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Abstract

The aim of this thesis is to increase knowledge in the area of energy efficient traction
control for articulated vehicles. Electrical drivelines has started to be popular due to
its versatility and freedom of design. Individual wheel drive can be achieved by using
one electric motor for each wheel. Such vehicles can be designed without a driveline
mechanically connecting the wheels. The extra actuation provided by these vehicles can
be used to optimize some critera, e.g. energy efficiency, component wear, traction and
driveability. In this thesis we study how the extra actuation can be used to minimize
the energy consumption and to determine tyre parameters. Experiments were performed
by using ArtiTRAX (Developed at Lule̊a University of Technology in Sweden), a 320kg
small-scale articulated vehicle with electrical individual wheel drive. We compare the
torque distribution’s effect on energy efficiency for hard surface high friction ground ma-
terial when varying e.g.; Mass distribution, velocity, tyre pressure and the number of
actuators. Studies were also performed to measure the wheel slip ratio for comparisons
with literature. By online estimation of the individual tyre parameters it was shown
possible to predict the slip of each wheel during known conditions. Properties of tyres,
ground-material and the effectiveness map of the electric motors are shown to be im-
portant factors for reducing the energy consumption. During a turning motion of the
vehicle, lateral torque distribution is shown to have a big impact on energy effectiveness.
The results found in this thesis provide a good basis, for controlling an articulated vehicle
with individual wheel drive, to increase the energy efficiency.
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Chapter 1

Introduction

1.1 Outline

This thesis summarizes my experiences gained while working in the area of automatic
control.

1.1.1 Motivation

The original idea was to perform experimental studies with a scale-model vehicle to
corroborate litterature theories such as from Senatore and Sandu (2011) and Yamakawa
et al. (2007). These theories, if valid, could result in increased energy efficiency for
individual wheel drive vehicles. The study evolved to become broader, i.e. finding the
effects of torque distribution for small-scale vehicles. Before the study, velocity control
of individual wheels was used without regard for the energy efficiency. The study has
given knowledge in the area of individual wheel drive, articulated vehicles and electrical
drivelines and will likely continue to yield further knowledge as the study continues.

1.1.2 Background

The following litterature are essential to the work performed in this study and are refered
to throughout the thesis. The papers regarding individual wheel drive adress how the
torque should be optimally split to improve the energy efficiency in theory. Yamakawa
et al. (2007) points out that there is a linear relation between the optimal torque distribu-
tion and the load distribution. Senatore and Sandu (2011) discuss that the tyre-ground
interaction is the most important part and that optimal energy efficiency can be found
at just above 50% torque on the rear axle. For mechanical driveline articulated vehicles,
the litterature is aimed towards a broader area but it is now recognised that the tyres
and articulation hinge is of special importance. For insight into the vehicle dynamics,
Azad et al. (2005) is a great source of information and Rehnberg et al. (2011) investigates
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4 Introduction

the snaking and folding effect of small-scale model. Finally, a reader that wants to delve
deeper into the area should consider reading Andreev et al. (2010).

1.2 Overview

The thesis is divided into two parts. Part I is to be considered an introduction to the
subject and the appended papers. Part II consists of two scientific papers.
Part I mainly focuses on the two areas, Articulated Vehicles and Individual Wheel Drive,
that are found in Chapter 2. Chapter 1 outlines the thesis and provides an overview of
the Contents of the thesis and Chapter 5 provides the Summary for the thesis.



Chapter 2

Articulated Vehicles

Articulated vehicles are vehicles with two or more frames connected through joints,
allowing rotation between the frames in one or more dimensions. The articulated vehicles
considered in this thesis consist of two frames. The two frames are connected with a 1-
dimensional joint, called a hinge, that only allows yaw rotation. An example of this is is
the wheel loader, see figure 2.1. Another example of an articulated vehicle is the hauler,
see figure 2.2. The hauler, however, allows rotation in all three dimensions: yaw, roll and
pitch. Depending on the size, the hauler can have more than one wheel axle on the rear
frame. These vehicles have in common that they have non-steerable wheels indicating
that they are frame-steered. Frame-steering means that the two frames are rotated in
relation to eachother for steering.

Figure 2.1: Concept wheel loader from Volvo.

This thesis is directed more towards wheel loaders, and have the following typical
characteristics: Vehicles with articulating hinges can jack knife if propelled by the rear
wheels (i.e. all wheel drive). Reversing a trailer with a car is one example of when
this can occur. Steering an articulated vehicle is done by changing the yaw angle of

5



6 Articulated Vehicles

Figure 2.2: Concept hauler from Volvo.

the articulation and thereby moving the wheels, in contrast to a car with steered wheels
where the wheels are at approximate standstill in comparison. Articulated vehicles can be
seen as having two connected Centre of Gravity (CoG). The resulting Combined Centre
of Gravity (CCoG) exists somewhere on the line between these CoGs which means that
the vehicle can roll over when folding if the CCoG is located outside the wheelbase.
Normally a hydro-mechanical system is used to control the yaw angle of construction
types of articulated vehicles. By using two cylinders, one on each side of the hinge, the
steering is achieved by push-pulling the two cylinders in the desired direction.

The hydraulic steering system can be modelled as a spring and a damper. Lateral
forces acting in the contact patch between the tyres and the ground can cause snaking
while driving if the system is not controlled properly. (Azad et al., 2005)

2.1 Construction Vehicles

Construction vehicles such as the wheel loader and hauler are mainly used for eartmoving.
The main difference between the two is their typical driving cycle. Where wheel loaders
work during transients, such as accelerations and decelerations, a hauler is mostly used
to move material greater distances. Wheel loaders have a fixed front axle to allow the
bucket to have contact with the ground, while the rear axle can pivot around the centre
axis of the rear frame to improve traction.

The vehicle types are characterized by pronounced pitching due to high pitching
inertia. The axle loads vary considerably between loaded and unloaded conditions. The
tyres have low vertical stiffness, implying that the tyres have a large impact on the
dynamics of the suspended mass. (Rehnberg et al., 2011)
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2.2 Individual Wheel Drive

Individual wheel drive (IWD) means that each wheel can be controlled independly of one
another. This can be useful when driving in rough terrain to e.g. increase the traction.

In the case of IWD articulated vehicles with four wheels there are five actuators, one
for the hinge and one for each wheel. Only two actuators are required to move and turn
the vehicle, hence this is considered an over-actuated system. The extra actuation can
be used to optimize some critera, such as e.g. energy efficiency.

When driving on deformable material slip is increased for the front wheels as the
material is deformed. The simulation, see figure 2.3, show that the torque distribution
should be slightly higher towards the rear axle for increased energy efficiency during this
case. (Senatore and Sandu, 2011)

Figure 2.3: Simulation result from Senatore and Sandu (2011), where an IWD vehicle is driving
on flat loam.

On Ackermann steered vehicles e.g., cars, this is called Torque Vectoring and usually
means that torque is distributed for improved cornering. For further information about
IWD for cars, see Wang et al. (2011).

2.3 ArtiTRAX

ArtiTRAX is a 320 kg IWD articulated vehicle. It consists of two TRAX wheelchairs
from the Swedish company Permobil and is developed at Lule̊a University of Technology
in collaboration with Volvo Construction Equipment. For further reading about this, see
Karlsson (2010).

ArtiTRAX is considered to be a downscaled version of a construction vehicle in many
test scenarios. The main advantage with this is the small size, which makes initial tests
easy to perform. ArtiTRAX can be seen in figure 2.4. Holders for weightlifting weights
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Figure 2.4: The picture shows ArtiTRAX during an experiment at the Arcus arena in Lule̊a,
Sweden.

are placed above each wheel making it possible to change the static normal load in a
controlled manner. The small wheel fitted at the rear is a measuring wheel to measure
the ground speed.

The two original TRAX units are connected with a hinge and thereby making the
vehicle articulated. The frame-steering is performed by an electric motor connected via
a chain. Control of the motors is done by an on-board PC104 computer that sends
reference values over a CAN bus to the Power Electronic Units (PEU) of each motor.
The PEUs can then control either the voltage over the motors or the current through the
motors.

ArtiTRAX is equipped with various sensors, and an introduction to the sensors can be
found in the subsection 2.4. Furthermore, each of the PEUs has one Power Measurement
Unit (PMU) connected to the supply side for measuring the electric power consumption.

The electric motors are of the type DC Brush motors, 24 V 500 W for controlling
the wheels and a 24 V 200 W for controlling the articulation hinge. There are gearboxes
fitted on the shafts of each motor to decrease the rotational speeds (18x for the wheels
and 128x for the hinge).

2.4 Sensors

There is great variety in the sensors used depending on application. The sensors are
divided into two groups, active and passive.
An active sensor is an instrument used for measuring signals transmitted by the sensor
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that were reflected, refracted or scattered by a surface. A passive sensor is a instrument
designed to receive and to measure natural emissions from a surface. One could say that
an active sensor is detectable by the transmitted signals while a passive sensor is not.
Examples of active sensors are ultrasound, laser and radar. While examples of passive
sensors are GPS, IMU and odometers.
The following subchapters gives insight into the sensors used on the platform and in the
appended papers.

2.4.1 Odometers

An odometer or odograph is an instrument that indicates distance traveled by a vehicle.
This distance is normally calculated from the rotation of a shaft, where a sensor measures
the number of turns the shaft has performed during a certain amount of time. This is
usually a rotary encoder, also called a shaft encoder, which is an electro-mechanical
device that converts the angular position or motion of a shaft or axle to an analog or
digital code.

There are two main types: absolute and incremental (relative). The output of absolute
encoders indicates the current position of the shaft, making them angle transducers.
The output of incremental encoders provides information about the motion of the shaft,
which is typically further processed elsewhere into information such as speed, distance
and position.

The measurement itself can be very precise, but the ground velocity of the vehicle
does not necessarily equal the calculated velocity from the odometer due to unknown
rolling radius of the tyre.

2.4.2 Inertial Measurement Units

An inertial measurement unit (IMU) is an electronic device used in smartphones, cars,
airplanes, rockets, etc. IMUs typically have multiple sensors in the same package, such
as: gyroscopes, accelerometers and sometimes magnetometers. Gyroscopes give mea-
surements on how quickly the unit is rotated in the pitch, roll and yaw. Accelerometers
measure the accelerational forces acting on the unit and the magnetometers are used to
detect the surrounding magnetic field.

The precision of these units varies and is usually reflected by the price. Gyroscopes’
bias drifts over time and is influenced by e.g. the rotation of the planet. While an
accelerometer’s bias does not drift over time, measured values are influenced by the
inclination towards the gravity vector. The latter effect is normally used to measure the
roll- and pitch angles of a vehicle. Accelerometers and magnetometers can be used to
estimate the current drift of the gyroscopes in order to get a more precise pose.
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2.5 Actuators

An actuator is a device that transforms an input signal into motion. In other words it
is the mechanism that a control system uses to act upon the environment. In essence,
every actuator brings one degree of freedom to the system. These can be motors, brakes
or even flaps of an airplane.

In the thesis, the actuator used is the electric DC-motor and will be explained below.

2.5.1 Brushed DC Motors

Brushed DC Motors are relatively cheap and reliable but require regular service due to
carbon brushes transferring electric current to the rotating coils. This type of motor gen-
erates torque through the electrical magnetic field generated by the coils in conjunction
with the stationary magnets around the rotating part. Other types of DC motors can be
e.g., brushless motors, which are known to be more expensive, have a higher efficiency
and do not require maintenance.

Figure 2.5: Electrical schematic of an ideal dc-motor.

The ideal DC-motor can be electrically described by a resistor and an inductor in
series with a voltage source for transient behaviour, see figure 2.5. This means that it
can also be described as

V = RI + Vemf (2.1)

in non-transient conditions. The resistance, R, is the total resistance of the wiring
in the motor. The voltage, V , is the input variable for controlling the velocity or torque
of the motor and the voltage, Vemf , is the voltage induced by the coil due to rotation of
the shaft. Vemf is in this case considered to be proportional to the rotational velocity of
the shaft, w. The motor current, I, is considered to be proportional to the torque, T ,
produced by the motor. The effectiveness of a motor is considered as

η =
Pmec

Pelec

, (2.2)

where Pmec = Tw is the mechanical power and Pelec = V I is the electrical power.



Chapter 3

Energy Efficient Control

For industrial vehicles the energy efficiency is usually measured in tonnage moved
per litre of fuel. It is a diffuse term that can be hard to relate to. In a vehicle there
are multiple local systems, each with their own efficiency curves. When considering the
vehicle’s global efficiency as a whole it becomes a function of all the local systems. A
motor is a great example, which has an efficiency curve dependent of both torque and
rotational speed. It could be discussed that all parts of a vehicle will somehow affect
the energy efficiency of a vehicle. Motors, generators, differentials, gearboxes, hull and
bearings are all known to affect the energy efficiency of a vehicle. Weight of each part and
its location affects both the total mass and the rotational inertia of the vehicle, which
influences how much energy is required for acceleration and turning.

In the case of cars, customers can choose between a wide variety of vehicles to suit
their needs. Comparing efficiency for standardized tests gives reasonable insight into how
a car will perform in a real case scenario but can be misleading.

The actual control of a vehicle can have a big impact on the efficiency, for the better
or for the worse. A normal case would be comparing two manual operators where one is
driving smoothly and the other performs unnecessary accelerations.

3.1 Models

3.1.1 Dynamic Models

A dynamic model describes the effect that forces and torques have on the motion of
an object. For articulated vehicles with independently driven wheels and a articulation
hinge, a free-body diagram for the 2 dimensional case can be constructed, see figure 3.1.

When connecting the two parts, see figure 3.2, a connected system occurs with a
combined centre of mass that moves with the articulation angle. This CCoG is located
somewhere on the line between the two frames CoGs. During a turn, forces in the
longitudinal direction from e.g. a rear wheel causes lateral forces on the front wheels as
well as a moment around the articulation hinge.

11



12 Energy Efficient Control

Figure 3.1: 2 dimensional free body diagram of an articulated vehicle.

Figure 3.2: Connected 2 dimensional free body diagram of an articulated vehicle.

A wheel loader is mostly used in transient conditions and it can be argued that
changing normal forces has a big impact on the tractive forces. The radius of a wheel
can be seen as the lever arm delivering the torque into the ground, increased radius
reduces the tractive force of the tyre. An example of this would be during turning, the
centre of mass moves outwards, which in turn increases the load over the outer wheels.
This decreases the radius of the outer wheels as well as increasing the radius of the inner
wheels.

A derived model can then be used in simulations, as an observer, for parameter esti-
mation, limiting forces and accelerations and for basing controllers upon. Load transfer
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as a function of angle can be further read about in section 4.1 while kinematic models
are further explained in section 3.1.2.

3.1.2 Kinematic Models

A kinematic model describes the motion of points rather then the cause of motion. These
are widely used for controlling e.g. robotic arms and other systems composed of joined
parts. Figure 3.3 and eq. 4 are based upon the work of Larsson et al. (1994).

Figure 3.3: Kinematic model of a frame consisting of one wheel axle and two wheels.

In figure 3.3, an example can be seen of how points An, Bn, Dn and Dn moves as a
function of vn and wn. This can be mathematicaly expressed as

⎡⎢⎢⎣
VAn

VBn

VCn

VDn

⎤⎥⎥⎦ =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 0
0 aAn

1 0
0 −aBn

1 −aCn

0 0
1 aDn

0 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
[
vn
wn

]
. (3.1)
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The model can be used to calculate the velocity of each wheel of a vehicle for a certain
ground velocity and turning radius, (vn/wn), of a vehicle. In addition, it can also be used
for the opposite, called ”Dead-reckoning”; Which is the act of tracking how the vehicle
has moved from measurement data, such as encoders/odometers and gyroscopes.

In the case of articulated vehicles, the two models can be linked at the hinge. The
articulation velocity, γ̇, can be expressed as

γ̇ = w1 − w2. (3.2)

The yaw angle, γ, and γ̇ are used to combine the two models.

An example of this can be found in Andersson (2013), where the derived model ends
up as

⎡⎢⎢⎣
VC1

VD1

VC2

VD2

⎤⎥⎥⎦ =

⎡⎢⎢⎢⎢⎣
−( e/ cos(γ)

1+cos(γ)
+ L sin(γ)

1+cos(γ)
) (1− e/L sin(γ)

1+cos(γ)
)

( e/ cos(γ)
1+cos(γ)

+ L sin(γ)
1+cos(γ)

) (1 + e/L sin(γ)
1+cos(γ)

)
e

1+cos(γ)
(1− e/L sin(γ)

1+cos(γ)
)

− e
1+cos(γ)

(1 + e/L sin(γ)
1+cos(γ)

)

⎤⎥⎥⎥⎥⎦
[
γ̇
v2

]
, (3.3)

where e = aCn = aDn and L = aAn = aBn . This model was used as a Control
Allocator, see section 3.2, for controlling ArtiTRAX when driving in a circle without the
articulation motor connected. More about this experiment can be found in Chapter 4.

3.2 Control Allocation

Control allocation is a term used when distribution of control is necessary. It is applicable
when two or more actuators are redundant, such as for an over-actuated system. In the
case of torque distribution, there is an infinite set of solutions for how to distribute the
torque. Which set to pick is the control allocation problem (Härkeg̊ard, 2003).

The standard linear control allocation problem is defined as

Bu = v, (3.4)

where v is the control input, u is the control output and B is the control demand.
The control output can be constrained such as

u
¯
≤ u ≤ ū, (3.5)

where u
¯
and ū is the lower- respective upper constraints that produce a feasible

output, u.

Figure 3.4 shows the virtual control demand 2u1 + u2 = v for three values of v with
the position constraints, −1 ≤ u{1,2} ≤ 1. If v = 1 there are infinitely many solutions, for
v = 3 there is one unique solution, and for v = 5 there is no feasible solution. (Härkeg̊ard,
2003)
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Figure 3.4: Virtual control demand for different values of v (black lines) and position constraints
(shaded box). Picture was taken from Härkeg̊ard (2003).

3.3 Slip

The standard SAE definition of slip is denoted as 1− ωwRw/Vt where ωw is the angular
speed of the wheel, Rw is the effective rolling radius and Vt = ωwRt is the theoretical
velocity of the wheel where Rt is the free rolling radius. The equation can then be written
as 1−Rw/Rt which show that slip is purely related to the different definitions of radius.

Slip is normally considered to be from the deformation of the tyre, where increased
weight and torque acting on the wheel decreases the effective radius of the wheel. This
can also be from deformation of the ground, or the tyre-ground interaction where the
front wheels may have a higher slip due to deformation of the ground material. Ra-
dial deformations from lateral forces, e.g. when turning, should have similar effects on
measured slip.

When controlling the motion of a vehicle, care has to be taken of the changing tyre
radius. If a wheel is torque controlled, the tractive force changes depending on the
effective rolling radius of the tyre. This means that the resulting torque around the
vehicle axis is changed. This deviation could, however, still be corrected for by an outer
control loop, e.g. an operator.
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Chapter 4

Experimental Results

4.1 Weight Distribution

Consider the CoG for the front and rear part in figure 4.1, when connected these form
a CCoG. If not both CoGs are located at their respective wheel axles, the placement of
the CCoG is a function of the articulation angle. In theory, the CCoG should be on a
point between the two CoGs for all articulation angles.

Figure 4.1: An illustration of the CoG placement on the front and rear frame of the vehicle.
The CCoG is placed somewhere on the red line between the two CoGs. The figure was taken
from Andersson (2013).

For ArtiTRAX, the weight of each wheel was weighed for different articulation angles,
see figure 4.2. This was done to have experimental measurements on which to compare

17



18 Experimental Results

models with. It was also useful for comparing with litterature, as Yamakawa et al. (2007)
pointed out that the torque distribution for optimal energy efficiency is largely related
to the distribution of weight. It should be noted that for large articulation angles there
is less weight over the inner wheels, and depending on the weight distribution this could
make an articulated vehicle tip over. Less normal forces acting on the inner tyres requires
torque transfer towards the outer wheels for improved traction.

Figure 4.2: The weight distribution of ArtiTRAX with 80kg of extra weight placed over the front
axle for different articulation angles. The figure was taken from Andersson (2013).

4.2 Torque Distribution

In this chapter a few experimental measurements about different torque distributions are
presented, analyzed and discussed. The first subchapter is about the longitudinal shift
of torque, or the front/rear torque split, while the second subchapter handles the lateral
shift of torque, e.g. between inner and outer wheels, during turning. It should be noted
that motor current is used instead of torque for the actual experiments, as the current is
known. For ideal DC motors the torque is proportional to the motor current. If nothing
else is mentioned in the subchapters; A current distribution of 50/50%, velocity of 1.0
m/s and an equal load distribution, 60/20, was used.

4.2.1 Longitudinal Shift of Torque

During these studies the left/right current split was at 50/50%. Since these were per-
formed while driving straight they are mentioned as left/right as opposed to when consid-
ering the vehicle in a turn, where they are called inner/outer wheel. In all experiments,
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the current distribution percentage between the front and rear axle was changed from 0%
to 100% and then back to 0% in increments. This to see a difference in measurements
during the two runs if external conditions changes. Furthermore, all experiments was per-
formed indoors in a gymnasium with a high friction carpet and without any noticeable
inclinational changes. By performing the experiments indoors, factors such as ambient
temperature, moisture level and wind can be assumed constant between the studies.

Velocity

In figure 4.3, two velocities are compared. It was expected that more power would be
required to drive faster. In this comparison, however, it can be noted that driving with
ArtiTRAX at a constant speed of 1.5 m/s requires less power than driving with a speed
of 1.0 m/s. This brought us to the conclusion that the efficiency of the motors is a vital
part that should not be neglected. The local maximum at 0% and 100% MCRA show an
increased energy efficiency if rear wheel driven for both velocities. The parabolic shape
of the efficiency curves, however, could be largely related to the efficiency of the motors.
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Figure 4.3: Power drawn as the longitudinal current distribution is changed for different veloc-
ities.

Load distribution

For a wheel loader, the load distribution over the wheels changes during work cycles, e.g.
during bucket-filling. When varying the load distribution over the wheels, but keeping
the total weight of the vehicle constant, slight changes in efficiency can be noted. In
the case of 00/80, see figure 4.4, a slight reduction in efficiency is noted throughout the
experiment. More measurements points around significant areas could be useful to find if
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the minimas are moved as a function of load distribution. Using tyres with lower stiffness,
or less pressure, could result in more variation due to the load distribution.
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Figure 4.4: Power drawn as the longitudinal current distribution is changed for different load
distributions.

Tyre pressure

When changing the tyre pressure of ArtiTRAX tyres, the overall effectiveness changes as
expected, see figure 4.5. When using low pressure in the tyres the power is increased as
compared to when using high pressure. When having low pressure in the front tyres only,
the efficiency minima is moved closer to 50% MCRA. This could possibly be compared
to having more weight on the front wheels.

Actuator reduction

If the number of motors on ArtiTRAX is reduced, the energy efficiency is worsened. In
figure 4.6 a comparison can be seen between three variations. The sets denoted ’Normal’
uses all 4 wheel actuators. The sets denoted ’FL’ and ’RR’ means that the front left
respectively rear right motor were turned off. The conclusion of this test is that for
ArtiTRAX setup of motors, the effectiveness is worsened when more torque is required
at the rotational velocity required to drive at 1.0 m/s.

4.2.2 Lateral Shift of Torque

When driving in a circle with a locked joint the optimal energy efficiency is found when
the torque is distributed towards the outer wheel, see figure 4.7. These measurements



4.2. Torque Distribution 21

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
300

400

500

Motor Current to Rear Axle (%)

E
ffi
ci
en
cy

M
ea
su
re

(J
/m

)

Low Pressure Set 1
Low Pressure Set 2
Low Front Pressure Set 1
Low Front Pressure Set 2
High Pressure Set 1
High Pressure Set 2

Figure 4.5: Power drawn as the tyre pressure is changed.
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Figure 4.6: Power drawn as the number of actuators is reduced.

were performed at an articulation angle of 45 degrees, which is the maximum angle that
is achievable with ArtiTRAX. Minimal power required was found when around 30% of
the current was distributed to the inner wheel. The inner/outer distribution of current
was equal between the front and rear axle. The PEUs were not powerful enough to move
ArtiTRAX at the maximum articulation angle when more then 80% of the current was
distributed to the inner wheels.
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Figure 4.7: Power drawn while driving in a circle.

4.3 Kinematic Model Control

An experiment was carried out to see to what extent the wheel drives could be used to
control the vehicle, without using the articulation motor. This resulted in a low friction
hinge between the two frames of ArtiTRAX, allowing free yaw rotation, much like in a
car-trailer setup.

Figure 4.8: Integrator windup due to velocity control by multiple controllers.
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In figure 4.8, the measured data from such an experiment is presented. The control
allocator was to keep the articulation angle, γ, and the actual velocity, va, constant.
This was achieved by feedback control of γ. The wheel velocity outputs from the control
allocator was fed to PI controllers to maintain their respective velocities of the wheels. It
was noted that integrator windup occurs in the integrators resulting in less then optimal
energy efficiency. It was also noted that increasing the model error, in the kinematic
model, increases the rate of the integrator windup.

Figure 4.9: Block diagram showing the control loop when using a kinematic model as a control
allocator.

By feedback control of both γ and the actual velocity through a motion controller,
instead of separate controllers for each wheel, the integrator windup is removed. See
figure 4.9 for a block diagram of the control loop with the two PI-controllers controlling
the ground velocity, of the vehicle, and angular velocity of the hinge.

Figure 4.10: Comparison of having multiple PI controllers for individual wheel speed control
(right side) compared to a single PI controller for control of the ground velocity of the vehicle
(left side).

A comparison of the two different control schemes can be seen in figure 4.10. The
vehicle performed better then expected in both cases, even though the actuators reached
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saturation, the velocity and articulation angle was kept constant. However, a control
approach such as this might not be preferable during steady state driving. The energy
efficiency was worsened compared to measurements where a locked joint approach was
used.



Chapter 5

Summary

5.1 Papers

The first paper, ”Scale Model Articulated Vehicle with Individual Wheel Drives”, is a
presentation of ArtiTRAX and what a small-scale model can be used for in research.
The second paper, ”Tyre Parameter Estimation based on Control of Individual Wheel
Drives”, describes an online method for tyre parameter estimation.

5.2 Discussion

The results from the studies gives valuable knowledge into the behaviour of articulated
vehicles. The knowledge gained so far is, however, just the beginning. More research
has to be carried out to fully comprehend what can be achieved with individual wheel
control.

The longitudinal torque distribution results seems to agree with Senatore and Sandu
(2011). The energy efficiency minima can be found just over 50% MCRA even though
the load distribution is changed. The study is still lacking vital information about the
motor current to torque conversion for validating or rejecting this theory. In the ideal
case torque is proportional to motor current, for that the theory seems to hold even
though the minima is expected to move with the changing of tyre radius. The studies
indicate that using a torque distribution equal to the load distribution is optimal from a
traction control perspective.

Snaking is largely related to the fundamental vehicular dynamics for articulated ve-
hicles according to Azad et al. (2005). Snaking could be induced from the lateral load
transfer when changing the articulation angle. This causes the radius of the wheels to
change and thereby the tractive forces of the tyres. Folding might be from lateral forces
on the front wheels induced by the rear wheel drive causing the vehicle to fold while
moving.

25
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5.3 Future Work

The idea of the continued study is to develop a controller that maximizes the energy
efficiency for an IWD articulated vehicle. Some controller features might have contra-
dicting effects on the global energy efficiency, these should be performed at the maximal
energy efficiency achievable for that case. These cases could be when the operator has
a need for; Improved traction, motion constraints or reduction of component wear. An
important aspect of the controller is to be transparent to the operator, hence improving
the driveability of the vehicle. For a transparent controller to work, it has to perform as
good or better then when manually driven.

To achieve this level of control, further research is required in multiple areas. Knowl-
edge that is required includes energy efficiency during transient behaviour and how to
maximize the traction for a variety of situations. Also, research in how to effectively
blend the control and distribute this control across the over-actuated system is of high
importance.

In the near future, mapping of the electric motors will be performed. This to de-
termine the effectiveness of the motors, and to be used in analysing the results given in
the thesis when the influence of motor effectiveness can be removed. A dynamic model
of ArtiTRAX will be developed for further research into the transient behaviours. This
might be useful for improved parameter estimation, simulations and as a base for the
controller.
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Articulated Vehicle with Individual Wheel Drives for

Traction and Motion Control Field Tests

Fredrik Broström, Ulf Andersson and Thomas Gustafsson

Abstract

Small scale model vehicles have been successfully used in multiple projects for research
and for evaluation of models. ArtiTRAX, an experimental platform designed at Lule̊a
University of Technology, is introduced to study the behaviour of articulated vehicles
with individually driven wheels. Three case studies are presented; energy efficiency due
to load transfer, online tyre parameter estimation and articulation angle control. The
platform was shown to be a valuable asset for research in this area. It gives insight
into the problem of controlling over-actuated systems and the design hazard of using
multiple integrators. ArtiTRAX is shown to be controllable through a kinematic model
by only using actuation of the wheel drives. The difference of energy consumption as a
function of longitudinal torque distribution, indicates that the effectiveness of the motors
should be considered when controlling the motor currents. The lateral distribution of
motor current as a function of the articulation angle, has to be considered in order to
minimize the energy consumption of an articulated vehicle. Further research is necessary
for understanding the mechanisms and relations between the energy consumption and
the controlled motor currents.

1 Introduction

This paper introduces a 320 kg individual wheel drive (IWD) articulated vehicle, Arti-
TRAX, developed for indoor and outdoor field tests.

1.1 Articulated frame-steered vehicles

Articulated vehicles consists of two or more frames, connected via hinges. Each of these
frames have one or more driven or undriven wheel-axles depending on the intended work
the vehicle is supposed to perform. Frame-steering implies that there is actuation acting
to control the yaw-angle directly. In construction equipment this is usually a hydro-
mechanical solution with cylinders pushing or pulling. This can be modelled as a spring-
dampening system, according to Rehnberg et al. (2011), who presents a small scale model
to study the snaking and folding stability of such a vehicle. Further reading about snaking
behaviour of articulated vehicles can be found in e.g. Azad et al. (2005).

Consider a frame-steered vehicle consisting of two frames with one driven axle on each
frame, such as a wheel-loader. Each of the frames has its own centre of gravity, as such

33
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a combined centre of gravity for the whole vehicle could be calculated. This combined
centre of gravity would however be dependent of the articulation angle, see Andersson
(2013).

Figure 1: Drawing showing the ideal case of an articulated vehicle driving in a circle with a
constant radius Rf = Rr = Ravg.

1.2 Scale model vehicles

In many scenarios, experimental platforms are designed to be scaled versions of the
original. This may be for prototyping, proof of concept or research. A common goal is
to reduce costs, save time and reducing risks associated with full-scale vehicles. Further
reading about experimental test vehicles used with electrical powertrains can be found
in i.e. Hallowell and Ray (2003), Vasiljevic et al. (2012), Huang and Wang (2013) and
De Castro et al. (2013).

It should be noted that not all parameters may be scalable, and should be kept in
mind while trying to apply the experimental results to a full scale vehicle. In contrast
to scale models, Andersson et al. (2011) discuss the use of full-scale measurements to
measure side-slip angles of a 21 tonnes articulated all-wheel drive hauler. In Andersson
et al. (1997) an articulated scale model in the form of a lawn mower was presented to
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successfully evaluate a path-following algorithm for LHD (Load-Haul-Dump) vehicles.

1.3 ArtiTRAX

ArtiTRAX is a 320kg IWD articulated vehicle. It consists of two TRAX wheelchairs from
the Swedish company Permobil and is developed at Lule̊a University of Technology in
collaboration with Volvo Construction Equipment. Further reading of this can be found
in Karlsson (2010).

Many construction machines are articulated, for instance wheel loaders. ArtiTRAX
is considered to be a downscaled version of such a vehicle in many test scenarios. The
main advantage with this is the small size, which makes initial tests easy to perform.
ArtiTRAX can be seen in figure 3. Holders for weightlifting weights are placed above
each wheel making it possible to change the static normal load in a controlled manner.
The small wheel fitted at the rear is a measuring wheel to measure the ground speed.

Figure 2: The picture shows ArtiTRAX during a test at the Arcus arena in Lule̊a, Sweden.

The two original TRAX units are connected with a hinge and thereby making Ar-
tiTRAX articulated. The frame-steering is performed by an electric motor connected
via a chain. Control of the motors is done by an on-board PC104 computer that sends
reference values over a CAN bus to the PEUs (Power Electronic Units) of each motor.
The power electronic units can then control either the voltage over the motors or the
current through the motors.

ArtiTRAX is equipped with various sensors, the ones relevant for this paper are;
Encoders that measure the rotational angle and velocity of the motors, encoders that
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measure the rotational angle and velocity of the measuring wheel, two 3D accelerometers,
two 3D gyroscopes and one absolute articulation angle sensor. Furthermore, each of
the PEUs has one Power Measurement Unit(PMU) connected to the supply side for
measuring the electric power consumption.

The actuators of ArtiTRAX are of the type DC Brush motors, 24 V 500 W for
controlling the four driving wheels and a 24 V 200 W for controlling the articulation
hinge. There are gearboxes fitted on the shafts of every motor to decrease the rotational
speeds (18x for the wheels and 128x for the hinge).

The static load distribution was measured for three different distributions of extra
weights with the articulation angle at 0 degrees, as can be seen in table 1. The first
case was with 80 kg of extra weight on the front wheels (F/R 80/00) and the second
case with 80 kg of extra weight over the rear wheels (F/R 00/80). For an equal spread
of weight over all four wheels the case F/R 60/20 is presented for comparisons. Weight
measurements were performed for different hinge angles and the results of the case F/R
80/00 can be see in figure 3.

Table 1: Load distribution for different weight placements
Axle F/R 80/00 F/R 60/20 F/R 0/80
Front 180 kg 160 kg 100 kg
Rear 140 kg 160 kg 220 kg

Figure 3: Supported mass per wheel as a function of the articulation angle for the load distri-
bution F/R 80/00.
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1.4 Traction control

One use for small scale articulated vehicles with individual wheel drives is in the devel-
opment of traction control systems. The typical work cycles of construction machinery
such as the wheel loader and the hauler, must be considered in the designing of a traction
control system. A wheel loader working in a gravel pit compared to a hauler driving on
a gravel road has different requirements on the traction control system. The loader is
mostly in transient conditions, accelerating and decelerating, whilst the hauler often is
driving with constant speed in steady state conditions. During certain situations, for
instance during bucket filling with the loader or climbing a steep hill with the hauler,
the traction should be maximized. The traction control system must therefore handle a
number of optimization criteria depending on the actual working condition of the vehi-
cle. Examples of these criteria are for instance maximal tractive force, energy efficiency,
minimal tyre wear etc.

A large number of traction control schemes have been published. Most of the papers
are based on mechanical drivelines and on-road applications. The methods used depend
on the wheel tyre-road friction coefficient. Rajamani et al. (2012) present a review of
such methods. Patterson et al. (2013) discuss the fusion of a traction control system
based on control of the driving and braking tyre operational mode of a 4x4 loader with
the mechanical driveline to improve the traction. Slip control based on normal load and
inflation pressure is discussed in Wilson et al. (2011). The idea in this case is to control
the rotational velocity of the wheels such that all wheels have the same slippage. On-road
traction control of vehicles with individual electrical wheel drives based on estimates of
the slip and the friction coefficient is discussed in for instance Vasiljevic et al. (2012), but
is not adressed in this paper.

2 ArtiTRAX Architecture

Due to the experimental requirements on the platform the on-board communication lay-
out has to facilitate easy changing of hardware. A CANbus network with two busses was
chosen for this purpose. One CANbus for added sensors and actuators, and one CANbus
for original Permobil devices in order to reduce the communication load.

In figure 4, the communication architecture can be seen. Algorithm layer commu-
nicates through the Generic Intelligent Machines network (GIMnet), see 2.1, with the
CANbuses through the driver layer. In the driver layer there is one driver for each hard-
ware device. CANbus drivers are used to send and receive information over the networks,
with buffers to not reduce information loss during high load conditions.

2.1 Software architecture

The software is divided into several different software modules and are connected through
a tcpHub. The network communication is based upon the communication infrastructure
GIMnet, see Saarinen et al. (2007), that is designed for robotic applications, and is
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Figure 4: Communication diagram of ArtiTRAX, ellipses represents different software modules
and squares represents hardware modules.

provided under the Berkeley Software Distribution (BSD) license.
For versatility when changing i.e. hardware, each driver is implemented as a separate

program. Only the specific driver has to be exchanged if for example the joystick would
be replaced for some reason and can be warm-booted without interrupting other func-
tionality. Each driver handles all electronics of the same type. For example the driver
for the PEUs communicates with all five units, which in turn controls the output to the
four wheel motors and the joint motor.

The controller module is the master of all functionality, it reads and filters the sensor
data as well as controlling the output for the actuators. For experimental purposes the
program is designed with basic building blocks that can be arranged as seen fit and saved
in different modes. These different modes can then be toggled and switched between.
For example the torque distribution between the driving wheels can be independently set
with 1 percent intervals from the push of a button. In other modes the torque distribution
may instead be chosen through control algorithms.

2.2 Hardware architecture

The power supply consist of two 12V lead-acid batteries connected in series to supply the
24V DC-motors. Some electronics require 12V, 5V and 3V. These are connected through
DC-DC converters for down-stepping and regulation to protect the electronics from the
high frequency Pulse Width Modulation (PWM) switching that the PEUs cause. The
onboard PC is fitted with a Solid State Drive (SSD) and a PC-104 extension card for
CANbus communication. Due to its robustness and flexible modular design makes it
ideal for experimental purposes.

3 Validation of Sensors and Actuators

A variety of sensors has been fitted on ArtiTRAX to study and control the vehicle. In
conditions such as when sliding on an icy road, absolute positioning or inertial mea-
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surements is key to detecting the sliding motion. This information might be used to
determine unknown or varying model parameters. Information from odometers can be
used as input to dead-reckoning algorithms, but the measured rotational velocity of the
wheels are sensitive to changes in radius. In conjunction with other measurements such
as an actual vehicle speed, this can be used to estimate the rolling radius of the wheels
among other parameters. Rolling radius is discussed in e.g. Andreev et al. (2010).

3.1 Wheel odometers and articulation angle sensor

Verification of the wheel odometers was done by comparing measurements from the
absolute articulation angles, with calculated articulation angles based on the odometer
data. The validation was done while driving in circles with varying diameters. The angles
can be calculated as

γ = 180− 2 tan
Ravg

L
(1)

where L is the distance from the wheel axles to the articulation hinge and Ravg can
be calculated from odometer data as

Ravg =
e

4

(
v1 + v2
v1 − v2

+
v3 + v4
v3 − v4

)
(2)

where v{1,2,3,4} denotes the theoretical velocity of the wheels, i.e. no slip condition,
and e denotes the gauge. An illustration of the variables can be seen in figure 1.

A comparison between the measured and calculated angle is seen in figure 5. The
difference between the two seems to be largely related to the acceleration and deceler-
ation of the vehicle. This difference in calculated angle could be from the equal torque
distribution used in the tests. During acceleration and deceleration the calculated angle
is smaller than the measured angle, which could indicate that the inner wheels are given
to much torque in comparison to the outer wheels and thereby slipping more.

3.2 Power electronic units

There are five power electronic units (PEU), one for each actuator. These units main
purpose is to control the current through the DC-motors. The validation of the PEUs
was done by comparing the measurements of the motor currents from an oscilloscope,
with the internal measurements of the PEUs. As seen in 6, the PEU reported an accurate
motor current compared to the oscilloscope signal and managed to follow the reference
signal with high accuracy.

Every PEU has one Energy Measurement Unit (EMU) for measuring bus-side voltage
and current, in order to calculate power consumption. Figure 7 shows an example of a
short experiment when ArtiTRAX was given a reference velocity of 1 m/s.
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Figure 5: Wheel encoders can be seen in the top while the articulation joint angle and the
calculated angle from encoders are shown in the bottom for comparison and validation of the
sensors.

Figure 6: Motor winding current from PEU (blue) compared to oscilloscope measurements (red).
The oscilloscope measurements are measured at 500 kHz while the PEUs were only able to report
at 450 Hz.

4 Case studies

In this section, three case studies are presented and discussed as examples of how Arti-
TRAX can be used, in the development of traction- and motion control systems.
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Figure 7: Logged data from one EMU during a test drive. The peak in the beginning is due to
the acceleration of ArtiTRAX from stand still up to 1.0 m/s.

4.1 Energy efficiency

The efficiency measure used is the drawn electrical power divided by the ground speed.
The unit is [J/m], which can be seen as the energy required to move the vehicle one
meter. Measurements of energy efficiency caused by motor current distribution was
performed. The distribution was incremented from 0% to 100% Motor Current to Rear
Axle (MCRA) and then back down to 0% during the tests. Changes in variables such
as wind, ambient temperature, inclination and friction was assumed to be constant by
driving in a gymnasium.

In figure 8, small differences in energy efficiency can be noted between different load
distributions, uneven load seems to reduce energy efficiency but requires further research.
For all tested load distributions, optimal energy efficiency can be found just over 50%
MCRA on ArtiTRAX.

4.2 Tyre parameter estimation

When estimating the effective rolling radius of a tyre as a function of applied torque, there
is an approximately linear relation between the torque and the effective rolling radius.
This is valid for small values of the torque and non-slippery conditions, see Andreev et al.
(2010). The effective radius, reff , can be expressed as

reff = r0 + γT (3)



42 Paper A

Figure 8: Efficiency when driving straight inside a gymnasium at a constant velocity for different
load distributions.

where r0 is the rolling radius in driven mode, γ is the elasticity constant of the tyre
and T is the applied torque. In this paper, driven mode is defined as when the tyre is
subject to rolling resistance forces but no torque is applied by the motor.

A method for estimating tyre parameters can be found in Andersson et al. (2014). The
idea is to keep the velocity of the vehicle constant during estimation, this to reduce the
influence that accelerational forces, or load transfer, have on the estimated parameters
(r0, γ). Furthermore, the applied torque during the estimation is controlled such that a
consistent estimate of the parameters are obtained.

In this case study the method used to measure small differences in effective rolling
radius, was to compare the odometer turns per second with the measured actual velocity
of ArtiTRAX. A kalman filter was used to filter the measurements and the results can
be seen in figure 9, where the effective rolling radius reff , can be seen as a function of
motor current. This study shows that the tyre parameters for the linear region can be
estimated online for a vehicle with individual wheel drive, see figure 10. Measurements
indicates that the rolling radius in the driven mode decreases as the load on the wheel
increases, which is also the case for the elasticity factor. It can, however, be noted that
the variation in the estimate of the elasticity factor is greater than for the rolling radius
in driven mode.

4.3 Articulating angle control

An important property of the motion control system is to control the driving wheels
such that control of the articulation angle is not counteracted. A simple example is when
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Figure 9: Kalman filtered effective rolling radius as a function of the motor current.

Figure 10: Tyre parameter estimation for the front left wheel during 25 steady state runs per
load distribution. The upper figure shows the radius in driven mode while the lower figure shows
the elasticity constant.

braking the wheels and trying to change the articulation angle at the same time. This case
study focuses on motion control with the actuator for the articulation hinge disconnected,
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which requires the maneouvres to be performed solely by the driving wheels.

Figure 11: Block diagram showing the control loop when using a kinematic model as a control
allocator.

Figure 12: Four integrators controlling the actual velocity and articulation angle while driving
in a circle without an actuator for the articulation hinge.

The kinematic model used in this case study, see Andersson (2013), is defined as

⎡⎢⎢⎣
v1
v2
v3
v4

⎤⎥⎥⎦ =

⎡⎢⎢⎢⎢⎣
−( e/ cos(γ)

1+cos(γ)
+ L sin(γ)
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e
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(1− e/L sin(γ)

1+cos(γ)
)

− e
1+cos(γ)

(1 + e/L sin(γ)
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)

⎤⎥⎥⎥⎥⎦
[
γ̇
vr

]
, (4)

where e is the gauge, L is the distance between the hinge and the wheel axles, γ is the
articulation angle, γ̇ is the angular velocity of the articulation hinge, vr is the ground
speed and v{1,2,3,4} are the theoretical wheel velocities.
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Figure 13: PMU measurements during during integrator windup.

Calculation of the reference velocities for each wheel is done from the kinematic model,
4. The control is done by separate PI-controllers for each wheel. In figure 12, a windup
phenomena can be seen as the motor current diverging during steady state driving in a
circle, keeping both the ground velocity and articulation angle constant. The increase
in power consumption due to the windup can be seen in figure 13 which has a negative
impact on the energy efficiency.

To avoid this windup problem, the individual PI-controllers can be replaced by P-
controllers while adding a integral part to the motion controller in the outer control loop,
see figure 11. This way, the actual velocity and articulation angle are fed back through
the motion controller.

5 Summary

In this paper we presented an articulated vehicle, ArtiTRAX, that was used to perform
in- and out-door field tests of motion- and traction control algorithms. The design of
the hardware and software systems was made flexible and configurable, which reduce the
preparation time for experiments. ArtiTRAX is equipped with a variety of sensors in
order to study the performance of motion- and traction control systems. The vehicle is
equipped with individual wheel drive as well as an actuator for the articulation hinge,
that increases the degree of freedom in the design of controllers. To exemplify the possible
use of ArtiTRAX, three case studies has been discussed in brief; Energy efficiency, tyre
parameter estimation and motion control.
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Tyre Parameter Estimation based on Control of

Individual Wheel Drives

Ulf Andersson, Fredrik Broström and Thomas Gustafsson

Abstract

This paper describes a method to estimate tyre parameters for traction control applica-
tions based on control of individual wheel drives. The tyre parameters that are estimated
are the rolling radius in driven mode (i.e. the rolling radius when the input torque to
the wheel is zero) and the tyre longitudinal elasticity factor. The rolling radius in driven
mode and the tyre longitudinal elasticity factor depend on several factors, among them
the normal load. An important property of the method is that no transfer of load occurs
during the estimation phase since the actual velocity of the vehicle is kept constant. Re-
sults from tests with ArtiTRAX, a 240 kg electric vehicle that carries 80 kg extra weight
in three different front axle and rear axle distributions, are presented.

1 Introduction

1.1 Utilization of individual wheel drives

Provided that the drives that propel a vehicle with individual wheel drives are powerful
enough, one drive is sufficient to control the actual velocity of the vehicle. Two or more
drives can therefore be interpreted as redundant actuators, which raise the question of
how this increased freedom should be used.

The contribution of this paper is the method proposed to estimate tyre parameters
that make use of the increased freedom that individual wheel drives bring. The method
has the following properties.

• A constant actual velocity of the vehicle is maintained during the estimation phase.
This implies minimization of load transfer between the front axle and the rear axle.
This is a desired property since load transfer disturbs tyre parameter estimates.

• The input torque(s) to the wheel(s) whose parameters are to be estimated are
controlled such that the estimates are consistent.

The parameters that are estimated are the rolling radius in driven mode (i.e. the
rolling radius when the input torque to the wheel is zero) and the tyre longitudinal
elasticity factor. The method is constrained to non-sliding conditions on firm roads and
dense terrains.
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Huang and Wang (2013) has used a similar approach and point out that parameter
estimation based on 4WD independent driven vehicles opens up the possibility for pa-
rameter estimation using redundant actuation without interfering vehicle motion control
performance.

The redundant actuation can of course be used for other purposes. Hori (2004) lists
the following possibilities; antilock braking system, traction control system with local
feedback control at each wheel, chassis motion control and estimation of road surface
conditions. Laine (2007) propose a control allocation method that separates the control
law for the ground motion from the distribution of the desired motion forces among the
available actuators. Senatore and Sandu (2011) propose that the freedom should be used
to distribute torque between the drive axles so that the fuel consumption is minimized.

It is worth noticing in this context that it is possible to measure the motor current
of electric wheel drives with high accuracy and thereby get an accurate estimate of the
input torque to the wheel if the relation between the current and the torque is known.
A simple approach is to use a linear relation between the torque and the motor current
based on the specifications from the motor supplier. A more advanced approach is to
map the current — torque relation of the motor in a test rig, such as the one in figure 1.

Figure 1: The photograph shows the test rig for mapping the motor parameters of the test
vehicle ArtiTRAX. Two motors can be mounted in the rig. One motor is set in velocity mode
and the other in current mode during the test. The shafts are connected via a torque transducer
to measure the torque as a function of rotational velocity and motor current.
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1.2 Traction control

The proposed method originates from the development of a traction control system for
articulated off-road vehicles with individual wheel drives. The traction control problem
is not addressed in the paper, but to put the estimation method in its context a brief
background description is given below.

The typical work cycles of construction machinery such as the wheel loader and the
hauler must be considered in the designing of a traction control system. A wheel loader
working in a gravel pit compared to a hauler driving on a gravel road has different
requirements on the traction control system. The loader is mostly in transient conditions,
accelerating and decelerating, whilst the hauler often is driving with constant speed in
steady state conditions. During certain situations, for instance during bucket filling with
the loader or climbing a steep hill with the hauler, the traction should be maximized.
Therefore, the traction control system must handle a number of optimization criteria
depending on the actual working condition of the vehicle. Examples of these criteria are
for instance maximum tractive force, energy efficiency, minimal tyre wear, etc.

A large number of traction control schemes have been published. Most of the papers
are based on mechanical drivelines and on-road applications. Many methods depend
on the wheel tyre-road friction coefficient. Rajamani et al. (2012) present a review of
such methods. Patterson et al. (2013) discuss the fusion of a traction control system
based on control of the driving and braking tyre operational mode of a 4x4 loader with
the mechanical driveline to improve the traction. Slip control based on normal load and
inflation pressure is discussed in Wilson et al. (2011). The idea is to control the rotational
velocity of the wheels so that all wheels have the same slippage. On-road traction control
of vehicles with individual (electric) wheel drives based on estimates of the slip and the
friction coefficient is discussed in for instance Vasiljevic et al. (2012).

1.3 Estimation method

The estimation method discussed in this paper mainly applies to the transportation phase
of a work cycle during steady state conditions. The method is based on the bottom-up
approach used in the design of complex systems. This approach often results in simple
building blocks Åström and Hägglund (2001).

The authors of this paper have over the years been involved in a number of indus-
trial projects involving autonomously or remote controlled vehicles where the bottom-up
approach has been used extensively. In these applications, often referred to as ?mobile
robotics?, the use of simple building blocks has resulted in systems that have been used
in real production.

The method consists of three basic building blocks that have been integrated. The
building blocks are the PI controller, the feed forward controller and the Kalman filter.

There are at least two ways to control the actual velocity of a vehicle with individual
drives; control the actual velocity of each wheel in local feedback loops at the wheels
or control the actual velocity of the vehicle itself. Yamakawa et al. (2007) evaluated
these two alternatives. Their conclusion was that the latter alternative is less sensitive



54 Paper B

to unevenness in the ground resulting in higher energy efficiency. This is also the control
strategy used in the estimation method proposed in this paper.

The estimator is based on a linear model that links the input torque to the circum-
ferential force in the tyre-soil contact patch. The model was reported by Andreev et al.
(1987) and is discussed in Vantsevich et al. (2005) and Andreev et al. (2010). The model
is valid for firm roads and dense terrains. For wheel operating loads under road condi-
tions and in some off-road operations, the relation between the input torque, Tw, to the
wheel and the rolling radius in driven mode, r0w, can be expressed as

rw = r0w − λwTw (1)

where λw is the longitudinal elasticity factor of a tyre on the road or the combined
longitudinal elasticity factor of a tyre and soil in off-road travel. The following relations
holds on firm roads and dense terrains

Tw

r0w
= Fx =

1

λw

r0w − rw
r0w

= Kxsδ (2)

where Fx is the wheel circumferenctial force, Kx = 1/λw is the tyre longitudinal
stiffness and sδ = ((r0w − rw))/(r

0
w) is the slip ratio used by Andreev et al. (2010).

It should be noted that there are several definitions that relates to radius of a pneu-
matic tyre, for instance static radius, dynamic radius and rolling radius. A description
of such characteristics is found in Andreev et al. (2010).

There are other definitions of slip than the definition in (2). An alternative definition
is to replace the rolling radius in driven mode with the rolling radius in free mode as
discussed by Zoz and Grisso (2003). If the wheel is in free mode, the input torque to the
wheel results in a circumferential force that equals the rolling resistance.

The longitudinal elasticity factor of a tyre is sensitive to variations in operating con-
ditions such as temperature, inflation pressure, normal loading, tread depth and ground
characteristics, Carlson and Gerdes (2005). Vantsevich et al. (2005) noted that the
rolling radius in driven mode and the tyre longitudinal elasticity factor depend on the
tyre pressure when performing tests with a dynamometer.

On-road methods to estimate the tyre longitudinal stiffness are for instance discussed
in Gustafsson (1997) and Carlson and Gerdes (2005). The method proposed in Gustafsson
is an on-line method based on a linear model. The bias in estimates based on linear models
is discussed in Carlson and Gerdes who instead propose an off-line method based on a
non-linear model. The test results presented by both Gustafsson and Carlson and Gerdes
are based on measurements of the rotational velocity of the driven and un-driven wheels
and the actual velocity of the vehicle. 2WD vehicles without individual control of the
wheels are used in the tests, implying that the actual velocity of the vehicle changes when
the engine torque is changed or when the brakes are applied. These changes, that cause
load transfer between the front axle and the rear axle due to the acceleration and the
deceleration of the vehicle, are necessary to gain persistent excitation for the estimation
of the tyre longitudinal stiffness.
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If the circumferential force, Fx, and the rolling resistance force, Rx, are known, the
resulting traction force, Fw, in the driving and the braking mode of the wheel can be
calculated as

Fw = Fx −Rx (3)

On-line estimation of the rolling resistance force based on measurements of the actual
velocity of the vehicle, the rotational velocity of the wheel and the engine torque is
discussed in for instance El et al. (2012).

1.4 Outline of the paper

The outline of this paper is as follows. In section 2, the estimation problem is presented.
In section 3, a control strategy is discussed that fulfils both the control of the actual
velocity and the control of the input torque to the wheel for robust estimation. A brief
description of the test vehicle ArtiTRAX is given in section 4. Test results are presented
in section 5 and finally in section 6, a discussion of the proposed method and ideas about
future work is presented.

2 Estimation problem

The requirement originating from the traction control system discussed in section 1.2,
is that the tyre parameter estimator shall be an integrated part of the traction control
system, which means that the estimator has to work in real time.

2.1 Signals

The following signals are used to estimate the tyre parameters; the rotational velocity of
the wheel, ωw, the distance traveled by the wheel in the longitudinal direction, xw, and
the input torque to the wheel Tw. The actual velocity of the wheel in the longitudinal
direction, Vx, is used in estimators for comparison in section 5.

2.2 Parameters

The rolling radius, rw, of the wheel can be expressed as

rw =
Vx

ωw

(4)

(1) and (4) gives

Vx

ωw

=
(
1 −Tw

)(r0w
λw

)
(5)

By using the ”hat” symbol for estimated parameters, the relation between the esti-
mated parameters and the measurements can be written
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Vx(t)

ωw(t)
= H(t)

(
r̂0w
λ̂w

)
+ e(t) (6)

where H(t) =
(
1 −Tw(t)

)
is the regression vector and e(t) is the error term account-

ing for measurement errors and model mismatch.

2.3 Estimator

Kalman filter

The estimator is based on the following continuous time model(
ẋw

ṙw

)
=

(
0 ωw

0 0

)(
xw

rw

)
+

(
vx
vr

)
(7)

z =
(
1 0

)(xw

rw

)
+ e (8)

where ωw is the rotational velocity of the wheel, xw in the state vector is the distance

travelled by the wheel and rw in the state vector is the rolling radius.
(
vx vr

)T
and e

is the process noise and the measurement noise respectively. The noise is assumed to
be white with distribution N(0, σ). A Kalman filter based on these models is used to
estimate constant or slowly varying states, in this case the rolling radius rw.

The observability matrix of the system is

O =

(
1 0
0 ωw

)
(9)

which has full rank if ωw �= 0, implying that the states are observable as long as the
vehicle is moving.

The method for the tyre parameter estimation is as follows

• Select a set of input torques, TSET = {Tmin
w , 0, Tmax

w }, to the wheel whose tyre
parameters shall be estimated. The minimum and maximum torques should be
limited such that linear conditions hold according to (1),

• Estimate the rolling radius of the wheel for each member of the set during a period
of driving with constant actual velocity. Select the steady state estimates of the
rolling radius, denoted r̂Tmin

w , r̂T0
w , r̂Tmax

w , from each period as the values to base
the tyre parameter calculations on,

• Calculate the tyre parameters; r̂0w = r̂T0
w , λ̂w = r̂Tmin

w −r̂Tmax
w

Tmax
w −Tmin

w
.

Keeping the actual velocity constant during the estimation phase and at the same time
controlling the torque estimation signal is realized using the control strategy discussed
in section 4.
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An alternate Kalman filter estimator based on ? is used for comparison in the discus-
sion of test results in section 5. In this case the tyre parameters are estimated directly,

implying that the state vector of the filter is x(t) =
(
r0w(t) λw(t)

)T
. The quotient of the

actual velocity and the rotational velocity of the wheel, z(t) = Vx(t)/ωw(t), is used for
the correction of the estimates. The filter is based on the following discrete time model

x(t+ 1) = x(t) + v(t) (10)

z(t) = H(t)x(t) + e(t) (11)

where v(t),e(t) is the process noise and the measurement noise respectively. H(t)
equals the regression vector discussed in section 2.2.

A Kalman filter based on (10) and (11) results in estimates of the tyre parameters
that is transformed to an estimate of the rolling radius according to

r̂w = r̂0w − λ̂wTw (12)

The Kalman filter equations are given by

x̂− (t) = Ax̂ (t− 1) + Bu(t− 1) (13)

P− (t) = AP (t− 1)AT +Q(t) (14)

K (t) = P− (t)HT (t)(H (t)P− (t)HT (t) +R(t))
−1

(15)

x̂ (t) = x̂ (t) +K (t) (z (t)−H(t)x̂ (t)) (16)

P (t) = (I −K(t)H(t)) P− (t) (17)

where A,B,H defines the state space model, the input model and the output model
respectively. P (t) is the covariance of the states, Q(t) is the process noise covariance,
R(t) is the measurement noise covariance.

Q(t) and R(t) are often used as tuning parameters. They should reflect the statistical
characteristics of the noise, but can also be used to keep the filter alive so that it will
react to changes in driving conditions if the changes are detectable. The initial values of
P (t) can also be regarded as tuning parameters. This is used in the estimation method
and further discussed in section 5.

Least squares

The least square estimator is used for comparison in the discussion of test results in
section 5. The least square estimates of the tyre parameters are given by

(
r̂0w
λ̂w

)
=

(
N∑
t=1

HT (t)H (t)

)−1 N∑
t=1

HT (t)
Vx (t)

ωw(t)
(18)

where N is the number of measurements. H(t) equals the regression vector discussed
in section 2.2. From (18), the following conditions are obtained for the least squares
estimator to work
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ωw(t) �= 0 (19)

det(
N∑
t=1

HT (t)H (t)) �= 0 (20)

Expansion of the determinant in (20) gives

det

(
N∑
t=1

HT (t)H (t)

)
= N

N∑
t=1

T 2
w (t)−

(
N∑
t=1

Tw (t)

)2

= N2V ar(Tw (t)) (21)

If the variation in torque, V ar(Tw (t)), is small, the determinant will be close to
zero resulting in poor excitation and thereby uncertain estimates Söderström and Stoica
(1989).

Remark, with independently controllable wheel drives, it is possible to maximize the
variation in the torque over N samples subject to constraints such as maximum driving
torque, maximum braking torque and maximum change speed.

Smoothing of the measurement data of the actual velocity of the vehicle is done in
order to determine the window in time of constant actual velocity for the least squares
estimation.

The smoothing of the raw data vector, y ∈ Rn, to the new vector, x ∈ Rn is done by
minimising the sum of the weighted norms over all feasible solutions numerically as

x = arg min︸︷︷︸
x∈Ω

⎛⎝ n∑
j=1

|xj − yj|+ γ

(
n∑

j=1

|Dxj|2
) 1

2

⎞⎠
subject to

Ω =

{
x| x ∈ R, y1 = x1, yn = xn,

n∑
j=1

yj =
n∑

j=1

xj

}
(22)

where the tuning parameter gamma is chosen to prioritise smoothing over curve fol-
lowing. The differential operator, D, is defined as

Dxn
def
= xn+1 − xn−1 (23)

3 Controller

A requirement on the controller is to limit the error sources in the estimation accuracy
by keeping the actual velocity close to constant during the estimation phase.
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3.1 Control variables

The input torques to all wheels is assumed to be individually controllable.

In applications with electric drives, the input to the drive electronics could be a
reference value for the motor current. In these cases, a transformation from reference
torque to reference current has to be done by the control system.

3.2 Motion controller

The input to the motion controller is the difference between the reference velocity, VREF ,
and the actual velocity, Vx, of the vehicle. The output from the controller, TMC , is
the torque to be distributed among the wheels. The structure of the controller and the
distribution of torque between the wheels are further discussed in section 3.4.

The tyre longitudinal elasticity factor is a parameter that describes a property in
the longitudinal direction of the wheel. The discussion regarding the motion control is
therefore limited to only straight driving, i.e. turning is not considered.

3.3 Torque estimation signal

The torque estimation signal(s) to the wheel(s) whose tyre parameters are estimated can
be selected arbitrarily as long as there is enough total torque left over for the motion
control. The constraints in maximum driving torque, braking torque and the maximum
change speed must also be considered.

Examples of easy to generate torque estimation signals are: Saw-tooth, sine and
square wave. Details of the torque estimation signal such as shape, amplitude and peri-
odicity should be based on the requirements of the tyre parameter estimator.

The saw-tooth wave and the sine wave are suitable for estimators that require exci-
tation of the input torque to the wheel, for instance the least squares method and the
Kalman filter based on the models (10) and (11). The square wave is suitable for the
Kalman filter based on the models (7) and (8).

3.4 Overall control

The choice of control structure for the tasks outlined in section 3.2 and section 3.3 is
a PI-controller in combination with feed forward control to compensate for the torque
estimation signals to the wheels whose parameters are estimated.

In this context, the torque estimation signals can be interpreted as measurable dis-
turbances that can be used in the feed forward controller in combination with the PI
controller for the control of the actual velocity.

The computer algorithm, also shown as a block diagram in figure 1, in each sampling
instant for the PI control, the feed forward control and the torque estimation signal is
as follows (for the sake of simplicity limitations in torques and change speeds are not
considered)
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• Run the PI-controller, the output is the total torque TPI for the drive speed of the
vehicle,

• Determine the torque estimation signals TES1, TES2, TES3, TES4 for the wheels
whose tyre parameters are estimated. The subscript 1-4 denotes the wheel identity,

• Determine the feed forward torque TFF = − (TES1 + TES2 + TES3 + TES4),

• Calculate the motion control torque TMC = TPI + TFF ,

• Distribute the motion control torque TMC to the wheels, (TMC1, TMC2, TMC3, TMC4) =
TDfunc(TMC), where TDfunc is the torque distribution function that fulfils TMC =
(TMC1 + TMC2 + TMC3 + TMC4),

• Calculate the reference torques to each drive, TDR1 = TMC1+TES1, TDR2 = TMC2+
TES2, TDR3 = TMC3 + TES3, TDR4 = TMC4 + TES4.

Figure 2: The figure shows a block diagram representation of the controller structure, where
subscript i represent the wheel identity.

The control of some combinations of torque estimation signals is exemplified below.

1-wheel estimation

Assume that only the tyre parameters of wheel �1 should be estimated, then TES2 =
TES3 = TES4 = 0, TFF = −TES1 and a possible distribution of the motion control is
TMC1 = 0, TMC2 = TMC3 = TMC4 = (TPI + TFF )/3.

The reference torques to the drives are TDR1 = TES1, TDR2 = TDR3 = TDR4 =
(TPI + TFF )/3.

2-wheel estimation

Assume that the task is to estimate the tyre parameters of diagonal wheels, for instance
the front left wheel (#1) and the right rear wheel (#4). Then it is possible to choose
TMC1 = TMC4 = 0 and TES1 = −TES4 = TES which gives TFF = 0 since TES1 + TES2 +
TES3 + TES4 = 0.
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A possible choice for the motion control is TMC2 = TMC3 = TPI/2.

This result in TDR1 = TES, TDR2 = TPI/2, TDR3 = TPI/2, TDR4 = −TES.

4-wheel estimation

If the tyre parameters of all wheels should be estimated at the same time, it is possible
to use the same torque estimation signal for all wheels, except the sign is changed for
two of them. For example TES1 = TES2 = −TES3 = −TES4 = TES.

The resulting feed forward torque is zero and the requirement, TMC1 = TMC2 =
TMC3 = TMC4 = TPI/4, is fulfilled.

The reference torques to the drives are TDR1 = TPI/4 + TES, TDR2 = TPI/4 + TES,
TDR3 = TPI/4− TES, TDR4 = TPI/4− TES.

4 ArtiTRAX

ArtiTRAX is a 240 kg articulated vehicle with 24 V electric DC-motors. ArtiTRAX
consists of two TRAX wheelchairs from the Swedish company Permobil, see figure 3.
The small wheel in the rear is the measuring wheel used to measure the actual veloc-
ity. Holders for weightlifting weights are placed above each wheel making it possible to
change the static normal load in a controlled manner. ArtiTRAX is developed at Lule?
University of Technology in collaboration with Volvo Construction Equipment.

Many construction machines are articulated, for instance haulers and wheel load-
ers. ArtiTRAX is considered to be a downscaled version of such a vehicle in many test
scenarios, which make it suitable to perform initial tests on.

The two TRAX units are connected with a joint and thereby making ArtiTRAX
articulated. The joint angle is controlled with an electric motor connected to the joint
via a chain. Each wheel has its own 500 W motor. The motor is connected to the wheel
axle via a gearbox. The gearbox reduces the rotational speed of the motor 18 times. The
controls of the motors are done in an on-board PC104 computer that sends the control
reference values over a CAN bus to the drive electronic units of each motor. The drive
electronic units control the motor currents.

ArtiTRAX is equipped with various sensors, the ones relevant for this paper are;
encoders that measure the rotational angle and velocity of the motors, encoder that
measure the rotational angle and velocity of the measuring wheel and integrated sensors
of the drive electronics that measures the motor currents. All five encoders are of the
same type, an absolute encoder with a 12-bit single turn and 12-bit multi turn resolution.

The input to a drive electronic unit is a reference value for the motor current. The
four units control the motor currents with high accuracy.

The distance from the articulation joint to the front wheel axis and the rear wheel
axis is 0.62 meters. The distance between the wheels on the same axis is 0.63 meter. The
static wheel radius is approximately 0.21 meters. The circumference of the measuring
wheel is 0.5 meter.
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Figure 3: The articulated vehicle ArtiTRAX during a test at the Arcus arena in Lule?, Sweden.

5 Test results

The results presented in this section are based on tests with ArtiTRAX in an in-door
gymnasium with a high friction carpet. The same gymnasium has been used in all tests,
which means that the ground characteristics have been the same. ArtiTRAX has been
“warmed up” according to a certain procedure before tests with the aim to have steady-
state working temperature during the tests.

A linear relation is assumed between the input torque (to the wheel) and the motor
current during steady state driving. The linear relation can be used in an ideal case. It
is important to note that comparison of estimates from different methods can be done
even if the ideal case does not hold, since the estimates are based on the same data sets.
It is also important to note that the focus of this paper is on the method that we propose
and not on the absolute accuracy of the tyre parameter estimates.

Three weight distributions on the front axle and the rear axle has been used in the
tests. The static front axle weight and rear axle weight for these cases is specified in
table 1.

Table 1: The weight distributions used in the tests between the front axle (F) and the rear axle
(R)

Axle F/R 80/0 F/R 60/20 F/R 0/80

Front 180 kg 160 kg 100 kg
Rear 140 kg 160 kg 220 kg
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If nothing else is stated, the weight distribution is 60 kg on the front axle and 20 kg
on the rear axle and the reference value for the actual velocity is 1.0 m/s.

Figure 4: Two test runs, one run with feed forward control turned on (FF on) and one run with
feed forward control turned off (FF off).

The total motion control current (TMC) and the motor current estimation signal of
the front left wheel (TES1) during two runs are shown in the upper plot in figure 4. The
corresponding actual velocities are shown in the lower plot.

The feed forward control was turned on in one of the runs shown in figure 4 and
turned off in the other run. If the feed forward control is not used in the controller, the
actual velocity oscillates causing a transfer of load between the front axle and the rear
axle during the estimation phase of the tyre parameters.

Figure 5 shows least squares estimates of the rolling radius in driven mode and the
tyre longitudinal elasticity factor of the front left wheel from 25 runs with feed forward
control turned on and 25 runs with feed forward control turned off.

It is clear from the figure that, on average, the estimate of the tyre longitudinal
elasticity factor is larger when the actual velocity varies. This is the case when the feed
forward control is turned off.

Figure 6 shows the controller signals TES1,TES2,TMC and the actual velocity during a
2-wheel estimation test run when the tyre parameters of the front left wheel and the rear
right wheel are estimated. The front right wheel and the rear left wheel are used for the
motion control.

Figure 7 shows the controller signals TDR1, TDR2, TDR3, TDR4 and the actual velocity
during a 4-wheel estimation test run, in this case using sine wave shaped motor current
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Figure 5: Tyre parameter estimates from two sets of 25 repetitive runs each.

Figure 6: 2-wheel estimation test run.

estimation signals.

During 4-wheel estimation, the tyre parameters of all wheels are estimated at the
same time. All wheels are also used for the motion control. Because of this combination,
the amplitude of the estimation signal had to be limited to be less than the maximum
current for each drive motor (23 A), otherwise the actual velocity would have been zero.

The upper plot in figure 8 shows the motor current estimation signal. The lower plot
shows the estimates of the rolling radius based on the two Kalman filter based methods
discussed in section 2.3.1. The raw data, which is the quotient of the actual velocity of
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Figure 7: 4-wheel estimation test run.

Figure 8: Test run to compare the Kalman filter based estimation methods.

the wheel and the rotational velocity of the wheel, can also be seen in the lower plot.
The actual velocity was 0.5 m/s during the test.

The Kalman filter that estimates the rolling radius in driven mode and the tyre longi-
tudinal elasticity factor, KF1, is updated during the first 30 seconds when the estimation
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signal is saw tooth shaped. The filter is not updated during the periods that follow when
the estimation signal is square wave shaped due to poor excitation.

The Kalman filter that estimates the rolling radius directly, KF2, estimates the rolling
radius over the whole period but the covariance matrix, P (t), of the states - see section
2.3.1 - is re-initiated to high values of the diagonal elements (and zeros to the off-diagonal
elements) at time 0, 30, 45 and 60 seconds in order to make the filter adjust to new
steady-state conditions.

From the lower plot in figure 8, it is clear that the Kalman filter that estimates
the rolling radius directly is too slow to follow the saw tooth shaped variations in the
estimation signal, but when it is re-initiated at the start of the periods with constant
motor current, it finds a close to constant estimate of the rolling radius during each
period.

The rolling radius estimate in driven mode is almost the same for both filters (30 to
45 seconds), but the estimate differs when the motor current is ± 23 A (45 to 75 seconds).
Note that the KF2 estimates converge to steady state values within approximately five
seconds, implying that the period time could have been reduced. The tuning parameters
of the filter are specified in table 2.

Table 2: The table specifies the tuning parameters of the two Kalman filters. Note that the
covariance matrix of the KF2 filter is reset to the value of P(0) at time 30, 45 and 60 seconds
in the test

Kalman filter Q R P(0)

KF1

(
10−10 0
0 10−10

)
10−1

(
103 0
0 103

)
KF2

(
10−4 0
0 10−4

)
10−1

(
103 0
0 103

)

Table 3 shows the estimate of the rolling radius in driven mode and the tyre longitu-
dinal elasticity factor from nine runs. For KF2, the estimate is based on the final values
during each period with constant excitation signal that gives

r̂0w = r̂w(45
−) (24)

λ̂w =
r̂w (75−)− r̂w (60−)
Im (60−)− Im (75−)

(25)

where 45−, 60− and 75− denotes the last value during the period when the motor
current is zero, +23 and -23 A respectively. Im is the motor current. For comparison,
tyre parameter estimates based on the mean value during each period is included in table
3.



5. Test results 67

The mean value parameters in table 3 has been calculated according to (25) and (26)
with

r̂w
(
45−

)
=

(
Vx({t ∈ R|30 < t < 45})
ωw({t ∈ R|30 < t < 45})

)
,

r̂w
(
60−

)
=

(
Vx({t ∈ R|45 < t < 60})
ωw({t ∈ R|45 < t < 60})

)
,

r̂w
(
75−

)
=

(
Vx({t ∈ R|60 < t < 75})
ωw({t ∈ R|60 < t < 75})

)
.

Table 3: Summary of the tested methods estimated parameter values
F/R Run KF1 KF2 Mean KF1 KF2 Mean

r̂0w r̂0w r̂0w λ̂w10
−5 λ̂w10

−5 λ̂w10
−5

#1 0.2003 0.2003 0.2006 12.7 9.9 10.6
80/00 #2 0.2003 0.2003 0.1998 14.3 9.8 9.9

#3 0.2004 0.2002 0.2012 10.9 9.8 9.8
#1 0.2012 0.2013 0.2008 16.3 10.6 10.8

60/20 #2 0.2014 0.2013 0.2019 11.5 10.4 10.3
#3 0.2012 0.2014 0.2013 13.7 10.2 10.7
#1 0.2051 0.2051 0.2052 19.4 15.3 15.8

00/80 #2 0.2050 0.2050 0.2051 14.9 14.9 15.6
#3 0.2051 0.2049 0.2051 19.6 15.8 16.4

It is clear from table 3 that both Kalman filter methods has little variation in the
estimate of the rolling radius in driven mode and both methods gives almost the same
results. The estimator based on the mean value has larger variations in the estimation
of the rolling radius in driven mode for the distributions 80/00 and 60/20 of the extra
weight. The estimation of the rolling radius in driven mode for the 00/80 distribution of
the extra weight is almost the same for all three methods.

The Kalman filter methods differ in the estimate of the tyre longitudinal elasticity
factor. KF1 estimates are larger than KF2 estimates and tends to vary more. The
estimate of the tyre longitudinal elasticity factor based on the mean value is close to the
corresponding KF2 estimate.

All methods results in estimates that are dependent on the load, the more load the
lower estimate of the rolling radius in driven mode as well as lower estimate of the tyre
longitudinal elasticity factor.

Figure 9 shows the raw data as a function of the motor current during a test run
together with the least squares and Kalman filter estimates of the rolling radius. The
motor current estimation signal was saw tooth shaped during the test.
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Figure 9: Test run to compare the Kalman filter based estimation methods with least squares
estimate of the rolling radius.

The KF1 estimate converges to the off-line least squares estimate as time goes by
which is not the case or the KF2 estimate. The quotient of the process noise covariance,
Q(t), and the measurement noise covariance, R(t), of KF2 was tuned to get the filter
response fast to be able to estimate the rolling radius when the estimation signal is not
periodically constant. As is clear from the figure, the KF1 method gives a better estimate
of the rolling radius compared to the KF2 method when the estimation signal is saw tooth
shaped.

6 Discussion

We have introduced a tyre parameter estimation method that minimizes the influence
that load transfer has on the tyre parameters. This is achieved by using a controller that
strives to keep a constant actual velocity of the vehicle during the estimation phase.

Load transfer between the front axle and the rear axle occurs when the vehicle ac-
celerates and decelerates. Changes occur in the rolling radius in driven mode and the
tyre longitudinal elasticity factor if the load on the wheel is changed. This introduces
disturbances in tyre parameter estimates.

The dependency of the load on the tyre parameter estimates has been verified in tests.
It is therefore important to stress that the proposed method results in little transfer of
load between the front axle and the rear axle since the acceleration and the deceleration
of the vehicle is close to zero during the estimation phase.

By using a model that relates the input torque to the wheel to the rolling radius via
the estimated parameters during non-sliding conditions, the slip can be calculated and
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controlled in a traction control system.
The method was tested in-door in a gymnasium using ArtiTRAX, a 240 kg articulated

vehicle carrying 80 kg of extra weight in three different axle load configurations. This
implies good control of the load distribution and small variation in variables that influence
the tyres such as temperature, ground characteristics, etc. during the tests.

The focus of this paper is on the proposed method and not on the result in terms of
accuracy of the estimated tyre parameters. The next step of the future work includes
mapping of the motors in the rig, as seen in figure 1, in order to study the accuracy.
We are also planning to repeat the tests outdoor first with ArtiTRAX, and then later
using a bigger vehicle with big tyres such as the wheel loader. This requires the use of an
alternative sensor to measure the actual velocity compared to the measuring wheel used
in the in-door tests. The plan is to use a combination of GPS and an inertial navigation
system (INS). The occurrence of load transfer is expected in the case of a wheel loader
even though the actual velocity is constant, since the vertical stiffness of the tyres are
relatively low compared to the stiffness of the suspension which might result in a bouncing
behaviour during steady state driving. This phenomenon must be addressed. It is also
expected that the input torques to the wheels of a loader can be of such magnitude that
the non-linear parts of torque — rolling radius relation has to be considered. Torque
distribution between wheels and axles with focus on energy efficiency is an interesting
topic that can be explored in future work.
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