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Modeling and Motion Control of Mobile Robot
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This paper presents a motion control method and its simulation results of a mobile robot for
a lattice type welding. 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 for 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 proposed control methods are proved through simulation results and
these results have proved that the mobile robot has enough ability to apply the lattice type
welding line.
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. Distance between driving wheel and J . Inertia moment of rotor
symmetry axis Kb, : Derivative gain for the mobile robot

. Distance from P, to mass center of Kb, . Derivative gain for the torch slider
mobile robot K, . Integral gain for the torch slider
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D * Viscous friction Kr, . Proportional gain for the mobile robot

I > Inertia moment of mobile robot
excluding driving wheels and rotors of
motors on a vertical axis through inter-
section between symmetry axis and
driving wheel axis.

In . Inertia moment of wheel and motor
rotor on wheel diameter

I . Inertia moment of wheel and motor
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. Proportional gain for the torch slider
© Maximum distance of the seam tracking

sensor

. Maximum distance of the torch slider
. Mass of mobile robot excluding masses

for driving wheels and rotors of DC
motors

. Mass of driving wheel including rotor of

motor

. Mass center of the mobile robot with

coordinates {x¢, y¢)

. Geometric center with coordinates (xo,

y,), that is the intersection between
symmetry and the driving wheel axis
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7p : Radius of pinion

Yw > Radius of driving wheel

Unweww - Welding speed

Xs . Distance of the seam tracking sensor

Xis . Distance of the torch slider

Xiss . Distance of the end of torch

X —Y ! World coordinate system

x-—y . Coordinate system fixed on the mobile
robot

Greeks:

Osm " Motor shaft angle

7 > Torque acting on the left and right
wheel

Ts . Torque acting on the torch slider

1. Introduction

Usually, in welding process of the shipbuilding
industry, ship bottom is assembled of several egg
box type of blocks in order to enhance intensity.
The egg box is completed by welding processes of
horizontal, vertical and lattice types. Since the
welding process is very complicated, it mainly
depends on worker’s experience. To realize an
automatic welding process, in the case of using a
manipulator type of welding robot, we can not
avoid from several problems such as finding a
slowly start welding point, cost,
miniaturization, and so on.

Nowadays, as a method for automatic welding,
a mobile type of welding robot is employed for
welding line of horizontal type (Kang, C. J. et al.,
2000), but it can not weld the lattice type of
welding line. Usually, the corner part in the
lattice had been welded by worker’s hand. Since
the working space is very narrow, the welding
workers need robots with lightly weight and small
size. Thus, the conventional 6 degrees-of-freedom
{DOF) robots are not appropriate for the lattice
welding. Therefore, in order to realize more
compactly automatic welding under complicate
welding environment, an intelligent type of
welding robot with small size and lightly weight
is needed to be developed.

Wheeled mobile robots (WMR) constitute a
class of mechanical systems characterized by

mobility,

kinematic constraints that are not integrable and
can not be eliminated from the model equations
(dAndrea-Novel et al., 1991, Fierro and Lewis,
1995, Yun and Yamamoto, 1993). Thus, the
standard planning and control algorithms
developed for usual robotic manipulators without
constraints are no more applicable. The modeling
issue of the WMR for the motion planning and
control design is
Campion et al. analyzed the structural properties

still a relevant question.

and classification of kinematic and dynamical
models of the WMR to give a general and
unifying presentation of the modeling issue of the
WMR (dAndrea-Novel et al., 1991, Campion et
al., 1996). They took into account the restriction
to the robot mobility induced by the constraints,
and partitioned 5 classed by introducing the
concepts of degree of mobility and manipulation.
Most of efforts related to the mobile robot control
are concentrated on the mobile manipulator that
typically consists of a mobile platform and a
robotic manipulator mounted upon the platform
(Kang, J. G. et al, 2000, Yamamoto and Yun,
1999). Thus, coordination of manipulator and
locomotion is one of the main research topics of
the mobile manipulators. The majority of the
early works on the mobile manipulators focuses
on the coordination of locomotion and manipu-
lation by considering the manipulator and the
platform as two independent entities (Chung and
Hong, 1999, Chung and Velinsky, 1999,
Yamamoto and Yun, 1994). Also, they do not
take the interactions with the environment into
account.

In the case of a mobile robot for welding
purposes, there are very complex problems such
that the motion control must be done in the view
of keeping constant welding speed and precise
target line even though the robot is driven for
following straight line or corner. To obtain good
welding bead, the welding speed must be kept.
constant or at least in a predefined limited range.
Furthermore, the position of the mobile robot
must be controlled to asymptotically converge
because of a limited length of torch slider. In
addition, a slider of the mobile robot carrying
torch must be controlled for the end of torch to be
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kept at the welding target line.

In this paper, the mobile robot is modeled
based on Lagrange equation under nonholonomic
constraints and the model is represented in the
state space form. To solve the above problems,
three types of control algorithms for the welding
mobile robot are suggested: straight locomotion,
seam tracking and turning locomotion controls. A
concept of decoupling method between input and
output is adopted for the straight locomotion. The
PID control method is used for the torch slider
control to seam tracking, and for the turning
locomotion. The turning speed is controiled by
the angular velocity value at each point of the
corner with range of 90° constrained to the
welding speed. Simulations have been done to
verify the effectiveness of the proposed control
systems.

2. Modeling for Mobile Robot

2.1 Kinematical constraint equations

In this section, we derive the motion and con-
straint equations of the mobile platform with a
geometrical motion as shown in Fig. 1. To get the
kinematical equations and to control the mobile
robot by the proposed methods which will be
stated in the following sections with the following
assumptions.

i. Robot has two rotating wheels for body
motion control.

ii. Two driving wheels are positioned on an
axis passed through the vehicle geometric
center.

iii. Two passive wheels(castors) are installed
at the bottom of front and rear for balance of
mobile platform.

iv. A torch slider is located at the center of
mobile robot and is composed of rack and
pinion gear.

v. A seam tracking sensor is located at the
upper side of torch and a compensating
sensor is attached at the rear side of body,
where two sensors are made of linear

potentiometers.
installed for
detection of corner rotation point and it is

vi. A proximity sensor is

Fig. 2 Configuration of torch slider

attached at the front side of the body.

vil. An electric magnet is set up at the bottom
of robot’s center in order to enhance driving
force.

vil. The mobile platform can only move in the
direction normal to the axis of the driving
wheels.

ix. The velocity component at the point
contacted with the ground in the plane of the
wheel is zero.

X . Although tremendous friction force acts on
the mobile platform, the two motors have
enough power to move it.

x i. The mobile platform is moving on a
horizontal plane.

x ii. When the mobile platform is driven at the
corner in the lattice space, it turns around
one point.

The configuration of the torch slider can be
described as shown in the Fig. 2.

If we ignore the passive wheels, the configura-
tion of the mobile platform can be described by
five generalized coordinates.

qz[xc Ye ¢ 6 a]r (1)

where ¢ is the heading angle of the mobile plat-
form, and &, @, are the angles of the right and left
driving wheels, respectively. From assumptions
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viii and ix, we can get the three constraints as
follows. First, the velocity of the point P; must be
directed in the direction of the symmetry axis. The
relation of velocity around P can be expressed as
follows :

Ve C0S ¢ X Sin ¢—pd =0 (2)
The other two constraints are obtained by the
equations related to the velocities as follows :
Xe COS ¢+ Ve sin g+ bb=ru0; (3)
Xccos ¢+ yesin p—bd=1r.,0, (4)
Rearranging the above stated three constraints
can be written in the form of

Alg)g=0 (5)

where

—sin¢é¢ cosd —d 0 0~
Alg) ={ —cos ¢ —sing —b ru O
~—cos ¢ —sing b 0 ry-

It is easy to check that A(g) has rank 3.
Consequently, the mobile platform has two DOF.

2.2 Dynamic equations of motion

The potential energy is zero ( V'=0) since it is
assumed that the mobile platform is moving on a
horizontal plane. The friction energy can be
regarded as zero (F=0) from assumptions. Thus,
the total kinetic energy T of the mobile robot is
given by

T=2m (& +3 +mod (iesin $— e cos @)
+ 5 Lo (02482 ++ I (6)
where
m=mc+2my
I=1+42mu(6®+d%) +21n

To derive the dynamic equation for the mobile
robot, we apply the well known Lagrange equa-
tion for nonholonomic constraints to the motion
of the mobile platform as follows :

mic+mod ($sin ¢+ ¢* cos @)

=A sin ¢+ (+A) cos ¢ ®)

MmPe— muwd (P cos ¢— ¢*sin @) 9
=2 cos ¢+ (+A)sin ¢
Mud (e sin $— e cos ¢) +If=dh—b(k—4) (10)

Iwér=fr'"127’w (“)
L0 =11—Asrw (12)
where A, A, A are Lagrange multipliers corre-

kinematical
constraints. 7r, r; are the torques acting on the
right and left wheels, respectively. These five
equations describing the motion of the mobile
robot can easily be written by the following

sponding to 3 independent

vector form.
M(@)d+Vig, ) =E(@m—AT(g)A (13)

where

m 0 medsing 0 0
0 m ~mudcosd 0 0
Mg)=| mudsing —mud cos ¢ I 00
0 0 0 I, 0
0 0 0 0 Iy
mwdd? cos ¢ 00
mwdd® sin ¢ jo 0
Vig o= 0 El@)= 00 | 5=]7]
0 {l 0 o
0 01

2.3 State space representation

To transform the above dynamic equation into
the state space form, let us define that S(gq) is the
null space of A(g) so as to remove Lagrange
multipliers. S(g) is given by

5(4)2[51(4), 82(11)} (14)
c(bcos ¢—dsind) c(bcos ¢+d sin ¢)
c{bsin¢p+d cos ¢) c(bsind—d cos ¢)

= ¢ —-c
1 0
0 1

_ T
C—Zb.

As the constraint Eq. (35) is zero, we can see
that g is in the null space of A (g). It follows that
g<span{s1(q), s2(q)}, and it is possible to
express q as a linear combination of 5,(¢) and s.
(@), ie,

g=s1(@) m+s(q) 2=S(q)p (15)
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and

i=S(@)7+S(g)7 (16)

For the specific choice of the matrix S{g) in
Eq. (14), we have 7=4§, where 8=[0, 9]
Now, let us multiply S”(g) to both sides of the
dynamic Eq. (13), then, we have

S @)M(q)i+S"(q) Vg, q)
=ST (@ E(Qn—S" () AT(q) A

Using ST(g)AT(¢)=0 and ST(q)E(q)=
Ly, and substituting the Eq. (16) for the above
equation, we can obtain

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

Using the state space variables, x=[x. yc ¢ 6
0 8, 8,17, the dynamics of the mobile platform
can be represented in the state space form :

s igmsres ) lism
—(STMS) (STMSn+STV) (S™MS)
To control the welding speed, first we must get
the welding speed. In Fig. 3, when the mobile
robot moves from (7-1)th position to (Z)th posi-
tion, the welding speed is calculated as follows :

dP.P,

Vwetd™ dr

(17)

(18)

e (19)

+ve sin ¢ (20)

=7‘Ctss cos ¢_ths¢ sin ¢+ vcsin ¢=v(q)
where
PoP.=xsSin (90_'45),

Fig. 3 Motion of the mobile platform

dlf;atp ""xtss cos ¢ xtss¢ sin (]5

where v. is the forward velocity of the mobile
robot. In Fig. 2, by appling the Newton’s Second
Law to the rotor, we can get the following equa-
tion.

d*Osm d Osm
T R 20

Now, let us multiply radius of pinion at both
sides of above equation and substitute X for 7,

d*Osm

P and xs for 7y da% because 758sn is the

length of torch slider(x:). Then, we have

X'ts:_Dm}ifts'f' Cnts (22)
where
=D - _7
Dm ] 3 Cm ]

The distance of the seam tracking sensor, xs
shown in Fig. 2, can be calculated by

Xg — -
={ Sin ¢ Xis 1(270, X s ¢) . Ostﬁls,

! Dxs>ls

(23)

The seam tracking sensor has a spring for
making initial distance of the seam tracking
sensor. Thus, if the value x5 is less than the
maximum length, then, xs can be calculated by
Eq. (23). While x5 is lager than maximum length,
xs is set by the maximum length (/).

Now, by including the four state variables x,s,
Xts, Xs, Uwera into Eq. (19), we can obtain the
augmented state equation with all states for the
mobile platform and torch slider as follows :

Sn - 0 0 -
[~ stusistusyrs) | [ ~(stus) o
= Xs n 0 0 X
*D».Xs 0 Cm
Z(xo, s, X3) 0 0
v(q) - 0 0"
(24)
where

x=[x1 X2 X3 X4 X5 X6 X7 X8 X9 X10 xu]T
=[xc Ve o O 6, Or Or Xes x5 X5 Uweld] T,
r=[1 0 )7

Then, the DOF of the mobile robot is three
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because of added freedom of the torch slider. For
the number of actuator inputs is equal to the DOF
of the mobile robot, we can apply the following
nonlinear feedback control for the mobile plat-
form:

5= (STMS7+STV) + (STMS) STEu,(25)
L=1us (26)
Let us define the control tnput as follows :

u=[””} (27)

Us

where #p is the control input for the mobile
platform and s is the control input for the slider.
Then, the state equation can be simplified to the
form :

=f(x)+g{x)u (28)
where
NY/i 0 0
0 hxs O
- X9 — 0 0
fx)= —Duto g(x) 0 Cn
(X0, X3, x2) 0 0
v(g) 0 0

3. Control Algorithms

3.1 Torch slider control

To control the torch slider for seam tracking, a
PID controller method is used. We may choose
the following output equation :

ys:—‘hs(X) =Xs (29)

The tracking error for the seam tracking sensor
is defined as follows :

es=x§—xs (30)

The control input for the torch slider in Eq.
(28) is designed by using the PID controller :

u.g:KPses"’"K[g /esdt+KDsés (31)

3.2 Straight locomotion control

To control the welding speed, we control the
velocity of the mobile platform. As the mobile
platform has two motors, we may choose two
output variables to control position and velocity

of the robot shown in the output equation :
yo=hp(x) = [hm(KI) ho2(7) 7= [yp1 yp2l”

where %,:(g) is defined as the shortest distance
from point P of mass center to the desired path,
and Ap2(7) is the forward velocity of the mobile
platform. To consider a straight line path, let the
path be described by Px-+ Qv+ RK=0. Thus, we
can derive the shortest distance, Jpi(g) for the
above path

PXC+ch+R (33)
VPP

and the forward velocity of the mobile platform is
given by

o (@) =hp(xe, yo) =

kpz(ﬂ) ”‘“Xc cos ¢+}’c sin ¢= (771+ 7}2) (34)

The decoupling matrix for this output equation

is computed as follows (Sarkar et al, 1994,
Shankar, 1999) :
j’pr- a ‘—fhpx(Q)S(l])ﬂ (35)
gu= L@@ 5, () S(a) s (36)
where
Tios(q) =21~ [PQo00] (37)
o aq sz’f-Q2

The output equation for forward velocity of the
mobile platform can be given by

_0hps -

8 =2x= T2 (q) up (38)
where
Tri=2n[ Ze Ze | (39)

Therefore, the decoupling matrix is yielded as

<D=[ hor (}zh)j(q)]

Because @ is bounded away from zero for all x,

(40)

we can derive the control input for the straight.
locomotion in Eq. (28) as follows :

wup=0"(vp— D) (41)
where

R ko
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mobile robot are defined as follows :

Table 1 Numerical values of the mobile robot

Parameters | Values| Units || Parameters | Values| Units
b 0.1045| m | me 169 kg
a 0.105| m |  mw 03] ke
d 00| m | I 02801 kgm?
Tw 0.025| m I 3.75e-4| kgm®
7s 002, m I 4.96e-4{ kgm®
I 03] m J 100| Nm/s*
Is 0.1 m D 0.01
100 - -
[
sof | R
y g N
.
. »k f —_— simulation ]
50! 1 S — e |
{
{ uf | +
200 H |
y
280 N

Control input w

682300 ansda
\J

Torch slider (mm)

Time (3)
{a) The welding speed Vwew

e T

i ————— left motor

Time (3)

(¢) Control input for mobile robot 2,

10

188 T T v Y T

18 | ﬁ
I |

80 |

f

3
K
il

Time (1)

(e) Distance of the torch slider x.

d
ep UL~ Yp1
ey U3~ Yp2

3.3 Turning locometion control

A proximity sensor detects the rotation point at
the corner, then, the robot rotates the corner for
welding and its sliding arm is controlled for the
end of torch to be kept at the welding target line.
When the robot is driven at the corner in the
lattice space, the left and right wheels are driven
in the opposite direction. The absolute speed of
two wheels is exactly equal. In addition, the
electric magnet prevents to stray away from turn-

%78 - - - -
%70 —ee Simulation .
Em“ -------- reference
§ 280} \ 1
Sasast \ -
o Y| ——
2548 - . - -
] 10 2 0 %0 50 0 &8
¥ pasition (mm)
(b} The position x¢
L]
i L E ———— ytmuialion 1
T M eassssss reference
| <)\ |
§ 2¢ r
= sk 4
|
™ 'S A
L] 1 2 3 4 L] L] T L ] 2 1w

Time (s)

(d) Distance of the seam tracking sensor xs

- - - ™ y T

¢} 1
=~ 3F T
% 2 1"‘.- ]
> Tr!l‘ 7

ol | /ST

. \

Eopl) _
E |
(S I ) 1

M ]

o —

[ . 2 3 4 El ] T s s
Time (3)

(N Control input for torch shider s

Fig. 5 Simulation results of straight locomotion
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Fig. 4 Block diagram of the closed loop system
ing point. Thus, we already assumed that the
forward velocity of the mobile platform is zero.

By using Eq. (20) and the assumption, we can
derive the welding speed as follows :

Uwetd=P¢Pe,=3-Ctss Ccos ¢'“Xzss¢ sin ¢

=%{ Si;:IOQé } COS P— X0 (43)

When the robot turns, the initial point of the

robot may be invariable in time(x,=constant)’
from the assumption. Then, we can derive a
simple equation and the relation between welding
speed and angular velocity of the robot :
. 1 2
¢S_Sm¢ Vweid (44)
Xo
Then, we may choose the following output
equation :

yo=ho(x)=3 (45)
The error for angular velocity is defined by :
. )
Ca=— Sin ﬁ Vweld —¢ (46)
o

Using the above equation, when the mobile
robot is turning at the lattice space, the control
input for two wheels of the mobile robot can be
given by :

up=(Kp,ea+ Kppea) [: l] (47)

Figure 4 describes the feedback loop control
algorithm incorporating the 3 cases of the robot
control. The straight locomotion and the turning
locomotion are controlled case by case, but torch
slider control works well always. In the figure, x¢
is the reference value for each controller, and e is
the error value for each output.

4. Simulation Results

We consider a trajectory consisted of a straight

line and curved line. In simulation, it is assumed
that disturbance and noise do not affect the sys-
values of the system
parameters used in the simulations are given in
Table 1.

We considered a straight line path, x=255
mm, as shown in Fig. 5{(a) to give reality of the
welding at the lattice space. The initial position of
the robot is (xc ve) =(257mm, Omm), the
heading angle is $=80°. And, we assumed that
the length of torch slider is initialized always
Xes=1T75mm. Then, the initial distance of the

257
cos (10°)

x:s}=85.964mm. Usually, to obtain a good

tem. The numerical

seam tracking sensor becomes xs={

welding bead, the welding speed is chosen as
about 7.5mm/ s in the case of using an arc welder.
Thus, we take the above stated speed for the
reference welding speed. In part of turning

locomotion control, we already assumed that the
mobile robot is turning around one point. Thus,
the forward velocity of the mobile platform is set
to be zero. As the reference welding speed is
Vwera=71.5mm/s and the turning position is x=
255mm, we can calculate the reference angular
velocity of the mobile robot as shown in Fig. 6
(b). The initial length of the torch slider is xus=
175mm. And, the PID gains were determined by
repeated simulation results. The initial values of
the mobile robot for simulations are shown in
Table 2.

The simulation results for straight locomotion
and turning locomotion are shown in Figs. 5-6.
The operation of the mobile robot can be stated
as follows : first, the mobile robot will track the
start welding position and next, the welding pro-
cess begins. In Fig. 5(a), the mobile robot tracks
its start welding position in 5 seconds. There is no
welding process when the robot is tracking its
start welding position. Thus, the welding speed is
no meaning at this time that is setting the initial
welding process. After about 5 seconds, the
mobile robot starts to weld, tracks well the
welding line and the welding speed is kept con-
stantly for the reference velocity. Also, the control
of the seam tracking sensor is well done as shown in
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Table 2 Condition values for simulations

Straight locomotion

Turning locomotion

- Initial (xC, yc)

(xer ye) = (25Tmm, Omm)

(xc, ye) = (255mm, Omm)

- Initial v, ve=0mm/s ve=0mm/s
- Initial ¢ $=80° $=80°
- Initial x.s Xes=1T5mm xis=175mm
- Initial xs xs=85.964mm xs=80mm
- Output equation hsl(x) =xs, hp1(q) = (x:.—255), hs(x) =xs,
h = ¢
hoa(7) =T (a4 ) plx)=¢
- Reference input x&=80, vf=0, v§=75 4 on 4_  1.5sin ¢
x5=80, ¢ =55

+ Gain for the robot
(Feedback gains)

Kp,,*—=2.5, KD,=2.95

Kp,=10, Kp, =100

- Gain for the rorch slider
(PID gains)

Kp,=1700, K7,=0.1, Kp,=690

Kp,=1700, K;,=0.1, Kp,=690

e} Distance of the

torch slider xu

« Sampling time AT =0.01s AT =00l1s
100 _~ 0
0 | >
5 ol i 3 St nimulation
E ?o»'_/’_ ] E ol mmmmme=es reference
S %oF/ simulation x
/ td
i sofb/ . g\ 15 ¢
a0 , refe K-
g ;o»{' x
N
= 20 [ 1 i 2 1
0 4 B /
a0 — T— " - - - :
0 a1 02 93 04 08 o8 QA7 08 09 10 e 0 E 0 «© 50 © e
Time (1) Time (3)
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& w00 - - - r
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f | It motor 20,0081 stmudation
- o £ right motor %'anwn- """""" reference
1§ 5 w0002}, —
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Fig. 6 Simulation results of turning locomotion
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Fig. 5. In simulation results for turning
locomotion, there is a little error for the seam
tracking sensor as shown in Fig. 6(d), but it is no
affected for welding at the corner because the
maximum error is about 0.002mm. In Fig. 6(a),
the mobile robot tracks well the reference angular
velocity and the welding speed is kept constantly
for the reference velocity.

5. Conclusion

This paper introduced a motion control method
of the mobile robot for the lattice type of welding
line, and proved the possibility that the mobile
robot can weld the lattice type welding line. We
have proposed the separated control algorithms
for straight locomotion, seam tracking and turn-
ing motion. The straight locomotion control sys-
tem design is done by using the dynamic
nonlinear state feedback and the nonlinear state
transformation which decouple the dynamic
equations of the mobile platform. The PID con-
troller method is employed for seam tracking. In
addition, we have designed a turning motion
controller by using the relating equation between
angular velocity of the robot and given welding
speed. Simulations have been done in two cases:
the mobile robot welds along straight line and
curved line. Through the simulation results, it can
be said that the welding speed depends on initial
position and initial heading angle of the mobile
robot. Moreover, each gain value affects tracking
time of position and welding speed. The results
have proved that this system has enough ability to
weld the lattice type welding line when the mobile
robot is equipped for the division of the
shipbuilding industry that needs the lattice type
welding line. It is alone expected that these results
can be effectively used to control a real system for
future works.
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