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Control of Automated Guided Vehicle for Path Following

Using Camera Sensor
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Abstract

This dissertation is about control of Automated Guided Vehicle
(AGV) for path following using camera sensor. The AGV is a
tricycle wheeled mobile robot. In this dissertation, the following three
problems are considered. The first one is AGV’s modeling. The
second one is hardware and software design. The last one‘is control

algorithm for path-following of AGV.

The AGV’s modeling.is reduced from a-generic modeling for
wheel mobile robot introduced by Guy Campion et al. . According to
the Campion’s method, first, characterization of wheels is presented.
Based on structure and geometric characteristics of each wheel,
constraints under pure rolling and no slipping condition are reduced.
From these constraints, kinematic modeling is obtained. Dynamic
modeling is also reduced by applying the well known Lagrange
equation under the above nonholonomic constraints in the motion of

the AGV.



After modeling for the proposed AGV, hardware and software
design are presented. The AGV has two fixed wheels and one
steering wheel. The steering wheel is on the symmetric axis of the
AGYV and it is directly driven by two DC motors, the first one for its
orientation and the second one for its rotation. The AGV has a
hoisting compartment for load transporting. Many sensors such as
rotary encoder, photoelectric sensor, proximity sensor, switching
sensor are used. A controller system based on the integration of a
notebook and PIC-based microprocessors is developed. AGV uses a
camera sensor for its navigation. An image processing procedure
based on AForge.Net framework in C# programming language of
Visual Studio 2008 is proposed. Two software programs, the first one
used on notebook for image processing to calculate the position error
and angle error between AGV’s position and the reference line and
the second one used on desktop PC for monitoring and remote

control of AGV, are developed.

For path-following of the AGV, a controller.that integrates two
control loops, kinematic control loop and dynamic control loop, is
designed for AGV to follow an unknown path. The kinematic control
loop based on fuzzy logic framework and the dynamic control loop
based on two PID controllers are designed. First of all, tracking errors
are defined. The fuzzy controller uses the tracking errors as its inputs
such as position error, angle error and derivative of angle error. The
fuzzy outputs are derivative of linear velocity, and angular velocity at
tracking point on the AGV. After that, an inverse kinematic is used to
convert the fuzzy outputs into the steering angle and the rotational
angular velocity of the steering wheel. Finally, in dynamic control

loop, two PID controllers are used to control two DC motors for

vi



tracking the desired values obtained from the fuzzy controller outputs
and the inverse kinematic.

Simulation and experimental results are done to demonstrate the
effectiveness of the proposed controller and applicability to the

industrial fields of the proposed system.

Keywords: Automated Guided Vehicle, Path Following,
Wheeled Mobile Robot, Steering Wheel Mobile Robot, Fuzzy.
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Chapter 1: Introduction

1.1 Background and motivation

Robotics has achieved its greatest success to date in the world of
industrial manufacturing. When a robot arm is bolted at its shoulder
to a specific position in the assembly line, it can move with great
speed and accuracy to perform repetitive tasks such as spot painting
and welding as shown in Figs. 1 and 2. In the electronic industry,
manipulators place surface-mounted components at a desired position
with high precision and can produce portable telephone, laptop

computer, etc.

Fig. 1.2 Set of six-axis robots used for welding
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However, these commercial robots suffer from a fundamental
disadvantage: lack of mobility. In contrast, an Automated Guided
Vehicle (AGV) can move throughout the manufacturing plant. It is a
transportation vehicle automatically traveling on a predefined route.
AGYV is often used to deliver materials around a manufacturing

facility or a warehouse.

AGV has a great contribution for the modern industry such as
reduction in the number of worker, improvement of productivity and
quality, improvement of working environment and safety, less
damage on transporting goods, real-time control of material flow,
improved management on product and easy communication with
other automatic devices such as automatic door and elevator. Fig. 1.3

shows some examples of industrial AGV.

(2) Inertial-guided automatic trailer
loading vehicle

(¢) Laser Guided Unitload AGV
{b) Tow Type AGV

Fig. 1.3 Examples of industrial AGV
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Designing an AGV involves handling many issues such as
acquisition and processing of sensory data, decision making,

trajectory planning and motion control.

In motion control, the main problem is to develop a good robust
path following control algorithm. In fact, there are many different
types of wheeled mobile robot (WMR) and their mobility
configurations depend on the number and type of wheels, actuators,
single or multibody structure, etc. In 1996, G. Campion et al.
classified WMR into 5 types based on characteristics of wheels [2].
Among 5 types of WMR, tricycle WMR is most widely used for
industrial AGV.

Several papers on.the path following for tricycle \AGV in
presence of kinematic and dynamic constraints have been proposed.
L. Gracia and J. Tornero applied a kinematic control to an industrial
forklift through the position control and the inverse kinematics of
wheels [6]. A. Kamga et-al. proposed a trajectory tracking for a
tricycle robot-using linearization method [7]. Y. Bestaoui suggested
an optimal velocity-generation of a rear wheel drive tricycle along a
specified path under assumption that the curvature of the path is

known [8].

This dissertation focuses to control the path following of the
AGV using fuzzy logic control. Fuzzy is a nonlinear intelligent
control method imitating the logical thinking of human and
independent on accurate mathematical model of a system. For these
reasons, over the latest decade, fuzzy logic has been widely used for
mobile robots control [12-35]. In 2007, G. Antonelli et al. proposes a

path following approach for unicycle-like mobile robot using fuzzy-

3



logic set of rules which imitates the human driving behavior [33]. J.
Baltes et al. introduces a fuzzy logic controller for car-like mobile
robots [36]. This fuzzy logic controller reduced errors and also
reduced control work 75% less than a traditional sliding mode

controller.

Furthermore, to realize the AGV, a navigation sensor is required.
There are many types of navigation sensors such as magnetic sensor,
inductive sensor, laser sensor, optical sensor, camera sensor and GPS.
GPS is only used in outdoor environment. Meanwhile, magnetic
sensor, inductive sensor, optical sensor, laser-sensor and camera
sensor can be used in indoor environment. Magnetic sensor can
detect the slight magnetic flux from-a.magnetic guide tape under the
floor and inductive sensor is used to detect the electromagnetic field
which is generated by the current in the loops embedded in the floor.
Both of magnetic sensor and inductive sensor are durable against dust,
water and light. Optic sensor is made of one infrared LED and one
photo detector in pair. AGV needs at least two pairs of optic sensor to
follow a given line."In comparison with-other sensors, laser sensor
that includes a scanner-and reflectors has advantage in system
flexibility. However, in the working environment without dust and

water and in the clean floor, camera sensor is a good choice.

Although there are many researches on WMR, to realize an AGV
system is a complex work. For the above reasons, a new research for
controlling path following of AGV using camera sensor must be

needed. And this is also the motivation of this dissertation.



1.2 Researching objective and method

From the above discussions, the objective of this dissertation is to
develop an AGV system for path following using camera sensor. The
AGV is a tricycle type of WMR. The following three problems are
considered. The first one is AGV’s modeling. The second one is
hardware and software design and the last one is control algorithm

for path-following of AGV.

The AGV’s modeling is reduced from a generic modeling for
wheel mobile robot.introduced by Guy Campion-et al.. According to
the Campion’s method, first, characterization of wheels is presented.
Based on structure and geometric..characteristics of each wheel,
constraints by pure rolling and no slipping condition are reduced.
From the constraints, kinematic modeling is obtained. Dynamic
modeling is also reduced by applying the well known Lagrange
equation under the above nonholonomic constraints in the motion of

the AGV.

After modeling for-the proposed AGV, hardware and software
design are presented. The AGV has two fixed wheels and one
steering wheel. The steering wheel is on the symmetric axis of the
AGYV and it is directly driven by two DC motors, the first one for its
orientation and the second one for its rotation. The AGV has a
hoisting compartment for load transporting. Many sensors such as
rotary encoder, photoelectric sensor, proximity sensor, switching
sensor are used. A controller system based on the integration of a
notebook and PIC-based microcontrollers is developed. The

Notebook and microcontroller communicate each other using RS232
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protocol. AGV uses a camera sensor for its navigation. An image
processing procedure based on AForge.Net framework in C#
programming language of Visual Studio 2008 is proposed. Two
software programs, the first one used on notebook for image
processing to calculate the position error and angle error between
AGV’s position and the reference line and the second one for

monitoring and remote control of AGV, are developed.

For path-following of the AGV, a controller that integrates two
control loops, kinematic control loop and dynamic control loop, is
designed for AGV to follow an unknown path. The kinematic control
loop based on fuzzy logic framework and the dynamic control loop
based ontwo PID controllers are designed. First of all, tracking errors
are defined. The fuzzy controller uses the tracking errors as its inputs
such as position error, angle error land derivative of angle error. The
fuzzy outputs are derivative of linear velocity and angular velocity at
a tracking point on the AGV. After that, an inverse kinematic is used
to convert the fuzzy outputs into the steering angle and the rotational
angular velocity of steering wheel. Finally, in dynamic control loop,
two PID controllers are used to-control two DC motors for tracking
the desired values obtained from the fuzzy controller outputs and the

inverse kinematic.

Finally, simulation and experimental results are done to
demonstrate the effectiveness of the proposed controller and the

applicability to industrial fields of the proposed system.



1.3 Outline of dissertation and summary of contributions

In this section, contents of the dissertation and their contributions

are summarized as follows:
Chapter 1: Introduction

In this chapter, background and motivation about AGV is
presented. Objective and researching method is described. Outline

and summary of contribution of this dissertation are given.
Chapter 2: System Modeling

This chapter presents the modeling of kinematic.and dynamic
models of the AGV system based on the generic method about
wheeled mobile robot introduced by Guy Campion. This chapter is
divided into three sections. The first section is about characterization
of wheels. The second section presents the kinematic models for

AGYV. Finally, the dynamic model is given in the last section:

Chapter 3: Hardware and Software Design

This chapter describes the hardware structure of the AGV system
including actuators, sensors and hardware configuration of the
control system. After that, two software programs are developed in
C# language. This chapter is divided into three sections. The first one
is hardware description. The second one is hardware configuration of

control system of the AGV. The last one is software developing.
Chapter 4: Controller Design

In this chapter, a controller that integrates two control loops,

kinematic control loop and dynamic control loop, is designed for

7



AGYV to follow an unknown path. The kinematic control loop based
on Fuzzy logic framework and the dynamic control loop based on

two PID controllers are designed.
Chapter 5: Simulation and Experimental Results

Simulation and experimental results for AGV are given to show

the effectiveness of the proposed controller.

Chapter 6: Conclusions and Future Work

Conclusions for this dissertation and-some ideas for future work

are presented.



Chapter 2: System modeling

This chapter presents the modeling of kinematic and dynamic
models of an AGV system based on the generic method about
wheeled mobile robot introduced by Guy Campion et al. [1,2]. The
AGYV used in this dissertation has two fixed passive wheels and one
steering driving wheel. Two fixed passive wheels are installed in
front of AGV and driven passively by the steering driving wheel. The
steering wheel is on the symmetric axis of the AGV and it is directly
driven by two DC motors, the first one for its orientation and the

second one for-its rotation.

Fig. 2.1 shows the coordinate for AGV’s modeling where XOY
is the global coordinate frame and X,0¥, is the moving coordinate
frame. A tracking point Q is an_intersection point between the
common axis of two fixed wheels and the symmetric axis through

one steering driving wheel of the AGV.

YA

\

0 X

Fig. 2.1 Coordinate for AGV’s modeling
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The posture vector of the tracking point O on the AGV is

completely specified as follows:
E=[x » 6] (2.1)

where (x, y) are global coordinate of tracking point and & is the

heading angle of the AGV.
2.2 Characterization of wheels

Fig. 2.2 shows the posture of the i” wheel with respect to
moving coordinate frame X,0Y,. The center-of the i " wheel is
placed at B. The wheel can rotate around a vertical axis at B.. The
position of this point B, with respect to the AGV is specified by two
constants: the length /. and the angle ;. The radius of each wheel is
R.. The posture of the i " wheel is characterized by a set of three
constant, {R,/,,} , and two varying angles for its motion,
orientation. of the wheel, # , and the rotational angle, ¢,.(t) .
Obviously if the i” wheel is fixed, the angle g (¢) becomes a

constant.

Y, A @
o 1 Vi
Y,
N
// /’
-~ Iyt
Il B, =
ai
Q >
X

Q

Fig. 2.2 Characterization of a wheel
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It 1s assumed that the wheel satisfies pure rolling and no slipping
conditions. In other word, the component in the plane of the wheel
and the component orthogonal to the wheel about velocity at the

contact point of the wheel with the ground are zero.
Pure rolling condition [1]:
[—sin(a,+B,) cos(a,+p,) LcosB |R(0)&+R4 =0 (2.2)
No slipping condition [1]:
[cos(a,+B,) sin(a,+B) LsinB R (0)E=0 (2.3)

where R (@) is a (3x3) orthogonal rotational matrix:

cosd sin@ 0
R(0)=|-sin@ cos@ 0 (2.4)
0 0 1

2.3 Kinematic modeling

According to-previous description; the AGV with 3-wheels is

shown in Fig. 2.3.

The tracking point O is the middle point between the two
wheels B, and B;, and X, is an axis through the centers of two
wheels B, and B, as shown in Fig. 2.3. Point C is the center of mass
of the AGV.

The geometric characteristics of three wheels are as follows:

o Wheell: R =1,/ =1, al=3§,ﬂl=ﬂ

11



e Wheel2: R, =r,,l,=b,a,=0, ,=0

e Wheel3: Ry=r,,=b,a,=7x, f;=0

Fig. 2.3 Wheel schematic of AGV

The constraints. are reduced from Eq. (2.2) under. the above

geometric characteristics of AGV’s wheels for pure rolling condition:

J (B)R(0)E+T,@=0 (2.5)
where
cosff sinf lcospf r. 0 0
J.(p)=| 0 1 b |;J,=/0 r, 0
0 -1 b 0 0 r (2.6)
q):[¢1 ¢2 ¢3]T

12



The constraints are reduced from Eq. (2.3) under the above

geometric characteristics of AGV’s wheels for no slipping condition:
C (B)R(0)E=0 (2.7)

where

sinf —cosf Isinf
C(p)=| 1 0 0 (2.8)
-1 0 0

The configuration of the AGV -can be described by seven

generalized coordinates.
a=[x" "y 05 4 ¢ ¢]'=[¢ p O] (29)

where the generalized coordinate q is partitioned in three blocks:

: ,
. J5=lx ¥ O
q=|p th y (2.10
' {cbzm & 4] )

From Egs. (2.5),(2.7)-and (2.9), the following constrain equation

is obtained.
A(q)g=0 @.11)

where A(q) is the (6><7) constraint matrix.
Ala)= (2.12)

It is easy to check that rank(A(q)) =5. Consequently, the AGV
has two degrees of freedom. Moreover, rank(C1 ( ﬂ)) =2 . Therefore,

the two last components of Eq. (2.8) are equivalent. Without loss of

13



generality, by selecting the constraint corresponding to the second

wheel of Eq. (2.8), the constraint matrix C, () becomes

: {sinﬁ —cosf3 lsinﬁ}

C(B)= : 0 0 (2.13)

The corresponding constraint for no slipping condition using Eq.

(2.13) instead of Eq. (2.7) 1s rewritten into:

*

C (B)R(0)E=0 (2.14)

and the constraint matrix-A(q) of Eq.(2.11) becomes

A(q)= (2.15)

The 'constraint (2.14) implies that the vector R(H)?;; belongs to
the null space of the matrix C; ( B ) as follows:

R(0)EeN[C/(B)] (2.16)

This is equivalent to the following statement. For all time, there
exists a time varying scalar n (t) such that the following equation is

satisfied [ Appendix C]:
E=R"(0)X(B)n (2.17)

X(p) and 7 are chosen to satisfy Eq. (2.17) as follows:
T
: r
Z(ﬂ):[o —r.sin —T‘COS,B:| (2.18)

n=4 (2.19)

14



Obviously, the matrix X(/) depends on the steering angle £.

Therefore, the posture kinematic model can be expressed as follows:
E=R"(0)Z(B)n (2.20)
=p (221)

By defining z = [?’;T ﬁ]T , the following is obtained.

z=B(z)u (2.22)
where
n

u= 2.23
H o)

| 7 sinBsing 0]

—1, 8i in 6@ 0
Bl R (6)2(5) 0 i r,sin Bsin b oe

0 1 —%cosﬁ 0 '
- 0 1_

The remaining constraint, Eq. (2.5), is now used to derive the

equations of the rotational velocities @ ‘as follows:

®=-J,'J, (B)R(0)E=E(B)R(0)E (2.25)
where
E(8)=-3,'3,(B) (2.26)

By combining this equation with the posture kinematic model

(2.17) and R(0)R" (0) =1, ,, the equation for @ is rewritten as

®=E(B)Z(B)n (2.27)

where I, , is the 3x3 identity matrix
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From Eq. (2.26), the following equation is obtained.
J.(B)+J,E(B)=0 (2.28)

The following compact equation results from Egs. (2.22) ~ (2.24)

and (2.27) and it is called the configuration kinematic model.
q=S(q)u (2.29)

where

S(q)= 0 l |and u= B} (2.30)

24 Dynamic modeling

The potential energy is zero since it is assumed that the AGV is
moving on a horizontal plane. The friction energy is ignored. Thus,
the total kinetic energy of the AGV. is given by [1].

| R*(0)MR(6) R"(8)V 0
T:Eq’ VIR(0) /i 0|q (2.31)

0 o 1,

where M is the 3x3 symmetric matrix defined by:
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3
M, =M, =M +Zm,
i=1
M12 = M21 =0
M, =M,=Mh+m] (2.32)
M23 :M32 = mzlz +m3l3
3
My =MK+1,+> ml}
i=1
T
v=[001,] (2.33)

1, and I have the following form:

(oY
L=L{@alo" I, 0 (2.34)
O [r3

In Egs. (2.32) ~ (2.34), various notations depending on the mass
distribution of the AGV are used as follows:

e M :mass of the AGV without mass of wheels,

e m,: mass of wheel ,

e h: is the distance between the~tracking point Q and the
center of mass C-It is assumed that the center of mass is on
the symmetric axis of the AGV,

o [ :

o: inertial moment of the AGV without wheels around the
vertical axis passing through the center of mass of the AGV,

e [, : inertial moment of wheel i around the vertical axis
passing through point B, ,

e /. :inertia moment of wheel i around its axis of rotation.

e [ :distance between the tracking point O and each wheel.

e M, the element that lies in the i" row and the ;" column of

matrix M
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o 1,j=123

The dynamic equation for the AGV can be obtained by applying
the well known Lagrange equation for nonholonomic constraints to

the motion of the AGV as follows:

d(oT) oT .
=14+ A A 2.35
dt(aqj o A (239

where 7 is the generalized force vector applied to the AGV, A is the

Lagrange multiplier vector.

The following compact notation is defined.

d(oT) oT
T] = | 2l
[, dz(aq] oq (2-36)

By 'separating q into three part, & £ and ® the following

equations are obtained.

[T], =R"(0)J] (B)1 1+ R (0)C\"(B)4, 2.37)
[T], =7 (2.38)
[T], =320 +Pr, (2.39)

T T
where A, = [ﬁ,“ A /113] and A, =[/121 /122J are the Lagrange
multipliers vectors associated with the constrains (2.5) and (2.13),
respectively. 7, and Pr,are the torques applied to the steering wheel

for its orientation and rotation, respectively. P is given by:

P=[10 o] (2.40)

The Lagrange multipliers are eliminated by adding Eq. (2.37) and
Eq. (2.39) premultiplied by the matrices X7 (S)R(6) and
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X" (B)E" (B), respectively using Eq. (2.28) and X" (8)C" (8)=0.

As the result, the following are obtained.

X (BR(O)[T]. +X (B)E" (B)[T],

(2.41)
=X (B)E" (B)Pr,

[T], =7 (2.42)

Substituting T from (2.31) to (2.36) can be obtained the
following [Appendix A]:

[T], =R7(6)(w'M+My)R(0)&6+R" (0)MR(6)&
+R" (6)y'VBO+R" (6) V3 (243)
~DE'R" ()M + V" )yR(0)E

[T],=V'R(0)+1,/3 (244)

(1], =1,® (245)

From . the kinematic.. equations (2.20), (2.21), (2.27), the

followings are obtained.

JS-.

=RU(0)Z(B)n
= (2.46)
(B)Z(B)n

q=

8 .
I
!

From Eq. (2.46), the second order time derivatives of q is shown

as follows[ Appendix B]:
§=R"(0)X(B)1i+k (6. 5.1.)
G=14=¢ (247)
D=E(S)Z()n+k,(B:7,6)
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Eliminating the velocities é, ,6’,(1) and the acceleration %, ,B,(I) in
(2.41) and (2.42) yields [ Appendix B]:

H(B)n+X" (B)VS+ £,(0.8.n.8)=2" (B)E" (B)Pr,

(2.48)

VIE(B)ii+1,8 + /(0. 8.1.0) =1, (2:49)
where

H(B)=X"(B)(M+E" (B)LE(B))Z(B) (2.50)

J, and f, are scalar functions depending-on 6, 5,77 and ¢ .

Finally, the dynamic model and the kinematic model of the AGV
given by (2.46), (2.48) and(2.49) are summarized as follows:

VIE(B)+1,6 + hO..1m.6) =1,
H(B)7i+X" (B)VE+ £(6.8.1.8)=Z" (B)E' (B)Pr,
§=R(0)2(8)n @31)
p=¢

® =E(B)E(S)n

2.5 Tracking error schematic of AGYV

When AGV follows an unknown reference line, a point Q is a
tracking point. Schematic of tracking errors of AGV in global

coordinate is shown as in Fig. 2.4.
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Ya

Fig. 2.4 Tracking errors of AGV

In Fig. 2.4, e, is the position error between-the position of the

tracking point Q(x,») on the AGV and the reference point,
O, (X,;71,,7) > on the reference path..Q - is the intersection point of
the extension line of X, axis and the reference path. e, is the angle
error between the ¥, axis and the tangent line of the path at the

reference point, O, .

A posture vector of the.tracking point O on the AGV .is denoted
as &, =[xQ Yo QQ] " . Therefore, the equation of the extension

line of X, axis isgiven as follows.
(x—xQ)sinHQ—(y—yQ)COSHQ:0 (2.52)

The reference path is unknown. The equation of the reference

path shown in Eq. 2.53 is denoted as:

y=05(x) (2.53)

Therefore, x, and y, is the solution of the following
ref ref

equations.
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y=0 2.54
(x—xQ)sinHQ—(y—yQ)COSHQ:0 (2:54)
Hme denotes for the angle of tangent line of 5(x) at O,
do
g, = arctan ﬂ (2.55)
" dx

X=X0,0f

The position error and the angle error are obtained by following

equations.

€ros = \/(xQ % xQ,-e/‘ )2 & (yQ ¥ ere/’ )2

3 (2.56)
eg = (E + er P ere/
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Chapter 3: Hardware and Software Design

First, this chapter describes the hardware structure of the AGV
system including actuators, sensors and hardware configuration of the
control system. Second, two software programs, the first one used on
notebook for image processing to calculate the position error and
angle error between AGV’s position and the reference line and the
second one used on desktop PC for monitoring and remote control of

AGYV, are developed.

3.1 Hardware description

Fig. 3.1 shows the structure of an AGV system used for this

1\_\-—
N

dissertation.

Limitup
Hydraulic actuator STPNETLE SETISOT

Emergency step Control box

button
| Manual control bar
- Battery and actuators
Limit down
Lift part switching sensor

Camera sensor

Obstacle
\ avoidance sensor

Fig. 3.1 Structure of the AGV system.
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The AGV has three wheels, two fixed wheels and one steering
wheel. The steering wheel is directly driven by two DC motors, the
first one for its orientation and the second one for its rotation. The

hoisting compartment is driven by a hydraulic actuator.

Each DC motors using 24VDC power supplier is driven by each
motor driver, model F250B as shown in Fig. 3.2. Maximum current

allowed by the driver is up to 250 A with 24VDC.

Fig. 3.2.DC motor driver, F250B

Fig. 3.3 shows the sensors used in AGV system. For obstacle
avoidance, two photoelectric sensors in-(a) are installed in front of
AGV. Two other photoelectric sensors and two switching sensors in
(b) are installed in rear of AGV. Two rotary encoders in (c) are used
for measuring AGV’s speed and steering angle of the steering wheel.
A proximity sensor in (d) is used to detect the original point of the
steering angle. Two other switching sensors are used for left-limit
and right-limit of the steering wheel, and two more switching sensors

are used for up-limit and down-limit of the hoisting component.
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> 2

(a) Photoelectric (b) Switching (c) Rotary (d) Proximity
Sensor $ensor encoder Sensor

Fig. 3.3 Sensors used in the AGV system.

Fig. 3.4 shows Camera sensor, Logitech webcam C600, in this
system. Camera sensor is-used for measuring position error. The
webcam specification is up to 30 frames per second, 2.0-megapixel

sensor and Hi-Speed USB 2.0 communication.

Fig. 3.4 Camera sensor, Logitech webcam C600

Fig. 3.5 shows the camera sensor that is set up on the AGV system.
The camera is covered by a plastic box. On the box, there are a lot of
LEDs installed around the camera that provide the light for the

camera.
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« d
. 7 S
4 Camera Sensor

Fig. 3.5 Camera sensor set up on the AGV system

3.2  Hardware configuration of control system of the AGV

Fig. 3.6 shows the schematic of a control system for the AGV. As
illustrated in Fig. 3.6, the control system is developed based on the
integration of a notebook (Intel Core 2 Dual, 2.8 GHz, 2 GB RAM)
and PIC-based microprocessors. The control system is composed of
two parts: high level computer control and low level microprocessor
control. The former.is used for image processing and control
algorithm. The latter is used for device control. Notebook and
microprocessor communicate each other through RS232 protocol. A
desktop personal computer (PC) that communicates with the AGV
through wireless communication Bluetooth module, Promi SD202, is

used to monitor and control the AGV remotely.
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Desktop PC
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|
|
|
| ® ©O 0
| Notebook Digplay & Control Panel
|
- __
Control System
(en
2 w — &
ﬁ Q_i -
) S
W ‘ \\Q Manual control bar
Sensors Actuators

Fig. 3.6 Schematic of the control system for the AGV,

The AGYV can operate in the following three modes

e ‘Auto mode: the AGV moves from position A to position B
by following a predefined route automatically.

e Semi auto mode: the angle of steering wheel is controlled
automatically. -Meanwhile,” other functions such as going
forward, going backward and stop of AGYV, lifting up,
lifting down and stop of the lift part are controlled manually.

e Manual mode: the controller is not used. The AGV is

controlled manually.

The Display & Control Panel in Fig. 3.7 is used for displaying
AGV’s operating status and selecting operating mode. There are 16

lamps. Their functions are shown in Table 3.1.
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Fig. 3.7 Display & Control Panel

Table 3.1 Functions displayed on the display & control panel.

No. Function No. Function
1 Power 9 Auto
2 Manual 10 Semi Auto
3 Forward 11 Battery empty
4 Backward 12 Controller error
5 Turn left 13 Communication error
6 Turn right 14 Line off
7 Lift up 1 Emergency stop
8 Lift down 16 Spare

In manual mode, a manual control bar as shown in Fig. 3.8 is used

to control the AGV manually when the controller doesn’t work.
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Fig. 3.8 Manual control bar

Fig. 3.9 shows the developed control box in the AGV system. The
controller uses three/microcontroller PIC18F452s and 5VDC power

supplier.

Microcontroller

Input-Output ports

Power supplier

Fig. 3.9 Control box in the AGV system.

33 Software development

In this dissertation, two programs are developed using C#

language. The first one is used on notebook (Intel core 2 Dual, 2.8
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GHz, 2GB RAM) for image processing and calculating of control
algorithm. First, image processing is used to calculate the position
error between AGV position and the reference line and angle error.
After that, based on the errors, control algorithm is applied. The
second one is used on desktop PC for monitoring and remote control

of the AGV.

3.3.1 Image processing and control algorithm calculating

program

Fig. 3.10 shows the interface of the program on notebook. On the

interface, there are 4 partitions.

8 camera Sensor _ AGV
ri

Color Range’filtel
Red range: I'!

%
Green range: —
o - -

Blue range: 3
Red [0-100 G.ea«.@ami. 0-100
-
.
Control Varables ”""‘—,__
Distance eror: |-0.609375 — -

Angle efor : 0.05006251

Online using COM1

Fig. 3.10 Interface of the program on notebook

The first partition is Command Panel. It includes functions as

follows:

e Start Cameras: the camera begins to capture the pictures.

e Stop Cameras: the camera stops capturing the pictures.
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e Connect to Mycom: open COM port and begin communicating
with Microprocessor.
e Disconnect to Mycom: close COM port and stop

communicating with Microprocessor.

The second partition is Color Range Filter. In this partition, the
ranges of RGB parameters are setup depending on the color of the

reference line.

The third one is Control Variables. In this partition, control
variables include two control inputs such as distance error, angle

error and a control output such as steering angle are displayed.

The last partition is Webcam Monitoring. In this section, the
pictures from camera are displayed. From the images, the left edge,
the right edge, the center line of the reference line and distance error

are shown.

3.3.2 Error measuring using camera sensor

To achievethe tracking errors, a camera ‘sensor is used. The
tracking point Q on the AGV is-coincided with the center of the
camera frame. Fig. 3.11 shows the schematic for measuring the

tracking errors using camera sensor.
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Camera window

——————————————————————————— > 480 pixel

Cxc,yc)
640 pixel

Fig. 3.11 Measuring the tracking errors using camera sensor

Form Fig. 3.11, the tracking errors can be obtained as follows:

e = x s
i (3.1)
e, = arctan((xc x%c 5 )J

3.3.3 Image processing procedure

Images captured” from webcam .ate processed by using
AForge NET Framework, a C# framework designed for developers
and researchers in the fields of Computer Vision and Artificial
Intelligence - image processing, computer vision, neural networks,

genetic algorithms, machine learning, etc. [37].

To calculate position error and angle error form the images
captured by camera, image processing procedure includes steps as

shown in Fig. 3.12.
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(color image)
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A J
Grey image
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Extract stand alone
objects

Select the object with the
maximum size

Determine lefi edge, right

edge-and the center ling
for the reference line

l

Error
calculation

Fig. 3.12 Image processing procedure

The procedure in Fig. 3.12 can be explained as follows:

e First, the color filter filters pixels inside/outside of specified

RGB color range. It keeps pixels with colors inside of the
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specified range and fills pixels with colors outside of the
specified range with specified color (e.g. black color).

e Second, the result image of the first step is changed to grey
image.

e Third, extracting objects in grey image are separated by black
background. If the size of an object is smaller than the limit
minimum size, the object is ignored.

e Fourth, only the object with the maximum size is selected. The
others are ignored. The object with the maximum size is the
reference line.

e Fifth, left-edge and right edge of the selected object are
determined. After that, the center line of the reference line is
determined.

e Finally, from the position of the center line on the image frame
and the center of reference line, the position error and the

angle error are calculated.

3.3.4 Monitoring and remote control program

Fig. 3.13 shows the interface of the programused on desktop PC
for AGV’s remote control and monitoring. On the interface, there are

4 partitions.

The first partition is Control Mode. It includes three radio buttons
and one slide bar. Three radio buttons is used for selecting operating
mode of the AGV consisting of Auto mode, Semi-Auto mode and
Manual mode, respectively. The sliding bar is used to set the velocity

of the AGV.
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The second partition is Running Mode. This section is used to
send commands to the AGV such as going forward, going backward,

turning left, turning right and stop moving.

The next partition is Lift Operating. This partition is used to send
commands to the hoisting compartment such as lift up, lift down and

stop lifting.

The last partition in the right side of the interface is used to
monitoring AGV operating status. It is synchronous with the

corresponding lamp on the display panel of the AGV.

= LIFTMAX SEOEUNLIFTMAX CO.,LTD.

Fig. 3.13 Measuring the tracking errors using camera sensor
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Chapter 4: Controller Design

In this chapter, a controller that integrates two control loops,
kinematic control loop and dynamic control loop, is designed for
AGYV to follow an unknown path. The kinematic control loop based
on fuzzy logic framework and the dynamic control loop based on two

PID controllers are considered.
4.1 Fuzzy controller design

The fuzzy controller uses the tracking errors defined in section

2.5 as its inputs. There are three inputs including position error, e

pos >

angle error, e, , and derivative of angle error, €, . The fuzzy outputs

are derivative of linear velocity, dv

ref 2

and angular velocity, @, of

the AGV at the tracking point O . Fig. 4.1 shows structure of'a fuzzy

controller.
Rule Base
€pos>€0> éﬁ Fuzzyfication Cpos> eg‘ dv, @ o) Defuzzyfication dv,®
Module o = Module
|
FIS

Fig. 4.1 Structure of a fuzzy controller

A fuzzy controller is composed of a Fuzzyfication Module, a
Fuzzy Inference System (FIS) and a Defuzzyfication Module.

The Defuzzyfication Module uses centroid method and the FIS
uses max-min method.

In addition to the position error and the angle error, the derivative

of angle error is also very important, especially when the AGV passes
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through sharp and narrow turns. The outputs of the fuzzy controller
are derivative of linear velocity, dv, and angular velocity, w, of the

AGYV at the tracking point O . The membership functions are given

as follows:
epos w
; N T T T T z T T T T T T 2 N T T T N T Z\ P\ T T T LF
0s L - 05 =
0 T T T T T T T T T o T T T T T T T T T
01 008 006 -004 -002 o 002 004 006 008 o1 2 16 42 08 -04 a 04 08 12 16 2
(a) position error input. (d)-Angular velocity output
" " T T z T T P T i o T Z| T T T P T
0s = 05 g
4 T T T 1 1 T T I I o T I T 1 I T I I I
25 L4 03 020 04 o 01 0z 03 04 08 05 04 403 02 =041 o 041 02 03 04 0s
(b) angle error input (e) Derivative of linear velocity output
elr, © . ™ N Neg.a.tlve
P : Positive
as| 4 Z Zero
LP- 7 1arge Positive
o — —_ LN+ Large Negative

L} o 004 008 008 04 012 044 018048 02

{(c) derivative of angle error input

Fig. 4.2 Membership functions of the proposed fuzzy controller

Fuzzy rules are normally created based on human experience and
logic. Therefore, it is necessary to analyze the desired outputs based
on available inputs. From two inputs, the position error and the angle
error, AGV posture is defined in 9 different situations as shown in
Fig. 4.3. From 9 situations, 9 rules are generated, respectively. In

addition to the nine rules, two other rules are proposed when
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derivative of angle error are large, especially while the robot moves

away the path with high velocity.

A

Reference line

>

Q...
[

/® =)

Fig. 4.3 Nine situation when the AGV follows the reference path

Table 4.1 shows the fuzzy rules designed for AGV for path

following.

Table 4.1 Fuzzy rules

R Inputs : Outputs

€ s €, €, @ dv
1 N P L N N
2 Z P None N Z
3 P P None Z P
4 N Z None N Z
5 Z Z None Z P
6 P Z None P Z
7 N N None Z P
8 Z N None P Z
9 P N L P N
10 N P H LN N
11 P N H LP N
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Fig. 4.4 shows 3D rule viewers of the fuzzy controller

v

a1 Erihets
ErrPos

(b) e

pos

e, and dv

omega

(d) e

pos

¢, and dv

omega

ErrThataDot Ui ErrTheta ErrThetaDa: T ErrTheta

(e) é,,e, and @ (f) é,,e, and dv

Fig. 4.4 3D rule viewers of Fuzzy controller

4.2 Inverse kinematic
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First of all, an integration is used to obtain v from dv. After that,
an inverse kinematic is applied to convert v and @ obtained from the
kinematic control loop into 7, and g, . Where £, and n, are
denoted as desired steering angle and desired rotation angular
velocity of steering wheel that are reference value used in dynamic

control loop. The inverse kinematic is given as follows:

Because the linear velocity vector, v, is in the same direction

with Y, axis of the moving coordinate, the following is obtained.

v =—-xsinf+ycosé (4.1)

From Eq. (2.17) ~(2.19), Eq. (4.1) and Eq. (C.2), the followings

are obtained.

v=rra,sinf,

} 4.2
wzﬁz—%ndcosﬂd 42
Form Eq. (4.2), the followings are obtained.
b,
Ny ==—(vsin g, + el cos ;)
s
B, = arctan(lJ if @#0 (43)
wl
b= if ©=0

4.3 PID controller design

The dynamic control loop includes two PID controllers. The first

one is used for tracking the desired steering angle, S,. The second
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one is used for tracking the desired rotation angular velocity of

steering wheel, 77, .

Fig. 4.5 shows the first PID controller for tracking the desired
steering angle, B, . The input of the first PID controller is the
deviation between the steering angle of the steering wheel, £, and
the desired steering angle, [, and the output is the torque, 7,

generated by DC motor for orientation of the steering wheel.

— | kpl
4
kll I
d
| kdl E

Fig. 4.5 First PID controller for tracking steering angle of the steering

wheel

The PID controller 1 is designed as follows:

de
5 =k, e;+ky [ ey 4k, 7f (4.4)

e, =B,—p (4.5)

where k,,, k, and k,, are the coefficients of the PID controller 1.

Fig. 4.8 shows the second PID controller for tracking the desired
rotation angular velocity of steering wheel, 77, . The input of the
second PID controller is the deviation between the rotational angular

velocity of the steering wheel, 7, and its desired value, 77,. The
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output is the torque, 7,, generated by DC motor for rotation of the

steering wheel.

_&/
.
) | :
Hp 4
}/ dt

Fig. 4.6 Second PID controller for tracking rotational angular

velocity of the steering wheel.

The PID controller 2 is designed as follows:

deﬂ
7, =k, e ks [ €, + o 5 (4.6)

e,] = nd i 77 (47)
where &, , k, and k_, are the coefficients of the PID controller 2.

The dynamic control loop is now shown in Fig. 4.7

B
B,
AGV's Dynamic 77:5,?(0‘
Model o
7741
n

Fig. 4.7 Dynamic control loop
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4.4 Full structure of the AGV control algorithm for path

following using camera sensor

Fig. 4.8 shows the full structure of the proposed control algorithm
for AGV to follow the path using camera sensor. The controller
integrates two control loops, kinematic control loop and dynamic

control loop.

Image acquisition | ¢ dv
g &? s | Fuzzy .
S > . 5 Controller
Reference Image processing | €p-€
Path
A )
v
Saturation
Y& ¥
Inverse Kinematic
NasBy

Y _I—>>%—
Two PID EEoE AW sDynamic | 4(1), q(1)

T],TZ -
Controllers 1

Model
— L

Saturation

Dynatnic Control Feedback np

Kinematic Control Feedback E=xvy 4T

Fig. 4.8 Full structure of the proposed control algorithm for AGV

In practical, the torques produced by two DC motors are limited
and the linear velocity of tracking point, O, on AGV is bounded.
Therefore, it is necessary to include saturation functions for linear

velocity of tracking point O and torques produced by two DC motors.
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Chapter S: Simulation and Experimental
Results

To wverify the effectiveness of the proposed controllers,
simulations and experiments have been done for the AGV to follow
an unknown path. In the simulation, the numerical parameter values,

and the initial values are given in Table 5.1 and Table 5.2.

Table 5.1 Numerical parameter values of AGV

Parameters Values Units | Parameters | Values | Units
M 500 [kg] T 10~ | [kgn']
m; 10 [kg] L, 1 [kgm’]
m, 1 [kg] I, 0.05 | [kegm’]
m, 1 [kg] I, 0.05 | [kgm’]
h 0.6 [m] L4 1.22 [m]
v 0:125 [m] L 02675 | [m]
ry 0.05 [m] 5 02675 | [m]
A 250 [kgm’]

Table 5.2 Initial values for simulation

Parameters | Values | Units | Parameters | Values Units

X, 4 [m] 0, -90° [degree]

Vo 1,9 [m] B, 0° [degree]
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Table 5.3 shows the saturation values used in simulation. Because
the powers of two DC motors are limited. The maximum power of
the first DC motor is 3 Kw and the maximum power of the second
motor is 1 Kw. For this reason, the torques cannot exceed the

maximum values are given in Table 5.3.

Table 5.3 Saturation values in simulation

Parameters | Min Max | Units
v 0.5 2 [nvs]

o) -3000 | 3000 | [Nm]

7, -10007{-.1000 | [Nm]

Table 5.4 shows, the parameters in two PID controllers obtained

by trial and error.

Table 5.4 Parameters in two PID controllers

Parameters -~ Values | Parameters | Values
k, 300 k,, 200
k i 0.5 ki2 5
k,, 25 k,, 5

The reference path has five segments with three straight line
segments and two curved line segments. The radius of the first curve
is 6 m and the radius of the second curve is 4 m. Fig. 5.1 shows the

reference path in global coordinate frame.
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(30,16)

Fig. 5.1 Reference path

5.1 Simulation results

The simulation results of AGV’s path following are presented in
Figs. 5.2~5.9. Fig. 5.2 shows the path following result in simulation.
Fig. 5.3 shows the position error. From initial position error of 0.1 m,
the position error reduces to zero after 2.5 seconds. In straight path
section, the position error. is approximately zero. At the first bending
with 6m curvature radius,.the position error is-around 0.01m. At the
second bending with 4 m curvature radius, the position error is
around 0.06 m. Fig. 5.4 shows angle error that is bounded by 6.
From Fig. 5.3 and Fig. 5.4, the angle error is big when the position
error changes quickly. Fig. 5.5 shows the heading angle of AGV. In
Fig. 5.5, the reference value changes in 5 periods corresponding with
5 segment of the reference path. Fig. 5.6 shows the steering angle of
the steering wheel. When the AGV moves on straight path, the
steering angle is around 90°. At the first bending with big curvature

radius, the steering angle is around 80°. It has about 10° difference
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from the steering angle when AGV moves on straight path. At the
second bending with small curvature radius, the steering angle is
around 108°. It has about 18° difference from the steering angle when
AGYV moves on straight path. Fig. 5.7 shows the linear velocity of
AGYV at tracking point . The linear velocity is bounded from 0.5
m/s to 2 m/s because of saturation function. At the beginning , the
linear velocity is 0.5 m/s. After 8s, the linear velocity reaches to 2
m/s and it is decreased a little when AGV moves on the second
bending. Fig. 5.8 shows the torque applied for the orientation of
steering wheel, and Fig. 5.9 shows the torque applied for the rotation
of steering wheel. Because of saturation fuctions, the first torque is
bounded within #3000 Nm and the second torque is bounded within
+1000 Nm. These torques is relatively big. However, it is assumed
that these torques are accepted with DC motors of 3kw and 1kw,

respectively.

=-—- Referencel]

— Simulation|

Y axis (m)

Fig. 5.2 Path following of AGV in simulation
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Fig. 5.7 Linear velocity of tracking point on AGV in simulation
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Fig. 5.8 Torque applied for the orientation of steering wheel in

simulation
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Fig.’5.9 Torque applied for the rotation of steering wheel in

simulation

Experiment results

Experiments are carried out on a real AGV with load
capacity of 2000 kg. In experiment, the AGV operates in free
load mode. The experimental results-for path following of the
AGV are shown in Figs. 5.10~5.13. It shows that the
experimental results of the tracking errors of the AGYV,
steering angle of steering wheel and linear velocity at tracking
point of the AGV are bounded along the simulation results.
Fig. 5.10 shows the position error. The experimental result for

position error is bounded within £0.1m . Fig. 5.11 shows the
angle error. The experimental result for angle error is bounded

within +8°.

51



: : ————— simulation
1 experment
Voo : z - : : : : :
0.08 . : : : : : : : : : =
g
=]
=4
:
2
=
s v
8 .
0os ; : ; ; ; : ; ; :
a 2 4 4] 8 10 12 14 16 18 20
Time (5}
Fig. 5.10 Position error of AGV- in experiment

o

i

i

z

k="

5

o

,

=

=

" ; ; ; ; ; ; ; ; ;
a 2 4 6 g 10 12 14 16 18 20

time (s)

Fig. 5.11 Angle error of AGV in experiment.

Fig. 5.12 shows the steering angle of the steering wheel. The
steering angle is bounded within 90° £40° and bounded within

[50°,130°]. Fig. 5.13 shows the linear velocity at the tracking point
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of the AGV. The linear velocity is limited by 2 m/s approximately

after 6 seconds.
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Fig. 5.12 Steering angle of steering wheel in experiment
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The summary obtained from the simulation and experimental

results are obtained as follows:

e The smaller the curvature radius is, the bigger the position
error of the AGV and the angle error of the AGV and the
steering angle of the steering wheel are. Moreover, the smaller
the curvature radius is, the more quickly of the torques for the
orientation and rotation of the steering wheel change.

e The proposed controller can be applied for AGV to follow
any smooth curve-path with large-enough curvature radius.
However, to obtain a good path following. performance of
AGYV, the DC motor for orientation of steering wheel has to
provide a big enough torque.

e Experimental results are bounded along the simulation results
within some ranges: position error within +0.1m, angle error

within 8’ and steering angle within 90° +40°
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Chapter 6: Conclusions and Future Works

6.1 Conclusions

This dissertation develops an industrial AGV, a tricycle wheeled
mobile robot. The conclusions of this dissertation are summarized as

follows:

e AGV’s modeling including kinematic model and dynamic
model is considered. Based on structure and geometric
characteristics of each wheel, constraints under pure
rolling and no slipping condition are reduced. From these
constraints, kinematic modeling is obtained: Dynamic
modeling is also reduced by applying the well known
Lagrange equation under the above nonholonomic

constraints in the motion of the AGV.

e ' The second one is hardware design. The AGV. has three
wheels including the steering wheel and two fixed wheels.
The steering wheel is driven by two DC motors, the first
one for its orientation and the second one for its rotation.
AGYV has a hoisting component for load transporting. The
hoisting component is driven by the hydraulic actuator.
Sensor for obstacle avoidance such as photoelectric
sensors, switching sensor are used. A proximity sensor is
used to detect the original point of steering wheel. Two
rotary encoders are used to measure AGV’s speed and
steering angle of the steering wheel. Switching sensors are
used to limit movement of steering wheel and hoisting

component. Camera Logitech C600 is used for navigation.

55



The control system is developed based on the integration
of a notebook (Intel Core 2 Dual, 2.8 Ghz, 2 GB RAM)
and PIC microprocessors. The notebook communicates
with PIC microprocessors by RS232 protocol. The control
system includes two parts, high level computer control
and low level microprocessor control. The former is used
for image processing and control algorithm. The latter is
used for device control. Furthermore, a desktop personal
computer that communicates with the AGV through
wireless communication Bluetooth is used to monitor and

control the AGV remotely.

Two software programs are developed in C# programming
language of Visual Studio 2008. The first one is used on
the notebook for image processing based on AForge.NET
Framework. The second one is used on desktop PC for

monitoring and remote control of the AGV.

Control algorithm for path-following of AGV'is proposed
based - on “integration -of two" control loops, kinematic
control loop and. dynamic centrol loop. The kinematic
control loop based on fuzzy logic framework and the
dynamic control loop based on two PID controllers are
designed. The proposed controller shows that the AGV
can follow the reference path with small curvature radius
of 4m. Simulation and experimental results show that the
tracking errors are bounded within +0.1m , +8° . To
achieve a good performance of AGV for path following,
the torques of DC driving motors must be big enough.

Simulation in this dissertation requires the torque coming
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to 3000 Nm for the first motor and 1000 Nm for the
second motor applied to steering wheel.

e Experimental results are bounded along the simulation
results within some ranges: position error within £0.1m

+8°

angle error within and steering angle within 90° +40°

The effectiveness of the proposed system is shown through
simulation and experimental results. The AGV can follow the desired
path with a large enough curvature radius smoothly. So the system

can be applicable and implemented in practical

6.2 Discussion and future works

In dynamic control loop, there exist a lot of kind of unknown
disturbances and noise which decrease the control performances such
as the stability, frequency response and loading sensitivity. Therefore,
the control method based on conventional PID is limited. To improve

the control performance, other control methods should be considered.

To move throughoeut the manufacturing facility or a warehouse,
AGYV must be able to move both of directions, forward and backward.
However, this dissertation only considers the forward moving of the
AGV. In backward moving, when the reference path is sharpened
bent or narrow, AGV is impossible to follow its path. To overcome
that problem, a solution must be proposed. In this solution, the

camera sensor is fixed on steering wheel frame.
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Appendix A

In this section, [T] iy [T] , and [T], are considered
The kinetic energy in (2.31) can be rewritten as follows:

T= %(&TRTMR&+ 2VIREB+ 1, + @1, @)

First, a—T and its derivative, di(Z—z] , are obtained as follows:
t

Z%T: R" (0)MR(0)E+R’ (0)V

d[aT,J = %(RT (0)MR(0))é+ R’ (0)MR(0)&

dt\ o0&
+%(RT(9)V)B+RT(0)V,B
where
J R —sin@-. cos@ O
E(R(Q))zﬁgz —c(())sﬁ —s;nH 8 0 =yR(6)0
0 10
with y=|-1 0 0
0 0 0
LR (0)MR(9)) = L (R (9))MR (0) + R (0) L (MR (0))
dt dt dt

= %(RT (0))MR(60)+R’ ()M %(R(H))

=R"(0)(y'M+My)R(6)0
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SR (0)V) =2 (R (0))V=R" (0)y'VO (A7)

Therefore, from Egs. (A.4), (A.6) and (A.7), the following is obtained.

+R"(0)y'VOB+R (0) VS

(A.8)

Second, zz is calculated as follows:

aT_, (A.9)

or T T T 0 .
£=(§ R’ (0)M+ BV )ﬁ(R(a))g
where

oT

00

STRT VT2 :
= E"R"(0)M+ BV )E(R(G))é (A.10)

=E'R"(O)M+ BV )YR(0)E

Therefore, from Eqs:(A.9)-and (A.10), the following is obtained.

For]
8)(: 0

LIS P =Da—T=D(§TRT(6’)M+,BVT)\|1R(9)§ (A.11)
¥\ | oy o0

oT

= Loe
06 ]

a
g

with D=[0 0 1]’

From (A.8), (A.10) and (A.11) the following is obtained.
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[T], =R’ (0)(w'M+My)R(0)&0+R" (0)MR(0)E
+R"(0)y'VBO+R" (0)Vj (A12)
-DE'R" (0)M+ V" )yR(6)E

[T] , and [T], can be obtained easily from Eq. (A.1) as follows:

ZszTR(H)§+Iﬂﬁ o
o, then [T], =V'R(0)E+1,p5 (A.13)
B

[T], =1.® (A.14)
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Appendix B

In this section, the velocities é, ,[.3,(1') and the accelerations é, ﬂ"’,('l') in

equations (2.41) and (2.42) must be eliminated.

Eq. (2.46) is written as follows:

§=R"(0)Z(B)n
p=¢ (B.1)
®=E(5)Z(8)n

Il
=1

Furthermore, from Eqgs. (2.1) and (2.20), the followings are obtained.
0=D"% with ~ D=[0 0 1] (B.2)
6=D"¢=D"R" (0)Z(B)n (B.3)

The second order time derivative of & in Eq. (B.1) is given as follows:

E=R(O)Z(8)i+ 2 (RM)) Z(A)p 4R (0) 2 (x(p))n /(B

Using Eq. (A.5), the following is reduced as:

010
%(RT(Q))zRT(H)\yTG with y=/-1 0 0 (B.5)
0 0

From Eq. (2.18), the following is reduced as:

0
HEP)= 2 (2(6))5=| Reosp | p=L2(5) B6)
%sinﬁ
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Using Egs. (B.4), (B.5) and (B.6), Eq. (B.7) is obtained.

E=R(0)X(B)i+R" (0)w'E(B)0n+R (6)LE(S) fn

(B.7)
=R (0)X(8)7+k (0. 5.1,5)

where

K, (0,8.1.6)=R" (0)y"L(B)D'R’ (0)2(B)n> +R"()LE(B)sn (B

The second order time derivative of £ of Eq. (B.1) is given as follows:

pt (B.9)

From Eq. (B.1), the second order time derivative of ® is given as follows:

& =E(A)2(A)i+ % (E(B)) Z(B)n+ E(B) 2 (2(A)) (B.10)
where

E(f)=-3,3,(8) (B.1)
(B =—3 L 0.(8) =3 N(p) ®.12)
dt dth! :

—sinf cosff —Isinf
with N(ﬂ)—aJl(ﬁ)—{ 0 0 0 } (B.13)
op
0 0 0
Using Egs. (B.10), (B.11) and (B.12), Eq. (B.14) is obtained.
&= E(8)2(8)n(4N(B)-E(H)L)Z(8)n -
=E(B)Z(B)n+k,(8,1.4)
where
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k,(8.1.6) = (3,'N(B)~E(B)L)Z(5)<n (B.15)
From Egs. (B.7), (B.9) and (B.14), the followings are obtained.
§=R"(0)L(B)1+k, (0. 5.1.$)

B i (B.16)
D=E(B)Z(B)7+k,(B.1,$)

Using Egs. (B.1), (B.16), (A.12), (A.14) and R(8)R" (0)=1,,, Eq. (2.41)

can be reduced as follows:

H(p)i+ X (B)VE+ £,6..1.) =X (B)E" ()P, (B.17)
where
H(p)=2' (B)(M+E"(B)LE(S))Z(p) (B.18)

£,0.4.1.0= =" (B)(w'M+My)Z(B)DR" (0)=(5)7’
+ X' (B)MR(0)Kk, (0. 5.7.€)
ZT(ﬂ)\yTVDTRT(H)Z(ﬁ)ng (B.19)
(8)
(8)

+

+ X7 (BR(O)D(Z! (B)My+V O )wE(B)n
+X7(B)E" (BIK, (B.17,5)

/, is a function only depending on 0,.6.n,¢

From Egs. (B.1), (B.16) and (A:13), Eq-(2:42) can be reduced as follows:

VIE(B)ii+ VIR(0)k (0,,1.6)+1,6 =7, (B.20)

From Egs. (B.17) and (B.20), Egs. (2.42) and (2.41) can be rewritten as

follows:
{VTE(ﬁ)f?Jrlﬁ?Jrﬁ(&ﬂ,m() =1, (B.21)
H(B)in+X" (B)VS + £,(0,8.1.8) = X" (B)E" (B)Pr,

where
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fl(e’ﬂanag)=VTR(0)k1(0aﬂa77a§) (B22)

From Eq. (B.21), the following is obtained.

A 1S A P [
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Appendix C

From Eq. (2.4), Eq. (2.6), Eq. (2.8), Eq. (2.9), Eq. (2.11) and Eq. (2.12), the

following is obtained.

xsin(B+0)—jcos(f+0)+10sinf =0
Xcos@+ ysinf =0
xcos(p+0)+sin(f+0)+10cosf+r,d, =0 (C.1)

—XSin9+ycosﬁ+b9+rf¢2 =0

Xsin@ - jeos+bO+r.y =0

From Eq. (C.1), the followings are obtained.

X =r.¢, sin fsin @

y = —r.d, sin fcosd (C2)

0=- FT‘ ¢1cosﬂ

From Eq. (C.1), the followings are obtained.

X 7, sin fsin @ cosf —sind 0 0

E=|y|=|-r sinpcosh|p =|sind cosd Off-rsing |4 (C3)
) 0 0 1
o —%cosﬁ —%cosﬁ

T
Choosing 7=¢,, £(B)= {0 —7,sin f —rlicos ,B} and Eq. (2.4), the following
can be obtained:

E=R"(0)Z(B)n (C4)
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