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Abstract

Nowadays, Powered Two-Wheeled Vehicles (PTWYV) are an increasingly popular means of transport in daily
urban and rural displacements, especially for the possibilities it offers to avoid traffic congestion. However,
riders are considered as the most vulnerable road users. In fact, the unstable nature of the PTWYV makes
them more susceptible to loss of control. This problem is even more complex during emergency braking or on
cornering maneuvers. As matter of fact, passive and active safety systems such as Anti-Lock Braking (ABS),
Electronic Stability Control (ESP), seat belts, airbags developed in favour of passenger vehicles have largely
contributed to the reduction of risks on the road. However, the delay in the development of security systems
for motorcycles is notable. Moreover, despite some existing systems, motorcycle riders use them badly or
they don’t use them at all. Therefore, it is not trivial that this delay, in the development of Advanced Rider
Assistance Systems (ARAS), coming from a delay in the development of theoretical and research tools.

This thesis fits into the context of designing ARAS for PTWYV. Our work deals with observation and iden-
tification techniques to estimate the PTWYV dynamic states and physical parameters. These latter are
fundamental for risk quantification and to assess the safety of the PTWYV, which are the main focus of
our research work. The first part of the thesis concerns classical identification techniques for estimating
the physical parameters of PTWYV. The second part deals with model-based observers proposed to estimate
the dynamic states of the PTWV. We proposed an unknown input observer (UIO) for steering and road
geometry estimation and an interconnected fuzzy observer (IFO) for both longitudinal and lateral dynam-
ics. An alternative methods to identification algorithms are observer-based identifier which allow both the
parameters identification and the states estimation. Therefore, a Luenberger adaptive observer (LAO) for
lateral dynamic states and pneumatic stiffness as well as a delayed unknown inputs observer (DUIO) with
an arbitrary relative degree, have been developed in this thesis.

As matter of fact, all these techniques allow to estimate the motorcycle dynamics while reducing the number
of sensors and overcoming the problem of non-measurable states and parameters. These proposed methods
require a simple combination of sensors and take into account realistic assumption like the longitudinal speed
variation. Among others, this manuscript introduces a self calibration algorithm for Inertial Measurement
Units (IMUs) alignment. Such a self-calibration method is used for telematic boxes (e-Boxes) installed on
two-wheeled vehicles, whose IMUs’ axes are often result not to be aligned with the vehicle reference system.
Finally, objective indicators are setting up to quantify the riding risks. These functions were studied for
ARAS purpose. To highlight the performance of these approaches, we have acquired data from high-fidelity
motorcycle simulator or even with data from real motorcycles. To conclude, we have drawn up a comparison
tables with the proposed approaches. The results of both the numerical simulations and the performed
experimentation seem to be quite promising.
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General Introduction

The powered two-wheeler vehicles (PTWV) which include motorcycles, scooters and mopeds has been con-
stantly increasing much faster than the passenger cars. The technological progress of PTWV brought a
noteworthy convenience to its users through a significant reduction of transportation journey, especially for
the opportunities it offers in avoiding congestion. Nonetheless, their proliferation has highlighted serious
safety issues as well. Therewith, it is necessary to adopt safety interventions and assistive systems targeting
this mode of transport. As a matter of fact, the growing vehicle traffic has increased the number of accidents
and road fatalities. The global status report 2018 (WHO, 2018) on road safety highlights that the number
of annual world road traffic deaths has reached 1.35 million. Henceforth, the road traffic accident is the 8"
leading cause of violent death, after everyday accidents. As well, road crashes statistics reveal that more
than half of all road traffic deaths are among Vulnerable Road Users, VRU, (Otte, Facius, and Brand, 2018).
Although pedestrians, cyclists and riders of powered two and tree-wheelers are more vulnerable as a result
of being less protected than car occupants, the heavy burden of deaths arisen from these road users is also a
reflection of infrastructure and vehicle design that prioritizes cars and other motorized transport. The study
of road accidents shows that human factors (57%) appear far before the meteorological or technical issues.
The two most frequent human causes (alcohol and speed) are respectively responsible for 31% and 25% of
fatal accidents. Distraction and tiredness are also an important human factors in a road accident, that can
be seen in unsuitable lane crossing or abnormal steering behavior. In the scope of improving road safety,
insight into preventable causes of road accidents is of interest.

Currently, intelligent safety technologies have mainly targeted four-wheeled vehicles and continue to be
developed and tested primarily for passenger cars and commercial vehicles. Unlike four-wheeled vehicles,
the design of motorcycles does not include primordial components that inherently increase safety. As a
result, the consequences of a motorcycle crash are often quite serious for the motorcyclists. Besides, road
accident statistics underline the importance of improving motorcycle safety and highlight key safety concerns,
that new safety technologies should target. Notwithstanding the high risks associated with motorcycle use,
relatively little research on motorcycle safety design has been carried out. In spite of that, with the increasing
popularity of this transport mode and increasing casualty levels, new safety systems, traffic laws, national
and international attentions are currently being given to this area. Towards this end, many research broadly
surveyed a wide range of Intelligent Transportation Systems (ITS) technologies with the potential to advance
motorcycle safety. The integration of Advanced Rider Assistance Systems (ARAS) and ITS for PTWV is one
of the forward objectives of automakers and suppliers, to help making a partial automated riding and serve
as safety system to support/alert the rider of potentially hazardous situations. Further, the integration
of various safety systems into one architecture can leads to an unexpected behavior in hazardous riding
situations. The supply of road safety for PTWYV riders remains useless, as long as some driving rules are
not always adapted to riding psycho-physical capacity, like the visual fields, distance assessment, dynamics
evaluation and loss of attention. Hence, the development of ARAS to improve rider safety should integrate
riding experience and vehicle controllability in different riding situations.

On-board roadway departure assistance systems are already integrated in modern car. In order to avoid
damage or even fatal crashes in dangerous steering situations, these systems make the vehicles more au-
tonomous, allowing to inspect the surrounding vehicle’s position and to detect the driver hypo-vigilance. In
spite of this fact, departure lane systems are not yet developed for motorcycles and those implemented for



four-wheeled vehicles are not entirely transferable to motorcycles. As a matter of fact, the PTWYV size can
be seen as a weakness. They tend to frequently change travel direction and speed, regardless number of lanes
or their width. Therefore, departure avoidance systems for motorcycles are the next step, aimed to detect
as early as possible, when the motorcycle is involuntary getting out of the lane. Needless to say, designing
warning systems for motorcycles or even vehicles requires risk quantification function, which can be used to
warn the rider, in the case of passive assistance or engage the control action in the case of active assistance.
Car Departure Lane Assist (DLA) system usually defines a Lane Crossing Time (TLC) and Distance to Lane
Crossing (DLC) as a risk index, to assess the time for involuntary trespassing the boundaries. An estimation
of the DLC provide with a clear view of emerging traffic situations, so that if rider makes a mistake, he
will have more time to respond, more space to maneuver and correct the trajectory. Among other, steady-
state analysis and handling capabilities issues are also very related to vehicle safe trajectory and roadway
departure. The analysis of the handling properties highlights certain dynamic aspects that are important to
define dangerous/safe stability threshold conditions, as the neutral, overturning or underturning behavior.
Nevertheless, there is a lack of warning systems related to the problem of Lane Crossing Point (LCP) de-
tection for motorcycles. Therefore, DLA systems for motorcycles need more thorough investigations to be
embedded in modern two-wheelers.

In the last decade, the challenge of creating more accurate models for active safety systems has increased.
Concerning PTWV, which are highly dynamic, nonlinear and coupled systems, many models have been
developed in the literature, with various levels of complexity and completeness. In fact, the uncertainties,
caused by the environment and induced by the aerodynamic phenomena as well as the motorcycle’s intrinsic
unstable platform and complex tire/road interaction make the modeling task more challenging. Withal,
even if a parametric model can be derived, the parameters values are not always available. Indeed, it
is well recognized in the automotive research community that knowledge of the real-time pertinent vehicles
parameters can be extremely valuable for active safety applications. In this scope, a thorough improvement of
this systems requires accurate motorcycle states information. Nevertheless, the measurement of all dynamic
states and inputs with conventional sensors is inconceivable for economic or technical reasons. To counter the
latter, virtual sensors are one of the key research fields using model-based estimators to overcome previous
shortcomings in providing estimates of unmeasured states and relevant parameters of the PTWV’s dynamics.
Besides, the emergence of new applications in many fields of mobile systems and robotics has promoted the
development of various approaches for estimation and identification. Nonetheless, each approach is suitable
for a class of mathematical representation of the system under consideration. Hence, developing ARAS
for PTWYV remains a high theoretical and technical challenge because of the self-unstable characteristic of
PTWYV, which gives rise to various difficulties in design of identification and observation methods of the
motorcycle. This topic is one of our research interest which intends to develop these systems starting from
a minimum set of vehicle self-integrated sensors to acquire measured states.

Withal, parametric identification is the process of finding a set of optimal system’s parameters, from available
input-output data, and a prior knowledge of the system’s structure. Several research works attempt to solve
the identification problem for a predefined class of systems. Among others, these techniques are designed for a
specific systems form and their direct transposition to the more general case is a complex task. Furthermore,
the identification problem is formulated assuming that all the system states are measured, which is really
untruthfully. Usually, identification is performed offline where online identification lays with some challenges.
Hence, enabling efficient solution of an identification experiment is conditioned by a purposeful set of input
signals related to persistence of excitation in order to reach an optimal solution. Hence, suitable rich input
signals should be considered, while in practice, these signals can not be freely applied to excite the PTWV
due to the system constraints, and the global optimization problem can settle to a set of incompatible
parameters. Alternative approaches suggest the use of observer-based identification. In this scope, observers
based identifier presents a convenient approach to deal with both dynamics states and parameters estimation.

In most of the references, the estimation of the PTWYV dynamics is done by considering restrictive as-
sumptions regarding riding motorcycle practices, constant longitudinal speed, parameters variation, road
geometry and/or neglected tire-road contact and also by considering a known tire friction. Indeed, the
coupling motion of the lateral and longitudinal dynamics of two-wheeled vehicle has not received much at-
tention in the literature related to motorcycle. All these assumptions simplify the estimation problem but
lead to an inaccurate estimation with respect to the real dynamics. Furthermore, it is commonly known that
a physical system may include unknown parts and subjected to various intrinsic parameters and external
perturbations. In this context, designing a virtual sensor for these systems has got significant consideration.



Withal these approaches, almost real systems subjected to unknown inputs, parameters and /or disturbances,
the matching condition does not hold every time. The motorcycle model is one of these complex systems
which does not fulfill the requirement to design a classical observer. Several open topics related to PTWV
field of research need more thorough investigations as for structural constraints and the convergence of the
state estimates jointly with a parametric identification.

Concerning instrumentation and data acquisition, axes calibration is a mandatory operation when inertial
sensors mounted within some sort of Electronic Control Unit (ECU) installed on a vehicle must be used
for measuring or estimating variables of interest for vehicle control and/or estimation purpose. In fact,
inertial sensors are strongly affected by mounting angles, and the correct rotation to be applied in order to
recover an alignment which is consistent with the vehicle motion is paramount to obtain sensible data to be
employed as representative of the variables of interest. In general, the aim of the calibration is to align axes
of sensors present in various aftermarket equipment, which may be installed in non-standard positions, and
for which the internal alignment of the sensors is also in general not known. In two-wheeled vehicles, such
a calibration step becomes even more crucial than in cars, as space and vibration constraints often do not
allow installations of the needed inertial measurement unit (IMU) in such a way to obtain a nearly natural
alignment with the direction of motion, so that the mounting angles can result in being quite significant.

For all these reasons, this thesis manuscript provides several contributions to the identification and estimation
of the dynamics of powered two-wheelers vehicles. In this particular context, the objective of this thesis is
to identify the main problems related to PTWYV and to study its critical cases. A part of this PhD is
dedicated to identification algorithms, these techniques are designed to estimate the unknown parameters of
the motorcycle parametric models. The second part deals with model-based observers proposed to estimate
the dynamic states of the PTWV. An alternative methods to identification approaches are observer based
identifier which allows both the parameters identification and the states estimation. Further, this manuscript
introduces a self calibration algorithm for Inertial Measurement Units (IMUs) alignment. The last part of
this thesis deals with objective indicators for risk quantification.

Thesis Organisation
This manuscript is organized as follows:
Part I: presents the general context and the motivation of these three years of research.

e Chapter 1 provides a state of the art on road accident analysis and road safety systems as well as
the important features of these systems for powered two-wheeler vehicles.

e Chapter 2 offers a brief review of PTWVs and we show the motivation of our choice to consider the
motorcycle as typical vehicles for the research study. Indeed, this chapter provides mathematical
modeling of tire-ground forces and moments as well as, the powered two-wheeler vehicle kinematic
and dynamic modeling. For the sake of validation, we present the instrumented motorcycle
(Scooter lab’s) and we introduce a self calibration algorithm to align Inertial Measurement Units
(IMUs) data.

Part II: is dedicated to open-ended questions related to parameter identification for motorcycle. With
regard to the modeling scope, we have studied two structures of models according to the expected
fineness. The first is a rigid body model (Inverted pendulum), then we have extended the model to
two-body model according to our requirements. This part is divided in two chapters:

e Chapter 3 considers the identification of the rigid one-body motorcycle model. Three design meth-
ods are studied in this chapter: using static test, an algebraic identification approach compared
to an iterative gradient descent algorithm.

e Chapter j focuses on the identification of a mathematical two-bodies model of a two-wheeled
vehicle. Two methods were proposed: a cascade, multiple-objective optimization algorithm and a
Levenberg-Marquardt (LM) identifier.



Part III: focuses on the states estimation and the parameters identification of the PTWYV dynamics with
observers synthesized from the two-bodies PTWV model. To this end, four observers are introduced:

e Chapter 5 introduces Unknown Input Observer (UIO): for road and steering dynamics reconstruc-
tion.

e Chapter 6 addresses an original method for designing a delayed unknown input observer (DUIO)
for nonlinear system with mismatched condition.

e Chapter 7proposes an LPV Luenberger Adaptive Observer (LAO) for the PTWV dynamics states
estimation and tires’ cornering stiffness identification.

e Chapter 8 presents Interconnected fuzzy Observer (IFO) for PTWV: both lateral and longitudinal
dynamics estimation of the two-wheelers.

Part I'V: aims at identifying objective indicators for the quantification of risk as well as carry out and

discuss the design of possible warning system for riders of PTW vehicles. To do this, we divided this
part into two chapters:

e Chapter 9 presents a neutral-path departure (NPD) algorithm towards getting circular stationary
states and analytical handling conditions.

e Chapter 10 focuses on Lane Crossing Prediction (LCP) for PTWV.

This design requires a precise knowledge of the various dynamic states and parameters of the motorcycle
as well as the external effort acquired either from measurement, estimation or identification techniques.

Last chapter provides a general conclusion to end-up this thesis and introduces the perspectives opened
by the work presented in this manuscript.
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Chapter

Road fatalities and ARAS for PTWV

——— Abstract \

Limited access to certain territories, the environmental and climatic urgency, the ever-increasing
daily transportation needs, faced to these challenges, it is time for a general overhaul of transporta-
tion policy and to rethink new mobility solutions for forthcoming decades. In France, the mobility
orientation project is started in 2018 and is structured around four main objectives: to provide all
and everywhere alternative solutions to the individual cars, to develop innovation and new mobility
solutions, to reduce the environmental footprint of transport and to invest more to improve the
infrastructures. While waiting for those promised solutions, several alternatives have already been
democratized all over the world to simplify mobility and especially two-wheeled vehicles. The prac-
tice of such vehicles is no longer exclusive to a few crops or cultures. Using bicycles and motorcycles
is an economic and social reality. However, from a road safety point of view, the increase in the
traffic of two-wheeled vehicles has not been foreseen in time and the lack of security systems and
adequat infrastructure testifies this.

This chapter gives a review of road fatalities and safety of ground vehicles and in particular the
Powered Two-Wheeled Vehicle (PTWV) to show the motivation of our choice to consider the PTWV
as typical vehicles for our research study. In section 1.1 road accident analysis is studied. Section
1.2 discusses the most frequent factors contributing to PTWYV crashes. They are described following
the interaction between the three basic components of the traffic system: PTW riders and other
road users, road environment and vehicle factors. Indeed, section 1.4 describe the existing methods
in the literature of Advanced Rider Assistance Systems (ARAS), also we present their limits and
recommandations to future works to improves the reliability and safety of motorcycle rider. Our
motivations and the specific challenges within the framework of VIROLO++ project are highlighted
in section 1.6.

1.1 Road Traffic Fatalities

In roadway safety, the road traffic accident is the usual term used to describe a collision between two vehicles
or a fixed/mobile obstacle. It refers to any accident occurring on a road open to public circulation, and in
which at least one person is injured or unfortunately killed.

The road accidentology consists essentially of decrypting the accident reports in order to identify their causal
factors, consequences, and to suggest corrective measures at potential location (Faheem, 2017). This can be
achieved by an in-depth knowledge of accidentology and statistical methods to evaluate the number and the
severity of accident and also their frequency and circumstances. Several risk variables including population,
road kilometer, distance traveled and economic cost are considered in the accidentology analysis. The
statistical analysis of accidents is carried out periodically at critical locations or road stretches which will
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help to arrive at suitable measures to effectively decrease accident rates. The interpretation of the statistical
data is very important to provide insight to the accidentology problem (Faheem, 2017).

In France, the National Inter-ministerial French Road Safety Observatory (ONISR) is in charge of the
National Road Traffic Accident database (BAAC) and leads various research programs about road safety.
It quantifies results and elements of assessment on roadway users’ behavior, public authorities’ actions and
comparison at the international level®.

1.1.1 Fatal Accident Statistics

The road traffic accident is now the 8 leading cause of violent death, after everyday accidents, suicides,
surpassing HIV/AIDS, tuberculosis and diarrhoeal diseases (Pietrasik, 2018). It is the first cause of death
for children and young adults aged between 5-29 years old?.

Fatalities | Target 2010-2020@0=—® Fatalities|
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FIGURE 1.1: Fatalities statistics and global target in France (ONSIR, 2018).

According to the World Health Organization, traffic accidents claim around 1.35 million lives annually
(WHO, 2018). Additionally, accidents lead to an estimated annual cost of around 500 billion euros, or 3%
of the world Gross Domestic Product (GDP). In 2018, the ONISR reports that nearly 3,259 people died on
french roads with light decrease with respect to 2017 (—189 or —5.5%), this is also the case for the remaining
indicators: injury accidents —4.8% and injured people —5.4% (Table 1.1).

TABLE 1.1: Annual number of road fatalities in France.

Result for the year 2018 | Injury accidents | Killed within 30 days | Injured people | Inc hospitalized 24h
2018 estimates 55800 3259 69434 20864
2017 final results 58613 3448 73384 27732
Difference 2018/2017 —2813 —189 —3950 —6868
Variation 2018/2017 —4.8% —5.5% —5.4% —24.8%

Despite these alarming statistics, it should be noted that after four years of rising or stagnating road deaths
in France, the year 2018 recorded the lowest mortality numbers in the history of Road Safety statistics as
shown in Figure 1.2 and Table 1.2. The decrease in road traffic fatalities between 2010 and 2018 is estimated
at —18.4% which represents 733 lives saved in 2018 compared with 2010.

Another remark concerns the fatalities among young people aged between 18 to 24 which decreased by 12%
in 2018 and nearly 41% with respect to 2010. This decrease in fatalities and serious injuries is particularly
pronounced for young riders. Notwithstanding, it has increased again among young motorcyclists, particu-
larly inside built-up areas and on motorways. Nonetheless, in spite of ascertainment, this age group remains
the most exposed to road risks.

Lhttps://www.onisr.securite-routiere.interieur.gouv.fr/
2https://www.who.int/violence_injury_prevention/road_ traffic/en/
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TABLE 1.2: Fatalities per age group in France

0-17 year | 18-24 year | 25-34 year | 35-49 year | 50-64 year | >+465 year Total
2010 291 831 547 704 809 592 3992
7% 21% 18% 20% 15% 19% 100%
2013 199 636 547 666 532 688 3268
6% 19% 17% 20% 16% 21% 100%
2017 205 562 571 638 603 869 3448
6% 16% 17% 19% 17% 25% 100%
2018 190 493 523 621 580 852 3259
6% 15% 16% 19% 18% 26% 100%
Variation
2017-2018 —7% —12% —8% —3% —4% —2% —5.5%
Variation
2013-2018 —5% —22% —4% —7% +9% +24% —0.3%
Variation
2010-2018 —35% —41% —26% —23% —2% +12% —18.4%
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FIGURE 1.2: Trends per road users categories in France

As reported in Tablel.3, the car user fatalities represent the majority of the fatalities in France. While using
passive security system can largely improve the safety of road users, it is concluded that the miss of a proper
3. Make a seat-belt reduces the risk of death or serious injuries

use of seat belts is the major death factor

by 50% for the driver and the front seat occupant, and by 25% for the rear seat occupants. On the other
side, the number of fatalities among PTWYV is still significant with 620 case in 2018. Compared to 2017,
fatalities have decreased by —7% among motorcyclists, —3% among pedal-cyclist and —2% for pedestrian
but it increased by more than +14% among moped riders. As for car users, failure to take a helmet concerns
half of fatalities while wearing a helmet decrease the risk of fatal injuries by 42%.

Shttps://www.securite-routiere.gouv.fr
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TABLE 1.3: Fatalities per road users categories in France (ONSIR, 2018).

Pedestrians Pedal-cyclist Moped user Motorcyclist Car users HGYV users Other users Total
) Mo o) - =N m
2010 485 147 248 704 2117 65 226 3992
12% 4% 6% 18% 53% 2% 6% 100%
2013 465 147 159 631 1612 57 197 3268
14% 1% 5% 19% 49% 2% 6% 100%
2017 484 173 119 669 1767 51 185 3448
14% 5% 3% 19% 51% 1% 5% 100%
2018 475 167 136 620 1647 48 166 3259
15% 5% 4% 19% 51% 1% 5% 100%
Variation
2017-2018 —2% —3% +14% —7% —7% —6% —10% —5
Variation
2013-2018 2% 14% —14% —2% +2% +16% —16% 0
Variation
2010-2018 —2% —14% —45% —12% —22% —26% —27% —18%
Variation
2000-2018 —44% —39% —70% —35% —69% —61% —60%

Particular weather conditions can affect road mortality. In winter, the number of road fatalities decreases
(Figure 1.3), road users avoid hazardous weather situations. However, July is extremely marked by road
fatalities. In fact, good weather conditions lead to an increase in travel, especially for vulnerable road users
as motorcycles. On the other hand, degraded weather conditions can increase the individual risk of each
user’s for many reasons as poor visibility, loss of grip in case of rain, ice storm. It is therefore generally
difficult to point the influence of meteorology on mortality month by month apart from the most extreme
variations.

500
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FIGURE 1.3: Monthly number of road fatalities: Killed in 30 days per year in France.

Furthermore, a strong increase in road victims is recorded in February 2019 compared to 2018 as shown
in (Figure 1.3). According to preliminary estimates of the ONISR* (Table 1.4), 253 people died on the
roads, against 216 in February 2018 (Figure 1.3). The same conclusion can be formulated for the remaining
indicators: the number of injured persons and accidents. Also, this increase in road mortality concerns
mainly pedestrians, cyclists, young people between 18 — 24 years old and seniors aged 65 and over”.

TABLE 1.4: Monthly number of road fatalities in France (ONSIR, 2018).

February
2019 | 2018 | Difference | Variation
Accidents | 4091 | 3345 +746 +22.3%
Victims 5274 | 4348 +926 +21%
Killed 253 216 +37 +17.1%
Injured 5021 | 4132 +889 +21.5%

1.2 Fatal Risk Factors

Research investigation and analysis show that human-inherent errors by distraction, drowsiness or under
evaluation of driving situation are the primary fatal risk factors in most of the accidents (WHO, 2018).

4https://www.securite-routiere.gouv.fr
Shttps://www.europel.fr/societe/securite-routiere-le-nombre-de-morts-sur-les-routes-en-hausse-de-171-en-fevrier-3881783
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Indeed, half of fatal car accidents are caused by alcohol consumption or any other psychoactive substance
that affects driving skills and decreases human’s reaction time. Next, we find the use of distraction devices
in particular the cell phones increases the risk to four times more likely to be involved in a crash.

ANNUAL GLOBAL ROAD CRASH STATISTICS
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FIGURE 1.4: Annual Global Road Crash Statistics (ZindaLawGroup, 2015).

Even if a remarkable progress has been achieved from driving legislation laws and vehicle standardization, it
is still very difficult to deal with the human behavior. The non-compliance with the basic traffic laws leads
to dramatic consequences. Ignoring the speed limit, aggressive driving, improper overtaking, running a red
light are all examples among others which demonstrate a bad driving behavior. For example, excessive or
inappropriate speed is responsible for one in three car fatal accidents in France. Finally and not ultimately,
the loss of the vehicle control as unsuitable braking and over-steer /under-steer, due to the driver inexperience
can also be fatal. In this sens, the continuous intrusion of driver assistance systems plays a critical role in
averting crashes and reducing the likelihood of serious injury.

Other factors are also related to infrastructure defects, weather conditions and technical failure. Ideally,
roads should be designed keeping in mind the safety of all road users including pedestrians, cyclists, and
motorcyclists. Measures such as footpaths, cycling lanes and safe crossing points are necessary to improve
visibility and reduce the risk of injury for those vulnerable road users. Regrettably, 40% of crashes occur
on road curves in France and 42% of accidents in curves occur at night. Thereby, curves cause a serious
problem for visibility. In fact, the risk of accident in curves is five to ten times higher than in straight line ©.

1.3 Motorcycles Safety Issues

The fleet of PTWYV, including motorcycles, scooters and mopeds, is constantly evolving and their use is
increasing much faster than traditional car vehicles. The technological progress of the PTWV and their
proliferation not only brought a noteworthy convenience to its users through a significant reduction of trans-
portation time, but has given rise to serious safety issues as well. The growing traffic of PTWYV requires to
rethink the road security by developing new safety assessment methods which takes in consideration the var-
ious constraints introduced by such class of vehicles in the global context of road traffic. In addition, PTWV
present numbers of intrinsic specifications which make the direct transposition of the existing Advanced
Driver Assistance Systems (ADAS), originally developed for cars, not feasible.

In this section, we discuss the important issues about PTWYV specification and the main difference between
PTWYV and passenger cars. Next, vulnerability is discussed to highlight some urgent needs to improve rider
safety. Finally, a state of the art of the possible Intelligent Transportation Systems (ITS) and Advanced
Rider Assistance Systems (ARAS) for PTWYV is presented.

Swikipedia.org/wiki/Accident
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1.3.1 Attractiveness of PTWYV

Beyond the fun side, PTWYV have specific features that make them an effective means of transportation. In
urban areas, PTWYV have the potential to go relatively quickly by their capacity to overtake vehicles and
the use of traffic ways dedicated for other public transportation. In addition, PTWYV users save time when
searching for a parking place, by parking legally or not very close to their destination. In rural areas, they
offer mobility options for users who do not have access to a car and where public transport is sometimes
non-existent. PTWYV can bring benefits from an environmental perspective with respect to car vehicles,
less fuel consumption and less emissions. The emergence of electric PTWYV, which are much cheaper than
electric cars, may bring additional environmental benefits.

FIGURE 1.5: In Bangladesh, riding a PTWYV has become an efficient solution for urban
mobility (Dhaka Tribune, December 2017).

However, PTWYV have also a number of drawbacks compared to car vehicles: vulnerability, more riskier,
less comfort, less visible and very few riding assistance system. PTW riders have a higher risk of injury
due to their greater vulnerability, resulting from a lack of protection compared to passenger cars, which
can lead to very severe consequences in the event of collisions above a given speed. Safety measures that
are already well-recognized, such as helmets, protective clothes, etc., have diminished this vulnerability, but
further progress still needs to be made. Indeed, motorcycles exhibit other intrinsic difficulty of riding due to
the necessity to balance the vehicle, its lower friction capacity and its great sensitivity to the environmental
perturbations (wind, gravel, any change in road surface, etc.) which may destabilize the vehicle. Also,
PTWVs are a significant source of noise.

FIGURE 1.6: Gendarme dead in Trieux, Meurthe-et-Moselle, 2015.

1.3.2 Dynamic Specification of Motorcycles

As discussed in the previous section, PTWYV presents a different dynamics behavior due its design and
motorization. Unlike car vehicles, a PTWYV is inherently unstable and can’t be balanced without rider
actions. They also exhibit a non-minimum phase steering behavior and non-linearities due to the steering
geometry and tire-road interactions. Generally, the stability of the vehicle is guaranteed by a combination of
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several effects that depend on the geometry, mass distribution, riding torque applied on the handlebar and
forward speed. The PTWYV’s balance issue is one of the biggest challenges to develop active safety systems.

9

FIGURE 1.7: Honda’s self-balancing motorcycle (Honda, 2017)

Beside the motorcycle’s balance difficulty, the lateral motion of the PTWYV is also a complex dynamics of
PTWYV. This dynamics arises from the rotation of the handlebar or the inclination of the vehicle. It includes
cornering, driving in a roundabout, overtaking, etc. The lateral motion of a PTWYV are controlled by the
steering torque applied to the handlebar. The latter is directly linked to the front wheel (via the suspension
system) without reduction stage. While for four wheeled vehicles, the driver controls the lateral dynamics
through the steering angle of the steering wheel which is connected to the wheel by a reduction gear. In
addition, the steering angle is, in general, very low especially at high speed. As a result, the PTWYV rider
feels more the effort resulting from the road on the steering mechanism. Also, the rider can act with the
inclination of his bust/posture to better control the lateral dynamics which is an additional degree of freedom
of control. In addition, the PTWYV must lean during a turn to compensate the generated lateral force at the
tire/road contact. Whereas the roll angle is limited by suspensions geometry in car vehicle, it can reach 60°
in competition motorcycles.

FIGURE 1.8: Loss of control in curve (Machézal, Loire, July 2012)

Counter-steering is a transient phenomenon which results from gyroscopic effects which contribute to generate
a roll motion of the front wheel. Thus, a right steering motion generates a rolling moment on the left and
conversely. Nevertheless, the amplitude of the rolling moment is small compared to other moments acting
on the wheels, but its transient nature is very important when cornering.
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FIGURE 1.9: Counter-steering phenomenon.

Among others, the rider to the motorcycle mass ratio is much higher for PTWYV than for cars. It is a very
important factor to consider, particularly for the robustness of the estimation and control algorithms. The
weight of a PTWYV varies between 50 kg for moped vehicles up to 400 kg for high-end motorcycles. As a
result, PTWYV are very sensitive to the rider’s posture and its riding style which highly affects the roll and
the lateral dynamics.

Moreover, due to the geometry of the PTWYV, and in particular the position of the Center of Gravity (CoG),
the load transfer between the front and rear wheels is more important. It leads sometimes to dangerous
situations such as the stoppie or the wheelie (Figure 1.10). These phenomenons are often neglected in
automotive ITS systems due to less load transfer. This can be explained first by the lower position of the
car CoG and also by the heavy mass of the vehicle compared to the driver. Nevertheless, the load transfer
must be taken into account when designing I'TS systems for motorcycles, as this may cause instability, the
fall of the motorcycle and may affect the braking efficiency.

FIGURE 1.10: Motorcycle wheelie and stoppie situations.

Consequently, riding a PTWYV may exhibit a specific behavior pattern on the road which is different from
the car drivers of four-wheeled vehicles. Such atypical behavior may surprise other road users. For example,
overtaking within a small space, turning on the incorrect side, positioning on one side of the lane, great
acceleration, are common practices which can be judged very hazardous for other road users and alter their
perception experience and decision making.

All these factors have attracted a great attention from transportation and research communities. From
control point of view, many interesting features are investigated such as instability, vibration mode, out-of-
plane control, non-linearities and the counter-steering concept. From behavior point of view, rider modeling
is a very active research field which aims to give more insight comprehension about PTWYV stabilization and
rider’s risk assessment mechanisms.
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1.3.3 Vulnerability of PTWYV users

Vulnerable Road Users are defined in the ITS Directive as non-motorised road users, such as pedestrians,
cyclists, PTWYV road user, as well as all persons with disabilities or reduced mobility. More than half of all
road traffic deaths are among vulnerable road users. In this context, pedestrians and cyclists represent 26%,
PTWYV users 28% while 29% for car’s users (Otte, Facius, and Brand, 2018). In addition, being less protected
than car occupants, accidents involving this class of users are of heavy consequences. The legacy reflections
in designing infrastructure have amplified this vulnerability and, despite the prominence of vulnerable road
users worldwide, the measures considered during the last years are still insufficient to significantly reduce
their mortality”.

0,
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B Pedestrians i Cyclists

Rider of powerd two -three wheelers M Passengers of 4-wheeled vehicles and light vehicles
M Drivers of 4-Wheeled cars and light vehicles m Other
m Drivers and passengers of buses m Drivers and passengers of heavy trucks

FIGURE 1.11: Mortality by road user category (WHO, 2018).

Very few studies are published about the impact of vulnerability in fatal accidents. MAIDS, Motorcy-
cle Accidents In Depth Study, has conducted a very interesting study whose results are published in
(penumaka2014depth). Also, according to the NHTSA, National Highway Traffic Safety Administra-
tion, PTWYV riders accounted for 14% of traffic mortality in 2016. The analysis prepared by the Insurance
Information Institute, five main factors influence the outcome of fatal motorcycle crashes®. It is showed
that in 37.4% of PTWYV accidents, the responsibility of the rider is highly engaged whereas in 50.5% this
responsibility is endorsed by other users category. Next, the loss of PTWYV control accounts for 32% and
non adapted speed for 34%. Also, one among four of PTWYV riders involved in fatal crashes don’t hold a
valid license”, compared to 13% for passenger car drivers.

"https://ec.europa.eu/transport/themes/its
8https://www.iii.org/fact-statistic/facts-statistics-highway-safety
9https://visual.ly/community/infographic/health/motorcycle-accidents
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AOTORCYCLE 9“2
ACCIDENTS @f

INJURED A MOTORCYCLE ACCIDENT?

If you are injured while operating a motorcycle and it is not
your fault then you would be eligible to be compensated for:

of injuries are to
the head and neck MOTORCYCLE HELMETS:

T Helmet laws differ from state to state, 50 it is
of injuries are to important to know the laws of the states you will
the back be riding in. In recent years, the NHTSA has seen

a drop in the number of riders and passengers
using helmets nationally. This is unfortunate

of injurles are to because the NHTSA determined that in one year
:’:dz;‘lys?l::“a‘e Rl l helmets saved 1,617 lives and would have saved
the arm and hand 703 more lives if helmets had been worn.
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Pain and Suffering

Scarring

Loss of Consortium (if married or have children)

Wrongful Death (if applicable) MOTORCYCLE CRASH STATISTICS:

The NHTSA compiled the following motorcycle crash statistics:
“Ee

3 5% of all fatal crashes involved speeding.

29 %0 of ai fatal crashes involved drinking and riding.

22% of victims of fatal crashes were riding without a license.

Riders of “super sport * which are ligh that can
reach speeds of up to 190 MPH, were 4 times more likely to be involved in fatal
crashes than riders of other types of motorcycles.

FIGURE 1.12: Motorcycles Accidents (Oliveira, 2013).

1.4 Intelligent Transportation Systems

Transport has always been crucial and challenging for society. Research explores new approaches to transport,
in order to ensure its social, economic and environmental sustainability. In this context, this section discuss
the potential of ITS systems to reduce motorcycle safety issues. From the literature related to PTWV ARAS
and ITS, we present the gaps in motorcycle research and ARAS design.

- - -
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Sensors Cameras GPS Lasers
Electronic stability control Anti-lock Autonomous emergency Lane.departure
(ESC) braking (ABS) braking (AEB) Warning (LDW)
Lane keeping assistance Drowsiness and attention Speed limit information Intelligent speed

(LKA) detection systems (SLI) assistance (ISA)

FIGURE 1.13: Safety System.

1.4.1 Overview on Road Safety Systems

Reducing the number of road accidents involves designing and developing safety systems to improve road
safety and ensure passengers integrity. Intelligent systems have a crucial role to play within the new vision of
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mobility. These ITS include a broad range of concepts, systems, and application of advanced technologies that
aim to reduce the number of accidents and optimize the use of infrastructure (Alam, Ferreira, and Fonseca,
2016). Almost worldwide, the use of assistance systems including ADAS and In-Vehicle Information Systems
(IVIS) is quite commonplace. But traditionally, the road safety systems can be classified into two categories:
passive or active. Passive safety systems aim to reduce severe injuries and to protect the vehicle occupants
from strong impacts (Flanigan et al., 2018). Systems like airbags, seatbelt and active head restraint are
deployed from several decades ago on each sold vehicle. Nowadays, researches focus mainly on new chassis
more able to absorb accident shocks. Despite all these, the passive road safety remains restricted regarding
human behavior, driving skills limits and vehicle technical failure. On the other hand, the active safety
systems embed different level of intelligence to prevent rider from hazardous driving situation or even to act
directly on the car actuators. Many active safety systems have been developed and widely implemented to
improve the controllability of the vehicle and get the best dynamic behavior almost driving situations, from
the most common to the most unexpected.

In particular, these systems help the driver by informing him about the driving conditions (Gordon, 2016).
For these reasons, car manufacturers are now able to develop ADAS that automate some low level driving
tasks. Figure 1.13 shows a summarized cartography of the main conventional active safety systems.

1.4.2 Towards Motorcycles ITS

Intelligent safety technologies have mainly targeted truck and car vehicles, while only a limited ARAS for
PTWYV have been developed. These systems are named ARAS, Advanced Rider Assistance Systems and
OBIS, On-Bike Information Systems. Nowadays, several researches try to evaluate the possibility and the
potential to transfer ADAS, developed for cars, towards PTWV (Figure 1.14).

FIGURE 1.14: ARAS Systems for PTWV.

The literature review, presented in (Flanigan et al., 2018) gives a thorough analysis and revealed a series of
trends and gaps in the current state of research on motorcycle safety and ITS. According to this review, the
ITS services focus on the following categories of investigation:
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1. Adaptive Front Lighting and Daytime Running Lights,
2. Advanced Driver Assistance Systems (ADAS),

3. Anti-lock Braking Systems (ABS),

4. Collision Warning and Avoidance Systems,

5. Curve Speed Warning,

6. Electronic Stability Programs,

7. Inter-Vehicle Communication Systems and Motorcycle Detection Systems.

1.5 State of the art of Motorcycle ITS

1.5.1 Advanced Rider Assistance Systems

ARAS are assistance systems for PTW riders. They provide automated assistance for riding tasks such
as steering, braking, collision avoidance, lane departure warning, lane keeping, and adaptive cruise control.
ARAS can classified as an informing systems, warning systems, active assistance systems, or autonomous
systems.

Almost of literature related to PTWV ARAS focused entirely on the safety benefits of ARAS for motorcycles
(Cossalter et al., 2006b; Slimi et al., 2009; Popov, Rowell, and Meijaard, 2010; Touliou et al., 2012; Sharp,
2012; Kooijman and Schwab, 2013; Beanland et al., 2013). In the European Commission’s SAFERIDER
project (Montanari, Borin, and Spadoni, 2011), five key ARAS functions for motorcycles are identified, speed
alert, curve warning, frontal collision warning, improving safety at intersections, and lane change support.

In addition, these works focus on the technical advancement of ARAS for motorcycles where dynamics
modeling occupies a prime place. It aims to study new models of motorcycle steering control, handling, and
roll motion, which can be used to better adapt ARAS to motorcycles. Among other, many works focused on
the development of high-end motorcycle riding simulators to test the effectiveness of ARAS. Other important
issues are also investigated, aiming to evaluate the acceptability of ARAS by PTWYV riders (Touliou et al.,
2012). Acceptability is a major obstacle for ARAS, these two concepts do not bring together a consensus
among the whole bikers community.

FIGURE 1.15: Rider Assistance System Architecture.

Figure 1.15 shows the general architecture of a rider assistance system. It is based on the perception of the
environment through proprioceptive and exteroceptive sensors which provide measurements of the vehicle
dynamics and collect information relating to the external environment. Each acquired data is then forwarded
to the fusion unit for processing to get an accurate knowledge about the current riding situation. Next, the
data processed by the fusion unit is transmitted to the decision module which analyzes them and decide for
the adequate actions according to the environment, the rider’s behavior and the risk level. Finally, these
actions are sent to the action module, which produces either visual, sonore and/or haptic warnings, or an
active intervention to correct the vehicle trajectory.
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According to Figure 1.16, we can also classify ARAS systems with respect to the intrusion level (Kuschefski,
Haasper, and Vallese, 2009). Informing and Warning systems have an indirect influence on the driving task
and allows to inform the driver about the current driving situation. Assisting systems indicate driving errors
to prevent an hazardous driving situation. Partly autonomous system acts partially to assist the driver to
recover a safety riding situation, however, the driver is the only responsible for decision making and hence
can simply disable the system or readjust its risk function. Fully autonomous systems have a great margin
of decision and operate directly on the low-level vehicle actuators, hence they cannot be disabled by the

driver as in case of the ABS.

= Fully Autonomous
systems

System that operate

autonomously and cannot be

influenced by the driver

FIGURE 1.16: Classification of ARAS for PWTv.

1.5.2 On-Bike Information Systems

OBIS provide important information on weather conditions, as well as, they improve the vehicle visibility
through intelligent communication interfaces (Touliou et al., 2012 and Diederichs et al., 2010).

The four OBIS functions having the highest impact for PTWYV safety are listed in SAFERIDER project '°.
eCall system requires the capacity of PTWYV to detect and remotely provide information, as the location of
a crash. Tele-diagnostics services monitor constantly the functioning conditions of the vehicle. Navigation &
Route Guidance provides a key function for novice riders by integrating OBIS and positioning data. Weather,
traffic € black spot warnings integrate the navigation system with weather, traffic and accident data, in order
to warn the vehicle occupant about potential dangers along the road.

1.5.3 Vision Enhancement for Crash Avoidance

This service deals with poor visibility riding conditions and aims to improve the road perception. It allows
to avoid potential collisions with other vehicles, railings, pedestrians, or obstacles and assist the driver
in complying with traffic signals and signs. Such examples are AFS and DRL technologies which focus
on the visibility problem. Almost research works aim to better understand the effect of AFS and DRL on
motorcycle conspicuity and their effectiveness (Cavallo and Pinto, 2014; Varlakati, Yogaraja, and Sudharsan,
2013; Cavallo and Pinto, 2012).

e AFS, Adaptive Front-lighting System, is an active safety system providing an optimized vision to the
driver during night and poor-visibility riding conditions. AFS adjust dynamically the vehicle headlight
position and intensity according to the daytime, lean angle, the vehicle speed, road type, environment
and the position of other vehicles.

0www.saferider-eu.org
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e DRL, Daytime Running Lights is a lighting device on the front of the vehicle in which a multicolor
lights are emitted to increase the visibilty of the vehicle during daylight conditions.

1.5.4 Motorcycle Autonomous Emergency Braking

The Collision Warning and Avoidance Systems are known as Motorcycle Autonomous Emergency Braking
(MAEB). MAEB refer to systems that detect objects in the roadway through sensors embedded in the front
of the vehicle and alert the rider if objects become a potential collision risk. In most cases, MAEB would
then apply autonomous emergency braking if the rider does not answer to the collision risk warn (Tanelli
et al., 2009a; Savino et al., 2013a).

e FCW, Forward Collision Warning, detects the distance between the vehicle and a potential obstacle
using laser sensors or camera. When a vehicle is approaching too close to the obstacle, it provides
alerts via an THM.

e LatCA, Lateral Collision Avoidance, assists the rider to avoid collisions by providing warnings and/or
controlling the vehicle in imminent situation.

e LRM, Lateral and Rear Monitoring, aims to improve driver perception to reduce the risk of side and
rear collision.

e LgCA, Longitudinal Collision Avoidance, the same as LatCA but it concerns the front or rear of the
vehicle.

e ICA, Intersection Collision Avoidance, assists the rider to avoid potential collisions at intersections.

In SAFERIDER project, FCW is identified as one of the five key ARAS functionalities suitable to develop
and implement on a motorcycle prototype. It is shown that this system has a good predictive capability
under different riding styles and collision scenarios. However, the acceptability of this system reminds further
research.

1.5.5 Antilock Braking System Technology

ABS is a legacy safety system that allows vehicles to maintain contact with the road surface according to
driver inputs while braking and hence, preventing wheels locking up (Gail et al., 2009; Muller and Yildirim,
2011; Huang and Shih, 2011).

The ABS technology was firstly implemented on a PTWYV motorcycles in the 1980s and it is a mandatory
system since 2016. Many works related to motorcycle conduct statistical analysis of crash data to determine
the safety benefits of ABS-enabled motorcycles (Roll, Hoffmann, and Konig, 2009; Rizzi et al., 2015). Among
other, some works have focused on improving the braking distance and time for motorcycles with ABS or
adapting ABS to lighter PTWV. It is proven that ABS technology has a great potential for motorcycle safety
due to its relatively widespread acceptance among the motorcycle community.

1.5.6 Precrash Systems and External Airbags
Precrash systems combine the active and passive collision avoidance technologies (Georgi et al., 2009).
e Airbag Jackets: functioning as a collision protection system for motorcyclists. When a motorcyclist is

thrown from the motorcycle during a crash, the airbag jacket instantly inflates to protect the rider’s
upper body.

e External Airbags: act to disperse the force of the crash more slowly rather than directly protecting
the occupant, they prevent collision force from reaching the motorcycle.
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1.5.7 Curve Speed Warning

CSW, Curve Speed Warnings, is a warning system for excessive cornering speed in particular when approach-
ing a turn (Yuen, Karim, and Saifizul, 2014; Huth et al., 2012; Biral et al., 2010). The literature review
concludes that this system has a good applicability and a real effectiveness for the PTWYV safety.

1.5.8 Roadway Departure Warning Motorcycle

The roadway departure warning system provides assistance by alerting the driver of an inadvertent line
crossing due to driver inattention or fatigue. This system uses information from a video sensor and road
line detection algorithms to define the vehicle position and orientation in the lane. This makes possible to
compute a risk indicator, almost the lane departure time such TLC or DLC. If TLC is below a threshold
value, the system issues an alert.

e LKA, Lane Keeping Assist, and DWS, Departure Warning Systems, detects distance and time to line
crossing in order to generate a lane departure warning (Chiu and Lin, 2005, Lord et al., 2011).

e LDW, Lane crossing warning system, provides lateral control to correct the vehicle position within its
lane when the rider unintentionally cross the markings (Marumo and Katagiri, 2011a).

e Following Distance Warning detects other vehicles in the front of the driver and generates a warning
when the inter-distance becomes under a predefined threshold. This technology may be combined with
collision avoidance warning system and adaptive cruise control (Katagiri, Marumo, and Tsunashima,
2008a).

e RDCWS, Warning system to prevent road exit, a combination between CSW and LDW systems. It
provides a warning signal when with respect to the vehicle speed when approaching a turn. It allows
also to warn the rider for an excessive lateral displacement. It was developed as part of the RDCW
FOT project (LeBlanc, 2006).

1.5.9 Electronic Stability Program

ESP is an electronic control system for dynamic stability or trajectory control. It allows to keep control of the
vehicle despite the hazards of the road, (Kidane et al., 2009; De Filippi et al., 2011a; Murakami, Nishimura,
and Zhu, 2012; Seiniger, Schroter, and Gail, 2012). Most of these research studied the implementation and
performance of ESP systems during challenging maneuvers while braking, on curves, and on rough roads.

1.5.10 Inter-Vehicle Communication System for Motorcycle

IVCS facilitates communications between vehicles, e.g., car-to-car or motorcycle-to-car. It is also a key part
of evolving connected vehicle technologies V2X (Manzoni et al., 2010; Rajab, Othman, and Refai, 2012;
Ling, Gibson, and Middleton, 2013; Maruyama et al., 2014). Few researchers have been working to design
the Motorcycle Approaching Indication (MAI) function in V2V systems for automobiles. These technologies
offer considerable safety benefits to motorcyclists because they reduce the risk of automobile-motorcycle
crashes.

e Motorcycle Detection Systems use inter-vehicle communications to detect nearby vehicles and notify
the driver of potential risks or other relevant information (i.e., motorcycle in a truck’s blind spot).

e Road Surface Condition uses sensor systems that collect information on road surface conditions and
communicate that information to the driver via V2I and V2V systems (Svendenius, 2007; Savino et al.,
2013b).

Future research efforts should investigate motorcycle-based communication and detection technologies as
well, especially given that human-machine interfaces for these technologies will need to be specially designed
for motorcyclists.
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1.5.11 Helmet-Mounted Display

Helmet-Mounted Displays is a system that projects alerts, warnings and any possible other information such
as speed onto a helmet visor or as audible speech. Sensors in a helmet that sense light conditions, adjust
the darkness of the visor, and provide night vision capabilities in very dark conditions (Dee, 2009).

1.5.12 Longitudinal Control System

Riding in heavy traffic and maintaining the correct distance to the vehicle in front takes a great deal of
concentration and is strenuous over longer periods. As an example, ACC which maintains a safe distance
between the vehicle and another preceding it. This is made possible by an on-board sensors, radar or laser,
that detects the presence of a vehicle on the same track and measures the distance of the vehicle ahead as
well as its speed.

The Saspence (SAfe SPEed and Safe DistaNCE) project (Bertolazzi et al., 2009) develops a system capable
of helping the driver to maintain the maximum authorized speed and safety distance according to the given
driving conditions (road geometry, traffic situation and meteorological conditions). This system serves to
avoid the risk of accidents due to excessive speed and inappropriate distance in a particular situation.

1.5.13 Gaps in ITS for Motorcycle Safety

As crash causes for motorcycle safety issues are more precisely defined, Intelligent Transportation System
(ITS) solutions can be designed to address them, and improve safety issues across all users. The literature
presented in (Flanigan et al., 2018) revealed important gaps in current research on ITS for motorcycle
safety. Significant progress can be expected towards the development of devices for active and passive safety
by investigating future perspectives such that:

e Complete prototype systems for motorcycles allow assessing the safety benefits of such ITS and evaluate
their acceptability.

e Motorcycle safety data to overcome the lack of robust data sets. Improving safety also implies an
in-sight knowledge of PTWYV by investing in the collection of crash data.

e Harmonization of ITS to address the important issue of ITS interoperability as well as, multi-sector
collaboration.

e Connectivity is as an important ITS application for the near-term behind connected vehicle technology
for automobiles and ensures that motorcycles are considered and included in the development of such
technologies.

1.6 VIROLO-++ Project Overview

Many research programs have been undertaken in Europe and abroad to understand the factors contributing
to crashes. In particular, the MAIDS and RIDER projects allowed to characterize accidents situations
(Penumaka et al., 2014), which paved the way to other projects such as SAFERIDER (Evangelos, 2010)
for the development of ITS. 2BESAFE aimed to study the motorcyclists behavior and ergonomic factors
contributing to motorcycle crashes (Ng et al., 2018). The French ANR/Predit SUMOTORI and DAMOTO
collaborative projects proposed an automatic fall detection algorithm for early inflating of a wireless air-bag
jacket. SIM2CO+ aimed at identifying the risky situations experienced by novice motorcyclists who have
just passed their test, in order to improve pre-test training in France (ANR, 2014).

The VIROLO++ Project is a French ANR project, proposed to emphasize on bend-taking maneuvers. The
aim is to fill the knowledge gap on bend-taking practices for a group of experienced and novice riders, to
understand how riders enter a bend, maintain control and exit a bend. This system is mainly intended to
operate on highways, national and departmental roads and in adverse conditions. In particular, the goal
of this project is to develop tools and methods suitable for the study of the riders’ behavior and for the
understanding of the way they interact with their vehicle when negotiating a bend (Figure 1.17).
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FIGURE 1.17: VIROLO++ French ANR Research Project.

The design of riding aid devices, and the training of riders to use them, are at the core of the VIROLO++
research project. The consortium’s ambition is to mitigate PTWYV rider road fatalities and injuries linked
to a loss of control in bends, through the study of bend-taking behavior of motorbike riders application to
training and intelligent transport systems is undertaken by the the VIROLO++ research project.

The project looks for more knowledge about how motorcyclist effectively take bends. Experiments were
objectively measure the motorcyclist behavior and the rider-vehicle interaction. A cybernetic model of
steering control is expected that will represent the rider control mechanism. The trajectory reconstruction
is one of the important way to improve turn riding by comparing them to safe reference trajectories.

The project is organized into six work-packages (WP). WP1 deals with the PTWYV instrumentation. The
goal is to design an embedded architecture for the acquisition and recording of data. This embedded system
will work in real riding situation to collect information about the rider behavior, vehicle behavior and
driver/vehicle interaction in real-time. The WP is organized in four different tasks:

1. Deploy the embedded logger on two motorcycles belonging to the national gendarmerie in order to
measure and evaluate trajectories;

2. Add on a third motorcycle a sensor system to measure forces exerted by the rider on the PTWYV;

3. Design an THM based on tablet or a smartphone application to display on-line information and the
different warning signals;

4. Design a minimal low-cost sensor architecture.

WP2 concerns the estimation of the PTWV dynamic states and trajectory in turn or lane change. This
task allows identifying the relevant parameters for a better reconstruction of dynamic states and external
actions applied to the motorcycle. In order to of validate observations, several track tests must be carried
out. This validation requires good instrumentation, something that is already widely available on the target
prototypes.

In WP3, the rider-motorcycle interaction is studied to propose cybernetic model for the steering control
task. Measurements on test track will be conducted with the instrumented vehicles in the WP1 in order to
investigate the practices of a diverse population of riders and compare how these riders describe their control
strategies with how they actually perform.

WP4 concerns the development of a risk function by defining objective indicators to quantify a hazardous
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riding situation. The risks considered here is related to unsuitable approach speeds, leading to a possible loss
of control or a collision with a third party. The risk functions to be synthesized will be mainly based on purely
dynamic considerations of the lateral dynamics and the mobilized adhesion. However, the implementation
of the road-risk assessment function requires the best possible knowledge of the various dynamic states of
the motorcycle and the external effort.

WP5 develops application to training and safe bend-taking. This covers the development of products for
industry based on the results of all previous WP, mainly targeting innovative training applications for safe
bend-taking: off-line and on-line devices for the evaluation of motorbike paths, and new scenarios for the
low-cost riding simulators. These new products will be evaluated by riding trainees and experienced riders.

WP6 deals mainly with project management. All partners will contribute to this work package, to define
the dissemination strategy and its execution during the project.

1.7 Conclusions

Throughout this chapter, we have discussed the context and motivations of the thesis. In summary, Powered
Two-Wheelers riders are the most vulnerable road users. The accident analysis studies have shown that
reducing the number of road accidents requires designing and developing safety systems to ensure passengers
safeness. Nevertheless, assistive systems for cars are well known and increasingly popular but for PTW
riders the development of Advanced Rider Assistance Systems and On-Bike Information Systems have not
progressed far enough yet. The lack of consideration of these users explains these alarming statistics. To
overcome these problems, it is necessary to improve vehicles and road network infrastructure through the
proposal of intelligent systems. Now and in many countries, the use of safety-enhancing assistive systems for
passenger and commercial vehicles, including advanced driver assistance systems and In-Vehicle Information
Systems are quite commonplace. Nevertheless, only a limited amount of the PTW equivalents systems
have been developed so far. A better understanding of rider behavior would make it possible to sensitize
experienced riders who show good practice, but also to set up new training and retraining measures, to
improve the road design, to amend the highway code, and to identify areas for the design and/or assessment
of driving assistance devices dedicated to PTWVs. Finally, knowledge of the interaction between riders
and their PTWVs is critical for the tuning of riding simulators, which can then be used by a broader set
of the rider population. The above analysis of safety gaps indicates several opportunities to advance the
state of research on motorcycle safety and Intelligent Transportation Systems by addressing key gaps and
needs. To help take action to address the identified gaps and challenges in research on ITS for motorcycle
safety many recommended areas of research were identified to enhance ITS for motorcycle safety, include:
synthesizing ITS technology and implementation with the already successful technology of antilock braking
systems (ABS) in motorcycles, rider-motorcycle interface, motorcycle safety data including preparations to
take full advantage of big data moving forward, applied research and assessments of safety benefits; and the
harmonization of ITS technologies and standards such as inter-operable connected vehicles.

This thesis fits into this context by proposing a contribution to the development of rider assistive systems for
motorcyclists, also known as Advanced Rider Assistance Systems. During these three years of research, within
the VIROLO++ project, we have placed so much emphasis on the development of realistic solutions and
their validations. In this validation process, we used the BikeSim software and the experimental platforms
of the laboratory. Therewith, to accomplish ARAS design, the main elements of the PTWYV structure and
the basic phenomena at the origin of its specific dynamic behavior are discussed. Indeed, to characterize the
behavior of the two wheeled vehicles, it is important to understand the V - I - R (Vehicle - Infrastructure
- Rider) system. These characteristics have to be considered in the synthesis of PTWV model, estimation
and control problems. In the next chapter, we present a detailed kinematic and dynamics modeling of the
motorcycle, taken into account various factors influencing this dynamic.
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Chapter

PTW Vehicle Modeling

——— Abstract

Accurate modeling is important to analyze and understand the behavior of a system, to validate and
test the effectiveness of various control strategies and estimation methods. Henceforth, this chapter
deals with the mathematical modeling of powered two wheeled vehicle (PTWYV). Since there is no
affordable way to measure the pneumatic forces and moments of a PTWYV, a tire modeling is studied
with respect to different characteristics that have a strong influence on tire/road interaction. As a
first step, an overview of PTWVs is given in section 2.1. Thereby, we introduce the issues related to
tire modeling for a dynamic model in section 2.4. A brief description of the tire/road contact forces is
introduced based on the magic formula of Pacejka to understand the tire dynamics and consequently
the parameters of the tire model in section 2.5. The expressions of the pneumatic moments are also
derived. In section 2.6 a short review is presented showing the progress of the PTWV modeling.
Some important preliminaries are presented in section 2.7. Some technical simplifications for the
sake of implementation are reported in section 2.8. The different motorcycles/rider models are
introduced in section 2.9. In order to have an experimental platforms, used as a reference for the
validation of the two-wheeled models and algorithms, we will present the motorcycle (Scooter lab’s),
the different sensors and their characteristics in section 2.12. Last, we introduce a new procedure
for data calibration in section 2.13. Such a self-calibration method is focused for telematic boxes
(e-Boxes) installed on two-wheeled vehicles, whose IMUs’ axes often result not to be aligned with
the vehicle reference system.

2.1 Overview of PTW Vehicle

PTWYV is a two or three-wheeled motorized vehicle such that motorcycle, bike, motorbike, cycle, scooters
and mopeds (Figure 2.1). They have gained popularity as an efficient transportation way especially in urban
areas. The PTWYV design varies greatly to fit a wide range of different purposes: long distance travel,
commuting, cruising, sport including racing, and off-road riding. More and more people are giving up their
four-wheeled vehicles and embracing life on two wheels vehicles. Motorcycles can be seen as a form of
transportation or as a way to be free to enjoy the open road. Furthermore riding a motorcycle offers several
advantages over driving a four wheeled vehicles. The most obvious, and greatest, advantage of traveling
by motorcycle, is the ability to get through traffic faster in highly congested areas. There are many fun
elements in owning a motorcycle but also a great disadvantage since the rider is most exposed to danger in
an accident and he is less protected from serious injuries.

Therewith, the involvement of PTWYV in the daily life transportation has attracted the attention of industrial
and research laboratories around the world to face the new arising challenges. They are seriously thinking
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FIGURE 2.1: Two-Wheeler Vehicles.

about exploiting the promising capabilities of these vehicles, which may highly affect the global vehicle
economy. Although most of the topics have already been discussed for several decades ago, the particularity
of the two-wheeled vehicle has made some classical issues such as stability and maneuverability always a
very active research topic until nowadays. Several research groups are specialized in a specific topic related
to the PTWYV riding assistance systems and the related embedded solution for perception and control such
that the obstacles detection and avoidance, vision-based landing, localization techniques, data fusion and
others.

The history of the study of motorcycle dynamics is nearly as old as the bicycle itself. In 1817, Karl Drais
invented the Laufmaschine', or the running machine known later as the velocipede or draisine. This machine
showed that a rider could balance his device by steering the front wheel. But the first meaningful overview
about PTWV dynamics are undertaken first at the Imperial College by the Robin Sharp works, in the early
of 1970s. He investigated regularly the stability behavior of motorcycles by studying its dynamics to deals
with the so-called instability modes. Next, the team of Vitore Cossalter at the university of Padova is
invested in an extensive research works for about two decades to analyze stability, handling, maneuverability
and control of the PTWYV. Their research, both experimental and numerical, has covered riding simulators,
vehicle modeling, tire modeling, suspension design and optimal time maneuver?.

Other institution are also interested to the PTWV. The Automotive Systems Engineering, FZD?, at the
university of Darmstadt focuses mainly on the concepts for motorcycle rider assistance by developing new
active safety systems and by analyzing test results. Also, at the Polimi laboratory of Milano Polytechnic
institute, the research team is interested by the implementation and the evaluation of new motorcycle
prototype 45,

At IBISC laboratory of Evry university, the first works on PTWYV goes back to the ANR project SIMACOM.
This project is intended to define the main specifications for designing a riding simulator for learning the
relevant behaviors in emergency braking situations, and for PTWV with or without braking assistance
system. Since, several works have followed concerning the analysis of PTWV dynamics, estimation and
observation of dynamic states, motorcycle cornering towards ITS implementation. Recently, the VIROLO++
project® aims to better understand the causes and effects related to loss of control in curves. It includes tools
and methods for studying driving behaviors and understanding driver/vehicle interactions. This research is
structured around the use of instrumented motorcycles to reconstruct a precise trajectories and to compute
risk function based on the collected data.

Lhttps://www.cyclinguk.org/cycle/draisienne-1817-2017-200-years-cycling-innovation-design
2https://www.unipd.it/en/saferider
Shttps://www.tu-darmstadt.de/adda/partner/fzd /index.de.jsp
4http://www.sport.polimi.it/en/motostudent

Shttps://www.move.deib.polimi.it/

Shttps://www.ibisc.univ-evry.fr/portfolio/virolo/
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2.2 PTWYV Description

The PTWYV is a complex system that involves a set of mechanical parts connected to each other by several
links. These components are engineered, manufactured, and assembled in order to produce a particular
motorcycle model with the desired performance, design, and cost to better adapt and to cover all riders’
tastes and needs. The key components of a PTWYV are presented in this section.

The first part is the principal body or the chassis assembly which includes the frame and the engine. The
front and rear suspensions are connected to the chassis by a suspension arrangement and serves to enhance
the passengers comfort by filtering undesirable vertical vibrations arising from the road irregularities. They
also highly contribute to braking and handling the vehicle. Beside the main chassis, we find the steering
mechanism composed by the front fork and the vehicle’s handlebar. The front fork holds the front suspension
and is connected to the front wheel though the wheel hub which houses the brake system. For handling, the
front body is the most critical part of a motorcycle since the combination of rake and trail determines how
stable the vehicle is. Finally, wheels and tires are the most important characteristic since they are the only
way of the vehicle to road interaction. The tire ensures a permanently contact within its patch and provides
the necessary friction for acceleration and braking.

Gas Tank

Handleba
Throttle

Steering
Suspension

Wheels

Frame

FIGURE 2.2: Motorcycle components.

The parameters that describe the geometry of a PTWYV are defined in figure 2.3. The key parameters are
wheelbase, caster angle, and trail. These parameters have a significant effect on the vehicle handling and
varies with respect to the vehicle type, long distance travel, cruising, sport including racing, and off-road.
For example, a cruiser motorcycle is often identified by its long and extended front forks with more lean
angle, whereas motorbikes has shorter and less extended front forks.

Figure 2.3 shows a vehicle with a positive caster geometric trail which means that the contact point between
the front wheel and the road is behind the intersection point between the extension of the steer axis and the
road. The caster or rake angle determines the steering ability of a motorcycle. A smaller caster angle means
the motorcycle will be easier to corner but less stable in a straight line.

The wheelbase length is an intrinsic property of the vehicle and determines the length between the two
vehicle’s axles. Longer wheelbase entails more stability while a shorter one means that the vehicle is more
agile in turn. Besides the wheelbase, the geometric trail is defined as the horizontal distance when the
motorcycle is upright with zero steer angle. The trail length is what ultimately decides the tire contact
patch area. The contact patch is the part of the tire which remains in contact with the road. A greater trail
length means more straight line stability but it will be more difficult to maintain balance while cornering or
in curve maneuver.
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FIGURE 2.3: Geometry for handling of of two-wheeled vehicle.

2.3 Tire-Ground Interactions

The vehicle dynamics is governed mainly by the tire/road interactions. Due to tire materials, the pneumatic
deformations allow to generate the longitudinal and lateral forces necessary to accelerate, to brake and to
make a direction change when steering. These forces, combined to the rider actions, dictate the vehicle
dynamics and the limit of its handling.

However, the interaction between tires and ground is a complex phenomenon and can make the dynamics
modeling a hard task. For this, tire-road interaction can be represented by three efforts, the lateral cornering
forces, the longitudinal braking or acceleration forces and the self-aligning moment (Pacejka and Sharp, 1991;
Pacejka, 2005). This decomposition simplifies the mathematical description of the pneumatic efforts with
respect to the vehicle’s kinematics variables such that slip angles and the vehicle speed. Also, various intrinsic
and extrinsic parameters are necessary for the evaluation of the pneumatic efforts in particular, road friction,
tire cornering stiffness, steering geometry and the vertical load. Road friction, or adhesion, translates the
capacity of the tire to transform the normal force, at the tire-road contact, to a pneumatic forces. So, the
loss of adhesion can leads to the motorcycle fall and the under-evaluation of this entity can be fatal for the
rider safety.

Beyond the tire-rood interaction, the vehicle is also subject to other external forces. Gravitational, aero-
dynamic and rolling friction are some examples of efforts which can highly modify the vehicle dynamics
behavior and also have an indirect impact on the pneumatic generated forces. we detail these aspects in the
remaining of this chapter.

2.4 Tire’s kinematics

In this section, the PTWYV wheels are considered as rigid, thin disks where the tire-road contact is located
at the point C. Also, we assume that there is no lateral displacement of the contact point. At this point,
a local coordinate frame is introduced and denoted Ry (C, it ,jr ,kr) to describe the tire motion. The
vector kr is the normal vector to the road surface. The vector i is obtained by the cross product between
the wheel rolling axis jg and the vector kr as i = jg X kp. Last, the vector j7 completes the reference axis.
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FIGURE 2.4: Effort generated by the pneumatic.

As shown in figure 2.4, the camber angle v is the angle formed by the two vectors jg and k. This angle
plays an important role in the PTWYV stabilization and handling. This angle is expressed by the following
scalar product:

siny = k7 - jg (2.1)

Due to the tire deformation, the tire-road contact point velocity v, is no longer along the i7 axis. It forms
an angle o known as the sideslip angle. Also, during acceleration and braking phases, the relative velocity
between the linear velocity generated by the wheel rotation § and the forward speed at the tire-road contact
causes the well known longitudinal slip ratio usually denoted x. The two slip variables are defined by the
following equations:

max (Ve, ryw )

_ <JT ’ Uoc>
o = arctan | ——

T * Voc

where ryy the effective wheel’s dynamic radius and Vi = ||vec|| is the speed at the contact point C'. Moreover,
assuming that the contact point C must still belong to the road surface, the vertical deformation of the tire
can be calculated with the following equation:

w = kT Tvco (2.3)
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with ry ¢ is the position vector between the contact point C' and the origin of the vehicle reference frame
Ry which will be defined later. This deformation allows to calculate the normal load necessary to avoid
wheeling.

Once the tire’s kinematics variables are defined, the equivalent pneumatic effort can be computed at the
wheel center R by the following expressions:

Fr = Fyir + Fyjr + Fokr (2.4)
My = Myir + Myjr + M kr + Fr X rgr

Where F is the longitudinal force generated by the longitudinal slip x and assumed to be positive during
acceleration phase and negative when braking. Fj, is the lateral force generated by the sideslip angle a. F}
corresponds to the normal force at the tire-road contact point. M, is the tilting moment around i, M, is
the rolling resistance moment around j7 and M, is the self-alignment moment around the vertical axis kr.
In the next section 2.5, more details about the expressions of these forces and moments associated with the
model (2.4) are given.

2.5 Pneumatic efforts

The simulated motorcycle dynamics depend on the mathematical tire forces and moments (Sharp, Evan-
gelou, and Limebeer, 2004). In the literature, several theoretical, semi-empirical or experimental tire effort
representations are developed with respect to the intended complexity level.

2.5.1 The Magic Formula

The magic formula or Pacejka model is a non-linear representation of the pneumatic forces and moments,
introduced by Pacejka in 1993 (Pacejka, 2005). This model is the most widespread used for modeling tires of
land vehicles and also the PTWYV (Sharp, Evangelou, and Limebeer, 2004). It is also an empirical approach
which allows to reflect the real tire behavior including tire saturation. According to Pacejka model, the
longitudinal force, the lateral force, and the self-alignment moment can be computed from the following
generic equation:

F(9) = Dysin <Cﬂatcm (Bm? — Ey (ByV — atan (Bm?)))) (2.5)

with By is called the stiffness factor, Cy is the shape factor, Dy is the peak value and FEy is the curvature
factor. These factors are related to the pneumatic intrinsic characteristics and determined empirically. ¥ is
a generic variable which corresponds to the sideslip «, longitudinal slip x or the wheel camber . The tire
stiffness is the slope of the curve in its linear region as in figure 2.5.
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FIGURE 2.5: Normalised magic Formula or Pacejka model.

2.5.2 Lateral Force

Unlike a car vehicle, the camber angle is directly related to the PTWYV roll angle and can reach significant
values depending on the forward speed and path curvature. Then, when cornering, the contribution of the
tire lateral force Fy depends mainly on the tire sideslip angle o and the camber angle v which is a geometric
angle (Pacejka and Sharp, 1991, Bakker, Nyborg, and Pacejka, 1987). Figure 2.6 shows the effect of the
camber angle on the generated lateral force Fy, as a function of the sideslip angle «.

The choice of a specific representation for tire lateral force requires some attention since it impacts the
stability analysis of the PTWV (Cossalter et al., 2006b). If the tire is in its linear region, an additional
amount of the tire force can be generated and hence the vehicle remains controllable, however, in saturation
region, the tire force is at its maximum and the rider will lose vehicle control.

camber angle

-2 0 2 4 6 8

8 6 4
Sideslip angle «;[deg]

FIGURE 2.6: The influence of v on the normalized Fy.

However, in control and estimation problems, the use of the magic formula is cumbersome. For small values
of sideslip and camber angles, the lateral force can be approximated by a linear model of the following form:

Fy = Coa+ Cyy (2.6)
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The parameters C, and C,, are respectively the sideslip and camber cornering stiffness expressed in %.
The previous magic formula or its corresponding linear form describes only the static behavior of the pneu-
matic efforts. However, due to its elastic deformation, a transient behavior occurs. To consider this transient

phenomenon, almost literature includes a first order low-pass filter to the model, known as the tire relaxation
given by:

T By = —F,+ F? (2.7)

Vg

where, ¢ is the relaxation length which models the transient time. F?S) is the steady-state value of the lateral
force obtained by applying the magic formula (2.5) or the linear form (2.6). By solving the differential
equation (2.7), we get the instantaneous lateral force.

2.5.3 Longitudinal Force

During acceleration or braking, a corresponding torque is applied to the tire which generates a longitudinal
force. Figure 2.7 shows the evolution of the tire longitudinal force with respect to the slip ratio. Generally,
the longitudinal slip is considered as the normalized ratio as shown in the equation (2.2).
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FIGURE 2.7: Longitudinal tire force as a function of the longitudinal slip ratio.

As for the tire lateral force, for small longitudinal slips ratio, linear formulation is possible where:

Fp, =Ckk (2.8)

C, is the coefficient of stiffness which depends on the vertical force F, according to the relation C, = ki F,
where k, is the normalized stiffness.

To consider the transient phenomenon, the tire relaxation, introduced in the previous section, can also be
applied here as following:

o .
—F, = —F, + F? (2.9)

(%%

where, o is the relaxation length which model the transient time. Fg is the steady-state value of the
longitudinal force obtained by applying the magic formula (2.5) or the linear form (2.8). By solving the
differential equation (2.9), one can get the instantaneous longitudinal force.
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2.5.4 Vertical Forces

The vertical force F, is the image of the load force applied on the tire at its contact point with the road.
This force is very important since it governs the maximum values of the generated tire longitudinal and
lateral forces. The distribution of the vertical forces between the two tires depends mainly on the position
of the vehicle’s gravity center (CoG) and on the longitudinal acceleration.

In vehicle dynamics, the distribution of the vertical force is commonly referred to as static load balancing
and the load transfer. If we write F.f, I, the vertical force on both tires, AF, the amount of the load
transfer and, F. o, F.ro the static vertical forces then it comes:

sz :szO_Asz
Fzr = Fero+ AFzr (210)

AF, is positive in acceleration phase and negative in braking phase. The expression of the dynamic vertical
forces F, as a function of the longitudinal acceleration of the PTWYV and its geometry is obtained from
equations of equilibrium forces:

_m (lfg—i—ha;E)
- Ly + 1,

m (lrg — hag)
lf-i-lT

(2.11)

F,r=

where m is the PTWYV mass, g is the gravity constant, a, the longitudinal acceleration, h the high of the
CoG and, [y, I, are respectively the longitudinal distance between the vehicle’s CoG and the front and rear
tires contact point. It goes that Iy + I, is the vehicle’s wheelbase.

It should be noted that the PTWYV are characterized by a low wheelbase and a relatively high CoG position.
This is why load transfer is much more important compared to passenger cars. It can lead to dangerous
phenomenon such as the wheelie or stoppie.

2.5.5 Self-Alignment Moment

In addition to the pneumatic forces, the tire generates moments about its different axes. These moments are
often neglected because of their small contributions. Nevertheless, pneumatic moments can be introduced to
compensate for simplistic modeling assumptions. Indeed, in section 2.4, the PTWYV wheels are considered
as rigid, thin disks where the tire-road contact is dot shaped. Such considerations are not real even for a
simple modeling task. To overcome this limitations, three main moments are introduced and discussed.
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FIGURE 2.8: Self-alignment Moment, M.

We start with the most important moment for the PTWV dynamics which is the self-alignment. The
distribution of the tire lateral forces generated by the sideslip angle is not symmetric. Hence, the lateral
force is applied at a different point from that corresponding to the vertical projection of the wheel center
on the ground as shown if Figure 2.8. The resulting offset, called geometric trail 7,, generates a stabilizing
moment that tends to rotate the wheel by the following equation:

M, = —npFy (2.12)

2.5.6 Overturning Moment

This moment is introduced to compensate for no lateral displacement of the contact point assumption. With
regard to the geometry of the PTWYV tires, the real tire-road contact point C' moves transversely because
of the camber and hence it is located at a distance S, from the conventional contact point defined by the
vertical projection of the wheel center on the ground. As in figure 2.9, due to this lateral deviation, the
vertical force F, creates a moment called the overturning moment M, which has a destabilizing effect.

Sp

FIGURE 2.9: Overturning moment, M.
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The overturning moment is expressed by the following linear equation:

M, = —S,F, (2.13)

2.5.7 Rolling Resistance Moment

If we consider a wheel that rolls without sliding on a flat surface then the rolling radius R is defined as the
ratio between the longitudinal speed v, of the vehicle and the rotation speed of the wheel 6. It comes:

R =v,0 (2.14)

!

FIGURE 2.10: Rolling resistance Moment, M.

The effective rolling radius is generally lower than the radius without load because of the deformation of
the tire. The latter depends on the type of tire, its radial stiffness, its inflation pressure, the vertical force
and the longitudinal speed of the vehicle. This difference, noted dp, between the effective radius and the
initial radius generates a rolling resistance moment of the vehicle My, as in figure 2.10. It is expressed by the
following linear equation:

M, = d,F, (2.15)

2.6 Literature of Motorcycle Dynamics Modeling

The PTWYV design coupled to the complex tire-road interaction makes the dynamics modeling a challenging
task. In fact, the dynamics study of the two-wheeled vehicles has been started for long time ago. Several
mathematical models have been proposed in the literature, with various levels of complexity and details. In
the following, a brief review is presented focusing on the progress of the modeling methodology. The choice
of a modeling methodology is very important since it affects the dynamics behavior analysis, the number
of degrees of freedom and the usefulness of the resulting model for the final application such as the control
application.

The first attempt to analyze the two-wheeled vehicle dynamics is published in (Rankine, 1869). Early work
progressed slowly and many conflicting conclusions were drawn initially. The main substantial contribution
was the work of whipple presented in (Whipple, 1899). In this work, the two-wheeled vehicle is a bicycle
modeled as a set of two rigid bodies linked via the rotation axis of the handlebar. A system of nonlinear
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differential equations describing the motion of a bicycle including the rider are established. At this time,
the numeric computers were not available to solve effectively these nonlinear differential equations. Hence,
Whipple has linearized the model and study it for small disturbances around the straight-line equilibrium
at a given constant speed.

However, the works cited above deal only with the dynamics of the bicycles which is very different from a
PTWYV in a manner of factors such : weigh, power, maximum speed, aerodynamics, and tire-road interaction.
In 1971, Sharp’s model is presented and it is considered as the most relevant reference in the PTWV dynamics
modeling field (Sharp, 1971). In this work, the dynamics of the PTWYV in free control is detailed to perform
a stability analysis from straight line equilibrium. Sharp highlights the presence of three unstable vibration
modes namely the capsize, the weave and the wobble. In the work published in (Eaton, 1975), the auto-
alignment and overturning moments are introduced by modifying Sharp’s equations. Nevertheless, there
were an inconsistency in the tire equations between the analytical and physical results. This work will be
taken over in (Segel and Wilson, 1975) to develop a more refined model of tire. Aerodynamic efforts are
considered in (Cooper, 1974) to demonstrate their importance on the performance and the stability of the
PTWYV in particular at high speeds. Afterward, Sharp includes the vehicle acceleration (Limebeer, Sharp,
and Evangelou, 2001) and the aerodynamic load transfer (Sharp and Jones, 1977) in the lateral dynamics to
prove their effects on the out-of-plane stability. Unfortunately, this is not enough to explain the discrepancy
between theory and practice.

Weir introduces the rider control in his modeling (Weir and Zellner, 1978) which presents the first motorcycle
stabilization approach (Weir and Zellner, 1978). In (Koenen, 1983), the author look for the influence of the
roll degree of freedom on the coupling between the in-plane and the out-of-plane vibration. (Katayama,
Aoki, and Nishimi, 1988) study the actions of the rider on the motorcycle control. The results indicate that
the PTWYV is mainly controlled by the handlebar steering torque while it is always possible to control the
vehicle with a small movements of the rider’s lower part. Sharp proposed an improvement of his first model
to evaluate the influence of the rider and bodies flexibilities on the unstable vibration modes (Sharp, 1994).

With the development of high-end numerical solutions, more complex modeling approach have emerged.
(Imaizumi, Fujioka, and Omae, 1996) consider a set of twelve rigid bodies to model the PTWV dynamics.
The rider actions have been applied via the proportional controller. Sharp proposed a multibody model
integrating the suspension and a more elaborate representation of the road-tire contact and the pneumatic
efforts are computed by using the magic formula (Sharp, 2001). This model allowed to study the PTWV
dynamics over large motions around equilibrium conditions and to better understand the coupling between
longitudinal, lateral and vertical dynamics. Cossalter presents an eleven degrees of freedom using a modeling
approach called the natural coordinates approach (Cossalter and Lot, 2002). In this model, the front and rear
chassis, steering system, suspensions and tires are considered and a more original tire model was developed,
which takes into account the geometric shape of tires and the elastic deformation of tire carcasses. A
realistic representation of the vehicle wheel is showed in (Sharp, Evangelou, and Limebeer, 2004) where the
geometry of the rim and the tire width are taken into account. This model was the most complete of the
literature and it constitutes the base of the PTWYV simulation environment BikeSim.

2.7 PTWYV Dynamics Modeling

2.7.1 Motorcycle Description

In its mid-scale decomposition, the PTWYV can be represented as the interconnection of a set of six bodies.
The rear body G, includes the saddle, the engine and the fuel tank. The upper front body G includes the
handlebar and the upper part of the suspension assembly. The lower front body G| represents the lower part
of the suspension assembly and the brake system. The swing arm body G contains the swing arm mass and
the rear brake system. Finally, Ry and R, represent, respectively, the front and the rear-wheel bodies. Note
that we can also consider further bodies such that the rider upper body Gy, and rider lower body Gy, as in
Figure 2.11. To characterize the PTWYV motion, we should introduce a set of natural coordinates (Damon,
2018) as follows:

e the longitudinal, lateral and vertical positions (z, y, z) of the chassis,

e the roll, pitch and yaw orientation (¢, 6, 1) of the the chassis,
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e the steering angle 0 of the front steering system,
e the front suspension travel Ay and the swing arm rotation ,
e and finally, the front and rear wheels spinning, 6 and ;..

Next, we consider the Earth-fixed frame R (0, i0, jo, ko) and the vehicle reference frame Ry (V, iy, jv, kv)
in which the vehicle dynamics will be expressed. The axes iy, and jy are respectively along the longitudinal
and the transverse axis of the vehicle. For the axis ky, there are two main standards defining the configuration
of reference frame used for modeling ground vehicles, the the ISO 8855 and the SAE J670e standards. They
differs mainly in the direction of the z-axis. Point V' corresponds to the projection of the point P at the
ground along the symmetry plan of the vehicle where P is the link attachment point of the swing arm.

kVL \e
1’4 iy
FIGURE 2.11: Geometry of the eight-body model of the PTWV with rider.

The motion of the PTWYV is referred to the inertial reference frame Rp by a set of generalized velocities
vz, vy of point V, and the yaw rotation 9 around the z-axis of the inertial reference frame. Starting from
the reference frame Ry, the orientations of the other reference frames are defined in figure 2.12. The first
rotation corresponds to the roll ¢ about 4y which gives an intermediate reference frame Ry (V,ig, jg, k).
The second rotation is the pitch motion around j, and gives another reference Ro(P, ig,j0,kg). Then,
a geometric rotation e around j, leading to the reference Re(P, e, je, ke). Finally, the steering rotation ¢
around k. gives the reference Rs(B, 5, j5, ks). At the same time, the rotation of the swing arm p around jg
gives Ry (P, iy ju, kp)-
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FIGURE 2.12: Orientation of PTWYV coordinate systems.

The velocity vector of each body in the vehicle reference frame Ry is given by (Nehaoua et al., 2013a) :

voG; = vov +wov Xryeg; +rve; (2.16)
woG; = Wov + wra;

where voy = [vg,vy,0]T and woy = [0,0,4]T are respectively the linear and the angular velocity vector of
point V. Also, the acceleration vector of each body in the vehicle reference frame Ry is given by :

aoq,; = Yov +eov X rvg, +iva, +wov x (vog,; +7va,) (2.17)
oG, = wWov +wov X wyg,; +wya,

where 9oy = [0z, 0y, 0] and woy = [0,0,9]T.

By using equations (2.16) and (2.17), all kinematic quantities for all bodies can be defined easily. The next
section discusses the basics of the virtual power principle for dynamic modeling of PTWYV.

2.7.2 Virtual Power Principle

The virtual power principle is a dual formulation of the fundamental principle of Newton-Euler’s dynamics.
As stated by the third Newton law, when a body exerts a force on another body, the former simultaneously
exerts a force equal in magnitude and opposite in direction. So, the power of the constraint in this case is
null and we say that the constraint is compatible or conservative with the direction of motion. Then, the
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virtual powers in a virtual motion provided by conservative constraint forces Fg, . and moments Mg, . is
null:

n
Z {Al}ogi Fg, .+ AWOGi MGi,c} =0 (2.18)
=1

with n the number of bodies, Av and Aw are virtual variation in linear and angular velocities.

From Newton/Euler dynamics principle, the conservative efforts Fg;, . and Mg, . can be separated from the
system motion and the external applied efforts Fg, , and Mg, , such that:

Fa,.=mg,a0ci — Fa,q (2.19)
Mg, .. = Jg,;coa,; +woa; X Ia,woa; — Mg, a

with mg, and Jg, are respectively the mass and the inertial matrix of the body ¢ in its CoG;. Moreover,
from equations (2.16) and (2.17), the velocity and acceleration vectors of each body G; can be written as
follows:

avog.
voG; = 29 L

_ Owog, 9
w06 = 55+

dvog;
aOGi = 819 . 19 + aRr
owoga, -
oG, = 8%01 d+ep (2.20)

where 9 denotes the vector of generalized velocities and the partial derivatives are called Jacobian matrices
of the velocity vector with respect to the generalized velocities vector. Vectors ap and g are referred as the
residual acceleration terms.

Finally, by combining equations (2.18), (2.19) and (2.20) and after some algebraic manipulations, the system
dynamics can be described by the following first-order differential equation (Nehaoua et al., 2013a):

M = Qu— Qn (2.21)

with 9 is the derivative of the vector of generalized velocities. M denotes the mass matrix:

R dvoc, \ " dvoa, dwoc, \ " . dwoa,
M‘Z{’“z‘( 20 ) a0 "\ Tan ) e oy (2.22)

Q. is the applied generalized effort vector and Qg is the residual generalized effort vector:
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n Ovog; T Owog, T

< dvog, r Owog; T -
Qr = ma, ar + 90 (JGZ-ER +woa; X JGZ-WOGZ-) (2.24)
=1

2.7.3 Technical Simplification for Implementation Purpose

The PTW multibody representation of the previous section is suitable for the simulation and the validation
of the vehicle’s dynamics behavior. In the other hand, the resulting mathematical model is strongly nonlinear
and highly complex which does not make it a suitable candidate to solve control, estimation and identification
problems.

A first approach consists to choose a reduced number of bodies with the minimum set of generalized coor-
dinates. Then, the lateral and longitudinal dynamics decoupling will simplify greatly the model. In both
cases, the front and rear wheels are assimilated to virtual masses but their rotation dynamics are considered
in the development of the models. Also, the upper and lower front bodies are merged into one body and
the swing arm is included into the rear body. This yields to a two bodies representation with decoupled
longitudinal and lateral dynamics. This issue will be the subject of the next section.

2.8 Two-Body Model for the Lateral Dynamics

This section presents the development of the lateral dynamics by considering the PTWYV and its rider as a
set of two bodies: the front body and the rear body. Once established, a linearization around a straight line
trajectory is discussed.

2.8.1 Assumptions

In this section, the PTWV and its rider are represented by a set of two bodies linked by the steering
mechanism. We distinguish the front body G, including the front wheel, the fork and the handlebars. The
rear body G, includes the chassis, the tank, the rider, the swing arm, the engine and the rear wheel. By
this simplifications, the dynamics of the suspensions is not taken into account which eliminates the pitch
dynamics and load transfer. Also, the longitudinal velocity is considered to be constant or at least it varies
very slowly allowing to neglect the longitudinal slip ratio for both tires.

For the development of the two-body model, we define a vehicle reference R4 = (A,i4,74,k4) attached to
the PTWV at point A according to the ISO standard. The origin A corresponds to the projection of the
rear body CoG on the ground along the longitudinal plane of symmetry as in figure 2.13. Starting from the
vehicle reference M4, a roll rotation ¢ around iy gives an intermediate reference Ry(A, iy, jg, kp). Next, a
rotation € around jg gives Re(A, ic, je, ke). Finally, a steering rotation § around ke gives Rs(B, 45, js, k5)-
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FIGURE 2.13: Geometry of the two-body model of the PTWYV and its rider.

The resulting model allows the simulation of 4 DoF namely the yaw v, the roll ¢, the steer § and the lateral
speed vy, with respect to the rider torque applied on the vehicle’s handlebar. So, we choose a set of four
generalized velocities:

I=lo, ¢ & §" (2.25)

2.8.2 Rear and Front Body Kinematics

The position of the CoG of the rear body in its local reference frame Ry is a constant vector rf‘GT =

0,0, 2¢,]T. Then, in the vehicle reference we have:

rac, = Rer‘ie, (2.26)

By differentiating the equation (2.26), we can express the vector of the relative linear velocities by:

TAG, = W X TAG, (2.27)

where wy = (6,0, O]T. A second differentiation, the vector of the relative linear accelerations is:

FAG, = We X TAG, T We X TAG, (2.28)

By using equations (2.16) and (2.17), we can express the rear body kinematics in the vehicle reference as
follows:
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VOG, = VoAt WoA XTAG, +TAG, (2.29)
WoG, = WoA tWAG,

aoG, = VoA +Eov X TAG, +iag, +woa X (voa, +7ac,)

EOG, = WOA T WOA X WAG, T WAG,

where wag, = wy and Wag, = [@4,0,0]T. We recall that woa = [0,0,¢]T and voa = [vg, vy, 0]T. By the
set of equations (2.29), it is straightforward to define the velocity Jacobian matrices for the rear body as:

dvoa, . .
a9 = la kaxrag, iaxrag, O3] (2.30)
dwoqa
= 10: k j 0:
59 031 ka ia 031]
and the residual acceleration terms:
aR,G, = WOA X (vOGT + 7LAGT) + wy X T AG, (2.31)

€R,.G, = WOA XW¢

The front body has only 1 DoF relative to the rear body G, corresponding to the steering angle 6. The posi-
tion of the CoG of the front body in its local reference frame R is a constant vector T5BGf = [z¢ £ 0,2¢ f]T.

Also, the position of B in its local reference frame R is a constant vector 45 = [25,0, 0]”7. Then, in the
vehicle reference frame we have:

raG; =raB 7RGy = Rerip + Rqﬁ,e,ér%c,‘f (2.32)

By differentiating the equation (2.32), we can express the vector of the relative linear velocities by:

TAG; = TAB +TBG; = Wy X TAB + Wy sTBG, (2.33)

where wg s = wg + ws and ws = R¢’€[0,0,5}T. A second differentiation, the vector of the relative linear
accelerations is:

fAGf =Wg XTAB + Wy X TAB + We s X TBG; + we,s X fBGf (2.34)

where Wy 5 = Wy + W5 and ws = Ry [0,0,8] + wy X ws.

By using equations (2.16) and (2.17), we can express the front body kinematics in the vehicle reference frame
as follows:
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VOG; = VOA +WoA X TAG, +TAG, (2.35)
wWoG; = WoA T waG,
aoG; = V0A +eov XTaG, tiac, +woa x (vog; +7ac;)

£0G; = WOA T WoA XwWAG, T wAG,

where wag, = wys and wag, = bys. By the set of equations (2.35), it is straightforward to define the
velocity Jacobian matrices for the front body as:

v
gﬁGf =[ja kaxrag, iaxrag, ks*xrBa; (2.36)

dwoc,
= k ; k
59 031 ka ia ks

and the residual acceleration terms:

AR,G; = WoA X (UOGf —I-fAGf) +wy XTAB+ (w¢ X W5) X TBG, + We.s X 7.“BGf (2.37)

€R,G; = WOoA X We 5+ wWe X ws

2.8.3 Rear and Front Tire-Road Contact Point Kinematics

The position of the rear tire-road contact point C; in its local reference JRy is a constant vector rﬁcr =
[zR,,0,0]T. Then, in the vehicle reference frame, we have:

rac, = Ryriie, (2.38)

By differentiating the equation (2.38), we can express the vector of the relative linear velocities by:
TAC, = W¢ X TAC, (2.39)
By using equations (2.16) we can express the rear tire-road contact point linear velocity in the vehicle

reference frame as follows:

VOC, = VOA +wWoA XTaAc, +TAC, (2.40)
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FIGURE 2.14: Front tire contact point.

Nevertheless, the computation of the front tire-road contact point kinematics is quite clever. As presented
in figure 2.14, the position of the front tire-road contact point Cy in the vehicle reference frame is given by:

TAC; = Tac, TTCLcy (2.41)

where C’} is the intersection point of the steering axis with the ground. The position vector 74 remains

constant in the vehicle reference frame since it is not influenced by the steering rotation. Then, from
figure 2.14, we can express that position as:

TR, + cc:]?
’I"AC/f = 0 (242)

where 7 is the geometric trail. The position of the front contact point C'; with respect to C} in its local

reference Ry is a constant vector Tg, o= [-7,0, —n tan G]T. Then, in the vehicle reference, the position of

the front contact point C'y with respect to A is :

rac; = racy, + Rd,,e,(;y«g}cf (2.43)

By differentiating the equation (2.43), we can express the vector of the relative linear velocities by:

7;ACf = We,s X TC}Cf (2.44)
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By using equation (2.16) we can express the front tire-road contact point linear velocity in the vehicle
reference frame as follows:

VOC; = VoA +WoA X TAC, +TAC, (2.45)

From equations (2.40) and (2.45), we can define the sideslip angle « for both rear and front tire.

Finally, the last issue in this section concerns the gyroscopic effect of both wheels. We assumed that the
front and rear wheels are mass-less bodies, hence, their contribution in the mass matrix is null. So, it is
useless to compute the linear velocity Jacobian matrices and also the linear residual acceleration. However,
each wheel is supposed to rotate about its axis with a given inertia. To count with the gyroscopic effect, we

should express the angular velocity Jacobian matrices and the angular residual acceleration.

The rear wheel rotates about jy, with an angular velocity wy, = 0, Jo,.. Then, the angular velocity vector of
the rear wheel with respect to the vehicle reference frame is given by:

WAR, = W¢ + Wy, (2.46)

where, in the vehicle reference frame jg, = Ry[0,1, 0]”7. By differentiating the equation (2.46), we get the
relative angular acceleration vector:

WAR, = We T wy, (2.47)
where &y, = 0,jp, +wy X wp, -

As for the rear wheel, the front wheel rotates about jg 7 with an angular velocity wy ;= 9f 6 ;- Then, the
angular velocity vector with respect to the vehicle reference is given by:

WAR; =w¢+W5+LUgf (2.48)

where, in the vehicle reference frame jgf = R¢’675[0, 1, O]T. By differentiating the equation (2.48), we get the
relative angular acceleration vector:

WAR; = Wg + Ws +wo, (2.49)

where wy, = 9fj9f + (wy +ws) X wp,.

By using equations (2.16) and (2.17) we can express the angular kinematics of both wheels in the vehicle
reference frame as follows:
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WOR, = WOA T WAR, (2.50)
WOR; = wWoA T WAR;

EOR, = WOA +W0OA X WAR, + WAR,

EOR; = WOA T WOA X WAR; + WAR;

Finally, we can deduce the residual acceleration terms by:

ER,R, = woA X (Wp + wp, ) +wy X wy, (2.51)
ERRy = WoA X (wg +ws +wp, ) +ws X ws + (W +ws) X we,

2.8.4 Non-Conservative Generalized Efforts

The PTWYV is subject to various force and torque elements. In this section, we account for the gravity force,
rider steering torque, steer damper torque and tire lateral force on the front and rear tire contact points.

To express the contribution of gravity force in the generalized effort vector @),, we can make use of equation
(2.23):

T 0
- ovog, T aUOGf
Qug = mr( o ) +mf< - o (2.52)

In the same way, the contribution of the tire/road contact efforts into the generalized effort vector is given
by:

dvor, \ " dwor, \
Qar= ) {( 12)019}%1) Fr, +( %%RZ> (Fr, XTCiRi)} (2.53)

i=r,f

where Fr, are defined in equation (2.4).
Afterward, to evaluate the contribution of the rider steering torque 7 and the steer damper torque Ksé in
the generalized effort vector, it may be tedious to use equation (2.23). Therefore, it is most convenient to

find the virtual power done by each effort and hence its associated contribution. So, it is more simple to
write :

as\ | 0
Qaph = (819) 0 (2.54)
T—Kgs0

2.9 Linearisation and State Space Models

For PTWYV dynamics, we distinguish two classes of motions around the equilibrium. The first one is the
in-plane motion which relates to the longitudinal motion of the vehicle in its plane of symmetry. It is mainly
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affected by acceleration, braking, suspension motions and irregularities of the road. The other one is the
out-of-plane motion which refers to the lateral motion in turns and hence to the roll, the yaw, the steering
and the lateral displacement degrees of freedom. Besides these two main classes, other subdivisions can be
done by separating braking and acceleration phases from the turning ones (Cossalter et al., 2006b). Actually,
in the real world these phases happen together in a coupled way so that the result is that the vehicle turns
while it is braking or accelerating. Also, neutral phase occurs when the vehicle is going on a coast down
condition. Usually neutral phase is not developed in mathematical models.

The objective of this section is to set up PTWV dynamic models taking into account the triplet motorcycle-
rider-environment. Motorcycle models can be accomplished in several ways depending on the use that will
be made and the desired precision. These models should represent all dynamics of interest as simply as
possible.

e The out-of-plane model: incorporates the most important parameters and dynamic states of the mo-
torcycle. It is used to understand the lateral motion and estimate the included variables, which is the
topic of interest for this work.

e The one-body lateral model: is studied in a motorcycle-fixed reference frame with the origin located
at the Centre of Gravity (CoG). It is used in the sake of identifying the CoG and the total mass of the
motorcycle/rider. It allowed also to design a steady-state risk function to detect the abnormal steering
behavior.

e The in-plane model: describes the braking and acceleration dynamics. It is used in estimating the
complete dynamic and the coupling between the longitudinal and lateral motions.

The differences between these models are the number of bodies, flexibility and degrees of freedom. These
requirements are imposed by the application. In this context, selecting a suitable model structure is pre-
requisite before its estimation and identification. This selection is also constrained by the availability of the
motorcycle measurements. Based on what is developed in section 2.8, these dynamics models are given in
the following sections.

2.9.1 Out-of-Plane Motion

The large number of accidents on the bend motivates the fact that many of our works deal with lateral
dynamic model. This model is widely used for the development of estimation and control algorithms of the
PTWYV dynamics. Therewith, a linearized version of the lateral dynamics model representing small motions
in the neighborhood of the straight motion is derived which leads to a four degree-of-freedom (4 Dof) model.
This representation considers that the main frame is subject to lateral motion, roll motion about the z — axis,
yaw motion about the z — axis and the front frame is subject to steering motion, due essentially to the effect
of pneumatic forces acting on the front and rear wheels (Fy ¢ and Fy,) with tire relaxation.

By neglecting the nonlinearities associated with the products between dynamic variables, the motions are
expressed by the following dynamic equations:

Lateral motion  e330y + ez4t) + 356 + €360 = azath + > Fy
Yaw motion €340y + €44t + ea56 + ea60 = aaat) + as5$ + ased + Y M=

Roll motion  eg50y + €45t + €550 + €560 = asath +ased + 3 Mo

Steering motion 360y + e46?) + 560 + €660 = apat) + ag5é + assd + > Ms (2.55)

Front lateral force motion Fyf =ar1¢ + ar2é + ar3vy + arah + argd + ar7Fyy

Rear lateral force motion Fyr = ag1¢ + agzvy + agath + ags Fyr
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FIGURE 2.15: Schematic side view of the PTWYV two-body model with notation, Sharp
equivalent model.

where:
EFy = Fyf + Fyr
YoMy = agrFys + asgFyr
> My = as1¢+ as20
> Ms = ag1¢ + ag20 + agrFys +7

Nevertheless, there is an interesting alternative to consider the nonlinearities of the roll and the steering
angle due to the potential energy. The expression (2.56) becomes:

E Fy = Fyf + Fyr

Z M, = a47Fyf + asg Fyr

> Mz = as1 sin(¢) + asz sin(9)

> Ms = a1 sin(¢) + a2 sin(8) + a7 Fys + 7

For further details on the motorcycle parameters (e;; — a;;) and expressions refer to the appendix C .

The motorcycle dynamic model given by equation (2.55-2.56) can be expressed by the following descriptor
model:

{ch = M(vy)z+ R7 (2.56)

y = Czx

whereas z = [¢, 8, vy, %, 3,8, Fy ¢, Fyr]T denotes the state vector, the matrix M (vy)=[a;;j|sxs is parameter
varying, R is a constant matrix, y is the vector of measures and C' is the observation matrix E=l[e;;] is a
constant nonsingular matrix, its inverse E~! exists. Let us consider ((t) = v,(t). The Linear Parameter
Varying (LPV) structure is expressed by:

{ i(t) = xyax(:c)g;t()J Bu(t) (2.57)

where 2(t) € R™, u(t) = 7(t) € R™, and y(t) € R™. The matrix A(¢) = E~'M(¢) € R™", the matrices
CeRwW*" B=F1RecR"™" Whereas,n=8, m=1,p=6, ny = 5.

2.9.2 Road Consideration

This section extends the model in section 2.9.1, taking into account the road bank angle, denoted ¢, at
which the road is inclined about its longitudinal axis with respect to the horizontal one. It has the effect of
transferring a portion of the gravity force to lateral tire forces keeping the motorcycle in its path. Also, it
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tilts the motorcycle in the direction of the curve to take a safer turn, to avoid skidding and overturning of
motorcycle, this force is noted Fy, = mgsin(¢;).

SIS
w
<

FIGURE 2.16: Motorcycle geometry with road banking angle.

Assumption 2.1. The road bank angle is constant piecewise or varies slowly.

Under this assumption, the motions of the motorcycle can be described by the following equations
€330y + €341 + €350 + €360 = aza) + Fyy + Fyr — mgsin(¢r)

€340y + e4a?) + eas5d + ea6d = asat) + assd + ased + ag7Fyr + asgFyr

€350y + east) + €550 + es60 = as1sin(¢ + ér) + asz sin(8) + a5y + ased )
€360y + ea61) + €566 + ec60 = a1 sin(¢ + ¢r) + a2 sin(8) + asa?) + assd + ased + agrFyf + 7 2

Eyr = a71(¢+ ¢r) + ar2d + arzvy + agath + ared + a7y Fy g

Fyr = ag1(¢+ ¢r) + ag3vy + agat) + aggFyr

The mathematical formulas of lateral front and rear forces Fyr and Fy,, expressed in the motorcycle-related
reference frame, are given by :

SLFyp = —Fyp— Criaf + Cpa(¢+ ¢ + dsin(e)) (2.59)
Z—;Fyr = —Fyr — C17’1047' + CT2(¢ + ¢'I')

with

— <7vy+l£z/)—n6> —dcos(e), o = <7'Uy;lrw) (2.60)

Ct; and Cp; refer to the tire forces coefficients (stiffness and camber coefficients i = (1,2)), € refers to the
caster angle, 7 is the mechanical trail, [; (resp. [,-) represents the distance between the center of mass and
the front and rear axis. Considering the lateral forces in their linear form is not restrictive because we are
targeting urban scenarios where the camber and slip angles remain in the linear domain of the lateral forces.
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2.9.3 One-Body Model of Lateral Dynamic

In this part, the lateral dynamics of the PTWYV is reconsidered by simplifying the two-body model, leading
to a rigid one-body model. The inertial parameters of the motorcycle are generally represented by: it mass
m, the moments of inertia I, I, I, and the position of its center of gravity CoG. Let us consider the
following one body motorcycle model with 3 DoF giving the lateral, the yaw and the roll motion dynamics:

m(vy +ve) = Fyp+ Fyr
) L) = aFy;—bF, (2.61)
Iz¢ + mh(vy +Yvz) = mgho
and the tire relaxation dynamics
. v _ Uy—(l’lj)
Fyp = —FFys+Cn(d—257) +Cray
. N vy —bip * (2.62)
Fyr = _nyr_Crl(iyvz )JFCTQ’Y
Let z = [vy, ), p, 9, Fyy, FyT]T. We conclude the following Linear Parameter Varying (LPV) system :
{ &t = A(Q)r+ Bu+Q(¢)d (2.63)
y = Cx

where the input u(t) is the steering angle ¢ and d(¢) is the nonlinear part of the lateral forces, with ¢ = vy,
A(¢) = E7'M(¢), B=E7'N and Q(¢) = E~'F(uvy).

2.9.4 In-Plane Motion

The in-plane motion is related to the longitudinal dynamic of the vehicle in its plane of symmetry. It refers
to the vehicle’s ability to accelerate and brake. Hence, the behavior of the motorcycle during straight-line
movements depends on longitudinal pneumatic and aerodynamic forces. It is mainly affected by acceleration,
braking, suspension motions and irregularities of the road. The in-plane model is given by the following
equations:

m(U'z_'Uy'(/}) = me+FwT_Fa_Frr
ifwa = —R;F,;+ By (2.64)
Zrya)r = R Fy +T+ B,

For

FIGURE 2.17: Kinematic representation of PTWV.

e F, = Cqv? is the aerodynamic force with Cy is the drag coefficient.



2.10. Stability and Handling 53

o .. = f,F. is the rolling resistance force with f,, is the rolling resistance coefficient (Cossalter et al.,
2006b).

e By and B, are the braking torques applied to the front and rear wheels, T" is the total engine torque
applied only to rear wheel.

e wys, is the wheel rotational speed , i(fr)y the moment of inertia of the wheels, R, are the wheel
radius.

2.10 Stability and Handling

The role of the gyroscopic effect in bike designs is to help steer the front wheel. This phenomenon is called
precession. The rate at which an object precesses is inversely proportional to its rate of spin. At low speeds,
the precession of the front wheel is quick, causing an uncontrolled bike’s tendency to oversteer. At high
speeds, the precession is usually too slow, contributing to an uncontrolled bike’s tendency to. This tendency
is very easy for riders to counteract. Another reason of gyroscopic effects is a roll moment generated by the
front wheel during countersteering. This effect is presented in Figure 4. The moment is smaller than the
moment generated by the out-tracking front wheel, but begins as soon as the rider applies torque to the
handlebars and so can be used even when the front tire does not have contact with a ground. The magnitude
of this moment is proportional to the moment of inertia of the front wheel, its spin rate, the rate of torque
that the rider applies to the handlebars , the cosine of the angle between the steering axis and the vertical.

2.10.1 Gyroscopic effect

Any object rotating about a spin axis is subject to the gyroscopic effect which refers to the ability of this
object to keep in balance its rotation axis. Henceforth, the PTWYV gyroscopic effect arises from the front
wheel speed. This physical effect is prominent to ensure the motorcycle balance in straight line and when
steering (Cossalter et al., 2010; Grzegozek and Weigel-Milleret, 2015). It is worth noting that its amplitude
is relatively small compared to other moments, but its transitory character is crucial in cornering. Once
the wheel is in rotation with a given angular speed, the gyroscopic effect can be generated by one or by
the combination of three motion: steer, roll and yaw. First, the gyroscopic steer-lean effect is created by a
steering maneuver. For example, to initiate a left turn, the motorcycle’s handlebar is turned in the counter
sense allowing the vehicle to lean in the turn direction. When the desired angle of the lean is reached,
the handlebar is brought back to its neutral position to get a balance trajectory within turn. Second, the
gyroscopic roll-steer effect is generated by the motorcycle roll independently of any handlebar motion. Then,
the gyroscopic yaw-righting effect arises from the circular motion of the vehicle as those generated by rotation
of the wheels in a constant turn. This is the only gyroscopic effect that tends to destabilize the vehicle.

2.10.2 Vibration Modes

While in motion, single track vehicle and its rider remain in an unstable equilibrium like an inverted pendulum
(Cossalter et al., 2006a). The term stable means that the vehicle remains at its steady equilibrium at constant
speed without falling. Therewith, the safe ranges of stability are determined by the vehicle characteristic,
the forward speed and the rider actions.

A PTWYV maintains a state of equilibrium as long as the applied external efforts are balanced with the
generated tire/road efforts. In a straight line, this stability is provided when the rider is controlling the
forward speed and applying a suitable handlebar torque to reject perturbations or to control the roll angle
of the PTWYV. On the other hand, this also can be done by a lateral displacement of the rider body with
respect to the vehicle’s main body. However, for an uncontrolled motorcycle, three main modes of instability
arises with respect to the vehicle forward speed (Sharp, 1971).

From Figure 2.18, the first non-oscillating vibration mode called capsize, is a well damped mode that appears
at low speed. In this mode, the front wheel is steered toward the direction of the roll but not enough to
avoid a fall. Next, a second mode named weave appears as a slow oscillatory mode between the rear wheel
and the front steering wheel. This mode has a frequency ranging from 0.2H z at low speed and up to 4Hz
at high speed. It is unstable at low speeds less than 5m/s, well damped at medium speed and moderately
damped in high-speed and stable beyond 30m/s. It affects the whole vehicle whose trajectory undulates,
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