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Abstract

In the EU, road transport of goods is executed with tractor semitrailer combinations, whose
dimensions and weights are prescribed in the EU Council Directive 96/53/EC. The maximum
allowed weight of this vehicle combination is 40 tonnes. Regulation 96/53/EC, also states
that the maximum allowed weight for a tractor semitrailer combination with 4 axles is 38
tonnes. With 2 minor modifications to the legislation, 1 axle can be eliminated. They are:

• Increase maximum axle load of the front axle of tractor from 7.5 ton to 8.5 ton

• Increase Gross Vehicle Weight for 4 axle from 38 ton to 40 ton.

By doing so, the semitrailer will be lighter but will require a steered rear axle which improves
mobility during tight turns. This thesis investigates and quantifies the performance gains of
a 2 axle semitrailer in comparison to the conventional 3 axle semitrailer used on roads today.

The performance comparison is done using Simscape Multibody, which is a 3D simulation
environment that is a part of MATLAB Simulink. The model of the conventional tractor
semitrailer has been adapted to match the specifications in terms of mass and dimensions
of the trailer produced by Knapen Trailers and the proposed improved trailer with rear axle
steering. Additional functionality has been added to these models to evaluate the Fuel Con-
sumption and Tire Wear.

Testing of the safety performance via assessment using Performance Based Standards
(PBS) has been conducted to investigate if the proposed vehicle combination is safe enough
to be used in the most commonly encountered driving scenarios while operating in the EU.
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Chapter 1

Introduction

Road transport is the primary mode of transport for goods. Over the years, road transport
has improved in quantity, speed and efficiency. Even now, it is a question if a better possibility
exists. This is the basic question that this thesis attempts to understand and answer. Section
1.1 provides the necessary background information, to define the state of the art of heavy
goods transport used in the EU and options to improve it. Section 1.2 presents the problem
statement this thesis attempts to answer. Also, an overview of the important questions that
need to be asked to justify the use of the proposed tractor semitrailer is provided here. Finally,
Section 1.3 gives a brief outline of the contents of this thesis.

1.1 Background

Road transport has a distinct advantage over other modes of transport. Roads can be easily
set up due to their lower cost of construction and maintenance when compared to railways
and water ways. This allows remote locations to be made easily accessible. But the major
drawback of road transport is that it still is a major contributing factor to Greenhouse gas
emissions as can be seen from Figure 1.1.

Even though efforts to reduce CO2 emissions have been increased in the manufacturing and
raw material sectors of various industries over the last few decades, road transport sector still
contributes heavily to green house gas emissions. In 2017, 27 % of total EU-28 greenhouse gas
emissions came from the transport sector, with 22 % of international aviation and maritime
emissions are excluded. CO2 emissions from transport increased by 2.2 % from 2016. [1]
Today, more than 70% of all goods in the EU are transported over the roads [1].
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CHAPTER 1. INTRODUCTION

Figure 1.1: Contribution of road transport to greenhouse emissions [1]

The most common vehicle used to transport goods is the 5 axle tractor semitrailer as shown
in Figure 1.2. The EU Council directive 96/53/EC governs its dimensions and weight [14].
The maximum allowed weight of the vehicle combination is 40 tonnes and that of a semitrailer
with 3 axles is equal to 24 tonnes. The dimensions and weight of vehicle combinations are
tightly regulated and have not changed significantly since 1996.

Figure 1.2: 5 axle Tractor Semitrailer

Even though the tractor semitrailer with 3 axles is being used as the industry standard,
efforts need to be made to know whether this is the most optimal semitrailer setup. Removing
an axle from the 3 axle semitrailer changes 2 things. The weight distribution of the trailer
changes as each tyre now carries more load which means that the optimal wheelbase required
to maintain the loading of 11.5 ton at the drive axle of the tractor (as specified in [14]) is
different. Also, reconstructing the trailer chassis to accommodate 2 axles leads to weight
savings (about 1000 kg) [15] which can be used to carry more payload provided the vehicles
are allowed to share the same gross vehicle weight.

Regulation 96/53/EC, [14], states that the maximum allowed weight for a tractor semitrailer
combination with 4 axles is 38 tonnes. With 2 minor modifications to the legislation, the 2
axle semitrailer can become a viable candidate to replace the 3 axle semitrailer for road
transport in the EU. These are

• Increase maximum axle load of the front axle of tractor from 7.5 ton to 8.5 ton

• Increase Gross Vehicle Weight for 4 axle vehicle combinations from 38 ton to 40 ton.

Optimized Future Tractor Semi-trailer Combination 2
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When these modifications are made, the payload capacity of the 2 axle trailer is increased
by 1000 kg making it similar in G.V.W. to the conventional tractor semitrailer, due to weight
savings by eliminating one axle. However, a few alterations need to be made to the tractor.
The optimal wheelbase from the 5th wheel of the 2 axle semitrailer is calculated as 8.8 m.
This is different from the optimal wheelbase of the 3 axle semitrailer at 7.75 m. Regulation
96/53/EC [14] also specifies that there needs to be a sweep radius of 2040 mm from the
tractor 5th wheel to the semitrailer. In order to achieve the same load distribution on the
driven axle while adhering to the regulations of 96/53/EC , the wheelbase of the tractor is
increased from 3.7 m to 4 m as shown in Figure 1.3.

Figure 1.3: 4 axle Tractor Semitrailer

To introduce this 4-axle combination in the EU, it must meet specific swept path require-
ments. The EU 360 circle is one such scenario used to test whether the newly proposed
vehicles can deal with the road structures already in place in the EU. Here the vehicle com-
bination is driving a steady state circle so that the outermost point of the tractor semitrailer
tracks a circle of 12.5 m radius. The test criteria is that the inner radius of the innermost
point of vehicle trajectory must track a circle with a radius of 5.3 m or greater.

Figure 1.4: 4 axle Tractor Semitrailer in Simscape Multibody

The 4-axle vehicle combination without rear steering cannot meet this requirement. As
shown in Figure 1.5, the 4 axle combination tracks an inner radius of 3.36 m, while the con-
ventional 5-axle vehicle combination has an inner radius of 5.38 m. The simulations are made
using the Simscape Multibody version of the TU/e Commercial Vehicle Library. Using this
tool, one can build Tractor-Semitrailer combinations of a variety of geometries and study the
performance of that vehicle combination. Figure 1.4 shows the 4 axle Tractor Semi-trailer
visualized in Simscape Multibody. More details about the simulation environment of Sims-
cape Multibody will be given in Chapter 3.

To allow this 4-axle vehicle combination to meet the EU requirements, a steered rear axle
needs to be introduced which increases the inner radius to a value greater than 5.3 m. Inclusion
of a steered rear semi-trailer axle gives the vehicle greater low-speed manoeuvrability. Also,
lower lateral forces are generated at the trailer wheels. Quantifying the performance gains
that can be gained by adapting this trailer will be a part of this thesis.
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CHAPTER 1. INTRODUCTION

(a) 5 axle Tractor Semitrailer (b) 4 axle Tractor Semitrailer without rear steering

Figure 1.5: Swept Path analysis - 5 axle vs 4 axle tractor semi-trailer without rear steering

1.2 Problem Description

The aim of this research is to find an optimal configuration for a tractor semi-trailer vehicle
combination, that can be put into operation in the EU with minimal change to the rules in
the EU Council Directive 96/53/EC [14].

Knapen Trailers claims that a 2 axle semitrailer with a steered rear axle will have signi-
ficant advantages in terms of fuel Consumption, tire Wear and safety. To verify these claims
and quantify the performance gains that can be obtained, tractor semitrailer models are cre-
ated in the Simscape Multibody Environment.

The tractor semi-trailer model developed at the TU/e will be used as a starting point. This
model represents a standard 5 axle tractor semitrailer that is commonly used to transport
goods within the EU. The conventional tractor semitrailer model is adapted in dimensions
and in mass to match the specifications of Knapen Trailers [15]. These models will be used
to quantify the gains in performance in different areas. The baseline model does not have a
power-train model to evaluate the fuel consumption. This functionality needed to be added
to the model. It needs also to be known whether the 2 axle semitrailer having one less axle
than the conventional trailer can lead to lower rolling resistance forces. To quantify tire wear,
a formula will be proposed and implemented in the model that can evaluate the tire wear
phenomenon that occurs due to the slip of the tires. Finally, the safety of the vehicle in its
operation needs to be compared to the conventional tractor semi-trailer using Performance
Based Standards.

To summarize, the main question that will be answered by this thesis is:

”Will the 2 axle semi-trailer with steered rear axle offer better performance
compared to the 3 axle semitrailer to justify its operation in the EU?”

This question will be answered by quantifying the performance gains in terms of
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• fuel consumption

• tire wear

• safety performance

The safety performance will be evaluated by simulating different manoeuvres defined in
the PBS Standards of ARTSA (Australian Road Transport Suppliers Association). The
performance will be evaluated using measures like swept path, tail swing, static rollover
threshold, high speed off-tracking, rearward amplification and yaw damping. This will provide
a clear picture on the applicability of the proposed tractor semitrailer combination for their
use in the EU.

1.3 Outline

This thesis begins with an overview of the current state of the art in the areas of steering
control and tire wear evaluation. A description of the PBS Standards used to evaluate the
performance of proposed tractor semitrailer is also provided.

The next chapter discusses the simulation environment with which the results of this thesis
are obtained. Here, the Simscape Multibody model of the tractor semitrailer is described,
along with the various additions that were made to the original model, to arrive at the results
in the following chapters. Chapter 4 will go over the corrections made to the rolling resistance
in the Simscape Multibody model and the reduction in rolling resistance that can be expected
from the proposed 4 axle tractor semitrailer. This chapter will also include the results of fuel
consumption. Chapter 5 describes tire-wear performance. The modelling will be elucidated
upon and a comparison of the difference in tire wear models will be presented. Chapter 6
will present a comparison of the proposed 4 axle tractor semitrailer with the conventional
5 axle tractor semitrailer in terms of performance measures by using the manoeuvres men-
tioned in the PBS Standards. Finally, Chapter 7 will present the conclusions drawn and the
recommendations for future research.
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Chapter 2

Literature Review

To propose a new type of trailer that can provide better performance compared to a con-
ventional one, a clear understanding of the advancements that have been made in relevant
research fields is necessary. This section of the report will discuss the current state of the art
in the following areas.

1. Steering Control

2. Tire Wear

3. PBS Standards

2.1 Steering Control

Tractor semitrailers are among the most popular vehicles used for freight transport in the
EU, due to their flexibility and transport efficiency. Despite the clear advantages given by
such vehicles, they are not the most optimal solution for all transport scenarios. Particularly,
they lack maneuverability to be driven on small roads or in urban areas with narrow streets.
The poor maneuverability of tractor semitrailers is due to their length and lack of directional
control. The trailer is steered only by the tractor steer axle in most cases, all other wheels are
non-steered. The 5th wheel provides an additional articulation angle compared to the rigid
chassis of a truck. It affects high speed stability and safety of the vehicle. At high speeds
phenomena like rearward amplification can occur, which may cause the trailer to swing ex-
cessively.

Another issue with tractor semitrailers is the tire wear during cornering. In order to lower
the static axle loads per axle, today’s trailers are fitted with multiple axle groups. When
these axles are not steered, the tires tend to generate significant lateral forces when making
tight corners wearing the tire heavily.

To address these issues, a number of passive steering systems have been proposed over
the years. Here, the wheels on the trailer are steered using geometric relationships. Com-
mon steering systems include self-steering axles, command steered systems and pivotal bogie
systems.
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2.1.1 Self Steering systems

Self steering axles had initially been designed to be used as the second axle of a tandem axle
group on trucks to improve off-tracking and reduce tire scrubbing during tight turns [2]. They
had been adapted into trailers due to their influence in 2 areas. The ability of the self steering
axle to improve the cornering characteristics during steady state turns and its ability to resist
unbalanced longitudinal forces (uneven braking).

The tyres of the self steered axle are aligned in the direction of travel during low speed
turns. The spring constant of the springs that hold the wheels in position is only high
enough to correct slight variations in steering angle (when encountering uneven longitudinal
forces) and do not provide any cornering stiffness to the axle. The effective wheelbase is
thus shortened since the self steering axle generates little lateral force when cornering. This
improves low speed manoeuvrability at the expense of high speed stability.

2.1.2 Pivotal Bogie systems

Pivotal bogie systems consist of a roll-coupled bogie replacing the fixed axle group of a regular
semi-trailer. The roll-coupling allows yaw degree of freedom between the axle group and the
trailer chassis. The bogie shown in Figure 2.1 consists of a fixed front axle and two steered
rear axles, which are steered with respect to the angle between the bogie and the trailer
chassis. Bogie designs consisting of 2 axles with front axle steering are also commonly used
in the EU. As the trailer is steered, the steering angle of the steered wheels are increased
proportionally, bringing the bogie back in line with the trailer chassis, while greatly reducing
the critical radius of cornering. There is a great shortening of the effective wheelbase when
turning as the fixed front axle of the bogie always orients itself away from the trailer chassis,
making the perpendicular drawn from the effective axle intersect with the perpendicular from
the drive axle of the tractor at a point ahead of the bogie. This brings the instant center of
turning closer to the trailer.

Figure 2.1: Pivotal Bogie System at low speed [2]
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2.1.3 Command Steered systems

A command steered trailer usually has the rear most axle(s) of the semitrailer steered, while
the front axle is non-steered. The steered axles are forced to steer in relation to the articula-
tion angle between the tractor and the semitrailer. Usually the articulation angle is measured
using an electronic sensor or mechanically using a special ball bearing attached to the trailer
side of the 5th wheel.

Figure 2.2: Command Steering System at low speed [2]

Among these approaches, the command steered approach is chosen to realize rear axle
steering in this thesis, due to its simplicity and ease of implementation in real life. The equa-
tions that control the steering input can be obtained by considering the tractor semitrailer
during a low speed turn. To ensure that there is negligible side slip angle, the rear wheel is
steered so that the normal to the steered wheels passes through the instant center of rotation
as that of the first non-steered axle. Since negligible lateral forces are generated by wheels of
all axles, the wheelbase of the semitrailer is reduced significantly compared to its non-steered
counterpart. This positively affects the low speed manoeuvrability.

Command steered systems have been studied extensively by Sankar et al [16]. Another
interesting work is that of Rangavajhula and Tsao [17] where a form of active command steer-
ing control had been investigated.

It is to be noted that these systems improve the low speed maneuverability, but are
known to have a negative effect on the high speed stability. They usually tend to cause high
rearward amplification. This thesis aims to investigate the impact of such steering on high
speed stability. To overcome this issue, many newer active steering control methods have been
suggested like the CT-AT controller from Jujnovich and Cebon [2] and the lead point follow
point approach from Wouters et al [18] and [19]. But these are not easy to implement within
the time-frame of this project and the choice to implement a command steering mechanism
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had been made. Another approach is to lock the steered axles when the trailer is moving
above a velocity threshold. The effectiveness of this method compared to keeping command
steering active at high speeds is also investigated.

2.2 Tire Wear

Tires are arguably among the most important parts of a road vehicle as they are the only
point of contact of the vehicle to the road it operates on. Understanding the behaviour of
tires is a field of active research and will grow in importance in the near future as vehicles
become more energy efficient and are capable of transporting more goods. Tyres of the mod-
ern day are much more capable than what they used to be. Back in 1839 American Inventor
and entrepreneur Charles Goodyear discovered the vulcanization process. With this process,
natural rubber had been made into more durable materials with the addition of sulphur and
gave it superior mechanical properties, elasticity and weather resistance. It also made the tire
pliable, making vulcanized rubber the perfect material for tires. Earlier rubber tires had been
solid, which later became pneumatic as they had better shock absorption properties, reduced
vibration and increased traction in vehicles. Soon in 1920, Bias Ply tires were being made
in Germany using synthetic rubber with an inflated tube and casing, which greatly improved
traction and were used for over 50 years. Then, after World War 2, Michelin introduced ra-
dial tires which outperformed bias-ply tires due to their superior handling and fuel economy.
Radial tires dominate the market today with almost 100 percent market share.

With all the advancements made in the development of tires over the last century, one ma-
jor problem still remains and continues to claim the lives of tires all over the world: Tire Wear.

Initial developments of models that predict tire wear had been analytical models based
on normal pressure distribution and sliding distance covered by the tread element. Among
the models that are available publicly, these are the most discussed.

2.2.1 Archard’s Wear Law

Also known as the Reye-Archard-Khrushchov law, this wear law was conceived by the contri-
butions of Theodor Reye, John Frederic Archard and Michael Michailovich Khrushchov. This
law was used during a time when metal wheels had been used considerably (railway bogeys)
and is most appropriate for the wear of metal disks. However, they had been experimentally
found to be sufficient in describing the wear behaviour of modern day tires, as shown in [20].
The wear law can be stated as:

V =
FN · s
H

· k (2.1)

where V is the volume of worn material, in mm3, FN is the normal force [N], s is the slip
distance [mm], H is the material hardness [N/mm2], and k is a dimensionless wear coefficient.

The wear coefficient k is defined in literature [21] as the wear volume fraction at the plastic
deformation zone.

k =
Vw
Vp

(2.2)
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where Vw is the worn volume and Vp is the volume at the plastic deformation zone. It varies
from a value of 10−7 to 10−3 for metallic materials [22]. For rubber, an appropriate value is
not known.

Then using Reyes Hypothesis, which states that ”the volume of material lost due to
adhesive wear effects is proportional to the work performed by the friction forces” [23], we
get

V =
Wx +Wy

H
· k (2.3)

where
Wx = Fx · sx (2.4)

Wy = Fy · sy (2.5)

where Wx and Wy are the longitudinal and lateral work [N.mm] and sx and sy are the
longitudinal and lateral slip distance of the contact patch [mm].

2.2.2 Schallamach’s Wear Law

The Schallamach’s wear law is defined in [24] as

Q = γ · s · FN (2.6)

where Q is the abrasive wear quantity, γ is the abrasion per unit of energy dissipation, s
is the sliding distance and FN is the normal force.

The unit of the wear quantity, however, are not mentioned by Schallamach [24].

These models can predict wear that occurs in tires to an acceptable accuracy, but they
do not combine the dependence of load and slip. Many more simple analytical models for
tire wear prediction exist, but they are only applicable under a large number of assumptions,
for example small slip angles, fixed tyre abradability characteristics, linear cornering stiffness,
measurable contact stiffness, etc. This limits the applicability of these models to tires in real
life.

When operating on the road, tyre wear occurs across 2 regimes.

• when the vehicle is accelerating or decelerating in a straight line due to longitudinal
forces

• when a vehicle is cornering due to lateral friction forces

Even within these regimes of operation, tire wear occurs due to many factors such as
the dynamics of the tire and the vehicle, structure of the tire, the tyre road interaction, tire
and ambient temperature and mechanical properties (eg. hardness, abrasion characteristics,
damping) [25], [26]. Relying on completely analytical tire wear models to predict tire wear
will not give reliable results.
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Li et al. [3] did a parameter sensitivity study to compare the magnitudes with which key
parameters that affect tire wear do so. As can be seen from Figure 2.3, among the many
parameters that tire wear is dependent upon, we see that the influence of side slip angle is
the most prominent.

Figure 2.3: Comparative histogram of factors affecting Tire Wear [3]

Also for tyres used in heavy goods vehicles, like a tractor semitrailer, the lateral abrasive
wear is the principal source of in-service wear, because large braking and accelerating forces
for drive axles causing longitudinal slip are not frequent [5]. Thus, to gain accurate inform-
ation of the savings that can be obtained by the proposed tractor semitrailer combination,
it is important to include slip angle in the assessment of tire wear, while keeping the other
parameters constant, as to get a rough estimate of tire wear during certain manoeuvres.

A brief background on the generation of slip angles in a non-steered trailing unit is provided
next. A vehicle is able to turn due to the generation of side slip forces acting perpendicular
to the plane of symmetry of the tyre. The magnitude of slip force is calculated using

Fy = CFα · α (2.7)

where α is the slip angle, which is the angle between the direction of travel of the wheel and
the plane of symmetry of the tyre [27].

Whenever a vehicle having a non-steered axle group negotiates a turn of small radius, sub-
stantial slip angles are generated at certain tires. Scrubbing forces of considerable magnitude
are generated during such a turn and severe abrasive tyre wear occurs on the tires where the
slip angles are the highest. The slip angles for a non-steered axle group increases proportional
to the distance from the ’virtual wheel axle’ or ’effective axle’. As can be seen from Figure
2.4, the slip angle of a tyre α is the angle between the velocity vector the tyre wants to move
towards and the instantaneous direction of travel of the tyre. Since the effective axle rep-
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Figure 2.4: Lateral force generated by Side slip [4]

resents the line which meets the instant center of cornering, it represents the steering point
of the trailer, where the direction of the velocity vector matches the instantaneous direction
of travel. So at the effective axle, the slip angle is almost always zero. When the distance
from the effective axle increases, the distance of the perpendicular drawn from that axle to
the instant center of cornering increases, which causes further deviation between the velocity
vector and the tyre’s plane of symmetry. This increases the slip angle, which results in the
scrubbing of tyres.

2.2.3 Empirical Estimation of Heavy Goods Tyre Wear

D. Cebon and J. Lepine [5] developed a novel technique for measuring tire wear using a
semitrailer equipped with an active steering system. With the trailer steering system, one
can recreate wear at different slip angles under controlled conditions in a controlled environ-
ment such as an asphalt test track. The active steering system allows independent steering
of each trailer axle of the tri-axle setup.

Hence, the trailer was made to move in a straight line by giving the 2nd and 3rd rear axle slip
angles of +α and −α respectively. Since the slip forces generated at these axles are equal and
opposite, they negate each other and the trailer moves in a straight line. This allows the first
axle of the 3 axle trailer to be steered to achieve the necessary slip angle, as shown in figure
2.5.

Figure 2.5: Experimental Setup in [5]

The slip angle had been increased as a step input from 0◦ to 14◦, with a normal load
of 100 kN acting on each axle. Tyre wear had been quantified by measuring the amount of
rubber deposited on the road surface using a vacuum cleaner and a wooden jig of a specific
surface area. The measurements show that the wear rate per unit surface area is represented
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using a quadratic function:

σ(α) = Kα2 (2.8)

with K = 145 g/m2, and α measured in radians.

Figure 2.6: Wear as function of Side Slip Angle [5]

Now the tire wear can be calculated as a function of slip angle, α(s), for each tyre along a
given path. The mass of rubber worn from each tyre is calculated by integrating,

∆M = w

∫ send

s=0
[σ(α(s))]ds (2.9)

where w is the width of the tire and s is the distance travelled by the tire.

2.3 PBS Standards

Performance Based Standards are used in countries like New Zealand, Australia and Canada
to categorize a new HCV based on its performance for standardized testing conditions. If the
HCV shows a certain level of performance, it is eligible for operation within a certain road
class. Although this type of testing is not done in Europe, where vehicles are mainly classified
according to their dimensions and weights, it is useful to compare the level of performance
that can be obtained using these standardized testing procedures.

The focus of the thesis is on evaluating the maneuverability and stability that can be
obtained from the proposed configuration of the 4 axle tractor semitrailer with a command
steered rear axle in comparison to the common 5 axle tractor semi-trailer. Testing will be
done using the following manoeuvres:

• EU 360◦ turn

• Static Rollover
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• Single Sine Steering

• Pulse Steer

The performance measures are used to evaluate 3 configurations of vehicles:

• The conventional tractor and semitrailer with 3 axles

• The tractor and semitrailer with 2 axles where the rear axle has command steering

• The tractor and semitrailer with 2 axles with no steering input to the trailer axles

Testing is done in the fully loaded condition. It is to be noted that these performance
measures can be obtained either via real life testing or software simulations. This thesis
utilizes the Simscape Multibody version of the TU/e CVL to evaluate the tractor semitrailer
combinations. More information about the simulation environment and the model is given in
the subsequent chapter.

2.3.1 EU 360◦ turn

The first manoeuvre used to test the tractor semitrailer combinations is the EU 360◦ turn.
The tractor is steered such that the outside wheel of the front axle follows a circular path
with constant radius. From this, the performance measures of Swept Path and Tail Swing
can be measured. The European International Traffic Regulations states that: ”Any motor
vehicle or vehicle combination which is in motion must be able to turn within a swept circle
having an outer radius of 12.50 m and an inner radius of 5.30 m.” So, the minimum swept
path requirement is 7.20 m.

Swept Path

When the tractor semitrailer combination is making a circular turn, the trailing unit al-
ways tracks a path that is towards the inside of the turn. This means more space is taken when
turning, which could lead to a collision with roadside objects or infrastructure. The Swept
Path can be defined as the radial distance between the outermost trajectory of the cabin and
the innermost point of the last semitrailer. To calculate the swept path, the trajectory of the
outer edge of the cabin and the innermost edge is tracked and after the simulation the swept
path is calculated.

Tail Swing

Tail Swing is the maximum lateral displacement towards the outside of the turn, measured
from the rearmost point of the vehicle. It is the lateral displacement between the trajectory
of the outermost point of the semi-trailer and the entry path tangent. The main factor that
affects tail swing is the rear overhang, which can be defined as the distance from the effective
axle to the end of the trailer body. The effective axle is the imaginary axle on the trailer
body which always intersects the instant center of a turn without any steering at the tires. It
is the axle that represents the action of an axle group as a whole. In general, the greater the
tail swing value, more space is required to accommodate the vehicle during a turn. A lower
tail swing value means that less space is required on the road to accommodate the vehicle.
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Figure 2.7: Swept Path of the conventional Tractor Semitrailer

Figure 2.8: Tail Swing during EU 360◦ turn [6]

2.3.2 Static Rollover Manoeuvre

When a vehicle is cornering, lateral accelerations are induced on the vehicle body. These
lateral accelerations cause load transfer, which shifts the vertical forces from the inside to
the outside tires. The tractor and semitrailer are coupled using a 5th wheel coupling, which
causes the roll-moment to be transferred from the trailer to the tractor. This improves the
roll-stability of the vehicle, but as the lateral acceleration experienced increases beyond a
certain threshold, the vehicle will roll over. The Static Rollover Threshold is a measure of the
level of lateral acceleration that the vehicle can handle, beyond which rollover occurs. This
performance measure gauges the likelihood of rollover to occur when cornering at high lateral
accelerations.

The manoeuvre to measure Static Rollover Threshold can be summarized as follows. The
vehicle must be steered such that the center of the steer axle follows a circular path of radius
100 m. The initial velocity of the vehicle is 50 km/h and the vehicle is gradually accelerated
with a constant rate of 0.139 m/s2 till rollover occurs. Rollover instability is achieved when
the vertical forces on all the tires along one side of the vehicle are equal to zero, excluding the
tires on the lightly loaded side of a steer axle with soft springs [18]. When the tires on one
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side lose contact with the road, they can no longer generate the lateral forces. Now, rollover
instability is achieved.

Figure 2.9: Lateral acceleration vs roll-angle of tractor semi-trailer [6]

The point in time when wheel liftoff is achieved can be evaluated using the Dynamic Load
Transfer Ratio (DLTR). It can be seen from Figure 2.9 that the point in time that is defined
as wheel liftoff is that time when the drive axle of the tractor semi-trailer lifts off the ground.
It is at this point in time that the highest lateral acceleration is observed. Dynamic Load
Transfer Ratio is a measure of the distribution of vertical tyre force between the left and right
side of the vehicle at a given time instance. It is defined as:

RDLTR =
−(ΣNinner

ninner=1Fzninner ) + (ΣNouter
nouter=1

Fznouter )

ΣNinner
ninner=1Fzninner + ΣNouter

nouter=1Fznouter
(2.10)

In this equation, Ninner and Nouter represents the total number of wheels on the inside and
outside of a turn respectively for a vehicle unit and Fzninner and Fznouter represents the vertical
tire force of the ninner and nouter wheel. The load transfer ratio is calculated as the difference
in vertical tire force between the tires on the left side of the vehicle and the right side of the
vehicle divided by the total vertical force. When the vehicle stands still, the DLTR is 0 and
when the vehicle is close to rolling over, the DLTR becomes 1.

The lateral acceleration divided by the gravitational constant at which rollover instability
occurs is defined as the Static Rollover Threshold. When DLTR is equal to 1, rollover in-
stability is said to have occurred. The lateral acceleration is determined for a roll-coupled
unit. A roll-coupled unit can be defined as an entire set of units that are coupled only with
5th wheel couplings. The tractor semitrailer can be considered as a roll coupled unit, and the
resultant lateral acceleration ay,rcu is calculated according to the following formula.

ay,rcu =
ΣN
n=1mnhnayn

ΣN
n=1mnhn

(2.11)
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where mn represents the sprung mass of a vehicle unit, hn represents the COG height
and ayn represents the lateral acceleration at the COG of the sprung mass. The subscript n
represents the nth vehicle in the rollcoupled unit and the total number of rollcoupled units
are represented by N . [6]

So after the Static Rollover Manoeuvre is simulated, the first instance of time at which the
DLTR is equal to 1 is determined, and the resultant lateral acceleration ay,rcu is calculated
for the tractor semitrailer combination.

2.3.3 Single Sine Steer Input

The lateral dynamic stability of a tractor semitrailer can be evaluated using the single sine
lane change manoeuvre. This scenario represents an obstacle avoidance/high speed lane
change manoeuvre at high velocity. The Single Sine steer input (Figure 2.10) is defined by
ISO 14791:2000(E) [7]. The vehicle should be moving at 88 km/h and the steer input should
generate a lateral acceleration of 0.15 g at the steer axle, while having a frequency of 0.4 Hz.
The amplitude of the steer input is different for each vehicle combination to meet the 0.15 g
requirement.

Figure 2.10: Single Sine Steer Input

The manoeuvre is used to calculate two performance measures: high speed off-tracking
and rearward amplification.

High Speed Off-tracking

This performance measure is used to ”assess the sway of the rearmost semi-trailer during
a single sine manoeuvre at high velocity”. At high speeds, when the tractor makes a lane
change, the trajectory of the trailer has a larger amplitude than the path tracked by the
tractor. The off-tracking performance or ”overshoot” is defined as the maximum lateral dis-
placement between the path followed by the center of the rearmost axle of the last semitrailer
of the vehicle unit and the exit tangent of the tractor’s steer axle. The higher the overshoot,
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higher the chance of collision with infrastructure or other vehicles on the road.

Figure 2.11: High Speed Off-tracking [6]

Rearward Amplification

The rearward amplification is used to assess the risk of rollover during a high speed lane
change manoeuvre. There is an amplification of lateral acceleration from the tractor steer
axle to the last axle of the semitrailer.

Rearward Amplification is defined as the ratio of the maximum absolute lateral accelera-
tion at the center of gravity of the last roll-coupled vehicle unit to the lateral acceleration of
the steer axle. Rearward Amplification reduces with fewer articulation points, roll-coupling,
larger trailer wheelbases, tyres with higher cornering stiffness and shorter distance between
the couplings and COG of the hauling unit [28].

The rearward amplification of a tractor semitrailer can be calculated with:

RRA =
max(|ay,rcu|)
max(|ay,sa|)

(2.12)

ay,rcu is the resulting lateral acceleration of the last roll-coupled unit, ay,sa represents the
lateral acceleration of the steer axle of the tractor. Large values of rearward amplification are
undesirable, as this indicates a greater risk of rollover during obstacle avoidance.

2.3.4 Pulse Steer Input

When an articulated vehicle, such as a tractor semi-trailer, changes direction at high speed,
lateral forces are introduced at the 5th wheel of the trailer. This generates yaw moment at
the trailer, introducing slip angles and slip forces. These slip forces are large enough at high

Optimized Future Tractor Semi-trailer Combination 18



CHAPTER 2. LITERATURE REVIEW

speeds to cause oscillations in the trailer trajectory for a single pulse steer input. Thus, os-
cillatory behavior can be seen with the yaw-rate, which is measured as Yaw Damping. This
criterion assesses the safety risk by requiring acceptable attenuation at any sway oscillations.

Yaw Damping

ISO 14791:2000(E) [7] states that the yaw damping is measured using a Pulse Steer Input.
The ISO 14791:2000(E) Steering Impulse should have an amplitude high enough to produce
a lateral acceleration of the first unit of 2 m/s2, but it may be decreased for the purpose of
limiting the response of the last unit to no more than 75 percent of the estimated rollover
limit and no more than 75 percent of any tyre friction limit. The time period of the steering
impulse should be less than or equal to 0.6 s and the time period of the corrections should
not exceed 1.5 s.

Figure 2.12: Pulse steer input [7]

It is to be noted that since the test is also to be conducted in practice, only time periods
are mentioned in the standard. The Gaussian membership function is used to generate a steer
input according to the specification mentioned in Figure 2.12. This function computes fuzzy
membership values using the gaussian membership function:

f(x;σ, c) = e
−(x−c)2

2σ2 (2.13)

where σ is the standard deviation and c is the mean. More about the gaussian member-
ship function can be seen in [29].

The yaw damping coefficient can be determined with the time history of either the artic-
ulation angle, articulation angle velocity or the yaw rate of the last vehicle unit. Figure 2.13
shows the typical trend of yaw rate of an articulated vehicle during a pulse steer input. To
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Figure 2.13: Yaw rate of an articulated vehicle during pulse steer input [6]

calculate the yaw damping coefficient of the chosen signal, the yaw amplitude ratio A is first
calculated. As per the number of amplitudes available, yaw rate amplitude ratio is calculated
as the ratio between consecutive peak amplitudes or consecutive amplitudes of the same sign.

Ā1 =
1

n− 2
(
A1

A3
+
A2

A4
....+

An−2
An

) (2.14)

or

Ā2 =
1

n− 1
(
A1

A2
+
A2

A3
....+

An−1
An

) (2.15)

The number of peaks n is equal to the number of peaks until the peak amplitude of the
oscillation reaches a value of 5 percent of the maximum value. The oscillations are said to
have died out after this point in time. Ā1 is calculated using (2.14) when the value of n is
greater than or equal to 6. When n is lesser than 6, amplitude ratio Ā2 is calculated using
(2.15).

Depending on the number of amplitude peaks n, the damping ratio can be calculated
with:

D1 =
ln(Ā1)√

(2π)2 + [ln(Ā1)]2
(2.16)

or

D2 =
ln(Ā2)√

(π)2 + [ln(Ā2)]2
(2.17)

Higher the yaw damping ratio, more effectively the yaw oscillations are damped. Damping
ratio of 1 means that the system is critically damped, while a damping ratio of 0 means that
the yaw oscillations are not damped at all. Note that a lower number of articulations and axle
groups positively impact yaw damping ratio. Yaw damping is also improved by increasing
the roll center height and better suspension systems.
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2.4 Summary

This chapter presents the prerequisite knowledge that the reader should know to gain an in-
depth understanding of the work done in this thesis. The section on steering control presents
the various trailer steering systems that are used in practice today and their pros and cons.
The reason why command steering has been chosen for analysis is elaborated upon. The
section on tire wear presents the relevant works that have been reviewed which lead to the
selection of the method of tire wear evaluation used in this thesis. The section on PBS
Standards describes both the manoeuvres followed and the performance measures used in the
classification of safety performance of the compared tractor semi-trailers presented in Chapter
6.
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Chapter 3

Simscape Multibody and Tractor
Semitrailer model

The modelling of the tractor semitrailer has been done in the Simscape Multibody environ-
ment. Simscape Multibody provides a multibody simulation environment for 3D mechanical
systems, such as robots, vehicles, construction equipment [30]. The equations of motion are
formulated and solved for the mechanical system. Control systems can be tested and system
level performance can be assessed to gain an idea of the level of performance that can be
achieved in the real world. The modelling is done by representing each component of the
object that is modeled using bodies of a specific mass and inertia and specifying the relation
of each component to another using a system of joints. Force elements can be specified if a
certain body experiences a force in a particular direction and measurements of the necessary
variables that represent the motion of the body can be made using sensors.

3.1 Simscape Multibody

Simscape Multibody defines the position of each component of the model using a system of
frames [31]. When defining a Simscape Multibody model, a few basic components are required.
They are the world Frame, the solver configuration and the mechanism configuration. The
World Frame represents the global origin of the model. The World Frame is the base frame to
which all other frames are follower frames. The components of the system are defined using
body blocks, where the geometry, mass and inertial properties can be specified [32]. Usually,
the geometric center of each body block holds the location of the body’s local reference
frame. The position of a frame is always translated with respect to another frame using a
block known as the rigid transform. The solver configuration is used to specify the type of
solver that should be used to solve the differential equations formed by the model. Within
the mechanism configuration, the gravitational acceleration field can be defined. Figure 3.1
shows the components that are described.

The visualization of the model is realized through the mechanics explorer, which is integrated
into Simscape Multibody. This allows the user to see how the components of the model
interact with one another when the simulation is run; this is shown in Figure 3.2.
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Figure 3.1: Key Components of a Simscape Multibody Model [8]

Figure 3.2: Rollover of 4 axle Tractor Semitrailer visualized in the Mechanics Explorer

3.2 Tractor Semitrailer Model

The model of the tractor semitrailer can be subdivided into 3 main modules. The driver
module, the tractor module and the semitrailer module. These modules and the purpose they
serve are described below:

Driver Module

The driver of a vehicle provides the input to navigate the vehicle in a specific manner. Sim-
ilarly, the driver module is designed to provide the necessary steer, throttle and brake input
so as to make the vehicle follow the trajectory requested. The steer input can be specified
either directly as an array before the initialization of the model or can be converted into the
coordinates that a path following controller will attempt to follow. One can choose how to
provide the steer input in the initialization code. More about the path following controller

Optimized Future Tractor Semi-trailer Combination 23



CHAPTER 3. SIMSCAPE MULTIBODY AND TRACTOR SEMITRAILER MODEL

will be described in subsection 3.2.1. The throttle input to the vehicle is controlled using
a cruise controller, which is a PI controller to follow the reference velocity specified during
model initialization.

Tractor Module

The tractor module defines the positions of the body elements that make up the tractor.
They are: the cabin, engine block, chassis elements, the steer axle, the drive axle and wheels.
The position of all these parts are specified using rigid transforms. The world frame, solver
configuration and mechanism configuration of the model are present in this module. The
main dimensions that are needed to specify the geometry of the tractor, wheelbase, initial
axle loads, mass of chassis elements, are defined in the mask of the model. The chassis is
divided into 2 parts and connected with a revolute joint oriented in the longitudinal direction,
where a stiffness is specified. This is done to model the torsional stiffness of the chassis. The
cabin block in the tractor module contains the cabin body. On the front surface of this cabin
body, the aerodynamic drag force is defined. More on this will follow in a later section. The
drive-line block converts the throttle input from the driver model into the drive torque that
acts at the wheels. The drive-line model is also able to calculate the gear shifts the tractor
will make during its operation and also calculate the fuel consumption. The improvements
made to the drive-line model will be elaborated later. The axles are connected to the chassis
using a system of springs and dampers for each wheel, whose stiffnesses are specified in the
mask of the axle module.

Semitrailer Module

The semitrailer module defines the positions of the body elements that form the semitrailer.
They are: the 5th wheel location, the chassis elements of the trailer, the load elements of
the trailer, and the trailer axles and their wheels. The position of all these parts are defined
by connecting one frame to another using rigid transforms, whose values are initialized in
the mask of the module and the blocks within the module. The trailer chassis and load are
also divided into 2 parts, and connected using a revolute joint in the longitudinal direction,
to model the torsional stiffnesses of both the chassis. The main dimensions that define the
geometry of the trailer, 5th wheel position, position of axles, chassis length, mass and density
of load, initial axe loads, can be input into the mask of the trailer module. The 5th wheel
is modelled using a combination of 2 revolute joints oriented along the y and z axis. This
makes the 5th wheel restrict the translational degrees of freedom, while allowing pitch and
yaw motions. This also couples the roll of the semitrailer to the tractor. The axles of the
trailer are also connected to the chassis via a system of spring and dampers.

3.2.1 Modifications made to the original model

The original model had been made in Simscape Multibody based on the Sim-Mechanics
version of the tractor semitrailer of the TU/e Commercial Vehicle Library. The TU/e Com-
mercial vehicle library allows users to assemble the different types of heavy goods vehicles.
More about the TU/e CVL can be found in [18][9].
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To make the original model capable of providing a proper comparison between the 2 axle
semitrailer and the 3 axle semitrailer, certain modifications are made to the original model.

Rear Axle Steering

The rear axle of the 2 axle semitrailer needs a steering input at the rear axle that will aid
in the manoeuvrability of this vehicle combination. The mechanism through which the steer-
input is provided to the rear axle is Command Steering. In command steering of a multiple
axle trailer system, the steered axles are provided a steer angle that is proportional to the ar-
ticulation angle between the tractor and the trailer unit. The steering input is derived through
geometric relationships formed by the dimensions of the vehicle and the articulation angles
developed. The idea is to place all tractor and trailer non-steered axles on a circular path and
steer the rearmost axle of the 2 axle semitrailer so that they share a common instantaneous
center of zero velocity. Such a steering mechanism will improve the low speed manoeuvrability.

The assumptions made to derive the steer angle for the rear axle are shown next:

1. The orientation of the tractor-semitrailer is such that the articulation angle is ψ1

2. The rear axle of the tractor and the front axle of the semitrailer are not steered and
hence are perpendicular to the center-line of their respective bodies.

3. Due to the articulation angle, the line extended from the rear axle of the tractor and the
line extended from the front axle of the semitrailer must intersect at the instantaneous
center of zero velocity O.

Figure 3.3: Single track model of 2 axle semitrailer when cornering

From the geometry of the triangles formed in Figure 3.3, the steering angle of the rear
axle δr can be derived as:
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δr = arctan(
b tanψ

a− c
cosψ

) (3.1)

The complete derivation of the steering angle can be referred to in Appendix D.
The articulation angle is measured using a transform sensor, attached to the revolute joint

at the location of the 5th wheel. This articulation angle is fed to a MATLAB function block,
where (3.1) is implemented. This provides the necessary steer angles to the wheels of the rear
axle.

Path Following Controller

Depending on the manoeuvre, one can choose to either define a steer input to the steer
axle wheels as a function of time or to guide the vehicle along a prescribed path using path
following. When evaluating performance using high speed manoeuvres such as the single sine
lane change, the steer input is defined as a function of time, whereas a low speed manoeuvre
such as the EU 360◦ turn uses the path follower which can make corrections to the path
whenever a deviation from the desired trajectory is detected.

The path following controller works in the following manner. First, the desired vehicle tra-
jectory is defined, where the prescribed path in the global (x,y) coordinate system is defined.
The longitudinal and lateral positions of the vehicle are monitored continuously and compared
with the desired path as the simulation progresses. As the deviation from the prescribed path
increases, the steer angle is adjusted to keep the vehicle in the prescribed path. The concept
that the path following controller utilizes is shown in figure 3.4.

Figure 3.4: Concept of Path Following Controller [9]

The path following block is implemented such that the controller calculates the error from
the prescribed path at a certain look ahead distance, and corrects the steer angle based on
the error generated. The steer angle that is applied is calculated as:

δt = c1 · ψps (3.2)

where c1 = steering sensitivity and ψps = look ahead angle

Aerodynamic Force

The air drag experienced by a tractor semitrailer is due to air flow caused by the frontal
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area of the vehicle. The equation that governs the aerodynamic drag force that acts on a
body is given by:

Faero =
1

2
ρAfCdV

2 (3.3)

where ρ is the density of air and Af is the frontal area of the tractor and Cd is the drag
coefficient.

The frontal area Af of the tractor equals 10.5 m/s2[33] and the density of air ρ equals
1.225 kg/m3.

More information on the determination of the air drag coefficient can be found in the
Appendix C of [33].

The aerodynamic force is incorporated in the model. The velocity of the cabin is meas-
ured using a transform sensor, and the aerodynamic drag force is calculated using (3.3). This
aerodynamic force is then sent to an external force and torque block, which generates the
aerodynamic force in a direction opposite to the velocity of the vehicle, at the geometric
center of the front face of the cube that represents the cabin.

Ackermann Steering

During testing of the vehicle along a steady state low speed turn, it had been found that
equal and opposite slip angles are being generated at the wheels of the steered axles. This
is due to the fact that equal steering input is provided to both the left and right wheels. In
road vehicles, the inner wheel is always steered sharper than the outer wheel during a turn
to reduce tire slippage. This is known as Ackermann Steering.

Figure 3.5: Ackermann Steering [10]

Figure 3.5 illustrates Ackermann Steering. Here, w is the track width, l is the wheelbase,
φi is the relative steering angle of the inner wheel, φo is the relative steering angle of the outer

Optimized Future Tractor Semi-trailer Combination 27



CHAPTER 3. SIMSCAPE MULTIBODY AND TRACTOR SEMITRAILER MODEL

wheel and r is the distance between ICC and center of vehicle. The Ackermann steering angles
can then be derived by considering the 3 triangles formed and expressed as shown below:

tanφ =
l

r
(3.4)

tanφi =
l

r − w
2

(3.5)

tanφo =
l

r + w
2

(3.6)

The steering angle formulae are input in a MATLAB function block, whose output is the
steering angle to both the left and right wheels. After the function had been implemented,
the slip forces at the steered axles are relatively equal and in the same direction. This applies
for the slip angles too.

Drive-line Model

The drive-line block in the original model had a relatively simple representation of an en-
gine. The engine has been represented by a function block where the total engine power (330
kW) is divided by the product of the instantaneous angular velocity at the wheels times final
drive ratio to get the engine torque. This approach is sufficient when doing performance based
tests, but cannot be used to make fuel consumption calculations. The original drive-line block
assumes that the engine is connected to a continuously variable transmission. This is not how
a tractor operates in reality and alterations are made to this block.

In order to make fuel consumption calculations the following elements have been added.

• Gear ratios are specified.

• A conversion to make the instantaneous power generated at the wheels into what gear
the tractor would be operating in. This would depend on the velocity and the power at
the wheels at that instant.

• There needs to be a fuel consumption map, which uses engine torque and rpm to cal-
culate the instantaneous fuel consumption rate.

The forward power-train model mentioned in the work of Parfant [33] is used as a base
from which the driveline model is developed. The gear ratios used are from the data sheets
[34] and [35] and an assumption is made, that the tractor has a 16 speed gearbox from ZF.
Constant transmission efficiency is assumed for each gear as it is often done for fuel consump-
tion calculations [36].

A gear shift strategy is implemented, which is based on maximum efficiency of fuel con-
sumption. This is done by an offline minimization function which calculates the optimum
gear ratio the vehicle should operate in, based on the brake specific fuel consumption data
of a generic 330 kW diesel engine. The output of this function is a shift-map, which is a 2
dimensional lookup table, that generates the gear the vehicle should operate in to get the
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Table 3.1: Engine and Transmission Parameters

Parameter Unit Value Reference

Engine Type [-] MX - 13 (Euro-6 Diesel) [34]
Max. Engine Power [kW] 330
Max. Engine Torque [Nm} 2221
Number of Gears [-] 16 [34]
Range of Gear Ratios [-] 14.12 - 0.83 [35]
Final Drive Ratio [-] 3.07

lowest fuel consumption. The inputs to the shift-map are the wheel torque and forward ve-
locity. The shift-map generated is shown in the figure 3.6a. Note that the fuel consumption
reported by the method used here is most suited to constant speed operation. It is mentioned
in reference [33] that the map may not be very accurate at low engine speeds.

(a) Shift map [33] (b) Torque Map [33]

Figure 3.6: Shift Map and Torque Map used in Driveline Model

A two-dimensional lookup-table, which is a function of engine speed ωICE and torque
τICE , is used to generate the fuel mass flow rate ṁf . The generic fuel map of the 330 kW
Euro 6 diesel engine, obtained from [33], is used here. The Torque map with BSFC is shown
in figure 3.6b. The red line shown in figure is the engine torque limit as a function of engine
speed. This mass flow rate is then integrated over time to get the fuel consumption. Also,
the powertrain parameters are based on data sheets of a DAF XF460 tractor. A clutch model
and a differential are not implemented to maintain simplicity of the model. Equal torque split
is maintained at both sides of the drive axle.

The operation of the powertrain model is explained next. The inputs to the drive-line
block are the wheel velocity and the throttle input. The wheel velocity is multiplied with the
radius of the tyre to get forward velocity. The instantaneous power at the wheels is obtained
by multiplying the drive torque with the wheel angular velocity. Both velocity and power
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at wheels are fed to the shift map, which generates the number of the gear that the tractor
should operate in for the lowest fuel consumption. This is then fed to a shifting time block,
which ensures that abrupt gear changes do not occur when the input variables to the shift
map are near boundary values. The signal is then fed to a 1D lookup table, which converts
the gear number to the gear ratio of the 16 speed gearbox multiplied with the final drive
ratio. The gear ratio times final drive ratio is then multiplied with the average wheel speed
to get the engine speed at that instant. The engine speed is fed to a function that divides
the peak power of the engine with the obtained engine speed signal to get the engine torque.
This engine torque is then fed to the fuel map along with engine speed to get the mass flow
rate of fuel at that time (gram/s), and this is integrated and divided by 1000 to get the
fuel consumption in liters. To get the wheel torque, the engine torque is multiplied with the
product of the instantaneous gear ratio and final drive ratio, and is split evenly over both
driven wheels. Appendix G shows the implementation of the new drive-line block.

A picture of the shifting time block that can be seen as a part of the updated power-train
model is shown in Figure 3.7.

Figure 3.7: Shifting Time block

The inputs to the shifting time block are the simulation time and the required gear shift
at a time instance. As time continues to progress in the simulation, the net effect of the
shifting time block is that gear shifts can occur only after a minimum time delay of at-least
1 second. This ensures that the gear shift from the shiftmap can only affect the torque and
engine speed of the engine when the shiftmap outputs a different value of the required gear
shift after more than a second. The shifting time block is a safety measure to prevent rapid
gear changes, which can affect the fuel consumption calculations.

Static Axle Loading

An objective of this thesis is to make the simulation model as close as possible to a tractor
semitrailer in real life, so that the results found in the simulation environment can be used to
make decisions on real world applicability. The vehicle models should have the same static
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axle loading in simulation and in reality. Since the dimensions of the vehicles are the same,
this would ensure that the vehicle in the simulation environment generates the slip forces
similar to real life. Thus, only if the static axle loading matches, will the performance com-
parison of the trailers yield accurate results. The dimensions of the 5 axle and 4 axle tractor
semi-trailers are displayed in Figure 3.9.

To get the axle loading according to the vehicle specification, the following changes are
made to the original tractor semitrailer model.

• The dimensions of the trailer play a role in the static axle loading of the vehicle. The
initial vertical axle loading of the trailers are obtained according to the dimensions
shown in Figure 3.9. The excel sheet with the calculations of the initial axle loads are
provided by Knapen Trailers and these values are used in the model along with the
tractor and trailer dimensions to get the appropriate values of the unloaded height of
the spring and dampers between the axles.

• The position of the center of gravity of the trailer chassis affects the distribution of axle
loads in the model. This is due to the fact that each individual axle is connected to the
trailer using 2 sets of springs and dampers and is sensitive to the proportion of the load
that is directly atop the axle. Trailers in real life have air suspensions which equalize
the load acting on each axle, irrespective of the placement of the CG of the chassis.
The CG is shifted by altering the percentage of mass distribution of the front and rear
chassis element such that equal axle loading is obtained across the trailer axles.

The static axle loading of the tractor semitrailer combinations that are compared are
listed in Tables 3.2 and 3.3. More information on the dimensions of the trailer combinations
can be found in Figure 3.9.

Axle Load [kg]
Steer Axle 7450
Drive Axle 11550
Trailer Axle 1 7000
Trailer Axle 2 7000
Trailer Axle 3 7000
Total 40000

Table 3.2: 5 axle Tractor Semitrailer

Axle Load [kg]
Steer Axle 8450
Drive Axle 11550
Trailer Axle 1 10000
Trailer Axle 2 10000
Total 40000

Table 3.3: 4 axle Tractor Semitrailer

Optimized Future Tractor Semi-trailer Combination 31



CHAPTER 3. SIMSCAPE MULTIBODY AND TRACTOR SEMITRAILER MODEL

F
ig

u
re

3
.8

:
D

im
en

si
on

s
of

5
ax

le
tr

ac
to

r
se

m
i-

tr
ai

le
r

Optimized Future Tractor Semi-trailer Combination 32



CHAPTER 3. SIMSCAPE MULTIBODY AND TRACTOR SEMITRAILER MODEL

F
ig

u
re

3
.9

:
D

im
en

si
on

s
of

4
ax

le
tr

ac
to

r
se

m
i-

tr
ai

le
r

Optimized Future Tractor Semi-trailer Combination 33



CHAPTER 3. SIMSCAPE MULTIBODY AND TRACTOR SEMITRAILER MODEL

3.3 Summary

This chapter begins with a description of the simulation environment of Simscape Multibody,
using which the models of the tractor semi-trailers were created. Next, a general description
of the various modules that are a part of the tractor semi-trailer model along with their
functionality is provided . Then, light is shed on the various elements of the model that
have been added as an effort of this thesis work. The implementation of rear axle steering,
aerodynamic drag force, ackermann steering and the updated driveline model are described.
Finally, the methodology used to obtain the static axle loading of the compared tractor semi-
trailers is described.
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Chapter 4

Rolling Resistance and Fuel
Consumption

The main factors that affect the fuel consumption during straight line driving on a level road
are aerodynamics and rolling resistance of the vehicle. This chapter will describe the steps
taken to get representative rolling resistance forces for both the tractor semitrailer combina-
tions that are compared. There after, the procedure to determine the fuel consumption will
be described. Finally the results and conclusions that can be drawn from the results will be
presented.

4.1 Rolling Resistance

The origin of rolling resistance is due to the visco-elastic property of the tires. The deformation
of the tyre causes the flattening of the contact patch when it rolls. This dissipates energy in
the form of heat. Rolling resistance can be defined as the energy consumed by the tire per
unit distance covered [11]. It is expressed as a force and is characterized by the equation:

FRR = CRR · Z (4.1)

where CRR is the rolling resistance coefficient and Z is the normal load acting on the tyre.

There are many external factors that affect rolling resistance. The most prominent factors
will be described next.

• Tyre Pressure: It is common knowledge that when the tire pressure is increased,
the rolling resistance of the tyre decreases. Increase of tyre pressure increases the
compression of the tread blocks, but prevents their bending and shearing. [11] This
means that the driving force from the axle is more effectively transferred to the ground.
The rolling resistance coefficient is dependent on tire pressure, as can be seen from Fig.
4.1.
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Figure 4.1: Pressure vs rolling resistance coefficient [11]

• Load: The rolling resistance coefficient CRR decreases slightly as load increases. A
greater normal load on the tyre implies that more work is done by the tyre during its
motion along the same travelled distance. This means that there is greater dissipation
of energy from the tyre to the road as the rubber molecules stick to the pavement more,
leading to an increase in tyre temperature at the contact patch. Since the vertical
dynamics of the tyre on the road is represented by a spring damper system, the increased
temperature decreases the spring constant of the tyre as the molecules of rubber have
more energy to adjust to the aberrations of the pavement. This means that the visco-
elasticity of the tyre decreases as temperature increases, reducing the rolling resistance
coefficient. However, the total rolling resistance force (FRR) increases with load as the
contribution of the normal load is greater. The dependency of CRR and FRR can be
seen in the Fig. 4.2.

Other factors, such as speed, ambient temperature and rolling time of the tyre, also affect
the rolling resistance coefficient. However, tire pressure and other factors are not included in
our analysis due to the following reasons. Even-though the effect of tyre pressure changes are
modelled in the Swift Tyre Model used in the model of the Tractor Semitrailer, the depend-
ency of the rolling resistance coefficient on the tyre pressure is tyre specific. This dependency
wasn’t known for the tyre used in this thesis. It is assumed that Tyre Pressure does not
change over time. Tractor Semitrailers do not reach speeds of 120 km/h. In the Netherlands,
Trucks and vehicles above 3.5 tons are required to have a speed limiting device to prevent
them from speeding above 90 km/h [37]. Ambient temperature and tyre temperature are not
parameters that are simulated in the Simscape Multibody. It is assumed that the temperature
remains constant during each simulation.

The effect of tyre pressure and load on rolling resistance can be described by the following
empirical formula:

FRR = k · Pα · Zβ (4.2)
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Figure 4.2: Load vs Coefficient of Rolling Resistance & Rolling Resistance Force [11]

where k = constant for a given tyre and for a truck tyre designed for motorway use:
α ≈ −0.2 and β ≈ 0.9. [11]

The effect of the vertical force on rolling resistance equals:

FRR = FRR−ISO · (
Z

ZISO
)β (4.3)

where ZISO and FRR−ISO are the rated load and rolling resistance force for a given tyre.

From (4.3) and (4.1), we can get the following dependence of the coefficient of rolling
resistance CRR on the vertical force Z. The derivation of this equation is elaborated in
Appendix E.

CRR = CRR−ISO · (
Z

ZISO
)1−β (4.4)

To get representative values for the rolling resistance coefficient, two premier tyre man-
ufacturers had been contacted. These values had been provided for Steer Axle, Drive Axle
and Trailer Axle tyres that are used for both regional distribution and long haul driving. The
average of the values of each tyre type are determined and listed in Table 4.1.

Now, using (4.4) and the load acting on each axle, as mentioned in Table 3.2, the cor-
rected coefficient of rolling resistance can be obtained for the tractor semitrailer combinations.

To check the rolling resistance values, a roll-out test had been simulated. In this test, the
aerodynamics module had been switched off and the tractor semitrailer is accelerated from 50
km/h at full throttle for 10 seconds. Thereafter, the vehicle had been allowed to roll freely.
Thus, the only force that resists the forward motion of the wheels is the rolling resistance
force. Now using (4.1) and Table 3.2, the rolling resistance force for each wheel can be calcu-
lated. Slight adjustments have been made to the rolling resistance coefficients by repeating
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Tyre Type Tyre Size ZISO [T] CRR−ISO
Regional Distribution Tractor Steer Axle 315/70 R22.5 4.0 5.6

385/65 R22.5 4.5 5.6
Drive Axle 315/70 R22.5 3.8 6.2

Trailer 9 ton axle 385/65 R22.5 4.5 4.9
10 ton axle 385/65 R22.5 5.0 4.9

Long Haul Tractor Steer Axle 315/70 R22.5 4.0 5.3
385/65 R22.5 4.5 5.3

Drive Axle 315/70 R22.5 3.8 5.7
Trailer 9 ton axle 385/65 R22.5 4.5 4.2

10 ton axle 385/65 R22.5 5.0 4.2

Table 4.1: Average Rolling Resistance Coefficients used in model

the roll-out test so that the rolling resistance forces are almost equal to the calculations made.

The total rolling resistance force of both vehicle combinations are shown in Table 4.2 for
both regional and long haul tyres. The rolling resistance forces are listed at zero payload,
50 % payload and maximum payload. The values of total rolling resistance are quite close
to one another for both the regional distribution and long haul tyre types. This is a first
indication that the advantages in Fuel Consumption from the trailer this thesis proposes will
not be very high in a straight line when both vehicles share the same gross vehicle weights in
the fully loaded condition.

Vehicle Type Rolling Resistance Force (N)

Regional Distribution tyres Long Haul tyres
Max Payload (25 ton - 5 axle TS and 26 ton - 4 axle TS)

5 axle Tractor Semi-trailer 2160 1930
4 axle Tractor Semi-trailer 2105 1890

12.5 ton Payload

5 axle Tractor Semi-trailer 1515 1360
4 axle Tractor Semi-trailer 1455 1315

Zero Payload

5 axle Tractor Semi-trailer 850 770
4 axle Tractor Semi-trailer 795 725

Table 4.2: Rolling resistance forces of tractor semi-trailers

As a rule of thumb, it can be stated that for tractor semitrailers the aerodynamic forces
reach the same magnitude as rolling resistance forces at speeds of about 80 km/h. The
magnitude of power to overcome aerodynamic drag reaches a magnitude equal to that of
the power to overcome rolling resistance force at 83 km/h for vehicles with regional distri-
bution tyres and 80 km/h for vehicles with long haul tyres, as shown in Figures 4.3a and 4.3b.
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(a) Regional Distribution tyres (b) Long Haul tyres

Figure 4.3: Power to overcome Aerodynamic drag and Rolling resistance force (5 axle tractor
semi-trailer)

4.2 Fuel Consumption

The potential benefits that the proposed 2 axle semitrailer can give in fuel consumption are
instrumental in deciding whether the shift from the 3 axle semitrailer is worth the effort
needed to change the EU legislation. The fuel consumption is calculated for two conditions:

• Straight Line Driving

• Driving in a Circle

4.2.1 Straight Line Driving

In this test the vehicle travels in a straight line at a constant speed. The simulation is stopped
when the vehicle has covered 1 km of travelled distance. The vehicle speeds had been varied
from 50 km/h in increments of 10 km/h till 80 km/h. When travelling in a straight line, the
forces that resist the motion of the vehicle are the rolling resistance force and the aerodynamic
drag force. At a constant velocity, the aerodynamic drag force is a constant. This makes the
differences in rolling resistance force the only variable that affects the fuel consumption in
these tests. The tests are indicative of two types of differences in fuel consumption.

• Reduction in fuel consumption due to lower rolling resistance force between 5 axle semi-
trailer and 4 axle semi-trailer due to the 4 axle semi-trailer having lesser number of tyres
carrying more load.

• Difference in fuel consumption between the regional distribution tyre variant and the
long haul tyre variant.

To ensure that a complete picture of the variation of fuel consumption with loading condition
is obtained, the tests are repeated at 0%, 50% and 100% total payload. The results of the
tests are tabulated in Appendix A. The average fuel consumption over the different constant
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speeds of operation are plotted with respect to the total payload in Figure 4.4

Figure 4.4: Average fuel consumption of tractor semi-trailers

The vehicle equipped with long haul tires show a considerable decrease in fuel consump-
tion compared to the regional distribution tires. This is expected due to their lower rolling
resistance coefficient. From the results of both regional and long haul tires, it can be seen that
the difference in fuel consumption continues to decrease between the semi-trailer types as the
gross vehicle weight of the vehicle increases. The difference in fuel consumption at 0 payload
is due to the fact that the 2 axle semitrailer is 1000 kg lighter in weight. At the condition of
0% payload, the gross vehicle weights are 15 ton and 14 ton for the 5 axle and 4 axle tractor
semitrailer respectively. The percentage difference in fuel consumption on average for the 0%
payload condition is 1.34%. The difference in fuel consumption at the fully loaded condition
is minimal, at 0.25%. When the 2 axle semi-trailer is used over the conventional tractor semi-
trailer for straight line constant speed driving, one can see a 0.25% to 1.7% improvement in
fuel consumption depending on the loading scenario and velocity.

The fuel consumption had also been evaluated on a per ton km basis to fully realize the
performance advantage offered by switching to the 2 axle semitrailer. The payloads of 12.5
ton, 25 ton are considered for the conventional tractor semi-trailer representing half load and
full load conditions and payloads of 12.5 ton, 25 ton and 26 ton are considered for the 4 axle
tractor semi-trailer to provide an equivalent comparison. The results are presented in Tables
4.3 and 4.4. It can be seen that on average, the percentage difference between the 2 trailer
types are 4.4% for regional distribution tires and 4.2% for long haul tires. The ability to add
another 1000 kg of payload improves the specific fuel consumption considerably. The 2 axle
trailer will yield substantially lower fuel consumption on a per ton km basis.
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5 axle Tractor Semi-trailer Fuel Consumption [L/ton.km]

Regional distribution tyres Long haul tyres
Payload (ton) Payload (ton)

Speed (km/h) 12.5 25 12.5 25

50 0,0151 0,0086 0,0145 0,0082
60 0,0178 0,0099 0,0172 0,0095
70 0,0204 0,0113 0,0198 0,0108
80

Table 4.3: Fuel Consumption [L/ton.km] for 5 axle tractor semi-trailer

4 axle Tractor Semi-trailer Fuel Consumption [L/ton.km]

Regional distribution tyres Long haul tyres
Payload (ton) Payload (ton)

Speed (km/h) 12.5 25 26 12.5 25 26

50 0,0149 0,0085 0,0082 0,0144 0,0081 0,0079
60 0,0175 0,0098 0,0095 0,0170 0,0094 0,0091
70 0,0202 0,0111 0,0108 0,0197 0,0108 0,0104
80 0,0224 0,0122 0,0118 0,0219 0,0118 0,0114

Table 4.4: Fuel Consumption [L/ton.km] for 4 axle tractor semi-trailer

4.2.2 Driving in a circle

Fuel Consumption is also calculated when the tractor semi-trailer model does the EU 360◦

turn. The tractor semitrailer is driven in a circle of outer radius 12.5 m at a speed of 7.5 kph.
Once a steady state circular turn had been established, the fuel consumption is determined.
The turning manoeuvre had been conducted five times. To understand the extent of the
reduction in fuel consumption when driving in a circle, the test had been conducted at 0 ton
payload, 12.5 ton payload and 25 ton payload.

The difference in fuel consumption performance comes from the fact that the 3 axle tractor
semitrailer differs from the 2 axle semitrailer in the way slip angles develop on the trailer axles.
This can be observed from the figure 4.5. The generation of the slip angles on the first and
third axle of the semitrailer induces lateral forces that the tractor will need to overcome to
orient the trailer in the direction of the 5th wheel. This induces the need for more power
from the engine to drive the trailer in a circle. The 2 axle tractor semitrailer on the other
hand, does not develop large slip angles due to steering of the rear axle. This means that
the 5th wheel forces that act on the tractor, as a result of lateral forces at the trailer axles
during the EU 360◦ are smaller. This advantage can be clearly seen in the results of the fuel
consumption presented in Table 4.5.

The results show that the 5 axle tractor semi-trailer has a fuel consumption that is between
2 to 3 times that of the 4 axle tractor semi-trailer during a very tight steady state circle de-
pending on the loading condition. There is a drastic improvement in performance when using
the 2 axle semi-trailer with rear trailer axle steering. Routes with a large number of turns
may benefit from the reduction in fuel consumption that the 2 axle trailer can provide.
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Figure 4.5: Difference in the development of slip angles for Trailers

Vehicle Type Fuel Consumption [L/100km]

Payload (ton)
0 12.5 25

5 axle Tractor Semi-trailer 44.68 71.68 91.53
4 axle Tractor Semi-trailer 23.56 28.46 33.2

Table 4.5: Fuel Consumption during EU 360◦ Circle
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4.3 Summary

This chapter begins with a brief description of the various factors that affect the calculation of
fuel consumption. The section on rolling resistance explores the underlying phenomena that
causes rolling resistance and the relationships that exist with the relevant parameters. The
procedure used to get values of the rolling resistance coefficients on the tractor semitrailer
model is described. Testing to evaluate the fuel consumption reduction had been done for the
scenarios of straight line driving and driving in a circle. The results show that on a per ton
of payload basis [L/ton.km], the 4 axle semitrailer improves the fuel consumption by ≈ 4.3
as the 4 axle tractor semitrailer has a maximum payload capacity of 26 tons which is 1000
kg more than that of the 5 axle tractor semi-trailer. The subsequent subsection mentions
the performance gains obtained when operating the tractor semitrailer in a circle. The great
reduction of side slip forces reduces the fuel consumption of the tractor semitrailer in a circle
by almost 50 to 67% depending on the loading condition. The 4 axle tractor semitrailer will in
general offer considerable reductions in fuel consumption. In a straight line, these reductions
are comparatively small. There is a much larger reduction in fuel consumption when turning
in a tight circle.
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Chapter 5

Tire Wear

The state of tyre wear on a vehicle play a huge role in its manoeuvrability and safety over a
period of time. Designing tires that are safe, fuel efficient and long lasting requires an in-depth
understanding of the tribology of tire road interaction [5]. One of the goals of this thesis is
to quantify the level of tire-wear that occurs during certain manoeuvres. A literature study
has been conducted with the aim of finding a middle ground in describing the behaviour of
tire-wear with sufficient accuracy. This section will describe the methodology used to gauge
the level of tire-wear between the tractor semitrailer configurations. The results obtained
using these calculations are presented and conclusions are drawn from them.

5.1 Literature Review

It is clear that simple analytical models based on normal pressure distribution and sliding
distance covered by a tread element can represent tire wear, as can be seen from Archard’s
wear law and Schallamach wear law. However these models do not represent the joint effect
of load and slip angle. Also, the application for which these laws are designed are for wear of
metal disks etc, whose mechanical properties are quite different from the visco-elasticity that
tires possess. Thus, these laws can not accurately predict tire wear.

Building completely analytical models that predict tire wear is very challenging, as wear
depends on many factors such as the dynamics of the tyre and the vehicle, the mechanical
contact conditions and tyre-road interaction, temperature and pressure effects and structure
of the tyre and material properties (e.g. hardness, damping, abrasion characteristics). The
work of Li et al [3] is a parameter sensitivity study of the factors that affect tire wear. Most
prominent factor is the slip angle. Speed and sprung mass also exert an influence of compar-
able magnitude, but these effects are included when the tire wear is measured as a result of
the slip forces that are generated. Hence, it had been decided that slip forces would be the
key to determining the effect of tire wear.

Tire-wear occurs across mainly 2 events during the operation of a heavy goods vehicle
such as a tractor semitrailer, being straight line acceleration and braking and scrubbing of
tires during turning [5].

Of these factors, the instances where a tractor semitrailer generates enough braking or
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acceleration to result in wheel lock or spin do not occur as frequently in the lifetime of the
trailers operation as does the effect of scrubbing of tires during a turning manoeuvre. This
is the approach taken by David Cebon et al. [5], where a method to empirically estimate the
tire-wear of a particular heavy goods vehicle tyre is described. In this work, tyre wear had
been measured at eight different slip angles, between 0◦ to 14◦ with a normal load of 100 kN
per axle. The testing had been done on an asphalt test track, which is meant to represent the
average road condition in the EU. The measurements showed that the tire-wear behaviour
can be represented by a simple quadratic (2.8). Then using (2.9), one can obtain the mass of
the tyre (in grams) that wore off during that manoeuvre. This approach has been taken as a
base from which the method to calculate tire-wear is obtained.

It is to be noted that the results drawn from the methodology described in the next
section is at best be an approximation. Tire wear occurs due to a wide variety of factors,
road surface, friction level, angularity of the particles, humidity, ambient temperature, which
are too complex to be included into the Tractor Semitrailer model. Also, tire wear varies
heavily with the type of tire that is used. Regional distribution tires with a higher coefficient
of rolling resistance are made more resistant to tire-wear due to scrubbing, while long haul
tyres will wear more during scrubbing. The performance improvement in terms of tire-wear
when using the proposed 2 axle semitrailer can be compared to that of the 3 axle semitrailer,
assuming that all other factors that affect tire wear remain constant. This would be a first
step in giving an estimation of the reduction in tire-wear that can be obtained.

5.2 Methodology

The main concept that is used to evaluate tire-wear due to scrubbing deals with the energy loss
which is transformed into heat. Due to the generation of this heat, the molecular structure of
rubber changes at the contact patch inducing tire wear [11]. The tyre generates heat during
its operation mainly during 2 scenarios, these are:

• Due to Lateral Slip.
The instantaneous power in the lateral direction of the tyre that causes tire-wear due
to abrasion is:

Psy = Fy · Vsy (5.1)

• Due to Longitudinal Slip.
The instantaneous power in the longitudinal direction can also be measured as:

Psx = Fx · Vsx (5.2)

It can be said that the sum of (5.1) and (5.2) will be an indicator for the amount of
heat generated at a given instant that leads to the wear of the tyre. This means that for a
manoeuvre, given the condition that the other factors that affect wear are constant, the wear
of the tyre can be calculated by the following formula.

Wtyre =

∫ tend

tstart

Kw · (Psx + Psy)dt (5.3)
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where Kw is a scaling factor whose value is chosen for a given tyre. Its unit is g/W. tstart and
tend represent the start and stop time of the time interval for which the measurement is taken.

It can be see that the value chosen for the constant Kw will obviously affect the wear
results. Hence, it is important that the value of this constant is chosen such that it produces
acceptable values of tire wear. It had been decided that the best way to do this is to create
the wear calculation of D. Cebon in the Simscape Multibody environment using the MF-Tyre
model and compare the values of wear that can be obtained with the proposed method. Then,
the constant can be tuned to get similar values of tire-wear.

Choosing the scaling factor Kw

The model used to compare the wear calculations can be seen in Figure 5.1.

Figure 5.1: Tire Wear Model

The work of D. Cebon [5] calculates tire wear using (2.9). This equation can also be
rewritten as:

∆M = K1

∫ tend

tstart

α2 · Vx · dt (5.4)

where K1 = K.w. Here, K = 145 g/m2 and w is the width of the tyre. tstart and tend
represent the start and stop time of the time interval for which the measurement is taken.

The normal load on the tyre is maintained at 50 kN as the work of D. Cebon mentions
the use of 100 kN load per axle. Since the slip angle is alternated in steps from 0◦ - 14◦ in
[5], the slip angle input is a sine wave of amplitude 14◦ and a frequency of 0.05 Hz in the
model to assess wear. The work of D. Cebon conducts the experiment at low speeds of 1 - 2
m/s. Testing is conducted at both low speeds (1.4 m/s) and high speeds (14 m/s) to find the
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dependency of wear on speed. After obtaining the wear values, it can be seen that similarity
in wear values are observed when the constant is chosen as Kw = 0.0003 g/W.

(a) Vx = 1.4 m/s2 (b) Vx = 14 m/s2

Figure 5.2: Wear rate for Sine wave input of Slip Angle

(a) Vx = 1.4 m/s2 (b) Vx = 14 m/s2

Figure 5.3: Wear for Sine wave input of Slip Angle

A value of K1 is chosen that is slightly lower than the value predicted by the calculation of
Cebon. In an email correspondence with the author, it had been made clear that the constant
K that had been obtained from their experiment is unrealistically large. This is due to the
fact that the asphalt used in their testing is rougher than the average roads in the EU. It can
be seen in Figure 5.3 that when slip angles are small, the results produced by the proposed
formula (5.3) and (5.4) are nearly identical irrespective of the speed of the tyre.

5.3 Comparison of Tire Wear performance

The testing to evaluate the performance gains in terms of tire-wear for the compared tractor
semi-trailers is conducted using the following criteria. Both the models of the tractor semitrailer
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are made to turn at 90◦, 180◦ and 360◦. The speed of the tractor is kept at 7.5 km/h and
the radius of the turn is 12.5 m (of that of the EU Circle). The reduction in the magnitude
of lateral forces generated at the trailer axles for the 4 axle tractor semi-trailer with trailer
axle steering will result in less tire wear. This can be seen in the results for the 360◦ turn
presented in Table 5.1 and 5.2. The complete set of results are presented in Appendix C.

360 ◦ turn

Axle Wear Left tyres [g] Wear Right tyres [g]

Steer Axle 0.14 0.14
Drive Axle 5.26 — 1.31 1.36 — 5.28
Trailer Axle 1 79.47 42.39
Trailer Axle 2 1.21 0.83
Trailer Axle 3 36.27 52.74

Total Wear 226.4 g

Table 5.1: Wear during a single 360◦ turn - 5 axle Tractor Semitrailer

360 ◦ turn

Axle Wear Left tyres [g] Wear Right tyres [g]

Steer Axle 0.11 0.04
Drive Axle 2.59 — 2.09 1.88 — 2.37
Trailer Axle 1 0.16 0.18
Trailer Axle 2 0.15 0.12

Total Wear 9.69 g

Table 5.2: Wear during a single 360◦ turn - 4 axle Tractor Semitrailer with rear axle steering

From the results for the EU 360◦ turn, we see that the conventional 5 axle tractor
semitrailer induces tire-wear that is much higher than the proposed 4 axle tractor semitrailer
with rear steering. The wear of the 5 axle combination is ≈ 23 times that of the 4 axle
tractor semitrailer during one full turn of the EU Circle. Even though the method used to
evaluate tire-wear is based on many assumptions, there is still a major reduction seen when
using the proposed 4 axle tractor semitrailer. This can be seen from the Figure 5.4. Figure
4.5 shows the single track free body diagrams of the compared vehicle combinations, where
the difference in the slip angles generated can be seen. It can be observed from the plot of
slip angles during the EU 360◦ turn (Figure 6.4) that the slip angles generated by the 2 axle
semi-trailer are negligible when the rear axle is steered compared to the 3 axle semi-trailer.

It is interesting to note that for the 5 axle combination, severe wear occurs in the front
left and rear right tyres of the 3 axle semi-trailer. Trailer axle 1 and trailer axle 3 are further
away from the position of the equivalent axle of the 3 axle trailer (Trailer Axle 2). During a
low speed turn, the slip angles of the axles that are in front of the equivalent axle are towards
the radius of the turn and the slip angles for the axles behind the steering point are away from
the radius of the turn as shown in Figure 5.4. Between the left and right tires of Trailer axle 1,
the left tyre is towards the inside of the turn and hence would produce greater slip angle due
to its smaller turning radius. Similarly, for the tires of Trailer axle 3, the right tire is towards
the outside of the turn. Since the direction of generation of slip angles are opposite on the
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Figure 5.4: Total Vehicle tire-wear during 90◦, 180◦ and 360◦ turns for both tractor semitrail-
ers

other side of the steering point (Trailer axle 2), the velocity vector of the tyre on the left
side is further towards the outside of the turn than the right tyre. However, another reason
that influences the trend seen in the generation of tire-wear is the load transfer when turn-
ing tight corners. The difference in Fz between the left and right tyres affects the cornering
stiffness of each tyre, producing different lateral forces Fy, for the same slip angle. Thus, the
product of the normal load Fz shown in Table 5.4 and the slip angle α shown in Table 5.3 gives
an indication of the trends for wear shown in Table 5.1 during a left turn of the EU 360◦ circle.

Axle Slip Angle [◦]

Left tyre Right tyre
Trailer Axle 1 14.0 10.4
Trailer Axle 2 1.0 0.7
Trailer Axle 3 12.0 8.8

Table 5.3: Slip angles during a left turn of EU 360◦ circle
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Axle Normal Load Fz [N]

Left tyre Right tyre
Trailer Axle 1 46200 25500
Trailer Axle 2 36500 34800
Trailer Axle 3 24300 46600

Table 5.4: Normal Load Fz during a left turn of EU 360◦ circle

5.4 Summary

The chapter begins with a description of the ideas that led to a proposed method to evaluate
tire wear. Several methods of tire wear calculation are explored in literature to find one
that is best suited to the needs of this thesis. Since tire wear is a complex phenomena and
is dependent on many environmental and situational factors, the decision is made to utilize
methods that used variables that are available from the tire model and to assume the other
factors of influence to be constant. The proposed formula for tire wear is based on empirical
estimation of wear proportional to the total energy lost at the contact patch and is meant to
be a first estimate to numerically quantify the difference in performance that can be obtained.
The results show that the introduction of the rear steered axle will lead to much lower slip
forces on the trailer axles of the vehicle, which leads to a significant reduction of tire wear.
Although the proposed formula does not predict the exact amount of tire wear, it can be said
that one can expect large improvements in the longevity of the trailer tyres when using the 4
axle tractor semitrailer combination with a rear steered axle.
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Chapter 6

Comparison by Performance Based
Standards

In this chapter the performance of the 2 axle tractor semi-trailer in comparison to the standard
tractor semi-trailer is evaluated in terms of manoeuvrability and high speed stability. Three
vehicles will be analysed here. The standard Tractor semi-trailer will act as a baseline rep-
resenting the performance expected from a regular tractor semi-trailer used in the EU. This
will be compared to the Tractor semi-trailer with two non steered axles and the tractor semi-
trailer with the rear axle being steered via command steering. Performance Based Standards
explained in Chapter 2 will be used.

6.1 PBS Results

The performance measures are obtained through simulating the required manoeuvre for each
model using the Simscape Multibody version of the TU/e CVL. The dimensions of the trailers
that are tested are shared by Knapen Trailers and can be viewed in Figure 3.9.

The semi-trailers are tested at the fully loaded condition as it is the worst case scenario
for all procedures, due to the increased center of gravity height and higher load on the tires,
which results in larger slip forces.

6.2 Low Speed Tests

In this section, the low speed PBS Tests are evaluated for the Tractor Semi-trailer with 4
axles, with rear steering active & inactive and compared to the baseline Tractor Semi-trailer
combination. It can be seen from the Figure 6.1 that the Tractor Semi-trailer of 4 axles
without rear steering performs worse than the standard Tractor semi-trailer in its swept path
performance. The Tractor Semi-trailer of 4 axles with rear steering has better swept path
performance in the EU 360◦ turn maneuver compared to the 4 axle Tractor Semi-trailer
without rear axle steering. The swept path is equal to that of the standard 5 axle Tractor
Semi-trailer as seen in Figure 6.3. The cause for these differences will be explained in the
next section. The reader can look at the dimensions in Figure 3.9 for reference.
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6.2.1 Swept Path

The first PBS Scenario that will be evaluated is the Low speed swept path performance during
the EU 360◦ turn. The swept path performance of the 2 axle semi-trailer without rear axle
steering compared to the 3 axle semi-trailer can be seen in Figure 6.1

(a) 5 axle Tractor semi-trailer (b) 4 axle Tractor semi-trailer without rear steering

Figure 6.1: Swept Path - 5 axle vs 4 axle without rear steering

The main contributing factor that affects the swept path performance of a Tractor Semi-
trailer combination is the effective wheelbase. The effective wheelbase is defined as the dis-
tance from the connection point (fifth wheel) of the trailer to the virtual wheel axle. A straight
line drawn along the virtual wheel axle intersects the instantaneous center of the turn the
semi-trailer takes. It can be seen as a single axle which represents the axle group as a whole.

For the semi-trailer with 2 axles, this virtual wheel axle is exactly in between the 2 semi-
trailer axles, the effective wheelbase is 8.8 m from the 5th wheel. For the semi-trailer with
3 axles, the virtual wheel axle is the middle axle of the tri axle group, making the effective
wheelbase 7.75 m from the 5th wheel. Thus the tractor semi-trailer with 3 axles has a shorter
effective wheelbase than the tractor semi-trailer with 2 axles. When the trailer moves along
a circular path, a shorter effective wheelbase means that the trailer will be closer to the outer
radius of the turn, as the effective axle that represents the axle group is now closer to the 5th

wheel which increases trailer manoeuvrability. The effective wheelbase of the tractor semi-
trailer with 4 axles is too high for it to clear the critical radius condition of Rinner = 5.3 m
set by the EU 360◦ turn.

Next, the swept path performance of the Tractor semi-trailer with rear steering is ex-
plained. Figure 6.3 shows the improvement in the swept path when using the 2 axle semi-
trailer with rear axle steering compared to the 3 axle semi-trailer. The improvement in the
swept path of the 2 axle semi-trailer with rear steering comes from reducing the effective
wheelbase from in between the two axles to the front axle of the semi-trailer for sharp turns.
This causes the wheelbase to become 7.7 m from the 5th wheel, which is 0.05 m smaller than
the tractor semi-trailer with 3 axles. The inclusion of a steered axle also has the benefit of
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Figure 6.2: Effective Wheelbase [12]

negating the slip angles that are generated at axles which are at a distance from the effective
axle. Since the axles in the standard trailer do not have a steering input, the generation of slip
angles on the first and third axle produce lateral forces. These forces generate moments that
oppose the turning moment of the trailer (induced by the forces at the 5th wheel coupling)
causing the resultant force from the equivalent axle (middle axle for the 3 axle semi-trailer)
to be reduced. This moves the trailer further towards the inside of the turn. By design,
the steered 2 axle trailer eliminates this issue. The slip angles produced during a single EU
360◦ turn for the 3 axle semi-trailer and the 2 axle semi-trailer with rear axle steering can
be observed by referring to Figure 6.4. Hence, the 2 axle semi-trailer is able to have better
swept path performance.

6.2.2 Tail Swing

The tail swing of a tractor semi-trailer is dependent on the rear overhang of the semi-trailer.
It is measured from the virtual wheel axle to the end of the trailer. The smaller the rear
overhang, better the tail swing performance.

The tail swing performance of the 3 combinations compared are now presented. Loading
conditions do not affect the tail swing performance significantly, so only the results in the
fully loaded condition are shown.

The rear overhang of the standard trailer is 4250 mm while that of the 2 axle trailer
without rear steering is 3200 mm. This is due to the effective axle being exactly between
the 2 axles. Since the overhang is approximately 25% smaller, the tail swing of the semi-
trailer with 2 axles is much smaller. The difference in rear overhang between the 3 axle
trailer and the 2 axle trailer with rear axle steering is just 50 mm, as the effective axle is
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(a) 5 axle Tractor Semi-trailer (b) 4 axle Tractor Semi-trailer with Command steer
rear steering

Figure 6.3: Swept Path - 5 axle vs 4 axle with rear steering

Vehicle Type Tail Swing [m]

5 axle Tractor semi-trailer 0.269
4 axle Tractor semi-trailer — No rear steering 0.108
4 axle Tractor semi-trailer — Rear steering 0.275

Table 6.1: Tail Swing of semi-trailers

now at the position of the first axle of the 2 axle trailer. This small difference means that
the tail swing is very similar to that of the conventional tractor semi-trailer, being slightly
worse by 2.2%. In conclusion, the swept path of the 2 axle trailer can be greatly improved
by introducing rear axle steering while making the tail swing performance only slightly worse
than the conventional tractor semi-trailer.
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(a) 5 axle Tractor Semi-trailer (b) 4 axle Tractor Semi-trailer with Command steered
rear axle steering

Figure 6.4: Slip angle during EU 360◦ circle

6.3 High Speed Tests

At high velocities, the yaw damping contributes significantly to the stability of the vehicle.
The trailer design parameters can be studied on their contribution to yaw damping by looking
at a simplified single track model of a semi-trailer, as stated in [38].

The assumptions here are that the articulation angle and slip angles of the trailer tires
are small. Also, for simplicity, the effects of body roll and aerodynamics are neglected and
that there is no acceleration of the hauling unit in the longitudinal direction. A simplified
free-body diagram of a semi-trailer is shown in Figure 6.5. The tractor attached to the semi-
trailer moves in the longitudinal direction with a constant velocity u, with the articulation
angle θ being the only degree of freedom.

Here, a represents the distance of the COG of the trailer from the 5th wheel coupling and
b represents the distance of the COG of the trailer to the equivalent axle of the axle group.
m is the mass of the trailer and Fy,t is the lateral force from the 5th wheel. The equation of
motion of the trailer is expressed as:

(Izz +m(a2))θ̈ = (a+ b)Fy,t (6.1)

It is known that,
Fy,t = Cf,α · αt (6.2)

where Cf,α is the equivalent cornering stiffness of all the tyres of the axle group and αt is
the equivalent slip angle of the axle group.

Also for small articulation angles (θ ≈ 0), the slip angle of the equivalent tyre that rep-
resents the axle group αt can be expressed as:

αt = −(
(a+ b)θ̇

u
+ θ) (6.3)
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Figure 6.5: Single Track Model

Substituting (6.3) in (6.1) and simplifying, we get:

(Izz +m(a2))θ̈ +
(a+ b)2

u
Cf,αθ̇ + (a+ b)Cf,αθ = 0 (6.4)

Equation (6.4) is similar in form to the dynamics of a spring mass damper system. This
means that the dimensionless damping coefficient of articulation angle can be formulated ac-
cording to the formula for the damping coefficient of the spring mass damper system.

Figure 6.6: Mass-Spring Damper System [13]

If the dynamics of a mass-spring damper system shown in Figure 6.6 are of the form:

mz̈ + cż + kz = 0 (6.5)

where z is the displacement, m is the mass, c is the damping constant and k is the spring
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constant.

The dimensionless damping coefficient of the system τ is τ = c
2
√
mk

.

This means that the damping coefficient of the articulation angle of the trailer system τθ
can be formulated from (6.4) as:

τθ =
(a+ b)2Cfα

2u
√

(Izz +ma2)(a+ b)Cfα
(6.6)

or

τθ =
(a+ b)1.5C0.5

fα

2u
√

(Izz +ma2)
(6.7)

From the equation for damping of the articulation angle (6.7), it follows that:

• Increasing the velocity u of the trailing unit is inversely proportional to the damping of
the articulation angle.

• Damping of the articulation angle is proportional to the power of 1.5 of the effective
wheelbase (a+ b).

• Damping of the articulation angle is inversely proportional to the square-root of the
mass of the trailer m.

• Damping of the articulation angle is directly proportional to the square-root of the
cornering stiffness Cfα.

6.3.1 Static Rollover Threshold

Since the gross vehicle weight and COG height of the tractor semi-trailer combinations com-
pared are the same, one can expect that the static rollover thresholds are within the same
range. It is to be noted here that since the EU does not use the PBS Standards, we use the
values recommended by the Australian Road Transport Suppliers Association (ARTSA) as a
baseline of comparison. It is a necessity that the SRT value must be above 0.35 g, which is
what is recommended by ARTSA. [6]

The tractor semi-trailer with 3 axles has an SRT value of 0.37 g, which is considered
acceptable for a vehicle that is not used to transport hazardous goods and people. For buses
and tankers that do carry goods that need more care, a higher rollover threshold of 0.4 g is
recommended.

The tractor semi-trailer with 2 axles is found to have a slightly lower SRT of 0.36 g for
both command steered and locked wheels. The effect of rear axle steering is almost non-
existent when the radius of the turn is 100 m.

It can be seen that all 3 vehicles compared actually do perform very similarly with respect
to the static rollover threshold as expected. In general, for vehicles of a similar type, having
the same number of articulations and same type of coupling and of the same gross vehicle
weight, static rollover thresholds will be close to one another.
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6.3.2 High Speed Transient Off-tracking and Rearward Amplification

The high speed off-tracking performance is related to the damping of the articulation angle.
Compared to the 3 axle semi-trailer whose effective wheelbase is at a distance of 7750 mm
from the 5th wheel, the 2 axle semi-trailer without rear steering will have better off-tracking
performance due to its effective wheelbase being 8800 mm from the 5th wheel.

When the single sine procedure is conducted, the lateral acceleration achieved at the steer
axle should be a minimum of 0.15g. This will produce a lateral displacement of about 2.5
-3.5 m depending on which tractor semi-trailer is used. It is observed that the overshoot
distance of the tractor semi-trailer with 3 axles is 0.251 m. The ARTSA recommends that an
overshoot distance of 0.6 m is the maximum allowed. The 3 axle trailer complies with this
as it has an overshoot distance of 0.25 as seen in Table 6.2. The Tractor semi-trailers with
2 axles had been expected to show better performance due to the longer effective wheelbase,
and that the command steered trailer would be worse off in performance due to the command
steering reducing the effective wheelbase. The results show however that the overshoot dis-
tance remains the same for both Tractor semi-trailers.

Vehicle Type Overshoot Distance [m]

5 axle Tractor semi-trailer 0.25
4 axle Tractor semi-trailer — No rear steering 0.09
4 axle Tractor semi-trailer — Rear steering 0.09

Table 6.2: Overshoot Distance of Tractor semi-trailers

Command steering is only dependent on the articulation angle of the trailers. To explain
the lack of difference in overshoot distance between the 2 axle semi-trailers, we need to look
at the variation of a set of parameters that affect trailer behavior. These are:

• Articulation Angle

• Slip forces and slip angles generated

• Angles obtained at rear axles due to rear steering

From the Figure 6.8, it can be seen that the articulation angles of the 2 axle semi-trailers
are much better damped than the 3 axle semi-trailer. This highlights the difference in effective
wheelbase distances between the 2 axle and 3 axle trailers. We know that the parameters that
affect damping of trailer articulation angles are the effective wheelbase, cornering stiffness,
longitudinal velocity and mass of trailer.

To study the instability caused by command steering, the Single Sine maneuver was done
with increasing amplitude to produce lateral acceleration at the steer axle that is 1.5 times,
2 times and more than 2 times the 0.15 g specified by the ISO Standard. The results of
overshoot distances produced are listed in Table 6.3.

When the lateral acceleration at the steer axle is higher, a greater articulation angle is
induced, producing more steering input at the rear axle as shown in Figure 6.9. This worsens
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(a) 5 axle Tractor semi-trailer (b) 4 axle Tractor semi-trailer (CS)

(c) 4 axle Tractor semi-trailer (Locked)

Figure 6.7: Overshoot Distances of Tractor semi-trailers

the effects mentioned earlier, and reduces the stability of the 2 axle trailer even further. We
can see a greater disparity in the overshoot distances between the 2 axle semi-trailers, when
the lateral acceleration is increased. The 2 axle semi-trailer with locked rear axle is more
stable at high lateral accelerations. Note that the command steered 2 axle semi-trailer still
fares better than the conventional 3 axle tractor semi-trailer, with the difference becoming
smaller at higher lateral accelerations.
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Figure 6.8: Articulation angles of tractor semi-trailers during single sine lane change

Vehicle Type 0.15 g 0.225 g 0.3 g 0.34 g

5 axle Tractor semi-trailer 0.25 0.44 0.75 0.85
4 axle Tractor semi-trailer — Rear Steering 0.09 0.19 0.43 0.58
4 axle Tractor semi-trailer — No rear steering 0.09 0.17 0.34 0.44

Table 6.3: Overshoot distance with sine wave input of increasing ay,steer−axle

To study the impact of the self-steered axle on the overshoot distance in comparison to
an equivalent trailer without a self-steered axle, two conditions of operation are studied. The
2 axle semi-trailer undergoes the single sine lane change for the following conditions:

1. Condition 1: The cornering stiffness of the semi-trailer rear axle is set to 0. This setup
mimics how the trailer would operate if the rear axle is a self-steering axle.

2. Condition 2: The cornering stiffness of the tire on both trailer axles in the 2 axle semi-
trailer are made to 50% of the total cornering stiffness available. This setup is used to
represent the case where the trailer has an equivalent cornering stiffness to that of the
self steered case, but has non-steered axles (and hence mimics a trailer with command
steered rear axle as negligible steering angles are induced during the single sine lane
change manoeuvre).

The overshoot distances are calculated and are listed in Table 6.4:
The overshoot distance of Condition 2 is less than half that of condition 1, even though

they have the same overall cornering stiffness. This can be explained by looking at the for-
mula for damping of articulation angle (6.7).
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Figure 6.9: Rear axle steering angle at increasing ay of Single Sine lane change

Scenario Overshoot Distance [m]

Condition 1 1.06
Condition 2 0.44

Table 6.4: Overshoot distance of tested conditions

The overshoot distance depends on (a+ b)1.5 which is the distance of the 5th wheel coup-
ling from the effective wheel axle. Even though the cornering stiffness is the same, the location
of the effective axle is still almost 1 m further away from the 5th wheel than the semi-trailer
simulated using Condition 1. This increases the damping coefficient significantly, resulting
in a smaller overshoot distance. However in operation, self steered axles are locked above 40
km/h to increase high speed stability.

Vehicle Type Rearward Amplification

5 axle Tractor semi-trailer 1.63
4 axle Tractor semi-trailer — Rear axle steering 1.13
4 axle Tractor semi-trailer — No rear axle steering 1.09

Table 6.5: Rearward Amplification of Tractor semi-trailers

The rearward amplification of the compared vehicles are listed in Table 6.5. The rearward
amplification values also favor the 2 axle semi-trailers for the same reasons mentioned above.
The difference in performance between the 2 axle semi-trailers is not high as the lateral
acceleration at the steer axle is not large enough to amplify the action of the rear steering. If
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(a) Condition 1 (b) Condition 2

Figure 6.10: Trajectory of 4 axle tractor semi-trailer subject to both conditions

the Single Sine lane change is conducted at greater values of lateral acceleration, the negative
effects of low speed command steering at high speed maneuvers will be more visible.

6.3.3 Yaw Damping

During a pulse input, when the tires of the hauling unit cause a force on the 5th wheel coup-
ling, the trailing unit tries to counteract these forces through the lateral force generated by
its tires. This introduces oscillations as the trailer tries to attain equilibrium after a sudden
change in direction. The ability of a trailing unit to damp yaw oscillations induced by the
lateral force acting at the coupling point is expressed by yaw damping. The damping of the
yaw rate experienced at the trailer chassis is proportional to the damping of the articulation
angle. This can be observed in the similarity of the yaw rate plot (Figure 6.11) to the ar-
ticulation angle plot (Figure 6.8). Thus the same trends seen between the compared tractor
semi-trailer combinations in the High Speed Off-tracking section can also be expected in Yaw
Damping.

From (6.7), it can be seen that the damping of articulation angle and yaw-rate is pro-
portional to the effective wheelbase. The reduction of yaw rate observed between the tractor
semi-trailer combinations can be summarized in Figure 6.11. The damping effect can be ob-
served when looking at the second and third peak.

This effect of damping is also seen in the lateral acceleration of the semi-trailer chassis,
where the peak of lateral acceleration is highest at the chassis of the 3 axle semi-trailer, fol-
lowed by the 2 axle semi-trailer with command steering. The lowest lateral acceleration is
experienced by the 2 axle tractor semi-trailer without rear axle steering.

Even with command steering active during the single sine lane change at 0.15 g, the 2
axle semi-trailer shows better yaw damping performance than the 3 axle semi-trailer. This is
a result of only small steering angles being introduced at the rear axle wheels for the single
sine lane change of 0.15 g as can be seen from Figure 6.9. Since the steering angle is almost
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Figure 6.11: Yaw Rate of Tractor semi-trailers

Vehicle Type Yaw Damping Ratio

5 axle Tractor semi-trailer 0.42
4 axle Tractor semi-trailer — Rear steering 0.55
4 axle Tractor semi-trailer — No Rear steering 0.62

Table 6.6: Yaw Damping Ratio of tractor semi-trailers

negligible, the effective wheelbase remains approximately the same as that of the 2 axle semi-
trailer with locked rear axle.

6.3.4 Summary

The performance of the 4 axle tractor semi-trailer is compared with the 5 axle tractor semi-
trailer using manoeuvres defined in the Australian Performance Based Standards. The results
of low speed testing suggest that the introduction of the rear steered axle improves the
manoeuvrability of the 4 axle tractor semi-trailer significantly, allowing it to pass the swept
path and tail swing criteria for operation in the EU. High speed performance testing shows
that the 4 axle tractor semi-trailer with the command steered rear axle has better high
speed stability than the 5 axle tractor semi-trailer. The reduction in the distance of the
effective wheelbase is not significant for a Single Sine lane change of 0.15 g. At higher lateral
accelerations, there is an increase in the rear axle steering angle introduced by command
steering. However even at these higher lateral accelerations, the 2 axle semi-trailer with
the command steered rear axle has lower overshoot distances than the conventional tractor
semi-trailer at the same lateral accelerations. This means that the effective wheelbase of the
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4 axle tractor semi-trailer continues to be larger than the wheelbase of the 5 axle tractor
semi-trailer even when the command steering is active. A larger effective wheelbase results
in greater high speed stability, as can be concluded from the formula for the damping of the
articulation angle (6.7). This trend is prevalent in the results of High Speed Off-tracking,
Rearward Amplification and Yaw Damping. Overall, there are significant performance gains
that can be attained when using the 4 axle tractor semi-trailer with command steered rear
axle over the conventional 5 axle tractor semi-trailer. Table 6.7 lists the values obtained for
the comparison of trailers using the PBS Standards. The 2 axle trailer with rear axle steering
is abbreviated as (RAS) here.

PBS Measure Trailer Type

Low Speed Manoeuvres 3 axle 2 axle - No RAS 2 axle - RAS

Swept Path 7.13 [m] 9.14 [m] 7.09 [m]
Tail Swing 0.269 [m] 0.108 [m] 0.275 [m]

High Speed Manoeuvres 3 axle 2 axle - No RAS 2 axle - RAS

Static Rollover Threshold 0.37 [g] 0.36 [g] 0.36 [g]
High Speed Off-tracking 0.25 [m] 0.09 [m] 0.09 [m]
Rearward Amplification 1.63 1.09 1.13
Yaw Damping 0.42 0.62 0.55

Table 6.7: List of PBS performance measures and values
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Chapter 7

Conclusions and Recommendations

The main focus of this project is on comparing the 4 axle tractor semitrailer with command
steered rear axle against a 5 axle tractor semitrailer such that the performance differences
between them can be quantified. The section below presents the conclusions from the research
and recommendations for a continuation of this work.

7.1 Conclusions

The aim of this thesis is to answer the main research question, which is:

”Will the 2 axle semi-trailer with steered rear axle offer better performance
compared to the 3 axle semitrailer to justify its operation in the EU?”

The tractor semitrailers are evaluated in terms of their performance on fuel consumption,
tire wear and safety. To make the existing model capable of calculating fuel consumption,
an improved power-train model has been developed. With this, the fuel consumption of the
vehicle has been evaluated in 2 main scenarios: straight line driving and driving in a circle.
The testing of the vehicle has been done for both the 4 axle and 5 axle models of the tractor
semitrailer equipped with regional distribution tyres and long haul tyres. The results of both
regional and long haul tires show that the difference in fuel consumption continues to decrease
as the gross vehicle weight of the vehicle increases. In the fully loaded condition (G.V.W =
40 ton), the difference in fuel consumption is 0.25%. This is a negligible difference, and the
reason for this is the small difference in the sum total of rolling resistance force of all tyres
combined between the compared tractor semitrailers. Since the 2 axle semitrailer is 1000 kg
lighter due to its construction, it carries 1000 kg more payload. When the fuel consumption
is calculated on a per ton km basis, we find that the percentage difference between the 2
trailer types is 4.53% for the regional distribution tyres and 4.2% for long haul tyres. There
is a significant percentage decrease in fuel consumption per ton.km of payload.

Since the slip forces developed by the 2 axle semitrailer with rear axle steering is much
less than that of the 3 axle semitrailer, the lateral 5th wheel forces that the tractor must deal
with is also minimized. This means that there is an improvement in the fuel consumption
performance when the 2 axle semitrailer conducts a circular turn. This reasoning is reflected
in the results as the fuel consumption of the 2 axle semitrailer is almost 66% lower than the
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3 axle semitrailer. This means that on top of the gains per ton km of payload, a reduction in
absolute fuel consumption is expected when circular turns are involved. Thus depending on
how many turns exist in the route taken, there is a potential for considerable gains in terms
of fuel consumption when using the 2 axle semitrailer.

The safety performance between the tractor semitrailers are evaluated using manoeuvres
mentioned in the Australian Performance Based Standards. The comparison has been done
for the 3 axle semitrailer, 2 axle semitrailer with rear axle steering and the 2 axle semitrailer
without rear axle steering. The swept path performance of the 2 axle semitrailer with rear
axle steering is slightly better that of the 3 axle semitrailer as they share almost the same
effective wheelbase due to the action of the rear axle steering, and hence it clears the EU
Circle. The 2 axle semitrailer with the locked rear axle has a swept path of 9.14 m, which is
more than the swept path of the other trailers and does not clear the EU Circle requirement of
7.25 m. The tail swing performance of the semitrailers depend on the rear overhang (length of
trailer - effective wheelbase). The 2 axle semitrailer with its rear axle locked has the least tail
swing. Also, the tail swing of the other trailers are within the recommended value (0.6 m) of
ARTSA. The Static Rollover Threshold performances are similar at 0.36 g as they share the
same gross vehicle weight of 40 ton. There is only a small difference in the effective wheelbase
between the 2 axle semitrailers with locked rear axle and that with the command steered rear
axle (≈ 8.8m) during the single sine steer input from the PBS Standards [6], while that of the
3 axle semitrailer is significantly lesser at 7.75 m. The result of high speed off-tracking and
rearward amplification show that the values of the 2 axle semitrailers do not differ by much,
while that of the 3 axle semitrailer is significantly higher. Yaw damping also shows that the 2
axle semitrailer has higher damping than the 3 axle semitrailer even when rear axle steering
is active. Thus, the 2 axle semitrailer performs as good as the 3 axle semitrailer in low speed
manoeuvres and has better high speed stability.

When we consider the results of the comparison of semitrailers overall, the 2 axle semitrailer
is the better tractor semitrailer combination for all points of comparison. This thesis recom-
mends the 2 axle semitrailer with rear axle steering for operation in the EU over the current
standard, which is the 3 axle semitrailer.

7.2 Recommendations

Even thought the tractor semi-trailer models are made with the intention of being as close
as possible to its real life implementation, there are a few areas where the model falls short.
Some of these short comings are expressed as recommendations for developing the model in
the future. Some thoughts on the continuation of this thesis are also presented later.

• The power-train model consists of a fuel map which is inaccurate at low engine RPM.
Updating this fuel map with one that represents the exact tractor engine used in its real
life counterpart will enhance the accuracy of the fuel consumption results. The shift-map
that allowed the model to shift the gears of the tractor depending on the wheel speed and
engine torque has been created using an offline minimization method, which prioritized
minimum fuel consumption. This may not represent the actual driver behaviour where
he/she shifts the gear depending on the route that he/she takes. Thus to mirror the
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behaviour of the driver, the shift-map should be actively changed depending on the road
input, in consideration of scenarios that occur during a specific route, hill climbing and
descending etc. Another area where the power-train model can be improved is with the
implementation of a clutch model, which cuts power to the drive-train when there is a
gearshift. This can further improve the accuracy of the fuel consumption results.

• To realize the full potential for reduction in fuel consumption of the 4 axle tractor semi-
trailer with rear axle steering, the driver model must be able to follow a specific route
between 2 locations in the real world. To do this, the model must be able to comprehend
GPS data between the chosen locations and plan and follow the GPS route between these
locations. This would give a clear idea for how effective the 4 axle semitrailer with rear
steering is in reducing fuel consumption in comparison to the 5 axle tractor semitrailer.

• The work done in this thesis can be expanded towards the comparison of an optimized
Super Eco-combi combination that has the tractor unit hauling two 2 axle semi-trailers
with rear axle steering against the standard Eco-combi combination that has the tractor
unit hauling two 3 axle tractor semi-trailers. The dolly that the second trailer attaches
to, can have both steered and powered wheels, as suggested in the works of [18], [39]
and [33]. The comparison can be done for fuel consumption in a straight line and circle.
The extra payload capacity of the two 2 axle semi-trailer will decrease the per-ton km
fuel consumption considerably, while the reduction in fuel consumption while driving in
a circle will be great as well. Gains in tire-wear performance and safety performance can
also be tested. Finally, the gains in performance across fuel consumption and tire wear
can be tested using an optimized driver module that converts GPS data to data which
the path following controller can use. GPS coordinates between two locations can be
used then that guide the high capacity vehicles in the simulation environment to travel
the exact route specified in the GPS coordinates. Thus, the performance gains that the
Super Eco-combi with two 2 axle semi-trailers with rear axle steering and a smart dolly
can have over the conventional Eco-combi can be gauged in a realistic scenario for the
operation of the vehicle.
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Appendix A

Fuel Consumption Results

The absolute fuel consumption (L/100km) for the 5 axle and 4 axle tractor semi-trailers are
presented in Tables A.1 and A.2.

5 axle Tractor Semi-trailer Fuel Consumption [L/100km]

Regional distribution tyres Long haul tyres
Payload (ton) Payload (ton)

Speed (km/h) 0 12.5 25 0 12.5 25

50 16.07 18.85 21.45 15.72 18.17 20.46
60 19.36 22.19 24.83 19 21.5 23.82
70 22.69 25.51 28.13 22.33 24.81 27.12
80 25.53 28.25 30.77 25.17 27.57 29.78

Table A.1: Fuel consumption (L/100km) - 5 axle tractor semi-trailer

4 axle Tractor Semi-trailer Fuel Consumption [L/100km]

Regional distribution tyres Long haul tyres
Payload (ton) Payload (ton)

Speed (km/h) 0 12.5 25 26 0 12.5 25 26

50 15.78 18.57 21.15 21.36 15.47 17.94 20.24 20.42
60 19.07 21.91 24.53 24.74 18.74 21.28 23.6 23.78
70 22.41 25.22 27.83 28.03 22.08 24.58 26.89 27.07
80 25.25 27.97 30.48 30.68 24.93 27.34 29.56 29.73

Table A.2: Fuel consumption (L/100km) - 4 axle tractor semi-trailer
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Appendix B

Yaw Damping with increasing
distance between axles

In the discussion of yaw damping, it was seen that the critical factor within the dimensions of
the trailer that affected yaw damping was the distance of the effective wheelbase. However,
another important factor that affects yaw damping performance is the distance of the axles
in the axle group from the effective wheel axle. This distance from the effective wheel axle
position increases the length of the moment arm (and thereby increases the force) that can
counter the yaw moment produced due to the force at the 5th wheel coupling. To test this
effect, the distance between axles of the 3 axle semitrailer was incremented 5 cm at a time
and subject to the yaw damping manoeuvre. The plot (Figure B.1) shows that the peak
yaw-rate decreases while the yaw damping coefficient increases as the distance between the
axle groups are increased. However, the decision to increase the distance between the axles
for a trailer also comes at a risk of increasing the slip angles the wheels apart from the ones
on the effective wheel axle. This can drastically affect the fuel consumption and tire wear of
the trailer.
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APPENDIX B. YAW DAMPING WITH INCREASING DISTANCE BETWEEN AXLES

Figure B.1: Yaw Damping and Max. yaw rate vs Distance between axles
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Appendix C

Tire Wear Results

The results of tire-wear for the 90◦, 180◦ and 360◦ turn are presented for the 5 axle Tractor
Semi-trailer in Tables C.1,C.2 & C.3 and for the 4 axle Tractor Semi-trailer in Tables C.4,
C.5 & C.6.

5 axle Tractor Semi-trailer Tire Wear [g]

90◦ turn Formulae Used

Wtyre = K1

∫
α2 · Vx · dt Wtyre =

∫ t=tend
t=tstart

Kw · (Psx + Psy)dt

Axle Left Right Left Right

Steer Axle 0.086 0.077 0.14 0.14
Drive Axle 0.094 0.092 0.082 0.084 0.93 0.41 0.43 0.94
Trailer Axle 1 7.77 6.8 12.71 7.82
Trailer Axle 2 0.063 0.054 0.11 0.094
Trailer Axle 3 5.26 4.6 6.37 8.11

Total Wear 25.06 38.2

Table C.1: Tire Wear TS3ax - 90◦ turn

5 axle Tractor Semi-trailer Tire Wear [g]

180◦ turn Formulae Used

Wtyre = K1

∫
α2 · Vx · dt Wtyre =

∫ t=tend
t=tstart

Kw · (Psx + Psy)dt

Axle Left Right Left Right

Steer Axle 0.17 0.16 0.28 0.29
Drive Axle 0.2 0.19 0.17 0.17 0.93 0.41 0.43 0.94
Trailer Axle 1 25.3 20.72 34.34 19.14
Trailer Axle 2 0.23 0.19 0.42 0.31
Trailer Axle 3 16.73 13.68 16.1 22.25

Total Wear 77.75 95.84

Table C.2: Tire Wear TS3ax - 180◦ turn
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APPENDIX C. TIRE WEAR RESULTS

5 axle Tractor Semi-trailer Tire Wear [g]

360◦ turn Formulae Used

Wtyre = K1

∫
α2 · Vx · dt Wtyre =

∫ t=tend
t=tstart

Kw · (Psx + Psy)dt

Axle Left Right Left Right

Steer Axle 0.35 0.32 0.56 0.56
Drive Axle 0.38 0.37 0.32 0.32 5.26 1.31 1.36 5.28
Trailer Axle 1 67.87 53.17 79.47 42.39
Trailer Axle 2 0.66 0.51 1.21 0.83
Trailer Axle 3 44.6 34.8 36.27 52.74

Total Wear 203.67 226.4

Table C.3: Tire Wear TS3ax - 360◦ turn

4 axle Tractor Semi-trailer Tire Wear [g]

90◦ turn Formulae Used

Wtyre = K1

∫
α2 · Vx · dt Wtyre =

∫ t=tend
t=tstart

Kw · (Psx + Psy)dt

Axle Left Right Left Right

Steer Axle 0.071 0.029 0.11 0.039
Drive Axle 0.0023 0.0023 0.002 0.002 0.52 0.41 0.37 0.48
Trailer Axle 1 0.027 0.025 0.093 0.079
Trailer Axle 2 0.025 0.016 0.087 0.061

Total Wear 0.201 2.249

Table C.4: Tire Wear TS2ax - 90◦ turn

4 axle Tractor Semi-trailer Tire Wear [g]

180◦ turn Formulae Used

Wtyre = K1

∫
α2 · Vx · dt Wtyre =

∫ t=tend
t=tstart

Kw · (Psx + Psy)dt

Axle Left Right Left Right

Steer Axle 0.13 0.034 0.11 0.039
Drive Axle 0.004 0.004 0.004 0.004 1.24 1.00 0.90 1.14
Trailer Axle 1 0.046 0.04 0.14 0.14
Trailer Axle 2 0.044 0.023 0.14 0.093

Total Wear 0.33 4.492

Table C.5: Tire Wear TS2ax - 180◦ turn

4 axle Tractor Semi-trailer Tire Wear [g]

360◦ turn Formulae Used

Wtyre = K1

∫
α2 · Vx · dt Wtyre =

∫ t=tend
t=tstart

Kw · (Psx + Psy)dt

Axle Left Right Left Right

Steer Axle 0.23 0.04 0.11 0.039
Drive Axle 0.0055 0.0053 0.0047 0.0048 2.59 2.09 1.88 2.37
Trailer Axle 1 0.059 0.048 0.16 0.18
Trailer Axle 2 0.054 0.028 0.15 0.12

Total Wear 0.48 9.68

Table C.6: Tire Wear TS2ax - 360◦ turn
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Appendix D

Derivation of steering angle for rear
axle steering

Command steering of the rear axle of the 2 axle tractor semi-trailer depends only on the
articulation angle between the tractor and the semi-trailer. To derive the equation for the
steering angle, a single track model of the 4 axle tractor semi-trailer with rear axle steering
when it is cornering a tight radius turn is shown in Figure D.1

Figure D.1: Single track model of 2 axle semitrailer when cornering

where a is the distance of the 5th wheel to the first axle of the trailer and b is the distance
between the first and second axle. The distance c is the distance between the 5th wheel and
the drive axle of the tractor. The articulation angle between the tractor and semi-trailer is
represented by ψ and the steer angle for the rear axle steering is δr. The instant center of
cornering is represented by O.
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APPENDIX D. DERIVATION OF STEERING ANGLE FOR REAR AXLE STEERING

We know that the angle between 2 lines is the same as the angle between the perpen-
diculars drawn from the lines. This means that the angle between the perpendiculars from
the steered rear axle and the non-steered axle is the steer angle δr. Also, the angle between
the perpendiculars drawn from the non-steered axle and the drive axle of the tractor is the
articulation angle ψ.

Now,

tan(ψ) =
a− c

cos(ψ)

OA
(D.1)

tan(δr) =
b

OA
(D.2)

Eliminating OA from (D.1) and (D.2), we get:

δr = arctan(
btanψ

a− c
cos(ψ))

(D.3)
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Appendix E

Dependency of CRR on normal load
Z

To correct the rolling resistance coefficients according to the load acting on each tyre, the
dependency of the load on the rolling resistance coefficient is to be known. This equation can
be derived as follows.

The effect of vertical force on rolling resistance is defined by:

FRR = FRR−ISO · (
Z

ZISO
)β (E.1)

Also, we know that the rolling resistance force is defined as:

FRR = CRR · Z (E.2)

This means that

FRRISO = CRRISO · ZISO (E.3)

Dividing (E.2) by (E.3), we get:

FRR
FRRISO

=
CRR

CRRISO
· Z

ZISO
(E.4)

Then if we eliminate FRR
FRRISO

by dividing (E.4) with (E.1) and rearrange, we get:

CRR = CRR−ISO · (
Z

ZISO
)1−β (E.5)
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Appendix F

Optimal position of placement of
COG for maximum damping
coefficient

Figure F.1: Single Track Model

The equation for the damping of the articulation angle was derived using Figure F.1 as:

τθ =
(a+ b)1.5C0.5

fα

2u
√

(Izz +ma2)
(F.1)

Differentiating (F.1) with respect to a, we get:
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APPENDIX F. OPTIMAL POSITION OF PLACEMENT OF COG FOR MAXIMUM
DAMPING COEFFICIENT

dτθ
da

=
2u(Izz +ma2)0.5 · [1.5(a+ b)0.5C0.5

fα ]− (a+ b)1.5C0.5
fα [2u.0.5.(Izz +ma2)−0.52ma

4u2(Izz +ma2)
(F.2)

Equating (F.2) to 0 and simplifying, we get:

3

2
(Izz +ma2) = (a+ b).2ma (F.3)

Rearranging, we get the quadratic equation:

ma2 + 4mab− 3Izz = 0 (F.4)

The solutions for this equation are:

a = −2b±
√

4b2 +
3Izz
m

(F.5)

Adding b on both sides of (F.5),

l = −b±
√

4b2 +
3Izz
m

(F.6)

It is expected that one of the solutions will be trivial and will not apply to reality.

Using F.6, we can get 2 quadratic equations:

3b2 − 2lb+ (−l2 +
3Izz
m

) = 0 (F.7)

whose solution is

b =
l

3
±
√

8

3
l2 − 6Izz

m
(F.8)

and

5b2 + 2lb+ l2 +
3Izz
m

= 0 (F.9)

whose solution is

b = − l
5
±
√
−8l2

5
− 6Izz

m
(F.10)

We can see that (F.10) is trivial.

Thus, using (F.8), if the effective wheelbase (a + b = l) is known for a vehicle and the
total mass of the trailer (m) and the moment of inertia about the z axis (Izz) are known, the
COG can be placed at a location that yields maximum damping coefficient, which improves
the high speed safety performance of the trailer.
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Appendix G

Drive-line Model
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APPENDIX G. DRIVE-LINE MODEL
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