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Tracking Control of 3-Wheels Omni-Directional Mobile Robot
Using Fuzzy Azimuth Estimator
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Abstract Home service robot are not working in the fixed task such as industrial robot, because they are
together with human in the same indoor space, but have to do in much more flexible and various environments.
Most of them are developed on the base of the wheel-base mobile robot in the same method as a vehicle robot
for factory automation. In these days, for holonomic system characteristics, omni-directional wheels are used in
the mobile robot. A holonomicrobot, using omni-directional wheels, is capable of driving in any direction. But
trajectory control for omni-directional mobile robot is not easy. Especially, azimuth control which sensor
uncertainty problem is included is much more difficult. This paper develops trajectory controller of 3-wheels
omni-directional mobile robot using fuzzy azimuth estimator. A trajectory controller for an omni-directional
mobile robot, which each motor is controlled by an individual PID law to follow the speed command from
inverse kinematics, needs a precise sensing data of its azimuth and exact estimation of reference azimuth value.
It has imprecision and uncertainty inherent to perception sensors for azimuth. In this paper, they are solved by
using fuzzy logic inference which can be used straightforward to perform the control of the mobile robot by
means of the fuzzy behavior-based scheme already existent in literature. Finally, the good performance of the
developed mobile robot is confirmed through live tests of path control task.

2 O Aux 2RO Azt YRS BANA FATTL oldl AL AurAl Bfolx W E](Mobilit)
o) olERRe EHel GofEI} YHel Gohio] Baimo] gonn 2Rol gAY Yol e ol A
oFS WA ) o]AL A ¢ H]EZEW-H](Non-Holonomic) A|AE] EAJ O F3] 29| o]x 25 AoflEL v ¥
ol AYAS HEIAL AT B FE 2RO AU HYE SYT F lFILY S YPOR AYY 5l
olel ol B2 A%5p S7jsteld FieuHoloomic) A28 S4o] Bashh FRiu Axue WrlE s}
4 510 el Ao oTERL el Stk o|E HASE MYHA THE £ AL BE BN AL e
Hr} F874o)1 g2 o] 71581t 1E1U§ H =RoAdE Al 719 &4 &(Omni-wheels) S ARR3H S22
o oBai AAuS AUt Al Ao SUBS AFET olERRe] Befsizt mEl uHY LEHYAL w4
g oY Bolst mae guslel AATE SR AS Be 449 BE Sug Al 8 SEAo]s
L PIDWAS ASTh Rd], SUBE olfe SRy ofERye] FAdols AR Pt ALY Holelst /]
FZk(Reference Value)2 L Q& sich Wzt A4S HASAl B3 A (Uncertainty)S 2h=th RATAAL AlA A
2HIO] o] =9} dalo]oA(Aliasing) &= Q15le] HHASIAL, EHAA]L HHY ZE9 QHEF(Dlsturbance)_L} Ak s
Slipez PFIT & =wollMe HA =g F2 &gt #A] Pzt 747 (Estimator)E 7Hdsto] W92 Ao 9|
NZE MEE AAETh o2, HX] U9 F4E o83 Al A9 A W v 29| olgERo] Argter
AlojE= AEE B8t olF 2R A2 dsS 43tk

Key Words : Omni-Directional Mobile Robot, Holonomic System, Azimuth, Fuzzy Inference, Gyro-Sensor

This research was financially supported by the Ministry of Education, Sciences Technology (MEST) and Korea Institute for
Advancement of Technology (KIAT) through the Human Resource Training Project for Regional Innovation.
*Corresponding Author : Kim, Seung-Woo (seungwo@sch.ac.kr)

Received August 16, 2010 Revised October 1, 2010 Accepted October 15, 2010

3873



grakely| sekelie A A1 A|10E, 2010

1. Introduction

Mobile robot has great applicable potential in human
society in the future. The functions will no longer be
restricted to accomplish tasks in assembly and
manufacturing at a fixed position. In order to accomplish
practical tasks, a mobile robot has to be navigated
smoothly in the real world wherein unexpected changes
take place. Conventional wheeled mobile robot(WMR) is
restricted in their motion because they cannot move
sideways without a preliminary maneuvering. Various
mechanisms have been developed to improve the
maneuverability of WMR. But they have never made the
WMR

non-holonomic system. For example, a differential drive

conventional overcome the problem of
design which has two motors mounted in fixed positions
on the left and right side of the robot. Then, the
differential wheel drive has a kind of deficiency. It cannot
drive in all possible direction. For this reason, this robot
is called 'non-holonomic'. In contrast, a holonomic robot,
using omni-directional wheels, is capable of driving in
any direction. In the last few years, Swedish omni-
directional wheeled mobile robot (OWMR) has received
growing attention among the mobile robotics researchers.
[1,2,3] In this paper, a Swedish OWMR is, with a
proposal of new control algorithm, developed as a
holonomic mobile robot.

The trajectory control of OWMR is so difficult because
it has much more uncertainty than conventional WMR.
The dynamic equation is nonlinear and time-varying in
the extreme. Thus, this paper presents accurate trajectory
control method of 3-wheels omni-directional mobile robot
using fuzzy azimuth estimator. The OWMR of this paper
has three omni-directional wheels, arranged 120 degree
apart. Each wheel is driven by a DC motor installed with
an optical shaft encoder. A gyro sensor is used for the
perception of azimuth. It is controlled by independent PID
law for each motor to follow the speed command from
inverse kinematics without considering the coupled
nonlinear dynamics explicitly in the controller design. A
trajectory controller for an omni-directional mobile robot
needs a precise sensing data of its azimuth and exact
estimation of reference azimuth value. It has imprecision
sensors  for

and uncertainty inherent to perception

azimuth. The imprecision is made by sensor noise and

aliasing. The uncertainty consists of disturbance and slip
of mobile robot. In this paper, they are solved by using
fuzzy logic inference which can be used straightforward
to perform the control of the mobile robot by means of
the fuzzy behavior-based scheme already existent in
azimuth estimator is

literature.  An designed by

Mamdani-typed fuzzy inference method. Also, it is
perfectly implemented on the 3-wheels OWMR developed
in this paper.

The paper is organized as follows: the kinematics
model for a 3 Swedish-wheeled mobile robot is derived in
the Section II. The tracking control algorithm and the
fuzzy azimuth estimator are explained in Section III.
Experimental rim whs of the trajectory controller are
reported and live test rim whs of 3-wheels ODMR are
given, in Section IV. At last, some concluding remarks

are addressed in Section V.

2. Dynamics of OWMR

As a first step to develop a robot controller, the
equations of robot motion need to be derived. Several
simplifying assumptions are made. For example, it is
assumed that there is no slip in all the three wheels, and
the friction force is simplified to be represented by a
viscous friction coefficient. Electrical time constant of the
motor is also neglected. It is expected that the feedback
controller based on this simplified model can compensate
the unmodeled dynamics. There are two coordinate frames
used in the modeling: the body frame and the world

frame.

¥ Angular raie of bady ralatian (rad's)

.V Velocity component in the body frame (mis)
J» for f3 Traction force of each wheel (N)
B, B, F, Appiiec volage on each wheel (V)
@, @ ., @ Motorsha speed (rads)

Wheel 3

Wheel 1 —*.
“F,
. r
A /‘
./ Fx
M Robot mass (kg) 2
I Robot momentinertia (kg m’)
R Wheel radius (m) Wheel 2
I, Radius of robot body (m)
7 Gear ratio (x, F) Roiotlocation (m)
& Wheel orientation angle (30° )(deg) L3 Robal arientation angle (rad)

[Fig. 1] Force Analysis and Nomenclature
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The body frame is fixed on the moving robot with the
origin in the center of chassis, the world frame is fixed
on the play ground, and symbols used in OWMR dynamic
model is listed, as shown in Fig. 1.[3]

In the body frame and by Newton's law, we can have

1
. — 0 0
u v m ) £,
vl=|—rul+] 0 o 0||F, 1
- 0 i
0 0 —
m

From the force analysis in the body frame, we have

u v fi
v|=|—ru|+Hs+ B|f, )
r 0 f3
Where,
1
o 0 0
1 0 cosd—cosd
H=|0 — 0|, B=|—1sind sind
m . L L L
0 0 —
m

— | Wm2 (3)

The dynamics of each DC motor can be described as

equation (4) and (5).

di, )
LaE+ Rala + /c3wm =F (4)
Rf .
J(me + bme + T: k27’a (5)
£, i, L, R, is the applied armature voltage, the

armature current, the armature inductance, the armature
resistance, in the order named. k; is the back emf
constant and k, is the motor torque constant. . is the
combined inertia of the motor, gear train and wheel

referred to the motor shaft and b, is the viscous friction

coefficient.
Because the electrical time constant of the motor is
very small comparing to the mechanical time constant, we

can neglect dynamics of the motor electric circuit, which

di, ) 1
leads to L“E: 0 and ¢, = E(E_ kgw”,). From those,

we can derive the dynamics of the three identical motors.

Wrny Wit f 1
‘]U W2 +b0 Wina +; f2 6)
w,
wm3 m3 f 31
k. E‘l k. k W1
_ Mg 2R3
- £ Wina
3 wm&

From combination of the upper equations, we get the
dynamic model of the mobile robot in the body frame

with the applied motor voltage F, F,, FE; as shown in

equation (7).

u ru ky o k
N —1 2 3
v|=G |—ru|— G HBB(—H}O) (7)
. 0 R,
r
R ko |D
X —|v|+ G "HB—=——F| &
2 R R,
Py
Where, G=|/+ HBB 5
R
3. Tracking Controller
This section represents accurate trajectory control

method of 3-wheels omni-directional mobile robot using
fuzzy azimuth estimator. The OWMR of this paper has
three omni-directional wheels, arranged 120 deg apart.
Each wheel is driven by a DC motor installed with an
optical shaft encoder. A gyro sensor is used for the
perception of azimuth. It is controlled by independent PID
law for each motor to follow the speed command from
inverse kinematics without considering the coupled
nonlinear dynamics explicitly in the controller design. The
controller structure using fuzzy azimuth estimator is

shown in the Fig. 2.
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Kinematics + Controller Robot »
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v(k)
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- Fuzzy |r®) (k)
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v(k +1) Tuner  |v,,,(k)
Azimuth Varo (k)
E; — val) v, (k+1)
Trajectory
Planning

[Fig. 2] The Tracking Control Structure

The state and output equations (6) and (7) are
described in the absolute coordinate system. It should be
noted, however, that the control input is the quantity in
the moving coordinate system. Therefore, the control
input in the absolute coordinate system must be
transformed into the control input for each assembly, i.e.,
signal expressed in the moving coordinate system, if the
control input is designed in the absolute coordinate
system. Then, the transformation for each input can be

derived from kinematics as follows.

x costp(k) —siny(k) 0] [u
y|= siny(k) cosy(k) 0 |v (8)
" 0 0 1 [r

A trajectory controller for an omni-directional mobile
robot needs a precise sensing data of its azimuth and
exact estimation of reference azimuth value. It has
imprecision and uncertainty inherent to perception sensors
for azimuth. The imprecision is made by sensor noise and
aliasing. The uncertainty consists of disturbance and slip
of mobile robot. As we can see in Fig. 2, they are solved
by using fuzzy logic inference which can be used
straightforward to perform the control of the mobile robot
by means of the fuzzy behavior-based scheme already
existent in literature. The new enhancement azimuth is

derived as equation (9).
P f(k+1)=1,(k+ 1)+ Kpg( (k) =2y, (k) (9)

d)d(/c) is the ph azimuth angle computed from

trajectory planning, wgym(k) is the kth output of gyro
sensor and w'd(k-l-l) is new value of the (k+1)th

azimuth. Its gain Kj, is in real-time tuned by fuzzy

azimuth tuner of Fig. 3.

D
7 Vo | ¢ 2
u F
z u
" f Fuzzy % K FG,
d F | Inference | v
I F
E I
R E
Ve Vons R

[Fig. 3] Fuzzy Azimuth Tuner

Mamdani's inference engine is used in fuzzy azimuth
tuner. Input signal is change rate of error between desired
azimuth and gyro/encoder sensors. Output is gain of
azimuth estimator Krg. Fuzzy rule base of linguistic

variables is given in Table 1.

[Table 1] Fuzzy Rule Base

Change Rate Ve,
of Error NE 7E PE
NE PB PS NS
v, ZE PS ZE NS
PE PS NS NB

Premise and consequent membership functions are
designed through partitioning technique of experimental
data from gyro and encoder sensors. They are shown in
Fig. 4 and Fig. 5.

yri

0.5 0.25 0 0.25 05 e
la[/ gyrog

W,

ené

-0.5 -0.25 0 0.25 0.5

[Fig. 4] Premise Membership Functions
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s Ky

[Fig. 5] Consequent Membership Functions

4. Experiment and Result

A mobile robot with three omni-directional wheels is
developed as Fig. 6. The DC motor which the rated
torque is 31Kgem is used for driving the omni-
directional wheeled mobile robot. The diameter of
omni-directional wheel is 79mm and the distance from

center point of robot to wheel is 198mm.

S

[Fig. 6] The 3-Wheels OWMR

[Fig. 71 The Outer Appearance of OWMR

The configuration of tracking control system is given
in the Fig. 8. The encoder sensors are used for the
measurement of the rotation speed of DC motors and

Gyro sensor measures the posture angle of OWMR.
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GYRO Sensor D,gﬁﬂ?:&w
range —
Input range 1507secistantaneous) b Omnliwheaili
Sele Factor Nonlneaty 05% Cuent 3444
TR o Main
ncoder Sensor
Coutpermsi2 Controller DC Motor 2
3 chenel, 160Kz or "
McU Omni Wheel 2
Encoder Sensor2
Count per tm 512 ATMEL
3 channel, 160kHz ATIISAM7S256
DC Motor 3
Torque 85mNim,
Encoder Sensor3 Speec s0sopm —— Omni Wheel 3
Count per tum 512 Voltage 24V, Current
3 channel, 160kHz 344A

[Fig. 8] Configuration of Control System

The tracking control results are shown in the Fig. 9.
Fig. 9.a shows the tracking result from the starting
moving angle 30°to the ending moving angle -150°
without self-rotation. Fig. 9.b and Fig. 9.c show the same
results as Fig. 9.a on different moving angles. We can
confirm the good performance of the tracking control
using fuzzy estimator through the experimental results of
the designed OWMR.
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[Fig. 9] Tracking Control without Self Rotation
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The results of tracking control with self rotation are
shown in the Fig. 10. The precise movement control with
self-rotation guarantees the holonomic characteristics of
OWMR. Through the below results, we can confirm the

good performance of a holonomic system.

DC Motor

W\T
—

250

=
o

o

I
&

Encoder_Clock

260

Time

a. Moving from front to right with self rotation

- DC Motor
-
© 125
° e ot
5 J,’\
|
o
5
=
3
=-125
w
2560
o 20 25 an <) &0 75 B0 Hilm
Time

b. Moving from back to left with self rotation

—— Motor 1 —— Motor 2 —— Motor 3

[Fig. 10] Tracking Control with Self Rotation

Fig. 11 is image clips which 3-wheels OWMR controls
the path tracking. The first row images show forward and
backward tracking of a straight line. The second row
images show tracking of an oblique line. The third row
images show forward and backward tracking of a straight
line with self rotation. Final row images show tacking of
an oblique line with self rotation. The linear speed of
OWMR in tracking control without self rotation is 12
cm/sec. the linear speed in tracking control with self
rotation is 8 cm/sec. Through the image clips, we can
know that this 3-wheels OWMR is perfectly controlled in

both holonomic and nonholonomic path tracking.

PT 1 PT2 PT3 PT4

Forward and Backward Navigation

135° Oblique Navigation

Forward and B d Navigation with R

45° Oblique Navigation with Rotation

[Fig. 11] Image Clips of OWMR’ Navigation

5. Conclusion

A holonomic mobile robot using 3 omni-directional
wheels is developed in this paper. Its tracking controller,
which each motor is, on the base of posture, controlled by
an individual PID law to follow the speed command from
inverse kinematics without considering the coupled
nonlinear dynamics explicitly in the controller design, and
fuzzy azimuth estimator, which is used straightforward to
perform the control of the mobile robot by means of the
fuzzy behavior-based scheme already existent in literature,
are presented in this paper. Also, the good performance of
the developed mobile robot is confirmed through live tests

of path control task.
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