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Abstract

This bachelor thesis presents the development and comparison of different traction
control concepts for a 12 ton walking excavator with the purpose of increasing
its climbing abilities, control and performance while driving through challenging
terrain. In order to reach this goal, different existing traction control strategies
have been studied and compared. Out of that, the Slip Minimization strategy
has been found to be the best possible strategy in order to improve the traction
behaviour of the excavator. As a first step to realise this approach, a quasi-static
excavator model has been developed and its functionality has been simulated with
a simple MATLAB script. This simulation shows reasonable results and validates
the performance of the derived model.
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Symbols

Symbols

Vw wheel speed

V vehicle speed

λ slip ratio

λ̇ slip ratio change

ε denominator parameter

µ friction coefficient

J inertia

ω wheel rotation

ω̇ wheel acceleration

M motor torque

r wheel radius

Fd driving / friction force

m vehicle mass

N normal force

Fdr driving resistance

κ controller gain

τ controller time constant

s frequency (in frequency domain)

Fm acceleration command (driver pedal)

ac curve gradient

Fair air resistance force

Fres rolling resistance force

Fz ground contract force

sslide sliding surface

η strictly positive constant

Ci constant coefficients

P plant

α relaxation factor

T traction force

Vi vector wheel-ground contact point to vehicle’s center of mass

Pi wheel-ground contact point

S vehicle’s center of mass

Fx, Fy forces acting on vehicle’s center of mass

Mz torque acting on vehicle’s chassis
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F vector of vehicle’s center of mass forces / torque

f vector of wheel-ground contact forces

γi wheel-ground contact angle for wheel i

G geometric matrix

Indices

w wheel

max maximum

0 operation point

d desired

x x axis

y y axis

z z axis

Acronyms and Abbreviations

ETH Eidgenössische Technische Hochschule

ASL Autonomous Systems Lab

KTI Kommission für Technologie und Innovation

GPS Global Positioning System

RLS Recursive Least Squares

SRE Slip Ratio Estimation

SRC Slip Ratio Control

PI Proportional-Integral

SMC Sliding-mode Control

FCE Friction Coefficient Estimation

MFC Model Following Control

UOT University of Tokyo

LPF Low-pass Filter

HPF High-pass Filter

MTTE Maximum Transmissible Torque Estimation



List of Figures

1.1 Menzi Muck’s walking excavator M545; Source: [1] . . . . . . . . . . 1

2.1 Magic formula µ− λ relationship; Source: [2] . . . . . . . . . . . . . 4
2.2 Longitudinal motion dynamics of a vehicle; Source: [3] . . . . . . . . 5
2.3 Overview different traction control strategies . . . . . . . . . . . . . 6
2.4 Block diagram of the SRC PI controller; Source: [4] . . . . . . . . . 7
2.5 Block diagram of the MFC feedback controller; Kp: MFC gain, P &

Pn: plants of vehicle and nominal model; Source: [5] . . . . . . . . . 10
2.6 Block diagram of the one-wheel vehicle model with magic formula;

Source: [3] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.7 Control system based on MTTE; Source: [3] . . . . . . . . . . . . . . 12

3.1 Model of the walking excavator . . . . . . . . . . . . . . . . . . . . . 16

4.1 Simulation results for all ground-contact angles; Excavator’s center
of mass in the middle between the wheels; Objective function for
minimization: T1/N1 . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.2 Simulation results for ground-contact angles γ1 = γ2; Excavator’s
center of mass in the middle between the two wheels; Objective func-
tion for minimization: T1/N1 . . . . . . . . . . . . . . . . . . . . . . 20

B.1 Simulation results for all ground-contact angles; Excavator’s center
of mass close to rear wheel; Objective function for minimization: T2/N2 32

B.2 Simulation results for ground-contact angles γ1 = γ2; Excavator’s
center of mass close to rear wheel; Objective function for minimiza-
tion: T2/N2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

B.3 Simulation results for all ground-contact angles; Excavator’s center
of mass close to front wheel; Objective function for minimization:
T2/N2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

B.4 Simulation results for ground-contact angles γ1 = γ2; Excavator’s
center of mass close to front wheel; Objective function for minimiza-
tion: T2/N2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

ix





List of Tables

2.1 Parameter list of the longitudinal motion equations; Source: [3] . . . 5
2.2 Different sensor types for vehicle speed estimation . . . . . . . . . . 6

xi





Chapter 1

Introduction

Walking excavators belong to one of the most versatile excavator types. This versa-
tility comes with the price of making these mobile construction site machines quite
complex due to many joints and degrees of freedom. They are developed for differ-
ent working tasks that require advanced mobility. Examples are excavating works
in hardly accessible areas like mountains and rivers. The object of research of this
work is the walking excavator M545 (depicted in figure 1.1)developed by the Swiss
excavator supplier Menzi Muck AG [6]. Detailed information about the structure
and the driving concept of this excavator can be found in [7].

Figure 1.1: Menzi Muck’s walking excavator M545; Source: [1]

The presented work is part of a KTI project of the Autonomous Systems Lab (ASL)
of ETH Zurich [8] and Menzi Muck AG. The project goal is to automate walking
excavators using control and optimization tools that were developed and tested with
legged robots. The shared vision is to enhance the intelligence of these machines
such that they can drive or walk on rough terrain autonomously or with little human
input.
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In the ongoing work of this project, force control tools have been developed that
allow to actively adapt the chassis as a function of the terrain. This has the purpose
of optimizing the ground reaction force distribution for better stability, less terrain
damage and reduction of operation complexity. Detailed information can be found
in [9].
As a further step of the project, it is planned to increase the excavator’s maximum
reachable velocity in order to extend its applicability. As a first step to reach this
goal, different fast driving concepts have been developed and compared. The results
can be found in [7].
The walking excavator is conceived to do excavating work in hardly reachable places.
In order to that, it often has to drive over rough and challenging terrain. That is
why a good traction behaviour of the wheels is important. In the current excavator
version, there is the problem that it often starts to skid when it has to climb hills
with high inclinations and loose soil. Out of that, the goal of this bachelor thesis is
to do a first step towards improving the excavator’s traction behaviour in order to
improve its climbing abilities, control and performance. To reach this goal, different
traction control concepts have been studied and compared. It is omitted to itemize
these concepts in this introduction, as it will be explained in the progress of this
thesis.
The excavator gives a good basis to perform traction control, as the M545 type has
an all-wheel drive system, based on wheel hub drives (more in [7]). This leads to
the advantage that each wheel can be controlled separately.



Chapter 2

Traction Control Concepts

In this chapter, an overview of different traction control concepts will be given that
have been developed until now. First of all, an introduction regarding wheel slip and
longitudinal motion dynamics of a vehicle will be given in section 2.1. Afterwards,
the ideas of different traction control strategies and methods will be presented and
compared in the sections 2.2 and 2.3.
It is not the aim of this documentation to fully describe each single strategy com-
pletely. The intent is to give an overview and present the basic ideas of the today’s
existing traction control concepts.

2.1 Introduction

2.1.1 Slip Control

There are different factors that can be adjusted in order to improve the traction
behaviour of a vehicle. According to [10], the main factors that affect the traction
efficiency are the tire pressure, the vertical load of the vehicle’s wheels as well as
properties of tires and ground and their interaction. The main possibilities of im-
proving the traction behaviour therefore include slip control, dynamic vertical load
adjustment and automatic tyre pressure control. As the two last named methods
remain technically difficult, this thesis focuses on slip control.
Before we can start with the control of this parameter, we first have to understand
what it is. In general, wheel slip is defined as the difference between vehicle and
wheel velocities. To express this relation, the longitudinal slip ratio can be defined
as (according to [4]):

λ =
Vw − V

max(Vw, V, ε)
(2.1)

where Vw = ω · r is the wheel rotational speed (with wheel radius r and the angular
wheel speed ω) and V is the longitudinal vehicle speed. ε << 1 is included to ensure
that the denominator is never zero.
According to [11], slip occurs whenever a torque is applied to the wheel as it is
essential for the friction generation at the tire-road interface in order to move for-
ward. The steady-state correlation between slip ratio λ and friction coefficient µ
is depicted in figure 2.1. The relationship is plotted for different road conditions.
These curves are based on the magic formula (as called by many authors), which
expresses the µ - λ relationship. Further details can be found in [12]. Slip above the
optimum value µmax, which strongly depends on the tire-road interface, will lead
to reduced friction force and therefore reduced traction of the wheel.

3



Chapter 2. Traction Control Concepts 4

Figure 2.1: Magic formula µ− λ relationship; Source: [2]

Basic Requirements of a Slip Controller

The primary goal of slip control is therefore to modulate a control parameter (such
as wheel torque or velocity) in a way that the friction force at the wheel maintains
a maximum value according to the magic formula relationship. This will increase
the controllability of the vehicle by avoiding slip. The control parameter has to
be adjusted and updated while driving, e.g. online, as the road conditions - and
with it the optimal slip ratio - can change very quickly. It is important that in
”normal” operating conditions, where a torque is applied to the wheel which is less
than the limit of the traction, the controller should not interfere in order not to
limit the performance of the vehicle. Otherwise in critical situations, e.g. during
sudden acceleration or deceleration or on slippery road conditions, the controller
should limit wheel slip by adjusting the control parameter in the right way. Another
requirement is that the controller should be robust to changes in external conditions
because these conditions can change very quickly due to changes in velocity, soil
and road conditions.

2.1.2 Longitudinal Motion Dynamics

As several in the following section described traction control strategies are based
on the longitudinal motion of a vehicle, the equations of motion will quickly be
presented. This is done according to [3] and with the help of figure 2.2. The
description of the used symbols can be found in table 2.1.
In general, the longitudinal vehicle motion can be described with the following
equations:

Jwω̇ = M − rFd (2.2)

mV̇ = Fd − Fdr (2.3)

Vw = rω (2.4)

Fd(λ) = µN (2.5)
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Figure 2.2: Longitudinal motion dynamics of a vehicle; Source: [3]

Table 2.1: Parameter list of the longitudinal motion equations; Source: [3]

Symbol Definition

Jw wheel inertia
Vw wheel velocity
ω wheel rotation
M motor torque
r wheel radius
Fd driving / friction force
m vehicle mass
N normal force
V chassis / vehicle velocity
Fdr driving resistance
µ friction coefficient

2.2 Different Traction Control Strategies

Within the scope of this thesis, different traction control concepts have been studied
and compared. Figure 2.3 gives an overview of the in this section presented different
control strategies. The classification of the strategies is inspired by [13] and has been
extended and complemented by additional strategies, information and references.

2.2.1 Vehicle Speed Estimation

The designation Vehicle Speed Estimation names the ”conventional” slip control
strategy as it is often used for cars. It takes the approach of estimating the slip
ratio (as introduced in equation 2.1) by measuring the wheel and vehicle speed and
maintaining it at the optimal value by wheel speed control. This method has the
advantage that it is quite easy to implement and to control compared to the other
methods presented below, but it holds two basic problems. The first one is to obtain
an accurate value for vehicle speed to calculate the slip ratio. According to [13], the
simplest method to estimate the vehicle speed is to use position encoders on the
non-driven wheels. This is not possible when the vehicle has an all-wheel drive or
can brake with all wheels. Also, changes in tire rolling radius can cause additional
errors ([14]).
Another method to measure the vehicle speed is the direct estimation from sensors
mounted on the vehicle chassis. Different sensor types can be used in order to do
that. Some examples are named in table 2.2.
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Figure 2.3: Overview different traction control strategies

Table 2.2: Different sensor types for vehicle speed estimation

Sensor Type Problems Reference

Accelerometer
accuracy is affected by speed offset due to
long-time integral calculation

[4]

Optical sensors
robustness deteriorates over time due to dirt
& soil ingress

[3]

Magnetic marker
sensors

require a large change to road infrastructure [3]

GPS lost of signal in built up areas [15]

As can be seen in table 2.2, using each sensor on its own comes with problems
that prohibit receiving accurate results. That’s why sensor fusion methods have
been developed. They involve using signals from multiple sensors in combination
with filters to compute the required parameters with higher accuracy. In order
to estimate the vehicle speed, different strategies based on this method have been
developed. For example, Zhang et al. [16] use a Recursive Least Squares (RLS)
algorithm to estimate the vehicle speed from the wheel speed and an accelerometer
signal. Gustafsson et al. [17] do almost the same but with a Kalman filter instead of
RLS. By using a dynamic tire radius (radius changes during driving due to changing
soil conditions), the results have shown that the vehicle speed estimation accuracy
can be improved up to +/- 0.05 m/s.
Although an accurate vehicle speed value can be estimated by the help of sensor
fusion, there is still a second problem: selecting a suitable slip ratio. As shown
in section 2.1.1 the optimal slip ratio value is a function of the ground conditions.
Estimating these conditions is one of the main problems that have to be solved to
perform traction control. This deficit is attempted to be overcome by some of the
following strategies.
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2.2.2 Slip Ratio Estimation & Control

Slip Ratio Estimation

With the approach presented in this section, the slip ratio can be estimated without
knowledge of the vehicle speed. This has the advantage that one does not have to
worry about the accuracy of the vehicle speed and that less sensors have to be used
in comparison to the Vehicle Speed Estimation method. The idea of this method
will be explained based on the work of Fujii & Fujimoto [4]. It is based on the
following differential equation of the slip ratio:

λ̇ =
−ω̇
ω
λ+ (1 +

Jw
r2m

)
ω̇

ω
− M

r2mω
(2.6)

This equation is derived from the vehicle’s longitudinal motion equations presented
in section 2.1.2 and describes the slip ratio changes of one wheel during driving.
With exception of λ, all parameters are assumed to be known or can be calculated
from sensor signals, which means that the wheel speed ω and acceleration ω̇ have
to be measured or estimated. According to [13], the advantage of this Slip Ratio
Estimation (SRE) method is that these signals can be integrated from the wheel
speed encoder to calculate the slip. By doing this, the signal noise can be reduced
automatically.
The method has been tested experimentally with an electric vehicle during acceler-
ation by Fujii & Fujimoto [4] and during urgent braking by Suzuki & Fujimoto [18].
The SRE has been developed into a non-linear slip controller based on feedback
linearisation, which assumes a linearised relationship between slip and friction (will
be discussed in the next section). The results show that although the slip ratio
estimation is fast and accurate, the slip controller is only able to keep the slip ratio
at +/- 0.3 of its reference value. This improves the slip behaviour, but the friction
force will not be at its maximum value.
To conclude, one can say that this approach only improves the accuracy problem of
vehicle speed estimation (since this value does not have to be measured) but still
delivers no solution for the problem of varying road conditions. There is still no
possibility of selecting the optimal reference slip ratio while driving.

Slip Ratio Control

As mentioned above, the SRE can be combined with a Slip Ratio Control method
(SRC), which - as the name says - directly controls the slip ratio to achieve better
traction results. Papers like [4], [19] and [5] have used this controller type. Here
it will be presented according to the work of Fujii & Fujimoto [4], which uses a PI
controller that considers small variations of the slip ratio around a chosen operation
point. The structure of this controller can be found in figure 2.4.

Figure 2.4: Block diagram of the SRC PI controller; Source: [4]

In order to design the slip ratio controller, the non-linearity in the µ - λ relationship
should be linearised as follows:

∆λ = − 1

Vw0
∆V +

V0
V 2
w0

∆Vw (2.7)
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where Vw0 and V0 are the wheel and vehicle speed at the chosen operation point,
respectively. The gradient ac of the µ - λ curve (which for example could be the
magic formula presented in section 2.1.1) can be described by:

ac =
∆µ

∆λ
(2.8)

Using the equations which describe the longitudinal motion of a vehicle (see section
2.1.2) in combination with equation 2.7, the transfer function of ∆Fm (describing
the driver’s acceleration command) to ∆λ can be obtained:

∆λ

∆Fm
=

1− λ0
acNe

1

1 + τas
(2.9)

with the time constant

τa =
JnVw0

acNe
(2.10)

and the normal force Ne described by

1

Ne
=

1

N

m

Jn +m(1− λ0)
(2.11)

The vehicle can therefore be modelled as a first order system.

The PI controller can be unstable out of approximation errors. That is why Fujii &
Fujimoto [4] also developed a non-linear controller based on feedback linearisation.
Test results showed that this controller is more robust regarding modelling errors
but the controller’s reaction time is increased.

2.2.3 Sliding-mode Control

As the road conditions will always vary during driving and with it the tire-road
interface, there will always be an uncertainty in the estimation of the optimal friction
force in order to receive maximum traction in each driving situation. In order to
account for this, an alternative to choosing a static reference slip ratio based on the
peak friction coefficient predicted by the magic formula is the so-called Sliding-mode
Control (SMC) method. With this control strategy, the desired slip ratio can be
determined in real time and the received optimal value is taken directly as control
target. Road estimation is included in this method in order to obtain different
optimal slip ratios for different road conditions.
The method has been processed by authors like [2], [20], [21], [22], [23], [24], [25]
and [26]. In this thesis, the idea of this method will be explained according to the
information given by Xu et al. [26].
The SMC design can be derived by differentiating the wheel slip ratio in equation
2.1 with respect to the time. Considering the vehicle motion equations presented
in section 2.1.2, the wheel slip dynamic equation during acceleration is obtained:

λ̇ =
1

ω
{Fair
mr
− (1− λ)

Fresr

J
− [

Fz
mr

+ (1− λ)
Fzr

J
]µ+ (1− λ)

M

J
}

= f1(λ) + f2(λ)µ+ f3(λ)M (2.12)

where

f1(λ) =
1

ω
[
Fair
mr
− (1− λ)

Fresr

J
] (2.13)
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f2(λ) = − 1

ω
[
Fz
mr

+ (1− λ)
Fzr

J
] (2.14)

f3(λ) =
1

ω
(1− λ)

1

J
(2.15)

Fair, Fres and Fz are dynamic forces which act on the vehicle’s wheels during
driving. The non-linearities included in this system of equations are the slip ratio
definition, the µ - λ relationship and the functions f1(λ) and f2(λ). In the corre-
sponding paper [26], the authors focus on how to deal with the unknown friction
coefficient µ. To do so, the so-called sliding surface is defined as:

sslide = λ− λd (2.16)

where λd denotes the desired wheel slip. Thus, the sliding surface sslide can be
defined as the ”error” between the actual and the desired wheel slip, which we want
to minimize. When differentiating sslide and substituting it in the slip dynamic
equation, the following equation is received:

ṡslide = λ̇− λ̇d = f1(λ) + f2(λ)µ+ f3(λ)M − λ̇d (2.17)

With this information, the sliding condition can be found. Xu et al. [26] do this
with the following inequalities:

1

2

d

dt
s2slide ≤ −η|sslide| or ṡslide ≤ −η · sgn(sslide) (2.18)

where η is a strictly positive constant that depends on the vehicle’s operating con-
ditions and has to be figured out experimentally.
One problem of this approach is that chattering can occur during the driving opera-
tion. In order to avoid this, a continuous approximation of the sliding condition has
to be used. This can be done by using a saturation function for the boundary layer
instead of the sign function. By implementing this into equation 2.18 and solving
it for the controller output torque M , the new equation looks as follows:

M = [−f1(λ)− f2(λ)µ+ λ̇d − η · sat(
sslide
ψ

)]/f3(λ) (2.19)

where ψ is the boundary layer width which has to be chosen according to the
frequency range for the corresponding dynamics. The received equation describes
the motor torque that have to be applied to the wheel in order to avoid slip.
There are also alternatives how chattering can be avoided. For example, Harifi et
al. [24] define integral switching surfaces which integrate λ instead of using a sign
function.

Friction Coefficient Estimation

Since the friction coefficient µ(λ) is varying with the slip ratio, this coefficient has
to be estimated. Xu et al. [26] do the estimator design with the help of the vehicle
equations of motion (see section 2.1.2). According to [26], the friction coefficient
can be obtained by dividing the driving force Fd by the normal force N . We get:

µ̂ =
F̂d
N

= − Jw
rN

ω̇ +
M

rN
(2.20)

As the estimator uses the first order derivative of the wheel rotation, a low pass
filter should be added in order to avoid higher frequency noise.
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Again, Harifi et al. [24] show an alternative to estimate this parameter. Their
proposal is to use a tire-friction model based on parameters measured offline. The
work provides the friction coefficient as a function of the wheel slip and the vehicle
velocity:

µ(λ, V ) = (C1(1− e−C2λ)− C3λ)e−C4λV (2.21)

where the constants Ci describe different properties of the µ-λ curve. Harifi et al.
[24] have measured the values of these constants for a wide selection of road condi-
tions.

The main advantage of this strategy is that it can keep the slip ratio at its desired
value even when the friction coefficient between the tire and the road is altered as
the vehicle moves over varying terrain. One drawback is that the measurement of
the vehicle speed is required (see [20]).

2.2.4 Model Following Control

In [19] and [5], the idea of the Model Following Control method (MFC) can be
found. The control strategy is developed and tested for the electric vehicle UOT
Electric March and compared to the Slip Ratio Control strategy in [19].
The structure of the MFC feedback controller can be seen in the block diagram in
figure 2.5.

Figure 2.5: Block diagram of the MFC feedback controller; Kp: MFC gain, P &
Pn: plants of vehicle and nominal model; Source: [5]

The parameter F ∗
m denotes the acceleration command, controlled by the acceleration

pedal of the vehicle driver.
The basic idea of this control strategy is that the complicated tire-road surface
characteristics can be decoupled from the vehicle dynamics by modelling the multi-
part vehicle as a single rigid body with equivalent inertia. This can be done by the
help of the slip ratio λ, defined by equation 2.1. The relationship concerning this
control idea is given by:

mactual = mw +m(1− λ) (2.22)

where mactual, mw and m are the total equivalent mass, the wheel mass and the
equivalent vehicle mass (where ”equivalent” means the equivalence of the mass to
the inertia), respectively. This equation basically means that the vehicle seems to
be lighter when λ (and so the wheel slip) increases. In other words, a rapid change
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of the wheel velocity is observed as a sudden drop of the inertia.
Hori [5] use mmodel = mw +m with λ = 0 as reference model (in figure 2.5 denoted
as ”nominal model”). When no slip occurs, mactual is similar to mmodel, which
means that no control signal has to be generated by the MFC controller. Equation
2.3 is used to estimate the inertia of the nominal model.
In order to control wheel slip, the idea is that if the tire starts to slip, the actual
wheel speed ω will increase quickly. However, the speed of the model will not
increase. Thus, the difference between the actual wheel speed and the model speed
can be fed back, and the controller can therefore react by reducing the motor torque,
hence suppressing a sudden drop of inertia and reducing slip.
Hori [5] claims in his work that this control function is only needed for relatively
high control frequencies. So they implemented a high-pass filter (HPF) into the
feedback control path in order to handle just the needed frequencies.
The advantage of the MFC strategy is that it only considers the dynamics of the
simplified system, avoiding the need to estimate slip or measure vehicle speed.

2.2.5 Maximum Transmissible Torque Estimation

The Maximum Transmissible Torque Estimation (MTTE) approach takes advantage
of the features of electric driving motors to estimate the maximum transmissible
output torque in order to avoid slip in real time, based on purely kinematic vehicle
relationships. The proposed controller is able to follow this estimated value directly
and constrains the torque reference in order to prevent slip. It uses the feedback
computed from a simplified vehicle model to provide a saturation limit for the torque
demand.
The only two parameters necessary to realize this prevention is the torque reference
and the wheel speed in order to estimate the maximum transmissible torque to the
specific road surface. This has the advantage that neither the chassis velocity nor
information about complex tire-road conditions nor slip estimation are required.
Several papers like [27], [28], [29], [30], [2] and [31] address this control strategy. In
this work, the strategy will be presented following Yin et al. [3]. For the description
of the longitudinal motion of the vehicle, the differential equations derived in section
2.1.2 are used. For the interrelationships between slip ratio and friction coefficient,
the magic formula presented in section 2.1.1 is used. The derived one-wheel vehicle
model can be seen in the block diagram in figure 2.6.

Figure 2.6: Block diagram of the one-wheel vehicle model with magic formula;
Source: [3]

As we have learned in section 2.1.1, the difference between the velocities of the
wheel and the chassis becomes larger as slip occurs. Together with the information
of the magic formula, this leads to the conclusion that in this case the acceleration
of the wheel becomes larger than that of the chassis as well. The basic idea of the
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here presented strategy is that the condition for slip prevention is therefore that
the acceleration of wheel and chassis have to be kept close together. Out of that,
an appropriate relationship between these two accelerations have been developed in
form of the following factor:

α =
V̇ ∗

V̇ ∗
w

=
(Fd − Fdr)/m

(Mmax − rFd)r/Jw
(2.23)

This relaxation factor α is used to define the ratio of chassis and wheel acceler-
ation V̇ ∗ and V̇ ∗

w , respectively. The values of this parameters do not have to be
measured as they can be expressed by the vehicle’s longitudinal motion equations
(see equation 2.23). In order to satisfy the condition that slip does not occur, α
should be close to one. Therefore, α = 1 is the no-slip condition of this approach.
We learn from this condition that for slip prevention, the maximum motor torque
Mmax must be reduced adaptively following the decrease of the friction force Fd as
the road becomes more slippery.
By solving equation 2.23 for Mmax and using the vehicle’s longitudinal motion equa-
tions derived in section 2.1.2, the maximum transmissible torque can be estimated
as:

Mmax = (
Jw
αmr2

+ 1)rFd (2.24)

where the friction force Fd acting on the wheel is

Fd =
M

r
− JwV̇w

r2
(2.25)

and can be concluded from the motion equations as well. These equations lead
to the conclusion that a by the tire-road condition given Fd only allows a certain
maximum wheel output torque as slip should not be increased.

Figure 2.7: Control system based on MTTE; Source: [3]

The proposed design of the MTTE controller can be seen in figure 2.7. The estima-
tor uses the measured values of the torque currently applied to the wheel as well as
the current wheel speed to estimate the friction force as described in equation 2.25.
In order to improve the wheel speed signal (e.g. generated by a shaft encoder) a
low-pass filter (LPF) is implemented to smooth thE signal for the following differ-
entiator. Another LPF is applied to the signal of M to keep the signals in phase.
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The dashed block in figure 2.7 which describes the relationship between M and
Vw is depicted in more details in figure 2.6. After a signal for Fd is derived, the
maximum transmissible torque can be estimated using equation 2.24. Afterwards,
a limiter realizes the torque control by limiting the torque output to the estimated
value of Mmax. The controller is therefore expected to just influence the system
when necessary. Therefore, the whole system can basically be seen as a disturbance
observer.

2.2.6 Slip Minimization Strategy

This strategy names a control concept presented by [32] and [33]. It is based on
wheel-ground contact angle measurement and a numerical slip minimization al-
gorithm. The greatest advantage is that it avoids relying on complex wheel-soil
interaction models. It requires the formulation of a holistic model of the vehicle for
optimized control of the wheel motor torques in order to minimize wheel slip. The
idea of this strategy is based on the following derivation:

In general, a wheel is balanced – which means that no slip will occur – if the following
inequality is fulfilled:

T ≤ µ0 ·N (2.26)

where T is the traction force (which is similar to the driving force Fd), µ0 is the
static friction coefficient and N is the normal force acting on the wheel. The traction
force directly depends on the motor torque in the following way:

T =
M

r
(2.27)

where M is the motor torque and r is the wheel radius.
In reality, it is very difficult to estimate µ0 as it depends on the kind of wheel-ground
interaction, which can change quickly while driving. Therefore, another way has to
be found in order to avoid wheel slip. For that, it is first assumed that the wheel
does not slip. It is then possible to calculate the forces T and N as a function of
the motor torque. Afterwards, the results can be optimized by minimizing the ratio
T/N . This ratio is similar to the friction coefficient as:

T

N
=
µn ·N
N

= µn (2.28)

By minimizing µn, the chances are optimized that this ratio is smaller than the real
friction coefficient µ0. If this is the case, no slip will occur.
As objective function of this optimization problem, the largest of all T/N ratios
of all wheels have to be chosen because the probability that slip occurs at the
corresponding wheel is the highest. The minimization is subject to constraints given
by a vehicle model based on force balance equations. By solving this problem, the
best possible torque distribution of all wheels in order to avoid slip is received.
Additional information about this strategy can be found in chapter 3.
The main advantage of this strategy is that the probability that slip will occur can
be minimized without knowing the real static friction coefficient.



Chapter 2. Traction Control Concepts 14

2.3 Summary

As the conventional method to control wheel slip, a strategy based on vehicle speed
estimation has been presented. As single sensors in order to estimate this value can
not deliver enough accuracy, sensor fusion approaches have been developed which
use a combination of several sensors and advanced filters to overcome this deficiency.
As an alternative, approaches have been derived that directly estimate the slip ratio
from its range of change and so avoid the measurement of the vehicle speed. This
strategy can be combined with the SRC method which controls the slip ratio using
a vehicle model based on longitudinal equations of motion. The disadvantage of
both of these methods is that they can only rely on a static relationship between
the slip ratio and the friction coefficient and so only one particular desired slip ratio
can be chosen. Since this ratio varies while driving, it is not possible to achieve
maximum traction forces all the time. That’s why the sliding-mode control method
has been developed. It can estimate the desired slip ratio in real time and takes it
directly as control target on different surfaces. It has to be combined with a friction
coefficient estimator. One has to be careful as chattering can occur with the use of
this technique. The Model Following Control strategy only considers the dynamics
of a system to make the slip ratio estimation redundant. It is based on the idea
that the vehicle body can be simplified to a single inertia system which becomes
”lighter” as the wheel slip increases. Another method based on a vehicle’s model
is the Maximum Transmissible Torque estimation strategy. The MTTE controller
limits the torque the motor can apply to the wheel in order to limit wheel slip. As
a last method, the idea of the Slip Minimization strategy has been presented. It is
based on wheel-ground contact angle measurement and uses numerical algorithms
in order to prevent slip before it occurs.
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Slip Minimization Strategy

As a result of the study and comparison of the different traction control concepts,
the slip minimization strategy has been found to be the best suited of all possible
solutions in order to control the traction behaviour of the walking excavator. In this
chapter, the reasons why this strategy has been chosen will be explained in section
3.1. Afterwards, a quasi-static model of the excavator and a simulation in order to
test this model will be presented in the sections 3.2 and 3.4. Section 3.3 describes
the needed minimization algorithm of the strategy in more details.

3.1 Advantages

The slip minimization strategy has been chosen out of the following reasons:
First of all, the approach avoids relying on complex wheel-soil interaction models,
whose parameters are generally unknown in challenging terrains. These parameters
are on one hand very difficult to estimate and on the other hand only valid for a
specific type of soil and vehicle conditions, which can change very quickly in reality.
Furthermore, the conventional slip control methods account neither for a kinematic
nor for a physical model. Out of that, the control parameters can just be updated
when slip already occurred and thus the system can react only with a certain time
delay. On the other hand, the slip minimization strategy targets to prevent slip
before it occurs. That leads to more efficient motion and robustness.
Within the ongoing work of this project, force control tools have been developed
that allow to actively adapt the excavator’s chassis as a function of the terrain. The
purpose of this is to optimize the ground reaction force distribution for better stabil-
ity, less terrain damage and operation complexity reduction (further information in
[9]). Out of that, it is possible to measure the forces acting on the excavator. This
implementation gives great advantages regarding the estimation of the parameters
that have to be measured in order to realize the slip minimization strategy on the
walking excavator.
Another reason for this choice is that the chosen strategy uses torques as control
parameters. In [33], torque control has been found to have a better performance
compared to velocity control in our case, as the terrain becomes more challenging.

3.2 Excavator Model

As we have seen in chapter 2.2.6, the parameters T and N have to be determined in
order to realize the slip minimization strategy. This determination requires a model
of the vehicle. As a first approach how such a model of the walking excavator can
look like, a planar, quasi-static model has been developed. This model is inspired

15
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Figure 3.1: Model of the walking excavator

by Iagnemma & Dubowsky [34], who developed the same model for a wheeled rover.
A planar system means that only forces in axial plane are considered. This is
because of simplification and illustrative reasons. The system is assumed to be
quasi-static, which means that all dynamic forces like forces due to acceleration, air
and friction resistance are neglected. Additionally it is assumed that each wheel is
in contact with the ground at one single point. This assumption is reasonable for
vehicles with rigid wheels moving on firm terrain (according to [34]).
The parameters needed for the model are displayed in figure 3.1. These are the
following ones:

� Vectors from the ground contact point to the excavator’s center of mass are
denoted by Vi = [V xi V yi ]T where i = 1, 2 indicates the left or the right
wheel, respectively. These vectors are expressed in the corresponding local
coordinate system

{
xi yi zi

}
fixed at the ground-contact points Pi. xi

points tangential to the wheel-ground contact plane on which the correspond-
ing wheel is driving, yi stands perpendicular to xi.

� The wheel-ground contact angles denoted by γi represent the angles between
the horizontal and the wheel-ground contact plane.

� The vector F = [Fx Fy Mz]
T expresses the forces and the torque that are

acting on the vehicle’s center of mass. It represents the effects of gravita-
tional and inertial forces and forces due to manipulation and interaction with
the environment. This vector is expressed in the global coordinate system{
x0 y0 z0

}
.

� The wheel-ground contact forces which exist at each ground-contact point
are denoted by the vector fi = [Ti Ni]

T , expressed in the local coordinate
system. It can be divided into the traction force Ti which points in the
direction of xi and the normal force Ni pointing in the yi-direction. It is
assumed that there are no torques acting at the wheel-ground interface.
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With these definitions, the quasi-static force balance equations in x0, y0 and z0
direction can be built:

cos(γ1) · T1 − sin(γ1) ·N1 + cos(γ2) · T2 − sin(γ2) ·N2 = Fx (3.1)

sin(γ1) · T1 + cos(γ1) ·N1 + sin(γ2) · T2 + cos(γ2) ·N2 = Fy (3.2)

V y1 · T1 − V x1 ·N1 + V y2 · T2 + V x2 ·N2 = Mz (3.3)

This system of equations can be transformed into the following matrix form:

cos(γ1) −sin(γ1) cos(γ2) −sin(γ2)
sin(γ1) cos(γ1) sin(γ2) cos(γ2)
V y1 −V x1 V y2 V x2

 ·

T1
N1

T2
N2

 =

FxFy
Mz

 (3.4)

One can see that the block matrices formed by the sine and cosine terms are simple
rotational matrices in order to transform the ground-contact forces vector from local
into global coordinates.
The equation system can be written in general matrix form:

G · f = F (3.5)

The matrix G is a function of the vehicle’s center of mass, the wheel-ground contact
locations Pi and the wheel-ground contact angles γi.

3.3 Minimization Algorithm

The information given in this section has been found in [32], [33] and [34], respec-
tively.
The in equation 3.5 presented system of equations represents an under-constrained
problem. This means that there are an infinite number of wheel-ground contact
forces f that balance the vector F . The purpose of the slip minimization strat-
egy in order to control the traction behaviour of an vehicle is to choose a set of
wheel-ground contact forces that satisfy the force distribution equations and some
additional problem constraints while optimizing a specific criteria of system per-
formance. As we have seen in chapter 2.2.6, this criteria is the minimization of
wheel slip, which can be done by minimizing the ratio T/N . In order to do this
minimization, the following optimization problem have to be solved:
We minimize the greatest of all T/N ratios of all wheels, because it has the highest
risk that slip occurs at the corresponding wheel, subject to the previously estab-
lished equation system 3.5. Additionally, two constraints have to be added. The
first one is based on the goal of keeping all wheels in contact with the ground.
Mathematically, this can be expressed by Ni > 0 for i = 1, 2.
The second constraint takes into account that the torque the wheel motors can
provide is limited. Since the traction force directly depends on the motor torque in
the way expressed by equation 2.27, the traction forces have to be constraint in the
following way:

0 ≤ Ti ≤ Tmax (3.6)

Tmax is the maximal output torque at the excavator’s wheels divided by the wheel
radius.
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The complete mathematical notation of this minimization problem is therefore:

min{max(
Ti
Ni

)} for i = 1, 2

s.t.

G · f = F (3.7)

N1 > 0

0 ≤ Ti ≤ Tmax

As a solution of this problem, the ideal force distribution of the forces Ti and Ni in
order to prevent slip is received.

3.4 Simulation

To check the functionality of the derived model, a simple MATLAB script was writ-
ten. The script can be found in appendix A.
As a first step, the vectors pointing from the wheel-ground contact points to the ve-
hicle’s center of mass Vi and the wheel-ground contact angles γi have been assumed
to be known. The algorithm was run for different configurations of these parame-
ters. To solve the minimization problem, the MATLAB function fmincon was used.
It is a non-linear programming solver based on the Interior Point Algorithm with
the purpose to find the minimum of constraint non-linear multi-variable functions.
Further information can be found in [35].
For the forces acting on the vehicle’s center of mass F , the following values were
chosen:
Fx was set to zero as the system is assumed to be quasi-static, which means that all
acceleration forces are neglected. Fy equals the vehicle’s gravitational force, which
is the total mass times the gravitational acceleration. Mz is zero since no torque
occurs at the excavator’s chassis.
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Results

In figure 4.1, the results of one MATLAB script run are plotted. The vehicle’s
center of mass was held constant in the middle of the two excavator wheels. The
wheel-ground contact angles were varied from 0 to 45 degrees. This means that the
inclination the excavator has to climb is continuously increased. The angles can
be found on the axes of the single diagrams. Each diagram expresses the result
of one wheel-ground contact force. The different colors describe the values of the
forces at the corresponding angles, where blue denotes the minimum value (which
is 0) and red the maximum value, which are Tmax and Nmax, respectively. For
these values, reasonable numbers of the walking excavator have been chosen (exact
values can be found in appendix A). In this example, the ratio T1/N1 was chosen as
objective function of the minimization in order to test the model of the excavator
(simulation results with ratio T2/N2 as objective function can be found in appendix
B). In order to evaluate the results of this minimization problem, we will have a
look at the special case where the ground-contact angles of both wheels are always
equal. This case is denoted in the diagrams by the red lines. These values have been
plotted with the angles in the x-direction and the absolute value of the wheel-ground
contact forces in the y-direction. The result can be seen in figure 4.2.
One can see that this simple model works as the algorithm is able to keep the
traction force T1 close to zero as long as the ground-contact angles are not too high.
As soon as the second traction force T2 has reached its maximum value (denoted
by the blue lines), T1 starts to increase as well. This makes sense as T2 is not able
to “hold” the excavator’s weight alone for high inclinations.
By looking at the behaviour of the normal force N1, one can see that it starts to
decrease for high angles (denoted by the orange line). By the time N1 starts to
decrease the excavator would start skidding as its weight cannot fully be ”hold” by
the ground-reaction forces anymore.
N2 stays more or less equal for all angles, which is the expected result because the
vehicle’s center of mass was kept in the middle between the two wheels and the
objective function included just the normal force N1. Plots with other parameter
configurations can be found in appendix B.
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Figure 4.1: Simulation results for all ground-contact angles; Excavator’s center of
mass in the middle between the wheels; Objective function for minimization: T1/N1

Figure 4.2: Simulation results for ground-contact angles γ1 = γ2; Excavator’s center
of mass in the middle between the two wheels; Objective function for minimization:
T1/N1
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Conclusion and Future Work

In this thesis different traction control strategies have been studied and compared
in order to increase the climbing abilities, control and performance of Muck Muck’s
walking excavator M545. As a result, the Slip Minimization strategy have been
found to be the best suited one to optimize the excavator’s traction behavior. As
a first step to realize this concept, a planar quasi-static model of the excavator has
been presented and tested with a simple MATLAB script.
The next steps of this project would be to extend this model in order to take dy-
namic effects into account. These effects come from acceleration, friction and air
resistance and rolling resistance forces acting on the excavator while driving and
become more important with higher velocities. Additional, the excavator’s internal
acting forces and torques (e.g. the torques at the different joints) could be included
into the model to get a better description of the excavator’s dynamic behaviour.
Another important point that the slip minimization strategy can work is the estima-
tion of the wheel-ground contact angles, which have been assumed to be known in
this thesis. The measurement or estimation of these angles is in general challenging
because of the complex wheel-ground interactions and kinematic constraints. Real
time estimation of these parameters is essential in order to achieve precise, robust
autonomous guidance and control of the vehicle. There are several approaches how
such an estimation can be done. For example, Iagnemma & Dubowsky [36] present
a method using commonly available on-board sensors. The signals of these sensors
are used with an algorithm based on rigid-body kinematic equations in combination
with an extended Kalman filter to fuse noisy sensor signals.
The ground-contact angles can also be measured directly. Lamon & Siegwart [33]
do this by direct measurement of the forces on the wheel periphery using flexible
wheels equipped with deflection measuring sensors. The wheel-ground contact an-
gle is then computed with a weighted mean of the sensor signals.
Another approach is to do the contact angle estimation visually. Xu et al. [37]
presents an algorithm to do that. A monocular camera is required to be mounted
on the front and the rear wheels. The field of view of these cameras have to contain
the wheel-ground contact interface. Their locations relative to the wheels have to be
known and fixed while the vehicle is driving. This configuration is used to measure
the required angles with an edge detection strategy.
Furthermore, Laohu et. al [38] present a discrete Kalman filter based on wheel-
ground contact angle and slip estimation scheme for their lunar rover by combining
drive and guidance systems to form a closed loop system. In this system, the
observer works out the slip values and wheel-ground contact angles by using the
measured data of the passed route of the rover’s center of mass.
In order to find the best possible strategy for the walking excavator, these strategies
have to be evaluated and adapted to the excavator’s problem.

21
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Equally important is to find an optimization algorithm for the non-linear mini-
mization problem that can solve it efficiently and online while driving. Lamon &
Siegwart [33] and Lamon et al. [32] for example use a combination of different
numerical optimization methods such as the Simplex, Fixed Point and Gradient
method, which they apply in a specific sequence to achieve the best possible result.
Furthermore, it would be interesting and necessary to compare the Slip Minimiza-
tion strategy with another traction control concept (for example with the Vehicle
Speed Estimation strategy). The strategies can be simulated and tested with the
existing simulation framework for the walking excavator.
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Appendix A

MATLAB Code

%%%%%% Simulation of Excavator M545 for Traction Control
%%%%% Bachelor Thesis - Simon Zimmermann - HS 15
%%%% Planar, quasi-static system - validity check - Final Version

%%% Tabula Rasa
clf
clc
close all

%%% Parameter definitions --> Indices 1->Wheel 1(left) / 2->Wheel 2(right -> front)
%% Vectors from ground-contact point to center of mass (Global Coo-Sys)
K = 1.650; % Adjustable range wheels [m]
L = 2.550; % Traveling height [m]
Q = 6.190; % Chassis length [m]
V 1 x global = Q/3; % Absolute value from wheel 1 in x-direction [m]
V 1 y global = K/5 + L/4; % Absolute value from wheel 1 in y-direction [m]
V 2 x global = Q/3; % Absolute value from wheel 2 in x-direction [m]
V 2 y global = K/5 + L/4; % Absolute value from wheel 2 in y-direction [m]

%% Constants
% Wheel radius
r w = 1.14/2; % [m]

% Total vehicle mass
m tot = 12300; % [kg] (without tools)

% Desired vehicle acceleration
a des = 0; % [m/sˆ2] (quasi-static)

% Acceleration of gravity
g = 9.81; %[m/sˆ2]

% Maximum transmissible torque
M max = 26000; % [Nm]

% Maximum transmissible traction force
T max = M max/r w; % [N]

% Maximum normal force
N max = m tot*g; % [N]

%% Variables for opimization algorithm
% Force vector for forces on the vehicle's center of mass
F x = m tot*a des; % Force in x-direction [N]
F y = m tot*g; % Force in y-direction [N]
M z = 0; % Torque in z-direction [Nm]
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F = [F x; F y; M z];

% Lower bound
l b = [0.1; 0.1; 0.1; 0.1];

% Upper bound
u b = [T max; N max; T max; N max];

% Start values
x 0 = [0; 0; 0; 0];

%%% Solve System
% Start values
T 1 = T max/2;
N 1 = m tot*g/2;
T 2 = T max/2;
N 2 = m tot*g/2;

% Define Ratios:
Ratio 1 = T 1/N 1;
Ratio 2 = T 2/N 2;

% Check maximum ratio
if Ratio 1 > Ratio 2

fun = @(x)x(1)/x(2);
elseif Ratio 2 > Ratio 1

fun = @(x)x(3)/x(4);
else

fun = @(x)x(1)/x(2);
end

% Check boundary conditions
if N 1 < 0 | N 2 < 0

disp('ERROR: Normal forces are negative')
elseif T 1 < 0 | T 2 < 0

disp('ERROR: Traction forces are negative')
elseif T 1 > T max | T 2 > T max

disp('ERROR: Traction forces too high')
else
end

%% Solve non-linear optimization problem & track results
% Angle range (Gamma 1 & Gamma 2)
Angle lim = 45;

% Tracking matrices (all values)
T 1 = zeros(Angle lim+2,Angle lim+2);
N 1 = zeros(Angle lim+2,Angle lim+2);
T 2 = zeros(Angle lim+2,Angle lim+2);
N 2 = zeros(Angle lim+2,Angle lim+2);

% Tracking vectors (values for Gamma 1 = Gamm 2)
T 1 v = zeros(1,Angle lim+1);
N 1 v = zeros(1,Angle lim+1);
T 2 v = zeros(1,Angle lim+1);
N 2 v = zeros(1,Angle lim+1);

for i = 0:Angle lim

% Update angle
Gamma 1 = i;

% Write angle into matrix
T 1(i+2,1) = i;
N 1(i+2,1) = i;
T 2(i+2,1) = i;
N 2(i+2,1) = i;
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for j = 0:Angle lim

% Update angle
Gamma 2 = j;

% Write angle into matrix
T 1(1,j+2) = j;
N 1(1,j+2) = j;
T 2(1,j+2) = j;
N 2(1,j+2) = j;

%% Transformation of ground-contact vectors into local COO-SYS
% Vector definition
V 1 global = [V 1 x global; V 1 y global]; % vector from wheel 1
V 2 global = [V 2 x global; V 2 y global]; % vector from wheel 2

% Rotation matrices
R 1 = [cosd(Gamma 1) sind(Gamma 1); -sind(Gamma 1) cosd(Gamma 1)];
R 2 = [cosd(Gamma 2) sind(Gamma 2); -sind(Gamma 2) cosd(Gamma 2)];

% Transformation
V 1 local = R 1*V 1 global;
V 2 local = R 2*V 2 global;

% Components
V 1 x local = V 1 local(1);
V 1 y local = V 1 local(2);
V 2 x local = V 2 local(1);
V 2 y local = V 2 local(2);

% Transformation matrix
G = [cosd(Gamma 1) -sind(Gamma 1) cosd(Gamma 2) -sind(Gamma 2);...
sind(Gamma 1) cosd(Gamma 1) sind(Gamma 2) cosd(Gamma 2);...
V 1 y local -V 1 x local V 2 y local V 2 x local];

% Solve non-linear omptimization problem
options = optimoptions(@fmincon,'TolX', 10ˆ-20);
x = fmincon(fun, x 0, [], [], G, F, l b, u b, [], options);

% Update of start value vector
x 0 = [x(1); x(2); x(3); x(4)];

% Track optimization results
T 1(i+2,j+2) = x(1);
N 1(i+2,j+2) = x(2);
T 2(i+2,j+2) = x(3);
N 2(i+2,j+2) = x(4);

if Gamma 1 == Gamma 2
T 1 v(1,i+1) = T 1(i+2,j+2);
N 1 v(1,i+1) = N 1(i+2,j+2);
T 2 v(1,i+1) = T 2(i+2,j+2);
N 2 v(1,i+1) = N 2(i+2,j+2);

end
end

end

%%% Plot results
%% imagesc
figure(1)
subplot(2,2,1)
imagesc(T 1(2:Angle lim+2,2:Angle lim+2))
title('T 1')
xlabel('Gamma 1')
ylabel('Gamma 2')
colorbar
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caxis([0 T max])

subplot(2,2,2)
imagesc(T 2(2:Angle lim+2,2:Angle lim+2))
title('T 2')
xlabel('Gamma 1')
ylabel('Gamma 2')
colorbar
caxis([0 T max])

subplot(2,2,3)
imagesc(N 1(2:Angle lim+2,2:Angle lim+2))
title('N 1')
xlabel('Gamma 1')
ylabel('Gamma 2')
colorbar
caxis([0 N max])

subplot(2,2,4)
imagesc(N 2(2:Angle lim+2,2:Angle lim+2))
title('N 2')
xlabel('Gamma 1')
ylabel('Gamma 2')
colorbar
caxis([0 N max])

%% Plots
x axis = 0:1:45;

figure(2)
subplot(2,2,1)
plot(x axis, T 1 v);
title('T 1 for Gamma 1 = Gamma 2')
xlabel('Gamma 1 = Gamma 2')
ylabel('T 1')
xlim([0 45])
ylim([0 T max])

subplot(2,2,2)
plot(x axis, T 2 v);
title('T 2 for Gamma 1 = Gamma 2')
xlabel('Gamma 1 = Gamma 2')
ylabel('T 2')
xlim([0 45])
ylim([0 T max])

subplot(2,2,3)
plot(x axis, N 1 v);
title('N 1 for Gamma 1 = Gamma 2')
xlabel('Gamma 1 = Gamma 2')
ylabel('N 1')
xlim([0 46])
ylim([0 N max])

subplot(2,2,4)
plot(x axis, N 2 v);
title('N 2 for Gamma 1 = Gamma 2')
xlabel('Gamma 1 = Gamma 2')
ylabel('N 2')
xlim([0 45])
ylim([0 N max])



Appendix B

Additional Simulation
Results
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Figure B.1: Simulation results for all ground-contact angles; Excavator’s center of
mass close to rear wheel; Objective function for minimization: T2/N2

Figure B.2: Simulation results for ground-contact angles γ1 = γ2; Excavator’s center
of mass close to rear wheel; Objective function for minimization: T2/N2
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Figure B.3: Simulation results for all ground-contact angles; Excavator’s center of
mass close to front wheel; Objective function for minimization: T2/N2

Figure B.4: Simulation results for ground-contact angles γ1 = γ2; Excavator’s center
of mass close to front wheel; Objective function for minimization: T2/N2
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