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Abstract

In vehicles with electric transmission and independent wheel stations, it is pos-
sible to have a possibility to control propulsion, steering and suspension individ-
ually for each wheel. This makes it possible to improve mobility, performance
and driving safety. The long term goal of this work is to develop a method
that can evaluate and improve the mobility of such vehicles in terrain. This
contribution concerns how a six wheeled electric transmission vehicle should
be modelled to enable evaluation of the dynamic behaviour in different type
of terrain. This is made by combining modelling of vehicle, transmission and
tire-terrain behaviour.

Ackermann steering on six-wheeled vehicles is possible to achieve in several
ways by steering on different pair of wheels. The steering system has several
contradicting demands such as volume saving wheel houses, few actuators, small
turning diameter and fast lateral acceleration response. Fast lateral acceleration
response is important at high velocity, while a low turning diameter is desired
at low velocity. Three different steering methods are considered: (a) steering on
front and rear wheels, (b) steering on front and middle wheels and (c) steering
only on the front wheels. The steering methods are evaluated by simulating
J-turn manoeuvres using a vehicle model with 15 degrees of freedom. To ensure
the validity of the findings, a detailed vehicle model that includes the actual
geometry of the suspension is developed.

A steering method using method (a) at low speeds with a gradually transition
to method (c) as the velocity increases is suggested. The suggested method is
shown to get satisfactory results for both the simple and the detailed vehicle
model during the chosen manoeuvres.

For wheeled vehicles an electric transmission with hub motors provides the
ability to accurately control the torque on every wheel independently, giving a
great ability to improve both mobility in terrain and vehicle behaviour on road.
In this work the components of a diesel-electric powertrain for off-road vehicles
are modelled and a control layout with the possibility to include functions for
improved performance both while driving off- and on-road is proposed.



II

To handle driving on soft ground, a tire/terrain model is needed. The model
should include lateral deformation in order to be able to steer. A tire/terrain
model is derived based on the ideas of Wong and Reece. The terrain character-
istics are chosen to be described by parameters according to the Bekker model,
since this data are widely available in literature.

The developed tire/terrain model has been implemented together with a vehicle
model. This terrain vehicle model is shown to be able to estimate sinkage,
rolling resistance, traction force and steering characteristics, of a six wheeled
terrain vehicle using electric transmission.

To conclude, models of a six-wheeled vehicle with electric transmission and tire
models both for soft and rigid ground have been developed. These models form
a simulation platform, which makes it possible to evaluate control strategies for
the electric transmission with the purpose to improve mobility.
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Chapter 1

Background

1.1 Objectives

Development of hybrid electric vehicles is very complex and methods for speed-
ing up the development process are therefore needed. To be able to predict
and understand effects of different design solutions on vehicle performance, dy-
namic models of the vehicle and the environment need to be developed. The
dynamic vehicle model is important for simulation of handling characteristics
in different situations, and it is also crucial for the development of control laws
for vehicle subsystems. The dynamic vehicle model will also be invaluable as a
test bed for a variety of vehicle operating strategies. The importance of simu-
lation is increasing with the frequent appearing non-linear properties of vehicle
components. There are more possibilities to control the propulsion in a vehicle
with an electric transmission compared to a vehicle with conventional internal
combustion engine and mechanical transmission. With independent wheel sta-
tions with in hub electric motors it is possible to control propulsion, steering
and suspension individually for each wheel, which makes it possible to improve
mobility, performance and driving safety. This work focuses on modelling of
driving dynamics aspects of a six wheeled electric transmission vehicle, and the
long term goal is to develop a method that can evaluate the mobility in ter-
rain. This is made by combining modelling of vehicle, transmission and terrain
behaviour.
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1.2 Research problem

The overall research area is the following:

• How can control of the driving dynamics of hybrid electric vehicles be
used in order to enhance the cross-country specific functionalities that
affect the mobility in terrain?

The specific research question for this thesis work is the following:

• How can a six wheeled electric transmission vehicle be modelled in order
to enable evaluation of the dynamic behaviour in different type of terrain?

1.3 Outline of thesis

The main content of this thesis is presented in the appended papers:

Paper A: O. Noréus. Six-wheeled vehicle steering. In Proceedings of the
15th International Conference of the ISTVS. Hayama, Japan
September 25–29, 2005.

Paper B: O. Noréus. Simulation of electric transmission for off-road
vehicle. In Proceedings of the 15th International Conference of
the ISTVS. Hayama, Japan September 25–29, 2005.

Paper C: O. Noréus. Tire/terrain models for simulating six-wheeled
vehicle on soft ground. In Proceedings of the 10th European
Conference of the ISTVS. Budapest, Hungary October 3–6,
2006.

In addition to these papers, this thesis has a main body to give the reader an
introduction to the subject, and more thoroughly present result from performed
simulations. The main body is divided into 7 chapters, where the present section
describes the thesis background. Chapter 2 gives an introduction on terrain
vehicles. The work on vehicle modelling and tire/terrain models is presented in
Chapter 3. Simulation results are presented in Chapter 4 and appended papers
are discussed in Chapter 5. Chapter 6 contains conclusions of this work, and
finally are the ideas for future work presented in Chapter 7.



Chapter 2

Terrain vehicles

2.1 Tracked vehicles

In order to be able to drive a vehicle off-road, the vehicles need higher ground
clearance and lower ground pressure than ordinary road vehicles. The higher
ground clearance is needed when climbing over obstacles and when running in
deep snow to get the wheels down to firm ground to get grip. When driving
on soft ground the lower ground pressure is needed to avoid sinking down and
getting stuck. Tracked vehicles provide low ground pressure and have great
mobility on soft terrain. They may be able to travel both over snow and marsh-
land. Tracked vehicles with two tracks are skid-steered, i.e. in order to turn,
the outer track is driven faster than the inner track. There are also two car
articulated vehicles with four tracks. When driving on roads, tracked vehicles
will have larger rolling resistance and the terrain tracks will cause more noise
and vibrations than wheeled road vehicles.

2.2 Wheeled vehicles

When driving on soft terrain it is important to keep the ground pressure down
in order not to get stuck. On firm ground the ground pressure usually is not
that important, but most tires have an upper limit on the load they can carry.
Therefore it might be necessary to increase the number of wheels on heavy
vehicles as for example on some heavy buses and trucks. While the increased
numbers of wheels are reducing both the vertical load of the tires and the ground
pressure, they also contribute to the total weight of the vehicle. In particular
that is true for terrain vehicles where it is desired to be able to drive on all wheels
and more gear boxes and drive shafts or electric motors are needed. In order
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to get better obstacle climbing performance, wheeled terrain vehicles usually
have large and soft tires with terrain treads. Heavy off-road wheeled vehicles
often have six or eight wheels in order to distribute the load in order to avoid
exceeding the maximum tire load and get larger ground contact area. Wheeled
terrain vehicles can usually run in snow with depth up to the wheel radius and
on sand and soil as long as it is not too soft and climb over obstacles, but they
do not provide as good terrain mobility as tracked vehicles, e.g. they cannot
run over snow and on marshland. On the other hand, wheeled terrain vehicles
instead have much better performance on road, with lower rolling resistance,
less noise and vibration as well as better high-speed manoeuvrability. In order
to get reasonable good performance both on- and off-road, a six-wheeled vehicle
is chosen for this application.



Chapter 3

Modelling of six wheeled
vehicles and tire/terrain

interaction

The purpose of the vehicle is to move the vehicle body according to the driver’s
commands. In Figure 3.1 it is shown that the driver’s controls are the accelerator
pedal and the steering wheel. Usually a brake pedal is also an important control,
but it is not included in the model since both positive and negative torque can
be applied on the drive motors, thus braking can easily be simulated.

Following the energy flow, we start with the diesel engine, located in the upper
left corner of Figure 3.1, providing mechanic energy to the generator. In the
generator the mechanic energy is converted to electric energy. The alternating
current from the generator is rectified and then a power inverter is used to
feed the drive motor, which converts the electric energy to mechanic energy by
providing the wheel with a torque. The amount of torque is determined by
the control system, which uses the accelerator pedal as input. The wheel is
also affected by the steering wheel by applying a steering angle via the steering
system. As the wheel interacts with the terrain, the sinkage, slip and slip angle
give rise to forces and torque on the wheel. The position of the wheel and the
forces on it then give rise to torques and forces on the vehicle body via the
suspension system.

3.1 Vehicle model

The vehicle body is modelled as a rigid body with a coordinate system according
to Figure 3.2. As can be seen in the figure, x corresponds to longitudinal
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Figure 3.1: Schematic figure of the complete model. Depending on the vehicle, some of the
subsystems should be multiplied. The vehicle considered in this work contains six wheels with
drive motors and two diesel engines with generators.

position, y is lateral position, while z is vertical position. Yaw, pitch and roll
angles are represented by ψ, θ and ϕ respectively.

The complete vehicle model is shown in Figure 3.3. Each wheel has a mass and
inertia and is connected to the vehicle body by a spring and damper. Further-
more, they can rotate along their y-axis and are steerable along their z-axis.
This means that each wheel has three degrees of freedom. Since the vehicle
body has six degrees of freedom and there are six wheels, the complete model
has 24 degrees of freedom. The interaction between the tires and the ground are
illustrated by springs and dampers that are only active as the tire is sufficiently

ϕ

x

ψ

z
y

θ

Figure 3.2: Coordinate system.
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Figure 3.3: Complete model with springs and dampers.

close to the ground, i.e. they can only produce reaction forces in the positive
z-direction of the wheels as they are in contact with the ground.

In Paper A, where steering characteristics are in focus, the suspension is assumed
to be rigid and each pair of wheels are mechanically connected such that there
are only three parameters for determining the steering angles for all wheels.
That means that the model has 15 degrees of freedom in this case. The ground
is assumed to be rigid and in order to be able to simulate the load distribution
between different wheels the tires are assumed to be elastic, which is simulated
by dampers and springs that can only generate forces to lift the tires from the
ground, not pulling them down. In addition to that simplified vehicle model also
a detailed model with the complete suspension geometry is used for validation.

Since the focus in Paper B is to simulate the electric transmission and no steering
are considered, a simple one dimensional vehicle model is used, where only
Newton’s second law, rolling resistance and air resistance are included. That
means that the simplified vehicle model in this case only has one degree of
freedom.

In Paper C, which focus on tire/terrain modelling, the wheels are rigid in the
model for terrain simulations, which is a good approximation as long as the
ground pressure is lower than the pressure from the air in the tires and the tire
carcass. Since the terrain is elastic and the terrain models simulate forces in all
three dimensions, there is no need to have elasticity in the tires for simulation
reasons as in Paper A either. There is a spring and damper characterising each
wheel as in Figure 3.3. The front and rear pair of wheels are steered and each
pair of wheels are connected such that there are one steering angle parameter
for the front wheels and one steering angle parameter for the rear wheels. Thus,
the model has 20 degrees of freedom.
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3.2 Steering model

Steering is performed by applying a steering angle δ to the wheels. Skid steering,
i.e. steering by applying different torques to the wheels is not considered. How-
ever, on a six-wheeled vehicle steering can be done on different pair of wheels
and combinations of several pair of wheels and it is not clear which solution is
optimal.

The different approaches to achieve steering include:

• Skid steering

• Steering on front wheels

• Steering on front and intermediate wheels

• Steering on front and rear wheels

• Steering on all wheels.

The considered steering methods in Paper A are steering on front wheels, steer-
ing on front and intermediate wheels and steering on front and rear wheels. Skid
steering is not considered since it is assumed that a conventional steering sys-
tem is needed in order to get a vehicle that behaves and feels like conventional
wheeled vehicles and also for safety reasons since it is possible to use muscle
power to operate a conventional steering system if the power is lost. Steering
on all wheels is avoided since more actuators and large wheel housings would
be needed for all wheels. For more details on the modelling, see Paper A.

3.3 Model of electric transmission

For six-wheeled vehicles an electric transmission with in-hub motors is an in-
teresting alternative to conventional mechanical transmissions. Since a lot of
gearboxes and drive shafts are needed with a mechanical transmission in order
to get all wheel drive, the electric transmission is weight competitive and it
also makes it possible to get redundancy by using two diesel engines as power
sources in an uncomplicated manner. In the mobility perspective the electric
transmission is interesting since the torque can be controlled individually for
each wheel. No extra actuators or sensors are needed for the torque control
since this is an inherent quality of the electric transmission.

The electric transmission makes it possible to add an energy storage, e.g. bat-
teries or ultra capacitors to get a hybrid electric vehicle and be able to drive
silently with the diesel engines shut off and to use regenerative braking in order
not to waste the brake energy.
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Figure 3.4: Model for the complete system.

In Figure 3.4 the complete model, presented in Paper B, including one diesel
motor, a generator, DC-bus, traction motor and the vehicle represented by
an inertia, a rolling resistance and air resistance is shown. The control system
consists of a speed controller for the diesel engine, a generator controller, traction
motor controller and one main controller for the powertrain. There is no energy
storage except for the DC bus capacitance in this model, which means that it
is not possible to use more power than the diesel engine can produce.

The models derived in Paper B are not detailed, since the purpose is to use them
in vehicle dynamics simulation to get realistic boundaries for what the drive
motors can produce and to make it possible to simulate the control architecture.

The considered diesel-electric transmission consists of a diesel engine, generator,
rectifier, a DC link, converter and drive motor. The vehicles considered in this
work have two diesel engines with one generator each and there are six drive
motors on wheeled vehicles and at least two motors for tracked vehicles. For
simplicity only one diesel engine and one drive motor will be simulated. A
controlled rectifier will be considered and both the generator and drive motor
will be permanent magnet machines. For more details on the modelling, see
Paper B.

There are parallel hybrid electric vehicles with a mechanical drive shaft from
the engine to the wheels described in [1], but since there is no mechanical drive
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shaft between the diesel engine and the drive motor in the vehicle considered
here, it is close to a series hybrid vehicle described in [2] and [3], but it has no
energy storage.

3.4 Tire and terrain models

3.4.1 Rigid ground

Tire models for tires running on road assume that the ground is rigid and that
all deformation will take place in the tire structure. One example is the Dugoff
tire model used for example in [4] and Paper A. Most models are intended for
cars which have low deflections in the tires. A model that can handle large
deflections in off-road tires is developed by [5].

3.4.2 Soft ground

As long as the terrain is soft compared to the pressure in the tire, it is possible
to assume that the tire is rigid. This is true when the pressure from the tire
due to the inflation pressure and the carcass pressure is higher than the ground
pressure, which is further discussed in [6] and [7].

The ground pressure, σ, beneath the tire in the contact area can be derived from
relationships between sinkage and pressure, such as the relationship proposed
by Bekker,

σ =

(

kc

b
+ kφ

)

zn, (3.1)

where z is the sinkage, b is the dimension of the loading area, e.g. the width of
a rectangular plate or the radius of a circular plate, and kc and kφ are terrain
values with units depending on the terrain value n. This approach is described
in [7]. The terrain values can be determined with the Bevameter technique.
With a Bevameter two types of tests are performed, a normal pressure-sinkage
test and a shear test. In the normal pressure-sinkage test a plate is pressed
down and the pressure is measured as a function of the sinkage of the plate.
The shear test is performed with shear rings. Internal shearing is measured by
using grousers and external shearing by using a rubber coated shear ring. The
Bevameter technique is further described in [8].

Reece proposed an alternative to Equation 3.1 for the relationship between
sinkage and pressure,

σ = (k1 + k2b)
(z

b

)n

. (3.2)

A benefit with this relationship is that the units of the constants k1 and k2 are
independent of the value of n. The models developed in this work are derived
from this relationship.
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Figure 3.5: Model for driven wheel on soft ground.

The pressure under a rigid tire on soft ground can be described in a similar
way, but when the wheel is driven the highest pressure will not be where the
highest sinkage is. There will be two flow zones around the tire since the soil
in front of the wheel will flow forwards and the soil under the wheel will flow
backwards. The highest soil pressure will occur between these two flow zones.
Exactly where the maximum pressure will be located, θm, is depending on both
the type of soil and the slip. For sand, [9] give the expression

θm = θ0 (c1 + c2s) , (3.3)

where c1 and c2 are empirical constants depending on the type of terrain and
the slip is defined as

s = 1 −
v

rω
, (3.4)

where v is the velocity, r is the radius and ω is the angular speed of the tire.

A tire on soft ground is shown in Figure 3.5. The soil is deformed plastically
such that the level is lower after the wheel has passed. As the soil is compressed
a pressure is built up. In the front part of the ground contact area of the tire
the pressure will rise from zero at θ0 and increase to the maximum point θm.
It is assumed that the pressure is symmetric in the two parts of the contact
area with respect to the relative position in the areas. Therefore, the pressure
is expressed as

σ =

{

σ1, θ ≥ θm

σ2, θ < θm
, (3.5)
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Figure 3.6: The pressure distribution beneath the tire contact area for slip 0.1 (dotted line),
0.5 (dashed line) and 0.9 (solid line). In this case θ0 is set to be the same independently of
the slip and the vertical force due to the ground pressure will thereby be reduced as the slip
is increased.

where

σ1 = (k1 + k2b)
(r

b

)n

(cos θ − cos θ0)
n

σ2 = (k1 + k2b)
(r

b

)n
(

cos

(

θ0 −
θ

θm
(θ0 − θm)

)

− cos θ0

)n

according to [9].

Since σ1 is independent of s, the pressure distribution in the front of the maxi-
mum pressure position, i.e. the part of the tire where θ ≥ θm, is also independent
of s. However, θm and the pressure distribution in the rear part of the tire will
vary with the slip, which is shown in Figure 3.6.

According to [9] and [7] and originally proposed by [10], the shear stress around
the rim can be expressed as

τ (θ) = (c+ σ (θ) tanφ)
(

1 − e−j/K
)

. (3.6)

In order to handle lateral forces, the shear deformation along the soil-wheel
interface has to be handled both in the longitudinal and lateral direction of the
tire, i.e.

j =
√

j2s + j2y , (3.7)

where
js = r ((θ0 − θ) − (1 − s) (sin θ0 − sin θ)) , (3.8)
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Figure 3.7: Shear stresses beneath the tire contact area for s = 0.5, α = 0.2 rad. The
y-axis represents the width of the tire and the x-axis represents the longitudinal direction
of the contact area. Zero corresponds to the point below the wheel centre and in this case
θ0 = 0.5 rad.

according to [9] and

jy = vy
θ0 − θ

ω
. (3.9)

The radial ground pressure and the shear stress give rise to both vertical and
horizontal forces

N = rb

∫ θ0

0

σ (θ) cos θ + τs (θ) sin θ dθ (3.10)

Fx = rb

∫ θ0

0

τs (θ) cos θ − σ (θ) sin θ dθ, (3.11)

according to [9], while, due to the lateral shear stress, there is a lateral force

Fy = rb

∫ θ0

0

τy (θ) dθ. (3.12)

In Figure 3.7 the shear stresses in the soil-wheel interface are shown.

The edge effect on the deformation when soil is entering and leaving the soil-
wheel interface on the side of the tire is disregarded. The lateral force due to
bulldozing as the tire moves in the lateral direction described in [11] is also
ignored.

Due to the longitudinal shear force, there also will be a torque on the wheel,

T = r2b

∫ θ0

0

τs (θ) dθ. (3.13)
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Figure 3.8: Longitudinal and lateral forces when the slip is varied from 0 at the left part of
the lines to 1 at the lower right end of the lines at different steering angles.

In the simulations the torque in Equation 3.13 and the torques from the drive
motors are used in order to simulate the angular accelerations of the wheels.

Damping characteristics of the terrain is not included, which means that the
models are not suitable for transient simulations, or at least the results might
not be valid during transients.

By varying the slip it is possible to plot friction ellipses for different steering
angles. In Figure 3.8 parts of the friction ellipses are plotted for positive slips
and steering angles. Since the horizontal part of the ground pressure give rise
to a force in opposite direction of the tire movement, the rolling resistance is
inherent in the tire model and it is therefore included in the tire forces. That
is why there are negative longitudinal forces although the slip is never negative
in the figures. The slip is zero at the left parts of the lines and is increased to
one in the lower right end of the lines, where the lateral force is zero. When
the slip is low, the longitudinal force is negative, which means that the rolling
resistance is higher than the tractive force generated by the tire. The lateral
force is depending both on the slip angle, α, and the slip. A larger slip angle
generates a higher lateral force, but as the slip is increased to 1, the lateral force
always approaches 0.



Chapter 4

Simulation results

4.1 Studied cases

The purpose of the simulations performed is to use the steering models to find
out how to steer a six-wheeled vehicle, use the electric transmission to find out
the performance and robustness to faults in the system and to make sure that it
is possible to do dynamic simulations including steering manoeuvres using the
tire/terrain models. Since the steering characteristics is important both at high
and low speeds and the vehicle usually only drives fast on roads, tire models
for rigid ground were used during the steering simulations. When evaluating
the performance of the electric transmission the steering is not important and
therefore a simplified vehicle model is possible to use in order to get faster
simulations.

The following three different cases have been studied:

• Steering on flat, rigid ground

• Straight forward driving using electric transmission on flat, rigid ground

• Driving on flat, soft ground.

4.2 Steering strategies

In order to evaluate different steering methods, J-turns are performed. In this
way we get information about the transient behaviour at the start of the J-
turn and also the turning diameter by examining the complete turning path. A
steering strategy is then defined by combining different steering methods.
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Figure 4.1: J-turn with the three different steering methods (a) front and rear, (b) front
and middle and (c) only front wheels.

4.2.1 J-turn at constant speed

Paths resulting from the J-turn are shown in Figure 4.1, with the start of the
J-turn in Figure 4.2. The dashed line (c) corresponds to front wheel steering
alone, the dotted line (b) is used for steering on both front and middle wheels,
while the solid line (a) shows the path when rear wheel steering is used together
with front wheel steering. It can be seen that method (a) gives the shortest
turning diameter as expected, while the largest turning diameter is achieved for
method (b).

The fact that steering method (c) will give a shorter turning diameter than when
using method (b) might be a bit surprising. Consider using steering method (c)
while running the vehicle on only the front and rear wheels. Since the turning
centre will be on a line perpendicular to the rear wheels, the turning diameter
will be close to when using steering method (b). If we instead run the vehicle
on only front and intermediate wheels, the turning diameter will be close to
the turning diameter when using steering method (a), since the turning centre
in that case is on a line perpendicular to the intermediate wheels. However, if
we instead could run the vehicle only on the intermediate and rear wheels, the
vehicle would run straight ahead when using steering method (c). When the
location of the centre of gravity is in front of the middle wheels, the vehicle will
act a little bit more like when running only on the front and middle wheels.
Hence, the actual turning diameter depends on where the centre of gravity is
located.
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Figure 4.2: Start of J-turn for the three different steering methods (a) front and rear, (b)
front and middle and (c) only front wheels.

4.2.2 Combining steering methods for good performance
both at high and low velocities
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Figure 4.3: Lateral acceleration for 20◦ steering angle on the front wheels and different
steering angles on the rear wheels.

The three different steering methods evaluated so far have different character-
istics, but when considering both driving at high and low velocities, there is no
clear winner. Method (a) is the best choice when driving at low velocity, but the
vehicle will not be as stable as it could be at high speeds due to the high yaw rate
and slow lateral response. More reasons to avoid method (a) at high velocities
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Figure 4.4: Scaled rear wheel steering angle to achieve the desired lateral acceleration and
a fitted polynomial.

are the risk of overturning and that it probably is bad in case of skidding since
the slip angle for the rear wheels will increase when counter-steering. Since the
small turning diameter cannot be used at high velocities, a combination of two
different methods such that method (a) is used at low velocities and (b) or (c) at
high velocities would be good. Considering only steering performance, method
(b) seems to be the best choice. However, method (c) is not far from the same
performance, but requires no steering actuator on the intermediate wheels and
thus no space consuming wheel housings for steering. Thereby, a combination
of method (a) and (c) is suggested. In order to make the vehicle easy and safe to
drive, the transition between the two methods should be automatic and smooth.
The transition can be performed both by reducing the maximum allowed steer-
ing angle for the rear wheels as the velocity increases and keeping the same
steering angle on the rear wheels as on the front wheels up to that maximum
allowed angle, or by reducing the gain such that the rear wheels steering angle
is a smaller part of the front wheels steering angle as the velocity increases.
Since just reducing the maximum allowed steering angle for the rear wheels as
the velocity increases will lead to a highly non-linear response to the steering
wheel when that angle is reached, only reducing the gain are considered here.

The solid lines in Figure 4.3 show the lateral acceleration with a steering angle
of 20◦ on the front wheels. The rear wheel steering angle is 20◦ for the left
curve, 18◦ for the next one and reduced in steps of 3◦ down to 0◦ for the right
curve, i.e. the left curve represents steering method (a) and the right curve
represents steering method (c). Since the lateral acceleration is increasing with
speed, the lateral acceleration should be increasing with speed also during the
transition in order to get a smooth transition from (a) to (c). The dotted line
shows a linear increase of the lateral acceleration. By following that line during
the transition, the vehicle will use method (a) up to 10 km/h and method (c)
over 20 km/h.
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Figure 4.5: Lateral acceleration for different steering angles on the front wheels when the
rear wheel steering control is used.

By using the intersections in Figure 4.3 and scaling all data to the interval
[0, 1], it is seen in Figure 4.4 that the polynomial x2 − 2x+1 fits the data fairly
well. The gradient of the curve is greatest at speeds just above 10 km/h, which
means that with a constant longitudinal acceleration the rate of change of the
rear wheel steering angle will be fastest in the low velocity of the transition
region.

Figure 4.5 shows that the transition is close to linear for a constant positive
longitudinal acceleration, but there is a disturbance at 10 km/h due to the fast
change of the rear wheel steering angle there.

By extending the transition span to be between 10 km/h and 40 km/h with-
out changing the polynomial, Figure 4.6 shows that the transition is smooth.
The lateral acceleration does not increase linearly since the polynomial was not
changed, but that is not necessary. It is probably more important to let the
lateral acceleration increase smoothly. However, except at very low velocities,
under about 10 km/h, the rear wheel steering is unstable if it is moving freely
and will tend to turn the vehicle. Thus, it is necessary to make a compromise
between the transient problems when using a short transition span and the
safety issues when extending the span and use the rear wheel steering at higher
velocities. For safety reasons it might be necessary to lock the rear wheel steer-
ing in the centre position when running fast and therefore it is good to avoid
using the rear wheel steering at high velocities.

The vehicle path using the suggested transition when accelerating from 10 km/h
to 44 km/h during 80 s with a front wheel steering angle of 20◦ is shown in
Figure 4.7. The vehicle starts close to (0, 0) and as the velocity increases above
10 km/h the turning diameter increases with speed. This might feel a bit strange
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Figure 4.6: The lateral acceleration when extending the transition span up to 40 km/h.

to the driver, but with appropriate geared steering this should work. It is not
possible to turn as sharp at high velocities as it is at low velocities since the
frictional forces will not be enough and there is also a risk of overturning. On
conventional cars, the steering wheel has to be turned more than one revolution
in order to do a sharp turn at low velocity, while the steering wheel usually
not is turned that much at high velocities. With the suggested rear wheel
steering system, the maximum used steering wheel angle will not differ that
much between low and high velocities.

4.3 Driving using electric transmission

The focus in Paper B is simulation models for the electric transmission. The
simulated vehicle is assumed to have two diesel engines with generators and six
wheels with hub motors. For simplicity only one diesel engine, one generator
and one drive motor is simulated. The power consumed by the drive motor is
multiplied by 3 in order to get a realistic load on the generator and diesel engine
and the force produced by the drive motor is multiplied by 6 to get a realistic
simulation of the vehicle acceleration. The diesel engine has an inner friction in
order to make it possible to dissipate power, but apart from that no losses are
simulated, which means that the performance will be better in the simulations
than what can be expected in reality.
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Figure 4.7: The vehicle path when accelerating from 0 km/h to 44 km/h with a front wheel
steering angle of 20◦.

4.3.1 Acceleration and braking

Simulation results for a simulation with full acceleration, motor braking and a
short slow acceleration part are shown in Figure 4.8. When the accelerator pedal
is pressed, the diesel engine speed set point is increased by the powertrain main
controller and the diesel engine speed controller sets full throttle to increase the
speed. In the simulation the accelerator pedal is pressed before the DC bus is
charged and the generator controller will not charge the DC bus until the diesel
engine has reached the desired speed. The powertrain main controller also sets
a high torque command to the drive motor as the accelerator pedal is pressed,
but the drive motor will not produce full torque until the DC bus is charged.
This means that there is a delay before the drive motors will produce full torque
when the accelerator pedal is pressed, and this delay is depending on the diesel
engine dynamics.

During the acceleration the drive motor is limited by the maximum power and
the torque gets lower as the speed increases. After 30 s the vehicle has acceler-
ated to 100 km/h and the accelerator pedal is released. When the accelerator
pedal is released and the vehicle is running, the drive motor will brake elec-
trically in order to mimic engine braking on cars with mechanic transmissions.
However, the torque is low since only a limited amount of power can be dissi-
pated to the diesel engine. In order to keep the DC bus voltage within range,
the drive motor controller moderates the braking torque when the DC bus volt-
age is high. The generator controller tries to keep the voltage down by driving
the diesel engine, but only a limited amount of power can be dissipated without
overspeeding since the braking torque of the diesel engine is lower than what
can be provided when driving. The diesel engine is running at high speed when
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Figure 4.8: Gas pedal position, vehicle velocity, drive motor torque and drive motor electric
power.

braking, but it is not consuming any fuel since the engine throttle is 0. When
the vehicle stops after a little bit more than 80 s, no more power is dissipated.
The electric power both on the generator and the drive motor is 0, and the
engine throttle is increased in order to prevent the diesel engine from stalling
and keep the idle speed.

After 90 s the accelerator pedal position is increased such that the diesel engine
speeds up and the vehicle starts moving again. Now the maximum power at
the diesel engine speed set point is higher than the power needed by the drive
motors and thus the engine throttle position will not be at maximum.

4.3.2 Driving with reduced diesel engine performance

It is important that the control system is robust to reduced diesel engine perfor-
mance in order to make it possible to drive e.g. in case of turbo charger failure.
When the performance is reduced there is a risk that the maximum power the
diesel engine can deliver at the speed set point calculated from engine maps
by the powertrain main controller is lower than the demanded power. If the
generator puts too much load on the diesel engine, the speed will go down and
the maximum power it can deliver will be reduced even more. Eventually the
engine will stall if the generator power is not reduced.

In the simulation the diesel engine maximum power is reduced to be one half of
the normal power above 2000 r/min.

In order to handle that situation, the generator controller reduces the power to
the DC bus if the diesel engine speed deviates too much from the set point. That
means that the DC bus voltage will drop and the drive motor has to reduce the
power output in order to keep the DC bus voltage. Now the vehicle only reaches
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Figure 4.9: Gas pedal position, vehicle velocity, drive motor torque and drive motor electric
power with reduced performance on diesel engine.

about 60 km/h, which can be seen in Figure 4.9. Electrical braking works as
good as in the previous simulation since the possibility to dissipate power is not
affected. During the slow acceleration at the end of the simulation starting at
90 s, the diesel engine throttle is at maximum since the speed set point is too
low to make it possible to produce the desired power.

4.4 Driving on soft ground

When evaluating the developed tire/terrain model, the vehicle is chosen to be
run in a circle, according to Figure 4.10. A speed controller is used to determine
the torque of the wheels and the same torque is applied on all wheels. The
simulation results presented in Paper C are shown for the case when the vehicle
is run with the same steering angles, but with individual speed controllers for
each wheel. In that case the torques of the inner wheels will be higher than on
the outer wheels, which will counteract the steering and the circle will have a
larger diameter shown in Figure 4.11. The vehicle is initially placed with all tires
above the ground and with all steering angles set to zero. As the simulation is
started, the steering angles are increased to 20◦ and −20◦ for the front and rear
wheels respectively, in order to get a low turning diameter. At the same time,
a torque is applied on all wheels, thus the velocity of the vehicle is increased.
Figure 4.12 shows that the acceleration is high during the first seconds of the
simulation since a speed controller is used to control the torque of the wheels.

Figure 4.13 shows slip. The wheels achieve the desired speed of the controller
fairly fast, yielding a high slip while the vehicle is accelerating. Since the speed
controller is using the mean wheel speed as input and is applying the same
torque on all the wheels, the wheels with the lowest rolling resistance will rotate
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Figure 4.10: Vehicle path when turning on soft ground using both front and rear wheel
steering and equal torque on all wheels.

fastest. The centre of gravity of the vehicle is located in front of the intermediate
wheels and thereby he front wheels will have the highest load and the rear wheels
will have the lowest load. That means that the sinkage shown in Figure 4.14
is highest for the front wheels and lowest for the rear wheels and also that the
slip is highest on the rear wheels and lowest on the front wheels.

The slip of the wheels are similar on the left and right hand side of the vehi-
cle, but since the vehicle is doing a left turn, the right hand side wheels are
rotating faster and the power needed to drive them is higher, which is shown
in Figure 4.15. The highest power demand is for the rear right wheel since it
is on the outer side and has higher slip than the front and intermediate wheels.
The front and intermediate wheels on same side have similar power demands
although the slip is higher on the intermediate wheel. Probably that is due to
the fact that the intermediate wheel on each side has a slightly shorter wheel
path diameter than the front and rear wheels on the same side, which is shown
in Figure 4.16.
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Figure 4.11: Vehicle path when turning on soft ground using both front and rear wheel
steering. The torque of the wheels are determined by a speed controller.
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Figure 4.12: Vehicle speed when running in a circle on soft ground.
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Figure 4.13: Slip when accelerating and running in a circle on soft ground.
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Figure 4.14: Sinkage for each wheel when running on soft ground.
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Figure 4.15: Power for driving each wheel on soft ground.
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Figure 4.16: The intermediate wheel on each side has a slightly shorter path diameter than
the front and rear wheels on the same side.
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Chapter 5

Discussion of appended
papers

5.1 Paper A — Six wheeled vehicle steering

The presented vehicle model of 15 degrees of freedom can predict the main
steering characteristics for six-wheeled vehicles. It has the advantage that dur-
ing development of vehicle controllers the simulations start quickly giving a fast
feedback indicating if the controller works. When the controllers work satisfac-
torily well, the simple vehicle model can be exchanged for a slower but more
accurate vehicle model developed in ADAMS.

The coefficient of understeering can be derived from the equations of motion
for six-wheeled vehicles, but if it is done for small angles the predictions are not
relevant for large steering angles.

At low velocities steering on both front and rear wheels gives a short turn-
ing diameter with small steering angles and thereby also small wheel housings.
Steering on both front and intermediate wheels gives best performance at high
velocities, but steering only on the front wheels is almost as good. By control-
ling the rear wheel steering such that the rear steering angle is reduced as the
velocity increases, it is shown that it is possible to realise a steering system with
only two actuators, small wheel housings and acceptable performance both at
high and low velocities.
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5.2 Paper B — Simulation of electric transmis-

sion

The powertrain demands for a six-wheeled off-road vehicle are modelled, anal-
ysed and the desired characteristics of the drive motors are determined. Since a
high torque is desired at low speeds, a gearbox is probably needed for the drive
motors. Depending on chosen type of drive motor, a two-step gearbox might be
needed.

Simplified models for components in the electric transmission are developed,
which makes it possible to simulate and analyse the control architecture. A
straightforward and robust control layout is suggested.

Simulations show that the proposed control architecture can control the electric
transmission. Even if the diesel engine performance is reduced the controllers
will let it speed up in order to produce as much power as possible.

The simulated control strategy is not optimised for keeping the DC voltage
constant. On the other hand, it is robust and can handle uncontrolled loads on
the bus. Alternative control strategies are possible and there are methods that
are better suited if it is necessary to minimise the voltage variations on the DC
bus.

5.3 Paper C — Tire and terrain models

The purpose of the terrain models presented here is to be used for dynamic sim-
ulation of vehicle behaviour. It is also desired to be able to validate the models
by experiments. To get reasonable simulation times the models should not in-
clude complicated calculations, such as when using the finite element method
(FEM). Another important aspect is that it should be possible to measure the
terrain parameters where it is possible to drive a vehicle. The derived model
presented in Paper C fulfils most of these demands.

It is possible to measure the terrain values needed for the pressure sinkage
relationship in Equation 3.2 and for the shear stresses by using the Bevameter
technique described in [8]. However, additional parameters are needed in order
to predict the point of maximum pressure on the wheel. Thereby it is not
straightforward how to get all the terrain values needed to make simulations for
a terrain where a real vehicle is driven.



Chapter 6

Discussion and conclusions

Vehicle models, including tire models, for simulating driving on firm ground and
terrain models for simulating driving on soft ground have been developed. In
addition, models describing the dynamic behaviour of an electric transmission
are derived. This makes it possible to simulate the dynamic behaviour of a
six-wheeled vehicle both on- and off-road.

Using the models for firm ground, on which it is realistic to drive fast, steer-
ing strategies for driving at different velocities are proposed. It is shown that
the load distribution due to acceleration, deceleration and the position of the
centre of gravity (depending on the carried load) affects the steering properties.
Also, the tires are shown to affect the steering properties, which highlight the
importance of relevant tire data for off-road tires.

The purpose of the models for the electric transmission is mainly to get realistic
boundaries for available torque and power and relevant response times. There-
fore, these models are not detailed, but it is still possible to show that it is
possible to get robust control in the main control loops using simple controllers.

The developed models that describes the interaction between tire and terrain
are shown to be suitable for dynamic simulations, since they need a reasonable
low computational effort. Most of the parameters needed for the models are
also possible to measure with a Bevameter. Still, methods to measure the point
of the maximum pressure needs to be further developed.

Altogether, the developed models form a platform for simulating the dynamic
behaviour of a six-wheeled vehicle on both rigid and soft ground. When con-
sidering mobility, it is possible to simulate the effects of different torque distri-
butions on the wheels, which makes it possible to develop control strategies for
improved mobility in a simulated environment.
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Chapter 7

Recommendations to future
work

The developed models can be combined in order to simulate an electric trans-
mission terrain vehicle both on firm and soft ground. Thereby a platform is
available for simulating mobility in soft terrain, which makes it possible to de-
velop control methods for the electric transmission in order to improve mobility.

In order to be able to validate and further develop the tire and terrain interaction
models by making experiments on a real vehicle and compare with simulations
it is necessary to know the terrain parameters where the vehicle is driven. It is
possible to get most of the parameters from the Bevameter technique, but the
parameters for slip dependence are also needed. It might be possible to derive
relationships between these parameters and the parameters from the Bevameter
measurements by using known data.
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