
(x Cs y C)
P, . geometric center with coordinates (x,, ¥,), that is the

intersection between symmetry and the driving wheel axis

7 - radius of pinion

Yw : radius of driving wheel

X . distance of the seam tracking sensor
X g : distance of the torch slider

X fs . distance of the torch end

X—Y: world coordinate system

x—y : coordinate system fixed on the mobile robot

Greeks:

T, . torque acting on the left and right wheel

$n, 79 2xo B4 sdolgs Adstn 79 2o HF A
wejehal, wte, Fa 2R YolM F Ao Rz uiAd @ RE =
Ae wARTR, 79 RS Fig 48 Fnsd 489l 57119 @4

rr

(parameters)2 2= 7]513d xS 23T & doh
¢=[x 5. ¢ 6, 6,17 (3.1)
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A71K, ¢t Fd 2xe A9 Zoln, 6, 6, Z A FAE
Ao Zuold = 2R T AY vz 7EHEE 83 2L

& O(zero)olth. zelxm, wpAet nigzel HEFHAMY &k HvE

Ozero)olth. 9 o= tiel 74 22 98 75 33
s Fe 4+ A
y.cos ¢ — x.sinp— ¢d=10 (3.2)
x,cos ¢+ v.sing+ bdp=r7r,0, (3.3)
x.cosp+ y.sing—bd=r7,6, (3.4)

9 349 T2 $RAe A b9 e Fel(vector form)2

ehd % gk

A(g)g=0 (35)
o 7] A,
—sing cos¢ —d 0 0

A(g)=| —cos¢ —sing —b 7, 0
—cos¢p —sing b 0 7,

A(g) o Ad@ank)E 39 A& 44 & F Aok F, FY 2X9 &
F=(DOF)FE 2(5-3)°1t.

_18_



32 3 2R &F HA4

o 2ye 209 PUAAD £FHEZ AHANUAE Ozero)e]
B (V=0). 283, st Ay} EAGTSE F4 2R FEYo|
373 AN BAE £ Ao ARSI wpRAUAE 0(zero)olth
(F=0). B, 58 23 gg A4 ¢35 dux Te o3
2.

T= % m( 22+ 3.") +mudd(z.sing— yocos$)

2

+%Iw( 67+ 0’,2)+%I¢ (36)

o 7| A,
m=m,+ 2m,

I=1+2m (¥ +d*) + 21,

z3 2R g &5 WAAEL T HdA F 2R =E2
=9 (nonholonomic) 7% %z o F2FA WA 4 (Lagrange
equation)& A&38d thg3 Zol 7 F AU

d{ oT\ _ L
dt( aa,) 6(]2 2 A'yh; i=1,-,5 @7
mx,+ m,d($sing + gl'Szcos:,é) = Aysing + (A3 + A3) cos ¢ (3.8)

my,— m,d(pcosd — ¢*sing) = A, cos¢ + (A + A3) sing (3.9

_19..



my,d(x sing — y,cosd) + I¢=dA; — b(A; — A,) (3.10)

Iw eur: T, — /12 Yw (311)
Iw é[ =T;— /137’,0 (3.12)
o714,

A1, Az, A3 3 749 SR T 74 0 A8

rr

gt 12 HE] E2}o|(Lagrange multipliers)
Ty, Ty D Zb g vk Fgste B2

delA T 5709 WANES ¥ Y el (matrix form)2 hEh] B
okt 2,

M(q)q+ V(a, ¢)=E(g)r,—AT(q)A (3.13)
o 7] A,
m 0 mydsing 0 0
0 m —my,dcos¢ 0 0
M(qg)=| m,dsing — m,dcos¢ I 0 0
0 0 0 I, 0
0 0 0 0 1,
mwdq.SzcosqS
_ mwdqizsinqi
V(ig, )= 0
0
0

E(q)=

O OO0
—_—_O OO O

_20_



w=[ ]
33 ZH B34 18
oA Fa 5 WA AL A 4 (state space form) &2 ¥ ¥ 3}
7] 918 = A Lagrange multipliersE A Asjerdth, o] & A A7)

#1ste] A(g)9 null space?! S(g) & vh&3 ol A3t

S(q) =[s,(q), s)(q)]

c(bcosp — dsing) c(bcosd+ dsing)
c(bsing + dcosd) c(bsing — dcos¢)
= c —c (3.14)
1 0
0 1
o 7)1 A,
— Tw
€= 2b
q714  S(g)9 <F(column)e A(g)9 null spaceeltt. o]
A(g)S(qg) =0tk <o & wAAQ 4 (35)ESFE

A(g)g=0°122 g+ A(g)® null spacedt & F 3, mEHA

U3 2ol Yyed & Ao,

q € span{s\(q), s;(q)}

(3.15)

_21_



metA, g s;(0)S s;(g) A8 A¥ez ved £ UASS &
& sl &,

a=s,(g)m +s:(a)n.=S(q)7 (3.16)
a8 3,
g=S(qg)n+ S(a)n (3.17)

g4 S(g) 2 4 (3149 Zo] AE =04 ¢ & Ut o
AR 8=1[6, 6,17 Bk o, ST(g)E A (3139 ¥l F
3w oew o] "tk

ST(q)M(g) g+ ST(q) Via, @
= ST(g)E(q)r,— ST (g)AT(q)A (3.18)

ST(q)M(q)(S(g) 7+ S(g)n) +S™(q) V(g, @) =1, (3.19)

Ae) WEE x= [x, 9. 6 6, 6 6, 6,]" 2 Ba%, FA =
gol og Bgete e 2o AuuHNez T

- 22 -



[ s Erusnssn]
—(STMS) Y (STMSy+ STV)
0
+[ (STMS)‘I] z, (3.20)
olAl, 84 &5 2 A3y YN F3 2R T HAAE EX

&etoliE nE s RA}. Fig. 6& #Fastd, x| (-DHUAY AX
A ORAZ o5 o, $3 $E8 Tt AL ted 2

& /;
3 /
/]
4 [G=D
| L
¥ | |
| |
X

Fig. 6 Motion of the mobile platform.

P,P,= xysin (90 — ¢) (3.21)

- 23 -



olw, & (321)9 ¥¥e " & H3d oS Zuh

d P,P,
dt

o717,

= X, COS § — Xy PSin @ (3.22)

. + _ Xe  Xeo _ Xo
s = Xs T X ™ "055(90 — ¢)  sin ¢

X = dcos ¢

2 (322)% F3) 2R APF $5E o)Lt & 2ol 84 &
5 78 F Utk

d P,P, .
Vweld = 7t + v.sin ¢

= %, C0S ¢ — X, psSin g+ v sin ¢ = v(q) (3.23)
o 7] A,
Vweld : 'g‘ztj ‘/—‘:‘E

v, FW 2R AYF EE

3 ool wES A 280e Agdd dg

_ (3.24)
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J AR By 2YE
LAY wE A

AFEZ E (shaft)e] 4%

o)

$
td
a

T D EX] £3olrd AEsE EA

o/, A (3208 Fdol NUAinon)s HAH 7, E FAL, 7,0,
& EA sgolde] ol xYE ol8dd,  x=r

: dﬁsm - =1 A~
o=y & WISA 2eE O3 2 e FE 4 g

5= ~ Dpxst Cuts (3.25)
o 71 A,
_ D _ %
Dy=-7. Ch=

E, Fig. 59 dehd S84 #3449 ol x & & 2ol 7
% & g

X=Xy, Xy $) 0 < 2, < g
/ SN IA

(3.26)

LA A AN FRBoE 449 Po| 27158 8| ALeo]

FarE o} Q7] WEd F 2R 7 A R A= a3, E
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X setold el xo) wet $HA FH AAMel Ho] x & Ao A
o7t @ 4% dm, AU Zolrth ATy 4 (324)9 99 A 2
of 7% & Utk &, 34 F2 AN £3T EA HEFHA ¥x
o 2z o3 AAe Hole Hujrt € Aotk

A (32000 thg o] FEHAT x4, Xp Ko Veew S FIHHE, AAY
#He g 79 22 g ZE Ad $FAS &Y 2ol 7 &
ATt

i S .
- (STMS)“I(SgMSnJr STy)
x= *9
'"DmJCg
l(xo’ xis’ ¢)
v(q)
) 0 01
—(STMS)™! 0
0 0
+ 0 c.|? (3.27)
0 0
0 0 |
o 7] A,

— T
x=[x % x3 % X5 X5 %7 %3 X3 X ¥u ]
. . . - T
- [ Xe Ye ¢ 61’ 61 07’ 6( X X Xs z)weld]

r=1[17, 7 1"

F3 28 Ex <golgy Afxe FA BT ARFEE FeTh
SElo g 1ge o vyl 2RO A{FE F7F Y] Wi
t} S5 Z+o] nonlinear feedbacks 3 Zxd] A& 7lssith
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r,= (STMSy+ STV)+ (STMS)S"Ex, (3.28)

Ts = Us (3.29)
old, Ao} UHE t&7 o] AL

u= [ “»] (3.30)

A7IA, w,e TH Zxd AT Aol dFelx, u, £ EA =l
of gk Aol Yol ze|d, LFEFHAA 4 32NE HdEH 2ol
s 88 7he st

x=flx)+ glx)u (3.31)
o 7] A,
Sy 0 0]
0 Ly, 0
M= | s=| g 2
] 0 0
l(xo,';(x;)’ ¢) 0 0
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A 4 Z Ho dn2|E

4.1 Ex &dolg Ao

EX Zgolt& Aosty] 98 PID AARE AHE3AT. BEA &5
oldY XE FHYANE T&F Zo] AU

yve= h(x) = x, (4.1)

gh4 24 Q49 9% A2 e 2ol Bt

€ = xf — X (42)

A G214 £X SeoldE AT Aol AP TgF o] Z
A3} 7 PID ASI71E ol gt AT

U, — Kpses+K15fesdt+ Kpsés (4.3)
q71A,
Kp, : derivative gain for the torch slider

K;  integral gain for the torch slider

Kp_ : proportional gain for the torch slider
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42 AA F3 Aol

Ad Fao glojd &3 £x& Ay fd 2l 23k A
&5 2 AojsAt. 219 X9} £x& Aojar] A3 oh&F 2ol
270} &8 A S dEssih

vy =hy(x) =[hpn (@) hp()]1" =I[yn ypl® (4.4)
71 A,
hy(g) : 38 2% ¥4 T4 P ok HAE B27A9 713
#de A

hp(p) @ 78 28 AWYF &5

Px + .+ R
hp(a) = hy(x., y.)= x\/PZinz (45)

a & 2RO A £xo izt ¥ WYL I ol

i, F
T 7 3tk

hyp(n) = x,cos ¢+ y.sin ¢ = %’”—(771 + 77) (4.6)
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1 g Ad hy(g)ol B d7AE3 Y Z(decoupling matrix)<
[ e

. oh, .
yvulg) = a;l x=

=thﬂ(x)+Lghp(x)u=fh,l(a)5(a)77 4.7

AAM, Liy(x): R" =R} Lyhy(x): R"—>RE 2t f9} gol
eatE hy o 2ol ¥ (Lie derivatives)& LFERACE
Lohy(x)=09 42258 4 @09 Fad v Asd b3
2,

3thp1

. oLk
Vo = fx)+ af A a(x)u
= L hy(x) + LoLshy(x)u

0 S
_ []h,.(g; ((I)] U"i“]hm(Q)S(Q)uﬁ (4.8)

2 @8)NA Lih,(x)E LALshy)(x)E WeWHI, L,Lhy,(x)

E L(Lihy)(x)9S & & Joh 223

Ji (@) = aahj = g [P Qo0ol (49)
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oltt, 2@ :, Fa 2o AL U 29 P
e 2.

tijo
A
M
tio
fatil
o
rt

9y

Vo = “oq x= Jn, (@) u, (4.10)
o 7] A,
Jha= aahf -5 % | (411)

by, £33 S 4 (45 A @e)d A dAEE =

(decoupling matrix)& o3 Zo| & + Ut

o= [ ]h,l(Q)S(Q)] (4.12)
T

wel, @7} RE xol dalel gude] EAdGA, F4Y 2re X
Fa AolE % Aol 9Pe vhed Bk

u,= 0 (v, — Op) (4.13)
oq 7] A,
Up:[ 1)1] — Kp,e,,+KD,e'p
Uy e,

Kp, : derivative gain for the mobile robot

Kp : proportional gain for the mobile robot

»
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T3 2RO AFF Sxo g o HA dF dzie oFH
2

(4.14)

38t7] AFEnh A3 A 2R F oubF o WIS M2 yidelx, ¢
A3 5YI £E2 Aol FA/Y. £ 2E EA FAHA A€
Ao o8] EAo slsetd 4dE FAoR MIsA ok me
A, F8 2R AW £5E Ozero)o.2 7HAE 4 Qth a3 B =
43 A 48 SEE AH 7Y A 83 504 AW £285 AY
g A e ¢+ Aok A 3229 A AHE olgsE 43 A
43 $59 289 ZA&5xoe #A BAFAS g 2] FE F gl

:%{ %o }cos¢—x0¢ (4.15)

T3 2Yo| M3 & o, F3 2 7] A= #¢ 7HAHC 93
AlEW s & F At (x, = constant). WA, £H &£x& 983

2ol W PO bl + Ak,
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_cos &’ + 1) é (4.16)

= — X .
Vweld o( sm¢2

by, 79 2ol 43 A &Y FE} 74 2R A&Este @
A 33N ven 2ol FE 5 ek

, sin ¢V e 4.17)
p= — S Lt
o

M3 A 28 RS veH go 9 2xe 2 £E2 Ayt
vy =hy(x)= ¢ (4.18)
old, 2t £x=9 o8 they} 2ok

_ sind'vuu (4.19)
e,= x.

2 (4198 ol &3t F3 ZHo] AAY FHALANA H3] A &H
52 Aos] 918 Aol 4¥e det 2ok

Uy = (Kpﬂep'*' KDpép)[ _11 ] (4.20)
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waIsAs doo| paso)d Jo weselp yooig £ 81

1
— —
J043u00) UOOWO0I07T Sutuin]

(2" +2"y)="n

)y

Eﬂ

10q0y r'n+‘n(sw,8)+
AW |2 (g, S+USW,S) =2

n(x)8+(x)f =x

“

2 A v J
d b) p="n
Y+ N Y !
1041400 UOIIOW 0207 YSID4IS

U B4/,

2y+ip'a| Ty + oYy ="n
J04JU07) 43PIIS Y240 ]

+ P
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Fig. 7& F3 ZXd d& 37FA AA Alojdl i@ vj=3 F=
(feedback loop) #1o] LxalFS YetA. Hd F3 Aot A3 A
ot Zt A gl waA Aozt FAHAT, EX sdolrio] i A
= g4 #3999 Fig. 794 x‘e Z A7l d@ E @

(reference values)oltt. 281, ex Z &Hd g o8 gklerror
values)©] t}.
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M 5% N 2 na

B ZAoMe 3 2R ANEdHNH 2 48 A4S Yyl 2 Z
ZE AYstgr. A EolAd AL&d Febu ¥ (parameters) ¥ %71

HA e AA 28 AAE B2 st dASAL,

Aol Ae Agdold Ashe mmatch

itha
"

51 AlEHeolad & 43

AA Al

Ay 43 BAUg Fy 289 ABHYoNe ANY 2 AxY &
3 el A7 Fgsigch AEHol e A2 ol =L} 95
2REe o] Az JFL WAA Fedn AYSAT AE
ol el q Ag® 2o ste}ule(parameters)®] e AA ALE A

28g ulet o2 Table 19 A st}

Table 1 Numerical values of mobile robot

Parameters| Values Units | Parameters| Values Units

a 0.105 m D 0.01

b 0.1045 m I, 0.2801 kg m?
d 0.01 m I, 4.96e-4 kg m®
A 0.1 m I, 3.75e-4 kg m?
Ui 0.3 m J 0.9363 Nm/ s
) 0.025 m m, 16.9 kg
Yw 0.02 m my, 0.3 kg
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AA ARY §H #Ads st AL A AEJAE HAA
Fig. 10(b)el Al YeEbH Z21HH x=255mm & AR 229 %7
AAE (x., y.) = (25Tmm, 0mm) 2 AA}HAL, 219 Pz
¢=80°= HAAT 21, Fy 2R FdE AW EX &9
He dole 4 x,=175mm 2 2713} HA T2 Hold7] o
Bl 8 289 27] A% A9z £ EA <olrie Holo o3|

SHA 27 MA2 7é°]%:—xs=[—cosz(i80;7—xts}=85.964mmi A

492 & & Aok AwHos §1 2AY 24dl ud $H AF 2
£x7h AAHolA Y, 4@ FD B £3 M =(welding
bead)® @71 9 81 SEE o T.5mm/sZ AV weh,
2 A2HANE 71F 84 SES Fol% gol AR

A3 Aol NBeolMolA, Fa zro] 43 A F HolA U
#0hn 1AL St WEd F8 229 A WF $EE 0(zero)o] ok
A8 A 84 FEE v=T.5mm/s2 BRHAT, 2¥o] AH F
@ Al FFol ZAYTHE 4P sl B A 2R 7] AA% Y
e 247 x=25mm B ¢=90°2 FAsRAG. B, 4§ @17)
of olel FaA 2R VF ASEE A FFE AT & Utk 2
d1, 271 BX &dodel ANE x,=1T5mmz 4PsAch
Table 201 Fa 239 Adold L APL A% ZE ey

(parameters)] 27| g 2 A (gain values)S YEMA AT
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Table 2 Condition values for simulation and experiment

Straight locomotion Turning locomotion

- Initial (x,, v.) | (x., v.)= (257 mm, Omm)| (x., y.)= (255 mm, OQmm)

- Initial v, v, = 0mm/s v.= 0mm/s
« Initial ¢ ¢ = 80° = 80°
- Initial x x5 = 175mm x5 = 175 mm
- Initial x, xs = 85.964 mm xs= 80 mm
ho(x) = x;,
h(x) = x;,

- Output equation hy(q) = (x, —255),

- hy(x)= ¢
hpg(’}) = 9 (m+ 72)
=80,
- Reference input | x%=80, =0, vi=1.5 fie 7.5sin 62
255
" Gain for Kp =25, Kp=2.9 Kp,=10, Kp, =100
the robot
- Gain for Kp =1700, K,;,=0.1, Kp =1700, K;=0.1,
the torch slider | Kp = 690 Kp, =690
» Sampling time AT =0.01s 4T=10.01s
52 4% F=A

# =Tl Photo 5% 2 AAY 2AE 4¥FN2 WAL
W, A4 ZHLs) AAY RA BobE GO & Aoz AASAAL,
deje 5% Tz A7 ALt 443 249 As: T
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4mm¢] Mild SteelE ol g3t AAsgon, 712 2 A2 Z Zo]

= 2mX3m °|t}.

Photo 5 Work-piece for welding

Welding Power Source
Ac 3 %[0
\ )
\\\ 9
Torch cable
Control cable Control cable
L]
Welding Mobile Robot Wire Feeder

Fig. 8 Composition of welding system
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Table 3 Experimental condition of welding system

Condition
Work Piece Mild Steel 4mm
Welding Wire ol14 Flux Cored Wire
Welding Current Z20A
Welding Voltage 25V
Sliding Guas 18 ¢ /min COz

B Ao g 3 289 &4 He5E& APy 98 Fig. 8
3 o] g3 A 2dE FASEY. 283, £FH Aage T 3
= 43 274 2 AY AES Table 391 A3t

53 4AY 79 =X 44 ¥4

)

Fig. 9 The diagram of operating concept for a welding cycle
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Fig. 9% A3 83 +8 2£& 48 o AR o 2% &

Fste A S vEdYh 229 JdE A7 A 2x& 49
A3 Aol £33 g F3 AXS A4 B AM7E 72A] 2 7 U=

Aol9] o] Frh. 2R HAE AW EA ooty A AN
o} mE AA(limit sensor)E ©|&3ld AR EX Ego|re 7]
Ax =2 Aee] "ty 223, Fig. 9@ Zol AA o 2X& F<
o] 3 WS F2d 449 83 &= 2 84 dde FHsEA
$3E d3skA ¥ A ok, 2R ZHAME o] &3t A
9] ARt A E gAA FHE.

Fig. 9b)-(c)& Axte EAE7 ZAE AFFEH Hd3e Py
AAE £3 £52 £35S st A& vedd 283, A A3E
sttt AAA B AAe EX el X AAM gre] =719 gkt
ZAHE AHAN AR EAEY 838 8% ez Fdsin o
Al AR R 2FE ste AE UEdn

Fig. 9(d)-(e)= AAe
HAd EAGFETE AR

X o
>
rE
o
td
g
iz}
\H,
ofp
4
o
o
&t
ol
N
B
fru

0
i

54 23 2 u&

M 2 Agel g AlEgeld 4 4F AIE Figs. 10-11°4 e
Wadch F3 23 U 48 AL FAM ARl 27 HA
A AArel mAE Rt AAE fA 48 83 S5 R F Hde
FAAA SHE PokA &3 A FYP¥G 2 MM s EA
87 X7 9 37 EX Asvt 4En S0 APt

Fig. 10(a)ole &3 £x9 AlEHoA 2 AF ZAAE YeHAT
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&5t x7] o 7279 FA ARS JHAGEA FE3d FHHE
& 9tk 83, Fig. 10b)e 8 289 AX 3 ZAE dE
Wi glew, o 18mm °lF 7]& A4 & FFd A& HEhx
k. =3, Fig. 10d)E EXY AXE Adsty] AT AL 74 A
Aol AXgY A%g vedz Jdow, A9 d(erron®lel 71E
o & FFn &S & F AUk AT, AA 4 Adge A ED
old ZAxto} gl Alxwlo] o wo]= P e i FFE £FL
B 91gS A AH4E BEA ¢ F Aok

A2y §4 F3 2H A3 Ao dig AEHold 2 A 23
£ Fig. 11°] Jehiich A3 Ade 73 22X A 4F £x7t
O(zero)ol iz, 3 ZHolA A3 3cte 714 sto] AlEeo]do] FPHA
3, AA AE AFdME A 4T Z2HE U FI 2R
Fig. 11(b)%} 2L 71% &% ¢98<L FAL 1 v ¢ HE S
2 AZEA FEFET YSL & F YUt old wie} Fig. 11(a)e] o
Bl 3 289 £H &5 FF ARe s LS FFetn &S
Yetd L ok =3, Fig. 11(del vebd 34 3 AA9 94, =
X9 gxe Ad o 0.4mme 23 (erron)E 7HAX &3 A&
FZ3n J&e vtz v AR o] eae A7Vt W FY)
o] 84 FHA 4dFE vAAE FUH

AEH ol AToA d& F UAAND 2R dF EE FHFvH
(parameters)®] FHE AE AIedXe LE Fergo WY YHE

T F e, £3 &5, 2R 94, £H3AA FH AN A,
Zt&w o AEuts 248 & AU

oo
2

e
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100 1 T T 1 I [ I

50 —
=
] 0 :
&
X 50 _ _
S \ experiment
& ;
go'mo | simulation ]
% -150 reference .
N
-200 -
-250 ' '
0 1 2 3 4 5 6 7 8 9 10
Time (s)
(a) The welding speed ¥y
2575 1 I [ I T 1
2576 ——————— experiment -
0 sttt simulation
T 2565 |
E W e reference
>
S
Y |
) A A
! 1

0 10 20 30 40 50 60
Y position (mm)

(b) The position of mobile robot x.
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P
= - NN
O O ;o

Control input u

@®
<D

Seam tracking sensor (mm)
o] o0 o
- N w

o]
o

~
0w

left motor

________ right motor

[0}
(34}

[oc]
H

(d) Distance of the seam tracking sensor x;
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1 2 3 4 5 6 7 8 9 10
Time (s)
(c) Control input for the mobile robot wu,
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Torch slider (mm)

Control input u_(x10°)

188

186

184

182

180

178

176

174

172

Time (s)

(e) Distance of the torch slider xj

Time (s)

(f) Control input for the torch slider u,

Fig. 10 Experimental results of straight locomotion

_45_



100 l | i ] [ I i T
90 - i
= ]
S
£ |
\E’ ]
'“ .
S experiment
&
0 40/ TTrimmmes simulation .
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(a) The welding speed v,
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a-@_oosa experiment .
§ —————————— simulation
& -0.010} i
2 1 =mmmm———- reference
3 -0.015} i
Qv
=~
N
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(b) The angular velocity of mobile robot ¢
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(f) Control input for the torch slider u;

Fig. 11 Experimental results of turning locomotion
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Photo 6 Experimental scene of mobile robot

Photo 7 Welding bead of Experiment
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Photo 6& ZA18 &4 F9 2x& AA A3 =95l &
Fata Qe AdEg vEhd Apdolt 3 2ol AAH BAMAN
= axetz Qod, Photo 7¢ FA 2ol §HE &3 WI=E UH
W3 gon, &4 v FAL s S8 A2 83238 Peisd
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HeZdZd £

2 =dAMe A 2 43% &4 e BEF &3 F e &
A 7Y 219 24y 2 I A7) AAES Adsts

43 F3 2R wdgl ponholonomic 745Z7A o}#d Lagrange
WS olgdtd &5 WAHAS T 183, Lagrange
multipliers& 4733, 83 X0 A TS T35t &4 F
2R RE FHHAA S FatATh

F3 2R Ao AXM FYF M3 Aojo uwet Ar|E st
of AeA, &4 SEE dASA FAGe BHAA A& A
Astd . A F38 A= nonlinear A Hl FH=wiz T3 2R gigh
A E% P (decoupling matrix)S T3t P3G o, A3 Aoj=
T8 2Xo] A3 A &7 £k FY 2R A5kt BA LAY
& Fit9 FYsPu. a8, EX &tojlde £HA FH Ao
PID Ale|71& AAstd 335t

T3 2o g A2Ag A e HEH F AEF 43 viol
A2 ZZAHAA 80C196KC-203+ DSPQl TMS320C32-PCM50< ©] &
sto] F@AsATh ALt Aojrje] A4 A FEE DSPAA S3s}
3, A4t HEE dHelEE ol &t AA Al&FE Aojste FEE W
olZ2z ZzAA7 FIsT 2FL AAF &4 @Ue AFso
AA &4& FPsdch AH L A3 Ao ol g zH o7

o 4% Age A BEA F FFhn YL FAY & A
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