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Summary

Analysis of High Capacity Vehicles for Europe: application of Performance
Based Standards and Improving Manoeuvrability

The transport sector currently contributes to about a quarter of overall CO2 emis-
sions in the EU and is the only sector with increasing emissions. One of the major
drivers behind this is the growing demand for freight transport resulting from vertical
disintegration and globalization. Road freight transport in EU accounts nowadays for
about 75% of goods transport on land, and is projected to grow in the forthcoming
decade by more than 20% in terms of transported cargo. This represents not only
additional environmental burden, but also increasing total load on the existing Euro-
pean infrastructure, which cannot be expanded on short term to accommodate this
forthcoming demand. Therefore, severe traffic congestions in the future seems un-
avoidable, when using current legislative framework that ineffectively prescribes the
design of commercial vehicle combinations. These concerns call explicitly for a more
efficient road freight transport system.

A promising alternative seems to be the wider implementation of High Capacity Ve-
hicles (HCV’s), which are multiple-articulated commercial vehicle combinations, car-
rying typically standardized loading units. They exceed the weight and length limits
prescribed by present European legislation, but are allowed to operate on a national
basis. As proved by experiences in a limited number of EU-member states, HCV’s
are enhancing the productivity and profitability, yet reducing environmental impact
and infrastructure load. However, a number of hurdles still exists that obstructs the
wider acceptance of HCV’s on European scale. Two of them, are used as the main
motivation for this study, namely: the restrictive legislative framework, and the poor
low-speed manoeuvrability at both forward and reverse driving.

At first, the feasibility to adopt an alternative performance based legislative scheme in
Europe is investigated. The biggest advantage of a performance based scheme (PBS)
compared to prescriptive policy, is that PBS is more pragmatic and ensures a better fit
between the vehicle and the infrastructure through the fulfilment of the performance
criteria. This may result in allowing vehicle combinations operating outside of the
current EU-directive, which are more suitable for multi-modal logistic operations, and
better match to particular segments of the infrastructure network. As a result three
types of Future Vehicle Concepts are suggested, that comply with the principles of
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proposed legislation, and may significantly contribute to enhancing overall transport
efficiency.

The second part of this study addresses the challenges associated with the poor ma-
noeuvrability of HCV’s resulting in increased swept path width. A control strategy
for active steering of towed vehicles units, such as a trailers, is proposed to improve
the low-speed manoeuvrability, but also high-speed stability beyond the performance
of current vehicle combinations during forward driving. A novelty is the use of a single
controller structure for all velocities employing a gain scheduling method for optimal
performance at any velocity. To achieve the control objective, the problem is initially
formulated as a path following problem and subsequently transformed into a tracking
problem using a reference model. To support controller design, a generic non-linear
model of a double articulated vehicle, based on a single track model, is employed.
The proposed systematic design approach allows to easily adjust the controller for
additional trailers or different dimensions, in which only some of the towed vehicles
are allowed to steer. The performance of the controller is verified using a high-fidelity
multi-body model. Simulation results show substantial reduction of both swept path
width and tail swing at low speed, and the rearward amplification at high speed.

Furthermore the manoeuvring in reverse direction is studied. It has been identified in
a survey with professional drivers, as the most problematic scenario while operating
a HCV’s. More importantly, it is required any time the vehicle combination needs to
approach a loading dock at the distribution center. In such a situation the towed ve-
hicle units that are originally pulled by the hauling unit will be pushed backwards and
become open-loop unstable, because the articulation angles tend to increase without
stabilizing control over the steering wheel by the driver. This represents a significant
problem for all vehicle combinations having multiple articulation points. A series of
full-scale experiments with a number of drivers is accomplished with the objective to
understand the major reasons that lead to the mediocre performance of the drivers
during the reversing of a multiple-articulated vehicle. The main motives are identified
as follows; insufficient driver view, no awareness about the controllability limits, and
divergently unstable vehicle behaviour that differs per vehicle combination.

To overcome these issues an innovative framework of the driver support system for
docking of multiple articulated vehicles has been developed. The concept employs
fiducial markers in combination with computer vision algorithms for the vehicle lo-
calization, and the path planner that generates the reference path for the rear most
vehicle based on its initial and terminal pose. The path for the docking manoeuvre
consists of two moves, that are both viable and short in terms of distance travelled
while using the principles of vehicle kinematics and Dubins curves. The core of the
support system is the generic bi-directional path following controller, which can be
customized to an arbitrary combination of vehicles. The controller adopts the prin-
ciple of a virtual tractor, and is based on vehicle inverse kinematic behaviour in
combination with proportional-integral control actions. The closed-loop stability of
the controller has been verified using the linearised system, being consistent with
the operational conditions of the docking manoeuvre. Next, the functionality of the
bi-directional controller and the path planner is verified on two levels. Firstly with
a high-fidelity multi-body model and subsequently on a scaled vehicle combination
demonstrator using a camera to localize the vehicle combination. In both cases the
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controller proved great potential by satisfying the design criteria with abundant mar-
gins. However, there are number of open aspects, which needs to be addressed to
bring the concept on the next technology readiness level. Primarily, the interaction
between the driver and the support system for semi-autonomous operation and system
fail-safe behaviour, are subjects that require further research.
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Chapter 1

Introduction

1.1 History of Road Transport

Transportation and logistics play a key role in the global economy for the past five
thousand years.

Around 2560 B.C., the Egyptians started to built the Great Pyramid of Giza. They
used more than two million stone blocks, each typically weighting around 2300 kg,
which needed a well organized transport system enabling movement of these blocks
by man power and primitive tools over the distance from adjacent mines [82].

In the 3rd century B.C., the Romans built a broad network of paved roads across their
empire, which covered most of the Europe. The entire network consisted of nearly
80.000 km of paved roads and about four times this number of unpaved roads. These
were primarily dedicated to fast movement of Roman legions, but were also used for
material and goods transportation. It is remarkable to note, that a minimal width
of the road in straight, as well as curved, sections was already established by the
Roman Law of Twelve Tables [50], representing one of the first examples of transport
infrastructure standardization.

Later in the 12th century, an international merchant network, known as Hanseatic
League was founded [51], to enhance the cooperation of transport by bundling both
inland and sea transport. It stimulated the growth of transport while increasing the
trade and travel throughput in Europe and building a competitive environment. In
the next centuries a number of foreign markets became accessible to the merchants,
which further boosted the economy, especially after the discovery of the ”New World”,
[95].

However, as the most of European inland infrastructure was still the one build by
Romans more than thousand years ago, the state of the roads and bridges was desolate
[125]. Therefore most of the inland transport in Middle Ages happened on unpaved
roads with relatively big wheel-carts being towed by a horse, as seen in Figure 1.1.
The roads were mostly uneven and furrowed dirt paths, which were difficult to traverse
during bad weather conditions.

1
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Figure 1.1: Wheel-carts towed by horse in the Middle-Ages[124].

Between the end of Middle ages and the start of the Industrial Revolution, the need
to make inland transportation and travelling more time efficient became essential,
which finally led to renewal of the major roads. It enabled usage of two horse drawn
wagons with two axles, as depicted in Figure 1.2, which were not only faster and
easier to control, but also capable of transporting more cargo and enabling the option
to transport passengers when customized as coaches.

Figure 1.2: Two horse drawn wagon[45].

Although the infrastructure renovation represented notable step forward, it was still
a horse, a living animal, moving the wagon forward. Exhausted horses slow down
after travelling a longer distances, which is not desirable. It pushed mankind further
in researching other possibilities for enhancing transport. The next step appeared to
be the steam engine, or in other words the external combustion engine.

The first pioneers started already at the end of 18th century, however their vehicles
appeared to be far from practical and mostly were seen by public as an odd activity
as illustrated by Figure 1.3. It was mainly due to limitations in manufacturing tech-
nologies and design methods of the vehicles, which could not fully cope with existing
infrastructure [113] available in those days.
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Figure 1.3: Steam cars caricature from 1831[1].

Contrary to road transport, the invention of steam engine lead to flourishing of the
railway sector. In 1825, the ’Father of the Railways’, George Stephenson, built a
steam locomotive, named Locomotion, for the railway in the north east of England
being the first public steam railway in the world. After this success, Stephenson
established his company and became the pre-eminent builder of steam locomotives
designed for railways in the United Kingdom, United States and much of Europe [53].
This started the steam century era, where the railroads became dominant for inland
transportation and over the time penetrated from national and international level up
till small local railways between villages with a two foot narrow track.

At the beginning of 20th century the first steam propelled vehicles, which could be
seriously considered for everyday usage appeared on the roads. Although the steam
engine was the most popular form of propulsion, the internal combustion engine took
over this lead in the years to come.

In 1908 Henry Ford started mass production of the legendary Model T, as shown in
Figure 1.4. Over the next two decades this car significantly influenced the transport of
people and goods due to its affordability. Thanks to efficient fabrication on assembly
lines the price could be reduced over the years sharply to 260 USD, corresponding to
3510 USD in 2016. More than 16.5 million of these cars have been sold over 19 years of
production. The car proved itself in various applications from passenger transport up
to commercial transportation of goods. It was used mostly on short, local distances,
as the inland long haul transportation was still the domain of the railways.

In the decades after World War II the trucks caught up and slowly surpassed the rail
roads in the total transport performance, which is expressed in ton/km. Although the
war destroyed and severely damaged most of the European transport infrastructure, it
also pushed the development of logistics, vehicle design and technology forward. Truck
cloud offer more transport flexibility as the length of the paved roads network by far
exceeds that of the rail road network, due to lower construction and maintenance
costs.

A historical milestone was achieved in year 1955, when Malcom P. McLean bought a
steamship company with the rational idea of transporting an entire truck-trailer com-
bination with their cargo still inside, thus avoiding the highly unproductive loading
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Figure 1.4: Ford Model T 1926 - commercial vehicle modification[46].

and unloading of goods when switching from one transport mode to the other. In
the same year the ship SS Ideal X, formally a World War II oil tanker, was modified
to carry trailer vans, later called shipping containers, on the deck and thus became
the first container ship in the world. Subsequent developments towards standardized
ISO containers and twist lock mechanisms made it possible to ship just the container
leaving the tractor and semi-trailer behind, as shown in Figure 1.5.

(a) (b)

Figure 1.5: a) Beginning of the container era in 1960’s[15], b) Swap Body

By using standardised containers for the transport of goods, the transport costs
dropped and contributed to creating a global market. Moreover, they stimulated
all modes of surface transport, i.e. road, rail, and waterborne, to develop platforms
that can accommodate the containers and enabling synchromodal freight transporta-
tion which is the optimal, flexible and sustainable allocation of cargo to different
transport modes and routes in an infrastructure network. The ISO container is not
the only means enabling synchromodality. The swap body, depicted in Figure 1.5b)
is another example being extensively used. It is not stack-able, but rather popular in
European inland transport due to its lower tare weight, optimized size for the pallets
and good interfacing with railway wagons.
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In retrospect, one sees that current transport vehicles in general are getting bigger in
dimensions and loading capacity, compared to the former generation. This trend can
be best illustrated on the container ships, whose capacity since the 60’s increased over
the decades by more than 1500% to almost 24.000 20ft ISO containers. The ’growth’
can be also observed in the railway and road sector where, the length, weight and
width of the freight vehicles have increased over the time as well, see e.g. [28], [38],
although it was not that dramatic as in case of maritime vessels mainly due to the
compatibility with existing infrastructure. Given this trend, the observation can be
drawn, that the size is co-related to the economical transport efficiency, which is, and
always was, a main driver in logistics.

1.2 Megatrends Influencing Logistic Sector

Road freight transport has been continuously evolving over the time, as illustrated in
the previous section. However, nowadays it appears to be more dynamic then ever.
In [65], a number of Megatrends have been identified which are expected to consid-
erably influence current and future development of logistic sector. The definition of
Megatrends given by Schwenker and Raffel [120] is:

”Megatrends are trends that alter business and society in a profound and lasting fash-
ion, over decades rather than years. They have an impact on every one of us. They
fundamentally alter the opportunities and risks for companies. In short, they are those
trends that we must always take into account when imaging possible futures.”

Identified megatrends are as follows:

• Emissions of green house gasses

The group of Green House Gasses consists of: methane, nitrous oxide, chloroflu-
orocarbons, water vapour, and carbon dioxide. The last two, i.e. water vapour
and carbon dioxide, are primarily linked with fossil fuel combustion in industrial
processes, or in thermal power stations to generate the electricity. Fortunately
their share is being reduced by using more renewable energy sources such as
wind and solar energy. However, the carbon dioxide emission share produced
by the transport sector in EU has been progressively growing in past decade, as
depicted by Table 1.1, which is problematic.

• Demand for Transport and Mobility

Transport performance can be expressed in terms of ton·km, so the mass of
the good multiplied with the travelled distance. In Europe, the biggest share
of inland transportation is nowadays taken by the road sector with a share
of 75.5%, followed by rail with 18.3% and waterways with 6.2% [41]. From
1970 until 1997 European freight has increased by approximately 70% [16].
It is expected that by 2030 the total freight transport volumes in terms of
gigaton·km will grow further by approximately 38% with respect to 2011 [17].
The distribution across the transport modes is depicted in Figure 1.6.

This represents a serious problem. The existing European transport infrastruc-
ture can not accommodate an additional 38% increase in demand, and expand-
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1990 2014 Difference [%]
Total CO2 emissions (EU28) 5665.5 4282.1 -24%
Contribution of road transport 724.8 845.3 17%
Share of total emissions (EU28) 13% 20% 7%

Road Transport :
Cars 459.9 515.9 12%
Heavy duty trucks and buses 188.3 213.9 14%
Light duty trucks 66.3 103.7 56%
Motorcycles 9.1 10.6 16%
Other road transportation 1.1 1.1 2%

Table 1.1: Road transport sector share of CO2 emissions in EU28 [42].

Figure 1.6: Transport Demand Prognosis [17].

ing the capacity of the current infrastructure across Europe by approximately
40% is not viable within the next decades. Even though the increased transport
demand can be partially compensated by stimulating the cooperation with other
transport modes and frequent employment of synchromodality, author assumes
it is unlikely to resolve the problem entirely given the relatively low flexibility
or transport speed of other modes. Therefore the risk of massive traffic conges-
tion in the future seems to be unavoidable, when using the current vehicles and
legislative framework. Based on the latest numbers from the European Com-
mission [18], the current costs due to road traffic congestion already correspond
to approximately 1% of EU GDP. Hence, both increasing demand for transport
and mobility, together with the congestion problem explicitly calls for a more
efficient transport system, described in terms of fuel/energy consumption, trans-
port speed, use of existing infrastructure, green house gases emissions, transport
costs, synchromodality.
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Figure 1.7: Historical development of the world population [13].

• Urbanization

World population is growing continuously, as depicted in Figure 1.7. In July
2015 there were more than 7.3 billion people on the planet with the projection
of 8.5 billion in 2030 [128]. The population growth is foreseen mainly in urban
areas because of natural population growth, rural-urban migration, and admin-
istrative changes [127]. These administrative changes may entail the merging
of suburban areas or neighbouring towns into a larger city or the foundation of
completely new cities. United Nations predict that the urban population will
to grow globally by 40% by 2030 with respect to 2010 meaning that two thirds
of world population will be living in urban areas.

Due to urbanization an urgent need will develop for more efficient freight trans-
port system. In addition to already described features, this system should not
only provide and dispose the goods, but also ideally tackle environmental issues
such as noise, air pollution, vibration and visual intrusion [122].

• Scarcity of natural resources

It is expected that in the future, the society and business will face the problem
of depleting natural resources. The price of oil, which is the main energy carrier
for the road transport, were hitting the bottom in beginning of 2016. But a
shortage of resources caused by increasing demand, as shown in Figure 1.8, is
inevitable. Regardless the question as to when the world will really run out of
the oil, the era of very cheap oil and other resources is certainly over.

Novel oil extraction techniques will increase the supply, but they will also lead to
an increase of the global oil price. As oil become more scarce, the only solution
of bringing oil prices down will be a higher energy efficiency or a reduction of
the demand. Nevertheless both approaches will only postpone the discussion
about running out of oil [120].

Summarizing these megatrends. It is seems apparent that the road segment will
remain dominant transport mode in the future. Moreover it has the highest energy
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Figure 1.8: World oil demand [100].

consumption from from all freight modes [40], and thus the biggest impact on the
environment and society. Hence, requirements can be imposed in order to ensure that
future road transport will be smart while using synchromodal approach and systems
maximizing the performance of the driver, green and profitable, while complying with
market needs and available infrastructure.

Based on results of [65], the requirements on future road freight transport are identi-
fied as follows:

• Synchromodality

The synchromodal transport is defined as door-to-door movement of goods in
standardized loading units by intelligent use of two or more transport modes
on their own and in combination to maximise the biggest benefit from each of
them so that the sustainability of the overall journey is optimised. This optimis-
ing in the use of resources has environmental, societal and economic benefits.
Since each transport mode has its strengths and weaknesses, see Figure 1.9, it
is important to properly combine the modes based on the application, while
employing the strengths of each mode [39]. This may lead to a substantial re-
duction of road congestion, improved road safety and reduced environmental
footprint as the total emission CO2 will be smaller. These are reasons why syn-
chromodal transport is being promoted by the EC through financial incentives,
such as tax reduction or reimbursements, and the development of a so-called
TEN-T synchromodal infrastructure network throughout Europe by 2030 [19].

• Modularity

Modularity is directly related to choice of a suitable loading unit. It is desirable
to transport the cargo with loading units that will interface with majority of
modes, have a low tare weight, and enable the highest possible floor utilization
for Euro pallets. It is expected that Euro pallets, which have dimensions 80 x
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Figure 1.9: Transport mode comparison.

120 cm will dominate the European transport market in the future. Currently
three loading units used in EU have intermodal capability; the intermodal 13.6
m long semitrailer, the ISO container, and C-series swap body. Based on the
market research [65] and loading unit capabilities, it is expected that 45 foot
pallet-wide container and C-745 swap body will dominate intermodal transport
in the future. More details regarding their dimensions, floor utilization and tare
weight can be found in [65].

• Efficient usage of transport resources

The numbers of global deliveries per day is expected to be 500 million in 2025
[48], being minimal of 20% increase compared to current state. To meet this
volume, transport companies have to consolidate their delivery strategy and
fleets. The most promising logistical concept, resulting from the urbanization
megatrend, appears to be the Hub & Spoke (H&S) system [65]. This system
uses the hubs that are based outside the city. From these hubs the products
are redistributed to the spokes into the city, that are used as a base for the
last mile delivery. In an efficient hub system the geographical position of the
hub is chosen close to majority of modes and the right techniques and right
combination of modes will be used. The usage of H&S system needs to be
further developed from the current status; H&S systems are nowadays mainly
used by companies individually and not on the co-operative manner.

• Electrification of powertrain and usage of alternative fuels

In upcoming decade it is foreseen that the penetration level of fully electric or
hybridized powertrains, especially in road transport sector, will increase consid-
erably. This will be primarily driven by the price of batteries which is expected
to drop significantly [27] while the capacity will increase using new technologies
enabling to expand the energetic storage density. This will enable reduction of
emissions if the energy comes from alternative fuels, such as hydrogen, or di-
rectly form the renewable electricity sources, as solar or wind energy. Moreover,
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Figure 1.10: High Capacity Vehicle[14].

the electrification of powertrain enables better energetic efficiency if the brake
energy can be recuperated and the traction forces can be distributed as required
to optimize vehicle driving performance.

As mentioned, the majority (75%) of the inland transport in Europe is done via
the road. Therefore, it is relevant to project all requirements following from the
identified megatrends on this transport mode as the potential environmental, societal
and economic gain will be high. Several approaches are identified being:

• Mass use of Zero-emission/hybrid powertrain

• Application of Intelligent Transportation Systems and data sharing

• Vehicular automation at both high- and low-speed

• Improved aerodynamics of vehicle units

• Increased vehicle capacity and better usage of infrastructure

Whereas former three approaches require considerable investments from the side of
OEM’s, road authorities, and fleet operators, the latter two appear to be ’low hanging
fruit’ which might be implemented only by re-adjusting legislative boundaries and
with minimal technological investments. Hence, the potential of the fifth bullet above,
i.e. the implementation of High Capacity Vehicles (HCV), on European level is
discussed in next section.

1.3 High Capacity Vehicles

A High Capacity Vehicle (HCV) is mechanically connected combination of vehicle
units which forms one articulated vehicle combination, an example is shown in Figure
1.10. There are two types of vehicle units that can be distinguished namely the
towing vehicle units and trailing vehicle units. Towing vehicle units can provide the
tractive forces such as rigid truck or tractor, whereas the trailing vehicle units can be
only pulled such as semitrailers, dollies, centre-axle trailers, or link trailers. Hence the
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conventional High Capacity Vehicle consists of one towing unit connected to a number
of trailing units which may result in various configurations, as shown in Figure 1.11.
It implies that the overall vehicle combination length is greater than federal-EU limit
of 18.75 m for international long-haul transport. The length range of HCV’s may
increase to approximately 60 m long vehicle combinations known in Australia as road
trains, down to shorter 20 m long combinations.

Based on monitoring the HCV’s applications worldwide, or scientific research, a num-
ber of benefits have been observed, which are seen as very relevant in view of the
identified megatrends. The benefits are listed as follows:

• Reduction of operational costs, [7], [105]

• Less occupied space on the road, [6], [90]

• Improved fuel efficiency per ton·km or m3·km [65], [90]

• Reduced CO2 emission per ton·km or m3·km, [7], [105], [103], [47], [56].

It is very unlikely that 60 m long HCV combinations, which may be seen in Australia,
Canada or South Africa would be directly applicable at the European road infrastruc-
ture. However, the so called European Modular System (EMS), as shown in Figure
1.11 has a very high potential. EMS vehicle combinations are using already existing
vehicles and loading units and therefore may be globally legalized on national level
such as is happening in several of EU-member states. The EMS vehicle combination
length is typically limited to 25.25 m and the maximum total loaded weight is 60 t or
lower. In this way two EMS vehicles can simply substitute three conventional vehicle
combinations (two tractors + semitrailers and one rigid truck + centre axle trailer),
with respect to loading and volumetric capacity. In Finland however, the length and
weight limits go up to 32 m and 76 t, respectively which allows even higher gains in
terms of productivity.

Despite these benefits, it appears to be problematic to implement these HCV’s on
an European scale for cross border transport. This is primarily due to a missing
legal framework on the federal level, as the general acceptance of all 28 jurisdictions
in EU is required, which is very difficult to achieve. This can be illustrated for
example by the age of the current directive 96/53 EC [29], specifying the dimensions
and weights for national and international traffic that was established more than
twenty years ago. Even though it was recently amended by directive 2015/719 [38]
allowing the application of aerodynamic devices, and thus an increase in the length of
vehicle combination, the loading and volumetric capacity, being the key to improved
efficiency, remains unchanged.

A feasible model of a legislative framework for commercial vehicles applicable in the
EU, including HCV’s, may be obtained from Australia, where the most developed leg-
islative framework for operational requirements of HCV’s is defined and implemented.
The policy is fundamentally different compared to European prescriptive legislation,
that restricts the weight and overall length of the vehicle combination to 44 t and
18.75 m respectively. The Australian approach assesses the performance of the vehicle
with respect to the safety and infrastructure loading, and this approach is commonly
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Figure 1.11: Examples of EMS units and their configuration to EMS vehicle combi-

nations up to maximally 25.25 m.[116]

known as Performance Based Standards (PBS). The PBS is a practically ori-
ented set of rules enabling to rank the performance of the vehicle combination from
different perspectives. Generally speaking it does not matter what the vehicle looks
like, but how the vehicle performs in a number of different scenarios.

It is obvious that the Australian PBS are not directly applicable to Europe due to
different operational conditions for commercial vehicles such as e.g. infrastructure
design criteria or climate. On the other hand, the general principle of PBS frame-
work is sufficiently flexible to be modified and customized for European conditions.
Moreover, it can potentially be extended to include criteria related to the societal or
sustainability benefits if required.

Furthermore, the PBS legislation can very well represent a platform, which enables the
constructive interaction between a number of key stakeholders. Given the practically
oriented nature of the PBS framework the safe and sustainable operation for arbitrary
vehicle combinations can be guaranteed, while considering its operational condition
and the interaction with the infrastructure. The same holds also for other transport
modes. Moreover, legislation can be used as a tool for the governments to stimulate
vehicle manufacturers (OEM’s) in introducing novel technologies, leading to improved
vehicle performance defined for example in terms of improved aerodynamic drag,
manoeuvrability or dynamical stability. This may be naturally projected to increased
transport safety, and productivity while reducing the CO2 emissions, which will be
heartily welcomed by the vehicle operators and society.

Apart from the issues preventing the introduction of HCV’s across Europe as discussed
in this section, there are a number of other obstacles associated with HCV’s. These
are explained in the next section and will be used as a motivation to define the research
objectives of this dissertation.

1.4 Problem Statement and Research Objectives

Future road transport should be smart, green and profitable. The clean and prof-
itable aspects of road transport, i.e. reduction of CO2 emission and operational costs,
appear to be automatically fulfilled when employing HCV combinations, as exten-
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sively documented in e.g. [7], [105], [103], [47], [56]. However, the smart aspect needs
to be elaborated further in order to make the vehicle combinations compliant with
future needs. This includes compatibility with available infrastructure in terms of
manoeuvrability, and safety, use of inter-modal loading units, which are employable
for synchromodality, and development of systems which ease up the vehicle handling
for the driver.

Hence, the definition of a suitable performance based framework that will support
all above mentioned features, needs to be specified. Subsequently the blueprints of
the future vehicle combinations envelopes can be defined that will comply with the
requirements on logistics for years 2020+ and fulfil the performance assessment.

The length of HCV’s generally is a disadvantage with respect to the low speed ma-
noeuvrability, compared to conventional vehicle combinations. The vehicle spatial
envelope, called swept path, is typically dependent on the overall vehicle length. The
swept path can be reduced when using active steering of the axles. In this way
both low-speed manoeuvrability, but also high-speed stability, can be substantially
improved as given in [67].

A very problematic subset of low-speed manoeuvring scenarios, which is common for
all vehicle combinations having multiple articulation points is reversing. Reversing
occurs typically at distribution centres when the vehicle has to be parked at the
loading dock. During the reversing, the towed vehicle that is being normally pulled
by the hauling unit will be pushed backwards, which may result in unstable behaviour.
The articulation angle tends to increase when it is not being controlled by counter-
steering of the hauling unit. As concluded from a query [102], reverse manoeuvring
with multiple-articulated vehicles is recognized as one of the most critical tasks by
the majority of professional drivers and fleet owners in Netherlands. The associated
accidents, although not of a severe (personal) character, are solely caused by driver
errors. This is unusual, as in the majority of all accidents involving HCV’s [102] the
HCV driver is not the originator of the accident. This illustrates the complexity of the
reversing task. Although a professional driver does not lack experience for ‘normal
forward’ operation on the highway, not everyone has sufficient skills to reverse an
arbitrary vehicle combination with multiple articulations. The driver needs to apply
a different control steering strategy for reversing depending on the lay-out of the
multiple articulated vehicle combination.

To summarize, the research objectives can be formulated as follows:

• Propose a suitable vehicle assessment framework that will ensure safe vehicle
operation while considering its impact on the infrastructure and environment
with a focus on European operational conditions.

• Determine the candidate vehicle combinations complying with future logistic re-
quirement, operational safety and reduced impact on the environment.

• Investigate the ways in which the high- and low-speed lateral performance of
HCV’s can be enhanced. Furthermore, the means of the driver support during bi-
directional manoeuvring with HCV’s at distribution centres will be investigated.
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Figure 1.12: Outline of the dissertation.

1.5 Outline of this dissertation

The dissertation consists of nine chapters whereas eight is illustrated in Figure 1.12.
In Chapter 2 the Performance Based Standards (PBS) framework is introduced, and
its adaptations for European conditions. This approach is representing an alterna-
tive, flexible legislation that is prescribing the vehicle design less and can contribute
to future legislation. Chapter 2 also includes the findings that were published in the
study that will be further referred to as the ”Book of Requirements”. In Chapter
3 a generic and modular multi-body model library for arbitrary commercial vehicle
combinations is created and subsequently validated with experimental data. Further-
more, the models will be used in Chapter 4 to simulate the dynamic behaviour of
selected HCV’s for a number of performance assessments. The performance analysis
allows to determine the HCV combinations with the best performance, while consid-
ering also profitability and environmental aspects. The result of this chapter will be
HCV combinations that will comply with logistical demands for years beyond 2020.

Thereafter the focus is on challenges associated with the bi-directional manoeuvrabil-
ity of HCV’s. Chapter 5 proposes a new control strategy for active steering of HCV
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trailing units to improve both low-speed manoeuvrability and high-speed stability.
A single controller structure suitable for both low- and high-speed is proposed using
a gain scheduling method for optimized performance. In Chapter 6, the driver be-
haviour during reversing is analysed by experiments, using eye tracking glasses and
an instrumented HCV combination. Based on observations from the experiments,
a driver support for low-speed manoeuvring with HCV is proposed. In Chapter 7,
a path generation algorithm and path following controller for automated docking of
multiple-articulated vehicles are proposed, based on the localization input from the
camera. The path following control strategy is implemented for verification in Chap-
ter 8, firstly on validated multi-body model introduced in Chapter 3 and in the second
phase to a scaled physical model of the HCV combination. Finally, Chapter 9 sum-
marizes the main conclusions and presents a number of recommendations for further
research.

1.6 Scientific Contributions and Publications

Contributions

The scientific contributions are as follows:

1. the analysis of current European legislation related to operation of heavy goods
vehicles and its subsequent projection into the performance oriented framework
using the Australian methodology to outline the foundation for the future leg-
islation enabling more productive road freight transport;

2. design of a novel and generic control strategy for the active steering of trailers of
high capacity vehicle combinations improving both low-speed manoeuvrability
and high-speed stability through employing a single controller structure for all
velocities and gain scheduling method for optimized performance;

3. based on experimental results a novel framework of driver support for docking
multiple-articulated vehicles is proposed consisting of: computer vision based
localization, a path planner customized for docking scenario, and a generic bi-
directional path following controller applicable to arbitrary vehicle combina-
tions.
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Chapter 2

Performance Based European
Legislation

2.1 Introduction

The principle of the European legislative framework as currently in use for the regu-
lation of commercial vehicles is mainly prescriptive. It means that maximum limits
for specific vehicle parameters are defined. These are for example vehicle weight
and dimensions [29], [38], ensuring a dual objective: vehicle operational safety and
predictable interaction with the infrastructure.

An alternative principle for the regulatory framework of commercial vehicle com-
binations, which do not comply with local prescriptive regulation, can be found in
Australia [92], Canada [136], South Africa [94], and New Zealand [23]. Contrary to
prescriptive legislation the principle is performance based. It contains several criteria
to quantify the level of performance that is requested from the vehicle combination
to get the access to a specific segment of the road network. This performance based
approach is thus more flexible than prescriptive legislation. In some cases, as e.g.
South Africa [76], the performance based scheme is accompanied with a self-regulated
accreditation scheme which is mandatory for all participating vehicle operators and
which focuses on load optimisation, driver wellness, vehicle maintenance, and produc-
tivity. This in total stimulates the implementation of new technology that improves
the performance of commercial vehicle for particular criteria and ensures a better fit
between the vehicle and the infrastructure, due to differentiation per road class.

In this chapter first, the existing European regulatory framework for commercial ve-
hicles with respect to dimensions, weight, safety, and environment is reviewed. Next,
the Australian performance based approach is introduced concisely. Because of the
length and weight conflicts with the current prescriptive legislation a new framework
is proposed for the usage of HCV’s within the EU. The framework is principally based
on already existing EU-prescriptive regulations, and combined with selected perfor-
mance criteria from the Australian regulations, that guarantee operational safety

17
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when the length and weight of the vehicle are not restricted. In addition a number of
new performance criteria is proposed, related to the societal benefits that are driven
by the megatrends.

2.2 Current European Legislative Framework

The current European legislative framework for towing and trailing vehicle units as
well as vehicle combinations consists of a number of regulations and directives, as
summarized in [64]. It should be noted, that a fundamental difference between a
regulation and directive is that the former one must be applied in its entirety across
all EU - member states, while a directive sets out the goal that all EU countries must
achieve. It is up to individual countries to devise their own laws on how to reach
these goals [43].

The legislation related to commercial vehicle limits and requirements can be catego-
rized as follows:

• Vehicle dimensions - COUNCIL DIRECTIVE 96/53/EC [29]

Since the vehicle dimensions are prescribed by a directive, it provides to EU-
member states a certain degree of freedom, which allows the operation of HCV’s
on the national level, such as in Nordic countries, Netherlands and Spain. How-
ever cross-border transport, that would fully exploit the potential of HCV’s, is
not permitted without mutual agreement of neighbouring countries. The main
vehicle dimension limits as stated in this directive are listed in Table 2.1.

Vehicle Type/Dimension Max. Limit [m]
Motor Vehicle length 12
Trailer length 12
Semitrailer :

Coupling point - frontal wall length 2.04
Coupling point - rear wall length 12

Vehicle Combination:
Tractor - Semitrailer overall length 16.5
Truck - Trailer overall length 18.75

Height 4
Width 2.55

Table 2.1: Maximum Vehicle Dimensions.
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Vehicle Weight/Axle Load Limit [ton]
Motor Vehicle:

2-axle vehicle 18
3-axle vehicle 26
4-axle vehicle 32

Vehicle Combination:
Truck - Trailer 40
Tractor - Semitrailer 40
Tractor - Semitrailer with 40-foot ISO container 44

Single Axle:
Non-driven Axle 10
Driven Axle 11.5

Double Axle Load (Bogie):
d <1 m 11
1 m ≤ d <1.3 m 16
1.3 m ≤ d <1.8 m 19
d ≥ 1.8 m 20

Triple Axle Load:
d <1.3 m 21
d ≥ 1.3 m 24

Table 2.2: Vehicle weight and axle load limits (d=interaxle distance).

• Vehicle Weight and Axle Loads - COUNCIL DIRECTIVE 96/53/EC [29]

The admissible weight is regulated with respect to the gross vehicle weight
(GVW) and with respect to an individual axle, or a group of axles. The weight
limits ensure that the infrastructure, is protected against over-loaded vehicles.
Bridges are of a particular concern. The combination of the axle load and the
inter-axle spacing distance d plays a major role in the loading pattern. Axle
load limits, as well as overall vehicle combination weight limits, are listed in
Table 2.2.

• Manoeuvrability - REGULATION (EU) No 1230/2012 [35]

- DIRECTIVE 97/27/EC [30]

There are two manoeuvrability criteria that are primarily derived from the de-
sign codes of European infrastructure, which limit the maximum curvature of a
road according to their classification and maximal allowed speed [110]. The first
criterion is the swept path, being the vehicle spatial envelope that is occupied
by the vehicle during the manoeuvre. The swept path is depicted by the gray
color annulus area depicted in Figure 2.1(a). This area can not be trespassed by
the contours of inner and outer most points of the vehicle combination during
low-speed steady cornering.
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(a) (b)

Figure 2.1: (a) Allowed vehicle combination swept area, in gray, (b) Definition of the

rear swing out (RSO).[30]

The second criterion, called Rear Swing Out (RSO), is related to the space,
which the vehicle will occupy with its rear most outer corner T on an circle with
a radius 12.5 m, as depicted on Figure 2.1(b). This criterion is very important
for the spatial planing of the infrastructure accessories, such as traffic signs.
The maximum allowed limits are listed in Table 2.3.

Rear swing out in turn with a radius of 12.5 m
Motor Vehicle 0.8 m
Articulated Vehicle 1.2 m

Table 2.3: Rear swing out limits.

• Traction - REGULATION (EU) No 1230/2012 [35]

Vehicle traction is regulated to primarily ensure that sufficient torque can be
transmitted from the engine to the road through the tyre by prescribing minimal
engine power per ton of gross vehicle weight. Next, it prescribes a minimal axle
load for the steerable axles to guarantee sufficient cornering force potential in
sharp turns to overcome scrubbing of non-steerable axles. Lastly, the minimal
slope is specified, that the vehicle is able to climb from the standstill state. The
limits associated with the traction are given in Table 2.4.

• Exhaust Emissions - REGULATION (EC) No 595/2009 [33]

Since 2013, the exhaust emissions of all new towing vehicle units need to comply
with, so called, Euro VI regulation, that limits the emissions of NOx, CO, HC,
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Traction limits
Driving Axle Load min. 25 % of GVW
Engine Power min. 5 kW/t of GVW
Steering Axle Load min. 20 % of GVW
Slope min. 12%

Table 2.4: Traction Limits.

and particulates. The exhaust emissions are measured in two different drive
cycles:

– World Harmonized Steady-state Cycle,

– World Harmonized Transient Cycle.

Both cycles have been created, to cover representative operational conditions
in Europe, but also USA, Japan, and Australia. They might be used in com-
bination with engine map and so called VECTO tool [129] to calculate the fuel
consumption and CO2 emissions of a towing vehicle disregarding however the
configuration of all the trailing units. As the complete regulation related to
exhaust emissions is rather extensive, we refer to [33] for further details.

• Brakes and Active Safety Systems - R (EC) No.661/2009 [32]

- UNECE Regulation No. 13 [126]

These regulations define mandatory requirements for the braking performance
from several perspectives. It indirectly prescribes the usage of an Anti-Lock
Brake System (ABS). Besides minimal deceleration on a straight path for a
number of scenarios, it also defines braking stability performance for a split
surface and parking on a slope, as listed in Table 2.5.

Braking System Criteria Limit
Minimal Average Deceleration:

60 km/h to standstill with engaged engine 5 m/s2

90 km/h to standstill with disengaged engine 4 m/s2

60 km/h to 30 km/h after 20 repetitions 4 m/s2

60 km/h to standstill after 6 km of continuous braking 3.3 m/s2

Minimal Braking Efficiency:
50 km/h to standstill on surface with friction 0.8 75%
50 km/h to standstill on surface with friction 0.3 75%

Braking Stability on a straight path:
90 km/h to standstill with deceleration 4 m/s2 Subjective

Braking Stability on split friction surface:
Max. steering wheel correction from initial speed 50 km/h 240◦

Minimal parking ability on a slope with fully laden vehicle:
Single vehicle 18%
Vehicle combination with unbraked trailer 12%

Table 2.5: Braking system requirement limits
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Figure 2.2: Performance of vehicle as a function to the road access.

The regulation also prescribes compulsory active safety systems that needs to
be fitted on a vehicle units produced since November 2015. These are Ad-
vanced Emergency Braking System (AEBS), Lane Departure Warning (LDW),
and Electronic Stability Control (ESC). Conformity requirements on their func-
tionality are defined in the UNECE regulation. However, these are of general
character and do not prescribe any detailed requirements related to the vehicle
dynamical performance.

2.3 Australian PBS Framework

Contrary to the prescriptive legislative framework of the EU, which mainly applies to
a single vehicle units, an alternative approach has been successfully implemented in
Australia [92], Canada [136], South Africa [94], and New Zealand [23]. This approach
is very feasible for vehicle combinations and explicitly defines the performance level
required from the vehicle combination with respect to safety, manoeuvrability, and
infrastructure loading, rather than mandating limits that should eventually lead to
achieve the desired performance, as is the case for prescriptive legislation.

This policy is commonly known as Performance Based Standards (PBS) and is used
for vehicle combinations that do not fit in the prescriptive scheme of specific country.
Hence, in case of commercial vehicles combinations, one can generally say it does not
matter what the vehicle combination looks like, but how it performs in specifically
defined scenarios.

The performance of a commercial vehicle is subsequently used to allow access to
specific segments of the road network. The road network is categorized into four
levels as depicted in Figure 2.2. It ensures a proper match between the vehicle and
the infrastructure network in terms of safety, manoeuvrability and bearing capacity
of the infrastructure. Moreover, it provides flexibility in the design of vehicles, that
is not directly limited by the dimensions, and stimulates the implementation of novel
technologies that improve the performance of the vehicle combination.
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The Australian performance based scheme [92] can be split into two main parts:

• 16 vehicle safety standards

• 4 infrastructure standards.

First we will concisely, without quantifying the performance levels, summarize the
standards related to vehicle safety, which can be categorized into four groups:

• Low-Speed Longitudinal Performance

This group is directly related to the traction abilities of the vehicle on a slope,
which are linked to the powertrain performance. It aims to assess aspects as
commencement of motion, maintaining of motion, or achieving a desirable level
of acceleration, such as listed in Table 2.6.

Performance Measure Explanation
Startability The maximum uphill gradient, expressed

as a percentage, on which the vehicle is
capable of commencing forward movement
from rest.

Gradeability The maximum uphill gradient, expressed
as a percentage, on which the vehicle can
climb at a specified constant speed.

Acceleration Capability The ability to accelerate the vehicle either
from rest or to increase speed.

Table 2.6: Low-speed longitudinal performance measures.

• High-Speed Longitudinal Performance

The measures, listed in Table 2.7, can be translated into tracking performance of
the vehicle combination. Good tracking performance ensures that the rearmost
axle follows the path of the front axle with sufficient fidelity, without endan-
gering other vehicles on the road. Typical behaviour of axle trajectories, while
driving high-speed on an uneven banked road, which results in lateral offsets, is
depicted on Figure 2.3.
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Performance Measure Explanation
Tracking Ability Amount of variation in the lateral position

of the trailing unit (last trailer) measured
relative to the path or track followed by
the hauling unit (rigid truck or tractor)
on an uneven banked road.

Directional Stability The ability of a vehicle to decelerate while
Under Braking remaining directionally stable, controllable and

staying within its lane during heavy braking.
Overtaking Provision The time taken for another vehicle to safely

overtake the vehicle.

Table 2.7: High-speed longitudinal performance measures.

Figure 2.3: A view of axle trajectories while tracking on banked road at high speed[92].

• Low-Speed Directional Performance

This group covers the performance regarding low-speed manoeuvrability. This
can be translated into the spatial envelope of the vehicle combination that is
being swept during a ninety degree turn on a predefined radius, as depicted in
Figure 2.4. A big swept path is undesirable, because the vehicle combination
will require more road space for turning than may be available. Such a vehicle
may intrude into adjacent or opposing lanes, collide with other vehicles, damage
roadside furniture, or imperil pedestrians. Performance measures related to the
low-speed manoeuvrability are listed in the Table 2.8.

• High-Speed directional Performance

The performance measures defined in this group, cover the safety assessment of
the vehicle combination behaviour during high-speed evasive manoeuvres, such
as for example a lane-change. Typically there are two ways in which the stability
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Performance Measure Explanation
Low-Speed Swept Path The swept path width is the maximum
Width distance, between the outer most and

inner most path trajectories of the swept
path envelope of the vehicle combination
being assessed in the specified low-speed turn.
The maximum distance, is the straight line
segment intersecting both trajectories
perpendicularly to their respective tangents
at the intersection points.

Steer Tyre Friction The maximum friction level demanded of the
Demand steer tyres of the hauling unit in a small

radius turn at low speed.
Frontal Swing Frontal swing is the maximum distance

between the outermost path of the furthest
forward or outside point on the vehicle on
the outside of the turn and inner path of the
outer most point on the outer tyre sidewall
on the forward most outside steered-wheel in
the specified low-speed turn. It is measured
as the straight-line segment intersecting both
trajectories perpendicularly to their
respective tangents at the intersection points.

Tail Swing On the entry side of the turn, the tail swing
is the length of the longest line segment
perpendicular to the low-speed turn entry
tangent intersecting it with the path
trajectory of rearward or outside point, on
the vehicle unit.

Table 2.8: Low-speed directional performance measures.

of commercial vehicle can be compromised. Firstly, when the lateral acceler-
ation during cornering may generate sufficient overturning moment to lift the
tyres at one side of the axle, which may eventually promote a roll-over of entire
vehicle combination. Secondly, the risk of so called jack-knifing occurs when the
towing vehicle unit becomes oversteered so the gain between the steering angle
and articulation angle becomes unstable. It results in rapid growth of the artic-
ulation angle between the vehicles that ultimately reaches the mechanical limits
of the coupling, which results in an entirely uncontrollable vehicle combination.
The performance measures related to high-speed directional performance are
listed in Table 2.9.

It should be noted that a performance measure of load transfer ratio is not part
of Australian scheme but originates from a Canadian scheme [136]. However as
it is seen relevant, it is included in the Table 2.9.
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Performance Measure Explanation
Static Rollover The steady-state level of lateral acceleration
Threshold that a vehicle can sustain during turning

without rolling over.
Rearward Amplification Degree to which the trailing unit(s) amplify or

exaggerate lateral acceleration of the hauling unit.
Yaw Damping The rate at which “sway” or yaw oscillations of

the rearmost trailer decay after a short duration
steer input at the hauling unit.

Load Transfer Ratio The proportion of vertical load imposed on the
tyres on one side of a vehicle unit that is
transferred to the other side of the vehicle
unit during a standard lane change maneuver.

Handing Quality Ratio of the response to steering (change of
(Understeer/Oversteer) vehicle direction) to the steering wheel input,

and its dependence on vehicle speed and
severity of the maneuver.

High-Speed Transient The lateral distance that the last-axle on the
Off-tracking rear trailer tracks outside the path of the steer

axle in a sudden evasive maneuver.

Table 2.9: High-speed directional performance measures.

Performance Measure Explanation
Pavement Vertical The axle group loads for a PBS vehicle shall
Loading* not exceed the maximum permitted on the

route network for commercial heavy vehicles.
the loads per axle group types are limited to
present prescriptive configurations.

Pavement Horizontal The degree to which horizontal forces are
Loading* applied to the pavement surface, primarily in

a low-speed turn, during acceleration and on
uphill grades.

Tyre Contact The minimum tyre width that is allowed,
Pressure Distribution* the maximum pressure, and pressure variation

that is applied to the road surface by a single
tyre, or pair of tyres in a dual tyred set.

Bridge Loading The maximum load that a bridge can sustain
(Bridge Formulae) under repeated loading without incurring damage.

Table 2.10: Infrastructure impact measures
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Figure 2.4: Swept path of tractor-semitraler during low speed ninety-degree turn[5].

• Infrastructure Impact

Four infrastructure-related standards, considering the vehicle impact on the
pavement and bridges are summarized in Table 2.10. Although these standards
are part of the performance scheme some of them (indicated with an asterisk)
are prescriptive. The main purpose of this group is to limit the stress on the
pavement layers below the surface of the road, to regulate road wear by lim-
iting the impact of the horizontal tyre forces when turning, and tractive tyre
forces of the drive axles when a vehicle is accelerating, braking, or climbing an
upgrade. Furthermore the standards protect bridges against excessive vertical
loading, potentially caused by a vehicle combination, when the weight has to
be distributed over a too short vehicle length.

2.4 Principles for a Future EU-Legislative Frame-
work

Referring to Section 2.2, it can be concluded that the existing EU regulation does
not allow any HCV’s, which are longer than 18.75 meters and heavier than 40 tonnes
for cross border transport on federal level. In this section, the prescriptive European
legislation is compared with the Australian performance based approach to analyse
potential similarities. The aim is to maintain the majority of the already established
EU-legislation, avoid the redundancies, and implement only the performance measures
which are not currently covered. The framework should primarily ensure operational
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safety through covering all traffic risks, as defined for instance in [61], which may
occur by interconnecting vehicle units into a longer vehicle combination, and yet
avoid excessive loading of the infrastructure, if the length and weight limits of the
vehicle combination are less restrictive.

The proposed principles of a future legislative scheme have to be compatible with the
current infrastructure. Hence, it should be emphasized that several of the prescriptive
requirements, such as maximum axle loads or the width and the height of the vehicle
combination, have to be preserved as they are determined by infrastructure design
criteria.

In order to define the principles, a comparison between the European and Australian
approach is given in Table 2.11. It has four columns designating the number of reg-
ulation, the Australian PBS measure, current EU-legislation equivalent and proposal
for a future EU-legislation. The categorization of the previous section will be used to
address the vehicle performance in:

• Low-Speed Longitudinal Performance (regulation 1-3)

• High-Speed Longitudinal Performance (regulation 4-6)

• Low-Speed Directional Performance (regulation 7-10)

• High-Speed Directional Performance (regulation 11-16)

• Infrastructure Impact (regulation 17-20).

A comparison with all Australian PBS measures, one by one to the current EU-
legislation will be made to investigate the possible overlap. Based on the discussion
given next, a decision is made, resulting in a proposal for future legislation that is
fusing both the performance and prescriptive approach. This proposal is listed in the
last column of the Table 2.11.

Regarding the low-speed longitudinal performance, one can observe that the Aus-
tralian PBS measures are fully covered by current prescriptive EU-legislation. It
defines a lower limit for engine power in kW/tonne as well as a minimum slope that
the vehicle combination must be able to climb from the standstill. Hence, changes
are not really required as the Australian PBS-scheme is fully covered by the existing
regulations.

High-speed longitudinal performance is covered by three performance measures. The
tracking ability measure in the Australian framework is especially dedicated to assess
very long vehicle combinations having three and more articulation points, and length
above 35 m. As the deployment of such a vehicle combination on European roads is
not anticipated, this measure is not considered to be important for future legislation.
Concerning the directional braking stability it can be seen in Table 2.5, that this
measure is already extensively covered by current EU legislation. The overtaking
provision is not considered relevant for the European condition. It is not planned
or expected that HCV’s should operate on single lane roads, where they would be
overtaken by passenger cars or allowed to overtake other vehicles on the road.
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Manoeuvrability is examined by the directional performance measures at low-speed.
As can be seen in Table 2.11, low-speed swept path width and the tail swing are
already covered by D 97/27/EC [30], which is proposed to be preserved in the future
legislation framework, considering also dimensions and design codes of current infras-
tructure. However the limits of the maximal swept path width should be reviewed and
projected into number of access levels, which will be consistent with infrastructure
segments where the vehicle combinations should operate, considering the fact that
HCV’s do not need to have general access to the entire infrastructure. The steer tyre
friction demand is regulated through the prescriptive limit of minimal vertical load
on the steerable axle. Furthermore this regulation prescribes minimal vertical load on
the driven axle ensuring sufficient traction in the slopes and in sharp corners where
a high level of wheel slip on non driven and non-steered tyres is anticipated. Hence,
it is recommended to employ the current regulation also in the future. A missing
measure is the frontal swing, that is not addressed in current EU-legislation. The
performance of the vehicle combination for this standard is strongly correlated to the
distance between the center of the front steerable axle, and frontal outside corner of
the hauling unit. This distance is very likely to increase in the near future.

This is due to expected innovations of the front end design, which will enhance the
vehicle aerodynamics. Therefore is proposed to incorporate this measure as defined
by Australian PBS scheme in future legislation. It will ensure that new cabin designs,
or other vehicles in the combination, such as e.g. steered dollies, will not have an
impact on the roadside furniture or imperil the pedestrians.

Directional performance at high-speed is crucial. It primarily assesses the vehicle
stability during evasive manoeuvres, which might occur on the highway at velocities
above 80 km/h when trying to avoid e.g. a sudden obstacle. Current EU-regulation
simply limits the length, weight, and since 2015 prescribes obligatory active safety
systems on board (AEBS, LDW, and ESC), which combined together should guar-
antee stability. However, the regulation does not contain any specific performance
requirements, which are mandatory for the conformity of vehicle safety and stability.
To cover these aspects more profoundly, it is proposed to incorporate the Australian
performance-based principles in the future legislation. It contains explicit definitions
of vehicle dynamic performance that is required to guarantee lateral stability at high
speed. This approach will ensure that HCV’s, which are longer then 18.75 meters,
and heavier than 40 tonnes, perform on comparable level as already existing vehicle
combinations, which operate within D 96/53/EC [29], and thus do not represent a
potential risk when executing dynamic manoeuvres at high speed. The measure of
handling quality, in line 16, will not be incorporated as the definition in the Australian
scheme is not finalized and not in use as well.

The last category, as listed in Table 2.11, are infrastructure requirements. The PBS
measures number 17-19, related to the pavement loading are well covered by cur-
rent principles of European legislation, which is proposed to be preserved. However,
the performance standard that accounts for the impact of a vehicle combination on
a bridge is not defined in Europe. The fundamental reason is probably the differ-
ent design criteria for bridges in all 28 European jurisdictions, which would be very
difficult to harmonize, considering the existing infrastructure. Nevertheless, bridge
formulae that would be able to assess the impact of vehicle combinations, considering
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its dimensions and loading conditions, on bridges, is seen as very beneficial. There-
fore extensive research should be done to investigate, whether the concept of generic
bridge formulae can be applicable to European conditions, which incorporates the
various bridge design criteria. Subsequently it can be used the design or evaluation
of new bridges. For now however, the Australian bridge formula is not included in
the principles of future legislation, as it is not considered to be representative for
European conditions.

As described earlier, the Australian scheme specifies four performance levels for each
standard, which are used as access criteria for dedicated segments of the infrastruc-
ture network. In the proposal of principles for the future EU-legislation concept, no
performance levels are included because of two reasons. Firstly, the existing levels are
based on Australian operational conditions, frictional levels, or infrastructure design
criteria and dimensions, which are not identical to Europe. Secondly, the intention
of the proposal is not to copy the Australian approach and having four different road
levels. In Europe, except for Scandinavia, one can not observe large-space remote
areas, such as the Northern territory in Australia. Therefore, it is logical to primarily
specify one level of performance that will fit to the main European road network, such
as for example the TEN-T corridors, because the HCV’s should primarily operate here
and bypass the city-centers or residential areas while emphasizing synchromodality.
A feasible example can be found in the Netherlands, where the national heavy ve-
hicle regulator (RDW) provides open-access digital map [26] of the roads, which are
granted by the exception to allow HCV’s operation as shown in Figure 2.5. In prac-
tice, if the vehicle operator wants to drive a HCV on certain infrastructure segment,
he officially requests RDW to assess required infrastructure section. RDW will use
well defined assessment procedure [84], which reflects on the infrastructure and ve-
hicle dimensions, including also the manoeuvrability. If the infrastructure segment
satisfy the criteria, the road ’opens’ for HCV’s, becomes a green in the digital map,
and can be used by all other operators as well. In case of assessment failure, the
segment becomes definitely red, and no HCV’s are granted with the access.

Given the fact that part of the society is opposing nowadays to deployment of HCV
[96], it is seen as desirable to incorporate in the future regulation also measures that
can quantify the performance of the HCV’s versus classical HGV in terms of societal
benefits. Presenting the added value in terms of societal benefits, might build a bridge
between the road transport sector and the policy makers. A generic proposal of areas
with societal impact, that might be applicable for this purpose, may be found in [135].
It includes:

• Safety (Road crash casualties, or number of accidents)

• Public health

• Mobility & congestion

• Sustainability

• Infrastructure utilization

• Economic impact
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Figure 2.5: Digital open-access map in Netherlands [26] designating infrastructure
segments which may be accessed by HCV’s where green color designates accessible
roads, red coloured segments are forbidden for HCV’s operation, and uncoloured
segments are to be assessed but HCV’s can not operate there either.

• Decarbonisation and environmental impact

Obviously, the translation of all societal impact areas into explicit benefit-related
measures may be complex and goes beyond the scope of this research. In accor-
dance with previous research [65], it is proposed to begin with Economic impact and
de-carbonisation. Both can be established using already existing methodology and
measures for certain model scenarios that can be standardized. The proposed societal
benefits performance measures are listed in Table 2.12.

No. Societal Benefit Measure Units
1 Carbon dioxide pollution - load-wise CO2/ton.km
2 Carbon dioxide pollution - volume-wise CO2/m3.km
3 Fuel consumption - Load-wise l/ton.km
4 Fuel consumption - Volume-wise l/m3.km
5 Transport costs - Load-wise e /ton.km
6 Transport costs - Volume-wise e /m3.km

Table 2.12: Proposed societal benefit measures for future regulations

Considering the comparison of European and Australian the legislative principles,
in Table 2.4 two main conclusions may be drawn. At first, it may be observed that
current EU-legislation already has performance based elements, and by simply increas-
ing the maximal vehicle combination length the HCV’s can be implemented, when
complying with the rest of already existing regulations and directives. Secondly, no
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performance or prescriptive measures are established in current EU-legislation regard-
ing the high speed directional performance which is of particular importance. The
measures included in this group are related more than any other to the traffic safety,
and lateral stability of a vehicle combination at high speeds. Therefore it should be
emphasized to include these measures in the principles of the future legislation.

The proposal of principles for future EU legislation framework, in Table 2.4 and
Table 2.12 will be used in Chapter 4 to evaluate the concepts of HCV’s that will
comply with logistic needs for years beyond 2020, regarding, safety, environmental,
and profitability aspects.
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Chapter 3

Generic Multi-Body
Simulation Model

3.1 Introduction

To assess the performance of arbitrary vehicle combinations a modular model library
needs to be created. This multi-body model library has to be flexible and generic,
thus the modification of parameters or vehicle configuration has to be possible with
minimal effort. To avoid complexity, the model should include only the vehicle compo-
nents, which significantly influence the vehicle dynamic behaviour for the performance
assessment manoeuvres described in Chapter 2.

For these reasons, the model is built using a multi-body formalism. The equations
of motion are generated automatically by the software package. In this case SimMe-
chanics, the multi-body toolbox of MATLAB/Simulink, is used.

The chapter is structured as follows. Firstly, the development and the topology of
vehicle models are described. Next, testing and validation with three different vehicle
combinations are done to increase the fidelity of the model. Finally, a systematic
step-wise approach is defined, and the models are validated against the experimental
data covering both low- and high-speed scenarios. The scenarios for the validation
are selected to be representative for test manoeuvres defined in the future regulations
as proposed in previous chapter.

35
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Figure 3.1: Model visualization of a HCV by the Virtual Reality Toolbox.

3.2 Model Library

Considering a high number of permutations of standardized vehicle components which
are needed to build various types of HCV’s a library-based modelling approach is
preferable. The performance criteria, identified in Chapter 2 and given in Table 2.11,
can be used to motivate the modelling approach. The criteria can be translated into
driving scenarios which the vehicle models have to be able to reproduce with high
level of fidelity. These are: the high speed handling behaviour which includes the roll
dynamics of each vehicle unit, the low speed manoeuvring, the longitudinal dynamics
covering both braking and acceleration on flat roads but also on the slopes.

Given that, it has been decided to build up the model library using a multi-body
formalism as it handles complex non-linear mechanical system dynamics without the
need to manually derive the dynamic equations of motion or constraint equations,
which is seen beneficial given the scope of this study. Multi-body modelling approach
is successfully employed in virtual prototyping for more than 30 years. Nowadays, a
number of commercially available multi-body oriented packages are on the market.
In principle, they can be clustered in two groups:

• Dedicated Multi-body packages (TruckSim, IPG Truckmaker, or DYNA4)

• Generic Multi-body packages (ADAMS, SimPack, LMS Virtual Lab, Modelica
or MATLAB/SimScape).

Dedicated multi-body packages are easy to operate due to built-in graphical interface
and user friendly visualization tools. However the flexibility and the modularity for
applied research and development may prove to be a limitation, which is in contrast
very good in case of generic multi-body packages.
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The model library is created in SimMechanics, the multi-body modelling toolbox of
MATLAB/Simulink. Although SimMechanics is not especially designed for simulating
vehicle dynamics, due to its flexibility one can customize it for this application while
maintaining good interfacing with other MATLAB Toolboxes. An essential part of
the vehicle model is undoubtedly the tyre, which is represented by the TASS Delft-
Tyre model. The visualization and animation of a vehicle is done using the MATLAB
Virtual Reality Toolbox, as depicted in Figure 3.1.

The model library consists of generic, modular and self-contained systems and sub-
subsystems that represent types of commercial vehicles and their main components.
The initial version was developed at the Eindhoven University of Technology, by
Dr.Ir. I.J.M. Besselink [8], which was further expanded by a graphical user interface,
enabling to rapidly build arbitrary vehicle combination, active safety systems such as
ABS, and PBS-test routines including the post-processing scripts.

The commercial vehicle library is divided in five main sections:

• Towing vehicle units (tractors, rigid trucks)

• Trailing vehicle units (semitrailers, dollies, link-trailers, etc.)

• Assemblies (cabins, loading units, axles, etc.)

• Components (tyre, brake system, powertrain)

• Utilities (filters, sensors, active safety systems, etc.)

The library structure is highly modular in order to give the user freedom to create
many different combinations of vehicle units. At the same time, the user has the
flexibility to customize all the components of each sub-model which are then auto-
matically propagated to the top-level model. The main objective of the library is to
represent a general vehicle and avoid details that may differ between manufacturers as
for example non-linearities in chassis suspension, roll steer or cabin-chassis suspension
layout. These can be introduced when needed.

Every sub-model has its own local coordinate system, with respect to which the
position and the dimension of the components within this model are specified. For
the towing vehicles, the origin of its own coordinate system is placed at the front
tyre contact point. For towed units, the origin is the point where a vertical line
passing through the kingpin or coupling is crossing the ground. When creating a
vehicle combination, the local coordinate system of the towing vehicle is considered
the global coordinate system with respect to which the local systems of all the units
are positioned. The coordinate systems are right handed i.e. the positive X-axis
points forward, the positive Y is towards left and Z-positive is directed upward, as
depicted in Figure 3.2.
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As an example we will demonstrate the topology of the multi-body model, which
consists of 2-axle Tractor, link-trailer, and a semitrailer, which is also known as a
B-Double HCV. Both trailers are equipped with 3 axles, as shown in Figure 3.2.
The tractor module is composed of a chassis divided into two parts, front and rear,
connected to each other with a revolute joint and a torsional spring to include the
torsional stiffness of the vehicle frame. Cabin and engine are rigidly connected to the
chassis and the steer and drive axle are linked to the chassis by means of suspension
system. The axle module has only two degrees of freedom with respect to the chassis
module: the z-axis translation and the x-axis rotation, see Figure 3.2. Two linear
springs and two linear dampers are included, one on the left and one on the right side
of the axle. A torsional spring is located at the roll center, representing the anti-roll
bar that in combination with a already mentioned revolute joint between the front
and rear part of the chassis allows to model the roll dynamics which is essential for
heavy goods vehicles as described in [58]. On both ends of the steering axle is a
revolute joint with rotational degree of freedom around the z-axis which connects the
axle with the wheel hub. The angles at these joints are determined by the steering
system.

For validation purposes, this steering angle has been directly measured on the wheel
hubs. These wheel hubs are then connected to the Delft Tyre module, using a revolute
joint, which represents the wheel bearing. On both ends of the driven axle, these joints
receive a moment generated by the driveline model. Similarly the brake moment may
be applied to all axles.

The link-trailer and semitrailer are composed in a similar way: the chassis is divided
in a front and rear part connected by a torsional spring in between. The loads are
connected rigidly to each chassis element, and the three axles are linked through a
suspension system similar to the tractor module. As none of the axles is steerable, all
the wheels are directly connected to the axle by a revolute joint. Furthermore, the
kingpin is rigidly connected to the chassis, for the coupling with other towing units
through the 5th wheel. The coupling joint between kingpin and the 5th wheel has
yaw and pitch degree of freedom, but no flexibility in the roll direction, or play is
assumed. The center of gravity of the trailer depends on the masses of the vehicle
components and on the cargo, which is modelled using a mass density.

The Delft-Tyre Model governs the vertical, lateral and longitudinal forces of the
tyres, employing the Magic Formula tyre model of Pacejka [99]. The library includes
three types of tyre parameter sets, one for the steered axle, one for the driven axle
and another one for the trailer axle. In the validation process, also the tyre model
parameters have been slightly adapted to adjust the cornering stiffness so the model
matches the measurement output better.
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Figure 3.3: Three types of HCV combinations used in the experiments.

3.3 Experiments

To increase the fidelity and validate the multi-body models several full scale experi-
ments have been done with three different HCV combinations:

1. 6x2 Rigid truck, 2-axle dolly, and 3-axle container semitrailer (TK6x2-DY2-
ST3)

2. 4x2 Tractor, 3-axle link trailer, and 3-axle double-decker semitrailer(TR4x2-
LK3-ST3)

3. 6x2 Tractor, 2-axle semitrailer, and 2-axle central axle trailer(TR6x2-ST3-CT2).

As shown in Figure 3.3, all HCVs have two articulation points and a length of 25.25
m. The vehicle combinations are chosen differently on purpose, in order to validate
different vehicle configurations from the library. Furthermore each vehicle combina-
tion is tested in two different loading conditions to evaluated dynamic behaviour for
different axle loads and moments of inertia. The overall maximal vehicle weight for
all three combinations is limited to 60 tonnes, which is also the maximum allowed for
HCVs in The Netherlands.

The instrumentation involves more than 100 measurement channels enabling to collect
sufficient data required for the validation of multi-body model behaviour in longitu-
dinal, lateral and vertical direction. Considering the nature of the performance based
framework as described in previous chapter, the emphasis is on validating the vehicle
models for high-speed handling and low-speed manoeuvring.

A schematic overview of the sensors on the second HCV combination is given in
Figure 3.4. As can be seen, the position, velocity and acceleration are measured for
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Figure 3.4: Sensors instrumentation used in experimental testing.

each vehicle body in translational and rotational direction. Additional potentiometer
sensors measuring the displacement between chassis and axles, as well as vehicle
bodies with respect to each other, are incorporated. Potentiometers are used for
measurement of the steering angle of the front axle for both the left and right wheel.
Furthermore, signals from the CAN-bus of the towed vehicle are recorded, such as the
angular velocity of wheels, the engine torque, and the brake pressure. The sampling
frequency is in most of cases 100 Hz, only the signals coming from the CAN-bus are
limited to 10 Hz. The instrumentation for the two other vehicle combinations is done
in the same way.

The tests are executed on proving grounds at Lelystad in Netherlands and Jeversen
in Germany. The vehicles are tested for both high and low-speed scenarios, but also
on different road frictional surfaces. Each vehicle combination is weighted per axle
for both loading conditions and in an empty state. Test scenarios are performed in
accordance with ISO 14791:2000 E [59] and the Australian PBS scheme [92].

The test plan manoeuvres are:

High-speed:

• Single Sinusoidal steer input at 0.4 Hz

• Pulse steer (half sine)

• Single lane change

• Steady state cornering

• Braking on different surfaces with different deceleration and road curvature

• J-turn

• Maximum longitudinal acceleration.
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Low speed:

• 90 and 180 degree circle with an external radius of 12.5 meters

• Passing over a vertical obstacle

• Rearward parking manoeuvre

Each test session commenced with calibration measurements, which aimed to obtain
all sensor readings at static conditions when the vehicle combination is straightened,
i.e. the articulation angles, and longitudinal speed equate nil.

3.4 Model Validation

A quantitative validation of the dynamic multi-body model is necessary and important
step to gain the confidence in the simulation results, which presumes the availability
of the experimental data. Thus, the model can be used for credible research. It is
targeted to the model applications mentioned earlier, i.e. low speed manoeuvrabil-
ity and high speed handling. The process of validation can be seen as a step-wise
procedure depicted in the Figure 3.5, which should primary lead to achieve the con-
sistency between the multi-body model results and the measurement data given the
same input.

Static Validation

Modify position of centre
of gravity and springs pre-load

Quasi-Static Validation

Optimal fitting
Identification of
model sensitivity

Dynamic Validation
Optimal fitting

Figure 3.5: Stepwise model validation process diagram.
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The steps given in Figure 3.5 can be described as follows:

• Static Validation

The validation process of an articulated vehicle model starts with the static
validation, i.e. the vehicle combination is standing still, and serves mainly as
a verification of the static vertical tyre forces. The load distribution between
the axles is not only dependent on the position of the centre of gravity of par-
ticular vehicles but also, due to the air spring utilization, on the load levelling
of individual axles. This levelling is normally mastered by a fully automated
controller, however the level of precision is sometimes limited, which could re-
sult in parasitic forces. The vertical tyre forces can primarily be tuned in two
ways, which are linked to each other assuming the geometry is exactly known.
The position of the centre of gravity should be adopted and should correspond
to the vehicle known mass properties. Next suspension levelling can be done
through setting appropriate pre-load to the vertical springs for each axle group.
As the vehicle model is statically indeterminate, the second step is used for fine
tuning. Due to large influence of the static tyre forces on the overall vehicle
behaviour, correct results are a prerequisite for consecutive validation steps.

• Quasi-static Validation

Next the quasi-static conditions will be examined on two levels, firstly the steady
state vehicle handling properties will be analysed at high speed, and secondly
low speed manoeuvrability will be evaluated.

As for steady state cornering the model is validated, with a constant longitudinal
velocity and steering angle as inputs. The key signals are:

– yaw rate

– lateral velocity

– articulation angles

– roll angle

To get a better understanding of the influence of particular model components
such as tyres, suspension and vehicle body stiffness, a sensitivity analysis was
executed. The multi-body model of the vehicle combination has been set to
drive with a constant forward velocity of 45 km/h and fixed steering angle, to
perform steady state cornering on circle with a radius of 50 m, resulting in a
lateral acceleration of 3.125 m/s2, which was maintained for all the parame-
ter variations. Subsequently, an identification of the most responsive vehicle
parameters, is done.

The following parameters of vehicle model are modified in a range of ±15% for
the Tractor, Link-Trailer, and Semitrailer:

– Cornering stiffness of the tyre (through a scaling coefficient)

– Tyre road friction coefficient (through a scaling coefficients)

– Axle roll stiffness
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– Body torsional stiffness

– Suspension vertical spring stiffness.

The outcome of this sensitivity analysis [69] is shown in Figure 3.6. It can be
observed that the tyre cornering stiffness is by far the most influential parameter
for vehicle steady state handling behaviour. Its influence on yaw rate, lateral
velocity and articulation angles reaches values of 20% with respect to the base-
line configuration, whereas in case of other parameters we obtain significantly
lower values.

Given the tyre cornering stiffness as the most influential vehicle parameter
for the handling behaviour, it is meaningful to proceed with model validation
through the identification of tyre cornering stiffness values. Contrary to e.g. a
vehicle wheel base, the tyre cornering stiffness is not easy to directly measure or
acquire from the tyre manufacturer. Moreover, it depends on the level of tyre
wear, inflation pressure, or vertical tyre load. Hence, the cornering stiffness of
the axle groups is identified based on the measurement data. The identification
by only a random parameter variation would be rather difficult because the
cornering stiffnesses of all four axle groups are influencing the overall vehicle
combination behaviour. Therefore, hereafter we apply an error minimization
technique in combination with the measurement data, and simplified vehicle
model in order to identify the tyre cornering stiffnesses.

The measurement data which are used to identify the cornering stiffnesses were
obtained at steady state cornering conditions on circle with sufficiently large
radius (R=100 m) that avoids tyre scrubbing and constant forward velocity of
55 km/h.

Considering the lateral acceleration level of the commercial vehicle during steady
state cornering the side slip angles will be limited and one can assume the tyre
behaviour to be linear. It is primarily due to the rollover instability of the vehicle
which would precede the non-linear tyre behaviour occurring at bigger tyre slip
angles. Hence, the simplified model is based on a single track (bicycle) model
of a double articulated vehicle with linear tyres, see Figure 3.7. All angles are
assumed to be small and can therefore be linearized. Each vehicle body (truck,
trailer 1, and trailer 2) is characterized by the dimensions ai, bi, li, hi, T1, its
mass mi and moment of inertia Ji, which are known time invariant constants.
Furthermore, the bodies are assumed to be rigid and the tyres of each axle group
are lumped together into single tyre with corresponding multiple stiffness. The
tyre forces Fy1−4 are modelled by a linear tyre model, i.e. a product of tyre
slip angle α1−4, and cornering stiffness C1−4. No friction or play is assumed
to be present in the articulation joints. The vertical motion is neglected since
the model is planar, the rotations, which involve movement outwards of the x-y
plane such as roll and pitch are not considered. The model variables as well as
the global, earth–fixed, co-ordinate system ~e 0 are shown also Figure 3.7.
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Equations of motion are derived using a Lagrangian approach. Herewith, we
employ coordinates defined in the local co-ordinate system ~e 1 being attached
to the first vehicle center of gravity. Hence resulting equations will not depend
on the orientation of the truck θ1.

Variables Ẋ1 and Ẏ1 are the time-derivatives of the global position co-ordinates
X1 and Y1 of the first vehicle center of mass CM1. γ1 and γ2 are the articulation
angles between the bodies as shown in Figure 3.7. The yaw rate r1 = θ̇1 of the
truck is defined as time-derivative of the yaw angle θ1. Yaw angles of trailer 1
and trailer 2 are defined by means of articulation angles as:

θ2 = θ1 − γ1

θ3 = θ1 − γ1 − γ2.
(3.1)

From these yaw angles, the related yaw rates follow:

r2 = θ̇2 = r1 − γ̇1

r3 = θ̇3 = r1 − γ̇1 − γ̇2.
(3.2)

The longitudinal velocity v and lateral velocity vy of the truck in the frame ~e 1

are given by:

v = Ẋ1 + vyθ1

vy = Ẏ1 − vθ1.
(3.3)

The derivation of the equations of motion for a double articulated vehicle com-
bination can be found in Appendix A. Here we present the reduced form of the
equations for a steady state situation, assuming constant longitudinal speed v
and all state derivatives equal to zero, which corresponds to the steady state.

The reduced equations of motion for v̇y, ṙ1, γ̇1, γ̇2 = 0 read:

3∑
i=1

mivr1 = −1

v
[(C + Ct)vy + (Cs − (h1 + b2)C3 − (h1 + l2 + b3)C4) r1]

+ C1δ1 + Ctγ1 + C4γ2

(3.4)

−(m2 +m3)h1vr1 = a1C1δ1 − (b3 + l2 + h1)C4γ2

− 1

v
[(Cs − (b2 + h1)C3 − (b3 + l2 + h1)C4) vy]

− 1

v

[(
Cq + (b2 + h1)2C3 + (b3 + l2 + h1)2C4

)
r1

]
− [(b2 + h1)C3 + (b3 + l2 + h1)C4] γ1

(3.5)

−(m2a2 +m3l2)vr1 =
1

v

[((
h1(b3 + l2)(b3 + l2)2

)
C4

)
r1

]
− 1

v

[
(b2C3 + (b3 + l2)C4) vy − (b2

2 + b2h1)C3

]
+ (b2C3 + (b3 + l2)C4) γ1 + (b3 + l2)C4γ2

(3.6)
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Figure 3.7: Linear single track model with two articulations.
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−m3a3vr1 = −1

v
b3C4 (vy − h1r1 − l2r1 − b3r1)

+ b3C4(γ1 + γ2),
(3.7)

where, C = C1 +C2, Ct = C3 +C4, Cs = a1C1−b1C2, and Cq = a1
2C1 +b1

2C2.

Subsequently, the derived equations of motion (3.4)-(3.7) are rewritten in the
form suitable for the cornering stiffness identification:

vyc(t) = f
(
r1M (t), γ1M (t), γ2M (t)

)
[ρ] (3.8)

r1c(t) = f
(
γ1M (t), γ2M (t), vyM (t)

)
[ρ] (3.9)

γ1c(t) = f
(
γ2M (t), vyM (t), r1M (t)

)
[ρ] (3.10)

γ2c(t) = f
(
vyM (t), r1M (t), γ1M (t)

)
[ρ], (3.11)

where, vyM (t), r1M (t), γ1M (t), γ2M (t) are the time series of the vehicle states
measured at steady state cornering, ρ = [C1, C2, C3, C4]T is a vector of cornering
stiffnesses, and vyc(t), r1c(t), γ1c(t), γ2c(t) are time series of vehicle states which
are calculated on the basis of measurement data and the vector of cornering
stifffnesses.

Given the measured time series of vehicle states to be fixed and the fact the mea-
surement is done at steady-state cornering, thus considering both the steering
angle δ and forward velocity v as constants, along with known vehicle dimen-
sions and mass properties, the only degree of freedom to shape the vyc(t), r1c(t),
γ1c(t), γ2c(t) is the vector of cornering stiffnesses ρ.

Hence, the cornering stiffness identification is based on minimization of the mean
square error between measured and calculated vehicle state, over fixed time
interval t = [0, tmax]. It should be emphasised that measurement data should
be chosen only for the conditions which are quasi-static, i.e. the variation of
cornering forces in time is minimal, and over sufficiently long time interval so
the results will be less sensitive for the measurement noise. The total error over
the time used for the minimization is defined by:

ε(tmax, ρ) =
1

tmax

tmax∑
t=0

[
gvy
(
vyM (t)− vyc(t, ρ)

)2
+ gr

(
r1M (t)− r1c(t, ρ)

)2
+ gγ1

(
γ1M (t)− γ1c(t, ρ)

)2
+ gγ2

(
γ2M (t)− γ2c(t, ρ)

)2]
,

(3.12)

where gvy , gr, gγ1, gγ2 are scaling coefficients allowing to weight, if necessary,
the corresponding error and mainly ensuring the squared errors are unit-less
and thus summable. The total squared error ε(tmax, ρ) can be subsequently
used to define a cost function defined as:

W (ρ) = Ēε(tmax, ρ), (3.13)
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which is based on expected value of total error enabling to maximize the pos-
terior probability of the vector function. Through the subsequent minimization
of the cost function over the range of viable cornering stiffnesses interval Θ, the
matrix of identified cornering stiffnesses is obtained:

ρ∗ = argmin
ρ∈Θ

W (ρ). (3.14)

The identified cornering stifnesses ρ∗ is obtained be means of an Interior-Point
Algorithm, which is a minimization algorithm suitable for constrained nonlinear
multivariable functions defined in [11], [12], and [134]. As the convexity of (3.12)
with respect to parameters is not guaranteed only the local minimum is found.
To obtain the results which are quantitatively realistic the constraints have to
be set properly. The constraints are represented by lower and upper bound
of Θ, which are set to be ±20% from the default values of C1−4 available in
the model library. The scaling coefficients equate gvy = gr = gγ1 = gγ2 = 1.
Achieved results of the optimization are illustrated in Figure 3.8 for steady
state cornering at constant velocity 55 km/h with a radius 100 meters and
measurement interval of 16 seconds with measurement sampling frequency 100
Hz. The red solid line in Figure 3.8 represents the experimentally obtained
data, the dashed blue line depicts the output of the model with default values
of cornering stiffness and black dotted one shows the output of the model with
cornering stiffnesses obtained after the identification.

As can be seen from Figure 3.8, after the identification the model is better in
agreement with the measurement. Some differences between the measured data
and the simulation can however be still observed. They probably originate from
the measurements and the processing noise of the sensors.

The identified cornering stiffnesses ρ∗ represent a very good starting point for
fine tuning of the tyre cornering stiffness by means of scaling coefficients in the
Delft-Tyre module of the full multi-body model. The steady state roll response
of the vehicle model is adjusted in accordance with the sensitivity analysis. To
conclude the quasi-static part it is feasible to check the validity of the model
during a similar operational condition, for example with a different velocity and
radius as given hereafter.
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Figure 3.8: Optimization results for steady state cornering at lateral acceleration 2.33
m/s2 illustrating the benchmark of experimental measurements (red solid line) with
results delivered by the model with default and optimized cornering stiffnesses by
blue dashed and black dotted lines, respectively.
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• Dynamic Validation

The last level of the validation deals with the dynamic conditions such as sine-
steer input or a lane change manoeuvre at high speed. Since the majority of the
vehicle parameters have already been identified during the previous two steps,
the remaining parameters to modify the simulation model behaviour are the
damping of the suspension and the moment of inertia of vehicles.

The characteristics of the dampers are obtained from the manufacturer and
do not vary significantly between different vehicles. In contrast, the moment
of inertia differs considerably for every vehicle and depends on the bodywork
and the location of the cargo. It can be obtained either through a calculation
using the parallel axis theorem or again by an optimization proposed earlier for
estimation of tyre cornering stiffness.

3.5 Model validation Results and Discussion

The results of three-step model validation, which is shown in Figure 3.5, will be
presented here. For the sake of conciseness only one representative manoeuvre per
step is given and discussed.

As input for simulation only the steering angle of the towing vehicle and its driven
angular wheel velocity are used. The solid black line is always used for measured data
and the red dashed one for simulation output. There exists a number of approaches
to judge the accuracy of the dynamic model against the measurement data, such as
evaluation of the root mean square error over the time interval [60], Pearson correla-
tion coefficient [83], or visual inspection of the vehicle states [44] or [79]. Considering
the fact we want to validate the model library on a general level, the last approach is
chosen for all graphs given hereafter.

• Static Validation

The validation is presented for two loading conditions when different loading
patterns have been applied to test combination # 2 (4x2 Tractor, 3-axle link
trailer, and 3-axle double-decker semitrailer). The first loading condition in
Figure 3.9, corresponds to a normal load distribution. In the second one, which
can be described as extreme loading, most of the load of the first trailer has
been shifted towards the front, hence the majority of the load is carried by the
tractor rear axle. In Figure 3.9 the comparison between measured and simulated
vertical load for each tyre is depicted. One can thee that a good agreement is
obtained.
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Figure 3.9: Static model validation results of vehicle #2; (a) Nominal loading, (b)
Extreme loading, (c) Legend of tyre identification number.

• Quasi-Static Validation

Quasi-static handling manoeuvres are understood as manoeuvres, which do not
include dynamic variation of the tyre slip angles and vehicle velocity states.
It can be achieved either by driving with very low velocities, or by a minimal
variation of the steering angle and longitudinal velocity over time.

For the validation we present one for each case for the combination Tractor-Link
Trailer-Semitrailer, which are:

– High-speed steady state cornering with radius R = 100 m at 45 km/h

– Low-speed 90 degrees corner with radius R = 12.5 m at 10 km/h.

The statically validated model will be used in combination with the identified
cornering stiffnesses as described in section 3.4.

Concerning the results of high-speed cornering, depicted in Figures 3.11, and
3.10, a good match of all important vehicle states can be seen. A discrepancy
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can be observed in case of the roll angle of the tractor, which is most likely
caused by a measurement error of the sensor, a gyroscope, which measures the
roll rate and the roll angle is subsequently obtained by integration. To com-
pensate for the integration drift, typically the accelerometers and GPS signal
are used. In contrast the roll angle of semitrailer is more consistent because
this angle has been obtained by a laser sensor measuring the absolute vertical
distance of the vehicle body to the ground. The simulation output for low-speed
manoeuvring, depicted in Figure 3.12, is also in agreement with experimental
data. The only major mismatch can be observed at the peak of the articulation
angle γ1 between the tractor and the link-trailer. Similar behaviour is already
observed in high-speed cornering, see Figure 3.11b, and here the trend is mag-
nified. It may be explained by the simplified suspension model, which does not
include elastic compliance in some suspension parts contributing to roll steer in
combination with compliance in the fifth wheel of the link-trailer. Furthermore,
some influence can be also accounted for the non-linear tyre behaviour and tyre
scrubbing occurring during sharp low-speed cornering.
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Figure 3.10: Model validation results for roll angles of Tractor and Semitrailer.
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Figure 3.11: Quasi-static high-speed model validation results at the lateral accelera-
tion 1.56 m/s2.
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Figure 3.12: Quasi-static model validation results at low-speed cornering at the lateral
acceleration 0.63 m/s2.
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• Dynamic Validation

For validation of dynamic vehicle behaviour a lane change manoeuvre at 50
km/h will be shown. The validation is performed on combination Rigid truck-
Dolly-Semitrailer, which is also already statically and quasi-statically validated.
The graphs are presented for each vehicle combination unit separately. The
truck behaviour can be seen in Figure 3.13, followed by the dolly in Figure 3.14,
and the semitrailer in Figure 3.15.
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Figure 3.13: Dynamic model validation results at high-speed lane change, Truck.
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In Figure 3.13, one can observe a small difference in the axle chassis distance
amplitudes in the negative and positive region which is not noticeable in the
model. It is most likely caused by the linearisation of the springs and dampers
in the suspension model. The dampers have in reality a different damping ratio
for extension and compression and the springs have a progressive stiffness char-
acteristics which both are not modelled. Additional limitation is the simplified
model of the vehicle frame which allows only one degree of freedom in torsion
and the degrees of freedom between the cabin and the chassis, which were not
modelled. All effects however have minor impact on the overall combination
behaviour as the difference is in the order of millimetres. The remaining vehicle
states are in good agreement.
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Figure 3.14: Dynamic model validation results at high-speed lane change, Dolly
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Besides the lag in roll angle and the reduced amplitude, no special behaviour
or deviations in Figure 3.14 are observed. Since the roll angle seems to be
consistent with the chassis-axle position, it may be concluded that the sensor
output is influenced by numerical integration drift that may cause relative big
error at very small angles.

Figure 3.15 depicts all effects described in the two previous paragraphs. Fur-
thermore it shows an illustrative case of the sensor malfunctioning as can be
seen in the dolly-trailer articulation angle. The readings of the sensor between
5 and 7 seconds are apparently wrong, since they are not consistent with other
measurements and the vehicle is unlikely to make this motion.
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Figure 3.15: Dynamic model validation results at high-speed lane change, Semitrailer.
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3.6 Summary

This chapter deals with the validation of multi-body vehicle models with by the data
obtained from testing. Full-scale experiments were done for multiple vehicle com-
binations at different velocities and loading conditions to ensure that the captured
data covers sufficiently the operational range required for the performance assessment.
Furthermore, a systematic approach is proposed to validate the vehicle combination
model. The approach is composed of three steps: static, quasi-static and dynamic. As
appears from a sensitivity analysis, the quasi-static validation part has an important
role because the tyre cornering stiffnesses, which influence mostly the vehicle handling
behaviour, needs to be identified properly in this step. To identify the tyre cornering
stiffnesses, we propose a multi-variable constrained minimization of the cost function
that sums the errors between the measured and the calculated vehicle states, em-
ploying a simplified linear single track model. The results of the identified cornering
stiffnesses differ in a range of approximately 10% from the default values of the model
library. Subsequently, the identified cornering stiffnesses are applied to multi-body
models. Even though the multi-body models are simplified, the validation results
show a good match between the simulation model output and the measurement data.
Therefore, the library is considered to be representative for the dynamic behaviour
of real vehicle combinations and thus suitable for performance assessment of various
vehicle combinations, which will be discussed in the next chapter.
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Chapter 4

Vehicle Performance Analysis

4.1 Introduction

In this chapter a number of Heavy Good Vehicle types is defined at first. Selected
vehicle combinations will include current ones that comply with directive 96/53/EC,
but also a number of HCV’s that are legalized on national level in a number of
European states. Subsequently, all vehicles are modelled using the multi-body library
described in Chapter 3. Then they are virtually assessed against selected performance
criteria as defined in the previous Chapter 2. Based on the assessment results, three
new vehicle combination concepts will be defined that comply with criteria, which are
seen as obligatory for vehicle combinations beyond years 2020+.

4.2 Representative vehicle combinations

It is anticipated that new vehicle combinations for long-haul transport, which satisfy
the future requirements, will continuously evolve from the ones operating currently
around the world. A step introduction of fundamentally new vehicle combinations is
unlikely considering required investments into new production facilities from OEMs
which would be significant, and the fact that the logistic industry is mainly driven
by the size of loading units and pallets which are fixed and not likely to change
either. Hence, a selection of representative vehicles will be made; vehicles complying
with 96/53/EC and vehicles that operate outside this regulatory framework based
on national legislations as for example High Capacity Vehicles (HCV) used widely
in Scandinavia or the Netherlands. While selecting the vehicles, the choice of the
loading unit is also taken into account. Hence, only vehicles which combine multiples
of ISO-containers (20 ft, 40 ft, and 45 ft) or swap bodies (C 782) and semi-trailers
(13.6 m) are considered because of the good inter-modal transport potential. Each
vehicle combination is specified with sufficient level of detail allowing an assessment
of vehicle performance as described in Chapter 2. Those details however, are not
presented in this work, and reference is made to [65].
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Table 4.1 and Table 4.2 show the selected vehicles to be evaluated. Following the
internationally agreed abbreviations defined in [112] for hauling units will be used:
TK-Rigid Truck and TR-Tractor in combination with the conventional designation
regarding the total number of wheels and driven wheels only. For the towing vehi-
cles the abbreviations read: ST-Semitrailer, CT-Central axle trailer, FT-Full trailer,
LT-Link Trailer, DY-Dolly complemented with the number which is designating the
number of undriven axles. In case that some axles would be driven the convention
from the hauling units should be used. At the end of the abbreviation in brackets the
loading units are specified.

4.2.1 EU vehicle combinations

Selected vehicle combinations in Table 4.1 are common combinations, which can
currently be seen on European roads. These vehicles operate within the Directive
96/53/EC for international transport and thus are legal in all EU-member states and
can be used for cross border transport.

Table 4.1: Representative European vehicle combinations to be assessed.

4.2.2 High Capacity Vehicles

High Capacity Vehicle (HCV) combinations in Europe are typically limited by a gross
vehicle weight of 60 tonnes and length of 25.25 meters. However, in recent years there
is a trend, especially in Sweden and Finland, to employ even longer and in some cases
also heavier vehicle combinations, where GCW goes up to 74 tonnes. Such vehicles
are mainly used for the mining industry. As can be seen in Table 4.2, we will select
some of those vehicle combinations because of their good multi-modal potential, but
the GVW will be limited to 60 tonnes.
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Table 4.2: Representative high capacity vehicle combinations.
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4.2.3 Loading conditions

The European Directive 96/53/EC prescribes the maxima for axle loads as explained
in Table 2.2. It is accounted that these limits should be considered, while selecting
representative loading because of existing infrastructure design criteria, that have
been used to design the current roads. Furthermore, the loading condition has to be
generic and based on real data in order to obtain representative results.

In Europe the potential weight and volumetric loading capacity of the commercial
vehicles is not fully exploited. According to [2] and [21] the volumetric and spatial
loading utilization of loading units is on average 82%, and 92%, respectively. As for
the weight loading capacity, the numbers are even lower. As depicted in Figure 4.1,
the average load factor for a tractor semitrailer, being the most frequently used inter-
national long-haul commercial vehicle in EU, yields 15.2 tonnes [107]. Considering the
potential loading capacity of a 13.6 m semitrailer, which is approximately 26 tonnes,
the average load factor reaches 58% only. Combining the volumetric and weight uti-
lization percentages one obtains a load density of 213 kg.m−3, which is considered as
a representative loading condition and will be applied to all vehicle combinations for
the dynamical analysis hereafter.

This illustrates that volume is more important for the long haul transport sector in
comparison to the weight. The volumetric utilization will be used to determine the
height of the cargo center of gravity above the loading floor, assuming that the load
is uniformly distributed. The height of the centre of gravity is a decisive parameter
that significantly influences vehicle combination dynamic behaviour.

Figure 4.1: Average loading conditions in Europe for Tractor Semitrailer[107]

4.3 Vehicle modelling and performance assessment

The vehicle combinations listed in Tables 4.1 and 4.2 and have been created using
the multi-body model library described in the previous chapter. Active safety sys-
tems, such as ABS, ESP or active steering of trailer axles are not modelled. Their
modelling would add considerable complexity, and complicate the executability of
some manoeuvres because of the safety system interventions. Above all it would not
provide additional insight, which combinations are passively more save than other,
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due to the design or configuration of vehicle units, which is the primary scope of the
analysis.

The assessment of all vehicle combinations requires extensive modelling and simula-
tion effort. Hence, it was decided to compile a set of scripts that will automate and
speed-up the assessment process. On the top layer a graphical user interface (GUI)
was added, to aid the user friendliness. The resulting tool consists of three parts:

• The multi-body model generator

The vehicle combination model is created using the GUI, which is generating the
MATLAB/Simulink model by selecting the appropriate particular components
from the library. The model is at the same time parametrized by selecting a
set of vehicle parameters, such as dimensions, weight or suspension properties,
which are relevant for the performance assessment of the vehicle in the context
defined in Chapter 2.

• Simulation

Predefined simulation inputs are used to simulate various predefined manoeu-
vres, while storing all relevant simulation outputs.

• Post-processor

Simulation outputs are post-processed in order to obtain results, in a form
which is consistent with the performance criteria as defined by the legislation.
An example can be seen in Figure 4.2, where the low speed swept path width
is analysed by the post-processor using the simulation output.

Figure 4.2: Post-processed swept path width for TK 6x4-CT2-CT2(3x7.8 m) given
by the width of the annulus between the inner and outermost path.
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4.4 Performance analysis results

In this section we will present the results of the performance analysis for the selected
vehicle combinations, represented by EU vehicle combinations and HCV’s, which are
both introduced in section 4.2. A red line in each of following figures marks to the
performance benchmark of vehicle combinations and indicates the worst performing
standard vehicle combination, which complies with current directive 96/53/EC.

• Low-Speed Longitudinal Performance

Hereby the startability is simulated to evaluate the safety risk associated with
starting the vehicle combination on an uphill grade. The results in Figure 4.3
represent the maximal grade of the slope in percent, where the vehicle combina-
tion is able to start and maintain forward motion. Percentage grade is defined
to mean 100 times the change-in-height divided by the horizontal distance over
which the height change occurs. Meaning a grade of 100% corresponds to a
grade line of 1:1 or 45o incline. Hence, the higher the grade, the better the
performance.

In terms of startability HCV’s having a 6x4 rigid truck as a hauling unit are
able to drive up a steeper slope than the standard vehicle combinations, as
shown in Figure 4.3. Rigid trucks in general obtain better results due to rise of
vertical force on the driven wheels at the slope in comparison to tractors. More
importantly, the other combinations have a worse performance due to a lower
proportion of the GVW, which is carried over the driven axles, and which does
not satisfy the current limit that prescribes a minimum of 25% of the GVW
supported by the driven axles. Nevertheless, it can be observed that all vehicle
combinations comply with a minimal slope of 12%, where the vehicle has to
start and maintain the motion, such as prescribed by European regulation R.
No. 1320/2012 [35].

Figure 4.3: Performance results for startability.
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• High-Speed Longitudinal Performance

Within this category tracking ability is selected. This assessment is aiming
to evaluate the safety risk associated with sufficient lateral clearance ensuring
that all units of the vehicle combination remain within the width of lane while
cruising over a straight segment of the road at high-speed. The test is executed
during a speed of 90 km/h. The road surface must have an overall unevenness
level in each wheel path of not less that 3.8 m/km IRI (International Roughness
Index). Moreover, the test section must have an average cross-fall, falling to the
left when viewed in the direction of travel, of not less than 3.0% with standard
deviation of not less than 1.0%. The vehicle combination is controlled by a
driver model ensuring the tracking of the reference path by the hauling unit on
the road segment having the given specification and the length of at least 1000
m. The swept path of the vehicle is measured according to the definition in [92].
The higher the value, the worse the result.

The results are shown in Figure 4.4. The width of all examined vehicle com-
binations is the same and equal to 2.55 m , but the tracking ability perfor-
mance differs considerably. Although the absolute difference between the best
and the worst performing vehicle combination is approximately 30 cm, we can
observe that tracking ability is mainly dependent by the number and type of
the coupling, number of axles, and the effective wheelbase of the vehicle units.
Therefore HCV combination TR6x2-LT3-ST3 has a better performance than all
existing vehicle combinations. In contrast, the worst performing vehicle combi-
nations are TK6x4-CT2-CT2 and TR6x4-ST3-CT2. Yet, considering a typical
width of European highway lane equal to 3.5 m, the swept path of all investi-
gated vehicles is within the limits.

Figure 4.4: Performance results for tracking ability.
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• Low-Speed Directional Performance

The low-speed swept path width is used to determine the safety risk associated
with turns at intersections. The swept path is a measure to identify the road
space required by a vehicle when making low-speed turns. The vehicle negotiates
a prescribed 90 degree turn with 12.5 m radius at a speed of 5 km/h. The swept
path is determined and maximal width is subsequently measured in accordance
with [92]. The higher the value of the swept path width, the more road space
is needed and the worse manoeuvrability of the vehicle combination.

Figure 4.5 shows that none of the HCV’s combinations has a performance similar
to that of the standard vehicle combinations. This is due to the increased overall
length of the HCV combinations, and the fact that only unsteered trailer axles
are considered. The low-speed swept path performance can be substantially
improved by active or passive axle steering systems, increasing the number of
articulation points or by decreasing the distance between axles.

Figure 4.5: Performance results for swept path width.

• High-Speed Directional Performance

Herewith, the yaw damping is considered, which is a measure for attenuation
of sway oscillations of rigid vehicles or between trailers of multi-articulated
vehicles. Yaw damping is determined by measuring the decay of the yaw rate
oscillation after a short-duration steer input defined in ISO 14791:2000(E). The
forward speed is 88 km/h. The calculation of the yaw damping coefficient is
done according to [92]. The lower the value of the yaw damping the worse the
vehicle combination performance.

Figure 4.6 shows that combinations TR6x4-ST3-CT2 and TK6x4-CT2-CT2 are
not in the range of the standard vehicle combinations. All combinations having
the link trailer (TR6x4-LT2-ST3, TR6x4-LT3-ST3, and TK6x4-DY2-LT2-ST3
yield a better performance than the other combinations. This is mainly due to
the wheels close to the vehicle unit corners and the roll coupling between the
units which is provided by the fifth wheel. The number of articulations and the
distance between the kingpin and the axle groups play also an important role.
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A higher number of articulations and a smaller distance between the kingpin
and axle group are not favourable for the yaw damping, as illustrated by vehicle
combinations TR6x4-ST3-CT2 and TK6x4-CT2-CT2 in Figure 4.6.

The yaw damping coefficient can be increased by different technological im-
provements such as air suspension, roll-coupled modules, increasing the number
of the axles or the height of the roll-centre.

Figure 4.6: Performance results for yaw damping coefficient.

• Infrastructure Impact

For the impact on the infrastructure the pavement vertical loading was selected.
This standard is introduced to limit the stress on the pavement layers below the
surface of the road. It is primarily governed by the vertical axle forces on the
pavement, which are used in combination with Equivalent Standard Axle Load
(ESAL) to calculate the road damage [57]. The higher the force, the worse
the performance. The GVW of vehicle combinations that comply with directive
96/53/EC is limited to 40 tonnes, whereas all HCV’s are loaded up to 60 tonnes.

In Figure 4.7 the highest axle load per vehicle combination is depicted. It can
be seen that maximal load is exerted by TR4x2-ST3, which is the most common
commercial vehicle combination operating in Europe today. Furthermore it can
be noticed that a number of HCV’s performs substantially better than standard
vehicle combinations, even though the GVW is larger. It is due to fact the
GVW is distributed across multiple axles.
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Figure 4.7: Performance results for maximal vertical axle load.

• Societal Benefits Standards

The majority of international long haul transport in Europe is prioritizing vol-
ume instead of weight, as described on page 64. Hence, two selected standards
from an environmental and economic perspective in this category are related to
the volume. They are quantified in terms of CO2 emissions and total cost of
ownership. Models were provided through the courtesy of MAN A.G. and the
calculation averages the results obtained on a route from Munich to Leipheim,
an ACEA drive-cycle.

In this analysis also two additional standard vehicle combinations are included
being: TR6x2-ST3 bearing 45ft container and TK6x2 bearing C782 swap-body.
The vehicles are chosen because of their good inter-modal potential and frequent
usage in Europe.

The first results are related to the environment and quantify the amount of CO2

emitted while transporting one cubic meter over a distance of one kilometre‘as
long-haul transport in Europe is mainly volume oriented. It can be observed that
all HCV’s emit less carbon dioxide m3.km compared to standard combinations
of vehicles. From the HCV’s the vehicle combination TR6x4-LT3-ST3 (20 ft
+40 ft) has the highest emissions due to the lower available internal volume of
the container loading units and their increased tare weight compared to swap
bodies or semitrailer bodywork, which can be seen in the vehicle combination
TR6x4-LT2-ST3 (7.8 m + 13.6 m) that performs better.

The second societal benefit standard, related to profitability, evaluates the Total
Cost of Ownership (TCO) per one cubic meter transported over a distance of
one kilometre. TCO aggregates the costs related to fuel consumption, driver
salary, vehicle depreciation, maintenance, toll fees, and other costs associated
with the daily operation. A more elaborate distribution of costs to determine
TCO, along with other results related to the societal benefits can be found in
[65].
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(a)

(b)

Figure 4.8: Societal benefits performance (a) Carbon dioxide emissions per volume-
distance, (b)Total cost of ownership.

A comparison of the standard vehicle combinations with the HCV’s in Figure
4.8b shows that all HCV combinations are as profitable as the standard combi-
nations or even more. Although for combination TR6x4-LT3-ST3 a higher tare
weight of the containers combined with a lower volume leads to an increase in
the TCO the rest of HCV’s performs substantially better than standard vehicle
combinations. The difference between the mostly used vehicle combination in
Europe, TR4x2-ST3, and combination TR6x4-ST3-DY2-ST3 is more than 30%.
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4.5 High Capacity Vehicle Combinations after 2020

In the previous subsection the performance of vehicle combinations is discussed that
are defined in Figure 4.1 and 4.2. The results show that the performance of the HCV’s
is usually in the range of the standard vehicle combinations allowed for cross-border
transport in EU. However, this is not true for low-speed manoeuvring where the
clear distinction between the standard and HCV combinations is obvious and current
infrastructure may not be able to accommodate these vehicles on an European scale.

Moreover, as can be seen in Figure 4.9, there exists certain interaction between high-
speed stability, represented by yaw damping, and low-speed manoeuvrability, repre-
sented by swept path width. It appears that HCV combinations that are stable at
high-speeds have a reduced performance on manoeuvrability and vice versa.

Additional technological improvements or changes in technical characteristics are nec-
essary to bring the performance of HCV’s closer to the range of the standard vehicle
combinations. A feasible solution could be an active steering system of certain axles,
which may considerably reduce the swept envelope during low-speed manoeuvring, in
combination with infrastructure access policy ensuring the match between the vehi-
cle performance and the infrastructure specifications. Moreover, electric powertrain
distributed over the selected axles of the vehicle combination may improve the longi-
tudinal performance and decrease the energetic consumption by harvesting the energy
from the braking.

Figure 4.9: Lateral stability versus low speed manoeuvrability of vehicle combinations
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Figure 4.10: Carbon dioxide emissions versus available transport volume of vehicle
combinations.

Considering the assessment results related to the environmental performance one
can conclude that increasing the available transport volume per vehicle combination
generally contributes to the reduction of CO2 emissions, as depicted in Figure 4.10.
A similar trend can be also observed in profitability where the increasing of transport
volume capacity per vehicle leads to cost reduction for both ton.km and m3.km.

Therefore future vehicle concepts should be based on using multiples of standard
multi-modal loading units and increase the volumetric capacity compared to the stan-
dard vehicle combinations. According to [65] the primary loading units to be used in
the future are 45-foot container and C745 swap body.

Considering the box-like shape of current vehicle combinations, it is envisaged that
in the future a substantial effort should be given to the aerodynamics in order to
reduce the aerodynamic drag. Hence a recent EU directive 2015/719 [38] provides
a provision for elongation of the truck cabin and the trailer tail to optimize the
aerodynamic performance. Moreover, the aerodynamic features should be actively
controlled and may not be invasive in low speed manoeuvring, but provide reasonable
reduction of air drag during long-haul high-speed operation.

Examples of aerodynamic devices, are depicted in Figure 4.11:

• Prolonged cabin - enabling the reduction of frontal air drag, enlargement of the
crash zones of the vehicle and more space devoted to the driver comfort as well
as packaging of necessary components (e.g. systems for emission reduction).

• Foldable boat tail - reducing the overall vehicle aerodynamic drag

• Side skirts - reducing aerodynamic drag, increasing under-run protection and
reducing water spray effects.



74 VEHICLE PERFORMANCE ANALYSIS

Figure 4.11: Aerodynamic drag reducing components (from left to right): Aerody-
namic and prolonged cabin [132], Foldable boat tail [118], Side skirts [131].

Three concepts of future vehicle combinations will be defined. The vehicle combina-
tions will by safe to operate on current infrastructure, moreover they will be environ-
mentally and economically more efficient then current standard vehicle combinations
from Figure 4.1. Hence they will satisfy the requirements for the smart green and
profitable transport, which are essential for sustainable road transportation in the
years 2020+.

Future Concept I.- Swap-body Combo

The usage of the C-series swap-body is predicted to increase considerably in the fu-
ture Europe due to the high floor utilization percentage and similar dimensions with
a 20 foot ISO-container. Therefore a first future concept, shown in Figure 4.12(a),
has been designed to carry these loading units. A short survey among the transport
companies has revealed that the C745 and C782 swap-body have the greatest po-
tential. This vehicle concept has been envisaged as a standard size truck towing a
actively steerable dolly and an extended semi-trailer allowing to carry two C745 or
C782 swap-bodies. The last axle of the semi-trailer is self-steerable, which improves
the manoeuvrability. The dolly can be equipped with an independent powertrain unit
that may supply the traction force during uphill gradients, harvest the energy while
braking or autonomously park the semitrailer unit at the distribution center towards
a docking gate.

The concept I. can be easily integrated in a hub & spoke system; the truck can reach
the inner city, while the longer semi-trailer can be towed by a conventional tractor
to another destination or unhitched and split if needed for further manipulation. As
can be seen in Figure 4.12(a) an aerodynamic and prolonged cabin as well as boat
tail and active inter-unit flaps are foreseen.

Future Concept II. - Double Container semitrailer

The second future concept, depicted in Figure 4.12(b), is a combination of a 6x4
tractor and two semi-trailers with a self-steerable rear axle, which are both able to
carry 45 foot containers. 45 foot containers are selected due to their very high floor
utilization ratio, which reaches up to 96% when using Euro-pallets.

The semi-trailers are interconnected by means of a steerable dolly. The dolly axles as
well as the articulation point can be locked at high speed; this substantially improves
the high-speed stability performance compared to the combination TR6x4-ST3-DY2-
ST3, which has always an additional articulation point. At low speed the lock is
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released, and so the manoeuvrability performances are guaranteed thanks to the steer-
able dolly axle and released articulation point. This dolly thus makes it possible to
achieve the best performance for both low-speed and high-speed. The dolly can be
locked for example via wedges, which will lock a four-bar mechanism connecting the
semi-trailer with the body of the dolly. In addition the dolly is accounted to be also
equipped with an independent powertrain unit that can supply/harvest the energy or
park the semitrailer if needed similar to Concept I.

Future Concept III - Transport Bus

The third concept can be seen as a transport bus, which is able to accommodate a 45
foot container and is connected via a dolly with a semi-trailer, which can also accom-
modate a 45 foot container. The bus has five axles, where three axles are steerable and
two are driven, such that an aggregate load distribution is ensured as well as traction
on the driven axles. The dolly has similar features as described for previous concepts,
so the combination is very stable during high speed and provides sufficient traction
force for startability and gradeability. Good low-speed manoeuvrability is ensured
through the steerable dolly, and the last axle of the semi-trailer is self-steerable, as in
all previous concepts. The concept is depicted in Figure 4.12(c).

All three future vehicle concepts have been subjected to the performance assessment
including stability, manoeuvrability and pavement loading. A comparison of the new
concepts with the worst performing legal vehicle combination (complying EC 96/53)
and the worst performing current HCV combination generally results in better or
comparable performance. The important result of this analysis underlines the realistic
and even immediate feasibility of the usage of these three future concepts on European
roads. For a detailed overview of the assessment results we refer to [65], where all the
results are fully documented.

It should be emphasized that to achieve this a performance special support systems
needs to be implemented with mandatory features, such as Anti-lock braking system,
Anti-Roll Over and Active steering systems. Although installation of such systems
requires certain initial investment for the fleet owners, it pays very quickly back due
to the increased vehicle capacity as shown hereafter.

For a proper comparison in terms of economic and environmental performance it is
relevant to compare use cases where the fleet of vehicles is transporting an identical
volume and not vehicles one to one because the transport volume differs considerably.
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For Future Concept I. (TK6x4-DY4x2-ST3) two different use cases are possible:

• a replacement of three articulated vehicles (TK6x2-CT2) by two (TK6x4-DY4x2-
ST3).

• a replacement of three rigid trucks (TK6x2) with only one loading unit per truck
by one (TK6x4-DY4x2-ST3).

For Future Concept II. (TR6x4-ST3-DY4x2-ST3) and Future Concept III.
(TK10x4-DY4x2-ST3) a replacement of two road trains (TR6x2-ST3) is possible. All
use cases are listed in Table 4.3.

Use Case Standard Veh. Comb. Future Concept
1 3 x TK6x2-CT2(2xC782) 2xTK6x4-DY4x2-ST3(3xC745)
2 3 x TK6x2(C745) TK6x4-DY4x2-ST3(3xC745)
3 2 x TR6x2-ST3(45ft) TR6x4-ST3-DY4x2-ST3(2x45ft)
4 2 x TR6x2-ST3(45ft) TK10x4-DY4x2-ST3(2x45ft)

Table 4.3: Use cases of replacement of standard vehicles by Future Concepts.

Table 4.4: Emission related benchmarking of standard vehicles by Future Concepts.

Based on a comparison of defined use cases, the CO2 emissions related to the volume-
related transport are listed in Table 4.4. As already seen with the existing HCV’s,
for the future concepts too, there is a substantial CO2 reduction saving potential of
about one quarter. As can be seen, in some use cases even a reduction of about
35% is possible if the three standard vehicles are replaced by one future concept.
For this use case, however, one must keep in mind that a higher mileage per hauling
unit will be required to distribute the loading units if the fleet owner has only one
vehicle combination instead of three trucks available. Thus the mileage per hauling
unit will rise in conjunction with a decrease in the total fuel savings. Moreover, the
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Table 4.5: TCO related benchmarking of standard vehicles by Future Concepts.

substitution of three rigid trucks by one HCV may decrease the flexibility in delivery
planning.

Lastly the Total Cost of Ownership is analysed being one of the most relevant factors
for the fleet owners. The TCO has been calculated on the same assumptions as for
the standard and HCV’s. In Table 4.5 the results are listed. It can be seen that TCO
costs per unit of volume for all three future concepts are considerably lower compared
to standard vehicles.

The comparison shows potential savings of 15% for replacement of three standard
articulated vehicles by two future concepts or even about 50% for replacement of
three single trucks. For future concepts II. and III. savings of about 36% compared to
the existing vehicles are possible. There are no great differences in the TCO between
future concepts II. and III., as the only difference is in the layout of the combination
with tractor unit or rigid truck with nearly the same tare weights and payloads.

4.6 Summary

Although the future concepts may offer substantial improvements in terms produc-
tivity and transport efficiency, there are still issues which need to be resolved before
the concepts can be introduced in real-life operation. Clearly one of these issues is
supporting the driver during reversing, which might be beyond his/her capabilities
if the vehicle combination has two or three articulation points. Another challenge is
linked with combining sufficient high-speed stability and good low-speed manoeuvra-
bility, which may be realized through active steering. Both of these challenges are
investigated in Chapters 5 and 6, respectively.



Chapter 5

Active Trailer Axle Steering
Control for High Capacity
Vehicle Combinations

5.1 Introduction

The poor low-speed manoeuvrability performance of HCV’s in comparison to tra-
ditional vehicle combinations, is a result of the vehicle combination length and the
limited number of articulation points. In general, the manoeuvrability depends on
the distance between the articulation joint and the center of the axle group. This
increases with every additional unsteered unit in the vehicle combination and results
in a wider swept path. However, the manoeuvring performance can be improved by
active axle steering through control of axle steering angle. Active steering can be
also employed to improve the high-speed stability defined by established performance
measures, as listed in Table 2.9.

This chapter, contains the journal article [75], that proposes a novel control strategy
for active axle steering of trailing units of a HCV to improve both low-speed ma-
noeuvrability and high-speed stability. A single controller structure for all velocities
is proposed using a gain scheduling method for optimal performance at any velocity.
The controller is finally implemented to a high-fidelity multi-body model of Future
Concept I., introduced in Chapter 4, and results are provided for both the controlled
and uncontrolled case.

5.2 Paper

The journal article is presented at the next pages.
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Active Trailer Steering Control for High
Capacity Vehicle Combinations

Karel Kural, Pavlos Hatzidimitris, Nathan van de Wouw, Igo Besselink, and Henk Nijmeijer,
Fellow IEEE

Abstract—In this paper, a new control strategy for the
active steering of a trailers of longer and heavier vehicle
combinations is proposed to improve both low speed
maneuverability and high speed stability. A novelty of
the approach is in the use of a single controller structure
for all velocities using a gain scheduling method for
optimal performance at any velocity. To achieve such a
control objective, the problem is initially formulated as a
path following problem and subsequently transformed
into a tracking problem using a reference model. To
support controller design, a generic nonlinear model of
a double articulated vehicle, based on a single track
model, is employed. The proposed systematic design
approach allows to easily adjust the controller for
additional trailers or different dimensions, in which only
some of the towed vehicles are allowed to steer. The
performance of the controller is verified on a high-
fidelity multi-body model for evidencing the practical
applicability of the approach. Simulation results show
substantial reduction of both, the swept path width and
tail swing for low speed, and the rearward amplification
for high speed.

Index Terms—Active steering, Intelligent Vehicles,
Land Transportation, Vehicle safety and maneuverabil-
ity.

I. INTRODUCTION

ROAD freight transport plays a key role in the
European economy. In Europe, about 75% of

total inland transport is performed by trucks versus
just 18.5% by rail and 6.5% by waterway [1]. Besides
that, the quantity of transported goods is continuously
increasing, which is related to the development level
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of national economies. However, this has a substan-
tial impact on the wear and tear of roads as well as
on the amount of traffic jams caused by commercial
vehicles. Even though OEM’s (Original Equipment
Manufacturers) are stimulated by the national govern-
ments to produce cleaner and more efficient vehicles,
e.g., through the EURO 6 standard, road transport
still consumes more that 26% of the total energy
in Europe [2]. Besides this being an economical
argument, it is also an ecological argument: 19%
of the greenhouse gases emission is caused by road
transport [2].

Although lately fuel prices have decreased sig-
nificantly, in the future it is expected that prices
will eventually start rising again resulting in higher
operational costs for transportation companies and
fleet owners. Hence, it is clear that reducing the fuel
consumption of road transport is desirable from sev-
eral perspectives. As the intensity of road transport
usage is unlikely to diminish in the future, significant
improvements in fuel efficiency are needed.

Besides improving the efficiency of combustion
engines, a promising alternative are High Capacity
Vehicles (HCV). HCV’s are trucks, which typically
tow multiple of trailers having also multiple articula-
tion points. An overview of several types of HCV’s
is given in Figure 1.

With their increased capacity, originating in length
up to 25 meters and weight up to 60 tonnes, HCV’s
achieve an improved emission efficiency reducing
more than 25% of emitted grams Carbon Diox-
ide/ton/km. [3] compared to the most frequently used
conventional combination of tractor with semitrailer.
Besides this positive environmental effect, HCV’s
have also a positive economic effect. More cargo
transported and a reduced truck/cargo ratio results
in less drivers needed to transport same amount of
cargo. These positive effects contribute currently to
a rising number of HCV’s on European roads.

Unfortunately, the length of HCV’s also represents
a challenge with respect to the low-speed maneu-
verability and sometimes also high-speed stability,
compared to most conventional configurations of
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Fig. 1. Examples of HCV configurations.

commercial vehicles. In this scope, several measures
exist to quantify the performance of these vehicles
ensuring their safe operation given existing infras-
tructure [4]. In this paper, the measures we will
focus on are the swept path width, and tail swing
for low-speed maneuverability. The swept path width
is the maximum distance that the rear axle of a
vehicle combination tracks inside the path taken by
the steering axle in a low speed turn, whereas the tail
swing refers to the maximum lateral distance that the
outer rearmost point on a vehicle moves outwards,
perpendicular to its initial orientation, when the vehi-
cle commences a small-radius turn at low speed. For
high-speed stability, which is related to yaw and/or
roll instability, a rearward amplification measure is
used, being the degree to which the trailing unit(s)
amplify or exaggerate lateral acceleration of the
hauling unit.

Both low-speed maneuverability and high-speed
stability can be significantly improved by active
steering of trailers. The actively steered trailer is not
a new idea as the first patents [5], [6] were registered
already in the early 1930’s. Since then, this approach
has evolved and was subject of extensive research in
the automotive field as well as in robotics. However,
the control problem considered in these two fields
are essentially different. Namely, in mobile robotics
research, the steer angle of the first axle is generally
seen as a control input, whereas in automotive field it
is the driver who controls the first axle and the control
input is associated with the steering of particular
trailer axles to satisfy given criteria.

Generally speaking, three different types of con-
trollers exist; firstly, controllers improving only low-
speed maneuverability, secondly, controllers only

for high-speed instability or, thirdly, combined con-
trollers that can deal with both situations. Each
type has its advantages and disadvantages either in
performance or implementation demands.

Low-speed controllers are typically associated with
the robotic vehicles, employing very often a kine-
matic model to support the design of the controller
[7], [8], [9], [10] and [11]. Although the kinematic
model does not include tyre forces, body slip and
inertial effects and is substantially simpler than a
dynamical one, it provides sufficiently accurate re-
sults for the robots that typically drive at low speed.
The wheeled robots in these papers also do not have
multiple axles per body, which results in significant
sideslip of the tyres in case of real HCV’s; there-
with making kinematic models less suitable for real
HCV’s even in low-speed. The kinematic models
used in the reference above are mostly affine in the
control input meaning that classical nonlinear control
design methods can be employed.

High-speed controllers are often based on lin-
earized dynamical models by assuming small artic-
ulation angles. This is a valid assumption, since in
typical operational scenarios, such as a lane change,
the articulation angles do not exceed ten degrees.
This assumption clearly does not hold for low-speed
maneuvering. In [12], [13], and [14], linear quadratic
regulator (LQR) methods are used to reduce rearward
amplification at high speeds. In [15], a sliding mode
controller is proposed based on a simplified three
degrees of freedom nonlinear model. Assuming small
steering angles and using the lateral tyre forces
as a control input, the system becomes affine in
the control input. The desired tyre forces that are
generated by the controller are then translated into
steering angles using an inverse tyre model.

Based on the heading angle method in [16], a new
combined controller design is proposed in [17] and
[18] for tractor semi-trailer combination. This con-
troller design consists of a feed-forward part based
on a kinematic model that operates at low speed only,
and PID feedback controller based on a simplified
dynamical model, which is applied exclusively at
high speeds. The controller aims to reduce the swept
path as well as rearward amplification. An alternative
combined approach with comparable results, called
Virtual Rigid Axle Command Steering (VRACS), is
documented in [19]. The controller uses the velocity
of articulation angles to steer the towed bodies with
the same steer velocity. The steering is delayed with
respect to articulation angle velocity and the delays
are optimized empirically using simulations.

The contribution of this paper is to solve the
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combined problem of low-speed maneuverability and
high-speed stability of HCV’s by proposing a novel
and systematic approach on the basis of a sufficiently
generic and accurate vehicle model. The uniqueness
of the method is based on the employment of a
single controller structure for velocities in the range
[1 − 90] km/h using a gain-scheduled feedback and
feedforward controller. Optimal performance at any
velocity within mentioned range can be achieved for
arbitrary vehicle configurations. As a representative
case study, we consider a rigid truck, dolly, and
semitrailer vehicle combination, as recent research
[3] identified this vehicle combination as one of
the potential candidates for most efficient means of
road transport for years 2020+. The combination,
with total length of nearly 28 meters, is capable of
carrying 3 x 782 swap bodies, which are the loading
units having high inter-modal potential.

The paper is organized as follows. Section II
covers the derivation of a nonlinear dynamical model
of double articulated vehicle using the Lagrangian
method and the description of the high-fidelity multi-
body model that will be used for verification. In
Section III, the control problem is formulated and
the reference model is derived. In Section IV, a gain-
scheduling controller design method is developed
based on a linearization of the dynamical model.
Controller verification in a number of operational
scenarios is documented in Section V. Finally, the
discussion and conclusions are presented in Section
VI.

II. VEHICLE DYNAMICS MODELING

As described earlier, most of the existing controller
designs are based on kinematic models. Although
kinematic models are typically much simpler than
dynamic models, the former do not take tyre forces
into account, and are only valid at low speed and
limited tyre slip. Since the goal is to design the
controller structure for active steering that is valid
for any realistic speed, a dynamic model that includes
also tyre forces is constructed next.

A. State-Space Model

The model is based on a simplified single track
(bicycle) model of a double articulated vehicle,
see Figure 2. Each vehicle body (truck, dolly,
and semitrailer) is characterized by the dimensions
ai, bi, li, hi, its mass mi and moment of inertia Ji.
Furthermore, the bodies are assumed to be perfectly
rigid and the tyres of each axle were lumped together
into single tyre with double stiffness. Horizontal tyre

forces are characterized by a linear tyre model, and
the cornering stiffness is based on Pacejka’s Tyre
Magic Formula [20] from available tyre property
data. No friction or play is assumed in the articu-
lation joints. The vertical motion is neglected since
the model is planar. Therefore, the rotations, which
involve movement outwards of x-y plane such as roll
and pitch are not considered. The model variables as
well as the global, earth–fixed, co-ordinate system
~e 0 are shown in Figure 3. Note that for clarity
reasons only the tyre forces on first and last axle
are illustrated, although these act on all axles.

Equations of motion are derived using a La-
grangian approach. Herewith, we employ coordinates
defined in the local co-ordinate system ~e 1 being at-
tached to the truck center of gravity, such as depicted
in Figure 2. The resulting equations will not depend
on the orientation ψ1 of the truck.

Furthermore, note that Ẋ1 and Ẏ1 are the time-
derivatives of global position co-ordinates X1 and
Y1 of the truck center of mass CM1. θ1, and θ2 are
the articulation angles between the bodies as defined
in Figure 3. The yaw rate r1 = ψ̇1 of the truck is
defined as time-derivative of the yaw angle ψ1. Yaw
angles of the dolly and semitrailer are defined by
means of articulation angles as ψ2 = ψ1 − θ1 and
ψ3 = ψ1 − θ1 − θ2, respectively. From these yaw
angles, the related yaw rates follow: r2 = ψ̇2 =
r1 − θ̇1 and r3 = ψ̇3 = r1 − θ̇1 − θ̇2.

The following set of generalized velocities will be
used for the model:

v =
[
u1, v1, r1, θ̇1, θ̇2

]T
(1)

where longitudinal velocity u1 and lateral velocity
v1 in the frame ~e 1 are given by:

u1 = Ẋ1 cosψ1 + Ẏ1 sinψ1,

v1 = −Ẋ1 sinψ1 + Ẏ1 cosψ1.
(2)

and can be seen as local quasi coordinates.
A detailed derivation of the equations of motion

for the vehicle combination can be found in [21].
The resulting model can be written in the form:

M(θ1, θ2)v̇ +H(θ1, θ2, v) = Qv. (3)

Matrices M , H , and Qv are listed in Appendix A.
Next, the equation of motion in (3) are transformed
into state-space form, such that the system can be de-
scribed by a first-order nonlinear differential equation
as follows:

ẋ = f(x) + g(x, u, w(t)), (4)
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where

f(x) =




θ̇1
θ̇2

−M−1H


 , g(x, u, w(t)) =




0
0

M−1Qv




(5)
and x =

[
θ1, θ2, v

T
]T

=
[
θ1, θ2, u1, v1, r1, θ̇1, θ̇2

]T

are the system states, u =
[
δ4, δ5, δ6, δ7, δ8

]T are the
control inputs (dolly and semi-trailer steering angles),
see Figure 3, and w =

[
δ1, Fx,2, Fx,3

]T are the
external inputs controlled by the driver being the
steering angle of the first axle, and traction forces on

the driven axles, respectively. The traction forces are
employed directly for controlling longitudinal veloc-
ity of the truck u1, without considering longitudinal
tyre slip, required to cover true braking situations.
This state-space system can be used for simulation
purposes and as a basis for the controller design.

B. High-Fidelity Model

Next, the high-fidelity multi-body model will be
described that has been validated against experimen-
tal test data in [22]. This model will be used for the
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verification of the controller design, proposed in Sec-
tion IV.,and is primarily intended for the simulation
based analysis of performance measures described
earlier (such as the swept path width, tail swing and
rearward amplification).

The model is built by means the Commercial Ve-
hicle Library (CVL) [23], which is a highly generic
library consisting vehicle assemblies (e.g., truck,
trailers, semitrailers, etc.) and additional vehicle com-
ponents (brake system, driveline, etc.) developed in
Matlab/SimMechanics by the Eindhoven University
of Technology. The purpose of the library is to
provide a base for building representative and generic
vehicle models while avoiding low-level details (such
as, e.g., non-linearities in chassis suspension, roll
steer or cabin-chassis suspension) that do not sub-
stantially impact overall dynamical behavior. Further-
more, the model can be visualized, using Matlab
Virtual Reality Toolbox see Figure 4.

Fig. 4. Multi-body model of rigid truck with dolly and
semitrailer created by CVL.

The chassis of each vehicle is divided in two
parts, a frontal and rear segment. They are connected
to each other with a rotational degree of freedom
enabling to model torsion of the chassis during
cornering. Cabin, engine and cargo loading units,
which are represented as bodies possessing mass and
inertia, are rigidly welded to a neighboring chassis
segment hereby not introducing additional degrees
of freedom with respect to the chassis. Both axle
types, i.e. steerable or driven, are attached to the
particular chassis segment by means of rotational and
translational degrees of freedom. It enables to model
vertical deflection of the suspension, as well as roll
and pitch movement of the vehicle body, which is
not considered in the state-space model derived in
Section II-A. This represents one of the essential
differences between the two models contributing to
distinctive vehicle behavior especially during highly
dynamic maneuvers. Another additional component
of the high-fidelity model, which is substantially
different to the state space model, is the nonlinear
tyre model with relaxation behavior based on the

Delft-Tyre library [24]. Since the tyre is the interface
between the road and the vehicle responsible for
generating reaction forces in all three directions it has
dominant impact on the overall vehicle dynamics.

III. CONTROL PROBLEM FORMULATION

The controller, to be designed in this paper, aims
to minimize the swept path width, while ensuring
zero tail swing during low-speed maneuvers and aims
to suppress rearward amplification during high-speed
maneuvers.

LP

FP1

FP2

swept path

reference path

c1
c2

Fig. 5. First combination of LP , FP1, and FP2.

LP

FP1

FP2

swept path

reference path

c1

c2

Fig. 6. Second combination of LP , FP1, and FP2.

To achieve this dual objective, the control problem
is initially formulated as a path following prob-
lem and subsequently transformed into a tracking
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problem using a reference model for the dolly and
semitrailer. The general idea of the path following
strategy is that particular points located on the dolly
and semitrailer converge to and follow a path traveled
by a particular point on the truck. The follow points
on the dolly and semitrailer are referred as FP1

and FP2, respectively, whereas the lead point on the
truck is referred as LP . Different choices for these
points can be made and these choices have distinct
advantages and disadvantages. Two combinations of
lead and following points are provided in Figures 5
and 6.

In Figure 5, the lead point LP is the first coupling
point (c1) and the following points are the second
coupling point (c2) and the rear end of the semitrailer.
In Figure 6, the lead point is at the front of the truck,
whereas the follow points are at the rear of both dolly
and semitrailer. As can be observed by comparing
Figures 5 and 6, the second combination of lead and
follow point not only eliminates the tail swing of the
dolly, but also significantly reduces the swept path of
the combination. These advantages make the second
combination of lead and following points the most
favorable choice, which is also advocated in [21].

Remark 1 In case of a high-speed dynamic maneu-
ver, it is proposed to move the lead point closer to
the truck center of mass CM1. The path governed
by such selected lead point is generally smoother
and thus reference articulation angles (that will be
described below) evolve slower. This, in turn, results
in smaller lateral accelerations of the dolly and
semitrailer, which are more important at high speeds
than swept path width. Hence, all results bellow
presented for high-speed maneuver assume the lead
point to be at CM1.

The path following problem can be transformed
into a tracking problem using a reference model for
the dolly and semitrailer as shown in Figure 7. In
the reference model the location and the orientation
of the truck coincides with that of the actual truck
and the follow points, which are located on reference
path defined by the past evolution of the absolute
Cartesian coordinates XLP and YLP of the lead
point, see Figure 7. and 6. The associated articulation
angles of the reference model can then be used as the
desired angles for actual vehicle combination. This
method is an extension of the concept proposed in
[10] and [25] for mobile robots.

In order to find the feasible position for the first
follow point (FP1) that will coincide with the path of
the lead point (LP ), the distance between the point

on the reference path and the first coupling point
(XC1 , YC1 ) is calculated. The objective is to find
a point on the path for which the distance between
that point and the fifth wheel position (XC1 , YC1 )
is equal to the distance l2, representing the total
length of the dolly. To achieve this objective, the time
variable τ̂1 is introduced. This time variable is used
to characterize the time instant (t − τ̂1) for which
the distance between the position of the lead point
(XLP (t−τ̂1), YLP (t−τ̂1)) is feasible for the current
position of the first follow point FP1 (at time t). This
time instant is determined by solving the following
minimization problem:

τ̂1(t) := min
τ1
{τ1 ≥ 0 | fτ1(t) = 0},

subject to |θ1d(t)| < π/2,
(6)

where fτ1(t) is defined as:

fτ1(t) := (Xc1(t)−XLP (t− τ1))2 +
+(Yc1(t)− YLP (t− τ1))2 − l22,

(7)

where Xc1(t) and Yc1(t) describe the position of
the first coupling point at time t, XLP (t − τ1) and
YLP (t− τ1) describe the position of the front wheel
at time (t − τ1), and θ1d(t) in (6) is the desired
articulation angle between the truck and the dolly
and is a result of τ̂1 (see (9), (10), and (12) below).
The position coordinates Xc1(t), Yc1(t) in (7) can
be derived from the lead point position XLP (t)
and YLP (t), which is assumed to be known from
the knowledge of yaw rate, longitudinal, and lateral
velocity of the truck:

Xc1(t) = XLP (t)− l1 cos(ψ1(t)),

Yc1(t) = YLP (t)− l1 sin(ψ1(t)).
(8)

Solving the equation fτ1 = 0, in the objective
function in (6), may generally result in multiple
crossings between the circle with radius l2 and the
lead point path. The minimization part of the problem
in (6) describes the search for the minimum value of
τ1, which still satisfies the condition |θ1d(t)| < π/2,
being typically the mechanical limit of the coupling.
This condition ensures that solution does not result in
the first (i.e., closest to the LP ) erroneous minimizer
as is shown in Figure 8, but does result in the correct
minimizer, which is the next smallest τ1 as can be
seen in the same figure. In practice, the curvature of
the path of the lead point, being defined as inverse
to the curve radius, is typically smaller than depicted
in Figure 8, which also avoids the occurrence of the
erroneous minimizers.
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θ2

θ2d

θ1d

θ1
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FP1

FP2 XLP , YLP

Xc1 , Yc1

FP1d : XFP1d, YFP1d

FP2d : XFP2d, YFP2d

reference path

reference model

−ψ3d

Xc2d, Yc2d

−ψ3

ψ2d

ψ1

l1

l2

l∗2

l3

Xc2 , Yc2

Fig. 7. Reference Model (actual truck, dolly and semitrailer combination in solid, reference configuration in dot dashed
line, reference path in red dotted).

LP

l2

erroneous minimizers
XLP (t− τ̂1), YLP (t− τ̂1)

Xc1(t), Yc1(t)

correct minimizer

Fig. 8. Minimization process to find τ̂1.

Then, the desired coordinates of the first follow
point can be determined using τ̂1 from (6):

XFP1d(t) = XLP (t− τ̂1),
YFP1d(t) = YLP (t− τ̂1).

(9)

Subsequently, the desired yaw angle of the dolly is
derived:

ψ2d(t) = atan2(Yc(t), Xc(t)), (10)

where Yc(t) = Yc1(t)− YFP1d(t), and
Xc(t) = Xc1(t)−XFP1d(t). The usage of atan2
function ensures an appropriate range of [−π, π]
for ψ2d(t). Analogously, the desired position

coordinates of the second follow point (FP2d) can
be derived, which in turn leads to a desired yaw
angle ψ3d(t) for the semitrailer.

Finally, the desired articulation angles are derived
from the desired yaw angles as follows:

θ1d(t) = ((ψ1(t)− ψ2d(t) + π) mod 2π)− π,
(11)

θ2d(t) = ((ψ2d(t)− ψ3d(t) + π) mod 2π)− π.
(12)

Remark 2 The modulo operator is needed in (11),
since ψ1(t) is calculated by integration of r1(t),
whereas ψ2d(t) follows from an atan2 function.
Therefore, r1(t) does not have a constrained range,
while ψ2d(t) is constrained to a range [−π, π]. In
(12), the modulo operator is needed in the case where
ψ2d(t) = π − ε and ψ3d(t) = −π + ε, where
ε and ε are some arbitrary small positive angles.
This would result in θ2d(t) = 2π + ε + ε, which is
reduced to θ2d(t) = ε + ε by the modulo operator.
In both equations, π is added inside the operation
and subtracted afterwards, such that θ1d and θ2d
are constrained to the interval [−π, π] instead of the
interval [0, 2π].

The tracking problem can be stated using the
dynamic model (4), (5) derived in Section II-A. The
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dynamic model, can be now summarized as follows:

ẋ = f(x) + g(x, u, w(t)),

y =

[
θ1
θ2

]
,

(13)

where y is the measured output, consisting of the
articulation angles. The goal of the control problem
is to design a controller for u = [δ4, δ5, δ6, δ7, δ8]

T

such that the output y tracks the reference signal

yd(t) =

[
θ1d(t)
θ2d(t)

]
; that is:

e(t) := yd(t)− y(t)→ 0, for t→∞, (14)

where θ1d(t), θ2d(t) are given by (11) and (12).
Since the reference signals are based on the refer-
ence model, this ensures the accomplishment of the
original (path-following) goal of the follow points
coinciding with the lead point path. In addition, the
closed-loop system should exhibit stable dynamics
satisfying the generalized Nyquist criterion.

IV. CONTROLLER DESIGN

As mentioned earlier, the control objective is,
besides the stable error dynamics, to ensure the con-
vergence of the tracking errors e1 = θ1d(t) − θ1(t)
and e2 = θ2d(t) − θ2(t) to zero, such that the
follow points track the reference path governed by the
lead point by means of steering angles on the dolly
[δ4, δ5] and the semitrailer [δ6, δ7, δ8]. Using these
five steering angles as independent control inputs
would result in an over-actuated system, which would
result in an unnecessarily complex controller design.
Therefore we opt to control the individual dolly axles
as well as individual semitrailer axles with equal
angles, i.e., δ4 = δ5, and δ6 = δ7 = δ8. Furthermore,
the controller design combines both feedback and
feedforward controllers. Both parts of the controller
are being gain scheduled with the longitudinal ve-
locity u1 as a scheduling variable. This results in the
controller structure introduced in Section IV-A. The
design of the feedback part of the controller, based
on a velocity-dependent linearized vehicle model,
is treated in Section IV-B, followed by a closed-
loop stability analysis in Section IV-C. Finally, the
feedforward design is discussed in Section IV-D.

A. Controller structure

In Figure 9, the proposed controller structure is
depicted. It includes the reference model, see Section
III, a feedback controller, and a feedforward con-
troller (in red), which together generate the control
input τ = [τ1, τ2]

T := [δ4, δ6]
T for the nonlinear

system representing the vehicle combination. The
input w = [δ1, Fx,2, Fx,3]

T is provided by the driver
under the assumption that Fx,2 = Fx,3.

The reference model employs information of ve-
hicle states u1, v1, and r1 that are being primarily
determined by the driver inputs. In practice, they are
either measured or estimated from available mea-
surements in order to derive reference articulation
angles yd = [θ1d, θ2d]

T . The tracking error e(t) :=
yd(t) − y(t) is used as and input to the feedback
controller. The gain-scheduled feedback controller
incorporates a dynamic decoupler and a multiple
input multiple output (MIMO) PID controller. As
a scheduling variable the longitudinal velocity u1

of the first vehicle is being used, which also holds
for the feed forward part of the controller. Figure
9 shows that feedforward controller consist of two
branches. The left branch in Figure 9 includes a
low-pass filter Ld, with velocity dependent (u1) cut-
off frequency that prevents high-frequency content
of the reference signal in the control loop. The
right branch includes a linearized vehicle model
Gy/δ1 , described in [21], that is using longitudinal
velocity as scheduling parameter and denotes the
transfer function from the input of the driver steering
angle δ1 to articulation angles ŷw =

[
θ̂w1 θ̂w2

]T
.

Subsequently, the difference yf between the filtered
desired articulation angle and the articulation angle
introduced by the driver is used as an input for the
feedforward controller, which is based on a linearized
plant model inversion.

B. Feedback Controller Design

The plant dynamics in (13) is described by a
MIMO system with two inputs (τ1, τ2) and two
outputs (θ1, θ2). The intention is to use additional
PID controller with e as an input.

The feedback controller design is based on lin-
earized plant models derived from the nonlinear
model in (13), that are obtained by linearization
around equilibria of steady states characterized by,
ẋ =

[
θ̇1, θ̇2, u̇1, v̇1, ṙ1, θ̈1, θ̈2

]T
= 0. Hereto, Equa-

tion (3) needs to be solved for ẋ = 0 resulting in:

H(θ1, θ2, u1, v1, r1) = Qv(θ1, θ2, u1, v1, r1, δ1, δ4, δ6).

(15)
Equilibria satisfying (15) are calculated numeri-

cally. For this purpose, four variables θ1, θ2, u1, and
r1, were fixed and subsequently the other variables
can be obtained by solving (15). These fixed states
were chosen because these are most representative
to characterize the vehicle combination in terms of
the desired nominal steady-state configuration. This
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Fig. 9. Controller structure.

yields the equilibrium state xeq , and input vectors
τeq and weq . Around equilibria, linearized models
can be derived, which describe the system behavior
close to these points. Since there exist infinitely many
equilibria (depending on, e.g., the forward speed or
curvature of the path considered), only a relevant
subset of equilibria is used as basis for deriving a
representative set of linearized models to be used as
a basis for controller design.

This subset contains equilibria for driving on a
straight path with u1eq = [1, 90] km/h with zero
articulation angles, and equilibria for steady-state
cornering at u1 = 10km/h with different curvatures.
Using these equilibria, linearized time-invariant sys-
tems can be derived of the following form:

˙̂x = A(u1)x̂ +B(u1)τ̂ +Bw(u1)ŵ

ŷ = Cx̂,
(16)

where x̂ = (x− xeq), τ̂ = (τ − τeq),
ŵ = (w − weq), and system matrices
A(u1), B(u1), Bw(u1) are parametrized by the
(constant equilibrium) longitudinal velocity u1. The
output matrix C follows from the fact that the two
articulation angles compose the measured output:

C =

[
1 0 0 0 0 0 0
0 1 0 0 0 0 0

]
. (17)

For the purpose of controller design, we use a
transfer function model, corresponding to (16), de-
scribing the relation between the inputs τ and w and
the outputs y as follows:

ŷ(s) = Gy/τ (s, u1)τ̂(s)+Gy/w(s, u1)ŵ(s), s ∈ C.
(18)

These transfer functions are given by:

Gy/τ (s, u1) = C(sI −A(u1))
−1B(u1)

Gy/w(s, u1) = C(sI −A(u1))
−1Bw(u1).

(19)

The linearized models obtained from the straight
driving subset will be employed in this work to derive
the feed-forward controller and analyze the local sta-
bility, whereas the steady-state-cornering based linear
models can be used for the cross-verification of the
local stability of the feedback controlled system. The
transfer function Gy/τ (s, u1), for straight driving
scenarios, can be used to produce Bode plots that give
an insight in the dependency of the plant dynamics on
the longitudinal velocity u1 as depicted in Figure 10.
Regarding the Bode plots for steady-state cornering
we refer to [21].

In Figure 10, we care to stress two important
aspects. Firstly, the largest differences in dynamic
behavior can be seen in the frequency range of
0.4-0.5 Hz, where the system with increasing lon-
gitudinal velocity shows decreased damping of the
resonance, which in higher velocities eventually
evolves in the gain amplification for Gθ1/τ1(s, u1)
and Gθ2/τ1(s, u1). Secondly, it can be observed that
the MIMO system in Figure 10. is strongly coupled.
Namely the influence of τ1 on θ2 is substantial
and as can be observed in lower left Bode plot of
Figure 10. This coupling has a negative effect on
the performance of diagonal feedback controllers,
as such coupling can be regarded as an internal
disturbance. Hence, dynamical decoupling will be
used to partly decouple the input-output dynamics
resulting in diagonally dominant dynamics. This is
achieved by ensuring that the off-diagonal terms in
Gy/τ (s, u1) are zero by dynamic decoupler design
in Figure 11.

To fully decouple the linearized plant Gy/τ (s, u1),
we define the decoupling matrix D(s, u1) =[

D11 D12

D21(s, u1) D22

]
. In order to maintain the diag-

onal dynamics, the gains D11 = D22 = 1. Since
the influence of τ2 on θ1 is already insignificant
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Fig. 10. Bode diagrams of Gy/τ (jω, u1) for straight driving with ueq1 ∈ [1, 90] km/h and θeq1 = 0, θeq2 = 0, req1 = 0.

(Gθ1/τ2(s, u1) is small compared to the other ele-
ments in Gy/τ (s, u1)) we take D12 = 0. Hence, the
only remaining gain to design is D21(s, u1), which
is done by solving the equation:

Gθ2/τ1(s, u1)D11 +Gθ2/τ2(s, u1)D21(s, u1) = 0.
(20)

This results in D21(s, u1) =
−Gθ2/τ1(s, u1)G

−1
θ2/τ2

(s, u1) (while using D11=1),
being the only frequency dependent gain in
the decoupling matrix. Furthermore, as both
Gθ2/τ1(s, u1) and Gθ2/τ2(s, u1) are derived from
the plant model that was linearized for particular
longitudinal velocity the gain D21(s, u1) also needs
to be scheduled in dependency of truck forward
velocity u1.

The gain scheduling method will be also used

to adjust the gains of PID controller H11(s) and
H22(s), see Figure 12, based on gain-scheduling
variable u1. The diagonal PID-type controller is

given by H(s, u1) =

[
H11(s, u1) 0

0 H22(s, u1)

]
,

where H11(s, u1) and H22(s, u1) are two single
input single output PID controllers. The input of
H(s, u1) is the column with tracking errors e =[
e1 e2

]T .The PID-type controllers are defined as
follows:

H11(s, u1) = KP1(u1) +KI1(u1)
1

s
+
KD1(u1)s

N1s+ 1
,

H22(s, u1) = KP2(u1) +KI2(u1)
1

s
+
KD2(u1)s

N2s+ 1
,

(21)
where KP1(u1), KI1(u1), KD1(u1) are, respec-
tively, the proportional, integral and derivative gains
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of H11(s, u1) and KP2(u1), KI2(u1) and KD2(u1)
are the corresponding gains of H22(s, u1). N1 =
10π and N2 = 10π are the first-order low-pass filter
constants, which are needed to make the derivative
terms proper. The values correspond to a cut-off
frequency of 5 Hz which is appropriate for the
governing system dynamics. To ensure a continuous
dependency on u1, the gains will be defined by the
quadratic function of longitudinal velocity u1:

KP1(u1) = k0P1
+ k1P1

u1 + k2P1
u2
1,

KI1(u1) = k0I1 + k1I1u1 + k2I1u
2
1,

KD1(u1) = k0D1
+ k1D1

u1 + k2D1
u2
1,

KP2(u1) = k0P2
+ k1P2

u1 + k2P2
u2
1,

KI2(u1) = k0I2 + k1I2u1 + k2I2u
2
1,

KD2(u1) = k0D2
+ k1D2

u1 + k2D2
u2
1.

(22)

The tuning of the PID controller parameters is
based on several low- and high- speed simulations,
i.e., for u1 =10 km/h, and 80 km/h, while aiming
to minimize both the tracking errors e and the
control inputs τ . As can be seen in Figure 10, the
linearized system is supercritically damped at low
speeds (u1 < 15 km/h) . This means that at low
speeds no overshoot for both articulation angles θ1,
θ2 based on steering input τ1, τ2 occurs, which
would eventually result in the increased swept path.
Hence the derivative action of a PID controller, that
is typically used to provide damping to the closed-
loop system, is not needed in this scenario to avoid
overshoot. Namely, the proportional and integral con-
stants at u1 = 10 km/h are chosen such that the
closed-loop system is still supercritically damped.

u1 [km/h]
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Fig. 12. Gain-scheduling of PID gains. The integral param-
eters are equal (KI1 = KI2 ).

At high speeds, where a lane change is considered
as a key maneuver, no steady-state cornering takes
place. Therefore, no steady-state tracking errors oc-
cur; thus, no integral term in the PID controllers is
needed to regulate the errors to zero. However, the
derivative component of PID controller is essential,
as can be seen in Figure 12, to provide sufficient
damping and avoid the rearward amplification, which
might eventually result in roll-over accident.

These two assumptions substantially simplify the
gain tuning process. Due to the fact that the polyno-
mials are defined by three parameters, three boundary
conditions need to be formulated. A requirement is
imposed such that dK(80)

du1
= 0 for all parameters.

Doing this, we force the extremum (minimum for
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the proportional and integral terms, maximum for
the derivative terms) of the polynomial functions to
occur at 80 km/h. This forces a monotonic trend of
the gains between u1 = 10 and u1 = 80 km/h,
since the functions (22) are quadratic ; namely, such
functions show a monotonic trend before (and after)
the extremum.

The tuning of the gains has been done manually
as follows. At first, the gains were optimized for
the single track model and, thereafter, the gains
corresponding to each PID controller are scaled, with
a factor smaller than 1, based on simulations of the
high-fidelity model. The latter step is performed to
avoid excessive oscillatory behavior in the control
inputs τ of the high fidelity model. This behavior is
caused by unmodeled dynamics in single-track model
compared to the high-fidelity model, such as the
nonlinear tyre dynamics. In Figure 12, the resulting
dependency of the PID gains on the longitudinal
velocity u1 is depicted.

C. Closed-loop Stability Analysis

The tuning of feedback controllers should result
in stable closed-loop system with sufficient stability
margin for all linearized plants (u1 ∈ [1, 90] km/h).

To investigate the closed-loop stability of the
MIMO system, depicted in Figure 11, the gener-
alized Nyquist stability criterion [26] is used. The
MIMO closed-loop transfer function matrix is given
by GCL(s, u1) = GOL(s, u1) (I +GOL(s, u1))

−1,
where GOL(s, u1) = Gy/τ (s, u1)D(s, u1)H(s, u1)
is the open-loop transfer function matrix, which is
combining the previously defined linearized plants,
the decoupler, and the controller, respectively.

The generalized Nyquist criterion states that the
number of unstable closed-loop poles equals the (net)
number of times the locus of det(I + GOL(s, u1))
encircles the origin in clockwise direction plus the
number of unstable open-loop poles. Using the state-
space linearized plant models in (16), it has been
verified within the scope of [21] that number of open-
loop unstable poles is zero. Therefore, to obtain a
stable closed-loop system no encirclements of the
origin in clockwise direction should occur in the
Nyquist plot of det(I +GOL(s, u1)).

The disadvantage of using a locus of the determi-
nant is that the resulting Nyquist plot combines the
effects of the controllers H11(s, u1) and H22(s, u1)
into one graph. This is not desirable, as the con-
trollers can not be tuned independently in this way.
Hence, instead of the determinant locus we will use
the eigenvalue loci of GOL(s, u1).

In order to do that, we rewrite det(I +
GOL(s, u1)) as a function of λi(s), which are the
eigenvalues of GOL(s, u1) that are parametrized by
s:

det(I +GOL(s, u1)) =

2∏

i=1

(1 + λi(s)). (23)

It should be emphasized that eigenvalues λ1(s) and
λ2(s) do not refer to the poles of the system, but
to the eigenvalues of the open-loop transfer function
matrix GOL(s, u1) (for s = jω) that has size of 2x2.

Because, for s = jω,

arg〈det(I +GOL(jω))〉 =
2∑

i=1

arg〈1 + λi(jω)〉,

(24)
we have that, any change in the angle of det(I +
GOL(s, u1)) results from the sum of phase changes
in the terms (1 + λi(s)) (for i = 1, 2). Hence,
encirclement of the origin in the complex plane by
det(I + GOL(s, u1)) can be computed from the
encirclements of (-1,0j) by the combination of the
eigenloci of λ1(s) and λ2(s) [27].

As shown in Figure 10, the gain of
Gθ1/τ2(s, u1) ≈ 0. Considering this fact, and
the effect of gain-scheduled dynamical decoupler,
the linearized open loop transfer function matrix
GOL(s, u1) can be considered as diagonal,
i.e. GOL,12(s) ≈ GOL,21(s) ≈ 0. Thus, the
eigenvalues of GOL(s, u1) are the systems in
the diagonal, i.e. λ1(s) ≈ GOL,11(s, u1), and
λ2(s) ≈ GOL,22(s, u1).

This is equivalent to considering the diagonal
system as a multiple Single Input Single Output
(SISO) system and assessing the stability of the
two systems GOL,11(s, u1), and GOL,22(s, u1) us-
ing normal Nyquist criterion. This enables separate
tuning of the controllers H11(s, u1) and H22(s, u1)
for robust stability. Nyquist plots of λ1(s) and λ2(s)
for straight driving and req1 , θ

eq
1 , θ

eq
2 = 0 are shown

in Figure 13, where it is made clear that stability mar-
gins of all closed-loop systems (i.e., for u1 ∈ [1, 90]
km/h) are sufficiently large. Given the asymptotic
stability of the linearized dynamics (through satis-
faction of the generalized Nyquist criterion), we can
now conclude that the equilibria (used as a basis
for linearization) are locally asymptotically stable
equilibria of the nonlinear plant dynamics in (13) in
closed loop with the proposed controller.
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Fig. 13. Nyquist eigenloci of a) λ1(s) and b) λ2(s) corresponding to the open-loop systems GOL,11(s, u1) and
GOL,22(s, u1), respectively, for to gain-scheduled controllers of the dolly (left), and the semitrailer (right).

D. Feedforward design

Besides the feedback controller, also the feedfor-
ward controller is gain-scheduled on the basis of u1.
In particular, the coefficients of the transfer functions
corresponding to a 2x2 feedforward controller are
being scheduled with u1. For the controller F (s),
shown in Figure 9, the plant inversion method was
applied in a sense described in [26]. In order to make
the controller causal a second-order Butterworth low-
pass filter L(s) was included. The order of the filter
was chosen such that F (s) is proper, whereas the
choice of cut-off frequency of 50 Hz aimed to primar-
ily remove high-frequency content from the reference
signals. Therefore F (s) = Gy/τ (s)

−1L(s).
Because the reference signal yd may also contain

high-frequency noise (e.g. due to a sampled data
implementation that is needed for practical applica-
tions), an extra 4th-order Butterworth low-pass filter
Ld(s) is added, see Figure 9, with a u1-dependent
cut-off frequency.

The last component of the feedforward controller
design involves extra path that takes care of the
effect of the driver input on the output represented
by articulation angles via transfer function Gy/δ1(s),
see Figure 9. From a control point of view, the input
from the driver can be considered as a disturbance.
Physically, this means that when the driver steers, the
vehicle starts to corner, which induces articulation
between the bodies. The effect of this exogenous
driver input is relatively large, and if not taken
into account, a feedforward controller based on yd
only may actually degrade instead of improve the
performance of the system. Hence ŷw = Gy/δ1(s)

is subtracted from the (filtered) reference signal yd.
The resulting signal yf = yd− ŷw is the input of the
feedforward controller F (s). The interpretation of yf

can be seen as the difference between the desired
articulation angles and the articulation angles that
would be induced only by driver action δ1. If the
feedforward controller would be an exact representa-
tion of the (nonlinear) plant, then the tracking error
would converge to zero. In practice, this means that
the feedforward is only exact for small perturbations
when the vehicle is driving straight (since we only
use u1 as scheduling variable). However, the result-
ing errors are still small for large articulation angles,
which the feedback controller can regulate the errors
towards zero, as is shown in next section.

V. CONTROLLER SIMULATIONS

In this section, a number of simulation studies
are presented in order to verify the functionality of
the controller that is based on the nonlinear single
track model. The aim is to benchmark the controller
performance for both high- and low-speed scenar-
ios compared to the baseline uncontrolled vehicle
combination. As an objective assessment measure,
the metrics such as defined by the PBS framework
[4] will be used. Namely, the rearward amplification
will be used for high-speed performance assessment
and the vehicle swept path width for low-speed ma-
neuverability. For these simulation studies, the high
fidelity multi-body model described in Section II-B
will be used in order to also assess the robustness of
proposed control strategy in the presence of dynamics
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aspects ignored in the single track model used for
controller synthesis.

A. Low-speed Maneuvering

The low-speed maneuverability is tested for a
roundabout maneuver (with a radius of 12.5 m)
with constant longitudinal velocity u1=10 km/h. The
maneuver consists of the entry into the roundabout,
followed with the approximately one and half turn
and finished by exiting the roundabout. The resulting
swept path for both the uncontrolled and controlled
vehicle combination is shown on Figure 14 as well
as the path of lead and follow points.

The swept path is defined by the outer path of the
front right corner of the truck and the path of the
left side of the semitrailer. The decisive performance
factor is the swept path width, which is for the
uncontrolled case 11.2 m (current EU legislation
allows only for 7.2 m), whereas with the proposed
path-following controller it can be reduced to 5.1
m, representing an improvement of approximately
55%. The driver and control inputs are shown in
Figure 15(a). As can be seen, the feedforward part
of the controller, τfi , provides main contributions
to the steering signals. Hence, it can be deduced
that feedforward controller performs well even for
large articulation and steering angles, although it is
based on a linearization around straight path driving.
The imperfections of the feedforward are mostly
corrected by feedback controller, τfbi , which is leads
to close tracking of the reference articulation angles
such as depicted in Figure 15 (b) and (c).

B. High-speed Stability

For the high-speed stability assessment, we per-
form a lane change maneuver at 80 km/h, where the
yaw and roll stability can become an issue for HCV.
The maneuver is performed using a predefined profile
of the steering angle δ1; that is single period sinusoid
with frequency of 0.4 Hz. The frequency is chosen
according to [4] due to its maximal gain for com-
mercial vehicles handling response resulting typically
in higher rearward amplification, that will be used
as assessment criterion. The rearward amplification
describes the ratio of the maximal achieved lateral
acceleration of the dolly (RA21) and the semitrailer
(RA31) compared to the maximal achieved lateral
acceleration of the truck; namely, on the second and
third axle of the dolly and semitrailer, respectively,
and the first axle of the truck.

A benchmark comparison of the lane change
scenario for controlled and noncontrolled case is

(a) Noncontrolled Situation.

(b) Path Following Control.

Fig. 14. Vehicle swept path during low-speed maneuvering.

again provided. The path comparison is shown in
Figure 16, followed by lateral acceleration ayi for
all vehicles in the combination in Figure 17. For
the noncontrolled case, both dolly and semitrailer
paths exhibit lateral acceleration overshoot compared
to the lead path of the truck. This is projected to
the vehicle swept path that is designated by the
gray region in Figure 16(a). Furthermore, one can
observe lateral acceleration amplification along the
vehicle combination resulting in rather high values
of RA21 =1.68 and RA31 =2.05. When the path
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Fig. 15. Low-speed maneuvering performance.

following controller is engaged, the path of the
dolly and semitrailer is much smoother and without
overshoots. The amplification of the lateral acceler-
ation is suppressed resulting in RA21 =1.12 and
RA31 =0.81, representing a reduction of 30% and

60%, respectively, and it physically means that the
lateral acceleration of all vehicles in the combination
is quite uniform, which generally reduces the risk of
rollover accident.
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(b) Path Following Control

Fig. 16. Vehicle swept path during high speed maneuver.

Although the path following control substantially
improves the performance of the vehicle combina-
tion, one can observe that the control is slightly
suboptimal particularly in the beginning of the ma-
neuver due to feed forward contributions depicted on
Figure 19. Namely, the dolly and semi-trailer axles
start to steer in the opposite direction of δ1. This
causes an additional tail-swing and small tracking
errors in transients as can be seen in Figure 16 (b)
and Figure 18, respectively. This problem is caused
by the difference between the high fidelity multi-
body model and the single-track model. Since the
feedforward controller is based on the single-track
model, it is not exact for the multi-body model. This
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Fig. 17. Lateral accelerations of the vehicles during high
speed maneuver.

becomes in particular apparent at high-speeds, where
unmodeled dynamics in the single-track model, such
as for example roll motion, affects the vehicle combi-
nation behavior. This effect van be explained in more
detail as follows. The reference model uses the actual
states (u1, v1, r1) to derive the reference signals
yd, which are then subtracted from ŷw (see Figure
9). The ŷw signals follow from the linearized plant
Gy/δ1(s), which is based on the linearized single-
track model. Thus, the resulting signal yf , which is
the input for the feedforward filter F (s), is inexact
for the high-fidelity model. A possible solution is
to use the single-track model as a state predictor to
provide estimated states (u1, v1, r1) as an input to
the reference model, see [21].

Summarizing, these results show that
• the proposed controller can provide significant

improvement in both low- and high-speed per-
formance of the commercial vehicle combina-
tions,

• the uniform controller structure can be used for
both type of maneuvers,

• the controller design is robust against unmod-
eled dynamics.
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VI. CONCLUSIONS

In this paper, a generic active trailer steer-
ing strategy is developed and applied to truck-
dolly-semitrailer combination. The proposed path-
following based control method uses gain-scheduling
approach to ensure high performance at both low-
and high-speeds. The controller improves both the
maneuverability at low speeds and improves lateral
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stability at high speeds. The swept path width and
rearward amplification are considered as assessment
criteria for the performance of the vehicle combina-
tion. The benefits of the proposed control approach
are as follows. Firstly, the method uses single con-
troller structure that can be robustly applied for any
velocity in range of 1-90 km/h. Secondly, the usage
of the controller leads to significant improvement of
the performance, namely at low speed the reduction
of swept path reaches 55% and rearward amplifi-
cation at the high speed is decreased by 33% and
60%, for first and second towed vehicle, respectively.
The effectiveness of proposed steer strategy has been
tested by extensive simulations with a high-fidelity
experimentally validated model, indicating the ro-
bustness of the design.

APPENDIX

A: VEHICLE MODEL MATRICES

The entries Mij , i, j ∈ {1, 2, ..., 5}, of the mass
matrix M are given by

M1,1 = m1 +m2 +m3

M1,2 = M2,1 = 0

M1,3 = M3,1 = −m3

(
a3 sin (θ1 + θ2) + l

∗
2 sin (θ1)

)

− a2m2 sin (θ1)

M1,4 = M4,1 = m3

(
a3 sin (θ1 + θ2) + l

∗
2 sin (θ1)

)

+ a2m2 sin (θ1)

M1,5 = M5,1 = a3m3 sin (θ1 + θ2)

M2,2 = m1 +m2 +m3

M2,3 = M3,2 = −m3

(
h1 + a3 cos (θ1 + θ2) + l

∗
2 cos (θ1)

)

−m2 (h1 + a2 cos (θ1))

M2,4 = M4,2 = m3

(
a3 cos (θ1 + θ2) + l

∗
2 cos (θ1)

)

+ a2m2 cos (θ1)

M2,5 = M5,2 = a3m3 cos (θ1 + θ2)

M3,3 = (a2
2
+ h1

2
)m2 + (a3

2
+ h1

2
+ l

∗
2
2
)m3

+ 2a3h1m3 cos (θ1 + θ2) + 2a2h1m2 cos (θ1)

+ 2a3l
∗
2m3 cos (θ2) + 2h1l

∗
2m3 cos (θ1)

+ J1 + J2 + J3

M3,4 = M4,3 = −J2 − J3 −m2a2
2 − h1m2 cos (θ1) a2

− 2m3 cos (θ2) a3l
∗
2 − h1m3 cos (θ1 + θ2) a3

− h1m3 cos (θ1) l
∗
2 −m3(a3

2
+ l

∗
2
2
)

M3,5 = M5,3 = −J3 − a3
2
m3 − a3h1m3 cos (θ1 + θ2)

− a3l
∗
2m3 cos (θ2)

M4,4 = J2 + J3 +m2a2
2
+m3(a3

2
+ l

∗
2
2
)

+ 2m3 cos (θ2) a3l
∗
2

M4,5 = M5,4 = m3a3
2
+ l

∗
2m3 cos (θ2) a3 + J3

M5,5 = J3 +m3a3
2
.

The entries Hi, i ∈ {1, 2, ..., 5}, of the column H
read

H1 = m1 (−r1v1) +m2

(
h1r

2
1 − r1v1 + a2r

2
1 cos (θ1)

)

+m2

(
a2θ̇1

2
cos (θ1) − r1v1 − 2a2r1θ̇1 cos (θ1)

)

+m3

(
h1r

2
1 + a3r

2
1 cos (θ1 + θ2) + l

∗
2 θ̇1

2
cos (θ1)

)

+m3

(
+a3θ̇2

2
cos (θ1 + θ2) + l

∗
2r

2
1 cos (θ1)

)

+m3

(
2a3r1θ̇1 cos (θ1 + θ2) − 2a3r1θ̇2 cos (θ1 + θ2)

)

+m3

(
−2a3θ̇1θ̇2 cos (θ1 + θ2) − 2l

∗
2r1θ̇1 cos (θ1)

)

+m3

(
a3θ̇1

2
cos (θ1 + θ2) + l

∗
2 θ̇1

2
cos (θ1)

)
,

H2 = m2

(
−a2 sin (θ1) r1

2
+ 2a2 sin (θ1) r1θ̇1 + u1r1

)

−m2a2 sin (θ1) θ̇1
2
+m3

(
r1u1 − a3r1

2
sin (θ1 + θ2)

)

+m3

(
−a3θ̇12

sin (θ1 + θ2) − a3θ̇2
2
sin (θ1 + θ2)

)

+m3

(
−l∗2r1

2
sin (θ1) + 2a3r1θ̇1 sin (θ1 + θ2)

)

+m3

(
2a3r1θ̇2 sin (θ1 + θ2) − 2a3θ̇1θ̇2 sin (θ1 + θ2)

)

+m3

(
2l

∗
2r1θ̇1 sin (θ1) − l

∗
2 θ̇1

2
sin (θ1)

)
+m1r1u1,

H3 = m2

(
a2h1 sin (θ1) θ̇1

2 − 2a2h1r1 sin (θ1) θ̇1
)

+m2 (−h1r1u1 − a2r1u1 cos (θ1) + a2r1v1 sin (θ1))

+m3 (a3r1v1 sin (θ1 + θ2) − a3r1u1 cos (θ1 + θ2))

+m3

(
−l∗2r1u1 cos (θ1) + l

∗
2r1v1 sin (θ1) − h1r1u1

)

+m3

(
a3h1θ̇2

2
sin (θ1 + θ2) + a3l

∗
2 θ̇2

2
sin (θ2)

)

+m3

(
h1l

∗
2 θ̇1

2
sin (θ1) − 2h1l

∗
2r1θ̇1 sin (θ1)

)

+m3

(
−2a3h1r1 sin (θ1 + θ2)

(
θ̇1 + θ̇2

))

+m3

(
2a3h1θ̇1θ̇2 sin (θ1 + θ2) − 2a3l

∗
2r1θ̇2 sin (θ2)

)

+m3

(
2a3l

∗
2 θ̇1θ̇2 sin (θ2) + a3h1θ̇1

2
sin (θ1 + θ2)

)
,

H4 = m2

(
a2h1r1

2
sin (θ1) − a2r1v1 sin (θ1)

)

+m3 (a3r1u1 cos (θ1 + θ2) − a3r1v1 sin (θ1 + θ2))

+m3

(
a3h1r1

2
sin (θ1 + θ2) − a3l

∗
2 θ̇2

2
sin (θ2)

)

+m3

(
+h1l

∗
2r1

2
sin (θ1) + 2a3l

∗
2r1θ̇2 sin (θ2)

)

+m3

(
−l∗2r1v1 sin (θ1) + l

∗
2r1u1 cos (θ1)

)

−m32a3l
∗
2 θ̇1θ̇2 sin (θ2) +m2a2r1u1 cos (θ1)

H5 = a3m3

(
h1r1

2
sin (θ1 + θ2) − r1v1 sin (θ1 + θ2)

)

+ a3m3

(
l
∗
2 θ̇1

2
sin (θ2) + r1u1 cos (θ1 + θ2)

)

+ a3m3

(
l
∗
2r1

2
sin (θ2) − 2l

∗
2r1θ̇1 sin (θ2)

)
.

The entries Qv,i, i ∈ {1, 2, ..., 5}, of the column
Qv read

Qv,1 = Fx,2 + Fx,3 − Fy,1 sin (δ1) − Fy,4 sin (δ4 − θ1)

− Fy,5 sin (δ5 − θ1) − Fy,6 sin (δ6 − θ1 − θ2)

− Fy,7 sin (δ7 − θ1 − θ2) − Fy,8 sin (δ8 − θ1 − θ2) ,

Qv,2 = Fy,1 cos (δ1) + Fy,2 + Fy,3 + Fy,4 cos (δ4 − θ1)

+ Fy,5 cos (δ5 − θ1) + Fy,6 cos (δ6 − θ1 − θ2)

+ Fy,7 cos (δ7 − θ1 − θ2) + Fy,8 cos (δ8 − θ1 − θ2) ,
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Qv,3 = Fy,1 (a1 cos (δ1)) + Fy,2 (−b1) + Fy,3 (−b2)
+ Fy,4 (−b3 cos (δ4) − h1 cos (δ4 − θ1))

+ Fy,5 (−b4 cos (δ5) − h1 cos (δ5 − θ1))

+ Fy,6 (−b5 cos (δ6) − h1 cos (δ6 − θ1 − θ2))

+ Fy,6

(
−l∗2 cos (δ6 − θ2)

)
+ Fy,7 (−b6 cos (δ7))

+ Fy,7

(
−h1 cos (δ7 − θ1 − θ2) − l

∗
2 cos (δ7 − θ2)

)

+ Fy,8 (−b7 cos (δ8) − h1 cos (δ8 − θ1 − θ2))

+ Fy,8

(
−l∗2 cos (δ8 − θ2)

)
,

Qv,4 = Fy,4 (b3 cos (δ4)) + Fy,5 (b4 cos (δ5))

+ Fy,6

(
b5 cos (δ6) + l

∗
2 cos (δ6 − θ2)

)

+ Fy,7

(
b6 cos (δ7) + l

∗
2 cos (δ7 − θ2)

)

+ Fy,8

(
b7 cos (δ8) + l

∗
2 cos (δ8 − θ2)

)
,

Qv,5 = Fy,6 (b5 cos (δ6)) + Fy,7 (b6 cos (δ7))

+ Fy,8 (b7 cos (δ8)) .
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Chapter 6

Reversing of Multiple
Articulated Vehicles

6.1 Introduction

As shown in Chapter 4, an increasing number of articulation points is favourable for
low speed manoeuvrability. The swept path is minimized and the vehicle is compar-
atively easy to control by the driver as the space required to perform the manoeuvre
and vehicle combination response do not pose special challenges. This is however not
the case for the reversing of a multiple articulated vehicle combination. Hereby the
towed vehicle units that were originally pulled by the prime mover will be pushed
backwards, which may result in divergent unstable behaviour as the articulation an-
gles tends to increase without actuating the steering wheel of the prime mover. This
represents a problematic situation for all vehicle combinations having multiple of ar-
ticulation points, including introduced Future Vehicle Concepts, as the reversing is
always required. An exemplary scenario is when the rear most vehicle unit needs to
be parked at the loading dock of the distribution center.

A series of experiments with a number of drivers is presented in this Chapter to derive
a framework for a driver support system for reversing. The objective is to understand
the fundamental reasons, why reversing of multiple articulated vehicle is a difficult
task for the driver.

First a problem definition related to the reversing is given, then the instrumentation
and experiments are described. Based on the results, a framework for a driver support
is proposed that should result in a reduction of driver errors during reversing. These
observations will be subsequently used as an input for Chapter 7.
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(a) (b)

Figure 6.1: (a) Preferred directions of approaching the loading dock by the drivers
(b) Frequently damaged navigation rail near the docking gate.

6.2 Problem Definition

The reverse manoeuvring with multiple articulated HCVs is recognized as one of
the most critical tasks by the majority of professional drivers and fleet operators
in the Netherlands as concluded by a query [102]. Because of limited space at the
distribution centers majority of vehicle combinations needs to be reversed along the
curve, which brings additional complexity to the drivers who are frequently able to
complete the manoeuvre with a confidence from one side only as shown in Figure
6.1a. Typically they do not use the rear mirrors, but prefer to open the window on
the side of steering wheel for direct observation of the semitrailer orientation.

Therefore parking of vehicle combination towards the loading dock at the distribution
centres results frequently in undesirable incidents, with minor damage to the vehicles
or property but considerable costs associated with transportation delays. The char-
acter of the property damage is shown in Figure 6.1b. It is remarkable that these
incidents are exclusively caused by driver errors. Whereas in the majority of all doc-
umented accidents with involvement of HCVs the driver is not the originator of the
accident [102].

This may be interpreted as follows. The drivers usually have extensive experience
in ‘normal forward’ driving on the highway. Additionally, the driving with HCV
during such a scenario is very similar to driving a normal single articulated vehicle
combination. However, not every driver has sufficient skills for reverse driving with
an arbitrary HCV combination. Moreover, the kinematic behaviour of each HCV
depends on the main dimensions. In practice, it means the driver needs to apply a
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different control strategy depending on the HCV combination while reversing.

In addition, if the vehicle gets beyond the limits, expressed in terms of the maximal
road curvature per vehicle unit as described in [88], it will develop into a situation
commonly known as low speed jack-knifing. The vehicle combination becomes direc-
tionally uncontrollable and needs to be straightened by driving forward in order to
bring the articulation angles to a controllable domain again.

Yet, reversing of multiple articulated vehicles by human drivers is not impossible.
Drivers are able to learn control patterns in order to maintain the vehicle controllable
domain, as shown in practice. These patterns can be different for drivers and may be
very difficult to master or understand for some drivers.

While reversing the driver tries to control the vehicle path based on observable signals
given by:

• Position and orientation of the prime mover with respect to surrounding envi-
ronment, as seen by the driver behind the windshield

• Position of the towed vehicles relative to each other and within the surrounding
environment as seen by the driver from the rear view mirrors

• A sound or visual signal indicating the distance of the rearmost vehicle combi-
nation point to an obstacle.

To control the vehicle combination the driver can actuate the vehicle combination by:

• Forward and reverse driving

• The steering wheel angle.

In the next section a number of experiments will be defined in order to understand
the driver control decisions and behavior. Subsequently, possible causes leading to
mistakes will be identified which result in losing or complicating the control while
reversing.

6.3 Tests with novice drivers

A double articulated vehicle combination has been used for conducting the reversing
experiments. The vehicle combination consists of a 6x2 tractor, a 2-axle semitrailer
and a 2-axle central axle trailer, as shown in Figure 6.2. The tractor is not equipped
with any driver support system for reversing and none of the towed vehicles is ac-
tively or passively steered. Both towed vehicles are however equipped with deployable
outriggers, which are normally used to prevent the vehicle combination from roll-over
during dynamic tests. In this case, they can be used as additional reference means
for the drivers to better estimate the relative orientation of the vehicle units.

The vehicle is instrumented with a number of sensors to record vehicle states such
as position, velocities, and accelerations of each vehicle body in translational and
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Figure 6.2: Vehicle combination used in reversing tests.

rotational direction. Furthermore the articulation angles between the vehicles are
measured. Several cameras are attached to the vehicle bodies to record the vehicle
motion, these views were however not provided to the driver, so they could not be
used during the experiment as an aid.

The main focus of the tests is the driver monitoring while reversing. Therefore driver
actuation of the vehicle is measured consisting of the steering angle and vehicle veloc-
ity induced through the accelerator pedal position. To map the driver view and the
gaze direction the eye tracking glasses were used [123]. The eye tracking technique
is widely used in psychology research, cognitive linguistics and product design. The
glasses can be seen as an ‘eye scanner’. As can be seen in Figure 6.3a, the glasses have
an infra red light (IRL) emitter/receiver (red solid arrow) that emits an IRL beam
to the pupil. The beam is subsequently reflected back and the gaze vector can be
determined based on the directional offset. A second part of the eye tracking glasses
is the built-in SVGA camera, indicated by blue dashed arrow in Figure 6.3a. The
video signal of the camera is subsequently synchronised with the measurements of the
gaze direction from the IRL sensor. Proper synchronization is achieved through the
calibration procedure that is executed for each driver separately to acknowledge dif-
ferent shapes of the faces. The calibration is done by prescribed procedure, whereby
the driver looks to a predefined grid of external IRL emitters. An example of the
resulting video output can be seen in the snapshot shown in Figure 6.3b. The red
circles represent the gaze direction and the line in between the circles represents the
motion of the gaze. The eye tracking signal together with articulation angles, steer
angle, and the velocity are the main sources in the analysis.

Experiments are based on real-life operational scenarios, which involve reverse ma-
noeuvring at low-speeds. They have been executed at the WABCO proving ground
near Hannover. The measurements were conducted with seven test drivers of varying
age and experience. It should be emphasized that none of the drivers had previ-
ous experience with driving and reversing of high productivity vehicles, although one
has had some experience with a truck - full trailer combination, which also has two
articulation points.
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(a) (b)

Figure 6.3: (a) Tobii eye-tracking glasses (b) Illustration of the drivers view with the
gaze point.

(a)

(b)

Figure 6.4: Reversing manoeuvres: a)space straight lane b)space curved lane.
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Two test scenarios have been considered:

• Firstly, all drivers are asked to perform a reversing manoeuvre in a straight line
within a 7.4 m wide lane. The minimal length to complete the manoeuvre was
set to one hundred meters, however if the drivers wanted they could proceed fur-
ther in the corridor. The initial position of the vehicle is precisely in the middle
of the lane with zero articulation angles, as depicted in Figure 6.4a. In case of
undesired jack-knifing the drivers are allowed to correct the vehicle articulation
angles by driving forward. The drivers can freely choose the velocity and strat-
egy to finish the manoeuvre; the only requirement is to stay within the width of
the lane with all vehicle units. The test has been performed with three drivers
in two configurations, without and with deployed outriggers, while each driver
had three attempts for each experiment. The remaining four drivers performed
the manoeuvre with deployed outriggers only, due to the time constraints.

• The second reversing manoeuvre, as shown in Figure 6.4b, has an identical initial
position but in addition includes cornering. It starts similarly as reversing in a
straight line in the previous case, but after fifty meters the direction of the lane
is angled by thirty degrees. Herewith the drivers are allowed to cross the outside
lane boundaries during manoeuvring, but had to finish between the lines on both
sides of the road at the end of the curve. As the manoeuvre is more complicated
the outriggers were always deployed. Moreover it has been undertaken only with
four test divers that performed best in the previous scenario, with two attempts
per driver.

6.4 Results form the experiments

Several hours of measurement data were collected and analysed. The results will be
discussed separately for each experiment:

• Straight-line reversing, with and without deployed outriggers

An analysis of the results reveals that monitoring the relative orientation of the
vehicle units, especially the angle between last two units, is extremely important
for the driver to successfully position the vehicle combination. It is very compli-
cated for the drivers to extract this information from the available visual input,
as observed from the eye tracking data. They typically try to find visible refer-
encing points on the vehicle units, which are used for estimating positions and
angles. Eye tracking measurements furthermore reveal that all involved drivers
were using the outriggers, when available, as referencing points. An example
of continuous gazing between the outriggers, to estimate the orientation of the
last vehicle, is shown in Figure 6.5. When the outriggers were not deployed, the
performance of the drivers substantially degraded. Subsequent interviews with
the drivers confirmed the hypothesis that outriggers have a positive contribution
to the driver’s perception of the positioning of vehicle units.
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Figure 6.5: Continuous gazing between the outriggers to estimate the orientation of
the last vehicle unit, as observed on majority of drivers

An exemplary comparison between the measurements time histories captured
with and without deployed outriggers for longitudinal velocity, articulation an-
gles, driver actuated steering angle and distance travelled is shown in Figure
6.6.

Two additional objective measures are used to compare the drivers performances
in both scenarios. Firstly, the average speed is considered, which is calculated
by averaging of all driver’s attempts. It quantifies as a measure for the rate of
the progress with the task. In Figure 6.7, it can be observed that the speed
is generally higher for all drivers when the outriggers are deployed, which can
be translated into increased drivers confidence and awareness about the vehicle
state, leading to a higher speed.

As the vehicle combination is unstable during reversing an oscillatory like steer-
ing input from the driver is required to stabilize the vehicle combination along
a straight path. Hence, the number of zero crossings of the steering angle signal
during the manoeuvre was counted and used as second measure, to quantify the
steer activity of the driver. The total count is normalized by the achieved dis-
tance, as this value vary per driver. This distance normalized steer activity can
be correlated to the driver’s effort to stabilize the vehicle combination during
the reversing manoeuvre.

In Figure 6.8 the results are depicted, which supports the hypothesis that the
presence of outriggers improves the driver performance, as the steer activity
for all drivers is lower for that condition. In case of drivers #2 and #3 this
difference is more visible than for the driver #1. Moreover, none of the drivers
was able to completely finalize the task without the outriggers, because the
vehicle was either crossing the lane or was brought in a state of articulation
angles which prevented any continuation of the reversing manoeuvre.
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Figure 6.6: Measurement time history of a driver executing the straight lane reversing
manoeuvre with and without deployed outriggers providing a) Longitudinal velocity,
b) Articulation angles, c) Steering angle, d) Distance travelled.
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Figure 6.7: Average speed comparison

Figure 6.8: Average steer effort per travelled distance comparison

Remaining four test drivers completed the test only with deployed outriggers
due to available testing time, so the direct benchmarking is not possible. Nev-
ertheless, reviewing the eye tracking data confirmed that also these drivers used
the outriggers as referencing points for estimating the positions and orientations
of the vehicle units.

• Reversing a curved lane with outriggers

During the second test the vehicle has to be navigated through a curve with a
thirty degree angle, as shown in Figure 6.4b. As cornering is required, bigger
articulation angles and new issues related to the reversing in a curve have been
observed.

As observed, a critical moment occurs when the orientation of the articulation
angles between the interconnected vehicles becomes opposite. In this case the
first trailing vehicle conceals the second trailing vehicle unit that needs to be
controlled. Thus the driver does not get any visual input on the second vehicle
and the control of the whole combination becomes extremely problematic. This
is illustrated in Figure 6.9 where the view and the gaze point of the driver during
this scenario is shown. As can be seen neither the left rear mirror or the right
mirror in Figure 6.9 does provide any information on the second trailing vehicle
unit. This visual information is however of a great importance for adequate
control.
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(a) (b)

Figure 6.9: (a) Drivers view and gaze left rear mirror (b) Drivers view and gaze right
rear mirror.

A second observation, which was already recognized in the first test scenario, is
related to the reachability of the vehicle configuration. A term reachability in
this context refers to an ability of the vehicle combination to reach from an ini-
tial state, defined by the combination of articulation angles, a state when both
articulation angles yields zero, while maintaining the reversing direction and
actuating the steering angle within applicable mechanical limits. In practice it
means that if the reachability limits are exceeded by incorrect steering actions
while reversing the test vehicle is be brought into a state, which is not stabi-
lizeable anymore. The driver has no awareness on this, continues reversing and
attempts to control the vehicle. In this situation at least one articulation angle
will always continue to increase and the driver eventually decides to stabilize
the vehicle combination by a forward drive, being the only way to straighten the
vehicle combination again. This move however takes considerable distance and
may result in situation that the driver ends-up further away from the destination
point, compared to the starting point.

The reachability limits are governed by the maximal applicable steering angle
and principal vehicle combination dimensions such as wheel bases and posi-
tions of coupling points. In Figure 6.10 the reachability limits are provided
for the tested vehicle combination (TR6x2-ST2-CT2), based on the simulations
described in [72]. The red crosses indicates the combination of the articulation
angles for which the vehicle combination can not be brought into the straight
configuration with zero articulation angles while respecting the vehicle combi-
nation dimensions and maximal steering angle. The green circles signify combi-
nations of articulation angles, which still can be reduced to zero while reversing.

The situation of exceeding reachability limits as captured during the reversing
for a curved lane measurement is shown in Figure 6.11. Hereon, the driver en-
deavours to reduce the second articulation angle γ2 in order to straighten the
vehicle combination by multiple steering actions in the time interval between
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Figure 6.10: Experimental vehicle reachability in dependency of articulation angles,
red crosses the vehicle combination can not be straightened, green circles the straight-
ening is possible.

80-120 seconds even though the reachability limits, designated by the dashed
and dotted line, were exceeded. As can be observed γ2 remains unchanged even
though the first articulation angle γ1 reaches up to forty degrees. Moreover,
the driver is suffering with limited view as the first trailing unit is concealing
the second one. Hence, the driver eventually decides to straighten the combina-
tion by forward driving in a time interval between 130-150 seconds, which was
however inevitable already on the time stamp of 80 seconds.

To summarize the results, following reasons can be identified which are making the
reversing difficult for the driver :

• Limited view of the driver

• Instability of the vehicle combination

• No driver awareness of the reachability limits

6.5 Improving driver performance

In order to improve the driver performance, while reversing multiple articulated ve-
hicles, a general framework for a driver support system will be discussed.

The primary problem for the driver is the limited field of view, which is preventing to
observe the absolute position of the vehicle combination with respect to its surround-
ings and the relative pose of vehicle units with respect to each other. This may be
solved by employing a number of cameras that can be placed on the body of vehicle
units to monitor vehicle movements and provide additional information to the driver
during the reversing manoeuvre. This solution may not be easy to implement in to
real life situations however. It is very common that the owner of the hauling unit
and the owner of trailing vehicle units are two different entities, therefore one can
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Figure 6.11: Time history of a driver executing the reversing on a curved lane pro-
viding a) Steering angle, b) Articulation angles, c) Longitudinal velocity.

not guarantee compatibility of such a camera system. This is one reason why the
most of the technology and sensors are typically concentrated in the hauling unit,
making it independent of trailing vehicle units. In case that cameras are used, robust
and straight-forward interpretation of multiple camera signals to the driver would be
required to prevent driver’s confusion or misinterpretation. An optimal solution most
likely is to combine the camera images and create an artificial bird’s eye view of the
vehicle combination and its surroundings. This solution would be rather intuitive for
the driver and solves the problems with missing referencing points and shading of
vehicle units one by another, which has been observed during the experiments.



IMPROVING DRIVER PERFORMANCE 111

The remaining two reasons being the instability of the reversing vehicle combination
and its reachability limits, are in fact interlinked. They become a problem for the
driver if the control of the steering angle is not done correctly. From the observations
it appears that a major challenge for the driver is controlling the articulation angles.
Essential problem occurs in the directional control of the rear most vehicle unit while
reversing, which needs to be exerted through the steering of all preceding vehicle
units. This is however fairly difficult as the vehicle combination is unstable and
may display non-minimum phase behaviour while reversing. It practically means
that if the hauling unit is steered to a certain direction the interconnected loading
vehicle unit may turn in the opposite way according to the position of the coupling
point. Moreover, every vehicle combination needs to be controlled in a specific manner
because of different dimensions, which determine the vehicle kinematics. The issue can
be solved by a steering coach system, which instructs the driver how the steering angle
should be controlled in order the follow the path connecting destination point and
current vehicle position. The form how the information is provided to the driver may
be haptic-based through the e.g. steering wheel or vision-based using the elements of
augmented reality. The steering coach will in addition ensure that reachability limits
will not be exceeded such that the tracking of the reference path is done correctly.
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Chapter 7

Driver Support for Low-speed
Manoeuvring

7.1 Introduction

As mentioned in Chapter 6, reversing a multiple articulated vehicle combination
proves to be problematic for a driver, because of vehicle directional instability and
lack of visibility from the cabin. More importantly, the reversing can not be avoided
during daily operation and is demanded anytime the vehicle combination needs to
be parked towards loading dock at the distribution centres, where the manoeuvring
space is typically very limited. Hence, in this chapter the two main components of
driver support for manoeuvring of double articulated High Capacity Vehicle at distri-
bution centres are described, being the path planner and bi-directional path following
controller.

This chapter begins with a literature review on path planning techniques and path
tracking controllers for reversing articulated vehicle combinations. The next sections
cover the derivation of a kinematic model for a double articulated vehicle that will be
used as a basis for both the path planning algorithm and path tracking controller, that
are described respectively. The chapter is concluded with general principles related to
the implementation of the driver support system addressing the vehicle localization
and the means the information as provided to the driver.
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7.2 Literature Review

The proposed driver support for manoeuvring HCVs is based on two sub-systems:

1. Path planning - responsible for the generation of the reference path between an
initial and terminal pose of vehicle combination assuming constant forward and
reversing speed,

2. Path following controller - responsible to regulate the steering angle and navi-
gating the vehicle combination along the reference path.

Therefore at first a review on different path planning strategies will be given. Subse-
quently, the research available on controllers intended for reversing articulated vehicles
is reviewed.

The path planning problem belongs to the broad field of motion planning. Therefore
only the research related to articulated vehicles, and low speed operation is discussed.
The general purpose of a path planning algorithm is to generate a path between the
pose at initial and the destination node, while considering the kinematic constraints
of the vehicle combination and where a certain cost function that is typically related
to the length of the path is minimized. Furthermore, jack-knifing should be avoided
as well as collisions between coupled vehicle units and stationary objects, such as
other parked vehicle combinations.

A method called Rapidly-exploring Random Trees (RRT) is introduced by [81], which
is specifically designed to handle systems with non-holonomic constraints in an un-
known environment which may include stationary obstacles. RRT is iteratively prop-
agated by applying control inputs, represented in this context by a steering angle, that
navigates the system toward randomly selected points, while requiring point-to-point
convergence. The RRT method is considered as an effective approach to the computa-
tionally difficult motion planning problem, but there are no guarantees on the quality
of such solution, in terms of path length or unnecessary curves, as proven in [62].
This approach almost surely converges to a non-optimal solution. This limitation is
addressed by an improved algorithm called RRT*, proposed in [63], which ensures
asymptotic optimality through a cost function driven procedure of the path extension
towards the new path vertex. Extensive and frequently referred literature related to
the motion planning for mobile robots, resembling a tractor-trailer combination, is
authored by Laumond et al. [80]. An alternative method of motion planning applied
to a n-Trailer system is to use graph based planners like the A* or D* path planner
[117], [119], which are however not feasible for real time application, due to their
complexity and computational demand.

In [106], a collision free path planner for specific double articulated vehicle is proposed
where the path properties in terms of the curvature for the rear-most vehicle unit are
analysed and an empirical relationship is mapped between the length of the path
and the curvature. Subsequently a library of viable path segments is generated and
Dijkstra grid search algorithm is applied to connect the segments together in order
to generate a path which is collision free.
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Zips et al. [140] propose a path planning algorithm applied to the docking scenario,
which is using elementary kinematics and makes the approach less computationally
demanding. The initial path is planned from the destination pose towards the initial
pose using a tree based path planner, and subsequently refined solving an optimal
control problem using heuristic rules for direction changes.

As proved by Dubins in [25], the shortest path between two nodes in the two dimen-
sional Euclidean plane, while driving in one direction with a non-articulated vehicle,
can be reached by a combination of circular arcs with prescribed maximum curvature
and straight lines. The maximal curvature limit of the arc is defined by the vehicle
wheel base and maximum applicable steering angle. As an input to generate the
Dubins path the initial and destination pose is required.

Since the Dubins curves are computationally very efficient and ensure the optimality
in terms of length, their relevance in combination with the initial path generation
described in [140], will be explored further.

Next the path following controllers for reversing of articulated vehicles at low-speeds
are reviewed, which is a classical nonlinear control problem. Most of existing ap-
proaches come from robotics. They typically address the problem for single articu-
lation vehicles only and often through the development of complex, nonlinear con-
trollers. These may prove to be difficult to implement or adjust if the vehicle di-
mensions and number of articulations differ. Moreover exact model parameters are
required which may be difficult to obtain in practice.

Rouchon et al. [109] proved that system of the car with n-trailers is differentially
flat, which can be compared to the controllability characteristics of a linear system.
Considering this property, a stabilizing feedback control law is defined by [54], and
[101]. Even though the applied control approach is theoretically stable, the multiple
derivatives and integration make this method extremely sensitive to noise in the state
estimation. Moreover, tuning of the control gains appears to be difficult due to their
coupled effect on all the vehicle states, and the absence of any physical meaning.

Welsh et al. [133] propose a control law that is in theory exponentially stable and
which can stabilize the tractor-trailer vehicle combination. The approach estimates
the gain for the linear control law for each point of the reference trajectory using cur-
rent position and upcoming shape of the trajectory. The control law is robust with
respect to initial condition errors, perturbations introduced along the trajectory and
the noise in the sensor data. The robustness with respect to the variation of vehicle
parameters, which are accounted to be known exactly, is not however discussed. The
pre-computation of the gains involves complicated integral estimations that may be
prohibitively long in case the trajectory is longer than a number of meters. Fur-
thermore, the method does not provide any means to prevent the vehicle from the
irrecoverable jack-knife situation.

An alternative approach based on ideas of Model Predictive Control (MPC) may be
found in [24] and [3]. These schemes use optimization in order to derive a sequence
of commands that will navigate the tractor-trailer combination to the reference tra-
jectory or path. Both methods employ a linearised kinematic vehicle model, which is
a part of the simulation process to compute the commands that will lead to the best
tracking of the reference trajectory. The trajectory can be optimized in accordance
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with a selected cost function, which can be minimal time, minimal control effort, or
a combination of both. Using this approach, obstacle avoidance can be also imple-
mented by adding position constraints through boundary coordinates such as done
by [97].

Additional methods for controlling tractor-n-trailer combinations based on nonlinear
control techniques employ feedback linearisation [22],[10], model-based state feedback
optimal control [55], backstepping [138], or fuzzy control [121], [104].

A fundamentally different technique for reversing control of articulated vehicles ex-
ploits the concept of virtual tractor. Hereby, the rear most trailer is regarded as a
virtual tractor, which is controlled along the reference path by propagating virtual
set-points through the kinematic chain of the vehicle combination to the steered trac-
tor. A very good overview of research using this principle in different ways is given
in [89]. As the theory of a virtual tractor originates from robotics, the tractor is
typically modelled without velocity-dependent constraints, and thus the translational
and rotational velocities can be actuated independently. The reviewed approaches
mainly differ from the perspective of the articulation joint position that may be po-
sitioned directly above the axles [86], or having an offset with respect to the axles
[20],[137], [108]. The results of these studies show that virtual set-point propagation
back to a tractor through identical or heterogeneous off-hitched trailers leads to good
performance in trajectory tracking. The errors that may occur in the joint angle
measurement, result in deviations from the path, but do not provoke instability [20],
which is a beneficial property.

Since the concept of virtual tractor is applicable to arbitrary vehicle combinations
defined earlier, it will be used for developing a path following controller, together
with the aforementioned Dubins curves for path planning.

7.3 Path Planning

As can be seen in Figure 7.1 the vehicle combination is originally positioned in the
transfer lane which goes parallel with the distribution center and needs to be parked
perpendicularly to the loading dock represented by the the origin of the coordinate
system ~e 0. This manoeuvre is commonly known as a docking, and according to the
interviews done with the stakeholders in logistics, and spatial planning of distribution
centres, the perpendicular layout is most frequently used. Therefore it will be used
as representative scenario for the path planner definition.

The role of the path planner is to establish a set of reference nodes Ri, in the Euclidean
plane R2, where i = {0, n},∈ Z+, while minimizing the path length between known
initial pose R0 and terminal pose Rn of the controlled point U and considering its
operational constraints. Each node is defined as Ri = [Xref(i), Yref(i), θref(i)] in ~e 0,
where Xref(i), Yref(i) are positions, and θref(i) represents the orientation. Figure 7.1
depicts the initial and terminal pose of the last vehicle unit R0 and Rn, respectively,
as well as the location of the controlled vehicle point U , which is based in the middle
of the axle positions of the last vehicle unit. The resulting array of reference nodes
Ri can be used as an input for the path tracking controller to be defined later.
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Figure 7.1: Path planner initial and terminal pose.

A number of assumptions and constraints are taken into account considering the
perpendicular docking manoeuvre, which is depicted in Figure 7.2. At first, the
origin O of the coordinate system ~e 0, in which the path is defined, is located at the
center of the docking gate. It enables to explicitly define the terminal pose being
Rn = [0, Q, π/2] where Q is the rear overhang defined as the distance between the
central turn point and the rear end of the last vehicle unit.

Applying the next constraint in practice means that the driver has to stop the vehicle
combination before the loading dock, to receive support from the path planner. Thus,
the initial position of a Xref(0) expressed in ~e1

0 must satisfy the condition |XIP | >
|M |, where M is the distance between the controlled point U and the frontal plane
of the hauling unit measured with zero articulation angles in ~e1

0. This condition is
established to prevent that the initial position of the vehicle front crosses axis ~e2

0 of
coordinate system ~e 0.

Furthermore, the initial position of all four corners H(1−4) of the last vehicle unit

measured in ~e2
0 must lie within the upper and lower limits defined by the width of the

transfer lane and which are given by max|H(1−4)| < Ymax, and min|H(1−4)| > Ymin.
The positions of last trailing vehicle unit corner points H(1−4) are dependent on
external dimensions represented by N and Q, depicted in Figure 7.2, as well as vehicle
initial localisation represented by θref(0) and Yref(0), which are all assumed to be
known.
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Figure 7.2: Presumptions and constraints of path planner.

No static nor dynamically moving obstacles are considered, except for already parked
vehicles, as localization of the moving obstacles is considered to be outside the scope
of the current framework. The set of assumptions is completed by known vehicle
dimensions, as well as the maximal applicable steering angle δmax of the hauling unit.

The principle of the path planner will be explained next. A docking manoeuvre is
typically performed in two steps as shown in Figure 7.3. The first step, driving in
forward direction along the green-coloured curve p between the nodes R0, and node
A, is exerted to manoeuvre the vehicle combination in a pose that will be favourable
for the start of the second step. The second step is the motion driving along the
blue-coloured curve q in reverse direction between the nodes A and Rn. The main
goal of the path planner is to generate a path that will be optimal with respect to the
travelled distance for both steps and which ensures that the transition between the
steps will be seamless, i.e. the reversing move starts from the node where the forward
move ends. The path needs to be kinematically viable, which implies that rotational
movement of all vehicle units is coupled to their translation and can not be actuated
independently. No lateral or longitudinal tyre slip is assumed.
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Figure 7.3: Two-step docking manoeuvre along curves p and q.

The path planning problem can thus be split in two sub-parts; the forward move,
and the reverse move. For clarity, we will start with the determination of the red-
coloured dashed curve r in Figure 7.3, that will subsequently enable the definition
of the blue-coloured curve q for the reverse motion of a double articulated vehicle
combination.

The path definition is based on the kinematic behaviour of a double articulated ve-
hicle, which can be described through a model which comprises the nonholonomic
constraints as follows:

ẏ0f cos(θ0 + δ)− ẋ0f sin(θ0 + δ) = 0,

ẏ0 cos θ0 − ẋ0 sin θ0 = 0,

ẏ1 cos θ1 − ẋ1 sin θ1 = 0,

ẏ2 cos θ2 − ẋ2 sin θ2 = 0,

(7.1)

while adopting the nomenclature of Figure 7.4.
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Figure 7.4: Kinematic model of double articulated vehicle combination.

The vehicle kinematic behaviour may be described through a set of differential equa-
tions:

θ̇0 =
v0

L0f
tan δ, (7.2)

θ̇1 =
v0

L1f
sin γ1 +

L0b

L1f
θ̇0 cos γ1, (7.3)

θ̇2 =
v1

L2f
sin γ2 +

L1b

L2f
θ̇1 cos γ2, (7.4)

v1 = v0 cos γ1 − L0bθ̇0 sin γ1, (7.5)

v2 = v1 cos γ2 − L1bθ̇1 sin γ2, (7.6)

, where γ1 = (θ0 − θ1), and γ2 = (θ1 − θ2) are the articulation angles and L0b, with
L1b are coupling joint positions w.r.t the rear axle. Note that both L0b and L1b are
measured in ~e 1 and ~e 2, respectively, implying they are positive for the fifth wheel
coupling that is in front of the rear axle, and negative for the draw bar coupling that
is behind the rear axle, such as depicted in Figure 7.4 for rigid truck with two central
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axle trailers, which will used hereafter as representation of double articulated vehicle
combination. The equations (7.2)-(7.6), can be further used to derive the velocities
of the rear most turn point in ~e 0 given by ẋ2 and ẏ2, respectively:

ẋ2 = v0 cos θ0 − L0bθ̇0 sin θ0 + L1f θ̇1 sin θ1 − L1bθ̇1 sin θ1 + L2f θ̇2 sin θ2, (7.7)

ẏ2 = v0 sin θ0 + L0bθ̇0 cos θ0 − L1f θ̇1 cos θ1 + L1bθ̇1 cos θ1 − L2f θ̇2 cos θ2. (7.8)

The curve r, depicted in Figure 7.3, is constructed by x2(t), y2(t), and θ2(t), which
can be obtained by solving equations (7.7), (7.8), (7.4) whilst equating the initial
conditions to the destination pose Rn. Thus we will let the kinematic vehicle model
drive from the dock in forward direction considering a constant positive velocity v0,
and providing a steering angle δt according to:

[δ, t]T =

[
0 0 δmax δmax
0 t1 t1 + dt tmax

]
, (7.9)

where δmax is the maximal steering angle, which can be applied to the vehicle com-
bination without jack-knifing, t1 = M/v0 is the time the vehicle combination needs
to leave the docking alley between two already parked vehicle combinations, and
tmax = t1 + (πL0b)/(v0 tan δmax) is the time the prime mover needs to complete the
semi-circle that ensure that the curve r is sufficiently long for the next steps. δmax is
defined according to principles of maximal curvature limits as published in [87]:

δmax = arctan
L0f

max

(√
L1f

2 − L0b
2,
√
L2f

2 − L1b
2

) . (7.10)

This definition of steering angle with respect to time will guarantee that the vehicle
combination envelope during the move will not interfere with other stationary vehicles
that are assumed to be already parked, yet the potential of the path curvature will be
maximally exploited reducing the required manoeuvring space. The full derivation of
the kinematic model can be found in Appendix B.

Next, a node A = [Xref(A), Yref(A), θref(A)] on the curve r, has to be found which
enables a feasible path for controlled point U from the initial pose R0 along the curve
p, as depicted in Figure 7.5. The node A where the vehicle changes from forward to
reverse driving has to be chosen such that the length of the curve ||p|| is minimized.
The segment on the path r that is defined between nodes A and Rn is then declared
as curve q, and this specifies a set of reference nodes for the reverse motion as shown
in Figure 7.5.
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Figure 7.5: Distribution of A(i) nodes on curve r in segments between C and D.

The node A is found as follows. First, a number of equally distributed test nodes B(i)

is established on the section of the curve r limited by nodes C and D. The node C is
defined by the intersection of curve r with boundary of the transport lane, and node
D is given by the last point on curve r which originates at the terminal pose Rn in
~e 0, as depicted in Figure 7.5. For each node B(i) a path exists towards R0 applying
the principle of the Dubins path [25]. A Dubins path is a curve of minimal length
between two nodes in the two-dimensional plane whilst assuming that the vehicle
negotiating the path can travel forward only. The curve is a combination of straight
line segments and curved segments, which constitute a curve of shortest length that
connects a starting pose to a terminal pose, while not exceeding the path curvature
limit. Hence, the inputs to generate the Dubins path consist of the prescribed initial
and terminal poses, R0 and Rn, respectively, and a limit for path curvature κmax.
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path length for the forward motion.

Selecting κmax plays an essential role for a properly functioning path planner. In
theory, the shortest path is achieved by fixing the maximal curvature limit of the
Dubins path as high as possible , implying the radius will be close to zero. Such
a path however, would result in extremely tight curve p, and its tracking by the
last vehicle turn point U would be physically impossible due to the nonholonomic
constraints. In contrast, setting the limits of κmax too low would make the path
tracking easy, but it leads to an excessive length of curve p. For establishing the
curvature limit κmax the length of the path required to build-up the curvature has to
be considered as well as the vehicle dimensions and maximal applicable steering angle.
Through numerous simulations of various HCV’s it has been observed, that a good
balance between the path tracking ability and sharpness of the curve p is achieved by
taking the maximal curvature limit κmax for Dubins path equal to the curvature of
the rear most vehicle turn point U achieved at node D in Figure 7.5. Herewith, the
travelled distance to build up the curvature is comparable and thus can be projected
to establish κmax.
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All required inputs for construction of Dubins path are now defined, thus a path
can be established from known initial pose R0 to all test nodes Bi, distributed with
constant step size along the segment of r bounded by the points C = B0 and D = Bn.

Subsequently, a test point B∗, depicted in Figure 7.5, can be found through minimiza-
tion of the path length min||pB(i)||, i = {0, n},∈ Z+ among all test points B(i). The
point B∗ will be afterwards used as a starting point for second round of minimization.
In order to seek for a local minimum, the second round of minimization is uses test
nodes A(i) which are finely distributed over the segment of the curve r bounded by
nodes B∗ = B(i) equal to B(i−1). The result of the minimization thus delivers the
node A laying on the curve r, which ensures the shortest path towards R0 and yet
satisfies the constraints of the Dubins path. The minimization process to identify
node A is illustrated in Figure 7.6, where the length of the Dubins path |p(i)| during
the minimization is depicted in dependency of the position on the curve r. It is noted
that between points C and A a step increase of the length occurs. The step change is
caused by the development of the Dubins path which turns from a convex to concave
shape, such as also illustrated in Figure 7.5. The aforementioned algorithm proved
to be fast in calculation and applicable to arbitrary articulated vehicle combination.

7.4 Bi-directional path following controller for an
articulated vehicle

The main role of the path following controller is to navigate the central turn point U
of the last vehicle unit along the reference path, whilst actuating the steering angle
δ of the hauling unit. It is required that the controller is bi-directional, thus working
for both the forward and reverse motion in the docking manoeuvre, and needs to be
modular to be applicable to multiple vehicle combination layouts.

In this section, the control problem will be formulated at first using already described
kinematic vehicle model representing an arbitrary vehicle combination. Next, a con-
troller for both forward and reverse driving direction is designed, using the principles
of the virtual tractor, which is further enhanced by the improved driver model en-
suring the tracking error decreases asymptotically. Subsequently, the controller is
subjected to a closed loop stability analysis, which concludes this section.

The control problem is formulated as a path following problem. The vehicle combina-
tion is considered with respect to a set of known reference nodes Ri which constitute
the reference path generated by the path planner as shown in Figure 7.7. Each node
Ri is defined by the position represented by (Xref(i), Yref(i)) and orientation repre-
sented by θref(i), all measured in ~e 0. Although the reference path is characterized by
discrete nodes, thanks to their high density no interpolation is considered.

The relevant reference point RREL is selected based on the actual position of the
controlled point U . RREL is determined by evaluating which point Ri of the reference
path has the minimal absolute distance towards the controlled point U . Thus RREL =
minRi

d(Ri), where d(Ri) =
√

∆xi2 + ∆yi2, and ∆xi, ∆yi are position errors of
the point U with respect to Ri given by; ∆xi = x2 − Xref(i), ∆yi = y2 − Yref(i),
respectively.
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Figure 7.7: Determination of relevant reference path point which is used to determine
the tracking errors

Based on the identified reference point RREL, the lateral error eyU can be obtained in
the local coordinate system ~e 3 fixed to the controlled turn-point U of the rear-most
vehicle unit. The lateral error reads:

eyU = ∆y cos θ2 −∆x sin θ2. (7.11)

Besides the lateral error, an angular error eθU will be employed too in order to ensure
the rear most vehicle has the same orientation as the relevant reference point RREL.
The angular error is defined by:

eθU =

{
θref − θ2, |θref − θ2| ≤ π,
θref − θ2 − 2πsign(θref − θ2), otherwise.

(7.12)

The definition of angular error ensures that it is also correctly interpreted also when
eθU > π, which may occur while negotiating circles when θ2 → 2π.

To formalize the control problem we will employ the model of nonlinear kinematic
double articulated vehicle derived earlier in section 7.3 by (7.1-7.6), which can be
rewritten as follows:

ẋ(t) = f(x(t)) + g(x(t), u(t)),

y(t) =

x2(t)
y2(t)
θ2(t)

 , (7.13)
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where x = [θ0, θ1, θ2, x0, y0]T are system states, u = [δ] is the control input represent-
ing the steering angle of the hauling unit, the velocity of the hauling unit v0 is known
to be constant which can be either positive or negative, and y is the output which
gives the pose of the point U given by x2, y2, and θ2. To solve the control problem
the goal is to design the control input u such that closed-loop stability is guaranteed
and the controlled output y follows the reference path, such that:

e(t) :=

[
eyU (t)
eθU (t)

]
= h (y (t) , Ri)→ 0, for t→∞. (7.14)

In Figure 7.8, the control loop structure is depicted. As can be seen, it includes a
known set of reference path nodes from which the relevant nodes are selected based
on the current pose of point U , a controller, and kinematic model of the double
articulated vehicle represented by (7.13). The controller consists of three blocks being,
an error definition, a driver model and the inverse kinematic equations, respectively,
which will be described hereafter.

The driver model is similar to models commonly used for forward driving of passenger
cars or robots as described by e.g. Amidi [4] or McRuer [85]. In our case the driver
model uses two look-ahead points to account for the lateral and orientation error
with respect to a predefined reference path. The ’closer’ point maintains a central
lane position of the reference path and a ’distant’ point accounts for the upcoming
roadway curvature. This logic proves to be rather consistent with human steering
profiles according to research documented in [111].

The driver is assumed to be positioned above the rear-most vehicle turn-point, des-
ignated by U . The controller is intended for the bi-directional operation thus the
orientation of the driver’s gaze direction is consistent with velocity v2, defined in lo-
cal coordinate system ~e1

3, which can be both positive or negative as shown in Figure
7.9.
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At first the error models which will be used as inputs for the driver model need to be
established. The driver model look-ahead vector is defined by ~H1 = îv2PD1 , where
the PD1

is the preview distance, and îv2 is the unit vector oriented according to v2, as
depicted in Figure 7.9 a), and b). The lateral error ey1 , measured in ~e2

3, is determined

via an orthogonal line which is projected from the end of the look-ahead vector ~H1 to
the nearest node of the reference path RREL1

. On basis of the lateral error ey1 and

the magnitude of look-ahead vector ~H1 the correction angle φ1 can be calculated as

φ1 = atan
(
ey1
| ~H1|

)
. Similarly the correction angle φ2 is obtained through the preview

distance PD2
and look-ahead vector ~H2, defined via φ2 = atan

(
ey2
| ~H2|

)
, as can be

seen in Figure 7.9. PD2 has been set to be implicitly dependent on PD1 such that
PD2

= kPD1
, where k is a scaling parameter to be tuned. The resulting correction

angle φ, which is responsible for reduction of the lateral error based on profile of the
reference path at given preview distance, is given by a weighted summation of φ1 and
φ2:

φ = w1φ1 + w2φ2. (7.15)
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The relative weighting between φ1 and φ2 through constants w1 and w2 enables to
prioritize between the precise tracking of the reference path, which is preferable during
low-speed manoeuvring, or smoothness of the path that is desirable at high-speeds.
Hence in the low-speed case, the weighting is in favour of the closer preview point, de-
termined by ~H1. As the intention is to limit the number of scaling parameters to ease
up the implementation and avoid unnecessary complexity for subsequent optimization
the weighting factors w1 and w2 are constrained as follows:

w1 = 1− w2,

w1

w2
=
PD1

PD2

,
(7.16)

which considerably simplifies the tuning process of the controller.

Next, the driver model considers the lateral error eyU of the point U to the relevant
point of the reference path RREL in accordance with the definition used for the control
problem formulation and given by (7.11).

The last error component used as an input to the driver model is the angular error
eθR1

. To compensate for the profile of the reference path at given preview distance
the angular error is defined as:

eθR1
= θ2 − θRREL1

, (7.17)

where θ2 is the orientation of point U , and θRREL1
is the orientation of the reference

path at relevant point RREL1
, which is also employed to calculate ey1. Both θRREL1

,

and θ2 are measured in ~e 0. Contrary to eθU , used for the control problem formulation,
the angular error eθR1

is determined by the relevant point of the reference path that
always lies-ahead of the controlled point U . Therefore, the driver model has a time
to react, which is not the case if the eθ is considered.

The driver model functions as a Proportionally-Integral controller, using the various
errors as defined previously and determining the virtual steering angle δ∗ as:

δ∗ = Kyφ+KI

∫
eyU +KθeθR1

. (7.18)

The term Kyφ is dominant with its contribution to δ∗ as it compensates through φ for
both lateral and angular error, which are defined by (7.11), and (7.12). The integral
term KI

∫
eyU is primarily responsible for the elimination of the lateral steady state

error, but due to the non-holonomic constraints of the vehicle model it also eliminates
the orientation error eθU . The last term KθeθR1

is contributing to δ∗ in situations
when the curvature of the reference path rapidly changes.

The application of a virtual steering angle δ∗ to the last vehicle unit would induce
a yaw velocity, which minimizes the path following errors eyU and eθU in accordance
with the control objective. However none of the axles of the last vehicle unit can
be steered. Therefore the required yaw rate θ̇2 needs to be propagated through the
kinematic chain of vehicle units back to the hauling unit whose front axle can steer
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with steering angle δ. This approach, mentioned in section 7.2, is commonly known
as the virtual tractor and will be described hereafter.

A fundamental part of the virtual tractor approach, is the inverse kinematic model,
which can be understood as a feed-forward part of the controller. The model is de-
fined using the same principles as the ordinary kinematic model of double articulated
vehicle, used for the path planner in section 7.3, however now the inputs are the
virtual steering angle δ∗, articulation angles γ1,2, and the velocity of the rear-most
trailer v2. All signals are assumed to be directly measurable or possible to acquire by
recalculations of the measurements.

The inputs can be subsequently entered into a set of equations representing the inverse
kinematic model of double articulated vehicle:

θ̇2 =
|v2|
L2f

tan δ∗, (7.19)

θ̇1 = sign(v0) · sign(L1b)

[
− v2

L1b
sin γ2 +

L2f

L1b
θ̇2 cos γ2

]
, (7.20)

θ̇0 = sign(v0) · sign(L0b)

[
− v1

L0b
sin γ1 +

L1f

L0b
θ̇1 cos γ1

]
, (7.21)

v1 = v2 cos γ2 + L2f θ̇2 sin γ2. (7.22)

The full derivation of (7.19)-(7.22) can be found in Appendix B.

The yaw rate of the hauling unit θ̇0 can be also calculated by (7.2) and substituted
into (7.21). In this way, the steering angle δ of the hauling unit can be expressed in
terms of θ2, θ1, v1, v0, which are functions of the previously determined inputs δ∗,
v2, γ1,2, resulting in:

δ = arctan

[
sign(v0) · sign(L0b) ·

L0f

v0

(
− v1

L0b
sin γ1 +

L1f

L0b
θ̇1 cos γ1

)]
. (7.23)

The steering angle δ, obtained from (7.23), can now be fed as an input to the model
representing the vehicle combination. Although the equation holds for both driving
directions, the controller gains depend on the driving direction, and the dimensions
of the vehicle combination.

The gains Ky, KI , Kθ and parameters of preview distance PD1,2 are obtained through
a step-wise tuning approach, which in principle aims to minimize the mean squared
lateral tracking error eyU , defined as:

MSEeyU =
1

n

n∑
i=1

eyU (i)
2. (7.24)
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Figure 7.10: Test case reference path used for the controller gain tuning during the
reversing. It is represented by a straight line segment which develops into circle with
constant radius R=12 m.

A test case reference path consisting of a combination of a straight road segment which
develops into a circle with a constant radius has been chosen for both forward and
reverse direction to optimize the gains. This path enables to optimize the behaviour
when the road curvature changes, moreover it allows to observe the decay of both
eyU and eθU with time. The radius is selected to achieve at least the same curvature
as the reference paths for the docking manoeuvre. In case of a vehicle combination
of a rigid truck with two central axle trailers a radius of 12 m has been selected as
depicted in Figure 7.10.

The reason for using this approach is to eliminate the sign changes of lateral eyU ,
which would indicate an oscillatory steering input which is not desirable because
of the increased steer effort. Apart from MSEeyU also eθU , and the steering angle
δ in terms of amplitude and rate limits, are monitored during the tuning process.
They are however not considered in the cost function during gain optimization as the
minimization of MSEeyU is dominant and including additional dependencies in the
cost function would increase complexity.

The tuning process consist of four consecutive steps, and to certain extent, is based
on logics of the Ziegler-Nichols approach [139] of tuning PID controllers. The steps
are as follows:

1. At first, only a single look ahead point is used by setting w1 = 1, and KI =
Kθ = w2 = k = 0. Next, the combination of Ky and PD1

is tuned, as these
two gains have the most significant impact on the poles loci of the closed loop
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Figure 7.11: MSEeyU as a function of Ky and PD1
.

transfer function which will be discussed hereafter (and as shown in Appendix
C). Permutations of Ky and PD1 are tested for a given vehicle combination for
the test case reference path. The resulting map of MSEeyU dependent on Ky

and PD1
is depicted in Figure 7.11, where the colour bar indicates the magnitude

of MSEeyU .

2. In the second step the relation between the first and second preview distance
is determined. Hence, a second look ahead distance PD2 is included and Ky,
PD1 are kept constant as obtained from step 1. The scaling coefficient k, used
to determine PD2

, is varied in interval (1.2, 2), while keeping the remaining
gains to zero. Based on the smallest MSEeyU the value of scaling coefficient k
is chosen.

3. Thirdly the integral part is included. PD1 and PD2 are kept constant at the
values obtained in step 2 through the scaling coefficient k. Ky and KI are
tuned again by minimizing MSEeyU , whilst keeping Kθ zero.

4. The last step includes the interaction of all the gains. In this step the PD1
, PD2

and KI are kept constant at the values resulting from all previous steps. The
remaining gain Kθ can not be tuned individually while disregarding Ky as both
these proportional gain values provide a similar outcome. Hence the final values
for Ky and Kθ are obtained by minimizing MSEeyU .
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Although the resulting set of controller gains does not guarantee optimal controller
performance, as the parameters have not been all tuned simultaneously, the proposed
stepwise approach is very efficient in terms of low computational demands, clarity, and
applicable for both driving directions. Moreover, it has proven to be functional for
different vehicle combinations, while satisfying the control objective. The numerical
values of all gains for two selected vehicle combinations, which are used later for the
validation, are listed in Appendix D.

Besides the tracking performance, tuning of the gains should result in a stable closed
loop system. The error model, the driver model, inverse kinematics and the vehicle
represented by the kinematic model, from scheme in Figure 7.8, are linearised for the
error stability analysis, whilst considering the vehicle combination driving along a
straight reference path.

This leads to a number of approximations as:

• All angles are considered sufficiently small such the trigonometric functions can
be simplified in following sense; cos γ1 = cos γ2 = 1, tan δ = δ, tan δ∗ = δ∗,
sin γ1 = γ1, sin γ2 = γ2, sin θ2 = θ2, cos θ2 = 1.

• Longitudinal velocities of all vehicle units in the combination are equal, i.e.
v0 = v1 = v2.

• The state equation ẋ0 = v0cosθ0 of the kinematic model which is used to derive
x2 can be disregarded. Considering the points on the straight reference path,
defined as Ri = [Xref , 0, 0], the longitudinal component ∆x=x2-Xref measured
in ~e 0, and used as input to calculate the lateral error eyU according to (7.11),
will always result nil because x2=Xref .

The set of linearised equations can be found in Appendix C. For the error stability
analysis hereafter, the linearised differential equations are transformed into the trans-
fer functions, which allow easier manipulation with internal loops in order to convert
the original scheme depicted in Figure 7.12a into the equivalent form, shown in Figure
C.1b, which is accounted to be more convenient for the stability assessment.
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Figure 7.13: Definition of damping ratio ζ of the system pole Pi in s-plane.

The validity and the accuracy of open loop transfer function GOL against the set of
original non-linear equations was examined too whilst providing equal input in terms
of ∆y and ∆θ and comparing articulation angles γ1 and γ2. The results listed in
Appendix C confirmed that both γ1 and γ2 obtained through GOL, are in acceptable
agreement with the original set of non-linear equations in an intervals −25◦ < γ1 <
25◦, and −20◦ < γ2 < 20◦, thus GOL can be considered representative for the stability
analysis. Beyond this interval the accuracy decreases, but the system reachability,
as explained in Chapter 6, may be compromised anyway due to maximal applicable
steering angle. Moreover, the maximal articulation angles observed during the docking
manoeuvre remain within this interval, thus GOL can be used without a need to
additionally linearise the model around the equilibrium in a curved path.

As already stated during the controller tuning, the preview distance PD1
and the

proportional gain Ky are the two parameters having the biggest influence on the
locus of closed loop system poles, and thus also on stability. The combination of PD1

and Ky will be studied next with their impact on the damping ratio ζ, which will be
used as stability criterion. The remaining controller parameters as KI , Kθ, k are kept
at the nominal values obtained from the controller tuning procedure. The dynamics
of the system is governed by the poles of H(s), which is the closed loop transfer
function defined as H(s) = GOL(s)(I + GOL(s))−1. To fulfil the stability criterion,
all poles Pi of closed-transfer function H(s) need to satisfy <{Pi} < 0. As depicted
in Figure 7.13, the least damped poles loci can be furthermore exploited to determine

the damping ratio given by ζ = −<{Pi}
|Pi| , which for stable system needs to comply

with ζ > 0. Considering that the closed loop transfer function has a number of poles,
for the calculation of ζ the pole Pi with the lowest damping value is always selected.
These poles will have a dominant effect for the system dynamics and stability.
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Figure 7.14: Damping ratios ζ of rigid truck with two central axle trailers for reversing
and forward driving. Red marker is designating the combination of Ky and PD1

obtained by the tuning of the controller.
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The plot of constant damping lines of H(s) for both reverse and forward driving direc-
tion of a rigid truck with two central axle trailers (TK-CT-CT) can be seen in Figures
7.14a, and 7.14b, respectively. The red cross marker designates in both Figures the
combinations of Ky and PD1

, which are found in the tuning procedure to deliver
the smallest MSEey . Both the dimensions of the full scale vehicle combination and
the controller gains may be found in Appendix D. It can be seen that the shape of
constant damping lines for both reverse and forward driving direction differ consid-
erably. In case of reversing the tuned combination of Ky and PD1

delivers damping
that is approximately two times bigger than for forward driving. The last vehicle in
the combination is considerably less responsive when driving forward, which explains
lower damping ratio of the loop that is needed to minimize MSEey . Moreover it can
be seen that the choice of the lateral gain Ky is more sensitive to the stability of the
system than in the reverse direction. Nevertheless the combinations of Ky and PD1

in both cases delivers ζ � 0 confirming the stability during the docking manoeuvre.

7.5 Conceptual Functionality of the Driver Support
System

Having a path planner for parallel docking scenario with a bi-directional controller
defined, in this section a framework of driver support will be outlined for which these
two components can be directly adopted.

As confirmed by the measurements, presented in Chapter 6, during the low-speed
manoeuvring with articulated vehicle combination the driver primarily suffers from
a lack of view from the cabin, which is limited to the frontal outlook and the rear
mirrors. Moreover, he is challenged to control the naturally unstable vehicle com-
bination during reversing at the area which is very limited in space. The situation
gets further complicated by the fact that typically no sensors on the trailing units
are available, which otherwise would ease up the operation for the driver to localize
the position and orientation of the vehicle combination with respect to the distribu-
tion center. Conventional GPS does not provide sufficient accuracy to determine the
vehicle combination pose.

Given these constraints a last mile driver support is proposed, which employs com-
puter vision based localization and smart devices as shown in Figure 7.15.

At first instance a driver is expected to possess any smart device, which can be used
as Human Machine Interface (HMI) and where he can download a specially dedi-
cated app, which will enable him to connect to the Warehouse Management System
(WMS) while entering a specific distribution center area. The WMS, which assigns
the identification number of loading dock, will subsequently navigate the driver with
a conventional GPS-basis to the vicinity of the loading dock. Herewith, all vehicle
units are accurately localized with respect to the loading dock by a computer vision
system using the feeds from the camera cluster that is connected permanently to
WMS. The cameras can be based either stationary, attached to the dedicated masts
or distribution center, or fixed to the moving platforms such as e.g. Unmanned Aerial
Vehicles, which would offer more flexibility but also add considerable complexity. The
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Figure 7.15: Concept of Driver Support Functionality using the vision based locali-
sation, smart phone as HMI.

pose of vehicle units obtained through the computer vision localization is provided
directly to the app of the smart phone/tablet through the WMS.

The path planner and the bi-directional controller are considered to be a part of the
app. Therefore the app can provide a driver with the reference path for both forward
and reverse move of the docking manoeuvre, based on the known dimensions and
kinematic behaviour of of the vehicle combination. The vehicle dimensions can be
entered manually by the driver or eventually also delivered by the computer vision
system that should be able to localise the positions of the wheels and couplings.
Having the reference path defined, the driver will be advised to activate the low-
speed cruise control and fully concentrate on the control of the steering wheel. The
steering angle, which is subsequently advised to the driver, will be derived by the
bi-directional controller, based on the tracking error between the reference path and
the actual pose of the vehicle combination, which is obtained through computer vision
localization.

In the future it is foreseen that most of the hauling units will be equipped with active
elements supporting the steering of the front axle [130]. This will enable actuation
of the steering angle without the driver’s intervention. Such a option would allow
autonomous docking.
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7.6 Summary

In this chapter a driver support system for manoeuvring of multiple articulated vehi-
cles is proposed using a generic bi-directional path following controller that is applied
to a vehicle combination consisting of a rigid truck with two central axle trailers. Fur-
thermore, a novel approach to define the reference vehicle path for a parallel docking
scenario of the rear most vehicle is proposed. The path planner considers the vehicle
kinematic behaviour in combination with the Dubins curves which are optimized in
terms of distance travelled. The bi-directional controller is based on vehicle kinematic
behaviour and is a combination of proportionately-integral control actions. It employs
5 parameters in total, of which the tuning approach is outlined too. The closed-loop
stability has been verified using linearised system. Finally, the general functionality
of the vehicle localization and the driver support framework is outlined.



Chapter 8

Implementation and Testing

8.1 Introduction

In this chapter a number of steps is described to verify the functionality of the control
strategy and the path planner for various scenarios.

First, several simulations are conducted with the high-fidelity multi-body model, as
introduced in Chapter 3 combined with the bi-directional controller as designed in
Chapter 7. Since the multi-body model is validated with experimental data and is
considerably more complex than the set of kinematic equations used in Chapter 7, it
can be considered as a more accurate representation of the real vehicle behaviour.

Subsequently, the controller is deployed on a scaled vehicle combination model, and
tested in a laboratory environment. With this setup also the robustness of the con-
troller is being examined due to errors, which are present and vehicle localization
because of the limited accuracy of the used actuators.

In both cases the aim is to assess the performance of the control strategy. The tracking
errors are used as a measure to judge the controller performance in accordance with
the control goal. The chapter is concluded with a summary of the results achieved
and a discussion.

139
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8.2 Testing with Multi-Body Simulation Model

The goal of this phase is to assess the performance of the control strategy using a
vehicle model that is closer to the real operational conditions. Therefore, the ve-
hicle block, depicted in Figure 7.8 of the control scheme, will be substituted by a
multi-body model that is more advanced than the kinematic model used previously.
The kinematic equations (7.13) are in particular replaced by the high-fidelity multi-
body dynamic model of rigid truck with two center axle trailers (TK-CT-CT), which
was modelled by the library described in Chapter 3. The multi-body model library
was validated using the measurements and includes non-linear tyre behaviour, mass
distribution and inertial effects, suspension, compliant chassis, and other effects not
present in the kinematic model, and for which it can be considered as a more realistic
representation. The main dimensions of the model, as well as controller parameters
can be found in Appendix D.

The controller performance is tested for the parallel docking manoeuvre, where the
vehicle combination is initially aligned with the distribution centre and needs to be
parked perpendicularly to the loading loading dock gate. The reference path is gener-
ated by the path planner, described in section 7.3, and is executed along the reference
path in two steps: forward driving move designated by a red dashed line in Figure
8.1, and reversing move represented by the dashed magenta line in the same figure.
During the simulation the moves are separated with a 5 seconds long transition time
when the velocity is zero, which is used to bring the steered axle to the initial straight
position. For the rest of the time the velocity for both forward driving and reversing
is set constant to 1 m/s.

The simulation results shown in Figure 8.1 display the reference and the accomplished
path of the controlled point U that is placed precisely in between the axles of rear
most trailing unit. The results show that the proposed controller is capable to perform
well also in combination with a more complex vehicle model. The steering angle and
the velocity are given in Figure 8.2a and 8.2b, respectively. Each move starts with
a zero steering angle. As depicted, the steering angle stays within the range of ±30
deg, with very smooth changes that does not require a high steering rate and thus
can be accomplished by the driver.

The tracking errors eyU and eθU , as defined by (7.11) and (7.12), are depicted in Figure
8.2c and 8.2d for the forward and reverse move with blue and red color, respectively. It
can be observed, the maximum lateral error eyU reaches a value of approximately 0.5
m during the forward move. It is caused by the reference path for the forward move,
which is constituted by a Dubins curve. The path consists of a straight segments
that are combined with arcs of given maximum curvature κmax. As the directional
response of the second trailer is slow and the yaw angle can not be actuated directly, it
always needs to travel certain distance to build-up the required curvature. Therefore
the lateral error eyU is peaking at the transitions between the straight segments and
arcs. In general, the lateral error can be minimized by relaxing the curvature limit
κmax. This would however lead to an elongation of the reference path, which is not
desirable as more space is required. An alternative approach would be to redesign
the path planning algorithm and substitute the Dubins curve by a different approach
generating the path for the forward move in the same spirit as the reverse motion, and
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Figure 8.1: Test results of parallel docking with multi-body model.

optimising both in terms of distance travelled. Yet, this approach, and optimization
in particular, will be considerably more demanding in terms of processing power and
time, compared to the current approach.

The lateral error during the reversing move is substantially smaller and varies in a
range ± 0.1 m. The final lateral error at the loading dock is smaller than
0.3 cm. The orientation error eθ does not exceed 0.5 deg. The articulation angles
γ1 and γ2 are given in Figure 8.2e. Both angles are showing similar trends and are
within a range of ±20 deg.

8.3 Implementation in a Down Scaled Physical
Demonstrator

To test the performance of the controller in the physical world, a down scaled test
setup is designed. It consists of controller on designated computer, camera based
localisation system, scaled vehicle models (1:14), that can be actuated on a remote
basis, and a model of a distribution center, as shown in Figure 8.3.
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Figure 8.2: Simulation results of parallel docking with multi-body model.
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Each vehicle unit in the combination is equipped with an unique fiducial ArUco marker
[49] placed on the top of the vehicle. The markers are used to improve the accuracy
and the robustness of vehicle localisation by the camera. Additionally, the origin of
the world based coordinate system ~eW is represented by a fiducial marker placed in
the neighbourhood of the destination point. This ensures the path planning and the
vehicle localization are independent of the camera pose, as depicted in Figure 8.4.

In the scaled test environment, the markers are detected with a fixed-base camera
which is attached to the ceiling and points downwards. The test area of interest is
covering a space of approximately 5 x 5 m. The technical specifications of the camera
are listed in Table 8.3.

Figure 8.3: Scaled vehicle combination with distribution center behind.

Specification Description
Lens 8 mm FL Compact Fixed Focal Length Lens
F-stop f/1.4
Focal length [mm] 8
Sensor CMOSIS CMV4000-3E5
Resolution 2048x2048
Frame Rate [Hz] 90 (max)
DR (normal/HDR) 53.19 dB/-

Table 8.1: Grasshopper3 -U3-41C6C technical specifications.
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Figure 8.4: Scaled test setup - localization camera topview

As described in section 7.5, the stationary cameras are connected to the system which
is responsible for computer vision post-processing and delivering the vehicle combi-
nation coordinates. The camera in the scaled test setup is employed in the same
fashion. As can be seen in Figure 8.5, the vehicle pose is calculated from captured
camera images by detecting the markers and subsequent conversion from the pixels
to the domain of length (P2L) units in ~eW . For the computer image processing the
OpenCV software package is used. Extensive description of camera related aspects of
the scaled test setup, which also discusses pose estimate accuracy, camera calibration
procedures and conversion of the pixels to the length units domain, can be found in
[78]. Next, the coordinates are sent to the Vehicle Control cluster, depicted in Figure
8.5 by a blue dotted line, which is running on the same computer but in a MATLAB
environment. The Vehicle Control Cluster contains the path planner and the path
following controller which will be in the real life substituted by the driver support
app, described in section 7.5.

The parallel docking manoeuvre, representing the test scenario, is defined through
a set of reference points Ri that specify the reference path for forward and reverse
move in the coordinate system ~eW . Both moves are generated by the path planner
as described in Chapter 7, taking into account the dimensions of the scaled vehicle
combination, its arbitrary initial and known terminal pose with respect to the ~eW

origin, and the maximum steering angle of the scaled truck.
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Figure 8.5: Scaled test seup - low-level scheme.

The vehicle combination’s pose is acquired by the camera feed determines the po-
sitional errors ∆x,y,θ, which are used as an input to the error model to calculate
tracking errors eyU , φ, eθR1

, as shown in Figure 8.5. The tracking errors, together
with articulation angles γ1, and γ2, are subsequently used as an input to the controller
combining the driver model and the inverse kinematics as described in Chapter 7. The
second input to the controller is the velocity of the rear most trailing unit v2, which
is not obtained through the camera localization system. This is because the camera
stream frame rate per second is not constant and acquiring of v2 would therefore
require additional post-processing. v2 is calculated instead by the kinematic model
using known v0 and δ as inputs. In order to avoid an algebraic loop the steering angle
signal is delayed with one step as shown in Figure 8.5. The target steering angle δ(t)
is converted to a pulse-width-modulated (PWM) signal and it is sent through the
X-bee wireless module of the scaled tractor. The reference speed of the tractor v0 is
kept constant for each move of the docking manoeuvre. The signal is also transmitted
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Figure 8.6: Test results of parallel docking with down scaled physical demonstrator.

from the computer ground station through the X-bee as PWM 8-bit integer, as shown
in Figure 8.5.

The X-bee on a scaled vehicle is linked to the embedded controller Olimex STM32-
E407, which is programmed by the HAN MBD-Toolset [52]. The embedded controller
actuates the torque at the driven axle and the steering angle through a speed controller
and servo motor, respectively. The drive torque can be both positive and negative
enabling bi-directional cruising. To ensure a constant driving speed of the hauling
unit under various loading conditions an encoder is placed on the drive shaft whose
signal is used for feed-back control of the velocity. The steering angle can be actuated
with a resolution of one degree in theory. In practice it appears problematic to
achieve this due to considerable play in the steering mechanism (±5 deg). Moreover,
the maximum applicable steering angle of the scaled truck (±23 deg) reaches only a
half of the value the real vehicle typically has, which limits the manoeuvrability to
large extent. As in section 8.2 the test is performed with double articulated vehicle
combination consisting of a rigid truck with two central axle trailers (TK-CT-CT).
Its dimensions as well as controller parameters can be found in Appendix D.

The results provided in Figure 8.6 display the reference against the accomplished
path of the rear most central axle trailer. The tracking errors eyU and eθU , are
depicted in Figure 8.7c and 8.7d for forward and reverse movement with blue and
red color, respectively. The articulation angles γ1 and γ2 are given in Figure 8.7e.
The exact steering angle is not known as there are no sensors placed directly on



DOWN SCALED PHYSICAL DEMONSTRATOR 147

0 5 10 15 20 25 30 35 40 45 50
Time [s]

-50

0

50

S
te
er
.
a
n
g
le

δ
[d
eg
]

Forward Reverse Transition time

(a) Steering angle

0 5 10 15 20 25 30 35 40 45 50
Time [s]

-0.1

0

0.1

R
ef
.
sp
ee
d
v
0
[m

/
s]

Forward Reverse Transition time

(b) Reference speed

0 5 10 15 20 25 30 35 40 45 50
Time [s]

-0.02

0

0.02

0.04

L
a
te
ra
l
er
ro
r
e
y
U
[m

]

Forward Reverse Transition time

(c) Lateral error

0 5 10 15 20 25 30 35 40 45 50
Time [s]

-1

0

1

2

O
ri
en
t.

er
ro
r
e
θ
U
[d
eg
]

Forward Reverse Transition time

(d) Orientation error

0 5 10 15 20 25 30 35 40 45 50
Time [s]

-50

0

50

A
rt
ic
u
l.

a
n
g
le

γ
[d
eg
]

γ
1
 - Forward γ

1
 - Reverse γ

2
 - Forward γ

2
 - Reverse Transition time

(e) Articulation angles
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the steering knuckle. Therefore only the requested steering angle by the controller
is depicted in Figure 8.7a. As can be seen the steering signal is very noisy and
oscillatory because of the poor accuracy in actuation caused mainly by the play in the
steering mechanism. The target velocity requested to the actuator for both motions
is kept constant and equals 0.08 m/s as shown in Figure 8.7b. The maximal lateral
error is kept below 4 cm for the forward motion, and below 3 cm for the reversing
motion. The tracking for the forward move appears to be more difficult to negotiate
due to slow vehicle response, limitations in maximum applicable steering angle, and
reference path shaped by Dubins curve. This results in slow response to the fast
curvature changes of the reference path as already observed with the multi-body
model. Also here the maximal curvature limit can be relaxed, leading to smaller
errors but elongation of the manoeuvre. The orientation error oscillates between
± 0.5 deg, which is acceptable. While studying the first articulation angle during
the reverse motion, designated by the red solid color on Figure 8.7e, an oscillatory
behaviour can be noticed. This is primarily caused by the limited accuracy of the
steering angle actuator and considerable play in the steer mechanism.

Regarding the error calculation from the camera images, it can be seen in both cases
in Figures 8.7c, and 8.7d, that the error at the end of the manoeuvre is rather noisy.
This is caused by the camera lens limitations, which does provide decreased accuracy
when the object is near the camera’s field of view limits. The final error measured by
the camera at the dock reaches approximately 2 mm, and 0.2 deg, which is considered
to be sufficiently small also if scaled up.

8.4 Summary

In this chapter the previously developed path planner and bi-directional path fol-
lowing controller have been tested on a high-fidelity multi-body model and scaled
demonstrator test environment. In both cases the results meet the control objectives,
and the final pose of the vehicle combination meets the real-world tolerances of the
loading dock gate being typically ±5 cm, and ±0.5 deg for lateral and orientation
error, respectively. The observations are as follows:

• The highest lateral errors occur during the forward motion of the docking ma-
noeuvre at the regions where the straight segment of the reference path trans-
forms into an arc. This issue is a result of the nature of the Dubins curve, which
combines only the straight segments with the arcs of constant curvature, and
thus does not reflect on the transient yaw response of the last vehicle. Although
tests did not reveal any direct impact of the path generated by Dubins curve on
the ability of the controller to complete the docking manoeuvre within the tol-
erance limits, it is expected that customizing the reference path for the forward
motion closer to the kinematic response of the last vehicle will be beneficial for
the overall robustness of the algorithm.

• Detecting the pose of the marker is problematic near the edges of the camera’s
field of view. Hence for further implementation it is desirable to introduce a
safety margin around the camera’s field of view.
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• Even though the scaled vehicle model experiences significant play in the steer
mechanism, the experiments proved to be successful. It is because of the steer
actuator speed, which to a certain extend compensates for the inaccuracies in
the actuation. limitations Resulting yaw behaviour is however oscillatory, which
can be well noticed on the first articulation angle γ1.
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Chapter 9

Conclusions and
recommendations

The road fright transport demand in EU is expected to increase considerably in the
near future. Hence, there exists a need to enhance the road freight transport ef-
ficiency to meet the future targets of CO2 emissions, while operating within the
available infrastructure, and maintaining road safety. One of the solutions to face
this forthcoming challenge is the application of High Capacity Vehicles. Although
HCV’s have already proven their benefits in many countries worldwide, their wider
implementation in EU has not been accomplished yet. Considering that, the relevance
of HCV’s for Europe was analysed in this research in two perspectives:

• Application of Performance Based Standards as an alternative legislative
framework for Europe ensuring safe, infrastructure and environment friendly
vehicle performance.

• Improving the manoeuvrability of HCV’s at low-speeds, which appears to
be one of the main limitations due to their increased overall length.

The conclusions and recommendations related to each of the research objectives are
addressed in the following sections.
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9.1 Conclusions

Application of Performance Based Standards

Even though the current European legislative framework is mainly prescriptive it con-
tains some performance based elements. However, there exists almost no projection
of the vehicle performance on the aspect of vehicle operation within the infrastructure
network. This restrains more efficient employment of the available infrastructure and
may compromise the operational safety and infrastructure deterioration. On the con-
trary, proposed performance oriented framework ensures a proper match between the
vehicle combination and categorized segments of the infrastructure network through
explicitly defined performance measures covering the safety, infrastructure impact and
societal benefits. The resulting performance of a commercial vehicle can be subse-
quently used as an access criterion to specific segments of the infrastructure network
that is previously assessed and categorized into a number of levels according to design
criteria, geographical position, or bearing capacity.

The proposed principles of the performance oriented framework provide more flex-
ibility in the design of vehicle combinations, not being constrained by dimensions,
but eliminating dimensional creep which may represent potential danger when the
performance criteria are not met. Additionally, it stimulates the development of
novel technologies that ensure safety and leads to innovations enhancing the vehicle
performance.

Considering the performance legislation being in place, three High Capacity Vehicle
combinations are defined that comply with logistic demands for the years 2020+.
The future vehicle concepts emits between 8-38% less g/m3km of CO2 compared to
current vehicle combinations. As for the total cost of ownership, the reduction yields
between 15-51% of e/m3km. Innovations enhancing the performance of the vehicle
combinations are:

• Active axle steering of one or more trailing units reduces considerably the swept
path and improves the low-speed manoeuvrability.

• A distributed hybrid powertrain enables the vehicle combination to meet uphill
performance and at the same moment harvest energy when braking.

• Actively controlled aerodynamic devices such as a trailer boat tail and side
skirts, or a prolonged cabin end design will reduce the vehicle combination air
drag, and thus improve both environmental and economical performance.

• Increased transport capacity per vehicle combination is beneficial. Future vehi-
cle combinations should use multiples of standardized inter-modal loading units
with efficient floor utilization of Euro-pallets. Preferred loading units are 45-foot
ISO container, and C745 Swap Body.
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Improving manoeuvrability of HCV’s

The manoeuvrability of High Capacity Vehicles is compromised with their increased
length but can be improved by active axle steering of the trailing units. Herewith, the
potential gain for both low- and high-speed performance improvement is considerable.
Applying the proposed steering control to all trailing units axles the gain yields in 55%
reduction of the low-speed swept path and the rearward amplification is reduced by
33% and 60% for the first and second trailing unit respectively. The gain scheduling
control strategy, that is used, enables to maintain one controller structure during
entire range of operational speed, which simplifies the implementation.

From measurements it can be concluded that decisive reasons making reversing of
articulated vehicles difficult are a limited field of view and the open-loop instability of
the vehicle combination. As further confirmed by experiments, the driver performance
can be improved by placing suitable referencing markers on the trailing units, which
improves their visibility by the driver yet remains very impractical. Therefore a
feasible way to support the driver is through the extension of the field of view by
cameras placed in a surroundings of a distribution center and a navigation, which
consists of reference path planner and the controller providing a steering angle to
follow the reference path. Given the fact that none of the vehicle units is equipped
with sensors enabling sufficiently accurate localization, the surroundings cameras are
to be used for the pose measurement whilst adopting computer vision processing
techniques.

The parallel docking manoeuvre towards the distribution center is the most frequently
used low-speed operational scenario, which involves reversing of a vehicle combination.
Therefore the proposed path planner is aiming at this scenario in particular. The
reference path for parallel docking is planned and optimised in two moves using the
principles of the vehicle kinematic behaviour and Dubins curves. It can be applied to
arbitrary vehicle combinations and does not require high computational demands.

The proposed bi-directional path following controller adopts the principle of a virtual
tractor, and is based on the vehicle inverse kinematic behaviour in combination with
proportional-integral feedback control actions. The performance and functionality
of the controller is verified at two levels. First it is tested with a developed and
experimentally validated high-fidelity multi-body model. Herein, the final lateral
and orientation error at the loading dock are 0.3 cm and 0.3 deg, respectively, for
the combination of rigid truck with two central axle trailers without injecting any
disturbances in the loop. Secondly, the controller is tested on a scaled test setup.
This is an environment where arbitrary control strategies can be tested on scaled
vehicle combinations (1:14), that are actuated on a remote basis. The vehicle units
are localized by a computer vision approach, employing the fiducial markers that
are placed in the top of vehicle units. The final lateral and orientation error at the
loading dock achieved at the scaled test setup reach, 2 mm and 0.2 deg, respectively
also for the combination of rigid truck with two central axle trailers. In both cases
the final error is within the tolerances given by the spatial layout of the loading dock.
Considering the path tracking performance during the entire docking manoeuvre, the
maximal lateral error occurred during the forward motion, and equals 0.5 m. The
error is primarily caused by sub-optimality of the reference path generated by Dubins
curves for the forward motion, which does not guarantee a path that is kinematically
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viable for the last vehicle unit. Hence, at the transitions of the reference path between
the arcs of the constant radius and the straight segments the lateral error may increase
in particular as the last vehicle unit can not instantaneously develop a yaw rotation.

9.2 Recommendations

Application of Performance Based Standards

The criteria for the performance-based framework are identified and the performance
of a representative vehicle fleet is simulated. Yet there exists a series of steps that
need to be taken to implement this approach.

Primarily, the definition of fail/pass criteria for each measure and specific road class
should be determined on EU-jurisdiction level. The main concern are Startability,
Gradeability, and Low-speed swept path criteria, which are strongly linked to the
infrastructure design criteria that differ per country. The jurisdictions will need to
review the methodologies, and adapt them according to local operational conditions.

From the legislative perspective, a regulatory and compliance process needs to be
established, in which the PBS scheme can be applied. Subsequently, guidelines that
detail the procedures and processes need to be prepared. The definition of legislative
arrangements needs to be developed next, so the PBS can operate as an addition to
the current prescriptive regulation in the given EU jurisdictions. It is recommended to
initiate a pilot project on an international level, which adopts the PBS framework and
enables cross-border transport. Furthermore, a mechanism for effective enforcement
and monitoring should be explored.

Given the fact that dimensions of preferable inter-modal loading units, as containers
and swap-bodies, are known it is not likely that total length of future vehicle com-
binations will differ considerably. Therefore the approach, known as enveloping, can
be exploited furthermore, where the blueprints of certain vehicle combinations are
defined with a tolerances over crucial vehicle dimensions, such as for example axle
positions. By respecting the tolerances the designer ensures required performance of
the vehicle combination, which would simplify the vehicle assessment procedure.
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Improving manoeuvrability of HCV’s

The proposed active axle steer control is rather demanding on the number of inputs
that needs to be provided, and which may be difficult to acquire in sufficient accuracy
in real-life operation. Hence, it is recommended to investigate the impact of sensor
requirements such as accuracy, noise, and sampling rate on the controller functionality
and performance. For the implementation standardisation of communication inter-
faces between the vehicle units needs to be developed as well. Next, the potential to
extend current controller structure by kinematic steering should be investigated, es-
pecially for low-speed manoeuvring such that all axles are being steered on individual
basis and not as a group. This would result in reduction of the tyre wear.

Given the conclusions related to the path planning, a possibility should be investigated
to substitute Dubins curves by an approach that will guarantee kinematic viability
of the forward move for an arbitrary vehicle combination, yet can be implemented
without excessive computational demands. It is expected that this will result in
a reduction of the lateral tracking error. Furthermore, the path planning can be
expanded to include features as obstacle avoidance or different parking manoeuvre
layouts.

For the path tracking controller it is recommended to investigate whether quantita-
tively comparable or even improved results may be achieved with alternative driver
models, which contain less input parameters than the current one that uses two pre-
view distances. The concept of a virtual tractor with inverse kinematics may be kept,
but the tuning process may be simplified in this way. Moreover, the possibility to
automate the tuning process through multi-parametric optimization can be exam-
ined. Furthermore the impact of disturbances on the performance of the controller
should be investigated as well as the possibility to include a feed-forward branch in
the loop. Testing the performance of the controller on more test cases is considered
to be valuable too.

Considering vehicle localization, new methods are nowadays extensively used in com-
puter vision such as machine learning in combination with plane fitting, which may
be employed in order to eliminate the use of fiducial markers.

Finally, it is recommended to continue with the research when including the human
subjects in the loop with docking navigation based on the developed path tracking
controller. A suitable form of a guidance for the human drivers needs to be developed
such that the required steering angle derived by the controller can be translated to the
driver and is accepted. Feasible options for this may be the use of a haptic feedback in
the steering wheel or utilization of augmented reality. Additionally, emphasis needs
to be given to the ergonomics of the system, such the navigation will be effective and
intuitive for the driver.
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Appendix A

A Linear Model of a Double
Articulated Vehicle

A.1 Introduction

The equations of motion for a vehicle combination with two articulations points are
derived using the Euler-Lagrange formalism. The resulting single track vehicle combi-
nation model does not consider individual axles in an axle group. The tyre cornering
characteristics is assumed to be linear.

The modelling assumptions are discussed first and then the equations of motion for
a vehicle combination are derived.

A.2 Modelling assumptions

The following assumptions are made:

• The articulation angles and tyre slip angles are small, so cosx = 1, and sinx = x.

• The left and right tyres and axle kinematics can be lumped into a single equiv-
alent tyre having constant cornering stiffness.

• Body roll and pitch are not considered i.e. the centers of gravity of all units are
on the ground plane.

• Center point steering is assumed for the front axle. No pneumatic or mechanical
trail is considered.

• Aerodynamic forces are not included.

• The vehicle combination has constant forward velocity.
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A.3 Derivation of equations of motion

A schematic overview of the modelled vehicle combination is presented in Figure A.1.
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Figure A.1: Double articulated single-track vehicle model

The general form of Euler-Lagrange equations of motion is expressed in equation
(A.1):

d

dt

∂T

∂q̇i
− ∂T

∂qi
+
∂U

∂qi
= Qi ; i = 1, ..., n, (A.1)

with T the kinetic energy, U the potential energy, Qi the generalized force, n the
number of freedom degrees and qi the generalized coordinates.
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The number of equations is equal to the number of relevant generalized coordinates.
The selected generalized coordinates for this vehicle combination model are the global
position (X1, Y1) of tractor center of gravity, the yaw angle of the tractor θ1, and
the yaw angles of the two trailer bodies θ2, and θ3, respectively. The generalized
coordinates thus become:

qi = [X1, Y1, θ1, θ2, θ3]T . (A.2)

Since, the motion of the vehicle combination is only considered in the plane of ~e 0,
and as no springs are present the potential energy can be neglected. Therefore, the
potential energy term in equation (A.1) is considered zero.

Given the fact the articulation angles and tyre slip angles are assumed to be small
and longitudinal velocities of all vehicle units are considered to be constant and equal
following the approximations can be justified:

Ẋ1 = Ẋ2 = Ẋ3,

Ẏ2 = Ẏ1 − h1θ̇1 − a2θ̇2,

Ẏ3 = Ẏ1 − h1θ̇1 − l2θ̇2 − a3θ̇3.

(A.3)

Subsequently, the total kinetic energy of the vehicle combination can be expressed by
(A.4), which is the sum of translation and rotational energies of all vehicle units:

T =
1

2
m1(Ẋ2

1 + Ẏ 2
1 ) +

1
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m2(Ẋ2

1 + Ẏ 2
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2
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J3θ̇

2
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(A.4)

Ẏ1, Ẏ2, and Ẏ3 are the absolute lateral velocities of the centers of gravity of vehicle
bodies and mi and Ji are the corresponding masses and moments of inertia.

The five coordinate systems, which are used in the derivation of the equations of
motion, are represented in Figure A.1. The first is the global (earth-fixed) coordinate
system ~e 0, whereas, ~e 1 to ~e 3 are the local body-fixed coordinate systems of the
tractor and trailer bodies, respectively. The ~e 4 coordinate system is the body-fixed
coordinate system of the steer axle tyres. The two most relevant coordinate systems
are ~e 0 being the world global coordinate system and ~e 1 being the tractor body-fixed
local coordinate system.

Having an expression for the kinetic energy (A.4) the derivatives for each generalized
coordinate can be determined:

d

dt

(
∂T

∂Ẏ1

)
= (m1 +m2 +m3)Ÿ1 − (m2 +m3)h1θ̈1

− (m2a2 +m3l2)θ̈2 −m3a3θ̈3,

(A.5)

d

dt

(
∂T

∂θ̇1

)
= −(m2 +m3)h1Ÿ1 +

[
(m2 +m3)h2

1 + J1

]
θ̈1

+ (m2a2 +m3l2)h1θ̈2 +m3a3h1θ̈3,

(A.6)
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d

dt

(
∂T

∂θ̇2

)
= −(m2a2 +m3l2)Ÿ1 + (m2a2 +m3l2)h1θ̈1

+
[
J2 +m2a

2
2 +m3l

2
2

]
θ̈2 +m3a3l2θ̈3,

(A.7)

d

dt

(
∂T

∂θ̇3

)
= −(m3a3)Ÿ1 +m3a3h1θ̈1 +m3a3l2θ̈2 +

[
J3 +m3a

2
3

]
θ̈3, (A.8)

∂T

∂qi
= 0; i = 1, ..., n. (A.9)

The generalized coordinates can also be written in terms of vehicle local coordinates
as follows:

v = Ẋ1 + vyθ1,

vy = Ẏ1 − vθ1,

r1 = θ̇1,

γ̇1 = r1 − θ̇2,

γ̇2 = θ̇2 − θ̇3,

(A.10)

where v and vy represent the longitudinal and lateral velocity of the hauling unit
defined in ~e 1, respectively. γ̇1 and γ̇2 are the articulation rates representing the
differences between yaw rates of vehicle units.

Finally, the equations of motion can be written using local coordinates only by uti-
lizing expressions (A.10). The equation describing the longitudinal dynamics is not
considered as the longitudinal velocity v is assumed to be a constant and known input.
Thus, the new local coordinates for the equations of motion used are presented as:

qi = [vy, r1, γ̇1, γ̇2]T . (A.11)

The generalized forces can be derived as:

Qi =

4∑
k=1

~Fk ·

(
∂ ~Pk
∂qi

)T
, (A.12)

where, ~Fk are the lateral tyre force vectors, ~Pk are the absolute position vectors of
the tyres in global coordinate system ~e 0. Thus, the generalized forces consist of the
tyre forces and the resulting moments. Therefore, the equation (A.12) can be further
expanded for each degree of freedom as presented in equation (A.11). The resulting
matrix of the generalized forces (A.13) for each state reads:

Q =


Fy1 + Fy2 + Fy3 + Fy4

a1Fy1 − b1Fy2 − Fy3(b2 + h1)− Fy4(b3 + l2 + h1)
b2Fy3 + Fy4(b3 + l2)

b3Fy4

 . (A.13)
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The lateral tyre forces are the result of side slip angles. The tyre cornering behaviour
is assumed to be linear, so Fyi = Ciαi, where αi is the slip angle and Ci is the
cornering stiffness. The lateral forces are:

Fy1 = −1

v
C1(vy + a1r1) + C1δ1, (A.14)

Fy2 = −1

v
C2(vy − b1r1), (A.15)

Fy3 = −1

v
C3 (vy − h1r1 − b2(r1 − γ̇1)) + C3γ1, (A.16)

Fy4 = −1

v
C4 (vy − h1r1 − l2(r1 − γ̇1)− b3(r1 − γ̇1 − γ̇2)) + C4(γ1 + γ2). (A.17)

For the simplification the following abbreviations are introduced:

C = C1 + C2,

Ct = C3 + C4,

Cs = a1C1 − b1C2,

Cq = a1
2C1 + b1

2C2.

(A.18)

Finally, the resulting four equations of motion read:

3∑
i=1

mi(v̇y + vr1)− [m2(h1 + a2) +m3(h1 + l2 + a3)]ṙ1

+ [m2a2 +m3(l2 + a3)]γ̈1 + [m3a3]γ̈2 =

− 1

v
[(C + Ct)vy + (Cs − (h1 + b2)C3 − (h1 + l2 + b3)C4) r1]

− 1

v
[(b2C3 + (l2 + b3)C4) γ̇1 + b3C4γ̇2] + C1δ1 + Ctγ1 + C4γ2,

(A.19)

[J1 +m2h1(h1 + a2) +m3h1(h1 + l2 + a3)] ṙ1 −m3a3h1γ̈2

− [m2a2h1 +m3h1(l2 + a3)] γ̈1 − (m2 +m3)h1(v̇y + vr1) =

a1C1δ1 − (b3 + l2 + h1)C4γ2 − [(b2 + h1)C3 + (b3 + l2 + h1)C4] γ1

− 1

v
[(Cs − (b2 + h1)C3 − (b3 + l2 + h1)C4) vy]

− 1

v

[(
Cq + (b2 + h1)2C3 + (b3 + l2 + h1)2C4

)
r1

]
− 1

v
[− (b2(b2 + h1)C3 + (b3 + l2)(b3 + l2 + h1)C4) γ̇1]

− 1

v
[−b3(b3 + l2 + h1)C4γ̇2] ,

(A.20)
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[J2 +m2a2(a2 + h1) +m3l2(h1 + l2 + a3)]ṙ1 −m3a3l2γ̈2

− [J2 +m2a2
2 +m3l2(l2 + a3)]γ̈1 − [m2a2 +m3l2)](v̇y + vr1) =

− 1

v
[(b2C3 + (b3 + l2)C4) vy + b3(b3 + l2)C4γ̇2] + (b3 + l2)C4γ2

− 1

v

[
−
(
(b2

2 + b2h1)C3 +
(
h1(b3 + l2) + (b3 + l2)2

)
C4

)
r1

]
− 1

v

[(
b2

2C3 + (b3 + l2)2C4

)
γ̇1

]
+ (b2C3 + (b3 + l2)C4) γ1,

(A.21)

− [m3a3](v̇y + vr1) + [J3 +m3a3(a3 + l2 + h1)]ṙ1

− [J3 +m3a3
2]γ̈2 − [J3 +m3a3(a3 + l2]γ̈1 =

− 1

v
b3C4 (vy − h1r1 − l2(r1 − γ̇1)− b3(r1 − γ̇1 − γ̇2)) + b3C4(γ1 + γ2).

(A.22)



Appendix B

Normal and Inverse
Kinematic Models

B.1 Introduction

In this appendix the kinematic model of double articulated vehicle is derived. Fur-
thermore, the derivation of an inverse kinematic model used as a part bi-directional
path following controller is given.

B.2 Kinematic model

Firstly the equations for the kinematic model of double articulated vehicle will be
derived. The validity of kinematic model for low-speed manoeuvring has been tested
against the high fidelity multi-body model described in Chapter 3. The results, doc-
umented in [78], provide evidence that the kinematic model can be considered as a
sufficiently adequate representation of the real system for these conditions.

The single track model uses the dimensions of the real vehicle combination in terms
of wheelbases and the distances to the articulation joints, however each axle group is
represented by a single wheel, similarly like in the linearised dynamic model described
in Appendix A. Contrary to the dynamic model, the kinematic model does not include
a mass distribution between the axles nor tyre slip. Hence, for easier distinguishing
between the models and manipulation with equations, a different nomenclature for
the vehicle dimensions has been adopted to the kinematic model. Given the vehi-
cle dimensions established in Appendix A the nomenclature for kinematic model is
defined as follows: L0f = a1 +b1, L1f = b2, L2f = b3, L0b = b1−h1, and L1b = b2−l2.

As can be seen in Figure B.1 L0f , L1f , L2f are positive constants representing the
wheelbases of the tractor, first trailer and second trailer, respectively. L0b, and L1b are
coupling point positions w.r.t. the axles which are measured in ~e 1 and ~e 2, respectively,
meaning they are negative if the articulation joint is placed behind the axle, such as
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Figure B.1: Kinematic model of double articulated vehicle combination

depicted in Figure B.1. The yaw angle of the tractor, first trailer, and second trailer in
the global coordinate system ~e 0 is given by θ0, θ1, and θ2, respectively. v1 represents
the longitudinal velocity and the first trailing unit, and v2 is the longitudinal velocity
of the second trailing unit. Since no tyre slip angle is considered the lateral velocities
at all wheels must be zero. The positions of the coupling points are given by (x1f , y1f ),
and (x2f , y2f ). The inputs are represented by the longitudinal velocity of the tractor
drive axle v0 at x0, y0 and the steering angle δ applied at the first axle.

Furthermore, we will take the position of the rear axle of the first vehicle x0, y0 and
its orientation θ0 as reference point. Subsequently the positions of the tractor steer
axle, trailer axles and the coupling points in ~e 0 can be defined as follows:

x0f = x0 + L0f cos θ0,

y0f = y0 + L0f sin θ0,
(B.1)

x1f = x0 + L0b cos θ0,

y1f = y0 + L0b sin θ0,
(B.2)
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x1 = x1f − L1f cos θ1,

y1 = y1f − L1f sin θ1,
(B.3)

x2f = x1 + L1b cos θ1,

y2f = y1 + L1b sin θ1,
(B.4)

x2 = x2f − L2f cos θ2,

y2 = y2f − L2f sin θ2.
(B.5)

The time derivatives of equations (B.1) to (B.5) representing the point velocities in
~e 0 read:

ẋ0 = v0 cos θ0,

ẏ0 = v0 sin θ0,
(B.6)

ẋ0f = ẋ0 − L0f θ̇0 sin θ0,

ẏ0f = ẏ0 + L0f θ̇0 cos θ0,
(B.7)

ẋ1f = ẋ0 − L0bθ̇0 sin θ0,

ẏ1f = ẏ0 + L0bθ̇0 cos θ0,
(B.8)

ẋ1 = ẋ1f + L1f θ̇1 sin θ1,

ẏ1 = ẏ1f − L1f θ̇1 cos θ1,
(B.9)

ẋ2f = ẋ1 − L1bθ̇1 sin θ1,

ẏ2f = ẏ1 + L1bθ̇1 cos θ1,
(B.10)

ẋ2 = ẋ2f + L2f θ̇2 sin θ2,

ẏ2 = ẏ2f − L2f θ̇2 cos θ2.
(B.11)

As the lateral velocities of each wheel must be zero, the non-holonomic constraints
for each axle can be defined as:

ẏ0 cos θ0 − ẋ0 sin θ0 = 0, (B.12)

ẏ0f cos(θ0 + δ)− ẋ0f sin(θ0 + δ) = 0, (B.13)

ẏ1 cos θ1 − ẋ1 sin θ1 = 0, (B.14)

ẏ2 cos θ2 − ẋ2 sin θ2 = 0. (B.15)

The constraints can be hereafter employed to obtain θ̇0, θ̇1, and θ̇2 being the yaw
rates of the first, second and third vehicle respectively.
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At first, substituting (B.6) and (B.7) into the non-holonomic constraint (B.13) one
obtains:

[v0 sin θ0 + L0f θ̇0 cos θ0] cos(θ0 + δ) = [v0 cos θ0 − L0f θ̇0 sin θ0] sin(θ0 + δ). (B.16)

Simplifying (B.16) while using trigonometric identities gives the yaw rate of the tractor
as:

θ̇0 =
v0

L0f
tan δ. (B.17)

Subsequently, the yaw rate of the first trailer θ̇1 can be expressed by substitution of
equation (B.6), (B.8), and (B.9) in (B.14), which yields in:

[v0 sin θ0 + L0bθ̇0 cos θ0 − L1f θ̇1 cos θ1] cos θ1 =

[v0 cos θ0 − L0bθ̇0 sin θ0 + L1f θ̇1 sin θ1] sin θ1.
(B.18)

By repeated application of trigonometric identities, (B.18) can be simplified into:

θ̇1 =
v0

L1f
sin γ1 +

L0b

L1f
θ̇0 cos γ1, (B.19)

where γ1 is the articulation angle between the tractor and the first trailer given by
γ1 = θ0 − θ1.

Similarly the yaw rate of the second trailer θ̇2 can be expressed by substitution of
equations (B.6), (B.8), (B.9), (B.10), and (B.11) in (B.15), which yields in:

[v0 sin θ0 + L0bθ̇0 cos θ0 − L1f θ̇1 cos θ1 + L1bθ̇1 cos θ1

−L2f θ̇2 cos θ2] cos θ2 = [v0 cos θ0 − L0bθ̇0 sin θ0

+L1f θ̇1 sin θ1 − L1bθ̇1 sin θ1 + L2f θ̇2 sin θ2] sin θ2.

(B.20)

As in case of (B.18) by further simplifications through trigonometric identities one
obtains:

θ̇2 =
v1

L2f
sin γ2 +

L1b

L2f
θ̇1 cos γ2, (B.21)

where γ2 is the articulation angle between the first and the second trailer given by
γ2 = θ1 − θ2.

The longitudinal velocity of the first trailing unit v1 given by (B.22) is derived based
on projections of v0 and L0bθ̇0 into ~e1

2 resulting in:

v1 = v0 cos γ1 − L0bθ̇0 sin γ1. (B.22)

Similarly longitudinal velocity of the second trailing unit v2 is obtained:

v2 = v1 cos γ2 − L1bθ̇1 sin γ2. (B.23)
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B.3 Inverse Kinematic model

The role of the inverse kinematic model is to translate desired yaw rate of the rear
most vehicle θ̇2 (derived on basis of virtual steering angle δ∗ as explained in Chapter
7) and its longitudinal velocity v2 defined in ~e1

3 through the kinematic chain to the
first vehicle. Thus, desired yaw rate θ̇2 can be generated through a steering angle of
the first axle δ and longitudinal velocity v0.

The inputs for the inverse kinematic model are v2, and δ∗. To derive the remaining
vehicle states we use a similar approach as in Section B.2 starting at the definition of
axle and coupling point positions with respect to the pose of the last axle described
by x2, y2, θ2 in accordance with Figure B.2 as follows:

x2f = x2 + L2f cos θ2,

y2f = y2 + L2f sin θ2,
(B.24)

x1 = x2f − L1b cos θ1,

y1 = y2f − L1b sin θ1,
(B.25)

x1f = x1 + L1f cos θ1,

y1f = y1 + L1f sin θ1,
(B.26)

x0 = x1f − L0b cos θ0,

y0 = y1f − L0b sin θ0,
(B.27)

x0f = x0 + L0f cos θ0,

y0f = y0 + L0f sin θ0.
(B.28)

The time derivatives of equations (B.24) to (B.28) representing the point velocities in
~e 0 read:

ẋ2 = v2 cos θ2,

ẏ2 = v2 sin θ2,
(B.29)

ẋ2f = ẋ2 − L2f θ̇2 sin θ2,

ẏ2f = ẏ2 + L2f θ̇2 cos θ2,
(B.30)

ẋ1 = ẋ2f + L1bθ̇1 sin θ1,

ẏ1 = ẏ2f − L1bθ̇1 cos θ1,
(B.31)

ẋ1f = ẋ1 − L1f θ̇1 sin θ1,

ẏ1f = ẏ1 + L1f θ̇1 cos θ1,
(B.32)
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Figure B.2: Inverse kinematic model of double articulated vehicle combination

ẋ0 = ẋ1f + L0bθ̇0 sin θ0,

ẏ0 = ẏ1f − L0bθ̇0 cos θ0,
(B.33)

ẋ0f = ẋ0 − L0f θ̇0 sin θ0,

ẏ0f = ẏ0 + L0f θ̇0 cos θ0.
(B.34)
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The set of non-holonomic constraints (B.12)-(B.15) is still applicable. The virtual
steering angle δ∗ (B.35) is depicted in Figure B.2. The constraints for the virtual
steering wheel equals:

ẏ2f cos(θ2 + δ∗)− ẋ2f sin(θ2 + δ∗) = 0. (B.35)

By entering (B.29), and (B.30) into (B.35) we obtain:

(v2 sin θ2 + L2f θ̇2 cos θ2) cos(θ0 + δ∗) = (v2 cos θ2 − L2f θ̇2 sin θ2) sin(θ2 + δ∗), (B.36)

which can be simplified through the trigonometric identities,

v2 sin(−δ∗) + L2f θ̇2 cos(−δ∗) = 0. (B.37)

Equation (B.37) finally delivers the yaw rate of the second trailer given by:

θ̇2 =
v2

L2f
tan δ∗. (B.38)

Subsequently, the yaw rate of the first trailer θ̇1 can be expressed by employing (B.14),
and substituting (B.29), (B.30), and (B.31), which yields:

[v2 sin θ2 + L2f θ̇2 cos θ2 − L1bθ̇1 cos θ1] cos θ1 = ...

...[v2 cos θ2 − L2f θ̇2 sin θ2 + L1bθ̇1 sin θ1] sin θ1.
(B.39)

By repeated application of trigonometric identities, (B.39) can be simplified into:

θ̇1 = − v2

L1b
sin γ2 +

L2f

L1b
θ̇2 cos γ2, (B.40)

where γ2 is the articulation angle between the first and second trailer. Similarly the
yaw rate of the prime mover θ̇0 can be expressed by substitution of equations (B.29),
(B.30), (B.31), (B.32), and (B.33) in (B.12), which yields in:

θ̇0 = − v1

L0b
sin γ1 +

L1f

L0b
θ̇1 cos γ1, (B.41)

where γ1 is the articulation angle between the first trailer and the prime mover. v1 is
the longitudinal velocity of the first trailer defined in coordinate system ~e1

2, which is
expressed now in terms of second trailer longitudinal velocity v2 as follows:

v1 = v2 cos γ2 + L2f θ̇2 sin γ2. (B.42)

Equation (B.42) is derived based on projections of v2 and L2f (θ̇2) from ~e1
3 and ~e2

3,

respectively, into ~e1
2. The longitudinal velocity v0 of the prime mover in ~e1

1 is
derived in identical basis and equates:
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v0 = v1 cos γ1 + L1f θ̇1 sin γ1. (B.43)

All equations mentioned in this section are defined for the case when v0, L0b, and L1b

are positive, i.e. the vehicle is driving in forward direction and the coupling points
are placed in front of the axles. In practice L0b, L1b and v0 can be both positive
and negative, according to the type of HCV, and driving direction, respectively. To
make the equations (B.38), (B.40), and (B.41) functional for these permutations two
modifications are necessary. Firstly, the sign of v2 in (B.38) has to be disregarded as
it is already taken into account by the driver model. Secondly, the equations (B.40),
and (B.41) need to be updated by terms considering sign of L0b, L1b and v0. It is
because of non-minimum phase (NMP) property of a kinematic vehicle model which
occurs for combinations of negative L0b and L1b with positive v0 i.e. for forward
driving, and positive L0b and L1b with negative v0 i.e. for reversing. For these
NMP kinematic models the zeroes of some input-output transfer functions occur in
the right-half plane. By connection of any kinematic model with established inverse
kinematic equations, according to the approach shown in Figure 7.12a, the pole-zero
cancellation is achieved. In case of NMP models this however leads to the introduction
of unstable pole for the transfer functions Gθ̇0|γ1 and Gθ̇0|γ2 , shown in Figure 7.12a,
that did not have the right-half plane zero, which leads to instability of the loop.
Therefore final set of equations is updated as follows:

θ̇2 =
|v2|
L2f

tan δ∗,

θ̇1 = sign(v0) · sign(L1b)

[
− v2

L1b
sin γ2 +

L2f

L1b
θ̇2 cos γ2

]
,

θ̇0 = sign(v0) · sign(L0b)

[
− v1

L0b
sin γ1 +

L1f

L0b
θ̇1 cos γ1

]
.

(B.44)

The equations are employed for close-loop stability analysis of various vehicle combi-
nation layouts as documented in [114]. Moreover, it should be denoted that kinematic
inversion as described is applicable only for cases L1b, L0b 6= 0.



Appendix C

Closed Loop Stability
Analysis at Low Speed with
Limited Articulation Angles

C.1 Introduction

In order to perform a closed-loop system stability analysis the non linear equations of
the control scheme described extensively in Chapter 7 are linearised for the driving
along a straight curve trajectory. As the complete control scheme is linearised at first.
Then the transfer function for open loop and closed loop system is compiled, and used
for:

• Accuracy assessment of the linearised model

• Sensitivity study of the driver model parameters

• Assessment of the damping ratio of the closed loop transfer function.

C.2 Method

The non-linear model of driver, inverse kinematics and vehicle has been linearised for
driving along a straight curve trajectory while considering following presumptions:

• All angles are considered sufficiently small such the trigonometric functions can
be simplified as cos γ1 = cos γ2 = 1, tan δ = δ, tan δ∗ = δ∗, sin γ1 = γ1,
sin γ2 = γ2, sin θ2 = θ2, cos θ2 = 1, tanφ1 = φ1, and tanφ2 = φ2.
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• Longitudinal velocity of all vehicle units in the combination is equal, i.e. v0 =
v1 = v2.

• Considering the straight curve reference path the state equation ẋ0 = v0cosθ0

of the kinematic model which responsible to output state x2 can be disregarded.

This will result in the closed loop scheme depicted on Figure C.1a. The original
equations, as described in Chapter 7, are substituted by the transfer functions for
more convenient manipulation with internal loops, which can be directly handled by
MATLAB. Resulting scheme, depicted in Figure C.1b is to be considered hereafter
for analyses explained in Sections C.4, C.5, and C.6.

C.3 Linearised Equations

The equations used to derive all transfer functions in Figure C.1a are described next.

• Driver Model

The driver model depicted in Figure C.2 combines the principles described in
[4], [85], and [111]. It considers two preview distances PD1

, and PD2
, which are

used to calculate error angles φ1 and φ2, respectively. Furthermore, the lateral
error ∆y and the orientation error ∆θ are employed. These errors are multiplied
with the gains Ky, KI , and Kθ. The scheme for the calculation of errors used
in the driver model is depicted in Figure C.2 where U is the central turn point
of the last trailer to be controlled.

The driver model, as described in Chapter 7, equals:

δ∗ = Ky(w1φ1 + w2φ2) +KI

∫
eyU +KθeθR1

. (C.1)

Considering sin θi = θi, cos θi = 1, and the error angles φi sufficiently small
such that tanφi = φi, then they become:

φ1 =
yref − y2 − PD1θ2

PD1

, (C.2)

φ2 =
yref − y2 − PD2

θ2

PD2

, (C.3)

where PD1 , and PD2 are preview distances of the driver model, y2 represents
the vertical position of the second trailing unit, and yref is the vertical position
of the reference path. The difference yref −y2, and θref −θn can be substituted
by ∆y and ∆θ, respectively.
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Figure C.2: Driver Model principle

Figure C.2 Legend:

PD1−Preview distance 1 [m]

PD2−Preview distance 2 [m]

yref−y-distance of the reference path from the origin[m]

yn−y-distance of the last unit from the origin (y2 for DAV) [m]

θn−Yaw angle of the last unit (θ2 for DAV) [deg]

φ1−Error angle based on ey1 and PD1
[deg]

φ2−Error angle based on ey2 and PD2
[deg]

a1−Distance between the P1 and Q1 [m]

a2−Distance between the P2 and Q2 [m]

c1−Vertical distance between the origin and P1 [m]

c2−Vertical distance between the origin and P2 [m]

ey1−Preview lateral error 1 [m]

ey2−Preview lateral error 2 [m]

P1−Preview point 1

P2−Preview point 2

R1−Reference point 1

R2−Reference point 2

Q1−Projection of P1 on refference path

Q2−Projection of P2 on refference path

S1−Reference point 1

S2−Reference point 2
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The lateral error given by eyU = ∆y cos θ2−∆x sin θ2 after linearisation becomes
∆y, and eθR1

equates to ∆θ, so we obtain:

δ∗ = Ky

(
w1

∆y − PD1θ2

PD1
+ w2

∆y − PD2θ2

PD2

)
+KI

∫
∆y +Kθ∆θ. (C.4)

Rearranging (C.4) and transforming it to the s-domain yields:

δ∗ =

[(
Ky

(
w1

PD1
+

w2

PD1

)
+
KI

s

)
Kθ −Ky

(
w1 + w2

)]∆y
∆θ
θ2

. (C.5)

The resulting virtual steering angle can be subsequently recalculated for the
required yaw rate θ̇2 of the second trailing unit. Considering tan δ∗ = δ∗, the
linearised equation of θ̇2 is defined as:

θ̇2 =
|v2|
L2f

δ∗. (C.6)

The yaw rate of the second trailing unit θ̇2 represents an input to inverse kine-
matics blocks which are described next.

• Inverse Kinematics

The closed loop scheme depicted in Figure C.1a contains two blocks of inverse
kinematics named I., and II., respectively. Their role is to transform the target
yaw rate for the last vehicle unit θ̇2 in series to the required yaw rate of prime
mover θ̇0. Each block is able of transforming the yaw rate between two consecu-
tive vehicle units. Thus the internal structure of the blocks is identical, differing
only in vehicle dimension parameters. Both models of inverse kinematics were
linearised while driving along straight curve trajectory.

Considering articulation angles sufficiently small such that sin γi = γi, and
cos γi = 1 the linearised models are described as:

– Inverse Kinematics II.

The model is using two inputs represented by θ̇2, γ2 to output the yaw rate
θ̇1:

θ̇1 =

[
sign(v2)sign(L1b)

L2f

L1b
−sign(v2)sign(L1b)

v2

L1b

][
θ̇2

γ2

]
. (C.7)

– Inverse Kinematics I. The model is using two inputs represented by θ̇1, γ1

to output the yaw rate θ̇0:

θ̇0 =

[
sign(v1)sign(L0b)

L1f

L0b
−sign(v1)sign(L0b)

v1

L0b

][
θ̇1

γ1

]
. (C.8)
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• Kinematic Model of Double Articulated Vehicle Combination

As can be seen in Figure C.1a the linearised kinematic model of the double
articulated vehicle has one input represented by the yaw rate of the hauling
unit θ̇0, which is a function of steering angle δ, and five outputs represented by
y2, θ1, θ2, γ1, and γ2. The lateral position of the last trailing unit y2 and its
yaw angle θ2 are used as feedback signals for the calculation of lateral error ∆y
and orientation error ∆θ, respectively. Articulation angles γ1 and γ2 are used
as feedback signals for the inverse kinematics blocks, and yaw angle of the first
trailing unit θ1 is used only internally to calculate lateral position of the last
trailing unit y2. For the convenience and further implementation in the control
scheme the model is defined by a state space representation:

ẋ = Ax+Bu,

y = Cx+Du,
(C.9)

with the state vector x = [y0, θ1, θ2, γ1, γ2]T , the output vector y = [y2, θ1, θ2, γ1, γ2]T ,
and the input u = θ̇1. The equilibrium point about which the model is linearised
corresponds to the driving along the straight trajectory. This allows to assume
that all angles are sufficiently small such that cos γi = cos θi = 1, sin γi = γi,
sin θi = θi and the velocities of vehicle units equal v0 = v1 = v2. Resulting
matrices of the state equation in (C.9) read:

A =



0 v0 0 v0 0

0 0 0
v0

L1f
0

0 0 0
v0

L1f

L1b

L2f

v0

L2f

0 0 0 − v0

L1f
0

0 0 0

(
v0

L1f
− v0

L1f

L1b

L2f

)
− v0

L2f


, (C.10)

B =



0
L0b

L1f

L0b

L1f

L1b

L2f(
1− L0b

L1f

)
(
L0b

L1f
− L0b

L1f

L1b

L2f

)


. (C.11)
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The matrices of the output equation in (C.9) read:

C =


1 (L0b + L1b − L1f ) −L2f L0b 0
0 1 0 0 0
0 0 1 0 0
0 0 0 1 0
0 0 0 0 1

, (C.12)

D =


0
0
0
0
0

. (C.13)

Given θ̇1 as an input, and the fact that velocities of all vehicle units are assumed
to be equal and fixed constants, the linearised vehicle model used for the stability
analysis has only two states which get involved in the internal dynamics. These
are the articulation angles γ1, and γ2. Yet, the outlined state space model has
five equations which enable to obtain also y0, θ1, θ2. These however, can be
calculated directly from γ1,2 and θ̇1, for which the first three rows of the matrix
A (C.10) are zeroes, and therefore y0, θ1, θ2 do not take a role in the internal
dynamics of the linearised vehicle model. This formulation is chosen because of
its convenience for further implementation in the linearised closed loop structure
depicted in Figure C.1a.

C.4 Accuracy of the linearised model

To study the impact of the linearisation on the model accuracy we combined the
driver model, inverse kinematics I., II., and the vehicle model. The set of original non-
linear differential equations has been compared with the transfer function representing
the linearised model through a simulations that have been conducted to quantify
differences. Both models were provided with identical constant positive velocity, and
step input of either ∆y or ∆θ. Both ∆y, and ∆θ are varying in magnitude in order to
study the its impact on the error of the linear model with respect to non-linear model
in terms of articulation angles γ1 and γ2. For the error calculation the maximal values
of the articulation angels are considered. The results for a configuration consisting
of a rigid truck with two centre axle trailers (TK-CT-CT) are depicted in Figures
C.3a,C.3b, C.3c, and C.3d.
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Figure C.3: Comparison of linearised and non-linear vehicle models.
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It can be seen that with increasing magnitude of the inputs ∆y, and ∆θ the linearised
model becomes less accurate, as the effects of goniometric functions for all involved
angles are suppressed. The linearised model is sufficiently accurate for γ1 ± 25 deg
and γ2 ± 20 deg. As shown in Chapter 8, the span of articulation angles during the
docking manoeuvre satisfy these limits. Therefore, the closed loop stability analysis
with linearised model can be considered as credible for this scenario.

C.5 Driver Model Parameter Sensitivity Study

To investigate, which of the driver model parameters, i.e. Ky, KI , Kθ, PD1
, k =

PD2

PD1
,

has the biggest influence on the on the locus of the linear model poles, which represents
the eigenvalues of the system matrix, the following analysis has been done. Each of
the gains has been varied in the range ± 30 % and for the sensitivity analysis always
the pole with the least damping is chosen. The results are presented in Figure C.4.

As can be seen the gains Ky, and PD1 are the most influential for the loci of the
less damped poles. A similar trend is observed for forward driving too. Hence it is
rational to investigate the influence of Ky and PD1

on the closed-loop stability in
following steps.

C.6 Damping Ratio of the Closed Loop Transfer
Function

For the stability dependency of the closed-loop system on Ky and PD1 , the leasts
damped poles loci in complex plane will be examined. The remaining controller
parameters as KI , Kθ, k are kept on nominal values obtained from the controller
tuning procedure, as described in Chapter 7. Stability of the closed loop is ensured if,
all poles Pi of closed-transfer function satisfy Re{Pi} < 0. The less damped poles loci

can be furthermore used to determine the damping ratio given by ζ = −Re{Pi}
|Pi| , which

influences the system response and the system is stable only is ζ > 0. Considering
the fact that closed-loop transfer functions have a number of poles, for the calculation
of ζ the pole with the lowest damping value is numerically calculated and selected as
these poles will have a dominant effect for the system dynamics and stability.

The plot showing constant damping lines for reversing of rigid truck with two central
axle trailers (TK-CT-CT) can be seen on Figure C.5a. In the graph, also four markers
designated by A, B, C, and D can be seen. Each of the markers represents unique
combination of Ky and PD1

. Furthermore, the system response for points A, B, C,
and D is displayed on Figure C.5b, where the correlation between damping ratio
values from Figure C.5a and the system response in time is evident. The red marker
designates in Figure C.5a the combinations of Ky and PD1

, which were found in
tuning procedure to deliver lowest mean square error of ey, as described in Chapter
7. Stability boundaries for a controller with different vehicle configurations, as well
as validation of the closed loop transfer function against the non-linear model can be
found in [114].
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Figure C.4: Driver model gains influence on the locus of least damped pole.
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Appendix D

Vehicle and Controller
Parameters

D.1 Introduction

This appendix provides the dimensions data of the HCV combinations used for the
implementation and verification of the controller functionality documented in Chapter
8. Next the controller gains are provided for both driving directions.

D.2 Vehicle Parameters

The vehicle combination dimensions as depicted in Figure D.1 are listed in Table D.1:

Vehicle Parameter Full Size Vehicle Scaled Vehicle Model
L0f 5.475 m 0.27 m
L0b 1.875 m 0.08 m
L1f 6.585 m 0.295 m
L1b 2.005 m 0.09 m
L2f 6.585 m 0.425 m

Table D.1: Vehicle Dimensions
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L0f L0b L1f L1b L2f

Rigid Truck Centre Axle Trailer 1 Centre Axle Trailer 2

Figure D.1: Rigid Truck with two centre axle trailers.

D.3 Controller Gains | Full Scale Multi-body Vehi-
cle model

Vehicle Parameter Forward Reverse
Ky 1.4 2
PD1 13 6
k 1.4 1.4
KI 0.001 -0.001
Kθ 0.18 0.15

Table D.2: Controller gains Full Scale vehicle Multi-body model

D.4 Controller Gains | Scaled Vehicle model

Vehicle Parameter Forward Reverse
Ky 1.83 1.12
PD1

0.5 1.1
k 1.8 1.8
KI 0.001 -0.001
Kθ 0.11 0.08

Table D.3: Controller gains Scaled vehicle model
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