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Abstract

The transportation sector has been identified as one of many sources of today’s
energetic and environmental problems. With constantly increasing numbers of
vehicles on the road, non-renewable fossil fuels are becoming scarce and expensive.
In addition, due to the pollutant emissions of internal combustion engines, the
transportation sector is a major producer of greenhouse gas emissions. To resolve
these problems researcher are looking for technological solutions, such as more
efficient components and alternative drive train technologies, on one hand. On
the other hand, work is being done to ensure the most efficient utilization of
available technological resources. Eco driving is one way to immediately reduce a

driver’s energy consumption.

In this thesis the potential gains of eco driving for passenger vehicles will be
discussed. The main objective of this work is to, first, identify and compare drive
train specific, optimal vehicle operation. Secondly, the effect of real-life constraints
on potential gains of eco driving is evaluated. In addition, an approach to integrate
mathematical optimization algorithms in an advanced driver assist system for eco

driving is proposed.

Physical vehicle models are developed for three representative vehicles: the con-
ventional, electric and power-split hybrid vehicle. Using real-life and standard
drive cycles a baseline mission is defined by specifying trip and road constraint.
Applying the dynamic programming algorithms the trajectory optimization prob-
lem is solved, minimizing energy consumption for the trip. The effect of traffic on
potential gains of eco driving is discussed, considering a vehicle following situation.
Integrating emission constraints in the optimization algorithm the environmental
advantages of eco driving are discussed. Finally, the developed algorithms were
integrated in a driver assist system. Experimental tests on a driving simulator

were used to verify the effectiveness of the system, as well as driver acceptance.

Keywords: Eco Driving, Energetic Trajectory Optimization, Dynamic Program-
ming, Emissions, Electric Vehicle, Hybrid Vehicle, Advanced Driver Assist System
(ADAS)
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Résumé

Pour résoudre les problémes environnementaux et énergétiques liés au nombre
croissant de véhicules en circulation, deux approches sont envisageables : 1'une
est technologique et vise & améliorer les composants du véhicule ou son architec-
ture, 'autre est comportementale et cherche a changer la maniére d’utiliser les
véhicules. Dans ce contexte, I’éco-conduite représente une méthode, applicable

immédiatement, permettant a chaque conducteur de réduire sa consommation.

L’objectif de cette thése est donc 'analyse des gains potentiels de 1’éco-conduite
pour les différents types de véhicules existant : thermique, électrique et hybride.
Ainsi, la premiére partie de ce travail se focalise sur une étude théorique visant
a calculer les gains potentiels et a déterminer les regles d’éco-conduite, avant
d’aborder dans un second temps une mise en situation plus réaliste et une in-

tégration des algorithmes dans un systéme d’assistance pour le conducteur.

En s’appuyant sur une modélisation énergétique des différents types de véhicules,
la détermination et la comparaison du fonctionnement optimal se base sur
I'optimisation du profil de vitesse pour des trajets connus. La programmation
dynamique a été mise enoeuvre pour calculer la trajectoire optimale énergétique
en tenant compte de la contrainte temporelle afin de ne pas pénaliser I'intérét d’une
conduite économe. Evidemment, l'intégration de I’éco-conduite doit, d’une part,
tenir compte du trafic & proximité du véhicule et d’autre part, ne pas aboutir a4 une
augmentation des émissions de polluants. Ainsi, en nous appuyant sur des modéles
de suivi de véhicules (trafic), nous avons montré que les principes d’éco-conduite
restent valables et conduisent de toute facon & des gains énergétiques. Concer-
nant les contraintes d’émissions, des résultats expérimentaux nous ont conduit a
adapter nos algorithmes pour répondre simultanément aux aspects écologiques et
économiques. Enfin, les connaissances acquises ont été appliquées a la conception

d’un systéme d’assistance testé sur un simulateur de conduite.

Mots-clés: Eco conduite, Optimisation énergétique, Programmation dynamique,

Emissions, Véhicule électrique, Véhicule hybride, Systéme d’assistance
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In this introduction the energetic and environmental problems of the transporta-
tion sector today is outlined. An overview on existing advances to solve these
problems will be given. With this background the objective and contributions of
this thesis work will be defined. Finally, we will present an overview of the thesis

content.

1.1 Background

The first passenger vehicle, powered by an internal combustion engine, was devel-
oped in 1885 by Karl Benz [1]|. The, so-called, Motorwagen can be seen in Figure
1.1. After several vehicles, running on steam or electricity, were introduced, Karl
Benz was the first to design a vehicle driven only by an internal combustion engine.
However, interest and trust of people in the vehicle came only after Bertha Benz

demonstrated the operation of the vehicle with a first long distance trip.

1
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Chapter 1 Introduction 2

FIGURE 1.1: The Motorwagen designed by Karl Benz [1]

Since the construction of the first conventional automobile, the number of vehicles
on the roads has been growing steadily. Around 1900 the number of vehicles on
the road is estimated to around 8000 worldwide. This value increased to about
200,000,000 in 1970 and about 500,000,000 in 1990. Projections for the year 2030
predict that this number will keep growing to reach 1,200,000,000 [17].

Initially the automobile vehicle was built in order to transport goods or customers.
Today, people often see the private passenger vehicle as a necessary standard to
ensure their freedom and independence. In developed countries, such as western
Europe and the United States, the number of vehicles per 1000 people lies at
around 500 or more [18]. For fast developing countries, such as China and India,
these numbers are still lower. However, projections show that car ownership rates

will be exponentially increasing in these changing countries [19].

Although the automobile vehicle comes with numerous advantages for the user,
it can also be identified as the source of many problems that the transportation
sector faces today. Problems in the transportation sector can be classified in two
categories. First, there are the energetic problems that are due to the scarcity of
non-renewable fossil fuels. Secondly, the environmental issues have to be consid-

ered.

From Figure 1.2 we can see that most of the vehicles on the roads in Europe use
gasoline or diesel engines for propulsion. Gasoline and diesel fuels are produced
from fossil fuels and are therefore considered non-renewable energy sources. In
2010 the International Energy Agency (IEA) declared that the peak of oil produc-
tion occurred in 2006 [3]. In Figure 1.3 the liquid fuel production worldwide is

presented. It can be seen that the value stagnates after the year 2005 to fluctuate
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Diiezel 33.7%

Gasoline 63.6%

Other 2.7%

F1GURE 1.2: EU vehicle fleet by fuel type (2008) [2]

around a maximum value. However, although maximum fuel production has been
reached, the consumption of fuels worldwide keeps increasing, partially due to the
increasing number of passenger vehicles. With the increasing demand and limited
supply, gasoline and diesel prices are increasing. Due to these facts we need to
ensure the efficient use of the scarce resources while new, alternative energetic

solutions are being investigated.

9 -
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F1GUure 1.3: World liquid fuel production [3]

The transportation sector, being a major consumer of scarce fossil fuels, also con-
tributes significantly to global warming. In the internal combustion engine of
conventional vehicles fuels are used in a reaction with air to create energy. As a
by-product water vapor, but also pollutants such as particle matter (PM), carbon
dioxide (CO2), carbon monoxide (CO), hydro carbons (HC) and nitrogen oxides

(NOx), are produced. These are more or less emitted to the environment, where
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they lead to air pollution, health problems and contribute to global warming.
Figure 1.4 shows greenhouse gas emission per sector in FEurope in 2007. We can
see that road transportation represents a significant producer of greenhouse gas

emissions.

Agriculture
Industrial 8.6 % Waste
processes Solvents 2.6 % Energy
8.0 % 0.2 % industries
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Other
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navigation transportation aVIEtLDH
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Other energy emissions
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not included in national total

FIGURE 1.4: Greenhouse gas emission per sector in EU-27 (2007) [4]

With these facts in mind it becomes obvious that new fuel efficient solutions need
to be identified to make the transportation sector energy efficient and environ-
mentally friendly. In the following we will outline proposed approaches to achieve
this.
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1.2 Solutions

In the search for solutions to the problems of the transportation sector, researchers
are evaluating options in two areas. On one hand, technological solutions are inves-
tigated to improve fuel efficiency, consider other energy sources and make vehicle
transportation cleaner. A second approach is to develop utilization strategies that

ensure the most efficient energy use with existing technological resources.

1.2.1 Technological solutions

Over the last 100 years the basic format of the conventional vehicle drive train has
not changed much. But, with technological advances in each drive train component
the overall vehicle efficiency has been improved. The engine efficiency has been
increased over the last years with the integration of direct injection, valve control
and timing, turbo charging and other technological advances. The fuel consumed
in modern vehicle drive trains is reduced due to cylinder shut down or by turning
off the engine when idling. In addition, progress in the development of advanced
transmissions, such as automatic 6 speed transmissions and continuous variable

transmissions, allow the engine to operate in more efficient regions [20].

While advanced drive train technologies are developed to increase efficiency and
decrease pollutant emissions of the modern conventional vehicle, other approaches
investigate the design of alternative drive train architectures. New vehicle ar-
chitectures starting on the market include the battery electric, fuel cell electric,
and hybrid vehicles. Generally, hybrid vehicles are considered more fuel efficient
because the drive train allows us to recover kinetic energy when braking. In ad-
dition, due to the presence of a second power source, the engine can be turned off
or shifted to a more efficient operating point. With electric vehicles the source of
energy is flexible. Any energy source can be used to generate the required elec-
tricity. This drive train allows us to work with renewable energy sources, such as

wind or solar energy.

New alternative drive train technologies are currently rather expensive in compar-
ison with the conventional vehicle. The success of alternative drive trains, such
as the hybrid vehicles, is very much related to the development of the fuel price.

This can be seen in Figure 1.5, where the US market share of hybrid vehicles is
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presented together with monthly gasoline prices. It becomes obvious that environ-
mental reasons do not represent a very strong argument for customers. However,
once gasoline prices increase the people are interested in more economic solutions.

In addition, regulations and political decisions may have an impact on the market.

Monthly U.S. Hybrid Car Market Share vs. Average Gasoline Price
0.05

Maw Hybrid Tax Credits Begin Jan 1, 2006 3 $3.10
0.045 1 - 4
1 N/L’I "I
. = Hybrid Car Market Share I ."j III f
—+— Avg Gasoline Price || \ f \ ‘Il'
| | |
0.035 L | I| () il —1 260
|I I| |If i
\ |
|
. 0,053 - ; T /‘ llﬂll _Ill_. 8
g . F . \ =
& Source: RL Polk & Co Registration Data /4 \J“\J lI-H ﬁ\, E
< ooz r’\»d i3
= L5210 &
E: /’( g
0.02 + 'F’\ N\/ | B 3
0.015 + . ¢ i
| 51.60
0.01 +
’1-’“_./%.‘\‘/‘
T I | I | |
I." I I I I | I §1.10
§ §

Yy & & & g S
@&é‘r@(é’@r&@@r?r@fé’@g@g@&@

Year and Month

&
F1GuRrE 1.5: US hybrid car market share and gasoline prices [5]

To increase the sale of alternative, environmentally friendly, vehicles many gov-
ernments established incentives on their purchase. With this the initial price for
the customer is reduced and the time in which the vehicle becomes profitable de-
creases. In Figure 1.6 the projected sales numbers of electric and plug-in hybrid
vehicles can be seen for several countries. It is expected that we will see more
electric vehicles on the roads in the near future. In the meantime the utilization

of today’s vehicle technology should be optimized.

1.2.2 Energy efficient utilization

While technological developments are on the way, an efficient utilization of existing
vehicles on the roads may be a good way to approach the energetic problems.
Changing the way current vehicles are used can drastically reduce the global energy

consumption and have positive effects on the environment.
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FIGURE 1.6: Projected EV sales [6]

Studies on intelligent vehicle technologies (ITS) are proposing infrastructure-to-
vehicle (I2V) and vehicle-to-vehicle (V2V) communication to improve fuel econ-
omy [21]|. In an urban environment, where fuel consumption is generally high and
pollutant emissions should be avoided to increase air quality, frequent start and
stops due to traffic lights and traffic congestions lead to non-optimal vehicle oper-
ation. Information received from the infrastructure or other vehicles can be used
to limit these energetic losses. A representative example of I'TS is the travolution
project implemented by Audi in the city of Ingolstadt [22]. Audi optimized the
traffic light phases in Ingolstadt, but in addition some traffic lights were equipped
with communication modules. These modules transmit the time of the next green
phase to the Audi test vehicle. The driver can therefore be informed of the ap-
propriate vehicle speed in order to avoid having to stop. V2V communication can
serve to transmit information about traffic jams or accidents. Notified drivers can
take alternative route choices and traffic congestions can be reduced [23]. This
approach leads to improvements in fuel consumption, but also to a reduction in

urban pollution due to traffic.

Another, immediately implementable, method to reduce energy consumption of
passenger vehicles is to apply, so-called, eco driving strategies. The efficiency of a
vehicle is not constant, but changes dependent on vehicle velocity and acceleration.

If a driver minimizes his energy consumption due to an appropriate choice of
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acceleration rates and vehicle speeds this is referred to as eco driving. The concept
of eco driving is immediately implementable without any further technological
changes. In order to inform the driver of the best vehicle operation several methods
have been investigated. In most countries eco driving courses are offered and it
has been shown that drivers succeed to improve their fuel economy by 10-15% [24].
Other approaches use driver assist systems for eco driving to ensure a long term

reduction of fuel consumption.

This thesis can be classified in this last category. In this work the maximum po-
tential gains of eco driving strategies are analyzed and applied in the development
of an effective driver assist system for eco driving. In the following the objective

and contributions of this work will be outlined.

1.3 Thesis contribution

In this work a physical, drive train specific, modeling approach was used in com-
bination with mathematical optimization methods to investigate the maximum
potential gains of eco driving. In addition, an approach to implement the devel-

oped algorithms in an effective driver assist system for eco driving is presented.

Eco driving rules are often defined very generally and vehicle independent. With
complex drive train technologies and alternative drive train vehicles it is important
to apply drive train specific operation to achieve maximum gains of eco driving. In
this work, detailed models of the vehicle specific drive trains are used to identify
best operation. With this approach the here developed algorithms can be applied
to simple, mono-source vehicles, such as the conventional or electric vehicle, as
well as complex, multi-source drive trains, like the hybrid vehicle. Using drive
train specific vehicle models the optimal vehicle functionality can be compared for

different vehicle configurations.

While many studies use rule based approaches to identify optimal vehicle opera-
tion, we here apply mathematical optimization methods to identify the, theoreti-
cal, potential of eco driving. This method serves to establish upper limits of eco
driving. In addition optimal vehicle operation can be analyzed and used to derive

important factors for maximum fuel efficiency.
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Initially a three dimensional dynamic programming method was used to solve
the trajectory optimization problem [25]. To reduce the computational effort, a
weighting factor was introduced in the cost function in a second approach. In order
to satisfy all optimization constraints a nested optimization method, where a two
dimensional dynamic programming method is used in combination with advanced
root finding methods, was applied [26]. To identify the trade-off between trip time
and energy consumption a multi-objective optimization method was implemented

to compute the Pareto optimal front [27].

The developed algorithm was applied to several different drive train vehicles. With
this we were able to investigate and compare important factors for eco driving for
the conventional, electric [28] and hybrid vehicle [29]. The computation of max-
imum potential gains of eco driving is necessary to identify upper limits for fuel
consumption reductions. However, to approach real world energy consumption val-
ues traffic constraints have to be taken into account. The developed algorithm was
applied to a car following scenario to investigate influences of traffic on potential

gains of eco driving [30].

Although most studies only consider energy consumption, eco driving is generally
seen as environmentally friendly behavior. In a case study we investigate the
economic and ecologic aspects of energetically optimal vehicle operation. The
work shows that it is necessary to take into account environmental constraints in
order to consider eco driving to be ecologic. In our work we propose a simple

strategy to reduce overall pollutant emissions |31].

The theoretical studies enabled us to analyze potential gains of eco driving and to
get a deeper understanding of drive train specific, optimal vehicle operation. We
were able to identify vehicle specific factors that are important to ensure energy
efficient operation. In the final part of this thesis work the developed algorithms
were used in the development of an effective driver assist system for eco driving

that has been tested on a driving simulator.

1.4 Thesis overview

The thesis content is separated in six chapters with a general conclusion at the
end. In Figure 1.7 a schema is presented to visualize the organization of the thesis.

In the following an overview of each chapter will be given.
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(Chapter 5)
Constraints Integration
(Chapter 6)

\/

A Drive Assist System for Eco Driving (Chapter 7)

FI1GURE 1.7: Thesis overview

Chapter 2 In chapter two an overview of the literature is given. Existing driver
assistance systems for eco driving are discussed, listing their advantages
and disadvantages. Previous work on trajectory optimization problems for
ground transportation is evaluated. With this a general overview of the state

of the art in this domain is given.

Chapter 3 Chapter three presents the vehicle modeling. The direct and inverse
modeling approach is discussed. Inverse vehicle models for conventional,
electric and a representative hybrid vehicle are outlined. In addition the

direct vehicle simulation software VEHLIB is introduced.

Chapter 4 In chapter four the optimization algorithms, applied to solve the tra-
jectory optimization problem, are detailed. Due to the complexity of the
problem, the dynamic programming optimization method was applied. Ini-
tially a three dimensional method was used, that was later reduced to a two
dimensional dynamic programming method by integration of a weighting
factor. To analyze the trade-off between fuel consumption and trip time a

multi-objective optimization is presented.

Chapter 5 In chapter five theoretical potential gains of eco driving are discussed.
The trajectory optimization problem is solved for exemplary trips for the
conventional, electric and hybrid vehicle. General and real-life drive cycles
are used to compute so-called eco cycles, that represent optimal vehicle op-
eration for the corresponding mission. To verify the simulated results, the

computed optimal drive cycles were experimentally tested on an engine and
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chassis test bench. Important, drive train specific factors for eco driving are

derived.

Chapter 6 Chapter six deals with the integration of constraints. A case study
shows how traffic constraints can affect potential gains of eco driving. Traffic
constraints are integrated for the case of a vehicle following situation to en-
sure driver safety. A second case study discusses the environmental aspects
of eco driving. Ecologic advantages of eco driving are considered with the
integration of emission constraints. Fuel consumption and emission measure-

ments show the trade-off between economic and ecologic vehicle operation.

Chapter 7 An approach to integrate the developed algorithms in a driver support
system for eco driving is shown in chapter seven. The direct vehicle simu-
lation software VEHLIB was integrated on a stationary driving simulator.
Using the optimization algorithms in combination with the inverse vehicle
model an advanced driver support system was developed. The system was
experimentally evaluated by several external subjects. Survey questions were
used to investigate the driver acceptance of the system. Using simulated fuel
consumption and survey results the efficiency and effectiveness of the driver

support system was evaluated.

Chapter 8 In the last chapter a general conclusion of this thesis work can be

found. A perspective on future work recommendations is given.
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Eco driving is a way for a driver to reduce his energy consumption immediately.

With that, by applying the principles of eco driving, a driver can rapidly reduce

his impact on the environment. For most people the more interesting aspect of

eco driving is the cost advantage. Without extensive costs on development or

production of new technologies it represents a way to rapidly reduce the operating

cost of a vehicle.

The first studies on fuel reductions due to driver operation seem to be driven by

this mindset. Research on effects of driver behavior on fuel consumption started
in the middle of the 1970s in the US. Due to the first oil crises the oil prices in the

13
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US increased by about 50% between 1970 and 1974. As a result the Department of
Transportation published two reports in 1976 in which the effectiveness of driver
aid devices to improve fuel economy are discussed [32], [33]|. Further studies on the
effects of driver behavior on fuel consumption were published by Evans in 1976 and
1979 [34, 35]. Evans, working for General Motors, stated that in an urban setting
with traffic, on average, a 1% increase in trip time resulted in a 1.1% improvement
in fuel consumption. However, Evans mentions that ’expert’ drivers were able to
‘skillfully’ adjust their speeds, such that fuel was reduced although trip time was
not increased. As a final result Evans concludes that the fuel economy meter, a
gauge that indicates instantaneous miles-per-gallon values, is not accurate enough

for a driver to minimize his fuel consumption.

After this period and with the second oil crisis in the 1978-1980 research continued
on the subject. Several studies [36] indicate that significant savings in fuel cost
are possible due to changes in driver behavior. The concept of eco driving started
to become interesting for companies and transportation fleets [37]. Through con-
tinuous feedback and reinforcement of eco driving rules the fleet drivers from a
major textile company were able to reduce the company’s total fuel purchases and

therefore reduce their expenditures.

In the last years the enforcement of the Kyoto protocol puts countries under pres-
sure to reduce their greenhouse gas emissions. Since the transportation sector is
one of the most important contributors to CO2, Methane and NOX emissions,
countries are planning to achieve part of their CO2 targets by cutting emissions
from vehicle transportation. While the vehicle manufacturers achieved a reduction
of 13% in CO2 emissions by 2007 [38] due to the development of new technologies,
several European governments are now integrating eco driving into their national
reduction strategies. Countries, like The Netherlands, are developing eco driving
programs to motivate people to perform eco driving strategies and educate people
about eco driving [39]. Some countries integrate education on eco driving prin-
ciples in the course of the drivers license tests. In general, studies show that, on

average, a 10% reduction of fuel consumption is achievable due to eco driving.

Knowing the advantages of eco driving a lot of research on the subject was sup-
ported in the last years. In Europe, the European Campaign On improving DRIV-
ing behavior, ENergy efficiency and traffic safety (ECODRIVEN) was launched in
2006. In the following years projects like the FootLITE project [40], the ECOW-
ILL project [41], the eCoMove project [42] and the FLEAT project [43] started in
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Europe. The National Highway Traffic Safety Association in the US published sev-
eral reports throughout the years 2009 and 2010, in which the current eco driving
assist systems are analyzed and recommendations for the development of efficient

systems are given |7, 44].

Eco driving courses are offered in several countries. In general the results have been
very positive and drivers have shown to be able to reduce their energy consump-
tions [24]. Hornungs [24] mentions in his work in 2000 that a long term reduction
of fuel consumption between 10 - 15% was possible. However, in a long term study
Beusen [45] followed the progress of drivers that took eco driving courses. He con-
cludes that, while at first reducing their energy consumption, drivers fall back to
their old driving habits some time after the course. In the work of Wahlberg [46]
he monitors drivers that were educated in eco driving rules over 12 months and
states that on average only an increase of 2% was measured over the entire period.
It becomes obvious that, without constant reminder, drivers do not intuitively
integrate efficient vehicle operation in their driving, even if these drivers do know
how to optimize vehicle operation. Due to this, it is assumed that the potential
long term savings possible with a driver assist system for eco driving cannot be

achieved by a onetime eco driving course.

In Section 2.1 existing eco driving support systems will be discussed. An important
part of any eco driving support system is the way the suggested ’optimal’ vehicle
operation is determined. A support system, which advices a driver of sub-optimal
vehicle operation cannot be very effective in optimizing the vehicle operation of
a driver. We therefore analyzed existing algorithms used to determine optimal

vehicle operation in Section 2.2.

2.1 Eco driving support systems

With the aim to reduce energy consumption many companies are developing driver
assist systems for eco driving. Some of these systems are developed by the car man-
ufacturer themselves and directly integrated in the vehicle. This way appropriate
vehicle parameters can be directly stored in the system. Other systems are devel-
oped to be implemented in various vehicle types. With the rise of the smart phone
there are now eco driving applications available to be downloaded on portable de-

vices such as a mobile phone or a laptop computer. Generally the existing support
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systems can be separated into two categories: informative systems and advisory
systems. In the following we will present existing systems for each of these two

categories.

2.1.1 Informative systems

Informative systems transmit information about several variables of the vehicle to
the driver. In contrast to advisory systems, however, no advice about optimal ve-
hicle operation is given. Informative driver assist systems have been implemented
in road vehicles for a long time. The first informative system in vehicles was the
fuel gauge. An analog fuel gauge was used to show how much gasoline was left
in the tank. With this the device was indicating cumulative fuel consumption.
In today’s vehicles a digital display often shows trip kilometers, kilometers left
to drive with the remaining fuel, instantaneous fuel consumption and/or average
trip fuel consumption. While most of these systems often stay unused, they can
give indications on how vehicle operation influences fuel consumption. With in-
formative systems the motivated driver has to perform trial and error experiments
to identify the vehicle operation that leads to the minimum fuel consumption.
While informative indicators can give a good idea of overall vehicle operation they
can often lead to false assumption when looking at instantaneous fuel consump-
tion. Instantaneous energy consumption will generally be higher in acceleration
phases or on upward slopes. However, these increases do not indicate bad vehicle
operation [32, 47|.

Hybrid vehicles often have more advanced informative systems. Having two power
sources and, with that, two energy storage devices, displaying the vehicle states
becomes more complex. In hybrid vehicles the dashboard display often shows
fuel consumption, battery state of charge, and the flow of energy. In Figure 2.1
the dashboard of a hybrid vehicle, the Ford Smart Gauge, can be seen. This
gauge developed in 2010 can be run in two modes: The ’basic’ mode just informs
the driver of general vehicle parameters while the ’empower’ mode is a mode
where more advanced information is presented to the driver. When choosing this
functionality long term fuel efficiency is shown to the driver in the form of leafs
growing on the display background. With this the driver knows when his vehicle

operation will result in better fuel economy
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FIGURE 2.1: Ford Smart Gauge |7]

In the last years several vehicles started to have 'green’ indicators like the Ford
Smart Gauge. Often an ’eco’ light on the dashboard informs the driver of the
efficiency of his driving style. A report published by the Department of Trans-
portation [32| in 1976 shows a comparison of driver aid devices at the time. As a
response to the oil crises multiple car manufacturers presented information about
instantaneous fuel consumption with help of a vacuum gauge. If the vacuum in
the engine manifold dropped toward 0, which happens at wide open throttle, the
system indicated increased instantaneous fuel consumption. The Chrysler Fuel
Pacer is one of these driver aid systems. It can be found in some of the Chrysler/-
Dodge models from 1974 to 1978. In the report the Fuel Pacer is expected to
achieve a reduction of up to 23.1% in fuel consumption. The Chrysler Fuel Pacer
consisted of a light that was attached on the left side of the hood. When lit up
it indicated excessive fuel use. The indicator is turned on when the vacuum level
in the manifold dropped below a threshold level [7]. The system was intended to
help drivers reduce their fuel consumption by reducing the power they used on
acceleration. Other vacuum gauges such as the Pontiac and Ford vacuum gauges

are expected to achieve fuel consumption improvements between 6.9 and 24.6%
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FIGURE 2.2: Honda Ecological Assist System [7]

[32]. However Hinton [32] points out in his report that the gains in fuel economy

very much depend on the drivers motivation.

An ’eco’ light indicator was integrated in the 2009 model of the Honda Odyssey.
In this vehicle the variable cylinder management made it possible to turn off
two or three of the six cylinders at low power requirements while cruising. The
light indicated that cylinders were shut down and therefore fuel consumption was
reduced. While trees and green leaves are very popular indicators for efficient
operation |7] other vehicle manufactures indicate the efficiency level of the vehicle
in color scheme on the dashboard [7]. Figure 2.2 shows one of these indicators.
Here the Honda Ecological Assist System can be seen. This system can be found
in the 2010 Honda Insight Hybrid. The background color of the speedometer
indicates ecologic vehicle operation in green and turns blue when more fuel is

consumed due to excessive acceleration and braking.

2.1.2 Advisory systems

Advisory systems are a common way to assist drivers to reduce fuel consumption.
On the contrary to informative systems the advisory support systems give spe-
cific advice of how to reduce the vehicle’s energy consumption. One of the most
important challenges for driver assist systems today is to effectively transmit in-
formation to the driver without creating a safety risk because the driver’s focus is
taken off of the road.
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While route indicators such as GPSs often use the auditory way to transmit in-
formation to the driver, the most popular way for driver support systems for eco
driving is by visually presenting information. The most common advisory support
system for eco driving integrated in vehicles today is the gear change indicator.
The indicator is a simple flash that lights up on the control board to suggest an up-
or down shift. With this system many vehicle manufacturers encourage the driver
to operate the engine in an efficient region with the goal to keep fuel consumption

low.

It is well known that operating a vehicle at constant speed is more efficient than
continuously changing speeds. With this assumption we can count cruise control
systems and throttle control systems into the category of eco driving support sys-
tems. Studies show small reductions in fuel consumption due to such devices, but
other than general eco driving advice systems they can only be used on highways,
where the vehicle is operated at constant speed. The devices usually cannot be
used below speeds around 40-60km /h [47].

A vehicle’s acceleration is commonly assumed to have a strong influence on fuel
consumption. Many driver assist systems therefore indicate the acceleration rate
and advice the driver not to exceed a certain limit. In Figure 2.2 such a system
can be seen. The Honda Eco Assist system shows a horizontal bar in the middle
of the display. When accelerating or braking at high rates the bar stretches to the
left and right. The driver is advised not to operate the vehicle such that the bar
reaches the gray shaded areas. Due to reduced acceleration and deceleration rates

the overall fuel consumption is reduced.

Although most systems interface with the driver by giving visual information some
driver support systems use haptic devices to generate advice by force feedback.
One of the first systems mentioned in the report of the Department of Trans-
portation was such a system. The so-called Accelerite was an acceleration pedal
feedback system. When engine vacuum levels were low the pedal increased the
resistance to suggest lower acceleration levels to the driver. However, the system
can easily be overwritten by pushing harder on the gas pedal. Tested in several

trucks the system showed an improvement in fuel economy between 3 and 17%.

Today, implementing a resistance on the acceleration pedal is still a method used
when trying to reduce energy consumption. Nissan claimed in 2008 to have de-

veloped the world’s first eco pedal [§8]. In Figure 2.3 the operating principle of
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this system can be seen. As in the Accelerite the driver can feel a resistive force
when the pedal is pressed too hard. Nissan announces that using the pedal results
in 5-10% fuel reduction. The similar approach to restrict the vehicle accelera-
tion is taken by Larson [48]. In his research the so-called Active Accelerometer
Pedal (AAP) is used to increase safety by reducing acceleration rates. Larson
announced that he could not find a significant reduction in fuel consumption due
to the changes in acceleration. He concludes that acceleration rates are not the

only important factor having an impact on fuel consumption.

There are several advanced driver assistance systems on the market today. These
differ from the previously mentioned systems, in that they take into account vehicle
parameters to determine the appropriate advice to the driver. In the following
section a review of existing advanced driver assistance systems (ADAS) that give
advice to the driver in real time while driving and systems that use recorded vehicle

data to give post trip tips for improvement will be given.

2.1.2.1 Advanced Driver Assistance Systems (ADAS)

To our knowledge the first ADAS was developed in 2001 in the Netherlands. In
her thesis, M. v.d. Voort describes the development of the so-called FEST (fuel
efficiency support tool) [9]. In her work, v. d. Voort uses a state machine to
determine the optimal vehicle operation that should be transmitted to the driver.
The application uses vehicle parameters, including power characteristics of the
engine, gear ratios, and a fuel consumption map of the engine. In addition, mea-

sured, real time variables, such as vehicle speed, acceleration, engine speed, clutch

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2013ISAL0106/these.pdf
© [F. Mensing], [2013], INSA de Lyon, tous droits réservés



Chapter 2 Literature Review 21

Shift earlier

from 2"->3"
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signal, gear, accelerator pedal position, steering angle and headway are taken into
account. With the detected driver operation the vehicle is assigned to a state, for
example 'deceleration phase’. Comparing optimal vehicle operation in this state
to the actual, the system decides what advice to give to the driver. v. d. Voort
developed a driver display that can be seen in Figure 2.4. As seen, the suggestions
given to the driver are simple and very specific. In addition to written tips the

driver operation is rated in a green, yellow, red color scheme.

In the context of the FootLITE project an advanced driver assistance system has
been developed. The FootLITE Eco Driving Support Tool [40] consists of an LCD
display which gives instantaneous feedback to the driver while on the road. The
display shows route information, distance to the car in front, speed consistency
and speed limits. Trying to optimize the vehicle operation for fuel consumption
the system uses the eco driving rules published in the driving guide [49] by the
Institute of Advanced Motorists (IAM) as a basis. Using this rule based strategy
the FootLITE system is aiming to increase the efficiency of the entire vehicle
network. In order to reduce the impact of vehicles on the network, alternative

routes and even trip cancellations are suggested [40].

ADAS for eco driving are also being developed by companies specialized in driver
support systems. Vexia' is a company working on navigational driver assist sys-
tems using GPS and radar. Their Econav system is an advanced system that
helps drivers to reduce their fuel consumption. The system, that looks like a car’s
GPS (Figure 2.5), provides the driver with feedback about best speed, gear and

acceleration rate for corresponding route segments. For the system to determine

Vexia: Spanish brand that develops GPS navigation systems (www.vexia.co.uk/)
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FIGURE 2.5: Vexia Econav system [10]

optimal operation the driver has to input his vehicle’s manufacturer and the model.

Unfortunately no information on the optimization process was found.

Several car manufacturers are now developing their own built-in eco driving as-
sistance systems. These use specific drive train and engine parameters. Porsche?
is in the process of developing their ACC InnoDrive [50]. The system, currently
still in the testing phase, is using radar data, road grade and route prediction to
propose a velocity profile and gear choices to the driver. While Porsche is not
necessarily trying to reduce the environmental impact of their vehicles, reducing
fuel consumption come as an advantage when looking at long distance racing com-
petition. The Porsche ACC InnoDrive is supposed to reduce fuel consumption by
10% and is implemented in conventional drive trains as well as their electric and

hybrid vehicle architectures.

2.1.2.2 Post-trip support systems

Giving real-time, instantaneous advice to a driver can be difficult due to missing
trip information and potential safety risks. Post-trip support systems are therefore
a good alternative to advice the driver about efficient driving. There are now
several car manufacturers, like Fiat and Nissan, that develop and integrate vehicle

specific eco driving support systems in their vehicles.

The Fiat EcoDrive is a post-trip advisory system, that can be used with the Fiat
500 and Fiat Grande Punto models [51]. The trip data is transferred by USB

?Porsche: German car manufacturer (http://www.porsche.com)
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Port to the personal computer. Using a downloaded program the user can track
his performance report and progress on mileage and emissions. Nissan introduced
their program CARWINGS Eco-Drive [7] in 2007 in Japan. The program is an
extension to their existing navigation program and encourages drivers to reduce
their energy consumption. The Fiat EcoDrive, as well as the CARWINGS Eco-
Drive includes applications where drivers can compare their fuel consumption in
common city areas to that of other drivers. Calling on peoples competitive spirit

the programs are trying to motivate drivers to reduce their environmental impact.

With the increasing number of smart phones there are several nomadic applica-
tions that can be downloaded to cellular phones. Two sample applications, the
GreenMeter [7] and the TripAlyizer |7], are shown in Figure 2.6. The GreenMeter
(on the left) was developed by Hunter Research Technology. It is an application
that can be downloaded on the IPhone. The user has to enter vehicle parameters
in the setup process. The device uses the IPhone’s internal accelerometer together
with the vehicle parameters to determine the vehicle power, engine power and fuel
used. The results are shown in stacked bar graphs that indicate how much energy
was used on rolling resistance, aerodynamic drag, and acceleration. With this the

driver can identify how his operation can influence the energy needed.

Surich Technology’s Trip Alyizer consists of an application that was developed to
be used on the TPhone 3G version. It uses the 3Gs featured GPS, accelerometer
and speakers. Using information on gasoline purchases the system calculates trip
efficiencies by distributing scores to acceleration, idle time, speed, and time spent
at the engine’s 'sweet spot’. The application can be used to transmit information

to the driver in an auditory way by using the cell phone’s speakers.

Several other post-trip support systems to reduce energy consumption exist. For
companies with vehicle fleets eco driving can be a simple way to reduce their
operating cost. With this in mind eco driving support systems like the Earthrise
Technologies” EcoWay [7] and the GreenRoads-Safety Center |7] were developed

for fleet applications.
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F1GURE 2.6: Nomadic post-trip support systems [7]

2.1.3 Conclusion

As previously presented, there are several driver support systems implemented to
reduce energy consumption. In Table 2.1 a summary of the discussed represen-
tative systems can be seen. The computational effort of the systems was rated
as well as their need for advanced inputs from the vehicle or GPS devices. It
can be seen that, while informative systems result in small computational efforts
and rarely require vehicle input, the advisory systems and in particular advanced
driver assist systems require a lot of information in order to function. In addition
heavy computing algorithms are commonly applied to treat the information and
identify detailed driver advice. In the following we will discuss algorithms used to

determine appropriate vehicle operation.

2.2 Optimal vehicle operation

There are two different ways that can be used to compute fuel reducing vehicle
operation. The first method, here called Rule Based Evaluation, uses rules that
can be applied depending on the state of the vehicle. This method is easily im-

plemented in support systems or taught to drivers, but such methods are usually
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sub-optimal. A second method is to develop a model of the vehicle and to apply
a mathematical trajectory optimization to a specific mission. This method is not
simple to be implemented in real time due to the fact that knowledge about the
trip has to be provided. However, if a sufficiently accurate system model is used
the result can be considered optimal. In Section 2.2.1 a literature review of rule
based evaluation methods is presented. Works on trajectory optimization methods

were reviewed in Section 2.2.2.

2.2.1 Rule based evaluation

Basic eco driving rules have been developed and published by several associations
[52] and automobile manufacturers [53|. These generally state that, in order to

drive economically, the driver should:

e Anticipate traffic low

Maintain a steady speed

Shift up early

Check tire pressure frequently

Avoid extra weight

Mostly eco driving rules such as these are given in a very general way, such that
they can be applied by any driver to any type of vehicle. Mostly such rules are
developed using common sense and some knowledge about the physics in the sys-
tem. Anticipating traffic flow can reduce energy wasted on accelerations, when the
vehicle will need to slow down due to traffic in front. Assuming that a conventional
vehicle is used, the internal combustion engine achieves its highest efficiencies at
high torque, low speed operation. Higher gear engagements will therefore result
in better overall system efficiency. Maintenance of a vehicle reduces energy con-
sumption, but is also a task necessary for a responsible driver to improve safety.
In addition, although it is sometimes not possible, in general it is easy for a driver
to minimize the extra weight carried by his vehicle. With this the mass to be

displaced is reduced and that will lead to lower energy consumption.

One way to determine appropriate rules for vehicle operation is to look at the losses

and operation principle of each component in the vehicle drive train. With this
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certain rules, like efficient gear shifting, can be fixed. However, using this approach,
the vehicle’s mission is not taken into account. A second method to determine
important eco driving factors is to analyze experimental data and determine for

which vehicle operation the fuel consumption was reduced.

Ericsson [54] used this approach in her work. In her study driving data from
several cars circulating in a city was collected. Measuring several variables she
could identify parameters such as acceleration with strong power demand, late
gear shifting, time spend in a certain velocity range, time spend in some engine
speed range, stops, speed oscillations and so on. She concludes her work with the
specification of five most important factors for fuel consumption and emissions.
Based on Ericsson’s work Saint Pierre [55| used a statistical analysis to determine
an eco factor using experimentally measured driving data. With this factor the

efficiency of the vehicle operation can be rated.

It is assumed that, due to the lack of a priori trip information most advanced driver
assist systems apply a rule based method to compute the appropriate driver ad-
vice. In her thesis, van der Voort [56], applied a rule based method in the FEST
driver support system. In the FEST several vehicle states, such as ’deceleration
phase’ or ’cruising’, are specified. The state the vehicle is currently in is deter-
mined using present information but also some history of the vehicle variables.
Appropriate vehicle operations were pre-defined for each state. When the vehicle
state is determined the current vehicle operation is compared to the optimal ve-
hicle operation. With this van der Voort uses a state machine approach to apply

a rule based evaluation method in real time.

While rule based methods are more simple to be implemented they can only de-
termine sub-optimal vehicle operation. Even if the instantaneous optimal vehicle
operation is determined, a globally optimal result is not achievable since the ve-
hicle’s mission is not taken into account. Implementing this method in a driver
support system the maximum potential gains of eco driving cannot be reached

since the advice presented to the driver is already sub-optimal.
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2.2.2 'Trajectory optimization

In the literature, trajectory optimization problems are very common. There are
several areas of research that apply and develop mathematical methods to deter-
mine the, with respect to some objective, optimal trajectory. In robotics trajectory
optimization problems are important for energy conversation and safety. Rocket
scientists use trajectory optimization to determine the correct trajectory to send
rockets into the orbit. In our work we will confine our review on trajectory op-
timization problems on the field of ground transportation. Work on road vehicle
trajectory optimization will be discussed in Section 2.2.3. In addition, relevant

work on railroad vehicle optimization is presented in Section 2.2.4.

2.2.3 Road vehicles

The idea to optimize the velocity profile of a road vehicle in order to save fuel
was first investigated by Schwarzkopf in 1977 [11]. Schwarzkopf used a polyno-
mial model of the vehicle to calculate fuel consumption for a given vehicle state.
With this simplified cost function he used the Pontryagin’s maximum principle,
a method based on the calculus of variation, to minimize the fuel. Two scenarios
were considered. First the energy to accelerate to a desired cruising speed was
minimized. In a second problem the vehicle operation was optimized when driv-
ing over a hilly road. In Schwarzkopt’s work the problem was stated with initial
and final conditions in distance, velocity and time. The goal of the study was to
develop and/or verify empirical driving tips given at the time. The results showed
that using such an optimization algorithm, appropriate vehicle operation can be
identified and theoretically fuel can be reduced. Useful tips given by the author

for implementation in real life driving include:

e Reduce speed before downhill section and increase speed on downbhill
e Increase speed before uphill section and reduce speed on uphill
This concept can be seen in Figure 2.7, where a vehicle is shown driving over a hill

or through a valley. Most literature following Schwarzkopf refer to his publication

as the first research in this area.
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FIGURE 2.7: Driving over hills, by Schwarzkopf [11]

In the middle of the 90th century another US researcher, Hooker [12, 57|, published
his work on velocity profile optimization. While Schwarzkopf used a simple vehicle
model, Hooker used experimental data to describe the energy consumption. From
his previous experimental studies he integrated vehicle data to derive accurate fuel
models dependent on the vehicle velocity and acceleration rate. In his paper [12] he
considers four different optimization problems. The problem of finding the optimal
cruising speed for a vehicle on a constant grade, the optimal way to accelerate a
vehicle to a typical cruising speed, the optimal way to drive a block between two
stop signs and the optimal way to drive over hills with a desired average speed.
In his analysis Hooker uses the Dynamic Programming Algorithm to solve the
optimization problems in a 3 dimensional approach, where time is placed in the x-
axis and velocity and position can be chosen as states at each time step. However,
linked by the vehicle’s dynamic equations, time, position and velocity are not three
independent variables. Hooker therefore chose the velocity of the vehicle as the
state at some time and uses nearest neighbor interpolation to fix the distance to
the predefined grid. In his work, Hooker found the optimal velocity profiles for
15 previously experimentally identified cars. Comparing fuel economy versus trip
time he states that there is an unique optimal driving profile for time and fuel.
Covering a distance in shorter time results in higher fuel economy due to high
acceleration rates, while a longer travel time results in more losses due to engine

idling. In comparing the vehicles he used, he found that optimal cruising speeds
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FIGURE 2.8: Fuel versus time trade off by Hooker [12]

and acceleration rates change for different vehicles. In Figure 2.8 the trade of
between fuel used and trip time is shown for driving the distance of 300m between
stop signs. It can be seen that the optimal trajectory for time and fuel would

occur if we cover the distance in 36 seconds using .15 L/km of fuel.

Working on the same optimization problems as Hooker in 1988, Monastyrsky in
1993 [58] shows a different approach to solve the problem. He reduces the compu-
tational cost of the optimization by reducing the number of states in the dynamic
programming problem. Considering the mission to drive a certain distance with
fixed initial and final velocity he eliminates the time as a state. Reintroducing
the time in the cost function in combination with a weighting factor achieves the
desired trade-off between fuel and time. The cost function can then be written as
J = Jpyer+ BT where T is the trip duration and 3 the weighting coefficient between
fuel and time. However, in his publication Monastyrsky does not mention how he
determines the appropriate weighting factor. In his paper Monastyrsky shows the
trade off in percentage increase of fuel consumption relative to the optimum versus

average speed.

Continuing the research on fuel-optimal velocity control Stoicescu published his
paper in 1995 in the International Journal of Vehicle Design [59]. In his work
Stoicescu states that considering the three variables time, distance and fuel, 6
optimization problems can be defined and analyzed. These are:

1. Minimize cost for fixed time T

2. Minimize cost for fixed distance

3. Minimize cost for fixed distance and time T
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4. Minimize time for fixed cost
5. Maximize distance for fixed cost
6. Maximize distance for fixed cost and time T
Using a simple system model Stoicescu solves the stated problems using Pon-

tryagin’s maximum principle. Finally, he states that optimal control of a vehicle

includes the following phases combined in different ways:

deceleration without shut-off engine (zero engine power)

emergency deceleration without shut-off engine (zero engine power)

emergency deceleration braking

constant velocity running

full-throttle acceleration

Emergency deceleration phases are never utilized if the final velocity is not signif-

icantly less than the initial velocity.

All research in this field up to the year 2003 considered vehicles with internal com-
bustion engines as power source. In 2003 a paper published by Guzzella, Sciaretta
and van Balen [60] first considers the problem of finding the fuel optimal trajec-
tory for a fuel cell powered vehicle. Applying numerical optimization methods the
optimal velocity profile is found for a trip over a route with fixed average speed

and for a cyclic route problem.

The dynamic programming optimization method was also applied to the fuel opti-
mal routing problem over a complex terrain by Tsao [13]. In Tsao’s work the fuel
consumption is optimized in a time independent way, while considering the grade
angle of a complex terrain without road system. In his paper he includes fuel
levels as a constraint in his optimization. There are specified points on the grid
defined to be refueling stations. The algorithm Tsao developed first evaluates if
the vehicle has enough fuel on board in order to perform the fuel optimal route. If
the vehicle would run out of fuel the route is recomputed with an obligatory stop

at a fueling station within reach. The concept is illustrated in Figure 2.9, where
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Fig. 4. Optimal Trajectory with Infinite Maximum Rang Fig. 5. Oiptimal Trajecfory with Limitéd Maximum Range

F1GurE 2.9: Complex terrain with fueling stations by Tsao [13]

the left graph shows the solution when the amount of fuel on board is not consid-
ered. The right graph presents the solution when the amount of fuel is considered
and the fuel in the tank was not sufficient to perform the trip. In this solution
the route is altered and the vehicle stops at a fueling station, here shown as a
dot. This optimization problem can become interesting when looking at electric

vehicles, where the autonomy is one of the concerns of people.

Velocity trajectory optimization was not always used to minimize fuel. In 2005 a
series of three papers were published by Velenis and Tsiotras [61-63|. The work
investigates velocity trajectory optimization with the goal to minimize time for
a certain mission. In their research, the time a vehicle takes to drive a given
route with constraints on acceleration and speed is minimized using Pontryagin’s
Maximum Principle. The algorithm was implemented using the receding horizon
method. Test results of this strategy are shown from tests on the Silverstone F1

circuit.

In 2008 velocity profile optimization was applied to the route of a city bus. Using
the predefined longitudinal profile of city buses the publication by Nouveliere [64]
investigates fuel economy improvements in optimizing the velocity trajectory of a
bus. Using the dynamic programming optimization approach the optimal velocity
profile is found for all states in speed and distance in advance. Since a driver can
not accurately follow the desired optimal velocity profile the current actual state
in velocity and distance is used to update the desired optimal velocity trajectory

from the precomputed result.

In the last ten years there has been a lot of research in the area of adaptive
cruise control [65-68]. A cruise control in the conventional sense controls the
throttle, such that the vehicle speed is constant independent of road profile. The

adaptive cruise control regulates the velocity of the vehicle in a way that the
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average velocity of the vehicle for a certain trip is fixed at a desired value, but the
actual instantaneous velocity can vary according to the road profile with the goal
that fuel economy is minimized. This strategy has been shown to have potentials in
reducing fuel consumption for trucks. The problem equals the previously defined
velocity trajectory optimizations in the way that it finds the velocity profile to
cover a certain distance with a known grade profile keeping a desired average
velocity. For implementation purposes the receding horizon method is used to
simulate a final state. The optimization approaches used to solve the adaptive
cruise control problem include Dynamic Programming, Pontryagin’s Maximum

Principle and other optimization strategies.

With the scarcity of fossil fuel hybrid vehicles have become more and more com-
mon. In 2010 Keulen published his work to show that velocity trajectory opti-
mization can improve fuel economy of hybrid electric trucks [14, 69]. In his papers
Keulen uses previous research studies to define the general shape of the optimal
velocity profile. In Figure 2.10 the shape of the optimal profile used in Keulen’s
work can be seen. Using a predefined profile he reduces the optimization process
to the search of 4 parameters, the constant velocity v.,., the electric machine use
during coasting P.,,, the velocity vy where maximum power deceleration starts
and the end velocity v, which equals the start velocity v, of the next cyclic sec-
tion. He solves the optimization using a nonlinear optimization based on Matlab’s
fmincon’ command. While a lot of research has been done on energy management
strategies for hybrid vehicles not many studies were published on the trajectory
optimization problem for hybrid vehicles. In literature no work was found where
a pure trajectory optimization problem for a manufactured hybrid vehicle is dis-
cussed. Like in Keulen’s work, all studies treating hybrid vehicles approach the
problem as one overall optimization where energy management is optimized to-
gether with the velocity profile. However, hybrid vehicles sold today already have
a control strategy for energy management implemented. It is therefore necessary
for the application in an eco driving support system to separate optimal operation

of the vehicle from energy management in the drive train.

When studying trajectory optimization for road vehicles it can be helpful to in-
vestigate how trajectory optimization problems for railroad vehicles were resolved.
With new drive trains, such as the hybrid and electric vehicle, the ability to recover
energy will play a role in the process of finding the optimal operation. Therefore it

can be interesting to look at studies treating railroad vehicles, since electric energy
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FIGURE 2.10: Predefined velocity profile by Keulen [14]

recovery has been a subject for some time in this field. With a lot of literature
available on railroad vehicle optimization the following section only gives a brief

overview of some interesting applications.

2.2.4 Railroad vehicles

Research on possible improvements in energy consumption for trains has started in
1968, when Ichikawa [70] published a paper in which he uses a numerical method
to solve the trajectory optimization problem of a train going from one station to
another in a fixed time. He does not quantize his reductions in energy consump-
tion, but rather sees his work as a motivation for a growing research in this field

that would help save a large amount of energy in transportation.

Following this publication, as desired by Ichikawa, research in train velocity profile
optimization grew. Starting in the 1980s there were two main research teams start-
ing to investigate the advantages of velocity profile optimization. Golovitcher |71],
first in Russia later in the US, discusses the optimization issue in his publications
between 1982 and 2003, while Howlett’s group [15, 72| in Australia published
on the same matter between 1980 and 2009. Both use Pontryagin’s Maximum
Principle to solve the problem. Golovitcher finds that optimal control has to be
a combination of 5 states, namely: FB (full braking), PB (partial braking), C
(coast), PP (partial power), FP (full power). Howlett [15, 72| on the other hand
identifies the optimal control for a track without slope to consist of the sequence
power, hold, coast, brake. Dependent on the desired final time the length of the

coast phase changes. In Figure 2.11 various optimal velocity trajectories to drive
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FIGURE 2.11: Velocity Profiles for Various Time Constraints by Howlett |15]

time

Velooity TR
chslanoe

Fig. 3: Trajectory of train mnning profile in state space.

FIGURE 2.12: 3 dimensional Dynamic Programming by Miyatake [16]

a distance of 10000m for desired final times can be seen. In red here the velocity

profile chosen if time is supposed to be minimized.

While both of their initial works were on trains without energy regeneration after

1990 their simulations included energy recuperation of the electric locomotive.

Since 2004 Miyatake [16, 73] published several papers on optimization of velocity
profiles of trains. In his analysis he uses a dynamic programming approach in a
three dimensional way, as seen in Figure 2.12. This gave him more freedom to
introduce constraint and his work shows that several factors, e. g. the internal

resistance of the capacitor, have effects on the results.
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2.2.5 Conclusion

In Table 2.2 an overview of representative trajectory optimization methods ap-
plied to calculate best road and railroad vehicle operation is presented. Studying
the table it becomes obvious that the Pontryagin’s minimum principle and the
dynamic programming optimization method are the commonly used methods to
resolve these problems. It seems that there exists a relationship between model
complexity and optimization method. Generally, the Pontryagin’s minimum prin-
ciple is applied in cases where the considered problem is rather simple. When
complex, detailed models of the system are used and various constraints are to
be integrated, commonly the dynamic programming method is applied. The com-
putational cost is therefore higher, but the method allows us to easily integrate

complex constraints.

2.3 Conclusion

We can conclude from this literature review that eco driving represents a good way
to reduce energy consumption for the transportation sector. However, effective
driver support systems are necessary to guide and remind the driver about the

optimal operation of the vehicle.

It has been shown that there are several informative and advisory driver support
systems that can be used to reduce energy consumption. While most systems
transmit information using the visual way, there are some approaches where advice
is given the auditory way or with the use of haptic devices. Advanced driver assist
systems that use detailed vehicle and trip information to transmit computed best
vehicle operation to the driver, have been investigated. More complex systems
are able to give detailed information to the driver, but, to do so, they need to be
provided with more specific information. A major difficulty with ADAS systems
seems the design of an appropriate human machine interface (HMI), which is
critical for the effectiveness of the system. A second important aspect of an ADAS

system is the evaluation of best vehicle operation.

Generally the appropriate vehicle operation is determined in one of two ways. Most
driver assist systems studied in literature used a rule based algorithm. This way

best vehicle operation is determined dependent on an identified vehicle state. Rule
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based algorithms can only determine sub-optimal vehicle operation since no global
optimization is performed. A second way, which usually results in more accurate
results, is to use a vehicle model and numerical optimization methods to determine
fuel minimizing operation. In this second case the accuracy of the optimal velocity
profile depends on the correspondence of the model to the actual system. In
general, optimization methods applied to trajectory optimization problems are
the dynamic programming method or the Pontryagin’s Maximum Principle. While
the dynamic programming method is usually more costly in computational effort,
complex system models and constraints are easily implemented. The Pontryagin’s
Maximum Principle, being based on Calculus of Variation, is a fast calculation, but
is not trivial to be used with complex cost functions and problems with constraints.

With this approach it is often difficult to capture all loss phenomena of the system.

To complement existing studies this thesis work investigates three main areas.
First, we want to determine potential gains of eco driving by identifying drive
train specific optimal vehicle operation. Secondly, we will evaluate the effects
of constraints on potential gains and optimal vehicle operation. Finally this work
proposes a way to integrate numerical optimization algorithms in the development

of an effective driver support system.

Eco driving is well known to reduce fuel consumption for conventional vehicles.
While the operation of the traditional car might be somewhat intuitive for a driver,
the efficient operation of new technology drive trains can be a challenge. Inte-
grating physical vehicle models, in this work we want to develop optimization
algorithms that can be applied to any vehicle drive train on the market today,
no matter its complexity. With this the optimal operation can be identified in a
vehicle specific way. A comparison of best vehicle operation can lead to insights
about importance of modeling details. To what level is it necessary to include

detailed modeling in the fuel minimization process?

To predict maximum potential of eco driving, trajectory optimization techniques
will be applied, together with a detailed vehicle model, to a specified trip. With
this, we will not concentrate on certain driving scenarios, such as ’driving over
hills’, or optimal acceleration, but rather identify the globally optimal velocity
trajectory for a given trip. So called eco cycles are computed for corresponding
original drive cycles. Doing so, we assume that a priori trip information, about
initial and final vehicle speed and distance is given. In addition, we hypothesize

that maximum speed limits on the driven roads, road grade and stops are known
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in advance. In this work, trip time is considered as a given trip constraints. With
this definition we can say that eco driving does not create any disadvantages for
the driver. Computed potential gains are therefore solely due to changes in vehicle

operation and not due to a decrease in average vehicle speed.

While most work on eco driving assumes optimal conditions this thesis shows
an approach to determine more realistic vehicle operation by integration of con-
straints. Initially maximum potential gains are identified considering trip and
road constraints, such as speed limits. This can help to identify an upper limit
for possible fuel savings. However, it does not give realistic approximations of
realistically reachable consumption. In this work we will evaluate the effects of

traffic on potential fuel savings due to eco driving.

Another constraint that should be considered when eco driving strategies are com-
puted are environmental constraints. While most work presents eco driving as a
solution to environmental problems in the transportation sector, emission con-
straints were never integrated. With this thesis we aim to evaluate economic and
ecologic aspects of eco driving. An approach to integrate emission constraints in

eco driving optimization algorithms is proposed.

Our literature review showed that several driver support systems for eco driving
exist. While the algorithms integrated in advisory systems are usually simple, we
can find many works on trajectory optimization for road vehicles. In our work we
want to combine the theoretical work with an implementation in a handy advanced
driver assist system. With the development of a practical human machine interface
we present an approach to integrate complex optimization algorithms in a driver

support system.
To summarize, the original contributions of this work are:
e Potential gains of eco-driving are determined with use of physical vehicle
models (conventional, electric and hybrid vehicle) at required level of detail

e Eco-driving considered without disadvantage in arrival time: Constraint of

trip time is taken into account and discussed

e Potential gains of eco-driving are identified while taking into account limi-

tations due to traffic
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e Potential gains of eco-driving are identified while considering the influence

of pollution emissions

e Development of a Human Machine Interface with continuous online advice

and educational trip report
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With the development of powerful computers, simulations have become an impor-

tant part of

in all kinds

actly predict the response of the physical system and to verify, the real systems

engineering work. Using models of complex systems, their behavior

of situations can be simulated. System simulations can never ex-
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should always be tested. However, working with models can have many advan-
tages. While simulation models are built faster and with less cost than most real
world prototypes, the effects of component changes in complex systems is easily
tested. In a system’s development process a model is often used to predict its real
operation. In our case, we construct a simulation model to predict consumption
for specific vehicle operation. A macroscopic model to predict energy consumption

is used.

In this chapter we will construct the vehicle models for the conventional, electric
and hybrid vehicle drive trains. For optimization purposes an inverse modeling
approach is applied. In Section 3.1 the advantages of inverse modeling versus
direct modeling are discussed. The modeling of a vehicle’s chassis is presented in
Section 3.2. Detailed drive train models of the conventional, electric and hybrid
vehicle can be found in Section 3.3-3.5. To verify simulated energy consumption
values a direct modeling software VEHLIB was used. The modular software is

introduced in Section 3.6.

3.1 Direct and inverse modeling

To simulate dynamic systems there are two different modeling approaches that can
be applied. Using direct modeling the system is modeled with its natural input,
following the energetic flow, to the output. Inverse modeling is what we call a
model, where the inputs and outputs of the system are inverted. This means that
we assume an output, back-calculate component operation opposed to the energy

flow, to identify the required input.

Figure 3.1 shows the difference between the two modeling approaches for the spe-
cific case of a road vehicle. In the upper graph the direct modeling method can be
seen. The driver specifies the inputs to the system, which are accelerator pedal,
brake pedal, possibly clutch and gear, and auxiliary use. With these inputs the
drive train operation can be computed, and the drive torque propelling the ve-
hicle is determined. The output of the model is a resulting vehicle speed and

acceleration.

In the inverse modeling approach a desired vehicle operation is specified as input.
The chassis and drive train component operation is back calculated to identify

the necessary power output from each component. In a conventional vehicle, for
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FIGURE 3.1: Direct versus inverse modeling

example, the engine operating point is computed; in an electric vehicle the electric
machine operation is calculated. With this the energy consumption of the vehicle

can be computed for a given vehicle operation.

An advantage of inverse modeling is to eliminate the human driver in the com-
putation process. Component operation can be computed for an exact vehicle
operation without uncertainties due to the human driver behavior (driver feed-
back that enables a specified profile to be tracked). However, in order to uniquely
specify system operation it is often necessary to make several hypotheses on some
control variables. For the conventional vehicle a driver usually specifies acceler-
ation, friction braking, clutch and gear selection. In the process of inversion the
necessary engine and brake inputs are easily identified. In our approach hypothe-
ses were defined in order to specify clutch and gear operation. Since the goal of
this study is to determine energy efficient vehicle operation, the engaged gear was
specified such that fuel consumption was minimized. The clutch was assumed to
be fully engaged, unless the shaft output speed dropped below idle. In this case

minimum engine speed was defined to be engine idling speed, and the clutch is

slipping.

The electric vehicle seems to be the simplest of the three drive train systems for
inversion. Since no gear box and clutch exist in the drive train, it is unnecessary
to make hypotheses. The electric motor and mechanical brake operations can
be determined given the vehicle operation. In the case of the hybrid vehicle the

operation of several power sources have to be computed, given vehicle operation.
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Although the driver only specifies acceleration and braking the inversion process
of this vehicle drive train is not trivial. The operation of the vehicle is usually
determined by the electronic control unit (ECU), which uses the driver inputs
as well as battery state of charge. In a model inversion we need to assume that
battery state-of-charge is known downstream from the ECU at the drive train
output. This is necessary to identify the correct power split and to compute the
appropriate component operation. The inverted hybrid vehicle model is presented

in detail in Section 3.5.

Another input that is common for all vehicle drive trains is the auxiliary power,
which depends on the driver’s use of vehicle accessories, such as radio, lights,
and others. In our work a constant auxiliary output power was specified in the

inversion process:

Pz = 300W (3.1)

In Figure 3.2 a generalized schematic of a vehicle’s drive train can be seen. We
can see that, generally, the driver input is used in the drive train to determine
component operation. The drive train then transmits the drive torque to the
wheels, where it is used to propel the vehicle chassis through the road contact. In
the following a general model of a vehicle chassis will be constructed. The detailed,
inversion based model of the drive train for each vehicle type will be discussed in
Sections 3.3-3.5.
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3.2 Vehicle chassis modeling

Constructing an inversion based chassis model, the goal is to determine the nec-
essary drive train output torque Ty, as a function of specified vehicle speed v
and acceleration a. In the following we will proceed to construct a direct chassis

model which will be inverted.

3.2.1 Dynamics of chassis

The motion of the chassis is a result of the forces acting on it. In our work only
longitudinal forces are considered in order to determine the vehicle’s longitudinal

motion. Using Newton’s second law we can write

Mvehl-a.r = Z F (32)
= Farive — Fres (33)

where Myen, # Myen, is a lumped parameter representing the mass that is to be
accelerated, a, = a specifies the vehicle’s longitudinal acceleration and F, the
sum of forces along the longitudinal axis. The drive force Fy,.;.., generated by the
vehicle’s drive train, is used to propel the vehicle and to overcome the resistance
forces F.s, that are generally opposing the direction of motion. In this energetic
model no slipping of the wheel, on the contact patch between road and tire, is
considered. With this hypothesis we can define a relationship between vehicle

motion and wheel rotational speed wypeer using the tire radius Ryjpe:

v

wheel — 3.4

Wuwheel Rtire ( )
a

. wheel — 3.5

Wuheel Rtiv'e ( )

The inertia to be accelerated can be described by a lumped parameter, considering

vehicle weight and wheel inertias:

Jveh = MvehR?Z’re + 2=]tire (36)
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FIGURE 3.3: Resistance forces acting on chassis

With Equation 3.4-3.6 we can now rewrite Equation 3.3 by

Jvehwwheel - Tdrive - Frethire (37)

where T},;,. specifies the drive train output torque, which is positive in the accel-
eration phase and negative when braking. Inverting Equation 3.7 and assuming
that there is no slipping between the tire and the road (Equation 3.4-3.5) the drive

torque required for a given vehicle speed and acceleration can be determined by

Tdrive = f(U, a) (38)
Jy + Fres(”)Rtire (39)

eh
RtiTe

where the resistance forces F,.., depend on the vehicle speed and can be computed

as a sum of rolling resistance, aerodynamic drag and road grade.

3.2.2 Resistance forces

In Figure 3.3 a vehicle chassis driving on a non-flat road can be seen. The schema
shows the resistance forces due to rolling resistance, aerodynamic drag and road

grade on the chassis.

Rolling resistance is a force that exists due to the deformation process of the tire
between the vehicle and the road. Although it depends on many parameters, such

as the tire pressure, tire wearing and road quality, it is generally approximated by
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Fron = CrMyepgeos(a) (3.10)

with C,., the coefficient of rolling resistance, which is dependent on vehicle load and
wheel radius. g represents the gravitational constant and M, the vehicle’s mass
including the chassis, drive train, engine and passengers. On a non-flat road the
road grade a has to be taken into account in the computation of rolling resistance
because the downward force due to gravity is not orthogonal to the road surface.
The rolling resistance is independent of the vehicle operation and can therefore
not be influenced by the driver throughout a trip. However, it is obvious that it
changes with the vehicle’s load. Reducing vehicle weight will reduce the energy
needed to overcome rolling resistance. The vehicle’s weight, however, influences

the maximum force that can be transmitted by the wheels to the vehicle.

The aerodynamic drag is a force that manufacturers are often trying to reduce with
aerodynamic vehicle designs. The aerodynamic drag is dependent on air density
p, the vehicle’s drag coefficient Cy, and the vehicle’s frontal surface A. Given the

vehicle speed the force can be computed by

1
Foero = 5pCdAu2 (3.11)

In Figure 3.4 the power due to aerodynamic drag for various speeds can be seen
for different vehicles [74]. Dependent on the vehicle’s shape the drag coefficient
changes. In this graph four different types of chassis are plotted for comparison.
For example the aerodynamic drag coefficient of a Hummer H2 truck lies at 0.57,
while a station wagon, like the Audi A5, only has a drag coefficient of 0.33. A
very aerodynamic vehicle, like the Volkswagen XL.1 can have an aerodynamic drag
coefficient of 0.19 [75]. Changing the shape of the vehicle, automotive engineers
can improve the drag coefficient and therefore reduce energy consumption of the
vehicle. However, much larger savings in energy can be made by reducing the
vehicle’s operating speed. From Figure 3.4 it can be seen that aerodynamic drag
grows quadratically with speed. Particularly at high speeds it becomes obvious

that by a small reduction in vehicle velocity large amounts in energy can be saved.

When driving on hilly roads the force due to road grade has to be taken into
account when modeling the vehicle chassis. When driving on a road with slope

Qiroaq the resistance force due to grade is calculated by
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FIGURE 3.4: Aerodynamic drag for different vehicle chassis

Fgrade - Mvethin(aroad) (312)

Naturally the grade resistance force acts as an accelerating force on downhill roads
and slows the vehicle down on uphill sections. In order to reduce overall energy
consumption for a trip it is expected that reducing vehicle speed on uphill sec-
tions and accelerating on the downhill parts and therefore converting the potential

energy in kinetic energy, would be optimal.

3.3 Conventional vehicle

In this thesis gains of eco driving for passenger vehicles are discussed. A small
conventional passenger vehicle was therefore chosen for modeling and testing. In
Figure 3.5 the 308 vehicle model from the French manufacturer PSA Peugeot
Citroen ! can be seen. The vehicle has a weight of 1470kg. For modeling purposes
the vehicle was separated in two parts: the chassis and the drive train. The chassis
can be modeled as presented in Section 3.2, such that the drive train output torque
is calculated as a function of vehicle speed and acceleration. In the following the

inverse drive train model of the conventional vehicle is outlined.

IPSA Peugeot Citroen http://www.psa-peugeot-citroen.com/
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FIGURE 3.5: The Peugeot 308 Vehicle
3.3.1 Drive train modeling

The drive train of the Peugeot 308 can be seen in Figure 3.6. Its major components
are the wheels, a differential, the gear box, a clutch and the internal combustion
engine. In this work no dynamics of the mechanical drive shaft are considered.
The hypotheses made in order to uniquely define the operation of each drive train

component are:

e Instantaneous gear engagement
e No losses in clutch unless shaft speed below idle

e Constant auxiliary power

ICE
) )
Gear
0000 Box
| - J

Clutch

F1GURE 3.6: The Conventional Vehicle Drive Train
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With these assumptions the speed of the engine output shaft w,,, can be deduced

from the wheel speed wypeer Dy

weng = max(wengfidlm Wwheel * RFD * RG@.gear)) (313)

where Wepg—iqe specifies the engine idle speed and Rpp and Rg(igeqr) define the
ratio of the final drive and the selected gear. Power losses exist in the clutch when
the clutch plate is slipping. Simulating the efficiency of the final drive ngp and
the selected gear ng,.,.), the drive train output torque can be translated to the

engine output shaft by:

Tdm’ve
Repiipp Re (igear )0 (Hgear)

Tdriveeng = (314)

Here ng and npp are the efficiencies of the gear ratio B¢ and final drive reduction
ratio Rpp. The efficiency of the differential is assumed to be constant with respect
to speed and torque. A unique efficiency ¢ (igeqr) for each gear is fixed. Each gear’s
efficiency is assumed to stay constant for the entire range of operating speed and

torque. The parameters ¢ depends on the energy flow and is defined by

,¢ _ { 1 if Tarive 18 pOSitive

-1 if Ty.i0e 1S negative

The dynamics of the internal combustion engine can be described with

Jengweng = Teng - Tdriveeng - Taux (315)

The load torque due to the auxiliaries is simply determined by Ty, = %. In-
eng

verting Equation 3.15 the engine torque can be computed as a function of wheel

torque

T rive Pauz .
d + + Jeng@eng (3.16)

Teng = . .
RFD 7711?1) RG (%ear)ﬁéé (dear) Weng
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3.3.2 Engine modeling

The engine that was integrated in the Peugeot 308 passenger vehicle is the, by
Peugeot and BMW developed, EP6 engine. It is a 1.6L. gasoline engine that can
provide a maximum torque of 160Nm at 4250rpm and reaches its maximum output
power of 8kW at 6000rpm. The engine is modeled using an engine consumption
map, which was previously identified experimentally on an engine test bench. A
graph of the engine specific fuel consumption can be seen in Figure 3.7. In this
graph the upper, blue line shows the maximum torque that the engine can provide
for a given speed. When injection is cut and the vehicle is ’driving’ the engine,
the engine output torque is negative. The engine minimum torque is shown as a
blue dashed line.

- - - -
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F1GURE 3.7: Engine Specific Consumption in g/kWh

In Figure 3.7 the specific consumption is shown in g/kWh. In red a constant power
line is drawn for an engine output of 8kW. It can be seen that for equal power
output the fuel consumption can be very different. Providing 8kW at 4000rpm
the engine consumes a lot more fuel per kWh than when supplying it at 1000rpm.
The engine’s combustion process is most efficient at low speeds and at close to

maximum torque.

In conventional vehicles the driver can influence the point of operation of the engine
with the gear choice. While hybrid vehicles or continuous variable transmissions
can push the engine operating point to its optimal, the manual 5-speed transmis-
sion gives only a discreet choice of engine operations. Operating a vehicle in the

appropriate gear gives the driver an immediate way to reduce fuel consumption.
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In Figure 3.7 the engine operating point for gear 2 to 4 were plotted for a vehicle
speed of 50km/h and an acceleration of 0.2m/s%. It can be seen that if the driver
chooses to operate the vehicle in 2nd gear the engine consumes around 400g of
fuel per kWh. However, when a higher gear is engaged the fuel consumption of the
vehicle for the same velocity and acceleration is lower. In third gear only about
350g and in 4th and 5th less than 300g per kWh is needed. To eliminate driver
input for gear choice, we assume in this work that an eco driver will always want
to choose the most efficient gear. After calculating the fuel consumption for all five
gears the optimal gear, which means the one with minimal fuel consumption, is
therefore chosen. With this the instantaneous fuel consumption of a conventional

vehicle can be computed as a function of vehicle speed and acceleration by

mfuel = %ninmfuel(Teng@gear%weng@gear)) (317)
= f(v.a) (3.18)

3.4 Electric vehicle

In the last years electric vehicles have become more and more popular. There are
now several car manufacturers that have electric vehicles on the market. The elec-
tric vehicle has gained in popularity due to its flexibility in energy source. While
conventional vehicles commonly only use non-renewable fossil fuels the electricity
used as energy source in this drive train can be generated from several different,

renewable or non-renewable, sources.

The electric vehicle presented here is a test vehicle used at the IFSTTAR labora-
tory. The electric Mega City produced by AIXAM 2 can be seen in Figure 3.8.
The vehicle is a small vehicle with a weight of 750kg. Identifying the appropri-
ate rolling resistance coefficient and drag coefficient the vehicle’s chassis can be
modeled as described in Section 3.2. Given the vehicle operation in speed and
acceleration the drive train torque is computed. In the following the model for the

electric drive train is derived.

2AIXAM http://www.aixam.com/
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FIGURE 3.8: The AIXAM electric vehicle

3.4.1 Drive train modeling

The drive train configuration of the ATXAM Mega City can be seen in Figure 3.9.
The drive train is made up of the final drive and the electric motor/generator,
which is coupled by the converter to the battery. Due to the characteristics of
the electric motor, which can provide high torque at very low speeds, there is no
need for a gear box. A gear box could be integrated in an electric vehicle to enable
shifting the operating point of the electric motor into more efficient regions. In this
work, a simple electric drive train architecture is investigated and the possibility

of a gear box will not be considered in the following.

The Mega’s drive train contains 12 lead acid battery packs. The battery, that
has a nominal capacity of 76 Ah, weighs around 350kg. The vehicle is driven by
a continuous current, separately excited, electric motor. The motor reaches its
maximum output power of 14kW at 3000rpm. It can provide a maximum torque
of 60Nm.

Given the vehicle’s wheel speed wynee; and the drive torque at the wheels Ty e,

the operation of the electric motor output shaft is computed by

WEM = Wwheel LFD (3.19)
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Converter

Battery

FiGure 3.9: The Electric Vehicle Drive Train

T rive
— —drve (3.20)

TdriveEM

where nrp defines the efficiency of the differential with ratio Rpp. v is defined by

. { 1 if Typive is positive

-1 if Ty 1S negative

The dynamics of the electric machine can be described by

JEMWEM = Tarive — Tarivepy (3.21)

where Jgj; defines the inertia of the electric motor. Without any further assump-
tions we can now invert the vehicle model, using Equation 3.19-3.21, to compute
the torque of the electric motor as a function of drive torque necessary for a spec-

ified vehicle operation.

T rive .
Tern = d—w — JEMWwhee RED (3.22)

Repnpp
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Ficure 3.10: Efficiency map of electric motor
3.4.2 Modeling of electric components

The efficiency of the electric motor and the converter are simulated combined,
with an experimentally identified loss map. The efficiency of the motor/converter
unit in dependency of operating speed and torque can be seen in Figure 3.10. The
upper and lower blue lines mark the maximum and minimum torque envelope. It
can be seen that the functionality of this electric drive unit is very different to
that of an internal combustion engine. While an engine cannot provide torque at
low speed and in fact will turn off if speed drops too low below idle, the electric
motor can provide its maximum torque at low speeds. In comparison, the gasoline
engine, where the efficiency lies below 34%, the electric motor can reach up to
almost 80%. While the thermal engine reaches high efficiencies at high torque,
low speed ranges, the electric motor operation is optimized in the higher speed

area.

Using a loss look-up table, the power losses of the electric motor P,sspy can be
computed as a function of torque and speed using interpolation methods. The
driver is assumed to consume constant auxiliary power defined by P,,.. The

demanded battery output power can now be calculated by:

Pbattout = TEMWE]W + PlossE]V[ + Paux (323)
The battery is modeled with a simple electric circuit, as presented in Figure 3.11.

The battery is represented by a resistor in addition to an open circuit voltage.
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+ Ipatt
Upatt C) Vocv

FiGurE 3.11: Simple battery circuit

The battery’s resistance usually changes dependent on its operation (charging/dis-
charging) and on the battery state-of-charge. However, while the changes in re-
sistance due to change in SOC happen only in the low state-of-charge range, the
resistance stays almost constant over 70% of the battery operating range. We
therefore only consider resistance changes due to operating mode. Commonly a

lower resistance is assumed for charging than for discharging.

Given the battery state-of-charge the open-circuit-voltage (Vocy) and the resis-
tance (R) can be evaluated by interpolation over battery specific data. The battery
current (Ipq4:) and battery output voltage (Upay) are computed using the following

relationships:

Pbattout = VOCV[batt_Il?attR (324)
= Ubatt]batt (325)

where Uy is the battery output voltage and I,y is the battery current. The

battery power used can then be computed by

Pt = Voov Ipatt (3.26)

Given the faradaic efficiency (7)) and the nominal capacity of the battery Cop,

the instantaneous consumption of battery charge ASOC can be computed by

Tyate/3600A¢

ASOC = =nre = oo

(3.27)
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Given the vehicle velocity and acceleration, Equations 3.4-3.12 together with Equa-
tions 3.19-3.26 can be used to calculate the instantaneous power output from the

battery for the specific electric vehicle:

Pyt = f(v,a) (3.28)

In the electric drive train the operation of the electric motor/generator is reversible.
With this the kinetic energy of the vehicle can be used to charge the battery
when braking. Some electric vehicles use so-called regenerative brake pedals. In
such vehicles the electric generator is used to apply a negative torque on the
wheels when braking. Due to safety restrictions it is not allowed to replace the
entire friction brake system with electric, regenerative braking. Therefore, using a
regenerative brake pedal, implies that a control strategy is implemented to specify
mechanical and electric braking. A simpler approach, where no regenerative brake
pedal is used is therefore often implemented. While using the brake pedal only
for mechanical friction braking, these vehicles simulate an electric ’engine braking’
as in conventional vehicles. When taking the foot off of the accelerator pedal a
load is simulated by applying a negative torque on the wheels through the electric
generator. In the here considered electric vehicle a constant electric braking torque
of 17Nm is applied when the vehicle is in coasting. With this, the vehicle has a
low deceleration rate which is used to recover energy. However, once the driver

steps on the brake pedal the friction brake is applied and energy is lost in heat.

The flexibility in energy source and the ability to recover kinetic energy are ad-
vantages of the electric drive trains in comparison with the conventional vehicles,
where the combustion process is not reversible. However, driving an electric vehi-
cle also comes with disadvantages. First of all, obviously energy is still necessary to
operate the vehicle. And while the number of vehicles is growing and researchers
are searching for alternative, renewable energy sources, the amount of energy used
to drive electric vehicles should not be neglected and/or wasted. Nevertheless, the

major disadvantage of the electric vehicle is its autonomy and charging time.

A simple comparison: In general a passenger vehicle has a fuel tank of abound
50L. Gasoline fuel weighs around 720g per L. A compact passenger car can usually
be driven on about 6-7L/100km. With this a conventional car has a range of 700-
800km per tank that initially weighs 36kg and can be refilled at any of numerous

gas stations in a few minutes.
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For the case of an electric vehicle recent technologies are using lithium ion batteries,
which can have an energy density of up to 200Wh /kg. The Renault Zoe 3 electric
vehicle is a small passenger car that has recently been released. While the vehicle’s
range on the standard test cycle (NEDC) is 210km, Renault announces a range
of 100-150km dependent on utilization [76] for the 22kWh lithium ion battery
pack. The battery, weighing around 300kg, therefore gives the driver a driving
range around 5 times smaller than the gasoline vehicle for a weight 6 times the
fuel tank. In addition, electric vehicles have to carry the dead weight of an empty
battery since its weight is not reduced when discharged. While the range is smaller

for the electric vehicle the charging can take anywhere from 1-8h for a full charge.

It can be seen that, when using electric vehicles, energy consumption can become
a very important factor. It is therefore important to identify the most efficient
operation of the particular vehicle. Eco driving with electric vehicles can minimize

energy consumption in order to maximize the vehicle’s operating range.

3.5 Hybrid Vehicle

The hybrid vehicle has become a popular solution for manufacturers to meet higher
fuel consumption and emission standards. By definition, a hybrid vehicle is a
vehicle that contains two or more power sources. The solutions on the market
today combine the internal combustion engine with an alternative power source

like a flywheel, a hydraulic accumulator, an electric battery or a fuel cell.

The flywheel stores energy in the kinetic energy of a mass spinning at high speed.
This energy can be reused to boost the vehicle in the acceleration phase. This
system is used in the Formula 1 to improve the vehicle performance [77]. When
the alternative power is provided by a hydraulic system the energy recovered is
stored in the compressed gas of an accumulator. The hydraulic hybrid solution
is commonly used on heavy applications such as refuse trucks [78] or delivery
vans [79] due to the high power and low energy density of the hydraulic system.

However, the solution can also be implemented in passenger vehicles [80].

For passenger vehicle applications the most popular solution is the battery electric

vehicle. While there are still many disadvantage due to cost, weight and power

3Renault Zoe Electric Vehicle http://www.renault-ze.com
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FIGURE 3.12: The hybrid drive train configurations: a) series config. b) parallel
config.

output of the battery the chemical energy storage seems to be the appropriate
solution for small passenger vehicles. The algorithm presented in this thesis can
be applied to any hybrid vehicle system but since this work focuses on passenger

vehicle applications we will only consider electric hybrid vehicles in the following.

Hybrid vehicles reduce fuel consumption due to their ability to recover kinetic en-
ergy when braking. In addition, the alternative power source can be used to move
the engine operating point to a more efficient region, which therefore improves
system efficiency. In a hybrid vehicle drive train, the power from the implemented
sources is combined to generate the torque output at the wheel. Existing hybrid
drive train configurations can be separated in three classes. In Section 3.5.1 a short
review of the three hybrid architectures is presented. In this work the Toyota Prius
hybrid vehicle will be used as an example of a hybrid vehicle. The construction of

the drive train model is presented in Section 3.5.2.

3.5.1 Hybrid vehicle drive trains

Existing hybrid drive train vehicles are designed in parallel, series or power split
configuration. In Figure 3.12 and 3.13 an electric hybrid drive train in each of the

three configurations can be seen.

The first graph in Figure 3.12 shows a drive train in series configuration. In the
series drive train the mechanical power from the engine is transformed to electricity
by an electric generator. The electricity is then used to either charge the battery
or run the electric motor that is connected to the wheels. In a series configuration
there is no mechanical connection from the ICE to the wheels. All the power used

to propel the vehicle is transmitted through the electric path. With this approach
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FiGURE 3.13: The Prius power split hybrid drive train

the engine operating point is entirely decoupled from the wheel operation. The
ICE can therefore be run at the most optimal operating point to achieve maximum
efficiency. However, in this drive train the efficiency of the electric motor/generator
system is critical for overall system efficiency. In addition vehicle performance is
dependent on the performance of the electric components. This often results in

either a low power system or a large, heavy battery system.

In Figure 3.12 the second graph shows the hybrid drive train in parallel configura-
tion. In a parallel hybrid configuration the engine is coupled with the mechanical
shaft to the wheel. The engine can therefore transmit power directly to the wheels.
An electric motor/generator is connected to the output shaft and contributes to
the drive torque. With this configuration the engine operating point is not entirely
decoupled from the wheels. With the electric machine the engine can only be as-
sisted in torque, while the speed stays proportional to the wheel speed. All power

is transmitted through the mechanical shaft, which has a very high efficiency.

The third hybrid configuration, seen in Figure 3.13, is the power-split configu-
ration. This configuration, often also referred to as parallel-series drive train,
combines the advantages of the parallel and series configuration. In the power-
split drive train the engine operating point can be controlled to its optimal. But,
if needed, all power can be transmitted from the engine to the wheels through
the very efficient mechanical shaft. However, with the advantages of this drive

train comes a system that is very complex and hard to control. For power-split
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FiGURE 3.14: Toyota Prius

hybrid vehicles the control strategy is a critical factor that is important to achieve

optimal system efficiency.

The Toyota Prius was one of the first hybrid vehicles on the market and still is one
of the most common hybrid passenger vehicles on the road today. With its complex
power-split drive train it will therefore be used in this work as representative hybrid
passenger vehicle. In the following the drive train model will be presented and the

control strategy, implemented by Toyota, is simulated.

3.5.2 Toyota Prius hybrid vehicle

The Toyota Prius II Hybrid Vehicle can be seen in Figure 3.14. The vehicle is a
compact passenger car with a mass of 1360kg, which includes the battery and all
other drive train components. As mentioned above, the vehicle is configured as a
power-split hybrid drive train. A detailed schematic of the drive train components

can be found in Figure 3.13.

The vehicle is driven by a 1.5L gasoline engine which operates on a high expan-
sion ratio cycle [81] and therefore achieves efficiency values higher than a similar
conventional gasoline engine. The power provided by the IC engine is split by
the planetary gear set into electrical and mechanical path. The electric generator
(EM2) is connected to the sun gear, while the electric motor (EM1) is turning
with the output shaft, which is connected to the ring gear. Both machines are
permanent magnet synchronous AC motors. The electric machines are connected
by an inverter to the NiMh battery pack. The battery consists of 28, each 7.2V
battery cells connected in series. The resulting battery pack has a nominal voltage

of 201.6V and a nominal energy rating of 1.3kWh. The inverter contains a boost
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FIGURE 3.15: Planetary Gear Set

converter in order to increase the battery voltage if needed. The losses in the

converter are neglected in this model.

The vehicle chassis can be modeled similar to the conventional and electric vehicle
chassis, using Equations 3.4-3.12 with experimentally identified aerodynamic drag
and rolling resistance coefficients. As with the conventional and electric drive
train, it is assumed that the efficiency ngp of the final drive reduction Rpp is
constant with respect to torque and speed. The electric motor/generator (EM1)
is connected to the output shaft and is therefore always turning with a speed
proportional to the wheel speed. Given the wheel speed and torque the speed and
torque of the ring side of the planetary gear can be computed by

Wring = WEM1 = wwheelRFD (329)

Td'rive - Tbrakemech

Rrp 77171é D

Tring = — Tern (3.30)
Here, Ty akemech represents the mechanical brake torque, which is only non-zero if

the minimum negative torque of the two electric motor/generators is exceeded.

In this power split drive train the power from the engine is split by a planetary
gear set to the electric generator or the wheel output. A schematic of this gear
can be seen in Figure 3.15. The planetary gear set has three inputs: the ring, sun
and carrier /planet. In this work the gear set is modeled in a static way. With this
assumption the geometry of the planetary gear results in two degrees of freedom in
speed, but only one degree of freedom in torque. Hence, if one of the input torques
is fixed the remaining two can be calculated. The speed and torque relationship

of the planetary gear set can be described by:
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Wsun = ngring + (1 - Rg)wplanet (331)
1 1
Tsun = ——T anet — _,-Tmn 3.32
1 — Rg planet Rg g ( )
where R, is the ratio parameter, which is calculated by R, = —% with T = 78,

the number of teeth on the ring gear and Ts = 30, the number of teeth on the sun
gear. Implemented in the Prius vehicle, the sun gear is connected to the electric
generator, the planet part is run by the engine and the ring gear is connected to

the electric motor and the output shaft.

Given the engine speed (wen,) and torque (7.,,) the fuel consumption is calcu-
lated using a look-up table, that has been identified in experiments on an engine
test bench. The electric motor and generator with their respective inverters are
modeled using look-up tables to determine the power losses as a function of mo-
tor speed (wgn1,pme) and motor torque (Tgan gae). Given the motor/generator

operation and the auxiliary power (P,,,) the battery operation is derived by:

Pogttowt = Teanwes + PlossEM1 4 Tryoweme + Plossemz + Paus (3.33)

The battery is modeled with a simple electric circuit, including voltage source
and a resistance, similar to the electric vehicle. The resistance changes with the
state-of-charge of the battery. Figure 3.16 shows the resistance for the Prius
NiMH batteries in charge and discharge mode. Using experimental data the open-
circuit-voltage (Vocy) and battery resistance (R) are evaluated using interpolation
methods. The battery current (l,,) and battery output voltage (Upa) can be

calculated with the following relationships:

Pbattout = VOCVIbatt - Il?attR (334)

Pbattout = Ubatt[batt (335)
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FIGURE 3.16: Battery resistance in charge and discharge mode

Due to the drive train complexity we can not determine the operation of each
vehicle component given the drive train output wypee; and Typie. Combining mul-
tiple power sources in the vehicle architecture there are multiple ways to achieve a
specified vehicle operation. This is why an energy management strategy is needed.
The control strategy is usually drive train specific and has a strong influence on
fuel consumption. In our work we assume that the control strategy of the vehicle

is known. It can therefore be simulated but not altered.

3.5.2.1 Prius control strategy

The control strategy implemented in the Prius II has been experimentally identified
[82] and will be integrated in the vehicle model. At this point it should be noted
that this work does not optimize the energy management of the hybrid vehicle, but

rather identifies optimal utilization, given vehicle architecture and control strategy.

The Prius II is operated in two modes: the hybrid mode, where the engine pro-
vides power to the battery and/or the wheel, and the electric mode, where the
engine is turned off and the electric motor satisfies the entire driver demand. The
mode is chosen dependent on vehicle operation, battery state-of-charge and bat-
tery management system (BMS). In the following the two modes are discussed in

more detail.
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Hybrid mode

The vehicle is operated in hybrid mode given that either the state-of-charge is lower
than SOC,,inny or the vehicle speed exceeds maximum electric speed (Vyenmagetec)-
When the vehicle is operated in hybrid mode the engine is turned on and provides

the needed power to charge the battery and to propel the vehicle.

The BMS computes the demanded power (Pyempart) of the battery as a function
of battery state-of-charge. The power losses (Pjyss) in the system are estimated.

The total power required from the engine is determined by:

Preqeng = Pout + Ploss — Paembatt (3.36)

The engine speed and torque are chosen, such that the efficiency of the engine is
maximized along the constant power curve to provide Pcqeng. With this the oper-

ation of all drive train components can be calculated given the vehicle operation.

Electric mode

In electric mode the engine is turned off and EM1 provides the output power. The

operation of the drive train can be calculated using Equations (3.29)-(3.33) and

Weng = Teng =Tpqg =0 (337)

The vehicle is operated in electric mode if the battery state-of-charge is
greater than the minimum state-of-charge boundary value (SOCineiee (Note:

SOCpinhyy 7 SOChpineiec, hysteresis)) and the vehicle speed does not exceed

Vvehmazelec-

With this simulated control strategy the vehicle operation can uniquely be iden-
tified for any vehicle velocity and acceleration. With a complex drive train, like
the power-split hybrid vehicle, it is hard to predict fuel optimal operation. Most
efficient component operation for electric machines, battery and ICE is easily iden-
tified, however optimizing overall system efficiency is very difficult. Due to this
numerical optimization methods will be used to compute optimal drive train op-

eration and to identify important factors for eco driving for hybrid vehicles.
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3.6 Dynamic vehicle simulation with Vehlib

In our approach inversion based modeling is used in the optimization process to
identify a vehicle’s optimal velocity trajectory without taking into account driver
specific inputs. In the inversion process some dynamic phenomenons, such as
dynamic gear changes, clutch engagements and the resulting torque interrupts,
were omitted to simplify the simulation. In order to verify that the optimization

results are realistically implementable a direct vehicle simulation software is used.

The Vehlib simulation software is a tool that was developed by the IFSTTAR
laboratory for energetic simulation of drive trains. The software uses the Matlab
simulink interface. With Vehlib component operation as well as energy consump-
tion is computed for given drive cycles, which are specified in speed as a function
of time. The direct vehicle simulation takes the speed profile as an input and uses
a virtual driver to operate the vehicle in a realistic way. In order to follow the

desired speed profile we represent the driver by a PID controller.

Due to its modularity the Vehlib library can easily be used to construct any kind of
drive train. In Figure 3.17 the model for the conventional P308 vehicle can be seen.
Separating each drive train component comes with the advantage that any other
conventional vehicle can easily be simulated simply by replacing the appropriate
engine or gear box components. Similarly the electric and hybrid vehicles were
simulated using modules of the appropriate electric machines and batteries. Most
component models were identified using experimental data, which results in a very

realistic loss approximation of the system.

The Vehlib simulation, while primarily used to verify energy consumption for com-
puted velocity profiles, was also used in the implementation process of this thesis
work. Using the modularity of the software it can easily be adapted to a hardware-
in-the-loop setting. The vehicle drive train simulation was used when verifying the
vehicle performance on the engine test bench. A more detailed description of this

setup will be discussed in Section 5.1.2.

In the scope of this work the Vehlib simulation software was adapted to be used
in a driving simulator environment. This enabled us to experimentally test the
developed advanced driver assist system for eco driving on the driving simulator.
Changes to the vehicle model and experimental results of these studies can be
found in Chapter 7.
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FI1GURE 3.17: The VEHLIB vehicle simulation software

3.7 Conclusion

The content of this chapter dealt with the modeling of the three main drive trains
considered for optimization in this thesis work. The differences and importance of
inverse and direct model approaches were outlined. The modeling of the vehicle
chassis was described. Using an inversion based model approach three different
drive trains were modeled: the conventional, electric and power-split hybrid ve-
hicle. The constructed models can be used to compute vehicle specific energy
consumption for a given vehicle speed and acceleration. The direct Vehlib simula-
tion software was introduced and will serve as a tool to verify and experimentally

implement the resulting velocity profiles.

Analyzing the physical models of the different vehicle drive trains the dependency
of system efficiency was discussed. It was found that the energy necessary due to
the resistance forces acting on the vehicle chassis can be reduced with a smarter
choice of vehicle velocity. This is a drive train independent factor that can reduce
energy consumption. To identify most efficient system operation the losses in all
components have to be taken into account. Inefficient components, such as the
internal combustion engine, have to be considered. For the hybrid vehicle the con-

trol strategy, which varies with battery state-of-charge, has a very strong influence
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on overall system efficiency. Manufacturers need to make sure that appropriate

control strategies are applied for predicted system operation.
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In Chapter 2 it was shown that a variety of methods can be used to compute energy
reducing vehicle operation. While some works use a rule based strategy to optimize
the velocity trajectory of vehicles, others apply numerical optimization techniques.
To achieve good results and accurately define the best vehicle operation, we applied

a mathematical optimization to the problem.

From the literature review in Chapter 2 it can be seen that several previous

studies applied optimization methods to solve a trajectory optimization problem.

69
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While most studies were searching for the energetically best velocity trajectory
[11, 57, 64|, others computed the time optimal speed profile [61-63|. As shown
by Stoicescu [59], using the decision variables time, distance and energy, there
are several different optimization problems that can be defined. The objective of
our work is to identify potential gains of eco driving for passenger vehicles. The
objective to be considered is therefore limited to the vehicle’s energy consumption

for a trip.

In this chapter the optimization methods applied to solve the trajectory opti-
mization problem will be outlined. The problem is defined mathematically in
Section 4.1, where the cost function and optimization constraints are specified. To
guaranty driver acceptability of an eco driving system we keep trip time constant
between general driving habits and the energetically optimal velocity trajectory.
Initially, we therefore consider a fixed time problem. In Section 4.2 a solution
to the single-objective constraint problem is presented applying the dynamic pro-

gramming method.

Some eco drivers might, however, accept increases in trip time with the goal to
further reduce energy consumption. In Section 4.3 a multi-objective optimization
problem is studied, where time and energy consumption is considered as cost. An
optimization approach is shown, where the dynamic programming method is used
to solve the multi-objective optimization problem without integrating a weighting
factor. The constructed algorithm was also used to discuss the sensitivity of the

optimal speed profile.

4.1 Problem definition

A road vehicle’s longitudinal motion can be described using two state variables:

the distance d that the vehicle has traveled, and the vehicle’s velocity v.

LD e

The motion of the vehicle system is described by the following set of state space

equations:
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BERIBERE

where the input v is given by the acceleration a, which is a result of some power

demanded by the driver. For optimization purposes it is often required to represent
the system in discrete time form. Using the two states, distance d and velocity
v, and the input variable, acceleration a, the vehicle’s motion can be described in

discrete time form by:

1
di—i—l = dz + UlAt + EaiAtz (43)

Vir1 = V; -+ a@At (44)

where At represents the time step of the discretization.

4.1.1 Optimization objective

An eco driving driving style is generally assumed to be environmentally friendly.
However, usually the objective is to reduce energy consumption. Conveniently, for
conventional vehicles reducing fuel consumption also reduces CO2 emissions. Still,
we cannot assume that reducing energy consumption is equivalent to reducing our
environmental impact. Since the economic advantage of eco driving is a strong
motivator for people to apply it, we will start by defining our objective to be the
energy consumption of the vehicle. The objective function is therefore specified
by:

T, = / Yoer (D)t =Y~ Yuen, (ti— > tis1) (4.5)
=1

t

where the value of v,., depends on the vehicle’s acceleration and speed. The con-
tinuous cost function is approximated as a discrete sum. In such an approximation
the grid choice can be critical to achieve good results. The appropriate grid choice

for this application is discussed in Section 4.2.2.
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The measure of 7,., changes with the drive train configuration. The objective
function represents fuel consumption for the conventional, but represents electric

energy for the electric vehicle.

%C;sz(t) = mfuelq; (ti_ > ti—i—l)Ati (46)

%iehc(t) = Dyaut, (ti— > tiv1) At (4.7)

For the hybrid case the objective takes into account a combination of fuel con-

sumption and battery use. This will be discussed in more detail in Section 5.3.3.

A () = 1y, (ti— > ti1) Aty — aASOC(AL) (4.8)

4.1.2 Optimization constraints

For real time applications of eco driving in a driver assist system, the optimization
constraints have to be identified with the help of positioning systems, navigational
systems and /or mapping services. With today’s technologies, the driver’s position
and his route can be defined in advance using a destination input from the user.
With this, many constraints such as distance, speed limits and arrival times can

be predefined.

In this study the first step is to identify potential maximum gains of eco driving. In
order to discuss the gains of eco driving a baseline, to compare optimal operation
to, has to be specified. Here, standard and real-life, experimental, drive cycles
were used to represent ordinary driving. In Figure 4.1 a recorded velocity profile
from a driver in an urban setting can be seen. In the following this velocity profile

is used to define the optimization constraints.

Trip constraints Initially, the driver’s mission has to be defined. Using drive
cycle data, as seen in Figure 4.1, the trip constraints can be specified. In this
graph the first plot shows the driver’s velocity as a function of time, whereas the
second plot shows the vehicle speed as a function of distance. There are three
variables that describe the driver’s mission: distance, time and velocity. The trip

constraints are defined by setting boundary values for each of these:
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Fi1GURE 4.1: Urban real life drive cycle

d(0) =dy  d(ty) =dy (4.9)
v(0) = vy v(ty) = vy (4.10)
ty=T (4.11)

It is assumed that the time is always initialized to zero. Defining these constraints
we assume that the driver starts at some distance at a fixed initial speed and
arrives at the final distance with a predefined final speed within some specified
trip time. Many eco drivers might be willing to take into account time delays with
the goal to reduce the energy consumption. Initially, it is here assumed that time
is a fixed trip constraint. With this, the driver does not have any disadvantages
due to eco driving and gains in fuel consumption, that are solely due to eco driving,
can be identified. To discuss the trade-off between fuel and time a multi-objective

optimization is considered in Section 4.3.

Road constraints In order to make a fair comparison between the driver’s real-

life vehicle operation and the optimal velocity trajectory, road constraints that

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2013ISAL0106/these.pdf
© [F. Mensing], [2013], INSA de Lyon, tous droits réservés



Chapter 4 Optimization 74

limit the driver’s choices, need to be respected. There are multiple possible road
constraints. It is here assumed that all limiting constraints on speed, as for example
speed constraints due to road curvature, are included in official speed limitations.
Due to the fact that speed limit data was not available for the considered drive

cycle the limitations were approximated using the driver’s velocity profile.

To specify the maximum allowable speeds, the legal speed limits in France were
applied. While the lowest legal speed limitation is at 30km/h we used an addi-
tional, low speed, speed limit at 15km/h to simulate very slow driving in pedes-
trian zones or roundabouts. The resulting speed limiting vector can be written
as vym = [15,30,50,70,90,110,130] km/h. Since most drivers generally tend to
exceed legal speed limits once in a while, it was assumed that a vehicle opera-
tion that exceeded a speed limit up to 3km/h was supposed to be within the lower
boundary. The process of identifying the appropriate speed limit for some distance

d; can be described in two steps:

e find index j for which vy, (7 — 1) + 3 < v(d;) and vy, (j) + 3 >= v(d;)

° Umax(di> = Ulz'm(j)

Establishing these rules the maximum velocity was computed as a function of
distance. In Figure 4.1 the second plot (dashed blue line) shows the car’s velocity
as a function of distance. The imposed maximum speed limits can be seen in
red (solid line). It is shown that, in addition to maximum speed limitations, the
maximum speed limit enforces required stopping distances. If the real life driver
had to stop the vehicle due to a stop sign or a red light, the optimal eco driving
velocity profile will result in a stop at the same distance. In this study, no stop
light timings were taken into account. It was assumed that the eco driver will have
to stop at the same distances as the original driver. The computed optimal eco

driving profile has to satisfy the following road constraint:

U<dz) < Umax(di) (412)

Another road specific parameter that is taken into account in this study is road
grade. Due to changes in road grade the demand on the vehicle drive train changes
for the same vehicle velocity and acceleration. Road grade therefore might have

an effect on optimal vehicle operation. In our work road grade is integrated as an

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2013ISAL0106/these.pdf
© [F. Mensing], [2013], INSA de Lyon, tous droits réservés



Chapter 4 Optimization 75

optimization input, rather than a constraint. The grade resistance force (Equation
3.12) acting on the chassis is determined as a function of road grade, which is a

distance dependent variable.

Fg’r‘ade = Mvehgsz.n(aroad(di)) (413)

Other constraints In addition to trip and road constraints, traffic constraints
represent an important factor for eco driving. Especially in an urban setting the
traffic has a strong influence on the driver’s vehicle operation. While traffic is an
unpredictable variable, it is important to consider it when talking about realistic
gains due to eco driving. In Chapter 6 traffic constraints will be introduced and

the effect of traffic constraints on potential eco driving gains will be discussed.

Eco driving is often considered environmentally friendly. However, in the majority
of studies only energy consumption is minimized. Pollutant emissions are a second
important factor. The impact of eco driving on emissions will be evaluated in

Chapter 6. An approach to integrate environmental constraints will be proposed.

4.2 Single-objective optimization

In a first analysis, we consider the single-objective optimization problem to min-
imize energy consumption. A variety of optimization methods are available to
solve this problem. Heuristic methods as well as deterministic methods can be
applied. With heuristic methods, such as for example the genetic algorithm [83],
the difficulty consists in defining an appropriate evolutionary criterion. Heuristic
methods might not determine the global minimum and dependent on the initial-

ization parameters, the result can be a local minimum.

The trajectory optimization problem can be solved using deterministic methods
like the Pontryagin’s minimum principle [84] or the dynamic programming method
[57, 58]. From the literature review in Chapter 2 it can be seen that these two
methods are most commonly chosen to solve trajectory optimization problems for
ground transportation. The Pontryagin’s minimum principle is based on the con-
cept of Calculus of Variation. This approach has the advantage that the problem

can commonly be reduced to an algebraic equation that can be solved in very
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little time. With this method constraints are not easily integrated. For complex
problems it often becomes difficult to determine initial conditions that lead to
an optimal solution, which satisfies all optimization constraints. The method is
sometimes used in combination with evolutionary algorithms [85] to determine

appropriate initial conditions before solving the problem analytically.

The dynamic programming method is based on Bellman’s Principle of Optimal-
ity [86]. With this method non-linearities and optimization constraints are easily
integrated in the optimization process. In general, the method breaks down a
complex problem into smaller, simpler sub-problems, which can be solved recur-
sively. The method leads to a functional equation that can easily be solved with
the digital computer. If appropriate discretization is applied, dynamic program-
ming generally identifies the globally optimal solution. However, the disadvantage
of the dynamic programming method is its curse of dimensions’. The time of
computation grows exponentially with the problem’s dimensions. With this, it
often takes a lot longer to solve than when applying the Pontryagin’s Minimum

Principle.

In this work the dynamic programming optimization method was chosen due to
the complex cost function of the system and the set of constraints. Using this
method enabled us to implement similar optimization procedures for all vehicle
types: the conventional, electric and hybrid vehicle. Due to the flexibility of the
method it was simple to integrate trip, road and any additional constraints that

were studied.

In Figure 4.2 a general overview of the treated optimization problems can be seen.
Initially a three dimensional dynamic programming method [25] was applied, in
order to accommodate all constraints in time, distance and speed. With the goal to
reduce computational time the optimization was later reduced to two dimensions
by integration of a weighting factor. A nested approach, where the two dimensional
dynamic programming method is integrated in combination with a root finding
method, was applied to fix all constraints in time, distance and speed. Finally, we
will introduce a dynamic programming based method to solve the multi-objective
problem without weighting factor. With this algorithm, computing the Pareto
optimal front, the tradeoff between energy consumption and trip time is discussed.
In addition, the method can be used to analyze the sensitivity of fuel consumption

to changes in the optimal velocity trajectory.
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FIGURE 4.2: Overview of optimization problems
4.2.1 Three dimensional dynamic programming

In the dynamic programming optimization the search for the optimal trajectory is
simplified using the Bellman principle while searching from the final state backward
in time. The Bellman principle states the following [86]: 'An optimal policy has
the property that whatever the initial state and initial decision are, the remaining
decisions must constitute an optimal policy with regard to the state resulting from

the first decision.’

The dynamic programming method generally consists of two parts. In the first
part possible states are searched backwards in time for the optimum while storing
the indices. In a second part the optimal path is found by retracing the stored

indices from the initial state to the final.

The problem defined in Section 4.1 is solved while satisfying constraints in three
dimensions. Although the system’s motion can be described using two states,
the three dimensional dynamic programming method was therefore used with the

states distance d, velocity v and time ¢:

T t
X=|a|=|4d (4.14)
xT3 (%

Applying the optimization method the first step is to discretize the state vectors

over the desired range. In the following the notation X} ;; refers to the state
T
[ t(k) d(i) wv(j) | . The initial and final distances (d,, dy) and speeds (v,, vy)

at t, and t; are fixed and denoted
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velocity v

XIN-k1,i1,j1]

JXINK1+1252] /XN ]

t, te
X,=| d, Xp=| d; (4.15)
Vo Uy

Beginning the search for the optimal trajectory from the final state the optimal
costs Jf;v—u,j] = JIN-1,ij->Nis.jf] and indices I;y_1 j of the respective trajectories
are stored for all possible states at the last time step N — 1. The state transition

diagram to visualize the process can be seen in Figure 4.3.

If we can define the cost of Jjy_1,;, we can assume that the optimal trajectories
for all possible values of i and j, at some point in time N — k; + 1 are known
and their costs to reach the desired final state are given by Jf;\f—kl-ﬁ-Liz,jz}' The
optimal trajectory from some state X|y_g,;, ;) to the final state can then be
found by comparing the sum of costs of the state transitions between X{n_, i, ji]
to X|N_ki+1,i2,j.) and the optimal cost from X|ny_p 41,5, to Xy for all possible

[i2, j2]. The cost of the optimal trajectory at N — ky is given by:

* _ : *
‘][N—kl,il,jl] = glb.gl(J[kal,il,j17>ka1+1,iz,j2} + J[N—k1+1,i2,j2}> (4.16)
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Storing the costs J[*}kaliﬂ and indices I|y_j1, ) for all ki,4, and j the optimal
cost from X, to Xy is found after N iterative steps. In order to find the sequence
of states used to result in the minimum cost the indices are used to retrace the

trajectory.

Hooker [57] first proposed in 1988 to apply a three dimensional dynamic program-
ming method to optimize vehicle operation for several predefined scenarios. Our
approach is based on his work, and as he did, we here used the three dimensions
time, distance and speed. Due to the dependencies of these three dimensions a
free choice of distance and velocity at each time step is not possible. Choosing the
desired vehicle velocity Hooker used interpolation to fix the resulting distance, d;,
for a given time, t;, and speed, v;, to the grid. In our studies it was found that
the dependency of the three dimensions allows us to make an intelligent choice of
grid size that makes interpolation unnecessary. The step size of each dimension is

determined by the following procedure:

Initially v; is assumed to be 0. Equations (4.3) and (4.4) can then be reduced to

1
Ad = §aim2 (4.17)

Av = a; At (4.18)

When we solve equation 4.18 for a; we can replace a; in equation 4.17. Choosing
Ad and At the grid size for Av is then found by

2Ad

A pr—
YT AR

At (4.19)

With this definition all resulting distances, d;, for a chosen speed, v;, at time
t; fall on the defined grid. This holds true for any other chosen initial value of
v;. However, when in our work initial and final conditions in velocity were often

specified to zero. So this seemed to be the most appropriate choice.

Due to the fact that the three dimensions (d,v,t) in the dynamic programming
computation are dependent, the initial state might not be reachable by all paths
within one final step in the backward calculation process. This becomes obvious

looking at the last step where d;, v;, d;11, v;11, and At are fixed by the computed
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optimal paths up to the (i 4 1)th step and the initial conditions (at time 7). Given
these values the resulting system of equations consists of two equations with only
one unknown, which is not solvable. Hookers publication [57] does not mention
any adaptation of his calculation to this fact. In our calculation it was found that
leaving the second to last iterative step (at t = 1) free, and independent of the

grid, can ensure that all possible, computed trajectories can reach the initial state.

This process is demonstrated in the following. Expanding Equations (4.3) and

(4.4) for two time steps results in the following four equations:

diy1 = d; + v; At + %aiAtQ (4.20)
Vg1 = v; + a; At (4.21)

diyo = dip1 + v 1 AL+ %aiHAtQ (4.22)
Vigo = Vip1 + a1 AL (4.23)

Replacing d;; and v;1; in Equations (4.22) and (4.23) with Equations (4.20) and
(4.21) results in

1 1
di+2 = (dz + UlAt + §GZAt2) -+ (Ui + CLZAt>At + §ai+1At2 (424)

Vit = (Ui -+ CLZAt) + CLZ‘_‘_lAt (425)

With these two equations, which represent the second to last and last time step in
the dynamic programming process, the two unknowns a; and a;,; can be computed
with the fixed variables d;, v;, d;12, v;10, and At. Using this concept all possible

trajectories can be explored for optimality.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2013ISAL0106/these.pdf
© [F. Mensing], [2013], INSA de Lyon, tous droits réservés



Chapter 4 Optimization 81

4.2.2 Two dimensional dynamic programming

When implementing the dynamic programming method to solve an optimization
problem the solution is found by strategically searching all possible solutions. The
method looks at all possible state values at each step on the time-axis. This is
why the computational cost of a three dimensional approach is much higher than
that of a two dimensional method. To illustrate this ’curse of dimensions’ we will

look at an example.

We consider a problem defined in two dimensions, where the time-axis is discretized
into N steps and at each step we have to choose from N state values. The dynamic
programming method then searches N possible states at each of the IV time steps.
The computational cost to find the solution can be described by N+ NC' = N?xC,
where C' is the computational cost to calculate one edge. However, assuming
the problem consists of three dimensions, then at each time step N there are
N*N possible states to be investigated. The resulting computational cost becomes
N x N2C = N3 % C. The problem is solved in exponential time. The computation
takes C' * N* time, where x is the number of dimensions. Dynamic programming

is therefore known as a weak NP (nondeterministic polynomial) complex problem.

In order to reduce computational time the two dimensional dynamic program-
ming method [26] was therefore applied. In this approach the same strategy is
implemented simplifying the search for the optimal solution by use of the Bellman
principle. However, the search space is reduced to only two variables. Using the
two state variables that describe the vehicle’s motion, the distance d and velocity

v define the decision space. In Figure 4.4 the problem setup is illustrated.

L e

A state can be described by X;; and initial and final constraints are defined in

distance and velocity.

X, = [do ] X; = [df ] (4.27)

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2013ISAL0106/these.pdf
© [F. Mensing], [2013], INSA de Lyon, tous droits réservés



Chapter 4 Optimization 82
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JIN-k1,i1->N-k1+1,i2]

- X distance d

FIGURE 4.4: Dynamic programming optimization method

As for the three dimensional case, once the optimal costs J[*}V_l q= J[N_17i_>N,if]
for the second to last state are fixed the problem can be solved recursively, while
incrementing kq, by comparing the optimal costs of the possible choices at each

step on the x-axis.

N1 i) = Hgﬂ(J[N—kl,z'l—>N_k1+1,i2} + N k1 11,02) (4.28)

Storing the costs J[*}V_M and indexes Ijy_j for all k, and ¢’s the optimal cost from

Xo to X is found after N iterative steps and the optimal path can be retraced.

With this approach the computational cost is significantly reduced in comparison
to the three dimensional method. But, as seen in the graph, the initial and final
conditions are only set in distance and speed, not in time. To implement a fixed
final time a second term was introduced in the cost function of the optimization.
Adding the trip time with a weighting factor S in the objective function, the
arrival time of the resulting optimal velocity trajectory can be controlled. The

new objective function is specified by:

I, — / Yoon(d)dt + BAHA) = S uon, (i > ti )AL+ BAL (4.29)
4 =1

To compare the results between the three and the two dimensional method a
simple trip was optimized for a conventional vehicle. Starting from rest a distance

of 300m was covered to arrive at a full stop. For the three dimensional approach
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FIGURE 4.5: 3D DP solution versus 2D DP solution

the arrival time was fixed to 30s. The maximum speed limit was relaxed and set
very high, such that it did not interfere with the result. The problem was solved
for several different  values using the two dimensional method. In Figure 4.5 a
comparison of the minimum fuel consumption computed with the two methods
can be observed. The figure shows a normalized graph, the red point visualizing
the result from the 3 dimensional method and the blue line representing the cost of
the optimized trajectories computed with the 2 dimensional dynamic programming
method.

From Figure 4.5 it can be seen that, applying the two dimensional dynamic pro-
gramming method using various [ values, we can analyze the tradeoff between
energy consumption and trip time. Optimal velocity profiles with various final
times can be computed by changing the weighting factor 5. To increase the ar-
rival time to very large values a negative weighting factor has to be chosen. Such
a case is pointed out in Figure 4.5 on the lower right. While this point is not op-
timal in time neither in fuel it has to be considered when forcing the arrival time
to a desired value. The tradeoff between energy consumption and trip time will
be discussed in more detail in Section 4.3. To ensure that only optimal points are
computed a multi-objective optimization method that does not require a weighting

factor is applied.
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For a [ value of 0.9 the solution of the two dimensional dynamic programming
method gave results very close to the three dimensional solution. We therefore
compare the respective speed trajectories to analyze the differences. Figure 4.6
shows the solution using the three dimensional algorithm in red. The vehicle ar-
rives at the destination at exactly 30sec, as specified by the time constraint. The
blue speed profile shows the solution using the two dimensional method with a
weighting factor of 8 = 0.9. It can be seen that without time constraint integra-
tion, the vehicle reaches the destination in a shorter time and consumes slightly
more fuel. From the graph it can be seen that the three and weighted, two dimen-

sional solutions are very similar.

Figures 4.5 and 4.6 showed that the two methods give very similar results with
respect to energy consumption and velocity trajectory. The variations are assumed
to be due to the difference in grid choice between the three and two dimensional
method. The same grid choice is impossible for the two methods due to the fact
that, in the three dimensional method the time step is set, however in the two
dimensional method it is the distance step that is fixed. For the two dimensional
method it is necessary to specify the distance step sufficiently large, with respect
to possible velocity changes, to enable the vehicle to accelerate and reach high

velocities. The choice of distance and velocity are therefore not independent.
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A d | A v | fuel consumption [g] | computation time [sec|
10 1 17.11 9

Y 0.5 16.2 1

) 0.2 15.24 1.75

2 0.5 15.45 88

2 0.3 15.15 617

TABLE 4.1: Analysis of grid choice for two dimensional dynamic programming
method

While the increment in distance is chosen rather large the grid size of the velocity

vector is kept small.

To identify the appropriate grid choice, different step sizes and their effect on
fuel consumption and computational time were analyzed. The 300m problem was
used with a weighting factor 5 of 0.9. In Table 4.1 the resulting fuel consumption
values for different grid size combinations can be seen. Fuel consumption values
seem to stabilize just above 15g of fuel for this trip. It can be seen that, once grid
size becomes too small, the computational cost increases significantly. For further

computations we therefore specified the grid size to A d = 5m and A v = 0.2m/s.

A reduction from three to two dimensional dynamic programming using a weight-
ing factor was first proposed by Monastyrsky [58]. However, in his work,
Monastyrsky never mentioned how to specify an accurate weighting factor S to
achieve a desired final time. To solve the single-objective time constraint problem
the weighting factor S has to be identified such that an optimization with cost
function I'y results in an optimal velocity profile that satisfies the time constraint
(Equation 4.11).

In a real-time application the factor S could be directly defined by the driver.
With this parameter the significance of time versus energy consumption for each
individual driver can be described. However, to compare trips and compute gains
due to eco driving it is important to respect the initial and final conditions of the

mission.

When a ( is fixed the optimization problem can be solved using the two dimen-
sional dynamic programming method. As a result a velocity profile, which is
optimal for some final time 7%, is computed. For a specified vehicle’s mission the

final time can then be defined as a function of the weighting factor 5:
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Ty = f(mission, [3) (4.30)

In our work, several methods to identify an appropriate weighting factor for a
specified time constraint were considered. Initially a mapping technique was used.
This approach is presented in Section 4.2.2.1. As a second solution we propose in
Section 4.2.2.2 to implement a nested technique, using the dynamic programming
method in combination with root finding methods. Several root finding methods

were discussed for their efficiency when applied to the considered problem.

4.2.2.1 Mapping of weighting factor

Considering a problem where constraints are only defined on the initial and final
state, the weighting factor S can be computed using a pre-calculated mapping
function. Assuming that the vehicle starts from rest and stops at the destination,
the trip time of the resulting optimal velocity trajectory only depends on the

traveled distance, di.q, = df — dy, and 3. Equation 4.30 can be replaced by

Ty = f(dirav, B) (4.31)

Applying a sufficiently small grid size the expected range of distance and S val-
ues is discretized. An optimal velocity profile is calculated for all combinations
of possible travel distances and [ values using the presented two dimensional dy-
namic programming method. Storing the final time values for each distance and
3 combination, Ty can be expressed as a function of distance and 3 by the use of
a look-up table. The shape of T is presented as a contour in Figure 4.7 a). The
relationship between the weighting factor and arrival time is clearly visible: de-
creasing ( values result in increased trip time, and also lower energy consumption.
For longer missions similar § values result in longer trip times than for shorter

missions.

The function shown in Figure 4.7 a) can be inverted to compute [ values as
a function of desired trip time and travel distance. Figure 4.7 b) shows £ in
dependency of final time and distance. The left boundary of the contour shows the
minimum possible time for a given distance. This line depends on the performance

of the vehicle. On the other side the slowest trip time for optimal fuel consumption
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is shown. Here, only positive 5 values were used. It can be seen that a finite
optimal arrival time to minimize fuel consumption exists. When [ is set to zero
only energy consumption is considered in the optimization process. In this case the
driver accepts any time delay necessary to reduce the trip’s energy consumption.
Today it is often assumed that reducing average speed will always reduce energy
consumption. With this graph it can be seen that this is not the case. Optimal
final time to minimize fuel consumption will be discussed in more detail in Chapter
5. The steps seen on the contour boundaries are due to the discretization step,

which can be further reduced.

The mapping method is a very simple approach to pre-calculate the defined range
of distances and arrival times. However, when applied to more realistic prob-
lems, where maximum speed limits and /or road grade have to be considered, this
approach only gives approximations and no exact solutions. For a theoretical com-
parison of eco driving potentials this method is not sufficient. In Section 4.2.2.2
we will therefore develop a more accurate solution to solve the time constraint

single objective optimization problem.

4.2.2.2 Nested evaluation of weighting factor

Due to the drawbacks of the mapping method a second approach to identify the
appropriate weighting factor for a fixed time constraint was proposed using a
nested evaluation. As previously stated, the arrival time of the optimized velocity
profile can be defined as a function of the vehicle’s mission, where all trip, road
and other constraints have to be satisfied, and the weighting factor 5. Given the

desired arrival time t;{es for the mission, an error function is defined:
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ferror = Tf - tslfes (432)

If, for some given [, the computed optimal velocity profile does not satisfy the
predefined fixed time constraint, the function fe.,.,, will not be zero. In the pro-
posed nested solution this error function is used to choose a new (. Using the
shape of the error function the new weighting factor, when used in the optimiza-
tion process, should return a velocity profile with a final time closer to the desired

arrival time than the previous evaluation.

Using this method two minimization processes are performed. The first is using
the dynamic programming optimization method to compute the optimal velocity
profile given some pre-defined weighting factor. The output of this first method is
a velocity profile with an arrival time that is most likely not equal to the desired
final time. The second process consists of a S-update, where the knowledge of the
original beta value and the error between the desired and the resulting trip time
are used to generate a new beta value. This identification process of the weighting

factor can be defined as a root-finding problem.

Initially a trial and error method was used to identify the desired range of 5 values.
Several drive cycles were used to compute the error f.,.... between arrival time of
optimized velocity profile for a variety of g values. The values were computed
for the New European Drive Cycle (NEDC), which is a standard drive cycle used
in Europe to test fuel economy values. In addition three drive cycles were used
to simulate urban (HYZURB), highway (HYZROUT) and freeway (HYZAUTO)
driving. The shape of the error function can be seen in Figure 4.8. The red line
in the graph shows the x-intercept. Each function has a root where it crosses this
level. When the root of the mission specific error function is found the single-

objective fixed time optimization can be solved.

The simplest method to determine a function’s root is the bisection method. How-
ever, this method is generally considered not very intelligent and slow. We there-
fore investigated five different root finding methods: the Bisection Method, the
Secant Method, the False-Position Method, Ridder’s Method and Brent’s Method.
In the following we will briefly discuss the advantage and disadvantage of each one.

A detailed description of each method can be found in the Appendix.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2013ISAL0106/these.pdf
© [F. Mensing], [2013], INSA de Lyon, tous droits réservés



Chapter 4 Optimization 89

error function

— NEDC
HYZURB
HYZROUT
HYZAUTO[]
= ZERO

1400

1200

1000 -

800

error

600

400+

200

. . . . . . . .
0 0.5 1 1.5 2 25 3 3.5 4
beta

FIGURE 4.8: Shape of error function for different missions

The bisection method is a method applied to find the root of a continuous function.
Assuming that there exists at least one zero in an interval the root is found by
iteratively bisecting the interval. With this method the length of the interval is
reduced by one half at each step. Its convergence time is linear and therefore
considered slow (depending on the shape of the function f). Other methods have
therefore been developed with the intention of reducing the number of iteration,

and therefore computational time.

The Newton Method is a root-finding method commonly used to reduce the num-
ber of iterations. With this method the x-intercept is approximated using the
slope at a search point. However, when the function’s derivative cannot be de-
fined analytically the method cannot be used. The False Position Method and
Secant Method are algorithms derived from the Newton Method, and applicable
in this case. The approach used is to approximate the slope of the function lin-
early with two points. A negative aspect of these methods is that they assume the
function is approximately linear in the region of interest. The two methods differ
only in their choice of which point the new value will replace. The Secant method,
while often the faster method, is not guaranteed to converge. A schematic of the

Bisection, False Position and Secant Method can be seen in Figure 4.9.

The application of these Newton based methods is usually faster than using the
Bisection Method because the search can converge faster than in linear time. How-
ever it depends strongly on the shape of the function f and even linear convergence

rates are not guaranteed.

In 1979 Ridder [87] developed a method that resolves the issues encountered with
the Secant and False Position Method. In his approach, Ridder takes the bent out

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2013ISAL0106/these.pdf
© [F. Mensing], [2013], INSA de Lyon, tous droits réservés



Chapter 4 Optimization 90

b 4

FIGURE 4.9: a) Bisection Method, b) False Position Method, ¢) Secant Method

] # of iterations \ Bisection \ Secant \ False-Position \ Ridder’s \ Brent’s

NEDC 11 101 150 9 15
HYZURB 13 22 37 13 12
HYZROUT 11 35 81 13 10
HYZAUTO 12 61 150 13 15

TABLE 4.2: Computational Cost of Root-finding Methods

of the function by using an exponential. The algorithms convergence is supposed

to be super linear and robust [87].

To combine fast convergence with the guaranty of at least linear convergence Brent
developed an algorithm in 1970 on the basis of an approach previously taken by
Dekker [88, 89]. With his method, Brent ensures that the search converges in at
least linear rate but often much faster. To achieve this the method uses a combi-

nation of Bisection Method, Secant Method and Inverse Quadratic Interpolation.

Analysis of Computational Cost An analysis of the computational cost of
the discussed algorithms is shown to identify the most suitable method for our
application. Since the cost function of the vehicle depends strongly on the drive
train model, we will here represent the cost in numbers of iterations. It was defined
that a maximum error in final time of 0.5s was acceptable. This seemed sufficient

since the analyzed drive cycles have final times between 800 and 2000s.

In Table 4.2 the resulting number of iterations can be seen for four different drive
cycles: the NEDC standard drive cycle, an urban cycle called HYZURB, a high-
way cycle called HYZROUT and a cycle that represents freeway driving, named
HYZAUTO. The results were computed with the use of the Peugeot 308 vehicle
model, and applying the 2 dimensional dynamic programming method with a grid

size of 5m for distance and 0.2m/s for velocity.
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It can be seen that, due to the shape of the error function, which is not approx-
imately linear, the Secant and False-Position Methods do not perform very well.
The maximum number of iterations was set to 150 in this study and it was found
that the False-Position Method did not converge within this range for two of the
drive cycles. It can be seen that the Bisection Method is a good choice for the here
studied shape of error function. In comparison to the Secant and False-Position
Method more advanced root-finding methods, like Ridder’s or Brent’s Method,
perform much better. In general, Ridder’s and Brent’s methods performed about
as good as the Bisection method for the considered error function. The advantage
of these methods is that they are applicable to any function and (in most cases)

converge faster than the Bisection Method.

In comparison with the three dimensional dynamic programming, a reduction to
a two dimensional approach leads to a very large gain in computational time. For
a 300m mission, driven in 30s, the three dimensional method needed around 250s
to solve the problem. The two dimensional approach, where the cost arrays are

calculated in the first iteration, solved the problem in 1.9s CPU time!.

4.2.3 Conclusion

In Section 4.2 a solution to the single-objective time constraint trajectory opti-
mization problem was presented. Applying the dynamic programming optimiza-
tion method a three dimensional approach was used initially. Using a weighting

factor a faster, two dimensional solution to the problem is proposed.

For a specified weighting factor the problem can be solved using the two dimen-
sional dynamic programming method. It was shown that for simple problems a
mapping method is appropriate to identify the correct weighting factor. If more
complex constraints have to be satisfied a nested method can be used combin-
ing the 2 dimensional dynamic programming method with advanced root finding
methods. In this study several different advanced root finding methods were con-
sidered and it was found that the bisection, Ridder’s and Brent’s method are good
choices for the considered error function. All further computations will be using
the two dimensional dynamic programming method in combination with Brent’s

root finding method.

!The computations were done with a laptop computer with a i5 Intel Core Processor M520
running at 2.40GHz using 8GB random access memory
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4.3 Multi-objective optimization

The single-objective optimization problem considered in Section 4.2 uses time as
a trip constraint that defines a driver’s mission. However, many drivers, and
in particularly eco drivers, might be flexible in their arrival time. Some might
consider taking into account some time delays, in order to achieve reductions in
their energy consumption. Therefore the trade-off between trip time and energy

consumption for a given mission has to be discussed.

The simplest method to resolve a multi-objective control problem is to construct
one single cost function using weighting factors to combine the different objectives.
However, as shown in [90], depending on the shape of the cost function, this
approach may not be able to compute all optimal solutions. In this work, the

multi-objective optimization problem is solved without the use of weighting factors.

First, we will introduce the multi-objective trajectory optimization problem. Re-
moving Equation 4.11 from the constraints, only trip constraints on initial and
final distance and velocity are specified. No time constraint is fixed. Instead two
objective functions were defined: the energy consumption, as seen in Equation
4.33, and the arrival time of the optimal velocity profile, as described in Equation
4.34. Together with the equations of motion of the system (Equation 4.3 and4.4)
and the trip and road constraints specified in Section 4.1.2 the multi-objective

problem is defined.

dy
Yo1 = Z 7vehi(di) (433)
i=dg
dy
Ty = > Ati(d;) (4.34)
i=do

The result of a multi-objective optimization problem is often presented in the
form of a Pareto front. A Pareto front is a graph that shows the trade-off between
several objectives. The Pareto front is usually a x-dimensional hyperface where x
is the number of objectives defined in the optimization problem. For our problem,
where two objective functions are specified, the Pareto front can be represented
by a curve, hence with two dimensions. A Pareto front is computed by calculating

points on this curve, so called Pareto optimal points. The Pareto optimality is
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originally a concept used in economics. A point is Pareto optimal if it is impossible

to improve on one of the considered objectives without making another worse.

This means that if a point p lies on the Pareto optimal front it satisfies

In(p) < Jn(3) (4.35)

for all point 7 and for at least one objective n. Given a set of points we can compute
the Pareto optimal front looking at all possible solutions and then identifying the
points that are not Pareto optimal and deleting them. A point ¢ is not Pareto

optimal if there exists a point p such that

Jn(p) < Ju(q) (4.36)

for all cost functions n. With this strategy all points that are not Pareto optimal

can be identified and the resuming points create a Pareto optimal front.

There are several methods used to find the Pareto optimal front given multiple cost
functions. A very common one is the genetic algorithm, where evolution rules are
defined and used to create generations. After several generations the algorithm is
supposed to converge to the optimal solution [91]. Since this algorithm is often not
very intuitive and might not converge, we will here use the dynamic programming
algorithm [27] to find the Pareto optimal points [90]. In the following the multi-

objective dynamic programming optimization is described in more detail.

4.3.1 Multiobjective dynamic programming

In our problem setup each Pareto optimal point corresponds to a velocity profile
from some speed v;, at distance dj, to some speed v;, at d,. Each trajectory is
associated with some cost one (I's1), here the energy consumed, and some cost two
(I'y2), the time of the trip. Similarly to Section 4.2.2, the problem, with constraints
in initial and final distance and velocity, is defined as a two dimensional dynamic
programming problem, plotting the distance on the x-axis and the speed on the
vertical axis. The geometric setup can be seen in Figure 4.10. In the search for
the optimal solution a Pareto optimal set is stored at each state. This means

that at each state (each possible velocity v(i) at some distance d(k)) not only one
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optimal trajectory is stored but rather a set of optimal trajectories that make up

the Pareto optimal front.

The optimization process follows the same steps as described in Section 4.2.2.

Initially, the possible ranges in both states are discretized and the notation Xy ;

T
will refer to the state [ d(k) wv(i) ] . The initial and final states are fixed by

X, = [d0] X, = [df ] (4.37)

Vo Uy

Beginning the search for the optimal trajectory from the final state the cost array
. . P . . 1 . 1 2 o 2

is initialized at N —1 with J[N—l,j} = J[N_17j_>N7Z.f] and J[N—l,i] = J[N_Li_>N7if]. In
the next step the trajectories at d(N — 2) from v;, to vy, for all i5’s are computed
with J[lzvfz,ir>1v71,12] and ‘][2N72,i17>N71,i2]' Once these costs have been calculated
the Pareto optimal front of trajectories from [d(N —2) wv; " to [d(N) wv;, "

can be established. All trajectories that are not Pareto optimal are not stored.

Assuming that a Pareto optimal front of points j is stored at some state Xy _z, 11,i,]

we can iteratively compute the Pareto optimal front of X|y_j, ;) by calculating

1,4
J&V*kl,il] = (J&V7k17i1*>N7k1+1,’£2] + J[N]—kl-i-l,ig}) (438)

and

2
J[%V—kl,il] = (JE]V—kl,il—>N—k1+1,’£2] + J[Nj—kl-i-l,ig}) (439)

at each 7; for all i5 and for all j’s in the Pareto front at v(iy). Comparing the costs,
non-optimal points are deleted and the new front at X|y_y, ;,] is constructed. The

optimization terminates when the Pareto optimal front of X[ ;) is found.

Moving backwards in time on the x-axis the sets of Pareto optimal trajectories will
get larger and an increasing number of Pareto optimal points appear at each step.
This results in an increase in calculations per step and therefore in computation
time, since more trajectories are searched at each distance. However, in order to
find the Pareto front only a certain amount of points are needed. Therefore a
truncation method, presented in 4.3.1.1, was used to reduce the number of points

in the Pareto front in order to reduce the computational load of the optimization.
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FI1GURE 4.10: Pareto Front with Dynamic Programming

4.3.1.1 Truncation method

Storing an entire set of optimal points at every state, it becomes impossible to
only store the indices of the optimal path and retracing the velocity profile later.
In order to be able to construct all optimal trajectories in the Pareto optimal
front it is necessary to store the optimal speed profile for each trajectory while
calculating them. This implies storing multiple velocity trajectories at each state.
The algorithm is therefore not only costly in computational time but also requires
a large amount of memory. Due to this fact it is important to use truncation
methods with an appropriate maximum number of trajectories that should be
maintained throughout the calculation process. The proposed truncation method
[92] deletes points from a curve while maintaining the shape of the curve visible.

In order to achieve this, points in high density areas are erased.

In this method the distances to the first, second and third closest points are cal-
culated for each point in the set. The points are then sorted in order of increasing
distance to other points. When two points have the same distance to the first
closest point, the distance to the second closest point is taken into consideration.
After deleting the first in order, the process is repeated, distances are re-calculated

and the points are sorted.

This process can be explained with the help of Figure 4.11. Here, in a first iteration,
point one is erased because it has the closest first and second point, then point two

is deleted and finally, in a third iteration, point three as well. With this method
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JZ%\ JZ%\

2t g
F1GURE 4.11: Truncation Method for Pareto Optimal Front

the number of points in a set can be reduced to a desired amount while the Pareto

optimal front stays visible.

This multi-objective optimization was found suitable for off-line optimization. The
approach can be used to identify the relationship between several objectives. How-
ever the computation process is costly in calculation time and memory. In the

following the algorithms is demonstrated on a simple example.

4.3.2 A simple example

To illustrate the described multi-objective trajectory optimization method a simple
mission was chosen. The vehicle operation of a conventional vehicle is optimized
for a 300m road section between stop signs. With this mission the constraints on

initial and final states can be fixed by

o] sl (] e

No maximum speed constraints are defined for now, only the limitations on accel-

eration due to the mechanical constraints of the vehicle are taken into account.

The example problem is solved using the fixed time dynamic programming opti-
mization method and the multi-objective optimization method. In the following
the results and computational time of the two methods are compared. We will

briefly discuss the trade of between trip time and energy consumption.
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4.3.2.1 Comparison of the two optimization methods

To discuss and compare the two methods of computation, the optimal solution
to the mission was computed using the fixed time method for several final time
constraints. Considering the flexible time problem, the Pareto optimal front was
calculated for two different values of truncations. A truncation value of j implies
that j points (here j velocity trajectories) were saved at each state. Therefore, not
only j trajectories in the final Pareto optimal set are considered, but rather the
amount of points in the front at each state within X; and X, is truncated. With
this, we expect that the calculation with higher truncation values will give better

results.

With the results in fuel consumption, trip time and computation time the advan-
tages and disadvantages of the two methods can be compared. In Figure 4.12 the
results of this study are shown. The plot shows the calculated Pareto optimal
front for a truncation number of 10 as green stars. The Pareto front with a trun-
cation value of 30 is represented by blue circles. We can see that the results of
the two options fall onto about the same curve. However, the solution with higher

truncation value shows a much smoother result.

In addition, plotted as red crosses in Figure 4.12, the solution to the fixed time
constraint method is presented. It can be seen that the differences of the two
methods are not very significant. With both methods we can evaluate the optimal
velocity trajectory of a given vehicle, for a specified mission. Using the fixed
time method the trade-off between fuel and time does only become apparent when
calculating multiple points. Here, we can see four solutions to the fixed time
problem with desired final time 7 = [25, 30, 35, 40]s. The advantage of the multi-
objective optimization approach is that it provides several solutions with different

final times with only one calculation.

Dynamic programming is an optimization method for which the computational
effort grows exponentially with the number of dimensions. In the computation of
the Pareto optimal front the three dimensional dynamic programming problem is
reduced to two dimensions. However, because it is a multi-objective optimization
and, at each state, we search all possible trajectories in the Pareto optimal front,
the problem has to evaluate the cost function more than K?-times. By using the

method of truncation described above the computation time can be reduced to
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FIGURE 4.12: Pareto optimal front
Optimization method At|Ad| Av ]| trunc pts | computation trajectories
time [sec] | calculated
3D Fixed time method 2 1 1 - 240-280 1
2D Flexible time method - 5) .2 10 155 10
2D Flexible time method - 5 .2 30 241 30

TABLE 4.3: Grid sizes and computation time for fixed and flexible time problem

some maximum at each iteration. If no truncation is used the number of function

evaluations grows with each iterative step.

In the following, computational times of the fixed time problem, solved using the
three dimensional dynamic programming method, are compared to those of the
multi-objective method. At this point we have to note that the computation time
strongly depends on the grid choice. Larger steps in the grid obviously result in
less function evaluations and therefore lower computation time. This is true for
both methods. However with large steps in grid optimality cannot be guaranteed.
A well balanced solution has to be found. In Table 4.3 the meshes used to compute
the presented results can be seen. As mentioned in Section 4.2.2 it was found that
the grid specification for the 3-dimensional dynamic programming method has to

be very different from that of a 2-dimensional method.

In Table 4.3 the resulting computational times for each method can be seen. For
each calculation of the fixed time problem a calculation time between 240 and 280s
was needed. The difference in computation time results from the difference in the
final time constraint. A longer trip time results in a longer evaluation process.

Further, it can be seen that the flexible time solution, where the entire Pareto
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FIGURE 4.13: Velocity trajectories of Pareto optimal front

optimal front of velocity trajectories is computed, was computed in less or equal
time as the fixed time problem. The entire Pareto optimal front consisting of 30
optimal trajectories was calculated in about the same time as a single solution to
the fixed time problem. With these results it seems that for an analysis of eco

driving gains the flexible time method is a better choice.

4.3.2.2 Trade-off between energy consumption and trip time

Using a truncation value of j = 30 the multi-objective dynamic programming
method was used to compute 30 Pareto optimal velocity trajectories. The resulting
Pareto optimal front can be found in Figure 4.12 in blue. It can be seen that due
to the shape of the Pareto front a small compromise in trip time can result in
large reductions in fuel consumption. This is especially true in the area where the
trip time is short, here between 25s and 35s. A driver flexible in his arrival time
can significantly reduce energy consumption in comparison to a driver with fixed

arrival time.

In Figure 4.13 the velocity trajectories, corresponding to the 30 points in the
Pareto front, are plotted in three dimensions with time on the x-axis, fuel on the
y-axis and velocity on the z-axis. The drivers consuming more fuel (higher on the
y-axis) are driving at higher vehicle speeds, and arrive therefore in less time. The

Pareto optimal front is still slightly visible on the right in this graph.

In the following, four of the 30 trajectories were used to analyze the gains. In

Figure 4.14 the four selected trajectories can be seen. In this graph the differences
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FIGURE 4.14: 4 Pareto optimal velocity trajectories

trajectory | arrival time [sec| | fuel consumed [g] |

1 52 10.68
2 44 11.36
3 36 13.33
4 28 18.66

TABLE 4.4: Arrival time and fuel consumption of Pareto optimal trajectories

in vehicle speed are visible. The respective arrival times and fuel consumption of

the four trajectories are presented in Table 4.4.

It can be seen that, a driver operating his vehicle at up to 14m/s will arrive within
28s, but consume 28.6% more fuel than the driver that arrives only 8s after him,
driving at a maximum speed of 10m/s. However, it can also be observed from
Table 4.4 that, the driver with a trip time of 44s, consuming 11.36g, can only
reduce his consumption by about 6% when driving at a slower speed to arrive 8s
later. Again, we can see the potential gains for very fast drivers to reduce their

energy consumption.

4.4 Sensitivity analysis

In this Section we briefly want to discuss the sensitivity of the computed optimal
velocity profile. The effect of minimal diverges from the optimal speed profile on
energy consumption is investigated. To do so, we will use the two dimensional op-

timization method with a predefined weighting factor 8. However, similar to the
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multi-objective approach, we will store multiple velocity trajectories at each com-
putational step. With this, not only the optimal velocity trajectory is determined

but several, close to optimal, suboptimal velocity profiles.

The optimization algorithm works in the following way. Like for the multi-
objective optimization, a set of multiple velocity trajectories is stored at each
state. A percentage value pgypop is specified to define the maximum level of sub
optimality taken into account. At each step we will then not eliminate all sub-
optimal trajectories, but all profiles that result in a cost higher than the cost of
the most efficient trajectory plus psupope percent. This implies that, if the optimal
fuel consumption at a state is given by x then the worst velocity trajectory in the

stored set consumes = + Pgypope Of fuel.

The optimization approach is visualized in Figure 4.15. Similarly to the multi-
objective optimization, we store multiple trajectories with costs between the op-
timal fuel consumption and optimal plus psypeptimar Percent. This implies that, at
each search, several trajectories have to be evaluated for each possible state. A
trajectory is only eliminated from the stored set if its cost is more than psypep per-
cent more than the optimal. With this, many trajectories have to be stored and
considered at each calculation step. The truncation method, presented in Section

4.3.1.1, is therefore used to reduce the density of possible solutions.

R
—>

velocity (v)

O

o

[d(0),v(0)] distance (DTa(T),v(T)]

Optimal fuel consumption + psubopt percent

1
2 %Set of trajectory to destination
i

Optimal fuel consumption
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FIGURE 4.15: Sensitivity analysis with Dynamic Programming
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Using this approach we were able to analyze the sensitivity of energy consumption
to trajectory changes for a 300m trip. The calculation was done fixing the weight-
ing factor 8 to 1 and using a truncation number of 50. Specifying psupopr = 9,
50 suboptimal trajectories with cost up to 5% higher than the optimal trajectory
were computed. The trajectories are plotted in Figure 4.16. We compare the set
of suboptimal trajectories, in blue, to the optimal velocity trajectory, which can

be seen in red.

12

10

speed [m/s]

—— optimal solution
— suboptimal solution
L

0 1 1 1
0 5 10 15 20 25 30

time [sec]

FIGURE 4.16: Optimal velocity trajectory versus suboptimal solutions

It was found that, while the acceleration phase changes drastically, we do not
see much change in the stabilized cruising speed. Generally, the cruising speed
is kept rather low and constant. None of the suboptimal trajectories show small
accelerations or decelerations in the cruising phase. In the acceleration phase
however, a variety of different rates are used to reach the stabilized speed. The
deceleration phase for the different trajectories generally uses similar slopes for all
the calculated suboptimal trajectories. The envelop surrounding the trajectories is
much larger for acceleration and deceleration phase, while at stabilized speeds only
a limited choice of velocity is given. It seems that changes to the optimal speed
profile in the acceleration phase only have a limited effect on fuel consumption,
here up to 5% increase. Stabilized speeds, however, seem to be very important to

keep fuel consumption close to optimal.

With this analysis we can conclude that the energy consumption is very sensitive
to changes in the stabilized speed phase. However, variations in the acceleration
phase seem to have only little impact on fuel consumption. These findings will

later be taken into account in the design of a driver assist system.
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4.5 Conclusion

In this chapter the constrained trajectory optimization problem, used to identify
optimal vehicle operation, was defined. The equations of motion of the dynamic
vehicle system were specified in discrete time form. Using specific drive cycles and
real life driving data the driver’s mission can be defined. The mission parameters
were used to identify trip constraints that were imposed on the initial and final
states. In addition road constraints, such as distance dependent maximum speed

limits were fixed.

A fixed-time single objective problem was considered at first. Due to the com-
plexity of the cost function and to simplify constraint integration the dynamic
programming method was applied. Initially, a three dimensional dynamic pro-
gramming method was used to solve the problem. To reduce computational time
the problem setup was reduced to two dimensions by integrating a weighting fac-
tor in the cost function. To solve the fixed time problem the two dimensional
dynamic programming method was used in a nested process, in combination with
root finding methods. Several root finding methods were investigated and it was
found that the bisection, Ridder’s and Brent’s method were appropriate choices to
be applied to this problem. The single objective fixed-time problem will be used in
the following to compute potential gains of eco driving, while satisfying the desired
trip time. For further computations the two dimensional dynamic programming

method is used in combination with the Brent’s root finding method.

To discuss the trade-off between trip time and energy consumption a multi-
objective problem, where time is considered as a second cost, is presented. A
multi-objective dynamic programming method, that can be used to solve the prob-
lem without cost function weighting, is applied to find the Pareto optimal front
that presents the solution to the problem. It was found that the method has a high
computational cost due to the computation of several velocity trajectories at each
state. In addition a large amount of memory is necessary due to the fact that the
entire velocity trajectories are stored throughout the calculation. To solve these
issues a truncation method, that allowed us to reduce the number of calculated
optimal velocity profiles to a desired maximum amount, was used. With this the
shape of the Pareto optimal front remains visible while the computation time is
reduced. Comparing the multi-objective approach to the three dimensional fixed

time solution, it was found that the multi-objective dynamic programming method
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represents an efficient algorithm when analyzing multiple optimal trajectories and

the trade-off between trip time and energy consumption.

Finally, the developed optimization algorithms were used to identify the effects on
fuel consumption when diverging from the optimal velocity profile. A sensitivity
analysis showed that, while the acceleration phase is less important for optimality,
the appropriate stabilized cruising speed seems very important to keep energy

consumption low.
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One objective of this thesis work is to identify the potential gains of eco driving for
different drive train technologies. It is well known that certain vehicle operations

reduce energy consumption. However, to justify further research efforts on the
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concept of eco driving it is important to investigate how high these reductions
could be. To compute the upper limit, the maximum theoretical potential gains of
eco driving need to be determined. This implies that no unpredictable constraints,
such as traffic, are considered. In addition the driver is assumed to be perfect,
which means that the velocity profile is driven as computed, without delays or

other human errors.

In Chapter 3 a simulation model of three different vehicle drive trains, the con-
ventional, electric and hybrid vehicle, were constructed. With the optimization
method presented in Chapter 4 these models can be used to compute vehicle
specific optimal velocity trajectories for given missions. Comparing the optimal
velocity profile to the original mission, represented by a standard drive cycle or
real-life driving data, the theoretical gains in energy consumption can be eval-
uated. Applying an optimization algorithm with a physical vehicle model, the
optimal, mission dependent, vehicle operation is calculated. With this, vehicle
specific, energy efficient operation can be identified. An analysis of the resulting

vehicle operation can provide insights on important factors for eco driving.

In this chapter the potential gains of eco driving and drive train specific optimal
vehicle operation are discussed. The optimal velocity profiles are calculated by
use of the two dimensional dynamic programming trajectory optimization method.
Three types of drive trains are considered: the conventional, the electric and the

hybrid vehicle. In Table 5.1 an overview of the studied problems is given.

Section 5.1 deals with the optimal vehicle operation of the conventional vehicle.
First we evaluate the ideal velocity trajectory for four vehicle missions (Section
5.1.1). The simulated vehicle operation is then verified in a hardware-in-the-
loop setting on an engine test bench. Experimental results and fuel consumption
measurements can be found in Section 5.1.2. Potential gains of eco driving for
different missions are computed. In Section 5.1.3 the optimal vehicle operation is

analyzed and important factors for eco driving are discussed in Section 5.1.4.

Energetically optimal operation of a vehicle with electric drive train is presented in
Section 5.2. With the help of real-life driving data, the most efficient operation of
a small electric vehicle was computed (Section 5.2.1). A chassis test bench is used
to verify the theoretical results and measure the energy consumption for the ideal
eco cycles (Section 5.2.2). With the analysis of optimal operation of the electric

drive train vehicle, in Section 5.2.3, important factor for eco driving with electric
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‘ drive train

‘ problems studied

‘ method of verification

ECE-15 standard cy-
cle

urban driving

conventional engine test bench
e NEDC standard cycle
e urban driving
e extra-urban driving
o freeway driving
e road grade integration
electric chassis dynamometer

e adapted extra-urban
driving
power split hy- -
brid .
e extra-urban driving

TABLE 5.1: Overview of studied problems

vehicles can be deduced. Recommendations on most efficient driving for electric

vehicles are found in Section 5.2.4.

In Section 5.3 the hybrid vehicle is studied. As a representative example, the

velocity trajectory of the Toyota Prius, power-split hybrid vehicle was optimized.

For the hybrid vehicle, being a more complex case, the optimization algorithm had

to be adapted (Section 5.3.1). Due to their two power sources, hybrid vehicles are

known to achieve lower fuel economy values than conventional vehicles. However,

in order to reduce energy consumption, the consumption in both power sources

needs to be considered. Appropriate methods to evaluate the energy consumption

of the Prius hybrid vehicle for a trip are discussed in Section 5.3.2. The vehicle

operation was optimized for a representative real-life driving cycle.

specific, ideal velocity trajectory is analyzed in Section 5.3.3.
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5.1 Conventional vehicle

The Peugeot 308 vehicle was presented as an example of a conventional vehicle in
Section 3.3. Modeling the drive train components and the vehicle chassis, it has
been shown that the operating efficiency strongly depends on vehicle velocity and
acceleration. In the drive train it is important to make the best choice of gear in
order to move the engine operating point to a desired region and therefore increase
its combustion efficiency or decrease pollutant emissions. In addition, it was found
that the energy needed to propel the vehicle is related to the driven velocity by the
resistance forces. With several parameters to be taken into account it is difficult

to select the appropriate vehicle operation for a mission applying simple rules.

In this section a numerical optimization method is applied to compute the ener-
getically best velocity profile for the conventional vehicle for a desired mission.
The ideal velocity profile is calculated for four different drive cycles that represent
urban, highway and freeway driving. Section 5.1.1 presents a comparison between
original driving mission and computed eco driving cycle. In Section 5.1.2 an engine
test bench is used to verify the results in an experimental hardware-in-the-loop
setting. Finally, an analysis of most efficient vehicle operation is shown in Section

5.1.3 and most important factors for eco driving will be highlighted (Section 5.1.4).

5.1.1 The ideal velocity trajectory

For the case of the conventional vehicle four different drive cycles were used for
comparison of optimal and general vehicle operation. We expect that gains due
to eco driving depend on the situation the vehicle is in. For example, for free-
way driving the vehicle operation is usually rather constant and engine efficiency
is generally high, we therefore expect smaller gains due to eco driving behavior
than in an urban setting where a lot of acceleration and deceleration phases are
necessary due to frequent stops. We therefore consider drive cycles representing

various real life situations.

In Figure 5.1 the original velocity trajectory of the four examined drive cycles can
be seen. In this graph the velocity profile as a function of time are represented in
the first plot and the vehicle speed as a function of distance is shown in the second

plot. The data is used to identify trip and road constraints for the optimization
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| drive cycle | maximum speed [km/h] | number of stops | distance [m] | time [s] |

NEDC 120 12 11010 887
HYZURB o8 4 3475 560
HYZROUT 103 5 11220 754
HYZAUTO 138 3 46200 1741

TABLE 5.2: Drive cycle specification

setup. From the first plot the initial and final velocity can be determined, as
well as the intermediary stops and stop duration. The second plot shows initial
and final distance. Shown in red on the second plot is the road constraint. The
maximum speed limitation is defined as a function of distance. Table 5.2 shows a
summary of drive cycle parameters, such as distance, time, maximum speed and

number of stops.

The first graph in Figure 5.1 shows the New European Drive Cycle (NEDC). This
is a standard drive cycle used in Europe to compute fuel economy and emission
values for conventional vehicles. With its squared shape we suspect that it does
not give a good representation of actual driving behavior. Therefore, to simulate
general driving behavior three drive cycles were used, which represent real-life
driving [93]. The HYZURB cycle, shown on the top right in Figure 5.1 presents
an urban drive cycle, where the vehicle speed rarely goes above 50km/h. We can
see that many short acceleration and deceleration phases are present in this cycle.
A third cycle, called HYZROUT, stands for extra-urban driving. The cycle is
shown in the second graph on the left. Here, vehicle speed reaches a maximum
of around 100km/h. There are still many acceleration and deceleration phases
present, but not as frequent as in the urban setting. The last cycle, HYZAUTO,
models freeway driving. In this case the profile has an initial acceleration phase
and a final deceleration phase. Throughout the trip only one stop is shown and

the average vehicle speed is rather high.

The described cycles were used to specify trip and road constraints. The nested
two dimensional dynamic programming optimization method with a discretiza-
tion step of Ad = 5 and Av = .2 was then applied to derive the corresponding
eco cycles, that resulted in the same driving mission but minimized the vehicle’s
fuel consumption. The inverse vehicle model constructed in Section 3.3 was used
to ensure optimal, fuel efficient gear choices. Figure 5.2 presents the computed
optimal vehicle operation for the four different cycles. For each cycle the origi-

nal velocity profile (blue) is plotted in comparison with the eco drive cycle (red,
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FIGURE 5.1: Maximum speed constraints for various drive cycles

’ cycle \ gain in fuel consumption due to eco driving ‘
NEDC 17.9%
HYZURB 27.2%
HYZROUT 25.1%
HYZAUTO 7.9%

TABLE 5.3: Gains in fuel consumption

dashed) in the first plot. The gear selection for the two cycles is shown in a second
plot, where the original driver’s gear selection is shown in blue and the optimal
gear selection for the eco cycle is drawn in red. A summary of the gains in fuel
consumption between the original cycle and corresponding eco cycle can be seen
in Table 5.3. It can be seen that potential gains in fuel consumption lie between
8 and 27%.

From the results in Figure 5.2 we can observe that the optimal velocity trajectory
uses rather high acceleration rates, increasing the vehicle speed rapidly, to reach
a lower cruising speed than used in the original drive cycle. Since the problem
was solved as a fixed time problem the average velocity of the two cycles stays the
same. It can be seen that the vehicle stops are sometimes shifted in time. This is

due to the fact that a constraint for a stop was defined in distance. This means
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the vehicle has to stop at a certain distance, but independent of its arrival time at
that distance. The idling time is added post-optimization at each stop. This way
to integrate the constraint is useful for stop signs. However, for stop light timing
this approach might not be the best. In this work we did not include the timing
of stops, in future work if the time of stop light phases is known, this could be

integrated in the optimization.

NEDC(blue) vs NEDC-eco(red) HYZURB(blue) vs HYZURB-eco(red)
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FI1GURE 5.2: Standard drive cycle vs computed eco-driving profile

From the second plots it can be seen that the optimal gear selection is very different
from the choice taken by the original driver. In general the gears are chosen higher
in the eco cycle. It is assumed that this is to improve the engine efficiency. An in
depth analysis of the vehicle operation is presented in Section 5.1.3, where engine
and drive train efficiencies will be discussed. To identify the potential gains of
eco driving the calculated optimal velocity profiles were tested in an experimental

setup.

5.1.2 Verification on engine test bench

Hardware-in-the-loop experiments are often used to verify simulated concepts.

With this approach a certain part of the hardware is running in real time, while
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the rest is simulated on a computer. With this setup algorithms can be tested
in a controlled experimental setting. In our case, the calculated drive cycles were
tested on an engine test bench, where the engine is running in real time while the

rest of the vehicle is simulated.

Figure 5.3 shows the experimental setup of the engine test bench. Here, the vehicle
chassis, drive-shaft and clutch are simulated using the VEHIL software [94]. The
Peugeot 308’s EP6 internal combustion engine, being the hardware component in
the loop, is running in real time. The DSpace MicroAutoBox Controller is used to
run the vehicle simulation and command the EP6 engine in real time. The input
to the vehicle model is the driver’s demand for acceleration or deceleration which
is directly translated into throttle and break command. In the VEHIL software
the driver is modeled by a simple PID controller, which ensures that the desired

drive cycle is followed as good as possible.

Data Aquisition [ ]
: DSPACE | VEHL

¢ (Matlab/Simulink)
T Injection/load torque demand T

Testbed Regulation  Torque and speed measurement

N Injection demand ¢
Speed/Load
demand
DYNO ICE
APA AVL EP 6

|

FIGURE 5.3: Engine test bench set-up

The AVL! engine test bench consists of an electric machine, that is connected to
the engine output shaft, and a controller that regulates the shaft speed. The AVL
electric machine simulates the vehicle load on the engine shaft by regulating the
shaft to the speed calculated by the vehicle simulation. The fuel is measured by
the AVL fuel balance that allows us to measure fuel dynamically throughout the
experiment. In Table 5.4 details of the test bench components can be found. The
described hardware-in-the-loop setup allowed us to measure the engine’s actual
fuel consumption and therefore compute the fuel economy of the vehicle for a

given cycle.

In a real life implementation of eco driving strategies the driver will never be

able to exactly follow the calculated optimal velocity profile. In this experimental

LAVL is a company for the development of power train systems, https://www.avl.com/
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Electric machine AVL APA 102/E
EM maximum torque 255Nm
EM speed range 0-10000rpm
EM force sensor Z6FC3, 200kg
EM speed sensor ROD 426 001B-01024
Speed sensor on engine shaft | AVL 364C /364X Angle Encoder
Fuel measurement AVL Fuel Balance 730

TABLE 5.4: Parameters of Engine Test Bench Equipment

setup the driver is represented by a PID controller, simulating an automated,
ideal, driver. Still, the desired drive cycle will not be followed exactly. This is
also due to the fact that it was calculated using an inverse vehicle model where
gear changes happen instantaneously. In Figure 5.4 the desired drive cycle input
can be seen together with the actual velocity trajectory driven by the virtual
vehicle. It can be seen that the used PID controller results in satisfactory tracking
of the desired velocity profile. Due to this difference and non simulated dynamic
phenomena there was a slight difference in fuel consumption between the simulated
inverse model and the measured consumption in the dynamic hardware-in-the-loop
setting. For the NEDC cycle, seen in Figure 5.4 the simulated fuel consumption
was found to be 6.6L/100km. With the measurements we calculated 6.7L/100km.
The difference seemed to be acceptable for the 11.8km cycle.
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FIGURE 5.4: Velocity trajectory simulated and followed in experiment

Each drive cycle was experimentally tested three times to eliminate measurement
errors. In Table 5.5 the average fuel economy values can be seen for the four
tested cycles. When comparing the original drive cycle to the computed optimal
eco drive cycle we found that between 8 and 27 % less fuel was used for the eco
cycle. As expected higher gains due to eco driving were detected in urban settings
than when driving on the highway. For the highway cycle eco driving showed a

potential reduction in fuel consumption of 8%, while the consumption of the real
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| drive cycle | original [L/100km] | eco [L/100km] | reduction [%] |

NEDC 6.7 ) 17.9
HYZURB 9.76 7.11 27.2
HYZROUT 7.22 5.41 25.1
HYZAUTO 6.92 6.37 7.9

TABLE 5.5: Fuel Consumption [L/100km| Original Drive Cycle vs Eco-Drive
Cycle

life urban cycle could be reduced by 27%. Although the standard NEDC cycle
already shows very squared use a reduction of up to 17.9% is possible for this cycle

when applying optimal vehicle operation.

We should remind the reader at this point that the eco driver performs the same
mission and therefore covers the same distance in the same time. Changes in
energy consumption are solely due to the choice of gear and the selected rates
of velocity and acceleration. In Section 5.1.3 the optimal vehicle operation is

discussed in detail to investigate the origin of the savings in fuel consumption

5.1.3 Analysis

In order to understand the reasons for the reductions in energy consumption the
vehicle operation needs to be analyzed. This will help us gain an understanding of
most efficient vehicle operation. Identifying most important factors for eco driving
can be helpful to encourage drivers to apply eco driving strategies. Further the
knowledge can be applied in the development of driver support systems for eco

driving.

For comparison of optimal vehicle operation and original drive cycle the NEDC
cycle will be investigated in more detail. Table 5.5 tells us that the fuel consump-
tion was reduced by almost 18% between the baseline and eco cycle. The optimal
velocity trajectory of this cycle together with the original cycle are presented in
Figure 5.2 on the top left. As previously mentioned the gear was chosen for the
eco driving cycle such that the engine operation results in the most efficient com-
bustion process. We can therefore see that the gear choice between the original
cycle and the eco cycle are very different. Generally, the engaged gear is much
higher for the eco cycle. In Figure 5.5 the resulting engine operation for the two

tested cycles can be observed.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2013ISAL0106/these.pdf
© [F. Mensing], [2013], INSA de Lyon, tous droits réservés



Chapter 5 Potential Gains of Eco Driving 115

fuel consumption EP6 [g/kWh]

torque [Nm]

@ original cycle
O: eco cycle

1 1 1 1 1 1 1 1 1
500 1000 1500 2000 2500 3000 3500 4000 4500 5000
speed [rpm]

FIGURE 5.5: Engine operation of NEDC standard cycle and eco-cycle

In black (stars) the engine operation of the original NEDC cycle can be seen. For
this cycle the engine is used up to a speed of over 3500rpm and the torque of the
engine output is mostly lower than half of the maximum available engine torque.
For the eco cycle, plotted as red circles, it is shown that due to the gear selection
the engine is running at low speed, up to just over 2500rpm, and high torque.
The engine’s maximum torque output is used especially at low engine speeds. In
addition when looking at the negative torque range it becomes obvious that the
deceleration rates used in the eco cycle are chosen such that engine braking can
be used at its maximum. The operating points mostly lie close to the minimum
torque line. At this point injection is cut and no fuel is needed to keep the engine

running.

With the operation, seen in Figure 5.5 ,the engine efficiency was improved from
19% for the original cycle to 24% for the eco drive cycle. When computing ef-
ficiency values for other major components in the drive train, such as clutch,
gear box, and final drive, it was found that variations in efficiency were minimal.
However, a 5% increase in engine efficiency can hardly be responsible for an 18%
reduction in fuel consumption over the drive cycle. Computing the mechanical

energy needed to perform the drive cycle, it was found that, while the standard
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FIGURE 5.7: Velocity distribution of standard cycle (left) and eco-cycle (right)

cycle uses 1237Wh, the eco-drive cycle only consumed 1036 Wh. This reduction in

energy is due to the choice of velocity and acceleration rates.

In Figure 5.6 three bar graphs can be seen. The figure is used to compare energy
consumed for the original and the eco cycle. The energy used to overcome the
resistance forces, the aerodynamic drag and the rolling resistance, is represented
by the first bars, on the left. The force needed to overcome the aerodynamic
drag grows quadratically with the vehicle speed. The constant speeds, where
acceleration rates are zero, chosen for the two cycles can be observed in Figure
5.7. Tt can be observed that the standard cycle uses much higher cruising speeds
than the eco cycle. Therefore, the energy needed to overcome the aerodynamic
drag, which grows quadratically with speed, is much higher. This results in 11%

more energy that the vehicle needs to provide, to overcome the resistance forces.

The bars in the middle of Figure 5.6 show energy used on positive acceleration. It
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FIGURE 5.8: Acceleration power distribution of standard cycle (left) and eco-
cycle (right)

was found that the energy on acceleration needed for the eco drive cycle is much
lower than for the original cycle. Figure 5.8 shows the distribution of acceleration

power, which is calculated as a product of mass, acceleration and velocity. ¢

. d 1
Eposaccel - %(5771@2) = Muvv = MCL+U (51)

We can observe that the eco cycle uses higher acceleration power rates. However,
it was found that the cumulative power used for acceleration was less for the eco
cycle than for the standard cycle. Due to the choice of higher but short acceleration
phases at rather low speeds the energy is lower than that for the standard cycle.
Over the entire cycle the optimized velocity trajectory uses 23.2% less energy on

positive acceleration.

The third group of bars in Figure 5.6 shows energy lost in friction braking. Using
deceleration rates that allow for engine braking results in lower fuel economy. This
is because the kinetic energy is then used to run the engine while, when braking
with the mechanical friction brake, the energy is lost in heat. In the standard drive
cycle the energy lost on friction braking is 36% higher than that of the eco-cycle.
In Figure 5.8 this can be seen in the range of negative acceleration power. The
original drive cycle uses much higher power rates for vehicle deceleration. Such
high negative rates of output power can only be provided by the friction brake in

a conventional vehicle.
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5.1.4 Important factors for conventional vehicle eco driving

From the analysis of the optimal vehicle operation we can conclude that there
are several factors that are important to reduce energy consumption for the con-
ventional vehicle. It should be noted that these factors are derived for a desired

mission with constraints in distance, velocity and time.

The gear selection in the conventional vehicle is important to improve the combus-
tion efficiency in the engine. It was shown that an engine operation at low speed
but high torque is best for the examined vehicle drive train. To push the engine
operating point into the high torque, low speed region usually the highest possible

gears are engaged.

It was shown that, in order to reduce fuel consumption the cruising speed of the
vehicle has to be selected as low as possible. With this the energy necessary to
overcome the aerodynamic drag is reduced. This seems to be a very important
parameters. In order to reduce the cruising speed, rather high acceleration rates
are used to acceleration the vehicle rapidly to the desired speed. Loosing time in
the acceleration phase would result in higher cruising speeds in order to reach the

target within the fixed trip time.

The deceleration phase usually consists of a coasting phase, where engine braking
is used at its best. This phase uses rather low deceleration rates. However, the
second part of the deceleration phase uses hard friction braking to come to a full
stop. Here, engine braking is not used to fully decelerate the vehicle because this
would result in a long deceleration phase and, in order to respect the average trip
velocity, the maximum vehicle speed would have to be selected higher. With the
aim to reduce the time used on acceleration and deceleration, rather high rates
are used. This then allows us to use lower maximum vehicle speeds while still

satisfying the time constraint.

From these results it could be expected that reducing the vehicle speed will always
result in lower fuel consumption. With this assumption, simple rules for eco driving
could be stated. However, it is not as simple as that. With the vehicle velocity the
energy needed to overcome the aerodynamic drag is reduced. The aerodynamic
drag force, as stated in Section 3.2, grows quadratically with the vehicle speed.
This implies that, reducing the vehicle’s velocity at high speeds, a significant

reduction in energy consumption due to aerodynamic drag can be achieved. For
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small vehicle velocities this reduction is rather small for the same changes in vehicle
speed. Increasing the trip time, the vehicle velocity and acceleration rates are
reduced. This results in lower efficiencies of the drive train components. Engine
efficiency is reduced and the clutch is slipping. When average vehicle speed drops
below a certain value, we found this to be around 25km /h, the decreasing efficiency
outweighs the gains in energy due to reductions of aerodynamic drag. Similarly
to the studies of Hooker [12] we found that an optimal trip time exists at which
fuel consumption is reduced to its minimum. Further increasing the travel time
results in losses in the drive train that cannot be compensated for by reductions

in resistance forces.

5.1.5 Effect of road grade

In order to identify overall optimal vehicle operation the road profile needs to be
taken into account. In our work road grade is directly integrated in the vehicle
model, simulating the grade resistance force on the chassis. While we will not
investigate the effects of road grade in detail, a simple example will here be used

to show that grade is an important factor that cannot be neglected.

As an example a real life driving profile was used. The drive cycle together with the
road profile is presented in Figure 5.9. The profile represents a driver that leaves
the city of Grenoble at the bottom of the mountain, drives up to the skiing region
Chamrousse, and finishes back down in the valley at Grenoble. The road grade of
the trip reaches a maximum of 12%. The trip is almost a hundred kilometers long
and takes 6929s, which converts to almost 2 hours. The imposed maximum speed
constraint derived from the driver’s velocity profile can be seen in red in Figure
5.9.

The cycle was used to derive trip and road constraints. The two dimensional
dynamic programming method was then applied to identify the optimal speed
profile. Two different cases were considered for comparison. First, the velocity
profile was computed not taking into account road grade. We here assumed the
mission was taking place on a flat road. In a second calculation the road grade was
included in the optimization process. The resulting velocity profiles can be seen
in Figure 5.10. While it is generally assumed that an increase in vehicle speed in
downhill sections leads to more fuel efficient operation we could here not confirm

these assumptions.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2013ISAL0106/these.pdf
© [F. Mensing], [2013], INSA de Lyon, tous droits réservés



Chapter 5 Potential Gains of Eco Driving 120

100

original cycle

= maximum speed limit
I 7

speed [km/h]

0 1 2 3 4 5 6 7 8 9 10
distance [m] % 10°
2000
2 1500} |
=
e
S 1000} -
©
@
o 500 -
0 & | | | | | -
0 1 2 3 4 5 6 7 8 9 10
distance [m] x 10°

F1GURE 5.9: Drive cycle with grade

Investigating Figure 5.10 it was found that the velocity profile determined with
grade used lower speeds prior and after the hill. The zones where the velocity of
the cycle calculated with grade exceeds the cycle computed without grade are here
highlighted in pink. The green zones mark the parts where the grade optimal speed
is inferior. Throughout driving on hills the vehicle speed for the grade optimization
trajectory was sometimes higher. However, this occurred on uphill as well as on
downhill driving. Using the direct VEHLIB simulation the fuel consumption for
both velocity profiles over the hilly road was simulated. For the velocity trajectory
that was optimized without taking into account road grade, the vehicle consumed
5.06L./100km. Using the grade information as an input a fuel consumption of
4.961./100km could be achieved. Integrating the road grade in the optimization
process the globally optimal velocity profile can be calculated which results in 5%

less fuel consumption for the trip.

With this study we can see that road grade is an important criterion to be taken
into account when identifying the optimal velocity trajectory for a trip. However, it
seems that optimal vehicle operation when driving over hills is not easily identified.
To further analyze the problem different up- and downhill situations need to be

investigated in future work.
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FiGuRrE 5.10: Optimal speed profile with and without road grade integration

5.2 Electric vehicle

With today’s environmental problems the electric vehicle is becoming more and
more popular. Due to the differences in drive train, optimal vehicle operation will
not necessarily be the same as for the conventional vehicle. In this section the
optimal vehicle operation of a small electric test vehicle, the AIXAM Mega City,
is investigated. The goal is to minimize battery power used (Py) for an entire
trip. The vehicle model described in Section 3.4 is used in combination with the
two dimensional dynamic programming method (Section 4.2.2) to compute the

eco cycle for a given driving mission.

In Section 5.2.1 the considered drive cycles are presented and corresponding opti-
mal, eco drive cycles are calculated. To verify the simulated potential gains of eco
driving, the drive cycles are tested on a chassis test bench (5.2.2). Section 5.2.3
shows an analysis of the identified optimal vehicle operation, comparing general
driving to eco driving. A summary of important factors for eco driving for electric

drive train vehicles can be found in Section 5.2.4.
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FiGUurRE 5.11: Standard drive cycle vs computed eco-driving profile electric
vehicle

5.2.1 The ideal velocity trajectory

The AIXAM Mega City electric vehicle can reach a maximum speed of about
65km/h. Due to this constraint it was not possible to test standard cycles, like
the NEDC, where the vehicle speed reaches up to 120km/h. Therefore, specific
cycles for the electric vehicle were constructed. The baseline cycles can be seen
in Figure 5.11 in blue (dashed line). Four cycles were considered. The cycle on
the top left (AIXAM1) and bottom left (AIXAMS3) represent real life drive cycles.
Here, stored velocity profiles of a driver, that used the AIXAM Mega City vehicle
in an actual trip was used. The plot seen on the top right (AIXAM?2) shows
the first part of the standard NEDC cycle, often referred to as ECE-15. This is
a very short cycle, where the vehicle runs for less than 200s. The fourth cycle,
here named AIXAM4, is a scaled cycle. The cycle is usually used to represent
extra-urban driving. Here, the velocity was divided by two such that the electric

vehicle’s maximum speed was not exceeded.

Figure 5.11 shows the computed optimal velocity profiles in red. Due to the fixed
time constraint in the optimization the eco cycles arrive at the destination at the
same time as the baseline drive cycles. The vehicle has therefore covered the same

distance in the same time. As previously seen for the conventional vehicle, the
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maximum speeds of the eco cycles are lower than those of the original cycles. It
is expected that this is due to the energy that can be saved when reducing the

aerodynamic drag forces.

From Table 5.6 we can see that potential gains between 5 - 19% can be achieved
due to eco driving. In the following, the simulated, theoretically optimal velocity
profiles are tested in an experimental setup on a chassis test stand. With this the
actual energy consumption can be measured for the original and for the computed

eco drive cycles.

5.2.2 Verification on chassis test bench

On a chassis dynamometer the vehicle is running in real-time while the driver
follows a desired velocity profile. A schematic of the CLEMESSY? chassis test
bench is presented in Figure 5.12. The tested electric vehicle has a front-wheel-
drive drive train configuration. The vehicle is therefore placed with the front
wheels on the test bench rollers. The two test bench rollers are connected to
an electric machine to simulate the resistance and inertial forces of the vehicle.
The electric machine has the ability to output a maximum torque of 3000Nm
and can provide up to 132kW. For safety an emergency brake is attached to the
dynamometer shaft on the right to bring the rollers to a stop when needed. The
test bench can simulate vehicle speeds up to 200km/h. A ventilation system is
used to simulate air motion proportional to vehicle speed. This is necessary such
that the cooling mechanisms controlling the temperature of drive train components

can work properly.

A picture of the experimental setup can be seen in Figures 5.13. The small electric
vehicle is attached such that it stays stationary. The vehicle’s front tires are turned
on the rolling dynamometer, while the rear wheels are at rest. The drive cycle is
presented to the driver in the form of a vertical line that is displayed on a computer
screen in front of the vehicle. Each one of the cycles was driven three times, in
order to get sufficient data to support conclusions. To eliminate effects of varying
battery losses due to different battery charge, the cycles were alternated, testing
always pairs of original and eco cycle with similar battery charge. The battery was

never depleted lower than 50% of charge. An on-board storage device was used to

2CLEMESSY: French company that works on design and integration in the fields of electrical
engineering, process automation and mechanized systems; http://en.clemessy.com/
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FiGURE 5.12: Chassis dynamometer schematic

’ cycle \ original cycle | eco cycle \ gain ‘
ATXAM1 872.2 705.56 | 19.3%
ATXAM?2 89.4 85.56 4.5%
AIXAM3 283.3 248.89 | 12.1%
AIXAMA4 427.78 386.11 9.4%

TABLE 5.6: Energy Consumption in Wh

store the battery operation throughout each experiment. The energy consumption
for the four original and eco drive cycles computed in Wh can be seen in Table
5.6.

The results show that for the four tested cycles a reduction in energy consumption
between 5 and 19% was possible. The ATXAM2 cycle shows the smallest gain
due to eco driving. This was to be expected, since the cycle represents the rather
squared standard cycle and represents a very small driving period. The two real-
life driving cycles AIXAM1 and AIXAM3 show the highest potential gains. The
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FIGURE 5.13: Chassis test bench

reason for this could be that electric vehicles are still new to drivers, and are not
used as intuitively as conventional vehicles. The scaled extra-urban cycle showed a

9.4% improvement in energy consumption between the original and the eco cycle.

In the following the drive cycles will be analyzed in more detail. In Section 5.2.3
the operation of each component in the drive train is investigated in order to gain

insights on most important parameters for eco driving of electric vehicles.

5.2.3 Analysis

The AIXAMI1 cycle was chosen for comparison between most efficient vehicle op-
eration and original cycle. Since the electric vehicle considered does not contain
a gear box the gain of 19.3% in energy consumption has to be uniquely due to
vehicle operation. First, the changes in efficiencies of drive train components were
investigated. It was expected that the optimal vehicle operation results in a more
efficient electric motor/generator operation. However, it was found that this was

not the case.

In Table 5.7 the efficiencies of major drive train components can be observed. For
the electric components the motoring and generating phases are listed separately.
We found that the electric machine’s efficiency values improved slightly for the
generating phase, but decreased a little for the motoring phase. Similarly the

efficiency of the battery was not found to change significantly. It can therefore be
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assumed that the changes in energy consumption over the drive cycles are not due

to increases in component efficiency.

components original cycle (mo- | eco cycle (motor/gen-
tor/generator phase) | erator phase)

Final Drive [%)] 94 94

Electric Motor [%] | 70.82/57.14 69.4/59.5

Battery [%) 92.8/99.31 02.87/99.29

TABLE 5.7: Component efficiency

Looking at the energy output at the wheels it was found that, similarly to the
case of the conventional vehicle, due to the correct choices of vehicle velocity and
acceleration the eco cycle simply requires less energy. Due to lower choices of
vehicle speed the resistance forces where reduced. Energy necessary to accelerate
the vehicle’s inertia was reduced by applying appropriate acceleration rates at low
vehicle speeds. In Figure 5.14 a comparison of the energy necessary to overcome
the resistance forces and to accelerate the vehicle’s inertia for the two cycles is
shown on the left. The stacked bar graph on the left shows the original cycle,
while the right bar represents the eco cycle. It can be seen that, while a small
amount is saved due to a reduction in resistance forces, namely the aerodynamic
drag and the rolling resistance, a larger amount of energy is saved due to the energy
necessary to accelerate the vehicle’s mass. It was found that for optimal vehicle
operation rather short, high acceleration rates should be used at low speeds, to
rapidly reach the lowest possible constant speed necessary to reach the destination

in a desired time.

Figure 5.14 displays the energy distribution for the deceleration phase on the right.
The sections of the stacked bar graphs represent the energy lost on mechanical
friction braking, the energy lost on losses in the drive train components while
regenerating energy, and energy that is regenerated and used to charge the electric
battery. As mentioned in Section 3.4.1, the electric vehicle considered in this study
does not utilize a regenerative brake pedal. Only deceleration rates up to a fixed
torque can be used to recover electric energy. Deceleration rates exceeding this
limit are realized by the use of the mechanical friction brake. For the original drive
cycle, using higher deceleration rates, more energy is lost in heat due to friction
braking than with the optimal velocity trajectory. Even when the regenerative
braking capability is used the component operation results in losses. A certain

amount of recovered energy is therefore lost on the way and never reaches the
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FIGURE 5.14: Energy Consumption in Motoring and Deceleration Phase of
AIXAM1

battery. Due to inappropriate deceleration rates these losses are high in the case of
the original drive cycle. For these reasons the original drive cycle cannot regenerate
more energy than the eco drive cycle, although a lot more energy is available for

recovery (Figure 5.14).

5.2.4 Important factors for electric vehicle eco driving

From the analysis it was found that for urban and extra-urban missions the effi-
ciency of drive train components has little influence on the energy consumption of
an electric vehicle. The choice of acceleration rates, operating speeds and deceler-

ation rates are most important for eco driving.

Similarly to the conventional vehicle, the losses due to aerodynamic drag grow with
increasing vehicle speed. To reduce the energy needed to overcome aerodynamic
forces, vehicle speeds have to be kept as low as possible. High acceleration rates are
therefore used to accelerate the vehicle in a short time to the desired cruising speed.
In the braking phase, vehicle specific deceleration rates should be used. Drive train
specific deceleration rates can ensure that the maximum possible amount of energy

is regenerated using the reversible electric components.

As for the conventional vehicle, driving an electric vehicle an energetically optimal
arrival time exists. The efficiency of the electric motor, presented in Section 3.4.1,
decreases with its operating speed. Running the motor at speeds close to zero
results in very low efficiencies. Using the electric machine in generator mode at
low speed we sometimes even draw current from the battery, although the drive
train should be operated in charging mode. This is due to very high losses in this

mode of operation. Running the vehicle at low speeds it was found that losses,
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such as the ones in the electric motor/generator, outbalanced the improvements
in energy consumption due to reductions in aerodynamic forces. In comparison to
the conventional drive train discussed previously, however, this speed was found

to be below 20km/h for the simulated electric drive train.

5.3 Hybrid vehicle

The third type of vehicle treated in this work is the hybrid drive train vehicle.
Containing two or more power sources, this vehicle architecture presents a more
complex case than the conventional and electric vehicle. Since vehicle function-
ality of the hybrid vehicle is not at all intuitive it is important to use numerical
optimization methods to identify the optimal vehicle operation. With this we hope

to be able to specify eco driving factors for hybrid vehicles.

As a representative hybrid vehicle the well-known Toyota Prius power split hybrid
vehicle was used. The vehicle model was constructed in Section 3.5 together
with a simulation of the control strategy integrated to manage the vehicle’s power
split. Due to the complexity of the hybrid vehicle the dynamic programming
optimization method cannot be used in its classic way. In the hybrid drive train
the power split control strategy uses the battery state-of-charge to determine the
vehicle’s operation. A computation of the eco cycle in reverse time is therefore
not possible. Small changes are needed to adapt the optimization algorithm to

the particular case of the hybrid vehicle. These are presented in Section 5.3.1.

For a driver of a hybrid vehicle the energy consumption is represented by the fuel
used. However, to analyze the energy consumption over a trip the initial and
final battery charge of the vehicle have to be taken into account. In Section 5.3.2
several different approaches to compare energy consumption of hybrid vehicles are
discussed. Section 5.3.3 shows the results of an optimization of the Prius over
an extra-urban drive cycle and the analysis of the ideal velocity profile for hybrid

vehicles.

5.3.1 Hybrid vehicle optimization

The applied dynamic programming optimization method, used in the standard

way, computes the optimal solution by searching from the final state backwards
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on the time-axis to the initial state. However, this implies that the cost of some
edge on the graph only depends on its initial and final state. For the conventional
vehicle drive train this is true. The operating cost of the vehicle only depends on
the initial and final distance and speed at each step. For the electric vehicle a
simplified model was constructed, such that the energy consumption of the vehicle
does not depend on the battery state-of-charge. This is a justified simplification

since the losses in the battery only vary minimally with changes in SOC.

However, for the case of the hybrid vehicle, the vehicle operation strongly depends
on the battery state (3.5). Dependent on the battery SOC the engine can be
turned off, or used to propel the vehicle. This means that the cost of vehicle
operation will vary significantly with the battery state-of-charge. Therefore the
cost of vehicle operation depends not only on initial and final states, but also on
the previous vehicle operation, which is used to compute the current SOC. Starting
the optimization process from the final state in distance the SOC of the vehicle is

not known. However the SOC is known at the initial distance at initial time.

To adapt the optimization method to the vehicle model, we therefore used the
dynamic programming approach while computing the optimal trajectory from the
initial state, keeping track of the current battery state, to the final state. This
variation of the method was tested on the conventional and electric drive train
vehicles. The results of the forward and backward dynamic programming method
are identical. For the optimization of the Prius vehicle this method can be used

to optimize the drive train operation taking into account battery SOC variations.

The two dimensional optimization process can be described by the following steps:

e Initialize optimal costs at k; = 2: J[*2 iq= J1ig—>2,i]

e Increment k; and find the optimal cost at each state by comparing

Ty in] = M0 (Sl —1,5—>k135) T S, _14,)) While storing the optimal indices

e Compute the optimal trajectory by retracing the stored indices

The control strategy applied to a hybrid drive train represents a key aspect of
the vehicle, which has a strong influence on the vehicle’s fuel economy. In addi-
tion, the energy management strategy in hybrid vehicles makes sure that battery
charge never exceeds a certain upper limit or drops below a specified lower bound-

ary. With this in mind, we initially assumed that the battery charge level is
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controlled by Toyota’s energy management strategy. However, first optimization
results showed that only considering fuel consumption when optimizing the ve-
hicle’s operation over a drive cycle is not sufficient. The optimization algorithm
seems to make the best instantaneous choice of vehicle operation, however, without
taking into account the effect this operation has on future computational steps.
As an example, if the vehicle is at a low battery level the vehicle’s velocity is
decreased to avoid turning on the internal combustion engine. At this point de-
celeration might not be optimal, but since all-electric mode is considered of no
cost at this point the lower vehicle speed is chosen. This, instantaneous optimal

operation, leads to a high battery depletion and later, possibly inefficient charging.

It was concluded that, although the control strategy balances the battery charge,
to optimize the vehicle trajectory we still need to consider the total instantaneous
energy consumption in the objective function. A weighted cost function that

combines fuel consumption and battery use, is therefore proposed:

V() = Ty, (ti— > 1) At — aASOC(At;) (5.2)

With this cost function the changes in energy in the battery are taken into account
as well as fuel consumption. Charging the battery will result in a positive change in
SOC. An increased charge in the battery can later be used to propel the vehicle.
It should therefore have a positive effect on the cost. A discharge will show in
a negative change in SOC. A discharged battery needs to be re-charged later,
and more fuel will therefore be used later. This operation needs to be weighted
negatively. With this analysis we chose to subtract the cost of battery use from
the cost due to fuel consumption. The required weighting factor o will therefore

take on a positive value. However, an exact value for « is not easily specified.

In Section 5.3.3 the appropriate value for o will be investigated for a specific
driving mission. Before comparing the optimization results for different velocity
trajectories the 'consumption’ of a hybrid vehicle needs to be defined. Section
5.3.2 shows commonly used fuel consumption definitions that can be used for
comparison of drive train efficiency or to test the effectiveness of implemented

energy management strategies.
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5.3.2 The consumption of a hybrid vehicle

It is difficult to compare fuel consumption for hybrid vehicles and draw conclusions
about fuel economy. For a specified cycle the final fuel consumption can be very
different, dependent on initial state-of-charge in the battery. Also, due to the logic
in the control strategy the fuel consumption does not only depend on distance
driven. Dependent on the level of power demand the battery might be more or
less discharged. Comparing the energy consumption of a cycle to another one
result, might show low fuel consumption but a significant discharge in the battery,
while another velocity profile resulted in higher fuel consumption and a high final
SOC in the battery. Only using fuel consumption values to determine the trip

efficiency might lead to false conclusions.

There are several approaches to solve this problem. A rating procedure of fuel econ-
omy was first published in 1999 by the Society of Automotive Engineers (SAE).
Their standard SAE J 1711 presents a 'recommended practice for measuring the
exhaust emissions and fuel economy of hybrid-electric vehicles’ [95]. For an overall
use of electric energy smaller than 1% of the energy consumed in fuel, the SAE
guidelines claim that the energy consumption of the battery is negligible. This
implies that only fuel consumption has to be considered if the following equation
holds:

lelectric energy|

—1% (5.3)

energy in  fuel

If the difference between consumed electric energy and fuel consumption is to
large one way to reduce this difference is to test the vehicle over a longer distance.
Due to the control strategy, implemented to keep battery charge around a target
value, the battery charge should stay balanced over very long trips. Running a
drive cycle multiple times should therefore lead to a continuous increase in fuel
consumption, but not in the change of final battery charge. For this procedure it is
necessary to start the test at some battery charge within the limitation boundaries
of the control strategy. A disadvantage of this procedure is the (experimental or

computational) cost.

In 2002 an additional SAE guideline was released [96]. It presents a method that is
applicable if the change in battery charge is less than 5% of the fuel consumption.

The approach uses linear interpolation to approximate the fuel economy of a hybrid

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2013ISAL0106/these.pdf
© [F. Mensing], [2013], INSA de Lyon, tous droits réservés



Chapter 5 Potential Gains of Eco Driving 132

fuel | forthe same battery use | cycle evaluation
A | morefuel consumed s

Y
?\
L
/s P
Fuel s :
” H ’

consumption

for the same battery use
less fuel consumed

“ ASOC
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vehicle for charge sustaining battery use. This process can be explained with the
help of Figure 5.15. In this figure the consumption of the hybrid vehicle over a
cycle is plotted in a graph with the axis of fuel consumption and ASOC. ASOC
stands for the electric energy consumption and represents the difference in battery

state-of-charge between the beginning and the end of a trip.

Using the method proposed in the 2002 SAE guidelines the vehicle is tested over
a cycle at least two times. For the two tests, two different initial battery charge
levels are used. If the target battery charge value of the control strategy is known,
these two initial SOC values can be chosen intelligently. A first test should use
an initial battery charge below the target value, but within the boundary values
of the energy management, such that the battery is being recharged throughout
the cycle. This would lead to a high fuel consumption and positive ASOC. An
initial SOC value higher than the target value should be used for the second test.
With this the control strategy will operate in charge depleting mode and fuel
consumption will be low. The ASOC will be small or negative for the cycle. In
Figure 5.15 the computed cycles are shown as yellow diamonds. In our example a

third point was computed for verification.

Given the two points a linear interpolation can be used to compute fuel consump-
tion for a change in battery charge level. To compare fuel consumption, we usually
search for the actual fuel used by the vehicle, when operated in charge sustaining
mode, meaning that the change in battery state-of-charge over the cycle is small
or equal to zero. From Figure 5.15 the charge sustaining fuel consumption can be

approximated by evaluating the fuel consumption value, where the line intersects
the displayed zero ASOC line.
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FIGURE 5.16: Real-life drive cycle for Prius

The slope of the line in Figure 5.15 is usually drive train and control strategy
dependent. However, for different drive cycles, such as urban or highway cycles,
the efficiency of the vehicle operation changes. This can be observed in a shift of
the line. A cycle represented by a parallel line shifted to the upper left represents
a velocity profile that has worse fuel economy. In this case the vehicle used more
fuel for similar battery discharges. A shift to the bottom right corresponds to less
fuel consumption. Here, less fuel was used for the same battery discharge. This

method will be used in the following to evaluate the optimized velocity profiles.

5.3.3 The ideal velocity trajectory

To investigate potential gains of eco driving for hybrid vehicle we optimized the
operation of the Prius hybrid vehicle for a mission that represents real-life, extra-
urban driving. The tested drive cycle is presented in Figure 5.16, where vehicle
velocity is plotted as a function of time. With their ability to regenerate energy,
hybrid vehicles usually have an advantage in urban settings, where the vehicle
has to perform a lot of stops. This cycle was chosen for testing because, although
vehicle speeds go up to almost 100km /h, there are several acceleration and deceler-
ation phases where the use of the alternative power source will be useful. Using the
cycle data, optimization constraints in distance, velocity and time were defined.
To solve the fixed time constraint optimization the nested optimization method,
combining two dimensional dynamic programming with root finding methods, was

applied.

In order to solve the optimization problem the weighting factor « in Equation 5.2
needs to be specified. « represents the trade-off between the electric energy, used
from the battery, and the gasoline fuel consumption. To choose an appropriate

weighting factor, we need to understand the effect different o values have on the
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optimization result. Initial wide range calculations showed that an appropriate
value for a needs to be selected at around 3. An array of different a values was

defined, with a fine grid around the value 3.

a =10,2,3,3.25,3.5,3.75,4,5, 6] (5.4)

With the vehicle model constructed in Section 3.5 and the optimization approach
described in Section 5.3.1 it is now possible to compute the optimal velocity profile
for the specified extra-urban trip. To compare the optimization results using the
linear interpolation method, presented in Section 5.3.2, vehicle operation needs to
be evaluated for at least two different initial battery charge levels. The trajectory
optimization method was therefore solved for each «; for three different initial
battery charge levels: SOC;,; = [40, 50, 60]%.

The results are presented in Figure 5.17 and 5.18. The graphs show the changes
in battery charge over the cycle on the x-axis and the fuel consumed on the y-axis.
Figure 5.17 illustrates the effect of the weighting factor o on the optimization
result. Each plotted curve in this graph represents an initial battery charge level.
The points on the curve represent an optimized solution for one of the a factors. To
reduce the complexity of the graph the corresponding o values were only labeled
for one of the three curves. It can be seen that choosing different weights on the
electric energy results in very different consumption and battery charge levels over
the cycle. A high « value, corresponding to the right most solution points on
the curve, will lead to a high positive ASOC. In this case the battery is charging
most of the time, since charging has a reducing effect on the cost. Reducing the
weighting factor o the battery charge level at the end of the cycle is lower and fuel
consumption is reduced. Less fuel was transformed into electric energy. However,
for an « value of zero the ASOC value is further reduced, but fuel consumption is
increased. In this case, less energy is recovered in the battery while more fuel was
consumed. This leads to the conclusion that overall more energy must have been

consumed.

In Figure 5.18 the same solution points were plotted. However, while Figure
5.17 showed the dependency on initial SOC value, we can here see the solution
points plotted dependent on the weighting factor . This graph can be used
to compare the energy efficiency of the optimization results using the method

proposed by SAE. For each « value the optimal velocity trajectory was computed
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FI1GURE 5.17: Fuel consumption versus ASOC dependent on initial SOC

for three different initial battery charge values. Each line in this graph represents
the solutions to an optimization with a specified o value. In addition, the vehicle
consumption was simulated for the original cycle and added to the graph for
comparison. The linear interpolation line of the original drive cycle is represented
by the magenta line (non-dashed). For all a values it can be seen that using a
lower initial battery charge results in battery charging vehicle operation and high

initial battery charges lead to battery depleting vehicle operation.

Figure 5.18 shows that the consumption of the original cycle is much higher than
that of some of the optimization results. Using an « factor of 3 or 3.25 the vehicle’s
fuel consumption can theoretically drop more than 20% for similar final levels of
battery charge. Nevertheless, it can be seen that the « value has to be specified
in an appropriate range in order to achieve global energetically optimal vehicle
operation. A lower « value, close to zero, results in less battery charging but still
increases the overall energy consumption for the trip. A very high choice of the
weighting factor can result in unnecessary battery charging and therefore wasted

energy in transformation losses.

To analyze most efficient hybrid vehicle operation in detail a section of the previ-
ously studied drive cycle was chosen. The selection in Figure 5.16 shows a 150s

segment between two stops. As previously, the optimal velocity trajectory was
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computed for different o values. For an initial battery charge of 50% the resulting
velocity profiles are plotted for o = [0, 3,6] in Figure 5.19. The original velocity
profile for this segment is shown in red. The black (dotted) line represent the
optimal velocity trajectory when specifying an « value of 6 in the optimization
process. The energetically best velocity profile computed with a weighting factor
of 3 can be seen in green. If electric battery use is not taken into account, and «

is set to zero, the optimization resulted in the blue velocity profile.

The three velocity trajectories show clearly the effect of a non-appropriate weight-
ing factor in the cost function. When battery use was weighted to high, here seen
as the black velocity trajectory, the optimal velocity trajectory shows oscillations.
The vehicle is never operated at constant speed. It is either accelerated, with high
power demand, or regenerative braking is used. To operate the vehicle in charg-
ing mode at all times the vehicle speed is used to force the control strategy to
demand battery charging. The energy management in the Prius hybrid vehicle is
constructed such that, when high power demands occur, the engine is turned on.
The engine output is used to satisfy the wheel demand and/or charge the battery.
At high acceleration rates the battery is therefore rarely discharged. When the
vehicle is decelerated the electric system is always in regenerative mode and the
kinetic energy is used to increase battery charge levels. The velocity trajectory

results in high fuel uses, but also in a high final battery charge. However, due to
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FIGURE 5.19: Eco drive cycles for different alpha values

the transformation losses this operation cannot be globally optimal. In addition,
following the specified velocity profile would result in very fast mode switching,

which was not penalized in the inverse vehicle model.

When battery operation is not taken into account, it seems that electric energy
is freely used at inappropriate times and the internal combustion engine is only
turned on when necessary. With this the battery is used in depleting mode. Nev-
ertheless, the engine has to be used at some point, when sufficient electric energy
is not available. In Figure 5.19 the blue profile represents the solution to the
optimization where o was set to zero. The engine is mostly turned off. When
the battery’s discharge reaches levels close to the control boundaries the vehicle’s
speed is reduced such that the engine does not have to be started. This operation
can be seen at ¢ = 85 — 100s and at ¢t = 130s in Figure 5.19. With this, the
vehicle can stay in electric mode, which results in zero cost. This vehicle use does
not result in globally optimal operation. While final fuel levels are rather low,
the battery is discharged and will eventually have to be recharged. Low « values
might be applicable to the case of a plug-in hybrid vehicle, where battery charge

depletion is normal at the end of a trip.

The energetically optimal velocity trajectory can be computed with a weighting

factor of around three. The green velocity profile in Figure 5.19 shows globally
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efficient vehicle use in comparison to the originally driven segment.

The entire extra-urban drive cycle and its corresponding optimal eco cycle were
tested using the dynamic VEHLIB vehicle simulation. Considering the correct
balance of electric and fossil fuel energy the vehicle consumed 4.02 L/100km to
perform the trip, while the original drive cycle used 4.83 L/100km. The battery,
having an initial SOC value of 50% for both profiles, was charged to 64.1% while
the original profile resulted in a final battery charge of 60.3%. With this the
overall energy consumption was reduced. To understand most efficient vehicle
functionality the operation of each major drive train component was analyzed. In
Table 5.8 the average efficiency of each component in motoring and regenerative

phase can be observed.

components original cycle (motor/gener- | eco cycle (motor/generator
ator phase) phase)

Final Drive [%] | 97 97

EMI [%] 86.2/37.2 §7.2/89.4

EM2 [%] 88.1/88.2 90.8/90.7

Engine [%] 35.1 35.0

Battery [%] 96.3/91.4 96.7/94.7

TABLE 5.8: Component efficiency

We found that, while the efficiencies of the electric components increased slightly
for the eco cycle, the engine efficiency was reduced by a small amount. Nonetheless,
we can assume that a major reduction in energy consumption is not due to small
increases in component efficiencies in the drive train. The chassis operation was
therefore investigated. Similarly to the electric and conventional vehicle, it was
established that, as a result of intelligent choice of acceleration and velocity rates,
the energy necessary to overcome resistance forces and to accelerate the vehicle’s
inertia was reduced. Likewise, it seems that the rate of deceleration is critical in
order to regenerate a maximum amount of energy. In Figure 5.20 bar graphs are
used to illustrate the energy consumption of the Prius over the original and the

optimal drive cycle in motoring and in deceleration phase.

In the first graph the energy needed to overcome resistance forces, which includes
rolling resistance and aerodynamic drag, can be seen in blue. The energy used to
accelerate the vehicle’s mass is shown in the stacked graph in green. It was found
that the sum of energy is a lot higher for the original cycle than for the eco cycle.

This leads to higher overall energy consumption of the original cycle. Investigating
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FIGURE 5.20: Energy Consumption in Motoring and Deceleration Phase of
Prius

the deceleration phase, it was found that, with the applied deceleration rates, less
energy was available for recovery for the eco drive cycle. However, from the second
graph in Figure 5.20 it can be seen that for the original cycle the deceleration
phase was not adapted to the vehicle architecture. Hence, the percentage of kinetic
energy regenerated and actually used to charge the battery is lower. In the original
drive cycle a small percentage of energy is lost in friction braking, while the eco
cycle uses almost never the mechanical brake. The eco cycle recovered 74.3% of the
energy available for regeneration, while the original cycle was able to regenerate
only 68.7%.

With this analysis it was concluded that, for the hybrid vehicle discussed, the
losses in the drive train due to varying efficiencies are not as important for eco
driving as the losses due to increasing resistance forces and acceleration power. In
order to reduce energy consumption the vehicle speed should be kept as low as
possible to reduce energy spent on resistance forces, and particularly to overcome
the aerodynamic drag forces. High acceleration rates were used over short times
in order to reduce the energy needed to accelerate the vehicle’s mass. Although
hybrid vehicles have the ability to regenerate kinetic energy, frequent acceleration
and decelerations result in an increase of energy consumption. To use appropri-
ate deceleration rates the vehicle configuration and control strategies should be

considered to allow for maximum energy recovery.
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drive train cycle gain in energy consump-
tion
conventional NEDC 17.9%
HYZURB 27.2%
HYZROUT 25.1%
HYZAUTO 7.9%
electric AIXAM1 19.3%
AIXAM?2 4.5%
AIXAM?2 12.1%
AIXAMS3 9.4%
hybrid HYZROUT 17%

TABLE 5.9: Overview of potential gains due to eco driving

5.4 Conclusion

Potential gains of eco driving were discussed for three representative vehicle ar-
chitectures: the conventional, the electric and a power-split hybrid vehicle drive
train. Optimizing drive cycles that simulated different vehicle missions, the op-
timal, vehicle specific, velocity profile was identified taking into account speed
limits, stops, time constraints and road grade. Comparing the resulting vehicle
operation with general driving, important factors for eco driving were discussed
for each drive train type. An overview of potential gains identified for different

vehicle architectures can be seen in Table 5.9.

The conventional vehicle operation was optimized for four drive cycles, represent-
ing a standard cycle, urban, extra-urban and freeway driving. For verification the
resulting optimal velocity profiles were tested in a hardware-in-the-loop setting on
an engine test bench. The measurements showed that applying ideal vehicle oper-
ation can reduce fuel consumption up to 27 % for an urban setting. Analyzing the
velocity profile we established that, while component efficiency has increased only
slightly, the energy needed to drive the eco cycle was much lower than that used for
the original missions. It was found that low stabilized vehicle speeds, and rather
short, but high acceleration rates lead to decreases in energy consumption due to
reductions in resistance forces and inertial acceleration forces. In the deceleration
phase engine braking can result in better fuel economy because fuel consumption

on engine idling is reduced.

Operation of the electric AIXAM Mega City vehicle was optimized for four adapted
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drive cycles. With these, real-life and standard drive cycles were simulated, with-
out exceeding the vehicle’s maximum speed of 65km /h. The energy consumption
of the vehicle over the specified original and eco cycles was measured in an exper-
imental setup. Testing the vehicle on a chassis test bench a real-life driver was
used to follow the drive cycles. It was found that for electric vehicle’s eco driv-
ing presents an important potential to reduce energy consumption. Especially for
real-life drive cycles gains in consumption of up to 19% were identified. The simu-
lation results show that drive train component efficiency is generally not a critical
factor for globally ideal vehicle operation. Appropriate choices of vehicle velocity
and acceleration resulted in decreases of the overall energy consumption. This is
due to the reduction in resistance forces and energy spend on acceleration and
deceleration phases. The use of accurate deceleration rates is important in order

to maximize energy regeneration. Hence, vehicle specific modeling is necessary.

To optimize the more complex, hybrid vehicle operation the dynamic programming
method was applied in a non-classic way. Using a forward facing optimization al-
lowed us to take into account battery state dependent drive train functionalities.
A new objective function was defined such that fuel consumption and battery use
were considered in the optimization process. The factor o was introduced to con-
struct a weighted cost function. To compare the energy consumption of different
trips, when final battery SOC is not identical to the initial, a linear interpolation
method was applied as suggested by SAE. We computed optimal vehicle operation
for an extra-urban, real-life, drive cycle. The mission was optimized, considering
various a-weighting factors, for three different initial battery charge levels. From
the results it can be seen that eco driving has high potentials even for fuel efficient
hybrid vehicles. However, the appropriate weight between fuel consumption and
battery use is critical for good results. For the simulated real-life drive cycle a
reduction in energy consumption of about 17% was calculated. While the optimal
velocity profile showed slight increases in efficiency of the electric drive train com-
ponents, it seems that a major reduction in energy consumption is achived due to
the choice of velocity and acceleration rates. Low, stabilized velocities are ideally
used in combination with short high acceleration rates. In the deceleration phase
the regenerative capacity of the vehicle drive train has to be taken into account

to optimize kinetic energy recovery.

An overview of optimal vehicle operation for the studied vehicle drive trains can be

seen in Table 5.10. In general it can be concluded that, above a certain minimum
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‘ drive train ‘ acceleration‘ stabilized speed ‘ deceleration

‘ gear shift

conventional

high

low, constant

engine braking,
hard  mechanical
braking

highest possi-
ble gear

electric

high

low, constant

electric brake, hard
mechanical braking

hybrid

high

low, constant

regenerative brak-
ing, rarely friction
braking

TABLE 5.10: Overview of optimal vehicle operation

speed, increases in drive train component efficiencies have negligible effects on

overall energy consumption. Using short, high acceleration rates to reach rather

low, constant operating speeds seems to result in minimum energy consumption

due to reductions in resistance force and inertial acceleration forces. We can there-

fore define eco driving factors for acceleration rates and stabilized speed phases

drive train independent. In the deceleration phase it is very important to consider

drive train specific models in order to maximize energy recovery.
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Up to this point ideal velocity trajectories were discussed. The trajectory optimiza-
tion problem solved in Chapter 5 considered only drive train specific limitations
and trip or road dependent constraints. This chapter deals with the integration of
more complex constraints. We will here study the influence of traffic limitations

and emission constraints on potential gains of eco driving.
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Traffic is an unpredictable variable when optimizing vehicle operation for a desired
trip. However, in the development of driver assist systems it is also one of the most
important parameters that have to be taken into account. Neglecting a vehicle’s
traffic environment could result in advice that leads to safety risks for the driver.
While energy consumption is the objective to be optimized, we do not want to
trade-off driver safety in order to reduce consumption. In Section 6.1 the effect of
traffic on fuel consumption gains in an urban setting is analyzed. Since secondary
vehicle behavior is hard to predict, experimental data was used to compute fuel

optimal and safe vehicle operation for a conventional test vehicle.

Eco driving strategies are often applied due to their economic advantages. For eco
driving to also show ecologic advantages the emissions of the energetically opti-
mal velocity profiles have to be investigated. Section 6.2 presents an approach to
integrate environmental constraints in the trajectory optimization process. Using
hardware-in-the-loop experimentations on an engine test bench the pollutant gas
emissions were measured for the fuel optimal drive cycles. From initial experimen-
tal results optimization constraints for emissions were derived. Economically and

ecologically optimal vehicle operation is discussed in Section 6.2.4.2.

6.1 Eco driving with traffic constraints

Driver safety should be the most important criterion in the development of a driver
assist system. Advice given by a support system should never have a negative effect
on the driver’s safety. When computing potential energetic gains of eco driving,
we therefore need to take into account traffic constraints. Yet, to our knowledge,
there is no work in literature that treats the dependency of eco driving strategies on
traffic constraints. In the context of this thesis work studies investigated potential
gains due to eco driving in an urban setting where traffic influences the vehicle

operation [30]. A vehicle following situation is considered.

Experimental data was used to specify the vehicle’s mission. Section 6.1.1 lays
out the format of experimental data. Vehicle and trip parameters are specified.
The optimization constraints are defined in Section 6.1.2. Various vehicle follow-
ing criteria, like the total-time-to-collision (TTC), the time-inter-vehicular (TTV)
and the safe distance to brake, are discussed. A brief description of the adapted

optimization process is given in Section 6.1.3. For comparison the optimal velocity
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FI1GURE 6.1: Vehicle Following Situation

profile is computed for the case of no traffic influences. Considering the vehicle
following situation the trajectory optimization problem is solved for a low risk
driver and a high risk driver. The optimization results is found in Section 6.2.4.2.
The unconstrained velocity profile can be compared to a velocity trajectory that

is adapted to the traffic surrounding the vehicle.

6.1.1 Trip specification

A vehicle following situation is illustrated in Figure 6.1. The schematic shows a
vehicle x which is following vehicle y. Vehicle y is often referred to as preceding
vehicle’ or 'vehicle in front’. In our case the goal is to optimize the vehicle operation

of vehicle x without safety risks due to the presence of vehicle y.

To define baseline energy consumption a real-life drive cycle was used. A Re-
nault Clio test vehicle equipped with speed sensors, radar and camera was used
to record a real-life drive cycle with a corresponding traffic situation. With this
setup the vehicle speed (v,) of the test vehicle as well as relative speed (Av,,) and

acceleration (a,) of the preceding vehicle were stored.

Integrating the vehicle speed (v,) the distance of the test vehicle (d,) can be found

as a function of time.

t

dy =Y va(t)At (6.1)

When given the relative speed of the preceding vehicle (Av,,) the distance (d,)

and the velocity (v,) can be calculated as a function of time:

Uy = Uy + Ay, (6.2)
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FIGURE 6.2: Real-life drive cycle with car following

t

dy =Y v,(t)At (6.3)

With these computations we can assume that the distance, velocity and accelera-
tion of vehicle x, the test vehicle, and vehicle y, the preceding vehicle, are known.
Figure 6.2 shows a sample cycle. The plotted drive cycle represents urban driv-
ing. The first plot shows the recorded vehicle speed as a function of time. In the
second plot the distance between the test vehicle and the preceding vehicle can
be observed. Inconsistencies in traffic result in periods where no vehicle is being
followed. At other times, often at stop lights where the vehicle is at rest or at
low speeds, the distance between the vehicle x and y is very small. At periods
where no preceding vehicle was identified by the sensors the distance to the vehicle
in front was fixed to a very large value (here 100m), such that this cannot have
an influence on optimal vehicle operation. It can be seen in Figure 6.2 that at
certain times the vehicle following distance for the used real-life driver was very
small. It was found, that in an urban setting sufficient safety distances are often

not respected, especially in acceleration and deceleration phases.

The drive train of the Renault Clio can be modeled similarly to the Peugeot 308
conventional drive train presented in Section 3.3. The vehicle is a small passenger
vehicle with a mass of 1020kg. The power is transmitted through the mechanical
shaft and a 5-speed manual transmission to the engine. The vehicle is propelled

by a 1.5L diesel engine that can achieve a maximum combustion efficiency of 40%.
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Using the vehicle model of a conventional drive train the fuel consumption can be

computed instantaneously as a function of vehicle speed and acceleration.

In the following the experimentally recorded vehicle data is used to identify po-

tential gains due to eco driving while satisfying established safety criteria.

6.1.2 Optimization constraints

Previously only trip and road constraints were considered in the trajectory op-
timization. To derive trip and road constraints the experimental data, shown
in Figure 6.2, can be used, applying the procedure described in Section 4.1.2.
Constraints are specified on the initial and final states. In addition we defined
maximum speed limits as a function of distance. Further, we will here integrate
traffic constraints considering a vehicle following situation. It is assumed that
the vehicle in front cannot be passed, and the vehicle speed therefore has to be
adapted. Hence, constraints on vehicle velocity and distance have to be speci-
fied to ensure safe vehicle following. Three factors for safe vehicle following are
investigated: the safe braking distance, the time-inter-vehicular (TIV) and the
time-to-collision (TTC).

Although it is not often used in rules for safe vehicle following, the safe braking
distance seems a rather intuitive way to specify a good following distance. To
compute the safe braking distance the maximum deceleration rates of vehicles x
and y are estimated by Gping = Qminy = —9 = —9.81m/s?, which was identified as
an appropriate value for the maximum braking capacity of passenger vehicles [97].
If, for some reason, vehicle y brakes at its maximum deceleration rate the safe
distance is defined by the distance that is needed for vehicle x to come to a full
stop without colliding with vehicle y. This distance includes the driver’s reaction
time. A realistic reaction time, T}...., for a driver can be specified by 1s. The time
to decelerate vehicle  and y from the current speed to a full stop is then defined
by

At, = 6.4
Tl (6.4)
—
At, = —= 6.5
Aminx ( )
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FIGURE 6.3: Safe Following Distance Criterion

With this the distance needed to slow down can be calculated with

dy = vy Aty + 0.5 apminy At§ (6.6)

dy = Vo Treact + Vo ty + 0.5 Gpine At (6.7)

The safe distance (dsqfepr) to avoid collision when braking is then given by the
difference of the two distances. Theoretically the safe distance can be zero or
negative when vehicle y is faster than vehicle x. In real life the minimum distance
between two vehicles necessary for safe vehicle following is always the distance the
vehicle covers in the reaction time. The minimum is therefore set to the distance

driven during reaction time.

dsafebr = maz(UxTreacta dx - dy) (68)

To illustrate the shape of this distance, it has been plotted for different vehicle
speeds v, and v, in a 3D graph. The surface is shown on the top left in Figure
6.3.
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A measure often used by drivers in real-life driving on highways is the time-inter-
vehicular (TIV). The French highway code [98] specifies the minimum allowable
TIV to be 2s. Instantaneously, this measure does only take into account the own
vehicle speed and neglects the speed of the vehicle in front. The minimum safe

distance (drry) between two vehicles using the TIV is calculated by:

dTIV = ’UITIV (69)

A TIV of 2s is often recommended. This time window takes into account the
drivers reaction time of about 1s, which then leaves him 1s to slow down his
vehicle. The shape of the distance computed using a TIV of 2s can be seen in
Figure 6.3 in the bottom left graph. It can be seen that the shape is independent
of the v, speed.

A third criterion, often used for implementation in collision warning devices, is the
time-to-collision (TTC) [99]. Assuming that the vehicle speeds stay unchanged this
parameter specifies the time it will take until the two vehicles collide. The TTC

is calculated using the following equation:

rre == %)

(vy — vy)

(6.10)

If a desired TTC is specified, the minimum allowable distance can be derived.
Figure 6.3 shows minimum, safe following distances for a T'TC of 2s in the top right
graph and for a TTC of 4s in the bottom right graph. When v, is greater than v,
the equation does not hold. Theoretically the distance is zero, since no collision will
occur if the vehicle in front is driving faster than the vehicle following. Nonetheless,
for safe vehicle following, the lower boundary for the minimum allowable distance
was chosen to be the distance driven during the time of reaction d,cqet = Vil react-
It can be seen that doubling the TTC from 2s to 4s results in much larger allowable

minimum distances between the two vehicles.

From Figure 6.3 it can be seen that the shape of the minimum allowable following
distance for the considered criteria is very different. The TIV criterion is indepen-
dent of the speed of the preceding vehicle. However, for the safe braking distance
and the TTC factors the safe following distance is increasing when the speed of

vehicle x is much larger than that of vehicle y. To compare the characteristics
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FIGURE 6.4: Safe Following Distance Criterion in Comparison

of the three parameters the minimum allowable distances are illustrated in a 2D
graph for 4 different values of v,. The four plots in Figure 6.4 show the computed
minimum allowable, safe following distance as a function of vehicle speed. The
preceding vehicle speed is assumed to be very slow in the first graph, it is set to
Im/s. The lower three graphs show the change in allowable following distance if

the velocity of the preceding vehicle is increased to 5m/s, 10m/s and 20m/s.

As previously noted the TIV parameter, here represented by the green line
(points), is a v, independent function and therefore does not change shape through-
out the four graphs. For low preceding vehicle speed it seems that this parameters
can be categorized as a high risk vehicle following criterion since it specifies the
lowest minimum following distance. The graph shows clearly the difference be-
tween a TTC of 2s, plotted in light blue (squares), and a TTC of 4s, drawn in
dark blue (crosses). While the higher TTC represents very safe driving, a TTC
of 2s represents the most risky vehicle following distance for the four computed
preceding vehicle speeds. The safe braking distance seems to represent a medium
risk vehicle following criterion. However for high v, the safe-braking-distance pa-

rameter recommends very high distances between the two vehicles.

Any of the three criteria can be integrated in the proposed algorithm. For urban

driving we want to discuss a low and a high risk vehicle following case. It seems
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that for vehicle speeds in the urban range this can be done using a T'TC of 2s for
a risky driver and a TTC of 4s for a cautious driver. From experimental data the
distance of the preceding vehicle, d,, is given. Fixing the TTC value, the minimum
allowable distance between the two vehicles, drre, can be computed using the two
vehicle speeds, v, and v,. Therefore, we define the optimization constraint on the

distance d:

dy(t) — do(t) > drrc (6.11)

6.1.3 Optimization Method

The trajectory optimization problem can be defined as presented in Section 4.1.
For optimization purposes the motion of the system is specified in discrete form.
The objective of the optimization is to minimize fuel consumption of the tested
conventional vehicle for a given mission, while trip, road and traffic constraints are
respected. The optimal velocity profile is identified using a nested optimization
algorithm, where a two dimensional dynamic programming method is used in
combination with advanced root finding methods. The trajectory optimization

was presented in detail in Section 4.2.2.

There are two ways to integrate the considered traffic constraints: as a constraint
on time or as a constraint on distance. The two dimensional method chosen for
optimization uses the axis distance and velocity. In this work we therefore integrate
the traffic constraint as a limitation on the distance of the vehicle. However, time
still plays an important role, since the distance of the preceding vehicle is defined as
a function of time. It is therefore necessary to keep track of the time at which the
test vehicle passes a certain distance. Computing the optimal velocity trajectory
backward on the x-axis, it is not possible to specify the time the vehicle passes at
a certain distance. Similarly to the optimization strategy applied to the hybrid
vehicle (Section 5.3.1) we therefore applied the dynamic programming algorithm
in a non-standard way, computing the optimal trajectory in a forward facing way.
With this method the optimal trajectory is identified starting from the initial

distance, calculating forward in distance, and therefore time.

Searching for the best solution from the initial to the final state, we can keep track

of the time at which the vehicle passes a certain distance. Given the experimental
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data, distance and velocity of the preceding vehicle are known as functions of time.
Given the operating time of the optimal velocity trajectory at some distance the
possible choices of vehicle speeds can be constraint. With this, at time ¢, for some
distance d certain choices of velocity are not allowed in order to satisfy the traffic

constraint.

6.1.4 Results

The urban real-life drive cycle, seen in Figure 6.2, was used to define a driver’s
mission and the surrounding traffic constraints. Applying the optimization algo-
rithm the ideal velocity profile was computed with and without traffic constraints.
For comparison a high risk driver scenario (TTC=2s) was imagined as well as a
cautious driver (TTC=4s).

Figure 6.5 shows the resulting vehicle operation. The first graph shows the original
drive cycle in red and the unconstrained optimal velocity profile in green (dashed).
In the second graph the traffic constrained solutions can be seen together with the
original drive cycle. A high risk driver, respecting a TTC constraint of 2s, is
represented by the dark blue (dashed) curve. The light blue (dashed) line shows

the ideal vehicle operation for a cautious driver.

The resulting velocity trajectories show that ideal, unconstrained vehicle operation
uses short, hard acceleration phases and low constant speeds. Variations in vehicle
speeds are rare because any acceleration and deceleration phase results in a waste
of energy. The constrained velocity trajectories show more variations in vehicle
velocity. When a preceding vehicle is present the recommended ideal vehicle speed
is reduced to ensure safe operation. In Figure 6.5 an example of such a situation
is given at ¢ = 60s. The unconstrained optimization solution shows constant
vehicle speed while the traffic constrained velocity profile reduces the operating
speed, similarly to the original driver, to avoid a collision. However, reducing the
vehicle speed results in a lower average trip velocity. To compensate for sections,
where lower vehicle speed is recommended due to traffic, the constrained ideal
velocity profile uses higher maximum speeds to satisfy the fixed time constraint.
In the second plot of Figure 6.5 it can be seen that these phenomenons are stronger
when low risk driving is considered. More frequent variations and higher maximum
speeds are present in the velocity profile computed with a TTC of 4s than for the
one calculated with a TTC of 2s.
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FIGURE 6.5: Optimal Velocity Trajectory

All computed ideal velocity profiles result in the same mission. From Figure 6.5
it can be seen that trip constraints in initial, final state and arrival time were
satisfied. Before comparing energy consumption for the identified drive cycles the
road and traffic constraints need to be verified. The left graph in Figure 6.6 shows
the optimal velocity trajectories as a function of distance. The distance dependent
maximum speed limit can be seen in red. The calculated ideal velocity profiles
never exceed the maximum velocity limitations and road constraints are therefore

respected.

To verify the traffic constraint integration the TTC-values throughout the cycles
were computed. For comparison Figure 6.6 shows the resulting TTC values in the
right graph. To evaluate the effect of the constraint, the TTC values are plotted
for the traffic constraints eco cycles as well as the unconstrained ideal velocity
profile. The purple and red lines show the TTC limitations of 2s and 4s. In green
the TTC operating points of the optimal eco-cycle without traffic constraints can
be seen. It is shown that the cycle does not respect any safety constraint and the
TTC values drop well below the boundary lines. Multiple negative TTC values
can be observed for this cycle. From Equation 6.10 it can be concluded that in this
case either the distance of vehicle x is greater than that of vehicle y, or the velocity

of vehicle x is smaller than the velocity of vehicle y. The points, where vehicle x
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FIGURE 6.6: Road and traffic constraints of ideal velocity trajectories

is following vehicle y but the speed of vehicle x is smaller than that of vehicle y,
are not plotted in this graph. The points were deleted because they do not show
any importance in TTC, since no collision is possible in this case. Therefore, since
the remaining points correspond to the first case, we can conclude that with the

choice of this velocity trajectory a collision would already have happened.

In dark blue the TTC values of the optimal vehicle operation with TTC=2s is
plotted. We see that the TTC values never drop below the 2s boundary. The light
blue TTC values, which represent the optimal operation with TTC=4s, never
show a TTC lower than 4s. Due to the restriction of traffic the optimization of the
trajectories for these two cases is limited. Vehicle speeds were adapted to those of
the preceding vehicle. Due to the forced change of the velocity profile an increase

in fuel consumption is expected.

To compare the gains of eco-driving with and without traffic constraints, the fuel
consumption was calculated for the computed cycles. In Table 6.1 the fuel used for
each of the cycles can be seen. The fuel consumption was computed applying an
optimal gear for the eco cycles as for the original cycle. To drive the originally spec-
ified drive cycle the vehicle consumed 97.36g of fuel. Without traffic constraints
this number can be improved to 64.10g for the same mission. Not considering the
preceding vehicles the driver can theoretically arrive at his destination in the same
time while consuming 34% less fuel. Applying safety distances to integrate traffic
constraints the optimal fuel consumption has increased to 69.62g for a TTC of 2s

and to 82.3g for a T'T'C of 4s. In total, an optimal velocity trajectory resulted in a
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| cycle | constraint | fuel consumption [g] | gain [%] |
original cycle driver 97.36 -
eco-drive cycle - 64.10 34
eco-drive cycle | TTC=2sec 69.62 28
eco-drive cycle | TTC=4sec 82.30 15

TABLE 6.1: Fuel Consumption of Optimal Velocity Trajectories

gain of only 15% when traffic constraints were integrated with a TTC of 4s. The
decreases in optimal fuel consumption are due to increased velocity fluctuations

and higher vehicle velocities.

Note: When we computed TTC-values for the original cycle, as performed by the
driver, it was found that the real-life TTC-values fluctuate a lot. Some very small
TTC-values, close to zero, were found. The driver’s natural vehicle operation
resulted in situation close to collisions. It is assumed that these were times when

the driver was overtaking the preceding vehicle.

6.1.5 Conclusion

Considering a vehicle following situation, the effects of traffic on potential fuel
consumption gains of eco driving were discussed. Experimental data from a radar
equipped vehicle was used to specify a real-life vehicle mission and its surround-
ing traffic situation. Several safe vehicle following criteria were discussed and
compared in their minimum allowed inter vehicular distance. It was found that
dependent on test vehicle speed and velocity of preceding vehicle the criteria can
result in very different constraints. For the presented studies the time-to-collision
factor was implemented. It can be used to represent a high risk and a low risk

driver.

Using the adapted, non-classical dynamic programming optimization method the
ideal velocity trajectory was identified for an urban trip. The best velocity profile
was computed with and without traffic constraints. For the constrained optimiza-
tion it was found that the resulting ideal velocity profile had frequent acceleration
and deceleration phases due to the fact that vehicle speed had to be adapted to the
traffic. The optimal velocity fluctuated more, and due to time constraints higher
maximum cruising speeds had to be used in order to achieve the same resulting

average speeds for the trip.
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Due to speed fluctuations and increases in maximum velocities the optimal fuel
consumption increased when traffic is taken into account. For the urban scenario
considered an unconstrained optimal driver was able to reduce fuel consumption
by 34%. The potential gains due to eco driving were reduced when considering
a risky driver by 16.6%. If a cautious driver is simulated, the gains due to eco
driving decrease by more than half. However, optimizing the vehicle mission with
known traffic parameters a gain due to eco driving of 15% can still be achieved,

even if safety precautions are taken.

We can conclude that it is important to consider traffic constraints in the investi-
gation of maximum potential gains of eco driving. Due to the constrained vehicle
velocity the gains of eco driving are reduced. However, an important fact that
we need to point out is that safe eco driving did not result in increasing fuel con-
sumption. In order to gain more knowledge about effects of eco drivers in traffic
situations more studies are necessary on various traffic situations. We can conclude
that it is important to take into account traffic constraints in the development of
driver assist systems in order to ensure driver safety. An approach to do so will

be presented in Chapter 7.

6.2 Eco driving with environmental constraints

Eco driving is generally considered to be environmentally friendly due to the re-
duction in fuel consumption and therefore CO2 emission. With the rising fuel
prices the interest in eco driving lies for most drivers in the cost reduction. In
literature a lot of work on energy and fuel efficient eco-driving can be found, but
only one study was found where emission values are considered when discussing
eco driving. Johansson [100]| measured fuel consumption and emission values for
16 test drivers that were educated on eco-driving. In his study Johansson found
that due to more time spent in high throttle engine operation some emission values

increased.

In this work the trade-off between fuel consumption and pollutant emission is dis-
cussed. Economic, fuel optimal, and ecologic, fuel and emission reducing, vehicle
operations are compared. Using hardware-in-the-loop testing the fuel and emis-
sion values of the computed, optimal drive cycles were measured. A simple method

is proposed to integrate fuel and emission optimal gear operation in a dynamic
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setting. It will be shown that eco driving can be applied in a way such that it

represents economic and ecologic advantages.

In the following the optimization problem, integrating environmental constraints,
is discussed. Section 6.2.2 gives a detailed description of the experimental setup.
We will first investigate economic, and therefore cost and fuel reducing, vehicle op-
eration in Section 6.2.3. Using the experimental results, an approach to integrate
environmental constraints is presented in Section 6.2.4. Ecologic vehicle opera-
tion is analyzed and the trade-off between fuel consumption and environmental

constraints is elaborated.

6.2.1 Optimization

The operation of a conventional vehicle is to be optimized for economic and ecologic
operation. As representative compact passenger vehicle the Peugeot 308 vehicle
will be used to demonstrate the algorithm. A detailed drive train model of the
conventional vehicle, including engine parameters, can be found in Section 3.3.
The vehicle is simulated using an inverse model, such that fuel consumption can

be computed as a function of instantaneous vehicle speed and acceleration.

Emissions are a very important factor to be reduced for environmental reasons.
In addition, exhaust emissions should be decreased in an urban setting in order
to improve air quality and therefore our health. We will thus analyze a drive
cycle that represents real-life urban driving behavior. The original velocity profile
together with the driver’s gear selection can be seen in Figure 6.7 in blue. The
shown mission was used to deduce trip and road constraints, which were to be

respected by the optimized velocity trajectory.

In the setup of the optimization problem we can now define two objective functions.
A first cost function is used when economic vehicle operation is computed. In this
case overall fuel consumption is minimized. The cost function can be computed as
a sum of instantaneous fuel rates, derived using the presented non-linear vehicle
model (Equation 3.18):

Fvehl :/f}/fuel@)dt (612)

or in discrete time
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Fvehl = meueli (tz_ > tz+1>Atz (613)
i=1

When ecologic vehicle operation is to be calculated, fuel consumption as well as
emission values have to be taken into account. The cost function can then be
expressed as a weighted function with the two objectives: Pollutant emission and

fuel.

FU€h2 = / (’yfuel(t) + /\’yemission)dt (614)
which corresponds to
Fvehg - ij;uel(ti_ > ti_:,_l)Ati + )\Z‘EmiSSZ'OTLSiAti (615)
i=1

in discrete time form.

Solving the optimization problem for objective functions I'yep, and I'yen, would
be a simple way to identify the economically and ecologically optimal vehicle
operation. However, in order to implement cost function I',.;, in an optimization
process the variable A which describes the weighting between fuel and emission
values has to be known. Target emission values could be specified for a cycle
using the governmentally fixed norm or the initial cycle values. It seems that
such parameters should be cycle dependent and it was found that fixing a cycle’s
emission target is not obvious. Second, in order to compute I'.p,, emission values
have to be available as a function of engine operation. Such values were not
available at the time of this study and the experimental identification of such a
mapping was not possible due to difficulties with the regulation of the test bench.
Moreover, transient effects may lead to a very complex mapping of the emissions
with respect to vehicle operation. The pollutant reduction systems integrated in

vehicles today commonly have their own control strategy and dynamics.

Due to these reasons the optimization problem was solved initially considering
Equation (6.13) as unique objective. Using the experimental results of this op-
timization we will later come back to define the emission values in the objective

function in Section 6.2.4.
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FIGURE 6.7: Original and fuel optimal drive cycle

Applying the two dimensional dynamic programming method in a nested ap-
proach, as described in Section 4.2.2, the most efficient speed profile for a con-
sidered mission can be identified. We solved the optimization problem, minimiz-
ing objective function I',.p,, for the presented urban, real-life drive cycle. Trip
constraints in distance, velocity and time were taken into account. In addition,
the resulting velocity trajectory does not exceed the defined maximum speed lim-
itations. The identified, fuel optimal, eco cycle can be seen in Figure 6.7 in red
(dashed).

To measure fuel consumption and emission values for the drive cycles, the velocity

profiles were tested in an experimental setup on an engine test bench.

6.2.2 Experimental Setup

A hardware-in-the-loop setup was used to test the conventional vehicle for the
described drive cycles. In this approach the EP6 gasoline engine is running in real
time, while the rest of the vehicle is simulated using the Vehlib software (Section
3.6). The load on the engine shaft is simulated by an electric machine. With
this setup the fuel and emission values of the engine can be measured without the

inconvenience of testing an entire vehicle on the road.
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FIGURE 6.8: Engine Test Bench Schematic

A schematic of the engine test bench can be seen in Figure 6.8. The Peugeot
308 passenger vehicle drive train is simulated using the VEHIL vehicle simulation
software [94]. A PID controller is used to simulate a driver that forces the vehicle
to track the specified drive cycle. The DSpace MicroAutoBox Controller runs
the vehicle simulation and commands the EP6 engine in real time. The AVL!
engine test bench consists of an electric machine, that is connected to the engine
output shaft, and a controller that regulates the shaft speed. Test bench specific

parameters can be found in Table 6.2.

The exhaust gas of the engine is passed through the vehicle’s three way catalytic
converter (TWC) to reduce the emission of pollutants. To measure the vehicle’s
exhaust gas emissions the AVL CVS (constant volume sampler) system was used
as well as the HORIBA? emission analyzer. Throughout the drive cycle the diluted
gases are stored in the bags of the CVS system and later passed by the HORIBA
emission measurement to evaluate emissions over a drive cycle. All measurements

were recorded at a frequency of 10Hz.

With the described experimental setup the emission of the gases carbon dioxide
(CO2), carbon monoxide (CO), Nitrogen Oxide (NOx) and Hydro Carbons (HC)

LAVL is a company for the development of power train systems, https://www.avl.com/
2HORIBA is a supplier in the fields of engine test systems, drive line test systems, brake test
systems, wind tunnel balances and emissions test systems, http://www.horiba.com/
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Electric machine AVL APA 102/E
EM maximum torque 255Nm
EM speed range 0-10000rpm
EM force sensor Z6FC3, 200kg

EM speed sensor ROD 426 001B-01024
Speed sensor on engine shaft AVL 364C/364X Angle Encoder

Fuel measurement AVL Fuel Balance 730
Continuous emission measurement HORIBA OBS 2000 PEMS (1Hz)

Average emission measurement | AVL CVS i60 Exhaust gas dilution system

TABLE 6.2: Parameters of Engine Test Bench Equipment

can be measured. Because CO2 is a naturally occurring compound and a prod-
uct of perfect combustion it has not been considered as a pollutant in the past.
However, the EPA (U.S. Environmental Protection Agency) has started to view
CO2 as an environmental concern because it is a greenhouse gas and therefore
contributes to global warming [101]. Together with water vapor, CO2 is a product
of perfect combustion. In the non-perfect case the amount of CO2 emitted while

driving stays approximately proportional to fuel consumption.

CO is produced when incomplete combustion occurs. The carbon in the fuel is
only partially oxidized when the engine is running under rich conditions (air/fuel
ratio less than 14.7). At this operation, rather than fully oxidizing the carbon to
CO2, the gas CO is emitted. CO is a pollutant and reduces the flow of oxygen in
the bloodstream. It therefore reduces reaction times, causes dizziness and can be

dangerous to people with heart disease.

In high pressure and high temperature conditions in the engine nitrogen and oxy-
gen atoms can react to form various nitrogen oxides. When emitted to the envi-

ronment and exposed to sunlight the nitrogen oxides can form ozone.

HC, which includes methane (CH4) and non-methane hydro carbons (NMHC),
can be a product of the combustion process in the engine if fuel molecules are
not burned or only partially burned. In sunlight HC can react with nitrogen
oxides to create ozone. HC is also considered a potential cause of cancer. As CO,
hydrocarbons can be produced under rich conditions due to the lack of oxygen.
In addition, HC emissions are increased in lean conditions due to engine misfires
[102]. All of the four gases are currently considered pollutants and should be

reduced in environmentally friendly driving.
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In our setup the pollution values from the engine are measured downstream from
the three way catalytic converter. With this approach the pollutants emitted to
the environment are measured. Each test was repeated three times to compensate

for emission measurement errors.

6.2.3 Economic vehicle operation

The economically optimal vehicle operation is presented together with the original,
real-life, urban drive cycle in Figure 6.7. The first plot shows the velocity profile
and in the second plot the gear selection for the two cycles can be seen. While the
driver used rather low gear choices the eco cycle minimized fuel consumption with
higher gear engagements. This has an immediate impact on engine operation and

therefore fuel consumption and pollutant emissions.

It was found that for fuel efficient vehicle operation it is best to use hard, short
acceleration phases to attain the lowest, with the time constraint possible, cruising
speed. This leads to low acceleration power and short acceleration time. Reducing
the aerodynamic drag loss due to the reductions in average vehicle velocity reduces
the overall energy consumption. To satisfy the time constraint each segment ends

with a short, rather hard deceleration phase.

Testing the two cycles on the engine test bench the fuel consumption was measured.
It was found that fuel consumption was reduced by 27.8% from 9.0 1/100km for the
original cycle to 6.5 1/100km for the eco cycle. The AVL emission measurement
system was used to evaluate the gas emission values over the two test cycles. In
Table 6.3 the measured values can be observed. Similarly to fuel consumption, the
optimal cycle was able to reduce CO2 emissions. However, while fuel consumption
and CO2 emissions decreased, the measurements show that emission values of CO

and HC increased significantly.

The tested EP6 gasoline engine is certified for the emission norm Euro TV. This
implies that for the standard test cycles the engine emits less than 1g/km of CO,
less than 0.08g/km NOx and less than 0.1g/km of HC. To analyze the measured
emission values these values can be used as a reference. The average NOx values
seen in Table 6.3 show that the NOx emissions stayed well below the norm for

both drive cycles. After several measurements no trend was identified for the two
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| Emission in g/km | CO2 | CO | NOx | HC | fuel consumption [l/100km] |

Original Cycle 207.0 | 2.06 | 0.0055 | 0.068 9.0
Eco Cycle 141.0 | 5.78 | 0.0046 | 0.12 6.5
Euro IV norm (NEDC) - 1 0.08 0.1

TABLE 6.3: Emission Measurement Original Cycle versus Eco Cycle

drive cycles and we therefore concluded that the measured NOx values were too

small to show any significance.

In comparison with the Euro IV norm the measured CO emission values were very
high. Since engine norms are certified over specified drive cycles it is possible
that these limitations are exceeded by non-standard cycles, as here with the urban
cycle. While the original, real-life cycle results in two times the legal emission
the identified economically optimal cycle produces almost six times as much CO
emissions as specified by the European norm. For the HC, the original cycle was
able to stay within the limitations of the norm, while the fuel efficient eco cycle

exceeds the European limitations for HC emissions.

To identify the source of such high CO and HC emissions the engine operation
was compared for the two cycles. In Figure 6.9 the operating points of the engine
on the test bench can be seen for the original cycle on the left and the optimized
vehicle operation on the right. Due to the high acceleration rates and high gear
choices of the eco cycle the engine is operated mostly in very high torque and low
speed regions (Figure 6.9 b) while the original cycle uses the low torque and high
speed region (Figure 6.9 a). In order to run the engine near maximum torque more
fuel has to be injected. The air/fuel ratio is therefore reduced. At this point the

engine is operated at rich conditions.

With this analysis it is assumed that the increases in CO and HC emissions come
as a direct result of high torque engine operation. To support this assumption the
measured continuous emission values were associated to the instantaneous engine
operation. In Figure 6.10 a contour plot of the CO and HC emission values for the
eco cycle engine operation can be seen. In the left plot the CO emission for used
engine operating points is plotted in parts per million (ppm?) in ambient air. In
the right graph, HC is plotted as a function of engine operation in ppmC (parts

per million carbon). The black line shows the maximum engine output torque for

3ppm, parts per million: notation often used for very small quantities, denotes one part per
1,000,000 parts(or 1% = 10,000 ppm)
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a specific speed. The black dashed line represents 85% of maximum torque. From
this figure we can deduce that high density regions, where a lot of CO and HC
were emitted, are found in the high torque range. It is therefore concluded that

the elevated emission values are due to rich, high torque engine operations.

While low speed, high torque operation results usually in more fuel efficient opera-
tion, it also increases pollutant emissions. We can see that there exists a trade-off
between fuel efficiency, and therefore economic vehicle operation, and emission

reducing, ecologic, vehicle operation.

6.2.4 Ecologic vehicle operation

In this section we propose an approach to integrate pollutant limiting constraints
in the optimization process to ensure environmentally friendly eco driving. Due
to its economic and ecologic advantages the resulting velocity profile will be called

eco? cycle.
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With the analysis in Section 6.2.3 it was shown that exhaust emission is strongly

dependent on engine torque. Investigating the economically optimal vehicle op-

eration we can assume that high emission engine operation occurs in the 85% to

100% torque range. We can now define an objective function I'yep, to optimize

the vehicle’s trajectory for ecologic operation. To reduce the time the engine is

operated in the high torque region the weighting factor A (Equation 6.15) is used

as a constraining parameter. Using the experimental results from Section 6.2.3 to

fix the values of A the objective function ', is defined as *:

with

Fvehg - Z(’quel(tz) + )‘z)

Ao
0

Zf Teng > XTengmam (weng)
Zf Teng <= XTengmax(weng)
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In our case x was fixed to 0.85. The objective on emissions is hereby integrated
as a soft constraint. When lower torque solutions can be used to satisfy all other
hard constraints the high torque engine operation is never chosen. However, if,
due to fixed time constraints, high torque vehicle operation is necessary the engine

can be operated in the high emission zone.

Considering cost function ['y.p, the environmentally optimal velocity trajectory
was computed for the treated urban mission. The velocity profile, resulting in
emission optimal vehicle operation, can be seen in Figure 6.13. In this graph the
original cycle is plotted in blue, while the economic, fuel optimal profile can be seen
in red. The ecological, emission optimal velocity trajectory can be seen in green.
Computing the emission optimal vehicle operation we found that the differences
between the eco cycle and the eco? driving profiles were minimal. However, the
derived emission optimal gear choices had drastically changed from the economic
operation. This is due to the fact that most engine operating points had to be
moved from the high torque, low speed region to a lower torque, higher speed

operation.

In the optimization process an inverse modeling approach was used, where gear
changes are assumed to occur instantaneously. However, to simulate a cycle’s
consumption and to measure fuel economy experimentally on the test bench, a
direct vehicle model is used, where gear changes take a certain amount of time
and torque interrupts exist. Testing the computed ecologically optimal vehicle
operation it was found that gear changes are demanded too frequently. The vehicle
simulation was not able to follow the specified velocity profile due to frequent up-
and down shifts in the gear box. We therefore propose a method to select the

ecologically optimal gears automatically in a dynamic setting.

Automatic optimal gear selection In simulations of automatic gear boxes the
gear changes are often triggered dependent on engine demand (throttle or torque
demand) and engine rotational speed (weny). Commonly engine minimum speed
as a function of engine demand (wWgearmin(Teng)) and engine maximum speed as a

function of engine demand (wgearmaz(Teng)) are defined. With this, when engine

4)\g = 10000; A number was chosen that, in comparison with the cost of allowable operating
points, is infinitely big. However, we cannot set the cost at these points to infinity since the
operation has to be possible if necessary due to a hard time constraint
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speed drops below engine minimum speed, a down shift is induced. Similarly, if
engine speed passes above the engine maximum speed a higher gear is engaged.
The functions Wyeqrmin aNd Wyearmaz can be chosen gear independent or may vary
for different gears. Dynamic models usually consider the time it takes to disengage
and engage a gear. Throughout the gear change a torque interrupt occurs. The

time of a gear change was fixed in our simulation to 1s.

for all m,n find engine
— calculate vehicle operating
Vyeh™ ; .
operation for points for
[0,...,Vmax] .
Vm, @p With each gear
optimal gear gear(m,n)
_ weng(msn) - e
Ayeh™ Teng(m,n) i B
[amin,---aamax] L“ il

FIGURE 6.11: Calculation of optimal gear for Engine Operation

In our approach the model of the conventional vehicle, derived in Section 3.3,
was utilized. The schematic in Figure 6.11 illustrates the process that was im-
plemented. First the range of vehicle velocity (vq.) and vehicle acceleration
(@min, Gmaz) Needs to be specified. The vectors vy, with length m and a,e, with
length n can be defined using some reasonable step size. With the constructed
vehicle simulation the optimal gear choice, and therefore the emission optimal ve-
hicle operation, can be computed using the cost function defined in Equation 6.16.
Consequently, matrices of size (m,n) of gear choice, engine speed (wen,) and en-
gine torque (7.,,) are computed for all possible vehicle operations (v,,, a,). With
this the engine operating points for optimal gear selections for gears 1 through 5
can be identified.

In Figure 6.12 the engine operation in speed and torque are plotted for gears 1
through 4. Since maximum and minimum allowable speeds are derived as functions
of torque the figure shows the engine operation with torque on the x-axis and
rotational speed on the y-axis. The region of operating points can be used to
define minimum and maximum allowable engine speeds for each gear. Figure 6.12
illustrates the minimum allowable engine speed, wWyecarmin, and maximum allowable
engine speed, Wyearmaz, as a red line surrounding the operating area. When engine
operation crosses the lower red line a down shift occurs. When engine speed

increases, to move above the upper red line, an up shift follows. To leave some
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FIGURE 6.12: Optimal Ecologic Gear Shift

time between gear shifts in the acceleration and deceleration phases the minimum
distance between wWyeqrmin aNd Wyeqrmaz Was fixed to 50rad/s for the first gear and
150rad /s for gears 2 through 5.

The proposed method allows us to select emission optimal gears when testing the
cycles with the direct, dynamic vehicle simulation. Implementing this method, we
were able to test the computed ecologically optimal drive cycle on the engine test

bench to verify fuel consumption and emission values.

6.2.4.2 Results and comparison

The eco? drive cycle derived for the considered urban mission is presented in
Figure 6.13. The first plot shows the velocity profile of the original, eco and
eco® cycle, while the second graph shows the tested gear selection for the three
cycles. As previously stated, we can observe that the velocity profile of the ecologic
vehicle operation is approximately equal to that of the fuel optimal operation.
However, as seen in the second plot, gear selections are very different. While
the economically optimal operation engages very high gears to increase engine
efficiency to its maximum, an ecologic driver would rather choose an intermediate
gear. The higher speed and lower torque engine operation should lead to lower
pollutant emission values over the cycle. It needs to be pointed out that, optimizing
drive train operation for emissions still results in higher gear choices than the

original baseline driver had selected.
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FI1GURE 6.13: Original, Economic and Ecologic Drive Cycle

| Emission in g/km | CO2 | CO | NOx | HC | fuel consumption [1/100km] |

Original Cycle | 206.96 | 2.06 | 0.0055 | 0.068 9.0
Eco Cycle 140.96 | 5.78 | 0.0046 | 0.12 6.5
Eco? Cycle 151.51 | 2.18 | 0.0025 | 0.063 6.7

TABLE 6.4: Emission Measurement Final Results

Testing the eco? drive cycle on the engine test bench the fuel and emission values
were measured (Table 6.4). The measured NOx values were considered too small to
draw any conclusion. Any changes in this range could be a result of measurement
errors. As expected, we can see that CO2 emissions are approximately proportional

to the measured fuel consumption.

To visualize the data the results were plotted in a bar graph, presented in Figure
6.14. The figure shows fuel consumption and CO and HC emission values for the
three tested drive cycles in a normalized graph. In comparison to the original
drive cycle, fuel consumption was reduced with both, the eco and the eco? cycle.
However, the economic cycle led to a drastic increase in CO and HC emissions,
whereas emissions could be reduced to the baseline for the emission optimal vehicle

operation.

Fuel optimal vehicle operation achieved a fuel consumption of 6.51/100km for the
considered urban mission. With environmentally friendly eco driving, fuel con-
sumption was still reduced by 26% to 6.7L/100km in comparison with the original

cycle (9.0L/100km). The compromise in energy consumption seems to be small
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FIGURE 6.14: Fuel Consumption and Emission Results

with respect to the reductions in pollutant emissions. Considering ecologically
optimal vehicle operation, eco driving can be performed without emitting any

additional pollutants.

From these results it can be assumed that fuel optimal vehicle operation is achieved
due to the selected velocity profile. With good choices of velocity and acceleration
rates the energy necessary for the trip is reduced. In order to reduce emissions the
drive train operation has to be considered. Using the gear box, engine operation

can be adjusted such that fewer pollutants are emitted.

6.2.5 Conclusion

Eco driving is a driver behavior that is commonly considered environmentally
friendly, while often implemented due to its economic advantages. The presented
study shows a comparison of economic, fuel optimal, vehicle operation and eco-

logic, emission optimal, vehicle operation.

A trajectory optimization problem was presented where an urban real-life drive
cycle was optimized for eco driving. Considering two different objective func-
tions, the fuel optimal vehicle operation was compared to environmentally friendly
driving. A nested approach, combining the dynamic programming method with
advanced root finding methods, was used to solve the constrained trajectory opti-
mization problem using an inverse vehicle model. To avoid rapid gear switching a

simple method to dynamically integrate the optimal gear selection was proposed
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for experimental testing. Testing the original, economically optimal and ecologi-
cally optimal cycles the fuel consumption and pollutant emissions were measured.

Advanced emission measurement systems were used to evaluate each cycle’s CO2,
CO, NOx and HC emission values.

The results show that eco driving can not always be considered environmentally
friendly. Initial tests showed that fuel optimal vehicle operation resulted in in-
creased emissions of CO and HC, while significantly reducing fuel consumption
and CO2. It can be concluded that it is important to consider emission constraints
in the trajectory optimization process. Taking into account a small trade-off in
fuel consumption, pollutant emission values can be reduced such that the original
baseline values for CO and HC are not exceeded. The ecological drive cycle still

achieved a 26% reduction in fuel consumption with respect to the original driver.

Comparing economic and ecologic vehicle operation it was observed that the op-
timal velocity profile of the two cycles is very similar. Yet, the gear selection is
very different between fuel optimal and emission optimal vehicle operation. We
therefore conclude that energy consumption is reduced by the appropriate choice
of velocity and acceleration rates, while the pollutants emitted depend on the drive

train operation.

6.3 Conclusion

This chapter dealt with constraint integration to evaluate advantages of eco driving
in more realistic situations. While previous studies only considered trip and route
constraints, we here showed an approach to integrate traffic and environmental
constraints in the energetic optimization process. With this, potential gains of eco

driving can be approximated more realistically.

Considering a vehicle following situation influences of traffic constraints on max-
imum theoretical gains of eco driving were discussed. It was found that, while
potential gains decreased due to traffic constraints, eco driving still represents a
way to reduce fuel consumption and most importantly does not result in disadvan-
tages for the driver. To get a better idea of advantages and disadvantages of eco
driving in high density traffic situations further studies of different traffic scenarios

are necessary.
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Measuring emissions of computed fuel optimal velocity trajectories, it was found
that eco driving cannot always be considered environmentally friendly. We there-
fore proposed a simple method to integrate emission constraints in the optimiza-
tion process. It was shown that, taking into account a minimal trade-off in fuel
consumption, the pollutant emission values can be reduced. Considering emission
constraints it was shown that eco driving can represent economic and ecologic

advantages.
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In the previous chapters the theoretical, maximum potential gains of eco driving
were investigating. An ideal case was assumed, where the vehicle was simulated,
however a driver model was not considered. It was assumed that the vehicle oper-
ator followed exactly the optimal velocity trajectory. Taking the driver out of the
loop is a good way to evaluate potential energy savings and optimal vehicle opera-
tion. However, for real life implementations of eco driving strategy the information

has to be transmitted to the driver.
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Previous studies have shown that educational courses of eco driving show improve-
ments in consumption only for a short time period. In long-term studies it has
been found that drivers fall back to their original behavior [45]. It is therefore
necessary to design a driver assist system to educate and remind the driver of op-
timal vehicle use. In contrast to off-line studies, when developing a driver support
system, several driver related factors need to be taken into account. First, driver
safety cannot be neglected. In addition, ergonomic aspects need to be considered
in the development of a human-machine-interface (HMI). Driver acceptance and

understanding is necessary to achieve good results.

In this chapter we propose an approach to integrate the developed trajectory
optimization algorithms in an advanced driver assist system (ADAS). With this,
we want to not only evaluate theoretical gains of eco driving, but identify realistic
advantages in real-life situations. To demonstrate the effectiveness of the ADAS

system it was tested in a controlled environment on a driving simulator.

An internal project at the institute IFSTTAR, called VERONESE, units several
researchers from different laboratory groups for the work to increase energy ef-
ficiency in the transportation sector. Within the scope of this project the LTE
(Laboratoire de Transport et Environment), LESCOT (Laboratoire Ergonomie et
Sciences Cognitives pour les Transports) and LEPSiS ( Laboratoire Exploitation,
Perception, Simulateurs et Simulations) laboratories collaborated to develop, inte-
grate and test the here designed ADAS system. The driving simulator, maintained
by the LEPSIS laboratory, allowed us to test the support system in a controlled
setting. While the simulator environment does not exactly represent real-life driv-

ing, it allows us to test a driver’s behavior on similar scenarios.

To realize this project the workload was balanced between the laboratories in the
collaboration. How this thesis work integrates in the overall project can be seen in
Table 7.1. While the simulator was maintained by the LEPSIS laboratory, specific
changes had to be made to test the developed ADAS system. In the development
of the HMI of the ADAS, previous studies at LESCOT on a simple rule-based
assist system were used as a basis. A survey was conducted on each subject to

evaluate driver acceptance and understanding.

In Figure 7.1 the setup used to experimentally test the developed support system
can be seen. The simulator hardware, which will be explained in more detail

in Section 7.1, consists of the vehicle and the virtual environment. Inputs from
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| task | LEPSIS | LESCOT | thesis work (LTE) |
simulator +++ 4+
ADAS HMI ++ ++
ADAS algorithm T+
ADAS integration + ++ 4+
experimentation + N
user survey ++ T

TABLE 7.1: Contribution of each laboratory
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FIGURE 7.1: Schema of experimental setup

both, the vehicle and the environment will be used in the ADAS algorithm to
compute information for the driver. The advice provided by the designed system
consists of an educational advice and a continuous advice. The ADAS system will
be described in more detail in Section 7.2. The physical driver uses the inputs
from the environment, the vehicle and the ADAS system to decide on his vehicle

operation, which is transmitted through the pedals and steering wheel.

In Section 7.1 the driving simulator at the IFSTTAR laboratory is presented. A
brief outline of the dynamic vehicle simulation, installed on the simulator is given.
The simulator environment is introduced and the setup of the communication
network is specified. In Section 7.2 the driver support system is discussed. The
implemented algorithm is outlined and the interface, which is used to transmit
information to the driver, is presented. Section 7.3 describes the experimental
evaluation of the developed ADAS system. First, the experimental setup and
the testing routine applied to validate the ADAS’s performance is outlined. To
conclude this chapter, the results are evaluated with respect to fuel consumption

and driver acceptance.
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F1GURE 7.2: Driving Simulator

7.1 Driving simulator

The setup of the driving simulator at the IFSTTAR laboratory is shown in Figure
7.2. The simulator consists of a stationary Peugeot 308 vehicle that is placed
in front of five projector screens. The screens are each 220cm high and 165c¢m
long, which results in a horizontal forward view of 180° and a vertical view of 47°.
When driving, the video projectors display the environment on the screens. The
rear view is simulated by three monitor screens (48x56cm), that are attached in
the rear of the vehicle interior and on each side of the vehicle. This way, when the
driver looks in the rear view mirror a realistic image of the environment behind

the vehicle can be seen.

The driver operates the vehicle in the same way a conventional vehicle is driven
on the road. The accelerator, brake and clutch pedals are equipped with sensors
to send a displacement signal to the control computer. There is no force feedback
implemented on the pedals, only pedal position is taken into account. An electric
motor is installed in the steering wheel to simulate tire force feedback to the driver.
This makes driving in the simulator, where no real tire forces are acting on the
wheels, more realistic to the operator. The angular position of the steering wheel
is recorded to compute the trajectory of the vehicle and calculate its position in
the environment. Gear selection and auxiliary use are additional input signals

specified by the driver and recorded by the control computer.

Testing driver operations and reactions on a driving simulator has the advantage
that the test can be run in a controlled environment. In addition safety risks are no

concern, since the vehicle is not actually moving. However, it is difficult to achieve
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FI1GURE 7.3: Inputs and outputs direct vehicle model

the same drive feelings in a driving simulator as in real life driving. Driving a
stationary simulator vehicle, the human eye detects motion, but the person itself
is not actually moving. This can provoke sickness and nausea. In a simulator
environment, drivers often have difficulties estimating distances. Operations such

as hard turns, strong acceleration and deceleration should be avoided.

The initial vehicle simulation implemented on the driving simulator was a ready
to use software package that left no visibility of actual component parameters
and operation. We therefore integrated the VEHLIB dynamic vehicle simulation
of the Peugeot 308 vehicle on the simulator. Doing so we can be sure that the
vehicle driven on the simulator and the one optimized in the driver assist system
are the same. The VEHLIB vehicle simulation was initially designed for energetic
vehicle simulation over a drive cycle. In the following section changes to the vehicle

simulation to adapt it to the simulator environment are briefly outlined.

7.1.1 Vehicle simulation

Initially the VEHLIB software used a velocity profile as input to compute the en-
ergy consumption of the vehicle. A driver was implemented with a PID controller.
In a driving simulator the real-life driver inputs define the inputs. The inputs and
required outputs to the dynamic vehicle simulation are shown in Figure 7.3. Key
and ignition inputs are used to identify the state the vehicle is in. The key signal
specifies that the vehicle is in the 'ON’ state. The ignition signal is used to turn
over the engine to start it at the beginning of a trip or when it has been stalled

due to inappropriate clutch use.

Once the engine is running, acceleration, brake and clutch pedals are used together
with the gear selection to drive the vehicle. All pedal inputs are detected on
a range from 0 to 1, where 0 defines no pedal displacement and 1 full pedal

displacement. The input of the acceleration pedal can be translated directly to

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2013ISAL0106/these.pdf
© [F. Mensing], [2013], INSA de Lyon, tous droits réservés



Chapter 7 A Driver Assist System for Eco Driving 178

250

200

150

100

50

torque transmitted [Nm]

0 0.2 0.4 0.6 0.8 1
clutch displacement

FiGURE 7.4: Clutch torque transmitted

throttle command. An accelerator pedal displacement therefore corresponds to a
power demand of the engine. Similarly, we define the clutch signal to correspond
to some clutch displacement. Zero displacement of the clutch pedal specifies an
engaged clutch state. The clutch is disengaged when the pedal is fully displaced.
The engine torque transmitted by the clutch can be defined as a function of clutch
displacement, as seen in Figure 7.4. No torque can be transmitted when the clutch
is disengaged. According to the real system, when the clutch is fully engaged a
maximum torque of 225Nm can be transmitted. The engine maximum output
torque in this drive train is 156Nm. The clutch therefore never slips when it is

fully engaged.

In a detailed model the brake pedal command should be used as an input to the
brake system. The pedal command is transformed in a torque applied to the
wheels through the hydraulic brake system. To keep the vehicle model simple
and focus on major drive train components, the brake force was here specified by
multiplying the brake command by a realistic gain. To identify the appropriate
gain we assumed that full brake pedal displacement corresponds to maximum
possible brake force, which results in maximum deceleration without locking the
wheels. The maximum brake force transmitted depends on the friction between

the tires and the road and can be computed by

Fdecelmax = veh g (71)

where M, is the vehicle mass and g is the gravitational acceleration. The tire road
friction is specified by the adherence coefficient y, which depends on road surface
and condition. In our study, the value of © was fixed to 0.6, which corresponds

to an asphalt road surface in dry conditions. The brake torque corresponding to
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some brake pedal displacement can be identified by interpolating between zero
and maximum brake force. The wheel slipping factor is here neglected, the tire to

road contact is always perfect.

In order to place the vehicle in the simulated environment the longitudinal and the
lateral motion need to be computed by the vehicle model. The VEHLIB software,
initially developed to compute energy consumption of drive cycles, only simulates
longitudinal vehicle motion. Here, a simple lateral vehicle model is constructed
using a bicycle representation of the vehicle, where the two front wheels and the
two rear wheels are respectively represented by one central wheel. The so-called
’kinematic model’ [103]| is based only on geometric relationships and therefore
does not consider the forces that affect the motion. A detailed outline of the

model construction can be found in the appendix.

With this the vehicle longitudinal and lateral speed is defined as a function of
vehicle speed and wheel angle. Given the steering wheel position the angle of the
wheels can be computed with a steering ratio |[104]. Measurements have shown
that the ratio can be specified to a value around 16 for passenger vehicles. In our
work the steering ratio is specified as a parameter that is fixed to 16 for very small
speeds, but grows proportionally with the vehicle speed. Due to increasing slip
angles the vehicle usually turns less with increased speeds. Since the implemented
lateral model does not consider tire slip angles, using a changing steering ratio can

lead to more realistic vehicle operation.

The dynamic vehicle model is constructed using the Matlab Simulink software.
A Dspace Microautobox is used to run the simulation in real time. Communi-
cation between the vehicle model and the control computer of the simulator is
ensured using the CAN protocol. In the following the simulator environment and

communication is discussed in more detailed.

7.1.2 Simulator environment and communication

The driving simulator system is made up of several different components that are
all controlled from a central computer unit. In Figure 7.5 the simulator environ-

ment is visualized. A control computer is used to manage the communication
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FIGURE 7.5: Simulator communication

and command the simulator components such as the auditory components, the vi-
sual control computer, the vehicle simulation, the vehicle hardware, the dashboard

devices, and the advanced driver assist system.

Speakers are installed in the vehicle in order to simulate driving sounds. Appropri-
ate driving sounds are calculated by the control computer as a function of vehicle
speed, engine speed and traffic. Playing operation sounds to the driver can make
driving on a simulator more realistic. Vehicle sounds such as the engine rota-
tion can help the driver to operate the clutch and to select the appropriate gear.
In order to display the appropriate environment on the visual screens the control
computer transmits the vehicle position and heading to the visual machines. With

these inputs the appropriate image can be computed and projected on the screens.

The driver input on the vehicle hardware is communicated from the vehicle hard-
ware via CAN network to the control computer, which then transmits it to the
dynamic vehicle simulation (Section 7.1.1). Inputs, such as accelerator, brake and
clutch pedal, gear choice and steering wheel displacement, are used in the vehicle
simulation to determine the vehicle states. Engine speed, vehicle speed and posi-
tion in the global X-Y-plane are calculated. This information is sent back to the
control computer, which processes them to indicate the appropriate signals on the
vehicle dashboard. Here, the vehicle’s odometers are used to present vehicle speed

and engine rpm to the driver.
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FIGURE 7.6: Inputs and outputs of ADAS

To integrate the ADAS system in the simulator network an Ethernet connection
was used to communicate information from the control unit to the ADAS algo-
rithm. Using this connection environment and vehicle data can be used to calculate
optimal vehicle operation. A VGA cable is used to display the eco driving advice
to the driver. In the following the functionality, algorithm and human-machine-

interface of the designed advanced driver assist system is presented in more detail.

7.2 Advanced Driver Assist System (ADAS)

The here presented ADAS design is based on the optimization algorithms con-
structed and the knowledge acquired throughout this thesis work (Chapter 3 -6).
Figure 7.6 shows a global overview of the driver assist system. The ADAS sys-
tem input variables include vehicle information, road environment information and
driver input. The setup used in this work assumes that access to real time ve-
hicle variables, such as vehicle speed (vyep), distance driven (d,p), gear selection
(gear), engine speed (weng) and engine torque output (7.,,), is given. In addition
we assume that the vehicle is equipped with radar and can therefore provide infor-
mation about possibly existing preceding vehicles. If a vehicle is being followed, it
is assumed that relative distance and speed of the preceding vehicle is known. We

can therefore calculate preceding vehicle speed (v,) and preceding vehicle distance
(dy).

In real life, environmental variables can be provided by GPS systems or other
road mapping techniques. In our case the simulator central computer transmits
the necessary road data to the driver support system. To identify the vehicle

placement in the simulator environment the control computer associates each road
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with a number (road number). Defining the start and end of a road the vehicle
position can be defined by the road number and the position on this road (d,eqq)-
Communicating the road number and current road distance , d,o.q, to the support
system enables the device to fix the vehicle’s position in the road environment

and, more importantly, on a road segment.

An operator input to the support system is used to classify the driver type. With
this input the willingness of the driver to reduce fuel consumption with a trade-off
in trip time is specified. This factor directly translates to the weighting factor im-
plemented in the two dimensional dynamic programming optimization. Specifying
a driver specific weighting factor between energy consumption and trip time leads
to a simplification of the optimization algorithm and therefore computation time.
In our experiment a constant weighting factor was implemented, which enables us
to make a comparison of the results. A trade-off value of § = 0.5 was chosen,

which represents an average driver type (see Figure 4.8).

Using predefined vehicle parameters and environment parameters together with
the system inputs the ADAS algorithm generates advice for the driver. Figure
7.6 shows that the support system combines two different functionalities. Two
optimization algorithms are applied to generate continuous advice and educational
advice to support the driver. This system design uses two in-vehicle displays as
human-machine-interface to transmit advice to the driver. The physical system

can be seen in Figure 7.7. The interface will be discussed in detail in Section 7.2.2.

-
educational
display

continuous
display

FIGURE 7.7: Installation of HMI

The construction of the ADAS algorithm implemented in the support system is
described in detail in Section 7.2.1. We will outline the utilized logic and state the

optimization algorithms used to evaluate driver advice. Section 7.2.2 deals with
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the design of the human-machine-interface. The continuous and the education

display is introduced to the reader.

7.2.1 ADAS algorithm

To understand the logic of the ADAS system, we first need to define a road seg-
ment. Figure 7.8 shows a typical road segment. A road segment starts at the point
where the vehicle leaves an intersection and ends at the next intersection. In this
work a road segment is defined by a segment of the road that lies between two
‘intersections’, where an ’intersection’ can be a stop sign, a stop light, a crossing
or a roundabout. Figure 7.8 shows a road segment between an urban intersection
and a roundabout. In the initialization process the ADAS system loads a map
of all road segments of the planned trip into memory. With this, given the road
number and road distance of the vehicle it can easily detect on which segment
and at which distance on the segment the vehicle is operated. In this algorithm
the parts of a road that lie in between segments, such as intersections or round-
abouts, are not considered for optimization. This is due to the fact that driver
safety always has to be considered more important than potential fuel savings. In
an intersection a driver needs to concentrate on its surroundings and the vehicle
maneuvering rather than thinking of fuel efficiency. In addition, we believe that

fuel consumption gains due to improvements on these parts of a trip are minimal.

With this method we can define for a vehicle to be on a segment or not on a
segment. The driver assist system detects when the vehicle enters a (known)
segment. The goal of the system is to compute the best vehicle operation for the
current segment and guide the driver throughout the segment. This is what we call

continuous advice. When the driver arrives at the end of a segment the optimal
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velocity trajectory corresponding to his speed profile is computed and compared
to his driving. With this information the driver can be educated on positive
and negative aspects of his recent driving style. To manage the continuous and

educational advice taking into account safety aspects a control logic was defined.

7.2.1.1 Control logic

The logic of the ADAS algorithm is presented in Figure 7.9. The graph shows
algorithm components that contribute to the continuous advice evaluation in dark
blue, while sections that are used to compute the educational advice are displayed
in green. In the control logic the two states, 'on segment’ and 'not on segment’,

are clearly visible.

In contrast to the educational display, that presents advisory information at the
end of a sequential line, the continuous display is supplying information to the
driver at all times. However, while the continuous display is always ’on’, it does
not always provide advice on optimal vehicle operation. General information,
such as current vehicle speed and gear choice, is presented to the driver at all
times. Optimal vehicle speed, on the other hand, is not necessarily shown. The

continuous advice display design is discussed in more detail in Section 7.2.2.1.

When the vehicle enters a segment the optimal vehicle operation v, is computed
for the detected segment, taking into account the vehicle’s initial state. Most
efficient vehicle operation is presented to the driver if the proposed optimal vehicle
speed does not interfere with driver safety due to a preceding vehicle. In the case
that a vehicle in front is detected and the optimal advice would result in safety
risks the information is not shown. A so-called vehicle following state is specified,
in which the control logic blocks critical driver advice. No information is presented
to the driver until the preceding vehicle leaves, that is the vehicle has turned or
accelerated to leave a safe following distance. In this case the optimal velocity
trajectory is re-calculated for the segment, taking into account the current initial
state. If no further safety risks are detected advice on most efficient vehicle speed

can now be presented to the driver.

Continuous driver advice not only concentrates on optimal vehicle speed but also
on appropriate gear choice. As we see from Figure 7.9, information on best gear

selection is not segment dependent. The most efficient gear choice is continuously
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FI1GURE 7.9: Logic of ADAS algorithm
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calculated using the engine speed and torque. Detailed information about the

advice given to the driver can be found in Section 7.2.2.1.

In order to give educational advice after a driven segment the vehicle operation
is stored throughout a road segment. In Figure 7.9 the algorithms concerning
the educational advice are shown in the bottom right in green. While the vehicle
is covering a detected segment, vehicle distance (dyep,), vehicle speed (vyep), gear
selection, and preceding vehicle information is recorded. When the end of a road
segment is detected this information is used to compute the optimal velocity tra-
jectory for the driven segment, taking into account traffic. Comparing the best
vehicle operation to the actual driving profile, four factors are evaluated to educate
the driver on positive and negative aspects of his recent driving style. The display
of this advice is discussed in more detail in Section 7.2.2.2. Due to safety risks
educational advice is only presented to the driver if vehicle speed is lower than
some threshold velocity (Umazdispiay). In our case educational advice was given at
vehicle speeds lower than 5km/h. With this choice educational advice was shown
for scenarios such as stop light situations, priority situations in an intersection.

No advice is presented at right turns on green or roundabouts.

In the ADAS algorithm the constructed trajectory optimization techniques devel-
oped in this thesis work are applied. In the logic flow, in Figure 7.9, the optimiza-
tion components are pointed out in red. The pre-segment, continuous gear and
post-segment optimization algorithms and resulting driver advice generation will

be described in the following section

7.2.1.2 Optimization and Advice Evaluation

Three optimization algorithms are used to determine best vehicle operation for a

specified scenario:

e Pre-segment optimization: approximates best vehicle operation for the seg-

ment to be driven
e Continuous gear optimization

e Post-segment optimization: evaluates the driver’s recent vehicle operation
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Of these algorithms, the first two are applied throughout vehicle use and gener-
ate advice for the continuous in-vehicle display (Figure 7.7). The post-segment

optimization provides advice to the driver on an educational display (Figure 7.7).

Pre-segment optimization The pre-segment optimization algorithm, visual-
ized in Figure 7.10, is applied in two cases. When the vehicle is detected to enter
a new segment, or if the vehicle was considered in the ’vehicle following’ state
and the preceding vehicle had left. The trajectory optimization algorithm is then
used to identify the optimal velocity trajectory of the vehicle for the segment to be
driven. The two dimensional dynamic programming method is applied to solve the
problem. The weighting factor (3 is defined prior to the trip by the driver. Utilizing
the developed trajectory optimization algorithms together with the conventional
vehicle model the trip and road constraints need to be defined. Trip constraints
are fixed specifying initial and final vehicle states in distance and velocity. Ini-
tial conditions are easily defined by the current vehicle distance (d,.,) and speed
(Vyern). In order to define constraints on the final state, we assume, similarly to
the Audi Travolution Project [22|, that stop light position and phase at vehicle
arrival is known. Associating the end of the segment with a desired final speed

(Vdes(droaqr)) the final vehicle state can easily be specified by doaqr and vaes(droaar)

(Table 7.2).
segment input
driver info  (droad f, Vdej(droad f): Vmax(droad)) vehiIIe model
vehicle input
—(vVveh, dveh) 5] PRE segment optimization L 5 Vopt(droad)
FIGURE 7.10: PRE segment optimization
situation at end of segment Vdes(roadf
red stop light, left turn on green, stop sign | 0
roundabout, right turn on green 10km/h
going straight through green light legal speed limit

TABLE 7.2: Segment final speed association

In our case a desired arrival speed was defined for any situation where the vehicle
will need to come close to a stop. A corresponding situation could be a stop light

that is red, a left turn on green or a stop sign. For arrival scenarios where the
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vehicle does not have to come to a full stop, such as a roundabout or a right turn
on green, a small vehicle speed, around 10km/h, was defined as desired arrival
speed. When the segment ends with a vehicle going straight through a green light
the desired arrival speed was set to the legal speed limit. Within a realistic range it
was found that the accurateness of a desired arrival speed was not very important.
This is due to the fact that the system’s advisory function was turned off at some

safety distance from the intersection ending a segment.

To specify road constraints it was assumed that the legal speed limitations are
known for each segment. Appropriate maximum speed limits can easily be defined
with the placement information of speed limit signs. A variable vy,40(droaq) de-
fines the maximum speed constraints as a function of road distance. With these
hypotheses trip and road constraints can be fixed. Using the driver input to de-
fine his individual weighting of fuel consumption and trip time the vehicle specific

optimal velocity trajectory is identified as a function of distance (Vopt(droad))-

Continuous gear optimization A second optimization that contributes to the
functionalities of the continuous driver display is the continuous gear optimization.
Gear advice can be given to the driver at any time, and does not depend on the ve-
hicle position on or off a road segment. The computed gear advice is independent
of optimal speed advice. This means that it only depends on the driver’s vehicle
operation, but is not influenced by other information presented on the display. As
seen in Figure 7.11, the algorithm uses the engine operating point to determine if
a gear change is appropriate. The method to identify gear changes has previously
been presented in Section 6.2.4.1. Using the vehicle model gear dependent min-
imum and maximum allowable engine speeds for a requested torque are defined.
With this, when the engine speed moves above the gear specific maximum engine
speed an up-shift is recommended. Similarly, if the engine speed drops below the

lower engine speed limit, the advice indicates a downshift.

vehicII model

vehicle input
(Weng Teng, gear) continuous
> gear optimization

gear advice (up, down)

F1GURE 7.11: Continuous gear optimization
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Post-segment optimization A driver’s vehicle operation is evaluated once a
segment is driven. To do so, the vehicle operation (vyen(t), dveh(t)) as well as
information about preceding vehicles (v,(t),d,(t)) is recorded throughout a seg-
ment. A general overview of the post-segment optimization algorithm can be seen
in Figure 7.12. The recorded vehicle and traffic information, together with driver,
segment and vehicle inputs, is used to identify the best speed profile for the last
road segment. With the stored data the final time constraint can be fixed. The
optimal trajectory can therefore be computed with the 3 specified by the driver,
or as a fixed time problem identifying an appropriate beta for a given final time.
In our experiments a simple § look-up method, as presented in Section 4.2.2.1,
was applied to keep computational time low. In addition, the vehicle model is used
to evaluate the best gear selection for the driver’s vehicle operation. Using the
computed optimal vehicle operation and comparing it to the driver’s vehicle oper-
ation positive and negative aspects of the driving style are evaluated. Four factors,
corresponding to acceleration phase, constant speed phase, deceleration phase and
gear selection, are determined to educate the driver about ways to improve his

driving and minimize fuel consumption.

segment input

driver info vehicle model

_ (Vmax(droad))
vehicle input
(rveh(t) dven(t) i I i acceleration
traffic ‘ v
opt(t). dopt(t)
(vy(t).dy(t) POST segment | TOoPTR ToptSl |5 factor
- N Vveh(t) dveh(t
trajectory optimization BRI A
| speed factor
. Comparison | 5, deceleration
vehicle model Evaluation factor
|3 gear
vehicle input ‘ Jopt(t) factor
(vveh(t) aveh(t), gear(t)) POST segment car(l) >
gear optimization g_)

FIGURE 7.12: POST segment optimization

To transmit the computed information to the driver an efficient, easy-to-use

human-machine-interface was designed.
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7.2.2 Human Machine Interface (HMI)

The Human Machine Interface (HMI) used here, is based on a simple rule based
approach taken in a study at LESCOT. In previous studies only a single display
was used, on which an engine rotational speed was recommended. In our work the
interface between the algorithm and the driver consist of two in-vehicle displays.
In Figure 7.7 the installation of the driver assist system in the vehicle is shown.
The continuous display is fixed within the driver’s vision on the dashboard. Since
the display shows a vehicle speed odometer it can replace the vehicle’s odometer
reading or could be integrated directly in the vehicle’s own odometer display. The
second, educational display is attached, similarly to navigational devices, in the
front between the driver and passenger seat. In this position it is not in the vision
of the driver and cannot distract the driver’s general vehicle operation. In the

following the design of the two interfaces is described.

7.2.2.1 Continuous display

The continuous display is used to assist a driver in minimizing his energy con-
sumption throughout a trip. The display continuously shows information unless
it considers the advice to interfere with driver safety. An image of the continuous
display without advice is presented in Figure 7.13. A simple vehicle speed odome-
ter is used as a basis of the system. Similarly to general dashboard devices we use
a gauge to indicate current vehicle speed to the driver. In addition, the display
includes an indication of current gear selection. The symbol of a manual gear box
is shown in the bottom of the display. Within this symbol the engaged gear is
indicated by a green point. The continuous display is shown like this if the vehicle

cannot be placed on a segment, or a vehicle following situation is detected.

When advice about best vehicle speed is presented to the driver the display is
shown as seen in Figure 7.14. On the outside of the vehicle speed odometer circle
a zone indicates optimal velocity. This zone starts indication at the current vehicle
speed and moves up, presenting optimal acceleration, to stabilize at an appropriate
constant speed for the segment. When approaching the end of a segment advice
on the best deceleration rate is given while the zone moves to lower vehicle speeds.
In order to minimize his energy consumption a driver is advised to keep vehicle

speed in the middle of the indicated zone.
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Ficure 7.13: Continuous display without advice

In Section 4.4 the sensitivity of the identified optimal velocity trajectory was dis-
cussed. It was found that diverges from optimal solution in the acceleration and
deceleration phase result in minor disadvantages in fuel consumption. In com-
parison, keeping the vehicle speed at the defined stabilized speed seems very im-
portant. This knowledge was implemented here. As seen from Figure 7.14, the
optimal speed zone was indicate much larger in an acceleration or deceleration
phase (left figure) than for the stabilized speed phase (right figure). This also had
practical advantages since it is much harder to follow the indicated target speed

when it is moving than when it is stationary.

FiGURE 7.14: Continuous display with advice

In addition to optimal vehicle speed the continuous display also recommends gear
changes to the driver to operate the internal combustion engine in a more efficient
region. When an appropriate gear is selected the engaged gear is indicated in
green in the gear box image. When the gear should be changed the gear indication

changes to red and a flash indicates the direction of the recommended gear change.
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An upward change is advised by a yellow upward arrow on the right of the gear
box, as seen in Figure 7.14 on the left. A downward flash on the left of the gearbox

indicates that a downshift is recommended.

7.2.2.2 Educational display

acceleration stabilized speed deceleration

FiGURE 7.15: Educational display organization

An educational display is used to present an evaluation of the driver’s recent
driving style. To do so, four factors are indicated to the driver. In Figure 7.15 the
screen organization and symbol placement for the different factors can be seen.
The display shows the acceleration factor, stabilized speed factor and deceleration
factor on the top. The symbols are organized such that we can image a velocity
trajectory. The factor evaluating gear operation is placed at the bottom of the
screen. In Figure 7.15 an example of an educational display is presented. We

will now brake down the display to discuss the symbols of each factor and their

FIGURE 7.16: Acceleration factor symbols

meanings.
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Figure 7.16 presents the symbols designed to advice the driver of his performance
in the acceleration phase. A driver might have accelerated to hard, applied cor-
rect acceleration rates or used acceleration rates below the optimal. The respective
symbols indicated on the educational display advice lower acceleration, good ac-

celeration and harder acceleration.

FIGURE 7.17: Deceleration factor symbols

Similarly to the acceleration phase, triangular symbols were used to indicate too
hard deceleration, correct deceleration and deceleration rates below optimal. The
respective symbols can be observed in Figure 7.17. In order to facilitate the use
of the display a color code was implemented as well as representative symbols.
A green triangular shape was used to represent fuel efficient vehicle operation.
When driver operation exceeded the reference a red symbol was displayed, where
the triangular area exceeded the best vehicle operation. When a driver operation
was identified inferior to the reference a yellow symbol indicated a triangular area
that did not entirely fill the green triangle. With this design we aim to reduce

processing time for the operator to understand the indicated information.

I v

F1GURE 7.18: Speed factor symbols

The stabilized speed zone was evaluated with the help of four factors. The symbols
presented in Figure 7.18 represent too high, too low, correct and unstable vehicle
speeds. In addition to velocity profile evaluation the driver’s gear selection is
compared to most efficient gear operation for the respective vehicle velocity and

acceleration. Using the red-green-yellow color code in combination with indicating
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arrows, advice on gear choices is presented. The three symbols displaying gear
recommendations to the driver can be observed in Figure 7.19. While the red gear
box with a downward flash indicates a generally to high gear selection, the yellow
gear box with an upward flash recommends, on average, higher gear engagements.
To point out the gear that was used least efficient an orange circle is displayed.
With this the driver can focus on improvements that result in the maximum gains

in energy consumption.

FIGURE 7.19: Gear factor symbols

The developed ADAS system was tested for gains in fuel consumption and driver
acceptance in an experimental setup on a group of external human subjects using

the driving simulator.

7.3 Experimentation

In this section the experimentation of the ADAS system is described, discussing
experimental setup and testing routine. The results will be analyzed in Section
7.3.2.

7.3.1 Experimental setup

To experimentally test the developed driver support system three trips were de-
signed in the simulator environment. A first trip, PO, represents a journey that
takes about 7min and is mainly in an urban environment. PO is used to train the
test person on the simulator and therefore integrates multiple turns, and round-
abouts. The trips PI an PII are designed to be similar, but to use different road
segments. Both journeys take about 20min and consist of a first extra-urban part,
where speed limitations go up to 90km/h, and a second urban part. PI and PII

were used to run the baseline test, where fuel consumption without driver assist
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system is measured, and test with support system. Prior to the test the subject
is not informed of the course. Deviation signs at each intersection indicate the
direction to be taken. To eliminate the effect of the mission on the fuel reduction
the two missions were counterbalanced. This means that half of the subjects were
tested for a baseline on PI, while identifying the fuel consumption with the driver
assist system on PII. The second group started the test with PII and was using

the support system on PI.

Prior to the experimental test two surveys were designed to gather information
about the test person and their thoughts on the ADAS system. A first survey
was used to identify personal parameters, such as gender, age, technical and en-
vironmental background. In addition the frequency of a person’s vehicle use was
identified. A second survey was used after the ADAS system was tested to evaluate
the driver’s acceptance and the understanding of the advice given. In addition,
questions on driving effort were asked to identify disturbances due to the system.

The exact questions asked can be found in the appendix.

The system was tested on a group of subjects that was recruited externally of
the laboratory. 15 subjects took part on the experimentation. However, due to
the difficulties of driving on a simulator 3 could not finish the tests and felt sick.
Of the 12 remaining subjects 7 were female and 5 male. Within a realistic range
the age of the driver was of no importance since the developed system should be
usable for any driver. The oldest person to take part in the experimentation was
57 and the youngest 26 years old. A requirement was that the subject has had the

driving license for at least two years.

The testing routine usually took between 1h30 and 2h and went by the following

agenda:

o After welcoming the test driver a vision test was taken

To familiarize with the simulator a training course (P0) was driven

Baseline test of the driver’s vehicle operation on course PI (or PII)

Survey (QI)

An introduction to eco driving and the advanced driver assist system is given

A second training course (P0) is driven to familiarize the driver with the

system
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e The system is tested on course PII (or PI)

e Survey (QII)

7.3.2 Results

In the following we will analyze the gains in fuel consumption of the 12 tested
subjects. The effects of subject specific parameters, like age, gender, environmen-
tal concerns and technical understanding, on gains in fuel consumption will be

discussed.

7.3.2.1 Gains in fuel consumption

Overall, the results of the tested driver assist system were very satisfying. On
average the 12 subjects were able to reduce their fuel consumption by 11%. A
slight difference in general fuel consumption was detected between PI and PII.
The baseline consumption values of PIT were on average 10% lower than the con-
sumption of PI. Counterbalancing was used to detect the effect of mission specific
fuel consumption changes. Group A of 6 subjects performed the baseline on PI
while the assisted driving was measured on PII. Group B of 6 subjects used PII
to evaluate baseline driving and PI for the test with ADAS system. Due to the
difference in mission the gains measured with the driver assist systems of group
A were much higher than those measured for group B. Although differences be-
tween the two driving missions existed, in no test case did we measure increases
in fuel consumption between the baseline driving and assisted driving. We can
therefore be sure that the designed ADAS system has a positive effect on energy

consumption.

In Figure 7.20 the gains in fuel consumption are shown per group. We can see
that, while group A was able to achieve very high reductions in fuel consumption,
group B showed rather small, although not insignificant, improvement in energy
consumption. In order to eliminate this effect average fuel consumption of each
mission was compared when driven with and without the support system. The
bar graph in Figure 7.21 shows that a driver can safe on average 15% due to the

ADAS system for mission PI and 5% for mission PII.
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FiGURE 7.20: Gains in fuel consumption per group
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F1GURE 7.21: Fuel consumption per mission with and without ADAS

The mission profiles tested consisted of an extra-urban part, where driving on the

countryside is simulated, and an urban part, where traffic and stop lights have

a strong influence on the driving style. As expected it was found that, with less

distractions in the extra-urban driving part, it was possible for drivers to focus

more on the ADAS system. Much higher reductions in fuel consumption in extra-

urban driving were identified than when using the eco driving support system in an

urban environment. In Table 7.3 the measured consumption values can be found.

While the ADAS system resulted in a reduction in fuel consumption of 15.25% in

an extra-urban environment, the gains due to the system were only 8.74% in city

driving.
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setting baseline assisted gain [%]
[L./100km] [L./100km]

urban 8.31 7.58 8.74

extra-urban | 7.00 5.90 15.25

TABLE 7.3: Fuel consumption gains in urban and extra-urban settings
7.3.2.2 Driver influence on eco driving gain

Due to the limited number of tested subjects we need to be cautious about drawing
conclusions with respect to personal parameter data. Nonetheless, we want to
analyze the influence of personal parameters on possible gains in fuel consumption
due to an advisory system. Of the subjects tested every single one seemed to
be more or less concerned with environmental problems of our planet. All of the
subjects indicated that they contribute their part to reduce their environmental
impact by using recycling techniques, using public transportation, biking or other
environmentally friendly behavior. Some subjects stated that, in their daily vehicle
use, they applied economic driving techniques. However, in the evaluation of the
test results it was found that the baseline fuel consumption of these subjects was
equal (for extra-urban driving) or higher (for urban driving) than those who did
not indicate such behavior. Tt seems that insufficient knowledge of people limits

their desired minimized fuel consumption without the help of an advisory system.

In the survey the drivers were asked to list several eco driving rules in order of
importance. With a choice of 'vehicle speed’, 'vehicle acceleration’, ’anticipation’,
"braking’, and 'engine speed’, most subjects listed "anticipation’ and ’acceleration’
as the most important parameters to reduce energy consumption. In this these
it has become clear that due to the aerodynamic drag vehicle speed is the most
important parameter to be considered for eco driving when vehicle speeds are
above 30km/h. We conclude that people generally need to be informed in more

detail about vehicle specific eco driving rules.

The survey results indicated that subjects that possess basic mechanical knowledge
achieved lower fuel consumption on the baseline testing. In addition, subjects
with frequent vehicle use, here defined by more than 10 000km driven per year
and everyday use, seemed to have lower basic fuel consumption. In Table 7.4 the
baseline consumption and gains in fuel consumption for urban and extra-urban
driving are listed for different categories. It can be seen that people with mechanic

knowledge and frequent vehicle users had lower baseline energy consumption in an
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parameter baseline gain urban | baseline gain extra-
urban [%] extra- urban [%)]
[L/100km]| urban
[L./100km]
w mechanical knowledge | 8.10 7.30 6.90 15.86
wo mechanical knowledge | 8.60 10.76 7.13 14.39
frequent vehicle use 8.00 6.84 6.77 15.35
infrequent vehicle use 8.93 12.53 7.46 15.03

TABLE 7.4: Baseline fuel consumption versus mechanical knowledge and vehicle
use

urban and extra-urban environment. With respect to this reference, however, the
gain in fuel consumption with the ADAS system was lower than for the subjects

without mechanical knowledge and infrequent vehicle use.

In Figure 7.22 the consumption gains for different aged subjects can be seen.
Although the small number of subjects is not sufficient to draw any conclusions
we want to point out that the youngest subjects, with age lower than 30, showed
the largest gains due to the use of the eco driving assist system. In the bar graph
consumption gains for the entire driving mission can be seen, as well as separated
gains for urban and extra-urban driving. In all three categories the youngest
subjects seemed most capable to improve their driving behavior with the help of
the system. Analyzing the survey responses it was also found that this group was
the one that indicated to understand the system the most, showed the lowest effort
due to its use with high acceptability. However, this group specified to have no
mechanical experience. It seems that a motivated, young user can easily use the

system without any mechanical background knowledge.

7.3.2.3 Driver acceptance and design

Overall it seems that the interface was easily understood. Drivers generally felt
that the system’s indications were justified and reasonable. From the measured
fuel consumption values it seems that driver acceptance is an important factor to
ensure the effectiveness of the system. In Table 7.5 the fuel consumption gains for
urban and extra-urban driving are shown for drivers that tend to believe in the
advantages of the ADAS system. In comparison we can see the gains of people
less convinced of the system. The trust in the system seems to be an important

requirement for the system to reach its maximum potential.
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FI1GURE 7.22: Consumption gains for different age groups
subject group gain in urban driving | gain in extra-urban
%] driving |%)]

ADAS accepted 9.37 16.78
ADAS less accepter | 8.29 14.15

TABLE 7.5: Gains in fuel consumption dependent on system acceptance

The design of the interface was generally perceived as appropriate. However,
several drivers commented on the visibility of the continuous display. While the
display was attached to the dashboard it seems that drivers would prefer the
system to be directly in the field of vision, similarly to displays integrated in the
vehicle’s front screen. Most people indicated that a driver assist system, as the
one tested, could be useful. Many subjects would appreciate an ADAS system for
eco driving integrated in a purchased vehicle. However, in order to separately buy
a driver support system, they would have to be convinced about the advantages

it represents for them.

7.4 Conclusion

This chapter dealt with the validation of the thesis work. The developed vehicle
models and optimization algorithms were used to design an advanced driver assist
system for eco driving. The collaboration with the LEPSiS and LESCOT labora-
tories allowed us to test the developed ADAS system experimentally. To evaluate

the system’s effectiveness, it was tested on a driving simulator on external subjects.
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The simulator environment was introduced. To test the vehicle specific optimiza-
tion algorithms on the driving simulator the VEHLIB direct vehicle simulation
was integrated in the simulator environment. The software was adapted to the
simulator with the development of a simple braking model. In addition a simplified
model of the steering and lateral vehicle motion was implemented. A communica-
tion network between vehicle simulation, driving simulator environment and driver

assist system was set up.

The ADAS system, that integrates the developed trajectory optimization algo-
rithms in an operating logic that ensures minimum intervention in unsafe driving
conditions, was introduced. To advice the driver of fuel optimal vehicle operation
the tested ADAS system presents information to the driver on two in-vehicle dis-
plays. With this approach the human-machine-interface communicates continuous

advice while driving and educational advice when the vehicle is at rest.

Testing the ADAS system in an experimental setup on the driving simulator 12
external subject were used to measure the gains in fuel consumption. On aver-
age the ADAS system was able to help the driver to reduce fuel consumption by
11%. It was found that higher gains in fuel consumption were achieved in an
extra-urban environment than in city driving. In general it seems that personal
parameters, such as mechanical knowledge, vehicle use frequency, age and system
acceptance, have a strong impact on possible gains in fuel consumption. In addi-
tion, it was found that education on fuel minimizing vehicle operation needs to be
improved. Overall we conclude that the designed ADAS system was effective and

easily usable.
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Chapter 8

Conclusions
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To conclude this thesis we will summarize the work and its contributions. A

perspective on potential future studies in this area is given.

8.1 Conclusion

A literature review has shown that several driver support systems exist to assist
the driver to reduce his energy consumption. To identify most efficient vehicle op-
eration several studies on velocity trajectory optimization exist. To complement
existing work this thesis identifies drive train specific optimal vehicle operation
and effects of constraints on potential gains due to eco driving. In addition an ap-
proach to integrate numerical optimization algorithm in combination with detailed

physical vehicle models in the development of an effective driver assist system.

Three representative vehicle types were used to demonstrate the algorithms de-
veloped in this thesis: a conventional passenger vehicle, a small electric vehicle
and the Toyota Prius hybrid power split vehicle. In Chapter 3 the advantages and
disadvantages of inverse and direct modeling were discussed. A detailed physical
model of each drive train has been shown. For optimization purposes the inverse

modeling approach was applied. A direct vehicle modeling software VEHLIB was
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used to verify the vehicle operation and consumption for the computed velocity

profiles.

For modeling purposes the vehicle chassis and drive train can be separated. While
the three considered vehicle’s chassis can be modeled in a similar way, their drive
train configuration changes. Factors influencing vehicle operating efficiency were
discussed. Chassis dependent, and therefore drive train independent, losses in-
clude aerodynamic drag and rolling resistance, which depend on vehicle speed.
Drive train specific factors include component operating efficiencies and the hy-
brid vehicle’s control strategy. To identify the best vehicle operation the use of

numerical optimization methods was proposed.

To identify potential gains of eco driving standard and real world cycles were used
to define a vehicle’s mission. Respecting the specified trip and road constraints the
alm was to compute corresponding eco cycle for some baseline mission. The trajec-
tory optimization problem is specified in Chapter 4. The continuous optimization
problem was approximated with a discrete trajectory optimization. Initially the
three dimensional dynamic programming method was applied due to its advantage
in constraint integration. To reduce computational time the problem was reduced
to a two dimensional setup by integration of the time constraint in a weighted
objective function. A nested approach, where two dimensional dynamic program-
ming was combined with advanced root finding methods was shown to given good

results in an acceptable time.

A multi-objective optimization method on the basis of dynamic programming was
presented to evaluate the trade-off between trip time and fuel consumption. It was
found that drivers with critical trip times are able to achieve significant gains in
fuel consumption for small increases in trip time. The multi-objective optimization
method was used to analyze the sensitivity of the fuel consumption to divergences
from the optimal velocity profile. It was found that a low constant cruising speed
is important to keep fuel consumption low. Small changes in the acceleration and

deceleration phase result in limited increases in fuel consumption.

Using the developed optimization algorithms potential gains of eco driving in ideal
conditions were computed for the three representative vehicle types in Chapter 5.
With this we were able to define an upper limit for potential gains in energy
consumption. The computed eco cycles were used to compare baseline and energy

efficient vehicle operation. Important factors for eco driving were determined. Fuel
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minimizing vehicle operation of the conventional vehicle was computed for different
drive cycles, representing urban, extra-urban and freeway driving. The resulting
velocity profiles were tested in an experimental hardware-in-the-loop setting to
measure fuel consumption. Various low speed cycles were used to evaluate energy
efficient operation of the small electric vehicle. To verify and measure the energy
consumption the cycles were tested on a chassis test bench. Optimizing hybrid
vehicle operation it was found that it is important to take into account battery use
although the vehicle’s control strategy manages the battery level of charge. It was
found that choosing an appropriate weighting of battery use and fuel consumption

was critical to identify energy efficient vehicle operation.

In general, it was shown that eco driving strategies have high potentials to reduce
fuel consumption for the conventional, electric and hybrid vehicle. Higher energetic
gains are possible in an urban and extra-urban environment than for freeway
driving. Comparing the results we determined that, while component efficiency
was only showed limited increases, the energy consumption was overall reduced
due to more appropriate choices of vehicle velocity and acceleration. At average
trip speeds higher than 30km/h it was found that the losses due to aerodynamic
drag, which increase rapidly with the vehicle speed, were a dominating factor in
the optimization. Vehicle cruising speeds were chosen as low as possible to reduce

losses due to aerodynamic drag.

Overall it was found that the acceleration and deceleration phase were chosen
drive train dependent, while the stabilized vehicle speed was most dependent on
the vehicle’s chassis. The efficiencies of the drive train components usually re-
sulted in maximum acceleration. This phase is therefore dependent on drive train
performance. A lowest possible constant speed was applied in the cruising phase
to respect the trip’s time constraint. A drive train specific deceleration rate was
chosen to maximize energy recovery. However, short deceleration phases were re-
alized with the use of hard braking in the second phase of deceleration. With
this deceleration time was minimized and lower cruising speeds could be chosen

to result in the required average trip velocity.

In Chapter 6 the integration of additional constraint is presented. To identify
realistic gains in fuel consumption in an urban setting the constraints due to
traffic were considered. Imitating a vehicle following situation necessary safety
constraints and their effect on eco driving strategies are discussed. It was shown

that with reduced flexibility of vehicle operation due to traffic the gains achievable
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with eco driving are limited. However, we found that while it is important to take
into account traffic to ensure driver safety, eco driving still represents significant

advantages in energy consumption.

In a second case study emission constraint were discussed. Eco driving is generally
considered to be environmentally friendly. This study analyzed the economic and
ecologic advantages of eco driving. Using hardware-in-the-loop testing the fuel
consumption and pollutant emissions were measured on an engine test bench for
an urban drive cycle. It was found that CO and HC emissions increased for the
computed fuel efficient eco cycle. Eco driving does therefore not necessarily have
to be considered ecological. In our work an approach to integrate emissions in the
optimization process was proposed. A method to dynamically select emission op-
timal gears was presented. The measured results show that, with a small trade-off
in fuel consumption, the CO and HC emissions can be reduced. It was concluded
that eco driving can represent economic and ecologic advantages. However, it is

important to consider emission constraints.

An approach to integrate the developed optimization algorithms in a driver assist
system was shown in Chapter 7. The design of the advanced driver assist system
was presented. A driving simulator was used to test the support system on external
subjects. On average the ADAS system was able to help the drivers to reduce fuel
consumption by 11%. It was found that higher gains in fuel consumption were
achieved in an extra-urban environment than in city driving. With a survey given
to the subjects it was evaluated that personal parameters, such as mechanical
knowledge, vehicle use frequency, age and system acceptance, have a strong impact
on possible gains in fuel consumption. In general it was found that the designed

ADAS system was effective and easily usable.

This work shows that, among several other solutions, it is necessary to consider
energetic optimization and its application to eco driving in order to help resolve

problems in the transportation sector.

8.2 Perspectives

Future work on this subject could be envisioned in three areas: First, we envision
a simplification of the optimization process. Secondly the algorithm could be

generalized by applying it to other vehicle architectures. Finally we see future

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2013ISAL0106/these.pdf
© [F. Mensing], [2013], INSA de Lyon, tous droits réservés



Appendix 207

work in the further development of the ADAS system and its integration in a real

life scenario.

The optimization algorithms work on the basis of detailed physical models and
are therefore complex and rather time consuming. In the further progress of this
work the detailed optimization results could be used to identify important and
unimportant aspects of detailed modeling. Developing simplified optimization

without the loss of results can be helpful in the integration process.

In this work three main vehicle architectures were discussed: the conventional, the
electric and a representative hybrid vehicle. In order to further analyze vehicle
specific operation the algorithm can be applied to other driver trains on the road
today or in the near future. The optimal operation of a fuel cell or hydraulic

hybrid vehicle could potentially lead to changes in the eco driving velocity profile.

Since the aspect of the ADAS system was only briefly aborted in this thesis there
remains much work to optimize the system for everyday use. It was found that
driver acceptance has a strong influence on system effectiveness. Ergonomic studies
are therefore necessary to evaluate the most appropriate design of the human
machine interface. The system should then be tested in real life. Particularly
in-vehicle tests in a Prius hybrid vehicle can be interesting to validate the gains

in energy consumption.
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Appendix A

Root finding methods

A.1 Bisection-Search

The bisection method is a method to find the roots of a continuous function. Given
a function f the method is used to approximate the scalar value of x that satisfies
the equation f(z) = 0. Assuming that there exists at least one zero in the interval
[a, b] the value of x is found by iteratively bisecting the interval. The process is

illustrated in Figure 4.9 a).

Given the interval [a, b] the iterative process is started by identifying the midpoint
¢ between a and b. The values f(a), f(b) and f(c) of the function at a, b and ¢
are computed. Depending on the sign of f(c) c is assigned to be the new lower
or upper boundary value. For example, as here, if sign(f(c)) = sign(f(a)) then
a = c else b = c. We can now be sure that the zero lies in the new interval [a, b].
Repeating the same process the point d would be found next and assigned to be
the new upper boundary. With this strategy the zero is approached. Defining
a tolerance value e the iterative process is continued until a value x is found for
which f(z) < e. In our problem the function f is represented by the final time
error function and the found root z is the desired -value to be used for the fixed

time constraint optimization.

With this method the length of the interval is reduced by one half at each step,
its convergence time is linear and therefore considered slow (depending on the
shape of the function f). Other methods have therefore been developed with the

intention of reducing the iteration number, and therefore computational time.
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FIGURE A.1l: a) Bisection Method, b) False Position Method, ¢) Secant Method

A.2 Newton Method

The Newton Method is a root-finding method commonly used to reduce the num-
ber of iterations. With this method the search for a zero is started with a point a
and its function value f(a). Using the slope of the function at point a, f’(a), the
next point b is fixed at the x-intercept of the line with slope f’(a) through a. In
our application the function f(f) is in fact the error to the chosen final time ¢;.

Therefore we can not compute f'(3).

There exist two method to solve this problem, which are derived from the Newton
Method and can be applied for the case that the function’s derivative can not be
defined analytically. These are the False Position Method and the Secant Method.
With these methods two points are chosen initially and the slope of the function f
is approximated using these two points. A negative aspect of these methods is that
they assume the function is approximately linear in the region of interest. The
two methods differ only in their choice of which point the new value will replace.

The Secant method, while often the faster method, is not guaranteed to converge.

A schematic of the two methods can be seen in Figure 4.9. In plot b) the False
Position Method is shown. Initially the points a and b where chosen such that they
enclose the root. The next iterative point is found by the x-intercept of the line
through f(a) and f(b). In this example b is then replaced by ¢ such that the root
can still be found in the interval [a, b]. With the Secant Method, as seen in graph
c), this is not ensured and the next chosen point always replaces the iteratively
older point of the previous two. Here the point a is replaced rather than b as in
the False Position Method.
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The application of these Newton based methods is usually faster than using the
Bisection Search because the search can converge faster than in linear time. How-
ever it depends strongly on the shape of the function f and even linear convergence

rates are not guaranteed.

A.3 Ridder’s Method

In 1979 Ridder ([87]) developed a method that resolves the issues encountered by
the Secant and False Position Method. In his approach Ridder takes the bent out
of the function by using an exponential. Given a root lies in the interval [a, 0]
the method first locates the midpoint ¢ = (a + b)/2 and then searches for the
exponential e* that turns the residual function into a straight line, hence solving
f(a) — 2f(c)e® + f(b)e** = 0. The false position method is then applied to the
resulting linear function to find the next point d. The algorithms convergence is

supposed super linear and robust ([87]).

A.4 Brents Method

To combine fast convergence with the guaranty of at least linear convergence Brent
developed an algorithm in 1970 on the basis of an approach previously taken by
Dekker(|88, 89]). With his method Brent ensures that the search converges at at
least linear rate but often much faster. To achieve this the method uses a combi-

nation of Bisection Method, Secant Method and Inverse Quadratic Interpolation.

While we approximated the slope of the function f in the Secant Method with
two points in this method three points are used. With quadratic interpolation
the function f can be approximated by the polynomial y,,, = kiz? + koz + ks
using the three known points. But when solving this function for zero we might
get a complex value as a result. Brent’s method therefore uses inverse quadratic

interpolation to identify an approximate of the function z,,, = k1y* + kay + ks.

Brent’s method still uses two values @ and b as inputs, assuming the root is in
the interval [a,b]. In an initial step the Secant Method is used to compute the
third parameter c. In the following iterative process the parameters a, b and ¢
are arranged such that f(a) and f(b) are positive, |f(b)| < |f(a)| and b is the
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following value to ¢. Then the choice between inverse quadratic interpolation,
Secant Method and Bisection method is done as follows: If ¢ # a an inverse
quadratic interpolation step is taken, if ¢ = a a Secant step is taken, and if either
of the two steps falls outside of the interval [a,b] then a Bisection step is used
instead. This approach ensures that the new interval will always keep the root

enclosed.
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Vehicle model

B.1 Steering and lateral vehicle model

To compute the vehicle’s motion in the global X-Y plane a simple vehicle model was
constructed. The model uses the bicycle representation of the vehicle, where the
two front wheels and the two rear wheels are respectively represented by one central
wheel. The so-called ’kinematic model’ is based only on geometric relationships

and therefore does not consider the forces that affect the motion.

In Figure B.1 the geometry of the bicycle model is presented. The vehicle’s front
wheels are represented by one centralized wheel at A with a steering angle of oy,
while the rear wheels are represented by the wheel at B and, if necessary, a rear
steering angle o,. The gravitational center of the vehicle is called C, which is
found at distance [, from the rear end and [; from the front end of the vehicle.
This point is also the rotational center, which is here assumed to be fixed. The
major assumption made with this model is that the velocity at each wheel points
in the direction of the wheel. We therefore assume that the slip angle at each
wheel is zero. For small vehicle speeds this can be assumed since lateral tire
forces are small. We will later discuss how we adapt this model to higher speeds.
The vehicle’s heading in the plane is defined by ¢ and the vehicle’s slip angle is
represented by the angle f.

A detailed outline of the model construction can be found in [103]. We define V'

to be the vehicle speed, which is computed as an output of the vehicle drive train
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V)
_&-f

FiGure B.1: Kinematic vehicle model

model. The vehicle position can now be calculated using geometric relationships
by:

Xgioh = Veos(V + B) (B.1)
Yaop = Vsin(¥ + ) (B.2)
i — Vl;joTs(f)(tan@f) — tan(s,)) (B.3)

_ylptan(,) + L tan(dy)

=t
b = tan I+,

(B.4)

With this the vehicle longitudinal and lateral speed is defined as a function of
vehicle speed and wheel angle. Given the steering wheel position the angle of the
wheels can be computed with a steering ratio [104]. Measurements have shown
that the ratio can be specified to a value around 16 for passenger vehicles. In our
work the steering ratio is specified as a parameter, that is fixed to 16 for very small
speeds, but grows proportionally with the vehicle speed. Due to increasing slip
angles the vehicle usually turns less with increased speeds. Since the implemented
lateral model does not consider tire slip angles, using a changing steering ratio can

lead to more realistic vehicle operation.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2013ISAL0106/these.pdf
© [F. Mensing], [2013], INSA de Lyon, tous droits réservés



Appendix C

survey
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LimeSurvey - http://enquetes.ifsttar.fr/limesurvey/admin/admin.php?action=showprint...

Bonjour,

merci de remplir le questionnaire suivant aprés avoir fini le test préliminaire.

Il'y a 19 questions dans ce questionnaire

Concernant la personne

1 [0]Votre numéro de test

Veuillez écrire votre réponse ici :

]

2 [1]Sexe

Veuillez sélectionner une seule des propositions suivantes
O Féminin

' Masculin

Choissisez votre sexe.

3 [2]Votre Age

Veuillez écrire votre réponse ici :

4 [3]Avez-vous le permis B?
Veuillez sélectionner une seule des propositions suivantes

O oui
O Non

5 [4]Avez-vous des problémes de vision non corrigés ou de santé pouvant géner
a la conduite?

Veuillez sélectionner une seule des propositions suivantes :

O ou
O Non

lof7 15/05/2013 14:54
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LimeSurvey - http://enquetes.ifsttar.fr/limesurvey/admin/admin.php?action=showprint...

6 [41]Si oui précisez:

Répondre a cette question seulement si les conditions suivantes sont réunies :

° La réponse était 'Oui' a la question '5 [4]' (Avez-vous des problémes de vision non corrigés ou de santé pouvant géner a
la conduite?)

Veuillez écrire votre réponse ici :

7 [5]Presbytie
Veuillez sélectionner une seule des propositions suivantes

O ou
O Non

20f7 15/05/2013 14:54
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LimeSurvey - http://enquetes.ifsttar.fr/limesurvey/admin/admin.php?action=showprint...

Expérience de conduite

8 [1]En quelle année avez-vous obtenue le permis de conduite?

Veuillez écrire votre réponse ici :

]

9 [2]Le nombre de kiloméetres moyen vous conduisez pendant une année

Veuillez écrire votre réponse ici :

]

10 [3]Utilisation de la voiture

Choisissez la réponse appropriée pour chaque élément :

Tous les Plusieur fois Plusieur fois Plusieur fois
jours par semaine par mois par an

La fréquence a
laguelle vou utilisez O @] O @]
votre voiture
Fréquence
d'utilisation O @] @] @]
d'autoroute
Fréquence
d'utilisation des
départementales, O o G O
nationales
Fréquence
d'utilisation en ville o o o o

11 [4]Connaissance du parcour
Choisissez la réponse appropriée pour chaque élément :

Routiniers Courant Occasionnels
Les parcours que

vous faites sur O @] O

autoroute

Les parcours que
vous faites sur RN
ou départementales
Les parcours que
vous faites en ville

30f7
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LimeSurvey - http://enquetes.ifsttar.fr/limesurvey/admin/admin.php?action=showprint...

12 [5]Quel modele de voiture conduisez-vous?

Veuillez écrire votre réponse ici :

13 [6]Mettez des critéres d'achat dans I'ordre

Numérotez chaque case dans l'ordre de vos préférences de 1 a 3

Esthétique
Performance

Practicité

(1 critére le plus important, 3 le moins important)

14 [7]Effort percu lors de certaines situations de conduite

Choisissez la réponse appropriée pour chaque élément :

Effort Gros Certains Petit
extreme effort effort effort
Franchir un cédez le
passage o o C ¢
Passer un rond-point @] O O O
Franchir un feu @] O O O
Suivre une voiture (@) O O O
Tourner dans une
Q O @] O

intersection

40f7
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LimeSurvey - http://enquetes.ifsttar.fr/limesurvey/admin/admin.php?action=showprint...

Technologie et Environnement

15 [1]Quel type de systéme embarqué utilisez-vous et quelle expérience en
avez-vous?

Choisissez la réponse appropriée pour chaque élément :

déja entendu
utilisé parler, jamais non, je ne
couramment petite experiénce utilisé connais pas

GPS O e} O O
Limiteur de vitesse @] @] O O
Régulateur de

vitesse G O O o
Radar de recul O @] O ]
Systéme

d'information de la O @] @] O
consommation

Avertisseur de radar O @] O O

16 [2]Indiquez votre experiénce avec les technologies suivantes:

Choisissez la réponse appropriée pour chaque élément :

Aucune
Expérimenté Intermédiaire Débutant expérience

Email O O O O
Internet O O @] @)
Ordinateur O O O O
Appareil photo

nsrﬂériquz & O O O
Smartphone/tablette (@] @) @] @]

17 [3]Vous sentez-vous concerné par les problémes liés a I'environnement?
Choisissez la réponse appropriée pour chaque élément :

Beaucoup Assez Un peu Pas du tout

Concerné par
I'environnement o o o o
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LimeSurvey - http://enquetes.ifsttar.fr/limesurvey/admin/admin.php?action=showprint...

18 [4]1Quelle(s) action(s) individuelle(s) faites-vous pour participer a la
proctection de I'environnement?

Choisissez toutes les réponses qui conviennent :
Tri des déchets

Eteindre les appareils électriques

Compost (dans le jardin)

Conduite économique

Utiliser les transports en commun

O
0
0
[ utiliser un vélo
0
O
0

Utiliser une chasse-d'eau économique

[ Autre:

19 [5]Classer ces regles par ordre d'importance pour une conduit économique.

Numérotez chaque case dans l'ordre de vos préférences de 145

Vitesse
Accélération
Anticipation

Freinage

Régime moteur
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LimeSurvey - hitp://enquetes.ifsttar. fi/limesurvey/admin/admin.php?action=showprin...

Merci de répondre a quelques questions aprés avoir fini les tests avec le systéme d'assistance.

Il'y a 9 questions dans ce questionnaire

Effort de conduite

1 [1]Effort percu lors de certaines situations de conduite

Choisissez la réponse appropriée pour chaque élément :

Quasi
Effort Gros Certain Petit pas
extréme effort effort effort d'effort
Franchir un cédez le
passage o) O e} &} @]
Passer un rond-point @] O O O @)
Franchir un feu @] O O &} @]
Suivre une voiture (@) O (@] @) @]
Tourner dans une
Q @] @] O O

intersection

1of6

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2013ISAL0106/these.pdf

© [F. Mensing], [2013], INSA de Lyon, tous droits réservés

Aucun
effort

O Co0 O
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Evaluation du systéme d'assistance

2 [1]Connai écaniq
Choisissez la réponse appropriée pour chaque élément :
Beaucoup
d'expérience Intermédiaire Débutant
Connaissance
mécanique O Q) O

automobile

3 [2]Compréhension du systéme d'assistance

Choisissez la réponse appropriée pour chaque élément :

Impossible Difficilement Facilement
Avez-vous compris le
foncionnement du O Q @)
systeme?
Avez-vous compris la
signification de O Q o

chaque logo?

La jauge d'indication

de vitesse optimale

est-elle o < o
compréhensible?

Le conseil de rapport

est-il O [e] O
compréhensible?

Les conseils

d'accélération et de

déceleration du O Q) (@]

segment sont-ils
compréhensible?
Le conseil de vitesse

stabilisée est-il @] Q O

compréhensible?

Les conseils du choix

de rapport pour le

segment est-il o Qo o
compréhensible?

© [F. Mensing], [2013], INSA de Lyon, tous droits réservés

Aucune
expérience

O

Trés facilement

O

o
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LimeSurvey - hitp://enquetes.ifsttar. fi/limesurvey/admin/admin.php?action=showprin...

4 [3]Quel(s) symbol(s) n'avez vous pas compris?

Veuillez écrire votre réponse ici :

5 [4]Efficacité, Confiance, Utilisation du systéme
Choisissez la réponse appropriée pour chaque élément :

de temps en
toujours souvent temps

Est-ce que les
conseils divulgués O
vous semblent
judicieux
Ressentez-vous que
le systéme vous aide
a conduire plus & O O
économiquement?

@] o

Pensez-vous qu'il
pourrait changer vos
habitudes de
conduite aprés une
utilisation de longue
durée?

Pensez-vous que les
conseils donnés sont @] @] Q
fiables?

Pensez-vous avoir

suivi les conseils (@] O O
donnés?

Pensez-vous avoir

conduit 0] O O

économiquement?

3of6
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LimeSurvey -

hitp://enquetes.ifsttar. fi/limesurvey/admin/admin.php?action=showprin...

6 [5]Evaluation subjective de I'interface du systéme

Choisissez la réponse appropriée pour chaque élément :

d'accord

Le design de

linterface est @]
agréable

Les couleurs de

linterface sont

adaptées

La visibilité générale

est bonne

La visibilité des

differents symboles

est bonne

La disposition des

différents symboles @]
est bonne

La visibilité¢ du

cadran de 0
compte-tours est

bonne

Les consignes de

changement de O
rapport sont visibles

Les consignes

d'accélération et de e
deécleration sont

visibles

Les consignes de

vitesse stabilisée O
sont visibles

7 [6]Intérét d'un systéms d'

plutot
d'accord

éco-conduite

Choisissez la réponse appropriée pour chaque élément :

Oui
Un systéme de ce
type serrait utile afin e
d'aider a diminuer la
consommation
Vous étes prét a
acheter untel O
systeme

40f6
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Plut6t

@]

plutét pas pas du tout
pas d'avis d'accord d'accord

O @] O

O O O

O @] O

O @] O

O o} O

O o} O
oui Plutét non Non
O O
O O
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LimeSurvey - hitp://enquetes.ifsttar. fi/limesurvey/admin/admin.php?action=showprin...

8 [7]Evaluation finale du systéme (x sur 20)

Veuillez écrire votre(vos) réponse(s) ici :

Esthétique
Facilité d'utilisation
Utilité:

Fonctionnement

1l

x sur 20 (x/20)

9 [8]Avez vous des remarques?

Veuillez écrire votre réponse ici :

50f6 15/05/2013 14:55
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LimeSurvey - hitp://enquetes.ifsttar. fi/limesurvey/admin/admin.php?action=showprin...

Merci pour votre participation.
01.01.1970 - 01:00

Envoyer votre questionnaire.
Merci d'avoir complété ce questionnaire.
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Appendix D

Synthése

D.1 Introduction

En 1885 Karl Benz développa le premier véhicule conventionnel [1]. Aprés la
mise au point de voitures propulsées par vapeur et électricité, il fat le premier
a construire une voiture dotée d’un moteur thermique a combustion. Depuis le
19éme siécle le nombre de véhicules a augmenté de facon spectaculaire et devrait
atteindre 1200 million en 2030 [17]. S’il a représenté un facteur de progrés et de
développement majeur pour 'humanité, le secteur des transports doit aujourd’hui

faire face a de grandes problématiques.

L’atteinte du maximum de production mondial de pétrole (le pic pétrolier s’est
produit en 2006 selon 'TEA (International Energy Agency) [3]) associé au nombre
croissant de véhicule en circulation conduit a la raréfaction des sources d’énergie
fossile et a une augmentation constante du prix des carburants. D’autre part
les réactions prenant place dans les moteurs thermiques ne se limitent pas a la
création d’énergie mais générent aussi des produits comme le dioxyde de carbone,
le monoxyde de carbone (CO), les hydrocarbures (HC), les oxydes d’azote (NOx)
et des matiéres particuliéres, indésirables pour leur impact environnemental. Pour
résoudre ces problémes, deux approches sont envisageables, I’'une est technologique
et vise a améliorer les composants du véhicule ou son architecture, I'autre est

comportemental et cherche a changer la maniére d’utiliser les véhicules.
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De multiples solutions technologiques ont été développées visant ’amélioration
des composants afin d’augmenter le rendement de la chaine du véhicule. Une ap-
proche complémentaire est la création de nouvelles configurations de chaine mo-
topropulseur. En effet les voitures alternatives, comme les véhicules hybrides et
électriques atteignent des niveaux de consommation inférieure a celui des véhicules
conventionnels, grace notamment & la récupération d’énergie au freinage. Les
véhicules électriques permettent aussi au secteur des transports de réduire sa

dépendance aux sources d’énergie fossile.

En paralléle I'utilisation efficace des ressources existantes doit étre assurée. Par ex-
emple des études sur des réseaux de véhicules ont montré qu’une communication
entre véhicule et infrastructure peut aider & réduire la consommation d’énergie
dans les transports. [’éco-conduite représente une méthode, réalisable immé-
diatement, permettant & chaque conducteur d’améliorer sa consommation. En
effet, le rendement d’un véhicule dépend du taux d’accélération et des vitesses
choisies. Une conduite qui minimise la consommation d’énergie en sélectionnant
des accélérations et vitesses optimales d’un point de vue énergétique est nommeée
éco-conduite. Dans plusieurs pays des formations a 1’éco-conduite sont proposés
aux conducteurs et des études ont montré que ceux-ci réussissent a réduire leur
consommation d’énergie de 10 & 15% [24]. D’autres projets tentant également de

développer des systémes d’assistance pour assurer une conduite économique.

Dans le cadre de cette thése nous analyserons les gains potentiels de 1’éco-conduite.
Le fonctionnement optimal de différents types de véhicules sera examiné a l'aide
d’algorithmes numériques. Enfin, les connaissances acquises a travers la déter-
mination de profils de conduite optimaux seront appliquées a la conception d'un

systéme d’assistance pour 1’éco-conduite.

Souvent des régles d’éco-conduite sont définies généralement et indépendamment
du chéssis ou de la chaine du véhicule. Pourtant, avec les nouvelles chaines de
véhicules alternatifs, il est important de prendre en compte des paramétres spé-
cifiques pour atteindre des gains maximaux d’éco-conduite. Pour cette raison des
modéles détaillés des différents types de véhicule ont été construit. Cette approche
nous permet d’appliquer les algorithmes développés aux véhicules simples, mono-
source, comme les véhicules conventionnels et électriques, mais aussi aux véhicules

complexes, multi-source, comme le véhicule hybride.
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Pour l'identification du fonctionnement optimal d’un véhicule des algorithmes
d’optimisation de la trajectoire de vitesse ont été appliqués. Dans un premier
temps nous avons mis en [Juvre la méthode de la programmation dynamique en
trois dimensions [25] pour optimiser les trajectoires. Une deuxiéme approche a
été développée afin de réduire le temps de calcul en introduisant un facteur de
pondération dans la fonction de coiit. Ainsi des méthodes de calcul du zéro ont
été utilisées en combinaison avec la programmation dynamique en deux dimensions
[26]. Le compromis entre durée du trajet et consommation d’énergie a également
été étudié en calculant la frontiére de Pareto avec une méthode d’optimisation
multi-objectif |27].

Sur la base de cycles standards et de la définition d’un comportement de conduite
de référence, les algorithmes d’optimisation nous on permit de calculer les cycles
optimaux correspondant pour chaque type de véhicule (conventionnel, électrique,
hybride). A T’aide de ces résultats nous avons pu spécifier les facteurs les plus im-
portants de I’éco-conduite pour les véhicules conventionnels ainsi que les véhicules
électrique [28] et hybrides [29].

Alors que la premiére partie s’est focalisée sur une étude théorique visant a calculer
les gains potentiels de I’éco-conduite, la seconde partie consiste en une mise en situ-
ation plus réaliste et une intégration des algorithmes dans un systéme d’assistance

pour le conducteur.

La prise en compte des contraintes de trafic et d’émission de polluants permet
de se placer dans un contexte plus réaliste et de déterminer de maniére plus pré-
cise les gains de consommation. Ainsi, nous avons introduit un modéle de suivi
de véhicule pour simuler et étudier I'influence du trafic sur les gains potentiel de
I’éco-conduite [30]. Alors que la plupart des études examinent seulement les gains
de consommations, 1’éco-conduite doit également étre vue comme un comporte-
ment respectueux de I'environnement. Dans le cadre de cette thése nous avons
évalué dans le cas d’un véhicule thermique les aspects économiques et écologiques
d’une conduite qui minimise la consommation. Pour rendre 1’éco-conduite réelle-
ment écologique, nous proposons une méthode pour intégrer des contraintes sur

les émissions dans 'algorithme d’optimisation [31].

Pour compléter ce travail nous présenterons enfin I'intégration du principe d’éco-
conduite en temps réel dans un systéme d’assistance basé sur les algorithmes

d’optimisation détaillés dans ce travail.
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D.2 Etat de ’art

Les premiéres études visant a réduire la consommation de carburant dans le secteur
des transports furent publiées en 1976 consécutivement au premier choc pétrolié.
La motivation était alors purement économique. Aujourd’hui les restrictions en-
vironnementales obligent les pays et les constructeurs automobiles & investir dans
un transport efficace et ’vert’. Dans cette optique certains pays proposent une
formation a I’éco-conduite, par exemple dans le cadre de 'obtention du permis de
conduire. Ces dix derniéres années plusieurs études sur I'intérét de 'instruction des
régles d’éco-conduite ont été réalisées, révélant 'efficacité de ce dispositif. Toute-
fois, une étude sur les conséquences a long terme de ces formations [45] a démontré
la limitation dans le temps de ses effets positifs, le conducteur reprenant instinc-
tivement ses mauvaises habitudes de conduite. En conséquence, il est nécessaire
d’utiliser des systémes d’assistance pour I’éco-conduite afin d’assurer une conduite

efficace sur le long terme.

La littérature est riche en option de multiples systémes d’assistance pour 1’éco-
conduite et le tableau 2.1 en présente le comparatif détaillé. Il existe aujourd’hui
des systémes informatifs et des systémes consultatifs. Les systémes informatifs
affichent des informations sur la consommation ou d’autres parameétres du véhicule
au conducteur sans lui fournir de conseil sur les modifications a apporter pour
réduire sa consommation. Par opposition les systémes consultatifs conseillent le
conducteur sur le comportement a adopter pour réduire sa consommation. Dans
cette catégorie on distingue les systémes d’assistance avancés (ADAS) qui utilisent
des paramétres du véhicule pour identifier une conduite optimale pour ce véhicule.

Les systémes ADAS peuvent étre classés en deux catégories:

e Systéme ADAS fournissant du conseil en continu pendant la conduite

e Systéme ADAS de rapport, proposant du conseil suite & un trajet

Le tableau 2.1 montre que les systémes ADAS ont la capacité de fournir un conseil
détaillé au conducteur, mais les algorithmes sont assez complexes et souvent de
nombreuses données d’entrée sont nécessaires. Généralement les systémes ADAS
intégrent un algorithme d’évaluation, qui utilise les entrées du véhicule pour cal-
culer et proposer une indication appropriée pour le conducteur. A notre con-

naissance la plupart des systémes utilisent des algorithmes basés sur une machine
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d’états appliquant un ensemble de régles expertes. Un tel algorithme ne peut iden-
tifier qu'un fonctionnement sous-optimal car il ne prend pas en compte la situation
globale. Toutefois, en supposant que le trajet du véhicule est connu, le fonction-
nement optimal peut étre évalué en appliquant des algorithmes d’optimisation en

combinaison avec un modéle de véhicule détaillé.

Afin d’identifier la trajectoire optimale d’un véhicule terrestre de nombreux
travaux ont été réalisés depuis 1977. Le tableau 2.2 présente une synthése des
travaux et des méthodes appliquées, trouvés dans la littérature pour résoudre ce
probléme. Schwarzkopf fit le premier a montrer que la consommation d’énergie
peut étre minimisée en choisissant le meilleur profil de vitesse. Son travail était
basé sur un modéle de véhicule trés simple et se basait sur la méthode du principe
minimal de Pontryagin. Ses travaux portérent sur un probléme d’accélération et

une conduite a travers des montagnes.

Dans les études postérieures une grande variété de problémes a été étudiée visant
a optimiser la consommation de carburant mais aussi le temps de trajet. La
trajectoire optimale a été évaluée pour des véhicules conventionnels, électriques,
hybrides ainsi que pour des bus et des véhicules a pile a combustible. Néanmoins,
nos études semblent montrer qu’un compromis entre le détail du modéle de véhicule
considéré et la méthode d’optimisation existe. La plupart des travaux ont utilisé
soit la méthode de la programmation dynamique soit le principe de Pontryagin.
Les travaux qui ont appliqué le principe de Pontryagin employant généralement un
modéle de véhicule simple. La programmation dynamique nous permet d’intégrer

un modéle plus complexe et d’ajouter des contraintes facilement.

Cet état de 'art montre que ’éco-conduite représente une bonne facon a ré-
duire la consommation des véhicules particuliers. Néanmoins, des systémes
d’assistance efficaces sont nécessaires pour indiquer au conducteur la conduite
optimale. L’originalité de ces travaux de thése se repose donc sur les points suiv-

ants:

e [’identification des gains potentiels de 1’éco-conduite en calculant le fonc-

tionnement optimal pour chaque type de véhicule
e [’évaluation des effets de contraintes sur la consommation optimale

e L’intégration des algorithmes d’optimisation dans un systéeme d’assistance a

I'éco-conduite
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D.3 Modélisation

Afin d’identifier et de comparer le fonctionnement optimal des différents véhicule,
nous avons modélisé trois véhicules représentatifs: conventionnel, électrique et hy-
brides. Afin de réduire les temps de calcul et intégrer de maniére simple les modéles
de véhicule dans les algorithmes d’optimisation nos travaux ce sont appuyés sur
la modélisation inverse. Les avantages d’une telle modélisation sont expliqués par

le schéma en figure 3.1.

La simulation directe d’un véhicule se base sur des entrées fournies par un conduc-
teur pour calculer le fonctionnement du véhicule en direction du flux de puissance.
La vitesse et ’accélération de la voiture sont déterminées a 'aide des entrées que
sont les pédales. On parle de modéle inverse lorsque le fonctionnement des com-
posants dans la chaine du véhicule est calculé en utilisant la vitesse et ’accélération
comme variables données. L’intérét de cette approche est de retirer le conducteur
du calcul. Dans la modélisation inverse le conducteur est supposé idéal, seules

certaines hypothéses sur son comportement sont faites.

En général tous les véhicules peuvent étre séparés en un chassis et un groupe
motopropulseur (figure 3.2). Si la chaine motopropulseur différe suivant le type
de véhicule modélisé ici, le modéle du chassis reste un élément commun a toutes
les chaines et il est seulement nécessaire de changer le paramétrage pour chacune
des configurations étudiées. Afin de développer un modéle énergétique du véhicule

nous avons spécifié deux hypothéses concernant le chassis:

e Seul le mouvement longitudinal est considéré

e Le contact pneu chaussée est parfait

En utilisant ces hypothéses le couple (Tyive) & fournir par la chaine motopropulseur

peut étre calculé en fonction de vitesse (v) et de 'accélération (a) du véhicule avec

Tdrwe = f(’U, a) (Dl)
Jv + Fres(“)Rtire (DQ)

eh
Rtire
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Les forces résistantes (F..s) se composent de la force de résistance au roulement
entre le pneu et la chaussée, la force aérodynamique du chassis et la force due a
la pente (figure 3.3). Les forces résistantes représentent les pertes du chéssis, qui
sont fortement liées a la vitesse du véhicule, mais elles varient aussi avec le poids

et la géométrie du véhicule.

D.3.1 Véhicule thermique

La Peugeot 308 a été utiliste comme exemple de véhicule conventionnel (figure
3.5). La chaine de transmission du véhicule se compose d’un différentiel, d’une
boite de vitesse, d’'un embrayage et du moteur thermique. Afin de simplifier le
modéle du véhicule la dynamique de la chaine n’a pas été considérée. Pour une

inversion du modéle de ce véhicule les hypothéses suivantes ont été appliquées :

L’éco-conducteur choisi toujours le rapport optimal

Les changements de rapports sont faits instantanément

Le patinage d’embrayage ne se produit que lorsque la vitesse de la chaine est

plus basse que le ralenti du moteur thermique

e Une puissance constante est fournie aux auxiliaires.

Les rendements du différentiel et du rapport sélectionné sont spécifiés indépen-
damment de la vitesse et du couple. Tenant en compte la puissance fournie aux
auxiliaires et des autres hypothéses le fonctionnement est évalué a partir du modéle

inverse du chéssis:
Weng = max(weng—idlea Wyheel * RFD * RG(igear)) (DB)

(R
NrpTe (igear) Pouz .
Ten =T, rive ; + + Jen Wen, D4
I I RFD RG (dem'> Weng g g ( )

Pour I'étude du véhicule thermique, le choix s’est porté sur un moteur essence de
1.6 L, peuvent fournir un couple maximal de 160 Nm a 4250 tr/m et une puissance

maximale de 88 kW & 6000 tr/m. La figure 3.7 montre une cartographie de la
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consommation en fonction de la vitesse et du couple fourni. Cette cartographie a
été relevée expérimentalement et peut étre utilisée pour calculer la consommation
instantanée & un point de fonctionnement donné. Comme illustré dans la figure
3.7, la consommation d’un véhicule pour une vitesse et une accélération définie
peut changer suivant le rapport de vitesse choisi. Le rendement maximum des
moteurs thermiques se trouve généralement dans la partie haute du couple. Avec
ce modéle la consommation instantanée de carburant peut étre calculée en fonction

de la vitesse et de Uaccélération du véhicule.

D.3.2 Véhicule électrique

Le deuxiéme type de véhicule étudié est le véhicule électrique. Les véhicules élec-
triques deviennent de plus en plus populaires, du fait de la flexibilité dans le choix
de la source d’énergie. De plus, la chaine de la traction permet de récupérer de
I’énergie cinétique grace a la réversibilité des composants électriques. Dans cette
thése la voiture électrique AIXAM Mega City, présentée en figure 3.8, a été choisie
comme exemple d’étude. La chaine de traction d’un véhicule électrique se compose
d’un différentiel, d’un moteur électrique qui est couplé par un convertisseur a une

batterie.

Dans la ATXAM Mega city I'énergie est fournie par 12 éléments de batterie au
plomb. Le moteur installé dans le véhicule est un moteur & courant continu, qui
peut produire une puissance maximale de 14 kW & 3000 tr/m et un couple maximal
de 60 Nm peut étre fourni & basse vitesse. Prenant en compte le rendement du dif-
férentiel et I'inertie du moteur électrique, le fonctionnement du moteur électrique

se calcule par:

WEM = Wywheel RFD (D-5)
nw
TEM - TwheelRF_D - JEMww.heelRFD (DG)
FD

Le rendement de I'association convertisseur et moteur a été identifié expérimen-

talement (figure 3.10). Les pertes dans le moteur sont calculées en utilisant une
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interpolation. La puissance totale a fournir par la batterie se compose de la puis-
sance fournie au moteur électrique, des pertes dans le moteur et le convertisseur

et la puissance des auxiliaires:

Pbattout = TEMWE]V[ + -PlossEJ\/[ + Paua: (D7)

Pour modéliser les pertes dans la batterie, nous avons utilisé un modéle simple
tenant compte uniquement du phénoméne résistif (figure 3.11). Cette résistance
change de valeur suivant le mode de la batterie, charge ou décharge. Il a été
constaté que la dépendance des pertes par rapport a 1’état de charge était faible
pour une grande plage de I’état de charge. En conséquence nous avons utilisé
un état de charge constant pour le calcul de la consommation d’énergie. Avec ce
modéle la consommation d’énergie dans la batterie peut étre calculée en fonction

de la vitesse et de Uaccélération du véhicule:

Pouie = f(v,a) (D.8)

D.3.3 Véhicule hybride

Généralement les véhicules hybrides consomment moins de carburant que les
véhicules conventionnels grace a leur capacité de récupération d’énergie au freinage
et a leur utilisation du moteur thermique dans les régions de haut rendement. Un
véhicule hybride est, par définition, un véhicule avec plusieurs sources de puis-
sance. Alors que la source primaire est souvent le moteur thermique, la deuxiéme
source peut étre de différente nature: une pile & combustible, un volant d’inertie,
un accumulateur hydraulique ou une batterie électrique. Nous nous sommes con-
centrés ici sur les véhicules hybrides électriques qui utilisent une batterie et un
moteur électrique pour assister le moteur thermique. Néanmoins, les algorithmes

présentés sont applicables a tous les types de véhicules hybrides.

Dans les véhicules hybrides, la puissance fournie par la chaine motopropulseur
est repartie entre plusieurs sources en utilisant différentes configurations des com-
posants de la chaine. La figure 3.12 et la figure 3.13 illustrent les différentes
architectures : I’hybride série, I'hybride paralléle et I'hybride de répartition de
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puissance (série-paralléle). Pour illustrer une application des algorithmes d’éco-
conduite a un véhicule hybride, la Toyota Prius I a été prise comme exemple. Ce
véhicule correspond a la configuration hybride la plus complexe : la répartition de

puissance.

La chaine de la Prius (figure 3.13) se compose d’une réduction, de deux moteurs
électriques, d’'un moteur thermique, d’un train épicycloidal et d’une batterie. La
puissance fournie par le moteur thermique est répartie par le train épicycloidal
entre les chaines mécanique et électrique. Dans une telle chaine, I'identification
du fonctionnement des composants en fonction de la vitesse et de 'accélération du
véhicule est difficile. Une stratégie de gestion d’énergie est utilisée pour assurer le
fonctionnement le plus efficace de la chaine. La gestion d’énergie tient compte les
entrées du conducteur ainsi que de I'état de charge de la batterie pour décider du
fonctionnement de chaque composant. Dans une modélisation inverse de la chaine
du véhicule hybride nous avons supposé que I’état de charge est connu pour calculer
le fonctionnement des composants avec la bonne répartition d’énergie. Tenant
compte de cette hypothése nous avons développé un modéle inverse de la Prius,
qui est utilisé pour calculer la consommation de carburant et la consommation
d’électricité de la batterie en fonction de la vitesse, de 'accélération et de 1’état

de charge de la batterie.

Afin de vérifier les résultats de la simulation, un modéle direct prenant en compte
des phénoménes dynamiques plus détaillés, a été utilisé. Le logiciel VEHLIB
est un logiciel de simulation énergétique de véhicule qui permet I'identification
du fonctionnement des composants, le calcul de la consommation d’énergie pour
une trajectoire de vitesse ainsi qu’a des applications en temps réel dans un cadre

expérimental.

D.4 Optimisation

Dans le but d’identifier la trajectoire optimale pour un véhicule considéré, nous
avons appliqué des méthodes d’optimisation de trajectoire pour un trajet connu.
Le déplacement du véhicule peut étre décrit par deux états, la distance et la vitesse

du véhicule. La forme discrétisée des équations est donnée par :

1
di—i—l = dz + ”UZAt + §CLiAt2 (Dg)
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Vi+1 = V; + CLlAt (DlO)

Afin de déterminer la trajectoire optimale pour I’éco-conduite, nous allons min-
imiser la consommation d’énergie globale pour un trajet. La fonction de coiit est
approximée par une somme des colts énergétiques instantanés pour la durée du

trajet :

Py [ ) = 3 (88 (D.11)

+ i=to

Le cotit énergétique d’un véhicule dépend de son architecture. Dans ce travail
nous allons considérer trois véhicules représentatifs: le véhicule conventionnel, le

véhicule électrique et le véhicule hybride.

ty
V() = Mpuer, (At) (D.12)

1=to

123
Yoen (1) = Z Poatr; (At;) (D.13)

i=to

ty
Yl (t) = (mpua, (At;) + aASOC(AL;)) (D.14)
1=to

Contrairement aux véhicules mono-source pour lesquels on considére une seule
source d’énergie, les véhicules hybrides nécessitent que l'on considére toute
I'énergie consommeée & chaque instant. C’est pourquoi le carburant (mg,e) et

la décharge (ASOC) sont inclus dans la fonction de cout de ce type de véhicule.

Pour évaluer le niveau d’éco-conduite d’une conduite particuliére il est nécessaire
de définir une référence. Pour cela nous avons utilisé des cycles standards et des
cycles d’usage réels. Dans la figure 4.1 un cycle d’usage réel d’une conduite urbaine
est représenté. A I'aide de ce cycle de conduite le trajet du véhicule peut étre défini.
Afin d’identifier une trajectoire de vitesse optimale correspondant a un trajet
donné, des contraintes de trajet et de route doivent étre spécifiées. Les contraintes
de trajet précisent I’état initial et final de distance et de vitesse. De plus, la

durée du trajet doit étre définie. Cette contrainte est nécessaire pour assurer
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lacceptation des stratégies d’éco-conduite par les utilisateurs. Une comparaison
équitable est possible seulement si les contraintes de route qui limitent les choix de
vitesse d’un vrai conducteur, sont prises en compte. En conséquence les limitations
de vitesse ont été spécifiées en fonction de la distance (figure 4.1). La pente est
également prise en compte comme paramétre dépendant de la route en fonction

de distance.

Dans une premiére approche nous avons étudié le probléme d’optimisation mono-
objectif. Tl existe une grande variété de méthodes d’optimisation qui sont ap-
plicables a ce probléme. La non-linéarité de la fonction de cotit et le besoin
d’intégrer facilement des contraintes nous ont poussés a choisir la méthode de
la programmation dynamique. Cette méthode d’optimisation est basée sur le
Principe d’optimalité de Bellman [86], qui permet de décomposer des problémes
complexes en des sous-problémes simples, qui peuvent étre résolus de maniére
récursive. Par la suite les problémes peuvent étre facilement résolus avec un cal-
culateur de puissance limitée. Avec une discrétisation appropriée, la méthode
identifie toujours la solution globalement optimale. L’inconvénient de cette méth-
ode est le temps de calcul, qui peut étre trés élevé pour des problémes a plusieurs

dimensions.

Comme dans les travaux de Hooker [57], la méthode de programmation dynamique
a été initialement appliquée en trois dimensions : temps, vitesse et distance. Cette
approche facilite une intégration des contraintes en temps, vitesse et distance. Afin
de réduire le temps de calcul la méthode a par la suite été réduite a deux dimen-
sions. Pour respecter toutes les contraintes de trajet un facteur de pondération a

été introduit dans la fonction de cofit :

dg
Ty = / Yoen(d) + BAT(d) =~ Yuen, (di) + BAL; (D.15)
d i=do

Pour un trajet donné un facteur § peut maintenant étre associé & une durée de
trajet. Dans une application en temps-réel ce paramétre peut étre spécifié par le
conducteur pour définir un compromis entre le temps d’arrivée et I’énergie consom-
mée. Cependant afin de pouvoir comparer les trajectoires de vitesse et identifier le
gain potentiel d’éco-conduite, une contrainte de temps doit étre respectée. Par la
suite nous avons étudié les méthodes d’identification d’un facteur de pondération

correspondant & une consommation minimale a iso-durée de trajet.
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Dans un premier temps une méthode de cartographie a été utilisée. En calculant
les temps d’arrivée en fonction de la distance & parcourir en fonction de §, un
tableau peut étre généré. Ensuite, une méthode d’interpolation peut étre utilisée
pour calculer le 8 correspondant & une distance et un temps de trajet désiré.
Cette méthode d’identification conduite a de bons résultats si le trajet est définie
seulement par sa distance. Si d’autres contraintes, comme la vitesse maximale ou la
pente, doivent étre prises en compte, une telle méthode ne permet pas d’identifier

un facteur de pondération suffisamment précis.

En utilisant un § donné, la durée de trajet devient un résultat de ’optimisation.
Par conséquent, la durée de trajet peut étre définie en fonction du facteur de
pondération. Pour déterminer les trajectoires & iso-durée, une fonction d’erreur,
entre temps d’arrivée de la trajectoire de vitesse calculée et le temps désiré, est

définie ainsi :

ferro?“(ﬁ) = Tf(ﬁ) - tjlfes (D16)

En utilisant I’équation D.16, l'identification de [ est réduit a un probléme de
recherche de zéro. Plusieurs méthodes de recherche de zéro et leur application a ce
probléme ont été étudiées. Une étude comparative des méthodes de Dichotomie,
de Secant, de False-Position, de Ridder et de Brent a permis d’identifier la méthode
de Brent comme la plus adaptée a cette problématique d’optimisation. Par la suite
nous avons donc choisit d’appliquer la méthode de programmation dynamique et
de l'associé & la méthode de Brent pour le calcul d’une trajectoire optimale d’un

parcourt donné avec contrainte de durée.

Pour conclure cette étude d’optimisation, un probléme multi-objectif a été con-
sidéré pour évaluer le compromis entre la consommation d’énergie et la durée du
trajet. En se basant sur 'algorithme de programmation dynamique, nous avons pu
calculer la frontiére de Pareto sans utiliser de facteur de pondération. Une méth-
ode de troncation a été proposée pour réduire le nombre de trajectoires calculées
et donc le temps de calcul et 'espace mémoire utilisée. La figure 4.12 représente
la frontiére de Pareto pour un trajet de 300 métres, illustrant le compromis entre
la durée du trajet et la consommation. La forme de la frontiére montre qu’il est
possible d’atteindre une réduction significative de la consommation avec un faible

impact sur la durée du trajet.
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D.5 Optimisation de trajectoire pour chaque type

de véhicule

En se basant sur les algorithmes développés précédemment nous avons calculé
les trajectoires optimales, pour des cycles de conduite donnés, réalisés avec les
véhicules conventionnel, électrique et hybride retenus pour l'illustration de ce tra-
vail. La détermination des gains potentiels d’éco-conduite est obtenue en com-
parant les "éco" cycles aux cycles originaux, ainsi le fonctionnement optimal pour

chaque type de véhicule peut étre spécifié.

D.5.1 Véhicule thermique

Pour le véhicule conventionnel nous avons considéré quatre cycles de conduite : un
cycle standard (NEDC), un cycle représentant une conduite urbaine (HYZURB),
un cycle représentant une conduite routiére (HYZROUT) et un cycle décrivant une
conduite autoroutiére (HYZAUTO). Les trajectoires optimales correspondantes
ont été calculées en appliquant la méthode de programmation dynamique 2D cou-
plé a la recherche de zéro pour le calcul du paramétre 5 optimale. La figure 5.2
présente les cycles originaux en bleu et les cycles éco en rouge. Pour chaque cycle

la trajectoire de vitesse et les rapports de boite sont données.

Afin de vérifier les résultats les cycles originaux et éco ont été testés sur banc mo-
teur. En s’appuyant sur un équipement "hardware-in-the-loop testing’, le véhicule
a été simulé alors que le moteur thermique été piloté en temps réel (figure 5.3).
Cette méthode nous a permis de mesurer les valeurs réelles de consommation de
carburant pour chaque cycle. Le tableau D.1 présente les résultats pour les cy-
cles originaux et éco. Suivant le cycle évalué, les gains potentiels d’éco-conduite
se situent entre 7,9 et 27,2 %. Par ailleurs ces résultats montrent que les gains
d’éco-conduite sont plus élevés pour une conduite urbaine et routiére que pour une

conduite autoroutiére.

Deux facteurs ont été identifiés comme principales causes des gains d’eco-conduite

e Un meilleur changement de rapport

e Un meilleur choix des vitesses et des taux d’accélération du véhicule.
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| cycle de conduite | original [L/100km] | éco [L/100km]| | réduction [%] |

NEDC 6.7 5.5 17.9
HYZURB 9.76 7.11 27.2
HYZROUT 7.22 5.41 25.1
HYZAUTO 6.92 6.37 7.9

TABLE D.1: Gains d’éco-conduite pour le cas du véhicule conventionnel

Grace a une sélection de rapports élevés, le rendement du moteur thermique est
augmenté, induisant une réduction de consommation. De plus la consommation
d’énergie diminue avec un choix adéquat des vitesses et des taux d’accélération du
véhicule. Pour minimiser la consommation de carburant du véhicule conventionnel
une accélération forte pour atteindre une vitesse stabilisée le plus rapidement pos-
sible est recommandée. Dans les phases de décélération, il est préférable d’utiliser
le frein moteur afin de réduire la vitesse du véhicule, puis d’appliquer un freinage

mécanique pour minimiser la durée de la phase de décélération.

D.5.2 Véhicule électrique

La trajectoire optimale d’un véhicule électrique a été identifiée pour quatre cycles
adaptés. Le véhicule électrique considéré ici est limité a une vitesse maximale de
65 km/h. Pour la comparaison d’une conduite originale et d’'une conduite éco,
deux cycles réels représentant une conduite urbaine ont été utilisés (AIXAM1, 3).
En autre, un cycle standard (AXIAM2) avec une durée de moins de 200 s ainsi
qu’un cycle routier adapté aux basses vitesses (AIXAM4) ont été optimisés. Dans

la figure 5.11 les cycles originaux et les cycles éco sont illustrés.

Les cycles originaux et les cycles optimisés du véhicule électrique ont été testés
expérimentalement sur un banc a rouleaux. Dans une telle configuration expéri-
mentale le véhicule est stationnaire, les roues sont placées sur des rouleaux reliées
a une machine électrique qui simule les forces résistant au véhicule. Les tests sur
banc a rouleaux permettent de mesurer la consommation d’énergie du véhicule
dans une situation controlée. Une comparaison de la consommation des différents

cycles de conduite est détaillée dans le tableau D.2.

Grace aux stratégies d’éco-conduite une réduction de 12 a 19 % est théorique-

ment possible pour les cycles d’'usage réel. En comparant les cycles originaux
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‘ cycle ‘ cycle original ‘ cycle éco ‘ gain ‘
AIXAM1 872.2 705.56 | 19.3%
AIXAM2 89.4 85.56 4.5%
AIXAM3 283.3 248.89 | 12.1%
AIXAM4 427.78 386.11 9.4%

TABLE D.2: Consommation d’énergie en Wh

et les cycles d’éco, nous avons pu montrer que cette amélioration de consomma-
tion n’est pas due a une augmentation du rendement des composants dans la
chaine. La consommation de la trajectoire optimale a été diminuée en raison des
choix de vitesse et des taux d’accélération. En utilisant des accélérations fortes,
des vitesses stabilisées basses et des taux de décélération adaptés a la chaine du
véhicule, I’énergie nécessaire pour réaliser le cycle éco a été fortement diminuée.
La figure 5.14 montre I’énergie dépensée lors de ’accélération du véhicule et celle
utilisée pour vaincre les forces de résistance. Un second graphique représente le
freinage pour un cycle original et un cycle éco. Alors que le cycle original perd
beaucoup d’énergie cinétique par freinage mécanique, les taux de décélération du

cycle optimisé permettent de récupérer plus d’énergie au niveau de la batterie.

D.5.3 Véhicule hybride

Afin d’analyser le fonctionnement optimal d’un véhicule hybride, la trajectoire
de vitesse d'une Toyota Prius II a été optimisée pour un trajet donné. Il est a
noter que dans cette thése nous n’avons pas tenté d’optimiser ou de changer la
gestion d’énergie du véhicule, mais c’est en modélisant I’ensemble du véhicule avec

sa gestion énergie propre que nous avons identifié le profil de vitesse optimal.

Le fonctionnement du véhicule étant dépendant de I’état de charge de la bat-
terie, une application de la méthode de programmation classique, qui consiste a
rechercher la meilleure solution état par état en commencant par le dernier, n’est
pas appropriée. Pour évaluer le cycle éco du véhicule hybride, I'algorithme de
programmation dynamique a été appliqué en sens direct (chronologique) en com-
mencant du premier état. Avec cette approche, I’évolution de I’état de charge de
la batterie peut étre surveillée et le coiit de fonctionnement du véhicule peut étre

calculé en fonction de la vitesse, de I'accélération et de ’état de charge.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2013ISAL0106/these.pdf
© [F. Mensing], [2013], INSA de Lyon, tous droits réservés



Appendix 245

Un utilisateur de véhicule hybride peut penser controler sa consommation en
surveillant la quantité de carburant utilisée. Mais cette approche est incorrecte,
la consommation de carburant d’un véhicule hybride n’étant pas nécessairement
proportionnelle & la consommation d’énergie du véhicule. Sur un trajet, le véhicule
peut consommer une faible quantité de carburant mais entiérement décharger la
batterie électrique. Cela induira une plus forte consommation de carburant sur les
trajets suivants. Pour identifier le meilleur fonctionnement de facon globale nous
avons donc pris en compte l'utilisation de la batterie en introduisant un facteur

de pondération « dans 'optimisation (Equation D.14).

Nous avons utilisé la méthode d’évaluation de la consommation proposée par la
SAE en 2002 [96] pour comparer la consommation des différents cycles. En calcu-
lant au minimum deux points de consommation et d’utilisation batterie, la méth-
ode d’interpolation est utilisée pour identifier la consommation de carburant quand

la variation de la batterie est nulle.

Une conduite originale a été définie & partir d’'un cycle routier, puis optimisée
pour plusieurs valeurs de pondération « et pour trois niveaux différents d’état de
charge initiale de la batterie. Dans la figure 5.17 et 5.18 les résultats sont tracés
en fonction du changement de I'état de charge de la batterie et en fonction de la
valeur de pondération «. En choisissant la bonne valeur de a nous avons montré
que le gain potentiel de I’éco-conduite peut atteindre 23 %. A noter que le choix

de la valeur « est trés important pour le calcul d’une trajectoire optimale.

Globalement nous pouvons conclure que pour une conduite économique le choix
des vitesses et des accélérations appropriées est primordial. Il semble qu'une fort
accélération et une vitesse stabilisée la plus basse possible est préférable pour
minimiser la consommation d’énergie. De plus, dans la phase de décélération le
freinage doit étre adapté a la nature de la chaine de traction du véhicule afin

d’utiliser au maximum la capacité de récupération.

D.6 Intégration des contraintes

Nous nous sommes jusqu’ici intéressé aux gains potentiels de ’éco-conduite dans
une situation idéale, nous allons par la suite décrire comment des contraintes de
trafic et d’émission ont été intégrées afin de calculer des gains d’éco-conduite plus

réalistes.
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L’intégration de I’éco-conduite en temps réel doit prendre en compte le trafic a
proximité du véhicule et ne doit pas influer sur la sécurité du conducteur. Afin
d’évaluer I'impact de la prise en compte du trafic, les configurations dans lesquelles
il existe potentiellement une voiture devancant le véhicule dont la trajectoire est
optimisée ont été mises en place (figure 6.1). Dans une telle situation une distance
de sécurité doit étre conservée. Nous avons étudié trois paramétres différents de

suivi d’un véhicule en toute sécurité:

e Distance de freinage str : distance nécessaire pour pouvoir freiner quand le

conducteur précédant freine au maximum
e Time-inter-véhicular (TIV) : le temps séparant les deux véhicules

e Time-to-collision (TTC) : le temps avant qu’une collision se produise si les

deux véhicules conservent leur vitesse courante

Le code de la route francais conseille un TIV de 2 s pour les véhicules sur une
autoroute. Le TTV est un critére facile a prendre en compte pour le conducteur,
néanmoins, il ne prend pas en compte la vitesse du véhicule précédent. La forme
de I’évolution des trois parameétres en fonction de la vitesse des deux véhicules
est illustrée dans la figure 6.3. Afin d’étudier les effets du trafic sur les gains de
I’éco-conduite, nous avons défini deux types de conducteur: un premier a haut
risque et un autre & faible risque. Pour spécifier la distance de sécurité le critére
de TTC a été utilisé, en prenant une valeur de 2 s pour une conduite & haut risque

et de 4 s pour une conduite a faible risque.

La trajectoire de vitesse optimale correspondant a un trajet urbain a été identifiée
pour les deux types de conducteur. La consommation de carburant pour chaque
cycle est présentée dans le tableau D.3. La consommation de référence a été
calculée sans contrainte de trafic, elle correspond a un gain potentiel d’éco-conduite
de 34 % pour le trajet considéré. Cependant les limitations dues au trafic rendent
cette trajectoire non réalisable. En prenant en compte le trafic un conducteur a
haut risque peut réduire sa consommation de 28 % grace a 1’éco-conduite alors
qu'un conducteur & faible risque obtient une réduction de 15 % seulement. Alors
que la consommation optimale n’est pas accessible en présence de trafic, la stratégie

d’éco-conduite entraine toujours une réduction de consommation non négligeable.

Généralement I’éco-conduite est considérée comme un comportement respectueux

de 'environnement. Toutefois, & notre connaissance, la plupart des études sur
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| cycle | contrainte | consommation [g] | gain [%] |
cycle original driver 97.36 -
cycle éco - 64.10 34
cycle éco TTC=2sec 69.62 28
cycle éco TTC=4sec 82.30 15

TABLE D.3: Consommation de carburant pour les différentes trajectoires

le sujet se restreignent a la consommation d’énergie, sans prendre en compte les
émissions de polluants. Dans cette partie de thése nous nous sommes intéressés

également aux aspects écologiques de I’éco-conduite.

La mesure expérimentale de la consommation d'un cycle de conduite est réal-
isée a 'aide d’un banc moteur. De plus, les équipements du laboratoire LTE de
'IFSTTAR permettent de déterminer les émissions de polluants pour un cycle
complet ainsi qu’en instantané. La combustion dans le moteur thermique d’un
véhicule conventionnel n’est jamais parfaite, les produits sont principalement la
vapeur d’eau et le dioxyde de carbone, mais aussi le monoxyde de carbone (CO),
les hydrocarbures (HC) et les oxydes d’azote (NOx). Ces polluants gazeux con-

tribuent au phénoméne d’effet de serre et ont des effets négatifs sur notre santé.

Les données présentées dans le tableau D.4 résultent de tests de parcours routiers
réalisés sur banc moteur pour un cycle original et un cycle éco obtenu uniquement
en minimisant la consommation d’énergie. Le moteur est celui de la Peugeot 308
(EP6) respectant la norme Euro IV, qui limite les valeurs d’émission de CO, HC
et NOx pour le cycle de test (NEDC). Les résultats du cycle éco sont présentés en
comparaison de ceux du cycle original et des valeurs d’émission de la norme Euro
IV (tableau D.4).

Ces résultats montrent qu’en appliquant le cycle éco nous avons réussi a diminuer
la consommation de carburant de 9.0 1./100km & 6.5 L./100km. Les émissions de
CO2, qui sont généralement proportionnelles a la quantité de carburant consommé,
ont effectivement diminués. Par contre les émissions de CO et de HC ont augmenté
considérablement : alors que le niveau moyen d’émission de CO pour le cycle
original est de 2,06 g/km, il est de 5,78 g/km pour le cycle éco. De méme si les
émissions de HC respectent les limites de la norme Euro IV pour le cycle de base,
elles dépassent la valeur maximale admissible avec le cycle éco. Enfin la mesure

des NOx donne des valeurs trop faibles pour étre exploitables. Ces constatations
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révélent qu’'une conduite économique n’est pas nécessairement écologique et qu’il

faut donc ajouter la prise en compte des émissions & ’algorithme d’optimisation.

Nous avons étudié le fonctionnement du moteur thermique et ses émissions de
polluants pour identifier la cause de 'augmentation des CO et HC dans le cycle
optimisé. La figure 6.10 montre qu’une zone de haute densité des émissions existe
pour un fonctionnement du moteur & un couple élevé. Pour déterminer la trajec-
toire de vitesse qui diminue I'impact environnemental du véhicule, une nouvelle

fonction de coiit a été définie':

Luchy, = 3 (Vpuer(ti) + Ni) (D.17)

)

avec

)\ ZTen > Tenmax wen
A=4 7° J Teng > XTengmaz(eng) (D.18)

0 Zf Teng <= XTengmaa: (Weng)

En prenant en compte les résultats précédents, la valeur de x a été fixée a 0,85.
Cette nouvelle fonction de coiit a comme résultat une restriction du couple du
moteur. Nous nommerons le cycle, qui minimise cette fonction cofit, cycle éco?
par référence a son intérét économique et écologique. Une comparaison entre les
cycles originaux, éco et éco? est détaillée dans la figure 6.13. Les résultats montrent

les ch d fil de vi | le ¢ 6co> ini A
que les changements du pro e vitesse entre le cycle éco et éco” sont minimes a

I’exception de la sélection des rapports qui a beaucoup évolué.

La sélection des rapports optimaux, étant calculée avec un modéle inverse sans
considérer la dynamique de la boite de vitesses, on observe sur le cycle éco des
changements de rapport fréquents. En conséquence, dans une intégration du cycle
éco? en simulation direct et en prenant en compte le temps de changement de
rapport, le véhicule ne parvient pas a suivre la trajectoire donnée. Afin de simuler
le cycle, une méthode de sélection des rapports optimale en ligne est proposée
(figure 6.11). Dans cette approche le modéle inverse du véhicule conventionnel
est utilisé pour calculer les rapports optimaux écologiques, le régime moteur et le

couple moteur pour des vitesses et accélérations du véhicule donné. Ensuite, nous

1 X\o = 10000; Une valeur trés grande par rapport au cotit normal des points de fonctionnement
a été choisi
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utiliserons les résultats pour évaluer le domaine de fonctionnement du moteur
pour chaque rapport. Avec ces domaines le régime maximal et minimal pour
chaque rapport est défini en fonction du couple. Dans la figure 6.12 les points
de fonctionnement et les limitations du régime sont listés pour les rapports un a

quatre.

Lors de la simulation directe d’un véhicule conventionnel, un changement de rap-
port peut maintenant étre invoqué si le régime moteur dépasse la limitation du
régime pour le couple fourni. La figure 6.13 illustre les rapports implémentés en

simulation directe pour le cycle original, le cycle éco et le cycle éco? dans le second

graphique.
émission g/km | CO2 | CO | NOx | HC | consommation
de carburant
[1/100km)|

cycle original | 206.96 | 2.06 | 0.0055 | 0.068 | 9.0
cycle éco 140.96 | 5.78 | 0.0046 | 0.12 | 6.5
Euro IV - 1 0.08 0.1
cycle éco? 151.51 | 2.18 | 0.0025 | 0.063 | 6.7

TABLE D.4: Résultats finales des mesures d’émissions

Les valeurs de consommation de carburant et d’émission de polluants sont présen-
tées dans le tableau D.4. La figure 6.14 montre qu’en contrepartie d’une faible
augmentation de la consommation nous avons réussi a réduire globalement les
émissions de polluants. Nous pouvons conclure que 1’éco-conduite représente des
avantages économiques ainsi qu’écologiques si toutefois des contraintes d’émissions

sont prises en compte.

D.7 Réalisation et test d’un systéme d’assistance

pour I’éco-conduite

Pour compléter cette these, les algorithmes développés ont été intégrés dans un
systéme d’assistance pour I’éco-conduite prenant en compte le trafic et les émis-
sions. Afin de vérifier Pefficacité du systéme il a été testé expérimentalement sur

un simulateur de conduite.

Le projet VERONESE est un projet interne a 'TFSTTAR. 11 s’agit d’une collabo-
ration de plusieurs laboratoires (LTE, LESCOT, LEPSIS) qui s’investissent dans
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les moyens de réduire la consommation d’énergie dans le secteur des transports.
Cette collaboration nous a aidé dans le développement d’un systéme d’assistance
et dans la réalisation des évaluations du systéme sur un simulateur de conduite.

Ce projet, comportait plusieurs volets:

Adaptation du simulateur

Développement de I'interface et de 1’algorithme du systéme ADAS (advanced

driver assist system)

Intégration du systéeme ADAS dans I’environnement du simulateur

Réalisation des expérimentations

La figure 7.1 présente un schéma de la configuration expérimentale. Dans le sim-
ulateur de conduite le conducteur est assis dans un vrai véhicule qui est util-
isé pour transmettre des entrées du conducteur a la simulation du véhicule et a
Ienvironnement virtuel. Dans notre cas un modéle de véhicule physique a été in-
tégré en utilisant une simulation du Peugeot 308 véhicule de la base de VEHLIB.
Le modeéle de véhicule utilise les entrées des pédales et du volant pour calculer
le fonctionnement de chaque composant dans la chaine du véhicule et détermine
ainsi la consommation d’énergie, la position et la vitesse du véhicule. Avec un
environnement virtuel pré-défini la position du véhicule peut étre affichée au con-
ducteur en utilisant les coordonnées données par le modéle du véhicule. Dans
notre cas, I'environnement virtuel est projeté sur un écran de 220 cm de hauteur
et 165 cm de longueur, résultant en une vue horizontal de 180 ° et une vue vertical
de 47 °. Méme s’il est difficile de rendre des sensations réelles avec un simulateur,
il est possible de tester le systéme d’assistance dans des situations controlées et

comparables.

Le systéme d’assistance est intégré dans le véhicule indépendamment du simula-
teur (figure 7.1). Néanmoins, le systéme ADAS prend en compte des entrées de
I’environnement et du véhicule pour générer le conseil donné au conducteur. De
plus il utilise les données de cartographie telles les rues, les intersections et les
vitesses maximales. Le véhicule, qui est équipé d’un radar, transmet la vitesse,
laccélération et la position du véhicule précédant au systéeme ADAS. Afin de
transmettre des recommandation sur une meilleure conduite, au conducteur deux

écrans sont utilisés (figure 7.7). Le premier écran affiche un conseil en continu sur
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la vitesse optimale et la sélection des rapports. Sur un deuxiéme écran des in-
formations pédagogiques sont affichées a chaque phase d’arrét du véhicule. Cette
information peut servir au conducteur pour évaluer sa conduite de la phase précé-
dant.

L’algorithme du systéme ADAS se base sur une logique de segment de route.
Un segment peut étre défini comme une partie de route entre deux intersections.
Une illustration de la logique du systéme ADAS est présenté dans la figure 7.9.
Pendant que le conducteur se trouve sur un segment, la vitesse appropriée et le
conseil du rapport sont affichés sur ’écran de conseil en continue. Tout au long
d’un segment une détection identifie les situations de risque, par exemple dans le
cas d’un véhicule précédant, pour lesquelles aucun conseil de vitesse optimale n’est
donné au conducteur. Une jauge colorée est utilisée pour indiquer la bonne vitesse
en fonction de la distance du véhicule sur 'odomeétre de la vitesse. Une image
de boite de vitesse avec des fleches nous ont servi pour communiquer le rapport
le plus efficace (figure 7.13, figure 7.14). Quand le véhicule s’approche de la fin
d’'un segment, la conduite tout au long du segment est évaluée. Afin de ne pas
interférer avec la sécurité du conducteur, ces informations ne sont affichées que si

le véhicule est & ’arrét.

Trois algorithmes d’optimisation sont intégrés dans la logique du systéme (figure
7.9):

e Optimisation des rapports en continu
e Optimisation pré-segment,

e Optimisation post-segment

Le conseil de sélection du rapport de vitesse est calculé en continu en utilisant le
point de fonctionnement du moteur thermique et la méthode développée dans
la section D.6. Une optimisation pré-segment prend en compte 1’état initial
du véhicule et un état final estimé avec les données du segment, pour calculer
la trajectoire de vitesse optimale correspondant a ce segment. Cet algorithme
d’optimisation applique la méthode de programmation dynamique en deux di-
mensions. Un facteur de pondération entre le coit du carburant et le temps
peut étre défini par le conducteur. Si la distance de sécurité ne nous permet pas

de communiquer la vitesse optimale, le profil optimal est annulé et une nouvelle
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référence assisté gain |%)|
[L/100km] [L/100km]
urbain | 8.31 7.58 8.74
routier | 7.00 5.90 15.25

TABLE D.5: Gains de consommation dans un environnement urbain et routier

trajectoire optimale est calculée lorsque le véhicule précédant est parti. Un al-
gorithme d’optimisation post-segment utilise les données enregistrée tout au long
du segment, afin d’optimiser et d’évaluer la conduite sur le segment précédant.
La méthode de programmation dynamique est utilisée prenant en compte les con-

traintes de trafic et le temps d’arrivée.

Pour évaluer D'efficacité d’un tel systéme ADAS, nous I'avons testé avec 12 su-
jets (conducteurs) sur le simulateur de conduite. Aprés un entrainement sur le
simulateur, les sujets ont fait un premier parcours sans systéme d’assistance. Les
mesures de ce test ont été utilisées comme référence pour définir une conduite
normale pour chaque pilote. Un premier questionnaire est rempli lors d’une pause
il permet d’identifier des paramétres décrivant la personne et son utilisation de
son véhicule particulier. Aprés une initiation au systéme d’assistance, un second
test a servi pour mesurer la consommation du conducteur sur un second parcours.
Un deuxiéme questionnaire nous permet ensuite d’évaluer la compréhension et

lacceptabilité du systéme.

Une évaluation des résultats a montré que, en moyenne, la consommation de car-
burants a diminuée en utilisant le systéme ADAS. Le tableau D.5 présente la
consommation de carburant pour des environnements urbain et routier. Les lim-
itations dues au trafic nous ont permis d’identifier que les gains d’éco-conduite
sont plus élevés dans une conduite routiére que dans un environnement urbain.
La consommation étant réduite par 8,7 % en ville alors que la réduction atteint

15,3 % pour un parcours routier.

Une analyse des paramétres personnels a montré que les sujets indiquant avoir
des connaissances meécanique ont eu une consommation de base plus basse que
les gens sans connaissances mécanique. Les résultats indiquent également que les
conducteurs qui utilisent leur véhicule fréquemment ont développé une conduite
plus économique a la base. Il a été identifié que les personnes avec la plus haute
acceptabilité et compréhension du systéme ont atteints des gains maximaux avec

le systéme.
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Avec les résultats de cette étude nous pouvons conclure qu’un tel systéme ADAS

présente un vrai intérét.

D.8 Conclusion et perspectives

Le travail de cette thése concerne 'optimisation énergétique de 1'utilisation des
véhicules conventionnels, électriques et hybrides. IL’application des algorithmes

d’optimisation au principe d’éco-conduite y est discutée.

Tout d’abord la méthode de modélisation inverse a été appliquée dans le développe-
ment d’une simulation de chassis et des trois chaines de propulsion: convention-
nelle, électrique et hybride. Prenant en compte des contraintes de trajet et de
route, un probléme d’optimisation a été défini pour minimiser la consommation
d’énergie d’un véhicule pour un trajet donné. Des cycles standards et d’usage
réel ont été utilisés afin de définir des contraintes de distance, vitesse et temps
d’arrivée. La méthode de programmation dynamique a été appliquée a ce prob-
léeme. L’algorithme développé peut étre utilisé pour identifier un cycle éco corre-

spondant & un cycle original.

Par la suite les gains d’éco-conduite ont été identifiés pour les trois types de
véhicules en minimisant la consommation d’énergie pour différents cycles de con-
duite. En analysant le fonctionnement optimal, nous avons trouvé qu’'une trajec-
toire optimale se compose d’une accélération forte, une vitesse stabilisée basse et
une décélération adaptée a la chaine et a la capacité de récupération du véhicule.
En général un gain considérable de I’éco-conduite a été identifié¢ pour chacun des

trois types de véhicule.

D’autre part une étude sur l'intégration des contraintes de trafic et des émissions
a été réalisée. Nous avons montré que le gain potentiel d’éco-conduite diminue
avec le trafic mais représente toujours un moyen d’améliorer sa consommation.
En intégrant des contraintes d’émissions nous avons montré que, en faisant un
petit compromis de consommation, 1’éco-conduite peut représenter des avantages

économiques et écologiques.

Enfin, I'intégration des algorithmes d’optimisation dans un systéme d’assistance
efficace et sécurisé a démontré que I’éco-conduite ne peut pas étre négligée dans le

développement du transport durable.
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Dans des travaux futurs les aspects suivant semblent intéressants & aborder:

e Simplification des algorithmes en se basant sur les résultats d’optimisation

e Application des algorithmes développés ici a d’autres architectures de
véhicule (véhicule hybride hydraulique, véhicule & pile & combustible), afin

d’évaluer leur fonctionnement optimal

e Une intégration du systéme ADAS dans un scénario sur un véhicule réel
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