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A Simple Nonlinear Control of a Two-Wheeled
Welding Mobile Robot

Trong Hieu Bui, Tan Tien Nguyen, Tan Lam Chung, and Sang Bong Kim

Abstract: This paper proposes a simple, robust, nonlinear controller based on Lyapunov stabil-
ity for tracking the reference welding path and velocity of a two-wheeled welding mobile robot
(WMR). The system has three degrees of freedom including two wheels and one torch slider.
Torch slider motion is used for faster tracking because the welding speed is very slow. Control
law is obtained from the Lyapunov control function to ensure the asymptotical stability of the
system. The controller has three free parameters for adjusting the performance of the controlled
system. A simple way of measuring the errors using two potentiometers is introduced. The effec-
tiveness of the proposed controller is shown through simulation results.

Keywords: Welding mobile robot (WMR), tracking, welding path reference.

1. INTRODUCTION

Today, the welding process is strongly encouraged
for improvements in quality, productivity and labor
conditions. In naval construction, the automation
welding process is ultimately necessary, since the
welding sites are spatially enclosed by floors and
girders and the welders are exposed to severe work-
ing conditions. To solve this problem, some robotic
weld-ing systems have recently been developed. San-
tos et al. [11] developed the ROWER system, a com-
plex, four-legged, mo-bile platform welding machine,
for application in the naval construction process. Kim
et al. {7] proposed a system of visual sensing and
welding environment recognition, for intelligent
shipyard welding robots. Jeon et al. [4] and Kam et al.
[6] proposed a simple welding mobile robot (WMR)
for lattice-type of welding. The WMR combines a
platform of a two-wheeled mobile robot and a torch
slider that carries the welding electrode, so the WMR
has properties of a two-wheeled mobile robot.

A mobile robot is one of the well-known systems
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with non-holonomic constrains, and many works on
tracking control methods for mobile robots are avail-
able in the literature. Kanayama et al. [5] proposed a
stable tracking control method for a non-holonomic
vehicle using the Lyapunov function in which the er-
ror configuration is defined and the error dynamics
are used for deriving the controller. Sarkar et al. [12]
proposed a nonlinear feedback that guarantees input-
output stability and Lagrange stability for the overall
system. Fierror [1] developed a combined ki-
netic/torque control law using a back-stepping ap-
proach. Zeng and Moore [16] dealt with time-optimal
con-trol strategies for mobile robots to track a moving
target with the Pontryagin maximum principle. Yun
and Sarkar [15] focused on kinematics and control of
a vehicle with two steerable wheels using a dynamic
feedback linearization. Mukherjee et al.[10] proposed
an asymptotic feedback stabilization of a non-
holonomic mobile robot using a nonlinear oscillator.
Taybei [13] presented a back-steeping procedure for
the design of discontinuous, time-invariant, state
feedback controllers for the stabilization of non-
holonomic systems and an exponen-tially stabilizing
adaptive controller for conditions in which inputs dis-
turbances exist. Tsuchia et al.[14] designed a control-
ler based on the kinematic model by extending the
Lyapunov control. Fukao et al.[2] dealt with the adap-
tive tracking control of a two-wheeled mobile robot.
An adaptive law was proposed for updating the error
of unknown parameters. Lee et al.[9] used a satura-
tion feedback controller for tracking control of a
unicycle-modeled mobile.

Jeon et al.[3] applied the two-wheeled mobile robot
for welding automation. Jeon proposed a seam-
tracking and motion control of WMR for lattice-type
welding. Three controllers were available for control-
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ling, straight and turning locomotion and the torch
slider. Kam proposed a control algorithm for straight
welding based on “trial and error” method in each
step time. The seam-tracking sensor moves together
with the torch slider. If there is an “error,” the control-
ler will adjust the WMR motion based on pre-
programmed schedule. The controllers are used only
for straight-line tracking and cannot be extended for a
smooth, curved-line tracking. Both controllers pro-
posed by Jeon and Kam have been successfully ap-
plied for real systems, but both controllers are com-
plex and experience loss of generality when allying
for general, smooth path tracking.

This paper proposes a simple nonlinear controller
based on the Lyapunov control function to enhance the
tracking properties of the WMR. To design a tracking
performance, an error configuration is defined and the
controller is designed to drive the error to zero as fast
as desired. The controlled system at-tains Lyapunov
stability. To design a controller, a simple method for
measuring the errors using potentiometers is proposed.
Two cases are considered: fixed torch and controlled
torch WMRs. The WMR has a geometrical property:
the welding point is outside its wheels and is far from
its center. This property leads to the slow convergence
of tracking errors in the case of a fixed torch WMR.
This disadvantage can be overcome by using a con-
trolled torch slider. The simulation for a WMR with a
straight welding path shows the effective-ness of the
proposed controller.

2. SYSTEM MODELING

The WMR used in this paper is the MR-SL model
which was developed by CIMEC Lab., Pukyong Na-
tional University, and was used for Jeon and Kam’s
works et al.[6] The model is presented in Fig.1. This
WMR model was originally developed to automati-
cally weld the straight-line but with an appropriate
controller, as shown in this paper, it can be used for
welding a smooth curved line. By including the weld-
ing torch motion into the system dynamics, the weld-
ing robot can track the reference path and welding
speed well.

We assume that the wheels roll and avoid slipping.
The kinematic equation of the WMR and the relation
of its coordinates with its reference welding path are
shown in Fig. 2. The ordinary form of a mobile robot
with two actuated wheels can be derived as follows

X cos¢g O
v
y|=|sing 0O { :|, ey
. w
o 0 1
where C(x, y) is the Cartesian coordinate of the
WMR’s center point, ¢ is the heading angle of the
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Fig. 1. WMR configuration.

WMR, and v and @ are the straight and angular ve-
locities of the WMR at its center point

The relationship between Vv, @ and the angular veloci-
ties of the two driving wheels is

a,, 1/r blr v
= , )
a,, I/'r =blr| | @
where @, , @, represent the angular velocities of

the right and left wheels, » is the distance from the
WMR’s center point to the driving wheel, and r is
driving wheel radius. The welding point coordinates,

W(x,,y,), and the heading angle, ¢, , can be calcu-
lated from the WMR’s center point:

x,=x—1sing,
y,=y+{lcosg, 3)
g, =9

Hence, we have
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Fig. 2. Scheme for deriving the kinematic equations
of WMR.
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A reference point, R(x,,y ), moving with the con-
stant velocity of v_on the reference path, has the co-
ordinates (x,,y,), and the heading angle, ¢,, satis-
fies the dynamic equation

X, =V, Ccosg,
Y, =v,sing (5)
¢r = a)r’

where ¢ is defined as the angle between v, and
x coordinates and ®, is the rate of change of ¥
direction.

3. CONTROLLER DESIGN

Our objective is to design a controller so that the
welding point W tracks to the reference point R. We

define the tracking errors e =[e,,e,,e,]" , as shown in

Fig. 2, as
e cos¢p sing Of |x —ux,
e, |=|—sing cos¢ 0| |y -y, |. (6)
e3 0 0 1 ¢r - ¢w

We will design a controller to achieve ¢, =0 when
1 = e, and hence the welding point W tracks to its

reference point R . We will consider two cases: using
and omitting the torch slider.

3.1. Fixed torch length

In this case, the torch is adjusted only before weld-
ing. Angular velocities of the left wheel and the right
wheel are the two inputs to the system. When torch
length [ is constant, from Egs. (1, 3-6), we can con-
firm that ¢, satisfies

¢ Vv, cose, -1 e, +!

v
é, |=|v,sine |+| 0 —e¢ |: } @)
' w

é, @, 0 1
The chosen Lyapunov function and its derivative are
given as

1, 1, 1l-cose,

V.=—¢ +—e, + , 8
-y ®

; . . sine, ,
Vo =eé +ee, + : €
k2

sin e,

=¢ (—vt+lw+v, cose)+ (—o+ o tkeyv,).
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An obvious way to achieve negativity of V, is to

2

choose (v,w) as

{v:l(a)r+k2e2vr +k,sine,)+v cose, +ke, (10)

w=aw, +k,ev +ksine,,

where k,k,,k, are positive values. The controller in
Eq. (10) is good for deriving the errors as
e, >0 (i=1,2,3) only when the reference velocity
v is large enough. In our application, the reference
welding speed v, is usually very low (about 7.5X
10" m/s), so that the error e, slowly converges to
zero. This problem can be seen from Fig. 2: with the
geometrical structure of the WMR, the welding point
lies out of the two wheels and far from the WMR’s
center. As a result, only the errors ¢, and e, easily

to converge to zeros. The slow convergence of error
e, can be avoided by using a controlled torch slide.

3.2. Controlled torch length

In this case, the torch is adjusted during welding.
The linear velocity of the torch slider is an additional
system input. The configuration of the torch slider is
given in Fig. 3. When the torch slider is used, the
torch length [ is changeable. (7) is rewritten as

é v, cose, -1 e, +I
. v
é, I=|v sine,—l{+/ 0 —¢ |: :‘ (1D
w
é, @, 0 -1

Now the Lyapunov function is chosen as

1 1 1
VI =§€lz+5€§+5€32 20 (12)

and its derivative is
V., =eé te,e, tee,

= ¢ (—v+lm+v, cose)+e, (v, sine,—[) (13)
+e(—o+w,).

To achieve the negativity of V1 , we choose (v,w) as

v=I (w +k,e,)+v cose, +ke, (14)
w=w, +ke,,
and the torch length [ satisfies
[=v, sine, +kye,. (15)

From Egs. (2) and (10) or Eq. (14), we can calculate
the necessary velocities of the two driving wheels
o, and o,

w *

4. MEASUREMENT OF THE ERRORS

In the mobile robot control problem, environment
information is very important for robot operation.
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Fig. 3. Scheme for measuring the errors.

Of the two types of unknown and known environ-
ments, our application belongs to the first type: the
WMR follows an unknown smooth curved steel wall
to do its lattice-type of welding. For the WMR’s op-
eration, first the free space around the WMR must be
determined for its operation and next, the WMR itself
must be located in its position relative to working
path. In this paper, the controller is derived based on
measuring the tracking errors. Hence, measurability
of tracking error components is very important. Some
methods for measuring these errors depend on the
type of sensor to be used. When some restricted
measurability of error occurs, an observer is used as
in the work of Leferber (2001). To attain the control-
lers of Eq. (10) or Egs. (14-15), errors ¢, e,,e, must
be measured. We propose a simple measurement
scheme using potentiometers to obtain these values as
shown in Fig. 3. Two rollers are placed at points O,

and O,. The distance between the two rollers O,,0, ,
is chosen according to the curve radius of the refer-
ence welding path at contact point R(x,,y,) such as
V, /10,0, The roller diameters are chosen to be small
enough to overcome the friction force.
From Fig. 3, we have the relationships

e, =—r,sine,,

e, = —1)—r.(1-cose,), (16)

e, = Z£(0,C,00,)-7/2,

where r, is the radius of the roller, and [ is the

length of the sensor. Hence, we need two sensors for
measuring the errors, that is, one linear sensor for

measuring (/,— /) and one rotating sensor for

measuring the angle between the X coordinate of the
WMR and v,. If the path is a straight line, no meas-

uring error, except measurement noise, occurs. If the
path is a curved line, a measuring error occurs when
we use the above method to measure the tracking er-
ror. This error depends on the radius of the roller, r,

the length of the sensor, [ , and the length of 0,0,.

However, the effect of this error on the overall per-
formance is acceptable as shown in simulation results
in the next section.

5. SIMULATION RESULTS AND
DISCUSSION

To verify the effectiveness of the proposed model-
ing and controller, simulations have been done for a
WMR with a defined reference-welding path. The
numerical values used in this simulation are given in
Table 1. The welding speed is 7.5 mm/s. The positive
constants in the controller are chosen as
k, =4.2, k, =5000,k, =1for the fixed torch case and

k=12, k, =0.8,k, =0.34 for the controlled torch

length case. The reference path is chosen as shown in
Fig. 4.

The first simulation was conducted with a fixed
torch WMR with the controller of Eq. (10). Simula-
tion results are given in Figs. 5-8. As shown in Fig. 5
the errors converge to zero after about 12 seconds.

If sensor error is considered, tracking errors occurs,
as shown in Fig. 6, when the WMR passes through
the curved line. These errors can be overcome with
the controlled torch WMR. The welding velocity and
the WMR velocities are shown in Fig. 7. The welding
velocity still tracks the reference without oscillation.
The control inputs are shown in Fig. 8.

The second simulation was done for a WMR with a
controllable torch and considering measurement error.
The controller in Egs. (14) and (15) is used. Simula-
tion results are given in Figs. 9-17. For tracking a

Table 1. The numerical values and initial values for

simulation.
Parameters Values Units
b 0.105 m
X, 0.280 m
X, 0.270 m
v 0 mm/s
& 0 deg
l 0.15 m
r 0.025 m
Yy, 0.400 m
Vi 0.390 m
0] 0 rad/s
o 15 deg
o, 0 rad/s
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straight line, the convergence of the errors is very fast
as shown in Fig. 10. With this simulation value, the

€ITors

go to nearly zero after 1.5 seconds, faster than

in the first simulation. The velocities of the WMR and
reference and welding points are given in Fig. 11. The
control in-puts are given in Fig. 12. The torch must be
controlled accord-ing to Eq. (15) and the results are

shown

in Figs. 13 and 14.
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Fig. 4. Reference welding path.
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Figs. 15-18 show the differences when the WMR
passes through the curved line with and without
measurement errors. As shown in Fig. 15, although
measurement error is present, the tracking errors have
smali oscillation. This is acceptable for the WMR ap-
plication. The welding velocity is unaffected as hown
in Fig. 16. The torch slider length is changed as
shown in Figs. 17 and 18.
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Fig. 16. The velocities of the welding point and the
WMR.
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Fig. 18. The torch distance 1.

From the simulation results, we come to the
following con-clusions. First, a fixed torch WMR can
track a straight line, but more time is required for the
errors to converge to zero as desired. In addition,
when measurement error is considered, large errors
occur when the WMR with a fixed torch tracks a
curved line, so it is impossible for a WMR with a
fixed torch to track any smooth curved line. Secondly,
a WMR with a controllable torch can track its refer-
ence path faster than a WMR with a fixed torch and
can be used for tracking any smooth curved line with
acceptable small errors. Thirdly, the proposed simple
method for measuring tracking error can be used for
two-wheeled WMR.

6. CONCLUSIONS

A simple nonlinear controller based on the Lyapunov
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con-trol function has been introduced to enhance the
WMR’s tracking performances. To design the track-
ing performance, an error configuration is defined
and the controller is designed to drive the error to
zero as fast as desired. The controlled system attains
Lyapunov stability and the controller is flexible with
three adjustable parameters. In addition, a simple
method is proposed for measuring the errors and de-
riving the control law. The simulation results show
that the controller can be used for the WMR control
with good performance.
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