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Development and Controller Design of Four Wheel

Independent Steering Automatic Guided Vehicles
Yuhanes Dedy Setiawan

Department of Mechanical Design Engineering, The Graduate School,

Pukyong National University

Abstract

Development of Automated Guided Vehicles (AGVs) has been
an interesting research topic over decades not only for researchers
in university but also for AGV manufacturers. The goal is to improve
AGVs’ efficiency in fulfilling the given task such as material handling.
Several kinds of wheel configuration for AGVs have been developed
such as differential drive configuration and tricycle wheel
configuration. To. get higher maneuverability and flexibility, four
wheel independent steering configuration have “been proposed for
development of ~ AGVs; hereafter referred to as four wheel
independent steering AGVs (4WIS-AGVs).

The objective of this thesis is to present a new type of 4WIS—
AGV for carrying heavy baggage and propose a controller that is
designed for the 4WIS-AGV to track given trajectories like
omnidirectional tracking using Backstepping method. To do this task,
the followings are done. First, a 4WIS-AGV is designed and
manufactured for experimental purpose. Eight DC motors are used in
this system: four motors for steering motor and the others for driving
motor. Second, a kinematic modeling of the 4WIS-AGV is created

based on a single track vehicle model. This model is obtained by

il
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reducing an ordinary four wheel vehicle model into a two wheel
vehicle model with the wheels at the centerline of the vehicle. Third,
based on the modeling, a trajectory tracking controller is designed
based on Backstepping method for the 4WIS-AGV to track a given
trajectory omnidirectionally. Fourth, to implement the designed
controller, a control system is developed using industrial PC and AVR
ATmegal28 microcontrollers. Industrial PC is used as the main
controller which collects data from sensors, generates control signal
and controls Graphical User Interface (GUI) of the system. AVR
ATmegalZ28 microcontrollers are used to convert control signal from
industrial PC to Pulse Width Modulation (PWM). This PWM signal is
then converted to voltage signals by motor drivers. A monitor is used
to display .the GUI to users. Laser navigation system NAVZ200 for
getting position data of the vehicle and eight encoders for getting
angular | velocity data of eight motors for 4 steering motors and 4
driving motors are used. Two 12V batteries are used to supply power
to the system. Finally, simulations and experiments are conducted to
verify the effectiveness and the performances of the proposed
controller for.tracking two reference trajectories: a trajectory with
sharp edges for parallel steering maneuver and a circular trajectory
for zero—sideslip maneuver. The results show that the proposed
controller makes the 4WIS-AGV track the reference trajectory with
sharp edges for parallel steering maneuver and the reference circular

trajectory for zero-sideslip maneuver very well.

Keywords: Automated Guided Vehicles, Four wheel independent

steering, Controller design, Backstepping.
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Chapter 1: Introduction

1.1 Background and motivation

Automatic Guided Vehicles (AGVs) have been operated in
almost every industry due to their high efficiency for material
handling [1-8]. Therefore, many AGV research projects have been
conducted such as development of laser [9-15], development of
vision [16-21], localization [22-31] and navigation [32-44] for the
AGYV. One of the techniques to improve the performance of AGVs is
to improve AGVs’ maneuverability and flexibility because the higher
these characteristics are, the better the AGVs’ performance is.
Several kinds of wheel configurations for AGVs have been developed.
Pratama et al. [45] developed a differential drive AGV that could
work autonomously using laser measurement system. Obstacle
avoidance algorithm was also applied in this system. On the other
hand, Doan et al. [46] developed a tricycle wheeled AGV. In this
vehicle, Doan proposed a path tracking control using camera sensor.
To get higher maneuverability and flexibility, four wheel independent
steering configuration has been proposed for development of AGVs,
hereafter referred to as 4WIS-AGVs.

Four wheel independent steering configuration is a wheel
configuration that each wheel orientation is adjusted separately. As a
result, 4WIS-AGVs can move to any direction in their work
environment. The main advantages of this wheel configuration are
small vehicle sideslip angle and better dynamic response
characteristics [47]. Nevertheless, controlling the configuration of

four wheels to make the 4WIS-AGV move to certain directions is
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challenging. This is because the orientation of each wheel has to be
adjusted with particular formation such that the vehicle can move in
the expected direction. Thus, appropriate controllers are necessary for
4WIS-AGVs.

There have been many researches developing controllers for
four wheel steering vehicles. Zhang et al. [48] proposed robust
optimal control technology for four-wheel steering vehicle. H,
optimal controller and Kalman filter were proposed for the two

degree of freedom vehicle model. A H_optimal controller was also

presented to deal with-the model uncertainty. The simulation results
showed that the proposed controller was robust and stable.
Furthermore, the proposed controller could also improve the vehicle
steering performance because it could reduce the model uncertainty
and resist the disturbance very well. However, this controller could
work only when the parameter uncertainty of the tire could be
considered as linear time invariant and the vehicle speed was low.
Amdouni et al. [49] proposed another kind of optimal control
for four-wheel active steering vehicles. It was designed using
parameter optimization method based on genetic algorithm which
combined front and rear wheel steerings to control the front and rear
wheel angles. The controller was then proposed and implemented in
MATLAB/Simulink. The proposed controller model is comprised of
model matching, feedforward and feedback controllers. This
controller gave a better control for the vehicle at high speed.
Moreover, an optimal control approach was proposed for four wheel
active steering vehicle because the computing tools and techniques

developed in this paper were general and fully parameterized.
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Lam et al. [50] proposed a behavior-based steering control for
four wheel independent steering vehicles. This strategy was used to
overcome limitations of wheel orientation control. The controller
consisting of position controller and kinematic controller worked as
virtual linkages among each wheel to minimize wheel slip resulted by
the misalignment of the orientations of wheels effectively. The
simulation results showed that the proposed controller increased the
driving and steering efficiency with little path variation. Nevertheless,
they did not show whether the chosen PID parameters in this
controller could make optimum performance in real field or not
because the effectiveness of the proposed controller was only
validated by simulation.

For some conditions, only single control method cannot work
properly on four wheel steering vehicles. Thus, Yang et al. [51]
suggested a multi-mode control strategy based on fuzzy selector. This
fuzzy selector analyzed the steering behavior and chose the
appropriate control mode and determined the corresponding control
model to improve the vehicle’s steering characteristics. The aim of
using this type of controller is to achieve optimal yawing angular
velocity, centroid edge angle and body heeling angle. Despite that,
this control strategy could not make the vehicle with stable sideslip
angle, yawing angular velocity and rolling angle as shown in the
simulation results.

Another control algorithm is fuzzy logic robust controller based
on Sugeno fuzzy model which was developed by Shaout et al. [52].
This controller used the responsiveness and stability of the rear wheel
steering in conjunction with front wheel steering using fuzzy logic

robust controller based on single track nonlinear vehicle model. The
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simulation results showed that the developed controller enhanced the
vehicle handling in the presence of noise, steering linkage play and
variation in vehicle parameters.

From the above mentions, there is a necessity of conducting
research on developing a new type of four wheel independent
steering configuration for AGVs. Furthermore, a new good trajectory
tracking controller is needed for the AGVs to fulfill the working

requirements.

1.2 Objective and research method

The objective of this thesis is to present a Four Wheel
Independent Steering Automatic Guided Vehicle (4WIS-AGV) for
heavy baggage carriers with omnidirectional maneuver. The
application of this system is in the airport and the hotel where people
can put their baggage on the 4WIS-AGV and it will bring the
baggage to the desired locations. To do this, the followings are done.

First, a 4WIS-AGV is developed for experimental purpose. The
4AWIS-AGV with big dimension of 500 mm (height) x 705 mm
(width) x 905 mm (length) is designed and manufactured. Four high
power DC motors are used to drive its wheels and four additional DC
motors are used for its steering purpose. Each motor is controlled
independently and industrial PC is used as the main controller. Each
motor has a motor driver and an ATmegal28 microcontroller.
ATmegal28 is used to convert desired revolution signals from
industrial PC to Pulse Width Modulation (PWM). This PWM is then

converted to voltage signals by the motor driver.
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Second, a kinematic modeling of 4WIS-AGVs is created based
on a single track vehicle model. This model is obtained by reducing
an ordinary four wheel vehicle model into a two wheel vehicle model
with the wheels at the centerline of the vehicle. This model has been
proved to sufficiently represent the four wheel steering vehicles as
the more complicated nonlinear two track vehicle model does.

Third, a trajectory tracking controller is designed based on
Backstepping method to make the 4WIS-AGV tracks reference
trajectories omnidirectionally and accurately.

Fourth, a control system is developed using industrial PC and
AVR ATmegal28 microcontrollers to implement the designed
controller. Industrial PC is used as the main controller which collects
the data from sensors, generates control signal and controls Graphical
User Interface (GUI) of the system. AVR ATmegal28
microcontrollers are used to convert control signal from industrial PC
to PWM. This PWM signal is then converted to voltage signals by
motor drivers. A monitor is used to display the GUI to users. Laser
navigation system NAV200 to get position data of the vehicle and
eight encoders to get angular velocity data of eight motors for 4
steering motors and 4 driving motors are used. Two 12V batteries are
used to supply power to the system.

Finally, simulations and experiments are conducted to verify
the effectiveness and the performances of the proposed controller for
tracking two reference trajectories: a trajectory with sharp edges for
parallel steering maneuver and a circular trajectory for zero-sideslip
maneuver. The results show that the proposed controller makes the

4WIS-AGV track the reference trajectory with sharp edges for
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parallel steering maneuver and the reference circular trajectory for

zero-sideslip maneuver very well.

1.3 Outline and contribution of thesis

This section describes the contents of the thesis and their
contributions briefly. The contents consist of five sections, i.e.
introduction, system modeling and controller design, controller
implementation and -hardware description, simulation and

experimental results and conclusions as follows:

Chapter 1: Introduction
In this chapter, background and motivation of this thesis
are presented. The objective and research method of this
thesis are then described. Finally, the outline and
contribution of'this thesis is explained.

Chapter 2: System modeling and controller design
This chapter describes the modeling and controller design
of the 4WIS-AGV. To do this, the followings are done.
First, basic terminologies and equations of four wheel
steering vehicles and their control theories are explained.
Second, a kinematic modeling of the 4WIS-AGV based
on a single track vehicle model is created. Finally, a
trajectory tracking controller is designed for this system
to track given reference trajectory based on Backstepping

method.
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Chapter 3: Controller implementation and hardware description
This chapter describes the hardware structure of the
4WIS-AGV used to implement the designed controller.
The hardware structure of the 4WIS-AGV consists of
mechanical design, electrical design and GUI of the
4WIS-AGV. The mechanical design of the vehicle is
explained in detail, which consists of its body and wheel
configurations. All electric hardware used in the system
such as steering motors and driving motors, encoders,
industrial PC, batteries, ATmegal28 microcontrollers,
monitor, motor drivers and laser navigation system
NAV200 are described. The GUI is comprised of manual
and automatic menus. Both of these menus are described
in this chapter.

Chapter 4: Simulation and experimental results
Simulation and experimental results are shown. These
results are shown to prove the effectiveness, performance
and applicability of the designed controller for the 4WIS-
AGV to track two reference trajectories: a reference
trajectory with sharp edges for parallel steering maneuver
and a circular reference trajectory for zero-sideslip
maneuver. The simulation and experimental results show
that the proposed controller makes the 4WIS-AGV able
to track the reference trajectories very well.

Chapter 5: Conclusions
Conclusions from this research and several suggestions

for future works are presented.
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Chapter 2: System Modeling and Controller
Design

This chapter presents a system modeling and a controller
design for the 4WIS-AGV system. First, basic terminologies of four
wheel steering vehicle are explained in this chapter. Second, two
maneuvers of four wheel steering vehicles are explained. Third, a
kinematic modeling of the 4WIS-AGV system is created. Finally, a
trajectory tracking controller based on Backstepping method is

designed.
2.1 Basic terminologies

The schematic of four wheel steering vehicles is shown in Fig.

2.1.
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Subscript: O\ !l 7/
fr = front \\ v 6ﬁ’ e, / //
re = rear \B Y \m/ // /
fi = front inner \\ \\ \\ S 18 /] / //
fo = front outer NN o re f [ 4
ri = rear inner \ \Kr_\)/‘ /-y
ro = rear outer \\ ¥, I . // //
tc = turning center \\ \\\ 5ﬁ: 5” /////
' /
\3\\/ I%
\\y | /17
\\\\ | /5/
\\\ (I

Fig. 2.1 Schematic of four wheel steering vehicles

where,
6,,0,= Front inner and front outer wheel steering angles,
respectively (rad)

ri % ro

(rad)

0,.,0, = Rear inner and rear outer wheel steering angles, respectively

6,90, = Front and rear wheel steering angles, respectively (rad)
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Wheel steering angles are measured as angle between the wheel

longitudinal axis and vehicle longitudinal axis in counter-clockwise

direction.

v, = Vehicle linear velocity (m/s)

v, = Each wheel linear velocity, for i =1,---,4 (m/s)

v, = Vehicle angular velocity (rad/s)

l,, 1, = Longitudinal distances from vehicle center of gravity (CG)

to the front and rear wheels, respectively (m)

T, = Turning center radius of the vehicle (m)

b = Lateral distances from CG to right or left wheel (m)
r, = Wheel radius (m)

B = Middle point of the front wheels

C = Middle point of the rear wheels

CG = Vehicle center of gravity

P =Turning center

Four wheel steering vehicles have four wheels that are

adjusted separately. Thus, each wheel has wheel steering angle J,,

1

wheel linear velocity v, and wheel angular velocity @, (v, =awr, ).

The wheel names are determined when the vehicle moves in curved
trajectories as shown in Fig. 2.1. In this condition, there are two
wheels which are nearer to the turning center and therefore defined as
the inner wheels. The rest of the wheels which are farther to the
turning center are called the outer wheels. The wheel numbers are
started from the front outer wheel as wheel 1, going in counter-

clockwise direction to the front inner wheel as wheel 2, then going to

10
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the rear inner wheel as wheel 3 and the last wheel is the rear outer

wheel as wheel 4.

2.2 Four wheel steering vehicle maneuvers

There are two kinds of maneuvers that four wheel steering
vehicles have, i.e. parallel steering maneuver and zero-sideslip
maneuver [54]. These maneuvers take advantage of the unique
kinematic characteristics of four wheel steering vehicles. In this
thesis, the experimental 4WIS-AGV will be tested on its capability

for these two maneuvers.

2.2.1 Parallel steering maneuver
This maneuver is done when both the front and rear wheels
are steered with the same angle, direction and velocity as shown in

Fig. 2.2.

Fig. 2.2 Parallel steering maneuver

In this condition, all wheel steering angles are set to follow

the sideslip angle, f3,.

11
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o, =P, fori=1,---,4, fr,re (2.1)

Likewise, the velocity of each wheel follows the vehicle

linear velocity, v, .
v, =V, fori=1,---,4, fr,re (2.2)

This condition causes the turning radius of the vehicle motion,

r,. , always equal to infinity along the path.
7. =00 B8 s (2.3)

where s represents the path length travelled by CG from the starting
point, s,, to the ending point, s, .
Furthermore, in this condition, the vehicle moves without

changing its orientation during the motion and mathematically this

condition can be written as follows:
v, (s)=w,(0), 5:0>s, (2.4)

where y, (0) is the initial orientation of the vehicle.

This maneuver is very practical in vehicle lane-changing and
obstacle avoidance. As a result, this maneuver is very useful for
AGVs when they have to move in small working space on which

ordinary AGVs have limitation to move.

12
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2.2.2 Zero-sideslip maneuver
This maneuver is done when the sideslip angle of the vehicle

is kept zero (3, =0) while the vehicle moves. This maneuver is

illustrated with Fig. 2.3.
At the point CG on the path, the incremental change, ds, can

be expressed as:

ds =\ dX* +dY? (2.5)

where dX and dY are the incremental changes in X and Y directions,
respectively. The tangential angle v, at point CG can be expressed

as:

dYy
=tan41— 2.6
W, dx (2.6)
Subsequently, the path curvature, k¥ , can be obtained by

deriving function ¥, (S) with respect to s as follows:

1 Y /dX®
PO " S S 2.7)
T

ds (1+(dY/dX)2)3/

When the vehicle moves along the path s, the sideslip angle

can be written as follows:

Bi(s)=0, s:5, >3, (2.8)

13
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Fig. 2.3 Zero-sideslip maneuver

The orientation of the vehicle (s) is set to match the

tangential angle of the desired path v, (s)

v (s)=v,(s), s:0->s5, (2.9)

Because the vehicle body is always tangent to the path, this

maneuver is desirable for the vehicle motion. By assuming that all
angles o,, for i =1,---,4, 4, fr,re, are limited to be less than + 7 /2
rad, velocities of each wheel in zero-sideslip maneuver can be

formulated as follows [53]:

14
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v, tand , csco,

\/l+i(tan6ﬁ +tan6m)2

v, tand,, csco,

\/l+i(tan6ﬁ +tano,, )2

where

lim; ; [tanéx cscé},] = limgxﬁjy__>0|: — secéx} =1
y

,i=1,2;c086,sin6, # 0,6, #5,,

(2.10)
,i=3,4;cos9,,sind, 0,0, #0,,

sin &

2.11
sinod ( )

Proof of Eq. (2:10) is written in Appendix A.

Subsequently, the steering angles of each wheel, o,, can be

calculated as follows:

1

0, = cot (coté'f, +lﬁ,Tlr€C0t5ﬁ [tané'fr —tanére]J (2.12)

for 6, #6,, 6, #96,,, c0sb,,sind, #0

5, =cot™| cotd b cots, [tans, —tand 2.13
,=cot | co ﬁ_lﬁTlmco fr[ ano, —tan m] (2.13)

for 6, #6,, 6, #9,

re?

[, +1

fr re

5, =cot” (cot 0, —

Collection @ pknu

coto,, [tan 5 4 —tan 0, JJ

€089, sind, #0

(2.14)
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for 6, #9,

re

Oy #0

re?

cosd, sind,, #0

5, =cot” (cot o, + coto, [tan 6, —tan 5re]J (2.15)

[, +1

fr re

for 6, # 9,

re?’ re?

6, #0,,, cos0,sing,, #0

Proof of Egs. (2.12) - (2.15) is written in Appendix B.

Since Egs. (2.10) and (2.12) - (2.15) contain sin, cos and tan
functions, these equations have special values in particular angles.
The following describes the special angle conditions for Egs. (2.10)
and (2.12) - (2.15).

From Eq. (2.10), linear velocity of wheel 1, v,, is taken as follows:

. v, tand . csco, (2.16)

| \/l+i(tan6ﬁ +tano,, )2

Case 1: In straight direction, 6, =48, =0o0r 7 and by considering Eq.

(2.11), Egs. (2.12) - (2.15) and (2.16) becomes
0,=0 (2.17)
v,.1 o
v1=1—=vA,hkew1se V, =V, =V, =V, (2.18)
HZ((HO)Z

Case2: 6,,=9,

Egs. (2.12) - (2.15) becomes

16
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5,=6,=5=5=5,=5, (2.19)

and thus Eq. (2.16) becomes

v,tand . cscd, v secd, v, seco,

)2 :\/l+tan2 0, B secd,

v, = v, (2.20)

1
\/l+4(tan6ﬁ +tand,

likewise v, =v; =v, =v, (parallel steering maneuver)

Case3: 5, =-6,

From Egs. (2.12) - (2.15), the followings are done.

fr i re l_ﬁ’ +lre
2.21)

5, =cot’! {cot 5, +chot 5, [2 tand,, ]j R cot™ {cot B 2b J

; | : 2b
52 = cot 1 (Cot 5]} _l—lCOt 5_1‘5’ [2tan 5fr jl] =cot (Cot 5_,‘} - lﬁ +lre J

(2.22)

fr re

5, =cot™ —cot5ﬁ+Lcot5ﬁ[2tan5ﬁ] =cot ' —cotéﬁ+2—b
o+l ' ' T+,

fr re
(2.23)

[, +1 Lp+1,

5, =cot’ (—cotéﬁ —Lcotéﬁ [2tan5ﬁ]J =cot ™' (—cotéﬁ __2 J
fr re
(2.24)

In addition, from Eq. (2.21), the followings are obtained.

17
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v =v,tand, cs{cot1 Lcot 6, +l 2b ] (2.25)

fr+lre |

v, =V, tand, csc| cot™ | cots, — 2b (2.26)
' T+,
4 2b
v; =-Vv,tand, csc| cot | —cotd, + (2.27)
' T+,
= 2b
v, ==V, tand  csc| cot” | —cotd, — (2.28)
. lfr A lre

Case 4: When 6, = +7/2, Egs. (2.10) and (2.12) - (2.15) becomes

v, tand, cseo,,

Via =

\/l+i(tan6ﬂ +tan6,e)2

V,CSCO, ,

1
tan Sﬁ

\/1+1tan2 O +ltan5ﬂ tano,, +ltan2 o,
4 e 4 4

V,CSCO;,

1 1 1 1 tan’ S,
+—tand, +_tano,, +-—
tans, 4 T2 4 tand,

lim v,=0 (2.29)

"5, t/2

v, tand,, csco,,

Vig =

\/1+i(tané‘fr +tan§m)2

lim v,, =0 (2.30)

Vs,ota >

18
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5, =cot™ (cot 6, +L cotd, [tan 6, —tan 5VEJJ

l_ﬁ’ + lre
=cot™'| cotd,, + b___ b 5, tand,
. lfr + lre lfr + lre .
. 71 . . . 71 b
oo lim 6, =cot , likewise lim &, =cot™ | —
5, —xm/2 lﬁ’ + lre 5, —Em/2 lﬁ’ + lre
(2.31)
5, =cot™| cots, — cotd | tand, —tand
3 { re lﬁ + lre re |: it re ]J
lim J,=-o, likewise lim J, = (2.32)

85 —>Em)2 8 —xm/2

Case 5: When 5, =+7/2, Egs. (2.10) and (2.12) - (2.15) becomes

v, tand, cseo, ,

Via =

\/l+i(tan6ﬁ +tano,, )2

lim v, =0 (2.33)

. S,e>tm/2

v, tand, csco,,

Vig =

\/1+i(tan5fr +ta115re)2
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v, csco,,

1
tang,,

\/1+ltan2 O, +1tan5fr tang,, Jrltan2 o,
4 T2 ' 4

V,csco,,

tan’ &
! Jr1 r +ltan5fr+ltan5re
tano,, 4 tano,, 2 So4

lim v, =0 (2.34)

) S,e—>tm/2

[, +1

b

-1

0, = cot (cotéﬁ +————cotd, [tanéfr —tanére]J
fr re

lim 6, =—w, likewise lim &, = (2.35)

) S, >Em/2 S, >Em/2

. +1

5, =cot”! (cot 0, —
fr re

coto,, [tan o , — tan o, ]J

cotd,, tand; +

=cot ™' {cot 0, — J
lfr + lre l_ﬁ’ + lre

o lim &, =cot™ . , likewise lim &, =cot™'| - b
8o —>tm/2 lﬁ’ + lre S,o>Em/2 lfr + lre

(2.36)

Case 6: When 6, =6, , Egs. (2.10) and (2.12) - (2.15) becomes

v, seco
v, = A fr (2.37)

\/l+i(tan6ﬁ +tano,, )2

v, tand, csco,
Vi, = - (2.38)

\/l+i(tan6ﬁ + tan6m)2
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6,=0,=0,=0,=0,

Case 7: When 6, =9,

re?

v, tand , cscd,,

VA:

1.2 l )
\/l+4(tan6ﬁ +tan6re)

v, secod,,

Via 1 5
\/1 +Z(tan5ﬁ +tan5re)

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

(2.39)

Egs. (2.10) and (2.12) - (2.15) becomes

(2.40)

(2.41)

(2.42)

These special angle conditions are summarized in Table 2.1.

Table 2.1 Special angle conditions in Egs. (2.10) and (2.12) - (2.15)

Special
Eq. (2.10) Egs. (2.12) - (2.15)
Angles
5ﬁf = 5re
Vv, =v, =v, 2V, 5=5,=5,=6,=0
=06,=0,7
S,.=0, W=V oy, = 6,=0,=0y,=0,=0,
2b | 1
=v,tand, csc| cot™ | cotS, + 6, =cot | cotd, +
Zfr + Zre
- ) 2 ]
v, =V, tand, csc| cot (cot@ T J , =cot” (C0t5
5’,6 — _5/’. L fr re J
' 2b
v, =-v, tand; csc cot™ [—cot&,;&l 7 J , = cot” [—cot5 +
P N
v, =-v, tand, csc| cot l[_COtEﬂ'_lﬁ, +1,-J , = cot” [
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lim &, =cot™ b
Op—tn/2 l/»r-l‘lm
lim v,=0 b
5. =+1/2 Sy tn2 lim &, =cot™| -
S 5 >tn/2 l/.r +1,
5,;_1—1}12/2 V34 =0 ) hIP 5, =—o
)2
lim 6, =
8p—>tm/2
lim §, =-o0
S, >tm/2
lim &, =0
. S, >Em/2
lim v,=0
5re — i;r/2 R b
. lim &, =cot™
lifa W, § S0 8 En)2 I +1
S,e>tm/2 T fr re
lim &, =cot™'| - b
SeEm/2 Zfr + [rg
B v, secd,
Vib = 1 :
\/1+4(tan6ﬁ + tan5,e)
6, =9, 6,=0,=0,=06,=06,
' v, tand, csco, '
V34 = 1 ' -
\/1+4(tan6ﬁ + tan5m)
_ v, tand  cscd,,
Via = 1 5
\/l+4(tan5ﬁ + tan5m)
6, =0, 6,=0,=06,=06,=0,
v, secod,,
Via = 1 ;
\/l+(tan5ﬁ +tan5re)
4 -

2.3 Kinematic modeling
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The configuration of the 4WIS-AGV for system modeling is
shown in Fig. 2.4. The coordinate of OXY is a global coordinate

whereas the coordinate of Axy is a local coordinate.

Fig. 2.4 Configuration for system modeling

where,
e = Error in local coordinate x-axis (m)
e, = Error in local coordinate y-axis (m)

23
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e, = Vehicle orientation error with respect to the reference

orientation (rad)

e, = Vehicle sideslip angle error with respect to the reference

sideslip angle (rad)

r, = Wheel radius (m)

o =i"wheel angular velocity, for i =1,---,4 (rpm)

0. = i"™ wheel steering angle, for i =1,---,4 (rad)

B, = Vehicle sideslip angle between vehicle local coordinate x-

axis and the vehicle velocity direction measured in counter-clockwise
direction (rad)

X ,,Y, = Current positions of the center point of the 4WIS-AGV (m)
v, = Vehicle orientation between global coordinate X axis and

vehicle  local coordinate x-axis measured in counter-clockwise
direction (rad)
Subscript'4 represents the current condition, whereas R represents the

reference condition.

In this design, a kinematic modeling of 4WIS-AGVs is
proposed for the controller design based on a single track vehicle
model as shown in Fig. 2.5. This modeling is obtained by reducing an
ordinary four wheel vehicle model into a two wheel vehicle model
with the wheels at the centerline of the vehicle. This model has been
proved to sufficiently represent the four wheel steering vehicles as
the more complicated nonlinear two track vehicle model does.
Accordingly, this model has been widely adopted as the model for
all-four wheel steering [55-61].
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O

X

Fig. 2.5 Single-track vehicle model

where,

v;,V, = Front and rear wheel linear velocities (m/s), respectively

From Figs. 2.4 and 2.5, the kinematic modeling of the 4WIS-
AGYV is written as follows [54]:

X, v, cos(v,+pB,)
Y, _ v, sin(y,+f,)
Y, Y,
B, B.

(2.43)
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The angular velocity y, and sideslip angle S, of the 4WIS-

AGV in the single-track vehicle model in Fig. 2.5 are reduced as

follows:

v cos 3, (tan5,., —tanére)

v, = : (2.44)
lﬁ’ + lre
L[ I, tand,, +1, tand,
[, =tan" | - Y : (2.45)
fr + re

These equations apply to both parallel steering maneuver and
zero-sideslip maneuver.

Since Eqgs. (2.44) and (2.45) contain cos and tan functions,
these equations have special values in particular angles. The
following describes the special angle conditions for Egs. (2.44) and
(2.45).

Casel: B,=0
Eq. (2.44) becomes

v, (tanéﬁ —tanére)

. 2.46
v, LAl (2.46)
Case2: B,=r/2

Eq. (2.44) becomes

v,=0 (2.47)
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Case3: 6,=96,=0

Egs. (2.44) and (2.45) become
v,=p,=0 (2.48)

Cased: 6,=90,
Egs. (2.44) and (2.45) become
v,=0 (2.49)

lytand, +1,and, | tans, (1, +1,)
lﬁ’+lre l +l

fr re

Bi= tan{ }:5,, (2.50)

CaseS: 6, =-6,

Egs. (2.44) and (2.45) become

2v, cos B, tan &
Lyl

— tand, +/[_tanod tand ([ -1
B, =tan"'| —L B A0, =tan ﬁ(m fr) (2.52)
L+ I+l

fr re

These special angle conditions are summarized in Table 2.2

below.
Table 2.2 Special angle conditions of v ,and f3,
Special .
V4 B
Angles
v,(tand, —tand
[);A — O A ( fr re) 0
lﬁ’ + lre
27
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Bi= ﬂ/z 0 7[/2
5}"@ = 5_/&’ = 0 0 0
S, =0 0 Sy
5. =5, 2v,cos B, tand, -l tand, (lm —lﬁ)
_ l,+L, L, +1,

Steering angles and velocities of each wheel of the 4WIS-
AGV, ¢, and v,, are different when the vehicle move in parallel
steering maneuver and zero-sideslip maneuver. For parallel steering
maneuver case, the steering angles and velocities of 4WIS-AGV
wheels are calculated using Egs. (2.1) and (2.2), respectively. On the
other hand, the steering angles and velocities of 4WIS-AGV wheels
in zero-sideslip maneuver are calculated based on the steering angles

of the front and rear wheels 6, and 6, of the single track vehicle

model as follows:

| . tandy,
5, =tan™ | 8 (2.53)
Ly
/A
5, =tanl[WA ffj (2.54)

The proof of Egs. (2.53) and (2.54) is written in Appendix C.
Egs. (2.53) and (2.54) have constraint that they go to infinity

when v, =0 . Therefore, to avoid this condition, v, is set to have

small value (such as 0.000001 m/s) when v, =0.
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2.4 Controller design based on Backstepping method

This section introduces the controller design based on
Backstepping method. This method uses stability theory based on
Lyapunov function to find suitable controllers. First, the system
stability is checked based on Lyapunov stability theory. Subsequently,
based on the limitation of controller range that can be applied while
the system is stable, the suitable controller can be chosen. In this
thesis, the kinematic modeling of the 4WIS-AGV is used and its
stability is examined.

The controller is designed for the 4WIS-AGV model to track

a reference position (XR(K),YR(I)) , a reference orientation Y/, (t)
and a reference sideslip angle f, (l ) with a reference linear velocity
Ve (l), a reference angular velocity W/, (t) and a reference sideslip
angular velocity BR (t) ;

The reference linear velocity v, (t) of a reference point R on

the reference trajectory is-expressed as follows:

v, = X, cosy, + Y, siny, (2.55)
v, =X, cosy , +Y, siny,

When vehicles are controlled to track given reference

trajectories, tracking errors in Fig. 2.4 are expressed as follows:

e =(X,—X;)cosy, +(Y,—Y)siny, (2.56)
e, =—(X,—X,)siny, +(¥, Y, )cosy, (2.57)
29
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& =Y, ~WVg
e,=B,— B

(2.58)

(2.59)

The tracking error vector of Egs. (2.56) - (2.59) can be written

in the state space form as follows:

e cosy, siny, 0 0| X,—X,

. e |_ —siny, cosy, O O} Y,-Y, (2.60)
& 0 0 1 0\lw, -y,
2 0 0 0 1]\ Bi—br

Because 4WIS-AGVs cannot move sideways without steering

the wheel to the side direction, a nonholonomic constraint is given as:

X, siny, Y, cosy, =0
X siny ,~Y, cosy , =0

From Egs. (2.55) -

error vector is as follows:

(2.61)

(2.61), the time derivative of the tracking

—V, COS €, I e O
i 0 — 0 “
Vv, Sin —
e=| TRONG 3 (2.62)
y 010
i 00 1 |-

Proof of Eq. (2.62) is written in Appendix D.
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Subsequently, the stability of the system is checked by
Lyapunov stability theory. First, a Lyapunov function is chosen as

follows:

1, 1 1 1
V:Eef +5e§ +k—2(1—cose3)+5ej for k, >0 (2.63)

Stability checking is used to find a control law U that can
make the system stable and track the reference trajectory successfully.

From the error dynamic in Eq. (2.63), the time derivative of the

Lyapunov function equation, ¥, is obtained as follows:

; i = . .
V =ee +ee,+—sinee, +e.e,
2
: . [ 1]. | .
=e (v, +V &, — v, C08¢e;)+e, (v sine —t//Ael)+k—s1n.e3 (v, —vy)
2
+e, (ﬁA _ﬁR)

- : : | . .
=av, +ell e, g cose, +evisine — ey ereside, (v, -vy)
2

+e4(ﬁA_ﬁR)
:elvA—elchose3+e2vRsine3+kisine3(WA—WR)+e4(ﬁA—ﬁR)

I . L . .
:el(vA—chose3)+k—sme3(t//A—t//R+e2k2vR)+e4(ﬁA—ﬁR)(2.64)

2

According to the Lyapunov stability criterion, if ¥ <0, the
system is stable. Therefore, to meet this condition, a control law U

can be chosen as follows:
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v, —ke +v, cose,
U=\y, Wy —ek,vy —kysine;
ﬂA ﬂR - k4e4

where k1, k, k3 and k4 are positive constants.

Substituting Eq. (2.65) to Eq. (2.64) yields

. k
2 : 2 2
V =—ke ——sin” e, —k,e
=T 3 464
2

(2.65)

(2.66)

This means that value of V' is always negative by using the

chosen control law. Furthermore, V' =0 from Barbalat’s lemma,

therefore, ¢, e,, e, &> 0 as t > . From Eqgs. (2.62) and (2.65), the

following are attained as:

V4 Vr
l/]A = l/]R N ezkzvk
B. P

e=—v,+tv,tey, =ey, =0
e,=—ey,=0

&y =7, —ry =—eskyv, =0
é=Pi=Br =0

(2.67)

(2.68)
(2.69)
(2.70)

2.71)

From Egs. (2.68) - (2.71), e, >0 as ¢t —> o because of

v, #0. e is globally asymptotically stable.
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The block diagram of the proposed controller in zero-sideslip
maneuver is shown in Fig. 2.6. In parallel steering maneuver, the
controller does not use Egs. (2.10), (2.12) - (2.15), (2.53) and (2.54)
to find v,, 6;, 6, and

., respectively. The block diagram of the
proposed controller for the 4WIS-AGV to move in parallel steering
maneuver is shown in Fig. 2.7. In parallel steering maneuver, Egs.

(2.1) and (2.2) are used to find 6, and v, (for i=1,---,4, fr,re).

X
Y, ' % o
R b J]
Ve ﬂ 4
. .
B, o= \ug,
‘?» Eql C0) Eql o) Ed CEY
3 7, )

o

ﬁA vA’V}A‘ 5fr i
Eq] o . () R i
(B : W 1] - (K]

~
b

Fig. 2.6 Block diagram of the proposed controller

for zero-sideslip maneuver
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i AV, ’—>
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5, N

Eql QR Eql QL)

Fig. 2.7 Block diagram of the proposed controller

for parallel steering maneuver
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Chapter 3: Controller Implementation and

Hardware Description

This chapter describes the designed and experimental of the
4WIS-AGYV that consists of mechanical design, electrical design and
Graphical Unit Interface (GUI) software. The mechanical design is
comprised of the body and wheel configurations. The electrical
design consists of motors, encoders, industrial PC, battery,
ATmegal28 microcontrollers, motor drivers, monitor and laser
navigation system NAV200. The GUI software explains the software
used to control the 4WIS-AGV.

3.1 Mechanical design

The 4WIS-AGV system developed in this thesis is shown in
Fig. 3.1.

\Vionitor

Rear VWheel

V\heel

contiWhee

(a) Designed 4WIS-AGV system
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(b) Real system
Fig. 3.1 4WIS-AGV system

It consists of body configuration, laser navigation system
NAV200 and wheel configuration. The body and wheel
configurations are explained in more detail in the next section. Laser
navigation system NAV200 is used to obtain the vehicle position data
in addition to data from encoders. The position data is then sent to the
trajectory tracking controller in industrial PC. Monitor displays the
data from the controller and position of the AGV during experiment.
Push buttons are provided to connect and disconnect the system
electricity. Moreover, these buttons are included for safety purposes.
In case the vehicle has to be turned off, this button works as the
emergency button which disconnects all electricity in the system if it
is pushed.

The 4WIS-AGV has dimension of 500 mm (height) x 705 mm

(width) x 905mm (length). The electrical components are explained
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in detail in the next section. The detailed mechanical drawings of

each component are listed in Appendix E.

3.1.1 Body configuration
The body configuration of the 4WIS-AGV is shown in Fig.
3.2.

ectronic Board

(a) Designed body configuration
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(b) Real body configuration

Fig. 3.2 Body configuration

The specification of the vehicle body is listed in Table 3.1.
The body configuration consists of body frame, body plate, electronic
board including microcontrollers and motor drivers, batteries and

industrial PC. The body plate used in this system is shown in Fig. 3.3.

Table 3.1 Specification of the vehicle body

Descriptions Symbols Values
Distance from CG to front wheels I, 0.34m
Distance from CG to rear wheels L 0.34 m
Distance from CG left and right b 03125 m
wheels
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Fig. 3.3 Body plate

All equipments are placed on top of this body plate. Since the
AGYV is designed for baggage carrier purpose, the body uses big
dimension aluminum plate,; 100 mm (height) x 705 mm (width) x 905
mm (length), such that it can support the system well. Industrial PC
and batteries used in this system are explained in more detail in the
electrical design section. The body frame and body cover plate of the
vehicle are shown in Fig. 3.4 and 3.5, respectively. The body frame is
made of 20 mm x 20 mm aluminum profiles. On-the other hand, the
body cover plate consists of top cover plate, front cover plate, two
side cover plates and rear cover plate. The cover plate uses 2 mm-
thickness aluminum plate and is shown in Appendix E for detailed

dimension.
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—~TFige 3.4 Body frame

ront Love
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Fig. 3.5 Body cover plate
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3.1.2 Wheel configuration

The wheel configuration of this system is shown in Fig. 3.6.

ISteering Encode
Reduction Gearkf)

ISteering Moto
ISteering Moto

r Box]

Nylon WheeJliPriving Motor Gear
Eox

(b) Designed wheel configuration

Fig. 3.6 Wheel configuration
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This configuration is comprised of two DC motors for driving
and steering purposes. Both driving and steering motors use 48.6 W
DC motors with driving motor gear box 1:100 for driving purpose
and steering motor gear box 1:150 for steering purpose. Each motor
is coupled with an encoder used for positioning of the vehicle. Two
wheel hubs as shown in Fig. 3.7 are used: one to connect the steering
motor shaft to the nylon plate and the other is to connect the driving
motor shaft and nylon wheel. Roller bearing with 20mm (inner
diameter) x 46mm (outer diameter) x 13mm (thickness) is used to
hold the nylon wheel at the steering steel plate. Nylon plate is used to
connect the steering motor with the steering steel plate. Nylon plate
and steering steel plate are shown in Figs. 3.8 and 3.9, respectively.
Because the steering steel plate has to also support vehicle weight,
thrust bearing is used. Reduction gear 1:2 is used to couple the
steering motor and steering encoder as shown in Fig. 3.10. Nylon

wheel is'used for the driving wheel as shown in Fig. 3.11.

Fig. 3.7 Wheel hub
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Fig. 3.8 Nylon plate

Fig. 3.9 Steering steel plate

. ey - 3
- s ] | =" N T

Fig. 3.10 Reduction gear 1:2
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Fig. 3.11 Nylon wheel

3.2 Electrical design

The electrical configuration of the 4WIS-AGV is shown in Fig.

3.12.
NAVEQO
Control
Signa N DVVREY o e
ST -
- *EE. e |
Frcoded

Fig. 3.12 Electrical configuration of 4WIS-AGV

The main controller is industrial PC with RS-232
communication. Users give commands to the 4WIS-AGV through the
GUI in industrial PC. The control signals generated from the
controller are then sent to ATmegal28 microcontrollers in the

electronic board of the vehicle. Subsequently, these signals are
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converted to Pulse Width Modulation (PWM) signals which are then
converted to voltage signals by motor driver for driving DC motor.
The feedback data are obtained from sensors such as NAV200 and
encoders. NAV200 generates position data which is then sent to the
industrial PC. On the other hand, the encoders count the revolution of
DC motor shaft which are then used to find the position of the vehicle.
The following sections describe these components with detailed

specification and figures.

3.2.1 DC motors

DC motors used in the 4WIS-AGV are 48.6 W DC motors as
shown in Fig. 3.13. These motors are used for driving and steering
purposes. Driving DC motors use 1/100 gear reduction ratio, whereas
steering DC motors use 1/150 gear reduction ratio. The motor

performance graph is shown in Fig 3.14 and its detailed specification

is listed in Table 3.2.

Fig. 3.13 DC motors
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Fig. 3.14 Performance graph of the DC motors [62]

Table 3.2 Specification of DC motor IG-52GM 04TYPE (24V)

Values
No Parameters Motor with 1/100 Motor with 1/150
gear reduction ratio | gear reduction ratio
1 | Gear head
84 94%
(mm)
2 | Weight (g) 1,770 1,940
3 | Rated torque
78 98
(kgf-cm)
5 | Rated speed
th 23.5
(RPM)
6 | No load speed
40 26
(RPM)

3.2.2 Encoders

In the 4WIS-AGV system, high-resolution encoders are used

instead of built-in encoder from the DC motors. The encoder is rotary

encoder

E40HB-6-3600-3-V-5 as

shown

in Fig. 3.15. The

specification of the encoder is listed in Table 3.3.
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Fig. 3.15 Encoder E40HB-6-3600-3-V-5

Table 3.3 Specification of encoder E40HB-6-3600-3-V-5

No Parameters Values
1 | Shaft diameter (mm) 6
2 | Resolution (pulse /1 revolution) 3600
3 Output phase A,B,Z
4 | Output Voltage output
5 | Power supply (V) 5
6 | Weight (g) 120

These encoders are used to measure the revolution of the
driving and steering wheels. The data from encoders are sent to the

controller such that the movement of the vehicle can be controlled

properly.

3.2.3 Industrial PC

Industrial PC TANK-800 is used as the main controller. The
overall view of the industrial PC is given in Fig. 3.16. Industrial PCs
are basically personal PCs designed for industrial application. Thus,

Industrial PCs are very suitable for the 4WIS-AGVs because these
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systems need rugged controllers to operate reliably in harsh usage
environments and conditions. Moreover, Industrial PC can perform
high complexity calculation and collect high-frequency data from
sensors. In this system, all the calculation of the controller and
collecting data from positioning sensors are conducted in this

industrial PC.

AT/IATX mode

ATX AT
2 x GbE

4 xUSB
2 X RS-422/485

ACC mode

4 x R8-232

Power2
(DC Jack)

Power1

\ (Terminal Block)
Line-out/Mic

(b) Back view
Fig. 3.16 Industrial PC TANK-800
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The specification of Industrial PC TANK-800 is shown in

Table 3.4.
Table 3.4 Specification of PC TANK-800
No Parameters Values
1 | Chassis Dimensions 136 mm x 219 mm x 188 mm
Intel® Atom™ D525 1.8 GHz
CPU
dual-core processor
2 | Motherboard | Chipset Intel® ICHEM
Dual Realtek RTL8I111E PCle
Ethernet
GDbE controllers support ASF 2.0
3 | Storage SATA 2.5 SATA HDD bay
USB 4 x USB 2.0
Ethernet 2 x RJ-45
RS-232 4 x DB-9
RS-422/485 | 2 x RJ-45
A System Display I x VGA
Function Resolution Up to 2048 x 1536
Audio 1 x Mic-in, 1 x Line-out
DIO 1 x DB-9
Interior One PCle x4 (physical one PCle
Expansions x16 slot) and two PCI slots
Power 105V (+/-03V)-36V
Supply
5 | Power
Power )
. 33 W (without add-on card)
Consumption
6 | Reliability Operating -20°C - 70°C
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Temperature

Weight 3.0Kg

3.2.4 Battery

In the 4WIS-AGYV system, all motors need 24V power supply.
Therefore, two ATLASBX ITX100 12V batteries are used as shown
in Fig. 3.17. The specification of this battery is listed in Table 3.5.

Fig.3.17 12V battery ATLASBX ITX100

Table 3.5 Specification of 12V battery ATLASBX ITX100

No Parameters Values
1 | Nominal Voltage (V) 12 V 100Ah
2 | Weight 24.2 kg
3 | Terminal type Bolt terminal
4 | Dimension (mm) 330x 171 x 217
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3.2.5 Microcontroller AVR ATmegal28

Microcontroller AVR ATmegal28 are used to convert control
signals generated by the controller to PWM signals which are then
converted to voltage signal by motor drivers. The microcontroller is

shown in Fig. 3.18 and its specification is listed in Table 3.6.

Fig. 3.18 Microcontroller AVR ATmegal28

Table 3.6 Specification of microcontroller AVR ATmegal28

No Parameters Remarks
1 | Clock 16MHz
2 | RS232 channel interface Two
3 | Operating power 4.5 to operate at 5.5V
4 | Board size 4.6x79cm
5 | RTC-32.768KH Available
6 | ATMEL ISP port, JTAG port | Available
7 | Al PORT Pin Extension Available
8 | RESET switch Available
9 | Power LED (RED) Available
10 | External input power supply | Available: DC jack
(power supply 7.5 - 12V
Input)
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In this system, eight ATmegal28 microcontrollers are used to

control four steering motors and four driving motors.

3.2.6 Motor drivers

The overall view and circuit of motor drivers used in the
system are shown in Fig. 3.19. Like microcontrollers, eight motor
drivers are used in the system. This motor driver can work in the

range of 12 - 24 VDC.

il ~ ¢ inle

Fig. 3.19 Motor drivers

3.2.7 Monitor

MYMO MY-720 touch screen monitor as shown in Fig. 3.20
is used to display the data of the controller to users. It has 7 inch

screen size and its detailed specification is listed in Table 3.7.

51

(¢/Collection @ pknu



Fig. 3.20 Monitor MYMO MY-720

Table 3.7 Specification of monitor MYMO MY-720

No Specification TSP Model

1 | Screen size 7.0 inch wide

2 | Resolution WVGA (800 x 480)

3 | Display colors 16.7M

4 | Brightness 250 cd/m’

5 | Contrast ratio 3501

6 | Response time 30 msec

7 | Touch input Touch screen panel

8 | Video input USB2.0 high speed

9 | Connector USB mini B type

10 | Power input USB power (5 V, 500 mA)
11 | Power consumption 33-49W

12 | UI, Pivot Pivot (Landscape, Portrait)
13 | Product dimension (mm) | 194 (W) x 133 (L) x 180 (H)
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3.2.8 Laser Navigation System NAV200

Laser navigation system NAV200 is used to obtain the
position of the vehicle and thus it is installed at the center point of the
vehicle. The basic principle of the NAV200 is shown in Fig. 3.21.
The NAV200 transmits pulse laser signals using a laser diode. The
signals are reflected when they detect objects. The reflected signal is
received by the laser measurement system receiver which uses a
photodiode. Distance from the sensor to the object is calculated from

the propagation time (df) between sent pulse and received pulse.

Rotating
|
|

AY

OBJEC T

ransmitte

|
o]

Lt U
Eﬁ

Fig. 3.21 Laser navigation system NAV200 basic principle

The calculation of the position and orientation of the NAV200
is shown in Fig. 3.22. The NAV200 position and orientation are
obtained based on the fixed reflectors located at the environment (R;,
Ry R;3 -+, R,), where n is number of detected reflectors. One
revolution of the scanner head is equivalent to one scanning and each

revolution generates one reading per detected reflectors. The
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measurement results are distances between sensors and reflectors (d,

d>, ds,*+, d,) and measurement angles (6,, 6,, 63, 6,,).

R; (X,,Y
9 Rax) RGO

Fig. 3.22 Position measurement of the NAV200

The coordinates of the reflectors are then saved in the
nonvolatile reflector memory of the NAV200 as references. At least
three reflectors are detected to measure position of the vehicle. In the
position measurement, the NAV200 measures the distances and
angles of the reflectors and calculates its own position from this data.
By comparing the reflector data in the NAV200 memory and the
measurement result, the position and orientation of the 4WIS-AGV

can be determined.

The coordinate of the 4WIS-AGV (X ,,Y,) and orientation

v, in Fig. 3.22 can be obtained from [60] as follows:
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X =[1/(my=m)(A+m) ]
{(mym—1)x[(m, +m)X, +(mm—-1)Y,] (3.1)
—(mm—=1)x[(m, + m) X, +(mym—-1)Y, |}

Y, =[1/(m,=m)1+m’)]
{(m, +m)x[(m, + m)X, +(mm—1)Y, | (3.2)
—(m, +m)><[(m1 +m)X, +(mm —I)YI]}

y,=atan2(Y,-Y, X, -X,)-6, (3.3)

where m, =tan@,, m, =tan@,, m; =tan60; and m=tany,. From

Egs. (3.1) - (3.3), m is given by:

_ (my —m)(¥, =Y, —m X, + m, X)) —(m, —m, )(¥, - ¥, —m X, + m; X))
(my —m)(m Y, + X, —m,Y, = X,) —(m, —m, )(m\Y, + X, —m,Y; - X;)
3.4)

The structure of the NAV200 is shown 1n Fig. 3.23.
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Legend:
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@ Light outlet/inlet aperture {14-pin chassis-mount plug)

@® "Power Supply 24 V DC" connection
(8-pin chassis-mount plug)
Fi 3.15 A slowbl
(566 Table 10-3, Page 80) ® Fusa (315 S
®9pin DSub socket for @ Functional earth terminal

Host/PC connection @ Tapped holes in baseplate (4 x)
(not visible here)

@ Laser warning label
@ 8-pin cable socket

@ Status indicator (LEDs 4 x)
@ RS 232 data cable

(® 14-pin cable socket for

Fig. 3.23 Laser navigation system NAV200

The specification of the NAV200 is listed in Table 3.8.

Table 3.8 Specification of laser navigation system NAV200

No Parameters Values
1 Light source Infrared (855 nm)
2 | Laser class 1
3 | Field of view 360 °
4 Scanning frequency 8 Hz
5 | Angular resolution 0.1°
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6 Operating range 1.2m-285m

7 | Max. range 10 % reflectivity | 28.5 m

8 | Data communication Serial (RS-232)

9 Data transmission rate 19,200 Hz

10 | Operating voltage: >24 V DC £ 25%
11 | Power consumption: 24 W

12 | Weight 3.3 kg

13 | Dimensions (mm) 176 x 178 x 115

3.3 Graphical Unit Interface (GUI) software

The software to control the 4WIS-AGV is created using
Microsoft Visual Studio 2008 with C# programming language. The
Graphical Unit Interface (GUI) for the 4WIS-AGV is shown in Fig.
3.24 and 3.25 for manual menu and automatic menu, respectively. In
the GUI' manual menu, users can control the 4WIS-AGV manually.
Each wheel of the vehicle can be adjusted separately and uniformly
as shown in Fig. 3.24.

Fig. 3.24 shows four boxes named Front Left, Rear Left, Rear
Right and Front Right. These boxes are used to control adjustment of
the front left, rear left, rear right and front right wheels. These boxes
also have driving and steering sliders which enable users to adjust
driving control and steering control independently. The box at the
middle center is all-control box which controls all the wheels within
one slider. There are two sliders in this box. One is D slider for
driving which enables users to adjust driving control of each wheel
and another is S slider for steering which can adjust steering angle of

each angle simultaneously.
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The right side box with many arrows is used to control the
wheels at the specified angles, 0°, +45°, +90° and forward and
backward motion. Five arrows at the top are used to adjust the
direction of each wheel. Stop button, up arrow and down arrow under
the five arrows are used to control the angular velocity of the driving

motor of each wheel.

a- Forml iETa J
7Maﬂuaﬂ—ﬂ4_mmanc |

COM3  ~ | Disconnect

Front Left
D Forwad + O

FR Front Right
D Foward » 0

= - 1 : - & -
’ - D Foward ~ 0 i -

S Foward + 0 57/ : - . ™ |8 Fowam ~H*

« v « ] v

)

S Foward o+ E

i -
e,

Rear Left ¥ »' |Rear Right
D Foward = 0 D Foward + 0

. = . - i -
S Foward |~ 0 BACK S Fomad » 0

< | e iy av

Rotate Ga Rmata
Position

Faster

<o~

Fig.3.24 Manual menu of the 4WIS-AGV GUI

In the automatic menu in Fig. 3.25, users can control the
vehicle automatically to track reference trajectories. The left box is
the map indicating the position of the 4WIS-AGV. The vehicle is
illustrated as a circle with one line to show the heading direction. The
circular line shows the trajectory that the vehicle is expected to track.
The view of the map can be zoomed in and out using plus (+) and
minus (—) buttons beside the map box.

The box in the right side is the NAV200 measurement data
which shows the 4WIS-AGV X and Y positions and orientation. The
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number of reflectors and validity are also shown below the position
data. The validity value is dependent on the number of the detected
reflectors. The higher the number of detected reflectors is, the higher
the validity value is.

Moreover, this menu presents error and wheel measurements.

Two numbers at the left side inside wheel measurement box are front
and rear wheel steering angles &, and 6,, in degree unit which are
located at the top and bottom, respectively. The eight numbers at the
right side inside the wheel measurement box are angular velocity of
each wheel o, and each wheel steering angle 6, . The chosen
controller gains are shown at left middle side of the GUI. Gains can
be adjusted also in this GUL

To start experiments, users should specify a reference
trajectory from which the 4WIS-AGV must track by using Load
button, next, click the record button to save all recorded position data,

finally, press track button to start the trajectory tracking.

) Forml

Manual | Automatic

= | NAV - 200 -
lﬁ_ Leod )| Measwrement Result

] 1 - X Posttion mm
e .

- Y Postion 1008 L
¥] NAV
- L| -#Aede  g3000488281; degree
TRACK - Reflector 4
- Valildty g4
Record .
Setting rror measurement
K4 el: 0.225974979193315 o3 646965558
2 20 2 00232445429849838e4;
k3 05 [Wheel measurement
: 1512195121 276.82526
k4 . 0 b ] 15
Set Gains
i 50 151.2195121 276 82926
-29 -15

Fig. 3.25 Automatic menu of the 4WIS-AGV GUI
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Chapter 4: Simulation and Experimental Results

To wverify the effectiveness and performance of the
mathematical modeling and the designed controller of the 4WIS-
AGYV, simulations and experiments are conducted by assigning the
4WIS-AGV to track two reference trajectories, i.e. a reference
trajectory with sharp edges and a circular reference trajectory. These
two reference trajectories are taken for the verification of two
maneuvers that four wheel steering vehicles have, ie. parallel

steering maneuver and zero-sideslip maneuver.

4.1 Simulation results

Simulations are conducted by using two reference trajectories
to show the designed controller performance as follows:
o A reference trajectory with sharp edges for parallel steering
maneuver

o A circular reference trajectory for zero-sideslip maneuver

4.1.1 Reference trajectory with sharp edges

Fig. 4.1 shows the reference trajectory with sharp edges which
is used to verify the 4WIS-AGV can move omnidirectionally.
Furthermore, this case is taken to show the experimental 4WIS-

AGV’s ability to move with parallel steering maneuver.
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Fig. 4.1 Initial position and reference trajectory with sharp edges

In this simulation, the 4WIS-AGV has to track the trajectory
with sharp edges. The trajectory consists of 1 meter in the direction of
Y axis, 2 meter line with the slope of 45° and 2 meter line in the
direction of X axis. This reference is given to show the flexibility of
the 4WIS-AGYV that it can turn at'the sharp edge accurately. This is
the advantage of four wheel steering configuration where the four
wheels can be adjusted at the same direction. The simulation was
conducted within 73 s.

An illustration on how the vehicle is expected to move is
shown in Fig. 4.2. This figure also shows the reference sideslip angle,

B, that is given to show how the system is supposed to move. In this

instance, the reference vehicle orientation, v, , is kept at 77/2 rad.

Parameters and initial values of the simulation are listed in Table 4.1.
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Fig. 4.2 Illustration of the expected motion

Table 4.1 Parameter and initial values of the simulation

Descriptions Symbols Values
Initial position of the vehicle ;) (0, 0)
Initial position of reference (X 5, YR) (0, 0)
Initial value of vehicle orientation v, (0) 71'/ 2 rad
Initial value of sideslip angle B, (0) 0
Initial value of wheel steering angles 0, (0) 0
Reference vehicle orientation Vi 7/2 rad
Reference vehicle angular velocity /8 0
Limit value of vehicle linear velocity vy +0.2 m/s
Limit value of vehicle angular velocity v, +0.15 rad/s
Limit value of Vehicl'e sideslip :BA +0.28 rad/s
angular velocity
Controller gain 1 k, 0.1 s
Controller gain 2 k, 2 rad/m’
Controller gain 3 k, 0.5 rad/s
Controller gain 4 k, 25
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Figs. 4.3 - 4.6 show the reference values of the 4WIS-AGV in
the simulation. Figs. 4.3 and 4.4 show the reference X axis and Y axis
trajectories, respectively. The reference linear velocity of the 4WIS-
AGV is shown in Fig. 4.5. From t=0 s to t=2 s, the vehicle accelerates
with 0.04 m/s®. At t=2 s, the vehicle reaches v=0.08 m/s and the
vehicle keeps the velocity until t=12.5 s. During this time, the vehicle
moves in Y direction. At t=12.5 s, the vehicle decelerates with -0.04
m/s® for 2 s. At t=14.5 s, the vehicle reaches X =0 m, Y = | m and
stays for 3 s to adjusts its wheel angles.

Subsequently, the vehicle accelerates with 0.04 m/s® in
opposite direction at t=17.5 s for 2 s. The vehicle reaches -0.08 m/s
(minus due to opposite direction) at t=19.5 s and keep the velocity for
23 s. At this time, the vehicle moves in -45° slope line (minus means
clockwise). At t=42.5 s, the vehicle decelerates with -0.04 m/s” for 2
s. At t=44.5 s, the vehicle reaches X = 1.41 m, ¥ = -0.41 m and stays
for 3 s to adjusts its wheel angles.

Then, the vehicle “accelerates with 0.04 m/s® at the same
direction with the previous movement at t=47.5s for 2 s. The vehicle
reaches -0.08 m/s (minus due to opposite direction) at t=49.5 s and
keep the velocity for 23.5 s. At this time, the vehicle reaches X = 3.36

m, Y= -0.41 m and moves in X direction.
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Fig. 4.4 Y-axis reference trajectory
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Fig. 4.5 Reference vehicle linear velocity

Subsequently, reference sideslip angular velocity of the
4WIS-AGV is shown in Figs. 4.6. The vehicle has the reference
sideslip angular velocity of 0.26 rad/s for 3 s at t=14.5 s and t=44.5 s

that it rotates to adjust its wheels.
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Fig. 4.6 Reference sideslip angular velocity

The trajectory tracking result is shown in Fig. 4.7. It shows
that the 4WIS-AGV can track the reference trajectory with sharp
edges very well. Fig. 4.8 shows the trajectory tracking errors.
Although the errors are relatively very small, there are small peak
values when the 4WIS-AGV passes sharp edges. For example, when
the vehicle starts to move, error in local coordinate x axis direction,
e,, instantly decreases to —0.018 m and quickly increases to 0.003 m
and decrease slowly approaching to zero. At t=12.5 s when the
vehicle decelerates, e, instantly increases to 0.02 m and quickly
decreases to —0.002 m. The same condition happen at t=14.5 s, 17.5
s, 44.5 s, and 47.5 s which are the conditions when the vehicle

changes its velocity. These phenomena happen because the vehicle

needs time to be accelerated and decelerated which is not considered
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in the reference values. Thus, every time the vehicle stays and starts,

such errors exist which are then minimized by the controller.
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Fig. 4.8 Trajectory tracking errors
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The control law U for this trajectory tracking is shown in Fig.
4.9. This figure shows the linear velocity, angular velocity and the
sideslip angular velocity of the 4WIS-AGV. The linear velocity of the
4WIS-AGYV has values of 0.08 m/s in Y directional motion, -0.08 m/s
in 45° slope and X directional motions and 0 m/s for 3 s at the first
sharp edge between t= 14.5 s and t=17.5 s and at the second sharp
edge between t= 44.5 s and t=47.5 s, respectively. Vehicle angular
velocity shows 0 rad/s except at t=17.5 s, 42.5 s and 47.5 s. At t=17.5
s, the vehicle wheel steering angles are already changed and therefore
when it starts to move, there is a movement direction change that
make the vehicle angular velocity increases with very small value of
0.001 rad/s, which is then minimized by the controller. At t=42.5 s,
the vehicle angular velocity decreases to -0.001 rad/s and minimized
to zero when the vehicle decelerates. The same phenomenon with the
vehicle at t=17.5 s happens again at t=47.5 s when the vehicle
changes its wheel steering angles.

When the vehicle moves, the sideslip angular velocity is kept
zero as shown in“the figure. When the vehicle stays, the controller
adjusts each wheel steering angle and thus the sideslip angular
velocity increase to 0.26 rad/s for 3 s at t=17.5 s and t=44.5 s. During
the motion, the vehicle angular velocity is kept zero as shown in the

figure.
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Fig..4.9 Control law U

Initially the vehicle starts with zero velocity and accelerates
until reaching 0.08 m/s at t=2 s. The vehicle keeps the vehicle linear
velocity for 10.5 s before it decelerates to zero at t=14.5 s. For these
times, the vehicle tracks 1 m line in Y direction. The vehicle stays for
3 s to adjust the wheel steering angles to be —7/4rad from t=14.5 s.
The vehicle then starts and reaches the reference linear velocity at
-0.08 m/s at t=19.5 s. For this time, the vehicle tracks the second
trajectory line which has — /4 rad slope from the first reference line.
The vehicle keeps the vehicle linear velocity of -0.08 m/s for 23 s
until it decelerates for 2 s. The vehicle stays for 3 s again to change
the wheel steering angles to be —z/2rad. The vehicle starts again
and reaches -0.08 m/s at t=49.5 s. The vehicle keeps the vehicle
linear velocity of -0.08 m/s again for 23 s before it reaches the goal

point.

69

Collection @ pknu



Figs. 4.10 and 4.11 show the comparison of simulation results
and reference of X-axis and Y-axis trajectory tracking. It can be seen
that the simulation results are very close with the reference tracking
trajectories. The trajectory tracking errors in the X and Y directions,
e,=X,—-X, and e, =Y, —Y, , are shown in Fig. 4.12. This figure
shows that there are errors with e, =+0.025m and e, =+0.02 m in

X-axis and Y-axis positions. When the vehicle starts to move, error in

global coordinate X axis, e, , instantly decreases to -0.018 m and

quickly increases to 0.003 m and decrease slowly approaching to zero.
At t=12.5 s when the vehicle decelerates, error in global coordinate Y

axis, e, , instantly increases to 0.02 m and quickly decreases to -0.002

m. The same conditions happen at t=17.5 s, 44.5 s, and 47.5 s which
are the conditions when the vehicle changes its velocity. These
phenomena happen because the vehicle needs time to be accelerated
and decelerated which is not considered in the reference values. Thus,
every time the vehicle stops and starts, such errors exist which are

then minimized by the controller.
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Fig. 4.13 shows the simulation results of the vehicle

orientation during the tracking process and it can be seen that the
orientation is kept 7/2 rad to keep the AGV posture for parallel

steering maneuver during the motion.
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Fig. 4.13 Vehicle orientation reference and simulation

Fig. 4.14 shows the simulation result of the vehicle sideslip
angle compared with its reference value. It can be seen that the
vehicle is able to follow the reference sideslip angle very well. At the
first section where the 4WIS-AGV has to track a 1 m line in the ¥
axis direction, the sideslip angles are made to be zero. After the
4WIS-AGYV arrives at the first sharp edge point, the sideslip angles
are adjusted to be —z/4 rad. Then, when the 4WIS-AGV reaches at
the second sharp edge point, the sideslip angles are adjusted to be
—n/2rad. The wheel steering angle of the 4WIS-AGV, 6, (fori =1,

-+, 4, fr, re), is shown in Fig. 4.15. As introduced in Chapter 2, the
wheel steering angles follow the sideslip angle, §,, in parallel

steering maneuver.
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The linear and angular velocities of each wheel, v, and o,

(fori=1,---, 4, fr, re), are shown in Figs. 4.16 and 4.17, respectively.

As mentioned in Chapter 2, the linear velocity of each wheel, v.,
follows the vehicle linear velocity, v, . Therefore, the linear velocity

of each wheel as shown in Fig. 4.16 is same to v, in Fig. 4.9. Fig.

4.17 shows that the angular velocity of each wheel is proportional to

the vehicle linear velocity.
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Fig. 4.16 Linear velocity of each wheel v,

75

Collection @ pknu



0.8

0.6

0.4
0.2 L
0

-0.2

]

o. (rad/s)

-0.4

-0.6

-0.8

0 10 20 30 40 50 60 70
Time (s)

Fig. 4.17 Angular velocity of each wheel .

4.1.2 Circular reference trajectory

In this section, the 4WIS-AGV is controlled to track a circular
reference trajectory with the radius of 1 m. This case is taken to show
the experimental 4WIS-AGV’s ability to move: with zero-sideslip
maneuver. The circular reference trajectory is shown in Fig. 4.18.

The simulation was conducted within 78.5 s.
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Fig. 4.18 Initial position and circular reference trajectory

In this simulation, the vehicle tracks the circular trajectory
with the radius of 1 m. An illustration on how the vehicle is expected
to move is shown in Fig. 4.19. In this instance, the vehicle sideslip
angle, B, , is kept zero. Parameters and initial values of the

simulation are listed in Table 4.2.
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Table 4.2 Parameter and initial values of the simulation

Descriptions Symbols Values
Initial position of the vehicle (XO,YO) (0,-1)m
Initial position of reference (XR, YR) (0,-1)m
Initial value of vehicle orientation v, (0 0
Initial value of sideslip angle B, (0) 0
Initial value of wheel steering angles 0, 0) 0
Reference vehicle linear velocity Ve 0.08 m/s
Reference vehicle orientation Ve 0.08¢ rad
Reference vehicle angular velocity /88 0.08 rad/s
Reference vehicle sideslip angle B 0
Reference vehicle sideslip angular .
) B 0
velocity
Limit value of vehicle linear velocity vy +0.2 m/s
Limit value of vehicle angular velocity v, +0.15 rad/s
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Limit value for Vehic}e sideslip :BA +0.28 rad/s
angular velocity
Controller gain 1 k, 45"
Controller gain 2 k, 20 rad/m’
Controller gain 3 k, 0.5 rad/s
Controller gain 4 k, 1s™

Figs. 4.20 and 4.21 demonstrate X-axis and Y-axis reference
trajectories for the 4WIS AGV to track the circular reference

trajectory, respectively.
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Fig. 4.20 X-axis reference trajectory
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Fig. 4.21 Y-axis reference trajectory

The circular trajectory tracking result is shown in Fig. 4.22. It
shows that the 4WIS-AGV can track the circular reference trajectory
very well. The circular trajectory tracking errors are shown in Fig.

4.23. It shows that the errors go to zero at 25 s.
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Fig. 4.22 Trajectory tracking result
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Fig. 4.23 Trajectory tracking errors

The control law for this circular trajectory tracking is shown
in Fig. 4.24. This figure shows that the vehicle linear and angular
velocities quickly goes to their reference values, 0.08 m/s and 0.08
rad/s, respectively. Vehicle sideslip angular velocity is kept constant

at 0 rad/s.
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Fig.4.24 Control law U

Figs. 4.25 and 4.26 show comparison of simulation results
and references of X-axis and Y-axis trajectory tracking. It can be seen

that the wvehicle tracks the reference trajectories very well. The

tracking errors in the X and Y directions, e, and. e, , are shown in

Fig. 4.27. At the initial time, the vehicle has small errors which go to

zero at 25 s.
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Fig. 4.28 shows comparison of simulation result and reference
of the vehicle orientation. This figure shows that the simulation result
is very close with the reference. The sideslip angle of the 4WIS-AGV
is shown in Fig. 4.29. This figure shows that the vehicle sideslip
angle is kept zero during the simulation and the vehicle has zero-
sideslip maneuver. Figs. 4.30 - 4.31 show the steering angles of front

and rear wheels which quickly go to 0.3277 rad and -0.3277 rad,
respectively. Figs. 4.32 - 4.35 show the steering angles of front outer
wheel, front inner wheel, rear inner wheel and rear outer wheel,
which after 20 s, go to 0.2535 rad, 0.4592 rad, -0.4592 rad and
-0.2535 rad, respectively. The steering angles of the front wheels are
opposite to steering angles of the rear wheels. In addition, these

figures show that the inner wheels have bigger steering angles than
the outer wheels.
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The linear velocities of the front outer wheel, the front inner
wheel, the rear inner wheel and the rear outer wheel are shown in
Figs. 4.36 - 4.39, respectively. The outer wheels have the same
velocity of 0.10843 m/s after 20 s. Likewise the inner wheels have
the same velocity, which is 0.06139 m/s after 20 s

0.1088

0.1088

0.1087

0.1086

Ve (m/s)

|
|
|

0.1085 \

0.1085
\ 0.10843

0.1084 =

01 084O 20 40 60

Time (s)

Fig. 4.36 Linear velocity of the front outer wheel

&9

Collection @ pknu



0.0614

0.0614

0.0614

0.0614 /\ 0.06139

0.0613

v, (m/s)

= 0.0613

\\\

0.0613

0.0613

0.0613

O'06120 20 40 60

Time (s)

Fig. 4.37 Linear velocity of the front inner wheel

0.0614

0.0614

0.0614

0.061a LN 0.06139

0.0613 /

v (m/s)

= 0.0613 /

0.0613

0.0613

0.0613

0.0612

0 20 40 60
Time (s)

Fig. 4.38 Linear velocity of the rear inner wheel

90

Collection @ pknu



0.1088

0.1088

0.1087
0.1087 \
0.1086 \
0.1085 \\

0.1085
\ 0.10843

0.1084 =

(m/s)

e

v

0-1 084O 20 40 60

Time (s)

Fig. 4.39 Linear velocity of the rear outer wheel

The angular velocities of the front outer wheel, the front inner
wheel, the rear inner wheel and the rear outer wheel are shown in
Figs. 4.40 - 4.43, respectively. The inner wheels have the same
angular velocity, which is-0.7669 rad/s after 20 s. Likewise the outer
wheels have the same angular velocity of 1.3558 rad/s after 20 s.
These figures show that the outer wheels have higher wheel angular

velocities than the inner wheels.
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Fig. 4.42 Angular velocity of the rear inner wheel
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4.2 Experimental results

This section shows the experimental results of the two
trajectory tracking that have been simulated. In this section, the
experimental results are compared with their simulation results to

show the effectiveness of the proposed controller.

4.2.1 Reference trajectory with sharp edges

The experimental trajectory tracking result of the reference
with sharp edges is shown in Fig. 4.44. This figure shows that
experimental result is very close with the reference and simulation
results. Fig. 4.45 shows the trajectory tracking errors: It shows that all
trajectory tracking errors are relatively small within the range of

e, =10.02m, e, =+0.025m, e, =+0.01rad and e, =+0.015rad. The

control law for this trajectory tracking is shown in Fig. 4.46. It can be
seen that the experimental results of the control law are quite close
with its simulation results and references. The experimental vehicle
angular velocity is within +0.005 m along the simulation vehicle

angular velocity.
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Fig. 4.45 Simulation and experimental trajectory tracking errors
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Fig. 4.46 Simulation and experimental control laws

Figs. 4.47 and 4.48 show comparison of the experimental and
simulation results of the X-axis and Y-axis trajectory tracking,
respectively. The experimental results show that the vehicle tracks
the reference trajectories very well. The trajectory tracking errors is
shown in Fig. 4.49 and it can be seen that the result is quite close
with the simulation result. Fig. 4.50 shows the experimental results of

the vehicle orientation during the trajectory tracking and it shows that
the orientation, v, , is kept 7z/2 rad to keep vehicle posture of zero-

sideslip maneuver during the motion.
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Fig. 4.51 shows the experimental vehicle sideslip angle is
close with its reference and simulation result due to parallel steering

maneuver. Fig. 4.52 shows the wheel steering angles of the 4WIS-

AGYV in experiment and simulation during tracking the trajectory, o,

for i=1,---,4, fr,re . Both figures show that the wheel steering angles
of the 4WIS-AGV follows vehicle sideslip angle due to parallel

steering maneuver. Figs. 4.53 and 4.54 demonstrate the experimental
results of linear velocity and angular velocity of each wheel
compared with its simulation result, respectively. It can be seen that

the experimental and simulation results are very close.
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Fig. 4.51 Simulation and experimental vehicle sideslip angles
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4.2.2 Circular reference trajectory

Fig. 4.55 shows the experimental result of the' trajectory
tracking of circular reference trajectory with the radius of 1 m for
zero-sideslip maneuver. Fig. 4.56 shows the trajectory tracking errors
within the range of ¢ =+0.02m, e, =+0.01m, e; =+0.015rad and

e, =10.005 rad. It can be seen that the 4WIS-AGV tracks the

trajectory very well. The control law of the trajectory tracking is
shown in Fig. 4.57. The experimental vehicle linear velocity, vehicle

angular velocity and sideslip angular velocity are v, = 0.08 +£0.06 m/s,

W, =0.08£0.02 rad/s and B, =0+1x10™* rad/s, respectively. The

experimental results are very close to simulation results.
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Figs. 4.58 and 4.59 present comparison of experimental and
simulation results of the X-axis and Y-axis trajectory tracking,
respectively. The experimental results show that the vehicle can track
the reference trajectory in both X-axis and Y-axis very well. The
trajectory tracking errors in X-axis and Y-axis is given in Fig. 4.60. It

shows that the errors in experiment are bounded within +0.015 m

along simulation result for e, and +0.01m along simulation result for
e, . Fig. 4.61 shows the experimental result of the vehicle orientation.

The experimental result tracks the simulation result very well.
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The experimental result of the vehicle sideslip angle is shown
in Fig. 4.62 and it can be seen that the experimental value is bounded
within £0.0001 rad along the simulation value. The experimental
results of the wheel steering angles are given in Figs. 4.63 - 4.68
which illustrate the steering angles of the front wheel, rear wheel,
front outer wheel, front inner wheel, rear inner wheel and rear outer
wheel, respectively. They show that the experimental results of the
steering angles are very close with the simulation results. The
experimental steering angles of the front wheel, rear wheel, front
outer wheel, front inner wheel, rear inner wheel and rear outer wheel
are 0.3277+0.0127 rad, —0.3277£0.0127 rad, 0.2535+0.0085 rad,
0.4593+0.0257 rad, —0.4593+0.0257 rad and -0.2535+0.0085 rad,

respectively.
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Fig. 4.62 Simulation and experimental vehicle sideslip angles
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The experimental results of wheel linear velocities are given
in Figs. 4.69 - 4.72 which show the angular velocities of the front
outer wheel, the front inner wheel, the rear inner wheel and the rear
outer wheel, respectively. The experimental linear velocities of the
front outer wheel, front inner wheel, rear inner wheel and rear outer
wheel are 0.1085+0.0075 /s, 0.0613+0.0057 m/s, 0.0613+£0.0057
m/s and 0.1085+0.0075 m/s, respectively.

Likewise, Figs. 4.73 - 4.76 show the experimental results of
wheel angular velocities of the front outer wheel, the front inner
wheel, the rear inner wheel and the rear outer wheel, respectively.
They show that the experimental results are very close to their
simulation results. The experimental angular velocities of the front
outer wheel, front inner wheel, rear inner wheel and rear outer wheel
are 1.3558+0.0942 rad/s, 0.7669+0.0731 rad/s, 0.7669+0.0731

rad/s and 1.3558 +0.0942 rad/s, respectively.
0.13

=~= Simulation
0.125 — Experiment}|

0.12

0.115 | i | l ]

0.11

0.105 H

Ve (m/s)

0.1

0.095

0.09

0.085

0'080 10 20 30 40 50 60 70

Time (s)

Fig. 4.69 Simulation and experimental linear velocities

of the front outer wheel
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Chapter S: Conclusions

5.1 Conclusion

This thesis is about a study on development and controlling a
four wheel independent steering automatic guided vehicle. The
conclusions of this thesis are summarized as follows:

e Two maneuvers for four wheel steering vehicles, i.e. parallel
steering maneuver and zero-sideslip maneuver were introduced.

e A kinematic modeling of the 4WIS-AGV based on single track
vehicle model was introduced by reducing an ordinary four
wheel vehicle model into a two. wheel vehicle model with the
wheels at the centerline of the vehicle.

e A trajectory tracking controller was designed based on
Backstepping method.

e Hardware configuration of the experimental 4WIS-AGV
developed in this thesis were described. The system is comprised
of body configuration, wheel configuration and laser navigation
system NAV200. NAV200 was used to get vehicle position
measurement. The body configuration consisted of body plate,
body frame, electronic board, batteries, body plate, industrial PC
and monitor. Industrial PC was used as the main controller of the
system. It collected data from sensors, generated control signal
and controlled Graphical User Interface (GUI) of the system. The
monitor was used to display the GUI to users. The wheel
configuration consisted of encoders, driving and steering motors,

gear boxes, aluminum body cover plates and wheels.
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e Simulations and experiments were conducted to verify the
effectiveness and performances of the mathematical modeling
and the designed controller for the 4WIS-AGV to track two
reference trajectories: a reference trajectory with sharp edges for
parallel steering maneuver and a circular reference trajectory for
zero-sideslip maneuver.

e In the first case where the vehicle was controlled to track a
reference trajectory with sharp edges for parallel steering
maneuver, the vehicle tracked the reference well. The trajectory

tracking errors are as follows: ¢ ==0.02 m, e, =+0.02 m,

e, =10.015rad and e, =+0.015rad.

e In the second case where the vehicle was controlled to track a
circular reference trajectory for zero-sideslip maneuver, the
vehicle quickly approaches the reference values and tracks the
reference well. The trajectory tracking errors are as follows:

e, =10.02m, e, =+0.0lm, e, =+0.015rad and e, = +0.005 rad.

e The simulation and experimental results- showed that the
proposed controllers. made the 4WIS-AGV track the reference
trajectories such as a reference trajectory with sharp edges for
parallel steering maneuver and a circular trajectory for zero-

sideslip maneuver omnidirectionally very well.

Therefore, 4WIS-AGVs can be employed in warehouse material
handling due to its omnidirectional ability and its performance
mentioned above especially when material handling in narrow

working space is needed.
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5.2 Future works

In this thesis, the experimental 4WIS-AGV and the designed
trajectory tracking controller were introduced. However, there are
still some drawbacks found in the experiments, The future works are
listed as follows:

e A dynamic controller will be designed based on dynamic
modeling.

e Simultaneous, Localization and Mapping (SLAM) in the 4WIS-
AGYV will be applied.
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Appendix A: Proof of Eq. (2.10)

Fig. A.1 Coordinate system configuration

of four wheel steering vehicles

Velocities at the wheel centers are expressed as [53]

;i=§X[;OP—(;0A+;Aiﬂ,i=l,---,4 (A1)

where

Fou : relative position of the vehicle center of gravity (CG) in the
XYZ global coordinate,

rop : a turning point P in the inertial frame serving as the vehicle

instantaneous center of zero velocity,
7 4i : position vectors of wheel i from the vehicle CG,
Q : angular velocity vector of the xyz local coordinate in XYZ

T

global coordinate defined as Q = [GX Gy 92]
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Eq. (A.1) can be written as

= G| For —(Fou +7.n) | (A2)
v2 =0x| ror=(ron +7 )| (A3)
v2 =G| For=(For+7.n) | (A4)
v =0Ox| ror=(ron + 7 | (A.5)

Since velocity of each wheel in Egs. (A.2) - (A.5) are
identical, only derivative of Eq. (A.2) is presented.

;1 Zﬁx[;op—(;m +;A1):|=§X|:;0p—;01:| (A6)
and
Vix 0, Topx Toix
v, [=| 0, [X|| Toppd=| Yory (A7)
Wiz 0. Top: 7032

Since the vehicle does not move in z axis and rotate in x axis

and y axis, v, =60, =0, =0and 6, =y, Eq. (A.7) becomes

le 0 rOPx - rle _l/)A (FOCX - rOlX)
Vip [ =] 0 [X| Topy —Tony | = V)A(FOCy_rOIy) (A.8)
0 v, Tor: ~103: 0
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From Eq. (A.8), v, can be obtained as follows:

N +V12y =\/(_V}A (’”opx _r01x))2 J’_(I/}A (ropy _r01y))2
=\/I/}A2 ((rOPx _r01x)2 +(rOPy ~Toiy )2)

:V}A\/((FOPx_rOIx)Z+(r0Py_r01y)2) =V T (A9)

where 7, 1s the distance from turning point P to the center point of

the wheel 1.

Likewise,

v, =Y 1, (A.10)
Vi =Y T (A.11)
V=Y T, (A.12)

The distances from turning point P to each wheel center
points can be calculated using two dimensional triangular
relationships of the wvehicle. Fig. A.2 illustrates the wheel

configuration of the four wheel steering vehicles in two dimension.
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Fig. A.2 Wheel configuration in two dimension

In Figs. 2.1, 2.4 and A.2, vehicle width, W =2b, and vehicle
length, H=1[,+[,, are given. By considering the triangle
relationship among points 1, 2, 3, 4, 4, B, C and P in Fig. A.2, angle
relationship between each wheel can be found.

Fig. A.3 shows triangle of points P, 4 and C (triangle P4C)
that gives relationship between rear wheel 4 and rear wheel steering

angles, 6, and &, respectively.

re?’
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Fig. A.3 Triangle PC4

APC4

The distances (lengths) of points P4 and PC can be found

using law of sines as follows:

Vo _ 2w
sin(180-5,,) sin(5,, —&;)

Wsin(180-6,,) Wsind,,

= = = A.13
T sin(s,-5,)  2sin(5,-5,) (&.13)
e 12W
sing, sin(5,-6,)
oy =TS0 (A.14)

2sin(6, - 6,)
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Since Egs. (A.13) and (A.14) have sine functions, these
equations have some constraints to apply such that these equations

can work properly. The constraints are

o 5,#0°
i 5}"@ # 54
o 5. #180°

Likewise, the equations for the other points can be obtained.
Fig. A.4 shows triangle of points P, 3 and C (triangle P3C) that gives
relationship between rear wheel 3 and rear wheel steering angles, 0,

and 0

re?’

respectively.

Fig. A.4 Triangle P3C

AP3C

The distances (lengths) of points P3 and PC can be found

using law of sines as follows:
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Ty 120
sing,, sin(8,-6,,)

W sin o
Sy, = — A.15
rs 2sin(8, -6, ) ( )
Foe __ 2w
sin(180-6,) sin(8,-6,,)
@rPC:WSIH(180_53)— W sin 8, (A16)

2sin(8,-5,)  2sin(6,-3,)

Since Egs. (A.15) and (A.16) have sine functions, these
equations have some constraints to apply such that these equations

can work properly. The constraints,are

o O #0°
o O, %0,
o 0,#180°

Fig. A.5 shows triangle of points P, B and 1 (triangle PB1)
that gives relationship between front wheel 1 and front wheel steering

angles, 6, and &, respectively.
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Fig. A.5 Triangle PB1

APBI1

The distances (lengths) of points P1 and PB can be found

using law of sines as follows:

Py _nnw
sin(180-5,,) sin(&, —5;)

 Wsin(180-5,)  Wsing,

=3 = (A.17)
" 2sin(6,-6,) 2sin(5,-5)
"o _ /2w
sin 6, sin(Sﬁ —51)
o r W sin ¢, (A.13)

= 2sin(5ﬁ —51)
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Since Egs. (A.17) and (A.18) have sine functions, these
equations have some constraints to apply such that these equations

can work properly. The constraints are

o 0, #0°
° 5_/.r¢51
e 05,#180°

Fig. A.6 shows triangle of points P, 2 and B (triangle P2B)
that gives relationship between front wheel 2 and front wheel steering

angles, 6, and 6, respectively.

Fig. A.6 Triangle P2B

AP2B

The distances (lengths) of points P2 and PB can be found

using law of sines as follows:
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Toy /2w
sind, sin(52 —5ﬁ)

Wsing,
P ks S (A.19)
2sm(52—5ﬁ)
Top _ /2w
sin(180-5,) sin(8,-5,)
o - Wsin(180-6,)  Wsing, (4.20)

2sin(8,-5,)  2sin(8,~5,)

Since Egs. (A.19) and (A.20) have sine functions, these
equations have some constraints to apply such that these equations

can work properly. The constraints are

° 5_/,,?&00
° 5_/,?&52
o 0, #180°

Fig. A.7 shows triangle of points P, C and B (triangle PBC)
that gives relationship between front and rear wheel steering angles,

6, and 6,

re?’

respectively.
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Fig. A.7 Triangle PBC

APBC

The distances (lengths) of points PC and PB can be found

using law of sines as follows:

Tpc _ H
sin(90-5,.) sin(5,-35,)

_Hsin(90—5ﬁ)_ Hcosd,, (A21)
T (6, -5,)  sin(6,-0,) '

Tpp H

sin(90+5,e) - sin(é'fr —5,8)
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Hsin(90+68,)  Hcosd,
& Ipp = =

sin(5,-4,) sin(5,-5,)

(A.22)

Since Eqgs. (A.21) and (A.22) have sine functions, these
equations have some constraints to apply such that these equations

can work properly. The constraints are

o 5,#90°
o 5. #-90°
i 5_/&’ # 5}"6

Fig. A.8 shows triangle of points P, A and C (triangle PAC)
that gives relationship between vehicle and rear wheel steering angles,
6, and ¢,

re?d

respectively.

Fig. A.8 Triangle PAC
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APAC
The distances (lengths) of points PC and PA can be found

using law of sines as follows:

Foc _ 1/2H
sin(90-6,) sin(5,-6,,)

Hsin(90-6,)  Hcosd,

=T Ysin(s,—-6,)  2sin(3,-5,)

(A.23)

Since Eq. (A.23) has sine functions, these-equations have

some constraints to apply such that these equations can work properly.

The constraints are

o 5,#90°
i 5A a 5}’@
o 5 #-90°

By substituting Eq. (A.23) to Eq: (A.21), relationship among

vehicle steering angle, 6,, and front and rear wheel steering angles,

6, and 6,

re?’

1s obtained as follows:

HcosS,  Hcoso,

2sin(6,-6,,) - sin(éﬁ —5,6)
< cosd, sin(éﬁ —5,e)=2cos§f, sin(6, -6, )

< €085, 8Ind ;. coss,, —C080, €085, 8N, =2¢080, 8N, C0SI,,
—2¢080,, €089, 8ino,,

< €080, 8Ind, €0sS,, —C08S, €CO8H , Sind,, +2¢080, €08, 8ind,,
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=2¢086,8In6, €080,

<086, 8Ind, €080, +€08H, €08, 8ind,, =2€080,8Ind, €080,

< Coso, (sm 0. €080, + €084 ;. sin 5,e) =2c¢0s80,8Ind, €oso,,

sing, sind, cosd, +cosd, sind,,

Cos o, 2¢086,c0806,,

where cosd, # 0 and cosé, cosd,, #0

1
& tano, =E(tan5ﬁ +tan5re)
2 1 :
< tan” o, =Z(tan5ﬂ +tan5m)
& tan’ S, +1=%(tan5ﬁ +tan5re)2 B

o sec’ S, =%(tan5ﬁ +tan5re)2 +1

<cos’ S, = ; :
—(tan5ﬁ +tan5re) +1
4 -
1
cosS, = (A.24)

\/i(tanéﬁ +tan 5re)2 +1

Substituting Egs. (A.19), (A.17), (A.15) and (A.12) to Egs.
(A9) - (A.12) yields:

. w,Wsind,
V=Y = (A.25)
Y in(5, -5,)

, v Wsino,
Vy =Yy = ! (A.26)

2sin(52 —51-,)
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v Wsind,

BTVl = 2sin(8,-6,,)

(A.27)

v Wsing,,

Ve = Valea = 2sin(8,, - 6,)

(A.28)

From Fig. A.2, kinematic and rigid body constraint shows that
the longitudinal velocity at the vehicle centerline should be the same,

and can be expressed mathematically as follows:

V€080, =V, c085,=V,COS0,, (A.29)

In addition, inner, outer and centerline lateral velocities at the
front and rear axles should be the same, and can be expressed

mathematically as follows:

Vv, sind, =v,, siné, =v,sing, (A.30)

v,sing; =v,, sind,, =V, sino, (A.31)

The triangular relationships of these equations are shown in

Fig. A.9.

145

Collection @ pknu



v,sind, V; €08 6y v, €089,

\ 4
\ 4

v, sind, Vv, €083, v, cosd,,

\4
\4
\4

v, sing,, v, €08 8, v, cos &,
z 2

Fig. A.9 Triangular relationships

From the triangular relationships shown in Fig. A.9, the

following equations are obtained.

) v, sind, —v_sind :
v,sing, =L frz ~——+v,_singd,, (A.32)
V, €080, =V, COS O
V, O8O, =~ o 2 +v, €086, (A.33)
v, €0Sd, —V, COSO
v, cosd, =— L2 2+ v, cosd, (A.34)

By simplification, these equations become as follows:

v, sind, —v, sind, =2(v,sind, -v,sing, )= Hy, (A.35)

V, €080, —V, 080, = 2(vﬁ CO8 6, —V, €OS 52) =Wy, (A.36)

V, €088, —Vv, cos 8, =2(v,, cos S, —v, cos 8, ) =Wy, (A.37)
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By assuming that all angles 6,,for i = fr, 4, re, 1,---, 4 are
limited to be less than +7/2 rad, velocities of each wheel can be

formulated as follows:

y,Wsing, (vf, 080 ;. —V, €OS 52)sin5fr

" osin(s,-5) sin(8, -3,

(A.38)
where 6, # 6,

Then, the first part of Eq. (A.36) is obtained as follows:

V, €080, =V, C0S0, = 2(vﬁ coso, =V, coséz)

<V, €080, =V, €086, =2V, €080, —2V, oS0,

<V, €080, =2V, 080, —V, COSO, (A.39)

By substituting Eq. (A.39) to Eq. (A.38), the following is obtained.

(vﬁ CosSd, —(2vﬁ COSO ;. — V| O8O, ))sin 0,
ne sin(éﬁ—&)

(vﬁ C080 ;. =2V, €08, +V, €080, )sm 6,
s1n(5fr —51)

(v cos8, +v, cos s, )sins,, (A.40)
B sin (5_ﬁ -0, ) |

Then, substituting Eq. (A.29), v, cosd, =v, cosd,, to Eq.
(A.40) yields:
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. (v, c0s5'A +Vv, €086, )sind (A.41)
s1n(5f, —51)

From Eq. (A.41), the following is obtained.

v sin(éﬁ —51) =(—v,cos8, +v,cosd, )sind,,
@vl(sinéﬁ cos &, —cos b, sin51)=(—vA cosd, +Vv, cosd, )sind,,

<V, 8ind, cosd; — v, €086, 8ind =V, €0sS,8ind, +V,Cco8b, sind,

<V, C080,8Ind, =V, €086, 8In6, — v 8Sind, 0SS, +V, €083, sin g,
&V, C080,8IN0, =V, €080 ,8Ino,

V,£0806,8Ind,

Sy = =V, 080, tan o, csco, (A.42)

CO8 0, 8in o,

where ¢osd ;. sind, #0

Substituting Eq. (A.24) to Eq. (A.42) yields

t
b= VA an6ﬁ CSC 61 for 5/;‘ + 51’ cosaﬁ Sin 51 * 0 (A43)

| \/i(tan@r +tano,, )2 +1

Likewise, v,, v; and v, can be obtained.

Using Eq. (A.24), Eq. (A.26) is as follows:

y WsinS,

—2 sin(52 —5/-,) for 6, # 5ﬁ

VoSWalpr =
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2(vﬁ cosd, —V, coséz)sin 6
2sin(52 —Sﬁ)

(v,cos8,—v,cos8,)sins,
sin(8, -5, )

=3 sin(62 —5ﬁ) =(v,c086,-v,c0s8,)sins,

< v,8in6, €086, —v,€086,8Ind, =V, €085 ,8ind, —v, cosd,sind,,
< v,8in 6, cosé, —v,C086,8Ind, +v,c0sd,sind, =v,c0sd,sind,
< v,8ind,c086, =V, €084, 8ind,

V,c080,s8ind
A A
SV, = i

. =V, C080, tand, csco,
sin g, cosd ;.

where sind, coso, #0

v, tand , csco,

! tand, +tano 2+1
4( Sr Ve)

for 6,#0

V, = i

sind, cosd, # 0(A.44)

Using Egs. (A.24) and (A:37), Eq. (A.27) is as follows:

v Wsing,

———~ for O, #9,
2sin(6,-6,,) o %% On

Vs =Y Ty =
2(v,, cos 8, —v;c0sd;)sind,,
2sin (8, -6, )

(v, cos8,—vycosd,)sind,
- sin(68,-6,,)

< v,sin (8, -6, ) =(v, cos 8, —v, cos 8, )sind,,

< v, 8ind, cosd,, —v, €08, 8ind,, =V, cosd,sind,, —v,cosd, sind,,
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< v;81nd, €0sd,, —v, €080, 8In S, +V, €08, 8Ind,, =V ,cosd,sind,,

< v;8ind, cosd, =V, €0sO,SIng
_V,C088,sing,

v, , =v,cosd, tand,, csco,
sin o, cos o,

where sin ¢, cosd,, #0

v,tand,  csco,

\/i(tan 6, +tand,, )2 +1

V; =

for 6,#0,, sind,cosd, =0 (A.45)

Using Egs. (A.24) and (A.37), Eq. (A.28) is as follows:

.y wsins, _2(v, co88, —v,cosd;)sing,,
Vo =W Ty =

A.46
2sin(8,=4,) 2sin(8,, -6, ) (A.46)

where 6, %0,

S v, €088, —V, 0088, =2(v,, 088, v, cosS;)

&V, €080, —V, €080, =2V, €0SO,, —2V, coSO,
& v,c080, =2v c0sd,, —V,C0S0, (A.47)
Substituting Eq. (A.47) into Eq. (A.46) yields:

(v, cos8, —(2v,, coss,, —v,cosd,))sind,
sin(6,, —6,)

v, =

(v, c088, -2, cosS,, +v,cosb,)sind,

sin(8,,—65,)

150

Collection @ pknu



(v, cos8,, +v,cos8,)sind,,
sin(5,, - 6,)
(-v,cosd, +v,cosd,)sind,,
sin(8,, - 6,)

< v,sin(8,, —8,) =(—v, cosS, +v, cos S, )sind,,
<y, sind,, cosd, —v,cosd,, sind, =—v,cosd,sind,, +v, cosd,sind ,

& v, c080,8n6, —v,sind,, cosd, +v,cosd,, sind, =v,cosd ,sind,,

< Vv, €080, sind, =v,cosd,sind,,

_v,c080,sind,,

coso,, sinod,
where coso , sing, #0

v, =V, c0s0,tand  csco,

_ v, tand  csco, for 8, #0,, cosd,, sind, #0 (A.48)

\/i(tan 0, +tand,, )2 +1

Egs. (A.43), (A.44), (A.45) and (A.48) can be written as

v, tand , csco,

,i=1,2;c086,sin6, # 0,6, #5,,
\/l+i(tan5ﬁ+tan5m)2
v, = (2.10)
v, tand, csed, ,i=3,4;c080,sind, #0,8, #35,,

1 2
\/l+4(tan5ﬁ + tan5m)
E.O.D.
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Appendix B: Proof of Eqs. (2.12) - (2.15)

Eq. (A.18) and Eq. (A.22) are as follows:

g =m0 (A18)
2s1n(5fr —51)
y, = HC0S0, (A.22)

" sin(Sf —SVE)

G

where 6, #6, and 6, #9,,

From Egs. (A.18) and (A.22), the followings are obtained:

Hcosd, = Wsing,
sin(8,-5,)  2sin(8, ~4,)

@%cos@e sin(5ﬁ —51) =sino, sin(éﬁ —5re)

2H 3 2H e : .
<& ——¢089,,8In 5, C0s G ———C08J,, COS O, SIn o, =sin g, sind . €osJ,,
% _ % : _

—sind, cosd, 8ind,,

2H : . . . .

<& ——¢089,,8In0 ; cos S, =sinJ,8ind ;. cosJ,, —sin o, cosd ;. sind,,
2H .
+——C080,, €086, 8In g,
W .

2H .

<& ——C089,,8Ind, oS I,
w

: : : 2H
=sino, (sm 8, €086,, —C085 ;. 8Ind,, +WCOS 0., cos 5ﬁj
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coso,

sin o, 21;1 089, sind,

. : 2H
sind, coso,, —co8 9, sind,, + T 083, COSI .

where sind, # 0 and cosd,, sind, #0

< cotd, =%—%cot5ﬁ tand,, +cotd,

w
cot o, =cot5ﬁ+ﬁcot5ﬁ(tan5ﬁ—taném) (B.1)

Substituting W =2b and H =1/, +I],, into Eq. (B.1) and

taking inverse cotangent of the angle 9, , this equation becomes

0, = cot (cotéﬁ +mcot5ﬁ [tanéﬁ —tan5m] (2.12)
for 6, #6,, 8, #0,,,8in6, #0, cosé,, sind, #0

Egs. (A.20) and (A.22) are as follows:

W sin 6,

r, m—— 2 (A.20)
e 2sin(52—5ﬁ)
Vo = _Hcoss, (A.22)

- sin(Sﬁ —SVE)

where 6,#6, and 6, #96,,
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From Egs. (A.20) and (A.22), the followings are obtained:

Hcosé,, Wsing,
sin(5,-5,) 2sin(6,-5,)

G

= %cos o, sin(52 —5/.,) =sino, sin(éﬁ —5,6) (B.2)

2H . 2H . . .
< ——C0806,,8In 5, c0$§ , ——— €083, €080, SInd , =sind,sind, coso,,
w

—sin g, o086, sind,,

2H : ! : . .
= T 084, 8iN 5, €086 ;. —8in G, Sind ;. €08 b, +8ind, cos b, $ind,,

2H .
=——-0080,,C080, SInd,
W :

) 2H ) :
& sind, | —cosd, coso,. —sind, coso,, +¢coso,. sind
2 W re fr fr re fr re

2H _
=——-0080,,0080,8In0
W ;
2H : .
cosS, 7 COSO,, COS 5fr —sin 5ﬁ coso,, +Cos 5ﬁ sinod,,

sin 0, 21/11/{ COS0,, SN,

where sind, # 0 and cosd,, sind, #0

< cotd, =cotd, —% +%cot5ﬁ tano,,

w
=cotd, —Ecot O, (tanéﬁ —tan 5,6) (B.2)
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Substituting W =2b and H=1[,+I], into Eq. (B.2) and

taking inverse cotangent of the angle 6,, this equation becomes

5, =cot” (cot 5, _chot 6, [tan 6, —tan 5VEJJ (2.13)

fr re

for 6, #0

5> Op 9

re?

sind, #0, cosd,, sind, #0

Egs. (A.16) and (A.21) are as follows:

W sin 9,
P A.16
re 2sin(8,-6,,) ( )
Hcoso,
Foc I il 2 (A.21)
sin(éﬁ —5n,)

where 6, #6, and 6, #9,,

From Egs. (A.16)and (A.21), the followings are obtained:

Hcosé,  Wsind,
Sin(aﬁ —5re) 2sin(53 —5n,)

2= 27HCOS 8, sin(8, 6, ) =sind, sin(éﬁ —5,6)

2H . 2H . . .
<& ——C08J, $InJ; 08 J,, ———C0S 0, €08 I, 8In &, =sin J, sind ;, o8 S,
% _ % _ _

—s8in o, cosd, sind,,
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2H . . . . .
= A C088;, 8InJ, 08 S, —sind, sind ;, 080, +8ind, Cos ;. sind,, =

2H .
A COSJ, COSO;8In0,,

: 2H : :
< sin g, (7 C08J ;. €085, —SINd; €08 S, +C080, 8Ing,, |=

2H .
A COSJ, COSO;8In0,,

2H , |
cosS, g O 8 080, —sind, €085, +C08J, Sing,,

sin s 2nljcos 4, 8ind,,

where sind, #0 and coso, sing,, #0

< cotd, =coto, —Ktan@, coto,, +1
2H ' 2H

w
=cotd,, —Ecot&e(tanéﬁ —taném) (B.3)

Substituting W =2b and H =[,+[,, into- Eq. (B.3) and

taking inverse cotangent of the angle 0, this equation becomes

[, +1

fr re

5, =cot” (cot 0, — cotd [tan 6, —tand,, JJ (2.14)

for 6, #9,

re

6y #9,

re?

sind; #0, cosd, sind,, #0
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Egs. (A.14) and (A.22) are as follows:

Wsino,
P A.14
re 2sin(8,, - 6,) ( )
Hcosé,,
Fpo =—F——— (A.22)

e sin(éﬁ —5,8)

where 6, #6,, and 6, #6,,

From Egs. (A.14) and (A.22), the followings are obtained:

H cos 5_/# . WSil’l54
sin(8, —ém) 2sin(6,, — 6, )

@%coséﬁ sin(6,, - 8,) =sinJ, sin(5f —5,6)

2H ' 2H : . .

< ——C089,8In4d,, C0SG, =—— €08, C0SJ,, SinJ, =sing, sind, cosd,,
—sing, cos o, sing,,
2H : : : . .

= A c0sd, 8ind,, cosd, =sind, sind, cosd,, —sind, cosd, sin o,

2H .
+——C088,€080,,8In 3,
W .

2H .
= A C08 0, 8ind,, cosd, =
: : : 2H
sind, | sind, coso,, —cosd ;. sind,, + " C08J ;. €080,

. : 2H
coss, sind, coso,, —€osd , sind,, + T C08J,, €086,

siné, i/;lcos 0, 8ind,,
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where sind, # 0 and cosd, sing,, #0

< coto, =%tan 6, cotd,, —%4‘(301:5’,6

=cotd,, + L coto, (tan 6, —tand,, ) (B.4)
2H '

Substituting W =2b and H =1/, +l, into Eq. (B.4) and

taking inverse cotangent of the angle 6,, this equation becomes

[, +1

5, =cot” (cot o, +
fr re

coto,, [tan 6, —tan 5re]] (2.15)

for 6, # 9,

re?

Oy #9,

re?

siné, #0, cosd,sing,, #0

E.O.D.
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Appendix C: Proof of Egs. (2.53) and (2.54)

Steering angles of the front and rear wheels of the vehicle in

the single-track vehicle model can be obtained using Egs. (2.44) and

(2.45) as follows:
| lptand,, +1, tan s,
B, =tan | = ' (2.45)
lﬁ’+lre
( )tanﬁA [, tand, +1, tand ;
& (1, +1,)tan B, =1, tan5, =1, tan3,
5 —tanl[(l +l tanﬂA than5ﬁJ C.1)

In zero-sideslip maneuver, 3, = 0, thus Eq. (C.1) becomes

L =l tand
6, —tan”| S 5L (2.53)
Jr

Then, by using Eq. (2.44), 6, can be calculated as follows:

v,cos f3, (tanéﬁ —tanére)

;= : 2.44
YV, i ( )

fr re

vl +1)

v,cos 3,

< tand, —tang,, = (C.2)

where v, cos B, #0
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Substituting Eq. (C.1) to Eq. (C.2) yields

tan s tan{tanl {(lfr +l,e)tan B,—1. tand, N B v, (lfr +lre)
S =

Ly, v,cos B,

(1,+1.)tan B, ~1 tans, | v (I, +
Sr re 4 Cre fr A\l f e
@tan5”[ ) l }: )
fr v,cosf,
[, +1 )tan (1. +1
Qtanéﬁ_(ﬂ m) b +l’—etan5ﬁ:w
' l_/'r l_/'r ' v,cosf3,
[, +[ )tan r (1, +1
= l+l’—e tanéﬁ_(/’ ’e) 'BA=WA(./r re)
fr ' I v, cos f3,
L+l (L, +1 )tan B,y (1, +1,)
&S| — tanéﬁ— ; =
Jr S VACOSﬁA
Le +1, 7, (W
o| =44 (tanéﬁ—tanﬂA):L)
Ly ' v,cos f,
/
S tand, —tan f, = Valp
v, cos 3,
Wl
Stand, = 21 4 tan B,
v,cosf,
sl
© 8, =tan” (M +1tan ﬁAJ (C.2)
v,cosf3,

In zero-sideslip maneuver, 3, =0, thus Eq. (C.2) becomes

7l
% :tanl(% ﬁj 2.54)

V4

for v, #0

E.O.D.
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Appendix D: Proof of Eq. (2.62)
From Eq. (2.56), the following is obtained as:
e =(X,—X;)cosy  +(Y,—Y,)siny, (D.1)
From Eq. (D.1), the time derivative of e, is reduced as:

é =(XA —XR)cosy/A +(YA —YR)sint//A
(X~ X))y, siny, +(Y, Y, )y, cosy,
=X, cosy , —X,cosy  +Y, siny,
~Yysiny, +yr, {=(X, - Xy )siny , + (Y, - Y, )cosy, |
=(XA cosy , +7, sinl//A)—XR cosy, — Y, siny, +v/ e, (D.2)

From Eq. (2.57), following is obtained as:

e =Y, ~Y, DV, =y+e (D.3)

From Eq. (D.3), Eq. (D.2) is reduced into:

& =v,+y,e,— X cos(y, +e)-Ysin(y, +e,)
=v,+y e, — X, (cosy, cose, —siny sine,)
—Y, (siny, cose, +cosy, sine, )
=v,+y e, —X,cosy,cose, + X, siny, sine,
=Y, siny, cose, — Y, cosy/, sine,

=Vv,+y e, —cose, (XR cosy, +7, sim//R)
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+sine3(XR siny, -7, cosn//R) (D.4)
Recalling that Eq. (2.55) and Eq. (2.61) , Eq. (D.4) becomes

e =v,+y e, —Vv,cose, (D.5)

In the same way, the derivatives of e,, e, and e, can be

obtained. From Eq. (2.57), the following is obtained as:
e, =—(X,—X;)siny, +(Y, — Y, )cosy, (D.6)

From Egs. (2.55), (2.57) and (2.61), the time derivative of Eq.
(D.6) is reduced into:

é, =—(XA—XR)siny/A+(YA—YR)cosy/A
_(XA _XR)WA Cosy/, _(YA _YR)V}A siny,
=X, siny, +X,siny, +Y, cosy, ~ Y, cosy,
—l/'/A{(XA—XR)cosl//A+(YA—YR)sinl//A}
=(—XAsinl//A+YA cosy/A)+XRsint//A—YR cosy ; —V e
= X,sin(y, +e )Y, cos(y, +e) =y e
= X, (siny cose, +cosy sine;)
— Y, (cosy, cose, —siny  sine, ) -y e,
= X, siny, cose, + X, cosy,sine,
—Y, cosy, cose, + Y, siny, sine, —y7 e,
=cose3(XR siny, — Y, cosy/R)+sine3(XR cosy, +7, siny/R)—t/)Ae1

=v,sine, —y e (D.7)

From Egs. (2.58) and (2.59), the followings are obtained as:
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&=y, —Yp (D.8)

é4 = BA _BR (D.9)

Egs. (D.5), (D.7) - (D.9) can be written in vector form as follows:

—V, COS €, I e O
i 0 — o0
e=| MG "3 (2.62)
y, 010 |5
—Br 00 =1}
E.O.D.
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Appendix E: Mechanical design drawing
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Fig. E.5 Steering steel plate
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