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Executive Summary 

This deliverable report comprises the results of activities undertaken in WP 2 Requirements and 

Specification which is originally comprised of 7 tasks. This deliverable reports the results out of 

tasks T2.1 to T2.6. The tasks T2.1 Analysis of user needs and T2.2 State of the art analysis were 

designed to provide the necessary basis for a target orientated development of the systems to be 

designed during ID4EV project. Tasks T2.3 to T2.6 were aimed at the definition of requirements 

and specifications for these systems, namely brake-by-wire systems, brake systems including 

recuperation, chassis systems and network communication.  

The main purpose of this deliverable is to provide a summary of all results out of the tasks T2.1 to 

T2.6 to the public. 

The report is structured in a manner that follows the ordering of the tasks in the DoW. A chapter is 

allocated to each of the subtasks. 

Chapter 1, Analysis of user needs, describes end user requirements on fully electric vehicles on 

the full vehicle level and identifies potential customers. This is supplemented by a study of legal 

requirements. 

Chapter 2, State of the art analysis, provides an overview on exiting electric vehicles and the state 

of the art of battery electric drive trains. Drive train control methods and advanced driver assist 

systems are analysed. 

Chapter 3, Definition of requirements and specifications for brake-by-wire systems, defines use 

cases for suchlike systems and derives requirements to be fulfilled by a system to be developed. 

Chapter 4, Definition of requirements and specifications for brake systems including recuperation, 

reports results of efforts undertaken to identify user needs on and requirements for regenerative 

brake systems to maximize range of battery electric vehicles. 

Chapter 5, Definition of requirements and specifications for chassis systems, derives technical 

specifications for an axle system to incorporate the drive train based on user needs, legal 

requirements and driving dynamics. 

Chapter 6, Definition of requirements and specifications for network communication, aims at the 

definition of technical specifications of network systems to be used on fully electric vehicles and, 

based on user needs, legal and technical requirements, being designed for their specific needs. 
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Introduction 

A growing number of fully electric vehicles will be introduced into the European and global market 

in the coming years offering a high potential for long-term reduction of CO2-emissions and the 

greening of road transport. 

Current development efforts and projects are mainly focused on cost and weight reduction of 

electric drive trains and energy storage systems as well as on extending the operating range of 

fully electric vehicles. For the introduction of fully electric vehicles the development of energy 

efficient and lightweight electrified auxiliaries has to be taken into account. Besides the energy 

efficiency and recuperation, the safety aspect is absolutely relevant for the adapted sub-systems. 

The availability of safe and robust sub-systems is a keystone for a fast introduction of fully electric 

vehicles into the market. The active safety and the comfort of FEVs have to be on the same level 

as conventional combustion engine vehicles.  

These fundamental demands can be fulfilled only if they have been substantiated.  

Wheel hub drives increase un-sprung masses significantly, causing adverse effects on driving 

comfort, vehicle dynamics and thus safety. Brake systems need to be adapted to implement 

recuperation functionality. Fail safe systems and electrical architectures have to be developed to 

ensure the safety of the sub-systems. New driver assistance systems are needed, developed to 

the requirements of fully electric vehicles, to ensure active safety and comfort and to maximize 

usability within the design limitations regarding limited energy storage capability of state of the art 

batteries. Therefore, closed-loop controls for the cooperative interaction between distributed 

systems have to be developed and integrated. 

The first subject of the work documented in this deliverable is to determine the user needs 

concerning fully electric vehicles. To ensure that advancements achieved in ID4EV will fit into the 

development environment a state of the art (SOTA) analysis is made. In the second step and 

based on these results, work is focused on the definition of requirements and specifications for all 

vehicle systems developed within the ID4EV project. 
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1 Analysis of user needs 

The user experience of an EV should be as close as possible to an internal combustion engine 

vehicle of the same class. This means that except of range all other functions and characteristics 

should not require compromise. In the foreseeable future costs of fully electric vehicles will not be 

competitive to conventional cars regarding purchase price. Therefore an electric vehicle has to 

offer lower running costs and additional user benefits to compensate for those system immanent 

drawbacks. 

The work performed in Task 2.1 (Analysis of user needs) is aimed at identifying the needs and 

desires of passenger car users and potential customers. Additionally basic legislative requirements 

are analyzed. This will allow a target-oriented development. 

1.1 Usage of passenger vehicles and customer expectations  

Conventional vehicles driven by internal combustion engines dominate today’s automotive market. 

Those vehicles set standards regarding safety, comfort and equipment in relation of vehicle price. 

Every new vehicle model introduced into the market is measured by those standards, regardless of 

its drive train. 

User needs can be divided into several categories. The fulfillment of most requirements is 

technically affected by the design of the vehicles drive train. To establish fully electric vehicles into 

the mass market, no drawbacks can be accepted in any of those categories, except for range. 

1.1.1 Safety, comfort and equipment 

Safety, comfort and equipment are basic criteria to assess any given vehicle. All three criteria are 

closely interrelated. Most equipment that is integrated into a car and that is not essential for its 

main purpose, driving, or directly involved in active or passive safety is used to increase driver 

comfort. A comfortable drive prevents operator fatigue and therefore increases safety. 

Vehicle safety incorporates active and passive safety. The term active safety specifies all vehicle 

systems and constructive criteria aimed at preventing accidents, which includes measures to 

prevent potentially dangerous situation from occurring and measures to assist the driver in 

dangerous situations once they occur preventing an accident. 

The first category embraces basic vehicle design (e.g. comfortable, safe and predictable drivability, 

good visibility form the vehicle and an easy to use human machine interface), systems to prevent 

driver fatigue (e.g. air conditioning, heating, power assist steering and brakes) and driver assist 

systems to reduce driver’s workload (e.g. driver assist systems). These systems enable the driver 
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to maintain an alert and cautious driving style without losing awareness during a prolonged trip. 

Therefore, the driver is less likely to make mistakes and critical situations are avoided. 

The second category of active safety systems includes equipment designed to assist the driver in 

abnormal and potentially critical driving conditions keeping or regaining control of the vehicle and 

avoiding imminent accidents. ABS and ESC are the most prominent systems to fall into this 

category. 

Passive safety includes features designed to improve the crashworthiness of a vehicle, thus 

reducing the severity of accidents once they occur. These systems are not only designed to protect 

the driver and his passengers, but opponents like pedestrians and cyclists too. They incorporate 

deformable zones, passenger safety cells, restraining systems and pre-crash systems. 

Additional equipment not enclosed in one of the aforementioned categories and not used for basic 

driving the vehicle are used to entertain the driver and his passengers, to increase passenger 

comfort or to improve the quality rating and appearance of the vehicle. Depending on the class and 

price of a vehicle the selection of additional systems vary and different materials are used to 

design the interior and exterior appearance of the vehicle (e.g. leather upholstery, metallic paint). 

Fully electric vehicles aimed at a mass market have to match the levels of safety, comfort and 

equipment set by conventional cars of the same class.  

1.1.2 Costs 

Total cost of ownership of a passenger car comprises purchase price or depreciation, maintenance 

costs, running costs (here: energy costs) and fixed costs (insurance and taxes). Other expenses 

such as tire wear, parking space and parking charge and cleaning are excluded from the following 

comparative cost estimation due to the fact that those costs incur regardless of the vehicle drive 

train. 

Compared to conventional vehicles with an internal combustion engine (ICE), fully electric vehicles 

(FEVs) will, in foreseeable future, not be competitive regarding purchase price. Drive trains for 

FEVs, especially batteries, are much more expensive than ICE based drive trains. As stated in 

chapter 1.1.1 reduction of costs at the expense of safety, comfort and equipment is not an option. 

As stated in chapter 2.1, formation of prices for fully electric vehicles is not finalized. Actual 

production costs of FEVs in different vehicle classes are therefore yet unknown. At present, a 

reliable estimation based on component costs is not feasible due to missing series production 

components adapted for the specific needs of fully electric vehicles or to undisclosed costs of such 

components. 

Reliable cost comparisons can be drawn for specific models only. Mitsubishi Motors offers the i, a 

four seater key car with 659 ccm internal combustion engine and the i-MieV, a conversion of the i 

equipped with a battery electric drive train. In Japan prices start at ¥ 1.28 million of the 

conventional version and reach up to ¥ 1.62 million (≈ 11640 € to 14730 €, February 2011). The 

battery electric version costs ¥ 4 million (≈ 36360 €) and is equipped with a 16 kWh Li-ion battery 
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and a 47 kW central electric motor. A study released by the German Federal Ministry for the 

environment. Nature Conservation and Nuclear Safety1 in 2009 calculates production costs for 

small city cars. According to this study a conventional driven version will cost 10800 € and a 

battery electric version will cost 26400€.  

Maintenance only incurs a relative small portion of overall cost. Based on manufacturer cost rates 

the service provider www.autokostencheck.de calculates monthly maintenance costs of 30 € to 

40 € for conventional driven subcompact cars (20000 km/year). Over a period of 10 years those 

cost accumulate on 3600 € to 4800 €. Maintenance for FEVs is less complex since engine oil, air 

intake filter, cam belt and exhaust systems do not have to be renewed on a regular basis and 

regenerative braking reduces brake pad wear. Therefore maintenance costs for FEVs are 

expected to be lower. It is assumed that battery lifetime is equal to vehicle lifetime and no 

maintenance costs incur. 

To compare energy costs the Mitsubishi i and i-MieV are cited as an example. Prices are based on 

energy cost in Germany. Manufacturer specifications for the electrified versions (www.imiev.de) 

indicate an energy consumption of 135 Wh/km (New European Driving Cycle ECE R101) or 13.5 

kWh per 100 km. According to the Bundesverband der Energiewirtschaft (bdew), a association of 

public and private sector utility companies, an average German household pays 0.237 € per kWh2, 

amounting to 3.2 € per 100 km. The conventional driven i is specified with a fuel consumption of 

21 km/l (Japanese 10.15 mode) by Mitsubishi3. Not verifiable press reports mention a fuel 

consumption of 4.5 l gasoline per 100 km (NEDC). Based on an average gasoline price of 

1.405 €/l4 energy costs amount to 6.32 € per 100 km. Without taxes energy costs per 100 km 

amount to 1.89 € for the battery electric version (41% taxes according to the bdew) and 2.37 € for 

the conventional version (19 % VAT and 0.6545 €/l petroleum tax). Extrapolated to 200.000 km, 

overall distance travelled during vehicle lifetime the cost advantage of the electrified version is 

6240 € (or 960 € without taxes). 

                                                
1
N/A, Konzept eines Programms zur Markteinführung von Elektrofahrzeugen – 1. Schritt: Marktaktivierung 

von 100.000 Elektrofahrzeugen bis 2014, 

http://www.bmu.de/files/pdfs/allgemein/application/pdf/marktaktivierung_elektroauto_schaubilder.pdf; Berlin, 

Germany, 2009, [accessed 18.02.2011] 

2
 N/A, Bundesverband der Energie und Wasserwirtschaft e.V., Durchschnittliche Stromrechnung eines Drei-

Personen-Musterhaushalts im Monat in Euro (Schätzung BDEW: Stand 1. Halbjahr 2010) 

http://www.bdew.de/bdew.nsf/id/DE_20101004_PM_Netzentgelte_und_EEG-

Umlage_setzen_Strompreisen_weiter_zu/$file/20101004_Drei_Personen_Musterhaushalt.pdf; [accessed: 

18.02.2011] 

3
 N/A, Vehicle Specifications, http://www.mitsubishi-motors.co.jp/i/spec/spe_01.html; [accessed: 18.02.2011] 

4
 N/A, ADAC, 2011, Die Entwicklung der jährlichen Durchschnittspreise für Kraftstoffe, 

http://www1.adac.de/Auto_Motorrad/Tanken/zahlen_fakten/Die_Entwicklung_der_jaehrlichen_Durchschnitts

preise_fuer_Kraftstoffe/default.asp?ComponentID=4252&SourcePageID=312153; [accessed: 18.02.2011] 

http://www.autokostencheck.de/
http://www.imiev.de/
http://www.bmu.de/files/pdfs/allgemein/application/pdf/marktaktivierung_elektroauto_schaubilder.pdf
http://www.bdew.de/bdew.nsf/id/DE_20101004_PM_Netzentgelte_und_EEG-Umlage_setzen_Strompreisen_weiter_zu/$file/20101004_Drei_Personen_Musterhaushalt.pdf
http://www.bdew.de/bdew.nsf/id/DE_20101004_PM_Netzentgelte_und_EEG-Umlage_setzen_Strompreisen_weiter_zu/$file/20101004_Drei_Personen_Musterhaushalt.pdf
http://www.mitsubishi-motors.co.jp/i/spec/spe_01.html
http://www1.adac.de/Auto_Motorrad/Tanken/zahlen_fakten/Die_Entwicklung_der_jaehrlichen_Durchschnittspreise_fuer_Kraftstoffe/default.asp?ComponentID=4252&SourcePageID=312153
http://www1.adac.de/Auto_Motorrad/Tanken/zahlen_fakten/Die_Entwicklung_der_jaehrlichen_Durchschnittspreise_fuer_Kraftstoffe/default.asp?ComponentID=4252&SourcePageID=312153
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As for purchase prices, formation of insurance prices is not finalized, a cross-market cost 

comparison is not feasible, due to the fact that insurance fees are mainly based on the vehicle 

price, no saving are to be expected. To quote an example the annual insurance fee for a Mitsubishi 

i-MieV registered by the fka is about the same as for a conventional subcompact car. 

Projected on a vehicle lifetime of 10 years and 200.000 km the preceding calculations indicate an 

overall cost disadvantage of about 15000 € for the fully electric vehicle. The aforementioned study 

from the German Federal Ministry for the Environment indicates a cost disadvantage of 3000 € to 

5000 € during a period of 4 years. 

The preceding examinations show that at present battery electric vehicles are not cost competitive 

to conventional vehicles. Advantages on maintenance and energy costs do not compensate 

disadvantages regarding purchase price. This is not expected to change within near future. 

To compensate for that disadvantage legislative bodies of some countries subsidize electric 

vehicles either by partially funding these vehicles in various ways or by raising penalty taxes on 

alternative technologies. However, this is not common practice within Europe or other 

industrialized countries. Worldwide permanent subsidization on a necessary rate to fully close the 

gap is not to be expected for a mass market product. The following figure shows examples of tax 

privileges for FEVs compared to cars driven by an advanced internal combustion engine. 

 

Figure 1 - tax privilege for FEVs (source: BMU
5
, translated and adapted) 

                                                
5
 N/A, Konzept eines Programms zur Markteinführung von Elektrofahrzeugen – 1. Schritt: Marktaktivierung 

von 100.000 Elektrofahrzeugen bis 2014, 

http://www.bmu.de/files/pdfs/allgemein/application/pdf/marktaktivierung_elektroauto_schaubilder.pdf; Berlin, 

Germany, 2009, [accessed 18.02.2011] 

http://www.bmu.de/files/pdfs/allgemein/application/pdf/marktaktivierung_elektroauto_schaubilder.pdf
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1.1.3 Range and availability 

To be competitive as a mass market product fully electric vehicles have to provide the means to 

carry out most of the drives requested by potential customers in everyday use in the same way as 

conventional cars do. Only on very occasional long distance trips or on trips with other 

extraordinary circumstances (e.g. high payload) the customer could be willing to use alternative 

means of transport. A fundamental change in user habits cannot be expected only because of the 

different drive train design used on battery electric vehicles. To ascertain the required capabilities 

of an electrified vehicle drive train regarding range and availability, it is essential to analyze user 

habits and operational conditions of passenger cars.  

Available surveys on usage of passenger cars utilize two different approaches to identify actual 

user needs. One way is to conduct a poll among potential customers asking for their expectations 

and requirements regarding passenger vehicles. The second way is to collect data of real day-to-

day use of existing passenger cars (regardless of their drive train) including distance and duration 

of all trips travelled using vehicles’ logs and evaluating that data statistically. Some surveys include 

trips not undertaken by car providing a more detailed insight into travelling.  

Both methods have drawbacks; reliable conclusions are best drawn from a combination of surveys 

using both approaches. Statistical analysis of actual driving patterns can determine the necessary 

overall range to cover a certain percentage of all trips travelled and the available time between 

trips for recharging the batteries. But it cannot determine which cut backs, compared to 

conventional vehicles, customers are actual willing to accept. Polls, as a matter of principle, are 

subjected to individual errors of estimation and results vary depending on the way the poll is 

carried out.  

The study „Regularities of Travel Demand - An International Perspective“6 by Andreas Schafer 

provides an international and comprehensive review on individual mobility. It is aimed at analyzing 

the expenses regarding time and money spent on personal mobility. To acquire the necessary data 

base for his analysis Schafer evaluates 26 different studies on personal mobility conducted in 10 

different countries, regions or cities worldwide identifying the average number of trips per day, 

mean trip distance, trip purpose and means of transport used.  

The following charts are sourced from this paper. For all studies included in his analysis Schafer 

compares average trip distance per day, overall daily distance traveled and number of trips per 

day. Additionally information is provided by identifying the means of transport used and the trip 

purpose. 

                                                
6
 Andreas Schafer, Regulartities of Travel Demand - An International Perspective, United States Bureau of 

Transport Statistics, 2000, http://ntl.bts.gov/lib/10000/10900/10907/1schafer.pdf [accessed: 18.02.2011] 

http://ntl.bts.gov/lib/10000/10900/10907/1schafer.pdf
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Figure 2 - Trip rate and distance per day – trip purpose (source: Schafer) 

 

  

Figure 3 - Trip rate and distance per day – mode of transport (source: Schafer) 
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Figure 4 - Trip length (source: Schafer) 

 

 

Figure 5 - Modal share of trips 
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The automobile is the most common mean of transport. Only very long distance (1000 km and 

above) are covered using alternative means of transport. A breakdown on individual trip distance 

and number of trips per day is provided only for the USA based on a study performed in 1997. 

  

Figure 6 - Mean trip distance per day in the USA (source: Schafer, adapted) 

 

 

Figure 7 - Mean number of trips per day in the USA (source: Schafer, adapted) 



D 02.1 Requirements and 

specifications derived from user 

needs and sota analysis 

ID4EV 

Intelligent Dynamics for fully electric 

vehicles 

Grant agreement n. 260070 

 

Page 21 of 183 

 

 

 

The data provided by Schafer reveals that the average trip distance is below 20 km and the 

average overall distance travelled per day is below 50 km (except for one study). However the 

study does not provide any information regarding the distribution of trip length for individual drivers. 

It is therefore not possible to determine the required range enabling an individual driver to cover a 

certain percentage of all trips undertaken. 

As a part of its development efforts on PHVs the Toyota Motor Company analyzed daily trip length 

and trip length distribution in Japan, in the USA and Europe. The following charts have been 

published at the 2010th Aachen Colloquium7. 

  

Figure 8 - Day trip distance (source: Toyota, adapted) 

 

The study “Mobility in Germany 20088” (MID 2008) commissioned by the German Federal Ministry 

of Transport, Building and Urban Development, provides a detailed overview on traffic conditions in 

                                                
7
 Toshifumi Takaoka and Masayuki Komatsu, Newly Developed Toyota Plug-in Hybrid System and its 

Vehicle Performance, Toyota Motor Co., 19. Aachen Colloquium Automobile and Engine Technology, 

Aachen, Germany, 2010 

8
 Robert Follmer, Barbara Lenz et al., Mobilität in Deutschland 2008 – Ergebnisbericht (MID 2008), 

http://www.mobilitaet-in-deutschland.de/pdf/MiD2008_Abschlussbericht_I.pdf, Bonn und Berlin 2010, 

[accessed: 18.02.2011] 

http://www.mobilitaet-in-deutschland.de/pdf/MiD2008_Abschlussbericht_I.pdf
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Germany. According to the 2008 study, the average distance travelled is 46 km per day and capita 

with an average of 3.9 trips per day and capita.  

Additionally, the study provides data on the mode of transport used for holiday travel. Up to a 

distance of 500 km more than 70 % of all vacation trips are made by car. Trips between 1000 km 

and 2000 km are mostly done by plane and, as second most likely choice, 31 % of those trips are 

done by car.  

The average annual distance travelled is analyzed according to vehicle class and vehicle age (see 

chart). Sub-compact and micro cars have a comparatively low annual mileage of less than 

15000 km per year, on the other hand new bigger vehicles average usage is 25000 km per year. 

Small cars are therefore more suitable to be equipped with battery electric drive trains. 

 

Figure 9 - Annual Distance travelled by vehicle class and age (source MID 2008
9
, adapted) 

 

The study does not provide any data about the distribution of trip length per capita. 

                                                
9
 Robert Follmer, Barbara Lenz et. al., Mobilität in Deutschland 2008 – Ergebnisbericht (MID 2008), 

http://www.mobilitaet-in-deutschland.de/pdf/MiD2008_Abschlussbericht_I.pdf, Bonn und Berlin, Germany, 

2010, page 166, [accessed: 18.02.2011] 

http://www.mobilitaet-in-deutschland.de/pdf/MiD2008_Abschlussbericht_I.pdf
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In addition to the statistical analysis performed in the studies outlined above user needs are 

evaluated using polls.  

A fleet test conducted in Berlin has been scientifically supported by interviewing the participating 

drivers. 10 It was found that a range of 140 km to 160 km is sufficient for day to day usage by 94,3 

% of all participants. During interviews the participants considered a vehicle range of 100 km as to 

low while 200 km is sufficient. This fleet test was conducted in the metropolitan area of Berlin. 

“The Electric Vehicle Study” focused on customers in the United States by Zpryme Research & 

Consulting11 identified higher requirements regarding range. Figure 10 shows the range requested 

by those interviewees that are considering to by an electric vehicle within the next five years. The 

same study concludes that a range of 160 km (100 miles) would be sufficient for day to day usage 

of most customers.  

 

Figure 10 - expected range (source: Zpryme, page 21, adapted) 

 

                                                
10

 Isabel Neumann et al., Electric vehicles as a solution for green driving in the  future? A field study 

examining the user acceptance of electric vehicles, http://www.tu-

chemnitz.de/hsw/psychologie/professuren/allpsy1/pdf/Neumann%20et%20al.,%202010.pdf, Chemnitz 

University of Technology Department of Psychology – Cognitive and Engineering Psychology, Berlin, 

Germany, 2010, [accessed 18.02.2011] 

11
Jason S. Rodriguez et al., The Electric Vehicle Study 201, 

http://www.zpryme.com/SmartGridInsights/The_Electric_Vehicle_Study_Zpryme_Smart_Grid_Insights_Airbiq

uity_Sponsor_December_2010.pdf, Zpryme Research & Consulting, 2010 [accessed: 18.02.2011] 

http://www.tu-chemnitz.de/hsw/psychologie/professuren/allpsy1/pdf/Neumann%20et%20al.,%202010.pdf
http://www.tu-chemnitz.de/hsw/psychologie/professuren/allpsy1/pdf/Neumann%20et%20al.,%202010.pdf
http://www.zpryme.com/SmartGridInsights/The_Electric_Vehicle_Study_Zpryme_Smart_Grid_Insights_Airbiquity_Sponsor_December_2010.pdf
http://www.zpryme.com/SmartGridInsights/The_Electric_Vehicle_Study_Zpryme_Smart_Grid_Insights_Airbiquity_Sponsor_December_2010.pdf
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A study commissioned by the filling station operating company Aral12 in 2009 concludes that only 

27% of all interviewees consider a range of 150 km as sufficient. 71 % request a range of over 300 

km. This coincides with a study published by Pricewaterhouse Coopers13 which states that only 

32 % consider a range of 150km as sufficient. 

The Canadian Electric Vehicle Technology Roadmap published by the Canadian government 

specifies a range of 100km as target value for battery electric vehicles14. 

Generally speaking customers expect cost efficient vehicles with a large available range regardless 

of the drive train implemented. Providing a large useful range on a battery driven electric vehicle 

induces significant drawbacks regarding vehicle weight and costs. Available range and vehicle 

costs have to be balanced. Currently, range of about 150 km is considered to be the best 

compromise between usability of the vehicle and purchase price. This coincides with the necessary 

range as identified by most of the studies mentioned above, but does not satisfy all user requests. 

Most currently available FEVs designed as a potential mass market product (e.g. Mitsubishi i-MieV, 

Nissan Leaf) provide a similar range (see chapter 2.1). Future enhancements in battery and 

vehicle technology will allow for better range and lower costs. 

The available range of FEVs is measured as defined in the ECE Regulation 10115 issued by the 

World Forum for Harmonization of Vehicle Regulations of the United Nations Economic 

Commission for Europe (UNECE) (see chapter 1.3.3). Among other considerations, the regulation 

specifies that the ambient temperature has to be between 20 °C and 30 °C during tests. Operating 

conditions of road vehicles include ambient temperatures as low as -30 °C to -40 °C resulting in 

increased energy consumption to heat the passenger compartment and to de-ice front and rear 

windscreens. Moreover battery capacity drops significantly in these conditions (see chapter 

2.2.1.2.2). Test conducted by the German technical inspection agency “TÜV Süd” and the motoring 

                                                
12

 N/A, Aral Studie: Trends beim Autokauf 2009; 

http://www.aral.de/liveassets/bp_internet/aral/aral_de/STAGING/local_assets/downloads_pdfs/t/broschuere_

aral_studie_trends_beim_autokauf_2009.PDF, Aral Aktiengesellschaft, 2009, [accessed: 18.02.2011]  

13
 Hansjörg Arnold, Dr. Wilhelm Bauer et al., Elektromobilität - Herausforderungen für Industrie und 

öffentliche Hand, http://www.iao.fraunhofer.de/images/downloads/elektromobilitaet.pdf, Frankfurt am Main, 

Germany, 2010 [accessed: 18.02.2011] 

14
 N/A, Canadian Electric Vehicle Technology Roadmap, 

http://www.evtrm.gc.ca/pdfs/Workshop2_UserNeedsDefinitionFinal.pdf, December 2010, [accessed 

18.02.2011] 

15
 UNECE R 101  

http://www.unece.org/trans/main/wp29/wp29regs101-120.html?expandable=0&subexpandable=0  

http://www.aral.de/liveassets/bp_internet/aral/aral_de/STAGING/local_assets/downloads_pdfs/t/broschuere_aral_studie_trends_beim_autokauf_2009.PDF
http://www.aral.de/liveassets/bp_internet/aral/aral_de/STAGING/local_assets/downloads_pdfs/t/broschuere_aral_studie_trends_beim_autokauf_2009.PDF
http://www.iao.fraunhofer.de/images/downloads/elektromobilitaet.pdf
http://www.evtrm.gc.ca/pdfs/Workshop2_UserNeedsDefinitionFinal.pdf
http://www.unece.org/trans/main/wp29/wp29regs101-120.html?expandable=0&subexpandable=0
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journal “Auto Motor und Sport” identify a drop in available range up to 47% in winter.16 Therefore a 

theoretical range of 150 km marks the lowest acceptable limit for practical use.  

With limited energy storage capacity of battery powered fully electric vehicles recharging 

procedures are very important for mass market vehicles. Continuous availability of the vehicle with 

sufficient useful range has to be guaranteed. The charging experience should be as simple and 

intuitive as possible and no special user proceedings should be needed.  

A standard solution is recharging the batteries using an on board charger connected to a standard 

wall socket used as energy source. Limited power output of wall sockets results in several hours of 

charging time (6 to 10 hours). Recharging completely discharged batteries can only be done over 

night or during longer periods of disuse. Therefore battery driven vehicles should always be 

connected to the grid whenever it is not in use to provide optimal availability. Easily accessible 

connections to power supply at home, at work or at public parking spaces are essential.  

Charging time can be significantly shortened if more powerful grid connections and corresponding 

charging stations are available. To set up an area-wide network of public accessible high power 

charging stations or to equip every household running a battery electric vehicle with such a device 

requires massive expenditures and cannot be expected to be implanted within the near future. In 

addition, the necessary standardization of high power charging stations does not exist which is 

imperative for shared use.  

Charging stations and batteries for fully electric vehicles are not within the scope of this project. 

Therefore, no further details on design and usage of suchlike systems can be provided. But 

considering user needs the availability of easy to use and fast recharging facilities is essential for a 

successful mass market penetration of battery driven fully electric vehicles.  

1.1.4 Other user needs 

Regarding range, costs, availability and performance state of the art fully electric vehicles are not 

competitive to conventional cars. To compensate for those drawbacks, FEVs must provide 

additional advantages for potential customers to allow for a positive cost value ratio. Those 

incentives will partially be provided by the car itself but have to be supported by external sales 

inducements. 

Regarding buying incentives, a large variety of proposals have been made ranging from tax 

reductions and subsidies (see chapter 1.1.2), remission of tolls and congestion charges (e.g. 

London17), permission to drive in restricted areas, on bus lanes and high occupancy lanes18, 

                                                
16

Alexander Bloch, Elektroauto-Reichweite im Winter: Bis zu 47 Prozent geringere Reichweite; 30.01.2011;  

http://www.auto-motor-und-sport.de/eco/elektroauto-reichweite-bis-zu-47-prozent-geringere-reichweite-im-

winter-3295701.html, [accessed: 18.02.2011] 

17
 E. g. in London: Transport of London, http://www.tfl.gov.uk/roadusers/congestioncharging/6733.aspx, 

[accessed: 18.02.2011] 

http://www.auto-motor-und-sport.de/eco/elektroauto-reichweite-bis-zu-47-prozent-geringere-reichweite-im-winter-3295701.html
http://www.auto-motor-und-sport.de/eco/elektroauto-reichweite-bis-zu-47-prozent-geringere-reichweite-im-winter-3295701.html
http://www.tfl.gov.uk/roadusers/congestioncharging/6733.aspx
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exclusive parking spaces19, publicly funded charging stations20 to a large number of other 

measures. Within ID4EV, a project focused on the technical development of vehicle components 

and systems, those proposals will not be discussed in further detail. 

In addition to those measures, the vehicle itself has to provide substantial buying incentives for 

potential customers.  

First of all, the environmental-friendly image associated with electric vehicles in general has to be 

taken into account. This basic attitude has to be utilized for specific vehicle model by purposeful 

and adequate interior and exterior styling and supporting marketing measures. Those measures 

have to be limited to the level of design and appearance and must not extend to the engineering of 

the vehicle and its subsystems. In some cases environmental friendliness is emphasized by 

reduction of functions, safety and comfort. As pointed out in chapter 1.1.1 this is not feasible for a 

mass market product. Therefore they are not within the scope of the ID4EV project and will not be 

examined in more detail.  

Overcoming any doubt that might arise against new technologies used in fully electric vehicles is 

essential for the marketability of FEVs and a key concern of ID4EV. Customers request reliable, 

safe and durable vehicles with long service lives and manageable maintenance. Particularly with 

regard to the high costs of a new vehicle and its long service life, customers tend to make 

conservative buying decisions and prefer conventional and well established technologies with less 

assumed risks. A major objective of ID4EV is to provide reliable, safe and efficient vehicle 

subsystems that are competitive to corresponding systems used on conventional driven vehicles. 

The availability of suchlike modules is essential to establish consumer confidence in new 

technologies and electric vehicles overall and therefore the marketability of FEVs.  

Technical specifications and requirements of brakes, in wheel motors and harnesses will be 

specified in detail within this document.  

For technical reasons, fully electric vehicles have drawbacks regarding range and performance 

which will not be resolved completely within foreseeable future. To compensate for those 

downsides an easy to use HMI has to be provided to inform the user about available range and 

performance, allowing him to intuitively configure the vehicle to his specific needs (e.g. range vs. 

top speed). Based on navigational data the HMI system should offer automatically computed 

configurations to ideally fulfill the user’s needs. A suchlike HMI system and the underlying vehicle 

                                                                                                                                                            
18

 E. g in California: California Department of Motor Vehicles, http://dmv.ca.gov/vr/decal.htm, [accessed: 

18.02.2011] 

19
 E. g. suggested by the German Minister of Transport in 2011, 

http://www.bmvbs.de/SharedDocs/DE/Pressemitteilungen/2011/018-ramsauer-

euverkehrsministertreffen.html, [accessed: 18.02.2011]  

20
 E.g. Source of London https://www.sourcelondon.net/ 

http://dmv.ca.gov/vr/decal.htm
http://www.bmvbs.de/SharedDocs/DE/Pressemitteilungen/2011/018-ramsauer-euverkehrsministertreffen.html
http://www.bmvbs.de/SharedDocs/DE/Pressemitteilungen/2011/018-ramsauer-euverkehrsministertreffen.html
https://www.sourcelondon.net/
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controller will be developed within the ID4EV project. Detailed technical specifications of the 

system will be given in this document. 

1.1.5 Summary of user needs 

To give a short resume of user needs a newly developed battery electric vehicle should fulfill the 

following consumer requests: 

 Usability must not be limited compared to conventional vehicle (except for range). 

 Build quality, safety, comfort and equipment have to be comparable or superior to 

competitive conventional vehicles. 

 Available range should be at least 150 km to cover average daily trips. 

 Recharging should be as easy and convenient as possible to maximize usability by 

providing a fully charged vehicle. 

 Overall costs have to be as low as possible since consumers are prepared to pay only a 

small premium. 

 Overall vehicle and HMI design should reflect early adopters’ self-perception as modern 

and environmental individuals with affection to new technologies. 

1.2 Customers for fully electric vehicles 

Being a new class of vehicles, mass market FEVs address a new and at present unconsolidated 

group of customers. Therefore customer and market analysis cannot be based on preceding 

models and market studies performed thereon. To analyse marketability of battery electric vehicles 

extensive studies have been carried out. Customer surveys identified not only technical demands 

on electric vehicles (see chapter 1.1), but also general willingness to buy a FEV and which 

preconditions have to be fulfilled to promote sales. 

Studies performed within the framework of customers road tests on electric vehicles are excluded 

from the following analysis for two reasons: first of all, road tests are restricted to a limited number 

of participants which are chosen using a selection process, applicants for these programs must be 

considered to look more favourably on electric vehicles than average consumers, and furthermore 

test conditions (media attention, exclusiveness of participance, etc.) will interfere with response 

behaviour. 

Some surveys are based on arbitrary suppositions regarding performance of battery electric 

vehicles. Unsurprisingly most customers would prefer FEVs to conventional vehicles powered by 

an internal combustion engines (or any other drive train) if comparable range and performance are 

offered for an equal or lower purchase price and lower energy costs. These studies are not 

congruent with the state of the art and are not used in this analysis. 
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While available studies might differ in details general results point in the same direction.  

As a basic principle, the number of potential customers considering to by an electric vehicle as 

their next car in foreseeable future is limited. Depending on the study, only one in three to one in 

five interviewees considers the new drive train design to at least some extent. The lower limit is set 

by a study performed by “PricewaterhouseCoopers” (PWC) and the “Fraunhofer Institut für 

Arbeitswissenschaften und Organisation” (IAO)21 identifying only 19 % of the participants as 

potential customers for fully electric vehicles. More optimistic results are published in the study 

”Aral Studie Trends beim Autokauf 2009“22 with 36 % of potential FEV drivers and a study by 

“Zpryme”23 identifying 37.2 % of interviewees as potential users. This limited individual willingness 

to adapt the new technology contradicts the generally high expectation of electric vehicles 

regarding their role in future mobility. The Aral study identifies a share of 70 % expecting FEVs to 

play an important role regarding pollution control. 80 % of the participants in PWC’s study attach a 

great overall importance to electric vehicles in the future.  

When asked to state reasons for their buying reluctance, interviewees indicated a large number of 

different motives which can be assigned to the categories usability, costs and risks. For instance 

“Donlen” identifies in the “Plug-In Electric Vehicle Survey”24 the main reasons of concern listed in 

Figure 11. From an engineering point of view concerns, can mostly be attributed to limited energy 

storage capacity, long charging time of batteries, their high purchase price and missing firsthand 

experience regarding life expectancy as well as missing access to charging stations. 

                                                
21

 Hansjörg Arnold, Dr. Wilhelm Bauer et al., Elektromobilität - Herausforderungen für Industrie und 

öffentliche Hand, http://www.iao.fraunhofer.de/images/downloads/elektromobilitaet.pdf, Frankfurt am Main, 

Germany, 2010, [accessed: 18.02.2011] 

22
 N/A, Aral Studie: Trends beim Autokauf 2009; 

http://www.aral.de/liveassets/bp_internet/aral/aral_de/STAGING/local_assets/downloads_pdfs/t/broschuere_

aral_studie_trends_beim_autokauf_2009.PDF, Aral Aktiengesellschaft, 2009, [accessed: 18.02.2011] 

23
 Jason S. Rodriguez et al., The Electric Vehicle Study 201, 

http://www.zpryme.com/SmartGridInsights/The_Electric_Vehicle_Study_Zpryme_Smart_Grid_Insights_Airbiq

uity_Sponsor_December_2010.pdf, Zpryme Research & Consulting, 2010 [accessed: 18.02.2011] 

24
 Suzanne Deveney, Donlen Announces Plug-in Electric Vehicle Survey Results, 

http://www.donlen.com/Donlen-Announces-Plug-in-Electric-Vehicle-Survey-Results-Launches-New-Cost-

Calculator.aspx, 2010, [accessed: 18.02.2011] 

http://www.iao.fraunhofer.de/images/downloads/elektromobilitaet.pdf
http://www.aral.de/liveassets/bp_internet/aral/aral_de/STAGING/local_assets/downloads_pdfs/t/broschuere_aral_studie_trends_beim_autokauf_2009.PDF
http://www.aral.de/liveassets/bp_internet/aral/aral_de/STAGING/local_assets/downloads_pdfs/t/broschuere_aral_studie_trends_beim_autokauf_2009.PDF
http://www.zpryme.com/SmartGridInsights/The_Electric_Vehicle_Study_Zpryme_Smart_Grid_Insights_Airbiquity_Sponsor_December_2010.pdf
http://www.zpryme.com/SmartGridInsights/The_Electric_Vehicle_Study_Zpryme_Smart_Grid_Insights_Airbiquity_Sponsor_December_2010.pdf
http://www.donlen.com/Donlen-Announces-Plug-in-Electric-Vehicle-Survey-Results-Launches-New-Cost-Calculator.aspx
http://www.donlen.com/Donlen-Announces-Plug-in-Electric-Vehicle-Survey-Results-Launches-New-Cost-Calculator.aspx


D 02.1 Requirements and 

specifications derived from user 

needs and sota analysis 

ID4EV 

Intelligent Dynamics for fully electric 

vehicles 

Grant agreement n. 260070 

 

Page 29 of 183 

 

 

 

Figure 11 - Factors of concerns - Donlen Plug-In Electric Vehicle Survey 

 

Emphasizing the drawback of high cost, Aral identifies an increased cost sensitivity of buying 

decisions regardless of the type of vehicle or drive train.  

Nevertheless, a small fraction of customers is willing to pay a premium for fully electric vehicles. 

When asked for their preparedness to pay a higher purchase price for an environmental friendlier 

vehicle regardless of the drive train, 38 % of interviewees approve in the Aral study, but only 8 % 

would accept a premium of 2000 € or more. When asked about a premium for fully electric 

vehicles, the fraction of respondents willing to accept a surcharge is equal but higher costs are 

accepted. Zpryme identifies a fraction of 8 % of all respondents considering to buy an electric 

vehicle within the next 2 years and willing to accept additional costs up to 5000 $. 3.6 % are willing 

to accept a surcharge of up to 10000 $. But for the large majority the high purchase price is among 

the biggest criteria of exclusion when it comes to buying an electric vehicle. According to 

“PricewaterhouseCoopers”, 89 % specify lower purchase prices as number one precondition for 

considering buying an FEV, making it the number one criterion. 

Analyzing the group of interviewees stating to consider buying an electric vehicle within 

foreseeable future, identifies the early adaptors according to Zpryme as comparatively young, 

ecologically sensitive, interested in new media and communication technologies and earning an 

above average income. Wealthy and older people are strongly underrepresented. 

Even if designed as mass market products, state-of-the-art fully electric vehicles have drawbacks 

regarding range, charging time and costs. A widespread consumer acceptance embracing all 

social or income groups is not to be expected immediately after introduction on the market. Product 
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design and marketing efforts have to be focused on a specific target group. Potential early 

adaptors must havethe ability and be willing to live with system immanent downsides. These 

drawbacks must not be excessively restrictive during everyday use and usage patterns of 

customers must suit the specific characteristics of FEVs.  

To compensate for those disadvantages battery electric vehicles have to offer additional value to 

customers based on the mutual value system of early adapters as outlined in the study published 

by Zpryme. In general, the usage of a battery electric vehicle is suggesting environmental 

awareness and progressiveness of the driver. The more importance an individual driver attaches to 

achieving this public image, the more likely he is to accept the specific characteristics of battery 

powered electric vehicles. In addition to stimulating the public image conveyed by FEVs the design 

of the vehicle and its interior have to address the affinity to new technology and new media 

attributed to potential early adaptors. Stylistic elements associated to the product design of modern 

communication technology and consumer electronics have to be cited. It is, however, imperative to 

consider that product lifetime of consumer electrics is much shorter than the typical useful life of a 

car. Appearance of the FEV must not become outdated during the typical service life of a vehicle. 

Modern consumer electronic products are characterize by an easy to use HMI. Customers’ affinity 

to technology must not be misunderstood as their readiness to familiarize themselves with complex 

and obstructive user interfaces. 

A consolidated view indicates that potential early adapters 

 do not have to drive long distance trips or have easy access to other means of transport 

(e.g. a conventional driven car) to undertake sporadic voyages. 

 have a sufficient income, being able to afford a higher purchase price. 

 have access to a permanently available private space in a parking lot or a private garage to 

install the necessary charging station and recharge the vehicle. 

 have a high level of environmental awareness and are motivated by other incentives a fully 

electric vehicle provides to compensate for the remaining drawbacks. 

 have a high level of affinity to technology, being able to adapt to differences in daily use 

compared to conventional vehicles.  

It can be assumed that the remaining drawbacks characteristic to state-of-the-art fully electric 

vehicles will decline in significance as technology advances and fully electric vehicles become 

more common. Therefore, the presently limited customer group outline above will expand within 

the future and battery driven vehicles will become the preferable means of transport for a growing 

number of people.25 ID4EV is aimed at supporting that process by improving electric vehicle 

                                                
25

 N/A, Exploring Electric Vehicle adoption in New York City 

http://www.nyc.gov/html/om/pdf/2010/pr10_nyc_electric_vehicle_adoption_study.pdf, New York, USA, 2010 

http://www.nyc.gov/html/om/pdf/2010/pr10_nyc_electric_vehicle_adoption_study.pdf
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technology and thereby enhancing market penetration of modern and environmental friendly 

vehicles.  

1.3 Legislation 

Basically, battery-driven vehicles have been known for a long time and are approved for public 

road traffic. Thus, the legal situation covers this drive-technology in general. Because of the 

increasing interest in all-electric or hybrid-driven vehicles and the increasing number of vehicles in 

public road traffic to be expected, the existing regulations concerning electric vehicles are currently 

revised. 26 

The legal basis for vehicle type approval in Europe is formed by regulations enacted by the “United 

Nations Economic Commission for Europe” (UNECE). The “World Forum for Harmonization of 

Vehicle Regulations” (WP.29) has been instituted to develop the specifications, to expedite an 

international harmonization of national standards and to adapt the regulations continuously to 

engineering progress. The regulations are currently published in 126 so-called ECE regulations.27 

The regulations contain all aspects of type approval of diverse classes of road vehicles. In the 

context of present project examinations are restricted to those regulations relevant for passenger 

cars. Furthermore, restrictions are expanded to those regulations relevant for all-electric driven 

vehicles. Regulations applicable for conventionally driven passenger cars are excluded from the 

examinations since it can be assumed that they are well known within the project consortium. 

Therefore, examinations include the regulations ECE R 13-H, ECE R 100 and ECE R 101. 

Instead of the currently effective version of the ECE R 100, the revised version "Proposal for the 01 

series of amendments to Regulation No. 100"28 (in the following referred to as ECE R 100. 1) that 

is currently in progress is used. It will replace the actually valid version in foreseeable future and 

therefore is applicable for all future vehicle-projects.  

The contents documented here provide an overview on the legislative requirements from a 

technical perspective. For a competent development of components and systems and especially 

when it is intended to achieve type approval, the present text cannot replace a detailed analysis of 

legal texts. 

                                                
26

 Juan Ramos Garcia, WP.29 press release on ECE R 100 revision 

http://www.unece.org/press/pr2010/10trans_p06.htm, [accessed: 18.02.2011]  

27
 ECE regulations http://www.unece.org/trans/main/welcwp29.htm, [accessed: 18.02.2011]  

28
 ECE R 100.1 http://www.unece.org/trans/doc/2010/wp29/ECE-TRANS-WP29-2010-52e.pdf, [accessed: 

18.02.2011]  

http://www.unece.org/press/pr2010/10trans_p06.htm
http://www.unece.org/trans/main/welcwp29.htm
http://www.unece.org/trans/doc/2010/wp29/ECE-TRANS-WP29-2010-52e.pdf
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For production, servicing and disposal of vehicles, charging of batteries and to allow for vehicle 

extrication further regulations have to be considered. These are not subject to the present project 

and will not be taken into consideration. 

1.3.1 ECE R 13-H – Uniform provisions concerning the approval of passenger 

cars with regard to braking 

The ECE R 13-H defines the requirements for braking systems of passenger cars and has been 

amended and updated several times since its coming-into-effect in may 1998. These amendments 

have not been included in a consolidated version of the text so far and must be considered, since 

there are partly extensive alterations of the original text. For the aims of the ID4EV project the 

contents of the amendments are insofar especially significant, as they are mainly about the 

adaption of regulations to electrified drive trains, regenerative brakes and involved complex control 

systems. 

The provisions specify the general structure of the systems, their operation and performance as 

well as reliability. The basic regulations, especially regarding function and effectiveness, generally 

do not differ concerning the used techniques and functional principles. Therefore, the regulations 

are applicable for all types of brakes. 

ECE R 13-H regulations provide elementary guidelines for the design of braking systems for 

passenger vehicles which have to be taken into account during the entire development process of 

the vehicle. It is only by implementation of suchlike process that an exhaustive realization of the 

extensive specifications can be guaranteed. Since such process has to be available to vehicle 

manufacturers for conventional systems, an adaption of this process to the specifics of all-electric 

vehicles and its braking systems is required. The present text is aimed to deliver an insight into the 

additional provisions. 

The general requirements for braking systems do not differ in terms of the technology used. The 

subdivision of the braking system into service brake, auxiliary brake and parking brake is 

unaffected by the design of the components. The distinction of subsystems operator controls, 

transmission device and brake is applicable. 

The braking system must be able to decelerate the vehicle and to keep it stationary under all 

possible operating conditions. Mechanical, chemical and electromagnetic effects are mentioned 

explicitly within the guidelines and negative effects are not allowed to be inflicted on the system. 

Brake-by-wire systems are much more susceptible to electromagnetic interference than 

conventional hydraulic systems. The regulations of the ECE R 10 (electromagnetic compatibility) 

are explicitly mentioned within the regulation ECE R 13-H. 

Basic design of the braking system is defined by the provisions laid down in section 5 of the 

regulation. Each braking system has to fulfill the specified requirements concerning function, safety 

and operation. The required braking system tests are defined in the attachments to the regulation. 

The special requirements on brake-by-wire systems and regenerative brakes are defined in various 

sections of the regulation. The most important provisions are summarized in the following. 
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Power supply  

Unless the necessary energy for the braking is provided solely by the driver’s muscular strength, 

comprehensive regulations regarding energy storage, especially in case of failure of the energy 

source, have to be fulfilled. On conventional brake systems these rules apply for the dimensioning 

of the vacuum reservoir. In case of an electrified brake system these provisions have to be taken 

into consideration for the design of the battery system and the power supply. The usage of back-up 

batteries is required. Paragraph 5.2.2.7 determines that on systems without a mechanical safe 

operating mode two independent energy storages have to exist. Paragraph 5.2.15 defines the 

amount of energy to be stored. According to paragraph 5.2.4 a single source of power is sufficient, 

if design with maximal achievable reliability. 

Energy recovery 

The integration of the regenerative brake system into the conventional system is regulated in 

paragraph 5.2.18. Depending on the mode of integration, operating and display functions are 

defined. 

It is distinguished between systems not actuated by the service brake paddle and systems cross-

linked with this system. The first category is allowed to be activated when the engine is idling or a 

neutral gear-setting is selected. The service brake is not affected. The second type has to be 

linked to the service brake in such way that it is not affecting the driving characteristics or the task 

of driving. An alteration in braking torque contributed by the recuperative brake system to the 

overall braking torque must not result in any negative effects on vehicle dynamics or driver 

feedback, for example variations in total braking torque or changes in pedal force or travel. Usage 

of a combination of both activating mechanisms of the regenerative brake is explicitly permitted. 

The integration of the regenerative brake system controller into the anti lock braking system is 

regulated in paragraph 2.5.18.4. In case an anti lock braking system is installed its ECU must 

incorporate the control of the regenerative brake system. Deactivation of the recuperation by an 

automated system is explicitly permitted. Therefore an electronic stability control system can 

deactivate regenerative braking if required. In the case of the regenerative braking system being 

linked to the anti lock brake system it is subject to the test procedures defined in annex 6 – test 

requirements for vehicles fitted with anti-lock systems. 

Brake by Wire 

Provisions regarding electric signal- and power transmission to the brakes are defined in 

paragraph 5.2.20. Given as an example, comprehensive regulations regarding the amount of 

energy to be stored can be found. This ensures that in case of shutdown of energy sources, the 

vehicle can be decelerated safely. Tolerable effects caused by different sources of disturbance tof 

the system are defined. 
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Test procedures 

Annex 3 of the ECE R 13-H specifies various testing procedures for brake system of the vehicle 

assessing brake performance and driving stability under braking. Special requirements and test 

procedures for regenerative brakes are laid down. Tests and test conditions including drive train 

configuration and the battery charge condition are specified for each particular test. As a basic 

principle, regenerative braking must not affect the driving stability under any circumstances (even 

in the event of a sudden system shut down), nor reduce thermal load on service brakes in the 

relevant tests. 

For regenerative brakeing not activated by the brake pedal, additional tests are defined to 

guarantee safe vehicle handling characteristics. Additionally, braking tests are defined for the case 

of an recuperation system shutdown during brake application, 

Electric vehicles are mentioned at various passages within the regulations in such way that some 

state of the art models might not be able to achieve performances characteristics (e.g. acceleration 

or top speed) required for several tests. Special resultant regulations are defined. 

1.3.2 ECE R 100.1– Battery electric vehicles 

The ECE R 100 regulations are currently revised due to increased interest in electric vehicles and 

the resulting fast technical progress. This document refers to the revised version of the regulation 

published by the AP.2929 and submitted for confirmation by the UNECE member states. 

ECE R 100.1 specifies safety-requirements for fully electric vehicles and their components. In 

addition to legislative and administrative regulations and regulations regarding type approval 

various technical provisions are defined. These relate to the protection from electric shocks, battery 

safety and hydrogen emissions. Additionally, low noise levels compared to conventional driven 

vehicles are discussed. 

Provisions for the protection from electric shock are defined in paragraph 5.1 by identifying IP 

ratings required for live high-voltage components depending on their location and vehicle operating 

conditions. Components in the passenger compartments are subjected to higher requirements than 

those not accessible under standard operating conditions. Test procedures are specified in annex 

3. Additionally, live components have to be labeled in a specified way. 

As protection from indirect contact with live components regulations specify measures to prevent 

electric potentials to arise and the isolation of live components is required. The associated testing 

operations get defined in attachment 4. If an isolation monitor is installed its functions has to be 

tested according to attachment 5. 

                                                
29

 ECE R 100.1 http://www.unece.org/trans/doc/2010/wp29/ECE-TRANS-WP29-2010-52e.pdf  

http://www.unece.org/trans/doc/2010/wp29/ECE-TRANS-WP29-2010-52e.pdf
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Concerning the batteries provisions in paragraphs 5.2, 5.4 and annex 7 regarding the protection 

against overheating and hydrogen emissions as well as corresponding test procedures have to be 

considered. 

Since electric vehicles do not emit engine sounds, paragraph 5.3 defines display functions and 

signals to inform the driver if the vehicle is in “active driving possible mode”. During the charging of 

the battery the vehicle must not move. 

The ECE R 100 does not contain any regulations regarding the crash- or postcrash characteristics 

of electric vehicles. 

1.3.3 ECE R 101 – Energy consumption 

ECE R 101 regulates the measurement of energy consumption and range of all class M1 vehicles, 

and, in case of fully electric vehicles, class N1 models. Since procedures necessarily differ 

between conventional vehicles and fully electric vehicles test procedures are outlined in the below. 

Procedures applicable for FEVs are specified in the attachments 7 and 9 of the regulation.  

In the main section of the regulation basic provisions are defined, relating to type-approval 

procedures, the necessary documentation and further administrative procedures. Additionally, 

vehicle manufacturers are invited to implement additional technologies into the vehicles to save 

energy. In case these energy savings are measurable using standard measurement procedures 

additional tests can be requested to identify the benefit of the new technologies.  

It is defined that energy consumption of fully electric vehicles is measured in [Wh/km] and range is 

measured in [km]. 

Attachment 2 defines the specifications characterizing a vehicle model to be provided during the 

type approval process. 

Attachment 7 determines the consumption measurement procedure. For this purpose the 

applicable driving cycle is defined and the required vehicle test configuration is specified (including 

auxiliary energy consumers and the preconditioning of the vehicle and especially its batteries). If 

the vehicle provides the driver with the possibility to choose between different operating modes 

according to attachment 7 point 1.1 the one providing the best compliance to the driving cycle 

reference curve has to be chosen.  

The procedures for the charging of the battery before the test, the testing operation itself and the 

charging of the battery after the tests are described in detail. The energy consumption of the 

electric vehicle results from the power drained from the external power supply to recharge the 

battery after the test and the distance traveled during the test. Because of the fact that the 

measurements are performed using a chassis dynamometer test bench annex 7 specifies the 

determination of the total road load power of the vehicle for the calibration of the dynamometer.  
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Annex 9 of the regulation determines the procedure for the determination of the range of all-electric 

vehicles. Based on the procedure for consumption measurement described above, the driving 

cycle is continuously repeated until the vehicles energy supply is depleted.  

The exact statutory provisions must be taken from the relevant ECE regulations. 

1.4 HMI and driver assist systems 

Drivers need to be informed about a large variety of different concerns to allow safe and efficient 

driving. Apart from basic technical information on the vehicle operating condition (e.g. engine 

temperature, fuel gauge, malfunction messages) and driving state (e.g. speed),communication, 

entertainment and driver assist systems became more and more prominent in the recent past. A 

large number of advanced driver assist systems (ADAS) has been introduced to the market 

ranging from complex systems requiring intensive user interaction (e.g. navigation system) to 

simpler and mostly automated systems aimed at reducing drivers workload (e.g. rain sensors). 

Despite the need for user interaction and thereby diverting the user from driving, most ADAS 

systems are designed to help the driver to control the vehicle in a safer and more comfortable way. 

To stay with an example stated above, a navigation system has to be set once but will relieve the 

driver later from task of finding his way to an unknown destination. Other systems like e.g. air 

conditioning increase drivers comfort and thereby preventing operator fatigue. 

To prevent excessive workload all human machine interfaces need to be easy to use and workload 

needs to be reduced to a feasible level. This can be achieved by easy to use interfaces and 

intuitionally understandable displays. Color codes are intuitively understandable (e.g. red indicates 

danger, green is associated with safety and environmental friendliness) while figures have to be 

read and the information has to be processed. 

Since all new systems, even when designed in a suitable way, increase driver's workload, existing 

systems need to be redesigned to compensate consecutively. Often this can be achieved using 

easily implementable modifications, e.g. tapping on the indicator switch resulting in three indicator 

signals followed by an automatic switch off of the indicator. 
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Figure 12 - rain sensor
30

 

 

1.4.1 Alterations on FEVs 

On fully electric vehicles some HMI elements known on conventional vehicles are not required 

while a large number of new systems have to be introduced to control the drive train and help the 

driver to optimize usability of the vehicle.  

Oil pressure and oil temperature gauges are no longer required. Water temperature gauge, on the 

other hand, will still be needed since most high voltage components (inverter, motor and batteries) 

required cooling, but temperature range will change. 

A car driven by an electric engine can be designed to do without a shiftable gearbox. In that case 

gear lever, clutch pedal and rev counter are obsolete. A lever comparable to an automatic gearbox 

lever (without gear limitation) can be used to choose between driving modes (drive, reverse, park 

and neutral). 

Lack of engine noise in idle results in the need for a vehicle state indication and the need to alert 

the driver when he leaves the car with "running engine". For safety reasons an automatic engine 

shutdown when the driver leaves the car is not considered to be applicable since a failure of a door 

sensor or seat occupancy sensor might result in engine shutdown in a hazardous situation. 

                                                
30

 Rain sensor scheme - By Puppenbenutzer (Own work) [GFDL (www.gnu.org/copyleft/fdl.html) or CC-BY-

3.0 (www.creativecommons.org/licenses/by/3.0)], via Wikimedia Commons 
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The two most prominent user needs regarding HMI systems on fully electric vehicles are subject to 

work performed in ID4EV: brake blending and vehicle profile management to optimize usability. 

1.4.1.1 Vehicle profile management 

Having considerable less range and being more difficult to recharge an FEV than to refuel 

conventional vehicles, one of main tasks of the HMI is to constantly inform the driver of battery 

state of charge and available range. This interface has to be designed to be intuitively 

understandable. It can be assisted by an indication of current energy consumption (based on 

driving style). 

Ideally, the driver would not only be assisted by an intuitive display showing the batteries state of 

charge and the available range but a set of profiles would be available allowing him to choose from 

different vehicle settings with different levels of energy consumption providing different sets of 

range and performance. This would permit him to choose whether to go faster and use not 

existential systems or to reach a distant destination. 

 

Figure 13 - possible prediction technologies
31

 

 

                                                
31

 A Predictional Emulation of Power for Plug-In Hybrid Electric Vehicles;  Töpler. F. et al.; 2010 Aachen 

Colloquium 
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A precise estimation of the range can be provided using the navigation system. If the destination is 

known, the energy consumption can be predicted using the data stored in the digital maps (altitude 

profile, calculated speed...). Additionally a large variety of data sources can be used to enhance 

prediction accuracy. Car-to-X communication networks or internet based systems can provide data 

on traffic or weather conditions. According to the energy consumption predicted, optional energy 

consumers (e.g. heated seats, radio, CD-player, etc...) can be released or turned off. This feature 

immensely enhances the vehicle's usability, since only an indication of the destination is required 

and the driver does not have to estimate what driving style to use and what comfort systems to 

operate to reach his destination. 

The design of a suchlike system and the necessary controller network communication is subject to 

WP 5 in the ID4EV project. 

Vehicle profiles can be combined with adaptive chassis systems, for example, configuration of the 

vehicle to a sport setting (damper settings, superimposed steering, driving pedal characteristic, 

etc.) if sufficient energy is available and to a comfortable setting to the limit the effects on driver 

fatigue caused by unavailability of e.g. air conditioning by providing a smooth ride. 

1.4.1.2 Regenerative Braking 

To extend the vehicle range recuperative braking needs to be implemented to recharge batteries 

during coasting, mountain descending and braking. The usage of the regenerative braking system 

has to be implemented in a suitable way. There must not be any differences in usage of a braking 

system with recuperation capability compared to a conventional system. This does include the way 

of operation, driver feedback and pedal characteristics. 

Due to the safety sensitive nature of brake systems the user interface is defined in detail in the 

ECE R 13 – H regulation, covering all concerns regarding user needs. Detailed information on the 

UNECE regulation R 13 – H is provided in various other sections of this document (see chapters 

1.3.1, 3.1 and 4.1). 

The design of a braking system including recuperation and torque blending capabilities is subject 

to WPs 3 and 5 in the ID4EV project. 

1.4.2 Interface design 

As outlined in chapter 1.2, potential customers are predominantly young, technology enthusiasts 

and environmentally conscious people. To provide an appealing product, those user characteristics 

must be reflected in the vehicle concept and design as well as the HMI layout. The vehicle has to 

reflect people's attitude and emphasis the green and modern self-perception of potential 

customers. 

This calls for a modern HMI layout guided by design characteristics of modern portable electronic 

devises (e.g. iPhone). These gadgets are primarily characterized by an intuitively understandable 

and easy to use interface and a modern design. 
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Figure 14 - Apple iPhone
32

 

 

At the same time, a vehicle, having a considerable longer service life than a portable phone, has to 

be of lasting value. Its styling may not become outdated and old-fashioned during its useful service 

lifetime. 

1.4.3 Summary of HMI requirements 

In addition to standard HMI functions, battery electric vehicles should provide the following 

functions: 

 Keep drivers workload within reasonable limits using a easy to use and modern interface 

design. 

 Provide detailed information about available range and performance. 

 Give sufficient control on energy consumption to extend available range. 

 Indicate operation mode and warn the driver when leaving the car with “running engine”. 
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 Picture by DanielZanetti published under GNU Free Documentation License; 

http://de.wikipedia.org/wiki/Datei:Iphone_4G.jpg  

http://de.wikipedia.org/wiki/Datei:Iphone_4G.jpg
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2 State of the art analysis 

To allow for efficient and target orientated development of new and improved fully electric vehicles, 

extensive background knowledge on the state of the art of suchlike vehicles is required. 

The work performed in task 2.2 – State of the art analysis is aimed at identifying the specifications 

and characteristics of available fully electric passenger cars. Present day models, their energy 

consumption and various aspects of controller strategies and ADAS systems are analyzed.  

2.1 Existing fully electric and hybrid vehicles 

An extensive benchmark of existing fully electric and hybrid vehicles has been performed to 

identify the state of the art of suchlike vehicles, their drive trains and battery technology. The study 

embraces existing and announced series production vehicles, prototypes and concept cars. It is 

not limited to passenger vehicles. Based on studies performed in Task 4.1 the benchmark 

additionally includes commercial vehicles, buses, trucks and utility vehicles. Furthermore a study 

on in wheel drive systems has been performed. This additional effort, not descript in the description 

of work, has been performed to support efforts in WP4 aimed at the design of in-wheel motors. 

Overall 347 vehicles and systems are included in the benchmark. The databases consists of 172 

electric passenger cars, 70 hybrid passenger cars, 69 trucks and buses, 18 utility vehicles and 18 

in-wheel drive systems. It is not intended to compile a complete and all embracing list of electric or 

hybrid vehicles or to document the historical development of suchlike vehicles. 

 Vehicles have been excluded from the benchmark based on the following criteria: 

 Vehicle does not meet the state of the art 

 No information available 

 Development of the vehicle abandoned before completion 

 Design study not aimed at technical implementation 

 Vehicle is not of interest for the project 

The data acquired during the benchmark is stored in a database. An excerpt is show in Figure 15 

on page 42. The database provides a basic description of the vehicle and the project, 

specifications and performance figures, pricing and project status. Additional (not shown in Figure 

15) web links for further information and comments are provided. 
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Figure 15 - Vehicle benchmark - database excerpt (Rinspeed logo and vehicle pictures: Rinspeed AG) 
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The database has been distributed among the consortium partners and is available on the projects 

document server. 

Statistical analysis performed on the available data to identify any technological trends regarding 

vehicle design, performance, costs among other, the interdependence between various vehicle 

characteristics does not unveil any trends in vehicle design and performance. Depending on the 

different types of vehicles, this can be contributed to various reasons: 

Regarding hybrid vehicles, a large variety of different drive trains are included in the benchmark 

ranging from micro hybrid vehicles with start-stop systems to full hybrids and plug-in hybrids with 

series, parallel or power-split drive trains. Therefore in most cases a direct comparison between 

two vehicles is not applicable. An overall statistical analysis is not permissible. 

Trucks, buses and utility vehicles included in the benchmark differ even within their subcategory 

largely regarding operation purpose and the various pertinent vehicle specifications. Payload, 

operational and environment profile lead to a large variety of different drive train configurations and 

specifications. Therefore, an overall statistical analysis or a statistical analysis within different 

subcategories is not admissible. 

Regarding the category of fully electric vehicles the available data has to be analyzed in detail. 

About 50% of the fully electric vehicles included in the benchmark are prototypes, design studies 

and announced, but not yet completed vehicles. Other models have been presented to the public 

under very restrictive conditions and in very limited quantity. Therefore an independent and 

objective verification of claimed specifications is in many cases not feasible. In other cases the 

price is not deemed to be cost covering. One model, a conventional car converted to a fully electric 

vehicle, is sold for less than the original price of the base vehicle equipped with an internal 

combustion engine. Therefore the data base on fully electric vehicles has to be considered as not 

sustainable. Moreover a large variety of different vehicle types is included in the benchmark, 

ranging from very basic single seater designs and five seater passenger cars to sports cars and 

vans.  

To render a statistical analysis possible the used database has to be limited to series production 

models. Figure 16, Figure 17 and Figure 18 show the correlation between price, range and engine 

power.33 The data used in these charts is based on manufacturers’ data and has not been verified 

by independent bodies. 

No clear correlation between price and power or range can be identified. Prices for several 

vehicles have to be considered as not cost covering. Apparently the process of a cost-based 

formation of prices is not yet completed in the emerging market of fully electric vehicles. The 

correlation between range and power in Figure 18 shows a linear dependency up to a maximum 

range of 150 – 200 km.  

                                                
33

 Some models with exceptional high performance figures and prices have been excluded from the charts. 
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Figure 16 - Fully electric vehicles – price vs. power 

 

Figure 17 - Fully electric vehicles - price vs. range 
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Figure 18 - Fully electric vehicles - power vs. range 

 

The wide range of fully electric vehicles and hybrid vehicles enclosed in this benchmark prevents a 

holistic statistical analysis of the available data. Nevertheless, the database acquired during the 

benchmark provides comprehensive market overview not only on series production vehicles but 

prototypes and concept cars as well. Technical specifications and basic vehicle design parameters 

give an extensive overview of the state of the art on fully electric and hybrid vehicles. 

The database is distributed among the consortium partners and is available on the project 

document server. The project partners are provided with a powerful tool to work efficiently on their 

specific questions, e. g. related to specific vehicle types and drive train configurations. 

The detailed benchmark is included in the annex of this document. 

2.2 Consumption and Autonomy 

The total energy consumption of a vehicle is the sum of several energy flows that are only partly 

used for propulsion and are related to each other in different ways. A considerable part of the 

energy is needed for air conditioning heating and window deicing. Lighting, auxiliary comfort 

systems and general electronics also consume energy. These functions must be provided 
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regardless of the drive train in use. The influence of the drive train and energy sources of the 

vehicle is limited to the means of the technical implementation of the function. 

Whereas in conventional vehicles the starter batteries only store a negligible part of energy and the 

energy flow is unidirectional from fuel tank, passing through the engine, to the various consumers, 

the alternative drive concepts are in part considerably more complex. Figure 19 illustrates the 

structure of various drive train configurations. 
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Figure 19 - hybrid drive trains
34

 

 

The different types of hybrid drive train are characterized by the existence of two energy storage 

systems (fuel tank and battery), with the battery playing a much larger role as providing the energy 

to start the combustion engine. It stores sufficient energy to significantly contribute to the 

propulsion of the vehicle. The high storage capacity of the batteries combined with the 

regenerative braking system allow for the recovery of motion energy and the optimization of the 

operating point of the ICE. In addition, if an appropriate interface is provided, energy taken from the 

electric power grid can be used to operate the vehicle (so-called plug-in hybrid). Because of the 
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 Lutz Eckstein, Alternative Vehicle Propulsion Systems, Aachen, Germany, 2010, page 61 
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complexity and variety of hybrid power trains, and ID4EV not being focused on those systems, this 

project will not address the functionality of those systems in detail. 

In the case of ID4EV considered battery-powered electric vehicle, the energy flow turns to be much 

more basic; the only energy source of the vehicle is the accumulator which is charged by the 

electric power grid. Using the stored energy, the vehicle is driven and all auxiliary functions are 

operated. Part of the kinetic energy can be recovered by regenerative braking. 

 

Figure 20 - battery electric drive trains
35

 

 

Energy is consumed in various vehicle systems and the amount of energy consumed is 

dependently subject to the driving style, the topography and the environmental conditions. In the 

following, the energy flow of battery powered vehicles is shown and compared to conventional 

vehicles. 

2.2.1 Drive train components and characteristics 

The drive train of a BEV consists of electrochemical energy storage, one or more electric energy 

converters each combined with an electric motors and possibly one or more mechanical gear 

stages for each motor. Added to that comes either an on board or stationary charger. The power 

grit used as energy source to charge the battery is excluded from the present analysis. A large 

number of secondary consumers are also involved in the energy flow of the vehicle. The state of 

the art of these components is presented below regarding the energetic characteristics 

(consumption and efficiency). Hereunto different scenarios and environmental conditions will be 

discussed. 
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2.2.1.1 Charger and charging process 

The charger and the charging process have a significant impact on the total energy consumption of 

the vehicle. 

A petrol or diesel powered vehicle can be refueled very quickly and without any noticeable energy 

losses. The energy consumed during refueling (fuel pump, auxiliary equipment in the vehicle such 

as ECU and CAN bus) is negligible. 

In a battery-powered electric vehicle, refueling is much more complex. First, refueling takes 

significantly longer and second; various onboard control units (e.g. battery management system, 

interlock circuit, safety switch) have to be operating. Approximately, the energy consumption of the 

control devices can be assumed to be of 100W (without charger). In case the vehicle is charged 

using a home electrical socket (220V, 16A), the charging power loss is about 3%. Using high 

power charging stations, the proportion drops accordingly. 

The charger itself also has a limited efficiency, which is given by the manufacturers, depending on 

the specific model, between 85% and 92%. Further losses occur in the battery. For this purpose, 

information is given in the following chapter.  

2.2.1.2 Batteries 

In conventional vehicles energy is stored, without any loss, in a fuel tank. In this case energy 

losses can only occur through leakage (vapour or liquid). From the perspective of the energy 

balance of vehicles, both forms of emission are, not relevant because of strict environmental 

regulations. 

Because of their outstanding significance for the performance of electric vehicles, although not 

intended to be part of the work in ID4EV, a brief overview of the relevant characteristics of state of 

the art battery system is given. 

In BEVs, energy storage is made in the form of chemically bounded energy stored in accumulators. 

Different technologies are currently used, with lithium-ion batteries being the most widely utilized in 

current research and development projects and the so called ZEBRA batteries are used for special 

applications. Nickel-metal hydride batteries have largely disappeared from new developments. 

Lead acid batteries, widely used as starter batteries, are unsuitable as traction batteries. 

2.2.1.2.1 Cell designs 

In batteries the electrical energy is chemically stored in so-called galvanic cells. Therefore, main 

distinguishing feature of the different battery configurations is the basic electro-chemical equation. 

From the large variety of possible galvanic cells only the following mentioned systems are relevant 

according to the current state of the art. 
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Nickel-metal hydride batteries 

The nickel-metal hydride battery (NiMH) is the successor of the nickel-cadmium battery (Ni Cd) 

and has been widely used on portable electric devices. 

The negative electrode consists of nickel-hydroxide (NiOOH), the positive electrode is a hydrogen 

absorbing metal alloy (MH). As the electrolyte an aqueous, highly concentrated potassium 

hydroxide (KOH) leach is used. The separator is a polymer fibre fleece based on polyethylene (PE) 

and polypropylene (PP). 

When unloading, the metal hydride by releasing an electron and a proton is reduced to a neutral 

metal. The trivalent nickel hydroxide is reduced by electron absorption and binding of protons to a 

bivalent form. The electrolyte is not involved in the basic reaction, but acts only as a solvent for ion 

transport. The rated voltage is relatively low, like the Ni-Cd battery: 1.25 to 1.35 V (depending on 

the state of charge). The Ni-MH cells are produced as round or prismatic cells, gas-proof and 

maintenance-free.36 37 38 

A major advantage of the Ni-MH battery is its high resistance to life cycles. Compared to lead acid 

and Ni-Cd batteries, it has a higher specific energy and energy density (volumetric energy) and a 

higher performance and power density. The performance is only exceeded by lithium-ion high-

performance batteries. Because of the relatively short development time, slight improvement in 

specific energy can be expected. The Ni-MH battery has a high self-discharge rate of 30% per 

month, particularly affecting long parked vehicles.38 39 40 

The efficiency of this type of battery is at max. 70% - 80%.41 

ZEBRA Batteries 

The sodium-nickel chloride battery (Na-NiCl2) was developed in the 1970s and is also known as 

ZEBRA battery. It is a high temperature battery, operated at approximately 300 - 350 °C. The 

                                                
36

 Von Borck, Eberleh, Rinker, The traction battery, Key technology for the breakthrough of  electric vehicle 

propulsion, ATZ electronics, Magazine 1, Page. 14 - 19 (2008) 

37
 Gies S., Alternative Vehicle Propulsion Systems, Lecture script: Institut für Kraftfahrzeuge, RWTH Aachen, 

Aachen 2009 

38
 Köhler U., Manual of Electric Mobility, Battery systems for electric and hybrid vehicles, EWE Media and 

Congress, Frankfurt am Main, 1. Edition 2010 

39
 ETG Taskforce, Electric vehicles, meaning, State of the art, action, VDE-Study, Frankfurt am Main 2010 

40
 Vezzini A.; Elektrofahrzeuge - Mobilität und erneuerbare Energie; Physik in unserer Zeit, Volume 42, 

Issue1, pages 36 - 42, January 2010 

41
 Gnörich B., Vergleichende Gesamtkostenanalyse von Brennstoffzellenfahrzeugen, Institut für 

Kraftfahrzeuge, RWTH Aachen, Aachen 2010 
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negative electrode is liquid sodium (Na) and the electrolyte is a β''-aluminium-oxide-ceramic, which 

simultaneously acts as separator and is only permeable for sodium ions. The ohmic contact 

between the ceramic inner wall and the porous solid positive electrode is made via a molten salt 

solution of sodium aluminium chloride (NaAlCl4). The positive electrode consists of nickel chloride 

(NiCl2) in a matrix of conductive nickel powder (Ni). 37 38 42 

The rated cell voltage is about 2.58 V. As loading and unloading can only be effectuated at the 

high operating temperature, Na-NiCl2 batteries are only suitable for applications with frequent load 

cycles and rare idle times. The temperature control unit has to meet high requirements to ensure 

keeping all battery cells at the required operation temperature. During operation, the battery 

thermal loss can be used, while in standby additional heating is required. Depending on operation 

conditions cooling might be required. To reduce thermal losses a multi-wall heat insulation and 

vacuum insulation are used.42 

There are no side reactions, resulting in maintenance free cells and a good level of efficiency. The 

Na-NiCl2 battery is characterized by a high level of robustness and tolerance to cell failure, there is 

no increase in resistance and the electrical conductivity is maintained. An electro-chemical aging of 

the cells does not occur. Disadvantages are high internal resistance and limited performance due 

to the thermal self-discharge. In addition, the state of charge cannot be measured directly. Major 

downsides of the Na-NiCl2 battery are the expensive design and the high operating temperature 

requiring a complex temperature control unit.42 39  The efficiency of this type of battery is at max. 

80 %; not include the energy required to maintain the operating temperature.41 

Regarding the capacity, the Na-NiCl2 battery is between the Ni-MH battery and lithium based 

batteries. Its performance is below the two technologies. In comparison to lithium technology, the 

Na-NiCl2 battery is less expansive. 36 42 39 

Lithium-Ion and Lithium-Ion-Polymer-Batteries  

The lithium-ion battery (Li-ion) was introduced in the early 1990s for portable devices. The term 

includes various combinations of electrode materials 38 42 

The positive electrode consists of a lithium-intercalating metal oxide (Li1-xMOi), i.e. the metal oxide 

acts as host lattice of positive charged Li-ions. Intercalation refers to the reversible inclusion of 

molecules, ions or atoms in a chemical compound, without altering them significantly during the 

storage process. The anode consists of a carbon compound (), also capable of storing Li-ions. The 

electrolyte is a non-aqueous mixture of an organic solvent and a Li-electrolyte. As separator, a thin 

micro porous polyolefin film saturated with the electrolyte is used. In the case of discharge, the 

negative electrode emits positively charged lithium ions incorporating them into the host lattice of 

the metal oxide. Figure 21 illustrates the intercalation during discharge of a Li-ion cell. 

                                                
42

 Neupert U. et alt., Energy storage, technical principles and energy potential, Fraunhofer IRB Press, 
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Figure 21 - Intercalation during discharge of a lithium-ion cell
43

 

 

For portable devices cobalt oxide is used for the cathode, which for cost reasons, cannot be used 

for automotive applications. Today, mainly Li-nickel oxides and lithium-manganese oxides are 

favoured, which are significantly cheaper37. Cell voltage is dependent on the electrode material and 

typically is between 3.6 and 4.2 V. Lithium is the element with the highest redox potential. A 

chemical reaction of the electrodes does not occur because of the above mentioned intercalation 

interconnection.38 44 

Li-ion batteries are mainly manufactured as round cells with spiral electrodes and, with increasing 

importance, in prismatic form, as this form allows a better utilization of space. Regarding tightness, 

high demands are made, as even slight traces of water and oxygen lead to irreparable damage 

and impinge on the expected length of life. 

Advantageous are the high cell voltage, excellent cycle stability and high life span. Using nickel 

oxide compounds as positive electrodes gives a considerable weight advantage. This contrasts 

with the raised requirements regarding control and monitoring electronics. 38 

Li-ion batteries differ from other battery technologies in the fact that they do not suffer from 

capacity loss by frequent partial discharge. They also have no chemical inertness effects, which, 

for example, appear on Ni-MH batteries with a drop of voltage after being charged with prior partial 

discharge. 

Li-ion batteries have the highest gravimetric and volumetric energy and power content of all battery 

technologies in consideration. 

The lithium-ion polymer battery or short lithium-polymer battery (Li-poly) is a further development of 

Li-ion battery cells in flat-type. The electrodes used are the same, however, instead of the porous 

                                                
43
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Energy Sciences Workshop for Electrical Energy Storage, Office of Basic Energy Sciences, Department of 
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 Oertel D., Energy storage, Progress Report on the monitoring of sustainable energy supply,TAB Work 
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separator saturated with electrolyte a dry, flexible polymer-based film is used. A sufficient ion 

conductivity being only reached at 60 ° C, the electrolyte, in modern batteries, is in the form of gel. 

The design is not subject to any restrictions. The usage of thin laminated films allows the battery to 

be designed "ultra thin", Figure 22. 

 

Figure 22 - Structural design of a lithium-ion and lithium-polymer cell
45

 

 

Compared to the Li-ion battery, the cost is higher and the cycle span is shorter. The energy and 

power content are about the same, with slight advantages for the Li-polymer battery. Besides these 

aspects, the advantages and disadvantages of the flat cell design have to be considered. Due to 

the high research activities on lithium batteries, improvements can be expected in both types.44 

Operation safety is also in the focus of research on Li systems. In a so-called thermal runaway 

exceeding operation temperature leads to exothermic decomposition of cell materials and the cell 

is exponentially heated and destroyed. Reasons for this are internal or external short circuits, 

mechanical deformation, deep discharge, overload or external heating. Several security measures 

counteract the thermal runaway, including active safety systems such as battery management 

systems (BMS, see chapter 2.3.4) and passive safety systems such as thermal fuses, etc. The use 

                                                
45
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of these systems must be viewed holistically, since there are interactions between the individual 

protection equipment.46 

Cell shape 

Today, batteries are developed and manufactured in the form of round cell batteries, prismatic cell 

and flexible flat cell ("coffee-bag"). 

 

Figure 23 - Cell shape of today's batteries
47

 

 

Currently, the automotive industry is investigating on the technologies of the round and flat cell. 

The experience in the production process is an advantage of the round cells, also a pressure rising 

due to side reactions can be endured without deformation problem and the cell remains tight. 

Disadvantageous are limited packing density and poor heat dissipation on cells with large capacity, 

possibly leading to a significant increase of core temperature. Flat cells, however, have an 

advantageous surface to volume ratio and allow better cooling. Potential problems may arise due 

to bloating in case internal pressure rises and long-term impermeability. Lower weight of the 

housing of flat cells compared to the round cells will lead to reduced production costs and an 

increase in specific energy.39 48 The efficiency of Li-ion batteries is max. 80 % - 90 %.41 

                                                
46

 Schäper C., Safety around the battery, car e.V. Workshop electrical and electromagnetic safety of electric 

vehicles, Institute for Power Electronics and Electric Drives, RWTH Aachen, Aachen 2010 
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Comparison of batteries 

In order to compare the various battery technologies with each other, an overview of the most 

important characteristics is shown in Figure 24. The data is composed of the average values given 

in the literature sources.36 37 42 38 40 Besides capacity and performance, charging time is an 

important criterion for the use in electric vehicles. The battery life span depends on the imposed 

load cycles, with deep discharge significantly reducing usable lifetime. 

 

Figure 24 – Battery characterisitcs 

 

A graphical representation of specific power to specific energy is shown by the so-called Ragone-

diagram. 

 

Figure 25 - Ragone-Diagram for batteries und super capacitors
49
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For the development of battery systems for use in electric vehicles, the specific energy and the 

energy density poses a significant challenge; with state of the art energy content being reduced by 

a factor of 50 or more compared to fuels. 

The use of Ni-MH battery systems in electric vehicles largely depends on the improvement of the 

specific energy and a significant cost reduction, with only a very limited potential for optimization on 

both criteria. Present they are used in a number of in hybrid vehicles of several manufacturers.39 38 

40  

The Na-NiCl2 battery is suitable for urban supply and passenger transport, with consecutive load 

cycles and no long idling. Battery packs are commercially available with relatively large capacity 

(20 to 120 kWh) and suitable for hybrid and battery electric vehicles. Vehicles for personal use, not 

being driven consecutively are not suitable applications for ZEBRA batteries. Low performance 

figures are a considerable drawback for the use in electric vehicles. Due to the high internal 

resistance and the thermal self-discharge, an optimization is not to be expected.36 42 39 

The lithium technology provides the best characteristics for usage in battery electric vehicles. They 

will play the leading role within the next decade. Which material combinations will succeed in the 

market is currently still just as unclear as the preferred cell shape. The costs of state of the art 

high-energy lithium batteries are at this time very high. They are quantified "on the order of 

1,000 € /  kWh"39. Mass production will lead to a considerable cost reduction with savings of 50 % 

to 70 % being expected within the next five years.39 38 

The increase of specific energy values up to 1500 Wh/kg, which could allow a vehicle range of up 

to 500 km, are apparently, even with Li-ion batteries, not to be expected before 2020.50 The lifetime 

of traction batteries must be of about 2500 to 3000 cycles at a discharge depth of 80 % to 100 %.40 

For all state of the art battery systems the number of cycles achievable therefore has to be 

increased significantly. It is in particular for the development of Li-polymer battery the main 

challenge. 

2.2.1.2.2 Effects of ambient temperatures 

Ambient temperature has a significant effect on battery performance. While the problem is 

commonly known, available information on battery performance under different environmental 

conditions is limited. As stated in chapter 1.1.3 on page 25 tests conducted by the German 

technical inspection agency "TÜV Süd" and the motoring journal "Auto Motor und Sport" identified 

a loss in range of up to 47% at ambient temperatures of -7 °C.16 The loss of range is attributed to 

increased power consumption (heating) and reduced battery performance, but to which proportion 

each effect contributes is not known specified. 

                                                
50
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The general temperature characteristic of batteries is illustrated in Figure 26, showing significant 

drops in voltage and capacity at lower temperatures. This can be attributed to rising internal 

resistance at lower temperatures. 

 

Figure 26 - Effect of operating temperature; T6 > T4 > T1; T4 - ambient temperature
51

 

 

The usable temperature range is limited. If temperature is to low internal resistance rises to a level 

inhibiting charging or, if charging is attempted nevertheless, causing irreversible damage to the 

battery cell. Upper temperature limits have to be obeyed to prevent cell damage and, depending on 

cell type, thermal runaway causing catastrophic destruction of the cell itself. Typically the usable 

temperature range for discharging is wider than for charging.  

Actual performance figures depend on the individual cell type and are in general not released by 

the battery manufacturers. Usable temperature range for different cell types are specified below. 

 

Figure 27 - Permissible temperature limits for various batteries
52
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Purpose build automotive Li-Ion batteries can be charged at temperatures down to -10 °C, but 

quick charging may not be used at temperatures below +5 °C. This equally effects energy 

recuperation. Therefore, a thermal management system including heating, cooling and preheating 

is required in most climate zones. In extreme climatic conditions active cooling might be required. 

Only limited precise data is available regarding available power and energy at different 

temperatures. As a basic principle battery performance drops significantly when temperature is 

below 10 °C. If the temperature is close to the minimum operation temperature of the battery, 

performance figures are only a fraction of the officially published performance figures of the 

vehicle, which are, according to UNECE R101 (see chapter 1.3.3), measured at an ambient 

temperature between 20 °C and 30 °C. A thermal management system, despite its energy 

consumption, is recommendable to effectively use battery electric vehicles in cold environments. If 

energy losses during discharge are sufficiently high, active heating might not be necessary at that 

point. 

Opel specified battery performance of the 16 kWh Li-Ion battery pack used in the Opel Ampera (or 

Chevrolet Volt) as follows. 

       

Figure 28 - Battery performance vs. temperature
53

 

 

2.2.1.3 Motor and inverter 

The efficiency of the electric engine in combination with the required power electronics cannot be 

used as sole measure of evaluation; a holistic view on the overall energy efficiency with respect to 

the specific load cycles has to be made. The weight of the electrical machine is an essential 

criterion for use in electric vehicles, since it has a direct influence on acceleration and rolling 
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resistances and, therefore, on the energy consumption of the vehicle. The electrical machines are 

not operated in stationary operating points but with ever-changing torques and rotation speeds.39 

Asynchronous machines (ASM), synchronous machines (SM), permanently excited synchronous 

machines (PSM), switched reluctance machines (SRM), transverse flux machine (TFM) and 

brushless DC machines (BLDC) can be used on FEVs. Because of their efficiency and their 

advanced stage of development compared to the special design of the synchronous machines, 

ASM and SM are to be preferred for use in electric vehicles.54 

An overview of the characteristics of different machines is given in Figure 29. 

Performance 

Characteristics
BLDC SM PSM ASM TFM SRM

Maximum rotation 

speed [1/min]
6000 > 10.000 > 10.000 > 10.000 > 10.000 > 10.000

Field weakening ratio 3 3 - 7 3 3 - 7 - 2

Spec. Torque [Nm/kg] 1 0,6 - 0,75 0,95 - 1,72 0,6 - 0,8 - 0,8 - 1,1

Spec. Power [W/kg] 0,15 - 0,25 0,15 - 0,25 0,3 - 0,95 0,2 - 0,55 - 0,2 - 0,62

Max. efficiency of the 

Machine
0,82 - 0,88 0,87 - 0,92 0,87 - 0,94 0,89 - 0,93 0,9 0,90 - 0,94

Max. efficiency of the 

Controls
0,98 - 0,99 0,93 - 0,98 0,93 - 0,98 0,93 - 0,98 0,93 - 0,97 0,93 - 0,97

Max. efficiency of the 

drive
0,80 - 0,85 0,81 - 0,90 0,81 - 0,92 0,83 - 0,91 - 0,83 - 0,91

 

Figure 29 - Values of different parameters of electrical machines
55

 

 

The levels of efficiency stated in the table above are not valid for all points of operations. Figure 30 

shows the operating ranges with best levels of efficiency (exceeding 85 %) for ASM, PSM and 

SRM (here referred to as the PM and GRM) designs. 
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Figure 30 – Operating range with optimal levels of efficiency for different electric machines
39

 

 

2.2.1.4 Transmission and drive train 

The characteristic of electrical machines allows the use of electric motors for vehicle propulsion 

without a multi-stage switchable transmission. However, for speed adjustment, a single-stage 

gearbox is required. Depending on driveline configuration a prop shaft, a final drive and half shafts 

must be added used. Therefore, the mechanical efficiency of the drive train can vary between 90 % 

and 98 %. 

2.2.2 Drive train power demand 

Vehicle propulsion energy demand can be calculated based on required wheel torque and vehicle 

speed and has to be provided by the drive train composed of the abovementioned components 

and afflicted by the energy losses of those components. It has to be taken into account that the 

levels of efficiency assigned to these components above are only valid for the respective optimal 

operating points. Due to the nature of passenger vehicle road traffic, load cycles inflict a wide 

variety of different speed and torque request to the drive train. Especially electrified drive trains 

without shiftable gear boxes therefore have to operate at not optimal working points most of the 

time. 

Energy efficiency of electrified drive trains can be increased by the use of recuperative braking. 

The amount of recoverable energy is depended on a large variety of parameters. Driving at a 

constant speed (e.g. on motorways) and predictive driving (e.g. coasting) limits the energy 

recovering potential of recuperative braking. Consecutive accelerating and braking or long 

mountain descends enable the system to harvest energy at a significant level. The amount of 

energy recuperated is depending on drive train design, since recuperative brakes are only 

available at the driven axle and driving stability can be affected by inadequate brake proportioning. 

This might cause an anti lock braking system to cut off recuperative braking due to excessive 
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wheel slip (according to UNECE regulations, see chapter 1.3.1). For the same reason, driving on 

low friction surfaces, or high speed cornering, limits energy recovering potential significantly. Any 

amount of energy recuperated at the wheel is subject to energy losses inflicted by the motor (used 

as generator), the inverter and the battery. 

Complex simulation models are necessary to calculate energy flow while driving due to the 

complex nature of energy demand and drive train behavior and component interdependencies. To 

generate reproducible and comparable results standardized driving cycles are used as load data in 

simulations.  

In the following driving resistance will be analyzed as a function of relevant vehicle parameters with 

respect to the specific characteristics of fully electric vehicles. The effect of different driving states 

and driving cycles is analyzed. 

2.2.2.1 Driving resistances 

A car is exposed to different resistances while it is driving on the road.  These resistances need to 

be overpowered by the drive train. The total resistance is the sum of these discrete resistances 

and can be subdivided into the constant (air, wheel and grade resistance) part and the dynamic 

(acceleration resistance) part. 

The air resistance result from the fact, that a moved object in the atmosphere encounters a 

resistance force, which is square proportional to the vehicle velocity. The characteristic figure of a 

car for the aerodynamic drag is the product of the drag coefficient cd and the reference area A. The 

cd-value is identified in the wind tunnel and describes the aerodynamic performance of the object. 

The reference area A is defined as the area of the orthographic projection of the object to the 

direction of motion and is about 2 m² in size.  With an known flow velocity v and air density ρA 

the drag resistance can be calculated with the formula 
2

2
vAcF A

ddrag 


. The following figure 

gives a comparison of the cd-value development. 

A further part of the total resistance is the wheel resistance, which describes the forces at the 

wheel acting against the roll direction. It is mainly composed of the flexing and the frictional 

resistance. The flexing resistance is caused by the work lost through the internal friction during tire 

deformation. The frictional resistance is the result from the relative movements between the tire 

and the lane. In general the wheel resistance is quantified by the rolling resistance coefficient crr, 

which is the ratio of the resistance force to the wheel load.  So the wheel resistance is defined by 

the formula  
grrrw gmcF cos  αgr is the grade angle and has the value 0°, when there is no 

slope. The following table gives an overview of the influence of the lane on the rolling resistance 

coefficient. 
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Figure 31 - Air drag
56

 

 

 

Figure 32 - rolling resistance coefficients 

 

Driving uphill a slope the weight force is not normal to the road anymore and can be subdivided in 

its components parallel and normal to the road. The parallel weight force is called downhill-slope 

force and has to be overpowered by the drive train as well. 
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 Aerodynamik des Automobils , Hucho, W.-H., Vieweg Verlag, 2005 
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Figure 33 - Gravity forces on batter
57

 

 

So the grade resistance can be calculated with the weight of the car and the grade angle: 

 
grgr gmF sin  

The last component of the vehicle resistance is the acceleration resistance. It is composed of the 

inertia forces occurring during the acceleration and has to be overpowered. It is subdivided in the 

rotational and the translational part, and can be calculated as the product of the car weight and the 

longitudinal acceleration.  The rotational part is regarded in the mass factor ei , which summarizes 

the vehicle-specific data. This is the reason, why the vehicle payload is taken account without the 

mass factor. The mass factor is usually dependent on the gear ratio, but with a fix gear ratio 

electric vehicle has constant values for the mass factor. So the acceleration resistance can be 

calculated with the formula  
xplveha ammeF   

The total resistance can be now calculated as the sum of all resistances. 

      xplvehgr

A

dgrrrr ammegmvAcgmcF  


 sin
2

cos 2
 

Generally it can be said, that at low speed, the air resistance has little influence, but it gets 

dominant with increasing speed, while mass is of prominent nature at low velocities and during 

acceleration and driving up-hill. 
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 Stefan Gies; Longitudinal Dynamics of Vehicles; Institute for Automotive Engineering (ika), RWTH Aachen 

University, page 95 
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Figure 34 - resistance forces 

 

2.2.2.2 Driving cycles 

Actual drive train energy demand results from driving resistances (depending on driving state: 

vehicle speed, acceleration, road gradient and surface, and payload) and vehicle and drive train 

characteristics. To be able to compare different vehicles and to provide objective data on vehicle 

efficiency and available range, standardized driving cycles are used to calculate energy 

consumption. A large variety of basically two different types of load cycles is available. These load 

cycles can be measured real life load cycles or artificial load cycles designed to represent various 

real life driving scenarios.  

As stated in chapter 1.3.3, UNECE rules specify the “New European Driving Cycle” (NEDC) to be 

used for official consumption measurements. This artificial driving cycle is designed to represent 

urban, rural and motorway traffic conditions. The driving cycle is under criticism for underestimating 

real life energy consumption due to low acceleration figures and low top speeds (motorway). 

Furthermore NEDC measurements are performed under laboratory conditions disregarding the 

impact of real life environmental conditions. 

Being design to represent averaged energy consumption but not representing highly dynamic real 

life loads, the NEDC is not applicable for drive train design purposes. Therefore, to evaluate 

requirements and specifications on chassis systems and in wheel motors in WP 5 and task 2.5, an 

alternative load cycle based on real life measurements, has been used. 

To asses vehicle energy consumption correctly, drive train loads can be calculated based on 

driven wheel loads originating from drive cycle power and torque demands combined with a 

detailed drive train model to be parameterized for every vehicle model individually. Additional 
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energy consumers have to be taken into consideration. Combined with the available energy stored 

in the battery available range of a battery electric vehicle can be calculated. 

2.2.3 Heating and air conditioning 

Depending on ambient conditions considerable amounts of energy are required for heating and air 

conditioning. It is not only compliance to legislative requirements (e.g. de-icing of the windscreen 

within a given time58) that has to be guaranteed but comfort characteristics of conventional vehicles 

have to be equalled. As stated in chapter 1.1.1, a FEV that is design to be a mass market product 

must not be inferior to conventional vehicles of the same class regarding comfort, functionality and 

safety. Energy consumption for heating and air conditioning is highly dependent on ambient 

conditions and therefore season, daytime and location. 

Heating 

State of the art vehicles vent heated air into the passenger cabin for heating and, by directing 

airflow on the glass surface, de-icing and drying windscreen in the process. To increase driver’s 

comfort and thereby traffic safety, airflow is directed on hands and feet since those body parts are 

especially sensitive to low temperatures. According to the study „Thermomanagement von Elektro-

Fahrzeugen“59 (Heat Management in electric vehicles) heating up a sub compact car requires, 

depending on ambient temperature, more than 4 kW of energy and more than 2 kW for 

temperature preservation once a comfortable temperature is reached. The following table specifies 

energy requirements for different environmental conditions. 

ambient 

temperature
heating up

temperature 

preservation

-20 °C 4,63 kW 2,69 kW

-10 °C 3,93 kW 2,03 kW

0 °C 3,23 kW 1,37 kW
 

Figure 35 – Energy demand to heat the passenger cabin of a sub compact car 

 

Unlike on conventional vehicles, this energy demand cannot be met by heat lost in the drive train. 

Supplemental heat isolation is not deemed to be promising due to the metal base structure of the 

occupant cell, large-area window panes and limitations in vehicle dimensions and weight. 

According to the aforementioned study heat lost on the drive train in urban traffic is insufficient to 

heat the passenger cabin sufficiently when the ambient temperature drops below 15 °C. When 

temperature drops below -5 °C more energy is needed to heat the cabin than to actually drive the 

vehicle (NEDC urban).  

                                                
58

 78/317/EEC 

59
 Renner, M.; Koppe, T.; Thermomanagement von Elektrofahrzeugen; in PKW-Klimatisierung VI; Hrsg. v. 

Jörn Hofhaus; ISBN 3-8169-2934-6 
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Back window and exterior rear view mirrors cannot be heated by hot air vents and electric heating 

as defogger. Energy consumption of back window defoggers typically is 150 W. Seat heating is a 

popular comfort feature on a growing number of vehicle models. Energy consumption of back 

window defoggers is about 150 W about seat heating requires about 130 W per seat. 

Air conditioning  

Driver awareness and comfort is not only reduced by low temperatures, heat has a similar effect. 

Air conditioning systems are state of the art in most vehicle classes and electric cars have to be 

equipped equivalently. Energy consumption of air conditioning compressors can exceed 6 kW 

during short periods of use (cooling of a car that has been heated by the sun) and averages 2 kW 

on a sunny day.  

In addition to the energy required for heating or cooling, blowers and control systems have to be 

powered. 

2.2.4 Auxiliary consumers 

Total vehicle energy balance includes a large number of auxiliary consumers, each using only a 

limited amount of energy. Due to the number of systems, their total energy consumption has to be 

included. For practical reasons most of those systems will be carry over solutions sourced from 

conventional cars and are therefore powered by a 12 V DC power supply. Every fully electric 

vehicle therefore is equipped with a 12 V electric circuit powered by the high voltage traction 

batteries using a DC-DC converter  A conventional lead acid battery is used to compensate for 

peak loads exceeding converter capacity and to sustain vital vehicle functions in case of a 

converter malfunction.  

Some systems among the auxiliary consumers spend small amount of energy continually (e.g. 

ECUs, lights), inflicting only minor system loads but draining the main battery constantly. Other 

systems require considerably larger amounts of energy causing massive system loads for short 

periods of time (e.g. EPS steering) but are not operational constantly. 

Lighting 

Conventional halogen head lamps and tail lamps consume about 150 W to 200 W. Xenon 

headlights, while being more energy efficient themselves, require additional control units that 

compensate the energy savings of the luminous element. Usage of LED based daytime running 

lights (power demand: 30W) reduces energy consumption considerably but state of the art LED 

headlamps offer no energy savings.60 

                                                
60

 Ackermann, R.; Die Lichttechnik im Audi R8 LED Scheinwerfer; http://www.al-

lighting.de/neu/products_technology/headlamps/led/AL_Lichttechnik_AudiR8_Ackermann.pdf  

http://www.al-lighting.de/neu/products_technology/headlamps/led/AL_Lichttechnik_AudiR8_Ackermann.pdf
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Power assist systems 

Power assist systems are used to reduce operating forces to be applied by the driver to operate 

steering and braking. In the past most of these systems have been based on servo hydraulic 

actuators powered by pumps directly driven by the combustion engine. To enhance energy 

efficiency of conventional vehicles these systems have largely been replaced by electrically driven 

systems. Those systems can be used on fully electric vehicles without the need of major 

adjustments. High energy demand suggests adopting these systems to high voltage levels 

available on battery driven vehicles but no suchlike vehicles are currently available. On 12 V power 

supply current demand can exceed 100 A inflicting considerable load on the power supply. On 

average energy demand is considerably less and largely depends on driving conditions. Cruising 

on a highway at constant speeds leads to negligible energy requirements for power assist systems 

while parking a car results in energy demands exceeding 1kW. An average power consumption of 

100 W is considered to be realistic. 

Entertainment and Navigation 

Car radios and satellite navigational systems require an average of 100 W each. 

12 V DC power supply network 

Vehicle control unites, data networks and a large number of small consumers (e.g. displays, water 

pumps, interior lighting) constantly drain the battery with a total average energy demand of up to 

200 W.  

Energy drain on 12 V power supply comes up to an averaged total of at least 500 W. During every 

day driving this can increase to an average of 1 kW. Higher energy demand can occur temporarily 

but is not expected to have to be sustained for longer periods. This does not include energy 

requirements for heating, air conditioning, and back window or seat heating. 

Upper limits of averaged total power drainage of 12 V systems can be identified by analyzing 

alternator performance of conventional vehicles, since they are the only available power source to 

supply these components. Generators fitted to compact class and lower midsize vehicles do not 

exceed a constant power output of 1.5 kW.  

2.2.5 Real life energy consumption and range 

Based on the state of the art analysis in chapter 2.1 an average power consumption of 130 Wh/km 

to 200 Wh/km (measured according to chapter 1.3.3) is identified for state of the art mass market 

fully electric vehicles resulting in an energy requirement of 13 kWh to 20 kWh per 100 km. Being 

measured according to UNECE R 101, this includes energy consumption of the drive train and 

auxiliary consumers necessary for driving but no heating, lighting, entertainment or additional 

comfort systems.  

The NEDC covers a distance of approximately 11km within 1180 s. Therefore driving 100km will 

take about 3 hours. Within this period of time entertainment, navigation and lighting will consume 
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1.2 kWh. Power assist systems are considered to drain the battery by an additional 1 kWh. In low 

ambient temperature an additional 8 kWh might be required to heat and de-ice the vehicle, not 

including comfort features like seat heating. Under hot environmental conditions 6 kWh might be 

consumed by the air conditioning system. Both figures do not include additional energy required to 

reheat or cool down the vehicle after it has been parked outside for a longer period. If the batteries 

need to be heated (see chapter 2.2.1.2.2) additional energy is lost. 

Depending on environmental conditions and comfort features installed and activated, energy 

consumption can double compared to NEDC measurements, causing a drop of available range by 

50%. Driving style and disadvantageous traffic conditions can increase energy consumption even 

further.  

According to the commonly used definition, batteries may loss 20 % of their performance during 

their lifetime. It is not until they have reached that level of degeneration that they are considered to 

be worn out. Therefore, a vehicle will lose a corresponding amount of available range in its lifetime. 

According to ECE regulations consumption and range measurements are performed at ambient 

temperatures between 20 °C and 30 °C. Typical real life environmental temperatures are 

considerable lower, depending on location, season and time of the day. If the battery is not 

thermally preconditioned, available battery capacity drops significantly (see chapter 2.2.1.2.2), 

reducing available range and performance. This is especially disadvantageous since energy 

consumption increases to heat the passenger compartment.  

Range specifications, measured according to present law, therefore have to be considered as an 

optimum value. Day to day usage being subject to additional energy consumers, unfavorable 

ambient and traffic conditions and battery degeneration will result in lower available range.  

2.3 Driver assistant systems, control strategies and vehicle 

state estimation 

A large variety of control processes are required for the operation of modern motor vehicles. Very 

few functions are operated purely mechanically, even if most safety-related systems are design 

with mechanical fallbacks ensuring basic functionality in case of electronic malfunctions. Only 

through these control systems and their interdependencies, the state of the art efficiency of modern 

vehicles can be achieved. 

From a user point of view, some systems work in the background and serve to execute the driver 

requests under present technical boundary conditions (e.g. engine control). Other systems use 

elaborate HMI interfaces for diver information or fulfill their function by intensively involving the user 

into their function (e.g. navigation). Classification of individual systems is often not precise or 

impossible due to close network cooperation of different systems. 
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Any modification in structure or design of a vehicle induces changes in control strategies and 

controller network architecture due to the high level of cooperation between different systems. In 

the case of the electrification of the engine, power train controllers are primarily affected. However, 

other systems are subject to modifications even if their interconnection to the drive train is not 

apparent at first sight. 

2.3.1 Drive train configurations and controller strategies 

The basic function of a vehicle drive train and its controllers is to provide the torque requested by 

the driver to propel the wheels while considering a large number of different objectives. 

Due to the large variety of different power train configurations (in this case, combustion engines, 

hybrid and battery electric drives are taken into consideration), requirements on drive train control 

systems differ to an extend that systems used on conventional vehicles cannot be transferred e.g. 

to FEVs. Drive train controllers therefore have to be tailor made to suit the specific needs of the 

individual drive train configuration. 

Therefore, only a brief overview of state of the art drive train control strategies for conventional and 

hybrid vehicles will be given in the following. The focus of the analysis will be on the state of the art 

of battery-electric drive trains.  

2.3.1.1 Internal combustion engine 

The drive train of conventional vehicles consists of an internal combustion engine (ICE), a torque 

converter or clutch, a gear box and at least one differential. In the simplest form only the internal 

combustion engine is subject to an electronic control system, gearbox and clutch are operated 

manually and the final drive is purely passive. 

From a control engineering point of view more complex systems, combine an internal combustion 

engine with a hydraulic torque converter and an automatic transmission or an automated clutch 

and an automated manual transmission. Torque Vectoring systems allow the selective distribution 

of drive torque to the wheels according to the current driving situation 

Internal combustion engine (ICE) 

As a basic principle, the power output of the ICE is torque controlled. The preselected target value 

is primarily defined by the driver input at the accelerator pedal, while other factors are 

superimposed on this value. For example, activating an air conditioning compressor results in 

increased engine load which is compensated by raising the preselected target value to avoid any 

noticeable looses in engine torque, and anti slip control systems reduce engine torque to avoid 

excessive wheel spin. The engine is speed controlled only during start up and while idling. 

The engine ECU controls the combustion process (depending on engine type: air flow, fuel 

injection, ignition, valve control, etc.) and engine operation (e.g. protection against overheating, 

preventing torque fluctuations). Additionally, there are various other features such as emission 

control, displays and diagnostics.  
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To implement these functions, numerous sensors are evaluated, including driver requests (e.g. 

accelerator pedal position), diagnostic and process sensors (e.g. different temperatures and 

pressures, engine speed, exhaust gas composition) and data provided by external sources (e.g. 

ambient temperature, fuel pressure). Different actuators are used to implement the functions. 

These are partly attributable directly to the engine (e.g. throttle valve, injectors, and spark plugs), 

others are part of the exhaust system (e.g. exhaust gas recirculation), the fuel system (e.g. tank 

ventilation, pumps) and displays on the dashboard. 

Gear box 

More complex and efficiency increasing power train control strategies than soley torque and 

emissions focused control strategies are applicable in case the vehicle is equipped with an 

automatic gear box and an ECU controlled torque converter. By choosing the gear ratio different 

engine operating points can be selected, allowing optimizations available power, fuel consumption 

or noise. 

 

Figure 36 - engine map with different modes of operation for a continuous variabel transmission
61

 

 

The drive train control algorithms select the optimal operating point of the engine and controls the 

engine itself as described above. Additionally, gearbox and torque converter are controlled to 

optimize gear changes (comfort) and to operate smooth drive away and reversing. During 

mountain descent drag torque is used to unload the brake system. 
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Torque Vectoring 

Torque vectoring systems vary the share of torque sent to each driven wheel using special torque 

vectoring differentials. The torque distribution is used to control resonant intrinsic steering 

behaviour of the vehicle, to increase agility and to improve traction. 

Torque vectoring controllers estimate vehicle driving state and apply the necessary torque to 

influence driving behaviour accordingly. Basic control strategies used for torque vectoring systems 

can be reused in electric driven vehicles but controller implementation has to be adapted 

significantly. 

Analogy to BEV 

Since all-electric vehicles do not use internal combustion and do not require shiftable gearboxes, 

no substantial part of the complex power train control systems of conventional vehicles can be 

reused. In principle, torque vectoring drive trains can be combined with an electric motor; In that 

case, the torque vectoring control system could be used on the electric vehicle. This is not to be 

expected from today's perspective, since far better results can be achieved for the torque vectoring 

control by using wheel-selective motors. This is due to the shorter response time of an electric 

motor compared to a torque vectoring gear. Also, economic benefits for a transfer solution are not 

to be expected. 

2.3.1.2 Hybrid drive trains 

Hybrid drives consist of at least one internal combustion engine and one electric motor, which is 

used as a generator, too. As energy storage, a fuel tank and a battery are implemented. The drive 

train structure, integrating both machines, the driven wheels and the battery, can be implemented 

in various ways. Figure 19 on page 46 gives an overview of the key concepts. A detailed analysis 

of the different hybrid drive train configurations is not part of this project, nor is a detailed analysis 

of the corresponding drive train control strategies beneficial for ID4EV. However, the basic 

principles of drive train management are the same for all system layouts, and, based on an 

analysis of interaction of the different drive train components, individual controller subsystems can 

be identified that are suitable for use in FEVs. 

Compared to conventional power trains, further degrees of freedom in the choice of the engine 

operating point are obtained by the vehicle hybridization. The ICE can be supported by activating 

the electric motor or be more heavily loaded by generator operation, to avoid engine operation in 

inefficient operating points. The accumulator is used to buffer the associated energy. The electric 

motor, acting as a generator, can be used for regenerative braking, enhancing energy efficiency of 

the power train. Depending on the performance of the electric motor and the battery, the vehicle 

can be driven purely electric. 

For the control of the ICE, the points mentioned in the previous chapter remain applicable. The 

electric motor can only be used at a different speed as defined by the internal combustion engine, 

when supported by a complex drive train configuration. Therefore, the operating point is selected 

according to the needs of the internal combustion engine. The electric motor is used for the 
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optimization of the engine operating point. Non-optimal efficiency of the electric drive train has to 

be accepted. It should be noted that the electric energy flow used to increase ICE efficiency is 

subject to losses (generator, inverter, battery, inverter, motor) and that the operating point optima 

of electric motor and combustion engine are at different speeds and loads. Figure 36 shows an 

example of the efficiency maps of the engines of a parallel hybrid drive. The operating strategy of 

the hybrid system has to take these characteristics into account and will therefore be individually 

adjusted for each vehicle. 

An additional process variable in hybrid drive train control is the state of charge of the battery. It 

must be high enough to provide the required power for propulsion, but, at the same time, the 

battery must provide enough available storage capacity for regenerative braking. The battery itself 

is controlled by a so-called battery management system, which can be adopted for the use in BEVs 

and is discussed in chapter 2.3.4. 
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Figure 37 - Superimposition of electric machine and combustion engine in case of parallel "single-
shaft" hybrids

62
 

 

The recuperation capability of hybrid drive trains necessitates adjusting the brake system to 

provide torque blending capability. These brake systems can be used on the all-electric vehicles. 

More about the regenerative brakes is found in the chapter 2.3.3. 
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2.3.1.3 Battery electric drive trains 

The control strategy of a battery-powered electric drive train is comparatively simple. 

Compared to conventional and hybrid vehicles, all systems used for combustion process 

optimization and exhaust gas treatment are inapplicable. Since an electric motor does not require a 

shiftable gearbox, no operating point optimization is possible. The concept of torque control is still 

used, but under different technical boundary conditions. Effects inflicted by auxiliary equipment and 

gear changes do not exist. The torque control is not put in effect by controlling the combustion 

process, but by controlling the inverter. The torque request resulting from driver input, vehicle 

dynamics control systems and driver assist systems therefore must be implemented in a 

fundamentally different way. A complex power train management system as used in hybrid 

vehicles is also not required. 

In a battery-powered electric drive train, as shown in Figure 20 on page 47, the battery, the 

inverter(s) and the engine(s) are subjected to the power train control system. Whereat the engine 

provides only measurements (operating temperature, speed) to the drive train controller and is not 

subject to any controller interactions itself. The battery is equipped with a battery management 

system that monitors and controls the internal state of the battery and calculates, as a function of 

state of charge and other variables, the maximal retrievable or storable power. Drive train power 

output is controlled using the inverter as a controlled gateway between battery and motor. In the 

case of regenerative braking, the inverter uses the energy generated by the electric motor to 

charge the batteries. The control of an electric motor through an inverter complies with the state of 

the art and can be adopted for use in electric vehicles from many other applications. 

The drive train management calculates motor torque based on a large number of different 

parameters, including driver request, requirements from various driver assistance systems (e.g. 

cruise control), the current performance capabilities of all drive train components (for example, a 

high engine temperature may lead to reduced available power) and the total energy in stock. 

Limited energy supply might trigger an ADAS to reduce available vehicle performance in order to 

preserve sufficient energy to reach a specified destination. 

As with hybrid vehicles, the brake system is integrated into the drive train, since the braking power 

is generated in part by elements of the drive train and not by independent brake systems. The 

specification of braking torque to be provided by the engine is calculated by the braking system 

controller and not by the power train management system. Both controllers therefore have to be 

interconnected.  

Charging the battery is an additional mode of operation to be controlled by the drive train ECU. 

While charging is controlled by the battery management system in cooperation with the charger, 

drive train management has to immobilize the vehicle during charging, since a cable connection to 

a stationary power outlet exists and the driver will not be at the controls will recharging. 
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2.3.2 Range calculation, energy management and information to the driver 

Energy reserves in battery electric vehicles are considerably lower than in conventional cars. 

Therefore, even with superior drive train efficiency, electric vehicles require a much more elaborate 

energy management system. These systems must not only predict available range based on 

previous consumption, but have to correctly predict future energy consumption based on 

navigational data (in case the destination is known), adapt vehicle performance accordingly (e.g. 

by restricting available power or deactivating dispensable consumers) and provide necessary 

information to the driver. 

State of the art conventional vehicles do not offer any systems suitable to be used as carry over 

solutions. Range calculation is based on extrapolation of previous consumption and reliability is 

poor. Therefore state of the art systems urge the driver to stop for refueling approximately 70 km 

before the car runs out of fuel. 70 km are about 10 % of the range of ICM based vehicles and 

refueling takes only a view minutes at one of the widespread filling stations, but about 50 % of the 

range of a state if the art BEV under optimal conditions and refueling takes considerable longer 

and infrastructure is yet insufficient. State of the art electric vehicles are only equipped with state of 

charge displays. Therefore, readily available systems do not exist.  

However, state of science offers concepts for advanced driver assist systems design for plug in 

hybrid vehicles (PHV) but not yet developed to series production status. Those systems can be 

adapted to the needs of battery electric vehicles and have to be enhanced to be used in series 

production applications. 

Development objective of these systems is to optimize electrical range of PHV and optimize battery 

usage by predicting future energy consumption. As an example, batteries can be fully charged by 

rising engine load (to a level of optimal efficiency) prior to mountain ascent and be completely 

discharged at the peak to optimize recuperative potential while descending. 

Range calculation and energy consumption 

If the destination of the voyage is known, these model based algorithms can be used to predict 

total drive train energy consumption, based on advanced digital maps including altitude and speed 

limit information, a detailed vehicle and drive train model in combination with a driver model. The 

concept is illustrated in Figure 38. Basically, the map data is used to estimate maximal (allowed) 

speed and a vehicle and driver model are used to calculate realistic vehicle speeds and 

accelerations. Using pattern recognition methods the total drive is broken down to a sequence of 

standard driving manoeuvres which is used to calculate energy consumption. Prediction quality is 

assessed to calculate appropriate safety margins. 

To enhance prediction quality additional sources of information can be used, e.g. vehicle sensors, 

car-to-X communication, radio based services and weather conditions. Especially information on 

traffic flow and ambient temperature are vital to correctly predict overall consumption. Available 

traffic flow data is neither sufficiently detailed nor reliable enough for this application and reliable 

temperature data is only available on current ambient conditions. Information on ambient 
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temperature is vital to correctly predict energy consumption and available energy (see chapters 

2.2.3 and 2.2.1.2.2). Since temperature might change considerably during long drives (changes in 

altitude or weather, nightfall) extrapolation of current ambient temperature might not be sufficient to 

correctly predict energy consumption. Therefore, state of the art solutions are not available. 

 

Figure 38 - method of power and energy prediction
31

 (translated) 

 

Energy management 

Based on predicted overall energy consumption and available energy stored in the battery it is 

known whether or not the destination can be reached in normal driving mode. If insufficient energy 

is available, consumption has to be restricted by limiting performance of auxiliary consumers (e.g. 

air conditioning, heating), limiting driving performance (e.g. max. acceleration, top speed) or 

deactivating auxiliary consumers not vital for driving (e.g. radio). Depending on the characteristics 

of the specific trip, different sets of vehicle configurations might reduce energy consumption to a 

level allowing reaching the desired destination. These configurations have to be identified and, 

based either on user choice or automated systems, put into effect. The necessary network to 

control energy consumption of different systems is not available on state of the art series 

production vehicles. 

HMI system 

The necessary HMI systems providing driver information and offering the choice of the operating 

mode are not available and have to be designed specifically for that purpose. This system has to 
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fulfill the user needs identified in chapter 1.1.4, since it is a major user interface and a 

distinguishing feature to be found only on electric vehicles. 

2.3.3 Recuperation 

Recuperative braking is essential to increase range and therewith usability of FEVs. Recuperative 

brake systems and controllers are state of the art on hybrid vehicles and can be used as carry over 

solutions. 

Brake systems with torque blending capability 

The brake system has to provide torque blending capability to use recuperative braking in braking 

manoeuvres exceeding coast down deceleration. Brake torque has to be balanced not only 

between axles, but different brake systems (friction and recuperative), overall deceleration and 

pedal force have to be matched. A large variety of different systems providing that functionality is 

available and used in different vehicles. As of yet, none of the available solutions can be regarded 

as industry standard. 

Basic torque blending capability is available on all conventional state of the art braking systems 

using electronic brake force distribution (EBD) functionality. While being a cost efficient solution, 

regenerative braking without using the friction brakes simultaneously is not possible and pedal 

travel effects during transition processes cannot be suppressed entirely. 

Superior solutions can be achieved using brake-by-wire systems. Based on conventional brake 

systems, a variety of suchlike systems is available. Noteworthy examples are: 

 Simulator brake actuation (SBA) 

 Electro hydraulic brake (EHB) 

 Active hydraulic brake booster (AHB) 

All three systems are based on conventional hydraulic systems. The mechanical link between 

brake pedal and hydraulic system is disconnected but is automatically reactivated in case of a 

system malfunction. In normal operating mode, pedal force is generated using a pedal force 

simulator (hydraulic or mechanic); braking force is not generated by the driver pressing the pedal 

but using an electrically controlled vacuum brake booster, or, depending on the system, an 

electrically controlled hydraulic brake booster or an “upgraded” ESC system.  
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Figure 39 - Simulator brake actuation system (source: Conti) 

 

To illustrate the concept a SBA system is shown in the figure above. Compared to a conventional 

system a pedal force simulator (2) is integrated and the mechanical link between pedal and 

vacuum booster is disconnected (a). An ECU (7) measures pedal travel (6) and controls an 

electromagnetic valve in the brake booster to generate the necessary brake force. Friction brake 

torque can be reduced by an amount corresponding to the distance “a” separating the brake pedal 

form the brake booster valve. This share of total brake torque can be provided by the regenerative 

brake system. While driver request is lower than the dead travel “a”, friction brakes are not 

necessarily activated. In case of malfunction the pedal force simulator (2) is deactivated along with 

the electronic valve in the booster and the system is reconfigured as a conventional brake system 

only distinguishable from such systems by the dead travel “a”. 

More efficient solutions can be achieved using electromechanical brake-by-wire system but 

suchlike systems are not yet state of the art. 

Control methods 

The brake-by-wire controller basically is an upgraded ESC controller. In addition to conventional 

ESC functions, the requested total brake force is calculated (based the pedal travel) and 

distributed between the recuperative and conventional brake systems. The torque requested from 

the recuperative brake system is transmitted to the drive train control unit. Friction based brake 

torque has to be controlled using the brake by wire actuator (e.g. in case of an SBA-system the 

brake booster valve). Since brake torque is not controlled directly, the torque resulting from the 

actuator’s controlled variable has to be estimated. 
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In case ABS, ESC or suchlike systems apply corrective actions (e.g. in cases of excessive wheel 

slip, under steer or over steer), the recuperative brake system is deactivated and only friction 

brakes are used. State of the art brake system controllers do not adapt recuperative brake torque 

to the driving conditions. 

2.3.4 Battery management systems 

The modern battery systems used as traction batteries on electric vehicles differ fundamentally 

from the simple lead-acid starter batteries of conventional vehicles. Details on the design, 

composition and performance of advanced batteries are documented in chapter 2.2.1.2. 

From a controller engineering point of view a so-called battery management system is required to 

operate such batteries, which fulfills a variety of tasks related to the battery itself and is a central 

element of the drive train controller architecture. In addition to controlling the battery itself, the 

global state of charge and state of health of the battery are detected and communicated the vehicle 

drive train management system. Battery management systems are readily available for plug in 

hybrid vehicles and can be adapted to the needs of FEVs.  

The website www.electropaedia.com lists the following core functions of a battery management 

system to be used on a hybrid vehicle: 

1. Monitoring the conditions of individual cells which make up the battery 

2. Maintaining all the cells within their operating limits 

3. Protecting the cells from out of tolerance conditions 

4. Providing a "Fail Safe" mechanism in case of uncontrolled conditions, loss of 

communications or abuse 

5. Isolating the battery in cases of emergency 

6. Compensating for any imbalances in cell parameters within the battery chain 

7. Setting the battery operating point to allow regenerative braking charges to be absorbed 

without overcharging the battery. 

8. Providing information on the State of Charge (SOC) of the battery. This function is often 

referred to as the "Fuel Gauge" or "Gas Gauge " 

9. Providing information on the State of Health (SOH) of the battery. This measurement gives 

an indication of the condition of a used battery relative to a new battery. 

10. Providing information for driver displays and alarms 

11. Predicting the range possible with the remaining charge in the battery (Only EVs require 

this) 
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12. Accepting and implementing control instructions from related vehicle systems 

13. Providing the optimum charging algorithm for charging the cells 

14. Providing pre-charging to allow load impedance testing before switch on and two stage 

charging to limit inrush currents 

15. Providing means of access for charging individual cells 

16. Responding to changes in the vehicle operating mode 

17. Recording battery usage and abuse. (The frequency, magnitude and duration of out of 

tolerance conditions) Known as the Log Book function 

18. Emergency "Limp Home Mode" in case of cell failure. 

In this enumeration the thermal management system required for modern batteries is missing. As 

shown in the battery technology chapter, the battery has to be operated in a specific temperature 

range, defined by the cell chemistry. The interactions with other control systems (item 12) are in 

particular: the communication with the charger and the regenerative brakes and the drive train 

control system. 

These functions are largely applicable for fully electric vehicles. Only the 7th function is not needed 

for a BEV and the 11th function of range prediction should be implemented using an independent 

ADAS (see chapter 2.3.2) which provided more reliable results than the simple extrapolation 

methods available to battery management systems. However, detailed and reliable information 

about the current SOC must be available. 
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3 Requirements and specifications for brake-by-wire 

systems 

The ID4EV (Intelligent Dynamics for fully Electric Vehicles) is an innovative project which focuses 

on improving the acceptance of fully electric vehicles. The intelligent braking system interest of the 

project consists in developing a brake-by-wire system, which helps the implementation of torque 

blending strategies to maximize energy recuperation, while keeping drivers' comfort and security. 

The main topics on the intelligent brake system are the brake mechanism, energy recuperation, 

torque blending, and component quality. 

General requirements on the brake-by-wire system will be specified to ensure the performance 

level on different items: comfort, efficiency, braking stability, noise and vibrations. 

3.1 Elicitation of requirements 

 

Figure 40 - Renault Fluence Z.E. (source: Renault www.renault.com) 

 

As stated in chapter 1.1, the user experience of an EV should be as close as possible to an 

internal-combustion engine vehicle in the same class. This means that except of range, all other 

functions and characteristics should not require compromise. Regarding the brake system no 

drawbacks regarding safety are acceptable. Moreover no difference in user feedback may arise 

that might cause doubts regarding safety and performance of the brake system. 
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 The main function of a braking system is to decelerate and stop the vehicle in response to a 

driver request 

 To implement recuperative braking the system has to provide torque blending capability.  

 The braking system shall ensure state of the art performance during specified endurance 

braking tests 

 The braking system shall ensure state of the art stability performance 

 The braking system shall ensure state of the art parking brake functions 

 The braking system will comply with the regulatory constraints concerning braking systems 

As stated in chapter 1.3, the braking system shall comply with the existing regulations concerning 

service braking (ECE regulations and local regulations).  

We remind some important points available in the regulation ECE R13-H: 

 The service brake controlled by the brake pedal has to apply braking torque on all the 

wheels. 

 In case of brake failure, the emergency brake shall be able to insure a minimum 

deceleration for a maximum pedal force. 

 Fail Safe: the sensor used for the braking system shall be monitored and checked for 

plausibility (Brake light switch, pressure sensor and b-pedal stroke sensor etc.). 

 Detected sensor failures as well as system failures of the ABS shall lead to safe mode 

function. The failure shall be indicated to the driver according to the severity. 

 An electrical failure of the braking system shall still allow the driver to brake the vehicle 

down to standstill according at the minimum ECE-13 requirements 

 The brake pedal feel should be constant and similar to conventional braking system. A 

pedal feel benchmark will give important input regarding pedal effort and pedal stroke 

versus target deceleration. 

 Noise and vibration produced by the system should be at an acceptable level 

3.2 Definition of use cases 

Usage of passenger vehicle brake systems can be divided into four different categories: daily use, 

mountain descent, hazards and parking. Typical use cases will be described below. In some 

cases, different situations can be evaluated (different speeds, different adhesion conditions, 
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different load conditions, different trajectory radius). These tests are state of the art on passenger 

vehicles and have to be fulfilled regardless of the vehicles drive train. 

The vehicle can be loaded between its minimum weight and its maximum weight. The most 

common load case would be the “nominal load”. 

A detailed list of use cases can be found in the Annex II of this document.  

During design process of any new vehicle these test are typically used to identify the required 

performance figures and compliance will be tested during real life test with prototype vehicle later 

on in the development process. 

3.2.1 Daily braking 

Daily braking use cases are design to represent all braking manoeuvres that occur during normal 

day to day use. 

The braking comfort and pedal feeling during braking manoeuvres should be evaluated for different 

speed levels (50 / 90 / 130 / 150 km/h). The level of braking request shall be “soft” and “hard”. 

"Soft" meaning 10 to 20% of the maximum braking potential, corresponding to a normal braking 

"Hard" meaning 60 to 70% of the maximum braking potential, corresponding to a strong braking for 

a normal driver  

The maximum longitudinal deceleration, depending on the adhesion limit, could be identified during 

an ABS test on the available test track. 

During ABS regulations, pedal comfort will also be commented. 

For each deceleration level, depending on the available adhesion, the braking request should 

correspond to a fixed brake pedal position, corresponding to an effort in the pedal.  

These items will be mainly evaluated on high-mu. And will be verified on different adhesion levels 

(medium and low). 

These items will be mainly evaluated for a nominal load. Some verification with max and min load 

will be done on these manoeuvres.  

Pedal progressiveness will be evaluated on these manoeuvres. 

3.2.2 Successive braking / Mountain descent 

Specific braking efficiency evaluation tests will be conducted on the demonstrator vehicle to 

compare and verify the braking system performance compared to an equivalent vehicle, called 

reference vehicle, equipped with a conventional braking system. These tests are aimed at 

evaluating the thermal limits of the brake system to ensure tht fading does not occur during 

mountain descent.  
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Fading tests are good opportunities to evaluate the capacities of the BBW system. 

The main observation parameters being the brake temperatures (surface friction temperature…), 

and stopping distances, the results could be compared to an equivalent reference vehicle equipped 

with a conventional braking system. 

 

Figure 41 - Grossglockner descent (source: Google) 

 

The Grossglockner descent is a commonly road test to check vehicle engine performance and the 

thermal capacity of the braking system. The road, which has a constant 10.5% slope for 14.6 km, 

is one of the most extreme road test that can be done around Europe and can be used, uphill and 

downhill, to check parameters as battery capacity, electric motor high load requirements, 

foundation brake system capacities, etc. 

Foundation brakes alone (without regeneration support) can be tested in Grossglockner, to check if 

the system fulfils safety requirements with full batteries or a system failure of the RB in terms of 

thermal capacity. 

The criteria and objective may differ between different OEM's and different vehicle segments. But 

the main criteria as the maximum brake liquid temperature and the pedal force vs. pedal stroke 

have to be observed and recorded. At the end of the descent a vehicle has to perform system 

effectiveness check where a brake is performed (80 kph) at 0.6 g and the required brake pressure 

is recorded. The measurement shall be compared to the initial brake evaluation before performing 

the descent. 

3.2.3 Hazards / Hard braking 

Other braking efficiency manoeuvres shall be done on the demonstrator vehicle to evaluate the 

efficiency of the braking components and strategies in hazardous events to prevent accidents. 

Tests include: 
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 Maximum ABS braking on symmetrical and asymmetrical adhesions (high mu / low mu) 

 Hard braking on adhesion transitions (Low to High / High to Low) 

 Hard braking on a rough road 

For these manoeuvres the performances such as: stopping distance, maximum deviation, 

maximum yaw rate and minimum wheel slip should be compared to the reference car performance 

on the same manoeuvres. 

3.2.4 Parking brake / slope parking 

 

Figure 42 - Parking brake button (source: Renault www.renault.com) 

 

The system shall be able to stop and maintain the vehicle, with a maximum load, in a slope of 30% 

inclination. 

15, 20 and 30% inclination slopes are considered as daily-use cases. 

The possibility of trailer driving should be discussed. If this use case is accepted, the system shall 

be able to stop and maintain the vehicle and its trailer in a slope of 15% inclination, full load vehicle 

and specified trailer. 

3.3 Definition of braking system 

To fulfil those requirements and use cases the friction brake system is designed as follows: 

 The brake-by-wire system will apply friction torque at the front axle 

 The foundation brakes will apply friction torque at the rear axle 

 The brake pedal force feed-back will not be controlled by a specific actuator 

 The brake pedal will control the service brakes 

 The brake-by-wire system will be controlled in order to ensure the requested deceleration, 

taking into account the amount of regenerative braking available 
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More detailed design parameters on the brake system can be found in the deliverables in WP 3. 

The aim of the work documented in this section was to identify basic requirements on the brake 

system. The system design is done in WP 3 based on the information specified above. 
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4 Requirements and specifications for brake systems 

including recuperation 

The purpose of regenerative braking is to increase the driving range of electric vehicles, and it 

should be available most of the time, except in specific conditions (fully loaded battery, very low 

grip, high speed, etc.). Therefore, it will be necessary to take into account the different states of the 

braking system: either with regenerative braking to assess the global performance of the vehicle, 

or without regenerative braking to assess the performance of the friction braking system itself, or 

both to determine the influence of variable levels of regenerative braking on the performance. 

The recuperation braking is part of the service brake, so the requirements and specifications 

described in the previous chapter are still valid. The aim of the part bellow is to complete the 

requirements concerning the combination of the brake-by-wire system, the foundation brakes and 

the regenerative brake as a complete braking system. 

User needs are, based on the study in chapter 1, maximization of energy harvested to extend the 

available range and a braking system that is not distinguishable from a conventional system 

regarding performance and pedal characteristics especially regarding the correlation between 

pedal force and vehicle deceleration. Therefore recuperation must not influence driving stability 

and since wheel torque generated by the system varies torque blending capability must be 

provided by the friction based braking system. 

4.1 Legislative regulations 

The legislative requirements are based on the ECE regulation ECE R 13 - H (see chapters 1.3.1 

and 3.1 for more details on ECE R 13 - H). In addition to the requirements discussed in the above 

mention chapters provisions are made regarding Regenerative Braking in Annex 8 of the 

document. The regulation defines the function of the regenerative braking system, its integration 

into the conventional brake system and its operation and user interface. 

Basically an “"Electric regenerative braking" means a braking system which, during deceleration, 

provides for the conversion of vehicle kinetic energy into electrical energy.”63 The control device 

which modulates the action of the electric regenerative braking system is today mostly integrated 

into the ABS or ESC system. 

                                                
63

 ECE R 13 – H, page 8; http://www.unece.org/trans/main/wp29/wp29regs/r013hr1e.pdf 

http://www.unece.org/trans/main/wp29/wp29regs/r013hr1e.pdf
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The ECE R 13 - H distinguishes between two different categories of electric regenerative braking 

system: 

 Category A is an electric regenerative braking system which is not part of the service 

braking system. 

 And the category B is a regenerative braking system operated by service brake as a part of 

the service part. 

4.2 Braking requirements including recuperation 

From a technical point of view the following requirements are derived from user needs and 

legislative provisions. 

 The e-motor shall be used as generator during coast down and active braking by the driver 

to recharge the batteries. 

 The operation of the electric regenerative braking shall not be adversely affected by 

magnetic or electric fields. (see ECE R 10) 

 The system should have a friction brake combined with an electric regenerative braking 

system. This blending of friction brake and regenerative brake must not affect the 

deceleration of the vehicle and the driver must not feel any transition. 

 For vehicles equipped with an anti-lock device, the anti-lock device shall control the electric 

regenerative braking system of either category, in order to prevent excessive wheel slip due 

to the RB. 

 The service braking system shall have only one control device. 

 Additionally, the action on the service braking control shall not reduce the above braking 

effect generated by the release of accelerator control. 

 The service braking system shall not be adversely affected by the disengagement of the 

motor(s) or by the gear ratio used. 

 If the operation of the electric component of braking is ensured by a relation established 

between the information coming from the control of the service brake and the braking force 

at the respective wheels, a failure of this relation leading to the modification of the braking 

distribution among the axles shall be signalled to the driver by an optical warning signal. 

 Any separate electric regenerative braking control of category A shall not be used for ECE 

R 13 – H Type-0 tests (minimum deceleration requirements) and provide the current 

requirements. 
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 The tests have also to be performed on a track with a low adhesion coefficient (engine 

connected) with active ERB. Transient conditions, as gear changes (if present) or 

accelerator release shall not affect the behaviour the vehicle under test condition. 

 Transient conditions as gear changes or accelerator control release shall not affect the 

behavior of the vehicle under test condition 

 The regenerative brake acts on drive axle. The ideal brake distribution shall be considered 

to guarantee brake stability and ECE R13H standards. 

ECE R 13 - H (additional sections for regenerative braking system to be fulfilled): 

 If ABS is becoming active the regenerative torque shall be controlled or switched off until 

the end of the brake (BLS = off). 

 The regenerative brake shall consider the load of the vehicle (chassis level) and the level of 

adherence. Furthermore it has to be controlled by the ABS controller to avoid excessive 

wheel slip and to guarantee the stability and the steer ability of the vehicle. 

 The BBW system as well as the regenerative braking function have to be fully compatible 

with state of the art control systems as the Electronic Stability Control. 

 The braking system shall be able to manage torque blending (mix of electric torque and 

friction torque), to ensure the deceleration requested by the driver. 

 The braking system shall ensure a stable deceleration corresponding to the brake pedal 

position, and the brake pedal feeling (effort), independently of the vehicle state (Battery 

state of charge...) 

 Pedal feeling (effort/position/deceleration) shall be repeatable and independent of torque 

blending variations 

 The specified braking system shall improve energy recovery performance compared to a 

conventional friction brake associated with regenerative braking. 

4.3 Specifications 

Efforts performed in task 2.4 to identify the requirements and specifications on regenerative 

braking are closely linked to work in WP 3 aimed at the design of suchlike systems. Therefore 

efforts have been joined to achieve optimal results. A consequence is that work results cannot be 

clearly attributed to one part of the project. Therefore, the specification of the regenerative braking 

system is detailed in the document D3.2 produced by Continental Teves. 
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5 Requirements and specifications for chassis systems 

The requirements and specifications for chassis systems have to be developed to allow for a target 

orientated development in WP 4. Based on end user needs as well as technical and legislative 

requirements, basic specifications of the system to be developed will be outlined. 

5.1 Vehicle category and axle concept 

As identified by correlating user needs and the state of the art of electric propulsion systems in 

chapters 1 and 2 small city cars are the best choice for the first generations of fully electric vehicles 

to be developed as mass market products.  

Therefore it has been decided to focus the efforts made in task 2.5 and WP 4 on the vehicle 

segment of city or urban cars (A-segment). Typical representatives of this vehicle class are for 

example Volkswagen Fox, Renault Twingo, Citroën C1 or Peugeot 107. 

 

Figure 43 - Peugeot 107 (source: Wikipedia
64

) 

 

Typically cars in this category are about 3.5 m long and have a curb weight of about 1000 kg. Twist 

beam rear suspension is the de-facto standard on A-segment vehicles. Therefore the concept will 

be evaluated using a twist beam axle. Based on the analysis of user needs and the state of the art 

                                                
64

 http://de.wikipedia.org/w/index.php?title=Datei:Peugeot_107_Dreit%C3%BCrer_Scarletrot.JPG&filetimesta

mp=20080907193642 

http://de.wikipedia.org/w/index.php?title=Datei:Peugeot_107_Dreit%C3%BCrer_Scarletrot.JPG&filetimestamp=20080907193642
http://de.wikipedia.org/w/index.php?title=Datei:Peugeot_107_Dreit%C3%BCrer_Scarletrot.JPG&filetimestamp=20080907193642
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analysis it has been predicted that implementation of fully electric drive trains in larger vehicles will 

become competitive within the foreseeable future. The next bigger class of vehicles, so called 

B-segment models (e.g. Volkswagen Polo, Ford Fiesta or Opel Corsa) use twist beam rear axle 

designs a de-facto standard, too. Even most C-segment models utilize this concept. Only high 

priced C-segment models and even larger and more expensive vehicle classes are typically 

equipped with more elaborate suspension designs (e.g. Volkswagen Golf - trailing blade rear 

suspension). Using a twist beam axle design as technical basis for the development of an in wheel 

motor therefore is not only the correct choice according to the state of the art of electric vehicles 

but regarding the next levels of development, too. 

 

Figure 44 - Twist beam axle (Source: Webpublications.com.au) 

 

Integration of the in wheel motors into the axle has to be implemented in such a way that the 

function of the axle and the suspension is not affected. Durability must not be reduced by the 

inevitable modifications. Package restrictions have to be met. 

5.2 Vehicle performance requirements and specifications 

Fundamental design parameters of any drive train are engine torque and power available for the 

propulsion of the vehicle. As stated in chapter 1.1 a FEV has to provide the same driving 

characteristics and the same level of usability to be accepted by customers and achieve a 
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significant level of market penetration. Therefore the vehicle has to be useable on all roads in the 

same way as a conventional vehicle. 

Based on basic vehicle data and known driving scenarios the required power and torque output 

can be calculated and, using basic design parameter of the drive train (e.g. gear ratio) necessary 

engine output can be determined. 

The calculations have been performed by Applus IDIADA using the following vehicle parameters:  

 Nominal vehicle mass:  mv = 1200Kg 

 Passenger mass:   mp = 75 Kg 

 Number of passengers  np = 2 

 Number of electric motors  nm= 2 

 Air drag:   SCx = 0.65 

 Wheel radius:   R = 0.36 m 

 Rolling friction:  CR = 0.05 

To limit the large variety of possible driving scenarios to a practical number a selection has been 

made including a theoretical approach to cover all standard driving scenarios, real life urban traffic 

and mountain passes. Based on the chosen scenarios all possible real life driving scenarios are 

covered. Required torque and power are calculated to identify the demands on the fully electric 

vehicle and thereby the engines to be developed. 

A general approach is used to determine the necessary torque and power to maintain a constant 

speed on roads with different ascending slopes. On a flat road 260 Nm of wheel torque and 29 kW 

of power are required to maintain a constant speed of 140 km/h. Depending on the incline required 

torque increases significantly. 
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Figure 45 -Power and Torque to maintain Velocity for 6 different road gradients (Source: IDIADA) 

 

A standard test used to evaluate the performance of any new vehicle during the development 

process is to drive on selected mountain passes. According to simulations performed by Applus 

IDIADA crossing Great St. Bernard Pass (gradient: 10%) at 50 km/h requires 375 Nm of wheel 

torque and 21 kW power. 

 

Figure 46 - St. Bernard Pass (Source: Britannica.com) 

 

The typical driving speed on the Brenner Pass is higher (100 km/h) but road gradient is much less 

significant (3 %). Simulations calculate 360 Nm and 20 kW. 
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Figure 47- Brenner Pass Highway (Source: Gettyimages.de) 

 

Applus IDIADA created a real life urban driving cycle based on a typical daily run in urban and 

suburban traffic. As illustrated in the map, the driving cycle covers a distance of 45 km within 80 

minutes on various urban and suburban roads and in varying traffic densities. Unlike most abstract 

driving cycles like the New European Driving Cycle (NEDC) used to measure energy consumption 

(see chapter 1.3.3) this realistic approach includes stops at traffic lights, velocity restrictions and 

accelerations and decelerations inflicted by normal traffic conditions. Driving style is neither 

sportive nor aggressive but smooth and controlled.  

 

Figure 48 - Typical daily route (Source: IDIADA, Google Maps) 
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A statistical analysis of wheel torque and power consumption identifies the load on the vehicle’s 

drive train in regular daily use. The following graphs show torque requirement distribution and 

cumulated power requirement during a section of the test drive. High levels of torque and power 

are only required during a small portion of the driving cycle. 

Based on the considerations and calculations outlined above and the drive train design it is 

determined that each in wheel engine to be design in this project has to provide a continuous 

power output of at least 20 kW, peak power of 40 kW and a torque of 400 Nm.  

 

 

Figure 49 - Required Torque while the typical daily route (Source: Applus IDIADA) 
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5.3 Driving comfort requirements 

Driving comfort of an electrified vehicle has to be equal or superior to conventional vehicles of the 

same class. Significantly increasing un-sprung masses by adding an in-wheel motor alters the 

dynamic response behaviour of the vehicle to vertical excitations inflicted either by the road surface 

or longitudinal or lateral acceleration of the vehicle.  

Diver (and passenger) comfort is subject to the complex response characteristic of the oscillating 

system “vehicle” (including tires, chassis, body, seat, steering system, etc.) and is composed of 

driver acceleration in all degrees of freedom (acting on the entire body or body parts), vibrations 

and noise. The system excitation results from a wide spectrum of road surface irregularities (with 

different frequencies and amplitudes as well as vehicle acceleration, causing a large variety of 

effects on different vehicle systems (e.g. steering wheel, seat, pedals) with different frequencies 

and amplitudes acting on the driver (e.g. vibration on the steering wheel, noise and driver 

acceleration) (see Figure 50). Furthermore, the development objective driver comfort has to be 

balanced with driving safety which is largely depending on sufficient tyre-road contact. 

 

Figure 50 - Autospectrum of the seat-surface vibration signal while driving on the pavement road at 
20 km/h

65
 

 

The complex nature of the system and the large variety of different excitations renders an objective 

quantification of driver comfort impossible. Therefore objective and subjective measures used to 

describe driver comfort are based on comparisons to reference vehicles. Most objective 

measurements are based on power spectral density analysis of vehicle body acceleration. 

                                                
65

 Nahvi, H.; Evaluation of Whole-Body Vibration and Ride Comfort in a Passenger Car; International Journal 

of Acoustics and Vibration, Vol. 14, No. 3, 2009 (pp. 143 - 149) 
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Subjective assessment of vehicle comfort is done using various reproducible excitations (e.g. 

driving over single obstacles or driving repeatedly on a bad road) and a specially trained driver 

assesses vehicle behaviour.  

 

Figure 51 - radar chart used to describe rear axle behaviour
66

 

 

For a newly developed model, reference vehicles typically are the preceding model or competitive 

models from other manufacturers. Development goals are described based on the evaluation of 

the benchmark vehicles. In case of ID4EV an existing vehicle will be equipped with in-wheel 

motors and therefore the unaltered vehicle will be used as reference to evaluate driving comfort 

and safety.  

The vehicle vertical dynamic system will be adapted to compensate for the negative effects 

resulting from the increased un-sprung masses and it is aimed at achieving the same or a superior 

level of diver comfort by maintaining the level if driving safety of the base vehicle. 

There are no legal requirements on driving comfort or the vertical dynamics system of a passenger 

vehicle that are affected by the modifications of the vehicle. 

                                                
66

 Heißing, B.; Subjektive Beurteilung des Fahrverhaltens; Vogel Fachbuch; Würzburg 2002; page 151 
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5.4 Durability requirements 

Durability of any component used on a mass market electric vehicle has to be equal or superior to 

conventional vehicles. To ensure that design and engineering of the in wheel motor, the harness 

and all other components designed or redesigned for FEVs meet these standards, a large number 

of tests has to be performed during the development process. Requirements are defined in detail 

by industry standards and vehicle manufacturers. 

Special attention is given to the harness connecting the in wheel motors to the power converter 

installed inside the vehicle body. The harness is subject to the wheel travel, salt spray, stone 

chipping and other external hazards. 

5.4.1 Legal requirements and standards 

ECE regulations issued by the UNECE WP.29 do not specify requirements regarding vehicle or 

component durability (see chapter 1.3). Those provisions are made in various standards. As legal 

requirements the International Standards (ISO) for road vehicles and the German (DIN) Standards 

are considered during the development process, including, but not limited to: 

 ISO 1431 - Rubber, vulcanized or thermoplastic -- Resistance to ozone cracking 

 ISO 6722 - Road vehicles -- 60 V and 600 V single-core cables -- Dimensions, test methods 

and requirements 

 ISO 14572 - Road vehicles -- Round, screened and unscreened 60 V and 600 V multi-core 

sheathed cables -- Test methods and requirements for basic and high-performance cables 

 ISO 16750 - Road vehicles -- Environmental conditions and testing for electrical and 

electronic equipment 

 ISO 11124 - Preparation of steel substrates before application of paints and related 

products -- Specifications for metallic blast-cleaning abrasives 

 DIN VDE 0472 - Testing of cables, wires and flexible cords; non-halogen verification 

 DIN 53387 - Testing Of Plastics And Elastomers; Artificial Weathering Or Exposure To 

Filtered Xenonarc Radiation 

 DIN 55996 - Paints And Varnishes - Stone Chip Resistance Test For Coatings 

 DIN EN 60068 -Environmental Testing 

 IEC 60811 - Common Test Methods for Insulating and Sheathing Materials of Electric and 

Optical Cables 

 IEC 60068 - Environmental testing 
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5.4.2 OEM requirements 

In addition to the international and national standards mentions in chapter 5.4.1 vehicle 

manufacturers expect compliance to industry standards defined by the individual OEM. Most of 

these industry standards are similar to the international or national standards but can be more 

challenging, too. 

Most OEM standards are confidential and therefore cannot be described and published in this 

document. Examples of public available OEM standards (BMW, Daimler, Ford, General Motors, 

Lotus, PSA, Renault, MG-Rover, Nissan, Volkswagen, Porsche) regarding Electromagnetic 

Compatibility (EMC) can be found on the internet.67 

5.4.3 Tests and test equipment 

Durability testing requires the exposure of components to physical, chemical, thermal and electrical 

load cycles. Theses load cycles represent real life loads on the components and can be 

reproduced using specific test equipment. Following those tests the components are inspected for 

failure and any damage that might affect its function.  

Tests can be classified as follows: 

Mechanical tests 

These tests are used to check mechanical influences on the components, e.g. shake test, drop test 

stone chip tests, bending or temperature tests. 

Electrical tests 

These tests check the electrical function and performance of components regarding e.g. insulation, 

capacitance, excess voltage and short circuits. 

Environmental tests 

These tests are used to check the effect inflicted on the components by the environmental 

conditions during regular use, including salt spray tests, thermal ageing and thermal shock or 

submerging in water. 

Detailed test procedures are to be defined in WP 4 and will be documented in deliverable D 04.2.  

                                                
67

 http://www.autoemc.net/Standards/OEMstandards.htm 

http://www.autoemc.net/Standards/OEMstandards.htm
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6 Requirements and specifications for network 

communication 

The purpose of the Task 2.6 was to elicitate the requirements concerning network communication, 

which have to be considered in the specification of the network communication. As possible 

sources of requirements the following aspects were analyzed: 

 User needs concerning the developed topics 

 Defined use cases 

 Future homologation & legislative requirements 

Work effort on Task 2.6 “Definition of requirements and specifications for network communication” 

and WP 5 “Intelligent Functionality by Cooperative Interaction for fully Electric Vehicles (IF4EV)” 

has been carried out by the same team of consortium members. It was decided to combine these 

efforts to achieve optimal results by efficiently utilizing all available resources. The high level of 

interaction between both parts of the project rendered it impractical and all but impossible to 

distinguish results achieved in the corresponding subprojects.  

Therefore it was decided to document all results achieved in task 2.6 and WP 5 in deliverable 

D 05.1 “System specification summary document”. Since this document is published no information 

is lost for the interested general public and scientific and engineering community. 

Annex III provides an overview on requirements and use cases on network communications. 
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Annex I - Vehicle Benchmark 
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1 2

Michelin Active Wheel Protean Drive

-Technologies

Supplier Name Michelin Protean Electric

Chair Clermond-Ferrand, France Farnham, UK

Logo

Release date 2008

Date of last inquest Nov 10 Nov 10

Key data Diameter n/a 420 mm

Weight 43 kg (entire wheel) 31,0 kg

Load Nominal n.a.

Maximal n.a.

Power Continuous 30,0 kW 54,0 kW

Peak 55,0 kW 83,0 kW

Torque Continuous n.a. 500,0 Nm

Peak n.a. 825,0 Nm

Voltage Nominal input n.a. 200,0 V

Max n.a.

Current DC

Speed At nominal voltage n.a. 800,0 rpm

Max n.a. 1400,0 rpm

Cooling Water

Suspension A second electric motor operates the active suspension via a gear rack and pinion 

that effectively replaces the normal hydraulic shock absorber with varying levels of 

firmness. Regenerativ suspension.

Brake Regenerativ braking, disc brake Regenerativ braking

Comment, Note or 

Quote

In 2004 Michelin presented the Active Wheel concept, an integrated corner module. 

Since then continuous development progress has been published. Several concept 

cars have used the active wheel. 

"A 7 kilogram (14.4 pound) in-wheel motor forms the heart of the Michelin Active 

Wheel. Packing in a sophisticated active shock absorption system, with its own 

dedicated motor, and disk braking brings the wheel to a hefty 43 kg (95 pounds). "

Printed Motor Works spin off, formally known as PLM Flightlink.

Several concept cars used the Hi-Pa (Mini QED 2006, Ford Electric F150 2008, 

Volvo ReCharge Concept 2008). No series production has yet been announced.

In 2008 PLM Flightlink fell into bankruptcy and has been succeeded by Protean 

Electric. Current status unclear.

Existing electric 

vehicles 
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3 4 5

E-Traction The Wheel MIEV

e-Traction e-Traction Mitsubishi

Appeldorn, Netherlands Appeldorn, Netherlands Tokio, Japan

Nov 10 Nov 10 Nov 10

378 mm 539 mm n.a.

85,0 kg 185,0 kg n.a.

1,5 T 2,3 T n.a.

2,5 T 3,0 T n.a.

6,0 kW 7,5 kW n.a.

32,0 kW 60,0 kW 47,0 kW

200,0 Nm 1250,0 Nm

600,0 Nm 2625,0 Nm 180,0 Nm

48,0 V 48,0 V 240,0 V

240,0 V 384,0 V

DC DC AC

2500,0 rpm 1500,0 rpm 8500,0 rpm

Air, contact and water Air, contact and water

Regenerativ braking, disc brake Regenerativ braking, disc brake Regenerativ braking, disc brake

Status of project and company unclear. Website looks dubious. Company claimes 

that working prototype vehicles exist, but only CAD based pictures are available.

Since 2005 Mitsubishi has been working on in wheel motors and presented various 

studies and concepts. Plans to implement it in the series production iMieV have 

been dropped. No recent publications available.
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6 7 8

eCorner Dynamic Damping Herkules

Siemens VDO (now: Continental) Bridgestone Heinzmann

Regensburg, Germany Tokio, Japan Schönau, Germany

Nov 10 Nov 10 Nov 10

n.a. n.a.

n.a. n.a. 11,5 kg

n.a. n.a. 0,2 T

n.a. n.a.

n.a. n.a. 0,2 kW

n.a. n.a.

n.a. n.a. 70,0 Nm

n.a. n.a.

n.a. n.a. 24,0 V

n.a. n.a.

n.a. n.a. DC

n.a. n.a. 125,0 rpm

Regenerativ braking, disc brake

Apperently one or two press releases concerning the eCorner have been published in 

2005 or 2006. No additional information is available. Work on the wedge brake has 

been continued.

For several years Bridgestone has been working on the „Dynamic Damping“ system 

to counteract negativ effects of high unsprung mass caused by inwheel motors. An 

additional mass (or the inwheel motor itself) acts as mass damper. Development is 

not focused on the motor itself.

Applications include: goods transport systems, flat bed carts, cargo trolleys, etc. 
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9 10 11

AVE 130 various prototypes FreccO

ZF Passau GmbH NTN Frauenhofer Gesellschaft

Friedrichshafen, Germany Osaka, Japan München, Germany

2009

Nov 10 Nov 10 Nov 10

572 mm n.a.

n.a. 25,0 kg n.a.

2 x 6T n.a.

n.a.

2 x 120kW 20,0 kW n.a.

n.a.

2 x 10500Nm 490,0 Nm n.a.

n.a.

350,0 V n.a.

420,0 V n.a.

AC DC n.a.

485,0 rpm 15000,0 rpm n.a.

Water and Glycol

Disk brake

For applications in commercial vehicles, ZF offers hybrid modules with the product 

name DynaStart. With up to 120 kW, this main component of a parallel hybrid drive 

is very powerful and provides an additional torque of up to 1,000 newton meters. 

Among its advantages are its compact axial design, its robustness, and its everyday 

suitability because the components have been designed specifically for their use in a 

driveline. ZF offers DynaStart also as a ready-to-install module, including separating 

clutch, which makes purely electric driving possible.

Since 2005 various in wheel motor concepts and prototypes have been presented. 

Market introduction is planned for 2012.

An Artega GT has been equipped with in-wheel motors to be used as an 

experimental plattform. The vehicle will be a one-off and is sceduled for mid 2011. It 

can be used for research projects in cooperation with the Fraunhofer Gesellschaft.
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12 13 14

3D Motor Autonomous Corner Module TM4

Nissan KTH Stockholm Advanced Technology Trasportation Institute

Yokohama, Japan Stockholm, Sweden Quebec, Canada

2010

Nov 10 Nov 10 Nov 10

n.a.

n.a.

n.a.

n.a.

n.a. 15 - 30 kw

n.a.

528,0 Nm n.a. 300,0 Nm

n.a.

n.a.

n.a.

n.a. 1900,0 rpm

n.a.

Used on the Pivo 2 concept car.

Can be used as in-wheel motor on FEV or between ice and transmission on hybrid 

vehicles.

Professor Zetterström  (KTH Stockholm) has been working on an experimental 

integrated corner module for over 10 years with various partners (Volvo, Magna)

The system integrates a wheel hub engine, drum brake, torsional spring and damper 

(assisted by electric engine) and independend steering and camber control in each 

wheel.

Research project, no series application.

In 1991 TM4 developed their first in wheel motor concept (first picture). The current 

concept was published in 2006. (second picture and data above).
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15 16 17

Elicca Honda FCX Hub Motor various

Keio University Honda Printed Motor Works

Tokyo, Japan Tokyo, Japan Alton, UK

2004

Nov 10 Nov 10 Nov 10

n.a. n.a. n.a.

n.a. n.a. n.a.

n.a. n.a. n.a.

n.a. n.a. n.a.

8 x 60kW n.a. 1,2 - 47 kW

n.a.

n.a. n.a. 25 - 753 Nm

n.a. n.a.

n.a. n.a. 36 - 300 V

n.a. n.a.

n.a. n.a. 450 - 1100 rpm

n.a. n.a.

"By the time the FCX Concept made its way from show floor display to drivable 

concept, though, its in-wheel motors were left behind in favor of more conventional 

electric drive, ostensibly because of the high voltage that must pass through cables 

powering each wheel motor and the friction challenges presented by the constant 

motion these cables endure."

Protean Electric spun off to focus on vehicle applications. Printed Motor Works 

supplys other applications (incl. aerospace and marine)
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18

electric Bluebird

Bluebird Automotive

Ammanford, UK

Nov 10

n.a.

n.a.

n.a.

n.a.

186,1 kW

600,0 V

DC

20000,0 rpm

Bluebird Automotive produces milk floats with central electric drivetrains. The inwheel 

motor was used for an experimental vehicle (UK land speed record for fevs)

 

All pictures and logos in Annex I are 

property of the corresponding 

companies and organizations. 
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Annex II – Use cases on passenger vehicle brake 

systems 

Item Tests description Slope

Adhesion 

(High/Medium/

Low)

Straight 

line / 

Cornering

Target 
Measurements / 

Evaluation 
Load 

Soft braking at different speeds 

(50, 90, 130, 150kph) 

deceleration 10 to 20% of max 

deceleration

0%

H-mu 

M-mu 

L-mu

S Reference car Subjective
nominal load 

max load

Hard braking at different speeds 

(50, 90, 130, 150) 

60% to 70% of max deceleration

0%

H-mu 

M-mu 

L-mu

S Reference car Subjective
nominal load 

min load

Pedal progressiveness on different 

braking maneuvers 
0%

H-mu 

M-mu 

L-mu

S to be defined
Pedal force=f(pedal travel),

deceleration=f(pedal force)
nominal load

Variation of deceleration during 

constant braking request (pedal 

position) on different braking 

maneuvers

0%

H-mu 

M-mu 

L-mu

S

< max % variation for 

constant deceleration 

request

max variation % nominal load

AMS braking test (10*100 to 0kph) 0% H-mu S
Brake temperature

Stopping distance
max load

Mountain descent - Alpine brake test

Grossglockner - 30*5 m/s²
x % H-mu S+C

Brake temperature

Stopping distance
max load

Hard braking on asymmetrical 

adhesion (from 100kph) 
0% H-mu / L-mu S Reference car

stopping distance

max deviation 

max yaw rate

nominal load

Hard braking on adhesion transition 

(from 100kph) 
0%

H-mu to L-mu 

L-mu to H-mu 
S Reference car

stopping distance 

wheel slips 
nominal load

Braking on rough roads 0% H-mu S Reference car
stopping distance 

wheel slips 

nominal load 

min load

In-curve braking 0%

H-mu 

M-mu 

L-mu

C Reference car
yaw rate 

subjective

nominal load 

min load

ABS avoidance relevant maneuvers 0%
M-mu 

L-mu 
S+C Reference car Subjective 

nominal load 

min load

Brake pulling, investigated on 

different cited braking maneuvers
0% H-mu S Reference car

Subjective 

Max deviation 

Max yaw rate 

Max wheel speed 

(correction)

nominal load

Effective energy recovery on a test-

rig and/or during a real-life test 
0% H-mu S xx% gain Estimated

nominal load 

max load

Regenerative braking and ABS 

regulation transitions 
0%

M-mu 

L-mu 
S

Same as Braking 

stability
Subjective nominal load

Global evaluation 15, 20, 30 % H-mu S Vehicle stopped Subjective max load

Trailer driving 15% H-mu S Vehicle stopped Subjective max load

Braking 

comfort 

Pedal feeling

Braking 

efficiency

Braking 

stability

Energy 

recovery

Parking brake
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Annex III – Use cases and requirements on network communications 

The defined use cases generate the following specific requirements: 

Requirement ID Requirement definition Object Type Actor Functional block 

Type of 

system 

requirement Version 

ID4EV_WP5_Network_004 

For distributed power train architecture (e.g. in 

wheel motors) a network communication system 

fulfilling the FSM (Functional Safety Requirements, 

see IEC61508 / ISO26262) requirements  shall be 

used Requirement Other Network 

Non-

Functional 0.2 

ID4EV_WP5_Network_031 

For function safety relevant data transferred on the 

network standardized security mechanisms shall 

be used (e.g. Checksum and/or message counter). 

--> End to End data protection Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_007 

a protocol to distribute profile information to profile 

relevant ECU's connected to the network shall be 

implemented Requirement 

Syste

m Network Functional 0.1 

ID4EV_WP5_Network_036 

In case of gateway functionality between networks, 

complete PDUs shall be routed Requirement Other Network Functional 0.1 
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Requirement ID Requirement definition Object Type Actor Functional block 

Type of 

system 

requirement Version 

ID4EV_WP5_Network_037 

In case of gateway functionality between networks, 

signal composite- PDUs out of several received 

PDUs shall be routed to the destination network (1 

of N routing) Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_038 

In case of gateway functionality between CAN 

networks, PDUs shall be routed immediate with a 

delay<5ms. B52 Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_039 

In case of gateway functionality between networks, 

a routing to the destination network based on data 

change on the reception side (onChange) shall be 

done with a delay<5ms. (not including delays 

caused by arbitration) Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_040 

In case of gateway functionality between networks, 

a decoupled routing of receive frames on the 

destination network shall be possible. The 

reception cycle is lower than the transmission 

cycle. Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_041 

In case of gateway functionality between networks  

a decoupled routing of receive frames on the 

destination network shall be possible. The 
Requirement Other Network Functional 0.1 
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Requirement ID Requirement definition Object Type Actor Functional block 

Type of 

system 

requirement Version 

reception cycle is higher than the transmission 

cycle. 

ID4EV_WP5_Network_042 

In case of gateway functionality between networks, 

the gateway ECU shall be able to route latest after 

100ms after the wakeup event may be detected by 

the gateway ECU. Requirement Other Network Functional 0.1 
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Requirement ID Requirement definition Object Type Actor Functional block 

Type of 

system 

requirement Version 

ID4EV_WP5_Network_044 General Network Capability Heading   Network   0.4 

ID4EV_WP5_Network_002 

To reduce the power consumption of the ECU 

infrastructure connected to the communication 

network, the communication infrastructure shall be 

divided into different network clusters (logical 

domains) Requirement Other Network 

Non-

Functional 0.2 

ID4EV_WP5_Network_003 

For the network architecture a vehicle network 

master shall be implemented to coordinate the 

wake up and sleep behavior of the vehicle 

networks Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_005 

To reduce the power consumption of the ECU 

infrastructure connected to the communication 

network a partial networking (wakeup on ID) on 

CAN shall be possible   Requirement Other Network Functional 0.2 

ID4EV_WP5_Network_006 

To control the wakeup sleep status of the 

communication clusters a network management 

shall be used Requirement Other Network Functional 0.1 
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Requirement ID Requirement definition Object Type Actor Functional block 

Type of 

system 

requirement Version 

ID4EV_WP5_Network_048 

The used network management functionality 

should be based on the AUTOSAR specifications 

(V3.x) Requirement Other Network Functional 0.4 

ID4EV_WP5_Network_007 

A protocol to distribute profile information to profile 

relevant ECU's connected to the network shall be 

implemented Requirement 

Syste

m Network Functional 0.1 

ID4EV_WP5_Network_008 

For update (reprogramming) of the ECUs 

connected to the networks, a high-speed access to 

the vehicle (>=500kBaud) shall be implemented. Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_009 

To detect and locate fault conditions of ECU's 

connected to the network in terms of network 

communication and wakeup sleep behavior, a 

network supervisor shall be implemented Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_010 

To prevent faulty permanent wakeup of a network 

by a faulty ECU application, the Network 

Management  shall implement a feature to bring 

this ECU into silent mode Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_045 

Functional Safety Requirements (FSM Functional 

Safety Management) Heading   Network   0.4 
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Requirement ID Requirement definition Object Type Actor Functional block 

Type of 

system 

requirement Version 

ID4EV_WP5_Network_004 

For distributed power train  architecture (e.g. in 

wheel motors) a network communication system 

fulfilling the FSM (Functional Safety Requirements, 

see IEC61508 / ISO26262) requirements  shall be 

used Requirement Other Network 

Non-

Functional 0.2 

ID4EV_WP5_Network_046 CAN Network  Heading   Network   0.4 

ID4EV_WP5_Network_001 

The average busload on the CAN networks shall 

be lower than 60% Requirement Other Network 

Non-

Functional 0.1 

ID4EV_WP5_Network_011 

All ECUs mounted on the CAN bus must be 

design in a way that on a ECU fault conditions no 

network interference of the other CAN nodes 

connected to the network could take place Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_012 

An ECU connected to the CAN network must not 

block the communication in case of a missing 

GND connection of the ECU. Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_013 

An ECU connected to the CAN network must not 

block the communication in case of a reset 

condition of the ECU Main controller or CAN 

communication device. Requirement Other Network Functional 0.1 
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Requirement ID Requirement definition Object Type Actor Functional block 

Type of 

system 

requirement Version 

ID4EV_WP5_Network_014 

For ECUs connected to KL15, a startup by 

feedback current from the CAN lines shall be 

prevented Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_015 

Error conditions on the network physical lines shall 

not have influence to the no network related 

functionality of the ECU Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_016 

a function integrated into ECU using data from any 

network shall switch to fail safe mode in case of 

missing network communication Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_017 

Local functions may be processed in case of 

missing network communication Requirement Other Network information 0.1 

ID4EV_WP5_Network_018 

A fault condition in an ECU shall not result in 

permanent wakeup of the network by this ECU. Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_019 

On the network, it shall be possible to have 

powered and not powered ECUs without disturbing 

the network communication. Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_020 

Only CAN-Controller based on ISO11898 shall be 

used Requirement Other Network 

Non-

Functional 0.1 
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Requirement ID Requirement definition Object Type Actor Functional block 

Type of 

system 

requirement Version 

ID4EV_WP5_Network_021 

Only CAN-controller based on the CAN protocol 

specification 2.0B shall be used. (Standard-

message format with 11-Bit-identifier und 

extended-message format with  29-Bit-Identifier) Requirement Other Network 

Non-

Functional 0.1 

ID4EV_WP5_Network_022 

The CAN transceiver shall be wake- able by CAN 

over the complete operational voltage of the CAN 

communication. Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_023 

The CAN operational voltage shall be between 6.5 

V and 17V Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_024 

Timeout definition and switching to a fail save 

mode based on missing network communication 

are deduced on the functionality.  Requirement Other Network information 0.1 

ID4EV_WP5_Network_025 

The ECU shall implement mechanisms to detect 

fault conditions on the network. Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_026 

For each signal transferred on the network a initial 

value shall be defined Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_027 

For each signal transferred on the network a 

default value shall be defined Requirement Other Network Functional 0.1 
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Requirement ID Requirement definition Object Type Actor Functional block 

Type of 

system 

requirement Version 

ID4EV_WP5_Network_028 

For each signal transferred on the network a 

invalid value shall be defined Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_029 

Cyclic PDU on CAN shall have a jitter  lower than 

10% of the cycle time. (not including delays 

caused by arbitration) Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_030 

PDUs defined to be event based (onChange) and 

cyclic messages shall have in any case a lower 

limit repetition time of 10% of the cycle time. Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_031 

For function safety relevant data transferred on the 

network standardized security mechanisms shall 

be used (e.g. Checksum and/or message counter). 

--> End to End data protection Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_032 

For transferring data bigger than a PDU, a 

transport protocol shall be implemented Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_033 

The transport protocol shall contain transmission 

control information Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_034 

In case of gateway functionality between networks, 

a transport protocol routing shall be implemented Requirement Other Network Functional 0.1 
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Requirement ID Requirement definition Object Type Actor Functional block 

Type of 

system 

requirement Version 

ID4EV_WP5_Network_035 

To reduce bursts on the CAN network, an ECU 

shall do a spreading of the cyclic messages on 

startup.  Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_047 Requirements for Gateway Functionality Heading   Network   0.4 

ID4EV_WP5_Network_036 

In case of gateway functionality between networks, 

complete PDUs shall be routed Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_037 

In case of gateway functionality between networks, 

signal composite- PDUs out of several received 

PDUs shall be routed to the destination network (1 

of N routing) Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_038 

In case of gateway functionality between CAN 

networks, PDUs shall be routed immediate with a 

delay<5ms. B52 Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_039 

In case of gateway functionality between networks, 

a routing to the destination network based on data 

change on the reception side (onChange) shall be 

done with a delay<5ms. (not including delays 

caused by arbitration) Requirement Other Network Functional 0.1 
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Requirement ID Requirement definition Object Type Actor Functional block 

Type of 

system 

requirement Version 

ID4EV_WP5_Network_040 

In case of gateway functionality between networks, 

a decoupled routing of receive frames on the 

destination network shall be possible. The 

reception cycle is lower than the transmission 

cycle. Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_041 

In case of gateway functionality between networks 

a decoupled routing of receive frames on the 

destination network shall be possible. The 

reception cycle is higher than the transmission 

cycle. Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_042 

In case of gateway functionality between networks, 

the gateway ECU shall be able to route latest after 

100ms after the wakeup event may be detected by 

the gateway ECU. Requirement Other Network Functional 0.1 

ID4EV_WP5_Network_049 General Hardware Requirements Heading   Network   0.4 

ID4EV_WP5_Network_043 

LV electronic and HV electronic must be 

electrically isolated (galvanisch entkoppelt) Requirement Other Vehicle Functional 0.2 

 


