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Abstract
Purpose – This paper aims to propose a suitable motion control method for omni-directional mobile robots (OMRs). In RoboCup competition, the robot
moves in a dynamic and oppositional environment, which occurs with high acceleration and deceleration motion frequently, especially for our OMR that
slipping is almost inherently encountered in motion. Therefore, the purpose of this paper is to present one improved dynamical model with slip, and
then to propose one suitable path-tracking controller based on it, which gives more accurate control result.
Design/methodology/approach – A dynamic modeling method for OMRs based on the theory of vehicle dynamics is proposed. By analyzing the
wheel contact friction forces both in the wheel hub rolling direction and in the roller rolling direction, an amendatory dynamics model is presented. This
model is introduced into the computed-torque-like-controller (CTLC) system to solve the path-tracking problem.
Findings – An amendatory dynamics model with slip is analyzed and introduced into the CTLC system to solve the path tracking problem for OMR in
this paper. The anti-disturbance ability and the trajectory tracking effect of the proposed motion control method are proven through simulations and
experiments.
Practical implications – The proposed path tracking control method based on one improved dynamic model with slip is applied successfully to
achieve effective motion control for one four-wheel OMR, which is suitable for any kind of OMR.
Originality/value – One amendatory dynamics model including slipping between the wheels and ground is presented. Based on the above-slipping
model, one CTLC is implemented to solve the path-tracking problem for one four-wheel OMR.

Keywords Friction, Control technology, Robotics, Slip, Controllers

Paper type Research paper

1. Introduction

Wheeled mobile robots have good maneuverability that makes

them be applied widely in production and people’s daily life.

Differential driving is the most common movement. But with

the special mechanism of omni-directional wheels, omni-

directional mobile robot (OMR) performs 3 degrees-of-

freedom (DOFs) motion on the two-dimensional plane,

which can achieve translation and rotation simultaneously

along arbitrary direction. Using this type of drive system, time

is saved by eliminating the need for a robot to rotate before

translating from points A to B. Owing to the more agile

performance, OMRs have been applied in many fields, such

as omni-directional wheelchairs (Wada, 2005) and in

RoboCup competition (He et al., 2004).
Many research groups are paying attention to OMRs

(Watanabe et al., 1998; Myung et al., 2000; Witus, 2000).

For example, Watanabe et al. (1998) presented state variable-

based modeling of a three-wheeled OMR, whose wheels are

assumed to be symmetrically arranged orthogonal assemblies.

Williams et al. (2002a, b) expanded this model to a

nonsymmetrical arranged three-wheeled OMR, and the

dynamic model of the robot is considered in order to study

the slipping effects between the wheels of the vehicle and the

working surface. Muir and Neuman (1987a, b) presented the

kinematics modeling of four-wheeled mobile robots. Carter

et al. (2001) described the mechanical design of the OMR and

based on its dynamic model proposed a proportional-integral-

derivative control for each robot wheel independent of the

nonlinear model of the vehicle. From above-existing research

results and our experiments, we found that the three-wheeled

OMRs may have stability problem due to the triangular

contact area with the ground, especially when the location of

the center of gravity is high or the size of the robot is small

(Pin and Killough, 1994; Muir and Neuman, 1987a, b).

Therefore, it is desirable that four-wheeled vehicles will be

used when stability is of great concern, for example, in the

drastically antagonistic RoboCup competition environment.

Therefore, our first task in this paper is to give the design of
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one four-wheeled OMR which is used in RoboCup middle-

size league competition and, to present a detailed nonlinear

dynamics model of the OMR in which both the motor

dynamics and robot nonlinear motion dynamics are

considered.
However, independent drive of four wheels creates one

extra DOF, which requires an accurate control for the robot.

Any disturbing or disorder, even temporarily, will cause wheel

slippage, while slipping is almost inherently encountered in

motion for OMRs. This unexpected behavior motivated the

development of a dynamic model including slip. And some

researchers realized this. For example, Nobuhiro et al. (2007)

discussed the tracking control of OMR in consideration of

driving wheel slips measured through a two wheels caster,

which needs accessional components. Williams et al.

(2002a, b) presented a dynamic model for OMR, including

wheel/motion surface slip and experimentally measured

friction coefficients. However, there are few studies on

slipping model for one over constrained system of OMRs.

Therefore, the main focus of the paper is to present a dynamic

model for one four-wheel OMR that includes slipping

between the wheels and the motion surface. As one omni-

directional wheel consists of a wheel hub driven by a servo

DC motor and rollers that are mounted on the hub rotating

passively, our slipping model includes both friction functions

in the wheel hub rolling direction and in the roller rolling

direction, which is the function of velocity in that direction,

respectively.
The path tracking problem is fundamental for more

advanced behavior generation. So, this problem has been

investigated by many researchers, especially for the

nonholonomic wheeled mobile robots. Many of the earlier

works addressing the tracking problem were described in

Dixon et al. (2000), Do et al. (2004) and Driessen (2006).

However, the trajectory tracking problem of an OMR remains

open. Therefore, the third task of this paper is to design a

robot path-tracking controller based on the nonlinear

dynamical model. Liu et al. (2003) designed a controller

based on a trajectory linearization strategy for one OMR, but

only simulations testing results were shown. Tsai and Wang

(2005) proposed an adaptive robust control method for

trajectory tracking and path following of a three-wheel OMR

via the integral backstepping model, but this method did not

consider the issues of the parameter variations and the

uncertainties from friction and slip. Chong-Cheng Shing

described the design of T-S fuzzy path controller for

improving the high-speed tracking accuracy of a four-wheel

OMR. The T-S fuzzy model is described by a set of fuzzy

“IF [. . .] THEN” rules, which means that different situation

needs different rules (Shing et al., 2006). Vazquez and

Velasco-Villa (2007) developed a computed-torque-controller

(CTC) strategy to solve the path-tracking problem of a

wheeled OMR, assuring the closed loop stability of the system

when the state was available for measurement, allowing in this

way the convergence of the tracking errors. The CTC is often

proposed in order to achieve tracking control of robot

manipulators, and it has been shown experimentally that a

CTC scheme performs well (de Wit and Roskam, 1991;

Sarkar et al., 1994). Following the preliminary research, in

this section, we apply the computed-torque-like-controller

(CTLC) strategy to solve the path-tracking control of our

four-wheeled OMR.

Therefore, based on the preliminary study result

summarized in Cao et al. (2007), this work presents the
path-tracking controller based on the dynamical model with
slip for one four-wheeled OMR, which is organized as follows:
in Section 2, the kinematics and dynamics model of the four-

wheeled OMR is presented. Based on this model, in Section
3, an amendatory dynamics model with slip between the
wheels and the motion surface is developed. In Section 4,
path-tracking control system is described based on CTLC. In

Section 5, the proposed strategy is evaluated by means of
simulation and real-time hardware test showing its adequate
performance and finally, in Section 6, some conclusions are
presented.

2. Kinematics and dynamics model of the four-
wheeled OMR

This section presents the kinematics and dynamic modeling of
a four-wheeled omni-directional robot.

First, we support that the robot moves in the plain face.

There are two coordinate frames used in this modeling: the
body frame, fixed on the moving robot with the origin in the
center of gravity of the robot, denoted as XRORYR, and
the world frame, which is fixed on the play ground, denoted as

XOOOYO, as shown in Figure 1. Then at any time t, the
robot’s velocity state can be confirmed by the Cartesian
coordinate of the robot in {O} and {R} as:

_Xt ¼ _xt _yt
_ut

� �T

¼ O
RT ·VR ¼ O

RT · V x V y v
� �T

ð1Þ

where O
RT is the coordinate transform matrix from the body

frame {R} to the world frame {O} given as:

O
RT ¼

cos ut 2sin ut 0

sin ut cos ut 0

0 0 1

0
BB@

1
CCA ð2Þ

Figure 2 shows a bottom view of our robot. Four wheels are
symmetrically mounted on the robot platform with a 908

angle between adjacent wheel rotational axes.

Figure 1 The robot and the world coordinate system
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The nomenclature used in the model is defined as follows:
World frame:

X ¼ (x y u) Robot location and orientation angle.

Body frame:

VR ¼ (Vx Vy v) Velocity and angular rate of the
robot in the body frame.

F ¼ ( f1 f2 f3 f4) Traction force of each wheel.
Vm ¼ (vm1 vm2 vm3 vm4) Rotate speed of each motor.
U ¼ (u1 u2 u3 u4) Applied armature voltage on

each motor.
Fm ¼ ( fm1 fm2 fm3 fm4) Vicious friction force between

each wheel and the ground
surface.

Mechanical constants:

m ¼ Robot mass.
Iz ¼ Robot moment of inertia.
R ¼ Radius of wheel.
L ¼ Radial distance from the robot center to the wheels.
n ¼ Gear ratio.

2.1 Kinematics modeling

As shown in Figure 2, based on the robot’s morphology, it is

easy to derive the inverse kinematic equations of the OMR as
follows:

V 1 ¼ 2
ffiffi
2

p

2
· V x þ

ffiffi
2

p

2
· V y þ L ·v

V 2 ¼ 2
ffiffi
2

p

2
· V x 2

ffiffi
2

p

2
· V y þ L ·v

V 3 ¼
ffiffi
2

p

2
· V x 2

ffiffi
2

p

2
· V y þ L ·v

V 4 ¼
ffiffi
2

p

2
· V x þ

ffiffi
2

p

2
· V y þ L ·v

Which can be simplified as:

Vv ¼ J ·VR

where Vv ¼ V 1 V 2 V 3 V 4

h iT

¼ R

n

� �
·Vm

and J ¼

2
ffiffi
2

p

2

ffiffi
2

p

2
L

2
ffiffi
2

p

2
2

ffiffi
2

p

2
Lffiffi

2
p

2
2

ffiffi
2

p

2
Lffiffi

2
p

2

ffiffi
2

p

2
L

0
BBBBBBB@

1
CCCCCCCA

ð3Þ

2.2 Dynamics modeling

The equation of dynamics for the robot which began with
Newton’s second law can be written as:

mð _Vx 2 V y ·vÞ ¼ Fx

mð _Vy þ V x ·vÞ ¼ Fy

Iz · _v ¼ Mz

ð4Þ

Computing the relationship between the robot Cartesian

coordinates and the wheel angles, Fx, Fy and Mz, which
denotes the traction forces and the traction moment in the

body frame separately, can be derived from the geometry
relationship of the robot in Figure 2(a) as follows:

Figure 2
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Fx ¼
ffiffi
2

p

2
· ð2f 1 2 f 2 þ f 3 þ f 4Þ

Fy ¼
ffiffi
2

p

2
· ð f 1 2 f 2 2 f 3 þ f 4Þ

Mz ¼ L · ð f 1 þ f 2 þ f 3 þ f 4Þ
ð5Þ

where f i ði ¼ 1; . . . ; 4Þ is the traction force acting on the

wheel in the direction of the active rolling.
Combining equations (4) and (5), we have the following

equations in matrix-vector form as:

A

_Vx

_Vy

_v

0
BB@

1
CCAþ m

2V y

V x

0

0
BB@

1
CCA ·v ¼ H ·F

where A ¼

m 0 0

0 m 0

0 0 Iz

0
BB@

1
CCA;

H ¼

2
ffiffi
2

p

2
2

ffiffi
2

p

2

ffiffi
2

p

2

ffiffi
2

p

2ffiffi
2

p

2
2

ffiffi
2

p

2
2

ffiffi
2

p

2

ffiffi
2

p

2

L L L L

0
BBB@

1
CCCA

ð6Þ

The dynamics of each DC motor can be described as the

following equations:

La

dia

dt
þ Ra · ia þ k3 ·vm ¼ u ð7Þ

J0 _vm þ f m þ Rf

n
¼ k2ia ð8Þ

where:

La ¼ the armature inductance.
ia ¼ the armature current.
Ra ¼ the armature resistance.
k3 ¼ the electromotive force constant.
u ¼ the applied armature voltage.
J0 ¼ the combined moment of inertia of the motor, gear

train and wheel referred to the motor shaft.
fm ¼ the vicious friction between the ground surface and

the wheel.
n ¼ the gear ratio.
f ¼ the traction force of the wheels.
k2 ¼ the motor torque constant.
vm ¼ the rotate speed of wheel.

Because the electrical time constant of the motor is much

smaller than the mechanical time constant, we can neglect

dynamics of the motor electric circuit, which leads to:

dia

dt
¼ 0; ia ¼

1

Ra

ðu 2 k3 ·vmÞ ð9Þ

With this assumption, and using the vector notation, the

dynamics of the four identical motors can be written as:

J0
_Vm þ Fm þ R

n
Fþ k2 · k3

Ra

Vm ¼ k2

Ra

U ð10Þ

where U is the control input matrix.

Combining expression (3) with equations (6) and (10),

we can get the dynamic model of the four-wheeled mobile
robot as:

n2 · J0

R2
H · JþA

� �
· _VR þ n2 · k2 · k3

R2Ra

H · J ·VRþ

n

R
H ·Fm þ m ·

2V y

V x

0

0
BBB@

1
CCCAv ¼ k2 · n

Ra · R
·H ·U

ð11Þ

3. The amendatory dynamics model with slip

Considering the independent drive of four wheels in our robot
which creates one extra DOF and the significant slipping
occurred, one exact model and an accurate control method
for the robot is required. In this platform, one omni-

directional wheel consists of a wheel hub driven by a servo
DC motor and a set of rollers that are mounted along the
periphery of the wheel hub at a given angle, rotating passively.
Therefore, there are two kinds of wheel/ground friction force
to be considered. One is the friction force in the wheel hub
rolling direction and the other is in the roller rolling direction
which is transverse to the former one. And both are the
function of velocity in that direction, respectively. Ordinarily,
the wheel contact friction forces that are not in the direction

of traction force are neglected. But initial trials and analyses
with the omni-directional motion indicated that we must also
include the latter friction case. As the friction force
encountered in these two directions is the slip reason in the
running process of motion, especially our OMR running in
RoboCup competition where the high acceleration and
deceleration motion takes place frequently. Hence, based on
the above analysis, this section puts out the improving

nonlinear dynamic model including wheel slippage for the
OMR.

As shown in Figure 3(a), suppose Oi is the center of ith
wheel, the velocity of active hub and passive roller in that
wheel is ~VTi

and ~VFi
separately. ~VTi

is perpendicular to ~VFi

based on the structure of the wheel we used here, as shown in

Figure 3(b). And suppose OR is the center of the robot, its
speed is defined as ð ~VC; ~vÞ, where ~v is the angular velocity, ~VC

is the translational velocity, and the angle between the vector
~VC- and XR-axes is denoted as u. Besides, the vector directed
from OR to Oi is defined as ~L, the angle between the vector ~L

Figure 3
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and XR-axis is denoted as bi, the angle between the vector ~VFi

and XR-axis is gi, which are confirmed when the robot’s

structure and installation size is determined. Therefore, we

can gain the relationship of above velocity as follows:

~VOi
¼ ~VTi

þ ~VFi
¼ ~VC þ ~Vv

where ~Vv ¼ ~v £ ~L; ~VC ¼ ~Vx þ ~Vy

ð12Þ

Let ~VC, ~Vv, ~VTi
and ~VFi

project to XR- and YR-axes, then we

can get the relationship of above velocity as follows:

V Ti
¼ V csinðgi 2 uÞ þVvcosðbi 2 giÞ

V Fi
¼ V ccosðu2 giÞ þVvsinðbi 2 giÞ

where ði ¼ 1; . . . ;4Þ
(

ð13Þ

where u ¼ arctanðV y=V xÞ and bi ¼ gi ¼ 458þ 908 · ði 2 1Þ
where (i ¼ 1, . . . , 4) in our platform.

Expanding equation (13) based on the geometry

relationship of the robot, we can get such expression ad

follows:

VT ¼ vT1 vT2 vT3 vT4

� �T

¼ HT ·VR

VF ¼ vF1 vF2 vF3 vF4

� �T

¼ HF ·VR

8>><
>>:

where HT ¼

ffiffi
2

p

2
2

ffiffi
2
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2
Lffiffi
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2

ffiffi
2
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2
L

2
ffiffi
2

p

2

ffiffi
2
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2
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2
ffiffi
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p

2
2

ffiffi
2

p

2
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0
BBBBBBB@

1
CCCCCCCA

and

HF ¼

ffiffi
2

p

2

ffiffi
2

p

2
0

2
ffiffi
2

p

2

ffiffi
2

p

2
0

2
ffiffi
2

p

2
2

ffiffi
2

p

2
0ffiffi

2
p

2
2

ffiffi
2

p

2
0

0
BBBBBBB@

1
CCCCCCCA

ð14Þ

Therefore, following the Newton’s law we can get the

formulas for friction force as:

Fm ¼ mT ·VT þ mF ·VF ð15Þ

where mT and mF are the friction coefficient in the wheel

rotation and transverse direction separately. And mF is much

less than mT due to the design of the omni-directional wheels

used here, with smaller friction in the transverse direction

than the primary driving direction, owing to the passive

rolling cylinders, as shown in Figure 3(b).
Combining expression (11) with expressions (14) and (15),

we can get the dynamic model of the four-wheeled OMR with

slip as:

n2 · J0

R2
H · JþA

� �
· _VR

þ n2 · k2 · k3

R2Ra

H · Jþ n

R
H · ðmT ·HT þ mF ·HFÞ

� �
·VR

þ m ·

2V y

V x

0

0
BBB@

1
CCCAv ¼ k2 · n

Ra · R
·H ·U

ð16Þ

Define:

G ¼ n2 · J0

R2
H · JþA

E ¼ n2 · k2 · k3

R2Ra

H · Jþ n

R
H · ðmT ·HT þ mF ·HFÞ

and:

H0 ¼ k2 · n

Ra · R
·H

as three constant parameter matrix, then expression (16) can

be simplified as:

G · _VR þE ·VR þ m ·

2V y

V x

0

0
BB@

1
CCAv ¼ H0 ·U ð17Þ

4. Path-tracking control system based on CTLC

Indeed, in RoboCup competition, the robot moves in a
dynamic and oppositional environment, which occurs with

high acceleration and deceleration motion frequently, so it
cannot be fully compensated for with a simple linear

controller, especially for our OMR that slipping is almost
inherently encountered in motion. It results in a lack of

accuracy. The CTC is a popular technique to achieve tracking
control of robot by taking into account dynamic phenomena

in the torque computation, via the inverse dynamic model
(Khalil and Dombre, 2004; Luh et al., 1980). Following this

idea, in this section, we present the CTLC strategy to solve
the path-tracking control of a four-wheeled OMR.

First, combining expression (1) with expression (17), we
can get the model of the four-wheeled mobile robot as:

G · O
RT

21 · €Xt þE · O
RT

21 · _Xt þ m ·

2V y

V x

0

0
BB@

1
CCAv ¼ H0 ·U

Which can be simply described as:

MðXtÞ €Xt þ CðXt ; _XtÞ _Xt ¼ H0 ·U ð18Þ

where:

M(Xt) ¼ the positive definite inertia matrix.
CðXt ; _XtÞ ¼ the vector of Coriolis and centrifugal forces.

Suppose that to the feedback controller, one propositional-
derivative is used for the closed loop system, and then the

control system is as shown in equation (19):
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MðXtÞ €Xd þCðXt ; _XtÞ _Xt 2MðXtÞðKv_eþKpeÞ ¼H0 ·U ð19Þ

where:

Xd ¼ the trajectory that it is desired to follow.
e ¼ Xt 2Xd ¼ the tracking error of the system.
Kd, Kp ¼ the controller gains are symmetric, positive

definite matrices, i.e. Kv ¼ diag ðkv1; . . . ;
kvnÞ . 0, Kp ¼ diag ðkp1; . . . ; kpnÞ . 0,

which guarantee the stability of the error

system.

Subtract expression (18) from expression (19), and since

matrix M(Xt) is invertible, we can get the resulting dynamics

error equation as:

€e þ Kv_e þ Kpe ¼ 0 ð20Þ

Which shows that exponential stability of the tracking error e
can be guaranteed.

Figure 4 shows the generic representation diagram of the

closed-loop motion controller. Path planning gives the desired

robot pose, denoted as �Xt at each time sample based on the

sensor information fused by omni-directional vision system and

odometer data. Inverse kinematics calculates the velocities of

the robot, denoted as �VR, which are inputs of CTLC. The

outputs of the inverse robot dynamics module, the armature

voltages of each DC motor, represented as �U, are used to

calculate the velocity of the robot in robot kinematics module.

The linearity speed and angular velocity of the robot are fed

back via odometer data, and this value is integrated to yield the

current robot position and orientation. The velocity errors of

the robot compared with their desired value, together with the

system’s path-tracking error, are the inputs of the CTLC.

5. Simulation and experiment results

5.1 Simulation

The OMR CTLC based on the improving dynamic model

including wheel slippage was first verified in Simulink

simulation through the experiments which were carried out

by considering a circular trajectory as desired paths.
The circular trajectory is obtained by means of the

equations:

xdðtÞ ¼ rwsinðvtÞ
ydðtÞ ¼ 2rwcosðvtÞ ð21Þ

where:

rw ¼ the radius of the generated circle.
v ¼ the angular velocity.

To be as close to the practical effect as possible, all the

simulations experiments were carried out by considering a set

of physical parameters for the dynamic model of the OMR

model (17) given by:

m ¼ 20 kg; Iz ¼ 0:301 kgm2; R ¼ 0:08 m;

L ¼ 0:2125 m; n ¼ 14; mT ¼ 0:38; mF ¼ 0:21;

Ra ¼ 1:11 V; k2 ¼ 36:4 mNm=A;

k3 ¼ 0:0038 V=rpm J0 ¼ 70:7 gcm2

And the design parameters involved in the feedback control

law equation (20), were considered as:

Kp ¼

42:5 0 0

0 36:3 0

0 0 28:7

0
BB@

1
CCA; Kv ¼

7:5 0 0

0 6:8 0

0 0 2:7

0
BB@

1
CCA

With respect to the circular trajectory described in equation

(21), it is considered a radius rw ¼ 500 mm and v ¼
0:8 rad=s with initial conditions for the mobile robot given

by ðx y u V x V y vÞ ¼ ð0 2 500 0 0 0 0Þ. In Figure 5(a),

the velocity errors obtained in the experiment are depicted

and the evolution of the circular trajectory on the X-Y plane is

shown in Figure 5(b).

5.2 Experiment

The OMR CTLC based on the improving dynamic model

with slip was then tested in a real-time hardware workshop for

the robot as shown in Figure 2.
Figure 6 shows the control systems for the OMR. The

master controller is composed of a DSP (TI TMS320LF

2407A) and a CPLD (XC95144), used to control the robot

velocity and to command the appropriate signal depending on

the feedback encoder data to the motor controllers. The DC

motor controller is then to control the revolution of every DC

motor via the DA value obtained from the master controller

and the feedback value achieved from encoder.
In order to check the property of the robot’s control system,

a pure X-translational motion was commanded in experiment

with the speed of V x ¼ 1; 500 mm=s and V y ¼ v ¼ 0.

Figure 7 shows the corresponding x- and y-positions of the

robot. In the line of the robot’s moving direction, one

barricade was erected as an unexpected impact, which was a

cube about 10 mm tall. In Figure 7, (a) is the result without

considering the effect of slipping; and (b) shows the result

based on the improved dynamic model with slip given above.

Comparing with these two experimental data, when one

Figure 4 Generic representation diagram of the motion controller
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Figure 5 Simulation experiment result
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unexpected impact encountered in x ¼ 2,350 mm

(Figure 7(a)) and in x ¼ 1,850 mm (Figure 7(b)),

respectively; the result with the new, improved dynamic

model with slip showed that the slipping for Y-translational

motions was not as severe as the former, which demonstrates

the feasibility of our analysis.

6. Conclusion

In this work, a holonomic OMR with four independent driven

omni-directional wheels is designed, and the prototype robot

is developed. The kinematics and dynamic model of this robot
is analyzed. Considering the independent drive of four wheels

which creates inevitable slipping in motion, an amendatory

dynamics model that includes slipping between the wheels

and the motion surface is presented. Based on the above-

slipping model, and referring to the well-known computer
torque control strategy, one CTLC system is implemented in

order to solve the path-tracking problem associated to the

robot. An acceptable performance of the dynamic model and

the control strategy is shown by means of simulation and

experiments.
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