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Foreword

Nowadays, the urban transport is one of the most challenging areas of research in
terms of timing, efficiency, transport capacity, and nevertheless pollution reduction.

Electrification of the urban transport is not a new approach, but the technologies
used these days are. Electric urban transport without the limitation of the tram
tracks and the electric lines of the trolleybus becomes one of the most attractive
present solution in terms of efficiency, coverage, and versatility taking into account
the fixed specific tracks of the urban transport.

The solutions presented in this book in terms of strategies for usage of the
electric and hybrid urban buses for designated urban arrears, it is based on a
complete approach that there is on the scientific agenda nowadays.

I dare to say that by using the solution of energetic efficiency for specific electric
and hybrid urban buses any local community can develop its own solution taking
into account the fact that the authors have provided a virtual solution for specific
road infrastructure development, for electric and hybrid power train configuration,
and for various charging and load capacities.

The amount of technicalities in this book will offer automotive and road traffic
engineers a clear perspective of what is expected to take into consideration in case
of making a decision in terms of electrification of their specific coordinated
transport infrastructure.

All the data represented by the specific study of the book is presented in terms of
charts and graphs as common language for all engineers. The language is clear and
concise giving to the reader a simple and concise answer to the questions resulting
for the studied topic.

I recommend this book to all those to find a proper solution related to the topic of
reliability of the electric urban transport supported by urban buses.

April 2016 Felix Pfister
Product and Business Development Manager

Department of Instrumentation and Test Systems

AVL LIST GMBH
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Chapter 1
Introduction

In the contemporary period of the development of human society the migration
process of the people towards the urban environment is a dynamic one, recording
increases from year to year. Thus appears a tendency of metropolitanization of
urban centers with known advantages and disadvantages [1-5]. The public trans-
portation system is an important component in maintaining the sustainable character
of the urban development, because it represents the main means of transport for
citizens. Besides the main function of assuring the mobility, the urban transporta-
tion system must also offer efficiency, versatility, intermodality, comfort, etc.

A great percentage of the common means of transport which compose the urban
transport system use as main energy source the internal combustion engine. The
internal combustion engine offers easiness and versatility while operating, but
because of the specific processes of fuel combustion and transformation of chemical
energy contained by it in mechanical work, it also emits pollutant gases into the
atmosphere [6, 7].

The pollutant gases have a negative effect on the environment and the health of
the people (citizens). It is well known that the transportation domain is (generally)
responsible for the emission of approximately 13 % of the greenhouse gases
(GHG) at a European level [8]. Because of this major cause, laws and norms
regarding the reduction of pollutant emissions (EURO pollution norms) are per-
manently adopted across the European Union.

Within the urban transportation system there are means of transport which use as
energy source the internal combustion engine. They have the generic name of
“buses” and are destined to either transport people on relatively short distances
within the urban traffic or for creating the necessary connections with the periph-
eries of the metropolitan areas or with other metropolitan areas.

Even though for a short period one of the solutions for reducing the pollutant
gases emitted in the atmosphere by the buses is the usage of biofuel mixes (because
of their renewable character), there are numerous limitations regarding the harmful
effects of using these biofuels [9, 10].

© Springer International Publishing Switzerland 2016 1
B.O. Varga et al., Electric and Hybrid Buses for Urban Transport,
Green Energy and Technology, DOI 10.1007/978-3-319-41249-8 1



2 1 Introduction

From this point of view there are many studies that prove that using a mix of
fossil fuels and a higher percentage of biofuels leads to an increase of NOy emis-
sions. Although in this case there is a reduction of particle emissions (PM), the
latter can cause serious health issues [11-13].

Moreover there are studies which have emphasized that the PM emissions can
contain toxic compounds with a cancerous character [14].

From this point of view, the classic buses which exist and are operated in urban
traffic do not meet the more and more strict criteria, which are:

e to reduce the levels of noise and to improve the air quality, according to the
obligations imposed through the EU directives;

e to reduce the CO, emissions created by the classic buses with internal com-
bustion engines;

e to reduce the exploitation of conventional energy resources obtained from fossil
fuels.

The replacement of classic diesel engine buses with hybrid and electric buses is
necessary on the strength of the legislation promoted by the EU, more precisely the
443/23rd of April 2009 Regulation which regards the reduction of emission coming
from vehicles and which imposes limitations for CO, emissions (130 g CO,/km up
until 2015, respectively 95 g CO,/km up until 2020, as opposed to 150 g CO,/km
which is imposed for the present) [15].

A technological method which is at hand is replacing the energy source of the
means of transportation for people, which is based on using an internal combustion
engine, with an energy source which uses electric energy. Thus at a local level of
utilization of these sources, the pollution with pollutant emissions can be com-
pletely eliminated.

However, due to some market factors there is still little availability of integrating
these means of transport in the urban transportation system. Some of the penetration
barriers for the auto market [16] are: the initial investment cost, the travel auton-
omy, the problems regarding the duration of exploitation of the electric battery, the
global benefit over the environment, the insufficiently developed technologies for
efficient reconditioning of the batteries and the insufficient support measures for the
authorities.

Despite the arguments presented previously, globally many researches and trials
to implement electric buses in the urban transport system have started and the main
reason is eliminating the pollutant emissions and increasing the safety and health
level of the citizens.

Globally there are towns which have started using electric and/or hybrid buses.
The New York, Beijing, Winchester, Vienna and Madrid public passenger trans-
portation systems use these modern and nonpolluting means of transport on one or
more transport routes.

Because presently the costs associated with the integration of electric buses
within the urban transport system are relatively high it is necessary to perform
studies and researches to offer the best solution in relation to their optimal usage,
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taking into consideration the particularities required by the characteristics of the
transport infrastructure (the length of routes, the flux of passengers, the creation of a
specific loading infrastructure, road gradient, traffic volume, temperature of the
environment, seasonality and loading degree).

Thus the performance in exploitation of an electric bus is different from case to
case, depending on the particularities of the urban transport system, specific for
each city.

An important factor which directly influences the (servicing) travelling auton-
omy of the electric bus is its weight. This exploitation parameter is made of two
well-defined sub-ensembles: the weight of the transported passengers (variable) and
the weight of the batteries which are the energy source (constant). If the weight of
the passengers can be determined through experimental studies (analysis regarding
the density of passenger flow depending on the exploitation seasonality), the weight
of the batteries remains a constant value, being a factor imposed (predetermined) by
the version chosen by the manufacturer and the beneficiary.

Up until recently the acquisition and utilization prices of a battery which can
offer a high energetic efficiency in the exploitation of an urban bus were relatively
high. In a recent study made by Nykvist and Nilsson, published in 2015, the authors
analyzed the production prices of a battery with Li-ion accumulators. The presented
fact is that the prices of these batteries have fallen from over 1.000 $/kWh to almost
410 $/kWh (the period taken into consideration for the study was between the years
2007-2014) [17]. Moreover, one of the conclusions of the study demonstrated that
the production costs for such an accumulator (Li-ion technology) would rise to 150
$/kWh, this value is considered to be the turning point for large-scale commer-
cialization of electric battery vehicles and their successful integration in the con-
temporary transport system.

This book presents a research study accomplished in the particular case of
integration optimization for electric buses in the urban passenger transport system
of Cluj-Napoca municipality (Transylvania region, Romania).

According to the data from the Public Transport Company (Compania de
Transport Public S.A.—CTP) from Cluj-Napoca, presently within the company
auto park there are approximately 252 buses, from which 120 of them are used
within a working day (respectively only 60 buses within a weekend day). These
buses use 42 routes with a total length of 100 km and assure the transportation of
60 % of the total passenger number [18].

The buses used in Cluj-Napoca municipality within the public transport system
are equipped with classic engines which respect the pollution norms: EURO 0,
EURO 2, EURO 3 and EURO 5.

The necessity and opportunity of making this research study has resulted in the
following considerations:

e an optimized integration of the electric buses from the point of view of the
energetic efficiency and of the costs associated with them within the urban
passenger transportation system;
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o the insurance of the lowest possible values for pollutant emissions (locally zero),
according to the norms regarding these values;
the assurance of comfort for the transported passengers;
the implementation of new innovative solutions in the urban passenger trans-
portation domain;

e adecreased level of CO, emissions generated by the urban public transportation,
on the strength of a high efficiency via a suitable energetic management specific
for hybrid and electric vehicles, as opposed to the ones with a classic drive
system,;

e adecreased level of noise, vibrations and an improvement in air quality, to meet
the obligations imposed through the present EU norms and regulations;

e a decreased national dependency to primary energy resources and resources
obtained from fossil fuels.

The general objective of the research is to identify ideal routes to be followed by
the buses equipped with the hybrid Plug-in energy source and the electric ones, in
order to save a maximum of energy and to retrieve energy (with respect to the
specific running conditions), to expand the travelled distance and to make these
vehicles equipped with alternative drive systems more energetically efficient [19].

The routes presently identified as being the most economic ones referring to the
vehicles equipped with classic drive systems are significantly different from the
exploitation concept in a maximum energetic efficiency regime, corroborated with
the recovery of kinetic energy, which is one of the basic principles for the concepts
of a hybrid or electric drive group implicitly supporting their autonomy.

In general the algorithm for conducting such a study consists of the following
general steps:

¢ identification of the current state of knowledge in the field of energetic efficiency
management of vehicles equipped with hybrid and electric drive systems for the
urban public passenger transportation;

e deign and simulation of different drive systems depending on the characteristics
of the urban passenger transportation routes;

e verification and validation of the results;

e identification of the optimal solution for the drive system and route on which the
determination will be locally made;

e determination of the impact over the local environment from an
economical-social point of view;

e presentation of the general conclusions drawn after analyzing the results.

To achieve the target objectives of this research study, the used methodology
takes into consideration three important general courses of action:

e establishing the complete architecture of the hybrid drive system based on the
eligible cinematic drafts;

e choosing the type of electric motor and its characteristics based on the design,
modeling and simulation studies;
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e creating a simulation route in the AVL CRUISE and AVL CONCERTO™ with
AVL Road Importer application pack, based on the type of drive system chosen
and the real/specific conditions of Cluj-Napoca municipality;

e developing and optimizing the route based on the studies regarding the devel-
oped energy flows.

The methodology of the experimental research will be based on a system made
of methods, procedures, techniques, principles and instruments used within the
process of achieving the desiderata pursued through the research study. The manner
of organization and planning of the study according to the proposed objectives
implies organizing the scientific research in many unitary structured steps (from the
premise up until the achievement of the desired goals) by going through the
intermediary phases of concept, modelling, simulation, optimization and imple-
mentation of the hybrid and electric drive system.

One of the main components of the research methodology is the
modeling-simulation software application pack AVL CRUISE and AVL
CONCERTO™ with the AVL Road Importer interface. This flexible application
pack can simulate any type of hybrid or electric drive system architecture in con-
ditions of real traffic. Based on the strategies developed and analyzed through
computer simulation for obtaining the proposed goals, eligible technical solution
sets will be obtained which will be used in the hybrid and electric drive system
architecture implementation. The modeling-simulation software pack will use the
capacities of each application to analyze unitarily each architecture model eligible
for designing and dimensioning the hybrid and electric drive systems.

Another important chapter of the research methodology is represented by a multi
and inter-disciplinary approach within the domain regarding the control and man-
agement characteristics of the hybrid and electric drive systems for the integration
of the control algorithms within the design, and respectively the simulation and
implementation of these algorithms in the management system of the hybrid and
electric vehicle.

The final pursued objective is to determine based on the conducted simulations
which is the technical solution eligible for the implementation in real traffic con-
ditions of the urban route established and studied within the research.

Consequently, the studies and researches will have as objective the design,
development and implementation of an integrated management system for hybrid
and electric drives in order to command and control the parts which compose the
powertrain (thermal engine, electric vehicle, generator, transmission etc.).

The results obtained from implementing this study in real and energetically
efficient exploitation conditions of the electric buses within the urban passenger
transportation system will bring the following valid results for the economic
environment:

e the usage of the studied algorithm as an initial solution for updating the coor-
dination applications for the routes of hybrid and electric vehicles afferent to the
economic road function;
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e the efficiency and stringency in choosing the type and location of the fast
loading stations, by identifying the best algorithm and by applying it locally;

o the future development of applications for using the best routes, for smartphones
and digital tablets.

The researches results in accordance with the research objectives, on short or
long term, are based on the strategic decisions, plans and reports regarding a
solution for a durable urban transportation made by local and/or national authorities
which represent a request for the present tendencies to replace the transport vehicles
equipped with classic engines with transport vehicles equipped with hybrid and
electric drive systems in order to reduce the pollutant emissions.

The development of a solution for urban public passenger transportation based
on vehicles equipped with hybrid and electric drive systems encourages the usage
of public transportation and the development of the public transportation infras-
tructure in order to reduce greenhouse gas emissions. In this regard the present
research study aims to contribute directly in immediately identifying the most
sustainable solutions for replacing the old buses equipped with diesel engine drive
systems with hybrid and electric buses.

The development of new hybrid and electric drive systems and of the infras-
tructure needed for implementing the study brings an added value for the urban
public transportation and will guide the society towards a solution for modern and
sustainable mobility, compatible with the present requirements regarding environ-
mental protection.

Implementing the new drive system proposed by this book will offer a tendency
of increase for the public transportation dynamic, in relation to the individual
transport based on personal vehicles, which in an urban agglomeration contributes
in maintaining and improving the qualitative parameters of the state of the envi-
ronment by reducing the air pollution and by minimizing the CO, emissions.
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Chapter 2
Energetic Efficiency of Vehicles Equipped
with Hybrid and Electric Drive Systems

2.1 The Hybrid Drive System

Hybrid Electric Vehicle (HEV) are equipped with both an internal combustion
engine and an electric motor, thus using two different sources of energy. Each of
these engines can transmit the torque to the wheels through a parallel and/or mixed
series system.

A hybrid vehicle uses two or more different power sources to get started. The
hybrid vehicle combines a conventional drive system with a system which stocks
recoverable energy in order to obtain a better yield, a lower fuel consumption and a
lower emissions level.

The hybrid drive system has the following main elements [1]:

electric batteries;

electric motor;

internal combustion engine;

electric current generator;

coupling elements to connect the mechanical system with the electric system;
management system for the two drive systems.

The batteries or supercapacitors used by the electric motor are recharged by the
internal combustion engine and/or from the energy generated during braking.
Plug-in Hybrid Electric Vehicles (PHEV) have the particularity of allowing the
electric batteries to charge by connecting the to an electricity network. This con-
structive model assures a greater autonomy for travelling in the electric mode.

The combination between the internal combustion engine and the electric motor
is based on a perfect interaction between the modern command system and the
optimized hybrid components. The management systems integrated in the hybrid
vehicles assure the commutation between the electric, hybrid and internal com-
bustion drive systems without affecting the comfort of the passengers.

© Springer International Publishing Switzerland 2016 9
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In this regard, the electronic command system has permanent access to the data
coming from the sensors of the internal combustion engine, the electronic control
unit, the batteries recharge state etc. The management system analyzes, regulates
and commands in real time the interaction between the two drive systems [1].

An essential component is the adaptive clutch which allows a smooth commu-
tation between gears. The clutch aims to assure that the electric motor and the
internal combustion engine have the same speed at the time of the functioning mode
change so that the vehicle movement should not be affected by the drive source
change.

Presently a hybrid drive system consisting of an internal combustion engine and
an electric motor, equipped with the Plug-in technology may be considered as a
transitory solution towards the new technology based on an electric vehicle
equipped with a Range Extender unit (REV), namely a vehicle equipped with an
internal combustion engine which serves exclusively in recharging the accumulator
and not for driving the vehicle.

This concept assures the usage of the electric energy on medium distances,
within the conditions of using a minimum quantity of fossil fuel and implicitly
producing lesser pollutant emissions. Unlike the serial hybrid vehicle, where the
internal combustion engine assures the necessary power for the electric motor
during almost 90 % of the functioning time, the electric vehicle with Range
Extender functions exclusively based on the energy provided by the accumulator
and the internal combustion engine only starts when the level of energy from within
the accumulators drops under a certain level.

A functional cycle of a hybrid vehicle consists of an acceleration period, a period
of driving at a constant velocity and a deceleration period (Fig. 2.1), from which
one can observe that the power necessary for the first phase is much greater than the
power necessary for driving at a constant velocity [2].

Energy Battery
consumption charge

(+)

Regenerative
energy

Acceleration Stop engine

Energy Flow

Deceleration

©)

Fig. 2.1 Functioning cycle of an hybrid vehicle [2]
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By braking the vehicle, the internal combustion engine functions at idle speed
and the kinetic energy obtained at deceleration is recovered and used to recharge the
batteries. In the case of a hybrid vehicle the brakes take over the braking kinetic
energy and the electric motor is used as generator and recharges the batteries. To
maximize the power of the recuperative braking it is important for the stopping to
be smooth and gradual—a sudden braking can lead to the activation of the
anti-blocking system (ABS) and the loss of kinetic energy [3].

The drive systems which have besides an internal combustion engine in their
composition at least another system which provides traction coupling for the wheels
of the vehicle and which recovers some of the kinetic energy obtained at deceler-
ation are also known as regenerative hybrid drive system [4].

The advantages of using hybrid vehicles are [5]:

e pollutant emissions (CO, NO,, HC, PM, CO, etc.) under the values imposed by
the EURO 6 norm and a reduced exposure of the passengers and pedestrians to
these emissions;

e adecrease of pollutant emissions which have a negative impact on the surface of
the historical buildings from the central areas;

e a decrease of vibrations which are harmful to the urban infrastructure and the
historical buildings from the central areas;

e the assurance of a higher comfort for the passengers and the traffic participants
through the lack of vibrations generated by high capacity internal combustion
engines;

e the possibility of creating central areas with a more reduced pollution;

e lower maintenance costs due to the lack of internal combustion engine specific
systems;

e reduced exploitation costs due to a lower price of electric energy compared to
the classic fuel, taking into account the traveled distance.

The disadvantages of using hybrid vehicles [5]:

e during the cold season the lower temperatures affect the stocking capacity of the
batteries and also the loading time, which limits the traveled distance and also
extends the loading time;

e diminished transport capacity because of the mass of the batteries used to fuel
the electric motor;

e for the Plug-in hybrid system, investments are necessary for acquisitioning
charging stations for the batteries;

e the acquisition price for hybrid buses is approximately double the classic buses
price.
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2.2 Classification of Hybrid Drive Systems

Hybrid drive systems can be classified in two categories: serial and parallel, which
can themselves be combined in many subcategories according to the constructive
architecture.

The serial hybrid drive system relies on two energy sources which power a sole
electric motor, called the propulsion motor. The internal combustion engine is
coupled with an electric generator which fuels the electric motor through a rectifier.
The internal combustion engine functions in the maximum efficiency area because
it is coupled to the motor wheels; this allows the usage of an internal combustion
engine with high speed and low coupling.

Because the electric motors have an almost ideal coupling-velocity characteristic
they do not need transmissions with multiple gears; also more electric motors can
be used to operate each wheel individually. This configuration allows the
mechanical coupling between the wheels, thus assuring the control of the vehicle
traction individually on each motor wheel.

The management of the transmission is simplified because there is a mechanical
decoupling between the motor wheels and the internal combustion engine.

The disadvantages of the serial hybrid system are [5]:

e the mechanical energy generated by the internal combustion engine is trans-
formed in electric energy by the generator, which fuels the electric motor and
transforming it again in traction mechanical energy, thus resulting a lower
efficiency for the vehicle;

e the electric generator used increases the weight and costs of the vehicle;

e the electric motor must have a sufficiently high power to assure the propulsion
of the vehicle in maximum performance conditions.

The parallel hybrid drive system assures a parallel distribution of the power flow
generated by the internal combustion engine and the electric motor to start the
motor wheels. Because the two motors are coupled to the axel of the wheels via two
gearboxes, the power flow can be provided by the internal combustion engine, by
the electric motor or by both. The coupling of the two motors is made through a
velocity summing device.

The electric motors used for hybrid vehicles are three-phase machines of alter-
native current, divided in the following categories [6]:

e asynchronous motors (ASM);

e synchronous motors with permanent magnets (PSM—Permanent Synchronous
Motor);

e transversal flux motors (TFM);

e motors with reversed magnetic resistance (SRM—Switched Reluctance Motor).

Another method of classifying the hybrid vehicles is according to the power
characteristics of different types of hybrid vehicles (Table 2.1).The classification of
hybrid systems from the point of view of the transmission is presented in Fig. 2.2.
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Table 2.1 Power characteristics of hybrid vehicles

Type Micro hybrid Medium hybrid Total hybrid
Electric motor power 2...10 kW 4...20 kW >20 kW
Electric motor coupling <90 Nm <500 Nm <500 Nm
Tension 14...42V 242 V 100...650 V
ENERGY
GENERATOR == CLASSIC VEHICLE
SYSTEM

IC Engine &
Electric Motor |

I
1
Electric Motor & :
Electric Generat
€ erlorlr—m ICE.SI“
I

SERIAL HYBRID
& IC Engine Electric

Generator

o

ELECTRIC VEHICLE

Fig. 2.2 Hybrid drive structure

Hybrid vehicles can also be classified according to the type of fuel used to power
the internal combustion engine. This classification is as it follows:

compression ignition engine fueled with diesel fossil fuel;
compression ignition engine fueled with biodiesel blend;
spark-ignition engine fueled with gasoline fossil fuel;
spark-ignition engine powered by a bioethanol based blend;
compression ignition engine fueled with CNG.

The connection between the components through which the energy flow of the
hybrid vehicle passes and the control part is called constructive architecture. From
the point of view of the constructive architecture, the hybrid vehicles can be divided
in two big categories: the ones with serial transmission and the ones with parallel
transmission [7].

The hybrid vehicles with a serial transmission of the energy flow or Serial
Hybrid (Fig. 2.3) have no mechanical connection between the internal combustion
engine and wheel drive shaft, and the propulsion is assured by the electric motor.

The internal combustion engine stimulates a generator and the electric motor
uses the generated electric current to start the wheels of the vehicle. This model is
called the serial hybrid system because the power flow to the wheels of the vehicle
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Electric Motor

Generator Engine

Fig. 2.3 Serial hybrid architecture

acts like a system in series. A serial hybrid system can be used in the case of an
electric motor which can be easily maintained in a stable domain of its functioning
and which is also capable of providing an energy surplus to the electric motor
which, in turn, can charge the battery [5, 8].

The power transmitted from the internal combustion engine must go through the
generator towards the electric motor, thus reducing the energetic efficiency of the
system because each transformation has an energy loss effect.

The efficiency of the motor-transmission group is approximatively 70-80 %
lower than the efficiency of a conventional mechanical clutch which has an effi-
ciency of almost 98 %. In the case of a long distance drive the internal combustion
engine must compensate the energy losses, thus the serial hybrid system is 20-30 %
less efficient than the parallel hybrid system. The use of a motor for each motor
wheel leads to the elimination of mechanical transmission elements (gearbox, dif-
ferential) and can eliminate the flexible couplings. The advantage of motors placed
on each wheel includes a more simplified traction control with gearing in all wheels
which also allows the use of lower access ramps—in the case of buses.

Hybrid vehicles with a parallel transmission of the energy flow or Parallel
Hybrid (Fig. 2.4) have an internal combustion engine connected to the wheel drive
shaft, but also a generator with the role of charging the batteries system. The system
is called parallel because the power flow is transmitted towards the motor wheels in
parallel [7].

The electric motor is mechanically connected to the internal combustion engine
through a clutch. This system can assure an extra coupling, which leads to higher
dynamic performances. Furthermore, the torque of the internal combustion engine
can be transmitted directly to the axels no matter the state of the electric motor [1].



2.2 Classification of Hybrid Drive Systems 15

Vehicle: Front Right 4 |

Electric Motor ‘ Battery

Fig. 2.4 Parallel hybrid architecture

In the parallel hybrid system both the internal combustion engine and the electric
motor transmit power to the wheels, but this power can be provided by the two
motors concomitantly, the system easily adapting to some predestined typical sit-
uations. The battery is recharged by the commutation of the electric motor to work
as a generator, and the electric current from the batteries is used as an effective
power flow to starts the wheels of the vehicle.

Although it has a more simple structure, the parallel hybrid system cannot use
the power provided by the internal combustion engine to both start the wheels and
to simultaneously charge the battery. To keep and put to maximum use the energy
provided by the internal combustion engine, some systems like the power-assisted
steering and the air conditioning are powered by the electric motor and are not
attached to the internal combustion engine, fact which permits the functioning of
these systems at constant velocities without being influenced by the speed of the
internal combustion engine [8].

Parallel hybrid systems can be differentiated by the way in which the two energy
generating motors are mechanically coupled. If they are coupled on a parallel axis
the velocity should be identical. When only one of the motors is being used, the
other one must function at idle speed or it must be connected through a clutch.

Hybrid vehicles with a mixed serial-parallel transmission of the energy flow or
the Serial-Parallel Hybrid combines the advantages of the serial hybrid system with
the advantages of the parallel hybrid system in order to maximize the advantages of
both systems.

The two drive systems are used according to the driving conditions, so as to start
the motor wheels only the electric motor can be used, or both the electric motor and
the internal combustion engine to reach a level of maximum efficiency. The system
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Fig. 2.5 Power split hybrid architecture

can start the motor wheels while also generating electric current through a generator
powered by the internal combustion engine.

The hybrid system with a mixt transmission of the energy flow can be divided in
the following categories: Power Split Hybrid, Serial-Parallel Hybrid, and
Serial-Parallel with Transmission Hybrid [7].

Power Split Hybrid (Fig. 2.5) is the system where the energy generated by the
internal combustion engine is transmitted through a differential mechanism towards
the wheels, but concomitantly it will start a current generator which will create a
brake torque for the motor.

The electric current obtained will be used to fuel the electric motor coupled to
the wheel drive shaft, which will supplement the brake torque derived from the
thermal engine thus causing the energy flow to be transmitted both via the
mechanical system and the electric system, resulting separate power flows [9].

Serial-Parallel Hybrid (Fig. 2.6) is the system where the power generated by the
internal combustion engine will start a current generator which will create a brake
torque for the motor, and the obtained electric current will be used to fuel the
electric motor coupled to the wheel drive shaft which will supplement the brake
torque provided by the thermal engine [7].

Serial-Parallel with Transmission Hybrid (Fig. 2.7) is the system where the
energy generated by the internal combustion engine will start a current generator
which will create a brake torque for the motor and the electric current obtained will
be used to fuel the electric motor coupled to the wheel drive shaft, which will
supplement the brake torque provided by the thermal engine and, concomitantly,
the internal combustion engine will also be coupled to the wheel drive shaft, with
the possibility to select the drive mode [7].
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Fig. 2.6 Serial-parallel hybrid architecture

Fig. 2.7 Serial-parallel with transmission hybrid architecture

The great advantage of this system is the power divider, which is a connection
element between the internal combustion engine, the electric motor and the current
generator, and which has the role of adjusting the power flow which goes towards
the shaft. Thus, the system functions as a serial model when the internal combustion
engine starts the generator and fuels the electric motor, or as a parallel model when
the internal combustion engine transmits the power directly towards the shaft, while
being supplemented by the electric motor fueled by the batteries.

The management process of the control and functioning of the internal com-
bustion engine and of the electric motor equipping a hybrid vehicle has the
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constructive-functional characteristics of the fuel injection systems, electric sys-
tems, energy management systems, sensor systems, drive systems and also of the
ECUs. Performance improvement of the hybrid vehicles, optimization of energy
flow distribution, and reduction of fuel consumption and of pollutant emission are
the desired goals of all major manufacturer of the automotive industry, but their
main objective is reaching a low economic pole. This objective can be reached
through an efficient management of the intelligent systems which control and
coordinate the processes and phenomena taking place while a hybrid vehicle is
running.

The management of the energy provided by the internal combustion engine,
respectively by the electric motor, but also the control over the drive mode can be
achieved with the help of the ECU, which—as opposed to classic vehicles—have
the role of controlling and coordinating the distribution of the energy flow gener-
ated by the two drive systems.

The management of the drive system is based on the steps taking place in the
functioning process of a hybrid vehicle, thus:

e When the vehicle starts off, hybrid vehicles use only the electric motors,
powered by the battery, while the IC Engine remains shut off. An IC Engine
cannot produce high torque in the low speed range, whereas electric motors can,
delivering a very responsive and smooth start (Fig. 2.8a) [10].

e IC Engine is not energy efficient in running a vehicle in the low-speed range. On
the other hand, electric motors are energy efficient in running a vehicle in the
low-speed range. Therefore, hybrid vehicles use the electric energy stored in its
battery to run the vehicle on the electric motors in low-speed range. If the
battery charge level is low, the IC Engine is used to turn on the generator to
supply power to the electric motors (Fig. 2.8b) [10].

e Hybrid vehicles use the IC Engine in the speed range in which it operates with
good energy efficiency. The power produced by the IC Engine is used to drive
the wheels directly, and depending on the driving conditions, part of the power
is distributed to the generator. Power produced by the generator is used to feed
the electric motors, to supplement the IC Engine. By making use of the
engine/motor dual powertrain, the energy produced by the IC Engine is trans-
ferred to the road surface with minimal loss. If the battery charge level is low,
the power output from the IC Engine is increased to increase the amount of
electricity generated to recharge the battery (Fig. 2.8c) [10].

e Since hybrid vehicles operate the internal combustion engine in its high effi-
ciency range, the internal combustion engine may produce more power than is
necessary to drive the car. In this case, the surplus power is converted to electric
energy by the generator to be stored in the battery (Fig. 2.8d) [10].

e When strong acceleration is called for the power from the battery is supplied to
the electric motors to supplement driving power. By combining the power from
the internal combustion engine and the electric motors, hybrid vehicles deliver
power comparable to vehicles having one class larger engine displacement of
one class higher (Fig. 2.8e) [10].
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Fig. 2.8 The operation of the hybrid vehicle: a starting off, b low speed driving, ¢ cruising,
d cruising/recharging, e full acceleration, f deceleration/energy regeneration, g at rest
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Fig. 2.8 (continued)
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e Under braking or when the accelerator is lifted, hybrid vehicles use the kinetic
energy of the car to let the wheels turn the electric motors, which function as
regenerators. Energy that is normally lost as friction heat under deceleration is
converted into electrical energy, which is recovered in the battery to be reused
later (Fig. 2.8f) [10].

e The internal combustion engine, the electric motors and the generator are auto-
matically shut down when the vehicle comes to rest. No energy is wasted by idling.
If the battery charge level is low, the internal combustion engine is kept running to
recharge it. In some cases, the internal combustion engine may be turned on in
conjunction with the auxiliary systems switch operation (Fig. 2.8g) [10].

2.3 The Electric Drive System

The vehicles powered exclusively by a rechargeable battery are called battery
electric vehicles (BEV) (Fig. 2.9).
The following are the parts composing an electric vehicle [1]:

e the rolling system composed of pneumatic wheels for steering (front) and motor
wheels (back), mounted on two axels: steering axel (front) and rear axel (back);

e the steering mechanism with which the steering of the front wheels is achieved;

e the main transmission consisting of: reduction gear, mechanical differential and
planetary axels;

e the chassis, on which the electric vehicle body is mounted and on which the
electric traction motor is attached;

e the powertrain consisting of: electric drive motor, generator and electric battery.
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Fig. 2.9 Electric vehicle architecture

The buses using the electric drive system do not use an internal combustion
engine, like the hybrid buses, because it is integrally based on the rechargeable
electric batteries which set in motion the electric motor. Some buses, also known as
opportunity charged electric buses, recharge on route—either in recharging points
set on the circuit of the bus, or at the first or last stop. Other buses, known as night
electric buses have their own batteries and they recharge during the night. Another
recharging regime is that of combining the two methods of recharging during the
night and of completing the charge level in the battery during the time the bus is in
use [11].

The reduction of emissions generated by the electric vehicles depends on the
mode in which the electric energy is produced, namely between 30 % in the case
the electricity is generated from the national network with CO, emissions and up
until 100 % in the case where the electricity is generated from renewable electricity
sources.

Electric buses do not generate emissions through the exhaust pipe, which means
zero local emissions. Although they require a greater initial investment, the electric
buses offer the advantage of cost savings regarding the fuel and less maintenance
costs due to a reduced number of components in motion.

By making a comparison between conventional buses and electric buses, the
latter present a series of advantages, namely [2]:

silent and vibration-free functioning, thus reducing the noise pollution;
lack of local pollutant emissions;

independence towards fossil fuels;

high energetic efficiency;

use of electric braking and energy regenerative braking;

possibility of individual motor wheel drive.
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The main disadvantages of electric vehicles are the following:

the energy and power density of the batteries is significantly lower than that of
the fuels (the energy density for a gasoline internal combustion engine is
10,000 Wh/kg and the energy density for an electric motor is 200 Wh/kg), fact
which leads to a decreasing autonomy of electric vehicles (100-200 km) as
opposed to the autonomy of classic vehicles (400-800 km), respectively a lower
maximum velocity of electric vehicles (100—130 km/h) as opposed to the classic
vehicles (180-200 km/h), also the accelerations achieved by electric vehicles
are inferior to those of classic vehicles;

the necessity of existent charging stations for batteries and the necessary
recharging time: hours for a complete charge and tens of minutes for a partial
recharge;

the prices for electric vehicles are much higher than the prices for classic

vehicles.

2.4 Classification of Electric Drive Systems

Electric drive systems can be classified according to the electric motor with which
they are equipped. The technical characteristics of electric motors are presented in
Table 2.2. Electric vehicles can also be classified according to the electric energy

supply mode [6]:

e celectric vehicles powered autonomously from own electric sources;

e non-autonomous electric vehicles, powered through a contact line from external

electric sources.

Table 2.2 Technical-functional characteristics of electric motors [6]

Type of motor Contacts | Coupling | Price Maintenance | Efficiency | Complexity
DC with series Yes Low Medium | Yes Low Low
excitation

DC with separate Yes Low Medium | Yes Low Low
excitation

DC with permanent Yes Medium | High Yes Medium | Low
magnets

AC asynchronous No Medium | Low No Low High

DC brushless No High High No High Low
Variable reluctance No High Low No Medium | Medium
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Table 2.3 Technical-functional characteristics of the batteries [6]

Types of Energy density Specific power | Cycles of Industrial
batteries (Wh/kg) (Wh/1) (W/kg) recharge/discharge availability
Pb-Acid 31-40 | 75-90 90-125 600-1000 Yes

Ni-Cd 45-58 | 80-95 190 2000 Yes
NiMH 55-60 | 100-130 | 175 - No

Ni-Fe 50-60 |80-95 110 1000-1500 No

Na-S 80-100 | 110-135 | 100-120 500 No

Li 80-120 | 100-120 |70 >200 No

According to the type of path, electric vehicles are classified as follows:

electric vehicles with a guided path, conventional or nonconventional;
electric vehicles with an air cushion or magnetic cushion;
electric vehicles without a guided path (road).

Another type of classification of electric drive systems is according to the type of

batteries they are equipped with. The technical characteristics of the types of bat-
teries used are presented in Table 2.3.
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Chapter 3

Development and Implementation
of the Hybrid and Electric Systems
Architecture Through Methods

of Numerical Analysis

The theory that is presented in Chapter 3 represents the mathematical models
developed by AVL CRUISE team and points out the characteristic of each vehicle
component used in the models created in the following chapters.

The theoretical models presented in this chapter represents a adaptation a the
mathematical models presented in the Electric and Plug-In Hybrid Vehicles—
Advanced Simulation Methodologies, Chap. 2, pp. 9-200, Chap. 3, pp. 223-287,
Springer International Publishing Ed., ISBN: 978-3-319-18638-2—Varga, B.O.,
Mariasiu, F., Moldovanu, D., Iclodean, C.

3.1 Mathematical Modeling of the Configuration
Used in the Simulation Process

The vehicle models developed in the AVL CRUISE application consist of com-
ponent elements which are identifiable to the real elements from both the point of
view of the constructive characteristics and from the point of view of mathematical
relations which govern their functioning. Thus, for each element taking part in the
composition of the three type of bus models developed in this study, the following
mathematical relations were define to help with the calculations of model processes
and characteristics during the development of the simulation process within the
AVL CRUISE application.

3.1.1 Equations of the Vehicle Element

The Vehicle is one of the main objects in a model. This component contains general
data of the vehicle, such as nominal dimensions and weights. One and only one

© Springer International Publishing Switzerland 2016 25
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vehicle component is needed in the model. Road resistances and dynamic wheel
loads are calculated for road and dynamometer runs based on the dimensions and
the load state. The wheel loads are calculated, taking motion into account (e.g.,
from acceleration, aerodynamic drag, rolling resistance). The aerodynamic, rolling,
climbing, acceleration, and total resistance are calculated [1].

In the general case of travel for a vehicle having rear drive, with a variable
velocity on a rectilinear road, with a a,, tilt angle in relation to the horizontal axis
(Fig. 3.1), the equilibrium equations of forces in the direction of travel are the
following [2]:

Ft - Ga sin oy — Rt _Ra _Rrull _RruIZ _Ril _Ri2 =0 (31)

where: R;; and Rj, represent the resistant forces generated by the inertia of the
wheels and of the parts connected to them, moving in cinematic rotation, F—total
traction force (N), the R;; and R;, forces represent [2]:

Rj= M;; (N) (3.2)

rr

where M;; is the moment given by the inertia of the respective parts (Nm). The
inertial force of the mass in translational motion is given by the relation [2]:

G, dv
Ry=—— (N 33
dt g dt ( ) ( )
The total rolling resistance is:
Rrul - Rrull +Rm12 (N) (34)

4" G, cosay

Fig. 3.1 Dynamic evaluation of the vehicle [2]
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The total resistance due to parts in rotational motion is:

Rir = Rii +Rp(N) (3.5)
The slope climb resistance is:

R, = G, - sin a, (N) (3.6)

Based on these relations (3.2-3.6) the equilibrium equation of forces in direction
of travel expresses the traction balance of the vehicle [2]:

F; =Ru+Ry+R,+Ri (N) (3.7)

Taking into account the calculation formula for acceleration resistance, the

general equation of rectilinear motion of vehicles results [2]:
C, dv

6 4. =F — (Ru+R,+R, 3.8

o @~ (Rut Ry Ro) (38)

In traction regime, when the vehicle travels accelerated or at a constant velocity
and we have one requirement of submissions:

dv
— >0 3.9
dr — (39)

The general equation for rectilinear motion of vehicles becomes [2]:
FIZRI‘MZ+RP +Ra (310)

The summation of all moments around the contact point between rear wheels
and road has to be zero [1]. Out of this equation we can calculate the load of the
front axis [1]:

1y cope 1y e ae .
Fw,x,f,ax :mVﬂCt{(l _M) - g - Cos oy _M. (av+g. sin (xu):|
ly 4 ly 4

— Fy i s
(3.11)

The load of the rear axis is [1]:

lV.('agA,act - & - COS Ay hCA,cog,act

Fw,x,r,ax = My qct |: . (aV + 8- sin (XU):| FV.lift,r

lV‘fr lV,fr
(3.12)
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where Fy, yrax is the rear axis load (N), my ,—vehicles mass (kg), Iy cogace—
distance to weight center (m), hy o occ—height of weight center (m), Fy yrax—
front axis load (N), ay—acceleration (m/sz).

3.1.2 Equations of the Clutch Element

Stationary idle, transition to motion and interruption of the power flow are all made
possible by the clutch. The clutch slips to compensate for the difference in the
rotational speeds of engine and drivetrain when the vehicle is set in motion. When a
change in operation conditions makes it necessary to change gears, the clutch
disengages the engine from the drivetrain for the duration of the procedure.

The Clutch contains a model for a friction clutch as it is used in cars with manual
gearboxes. In this case the clutch is controlled by the driver via the cockpit [1].

For the transmission of maximum torque from the clutch to be without slip
during the entire duration of functioning, it is necessary for the clutch friction torque
M, to be greater than the maximum torque of the engine. For this purpose a safety
coefficient B is introduced in the relation [3]:

M, = B My, (Nm) (3.13)

For the total friction torque we have [3]:
2
Mo =2 p- (B~ E) (Nm) (3.14)

where R, is the exterior radius of the friction surface, R;—the interior radius of the
friction surface, and p:

F
) (3.15)
The clutch friction torque becomes [3]:

M, =

2 R — R}
3 j.—¢— i (Nm) (3.16)

M.F.l.
R2 — R?

The medium radius of the clutch (r¢,,) to which the force operates is given by
the relation [3]:

(m) (3.17)
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The friction coefficient for clutch actuation (lc ) is calculated as such [3]:

Pe,rel |CC

()
:uC,act = :uC.,YI + (:uC.ﬂ - :uC‘,sl) e feorteat (_) (318)

The torque necessary for clutch coupling (M,) is given by the relation [3]:

Ma = |Ma,in - Ma,out| (Nm) (319)

3.1.3 Equations of the Gearbox Element

Gear transmissions featuring several fixed ratios can maintain a correspondence
between the respective performance curves for engine and vehicle. The corre-
spondence with the hyperbola for maximum engine output will be acceptable or
indeed quite good, depending upon a multiplicity of factors including the number of
available gears, the spacing of the individual ratios within the required conversion
range and the engine’s full load torque curve [1, 3, 4].

The component Gearbox contains a model for a gearbox with different gear
steps. For every gear it is possible to define the transmission ratio, the mass
moments of inertia, and the moment of loss [1].

In the component for manual gearboxes, the engine torque will be turned into a
power take-off torque by considering the transmission, the mass moments of inertia,
and the moment of loss [1].

The gearbox can be used for a manual or automatic gearbox. When used as an
automatic gearbox, the gear shifting process will be controlled by the control
module gearbox control or gearbox program. The driver will do this task when used
as a manual gearbox [1].

The torque transmitted by the engine is determined according to the secondary
shaft torque M for the first gear [1, 3, 4]:

Ms = Mm . icvl . hcvl (Nm) (320)

where M,, is the maximum torque transmitted by the engine (Nm), i.y—
transmission ratio of the first gear (), h.,—gearbox efficiency (-).
The calculation for number of teeth on the primary shaft of the gearbox is given by:

2-A-cos f
G =—7T—— (— 3.21
“Tom- (L4 iew) (3:21)
2. A- i
7, _2-Acos fyient -) (3.22)

m:- (1 + icvk)

where iy is the transmission ratio of gear k.
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The distance between axis can be calculated with the formula [5]:

(=2
= s § (m) (3.23)

The frontal pressure angle for reference is calculated [5]:

tan o, °
X,= arctan [m} ( ) (324)

The frontal pitch angle is calculated using the relation [5]:

Xpy= arccos {i - cos oc,} ®) (3.25)

Ay

The normal coefficient of summed displacement profiles, in relation to the
involution of the o, and oy, angle is calculated with the help of the relations [5]:

21+22
2 - tan o,

21+ 22

. (invey, — invey) =
2 tan o, (invot,, — invay)

Xns = - [(tan oy, — oty,) — (tan o, — o))

(3.26)

3.1.4 Equations for the Final Drive Element

The Single Ratio Transmission is a gear step with fixed ratio. It can be used, e.g., as
transmission step of the differential (Final Drive Unit).

A drive torque will be transferred to a power take-off torque of the transmission
step by considering the transmission, the mass moments of inertia and the moment
of loss [1].

The torque transmitted by the engine to the Final Drive element can be calcu-
lated with the help of the following relation [3]:

. . A
M =M, - iy - Ney 12 " Nep TZ/LAQ (Nm) (327)

where M,, is the nominal torque of the engine, i.,—transmission ratio of the
gearbox (—), i,o—transmission ratio of the central transmission (-), 1.,—gearbox
efficiency (-), n.o—efficiency of the central transmission from the rear axel (-),
A—the efficiency of blocking the differential (-).

The torque to be calculated from the adherence condition is determined by using
the relation [3]:
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Moy = 2297 (Nm) (3.28)
ir2 " Nf2

where ip—transmission ratio of the final transmission (-), np—efficiency of rear
final transmission (), Q,—weight distributed on a rear motor wheel (kg), r,—
dynamic radius of rear wheels (m), and p—adherence coefficient (-).

On the final transmissions pitch act two forces, a tangential force (F,) and a radial
force (F,) [3]:

F= i—tf (N) (3.29)

F,=F,;-tan o (N) (3.30)

where z; is the number of teeth of the pinion (), m—pitch module (-), o—pitch
angle (°).

3.1.5 Equations of the Differential Element

The Differential unit compensates for discrepancies in the respective rotation rates
of the drive wheels: between inside and outside wheels during cornering and
between different drive axels on 4WD vehicles [1].

With rare exceptions for special applications, the differential is a bevel gear drive
unit. When the output bevel gears on the left and right sides (most common
arrangement) are of equal dimensions, the differential gears act as a balance arm to
equalize the distribution of torque to the left and right wheels [1].

When unilateral variations in road surfaces result in different coefficients of
friction at the respective wheels, this balance effect limits the effective drive torque
to a level defined as twice the traction force available at the wheel (tire) with the
lower coefficient of friction. This wheel then responds to the application of
excessive force by spinning. To avoid such effects a positive lock is available at the
component [1].

The differential (Fig. 3.2) is a mechanism with the purpose of dividing a motion
towards two receptors, or of coupling two motions and transmitting them towards
one receptor. The differential of the vehicle has as purpose the adaptation of the
motor wheels movements to the road configuration.

The differential uses the following equation to determine the torque [1]:

(pN,in ' (111 + 1) = (bN,out,l + (bN,out,Z . iN (rad/s) (331>

where iy is the slip factor, ¢y ;,—the angular velocity on drive side (rad/s),
O out,1(2)—angular velocity on drive power side (rad/s) [3].
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Fig. 3.2 Principle representation of a Differential [1]

3.1.6 Equations of the IC Engine Element

The component Engine contains a model for an internal combustion engine. As the
characteristic curves for the full load, the fuel consumption and others can be freely
defined by the user. In this component a temperature model is included to consider
the influence of the temperature on the fuel consumption and emissions while the
engine is cold. The engine will be modeled by a structure of characteristic curves
and maps [1].

The external characteristic of the internal combustion engine is necessary to
determine the traction and to study the performances of the vehicle. It presents two
very important points, namely the maximum power P, at maximum speed n,
respectively the power corresponding to maximum coupling Py at ny; speed.

The external characteristic can be determined using the following relations
(3.32) for the power characteristic P, respectively (3.33) for the torque charac-
teristic M, [6]:

2 3
Pe=Mp- o0 o, <n) Yo (n) (kW) (3.32)
m nm nm
n, n, 2
Me =My, - |0 0 — + 03 - (e> (Nm) (3.33)
nm nm

where: M, = P,/o,, is the torque corresponding to maximum power (Nm), ®,, =
(2mn,,)/60 is the angular velocity (rad/s), o1+ a,+ 03 = 1 are the coefficients which
are determined using the relations [6]:
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3—4.¢

2-c
= =1. .
=gy = 10 (3.35)
—— 125 (3.36)
T2 (1-¢ '

where: ¢ = ny/n,, = 0.60 is the elasticity coefficient.
Using the elasticity coefficient, the maximum torque speed can be determined:

ny =c-ny(l/s) (3.37)

The maximum torque being given by the following relation [6]:

2
ny ny
o+ — + 3 <)
n

m nﬂl

The load characteristic expresses the measurements defining the engine perfor-
mances, namely power, torque, and the average brake pressure BMEP (Brake Mean
Effective Pressure) according to engine speed (¢) [1]:

Ap = pE,vk,help - pE,sk,help (339)

Interpolation of Full Load Characteristic and Motoring Curve for the actual
engine speed for an engine speed lower than idle speed is [1]:

Pefrsk = — = “fEsk * P out T PEsknelp T AP - TEsk (Pa) (3.40)
E.idle
Ap . Ap .
Petf vk = Peff sk + - 3 : (fE,sk - 1) : (p]%:,out V) : (fE,Sk - 2) ’ (p%,oul (341)
E.idle E.idle

and the factor fg g = 4 for automatic gearboxes.

Considering the energy available in the air-fuel mixture as being 100 %, only
20 % from it gets to be used for vehicle drive. Approximately 80 % of the energy is
lost through thermal transfer, mechanical friction and auxiliary equipment drive
(Fig. 3.3).

The heat produced by the combustion will be computed from this formula [1]:

PE heat = bEhact * PE fuel - HE fuel (KJ) (3.42)
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Fig. 3.3 Energetic balance of Fuel Energy
the internal combustion e —_— —
engine [3] )
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The mechanical power take-off [1]:
PE,act = ME,aCt : (bE,Out (kW) (343)
The loss power in the exhaust emissions [1]:
Peemis = ZEEE * (PEpeat — Pract) (kW) (3.44)
The rest energy has to go into the cooling system [1]:
PE,cool = PE,heat - PE,act - pE,emis (kW) (345>

The characteristic for the friction mean pressure is given by the friction mean
pressure at minimum (Pg min) and maximum speed (Pgmax) and a curvature factor
(CE fric,p) between them (Cg fricp, = 1 means a linear characteristic).

At first, a reference value for the mean friction pressure BMEP (g fiic.ref) 1S
calculated [1]:

PE fric,max — PE_fric,min
fg = — o - (-) (3.46)
((PE,max)CE.' vp_((PE,idle)CE.‘ *
where:
fA = PE fricmin — fB (('PE,idle)CE'mc’p (3.47)

PE fric,ref = fa+fp- ‘(bE,oul’CEvmc.p (348)
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The crankshaft means effective pressure can be expressed as follows [1]:

ND? Ly np Dy N>D; ny
fmep = cep | —2—— Ces| =——— Cd| —=2—| (Pa 3.49
P cb ( B2 Sn, ) + Coes (BZ Sn. +Cud . ( ) ( )

where: B is the cylinder diameter (m), S—stroke (m), Dy—bearing diameter (m),
L,—bearing length (m), n.—number of cylinders (-), n,—number of bearings (-),
N—engine speed (1/min), c,—coefficient of hydrodynamic losses in bearings (—),
C.s——coefficient of friction losses in bearings, C,—coefficient of frictions losses
due to viscosity ().

The friction means effective pressure in the reciprocating group may be calcu-
lated using the following equation [1]:

N D3 Lyny Y, 103\ /1 P; 133-238YV,
mep;, :Cpb(sziSnc +Cps Ep +Cpr 1+W B2 COF; 0~182rc( 2

(3.50)

where: c,,—coefficient of hydrodynamic losses in connecting rod bearing (-),
C,s—coefficient of losses due to thermal transfer through cylinder wall (-), C,—
coefficient of losses due to thermal transfer through piston rings (—), C,—coefficient
of losses for pressure of combustion gasses de (-), V,—medium velocity of the
piston (m/s).

The friction means effective pressure in the valve train is calculated using the
following equation [1]:

np LISNn 10*\ Lyn
) + Cyo + th (Viv + Cvm 1+ — = + frnepcumfollower

N
fmep,, = va<

B’Sn, BSn, N ) Sn.
(3.51)
10°\ n,
frnepcamfollower =Cy| 1+ F S n. (Pa> (352>
Nny
frnepcamfollower = CVF( . ) (Pa) (353)
Sn

where: c,,—coefficient of hydrodynamic losses in camshaft bearing (—), C,,—coef-
ficient of hydrodynamic lubrication due to oscillations (), C,,—coefficient of mixed
lubrication due to oscillations (), C,,—coefficient of lubrication due to camshaft
movement (-), L,—maximum valve lift height (m), n,—number of valves (-).
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Means effective pressure due to the friction in the piston group is expressed as
follows [1]:

N0'6 Dg Ly np i n Dy
fmep rankshatt = Ceb (W) (@) + Ces (Bz—Snc> (Pa) (3.54)

where: c.,—coefficient of hydrodynamic losses in crankshaft bearing (-), C.c—
coefficient of losses through friction in shaft bearings (-), n—viscosity index (-),
Her—dynamic oil viscosity (m2/s).

Means effective pressure due to the friction in the piston group is expressed as
follows [1]:

N().6 D3 Ly np VO.S VO.S M n
fmep, oy = = o) Lo ) o (=2 ) | ()
MEPyiston (Cpb < B2S e ) sl g | g2 Hoop ( a)

(3.55)

where c,,—coefficient of hydrodynamic losses in connecting rod bearing (-), C,e—
coefficient of losses due to thermal transfer through cylinder wall (=), Cp—coef-
ficient of losses due to thermal transfer through piston rings (-), n—viscosity index
0.4).

Total losses through friction for the distribution system is expressed through the
relation [1]:

NOOny\ / p \" LN ng\ 7/ p\" 10\ Lyn,
fi o —— Cop | — Com( 2+ —— fmep,
ePw o (B2 S nC) <!"|’ref> * " ( BS ne ) (l"’ref) * ( * 5 + “’N) S ne * TePer

(3.56)

10 ny Nn,
f . = Cv 2 = Cvr 3.57
MEPcam follower f ( + 54 HN) Sn, (S nc> ( )

where c,,—coefficient of hydrodynamic losses in camshaft (=), C,,—coefficient of
hydrodynamic lubrication due to oscillations (=), C,,—coefficient of mixed
lubrication due to oscillations (—), n—viscosity index (0.4).

3.1.7 Equations of the E-Machine (Generator) Element

The Generator (alternator) must provide the vehicle electrical system with a suffi-
cient supply of current under all operating conditions in order to ensure that the
State of Charge (SOC) in the engine storage device (battery) is consistently
maintained at an adequate level. The object is to achieve balanced charging, i.e., the
curves for performance and speed—frequency response must be selected to ensure
that the amount of current generated by the alternator under actual operating



3.1 Mathematical Modeling of the Configuration Used in the Simulation Process 37

conditions is at least equal to the consumption of all electrical equipment within the
same period [1].

Automotive alternators are designed to supply charge voltages of 28 V for heavy
utility vehicles or buses, in order to maintain an adequate charge in 24 V batteries.

The alternator produces alternating current (AC). The vehicle’s electrical system,
on the other hand, requires direct current to recharge the battery and operate the
electrical equipment; it is thus direct current that must ultimately be supplied to the
electrical system. For this case a rectifier must be provided to convert the alter-
nator’s three-phase alternating current into direct current (DC).

This arrangement also provides the battery from discharging when the vehicle is
stationary. In the input data for the component generator the already into direct
current converted characteristics have to be given. The characteristics used here are
measured behind the rectifier [1].

In the component generator a simple regulator is integrated. The regulator works
in that way that a threshold voltage has to be defined. If the voltage of the onboard
network is below this threshold the generator is activated.

The generator will be separated from the network if the voltage of the onboard
network reaches the threshold [1].

The current delivered by the generator results from a map dependent on the
speed and the mains voltage. By considering the internal resistance, the instanta-
neous current consumption helps to acquire the torque absorbed by the generator
with the corresponding moments of loss [1].

The maximum values of the generator current and voltage It max act> UL max.act fOr
a given angular velocity is evaluated out of the maps. The minimum voltage is
determined be the equation [1]:

/I max,
UL,min,act = UL,max,act - ; e (V) (358)
G,equ

The controller current and voltage Ii jax.conts ULmax.cont fOr @ given angular
velocity is evaluated out of the maps. The controller factor is defined as function of
the controller current [1]:

L (3.59)

CL,cont = _RG,equ '
IL,max,cont

The minimum voltage fixed by the controller [1]:

ULA,min,com = ULA,max,com + CL,com : Ic.max,act (V) (360)
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The current flow depends on the net and the controller minimum and maximum
voltages as well as the controller factor [1]:

IL _ (UL,net - UL,min,com) . |_1 - (UL,net - UL,max,cont)J (A) (361)
CL.,cont . (UL,net - UL,max,cont)

In the Generator Characteristic, the current flow is fixed by the net and the
controller minimum and maximum voltages as well as the maximum available
generator current [1]:

2
IL max,act
IL = _IL,max,act - RG,equ : (UL,net - UL,max,act + { / Ri7 '(UL,net - UL,min,acl)
G,equ

. [1 - (UL,nel - UL,max,act)] (A)
(3.62)

In the Mixed Characteristic, the conditions are changing between Generator
Characteristic and Controller Characteristic. The switch voltage determines the
actual used characteristic [1]:

b b2—4-a-c
§WiC - — 5 _ —V .
UL switch 2-a+ 7 a (V) (3.63)

where the values of system parameter a, b and c are given using the following
calculation relations:

2= R () (3.64)
IL.max.act 1
b=-2- _ULﬁmax,act + - : RG,equ - (_) (365)
RG,equ CL.conl

2
ML max.ac UL max.c
C = IC,max,aCt N RG.equ N <_UL,max,aCt + ;max.aa) + lémd&(’ont (—) (366)
G,equ L,cont

For the torque calculation, the loss moment and the working moment have to be
added. The loss moment My pq o is interpolated out of the loss function. Thus, we
can write the equation for the whole generator torque [1]:

IL-U
ML,in = ML,pt,act - % (Nm) (367)
L OLin
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The overall efficiency value np . is evaluated out of the map for the actual
current flow and the generator speed. Thus, we can write the equation for the whole
generator torque [1]:

1 IL : UL,net

nL,aCt nL,el *QLin

Mpjn = — (Nm) (3.68)

3.1.8 Egquations of the E-Machine (Motor) Element

The Electric Motor can be used for electrically driven vehicles, cars with hybrid
drive or to operate auxiliaries such as a fan or an oil pump.

The electric motor is defined by means of characteristic curves. Therefore, dif-
ferent motor type models can be constructed [1].

The value of the voltage level should be entered at which the following
Characteristic Maps of the machine have been measured. In addition to the Ul
level, up to 4 further levels U2-US5 could be activated in the property window. For
each activated level the corresponding voltage value must be defined and the
corresponding Characteristic Maps.

Calculation of the actual current by the current—voltage map [1]:

_ PJ,el.act

Lot = m (A) (3.69)

Calculation of the actual power and the actual current by the efficiency map and
the starting current [1]:

P
pJ,el,acl = —Jmechact (kW) (370)

J,act

The actual moment of the drivetrain is given by [1]:
Mem.at = MEM — OEM nom Prm out (NM) (3.71)
Functioning losses for the electric vehicle in motor-related mode are as follows [1]:
PEM loss,act = PEM,mech,acl(l/nEM (MEM,om, (bEM,out) - 1) (kW) (3.72)
PEM loss act = (bEM.out.,lMEM‘ (1/ NEM (MEM.,outv ¢EM,out) - 1) (kW) (3.73)

Functioning losses for electric vehicle in generator-related mode are as follows [1]:
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PEM,loss = |PEM,mech(1 — Nem(Mewm, (PEM))| (kW) (3.74)

PeM,loss = ’¢EM,1MEM(1 — Nem (Mewm, (PEM))| (kW) (3.75)

PeMjoss = PemMem.1 [aMem) (1/Mgy (Mem.1, §pv) — 1) (3.76)
+ (1 —a(Mgwm)) (1 — Nem (MEM,I; (PEM))] (kW)

P oss = PemMem,1 [a(Mem) (1/Mem (Mem,1, Gpmp) — 1) (3.77)

+(1— a(MEM))(l — Nem (MEM,la(bEM,l))] (kW)

where:

a(Mpm) = (Mpum — MEM,dmg(béM)/ (Mgm,1 — MEM,drag(P]ng) (kW) (3.78)

The difference between the losses in motor-related mode and the losses in
generator-related mode is given by the lowest torque in the Characteristic Map and
the drag torque. In the domain above the smallest positive torque the motor-related
mode is used and the efficiency is unique defined. In the domain below the negative
torque and below the drag torque the generator-related mode is used. In the domain
between the described domains again the motor-related mode is being used. There a
smooth transition in the loss of power.

3.1.9 Equations of the Battery Element

Together with the components supercapacitor and electric machine, the component
Battery H is used for modeling hybrid vehicles.

The basic model consists of a voltage source and a resistance. The resistance is
constructed that way that complex processes within the battery can be considered.
2 RC elements can be added optionally. They describe the concentration over-
voltage and the transition overvoltage.

Also, the resistance’s dependence on the temperature can be activated optionally.
There can be modeled single cells as well as a combination of them. Therefore, any
modules can be constructed [1].

The thermal behavior of the battery is described by a thermal model. Here, the
warming caused by the losses and the cooling caused by convection is taken under
consideration [1].

The batteries of the vehicle convert the electric energy in potential chemical
energy during charging, respectively the potential chemical energy in electric
energy during discharging. A battery is made of elementary cells connected toge-
ther. Each battery cell is composed of three primary elements: the positive elec-
trode, the negative electrode and the electrolyte.
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An important parameter of the battery is the SOC (State Of Charge), which is the
ratio between the battery current capacity and total capacity. Modifying the SOC in
the time interval dt with a constant charging current, respectively a discharging
current i can be expressed as follows [6]:

_ 40 _ it
dsoc = 5 5= 00 (3.79)

where Q(i) is the battery capacity for the discharging current i.

Within state of charge the current has a negative value and within state of
discharge the current has a positive value. Thus, the charge ratio of the battery can
be expressed as [6]:

idt

SOC =S0Cy — | ——
L 10

(3.80)

where SOC, is the initial value of the charge rate. The power taken by load
resistance is expressed as follows [6]:

Vo
int + Rload + Rohm

) (kW) (3.81)

Pioaa = Rivaa - 1}3 = Rioad <R

The model of a battery with elements used for an electric motor is the one from
Fig. 3.4 [1].
The electrical equations of a battery cell are described as follows [1]:

Ugt,term = Ugtidie (It term» SOC) — Igu ohmic - Ron (IoH,term )

(3.82)

- QQH,conc /CQH,conc - QQH.trans /CQHﬁtrans (V)
IQH,ohmic,[rans = QQH,trans/(CQH,trans : RQH,trans) (A) (383)
IQH.ohmic,conc = QQH,COHC/(CQH,COHC : RQH.conc) (A) (384)

QH ohmic O.H' conc QHJroru
‘IQH ohmic ——P
LQH rer mu:lm' [
IQH rer minal QH conc QH frans QH' idle

Fig. 3.4 Model for battery with elements [1]
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Here the current influences the idle voltage and the resistance only by its sign.
The maximal currents of the battery cell are calculated by [1]:

QQH.conc . QQH.lmm

|:UQH,idle,charge (IQH,lermv SOC) - UQH,max - CQH.CO“C CQH.[mnsi| (A)

Ton h =
QH,max,charge Ron (IQH,terminal)

(3.85)

QQH.conc _ QQHmns}

[UQH,idle,discharge (IQH,lerm’ SOC) - UQH,min - CQH- - CQH[“ i

IQH.,max,discharge =

RQH (IQH‘terminal)
(3.86)
The initial values are calculated by [1]:
_ __Qau
QQH,init - SOCQH,init : QQH,max - : QQH,max (387)
QQH,max
The basic equation for the heating within a material is [1]:
dQ = mqu,cel - ConheardTQr bar = Por,mdt (3.88)

Here, Pou,m is the total power that is converted into heat. It consists of the heat
power inside the cell caused by electrical losses, and of the heat transfer to the
environment [1]:

Pou.ih = Pom,th,el + Pom.ih ambient (KW) (3.89)
PQH,th,ambiem = oLQH,th,trans (TQH,bat - TQHﬁambiem) (kW) (390)

PQH-[hﬁl = IéH,ohmic ’ RQH + IéH‘ohmic‘lrans ' RQHJrans + IéH,conc (TQH@Cl) ' RQH@O“C
+ |0~SIQH,terminal - (Uqu,idte (ToH erminat - SOCqn) — Uqmidte (—IoH erminats SOCqnu ) ) ’
(3.91)

With the last term describing the losses caused by the polarization voltage [1].

3.1.10 Egquations of the GB Control Element

The GB Control is needed to define an automatic gearbox. In the GB Control, the
gear shifting process can be defined automatically without any influence of the
driver [1].

The GB Control shifts the gears dependent on a speed or a velocity. The decision
which one of the two shifting strategies is used is done in the calculation tasks.
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Which speed, respectively which velocity is used can be defined via the Data Bus. It
is possible to define the engine speed but it is also possible to define the wheel
speed as reference [1].

The GB Control is also the connection between the gearbox program and the
gearbox [1].

The gear shifting strategy up (Zcont,up) and down (Zconean) has the information
from where the GB Control should take the target gear: profile shifting, velocity
shifting, speed shifting, program shifting. The target gear position comes from the
driving profile [1].

The target gear position comes from the driving profile [1]:

(jG,target 2jG,act) - jG,new,up = jGA,target (392)

(i mzer Sacr) = et = I e (3.93)

The reference is the vehicle velocity [1]:
(6.0 <NG) A (Vvaer > Vosner LG ace]) = 6 newup = I +1 (3.94)
(Gact > 1) A (Vvact < VoaeevliGact)) = JGnewdn = JGact — 1 (3.95)
Each angular velocity could be selected via Data Bus for the reference speed [1]:
(iG.act <NG) A (Pref.act = Poviner LiG.act]) — JGnewup = JGac T1 (3.96)
(iGact > 1) A (Prefact < Poden LiGact)) = iGnewdn = JGact — 1 (3.97)

The shifting information is taken from the shifting program. For up- and
downshifting [1]:

(jG,prog ZjG,act) - jG,new,up = jG.prog (3.98)
(i prog Scact) — Jciaewan = Jc.pre (3.99)

The new gear position is chosen as follows [1]:
(jG,new,up > JGact T 1) — JGnew = JGact T 1 (3.100)

(jG,new,dn SjG,aCt - 1) - jG.new = jG,acl -1 (3101)

else — jG,neW :jGﬁacl (3102)
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3.1.11 Egquations of the GB Program Element

GB Program is used for automatic gearboxes in combination with the gearbox control.
The gearbox program allows for a more complicated gear shifting process than the
gearbox control, because here in addition the load signal of the engine is considered [1].

The gearbox program shifts the gears according to given curves. The curves are
given as a function of the load signal and the engine speed. The target gear
determined by the program is transmitted to the gearbox control that transmits it to
the gearbox. Furthermore the curves could be optimized using iSIGHT. These
optimized curves (optimized shifting program) could also be used as input curves
for the gearbox program [1].

The basics of SQP algorithms is described in more detail below. The idea of this
algorithm is to formulate and solve a quadratic programming sub problem in each
iteration which is obtained by linearizing the constraints and approximating the
Lagrangian function [1]:

L(x,u):=f(x) — zm: ujg;(x) (3.103)

1
min = d"Bid + Vf(xi)"d,
2k () (3.104)

de IR“:ng(xk)Td—f—gj(xk) =0,j=1,...,me

ng(xk)Td+gj(Xk) >0,j=m,...,m,

(Xk+1> (Xk) ( dk ) (3105)
= —+ ok
Vk+1 Vk Ux — Vk

Qi:= VxL(Xk+ 1, ux) — VxL(xx, ug),

(3.106)
Wgi=Xg 41 — Xk, Bkt 1 1= H(Bkaquwk)

3.1.12 Equations of the Wheel Element

The wheels and tires link the vehicle to the road. The component Wheel allows to
consider many influencing variables and their effect on the rolling state.

The moment of rolling drag can be computed on the basis of the wheel load, the
corrected dynamic rolling radius, and the coefficient of rolling drag [1].

The longitudinal tire force (circumferential force) results from the friction
coefficient, the wheel load as well as from the wheel load factor and the slip factor.

It is possible to define variable friction coefficients along the driving profile
when different road conditions are considered [1].
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The wheel component also includes a detailed rolling resistance. This model
describes the rolling resistance of the tire depending on the tire inflation pressure,
load, translation speed, the ambient temperature and the time [1].

Rolling Drag Moment is [1]:

MW,roll = FW,in *Cwir (VV,act) : rW,dyn (Nm) (3107)

The rolling resistance coefficient is evaluated out of the map C,, (V,) for the
actual vehicle velocity. The rolling resistance is defined as followed [1]:

c=cy+cp+cre+or+cp(—) (3.108)

where c is the rolling resistance coefficient (), c,—real vehicle velocity (m/s), c,—
rolling resistance influenced by the lateral slip angle, namely [1]:

. . 2 .
¢y = % - abs (sin (o)) ) (Nm) (3.109)

where oy is the slip angle (°), cgr—load on each motor wheel (Nm), cr—wheel
temperature (°C), c,—wheel pressure (Pa).
With this, we calculate the slip coefficients [1]:

2 - arcsin (Mw_asxm.act) (=)

Cw,coeffl =2~ T (3110)
1 2
C = - tan : — 3.111
w,coeff2 SW,peak,aCt 4. (Tl', _ arcsnl(“w,asym,act)) ( ) ( )
where:
i in ' T n — VV,ac
sw = Pw,in " Tw.dy Vaet oo Vet | < 10 %5y = 0 (3.112)

VW ref

The Transmittable Longitudinal Wheel Force is the force value which can be
transmitted by the wheel—road friction. The maximum slip correction factor is [1]:

CW,lim = sin CW,coeffl - arctan (CW$coeffZ ' SW)
. 2
an[3.6+ (Vi + 00278+ (¢ rwa)0.02)] (=) (3.113)
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The steady state rolling resistance value Fy ,onswp at current conditions as a
function of tire load Fyy ,, tire inflation pressure zy 10,4, tire translation speed vV ac
and ambient temperature T, [1]:
Fw roll stab = CW roll ISO

ol
Pact Fwae \ ™ VW,act — VW,ISO VWoact — Ywiso )
'FW‘acl ’ . 1+b —_— " | 4| =
Pw.1so Fw.iso Vw,1SO VWw.ISO

: [1 + CW,ambient (TW,ISO - TU)} (N) (3 1 14)

The instantaneous average tire temperature at each time increment is then
obtained by integrating [1]:

t

1
[FW,roll * VW,act — CW heat

TW,act(t) - TW,act‘last =

My - Cw heq ) (3.115)
AW (TW,actA,last - TU)} df
where:
l:“W,rol] = FW,rol]A,stab [1 + kWA,emp (TW,act - TW,stab)} (3 1 16)
Vw 2
,act
FW,roll = I:'W,roll =+ CW aero ( ) (3 1 17)
VW ISO

3.2 Algorithm of the Simulation Process

The AVL CRUISE application is a suite software instruments used for simulation
for a variety of vehicle models, with which one can generate, develop and study
diverse constructive categories from vehicles to buses. The preprocessing program
is used to enter the initial data, the input data and the technical characteristics of the
vehicle to be constructed as a model for the simulation process. After the effective
assembly of the elements composing the vehicle, together with the annexed sys-
tems, mathematical equations and the calculation algorithms of the model lying
behind the GUI (Graphical User Interface), the processes requested during the
simulations are analyzed and calculated [3].

The steps made in order to define the algorithm of the computer simulation
process (Fig. 3.5) are as follows [1]:

e creation of the project, respectively the model version of the simulated vehicle;
e insertion of defined elements in the graphical interface of the program;
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Step 1 Step 2 Step 3
Create Create vehicle Insert energetic $
project/version model connection

Step 4 Step 5 Step 6
) Insert Input data Create
informational in task folders

connection components l add tasks
Step 7 Step 8 | Step 9
:} Setup $ Run $ View and

calculations calculation ‘ evaluate results

Fig. 3.5 Algorithm of the simulation process

e connection of defined elements through energetic connections and data
connections;
defining the functional parameters for defined component elements in the model;
defining the control parameters of the simulation process (task folders and
tasks);

e defining the simulation series;

e running the computer simulations to determine energetic flows of the model of
vehicle built, analysis and interpretation of the results obtained from the
simulations.

For the analysis of hybrid and electric vehicles from the point of view of con-
sumption, many analysis methods are used amongst which the average operating
point approach, the quasi-static method and the dynamic modelling. In this step
firstly are determined the requirements and restrictions of the model, and then the
system components are designed.

The numerical simulation is a methodology used for optimizing the perfor-
mances of hybrid and electric vehicles. This type of analysis is also used by vehicle
manufacturers to reduce the development costs for prototypes and the time nec-
essary for their execution. The architecture of vehicles contains different subsys-
tems, interconnected through mechanical, electric and control connections. That is
why a computer simulation is based on mixed signals.

One essential requirement imposed for Embedded Systems and DSP-Based
Systems is to operate in real time, with the guarantee of respecting the time intervals
imposed by design and environmental specifications. An easy and quick transition
can be made from project concepts to experimental verifications with the help of
some adequate instruments: CACSD (Computer Aided Control Systems Design).
The CACSD instruments are more and more intensely used by vehicle manufac-
turers [7].
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The simulation processes offer a series of advantages, such as reduces costs for
the construction of a model, the possibility of changing its structure during any step
of the simulation process and of adapting the model characteristics to the requests
of the user in a very short time interval. By using computer simulations validated
through experimental measurements we have the certainty of obtaining exact results
during our research work.

The data obtained from computer simulations were then subjects to validation
tests through statistical methods of eliminating errors for measurement values
recorded by using the Fisher statistical test [7].

After validating the results obtained from experimental determinations, they
were analyzed in comparison with the results obtained from computer simulations.

3.3 Simulation for the Classic Bus Model in AVL CRUISE

To simulate how a classic bus powered by diesel engine works, a model was created
and developed for computer simulation in the AVL CRUISE application for a bus
equipped with an internal combustion engine (Fig. 3.6).

The elements composing the model are as follows:

* Vehicle (1) * Front Disk Brake (13)
* IC Engine (2) » Rear Disk Brake (14)
¢ Clutch (3) * Front Disk Brake (15)
* Gearbox (4)  Rear Differential (16)
« Final Drive Rear (5) * Cockpit (17)

* Vehicle Rear Right (6) * GB Control (18)

* Vehicle Front Right (7) * GB Program (19)

* Vehicle Rear Left (8) * Catalyst (20)

* Vehicle Front Left (9) * Multiplex Function (21)
* Vehicle Rear Right (10) * Monitor (22)

* Vehicle Rear Left (11) * AMT Control (23)

* Rear Disk Brake (12)

All the connections in the Data Bus for this model are described in Table 3.1 [4].
Validation of the connections are marked using bold and are required for the
functioning of the model.

Vehicle (1) is one of the main objects in a model. This component contains
general data of the vehicle, such as nominal dimensions and weights. Only one
vehicle component is required in a model. Road resistances and dynamic wheel
loads are calculated for road and dynamometer runs based on the dimensions and
the load state. The wheel loads are calculated considering motion. The aerody-
namic, rolling, climbing, acceleration, and total resistance are calculated [1].
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Fig. 3.6 Classic bus model

To define component input data (Table 3.2) double click on the icon or click on
it the right mouse button and select edit to open the following window.

IC Engine (2) component contains a model for an internal combustion engine.
The characteristic curves for the full load, fuel consumption, and others can be
freely defined by the user. It is possible to define a gasoline engine as well as a
diesel engine. In this component a temperature model is included to consider the
influence of the temperature on the fuel consumption and emissions while the
engine is cold. The engine will be modeled by a structure of characteristic curves
and maps [1].

Characteristic curves for maximum load, fuel consumption etc. can be defined
by the user by entering the initial data (Table 3.3). The graphic for internal com-
bustion engine torque variation is presented in Fig. 3.7.

The calculation for injection parameters can be made based on the Fuel
Consumption Map (Fig. 3.8).

The Clutch (3) makes stationary idle possible, transition to motion, and inter-
ruption of the power flow. The clutch slips to compensate for the difference in the
rotational speeds of engine and drive train when the vehicle is set in motion. When
a change in operation conditions makes it necessary to change gears, the clutch
disengages the engine from the drivetrain for the duration of the procedure [1].

To define component input data (Table 3.4) double click on the icon and select
edit to open the following window.
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Table 3.1 Data Bus Connection

Component Input information Component Output information
requires delivering
AMT Control Current Gear Gearbox Current Gear
Desired Gear GB Control Desired Gear
Input Speed Clutch Input Speed
Load Signal Cockpit Load Signal
Output Speed Clutch Output Speed
Velocity Vehicle Velocity
Rear Brake Brake Pressure Multiplex Cockpit_brake_pressure
Front Brake Brake Pressure Multiplex Cockpit_brake_pressure
Rear Brake Brake Pressure Multiplex Cockpit_brake_pressure
Front Brake Brake Pressure Multiplex Cockpit_brake_pressure
Clutch Desired Clutch AMT Control Desired Clutch Release
Release
Cockpit Gear Indicator Gearbox Current Gear
Operation Control IC Engine Operation Control
Speed IC Engine Engine Speed
IC Engine Load Signal AMT Control Load Signal
Start Switch Cockpit Start Switch
Multiplex Vehicle_brake_pressure | Cockpit Brake Pressure
Gearbox Desired Gear GB Control Desired Gear
GB Control Current Gear Gearbox Current Gear
Desired Gear Cockpit Desired Gear
(Cockpit)
Desired GB Program GB Program Desired Gear
Gear Select Down Cockpit Gear Select Down
Gear Select Up Cockpit Gear Select Up
Operation Control Cockpit Operation Control
Reference Speed IC Engine Engine Speed
Velocity Cockpit Velocity
GB Program Current Gear Gearbox Current Gear
Load Signal Cockpit Load Signal
Speed IC Engine Engine Speed
Monitor Vehicle Acceleration Vehicle Acceleration
Vehicle Velocity Vehicle Velocity
Vehicle Distance Vehicle Distance
Engine Load Signal IC Engine Actual Load Signal
Engine Speed IC Engine Engine Speed

Gearbox (4) transmissions featuring several fixed ratios can maintain a corre-
spondence between the respective performance curves for engine and vehicle. The
correspondence with the hyperbola for maximum engine output will be acceptable
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Table 3.2 Vehicle component input data

51

Name Value Unit
Gas Tank Volume 0.30 m?
Distance from Hitch to Front Axle 9280.0 mm
Height of Support Point at Bench Test 100.0 mm
Wheel Base 6120.0 mm
Distance of Gravity Center empty/half/full 3000.0/3100.0/3200.0 mm
Height of Gravity Center empty/half/full 552.0/545.0/530.0 mm
Height of Hitch empty/half/full 400.0/390.0/368.0 mm
Tire Inflation Pressure Front Axle 7.5/7.511.5 bar
Tire Inflation Pressure Rear Axle 7.5/7.517.5 bar
Curb Weight/Gross Weight 12080.0/14300.0 kg
Frontal Area 7.50 m?
Lift Coefficient Front Axle 0.032 -
Drag Coefficient 0.520 —
Lift Coefficient Rear Axle 0.010 -
Chassis Data Track Width Front/Rear 2000.0/2020.0 mm
Chassis Data Axle Stiffness Front/Rear 1500.0/1200.0 N/°
Table 3.3 IC Engine component input data

Name Value Unit
Engine Displacement 7800 cm?
Engine Type Diesel -
Charger Type TC with Intercooler -
Engine Working Temperature 80.0 °C
Number of Cylinders 6 -
Number of Strokes 4 -

Idle Speed 800.0 min~"
Maximum Speed 2000.0 min~"
Inertia Moment 1.534 kg m?
Response Time 0.1 s
Heating Value for Diesel 44000.0 kl/kg
Fuel Density 0.84 kg/l
Specific Carbon Content 0.86 -

Idle Consumption 3.03609 I/h
Exhaust Proportion of Waste Energy 0.48 -
FMEP at Minimum Speed 3.45 bar
Exponent of FMEP Characteristic 0.16 -
Dynamic Oil Viscosity 0.09 Pas
FMEP at Maximum Speed 5.5 bar
Curvature Factor 1.42 -
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Table 3.4 Clutch component e Value Unit
i t dat
fnput data Inertia Moment In 0.001 kg m?
Inertia Moment Out 0.001 kg m?
Maximum Transferable Torque 1300 Nm

or indeed quite good, depending on a multiplicity of factors including the number of

available gears, the spacing of the individual ratios within the required conversion
range, and the engines’ full-load torque curve [1].
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The component Gearbox contains a model for a gearbox with different gear
steps. The user can define as many gears as needed. When it is used as an automatic
gearbox, the gear shifting process will be controlled by the control module gearbox
control and program. To define component input data for Gear Ratio Table double
click on the icon and select edit to open the following window (Table 3.5) [1].

Final Drive (5) is a gear step with fixed ratio. It can be used as a transmission
step of the differential (final drive unit). A drive torque will be transferred to a
power take-off torque of the transmission step by considering the transmission, the
mass moments of inertia, and the moment of loss [1]. To define component input
data double click on the Single Ratio Transmission icon and enter the following
data (Table 3.6).

The Wheels and Tires link the vehicle to the road. The wheel components take
into consideration many influencing variables and their effect on the rolling state.

The moment of rolling drag can be computed on the basis of the wheel load, he
corrected dynamic rolling radius, and the coefficient of rolling drag.

The longitudinal tire force results from the friction coefficient, the wheel load as
well as from the wheel load factor and the slip factor. It is possible to define
variable friction coefficients along the driving profile when different road conditions
are considered [1].

Information data for the four wheels are the same (Vehicle Front Right (7),
Vehicle Rear Right (6, 10), Vehicle Front Left (9), and Vehicle Rear Left (8, 11)).

Double click on the wheel and enter the following data (Table 3.7). Select
Properties menu and define the appropriate wheel location for each wheel (Vehicle:
Front Right, Rear Right, Front Left, and Rear Left) [1].

Table 3.5 Gearbox component input data

Gear Ratio Inertia In Inertia Out Teeth In Teeth Out | Efficiency
“) © (kg m’) (kg m?) “) “) ©

0 1.00 0.0015 0.005 10 10 0.95

1 343 0.0015 0.005 100 343 0.95

2 2.01 0.0015 0.005 100 201 0.95

3 1.42 0.0015 0.005 50 71 0.95

4 1.00 0.0015 0.005 10 10 0.95

5 0.83 0.0015 0.005 100 83 0.95

Table 3.6 Final Drive Name Value Unit
t i t dat
component mput data Transmission Ratio 5.900 -
Inertia Moment In 0.008 kg m?
Inertia Moment Out 0.015 kg m?
Efficiency 0.970 -
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Table 3.7 Wheel component  Name Value Unit

input data Wheel Inertia Moment 0.51 kg m?
Friction Coefficient of Tire 0.95 -
Reference Wheel Load 2500.0 N
Wheel Load Correction Coefficient 0.02 -
Static Rolling Radius 436.0 mm
Circumference 273947 | mm
Dynamic Rolling Radius 464.0 mm
Circumference 2915.40 mm
Tire Section Width 275.0 mm
Tire Aspect Ratio 70.0 %
Tire Seat Diameter 22.5 inch
Rolling Resistance Coefficient 0.00614 |-
Tire Inflation Pressure 7.5 bar
Tire Load 2200.00 |kg
Tire Velocity 90.0 m/s
Reference Temperature 25.0 °C
Convection Coefficient 25.0 W/m? K
Pressure Sensitivity Coefficient -0.2 -
Linear Speed Coefficient 0.05 -
Temperature Sensitivity Coefficient 0.007 -
Tire Mass 57.0 kg
Empirical Rolling Resistance —0.01 /K
Coefficient
Load Sensitivity Exponent 0.00 -
Square Speed Coefficient 0.1137 -
Convection Coefficient Exponent 0.25 -
Specific Heat Capacity of Tire 1350.0 J/kg K

The Brake component is described by brake data and dimensions. It is possible
to define drum brakes as well as disk brakes. The retarder is used for heavy vehicles
and is described below.

The braking torque is computed considering the braking dimensions and the
input brake pressure. This brake pressure can come from the cockpit component or
brake control. If the vehicle is standing still, the degrees of freedom will be reduced
as this also reduces the calculation time. This reduction is done in a way that the
equation system is switched if a small velocity threshold is reached. In this case
movement is suppressed [1].

At the same time, the instantaneous compulsive force is checked (if it is smaller
than the braking torque). If this condition is no longer true the brake is released.
Input data for the two front brakes are the same and also the data for the two rear
brakes are the same (Front Disk Brake Right (13), Rear Drum Brake Right (12),
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Front Disk Brake Left (15) and Rear Drum Brake Left (14)). Double click on the
brake icon and enter the following data (Table 3.8).

Differential (16) unit compensates for discrepancies in the respective rotation
rates of the drive wheels: between inside and outside wheels during cornering and
between different drive axels on 4WD vehicles.

When there is a unilateral variation in road surfaces it results in different coef-
ficients of friction at the respective wheels, this balance effect limits the effective
drive torque to a level defined as twice the traction force available at the wheel (tire)
with the lower friction coefficient [1].

This wheel then responds to the excessive force by spinning. To avoid such
effects a positive lock is available at the component. In the differential it is possible
to define the torque split factor. This is needed if it is used as a central differential
for a four wheel drive. To define component input data double click on the dif-
ferential icon and enter the following data (Table 3.9).

The Kinematic Chain Browser can be launched in the pop-up menu of a selected
component. All mechanical connections starting from the selected component are
shown in a tree structure on the left side of the window. When a second component
is selected in the tree structure, all speeds between the selected components are
shown in the table on the right side of the window, each row representing one gear
of the gearbox [1].

Cockpit (17) links the driver and the vehicle. In this component connections are
only made via Data Bus. The driver gets information such as vehicle velocity and
vehicle acceleration, but also generates information such as the pedal positions for
other components. The pedal positions are transferred to corresponding indicators
via the pedal characteristics (Table 3.10) [1].

Table 3.8 Brake component input data

Name Value Value Value Value Unit
Brake Front Right Rear Right Front Left Rear Left -
Piston Surface 5000.0 5000.0 5000.0 5000.0 mm?
Specific Factor 3.0 3.0 3.0 3.0 -
Efficiency 0.99 0.99 0.99 0.99 -
Inertia Moment 0.05 0.05 0.05 0.05 kg m?
Friction Coefficient 0.25 0.25 0.25 0.25 -
Friction Radius 300 300 300 300 mm

Table 3.9 Differential

; Name Value Unit
component input data - :
Differential Lock Unlocked -
Torque Split Factor 1.0 -
Inertia Moment In 0.015 kg m?
Inertia Moment Out1/Out2 0.015/0.015 kg m?
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Table 3.10 Cockpit

) Name Value Unit
component input data Shift Mode Automatic -
Number of Gears Forward/Back 5/1 -
Maximum Brake Force 250.0 N
Brake Light Switch Threshold 1.0 %

The GB Control (18) is required to define an automatic gearbox. In the GB
Control, the gear shifting process can be defined automatically without any influ-
ence of the driver.

The GB Control shifts the gears dependent on a speed or velocity. In the cal-
culation tasks it is decided which of the two shifting strategies is used. The speed or
velocity can be defined via the Data Bus. It is possible to define the engine speed
and the wheel speed as Ref. [1].

Therefore, it is necessary to define the upshifting and downshifting velocities
always only for one gear less than are available in the gearbox.

To define component input data double click on the GB Control icon and enter
the following data (Table 3.11) [1].

The GB Control is also the connection between the GB Program and the
gearbox. The velocities for upshifting and downshifting can be checked in the
following way: the upshifting velocity of the 2nd gear means that at this velocity
the GB Control is upshifting from the 2nd into the 3rd gear. The downshifting
velocity for the 2nd gear means that at this velocity the GB Control is downshifting
from the 3rd into the 2nd gear [1].

The GB Program (19) is used for automatic gearboxes in combination with the
GB Control. The GB Program allows for a more complicated gear shifting process
than the GB Control, as the load signal of the engine is considered. The GB
Program shifts the gears according to given curves. The curves are given as a
function of the load signal and the engine speed.

The target gear determined by the program is transmitted to the GB Control that
transmits it to the gearbox.

Furthermore, the curves could be optimized using iSIGHT interface module.

Table 3.11 . GB Control Name Unit | Value

component input data Gear ~ 1 2 3 4 5
Upshifting km/h 15 20 28 36 |44
Velocity
Downshifting km/h 13 17 25 32 |40
Velocity
Upshifting Speed | min~' | 1200 | 1400 | 1600 |1800 |-
Downshifting min~' | 1000 |1200 | 1400 | 1600 |-
Speed
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These optimized curves (optimized shifting program) could also be used as input
curves for the GB Program [1].

The gear shifting process is done similar to the GB Control. The only difference
is the dependence on the load signal of the engine. If the shifting program should be
defined not by speed but by velocity, the Data Bus input velocity must be
connected.

The units of the shifting program and the optimized shifting program influence
each other. This means that if one of these programs is loaded with a different unit,
the other program also gets this new unit.

With the Data Bus input shifting program selector (which provides a double value),
interpolations between the defined shifting programs can be done (Fig. 3.9) [1].

The speeds for upshifting and downshifting can be checked in the following
way: the upshifting speed of the 2nd gear with the special load signal means that at
this speed with this load signal the gearbox control is upshifting from the 2nd into
the 3rd gear. The downshifting speed for the 2nd gear with the special load signal
means that at this speed with this load signal the gearbox control is downshifting
from the 3rd into the 2nd gear [1].

Fig. 3.9 Shifting programs
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Table 3.12 Catalyst Name Value Unit
component input data Heat Loss Coefficient 0.93 -
Weight of Catalyst 11.0 kg
Specific Heat Capacity of Catalyst 210.0 J/kg K
Reference Area Catalyst/Air 0.27 m?
Heat Transfer Coefficient Catalyst/Air 25.0 W/m? K
Operating Temperature Catalyst 450.0 °C

Catalyst (20) or exhaust systems consider the effects of the catalytic converter
and soot filler on the raw emissions of the engine. To define component input data
double click on the catalyst icon and enter the following data (Table 3.12).

Conversion efficiencies of the different emissions (NO,, CO, HC, and Soot) can
be defined dependent on the actual temperature of the catalytic converter
(Fig. 3.10).

The Multiplex (21) element is a function defined by the user, which is used for
controlling bus braking [1]. The function is defined in C-Code according to data
from Fig. 3.11 and the Data Bus connections in Table 3.13.

Fig. 3.10 Efficiencies of the 1
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/*double realTime;*/
y[0]=a[0];

Fig. 3.11 Function Multiplex in C-Code

Table 3.13 Function Multiplex input data

59

Data Bus Description Unit Connection Decouple
a[0] Vehicle_brake_pressure bar Optional Coupled
y[0] Cockpit_brake_pressure bar Optional Coupled

The Monitor component (22) can be introduced, if the calculation run must be
detected. It is possible to show some results of the calculation while the calculation

is running.

Click on the description of Data Bus tab and open the following dialog. To select
a Data Bus channel, click to access at the available list. Enter the text for the
description and then click on to select the unit (Table 3.14).

The AMT Control (23) element commands the automatic operation of the clutch
while shifting gears (Automated Manual Transmission Control). The AMT Control
element also has the supplementary task of adapting the load (respectively the
torque) while shifting gears and of controlling the clutch operation while the vehicle
is stationary. The entry data for the AMT Control element are presented in

Table 3.15.

Table 3.14 Monitor Name Value Unit
ti t dat
component fnput cata Input 0 Vehicle Acceleration m/s?
Input 1 Vehicle Velocity km/h
Input 2 Vehicle Distance m
Input 3 Engine Load Signal -
Input 4 Engine Speed 1/min
Table 3.15 AMT Control Name Value Unit
ti t dat
component fnput cata Shifting Time 0.5 s
Clutch Disengagement Full 45 %o
Gear Change 50 %o
Zero Load-Start 28 %
Clutch Engagement Start 60 %
Zero-Load End 72 %
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3.4 Simulation for the Hybrid Bus Model

in AVL CRUISE

To simulate how a hybrid bus works, a model was created and developed for

computer simulation in the AVL CRUISE application (Fig. 3.12).
The elements composing the model are as follows:

* Vehicle (1)

« IC Engine (2)

¢ Clutch (3)

* Gearbox (4)

* Final Drive Rear (5)

* Vehicle Rear Right (6)
* Vehicle Front Right (7)
* Vehicle Rear Left (8)

* Vehicle Front Left (9)
* Vehicle Rear Right (10)
* Vehicle Rear Left (11)
* Rear Disk Brake (12)

* Front Disk Brake (13)

» Rear Disk Brake (14)
* Front Disk Brake (15)
» E-Machine (16)

* Rear Differential (17)
» Cockpit (18)

* GB Control (19)

* GB Program (20)

* Battery H (21)

* Catalyst (22)

» Multiplex Function (23)
* Monitor (24)

* AMT Control (25)

Vehicle: Rear Right

Flaar Diac Brake |

Fig. 3.12 Hybrid bus model

Vekicle: R Right
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All the connections in the Data Bus for this model are described in Table 3.16
[1]. Validation of the connections are marked using bold and are required for the

functioning of the model.

Table 3.16 Data Bus Connections

Component requires | Input information Component delivering | Output information
AMT Control Current Gear Gearbox Current Gear
Desired Gear GB Control Desired Gear
Input Speed Clutch Input Speed
Load Signal Cockpit Load Signal
Output Speed Clutch Output Speed
Velocity Vehicle Velocity
Rear Brake Brake Pressure Multiplex Cockpit_brake_press
Front Brake Brake Pressure Multiplex Cockpit_brake_press
Rear Brake Brake Pressure Multiplex Cockpit_brake_press
Front Brake Brake Pressure Multiplex Cockpit_brake_press
Clutch Desired Clutch AMT Control Desired Clutch
Cockpit Gear Indicator Gearbox Current Gear
Operation Control 0 | IC Engine Operation Control
Speed IC Engine Engine Speed
E-Machine Temperature Cockpit Course Ambient
Load Signal IC Engine Actual Load Signal
Temperature Cockpit Course Ambient
IC Engine Load Signal AMT Control Load Signal
Start Switch Cockpit Start Switch
Multiplex Vehicle_brake_press | Cockpit Brake Pressure
Gearbox Desired Gear GB Control Desired Gear
GB Control Current Gear Gearbox Current Gear
Desired Gear Cockpit Desired Gear
Desired Gear GB GB Program Desired Gear
Gear Selection Down | Cockpit Gear Selection Down
Gear Selection Up Cockpit Gear Selection Up
Operation Control Cockpit Operation Control
Reference Speed IC Engine Engine Speed
Velocity Cockpit Velocity
GB Program Current Gear Gearbox Current Gear
Load Signal Cockpit Load Signal
Speed IC Engine Engine Speed
Monitor Vehicle Acceleration | Vehicle Acceleration
Vehicle Velocity Vehicle Velocity
Vehicle Distance Vehicle Distance
Engine Load Signal IC Engine Actual Load Signal
Engine Speed IC Engine Engine Speed
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Vehicle (1) is one of the main objects in a model. This component contains
general data of the vehicle, such as nominal dimensions and weights. Only one
vehicle component is required in a model. Road resistances and dynamic wheel
loads are calculated for road and dynamometer runs based on the dimensions and
the load state. The wheel loads are calculated considering motion. The aerody-
namic, rolling, climbing, acceleration and total resistance are calculated [1].

To define component input data (Table 3.17) double click on the icon or click on
it the right mouse button and select edit to open the following window.

IC Engine (2) component contains a model for an internal combustion engine.
The characteristic curves for the full load, fuel consumption, and others can be
freely defined by the user. It is possible to define a gasoline engine as well as a
diesel engine. In this component a temperature model is included to consider the
influence of the temperature on the fuel consumption and emissions while the
engine is cold. The engine will be modeled by a structure of characteristic curves
and maps [1].

The characteristic curves for maximum load, fuel consumption etc. can be
defined by the user by loading the initial data (Table 3.18).

The graphic for torque variation of the internal combustion engine is presented
in Fig. 3.13.

Injection parameters are calculated based on the Fuel Consumption Map
(Fig. 3.14).

The Clutch (3) makes stationary idle possible, transition to motion, and inter-
ruption of the power flow. The clutch slips to compensate for the difference in the
rotational speeds of engine and drive train when the vehicle is set in motion. When

Table 3.17 Vehicle component input data

Name Value Unit
Distance from Hitch to Front Axle 9380.0 mm
Height of Support Point at Bench Test 100.0 mm
Wheel Base 5945.0 mm
Distance of Gravity Center empty/half/full 3000.0/3100.0/3200.0 mm
Height of Gravity Center empty/half/full 560.0/540.0/530.0 mm
Height of Hitch empty/half/full 400.0/390.0/370.0 mm
Tire Inflation Pressure Front Axle 7.5/7.5/7.5 bar
Tire Inflation Pressure Rear Axle 7.5/7.517.5 bar
Curb Weight 12000.0 kg
Gross Weight 18900.0 kg
Frontal Area 7.50 m’
Lift Coefficient Front Axle 0.03 -
Drag Coefficient 0.5 -
Lift Coefficient Rear Axle 0.01 -
Chassis Data Track Width Front/Rear 2000.0/2000.0 mm
Chassis Data Axle Stiffness Front/Rear 1500.0/1200.0 N/°
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Table 3.18 IC Engine component input data

Name Value Unit
Engine Displacement 4760 cm®
Engine Type Diesel -
Charger Type TC with Intercooler -
Engine Working Temperature 80.0 °C
Number of Cylinders 4 -
Number of Strokes 4 -
Idle Speed 800.0 min "'
Maximum Speed 2000.0 min~"
Inertia Moment 1.5 kg m?
Response Time 0.1 s
Heating Value for Diesel 44000.0 kl/kg
Fuel Density 0.84 kg/l
Specific Carbon Content 0.86 -
Idle Consumption 5.2 I/h
Exhaust Proportion of Waste Energy 0.5 -
FMEP at Minimum Speed 3.5 bar
Exponent of FMEP Characteristic 0.2 N
Dynamic Oil Viscosity 0.09 Pas
FMEP at Maximum Speed 5.5 bar
Curvature Factor 1.5 -

a change in operation conditions makes it necessary to change gears, the clutch
disengages the engine from the drivetrain for the duration of the procedure [1].

The characteristics of the clutch element are presented in Table 3.19 and the
graphic for clutch decoupling force variation in Fig. 3.15.

Fig. 3.13 Torque variation
for internal combustion
engine
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Fig. 3.14 Fuel Consumption
Map
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Table 3.19 Clutch

) 4 Name Value Unit
t t dat
component mput data Inertia Moment In 0.001 kg m?
Inertia Moment Out 0.001 kg m?
Maximum Transferable Torque 1300 Nm
Fig. 3.15 Clutch decoupling 40000
force variation 35000
g 30000
Q
g 25000
== 20000
g
Z 15000
g
A 10000
5000
0
0 20 40 60 80 100
Clutch Release (%)

The Gearbox (4) contains a model for a gearbox with different gear steps. The
user can define as many gears as needed. When it is used as an automatic gearbox,
the gear shifting process will be controlled by the control module gearbox control
and program. To define component input data for Gear Ratio Table double click on
the icon and select edit to open the following window (Table 3.20) [1].



3.4 Simulation for the Hybrid Bus Model in AVL CRUISE 65

Table 3.20 Gearbox component input data

Gear (-) |Ratio () |Inertia In (kg m?) | Inertia Out (kg m?) Efficiency (-) | Gear (-)
0 1.00 0.0015 0.005 0.95 0
1 14.94 0.0015 0.005 0.95 1
2 11.73 0.0015 0.005 0.95 2
3 9.04 0.0015 0.005 0.95 3
4 7.09 0.0015 0.005 0.95 4
5 5.54 0.0015 0.005 0.95 5
6 4.35 0.0015 0.005 0.95 6
7 3.44 0.0015 0.005 0.95 7
8 2.70 0.0015 0.005 0.95 8
9 2.08 0.0015 0.005 0.95 9
10 1.63 0.0015 0.005 0.95 10
11 1.27 0.0015 0.005 0.95 11
12 1.00 0.0015 0.005 0.95 12
R1 17.48 0.0015 0.005 0.95 R1
R2 3.73 0.0015 0.005 0.95 R2
R3 4.02 0.0015 0.005 0.95 R3
R4 3.16 0.0015 0.005 0.95 R4

Final Drive (5) is a gear step with fixed ratio. It can be used as a transmission
step of the differential (final drive unit). To define component input data double
click on the final drive icon and enter the following data (Table 3.21).

The Wheels and Tires (6—11) link the vehicle to the road. The wheel component
considers many influencing variables and their effect on the rolling state. Double
click on the wheel and enter the following data (Table 3.22).

Information data for the four wheels are the same (Vehicle Rear Right (6, 10),
Vehicle Front Right (7), Vehicle Rear Left (8, 11), and Vehicle Front Left (9)).

Select Properties menu and define the appropriate wheel location for each wheel
(Vehicle: Front Right, Rear Right, Front Left, and Rear Left). The static rolling
radius is the distance between the center of the wheel and the road surface for the
loaded, not moving vehicle.

The Brake component is described by brake data and dimensions. It is possible
to define drum brakes as well as disk brakes. Input data for the two front brakes is
the same and also the data for the two rear brakes is the same (Rear Brake Right

Table 3.21 Final Drive Name Value Unit
ti t dat
component mput data Transmission Ratio 4.72 -
Inertia Moment In 0.008 kg m?
Inertia Moment Out 0.015 kg m?
Efficiency 0.97 -
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Table 3.22 Wheel
component input data
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Name Value Unit
Wheel Inertia Moment 0.51 kg m?
Friction Coefficient of Tire 0.95 -
Reference Wheel Load 2500.0 N
Wheel Load Correction Coefficient 0.02 -
Static Rolling Radius 436.0 mm
Circumference 273947 | mm
Dynamic Rolling Radius 464.0 mm
Circumference 2915.40 mm
Tire Section Width 275.0 mm
Tire Aspect Ratio 70.0 %
Tire Seat Diameter 22.5 inch
Rolling Resistance Coefficient 0.00614 |-
Tire Inflation Pressure 7.5 bar
Tire Load 2200.00 |kg
Tire Velocity 90.0 m/s
Reference Temperature 25.0 °C
Convection Coefficient 25.0 W/m? K
Pressure Sensitivity Coefficient -0.2 -
Linear Speed Coefficient 0.05 -
Temperature Sensitivity Coefficient 0.007 -
Tire Mass 57.0 kg
Empirical Rolling Resistance —0.01 /K
Coefficient

Load Sensitivity Exponent 0.00 -
Square Speed Coefficient 0.1137 -
Convection Coefficient Exponent 0.25 -
Specific Heat Capacity of Tire 1350.0 J/kg K

(12), Front Brake Right (13), Rear Brake Left (14) and Front Brake Left (15)).
Double click on the brake icon and enter the following data (Table 3.23).

Using E-Machine component (15) together with the battery H, the user can
simulate hybrid systems. The model of the electric machine contains two compo-
nents, the inverter and the electric motor.

For this type of model a characteristic map for the efficiency is used to calculate
the loss of power. The thermic model takes the warm up of the electric machine into
account regarding the occurring losses. The warm up of the environment with
respect to the cooling system due to the electric machine is not considered in the
electric machine component.

The maximal power should be restricted to avoid exceeding the given limit for
the temperature due to the occurring losses. Therefore, the permissible losses are
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Table 3.23 Brake component input data

Name Value Value Value Value Unit
Brake Front Right Rear Right Front Left Rear Left -
Piston Surface 4000.0 4000.0 4000.0 4000.0 mm?
Specific Factor 3.0 3.0 3.0 3.0 -
Efficiency 0.99 0.99 0.99 0.99 -
Inertia Moment 0.085 0.085 0.085 0.085 kg m?
Friction Coefficient 0.25 0.25 0.25 0.25 -
Friction Radius 300 300 300 300 mm

dependent on the actual temperature of the motor and the maximal moment of
inertia is determined according to these values [1].

Double click on the E-Machine icon and enter the following data (Table 3.24).

The calculation for power loss is made based on power characteristic maps:
Maximum Power (Torque) Mechanical Map (Fig. 3.16) and Efficiency Map
(Fig. 3.17).

Differential (17) unit compensates for discrepancies in the respective rotation
rates of the drive wheels: between inside and outside wheels during cornering and
between different drive axels on 4WD vehicles.

When there is a unilateral variation in road surfaces it results in different coef-
ficients of friction at the respective wheels, this balance effect limits the effective
drive torque to a level defined as twice the traction force available at the wheel (tire)
with the lower friction coefficient [1].

Table 3.24 E-Machine component input data

Name Value Unit
Type of Machine PSM (Permanent Magnet Motor) -
Characteristic Maps and Curves Overall -
Nominal Voltage 600 v
Inertia Moment 0.025 kg m?
Maximum Current—Motor 120 A
Maximum Current—Generator 300 A
Maximum Speed 8000 min~!
Drag Torque at Maximum Speed 0 Nm
Mass of Machine 30 kg
Initial Temperature 70 °C
Maximum Temperature 70 °C
Specific Heat Transition 2200 W/K
Specific Heat Capacity 430 Jkg K
Thermal Time Constant 1.0 s
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Fig. 3.16 Torque
characteristic
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To define component input data double click on the differential icon and enter
the following data (Table 3.25).

Cockpit (18) links the driver and the vehicle. In this component connections are
only made via Data Bus. The driver gets information such as vehicle velocity and
vehicle acceleration, but also generates information such as the pedal positions for

Table 3.25 ‘ Differential Name Value Unit

component input data Differential Lock Unlocked -
Torque Split Factor 1.0 -
Inertia Moment In 0.015 kg m?
Inertia Moment Outl 0.015 kg m?
Inertia Moment Out2 0.015 kg m?
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other components. The pedal positions are transferred to corresponding indicators
via the pedal characteristics (Table 3.26) [1].

The GB Control (19) is required to define an automatic gearbox. In the GB
Control, the gear shifting process can be defined automatically without any influ-
ence of the driver.

The GB Control shifts the gears dependent on a speed or velocity. In the cal-
culation tasks it is decided which of the two shifting strategies is used. The speed or
velocity can be defined via the Data Bus. It is possible to define the engine speed
and the wheel speed as Ref. [1].

Therefore, it is necessary to define the upshifting and downshifting velocities
always only for one gear less than are available in the gearbox. To define com-
ponent input data double click on the GB Control icon and enter the following data
(Table 3.27) [1].

The GB Control is also the connection between the GB Program and the
gearbox. The velocities for upshifting and downshifting can be checked in the
following way: the upshifting velocity of the 2nd gear means that at this velocity
the GB Control is upshifting from the 2nd into the 3rd gear. The downshifting
velocity for the 2nd gear means that at this velocity the GB Control is downshifting
from the 3rd into the 2nd gear [1].

Table 3.26 Cockpit component input data

Name Value Unit
Shift Mode Automatic -
Number of Gears Forward 12 -
Number of Gears Back 4 -
Maximum Brake Force 250.0 N
Brake Light Switch Threshold 1.0 %
Number of Retarder Steps 0 -

Table 3.27 GB Control component input data

Name Gear Step
Gear (-) |1 2 3 4 5 6 7 8 9 10 11 12

Up 12 16 20 24 27 30 32 35 40 45 55 | 65
Velocity
(km/h)
Down 8 12 16 20 24 27 30 32 35 40 50 |60
Velocity
(km/h)
Up 1000 | 1100 | 1200 | 1300 |1400 | 1500 | 1600 |1700 | 1800 |1900 |2000 |xxxx
Speed
(1/min)
Down 900 | 1000 | 1100 | 1200 |1300 | 1400 | 1500 |1600 | 1700 |1800 | 1900 |xxxx
Speed
(1 min)
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The GB Program (20) is used for automatic gearboxes in combination with the
GB Control. The GB Program allows for a more complicated gear shifting process
than the GB Control, as the load signal of the engine is considered. The GB
Program shifts the gears according to given curves. The curves are given as a
function of the load signal and the engine speed. The target gear determined by the
program is transmitted to the GB Control that transmits it to the gearbox.

Furthermore, the curves could be optimized using iSIGHT interface module.
These optimized curves (optimized shifting program) could also be used as input
curves for the GB Program [1].

The gear shifting process is done similar to the GB Control. The only difference
is the dependence on the load signal of the engine. If the shifting program should be
defined not by speed but by velocity, the Data Bus input velocity must be
connected.

The units of the shifting program and the optimized shifting program influence
each other. This means that if one of these programs is loaded with a different unit,
the other program also gets this new unit. With the Data Bus input shifting program
selector (which provides a double value), interpolations between the defined
shifting programs can be done (Fig. 3.18a, b) [1].
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Fig. 3.18 Shifting programs standard: a upshifting, b downshifting
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The speeds for upshifting and downshifting can be checked in the following
way: the upshifting speed of the 2nd gear with the special load signal means that at
this speed with this load signal the gearbox control is upshifting from the 2nd into
the 3rd gear. The downshifting speed for the 2nd gear with the special load signal
means that at this speed with this load signal the gearbox control is downshifting
from the 3rd into the 2nd gear [1].

The Battery H (21) component is used for simulating hybrid and electric vehi-
cles. The basic model consists of a voltage source and an ohmic resistance [1].

Double click on the battery H icon and enter the following data (Table 3.28).
The resistance is constructed in a way that a big part of the complex processes
within the battery are taken into consideration. 2 RC elements which describe the
concentration overvoltage and the transfer overvoltage can be added optionally.

The thermal behavior of the battery H is described by a thermal substitution
model. The warming caused by the losses inside the battery H and the cooling
caused by convection is taken into consideration. Single cells can be modelled as
well as any combination of cells. There is no electrical consumer; it is a function of
the State of Charge SOC (Fig. 3.19).

Table 3.28 Battery H Name Value Unit
component input data -
Maximum Charge 11.25 Ah
Nominal Voltage 20.00 \"
Maximum Voltage 30.00 \%
Initial Charge 60.00 %
Minimum Voltage 12.00 \%
Number of Cells per Cell-Row 1 -
Number of Cell-Row 20 -
Resistance charge/discharge 0.02/0.03 Q
Fig. 3.19 Battery SOC (State 8.40
Of Charge)
8.20
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Catalyst (22) or exhaust systems consider the effects of the catalytic converter
and soot filler on the raw emissions of the engine.

Starting with the temperature of the catalytic converter, factors for the conver-
sion will be computed for the single emission components using temperature
dependent maps. The heat loss coefficient is the percentage of the exhaust energy
delivered by the engine which reaches the exhaust system [1].

To define component input data double click on the catalyst icon and enter the
following data (Table 3.29). Conversion efficiencies of the different emissions
(NOy, CO, HC and Soot) can be defined dependent on the actual temperature of the
catalytic converter (Fig. 3.20).

In the AVL CRUISE application the catalyst element Catalyst is defined solely
as a component of the exhaust system for gases resulted from fuel combustion,
which generates gas debits and pressure drops between the elements without
treating exhaust gases chemically.

The Multiplex (23) element is a function defined by the user which is used for
controlling bus braking. The function is define in C-Code according to data from
Fig. 3.21 and the Data Bus Connection in Table 3.30.

The Monitor component (24) can be introduced, if the calculation run must be
detected. It is possible to show some results of the calculation while the calculation
is running.

Click on the description of Data Bus tab and open the following dialog. To select
a Data Bus channel, click to access at the available list. Enter the text for the
description and then click on to select the unit (Table 3.31).

The AMT Control (25) element commands the automatic operation of the clutch
while shifting gears (Automated Manual Transmission Control). The AMT Control
element also has the supplementary task of adapting the load (respectively the
torque) while shifting gears and of controlling the clutch operation while the vehicle
is stationary. The entry data for the AMT Control element are presented in
Table 3.32.

Table 3.29 Catalyst Name Value Unit

component input data Heat Loss Coefficient 095 |-
Weight of Catalyst 10.0 kg
Specific Heat Capacity of Catalyst 250.0 J/kg K
Reference Area Catalyst/Air 025 |m?
Heat Transfer Coefficient Catalyst/Air 30.0 W/m? K
Operating Temperature Catalyst 550.0 °C
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Fig. 3.20 Pollutant emissions variation: a NO, Efficiency, b Heat Transfer Efficiency

/*double realTime;*/

Fig. 3.21 The Multiplex function

y[0]=a[0];

Table 3.30 Data Bus connections for the Multiplex function
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Data Bus Description Unit Connection Decouple
a[0] Vehicle_brake_pressure bar Optional Coupled
y[0] Cockpit_brake_pressure bar Optional Coupled
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Table 3.31 Monitor Name Value Unit
ti t dat;
component mput data Input 0 Vehicle Acceleration m/s>
Input 1 Vehicle Velocity km/h
Input 2 Vehicle Distance m
Input 3 Engine Load Signal -
Input 4 Engine Speed min”~’
Table 3.32 AMT Control Name Value Unit
ti t dat
component imput cata Shifting Time 05 s
Clutch Disengagement Full 45 %o
Gear Change 50 %o
Zero Load-Start 28 %o
Clutch Engagement Start 60 %
Zero-Load End 72 %o

3.5 Simulation for the Electric Bus Model
in AVL CRUISE

To simulate how an bus equipped with an electric motor functions, a model was
created and developed for computer simulation in the AVL CRUISE application.
The elements composing the model (Fig. 3.22) are as follows:

* Vehicle (1) * Front Disk Brake (13)

* Final Drive Left (2) » E-Machine Rear Left(14)
« Final Drive Right (3) » E-Machine Rear Right(15)
* Vehicle Rear Left (4) » Cockpit (16)

* Vehicle Rear Right (5) * ASC (17)

* Vehicle Rear Left (6) * Electrical Consumer (18)
* Vehicle Rear Right (7) * Battery H (19)

* Vehicle Front Left (8) * eDrive Control System (20)
* Vehicle Front Right (9)  eBrake & mBrake (21)

* Rear Disk Brake (10) * Monitor (22)

* Front Disk Brake (11)  Constants (23)

* Rear Disk Brake (12)

All the connections in the Data Bus for this model are described in Table 3.33
[1]. Validation of the connections are marked using bold and are required for the
functioning of the model.

Vehicle (1) is one of the main objects in a model. This component contains
general data of the vehicle, such as nominal dimensions and weights. Only one
vehicle component is required in a model. Road resistances and dynamic wheel
loads are calculated for road and dynamometer runs based on the dimensions and
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Ewsing Bos

Fig. 3.22 Electric bus model

the load state. The wheel loads are calculated considering motion. The aerody-
namic, rolling, climbing, acceleration and total resistance are calculated [1].

To define component input data (Table 3.34) double click on the icon or click on
it the right mouse button and select edit to open the following window.

Final Drive Left (2) and Final Drive Left (3) is a gear step with fixed ratio. It can
be used as a transmission step of the differential (final drive unit). A drive torque
will be transferred to a power take-off torque of the transmission step by consid-
ering the transmission, the mass moments of inertia, and the moment of loss [1]. To
define component input data double click on the Single Ratio Transmission icon
and enter the following data (Table 3.35).

The Wheels and Tires (4-9) link the vehicle to the road. The wheel component
considers many influencing variables and their effect on the rolling state. Double
click on the wheel and enter the following data (Table 3.36).

The longitudinal tire force results from the friction coefficient, the wheel load as
well as from the wheel load factor and the slip factor. It is possible to define
variable friction coefficients along the driving profile when different road conditions
are considered [1].

The Brake component (10-13) is described by brake data and dimensions. It is
possible to define drum brakes as well as disk brakes.

Input data for the two front brakes is the same and also the data for the two rear
brakes is the same. Double click on the brake icon and enter the following data
(Table 3.37).
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Table 3.33 Data Bus Connections

Component requires Input information Component Output
delivering information
ASC Clutch Release Cockpit Course Ambient
Load Signal Cockpit Load Signal
Slip Signal Rear Left Wheel Rear Right Slip Signal
Slip Signal Rear Right | Wheel Rear Left Slip Signal
Battery H Ambient Temperature | Cockpit Course Ambient
Temperature Cockpit Course Ambient
External
Brake Rear Brake Pressure E-Brake & M-Brake BRK_dp_Recup
Brake Front Brake Pressure E-Brake & M-Brake BRK_dp_Recup
Brake Rear Brake Pressure E-Brake & M-Brake | BRK_dp_Recup
Brake Front Brake Pressure E-Brake & M-Brake BRK_dp_Recup
Cockpit Gear Indicator E-Machine Left Operating Mode

Operation Control 0

E-Machine Left

Operation Ctrl

Speed

E-Machine Left

Speed

E-Machine Rear Left | Ambient Temperature | Cockpit Course Ambient
Load Signal E-Drive Mod Load Signal
Temperature Cockpit Course Ambient
External

E-Machine Rear Right | Ambient Temperature | Cockpit Course Ambient
Load Signal E-Drive Mod Load Signal
Temperature Cockpit Course Ambient
External

Consumer Set Value X Battery H Net Voltage

E-Drive Vehicle Velocity Cockpit Velocity
Vehicle Acceleration Cockpit Acceleration
Load Signal Cockpit Load Signal
Brake Pressure Cockpit Brake Pressure
Maxim Brake Pressure | Constants Maxim Brake
Bremsfactor Constants Brake Factor

E&M-Brake eDrive_Torque E-Machine Torque
iFD Constants iFD
iTR Constants iTR
Brake_Factor_Front Constants Brake_Front
Brake_Factor_Rear Constants Brake Rear
Brake_Press_Driver Cockpit Brake Pressure

Monitor LoadSignal_Cockpit Cockpit Load Signal
Velocity Cockpit Velocity
Torque eDrive E-Machine Torque
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Table 3.34 Vehicle component input data
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Name Value Unit
Distance from Hitch to Front Axle 9300.0 mm
Height of Support Point at Bench Test 100.0 mm
Wheel Base 6200.0 mm
Distance of Gravity Center empty/half/full 3000.0/3100.0/3200.0 mm
Height of Gravity Center empty/half/full 550.0/540.0/530.0 mm
Height of Hitch empty/half/full 400.0/380.0/360.0 mm
Tire Inflation Pressure Front Axle 7.5/7.5/7.5 bar
Tire Inflation Pressure Rear Axle 7.5/7.5/7.5 bar
Curb Weight 14000.0 kg
Gross Weight 18500.0 kg
Frontal Area 7.50 m>
Lift Coefficient Front/Rear Axle 0.03/0.01 -
Drag Coefficient 0.5 —
Chassis Data Track Width Front/Rear 2000.0/2000.0 mm
Chassis Data Axle Stiffness Front/Rear 1500.0/1200.0 N/°
Table 3.35 Final Drive component input data

Name Value Unit
Transmission Ratio 6.00 -

Inertia Moment In 0.015 kg m?

Inertia Moment Out 0.015 kg m?

Efficiency 0.97 -

Table 3.36 Wheel component input data

Name Value Unit
Wheel Inertia Moment 0.50 kg m?
Friction Coefficient of Tire 0.95 -
Reference Wheel Load 2500.0 N
Wheel Load Correction Coefficient 0.02 -

Static Rolling Radius/Circumference 436.0/2739.47 mm
Dynamic Rolling Radius/Circumference 464.0/2915.40 mm

E-Machine Rear Left (14) and E-Machine Rear Right (15) component together
with the battery H, the user can simulate hybrid systems. The model of the electric
machine contains two components, the inverter and the electric motor.

For this type of model a characteristic map for the efficiency is used to calculate
the loss of power. The thermic model takes the warm up of the electric machine into
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Table 3.37 Brake component input data

Name Value Value Value Value Unit
Brake Front Right Rear Right Front Left Rear Left -
Piston Surface 5000.0 5000.0 5000.0 5000.0 mm?
Specific Factor 3.0 3.0 3.0 3.0 -
Efficiency 0.99 0.99 0.99 0.99 -
Inertia Moment 0.05 0.05 0.05 0.05 kg m?
Friction Coefficient 0.25 0.25 0.25 0.25 -
Friction Radius 300 300 300 300 mm

account regarding the occurring losses. The warm up of the environment with
respect to the cooling system due to the electric machine is not considered in the
electric machine component.

The maximal power should be restricted to avoid exceeding the given limit for
the temperature due to the occurring losses. Therefore, the permissible losses are
dependent on the actual temperature of the motor and the maximal moment of
inertia is determined according to these values [1].

Double click on the E-Machine icon and enter the following data (Table 3.38).

For the calculation of power losses the power characteristic and efficiency
characteristic maps are defined: Maximum Power (Torque) Mechanical Map
(Fig. 3.23) and Efficiency Map (Fig. 3.24).

Cockpit (16) links the driver and the vehicle. In this component connections are
only made via Data Bus. The driver gets information such as vehicle velocity and
vehicle acceleration, but also generates information such as the pedal positions for
other components. The pedal positions are transferred to corresponding indicators
via the pedal characteristics (Table 3.39) [1].

The ASC Anti-Slip Control (17) element represents the transmission factor of
the tractor force towards the wheels connected to powertrain. The ASC element is
active only in the situation in which the model is calculated quasi-stationary and the
entry of initial data is not necessary.

Table 3.38 E-Machine component input data

Name Value Unit
Type of Machine ASM (Asynchronous Motors) -
Nominal Voltage 320.0 v
Inertia Moment 1.0e-4 kg m?
Maximum Speed 10000.0 min~!
Voltage U1/U2 100.0/1000.0 \4
Characteristic Maps and Curves overall -
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The Electrical Consumer (18) are represented as ohmic resistors in the onboard
network. They represent an electric current loss. The number of the resistors that

can be defined is user-dependent.

The resistors can be fixed by a constant value or by means of characteristic
curves. It is possible to define resistors as a function of any external input value. It
is also possible to define an external switch that switches on and off the resistor
depending on the exceeding of an external value [1].

The resistors parameter can be fixed by a constant value or by means of char-
acteristic curves. It is possible to define resistors as a function of any external input
value. Double click on the electrical consumer icon and enter the data (Table 3.40,

Fig. 3.25).
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Table 3.39 Cockpit

) 4 Name Value Unit
t t dat:
component tnput data Shift Mode Automatic -
Number of Gears Forward 1 -
Number of Gears Back 1 -
Maximum Brake Force 250.0 N
Brake Light Switch Threshold 1.0 %
Number of Retarder Steps 0 -
Table 3.40 Electrical Name Value Unit
Consumer component input
data amet P fnpu Nominal Voltage 320 v
Direction Positive -
Exceeding Value Range Admissible -
Threshold Value 0.5 -
Reference Absolute -
Fig. 3.25 Resistance 600
variation in the electric
network
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The Battery H (19) component is used for simulating hybrid and electric vehi-
cles. The basic model consists of a voltage source and an ohmic resistance [1].

Double click on the battery H icon and enter the following data (Table 3.41).
The resistance is constructed in a way that a big part of the complex processes
within the battery are taken into consideration. 2 RC elements which describe the
concentration overvoltage and the transfer overvoltage can be added optionally.

The thermal behavior of the battery H is described by a thermal substitution
model. The warming caused by the losses inside the battery H and the cooling
caused by convection is taken into consideration. Single cells can be modelled as
well as any combination of cells. There is no electrical consumer; it is a function of
the State of Charge SOC (Fig. 3.26).
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Table 3.41 Battery H Name Value Unit
ti t dat;
component mput data Maximum Charge 10 Ah
Nominal Voltage 320 \Y%
Maximum Voltage 420 A%
Initial Charge 95 %
Minimum Voltage 220 v
Number of Cells per Cell-Row 1 -
Number of Cell-Row 5 -
Internal Resistance charge/discharge 0.8/0.6 Q
Fig. 3.26 Battery SOC (State 350
Of Charge)
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E-Drive (20) component is a function that can be used for calculations (with
User-defined functions) (Fig. 3.27). To define component input data, double click
on the C code icon and enter the following data for function, and for description of

Data Bus (Table 3.42) [1].

E-Brake & M-Brake (21) component is a function can be used for calculating
with User-defined functions used to conversion of E-Drive torque to brake pressure
(Fig. 3.28). To define component input data, double click on the C code icon and
enter the data for function and for Data Bus (Table 3.43) [1].

Fig. 3.27 The E-Drive

y[0] = a[3)/a[4]*(-1)*a[5];

{
}

else

{

y[0] = a[2];

}

. /* Translation from edriving to ebraking*/
function if(a[3] > 0 && a[0] >0.1)
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Table 3.42 Data Bus Connections for E-Drive

Data Bus Description Unit Connection Decouple
a[0] Vehicle Velocity km/h Optional Coupled
a[1] Vehicle Acceleration m/s? Optional Coupled
a[2] Load Signal - Optional Coupled
a[3] Brake Pressure bar Optional Coupled
a[4] Maximum Brake Pressure bar Optional Coupled
a[5] Bremsfactor - Optional Coupled
a[6] a[6] - Optional Coupled
y[0] Mod Load Signal - Optional Coupled

/*Conversion routine Converting brake Torque into Pressure for all Brakes™*/
double eBrake;
if (a[0]<0)
{ eBrake = a[0]*2*a[1]*a[2]/(2*(a[3]+a[4])); }
else
{ eBrake=0.; }
/*Calculation of reduced mechanical Brake & Function to a maximum value*/
if ((eBrake+a[5])>0.0)
{
y[0]= (eBrake+a[5]);
}
else
{
y[0]=0.0;
}

Fig. 3.28 E-Brake & M-Brake function

Table 3.43 Data Bus Connections for E-Brake & M-Brake

Data Bus Description Unit Connection Decouple
a[0] Vehicle Velocity km/h Optional Coupled
a[1] Vehicle Acceleration m/s? Optional Coupled
a[2] Load Signal - Optional Coupled
a[3] Brake Pressure bar Optional Coupled
a[4] Maximum Brake Pressure bar Optional Coupled
a[5] Bremsfactor - Optional Coupled
a[6] a[6] - Optional Coupled
y[0] Mod Load Signal - Optional Coupled
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Table 3.44 Monitor component input data

Name Value Unit
Input 0 LoadSignal_Cockpit -
Input 1 Velocity km/h
Input 2 Torque_eDrive Nm

Table 3.45 Constants component input data

Channel Name Value Unit Data Type
Constant 0 Brake Factor_front 0.00012 — Double
Constant 1 Brake_Factor_rear 0.00008 - Double
Constant 2 iFD 3.65000 - Double
Constant 3 iTr 1.00000 - Double
Constant 4 Maximum Brake Pressure 50.0000 bar Double
Constant 5 Brake Factor 1.00000 - Double

The Monitor component (22) can be introduced, if the calculation run must be
detected. It is possible to show some results of the calculation while the calculation
is running. Click on the description of Data Bus tab and open the following dialog.
To select a Data Bus channel, click to access at the available list. Enter the text for
the description and then click on to select the unit (Table 3.44).

Constants (23) component enables the user to define up to 99 constant values
which can be used by other components through the Data Bus. The values can be of
type integer, double or string (Table 3.45) [1].
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Chapter 4

Study Case: Comparative Analysis
Regarding the Buses Used for Urban
Public Transportation for People Within
Cluj-Napoca Municipality

4.1 Present Situation of the Urban Public Transportation
System in Cluj-Napoca

The present situation within the Public Transportation Company (CTP—
Compania de Transport Public) is as follows: the auto park is made of 252 buses
which fit in the EURO 0—EURO 5 European norms, with a high fuel consumption,
equipped with 4-6 L diesel engines and semi-automated gearboxes with pneumatic
actuators [1].

Presently within CTP Cluj-Napoca there are only classic buses equipped with
internal combustion diesel engines, buses which have a standard length of 12 m and
a transport capacity of up to 100 passengers, respectively a standard length of 18 m
(articulated buses) and a transport capacity of up to 130 passengers [2].

Although they are more independent from the point of view of the mobility, the
existing buses have a harmful effect on both the transported passengers and the
other residents of the municipality, because most buses are equipped with engines
which correspond to EURO 3 pollution norms, thus resulting in a great volume of
pollutants emitted into the atmosphere. Furthermore, there are 10 buses manufac-
tured in the 1986—1987 which are about to be changed with more modern and more
ecofriendly means of transportation, because they are about to reach their maximum
usage period.

The greenhouse effect (GHG) is a process through which the atmosphere cap-
tures a part of the solar energy, thus warming the earth and moderating the climate.
Experts in the climatic domain believe that an increase of greenhouse gases level
represents an increase caused by human activities which artificially accentuate the
greenhouse effect, resulting in an increase of global temperatures and a climate
disorder.

One third of the gas emissions responsible for the greenhouse effect, respectively
for the effect of global warming of the planet is due to the vehicles equipped with
IC Engines, powered by fossil fuels. Consequently, replacing the classic drive
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systems with hybrid and electric drive systems is a way of reducing or limiting the
effects of global warming [3, 4].

Global warming implies two major problems: the necessity to reduce greenhouse
gas emissions in order to stabilize the concentration level of these gases into the
atmosphere, to prevent the anthropic influence over the climatic system, and the
necessity to adapt to the effect of climatic changes, taking into consideration the fact
that these effects are already visible in the environment because the inertia of the
climatic system, no matter the present results of actions made to reduce the emis-
sions [5].

Greenhouse gases include carbon dioxide (CO,), resulted from burning fossil
fuel, methane, released from plantations and waste deposits, or from products
resulting from burns and different industrial chemical compounds [3].

Over 70 % of the air pollution in megalopolises is resulted from the trans-
portation sector, having vehicles with IC Engines fueled with fossil fuels.

Annually a vehicle emits into the atmosphere a quantity of CO, with a mass four
times bigger that its own mass. The dependence of the transportation sector to fossil
fuels is most acute as compared to other domains, from where results the increased
pollution grade that this sector possesses.

From the perspective of diverse economic sectors of the European Union, the
generation of electric energy is responsible for 37 % of the total CO, emissions,
transportation activities for 28 %, household activities for 16 %, and services for
5 % [3].

The major problem is regarding the forecasted increase of CO, emissions up
until the year 2040 which, according to recent estimations, will result 90 % from
the transportation sector, from which road transport is responsible for a percentage
of over 80 % [3].

Due to the existence of a strict legislation in the domain of pollution reduction,
the European Union has reduced the contribution to global warming to a value of
14 %, as opposed to the United States of America 29 % and Asia 25 % [3].

One of the main sources generating greenhouse gases is transport, and one of the
solutions to the climatic changes problem, respectively to reduce the emissions of
greenhouse gases, consists of reducing the use of fossil fuels (petrol, gas, coal etc.).

In the case of urban transport for passengers, the solutions adopted for reducing
greenhouse gas emission consists of replacing the vehicles using conventional fuel
with vehicles with hybrid and electric drive.

The reduction of pollution generated by urban transport for passengers can be
made through the following:

e reducing the urban passenger traffic;
e changing the travelling mode in the traffic;
e improving the effects generated by passenger traffic.

The structure of these methods for improving passenger traffic in Cluj-Napoca
municipality can be distributed as follows:
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planning the optimal use of urban routes for passenger transport;

improving the existing infrastructure;

legislation, regulations, restrictions, decisions of the Local Council;

economic instruments which advantage the passengers and stimulate the use of
public transportation;

informing the citizens of the municipality;

interdiction of circulation for heavy traffic during free days;

e moving the circulation of heavy vehicles towards the peripheries, while for-
bidding them to use the central zones.

The experience of CTP Cluj-Napoca SA regarding the reduction of energetic
consumption of public transportation and the promotion of an environmentally
friendly transport has materialized until now through the following measures:

e in the year 2005 CTP developed a research project regarding the use of biofuels
for public transportation;

e in the year 2009 the Recodrive program was implemented in order to reduce
energy consumption through economical driving. By applying this program
diesel fuel consumption was reduces by 8 % and electric energy consumption
by 6 %.

As a member of the European Union, Romania assumed its responsibilities and
commitments regarding the environmental protection and limitation of the effects of
climatic changes, thus joining the common demarches of the states preoccupied
with pollution control. Romania is also one of the signatory states of the Kyoto
Protocol, which has as objective the reduction of the level of carbon dioxide
emissions by 20 % until the year 2020 [4].

European politics from the energy and environmental protection domain
emphasize the negative impact that the large urban areas and the increasing number
of classic drive vehicles have over the environment.

Generally it’s considered that urban traffic generates up to 40 % of carbon
dioxide emissions and up to 70 % of other pollutant emissions [1].

The vehicles equipped with internal combustion engines are the pollutant factor
taken into consideration more and more often.

The pollutant emissions of the vehicles have the following particularities:

e the elimination of pollutant emissions is made very close to the ground, fact
which lead to the creation of high concentrations at very low heights, even for
gases with low density and great capacity of diffusion into the atmosphere;

e pollutant emissions take place on the entire surface of the locality, the con-
centration differences depending on the intensity of the traffic and the ventilation
possibilities of the routes.

Of all pollutant emissions, carbon dioxide CO, and methane CH,4 are considered
greenhouse gases which contribute to reducing the permeability of the atmosphere
for the caloric radiations reflected by the Earth through the cosmic space, thus
generating the global warming phenomena.
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At EU level almost 28 % of greenhouse gas emissions are due to transportations
and 84 % of these are due to road transport, with the mention that 10 % come from
urban road traffic. Globally, the tendency is to reduce CO, and CH, emissions
through innovative drive technologies and equipment for public road transportation
means, like for example hybrid and electric vehicles [5].

Presently on the market there are three vehicle concepts, which can be connected
to the electric energy network for recharging the accumulator batteries used by
vehicles for propulsion. These concepts are: the Plug-in hybrid electric vehicle
PHEV, Range Extender electric vehicle REV and the Battery electric vehicle BEV.
PHEYV and REV use two energy sources (classic fuel and electric battery from the
national network), while BEV uses only electric energy.

All electric vehicles are considered conformable to EURO 6 emission norms.
However, they are different when it comes to CO, emissions, which can be con-
sidered zero only when using electric energy which comes exclusively from clean
hydroelectric energy, wind energy, photovoltaic energy etc.

The national strategy objectives in the transport domain are described as follows

[6]:

e the diminution of emission generated by the urban and interurban transport
network in order to reduce the impact on the environment;

e the achievement of durable levels of energy consumption for transport by
diminishing greenhouse gas emissions;

e the reduction of noise generated by the means of transport to minimize the
impact on the health of the population;
achieving and maintaining CO, emissions of vehicles under 120 g/km;
reaching the desideratum of 6 % biofuel use from the quantity of conventional
fuels.

The local strategy objectives of Cluj-Napoca municipality aim through strategic
decisions, previous planning and reports regarding a durable urban transport to
achieve the conditions necessary for the title of next European capital. The main
strategic objectives are developing a durable urban structure by reducing the use of
private vehicles, encouraging the use of public transportation and the development
of public transport infrastructure in order to reduce greenhouse gas emissions.

Implementing a new public transport system based on hybrid and electric buses
assures a tendency of increasing the dynamic of public transportation, as opposed to
individual transport with personal vehicles which in an urban agglomeration con-
tributes to maintaining and improving the qualitative parameters of the state of the
environment by reducing air pollution and by minimizing CO, emissions.

Another reason which justifies the efficiency of using hybrid and electric drive
vehicles is the reduction of the noise level in the urban environment. According to
H.G. 321/2005 regulations regarding the evaluation and management of ambient
noise, in Romania the target value to be reached for noise efferent to road traffic is
50 dB(A). Presently conducted studies show that the level of noise efferent to
existing passenger transport vehicles is somewhere between 60 ... 95 dB(A).
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Likewise, according to the “Action plan for preventing and reducing the ambient
noise in Cluj-Napoca municipality” a reduction of 1 dB or road noise will deter-
mine an increase of the value of affected buildings by up to 0.6 % [7].

In the current context of reaching and applying the local strategy objectives of
Cluj-Napoca municipality to promote a sustainable public transport from the point
of view of minimizing the pollutant emissions in the atmosphere, it is required to
identify some optimal solutions of partially replacing the existing bus park.

The new regulations regarding the EURO 6 pollution norms bring significant
modifications to reducing by 50 % the level of pollutant emissions measured for the
following indicators: carbon dioxide (CO,), hydrocarbons (HC), methane (CHy),
azote oxides (NO,) and particulate matter (PM). For hybrid drive systems these
indicators come within the limits required by the EURO 6 pollution norms, whereas
for electric drive systems all these emission indicators have the value zero (locally).

The carbon footprint given by the road transport represents the quantity of
carbon dioxide (CO,) emitted during a year from transport activity and it is cal-
culated according to the fuel quantity consumed within a year.

Just as it results from the comparative studies between the elaborated drive
systems, CO, emissions are considerably reducing, reaching even zero in the case
of electric drive, only in the situation in which recharging the batteries only uses
electric energy provided exclusively from renewable energy [1].

The comparative studies created for the noise factors and vibrations show in the
case of using classic and electric drive buses that the level of noise generated while
the bus functions with electric propulsion is of approximately 55 dB(A), as opposed
to when the bus only uses classic propulsion when the level is of approximately
90 dB(A).

In conclusion, following the detailed comparative analyses, the buses with
electric drive are within the parameters of total reduction of local CO, emissions
and also of other emission indicators, as opposed to the buses powered by internal
combustion engines.

Likewise, just as it was shown above, from the analysis of the noise level
generated by a bus with electric drive it results that its level is 35 dB(A) lower that
the level of noise created by a bus equipped with internal combustion engine, which
leads to a higher comfort level for the passengers.

As far as supply systems go, the batteries used in the case of an electric bus have
a life span of up to 5 years and they are 100 % recyclable.

Replacing the classic buses equipped with internal combustion engines with
buses equipped with electric motors and Plug-in recharging systems has the fol-
lowing advantages from an economical-social point of view:

the possibility of creating central zones with lower pollution;

the assurance of a higher comfort for the passengers and traffic participants
through lack of vibrations generated by high capacity internal combustion
engines;
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e the lack of vibrations will not harm the infrastructure and historical buildings
from the central area;

e the inexistence of pollutant emissions with negative impact from depositing
themselves of the surface of the buildings;

e reduced pollutant emissions (CO, NOy, HC, PM, CO, etc.) and the elimination
of exposing the passengers and pedestrians to these emissions;

e lower maintenance costs due to lack of systems specific to IC Engines;

e Jlower exploitation costs due to the lower price of electric energy as compared to
the price for classic fuel, according to traveled distances;

e no need to instruct the maintenance personnel for the diesel hybrid system.

In the specific case of Cluj-Napoca municipality because of the existing
infrastructure for the network of trolleybus and tramway, the optimal solution to
fast recharging of the batteries is connecting through a pantograph to the trolleybus
lines (750 V), and the slow recharging station through an outlet to the 380 V
network to which the Plug-in buses will connect to recharge during the night.

Thus the autonomy of Plug-in hybrid buses can be extended, the buses can be
exploited during the entire day and the batteries will be brought to optimum level of
charge during the night through a conventional recharge, directly from the
three-phase network.

The advantages of electric buses with fixed recharging station are the following

[1]:

zero pollution (emissions produced locally);
superior efficiency of electric vehicles (>90 %) compared to the efficiency of
internal combustion engine (~ 30 %);

e they reach a maximum velocity similar to the one of classic vehicles, but with a
more superior value for acceleration because of the electric motors with which
they are equipped;

e the electric vehicle capacity of working in a generator regime when braking and
the energy produced is stocked in the batteries;

e electric vehicles respond easier to commands compared to classic vehicles, thus
having a higher maneuverability, fact which makes them easier to use especially
for urban passenger transport;

e aminimum investment is necessary for creating fast recharging stations, because
the existent infrastructure can be used and because their autonomy can be
extended limitlessly through partial recharges between courses;

e they respond to the needs of citizens from the urban environment for daily
transportation, needs which do not exceed distances greater than 100 km daily;

e reduced maintenance and operating costs due to the reliability of the electric
motors with which they are equipped, as compared to classic buses.



4.2 Comparative Analysis of the Types of Buses in Operation 91

4.2 Comparative Analysis of the Types of Buses
in Operation

Presently CTP Cluj-Napoca services a number of 42 bus routes within Cluj-Napoca
municipality, having a length of over 100 km, on which operate a total number of
252 bus type vehicles for public transportation [2].

The municipality is crossed by 662 km of streets, from which 443 km are
equipped with modern facilities (steady street structure, public service equipment
etc.). Public transportation is made on 342 km from the network of internal roads,
via many routes for buses, minibuses, trolleybuses and tramways.

The CTP Cluj-Napoca auto park was extended by acquiring a number of 40 new
buses, delivered by the companies Solaris Bus & Coach and Iveco, buses which are
equipped with EURO 6 engines and which have the following technical charac-
teristics [2]:

e they correspond to all European norms regarding passenger transport;

e they have a transport capacity of up to 143 passengers, with easy access for
persons with motor disabilities and for the elderly;

e they have a service live of up to 15 years;

e they are equipped with cameras in order to identify possible acts of vandalism
and to assure traffic safety;

e they are equipped with a completely lowered floor and a ramp for boarding
carriages for persons with disabilities;

e they are equipped with automated doors with anti-crushing protection, with the
possibility of opening them from the inside and outside in case of emergency and
with the possibility of counting the passengers while boarding or deboarding;

e they use a climatization system (heating, cooling, air-conditioning, ventilation)
both for the driver and for the passengers;

e they have electronic systems installed with LED display to inform the passen-
gers on the inside and outside, respectively sound systems for inside;

e the body frame is made of stainless steel, the body parts are mare of composite
materials resistant to corrosion and the lateral panels of the body are made of
aluminum;

e they are equipped with diesel engines which respect the EURO 6 pollution
norm;

e they have automated taxation systems compatible with the ones implemented in
Cluj-Napoca;

e they have an onboard computer for the administration, diagnostic and man-
agement for the vehicle which collects, stockpiles and transmits the data
regarding the bus activity;

e they can be tracked through GPS, by using equipment compatible with the ones
already existing in endowment of CTP Cluj-Napoca.

Some of the most important and modern models of classic buses which are part
of CTP Cluj-Napoca are the following:
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Renault Agora S (Fig. 4.1) is a standard bus having 12 m in length, designed
and manufactured by the Renault Company up until the year 2005. The constructive
characteristics are presented in Table 4.1 [8].

Str. Bucium
P-ta Mihai Viteazul

Fig. 4.1 The Renault Agora S bus [9]

Table 4.1 Constructive characteristics of Renault Agora S [8]

No. | Parameter Description UM. Value

1 Constructive dimensions Length mm 11990
Width mm 2500
Height mm 2850
Passenger transport capacity - 100
Tire sizes - 265/70R19.5
Weight without passengers kg 11500
Diesel tank capacity 1 240

2 Dynamic performances Maximum velocity km/h 74
Fuel consumption per 100 km |1 35
Climb % 10
Gyration radius m 12
Angle of approach ° 7

3 Thermal engine characteristics Model Renault - V3 EURO 3
Maximum power kW/CP | 187/253
Maximum coupling Nm 890

4 Emission according to the EURO norms | CO emissions g/kWh | 2.10
HC emissions g/kWh | 0.66
NO, emissions g/kWh | 5.00
PM emissions g/kWh | 0.10
Smoke emissions g/kWh | 0.80
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Renault Agora L (Fig. 4.2) is an articulated bus having 18 m in length, with 2

doors in the first module and 1 or 2 doors in the second module, designed and

manufactured by the Renault Company up until the year 2005. The constructive
characteristics are presented in Table 4.2 [8].

Fig. 4.2 The Renault Agora L bus [9]

Table 4.2 Constructive characteristics of Renault Agora L [8]

No. Parameter Description UM. Value

1 Constructive dimensions Length mm 17800
Width mm 2500
Height mm 3100
Passenger transport capacity - 130
Tire sizes - 265/70R19.5
Weight without passengers kg 16400
Diesel tank capacity 1 260

2 Dynamic performances Maximum velocity km/h 75
Fuel consumption per 100 km 1 42
Climb % 10
Gyration radius m 12
Angle of approach ° 7

3 Thermal engine characteristics Model Renault - V3 EURO 3
Maximum power kW/CP 187/253
Maximum coupling Nm 925

4 Emission according to the EURO norms CO emissions g/kWh 2.10
HC emissions g/kWh 0.66
NOy emissions g/kWh 5.00
PM emissions g/kWh 0.10
Smoke emissions g/kWh 0.80
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Renault R312 (Fig. 4.3) is a standard bus having 12 m in length, designed and
manufactured by the Renault Company up until the year 2000. The constructive
characteristics are presented in Table 4.3 [10].

Fig. 4.3 The Renault R312 bus [9]

Table 4.3 Constructive characteristics of Renault R312 [10]

No. Parameter Description UM. Value

1 Constructive dimensions Length mm 11900
Width mm 2500
Height mm 3100
Passenger transport capacity - 90
Tire sizes - 265/70R19.5
Weight without passengers kg 11450
Diesel tank capacity 1 180

2 Dynamic performances Maximum velocity km/h 75
Fuel consumption per 100 km 1 42
Climb % 10
Gyration radius m 12
Angle of approach ° 7

3 Thermal engine characteristics Model Renault - Mid EURO 2
Maximum power kW/CP 187/253
Maximum coupling Nm 925

4 Emission according to the EURO norms CO emissions g/kWh 4.00
HC emissions g/kWh 1.10
NO, emissions g/kWh 7.00
PM emissions g/kWh 0.25
Smoke emissions g/kWh -
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Irisbus Citelis 12 (Fig. 4.4) is a standard bus having 12 m in length, designed
and manufactured by the Irisbus S.A. Company; this model is still being manu-
factured nowadays. The constructive characteristics are presented in Table 4.4 [11].

Fig. 4.4 The Irisbus Citelis 12 [9]

Table 4.4 Constructive characteristics of Irisbus Citelis 12 [11]

No. Parameter Description UM. Value

1 Constructive dimensions Length mm 11900
Width mm 2500
Height mm 3300
Passenger transport capacity - 110
Tire sizes - 275/70 R 22.5
Weight without passengers kg 12820
Diesel tank capacity 1 180

2 Dynamic performances Maximum velocity km/h 75
Fuel consumption per 100 km |1 42
Climb % 10
Gyration radius m 12
Angle of approach ° 7

3 Thermal engine characteristics Model Renault - F2B EURO 5
Maximum power kW/CP | 213/290
Maximum coupling Nm 1100

4 Emission according to the EURO norms | CO emissions g/kWh 1.50
HC emissions g/kWh 0.46
NO, emissions g/kWh 2.00
PM emissions g/kWh 0.02
Smoke emissions g/kWh 0.50
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Solaris Urbino 18 (Fig. 4.5) is a standard bus having 18 m in length, designed
and manufactured by Solaris Bus & Coach S.A.; this model is still being manu-
factured nowadays. The constructive characteristics are presented in Table 4.5 [12].

Fig. 4.5 The Solaris Urbino 18 [9]

Table 4.5 Constructive characteristics of Solaris Urbino 18 [12]

No. Parameter Description UM. Value

1 Constructive dimensions Length mm 17900
Width mm 2550
Height mm 2850
Passenger transport capacity - 147
Tire sizes - 275/70 R 22.5
Weight without passengers kg 17500
Diesel tank capacity 1 350

2 Dynamic performances Maximum velocity km/h 72
Fuel consumption per 100 km |1 -
Climb % 10
Gyration radius m 10
Angle of approach ° 7

3 Thermal engine characteristics Model DAF - MX EURO 6
Maximum power kW/CP | 228/310
Maximum coupling Nm 1500

4 Emission according to the EURO norms | CO emissions g/kWh 1.50
HC emissions g/kWh 0.13
NO, emissions g/kWh 0.40
PM emissions g/kWh 0.01
Smoke emissions g/kWh -
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Iveco Urbanway 12 (Fig. 4.6) is a standard bus having 12 m in length, designed
and manufactured by Iveco S.A.; this model is still being manufactured nowadays.
The constructive characteristics are presented in Table 4.6 [13].

Fig. 4.6 The Iveco Urbanway 12 [9]

Table 4.6 Constructive characteristics of Iveco Urbanway 12 [13]

No. | Parameter Description UM. Value

1 Constructive dimensions Length mm 12000
Width mm 2500
Height mm 3066
Passenger transport capacity - 90
Tire sizes - 275/70 R 22.5
Weight without passengers kg 11500
Diesel tank capacity 1 250

2 Dynamic performances Maximum velocity km/h 85
Fuel consumption per 100 km |1 -
Climb % 10
Gyration radius m 12
Angle of approach ° 7

3 Thermal engine characteristics Model Iveco - EURO 6
Maximum power kW/CP | 265/360
Maximum coupling Nm 1550

4 Emission according to the EURO norms | CO emissions g/kWh 1.50
HC emissions g/kWh 0.13
NOy emissions g/kWh 0.40
PM emissions g/kWh 0.01
Smoke emissions g/kWh -
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Iveco Urbanway 18 (Fig. 4.7) is a standard bus having 18 m in length, designed
and manufactured by Iveco S.A.; this model is still being manufactured nowadays.
The constructive characteristics are presented in Table 4.7 [14].

Fig. 4.7 The Iveco Urbanway 18 [9]

Table 4.7 Constructive characteristics of Iveco Urbanway 18 [14]

No. Parameter Description UM. Value

1 Constructive dimensions Length mm 17910
Width mm 2500
Height mm 3066
Passenger transport capacity - 96
Tire sizes - 275/70 R 22.5
Weight without passengers kg 16500
Diesel tank capacity 1 340

2 Dynamic performances Maximum velocity km/h 92
Fuel consumption per 100 km |1 -
Climb %o 10
Gyration radius m 10
Angle of approach : 7

3 Thermal engine characteristics Model Iveco - L6 EURO 6
Maximum power kW/CP | 294/400
Maximum coupling Nm 1700

4 Emission according to the EURO norms | CO emissions g/kWh 1.50
HC emissions g/kWh 0.13
NO, emissions g/kWh 0.40
PM emissions g/kWh 0.01
Smoke emissions g/kWh -
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4.3 Selection of Bus Operating Routes for Public

Transport

The bus routes selected for the elaboration of the research study—which is the
subject of this book—are the following: 27, 28, 30 and 32. According to the data
provided by CTP Cluj-Napoca, the characteristics of these routes are:

Route 27 Grigorescu neighborhood—Piata Garii (Fig. 4.8) has a length of
9.7 km, it can be traveled in a medium time of 38 min and is served by three buses.

The number of stations on the round-trip route is 19, the succession interval
between two buses is of 35 min and the medium distance between the stations is of

0.5 km [2].
1918 I—tour, Petuniei—tour, Vlahutd—tour, P-ta 14 Iulie [—tour, Napoca [—tour,

The stations for the passengers are as follows (Fig. 4.9): Grigorescu—tour, 1 Dec.
Dragalina I—tour, Horea—tour, Piata Garii—tour, Traian—retour, Dacia—retour,
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Fig. 4.9 Stations for passengers—route 27 [2]
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Fig. 4.10 Bus route 28 [2]

Fig. 4.11 Stations for passengers—route 28 [2]

Dragalina II—retour, Napoca II—retour, P-ta 14 Iulie [I—retour, Al. Vlahuta II—
retour, Buzau—retour, Miraslau—retour, Grigorescu—retour [2].

Route 28 Grigorescu neighborhood—Piata Mihai Viteazul (Fig. 4.10) has a
length of 8.5 km, can be traveled in 36 min and it is served by two buses. The
number of stations for a round-trip route is 16, the succession interval between two
buses is 36 min, and the medium distance between stations is 0.51 km [2].

The stations for the passengers are as follows (Fig. 4.11): Grigorescu—tour, 1 Dec.
1918 I—tour, Petuniei—tour, Vlahuta—tour, P-ta 14 Iulie I—tour, Napoca [—tour,
Dragalina I—tour, P-ta Mihai Viteazul—retour, Dacia—retour, Dragalina II—
retour, Napoca II