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Motion Control of Welding Mobile Manipulator

Traveling on Irregular Terrain

Jae-Sung Im

Department of Mechatronics Engineering, Graduate School

Pukyong National University

Abstract

This thesis discusses about welding trajectory-tracking control method for a mobile
manipulator traveling on irregular terrain. Its model of a kinemetic mobile manipulator,
estimation method of kinematic disturbance and kinematic feedback controller with the
compensator are described.

It is well known, the mobile manipulator has infinite motion area, which brings several
sophisticated advantages to the manipulator control. However, when the mobile
manipulator travels on an unknown terrain, the mobile manipulator is subjected to the
effect of the disturbance torques. Terrain irregularities exist even in structures such as the
man-made floors of factories, buildings, and etc. Hence, in this paper, a model of a
dynamic mobile manipulator traveling on irregular terrain is formulated with traveling
states and constraint conditions. We evaluate disturbance torques derived by terrain
during traveling on irregular terrain quantitatively based on the proposed model of a
dynamic mobile manipulator. Relationships between changes in disturbance torques,
changes in periods of terrain and changes in traveling speed are evaluated quantitatively
by simulations. Then, the estimation of kinemetic disturbance caused by irregular terrain

is discussed. A compensation method of decreasing control errors caused by disturbances



due to terrain must be considered. The kinematic feedback controller with the
compensator is proposed to improve the trajectory-tracking control performances.

In this thesis. Experiment is carried out with estimation of terrain shape using tilt
sensors and robust control method with compensator of mobile manipulators traveling on
irregular terrain. The mobile manipulator consists of a three-linked manipulator and a
two-wheeled mobile platform. The vehicle is considered to move with a constant linear
speed over an irregular ground-surface while the end-effecter tracks a desired trajectory
in a fixed reference frame. The experiment must be verified the effectiveness of the

proposed controller. These results are shown to fit well by the simulation results.
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Nomenclatures

Description

world coordinate frame

moving frame

joint angles of the manipulator in the moving
frame

configuration of the platform in the world
frame

configuration of the mobile manipulator

end effector position and orientation in the world
frame

the coordinate of the platform’s center point
heading angle of the platform

radius of the wheels

distance from wheel to the symmetry axis
straight velocity of the platform in x-y plane
angular velocity of the right wheel

angular velocity of the left wheel

radius of wheel

link variables (i = 1-4)

angular velocity of the link (i = 1-4)

configuration of the torch tip

Units
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®,

Subscripts

w

Jacobian matrix of the manipulator

length of the link (i = 1-5)

heading angle in the horizontal plane of the
welding torch

projection of the manipulator on x-y plane
vertical angular velocity of the welding torch
tracking errors (i = 1-4)

constraint matrix

reference velocity of welding torch tip

z component velocity of the welding torch tip
Lyapunov function

weight factors of the controller

velocity control input

reference or desired value
welding or actual value

initial value

[m]

[rad]

[m]
[rad/s]

[m/s]
[m/s]

[m/s]



Chapter 1

Introduction

1.1 Motivation

Nowadays, the working condition in the industrial fields has been improved
greatly. In the hazardous and harmful environments, the workers are substituted
by the robots to perform the operations. Especially in welding tield. the welders
are substituted by the welding manipulators to perform the welding tasks.

Traditionally. the manipulators are fixed on the floor. Their workspaces are
limited by the reachable abilities of their structures. In order to overcome this
disadvantage, the manipulators that are movable are used for enlarging their
workspaces. These manipulators are called the mobile manipulators®. In this
study, the structure of the mobile manipulator includes a three-linked manipulator
plus a two-wheeled mobile platform. The mobile manipulator permits a wide
application in industrial fields such as ship building industry, automobile industry,
electronic assembling, and metal fabricating industry. It is also clear that moving
and working at the same time can improve their working efficiency to a
considerable extent. Though the researches on mobile manipulators have been
presented in recent years, it is assumed that the traveling terrain is flat!'¥,

However, since irregularities exist on surface over which the mobile
manipulator is traveling, even in the case of man-made structures such as floors of
factories and other buildings, and since it is difficult to measure the terrain shape
precisely, a method that can compensate for disturbances (kinematic disturbances)

due to the terrain shape is needed. And this is also the motivation of this



thesis

[15)]16]

1.2 Previous Research

The previous works are concentrated on the following topics

Motion control of a wheeled mobile robot

The mobile platform is a subject of non-holonomic system.
Assume that the wheels roll purely on a horizontal plane without
slippage. The mobile platform robot used in this study has two
independent driving wheels and one passive caster for balancing.
Several researchers studied the wheeled mobile robot as a non-
holonomic system. Kanayama ef al' (1991) proposed a stable
tracking control method for a non-holonomic mobile robot. The
stability is guaranteed by Lyapunov function. Fierro and Lewis!*!
(1995) used the backstepping kinematic into dynamic method to
control a non-holonomic mobile robot. Lee ef a1 (1999) proposed an
adaptive control for a non-holonomic mobile robots using the
computed torque method. Fukao er al. ! (2000) developed an adaptive
tracking control method with the unknown parameters for the mobile

robot. Bui ef al. P! (2003) proposed a tracking control method with the

tracking point outside the mobile robot.

Motion control of a manipulator

The control of a manipulator is an interesting area for research.
In previous works. Craig ef al.'®" (1986) proposed an algorithm for

estimating parameters on-line using an adaptive control law with the



computed torque method for the control of manipulators. Lloyd ef all’l

(1993) proposed a singularity control method for the manipulator using
closed-form kinematic solutions. Tang er al.®! (1998) proposed a

decentralized robust control of a robot manipulator.

e Motion control of a mobile manipulator

A manipulator mounted on a mobile platform will get a large
workspace, but it also has many challenges. With regard to the
kinematic aspect, the movement of the end effector is a compound
movement of several coordinate frames at the same time. With regard
to the dynamic aspect, the interaction between the manipulator and the
mobile platform must be considered. With regard to the control aspect,
whether the mobile manipulator is considered as two subsystems is
also a problem that must be studied.

In previous works, Serajil”! (1995) developed a fully integrated
kinematic model of the mobile manipulator rather than considering the
mobile manipulator as two separate entities. Liu and Lewis!'” (1990)
developed a robust control for a mobile manipulator considering the
mobile platform and the manipulator as two subsystems. Hootsmans
and Dubowsky''"! (1991) developed a control method to compensate
the dynamic interactions between the mobile platform and the
manipulator. Dong, Xu, and Wang!'! (2000) studied a tracking control
of a mobile manipulator with the effect of the interaction between two
subsystems. Yamamoto'! (1994) made a complete study of the
control and coordination of locomotion and manipulation of a wheeled

mobile manipulator.

Furthermore, it can be applied in the hazardous environments such as waste



management, desolate exploration and cven space operation. Especially, the

mobile robots are extensively used in industry for resistance and arc-welding

applications, in that industry. the pollution of the blazing light and smoke of arc

make a necessary for automation the welding process.

1.3 Contributions of This Thesis

This thesis proposes and implements a Lyapunov-based nonlinear feedback

control for a mobile manipulator to tracking welding line. As a result, the

following contributions were made during this thesis work:

(1)

4

(3)

(6)

(7

a kinematic model of a two-wheeled mobile robot was developed in
Cartesian coordinates from which the system dynamics were derived;

a kinematic model of a manipulator was developed in Cartesian
coordinates from which the system dynamics were derived;

a mechanical structure of mobile manipulator was made for the
experiment;

feedback controller based on the Lyapunov function candidate are
proposed, that is, full-state feedback controller:

a DSP-based microprocessor was implemented on the experimental
mobile manipulator;

a configuration of sensor using two potentiometers and one tilt sensor is
introduced to achieve the errors for the controllers;

the simulation in Matlab and the experiment results have been done to

verify the two proposed controllers.

1.4 The Organization of This Thesis

This thesis consists of five chapters The content in each chapter are



summarized as follows:

= Chapter 1: Introduction

The motivation, the related studies in literature, the contribution of this

research, and the summary outline of contents of this thesis are presented.

= Chapter 2: Kinematic modeling and Controller design

Present the system modeling of a welding wheeled mobile manipulator in
kinematic model. The kinematic equations of a mobile manipulator are presented.
These equations are based on the laws in mechanics. A controller is designed with

full-state feedback. The former is designed using Lyapunov stability method.

= Chapter 3: Hardware Design and Implementation

The overall control system is described. The control system based DSP is
introduced. Also. a configuration of sensor sensing the errors of distance and

angle from the mobile manipulator to the weld line is proposed.

= Chapter 4: Simulations and Experimental Results
Simulation and experimental results for the mobile manipulator to tracking

straight line and curve line are given to show the effectiveness of the proposed

controller

= Chapter 5: Conclusions and Future Work

Summary this thesis results and the future work.



Chapter 2

System Modeling and Controller
Design of a Mobile Manipulator

In this Chapter, the kinematic equations of the manipulator and the mobile

(7]

platform are investigated' . These equations will be used to establish the

controller for the mobile manipulator in subsection 2.8.
2.1 Configuration of the Mobile Manipulator

The mobile manipulator that be used in this thesis is the combination of a
mobile platform robot and the multilink manipulator as shown in Fig. 1. The
mobile platform robot is a two wheels driving platform of kind and the
manipulator is a 5 d.o.f. manipulator.

We must pay attention to the constraint that the direction of the torch must lay
on the tangent plane of welding path at the welding point. Furthermore, the
direction of the torch must also incline 45 degrees beside the plane of welding
path.

According to the above conditions, in the configuration of manipulator, we fix the
torch direction on the tilt of 45 degrees beside the link direction of link 4-th. And
the link direction of link 4-th (and link-3th too) always be kept in the

perpendicular direction of the welding path plane.

10



1- Platform
2-Link 0

3- Revolute joint
4-Link 1

5- Revolute joint
6- Link 2

7- Revolute joint
8- Link 3

9-Link 4

10- Welding torch

4

[
|
!
[
[
[
|
|
|
|
[
|
|
|
==

Fig. 2-1. Mobile manipulator configuration.

2.2 The Associated Coordinate Frames

Two coordinate frames are set up for investigating the system model (see Fig.
2.4 for more detail). Together with both of coordinate frame, for easy reference,
all the definitions of the state variables for mobile manipulator, mobile platform

and the manipulator are listed as the following:

e O, world coordinate frame, it is also the inertia coordinate frame.

e (' :moving frame, it is the frame attached on the mobile

KoY Em

manipulator.

. q;;:{do.ﬁlﬁz,@.ﬂ}r . configuration of the manipulator in the

moving frame.

e ¢\ = {x(‘ , y(,,giﬁ}‘/ : configuration of the platform in the world frame.

11



o (= {x(.,y( .$.6,.0,.0;.0, }/‘: configuration of the mobile manipulator

o p/ = {xw.y,,.,z,‘,,gé,w,()}r: end effector position and orientation in the

world frame.

Reference welding path

y - va ‘
(;Ki//_/: NN

Fig. 2-2. Coordinate frames and state variables of the mobile manipulator.

Projection of the
welding trajectory

Projection of the
manipulator

I
»

X, X

=

Fig. 2-3 Kinematic relationship of the mobile platform.



2.3 Kinematic modeling for mobile platform

The kinematic equation of the platform can be described as the following

(see in figure 2-3):

%1 [cosg 0
Ve sin ¢ 0 ,
é|=| 0 1 {} (2.1)
. @,
0, 1 bir |-
6| | r -bir]

where q, = [x(, y. ¢ 6 0,][ is the generalized coordinate of the
mobile platform, for more detail. C(x,..y,..0) is the coordinate of the platform’s
center point, and ¢ is the heading angle of the platform; @, is the angular velocity
of the platform at its center point; v_ is the straight velocity of the platform in x-y
plane; r.hare radius of wheel and the distance from wheel to the symmetry axis,
respectively: 9',‘,9/ are the angular velocity of the mobile platform's wheels.

It is assumed that the wheels of mobile platform do not slip. So. the velocity of C
must be kept in the direction of the axis of symmetry and the wheels must purely
roll.

The constraints are expressed as follows:

A@,)d, =0 (22)

—sing cos¢ O O O |y
or for this case: | cos¢ sing b -r 0] 4 |=0
cosg sing b 0 —r 0




2.4 Traveling terrain model

The modeled terrain shape for the mobile manipulator shown in Fig. 2-4 is
described by the sum of trigonometric functions having various amplitudes and
periods. The shape can be expressed by a Fourier series and is defined by the
following function f(x).

’7 o0
f(x)= % +iZ(a_\ cosc.x+b sinc x)

s=1

a, = I: f(x)cosc xdx (2.3)

b = LI' f(x)sinc xdx, ¢ =——

N

The length of d(¢) is estimated by the following function.
d(x)=d(x-1)+v_sinfdx (2.4)
The shape looked just like plane mechanism with two links. Therefore. we can

assume that the terrain shape is virtual manipulator with two links as shown in Fig.

2.4,

|
"
I P
Virtual links| N

(

J(x)

Fig. 2-4. Traveling Terrain.

14



2.5 Kinematic modeling for manipulator

A five-link manipulator is shown in Fig. 2- 5 where /,./,./;,/, and /; are the fixed

and known link length parameters and d, and &, are relation of the terrain shape.

Fig. 2-5. Modeling and coordinate ot the manipulator.

The joint vector is
Qru = [dﬁ 9] 93 93 94 ] : (25)

By inspection, the 4 matrices are found to be

15



1 0 0 0 cosd, 0 sinf, [ sing,
01 0 O 0 | 0 0
4, = . A=l . .
0 0 I d, —-sin@, 0 cos# [ cosf,
10 0 0 1 0 0 0 1
[ cos@, 0 sinf, I,sind, ] cos, 0 sin#, [;sinb,
o= 0 1 0 0 4 - 0 1 0 0
" | =sin 0, 0 cos@, I cost, | t | =sin 0, 0 cos@, [cosO |
0 0 0 ] 0 0 0 1
[cosfd, 0 sinf, Isind, ] 1 00 0
0 1 0 0 01 0 /
A= i LA =
—-sinf), 0 cos#, [ cosd, 10 0 1 0
0 0 0 1 0 0 0 1

The 7 matrix is

T= A[)AI A2A1A4A5
Clz,w 0 S|234 [4 +Z3S123 +/zS|z +/1S|

o 1 0 2 (2.6)
- _SI234 0 (*‘1234 Zs('m +[3(wlz +]lCl + do
0 0 0 1

Where, C,, , is the abbreviation of Cos(6, +6, +---0) and S, , is the
abbreviation of Sin(0, +6, +---0,)

In operation, the manipulator is considered as x-y plane mechanism with five

links (adding links of terrain shape) as shown in Fig 2-6.

16



s T
ST B -
%

o, /

LS
Link 8 Link4

Tip of welding torch Virtual links of terrain shape
il bl

1
.

_________________

Fig. 2-6 Manipulator motion in welding process

In addition. on welding process. to retain the correct direction of torch beside
the welding path, the fourth link is always fixed on horizontal. That is to say:
s
2 2.7
w,+w, +w+w, =0

0,+6,+0,+0, =

Therefore, the position in base coordinates of the end of the manipulator, that
is. the origin of frame 0, is
X, L, +1.S,, +LS, +1S,
P=|y, |= I (2.8)
z, LGy, +1,C, +1,C +d

91 22_92—91_94 (2.9)
X, I, +1LC, +LC, +1C,y,
P=|y, |= L (2.10)
Z, LS, +1,S;, +1,S,,, +d,

Now, we establish the equation describing the coordinate of the welding point,

W(x,., ¥, .2, ). by means of coordinate of platform’s center and the link variables

of manipulator. Of course, we also remark that the heading angle of the platform

17



is constantly 90° . that is to say. the platform always moves on the path that is

parallel with the plane of reference welding path, and so y, = constant :

X, =X.+X,
.yW :.y{' _y/r (2'11)
z =z

w P

The kinematic equation of the manipulator can be described as the following:

X, 1Sy Sy +1Sy)  —(4Sy + 55y, +1S,)]| 6,
2, =dy | =] 1y LCyy + 1,0, LC + 5Oy +1Co 93 (2.12)
w, 1 1 1 0,
The inverse kinematic equation is defined as (referring Eq. 2.7):
I Cos, sin, [, siny +1, sin, |
. [, sin, [, sin, [, sin, _
wy | |6, - L O Xp
w|=| 6 |- 1, cosﬂfl3 cos, -1, sm34713 sin, —,(/, smﬁ‘-l3 sin,, ) soa | @13
’ . L1 sin, Ll sin, L1, sin, !
”'/:1 64 o A ) >. i o . - ‘/1/./)
COS,, sin;, [ sin,
[, sin, [;sin, [, sin,

2.6 Kinematic Equation of the Welding Torch Tip

The relationship between the welding point W and the center of the mobile
platform C can be expressed as following (referring Eq. 2.11):

X, x, +P, cosg — P, sing,

mx

V. y.+P, sing +P, cosg

mx
4 1S, + 1,85, +1,55, +d,

8, 8.

Where P, P is the distance from the projection of the manipulator torch tip

mx T omy

n

(2.14)

on the x-vy plane to the center C of platform, ¢, is the heading angle in the

18



horizontal plane of the welding torch and ¢, is the heading angle of the mobile
platform.
Combining the derivative of (2.14) and the angular velocity of the torch yields

the kinematic equation for the welding torch tip as follows:

X, cosg. —(P, sing +P, cosg) cosg 0

v, sing, P cosg —P sing ~ sing. 0| w
1
0

_ ‘ 2.15
0 0 0 ( )
6| | o 1 0

2.7 Tracking errors

. . .
Vector [e, ¢, e, ¢] isdenoted as the vector of the tracking error that is

the difference between the welding point J and the reference point R (see Fig. 2-

7. 2-8). This vector is expressed as:

e, cosg, sing, 0 O x —x,
e, —sing, cosg. O Ol y.—y,
< . cosg, P (2.16)
e, 0 0 1 0|z -z,
e, 0 0 0 1] ¢ -9,

Where the subscript » and w imply reference and welding (or desired and

actual), respectively.

19



Projection of the

\
Ve e B ST oo
_— \ I
NS
P\ e Arojection of the
- ' i
manipulator

1
|
|
|
|
)
L

AWRY X

Fig. 2-7 Tracking errors description( e, e,.¢e, )

Welding point /

Welding path

Link5 Link4

Tip of welding torch Virtual links of terrain shape

Fig. 2-8 Tracking errors description( e; )

2.8 Kinematic Feedback Controller Design

As mentioned the sub-section 2-7, the tracking errors of the system are

assumed to be bounded and they can be expressed as the following (see Fig. 2.7,

20



2.8 for more detail):

¢, cosg, sing, 0 Of x, —x,
¢, —sing_  cos 0 0y -y,
4 — H ¢\4 )/ .} (2' 1 7)
¢, 0 0 1 0}z -z,
e, 0 0 0 1o -4,

Herein. tracking is concerned as the objective so a controller should be found

out so that it can make the mobile manipulator obtaining ¢, — 0 with respect to

{ —> o . In the other word. the welding point ¥ becomes to coincide with its
reference point R . or the actual configuration concurs with the desired
configuration of the end effector.

Easily. the derivative form of the errors in Eq. (2.17) can be established as the

following:
é, V cose, -1 e+l -1 0|V
é, V sine, 0 —(e,+P,) 0 0| w
= : + ’ (2.18)
e, d, 0 0 0 =1V,
é f W, 0 -1 0 0 V:m

where. v, is the reference velocity in the welding trajectory, it is assumed as a
bounded and constant value; v_is the x-y component velocity of the mobile
platform;v_, is the z component velocity of the end effector of the manipulator;

xm

v_ is the x component velocity of the end effector of the manipulator; w, is the
derivative form of the heading angle ¢ . respectively: and p,, is the projection of

the manipulator on x-y plane.
A candidate Lyapunov function is proposed as the following: (it is also chosen
so that to be positive definite function)
1 k) ] 2 l 2 l —COS (,)4 1 b
PO — + —_—

V=—e +—_e +—e + P (2.19)
2 2° 2 k, 2k, 7

21



The derivative form of (2.19) can be expressed as:

sine, .

V =e¢¢é +0,6, +ee + é,

2

=e¢ /(v cose,—v +P w —v )+

my

' (2.20)
¢,(v,sine, - P, o )+e(d,—v,, )+
512 “ (0, —® )+ % P,,
2 5
The control variables are chosen as the following:
v, =v,cose, +wb, —v +ke
v, =dy+ ke (2.21)

w.=w,. +k, sine, +k,e,v,

P =kwe,

where k,,k,.k,.k,.k; are positive values.
Substituting Eq. (2.21) into Eq.(2.20), eliminating the similar terms for
simplifying. the brief form of V' can be expressed as the following:

5

V =—ke' —ke; —2—4sin2 e, <0 (2.22)

ki

For proving ¢, — 0 as 1 — oo, the Barbalat's lemma is used in the following
procedure. As for first condition of the lemma, referring Eq. (2.17), because ¢, are
bounded, the chosen Lyapunov function has a finite limit as 7 — o UBITOT - A5 for

second condition of the lemma. the value of the derivative of V is calculated as
below:
dv

. . 2k, ..
= ke 6, —2k,eé, — k; ¢,sine, cose, (2.23)

22



Obviously, because ¢, are bounded. the derivative of } is bounded too.

Therefore } satisties the sufficient condition of a uniformly continuous function.

According to two above-mentioned conditions. by Barbalat's lemma, the result is

obtained as lim, ., V' =0.

Now, Eq. (2.23) can be re-written as follows:

0=—ke —ke: —//i—4sir12 e, (2.24)

Eq. (2.24) implies that lim, [e, ¢, e, e¢,]' =0.Asaresultof ¢, =0, the
welding heading angle and reference heading angle of mobile platform coincide,
that is to say, @ = @, . Referring Eq. (2.19), in the third row, when two previous
conditions occur, the resultis lim, | ¢, =0.

After everything mentioned above, a conclusion can be inferred: the
equilibrium point ¢, = 0 is uniformly asymptotically stable.

Based on the kinematic relationships in section 2-3, 2-5, the control input of

system can be expressed as the following:

1 b
- 0 e
r ¥
- o 11 b
w, — 0 -
r ¥
w - v
/ 0 S]rl4 O Xy
w, | = I sin v, |and @ =-0,~-0,-w,  (2.25)
2 3
A, . . 4
Ws —1, sin,, — I, sin, %
w 0 T <n 0
L] L1, sin;
sin
0 — 0
[, sin, i



The development of the control system can be illustrated by the following

block diagram:

Reference y @,
Velocity . S @y
q z w,
Y @y ,
Reference Controller _ | Control Input Mobile
Configuration Eq.(221)| | Eq. (225 | Manipulator

Fig. 2-9 Block diagram of the kinematic feedback control for mobile manipulator
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Chapter 3

Hardware Design and

Implementation

3.1 Overall Control System

For the control system, a DSP-based controller was developed. The
configuration diagram of the total control system is shown in Fig. 3-1. In the
diagram, the microprocessor using TMS320LF2407 is integrated into on module
as servo controllers for five motors of the two wheels. and three links. The motors
are driven via LMD18200 Dual Full-bridge Drivers. This module implements
Lyapunov-based velocity control using feedback form an optical encoder attacked
to the rear motors. Also. the microprocessor receives the signal from sensors,
render the control law, and send velocity information to the servo modules and the
servo module are responsible for reaching and maintaining that speed. With the
modular structure, the control system can manage a control law with a sampling
time of 10ms, even 5ms in some critical applications. In addition, the eight A/D
channel on microprocessor are used to receive signals from one tilt sensor, the
sensor of two potentiometers: linear and angular potentiometers for errors

measurement. The implementation of the control system is shown in Fig. 3-2.



Left Right 1. Tilt Sensor
Gearbox Wheel Wheel Gearbox 2. Linear Potentiometer
Left Right 3. Angular Potentiomater
Motor Motor
Encoder Encoder
Servo Servo
module 1 module 2 1
T T rendering of the
l l l control law
Servo Servo Servo T
’_ module 3 module 4 "‘ module 5 —l
| l | TMS320LF2407
Encoder Encoder Encoder A
Display & Keypad
Link 1 Link 2 Link 2 (Control Panel)
Motor Motor Motor
Gearbox Gearbox Gearbox
Link 1 Link 1 Link 1

Fig. 3-1 Configuration of the control system
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3.2 Sensor Design and Implementation

As mentioned. the mobile manipulator itself must be located its position
relative to the reference path: that is to say, the tracking errors must be measured.
and the controllers are derived based on those errors. There are some methods for
measuring these errors depending on the type of sensor to be used. In the other
hand. as there is some restricted measurement scheme is proposed, and the sensor

is specially designed using potentiometers to get the errors ¢ ,e, and ¢, for the
controller (2.20). In Fig. 3-3. two rollers are placed at points O, and 0),, and the
distance between them, 0,0, . is chosen according to the curve radius of the
reference path at contact point R(x,.y,.4,). The roller diameters are chosen small

enough to overcome the friction force.

Reference path / |

\el‘
W(x, s Vs BN

~roller

e,=d—d,

Fig. 3-3 Scheme and implementation for measuring the errors
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3.3 Motor Control

To control the speed of a DC motor we need a variable voltage DC power
source. If be powered on by a switch, the motor do not respond immediately, that
is. it takes a small time to reach full speed; the motor will start to slow down; as
the result, if we switch the power on and off quickly enough, the motor will run at
some speed part way between zero and full speed. It is exactly the principle that a
PWM controller does: it switches the motor on in a series of pulses. To control the
motor speed. the width of the pulses varies — Pulse Width Modulation.

To perform indirect closed loop velocity control. an optical encoder is utilized
to measure the speed of the wheel and links (Fig. 3-4). Incremental encoders
typically consist of a light source, a rotating pattern disc, a stationary detector, and
processing electronics to convert the analog detector signal to a digital output (Fig.
3-5). This type of encoder has two channels. which output digital square waves
proportional to the number of windows on the optical code disc. The output of the
encoder is a square wave whose frequency is proportional to the angular velocity

of the rear wheels. The typical wave form of output is presented in Fig. 3-6.

Fig. 3.4 Typical incremental encoder

Light Source ~ Photo - Processing Disc Disc
/£ Sensor i Electronics "Window | Line i
: |

L )

A l

1?., ot |
R A |

" Incrementat
Disc

Fig. 3-5 Components of an incremental encoder
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Incremental square waves are counted by a controller to determine wheel
position. velocity and acceleration. Additionally. by observing the phase sequence
between the two digital output channels, a controller can determine the direction

of wheel rotation.

s+ Vacycle Direction Change

-y L L/ L
oues_| | Nnya L

Output A leads Output B Output B leads Output A for
for Clock-wise rotation Counter Clock-wise rotation

Fig. 3-6 Output wave form of an encoder

A third channel with a one per rotation signal is often found on incremental
encoders and is commonly called the index or reference pulse (Fig.3-7). This
signal is typically used to mark a particular location in a system’s rotation that
equates to a known mechanical location often called a home position. The
drawback to an incremental encoder in a control system is if the controller’s
counter should happen to lose power or miscount, the system must be cycled back
to a known location, such as an index location, before restarting. Often times an
absolute encoder is used instead of an incremental encoder in order to overcome
the cost. inconvenience and potential frequency of a home cycle restart sequence.

[n this application, the index pulse is not to be used.
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Fig. 3-7 Incremental encoder: the two channels and index pulse

Index pulse

Motor controller performs a closed loop velocity control. The angular
velocity (rpm) is calculated as the following equation:

Counts/ P
=T " x
T

A 60 (3.2)
where.

S : angular velocity of motor, rpm

Counts : number of pulses counted during the sampling time of 7'

P : number of pulses per revolution of encoder. pulse

7' : sampling time, §

The motor driver using pin RC2 for PWM generation and pin RC1 for
capture pulse from encoder. Motor controller counts the rising edges for a period
of time to produce real angular velocity of the wheel. If the real velocity lowers
than the desired angular velocity, the velocity must be increased. The behavior for

the motor to speed up and down is performed using Lyapunov function.

= Velocity control using Lyapunov function

The configuration for the experiment is shown in Fig. 3-8.
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Encoder

DC Motor Motor Control
Module
L
|

Fig. 3-8 Experimental configuration for velocity control

First, the following relationship has to be set up:
=KV (3.3)
Where
@ - angular velocity of the motor.
K : characteristic constant of the motor, and it is achieved by experiment.
I . average voltage applied to the motor.

The experiment gives K =274 for this case

@ = Ku where u=V (3.4)
Let e =w—o,
E=0—0,
- Ku-d, G
If we choose
Ku—o, =—K& (3.6)
then
e=—-Ke<0 (3.7)

and the velocity control is asymptotically stable

Form (3.4) we have

-Ke-o,
K

The duty of the PWM signal can be derived from . the voltage applied

V=u= (3.8)

to the motor. The simulation has done with K, =30; and it can be seen that the

motor’s velocity can reach to the critical reference velocity with stable after about

0.18 seconds.
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Fig. 3-9 Velocity response with &, =30

3.4 Microprocessor Control Design
The TMS320LF2407 is a 144-pin, high performance static CMOS processor
from TI(Texas Instruments). The main specifications of it are summarized as
following:
» 33-ns Instruction Cycle Time (30 MHz)
= On-Chip memory:
—2.5K Words x 16 Bits of Flash EEPROM
— Data/Program RAM
(544 Words of Dual-Access (DARAM)
2K Words of Single-Access (SARAM))
= Two Event-Manager (EV) Modules (A and B)
EVA and EVB Each Include:
— Two 16-Bit General-Purpose Timers
— Eight 16-Bit Pulse-Width Modulation
(PWM) Channels Which Enable:

— Three-Phase Inverter Control



— Centered or Edge Alignment of PWM Channels
— Emergency PWM Channel Shutdown With External PDPINT Pin
— Three Capture Units For Time-Stamping of External Events
— On-Chip Position Encoder Interface Circuitry
— Applicable for Multiple Motor and Converter Control
= 10-Bit Analog-to-Digital Converter (ADC)
— 8 or 16 Multiplexed Input Channels
— 500 ns Minimum Conversion Time
— Selectable Twin 8-Input Sequencers Triggered by Two Event Managers
» 40 Individually Programmable, Multiplexed General-Purpose Input/Output
(GPIO) Pins
The control board has the function of rendering the control law. The linear
and angular velocities which are derived from the control law, then, control of the
servo control modules.
With the functions on TMS320LF2407 above, the controller and user interface

were designed and their schematic diagram are shown in Fig. 3-11.
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Fig. 3-10 Functional block diagram of the 2407 DSP controller
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Chapter 4

Simulation and Experimental

Results

To verify the effectiveness of the proposed controller, simulations and
experiments have been done for a mobile manipulator to tracking welding line.
The controller is used for the simulation: full-state feedback controller. In the
simulation, two kinds of welding line are considered for the mobile robot as the

following: straight line with ¢,(0) =30° and curve line with the radius of 150mm.
The mobile manipulator parameters are b=103mm .r =25nm I, =250mm I, = 250mm
1, =250mm.l, =10mm and [, =250mm . The desired linear velocity of the

mobile robot is v =100mm /s . The experimental mobile robot for straight line and

curve line is shown in Photo. 4.1 and Photo. 4.2, respectively.



Photo 4.1 experimental mobile robot tracking straight line

oy ; : i

Photo 4.2 experimental mobile robot tracking curve line

4.1 Case of straight Line

The controller (2.20) is used. Table 4-1 shows the initial values and
control values for the mobile manipulator system used in this simulation. The

simulation results for the straight welding line are shown through Figs. 4-1~4-6.

Table 4-1 Iitial values for simulation
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Parameters | Values | Units Parameters Values | Units

K; 3 - O,-0,(t=0) 15 deg.

K> 100 - v (1=0) 0 m/s

K; 5 - o (1=0) 0 rad/s

Ky 3 - o, (1=0) 0 deg.

VR 0.1 m/s G- (1=0) 30 deg.

®, (1=0) 0 rad/s G; (1=0) 30 deg.
Xp - Xe(1=0) | 0.005 m 0, (1=0 30 deg
Yr-Yie(1=0) | 0.005 m
T | - e
(R » \—\3‘\%
~— | /;ff_,}
. T

0s

oL - - \\\\

08 . o \x>

0.6 T ‘ /;.c_:*” 25
04 T T e
n2 T~ f*fu'; 1
0 jD

Fig. 4-1 Configuration of the mobile manipulator tracking along the welding path
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Fig. 4-2 Tracking errors ey, €2, ¢3. €4
Fig. 4-1 shows that the end effector of manipulator tracks to the welding

point on the reference trajectory. Fig. 4-2 shows the tracking errors of the end
effector in whole welding process.

15 v T
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Fig. 4-3 Velocities of the welding reference point and the end effector
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Fig. 4-4 Angle values of three revolute joints
Fig. 4-3 shows the linear velocities of the end effector. Fig. 4-4 shows the

angle values of three joints.
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Fig. 4-5 Angular velocities of three revolute joints of the manipulator
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Fig. 4-6 Angular velocities of two wheels of the mobile platform
The angular velocities of three joints in whole the welding process are shown

in Fig. 4-5. Fig. 4-6 shows the angular velocities of left and right wheels of the

mobile platform.

4.2 Case of Curve line

Table 4-1 shows the initial values and control values for the mobile

manipulator system used in this simulation. The simulation results for the curve

welding line are shown through Figs. 4-7~4-12.
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Fig. 4-7 Configuration of the mobile manipulator tracking along the welding path
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Fig. 5-8 Tracking errors e, e3, 3. ¢4
Fig. 4-7 shows that the end effector of manipulator tracks to the welding

point on the reference trajectory. Fig. 4-8 shows the tracking errors of the end

effector in whole welding process.
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Fig. 4-9 Velocities of the welding reference point and the end effector
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Fig. 4-10 Angle values of three revolute joints
Fig. 4-9 shows the linear velocities of the end effector. Fig. 5-10 shows the

angle values of three joints.
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Fig. 4-11 Angular velocities of three revolute joints of the manipulator
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Fig. 4-12 Angular velocities of two wheels of the mobile platform
The angular velocities of three joints in whole the welding process are
shown in Fig. 4-11. Fig. 4-12 shows the angular velocities of left and right wheels

of the mobile platform.
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4.2 Experimental Results

A mobile manipulator prototype has constructed to verify the simulation
results on computer. Five DC motors (15W/24V) are used to drive three revolute
joints and two wheels. Each DC motor has an encoder to measure its angular
velocity, and each revolute joint has a rotary potentiometer to measure its joint
angle values. The parameters of the mobile manipulator and the initial parameters
are same to in the simulation.

In experiment, when the mobile manipulator tracks along a smooth curved
path. the end effector moves along the welding trajectory with a constant inclining
angle and constant velocity and then the mobile platform moves to maintain the
initial configuration of the manipulator at the same time. This proves that the
proposed controllers can control the mobile manipulator to perform the welding

process.

el
e2

e4

X Axis Title

Fig. 4-13 Tracking error from the experiment
Form the experiment result (Fig. 4-13), it is shown that the tracking errors
vibrate around zero. These vibrations occur from several causes such as the
backlash of the gear. These vibrations occur from several causes such as the
backlash of the gear, the rough of the steel wall, disturbances from the electronic

circuit and so on.
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Fig. 4-14 Left and right wheel angular velocities
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Fig. 4-15 Angular velocities of three revolute joints of the manipulator

Fig. 4-14 shows the angular velocities of three joints of the manipulator.

Fig.4-15 shows the left and right wheel angular velocities of mobile robot.
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Chapter S

Conclusions and Future Work

5.1 Conclusions

In this thesis. a simple nonlinear feedback control algorithm based on the
kinematic model of a mobile manipulator is proposed for mobile manipulator
traveling over irregular terrain. Even if the controller is very simple and easy for
applying, it also shows the ability to make a good performance for the mobile
manipulator in tracking duty. The uniform asymptotical stability of the system is
guaranteed by Lyapunov - like analysis using Barbalat's lemma. It also proves that
at the equilibrium point, the tracking errors simultaneously equal to zero. The
affirmation in terms of the theory is made out by the simulation step and the
experiment step is performed for confirming the feasibility of algorithm in actual

welding process.
The contribution in this chapter:

% Establishing a nonlinear feedback controller based on the kinematic

model for a mobile manipulator performing the welding trajectory.
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% Specifying a set of weight factors used in this mobile manipulator's
controller for satisfying the rate of initial deviation: 0-20mm with

position error and 0-0.3rad with orientation error.

5.2 The Future Work

This thesis described a study on one among the problems of mobile
manipulator: Motion control of mobile manipulator moving on irregular terrain.
This is the first step in the development of indoor navigate mobile manipulator in
the future; that is to say. several other operations such as task planning. path
planning. obstacle avoidance, environmental map building can be used and sensor
fusion. such as camera, laser sensor. ultrasonic sensor, can be applied to make the
mobile manipulator more intelligent in that sense. Therefore, it would be

considered as future work the following problems.
5.2.1 Mobile Manipulator Modeling

In this thesis, the kinematics of mobile manipulator model is studied. For most
of cases the kinematic model is still applicable in the case of indoor environment.
But, dynamics model is always needed when doing research on mobile
manipulators to give the best performance that take into account the mass of the

mobile manipulator.

5.2.2 Design of the controller

Considering to the other kinds of adaptive control and robust control,
continuously try to apply the new algorithms to find out the adequate one for
introducing to the mobile manipulator. And concentrating to the hybrid algorithms

established by the adaptive control and the robust control so can make the new

AR



controller with the higher flexibility.
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