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w angular velocity (rad/s)

0 carrier angular velocity (rad/s)
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X1 friction constant
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Xi transmission ratio (x:1) corresponding to gear i
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0.1 Introduction

The requirements for improved environmental conditions, particularly in urban
areas, together with an increasing demand for mobility, make it essential to optimize
energy-environmentally efficient transport systems. One technology that can meet
this challenge is the use of electric traction in electric and hybrid vehicles. Electric
vehicles are totally emission-free at their point of use, and the overall pollution
balance remains in favour of the electric vehicle even when taking into account
electricity production. Hence electrically propelled vehicles are likely to become the
mainstay of urban transport in the 21st century. Local authorities deploying them
will find exciting new opportunities to solve the environmental problems they are
facing today [1]. Hybrid vehicles have a large potential to minimise fuel
consumption and drastically reduce tail pipe emissions.

Electric and hybrid vehicles have become increasingly popular as components
design and performance improve and prototypes continue to demonstrate system
feasibility. Electric and hybrid electric vehicles are energy efficient and should have
low running cost. Unfortunately, the cost of development and testing of these
vehicles, dictated by the level of complexity, flexibility and performance, is high. A
software tool can help in selecting and matching of energy storage devices, hybrid
powertrain layouts and vehicle energy management, depending on the total energy
spent and environmental impact of the transport systems over specific or generalised
routes and hence can help minimizing both common testing, time and cost. Such
models can also enable the investigation of future, more advanced technologies to
optimize overall system efficiency, range, performance and emissions. A simulation
programme will therefore be useful for system developers, engineers and vehicle
manufacturers and even for policy makers and transport planners in their common
goal of producing more environmentally sustainable and energy efficient transport
solutions [2].

0.2 Objective

The scope of this Ph.D. research is the comparative assessment to the real
environmental impact of different traction systems based on available technologies.
Therefore a computer simulation has been developed. This simulation tool is a
modular, interactive programme, which is flexible in use, has a database structure
allowing different types of data formats and is based on a powerful algorithm
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capable to simulate acceleration tests and a wide range of hybrid powerflow control
strategies.

The programme enables the simulation of electric, hybrid and internal combustion
vehicles. The comparison is realized at the level of consumption (fuel and
electricity) and emissions (CO,, HC, NO,, CO, particles, etc.) as well as at the level
of performances (acceleration, range, maximum slope, etc.).

The simulation tool is useful for a wide variety of users with different expertise, like:
engineers, transport operators and suppliers, energy utilities and decision-makers.
But mainly it is an engineering tool to evaluate different drivetrains and to optimize
power management in hybrid vehicles in particular. It is a powerful tool to develop
new concepts. The programme has a high degree of flexibility to be able to model
any driveline structure and to allow the use of different data sources.

Based on experimental results, different components have been modelled, calibrated
and validated. Finally a comparative assessment of the energy consumption and
emissions of different vehicles as well as a comparative evaluation of different
hybrid drivetrain topologies and powerflow algorithms have been carried out.

0.3 Content

This work (thesis) consists of 4 parts. The first part will describe the background
theory. The second part contains the technical description of the software tool,
including component models. The third part describes the experiments for retrieving
the required data, software calibration and validation. It also contains the
comparative assessment. Final conclusions are formulated in the last part.

Part One: Theoretical introduction

The purpose of this theoretical introduction is to have a good summary and overview
of the electric and hybrid electric vehicle technology. What are electric and hybrid
electric vehicles ? Which infrastructures do they require ? What is their potential
market and which incentives can be used to stimulate this market ?  This
introduction is mainly based on recent publications [1,3] of G. Maggetto!, H.
Kahlen? and P. Van den Bossche?, all experts in the field of electric and hybrid
electric vehicles.

1 Prof. Dr. ir. G. Maggetto is President of AVERE, the European Association of Road Electric Vehicles;
general secretary of CITELEC, the European association of cities interested in the use and promotion of
electric and hybrid vehicles and professor of the Vrije Universiteit Brussel.
He is also the promotor of this PhD.

2 prof. Dr.-Ing. H. Kahlen, professor at the Institute for Power Electronics and Electronics of the
University of Kaiserslautern, Germany, was formerly President of AVERE and is current Vice-President.
3 ir. P. Van den Bossche is Director of CITELEC.
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Those who are familiar with the non-technical aspects of electric vehicles can skip
the first chapter. The second chapter contains a summary of the technical
characteristics of the most important components of the electric vehicle: traction
motor, convertor, battery and charger. The third chapter, concerning hybrid
drivetrains, is recommended to better understand the model description given in the
second part of this thesis. The different drivetrain topologies as well as power
control algorithms of hybrid electric vehicles will be described.

Finally the different features of the simulation programme itself are described: the
fundamental calculation algorithms of the software and the component modelling;
the characteristics and benefits of the language environment and the different levels
of accessibility for potential software distribution.

Part two: Software description

A detailed system identification was required to develop a data structure for electric
and hybrid vehicle parameters and route profiles. Different drivetrain components
like chassis, body, power units, transmissions, auxiliaries, electrical power systems
and energy storage had to be modelled. Besides the conventional systems, with
diesel and petrol powertrains, it was necessary to implement other drivetrains based
on battery technology, fuel cells, etc and controlled with different powerflow
strategies. A design tool was developed which integrates the control algorithms
required for the various hybrid operational performance and for energy storage. The
control of the powerflow is an added complexity not found in conventional vehicles
that requires specific software tools.

This second part is a very technical part describing the models of the different
subprogrammes of the simulation software. The different equations on which the
models are based are given. The fact that the models are related to each other in
sometimes a rather complex manner, makes it necessary to refer in the description of
one model to that of another. Especially the iteration algorithm, that defines the
possible drivetrain acceleration and powerflow, is a process that interferes with a lot
of subprogrammes.

The main programme and related subprogrammes (electricity production, speed
cycle definition, etc.) will be presented first.  Afterwards the implemented
drivetrains of the different vehicles are explained. Closely related to these
drivetrains are the mechanical and electric power control devices for hybrid
vehicles. In these subprogrammes the different hybrid drivetrain control strategies
are mainly implemented. They are following the specification of the iteration
algorithm. This iteration process is an intelligent algorithm to define, among other
things, the maximum vehicle performance. Afterwards one can find the models for
the different components of the drivetrain, starting from the wheels and going to the
energy source(s). The first components are related to the forces acting on the
vehicle body and wheels and the mechanical transmission. Finally the drivetrain
components, figuring as powerflow transformation are detailed.
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Part three: Experiments and results and comparative assessment

Having a powerful simulation tool, with detailed models of different components
does not mean that realistic and accurate simulation results are obtained. The
accuracy and reliability of the input data are very important. Due to the fact that the
simulation tool has been used in different research programmes for several years, the
software could be debugged, the programme structure could be made flexible to
allow different kinds of data and the minimum data requirements could be well
defined. Furthermore a good test protocol has been developed and fine-tuned.

The Electrical Engineering Department of the VUB has measurement equipment
available to characterize electrical and mechanical components, as well as entire
vehicles. In this third part the equipment is briefly described as well as the different
types of measurements that can be performed. Furthermore the transformation of
the measured data into useful input for the simulation is explained. Additionally the
approach of the calibration and validation of the simulation programme are
described. A sensitivity analysis is performed to illustrate how sensitive the output
(e.g. energy consumption) is to changes in the input parameters (e.g. vehicle
weight).

In this part different vehicles are compared as well as different powerflow control
strategies of hybrid electric vehicles. How is the loss distribution in the drivetrain ?
What is an optimization of the power distribution in hybrid electric vehicles ?

Part four: Conclusions

The last part is the shortest but very important part containing the final conclusions.
The most important features of VSP are highlighted. A summary is given of the
comparative assessment of the different drivetrains and corresponding power
management strategies.
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The main parts of the electric vehicle were invented
during the 19™ century. The electric parts: battery, .

motor and electromechanical controller were also il
used for general purpose and the mechanical -
transmission was used in common machinery G

applications. A century ago electric vehicles were
already driving the road. Moreover the first car
exceeding the 100km/h was an electric vehicle, designed in 1899 by a Belgian
engineer, Camille Jénatzy. He called it the “Jamais Contente”. The event took place
at the race track of Achére (France) where a speed of 105,85 Km/h on a 1 km long
track was reached [4].

Today’s technology includes modern electric motor design influenced by power
electronics and automotive views and energy sources performing better and better to
match acceptable vehicle performances [3].  Electric traction has already
demonstrated its merits in other applications like trams, trolley busses, trains (high
speed trains) and internal-transport vehicles (industrial trucks, forklifts). More than
half of all internal transport vehicles rely on electric drive units [5]. Due to
environmental concern a new market is created for electric road vehicles.

While conventional thermal vehicles, also called internal-combustion engine (ICE)
vehicles, use a fossil fuel like petroleum, the electric vehicle (EV) uses electricity.
Electricity can be considered as the ideal energy source for traction purposes:
electric motors are powerful, have a large torque range and have a high efficiency
[1]. But electricity is only a secondary energy source and it has to be produced
using a number of primary sources. Fortunately it seems that this number is large
and can be used with efficiency. Due to battery limitations the range of an electric
vehicle is restricted in comparison with ICE-vehicles (ICV). The range can be
extended by an additional energy source. This type of vehicles is called hybrid
electric vehicles (HEV).

This chapter will give a brief introduction to these vehicles concepts. Furthermore,
their benefits on the environment and their potential market are described, as well as
the possible incentives to stimulate this market. A detailed description of the
electric and hybrid drives can be found in the succeeding chapters.

1.1 Electric and Hybrid Vehicles

Fig. 1.1 illustrates the drivetrain of an internal combustion vehicle (ICV). The drive
system is composed of an engine (2) connected to the wheels (6) via a speed gear (4)
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and a differential (5). An internal combustion engine is not able to deliver torque
below a certain engine rotational velocity. To start the vehicle at zero speed a clutch
(3) is necessary. The energy is contained in a fuel tank (1).

Engine Fuel
) tank (1)

Fig. 1.1: ICE vehicle

The electric drive system (Fig. 1.2) consists in the simplest case in a battery (1), a
convertor (2), a motor (3), a gear (changeable or fixed) (4) and a differential gear
(5). Besides the torque splitting by means of the differential gear, a two-motor
propulsion is also possible [6].

Gear (4) Battery (1)

Fig. 1.2: Electric vehicle

Hybrid electric vehicles (HEV) combine different energy sources and/or drive
systems, such as internal combustion engines, gas turbines and fuel cells. In general
they have a longer range than battery electric vehicles, and still have the option of
running on electricity alone in urban environments. The integration of power-
producing components with electrical energy storage components allows many
different types of hybrid electric vehicle designs. A power control strategy is
needed to control the flow of power. This results in different morphologies. The
most important are:

e The series hybrid electric vehicle (SHEV) (Fig. 1.3) is a combination or
hybridisation of energy sources [7]. “A series electric hybrid vehicle is an
electric hybrid vehicle for which its movement comes only from an electric
powertrain and which contains an additional other form of on board energy
source supplying power electrically to the electric traction system” (standard of
reference [8]). One or more electric traction motors can drive the wheels

8 VSP



1. INTRODUCTION TO PART | Part |

exclusively. The electricity is generated by an on-board energy source (e.g.
engine-generator group), commonly called the auxiliary power unit (APU).
This APU is connected to a battery that is acting as an energy buffer. In the
future, the engine group could be replaced by fuel cells resulting in potential
zero emissions or very low emissions.

Fuel
tank

Con-
vertor

Battery

Fig. 1.3: Series hybrid electric vehicle

e The parallel hybrid electric vehicle (PHEV) (Fig. 1.4) is a combination of drive-
systems. “A parallel electric hybrid vehicle is an electric hybrid vehicle for
which its movement comes from an electric drivetrain and/or from a thermal
machine through a transmission which can be common or individual” [8].
Either an electric motor or an internal combustion engine can drive the wheels.

Fuel tank

Trans-

mission

Con-

vertor Eais v

Fig. 1.4: Parallel Hybrid Electric vehicle

e All topologies different from the series and parallel hybrid electric vehicle will
be called in this research ‘complex hybrid vehicles’. The complex hybrid
electric vehicle encompasses three or more energy sources and/or drive-
systems. The possible options are manifold. Complex hybrid vehicles include
series hybrids with peak power units, parallel hybrids with a flywheel
mechanically connected via e.g. a continuous variable transmission (CVT) or
combined hybrid vehicles (please do not confuse the names). A combined
hybrid (CHEV) is defined as a combination of a series and a parallel hybrid
drivetrain (see subchapter 3.1.3).

In the “CEN prEN 13447” standard [8] one can find a distinction between electric
hybrid vehicle and thermal electric hybrid vehicle. The electric hybrid vehicle is an
electrically propelled road vehicle integrating an electric traction system, which
permits a pure electric driving mode, and having at least one additional other form of
on board energy source (for traction purpose). This means that this standard does
not consider vehicles integrating an electric machine for functional assistance to the
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engine such as a load-levelling device, a starter, an electrically driven auxiliary unit,
etc., as electric hybrid vehicles, because they do not allow a pure electric mode. The
thermal electric hybrid vehicle is an electric hybrid vehicle in which the additional
other form of energy source includes a thermal (internal combustion, gas, etc.)
engine.

The “SAE J1711” [9] considers the hybrid electric vehicle as a road vehicle that can
draw propulsion energy from two on-vehicle sources of stored energy: a consumable
fuel and a rechargeable energy storage system, which is recharged by an electric
motor-generator system, an off-vehicle electrical energy source, or both.

1.2 Why Electric Vehicles ?

The finite oil resources and its political and economical impact lead to the
elaboration of alternative energy sources and the need to diminishing the
dependency on imported oil. These problems will force us to change our economy
completely where the question is not if but when, and which problem may trigger
new technologies first.

Besides these economic and political aspects, there are important environmental
reasons to change our transport systems. In comparison with internal combustion
vehicles, electric vehicles consume less energy for the
same performance and have better ecological
characteristics.  Electric motors do not require a
minimum motor speed (idle working point). They do
not consume energy while the car is standing before
traffic lights or in traffic jams. They also have the
possibility of regenerative braking, i.e. of recharging the
battery while decelerating the vehicle. Regenerative
braking is one of the special attributes of electric and
hybrid electric vehicles.

The ecological characteristics are related to chemical and noise pollution. Sound
emission of electric vehicles or hybrid electric vehicles driving in electric mode can
be considered to be limited to the rolling and aerodynamic noise of the vehicle,
which results in considerable reduction of noise pollution in urban areas. Chemical
pollution in these areas can obviously be considered zero. Even taking into account
the pollution due to electricity production necessary to recharge the battery, the
advantage of electric vehicles is extremely high. Table 1.1 demonstrates the
background emissions in case of electric vehicles and direct emissions in case of
thermal vehicles. When driving hybrid, the emissions of a hybrid vehicle are easier
to control and less then an ICE-vehicle, since hybrid vehicles allow a better engine
operation. A more detailed comparison can be found in Part 11, in which different
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hybrid drivetrain topologies and strategies will be compared mutually and with
electric and internal combustion vehicles.

Table 1.1: Comparison of emissions for electric and thermal vehicles [10]

(g/km) Background Direct emissions of Direct emissions of
emissions of Diesel vehicle Petrol vehicle
BEV
CO, 100 209 222
COo 0,020 1,050 6,320
HC 0,010 0,220 0,865
NOy 0,200 1,120 0,820
SO, 0,450 0,215 0,085

City traffic without exhausting gas and low noise is already partly realised by trams,
undergrounds, railways, trolleybuses and other recently developed automatic and
light rail systems (e.g. airport shuttles). But cars, vans, buses and lorries are route
independent vehicles for low and high speed, for city traffic and long distances [3].

At the present the transport sector is responsible for a considerable share of the total
emissions. The following tables give an overview of the share of primary energy
use and emissions compared to other sectors in Europe.

Table 1.2: Share of consumption and emissions by the transport sector for
Europe [11]

prim CO;, | SO, NOx |VOC | CO
energy
Transport 22% 22% | 4% 57% 87% 87%
Buildings 28% 25% | 10% | 5% 10% 10%
Energy industry 29% 35% | 67% | 27% 2% 1%
Industry 21% 18% | 19% | 11% 1% 2%

These air pollutants affect human health, damage the ecosystems, and attack
(historical) buildings. Carbon dioxide (CO,) is a major greenhouse gas. Nitrogen
oxides (NOx) and volatile organic compounds (VOC) contribute to photochemical
air pollution (tropospheric ozone formation). Sulphur dioxide and nitrogen oxide
play a role in the acidification of ecosystems. Exhaust gases contain furthermore
carcinogenic hydrocarbons like benzene. It is not the scope of this research to
describe the environmental effect. However, since electric vehicles can contribute to
an improvement of air quality, especially in cities, some major effects of traffic
pollution will be highlighted.

1.2.1 Exhaust Gas Emissions

The most important agents in these exhaust gases and their effect are the following
[12,13,14,15]:
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a) Carbon monoxide (CO)

Carbon monoxide is a colourless and odourless gas, resulting from an incomplete
burning process of carbon. CO is highly toxic. It reacts with the haemoglobin in the
blood, reducing oxygen supply to the human cells. Only 0,3 % CO can be mortal in
30 minutes [16]. It causes headaches, dizziness and unconsciousness.

b)  Nitrogen oxides (NO,)

Nitrogen oxides consist mainly of nitric oxide with some nitrogen dioxide. It is
produced during the combustion at high temperatures, mostly at high loads of the
engine. These gases are colourless and odourless at normal concentrations.
Nitrogen oxides affect the bronchial tubes, causing breathing problems. Besides
adversely affecting the respiratory system, these gases are considered responsible for
photochemical smog and acid rain.

¢) Sulphur dioxide (SO,)

Sulphur dioxide is formed by oxidation of the fuel sulphur. It is an irritant gas that
affects the bronchial tubes and contributes also to acid rain formation.

d) Hydrocarbons (HC)

Hydrocarbons just contain hydrogen and carbon, both of which are fuel molecules
that can be burned to form water or carbon dioxide. The non-burned hydrocarbons
are a mixture of a large number of compounds. Hydrocarbons can be emitted by
evaporations of gasoline during distribution and vehicle refuelling. These products
are sometimes referred to as ‘“NMVOC’ (hon-methane volatile organic compounds).
Hydrocarbons are colourless; some have an odour. Some hydrocarbons are toxic or
can be carcinogenic (benzene). Volatile organic compounds are major contributors
to photochemical air pollution.

e) Particles (soot, dust)

Particles usually refer to the dark particles emitted from exhaust. There is a large
variation in particle size and composition. Particles are usually associated with
diesel engines. Particulate matter and soot are formed when the combustion is
incomplete.  Particles obscure vision. They adsorb other components like
polyaromatic hydrocarbons, which can be carcinogenic. Small particles stay longer
in the lungs, which increases the absorption of harmful components. Particles also
affect the bronchial tubes.

f)  Carbon dioxide (CO,)

Carbon dioxide has no colour and no smell. It is the result of the burning process of
hydrocarbon and oxygen. Carbon dioxide emission is directly related to fuel
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consumption. Reducing fuel consumption will reduce CO, emissions. Carbon
dioxide is considered as the main cause of the ‘greenhouse effect’.

g) Lead (Pb)

Lead is a particle emission found only with petrol engine vehicles since added as an
anti-knock additive. Lead impairs the formation of blood and may cause mental
disorder. Lead is also an element in some of the electric vehicle batteries.

1.2.2 Effects on Nature

As can be seen from the characteristics of the exhaust gases, they can have an
impact on human health. Health effects include cancer, leukaemia and respiratory
problems such as asthma. Furthermore they contribute to some environmental
aspects, like the greenhouse effect, acidification and photochemical pollution. A
brief overview is given of these problems [17,18,19,20].

a) Photochemical Air Pollution

Nitrogen oxides (NO,) and volatile organic compounds (VOC) contribute to
photochemical air pollution (tropospheric ozone formation). NO is a precursor to
ozone formation in the troposphere and a direct contributor to ozone destruction in
the stratosphere. NO is the most important NO, pollutant and is highly reactive. It
converts within minutes to NO, in ambient air. Photolysis of NO, and VOC by the
sun's radiation produces atomic oxygen, which forms ozone when reacting with
molecular oxygen [18]. Ozone concentration increases in polluted cities, which
leads to irritations of the eyes, nose, mucous membranes, etc. Photochemical air
pollution also causes damage to forests and ecosystems.

b) Greenhouse Effect and Global Warming:

Most of the infrared radiation given off by the earth escapes back into space.
However, as gases such as carbon dioxide and methane build up in the atmosphere,
more and more of this radiation is reflected back, as the gases act as a greenhouse
and raise the earth’s temperature. The main greenhouse gases are carbon dioxide
(CO,), methane (CH,), nitrous oxide (N,O), ozone (Os), chlorofluorocarbons
(CFCs). The first three components are exhaust gases from road traffic.

The equilibrium concentration of greenhouse gases in the atmosphere is governed by
photosynthesis and respiration of the earth’s biosphere and physical and chemical
interaction with the oceans. The natural CO, exchange between earth’s surface and
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the atmosphere is approximately 200 GtCYyear. Men additionally produce
8 GtClyear, 6 GtC from combustion and 2 from deforestation [18].

The mean surface temperature of the earth has increased by over 0,5°C in the last
century. Although the temperature of the earth's surface has been increasing since
the last ice age, the current higher rate of increase is most likely due to the
greenhouse effect. This has been brought about due to rapid industrial development,
deforestation and the vast use of fossil fuels. It has been predicted that before the
year 2050, a further 1,5°C to 4,5°C increase could occur. This may not sound like a
significant change until you put it into context. Even a small change in temperature
can have a significant effect on an area’s natural ecosystem and the ability to grow
crops. The phenomenon could entail many consequences, like a rise in the sea level,
the drying up of certain zones and even disappearance of certain coastal areas and
islands.

¢) Acid Rain

Acid rain is caused by sulphur and nitrogen emissions. Fuels contain sulphur and
nitrogen, producing sulphur dioxide and nitrogen oxides through the combustion
process. Sulphur dioxide (SO,) is expelled into the atmosphere where it reacts with
oxygen to form sulphur trioxide (SO3). When this mixes with water, sulphuric acid
is formed, and hence, acid rain. Nitrogen oxides are converted to acid HNOs.

Acid rain causes a string of problems as it contaminates lakes and ponds, making it
impossible for water-life to develop there. It also damages crops and vegetation, and
erodes buildings making them unsightly and unsafe.

1.3 The Market

If electric vehicles represent such benefit on environment and human health, why are
there only a few electric vehicles running on our streets ? In this chapter the
potential market, the market introduction hindrances and the different incentives to
stimulate the market are described. This non-technical chapter will highlight the
importance of cost-efficient research tools like simulation programmes.

1.3.1 Cost

Possible alternative solutions for road transportation have to offer a considerable
advantage on the environment. Furthermore, the cost of these solutions should
imply a positive economic balance, particularly if we take into account the total

1 GtC = Gigatons carbon
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benefit for the society as a consequence of environmental improvement. The
traditional cost of a vehicle can be subdivided into purchase cost, exploitation cost
and maintenance cost. The overall cost should also include external costs.

The purchase cost of electric vehicles is usually higher than for diesel or petrol
vehicles. This is mainly due to the small production volume of electric vehicles on
one hand: electric vehicles do not benefit from economy of scale the way thermal
vehicles do. On the other hand it is due to the presence of a traction battery that
represents an important share of the vehicle’s price. When investment decisions are
only based on initial costs, the electric vehicle is clearly disadvantaged.

The exploitation costs however are substantially lower. Electricity cost (per km) is
very low, particularly when battery charging can be done during night time. In most
countries the cost is less than 50 % of the fuel cost for a diesel vehicle [1]. For
hybrid electric vehicles important fuel savings (30 to 50 %) can be realized. The
insurance and taxation rate, furthermore, will be lower in the case of electric
vehicles due to the fact that the power value on which these costs are calculated are
differently classified.

The simplicity of the electric traction system and the reliability of the components
also lead to substantially lower maintenance costs.

The external costs are costs caused around the vehicle due to its presents, its use and
elimination.

The overall balance of costs should be made for each different vehicle market
segment. It is clear, that electric vehicles can offer operational cost benefits,
provided that they are offered on the market at a realistic price level compared with
diesel or petrol vehicles. This will be the case when they are manufactured in larger
numbers. Nowadays however, electric (and hybrid) vehicles are still in a phase of
small-scale or prototype production, and government support schemes are advisable.
In fact, it should be taken into account that electric vehicles offer other, non-
accountable benefits for the environment (i.e. less external costs) and thus contribute
to the quality of life in urban areas. In the European Union, the total cost of the
adverse environmental and health effects of transport, including congestion, is
estimated to be up to 260 billion EURO per year [21].

1.3.2  Electric Vehicle Deployment Potential

In collaboration with the European Union RTD Programs, studies have been
performed by CITELEC about the opportunities for electric and hybrid vehicle
introduction in European cities. These studies have reinforced the results obtained
in the COST 302 study [22] and in the EDS study for the European Parliament [23]
and performed by AVERE. The studies all concluded there is a market between
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10 to 30 % for EV. The Californian market imposed by law for 2003 provides 10 %
selling for EV and 25 % for HEV [3].

The COST 302 study stated a potential of 7 % for passenger cars and 12 % for light
goods vehicles in the European Union (12 countries). According to this study, this
market could be realized in 10 years time, with a production of 600 000 cars per year
and 100 000 vans, which corresponds to 12 manufacturing plants. In 1992, the MIP
consortium (Politecnico di Milano) made a study about the number of thermal
vehicles, which could be replaced by electric ones, particularly in Milan. This
feasibility study took into account traffic and pollution problems in Milan.
According to MIP, the EV potential in Milan is 18,2 % for cars and 21,7 % for vans.

The present-day car fleet is conceived for trip-lengths (more than 100 km), which
number only represent less than 10 % of the total number of trips. In France only
16 % of the daily trips are longer than 10 km and in Europe 2 % of all travel
distances are between 50 and 100 km; only 1% is longer than 100 km. In the city of
La Rochelle 90 % of all daily drive range is less than 100 km [24]. Investigations of
passenger car owners in Germany show that only 2 % of the cars drive more than
50 km in one trip. About 75 % of the trips cover distances that do not exceed 10 km
[25]. Identical conclusion can be found in the MEET-COST 319 study [26], which
carried out a broad survey of driving statistics travel data gathered from several
European sources and countries.

The short length of the trips is connected with a long parking period of the vehicles.
Indeed, the average daily driving time in Germany is only 40 minutes per day, which
corresponds to a parking average of more than 23 hours. Therefore, the time needed
for recharging the batteries of electric and hybrid vehicles is more than enough.

1.3.3 Legislation and Incentives

The introduction of electric and hybrid vehicles will clearly cover all the needs if
economically justified [1].

A first possibility is of course the improvement of electric vehicle performances.
Higher speeds and longer ranges could make the electric vehicle a viable alternative
to the internal-combustion engine one. But one should consider that the advent of
the high-speed, high-performance electric vehicle is mainly depending on the
development of the high-energy, high-power battery. Such batteries are nowadays
available, but not really as market products; furthermore they are very expensive.
Taking the characteristics of available technology as a starting point, one could take
several other actions to increase the market share of electric vehicles. Most of these
actions can be taken by the public authorities and policy makers not only for
environmental and health reasons but also to diminish the dependency on imported
oil.
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a) Legislative actions - Traffic restrictions

Traffic-related problems are generally the worst in city centres. In several cities
measures are being taken to reduce traffic in the most affected areas. Many cities
have a mediaeval city centre which is not at all suited for modern automotive traffic.
The renewed interest in the importance of the historical centres lead to a general
refurbishment of these sites; in the field of traffic, following measures apply:

e The heart of the city is completely closed to private cars, with the exception of
residents and deliveries.

e Parking in the centre streets is heavily restricted or even completely suppressed;
only residents having access to a garage may enter the centre.

e Only buses, taxis and two-wheelers are allowed in the centre.

« A new scheme of one-way streets makes it impossible to cross the centre: a car
entering the centre is directed to the same place of the ring road (“traffic loop
system™). It is however still possible to reach the centre by car. This scheme
does not apply to buses, taxis and bicycles: these vehicles can still circulate
unimpeded. The public transport service is enhanced and improved.

« Parking in the centre is restricted and in some areas it is reserved to residents.

e Large vehicles such as heavy goods vehicles, full-size buses and coaches are
largely banned.

Similar actions could be taken to promote the use of electric vehicles. By allowing
only electric vehicles in the limited areas, or by giving them special access and
parking privileges, several objectives could be achieved. On one hand, the traffic in
the city centre would be limited to environment-friendly electric vehicles, enhancing
quality of life, on the other hand, these electric vehicles would operate in a nearly
ideal environment.

b) Legislative actions - The American initiatives — Emission
regulations

A completely other approach to legislative actions for promoting electric vehicles is
found in the state of California. The city of Los Angeles, California, is one of the
most “motorised” in the world. Automotive traffic is laying a heavy burden on the
city and its surroundings (“the L.A. basin”): road vehicles cause more than 75 % of
the air pollution in the L.A. basin. Electricity generation only accounts for 0,7 % of
total emissions [1].

The State of California has passed a law on vehicle emissions, which defines that
certain percentages of manufacturers’ sales are to be “cleaner” vehicles. In 2003,
10 % of the vehicle sale must be zero-emission (ZEV) and 15 % must be ultra-low-
emission (ULEV) and the rest low-emission (LEV) (see Table 1.3). Measures of
this kind are likely to create a market. Note that a reasonable time scale must be
foreseen to allow manufacturers to develop new and reliable products meeting the
new requirements.
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Table 1.3: Proposed LEV Il exhaust emission standards [27]
and EURO gasoline limits

Emission in g/km CO HC+NOx HC NMOG NOXx
LEV 2,11 - - 0,05 0,12
ULEV 1,06 - - 0,02 0,12
EURO | 2,72 0,97 - - -

EURO I 2,2 0,5 - - -

EURO lII 2,3 - 0,2 - 0,15
EURO IV 1,0 - 0,1 - 0,08

¢) Direct financial incentives

Direct financial support to organizations willing to introduce electric vehicles might
be a good initiative to compensate the higher purchase price of electric vehicles. A
direct support scheme, publicly funded, should benefit public corporations such as
city administrations. Such actions are very positive and are exemplary for public
initiatives needed for the wholesale deployment of electric vehicles in our cities. It
is recommended however to extend such support schemes also to the electric vehicle
infrastructures, which represent an additional investment cost.

d) Indirect fiscal incentives

Whereas direct financial supports are more suitable for the promotion of electric
vehicle use by public authorities, all potential users can benefit from an indirect
financial support, through fiscal measures. Several fiscal measures can be taken:

e The exemption of purchase taxes and the relief of VAT on purchasing the
vehicle. This is done in some countries, for example Denmark. The effect of
this measure is more important when the existing tax for thermal vehicles is
high (in Denmark, it exceeds 100 %!). This way, the difference in purchase
price between thermal and electric vehicles is reduced, and the electrics can
actually become cheaper! A reduced VAT rate can also be applied for the
purchase of traction batteries.

e The exemption of electric vehicles from road tax. This has already been done in
a number of countries, for example in the United Kingdom.

e The introduction of accelerated depreciation rates for electric vehicles. This
measure is particularly useful for corporate users. It has been applied in France,
where electric vehicles can now be depreciated in one year, against five years
for thermal vehicles.

e The adoption of tax benefits for private owners of electric vehicles. When
purchasing an electric vehicle, they could for example be allowed to deduct an
amount representing the extra cost of the vehicle from their taxable income;
also, the tax deductions for car expenses could be made more generous for
electric vehicle owners.
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e) Public charging stations

Even when you take into account that most electric vehicles can be charged at home
garages, the provision of public charging stations (e.g. Berlin (D), Erlangen (D), La
Rochelle (F), Paris (F), Stockholm (S), Géteborg (S), Mendrisio (CH), network of
charging stations in Germany and Switzerland) [28] may be a necessity, for the
following reasons [3]:

e Some users, particularly in densely built urban areas, do not have a private
garage available. They must rely on street-side parking or on public car parks.

e The availability of public charging stations may be an interesting point taking
into account the possibility of opportunity charging.

e Today's electric vehicles are mostly able to cover distances of 100 km or more
on a single charge. Like stated above daily covered distances for urban vehicle
users are often only half of this or even less. However, in some cases an extra
long distance might be covered in one day, and in these cases the availability of
opportunity charging may be an interesting option. Moreover, the knowledge of
the fact that extra charging is available "wherever" will greatly enhance the
confidence of the user in the electric vehicle and in its ability to cover his or her
transportation needs.

e The highly visible implantation of electric vehicle charging infrastructure on
public roads greatly enhances the awareness of the public concerning this
infrastructure and the environmental image of the city concerned.

f)  Promoting niche markets and fleet application

Fleet applications are characterised by the use of a number of identical vehicles,
which allows a more rational management of resources and use of the infrastructure.
Some typical examples are given hereunder [3].

An automatic rent-a-car system allows a user to travel with public transport for long
journeys and taking an electric vehicle from an automatic rent-a-car parking station.
From the station he can freely drive around, probably to a destination that is difficult
to reach with other public transport means. He can leave the car at another
designated parking station or bring it back to the original location. He will be billed
for the time of use. The manipulations to be done by the driver are as simple as
possible: ideally, only identifying himself to the system (e.g. with a credit card),
board the vehicle and drive away (the credit card could serve as “ignition key”).
Any additional activities, such as unplugging and storing a cable are clearly
unwanted. In this viewpoint, inductive charging systems are particularly attractive
for these applications.

A first prototype system was developed in Amsterdam (Witcar system) in 1976 [29].
The “Brussels electric vehicle experiment” (EV Brussels) was developed in 1979-
1982 at the Vrije Universiteit Brussel. At that time it was still an automatic rent a
car system without inductive charger. At the moment the VUB is in charge of an
important EU research project to develop inductive charging systems.
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The Praxitéle [30] self-service electric vehicle demonstration in St Quentin-en-
Yvelines (F), 20km from Paris yielded promising results and the Liselec [31] system
in La Rochelle (F) has been inaugurated in 24 September 1999 and is now running
very well. In these systems, electric vehicles are stationed in parking lots near busy
areas, where they can be charged with the help of inductive chargers or by
connecting them with a charging column. Customers can use the cars for their
private needs as long as they return them to one of the designated parking stations
within a relatively short period of time. Use of the car is billed through a special
card that also gives access to the urban transport network [32].

Car sharing systems as those pretty successful nowadays in Switzerland, the
Netherlands and Germany could also be a means to popularise EV’s, especially the
new coming generation with range extender.

City centres are the usual operation theatres for taxi fleets, which makes them
particularly attractive for electric traction. The daily mileage of taxis in big cities
however can be quite important (150-200 km) and may exceed the range of a typical
electric vehicle. This problem may be countered through the use of opportunity
charging, which can easily be implemented taking into account that taxis usually
spend an important lot of time waiting at taxi ranks. Here too EV’s with range
extender could be attractive.

Commercial vehicles (i.e. light goods vehicles) are one of the most obvious potential
applications for electric vehicles in urban areas. The ubiquitous British milk floats
are a well-known example; furthermore, advanced electric vehicles are used in a
growing number of European cities for goods distribution and service applications.

Last but not least the European project EVD-post [33] is demonstrating successfully
the good matching of EV’s for postal services. In this project CITELEC works
together with the Post Offices of Belgium, Finland, France, Germany, Sweden.

g) Other actions

A number of additional actions can be taken to improve the operation conditions of
electric vehicles in cities. Some examples:

e The electricity distribution companies can support the introduction of electric
vehicles by means of supplying the necessary distribution and charging
infrastructure. Also, they can offer electricity at a reduced price for vehicle
charging. For public, on-street charging stations, the cost of electricity can be
included in the parking fee. This way, electric energy is offered “free” to
electric vehicle users. The cost of the energy used during charging is much
lower than normal downtown parking fees. Offering special (off-peak) rates for
electric vehicle charging, using designated power outlets can support private or
corporate users of electric vehicles.

* Insurance premiums for electric vehicles can be kept at a low level.
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e In parking lots for the use of shopping centres, businesses or public authorities,
a number of spaces could be reserved for electric vehicles, with charging
facilities offered.
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2 ELECTRIC VEHICLES

In the previous introduction the drivetrain layout of the electric vehicle was clarified
(see Fig. 1.2). In this chapter some features, fundamental characteristics and
developments of the most important components (motor, convertor, batteries and
charger) are highlighted.  These characteristics are closely related to the
requirements of the electric vehicle driveline.

The electric motor is well suited for traction purpose. Starting from zero speed the
motor is able to deliver torque and accelerate the vehicle without the obligation to
have a gearbox and clutch, like it is required for internal combustion vehicles.
Furthermore an electric motor has the capability to be overcharged which is not the
case with an engine. During a certain period the motor can deliver a higher power,
sometimes 2 to 4 times higher, than its rated power. Internal combustion engines are
characterised by idling consumption and cannot regenerate the barking energy like
electric motors do. Intermittent service as is necessarily for a vehicle is a natural
working situation for the electric motor.

2.1 Requirements for Electric Vehicles

An electric vehicle has to fulfil all demands of the urban and suburban traffic. These
demands are different and depending on the vehicle kind and size. It is not possible
to assess and conduct evaluations on one type of vehicle and utilisation pattern
representing all together the different segments of the automobile population. As in
the case of an ICE vehicle, a specification sheet must be drawn up for each segment.
This will define a (hybrid) electric vehicle with performance levels comparable to
the ICE-driven vehicle in the segment one wishes to penetrate. The basic criterion is
the price, which is justified by technical performance and equipment [3]. The
different market segments can be: small passenger cars or second family car, the
family car or intermediate car segment, high class segment, commercial delivery
vans, trucks, minibuses and urban buses; but also electric bicycles and scooters.

Generally the vehicle characteristics are described by the maximum and continuous
velocity, gradeability, acceleration and range.

A high gradeability is not only necessary to move the vehicle on streets with a
certain inclination but also higher demands are required for driving on ramps of
parking houses or getting out of a hole or a kerbstone. This gradeability is closely
related to the maximum available torque, which also defines the maximum
acceleration of the vehicle.
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High acceleration performance mostly conflicts with energy consumption
requirements.

The driving range of a pure electric vehicle is defined by the battery energy content.
For hybrid electric vehicle two ranges can be defined: pure electric mode and
combined with the thermal mode. A high range requires a high overall efficiency
for different operating points.

The wished continuous speed on a flat road is used to design the battery and the
components of the drive system for the continuous or 1/2 hour power rating [34].

The maximum rotational speed of the motor mainly defines the maximum vehicle
velocity. A protection of the motor speed is mostly realised by an automatic
decrease of allowed battery current. Possibly, when driving downhill, the motor will
automatically switch to generator working to decelerate the vehicle. For this a
sufficient high enough brake torque and battery recharging current must be available
to fulfil this requirement.

Fig. 2.1 shows the throttle pedal characteristics of an electric vehicle. One can
recognise the maximum torque and velocity when the vehicle is in forward driving
mode.

Note that a braking torque is available at a higher speed than normal driving and this
in order to be able to protect the motor against overspeed.

Two possible solutions exist for starting from standstill. The one illustrated in the
figure corresponds to an automatic gearbox way of driving in which the vehicle will
automatic start when leaving the brake pedal without pushing the accelerator pedal.
The other approach consists in starting the vehicle only when the accelerator pedal is
pushed down. When the accelerator pedal is released the motor will automatically
decelerate the vehicle.

Some vehicles allow regenerative braking when pushing the brake pedal or manually
with a handle at the steering wheel (typically for buses).

The left side of the vertical axle illustrates the forward acceleration while rolling
backwards e.g. on a slope. A similar characteristic can be set-up for backwards
driving, but the maximum speed shall be lower.
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All these performance characteristics (maximum velocity, gradeability, etc.) are to
be seen in the scope of vehicle acceptance by the customer. Hence the vehicle must
be characterised by an acceptable mass production cost.

Electric drives have the advantage of a very low maintenance cost (no engine oil, oil
or air filters). Furthermore electric motors in industrial applications have a very
long lifetime, longer than required in vehicle application. To limit the production
cost the application should be lifetime oriented and as much as possible standardised
to be able to install the component in different types vehicles.

The driveability is very important, which requires a high starting torque at standstill,
a quick and stable response of the motor and an efficient controllable regenerative
braking. To have a smooth gentle start the rate of power increase of the motor
should be limited.

Additional to the performance and driveability needs there are important safety
requirements. Battery under and over voltage protection is required as well as
maximum battery current limitation. Thermal protection of motor and inverter by
temperature and over current control is essential. To prevent starting the drive
system when the vehicle acceleration pedal is already depressed the controller
should remain off [35]. In vehicle applications a high reliability and high robustness
is essential and when a fault occurs the vehicle must be stopped in a safe manner.
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The electric vehicle drivetrain requirements, corresponding to the market needs, can
be summarised as follows:

e Low losses (driving range)

e Low weight

¢ Low manufacturing cost

«  Good control capacity (driveability)

« High overload capacity (acceleration)

e High torque range (gradeability, acceleration)
e Speed range (vehicle velocity)

< Reversibility of torque direction (regenerative braking)
e Application oriented lifetime

*  Poor noise emission

e Little maintenance

e Universal installation

2.2 Traction Motors

2.2.1 Different Types of Motors

This section will briefly introduce different motor types in connotation with their use
in electric vehicle designs:

1. Direct current motors (DCM):
e Separated excited motor
e Series excited motor
e Compound motor
e Permanent magnet motor
2. Alternating current motors (ACM):
e Asynchronous motor
¢ (Permanent magnet) Synchronous motor
¢ Reluctance motor

2.2.2 DC-Motors

The magnetic field in a separated excited DC motor is created by a small convertor,
which delivers the excitation current. This results in a magnetic field developed by
the stator poles. Independent from this convertor, the main convertor delivers the
rotor current to build up the torque.

The structure of the series excited DC motor is basically the same as the structure of
a separated excited DC motor. In series excited motor the armature current also
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flows through the excitation windings, which results in a torque depending
quadratically from the armature current and creates consequently a high starting
torque. Since the motor field and armature currents are in series exceeding the rated
motor speed results in a decrease in output torque proportional to the square of the
motor rotational velocity. This means that a transmission with several conversion
ratios is almost always required.

Due to the fact that the series DC machines requires a very simple power convertor
they were preferred for traction motors first. The easy field weakening and
regenerative braking have made the separated excited motor increasingly popular.
Investigations in the early 70s have shown that drives with separately excited motors
are more efficient [36]. DC motors are limited in speed and have a lower power
density then AC motors. The DC motor maximum speed is less than 7,000 rpm
[37], due to the mechanical commutator. They have brushes and a collector, which
requires maintenance and can be a point of weakness. Most DC motors uses forced
cooling by a separate fan.

2.2.3 AC-Motors

a) Asynchronous Motor

The asynchronous motor (ASM) does not carry any field winding. It relies on
induction to create a rotor current. Asynchronous motors can be of two types:
squirrel cage and wound rotor. Wound rotor machines as their name indicates, carry
a three phase symmetrical winding on their rotor [38]. The asynchronous motor has
(mostly) a squirrel cage rotor and is fed by a multiphase alternating voltage source to
create a rotating field. The difference of rotating speed between the air-gap field and
the rotor results in torque production. More and more AC motors are designed with
water-cooling. Asynchronous motors are compact, light and are brushless. The
asynchronous motor has the advantage of its high robustness. They are less
expensive than DC, synchronous and switched reluctance motors. Reference [39]
mentions a higher efficiency than permanent magnet motors, but this is a point of
discussion, and there is obviously no demagnetisation of magnets possible.
Asynchronous motors have a higher power capacity at high speed than synchronous
motors [40]. Furthermore they have a good durability at high rotation speed.

b) Switched Reluctance Motor

The switched reluctance motor (SRM) makes use of torque generated by the salient
polarity (salient poles on stator and rotor). DC excitation is not needed. It needs a
large excitation current from the stator side and is characterised by a small rotor gap,
maintenance free and a high starting torque. The torque is proportional to the square
of the current.  Switched reluctance motors are simple and reliable [41].
Corresponding [42] they have a lower manufacturing cost than induction machines
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and show a superior thermal and mechanical robustness. Switched reluctance
motors can accept high rotation speeds and high temperatures. They have a good
torque/weight ration, but they are noisy and give large torque ripple, resulting in bad
driveability (shudder). The equivalent circuit is complex and a detection of
rotational angle is necessary. By using an observer that controls the phase currents
avoid the necessity of a position sensor and by a proper control of current pulse
shape reduce noise and vibrations. Both solutions are proposed in reference [43].

¢) Synchronous Motor

The synchronous machine (SYM) is fed by a multiphase alternating voltage source,
mostly three phases. DC current flows in field winding to control the flux of rotor
poles. Brushes and slip rings are necessary (maintenance), unless a more complex
brushless excitator is used. Synchronous machines can have higher efficiencies at
low speed than asynchronous motors [40]. Instead of using a field winding the
synchronous machine can also be equipped with permanent magnets.

d) Permanent Magnet Motors

The permanent magnet motor (PM) is a kind of synchronous motor, in which
permanent magnets (e.g. NdFeB) are fitted in the rotor. Magnetic poles are created
that rotate synchronously [44]. Next to the asynchronous motor, it is one of the
most important research areas in the field of electric vehicles. Probably it is the
solution to be implemented in case of integration of the motors into the wheels.

Permanent magnet motors do not have rotor copper losses. They are characterised
by a constant magnetic flux, no excitation, brushless, natural commutation, simple
structure and high power density. Mostly they have a higher efficiency than
asynchronous motors [45], but extra currents for field weakening control, even at no
loads, are necessary as well as a position sensor.

The surface type permanent magnet motor is characterised by a large equivalent air
gap. The armature reactance can be made small, which results in an improvement in
torque linearity and responsiveness to the current. It is unsuitable for field
weakening control due to equal g-axis and d-axis reactance. The construction of the
inset type permanent magnet motor looks like something between a surface type and
the imbedded type. There is an iron core between one magnet and another. In the
case of an imbedded type permanent magnet motor an iron core faces the air gap
surface and reduces the air gap. The construction results in a difference between g-
axis and d-axis reactance. Large armature reaction and field weakening control is
easy to perform, with maximum torque and/or efficiency control. Furthermore there
is high mechanical strength and low iron loss.

The permanent magnet hybrid motor has a permanent magnet field and a field
winding, to control the air gap magnetic flux, with independent magnetic paths. A
back yoke mechanically and magnetically couples the two armature cores. It can be
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constructed at the same size as a permanent magnet motor, but it needs an extra
controller for the DC magnetic field. It is less efficient than the permanent magnet
motor, but more efficient than synchronous machine, due to the negligible field loss
at low load [46]. Major disadvantages are the high costs of the rotor construction
and the required maintenance for the brushes [47].

Permanent magnet motors are usually referred to as synchronous motors but often
also as “brushless DC” motors even when it is basically the same type of motor.
The vocabulary is in this respect not very strict, but the most widely accepted
definition is that the PM synchronous motor is fed with sinusoidal stator currents
while the PM “brushless DC” motor is fed with square wave currents [48]. This
type of permanent magnet motor should not be confused with the direct current
motors where the field is build up with magnets and the armature fed by a DC
current.  The magnetic field of the “brushless DC” motor has a rectangular form,
which results in a high power density but low speed range. The advantage of the
square wave currents is a somewhat larger integrated current resulting in a larger
maximum torque. The disadvantage is a larger amount of harmonics resulting in
higher losses, more noise and a risk for torque pulsation.

2.2.4  Comparison of Drives for Electric Vehicles

Table 2.1 gives a comparison of different motor types [49]. Motors should always
be evaluated in function of the needs of the application. E.g. each of the different
motors can be less efficient than the others in some regions of operation, and it can
be more efficient than the others is some other regions. To make a good
comparison, one must not compare maximum efficiencies, but relate the efficiency
map to a certain speed cycle.

Table 2.1: Comparison of different motor types

ASM PM SRM DCM SYM
Motor size, mass 0 + 0 - 0
High speed + + + - -
Endurance, maintenance + 0 + - -
Efficiency 0 + 0 - 0
Controller size, mass 0 0 0 + 0
Controllability + + - + 0
Nr power devices 0 0 + + 0
Reliability 0 0 0 0 0
TOTAL +++ ++++ ++ -- --

The table shows an advantage for the permanent magnet motor as traction motor for
electric vehicles. Indeed, on the level of performance the permanent magnet motor
has a lot of interesting features. But considering the production cost, one must take
into account the high price of the magnets and the more complex construction of the
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motor. As long as this price is too high, the global result will probably be in the
advantage of the asynchronous motor.

2.3 Power Convertors

2.3.1  Chopper Circuits for DC Motors

The series wound motor needs only one DC/DC convertor unit. This type of drive
unit employs the most basic convertor design. A power switch directs the battery
current to the motor at a variable pulse-duty frequency adjusting the voltage at the
motor to provide the desired current (step down chopper). When a series motor is
used the specific torque-speed curve is used rather than the classical
constant torque - constant power characteristics. For braking and reverse driving,
additional elements are necessary in the circuit, because the field or the armature
connections have to be changed.

The separately excited DC motor requires an additional controller compared with the
series wound motor. The field current is independent of the armature current.
Mostly a transistorised field current chopper will control this low current. In this
case the constant torque - constant power working field is mostly exploited with a
speed ratio approaching 1:4.

For braking there are two relevant implementations: in a circuit with a two-quadrant
chopper the armature current is reversed or, as a second interesting solution, the field
current is controlled [50].

The choice of semiconductor technology is based on criteria of power capability,
switching frequency, switching and conduction losses, additional elements and
finally the costs. MOSFETSs allow very fast switching rates (100-800kHz) but are
limited in power capability [47]. From today's view, the IGBT will be the common
switching device for EVs. Only convertors for low battery voltages (< 100V) and
convertors with very high frequencies (DC/DC convertor, charger) will be equipped
with MOSFETS [51].

In a drive system with DC motor and chopper, the battery will be stressed by current
pulses in the armature control range if no additional filter capacitors are used. The
current root mean square (rms) value is much higher in chopper mode than the mean
value. This causes higher losses in the battery or in the filter.
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2.3.2 Inverter for AC Motors

Today's sophisticated microprocessors and micro-controllers form the foundation
stone for the activation of switches according to the wished waveforms and are
essential for the implementation of efficient control algorithms. Today’s inverters
for electric vehicles will be designed with modules of bipolar transistors, MOSFETSs
or IGBTs. Three-phase full bridges low current modules are available at reasonable
prices. AC drives need to be fed by a sinusoidal voltage or in some applications a
trapezoidal voltage. This is realized by a DC source connected to a three-phase
inverter working in pulse width modulation (PWM) mode. The load filters the
current. Harmonic currents should be low compared to the fundamental current to
keep the additional losses small. Compared to DC chopper circuits with relatively
low frequency, inverters need a big filter capacitor to reduce the current pulses in the
battery.

In the case of asynchronous or synchronous motors, the control modes used are
scalar and vector control.

The scalar mode performs an action on the slip in case of an asynchronous motor or
in case of a synchronous motor on the amplitude of the stator current while
maintaining the angle between the current and the rotor flux. This mode therefore
takes into account the natural characteristics of the motor.

The basic principle of vector control is a mathematically splitting up of the motor
current into torque current and excitation current. In this way the torque and the
field can be controlled separately, making the control of an AC motor similar to that
of the separately excited DC motor. This makes it possible to attain very high levels
of dynamic performance [52]. For this methodology it is necessary to know the
motor parameters, but these parameters can change due to temperature variations for
instance. The rotor resistance can be evaluated by the use of a thermistor on the
stator or an estimation algorithm.

If the field forming current value is maintained constant to achieve a constant flux
level (conventional vector control systems), the ratio of core loss to total losses
increases in the light load torque region [53]. Therefore a lot of researchers are
developing an adaptive or smart rotor flux observer. The magnitudes of torque and
magnetic flux current are adapted in function of speed and load to maximise motor
efficiency (see Fig. 2.2). The magnetic saturation and control stability cause
problems with this control strategy [54]. Combining a fast rotor flux control for
transient behaviour and a maximum efficiency flux control for steady state, can
solve these problems [55].
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Fig. 2.2: Smart flux optimisation [56]

The operating principle of the converter of the switched reluctance motor is as
follows: when one of the rotor pole tips get very close to a stator pole tip, the phase
winding associated with this stator pole is energized pulling the rotor pole into
alignment with it. In the aligned position the reluctance of the path is switched to its
minimum value (hence the name switched reluctance). At the moment a rotor pole
and a stator pole (or a set of poles) are getting aligned, another rotor pole is getting
very close to another stator pole, and the switches associated with the phase winding
of this last stator pole are turned on while the switches associated with the phase
winding of the poles that were getting aligned are turned off, and so forth; thus
generating torque and causing the rotor to rotate.

The timing at which the phase current pulse is applied (firing angle) and the time
duration of the pulse (dwell) determine the torque, the efficiency, and other
parameters of the motor. For that reason, it is essential for the inverter to know the
exact rotor position at all times. An encoder or a resolver is used to provide the
necessary position information to the controller circuitry [57].

The power part of the inverter of a “brushless DC” motor is similar to the inverter
for asynchronous motors. The pole position has to be detected by a sensor system or
by the motor voltage. In comparison with the asynchronous motors or the separately
excited DC motor, operation in the range above base speed is less simple. Control
can be achieved here with a reactive current and a greater pole angle. The ratio
between constant torque and constant power working field will be quite different
from the case with asynchronous motor (1:2 to compare with 1:4) [58]. By
advancing the conduction angle ¢ (between phase voltage and rotational
electromagnetic force (EMF)) the rotational EMF can be made higher than the phase
voltage [59,60,61], which results in an equivalent field weakening effect.

With flux weakening control, the currents will generate a field in opposite direction
to the flux due to permanent magnets and hence may cause irreversible
demagnetisation. Due to eddy current losses, temperature increases which results
also in demagnetisation [62]. Flux weakening techniques sacrifice the power factor
and the efficiency is degraded [63]. Using permanent magnet hybrid motor can
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possibly solve this problem, because they combine a permanent magnet with a field
winding.

2.4 Batteries and Energy Storage

The traction battery is the most critical component of the vehicle and in most cases it
will also be the most expensive component. Through the years, several battery types
have been developed. Only a small number however, can be considered for use in
electric vehicles. Different types of batteries are being presented on the market; the
most important ones are presented here as well as some other energy storage devices
like flywheels, super capacitors and fuel cells.

Batteries are characterised by their life cycle, energy and power density and energy
efficiency. The life cycle represents the number of charging and discharging cycles
possible before it loses its ability to hold a useful charge (mostly when the available
capacity drops under 80% of the initial capacity). Life cycle typically depends on
the depth of discharge. Life cycle multiplied by the energy content corresponds with
the calendar life, which gives an idea how many times the battery is to be replaced
during the lifetime of the vehicle.

When charging and discharging a battery not all energy, stored in the battery, will be
available due to battery losses, which are characterised by the battery efficiency.

The energy and power density describes the energy content (vehicle range)
respectively the possible power (vehicle performance) in function of the weight of
the battery.

The maximum power is often defined for a full charged system and a terminal
voltage equals 50% the initial open circuit voltage [64]. In the draft standard out of
reference [65] the maximum deliverable battery power is defined as the power at
which the battery terminal voltage would fall to 2/3 of the open circuit voltage.

A battery can be optimised to have a high-energy contents or it can be optimised to
have a high power capability. The first optimisation is important for battery electric
vehicles, while the second is required for hybrid drivetrains.

The State of Charge (SoC) of a battery is the amount of electrical charge in the
battery, expressed as a percentage of the difference between the fully charged and
fully discharged states.

A battery of an electric vehicle consists of a combination in series, and possibly
connected parallel, of individual battery modules. Minor differences in module
characteristics can be present. A battery management system is a key point for
battery reliability.
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A specific energy of at least 50 Wh/kg and a specific power ranging from 100 W/kg,
continuous, up to 200 or 300 W/kg is a must for an good electric vehicle design.
Ideally 150 Wh/kg and/or 500 W/kg up to 1000 W/kg (in the case of super-
capacitor) would be better, especially for hybrid vehicles [3]. The US Advanced
Battery Consortium (USABC) mid term goals are 150 W/kg and 135 Wh/kg and
long term goals 400 W/kg and 300 Wh/kg for respectively battery power and energy
density.

Table 2.2 shows some characteristics of the most important electric vehicle batteries
as reported in the literature. The life cycle is the most doubtful data since it requires
a lot of practical experiments. Data on energy and power density can vary in
function of if one battery cell or a whole battery pack is characterised.

Table 2.2: Battery characteristics [5,66,67,68,69,70,71,72,73]

Lead Nickel zZinc Sodium Lithium

based based based based based
Cell voltage 2V 12V 14..1,6 V 2..2,5V 3,5V
Energy 30...35 50...80 70...80 90...130 80...200
density Whikg Whkg Whikg Whikg Whikg
Power 70...130 175...700 100...125 100...160 140...1000
density Wi/kg Wikg Wi/kg Wi/kg Wikg
Energy 70..85 % 60...85 % 65...85 % 80...90 % 85...95 %
efficiency
Life cycle 600...1000 1500...2000 500...2000 600...1000 >1000
Cost 100...150 300...500 125...250 150...400 100...200

ECU/KWh ECU/KWh ECU/KWh ECU/KWh ECU/KWh

24.1 Lead-Acid Batteries

The lead-acid battery is the best known. The battery energy efficiency can exceed
80 %. Its major drawback however is its low energy density: 30 to 35 Wh/kg for
current traction cells. A lead-acid fitted electric vehicle will thus have a limited
range. The development of the lead-acid battery is still going on. Batteries with
extra capacities of 15 % and 25 % over standard cells are now available. However,
these high-capacity cells do not yet achieve the same life cycle as standard cells.

For traction purposes two types exist. The first type, the Vented battery with liquid
electrolyte, needs regular maintenance, namely topping up the electrolyte with
distilled water. This operation is essential for the good keeping of the battery.
Vented batteries emit hydrogen gas during charging, which may cause explosion
hazards. Several electrode structures exists: the “traction battery”, with tubular

1 without heating
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positive plates and the “semi-traction battery”, with flat positive plates. Flat-plate
batteries are less expensive to make, but tubular-plate batteries have a longer life.

The second type is the Maintenance-free battery, also called the Valve Regulated
Lead Acid (VRLA) battery, where the electrolyte is immobilised in a gel or in a
glass fibre mat and water consumption is avoided through hydrogen/oxygen
recombination. This battery is completely maintenance-free, and during normal
operation, emits no gases. This advantage is offset by their higher price. They are
also more sensitive to deep discharges and overcharges and they may only be used
with specially designed chargers. The use of a temperature balancing system is
important for the service life [70]. Their ease of use and lack of maintenance
however makes them very popular with electric vehicle manufacturers.

2.4.2 Nickel Batteries

The nickel-iron battery was developed especially for electric vehicles. Because of a
high water decomposition, this system has an inefficient charging factor and needs
good and frequent water refilling. A maintenance-free battery is not feasible.

In the nickel-cadmium battery the iron is replaced by cadmium. Nickel based
batteries are currently in widespread use in general-purpose electrical equipment.
While appliance batteries employ sealed designs, open nickel cadmium cells are
common in tractive application [5].

The battery has a high power density and fast charging possibilities. Its energy
density is higher than that of a Lead-Acid battery. But its energy efficiency is
limited. Nickel-Cadmium batteries also emit hydrogen gases when charging.

For traction purposes, nickel-cadmium batteries come in two versions according to
the electrode design (sintered or fibrous electrodes). Maintenance-free Nickel-
Cadmium batteries have been developed recently.

Long term continuous overcharging produces an artificially induced drop in capacity
and decrease the overall life of the cell. This capacity loss is caused by loss of
contact of the cadmium hydroxide particles with the negative cadmium plate. A
deep discharge / charge cycle restores the hydroxide particles to their normal smaller
size and increases surface contact. Repeated precise charge cycles affects the ability
of the cell’s active chemicals to charge fully, after which the positive nickel plate
begins to produce oxygen. Overcharging reverses the memory effect [74].

The high cost associated with the use of relatively expensive materials and
complicated production could be amortised by a service life, which is substantially
longer than that of the lead-acid battery. The limited resources of cadmium could
prevent the large-scale use of this type of battery. Cadmium can cause objections if
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it is not completely recycled [70]. The nickel can be reused to manufacture stainless
steel and one hundred percent of the cadmium can be reprocessed for use in new
batteries [75].

In nickel-metal-hydride batteries [76,77] an alloy storing hydrogen will be used for
the negative electrode, instead of cadmium. Energy density and power density
increase, compared to the nickel cadmium battery [78]. High power prismatic cells
(higher then 600 W/kg) [79] as well as bipolar pack designs, reducing fabrication
cost, [80] are under development. Because nickel-based batteries also have higher
power density ratios, they are particularly interesting for hybrid vehicles. However
one should find a good compromise between power density and energy efficiency.

2.4.3 Redox Batteries

The zinc-bromine battery uses soluble active material and liquid electrolyte. This
battery is in fact a complex electrochemical system with a battery flow stack and
two external tanks of electrolyte. It is a so-called “redox” battery. It uses bipolar
cells, which are connected to a stack. A bromine complex is pumped through on one
side of the cell and a zinc-bromine on the other. Its characteristics made it
promising for electric vehicle applications. At the moment it exists as pre-
commercial prototype. Like all systems with circulating electrolyte, the expenditure
for the zinc-bromine battery is higher in order to cover the current losses in the line
system, pump energy and recharge the auxiliary battery. The auxiliary battery
guarantees secondary vehicle functions and restarting when the zinc-bromine battery
is empty.

Considering the toxicity of bromine, the safety aspects of this battery and its
behaviour in case of accidents are viewed more or less critically [70,81].

Another zinc-based battery is the zinc-air battery. It has an extensively enlarged
surface and it probably will have an energy density up to 8 times higher than that of
a lead-acid battery. For recharging however the electrodes have to be removed from
the system and regenerated in a chemical plant.

The Vanadium Redox Battery stores energy in the vanadium pentoxide electrolyte
and uses conduction polymer plates with a graphite felt surface to collect the current.
This current is generated by the transfer of electrons from the electrolyte in the
positive half-cell to the electrolyte in the negative half-cell and is supported by the
flow of hydrogen ions across a membrane separating the electrolytes [82].

The characteristics of the battery permit considerable latitude in designing systems
for specific storage applications. One of the most important features is that the use
of solutions for energy storage allows independent sizing of system power
(determined by the number of cells in the stack and the size of the electrodes) and
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the energy storage capacity. Cycle data indicates up to 5000 cycles without
performance degradation [82].

The battery can be recharged in a few minutes by exchanging discharged electrolyte
with charged electrolyte.

The electrolyte that flows through the cell stack removes waste heat and all cells
remain in the same state of charge. Individual cells do not require monitoring or
balancing. Overcharging for cell equalisation is not required and explosion hazard is
minimised. The electrolyte has indefinite life and low cost. Reused electrolyte
ensures low environmental impact. Deep cycling does not affect battery life [82].

2.4.4 Sodium Batteries

The sodium-sulphur battery essentially differs from batteries with liquid electrolyte.
It is a so-called “high temperature” battery: the electrodes (sodium and sulphur) are
present in molten state at a working temperature of around 300°C, separated by a
ceramic solid electrolyte. The whole battery, containing a large number of small
individual cells, is enclosed in a thermal envelope and fitted with a thermal
management system.

The chemical components of the battery are completely sealed and there are no gas
emissions. Its main advantage is its high energy density (100 Wh/kg, three times
more than for the lead-acid battery). However the failure to realise batteries with
adequate life cycle has lead to the abandonment of this technology.

The sodium-nickel chloride battery is very promising. It has cells similar to the
sodium-sulphur cells and operates also at high temperatures. The active ingredients
are sodium and nickel chloride. It is also known as the ZEBRA battery and exists in
a pre-commercial prototype state. From the point of view of safety, it is easier to
handle and the battery does not react sensitively to overcharging and over
discharging. A disadvantage is the higher internal resistance, which can changes
due to the electrochemical reactions [70]. It offers also the main advantages of a
high energy density (100 Wh/kg). This battery could come on the market if an
efficient marketing action is operated.

2.45 Lithium Batteries

An advanced battery is the lithium battery. Lithium is the lightest metal with
highest electrochemical potential. Small cells are established in the portable
electronic market. Batteries for electric vehicles are under development [83,84].
Lithium based batteries concepts furnish higher energy density (100 — 150 Wh/kg),
than sodium units in a package suitable for the use at normal ambient temperatures.
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Lithium secondary batteries using nickel-cobalt composite oxide as the positive
electrode material and a mixture of graphite and coke (hybrid carbon) as the
negative electrode material have been examined to develop long life and large-scale
batteries [85].

A Lithium polymer elementary cell is made by laminating together five thin
materials including an insulator, a lithium foil anode, a solid conductive polymer
electrolyte, a metal oxide cathode and a current collector [86]. Lithium polymer
batteries have high tolerance to abuse conditions such as overcharging and
overheating. Optimal performance for EV applications is achieved when operating
the battery between 60°C and 80°C. They have low heat capacity and thus can be
rapidly heated-up with a small amount of energy [84], but the application for EV
will necessitate a performant thermal management system.

The working principle of a lithium-ion intercalation cell is different from most
current systems. It is not based on a chemical reconstitution reaction, i.e. a chemical
phase change in the active materials. Lithium atoms are rather stored in the
respective host structures of the active materials. The insertion process is called
intercalation. During charge lithium is oxidized at the negative electrode. The
lithium ions are then transferred through the electrolyte to the positive electrode.
Here they are again stored in the respective intercalation material. During
discharging the reverse process is taking place [87].

Lithium-ion cells achieve coulomb efficiencies of nearly 100 %. A few internal
effects could increase the capacity imbalance between the cells [88]. This is the
reason why a battery management system must control very tightly the balance cell
by cell. The open circuit voltage, after a sufficient relaxation time (a few minutes)
gives a clear indication of the cell’s state of charge [72].

2.4.6  Super-Capacitors

Super or ultra-capacitors (800-1500 F) behave, like very high-power, low-capacity
batteries but store electric energy by accumulating and separating unlike-charges
physically, as opposed to batteries, which store energy chemically in reversible
chemical reactions. One key aspect of super-capacitors is that they have excellent
life cycle. When fully developed for vehicles, they could be expected to last as long
as the car. This is because it is possible to cycle super-capacitors very quickly and
deeply without having the large decrease in life cycle that most chemical batteries
experience. They also have a high cycle efficiency (up to 90 % [89]) compared with
chemical batteries. The primary obstacles with super-capacitors at this point are
their low specific energy, which are in the range of 5-10 Wh/kg and the large
possible voltage dispersion between individual cells. Super-capacitors also have the
unique feature that their voltage is directly proportional to their state-of-charge.
Therefore, either their operating range must be limited to high state-of-charge
regions, or control electronics must be used to compensate for the widely varying
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voltage. The fact that super-capacitors can provide high power for accelerations and
can accept high power during regenerative braking makes them ideally suited for the
load levelling required in electric and hybrid electric vehicle. Power densities of
2000 to 4000 W/kg have been demonstrated by ultra-capacitors in the laboratory
[90].

247 Flywheels

Flywheels store energy mechanically in the form of kinetic energy. One can
distinguish mechanical and electrical flywheels. The mechanical flywheel is
connected to the drive system via an axle. The electrical flywheel takes an electrical
input to accelerate the rotor by using a built-in motor, and returns the electrical
energy by using this same motor as a generator.

The most significant factor affecting flywheel design is the materials used to
construct the flywheel rim. A flywheel rim needs to be made of a high tensile
strength to density ratio material to maximize the kinetic energy stored (thanks to a
high rotational speed) while minimizing the chance of failure. Flywheels show
technical promise as a potential load-levelling device for hybrid electric vehicles;
however, they are still under development and are not yet commercially available.
Flywheels could become an excellent high power density storage devices, with one
optimistic estimate for specific power ranging between 2000 W/kg (short-term) and
8000 W/kg (long-term) [91]. The corresponding specific energy is ranging from 4
to 50 Wh/kg [92].

2.4.8 Fuel Cells

The development of fuel cells goes back to the last century. The fuel cell
electrochemically combines air with fuel and converts it into other elements with a
production of electricity. The conversion is similar to a conventional battery, except
that the reductant and oxidant are continuously supplied to the cell instead of being
contained in the cell. In addition, fuel cells are ‘recharged’ by filling up the fuel

supply.

Fuel cells are electric generators, basically fed with hydrogen as a fuel. This
hydrogen can either be stored as such in the vehicle, or be generated in the vehicle
by means of reformers. Hydrocarbon fuels such as methanol, natural gas or
synthesis gas can be used by employing a chemical reactor prior to entering the fuel
cell. The hydrocarbon fuel is converted into hydrogen rich synthesis gas via water
vapour reformer or a partial oxidizing burner and then is purified in a gas
purification stage to clean hydrogen. Emissions of these processes usually are CO
and CO, [93].
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When hydrogen is stored as such this can be as a compressed gas in vessels, as a
cryogenically liquid at a temperature of minus 253 °C or hydrogen atoms adsorbed
in reversible metal hydrides, as obtained by applying hydrogen gas under pressure
on suitable metal alloys. The low temperature and pressure at which the reaction
occurs and the stability of the hydrides, preventing leakage flows in case of damage,
make this form of storage particularly attractive for road transportation applications.
Compared to lead acid batteries this storage contains up to 10 times more energy
[94].

The fuel cell has the potential to be more efficient than a gasoline or diesel engine.
Fuel cells are at the opposite of most electrical devices in that peak efficiency occurs
at minimum load. Efficiency is 60% at no load and 40% at full load at the current
state of development and the theoretical maximum is 83% [95]. A fuel cell has very
few moving parts (reactant pumps and valves), which produce very little friction.
The fuel is oxidised at low temperature instead of being combusted at very high
temperatures as in an internal combustion engine. Low emissions are a result of low
temperature oxidation and appropriate fuel selection when a reformer is used with
hydrocarbon fuels. If methanol is used to generate hydrogen with a reformer, 25
volume percent of the gas output is CO, [96]. In the case of hydrogen (the ideal
fuel), the only by-product is water.

The fuel cell is still under development. Fuel cell systems are still relatively large
and heavy compared to conventional engines. Cost is still very high, mainly because
fuel cells are constructed from expensive materials and are produced in low
volumes. As manufacturing issues are tackled, lower cost materials and lower
precision tolerances should considerably bring the cost down.

The fuel distribution infrastructure for hydrogen is very limited. A reformer based
vehicle system has the advantage of using existing hydrocarbon fuels that are more
readily available than hydrogen.

*  Methanol is the simplest hydrocarbon, making it relatively easy to reform
and it is liquid, so it fits more easily into the existing motor fuel distribution
infrastructure.

*  When using gasoline reformers the existing fuel infrastructure can be used,
but their additional emissions are still being examined.

e Hydrogen can also be produced out of natural gas at existing refuelling
stations [97].

The fuel cell is in principle very simple, however the chemic reactions do not readily
take place, and unless special materials are used for the electrodes and the
electrolyte, the current produced per cm? is small and the electrical power losses in
the electrolyte are large. To overcome these problems, different types of fuel cells
have been developed. The different varieties are distinguished by the electrolyte
used though the construction of the electrodes is also different in each case.
However, in all types there are separate reactions at the anode and the cathode, and
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charged ions move through the electrolyte, while electrons move round an external
circuit. Another common feature is that the electrodes should be porous, because the
gasses have to be in contact with the electrode and the electrolyte at the same time
[98].

a) Phosphoric Acid Fuel Cell

The Phosphoric Acid fuel cell is already being used stationary in such diverse
applications as hospitals, nursing homes, hotels, office buildings, schools, utility
power plants, and airport terminals. Phosphoric acid fuel cells generate electricity at
more than 40% efficiency and the steam this fuel cell produces can be used for co-
generation. Operating temperatures are in the range of 200°C. These fuel cells also
can be used in larger vehicles, such as buses and locomotives.

b) Alkaline Fuel Cell

The Alkaline fuel cells (AFC) can achieve power generating efficiencies of up to
70%. It uses liquid alkaline potassium hydroxide as the electrolyte. Until recently it
was too costly for commercial applications, but several companies are examining
ways to reduce costs and improve operating flexibility. The operating temperature is
about 70 °C [96].

¢) Proton Exchange Membrane Fuel Cell

The proton exchange membrane fuel cell (PEM) has a solid electrolyte. The power
density of PEM fuel cells is significantly higher than that of alkaline fuel. The PEM
fuel cell is currently more complex than the AFC. Nevertheless, though the
performance of the cells seems to be different, they have to be compared to both the
whole system and to the different applications in vehicle use (starting period, stop
time, idle time, etc.). Motion sensitivity and the origin of the hydrogen are also
relevant issues. If the hydrogen is not obtained from fossil fuels, alkaline cells will
be favoured, whereas a production of methanol from coal will favour the PEM fuel
cell [99]. The Proton Exchange Membrane cells operate at relatively low
temperatures (about 90 degrees C°), have high power density, can vary their output
quickly to meet shifts in power demand, and are suited for applications — such as in
automobiles — where quick start-up is required [98].

d) Molten Carbonate Fuel Cell

The Molten carbonate fuel cell promises high fuel-to-electricity efficiencies and the
ability to consume coal-based fuels. This cell operates at about 650°C. The first
full-scale molten carbonate stacks have been tested.
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e) Solid Oxide Fuel Cell

The Solid Oxide fuel cell could be used in big, high-power applications including
industrial and large-scale central electricity generating stations. Some developers
also consider that solid oxide can be used in motor vehicles. A solid oxide system
usually uses hard ceramic material instead of a liquid electrolyte, allowing operation
temperatures to reach 900°C. Power generating efficiencies could reach 60%.

f)  Direct Methanol Fuel Cell

The Direct methanol fuel cell is a relatively new member of the fuel cell family.
This cell is similar to the PEM cell since they both use a polymer membrane as the
electrolyte. However, in the direct methanol fuel cell the anode catalyst itself draws
the hydrogen from the liquid methanol, eliminating the need for a reformer. Hence
they are very attractive since no gaseous fuel is needed. Efficiencies about 40% are
expected. It would typically operate at a temperature between 50 and 90°C. Higher
efficiencies are achieved at higher temperatures [98].

2.5 Chargers and Infrastructure

The introduction of large numbers of electric vehicles will require the development
of charging infrastructure. Electric vehicles using batteries require access to an
electricity distribution network in order to recharge their energy source. The charger
itself may be located on-board, off-board or partially on-board the vehicle. For
vehicles used in public transport, and used on fixed routes, off-board chargers are
mostly used. The use of partially on-board chargers offers interesting possibilities,
particularly for opportunity charging. These devices are based on inductive energy
transfer (see below).

a) The battery charger

Electric vehicles are largely independent of the charging place if they are equipped
with an on-board charger connectable with any AC outlet. A 230V /16 A outlet
can supply an apparent power of more than 3,5 kVA. A battery of 15 kWh can be
charged in less than five hours (main charge). In Europe, three-phase feeding is
generally used for powers higher than 3,5 kW. High power is available from the
three-phase AC 400 V-grid. High power fast charging techniques add weight and
size to the charger convertor and hence will be mostly used as off-board charger.
Stationary chargers should be able to provide 20 to 200 Amps at output voltages
from 60 to 200 V. This means a 40 kW connection to the mains has to be provided
[102] allowing charging an almost empty 15 kWh-battery in 20 minutes. Adaptive
process controlled charging technology are on the market for 25 kW to 150 kW fast
chargers [100] and even up to 300 kW chargers for buses [101] are available.
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The electric vehicle has to be connected to the AC electric vehicle supply equipment
so that in normal conditions the charging function operates safely, indoors or
outdoors, causing no danger to persons or surroundings, even in the event of
carelessness that may occur in normal use.

Electromagnetic compatibility is considered particularly important; both the
immunity against external disturbances and the generated electromagnetic
disturbances are treated. Lack of immunity against electromagnetic disturbances
may in fact have consequences on other electric vehicle equipment. Electric utilities
in Europe are nowadays demanding more and more consumers with low distortion
and reactive power requirements.

The charging techniques are quite important since they have great influence on the
lifetime of the battery, energy efficiency and maintenance. The purpose is to control
the chargers in such a way that they optimally fit the electro-chemical process inside
the battery [102]. When fast chargers are used for different kind of vehicle with
different batteries, an information transfer is required to adapt the charging process
at the characteristics of the battery.

b) Inductive charging

The basic idea of the inductive charging system is quite straightforward: the main
transformer of the battery charger is split in two parts. The primary is mounted
fixed on the ground, the secondary is mounted on the vehicle. It is then sufficient to
place the primary adjacent to the secondary to "re-assemble” the transformer and to
allow energy transfer from the grid to the battery. The present state of the art of
inductive charging system shows several approaches, which have led or may lead to
industrial developments.

Systems using the grid frequency (50 Hz) are available for industrial vehicle
applications. The control of the charging procedure can be based on a ferro-resonant
working point of the transformer [103].

A system using intermediate frequencies (400 Hz) retains some interesting features
of the mains-frequency systems while considerably reducing weight and size. It can
be integrated with 400 Hz generating equipment which is an industry standard. The
control of the charging procedure can be based on classical 400 Hz PWM convertors
existing in the aircraft sector [104].

Systems using high frequencies, between 25 and 100 kHz, have been developed in
the USA for power ranges up to 120 kW. They offer exceptional power transfer
capability in a small and light unit, but mostly they have to be manipulated by hand.

In Europe, high-frequency systems, which require no manipulation, are being
developed in the framework of automatic rent-a-car systems. The charging
procedure is automatically initiated when parking the vehicle, through the matching
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of the primary inductor (mounted in the road surface or in a box on the road side)
with the secondary inductor (mounted on the underside of the vehicle or on the front
side of the vehicle protected by the bumper) [104].

Due to its particular characteristics of user-friendliness and safety, inductive
charging is well suited for a large number of electric vehicle applications. Because
of the infrastructure needed, it seems likely however that, in a first period, fleet
applications will be the most important. Considering the substantial cost savings
associated with large-scale production, it may be feasible to offer private electric
cars fitted with standardised provisions for inductive charging at a limited extra cost.
This would give the private electric vehicle owner access to public inductive
charging stations for cable-free opportunity charging and overnight charging, to be
performed at on-street or off-street car parks. To allow home charging, it still seems
advisable to provide the possibility for conductive charging however, except when
small portable units can be provided [3].

¢) Electricity production and distribution

According to a study by CITELEC [105], the extra demand of electric energy can be
covered without problems by the existing base power stations, when a penetration of
30 % of electric vehicles in Europe is assumed. Battery charging largely takes place
overnight and there still is an important excess generating capacity during off-peak
hours. The extra consumption could be covered without major additions to the
electricity production park. According to reference [106] an introduction of 10 %
electric vehicles in the Netherlands would require an additional power of 700 MW to
be installed if these vehicles would be charged during the day. If these vehicles are
charged at night the cost to produce the electricity would decrease and no additional
installed power would probably be needed. Ten million electric vehicles in
Germany would represent less than 5 % of the electricity generated in Germany [5].
One million electric vehicles in France require less than 1% of their electricity
production [107].

The electric energy needed to recharge the electric vehicles can thus be delivered by
existing power stations; however, the impact on the local, medium and low-voltage
distribution network has to be considered, in particular for heavily populated areas.
When assuming slow (five-hour or more) charging, the existing low-voltage
distribution network can mostly cope with the 30 % electric vehicles penetration
potential [1].

Fast opportunity charging adds to the range and operational flexibility of electric
vehicles, but lays a heavy burden on the electricity distribution. Fast charging would
occur at moments of the day at which the distribution network is already highly
loaded. The marginal cost per kWh is then excessively high. Furthermore, the
demanded power could be extremely high. The super-fast charging techniques
presented by some manufacturers would require expensive high-current connections.
Therefore slow overnight charging is preferred wherever possible.
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Another interesting way to explore is the possibility to provide fast charging points
fed by independent electricity production units such as fuel cells, windmills, solar
plants, etc, associated or not with an accumulation system (stationary battery or
redox battery). This way, electric vehicles can add to the peak-shaving strategy of
electricity producers. The use of multiple tarification can be an important incentive
for users to make a good choice.

How to assign a type of power plant (renewal (sun, wind, etc), coal, nuclear, etc)) to
the consumption of electricity by the vehicle is described in Part 11 subchapter 6.3
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3 HYBRID ELECTRIC VEHICLES

‘Hybrid electric vehicles’ is the name of a large group of different kinds of vehicles.
A hybrid drive system is resulting from the combination of two or more simple
systems, which can operate simultaneously [7]. Hybrid electric vehicles combine
electric and other drive or generating systems, such as internal combustion engines,
gas turbines and fuel cells. Hybrid electric vehicles combine the zero pollution and
high efficiency benefits of electric traction with the high fuel energy density benefits
of an energy source or thermal engine.

Different concepts of the hybrid drivetrain topology can be examined. Furthermore
the relative contribution of each energy source to the traction effort, expressed in the
rate of hybridisation, has an important impact on the final drivetrain. In the next
paragraphs these different solutions will be described.

3.1 Hybrid Drivetrain Configurations

The number of different topologies for the configuration of hybrid drivetrain is
enormous. In reference [108] one can find 23 different solutions. The most
important four can be found in Fig. 3.2 to Fig. 3.4. The basic designs are series and
parallel hybrid drives.

patey Battry ||| O e
EngineH Gr:tnoer_ Charger Vceor?e-r
Engine
Fig. 3.1: Series hybrid Fig. 3.2: Parallel hybrid
Gene- ch Con- [ Electric Reservoir Batle)
Reservoir) | rator =4S verter 1] motor
. Gene- " Con-
Engine i Charger Ve
Engine
Flywheel or
supercapacitor
Fig. 3.3: Combined hybrid Fig. 3.4: Series hybrid with peak
power unit
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3.1.1  Parallel Hybrid

The parallel hybrid (Fig. 3.2) is a combination of traction systems [7]. Several
electric motors or internal combustion engines, being part of two or more driveshafts
perform the traction. Each driveshaft has to be associated with an energy source [7].
The parallel hybrid drive shows a purely mechanical power addition. In a parallel
hybrid an internal combustion engine and an electric motor can be coupled directly
or via a gearbox. Clutches can disconnect each motor. This way, it is possible to
drive only with the electric motor, only with the internal combustion engine, with
both motors or with the internal combustion engine driving only the electric machine
to charge the battery. Both motors will be coupled on the same shaft, which is
driving the wheels [7]. Solutions with completely disconnected motors driving each
one axle are called dual mode hybrids [53].

Parallel drives can be divided into torque and speed addition designs. In the torque
addition configuration the speed values of both motors have always the same
relation to each other. The speed addition can only be realised by planetary gears in
which the torque values of all the shafts have a constant relation to each other.

To modulate the torque of the engine (2) in a torque addition parallel hybrid drive
(Fig. 3.5), an electric motor (6) is mechanically coupled to the wheels (3). In
function of the load (speed cycle) the electric motor torque can be controlled e.g. in
such a way that the engine torque remains constant. In this case the engine speed is
still depending on the vehicle speed. A toothed wheel (7) performs this coupling.

: Fuel tank
Engine
:Wheels
Battery

: Converter

: Electric Motor

: Reduction gear
: Differential

Fig. 3.5: Parallel drivetrain with torque addition

The linear relation between the velocities, as well as the torque addition can be
described with the following equations:

T, AL 3.1)
Up n, '
Wy =W = wz/xz (3.2)
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With :
e T torque
*  Ne efficiency of toothed wheel connecting motor with differential
L ¢ P efficiency of toothed wheel connecting engine with differential
W rotational speed
« X transmission ratio

Instead of adding the delivered torques one can also add the rotational speed of
different components by the use of a planetary gear, which is the case in the speed
addition parallel hybrid drive. The planetary gear set is often used in an automatic
transmission [109]. Such a gear set can supply one or two gear reductions and
reverse, depending on the design, by simultaneously engaging or locking various
elements of the planetary systems. In hybrid drives the speed of the elements can be
controlled with electric motors, instead of locking the elements.

S:sun

C: carrier
R: ring
Fig. 3.6: Planetary gear
The next equations demonstrate the possibility to regulate the speed of the carrier
(C) by changing the sun (S) speed independently of the ring (R) speed [110]. A

detailed description of the functionality of this planetary gear in a combined hybrid
drivetrain can be found in Part II.

1+ p) v, = pLévs + v, (3.3)
A+p) (1+p)
T. = 0. = (T
T e T ne " (34)
With :
e T:torque

e ns: efficiency from sun to carrier

e ng: efficiency from ring to carrier

e (o rotational speed

e p: planetary gear ratio (= nr. of sun gear teeth / nr. of ring gear teeth)
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3.1.2  Series Hybrid

The series hybrid is a combination of energy sources [7]. The traction is obtained by
only one central electric motor or by wheelhub motors. The on-board total energy
source results from the combination of two or more energy sources. In series hybrid
drives there are no mechanical connections (Fig. 3.1) between the internal
combustion engine (or other energy source) and the wheels. All thermal energy is
converted first into mechanical energy in a thermal engine and further in electrical
energy by a generator driven by the thermal engine. Hence a decoupling of the
operation of the energy source from the required traction power is possible. Mostly
the energy source, also called auxiliary power unit (APU), will act as base power
unit delivering the average traction power while the battery acts as peak power unit
or energy buffer. The series hybrid has the advantage of operating a thermal engine
in a chosen optimal operating field, for instance with low specific fuel consumption
in the torque-speed operating area.

The series electric hybrid concept can also be chosen for a two-motor propulsion
(four motor or multi-motor propulsion) in the same way as for pure electric vehicles.
In this case, each motor needs a separate convertor with speed and torque control,
which guarantees the necessary torque splitting in each condition (electronic
differential) [111]. This can give interesting solutions for low floor buses, because
there is no need to have an axle under the floor going to the wheels.

In the case there is no battery used one find the classical diesel-electric traction
system back, which don’t allow the recuperation of braking energy and the diesel
engine will not operate in a constant working point.

Thermal engines are usually petrol or diesel motors, but the use of turbines and
Stirling motors is investigated too. Turbines have the advantage of a high
power/volume ratio compared to reciprocating engines [112]. But for this type of
use a gas turbine is hardly appropriate. The low level of power demand in
comparison with other turbine applications makes it at the moment difficult to reach
a sufficient energetic efficiency (about 20 %) [51]. As a result of its very high speed
and low dynamic behaviour a gas turbine is only usable in a series hybrid system.
Passenger cars equipped with gas turbines are today experimental cars.

The Stirling motor is often described as the external combustion engine. Similar to
the gasoline engine a working medium (gas) is first compressed at low temperature;
subsequently it is heated and finally expanded. At the contrary to the internal
combustion engine, this gas is heated via a heat exchanger [113]. Different fuels can
be used to heat-up this gas. They engine efficiency should approach 30 %. These
engines have a low dynamic behaviour. Due to their complicated design they have a
high manufacturing cost.

The fuel cell hybrid structure is a series structure in which the engine and the
generator are replaced by a fuel cell system producing electric energy starting from
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stored hydrogen or from a fuel tank feeding a reformer to produce hydrogen [3].
The excess of electricity produced by the fuel cell can be stored in a buffer battery.
When the battery is left out one has no longer a hybrid vehicle but a fuel cell electric
vehicle. Hence the fuel cell has to have enough dynamics to meet shifts in power
demand.

Fig. 3.4 illustrates an example of a series hybrid with peak power unit, in which the
generator set provides a constant average power, the battery functions as an energy
buffer and the flywheel (or super capacitor) caters for the brake and acceleration
power peaks. In this configuration the battery dimension can be smaller or it can
possibly be omitted. The efficiency and reliability of the flywheel or super capacitor
are an important factor for the development of these drivetrains.

3.1.3 Combined Hybrid

All topologies different from the series and parallel hybrid electric vehicle shall be
called complex hybrid vehicles. Hence complex hybrid vehicles include series
hybrid with peak power units, parallel hybrids with flywheel mechanically
connected via e.g. a continuous variable transmission (CVT) or combined hybrid
vehicles.

A combined hybrid is a combination of a series and a parallel hybrid drivetrain. The
latter will be described in this subchapter. By adding a mechanical connection in a
series hybrid between the internal combustion engine and the electric motor a
combination of series and parallel hybrid working mode can be realised (Fig. 3.3 and
Fig. 3.7). This solution allows benefiting from the parallel as well as from the series
hybrid concepts. In Fig. 3.7 the transmission consists of a single planetary gear set
coupled to the engine and a generator. The planetary gear set (7) divides the
engine's (2) driving force into two forces: one that is transmitted via the ring gear to
drive the wheels (8) and the other that drives the generator (9) through the sun gear.
The electrical energy, produced in the generator, is re-converted into mechanical
energy through the motor (6) via the convertor (5). Since the motor is also directly
connected to the ring gear, this force is transmitted to the wheels. In addition,
batteries (4) provide supplementary driving force to the motor as needed. The
batteries also recover and reuse the braking energy transformed into electrical
energy by the motor (6) [110].

This drivetrain topology allows controlling the engine speed and torque and this way
minimizing the fuel consumption of the engine. For any given steady-state vehicle
speed, the speed of the engine can be adjusted simply by varying the speed of the
generator (9), as shown in equation (3.3) [114]. The generator is also used to start
the engine.
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Fig. 3.7: Combined hybrid drivetrain

4  Some Examples

To give the reader an impression on the dynamics in the development of the car

man

ufacturers some examples are highlighted in this paragraph. One can notice

different approaches. Series, parallel, combined as well as fuel cell vehicles are
under development.

The Audi Duo was first developed as a dual mode hybrid concept where front
wheels were driven by the engine and rear wheels by a small electric motor.
The 1996 version is based on the A4 Avant. The front axle is powered by a
four-cylinder 1,91 TDI engine with automated clutch system. The front-axle can
also be powered by a 21,6 kW permanent magnet three-phase synchronous
motor. The change of operating mode is automatic [115]. The electric motor
has to be integrated into the gear tunnel, the inverter is integrated below the rear
seat and the batteries are located below the luggage compartment [116]. The
latter are 22 maintenance free lead-acid batteries with a maximum voltage of
264 V [118]

The hybrid Golf VW includes a 44 kW diesel engine with catalyst and a 7 kW
AC motor, placed in the clutch housing with two clutches. The AC motor
integrates the function of engine flywheel, generator and starter. The clutches
are operated by a microprocessor to switch from electric drive mode to
combustion drive mode depending on the driving condition [108].

The Toyota Prius is a combined hybrid vehicle that comprises three key
elements: a highly efficient 1,5 litre engine that enables 5L/100 km in city
driving conditions, a nickel metal hydride batteries and a planetary gear as
mechanical splitter device [118]. An 30 kW permanent magnet motor and
15 kW permanent magnet generator control the power flow in the drive train.

The Honda Insight is a two-seat hybrid vehicle, weighting less than one ton.
Honda's new integrated motor assist system combines a one-litre, three-cylinder
gasoline engine with an electric motor powered by nickel metal hydride
batteries. It consumes 3,9 L/100km in city driving conditions and 3,4 L/100km
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on the highway. The Insight meets California's strict ultra-low emission vehicle
standard [117].

e The Renault VERT is essentially a series hybrid composed of a diesel-turbine
and two 45 kW asynchronous motors [118].

* Renault also has developed the electric Kangoo with range extender. This
consists of a small, direct-injection engine (500 cc), which increases the electric
model’s range significantly to between 200 and 300 kilometres.

* Mercedes-Benz C Class series hybrid vehicle has a combustion engine of
65 kW, a generator of 60 kW and two electric motors of 35 kW each. The
acceleration is around 16 seconds from 1-100 km/h and the maximum speed is
170 km/h. This vehicle is equipped with 34 kW NiMH battery [119].

» The natural gas/electric series hybrid Altrobus, has a 105 kW asynchronous
motor driving the wheels and connected to a 100 Ah /600 V lead acid battery
pack. The vehicle’s permanent magnet generator group delivers 30 kW and is
powered by a 2,5 litre natural gas engine running at constant speed. It gives a
better efficiency than a conventional configuration. The whole bus’s HC+NOx
and CO emissions are even within the California’s ULEV and EURO Il
passenger car limits [120].

* NEBUS is the fuel cell version of Daimler-Benz’s O-405 N model, a 12-meter,
low-floor city bus with 34 seats plus standing room for 24 persons. The
Ballard-designed PEM fuel cell consists of ten 25 kW stacks of 150 individual
cells each, providing a total output of about 250 kW [98]. The hydrogen is
stored in bottles.

e The FEVER (Fuel Cell Electric Vehicle for Efficiency and Range”) is powered
by a PEM fuel system and runs on stored liquid hydrogen. It has a nickel-metal
hydride 2,8 kWh battery for energy buffer storage. The expected range is
500 km, with a top speed of 120km/h [98].

Next to the two fuel cell vehicles illustrated above, also other car manufacturers are
investing in fuel cell technology and are building fuel cell vehicles. Some examples:
Daimler-Chrysler Commander (methanol); Merced-Benz A class (methanol); Opel
Zaffira (50 kW PEM); Ford P2000 Prodigy (pure hydrogen); PSA (PEM); Renault
Laguna Estate; BMW 7 series Sedans (hydrogen combustion engine with a small
fuel cell for the auxiliaries); Volkswagen/Volvo Golf (methanol PEM fuel cell);
Zevco London Taxi (Alkaline Fuel Cell); Toyota RAV4 (Methanol and Hydrogen
PEM); Mazda Demio (hydrogen). Up to now the PEM fuel cell with a methanol
reformer seems to gain the most interest by the car manufacturers.
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3.2 Definitions Used to Characterise Hybrid
Systems

To better understand the hybrid concepts some definitions are given.

a) Order of hybridisation

The order of a hybrid system is the number of different systems necessary to build
the drivetrain [7].

In the case of an electric or thermal vehicle there is only one motor or engine driving
the vehicle. These drivetrains are from the first order. Also fuel cell vehicles
without a battery are first order systems.

A parallel hybrid built up with one engine and one motor is a second order
hybridisation as well as a series hybrid electric vehicle containing a battery and
another energy source.

When a peak power unit, like a flywheel or super-capacitor, is added next to the
APU and battery, the vehicle is from the third order. All complex hybrid drivetrains
are third or higher order systems.

A combined hybrid drivetrain like Fig. 3.3 can also be seen as a third order
hybridisation. Although there are only two energy sources, there are three shafts:
one connected to the engine, one to the generator and one to the electric motor. All
three are mechanically connected to the wheels.

b) Electric Hybridisation Rate (EHR)

The Electric Hybridisation Rate (EHR) gives an indication of the performance, and
above all, the range in protected areas. This means the ‘more battery’, the longer
one can drive without generator or engine, the higher the electric hybridisation rate.
It is the ratio between the electric power and the total traction power (equation
(3.5)), and it is expressed as a percentage [3]. The higher this rate, the more the
vehicle tends to a pure electric vehicle.

In the case of a series hybrid electric vehicle the traction power corresponds with the
nominal electric motor power, since this motor is in charge of all traction effort. The
electric power is the maximum battery power. This maximum power is difficult to
be defined (see subchapter 2.4). The difference between nominal motor power and
nominal generator power can also be used. Consequently the EHR for a series
hybrid is given by equation (3.6).

54 VSP



3. HYBRID ELECTRIC VEHICLES Part |

For a parallel hybrid electric vehicle, the EHR is equal to the ratio of the electric
motor power to the overall power (equation (3.7)). This overall power is the sum of
the engine power and motor power, since both are in charge of the traction exertion.

Be aware that it is difficult to compare the power of an electric motor to the power
of an internal combustion engine. The power of an engine corresponds to its
maximum deliverable power. At the contrary the power of an electric motor mostly
expresses its continuous or one-hour rated power. Its maximum power can be more
than double the continuous power.

electric power

traction power

(3.5
Electric Hybridisation Rate

EHR =

P -P P
EHR - Pbat - mot gen EHR — mot
I:)mot Pbat + Pgen I:)ICE + I:)mot
(3.6) (3.7)
E.g. series HEV E.g. parallel HEV

A 12 m series hybrid bus, with a 2,5 L engine of 40 kW is taken as example. This
power is sufficient to drive a 30 kW generator feeding a 125 kW electric motor. The
battery delivers the acceleration power [3]. The Electric Hybridisation Rate is in
this case 76 %. The importance of the electric contribution is relatively high.

A second example is a parallel hybrid passenger car with a 15 kW electric motor
mechanically connected to a small 30 kW engine. It has an EHR of 33 %. In this
case the EHR is relatively low and hence the electric contribution is modest.

¢) Combustion Hybridisation Rate (CHR)

To have an idea of the relative contribution of the internal combustion engine a
complementary definition to the Electric Hybridisation Rate can be introduced:
Combustion Hybridisation Rate (CHR). It is the ratio between the thermal power
and the total traction power (equation (3.8)), expressed as a percentage. The higher
the rate, the more the vehicle tends to a pure thermal vehicle.

In the case of a series hybrid electric vehicle, the thermal power is defined equal to
the rated generator power and hence the CHR is defined by equation (3.9).

For a parallel hybrid electric vehicle, the CHR is equal to the ratio of the engine
motor power to the overall power [7] (see equation (3.10)).
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thermal power

traction power

(3.8)
Combustion Hybridisation Rate

CHR =

CHR = Pge" - I:)mot B Pbat CHR = I:)ICE
mot I:)bat + I:)gen I:)ICE + I:)mot
(3.9) (3.10)
E.g. series HEV E.g. parallel HEV

For the example of the 12 m series hybrid bus, the Combustion Hybridisation Rate is
24 %. For the parallel hybrid passenger car it is 67 %, which means a high
contribution of the combustion engine.

Notice that the sum of the CHR and EHR is always equal one.

d) Rate of Hybridisation (RoH)

Neither the Electric Hybridisation Rate nor the Combustion Hybridisation Rate
express the degree of hybridisation itself, but how much a vehicle leans against the
electric vehicle side or respectively to the thermal vehicle side. The Rate of
Hybridisation (RoH) describes the relative contribution of each energy source (in the
case of series hybrid electric vehicles) or traction system (in the case of parallel
hybrids). If both systems have an equal contribution to the traction effort, the Rate
of Hybridisation is defined equal to one (the maximum). If the contribution of the
thermal system is higher then the electric system, the rate of hybridisation (RoH,)
equals the ratio of the electric power to the thermal power and vice-versa (RoHg)
(equation (3.11). Hence first order systems always have a rate of hybridisation that
equals zero.

In the case of the series hybrid vehicle the RoH is consequently defined by (3.12)
and in the case of the parallel hybrid vehicle equation (3.13) gives the RoH.

If B, <R RoH;, Sl
Pa
_ Py
el
(3.11)

Rate of Hybridisation
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I:)mot - Pgen — Pmot

RoH, =~ %1 RoH,, = P
gen ICE

P
RoH :—Pge" RoH,, = PICE

e
mot Pgen mot
(3.12) (3.13)
E.g. series HEV E.g. parallel HEV

One gets for the given example of the series hybrid electric bus 32 % and for the
parallel hybrid electric car 50 %.

These definitions are valid for second order hybrid electric vehicles only. When the
hybrid electric vehicle become more complex the definition of the Rate of
Hybridisation is not straightforward anymore and cannot be used.

3.3 Classification

Armed with these definitions, a table, representing a panorama of second order
hybrids can be constructed. This user-friendly diagramme will point out the
different possibilities of hybridisation in terms of power by varying progressively
the electric and combustion hybridisation rate. The diagramme is based on
reference [7].

Alternator-starter

T 1st order

2nd order

[ st

Range extender

2nd order
Transmission

£ No-battery
g Electric Vehicle
(Fuel cell vehicle,

electric transmission without
battery)

Fig. 3.8: Different hybrid electric vehicles classification
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When the size of the alternator of a thermal vehicles is increased in such a way that
it can be used as starter motor too, one gets a kind of hybrid electric vehicle where
the engine can be switched off at e.g. traffic lights. Increasing this motor dimension
even more leads to a full parallel hybrid electric vehicle, where the engine as well as
the electric motor can drive the vehicle.

Excluding the engine results in a pure electric vehicle.

Starting from the thermal vehicle and going down in Fig. 3.8 to the electric vehicle
the combustion hybridisation rate (CHR) decreases and the electric hybridisation
rate increases (EHR).

Some electric vehicles are equipped with a small auxiliary power unit (a small
engine connected to a generator) to extend the driving range of the vehicle (in the
middle of Fig. 3.8). The range is still mainly depending on the battery capacity.

The dimension of the generator can be enlarged until the range is primarily function
of the fuel content, i.e. the battery never gets discharged. The CHR rises and the
EHR reduces (from the middle of Fig. 3.8 downwards).

When the APU is large enough to deliver the whole traction power the battery can
even be left out, which corresponds with the ‘classical’ diesel-electric solution. This
can result in a poor efficiency of the entire drivetrain. When the engine-generator
group is replaced by an efficient fuel cell however, this can lead to a promising
environmentally friendly vehicle.

The gross evaluation and classification does not stop there, as more complexity will
appear in the evaluation as one passes from simple to more complex hybrids. There
exists no single optimal solution. The selection must be based on the required
application (a bus is not a cab), the performance and the comfort, the controllability
and state of the art, the environment and the cost. Once the selection of the
drivetrain topology (physical lay-out) is done the work has just to begin: how to tune
the ICE, how to control battery state of charge, when is zero emission drive required,
etc ?

3.4 Powerflow Control Algorithms

A HEV is not simply an assembly of hardware components hooked up electrically
and mechanically, with nothing telling them what to do or when to do it. A control
strategy brings the components together as a system and provides the intelligence
that makes the components work together. The flexibility in design of hybrid
vehicles comes from the ability of the powerflow strategy to control how much
power is flowing to or from each component. This way, the components can be
integrated with a control strategy to achieve the optimal design for a given set of
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design constraints. There are many, often conflicting, objectives desirable for
hybrid electric vehicles.

The primary being [121]:

¢ Maximised fuel economy;

e Minimised emissions;

e Minimised propulsion system cost;

*  Acceptable performance (acceleration, noise, range, handling, etc.).

A hybrid drivetrain is a complex system in which APU power set-point, battery
charging/discharging profile, DC-bus voltage, etc, will influence the consumption
and emissions of the vehicle. The combination of the effect of all these parameters
can best be evaluated with the help of a powerful simulation tool. To minimise the
consumption and emissions it is not only important to select an appropriate
drivetrain topology, but next to the individual component efficiency, the
development of the powerflow control algorithm is mainly decisive to optimise the
global drivetrain energy efficiency. This furthermore closely relates to the vehicle
application (type of drive cycle).

The following sections will describe different possible control strategies
implementable in hybrid electric drivetrains. A non-exhaustive list is established of
possibilities applicable on series, parallel and combined hybrid vehicles. Part Il
describes the implementation in the software programme of these control algorithms.
Finally to understand them better simulation results can be found in Part I11.

3.4.1  Series Hybrid Electric Vehicle Control Algorithms

Table 3.1 summarises different possible APU powerflow control algorithms
applicable in series hybrid electric vehicles. At one end the energy source (APU)
will be forced to track the car load demand (continuously variable*) at the other end
the batteries will take care of all traction dynamics and the APU will operate only at
one working point corresponding to the average required power (Constant**).

The “Goal” describes the moment in a drive cycle when operating the APU. It is
closely related to the rate of hybridisation.

Once the APU is working it can deliver a constant power or its output power can
fluctuate. This is described by the “Delivered power”.

The APU power can be delivered on different manners, this means that different
speed-torque working points can provide the same output power; this is summarised
under “Set point”.

Finally some parameters are discussed which influence the drivetrain “Strategy”.
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Table 3.1: Overview of different APU powerflow control algorithms
Goal Delivered power
- range extender - none
- continuous mode - constant**
- intermittent mode - discrete
- continuously variable *
Set point Strategy - APU power as a function of:
- optimal operating point - battery voltage
- optimal operating line - location : city or country
- deviation allowed between limits - State of Charge (SoC)
- maximum deviation speed - vehicle speed
- constant speed, variable torque - SoC deviation in time
- SoC and vehicle speed combination
- minimum ON time
- relative distribution
- required traction power
- history

a) Goal
Range extender. With a small rate of hybridisation the APU is used to extend
the range of the electric vehicle. However the autonomy is still depending on
the capacity of the battery. The battery will discharge less quickly than without
a range extender; nevertheless the APU power is not sufficient to maintain the
battery state of charge. This type is also called a ‘battery depleting hybrid’
[122] where the state of charge of the traction battery at the end of a service day
or driving cycle is lower than at the beginning. The batteries thus have to be
recharged from an external source (electricity grid). The normal battery charger
of around 3 kW is mostly used as convertor for the APU power as well.
Continuous mode. With this implementation the APU will have a bigger rated
power compared to the APU of the range extender. It is the purpose to operate
the APU continuously. The state of charge of the traction battery at the end of
the service day or trip is mostly equal to that at the beginning. (The state of
charge of the battery at any given time will of course be variable.) This
drivetrain is mostly of the ‘non-depleting’ or ‘charge-sustaining’ hybrid type.
The solution allows a smaller energy content of the battery due to the fact that
this battery is only in charge of the peak power requirements.
Intermittent mode. In this category the vehicle is able to drive pure electric in
certain parts of the drive cycle, e.g. in urban city centres. The APU must be
powerful designed to be able to charge the battery in the episode in which it is
operating. The battery must be sufficiently large to secure the pure electric
driving phase. Several APU-operating strategies for this working mode can be
taken under consideration.
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b) Delivered power

e« Constant. When the APU is in use it will deliver a constant power
corresponding to a certain setpoint (see further).

e Discrete (manual or automatic). In this case the APU power can only be set on
beforehand defined values. The selection can be carried out by either the driver
(who can have an idea of the type of driving trip he will perform) or
automatically by a microprocessor. This working mode allows selecting the
APU power in function of the demanded battery power without having much
dynamic fluctuations of the engine.

e Continue variable. This option allows changing the APU power continuously.
E.g. the generator-engine group can charge the battery at its maximum charging
power and at the same time deliver the required traction power. The dynamic
operation of the engine however is a serious drawback of this solution (higher
emission and fuel consumption).

c) Set point

The necessity to choose a setpoint is a typical action needed for an engine-generator
group.

e Optimal operating point. One can choose to operate the engine in an optimal
working point. The torque and rotational velocity corresponding to the lowest
fuel consumption (in g/kWh) can be chosen to define this point. It can also
correspond to the lowest NO,-emission or SO,-emission. The optimal emission
point can be different from the optimal consumption operating point. This
optimal operating point can also be a compromise between fuel consumption
and emissions.

e Optimal operating line. When a generator has to deliver different power levels,
the engine rotational velocity can be chosen for each power level corresponding
to the lowest emissions or fuel consumption or a combination of both.

«  Deviation allowed between limits. One can choose to operate the engine only in
a certain velocity span. Most engines have an operating area (in torque and
velocity plane) in which the fuel efficiency remains rather good.

« Maximum deviation speed. When the engine’s working point has to change, the
deviation in function of time can be restricted, to avoid fast engine fluctuations
and hence to minimise engine dynamics.

e Constant speed, variable torque. Another approach consists in keeping the
engine speed constant (no additional inertia torque) and allowing to change its
output torque in function of the required generator power.

d) Strategy

The APU power can be selected in function of different parameters and
requirements, like:
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e Battery voltage. Independently of what strategy is used the battery voltage
should be kept within its safety operating limits. Otherwise the battery can be
damaged (inversion of polarisation, abundant gassing, etc).

e Location (city or country). One of the main advantages of hybrid electric
vehicles is the ability to drive pure electric in certain (historical) city centres.
This can be manually selected or automatically. With the help of the rising
telematics technology radio beacons can be installed at the entrances of
protected areas. These can disengage the APU, with the due safety and
warning, while driving into such a neighbourhood.

¢ Vehicle speed. Internal combustion engines produce an important amount of
noise. This can be agitating when an internal combustion engine is delivering
full power while the vehicle itself is standing still. One can organise the
decrease of the APU power or even the complete cutting off of the engine when
the vehicle's velocity decreases beneath a certain value.

e State of Charge (SoC). The state of charge of the battery can be an important
parameter to regulate the generator. The state of charge may not be too low to
have enough battery power left for acceleration. To allow maximum
regeneration of braking energy the battery should not be completely charged.
When the SoC reaches a maximum level the APU should be switched off or
operated in idle mode. The APU should be switched on when exceeding a low
SoC limit. Additionally when a critical SoC low limit is reached the APU
power can be increased to its maximum level to charge the battery as fast as
possible.

e State of Charge deviation [112]. In the same philosophy of previous paragraph
the engine power setpoint can be chosen in function of a desired SoC deviation.
Two deviation levels can be chosen. A recommended level (Fig. 3.9) that
describes how fast the SoC may decrease. This value is closely related to the
maximum range of the hybrid electric vehicle. If this is chosen equal zero, the
range is defined by the content of the fuel tank. Otherwise the SoC will
decrease until the battery is empty (battery depleting type). A second maximum
deviation level can be chosen. If the SoC deviation is higher than this
maximum limit (Fig. 3.9) the APU power level should be as high as possible. If
the SoC deviation is between the recommended and the maximum limit the
engine power can be selected according its lowest consumption. Furthermore if
the SoC deviation is slower than the recommended level than the engine can be
switched off or set to idle mode.

APU offor idle

“T---Qptimal APU po

Maximum deviation of SoC

Maximum APU power Recomended daviation of SoC

y o Time/Distance

Fig. 3.9: State of charge deviation criterion

e State of charge and vehicle velocity combination. The APU should be switched
on when the vehicle speed exceeds a certain limit. This vehicle speed
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corresponds with a certain required power and hence energy consumption. This
speed level can be adjustable in function of the state of charge described with
the equation (3.14).

S0Cyg, —SOC )

v=v,l-a
S0C,;y, —S0C

(3.14)

low

e Minimum ON time. Frequent switching on and off the engine will result in
additional consumption and emissions. To avoid this, a minimum APU on-time
can be imposed.

e Relative distribution. The previous strategies describe whenever the APU
should be switched ON or OFF. One can also chose to relatively split-up the
required traction power between the APU and the battery. E.g. the first delivers
70 % of the power and the latter 30 %. The APU can only provide power and
hence all braking power can only be recuperated by the battery.

¢ Required traction power. The maximum allowed charging power of a battery is
in most cases much lower than the maximum discharge power. If the APU is
only allowed to deliver a constant power, this power will be used for driving
and battery charging together. In this case the maximum value of the APU
power must be limited to the maximum battery charging power (at standstill all
APU power goes to the battery). Another solution is modulating the APU
power in function of the required traction power. Hence the battery can be
charged at its maximum charging power level. The battery does not act as peak
power unit anymore; the APU will deliver them. Power requirements are an
important design parameter for the battery of a hybrid electric vehicle opposite
to energy requirements.

e History. Previous discussion clearly shows that the pros and contras of a certain
strategy should be evaluated. Operating the engine in its working point
corresponding to its lowest fuel consumption can be at first site very promising.
This can be conflicting with battery charging constraints (charging/discharging
losses). On the contrary, allowing a fluctuation of APU power will lead to
additional inertia torques and fuel consumption. However one can choose to
allow a slow changing of the APU operating point in function of the delivered
energy. While driving at constant speed a lower APU power should be
required. When driving a very demanding drive cycle the APU power should
increase slowly. A microprocessor can integrate the required traction power
and modulate the APU power in function of this parameter or similar one can
establish a linear relation between APU power and SoC.

3.4.2  Parallel Hybrid Electric Vehicle Control Algorithms

The parallel hybrid electric vehicle can operate in several modes: electric only,
engine only and dual power source or hybrid mode [123]. The electric motor can
also operate as a generator during braking. Compared to a conventional vehicle the
parallel electric drivetrain has the main advantage that it is able to regenerate the
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braking energy. This implies that during braking all braking torque will be delivered
by the electric motor and the engine needs to be disengaged.

Moreover the parallel solution allows using the electric motor as starter motor. Even
the alternator can be omitted and a DC/DC convertor can be used to charge the
auxiliary battery via the main traction battery.

The same approach of the powerflow strategy for the series hybrid drivetrain as
described above (3.4.1) in ‘Goal, ‘Delivered power’ and ‘Strategy’ is applicable for
the parallel hybrid drivetrain too. Only the ‘Set point’ is different due to the fact that
the engine is mechanically connected to the wheels. There is one degree of freedom
less compared to the series hybrid vehicle. Indeed in most parallel hybrid vehicles
the engine is mechanically connected to the wheels via a toothed wheel, resulting in
an engine speed proportional to the vehicle velocity. The number of power control
algorithms in parallel hybrid vehicles is thus much smaller than one can find for the
series hybrid vehicle, where engine speed and torque can be controlled
independently from the traction effort.

Equation (3.1) on page 48 shows the possibility to control the engine torque via the
electric motor, independent from the required traction torque. Several approaches
are possible. Five of them are explained below:

a. Relative distribution. The required driving torque is proportionally split up; e.g.
the engine could deliver 70 % of the traction torque and the electric motor 30 %.
This relative contribution of each motor can be kept constant during the whole
drive cycle. This approach in itself has little benefits.

b. Constant torque. One could consider keeping the torque value of the engine
constant. This torque value can be chosen in function of the engine’s highest
efficiency and/or lowest emissions. The electric motor must deliver the
remaining part of the required torque. Hence the motor is in charge of the
vehicle dynamics. It will deliver the acceleration torque (see ‘4.5 Calculation
Methodology’). The engine will deliver a constant base torque. Furthermore
the engine can be declutched when its velocity drops under a certain limits or
exceeds a maximum value. In this way the engine working point can be kept
within an operating range corresponding with low fuel consumption. When
declutching the engine one has the possibility to completely switch off the
engine or to operate it at idle speed.

¢.  Minimum Efficiency loss. This third approach is a more intelligent one. Hence
it is possible to operate the engine on its optimal working line corresponding
with low fuel consumption. The transmission ratio and the input velocity define
indeed the engine velocity. One can define a power division to minimise the
efficiency loss for the entire vehicle. This covers the total efficiency loss for all
of the individual vehicle components. The most dominant loss will be the
engine loss. The total efficiency loss can depend on the respective driving
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condition [124]. Calculating for each time step of a reference speed cycle the
best operating point, with the lowest drivetrain losses, will not necessarily result
in the lowest total fuel consumption, because battery charging and discharging
are not taken into account. This charging-discharging profile is time and speed
cycle dependent. Time integration can partially solve this problem, but
provides only a solution for the considered reference speed cycle.

d. In function of SOC(Papy(S0C)). This criterion takes the state of charge into
account. Hence the influence of the driving cycle is considered in an indirect
way. When the speed cycle is a very demanding one, which means that the
battery SoC is decreasing very fast, the engine power level should be enlarged
to compensate this energy consumption. At the contrary, when driving a very
moderate cycle, e.g. cruising at 50km/h, the engine will provide the traction
power and probably it will charge the battery at the same time. At this moment
the engine power level can be decreased.

e. In function of SoC bis (Switchapy(SoC)). The use of the state of charge as
control parameter can be slightly different than in the case of the series hybrid
vehicle. When the battery SoC is low, the engine can provide the driving torque
and an additional torque to recharge the battery via the electric motor. When
the SoC is high the electric motor only launches the vehicle [125].

Combining some of these considerations can result in an example where the control
strategy uses the electric motor for additional power when needed. This can be done
in a variety of ways [126]:

a. The electric motor can be used for all driving torque below a certain minimum
vehicle speed.

b. The electric motor is used for torque assist if the required torque is greater than
the maximum producable by the engine at the engine’s operating speed.

c. The electric motor charges the batteries by regenerative braking.

d. When the engine is running inefficiently at the required engine torque at a given
speed, the engine is shut off and the electric motor will produce the required
torque.

e.  When the battery SOC is low, the engine will provide excess torque, which will
be used by the electric motor to charge the battery.

3.4.3 Combined Hybrid Electric Vehicle Control Algorithms

By introducing a planetary gear connected to a generator in the parallel hybrid
configuration one gets a combined drivetrain with one degree of freedom more.
This drivetrain has consequently a lot of possibilities to control the powerflow and
to minimise this way the energy consumption. The drivetrain has a planetary gear
and a torque splitter (toothed wheel), which allow us to control the speed as well as
the torque of the engine.
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a. Constant working point. One could consider keeping the torque value of the
engine constant, like it is described in the previous paragraph. Furthermore due
to the planetary gear the engine velocity can be modulated with the help of the
generator (see equation (3.3) in subchapter ‘3.1 Hybrid Drivetrain
Configurations’). Consequently both torque and speed of the engine can be
freely chosen independently from the driving requirements. The engine
working point can be selected corresponding to its lowest consumption. Hence
the drivetrain is controlled like it is generally done in a series hybrid vehicle: the
engine delivers the average driving power; the acceleration peaks are covered
by the electric motor; the battery is used as the energy buffer. Different to the
series configuration is the fact that the engine power is mechanically coupled to
the wheels. If this average power is higher than the required value, the
remaining part is transmitted through the generator and possibly through the
motor to recharge the battery.

Although the engine operates in its most efficient working point, this control
strategy does not automatically imply a low energy consumption of the total
drivetrain. Indeed, a constant engine power results in frequent charging and
discharging the battery, with high power levels. Moreover, in the drivetrain the
power from the engine can flow via the planetary gear, through the generator and
back through the motor to finally reach the differential, instead of going directly to
the differential (see Fig. 3.7). This strategy can also imply the necessity of a larger
generator nominal power and battery capacity.

b. Overall lowest power loss minimalisation.  Another approach considers
operating the engine on its optimal working line, which describes the relation
between engine torque and speed corresponding with the lowest fuel
consumption. The speed of the engine can be adjusted in correlation with the
required torque, by varying the generator speed (see (3.3)). The torque can be
controlled corresponding equation (3.1). The power distribution can be defined
in function of the overall lowest power losses. This covers the total efficiency
loss for all vehicle components. The total efficiency loss depends on the
respective driving condition [124]. To define this power distribution a
simulation programme is required. With the help of this simulation programme
one has to find, for each required wheel torque and speed value of the
considered reference cycle, the best power distribution according to the lowest
total efficiency loss (power to battery and wheels compared to engine power).

An example is illustrated by Fig. 3.10. The power distribution is here described as a
Power Distribution factor (PDF) used in the simulation model of the Torque Splitter
(see Part I1). One can recognize at low torque levels a very high PDF to impose a
high enough torque at engine side. At this moment a part of the engine power is
used to drive the vehicle and another part to charge the battery. For medium torque
levels this PDF equals one. This means that the engine directly delivers all the
traction power. At higher torque levels the engine as well as the electric motor is
contributing in the power demand.
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Fig. 3.10: Power Distribution Factor of an optimized combined hybrid
drivetrain power control algorithm

For the operating points which require a low power level (e.g. at low constant
speed), the engine efficiency will be in any case unfavourable. This can be solved

by

e Operating the engine only above a certain engine power level.
e Locking the generator at low required power (all engine power flows directly to
the differential).

During braking no torque should go to the planetary gear, but all braking energy
should be regenerated directly via the motor to the battery.

Calculating for each time step of a reference speed cycle the best operating point,
with the lowest drivetrain losses, will not necessarily result in the lowest total fuel
consumption, because battery charging and discharging is still not taken into
account. This charging-discharging profile is time and speed cycle dependent.

¢. Maintaining battery SoC. If the battery size is chosen rather small, to minimise
vehicle weight, previous strategies cannot be implemented completely. Indeed,
the battery SoC can decrease very fast in function of the drive cycle. To
maintain the battery SoC level, it can be required to impose a power demand for
battery charging. In this strategy the battery will provide energy when high
vehicle acceleration is necessary or when a very low driving power is required.
In the first case engine and motor will drive the wheels together. In the second
case the engine is switched off and the electric motor is in charge of the driving
force. When a moderate driving power is required, the engine will drive the
wheels and will also charge the battery via the generator with a charging power
in function of the SoC. This control strategy is implemented in the Toyota Prius
[127].
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3.4.4 Some Examples

Some example showing combinations of some of the above-described criteria are
illustrated hereafter:

The diesel-electric vehicle has no battery and hence is not able to regenerate braking
energy and regulate engines operating point. It is a kind of series hybrid where the
APU is working continuously. Neither optimal setpoint, nor powerflow strategy can
be implemented. It allows using wheel motors in low-floor buses where engine and
wheels are not mechanically connected. However the fact there is no battery for
energy buffering imposes the engine to follow the required traction power, thus with
the same dynamics as in a conventional vehicle, with that difference that the
mechanical decoupling of the internal combustion engine from the wheels yields
higher losses due to the multiple energy conversion. Hence the overall efficiency
can even be worth than that of a conventional vehicle.

The electric-assist parallel uses the engine as the primary propulsion component,
which is mechanically connected to the wheels. The electric motor and batteries
provide the peaking power (in the form of additional torque to the wheels) to
increase the total power available while decreasing the power required from the
engine. This keeps the engine in a more efficient region of operation and helps
reducing emissions from “full throttle” conditions. The electric motor and batteries
are also available to capture regenerative braking energy from decelerations, an
added efficiency boost during urban-type driving. This control strategy is
sometimes called a “power-assist”.

The APU-assist parallel uses the electric motor and batteries as the primary
propulsion components while the APU is only turned on for higher speeds, hill
climbing, or hard accelerations. The advantage of this control strategy is that most
of the energy used is electrical energy, which would tend to reduce overall emissions
and the amount of fuel used. It also allows the electric engine starter to be
eliminated because the vehicle is moving when the APU is turned on. The APU
should be designed for an optimal operating at high power load.

The objective of a thermostat series [121,128] vehicle is to operate entirely on
electrical energy, with the batteries being discharged until a low state of charge
(SOC) is reached. The APU is then turned on to recharge the batteries until a "full"
SOC is reached and the APU is turned off. This continues indefinitely if the APU is
adequately sized, in which case it would be a charge sustaining thermostat series
hybrid. The word thermostat is used because the SOC of the batteries is allowed to
fluctuate between a high and low set-point in the same way that a building's
temperature is allowed to fluctuate between the set-points regulated by the
thermostat. Advantages of this type of hybrid are that the APU can be set to operate
at one point of torque and speed at which it is most efficient and least polluting.
This prevents the APU from experiencing any transient loads, which also should
reduce the emissions. Another potential reduction of emissions can come from the
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addition of an electrically heated catalyst, which can easily be implemented to
reduce cold-start emissions since there is ample knowledge of when the APU will
come on.

Load-leveller series: The goal of a load-leveller series hybrid is to match the
average power requirement of the vehicle with the electrical power that is produced
from the APU. The batteries provide the power peaks, while during the low power
periods, the batteries are recharged such that the state of charge of the batteries
hovers around a mid-level SOC. The advantage of this type of hybrid is that the
battery pack energy can be relatively small and has instead a high power capability.
In general, this allows the weight of the propulsion system to be lower. It does,
however, force the APU to change its power output as the load changes. Changing
its throttle slowly can minimise the transients that the engine sees, but the engine
still has to operate at multiple points in its efficiency and emissions maps.

3.5 The Need for Simulation Tools

Due to their more complex structure, hybrid solutions will be more expensive than
the conventional solution; so their lower fuel consumption alone may not be enough
to make the increased investment worthwhile. This additional cost depends on the
complexity of the solution and the component design. Lower fuel consumption is
not the main and only benefit: the reduction of CO, emissions may range from 30-
50 %.

It is clear that a considerable development effort is necessary to determine the most
appropriate solutions. The analysis of road vehicle use in Europe shows that hybrid
electric vehicles must fulfil different missions, and must satisfy acceleration,
maximum speed, high range, gross weight and payload criteria [1]. The energy
management systems of all hybrid structures will play a fundamental role because of
their influence on the global energy efficiency and the emissions [3].

To minimising both common testing, time and development cost, a software tool can
facilitate engineers in evaluating current vehicle technologies and can support them
in the selection and matching of energy storage devices, hybrid powertrain layouts
and vehicle energy management.
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4 THE SIMULATION PROGRAMME

4.1 Other Programmes

Before ‘inventing the wheel a second time’, it is always interesting to evaluate what
other researcher have already done. In this chapter other simulation programmes
will be briefly described.

The last ten years simulation programmes dedicated for the evaluation of vehicles
has known an important progress. Most simulation tools were originally designed to
evaluate specific drivetrains and each model has been implemented for its own
particular scenario. They were mostly written in text-based languages, with data
structures that were difficult to access. Admission to many of these programmes is
limited by commercial considerations.  Multimedia technology allows now
relatively rapid development of highly graphical and interactive user interfaces.

In the following paragraphs examples of some important and recently developed
programmes are described. These descriptions are based on the corresponding
publications, but most of them could not be verified. All the programmes use the
same fundamental principle, based on longitudinal upstream-looking quasi steady
state time stepping algorithm. This algorithm has already proven its validity and
will be described further on.

While reading the literature of the above-described simulation programmes the same
remark systematically came back: ‘due to lack of information’, ‘data is hard to find’,
‘the availability of the required information to implement is not a trivial point’,
‘parameters will not be easily at disposal’. Its is clear that one of the problems of
vehicle simulation software is the availability of data.

The Vehicle Simulation Programme (VSP) differs fundamentally from these
examples:

e It has a unique iteration algorithm dedicated for the flexible implantation of
different kind of hybrid drivetrain topologies and powerflow control algorithms
taking into account the component operating boundaries or desired operating
conditions.

e It has an in-depth worked out programme modularity in which almost all
parameters are only accessible in the module of the component itself.

e It has a flexible database structure, integrated in the component models,
allowing an easy implementation of different kind of component data in the form
of look-up table, maps, theoretical equations, and empirical formula; in
function of the available data.
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a) Drivetrain Simulator (DTS)

Our first major experience with vehicle simulation software was in the framework of
a JOULE Il programme, funded by the Commission of the European Communities,
as collaborator of the University of Kaiserslautern in Germany. Within this project a
transparent simulation for electric and hybrid vehicles, called Drivetrain Simulator
(DTS) was developed [129,130].

Thanks to the main user interface, the user does not have to deal with the source
code of the main programme. This user interface shows a modular structure of the
drivetrain. For each object the user has to decide which variables will be drawn
during and at the end of a simulation, as well as how often tracing occurs. Every
component is described thanks to an integrated programming language called DTS
[131]. The DTS-source code looks in some regards like the PASCAL language.
Simulation source code can be modified to create new components and to change the
structure of the studied system. For some components, such as the drive cycle, data
and characteristic curves are stored in tables, which can be changed. Thanks to a
"diagram viewer" the tables of results can be converted into graphs. Limitations in
components can be introduced in modules so that the demanded power is reduced if
one or more components are overloaded.

b) SIMPLEV®

SIMPLEV® is an Electric and Hybrid Vehicle simulation program developed by the
Idaho National Engineering and Environmental Laboratory (INEEL). The INEEL is
a multi-program engineering and environmental laboratory doing research and
solving national problems for the U.S. Department of Energy (DOE). The software
is available free of charge. SIMPLEV® is written in a traditional text based
programming language, QuickBasic 4.5, which runs under DOS. Its main use is as a
vehicle performance simulation tool which capable of simulating vehicles having
conventional, all electric, series hybrid, and parallel hybrid propulsion systems.
SIMPLEV® provides second-by-second predictions of powertrain component
performance parameters over any user specified speed-time or speed-distance
driving regime. Vehicle propulsion system components are modelled by user-
written ASCII data files of component performance [132].

c) EHVSP

The Electric and Hybrid Vehicle Simulation Programme is developed at the
Department of Electrical Engineering at the University of Hawaii at Manoa, USA
[133]. The software is developed using MATLAB® 4.2a and SIMULINK® 1.3a.
The software has a user interface and a simulation toolbox. The toolbox currently
uses statistical data and look-up tables to simulate several parts of the simulator. A
friendly user interface has been added to the program in order to facilitate the user.
The simulation toolbox was prepared for the Advanced Research Program Agency
(ARPA). The first version of the programme is currently available for the ARPA
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coalitions. The inputs to the programme can be given by double clicking the
appropriate input data module buttons. This feature enables the user to test different
configurations. Several combinations can be structured. Finally, the output module
facilitates the output of the data. The user by pressing the appropriate button can see
dozens of graphs and results [134,135].

d) ELVIS

The Series Electric and Hybrid Vehicle Simulator (ELVIS) was developed at the
Southwest Research Institute (SwRI) [136]. It has been developed using
MATLAB/SIMULINK® as well as in LabVIEW™, both graphical languages. They
also had experience with SIPMPLEV®, but its was found not very flexible due the
text based programming language [137]. The simulator uses statistical data and
look-up tables to simulate several parts of the simulator. Using this model,
engineers helped the Advanced Research Projects Agency (ARPA) select and
optimise auxiliary power units for series hybrid cars and buses. ELVIS calculates
varying operations of pure electric vehicles, series and parallel hybrid electric
vehicles and conventional mechanical drive vehicles [138], but only predefined
drivetrain topologies can be simulated.

e) ADVISOR

The ADvanced Vehlcle SimulatOR (ADVISOR) is developed by the National
Renewable Energy Laboratory (NREL), Golden, CO, USA. The model was created
in support of the hybrid vehicle subcontracts with auto industry for the U.S.
Department of Energy. It contains a set of models, data, and script text files for use
with MATLAB® and SIMULINK®. It is suited for doing parametric studies to map
out the design space of potential high fuel economic vehicles consistent with the
goals of the Partnership for New Generation of vehicles (PNGV).

ADVISOR also provides a backbone for the detailed simulation and analysis of user
defined drivetrain components [139]. It has been applied to many different systems
analysis problems, such as helping develop the SAE J1711 test procedure for hybrid
vehicles and helping evaluating new technologies as part of the PNGV technology
selection process [140]. ADVISOR contains ‘autosize’ function to scale component
data and ‘optimiser’ functions to adapt the size of components one to each other.
Five vehicle configurations have been modelled [125]. The software can be free
downloaded from the Internet, but MATLAB® and SIMULINK should be purchased

anyway.

f) HYGEIA

HYGEIA is a vehicle mission tool for thermal, electric and hybrid vehicles
developed in the framework of the FLEETS-ENERGY project. The Commission of
the European Communities has sponsored this JOULE project. Our experience in
the field of vehicle simulation could give some interesting inputs to this project via
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the collaboration of CITELEC, which was one of the main project partners.
HYGEIA is a piece of software written at the Motor Industry Research Association
(MIRA), Nuneaton, UK, which enables the modelling of a wide range of vehicles.
Within the program, various vehicles can be designed including ICE, Electric, Fuel
Cell and Hybrid vehicles [12]. The software has been coded using Borland-Dephi.
This language provides a visual programming system for developing the graphical
user interface, includes the Borland Database Engine for development of the
required data tables and has Object PASCAL for coding the modelling and
calculation routines [141]. The database is a passive component that is used purely
for data storage. An advanced development version is for sale at a price of
5000 Euro.

Dedicated mainly for the transport sector, where engineering skills are less required
to evaluate the vehicles, it enables fleet operators and policy makers to predict cost
of operating these vehicles in service, thus providing an analysis and decision
making tool which can be used by different groups [142]. It uses generic control
strategy for each type of hybrid, which limits the variation in hybrid layouts that can
be modelled [143]. The software has achieved the compromise between allowing
flexible wvehicle design and operating hybrid wvehicles [118]. It allows the
implementation of external control through telematics to improve vehicle and energy
utilisation. Both forward and backward calculation methodologies are implemented
(see further). It includes also models for thermal control, airco, heat transfer
characteristics, etc.

4.2 VSP Main Features

VSP, Vehicle Simulation Programme, is used in several European and national
research programmes. In each project a special problem and drivetrain layout was
studied resulting in a different system modelling. These models had to be uniformed
to come finally to one model that was applicable for all types of drivetrains and
power algorithms. To be able to leave out, change or introduce components in the
simulated drivetrain it was required to have a uniform definition of the different
components.

The development of a standardized iteration process applicable on all kind of hybrid
vehicles was harder than originally expected. While simulating on-road measured
drive cycles different combinations of component operating limits in very
exceptional cases occurred, which had lead the iteration process to an infinitive loop.

Due to the utilisation in different research project it was possible to debug the
software and validate it based on real vehicle problems. Hence it was possible to
develop a modular user-friendly interactive programme that allows simulating the
behaviour of electric, hybrid and internal combustion vehicles. Nowadays VSP is a
powerful tool to develop new concepts of different drivetrains. Existing vehicles
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can be compared or, due to the large library, components of the drivetrain can be
substituted to improve the performance of the vehicle.

The flexible design of the software and the rather unique iteration algorithm allows
the use of different simulation methodologies (cause-effect or semi-effect-cause) as
well as of different database structures (mathematics formulae or statistical data
based on measurements in equation form or look-up table) and of route profile types
(standardised, measured or maximum allowed speeds).

The goal of the simulation programme is to study powerflows in drivetrains and
corresponding component losses, as well as to compare different drivetrain
topologies. This comparison can be realised at the level of consumption (fuel and
electricity) and emissions (CO,, HC, NO,, CO, particles, ...) as well as at the level of
performances (acceleration, range, maximum slope, ...). The general aim of the
simulation programme is to know the energy consumption of a vehicle while driving
a certain reference cycle. For thermal vehicle this energy consumption corresponds
to fuel consumption and in the case of electric vehicles this is the energy drawn out
of the battery. For hybrid electric vehicles fuel consumption as well as energy out of
the battery are required. Based on models for battery charging, electricity
production and fuel refinery, the primary energy consumption can be simulated.

To verify the models, input - output interfaces are developed as well as parameters
tracers. During the simulation run the progress in vehicle status is displayed and can
be controlled by the user. It is possible to compare measured values with simulated
ones for exactly the same speed cycle. Hence it is possible to calibrate the models
resulting in accuracy’s within 5 %. Most of the components models are based on
experimental results and curve fitting, instead of mathematical models based on
equivalent circuits. For this purpose a large amount of measurements was done with
a self-developed “On road measurement system”.

V'SP can be used by a wide variety of users with different expertise like: engineers,
transport operators and suppliers, energy utilities and decision-makers. It is mainly
an engineering tool to evaluate different drivetrains, but due to the large database it
can be used by all kind of people to compare different vehicles. Furthermore VSP
has the possibility to be coupled to traffic simulation programmes allowing traffic
planners to examine congestion and related emission problems.

The simulation programme is able to model any driveline structure without
programme modifications. This degree of flexibility can be achieved only by
formulating generally applicable program modules, which can be linked via defined
interfaces. The interface, between the different components of this drivetrain, is
very strictly structured. This allows the user to define and select the powertrain
layout and the control strategy in an easy way. The modelling of the component
itself is on the contrary very flexible to allow the use of different data sources.
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It is not the scope of the simulation tool to simulate e.g. speed control algorithms
(PID-controller, etc). Also transient phenomena in the time domain of milliseconds
are not relevant in this simulation tool.

In the following chapters user interface, programme language, calculation

methodology and the main features are described. In Part Il the software is
described in detail.

4.3 Main User Interface

Fig. 4.1 shows the main user interface of VSP. How to perform a simulation will be
described below.
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Fig. 4.1: The front panel of the Vehicle Simulation Programme

Before starting a simulation run the user has to select the desired vehicle, the
imposed cycle it has to run and the country in which the background emissions, due
to the production of electricity, have to be calculated.

The user can select if the speed cycle is defined in function of time or in function of
distance (see Part Il ‘Drive cycle’). Furthermore the user can select the sampling
period or better named the speed cycle time increment. The time increment is fixed
during a run and should be chosen in relation with the chosen cycle. Indeed for
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range determination a time step of 10 s can be sufficient, whilst the ECE 15 cycle is
best evaluated every second. The acceleration from zero to a constant speed
requires a 0,1s time increment if you want to determine the vehicle dynamics
precisely.

The user has the possibility to select whether or not the results should be saved. If
he is interested in the detailed values of the different parameters (speed, torque,
power, current and voltage) in function of time of the different components, he has
to enable the ‘Graph’ button.

During the simulation some error messages can occur when a component is not able
to follow the imposed speed cycle. When in a next run this should not be displayed
a second time the user should chose to disengage the ‘Reset’ button.

Some computers can be equipped with very fast processors; even so fast that the
intermediate results changes to fast on the screen. The user can slow down the
programme by selecting the ‘Real time’ button and the corresponding ‘Calculation
speed’. On the other hand when the user is only interested in the end results he can
disengage the graphs, showing the speed and corresponding power levels on the
main user interface.

Additionally some start and minimum values should be chosen before starting the
simulation. These start value are the start value of the: fuel tank content, the battery
state of charge, the Sate of Energy content of an optional additional power unit,
vehicle velocity and level (height) of the road. The minimum values are these for
the minimum state of charge and state of energy. Finally the user can select whether
or not fuel preparation (refinery), battery charging and cabin heating should be taken
into account and simulated.

Once this is selected one can start the simulation. At the left top of the panel a
gauge indicator gives the momentary value of the actual speed.

At the right the state of charge of the battery is indicated as well as the contents of
the fuel tank and the state of energy of an additional power unit.

A strip chart in the left middle displays the imposed speed and possible speed as
well as the height of the road. The power level of the battery, engine and possibly of
an other unit is displayed in a other strip chart besides. Between both graphs the
interface shows the covered distance and actual slope.

Furthermore the actual time as well as the index used to define the next required
speed out of the speed cycle is displayed.

The cluster at the left bottom corner contains the total energy consumption: the
energy contents of the consumed fuel, the electricity out of the battery and out of
another unit.
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All indicators described up to now have their value changed once every sampling
period. The following indicators have their value changed only after execution of a
run, i.e. when, either the cycle is over, the battery is empty or the run is stopped with
the toggle switch.

At the right bottom corner one can find the average velocity (km/h), fuel
consumption (1/100 km), the energy from the battery (Wh/km) and the energy from
the mains in kwWh as well as in kWh/km. This is the total energy required at the
mains to load the battery after the run to a state of charge (SoC) equal to its start
value. Dividing this energy by the average vehicle weight gives us a figure that is
often used to characterise the performance of a drivetrain; it is called the specific
energy (Wh/Tkm).

For hybrid electric vehicles the primary energy consumptions corresponding to
electricity production (battery charging) and fuel refinery (fuel consumption) are
added to have an idea of the total energy consumption (Wh/km). Based on the
consumed fuel and/or battery energy and the corresponding covered distance the
total possible range is estimated.

In the middle of the bottom the direct emissions (g/km) cluster gives the CO,, CO,
NO,, CHy, SO,, hydrocarbon (HC) and particles emissions provoked by the vehicle
at the place of operation. They are of course related to the use of ICE in a classic car
or hydride vehicle. The heater of an EV can also emit direct emissions.

The background emissions (g/km) cluster gives the same kind of emissions
provoked by the vehicle but not at the place of operation. They are related to the
charging of the batteries from the mains and are depending of the composition of the
electricity production park. Additional emissions can also be related to fuel refinery.

4.4 Programme Language

The programme runs in a LabVIEW™ environment. Different other programming
languages could also be used like C++, Matlab/Simulink®, Delphi, etc. Traditional
text based programming languages like FORTRAN, BASIC, C++, etc are not
flexible to use for a modular simulation programme. Modifications, other than
changing parameter values, in this type of model will usually lead to a major
reprogramming effort and reformatting of input files. Both LabVIEW™ from
National Instruments as Matlab/Simulink® from Math Works have developed a
graphical user interface (GUI) and corresponding programming language.
Programme experience and cost were the decisive parameters to choose for
LabVIEW™. Furthermore programming in C can be required when one wants to
implement new functions in Simulink®[137].
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This paragraph will describe the advantage and drawbacks of LabVIEW™ used as a
simulation tool. In the same time the specific LabVIEW™ terminology will be
explained. Hence the user could understand better the simulation models.

LabVIEW™ is a general-purpose programming system, but it also includes libraries
of functions and development tools designed specifically for data acquisition and
instrument control. Most users do utilise it for measurement purposes. To
programme the data-acquisition systems used to measure different components of
the database LabVIEW™ is also used (see Part 111).

LabVIEW™ is a high-level programming tool, with the advantage of being a user-
friendly interface with a high graphical performance. LabVIEW™ is easy to learn
and does not mandate special training. Within one week one can already develop
simple programmes. LabVIEW™ programmes are called virtual instruments (VIs)
because their appearance and operation can imitate actual instruments. However,
VIs are similar to the functions of conventional programmes. A VI consists of an
interactive user interface, a data-flow diagramme that serves as the source code, and
icon connections that set up the V1 so that it can be called from higher level Vils.

More specifically, VIs are structured as follows [144]:

e The interactive user interface of a VI is called the front panel. The front
panel can contain knobs, pushbuttons, graphs, and other controls and
indicators. Using a mouse and keyboard one can enter data and then view
the results on the computer screen.

e« The VI receives instructions from a block diagramme construct in
LabVIEW™.  The block diagramme is a pictorial solution to a
programming problem. Such a diagramme allows having a good overview
of the structure of the programme. The block diagramme is also the source
code for the VI.

Contrary to text based languages like C or BASIC, LabVIEW™ uses a graphical
programming language, like illustrated in Fig. 4.2. This figure is a very simple
example of a straightforward programme. Left one can see a traditional text based
programme of a While loop in which several subprogrammes, simulating the
components of an electrical drivetrain, are executed successively. The right part
illustrates the same programme written in LabVIEW™. When more complex
structures should be written with several loops, one into another, and different
parameters are used at different levels, the graphical programme will give a better
overview of the programme structure than a text based programming language.
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WHILE (iteration criteria) DO

BEGIN
Body; lteration loop
Wheels;
Differential;
Reductor;
DC motor;
Chopper;
Battery;

END;

Fig. 4.2: Example of “While loop”’ in text based language and LabVIEW
graphical language

VIs are hierarchical and modular. They can be used as top-level program, or as
subprograms within other programs or subprograms. A VI, when used within
another V1, is called a subVI. The icon and connector of a VI work like a graphical
parameter list so that other VIs can pass data to a subVI.

With these features, LabVIEW™ makes the best use of the concept of modular
programming. An application is to be divided into a series of tasks, which can be
divided again until a complicated application becomes a series of simple subtasks.
A VI is build to accomplish each subtask and then these VIs are combined on
another block diagramme to accomplish the larger task. Finally, the top-level VI
contains a collection of subVIs that represent application functions. In our case this
top-level VI is the Vehicle Simulation Programme, “VSP .vi”, that contains as
subVIs among other things the models of the different drivetrains and the different
drive cycles.

Because each subVI can be executed by itself, separate from the rest of the
application, debugging is much easier. Furthermore, many low-level subVIs often
perform tasks common to several applications, so one can develop a specialised set
of subVIs well-suited to future applications [144]. Graphical debugging tools enable
the programmer to visualise the data flow and interpret problems. Simulation
parameters can be changed while the program is running.

One of the big advantages of LabVIEW, but also a specific difficulty is the fixed in-
and outputs of each sub programme. Each component is modelled as a black box. It
allows the construction of a very modular drivetrain. This means that every
component can be replaced by another component of the component library. E.g. in
the same drivetrain a lead acid battery can be replaced by a nickel cadmium battery
just by clicking with the mouse on it, without influencing the in- and output
parameters.

The definition of these in- and output parameters is a very important issue of the
development of the simulation tool, because once defined they should not change
anymore. The use of global variable should be avoided to preserve the modularity
of the programme.
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Within each component of the drivetrain at the contrary the user has a large
flexibility to implement the component’s data. It is very difficult to find good
component data. These data that could be found in literature are usually from
different shapes and forms. A fixed predefined database does not allow an easy
implementation of different data structures. This is why is chosen for a flexible
database, integrated in the component model itself (see Part I1). A drawback of this
approach is that there is no distinction between component model and component
data.

Additional LabVIEW™ terminology:

« Frame: The sequence structure, which looks like a frame of a film, consists of
one or more subdiagrammes, or frames that execute sequentially. The sequence
structure is used to control the order of execution.

e Global: Global variables store data used by several VIs. Global variables have
to be used judiciously because they hide the data flow of the diagram.

e Cluster: A cluster is an ordered collection of one or more elements, similar to
structures in C and other languages. Clusters can be used to group related data
elements that appear in multiple places on the diagram, which reduces wire
clutter and the number of connector terminals subVIs need.

4.5 Calculation Methodology

45.1 Different Approaches

In literature one can find different approaches to simulate the behaviour of a vehicle.
One can try to describe the whole problem into matrices, where the solution is found
using matrix linearisation and calculation. This is a very mathematical approach and
requires rather simple models. The matrix approach can be interesting as an
optimisation technique for a dedicated problem. However for every new problem
(e.g. drivetrain topology) one needs to start almost from scratch again.

Another approach is based on the comparison of frequency distribution of operating
point with efficiency curves. The calculation of the time independent frequency
distribution for a given driving cycle requires that wheel speed and torque are known
for the complete cycle. Since both quantities depend on different vehicle
parameters, frequency distribution can only be applied to a specific vehicle.
Integrating the product of frequency distribution and losses characteristics gives the
average power losses. The energy losses result from the product of average power
losses and cycle time [124]. Fig. 4.3 (left) illustrates an on-road measured driving
pattern [145] (distribution of wheel torque in function of wheel velocity), which has
to be correlated with the overall drivetrain efficiency, as illustrated in the example at
the right side with the motor efficiency map (in the motor torque - speed plane) [47].
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Another approach is the longitudinal dynamics simulation, on which VVSP is based
and which is described in 4.5.2.

45.2 Longitudinal Dynamics Simulation

The basic modelling strategy is the well tried and trusted method of dividing the
drive cycle into a number of time steps and calculating the characteristics of the
vehicle at the end of each time interval.

Longitudinal dynamics simulation serves to calculate the time characteristics of
several quantities in a vehicle. Therefore it is a good tool to detect the weak points
in the drivetrain and moreover to assess further improvements of single drive
components [146]. The simulator approximates the behaviour of a vehicle as a
series of discrete steps during each of which the components are assumed to be in
steady state. The smaller this step, called time increment, the higher the accuracy.
At each step the transient effects of changing current, voltage, torque, etc, are
neglected. This allows the use of efficiency or other look-up tables, which are
generated by testing a drivetrain component at fixed working points.

In handling the modelling process it is important that the direct energy flow can
have a forward as well as reverse direction, corresponding with driving or braking
the vehicle [112]. The energy flow direction will be called “physical direction”.
The calculation direction of this energy flow can be different from this physical
direction. Two main groups can be distinguished the forward calculation (cause-
effect) and the reverse (effect-cause) method [147].

e The first one starts at the setpoint set by a driver (acceleration pedal) or
controller. With this setpoint one can calculate the force acting on the wheels
(Fig. 4.4). The speed profile of the vehicle is thus depending on the setpoint.
This method is interesting to test control algorithms (for example PID-
controller). Also the effect of the driver can be evaluated. Reproduction of
exactly the same speed profile is not possible without a speed controller.
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Fig. 4.4: Direction of calculation: cause-effect method

The other method simulates backwards (Fig. 4.5). With an imposed speed cycle
one calculates the forces acting on the wheels and simulate backwards through
the drivetrain up to the primary energy sources, which is either fuel or
electricity. The driver’s behaviour is not taken into account, since the cycles
are followed precisely, gear switching occurs at fixed moments, etc.
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Fig. 4.5: Direction of calculation: effect-cause method

In VSP the calculation is performed using the procedure working backwards from
the demand imposed by a required drive cycle, to calculate the properties of the
powertrain components as they attempt to meet this demand. For a vehicle
simulation typically the following steps are carried out [148].

The tractive effort required from the vehicle is calculated from the required
acceleration and resistive forces such as aerodynamic and gravitational drag.

This tractive effort is converted by the wheels into the required torque and
speed.

The torque and speed are transformed through the powertrain by the
successively intervening system components (such as differential or gearbox)
until a prime mover such as an engine or electric motor is reached.

The prime mover typically uses an efficiency map to predict its energy
requirements (f.i. in terms of fuel consumption for an IC engine or power to be
drawn from a battery).
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This calculation is repeated at each time step during the vehicle cycle.

Fig. 4.6 illustrates the longitudinal calculation algorithm. The left part represents a
drive cycle and the right part is the resulting power drawn out the energy source.
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Fig. 4.6: Longitudinal dynamics simulation (e.g. Japan 15 reference cycle)

4.5.3 How to Describe the Forces Acting on the Vehicle ?

Using primary parameters for vehicle's body shell and chassis (e.g. cumulative mass
of powertrain components, payload, body design characteristics, etc.) and route
parameters (gradient, wind velocity, etc.), the programme calculates the forces
acting on the vehicle.

The tractive force (Fy,c) acting via the tyre contact surface of the driven wheels is
determined by the engine or motor torque and by the gear ratios and inertias of the
driveline. For level driving, the resistive forces acting in the direction of motion are
the components rolling resistance (F;) and air resistance (F,). If the propulsion
forces are not in equilibrium with the driving resistance at the considered steady
speed, vehicle acceleration (a) or braking occurs, producing an inertial force (F),
which acts at the vehicle centre of gravity [147].

Fig. 4.7: Forces acting on the vehicle

When driving uphill (road inclination a) or when there is a head wind (velocity v,,)
additional forces are acting on the vehicle. The total resistive force can be expressed
with equation (4.1) [16,130]. This equation will be described in detail in Part Il and
the description of the different symbols can be found in the list of symbols.
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For accelerating the vehicle an additional force corresponding to Newton’s 3 law
of motion (4.2) has to be delivered by the traction system.

F.=Ma, (4.2)

The supplementary force corresponding to the inertia of the different components is
taken into account within the components themselves.

454 Component Characteristics Modellisation

A component model can be as sophisticated or simple as the programmer’s time and
budget permits. Different parameters and even different modelling methods can be
used to describe a component. Although there may be different types of models, the
subprogrammes have the same interface, return predefined outputs and use the same
predefined inputs.

Since the general aim of the simulation programme is to know the energy
consumption of a vehicle, all parameters, which have an influence on this energy
consumption, have to be defined. With the forces acting on the vehicle corresponds
a certain power level. The battery or fuel does not only need to deliver this power,
but also the losses of the different components of the drivetrain. A good description
of these losses is thus required. The different parameters defining these losses
should be calculated. The accuracy of the model will define the accuracy of the
overall energy consumption.

a) Efficiency covering the whole working field

A lot of publications use a constant value for the efficiency of a component,
generally corresponding to its maximum value. They multiply the different
efficiencies to describe the overall efficiency. This approach is a very rough
estimation and corresponds mostly to a very optimistic energy consumption. This is
also the reason why one can find in literature so many different results on the energy
comparison of different drivetrain. A more accurate solution would be to simulate
the behaviour taking into account the whole map of working points.

b)  Analytical models

The components (electric motor, chopper, charger, etc) can be defined by physical
equations and equivalent circuit (analytical models) or by measured efficiency
characteristics (statistical models).
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Physical laws and equivalent circuits can describe the characteristics of a
component. Such theoretical models can be used for different motors or inverters,
only the component parameters are to be changed. However the component
parameters are not always available. If they are received from the manufacturer,
they are generally measured under laboratory conditions (sinusoidal voltage,
standard measuring points, etc). They can be fine-tuned while calibrating the entire
vehicle model.

c) Statistical models

On the basis of numerous measurements one can calculate statistical models for the
components. These measured data can be stored in one or two dimensional look-up
tables or arrays. Parameters can be calculated by bilinear interpolations on a
network of two dimensional efficiency curves. The precision depends on the density
of the points of the map. This approach is explained by example of Fig. 4.8. The
considered parameters can be emissions, fuel consumption, voltage, efficiency, etc.
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Fig. 4.8: Bilinear interpolation of a two-dimensional efficiency curve
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In the simulation programme a two dimensional model is mostly used. A parameter
(efficiency, power, etc) can be defined e.g. in function of torque and speed, or
current and voltage. Other models can be a one-dimensional table of only one
parameter, e.g. the maximum torque in function of speed. In some cases it can be
necessary to have a multiple dimensional function. In this later case a interpolation
in a look-up table will become very complex. The use of statistical formulae will be
required. Using statistical equations has the benefit to use less memory and to allow
a faster simulation. It is thus recommended to transform the look-up table into
statistical formulae. This can be done with the help of mathematical programmes
like Matlab® or spreadsheet programmes like Excel.
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Statistical piecewise models, derived out of the measurements data, have the
advantage of being closer to the reality, and thus are mainly used, as an accurate
input, in the database of the Vehicle Simulation Programme.

The more parameters used to define these statistical equations or look-up tables, the
more complicate the simulation programme becomes and the slower the programme
will run. It is thus advisable to determine those parameters, which have an
important influence on the required end-result (the energy consumption). A
parameter sensitivity analysis is performed in Part 111.

d) Components boundaries modellisation

Each system is identified by its operating limits (Fig. 4.9). While simulating the
behaviour of a drivetrain performing a chosen cycle, it is possible that one of the
components cannot satisfy the demanded requirements. For instance a motor can
reach its maximum torque or can come in overspeed, a battery or inverter can be
overloaded. In that case it is interesting to reduce the required acceleration and
hence to evaluate the maximum performance (possible speed) of the drivetrain. To
ensure that all components operate within defined boundaries, corresponding to
loading limitations, acceleration reductions are introduced. This acceleration
reduction (AR) is used to iterate towards the possible vehicle speed domain. The
limiting values can be either properties of the specific part or defined by the user.

A (Nm) Systemboundary Speed

(km/h) Vi
\
- - >
 (rad/s) Time (s)
Fig. 4.9: System boundary Fig. 4.10: Possible speed calculation

Fig. 4.10 illustrates the reduction of the required acceleration a;, corresponding to a
desired velocity v, into the possible acceleration a,, resulting in a possible velocity
V,. This complex iteration algorithm is extensively described in Part Il. By means
of this higher simulation level it is also possible to simulate acceleration and
maximum speed performance tests.

e) The iteration algorithm also allows a kind of semi ‘cause-effect’
calculation

Due to the use of this iteration algorithm it is also possible to simulate the influence
of the driver or controller. Normally the cause-effect method or forward calculation
method (see above) is used to simulate the effect of the driver. Nevertheless VSP
uses the effect-cause method, which means that during the simulation the desired
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speed can be set to a maximum value that never will be reached by the drivetrain. In
this way an acceleration reduction is always calculated. In a special model for the
driver the acceleration reduction (AR) is implemented in the same way as it is done
in all other components of the drivetrain. In the driver model a setpoint for power,
speed or torque is evaluated as if it would be a maximum limit or boundary. Due to
the iteration process the programme will calculate the speed corresponding with this
setpoint.
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Fig. 4.11: Demonstration of the controller algorithm

In the graph, Fig. 4.11, the controller algorithm is demonstrated. Normally out of
the speed cycle the torque acting on the wheels is calculated. In this case, with same
programme using its special iteration algorithm, one can change in real time a
setpoint for the torque (dashed line). This setting is coming for instance from an
acceleration pedal. The actual speed is following this setpoint (straight line).

f)  Powerflow control algorithm

The powerflow control strategy of hybrid drivetrains is implemented with the same
iteration process as for calculating the vehicles performance. The power distribution
between the several mechanical shafts or energy sources is controlled with the help
of a Power Distribution Factor (PDF).

When exceeding the operating boundaries, instead of using an acceleration
reduction, a Power Reduction (PR) will be introduced to regulate the power split
(the PDF) in the different components that are in charge of the power division in the
hybrid drivetrain (e.g. toothed wheel and DC-bus controller).

Opposite to the Acceleration Reduction the Power Reduction is not used to change
the vehicle acceleration performance, but to control the powerflow in the hybrid
drivetrain.

In more complex hybrid structures a second PDF and Power Reduction can be
necessary: for instance in a series hybrid vehicle with a traction battery (AR), a
generator (PR;) and a Flywheel (PR,). Until now the software is build up to
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simulate maximally third order hybrid systems. The software can easily be extended
to higher order systems if necessary. Consequently additional Power Reduction
factors have to be introduced.

In the case of hybrid vehicles the iteration process is much more complex: the PR
can change the power split or the AR can reduce the acceleration. Due to the fact
that several reductions can occur within one drivetrain an intelligent iteration order
is required. This methodology is described in Part Il. Hence a hierarchy of different
hybrid control strategies is developed and inherently implemented in the software.
This means that the control algorithm is not a separate block of the simulation
programme, but makes part of the different components on which it has an
influence. This is necessary because there is a high degree of interaction between
components models, particularly with respect to operation limits, and powerflow
control strategy.

The difficult challenge was to develop this iteration algorithm in such a way that it
was applicable on all kind of vehicles: electric, thermal, series and parallel and even
complex hybrid vehicles. For this reason it was necessary to develop a uniform
approach to introduce the Acceleration and Power Reduction for each type of
operating limit (speed, torque, power, etc.) and to develop an iteration control
module to tackle all these reductions.

g) Interchangeable component library

One of the purposes of the simulation programme is the ability to calculate the
performance of a vehicle comprising any set of components that have been
connected together in a physically sensible manner.

Table 4.1: Possible interchangeable components
with the same ‘function’

Transmission Power transformation Energy source
Differential AC motor + inverter Battery (all types)
Gear DC-motor + chopper APU
Reductor Engine Electric Flywheel

Mechanical flywheel Super capacitor
Fuel cell

Components of the same type can be exchanged, e.g. a lead acid battery by a NiCd
battery, but also components with the same function, e.g. a battery by a fuel cell.
Table 4.1 illustrates the possible interchangeable components. Components that do
not have an equivalent counterpart are the body, wheels, torque splitter, planetary
gear, DC-bus controller and the auxiliaries. They can only be replaced by other
components out of the database of the same type.

The model of the engine is developed in such a way that it can be used in an APU
for a series hybrid vehicle as well as traction unit in an ICE-vehicle.
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4.6 Programming Structure

The programming structure of LabVIEW™ lends itself to a top down approach. The
programme, VSP, therefore can be seen as a three level structure.

e The top level is the main programme of which the user interface is
described in a previous chapter and the technical description can be found
in PartIl. This level contains the icons of the subprogrammes for the
different vehicles and also for drive cycles, electricity production, etc.

e The second level is consequently the level of the different drivetrains. Each
drivetrain is composed of different vehicle components. The manner these
components are connected together will represent the topology of the
drivetrain. This second level represents in fact the energy flow and
conversion through the vehicle drivetrain. Each component is modelled as
a separate subprogramme.

e The third level is the level of the different component models.

The flow chart of Fig. 4.12 gives an overview of the software. One can recognise
two different simulation loops: one that defines each step a new required velocity in
function of the chosen speed cycle and another that contains an iteration algorithm to
define the possible vehicle performance in the case the vehicle is not able to follow
the imposed speed cycle. Additionally there is a very small loop that is used to
pause the simulation process.

After the initialisation phase the required velocity of the vehicle is defined by the
speed cycle that the user has selected on the main user interface. The model of this
speed cycle contains also the load of the vehicle, the slope of the road and whether
or not the vehicle is driving in the city (centre). Based on these parameters and the
characteristics and weight of the selected vehicle body and of the wheels, the forces
acting on the vehicle can be calculated. In function of the powerflow in the
drivetrain (the hybrid drivetrain power strategy), the component losses and the
energy consumption from the battery, fuel tank or other energy source is processed.
In the case of non-pure electric vehicles the direct emissions are simulated too.

When the end of the drivetrain is reached, this means one has processed all
calculations from the wheels to the energy sources, the iteration algorithm checks if
all components were able to deliver the required torque, speed, power, current, etc.
If one or more components were out of data range, the required acceleration is
adapted (via the acceleration reduction) and the drivetrain is simulated again until all
components are within limits. Hence the imposed speed cycle is only exactly
followed when all components are able to do so.
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Fig. 4.12: Flow chart of Vehicle Simulation Programme
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The power levels of the energy sources are visualised in the main user interface and
the next required speed step is used to calculate the forces acting on the vehicle. If
the speed cycle is completely simulated or all energy sources are empty or the user
stops the simulation, the programme will go to the last part. In this part the battery
will be recharged, the corresponding background emissions are calculated and
possibly the additional energy consumption due to fuel refinery is defined. The end
results are displayed and if wanted saved on hard disc.

All different aspects will be described in detail in Part I1.

4.7 Different Levels of Accessibility

To conclude this first part the different accessibility levels are described. VSP is a
software tool that can be used by a large range of different customers, with different
skills and desires. Different password protected accessibility levels are foreseen and
allow the user to have admission to a certain level of information.

The first level corresponds with the front panel of the main programme, like
described in paragraph 4.3 “Main User Interface”. At this level the user can select a
vehicle of the database, a to be driven speed cycle and some other features. At the
end of the simulation the energy consumption and emissions are the most important
results. This level is dedicated to novice users.

Level two give access to the front panels of the vehicle and electricity production
models. Especially for hybrid electric vehicles this gives the opportunity to define
some general drivetrain power strategies, like whether or not the generator should be
engaged and in function of which criteria. By choosing a certain country one select
the way the electricity is produced to recharge the battery. The relative contribution
of the different types of power plants in each country can be different. By having
access to the front panel of this electricity production model one can change the
pollution and energy losses of the considered country.

Level three is related to the vehicle components. Each drivetrain consists of
different components. The major parameters describing the working of such a
component can be found on its front panel. While having access to level three the
user can change the parameters on the front panel of the different components of the
drivetrain. Furthermore this level allows replacing a component of the drivetrain by
another out of the component library or database. For this level some technical
skills are required. Sometimes it can be difficult to get access to data. In this case
standard values are proposed.
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Fig. 4.13: Different accessibility levels of the simulation programme

The fourth level is related to the creation of new component models. Most
component data can be found within the diagramme of the component model. This
diagramme contains submodels, equations, case structures, etc. When one wants to
make models of new components one should have access to this fourth level. Some
engineering skills are required concerning characteristics and modelling of motors,
engines, convertors, batteries, etc. The user must also be familiar with LabVIEW.
This level is more dedicated to expert users.

The last and fifth accessibility level gives admission to the whole software tool. At
this moment the user can change any part of the software from main programme to
detailed subprogramme.  An in-depth knowledge and understanding of the
simulation programme is required. How are all programmes related to each other ?
Which parameters will influence another and via which process ? Only when
fundamental changes have to be made access to this level is obligatory. This most
in-depth level is dedicated to users with engineering expertise.

VSP 93






4. THE SIMULATION PROGRAMME

art |

PART Il
SOFTWARE DESCRIPTION

VSP

95






4. THE SIMULATION PROGRAMME Part |

5 INTRODUCTION TO PART I

This second part is a technical part describing the models of the subprogrammes of
the simulation software. The different equations on which the models are based will
be explained. The fact that the models are related to each other in sometimes a
rather complex structure makes it necessary to refer in the description of one model
to that of another. Especially the iteration algorithm interferes with a lot of
subprogrammes.

First the main programme and related subprogrammes (electricity production, speed
cycle definition, etc.) will be described. Afterwards the implemented drivetrains of
the different vehicles are explained. Closely related to these drivetrains are the
mechanical and electric power control devices for hybrid vehicles. In these
subprogrammes the different hybrid drivetrain control strategies are mainly
implemented.

They are described after the specification of the iteration algorithm. As already
mentioned in Part | this iteration process is an intelligent algorithm to define the
maximum vehicle performance and to control the powerflow of hybrid drivetrains.

Afterwards one can find the models for the different components of the drivetrain,
starting from the wheels and going to the energy source(s). The first components are
related to the forces acting on the vehicle body and wheels and the mechanical
transmission.  Finally in this Part 1l the drivetrain components, figuring as
powerflow transformation are described.

To understand the different models it is required to read the fundamental principles
of Part I. All chapters are entitled with the corresponding name of the
subprogramme of the simulation tool. In LabVIEW the file extension is named
(*.vi).
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6 VSP

This first chapter of Part 11 will describe the model of the main programme and some
specific subprogrammes defining the speed cycle and handling the error messages.
Furthermore the calculation of the background emissions due to electricity
production as well as the additional emissions and energy consumption due to fuel
refinery is explained in this chapter.

Fig. 6.1: The main programme

6.1 VSP .vi

The main programme, “VSP .vi”" is build up out of 4 different parts, called frames:

e Initialisation

e Main loop

¢ End calculations
e Storing results
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The first frame executes the initialisations. The selection of the drive cycle is
performed in a ‘case’ instruction that gets its selection variable from the driving
cycle ring control.

The second frame contains the actual repetitive execution of the process simulation.
This is implemented in a ‘while loop’.

In the third frame the specific end results are calculated. It contains also the models
of the battery chargers and the models for electricity production and fuel
preparation..

The last frame stores all traced parameters and presents this in a graphical user
interface.

6.1.1 Frame 1: Initialisation

All tracers used to store results during the simulation process, are initialised to zero.
These tracers are part of the “Tracer .vi”’. These tracers are arrays containing for
each step of the speed cycle the value of the velocity, torque, power, current and
voltage and this for every component of the drivetrain. Additionally tracers are used
to store the mass of each component.

The “VSP global .vi” is as well initialised. It contains the only global parameters
used in VSP:

e The battery voltage (V): Due to the fact that this battery parameter is required
for different components to simulate their behaviour, it is impossible to define it
as a local variable and hence this parameter is used as a global.

« State of Charge: This global contains the state of charge of the battery.

e State of Energy: In case of a power unit, like a flywheel, an additional filling
indicator is required which is called Sate of Energy.

*  Fuel content: When a fuel tank is used its content is stored in the fuel content
global.

e Time increment (s): This global is the speed cycle time step. The smaller this
value the higher the accuracy of the simulation results, but the slower the
programme.

e Time (s): This global accumulates the time during the simulation.

e Accuracy selector: This global, allows to indicate the accuracy of the
component’s model and especially of its data. In each component the user can
give an indication of the accuracy of his data. The worst indication will be used
as overall accuracy. This indication can be selected out of three levels:

- High: measured data, calibrated and validated model;
- Medium : measured data;
- Low: data out of literature.
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e Initialisation boolean: Component models of the drivetrain will be simulated
several times during the iteration. Some calculation needs to be performed only
once. With the help of the initialisation boolean recurrences of identical
processes can be avoided (e.g. tracing of component weight).

* No iteration boolean: During the iterative process that defines the maximum
performance of the drivetrain and controls the powerflow, some simulation
processes are not to be executed (e.g. tracing and displaying of results). Only
when this iterative process has found a possible solution, the no-iteration
boolean will be true and some processes can be executed (see further).

* Run boolean: With the help of this boolean it is possible to stop the simulation
process whenever required.

6.1.2 Frame 2: Main Loop

The second frame contains the actual repetitive execution of the process simulation.
It is implemented in a while loop which is repeated until:

e The speed cycle is finished. This corresponds with a time smaller than the last
value of the time array of the speed cycle (see subchapter 6.2 Speed Cycle .vi).

e The toggle switch ‘STOP’ is active or the simulation is stopped with the run
boolean (see above).

e The battery (State of Charge), the fuel tank (Fuel Content) or another energy
source (State of Energy) is empty. Some batteries should not be discharged
completely. They are supposed to be empty when they reach their minimum
allowed Sate of Charge (SoCy,n), selectable on the front panel of the main user
interface.

During the execution of the while loop the Time (s) is increased with the Time
increment T(s) or like described with equation (6.1) the Time is the number of
completed repetitions (i) multiplied by the Time increment.

Time =1i.T, (6.1)

The power level of the battery, generator and power unit is displayed on a graph.
Another graph illustrates the required and possible velocity as well as the height of
the road. The latter is calculated by integrating the road inclination. To fastener the
programme these graphs can be disabled.

The level of the battery State of Charge, the Fuel Tank Content and the power unit
State of Energy are displayed on the front panel.
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Furthermore a Pause selector is installed in another while-loop. As long as the
Pause is active (True) the small loop will be executed resulting in an interruption of
the rest of the simulation programme.

The user can select to run the programme as fast as possible or the slow down the
simulation process by introducing a wait function. The value of this waiting time
can be selected on the front panel. This feature is useful to be able to closely follow
the different simulation results during the simulation run. If the programmes runs as
fast as possible, it can be possible that the interim results cannot be seen while using
a fast computer processor.

Additional results will be stored in the “Tracer .vi”, to be able to visualise them at
the end of the simulation. If one is not interested in these results, but only in global
results, this tracer can be reset to reduce memory occupation and fastener the
computation.

All indicators described in this paragraph have their value up-dated by every time
repetition in the loop.

6.1.3 Frame 3: End Results

After the execution of the main loop the end results are calculated.

The accuracy global parameter is traced out of the data of the different components
and the worst value is displayed on the front panel.

In function of the covered distance D (km) and drive time the average velocity
Vo (km/h) is calculated.

D

Vy, =—————

* ~ Time.3600 62)
The covered distance is also used to calculate the average fuel consumption (FC) in
L/100km. In equation (6.3) the begin value of content of the fuel tank is L, and
the end value is Lg,g; both expressed in litre.

L L

FC — _start ~ Lend 100
—E T (6.3)

By dividing the emissions Emis (in g) stored during the simulation in the “Tracer
Vi’ one gets the direct emissions DE expressed in g/km (equation (6.4)).
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DE=—— (6.4)

The possible driving range R is estimated based on the consumed fuel L and/or
energy (State of Charge, SoC, and State of Energy, SoE) for driving a distance D
and the total available content (see equation (6.5)). If the difference between start
and end value is very small, which could be the case for very short speed cycles, this
difference will not be taken into account due to the fact that at this moment the
driving range would have a very low reliability.

Lstart 1 B SOCmin 1 B SOEmin
R=D. + +
L — L SoC,,, —SoC,, SoEg,, —SoE,,

l (6.5)

start end start start

With :

e S0Cpin : minimum allowed SoC
e S0Cgyun : begin value of SoC

e S0Cyq :endvalue of SoC

¢ SOEni, : minimum allowed SoE
e S0Cgu : begin value of SoC

e S0C.yq :endvalue of SoC

By dividing the battery energy with the covered distance one gets the energy from
the battery in Wh/km. The specific battery energy consumption is obtained by
dividing this value with the average total vehicle weight (see “Body & weight .vi”).
This figure is often used to characterise the performance of an electric drivetrain.

In function of the selected vehicle the corresponding battery charger is chosen. With
the help of the “Charger .vi” the battery is recharged until a state of charge
corresponding with its start value. Hence one gets the required energy from the
mains Eqiq. Division with the covered distance gives the grid energy in Wh/km.

This energy delivered by the grid must be produced in electricity production plants.
The power plants can generate at their turn additional background emissions and are
characterised by additional losses. For each European country there is a model
describing the electricity production park, which can be found in the subprogramme
“Electricity production .vi” (see subchapter 6.3).

Some vehicles are equipped with a burner or heater to heat the vehicle interior
during wintertime (see “Heater .vi”). The user can select whether or not this heater
should be engaged to simulate the additional fuel consumption and direct emissions.

Finally a sub programme is foreseen to simulate the oil refinery to prepare the fuel.
This process give additional background emissions and requires additional energy
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consumption. They are defined in “Fuel Refinery .vi” in function of the consumed
fuel.

6.1.4 Frame 4: Storing and Visualisation

Finally in the last frame of the main programme all simulation results are saved on
the hard disc if desired. All these results are saved in ASCII-format allowing
reading them with spreadsheet programmes for further evaluation. If the user wants
to he can also visualise the simulation results of the “Tracer .vi” directly on a
LabVIEW graph via the “TracerGraph .vi”.

6.2 Speed Cycle .vi

Each speed cycle is defined by a piecewise linear description of velocity, road
inclination, load (passengers and luggage weight), and whether or not driving in zero
emission protected area’s. These parameters are defined in function of time and
stored in a two dimensional array. Table 6.1 illustrates such an array for the ECE-15
cycle. This cycle is defined by European standards and is the basis for pollution and
consumption homologation tests. This cycle should normally be driven four times
subsequently, but since no thermal effects are considered in VVSP, driving one cycle
is sufficient.

Table 6.1: The ECE-15 speed cycle

Time (s) 0 [11[15]23[28[49]61[85]96 117 [143]155[163 ] 176] 188195
Velocity (km/h) olof15[15[ 00 [32]32]0] 0 [50|50 |35 [35] 00
Road slope (%) olofofofofofofoflofolo[o[o]lo]o]o
Load (kg) 80[80(80[80[80|80[80[80(80 80 [ 80|80 |80 |80/ 80| s0
City/country Tlr{r|t|T|T{T|T[T] T[T ] T[T

The road inclination is an important factor to define the rolling resistance in hilly
areas. The road inclination (s) is expressed as a percentage and is function of the
angle (o) between the road and the horizontal.

s =100.g(a) (6.6)

The load parameter can be used to simulate urban city buses. The number of
passengers going on and of the bus during the trip will change the total bus weight,
which influence again the rolling resistance but also the required acceleration force.
If one is interested in simulating goods distribution, this load parameter is also
helpful to take the effect of the change of the merchandise into account.
Furthermore the city/country-boolean is used to define if one is driving in a city area
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where it is not allowed to switch on the APU of an hybrid vehicle (see Part 1). This
feature can be seen as a kind of telematics introduced in the route profile.
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Fig. 6.2: ECE-15 speed cycle

&

Fig. 6.2 illustrates the ECE-15 reference cycle and the sampling of the different
requested velocities based on the time increment Ts. All other cycles are defined in

a similar way and new cycles can be automatically imported based on ASCII file
formats.

Another example is illustrated with Fig. 6.3. This graph describes the speed and
slope profile of the on-road measured Brussels urban bus line 71.
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Fig. 6.3: Speed and slope profile of the on-road measured Brussels urban bus
line 71

Following cycles are until now implemented:
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Table 6.2: Implemented speed cycles

Name and description Max. Average | Total
velocity | velocity time

ECE-15 | ECE-15 .vi
;-..F‘-.;'rL'-. A European certification cycle for vehicles [149].

50 km/h | 18,7 km/h| 195 sec.

ECE-41) ECE 47.vi
7| A European certification cycle for scooters. 80 km/h - 110 sec.

EUROPE 90 .vi
9% | A European certification cycle for vehicles [150].

EUROPE 120 .vi
120 | A European certification cycle for vehicles (EUDC).

90 km/h | 32,4 km/h| 1180 sec.

120 km/h | 33,6 km/h| 1180 sec.

ghart | Traffic Jam .vi
ECE First part of ECE-15 cycle. 32 km/h 111 km/h| 117 sec.

Japanese cycle .vi
Japary - 2P Y 70km/h | 33,6 km/h| 231 sec.

cycle | A Japanese certification cycle for vehicles [151].
zae | USA cycle .vi
Aut.30km-h .vi
@ Constant velocities at zero slope. 30 km/h - -
Aut.50km-h .vi
@ Constant velocities at zero slope. 50 km/h - -
Aut.70km-h .vi
@ Constant velocities at zero slope. 70 km/h - -
Aut.85km-h .vi
@ Constant velocities at zero slope. 85 km/h - -
Aut.90km-h .vi
@ Constant velocities at zero slope. 90 km/h - -
Aut.120km-h .vi
@ Constant velocities at zero slope. 120 kmth - -
Step .vi
.-l"_'_ Constant velocity steps at zero slope. 100km/h | 50 km/hi 55 sec.
Acc-Dec .vi
Constant velocities at zero slope for 50 seconds then braking| 120 km/h _ _
to standstill.

110 | 110-120km-h .vi

kf‘.':'h Starting from 110 km/h accelerating to 120km/h . 120 km/h _ B
X% slope .vi
20% grade at 10 km/h. 10 km/h _ _
IL——— 1]

10% | Sudden sloop .vi
T

Qteraeu| A Sudden slope. 90 km/h | 70,6 km/h| 100 sec.
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line | Busline 71 .vi
71 | On road measured Brussels city bus cycle (L71). S4km/h| 13,2 km/h|4048 sec.
wLeT| VLIET cycle vi
On road measured cycle combining city and sub-urban 72,1 km/h | 22,3 km/h| 2700 sec.
traffic.

Jumper cycle .vi
On road measured sub-urban cycle.

Jumper

69,9 km/h | 26,9 km/h|4374 sec.

Dutch Urban Bus cycle .vi

DDEE On-road measured Fiata that is put together in such_ a way that| 63,4km/h | 21,4 km/h 881 sec.
i the sum of all data is a reference cycle representative for

average Dutch urban bus use [152].

New cycle .vi

Other cycles can easily be imported from any ASClI-table. - - -

f==E

6.2.1 How to Define a Speed Cycle:
Speed (Time) or Speed (Distance)

As explained in Part | VSP starts from the effect-cause method, using pre-defined
(or on-road measured) driving patterns to calculate the forces acting on the vehicle.
Is the desired speed a function of time (like it is done in most simulation
programmes) or a function of distance ?

When considering the ECE-cycle or a city bus route profile the stop times are
important whereby the route has to be defined in time. But the topography of the
route is depending on the covered distance. Also to know if one is in a city centre,
where one should switch off the APU in the case of hybrid vehicles, it is necessary
to know the real distance. The same can be said when one wants to take into
account the maximum allowed speed of a certain street.

As long as the desired speed is equal to the possible vehicle speed vy, (km/h) (all
components can deliver the desired power) one can calculate the distance D(km) out
of the speed and the time increment (see equation (6.7)).

D, =D, +

\V; ._S
Voo 3600 ©6.7)

t+1

But when a car is not able to follow the speed profile, due to lack of power, the
possible speed is different from the desired speed. The real distance will be different
from the theoretical distance corresponding to the pre-defined cycle.
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6.2.2 How Does VSP Manage this Problem ?

Considering the relative difference between the possible speed, vy, and the required
speed, Vi, a time correction increment (TCI) is calculated (see equation (6.8)). In
this way the ‘Index Time’ is corresponding with the covered distance and is used to
define the new desired speed (see equation (6.9)). The ‘Index Time’ can thus be
different from the real ‘Time’. The user can select which index he will use to
simulate the speed cycle. When simulating on road measured cycles one should use
the ‘Index Time’. While simulating an acceleration test the real ‘Time’ should be
used.

TCl.,, =TCl, +~pes ~Vrea
t+1 t Vreq s (68)
IndexTime =Time +TCl ,, (6.9)

Based on this time index the next required velocity, road inclination, load and
city/country-boolean are selected with the help of interpolation function.

6.2.3 Example

In the next two graphs (Fig. 6.4) a comparison is made between the classical route
definition, which is defined with speed as a function of time, and the VSP approach
whereby the time index for the speed cycle is corrected in function of the real
possible speed. The test vehicle performance is decreased in such a way that a clear
visible difference occurs between required speed and possible speed.

One can see in the right graph a longer covered time, due to the fact that the vehicle
is driving slower than supposed.

©) index = time (km/h)| | () index = distance (km/h)
800 60| |1200 60
- 50/ |1000 - 50
600 1a0 | 80 40
400 + + 30 600 - 30
+ 20 400 - 20
2 ,
L0 + 10 200 - 10
0 — 5 ' 0 0 — v Iy ‘ 0
1 31 61 91 121 151 181 211 241 1 31 61 91 121 151 181 211 241
real time (s) real time (s)
time index distance (m) time index distance (m)
poss.speed (km/h) req. speed (km/h) poss.speed (km/h) req. speed (km/h)

Fig. 6.4: Comparison between route profile definitions
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6.3 Electricity Production .vi

The electricity production will cause background emissions. At the contrary of
direct emissions these background emissions are not produced at the place of vehicle
operation. These values are function of the type of power plant (nuclear, coal, gas,
wind, water, ...) and the relative contribution of each power plant to the consumed
energy. To know the amount of emissions generated by the production of one unit
(1 kwh) of electricity, one must know the exact production mix (i.e. the division of
electricity production over the different power plants) in the area considered,
according to the time of the day and the season. However, since the electricity grids
in Europe are connected in an international mesh network, it is very difficult to
attribute a particular energy flow of an appliance (i.e. an electric vehicle) to one
particular power plant. It is thus necessary to consider the overall primary energy
mix in Europe and to treat all consumers of electrical energy equally: all energy
users are divided equally between all power plants in the system. This is a medium
worst case for EV’s.

Using the average electricity production mix as a basis, seems at first sight a
straightforward approach, but it is not completely correct.

First of all electric vehicles will be charged mostly during the night, with a total
different composition of electricity production then the average. Taking into
account that night time electricity production mainly relies on the so-called “base”
power stations, which have generally a better efficiency and lower relative
emissions, this approximation of the average production mix will give a slightly
“pessimist” image of electric vehicle emissions.

Further, the average contains also old power plants. If one wants to take into
account the introduction of electric vehicles in the next ten years, then one needs to
consider the investment policy of the electricity production companies. In Belgium
most new power plants are of the Steam and Gas Combined Cycle (SGC) type. The
SGC has an efficiency of 53% [177]. Furthermore there is a moratorium on nuclear
energy. The energy shall be produced by other power plants. It has to be noticed
that the introduction of electric vehicles is wrongly coupled with the promotion of
nuclear power plants. This point of view can be compared with discouraging the use
of trains and trams for public transportation because they use electricity that can
possibly be delivered by nuclear power plants.

A third consideration is related with individual electricity production. Companies,
institutes (like universities, governments administrations,...), can combine their
central heating system with a high efficient electricity generator. This is called the
Combined Heat Power (CHP) system. The system produces electricity (with an
efficiency up to 50%) as well as heat for the heating of buildings (the overall
efficiency of this system can be higher than 80%) [177]. In this case one can
consider that the fleet of electric vehicles of that company is charged by their own
power plant. The same can be said for a private person who installs solar cells or
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other renewable energy sources like windmills or water turbines using an individual
power production with no emissions.

The comparison by taking the average electricity production for electric vehicles in
fleet or individual use is similar as taking all types of thermal vehicle — old and new,
diesel and petrol — together to describe one specific case of the use of an internal
combustion vehicle. Nevertheless these average electricity production mix will be
used and should be seen as a pessimist case scenario.

Table 6.3: Percentage of total electricity production by fuel type and country
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Not only within one country there are differences between the types of power plant
but there are also variations between diverse countries. France and Belgium for
example, rely heavily on nuclear power, while in the U.K or in Denmark coal is the
most important primary energy. In countries where the geographical situation
permits, such as Norway or Switzerland, hydroelectric energy is predominant. If
VSP would be used in Norway, the background emissions would quasi be nihil,
since the entire electricity consumption is provided by hydraulic.

Taking together all European power stations, one comes to the production mix
illustrated with Table 6.3. In this table the percentage of the total electricity
production in function of the fuel type is given for Europe, Belgium and the best and
worst European country. The best country corresponds to the lowest emissions and
vice versa. The other countries are added below.

In function of this production mix an average emission level can be calculated for
each pollutant in function of the energy production, as illustrated with Table 6.4.
This table takes into account extraction and transportation of fuel; the processing of
fuel and transport to the power plant as well as the generation, transmission and
distribution of electricity.

Table 6.4: Emissions from electricity production [Error! Bookmark not

defined.]
CO; CO NO HC SO, CH, PM

g/kWh | mg/kWh | mg/kWh | mg/kWh | mg/kWh | mg/kWh | mg/kWh
European average 458,6 76,7 1173,2 81,4 2681,6 1017,4 140,8
Belgium 339,5 60,1 1041,8 43,9 1920,6 865,1 97,9
Norway (best) 6,1 2,2 10,1 0,7 13,3 2,2 0,7
Denmark (worst) 926,3 154,8 2921,8 88,9 3286,4 3249,7 225,7
Austria 226,4 52,2 333,7 57,6 267,1 289,1 24,8
Finland 558,4 139,0 1106,3 56,2 712,8 1119,2 84,2
France 63,4 11,5 219,6 115 662,0 130,0 28,4
Germany 682,9 98,3 1102,7 33,8 3353,4 1674,4 202,3
Greece 1067,0 139,3 1417,0 140,0 3525,1 2174,4 224,6
Ireland 766,4 121,7 2419,2 160,6 5902,2 1680,1 267,5
Italy 585,0 120,2 1986,1 379,1 3517,9 402,5 148,0
Luxemburg 366,8 58,3 324,4 60,8 256,0 98,3 13,3
Netherlands 632,5 113,8 1014,5 115,2 666,7 1413,0 68,4
Portugal 613,4 122,4 1825,6 193,3 4538,5 1292,4 213,8
Spain 456,5 69,8 1491,1 57,6 4448,9 1104,5 208,1
Sweden 74,2 21,6 151,9 23,8 124,9 79,9 11,2
Switzerland 23,8 9,0 46,4 5,0 77,4 2,5 4,0
UK 604,1 98,6 22745 72,7 5204,9 1652,0 251,6

A theoretical model can be established allowing the user to define the relative
contribution of each type of electricity production plant. For each type of pollutant
one can use the specific power plant emission SE,, (kg/GJ), the relative contribution
RC,p (%) and efficiency ny, of each considered power plant (PP) to calculate the
total background emissions BE (g/km). Furthermore the background emissions are
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function of the electricity consumption Egiq (Wh/km), which is required to recharge
the battery, and of the efficiency of electricity transportation and distribution ngig.

BE =0,0036. %% Ml

ngrid all power plants ,7pp

(6.10)

This formula is used to calculate the background emissions for CO, CO,, NO,, HC,
CHy, SO, and particles.

Additionally to the selection of a desired country the user can select a theoretical
model in which these contributions can be freely chosen.

Forecasts of emissions from electricity production by Sporckmann (1997) [153]
suggest that electricity emissions will have decreased by 2000 due to the
introduction of further emissions control technologies and the increased use of less
polluting fuels. He assume that the basic technology mix remains unchanged, but
that newer plants replace older ones and will be equipped with Selective Catalytic
Reduction exhaust gas treatment units. The total effect in the year 2020, with respect
to the year 1994, is —70% for NO, and SO,, and -50% for HC and particles.

6.4 Fuel Refinery .vi

Crude oil provides the raw input of most current transport fuel production. Crude
oil is essentially a complex mixture of hydrocarbons with very different chemical
and physical properties. The processing of crude oil is aimed at separating the
mixture into groups of chemicals with similar properties for use in particular
applications. The route from extraction of the crude oil to the use of the individual
refined components is long and complex. Emissions result from the extraction (gas
flaring, venting, gas turbines), transportation (energy used, losses), processing
(different refinery types) and distribution (mainly VOC evaporation for gasoline) of
crude oil [154].

Table 6.5: Efficiency values for fuel preparation

Efficiency (%)
Fuel transport 99,7
Refinery 92,5
Oil transport 98,0
Oil mining 99,0
Total preparation 89,5

Hence, for life-cycle emissions of internal-combustion engine vehicles not only the
tailpipe emissions, but also the energy loss and emissions generated during oil
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transport and refining should be considered. This can be calculated out of the
energy content of the consumed fuel (in kWh).

Table 6.6 shows the emissions for the fuel preparation taking into account the
extraction (offshore) and transport of crude oil, the refining and the distribution
(transport and evaporation) of fuel. In the case of bio fuels the agriculture, transport,
processing, distribution and storage are considered. Also the extra required energy
for these processes are taken into account.

Table 6.6: Emission for fuel preparation [Error! Bookmark not defined.]

CO2 co Nox NMHC CH4 S0O2 PM
g/kWh  mg/kwWh mg/kWh mg/kWh mg/kWh mg/kWh mg/kWh

Gasoline 33.1 184 151.9 761.4 62.6 236.2 8.6
Diesel 24.5 16.6 129.6 315.4 56.5 174.2 3.6
LPG 21.6 14.8 116.3 202.7 58.0 114.1 5.4
Kerosene 23.0 16.2 130.7 298.4 57.6 192.6 4.3
Heavy fuel oil 19.8 144 1145 283.7 53.3 100.4 4.3
CNG 14.8 5.0 38.2 99.0 805.3 60.8 2.9
Bio fuels - RME 108.7 493.2 871.9 280.4 245.5 66.6

6.5 Heater .vi

The “Heater .vi” is a small subprogramme containing the data of a potential burner
to heat the interior of the vehicle. These burners will produce small additional direct
emissions (in g/h) and they have a specific fuel consumption (in L/h). By
multiplying them with the total trip Time (in s) and dividing by the covered distance
the corresponding direct emissions in g/km and fuel consumption in L/km are
calculated. The user can select whether or not this burner is enabled. These direct
emissions are added to the other direct emissions (coming from a possible engine of
the vehicle drivetrain).

The implemented data are only for comparative purpose. The model does not
consider any influence of the ambient temperature. Furthermore it indicates only the
level of emissions for one type of heater. When the data is available this model can
easily be extended to a model for each vehicle of the database, taking into account
it’s specific heater emission and fuel consumption.

6.6 Error Message .vi

In case an Acceleration or Power Reduction is required, an error message will be
displayed indicating which vehicle component is not able to deliver the demanded
performance and the reason why. The user can continue the simulation by clicking
on the OK button or by pressing RETURN.
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Often the error situation lasts for several times. Nevertheless it will be displayed
only one time. Furthermore when a simulation is finished and the user likes to
perform another one, he can select if the error message should be reset or not. If not,
the previous manifested messages will not be displayed during this second
simulation.

With each error corresponds an error index. All error indexes smaller then 10 are
general messages concerning the simulation process itself. The first digit, of error
indexes higher then 10, corresponds to the component, the second to the physical
parameter that is exceeded. Table 6.7 shows all errors messages implemented up-to-
now.

Table 6.7: List of error messages implemented up-to-now

0 Iteration problem
1 Data out of range
2 Simulation Impossible settings
5 Process Drivetrain strategy limits
8 Problem
9 Energy sources empty
12 Maximum wheel power (wheel slip)
20 You are going to overspeed your motor
21 Motor Your motor is overloaded (torque)
22 Motor overloaded (power)
34 DC-bus Maximum DC-bus voltage
36 Regeneration is higher than desired deceleration
42 Battery overloaded
43 Battery current too high
44 Battery Battery voltage too high
45 Battery voltage too low
49 Battery empty!
50 Generator You are going to overspeed your generator
52 Generator overloaded
60 You are going to overspeed your engine
62 ICE overloaded
65 Engine Engine is starting
66 Clutch is slipping
69 Fuel tank empty
72 Fuel cell Fuel Cell overloaded
80 Flywheel out of speed limits
82 Flywheel Flywheel overloaded
85 Key switch Flywheel OFF
100 V'SP starts
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Part 11

7 VEHICLE DRIVETRAINS

In this chapter the general description of the vehicle drivetrain model can be found.
The description of the components is given in chapters 8, 9, and 10. Eighteen
vehicles are up-to now introduced in the database. Following different types of

drivetrain are implemented:

e Battery Electric Vehicle

e Flywheel Electric Vehicle

e Fuel Cell Electric vehicle

e Diesel Electric Vehicle

¢ Internal Combustion Vehicle

e Series Hybrid Electric Vehicle

e Parallel Hybrid Electric Vehicle
e Combine Hybrid Electric Vehicle
e Fuel Cell Hybrid Electric Vehicle

BEV
FWEV
FCEV
DEV
ICV
SHEV
PHEV
CHEV
FCHEV

Other drivetrain topologies are as well possible to implement in the software tool.
This can be done on a straightforward way by connecting one component to another.
The different drivetrain topologies are described in the following chapters.

7.1 Battery Electric Vehicle .vi

The “Battery Electric Vehicle .vi”’ contains a model for the drivetrain of a pure
electric vehicle. This model is activated each sequence of a required speed cycle
(see “VSP .vi”). It contains the iteration process to define the possible acceleration
and speed. The approach used for modelling the electric vehicle drivetrain is
compatible for all kind of drivetrains. The front panel (user interface) is illustrated

with Fig. 7.1
Lu:uau:l| Pos. gen. power [k
fuel power at [CE [kia
|
W | 0 [ 0000
Foad inclination [
gﬂ.ﬂﬂ Average weight [kall Battery power [lw
Fiequired speed [km/h)| 0.000
w00
- FPower Unit Power [k
fictual speed [kmdh)|  Possible speed [km/h| R
si0.0 [ oo :

Fig. 7.1: Front panel of Battery Electric Vehicle .vi

This model is composed of a sequence structure of three frames.

VSP
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In the first frame an initialisation for the iteration parameters is set as well as for the
battery voltage. The required acceleration a,(m/s®) corresponding to the current
Veur(km/h) and required velocity vieq(km/h) is calculated. Ts(s) is the selected time
step.

_ Vreq _chr

a_—
YT TT.36 (7.1)

The second frame contains the actual iteration loop and the different components of
the drivetrain. This is based on an algorithm that can be used for all different
drivetrains. It simulates the state of each component backward from the body and
wheels through the drivetrain up to the primary energy source.

Each component is modelled as a black box. Fig. 7.2 illustrates the second frame of
the block diagramme. In the model of this electric vehicle one can recognise from
left to right the sub.vi’s for body (1), the wheels (2), the differential (3), the gear (or
reductor) (4), the motor (5), the convertor (6) and the battery (7). One can also find
the model for the auxiliaries (8).

In the right bottom corner of the diagramme the core of the iteration algorithm is
located, the “Iteration Algorithm .vi” (9). This subprogramme controls the
iteration process. When the AR is different from one, the required acceleration
a,(m/s?) is reduced in the following iteration step to the possible acceleration
apos(m/sz). Once the possible acceleration is found, the iteration loop stops. A
detailed description of this “Iteration Algorithm .vi”’ can be found in chapter 8.

a,,, = AR[R, 72)
IS IS S ST S Tty
-.--I. Erster ke
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| — »m @ & @ 6 & O —
; "'ﬂ'_:l . (_g) .
& =
- ,h . i1, =

Fig. 7.2: Block diagramme of second frame of Battery Electric Vehicle .vi
In the third frame the possible speed v,.s(km/h) is calculated (7.3).

Vpos = Veur + apos'Ts'3’6 (7.3)
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The corresponding delivered power is stored in a cluster as an output of the
“Battery Electric Vehicle .vi”. Due to the fact that this model is compatible with
the models for other types of drivetrains, this cluster also contains the outputs for the
delivered fuel power and the power from a third power unit like a flywheel. These
values are in this case set to zero.

7.2 Flywheel Electric Vehicle .vi

The model of the flywheel electric vehicle is similar to the battery electric vehicle.
Only the differences are described below.

The model for the electrical flywheel itself (“Flywheel .vi”) was originally
developed as peak power unit that could be used in the “Series Hybrid Vehicle .vi”.
Due to the modularity of the simulation programme and the flexible iteration
process, this flywheel model can also be used instead of the battery model of the
“Battery Electric Vehicle .vi”.
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Fig. 7.3: Block diagramme of second frame of Flywheel Electric Vehicle .vi

Fig. 7.3 illustrates the block diagramme of the programme. In this figure one can
recognise from left to right the sub.vi’s for the body (1), the wheels (2), the
differential (3), the gear (or reductor) (4), the motor (5), the convertor (6) and the
flywheel (7). One can also find the model for the auxiliaries (8) and for the iteration
algorithm (9).

The fundamental principles as described in the “Battery Electric Vehicle .vi” are
still valid. The power that previous was required from the battery is now demanded
to the flywheel.
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7.3 Fuel Cell Electric Vehicle .vi

It is not only possible to replace the battery by a flywheel model, but with a simple
‘click and replace’ one can build a pure fuel cell electric vehicle as illustrated with
Fig. 7.4. In this figure one can recognise from left to right the sub.vi’s for the body
(1), the wheels (2), the differential (3), the gear (or reductor) (4), the motor (5), the
convertor (6) and the fuel cell (7). One can also find the model for the auxiliaries
(8) and for the iteration algorithm (9).
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Fig. 7.4: Block diagramme of second frame of Flywheel Electric Vehicle .vi

7.4 Diesel Electric Vehicle .vi

The battery can also be replaced by an internal combustion engine as illustrated with
Fig. 7.5. This type of drivetrain is not to be confused with a series hybrid electric
vehicle that additionally contains a battery (see further).
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Fig. 7.5: Block diagramme of second frame of Diesel Electric Vehicle .vi

In this figure one can recognise from left to right the sub.vi’s for the body (1), the
wheels (2), the differential (3), the gear (or reductor) (4), the motor (5), the
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convertor (6), the generator (7) and the ICE (8). One can also find the model for the
auxiliaries (9) and for the iteration algorithm (10).

7.5 Thermal Vehicle .vi

The same iteration algorithm is applicable on the models of internal combustion
vehicles.

In the initialisation frame the function of the engine has to be selected. Due to the
fact that this engine model must be relevant in different kind of drivetrain topologies
(parallel, series, combined hybrid electric as well as in thermal vehicles) the iteration
process should act in the appropriate manner. Indeed when the engine is used in an
APU the powerflow should be adapted when e.g. the engine is overloaded.
However when this engine model is used in an internal combustion vehicle the
acceleration should be reduced to keep the engine operating point within its
boundaries. Additional information can be found in subchapter 11.8 Engine .vi.

Furthermore in this initialisation phase the engine key switch is turned ON and
although there is no battery in a thermal vehicle, the battery voltage is initialised
because the programme uses the same iteration algorithm as for the other types of
drivetrains.

In Fig. 7.6 one can recognise from left to right the sub.vi’s for the body (1), the
wheels (2), the differential (3), the gear (4), the clutch (5) and the engine (6). One
can also find the model for the auxiliaries (7). This auxiliary system is also in
charge of the power required for the starter motor to switch on the engine.

The delivered power corresponding to the fuel consumption is put in a cluster as an
output of the “Internal combustion vehicle .vi”. This power is defined in the
“Engine .vi” model (see subchapter 11.8).
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Fig. 7.6: Block diagramme of second frame of Internal combustion vehicle .vi
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7.6 Series Hybrid Vehicle .vi

The model becomes somewhat more complicate in the case of hybrid drivetrains.
Once again the iteration process is applicable on all kind of hybrid vehicles.

The powerflow in the drivetrain of hybrid vehicles can be controlled in different
ways taking into account diverse criteria and desiderata (see Partl). The
implementation of the control strategies is described below as well as in the different
component description. The drivetrain strategy is implemented in two levels: the
primary control algorithm and the component dedicated control algorithm. The
former defines whether or not the APU operates as well as the fundamental iteration
order. The latter is used to take the component proper characteristics into account.
In the case of this series hybrid vehicle the main control of the powerflow can be
found in the “DC-bus controller .vi” (see subchapter 9.1).

Like the other drivetrain models the “Series Hybrid Vehicle .vi” contains a
sequence structure of three frames.

In the first frame an initialisation of the iteration parameters is done as well as of the
battery voltage. The required acceleration a, corresponding to the current speed vy,
and required speed Vi is calculated (see equation (7.1)).

The selection of the APU engagement can be done on the front panel of this vehicle
(see Fig. 7.7). This selection can be based on the following criteria (described in
subchapter 3.4.1):

1. In function of the vehicle velocity. If the vehicle velocity drops under a
certain limit the APU can be switched off.

2. In function of whether or not the vehicle is running in a city centre defined
by the speed cycle.

3. In function of the State of Charge (SoC) of the battery, which control is
implemented as a hysteresis loop with the help of the “Hysteresis .vi”
subprogramme.

4. In function of a combination of case 2 and 3, where the switching-off
velocity is defined in function of the SoC of the battery.

5. Finally the user can select the minimum time the APU needs to be engaged
before it can be switched off.
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Fig. 7.7: Front panel of Series Hybrid Electric Vehicle .vi

E
R

The user has the possibility via the front panel to disengage the APU independently
from the previous criteria. In any case this is also done when the fuel tank is empty.

If the series hybrid vehicle contains also a power unit, e.g. flywheel or super-
capacitor, a second ON/OFF switch is foreseen to whether or not engaging this unit.

Furthermore the fundamental iteration order is selected in this front panel too. This
iteration order is described in detail in subchapter 8.6. Basically it describes if the
operating setpoint of the APU is dominant on the performance of the vehicle or if it
is allowed to modify the powerflow in the drivetrain to improve vehicle
performance. In the first case the AR will be implemented before a PR and vice
versa in the second case.

The second frame contains the iteration loop as illustrated by Fig. 7.8. In this figure
one can recognise from left to right the sub .vi 's for the body (1), the wheels (2), the
differential (3), the gear (4), the motor (5), the convertor (6), the DC-bus-
controller (7) and the battery (8).

At the level of the battery one sees from top to bottom the flywheel (9) and the APU
consisting in a generator (10) and an engine (11).
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Under the battery one can find the braking resistant (12) to possibly protect the
battery against over-voltage. One can also find the model for the auxiliaries (13).

In the right bottom corner of the diagramme the core of the iteration algorithm (14)
is located.
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Fig. 7.8: Block diagramme of second frame of Series Hybrid Electric Vehicle.vi

In the hybrid drivetrains, next to the acceleration, this iteration process controls the
Power Distribution Factors (PDF1 and PDF2) via the Power Reductions 1 and 2
(equation (7.4)). These Power Distribution Factors define the relative distribution of
the power between the different parts of the drivetrain. PDF; will determine how
much power the APU will deliver (see equation (7.5)), and PDF, gives the part that
will be produced by the flywheel (see equation (7.6)). The remaining part of the
required traction power is assigned to the battery (see equation (7.7)). All these
equations are implemented and further elucidate in the “DC bus controller .vi”" and
in the “Iteration Algorithm .vi”. Once the possible acceleration, PDF1 and PDF2
are found, the iteration loop stops.

PDF,,, = PR[PDF,, (7.4)
Pyn = PDF. P (7.5)
Ppu = PDFZ'(Preq - Pgen) (76)
Pbat = Preq - Pgen - Ppu (77)
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With :
*  PDFyq : required Power Distribution Factor
*  PDFpyg : possible Power Distribution Factor
« PR : Power Reduction
« PDF; : Power Distribution Factor 1
« PDF, : Power Distribution Factor 2
o Pger ™ :generator set point power (W)
*  Pgen : generator power (W)
* P : power unit (flywheel) power (W)
e Py . battery power (W)
*  Pryg : required power (W)

In the third frame the possible speed (vs) is calculated (see equation (7.3)). The
delivered battery power as well as the delivered fuel power and the power from
flywheel are stored in a cluster as an output of the “Series Hybrid Vehicle .vi”.
The DC power delivered by the APU is an additional output of the programme.

7.7 Parallel Hybrid Vehicle .vi

The topology of a parallel hybrid drivetrain is rather different from the one of a
series hybrid drivetrain, but the modelling is quite similar and once again the same
iteration process is used.

The “Parallel Hybrid Vehicle .vi” model contains a sequence structure of three
frames.

Switching On or OFF the engine can be selected based on the same criteria as
described in the “Series Hybrid Vehicle .vi”’. When the engine is disengaged it can
be mechanically declutched from the rest of the drivetrain and operated in idle mode
or it can be completely switched off. This is implemented in the clutch model (see
“Clutch .vi”, see subchapter 11.7).

Analogue to the model of other drivetrains the iteration loop determines the possible
acceleration and Power Distribution Factor (PDF). The PDF of a parallel hybrid
drive defines the relative distribution of the power between the electric motor and
the internal combustion engine (see (7.8) and (7.9)). This power division and the
diverse definitions of the PDF are implemented in the “Torque Splitter .vi”’ (see
subchapter 9.2), which is essentially a model of a toothed gear, together with a PDF
controller.

P =PDF.R (7.8)
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P., = (1~ PDF)P (7.9)
With

« PDF :Power Distribution Factor

e P : input power from wheels (W)

e Py > output 1 power to engine (W)

e Py > output 2 power to battery (W)

In the parallel hybrid vehicle model of Fig. 7.9 one can recognise from left to right
the sub.vi’s for the body (1), the wheels (2) and the differential (3). Beside one can
find the torque splitter (4) that divides the required traction torque between the
electric motor (5), inverter (6) and battery (7) on one side and gear (8), clutch (9)
and engine (10) on the other side (above). One can also find the model for the
auxiliaries (11). In the right bottom corner of the diagramme the core of the
iteration algorithm (12) is located.
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Fig. 7.9: Block diagramme of second frame of Parallel Hybrid Electric
Vehicle .vi

7.8 Combined Hybrid Vehicle .vi

The combined hybrid drivetrain is one of the most complex models of the Vehicle
Simulation Programme. It combines the series hybrid with the parallel hybrid
drivetrain.

Switching ON or OFF the engine can be done based on the same criteria as
described in the “Series Hybrid Vehicle .vi”. Opposed to the parallel hybrid drive
when the engine is disengaged it cannot be mechanically declutched from the rest of
the drivetrain. But the planetary gear, which connects the engine with the torque
splitter, can be locked (see “Planetary gear .vi” of subchapter 9.3).
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Fig. 7.10: Block diagramme of second frame of Combined Hybrld Electric
Vehicle .vi

This combined hybrid vehicle is build up from left to right with the following
sub.vi’s: the body (1), the wheels (2) and the differential (3). Beside one can find
the torque splitter (toothed gear) (4) that divides the required traction torque between
the planetary gear (5) on one side and electric motor (6), inverter (7) and battery (8)
on the other side. The torque division is controlled via the Power Distribution
Factor 1 (PDF,).

Until now one has the same approach as for the parallel hybrid drivetrain.

The planetary gear itself introduces a second degree of freedom in comparison with
the parallel hybrid drive. The planetary gear set divides the engine (9) driving force
into two forces: one that drives the wheels, via the torque splitter, and the other that
drives a generator (10). The electrical energy, produced by the generator, is re-
converted into mechanical energy through the electric motor or stored in the battery.
Within the iteration process a second PDF, will control the power path of the
generator. This PDF; is not entirely unrelated with the PDF;, due to the fact that the
generator power is dependent from the power division in the torque splitter (see
subchapter 9.2). The generator velocity setting determines the speed of the engine.
This is explained in “Planetary gear .vi” with equation (9.26). Hence the working
of the internal combustion engine can be fully controlled independently from the
required traction force and vehicle velocity (see subchapter 9.3).

Furthermore one can also find the model for the auxiliaries (11).

In the right bottom corner of the diagramme the model controlling the iteration
process is located (12).

The delivered battery power as well as the delivered fuel power is stored in a cluster
as an output of the “Combined Hybrid Vehicle .vi”. The by the engine delivered
mechanical power as well as the power delivered by the generator to the inverter are
additional outputs of the programme.
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7.9 Fuel Cell Hybrid Electric Vehicle .vi

The fuel cell hybrid electric vehicle is the last implemented drivetrain topology.
Basically it is the same model as that of the series hybrid electric vehicle in which
the APU is replaced by a fuel cell.
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Fig. 7.11: Block diagramme of second frame of Fuel Cell Hybrid Electric
Vehicle .vi

The “Fuel Cell Hybrid Vehicle .vi” is composed of (from left to right in Fig. 7.11)
the sub .vi 's for the body (1), the wheels (2), the differential (3), the gear (4), the
motor (5), the convertor (6) and the DC-bus-controller (7). This DC-bus-controller
regulates the powerflow of (from top to bottom) a potential flywheel (8) (can be
discard), the fuel cell (9), the battery (10) and the braking resistant (11). All these
components can be disengaged if required. The fuel cell plays the same role as the
APU of the series hybrid drivetrain. The fundamental principles as described in the
“Series Hybrid Vehicle .vi” are still valid.
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8 ITERATION ALGORITHM

In Part1 several concepts of the calculation methodology are clarified: uniform
iteration process, modular programme, Acceleration reduction, Power Reduction,
iteration order, inherent implemented powerflow control strategy, etc. Based on
these concepts an in-depth description of the iteration algorithm is explained in this
chapter.

8.1 Philosophy

In the case of an electric or thermal vehicle the AR will reduce the acceleration of
the vehicle. Hence the required torque will decrease as well as the corresponding
power.

In the case of hybrid vehicles different solution are possible to keep the operating
points of a component within limits. The iteration process is much more complex.
A PR can change the Power Distribution Factor (PDF) or the AR can reduce the
acceleration. Which one has to be implemented first makes part of an intelligent
iteration order (see further). An AR and a PR can be introduced at the same time.
When only one of them is first implemented, the limit of the other can already have
disappeared.

To be able to explain the philosophy of the iteration process some definitions should
be introduced. Each hybrid drivetrain are theoretically divided in three parts: a
‘common subsystem’, an ‘acceleration subsystem’ and a ‘power subsystem’.

e The acceleration subsystem defines in essence, via the Acceleration Reduction
factor, the mechanical quantities of the vehicle.

e The power subsystem is characterised principally by powerflow, which is
controlled in the simulation programme with the help of the PDF via the Power
Reduction factor.

e All traction effort to drive the wheels, coming from the acceleration subsystem
as well as from the power subsystem, goes trough the common subsystem.

The name of these subsystems is related to the simulation methodology and not
necessarily to the function of the components being part of that subsystem. The
components can have different functions. A component of the acceleration
subsystem can deliver a constant power and a component of the power drivetrain can
be in charge of the acceleration of the vehicle (see further). Consequently these
definitions are theoretical names to explain the iteration algorithm.
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Table 8.1 defines to which part of the drivetrain the components of the different
vehicle types belong to. The acceleration subsystem always contains the battery and
the power subsystem the engine (or other energy source).

Table 8.1: Acceleration and power subsystem

Common subsystem Acceleration Power subsystem
subsystem
EV body, wheels, differential, reductor motor, convertor, not present
battery
ICV body, wheels, differential, gear clutch, engine not present
SHEV body, wheels, differential, reductor, battery generator, engine,
motor, convertor, dc-bus-controller (possible flywheel)
PHEV body, wheels, differential, torque motor, convertor, gear, clutch, engine
splitter battery
CHEV body, wheels, differential, torque motor, convertor, planetary gear, engine,
splitter battery generator

As explained in the previous chapter the division of power between engine and
battery in a series hybrid drivetrain is controlled in the “DC-bus controller .vi”. In
a parallel hybrid vehicle this is implemented in the “Torque Splitter .vi”’. From the
beginning of the force calculation in the “Wheel .vi” the acceleration force and
resistive force are two separated parameters. The resistive force is the force
corresponding to the friction force, aerodynamic force and the climbing force. The
acceleration force is proportional to the vehicle acceleration (for further description
see chapter 7). By having the acceleration force separated from the resistive force it
is possible to calculate the possible acceleration. This process is always performed
in the acceleration subsystem. The power subsystem delivers ‘resistive’ power.
This basic philosophy allows the control of the acceleration as well as the power
distribution (PDF). The fact that the acceleration subsystem is responsible for the
acceleration of the vehicle does not mean that the power delivered by the power
subsystem is not used for acceleration. The power of the power subsystem will
reduce the required power of the acceleration subsystem and hence it will take part
in the acceleration process in an indirect way (see paragraph 8.6)

8.2 The Reduction Parameters

The iteration process is structured taking into account three types of limits:

e Speed limit (c>max)
e Torque limit (T-max)
e Power limit (P-max)

All other limits (current and voltage) are to be transformed to power limits. Hence
the iteration process could be uniformed. Also the speed and torque could be
converted to a power limit, but this would decrease the iteration accuracy. Due to
the straightforward relationship between the acceleration on one side and the
velocity and torque on the other side, one should keep this close liaison, instead of
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passing through a power limit conversion. Each type of limit can result in an AR, a
PR or both. The next paragraphs will describe the different possibilities. Fig. 8.1
illustrates these possibilities.

T.T.wa T.T.wa

No

Fig. 8.1: AR and PR of acceleration subsystem or power subsystem

The AR is used as a feedback to control the vehicle acceleration. Mostly the AR
will be defined in the common subsystem or the acceleration subsystem. In an
exceptional case (PHEV, see 8.3.2) it can be defined in the power subsystem.

The PR controls the PDF and is hence used in the feedback loop defining the power
distribution between acceleration and power subsystem. PR’s will never be
generated in the common subsystem, but however can either be defined in the
acceleration or power subsystem.

8.3 Acceleration Reduction Calculation

In an iteration process it is necessary to have a constant reference. During the
iteration process the vehicle velocity will remain constant, which corresponds to a
constant resistive torque.

When the required torque is higher than the maximum torque the iteration process
will act on the acceleration to reduce the acceleration torque T, which is
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proportional to the acceleration a (see equation (10.11)). When the required torque
exceeds the maximum torque T, the Acceleration Reduction will be calculated by
comparing the part of maximum torque that can be assigned for acceleration to the
required acceleration torque (equation (8.1)). Indeed, due to the fact that the vehicle
is running at a certain velocity the resistive torque T, should be delivered in any
case. Thus the possible acceleration torque is the remaining part of the maximum
torque that is not assigned to the resistive torque. Hence acceleration is only
possible if the maximum torque is bigger than the resistive torque.

T..-T
AR =_max v 8.1
T (81)
@pos = Breq-AR (8.2)

Fig. 8.2 illustrates the calculation methodology. This is an example of a torque limit
for a gear. To simplify the example the transmission ratio of the gear is equal to one
and its efficiency is 100%.

3 =2 Tyml:Tga +Ty &n =8 AR
a_ max T a _max _r Q0 = Apeg-
Eq. Ty=Ma YN P TE=T™ =T, b o-ARy
T, =Cte 9 T =TS
a, =2 Tg“":8+4:12 a,=2 .
¥ terationstep Tg =4%2=8 T,w =10 Ta=10-4=6 apm:2x§
T, =4 ARQ:—10_4:E To=4
________________________ 8 8 e
_oy 0 _
ag—2><g—l-5 T, =6+4=10 a,=15
2 teration step Tgﬂ:§x2x4:6 Ty =10 T, =6
8 AR, =1 T =4
T =4

Fig. 8.2: Example of an AR calculation

The values are chosen without dimension just as numeric example: the acceleration
equals 2, the weight equals 4 as well as the resistive torque. In the first iteration step
the total required gear torque (12) is higher than the maximum torque (10). The AR
is calculated in function of acceleration and resistive torque. The output torque of
the gear is limited to the maximum value. When all components are successively
simulated during this first iteration step, the required vehicle acceleration is reduced
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in function of this Acceleration Reduction. Hence in the next iteration step the
required acceleration gear torque is lower and the corresponding required total gear
torque is equal to the allowed maximum value.

The iteration parameters are grouped in one cluster. This cluster is used in each
component of the drivetrain to calculate the possible required reduction. (In
LabVIEW™ a cluster defines a group of parameters.) The cluster contains the
reference and the reduction parameter: respectively the resistive torque and the
Acceleration Reduction. The comparison of maximum and required value, as well
as the calculation of the corresponding Acceleration and/or Power Reduction and the
visualization of the error message is grouped in one sub programme called. This
subprogramme is used in the models of the different components of the drivetrain.
In the case of a torque limit this subprogramme is called “AR, PR (T) calculation
vi”. For a speed and power limit these are called respectively “AR, PR (w)
calculation .vi” and “AR, PR (P) calculation .vi”. The reduction of the vehicle
required acceleration and Power Distribution Factor are performed in a
subprogramme that controls the iteration process and which is called “Iteration
Algorithm .vi”.

While calculating backwards through the drivetrain the only way the resistive torque
reference can change is by change of the transmission ratio of gear units and by the
efficiency variation of the mechanical components. The acceleration torque itself of
equation (8.1) is not used to calculate the Acceleration Reduction due to the fact that
the inertia of each component will also influence this value. The acceleration torque
can be obtained by subtracting the resistive torque from the required torque
(equation (8.3)). This way the only inputs of the “AR, PR (T) calculation .vi” are
the maximum torque, the required torque, the possible transmission ratio, the
possible efficiency and the reduction cluster.

T =T
AR = —mex r 8.3
Treq _Tr ( )

The output parameters are possible torque and the new reduction cluster. This
possible torque is always lower than or equal to the maximum value. The
component characteristics are only defined and valid within their operating limits.
Thus by using the possible torque instead of the required torque one can be certain to
remain within the component working boundaries. E.g. one could calculate the
efficiency of a motor based on a fitted efficiency curve. When this curve is
expressed as an equation in function of torque and the considered torque value
would exceed strongly the validity domain of the function, one could get completely
unrealistic extrapolated results.

What to do when in two or more components of the drivetrain the required torque
exceeds the operating area ? The first component will introduce an Acceleration
Reduction (ARpe,) and its output parameters will be limited in function of this
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boundary. As the torque in a following component also exceeds the maximum limit,
a second Acceleration Reduction will be calculated. Hence all encountered
Acceleration Reductions have to be multiplied.

T, T
AR =_" AR (8.4)
Treq _Tr P

Due to the first limit the required value is limited to the maximum value and hence
the corresponding acceleration torque is also restricted. But in the “Iteration
Algorithm .vi” the new possible acceleration will be calculated based on the desired
acceleration a,q and corresponding desired acceleration torque (equation (8.2)). The
desired acceleration is defined by the imposed speed cycle. This means that the
denominator of the acceleration reduction must always corresponds with this
acceleration torque. This denominator is calculated by subtracting the resistive
torque from the required torque. But when this required torque is already limited
due to a previous limitation one loses the correlation with the original acceleration
torque. By multiplying both Acceleration Reductions one keeps the correlation with
the original acceleration torque (equation (8.4)). This reasoning is illustrated with
the following example.

a, =a T =T +T, an =8, T =Ta+T,y
Eq. T/=Ma AR :Tgmax -T; T2 =TT, AR _Tm-Ty 80 = 8req-AR.AR,
r_ 9 a r_Tr m a
______ LT S ok S S
a, =2 T, =8+4=12 a, =2 T =6+4=10 . s ;
1 iteration step Ty =4x2=8 T, =10 T2=10-4=6 T =9 s :2x§x6:2x§
T, =4 AR _10-4_6 T, =4 ARm:—9_4:§
¢ 8 8 6 6
—2x5—125 tot
8y =exg =L T,'=5+4=9 a, =1.25 T =5+4=9
2" jteration stepa :§x2x4 =5 Tgmax =10 T"? =5 Tgmax =9
‘8 AR, =1 T, =4 AR=1

T, =4
Fig. 8.3: Example of Acceleration Reduction multiplication

Fig. 8.3 shows an example of a torque limit in the gear as well as in the motor. The
torque limit of the gear introduces an AR (= 6/8). Its output torque is limited
corresponding the maximum value (10). But this required motor torque is still
higher than the possible motor torque (9). Hence this motor brings up at its turn a
second AR (=5/6). The possible acceleration is calculated by multiplying the
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required acceleration with all encountered ARs. In the second iteration step the
required gear torque is in this way lower then the maximum gear torque (9<10) and
the total motor torque is equal to the maximum motor torque. Notice that the final
denominator equals the original acceleration torque (8).

This chapter explained the fundamental approach for the calculation of the
acceleration reduction in the case of a torque limit. The following chapters will give
details of the other possible operating limits treatment.

8.3.1 AR, PR (T) Calculation .vi

a) Acceleration Subsystem - Acceleration Reduction

This type is described in the previous chapter.

b) Power Subsystem - Power Reduction

Once a component is used in the power subsystem, it makes no sense to limit the
acceleration. At this moment the only way to get the operating point of the
component within its maximum limits is by reducing the Power Distribution Factor
(PDF), with the help of a Power Reduction (PR) factor. In the case of a parallel or
combined hybrid drivetrain this PDF imposes a certain torque that can be seen as a
pure resistive torque (see “Torque Splitter .vi” in subchapter 9.2). Based on the
fundamental philosophy of the iteration process all torque, to accelerate the vehicle,
is delivered by the acceleration subsystem. The reference to calculate the Power
Reduction in this iteration process will be the torque setpoint T, defined by the PDF
and the required input torque at wheel side T4 (equation (8.5)).

Ty, =Teq-PDF (8.5)

In the “Iteration Algorithm .vi”’ the calculation process can first iterate towards the
possible acceleration, with the help of the Acceleration Reduction, and afterwards it
iterates towards the possible PDF. Due to the mechanical connection in parallel and
combined hybrid drivetrains, the acceleration of the power subsystem is related to
the acceleration of the vehicle. Hence once the possible acceleration is found, the
acceleration of the components in the power subsystem is defined. This acceleration
leads to additional inertia torques, Tinertia» Which has to be delivered in any case.
Thus the possible torque setpoint is the remaining part of the maximum torque that
is not assigned to the inertia torque. When the required torque is higher than the
maximum torque, Tax, the iteration process will act on the PDF to reduce the torque
setpoint Tg,.  When the required torque exceeds the maximum torque the Power
Reduction will be calculated by comparing the part of maximum torque that can be
assigned to the torque setpoint with the required torque setpoint (equation (8.6)).
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Tmax -T

inertia
T

sp

PR = (8.6)

The PR is not defined in function of power by considering the speed (multiplied by
torque) since this would increase subprogramme complexity and would decrease the
iteration accuracy.

All rotating components of the power subsystem will contribute to the inertia torque.
Equation (8.7) defines the required torque of the power subsystem mechanical
components. To reduce the number of input parameters of the “AR, PR(T)
calculation .vi” equation (8.8) will be used to calculate the Power Reduction, in
which the same parameters as for the calculation of AR are employed. Similar to
the AR no parameters that changes due to inertia are chosen to define the AR and
PR. These parameters are the acceleration torque (acceleration subsystem) and the
inertia torque (power subsystem). Only parameters that change due to efficiency
and transmission ratio are used. This way the Power and Acceleration Reduction
can be calculated in a uniform way in all components.

TS =T, +T

req

+ T + Tinertia3 .. (87)

inertial inertia2

Tmax _Treq +Tsp
PR = PR (8.8)

' prev
sp

To be able to use the torque setpoint in a possible additional torque limitation of a
succeeding component, this torque setpoint has to be reduced in correlation with the
maximum torque. Indeed, the required torque T.q will be limited to the maximum
value Tma and the corresponding torque setpoint Ty, equals this maximum value
minus the inertia torques Tinertia-

ngos :Tmax _Tinertia :Tmax _Treq +Tsp (89)

In the “Iteration Algorithm .vi” the new possible PDF will be calculated by
multiplying the original PDF with the Power Reduction. This means that the
denominator of the Power Reduction must always corresponds with this original
PDF, which is proportional to the torque setpoint. Similar to the AR, when an
operating limit occurs in two succeeding components, by multiplying the two Power
Reductions one keeps the correlation with the original PDF.

Additional to the Acceleration Reduction and resistive torque (see previous
paragraph), the reduction cluster also contains the Power Reduction and torque

134 VSP



8. ITERATION ALGORITHM Part Il

setpoint. Hence this cluster can be seen as a set of parameters to control the iteration
process.

c) Acceleration Subsystem - Power Reduction

In hybrid drivetrains not only the acceleration and resistive wheel torque define the
required torque of the components that are part of the acceleration subsystem, but
also the torque of the power subsystem. Indeed, due to the fact that the power
subsystem is also supplying an additional torque (see “Torque Splitter .vi”), the
required torque of the acceleration subsystem T,quS is the sum of the vehicle
acceleration torque T, and the resistive torque T, minus this additional torque TreqPS
(example of a parallel hybrid drivetrain).

Teg =T, +T, ~ Ty (8.10)
Instead of reducing the vehicle acceleration it could be sometimes better to first
reduce this additional power subsystem torque with the help of a Power Reduction
acting on the PDF, and this until the PDF has no effect anymore on the torque limit
(e.g. PDF equals zero). If e.g. the electric motor is overloaded a PR is introduced in
the model of this motor (which is part of the acceleration subsystem) and not an AR
like described in the first paragraph.

d) Power Subsystem -Acceleration Reduction

Regarding that the power subsystem provides a torque corresponding to the torque
setpoint, it makes no sense to reduce the vehicle acceleration (performance). One
should better always reduce the Torque setpoint via PDF and PR to keep the
components of the power subsystems within their boundaries.

8.3.2 AR, PR (w Calculation

The components have not only to operate within torque limits, but they are also not
allowed to exceed their maximum speed limits.

a) Acceleration Subsystem - Acceleration Reduction

At each step of the drive cycle loop the current velocity is used as input of the
drivetrain model. During the AR,PR iteration process this velocity will be kept
constant (to have a constant reference). Based on the speed value wand the required
acceleration a, one can calculate what the next velocity would be when the iteration
is finished. In the next speed cycle step this actual speed could be higher than the
maximum allowed velocity u}., (equation (8.11)).
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w+T,.a>w,,, (8.11)

When a component would exceed this maximum speed limit the required
acceleration should thus be reduced to the maximum acceleration a,., as defined
by equation (8.12).

Ay = — (8.12)

For components being part of the acceleration subsystem a reduction of the vehicle
acceleration will result automatically in a proportional reduction of the components
acceleration. Equation (8.13) defines the corresponding Acceleration Reduction (T
is the time increment of the speed cycle).

AR = —™Mma&x 8.13
T,.a (8.13)

The output parameter of the “AR, PR (w) Calculation .vi”” will not be the maximum
velocity, but due to the fact that during the iteration process the velocity has to
remain constant, the current speed will be taken. The maximum acceleration is the
output parameter. When in a previous component another limit has already caused
an Acceleration Reduction, both Acceleration Reductions will be multiplied.

b) Power Subsystem - Power Reduction

In hybrid vehicles the velocity of some components can be a function of the required
torque. E.g. in a series hybrid vehicle the velocity of an engine (part of the APU)
can be defined in function of the required APU output power in such a way that its
corresponds to the lowest fuel consumption. Hence it is required to reduce the
Power Distribution Factor to get the velocity within its speed limit.

How should one define the corresponding Power Reduction factor ?

In the power subsystem the acceleration imposes additional inertia torques. Based
on the available parameters in the Reduction cluster one can calculate this inertia
torque Tinenia (€Quation (8.14)).

Tinertia :Treq _Tsp (814)

The maximum velocity defines a maximum acceleration (see (8.12)). The maximum
allowed inertia torque is thus proportional to the maximum acceleration. The
maximum corresponding torque T, can thus be calculated with equation (8.15),
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with AR as defined in (8.13). At this moment the required Power Reduction can be
calculated in the same way as the PR of the torque limitation (see paragraph 8.3.1b)

Tonax = (Treg = Top JAR+ T, (8.15)
_ Tmax _Treq +Tsp
PR = = 'PRprev (8.8) Repeated

sp

Not in all hybrid drivetrains the reduction of the PDF or Torque setpoint, will result
in a reduction of the component acceleration. E.g. when one wants to keep the
engine speed within range in the case of a parallel hybrid vehicle, reducing the
torque will have no effect on the velocity. In this case an acceleration reduction is
required.

c) Acceleration Subsystem - Power Reduction

As opposed to the torque limitation, it makes no sense to reduce the PDF for a speed
limitation of the acceleration subsystem components. Indeed the velocity of these
components is only defined by the vehicle acceleration and is independent of the
PDF and corresponding torque setpoint.

d) Power Subsystem - Acceleration Reduction

The only case, in which a component of the power subsystem has to impose an
Acceleration Reduction, is when this component velocity depends on the vehicle
velocity (e.g. “Parallel Hybrid Vehicle .vi”). When one has a power (see further)
or torque (see higher) limitation in a component of the power subsystem, it is always
with the PR that the possible value is calculated and not via the AR.. The
Acceleration Reduction is calculated in an analogue way as it is done in the
components of the acceleration subsystem (paragraph 8.3.2a).

8.3.3 AR, PR (P) Calculation

Most of the limits can be reduced to a power limit implementation (e.g. maximum
battery current or voltage, flywheel overloaded, etct...). Hence this allows the
conception of a uniform iteration process.

The resistive power P, is the power corresponding to all forces acting on the vehicle
exclusive acceleration force (see “Wheels .vi” of subchapter 10.2). The power

L For electric components the power limit is mainly due to the multiplication of a voltage limit and a
current limit. Furthermore the two limits exist also alone. In the latter case the voltage or current limit is
multiplied with the required current, respectively voltage.
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setpoint Py, is the power defined by the PDF. At the moment a component
transforms mechanical power into electric power (or vice versa), the resistive power
and power setpoint are calculated based on the speed w and resistive torque T,
respectively the torque setpoint Ty, (equation (8.16) and equation (8.17)). These
transformations can be found in e.g. “Motor .vi” and “Engine .vi”.

P=Tw (8.16)
Psp = Tsp W (8.17)

a) Acceleration Subsystem - Acceleration Reduction

Opposed to the two previous acceleration reductions (speed and torque), it is not
always possible to univocally define a resistive power P,, due to e.g. the energy
conversion from mechanical to electrical. In the different components the resistive
power will be calculated in function of the efficiency (equation (8.18)).

Pi
Pr° =L (8.18)
n
With :
. P/ : resistive power at wheel side (W)
e P° : resistive power at energy source side (W)
* n : efficiency

If the power is positive the efficiency increase the resistive power and vice versa.
There is seldom a linear relation between acceleration and power, but rather a
quadratic relation. When one would define the Acceleration Reduction (AR)
likewise the reduction in the case of a torque limit, this could result in a too stringent
reduction of the acceleration and thus in a possible speed that is lower than the
maximum value corresponding with the power limit.

AR = Pro =P _ Poa =P (8.19)
Pa Preq - Pr
With :
o P : maximum power (W)
e P, > resistive power (W)
e P, - acceleration power (W)
© P : required power (W)
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The Acceleration Reduction (defined by equation (8.19) in the same way as the
Acceleration Reduction provoked by a torque limit) must be attenuated in the case of
a power limit.

When the Acceleration Reduction is positive this attenuation is implemented by
extracting the " root of AR or when AR is negative by taking the n™ power of AR
(equation (8.20)). The higher ‘n’, the higher the attenuation, but the slower the
iteration process converges to possible value.

AR, =YAR O AR" (8.20)
With :

« AR : Acceleration Reduction

e AR, :attenuated acceleration reduction

e n : attenuation factor

Each time the required power changes due to efficiency, the same influences are
reflected on the resistive power of the Reduction Cluster too, to always dispose of
the correct reference value for the AR calculation. When a limitation already
occurred in a previous component of the drivetrain, both Power Reductions have to
be multiplied to keep the correlation with the original PDF. The new possible power
will be set equal to the maximum allowed value P .

b) Power Subsystem - Power Reduction

Similar to a torque limitation in the power subsystem, once a component required
power reaches its maximum limit, the PDF will be reduced with the help of a Power
Reduction. The reference to calculate the Power Reduction in this iteration process
will be the Power setpoint Py, defined via the PDF in the “Torque Splitter .vi”
(parallel and combined hybrid vehicles) or the power setpoint defined by the PDF in
the “DC-bus controller .vi” (series hybrid vehicles).

When the required power exceeds the maximum power P, the Power Reduction
will be calculated by comparing the part of the maximum power that can be assigned
to the power setpoint, thus taking into account the inertia power of the rotating
components, to the required power setpoint (equation (8.21)).

I:)max - Preq + Psp
PR = > (8.21)

sp

The power setpoint Py,"* is the remaining part of the maximum torque that is not

assigned to the inertia torque (equation (8.22)).
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P = Prax = Peq ¥ Py (8.22)

There is no need to have an attenuation of the PR, as for the AR in the previous
paragraph, due to the fact that there is a better linear relation between PDF and
power. Only when the efficiency of a component changes very much (e.g. from
80% to 30%) during the iteration process an unstable iteration process can possibly
occur. At this moment the user has always the possibility to attenuate the PR.

c) Acceleration Subsystem - Power Reduction

Also similar to the torque limitation in the acceleration subsystem due to a too high
torque setpoint, a Power Reduction is required for a power limitation. In e.g. the
series hybrid drivetrain the battery power is defined by the traction power (resistive
and acceleration power) plus the power delivered by the generator (see “DC-bus
controller .vi”). The battery is a component of the acceleration subsystem and the
generator a part of the power subsystem. When the battery voltage becomes too
high during regenerative braking, one can first decrease the generator power setpoint
and afterwards, when the battery voltage is still too high, one can implement an AR
to reduce the electric regeneration braking.

d) Power Subsystem -Acceleration Reduction

When a power limit happens in the power subsystem only the PDF will be reduced
via the PR and the vehicle acceleration will never be reduced via an AR.

8.4 Some Examples

Fig. 8.4 demonstrates 6 examples of acceleration and resistive torque combinations
resulting in surpassing the maximum torque.

150 —— 150
100 - 100
50 50
0 -0
-50 : ﬂ 3 5 61— -50
-100 ol - -100
-150 -150
I Tr Ta I Ttot e Tmax

Fig. 8.4: Six examples of acceleration and resistive torque combinations
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The acceleration torque can be negative or positive in function of the required
acceleration, while the resistive torque sign is defined by the road inclination.

The iteration process can handle all different cases. Some real-life examples are
illustrated below.

a) Electric or thermal vehicles

* An Acceleration Reduction is necessary when a motor is overloaded, an engine
overspeeded, a battery current too high, etc...

e One is driving at high speed with a moderate acceleration and suddenly the
battery minimum voltage limit is reached. At this moment a negative AR
higher than 1 is required to decelerate the vehicle.

e One is driving at high speed with a moderate deceleration, but the battery
current is not yet reversed, which means that the battery is being discharged.
Suddenly the battery minimum voltage limit is reached. At this moment a
positive AR higher than 1 is necessary to decelerate the vehicle more and hence
recharge the battery and increase battery voltage.

¢ When driving at constant speed and a sudden slope occur it can be possible that
the vehicle cannot deliver the required power and must decelerate (AR smaller
than one).

¢ When the maximum power is smaller than the resistive part of the power while
the vehicle is asked to accelerate, the vehicle needs to drive slower, thus a
negative AR is necessary. This is the case for instance when driving with a
moderate acceleration and the road inclination increases heavily.

b) Hybrid vehicles

« A Power Reduction is necessary when a flywheel is turning too fast, the
required engine power is too high, the current variation in time of a Fuel Cell is
too high, etc...

e If one wants to start an engine with the generator in a series hybrid vehicle a
negative PR is necessary to iterate to a Power Distribution Factor corresponding
to the start-up power, which should be delivered by the battery.

* When in a series hybrid vehicle the battery voltage is too high, a PR can be
needed to reduce the generator charging power.

« When an engine of a parallel hybrid vehicle is operating at a rotation speed
lower than the idle speed the engine cannot deliver power and a PR equals to 0
is required. At this moment the electric traction motor will deliver all power.

e In a parallel hybrid vehicle an AR can be introduced in the battery model as
well as an AR can come from the engine model. When this engine rotational
speed exceeds its maximum allowed value an AR is required to limit the speed
of the total drivetrain.
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8.5 Summary of AR, PR Calculation

All components’ limits are reduced to three different cases:

e Speed limit (c>max)

e Torque limit (T-max)
e Power limit (P-max)
Components can be part of

e Acceleration subsystem (defining the acceleration via the AR)
e Power subsystem (defining the PDF via the PR)

As described in previous chapters, not all limitations will lead to an Acceleration or
Power Reduction. Next tables show the possible combination for different
drivetrains.

Table 8.2: Possible AR and PR implementation for w-max

w-max Acceleration Power
subsystem subsystem
Electric Vehicle AR
Thermal Vehicle AR
Series Hybrid Vehicle AR PR
Parallel Hybrid Vehicle AR AR
Combined Hybrid Vehicle AR PR
Table 8.3: Possible AR and PR implementation for T-max and P-max
T-max and P-max Acceleration Power
subsystem subsystem
Electric Vehicle AR
Thermal Vehicle AR
Series Hybrid Vehicle AR, PR PR
Parallel Hybrid Vehicle AR, PR PR
Combined Hybrid Vehicle AR, PR PR

8.6 Iteration Order

8.6.1 1 order system

In the case of a first order system, e.g. battery electric vehicle or internal combustion
vehicle, the only way to keep the operating points within limits is by controlling the
acceleration. Only an AR will be used and no iteration order is required.
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8.6.2 2" order system

In a second order hybrid system different limitations can occur simultaneously, but it
is not allowed to reduce the corresponding ARs or PRs at the same time. (This
situation is not to be confused with the Acceleration Reduction multiplication in the
situation of operating limits of succeeding components of one subsystem.) E.g. it
can be possible by reducing the acceleration due to a limit of a component of the
acceleration subsystem, that the power limit in the power subsystem is already
solved or vice versa. When they would be implemented in the iteration process at
the same time this will result in a not necessary reduction of PDF.

In some cases a limit is reached in the acceleration subsystem due to a too high PDF
of the power subsystem.

An iteration order is required.

1. When a limit occurs in the acceleration subsystem it is wise to first change
the Power Distribution Factor to reduce in this way the, e.g., APU power,
before reducing the vehicle acceleration.

2. Once the PDF has no effect anymore on the limit in the acceleration
subsystem a further reduction of the operating point can be obtained with
an Acceleration Reduction. This will reduce the possible acceleration and
hence the corresponding acceleration torque and power.

3. Once the vehicle acceleration is known, the acceleration of the components
of the power subsystem is identified. With this acceleration corresponds a
torque and power due to inertia. In the power subsystem the total required
torque can exceed the maximum torque and a Power Reduction is
introduced. When this PR would be implemented before the wvehicle
acceleration is known the PR would be calculated on the basis of an inertia
power, which corresponds to an unattainable acceleration. Hence the PR
would be too high.

These last two steps (2. & 3.) have to be repeated until all reduction equals one (all
working points are within limits). When the first step would also be repeated it
could be possible that one gets two conflicting power reductions: one from the
power subsystem (e.g. decreasing PDF due to lack of engine power) and another
from the acceleration subsystem (e.g. increasing the PDF due to lack of battery
power). At this moment the power subsystem reduction will have priority.
Repeating the two last steps is necessary because:

e The acceleration and the resistive power minus the power delivered by the
power subsystem define the required acceleration subsystem power. When a
limit occurs in the acceleration subsystem the acceleration will be reduced.
This will define the drivetrain acceleration.
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«  When the power subsystem is mechanically coupled its components will have to
follow the resulting acceleration (of the point above), which results in additional
inertia torques. Independent from the Power Distribution Factor this inertia
power is always to be delivered. Thus once the acceleration is known the
operating point (inertia power included) is known and at that moment a
comparison with the possible limits can be performed. These limits will
introduce a power reduction. Thus less (or possibly more) power will be
delivered by the power subsystem and evidently more (or possibly less) power
will be delivered by the acceleration subsystem. This means that after a power
reduction in the power subsystem, the operating point of the acceleration
subsystem is changed. Which can lead to an acceleration subsystem limitation
and corresponding acceleration reduction.

e The programme needs to start again with a new acceleration reduction until the
possible acceleration is found. At its turn this defines a new power subsystem
operating point. This can lead to a new power subsystem limit. Etc, etc.

It is clear that this iteration order gives priority to an optimal vehicle performance at
the expense of the, e.g., APU operating point (first reducing the PDF, then the
acceleration). However the user can find it more important that the APU operating
point dominates on vehicle performance. E.g. operating the APU at a constant
working point, even when this means slower vehicle acceleration or less
regeneration of braking energy. For this reason one can select the iteration order on
the front panel of the model of each hybrid vehicle: first AR then PR or first PR then
AR (see subchapter 7.6).

8.6.3 3 order system

The whole iteration process can become even more complex if one simulates
complex hybrid vehicles of third order: e.g. combined hybrid drivetrains or series
hybrid vehicles with three energy sources. In the case of the combined hybrid
drivetrains the required torque setpoint is split up in two parts in the planetary gear
(see “Combined hybrid Vehicle .vi” and “Planetary Gear .vi”’). The engine will
deliver one part and the generator the other, which is coupled to the battery via an
inverter. Both the engine and the generator can be overloaded, resulting in two
Power Reductions acting on the same PDF. If a series hybrid vehicle consists of a
battery (energy buffer), a flywheel (peak power unit) and an engine (base power
unit) three reductor clusters and two Power Distribution Factors (PDF; and PDF,)
are required. With PDF; the engine power is controlled and with PDF, the power of
the flywheel (see “Series Hybrid Vehicle .vi” and “DC-bus controller .vi”). A
third order system can be modelled as a system consisting in two power subsystems
and one acceleration subsystem. A new iteration order has to be defined:

1. When the acceleration subsystem is overloaded the PDF, is first reduced
via the PR of the acceleration subsystem. Hence the power of the peak
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power unit (e.g. flywheel) is first adapted in function of the limitations of
the components of the acceleration subsystem (e.g. the battery).

2. When the acceleration subsystem is still overloaded the PDF; is reduced via
the same PR of the acceleration subsystem. Hence the power of the base
power unit (APU) is adapted in function of the limitations of the
components of the acceleration subsystem.

3. When the acceleration subsystem is still overloaded the acceleration must
finally be reduced via the AR of the acceleration subsystem. Hence the
power of the buffer power unit (battery) is adapted in function of the
limitations of the components of the acceleration subsystem.

4. Once the vehicle acceleration is known, the operating point of the peak and
base power units are defined. At this moment the possible PR of the peak
power unit will first reduce, if necessary, its PDF, until its working point
lies within boundaries.

5. Finally the PR of the base power unit is allowed to reduce, if necessary, the
PDF;.

The whole process starts again at point 2 until all PRs and ARs equals 1.

Steps 1 and 2 are only useful when PDF; respectively PDF, are not zero. Zero
means that the peak power unit, respectively the base power unit, are not delivering
power.

Furthermore when AR is different from one and PR equals one (both coming from
the acceleration subsystem) these first and second step can be skipped too. This
means that the AR is a result of a limitation in a component of which the power is
not influenced by the PDF. If a limit happens in the acceleration subsystem both PR
as well as AR would be different from one. Since the power in the common
subsystem is independent from the PDF, the PR in the common subsystem remains
one.

In the exceptional case one wants to start the engine of a series hybrid vehicle via
the generator, step 2 is skipped too. In this case the generator will introduce a PR to
calculate the power required from the battery to start up the engine. Any PR coming
from the battery is not allowed to change the PDF due to the fact that the engine
needs to be start up in any case.

When an Acceleration Reduction needs to be introduced at a moment when the
vehicle is running at constant speed the acceleration equals zero. Using (8.2) would
have no effect and a small default acceleration is used to start the iteration (in the
first iteration step the AR will be infinitive and will be not used).
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Also when a PR is required when PDF equals zero, a default value is used to start
the iteration process. These default values may only be used in the first iteration
step.

In step 3 the most stringent of the Acceleration Reductions coming from the
acceleration subsystem as well as from the power subsystem have to be selected.
The AR can be positive, negative, higher and smaller than one. If some of the
acceleration reductions are higher than one and some smaller, there is an error in the
simulation model, because this is physically not possible. Indeed a vehicle needs to
accelerate or it needs to decelerate, both at the same time is not possible. At that
moment the programme will generate an error message alert.

a) Higher order systems

Up to now the simulation programme can process up-to third order systems. Due to
the uniform approach of ARs and PRs higher order systems can be implemented in a
similar way if required.

8.7 End of lteration

The iteration process is finished when:

e All acceleration and speed reductions are almost equal to one, with one percent
tolerance (between 0.99 and 1.01). This small error is allowed to fasten the
iteration process, without an important influence on the final results. The user
can change this value to increase accuracy, but hence he reduces simulation
speed. This control is done within the “Within range .vi”.

e The battery voltage is not changing anymore. This voltage is used in a lot of
components and can change during the iteration process. The battery voltage is
calculated in the battery model after all components are successively simulated.
To be sure that during the iteration all calculations are done with the same
battery voltage this control is necessary.

e When the iteration process has still not found a solution after 500 iterations, an
error message will appear and the iteration process as well as the simulation run
is stopped. This means that there is no convergence of the iteration process.

Once these conditions are satisfied the drivetrain will be simulated for a last time.
At this moment the ‘No iteration” global is set to true. This allows tracing the final
possible parameters of the different components and storing them in the “Tracer
Vi,
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8.8 Flow Chart and Front Panel of the “Iteration
Algorithm .vi”

With the help of the flow chart of Fig. 8.5 the above-described iteration
methodology can be summarised. Based on the speed cycle requirements the input
of the drivetrain is calculated. Within the drivetrain different ARs and PRs can be
introduced to control the vehicle acceleration and powerflow. When the user has
selected to first reduce the PDF and afterwards the acceleration the ‘Order’ boolean
is true. When all ARs and PRs equals one, the iteration process stops.

Fig. 8.5: Iteration order and end of iteration flow chart
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Fig. 8.6 illustrates the front panel of the “iteration Algorithm .vi”. On top one can
find the power control criteria or iteration order selection. Four indicators specify
the position of the iteration process. In the middle one can find the required and
reduced acceleration and PDF 1 and 2, as well the iteration accuracy, threshold
levels and maximum number of iterations. At the bottom of the figure the three
iteration clusters, which are controlling the iteration process can be found.
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Fig. 8.6: Front panel of “Iteration Algorithm .vi”

148 VSP



9. POWER CONTROL DEVICES FOR HYBRID VEHICLES Part Il

9 POWER CONTROL DEVICES FOR
HYBRID VEHICLES

In the previous chapter the iteration process is explained. In this chapter the
methodology to control the powerflow with the help of the Power Distribution
Factor in hybrid electric drivetrains is described. As mentioned in Part | the control
strategy is inherently implemented in the model of each component. The
components having a direct effect on the powerflow distribution are:

e The DC-bus controller for:
Series Hybrid Electric Vehicles
Fuel Cell Hybrid Electric Vehicles
e The Torque Splitter for:
Parallel Hybrid Electric Vehicles
Combined Hybrid Electric Vehicles
e The Planetary Gear for:
Combined Hybrid Electric Vehicles

9.1 DC-Bus Controller .vi

The main task of this “vi” is to control the power split up into the different ‘energy
sources’ used in the “Series Hybrid Vehicle .vi” or the “Fuel Cell Hybrid Vehicle
.vi”’. The input is the power demand coming from the convertor.

The way the power is divided between the different energy sources can be very
diverse (see Part I). At one extreme the energy source (engine-generator group) will
be forced to track the total car load demand; at the other extreme the batteries will
take care of all traction dynamics and the energy source will operate only at one
working point corresponding to the, e.g., average power.

In the case of a series hybrid vehicle the user can select on the front panel of the DC-
bus controller (see Fig. 9.2) five operating criteria for the APU.

1. Inthe first criterion the APU needs to deliver a constant power Pge,
(equation (9.1)) independent from driving conditions. Mostly this
corresponds with the average driving power.

— tpoint
Pyen = PDFl.ngjnp"'n (9.1)
2. The second criterion is just opposed to the first. The APU needs to deliver

the required traction power P plus an additional constant battery charging
power Py, "™ (equation (9.2)). Even if there is no regeneration of
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braking energy (see “Inverter .vi’), the APU will keep charging the
battery during braking.
Pgen = PDFl'(Preq + Pg?eer:pomt) (92)

3. Inthe third criterion the required traction power is relatively split-up
between battery and APU, as illustrated with the following equation.

Pgen = I:)DI:l'I:)req (93)

4. The fourth criterion takes the State of Charge (SoC) of the battery into
account. Hence the influence of the driving cycle is taken into account in
an indirect way. When the speed cycle is a very demanding one, which
means that the battery SoC is decreasing very fast, the engine power level
should be enlarged to compensate this energy consumption. At the
contrary, when driving a very moderate cycle, e.g. cruising at 50km/h, the
engine will provide the traction power and probably it will charge the
battery at the same time. At this moment the engine power level can be
decreased. This is implemented in this fourth case by using (9.1) and a
simple linear relation between PDF and SoC.

PDF, =a.SoC +b (9.4)

5. The last criterion is used in a battery depleting hybrid vehicle, where it is
allowed to discharge the battery in function of a recommended SoC
deviation (DSoC/Dt). If the SoC is decreasing less fast, the APU setpoint
power will be forced to zero. If the SoC is decreasing within a boundary
defined by the recommended SoC deviation and a ASoC setpoint, the APU
will deliver a power corresponding its optimal (user-defined) power level.
If the SoC is decreasing faster the APU will be forced to deliver the
maximum power. To avoid setpoint switching at the boundaries a small
hysteris is foreseen.

SoC
APU offoridle

\

:::\\\\O‘ptimal APU power

M aximum AP U power

Time

Fig. 9.1: SoC deviation APU power criterion
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Fig. 9.2: Front panel of DC-bus controller .vi

If the APU is not able to deliver the required power the Power Distribution Factor is
reduced in the “Iteration Algorithm .vi”, and in the next iteration step the required
APU power (Pgen) Will be smaller.

To start the internal combustion engine of an APU a start power is required (see
“Generator .vi” of subchapter 11.6). This is also implemented with the help of the
PDF and results in a negative generator power. If the generator setpoint power is
zero, but the generator needs to start up, then (7.4) cannot be used. Hence a default
value for the generator setpoint equal to one is used to start the iteration and to find
the required start-up power. In some cases the generator is not allowed anymore to
deliver power, even if it is asked to follow the inverter or traction power, e.g., the
engine rotational speed is too low to deliver torque. In such a case the iteration

VSP 151



Part Il 9. POWER CONTROL DEVICES FOR HYBRID VEHICLES

process will make the generator power zero via the PDF and the battery must deliver
all the power.

(7.4)

PDFpos =PR EPDFreq
Repeated
The same operating criteria can be used to control the powerflow of a fuel cell
hybrid vehicle. In that case the fuel cell will have the same role as the APU.

Some hybrids can have a power unit, such as a flywheel or super capacitor, to
deliver the power peaks. The power required by this power unit Py, is calculated
with the help of the second Power Distribution Factor PDF, (equation (9.5)).

P, = PDF,(P., = Py..) (9.5)
The battery must deliver the remaining power Py, (equation (9.6)).
Pbat = I:)req - Pgen - I:)pu (96)

If the DC-bus voltage is higher than the user defined maximum DC-bus voltage a
braking resistant is engaged. This resistant will dissipate all braking power and no
power flows to the battery. When the battery voltage drops back to a value lower
then e.g. 95% of the maximum DC-bus voltage the braking resistant is disengaged.

9.2 Torque Splitter .vi

In parallel and combined hybrid vehicles a toothed wheel can connect an electric
motor with one shaft to the wheels via the differential, and another shaft to the
engine via a gearbox. In the model of this toothed wheel the shaft at wheel side will
be called the input and the shafts at engine and motor side respectively output 1 and
output 2. The relations between in- («)) and output velocities (wy;, ©y) and
accelerations are defined by a constant transmission ratio (x; and x,) (see from
equation (9.7) to (9.10)). The torque division between both output shafts can be
controlled. Considering the speed of each shaft this results in a power split. The
“Torque Splitter .vi” controls this power split with the help of the Power
Distribution Factor. This factor defines the relative distribution of power between
the two output shafts (equation (9.11) and (9.12)).

w,

0

1= X 9.7)
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Wy = X0 (9.8)
Ay = X9 9.9
Ay, = X,.9 (9.10)
P,, = PDF.P, (9.11)
P,=(1-PDF)P (9.12)
With :
X : transmission ratio (x:1) corresponding to output 1
X : transmission ratio (x:1) corresponding to output 2
W : input velocity (rad/s)
c Wy > output shaft 1 velocity (rad/s)
* Uy : output shaft 2 velocity (rad/s)
CI- T - input acceleration (rad/s®)
e ag : output shaft 1 acceleration (rad/s?)
e ay : output shaft 2 acceleration (rad/s?)
e PDF :Power Distribution Factor
e P : input power (W)
e Py : output 1 power (W)
e Py : output 2 power (W)
Five different PDF criteria can be selected on the front panel of the “Torque
Splitter .vi”:
1. Relative torque reference: Within the first criterion, the PDF remains

constant as long as no limitations occur in other components (equation
(9.13)). This means that the traction power is proportional delivered by the
engine and by the electric motor (see equation (9.11) and (9.12)).

PDF =Ct (9.13)

2.

Absolute torque reference: The second criterion imposes a constant torque
at one of the two output shafts (equation (9.14)). The other output shaft
must deliver the remaining part of the required torque. During the
simulation it can be necessary to disengage an output shaft. Hence the PDF
will become zero via the PR and the output torque equals zero too. The
other shaft will deliver all the required power.
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Ct
PDF == (9.14)

3. Minimum efficiency loss: In this third one it is possible to operate the
engine on its optimal working line corresponding with low fuel
consumption. The transmission ratio (e.g. of output 2) and the input
velocity define indeed the engine velocity. One can define the PDF to
minimise the efficiency loss for the entire vehicle. In this case the PDF will
be a function of input velocity and torque, equation (9.15).

PDF = f(w,T,) (9.15)

4. In function of SoC: This criterion takes the state of charge into account in
the same way like it is done in the DC-bus controller (see subchapter 9.1):
with a linear relation between PDF and SoC (equation (9.16); a and b are
constant values).

PDF =a.SoC +b (9.16)

5. In function of SoC bis: When the SoC is high the electric motor will deliver
the driving power, equation (9.17). Between maximum and minimum SoC
boundaries the IC engine will provide the required driving power, equation
(9.18). When the SoC is low the engine will drive the wheels and
moreover it will supply an additional power to charge the battery via the
electric motor, equation (9.19).

PDF =0 O SoC,, <SoC (9.17)
PDF =1 0 SoC,;, <SoC <SoC,,, (9.18)
PDF =1 +% 0 SoC <SoC,, (9.19)

In combined hybrid vehicles this torque splitter is connected to a planetary gear that,
at its turn split up the power between an engine and a generator (see subchapter 7.8).
An operating limit can appear in the engine as well as in the generator. To restrict
the required power, the PDF of the torque splitter should be reduced. To be able to
implement a unique iteration algorithm in all types of drivetrains, the “lteration
Algorithm .vi” will treat the PR coming from the engine separately from the one
coming from the generator, both resulting in two different reductions of the Power
Distribution Factor (named PDF; and PDF;). But in the “Torque Splitter .vi” there
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is only one PDF to control the powerflow. Hence both PDFs are multiplied to get
only one outcome PDF¢ (equation (9.20)). This is possible because PDF, in the
“Combined hybrid Vehicle .vi”’ is always one, except when an operating limit is
attained. If at a certain moment the multiplication of both PDFs equals zero and one
of them should be reduced due to an operating limit, a default value will be used to
start the iteration process.

PDF,, = PDF,.PDF,.PDF (9.20)

With :

e PDF; :PDF from PR; of iteration process (engine)
e PDF, :PDF from PR, of iteration process (generator)
e PDFg : effective Power Distribution Factor

The resulting PDF is taken into account for the calculation of the output torque (T,
and T,). The torque from output shaft 1 (engine) will be handled as a pure resistive
torque. The torque of the output shaft 2 (motor) will be decreased with the same
amount (equation (9.22)).

To = T..PDF (0.21)
r s .
X,
T'(1-PDF
T =t ( ) (9.22)
nx,
T*=0 (9.23)
TO2 = (i +3a) (9.24)
a .
%,

With :

s n : efficiency (%)

- T : input resistive torque (Nm)

« T :output 1 resistive torque (Nm)

.« T2 : output 2 resistive torque (Nm)

e J : inertia seen at wheel side(kg.m?)

e T > input acceleration torque (Nm)

. T > output 1 acceleration torque (Nm)

.« T2 > output 2 acceleration torque (Nm)
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In the transmission the dominant power losses arise in the gear meshes. These
losses depend on load and speed. Furthermore there are oil-churning losses of the
gearwheels. The efficiency n can be defined as a function of torque, stored in an
array or look-up table, or can be an empirical equation in function of the input speed
and torque. If the torque is positive the efficiency increases the required torque at
motor side and vice versa.

Fig. 9.3: Front panel of Torque Splitter .vi
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9.3 Planetary Gear .vi
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Fig. 9.4: Front panel of Planetary gear .vi

In parallel and combined hybrid vehicles there is a mechanical connection between
two or more energy sources. This coupling can be implemented with a speed
addition devise like a planetary gear. Fig. 9.5 below shows the different elements of
the planetary gear. In the middle one can find the sun wheel, on which three toothed
wheels can rotate. These three wheels are connected together by the carrier. These
three wheels can also rotate within the ring wheel. The fundamental torque and
speed formulae illustrate the proportional torque relationship and the addition of the
different wheel speeds (equation (9.25) and (9.26)) [110,155]. This equation clearly
demonstrates the possibility to regulate the speed of the carrier by changing the sun
speed independently of the ring speed.

Xe/r Lo, = Xs/r Ldos + g (9.25)

Te

TC = _XS/R 'TS = XC/R.F (926)
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With :
e T : torque
* n : efficiency
W - rotational speed
*  Xgr : sun to ring transmission ratio
*  Xcr : carrier to ring transmission ratio

In the model of the combined hybrid vehicle the planetary gear set divides the
carrier driving force (driven by the engine) into two forces: one that is transmitted
via the ring gear to drive the wheels and the other one that drives the generator
through the sun gear [110]. For any given steady-state vehicle speed, the speed of
the engine can be adjusted simply by varying the speed of the generator [114]. The
generator is also used to start up the engine. Next to the torque transmission
equations and speed addition formulae, this simulation model also contains the tools
to simulate a drivetrain power strategy corresponding to a combined hybrid vehicle.

S:sun

C: Carrier

R:ring

Fig. 9.5: Planetary gear

In the simulation model it is chosen to define the ring wheel, connected to the
transmission going to the wheels, as an input element. The sun and carrier wheels
are output variables, imposing the speed and torque respectively to the generator and
the engine. The resistive T, and acceleration T,C part of the carrier torque are
respectively defined by equation (9.28) and equation (9.29) in function of the ring
torque (T," and T,7). In the same way the sun wheel torques (T,° and T,°) are
defined by equation (9.34) and equation (9.35). A constant inertia J seen at input
side will increase the ring acceleration torque. The efficiency is also taken into
account. The efficiency can be defined like described in previous subchapter 9.1.

The ring power is given by
P, =R (TR +T +0.a,) (9.27)

Equation (9.25) requires the knowledge of two of the three velocities to calculate the
third one. The ring speed is known as input parameter, but the velocities of sun and
carrier are still not defined. In the simulation model it is chosen to define the carrier
speed in function of the carrier torque (equation (9.31)). This way it is possible to
control the operation of the engine connected to the carrier (e.g. it is possible to
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operate the engine on its optimal working line corresponding with low fuel
consumption). Once the carrier speed is defined the sun speed can be calculated by
using equation (9.36). The angular accelerations are defined in an analogue way
(see equations (9.33) and (9.38)).

Sun wheel locked No locking Carrier wheel clocked
R
TE =Xep——
/R
' n
(9.28)
Carrier resistive torque
TR+Ja
Ta =Xem ( : R) 0
x 029 _
o Carrier acceleration torque
54 w,
g Wy = — w. = (T +TC 0
$) c XC/R (o] w( a r )
(9.30) (9.31)
Carrier angular velocity
a
ac =—" ac = f,(TC+T1°) 0
Xe/R
(9.32) (9.33)
Carrier angular acceleration
T R
TS =—Xgp——
/R
' n
(9.34)
Sun resistive torque
TR +Ja
0 TS =~Xgr 7( 2 R)
n
(9.35)
2 Sun acceleration torque
) . .
%) _ XC/R.&C — g _ Wy
0 gy = ——————————— W, =——
X5/ X5/
(9.36) (9.37)
Sun angular velocity
. - Xe/r-8c ~ g a, =— ap
Xs/r Xs/r
(9.38) (9.39)
Sun angular acceleration
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With (equations (9.27) up to (9.39)):

wx =ring angular ws = sunangular . = carrier angular
velocity (rad/s) velocity (rad/s) velocity (rad/s)

ar =ring angular as = sunangular ac = carrier angular
acceleration acceleration acceleration
(rad/s?) (rad/s?) (rad/s?)

TR = ring resistive TS = sun resistive T.C = carrier resistive
torque (Nm) torque (Nm) torque (Nm)

T.X = ringacceleration | T,° = sun acceleration T.C = carrier acceleration
torque (Nm) torque (Nm) torque (Nm)

J = inertia seen at Xgr = Suntoring Xcr= carrier to ring
wheel side(kg.m?) transmission ratio transmission ratio

n =efficiency (%)

Operating the engine on its optimal working line does not necessarily results in
overall low energy consumption. When a low engine power is required it might be
better to disengage the engine by locking the carrier wheel. At this moment the
carrier speed equals zero and the sun velocity is proportional to the ring speed. In
the simulation model the carrier will be locked when the carrier power P¢ (equation
(9.40)) becomes lower than the minimum carrier power and also when the engine is
required to deliver a negative torque.

P =w. TS +TF) (9.40)

In the same way it could be interesting to lock the sun wheel when the sun power Ps
(equation (9.41)) becomes smaller than the minimum sun power. When the sun is
locked the carrier velocity is defined by equation (9.30). This speed equals the
engine velocity and with this engine velocity corresponds an optimal engine torque.
Via a PR the PDF of the Torque Splitter model will be modulated in such a way to
iterate to this optimal torque. The user can select on the front panel of this
simulation programme to allow locking or not (see Fig. 9.4).

PS = a)s '(TrS + TaS ) (941)

160 VSP



10. FORCE AND TORQUE CALCULATION: FROM WHEELS TO TRANSMISSION Part Il

10 FORCE AND TORQUE CALCULATION:
FROM WHEELS TO TRANSMISSION

In the previous chapter the iteration process is described as well as the powerflow
control algorithms. This and the succeeding chapters will clarify the different
models of the different components of the drivetrain. Each component model is
composed out of basically three parts:

1. The initialisation phase: These calculations are only performed one time,
the first time the model is activated. Mainly the components weight as well
as data accuracy is put into a data tracer and some parameters are initialised
to their start value.

2. The core programme: This part performs the actual simulation of the
model.

3. No iteration: When the iteration process is finished and the vehicle
acceleration and powerflow is defined, all components are simulated once
again to store the calculation results and update the graph on the front panel
of each component.

In this chapter the forces acting on the vehicle are described beginning with the
aerodynamic force acting on the vehicle body (paragraph 10.1) and the other forces
calculated in the wheel model (paragraph 10.2). This part is exactly the same for all
kind of vehicles; it is the common subsystem.

10.1 Body & Weight .vi

This model contains the data necessary to calculate the main forces acting on the
vehicle body. Inputs are the weight of all different components of the drivetrain to
calculate the total weight. The vehicle load (luggage, passengers, etc.) is also taken
into account in the total weight. The variation of weight due to fuel consumption is
also considered. The user can also select to use a constant vehicle weight during the
whole simulation process.

The first time the “Body & Weight .vi” is run, the tracer will contain default values,
which are different from the real component weights. While simulating backwards
through the drivetrain the weight data is gathered out of the different components of
the drivetrain, with the help of the “Tracer .vi”’. Due to the fact that within the
iteration loop the programme runs at least two times through the drivetrain, one can
be sure to simulate with the correct values. In the case the weight values may
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change during the simulation run the average weight is calculated to use it
afterwards to define some specific values in the main programme “VSP .vi”.

The aerodynamic drag force F, is calculated in function of the frontal surface S, the
aerodynamic drag coefficient Cx, the vehicle current speed v, the average head
wind velocity v, and the air density o (equation (10.1)). The other forces acting on
the vehicle are based on the wheel parameters and hence calculated within the
“Wheel .vi” programme.

2
chr + Vw \\

0.
36 (10.1)

1
F,==.pSC
v 2 Y x[

10.2 Wheels .vi

This model translates the linear velocity v (km/h) and vehicle acceleration a, (m/s)
into rotational speed w(rad/s) and rotational acceleration a (rad/s?) by using the
wheel radius R (m)

a=—\ 10.2

A (10.2)

w=—_ (10.3)
36.R '

Based on [5] the maximum acceleration a,.x and deceleration d,.x before wheel slip
is calculated. This is a function of the static friction coefficient p, and the numbers
of wheels that are driven by the drivetrain (equation (10.4), respectively (10.5)).

a,, =k,.g.(y,.cos(a)-sin(a)) (10.4)

e = K,.0.(44, .COS(@) +sin(a)) (10.5)
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With :

e amx: maximum acceleration before wheel slip (m/s®)
e dmx: Mmaximum deceleration before wheel slip (m/s?)

e a: road inclination (°)
LI VP static friction coefficient
e k: 1 for four-wheel drive

1/2 for two-wheel drive
1/4 for one-wheel drive

In this way two or four wheel driven vehicles can be simulated. The acceleration
will always be limited to these maximum values. This limitation is implemented in
the sub programme “Wheel slip .vi”. Consequently this assures the wheels are not
slipping and the required acceleration of the other drivetrain mechanical components
will have an acceptable value. If the required acceleration is higher than the
maximum acceleration before wheel slip, an error message will occur on the screen.
These equations are depending on the road inclination a, which is the angle of the
road with the horizontal. This angle is calculated based on the road slope s, which is
defined in the speed cycle.

a= cot(i\ (10.6)
100

The rolling resistance consists in the dissipation of energy by the tyres. This
dissipation is the result of the contact of the tyres with the road surface and the
deforming of the tyre [156]. The friction resistance coefficient f, is depending on the
type of tyres, the road surface, the tyre pressure TP, the temperature and the vehicle
speed v. This friction coefficient is calculated by using an empirical formula
(equation (10.7), [112,Error! Bookmark not defined.]). The coefficients xg; and
Xfr2 Can be used to take into account the type of tyres and road surface and hence to
possibly calibrate the simulation model. Their default values are respectively 0.01
and 0.0095.

2

=005+ L, 0 (22 o)
TP 10

The friction or rolling resistance force F; is calculated in function of this friction

coefficient, the current total weight, the road inclination a and the gravity constant g

(equation (10.8)). The climbing resistance F. is also taken into account by using the

road inclination a. The higher the road inclination the lower the friction resistance,

but the higher the climbing resistance (equation (10.9)) [Error! Bookmark not
defined.].
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F, =M.g.f,.cos(a) (10.8)
F. =M.g.sin(a) (10.9)

The total resistive torque corresponds with the sum of the aerodynamic force F,, the
friction force F, and the climbing force F.. By multiplying by the wheel radius R,
one gets the output resistive torque T, (equation (10.10)).

T =R(F, +F +F,) (10.10)

As described in chapter 8 the resistive torque and acceleration torque are separated
because - when the vehicle is not able to follow the imposed cycle due to a lack of
power - the model will have to reduce the acceleration in proportion to the missing
power. So we need the acceleration torque explicitly in the other components of the
drivetrain.

This acceleration torque is calculated based on the vehicle weight, wheel radius and
acceleration (equation (10.11)).

T, =MRa, (10.11)

Most references use a weight, which is increased by a rotational inertia coefficient
my, taking into account the inertia of the rotating parts of the drivetrain. This factor
moreover depends on the gear engaged, the drivetrain topology, the component
losses, etc. Hence it is better to take the inertia into account within every rotating
component itself, using the mechanical equations (10.12), (10.13).

Ja=T, -T,, (10.12)

T =Ty +T, +Ja (10.13)

The programme calculates the additional deceleration, which the drivetrain itself is
not able to deliver. Indeed, some drivetrains can regenerate the braking energy into
the battery or power unit. The total amount of the braking power cannot always be
regenerated. The mechanical brakes must deliver the remaining part of the required
braking power, as long as the wheels of the vehicle will not slip. The brakes can be
seen as a “‘Anti Blocking System’. The brake torque Ty, is calculated as a function of
the total vehicle weight M, the wheel radius R and the difference between required
and possible drivetrain deceleration (equation (10.14)).
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Tb :Tr + M 'R'(areq _apos) (1014)

Due to braking, the pressure of the hydraulic system will drop. The correlation
between brake power and pressure drop power is simulated with the pressure drop
ratio i,q (equation (10.15)). This pressure drop power PD (W) must be compensated
with a compressor, which is implemented in the “Auxiliary .vi” (see subchapter
11.11). One can disengage the mechanical brake to allow the simulation of coasting
and/or evaluate the regenerative braking.

PD = wT, i, (10.15)

To implement this idea in the iteration process, several accelerations are defined.
The required acceleration ay.q is defined by the speed cycle. On the other hand the

possible drivetrain acceleration a,. is the acceleration, the drivetrain is able to
deliver. As long as the iteration loop is running, the possible drivetrain acceleration
is passed through the drivetrain to allow the programme to converge to the possible
acceleration of the drivetrain. If the vehicle is accelerating, the possible vehicle
acceleration is equal to the possible drivetrain acceleration and passed through the
“Iteration Algorithm .vi”. If the vehicle is decelerating (a,<0 or T<0), the
possible vehicle acceleration equals the possible drivetrain acceleration during the
iteration process. But at the end of the iteration (‘no iteration” boolean is true), this
possible vehicle acceleration will correspond with the required acceleration (when
the ‘brake ON’ boolean is on), always limited to the maximum acceleration before
wheel slip. This means that the mechanical brakes will deliver the part the drivetrain
itself is not able to deliver. If the ‘brake ON’ boolean is off, the possible vehicle
acceleration remains equal to the possible drivetrain acceleration.

Finally in the wheel module, every iteration the ARs and PRs are initialised to one
and the angular speed w, the total force acting on the wheels T and the
corresponding wheel power P, are calculated and stored into the “Tracer .vi”.

Py =(T, +T, +Ja)w (10.16)

The implemented formulae are valid within the following hypotheses:

¢ No slip between road and wheels.

e Only dry friction and no hydrodynamic forces are calculated at the wheels.

e Lift has an influence on the losses in the bearings, which are linear with speed
but usually very small and are thus neglected.

e Uniform acceleration between time increments.

« No cornering resistance is taken into account.
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10.3 Differential .vi

The differential provides a torque equalisation on the wheels on the same axis. It
allows different speeds on both wheels, which facilitates the taking of turns.
However, in this programme no road turnings and differences of wheel velocity are
considered. In a first approach the differential can be regarded as a gearbox with a
single gear. The operation consists in deviating the powerflow. Therefore the
efficiency is lower compared to the manual gearbox [112].

The component has an inherent speed reduction x, which is taken into account while
calculating the output torque, T,° (equation (10.19)) and T,° (equation (10.20)), the
speed w (equation (10.17)) and the acceleration a (equation (10.18)). The inertia J
will increase the required acceleration torque T, (equation (10.20)). The efficiency
n can be defined as a function of torque, stored in an array or look-up table, or can
be an empirical equation in function of the input speed and torque [Error!
Bookmark not defined.,157]. If the torque is positive the efficiency increases the
required torque at motor side and vice versa.

W, = X (10.17)
a, =xa, (10.18)
To=Tr (10.19)
n.x
"+ Ja
T = (1 +3a) (10.20)
n.x

P=(T°+T%)w (10.21)
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With :
e X : transmission ratio (x:1)
LI\ : velocity at motor side (rad/s)
LI : velocity at wheel side (rad/s)
* A : acceleration at motor side (rad/s?)
LIt : acceleration at wheel side (rad/s?)
e n : efficiency (%)
e T° - resistive torque at motor side (Nm)
e T - resistive torque at wheel side (Nm)
e ] : inertia seen at wheel side(kg.m?)
e T : acceleration torque at motor side (Nm)
. T, : acceleration torque at wheel side (Nm)
e P : output power (W)
10.4 Gear .vi

The engine behaviour, represented by its particular torque-speed characteristic, in
opposition to most electric motors, requires necessarily a transmission system
adapting the engine speed and torque to the wheels. This can be realised by
different ways from gearboxes up to automatic continuously changing transmission
devices [112]. The gear component imposes a variable speed reduction in order to
coerce the speed at engine side within the operation range. This implies switching to
higher gears if the engine speed is too high.

Two different switching criteria are implemented in the simulation programme.

a) Switching at fixed velocities seen at wheel side:
0 First to second gear switching speed (rad/s)
0 Second to third gear switching speed (rad/s)
0 Third to forth gear switching speed (rad/s)
o0 Fourth to fifth gear switching speed (rad/s)
b) Keeping the engine speed between limits:
0 Upper engine speed limit (rad/s)
0 Lower engine speed limit (rad/s)

The first criterion consists in a gear selection based on fixed switching velocity
points seen at wheel side and defined on the front panel. If the velocity becomes
higher than a certain value, the gear switches to a higher level and vice versa. The
ECE-15 cycle imposes switching from first to second gear at 17 km/h and from
second to third gear at 34 km/h. These values can be chosen as default values.

The second criterion is a more intelligent one, choosing the gear in such a way that
the engine velocity remains between fixed limits. Hence it is possible to operate the
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engine in an operating area corresponding with e.g. low fuel consumption. Within
an internal control loop of the gear model, the gear will switch to a higher gear if the
engine speed exceeds the upper speed limit, and will switch to a lower gear when
this engine speed drops down the lower speed limit. These limits can be adjusted on
the front panel of the gear model (see Fig. 10.1). This results in a kind of hysteresis
effect. However the engine speed can be lower than the lower speed limit when the
vehicle is driving very slow (first gear is engaged) or higher than the upper speed
limit when the highest gear is engaged.

The resulting transmission ratio x; is taken into account for the calculation of the
output torques, T,° and T.°, the speed wand the acceleration a. A constant inertia J
seen at wheel side will increase the required acceleration torque. This is not entirely
correct since the inertia of the second part of the gearbox itself changes with the
engaged gear. The error however will be small if one compares this inertia with the
other inertia of the drivetrain.

In a gear transmission the biggest part of the power losses arise in the gear meshes.
These losses depend on load and speed. Furthermore there are oil-churning losses of
the gearwheels [157]. Backlash effects within the gears have not been considered.
Similar to the differential the efficiency n can be defined as a function of torque,
stored in an array or look-up table, or can be an empirical equation in function of the
input speed and torque.
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Fig. 10.1: Front panel of gear model
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11 POWERFLOW TRANSFORMATION

Up-to-now most fundamental equations have been described in previous chapters:
force calculation, powerflow control, iteration process, etc. The current chapter will
describe all other types of components of the drivetrain that were not yet explained:

*  Motor .vi
«  Convertor .vi
«  Battery .vi

e Charger .vi

e Generator .vi
¢ Clutch .vi

e Engine .vi

e Fuel Cell .vi
¢ Flywheel .vi

e Auxiliaries .vi

11.1 Motor .vi

This model describes the basic outlines used to simulate an electric motor. This
principle can be used for different kind of electric motors: e.g. direct current series
or separated excited, asynchronous motor or permanent magnet motors. The
distinction between them is implemented in the subprogramme “Motor model .vi”,
describing the specific characteristics of the motor in question.

The generic model is useful for driving and braking (positive and negative torques)
but not for reverse driving. The model can also be used for the generator component
of the combined hybrid vehicle (see subchapter 7.8 “Combined hybrid Vehicle
Vi), At that moment it must be extended to four-quadrant operation (positive and
negative velocities), inclusive operating limits.

11.1.1 Working Boundaries

The generic model contains the implementation of the different operating limits.
The maximum acceleration is defined by the difference between the current velocity
wand the maximum velocity Gax.

—w (8.12)
e T, Repeated

VSP 171



Part Il 11. POWERFLOW TRANSFORMATION

The subprogramme “Maximum torque .vi” defines the maximum motor torque.
This subprogramme contains a look-up table in function of the angular velocity
(equation (11.1)). The maximum value defines the boundaries of the available
motor characteristics. The maximum torque can be different for motor working or
generator working (which is given by the sign of the total torque). Furthermore one
can implement a maximum torque deviation. In certain drives the motor is not able
to deliver a braking torque under a certain velocity. When the motor velocity is
smaller than this minimum velocity before braking and the acceleration is negative,
the maximum torque is set to zero. With the help of the “AR, PR(T) Calculation
.vi”’ the required torque is limited to the maximum value and the corresponding AR
en PR are calculated.

T. = flw) (11.1)

The subprogramme “Motor model .vi” can impose a possible second torque
limitation, which can be different from the previous look-up table. When using
theoretical models a theoretical torque limit can be calculated for instance. The
motor model can define also maximum current limit (equation (11.2)). The
maximum power or current of an electrical machine is related to the heat production
due to losses. Hence this maximum value is a function of power or current peak
duration. However within the simulation tool no this time dependency, or
temperature effects are implemented. The current limit can be measured by
accelerating the examined vehicle and logging the motor current with an on-road
measurement system.

Imax = f(T’a)’Ubat) (112)

All operating limits, different from maximum velocity and torque, are converted to
power limits to simplify the iteration process. The Reduction cluster reference
values, Torque setpoint Ty, and Resistive torque T, are transformed, by multiplying
with the velocity w, to Power setpoint Py, and Resistive power P, (equation (11.3)
and (11.4)) for further use in succeeding component models.

P =wT, (11.3)
P, =wT, (11.4)

11.1.2 Different Motor Models

The motor inertia J will increase the acceleration torque T, in function of the
possible acceleration. Hence the total torque T, includes the inertia torque, the
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acceleration torque and the resistive torque T,. Equation (11.6) gives the mechanical
power.

T =T, +T, tJa (11.5)

Prot = Ty (11.6)

mot

This total torque is the mechanical torque, which the motor shaft should deliver to
drive the imposed speed cycle. The motor torque itself is defined by the motor own
characteristics. When the motor is not able to deliver this torque, the required total
torque should be decreased via the iteration process. Note that this motor torque is
different from the electrical air gap torque delivered at the rotor. The torque
corresponding to rotor inertia and mechanical losses should be subtracted from this
electrical torque to get the motor torque. The electric torque is not used directly in
this generic motor model. All losses and energy transformation are treated in the
“Motor model .vi”, which is different for each type of motor. To calculate the
electrical motor parameters different approaches are possible: empirical formulae,
look-up tables, surface fitted equations based on measurements, theoretical formulae
based on equivalent circuits, ... All these approaches use the angular velocity wand
the total torque T, as input parameters, as well as the battery voltage global
parameter. This battery voltage is function of the battery current. In the reverse
calculation the motor models is treated before the battery model. To avoid this
problem a battery voltage feedback loop is implemented in the iteration algorithm.
The output parameters are selected in function of the required parameters to
calculate the inverter characteristics (see further).

Physically the motor working point, in terms of electrical parameters, is not
completely fixed by its mechanical output: torque and speed. There are different
degrees of freedom to produce a give output torque. In order to deal with a
deterministic system in reverse calculation going to electrical physical input
parameters from mechanical output parameters a motor control strategy is necessary
[112]. This control strategy is inherent implemented in the look-up tables. This is
of course a simplification of the model.

The motor and convertor are modelled as two different black boxes. However due
to the close interaction they have to be treated as one black box. The most accurate
way to implement a motor is by characterising a motor together with its convertor
like it would be used in the electric or hybrid electric vehicle. Some examples can
be found in Part 111. Hence the effect of magnetic saturation, harmonic effects, flux
control strategy, etc are implemented in an inherent way. If analytical relation
would be used for the model all these effects should be taken into consideration. For
the model the motor is supposed to be always in steady state operation, electrical
transients are neglected. Furthermore no thermal aspects are considered in the
model.
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11.1.3 Separate excited DC-motors

In the case of a separate excited DC motor, next to the motor voltage Uy, (equation
(11.16)) and the motor current I (equation (11.17)), the excitation current I, and

voltage U, are two additional output parameters.

The technique used in modelling the DC-motor consists in the analysis of the power

equations described by the following equations [158].

I:)elec = Pf + Par (117)
P, =R,.1Z (field losses) (11.8)
P,=U_.l, =R, +P, (armature) (11.9)
P, =U,.I, +12R, (electrical armaturelosses) (11.10)
P =Tienia- @+ Py + P, (mechanical) (11.11)
Prot = Tnor-w (load) (11.12)
Po = Pgic T P, (rotationlosses) (11.13)
W ef
Piic = Kf(— (friction losses) (11.14)
nom
a) ecn
P..= KC(—W i (corelosses) (11.15)
wnom
With
¢ Pelec : electric motor input power (W)
e P .field losses (W)
e Py .armature power (W)
o I -field current (A)
¢ R¢ -field resistance (Q)
oy .armature current (A)
o Uy .armature voltage (V)
174 VSP



11. POWERFLOW TRANSFORMATION Part Il

e P -electrical armature losses (W)

e Pui . mechanical power (W)

e Uy -brush voltage (V)

e Ry .armature resistance (Q)

e Tietia . inertia torque (Nm)

e W : rotational speed (rad/s)

e P - losses due to rotation (W)

e Puot . mechanical motor output power (W)

o Thot : motor torque (Nm)

e Pric -friction losses (W)

e Peore : core losses due to eddy current and hysteresis (W)
I .constant for friction losses calculation

o ¢f . exponent for friction losses calculation

* Whom -nominal rotational speed (rad/s)

¢ K, .constant for core losses calculation

e ecn : exponent for normalised rotational speed
e eci . exponent for normalised field current
P .normalised field current (= I¢/l¢nom)

These formulas can be used to develop a theoretical model. Hence the coefficients
and constants have to be defined. The formulas demonstrate also the dependency of
the electrical parameters on the mechanical parameters. However the motor
parameters should be identified. At the other hand, with the help of a laboratory test
bench, the motor can be characterised, together with its chopper. With a best fitting
algorithm, corresponding to these theoretical equations, the motor can be modelled.

11.1.4 Series excited DC-motors

In the case of a series excited DC motor the only output parameters of the “Motor
.vi’ model are the motor voltage U, (equation (11.16)) and the motor current I
(equation (11.17)) since the excitation winding is connected in series with the
armature winding. Analogue to the separated excited DC-motor the current and
voltage can be defined by look-up table or calculated with experimental formulae in
function of the required torque T, and velocity w and possibly the battery voltage
Ups. The electric motor power and motor efficiency can be expressed with
equations (11.18) and (11.19).

U mot = f (Tmot ’ C(), U bat ) (1116)
I mot = f (Tmot ’ C(),U bat) (1117)
I:)elec =U mot A mot (1118)
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Pmot
=— 11.19
n=- (11.19)

elec

An example of a motor characterisation based on experiments can be found in
Part 1.

11.1.5 Asynchronous motors

In the case of an asynchronous motor, the RMS-current and -voltage as well as the
power factor (cos ¢) and the fundamental frequency f are output parameters of the
motor model. In the same way as for the DC-motor experimental as well as
theoretical models can be developed and implemented in the software.

a) Theoretical ACM model

A user-friendly graphical interface assists the user to enter its data (Fig. 11.1). It can
be difficult to get the exact parameters in the case of a theoretical model.
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Fig. 11.1: Front panel of theoretical asynchronous motor model

The implemented theoretical model is based on a formula, which calculates the
electromagnetic torque T, in function of the motor slip s and the voltage Uy
[159,160]. The voltage is defined by the voltage-frequency curve. This voltage
frequency relation is related to the implemented control strategy. A control strategy
can optimise the motor behaviour for e.g. maximum torque or for maximum
efficiency (see Part ). With an internal iterative loop the slip is found in such a way
that the theoretical electromagnetic torque corresponds with the required torque
input. This required torque includes the inertia torque and rotational losses.

=

76 VSP



11. POWERFLOW TRANSFORMATION Part Il

MPyop su?

mot

w, (11.20)

Tem = 2
(RS'RT - S(XSS'XI’I’ - xri)) + (XSS'Rr + S'RSXH’ )2
w, = % (11.21)
(1-s)
X =%(Xm +X,) (1122)
r
X =%(Xm +X,) (11.23)
r
With :
e Tem : electromagnetic torque (Nm)
e m : number of phases
e p : number of pole pairs
o X : magnetisation reactance at pulsation 27,
o X : stator leakage reactance at pulsation 27,
X - rotor leakage reactance at pulsation 27,
e X . stator reactance
o X . rotor reactance
R, - rotor resistance (Q)
e R : stator resistance (Q)
e W : rotor speed (rad/s)
W : synchronous speed (rad/s)
e : synchronous frequency (Hz)
e f : rated frequency (Hz)
e S 2 slip
e Unot : motor phase voltage (V)

These equations suppose that the motor is powered by an equilibrated three phases
voltage signal. All quantities (voltage, current, magnetic flux) are supposed to be
sinusoidal. Voltage, current and magnetic flux harmonics are neglected. The motor
is supposed to be always in steady state operation. Electrical transients are
neglected. Saturation is not considered. However these parameters have their effect
on the motor efficiency. To be sure taking all losses into account one should
characterise the motor together with its convertor and develop statistical models.
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b) Statistical ACM model

Two different approaches have been developed to implement a statistical model. A
first one in which the motor shaft torque T, and voltage U, are the primary
parameters describing the two dimensional statistical model. In a second model the
motor shaft torque T, and rotational speed ware the describing parameters.

As an Input/Output system the voltage and torque are independent values and the
motor can be described by a function of the form [161]:

Y = £{x} (11.24)
= U ot Tr)” (11.25)
Y :[Imot’ elec’a) f] (1126)

A second order system would look like equation (11.27) in which the output
parameter Y represents the electric motor power Pge., current I, speed w or
frequency f (the parameters X;..Xg and y;..ye are constant coefficients).

2
Xl + X2 U mot + X3 'Tmot + X4 U

mot

+x5T2

mot

+ X U ot To
8 mot’ (11.27)

Y =
yl + yZU mot + yS'Tmot + y4 Ur?]ot + y5 mot + y6 Umot T

There practically exist two operating regions during the normal operation of a
motor: one in which the motor voltage and frequency is used to control the speed
(constant flux), and another in which the speed is controlled by the frequency
(constant voltage). Hence the motor has to be described by one of the two following
functions depending of the current operating point.

Y = f (U mot ’Tmot ) if U mot < U nom (1128)

y=f(fT,) if U, =U,, (11.29)

mot

To be able to use this model, the voltage and frequency need first to be defined in
function of the velocity and the torque. This can be calculated on an iterative way or
the voltage and frequency can be defined with a look-up table in function of the
motor speed and torque. In the simulation programme the motor speed is described
as a second order system in function of torque and voltage (see equation (11.30)).

Xl +X2'Umot +X3'Tm +X Urf]ot +X Trr?ot +X UmotT
w= (11.30)
yl + y2 U mot + y3 'Tmot + y4' mot + y5 mot + yG U mot * T
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This second order equation can be mathematically solved to get the voltage. Once
the voltage (or frequency) is calculated all other parameters can be calculated in
function of voltage and torque.

Due to the fact that it is practically not possible to take measurements for all the
operating points of the torque-speed diagram, and that a model out of a
curve/surface fitting process is mostly valid for the operating points inside the
measurement data set, some extrapolations are necessary. Especially for the
operating points between the “zero-conditions”, which corresponds to the cases Up
= 0 and/or T = 0, and the real measured points.

When the measured data has a low accuracy, the fitting can become weakly
correlated to the measurements. The use of the previous approach can be simplified
without affecting the total simulation accuracy. Instead of using the independent
variables, voltage U and torque T, One can use the velocity wand torque T, to
develop a statistical model that describes the electrical output parameters: the stator
voltage U, the current I, the active input power P, the fundamental frequency f
of the stator voltage and finally the real torque that the motor is able to deliver.

Some examples of statistical models are illustrated in Part I11.

11.1.6 Permanent magnet motor

Similar models can be developed for permanent magnet motors. At the moment
some statistical models are available in the database.

11.2 Convertor .vi

The battery voltage and the output parameters of the motor model are used to
characterise the efficiency of the convertor. This efficiency is function of the input
current, power factor, DC voltage, switching frequency and transistor parameters.
The switching frequency can be selected out of a look-up table in function of the
fundamental motor frequency.

Basically the losses in a convertor can be devised into:

e Switching losses
¢ Conduction losses

Different approaches are possible.

1. An empirical approach can be based on e.g. equation (11.31) for DC-AC
convertors that calculates the power lossPys in function of the
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commutation frequency f.(Hz), motor current I, per phase and the battery
voltage Upy (0 is the coefficient for conduction type losses; B, is the
coefficient for commutation type losses). For the AC-DC convertor no
detailed calculation is taken into account of the differences between diode
and power transistor conduction losses and the dependence of their
respective losses on the transistor opening time. No harmonic analysis
considering the motor relevant characteristics is performed. The control
electronic is supposed to be perfect.

P

loss = 3(0'| I rf]ot + IBI ' fc U bat | I mot |) [112] (1131)
2. An empirical approach can be based on e.g. equation (11.32) for DC-
DC convertors that calculates the power loss in function of the
commutation frequency f,, motor current I, and the battery voltage Upg.
(a is the coefficient for conduction losses in the transistors, oy is the
coefficient for conduction losses in the diodes; [, is the coefficient for
commutation type losses and R,=U /U= Voltage ratio).

2
3 mot

P

loss

+[1-R,)a, 12, +B,.f.U,, .1, [112] (1132)

= RV 'at mot

3. A statistical surface-fitting model can be based on measured data. The
preference goes to the use of the losses instead of the efficiency due to the
fact the convertor efficiency is mostly close to 100%. Due to measurement
faults the difference between in- and output power can be within the
measurement accuracy. The fault on the difference of numbers, that lies to
close to each other, is smaller than the fault on the division of these
numbers. The losses are a statistical function of motor current, voltage,
frequency and/or battery voltage.

4. In some cases a constant value can be already an acceptable approximation,
due to the fact the efficiency of most convertors is rather constant in the
biggest part of the operating field.

Additional to the previous models the user is able to choose a minimum value for
the power losses. The programme will always use this minimum value, even when
one of the four previous approaches calculates a lower value. During the iteration
process the battery voltage Uy, used to calculate the power loss is kept constant (it is
up-dated every step of the speed cycle loop). Otherwise in exceptional cases of very
low convertor power, iteration problems can occur. Indeed, suppose the motor is
regenerating a small amount of power. The battery voltage defines the convertor
losses, which can lead to discharging the battery instead of charging the battery with
a very low power level. But due to this discharging, the battery voltage will drop
and in a next iteration step the convertor losses can become smaller, even so small
that the battery will be charged again. At this moment the battery voltage will rise
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again and so also the convertor losses, which results in an infinitive iteration loop.
By keeping the battery voltage used for calculating the convertor loss constant
during the iteration process this flip-flop process is disabled, without any important
influence on the overall energy consumption.

While decelerating, the braking energy can be regenerated into the battery. On the
front panel of the convertor model the user can chose between different regenerative
braking operation modes:

1. No regeneration of energy (maximum braking power equals zero).

2. Constant current lregen ™ regeneration, which value can be selected on the
front panel (the maximum braking power is defined by equation (11.33) in
function of the DC-bus or battery voltage Upg).

3. Regenerating the total amount of braking power (maximum braking power
equals required braking power).
The maximum braking power P;,,™
resulting in a possible PR or AR.

is compared with the required braking power

P =y, 1M (11.33)

inv regen

Once the possible power is defined, the required battery power Py is calculated by
adding the convertor power P;., with the auxiliary power P, and possibly a second
convertor power Pj,» (equation (11.34)).

P

bat

=P,y + P, +P (11.34)

invl inv2 aux

The auxiliary power is the required power for the lights, wipers, etc. In combined
hybrid vehicles a second convertor can be necessary and hence the corresponding
power has to be delivered by the battery. The reduction cluster resistive power P,
(reference for AR) has to be adapted in the same way, due to the fact that these
power values P, and Pj,, have no contribution to the acceleration power. The
reduction cluster setpoint power P, (reference for PR) is not affected by the
auxiliary or second convertor power.

11.3 Battery .vi

In this paragraph a model example for a lead acid battery is described. The
component library contains similar models for NiCd batteries. This component
contains a model to track the State of Charge SoC according to the power drawn
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from the battery. The state of charge is the relative remaining capacity C, of the
battery, expressed in percentage. Discharging during a period T with a current I,y
leads to a SoC equals:

| T
SoC=1—-—bat’s 11.35
C,.3600 (11.39)

The capacity Cs is the numbers of Ampere-hours (Ah), which can be drawn out of
the battery during five hours with a current equal to Cs divided by five. A battery
consists in a number of cells connected in series and possibly in a number these
series-cells groups connected in parallel.

The effect of ambient temperature t, (in degrees Celsius) on the capacity Cs is taken
into account with the help of an empirical formula. An example for a lead acid
battery is give by equation (11.36)[162]. The influence of age, numbers of
discharge/charge cycles are not taken into account. The capacity Cs is multiplied by
the number of serie-cells in parallel Nr® to get the total battery capacity Cy.

c = NrP.C,
“1+0,006.(30-t,°)

(11.36)

This programme uses a cell-module, “Battery cell .vi”, that characterises the open-
circuit voltage U, and the internal resistance R;, both dependent on the current SoC,
the temperature and on discharge or charge condition (equations (11.37) and
(11.38)). E.g. the internal resistance of a Lead Acid battery dependency of the SoC
is due to the variation of electrolyte conductivity and of the bad conducting lead-
sulphate deposed on the electrodes. The dependency on the internal resistance with
the state of charge is bound to the battery type. These figures can be measured for
charging as well as for discharging. Notice that the model does not take into
account the possible unbalance between cells or monoblocs.

U, =Nr°.f(SoC,t°) (11.37)
R =N f(s0C,t9) (11.38)
NrP
With :
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e NP : number of cells in series

e NP : number of serie-cells in parallel
e t° cell temperature (°C)

« U, : open-loop voltage (V)

c R : internal resistance (Q)

The capacity of the battery changes in function of the discharge (or charge) current.
The implemented model tracks the state of charge according to the power drawn
from the battery. On the bases of the actual battery current I, and the time
increment T, the variation of state of charge ASoC is calculated. It is primarily
based on the empirical law of Peukert [163,164].

Peukert’s equation is a formula that shows how the available capacity of a battery
changes according to the rate of discharge. The capacity of a battery is expressed in
Ampére-Hours (Ah), but it turns out that the simple formula of current times hours
does not accurately represent the situation. Peukert found that the equation (11.39)
fits better the observed behaviour of batteries.

C =1*Time (11.39)

The equation captures the fact that at higher currents, there is less available energy
in the battery. C is the theoretical capacity of the battery, I is the current, Time is the
total charge time, and k is the Peukert number, a constant for a given battery. A
value close to 1 indicates that the battery performs well. The higher k, the more
capacity is lost when the battery is discharged at high currents. The Peukert number
of a battery is determined empirically and lies normally between 1.2 and 1.4 for lead
acid batteries. If k would be selected equal to one, a linear relation between SoC
and capacity would be assumed. Fig. 11.2 represents this equation for different
values of k. It is quite remarkable that discharging at 0.1 times the nominal current
increases the capacity with a factor 2 when the battery has a Peukert constant k
equals 1.3.
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Fig. 11.2: The battery capacity versus discharge current

When the five-hour rate capacity Cs is given the Peukert expression can be used to
calculate the capacity for any give current.

)
C, = 05{—5 (11.40)
Ibat
The substitution of (11.40) in (11.35) gives:
LT (1)
SoC=1-—2s | ﬂ) (11.41)
C..3600 | I,

This law is transformed into (11.42) that expresses the state of charge increment
ASoC. This equation assumes that the current I, remains constant during one step
T, of the simulated speed cycle. In this equation, Cy, taking into account the
temperature effect, replaces C5.
k

T |

|Ibat
ASoC =——,
° 3600 (Ctot /5)k_1 'Cto’[

(11.42)

To be able to implement this formula the knowledge of the battery current is
required. This value can be calculated based on the fundamental electric equations
(11.43) and (11.44), which described the simple battery model of Fig. 11.3.
Transforming these formulas gives (11.45), which defines the battery current I in
function of the required battery power Py, the internal resistance R; and the open
loop voltage U,,.
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Ubat :Uo - Ri'lbat (1143)
Pbat :Ubat'lbat (1144)
U,-U2-4P_ R
| =—o V"o at i (11.45)
bat ZRI

Ri
Ubat _ UQ

-

Fig. 11.3: Equivalent scheme of a simple battery model

Modelling of a battery is extremely difficult. Understanding what is going on in
battery requires an in-depth research of several years. Finding the right equation to
describe these phenomena is not straightforward, especially when they have to be
implemented in a simulation tool. The time constant characterising the dynamic
behaviour of the battery (e.g. the battery voltage) is of the same order of magnitude
as the mechanical driving time constants. A dynamic battery model can thus lead to
a more accurate simulation result. Different models are already proposed, but
experimental data is very hard to find. Fig. 11.4 illustrates an example of a dynamic
battery model for a lead acid battery [165]. Fig. 11.5 shows a possible equivalent
circuit for a NiCd Battery [166]. Specific battery management and test
infrastructure has recently been developed at the Vrije Universiteit Brussel to
perform dynamic battery test in a well-controlled environment. With the help of
powerful surface fitting algorithms, dynamic models as well as a new type of SoC-
indicator are under development. Up-to-now a maximum open-loop-voltage
deviation in time is implemented in the software model.

== O H
UD
IUW c, _|_ C. _|_ Y U I C, C. -|-

Fig. 11.4: Dynamic battery Fig. 11.5: Equivalent circuit for the NiCd
model Battery

With some types of batteries the electrolyte can start gassing when the battery cell
voltage exceeds a certain level Uy, For lead acid batteries gassing occurs above 2.4
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Volts. Whenever the voltage exceeds this value a constant charge acceptance of
80% is assumed in the simulation.

In equation (11.45) a square root is taken. If the argument of this square root is
negative, it means that the battery is not able to deliver the required power Ppy. The
maximum power that can be delivered is thus given by equation (11.46). Remark
that according to equation (11.45) the battery is able to accept negative powers of
any amplitude since the square root then certainly is a real value.

Prax = (11.46)

When the battery cell voltage exceeds the maximum allowed voltage U, the
battery power is limited to the corresponding maximum power P (Umax) (Equation
(11.47)). And vice versa, when the battery cell voltage drops under a minimum
level U .. the corresponding maximum power Ppax (Umin) is calculated with
equation (11.48). Note that Ppay (Umax) i always positive and Piax (Umin) always
negative. The possible battery power Py is thus limited to one of these values
(equations (11.49)). These voltage limits are required in real life too. Outside these
limits irreversible electrochemical process will damage the battery.

Pmax(Umax):%.Nrs. max (11.47)
PraxUnmin) = Yo = NRr_ Yeen Nreygmn (11.48)
PpOS = Pmax (U max ) I:] Pmax (U min ) (1149)

Furthermore two other operating limits are implemented: the maximum battery
charge current I’ .x and the maximum discharge current |9 .. The corresponding
maximum power P« (Imax) 1S calculated with equation (11.52) and equation (11.53).

I, =10 if (1=20) (11.50)

I =1% if (1<0) (11.51)
P 0S H

Pro (1o )= 250, if (120) (11.52)

I bat
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Pmax (I max):UO'Imax If (I = 0) (1153)

For each limit the appropriate AR and PR are calculated. Remark that all the
operating limits (Umax, Umin, Imax) are reduced to a kind of power limit, which
simplifies the iteration process.

Finally, when all parameters are within operating boundaries, the amount of capacity
charged into the battery Ah™ and the amount discharged out of the battery Ah™ are
calculated (equations (11.54) and (11.55)) as well as the new value of the state of
charge (equation (11.56)). The regeneration of braking energy is expressed in the
relative value defined by equation (11.57).

Ah/ = Ah’, +1.T, /3600 (11.54)
Ah; = Ah_, +1.T, /3600 (11.55)
SoC, = ASoC + SoC, (11.56)
regen =100. Ah+ (11.57)

11.4 Ultra-capacitor .vi:

The model of an ultra-capacitor can be developed in a similar way as that of the
battery. The voltage U, over the capacity C has the same roll as the openloop
voltage Uy of the battery. The capacity voltage U, changes with the electrical charge
g. The electrical charge will change in function of the cell current I, [167].

U (11.58)

-4
e

qt+1 = qt - IceII 'Ts (1159)

The equivalent circuit (Fig. 11.6) is also similar to the battery model.

1 As up-to-now there was no need to simulate an ultra-capacitor, this model is not yet implemented in the
software tool.
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| M— 1
Ucao I Ri — —C D Rp
—T

Fig. 11.6: Ultra-capacitor equivalent circuit

Several capacitors can be connected in series N,° and in parallel N,°. This result in
the total capacity voltage U, and current |, (quations (11.60) and (11.61)). The
internal resistance R; is dependent on the current and temperature [112].

Ucap = Nrs(Uc - Ri 'Icell) (1160)

Iy =N L (11.61)

Additionally the self-discharge of the capacitor should be taken into account with
the resistance R, [168].

This model does not take into account the possible unbalance between individual
cells.

This model can be used as a black box model that is connected to the drive system
via a DC/DC converter. The purpose of an ultra-capacitor is to provide the
acceleration power, while the power for constant driving comes from the battery.
This operation is not possible when the ultra-capacitor and battery are directly
connected in parallel [169].

11.5 Charger .vi

The charger model is a multifunctional model simulating the recharging of the
battery after the simulation of the drive cycle. This is the pure charging process
itself, not considering the charging phase while driving the vehicle (regenerative
braking, generator in series hybrid electric vehicle, etc). It can be used for an
electric as well as for a hybrid vehicle. Within the simulation programme the
charger is not a part of the drivetrain of the vehicle, but is a subprogramme of the
main programme “VSP .vi” (see chapter 6).

In electric vehicles the energy is drawn from the mains. After the speed cycle
simulation run the battery will be recharged starting from the current SoC of the
battery (stored in the “VVSP globals .vi’*) until the SoC equals its required end value.
The model for this charging algorithm uses as two subprograms: the “Battery .vi”
(see paragraph 11.3), as describe in the previous paragraph, and the “Charge profile
Vi
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In hybrid vehicles the battery can be recharged from the mains as well as by means
of the generator. In the latter case the model of the drivetrain is used again, but the
required vehicle velocity is zero. The vehicle stands still and the APU will charge
the battery.

The “Charge profile .vi” defines the required charging current. E.g. in the case of
an 1-U profile the battery will be charged with a constant current until a certain
maximum voltage is reached. At this moment the current is decreased to not exceed
the maximum voltage. Another example is the I-U-I-profile. Both profiles are
illustrated by the following figure.

Fig. 11.7: Charge profiles: 1-U (left) and I-U-I (right)

The same principles as used in the vehicle drivetrain iteration process (see chapter 8
“Iteration Algorithm .vi”) are used to simulate the possible battery charging,
taking into account battery operating boundaries. Within a while loop a Power
Distribution Factor PDF will be controlled with the help of a Power Reduction
factor. Both equal one as long as the charging process keeps the battery operating
points within limits. Based on the charge current I, coming from the charging
profile and the battery voltage Uy, the battery charge power Pg, is calculated
(equation (11.62)).

P

 =-1, U, .PDF (11.62)
Once the charging current and power are calculated the efficiency n of the charger
can be calculated based on e.g. an empirical equation. During a certain time of the
charging process battery heating can be possibly required. This option is foreseen as
an additional required power Preaing. TOgether with the required charging power and
the charger efficiency n the power drawn from the mains, the grid power Pgg, can
be calculated (equation (11.63)).

P
I:)grid = TCh + Pheating (1163)

By integrating the charging power and the grid power, the energy to the battery Epq
(equation (11.64)) respectively the energy from the mains Egig (equation (11.65)) are
calculated.
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Epat = Pay-dt (11.64)

chargingtime

Egrid = Pgrid dt (1165)

chargingtime

The charging stops when the SoC reaches its required end value. The model allows
to simulate a part of the whole charging process. Partial charging can give important
differences for the energy consumption in comparison to a full charge (end charge
included). Some chargers have a low efficiency during the end phase of the
charging process. By simulating some short reference cycles (e.g. ECE-15) there
can be only a small part of the battery capacity used. Simulating the end charge for
such a short speed cycle would causes unrealistic energy consumption (in Wh/km).
At the other side not simulating the end charge would give a to optimistic energy
consumption for long speed cycles.

11.6 Generator .vi

The only objective of this generator model is to control the engine of an APU in a
series hybrid electric drive. It is a different model, with a different purpose, then the
motor model. The generator is mechanically coupled to the engine. The engine
model can be used for an internal combustion vehicle as well as for the APU of a
series hybrid drivetrain model. Hence the generator model has to impose the same
parameters as the clutch model, namely the engine velocity wy., the acceleration
torque T, the resistive torque T,, the acceleration a and the key switch. The
purpose of the generator model (or engine starter motor) is to start the engine [170]
and to control the velocity of the engine in function of a certain optimisation criteria.

The input parameter of the generator is the required DC-power that it has to deliver
to the DC-bus. If one would use an AC-generator the same black box approach is
possible, where the generator and the required rectifier are gathered in one model.

The generator model differentiates three operating modes:

1. OFF
2. Starting
3. Normal operating

The generator will switch the engine OFF when this is required by the basic power
control algorithm defined in the e.g. “Series Hybrid Vehicle .vi” (see subchapter
7.6). This can only be done when the starting process is completely finished and
when the user did not select to use idle mode (instead of shutting down the engine).
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Once the engine is switched off and need to restart again or if it was never before
engaged, it will first pass the start-up phase before it can deliver the required power.
The corresponding starting will take a certain time, selectable by the user. This
starting time Tg.: Will define a required acceleration ag, in function of the
generator initial speed wy,; and the required start-up velocity wy. (equation (11.66)).

W — O
astart :( Sta-IF II']I) (1166)

start

The generator velocity will rise proportional to this acceleration in function of the
simulation time increment (equation (11.67)).
t — t-1
a)gen - astart 'Ts + a)gen (1167)

Hence the generator velocity is defined and the resistive output torque T, can be
calculated in function of the required generator DC power Ppc (equation (11.68)).

T =— (11.68)

w‘gen : generator velocity (rad/s)

. w“gen : previous generator velocity (rad/s)
n : generator efficiency (%)

LI I : time increment (s)

Due to its inertia J, accelerating the generator will introduce an additional inertia
torque T, (equation (11.69)). Probably the engine will not be able to deliver these
torques, due to the fact its velocity is lower than idle speed. At this moment the
engine model will introduce a PR, taking into account the inertia of both generator
and engine. In this way the battery will deliver the inertia power during start-up.
During the first step of the speed cycle the engine will always start, except when the
user has selected the initial generator velocity higher than the start up velocity.
Hence it is possible to disengage all starting operations during the simulation.

T, =Ja (11.69)

a

Once the generator velocity is higher than the start-up velocity and the generator is
not switched off, the normal operating mode will be active. In this mode the DC
power will be limited to the maximum generator power Py, The model will also
impose a maximum power variation dP/dt. In this way it is possible to simulate
moderate variations of the engine required power. Consequently the additional fuel
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consumption due to the dynamic operation of the engine is prevented. Similar to the
power variation limitation, the model will impose a given maximum velocity
variation or generator acceleration a,,c. Hence the additional inertia torque T,, due
to too fast acceleration, can be limited.

In e.g. the Series Hybrid Vehicle the engine velocity is independent from the vehicle
velocity. This makes it possible to control the generator speed in such a way to
operate the engine following different criteria like (see Part I):

1. At constant speed independent from the required power.

2. At a velocity corresponding to the minimum fuel consumption of the
engine in function of the required generator power.

3. At a velocity corresponding to the minimum NOXx emissions (or other
pollutant) of the engine in function of the required generator power.

4. At a velocity corresponding to a rule that is a compromise between fuel
consumption and emission minimisation of different pollutants. (An
energy optimisation does not automatically imply optimisation of the
emissions.)

These criteria can be implemented with the help of a look-up table that describes the
relation between generator power and generator velocity. In this way the generator
velocity is defined.

The efficiency can be defined with the help of statistical surface fitting models based
on measured data in function of e.g. the generator power and velocity. Comparable
to the start-up mode the resistive torque T, is calculated with equation (11.68).

The generator mechanical power is calculated with (11.70). The reduction cluster
reference values, the power setpoint Py, and the resistive power Py, are transformed,
by dividing by the velocity wn, to torque setpoint Tg, and resistive torque T..
Hence they can be used in the engine model when possibly an operating limit would
occur.

Py = (T, +T, ), (11.70)

11.7 Clutch .vi

Internal combustion engines require a minimum shaft speed otherwise the motor will
stall. Normally the driver takes care of this by playing appropriately with the clutch.
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The clutch is not so easy to model as one may think. Especially the process of
starting from rest or engine braking depends very much on driver behaviour. The
gear shifting moments are also driver related. Therefore it is not feasible to model
each possible scenario. Fortunately according to reference [112], it is not necessary
for acceptable results.

The clutch model simulates additional losses due to slipping of the clutch at
velocities lower than idle speed. When the engine is starting, this model will
introduce a certain time during which no torque can be delivered. The model is used
in the internal combustion engine as well as the parallel hybrid electric vehicle.

As long as the input velocity (at wheel side) is higher than the speed corresponding
to idle engine speed and the engine is not in a starting phase, the clutch is engaged.
The clutch inertia is taken into account by increasing the acceleration torque. Also
the clutch efficiency is considered.

Once the input velocity drops under the idle speed wgqe the clutch starts slipping.
This clutch operation is simulated by the use of an elementary method. When the
clutch is slipping the possible torque that can be delivered to the wheels is limited.
Hence the input torque is limited to the clutch torque T.. When the vehicle is
decelerating or the engine is still starting, this maximum torque is set to zero. The
engine required velocity is set to 50% higher than idle speed and the required engine
torque is the clutch torque T, divided by the clutch efficiency n and an additional
slipping efficiency ngp.

TC = M (11.71)
a .

117 ip
T i

TS =—1 (11.72)

117 ip
With :

e ]  inertia seen at wheel side(kg.m?)

. Taf’ : acceleration torque at engine side (Nm)

e T, : acceleration torque at wheel side (Nm)

e n : clutch efficiency (%)

* Nsip : additional slip efficiency (%)

When the engine is switched off the current velocity is set to zero or one could
choose to operate the engine at idle speed. When the engine is starting no power can
be delivered to the wheels. Via the starter-indicator a start-up power will be
demanded at the auxiliaries (see subchapter 11.11). The starting of the engine will
take a certain time, selectable by the user. Similar to the generator model this

VSP 193



Part Il 11. POWERFLOW TRANSFORMATION

starting time T, Will define a required acceleration ag, in function of the required
engine initial speed wy (which is mostly zero) and the minimum required idle
velocity wygje.

- (a)idle ~ Wy )

= 11.73
start -I- ( )

start

The engine velocity will rise proportional to this acceleration in function of the
simulation time increment Ts.

W, =ag, T, +w! (11.74)

ice ice
The clutch power is given by:

P=(Te+T" ko, (11.75)

11.8 Engine .vi

The programme simulates the behaviour of an internal combustion engine
independent from the kind of fuel.

The model can be used in a classical thermal vehicle or in a hybrid vehicle. On the
front panel a selector switch is foreseen to define the vehicle type, because the
engine can be used for traction or for power generation, which has an influence on
the iteration process. If the engine velocity w is going to exceed its maximum
allowed speed wyax an AR and/or PR is required in function of the type of vehicle.
Indeed when the engine is used in a thermal vehicle it is in charge of the accelerating
power. This means that when the engine is going to be over-speeded an AR is
required to slow down the acceleration. Also in the case of a parallel hybrid vehicle
the engine acceleration is likewise proportional to the vehicle velocity and an AR is
required.

On the contrary when the engine is used in a series hybrid vehicle any acceleration
reduction has no effect on the velocity due to the fact that the generator defines this
velocity in function of the generator power. In this case a Power Reduction PR is
required to decrease the generator power via the Power Distribution Factor. This is
also valid in the case of a combined hybrid vehicle, where the generator modulates
the engine velocity via the planetary gear.

The motor inertia J will increase the acceleration torque T, in function of the
possible acceleration. The engine is also in charge of the auxiliary alternator power
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P, (see paragraph 11.11 “Auxiliaries .vi’). This power shall increase the resistive
torque T, This results in a total engine torque Ti. defined by the following
equation.

P
Tice :Tr +i+Ta +‘]'a (1176)
()

ice

Internal combustion engines require a minimum shaft speed. This is implemented in
the clutch or in the control algorithm of the hybrid wvehicle (in
paragraphs 11.6“Generator .vi” or 9.3 “Planetary Gear .vi”).

If the engine is running, with the engine velocity higher than idle speed and the
resistive torque different from zero, then the engine is in normal operating mode (see
further down). If not, the engine can be in off-mode with the ‘key switch’ and all
output parameters are zero. If the key switch is on, with the engine velocity strictly
lower than idle speed, then the engine is starting.

The user can select a start-up penalty. This start-up penalty has to be measured and
can be imported as a cluster of correction factors for each type of emission and for
the fuel consumption. This can be done for different engine start-up temperature.
Hence the additional fuel consumption and emissions can be taken into account at
start-up. If the user prefers not to use this feature or the data is not available, the idle
emissions and consumption are used during this start-up phase. Further it is possible
that the key switch being ON, the engine speed equals the idle speed, but the
required resistive torque is zero. E.g. in the case of a Series Hybrid Vehicle, when
the generator for instance imposes to operate the engine at idle mode (instead of a
complete shutdown), the engine speed will be equal to idle speed and the resistive
torque equals zero. At this moment the corresponding fuel consumption and
emissions will be calculated. As long as the engine is not in normal operating mode
the maximum engine torque is zero.

In normal operating mode the maximum torque is defined in a look-up table in
function of the angular velocity and the total torque. With the help of the “AR,
PR(T) Calculation .vi” (see paragraph 8.3.1) the required torque is limited to the
maximum value and the corresponding AR en PR are calculated, to allow the
iteration loop to converge to the maximum possible corresponding working point.
For more details see chapter 7.

Table 11.1: Possible AR en PR implementation for engine operating limits

wW-max T-max
ICV AR AR
PHV AR PR
SHV PR PR
CHV PR PR
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Once the possible engine torque is known the emissions (in g/s) and fuel
consumption (in L/s) can be calculated on the basis of iso-emission and consumption
curves (in g/kwh). Out of the possible speed and torque the emissions are
calculated using bilinear interpolation of the discretised iso-emission curves, which
are entered in several arrays. These curves or maps are describing the static
behaviour of an internal combustion engine. This works when transients are
negligible. However if transients are large the interpolated results may be wrong
with several orders of magnitude [171].

If the engine torque is negative - the engine is slightly braking the drivetrain - a
small constant fuel consumption and emission are assumed

The engine will produce additional emissions when the engine is cold. A cold/hot
emission ratio can be introduced, which is a function of ambient temperature and
trip length [172,173,154]. On the front panel the user can select if the motor
operates in a warm mode or cold mode. In the case of a cold engine an additional
penalty is implemented based on an empirical model, which describes emissions and
fuel consumption correction factor in function of the ambient temperature and fuel

type [172].

The mechanical power P, of the engine shaft (equation (11.77)) as well as the
power of the consumed fuel Py (equation (11.80)) is calculated. The last one is a
function of the fuel density D and fuel specific energy Eg.. The efficiency is
calculated and the fuel content F is reduced by the fuel consumption (equation
(11.81)). The fuel mass Mg is proportionally decreased (equation (11.82). A small
gadget is added allowing the user to see the engine operating point moving in the
torque-speed-operating plane. The emissions are multiplied by the simulation time
increment and stored in the parameter tracer for further use in the main programme
(“VSP .vi”).

I:)ice = a)ice 'Tice (1177)
fc = fc(wice,Tice,t;’) (11.78)
fc
Cons = (11.79)
1000.D
P, =Cons.E,,.10° (11.80)
F, = F_ —ConsT, (11.81)
M; =F.D (11.82)
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With :
o Tie : total engine torque (Nm)
e T : resistive torque (Nm)
e Py : alternator power (W)
e T, - acceleration torque (Nm)
* W : angular velocity (rad/s)
¢ Pie : mechanical shaft power (W)
LI A : ambient temperature (°C)
« fc - fuel consumption (g/s)
« D : fuel density (kg/L)

e Cons :fuel consumption (L/s)
e Efup : specific energy (MJ/L)
e Pil : fuel power (W)

c F : fuel content (L)

e Fy : previous fuel content (L)

LI I .simulation time increment (s)
o M : mass of remaining fuel (kg)

If engine data corresponding to an engine with a certain required size is not
available, an engine can be selected out of the database and its characteristics can be
scaled down (or up) by the help of a scaling factor.

The functional model of a turbine is similar to that of an engine. There are
characteristic maps, which contain the specific properties of a turbine. Due to the
fact that a turbine is driving the APU of a series hybrid vehicle and operates during
most of the time in one working point, the turbine simulation can be easier than
simulating an engine. For this working point one point of the different maps like
specific consumption, CO, NO,, CO,, HC, smoke particle emissions cans be
considered [112].

Nevertheless the engine model considers cold operation and start-up penalties it is
still a rather simple model. Several other parameters, not taken into account up-to-
now, can influence the fuel consumption and emissions.

The model does not consider any time delay associated with fuel transport or torque
production. The model does not simulate cranking or associated emissions. No
transients of any kind are included. Mean value torque model is used, corresponding
to the average torque over the engine cycle.

Recent investigations carried out in the frame of the German and Swiss emission
factor programme have shown that it is necessary to take into account the influence
of altitude when determining pollutant emissions for the wvehicle concepts
investigated in cases where a major proportion of the mileage is on roads at a high
elevation [154].
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In the case of conventional spark-ignition and diesel vehicles, the emission
behaviour generally deteriorates within a service interval. In the case of catalyst
vehicles an unavoidable deterioration in the degree of conversion by the catalyst
(due to thermal ageing and contamination) leads to an increase in emission with
increasing mileage.  Defects, setting errors and lack of maintenance are
superimposed, in practical operation, on the physically determined reduction in the
degree of conversion by the catalyst. Consequently the implemented look-up tables
describe the engine behaviour corresponding to the age of the characterised engine.

Hydrocarbon emissions from motor vehicles arise from two major sources, exhaust
emissions and evaporative losses through the vehicle’s fuel system (storage tank,
carburettor or injection system, fuel pipes). Evaporative emissions occur as a result
of fuel volatility combined with the variation of the ambient temperature during a
24-hour period or the temperature changes of the vehicle’s fuel system that occur
over a normal driving procedure.

In general there are four types of evaporative losses:

1. Filling losses. These losses occur when the vehicle's fuel tank is filled and
the contents of saturated vapours are displaced and usually vented to the
atmosphere. The filling losses are usually attributed to the fuel handling
chain and not to the vehicle emissions. Consequently they are considered
in subchapter 6.4, describing the fuel refinery.

2. Diurnal breathing losses. These losses are the result of the night-day
temperature cycle, causing the contents of the fuel tank to contract and
expand, pushing saturated vapour out on expansion.

3. Hot soak losses. These occur when a vehicle is switched off after operation
and the equalisation of the temperatures leads to the evaporation of the fuel
in certain parts of the engine. Hot soak losses and diurnal losses constitute
the main part of evaporative losses. In newer vehicles, vapour traps
(carbon canisters) installed on the vehicle should largely capture these
losses.

4. Running losses. These evaporative losses occur during the operation of the
vehicle. Running losses are the least documented source of evaporative
emissions. On modern cars, equipped with carbon canisters, the canister
should capture any running losses but there are reports, which show that
running losses would occur nevertheless. On vehicles without carbon
canisters, running losses should be regarded as a reality [154].

The model could be further improved by taken into account certain high-emission
events. Such high-emission events occur during phases of extreme high acceleration
and during gear changes. The duration of such an event is usually only a few
seconds, but the emissions level might reach many (even u to 20 000) times the level
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of emissions during normal operation. This is especially true for modern petrol
vehicles with closed-loop catalytic converters [174].

11.9 Fuel Cell .vi

The fuel cell model is once again a typical black box approach. This made it
possible to develop in the first instance one simplified model containing the fuel cell
stack, the dc-dc convertor, the reformer and the auxiliary system [175]. The
disadvantage of the chosen model is that the fuel cell itself cannot be connected
parallel to a battery pack, to study the influence of e.g. power distribution between
battery and fuel cell based on their proper voltage characteristics. A convertor
controlling the powerflow will always be in-between in the implemented simulation
model.

Furthermore temperature and pressure effects are not included in the model, due to
lack of sufficient data. A higher stack temperature or lighter pressure will lead to a
lower voltage level. The starting process of some fuel cells can be very long and can
give important additional energy consumption and emissions. This starting state is
as well not included. The model is based on experimental data found for an
Alkaline Fuel Cell (AFC), as well as for a Proton Exchange Membrane fuel cell
(PEM) [176]. An analogous approach can be carry out for other fuel cell types.

The dc-dc convertor adapts the fuel cell voltage level to the DC-bus voltage or
battery voltage. It is modelled by a simple efficiency value (see (11.83)). The fuel
cell can only deliver a positive power. If the fuel cell power Pg is negative the
maximum power level is set to zero.

Pf _ PFC

. =
,7conv

(11.83)

The power required for the fuel cell auxiliaries Py (pump, compressor, controller)
is calculated based on experimental data in function of the required fuel cell power
(see equation (11.84)).

P, =a+hbP,+cP. [176] (11.84)
Py =t (11.85)
ref nref .
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Pstack = Pfc + I:)aux + Pref (1186)
With :

e Pgc : convertor power to DC-bus (W)

* Neonv - convertor efficiency (%)

e Pt : fuel cell power (W)

e a,b,c, :constantempirical values

e Pax : auxiliary power (W)

* Nret : reformer efficiency loss (%)

e P : reformer power (W)

¢ Pgack - fuel cell stack power (W)

The power required for the Reformer P is also taken into account proportional to
the delivered power (equation (11.85)). The sum of these power components results
in the total required stack power Pg. (equation (11.86)). If this stack power
exceeds the maximum allowed stack power Py, the iteration process will decrease
the fuel cell power Pgc.

The fuel cell stack consists of different modules connected in serie. Each module is
a combination of a number of individual cells in serie and different rows of serie-
cells are connected in parallel. The required power for each cell Pe can be
calculated by dividing the stack power by the total number of cells. This is not
totally correct due to the possible unbalance between cells. Based on experimental
data the cell current I, can be computed in function of this cell power [176]. The
Fuel Cell is mainly acting as a resistance. A fuel cell is characterised by a certain
dynamic behaviour. The current cannot change infinitively fast. The larger the cell
surface the faster the current can change. The simulation model shall check the
maximum current variation and if necessary it will reduce the required fuel cell
power. If the fuel cell is used in a hybrid drivetrain its power will be modulated by
the Power Distribution Factor via the PR. If the fuel cell is used in an electric
drivetrain without a battery, the fuel cell required power can only be reduced via the
Acceleration Reduction factor acting on the acceleration of the vehicle.

The Fuel Consumption (fc) is calculated in function of the current Law of Faraday,
which gives the relation between the reactant consumption and the produced current:
one gram equivalent weight of matter is electrochemically altered at each electrode
for 96489 Coulomb of electricity passed through the electrolyte. Two gram of
hydrogen H, produces 192978 Ampére-seconds (As) or 53.61 Ampére-hours (Ah).
The elimination (purge) of impurities is taken into account with a correction factor
(e.g. 1.012 in equation (11.87)) [176]. The fuel consumption corresponds with a
certain fuel power content in function of the density D (kg/m?) and the specific
energy Ey, (equation (11.89)).
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cen-22,4(L/mol)

fc =1.012. (11.87)
2.96489(As)

Cons = Nr,.fc (11.88)

P, =Cons.E,,.D.10° (11.89)

F.=F_, —-T,Cons (11.90)

With :
o e : cell current (A)
« fc : fuel consumption per cell (L/s)

e Cons :fuel consumption of the whole stack (L/s)
¢ Nreys - number of cells

« D : Fuel density (kg/m3)

e Emp : specific energy (MJ/kg)

e Pre:  :fuel power (W)

e F : fuel content (L)
e Fy : previous fuel content (L)
e T .simulation time increment (s)

The overall transformation efficiency, from fuel power P, to delivered DC power
Prc including reformer and auxiliaries, is calculated. The emissions are calculated
proportional to the fuel consumption [177]. This is a very simplified approach that
only gives an indication of the order of magnitude of the emissions. Additional data
has to be available for the extension of the model. This model is an unpretentious
model, but due to the black box approach it can easily be completed as soon as more
experimental data are available.

11.10Flywheel .vi

This model simulates the behaviour of a flywheel and its convertor. This flywheel-
convertor group is connected to the “DC-bus controller .vi” of the “Series Hybrid
Vehicle .vi” or it can replace the “Battery .vi”’ of a “Battery electric Vehicle .vi”.
In the case of the series hybrid vehicle it acts like a generator and its power is
modulated via a Power Distribution Factor. In the case of the electric vehicle it is in
charge of the traction power and when an operation limit occurs the vehicle
acceleration will be reduced.
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As long as the key switch of the flywheel is OFF the flywheel is not able to deliver
power, even if requested by the drivetrain. If the key switch is on, the required
flywheel-convertor power P., will be divided by the convertor efficiency n
(including convertor losses and all flywheel losses except the friction moment).
This required power is compared with the maximum power P, that the flywheel
can deliver. The flywheel current rotational velocity «x,, the maximum acceleration
Amax flywheel inertia J and the maximum torque T s« define this maximum power.

P = a)fw.max(Tmax,J .amax) (11.91)

The flywheel velocity must be kept above a certain minimum speed i, otherwise
the flywheel is not able to deliver power and below a maximum velocity G
otherwise it can be damaged. The “FW-limits .vi”’ subprogramme will control if the
flywheel velocity remains within limits. If this is not the case the maximum power
is set to zero.

The maximum velocity defines the maximum energy content of the flywheel E, .y,
which corresponds with a State of Energy (SoE) equal to one (equation (11.92)). To
have no confusion with the battery model, in the flywheel model a state of energy is
used instead of a state of charge.

max*

W)
™ 2.3600

(11.92)

Even if the flywheel is not delivering power, it’s energy content E,.s will decrease
due to the friction moment Ty. In function of the simulation time increment T the
energy consumption Eq,s is computed with equation (11.93).

T P
=5 :——JL—.1}V00M-+—fﬁ\ (11.93)
3600 n

The flywheel energy will decrease or increase in function of the sign of the flywheel
power Py, (equation (11.94)).

E,, =E. —E.. (11.94)

The corresponding flywheel state of energy and angular velocity can be calculated
according to respectively (11.95) and (11.96).
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SoE = —™ (11.95)

(11.96)

e Ent  :flywheel energy (Wh)

e Entt  :previous flywheel energy (Wh)
© W : velocity (rad/s)

o« - inertia (kg.m?)

11.11Auxiliaries .vi

Some vehicles can be equipped with that many auxiliaries (e.g. servo-actuators,
hydraulic transmission, air-conditioning, etc.), that their energy consumption can no
longer be neglected. Reference [178] indicates that 30% of the energy consumption
of their examined diesel-electric bus was due to the power consumption of the
auxiliaries.

Accuracy

: 2 high
Current [&] far: Fan ﬁl—?ﬂrl Cﬁ) ﬂlﬁ| Brake pressure drop power (W]
brake lights 5“—42| Cﬁ) W Woltage (]
ignodl 130 (omE) § 09 Eienc
wiperslﬁl—aﬁl Cﬁ) II_ED| Charging current [4,
turn signals|fl1|—35| Cﬁ) II_E.'D| Initial capacity [Ah
air conditioning f“ml Cﬁ) II_E.‘D| Maw. capacity limit [Ah
radicl¥] 10| (o} | 60| Capacity [&h)
pioter windos E“—?.Ell Cﬁ) =|_50| Min capacity limit [k
rear window defrozster E“—Eljl Cﬁ) W Compressor pump power [+
ghart maokar fﬂml Cﬁ) m wwheight [lg)
Mﬁml Cﬁ) I—DD| Total ausiliary current (4] |

Compressar IJ_IJl CDFF ] I IJ.EIIAur:iIiary power [ |
Fig. 11.8: Front panel of the Auxiliary .vi
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An auxiliary battery is used as energy buffer. To recharge the battery power is
usually drawn mechanically from the shaft by an electric alternator. In the case of
an electric vehicle this battery is recharged via a DC/DC convertor.

The auxiliary circuit model allows the user to engage some 12V (or 24V)
components by selecting the corresponding ON/OFF button on the front panel (e.g.
fan, rear window defroster, lights, wipers, turn signals, air conditioning, radio,
power windows, etc.), as illustrated with the figure below.

When an internal combustion engine must be started with a starter motor, the
boolean switch ‘start motor” will be switched on and the auxiliary battery will be
discharged. During braking, the brake lights are switched on and when the brake
pressure level becomes to low, the compressor will be activated, which results in an
additional auxiliary consumption.

The subprogram “compressor .vi” contains the model for electric and hybrid
electric vehicles, which calculates the pressure level of the brakes p. In traditional
vehicle this brake pressure is assured via a vacuum pump. In any case the brake
pressure should be kept on level, which requires an additional power.

If this level becomes lower than a pressure lowest limit, the compressor pump will
be activated until the pressure upper limit is reached. This results in a power P, and
current consumption I, which is delivered by the auxiliary battery. The compressor
efficiency n. parameter reflects the losses between the power required from the
auxiliary battery and the power necessary to build up the pressure. In function of the
auxiliary battery voltage U, the current I, of the motor driving the compressor is
calculated (equation (11.97)). In function of the pump power P, brake power P, and
the pressure ratio coefficient i, the pressure drop is calculated (equation (11.98)). At
the start of the simulation the compressor is switched on and an initial pressure level
of 90% is assumed.

Pp
le=—7"— (11.97)
,70 'U aux
pt = pt—l'ip'(Pb + I:)p )Ts (1198)

The programme will calculate the total current I, and corresponding power,
consumed by all auxiliary components.

The auxiliary battery will be recharged with a constant current I, at the moment a
minimum battery capacity is attained. The battery is charged until a maximum
capacity level (equation (11.99)). The equation describes a very simple linear model
for a battery, but is more than sufficient for the modelling of the auxiliary extra
power consumption.
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T
C=Cca+—(I, -1 11.99
t t-1 3600 ( ch tot) ( )

The charging is only allowed when the starter motor is switched off (during the start
phase of an internal combustion engine, the engine is assumed not to deliver power).

The corresponding required alternator or DC/DC power is calculated with
equation (11.100). A constant efficiency is assumed.

U |
P =2 (11.100)

aux
n

The DC/DC or alternator can be disengaged to allow a simulation without taking
into account this auxiliary consumption.
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12 INTRODUCTION TO PART Il

Accurate and validated data describing the characteristics of the drivetrain
components is the power of a simulation programme. Reliable data is very
important, as well as the ‘coverage’. The latter requires that the data describe the
characteristics covering the whole working field of the components. When data is
available, but only for a few working points, it will be difficult to have good
simulation results.

Due to the use of the simulation tool in different research projects, the software
could be debugged and the programme structure could be made flexible allowing
different kinds of input data. Furthermore a good test protocol has been developed.
The laboratory of Electrical Engineering Department of the VUB disposes of
measurement equipment to characterise electrical and mechanical components, as
well as entire vehicles.

This third part describes briefly the measurement equipment as well as the different
types of measurements that can be performed. Furthermore the manipulation of the
measured data to useful input figures for the simulation is explained. Different
examples of the database are illustrated. Additionally a calibration and validation of
the simulation programme is performed as well as a parameter sensitivity analysis.

This third part also illustrates several simulation results of different drivetrains,
powerflow control strategies of hybrid concepts as well as comparisons of the
energy consumption and emissions of different vehicles.
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13 MEASUREMENT EQUIPMENT

The components database is developed based on own measurements and information
found in literature. Following measurement equipment and test benches were
available to characterise the components and vehicles and to validate the simulation
results:

e An “on road” measurement tool to evaluate the drivetrain of electric or
hybrid vehicles (only DC).

e A second “on road” measurement tool able to measure AC and DC
signals.

« Avroll bench to assess passenger cars.

* Laboratory equipment to characterise the components of an electric
drivetrain individually (Foucault brakes, electric loads, analogue and
digital measurement devices, torque transducers, etc.).

The laboratory of electrical engineering is equipped with mainly electrical and
mechanical measurement tools. When fuel consumption- and emission
characterisation were required other laboratories® have offered their help.

13.1 Measurement System Requirements

An on-road measurement system has to be modular, easy to extend, user-friendly
and able to measure different type of quantities like e.g. alternating and direct
current and voltage, torque, velocity, frequency and power. The system has to be
capable to evaluate bicycles as well as urban buses. The system should be very
flexible since the amplitude of the quantities that has to be measured, can strongly
vary in function of the tested vehicle. To have a sufficient accuracy (required for
measuring losses and characterising efficiencies) the system had to be modular.
This modularity requires the possibility to use different measurement traducers, with
different measurement range. A ‘Plug and Play’ based system is preferred.

A mobile data-acquisition system has some specific requirements concerning the use
in vehicles on road. In the first place it has an independent supply (e.g. a 12V
battery). The system is very compact and easy to install in the vehicle, without
permanent damage to the vehicle and without endangering the safety of the driver
and passengers. It is robust and should withstand shocks and vibrations. All
mechanical as well as electrical connections are realised in a reliable way.

Since the measurement will be accomplished in a possible ‘electrical dirty
environment’, the measurement transducers may not be disturbed by the

1 The department of mechanical engineering of the V.U.B. and the Royal Military School of Belgium
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electromagnetic interference of e.g. inverters and chargers. Appropriate filtering and
isolation is necessary.

Both on-road measurement systems of the VUB fulfil these requirements. The
systems are able to perform four different types of measurement campaigns:

e Acceleration tests: this requires a sampling frequency of maximum 50 Hz.

« Drive cycle test: can be performed at 1 Hz.

« Battery charging test: every three minutes the average of e.g. 10 measuring
points should be taken and this over a period of at least
8 hours (in function of the charge characteristic).

e Laboratory test: requires high accuracy and a sampling frequency of
some 100 kHz if e.g. PWM-signals are to be measured.

Most of the parameters that are to be measured are DC quantities. Conventional AC
equipment is designed to measure commercial 50 Hz AC signals. Such equipment is
not appropriate to measure the power of a PWM inverter having a high switching
speed. The inverter frequencies vary from 0.01 Hz to 600 Hz, with superposed
modulation frequencies [179]. Another solution consists in first measuring the time
signals at a high sampling frequency and processing the measurement to calculate
true RMS values afterwards. If the power is calculated out of these time signals the
voltage and current are measured at exactly the same time (sample and hold device
required). The measurements are synchronised before sampling.

13.2 Measuring Points on Roll Bench and
Laboratory Test Bench

Fig. 13.1 shows the different measurement points in the case of a series hybrid
vehicle. Measurements can be performed on an existing drivetrain or on individual
components. In the first case the drivetrain can be evaluated on-road or on a roll
bench. The on-road measurements give results of the energy consumption and
component behaviour in real life conditions. The characterisation on the roll bench
allows the selection of different operating points by the appropriate choice of the
load of the rolls. The roll bench (see Fig. 13.2) is equipped with an electromagnetic
brake. It can also be driven by a separately excited DC-motor; this allows imposing
speed and torque, either positive or negative. This is necessary to simulate real road
conditions and speed cycles on the roll bench. With the help of a PLC-driven
system it is possible to simulate predefined speed cycles. Unfortunately, the size of
the roll bench is not sufficient to characterise all kind of vehicles. It is originally
designed to test passenger cars simulating the ECE-15 cycle, which has a top speed
of 50 km/h [180]. Additionally to speed cycles, the roll bench is also used to
characterise the entire vehicle as well as to qualify drivetrain components by
imposing different constant speed and torque values at the wheels of the vehicle. In
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this way one can measure e.g. the losses of the different components if their in- and
Cons. (I/s)
Emm. (g/s)

outputs are accessible.
U™
14(A)
T(°C)

Con-
verter bty
T(Nm)
w(rpm) T(°C)

Un(V) Up(V)
1n(A) 1,(A)

Roll bench
or road

Fig. 13.1: Series hybrid drivetrain characterisation

Fig. 13.3: boratory test bench

Fig. 13.2: RoII bench

However it is not always possible to have access to all parts of the drivetrain (e.g.
the output shaft of the motor). In most circumstances the battery and convertor can
be characterised separately but the motor must be characterised together with the
transmission. In the case of some series hybrid vehicles the APU can be measured
when the vehicle is not driving with off-board diagnostic tools. This is when the
APU operates independently from driving conditions.

Components can also be characterised on a laboratory test bench (see Fig. 13.3).
Hence e.g. the motor can be connected to a load and the convertor to a DC supply,
replacing the battery (see Fig. 13.4). All possible operating points can be selected
with the help of the load and supply. The corresponding losses can be characterised.

Up(V)

1,(A)
Con- Con-
verter verter

To be characterized

Grid

Fig. 13.4: Component characterisation
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13.3 “ON ROAD” Measurement Equipment

13.3.1 First Measurement System (only DC)

The first on-road measurement system [181,182,183] is based on a compact 16
channels data-acquisition system. The datalogger has the following characteristics:

*  ANERMA-UPC 1 CARD

e 16 analogue channels

e Inputrange: -5V to + 5V (bipolar mode) or 4-20mA
e Micro-controller: buffer 64 Kbytes

e Maximum sampling rate: 10 Hz for each channel

Fig. 13.5 illustrates the principal outline of the measurement system.

| torque/speed transducer [ spleedsensor |
| buffersand filters
| digital speed transducer]

:.tLa.ussM&l—‘_

transducet

SlusWaINsea W
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curre serial logger

current LEM

high voltage LEM

Fig. 13.5: Principal outline of the measurement system

The vehicle speed (max. 200 km/h) is measured with a DATRON DLS sensor. The
speed sensor is based on a correlation optical method with spatial-frequency filtering
[184]. This technology is used by most of the major institutes in charge of testing
and evaluating vehicles. It has a high accuracy (higher than 0,1 %), it is robust and
very easy to install on the vehicle (see Fig. 13.6).

Torque and speed can be qualified with the help of the torque transducer of the roll
bench. The power from the mains (up to 380V /10 A/ 50 Hz) can also be
determined with the data-acquisition.

Three channels can measure voltages up to 300 V, one up to 800 V and two channels
are designed to measure currents of maximum 600 A. For the current and the
voltage measurement Hall-effect transducers are used (LEM LT1000S, LV800,
LT300 and LT100). Voltages, currents and digital speed measurements are
converted into load-independent output signals by ABB-GTU transducers with

214 VSP



13. MEASUREMENT EQUIPMENT Part 111

linear characteristics. Voltages can also be measured directly with ABB transducers.
These transducers allow a minimum re-cabling of the drivetrain on board of the
vehicle. It does not influence the normal operation of the drivetrain. The
transducers provide filtering and galvanic isolation of the signals. All the signal
conditioning, multiplexing, and digitalisation equipment is put into a portable 19”-
rack (Fig. 13.7). The rack is small and meets the needs that are demanded for such a
device (electric and electromagnetic isolation, proof against external shocks).

A 24 V NiMH-battery inside the rack provides the supply of all electronics and
auxiliary devices, except for the speed sensor that has its own external 12 V
maintenance-free Pb-battery.

i = :
Fig. 13.6: Speed measurement Fig. 13.7: On road DC-measuring system

The data-acquisition system is controlled by a Laptop. The measurement software is
written in LabVIEW™. The data are stored as ASCII-files, which makes it easy to
use them afterwards in other programmes (e.g. spreadsheet programmes). During
the measurement, the Laptop shows the test results in real time. Fig. 13.7 illustrates
the measurement system installed in an electric van.

This data-acquisition system allows characterising electric and hybrid electric
vehicles (only electric and mechanical parameters). However it cannot be easily
extended if needed. Furthermore only measurements of DC-signals can be carried-
out.

13.3.2 AC and DC Measurement System

On the bases of the first on road measurement system a second more powerful and
flexible system was designed (see Fig. 13.8) [185]. It is mainly based on equipment
from National Instruments.

On one side a portable Pentium PC with a PCMCIA card slot is used. The
DAQcard-Al-16E-4 is from the E-series technology from National Instruments and
gives up to 500 kS/s, 12-bit performance on 16 single-ended analogue inputs. The
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card feature analogue and digital triggering capability, as well as two 24-bit, 20 Mhz
counter/timers and 8 digital 1/0 lines [186].

------- A “D.-ﬂ."p“rm_ 6”-raek \
SCXl-chassis | W
3 x 250Vdc Isolation It i
5 x thermocouple amplifier W DAQcard
3 X 300A
LEM: 3 x 300V Progr. LP-filter S/IH
2 x 100A

powermeter
analog speed sensor
digital speed transducer
torque transducer
aux. battery

_[ BNC connector

Fig. 13.8: Principle outline of the second measurement system

The PCMCIA data-acquisition card is connected to a 4 slot SCXI-rack. This rack
stands for a modular plug and play system. Currently it contains [186]:

e« An SCXI-1141 8 channel programmable elliptic lowpass filter (from 10 to
25 kHz) module of which each channel has a differential instrumentation
amplifier with software-programmable gains. The eight-order elliptic lowpass
filter provides a very sharp “brick wall” response with a rolloff of
135 dB/octave. An external clock input and output are also provided. The
SCXI-1141 is connected in series with the SCXI-1140.

e An SCXI-1140 8 channel simultaneous sampling differential amplifier allowing
sampling at the same time and multiplexing the measurement to one channel.

e An SCXI-1120 8 channel isolation amplifier that has 250 Vrms working
isolation, selectable gains up to 1000. The SCXI-1120 with configurable
lowpass filters of 4 Hz and 10 kHz on each channel, is ideal for amplification
and isolation of DC millivolt sources, volt sources, 0 to 20 mA, 4 to 20 mA and
thermocouples. It has a scanning rate of 333 kS/s.

The software is programmed in LabVIEW and NI-dag. The user interface allows
selecting the different channels, changing the scales and offsets, calibration of the
probes, visualisation in real time of the measured data and of course storing the
measurements on the hard disk. An important part of the software contains the
algorithm to calculate the AC-power [187]. It is based on the “quasi-synchronous
power-calculating algorithm”.

On the other side different sensors are connected to the cards of the SCXI-rack.
Current and voltage Hall-effect transducers can be plugged on (LEM LT300S,
LT100S LT1000, LV800 and LV300). An additional BNC connector with 8
differential analogue and 8 digital channels, allowing the connection of different
laboratory equipment, is put in a 19”-rack together with the SCXI-chassis (see Fig.
13.9).  RC-filters and voltage dividers are installed to have appropriate
measurements. The vehicle speed is measured with a DATRON DLS sensor. To
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the BNC terminal accessory additional laboratory equipment with analogue output
can be connected, such as a digital power meter (mainly used to measure the grid
power during charging the battery) or a torque and speed transducer (of the roll
bench).

Fig. 13.9: On road AC and DC-measuring system
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14 THE COMPONENT LIBRARY

The data of the Vehicle Simulation Programme are gathered in three different ways:

e Measured in the VUB laboratory
e Obtained from partners in national and European research projects
e Out of literature

These data can have different forms:

e Graphs, maps

e Theoretical formulae and equivalent circuits
e Computed data tables

e Measured data tables

Data coming from the literature are usually incomplete and their accuracy is often
unknown.  When receiving data from partners of research programmes, the
description of the used measurement equipment and the data accuracy have to be
identified. Self-measured data are figures that can be very well validated. These
measurement campaigns are very time consuming.

Based on a number of laboratory and on-road measurements, models have been
developed for different types of electric and hybrid vehicles. As described in Part |
most components are characterised by measuring a grid of static working points,
covering the whole operating area (see Fig. 14.1). Additionally the operating
boundaries are measured, with the help of the bench tests or by maximum
accelerating the considered vehicle.

Speed
(rpm)
10000
8000
6000
4000
2000
0

0 20 40 60 80 100
Torque (Nm)

Fig. 14.1: Step-by-step working procedure, covering the whole operating range

Once the data are measured they have to be transformed to a format that is adequate
for the simulation programme. Most data are stored in look-up tables or remodelled
to statistical formulae. The latter has the advantage to require less computer
memory, but formulae can only be used when there is a good correlation with the
measurements. Finding a good fitting requires a good understanding of the working
behaviour of the component. In some cases the operation grid is split-up into several
operation areas with different statistical fittings.
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It is not the purpose to describe the whole database of the software programme, but
to illustrate the data handling approach and the different data structures possible in
the software tool.

14.1 Examples

The characterisation of the electric motor of the Elcat-van has been carried out
together with its chopper [188]. The full torque- and speed range is covered.

To have an idea of which kind of statistical equation best describes the motor
efficiency, one has to examine the relation between the motor losses with the torque
T and speed w parameters. The following model was selected to estimate the motor
efficiency Nmot:

2
+bT,, +Cw,

mot

Moo =aT?

mot

+d.w,, +e (14.1)

In which a, b, ¢, d and e are coefficients to be determined.

Using about 160 measured working points of the motor, the next coefficients where
deduced, with a correlation coefficient of 84 %, which is reasonable:

e a=-5067e-5 * ¢=-8,090e-8 ee=4.274e-1

e b=1,764e-3 e d=3,598e-4
Instead of using this statistical equation one can also prefer to use a look-up table
based on the measurements. Table 14.1 illustrates an example of motor efficiency

(%) defined by horizontally the motor speed (rpm) and vertically the motor torque
(Nm).

Table 14.1: Example of look-up table

200] 00| 600] 800 1000] 1200] 1400] 1600] 1800] 2000] 2200] 2400] 2600] 2800] 3000] 3200] 3400] 3600] 3800] 4000
| o/50 56 61 66 71 74 77 80 81 82 83 8 8 8 78 75 72 67 63 57
|10/51 57 63 68 72 76 79 81 83 84 84 84 83 81 79 76 73 69

2051 57 63 68 72 76 79 81 83 84 84 84 83 8 79 77

130/50 57 62 67 71 75 78 80 82 83 83 83 82 81

140/49 55 60 65 70 73 76 79 80 81 82 81 81

|50/ 46 52 58 62 67 70 73 76 77 78 79 79

|60/ 42 48 54 59 63 67 70 72 74 75 75

70037 43 49 54 58 62 65 67 69

In the example a basic model is used to calculate the motor current I, in function of
the motor torque T,,: based on the experimental results. A series excited DC motor
would figure a quadratic relation between current and torque. The tested motor
saturates already at very low torques and from thereon the torque-current relation is
linear.
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The following relations hold for the Elcat motor, with a correlation of 99 %:

Too 215NM 1 =a+bT, (14.2)
Tt <IONM 1 =4/CT (14.3)
With :
*a=40,82 * b =3,546 e Cc=484,0

A small difference between this motor current model and the reality will have a
insignificant impact on the total energy consumption of the vehicle (see subchapter
15.3 Parameter Sensitivity, below).

0 6 12 18 24 30 36 42 48 54 60 66 72

Fig. 14.2: Motor current model

The total electric power is calculated using the motor efficiency, the torque and the
speed. Based on motor power and current the motor voltage U, is calculated. If
this voltage exceeds the maximum admissible motor voltage or battery voltage, an
AR is introduced.

Based on the same measurement campaign, useful data about the choppers
efficiency was gathered. The efficiency is listed in the complete motor voltage-
current plane. An empirical statistical model with a high correlation with the
measurements (99% and 94%), was extracted, giving the following result:

U <20V p=a,l+bU+c.1?+d U +e Ul +f, (14.4)

— 2 2
U,,220v n=a,l+b,U+c,I°+d,U"+e,U.l +f, (14.5)
With:
a b C d e f
1 -3,190E-05 5,688E-02 -1,075E-18 -1,605E-03 2,568E-06 4,123E-01
2 4,643E-05 3,225E-03 -1,024E-18 -2,128E-05 -1,656E-06 8,634E-01
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Fig. 14.3: Chopper efficiency model

14.2 Database

Up to now 19 different drivetrains are implemented into the database. They can be
divided in several subcategories:

[095%-100%
H90%-95%
[085%-90%
W 80%-85%
0075%-80%
0070%-75%
H65%-70%
0060%-65%

A first group contains models based on an experimental drivetrain set-up [113].
The characterised components are used to simulate different drivetrain topologies,
with the same body and chassis as of a 2,7 ton van. The electric traction motor is a
30 kW asynchronous motor and the 1900 cc / 68 kW diesel engine can be used to
drive the vehicle or to drive the 65 kW alternator and rectifier of the APU. The
battery is a 310,8 V /60 Ah NiCd battery. Additional models of fuel cells and
flywheels [175] are added to enlarge the possible drivetrain topologies.
following models are established (see Part 1l chapter 7):

V1.
V2.
V3.
V4.
V5.
V6.
V7.
V8.
Vo.

diesel van, comparable with the Citroén Jumper (1,7 ton);
battery electric drivetrain;

flywheel drivetrain;

fuel cell electric drivetrain;
diesel-electric van;

series hybrid electric drivetrain;
parallel hybrid electric drivetrain;
combined hybrid electric drivetrain;
fuel cell hybrid electric drivetrain;

Hence

Furthermore models of existing vehicles are developed for electric, series hybrid as
well as internal combustion vehicles:
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V10.

V11,

V12

V13.

V14,

V15.

V16.

V17.

V18.

V19.

The PGE-TM s a first-generation (1979) basic electric car with a robust
body, a 14 kW* separated excited DC motor and a 96 V / 180 Ah lead acid
battery. It has a total static weight of 1,6 ton.

The Panda Elettra, a second-generation (1990) electric passenger 2 seat
car, has a 9,2 kW series excited DC motor and a 96 VV / 180 Ah lead acid
battery. Its mass is 1,25 ton.

The Peugeot electric 106 is a third-generation (1994) 4 seat passenger car,
with an 11 kW separated excited DC motor and a 120 V /100 Ah NiCd
battery, with a total weight of 1,14 ton.

The Elcat electric van is a 1,32 ton vehicle and is derived from the Subaru
E10. A 13 kW series excited DC motor fed, via a chopper, by a 72
V /250 Ah lead acid battery, powers the vehicle.

The Peugeot Scootelec is a 110 kg two-wheeler equipped with a DC
separated excited motor of 1,5 KW and a 18 VV / 100 Ah NiCd battery.

In the framework of an oncoming European research project PRAZE [189]
some preliminary simulations were carried out for a 115 kg scooter with
permanent magnet brushless wheel motors and a 36 V /76 Ah NizZn
battery.

The Citroén AX is a small passenger car with a 954 cm®/ 32,5 kW
gasoline engine. It has a total static weight of 0,8 ton.

The Mitsubishi Galant has a 3L /16 valves gasoline engine with
electronic injection and 3-way catalyst. It has a total static weight of
1,4 ton.

The ALTRA CNG series hybrid 16-ton city bus is powered by a 105 kW
asynchronous motor powers. The energy is provided by a 600 V / 100 Ah
lead acid battery and a 30 kW permanent magnet generator driven by a
2500 cm? spark ignition compressed natural gas engine.

The Luxbus is another series hybrid city bus, with a total static weight of
9,3 ton. The battery pack consists in two parallel 58 Ah packs. Each pack
consists in 26 lead acid 12 V blocks connected in series. The vehicle is
driven by two 105kW (peak power) asynchronous motors, with a
combining gear system. A 2L gasoline engine with electronic injection
and catalyst powers a permanent magnet generator.

L All electrical power values are continuous and not maximum values.
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15 SOFTWARE VALIDATION

Calculating the final error in a complex system like a simulation programme
requires the development of a second simulation programme. Indeed, one cannot
define one single error value of a component model, since the errors differ from
working point to working point and are not constant during the simulation. E.g. the
efficiency map for an electric motor is more accurate at the nominal working point
than at low speeds. Furthermore the powerflow in the drivetrain can be very
complex, especially in hybrid vehicles. This increases the complexity to calculate
the simulation error.

However a vehicle simulation programme is in the first place a programme to
compare different drivelines and strategies. One is interested in comparing results
and strategies, where parameters like fuel consumption and battery state of charge
are important parameters. The absolute value of these parameters is mostly of less
importance [190].

In order to evaluate the software tool different approaches are worked out. First the
different errors are described. This is followed by a sensitivity analysis allowing to
define how sensitive the output results are to changes of the software parameters.
Finally, the simulation results are compared with measured data. This correlation
process gives a good idea of the validation of the simulation results.

15.1 Error Analysis

The input data for the simulation models are based on measured data. This
introduces measuring errors. The measured data are processed to forms that can be
used as input values for the simulation models. This data processing at its turn
results in errors. When for example the DC motor efficiency is calculated based on
the measurement of torque T, velocity w, current | and voltage U; the error on the
efficiency can be calculated as follows:

n= T_‘r (15.1)

An AT Aw AU Al
+ +|_ (15.2)

T w U

If all measured values are measured with an accuracy of 0,5 %, the error on the
efficiency will be maximum 2 %. The data error can be reduced in the case of a

VSP 225



Part 111 15. SOFTWARE VALIDATION

random error by measuring several times the same working point. For this reason
statistical fitting of the measured data increases the accuracy of the component data.

Next to the component data error, a second kind of error is introduced: the modelling
error. The modelling error is a result of the approximation of the reality by
mathematical equations. Hence some influences are disregarded. In the simulation
tool only a few temperature effects are implemented. @ However several
environmental conditions (temperature, air pressure, etc) will have their impact on
the behaviour of a component. Neither are the transient phenomena considered.
Additionally, the effect of ageing (e.g. battery capacity) will introduce differences
between the current component behaviour and the original data maps. When using
look-up tables the interpolation process will introduce errors that can also be
classified as modelling errors. The hypotheses of the component modelling can all
be found in Part I1.

Due to truncation and rounding processes of the software, supplementary errors are
introduced, which can be classified as calculation errors. Furthermore, as a result of
calculations in the modelling, an input error is propagated through the model. The
calculated output contains this propagated error. Reference [190] stated that, if one
has an error of 0.7% of the total tractive resistance, the error on the gear input power
can vary from almost 7% to more than 8%, taking into account the data errors in
function of the vehicle operating point. Such an error can propagate further through
the driveline resulting in e.g. an error of more than 10 % of the actual fuel
consumption (in 1/s).

At the end of the driveline (battery, fuel, etc) one gets a final error that can be used
to define the accuracy of the simulation. As already mentioned before, to really
have a more or less exact idea of this final error one should write a new parallel
simulation program to calculate the error in every working point of the simulation
and implement the appropriate error analysis equations on the component models
[190].

15.2 Simulation Time vs. Accuracy

Factors such as drive cycle time, number of components contained within a vehicle
layout, complexity of the hybrid control algorithm and number of parameters to be
stored or visualised during the simulation run, affect the overall time taken to run a
single simulation. Also hardware resources such as processor speed, available
memory, hard disk access time, influences the simulation time [142]. W.ith a
550 MHz Pentium 111 processor the fastest simulation is about 400 times faster than
the simulated drive cycle. If all parameters are visualised and stored and a complex
iteration process is required the simulation time would be about 20 times the
simulated drive cycle.

226 VSP



15. SOFTWARE VALIDATION Part 111

The user can increase simulation accuracy by reducing the time increment.
However this will reduce the simulation speed as is illustrated in the next figure.
Simulations were performed by modelling an electric vehicle driving a standard
ECE drive cycle. Using different time increments ranging from 0.01 tot 10 seconds,
successive simulations were run. The error on the battery SoC related to simulation
processing time was monitored for each simulation run. This process time
monitoring is one of the practical aspects of the programme language LabVIEW™.

Fig. 15.1 illustrates that the relative error on the battery state of charge converge to a
definitive value, showing a good indication of stability within the modelling
routines. To calculate this relative SoC error the value at a time increment of 0.01 s
is chosen as the reference. The graph also shows how the processing time increases
significantly when a simulation uses a small time increment. A time increment,
lower than 0,1 s, influence the accuracy not much. However, while simulating the
ECE cycle, time increments larger than 1 s will lead to high SoC deviations.

1.0%
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P 350
0.8% . B
—— Deviation in SoC / 300
0.6% \ —&— Process time factor / = 250

= 1 200
S 0.4%

=+ 150
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Error on SoC
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Fig. 15.1: Effect of time increment on simulation accuracy

15.3 Parameter Sensitivity

A sensitivity analysis of the key parameters of the simulated model illustrates how
sensitive the output (e.g. energy consumption) is to changes in the input parameters.
This allows a side-by-side comparison of the input parameters in order to focus on
technology areas that are important to the final fuel economy [192]. This sensitivity
analysis gives also important information on the required accuracy of the input
parameters. The higher the sensitivity, the more important it is to have accurate
values.

Fig. 15.2 illustrates the relative deviation of the energy consumption when important
input parameters are enlarged with 10 %. Simulations are performed for an electric
van (V2), an electric passenger car (V12) and an internal combustion engine van
(V1). Taking the original parameters as a reference, the weight, aerodynamic drag
coefficient Cx, the wheel radius and tyre pressure are successively increased with
10 %, while the gear efficiency is reduced with 10 % (n=>n*90%).
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Due to the fact that the effect of the parameter deviations on the energy consumption
is also depending on the speed cycle, three different cycles are simulated: the ECE-
15, a Dutch Urban Bus cycle (DUB) and constant driving at 90 km/h (see subchapter
6.2).

20.0%- OV2-ecel5
15.0% HV2-dub
OV12-ecel5
10.0%; OVi-ecel5
5.0%- M V1-90km/h
0.0%-+
-5.0%"

Weight Cx Wheel Tyre Gear
radius pressure efficiency

Fig. 15.2: Output deviation in function of 10% deviation of input parameters

One can clearly notice that the total vehicle weight has an important influence on
fuel or energy consumption. The more important the dynamic characteristic of the
reference cycle (V2-dub), the higher this impact. Among other elements this impact
of the speed cycle on the energy consumption is due to the effect of regenerative
braking, which is highly related to the kinetic energy of the vehicle.

The higher the top and average speed of the drive cycle, the higher the impact of the
aerodynamic drag coefficient on the energy consumption. This is expected since the
aerodynamic drag is quadratic related to the vehicle speed.

Changing the wheel radius influences the operating points of the rest of the
drivetrain. While increasing the wheel radius with 10 %, the rotational velocity will
decrease and the wheel torque will rise. The effect when driving a city cycle (ECE-
15 or DUB) is very moderate (less then 1 %). In the case of the constant speed
cycle, the engine will continuously operate in another working point than the
reference vehicle. This results, in the example, in a decrease of fuel consumption
with 3 %, but the opposite result could also be obtained, because it is related to
another operating point of the engine, while the engine still needs to deliver the same
driving output power.

The higher the tyre pressure, the lower the friction resistance coefficient (see
subchapter 10.2) and hence the lower the energy consumption. In the case of the
electric van, driving an ECE-15 cycle, an increase of 10% of tyre pressure results in
a decrease of almost 2 % of the energy consumption.

The highest influence on the energy consumption can be found when decreasing the
efficiency of a drivetrain component. In the given example the gear efficiency is
reduced with 10 %, which results in an augmentation of 6 to 19 % in energy
consumption. Due to the important influence of regenerative braking on the energy
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consumption, the effect of efficiency variation is much higher in the case of electric
drives compared with internal combustion vehicles, in which braking energy is
never regenerated. The difference is also remarkable between the electric van (V2)
and the electric passenger car (V12) due to the fact that the van can regenerate a
relative higher amount of braking energy and moreover the van has a higher weight
and hence a higher vehicle inertia.

When comparing on-road measured data with simulation results, one must be aware
that some parameters can influence the measurements. The effect of wind and road
inclination is difficult to measure [190], but they are always present and will
influence the comparison. E.g. when there is a very small slope of 0.1% of the road,
the electricity and fuel consumption can rise from 1 to more than 4 %. Also a
moderate head wind of 5 km/h increases the aerodynamic drag force and hence the
energy consumption can rise from 2 to 7 %. Fig. 15.3 illustrates this parameter
sensitivity.

8.0% O V2-ecels
6.0% B V2-dub
4.0% OV12-ecel5
2.0% OVi-ecel5
0.0%
Road inclination Head wind (5km/h) Bl V1-90km/h
(0.1%)

Fig. 15.3: Output deviation in function of head wind and road inclination

To evaluate the motor current model of the example in subchapter 14.1, one can
increase the motor current, based on the statistical model, with 10 %. Hence the
input parameters to calculate the chopper efficiency will change, which are in our
example the motor current and voltage. Since the motor voltage is calculated from
motor efficiency and motor current, this voltage will decrease with increasing motor
current. The global energy consumption however, will only change with 0.7 %
when the motor current is enlarged with 10 %. This example illustrates that it is not
really necessary to have very high accurate statistical models of some of the
intermediate parameters to have a good idea of the global energy consumption. On
the other hand the efficiency models have to be very accurate.

This sensitivity analysis also shows clearly the importance of the accuracy of some
essential simulation parameters.  Especially vehicle weight and component
efficiency have a major impact on the fuel and electricity consumption.
Additionally the effect of the road inclination and head wind on the energy
consumption is remarkable. Other parameter deviations, like motor current, have
less impact on the total energy consumption.
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15.4 Calibration and Validation

Even when a detailed description of the components is available, some parameters
will always be estimated. A calibration is thus recommended. By comparing
measured data with simulated data, some parameters like Cx, tyre friction
coefficient, etc can be fine-tuned.

To verify the models, measurements on road were carried out and compared with the
simulation results.

Usually comparing ICE vehicles is more difficult than electric vehicles. While
comparing simulation results with measured data there will always be a difference
due to drivers behaviour. The simulation tool will change gear following a certain
criteria, but a driver will do this in a more arbitrary way. Furthermore instantaneous
fuel consumption cannot be a true replicate because the simulation model cannot
take into account the erratic pedal motion.

15.4.1 Speed Cycles

The ECE-cycle is performed on road with an electric passenger car. Since the real
speed can differ from the theoretical ECE speed, the speed is measured during
driving and used as input file for VSP. Hence the same cycle is simulated as the one
driven on road. The comparison of both simulated and measured parameters
demonstrates a good correlation (see Table 15.1 [191]). The relative error is less
than 5%. One can also compare the real driven speed cycle with the theoretical
ECE-cycle. This demonstrates that the on road driven cycle energy consumption
corresponds close to the theoretical ECE-15 cycle.

Table 15.1: Speed cycle: simulation vs. measurements

Measured Simulation ECE-15
Ah discharged 1.52 1.46 1.53
Ah charged 0.19 0.18 0.19
Tot Ah 1.33 1.28 1.34
% recuperation 12.35 12.20 12.71

Similar results are found by comparing other vehicles and other drive cycles
measured on road.

15.4.2 Acceleration Test

One of the most difficult experiments to simulate is an acceleration test. Contrary to
a comparison based on a pre-defined speed cycle, one is not performing a
straightforward step-by-step calculation, but for each point the simulation has to

230 VSP



15. SOFTWARE VALIDATION Part 111

iterate towards the possible working point. A little error in the beginning can, due to
integration, result in a large deviation at the end of the simulation.

In the next graph (Fig. 15.4) one can find the measured speed while maximum
accelerating the electrical vehicle, compared with the simulation results. The
boundaries of the motor are the maximum speed and torque. This motor was current
controlled. A current limit (as a function of the revolutions per minute) is
introduced too. Simulated values are marked with ‘-s” and measured values with ‘-

m-.
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Fig. 15.4: Acceleration simulation vs. measurement

The good correlation between the measurement and the simulation demonstrates the
performance of the iteration algorithm. An average deviation of 2% is found.

Speed (km/h)

speed-m speed-s Time (s)

Fig. 15.5: Deceleration simulation vs. measurement

In Fig. 15.5 one can see the deceleration test. During this test only regenerative
braking by the motor was performed, without using any mechanical brakes.

The graph of Fig. 15.6 compares the motor current and voltage for the acceleration
and deceleration test.
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Fig. 15.6: Motor current and voltage comparison

The little deviation in current can be explained by a possible minor wind and road
inclination during the on-road measurement.
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Fig. 15.7: Battery voltage and current

The graph of Fig. 15.7 demonstrates, for the same acceleration test, the variations in
current and voltage of the battery.

15.5 Software Validation Conclusions

Although it is almost impossible to calculate an exact error on the simulation results,
the simulation can be well-validated by comparing the simulation results with
measured data. Taking into account the error on the measurement as well as the error
provoked by the simulation programme, it can be stated that the correlation is very
good. It can be stated that the end-results have an error of less than 5 %.

Additionally, based on a sensitivity analysis the most critical parameters can be
identified, indicating how the end results will change due to an error on the input
parameters.
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16 SIMULATION RESULTS

The following discussed cases illustrate the ability of the simulation programme to
evaluate different drivetrain control algorithms.

16.1 Engine Start-up, Clutch and Gear Shifting

Fig. 16.1 illustrates the simulation results of an acceleration test of a small passenger
car with internal combustion engine. The first seconds the starter motor brings the
engine velocity above idle speed. Afterwards the clutch starts slipping and the
vehicle accelerates. The maximum motor torque defines the maximum acceleration.
Once the differential speed exceeds 80 rad/s, the gear shifts to second gear. At 180
and 220 rad/s it shifts further to third and forth gear. In this example the gearshifts
at fixed differential velocities.
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Fig. 16.1: ICV - Gearshifts at fixed differential speed
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Fig. 16.2: ICV - Gearshifts keeping the ICE within speed limits
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Gearshifts can also be controlled by keeping the engine speed between limits (see
subchapter 10.4). In the example above (Fig. 16.2) the engine speed will be kept
between 150 and 300 rad/s. On the graph one can clearly notice the 300 rad/s upper
limit. In a deceleration test one could see the lower limit. Other gearshift moments
result in another maximum vehicle acceleration as well as fuel consumption.

If the engine is part of the APU of a series hybrid electric vehicle, it is started up
with the help of the generator. Fig. 16.3 shows the first part of the ECE cycle.
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Fig. 16.3: SHEV - Engine start

Before the APU can deliver power the engine velocity is brought above idle speed
(the first 4 seconds). The battery delivers the required power (battery power (green
line) is positive) via the charger (this is the converter connected to the generator).
This power corresponds in the model with the inertia of the APU. The start-up
acceleration is defined by the start-up time and the required idle speed. Once the
engine velocity exceeds the idle speed, the engine will further accelerate to the
required operating setpoint. The generator control process defines this acceleration.
After 17 seconds the APU delivers a constant power.

16.2 Electric & Internal Combustion Vehicle
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Fig. 16.4: ICV - ECE - Power
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Fig. 16.4 shows the power of some components of an internal combustion passenger
car performing an ECE drive cycle. The auxiliary power necessary to start-up the
engine can be seen at the left side of the graph. At stand still the engine requires idle
consumption and during braking all braking power is provided by the mechanical
brakes.
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Fig. 16.5: BEV — ECE - Power

In the case of the electric vehicle the braking power is mostly regenerated into the
battery (see Fig. 16.5). Only at very low velocity the electric motor is not able to
brake further and the mechanical brakes will take over the deceleration process.
Neither idle consumption nor gear shifting can be noticed on this graph. However in
comparison with Fig. 16.4 the corresponding power levels (e.g. the wheel power) are
higher due to the fact that the electric vehicle is somewhat heavier than the internal
combustion vehicle.
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Fig. 16.6: BEV — ECE - Current and voltage

Fig. 16.6 demonstrates the behaviour of the currents and voltages. One can partially
recognise the speed profile of the ECE cycle in the motor voltage. However the
motor voltage is limited to somewhat less than the battery voltage. The auxiliary
current is needed for the compressor, which provides the brake pressure.
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16.3 Series Hybrid Vehicle

Some power control strategies are illustrated in this chapter for a series hybrid
vehicle. Following assumptions are made:

e The vehicle is driving the ECE cycle.

e The APU consists of a generator connected to a diesel engine.
e The additionally a flywheel can be engaged as peak power unit.
«  The maximum acceleration of the generator is set to 4 rad/s’.

e The maximum APU-power deviation is set to 10 kW/s.

Fig. 16.7 represents an example of a SHEV in which the APU delivers a constant
power of 24 kW to the DC-bus. This power corresponds to the highest fuel
efficiency. However the APU is oversized allowing the simulation of different
power strategies. Hence this constant power of 24 kW in this example does not
correspond to the average driving power. A high CHR is sometimes used to be able
to charge the battery when not driving in electric mode (urban areas).

Once again the start-up process can be noticed, where after the APU delivers the
constant power. The battery is recharged with a power corresponding to this APU
power minus the required driving power. During braking the brake power will
charge the battery too. After 90 seconds the battery current reaches its maximum
allowed value. The iteration algorithm will reduce the APU power to keep the
battery current within limits.
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Fig. 16.7: SHEV - ECE — Maximum regeneration — Power

As described in subchapter 8.6 the user can choose the iteration order. Hence he can
select to reduce the maximum motor braking power, instead of decreasing the APU
power, in the case of a battery power limit. At this moment less power is
regenerated during braking and the mechanical brakes will be in charge of the
remaining braking power. This strategy is illustrated in Fig. 16.8.
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Fig. 16.8: SHEV - ECE - Less regeneration — Power

Another power strategy consists in charging the battery at a constant power (e.g.
7 kW). The APU is in charge of the traction power as well as this charging power.
During braking, additional to the constant charging power, the brake energy is also
regenerated into the battery. Fig. 16.9 illustrates this strategy.
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Fig. 16.9: SHEV - ECE - Constant battery charging — Power
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Fig. 16.10: SHEV - ECE - APU power in function of SoC — Power

To take into account the battery discharge rate, the power of the APU can be
selected in function of the SoC. Fig. 16.10 illustrates an example in which the APU
will deliver full power (in the example 24 kW) when the SoC is lower than 50 %.
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Above 70 % the APU will be disengaged. Between both SoC levels the APU power
is a linear relation of the SoC. In this example the start SoC is chosen at 50% and
the battery capacity is selected very small to see the evolution of the APU power
within a short simulation time.

Fig. 16.11 shows a model in which the APU delivers 30 % of the required

instantaneous driving power, except during braking. At this moment all braking
power is regenerated into the battery and the APU is switched off.

40

30 1

20 / A Mot.
wla /)

Wheel

s

é .

q;) O,IL L : K;_ /-/‘\Cﬁ—ﬁ_ Charger

o |

o 10 1 25/ 41 61 8]1/101 121 141 ul VZ Gen.
. Brak
20 Time (s) e
-30

Fig. 16.11: SHEV -ECE - Relative power distribution — Power

In a following example, Fig. 16.12, the SHEV is equipped with a flywheel and the
APU delivers 7 kW continuously. The flywheel (P.U. or Power Unit) provides all
peak powers. When the flywheel reaches its maximum deliverable power, the
battery will deliver the lack of traction power. This example is a good
demonstration of the iteration process.
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Fig. 16.12: SHEV - ECE - With flywheel. — Power

The last example illustrates the “thermostat” SHEV. Several succeeding ECE cycles
are simulated. The SoC is monitored. Above 80 % the APU is switched off in the
example, until the SoC drops under 70 %.
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16.4 Parallel Hybrid Vehicle

To clarify the Parallel hybrid Electric drivetrain the following example illustrates the
power strategy based on following hypothesis:

- When driving slower than 10 km/h the drivetrain is in electric mode only.

- Above 10 km/h the vehicle is in hybrid mode.

- If one engine or motor is not able to deliver the power the other one will be in
charge of the lacking power.

- The motor charges the batteries by regenerative braking.

- Gearshifts are selected to keep the engine in an efficient operating area.

- The simulation starts with an initial battery SoC of 60 %.

Fig. 16.14 is a simulation result of an ECE cycle. When the SoC is lower than 50 %
the engine delivers all required traction power. Above 70 % all traction power is
delivered by the electric motor (Mot-mech). In this graph the engine (Gear-ICE)
delivers about 55 % of the required driving power (Wheel). If the speed cycle is
much longer, the dependency of the engine power on the SoC is better demonstrated.
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Fig. 16.14: PHEV - ECE - P\ in function of SoC — Power
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Fig. 16.15 shows the same PHEV driving at constant speed. The SoC drops from
57 % to 50 %. The contribution of the engine to the driving power increases, while

the electric motor and battery have to deliver a reduced amount of power.
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Fig. 16.15: PHEV —-Acceleration — P,cg in function of SoC (2) — Power

In the following strategy the engine is in charge of all driving power (if the vehicle’s
speed is higher than 10 km/h and the vehicle is not braking). Fig. 16.16 below
demonstrates this electric-assist strategy. In this case the engine is able to deliver all
driving power.
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In Fig. 16.17 an acceleration test is simulated. In this case the engine delivers its
maximum power. Additionally the electric motor will deliver the lacking part of the
driving power. In this maximum acceleration test this corresponds with the
maximum motor power. Hence the acceleration is defined by engine and motor
power together.

16.5 Combined Hybrid Vehicle

The characteristics of the combined hybrid drivetrain are explained in subchapter
3.4. Some drivetrain power strategies are demonstrated with the help of the
simulation programme.

a) Constant working point

One could consider keeping the torque and speed value of the engine constant,
corresponding with its lowest consumption. Hence the drivetrain is controlled like it
is generally done in a series hybrid vehicle (see subchapter 3.4.3).
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Fig. 16.18 illustrates the different velocities of some of the components. When
vehicle speed increases, the generator velocity is decreased to keep the engine speed
constant.

In Fig. 16.19 the torque values are displayed. Due to the inertia of the planetary gear
and the engine, the resulting engine torque shows a minor fluctuation.

Fig. 16.20 shows the corresponding power levels. At stand still all engine power
flows via the generator into the battery. During the first seconds of the acceleration
phase, a part of the engine power goes to the wheels. The remaining engine power
flows through the generator. A fraction of this generator power is used by the
electric motor, another part still charges the battery.
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Fig. 16.20: CHEV - ECE - Constant working point — Power

At a certain time, additional battery power is required to accelerate the vehicle
further on. This is due to the fact that the higher the vehicle speed the higher the
required driving power on one hand and the lower the generator power on the other
hand.

If in this example the vehicle would exceed 55 km/h, the generator power is inversed
and hence battery power flows through the generator as well as through the electric
motor. In this mode, engine, generator and electric motor drive the wheels.

b) Overall power loss minimalisation

Fig. 16.21 shows the simulation result in which the Torque Splitter imposes a torque
at the planetary gear corresponding to the minimum overall drivetrain losses. This
covers the total efficiency loss for all vehicle components (power to battery and
wheels compared to engine power).

During braking no torque goes to the planetary gear and all braking energy is
regenerated via the motor to the battery. The engine is engaged only above a certain
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level (at lower values the engine efficiency is very bad) and the generator is locked
at low required power (all engine power flows directly to the differential).
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Fig. 16.22: CHEV - ECE — Minimum losses — Torque

relative torque distribution

In the last example the power distribution in the complex hybrid drivetrain is
simulated following a relative distribution of traction torque between planetary gear
and motor.
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Fig. 16.23: CHEV - ECE - Relative power distribution — Power

Fig. 16.23 illustrates the simulation results of the drivetrain performing an ECE-
cycle. The required driving torque is proportionally split-up: 30% is delivered by

VSP
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the planetary gear and 70% by the motor. Fig. 16.23 shows the corresponding
power flow. Fig. 16.24 displays the torques developed by the different components.
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17 COMPARISON

This chapter gives an objective approach to compare different kinds of vehicles
(electric, hybrid and internal combustion vehicles) on the level of:

- Acceleration performance
- Energy consumption
- Direct and background emissions

To have an accurate comparison of vehicles, it is necessary to eliminate external
influence factors like wind, rain, driver’s behaviour, etc. Simulation programmes,
which can simulate exactly the same speed cycles for two different kinds of
vehicles, can do this.

17.1 Hypothesis

The simulation results are based on the following hypotheses:

a) Segmentation

It is not possible to assess and conduct evaluations on one type of vehicle and
utilisation pattern representing all together the different segments of the automobile
population. In this chapter comparisons will be performed for the segment of the
small passenger car and the segment of the medium sized delivery van.

The vehicles, which will be compared with VSP are an internal combustion Citroén
AX and an electric Peugeot 106, both very similar and commercial available
vehicles of the same class.

Additionally, to compare different hybrid drivetrain topologies and power strategies
a fictive body and chassis of a 2,7 ton van is chosen. The different drivetrain
topologies are described in chapter 7. The drivetrain is composed out of industrial
components [113]. The drivetrains are based on an asynchronous motor, a NiCd
battery and a diesel engine. The size of the engine is such to allow simulating
different power strategies in PHEV as well as in SHEV.

One must be very careful in making conclusions. The components mentioned above
were not optimised for the application and no optimisation of component vehicle
integration was carried out. Connecting different industrial or vehicle components
one to another doesn’t result automatically in an optimised vehicle drivetrain.
Furthermore, the results depend on the chosen reference cycle. Other cycles can
give slightly different results.
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b) Reference drive cycle

The energy consumption and emissions are not only depending on the drivetrain
topology, but the simulated drive cycle will have an important impact on the end-
results. Five different cycles are compared:

- Constant speed cycle.
- Standardised ECE-15 cycle and EUDC.
- On-road measured ‘Dutch Urban Bus’ and “‘Line 71 cycle.

The characteristics of these cycles can be found in subchapter 6.2.

C) Zero net variation of SoC

To be able to compare the results of the different control strategies in hybrid
vehicles, there should not be any variation of the battery state of charge at the end of
the drive cycle or simulation run.

“SoC(t)dt =0 (17.1)

This constraint can be taken into account by choosing:

- the moment the APU is engaged during the drive cycle;

- the power setpoint of the APU (if allowed);

- the limits of thermostat hybrid strategy (if applicable);

- acomplementary charge of the battery at the end of the cycle;
- different start values of the SoC.

The latter approach consists in running two (or more) reference cycles back-to-back
from high SoC and from low SoC, causing a decrease and an increase in battery
SoC, respectively. A simple linear interpolation can be used to predict the fuel
economy estimated for the vehicle if the battery had no net change in SoC [192].

All methodologies have their drawbacks due to the fact that the APU has an
influence on the drive performance. E.g. at the moment the APU is engaged and the
vehicle needs to brake heavily, the APU power needs to be decreased or the
regenerative braking needs to be reduced. If the vehicle is driving the same speed
cycle in pure electric mode, more braking energy can be regenerated. A repetitive
simulation of the reference cycle reduces this small error.

d) Background emissions

It is true that electric motors are completely emission-free themselves; to make a
valid comparison in emissions between electric and thermal vehicles, one should
however take into account the emissions generated by electricity production. The
background emissions corresponding to electricity production and fuel refinery used
to perform the comparison are based on data representing the European average and
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the “‘worst” and ‘best’ environmental-friendly European country (see subchapters 6.3
and 6.4).

17.2 Internal Combustion Vehicles

Three different internal combustion vehicles are evaluated over 5 speed cycles. The
first is a small gasoline vehicle (\V16), the second is a medium family gasoline car
(V17) en the third is a diesel light duty van (V1). A detailed description of these
vehicles can be found in subchapter 14.2. The influence of the speed cycle and gear
shifting is demonstrated in Fig. 17.1. The index between brackets stands for:

(a) Gear shifting at fixed vehicle speed
(b) Gear shifting to keep engine speed between limits
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Fig. 17.1. Comparison of fuel consumption

Driving at constant speed gives the lowest fuel consumption, as could be expected.
The higher the speed cycle dynamics, the higher the fuel consumption. The standard
test cycles (ECE and EUDC) give lower fuel consumptions than the hilly on-road
measured cycle (L71). Compared to the constant speed cycle, the supplementary
fuel consumption, when driving the L71 cycle vary from 170 %, in the case of the
diesel van, to 250 % for the gasoline passenger car.

The influence of gear shifting moments can also be observed in the figure. In one
simulation result the consequence of a cold engine is simulated, resulting in 18%
higher fuel consumption.
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17.3 Battery Electric Vehicles

The effect of reference vehicle, speed cycle and start value of the battery SoC on the
electricity consumption of electric vehicles is evaluated in the following figures.

Fig. 17.2 shows the important reduction of energy consumption (at the grid) during
the last twenty years. One of the first generation electric vehicles (VV10) driving an
ECE cycle had an energy consumption of more than 550 Wh/km. The current
electric passenger cars (V12) have an energy consumption of somewhat higher than
200 Wh/km, due to, among others, lighter vehicle weight and lower component
power losses.

Energy from the mains
(Wh/km)

V10 Vil V12

Fig. 17.2: Evolution in energy consumption of battery electric vehicles

Fig. 17.3 demonstrates the influence of the speed cycle as well as the start value of
the battery SoC. The later describes the impact of the battery end-charge on the
energy consumption.
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Fig. 17.3: Energy consumption in function of drive cycle and SoC start value
(V12)

If one would drive the ECE cycle, which only covers 1,016 km in 195 seconds and
recharge the battery to 100 %, the energy consumption is high due to the fact that
only a small amount of battery capacity is consumed and the charge efficiency of the
end charge is unfavourable. If the same cycle is simulated starting at a SoC of 70 %
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and recharging the battery afterwards to the same SoC, the energy consumption is
much lower. The same result can be noticed if this short ECE cycle is simulated 50
times, corresponding to 50,8 km, before recharging the battery back to 100 %.

The influence of speed cycle dynamics is less important than in the case of the
internal combustion vehicle. However, if the same distance is driven in the same
time as for the ECE cycle, but at constant speed, one can notice a significant
reduction in energy consumption as illustrated in Fig. 17.4.

This reduction is even higher for an electric light duty van (V1) compared to a small
passenger car (V12).

350
300 -
250 - —
200 - —
150 A
100 -
50 1
0

Energy from the mains
(Wh/km)

18.7km/h | ECE 50X DUB 18.7km/h | ECE 50X DUB

V12 V12 V12 V1 V1 V1

Fig. 17.4: Energy consumption of an electric passenger car and electric van

The primary energy consumption depends on the electricity production plant
efficiency. Fig. 17.5 compares the primary energy consumption for an electric car
consuming 211 Wh/km at the mains. In this graph SGC and CHP stands for two
state of the art gas turbines as described in subchapter 6.3. No losses are taken into
account for the renewable energy sources.
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Fig. 17.5: Primary energy consumption in function of electricity production
plant
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Commonly the primary energy consumption is calculated in function of the average
production mix of these different power plants in a considered country. The large
diversity of different emission levels is illustrated in Table 17.1 and Fig. 17.6.

Table 17.1: Background emissions of EV driving ECE cycle

CO, CO HC NOy SO, PM

g/km g/km gkm g/km g/km  g/km
European average 9,9 0,016 0,017 0,248 0,566 0,030
Belgium 71,7 0013 0009 0220 0,406 0,021
Denmark 195,7 0,033 0,019 0,617 0,694 0,048
Norway 1,3 0,000 0,000 0,002 0,003 0,000

In countries were almost no fossil fuels are used to produce the electricity, like
Norway, the emissions are extremely low.

Fig. 17.6 reveals noticeably the important impact of the considered European
countries on the background emissions.
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Fig. 17.6: Background emissions of EV driving ECE cycle
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17.4 Hybrid Electric Vehicles

In comparison with electric or ICE vehicles, it is more difficult to compare energy
consumption of hybrid vehicles due to the fact that the net state of charge deviation
over the speed cycle must be zero.

The reference vehicle is a 2,7 ton hybrid van driving the DUB cycle. The drivetrain
has the same components as the electric van (V2) and diesel van (V1) in previous
chapters.

In the case of hybrid vehicles, a strategy has to be defined for putting the battery
charging/discharging efficiency in competition with the engine efficiency.

17.4.1 Series Hybrid Vehicle

Different power control strategies (see subchapter 3.4.1) can be evaluated for the
series hybrid electric van (V6). Table 17.2 summaries the different selected
setpoints.

In the first four examples the APU needs to deliver a constant power (see ‘APU
setpoint’) at a constant velocity (see ‘ICE speed setpoint’). In examples 5 and 6 the
APU delivers the required driving power as well as an additional battery charging
power. At this moment the engine operating point will not be constant. In case 5
the engine operating velocity is chosen in function of the required APU power
corresponding to the minimum fuel consumption line. In case 6 the engine speed is
kept constant and the torque will change in function of the required APU power.
Examples 7 and 8 represent a power control strategy taking into account the SoC of
the battery.

Table 17.2: Simulated power strategies for a SHEV

APU ICE speed APU on CHR Remarks
setpoint setpoint time
1 24 kW 2100rpm 23% 217%AR-PR
2 24 kW 2100rpm 23% 217%PR-AR
3 17 kw 1500 rpm 30% 217%
4 6 kW 2100 rpm 87% 54%
5| Ptrac + 15 kW Consumption 24% 217%35 KW max
6| Ptrac + 15 kW 2100 rpm 24% 217%(35 KW max
7 P=P(SoC) 2100 rpm DUBc 5X 549%24kW@50% - OKW@70%
8 P=P(SoC) 1500 rpm DUBc 5X 549%[17kW@50% - OKW@70%

By using the engine of a diesel van for the APU, this APU will be oversized. This
can be noticed in Table 17.2 from the Combustion Hybridisation Rate (CHR). The
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time the APU is engaged during the cycle is chosen in such a way that there is not
any net variation of SoC (‘APU on-time’).

In case 1 the APU is operated at constant power corresponding to the maximum
engine efficiency. Due to the oversized engine and taking into account the previous
constraint, the APU is engaged during a rather short period of the simulated cycle.
Only 23 % of the cycle the APU is engaged, as indicated in Table 17.2. In cases 4, 7
and 8 the engine is scaled down to have a lower CHR and a longer ‘APU-on time’.

Fig. 17.7 shows the fuel consumption and Fig. 17.8 the NOx emissions of different
power control strategies.

In case 1 the priority is give to the performance of the vehicle and hence the AR is
calculated before the PR. This means that if the battery charging power for example
is too high, the regenerative braking will be reduced before the APU power. In the
second example the APU power is decreased when a battery limit occurs. Due to
the higher regenerative braking in this second case, the fuel consumption is better
than in the first case, as illustrated in Fig. 17.7.
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Fig. 17.7: Comparison of fuel consumption of different power control
strategies in SHEV

Low fuel consumption does not automatically mean optimal emissions. In case 3
the APU setpoint corresponds to the NOx minimum of the engine map. In this
example the fuel consumption is slightly increased compared to case 2, but the NOx
emissions are decreased by more than 40 %.

By downscaling the engine and hence using a lower CHR (case 4 compared to case
2) the fuel consumption reduces due to the fact the APU power is more directly used
for driving than for recharging the battery. A very low CHR however results in
smaller electric mode driving range.

In cases 5 and 6 another power strategy is simulated: the APU needs to follow the
required driving power. The APU power is limited to 35 kW in these examples to
keep the engine in a good operating area and in case 5 the engine speed is defined in
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function of the required power following the minimum consumption line. However
due to the dynamic operating of the engine, the fuel consumption increases
compared to case 2. If the engine speed is kept constant and the engine torque
follows the speed cycle dynamics (case 6), this augmentation is somewhat lower.
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Fig. 17.8: Comparison of NOx emissions for the different power control
strategies in SHEV

The last two cases illustrate a strategy in which the SoC defines the APU power.
When the SoC equals 50 %, the APU delivers 24 kW and when the SoC exceeds
70 %, the APU is disengaged as in case 7.

Fig. 17.9 shows several simulation results for fuel consumption and NOx emissions
using different start values of the SoC. The horizontal axis illustrates the deviation
between the start and end-value of the SoC, the left vertical axis the corresponding
fuel consumption and the right vertical axis the direct and background NOXx
emissions.

Using a linear interpolation, the fuel consumption and emissions corresponding to
no net SoC deviation can be calculated. The same calculation is performed in case
8, where the ICE speed setpoint corresponds to a lower NOx emission.
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Fig. 17.9: Fuel consumption and NOx emissions for different SoC start values
(case 7)
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17.4.2 Parallel Hybrid Vehicle

Six different power control strategies are compared for the parallel hybrid drivetrain
topology, as summarised in Table 17.3. Fig. 17.10 illustrates the simulation results.
In contrast to the SHEV, no scaling is carried out and the Combustion Hybridisation
Rate (CHR) equals 68 %.

Table 17.3: Simulated power strategies for a PHEV

APU setpoint Min. vehicle speed APU on time Remarks
1 Tgear = Ttrac. 0 km/h 76% No idle
2 Tgear = Ttrac. 10 km/h 77% No idle
3] Tgear = Ttrac. 10 km/h 7%
4 Tgear =220 Nm 10 km/h 39%
5 Tgear =220 Nm 10 km/h 75% 50% ICE
5 T=T(SoC) 10 km/h DUB 5X Ttrac@70% - ONm@50%

In the first case the engine will deliver the required driving forces. The battery will
regenerate the braking energy and will drive the vehicle in the electric mode part of
the speed cycle. In the second case the engine is engaged when the vehicle speed
exceeds 10 km/h. Hence the engine does not need to operate at low velocities,
which results in a reduction of the fuel consumption with more than 20 %.
Additional consumption due to frequent starting the engine is yet not taken into
account. However this can considerably increase the fuel consumption.
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Fig. 17.10: Comparison of fuel consumption for different power control
strategies in PHEV

Case 3 differs from case 2 in the fact that, when the engine is disengaged, it works in
idle mode. Obviously this gives higher fuel consumption.

In example 4 the engine torque is kept constant and the battery is in charge of the
speed cycle dynamics. However, due to the mechanical coupling of engine and
wheels, the engine speed is not constant. Although the engine torque corresponds
with a low fuel consumption operating line of the engine map, this does not gives
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good fuel economy. This is somewhat better (see case 5), if the engine is scaled

down with a factor 2 and the CHR is decreased to 52 %.

Also case 6, where the battery SoC defines the engine torque setpoint, gives no

interesting fuel consumption. However this strategy can be required, if a small

battery capacity is used.

17.4.3 Combined Hybrid Vehicle

Three different power control algorithms, as described in subchapter 3.4.3, are

compared in 8 different examples. Table 17.4 summarise the simulation setpoints.

Table 17.4: Simulated power strategies for a CHEV

APU setpoint Min. vehicle speed APU on time Remarks
1] Tot = 30 % Tyac 0 km/h 44%
2 Tiot = 30 % Tirac 10 km/h 69%
3| Tiot = 30 % Tirac 10 km/h 69% lock
4 T\ce = Cte 0 km/h 60% 50 % ICE
5 Tce = Cte 0 km/h 85% 50 % ICE + lock
6, min. losses 0 km/h 35% lock
7 min. losses 10 km/h 75% lock
8 min. losses 10 km/h 97% 70 % ICE + lock

The first three cases demonstrate an algorithm in which the required traction torque
is proportionally split-up between the electric motor and the planetary gear. In the
planetary gear this torque condition is divided between engine and generator in such
a way that the engine torque-speed relation matches up with the minimum fuel
consumption line.

In the second case the vehicle operates in pure electric mode at vehicle speeds below
10 km/h. This improves the fuel economy. Fig. 17.11 shows the simulation results.
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Fig. 17.11: Comparison of fuel consumption of different power control

strategies in CHEV
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When the engine load is very low, its efficiency is bad. In the third example the
engine is locked when the requested engine power is too low, which results in a
lower overall fuel consumption.

Cases 4 and 5 demonstrate an algorithm where the planetary gear torque and engine
torque are kept constant. The motor will be in charge of all vehicle dynamics. In
this way the engine is operated as it is done in a series hybrid vehicle. To have a
better hybridisation rate the engine is scaled down. Although the engine is operated
at its working point corresponding to the highest efficiency, the overall fuel
consumption is not optimal. This is due to the fact that the power delivered by the
engine sometimes passes, in function of the speed cycle requirements, through the
generator and the motor before reaching the wheels. Locking the engine during
vehicle braking (case 5) improves to some extent the fuel economy since more
braking energy can be regenerated.

A last strategy consists in splitting-up the power in such a way that the powerflow in
the drivetrain corresponds to the minimum overall drivetrain losses. By disengaging
the engine at vehicle speed lower than 10 km/h (case 7) and scaling down the engine
(case 8) a further decrease in fuel consumption is obtained.

17.5 Comparison of Drivetrain Topologies

The different drivetrain topologies, discussed in previous chapters as well as other
examples, will be compared.

17.5.1 Energy Consumption

The simulation results are based on:

- Driving five times the Dutch Urban Bus cycle.

- Afictive 2,7 ton light duty van.

- No component integration work or drivetrain component optimisation.
- End-charge of electric drivetrain included.

Fig. 17.12 shows the results of the total primary energy consumption, including fuel
preparation and electricity production. The diesel van (ICV) is used as the reference
vehicle. The diesel-electric drivetrain (DEV) has a 19 % higher fuel consumption.
This could be expected: the diesel engine needs to deliver all traction dynamics since
there is no battery. Due to multiple energy-conversion the diesel-electric yields
higher losses than a conventional diesel van.

In our example the three types of hybrid drivetrain topologies, series (SHEV),
parallel (PHEV) and combined (CHEV), give similar results: the fuel consumption
is reduced by more than 40 %. However, as demonstrated in previous chapters, a
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good chosen drivetrain power strategy is required to reach these low consumption
values. The optimal strategy is selected to perform this comparison. Among the
three hybrid electric topologies the combined hybrid gives the lowest fuel
consumption: almost half of the diesel reference.
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Fig. 17.12: Global comparison of primary energy consumption

A similar energy consumption-savings can be attained with the battery electric
drivetrain. The primary energy consumption is closely related to the electricity
production. In Fig. 17.12 the European average production mix, the ‘worst’
European country and the ‘best’ are illustrated. In the cases of solar, wind or
hydraulic power stations no electricity production losses are taken into account,
because they use renewal energy sources. For a ‘European’ electric car (BEV-EU)
the energy saving is 49 %. When the battery of this vehicle would be charged in
Denmark (BEV-DK) the primary energy consumption is 42 % less than for the
diesel van. In Norway energy consumption reduction goes up to 77 %.

These results are based on fictive vehicles with the same total static weight.
However, after component integration there will be a significant difference in weight
between the different drivetrain topologies. Hybrid vehicles have more components.
On the other hand their size and weight will be smaller: the engine of a SHEV does
not need to be as large as in a ICV and the battery of a CHEV can be chosen
compacter than the one of an BEV.

To have an idea of the impact of the total vehicle weight Fig. 17.12 is extended with
the results of the same drivetrains with a reduced mass: 1,7 ton instead of 2,7. The
upper horizontal axis gives the simulated vehicle and its corresponding static weight.
The lower horizontal axis gives the reduction of the primary energy consumption
each time in comparison with the ICV references vehicle of respectively 1,7 and 2,7
ton (the two first cases).

The fuel consumption or electricity consumption at the grid is illustrated in Fig.
17.13 with “consumption” and the “production” of fuel or electricity is calculated as
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described in subchapters 6.3 and 6.4 and is taken into account to determine the total

primary energy consumption
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Fig. 17.13: Global comparison of primary energy consumption of a 1,7 and a

2,7 light duty van with different drivetrain topologies

17.5.2 NOx and CO-emissions

An excellent fuel economy does not automatically stands for favourable emission

levels.

Especially in the hybrid configuration, the engine operating point can be

selected in function of low fuel consumption, but possibly at high emissions levels.
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Fig. 17.14: Global comparison of NOx-emissions
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Fig. 17.14 demonstrates the NOx-emissions for the same vehicle topologies as in
817.5.1. In Fig. 17.15 the CO-emissions are illustrated. Remark that the absolute
emission results cannot necessarily be generalised, because they are valid for the
considered components used in the light duty van. However the relative comparison
is very useful as an indication of the potential emission reduction of hybrid and
electric vehicles.

Once again the diesel-electric drivetrain give an increases of NOx-emissions with
19 % and CO-emissions with 79 % compared to the ICV.

The simulated PHEV decreases NOx-emissions with 31 % and CO-emissions with
49 %. The SHEV reduces NOx with 37 % and CO with 81 % and the CHEV
respectively 54 % and 74 %. These results show that the hybrid electric vehicles not
only have the outlook to reduce fuel consumption, but at the level of emissions they
have even a higher reduction prospective.
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Fig. 17.15: Global comparison of CO emissions

The composition of the power production park is particularly decisive to the
evaluation of emissions of battery electric vehicles. The NOx-emissions can be
reduced from 38 % to almost 100 % and the CO-emissions by more than 94 %.
However if one would compare the SO,-emissions it would not be in favour of
electric vehicles. This is due to the use of sulphurous coal in power stations. It
should however be stated that the sulphur dioxide emissions from power stations are
likely to reduce significantly in the future, due to the use of advanced fuel gas
treatment systems and to changes in the production mix.

17.5.3 Acceleration Performance

With the help of the simulation programme the different drivetrains are compared on
the bases of an acceleration test. Fig. 17.16 illustrates the results. The results are
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function of the maximum power characteristics of the considered components and
cannot be generalised.

Time (s)
200" 1250

Fig. 17.16: Acceleration comparison

The BEV and SHEV have the same acceleration performance since their
acceleration power is limited by the maximum operation of the electric traction
motor.

The DEV should have the same speeding up time, but the generator and engine
power limit the acceleration, since there is no battery.

The PHEV has an improved acceleration performance due to the fact that the engine
as well as the motor contributes to the acceleration torque.

Although the engine in the CHEV is scaled down with 70 % compared to the ICV
and PHEV, the CHEV has the fasted acceleration. To clarify this result it is
necessary to have a closer look at the power distribution in this complex drivetrain.
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Fig. 17.17: Power in CHEV - acceleration test
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As can be seen in Fig. 17.17, the first seconds (vehicle speed is inferior to 10 km/h)
the CHEV operates in electric mode. Subsequently the engine contributes to the
acceleration power in function of the overall minimum loss criteria. Between 5 and
20 seconds the main part of the engine power flows directly via the planetary gear to
the wheels. The remaining engine power goes through the generator and via the
motor, to drive the wheels as well. After 20 seconds the generator power is
inversed. The battery power is split-up between generator and traction motor and
both electric drives (motor and generator) as well as the engine contribute to the
acceleration wheel power.

17.6 Comparison of Commercial Passenger Cars

The previous results were based on a fictive vehicle with different drivetrain
topologies. It is interesting to validate these results on the bases of commercial
passenger cars. A small gasoline passenger car (V16) is weighed against a small
battery electric passenger vehicle (V12).

[
ERel CO prod.

O Rel. energy cons.
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V16
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Fig. 17.18: Primary energy comparison of an electric (V12) and an ICE (V16)
passenger car

The energy reduction is less spectacular as subchapter 17.5, mainly due to the fact
that in this previous chapter all vehicles were supposed to have the same total static
weight. In Fig. 17.18 the electric vehicle has a total static mass of 1140 kg
compared to the gasoline car that has a weight of 800 kg. The electric car consumes
17 % less primary energy than the gasoline car.

However the CO reduction, by using an electric car of which the battery is charged
in “Europe’, is 99 % lower compared to the gasoline reference vehicle.
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Fig. 17.19 presents the simulation results of an acceleration test.

Time (s)
15.0

Fig. 17.19: Acceleration of electric (V12) and ICE (V16) passenger car

Even so, the electric vehicle is heavier, its acceleration to 50 km/h is faster than for
the gasoline vehicle. The electric drive has a high starting torque at stand still and
does not need gear shifting and clutch slipping, as is required for the gasoline
vehicle.

However when further accelerating the vehicle to 70 km/h the gasoline vehicle
accelerate faster. This is due to the diminution of the electric motor torque due to
flux weakening.
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18 CONCLUSIONS

18.1 Overview of The Research

18.1.1 Overview of Part |

The first part gives an overview of the state of the art of electric and hybrid electric
vehicle technology including:

Electric and hybrid electric vehicles drivetrain layout.

Infrastructures, market incentives and environmental aspects.

Summary of the technical aspects of traction motor, convertor, battery and
charger.

Description of the different hybrid drivetrain topologies as well as of the
power control algorithms of hybrid electric vehicles.

The fundamental calculation algorithms, the component modelling,
language environment and accessibility levels.

18.1.2 Overview of Part Il

This second more technical part describes the models of the different
subprogrammes of the simulation software.

The main programme and related subprogrammes (electricity production,
speed cycle definition, etc.).

The implemented drivetrains of the different vehicles.

The specification of the iteration algorithm, defining, the maximum vehicle
acceleration performance and controlling the power management of the
different subsystems.

The mechanical and electric power control devices for hybrid electric
vehicles. In these subprogrammes the different hybrid drivetrain control
strategies are mainly implemented.

The description of the components related to the forces acting on the
vehicle body and wheels and the mechanical transmission.

The drivetrain components, figuring as powerflow transformation, are
described from the transmission to the energy source(s).
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18.1.3 Overview of Part Ill

The third part elucidates the simulation results, including:

A brief description of the measurement equipment, on-road and in
laboratory.

The data handling as well as the database.

The calibration and validation of the simulation programme as well as a
sensitivity analysis illustrating how sensitive the output is to changes in the
input parameters.

The possibilities of the simulation programme are illustrated with several
simulation results. Different vehicles as well as different powerflow
control strategies of hybrid electric vehicles are compared.

18.2 General Achievements

Within the framework of this PhD research the next most important achievements
are realised:

e A state-of-the-art overview is outlined of the different concepts, components,
and power management strategies of battery, fuel cell and hybrid electric
vehicles.

¢ Avehicle simulation programme VSP is developed.

- VSP enables the simulation of battery, fuel cell and hybrid electric, as
well as internal combustion vehicles.

- VSP is a powerful tool to develop new concepts and compare
drivetrains and power management strategies. It has the ability to
compare multiple simulations on both second by second as well as on
fuel economy, emissions and acceleration performance.

- VSP can predict vehicle range and acceleration.

- VSP can simulate regulated driving cycles. Real world driving
patterns can be performed to get an accurate assessment of the impact
of real world energy consumption. Additionally it has the ability to
simulate mountainous drive cycles.

- VSP has an interactive graphical interface and is flexible in use.

- VSP is useful for a wide variety of users with different expertise, like:
engineers, transport operators and suppliers, energy utilities and
decision-makers. But mainly it is an engineering tool to evaluate
different drivetrains and to optimize power management in hybrid
vehicles in particular.
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VSP has a flexible database structure, integrated in the component
models, allowing an easy implementation of different kind of
component data in the form of look-up tables, maps, theoretical
equations, and empirical formulae; this all in function of the available
data.

VSP has an in-depth worked out programme modularity in which
almost all parameters are only accessible in the module of the
component itself.

VSP has a unique iteration algorithm dedicated for the flexible
implantation of different kind of hybrid drivetrain topologies and
powerflow management algorithms taking into account the component
operating boundaries or desired operating conditions. This iteration
algorithm, the core of the programme, is based on two control
parameters: a Power Distribution factor (PDF) and the vehicle
acceleration (a). The first defines the power division in the hybrid
drivetrains taking into account the proper characteristics of each
component. Via a feedback loop this PDF can be modified in function
of the component capabilities via the Power Reduction (PR). Within
the same loop the maximum vehicle acceleration is controlled with the
help of the Acceleration Reduction (AR).

The iteration algorithm is also able to simulate driving downhill at
constant speed. This is a very difficult situation, because the algorithm
is essentially based on the reduction of the acceleration. When one
needs to drive at constant speed the acceleration is zero. However the
algorithm is able to find the power splitting up between regenerative
braking and pneumatic braking.

VSP contains scaling possibilities and “zero-delta state of charge”
routines.

Based on experimental results, different components have been modelled,
calibrated and validated. It can be stated that the end-results have an error of
less than 5 %.

A comparative assessment is achieved for the real environmental impact of
different traction systems (case study). The comparison is realized at the level

consumption (fuel and electricity);
emissions (CO,, HC, NO,, CO, particles, etc.);
performances (acceleration, range, maximum slope, etc.).
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18.3 Concluding Comparative Assessment of
Energy Consumptions and Emissions

To finally conclude this research exertion a comparative assessment of battery
electric, hybrid electric and internal combustion vehicles is reviewed. What are the
decisive factors affecting the energy consumptions and exhaust emissions? What
are the potential benefits of battery and hybrid electric vehicles?

Defining a good drivetrain power strategy is a very complex task. The combination
of different characteristics of different components in different drivetrain topologies
makes it necessary to use a good simulation tool.

Based on a case study of a fictive body and chassis of a light duty van fitted out with
different types of drivetrains some important results can be established as described
hereafter.

18.3.1 General Hybrid Power Management Optimization Criteria

Use a high efficient battery with a high power density.
Use an efficient engine with a broad operating area with low fuel consumption.

Compromise between battery charging/discharging losses and fuel economy
evaluated to the engine operating point.

Compromise between energy consumption, exhaust emissions and acceleration
performance.

The possibility of driving in pure electric mode in certain parts of the drive
cycle (city centres) is one of the most important benefits of hybrid vehicles.

A good strategy consists in, considering the previous statements:
- The choice of a good hybridisation rate.
- The choice of only electric mode at low vehicle speed.
- Limiting engine-working area.
The most important factors influencing the energy consumption of vehicles are:
- total weight;
- component efficiency;
- speed profile.

The impact of these parameters is different from one drivetrain type to another
(see subchapter 15.3).
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18.3.2 Parallel Hybrid Electric Vehicles Conclusions

a) PHEV benefits
No idling:
PROFIT: 15 to 20 % reduced fuel consumption.
Possibility of regenerative braking:

PROFIT: up to 30 to 40 % reduced energy consumption possible if the
battery allows it.

Direct connection of engine to the transmission:
PROFIT: less energy conversions.

b) PHEV power management
Operate engine only in its most efficient working area:

- Above 10km/h the engine may deliver all driving power.

- Anautomatic gear should keep the engine between efficient operating
limits.

- When braking or stand still the engine is switched off.

The electric motor is used when driving slower than 10km/h, while braking and
for high accelerations.

¢) PHEV market segment

This PHEV benefits makes the PHEV useful for the family or higher class vehicle
segment while mainly driving on highway and long distances.

18.3.3 Series Hybrid Electric Vehicles Conclusions

a) SHEV benefits
Similar to the PHEV benefits from the no idling and regeneration capabilities.
Possibility of choosing constant engine operating point:

PROFIT: 30 % (diesel) engine energy efficiency
instead of 15 to 20 % in ICV.

b) SHEV power management
The size, weight and operating of the engine of a SHEV should be chosen in
such a way that its most efficient working point corresponds with the average
driving power (in city traffic) of the considered vehicle.
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Continuous operating the APU at this most efficient operating point will result
in the lowest vehicle fuel consumption, especially when an efficient battery with
a high power density is used.

If necessary the APU power can be reduced during braking to benefit from
maximum energy regeneration.

¢) SHEV market segment

The SHEV is an interesting solution for driving in urban areas with passenger cars,
light duty vehicles (with e.g. range extender) as well as with heavy (urban) busses
(e.g. battery non-depleting type).

18.3.4 Combined Hybrid Electric Vehicles Conclusions

a) CHEV benefits
The CHEV combines both benefits from the PHEV as from the SHEV:
- High engine operating efficiency.

- Direct connection of engine to the transmission.

b) CHEV power management

Manifold power path are possible in this complex hybrid drive train. An
optimisation function should define the power distribution between electric
motor and planetary gear (ICE) to minimize overall drivetrain losses.

The generator speed should be chosen to optimize, via the planetary gear, the
engine speed in function of the required engine torque.

Lock the engine at low requested load (e.g. vehicle speed lower than 10 km/h),
during braking (maximum regeneration of braking energy via the electric
motor).

¢) CHEV market segment

The CHEV is an interesting solution for the intermediate car population segment
that frequently is used in town but also as a commuter car, with a good road
performance and is often the main or only family car.
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18.3.5 Electric Vehicles Conclusions

It can be stated that for Europe as a whole, the electric vehicle is an ideal means to
reduce air pollution.

The electric vehicle has a beneficial effect at two levels:

- Onone hand, it is totally emission-free at the place of use.

- On the other hand the emissions caused by the generation of electricity
for electric vehicles are significantly lower than the emissions caused
by internal-combustion engine vehicles.

Even if electric vehicles are at this moment much heavier than conventional vehicles
the global energy consumption in real traffic conditions is in the advantage of
electric vehicles. The benefit is strongly depending on the type of electricity
production plant. Decentralised production based on wind-, solar- and static fuel
cell plants could be a revolutionary approach.

The acceleration from standstill in the slow speed region is higher for electric
vehicles.

This demonstrates that electric vehicles are ideal city vehicles due to their
environmentally friendliness and good performance.

18.3.6 General Comparison

One of the manifold figures and graphs of the case study described in chapter 17 is
redraw illustrating the primary energy consumption of different types of drivetrains
with a total static weight ranging from 1,7 to 2,7 ton.

In Fig. 18.1 the blue-yellow line represents the Internal Combustion Vehicle (ICV)
reference energy consumption. The top of the purple stroke corresponds with the
energy consumption of this vehicle with a total weight of 2,7 ton and the bottom
with 1,7 ton.

This reference is compared with the Diesel-Electric (DEV), the Parallel Hybrid
Electric (PHEV), Series Hybrid Electric (SHEV), Combined Hybrid Electric
(CHEV) and Battery Electric Vehicle (BEV). The latter is charged in Europe (EU),
Denmark (DK) and Norway (N).
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Fig. 18.1: Primary energy consumption of different types of drivetrains with a
total static weight ranging from 1,7 to 2,7 ton

The results give a confident indication of the potential energy reduction of battery
and hybrid electric vehicles.

In general the case study indicates the possibility to reduce energy consumption,
when using hybrid or battery electric vehicles, with more than 40 % in
comparison with conventional thermal vehicles.

The comparison between the hybrid vehicles shows a benefit for the combined
hybrid. However the choice of the power management strategy is more decisive
for the energy consumption than the drivetrain topology itself. This later should
be chosen in function of the market segment, cost, etc.

The battery electric vehicle gives similar results as for the hybrid vehicles.
However the power generation efficiency influences these results very much.

On the contrary the diesel-electric drivetrain demonstrates a potential of very
bad energy balance.

The potential reduction of emissions by the use of hybrid and especially battery
electric vehicles is even higher than the energy reduction potential, as illustrated
with the following figures.
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Fig. 18.2: CO emissions of different types of drivetrains with a total static
weight ranging from 1,7 to 2,7 ton
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Fig. 18.3: HC emissions of different types of drivetrains with a total static
weight ranging from 1,7 to 2,7 ton
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Fig. 18.4: NOx emissions of different types of drivetrains with a total static
weight ranging from 1,7 to 2,7 ton
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