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SUMMARY
In recent years, omnidirectional wheels have found more applications in the design of automated
guided vehicles (AGV). In this work, LuGre friction model is used for an omnidirectional wheel. A
test setup that includes a single omnidirectional wheel is designed and constructed to identify the
model parameters. With the help of the constructed test setup, the longitudinal friction characteristic
of the omnidirectional wheel is obtained, and the model is verified via validation tests. In addition,
for the first time, the effect of lateral frictional force on longitudinal motion is examined for an
omnidirectional wheel through experiments.

KEYWORDS: Holonomic mobile robot; Wheel friction model; Omnidirectional wheels; Wheel
slippage.

1. Introduction
Automated guided vehicles (AGVs) are used in various working areas such as factories, households
and even on a planet’s surface. Consequently, they have locomotion systems that are tailored to their
working environments. Although there are various locomotion systems, such as legs and pallets,
for the motion of terrestrial mobile robots, wheels are the most commonly employed locomotion
system. Wheels used in wheeled mobile robots (WMRs) vary in terms of their design and material
types. Although in the literature there are wheels specially designed for the purpose of increasing the
mobility of a mobile robot or to enable more convenient motions in the working area1−4 many wheels
used in mobile robots are actually wheels designed for different purposes.5−7 Nevertheless, there is
no standard friction model that is applied for these different types of wheels.

The friction characteristic of the wheel is an important factor affecting the motion ability of
WMRs. Having knowledge about this characteristic is helpful for improving the control of mobile
robots8 when absolute position measurements for localization are not available. In fact, for the
localization of mobile robots working in indoor applications, such as AGVs and household robots,
global positioning systems (GPS) are not available. Instead, sensor fusion that combines odometry
data taken from wheel’s angular speed sensor (commonly an encoder or a tachometer) and other
sensors like inertial measurement units (IMU) or laser sensors are more suitable for indoor robot-
positioning tasks.9−12 The difficulty of positioning with odometry data is that because of wheel
slippage, the actual position of the robot cannot be calculated precisely. Therefore, the estimation
of wheel slippage with the help of frictional force models becomes an important topic in improving
robot positioning with odometry data.13

Wheels used in mobile robot applications are quite different than the tires used in automobiles.
Although in the literature there are various studies that describe friction characteristics of automobile
tires,14−18 there are few studies that deal with modeling mobile robot wheel friction with static and
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2 Longitudinal friction characteristics of an omnidirectional wheel

Fig. 1. Forces and moments acting on the wheels.21

kinetic friction coefficients19, 20 or steady-state friction model.8 Achieving traction control of the
mobile robot and improving localization with odometry data require information on wheel’s friction
characteristics. Therefore, these characteristics must be revealed before these kinds of studies can be
carried out with an actual mobile robot.

WMRs need motion ability that allows them to move over rocks or holes and avoid obstacles in
outdoor operations. In contrast to outdoor environments, indoor environments have relatively smooth
and clean surfaces. However, there are many obstacles and narrow passages in indoor tasks that
require increased mobility capabilities. Among the tasks that require maneuvering in tight spaces
and avoiding obstacles, the following can be named as examples: transporting of goods in hospi-
tals or factories, public area cleaning and sheltered workshops for disabled people. Consequently,
special omnidirectional wheels have been developed in the past years to increase the mobility capa-
bilities of WMRs. Using these types of wheels, WMRs can be developed with holonomic motion
ability. Holonomic mobile robots (HMRs) are capable of translating in two orthogonal directions
and rotating about the normal of the surface independently and simultaneously.

Motion of wheeled vehicles is accomplished by forces that are transmitted to the ground via
wheels. Commonly in conventional car-like vehicle models, three forces – lateral force (FLat), which
is parallel to the rotation axis of the wheel, longitudinal force (FLong), which is perpendicular to the
rotation axis, and normal force (FN ), which is perpendicular to the surface – and three moments act-
ing at the contact area between the tire and the ground are used, as denoted in Fig. 1. Unlike car-like
vehicles’ tires, the contact between the universal type omnidirectional (UTO) wheel and the ground
can be modeled as a point type of contact. Therefore, the aligning torque is in negligible range.
Also, rolling resistance can be neglected for stone-like hard materials, but if floor material is soft
and deformable by UTO wheel, rolling resistance should be considered. On the other hand, while the
UTO wheel rolls at some instances, there are two contact points since the UTO wheel has two rows
of rollers (Figs 6(b) and 7) Consequently, the overturning moment cannot be neglected. Although the
lateral force acting on the wheel is considerably small since there are passive roles that allow lateral
motion of the UTO wheel, this force might change the longitudinal frictional force effects on the
wheel. Therefore, longitudinal wheel friction models and effect of the lateral frictional force of the
omnidirectional wheel on longitudinal motion are considered in this study.

Longitudinal force is a function of normal force and normalized friction coefficient of the wheel
as presented in Eq. (1).

FLong = μFN (1)

Longitudinal slip ratio (s) is a ratio between the absolute speed of the vehicle (V ) and the speed of
the vehicle calculated using the wheel’s angular speed (rω). Here, ω is the angular speed and r is
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Longitudinal friction characteristics of an omnidirectional wheel 3

Fig. 2. Tire friction coefficient characteristic curve.22

Fig. 3. Magic formula parameters to produce steady-state wheel friction curve.23

the radius of the wheel. In a steady-state case, there is a nonlinear relation between the normalized
friction coefficient (μ) and the longitudinal slip ratio as represented in Fig. 2. The longitudinal slip
ratio varies depending on the brake and driving situation as presented below.

s =

⎧⎪⎨
⎪⎩

sb = rω

v
− 1 if v>rω, v �= 0 for braking

sd = 1 − v

rω
if v<rω, ω �= 0 for driving

(2)

In the literature, there are some semi-empirical models that represent steady-state behaviors of the
wheel friction. The most commonly used semi-empirical wheel friction model is Pacejka’s model,
which is called “Magic Formula.”23 Steady-state force and moment characteristics of the wheel are
described by a number of parameters in this “Magic Formula” given below:

Y = Dmagsin
[
Cmagarctan

{
Bmag X − Emag

(
Bmag X − arctan Bmag X

)}]
(3)

where Bmag is stiffness factor, Cmag is shape factor, Dmag is peak value and Emag is curvature factor.
The meaning of the parameters of the magic formula to produce a curve that fit experimental data
is represented in Fig. 3. Steady-state behaviors of the wheel for different road conditions can be
modeled by adjusting these parameters.

These kinds of models do not represent the transient behavior of the wheel. In fact, friction char-
acteristic models are investigated based on two types of models: static friction and dynamic friction
models. Static friction models are used for studying steady-state behaviors of the wheel friction.
These models define the wheel friction characteristics when the linear speed of the vehicle and angu-
lar speed of the wheel are constant. Dynamic wheel friction models are used to model both transient
and steady-state behaviors of the wheel friction. A major difference of dynamic models with respect
to static friction models is that dynamic models are useful for modeling the behaviors of the wheel
when the vehicle accelerates or decelerates. Hence, dynamic wheel friction models should be able to
represent both steady-state and transient behaviors of the wheel.24 Dynamic models for longitudinal
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4 Longitudinal friction characteristics of an omnidirectional wheel

wheel friction are separated from each other according to the contact definition between the wheel
and the ground:

(1) Lumped models assume point type of contact with the ground;
(2) Distributed models assume the contact patch is an area.

Distributed wheel friction models are more realistic but relatively more complex with respect to
lumped models. In reality, all wheels have a force distribution area. Nevertheless, since this area is
relatively smaller for solid wheels that are made by rubber-like materials, the point type of contact
is used in the model for these kinds of wheels. Distributed models are more suitable in modeling
the friction of conventional car-like vehicles’ tires that have pressurized air inside. In UTO wheels,
located at the outer circle of the wheel, there are passive rollers that are produced by a solid material.
Consequently, the contact area of a UTO wheel is very small. Therefore, lumped friction models are
more appropriate for modeling these wheels.

The main contribution of this study is the development of a friction model of the UTO wheel that
is used in indoor mobile robot applications. This model considers the effect of the lateral frictional
force on the longitudinal motion for the first time in the literature.

In the next section, the methodology is explained in terms of the friction model to be exploited, and
the construction of the test setup for the estimation of this friction model’s parameters is presented.
Additionally, the dynamic equations of motion of the test setup and the construction properties are
described. In the fourth section, parameter estimation methods used in this study are given, and
the identification and system model validation test results are presented. Also, the test results that
represent the effect of the lateral frictional force of the UTO wheel on longitudinal motion of a mobile
robot are presented in the last section. This article concludes by discussing the obtained results.

2. Methodology
In this section, the selected approach to model the friction of UTO wheels is described, and then
the test setup used for the identification of this model’s parameters is explained. The test setup is a
quarter model of a WMR that has UTO wheels. The dynamic equations of this quarter model are
derived to facilitate the comprehension of the devised methodology.

One of the lumped friction models for representing the longitudinal wheel friction is Clover’s
longitudinal wheel friction model. This model is based on the relation between the speed of the wheel
and the deformation of a virtual brush that is deformed by the longitudinal force at a hypothetical
point at the contact patch of the wheel.25 Another model is the Dahl model (otherwise known as
solid friction model), which is designed for modeling friction in simulations of dynamic systems.26

This model represents friction characteristics in terms of the strength properties of solid materials.
According to the Dahl model, static friction and Coulomb friction characteristics resemble ultimate
and rupture stresses that are defined in stress–strain diagrams. Canudas et al. proposed the LuGre
model that is an extension of the Dahl model by including the Stribeck friction effect.27 In order to
receive similar results for both actual steady-state and transient friction characteristic of a wheel, the
LuGre model used to model the longitudinal friction characteristics of the UTO wheel in this study
is represented as follows:

ṗ = Vr−σ0 |Vr |
g(Vr )

p (4)

F = (σ0 p + σ1 ṗ + σ2Vr )FN (5)

g(Vr ) = μc(μs − μc) e−|Vr /Vs |1/2
(6)

where Vr is the relative speed; σ0 and σ1 are longitudinal lumped stiffness and damping of the wheel,
respectively; σ2 is viscous relative damping, μc and μs are normalized Coulomb and viscous friction
coefficients, respectively; p is internal relative state; Vs is Stribeck relative speed; and FN is normal
force acting on the wheel.

The LuGre model parameters should be estimated to model longitudinal wheel friction between
the UTO wheel and the floor material of the robot’s workspace. An experimental test setup that
contains one-quarter of a four-UTO-wheeled HMR is designed and built for this purpose.
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Longitudinal friction characteristics of an omnidirectional wheel 5

Fig. 4. Experimental test setup.

Fig. 5. Schematic representation of the test setup.

2.1. Experimental test setup
The experimental test setup shown in Fig. 4 includes one-quarter of an HMR with a single UTO
wheel. This one-quarter part of the mobile robot includes links 2–9 that are represented in the
schematics of the test setup presented in Fig. 5. The one-quarter part is mounted on a linear rail
on the bridge that is constructed with aluminum sigma profile (link 11). The linear rail is composed
of two small wheels rolling on the aluminum sigma profile; hence the prismatic joint structure is not
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6 Longitudinal friction characteristics of an omnidirectional wheel

shape-closed. This makes the tilt of the vehicle free, and the effects of the overturning moment are
observable in this test setup. This bridge is responsible for both balancing the one-quarter part and
guiding the motion of the part along the direction that is perpendicular to the rotation axis of the UTO
wheel. The bridge is mounted on two rails, which are located on the ground, at points E and F with
two prismatic joints. Motion on these two rails provides translation of the bridge and the one-quarter
part along the axis that is parallel to the rotation axis of the wheel. The dimensions of the test setup
are a = 1000 mm, b = 2100 mm and c = 250 mm. The workspace of the one-quarter part inside of
the test setup is 600 × 1700 mm.

One of three DC motors used in this setup is coupled to the shaft of the UTO wheel, and the other
two are connected to belt-pulley systems that are responsible for the linear motion of the wheel in
two translational axes of the surface. All DC motors used in the test setup are DunkermotorenTM

brand G30.0 model with gearboxes that have a 20.25:1 gear ratio. These motors are driven with three
MaxonTM ADS 50/10 4-Q-DC Servo amplifiers. The motor mounted on the UTO wheel is driven
in current mode in order to obtain actuation torque and traction force relation. HumusoftTM MF624
model data acquisition card is used to collect data from the various sensors and to provide input to
the servo amplifiers.

In order to estimate the wheel traction force with the LuGre model, relative speed – which is the
difference between the speed of the vehicle calculated using the wheel speed (θ̇3) and the absolute
speed of the vehicle (ṡ1011) – should be known. The wheel speed and the linear guide speed are
measured separately with magnetic encoders. The acceleration of the vehicle is measured by an
analog accelerometer. The total mass of the one-quarter part is adjusted with additional mass (mv) to
represent a quarter of the HMR mass.

2.2. Dynamic equations of the test setup
In order to derive dynamic equations of motion for the test setup, Lagrange’s method is implemented.
The dynamics along the Y-axis is neglected as it does not affect the longitudinal dynamics of the
wheel on the horizontal plane. The general Lagrange equation is represented as

∂

∂t

(
∂L

∂q̇

)
−∂L

∂q
+ ∂ Ddis

∂q̇
= QK (7)

where L is the Lagrange function, q is the column vector of generalized coordinates, Ddis is dis-
sipation function and QK is kth generalized force. For test setup, generalized coordinates are
identified as

q =
[

s111

θ3

]
(8)

Since the potential energy change can be assumed to be zero, the Lagrange function of the system is
composed by the kinetic energy functions as follows:

L = 1

2
mT V 2

T + 1

2
m11V 2

11 + 1

2
I3ω

2
3 (9)

where VT is the speed of the total mass (mT ) of links 2–10 and attached additional mass (mv) in order
to simulate the mass of the mobile robot, m11 is the mass of link 11, V11 is the speed of link 11, I3 is
the moment of inertia of link 3, which is the UTO wheel, calculated about the UTO wheel’s rotation
axis, and ω3 is the angular speed of link 3.

mT =
10∑

i=2

mi + mv (10)

ω3 = θ̇3 (11)

V 2
T = ṡ2

1011 + ṡ2
111 (12)

V11 = ṡ111 (13)
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Longitudinal friction characteristics of an omnidirectional wheel 7

Fig. 6. (a) Simplified representation of the one quarter part (b) Forces/moments acting at point D.

Consequently, the Lagrange function is rewritten as follows:

L = 1

2
(mT + m11)ṡ

2
111 + 1

2
mT ṡ2

1011 + 1

2
I3θ̇

2
3 (14)

For no-slip condition, the relation between the angular speed of link 3 and the speed of total mass
along the X-direction is determined as

ṡ1011 = r θ̇3 (15)

The total virtual work of the system is formulated in order to find generalized forces in Eq. (16).
Here, F E

ext and F F
ext are the forces acting on the system along the Z-direction to move the wheel along

the Z-direction in order to observe the effects of the side motion enabled by the passive rollers.

δW̃ = Q̃θ δθ + Q̃zδz = (
F E

ext + F F
ext

)
δz + T3δθ (16)

Therefore, the column vector of generalized forces of the system is

Q =
[

Q̃z

Q̃θ

]
=

[
F E

ext + F F
ext

T3

]
(17)

There are also five dissipative forces acting on the system due to the frictional forces at the prismatic
joint at points D, E and F (F D

f 11 , F E
f 11, F F

f 11) and frictional forces due to the passive rollers (Gz
12)

and rolling resistance force of the wheel (Frol). These frictional forces are assumed to be the result of
dry and viscous friction between the surfaces. The dry and viscous friction coefficients at points E
and F are denoted as μE_dry and μF_dry, and μE_vis and μF_vis, respectively. Accordingly, frictional
forces at points E and F and rolling resistance force are calculated as follows:

F E
f 11 = [μE_drysgn (ṡ111) + μE_vis ṡ111]G Ey

111 (18)

F F
f 11 = [μF_drysgn (ṡ111) + μF_vis ṡ111]G Fy

111 (19)

Frol = μrolmT g (20)

where GEy
111 and GFy

111 are normal forces acting on points E and F and μrol is the coefficient of rolling
resistance.

The frictional force at point D is affected by the abovementioned lateral frictional force. In Fig. 6,
a specific direction of lateral motion is investigated. Accordingly, if the lateral motion is in the other
direction, the forces and moment identified as FD , FG , FH and MD on Fig. 6(b) will be in the opposite
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8 Longitudinal friction characteristics of an omnidirectional wheel

Fig. 7. Reaction forces acting on passive rollers.

directions. The frictional force at point D is calculated using the dry and viscous friction coefficients
denoted by μD_dry and μD_vis as

MD = FNd−mTg e−Gz
12c (21)

FD = −Gz
12 (22)

FH = FDh−MD

2h
, FG = FDh + MD

2h
(23)

F D
f 11 = [

μD_drysgn(ṡ1011)+μD_vis ṡ1011
]
(|FH | + |FG |) (24)

where FN is the total normal force acting on the wheel.
On the UTO wheel, there are two rows of passive rollers. During the lateral motion of the UTO

wheel, the lateral frictional force is generated while these rollers roll about their own axes. Due to the
lateral frictional force, the normal force on the ground applied by the rollers changes. This situation
is represented in Fig. 7. Each component of the quarter model is weighed, and then this information
is used in the assembly of the test setup in computer-aided design (CAD) software. The mass center
location is calculated using this assembly file in CAD environment.

The reaction forces from the ground to the rollers are calculated in Eq. (25). The assumption made
here is that both rollers touch the ground at all times.

Fr1 = −mTgk + FDc

j
, Fr2 = mTg(k + j)−FDc

j
(25)

Accordingly, the lateral frictional force on the wheel is determined from Eq. (22). Here, the dry and
viscous friction coefficients between the rollers and the surface are denoted by μR_dry and μD_vis,
respectively.

Gz
12 = −FD = [

μR_drysgn (ṡ111) + μR_vis ṡ111
]
(|Fr1| + |Fr2|) (26)

Using Eqs (21) and (23), FD is calculated and substituted in Eq. (25) to calculate Fr1 and Fr2.
Consequently, the normal force acting on the wheel is determined by FN = Fr1 + Fr2. Based on the
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Longitudinal friction characteristics of an omnidirectional wheel 9

above mentioned equations for the Lagrange function and dissipative forces, the equations of motion
are determined as presented in Eqs (27) and (28).

(mT + m11) s̈111 + Gz
12 + F E

f 11 + F F
f 11 = F E

ext + F F
ext (27)(

mT r2 + I3
)
θ̈3 + (

F D
f 11 + Frol

)
r = T3 (28)

Then, the equations of motion of the test setup can be written in matrix form as follows:

M(q) q̈ + F(q̇) = B(q) τ (29)

[
(mT + m11) 0

0 (mT r2 + I3)

]
︸ ︷︷ ︸

M(q)

[
s̈111

θ̈3

]
︸ ︷︷ ︸

q̈

+
[

Gz
12 + F E

f 11 + F F
f 11

(F D
f 11 + Frol)r

]
︸ ︷︷ ︸

F(q̇)

=
[

1 0

0 1

]
︸ ︷︷ ︸

B(q)=I

[
F E

ext + F F
ext

T3

]
︸ ︷︷ ︸

τ

(30)

Up to now, the equations of motion are found assuming that there is no slip between the wheel and
the ground. In fact, the frictional force between the wheel and the ground varies according to the
amount of wheel slippage as described in the previous sections. The state of slip between the wheel
and the ground can be expressed as follows:

ṡ1011 = r θ̇3 → No slip case (31)

ṡ1011 �= r θ̇3 → Slip case (32)

For slip case, Eq. (28) becomes

mT s̈1011r + I3θ̈3 + (
F D

f 11 + Frol
)

r = T3 (33)

The traction force, Ftrac, applied to the vehicle is calculated as follows:

Ftrac = mT s̈1011 + (
F D

f 11 + Frol
)

(34)

This force is related to the frictional force between the wheel and the ground. Traction force can be
also estimated with the LuGre model whose formulation is given in the previous section in Eq. (4).
Then, the longitudinal dynamic model is represented with the following four state variables:

x1 = ṡ1011 (35)

x2 = θ̇3 (36)

x3 = p (37)

x4 = ṡ111 (38)

Equations (4) and (5) can be rewritten using these states defined above as follows:

Vr = x2r − x1 (39)

ẋ3 = (x2r − x1) − σ0 |x2r − x1|
g(x2r − x1)

x3 (40)

Ftrac = FN

[
σ0x3 + σ1

[
(x2r − x1) − σ0 |x2r − x1|

g(x2r − x1)
x3

]
+ σ2(x2r − x1)

]
(41)

Ftrac = FN

[
σ0x3

[
1 − σ1 |x2r − x1|

g(x2r − x1)

]
+ (x2r − x1) [σ1 + σ2]

]
(42)
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10 Longitudinal friction characteristics of an omnidirectional wheel

Fig. 8. Reaction forces acting on the bearings of the wheel shaft.

Also, the first two state equations based on Eqs (33) and (34) are written as

ẋ1 = 1

mT

[
Ftrac − (

F D
f 11 + Frol

)]
(43)

ẋ2 = 1

I3
[T3−r Ftrac] (44)

In the test setup, torque T3 is generated by a DC motor. The torque generated by a DC motor is related
to armature current, i , and motor’s torque constant, Kt .

Tm = Kti (45)

The torque value applied by the output shaft of the motor is calculated as:

Tm_shaft = Kti−Tnl−Jr
dω

dt
(46)

where Tnl is no load friction torque of the motor shaft, Jr is motor’s rotor moment of inertia calculated
about its rotation axis, and dω

dt is the angular acceleration of the motor shaft. The output torque of the
gearbox, Tgear_shaft, is formulated as follows:

Tgear_shaft =
(

Tm_shaft−Jg
dω

dt

)
EGr (47)

where E is the efficiency of the gearbox, Gr is the torque amplification ratio (inverse of the speed
reduction ratio) of the gear, and Jg is the moment of inertia of the gears lumped to the input shaft of
the gear.

The normal forces acting on the bearings change due to the lateral motion of the wheel, which is
represented in Fig. 8.

The total friction torque acting on the bearings is calculated by determining the normal forces
acting on the bearings (FA and FB).

FA = FN (a + b)−Gz
12r

a
, FB = FNb−Gz

12r

a
(48)

Tfriction = [
μbearing_drysign(x2)+μbearing_vis x2

]
(|FA| + |FB |)

( pd

2

)
(49)

where μbearing_dry and μbearing_vis are the dry and viscous friction coefficients of the bearing and pd is
the pitch diameter of bearing. The effective applied torque on the wheel is calculated as:

T3 = Tgear_shaft−Tfriction (50)

https://doi.org/10.1017/S0263574720001423
Downloaded from https://www.cambridge.org/core. University of Toledo, on 03 Jun 2021 at 13:20:11, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.

https://doi.org/10.1017/S0263574720001423
https://www.cambridge.org/core
https://www.cambridge.org/core/terms


Longitudinal friction characteristics of an omnidirectional wheel 11

Consequently, Eq. (44) is rewritten as follows:

ẋ2 = 1

I3 + (
Jr + Jg

)
EGr

2

[
(Kti−Tnl) EGr−Tfriction−rFtrac

]
(51)

3. Parameter identification

3.1. Test procedure
Parameter identification tests are carried out on three different floor types. The surfaces where these
tests are carried out are natural stone, PVC floor covering and paperboard surface placed on the floor.
To identify the LuGre wheel friction model parameters for these floor types, the relation between
the relative speed and the traction force must be measured. Tests are carried out by supplying 24 V
DC and different levels of constant current to the DC motor that actuates UTO wheel. In the first
test, the current value supplied to the motor is set to a constant 0.15 A. A larger constant current
is used for the next tests and is raised up to the maximum constant current of 1.5 A. The traction
force corresponding to each test is calculated by applying Eq. (34). The total mass of the one-quarter
part of the test setup and the frictional force of the linear guide are measured to be mT = 3.9593 kg
and 0.304 N, respectively. The identification test procedure is set for each floor type as follows:

(1) Supply the selected constant current to the DC motor mounted to the UTO wheel within the
predefined working range.

(2) Calculate the speed of the one-quarter model using the measurements from the encoders at the
rear side of the DC motor.

(3) Calculate the speed of the one-quarter model (actual speed) using the measurements from the
encoders located on the measurement wheel moving on the linear guide.

(4) Calculate the relative speed by the difference between the two calculations of one-quarter
model’s speed.

(5) Measure acceleration of the one-quarter model with an accelerometer mounted on it.
(6) Compute the traction force by applying Eq. (34) and using the measured acceleration at step 5.
(7) Move the one-quarter model back to the starting position, set the constant current value to an

increased value and repeat the test.
(8) After the tests are completed, supply the measured relative speed data for each test to the LuGre

model as inputs and calculate the corresponding traction forces.
(9) Identify the optimal model parameters that satisfy each test traction force result and LuGre

model traction force outputs.

The whole test procedure is represented in Fig. 9.

3.2. Parameter identification and model validation tests
The Humusoft data acquisition card (DAQ) is used for data acquisition with a sampling frequency
of 1 kHz during identification and validation tests. The calculated speeds of the one-quarter model
from the encoder data received from the linear guide (ṡ1011) and from the encoder attached to the rear
end of the motor driving the UTO wheel (r θ̇3) (UTO wheel speed), during one of the tests on natural
stone floor carried out with 1.35 A constant current, are represented in Fig. 10.

As can be observed in Fig. 10, when the constant current is applied to the motor that actuates the
UTO wheel, the one-quarter model accelerates until the motor reaches the maximum speed. After the
motor reaches the maximum speed at 0.7 s of the test, the one-quarter model continues the motion at
this constant maximum speed until a safe location after which the one-quarter model can come to a
full stop within the test setup’s workspace. While the speed calculated from the UTO wheel is larger
than the actual speed of the one-quarter model during the acceleration regime of the motion, these
values are close to each other during the constant speed portion of the motion. The relative speed that
shows the difference between the speed calculated from the UTO wheel and the actual speed of the
one-quarter model during experiments on different floor types are presented in Fig. 11.

After collecting data for each test with different constant current values, the parameters of the
LuGre wheel friction model that produce the most similar results for each test’s traction forces are
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12 Longitudinal friction characteristics of an omnidirectional wheel

Fig. 9. Procedure of parameter identification test.

Fig. 10. Calculated speed of the one-quarter model from the UTO wheel and the actual speed during the test on
natural stone floor carried out with 1.35 A constant current.

Fig. 11. Relative speed during the tests on three floor types carried out with 1.35 A.

identified. In this identification routine, the measured relative speed values are given as the input in
the constructed MatlabTM SimulinkTM model, and then the estimated traction forces, which are the
output of the LuGre model, are compared with the actual traction forces. The MatlabTM parameter
estimation toolbox is used during this identification of the LuGre model parameters. The identified
LuGre friction model parameters for three floor types are presented in Table I. The measured and the
estimated traction force values with the identified parameters for 1.35 A constant current are shown
in Fig. 12.
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Table I. Identified LuGre friction model parameters.

Parameters

Floor type Vs(m/s) μc μs σ 0(m−1) σ 1(s/m) σ 2(s/m)

Natural stone 1.9643 0.12 0.1205 11.451 0.0809 2.4490
PVC floor covering 0.0044 0.12 0.15 49.933 0.3720 2.8084
Paperboard 0.8170 0.04 0.07 54.724 0.6146 2.4028

Fig. 12. Estimated and actual traction forces during the tests with 1.35 A.

Fig. 13. Measured current on the output monitor of the motor driver during validation tests with a constant
current of 1.35 A.

Fig. 14. Model validation test procedure.
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14 Longitudinal friction characteristics of an omnidirectional wheel

Fig. 15. Model validation test results. (a) Comparison between measured and estimated traction forces. (b)
Comparison between estimated and actual linear speeds of the one-quarter model.
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Table II. RMS values of errors between measured and estimated speeds of the one-quarter model for each test.

Floor types

PVC floor
Natural stone covering Paperboard

Mass of the
one-quarter Current
model (kg) input (A) RMS values of error (m/s)

3.9593

0.45 0.024 0.037 0.035
0.60 0.016 0.035 0.006
0.75 0.007 0.014 0.010
0.90 0.010 0.008 0.021
1.05 0.012 0.019 0.017
1.20 0.016 0.009 0.011
1.35 0.020 0.017 0.021
1.50 0.012 0.024 0.013

2.9593

0.45 0.022 0.036 0.031
0.60 0.015 0.013 0.012
0.75 0.013 0.011 0.011
0.90 0.008 0.010 0.008
1.05 0.022 0.011 0.015
1.20 0.016 0.010 0.014
1.35 0.025 0.014 0.012
1.50 0.029 0.015 0.025

1.9593

0.45 0.035 0.019 0.022
0.60 0.015 0.016 0.022
0.75 0.029 0.016 0.019
0.90 0.018 0.018 0.022
1.05 0.028 0.026 0.025
1.20 0.038 0.033 0.025
1.35 0.037 0.031 0.032
1.50 0.025 0.029 0.015

After identifying the model parameters, the validation procedure of the longitudinal system
dynamics given in Section 2 is carried out. In the validation tests, the motor is driven with a con-
stant current value from starting position until the safe position from which the system can come
to a full stop within the limits of the workspace. During the total motion, the actual current value is
measured via the motor driver’s current monitor output port. Throughout the test, the constant current
value is set to 1.35 A. As can be observed in Fig. 13, the current value is the constant 1.35 A, while
the one-quarter model is in acceleration regime. After the one-quarter model reaches the maximum
speed, the current supplied to the motor slowly decreases until a constant current value. This constant
current value produces the necessary amount of torque to compensate for the frictional force at the
linear guide and no-load torque value of the motor, which is due to the motor’s internal friction and
armature resistance and rolling resistance of the wheel. As can be seen in Fig. 13, when the measured
current value is about 0.2 A at a constant speed part of the motion for natural stone and paperboard
floor types, this value is larger than 0.2 A for PVC floor covering due to higher rolling resistance.

These measured current values for each test are supplied as inputs to the model with the identified
parameters, whose equations are given in Section 2.2, and the estimated traction forces and speed
of the one-quarter model for each test data are the outputs of the state space model (Fig. 14). These
estimated traction forces and speed of the one-quarter model are compared with the measured
actual values. These comparisons for each test with different constant current values are presented
in Fig. 15(a) and 15(b) for traction forces and speeds, respectively. In addition, the tests are
repeated with changing the weight of the one-quarter model of the mobile robot and the estimated
and measured speed values are compared. Root mean square (RMS) values of the errors between
measured and estimated speeds of the one-quarter model for each test result are presented in Table II.
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16 Longitudinal friction characteristics of an omnidirectional wheel

Fig. 16. Test results for zero lateral frictional force: (a) 0.35 m/s lateral speed, (b) 0.50 m/s lateral speed,
(c) –0.35 m/s lateral speed, (d) –0.50 m/s lateral speed.

4. Effect of lateral frictional force on the longitudinal motion of the one-quarter of the mobile
robot

In this part of the study, the effect of lateral frictional force of the wheel on the longitudinal motion
of the one-quarter of the mobile robot is investigated. The longitudinal motion of the one-quarter of
the robot in the test setup is influenced by various frictional forces. Although the lateral frictional
forces of the UTO wheels are very small compared to the conventional wheels, ignoring the friction
in lateral direction degrades the accuracy of the longitudinal model. In order to observe this situation,
tests are carried out at different lateral speeds with the test setup on the natural stone floor. To observe
the effect of lateral motion, while the one-quarter model is in the initial position, the constant lateral
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Table III. RMS values of errors between measured and estimated speeds of the one-quarter model for each test
achieved with zero lateral frictional force assumption.

Lateral motion at positive direction

0.6 A 0.9 A 1.2 A 1.5 A

0.2 m/s 0.045 0.029 0.033 0.024
0.35 m/s 0.068 0.054 0.040 0.027
0.5 m/s 0.075 0.038 0.033 0.029
0.65 m/s 0.072 0.040 0.028 0.033

Lateral motion in negative direction

0.6 A 0.9 A 1.2 A 1.5 A

–0.2 m/s 0.023 0.055 0.051 0.078
–0.35 m/s 0.047 0.066 0.079 0.102
–0.5 m/s 0.034 0.064 0.067 0.093
–0.65 m/s 0.057 0.082 0.088 0.103

Table IV. RMS values of errors between measured and estimated speeds of the one-quarter model for each test
achieved with considering effect of the lateral frictional force in the model.

Lateral motion in positive direction

0.6 A 0.9 A 1.2 A 1.5 A

0.2 m/s 0.021 0.005 0.008 0.009
0.35 m/s 0.029 0.013 0.011 0.024
0.5 m/s 0.029 0.014 0.022 0.032
0.65 m/s 0.024 0.019 0.029 0.028

Lateral motion in negative direction

0.6 A 0.9 A 1.2 A 1.5 A
–0.2 m/s 0.018 0.018 0.015 0.041
–0.35 m/s 0.016 0.008 0.020 0.044
–0.5 m/s 0.059 0.023 0.019 0.018
–0.65 m/s 0.047 0.018 0.014 0.024

speed demand is given to the linear guide. As soon as the linear guide reaches a constant lateral speed,
the one-quarter model is driven with constant current from the initial position to the safe position.
The test is repeated with various lateral speed and current values.

Initially, the lateral frictional force is assumed to be zero in the model and the actual speed of the
one-quarter model is compared with the estimated speed. Test results achieved with different lateral
speeds are represented in Fig. 16. The RMS values of the error between the actual and estimated
longitudinal speed of the one-quarter of the robot for tests achieved with different lateral speeds are
given in Table III.

As a next step, the effect of lateral frictional force caused by the lateral motion is considered in the
model. The same test results analyzed against the no lateral friction model are used in this analysis.
The results with the lateral friction model are represented in Fig. 17. The RMS values of the errors
between the actual and estimated speed values obtained as a result of this analysis with the lateral
friction model are given in Table IV.
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18 Longitudinal friction characteristics of an omnidirectional wheel

Fig. 17. Test results for considering the lateral frictional force in the model: (a) 0.35 m/s lateral speed,
(b) 0.50 m/s lateral speed, (c) –0.35 m/s lateral speed, (d) –0.50 m/s lateral speed.

5. Conclusion
The friction characteristic between the wheel and the ground is an important part of vehicle dynamics
studies, which is also important for improving the control of mobile robots. In this study, the longi-
tudinal friction characteristic of a UTO wheel is studied via implementing the LuGre friction model.
As a result of the tests, the LuGre model parameters are identified for the omnidirectional wheel and
three different floor types. Also, full-system model validation tests with the identified wheel friction
model parameters are carried out in which the measured traction forces and the actual speeds of the
one-quarter model are compared with the estimated speeds and traction forces.

During validation tests, the current inputs to the motor coupled to the UTO are obtained via the
driver of the motor. Consequently, the output signals received from the model are noisy due to the
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use of these actual currents as input signals. Relatively higher-magnitude oscillations are observed
in the measured results of the traction forces due to vibrations during the motion of this specially
structured UTO. The main reason for this vibration is the transition of contact from one free roller on
the UTO wheel to the next free roller. Irrespective of these oscillations, when the plots in Fig. 15(a)
are investigated, it can be concluded that the estimated traction forces closely match the measured
ones. Additionally, the measured speed of the one-quarter model is compared with the speed output
received from the model. The difference between them is considerably low, which means that a
reliable model for the one-quarter model with the UTO wheel is obtained. Therefore, the obtained
friction model can be used in the future for traction control and odometry studies.

Omnidirectional wheels have passive rollers that allow motion in the parallel direction to the
rotation axis of the wheel, which significantly reduces the lateral frictional force. However, this
frictional force must still be considered in the vehicle model. In the literature, the effect of lateral
frictional force in the dynamic equations of such robots is considered only in two-dimensional space
as the robot moves on the plane. However, when the effect of the lateral frictional force is examined
from a three-dimensional perspective, this force changes the reaction forces and moments on the
various rotating and moving elements. Ignoring the effect of lateral frictional force on these elements
causes inaccuracies in the friction model of the robot. In the last part of the study, the effect of lateral
frictional force on the motion of the robot is investigated. According to the test results, when the
lateral frictional force is ignored in the model, it was observed that the estimated speed of the model
did not match with the measured speed, and the error between the estimated speed and actual speed
increased drastically. However, when the lateral friction was considered in the longitudinal model,
the error in speed estimation was considerably reduced.

The UTO wheels used in mobile robots have single-row or double-row rollers, which is the one
used in this work. It is not possible to talk about a continuous friction characteristic on the longitudi-
nal axis due to the spaced structure of the rollers in UTO wheels using single-row rollers. Therefore,
it is not possible to model longitudinal friction in UTO wheels that have single-row rollers. The ure-
thane material, which is used in the UTO wheel in the study, or rubber, which has very close friction
characteristics, can be used in the rollers of UTO wheels suitable for use in mobile robots. These two
materials are also used in many robot wheels. Another factor that specifies the friction between the
wheel and the ground is the type of ground. The identified parameters of the LuGre friction model
for three different floor types can be used for modeling the friction between a mobile robot wheel
using the same material and ground types that are similar in structure with this study. In order to
model the friction between mobile robot wheels using different types of materials and ground types
that have different structures, the model parameters must be identified with the procedure described
in Section 3.

In traction control systems used in wheeled terrestrial vehicles, it is aimed to estimate the amount
of slippage between the wheel and the ground and to reduce the speed of the slipped wheel to ensure
holding onto the ground. Thanks to the model obtained as the output of the study, wheel slippage can
be estimated for usual cases. In the case of an unusual slippage on one of the wheels in the mobile
robot, the estimated value differs from the actual value. In this way, a control algorithm similar to the
traction control systems used in terrestrial vehicles can be applied in mobile robots by determining
the unusual wheel slippage.
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