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Cartesian coordinates under the presence of external disturbance, and its parameters are exactly
known. It is assumed that the disturbance satisfies the matching condition with a known
boundary. To obtain the controller, the tracking errors are defined, and the two sliding surfaces
are chosen to guarantee that the errors converge to zero asymptotically. Two cases are to be
considered : fixed torch and controllable torch. In addition, a simple way of measuring the errors
introduced using two potentiometers. The simulation and experiment on a two-wheeled

is
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(x, y) . Coordinates of the WMR’s center [m] [m/s]
¢ . Heading angle of the WMR [rad] Ww > Angular velocity of the welding point
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A(g) : Matrix related with the nonholonomic
constraints

T . Control input vector [kgm]

Trw. Tw . Torques of the motors which act on the

right and the left wheels [kgm]
A : Constraint force vector
. Control law which determines error

dynamics

me . Mass of the body without the driving
wheels [kg]

M . Mass of each driving wheel with its
motor [kg]

1Ly . Moment of inertia of each wheel with
its motor about the wheel axis [kgm?]

In . Moment of inertia of each wheel with
its motor about the wheel diameter
(kgm?]

I . Moment of inertia of the body about

the vertical axis through the mass cen-
ter of the WMR [kgm?]

1. Introduction

Welding automation has been widely used in
all types of manufacturing, and one of the most
complex applications is welding systems based on
autonomous robots. Some special welding robots
can provide several benefits in certain welding
applications. Among them, welding mobile robot
used in line welding application can generates the
perfect movements at a certain travel speed, which
makes it possible to produce a consistent weld
penetration and weld strength.

In practice, some various robotic welding sys-
tems have been developed recently. Kim, Ko,
Cho and Kim (2000) developed a three dimen-
sional laser vision system for intelligent shipyard
welding robot to detect the welding position and
to recognize the 3D shape of the welding envi-
ronments. Jeon, Park and Kim (2002) presented
the seam tracking and motion control of two-
wheeled welding mobile robot for lattice type
welding ; the control is separated into three dri-
ving motions : straight locomotion, turning loco-
motion, and torch slider control. Kam, Jeon and
Kim (2001) proposed a control algorithm based
on “trial and error” method for straight welding

using body positioning sensors and seam tracking
sensor. Both of controllers proposed by Jeon and
Kam have been successfully applied to the prac-
ticed field. Bui, Nguyen, Chung and Kim (2003)
proposed a simple nonlinear controller for the
two-wheeled welding mobile robot tracking a
smooth-curved welding path using Lyapunov
function candidate.

On the other hand, there are several works on
adaptive and sliding mode control theory for
tracking control of mobile robots in literatures,
especially, the mobile robots are considered under
the model uncertainties and disturbances. Fierro
and Lewis (1995) developed a combined kinema-
tics and torque control law using backstepping
approach and asymptotic stability is guaranteed
by Lyapunov theory which can be applied to the
three basic nonholonomic navigation: tracking
a reference trajectory, path following and stabili-
zation about a desired posture. Yang and Kim
(1999) proposed a new sliding mode control law
which is robust against initial condition errors,
measurement disturbances and noises in the sen-
sor data to asymptotically stabilize to a desired
trajectory by means of the computed-torque
method. Fukao, Nakagawa and Adachi (2000)
proposed the integration of a kinematic control-
ler and a torque controller for the dynamic
model of a nonholonomic mobile robot. In the
design, a kinematics adaptive tracking controller
is proposed. Then a torque adaptive controller
with unknown parameters is derived using the
kinematic controller. Chwa, Seo, Kim and Choi
(2002) proposed a new sliding mode control
method for trajectory tracking of nonholonomic
wheeled mobile robots presented in two-dimen-
sional polar coordinates in the presence of the
external disturbances; additionally, the control-
ler showed the better effectiveness in the com-
parison with the above in terms of the sensiti-
vity to the parameters of sliding surface. Bui,
Chung, Nguyen and Kim (2003) proposed adap-
tive tracking control of two-wheeled welding
mobile robot with unknown parameters of mo-
ments of inertia in dynamic model.

In this paper, a nonlinear controller using
sliding mode control is applied to two-wheeled
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welding mobile robot to track a smooth-curved
welding path. To design the tracking controller,
the errors are defined between the welding point
on the torch and the reference point moving at a
specified constant welding speed on the welding
path. There are two cases of controller: fixed
torch controller and controllable torch control-
ler. The two sliding surfaces are chosen to make
the errors to approach zeros as reasonable as
desired for practical application. The control law
is extracted from the stable conditions respective-
ly. The controllable torch controller gives much
more performance in comparison with the other.
In addition, a simple way for sensing the errors
using potentiometers is introduced to realize the
above controller. The simulation and experi-
mental studies have been conducted to show the
effectiveness of the proposed controller.

2. Dynamic Model of the Welding
Mobile Robot

In this section, the dynamic model of a two-
wheeled WMR is considered with nonholonomic
constraints in relation with its coordinates and
the reference welding path.

The WMR is modeled under the following
assumptions :

(1) The radius of welding curve is sufficiently
larger than turning radius of the WMR.

(2) The robot has two driving wheels for body
motion, and those are positioned on an axis
passed through the robot geometric center.

(3) Two passive wheels are installed in front
and rear of the body at the bottom for balance of
mobile platform, and their motion can be ignored
in the dynamics.

(4) The velocity at the point contacted with the
ground in the plane of the wheel is zero.

(5) The center of mass and the center of rota-
tion of the mobile robot are coincided.

{(6) A torch slider is located to coincide the axis
through the center of two driving wheels.

(7) A magnet is set up at the bottom of the
robot’s center to avoid slipping.

The WMR used in this paper is of a two-

CRORONON g )
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1 <l ‘ 7] @ )
. 1 /\ § - ' _\
<
oy
: I
@ welding torch @l wheel- driving motors
@ sensor @ proximity sensor
(3) torch slider Q) imit swi
\3,) torchslider \:/ ') lower limit switch

@ torch-slider-driving motor@ driving wheels
Fig. 1 Configuration of the WMR

wheeled mobile robot with some modifications
on mechanical structure for welding application
as shown in Fig. 1.

The WMR has a geometrical property: the
welding point is outside its wheels and is far
from the WMR’s center. If the torch is fixed,
this property leads to the slow convergence of
tracking errors. This disadvantage can be over-
come by using a controllable torch. As a result,
there are three controlled motions in this welding
mobile robot : two driving wheels and one torch
slider. By including the welding torch motion
into the system dynamics, the welding mobile
robot can track the reference welding path at
welding speed effectively.

The model of two-wheeled welding mobile
robot is shown in Fig. 2. The posture of the
mobile robot can be described by five generalized
coordinates :

q:[x3’¢¢9rw Ou]” (D

where (x, y) and ¢ are the coordinates and
heading angle of the WMR ; and 6, are @, the
angles of the right and left driving wheels.

Also the internal state variables are chosen as
follows :

Z:[Cl)rw CUlw]T (2)

It is assumed that the wheels roll and do not
slip, that is, the robot can only move in the direc-
tion of the axis of symmetry and the wheels
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Fig. 2 Two-wheeled WMR model

do not slip. Analytically, the mobile platform

satisfies the conditions as following (Fukao,

Nakagawa and Adachi, 2000):

¥ €oS ¢— 1% sin ¢=0
% cos ¢+ sin ¢+ bd=rwn, (3)
% cos ¢+ v sin p— bd=rww

or in the matrix form
Alg)¢=0 (4)
where
sing —cos¢p 0 0O O

A(g)=|cos¢ sing b —» 0
cos¢ sing —b 0 —r

The kinematic model under the nonholonomic
constraints (4) can be derived as follows :

G=J(q)z (5)

where J(g) is nX{(n—m) a full rank matrix
satisfying J7(q) A" (q) =0.

The system dynamics of the nonholonomic
mobile platform in which the constraint Eq. (5)
is embedded as follows:

=]z (7
JTMJz+]J"(MJ+ V])2=] "Bz (8)

Multiplying by (J7B)™%, Eq. (8) can be rewritten
as follows:

M(g)z+ Vg, ¢)z=r 9)

where M= (J"B) "\ J*M],
Vig, 2=J™B)"'J"(M]+V])

X r v
TCOS ¢7C,OS [
y
g=| ¢ |, J@= %singo %singo z=[z):”]
G T _r
Ouw 25 2b
7,2 5 7,2 3
M= r? 2 ¥ 2
4—[)2(mb -0 sz(mb +I)+1,
2
_ 2b
V:

2

Z'ZI: Tm]’ m=7ﬂc+2mw,

Tiw

I=md* +2meb?*+1.+21,

Trw, Tiw « torques of the motor act on the right and
the left wheels

Me, Mw. mass of the body and wheel with motor

I, . the moment of inertia of the body about
the vertical axis through WMR’s center

I, . the moment of inertia of the wheel with
motor about the wheel axis

In . the moment of inertia of the wheel with
the motor about the wheel diameter

In this paper, the behavior of the welding mo-
bile robot in the presence of external disturbances
ta is considered. Taking into account the distur-
bances, real dynamic equation of the welding mo-
bile robot can be derived from Eq. (9) as follows
(Yang and Kim, 1999):

Mg z+V(g, §)ztn=r1 (10)

It is assumed that the disturbance vector can be
expressed as a multiplier of matrix M (q), or it
satisfies the matching condition with a known
boundary :

u=Mq)f (11)
=0A L5 A fon L ol < Fm, (12)

where fn, and f, are upper bounds of distur-
bances.
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The model of the WMR is shown in Fig. 2.
It is modeled including the motion of welding
torch into system dynamics so that the welding
point on torch can track the reference path at
specified welding velocity.

First, the kinematic equations of the WMR in
the Cartesian space corresponding to Eq. (4) are
set up as follows :

X cos 60 y
y =Sin00[ }

é 0 1

(13)

The relationship between vy, w and the angular
velocities of two driving wheels is given by

(I)rw:l: /v b/r ][u]
Otw I/r —b/r]|w
where wr and @ represent the angular veloci-

ties of the right and left wheels ; & is the distance
from WMR’s center point to the driving wheel ;

(14)

and 7 is the radius of wheel.

Second, the welding point W (%, y») on torch
and its orientation angle ¢, can be derived from
the WMR’s center C(x, ¥):

xw=x—1sin ¢
yo=y+1[cos ¢
bu=0

(15)
where [ is the length of torch. The derivative of
Eq. (15) yields

—/sin¢

[U]-i- [ cos ¢
@ 0

A reference point R (x,, yr, ¢-) moving with the
constant velocity of v, on the reference welding

Xw cos ¢ —Icos ¢
Yw|=|sin¢ —/sin ¢
Zw 0 1

(16)

path satisfies the following equations :

Xr=VYr COS ¢r
Yr=V,SIn ¢

(};r:wr

(17)

where ¢, is the angle between ¥, and x coordi-
nate and w- is the rate of change of V.
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3. Sliding Mode Controller Design

Our objective is to design a controller so that
the welding point W tracks the reference point
R at a desired constant velocity of welding v,
We define the tracking errors e=[e;, €, es]” as
shown in Fig. 2:

el cos g sing 0|l xr—xu
e |=|—sing cos d 0| ¥vr—yu (18)
€3 O 0 1 ¢r—¢w
The first derivative of errors yields
e [—1 e+l ) VrCOS &5 |
él=l 0 —e [ :|+ ursines—f (19)
. @
€3] | 0 —1 Wr |
Also, the second derivative,
hé{ _0 €2+l y —1 €2+Z D—
é:|=|0 —é [ ]-F 0 —a [w
FJ 0 0 0 -1 -
b - (20)
—Vr€3SIn g3
+| vréscos es— 1
Wr

We will design controllers to achieve e; — 0 as
t — o0 ; as a result, the welding point W tracks
to the reference welding point R at a desired
welding velocity.

3.1 The controller for fixed torch

To design the controller for the case of fixed
torch (/=0, /=0), the sliding surfaces s=[s
s2]7 are defined as follows

82[31]=[é1+k1€1+k2 Sgn(€1> | &2 I
S2 é3+/€3€3

] (21)

where ki, k2 and ks are positive values and
sgn{+) is the sign function. When reached the
sliding surface, the system dynamics satisfies the
differential equation cobtained from s=0, namely,

2 — — e
[e.l} :[ kier—kysgnlel)| e |] (22)
€3 —kses

In the first row of (22), when becomes positive,
&1 becomes negative and vice versa. Thus, the

equilibrium point of e, converges to zero, which,
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in turn, leads to the asymptotic convergence of
| ez| to zero. Similarly, the second row, e; also
converges to zero.

As a feedback linearization of the system, the
control input is defined by computed-torque
method as follows (Yang and Kim, 1999)

M(q)2,4 V(g §)z+M(@u=r  (23)

where #=[u u:]7 is a control law which deter-
mines error dynamics.

Substitution of the control law (23) into Eq.
(10) yields

sHf=z+u

2

The following procedure is to design the con-
trol law z which stabilizes the sliding surface
vector s. From Egs. (20) and (21) with /=0 and
{=0, we have

|:é1:| =[é2w— v+ (et 1) @—vréasin es
éa Cl)r_Cl)

] (25)

In this application, the speed of the welding
point is constant (,=0), Eq. (25) can be
rewritten as follows

[él]__[ (»—w)]
e |lo—ar)

2
+[e‘za)+ (e:+ 1) &@—vréssin es] (26)

0

For the simplicity, Eq. (26) is modified as below

[é1+k1é1+k2 sgn(e))| éx|]
&3+ hsés ]
:_[(;.J—D.,) ]+[ezw+(ez+l)a)—uréasm es] (27)
(0—ar) 0
+[k1é1+kz sgn(e)| e ]
ksés i

Substituting Eqs. (21) and (24) into Eq. (27), it
reduces to

F]]z_[ul}i_[fl]_}_[ézwi'(ez+l)d)—Vré3 sin ea]

$2 U 2 0
28
+|:k1é1+k2 sgn(en)| é I] 28

Faés

Let the control law z=[u; u2]” be

[u1]={41 0:| [81:|+[P1 0] [Sgn(&)]
w2 0 g | 0 p Sgn(Sz)
+[(Vr sin e;—e1w) a)+(()€z+l) @—Vréssin ea] (29)

[k1é1+kz sgn(e)| & l]
+ ,
kses
where ¢; and p;, (i=1, 2) are positive constant
values, then Eq. (28) becomes

s=—Qs—Psgn(s)+f (30)

Define the Lyapunov function as
V=% s7s (31)

Its derivative yields

V=s1$1+s:6,=57§
=s"(~Qs—Psgn(s) +1) (32)
=—sTQs—(P|s|—fs)

where,

Sl p| B O |10 _IA
s_[&]’ 9 {0 42]’ P [0 fZ]’ f [fj
If we choose ¢;>0, p;>fm, (i=1, 2) then V

turns to be negative semi-definite, and the control
law w stabilizes sliding surfaces (21).

3.2 The controller for controllable torch
To design the controller, the sliding surfaces
s=[s1 s2]7 are defined as

S1 é1+k121
= = 33
§ [Sz] [éa+ka€3:| ( )
Similarly, following the above steps with the

new sliding surfaces of Eq. (33), the control law
u can be derived as

He
| 10 g|s:| |0 ) senis)
N (vrsin a—eiw+1) o+ (e 1) o= vréssin e
0
klélJ
+
[kaes
We have to design one more controller for torch
as follows :

] (34)
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Let the Lyapunov function candidate be
Vz% e (35)

= V=eaé=e(—awtv-sines—{) (36)

To achieve V<0, we choose control law for the
torch as follows :

j=Ur sin es+kne—erw (37)

3.3 Chattering phenomena elimination

In general, chattering must be eliminated for
the controller to perform properly. This can be
achieved by smoothing out the control discon-
tinuity in a thin boundary layer neighboring the
switching surface (Jean-Jacques E. Slotine and
Weiping Li, 1991.)

In this case, the welding velocity is rather slow,
7.5 mm/s; consequently, the chattering pheno-
mena makes the motor alternatively change di-
rection, forward and backward by sampling time,
to make it impossible to implement the controller.
Therefore, a smooth controller is used with a thin
boundary layer #=0.1 instead of the switching
controller from Eq. (34) by substituting sign(-)
function with sat(+) function, that is,

a]_[a 0]s],[» 0 5‘“(%)
Heokel

sat

+[(yr sin es—eww) w+ (e:+1) d—vréssin es]( )

klél
+[k333]

where the saturation function is defined as

1sat(y)=y if | y|<1

39
sat(y) =sgn(y) otherwise (39)

With smoothing approach, the controller (38)
can be implemented to the practical welding mo-
bile robot totally. The effectiveness of the con-
troller can be seen through the simulation and the
experiment.

3.4 Measurement of the errors
In this paper, the controller is derived from
measurement of the tracking errors ei, €, ez in
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Egs. (29), (34) and (37). The errors measure-
ment scheme is described in Fig. 3: the two
rollers are placed at Oy and O, (Bui, Chung,
Nguyen and Kim, 2003).

reference welding path ”~

il

i\
roller \Wix,.y,)
» J'un'.l'f\llbl‘-.}

A\ ]

] O

Fig. 3 Error measurement scheme (a), and its
implementation (b)
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The roller at O is used to specify the two errors
e1, e2 and the other, error es. The distance be-
tween the two rollers 0,0: is chosen according
to the curve radius of the reference welding path
at the contact R (xr, ¥,) such as ¥, // 0,0z The
rollers’ diameters are chosen small enough to
overcome the friction force.

From Fig. 3(a), we have the relationships

e1=—7s8sin e3
e=(ls—1) —rs(1—cos e3) (40)
es=2(0,C, 0:0,) —7/2

where #s is the radius of roller, and /s is the
length of sensor. And the two potentiometers are
used for measuring the errors : one linear poten-
tiometer for measuring (/s—/) and one rotating
potentiometer, the angular between X coordinate
of WMR and 7.

4. Simulation and Experimental
Results

To verify the effectiveness of the proposed
controllers, simulation and experiment have been
done for two cases: fixed torch and controlled
torch with a reference smooth curved welding
path in Fig. 6.

4.1 Hardware of the whole system

The WMR’s control system was specially
designed for mobile robot with a complicated
control law. The control system was modularized
on function to perform special control.

The control system is based on the integration
of four PIC16F877's: two for servo DC motor
controllers, one for servo torch slider controller
and one for main controller. The three servo
controllers can perform indirect servo control
using one encoder. The main controller which is
functionalized as master links to the three servo
controllers, as slave, via I2C communication. The
two A/D ports on master are connected to the
two potentiometers for sensing the errors, as
mentioned in section 3.4. The total configuration
of the control system is shown in Fig, 4.

For operation, the main controller receives
signals from sensors to achieve the errors by

ispia; 3 Feypad
(F-urarae s Saving)

Rgtr 4L
Whee! e

Sereny Carnorar f
ACI1BFET?

P

Photo. 1 The controller of the WMR

Eq. (40), then the control laws Eq. (34) are
rendered based on the errors for the sampling
time of 10 ms, and send the results to the three
servo controllers via 12C, respectively.

4.2 Simulation and experimental results

To verify the effectiveness of the proposed
controller, simulation has been done for two
cases : fixed torch and controllable torch with a
defined reference smooth curved welding path
(Fig. 5). Also, for the implementation of the
practical mobile robot, the simulation for chatter-
ing eli mination has been done as well. In
addition, the controller was applied to the two-
wheeled welding mobile robot for the experiment.
It is shown that the welding mobile robot can be
used in the practical field.

In the case of fixed torch, the design para-
meters of the sliding surfaces are £1=0.5, £,=0.5,
k3=0.7 ; and the parameters of the control law
0n=0.6, p.=2, ¢:=10, q.=0.35.

In the case of controllable torch A =1.85,
k=08, ks=S5, k=2 =1, po=2: ;=10 and
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g2=1. The input disturbances are chosen to be
random noises of mean 0 with variance 0.2, and
the upper bounds of disturbances are assumed
that fp,=fm,=0.5 N. The welding speed is 7.5
mm/s. The WMR’s parameters and the initial
values for the simulation are given in Table 1.
The simulation results are given through Figs.
(6) ~ (22). The tracking errors are given in Figs.

Table 1 The numerical values for the simulation

Parameterl Value lUnit ‘Parameter‘ Value ‘Unit

The parameter values of the WMR

b 0.105 m d 0.01 m
7 0.025 m me 16.9 kg
Mw 0.3 kg I 0.2081 | kgm®
Lo |375%107%| kgm? In  |496X107¢| kgm®
The initial values of the WMR

Xr 0.280 m Yr 0.400 m

Xw 0.270 m Yu 0.390 m

v 0 mm/s 7 0 rad/s

ér 0 deg ¢ 15 deg

! 0.20 m Wr 0 rad/s
y(m4 (0-865.0910)

(0.730,0.854) (1.015.0.910)

{0.677,0.801)

s

R

I
"
"0 (0.865,0.719)

0.621,0. wneeen (0.812,0.666
¢ 866) 1% o ior o ¢ )
0.430,0.501) Oroerse e cmmhn
( AN (0.621.0.591)
5
(0.280,0.400) (0.430,0.400)

X(mV)

Fig. 5 Smooth curved reference welding path
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Fig. 6 Tracking errors with fixed torch (20s)
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(6) and (7), and it can be seen that the control-
ler with controllable torch, which has the conver-
gent time of 3s, gives much more performance
than one with fixed torch, the convergent time of
15s ; therefore, from now on, the simulation is
presented only for the case of controllable torch.

Figure 8 shows the tracking errors with the
chattering phenomena is eliminated. The tracking
errors when the mobile robot passes through the

_ Errore, (mm)

Error e, (mm)

v

Tracking error
h o
.

L
o

151 :
0 05 10 15 20

30 35 40 45 50

25
Time (s)
Fig. 7 Tracking errors with controllable torch (5s)

without smoothing

Error e, (mm)

_~ Error e, (mm)

Tracking error
o

I \ Error e, (deg)

0 05 10 15 20 30 35 40 45 S50

25
Time (s)
Fig. 8 Tracking errors at beginning (5s) with

smoothing

0.10
Error e, (mm)
5 0.05
E Error e; (deg)
80 )
£ 0
£ 1N
§ .
5005
Error e, (mm)
0.10
0 20 40 60 100 120 140

80
Time (5}

Fig. 9 Tracking errors with smoothing for full time



Sliding Mode Control of Two-W heeled Welding Mobile Robot for Tracking Smooth Curved Welding --- 1103

corner (the joint from straight line to curved line)
for full time of 140s are shown in Fig. 9;
intuitively, there are quick and sudden changes of
errors when the WMR passes through the corners.
The sliding surfaces s, and s; are given in Figs.
(10) and (11), respectively.

Figure 12 shows the linear velocity of the
WMR ; Fig. 13 shows one of the most important

Fig. 10 Sliding surface s; at beginning (5s) without
smoothing

Fig. 11 Sliding surface s, at beginning (5s) without

smoothing

Fig. 12 Linear velocity of the WMR at beginning
(5s) without smoothing

parameters : welding velocity. The welding veloc-
ity in comparison to linear velocity of the WMR
is given in Fig. 14. It can be seen that the welding
velocity keeps the welding speed in the vicinity of
7.5 mm/s as desired, even the fluctuation of the
WMR'’s velocity.

The angular velocities of the left and the right
wheels without smoothing for the first 5s are

Fig. 13 The welding point velocity at beginning
(Ss) without smoothing

Fig. 14 Linear velocities and welding point with

smoothing

Fig. 15 Angular velocities of two driving wheels at

beginning (5s) without smoothing
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given in Fig. 15, and we can see that it is impos-
sible to implement the controller because the
angular velocities of the two driving wheels are
changed direction for a short time (sampling
time: 10 ms). Therefore, the chattering elimina-
tion is applied to the designed controller as
shown in Figs. (16) and (17) for the first 5s and
full time of 140s, respectively.

(=

right wheel

Angular velocity (rpm)

n
S

&
=3

0 05 10 15 2 30 35 40 45 50

0 25

Time (s)

Fig. 16 Angular velocities of two driving wheels at
beginning (5s) with smoothing

8 [

% T
RS : ™ right wheel
g =
s ~
2, o [
§ left wheel | |
o : :
~ 1 H

.2 : !

¢ 20 40 &0 100 120 140

80
Time (s)
Fig. 17 Angular velocities of two driving wheels

with smoothing
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o] 05 10 15 20 25 30 35 40 45 S50
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Fig. 18 Experimental tracking errors at beginning

(5s)

Additionally, the tracking errors of ¢, ¢, and
e of the experiment in the comparison with those
of the simulations are shown in Figs. (18) ~ (20),
respectively. Also, the controllable torch is used
for faster convergence of errors, and its behavior
shows the effectiveness of the controllable torch
that can compensates for the errors immediately.
The torch length is given in Fig. 21. The posture
of the welding mobile robot for tracking smooth

10

Simulation result
Fxperimental result

Tracking error e, (mm)

2|

-4
0 05 10 15 20 26 30 35 40 45 50
Time (s)
Fig. 19 Experimental tracking errors at beginning
(5s)
4
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8 .
E -6 AN Simulation result
N
%0 -8 N
g -10 Experimental result
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-14
-16
0 05 10 15 20 25 30 35 40 45 50
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Fig. 20 Experimental tracking errors at beginning
(5s)
210
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Fig. 21 Experimental torch length at beginning (5s)
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Photo. 2 The experimental WMR

curved welding path is shown in Fig. 22. And the
experimental WMR is given in Photo. 2.

From the simulation and experimental results,
we can conclude as follows

* The controller for the case of controllable
torch gives much more performance in compari-
son with the other, that is, (i) the time conver-
gence of the errors reduces to 3 seconds ; (ii) the
system is less sensitive to the control parameters,
if not gentle and flat ; (iii) the convergence of e,
is fast enough for the welding application.

* The chattering phenomena, as nature of this
control, has to be eliminated for the implemen-
tation of practical welding mobile robot ; if not,
the chattering controller fails to implement for
sure.

5. Conclusions

A nonlinear controller based on sliding mode

control has been introduced to enhance the trac-
king performances of the WMR. The controllers
were designed in two cases : fixed torch and con-
trollable torch. To design the tracking control-
lers, an error configuration is defined and the
two sliding surfaces are chosen to drive the errors
to zero as reasonable as desired. Also, a simple
way of measuring the errors for deriving the con-
trol law is proposed. Additionally, the chattering
elimination has been done for the controller to
implement. The simulation and experimental res-
ults show that the proposed controller is applica-
ble and can be implemented in the practical field.
It can be concluded that the controller with
controllable torch gives the much better perform-
ance than the other.
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