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Final Report of Task2

Testing methods for vehicles with conventional and alternative drivelines

This MATADOR Task 2 final report is the result of a co-operative research project carried
out between January 1998 and June 2000 by the following partners:

»  TNO Automotive (the Netherlands), project leader

« ENEA/ ERG (ltaly)

+ Institut fir Kraftfahrwesen - IKA (Germany)

» Institute for Automotive Engineering (the Netherlands)

» Automobile Technology Department of HTA Biel-Bienne (Switzerland)

Task 2 was part of the overall MATADOR project, sponsored by the Commission of the
European Union (contract nr. JOE3CT970081) and co-ordinated by Novem (the
Netherlands).

Part | of this report has been composed by TNO Automotive on the basis of input by the
various project partners. It describes the research carried out in Task 2 of MATADOR and
summarizes the main results and conclusions. Also contained in part | are so-called
Frameworks with outlines for future testing methods, drawn up by IKA and ENEA. Part Il
of this report contains Subtask Reports, written by individual project partners, who each
have conducted research on one or more topics related to the testing of battery-electric,
hybrid and fuel cell vehicles.
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Abbreviations and symbols

2WD

A

aa

AC

AC-city

ACEA

Ah

APU

APU opl, APU op2
APU1, APU2, APU3
AS;

AUT.TR.

BAT

BEV

BS1-Vehicle
BS2-Vehicle

BSFC

C

C/5 or Cs
CARB
Cdl

CEN
CFD
CHEV
CH-HEVs
Ca

CNG

CO

CO2
CORIVAMIA
CorrCoeff
Cp

CRT

CS

Cs

CVT

Cy
D.O.E.
DC

DFT
DIFF
DOD

DPT
DST
DUBC
E

Ep

EC
ECE
ECEI15

2 Wheel Drive (Dynamometer )

Frontal area

Actual deceleration

Alternating Current

Aachen city driving cycle (developed by IKA)

Association des Constructeur Européens d'Automobiles
Ampere-hour. Unit for electrical charge (and even battery capacity)
Auxiliary Power Unit (generally an ICE with generator)

APU operating point 1 resp. 2

APU control strategy No.1, 2, or 3

Asymmetry between battery resistance in charge and in discharge at step current I
Automatic Transmission

Battery

Battery Electric Vehicle

Vehicle, with a braking strategy according: Braking Strategy: 1
Vehicle, with a braking strategy according: Braking Strategy: 2
Brake Specific Fuel Consumption

Battery capacity. The electrical charge, in Ah, that a battery can deliver under defined discharge

conditions

Discharge rate at constant current equal to the battery capacity divided by 5
Californian Air Resources Board

Double Layer Capacitance

European Committee for Standardisation
Computational Fluid Dynamics

Combined HEV

Charge-sustaining Hybrid Electric Vehicles

Discharge rate at constant current equal to the battery capacity divided by n
Compressed Natural Gas

Carbion monoxide emission

Carbon dioxide emission

Italian Research Consortium for low emission vehicles
Linear correlation coefficient

Parallel Capacitance

Continuously Regenerating Trap

Control Strategy

Series Capacitance

Continuously Variable Transmission

Air drag coefficient

Department of Energy

Direct Current

Dependent Full Charge Test

Differential gear

Depth Of Discharge. It is the ratio in percent of the capacity in Ah divided the nominal
capacity of a battery

Dependent Partial Charge Test

Dynamic Stress Test

Dutch Urban Bus Cycle

Energy

Braking energy

Energy Consumption

City Cycle, Urban Part of NEDC

Cycle profile for vehicle and even battery testing
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Ep

EE
EIS
El. Flywheel
ELR
EM
Em
EM
Emp
Emr
Emf
EN
Exrs
EOD
EOT
Er
ESC
ESS
ETC
EUCAR
EUDC
EV
EVT
Ezinc

FW
FWHV

g

GE
genset
GRPE
GVW
HC

HD

HEV
HSFW
HV
HWFET
Hyz. H.
Hyz. R.
Hyz. U.
Hyzem H
Hyzem R
Hyzem U
ICE
ICEV

Driving energy

Electrochemical Equivalent (820 Ah/kg per zinc)
Electrochemical Impedance Spectroscopy

Electro mechanical flywheel

European Load Response test

Electric Motor

Mechanical braking energy

Electric motor

Ey;, on the dynamometer

Ey, on the road

Electromotive force

European Norm

Energy consumption of an electric vehicle with a non-rechargeable battery
End of Discharge

Engine Only Test

Regenerated energy

Engine Stationary Cycle

Energy Storage System

European Transient Cycle

European Car Research Committee

Extra Urban Driving Cycle, part of NEDC

Vehicle with (Hybrid) Electric Drive System (including BEVs and HEVs)
Electric Vehicle Test

Energy required for converting the spent zinc in metallic zinc
Acceleration (or deceleration) force

Air resistance

Fuel Cell

Speed (linear) dependent resistance

Fuel Cell Electric Vehicle

Fuel Cell Hybrid Electric Vehicle
Forschungsinstitut fiir Gerausche und Erschiitterung
Rolling resistance coefficient

Rolling resistance

Failure Time

Total driving forces

Federal Test Procedure

Flywheel

Flywheel Hybrid Vehicle

Gravity acceleration (g=9,81308 m/s?)

Generator

Generator set (Auxiliary Power Unit)

Group of Reporters on Pollution and Energy

Gross Vehicle Weight

Hydro carbonate emission

Heavy-Duty (generally vehicles > 3.5 tons)

Hybrid Electric Vehicle

High Speed FlyWheel

Hybrid Vehicle

Highway Fuel Economy Test (standard driving cycle in USA)
Hyzem Highway driving cycle

Hyzem Rural driving cycle

Hyzem Urban driving cycle

Hyzem Highway driving cycle

Hyzem Rural driving cycle

Hyzem Urban driving cycle

Internal Combustion Engine

(Conventional) Internal Combustion Engine Vehicle
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IEC

IFT
IKA
IPT

IR

I, I
ISO

U
Jap1015
LCA
LD
LPG
LSFW
m
Macrocycle

MATADOR
MODEM
MV

NC
NEDC
Ngg

NiCd
NiMH
Ni-Zn
NO,
ocv
ocv™

O CVdch
OICA
ovC
PEM

PG
PHEV
PHEVbat
PHEVfw
PM
PNGV
PRB
Qext

R

RB

Rct

RD

RED

ch
Rimd h

c
Rim

Rp

Rs

S

SAE
SCO03
SFUDS
SG
SHEV

International Electrotechnical Commission

Independent Full Charge Test

Institut fur Kraftfahrwesen, Aachen

Independent Partial Charge Test

Internal Resistance (Ohmic resistance different from Ry,)
Current during regeneration

International Standards Organisation

Charge profile composed by a constant current I phase and constant voltage U phase
Japanes 10-15 Mode Hot driving cycle

Life-Cycle Analysis

Light-Duty (generally vehicles < 3.5 tons)

Liquefied Petroleum Gas

Low Speed FlyWheel

Vehicle mass

Definition of a driving/test cycle including test sequence, standstill and charging
phase

Management Tool for the Assessment of Driveline TechnOlogies and Research
MODEM driving cycle

Medium Voltage

Number of Cells of which the battery is composed

New European Driving Cycle, also known as MVEG-A
Rotational speed of an electric engine

Nickel-Cadmium (Alkaline battery)

Nickel Metal Hydride (Alkaline battery)

Nickel-Zinc Battery

Nitrogen oxide emission

Battery Open Circuit Voltage

Battery Open Circuit Voltage at the beginning of charge
Battery Open Circuit Voltage at the end of discharge
Organisation Internationale des Constructeurs d'Automobiles
Off Vehicle Charge Capable

Proton Exchange Membrane or Polymer Electrolyte Membrane
Planetary gear

Parallel Hybrid Electric Vehicle

Parallel HEV with battery

Parallel HEV with flywheel

Permanent Magnet

Partnership for a New Generation of Vehicles

Parallel regenerative braking system

Extracted electrical charge. Amount of electrical charge delivered or extracted by the battery

Ratio: front versus rear axle braking capabilities
Roller Bench

Charge Transfer Resistance

Recharge Dependent

Reduction gear

Recharge Independent

battery internal resistance during charge
battery internal resistance during discharge
Rape Methyl Ester

Parallel Resistance

Series Resistance

generic ‘source term’ CFD equations
Society of Automotive Engineers

SCO03 Air Conditioning driving cycle
Simplified Federal Urban Driving Schedule
Specific Gravity (of battery electrolyte)
Series Hybrid Electric Vehicle
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SHEVbat
SHEVfw
SOC
ASOC

SOC*
SOH
SOV
SRB

TC

THS
TNO
TNO-ADVANCE
TR

UDC
UDDS
ULEV
UN-ECE
UPS
US06
USABC
v

VEH
Vmax
VRLA
WH
ZEV
Zn-air

p

rl c

rl zinc

" (gamma)

SHEV with battery and load-follower strategy

SHEV with flywheel

State Of Charge (of the electric energy storage device)

The variation of State of Charge, calculated between the final SOC and the initial SOC. Initial
and final refer to the starting and the completion of a test sequence

Corrected SOC, defined as the extracted charge referred to the actual available charge (%)
Battery State Of Health

State of Voltage

Sequential regenerative braking system

Technical Committee of the European standard setting body CEN

Toyota Hybrid System

Netherlands Organisation for Applied Scientific Research

TNO Automotive DriVeline Analysis and Concept Evaluation (simulation tool)
Transmission

Urban Driving Cycle, part of NEDC

Urban Dynamometer Driving Schedule, also known as (US)FTP72

Ultra Low Emission Vehicle

United Nations Economic Commission for Europe

Uninterruptable Power Systems

Supplemental Federal Test Procedure High Load Cycle

United States Advanced Battery Consortium

Vehicle speed

Vehicle

Maximum vehicle speed during climbing

Valve Regulated Lead- Acid batteries

Wheels

Zero Emission Vehicle

Zinc-air

Air density

Charging /regeneration efficiency of zinc-air battery

Conversion efficiency to obtain 1 kg of metallic zinc from zinc oxide in a specific plant
Diffusion coefficient
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Abstract

In Task 2 of the MATADOR-project' measurement methods have been developed for the
evaluation of the energy consumption and emissions of vehicles with advanced propulsion
systems, such as battery-electric, hybrid-electric and fuel cell vehicles. Based on an inventory of
existing and prospective standard test procedures and of technology-specific problems
associated with testing electric, hybrid and fuel cell vehicles, a number of topics have been
selected for in-depth study. Computer simulations and vehicle tests have been performed to
analyse these problems and to evaluate possible solutions. This research has resulted in
recommendations for test and evaluation methods for dealing with test problems related to the
various electric propulsion systems. Using these recommended test methods in combination
with elements from existing (draft) test procedures, frameworks have been developed that
sketch the general structure and contents of test procedures for battery-electric, hybrid and fuel
cell vehicles. The MATADOR-project has started in January 1998 and has ended June 2000.

! Research funded in part by the Commission of the European Union in the framework of the JOULE III
Programme, sub-programme Energy Conservation and Utilisation, Contract JOE3-CT97-0081
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Executive Summary

1 Introduction

In the near future a wide range of vehicles with advanced propulsion system will come on the
market or will be subjected to real-life testing in large-scale demonstration and implementation
projects. Vehicle and driveline testing is of paramount importance for the assessment of
technological progress in the field of electric, hybrid and fuel cell propulsion as well as for the
evaluation and homologation of advanced vehicles coming on the market. Evaluation and
approval testing of these vehicles calls for adequate measurement methods and test procedures
to measure energy consumption and emissions. Procedures for type approval of these new types
of vehicles are currently under development in Europe, the USA and Japan. Battery-electric
vehicles are included in the ECE-directives for homologation testing, but for hybrid and fuel
cell vehicles such regulatory test procedures are not yet in effect.

Implementation of homologation procedures is mandatory for a successful market introduction
of these new technologies. Development of adequate test procedures, however, is hindered by
technology specific test problems associated with the complexity of these new technologies and
uncertainty about the types of configurations that will be introduced on the market. The latter
aspect is especially important. The exact definition of regulations and test procedures, in
combination with the associated legislative emission limits, is critical as this definition in itself
influences the relative performance of different technologies subjected to a test procedure. This
fact is already known from homologation testing of conventional vehicles. The goal of
homologation testing and emission regulations is to lower the environmental impacts of vehicles
on the road. However, wrong definitions of the structure of the procedure and the laboratory test
conditions may induce sub-optimal technical solutions. Technologies that score well on a
laboratory test do not necessarily perform better than their alternatives when used in actual
traffic.

Although there are a lot of activities in progress aimed at making homologation test procedures
more representative for actual vehicle use, it will take a decade or more before these procedures
will be in effect. In the mean time, therefore, besides strict homologation test procedures also
laboratory test methods are required that enable realistic comparisons between different
propulsion technologies and that produce energy consumption and emission results which are
representative for actual use of the vehicles. These two criteria of comparability and
representativity are often not met by existing (draft) homologation procedures for electric,
hybrid and fuel cell vehicles.

Under Task 2 of the MATADOR-project (Management Tool for the Assessment of Driveline
Technologies and Research) research has been carried out, aimed at the development of
adequate measurement methods and test procedures for the evaluation of energy consumption
and emissions of vehicles with advanced power trains. Task 1 of the MATADOR-project
concerned the operation and expansion of the database developed in a previous EU-funded
programme [1]. In Task 3 a decision support system (called MATADOR Interactive Guide or
MIG) has been developed, that will assist policy makers and fleet managers in making choices
for the implementation of vehicles with advanced propulsion technologies in demonstration
projects and vehicle fleets.

In comparison with conventional vehicles with internal combustion engines (ICEVs) the testing
of electric, hybrid and fuel cell powered vehicles poses measurement problems that are specific
for the technologies used. After analysing existing and draft standard test procedures and an
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inventory of the above-mentioned technology-specific problems, a number of topics have been
selected for in-depth study.

Computer simulations and actual vehicle tests have been performed to analyse the selected
problems and to evaluate possible solutions. The proposed solutions for different measurement
problems have subsequently been combined to formulate consistent frameworks for the
definition of adequate test procedures meeting the criteria described above.

Due to their technical complexity especially hybrid-electric vehicles pose a challenge for the
definition of measurement methods and test procedures. A crucial characteristic of hybrid
vehicles is the fact that the instantaneous fuel consumption and emissions are decoupled from
the instantaneous road load. The energy supplied by the battery during an acceleration, for
instance, has been generated by the engine and generator some time before the acceleration
occurs. In combination with the complex and sometimes discrete nature of the powertrain
control strategy this leads to a highly non-linear response of the energy consumption and
emissions of hybrid vehicles to changes in the test circumstances, as specified by e.g. the
vehicle conditioning (battery state-of-charge, soaking temperature, etc.), the dynamics and
length of the driving cycle and the accuracy with which the cycle is followed.

As already stated above, when talking about test methods or test procedures a distinction has to
be made between test methods for approval testing and test methods for technology assessment
and product evaluations. For approval testing it is essential to find out whether a vehicle meets
e.g. emissions standards over a certain driving cycle in a worst case condition with regard to the
available drive modes. A parallel hybrid such as the Audi DUO III with a 3-mode switch should
be able to meet the European emission limits over the NEDC-cycle in its [CE-only mode.
Whether the vehicle would do better in the hybrid mode is of no relevance for the
homologation. For a product evaluation, however, the question is what benefits a new
technology brings under realistic driving conditions. In that case a test in hybrid mode is
essential, preferably over a driving cycle that is representative for the actual vehicle application.

An important point to realise here is that policy evaluation and monitoring of environmental
impacts requires energy consumption and emissions factors of vehicles on the road. In absence
of sufficient data measured under conditions of actual use, emission factors are usually
generated on the basis of the results of homologation tests (either from the type approval
procedure or produced by In-Use-Compliance testing). Powertrain and vehicle modelling have
to be used to “translate” the homologation test results to emission factors that are more
representative for real use of the vehicles. With modern conventional and alternative propulsion
technologies, however, this translation becomes more and more difficult. This further motivates
the need for more realistic homologation test procedures.

Within Task 2 of the MATADOR-project the main focus has been on developing or selecting
vehicle test methods that allow a good comparison of vehicles and that yield results which are
representative -or at least meaningful indications- for the energy consumption and emissions
under real-life driving conditions. Most of the results of the project, however, are of great value
for the development of homologation test procedures. It is our strong belief that in the near
future homologation test procedures will have to become more representative for real-life
driving in order to make sure that manufacturers apply technologies in their vehicles that do not
just make the vehicle meet legislated emission limits under laboratory test conditions, but that
have a minimal impact on the environment when the vehicle is in actual use. In the present
European situation, with a non-representative modal test cycle for LD-vehicles, the emissions of
vehicles with modern engine technology and advanced motor management systems, as
measured with the standard homologation procedure, may be up to an order of magnitude lower
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than those measured over realistic driving cycles, derived from speed-time patterns recorded on
the road under average driving conditions.

This executive summary will introduce the reader to the various topics studied in Task 2 of
MATADOR and will summarise the main conclusions, illustrated by some eye-opening results
from measurements and computer simulations.

2 Measurement problems studied in Task 2

Task 2 of the MATADOR-project has been subdivided into Subtasks, each covering one of the
selected research topics or activities in support of the other Subtasks. Table A lists the different
Subtasks, their subjects, the institute that acted as Subtask Leader, and the institutes that have
participated in the research carried out in each Subtask.

Table A: The structure of Task 2 of MATADOR

Nr. | Subtask subject Subt. Leader | Participants
2.1 Categorisation of EV configurations IKA TNO, ENEA
2.2 Development of simulation tools IKA, TNO
2.3 Evaluation of existing (draft) standards IKA TNO, ENEA,
IAE, HTA
2.4 ASOC correction methods for HEVs TNO IKA, ENEA
2.5 Determination of SOC or ASOC in general ENEA TNO, IKA
2.6 Comparing electricity and fuel consumption | TNO
2.7 FCEYV test procedures. ENEA TNO, IKA
2.8 Driving cycles for LD vehicles TNO IKA, ENEA, IAE,
HTA
2.9 Test methods and driving cycles for HD TNO IKA, ENEA
vehicles
2.10 | Dealing with EVs not meeting the demands HTA ENEA, IAE
of test cycles
2.11 | Accuracy and tolerances 1IKA TNO, ENEA,
IAE, HTA
2.12 | Regenerative braking on 2WD IAE TNO, HTA
dynamometers
2.13 | Non-rechargeable batteries ENEA TNO
2.14 | Self-discharge and heating energy ENEA IKA, HTA

Research activities on these topics have comprised information collection, computer simulations
and actual vehicle testing. For each of the identified problems the following steps have been
taken:

» assessment of the nature, size and impact of the problem;

* identification and evaluation of possible solutions;

* proposal of adequate measurement methods and other recommendations.

Existing (draft) procedures (references [2]-[7]) have been evaluated with respect to the above
listed topics. Below for each Subtask the main findings will be presented.
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3 Results from the various Subtasks

Subtask 2.1  Categorisation of propulsion system configurations

A general and theoretical categorisation framework (for conventional, advanced conventional
and alternative propulsion systems) is necessary, not for its own sake but as an instrument for
the evaluation and visualisation of simplified categorisation schemes to be developed for
practical test procedures. As test procedures can be used for different purposes, also
categorisation scheme should be tailored to different purposes, being:

* (Classification of vehicles in terms of research and development

* Classification for comparative/technology assessments

* C(lassification for homologation and associated test procedures

Categorisation schemes can be constructed on the basis of the following aspects:

* Driveline type and structure

* Power and energy storage device

e (driver selectable) Driving modes (hybrid, thermal, pure electric mode, etc.)

*  Operating strategy

*  Charging strategy

e “Fuel” (Gasoline, Diesel, Natural Gas, Hydrogen, Electricity, ...)

* Application areas (e.g. urban vs. highway or different vehicle applications).

How many of these are relevant, as distinguishing parameters will depend on the application for
which the categorisation is used.

The inclusion of application areas in the above list becomes evident from e.g. the discussion on
test methods for heavy-duty vehicles with alternative powertrains. The conclusion is, in contrast
to the current engine-based test procedures, that for these vehicles a vehicle-based test using a
transient driving cycle is necessary. The characteristics of such a driving cycle should relate to
the vehicle type and its application, requiring a categorisation of application areas and different
cycles for each application.

emissions It must be stressed, however, that for most purposes,
_ A including homologation testing, a formal and detailed
input energy|carriers .. . .. )
@) definition of driveline morphologies in terms of series-,
. t parallel and all kinds of combined systems is absolutely
I irrelevant. The vehicle should be considered as a black box
[ceE — : as much as possible, in the sense that one should want to
| know as little about what is inside the vehicle as is strictly
[ necessary to perform a correct test. Only the interactions with
|:TR — the vehicle’s environment should determine the
categorisation. These interactions include inputs such as the
drive cycle imposed on the vehicle and the type(s) of input
Imﬂ Imll energy carrier(s), and outputs such as the emissions
. produced. Whether or not the vehicle has a battery or other
drive cycle

storage device, however, is a relevant characteristic for
categorisation as the battery state-of-charge in e.g. a series-hybrid interacts with the consumed
energy as measured from the outside (see Subtask 2.4).

In this Subtask various options for vehicle categorisation have been analysed, including the
categorisations used in the prEN1986-2 [3] and SAE J1711 [5] procedures. The categorisation
proposed by SAE J1711 is considered too complex for homologation purposes, but is applicable
for technology assessment. For homologation purposes a categorisation is proposed that
strongly resembles the scheme that is used in prEN1986-2.
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Subtask 2.2 Development of simulation tools

Many Subtasks have contained computer simulations as part of the work. IKA and TNO both
have developed their own advanced computer simulation tools and have gained vast experience
with the use of these tools in various projects. It was agreed that coherence of the results of Task
2 could be greatly improved by performing all essential simulations with the aid of a common
consistent set of vehicle / driveline models, using the models of TNO and IKA. TNO and IKA
have each worked out such a set of vehicle / driveline models within their own simulation tool,
and have performed simulations in support of research tasks carried out by the other
participants. Based on this experience it can be concluded that computer simulation of advanced
vehicles and powertrains is a powerful tool for developing and analysing test methods and
procedures for future vehicle technologies.

Subtask 2.3  Evaluation of existing (draft) standards

In this Subtask existing (draft) standards for testing battery-electric and hybrid vehicles
(references [2]-[7]) have been analysed. The focus has been in the prEN1986-2 [3] and SAE
J1711 [5] procedures for hybrid vehicles. Important differences are e.g. the level of complexity
and the driving cycles used.

The tests of the Audi DUO, a parallel hybrid electric vehicle, show that the prEN 1986-2 can be
applied without any problems. During the test according to SAE 1711, major problems occur,
because this procedure obviously does not cover the typical characteristic of a typical
“European” parallel hybrid vehicle where the electric performance is only orientated on urban
conditions.

In prEN 1986-2 for charge depleting hybrids, the energy consumption in hybrid mode is
measured over a number of cycles, which is equal to the number, which can be driven in pure
electric mode, plus one. This has the effect that the number of cycles to be driven depends on
the vehicle. For a comparative assessment, this is obviously a not a good solution, a.o. because
of varying weights of different driving modes for different vehicles and the underestimation of
cold start emissions. For a new test procedure, therefore a fixed cycle should be used also for
charge depleting hybrid vehicle.

Subtask 2.4 ASOC correction methods for HEVs

For a correct measurement of energy consumption and emissions of charge sustaining HEVs the
SOC (state-of-charge) at the end of the test should be the same as at the beginning. If this can
not be realised, then the occurring ASOC has to be determined and accounted for in a
calculation of energy consumption and emissions. Also, the SOC may have to be influenced for
conditioning of a HEV prior to testing. Various options for ASOC-correction have been
identified and have been evaluated. The three main options are:

* Measuring fuel consumption over a given driving cycle by driving a large number of cycles,
so that the effect of SOC-variations dampens out. Obviously this method is fundamentally
correct. When used in actual tests, however, this method requires driving a large number
cycles. In simulations this method has been used to calculate the true asymptotic fuel
consumption of vehicles, with which the outcome of other methods can be compared;

» Extension of the test until ASOC = 0 is reached. This can be done by continuation of the
prescribed driving cycle or by a procedure defined by the manufacturer. The latter could e.g.
be charging the battery from the engine-generator while the vehicle is at standstill or driving
a prescribed constant speed. This method is used in the draft CEN-procedure for thermal
hybrids [3]. The energy consumption and emissions measured during the extension can



MATADOR Task 2 — Part I: Executive Summary

-'Iﬂ.?h-r Page 12 of 170

either be attributed to the distance driven on the cycle or to the total distance driven during
the entire test (cycle + extension);

* A graphical correction method for which fuel consumption and ASOC over a given driving
cycle need to be measured several times, with different values for the initial state of charge.
By plotting fuel consumption against ASOC for each cycle driven the fuel consumption at
ASOC = 0 can be estimated by interpolation or linear regression.

From these three options the graphical correction method is found to be the most promising,. It
generally requires only a limited number of cycles to be driven, and it does not introduce test
circumstances that are not representative for the driving characteristics of the driving cycle used.
As an indicator for ASOC it generally suffices to integrate the battery current during the cycle,
yielding a AQ in Ah.

Within the project two variations of the graphical correction method have been identified, which
have been named:

* the linear regression method;

* the linear interpolation method.

In the regression method one cycle is driven to condition the vehicle so that the SOC is within
the control bandwidth that is typical for the cycle used. Subsequently, cycles are driven until at
least one point with positive ASOC and one with negative ASOC are found. The fuel
consumption at ASOC = 0 is then calculated by linear regression using all measured points.

In the interpolation method the battery of the vehicle is manipulated so that one test is
performed with an initial SOC that is much higher than the average SOC over the cycle and one
with an initial SOC that is much lower than the average SOC over the cycle. This manipulation
can generally be done by driving the vehicle for some time under an extreme condition that
either charges or depletes the battery. These initial SOC-values are generally outside the
bandwidth in which the SOC is controlled when the cycle is driven continuously. These two
measurements automatically yield one point with a large positive ASOC and one with a large
negative ASOC. The fuel consumption at ASOC = 0 is then calculated by linear interpolation
between these two points.
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Figure 1: Simulation results of fuel consumption versus ASOC over a single drive cycle for a
series-hybrid urban bus with an APU operated at two operating points. Case 1. both APU
operating points have about the same BSFC. Case 2: APU operating points have BSFCs that
are a factor of 2 different. Closed checkers are for separately driven cycles with various values
of the pre-set initial SOC. Open squares represent consecutively driven cycles. [data TNO]
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Both graphical methods assume that the relation between ASOC and fuel consumption is
(approximately) linear. From measurements and simulations it is found that this is the case in
most realistic circumstances. One of our simulations, however, proved that the relation is not
fundamentally linear. This simulation concerned a series-hybrid urban bus with a battery and an
engine-generator set with two operating points. A thermostat control strategy with hysteresis
governs the engine switch-on/off and the choice between the high power and low power
operating point. When the engine efficiency (expressed as BSFC) in the two operating points is
extremely different, and a large number of points is simulated, a non-linear trend clearly
emerges, as can be seen from Figure 1.

The example shown in Figure 1 is, of course very unrealistic, but it unveils a theoretical
characteristic of the relation between fuel consumption and ASOC. In all realistic simulations,
however, as well as in measurements on various vehicles the graphical ASOC correction method
is found to work well, in the sense that the derived fuel consumption at ASOC = 0 corresponds
satisfactorily with the asymptotic value obtained from driving a large number of consecutive
cycles. An example is given in Figure 2.
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Figure 2: Results from computer simulations showing strong correlation between fuel
consumption and ASOC for consecutively driven UDDS cycles with different initial SOC. The
simulated hybrid passenger cars include a parallel hybrid (PHEVfw) and a series hybrid
(SHEVfw) with an electric flywheel (72 kW, 270 Wh), and a parallel hybrid (PHEVbat) and a
series hybrid (SHEVbatt) with a battery (72 kW, 11.5 kWh).[data IKA]

One of the vehicles that has been tested is the Toyota Prius (Japanese version). In this vehicle
the hybrid powertrain and its control strategy have a large degree of freedom to optimise the
power flows in the vehicle to the instantaneous power demand at the wheels. As a result the
SOC fluctuates in an exceptionally narrow band when the vehicle is driven over a cycle. This
reduces the added value of a graphical ASOC correction method in comparison to simply
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averaging the fuel consumption results of different measurements. For most of the cycles over
which the Prius was driven the spread in fuel consumption results was less than 5 % of the
absolute value of the fuel consumption.

In the experiments with the Toyota Prius also emissions have been measured. As becomes clear
from Figure 3 the graphical ASOC correction method does not seem to work very well for
emissions due to a larger random spread in measured emission values as a function of ASOC. So
far we have not been able to come up with an improved method for the ASOC correction of

emission measurements. For vehicles with larger ASOC values, the graphical method may,
however, work more satisfactorily.
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Figure 3: Emissions vs. AQ measured on a Toyota Prius with hot engine over four consecutive
Hyzem Urban driving cycles. [data TNO]

Subtask 2.5 Determination of SOC or ASOC in general

Accurate determination of the SOC is a fundamental problem for all battery types. The solution
of this problem is outside the scope of MATADOR. However, within MATADOR it was
considered useful to evaluate existing methods for SOC determination, and to evaluate how
these methods relate to the issue of testing vehicles with alternative powertrains.

For determining energy consumption of charge sustaining hybrid vehicles it suffices to
accurately determine the ASOC in combination with the fuel consumed over a cycle. This in
principle is possible by Ah-monitoring, as long as the battery is in a reversible regime (e.g. no
hydrogen formation, or Coulombic efficiency =1). For vehicles with (relatively) new batteries it
may be assumed that the hybrid control system does maintain the battery within this regime.
When a battery gets older, however, the effective capacity may decrease dramatically. It is not
clear to what extent the battery’s SOC-monitor or the hybrid controller are able to deal with this.
When vehicles with older batteries are tested, it is therefore recommended that the effective
capacity of the battery is measured prior to testing the vehicle. This way it can be assessed
whether the battery’s SOC stays within the reversible regime. If this is not the case, Ah-
measurement can not be considered an accurate indication for the ASOC.

There are significant variations of battery behaviour with the operating conditions (temperature,
ageing, and discharge current), easily detectable with the monitoring of the internal resistance at
low current pulse. In addition to Ah-counting, therefore, internal resistance monitoring is
proposed as useful technique for SOC- and ASOC-measurement.
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Subtask 2.6 Comparing electricity and fuel consumption

For comparing energy and emission performance of vehicles with different propulsion systems
fuel consumption and electricity consumption must be brought on a comparable basis. This is
also necessary to evaluate the performance of charge depleting hybrids that consume both fuel
and electricity. The general approach is to compare primary energy consumption and total (=
direct + indirect) emissions, taking into account all energy losses and emissions in the various
well-to-wheel energy chains. A cradle-to-grave or life-cycle analysis (LCA) may be added to
also include environmental and energy impacts from manufacturing and decommissioning the
vehicle.

It is recommended to the EU that a practical common methodology should be formulated for
calculating indirect emissions and energy consumption on the basis of final electricity and fuel
consumption at vehicle level. It should be possible to apply the method on a European and on a
national level. Conversion factors should preferably be based on average efficiencies and
average indirect emissions of electricity production and fuel refining in Europe. It seems
appropriate to limit the system boundary to the energy input flows to refineries and electricity
generation plants in Europe (or in a country if factors are generated on a national level). For
fuels and electricity imported from outside Europe average conversion factors may be assessed.
The EU should establish a formal body (organisation or network) that collects all data necessary
for applying the common methodology, and that generates conversion factors on the EU level
for all energy carriers that are currently used on a significantly large scale (gasoline, diesel,
LPG, electricity, and maybe a few more). This body should periodically update the conversion
factors to account for changes in the energy supply and demand systems. When new energy
carriers are introduced to the market this body should adapt the methodology to include the new
energy carrier and should perform an assessment to generate conversion factors. Based on these
conversion factors appropriate emission legislation and associated test procedures for vehicles
with alternative power trains can be defined. Each country should be allowed to define national
conversion factors based on the same methodology and data set for use in a national policy
context.

Subtask 2.7 FCEV test procedures

Two types of fuel cell electric vehicles can be discerned. In vehicles without an electric energy
storage system the output of the fuel cell is directly connected to the input of the electric
machine(s) driving the wheels (further called FCEV). Besides this also a hybrid configuration is
possible where a battery assists the fuel cell when peak power is required and stores energy
during regenerative braking (further called FCHEV). Light duty FCEVs with a reformer running
on a carbon-based fuel can be tested according to the same procedures as are applicable to
conventional LD vehicles (ICEVs). These procedures can also be applied to vehicles running on
hydrogen, provided that a standardised method is defined for measuring the consumption of
hydrogen. With similar provisions light duty FCHEVs can be tested using the procedures that
are to be defined for hybrid vehicles with a thermal energy source. Heavy-duty fuel cell vehicles
should also be tested over a transient driving cycle. For these vehicles see Subtask 2.9. A
remaining uncertainty is the possible presence of an intermediate hydrogen or reformate storage
tank in vehicles with a fuel processor. If the content of this fuel storage at the end of a test can
differ from the content at the beginning of a test, similar problems occur as with the ASOC in
hybrid vehicles. Obviously a similar solution could be applied. Given the uncertainty about
future fuel cell vehicle configurations this problem has not been studied for the moment.
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Subtask 2.8  Driving cycles for LD vehicles

An important focus of the research in MATADOR has been driving cycles. The characteristics
of a driving cycle (average power, dynamics, etc.) strongly influence energy use and emissions
and also influence the results of comparisons between vehicles with different propulsion
systems. It has been shown (see e.g. Figure 4)that the fuel consumption of four different hybrid
drive train configurations may differ by a factor of 2 over one cycle, while being almost equal
over another cycle.
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Figure 4: Energy consumption for the LD vehicle models over different driving cycles (ranked
for wheel energy demand)

Current standard cycles, especially in Europe and Japan, bear relatively little resemblance to the
conditions of actual vehicle use. This is clearly shown in Figure 5 in which different standard
cycles NEDC — SC03) are compared with cycles derived from measurements of representative
driving patterns on the road (Modem and Hyzem). RPA stands for relative positive acceleration,
which is an indication of the dynamics of the cycle. In general average speed and RPA correlate
strongly with energy consumption and emissions [8]. It is clear that especially the modal cycles
(NEDC and Japanese 10-15) are much less demanding than the cycles based on real-life driving.
Figure 6 presents energy consumption data of two vehicles measured over different cycles.
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Figure 5: Characterisation of different standard and realistic cycles.
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This issue of representativity is also under discussion for testing of ICE-vehicles, as results from
standard tests are not only used for technical evaluation and homologation procedures but also
for e.g. the calculation of energy consumption and emission factors used in policy studies or for
policy measures stimulating clean and efficient vehicles. For vehicles with electric and hybrid
power trains the problem is even more pressing as vehicles can be designed and optimised for
very specific purposes and will perform differently on different drive cycles.

Selecting a cycle that is representative for actual use not only requires that the cycle has
representative average dynamics. It also requires that the cycle has a representative mix of road
types (urban, rural and highway) and that the cycle has a representative length. This assures a
representative weighting of e.g. the steep acceleration and deceleration associated with the
highway part of the cycle, and it may also help to solve problems that are more specific to
hybrids and battery-electric vehicles. One of these problems is to assure that the thermal engine
does actually switch on during the test and that the energy consumed and the emissions
produced with the engine on are weighted in the final results in a representative way.

1
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Figure 6. Energy consumption of the Toyota Prius [data TNO] and the Renault Express
Electrique [data IAE Arnhem] for 6 different driving cycles as a function of RPA and average
speed. Note that the vertical axes are different.

Subtask 2.9 Test methods and driving cycles for HD vehicles

Current standard test methods for heavy-duty vehicles are not applicable to HD BEVs, HEVs
and FCEVs. The standard test in Europe for conventional HD vehicles is the 13-mode test,
which is a static engine test. A meaningful translation of this engine test procedure to alternative
propulsion systems for HD vehicles is not possible. The driveline as a whole (or even better, the
vehicle as a whole) needs to be tested on a driving cycle. In order to obtain a meaningful test
result, the test conditions need to represent real-life driving conditions. Each HD vehicle
category (e.g. heavy truck, urban bus, refuse collection vehicle) that has a distinctive type of use
therefore needs its own dedicated driving cycle. The test cycle characteristics will have to be
representative for the ‘average use’ within the HD vehicle category. The best way to obtain a
representative test result for HD vehicles, is to test the vehicle using a driving cycle on a HD
transient rollerbench. However, there are also more pragmatic (and less expensive) ways of
testing that can be thought of.

One such pragmatic way of testing HD vehicles with advanced powertrains is formed by
measuring the power output of the ICE, APU or fuel cell together with battery current and
voltage, during a driving cycle driven on a test track. Using these recorded data the ICE, APU or
fuel cell can be tested for energy consumption and emissions in the laboratory. For ICEs the
engine is subjected to the recorded load pattern on a transient engine test bed. In case of an APU
(engine-generator set) the load is applied electrically, e.g. by using a programmable battery
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cycling system. Depending on the powertrain configuration it may even suffice to perform a
static test on the engine, APU or fuel cell in one or several operating points.

When testing electric and hybrid HD vehicles in this way the same test methods can be used to
solve technology specific test problems as is proposed for LD vehicles (see e.g. Subtask 2.4 and
2.12).

Subtask 2.10 Dealing with EVs not meeting the demands of test cycles

Prototype and (pre-)commercial EVs often have limited performance so that they are unable to
follow a prescribed driving cycle (speed-time pattern). If deviations from a cycle are allowed,
then results of measurements may be incomparable to results obtained on other vehicles, e.g.
due to incorrect weighting of high-power parts in the driving cycle. Simulations have shown
that for BEVs and series-HE Vs the energy consumption over a cycle (i.e. measured
consumption divided by measured driven distance) generally increases with increasing “failure
time” (= total time that the vehicle is unable to follow the cycle). The following
recommendations have been formulated to deal with this issue:

» The test cycle should be split in a low power and a high power part (e.g. urban and extra-
urban) so that most vehicles will at least meet the requirements of the low power cycle;

*  When a vehicle is unable to meet the prescribed speed profile of the cycle the vehicle should
be operated at maximum power (“full throttle”) until the vehicle speed coincides again with
the prescribed speed;

* Energy consumption and emissions should be measured separately for both cycles, together
with the failure time. The failure time should be presented together with test results on
energy consumption and emissions for both cycles.

Subtask 2.11 Accuracy and tolerances

Measurement accuracy and reproducibility of new test methods should be comparable to
existing methods. Accuracy and reproducibility include the accuracy with which the cycle is
followed and the effects of variations (within the allowed bandwidths) in vehicle conditioning
or the execution of the test on the vehicle control strategy, the frequency and duration of ICE
operation periods for HEVs, and subsequent effects on energy consumption and emissions. For
conventional vehicles the allowed tolerances already cause significant variations in the test
results. For hybrids, with discrete switching actions (e.g. ICE on or off) in response to external
parameters (e.g. road load) or internal parameters (e.g. battery SOC), the effects may be even
more dramatic. In various simulations variations between 10 and 20% in energy consumption
have been seen in response to variations of test parameters within allowed tolerances. Table B
shows the results of measurements performed on the charge depleting parallel-hybrid Audi
DUO, operated in the hybrid (“DUO”) mode on the NEDC cycle. The difference between a
driver that smoothly follows the prescribed speed pattern and one with a more “nervously”
fluctuating speed is clearly reflected in the fuel and electricity consumption. Also the initial
engine temperature, determined by the temperature during the prescribed soak period (required
to be between 20 and 30 °C), has a significant impact. This is the result from the fact that in
DUO mode the Audi-DUQ always switches on the engine after start-up. It is switched off again
after the normal engine operating temperature is reached, which takes significantly longer with a
low initial engine temperature. Significant impacts are also seen for variations of the gear
upshift speed. In all the above cases the vehicle is able to follow the prescribed acceleration
from 70 to 100 km/h with the ICE switched off. Using a kick-down, however, the engine can be
started in this part of the cycle, which dramatically alters the ratio between fuel consumption
and electricity consumption.
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Table B:  Influence of different parameter variations within allowed bandwidths on the energy
consumption of the parallel hybrid Audi DUO measured on the NEDC cycle [data IKA].

case Fuel consumption charging energy electric motor | DC/DC-converter | ICE-generator charging

[1/100km] from mains [Wh/km] | energy [Wh/km] | energy [Wh/km] | energy [Wh/km] | efficiency [%]
well balanced driver 1.95 263.9 144.4 12.0 6.1 59.3
nervous driver 2.05 260.5 142.4 11.7 6.3 59.2
initial ICE temperature 23 °C 2.09 274.1 141.6 115 7.0 55.9
initial ICE temperature 27 °C 1.95 263.9 144.4 12.0 6.1 59.3
upshift speed at 3000 1/min 2.10 257.8 136.8 11.3 6.4 57.4
upshift speed at 2000 1/min 2.24 251.6 134.3 10.8 6.9 57.7
accelel:ii:t:ik:no:::r:’;’())"tidﬁ)t() km/h 3.08 198.7 1017 107 4 566

Based on the above the following recommendations are made:

Human drivers should be able to perform the driving cycles as stated in standard procedures.
Therefore, the speed tolerances should be maintained. For hybrid vehicles, however, the
manufacturer should provide a list of operation procedures. On this list, the driver would be
informed at what times/operating points which pedals or pedal positions (e.g. kickdown)
should be applied. For conventional vehicles with manual transmission this is already done
for the clutch pedal at standstill in the European procedures;

Also, the shifting points should be defined for hybrid vehicles with manual transmission. The
use of the existing points for conventional vehicles seems obvious. Since hybrid vehicles are
often designed for many different applications, which may influence the normal use of the
transmission, manufacturers may provide a list of shifting points themselves, if it can be
shown that the vehicle is not able to follow the speed track within the specified tolerances
when driving by the default shifting points;

In order to keep the influence of ambient temperature as low as possible, the starting
temperature of the internal combustion engine should be defined at 25 + 1°C, measuring the
temperature with a thermal sensor at the outside of engine cylinder head. As an alternative,
the temperature tolerances of conditioning the soak room could be tightened at this value.
As a means of minimising the influence of remaining inaccuracies on energy consumption
and emissions, the test should be performed several times (e.g. 3 times). The results to be
displayed would then be determined by calculating the mean values of the separate tests.

Subtask 2.12 Regenerative braking on 2WD dynamometers

Depending on the vehicle’s braking strategy the yield of regenerative braking may be measured
too high on two-wheel drive (2WD) dynamometers, as all braking energy is taken up through
the driven wheels and none is dissipated by braking the non-driven wheels. For the vehicles
analysed in the MATADOR-project the measured energy consumption was found to have no
significant error due to the testing on a 2WD dynamometer. Simulations, however, showed that
with more sophisticated braking strategies, the error can be of the order of 5 — 10 % on more
demanding driving cycles. To deal with this problem three major options exist:

Ideally the test should be performed on a 4WD chassis dynamometer. This, however, greatly
increases the costs of test facilities;

A numerical correction method could be envisaged that uses parameters recorded during the
test on a 2WD dynamometer to estimate the error. Within the project, however, no
satisfactory method could be identified;

A “hardware” correction method is given in the SAE J1634 procedure [4], based on a
mechanical interference with the operating system of the 2WD dynamometer during
deceleration periods. This method, however, requires uncertain assumptions about the
distribution of the braking force over both axles.
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Concluding, it can be stated that no completely satisfactory solution has been found so far. On
the other hand the size of the problem has also been difficult to assess due to limited availability
of state-of-the-art vehicles with sophisticated braking strategies. When more (especially hybrid)
vehicles have come to the market additional experimental assessments are necessary to
determine whether or not provisions for dealing with this problem have to be incorporated in the
test procedures.

Subtask 2.13 Non-rechargeable batteries

Vehicles with e.g. Zn-air batteries can not be charged from the grid, so that electricity

consumption can not be measured in the way prescribed by e.g. EN 1986-1 [2]. To compare the

energy consumption of these vehicles with other BEVs the efficiency of recycling non-

rechargeable batteries needs to be accounted for. The input energy source for this process is

generally electricity. This efficiency parameter, however, is process and plant specific. The

following procedure is proposed:

* Current and voltage of the battery need to be measured while driving the test cycle. Vehicle
conditioning and test sequence can largely follow existing procedures;

* Calculate the spent zinc by the electrochemical equivalent of the discharged capacity;

» The weight of the spent zinc is multiplied by a regeneration conversion factor (kWh/kg) for
the recycling plant and divided by the travelled distance;

* The regeneration conversion factor (kWh/kg) for the recycling plant should be provided by
the battery manufacturer/recycler and is to be certified by an independent body.

Subtask 2.14 Self-discharge and heating energy of batteries

Batteries with high self-discharge and high-temperature batteries loose energy also during
standstill. In the current procedures such losses are not measured separately, but do influence
the test results. In general the influence of self-discharge and battery heating will strongly
depend on the use of the vehicle (e.g. km/day driven, or standstill during weekends). In order to
provide input for an assessment of the impact of battery heating and self-discharge in relation to
the vehicle use pattern it is recommended to specify a standstill test in addition to the energy
consumption test over a test cycle. For a BEV this procedure starts at 100% SOC. The vehicle,
with the power train switched off, should be disconnected from the grid for 48 hours after which
period the battery is charged again and the consumed energy is measured.

Existing procedures for BEVs specify rather long maximum allowed time intervals between
disconnecting the vehicle from the grid and commencing the energy consumption test as well as
between the end of the test and connecting the vehicle to the grid for charging. Especially for
high-temperature batteries this can have a significant effect on the measured energy
consumption. It is proposed that these allowed time intervals should be shorter and more
precisely defined. Similarly the prescribed time for connecting the battery to the grid for
charging should be reconsidered. In most cases this period is too long (SAE J1634: 12 hour
charge / EN 1986-2: 24 hour charge) so that energy consumption for battery heating may
dominate the measured charging energy. This has been verified experimentally for vehicles with
Zebra-batteries.
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4 Frameworks for test procedures

The results of the research tasks described above can be viewed as building blocks for
composing test procedures for vehicles with advanced propulsion systems. As a deliverable of
this project frameworks have been drawn up for the synthesis of complete tests methods and
procedures for testing of vehicles with battery electric, hybrid electric and fuel cell electric
propulsion systems. In these frameworks solutions for the different measurement problems have
been combined and tailored to the various vehicle and propulsion system types.

It must be emphasised that it has not been the goal of Task 2 or MATADOR to develop
complete procedures in detail. This is the work of standard setting bodies. The frameworks
developed here basically place the test methods proposed in the research tasks in a consistent

context, and sketch the general structure and contents of test procedures for battery-electric,
hybrid and fuel cell vehicles.

Initially a division of frameworks for LD and HD vehicles was foreseen, as the test procedures
for these vehicle categories are generally different. A general conclusion of the research,
however, is that for HD vehicles with battery-electric, hybrid and fuel cell propulsion systems a
test on the vehicle level is required on the basis of a transient driving cycle. Such procedures
would have largely the same structure as procedures for LD vehicles. Therefore in the reports on
this Subtask the frameworks for LD and HD vehicles have been integrated.

In this report the following frameworks are described:
e Test method framework for BEVs

e Test method framework for HEVs

e Test method framework for FCEVs

Frameworks cover all different aspects that have to be included in test procedures, such as
vehicle categorisation, test preparation and vehicle preconditioning, specification of various
measurements and the processing and reporting of test results. Flow charts have been drawn to
visualise the structure of the frameworks, the connection between the different elements, and the
decisions to be taken at different point is the process.

5 General conclusions and recommendations

With hybrid vehicles coming on the market in Europe in the year 2000, it is of paramount
importance that standardised test and homologation procedures are developed and implemented
as soon as possible. EU emission legislation and related directives for vehicle homologation
need to be revised to include hybrid vehicles. In view of the announced introduction of fuel cell
vehicles around 2003 or 2004 it is necessary to include fuel cell vehicles at the same time.

Development of adequate test procedures is hindered by technology specific test problems
associated with the complexity of these new technologies and uncertainty about the types of
configurations that will be introduced on the market. The work of standard setting bodies and
the EU legislators therefore needs to be supported by technical research of the type that has been
performed in Task 2 of MATADOR.

Based upon the insights gained in MATADOR several choices and definitions made in the
procedures for hybrid vehicles proposed by CEN TC301/WG could have been made differently.
Also for battery electric vehicles MATADOR has produced results and insights that would
motivate a revision of the already adopted procedure (EN 1986-1). It is recommended that the
CEN organises an evaluation of its electric and hybrid vehicle procedures within 3 to 5 years
from now. Based on the results of research in MATADOR and other projects, knowledge of
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new technologies coming to the market and experience with the use of the present procedures,
proposals can be formulated for improvements of the present procedures.

The results of Task 2 of MATADOR, together with the knowledge already reflected in the CEN
and SAE procedures, provide a thorough —albeit not yet complete— basis for dealing with
measurements of the energy consumption of battery-electric, hybrid and fuel cell vehicles in an
appropriate way. The applicability of various procedures and test methods to the measurement
of the exhaust emissions of hybrid and fuel cell vehicles, however, remains questionable. More
theoretical and experimental research is necessary to provide a solid basis for the definition of
test procedures for emission measurements.

In view of the above it is recommended that the EU sets up a project with active participation of
the European automotive industry, standard setting bodies and relevant legislative bodies and
advisory groups to systematically co-ordinate the process of establishing standardised test
procedures for battery-electric, hybrid and fuel cell vehicles. Research services in this project
should be provided by independent research organisations and advanced vehicle test
laboratories.

The availability of objective, complete and reliable data on the energy consumption and
emissions of hybrid and fuel cell vehicles is extremely limited. As such data are essential for
developing R&D and implementation policies, it is recommended that the EU establishes a
network of independent vehicle test laboratories in Europe to perform objective evaluations of
vehicles with advanced propulsion systems and of components for these vehicles. In analogy to
the PNGV programme this network could also be used to evaluate vehicles and components
developed by EU-sponsored or financed R&D projects.

In the near future homologation test procedures will have to become more representative for
real-life driving. This is not only relevant to governments but is also in the interest of the
automotive manufacturers. Their main concern is to develop vehicles that meet the expectations
of customers. Design criteria and development targets can only be formulated in a consistent
way when the performance demands of homologation procedures and emission legislation are in
correspondence with the performance demands set by customer expectations and the actual
applications for which vehicles are designed.

Although there are a lot of activities in progress aimed at making homologation test procedures

more representative for actual vehicle use, it will take a decade or more before these procedures

are in effect. Still, by virtue of their purpose, homologation test procedures will always be more

general than test procedures required for the detailed evaluation of vehicles in specific

applications (technology assessment or evaluation). Therefore, also for the purpose of product

evaluations and technology assessment the development of more or less standardised laboratory

test methods is required. These would:

*  make the results of different R&D projects more understandable and comparable;

* enable a realistic comparisons between different propulsion technologies;

*  produce energy consumption and emission results which are representative for actual use of
the vehicles.

Concluding it can be stated that Task 2 of MATADOR has produced in-depth insights into the
technology-specific measurement problems associated with testing battery-electric, hybrid and
fuel cell vehicles. The participants in Task 2 hope that these results will make a positive
contribution to the development by the EU and standard setting bodies of adequate test
procedures for these new vehicles, as well as to the successful development and implementation
of these vehicles by the automotive industry.
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Introduction

This report presents the final results of Task 2 of the MATADOR-project. In this Task research
has been carried out to solve technology specific problems associated with measurement of the
energy consumption and emissions of battery-electric, hybrid-electric and fuel cell vehicles.

1 The MATADOR project

The main objective of the MATADOR-project (Management Tool for the Assessment of
Driveline Technologies and Research) has been to develop tools that will enable fleet managers
and operators of test and demonstration fleets to assess and compare the technical aspects and
implications of vehicles with conventional and alternative drivelines. To this end the
MATADOR-project has consisted of three Tasks:

Task 1: Extension, expansion and operation of a database

This Task builds on work done in the Programme for Collaboration between CEU and National
Programmes on Electric Vehicles in Europe, a project which was carried out between 1995 and
1997 by 28 institutes involved in field tests and demonstration projects with electric vehicles.
The database developed in that programme has been extended and adapted to meet the needs of
research and developments in the MATADOR-project. Task 1 has been co-ordinated by ECN
Policy Studies (contact person: Ans van den Bosch, ECN Policy Studies, P.O. Box 1, 1755 ZG
Petten, the Netherlands).

Task 2: Testing methods for vehicles with conventional and alternative
drivelines

Assessment of the possible benefits of new driveline technologies requires laboratory testing. In
Task 2 of the MATADOR-project research has been carried out to support the development of
adequate test procedures for the evaluation of energy consumption and emissions of vehicles
with advanced power trains, such as battery-electric, hybrid-electric and fuel cell vehicles.
Various technology specific problems have been studied and solutions for measurement and
evaluation methods are proposed. Task 2 has been co-ordinated by TNO Automotive (contact
person: Richard Smokers, TNO Automotive, P.O. Box 6033, 2600 JA Delft, the Netherlands).

Task 3: Development of a decision support system

Partly based on the work in the other Tasks, Tasks 3 has set out to develop a decision support
tool (called MATADOR Interactive Guide or MIG) that will assist policy makers and fleet
managers in making choices for the implementation of vehicles with advanced propulsion
technologies in demonstration projects and vehicle fleets. Based on the results of a survey
among potential users an interactive guidebook has been developed which guides users through
various steps of the decision process of selecting, purchasing and employing alternatively
powered vehicles. Task 3 has been co-ordinated by JRC ISIS (contact person: Donald Bain, JRC
ISIS, T.P. 650, 21020 Ispra (VA), Italy).

The MATADOR-project has started at the beginning of 1998 and has ended in July 2000. The
MATADOR-project as a whole has been co-ordinated by Novem, the Netherlands (contact
person: Remco Hoogma, Novem, P.O. Box 8242, 3503 RE Utrecht, the Netherlands).
MATADOR has been partly sponsored by the Commission of the European Union in the
framework of the JOULE III Programme (contract nr. JOE3-CT97-0081)

This report presents the results of Task 2 of MATADOR. Separate reports of Task 1 and Task 3
are available from the Task Co-ordinators.
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2 Motivation for Task 2 of MATADOR

In the near future a wide range of vehicles with advanced propulsion system will come on the
market or will be subjected to real-life testing in large-scale demonstration and implementation
projects. Vehicle and driveline testing is of paramount importance for the assessment of
technological progress in the field of electric, hybrid and fuel cell propulsion in general as well
as for the evaluation and homologation of advanced vehicles coming on the market. Evaluation
and approval testing of these vehicles calls for adequate measurement methods and test
procedures to measure energy consumption and emissions. Procedures for type approval of
these new types of vehicles are currently under development in Europe, the USA and Japan.
Battery-electric vehicles are included in the ECE-directives for homologation testing, but for
hybrid and fuel cell vehicles such regulatory test procedures are not yet in effect.

Implementation of appropriate homologation procedures is mandatory for a successful market
introduction of these new technologies. Without type approval vehicles can not be marketed and
sold in large volumes. Also, type approval gives customers the guarantee that vehicles meet all
legally required safety, environmental and durability standards. Development of adequate test
procedures, however, is hindered by technology specific test problems associated with the
complexity of these new technologies and uncertainty about the types of configurations that will
be introduced on the market. The latter aspect is especially important. The exact definition of
regulations and test procedures, in combination with the associated legislative emission limits,

is critical as this definition in itself influences the relative performance of different technologies
subjected to the test procedures. This fact is already known from homologation testing of
conventional vehicles. The goal of homologation testing and emission regulations is to lower the
environmental impacts of vehicles on the road. However, wrong definitions of the structure of
the procedure and the laboratory test conditions may induce sub-optimal technical solutions.
Technologies that score well on a laboratory test do not necessary perform better than their
alternatives when used in actual traffic.

Although there are a lot of activities in progress aimed at making homologation test procedures
more representative for actual vehicle use, it will take a decade or more before these procedures
are in effect. In the mean time, therefore, besides strict homologation test procedures also
laboratory test methods are required that enable realistic comparisons between different
propulsion technologies and that produce energy consumption and emission results which are
representative for actual use of the vehicles. These two criteria of comparability and
representativity are often not met by existing (draft) homologation procedures for electric,
hybrid and fuel cell vehicles.

Under Task 2 of the MATADOR-project (Management Tool for the Assessment of Driveline
Technologies and Research) research has been carried out, aimed at the development of
adequate measurement methods and test procedures for the evaluation of energy consumption
and emissions of vehicles with advanced power trains.

As already stated above, when talking about test methods or test procedures a distinction has to
be made between test methods for approval testing and test methods for technology assessment
and product evaluations. For approval testing it is essential to find out whether a vehicle meets
e.g. emissions standards over a certain driving cycle in a worst case condition with regard to the
available drive modes. A parallel hybrid such as the Audi DUO III with a 3-mode switch should
be able to meet the European emission limits over the NEDC-cycle in its [CE-only mode.
Whether the vehicle would do better in the hybrid mode is of no relevance for the
homologation. For a product evaluation, however, the question is what benefits a new
technology brings under realistic driving conditions. In that case a test in hybrid mode is
essential, preferably over a driving cycle that is representative for the actual vehicle application.
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It is our strong belief that in the near future homologation test procedures will have to become
more representative for real-life driving in order to make sure that manufacturers apply
technologies in their vehicles that do not just make the vehicle meet legislated emission limits
under laboratory test conditions, but that have a minimal impact on the environment when the
vehicle is in actual use. In the present European situation, with a non-representative modal test
cycle for LD-vehicles, the emissions of vehicles with modern engine technology and advanced
motor management systems, as measured with the standard homologation procedure, may be up
to an order of magnitude lower than those measured over realistic driving cycles, derived from
speed-time patterns recorded on the road under average driving conditions.

Due to their technical complexity especially hybrid-electric vehicles pose a challenge for the
definition of measurement methods and test procedures. A crucial characteristic of hybrid
vehicles is the fact that the instantaneous fuel consumption and emissions are decoupled from
the instantaneous road load. In combination with the complex and sometimes discrete nature of
the powertrain control strategy this leads to a highly non-linear response of the energy
consumption and emissions of hybrid vehicles to changes in the test circumstances. This makes
the use of representative test procedures even more crucial.

3 The scope of Task 2 of MATADOR

Technology Assessment versus Homologation

Within Task 2 of the MATADOR-project the main focus has been on developing or selecting
laboratory test methods that allow a good comparison of vehicles and that yield results which
are representative -or at least meaningful indications- for the energy consumption and emissions
of these vehicles under real-life driving conditions. This application is referred to as technology
assessment or comparative testing.

The results of Task 2 also contain valuable insights that may improve the data collection and
evaluation in field testing and demonstration programmes.

It must be stated explicitly that it has not been the scope of this project to define standards for
(homologation) test procedures. This is primary the role of standard setting bodies. Most of the
results of the project, however, are of great value for the development of homologation test
procedures. For this reason also co-operation with standard setting bodies has been established
in the course of the project.

Energy consumption versus exhaust emissions

In general the same basic test procedure (in terms of e.g. vehicle conditioning and driving cycle)
is used for the determination of energy consumption and for measuring exhaust gas emissions.
The aim of Task 2 has therefore been to provide test solutions for measuring both the energy
consumption and the emissions of vehicles with advanced propulsion systems. Practical
limitations, however, have inhibited a thorough validation of the applicability of the proposed
methods for determining vehicle emissions. The main reasons for this are:

» Itis at present extremely difficult to model the production of exhaust gas emissions in
computer simulation models of both conventional vehicles and e.g. hybrid and fuel cell
vehicles. The computer simulations carried out in Task 2 therefore only provide results with
respect to the energy consumption of the vehicles under study.

*  Most vehicles available for testing in Task 2 were battery-electric vehicles. The number of
hybrid vehicles available for testing at the time the project was executed was limited to the
Toyota PRIUS, the Audi DUO and some prototypes available at the participating institutes.
These vehicles only cover a small part of the whole range of possible powertrain
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configurations. In addition, not all institutes are in possession of laboratory equipment for
emission monitoring.

4 The organisation of Task 2 of MATADOR

In comparison with conventional vehicles with internal combustion engines (ICEVs) the testing
of electric, hybrid and fuel cell powered vehicles poses measurement problems that are specific
for the technologies used. After analysing existing and draft standard test procedures and an
inventory of the above-mentioned technology-specific problems, a number of topics have been
selected for in-depth study. Literature research, computer simulations and actual vehicle tests
have been performed to analyse the selected problems and to evaluate possible solutions. The
proposed solutions for different measurement problems have subsequently been combined to
formulate consistent frameworks for the definition of adequate test procedures meeting the
criteria described above.

4.1 The participants in Task 2

The following institutes have collaborated in this project:

Institute: TNO Automotive, P.O. Box 6033, 2600 JA Delft, the Netherlands,
http://www.automotive.tno.nl

Contact person: Richard T.M. Smokers, tel: +31-15-2697511, fax: +31-15-2696874, e-mail:
Smokers@wt.tno.nl

Institute: Institut fiir Kraftfahrwesen (IKA), Steinbachstrasse 10, 52074 Aachen,
Germany, http://www.ika.rwth-aachen.de/index-e.htm

Contact person: Jan-Welm Biermann, Servé Ploumen, tel: +49-241-805616, fax: +49-241-8888147,
Biermann(@ika.rwth-aachen.de

Institute: ENEA — Advanced Energy Technology Division, Via Anguilarese 301, 00060
Rome, Italy, www.enea.it

Contact person: Mario Conte, tel: +39-06-30484829, fax: +39-06-30486306, e-mail:
Conte(@casaccia.enea.it

Institute: Institute for Automotive Engineering Arnhem, P.O. Box 7003, 6826 CC
Arnhem, Netherlands, www.htsautotechniek.nl
Contact person: Leo Buning, tel: +31-26-3849308, fax: +31-26-3849385, e-mail:

Bun@ft.han.nl

Institute: HTA Biel, P.O. Box 1180, 2501 Biel, Switzerland, www.hta-
bi.bth.ch/A/e.html

Contact person: Karl Meier-Engel, tel: +41-32-3216362, fax: +41-32-3216500, e-mail:
Karl.Meier@hta-bi.bfh.ch

TNO Automotive has acted as Task Leader of Task 2. Company profiles of the participants are
included in Section 7 of this introduction. All partners have served as Subtask Leaders.
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4.2 Organisation of the research work

Table C: The structure of Task 2 of MATADOR

Nr. | Subtask subject | Subt. Leader | Participants
Research tasks
2.1 Categorisation of EV configurations IKA TNO, ENEA
2.2 Development of simulation tools IKA, TNO
2.3 Evaluation of existing (draft) standards IKA TNO, ENEA,
IAE, HTA
2.4 ASOC correction methods for HEVs TNO IKA, ENEA
2.5 Determination of SOC or ASOC in general ENEA TNO, IKA
2.6 Comparing electricity and fuel consumption | TNO
2.7 FCEV test procedures. ENEA TNO, IKA
2.8 Driving cycles for LD vehicles TNO IKA, ENEA, IAE,
HTA
2.9 Test methods and driving cycles for HD TNO IKA, ENEA
vehicles
2.10 | Dealing with EVs not meeting the demands HTA ENEA, IAE
of test cycles
2.11 | Accuracy and tolerances 1IKA TNO, ENEA,
IAE, HTA
2.12 | Regenerative braking on 2WD IAE TNO, HTA
dynamometers
2.13 | Non-rechargeable batteries ENEA TNO
2.14 | Self-discharge and heating energy ENEA IKA, HTA
Synthesis tasks
2.15 | Definition of frameworks for test procedures | TNO ENEA, IKA,
HTA
- Test method framework for LD BEVs ENEA HTA
- Test method framework for HD BEVs ENEA
- Test method framework for LD HEVs IKA TNO
- Test method framework for HD HEVs IKA TNO
- Test method framework for LD FCEVs ENEA
- Test method framework for HD FCEVs ENEA
2.16 | Editing of final report TNO IKA, ENEA, IAE,
HTA
Support tasks
2.17 | Co-operation with industry TNO IKA, ENEA
2.18 | Co-ordination with standard setting bodies TNO IKA, ENEA
2.19 | Document list ENEA TNO, IKA, IAE,
HTA
2.20 | Dissemination TNO IKA, ENEA, IAE,
HTA

Research on the various topics has been organised in so-called Subtasks. Each Subtask deals
with one of the selected topics or contains research in support of the other Subtasks. Besides
these Research Subtasks also some Synthesis Subtasks and Support Subtasks have been carried
out. Each Subtask has had its own Subtask Leader carrying out most of the work within the
Subtask and co-ordinating the input by other participants in the form of e.g. results of computer
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simulations, measurements and technical discussions. The Subtask Leaders have produced the
reports for their Subtasks, as included in Part II of this Task 2 report. Part I of this report is
compiled by the Task Leader on the basis of input provided by all Subtask Leaders.

5 Contents of the various Subtasks

Research tasks

Subtask 2.1  Categorisation of EV configurations

A general and theoretical categorisation framework (for conventional, advanced conventional
and alternative propulsion systems) is necessary, not for its own sake but as an instrument for
the evaluation and visualisation of simplified categorisation schemes to be developed for
practical test procedures. Categorisation should cover three axes:

* driveline types;

e (driver selectable) driving modes;

» application areas (e.g. urban vs. highway or different vehicle applications).

In this Subtask existing categorisation frameworks have been analysed and a proposal has been
made for the categorisation to be used for the test methods and procedures to be developed in
Task 2 of MATADOR.

Subtask 2.2 Development of simulation tools

Many Subtasks contain computer simulations as part of the work. IKA and TNO both have
developed their own advanced computer simulation tools and have gained vast experience with
the use of these tools in various projects. Other partners mainly use simulation tools developed
by other institutes. It was agreed that coherence of the results of Task 2 could be greatly
improved by performing all essential simulations with the aid of a common consistent set of
vehicle / driveline models, using the models of TNO and IKA. TNO and IKA have each worked
out such a set of vehicle / driveline models within their own simulation tool, and have
performed simulations in support of research tasks carried out by the other participants.

Subtask 2.3  Evaluation of existing (draft) standards

Currently a number of (draft) test procedures for BEVs and HEVs are existing or are under

development. Within this project the (draft) procedures developed by SAE for the US and by

CEN for Europe have been considered (Reference [2]-[7]). Also various institutes have

developed their own procedures. Examples within MATADOR are a simplified HEV test

procedure and an adapted BEV test procedure by HTA-Biel and a BEV test procedure used by

ENEA. In this Subtask these procedures have been analysed to:

»  gain insight in the accuracy, reproducibility and suitability of existing (draft) standards;

*  gain insight in the consequences of choices and assumptions made in existing (draft)
standards;

» identify which parts of existing procedures can be applied to the frameworks to be
developed in Task 2;

»  formulate comments and recommendations as input for future improvements.

Subtask 2.4 ASOC correction methods for HEVs
For a correct measurement of energy consumption and emissions of charge sustaining HEVs the
SOC (state-of-charge) of the battery at the end of the test should be the same as at the

beginning. If this can not be realised, then the occurring ASOC has to be determined and
accounted for in a calculation of energy consumption and emissions. Also, the SOC may have to

be influenced for conditioning of a HEV prior to testing. Various options for ASOC-correction
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have been evaluated by means of computer simulations and vehicle testing to identify the most
promising method.

Subtask 2.5 Determination of SOC or ASOC in general

Accurate determination of the SOC is a fundamental problem for all battery types. The solution
of this problem is outside the scope of MATADOR. However, within MATADOR it was
considered useful to evaluate existing methods for SOC determination, and to evaluate how
these methods relate to the issue of testing vehicles with alternative powertrains.

Subtask 2.6 Comparing electricity and fuel consumption

For comparing energy and emission performance of vehicles with different propulsion systems,
fuel consumption and electricity consumption must be brought on a comparable basis. This is
also necessary to evaluate the performance of charge depleting hybrids that consume both fuel
and electricity. The general approach is to compare primary energy consumption and total (=
direct + indirect) emissions, taking into account all energy losses and emissions in the various
well-to-wheel energy chains. A cradle-to-grave or life-cycle analysis (LCA) can be added to
also include environmental and energy impacts from manufacturing and decommissioning the
vehicle. In this Subtask a practical recommendation to the EU is formulated to allow inclusion
of this aspect into homologation procedures in a well-defined and standardised way.

Subtask 2.7 FCEV test procedures

Two types of fuel cell electric vehicles can be discerned. In vehicles without an electric energy
storage system the output of the fuel cell is directly connected to the input of the electric
machine(s) driving the wheels (further called FCEV). Besides this also a hybrid configuration is
possible where a battery assists the fuel cell when peak power is required and stores energy
during regenerative braking (further called FCHEV). For both types of propulsion systems
adequate methods need to be developed to measure energy consumption and emissions of fuel
cell vehicles. This is the subject of this Subtask.

Subtask 2.8  Driving cycles for LD vehicles

An important focus of the research in Task 2 of MATADOR has been driving cycles. The
characteristics of a driving cycle (average power, dynamics, etc.) strongly influence energy use
and emissions and also influence the results of comparisons between vehicles with different
propulsion systems when tested over a driving cycle. Current standard cycles, especially in
Europe and Japan, bear relatively little resemblance to the conditions of actual vehicle use. It is
found that especially the modal cycles (e.g. NEDC and Japanese 10-15) are much less
demanding than cycles based on real-life driving. The issue of representativity is also under
discussion for testing of ICE-vehicles, as results from standard tests are not only used for
technical evaluation and homologation procedures but also for e.g. the calculation of energy
consumption and emission factors used in policy studies or for policy measures stimulating
clean and efficient vehicles. For vehicles with electric and hybrid power trains the problem is
even more pressing as vehicles can be designed and optimised for very specific purposes and
will perform differently on different drive cycles. This Subtask has studied the influence of
driving cycle characteristics on the energy consumption of battery-electric, hybrid and fuel cell
vehicles.

Subtask 2.9 Test methods and driving cycles for HD vehicles

Current standard test methods for heavy-duty vehicles are not applicable to HD BEVs, HEVs
and FCEVs. The standard test in Europe for conventional HD vehicles is the 13-mode ESC test,
which is a static engine test. A meaningful translation of this engine test procedure to alternative
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propulsion systems for HD vehicles is not possible. The same is true for the transient ETC
cycle, simply because it is an engine based cycle. The driveline as a whole (or even better, the
vehicle as a whole) needs to be tested on a driving cycle. In this Subtask the options for testing
HD vehicles with advanced propulsion systems have been explored, and a proposal for a test
method has been worked out.

Subtask 2.10 Dealing with EVs not meeting the demands of test cycles

Prototype and (pre-)commercial EVs often have limited performance so that they are unable to
follow a prescribed driving cycle (speed-time pattern). If deviations from a cycle are allowed,
then results of measurements may be incomparable to results obtained on other vehicles, e.g.
due to incorrect weighting of high-power parts in the driving cycle. Simulations have been
performed to analyse the influence of so-called “failure time” on the energy consumption of
BEVs and HEVs over a cycle, and recommendations have been formulated for dealing with this
issue in (standardised) test procedures.

Subtask 2.11 Accuracy and tolerances

Measurement accuracy and reproducibility of new test methods should be comparable to
existing methods. Accuracy and reproducibility include the accuracy with which the cycle is
followed and the effects of variations (within the allowed bandwidths) in vehicle conditioning
or the execution of the test on the vehicle control strategy, the frequency and duration of ICE
operation periods for HEVs, and subsequent effects on energy consumption and emissions. For
conventional vehicles the allowed tolerances already cause significant variations in the test
results. For hybrids, with discrete switching actions (e.g. ICE on or off) in response to external
parameters (e.g. road load) or internal parameters (e.g. battery SOC, ICE temperature), the
effects may be even more dramatic. In this Subtasks these aspects have been quantified and
recommendations for modifications of existing test procedures and conditions have been
formulated.

Subtask 2.12 Regenerative braking on 2WD dynamometers

Depending on the vehicle’s braking strategy the yield of regenerative braking may be measured
too high on two-wheel drive (2WD) dynamometers, as all braking energy is taken up through
the driven wheels and none is dissipated by braking the non-driven wheels. In this Subtask the
size of this problem has been analysed as well as approaches to deal with the problem.

Subtask 2.13 Non-rechargeable batteries

Vehicles with e.g. Zn-air batteries can not be charged from the grid, so that electricity
consumption can not be measured in the way prescribed by e.g. EN 1986-1 [2]. To compare the
energy consumption of these vehicles with other BEVs the efficiency of recycling non-
rechargeable batteries needs to be accounted for. A procedure is proposed that allows for this on
the basis of a vehicle test and certified information to be supplied by the battery
manufacturer/recycler.

Subtask 2.14 Self-discharge and heating energy

Batteries with high self-discharge and high-temperature batteries lose energy also during
standstill. In the current procedures such losses are not measured separately, but do influence
the test results. In general the influence of self-discharge and battery heating will strongly
depend on the use of the vehicle (e.g. km/day driven, or standstill during weekends). In this
Subtask the size and nature of the problem have been analysed and proposals have been drawn
up to deal with this issue both in homologation testing and in vehicle evaluations under realistic
test conditions.
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Synthesis tasks

Subtask 2.15 Definition of frameworks for test procedures

The results of the research tasks described above can be viewed as building blocks for
composing test procedures for vehicles with advanced propulsion systems. In this Subtask
frameworks have been drawn up for the synthesis of complete tests methods and procedures for
testing of vehicles with battery electric, hybrid electric and fuel cell electric propulsion systems.
In these frameworks, solutions for the different measurement problems have been combined and
tailored to the various vehicle and propulsion system types. It must be emphasised that it has not
been the goal of Task 2 or MATADOR to develop complete procedures in detail. This is the
work of standard setting bodies. The frameworks developed here basically place the test
methods proposed in the research tasks in a consistent context, and sketch the general structure
and contents of test procedures for battery-electric, hybrid and fuel cell vehicles.

Initially a division of frameworks for LD and HD vehicles was foreseen, as the test procedures
for these vehicle categories are generally different. A general conclusion of the research,
however, is that for HD vehicles with battery-electric, hybrid and fuel cell propulsion systems a
test on the vehicle level is required on the basis of a transient driving cycle. Such procedures
would have largely the same structure as procedures for LD vehicles. Therefore in the reports on
this Subtask the frameworks for LD and HD vehicles have been integrated. Special aspects
related to HD vehicles are indicated when appropriate.

In this report the following frameworks are described:
e Test method framework for BEVs

¢ Test method framework for HEVs

e Test method framework for FCEVs

Initially it was also foreseen that Task 2 would provide a test method framework for other
alternative propulsion systems. These would include non-electric alternatives such as
mechanical hybrids with a flywheel. Given the limited role of these vehicles in the international
R&D and the limited chances for market introduction of these vehicles on the short or mid term,
it was decided to concentrate the efforts of Task 2 entirely on vehicles with (hybrid) electric
propulsion systems.

Subtask 2.16 Editing of final report

This synthesis task has been split of as the integration of the multitude of results produced by
the various Subtasks and the formulation of overall recommendations is a task in itself.

Support tasks

Subtask 2.17 Co-operation with industry

Actual testing of drivelines and vehicles has been an important research tool in Task 2 of
MATADOR. A co-operation with the European or other automotive industries was considered
essential to enable the MATADOR-project to test a wide variety of state-of-the-art vehicles. On
the other hand also the sharing of ideas and insights in such a co-operation could serve to align
the research in Task 2 with the interests of the automotive industry.

In the first year of the project contacts have been made with representatives of various European
automobile manufacturers. The interest from these manufacturers to establish a formal co-
operation with the project, however, has been minimal. To make vehicles available for testing in
MATADOR the participants have decided to use their own networks and contacts through other
running projects. In many cases manufacturers or other clients of these projects allowed
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dedicated tests for MATADOR to be performed on their vehicles or allowed the use of certain
test results within MATADOR. Also participants have tested vehicles that they have developed
or purchased by themselves.

No separate report of this activity is made.

Subtask 2.18 Co-ordination with standard setting bodies

In the same way as a project like MATADOR can not operate independent of the European
automotive industry, also various reasons existed to strive for a close co-operation with
international standard setting bodies. For battery-electric vehicles standard test procedures have
been developed and adopted (EN 1821-1, EN 1986-1, ISO/DIS 8714-1, ISO/DIS 8715-2, SAE J
1634, SAE J 1666). As stated above these procedures do not appropriately account for vehicles
with e.g. high-temperature or non-rechargeable batteries. For hybrid-electric vehicles test
standards are currently under preparation or adopted (prEN 1821-2, prEN 1986-2, SAE J1711).
In the course of the project intensive contacts have been maintained with SAE representatives,
and especially with the workgroup within CEN that is responsible for drawing up test standards
for electric vehicles, CEN TC301/WG1. Members of Task 2 have participated in various
meetings of this workgroup to gain insight in the philosophy behind the procedures developed
by this workgroup and to present the views of the MATADOR consortium. Also contacts have
been maintained with Japanese representatives from NEDO and JARI involved in the definition
of test procedures for hybrid vehicles in Japan.

No separate report of this activity is made.

Subtask 2.19 Document list

For the research in Task 2 a large body of literature on standards and test methods has been
collected by various participants. To improve accessibility of information and to expand the
common knowledge base within Task 2, a list of collected references has been drawn up. This
list is for use by the partners only, and is not a deliverable of the project.

Subtask 2.20 Dissemination

An important goal of Task 2 is to disseminate its results to industry, standard setting bodies and
other relevant target groups. Besides direct approaches of these target groups (see Subtasks 17
and 18) also more generic dissemination activities have been carried out.

The most important dissemination activity has been the presentation of papers on Task 2 at
EVS-15 and EVS 16 [9][10]. A paper for EVS-17 in October of 2000, presenting the final
results, has also been submitted [11].

Furthermore some of the results of Task 2 have been discussed in Annex VII of the [EA
Implementing Agreement for Hybrid and Electric Vehicle Technologies and Programmes.

This final report will be disseminated widely to automotive manufacturers, standard setting
bodies and other target groups. An important forum for dissemination will be the EU-sponsored
thematic networks ELEDRIVE and ENIGMATIC. Additional dissemination activities may be
defined in separate projects to be carried out after the completion of MATADOR.

No separate report of this activity is made.
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6 How to read this report

The final report of Task 2 of MATADOR consists of two parts, containing the following
elements:

Part I:

»  Executive Summary

« Introduction

*  Conclusions from Subtasks 1 — 14

»  Frameworks for test procedures

e Overall conclusions and recommendations

Part 1I:
»  Subtask Reports

Part I is the main Task 2 report. In the “Conclusions from Subtasks 1 — 14” the proposed
solutions for the identified test problems are described in a self-contained manner. The
“Frameworks for test procedures” can therefore be read and largely understood without
knowledge of the detailed results of the research activities performed in the Subtasks. The
chapter “Overall conclusions and recommendations” provides conclusions that are relevant to
the development of test procedures and the performance of test in general. Recommendations
are formulated to assist the EU, vehicle manufacturers and standard setting bodies in
determining their strategy towards the definition of adequate test procedures. Also areas where
additional research is required are identified.

For technical and detailed insight in the problems studied in Task 2 and for the motivation
behind the proposed solutions the reader is referred to the Subtask Reports contained in part I1.

7 Company profiles

TNO Automotive, Delft, the Netherlands

TNO is the Netherlands Organisation for Applied Scientific Research with around 4200 staff, at
the forefront of research, development and application of new technology in many different
areas. It provides a link within the innovation chain between fundamental research as a source
of knowledge and practical application as the use of knowledge which can be commercially
exploited. The company is divided into 14 institutes for the different research areas.

The TNO Automotive institute concentrates on vehicle dynamics, powertrains, crash safety,
advanced transport systems, and homologations. The powertrains department of the institute
performs a wide range of fundamental and applied research, development work and contract
engineering on internal combustion engines and alternative powertrains. Feasibility and
environmental studies, engine optimisation and endurance tests are performed for clients all
over the world.

Future powertrains will combine a variety of components ranging from combustion engines and
electric machine to batteries and fuel cells. TNO's multidisciplinary organisation enables the
integration of most essential technologies into practical propulsion systems that meet extreme
demands in terms of fuel consumption, exhaust emissions and noise levels.

TNO Automotive has nationally and internationally recognised expertise in the field of emission
monitoring and environmental studies. In this capacity, TNO is engaged in monitoring the
emissions from the fleet of vehicles currently on the road, by an extensive In-Use Compliance
program for both LD and HD vehicles. Therefore, it has a unique position to develop accurate
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emission models for road vehicles. Using transport statistics and measurements in actual traffic
as a basis, TNO Automotive develops representative test cycles for use in future homologation
testing and for the evaluation of vehicles and engines in specific transport applications and
under realistic traffic conditions.

The ISO certified Engine and Emission Laboratory of TNO Automotive can carry out a wide
variety of standardised and non-standardised tests. Five engine test beds (including a fully
transient Heavy Duty one) and three vehicle test stands, as well as much auxiliary equipment are
operated by a well-trained staff. TNO Automotive has built a unique test facility where all types
of electric power sources and powertrains can be tested under realistic conditions. This facility
(based on a 300 kWe Digatron electrical test bench) is one of the largest and most modern of its
kind in the world.

ENEA, Rome, Italy

ENEA, the Italian National Agency for New Technology, Energy and the Environment, is a
scientific research and technology development organisation with vast, internationally
recognised experience in conducting advanced research programmes and implementing
complex projects.

Nearly half of ENEA's approximately 4000 employees are researchers and engineers operating
in ten research centres located across Italy. ENEA fields of competence include engineering,
materials science, chemistry, physics, geology, mathematics, agriculture, oceanography,
information science and technology, meteorology, biology and many others. ENEA works with
the Ministries of Industry, Environment, Research, Agriculture and Cultural Resources on
designing and conducting projects involving the European Union, and other international
organisations such as the United Nations and the OECD. Among its main scopes, there is the
research, development and promotion of environmentally safe and energy saving technologies.

In the transport sector, ENEA is involved, together with research organisations, industries and
users, in many programmes at national and international level. The aim of such programmes is
to promote energy-efficient technologies with low environmental impact by means of:
development of advanced mobility and traffic management systems (computer tools for traffic
evaluation and control); research and development of innovative (with advanced engines,
combustion control systems and alternative fuels) and advanced (pure battery-powered and
hybrid with intelligent controls, lithium batteries and polymer electrolyte fuel cells) vehicles. An
integrated systems of testing facilities has been created able to characterise components
(injectors, gaseous fuel tanks, thermal engines and electrical motors, batteries, fuel cells),
subsystems (storage, propulsion, electronic devices, complete drivelines) and vehicles (with
bench, track and field tests). ENEA has been participating in numerous European Community
projects, among which: FLEETS, JUPITER, MATADOR, SCOPE, ELEDRIVE, and so on.
ENEA is also the Italian representative in some International Energy Agency (IEA)
Implementing Agreements including those on Electric and Hybrid Vehicles and Fuel Cells.

Institut fur Kraftfahrwesen (ika), Aachen, Germany

The ika- Institut fiir Kraftfahrwesen Aachen is a well known university research institute for
automotive engineering of the Aachen University of Technology (RWTH Aachen). Our
activities focus on developments towards innovative mobility, resulting in superior products and
consistent concepts. Thus we support our partners in the automotive industry to face
competition successfully by aquiring advantageous positions.

The performance profile of ika purposely meets these challenges. Ika excells in the following
fields:
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Automotive Research and Development

The research and development work that is carried out at ika ranges from public sponsored, i.e.
independent fundamental research projects to vehicle specific advanced and series development.
With about 200 staff members it covers almost all fields of automotive engineering in the
segments: Chassis, Body, Drive-Train, Electronics, Acoustics/NVH an Traffic (Telematics,
Driver-Assistance). Due to the wide range of subjects covered by the activities in different
vehicle segments, ika is also able to integrate new developments into the vehicle concept as a
whole. Therefore full vehicle competence can be provided if necessary.

Product Strategy and organizational Consultancy

In addition to pure R+D activities ika is a valuable project partner that combines technological
developments and product strategy. The investigations focus on the product portfolios as well as
on the effects of new products on the market and on competition.

Education and Advanced Training

Besides the training and education of tomorrow’s industrial elite the combination of research,
teaching and industry oriented service and consulting offers the possibility of further education
to specialists already active in the industry. The spectrum of further educational events is
considerable. It ranges from workshops on vehicle specific issues offered to individual
companies to international seminars and major events like the “Aachen Colloquium for
Automobile and Engine Technology”

Institute of Automotive Engineering, Arnhem, the Netherlands

The Institute of Automotive Engineering in Arnhem was established in 1942. It has a unique
position within the environment of college and university education, as it is the only educational
institution within the Benelux which provides a specific curriculum in automotive engineering.
The automotive industry is greatly in need of graduates in this field. Each year approximately
120 graduates with a Bachelor’s degree in Automotive Engineering enter the labour market.
These graduates usually have no difficulty in finding work. This is one of the reasons that the
students at the Institute of Automotive Engineering in Arnhem are a well-motivated student
body. The Institute of Automotive Engineering is one of the departments within the Faculty of
Mechanical Engineering at the University of Professional Education of Arnhem and Nijmegen.

Intensive contact is maintained between (the automotive) industry and the Institute in various
ways, e.g. while students are carrying out their work experience, and also during their
graduation assignments. Companies can also request retraining and refresher courses for their
personnel, in the fields of motor vehicle and transport technology.

The Institute of Automotive Engineering is not only an educational institution. It also has a
research and test centre. The Department of Contract Research, which is a separate department
within the Institute, carries out practical and applied research and detailed tests, as specified by
the client, and in accordance with instructions received from various companies and institutions.
The precise kind of research is dependent upon the requirements of the client: comparative
research; expertise provided by professional consultants, and/or measurements, made in
accordance with EEC regulations if required; quality assessments and design.

The scope of the projects can vary. It is possible to request one-off or small scale investigations.
This could, for example, be an assessment of an invention or component, or structural
investigations. On the other hand, the Institute also carries out long-term projects which
sometimes take a number of years to complete.
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Besides research into commercial vehicles and passenger cars, the Institute can also carry out
investigations into other types of vehicles, such as motor bicycles.

Automobile Technology Department of HTA Biel-Bienne, Switzerland

The Automobile Technology Department is the only Engineering College for Automobile
Technology in Switzerland. 1070 students have finished their studies up to 2000.

One class a year in: a “general Automobile Technology”
b “vehicle manufacturing”
Teaching is held in two languages (French an German) simultaneously.
3 years studies with the main points: 1™ year: basic information
2" year: basics for engineer
3" year: Engineering application

Possible jobs after the college’s diploma are:

- teacher of vocational schools

- customer services, technical service or instruction of the service people at

importers

- Constructors (Body manufactering; vehicle industry)

- Experts in analysis of accidents

- Manager or responsible of a garage

- Owner of a garage
The following laboratories are used for education purpose:

- Business management

- Combustion engine

- Electrical Engineering and Electronic

- Vehicle mechanics
These laboratories are also used for research and development projects which are performed for
customers.
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Conclusions from Subtasks 1 - 14

Subtask 2.1  Categorisation of EV configurations

In Task 2 of the MAT ADOR-project test methods (Management Tool for the Assessment of
Driveline Technologies and Research, EU-contract JOE3-CT97-0081) for battery-electric,
hybrid-electric and fuel cell vehicles are analysed in order to support the development of new
test procedures for these vehicles with alternative drivelines. The development and definition of
test procedures for vehicles with alternative drivelines in order to determine the fuel
consumption and emissions requires a detailed work on the technical aspects, which depend
strongly on the vehicle’s technology. This is obviously more complicated for the development
of procedures for a comparative assessment of technologies, which must cover even more
different aspects, than procedures needed for homologation, where values for the fuel
consumption and the emissions are most relevant. As a basis for the development of new
procedures, in this subtask report classification schemes are developed and analysed compared
to existing schemes.

In the scope of this subtask, different classifications of alternative vehicles have been defined.
Due to the complexity of hybrid systems and the many different possible structures and energy
storage components, it is not easy to assign a system to only one class clearly. Classification can
only be done according to special aspects of the hybrid system.

Depending on the purpose, the categorisation scheme is divided in a different number of
categories. For homologation it is desirable to have as few classes as possible, while a
categorisation for research and development has to cover all the different aspects of the systems
internals and therefore may be more extended.

Classification can be made due to the following aspects:
Charging strategy
Power and energy storage device
Driving modes (hybrid, thermal, pure electric modes, ...)
Driveline type and structure (driver selectable)
Operation strategy
“Fuel” (Gasoline, Diesel, Natural Gas, Hydrogen, Electricity ...)

All these categories are important for research and development, while for homologation it can
be reduced to the first two aspects. Only in hybrid vehicles, which have no hybrid mode, but
only a pure electrical and a pure thermal mode, the driving mode is of interest.

The aspects of the existing drafts for testing hybrid vehicles (SAE J1711 and prEN1986-2) are
discussed in this report. prEN1986-2 provides a categorisation scheme similar to the
categorisation scheme for homologation delivered in this report. SAE J1711 additionally
considers the aspect of the charge dependency. The complexity of the tests to be performed
according SAE J1711 shows that with this procedure a more detailed assessment of vehicles
rather than testing only for homologation purposes is conducted.

The different aspects of hybrid systems are described and, beside explanations, examples are
given to illustrate the abstract definitions.

In the scope of this subtask, different classifications of alternative vehicles have been defined.
The classification criteria are the driveline structure, the power and energy storage capacity, the
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available driving modes and the charging strategy. Beside explanations, examples are given to
illustrate the abstract definitions.

Subtask 2.2 Development of simulation models

The goal of Subtask 2.2 was the ‘Development of simulation models’ that could be used to
investigate many aspects which were defined as key issues in the MATADOR Task 2 project.
Both IKA and TNO already had tools for dynamic driveline simulation at their disposal, called
IKASIM and TNO-ADVANCE respectively.

Both partners have built an extensive set of driveline models, together comprising many of the
possible powertrain configurations. Main functionality for the models is showing representative
driveline behaviour. The working of components therefore has to be similar to real-life
operation. Many components have not actually been validated however. The results of the
simulation, therefore, may only be compared qualitatively. Ranking the different powertrain
configurations is also not allowed due to the lack of actual validation. All models are meant to
give insight into the differences in driveline behaviour for various types of powertrains, not to
rank them in terms of energy efficiency.

At IKA the following Light-Duty driveline models have been set up:
3 x Parallel Hybrid Electric Vehicle
Battery storage system (Charge sustaining & depleting)
Flywheel storage system (Charge sustaining)
3 x Series Hybrid Electric Vehicle
Battery storage system (Charge sustaining & depleting)
Flywheel storage system (Charge sustaining)

At TNO the following (charge sustaining) driveline models now are available:
1 x Battery Electric Vehicle (Light-Duty)
1 x Parallel Hybrid Electric Vehicle (Heavy-Duty)
2 x Series Hybrid Electric Vehicle (Light-Duty & Heavy-Duty)
1 x Combined Hybrid Electric Vehicle (LD)
1 x Fuel Cell Electric Vehicle (LD)
1 x Fuel Cell Hybrid Electric Vehicle (LD)

All of these models are used to support the research conducted in other subtasks of the
MATADOR Task 2 project and have proven to be very useful for this purpose. Quite often in
the Subtask Reports, the models are referenced to with an abbreviation, which will be included
in the list of abbreviations. Detailed information on the models, however, is only presented in
this subtask report.

Simulations can never fully replace actual measurements. A computer model’s representativity
is always limited by factors like the influence of temperatures or tyre pressure that can hardly be
modelled. Practical reasons can also be the cause for not modelling known effects. Detailed
models can result in time-consuming simulations and also obtaining necessary, meaningful data
can be a problem (e.g. which and how do you measure transient effects on for instance fuel use
and emissions of combustion engines). Well-known effects then are not included into the
models.

The models described in this document are generic models, which can very well be used to
research driveline behaviour and energy consumption, yet that cannot produce useful
information on the emission of a certain driveline type. The models do contain all the essential
physics so that the response to changing test conditions is adequately simulated.
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Subtask 2.3  Evaluation of existing (draft) standards

In Task 2 of the MATADOR-project, test methods (Management Tool for the Assessment of
Driveline Technologies and Research, EU-contract JOE3-CT97-0081) for battery-electric,
hybrid-electric and fuel cell vehicles are analysed in order to support the development of new
test procedures for these vehicles with alternative drivelines. In the subtask report presented
here the applicability of different standards was investigated both by test and simulation. The
goal was to find possible problems of these standards by performing tests according to the
standards. The experience and aspects that might turn out into possible problems encountered
during the test allow for a deep understanding of the problems of applying and defining test
procedures. The standards, which were analysed, are:

EN 1986-1: Electrically propelled road vehicles — Measurement of energy performances

— Part 1: Pure electric vehicles

SAE J 1634: Electric vehicle energy consumption and range test procedure

Additionally, two testing procedures, which have been established for internal use in the
specific institutes, have been discussed too.
HTA-Biel: Mendrisio BEV Test Procedure
ENEA: BEV Test Procedure
For hybrid vehicles the following procedures are investigated:
prEN 1986-2: Electrically propelled road vehicles — Measurement of energy
performances — Part 2: Thermal electric hybrid vehicles (Draft)
SAE J 1711: Recommended practice for measuring the exhaust emissions and fuel
economy of hybrid vehicles (Draft)
California Air Resources Board (CARB): Californian exhaust emission standards and
test procedures for 2003 and subsequent model zero-emissions vehicles, and 2001 and
subsequent model hybrid electric vehicles, in the passenger car, light-duty truck and
medium-duty vehicle class (adopted 5.8.1999)

In the first step, the different standards were analysed. A comparison of the speed profiles
shows big differences between the European standards and the US standards. The European
ECE-cycle and the NEDC are artificial, consisting of periods with constant velocities and slopes
with constant acceleration. These are so called ‘modal’ or ‘stylistic’ cycles. However, the
American cycles (UDDS, HWFET, SC03 and US06) are derived from real world driving
patterns, giving second by second values for the speed with no constant phases for velocity or
acceleration. These are so called ‘transient’ cycles. They generally are more power demanding,
especially the US06 test. From the matrices of power over speed it can be seen, that most of the
parallel hybrid vehicles, where the power of the electric motor is lower than that of the ICE,
might fail to follow the US06 driving schedule in pure EV-mode. As expected, the tested Audi
Duo was not able to follow this driving schedule. The key point to solve this problem is the
question of the representativity of the driving schedules prescribed in the standards for the given
vehicle.

A second difference is the used test weight. The European standards define the test weight at the
vehicle curb weight plus 100 kg, whereas the US standards use curb weight plus 136 kg. The
resulting influence on energy consumption of 36 kg weight difference may be negligible
compared to other uncertainties resulting from the complexity of hybrid drives with different
operating modes.

Regarding the vehicle preconditioning, it was evaluated, that especially the condition of the tires
has a great influence on the rolling resistance and therewith on energy consumption. This is no
special characteristic of BEV or HEV. Conventional vehicles have the same dependency.
Therefore , there is no need to warm up the tires before testing, but great care must be taken on
the monitoring of pressure and temperature before testing. The temperature should be the same
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before every test by storing the vehicle at controlled constant ambient temperatures. Existing
standards already demand a corresponding time duration between two tests to ensure cold start
conditions.

Research on the influence of failure time indicates, that this parameter has an influence on the
energy consumption. The energy consumption increases when failure time occurs. Therefore it
is reasonable to measure this time during the test. Also all the standards demand to record the
time, that a vehicle is not able to follow the cycle. They do not make a difference between
allowed deviation times caused by shifting and deviations caused by lack of power. Only these
times caused by lack of power should be accounted for as failure time. New procedures should
clearly define this difference.

For testing pure electric vehicles, it was recognised that especially heating losses are not
consequently regarded by the test procedures. Due to possible differences in charging time, the
amount of energy needed for heating can significantly vary, influencing the overall energy
consumption. In the European standard EN 1986-1, the recharge duration can vary between
minimal 17.98 hours and maximal 23.3 hours. The charge duration according SAE J 1634 is
minimal 12 hours, the maximum duration depends on the battery capacity and recharge power
and is twice the time of energy capacity (kWh) divided by recharge power (kW). Tests
performed with a BEV with a high temperature battery, which has reasonable heating losses,
showed a variation in energy consumption due to different recharging times of up to 38 %. If
energy consumption of electric vehicles in a broader sense should be comparable to each other,
the charging procedures of SAE J1634 and EN 1986-1 should be combined, using a realistic and
representative charging duration. Additionally, an extra measurement of the standstill losses
should be introduced into the standards.

The tests of the Audi DUO, a parallel hybrid electric vehicle, show, that the prEN 1986-2 can be
applied without any problems. During the test according to SAE J1711, major problems occur,
because this procedure obviously does not cover the typical operating characteristics of a typical
“European” parallel hybrid vehicle of which the electric performance is only intended for urban
conditions. Especially, one inconsistency was found. Following the test procedure, an IPT
(recharge independent hybrid mode test) should be performed, but the Audi DUO does not have
such a mode. Additionally, the range in the DFT (Dependent Full Charge Test) and EVT
(Electric Vehicle Test) is much lower than intended in the test procedure. Thus, the utility
values to calculate the daily travel results should be adapted to the lower range, but the
procedure does not clearly state how to do that.

Although the SAE J1711 is very complex and demands a high number of different tests in each
operation mode, it obviously fails to cover the behaviour of the Audi DUO and its operating
strategy. Therefore it is recommended for development of new standards, that new standards
should demand a much simpler procedure. If the driving schedule and the pattern for the use of
the car (including standstill and recharging times) applied for a test are representative, there
should be no need to perform tests in four different cycles and all operating modes to perform a
weighting afterwards.

The analysis of the Californian standard shows, that the tolerance given there for the allowed
change in the state of charge for a charge sustaining hybrid may be applicable to other cycles
than the UDDS, but it needs preparation of the vehicle. The initial state of charge of the
batteries must be settled to a value in such a way, that the final state of charge after the test falls
within the defined tolerance. To evaluate such procedures could be very complicated, and might
not be acceptable, in terms of time and costs. Thus the correction methods analysed in subtask
2.4 are an easier way to determine the energy consumption of charge sustaining hybrids.
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An additional analysis of the prEN 1986-2 standard was performed by simulation. For charge
depleting hybrids, the energy consumption in hybrid mode is measured over a number of cycles,
which is one more than the number, which can be driven in pure electric mode. As a result, the
number of cycles to be driven depends on the vehicle. For a comparative assessment, this
obviously is not a good solution, if each vehicle is tested over a different number of cycles. A
second effect is, that by the repetition of cycles the cold start emissions are underestimated,
because the higher emission of the cold start are averaged with the lower hot emissions in the
following cycles. For a new test procedure, therefore a fixed number of cycles should be used
for charge depleting hybrids also.

Subtask 2.4 ASOC correction methods for HEVs

The research in this subtask report concentrates on methods to determine the actual energy
consumption and emissions of charge sustaining vehicles on a driving cycle. For a correct
measurement of the energy consumption and emissions of such a vehicle, the State-of-Charge
(SOC) of the energy storage system at the end of a test should be the same as at the beginning,.
If this cannot be realised, then the occurring ASOC has to be determined and accounted for in a
calculation of energy consumption and emissions.

It is investigated whether the problem of ASOC will occur and what the effect then will be. By
means of computer simulation and vehicle measurements, answers to these questions are given.

State-of-Charge and the problem (Chapter 2)
The State-of-Charge (SOC) shows periodic behaviour over multiple consecutively driven
cycles (Figure 40). This could be expected as a periodic stimulus (multiple driving cycles) is
imposed on a controlled non-linear dynamic system (the driveline and control).

80

—— HD Parallel HEV

—&— HD Series HEV:
APU 1

—&— HD Series HEV:
APU 2

—6— HD Series HEV:
APU 3

SOC [%]

40 T T T T T T T T T T

Number of consecutive cycles

Figure 40: SOC history for four different hybrids: one HD parallel HEV and a HD series
HEV with three different APU operating strategies

The cyclic response has a period time that equals an integer number of driving cycles. In the
simulations this behaviour can easily be found. In actual measurements, the response of the
driver will not be identical for each consecutive driving cycle of the same type, and, as a
result of that, the system might not settle into a clearly recognisable repetitive pattern. The
Toyota Prius measurements showed that the SOC history was fairly similar over the
successively driven cycles.

Before settling into a repetitive SOC pattern, several cycles are needed for the system to
adapt to the load pattern (the initial conditions first have to dampen out). It may therefore
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take a lot of time before the SOC pattern can be recognised and the period time can be
determined.

Different initial conditions for the SOC influence the on/off operation of the internal
combustion engine. This does not influence the occurrence of periodic response.
Simulations show that it might result in a phase shift though.

The size of the energy storage system can affect the period time of the SOC. This was found
in the simulations of a series and combined hybrid electric vehicle with a small and a large
battery (Figure 8). In case of a control strategy solely based on the State-of-Charge, a large
influence was found, while the influence was much smaller in case of a control strategy that
uses the instantaneous power request at the wheels. The series hybrid with a simple on/off
control for the APU, showed a period time of one driving cycle for the low energy battery,
and a longer period time for the higher energy battery. The response of the combined hybrid
vehicle model was hardly influenced by the change of battery energy content.

Apart from the SOC behaviour, which has given insight into HEV operation, the simulations
and measurements were needed to confirm the existence of the ASOC problem. Both in
simulations and measurements, the SOC showed that significant variations are possible. A large
ASOC, however, does not necessarily have a large influence on the determined energy
consumption of the vehicle. The energy content corresponding to the ASOC in this respect is
more important. The Californian Air Resources Board (CARB) for this reason has defined a
criterion for acceptable change of battery energy content over the cycle. When the change is
within 1% of the used fuel’s energy, then no correction or other tests are necessary. The ASOC,
which is a relative measure, has to be put into perspective of the real amount of energy
associated with it.

The analyses in Chapter 2 clearly indicates that the ASOC problem exists, and thus calls for a
method that can accurately account for it. Various options for ASOC correction have been
identified and discussed.

ASOC correction and energy consumption determination
In Chapter 3 the ASOC correction methods are fully explained and in 4 they are further analysed
and evaluated. The methods are shortly described and discussed here.

1. Energy consumption without ASOC correction (Section 3.1, page 33)
The energy consumption and emissions of a vehicle are determined from one measurement
on one driving cycle. For conventional and battery electric vehicles this yields the correct
value for the environmental performances, since these vehicles are only powered from one
energy source (either the fuel tank or the battery). For hybrid vehicles, this measurement
results in a misrepresentation of the actual energy consumption and emissions over the
cycle. Especially in case of significant ASOC (change of energy content), this would lead to
large errors.

2. Averaging multiple cycles (Section 3.2, page 34)
For charge sustaining vehicles, the SOC will increase and decrease for consecutively driven
cycles. The fuel consumption will vary correspondingly. By driving a large number of
cycles, the effect of SOC-variations (ASOC) will dampen out. Eventually, the (average) fuel
consumption and emissions calculated are the representative values for a cycle. This method
is fundamentally correct, yet, when used in actual tests, an (unpredictable) large number of
cycles are required. An advantage is that the SOC does not have to be measured (although it
has to be known that the vehicle is charge sustaining), since it is not included in the energy
consumption calculation. In simulations, this method has been used to determine the true
asymptotic fuel consumption of vehicles, with which the outcome of other methods can be
compared.
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3. Extension of the test (Section 3.3, page 34)

In case of ASOC, the measurement is continued until ASOC = 0 is reached. At that point the

test is finished. The options are:

1. Same driving cycle is driven until the stop criterion is met. The energy consumption and
emissions then can be determined by either attributing the additional fuel use and
emissions to the distance driven on the cycle or to the total distance (cycle + extension).
From the simulations these methods turned out to be inaccurate and unreliable.

2. A manufacturer defined test is applied in case that a negative ASOC occurs (no
correction is applied when a positive change results from the test). The vehicle
manufacturer defines a charging procedure. This procedure can be at standstill, driving
at a constant speed or any other speed profile to be maintained until zero ASOC is
reached. This method is currently used in the draft CEN-procedure for thermal hybrids
(prEN 1986-2). With respect to simplicity for the body performing the test(s), it is not
desired that each manufacturer defines a (different) procedure.

Another shortcoming of these correction methods is that the additional part of the test is not

representative for the test cycle, since it most likely will have other characteristics than the

test cycle. These methods, therefore, do not give a solid basis for a consistent comparison of
energy consumption and emissions.

4. Linear regression (Section 3.4.1, page 36)
This method requires a driving cycle to be driven several times. During each test, the ASOC
and fuel consumption/emissions are measured. Each measurement thus results in a data set,
and by plotting the consumption/emissions against the ASOC (Figure 41, left), the actual
energy consumption and emissions at ASOC=0 can be estimated.
The use of this method requires the measurement of the (change of) SOC of the reversible
energy carrier. The measurement to be carried out furthermore follows the same procedures
as are currently already used for conventional vehicles.
On the basis of the simulation results, this method provides quite good accuracy. Due to the
low number of vehicle tests, actual validation of the method is only limited. Yet as far as
results have been obtained, this method seems promising.

5. Linear interpolation (Section 3.4.2, page 37)
Even more than the linear regression method, from which it is derived, this method assumes
a linear relationship between the ASOC and the energy consumption/emissions. This linear
interpolation method requires the cycle to be driven twice. The energy storage system of the
vehicle is manipulated so that one test is performed with an initial SOC much higher than
the average value over the cycle, and the second test with an initial SOC that is much lower
than the average over the cycle. These initial SOC values can generally be reached by
driving the vehicle under an extreme condition that either charges or depletes the battery.
Due to the high and low initial SOC, this method automatically yields a large positive and
negative ASOC. The energy consumption and emissions then can be found through linear
interpolation (Figure 41, right).
With respect to the current (conventional) procedure, this method, just like the regression
method, requires the additional measurement of ASOC. Besides that, it also requires the
battery to be specially conditioned (manipulated) prior to driving the cycle.
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Figure 41: Regression (left) and interpolation (vight) method for energy consumption

Proposed ASOC correction method

The research of this subtask learns that, on the basis of a presumed linear relation between
ASOC and energy consumption and emissions, two methods seem possible to account for the
change of charge content over the driving cycle. Both linear regression and linear interpolation
give quite accurate and similar results. This is not surprising since both methods have the same
assumptions. Main differences are found in the battery conditioning prior to conducting the test
and the number of cycles to be driven. Furthermore, the ASOC that will be found in the test is
also different (one starts from extreme initial values and thus is bound to give large ASOC,
while the other will probably vary around the average SOC) and, along with this, the area over
which linearity is assumed is much wider when starting from extreme initial SOC values. The
implementation of these methods in a test procedure depends on several practical considerations
like feasibility for battery manipulation, cold engine starts, or the total amount of test time
needed. In the test procedure framework for (charge sustaining) hybrid electric vehicles these
conditions are taken into account and a workable measurement procedure is given there.

Recommendation

Unfortunately, only a limited number of measurements could be carried out, since only a few

(charge sustaining) hybrid vehicles were available for tests. This limited number of tests does
not provide a very solid basis for conclusions. It therefore is highly recommended that, when

more hybrid vehicles come available, more tests are performed to validate the applicability of
the proposed ASOC correction methods.

Subtask 2.5 Determination of SOC and ASOC in general

Problem definition

Accurate determination of the SOC is a fundamental problem for most battery types and for
specific applications, particularly under transient conditions in which charging and discharging
modes are frequently involved. Many methods are investigated and proposed: Ah- counting,
internal resistance, specific gravity, open circuit voltage, voltage derivative, impedance analysis,
and so on. Each of these methods presents advantages and drawbacks, which make it hard to
find a general method/device, which suits every battery and every working conditions. For
testing purposes, particularly for HEVs, it seems sufficient to determine the ASOC, and,
possibly, be sure that ASOC=0 at the end of the test sequence. This determination can be done
by using an Ah-meter, when irreversible phenomena occurring in the battery can be avoided or
neglected. Literature survey and experimental activities, described in this document, show that
is apparent that the Ah-counting is not a reliable and accurate way to measure the SOC and
ASOC in any vehicle working conditions and state of the battery. One basic aspect is that the
Coulombic efficiency of the various batteries varies at different charging/discharging rates and
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with battery ageing. The measured values of SOC (or ASOC) may be different from the real
values up to 20-30%, giving a wrong indication to the drivers and a bad reference for testing
purposes. For lead-acid batteries, the strong variations of many parameters, including SOC and
ASOC, have been experimentally verified. The study of the correlation between some
significant parameters (internal resistance, temperature, OCV) and the SOC (and SOH) can then
suggest an ageing effect correction to the SOC and ASOC assessment. Temperature effects need
to be carefully considered both for OCV and R, " variations. Tests on different gelled
electrolyte modules are needed, in order to verify the possibility to extend such procedure to
other lead-acid battery technology and also to other battery types. The literature behind this
experimental work and analysis clearly demonstrates the work still needed to solve this
problem. The determination of SOC and ASOC is not only useful for evaluating the accuracy of
testing procedure, but also for battery models useful for (hybrid) electric vehicle simulation.

SOC determination for testing purpose and battery models

More than 90 articles have been analysed in order to provide a survey of methods and devices
about the evaluation of the state of charge for different battery models and uses. Error
estimation was also indicated, whenever the data were available from the experimental tests.
From such analysis the main results are:

1. A large research work on logic models and devices (fuzzy logic and neural networks) is
underway. The SOC estimation method may vary (impedance techniques, characteristic
curve techniques, Ah-counting, on-load voltage control) and has been applied to different
battery technologies, with good results.

2. There are various attempts to apply the EIS (electrochemical impedance spectroscopy)
results to simplified devices. Such method, in spite of a sophisticated and expensive
technology, is an affordable tool for SOC determination, meaningful for the battery SOH
and operating conditions.

3. It is difficult to define a largely accepted ageing correction factor to the electric models,
meanwhile for temperature and current rate effects on available capacity some correction
factors have been identified.

Referring to EIS applications, in order to develop methods to correct the Ah-counting, some

impedance technique results are:

1. internal impedance and internal resistance are strongly affected by battery ageing.

2. at high current rate, impedance is in non-linear conditions. In this case an asymmetric
behaviour between charge and discharge internal resistance is more evident than at low
current rate. Such asymmetry is dependent on the SOC.

While the impedance analysis requires sophisticated instrumentation and the data analysis
requires complex non-linear least squares methods, internal resistance monitoring is proposed as
on-line technique useful to the battery ageing.

Finally, as far as charge sustaining hybrid electric vehicles (CH-HEVs) are concerned, an
interesting State Of Voltage (SOV) battery controller has been proposed. The aim is not to
predict the end of effective charge, but to maximise ‘power processing efficiency and capability
while maintaining some degree of charge balance over time’. The SOV control method shifts
the battery SOC towards levels, which offer high power cycle efficiencies.
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Battery models analysis

The literature survey on models, methods and devices for the SOC and ASOC evaluation has
considered various battery models. They have been divided in four groups:

1. static electrical models,

2. dynamical electro-chemical models,

3. physico-chemical models, and

4. logic models.

The first and last groups are most useful for the SOC determination and for a ASOC computing.
The first group includes both coulometric (Ampere-hour counting) and OCV measurements. A
combination of these two monitoring techniques is often utilised in order to correct the Ah-
counting, strongly affected by the rate of discharge, the duration of resting periods, as well as
temperature and ageing effects. OCV measurements avoid the accumulation of errors of the Ah-
counting with a periodical correction.

Although the OCV shows a little dependency on the temperature and the history of a battery, it
needs a long stabilisation period after the load is turned off. A three-hour resting period is
usually considered necessary (EUCAR procedure) for full stabilisation, but it is unsuitable in
common vehicle use. For this reason the OCV technique does not provide a good and
continuous indication of the SOC, particularly in BEVs and HEVs.

The second and the third group of battery models are quite sophisticated and not useful for on-
board SOC-indicators; nevertheless monitoring techniques, such as the electrochemical
impedance measurement, underline the importance of ageing effects in the internal parameter
variations.

The logic models will be a simple and economic solution to the SOC determination problem: up
to now, they need some improvements and more experimental tests.

As regards to the electric models, some simulations have been performed with a simple
Thevenin’s equivalent circuit. The battery is represented as an electric dipole, characterised by
an OCV and IR, both dependent on the SOC of the battery. SOC is calculated integrating the
current rate (Ah-counting) and correcting the integral sum with suitable coefficients depending
upon the discharge current rate as in the Peukert’s equation.

Such a model is able to reproduce only constant current discharge profiles, providing the battery
voltage measured at the battery poles. In real driving profiles the results are not satisfactory.

Its importance lies in the possibility to represent a universal model for different battery
technologies.

Furthermore, the main effects neglected in such description are the temperature and the ageing
effects; in the ASOC computing the actual capacity cannot be substituted with the nominal
capacity value. The temperature affects the actual available capacity for about 0.8%/°C, while
the ageing effect has been quantified in a maximum variation of #20 % of the nominal capacity.

Experimental tests

On the basis of the literature survey and with the MATADOR goals in mind, experimental tests
have been performed. The aim has been to investigate possible corrections for Ah-counting and
electrical models for simulations, as well as the battery State Of Health (SOH) evaluation, in the
simple electric models. In order to investigate the ageing effect, a test procedure, which
considers the whole service life of the batteries, has been designed.

Capacity variation with ageing (cycling)

Figure 17 clearly shows the variation of the actual battery capacity with cycling (the curve
refers to a lead-acid battery). This behaviour may cause the maximum error in the ASOC
evaluation when the battery is at the end of the service life. Considering a charge variation of 10
Ah for a 50 Ah module, the ASOC of 30% (even if very rare and undesired) may be
underestimated up to 20 %, in the extreme cases of a battery fully degraded with a real capacity
of 35 Ah (70% of the nominal one).
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Figure 17: Capacity versus deep discharge cycle number for lead-acid modules

Discharge Internal Resistance as SOH indicator

The discharge internal resistance obtained at low current rate (6A) was named Rideh . This
parameter as function of SOC depends on the temperature of the test in the first part of the
discharge period, until the voltage drops to about 80% of the actually available capacity. Such
temperature dependency is monotonous, but non-linear.

When the modules are almost completely discharged, the Rideh increases quickly from 5 to 10
times the initial value. This resistance variation is strongly affected by the SOH of the battery:
the continuous monitoring of Rideh provides an indication of the residual capacity in the final
part of the SOC range, also when a discharge at constant rate is no longer possible.

In Figure 18, R, XM is plotted as SOC function and at different SOH.
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Figure 18: R ™" at 64 current pulses, in the SOC range 0-100 %, the SOH of the modules
is varying between 0.67 and 0.95
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Ri ™" is proposed as SOH indicator, interrupting the discharge when the resistance change
exceeds 1 mOhm/cell in ASOC=10 %. The extracted charge, corresponding to such a discharge
limit, will be considered as 80 % of the available capacity in the actual operating conditions.

It is then possible the calculation of a ‘corrected © SOC, indicated as SOC*, defined as the
extracted charge referred to the actual available charge. For example, if the SOH of a 50 Ah-
module is deduced from the resistance monitoring as 80% and the extracted charge during the
functioning is measured as 25 Ah, the corresponding SOC* will be 62.5 % is spite of 50%.

The SOC* is more conveniently used instead of SOC, which is referred to the nominal capacity.

Asymmetry and OCV as SOC* function

Monitoring charge and discharge internal resistance at high current rate (RChI( A and RdChI( A)
respectively) the asymmetry between them is a monotone function of the SOC, weakly affected
by temperature effects.

At current rates lower than or equal to C/1, the asymmetry AS ;5 as SOC function is quite
uniform and equal to 1 (R4, = R*"y4) ), at high current rates it may be considered a good
SOC indicator in the range 50-100 % of the SOC.

Tests have been performed at 75 A and have been corrected with the ageing effects by using the
SOC* as state of charge and state of health indicator.

Furthermore OCV with a resting period of three hours after the load setting off has been
measured for different temperature and SOH conditions; neglecting the temperature dependency
that has shown to be quite complex (non-linear and non-monotone), the SOH effects may be
considered by representing OCV versus SOC*.

Battery efficiency

The charge/discharge efficiency varies with SOH and SOC of the battery. Table 5 presents
overall efficiency with deep discharge, using a current profile (ECE15) on the four lead-acid
modules in different state conditions.

Table 5: Constant current discharges at C/5 rate and following IU-recharges

Ahdch | Ahch |Efficiency

-41.05 47.89 85.7%

-42.65 53.43 79.8%

-45.72 49.67 92.0%
-49.36 53.26 92.7%
-50.73 55.29 91.7%
-51.41 58.97 87.2%

Furthermore, the charge/discharge efficiency depends on SOH. Table 6 presents
charge/discharge efficiency at various SOH.
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Table 6:  Ah discharged and Ah charged on deep discharge (final SOC=20%,) performed on
ECEI5 cycles

Ahch | Ahdisch |Efficiency] SOH
-40.379 43.65 92.5% 0.96
-39.99 43.46 92.0% 0.96
-39.949 43.37 92.1% 0.96
-39.929 43.36 92.1% 0.96
-39.906 43.45 91.8% 0.96
-39.698 43.89 90.4% 0.96
-39.469 44.88 87.9% 0.96
-39.47 43.25 91.3% 0.96
-39.31 43.8 89.7% 0.96
-39.401 44.16 89.2% 0.96
-39.446 42.09 93.7% 0.92
-39.348 41.66 94.4% 0.92
-39.361 41.69 94.4% 0.92
-39.113 41.65 93.9% 0.92
-39.22 41.65 94.2% 0.92
-39.243 41.66 94.2% 0.92
-39.288 41.58 94.5% 0.92
-39.231 41.51 94.5% 0.92

Recommendations for simulation models and testing

In the framework of the MATADOR Project, SOC and ASOC determination is of great
importance for testing and comparing electric and hybrid vehicles. In the Subtask 2.5, an
analysis on determination methods and devices is pointed out as an essential tool for energy
consumption computing. The hypothesis not to take into account the capacity variations in the
ASOC determination seems to be inadequate to the general purpose of hybrid and electric
traction. Particularly for assessment of technologies in real operating conditions, the ageing and
efficiency aspects ought to be taken into account.

Starting from the most accepted techniques to estimate the SOC and the battery capacity
prediction, the integration of current in time (Ah-counting) requires correction factors in order
to account for ageing and temperature effects. OCV, IR and asymmetry between charge and
discharge resistance are proposed as ageing indicators; experimental tests have been performed
only on lead-gel modules, but IR variations due to ageing of the batteries are common to other
battery technologies. The overall results of the literature analysis and test work direct to some
recommendations for battery simulation models and ASOC determination.

Simulation models

The use of simulation models for batteries may help to correct the Ah-counting and improve
accuracy in energy consumption determination. The advantage of using models is twofold:
increased accuracy in SOC and ASOC assessment and better determination of other parameters
(current and voltage) needed to calculate energy consumption, if not directly measured. Main
problems are shortly described and addressed.

There are significant variations of battery behaviour with the operating condition (temperature,
ageing, and discharge current), easily detectable with the monitoring of the internal resistance at
low current pulse.
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Proposal.

1. Electrical models can be used, but they must include a parabolic function for the calculation
of the internal resistance (IR).

2. The definition of a corrected SOC (SOC*) provides useful information on the state of health
of the battery pack.

3. The asymmetry between charge and discharge resistance (at high current pulse) can be a
useful and more precise SOC indicator (the OCV after a three-hour resting period may be
used as verification test). For OCV at high discharge rates, it is more realistic to use a 3"
order polynomial function.

Recommendations for ASOC determination in testing procedures

The ASOC evaluation is performed accounting for the Ah-capacity drawn from the battery pack
and the Ah-capacity provided to the pack during recharge or by the ICE during the vehicle
operation.

The ASOC is obtained dividing the total Ah-counting by the nominal capacity of the storage
battery. A related problem is the calculation of the electrical energy associated with the
measured ASOC, when different from zero.

The main limits of such method are:

1. The total Ah-counting refers to the nominal capacity, which can be different from the
actually available capacity, because the battery capacity varies with the battery ageing, the
operating temperature, the discharge current rate, and so on.

2. The battery charge and discharge efficiencies change with SOC and are not considered in
the Ah-counting, which assumes the efficiency constant and equal to 1. The available
capacity at the end of the operation (or test sequence) depends upon the operating point into
the SOC range during which the battery has been charged or discharged.

3. Batteries, other than lead-acid types, require further investigation to clearly identify other
correction factors. For example, NiCd batteries deteriorate mainly because of electrolyte
losses. Their capacity can be determined with a small error by measuring the internal
resistance IR (with a charge current pulse) and using the following equation:

Qe = a In(IR) + b, where Q.,, is the extracted capacity, /R is the internal resistance, and a
and b are constants.

For the first problem, exclusively the nominal capacity variations due to the ageing effect are
considered, in order to quantify the importance of neglecting such an aspect. As an example, a
lead-acid battery subjected to constant current deep discharge cycles (SOC=20%) can be
considered.

For the second problem, the control strategy of HEVs (at least the battery management unit)
may impose that the storage system is operated in a fixed SOC range, maximising the battery
efficiency and limiting significant variations during charge and discharge phases.

As a practical recommendation and proposal to solve such accuracy problems, which are online
with the current trend of verifying performances at varying age (distance travelled) of any
vehicle, a periodic test (e.g. every 50.000 km), should be performed. Such test should be aimed
at updating the values of chief parameters related to ageing effects (e.g. battery capacity versus
temperature and rates) and ASOC determination.
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Subtask 2.6 Comparing electricity and fuel consumption

Conventional vehicles and vehicles with alternative powertrains consume energy (fuel and/or
electricity). Most of them also produce emissions while driving. For an honest comparison of
technologies not only the direct energy consumption and direct emissions during driving need to
be considered, but also the indirect emissions and energy losses occurring e.g. in the production
of fuels and electricity as well as in the manufacturing and disposal of vehicles. In general
quantifying and comparing overall energy consumption and emissions of vehicles with different
powertrains is necessary for:

1. R&D purposes

2 scientific purposes

3. user and market related purposes

4 legal and policy purposes (including emission regulation and homologation)

For purposes 1 & 2 researchers have the freedom to choose the system boundaries and the
methodology according to the needs of the study. Unification, however, would benefit
international scientific discussions. Especially purposes 3 & 4 require a simple and clear
procedure for expressing electricity and fuel consumption in a single unit and for accounting
relevant indirect emissions and energy losses in the overall comparison.

Defining system boundaries is an important part of the methodology. This determines to which
extent a complete “well-to-wheel” analysis or life-cycle analysis (LCA) is performed. Indirect
emissions and energy losses can be attributed to the various steps in the energy chain or life
cycle using two main methodologies:

- incremental emissions & energy efficiency

. average emissions & energy efficiency

The first methodology is more scientifically correct, but requires complex modelling of the
energy system and detailed assumptions on the size and time distribution of the incremental
energy demand. This in itself introduces uncertainties in the results. The second method is more
straightforward and eliminates a lot of uncertain assumptions at the expense of some scientific
accuracy. In general the “average method” seems most appropriate for generating robust
numbers (conversion factors) that have general validity.

The definition of appropriate standardised test procedures for vehicles with alternative
powertrains is in progress in Europe and elsewhere. The results of the MATADOR-project
contribute to this process. Standardised test procedures are a necessary basis for the definition of
emission regulations and possible future regulations on energy consumption. In addition to the
definition of measurement procedures, it is of paramount importance to develop evaluation
procedures that allow the assessment and comparison of all relevant direct and indirect energy
impacts and emissions of vehicles with conventional and alternative powertrains. Inappropriate
test and evaluation procedures may lead to the market introduction of vehicles that are sub-
optimal with respect to the environmental policy goals.

The following actions are recommended to the EU in order to arrive at useful conversion factors

for the above mentioned purposes:

- Formulate a practical common methodology for calculating indirect emissions and energy
consumption on the basis of final electricity & fuel consumption at the vehicle level. It
should be possible to apply the method both on a European and on a national level. Special
attention should be paid to the role of renewable energy sources;

- Conversion factors should preferably be based on average efficiencies and average indirect
emissions of electricity production and fuel refining in Europe;

«  In comparing the total energy consumption of vehicles with different powertrains only the
total consumption of non-renewable energy is relevant. When comparing CO,-emissions
one has to assess the net CO,-emission, which for e.g. biofuels is relatively low, even
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though the emissions at the vehicle level are comparable to those for conventional fuels. In
comparing pollutant emissions, all energy sources need to be taken into account;

It seems appropriate to limit the system boundary to the energy input flows to refineries and
electricity generation plants in Europe (or in a country if factors are generated on a national
level). For fuels and electricity imported from outside Europe average conversion factors
may be assessed,

Establish a formal body (organisation or network) that collects all data necessary for
applying the common methodology, and that generates conversion factors on the EU level
and on the national level for all energy carriers that are currently used on a significantly
large scale (gasoline, diesel, LPG, electricity, and maybe a few more). This body should
periodically update the conversion factors to account for changes in the energy supply and
demand systems. When new energy carriers are introduced to the market this body should
adapt the methodology to include the new energy carrier and should perform an assessment
to generate conversion factors;

Define appropriate emission legislation and associated test procedures for vehicles with
alternative power trains;

Allow each country to define national conversion factors based on the same methodology
and data set.

For scientific purposes and for general policy making it is also useful to be able to express the
different environmental and energy impacts of a vehicle in a single number in order to compare
the overall environment-friendliness of vehicles with different powertrains. Methodologies are
being developed for this, but it is considered outside the scope of the MATADOR-project to
make recommendations on this issue.

Subtask 2.7 FCEV Test Procedures

Problem definition

The ongoing development of FCEV creates uncertainties about vehicle classification and

definition of measuring and testing methods because of the various fuels proposed, the different

fuel cell types, and the various driveline configurations. FCEVs can be similar to ICEVs and

HEVs with similar testing problems, but with the main difference of having an onboard energy

source (the FC) other than a thermal engine.

The definition of a new test procedure for FCEVs and, subsequently, a standard for measuring

energy consumption and emissions presents common aspects to the introduction of a new

product with peculiar features, which have been the basic assumption for the analysis carried
out in this subtask work:

1. FCEVs are available only at prototype/demonstrator level with a few pre-series products;

2. The configurations investigated until now are various and may present testing problems
similar to ICEV, BEV, and HEV, depending on the system chosen.

3. No standard testing procedure is presently available specifically for FCEVs. Current or draft
CEN standards only consider BEVs, HEVs with thermal generators and ICEVs.

4. The use of some tests of existing testing procedures for BEV, HEV and even ICEV seems to
be applicable, at least for evaluation purposes. For practicality and comparability, it seems
wise to look for incremental adaptation to or combination of elements from existing
standards.

Three main practical and technical issues have resulted from these preliminary considerations:

1) the FCEVs must be correctly included in the a general classification;

2) the specific needs for measuring FCEV energy consumption and emissions must be defined
by, eventually, combining or adapting existing standards for ICEV, BEV, and HEV (with
thermal engine); and, finally,
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3) the heating energy and the start up time must be analysed to verify whether there are
specific features impacting the testing method. Due to the limited availability of
experimental results and products, the analysis has been carried out at the major candidate
technologies for the fuels (hydrogen, methanol and gasoline), the FC type (proton exchange
FC) and configurations.

General classification

The categorisation of FCEV is functional to the definition or to the application of specific
testing procedures. The variety of possible fuels and configurations necessitates classification in
a systematic way in order to favour the use of specific testing procedure.

Energy consumption and emission measurements

The different fuels and configurations normally require the application of different measuring
techniques not always considered in existing (draft) standards. The impact of the problem is
relevant particularly when only H; is used as fuel. Present standards are exclusively devoted to
carbon-based fuels and electricity.

Start up time and heating energy

The problem of start up time is similar to the problem of cold start in ICEVs. Apart from the
practical aspect of the vehicle readiness, the impact on the vehicle consumption and emission
may be significant depending on the type of fuel and configuration. A one-minute start up time
is now considered as the minimum goal of most development programs and has been obtained
in FCEV and FCHEV (using battery for the initial vehicle start). Studies have confirmed that a
one-minute start up time may imply a consumption of 200 Wh from the battery when that
directly powers the electrical motor. This confirms that the impact of start up time is quite
negligible, while results of analysis for the effects on emissions require further research for
various configurations and fuels. The main detrimental influence on emissions is expected when
a fuel reformer is used.

The energy losses are related to the necessity to heat up the fuel cell stack and the fuel reformer,
which normally operate at temperatures significantly higher than the ambient temperature (at
minimum 80 °C for PEFC stacks). Chemical processes involved in FCs during operation are
exothermic, and then FCs will be maintained hot whenever the systems are used for long time or
even with short standstill periods. This FC can work at a reduced power output even at room
temperature, when no fuel reformers are used. In general, the amount of energy required for
making the FC system fully operational seems not relevant with respect to the energy needed
during a standard driving cycle. Further studies are needed to quantify the impact of heating
losses.

Status of standard procedures

There is no specific standard in the world considering specifically FCEV test procedures. A few
years ago EUCAR proposed a test procedure for FC stacks, which, however, never reached a
final version. The European standard setting body CEN (TC 301 WG1), has started working on
the classification and basic definitions. The “Part 3: Other electric hybrid vehicles than those
fitted with a thermal machine” of the European Standard prEN 1986, under the general title
“Electrically propelled road vehicles — Measurement of energy performances” is in abeyance.
According to the last recent CEN TC 301 meetings [2], FCEV should be included in future
standards prEN 1986-3 (for energy consumption) and in prEN 13444-2 for emissions.
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FCEV Classification
Two large categories of FCEVs have been proposed. It seems reasonable to consider two large
categories and then subdivide them in two other subcategories, based on fuel types.

1 Category 1 as an ICEV (FCEV without energy storage system other than the fuel tank)
1.1 Carbon-based fuel
1.2 Hydrogen

2  Category 2 as an HEV (FCHEV) (FCEV with an energy storage system other than the fuel
tank)
2.1 Carbon-based fuel
2.2 Hydrogen

Both categories include the direct methanol FC systems.

This classification is consistent with that proposed by CEN 301/WG 1. The main difference
consists in the elimination of non-carbon based fuels different from H,, e.g., hydrazine used in
space applications.

Recommendations for energy consumption and emission measurements

Energy consumption

The present standards for ICEVs and HEVs calculate overall energy consumption by measuring
the emissions of HC, CO and CQO,. This method assumes the use of carbon-based fuels and the
application of carbon atomic equivalents and measured gas emissions for calculating the energy
consumption. This method is obviously not applicable when pure hydrogen is used. The
considerations are applicable also to FCHEVs.

Energy consumption for carbon - based fuels

The existing testing methods for ICEV and HEVs can be applied without problems. Attention
can be given to the possible sources or outlets for emissions. Recent results of prototypes
FCHEYV and fuel reformer tests confirm very low exhaust emissions. The use of cleaning and
exhaust removal systems to improve the quality of the reformate gases before entering the fuel
cell stacks must be carefully evaluated in order to consider possible temporary accumulation of
exhaust gases.

Energy consumption for pure hydrogen

In case of Hy-fed FCEVs, there is the need to directly measure the consumed hydrogen. In a FC
generator, the fed H, is partially converted into water (steam water) and partially recirculated,
since it is not used in the reactions. The produced H,O depends on the consumed H, and on both
the inlet air composition and the humidification process of the reaction gas inside the stack
system. Two measuring methods can then be recommended: the measurement of H, needed to
replenish the storage tank, or the continuous measurement of the fuel supplied to the FC stack.
The first one seems to be more practical for testing purposes if an external tank can be used.

Emission measurements

The emissions depend on the characteristics of the inlet fuels. There is no need for any regulated
measurement, when pure H, is used. For carbon-based fuels, the measuring equipment can be
set up after an investigation of the composition of the used fuels and the emissions that must be
measured. The analysis of fuel compositions of major fuel candidates (methanol and gasoline)
and some experimental data show that regulated emissions are very low in absolute values.
Existing (draft) standards (prEN 1986-2 and prEN 13444-1) can be applied.
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Start-up time and heating energy

The start-up time does not significantly affect the energy losses and emissions, when H, is used
as fuel. Present goals of major development programs of one-minute start-up time for the FC
generator can make this problem negligible for measuring purposes.

The energy losses due to the heating/cooling of the FC stack and reformers vary extremely and
depend on driveline configurations and driving cycles. Specific need for measuring such losses
can arise only when long standstill periods are part of the driving patterns. For comparative
assessment, rather than for homologation, standstill periods and related heating energy should
be recorded to improve accuracy and significance of energy consumption comparisons.

Subtask 2.8  Driving cycles for LD vehicles

An important focus of the research in the MATADOR Task 2 project has been driving cycles.
The characteristics of a driving cycle (average power, dynamics, etc.) strongly influence the
energy use and emissions and also influence the results of comparisons between vehicles with
different propulsion systems. In this report, the influence of driving cycle characteristics on
(electric and hybrid) driveline behaviour and environmental performances is evaluated by
means of computer simulation and vehicle measurements.

Existing driving cycles

At this moment, a large number of different driving cycles are available for LD vehicles.
Several of these are used for legislative testing, while others have been derived from recorded
driving patterns and are used for R&D purposes.

The three basic legislations covering the testing of light-duty road vehicles use the following
driving cycles:
Europe (West and East, as well as some countries outside Europe)
New European Driving Cycle (NEDC)
United States (and Canada, several South American and many Asian countries)
City Cycle (USFTP-75)
Highway Cycle (HWFET)
SCO03 Air Conditioning Cycle (from January 2000)
USO06 High Speed/High Load Cycle (from January 2000)
Japan
11 Mode Cold Cycle
10-15 Mode Hot Cycle

Besides these cycles, many institutes, organisations, and universities develop and apply driving
cycles from recorded driving patterns that are to represent real-life driving conditions. Examples
of these cycles are:

MODEM

HYZEM Urban, Rural, and Highway

Aachen City Cycle

Casaccia Cycle
The first two cycles are the result of an extensive research on European driving behaviour,
conducted by the French research institute INRETS.

All of these driving cycles have different characteristics. In Appendix A of Subtask 2.8,
background information and methodology for the development and characterisation of driving
cycles is presented. Two of the parameters that can be used to characterise the demands of a
driving cycle are the average speed and the Relative-Positive-Acceleration (RPA — m/s”), which
is an indication for the dynamics of a cycle. Research on HD vehicles shows that these
parameters have strong correlation with the energy consumption of the vehicles [2]. With
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increase of these values the wheel energy demands will also be higher. By putting these
parameters in one graph, the mutual relation between cycles can be indicated (Figure 32).

Differences between cycles are clearly visible here and most remarkable is that the older
legislative cycles (black markers) are less demanding than the more recently developed speed
profiles of the MODEM and HYZEM cycles. This indicates that the (modal) standard cycles,
especially in Europe and Japan, bear relatively little resemblance to the conditions of actual
vehicle use.

This issue of representativity is also under discussion for testing of conventional ICE-vehicles,
as results from standard tests are not only used for technical evaluation and homologation
procedures but also for e.g. the calculation of energy consumption and emission factors used in
policy studies or for policy measures stimulating clean and efficient vehicles. For vehicles with
electric and hybrid power trains the problem is even more pressing as vehicles can be designed
and optimised for very specific purposes and, therefore, may perform completely different on
different driving cycles.
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Figure 32: RPA versus Average speed for several driving cycles

Influence of the driving cycle on driveline behaviour and energy consumption
Light-Duty vehicle technologies are compared and evaluated on the basis of the measurement
results over driving cycles. It is known that the driving cycle characteristics influence the
environmental performance (energy consumption and emissions) of a vehicle. In the past,
vehicle and driveline technologies were quite similar, so that the effect was the same for all
vehicles. This will change with the introduction of alternatively powered vehicles. In order to
make a consistent comparison of technologies, it is necessary that a reliable and representative
basis for comparison is available. The research of this subtask concentrates on studying this
aspect of driving cycles by means of computer simulation and vehicle measurements.

SOC behaviour

In simulations it is found that the general driveline behaviour shows similarities in the response
to different driving cycles. Most important parameter here is the State-of-Charge of a storage
system in a hybrid vehicle, which will (eventually) show to have periodic behaviour. As an
example the result of simulations of a Series Hybrid Electric vehicle are presented in Figure 33.
In practise, this SOC behaviour might not be found due to the fact that a human driver is not
capable of driving several driving cycles in exactly the same way. The stimulus posed upon the
driveline system then is not as nicely periodic as in the simulations, and the system cannot
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adjust and settle for periodic behaviour. Furthermore, the real-life control might significantly
influence the system’s response, since the powertrains are highly complex and encompass many
more system limits than the computer models (for example the influence of temperature on
engine operation).
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Figure 33: Influence of driving cycle, initial and final SOC for LD SHEV over 5
consecutive cycles

Energy consumption

Once the effect of ASOC (Subtask 2.4) is accounted for, the actual energy consumption of a
vehicle is determined and a comparison of different drivelines over different driving cycles can
be made.

In one of the simulations, five vehicle models were evaluated over the ten driving cycles listed
in Figure 33. The energy consumption for these five models is plotted in Figure 34. The
influence of different driving cycles is plainly visible. Each cycle results in a different value for
the energy consumption and each driveline responds according to its own specific
characteristics.

Important note for all results obtained from the simulations is that the figures are not meant to
rank different driveline systems mutually, yet only to illustrate the differences between cycles.
None of the models has been validated to the extent that energy consumption can be considered
as a meaningful prediction of the actual consumption of a real vehicle. The models do, however,
contain all the essential physics so that the response to changing test conditions is adequately
simulated. Also due to the different energy sources (electricity, petrol, hydrogen), the figures do
not provide an honest and consistent basis for comparison.
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Figure 34: Energy consumption for the LD vehicle models over different driving cycles

(ranked for wheel energy demand)

Figure 34 provides information on the relation between the energy demand at the wheels on a
certain driving cycle and the energy consumption of those vehicles. The required energy at the
wheels, however, depends on several vehicle parameters (amongst others mass, air resistance,
etc.) and cannot be measured in practise. The parameters ‘RPA’ and ‘Average speed’ are
representative for the cycle demands. In Figure 35, the energy consumption of the BEV model
and that of a Toyota Prius are plotted for several cycles as function of these two parameters
(mind the different Z-scales). These figures are just examples of all the results. In the
Appendices, similar figures for other simulations and measurements can be found.

Figure 35 clearly shows that increase of RPA and/or Average speed results in a higher energy
consumption. Both in the simulations and the measurements, only one trend is found and this
leads to the following conclusions:

1. More demanding cycles generally require more energy. It is possible, though, that with
increasing demands at the wheels the overall driveline efficiency increases to such an extent
that the energy consumption decreases (the relation between energy consumption and wheel
energy then would be parabolic).

2. The influence of different driving cycle characteristics is different for different drivelines.

3. A representative test value (for honest ranking) consequently can only be found when a
representative cycle is used.

The introduction of dedicated purpose designed Light-Duty vehicles seems to require that the
test enables to account for this specific use. Just like in the current European procedure, it might
be necessary to define several cycles (e.g. urban and extra-urban, or urban, rural, and highway
patterns) in order to obtain results that represent the actual vehicle use.

The above considerations lead to one main overall conclusion:

In order to enable a consistent comparison, it is essential (maybe even crucial) to use a
driving cycle that is representative for the real-life operating conditions of a vehicle.
Representativity of the driving cycle implies that the time-speed profile not only has
representative average dynamics. It also requires that the cycle has a representative mix of
road types (urban, rural, highway) and that the cycle has representative length. This
assures a representative weighting of e.g. the steep acceleration and deceleration
associated with the highway part of the cycle, and it may also help to solve problems that
are more specific to vehicles with advanced propulsion systems.
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BAATAD

Recommendation

In order to get more insight into all related aspects in testing (advanced) vehicles, it is highly
recommended that more measurements are conducted on vehicles with different hybrid or other
alternative powertrains. Especially the influence of driving cycle characteristics on the exhaust
emissions still has to be determined. Due to the very limited availability of hybrid vehicles, it
has not yet been possible to investigate this. It is expected that the differences between

drivelines will show even more clearly in the emission results than that they already do in the
energy consumption figures.
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Figure 35:

Energy consumption for BEV and Toyota Prius vs. RPA and Average speed
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Subtask 2.9 Test methods and driving cycles for HD vehicles

In this subtask report, problems have been identified that arise when current HD test procedures
are applied to non-conventional HD drivelines (e.g. BEV, HEV, and FCEV), and requirements
for future test procedures have been outlined. As a result of this analysis, there are four options
for test procedures that can be distinguished. In order to provide clear interpretation of the
argumentation, it is first necessary to clarify the following terminology:

Driving condition: The driving behaviour of HD vehicles, as it is found in real life on the
road.

Driving pattern: A recorded speed-time pattern of (real life) driving conditions. The size of
this pattern may vary from a few hours to months of data.

Representative driving cycle: A test cycle of limited length (e.g. 30 minutes) that is derived
from the driving pattern via a statistical method, which is representative for all of the
recorded data in the driving pattern, and thus for the average real-life use.

More information on this subject can be found in Appendix A of Subtask Report 2.8 ‘Driving
cycles for LD vehicles’, and can also be found in [8].

Now the identified options are discussed:

L.

Current 13-mode test procedure without modification

This procedure is not considered useful, as only the engine is tested, thereby neglecting the
driveline behaviour. Specific characteristics of non-conventional HD drivelines (e.g.
regenerative braking possibility, engine switching on/off ) that have a profound influence on
the environmental performances are not accounted for. Furthermore, the engine may be
operated in only one or more operating point(s) that do not, or most likely, will not
necessarily coincide with those of the 13-mode test.

At this moment the procedure is not suitable even for conventional engines, as the engines
undergo a static test, while transient emissions produced during real-life conditions are
becoming more significant.

Similar static test procedure as the 13-mode test, but with adaptation of operating points
This procedure would test the engine only in the actually used operating points. It may seem
a very practical way to solve the problem of the rigid operating points prescribed by the 13-
mode test. However, this procedure poses a new difficulty, as there is no straightforward
method to weigh the test results of each operating point. Because this is still an engine-
based test, the remark of option 1 concerning non-conventional driveline characteristics also
applies for this procedure.

Driving cycle on a transient rollerbench

In this procedure, the entire vehicle is tested over a driving cycle (speed-time pattern) on a
rollerbench. Therefore, the driveline behaviour is implicitly accounted for. As long as the
driving cycle is representative for the real-life driving pattern of the observed type of
vehicle and its use, a good test result is obtained.

From a fundamental point of view, this procedure would be most preferable. However, the
required test facilities (HD transient rollerbench, dilution equipment) are expensive, and at
this moment only available at three research institutes within the whole of Europe.

Driving cycle on a test track

A more pragmatic way of testing is formed by measuring the power output of the ICE (or
APU) together with battery current and voltage, during a driving cycle on a test track. Later
on, the ICE is tested in the same operating points on an engine testbed. In case of an APU,
the load is applied electrically, e.g. by using a Digatron system. The best result is obtained
by subjecting the ICE or APU to the same (transient) load pattern, because then the
temperature course of the engine (and possible exhaust aftertreatment equipment) is
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simulated correctly. It is expected however, that even with static tests representative results
can be found, especially if the ICE or APU uses only one or a few operating point(s).

Several possible test procedures have been identified and analysed. Together with the findings

of the previous chapter, the following conclusions can now be drawn:

«  Current test procedures for conventional HD vehicles are not suitable for non-conventional
HD drivelines (BEV, HEV, FCEV);

- The testing of only the engine is not sufficient for a proper comparative test result. The
driveline as a whole (or even better, the vehicle as a whole) needs to be tested on a driving
cycle;

« In order to obtain a meaningful test result, the test would have to be formed by a driving
pattern. This would ensure that all relevant aspects (including cold start emissions) would be
taken into account in a representative way. As it is impractical to define a test in which a
vehicle is subjected to many hours of driving, this driving pattern may be reduced into a
representative driving cycle of more appropriate length;

- Each HD vehicle category that has a distinctive type of use needs its own dedicated driving
cycle. The test cycle characteristics will have to be representative for the ‘average use’ of
the HD vehicle category, therefore driving patterns need to be distinguished by vehicle
category,

- The best way to obtain a representative test result for HD vehicles, is to use a driving cycle
on a transient rollerbench. However, there are also more pragmatic (and less expensive)
ways of testing that can be thought of. Especially driving a cycle on a test track seems a
promising solution.

These conclusions lead to the following recommendations for future testing of HD vehicles:

« A strict subdivision of HD vehicle categories according to use patterns is needed;

«  For each of the identified categories a dedicated cycle needs to be defined, representative
for that vehicle type;

« Investments in HD dynamic rollerbenches are needed to obtain enough testing facilities;

- The aspect of regenerative braking on a rollerbench has to be investigated (see also Subtask
2.12 ‘Regenerative braking on 2WD dynamometers’);

- Research for more pragmatic methods for testing HD vehicles in a representative way is
necessary.

N.B: There are of course easier testing methods that can be thought of, that require much less
effort in terms of cycle development and investments. However, the focus of this subtask is to
investigate testing procedures that allow for consistent and comparable results, and give a good
representation of real-life fuel consumption and emissions. This can only be guaranteed by
using representative driving cycles.

Subtask 2.10 Dealing with EVs not meeting the demands of the cycle

Bench tests can be reproduced and are comparable within the same category. For this reason,
they provide a useful tool for standards.

Measurements of energy consumption have demonstrated that not all test vehicles are able to
complete the prescribed driving cycle, and this means that failure times are obtained that are
attributable to inadequate acceleration values or insufficient maximum speeds. It therefore
appeared that a direct comparison between the individual vehicles in terms of energy
consumption would be difficult.

The maximum electric currents for accelerations and at high speeds produce losses in the battery
and the electric conductor. These losses are described by the formula P =R * I°. If BEVs are
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used with a high current for a long time these losses will be significant. In the same time the
capacity of the battery will decrease.

The influence of this RI>-phenomena is certainly strong if the accelerator pedal is fully
depressed. It is obvious that either the weight of the battery and the maximum electric current
are crucial for BEVs.

HTA Biel-Bienne examined the problem with practical measurements on the test bench in Biel.
The “low-cost” method developed for the “Large scale experiment for lightweight electric
vehicles in Mendrisio” was used for this purpose.

In addition to the measurement at HT A Biel, TNO Automotive (Delft, The Netherlands) carried
out a number of simulations.

Both the measurements from HTA Biel and the simulations performed by TNO show that
energy consumption will rise when a BEV produces some failure time. The simulation results
show a highest extra energy consumption of about 15%. Hence the failure time is of significant
importance for energy consumption.

The same can be concluded for the SHEV model simulation, since both vehicles have the same
mass and drive powers.

Conclusions

The fact that a vehicle produces failure time on the test bench is obviously important
information. Therefore this value has to be reported according to the standard EN1986-1.

The amount of failure time allowed during the gear shifting and below 50 km/h, should not be
included in the failure time.

Because of the RI>-phenomena, EVs will always produce great losses at high velocity. Hence
this kind of vehicle has a higher efficiency at lower speed. Therefore, it is not wise to use a test
cycle with a maximum speed over 80 km/h.

EN1986-1 already offers the possibility to perform the measurement with the urban cycle with a
maximum speed of 50 km/h. This is already a possible solution for the measurement of BEVs
with a maximum speed below 120 km/h. But for short range use between suburbs and cities the
urban cycle is certainly not an optimal solution.

Most of the actual BEVs are not able to drive with a maximum speed of 120 km/h. If the
number of BEVs with a maximum speed of about 80 to 90 km/h will increase in the future, an
extra-urban cycle for BEVs has to be discussed.

Definition of failure time
Failure times refers to the amount of time during which the vehicle being tested is unable to
perform the prescribed driving cycle due to low acceleration or insufficient maximum speed.

In the simulations by TNO, failure time is counted when the speed deviation is more than 1
km/h (it is within a band of 0.2 km/h when sufficient power is available).

According to EN1986-1 speed tolerances of +2 km/h are accepted. If the speed of the vehicle is
lower or higher than this tolerance the test bench will count this time as failure time.
This is the definition used for the measurement by HT A Biel.

Below 50 km/h EN1986-1 allows a deviation beyond the tolerance as follows:

— at gear changes for a duration less than 5 s, and

— up to five times per hour, for a duration less than 5 s each

If there is a gear shifting needed above 50 km/h there should also be an allowed amount of time
out of tolerance.
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It seems obvious that the allowed amount of time out of tolerance should not be included in the
failure time.

A possible formula for the determination of the failure could be:

FT = tout = tes — T50
FT = failure time [s]
tout = total time out of tolerance [s]
tas = the time used for all gear shifting [s]
(maximum value of 5 seconds allowed for one gear shifting)
tso = failure times allowed below 50 km/h [s]

(five times per hour, for a duration less than 5 s each)

Recommendation

For standards measurements test benches are certainly still a very useful tool. Because the
results of such measurements are usually compared with each other, failure times should be
recorded.

Information about energy consumption should also include the failure time.

There is a need of a precise definition of failure time. The formula above could be a possible
solution. For such a definition it would be helpful, if not only the deviations beyond the
tolerances are reported but also the allowed times for gear shifting and the allowed periods of
failure below 50 km/h.

Subtask 2.11 Accuracy and tolerances

In this report, the influence of accuracy and tolerances in testing procedures on the test results
has been investigated. In order to do so, various computer simulation experiments and vehicle
measurements of mainly mid-class passenger cars with (hybrid) electric propulsion system were
carried out.

Research focussed on the following topics:
Accuracy and specified tolerances with which the desired vehicle speed was followed
(computer simulations: simulations of standard speed, measured speed profile and
tolerance-adjusted standard speed; vehicle measurements: comparison of different human
drivers)
Definition and influence of shifting strategies in case of vehicles with manual transmission
(computer simulations and vehicle measurements)
Tolerances for the powertrain temperature at the beginning of the testing procedure (vehicle
measurements only)

It was shown in general, that while staying within the specified speed tolerances, driver
behaviour and the consequently followed speed track have a strong influence on energy
consumption and on the start/stop characteristics of the internal combustion engine of hybrid
electric vehicles. The start/stop frequency of the engine is related to the pollutant emissions.
Especially control strategies which have a direct dependency between start/stop management of
the combustion engine and the driver pedal positions may react sensitively on the driver
behaviour.

For charge-depleting hybrid vehicles, both electric and fuel consumption change significantly if
the simulated speed track differs only slightly from the desired cycle speed. The consumed
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electric energy increases if the vehicle speed is closer to the lower tolerance bound, and
decreases if the vehicle speed moves towards the upper speed tolerance. Differences can amount
up to 8% (parallel hybrid vehicle, comparison of standard speed with real speed profile). The
trend in fuel consumption seems to be the opposite, where differences of 10% are seen. There
are however exceptions to this. For these vehicles, also the number of engine starts per cycle is
influenced by the followed speed track. This is on the one hand caused by vehicle-speed
thresholds in control strategy and on the other hand by the boost operation of the engine in those
cases where power demand is high (e.g. because of high battery weight) and maximum power of
the electric motor is insufficient (parallel hybrid). In the Aachen-city cycle for instance, this
causes the engine to be started twice as often in a real speed profile simulation when compared
to a standardised speed profile simulation.

For the simulated charge-sustaining hybrid electric vehicles, the noticed differences in fuel
consumption between results obtained following the standard profile and results obtained
following a measured speed profile were small, but significant for each driving cycle. The
comparison of the SOC-corrected fuel consumption in the cycles with fluctuations in vehicle
speed could prove differences in fuel consumption of up to 0.2 1/100km (4%). The simulation
results for these vehicles also showed similar ICE start-up behaviour as for the charge-depleting
hybrid vehicles.

Measurements on the Audi DUO showed that a well balanced driver follows the desired speed
curve best, the energy flows (fuel and current) are much more steady as for a more nervous
driver. The actual velocity stays within the defined tolerance band for both types of driver
though. The fuel consumption is considerably higher for a more nervous driver, electric energy
consumption is influenced only slightly by different driver behaviour.

However, due to a fundamentally different use of the pedals (while still following the desired
speed within the specified tolerances), driver influence can increase fuel consumption by up to
58%, while a decrease in electric energy consumption of 25% occurred in this case. This
resulted from a different use of kickdown in the extra-urban part of the NEDC. If the driver does
not allow significant differences between desired and actual vehicle speed, kickdown is applied
much earlier, resulting in longer engine operation periods. This changes the distribution of fuel
and electric energy significantly, which is of main importance for charge-depleting hybrid
vehicles (as in contrast to charge-sustaining hybrid vehicles, where the different use of
engine/motor is to a large extend corrected by the SOC correction method). If the traction
battery is recharged during engine operation also, as in case of the Audi DUO, this effect is
increased. For other hybrid vehicles, also the use of other driver pedals like brake and clutch
may cause the control strategies to be operated differently.

One option to reach measurement results with a higher reproducibility is to perform the driving
cycle with an automatic driving system instead of a human driver. Tests with such a system
however have shown, that energy consumption strongly depends on the controller settings. So
measurement results may very well vary from one system to another.

Also, the choice of shifting points for hybrid electric vehicles with manual transmission has a
significant influence on the energy consumption and ICE start/stop characteristics. Simulation
results from the charge-depleting parallel hybrid vehicle showed differences in fuel
consumption of up to 0.92 I/100km and differences in recharged energy of up to 18%. Electric
energy and fuel consumption generally increase when the upshift speed thresholds in the
shifting strategy are increased. The increase in electric energy consumption is only shown in
some driving cycles though. For this vehicle, the choice of shifting points also influences the
number of ICE starts per cycle for boost purposes. In fact, the choice of shifting points may in
some cases decide whether the cycle is driven pure electrically or in hybrid mode. A comparison
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of the number of ICE starts shows, that only for low upshift thresholds an increase is observed.
As soon as the electric motor is able to deliver its maximum power over a broader speed range,
the number of ICE-starts remains constant. Again some exceptions are seen in this case, which
are mainly caused by a lack of electric motor power at higher vehicle speeds.

The choice of shifting points also influences the warm-up time of the internal combustion
engine after a cold start (Warm-up time in this case means the period at the beginning of the
test-cycle in which the ICE is operated permanently in order to reach normal operation
temperatures. Such behaviour has been seen on the Audi DUO and on the Toyota Prius). When
driving mainly in lower gears, the engine warms up much quicker (20%), generally because of
lower engine efficiencies at higher ICE speeds. The decrease in fuel consumption can amount
up to 6% (Audi DUO).

Generally, the power train's starting temperature has a much stronger influence on energy
consumption for hybrid vehicles than for conventional vehicles. The ambient temperature range
from 20 °C to 30 °C at which the vehicle has to be soaked and operated during the test
(consequently, this is the starting temperature of ICE, tyres etc.), as well as the specified coolant
and oil temperature tolerances of +2°C from ambient, are found to be to big. For the internal
combustion engine, a difference of 4 °C in starting temperature already results in a different
warm-up time, which is controlled by coolant temperature, and can cause a difference in fuel
consumption of about 7% (Audi DUO). The effects of different initial temperatures on SOC
correction methods for charge-sustaining hybrid vehicles are still unknown.

Consequently, following recommendations can be made for HEV testing procedures:

« Human drivers should perform the driving cycles as stated in standard procedures. Also, the
speed tolerances should be maintained. The manufacturer should provide a list of operation
procedures however. On this list, the driver would be informed at what times/operating
points which pedals/pedalpositions (e.g. kickdown) should be applied. For conventional
vehicles with manual transmission this is already done for the clutch pedal at standstill in
the European procedures.

«  Also, the shifting points should be defined for hybrid vehicles with manual transmission.
The use of the existing points for conventional vehicles seems obvious. Since hybrid
vehicles are often designed for many different applications which may influence the normal
use of the transmission, manufacturers may provide a list of shifting points themselves, if
can be shown that the vehicle is not able to follow the speed track within the specified
tolerances when driving by the default shifting points.

- In order to keep the influence of ambient temperature as low as possible, the starting
temperature of the internal combustion engine should be defined at 25 °C + 1°C, measuring
the temperature with a thermal sensor at the outside of the engine cylinder head. As an
alternative, the temperature tolerances for the conditioning room could be tightened at this
value.

«  As ameans of minimising the influence of remaining inaccuracies on energy consumption
and emissions, the driving test should be performed several times (e.g. three times). The
results to be displayed would then be determined by calculating the mean values of the
separate tests.

Further research on this topic could should include driver-, shifting- and initial temperature
influence on pollutant emissions. Also, the topic could be extended to the accuracy of
measurement equipment. On a broader scale, also the proposed recommendations for testing
procedures could be validated.
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Subtask 2.12 Regenerative braking on 2WD dynamometers

Problem definition

When testing a vehicle on a 2 Wheel Drive Dynamometer, the wheels of the non-driven axle are
not rotating, thus no energy can be dissipated in the braking system on this axle. Hence, the load
simulation on a 2 Wheel Drive Dynamometer is always through the driven axle, which means
that the energy, which can be regenerated, is transferred through this axle. This can generate a
difference in the simulated road load on the roller bench (RB) and the actual road load on the
road:

When the performance (or energy consumption) of a vehicle is tested, the vehicle is
always driven according to a predefined speed cycle. During these cycles there are
predefined deceleration periods. During such a period the available amount of energy,
which can potentially be regenerated, is significantly higher then under identical road
conditions, since the mass simulation is only through the driven axle.

For example, compared to identical road conditions the following consequences can be

identified:

1. The additional braking system will be activated and the braking system of the
driven axle (i.e. wheels) will dissipate a certain additional amount of energy, in
order to meet the required speed limit.

2. Another consequence could be that the regenerating system would regenerate more
energy, when an adaptive braking strategy is applied.

Concluding: Due to the fact that the non-driven wheels cannot dissipate energy, an error may
occur in the load simulation of the vehicle during the test, in comparison with road tests.

The problem previously described is in this report referred to as: “The 2 Wheel Drive
Dynamometer Regeneration Error” (2WDEr).

Quantification of the problem

In general it can be concluded that:

1. The commercially and presently available conventional BEVs are not affected by “The 2
Wheel Drive Dynamometer Regeneration Error”, due to the fact that regeneration
capabilities are controlled by vehicle speed,

2. With an advanced hybrid drive train configuration, like the Toyota Prius, the influence can
be neglected (using the results of the currently conducted tests).

2.1. The error is approximately 1% for fuel consumption, on the NEDC (with hot start) on
a 2 Wheel Drive Dynamometer.

2.2. The influence appeared to be zero during a test where the energy consumption was
compared between a random driven cycle (and simultaneously recorded) in a typical
Japanese urban surrounding and afterwards simulated on a 2 and 4 Wheel Drive
Dynamometer, separately;

3. Simulations using the model in figure I, showed that a maximum regenerative braking
strategy (MAX: Z=Y-X) resulted in a 2WDEr of 13% difference in energy consumption.
For the proportional regenerative braking strategy (PROP: Z='%2Y) this resulted in a
2WDEr of 6%. Both using the demanding HYZEM Rural cycle.
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The simulation model MAX is quit similar to the strategy used in BEVs evaluated here, with the
restriction that the regenerating current is limited to a lower value.

Existing standards

In the existing standards there are no correction methods indicated. An exception to this “rule”
is the test proceeding J1634, which contains a mechanical correction procedure for vehicles with
regenerative capacities on 2 wheel dynamometers. The correction is established by applying a
constant retarding force when the vehicle brakes are applied. Either operated by push button or
switch controlled by the taillights or brake pedal. The desired braking force could be calculated
prior to the test for each vehicle and used test cycle: Fp =m * @ * k. k is the fraction to the non-
driven axle.

Possible solutions (studied)

For the vehicles that are presently (commercially) available, there is no need for a correction
method. Since these vehicles are using a more elementary regeneration strategy, which is
dependent on the vehicle speed only, maintaining a limited regeneration current.

However, simulations indicate that braking strategies may lead to an influence on the energy
consumption when more sophisticated strategies are applied.

The literature study indicates that a correction method can be found in an additional braking
force during deceleration periods.

The simulations indicate that a correction procedure might be found in a numerical correction
method. Comparing the energy consumption with and without regeneration, obtained from road
and test rig measurements, with simulation results, obtained through different braking strategies.
In this way a good impression can be obtained of the error due to the “Regeneration Problem”.
A parallel can be seen with the ASOC problem.

Restrictions and remarks for the (studied) solutions

Simulations showed a significant influence of the regeneration problem. But the simulated
braking strategies appeared not to correspond to the strategies applied in the presently available
vehicles. The Toyota Prius, however, has a braking strategy, which has certain similarities with
the proportional user defined strategy, used in the simulations.

The mechanical correction method as indicated in the J1634 standard, can only be applied when
the braking ratio over the front and rear axle is either constant or can be predefined.

The advantages of this system are:

1. It can be applied on the available 2 Wheel Drive Dynamometers;

2. The control of the braking force can be sophisticated and (in principal) dependent on
several parameters.
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N.B.  The correction method can be implemented relatively easy in an electronic
dynamometer (no mechanical mass simulation). The vehicle mass is then an input
parameter for the controlling system, and can thus (again relatively easy) be made
dependent on (other) parameters.

The disadvantage is general: every additional system introduces an extra error. But the error is
inherently significant when the additional system is dependent on measured parameters, in this
case e.g. vehicle mass (constant), speed (variable), braking strategy (dependent of SOC,
deceleration, etc.).

Another disadvantage is the definition of the actual braking strategy of the vehicle to be tested,
which is obviously necessary. Since this aspect is a part of the total driving strategy, it most
likely is not available. Which means that either it must be made available by the manufacturer,
or it must be obtained by testing. In the latter case there always is the relevant question “Is the
obtained strategy complete and adequate for the simulation process”.

Homologation testing versus technology assessment

Since the error, which is introduced by the difference in road load simulation on a 2-wheel drive
dynamometer compared to the real road load (due to the fact that the non-driven axle will not
dissipate braking energy) has not been quantified yet. It is advised to neglect this influence for
both homologation testing and technology assessment.

This proposal is justified by the fact that the evaluated and currently available vehicles with
alternative drivelines, are negligibly affected by the phenomena.

Recommendations

Since a “hardware” solution is expected to be expensive the major recommendation is to aim at
a numerical solution. Nevertheless, a “hardware” solution would be optimal, provided that the
actual braking strategy is adequately known to meet the requirements of the simulated driving
cycle.

Evaluation results showed that the comparison of energy consumption on the road versus test rig
results of a modulated vehicle with a user defined braking strategy, is affected by the difference
in regeneration of energy during a braking period. When it is tested on a two wheel drive
dynamometer according to the low demanding NEDC cycle or the high demanding HYZEM
Rural cycle definitions.

Since these first elementary simulations indicate that more sophisticated braking strategies can
induce an error, it is advised to develop more relevant braking strategies for simulation models
and study this phenomena more thoroughly.

In the near future it is to be expected that more intelligent regeneration systems will be
developed, taking into account aspects like the:

1. Regeneration potential of the non-driven axle, or;

Interaction between an ABS-system and the driveline strategy (including regenerative braking).

Subtask 2.13 Non-rechargeable batteries

Problem definition

The testing of BEV powered by non-electrically rechargeable batteries (e.g. metal-air systems,
such as zinc-air and aluminium-air batteries) poses various fundamental problems related to the
measurement of the energy consumption:
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1) In which vehicle category can such a vehicle be classified? As a result of the discussion by
CEN TC301 Working Group 1 (European Standard Setting body, WG1), for the moment,
zinc-air electric vehicles are classified in the group of Pure Fuel Cell Electric Vehicle. This
classification seems to be rather inadequate for testing and homologation purposes, because
the parameters to be measured for determining the energy consumption of a zinc-air-
propelled vehicle are similar to those of a BEV.

2) Can all parameters needed for determining the energy consumption be measured? The
testing procedure to be applied in such a case is not yet defined in existing standards. In
fact, such a battery, by definition, cannot be electrically recharged from the mains, as
required by BEV standards. The batteries are "mechanically recharged" (more properly:
regenerated) by exchanging the fully used electrodes (e.g. zinc oxide electrodes in zinc-air
batteries) with “fresh” ones (e.g. zinc metal electrodes in zinc-air batteries). The only
energy data that can, eventually, be determined during testing is the energy delivered by the
battery: this measurement is not included in existing standards, which excludes intrusive
measurements.

3) Can the energy required to regenerate the spent zinc electrodes be measured? The
regeneration process is carried out in dedicated chemical regeneration plants. Currently
there are a few pilot regeneration plants that cannot be surely controlled during the testing
procedures. The energy data depends on the characteristics and the production level of the
regeneration plant and can only be supplied by the electrode manufacturers.

4) Can the energy needed for zinc regeneration by means of electrochemical reactions be
calculated? The basic chemical reactions and electrochemistry cannot be used to calculate
the consumed energy from the mains in the regeneration plant, because the value depends
on the plant characteristics.

The difference between the energy delivered by the battery and that needed from the mains to
regenerate the spent electrodes is relevant. Depending on the characteristics of the regeneration
plant, experimental results confirm that the energy consumption (calculated as Wh/km) of the
zinc-air battery during bench test with BEV is much less than 50% of the overall energy
consumption, if the regeneration energy is taken into account.

Status of standard procedures

Current official (and draft) test procedures do not take into account this specific problem,
because it is impossible to measure the energy consumption in a conventional way, that is,
directly from the energy meters. CEN WG1 has considered zinc-air batteries in recent meetings
and has asked the MATADOR Members to prepare a technical note, in which the elaboration of
related principles and a proposal for a procedure for measuring the energy consumption. The
basic idea is not, for the moment, to amend any standard or to propose a brand new standard,
but to add a technical note describing the test procedure for zinc-air battery vehicles as an
Appendix to the appropriate standard (EN1986-1). Furthermore, the classification of zinc-air
vehicles should also be clarified, because in terms of test methods, according to previous
considerations, seems more appropriate to list zinc-air vehicles as BEV, rather than as Pure Fuel
Cell Electric Vehicle.

Possible solutions for measuring energy consumption

The literature survey, the analysis and testing activities suggest, with some warnings about the
reliability of the reference data about the regeneration process, two possible methods for the
determination of the energy consumption BEV with Zn-air. Both methods require further
information from the manufacturers about the zinc content (in kg) of the battery and the energy
needed for regenerating 1 kg of zinc in a defined regeneration plant (for comparison the
efficiency data of the regeneration process could be valuable to compare different plants).
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The first method is based upon data from manufacturers during regeneration of zinc electrode
and the specific discharge data of the battery in real service. This solution presents many
sources of inaccuracy:

1. The energy delivered by the battery depends on the discharge profile. The number of
discharge cycles will affect the discharge efficiency and the specific energy consumption
(from the battery). In particular, the energy conversion factor associated with the zinc
conversion depends on the driving profile and normally the manufacturer refers to a
specific discharge condition.

2. The final result strongly depends on the calculation of battery manufacturers and is plant-

specific.

3. The battery should be fully discharged according to a standardised Test Sequence, as in a
range test, in order to have the actual overall energy. This allows the determination of the
energy delivered and compared to the actual one, and directly associated to the amount of
zinc oxide to be regenerated.

The second method presents some positive aspects along with some warnings still related to the
information from the regeneration process. In fact, its inaccuracy mainly depends on
regeneration process data.

1. The measurement and the calculations are straightforward and based on general constants
with the exception of the regeneration consumption.

2. The test sequence and then the DOD influence the final results, because the current
increases with increasing DOD when a power profile is used. Figure 5 and Table 2 clearly
show the dependency of the voltage on the DOD and discharge conditions.

3. The EN 1986-1 Test Sequences should be applied in order to have an inexpensive and
affordable test method.

4. The final result strongly depends on the calculation of battery manufacturers and is plant-
specific.

Both measuring and calculation methods, still requiring a complete verification with specific
manufacturer data, offer the possibility to just estimate and make comparable the energy
consumption of BEV even including Zn-air batteries. The second method has more easy to
measure characteristics and is less dependent on reference data during service. Nevertheless, the
existing technological fluctuations in the realisation and construction of zinc anode and
complete batteries (the variation of weight in zinc content is around 5 %), as well as the not-yet-
fixed regeneration process energy balance makes the accuracy obtainable far from that required
in standard procedures.

These alternative test methods, with the above mentioned warnings, can be both applied in
homologation testing as well as for comparative assessment.

Recommendations for a test procedure

A complete and detailed description of the test procedure is described in Appendix C of Subtask

2.13. This Appendix, according to the request of CEN TC 301, has been written as an Annex (or

technical note) for the existing standard EN 1986-1.

A test method and a technical attachment to the Standard EN 1986-1, specific for non-

rechargeable batteries, must consider the following sequence for measuring the energy

consumption:

» The capacity (or charge) (Ah) delivered by the battery should be measured over a
standardised number of cycles, according to EN 1986-1:1997. This measurement is not
considered in EN 1986-1, but it is mandatory and seems to be technically feasible and quite
inexpensive in various testing laboratories. This measurement is necessary to determine the
metallic zinc converted in zinc oxide during discharge.
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» The calculation of the energy consumption from the mains requires various steps:
The amount of metallic zinc consumed can be determined by using the
electrochemical equivalent of the discharged capacity. The calculation is based on
the following equation:

CxNC

Zinc [Weight = 1))

where C is the battery capacity measured during the test, NC is the number of cells
composing the entire zinc-air battery and EE is the electrochemical equivalent for
the zinc (820 Ah/kg,in.).

The regeneration process of zinc oxide requires 2.32 kWh/kg (this value only
represents the Edison calculation for a defined regeneration plant). Consequently,
the energy consumption of the BEV is obtained by multiplying the consumed
metallic zinc by the regeneration energy consumption:

Einc = Zinc. Weight X Nzine 2)

where E,i, is the energy required for converting the spent zinc in metallic zinc and
N.inc 1S the conversion efficiency to obtain 1 kg of metallic zinc and is plant specific
(the value to be used should be certified by the battery manufacturer and indicated
in the battery).
The vehicle energy consumption is obtained by dividing the energy consumption for producing
the metallic zinc divided by the travelled distance.

Subtask 2.14 Self-discharge and heating energy

Problem definition
There are various energy losses during battery use, which may significantly affect energy
consumption of BEVs and HEVs. Storage systems (electrochemical batteries, supercapacitors
and flywheels) may have high self-discharge and/or may work at high temperatures. In all these
cases, the amount of energy involved may be high, strongly dependent on the use of the vehicle
(daily travelled distance, km/day, number of chargings per day or per week), and is not always
accounted for in existing testing procedures. Furthermore, high temperature batteries require
energy to reach the high operating temperatures. In general, all the energy losses occur during
standstill periods. Three separate phases may be considered during which standstill periods, and
related energy losses, may be present:
1. Initial battery heating to have the battery at its working temperature before starting the test;
2. Standstill periods before and after driving cycles; (charging, preconditioning and preparation
and recharging);
3. Idle times included in driving cycles.

The amount of losses due to self-discharge and heating may significantly impact the energy
consumption calculation in BEV and HEV, depending on the measuring conditions and test
sequences. Currently, the dimension of such losses may vary from about 50% of the overall
vehicle energy consumption (heating energy of NiCl,-Zebra battery for short working time) up
to about 45% of the store energy of supercapacitors and 3% for flywheels after 72 h.

Finally, another source of error in energy consumption determination is in BEV with high
capacity batteries, suitable to improve up to 4-5 time the present ranges of BEV, which, during
standard energy test procedures (SAE and CEN), are only shallowly discharged. The DOD
(depth of discharge) reached at the end of the energy consumption test is below 20% with
respect to other BEVs reaching up 40-50% of DOD. In such cases, the measured energy
consumption may be affected by the variation of charging efficiency of batteries with DOD.
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This phenomenon is more significant for high-energy batteries with extremely varying
efficiency with DOD, such as alkaline (Ni-Cd, NiMH, Ni-Zn) and lead-acid batteries.
Experimental results have given variations in energy consumption of about 15% (dynamometer
tests with a NiMH battery BEV) when the battery is discharged at 20% DOD or at 100% DOD.
This variation is due to differences in charging efficiency with DOD, while similar tests
performed with a BEV powered by a Zebra battery gave no significant variation of energy
consumption, due to the high charging efficiency.

All these sources of losses, and then inaccuracy in energy determination, may have impact on

testing methods.

The behaviour of high temperature batteries is representative for various problems:

1. The first problem is related to the determination of the time needed for getting the battery
fully operational, which affects the preparation of the test and the impact of various driving
cycles.

2. A second problem regards the amount of energy needed to heat the battery before starting
the test, which is normally not account for in present testing procedures.

3. Finally, a third problem, similar to the self-discharge, is related to the thermal losses during
standstill, which reduce battery capacity when not connected to the mains.

For self-discharge losses, further problems are:

1. the lack of a general relationship suitable for calculating the energy losses for any storage
system; the limited availability of self-discharge data;

2. the large number of storage systems (batteries, supercapacitors, flywheels);

3. the impossibility to measure the energy remained in the battery when a non-externally
rechargeable battery is used.

Finally, the variation in energy consumption values due to charging efficiency may require,
depending on the battery type, a modification of the existing test sequence including at least two
measurements at two different DOD.

Status of standard procedures

Existing standard test procedures do not specifically address the problems of self-discharge and
heating energy losses. As mentioned above, the amount of losses depends on the duration of
standstill in various moments of the test sequence. An analysis of CEN (EN 1986-1) and SAE
(J1634) standard procedures for BEVs can be done in relation to the three phases of the test
sequence identified: initial battery heating; standstill before and after driving cycles; idle time
during driving cycles.

Initial battery heating and charging

Both procedures do not measure the energy spent to warm up the battery at its operating
temperature. The heating process is included in the test preparation, also said preconditioning.
CEN states that the test operator must follow the procedure recommended by the vehicle
manufacturer to maintain the battery temperature in the normal operating range. SAE standard
only stipulates that the battery shall remain on charge for the duration of soak and until the full
charge of the battery is achieved: there is the obligation to verify the battery capacity (Ah)
before starting testing. In SAE J1634 the charging period ranges between 12 and 36 hours
before the start of the test, while EN 1986-1 does not state any specific duration for vehicle
preconditioning. SAE standard requires that the soak and charging duration be recorded.

Standstill before and after driving cycles

After the vehicle, and the battery, is unplugged from mains and before starting the test, there is
no measurement carried out in both existing standards. In addition, the same occurs at the end of
the test before recharging the battery. In SAE J1634, there is an interval of 1 h available before
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the start of the test, whereas EN 1986-1 leaves a maximum of 4 h between the battery
disconnection and the start of the test. A minor difference between the two standards after the
end of test cycle and before recharging the battery: SAE has a flexibility of 1 hour, whereas
CEN has only 30 minutes.

Combining the energy required during the initial heating with the energy losses due to battery
temperature regulation (after unplugging the battery), the difference in charging and standstill
times before and after test cycles gives place to high variations of energy consumption between
SAE and CEN test procedures: measurements on the VW Bora with a high temperature battery
(Zebra) have shown differences up to 9% (without initial heating energy) and up to 38% (with
initial heating energy). This large discrepancy, partially depending on the driving cycles, but
mostly related to test procedure, justifies the recommendation of a unified pre-test (and after
test) procedure for both standards.

Idle time during driving cycles

The energy losses occurring during driving cycles are inherently related to the energy economy
of the cycles. These losses (self-discharge and heating energy) during BEV tests are normally
accounted for in present standards at the end of the test, when the battery is externally recharged
from the mains. A problem may rise for non-externally rechargeable HEVs: present (draft)
standards (CEN 1986-2 and SAE J1711) do not include any method for measuring losses from
the storage systems (battery, supercapacitors, and flywheels).

High capacity batteries

Standard procedures for BEVs (CEN 1986-1 and SAE J1634) allow the measurement of energy
consumption by driving a fixed number of defined driving cycles (2 or 7 in CEN and 2 or 4 in
SAE). The different test sequences may be chosen alternatively and only SAE standard leaves
the possibility to use one or more of them, which may allow the comparison of results from
various test sequences corresponding to varying DOD. Both standards also have range tests,
which aim to determine the overall range of a BEV over repeated standard driving cycles until
the battery is fully discharged. At the end of the range tests, the energy consumption is not
measured in CEN standard, whereas SAE standard leaves it optional. The combination of the
two tests (energy consumption and range), if energy consumption is measured in any case, may
be sufficient to take into account the variation of the measured values, without increasing
complexity and costs of the test sequence.

Possible (studied) solutions and principal constraints for their application

There are various options investigated during the analysis of the self-discharge and heating
losses of storage systems. The identified options all looked at determining the actual
contribution of the energy losses on the energy consumption values and their impact on testing
methods.

First of all has been ascertained whether it was possible to have reliable and repeatable
relationships for self-discharge and heating energy losses of the various systems, which could
be easily used for correcting the energy consumption values, by, for example, measuring
standstill periods. The technological survey and analysis of current and future storage systems
shows a variety of behaviours related to several technologies and configurations developed and
produced. General relationships between self-discharge times and capacity losses are available
only for a few battery types (Ni-Cd and NiMH) and for supercapacitors (in specific cases). For
the other storage systems there are experimental data obtained in specific self-discharge tests.

Another possibility should be the measurement of energy losses from batteries (and other
storage systems) separately from the vehicle. There are testing procedures defined by EUCAR
and USABC for measuring such losses for batteries and supercapacitors, but there are not yet
mandatory for component and vehicle manufacturers.
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A third way could be the direct measurement of standstill losses during vehicle tests or to
modify test sequence in order to include standstill time in a controlled manner: e.g. reducing
time flexibility in all the test phases not included in the driving cycles. This option seems
reasonable to avoid mismatching of present standards, in which different charging and
preparation times are defined (see the subsection on Standstill before and after driving cycle).

For the case of BEV powered with high capacity battery, the only direct way to account for the
energy consumption variation with DOD is to have two tests at two different DOD. A
straightforward suggestion is to measure the energy consumption from the mains also during
range tests and then compare them with the values from energy consumption tests. In this way,
only a minor modification of existing standards would be required.

Homologation tests versus comparative assessment

The nature of energy losses, related to self-discharge and heating energy, might strongly modify
the results of specific tests, particularly if they are aimed at homologation or comparative
(technology) assessment. In general, such losses strongly depend on the use of the vehicle: e.g.
km/day, number of parking hours far from charging stations and weekends included in the real
service. The energy consumption for homologation purposes is based on the measurement
during a defined driving cycle, including idle time typical of a continuous service. The
discrepancy between CEN and SAE standards mostly depends on the use of different driving
cycles, which also contain different idle times. For technological (comparative) assessment, it is
much more representative to use real service duties that are called driving patterns (the entire
vehicle duties including, e.g. standstill, driving cycles, off operation stops) in contrast to driving
cycles, which try to simulate the real world in a general, simplified manner. In comparative
assessment tests, energy losses during standstill are objectively part of the overall energy
consumption of the specific technology used if they are included in a specific driving pattern.
The proposal for both test procedures is to assure that all the energy consumption can be
selectively and separately measured, and to limit as much as possible the time during which the
vehicle behaviour is not recorded. The weight of standstill times in various driving patterns
should be determined by measuring independently from the energy test the related losses
(alternatively self-discharge or heating data, in W/kWh, for the specific storage systems should
be supplied by the vehicle manufacturer). The calculation of the real energy consumption will
then be weighted using the results from driving cycles and standstill tests.

Recommendations for testing methods

The possible solutions for accounting for energy losses or significant energy determination
differences are a combination of hardware and software routes. The hardware routes have a
larger impact on existing testing procedures (mainly, cost, complexity and duration), while the
software ones will make easy adaptation of existing procedures or even a compromised
utilisation of manufacturer data.

Recommendations for self-discharge and heating losses

A software recommendation to modify existing standard test procedure (CEN EN1986-1) is to
strongly limit the time during which the vehicle is not measured and losses occur. The present
flexibility of 4 hours in EN 1986-1 between test starting and vehicle unplugging from mains is
not acceptable: 1 h is regarded as a good compromise and is also consistent with SAE J1634.

A hardware correction to EN 1986-1 may be to extend the measuring period also to the charging
and soaking time and perform a new test: a specific self-discharge (or initial heating for high
temperature batteries) test should be carried out separately from the energy consumption test.
The proposal is to keep separated energy consumption during driving cycles from energy losses
before and after driving cycles. In this way, it will always be possible to weigh the contribution
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of energy losses in any testing procedure (either for homologation or for comparative
assessment). SAE J1634 already requires measuring battery capacity, soak and charge duration
and energy consumption at the input (AC energy) and the output (DC energy) of the battery
charger. The same data can be recorded even in the CEN EN 1986-1.

A temporary compromise (before the recommended revision of present standards) should be the
use of experimental results (Ah or energy per unit of time), achieved by the application of
EUCAR and USABC testing procedures for batteries and supercapacitors. Vehicle
manufacturers, in collaboration with storage system manufacturers, may supply self-discharge
and heating data along with vehicle data profile already required in present standards.

Recommendations for testing BEV with high capacity batteries

A software recommendation to modify existing standard test procedure (CEN EN1986-1) is to
measure the energy consumption also during range test. The hardware suggestion is to use the
same test sequence applied in energy consumption test: EN 1986-1 allows two test sequences in
energy consumption measurement and only one in range test. In case the tests sequence applied
in energy consumption test is different from that used in range test, another range test should be
done to have the same discharge conditions. The calculation of the energy consumption could
be referred to the DOD or at the specific variation among the two tests.



MATADOR Task 2 — Part I: Frameworks for Test Procedures

m Page 76 of 170

Frameworks for test procedures
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Nomenclature

Abbreviations

BEV
Cc
Cs

DOD

ASOC

Eﬂm
EE
EoD

ENRB
Nec
nﬂm

Eﬂm

EN

ENEA

EoD
EUCAR
HD

IAE

IKA

LD
Macrocycle

MATADOR
NC
NiCd
NiMH
NiZn
ocv
SAE
SOC
USABC
VRLA
Zn-air

Battery Electric Vehicle

Battery storage Capacity in Ah measured or calculated during test sequence.
Battery storage Capacity in Ah. The subscript 5 indicates the discharge time in
hours to completely discharge the battery under predefined conditions.

Depth Of Discharge. It is the ratio in percent of the capacity in Ah divided the
nominal capacity of a battery

The variation of State of Charge, calculated between the final SOC and the
initial SOC. Initial and final refer to the starting and the completion of a test
sequence.

the energy required for converting the spent zinc in metallic zinc
Electrochemical Equivalent (820 Ah/kg per zinc)

End of Discharge

energy consumption of an electric vehicle with a non-rechargeable battery
Charging /regeneration efficiency of zinc-air battery

the conversion efficiency to obtain 1 kg of metallic zinc from zinc oxide in a
specific plant.

the energy required for converting the spent zinc in metallic zinc

European Norm

Italian National Agency for New Technology, Energy and the Environment
End of Discharge Voltage of a battery under specified conditions.

European Car Research Committee

Heavy Duty

Institute Automotive Engineering - Arnhem.

Institut fir Kraftfahrwesen - Aachen.

Light Duty

Definition of a driving/test cycle including test sequence, standstill and charging
phase

Management Tool for the Assessment of Driveline TechnOlogy and Research
Number of Cells of which the battery is composed.

Nickel- Cadmium Battery

Nickel- Metal Hydride Battery

Nickel - Zinc Battery

Open circuit voltage

Society of Automotive Engineers.

State of Charge. It is given in percent and is equal to 100-DOD.

United States Advanced Battery Consortium

Valve Regulated Lead- Acid batteries.

Zinc-air



Framework — Test methods and procedures for BEVs

szu\* Page 80 of 170




Framework — Test methods and procedures for BEVs

szu\* Page 81 of 170

Contents
NOMENCIATUIE ...ttt e et eeaneeas 79
F AN o] ] €=V =T ]0JSPRTR 79
(O70] 0] (=] o | KT TP UP TP TPPPP 81
R oY oo [T £ o] o HP TP 83
P10 oL TP TP PRPPPPN 84
3 NOIMALIVE FEIEIENCES ... eeiiiiii e 84
4 Definitions and classifiCatioNs...........cccoiviiiiiiiii e 86
O N I 1= 110 11 (o o J OSSR 86
4.2 Classification OFf BEV ........cccoiiiiiiiiii ettt 86
5 Roller bench and vehicle preconditioning..........cccocceeiiiiiiiiiee e 86
5.1  Test bench preconditioning.........cocveeiiiiieeiiee e 88
5.2 Vehicle preconditioning..........cc.oeiiieiiiei et 88
5.3 Battery PreconditioNing ........cccueieiiiriiie et 88
6 VENICIE TESTING .. .eeiiiiie e 88
6.1 FAIIUIE tIME oo e et eennaee s 89
6.2  High temperature batteries and self-diSCharge...........ccccoooveiiiiii i 90
6.3 High Capacity DAttery.........ccooiiiiiiiee e e 90
6.4 ZINC-AIN BEV .....oiiiiie ettt nnaee s 90
6.5  Regenerative Braking.........ccoo i 91
6.6  Driving cycles (homologation versus comparative asseSSment) .........cccovcvevvveerienenns 91
7 Data input, processing and reportiNg.........cccceerueeeriieeenieee e sieeesieee e 92
8 Remarks for testing HD-BEVS ..........ooiiiiiiiiiii e 93
O RETBIEICES ...eeiiiieiie ettt ettt e b e e nnaee e 94
ANNEX A Battery pre-Conditioning ........ccccoooueeeiiieeiiieeiiiie e 95
ANNEX B Failure tIMe.......ooiiieiiiie et 96
ANNEX C  Self discharge and heating energy l0SSes..........cccoovveviieniiierinieesinnn. 97
(O I 4 o] (0] o] [ RSSO 97
C.2  Status of standard ProCEAUIES...........eeiuiii ettt 97
c.21 Initial battery heating and Charging ...........cccooooeiiiiiiiii e 97
C.22 Standstill before and after driving CYCIES.........ccocvviiiiiiiiiee e 97
C.23 Idle time during driving CYCIES........ooviiiiiiee e 98
ANNEX D  Proposal for an Annex F to EN 1986-1 ..........ccccoiiiiiiiniiiin e, 99

ANNEX E  Homologation tests versus comparative assessment — Real-life
AFIVING PATLEINS .. 101



Framework — Test methods and procedures for BEVs

szu\* Page 82 of 170




Framework — Test methods and procedures for BEVs

szu\* Page 83 of 170

1 Introduction

Task 2 of the MATADOR Project (Management Tool for the Assessment of Driveline
Technologies and Research, EU-contract JOE3-CT94-0081) is aimed at developing test
methods for homologation and evaluating conventional and alternative vehicles and propulsion
systems. These testing methods should also allow for a comparative assessment and
benchmarking of such technologies. The testing methods, considered in Task 2, are restricted to
the determination of energy consumption and emissions of various vehicles and powertrains.
The definition of such testing procedures is strongly affected by the vehicle configuration, the
required fuels and the specific driving patterns which may be real or simulated on test benches.
In addition, the introduction of alternative technologies and fuels may pose measuring problems
when compared with conventional vehicles and standardised procedures. Investigation and
critical evaluation of technical issues in relation to the various technologies is the main scope of
Task 2, from which specific recommendations for modified or new testing and measuring
methods are derived.

Standards for BEVs (battery powered or pure electric road vehicles) have been recently released
and made available in USA, Japan and Europe.

Anyway, several technical and practical issues are still open, often originated by the fact that the
standards are strictly aimed at homologation the vehicles, more than at technically
characterising the various vehicle technologies. Furthermore, BEV standards are derived from
the well-established standards designed for ICE powered vehicles. For example, the energy
consumption test procedure provides for an urban consumption test, based on the ECE 15, and,
in alternative, an extra-urban driving cycle. This cycle, nevertheless, is quite useless, because it
is not representative of the real driving cycle and the required maximum speed, 120 km/h, is
beyond the technical performances of the majority of current BEVS.

Other problems are battery-related, for example there are batteries with significant self-
discharge or energy losses (due to heating or cooling systems in high temperature batteries),
other are not electrically rechargeable (as metal-air batteries). The influence of the Depth of
Discharge (DOD) on charge and discharge efficiency is another source of inaccuracy, which is
related to the driving cycle. All these aspects have impacts on the accuracy of the measurements
and the reproducibility of the test.

This document is aimed at proposing a testing framework, as the final recommendation of the
European project MATADOR, for measuring energy consumption of BEVs. Even if strictly
derived from existing (draft) standards, it differs from those in a number of parts, offering some
indications for a better test reproducibility and suggesting some modifications to present
standards in order to account for more realistic conditions.
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The intention is to schematically describe main testing procedure parts, highlighting technical

issues/problems (summarising conclusions of specific subtask reports), which are peculiar of the

system to be tested and /or have an impact on existing (draft) standards. The test procedure will

be fully structured in a pictorial view in order to drive the reader in a simplified manner through

the main topics faced during a testing work:

1. Normative reference

2. Definitions

3. Classification of vehicles/technical issues (self-discharge losses, thermal heating for high
temperature batteries, high capacity battery, non-electrically rechargeable storage systems)

4. Test preparation and preconditioning

5. Vehicle testing (test sequence, driving cycles, failure time, tolerance and accuracy,
measurement issues)

6. Data processing

7. Datareporting

More than defining a complete testing procedure for homologation or other purposes, the
framework will refer to existing standards and specific topics ( by using flow diagrams, showing
main test routes and, where possible, recalling test steps of existing (draft) standards.
Furthermore, motivations and justifications, with a clear description of the proposed methods
and differences with existing ones, will be described in Annexes, outlined in flow charts and
shortly defined in the text. Figure 1 shows how the schematic presentation will look like by
showing the main options (numbered subroutines/actions in the main text) in a testing procedure
for energy consumption and emissions measurements. Finally, homologation and comparative
assessment will be distinguished and some considerations about the testing methods for heavy-
duty (HD) vehicles will be presented.

All in all, this framework of a BEV testing procedure for measuring energy consumption will
try to reach a reasonable compromise between affordability (low cost and short time) and
quality of test results (accuracy, significance and comparability) for homologation and for
comparative technology benchmarking.

2 Scope

This document intends to give a general, but well structured and easy to follow, framework for
measuring the energy consumption, (and the range, when required) of Battery Electric VVehicles
(BEV) for both homologation and technology assessment (in realistic operating conditions). The
proposed testing methods and solutions to main technical problems refer to the conclusions of
many subtask reports, prepared under the MATADOR project. This document mainly covers
testing needs of light-duty (LD) BEVs, as defined in EN 1986-1. Some considerations and
recommendations will also be referred to heavy-duty (HD) BEVs.

3 Normative references

This testing procedure uses as references various publications and standards.

EN1821-1 1996 Electrically propelled road vehicles — Measurements of road operating
ability- Part 1: Pure electric vehicles

EN1986-1 1997 Electrically propelled road vehicles — Measurements of energy
performances- Part 1: Pure electric vehicles
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prEN 13447 1999 Electrically propelled road vehicles — Terminology

SAE J1634 1995 Surface Vehicle Recommended Practice: Electric vehicle energy
consumption and range test procedure

The testing procedure framework will only mention main technical problems or differences with
respect to existing or under definition standards.

Framework for a test procedure
for measuring energy consumption
of BEVs

Collection of
standards

Classification of BEVs
1 by main issues

2 Test preparation/
preconditioning
|
h 4
Selection of test sequence

3 (for rechargeable or non-rechargeable 4
batteries)

yes no

Homologation

Comparative 5
test

Driving cycle?
gcy assessment

Measurements VEHICLE
(energy, range) TESTING

v

6 Data
processing

v

7 Data
reporting

Figure 1:  Flowchart of a testing procedure framework for a BEV
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4 Definitions and classifications

4.1 Definitions

Acclimatisation (soak) period: the time needed to thermally condition the vehicle under test
to the operating temperature window (usually between 20°C and 30°C for indoor tests).
Battery capacity: the electrical charge in Ah (or energy in Wh) delivered by the battery
under predefined conditions.

BEV: pure electric road vehicles in which the only electricity source is onboard and is an
electrochemical battery.

Driving profile or cycle: vehicle speed versus time curve.

Driving pattern: the entire vehicle service including, e.g., standstill, realistic driving cycles,
off-operation stops, opportunity charging and so on.

Failure time: the length of time (duration or amount of time) during which the vehicle being
tested is unable to perform the prescribed driving cycle due to low acceleration value or
insufficient maximum speed.

HD: Heavy-Duty, meaning categories of vehicles M3 and N3 (definition to be clarified)
High-temperature batteries: batteries having an operating temperature of internal
components much higher than the ambient temperature.

High capacity battery: storage systems used in a BEV, which are shallow (less than
40%DOD) during a standard energy consumption test.

LD: Light-Duty, meaning categories of vehicles M1, M2, N1, N2, motor tricycles and
quadricycles.(definition to be clarified)

Non-rechargeable battery: (primary battery) a battery that cannot be electrically recharged
(metal-air batteries: Zinc-air, Aluminium-air).

Regenerated battery: zinc-air batteries are recharged by substituting used zinc electrodes
with zinc metal electrode regenerated in a dedicated plant.

Regenerative braking: the process of braking not finalised to vehicle deceleration but only
the convert vehicle kinetic energy into electrical energy.

Self-discharge: the amount of charge or energy the battery loses during off-load conditions
(more precisely open circuit conditions).

Zebra battery: high-temperature Sodium-Nickel Chloride battery with an internal
temperature of around 300°C.

4.2 Classification of BEV

For testing purposes, BEVs can be classified according to the main characteristics of the
batteries. Batteries have peculiar features that may significantly impact the testing procedure in
terms of duration, measuring complexity, accuracy and, finally, cost. Figure 2 shows a block
diagram (subroutine 1) that gives indications about the way BEVs can be divided in categories
according to the properties of the used battery. The classification considers not only the battery
types, but also their dimension in the BEV, which may influence test results.

5 Roller bench and vehicle preconditioning

Prior to testing start both vehicle and test bench must be conditioned to have reproducible
conditions (mainly temperature) for any test and to make then more comparable the results of
different tests on various vehicles. Existing (draft) (EN 1986-1 and SAE J1634) standards give
directions before the test. The indications are not consistent among them and may have impact
on the overall energy consumption, due to the battery self-discharge and heating [8]. Figure 3 is
the flowchart (subroutine 2 of the framework) for the test preparation.
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5.1 Test bench preconditioning

The test bench shall be warmed up without the vehicle according to the recommendations of the
supplier of the bench. This procedure allows the reduction of negative effects on the cold start
of the vehicle, especially tyres changes [5], and then facilitates a proper setting of the road load,
which is better represented.

5.2 Vehicle preconditioning

The vehicle preparation mainly follows EN 1986-1, clause 5.4. Vehicle soak should be for 24
hours (and battery on charge during such time) at 25+1 °C. The narrow limit is defined to
eliminate the strong influence of the starting temperature on the energy consumption values.
Different temperatures have a strong influence on duration and heating energy of the warm-up
phase, particularly for high-temperature batteries, and, therefore, small variations can greatly
change the result of a test [5].

In order to minimise the effects of the battery self-discharge on the test procedure, the time
period between disconnection from mains after recharge and start of the test should be
minimised. For the same reason, the time period between end of the test and reconnection to the
mains for recharge should be minimised. The sum of both duration should not exceed one hour
[8]: this is a compromise between SAE and CEN standards.

The pressure of the tyres has to be checked and, if necessary, resettled before each test to
eliminate the influence of the variation of rolling resistance versus pressure [5].

5.3 Battery Preconditioning

To ensure that each test is done with the battery in the same initial conditions, a standard cycle,
composed by a standard charge and a standard discharge, both described in the Annex A, should
be performed before each test. Every time, during the energy consumption (or range) test, the
prescribed sequence is interrupted, the standard cycle must be repeated. The availability of a
battery cycler (or at least, a measuring system for battery voltage and current) would surely
improve the reliability and reproducibility of the charge/discharge process.

This battery conditioning process only applies to batteries that can be recharged with an on-
board or off-board charger from mains.

In case of mechanically rechargeable batteries, such as Zinc-air, a fresh regenerated battery pack
must be installed on-board before starting the test sequence.

6 Vehicle testing

The execution of the test sequence is a combination of various parts, which contains measuring
aspects, driving cycles and specific vehicle conditions to assure test repeatability (tolerance,
shifting modes, control strategy, manual operation selection). Some specific problems related to
the behaviour of the battery may be accounted for in the execution of the test sequence, while
other aspects may be calculated or considered during data processing. Figure 4 (subroutine 3)
sketches the flow diagram of the test sequence for the energy consumption determination of
BEVs with electrically rechargeable batteries.
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Vehicle test
for BEV with
rechargeable batteries

Homologation test?
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BEV with
high capacity battery?
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EN 1986-1
4 Y
EC Test . .
EN 1986-1 Measure failure time
Range Test
v EN 1986-1
Measure failure time i
v Measure recharging
energy from mains
stop

A 4

6 ( stop )

Figure 4:  Test sequence flowchart for BEV with rechargeable batteries

6.1 Failuretime

The failure time is the amount of time a BEV is unable to follow the driving cycle (within the
tolerance band of £ 2 km/h), due to low acceleration value or insufficient maximum speed [4].
In consideration of the dependence of the energy consumption on the failure time (up to 15%)
[1][4], the failure time must be recorded (or determined) and mentioned into the test report for
both cases, as required in EN1986-1. Vehicles, which are not able to follow the driving cycle,
would be operated during the failure time at their power limits. This behaves a reduced
efficiency compared to a normal operating usage with middle loads, leading to higher energy
consumption compared to a vehicle with the same characteristics (weight, rolling resistance, and
so on), but a more powerful electric motor. Testing institute can easily evaluate the failure time
by simply comparing during or after a test the actual speed profile with that of the driving cycle.

For BEV with limited maximum speeds (below 80-90 km/h) and intended for urban uses, it is
recommended to follow EN-1986-1 test procedure (par. 5.5), using 7 times ECE-15 cycle; while
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for BEVs with maximum speeds higher than 120 km/h, 2 times of the complete NEDC can be
applied. In Annex B, a more complete justification to this approach is shortly described.

6.2 High temperature batteries and self-discharge

Thermal losses of high temperature batteries and self-discharge of any battery may significantly
impact the measurement of energy consumption of BEVs. In Annex C the problem is briefly
presented.

A recommendation to modify existing standard test procedure (CEN EN1986-1) is to strongly
limit the time during which the vehicle is not measured and losses occur. The present flexibility
of 4 hours in EN 1986-1 between test starting and vehicle unplugging from mains is not
acceptable: 1 h should be a good compromise and is also consistent with SAE J1634.

A correction to EN 1986-1 may be to extend measuring period also to the charging and soaking
time and perform a new test: a specific self-discharge (or initial heating for high temperature
batteries) test should be carried out separately from the energy consumption test. The proposal
is to keep separated energy consumption during driving cycles from energy losses before and
after driving cycles. In this way, it will be always possible to weigh the contribution of energy
losses in any testing procedure (either for homologation or for comparative assessment). SAE
J1634 already requires measuring battery capacity, soak and charge duration and energy
consumption at the input (AC energy) and the output (DC energy) of the battery charger. The
same data can be recorded even in the CEN EN 1986-1.

6.3 High capacity battery

Another source of error in energy consumption determination is the use of high capacity
batteries, able to improve up to 4-5 times the present ranges of BEV, which, during standard
energy test procedures (SAE and CEN), are shallow discharged. The DOD (depth of discharge)
reached at the end of the energy consumption test is below 20% with respect to other BEVs
reaching up 40-50% of DOD. In such cases, the measured energy consumption may be affected
by the variation of charging efficiency of batteries with DOD. This phenomenon is more
significant for high-energy batteries with extremely varying efficiency with DOD, such as
alkaline (NiCd, NiMH, NiZn) and lead-acid batteries. Present energy consumption test
sequences discharge differently the batteries. For example, EN 1986-1 test sequences apply two
difference driving cycles corresponding to an overall driving distances of about 22 km or about
28 km, respectively, but for various batteries these distances corresponds to discharge a varying
fraction of the overall available capacity. To take into account the different charging efficiency
of the batteries, it is recommended to perform a range test in addition to the energy consumption
test and measure the energy consumption from mains also for the range tests.

6.4 Zinc-air BEV

The use of such battery has not been considered in existing standards, which only allows the
measurement of electrical energy from mains in the testing station. The need to regenerate the
spent zinc electrodes in a dedicated plant, out of the control of the testing institutes, determines
some practical and ethical problems:
the energy consumption for «charging» the battery cannot be directly measured in the
test facility;
the type of measurement and equipment are out of the control of the testing
organisation;
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the energy consumption information is still proprietary and hard to obtain in a reliable
and reproducible way, even in consideration of the development small-scale stage of
the production plants.
Figure 5 (subroutine/action 4) shows the test flow diagram for energy consumption
measurements for BEV with non-rechargeable batteries. In Annex D a proposal for a
modification to existing standards is described [7].

Vehicle test
for BEV with
non-rechargeable batteries

v

EC Test
EN 1986-1

v

Measure Failure time

6

Figure 5:  Flow diagram for energy consumption test sequence of a BEV with non-
rechargeable battery. The sequence is in the standard, but it is different in the energy
measurement

6.5 Regenerative braking

There are BEVs that allows the manual selection of different regenerative braking modes. Old
LAREL has three different driving modes (Sport, Normal and Economy) related to regenerative
braking, and the VW Electric Bora has an on/off switch for the regenerative braking. EN1986-1,
differently from SAE J1634, has not a formal statement for such situation. The possibility to
recover energy during braking is one of the main advantages of alternative vehicles with
electrical propulsion systems with respect to the conventional ones; it then seems appropriate to
state formally the evaluation of the regenerative energy strategy to improve technology
comparison. The recommendation is that the energy consumption test must be performed with
the regenerative braking option in "on™ position.

Furthermore, the effect of actual road regenerative braking, when a 2-WD dynamometer is used,
should be accounted for. A combination of simulation, first for estimating the error and,
eventually, the «hardware» correction stated in SAE J1634 could be proposed (part of data
processing work).

6.6 Driving cycles (homologation versus comparative assessment)

The energy consumption for homologation purposes is based on the measurement during a
defined driving cycle, including idle time typical of a continuous service. The discrepancy
between CEN and SAE standards most depends on the use of different driving cycles, which
also contain different idle times. For technological (comparative) assessment, it is much more
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representative the real service duties that we can call driving patterns (the entire vehicle duties
including, e.g., standstill, driving cycles, off operations stops) in opposition with driving cycles,
which try to simulate the real world in a general, simplified manner. In comparative assessment
tests, energy losses and performances of the BEVs greatly are objectively part of the overall
energy consumption of the specific technology used, including energy losses for self-discharge
and heating. The proposal for both test procedures is to assure that all the energy consumption
can be selectively and separately measured, and to limit as much as possible the time during
which the vehicle behaviour is not recorded. For example, the weight of standstill times in
various driving patterns should be determined by measuring independently from the energy test
the related losses (alternatively self-discharge or heating data, in W/kWh, for the specific
storage systems should be supplied by the vehicle manufacturer). The calculation of the real
energy consumption will be then weighed using the results from driving cycles and for standstill
tests 0. In Annex E, some justifications of this approach are reported, along with examples of
alternative driving cycles. Figure 6 (subroutine 5) presents the routes to be followed for testing
BEVs.

Homologation versus
comparative assessment

v

Measure/define
driving patterns
ANNEX E

v

Measure EC from
test reproducing patterns

6

Figure 6:  Comparative assessment flow diagram: no standards existing

7 Data input, processing and reporting

The proposed testing procedure may require that various data be supplied from vehicle and
battery manufacturers. Existing standards also mention clear inputs from manufacturers about
charging procedures, but not clear indications are given about the way this may happen. There
are a lot of test results that must be processed to reach final values for energy consumption and
emissions (subroutines/actions 4 and 5). The elaboration and testing work will of course depend
on the type of vehicle behaviour, the test sequence and the scope of the tests.

For homologation purposes, current (draft) standards already provide (prEN 1986-1 and SAE J
1634) informative lists of technical information to be supplied to the test laboratory and then be
reported after the test completion. Figure 7 (subroutines 6 and 7) flowcharts the elaboration
process prior to final reporting.
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Data processing
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Figure 7:  Data processing flowchart with calculation not required in existing standards
(boxes with double lines)

8 Remarks for testing HD-BEVs

As stressed in [2], the actual HD test procedure is not representative and useful for alternative

drivelines with electrical propulsion systems, because of the impossibility to include in the

engine tests the peculiar features of such drivelines of regenerating barking, on/off operation

and varying efficiency.

For testing such vehicles two major issues are still unsolved:

a) Whether it is practicable to test these vehicles on dynamometers in terms of availability of
powerful transient test benches (requires big investments — and

b) which cycle shall be used or which cycle is representative for the specific use of the given
vehicle.
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If there is the availability of large dynamometers, the procedure proposed in this framework can
be, in general, applied by adapting the driving cycle, which must be more specific for HD-
BEVs.
If there is no dynamometer available, a possible testing procedure may be the following:
perform a driving cycle on a test track, followed by a laboratory test on the generation and
storage components of the driveline. By applying (with a bi-directional electronic device like a
battery cycler) an electrical load equal to that measured and recorded during the test track, it is
then possible to calculate the energy consumption. This seems to be a viable option for energy
consumption measurements.
For the definition of realistic driving cycles, a classification of vehicles is necessary. A first
attempt is given below:
- Delivery trucks

Coaches

City busses

Special vehicles (municipal vehicles, road sweepers, garbage trucks)

Long distance trucks
The real life cycles, reflecting the average use, can only be developed on the basis of intensive
measurements on real vehicles of the above mentioned classes.
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ANNEX A Battery pre-conditioning

STANDARD DISCHARGE

The battery is discharged, by running at constant speed (see 9.1 EN 1821-1) till the battery
voltage will come down to the minimum allowable value (end of discharge voltage). End of
discharge criteria fixed in 5.5.1.1 (EN 1986-1) cannot be applied to all battery types or vehicle.

STANDARD CHARGE
The vehicle normally will be charged according to normal charging procedure, as recommended
by the manufacturer.

BATTERY VOLTAGE MINIMUM VALUE
The end of discharge (EoD) voltage depends on the battery type, the discharge conditions and
the vehicle configuration. The manufacturer of the vehicle must recommend it.
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ANNEX B Failure time

For testing purposes, the failure time is part of a more general problem to adapt the driving
cycle to the limited performances of BEVs, particularly when they have been produced for
exclusively urban use. It is possible to envisage two situations during which the BEV is not able
to meet driving cycle characteristics:
The maximum vehicle speed, as communicated by the manufacturer, is lower than 120
km/h, which is the maximum speed required by the extra-urban cycle of NEDC (or test
sequence n° 2 in EN1986-1, par. 4.1).
The maximum vehicle speed, as communicated by the manufacturer, is higher than 120
km/h.

EN1986-1 already states that:
Tolerances on speed (+ 2 km/h) and on time (+ 1 s) are geometrically combined at each
point of the driving profile (speed-time curve).
Below 50 km/h the deviations beyond this tolerance are permitted as follows:
at gear change for a duration less than 5 s;
and up to five times per hour at other times, for a duration of less than 5 s each;
The total time out of tolerance (failure time) has to be mentioned in the test report.
Over or equal to 50 km/h, it is accepted to go beyond tolerances provided the accelerator
pedal is fully depressed.

For BEV with limited maximum speeds (below 80-90 km/h) and intended for urban uses, it is
recommended to follow EN-1986-1 test procedure (par. 5.5), using 7 times ECE-15 cycle; while
for BEVs with maximum speeds higher than 120 km/h, 2 times of the complete NEDC can be
applied.

There are not clear justifications for proposing a partial modification of the present standard
driving cycles by only reducing the maximum speed [in speed phases with high speeds. Such a
problem is not related to the applicability of the standard testing method, but faces the general,
vital problem of representativity of the driving cycle for the vehicle under test.
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ANNEX C Self discharge and heating energy losses

C.1 Theproblem

There are various energy losses during battery uses, which may significantly affect energy

consumption of BEVs and HEVs. Storage systems (electrochemical batteries, supercapacitors

and flywheels) may have high self-discharge and/or may work at high temperature. In all these

cases, the amount of energy involved may be high, is strongly dependent on the use of the

vehicle (daily travelled distance, km/day, number of chargings per day or per week) and is not

always accounted for in existing testing procedures. Furthermore, high temperature batteries

require energy to reach the high operating temperature. In general, all the energy losses occur

during standstill periods. Three separate phases may be considered during which standstill

periods, and related energy losses, may be present:

1. Initial battery heating to have the battery at its working temperature before starting test;

2. Standstill periods before and after driving cycles; (charging, preconditioning and
preparation and recharging);

3. Idle times included in driving cycles.

The amount of losses due to self-discharge and heating may significantly impact the energy
consumption calculation in BEV and HEV, depending on the measuring conditions and test
sequences. Currently, the dimension of such losses may vary from about 50% of the overall
vehicle energy consumption (heating energy of NiCl,-Zebra battery for short working time) up
to about 45% of the store energy of supercapacitors and 3% for flywheels after 72 h [8].

C.2 Status of standard procedures

Existing standard test procedures do not specifically address the problems of self-discharge and
heating energy losses. The amount of losses depends on the duration of standstill in various
moments of the test sequence. An analysis of CEN (EN 1986-1) and SAE (J1634) standard
procedures for BEVs can be done in relation to the three phases of the test sequence identified:
initial battery heating; standstill before and after driving cycles; idle time during driving cycles.

C.2.1 Initial battery heating and charging

Both procedures do not measure the energy spent to warm up the battery at its operating
temperature. The heating process is included in the test preparation, also said preconditioning.
CEN states that the test operator must follow the procedure recommended by the vehicle
manufacturer to maintain the battery temperature in the normal operating range. SAE standard
only stipulates that the battery shall remain on charge for the duration of soak and until the full
charge of the battery is achieved: there is the obligation to verify the battery capacity (Ah)
before starting testing. In SAE J1634 the charging period ranges between 12 and 36 hours
before the start of the test, while EN 1986-1 does not state any specific duration for vehicle
preconditioning. SAE standard requires that the soak and charging duration be recorded.

C.2.2 Standstill before and after driving cycles

After the vehicle, and the battery, is unplugged from mains and before starting the test, there is
no measurement carried out in both existing standards. In addition, the same occurs at the end of
the test before recharging the battery. In SAE J1634, there is an interval of 1 h available before
the start of the test, whereas EN 1986-1 leaves a maximum of 4 h between the battery
disconnection and the start of the test. A minor difference between the two standards after the
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end of test cycle and before recharging the battery: SAE has a flexibility of 1 h, whereas CEN
has only 30 min.

Combining the energy required during the initial heating with the energy losses due to battery
temperature regulation (after unplugging the battery), the difference in charging and standstill
times before and after test cycles gives place to high variations of energy consumption between
SAE and CEN test procedures. Measurements on the VW Bora with a high temperature battery
(Zebra) have shown differences up to 9% (without initial heating energy) and up to 38% (with
initial heating energy). This large discrepancy, partially depending on the driving cycles, but
most related to test procedure, justifies the recommendation of a unified pre-test (and after test)
procedure for both standards.

C.2.3 Idle time during driving cycles

The energy losses occurring during driving cycles are inherently related to the energy economy
of the cycles. These losses (self-discharge and heating energy) during BEV tests are normally
accounted for in present standards at the end of the test, when the battery is externally recharged
from mains. A problem may rise for non-externally rechargeable HEVs: present (draft)
standards (CEN 1986-2 and SAE J1711) do not include any method for measuring losses from
the storage systems.
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ANNEX D Proposal for an Annex F to EN 1986-1

Annex F (normative)
Determination of the energy consumption of an electrically propelled road vehicle
powered by a non-electrically rechargeable battery (e.g. zinc-air or aluminum air).

F.1  Introduction
The purpose of this annex is to define the method of measuring the energy consumption of a
vehicle powered by non-electrically rechargeable when tested on a chassis dynamometer.

F.2  Reference conditions
Testing shall be performed according to the test sequence described in 4. The step described in
There is no modification of the test sequence and vehicle preparation.

F.3  Test procedure modifications
The test procedure for measuring the energy consumption described in 5.5 shall be modified in
the following way:
- Initial charge of the battery (CANCELLED);
Application of the test sequence as defined in 4.1;
Charge of the battery (CANCELLED);
Calculation of the energy consumption.

The bold step remains partially unchanged as in 5.5.2. In fact during the test sequence, the
current (or the capacity) delivered by the battery shall be measured. This type of measurement is
not provided in the procedure for pure electric vehicles. The accuracy of the current (or
capacity) measurement should be + 1%.

F.3.1 Initial charge

The non-electrically rechargeable batteries cannot be recharged by the mains, but are normally
mechanically rechargeable, that is, the spent electrodes are substituted by fresh ones. This step
of the test sequence is then omitted. Consequently, for the test of these specific vehicles 5.5.1
and 5.5.3 cannot be applied.

F.3.2 Calculation of the energy consumption
The energy consumption Exrg Of an electric vehicle with a non-rechargeable battery is defined
by the formula:

Ec

E =
NRB d

where Ec is the electric energy consumed at regeneration plant for regenerating the spent
electrodes and d is the distance travelled in km recorded during the test. The value Ec does not
include the energy consumed for handling the electrodes.

The calculation of the energy consumption from mains Eygg requires various steps:
The amount of metal (e.g. metallic zinc in zinc-air batteries) consumed can be determined
by using the electrochemical equivalent of the discharged capacity. The calculation is based
on the following equation:

CxNC

Zinc[Weight = @
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where C is the battery capacity measured during the test, NC is the number of cells
composing the entire zinc-air battery and EE is the electrochemical equivalent for the zinc
(820 Ah/Kgzinc)-

The regeneration process of the zinc oxide in zinc-air requires 2,32 kWh/kg (this value only
represents the Edison calculation for a defined regeneration plant of zinc oxide).
Consequently, the energy consumption from mains is obtained by multiplying the
consumed metallic zinc by the regeneration energy consumption:

E. = ZincWeight X ny, (2)

where Ec is the energy required for converting the spent zinc in metallic zinc and 1. IS the
conversion efficiency to obtain 1 kg of metallic zinc and is plant specific (the value to be
used should be certified by the battery manufacturer and indicated in the battery).
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ANNEX E Homologation tests versus comparative
assessment — Real-life driving patterns

The effect of various representative driving cycles have been thoroughly analysed with
experimental and simulation activities [1][2][3][4]. One of the major advantages of BEV and, in
general, of most vehicles with electrical propulsion systems is the possibility to recover energy
during braking, by converting the electric motor in an electric generator. The amount of
recoverable (regenerative braking) energy can be significant and is dependent on the BEV
technology but also on the driving cycle. The influence of the driving cycle on energy
consumption is relevant with variations for specific BEVs up to 40-50%, as can be seen in Table
1, reporting the test results of a Renault Express Electrique on 6 different cycles.

Table 1 Energy consumption from mains and batteries for a Renault Express Electrique
with various driving cycles [6]

Energy Consumption [MJ/100km]
Driving cycle from battery from mains
NEDC 57,6 126
Jap1015 46,8 90
USFTP75 57,6 108
Hyzem Urban 57,6 118,8
Hyzem Rural 68,4 126
Hyzem Highway 82,8 158,4

For homologation purposes the test sequence suggested in EN-1986-1 (par. 4) can be applied at
this moment until a really representative cycle is defined. Some adaptations to the sequence
have, however, to be taken into account in the energy consumption calculation of specific cases:
high temperature batteries, charge duration, high capacity batteries, regenerative braking energy
and self-discharge.

Results from road experiences [4] confirm that the average daily range in Mendrisio BEV fleet

is about 15 km that is consistent with the driving cycle lengths, proposed in EN 1986-1, of about

22 or 28 km (EN1986-1). Moreover, the comparison between bench and field data showed

significant differences, indicating that BEV energy consumption (or efficiency) and range

depend greatly on operating conditions, because the «real world» driving patterns may include
higher or lower speeds and acceleration rates than those found in the standard test cycles.

Furthermore, bench tests resulted reproducible and, within the same category, comparable, but

their representativity of real vehicle use was limited.

For comparison (both homologation and technology assessment), it is necessary that the driving

cycle is representative for the real-life operating conditions. Representativity of the driving

cycle implies that the time-speed profile must be:

1. Realistic (dynamic). All transient situations are power demanding for BEV, but may be
more favourable for regenerative braking particularly in urban uses, where the number of
starts/stops is high.

2. Accurately described in terms of cycle length and duration, average speed, maximum
acceleration and deceleration. Statistically determined driving patterns from recorded
vehicle usage may greatly help the definition of more realistic driving profiles.

A “real-life driving pattern®, thus, should be selected. Possible cycles that are based on current
LD vehicle use, are the Modem cycle (Figure 8) or the three HYZEM cycles (Figure 9 - Figure
11). The three HYZEM cycles are combined in one test, and represent urban, rural, and highway
traffic conditions. The outcomes of Subtask 2.8 [2] clearly indicated that stylistic (or "modal™)
cycles lead to non-representative results for energy consumption (and emissions in case a fuel
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converter is present in the vehicle), when the applied cycle is not representative for the actual
use of a vehicle in real-life. It has been shown that, for vehicles with alternative drivelines, the
driving cycle characteristics have an even more profound influence on the energy consumption
(and emissions) than for conventionally powered vehicles. Thus, stylistic cycles as the NEDC
with the very narrow and low demanding speed profile would produce unrealistic (often too
low) results.

Both the MODEM and HYZEM cycles cover nearly the same operating range in terms of power
distribution over vehicle speed, but differ in length. The speed traces are given in the figures
below.

As defined before, these cycles are not completely driving patterns, which intend to represent
the overall service of the vehicle and not only the running cycles: for electric vehicles there is a
significant impact of standstill times, including recharging (partial or complete or fast) on the
overall fuel economy.

Within the MATADOR project, it is not the task to determine a cycle nor which existing cycle
is most representative for real-life (European) driving conditions. The before mentioned cycles
MODEM and HYZEM, therefore, are merely examples of real-life based driving cycles and just
give an indication of how a representative cycle might look like and how it might be composed
of several specific parts. The definition of this real-life representative cycle is one of the (near-)
future tasks to be carried out within the field of vehicle standardisation and legislation research.
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Nomenclature

Abbreviations

Ah change in capacity of the EES over the driving cycle in Ampere-hours
D distance travelled during test

E energy

EES electric energy storage device

EM emissions

FC fuel consumption

HD heavy duty

HEV hybrid electric vehicle

LD light duty

MATADOR  Management Tool for the Assessment of Driveline TechnOlogy and Research
SOC state of charge of the EES

Indices

1,2,3,... Number of test performed

AC AC electricity from mains

d Distance related value

Hyb Value recorded in hybrid mode
Th Value recorded in thermal mode

ZEV Value recorded in electric mode
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1 Introduction

The intention of this paper is to present a framework for a test procedure for light duty thermal
hybrid electric vehicles. The content is a synthesis of the results of the subtasks of the
MATADOR Task 2 project. The structure of the framework is similar to the structures of
existing (European) standards and comprises the following topics:

Definitions of wording
Preconditioning
Measurement issues
Driver related topics
Driving cycles

Test conditions
Expression of results

As part of the framework, a flowchart is included, which allows for a quick overview of the test
cases in the framework. Apart from the framework for LD HEVs, also
considerations/recommendations for the testing of Heavy-Duty hybrid electric vehicles as well
as for vehicles with alternative propulsion systems other than hybrid electric are made.

2 Scope

This procedure aims at the measurement of energy consumption and emission output of Light-
Duty hybrid electric vehicles with thermal engine (carbon based fuels). The testing procedure is
primarily meant for homologation purposes. The procedure may be extended [1], or additional
measurement signals may have to be recorded, when that is desired for comparative
assessments.

3  Definition of wording

Charge-depleting EES behaviour: The state of charge of the Electrical Energy Storage
(EES) system on average decreases when a vehicle is driven over a certain driving cycle
(driving cycle dependent!). Typically, the operation characteristics of the vehicle may be
impaired and performance will become less with decreasing battery charge.

Charge-sustaining EES behaviour: The state of charge of the EES on average is maintained
(within defined bounds) when the vehicle is driving over a certain driving cycle (driving
cycle dependent!). Typically, the SOC shows a periodic behaviour when the vehicle is
driven over (a sequence of) the driving cycle.

Driving cycle: Vehicle speed vs. time pattern; used for determining the energy consumption
and emissions. A driving cycle is currently used for LD vehicles. For HD vehicles,
currently an engine test is used for type approval and homologation testing.

Electric Energy Storage device (EES): A device in which electrical energy can be stored.
Examples are batteries (electro-chemical), electric flywheels (electro-mechanical), (super-)
capacitors, or a combination of these.
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Electric mode (if available): For hybrid vehicles, this is a user-selectable powertrain mode
in which the vehicle is driven by the electric motor only, which in turn is powered from the
electric energy storage device alone.

Externally rechargeable vehicles: Vehicles in which the energy storage system can be
charged by means of energy from the mains.

Hybrid mode (if available): A powertrain mode in which all energy sources can participate
in the propulsion of the vehicle. In case of a thermal engine this yields fuel energy
consumption, and by means of an electric motor energy from an electrical energy storage
device is used. The operation of the thermal engine and electric motor can be in a combined
or alternating way, automated by the vehicle‘s control. The mode may be user-selectable. A
hybrid vehicle, which has no user-selectable modes, is considered to have a hybrid mode
only.

Linear regression method: Method to determine the fuel consumption and emissions of
non-externally rechargeable, charge-sustaining vehicles, that accounts for the difference in
energy content of the EES before and after a test [3].

Thermal mode (if available): A user-selectable powertrain mode in which only power from
the thermal engine is used to propel the vehicle and/or to charge the electric energy storage
device. The electric energy storage device is not discharged for traction purposes at any
time during the test.

Underpowered vehicles: Vehicles that do not meet the speed demands of the driving cycle.

State of Charge: Indicates the amount of energy left in a storage system with respect to its
maximum energy content.

4  Preconditioning

4.1 Testbench preconditioning

The testbench shall be warmed up without the vehicle according to the recommendations of the
supplier of the rollerbench. This way, a proper setting of the road load without affecting a cold
start of the vehicle (especially tyres [2]) is represented best.

4.2 Vehicle Preconditioning

Vehicle soak should be for 24 hours (with the EES being charged for externally rechargeable
HEVs) at 25+1°C. Thus a cold start of the thermal engine occurs. The narrow limit is defined to
eliminate the strong influence of the starting temperature on the driveline behaviour of a HEV.
In contrast to conventional vehicles, different starting temperatures can lead to different
operating periods due to a strong influence on duration of the warm-up phase of the ICE. This
variation can lead to significantly different results for multiple tests [7].

In order to account for the self-discharge effects of the EES during the entire test period, a
condition of the currently proposed test procedure [9] has to be specified more strictly. The time
interval between battery disconnection from the mains after recharge and start of the test should
be minimised. For the same reason, the time period between the end of the driving cycle test and
reconnection to the mains for recharge should also be minimised. As guideline, the total amount
of time of both periods should not exceed one hour [8].
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The pressure of the tyres has to be checked and, if necessary, resettled before each test to
eliminate the influence of the variation of rolling resistance versus pressure.

5 Measurement issues

In addition to the signals to be measured and equipment to be used as laid down in the European
standards, for some categories of hybrid electric vehicles the state of charge of the EES has to
be measured during the driving cycle test:

a) Batteries and combinations of batteries with capacitors and/or electric flywheels: Ah-
monitoring by integrating the terminal current of the EES at 10 Hz (may be inductive).

b) Capacitors: internal voltage monitoring (before DC/DC converter; manufacturer has to
provide an industrial standard connector bus)

c) Electric flywheels: flywheel speed (manufacturer has to provide an industrial standard
connector bus)

In case of user selectable powertrain modes, the current from the EES to the traction system also
has to be measured in order to determine the characteristics of the modes in which the thermal
engine is used (e.g. thermal mode with/without charging of the battery from fuel).

Note:

Ah-monitoring may not always be a good indicator for the change in state of charge of the EES
because of ageing effects, operating temperatures different from the standard values and charge
efficiency [4]. However, since the Ah-monitoring is mainly applied on vehicles which rely on
high EES efficiency for good overall energy performance, resulting inaccuracies are assumed to
be at a level that does not significantly affect the final results of the calculation of the overall
energy consumption and emissions. In order to take into account the effect of battery ageing,
however, the battery pack has to be in a defined age, accomplished by approximately 300 km of
representative use (driving cycle). The vehicle manufacturer may also provide a SOC
determination method with which the SOC can be measured at a higher level of accuracy,
making use of the measured internal resistance and open circuit voltage at the beginning and the
end of the test.

6 Driver related topics in test procedure

6.1 Speed tolerance

The tolerance in vehicle speed is +2 km/h and £1 second, as in the existing European standards.
The tolerances are not changed, since measurements have shown that human drivers regularly
make use of the full tolerance range, especially under transient driving behaviour.

6.2 Shifting points

If the vehicle is equipped with a manual gearbox, predefined shifting points have to be used,
similar to the ones used for the New European Driving Cycle. Up- and downshift should occur
at the same speeds, no downshifts during braking phases are allowed. If the vehicle
manufacturer can verify that the cycle demands cannot be met, than he must provide in a
shifting procedure that enables the vehicle to meet the cycle demands. The reason for this is
found in the big influence that shifting strategies have on energy consumption [7].
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6.3 Driving instructions

The automated driveline control of a vehicle may be forced (for instance by ‘nervous’ behaviour
of the driver) to follow control algorithms that were not intended to be followed at that moment.
This might lead to sudden unintended engine starts, which in turn has its influence on the final
energy consumption calculated for that test. Problems like these lead to hardly reproducible tests
and results, which have to be avoided. Therefore, a manufacturer may have to provide a list with
driving instructions, in which it is clearly defined at which times during the driving cycle certain
actions are required from the driver. Examples are when:

a) the kickdown has to be applied.

b) the brake pedal has to be applied (which parts of the vehicle deceleration can be met
only by releasing the accelerator, and at what parts the use of the braking pedal is
necessary).

c) a gearshift (as before mentioned) is necessary.

The results of experiments investigating the reproducibility of energy consumption showed, that
reproducibility is only sufficient when the driver is instructed exactly how and when to use
powertrain control-critical interfaces [7].

If the vehicle manufacturer specifies (with prove) that the vehicle cannot meet all cycle parts
(e.g. rural and/or highway), i.e. it is an underpowered vehicle, the vehicle is to be driven only
over the urban part (or urban and rural parts in case only the highway part cannot be met). This
way, vehicles dedicated to specific application areas are tested according to their purposes.

6.4 Driving modes

HEV modes: In case of driver-selectable driving modes (hybrid-, electrical-, and/or thermal-
mode) the vehicle is to be driven in hybrid mode 0. As an option, the energy consumption in
electrical mode and the fuel consumption and emissions in thermal mode can be tested
following the procedures for externally rechargeable vehicles without hybrid mode.

For user-selectable regenerative modes with following functionality:

a) regeneration ‘on’ or ‘off’
b) regeneration starts on accelerator release vs. regeneration only at application of brake pedal,

The regeneration has to be enabled in case of a), and the functionality of ‘regeneration initiated
only by application of braking pedal’ chosen in case of b).

In case of driving modes that affect the energy consumption, e.g. sport or economy mode, the
economy mode has to be enabled.

The choice of the driving modes should support the aim to exploit the full potential of hybrid
electric vehicles in terms of energy saving and emission reduction under representative driving
conditions.

7 Driving cycle

For the driving cycle, a “real-life driving pattern” should be selected. Possible cycles that based
on current LD vehicle use, are the MODEM cycle (Fig. 7-1) or the three HYZEM cycles (Fig.
7-2 through Fig. 7-4). The three HYZEM cycles are combined in one test, and represent urban,
rural, and highway driving. The outcomes of Subtask 2.8 clearly indicate [5], that cycles lead to
non-representative results for energy consumption and emissions, when the applied cycle is not
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representative for the actual use of a vehicle in real-life. It has been shown that, for vehicles
with alternative drivelines, the driving cycle characteristics have an even more profound
influence on the energy consumption and emissions than for conventionally powered vehicles.
Thus, stylistic cycles as the New European Driving Cycle with the very narrow and low
demanding speed profile would produce unrealistic (and due to low power demand, too low)
results.

Both the MODEM and HYZEM cycles cover nearly the same operating range in terms of power
distribution over vehicle speed, but differ in length. The speed traces of these cycles are given in
the figures below.

Within the MATADOR project, it is not the task to determine a cycle nor which existing cycle
is most representative for real-life (European) driving conditions. The before mentioned cycles
MODEM and HYZEM, therefore, are merely examples of real-life based driving cycles and just
give an indication on how a representative cycle might look like and how it might be composed
of several specific parts. The definition of this real-life representative cycle is one of the (near-)
future tasks to be carried out within the field of vehicle standardisation and legislation research.
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Fig. 7-1: Modem cycle driving cycle
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8  Test procedure

The test procedure distinguishes hybrid vehicles after several aspects. These aspects are:
Presence of a hybrid mode
Possibility to (re)charge the EES from outside the vehicle (externally rechargeable vehicles)
User selectable rechargeability of the EES by on-board fuel energy through the thermal
engine (vehicles without hybrid mode)
Self-discharge behaviour of the EES (slowly or fast, for instance battery vs. flywheel)
Energetic response character of the EES to the driving cycle (charge-sustaining hybrid
vehicles)

The testing procedures for hybrid electric vehicles are described in the following sections. The
signals to be measured for each step in the procedure are written in Italic. The explanations for
profound differences between existing European standards [9][10] and the framework are
underlined.

8.1 Test procedure flow chart

The following flow chart gives a systematic overview of the test procedure structure and can be
used to determine which specific actions have to be followed for the testing of Hybrid Electric
Vehicles. Sections 8.2 and 8.3 concern the textual completion.

The following sign conventions are used:
Bold outlined blocks as well as bold fonts mark test steps that are additional/different to the
existing European standard procedures EN 1986-1, EN 1986-2 and EN 13444-1.
Double outlined blocks mark test steps that are (to a close extend) found in the existing
European standard procedures.
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8.2 Externally rechargeable vehicles

For externally rechargeable vehicles (both charge-depleting and charge-sustaining), following
test procedure applies:

1) Soak (for at least 24 hours) at 25+1°C on charge until the EES is fully charged.

8.2.1 With hybrid mode

In case a hybrid mode is available:

2) Perform one driving cycle in hybrid mode. Measuring of emissions and travelled

distance.

The completion of only one driving cycle is based on the fact that the driving cycle is

representative for real-life operation.

3) Fully recharge the EES. Measuring of the energy taken from the mains.

4) Determine energy consumption and emissions:

FCy = FC /Dy,
Eaca = Eac/ Duyo
EMy = EM/ Dy,

8.2.2 Without hybrid mode

In case no hybrid mode is available:

2)

3)

4)

5)

6)

Perform one driving cycle in electric mode. Measuring of travelled distance.

Soak (for at least 24 hours) at 25+1 °C on charge until the EES is fully charged.
Measuring of energy from mains.

Perform one driving cycle in thermal mode. Measuring of emissions and travelled
distance.

Soak (for at least 24 hours) at 25+1 °C on charge until the EES is fully charged.
Measuring of energy from mains.

Determine energy consumption and emissions:

thermal mode:
FCym = FC/ Dy,

Eacha = Eacn / D
EMym = EMTh/ Dy,

electric mode:
EAC,ZEV,d = EAC,ZEV/ DZEV
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8.3 Non-externally rechargeable vehicles
When the EES is not externally rechargeable, the following test procedure applies:

8.3.1 With hybrid mode
When there is a hybrid mode available:

1) Perform one driving cycle in hybrid mode (as a means of preconditioning of the
EES)

2) Soak 24 hours at 25+1°C
When the EES if fully depleted after the soak:

3) Perform one driving cycle in hybrid mode. Measuring of emissions and travelled
distance.

4) Determine energy consumption and emissions:
FCy = FC /Dy
EMy = EM/ Dy,

In case the EES is not fully deplenished after the soak:

1) Perform first test: one driving cycle in hybrid mode. Measuring of emissions,
travelled distance and Amperehours.

2) Determine energy consumption, emissions and ASOC:
FCq1 = FCy1/ Dyyps
EMy; = EMy/ Dyyp4
ASOCl = Ahl

3) Soak for 24 hours at 25+1°C

4) Perform second test: one driving cycle in hybrid mode. Measuring of emissions,
travelled distance and Amperehours.

5) Determine energy consumption, emissions and ASOC:
FCq, = FCy1/ Dyyp
EMy, = EM2/ Dy,
ASOCZ = Ahz

6) Soak for 24 hours at 25+1°C

7) Perform third test: one driving cycle in hybrid mode. Measuring of emissions,
travelled distance and Amperehours.

8) Determine energy consumption, emissions and ASOC:
FCqs = FC3/ Dyyps
EMy; = EM3/ Dyyps
ASOC; = Al



Framework — Test methods and procedures for HEVs

Jﬂ';» Page 125 of 170

If there are positive and negative ASOC values available:

9) Calculate energy consumption and emissions from results 1 to 3 with linear
regression method.

If there are still only positive or negative ASOC values available:
9) Soak for 24 hours at 25+1°C

10) Perform fourth test: one driving cycle in hybrid mode. Measuring of emissions,
travelled distance and Amperehours.

11) Determine energy consumption, emissions and ASOC:
FCqa=FCa/ Dy
EMy, = EMy/ Dy
ASOC4 = Ah4

If there are positive and negative ASOC values available:

12) Calculate energy consumption and emissions from results 1 to 4 with linear
regression method.

If there are still only positive or negative ASOC values available:
12) Soak for 24 hours at 25+1°C

13) Perform fifth test: one driving cycle in hybrid mode. Measuring of emissions,
travelled distance and Amperehours.

14) Determine energy consumption, emissions and ASOC:
FCqs = FCs/ Dyyps
EMys = EMs/ Dyyps
ASOC5 = Ah5

If there are positive and negative ASOC values available:

15) Calculate energy consumption and emissions from results 1 to 5 with linear
regression method.

If there are still only negative ASOC values available:

15) Perform preconditioning test of the EES: Drive the vehicle at a velocity (to be
defined by manufacturer, typically about 20 to 30 km/h), at which the thermal
engine will stall after warm-up (if any) and the vehicle is driven electrically, until
the thermal engine starts (again). No measurements required.

If there are still only positive ASOC values available:

15) Perform preconditioning test of the EES: Drive the vehicle at 30 km/h under
regenerative operation (braking pedal may be applied with a constant, moderate
force) until SOC does not increase any more. In order to do so, the dynamometer
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should be operated at a set point of 30 km/h. Measurement/monitoring of
Amperehours.

16) Soak for 24 hours at 25+1°C

17) Perform sixth test: one driving cycle in hybrid mode. Measuring of emissions,
travelled distance and Amperehours.

18) Determine energy consumption, emissions and ASOC:
FCqs = FCs/ Dyypne
EMys = EMg / Dyyype
ASOCG = Ahe

19) Calculate energy consumption and emissions from results 1 to 6 with linear
regression method.

The ASOC correction method of linear regression for non-externally rechargeable charge-
sustaining vehicles is introduced to determine the fuel consumption and emissions in an exact,
representative, and flexible way. Also, there is no procedure from the vehicle manufacturer
required which dictates how to ensure that the state of charge of the EES over the test campaign
should be balanced, as stated in the European standards, which may not represent real-life use.

8.3.2 Without hybrid mode

If there is no hybrid mode available:

1) Recharge the EES in thermal mode during standstill or during consecutive cycle
driving until SOC does not increase anymore. Measuring/monitoring of
Amperehours.

2) Soak 24 hours at 25+1°C

3) Perform one driving cycle in electric mode. Measuring of travelled distance and
Amperehours.

4) Soak 24 hours at 25+1°C
If recharge is possible during standstill:

5) Recharge EES in thermal mode at standstill to initial SOC. Measuring of emissions
and Amperehours.

6) Calculate energy consumption and emissions:
FCd =FC/ DZEV
EMy = EM/ Dggy

If recharge is not possible during standstill:

5) Recharge the EES in thermal mode during consecutive cycle driving to initial SOC.
Measuring of emissions, travelled distance and Amperehours.
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6) Calculate energy consumption and emissions:
FCd =FC / (DZEV + DTh)
EM; = EM/ (Dzev + Dm)

The inclusion of the distance driven in thermal mode (during recharge) in the
calculation of fuel consumption and emissions is different from the European
standards. It is meant to better represent real-life use, since in real life there is an
advantage of covering distance while recharging the EES.

8.4 Number of test repetitions

For each kind of hybrid vehicle, the test procedure should be carried out three times. This
number of repetitions is necessary to evaluate the reproducibility of the test and to eliminate the
influence of random effects.

9 Expression of the results

Fuel consumption should be expressed in /100 km, pollutant emissions in g/km.

For externally rechargeable vehicles, three results are presented: Fuel consumption in 1/100km,
pollutant emissions in g/km and electric energy consumption expressed in Wh/km.

The results of the measurements 1 to 3 have to be averaged.

10 Conclusion

The synthesis of the subtasks allows for a reasonable set-up of the testing procedure in terms of
feasibility, implementation, and boundary conditions. The selection of a driving schedule itself,
which is of prime importance for representativity for real- life conditions, is not part of the
MATADOR project.

It has been shown that, for vehicles with alternative drivelines, the driving cycle characteristics
have an even more profound influence on the energy consumption and emissions than for
conventionally powered vehicles. The used driving cycle has to be representative for real-life
vehicle use. Only then the results of different vehicles will be mutually comparable and useful
for a decent homologation.

Apart from the wish for a new homologation driving cycle, this framework differs from
European standards by defining stricter vehicle preconditioning, vehicle operation during the
test, and the inclusion of (selectable) driving modes. Also, differences between the included test
sequences are found: in contrast to the European standards, the framework contains definitions
how to account for differences in the state of charge of non-rechargeable charge-sustaining
hybrid vehicles. In order to account for self-discharge and heating losses for externally
rechargeable vehicles, also time duration between disconnection from the charger and the actual
use of the vehicle have been defined more strictly. Like the choice of the driving cycle, also
these differences are based on the aim to approximate real-life use of the vehicle.
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11 Remarks for testing HD-hybrid electric vehicles

For testing HD-HEVs two major issues are still unsolved [6]:

a) Whether it is practicable to test HD-HEVs on dynamometers in terms of availability of
powerful transient testbenches (requires large investments) — and
b) which cycle shall be used or which cycle is representative for the given vehicle.

If a) can be answered with yes, the given procedure above for LD-HEVs in general (except the
cycle) shall also be applied for HD-HEVs. For b) a classification of vehicles is necessary. A first
attempt is given below:

Long distance trucks

Delivery trucks

Coaches

City busses

Special vehicles (municipal vehicles, road sweepers, garbage trucks)

12 Remarks for testing vehicles with other alternative
drivelines

Hybrid vehicles can be realised in ways different than thermal hybrid electric vehicles. For
some of those, the application of the described procedure may therefore not be straightforward
or may not even be valid. There are, however, many similarities and basic principles for all
hybrid vehicles, which allow an analogous way of testing. For instance, in order to have
sufficient range, most hybrid vehicles are equipped with a primary energy carrier and therefore
have a thermal engine or fuel cell.

The remaining drivetrain differences are mainly found in the used regenerative secondary
energy storage devices and converters. Although regenerative electric energy carriers/converters
from today’s point of view show the biggest advantages for this purpose, also other secondary
energy systems may be used, such as mechanical flywheels or hydraulic/pneumatic-based
systems. In these cases, the way of measuring the in- and outgoing energies of the secondary
energy carrier may differ from the measuring methods for the electric systems, the applied
procedure and the values of interest in principle however stay the same. Therefore the proposed
framework is also valid for these vehicles.

Besides the systems described above, other alternative propulsion systems exist, which cannot
be classified as hybrid, since they have only one energy carrier. The energy carrier, however, is
not a primary one, but a secondary one. Such propulsion systems therefore belong to the
category of single drives, like the conventional propulsion systems. Because of the desired
range, in most cases compressed air or nitrogen is used. These vehicles in many cases are
similar to pure electric vehicles, since the recharging is done externally (by means of electricity-
or thermal engine based compression).

The implications for the energy and emissions measurement of vehicles with alternative
propulsion systems other than those fitted with a thermal engine and electric energy storage
device are listed below:
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Hybrid mechanical vehicles (mechanical flywheel)

These vehicles can directly be compared with hybrid electric vehicles with electric
flywheel. Energy consumption and emissions can therefore be measured according to the
proposed framework.

Hybrid hydraulic/pneumatic vehicles (hydro- or pressurised gas tank)

In order to apply the methods according to the proposed framework, for non-externally
rechargeable systems the SOC must be measured by calculating the hydraulic energy
content before and after each procedure. This requires the pressure and temperature of the
storage medium to be measured. If there is a possibility to recharge the secondary energy
carrier externally, the electric energy from the mains is measured.

Single alternative drive vehicles (e.g. compressed air/nitrogen)

The energy consumption and emissions can be measured by existing drafts (e.g. how much
fuel/electric energy is used for the compression of the storage medium at the tank station).
The measurement results however are plant-specific instead of vehicle specific, like for pure
electric vehicles.
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Nomenclature

Abbreviations

Ah capacity
D

E

EES

EM

EoC

FC

HD

HEV

LD
MATADOR
SOC

ASOC

Indices:
1,2,3,...
AC

d

Hyb
ZEV

the capacity of the EES in ampere hours.

distance travelled during test

energy

electric energy storage device

emissions

battery End of Charge

fuel consumption

heavy duty

hybrid electric vehicle

light duty

Management Tool for the Assessment of Driveline TechnOlogy and Research
state of charge of the EES

variation of SOC of the EES during driving cycles.

Number of test performed

Alternate Current indicating electricity from mains
Distance related value

Value recorded in hybrid mode

Value recorded in electric mode
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1 Introduction

Task 2 of the MATADOR Project (Management Tool for the Assessment of Driveline
Technologies and Research, EU-contract JOE3-CT94-0081) is aimed at developing test
methods for homologation and evaluating conventional and alternative vehicles and propulsion
systems. These testing methods should also allow for a comparative assessment and
benchmarking of such technologies. The testing methods, considered in Task 2, are restricted to
the determination of energy consumption and emissions of various vehicles and powertrains.
The definition of such testing procedures is strongly affected by the vehicle configuration, the
required fuels and the specific driving patterns which may be real or simulated on test benches.
In addition, the introduction of alternative technologies and fuels may pose measuring problems
when compared with conventional vehicles and standardised procedures. Investigation and
critical evaluation of technical issues in relation to the various technologies is the main scope of
Task 2, from which specific recommendations for modified or new testing and measuring
methods are derived.

Fuel Cell Electric Vehicles (FCEV) represents a brand new transport means, which is a typical
exemplification of the technical issues encountered in the definition of a specific testing
procedure. The starting points for FCEVs considerations about testing methods are the
following:
FCEVs are available only at prototype level with a few pre-series products;
The configurations investigated until now are various and may present testing problems
similar to ICEV, HEV and BEV, depending on the system chosen.
No standard testing procedure is presently available specifically for FCEVs. Current CEN
standards or draft standards only consider BEVs, HEVs with thermal generators and
ICEVs.
The use of some aspects of existing testing procedures for ICEV, BEV and HEV may be
applied, adapting such testing procedures more specifically to FCEVs.

This document is mainly aimed at establishing a testing framework for measuring energy
consumption and emission of electric vehicles (EV), which use fuel cells (FCs) for propulsion
and/or for onboard electricity generation, as in a hybrid configuration. The intention is to
schematically describe main testing procedure parts, highlighting technical issues/problems
(summarising conclusions of specific subtask reports), which are peculiar of the system to be
tested and /or have an impact on existing (draft) standards. The test procedure will be fully
structured in a pictorial view in order to drive the reader in a simplified manner through the
main topics faced during a testing work:

1) Normative reference

2) Definitions

3) Classification of vehicles

4) Test preparation and preconditioning

5) Vehicle testing (test sequence, driving cycles, tolerance and accuracy, measurement issues)
6) Data processing

7) Datareporting

More than defining a complete testing procedure for homologation or other purposes, the
framework will refer to existing standards and specific topics by using flow diagrams, showing
main test routes and, where possible, recalling test steps of existing (draft) standards.
Furthermore, motivations and justifications, with a clear description of the proposed methods
and differences with existing ones, will be described in Annexes, outlined in flow charts and in
the text. Figure 1 shows how the schematic presentation will look like by showing the main
options (numbered subroutines/actions in the main text) in a testing procedure for energy
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consumption and emissions measurements. Finally, homologation and comparative assessment
will be distinguished and some considerations about the testing methods for heavy-duty (HD)
vehicles will be presented.

Framework for a test procedure for
measuring energy consumption and
emissions of FCEVs

I

[ h
N i ‘ i Collection of
ormative : standards

reference

1 Classification of
FCEVs

2 Test preparation/
preconditioning

Selection of VGthle
(driving oyele Testing

|

Test execution

3 (Various
operation
modes,

|

Measurement
(Energy and
emission)

\ 4
Data
4 processing

|

Data
5 reporting

Figure 1:  Flowchart of a testing procedure framework
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2 Scope

This testing framework aims at measuring the emissions and energy consumption of fuel cell
propelled road vehicles (FCEV). The testing procedure schematically summarises the
conclusions of subtasks, carried out under the MATADOR project. The structure follows the
usual structure of European standards and, similarly, points out to homologation needs. In
addition, the needs for comparative assessment (different technologies benchmarking) will be
considered. This procedure applies to the light-duty (LD) vehicles (more properly, as mentioned
in prEN 1986-2, to categories of vehicles M;, N; and M,, and for tricycles and quadricycles).
This procedure may also apply to hybrid fuel cell propelled road vehicles (FCHEV).

Some considerations/recommendations will be also given for the testing of heavy-duty (HD)
vehicles.

3 Normative reference

This procedure incorporates provisions from other publications. These normative references are
cited at the appropriate places in the text and the publications are listed hereafter. There are no
specific standards for FCEVs. CEN has announced a draft standard prEN 1986-3 aimed at
"Electrically propelled road vehicles- Measurements of energy performances- Part 3: Other
hybrid vehicles than those fitted with a thermal machine": currently, there is no draft available.
A first draft document on Fuel Cell Glossary for transportation applications has been prepared
by ISO in 1999 [1].

Directive 70/220/EEC as amended, for exhaust emission measurement.

— Directive 80/1268/EECas amended, for fuel consumption measurement.

— ENI1986-1 June 1997
Electrically propelled road vehicles — Measurements of energy performances —
Part 1: Pure electric vehicles

— CEN/TC301/WG1, prEN 1986-2 May 2000
Electrically propelled road vehicles — measurements of energy performances —
Part 2: Thermal electric hybrid vehicles

— CEN/TC301/WG1, prEN 13444-1 May 2000
Electrically propelled road vehicles — Measurements of emissions of hybrid vehicles —
Part 1: Thermal electric hybrid vehicles

— CEN/TC301/WG1, prEN 134447  January 1999
Electrically propelled road vehicles — Terminology

Furthermore, another draft procedure has been considered, as part of the work of evaluating
existing (draft) standards: SAE J1711 (Recommended practice for measuring the exhaust
emissions and fuel economy of hybrid-electric vehicles). Apart from the large classification of
possible hybrid configurations, the main differences are related to the differences in driving
cycles [2].
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4 Definitions and classifications

4.1 Definitions

This short list of definitions only refers to those applicable along the text of the present
document. A more complete summary of definitions for FC in transportation applications in
reported in [1].

Charge-depleting EES behaviour: The state of charge of the Electrical Energy Storage
(EES) system on average decreases when a vehicle is driven over a certain driving cycle
(driving cycle dependent!). Typically, the operation characteristics of the vehicle may be
impaired and performance will become less with decreasing battery charge.

Charge-sustaining EES behaviour: The state of charge of the EES on average is maintained
(within defined bounds) when the vehicle is driving over a certain driving cycle (driving
cycle dependent!). Typically, the SOC shows a periodic behaviour when the vehicle is
driven over (a sequence of) the driving cycle.

Electric Energy Storage device (EES): A device in which electrical energy can be stored.
Examples are batteries (electro-chemical), electric flywheels (electro-mechanical), (super-)
capacitors, or a combination of these.

Externally rechargeable vehicles: Vehicles in which the energy storage system can be
charged by means of energy from the mains.

Fuel cell electric vehicles (FCEV): an electrically propelled road vehicle in which the
traction system contains a fuel cell, which is the only device providing propulsion power.
No energy storage system different from the fuel tank is present.

Fuel cell hybrid electric vehicles (FCHEV): a FCEV with an on-board electrical energy
storage system, which participates in the propulsion of the vehicle.

Electric mode (if available): For hybrid vehicles, this is a user-selectable powertrain mode
in which the vehicle is driven by the electric motor only, which in turn is powered from the
electric energy storage device alone.

Hybrid mode (if available): A powertrain mode in which all energy sources can participate
in the propulsion of the vehicle. In case of a thermal engine this yields fuel energy
consumption, and by means of an electric motor energy from an electrical energy storage
device is used. The operation of the thermal engine and electric motor can be in a combined
or alternating way, automated by the vehicle‘s control. The mode may be user-selectable. A
hybrid vehicle which has no user-selectable modes is considered to have a hybrid mode
only.

Linear regression method: Method to determine the fuel consumption and emissions of
non-externally rechargeable, charge-sustaining vehicles, that accounts for the difference in

energy content of the EES before and after a test 0.

Underpowered vehicles: Vehicles that do not meet the speed demands of the driving cycle.
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4.2 Classification of FCEV

Two large categories of FCEVs have been defined. It seems reasonable to consider two large
categories and then subdivide them in other two subcategories, based on fuel types.

1. Category 1 as an ICEV (FCEV without energy storage system different from the fuel tank)
1.1. Carbon-based fuel
1.2. Hydrogen

2. Category 2 as an HEV (FCHEV) (FCEV with an energy storage system different from the
fuel tank)
2.1. Carbon-based fuel
2.2. Hydrogen

Both categories include the direct methanol FC systems.

This classification is consistent with that proposed by CEN 301/WG 1. The main difference
consists in the elimination of non-carbon based fuels different from H,, e.g., hydrazine used in
space applications. Figure 2 shows a flow diagram of the framework part (subroutine 1) related
to the classification and selection of FCEV under test.

FCEV
Classification

v

Category 2 as an HEV
with an onboard electrical
energy storage system.

ategory 1 as an
without onboard storage
system different from
fuel tank

| |
v

Carbon-based Hyd Carbon-based
fuels ydrogen fuels

FCEV type
selection?

‘ Hydrogen \

Figure 2:  FCEV Classification, based on configuration and fuel type. Double lines mean
steps not existing in standards
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5 Test preparation and preconditioning

Prior to testing start both vehicle and test bench must be conditioned to have reproducible
conditions (mainly temperature) for any test and to make then more comparable the results of
different tests on various vehicles. Existing (draft) (EN 1986-1, SAE J1634 and SAE J1711)
standards give directions before the test. The indications are not consistent among them and,
particularly for FCHEV, may have impact on the overall energy consumption, due to the EES
self-discharge 0. Figure 3 is the flowchart (subroutine 2 of the framework) for the test
preparation.

Vehicle and
test bench
reconditionin

yes Externally
echargeable EES?,

Soak and Recharge EES || Recharge EES |
to 100% SOC with FC generator |
Measure capacity i
v v
Warm up test bench Warm up test bench Warm up test bench

Measure heating energy Measure heating energy Measure heating energy
for FC (& processor for FC (& processor for FC (& processor

Minimise standstill < 1h| | Minimise standstill < 1h| | | Minimise standstill < 1h
before and after test before and after test | | before and after test

Figure 3:  Flowchart for test preconditioning
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5.1 Test bench preconditioning

The test bench shall be warmed up without the vehicle according to the recommendations of the
supplier of the bench. The procedure allows the reduction of negative effects on the cold start of
the vehicle and FC generator (especially tyres [5] and fuel processor, if any [8]) and then
facilitates a proper setting of the road load, which is better represented.

5.2 Vehicle preconditioning

Vebhicle soak should be for 24 hours (EES on charge for externally rechargeable FCHEVs) at
25+1 °C. Thus a cold start of the FC (and fuel reformer, if any) occurs. The narrow limit is
defined to eliminate the strong influence of the starting temperature on the behaviour of a
FCHEV compared to conventional vehicles. Different temperatures e.g. have a strong influence
on duration of the warm-up phase of the FC (and/or fuel reformer) and therefore small
variations can greatly change the result of a test [8].

In order to account for the self-discharge effects of the EES in the test procedure for FCEHVs,
the time period between disconnection from mains after recharge and start of the test should be
minimised. For the same reason, the time period between end of the test and reconnection to the
mains for recharge should be minimised. The sum of both duration should not exceed one hour
[9]: this is a compromise between SAE and CEN standards.

The pressure of the tyres has to be checked and, if necessary, resettled before each test to
eliminate the influence of the variation of rolling resistance versus pressure [8].

5.3 EES Preconditioning

The EES (battery, supercapacitors, flywheels) should be first charged and discharge (from
mains for both cases of externally rechargeable and not externally rechargeable vehicles) and
discharged to verify the real capacity and to set the initial SOC of the EES before starting the
test, as required in SAE draft standards. Furthermore, during vehicle soak the EES should be
adjusted at 100% SOC (or at the value recommended by the vehicle manufacturer for the
optimal vehicle operation). Annex D contains a procedure for battery conditioning.

5.4 FC/Fuel reformer start up time and heating energy

The start-up time does not significantly affect the energy losses and emissions, when H, is used
as fuel. Present goals of major development programs of one-minute start-up time for the FC
generator can make negligible this problem for measuring purposes.

The energy losses due to heating/cooling of the FC stacks and reformer are extremely varying
and depend on driveline configurations and driving cycles. Specific need for measuring such
losses can arise only when long standstill periods are part of the driving patterns. For
comparative assessment, rather than for homologation, standstill periods and related heating
energy should be recorded to improve accuracy and significance of energy consumption
comparisons. For comparison purposes, it is suggested to measure and account separately for
the heating energy during the preconditioning phase.
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6 Vehicle testing for energy consumption measurements

The execution of the test sequence is a combination of various parts, which contains measuring
aspects, driving cycles and specific vehicle conditions to assure test repeatability (tolerance,
shifting modes, control strategy, manual operation selection).

6.1 Measurement issues

6.1.1 Data to be measured

There are two main problems in testing vehicles with FC. One is due to the problem of
measuring the hydrogen consumption, when it is used as fuel. The second one is in FCHEV
(non-externally rechargeable) when the ASOC should be measured to take into account the real
energy consumption of the EES between the beginning and the end of the test cycles. To
improve accuracy in energy consumption determination, it should be necessary to directly
measure the SOC of the EES by adding new parameters to be recorded to the list of data already
measured in current standards.

Accurate determination of the SOC is a fundamental problem for most battery types and for

specific applications, particularly under transient conditions in which charging and discharging

modes are involved. This determination can be done by using an Ah-meter, when irreversible
phenomena occurring in the battery can be avoided or neglected. For testing purposes,
particularly for HEVs and FCHEVs, it seems sufficient to determine the ASOC, and, possibly,
be sure that ASOC=0 at the end of the test sequence. Literature survey and experimental
activities showed that is apparent that the Ah-counting is not always a good method for
measuring the SOC and ASOC in any vehicle working conditions and state of the battery: the
combination of internal resistance and open circuit voltage measurements may significantly
improve the accuracy [4]. One basic aspect is that the coulombic efficiency of the batteries (and
also for other EES) varies at different charging/discharging rates and with battery ageing: Ah-
monitoring is well applied when high efficiency EESs are used. The measured values of SOC

(or ASOC) may be different from the real values up to 20-30%, giving a bad reference for

testing purposes.

For testing purposes an SOC determination method with high accuracy (error lower than a few

percent) should be supplied by the vehicle manufacturers. The methods may be different for

various EES, which imply the use of additional sensors and parameters:

a) Batteries require the measuring of the balance of Ah in and out, including losses due to self-
discharge and low charge-discharge efficiency. Where possible, it is strongly recommended
to fully recharge the battery at the end of the test sequence to more accurately determine the
final SOC.

b) Supercapacitors have the SOC (or the energy content) related to the actual voltage. The
working voltage of supercapacitors (before DC/DC converter; manufacturers have to
provide an industrial standard connector bus) may be online monitored.

c) Electromechanical flywheels store energy by rotating mass. The rotational speed should be
monitored to know the energy content of such EES. Also in this case the manufacturer
should provide a dedicated sensor.

Alternatively, in-test and post-test correction methods (interpolation and linear regression) have

been proposed as a result of MATADOR activity [3].

6.2 Measurement of the range in pure electric mode

The pr EN 1986-2 applies without modifications. This test is aimed at verifying the applicability
of the measurement of the electric energy consumption in pure electric mode.
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6.3 Measurement of the electric energy consumption in electric mode
The European standard prEN 1986-2, clause 5, applies without modifications.

6.4 Measurement of the energy consumption and emissions

6.4.1 Principle

For FCEV, the Directive 80/1268/EEC as amended, shall apply.

For FCHEYV, if the driver can exclude the EES, the test of the consumption in hybrid mode shall
be performed following strictly Directive 80/1268/EEC, as amended. Otherwise, the whole test
procedure has to be fulfilled in hybrid mode, see 6.3 of prEN86-2.

Both for FCEV and FCHEV, in order to measure the energy consumption of the vehicle, two
fuel-based subcategories have to be considered: carbon-based fuels and hydrogen

6.4.2 Driving Cycles

The prEN 1986-2, 6.2, applies without modifications. Driving cycles have a strong influence on
the behaviour and then on the energy consumption and emissions of vehicles. For homologation
purposes, the driving cycles used in existing (draft) European standards are low demanding and
are valuable only for relative comparison. For comparative assessment, driving patterns,
composed of real life driving cycles, are more representative of the real-world operating
conditions and then are more suitable for benchmarking alternative drivelines [6]. As an
example, some possible real driving cycles are selected and presented in Annex A.

6.4.3 Equipment
The prEN 1986-2, 6.3, applies without modifications.

6.4.4 Fuel
The prEN 1986-2, 6.4, applies without modifications.

6.4.5 Parameters, units and accuracy of measurement
The prEN 1986-2, 6.5, applies without modifications.

6.4.6 Test conditions

The prEN 1986-2 (FCHEV), 6.6.1 and 6.6.2, applies without modifications as regard to vehicle
and climatic conditions. Recommended modifications are described in following paragraphs.

6.5 Measurement of energy consumption of FCEV

6.5.1 Carbon-based fuels

For FCEV, the Directive 80/1268/EEC as amended, applies. The FCEV can be then considered
as an ICEV.
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6.5.2 Hydrogen

For FCEV, the Directive 80/1268/EEC as amended applies with a modification, because the
indirect measurement method provided in ICEV standards refers only to carbon-content exhaust
gases. In this case, the combustion product that should be measured is water (steam H,O) and in
the exhausts there is also H, not derived from the reaction, but from air humidity and the
humidification process of the reaction gas inside the stack system.

Therefore, the procedures will be modified with a direct measurement of the H, fed to the FC,
by means of a mass flow meter (balance or other device) [7].

6.6 Measurement of energy consumption of FCHEV

6.6.1 Externally rechargeable vehicle and non-externally chargeable vehicle
with charge-sustaining EES behaviour

The pr EN 1986-2 applies without modifications. To clarify the principle, it is obligatory that
during the test the FC switches “on” for the time corresponding to a complete cycle, according
to the ratio that is behind point 6.7 of the prEN 1986-2.

6.6.2 Non-externally rechargeable vehicle with charge-depleting EES
behaviour

Whenever at the end of the test the storage system cannot reach the initial state of charge (the
vehicle is underpowered and a charge-depleting EES behaviour occurred), the linear regression
method (see Annex C) has to be applied to the measured results for the calculation of the energy
consumption.

In both cases, if the fuel is hydrogen, the measurement method has to be modified, as in clause
6.5.2.

Figure 4 (subroutine 3 for energy consumption) shows the flowchart for energy consumption
measurements for all the possible configurations of the EV with FC.

7 Vehicle testing for emission measurement

According to the above classification and considerations, the emission measurements can be
differentiated in relation to fuel type as for the ICEV or HEVs. To better identify the type of
emissions and set up the measurement equipment, it is necessary to analyse experimentally the
real exhaust emissions mainly from the fuel processor, and, generally, from the fuel cell stack.
In case of Hy-fueled EV, there is no need for any regulated emission measurement, since
exhaust gases contain only ambient air, water and, in some cases, hydrogen.

Only for benchmarking purposes, real life driving cycles, as those described in Annex A, can be
used.

The non-regulated emission problems are accounted for in Annex B. The proposed draft
standard prEN 13444-1 will be revised hereafter with some modifications, which are most
dependent on the fuel type and the specific vehicle configuration and control strategy.
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ANNEX C

1 Also in this case, measuring method will depend on the type of fuel: carbon-based or H,.

Figure 4:
existing in standards

7.1 Hydrogen

Flow chart for energy consumption test procedure. Double lines mean steps not

In case of Hy-fueled EV, there is no need for any regulated emission measurement, since

exhaust gases contain only ambient air, water and, in some cases, hydrogen.

7.2 Carbon-based fuels
For a FCEV, the Directive 70/220/EEC, as amended applies.

For a FCHEV, if the driver can exclude the EES, the test shall be performed following strictly

Directive 70/220/EEC, as amended. Otherwise, two cases have to be considered: EES
rechargeable or not rechargeable externally.
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7.2.1 Externally rechargeable vehicle and non-externally rechargeable vehicle
with charge-sustaining EES behaviour

The whole test procedure has to be fulfilled in hybrid mode, according to the prEN 13444-1,
4.1,42,4.3,4.4,4.5,4.6,4.7,4.8. To clarify the principle, it is obligatory that during the test
the FC switches “on” for the time corresponding to a complete cycle, according to the ratio that
is behind clause 6.7 of the prEN 1986-2. The test sequence will have to ascertain (or to make
possible) that the final SOC of EES is equal to the initial one. This means that the test will
continue until such condition is met.

7.2.2 Non-externally rechargeable vehicle with charge-depleting EES
behaviour

Whenever at the end of the test the storage system cannot reach the initial state of charge (the

vehicle is underpowered and a charge-depleting EES behaviour occurred), the linear regression

method (see Annex C) has be applied to the measured results for the calculation of the energy

consumption.

Figure 5 (subroutine 3 for emission consumption) shows the flowchart for energy consumption
measurements for all the possible configurations of the EV with FC.

FCHEV
Externally
rechargeable?

no Charge
Sustaining

Operation?

no

A4 v \4

70/220/EEC 70/220/EEC pr EN 13444-1 pr EN 13444-1 Calculate EM,
applies without applies with direct applies without applies with direct by regression method D
modification H, measurement modification H, measurement ANNEX C

D Also in this case, measuring method will depend on the type of fuel: carbon-based or H,.

Figure 5:

Flow chart for energy consumption test procedure. Double lines mean steps not

existing in standards
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8 Data processing and reporting

There are a lot of test results that must be processed to reach final values for energy
consumption and emissions (subroutines/actions 4 and 5). The elaboration and testing work will
of course depend on the type of vehicle behaviour, the test sequence and the scope of the tests
(see Annex C).

For homologation purposes, current (draft) standards already provide (prEN 1986-2 and prEN
13444-1) informative lists of technical information to be supplied to the test laboratory and then
be reported after the test completion. According to the considerations reported in paragraphs 5
and 6, more information is needed to improve test accuracy, data reliability and test
repeatability.

In addition, for comparative assessments in real world conditions, a realistic driving cycle (more
properly a driving pattern, which includes not only the driving cycle, but also the complete duty
conditions with standstills) should be supplied to test laboratory. It should be preferable to
develop realistic driving patterns to have a more extensive technological benchmarking of
different drivelines.

9 Remarks for testing HD-Fuel Cell electric vehicles

For testing HD-FCEVs and HD-FCHEVs two major issues are still unsolved [7]:

a) Whether it is practicable to test these vehicles on dynamometers in terms of availability of
powerful transient test benches (requires large investments) — and

b) which cycle shall be used or which cycle is representative for the specific use of the given
vehicle.

If a) can be answered with yes, the given procedure above for LD-FC powered vehicles in
general (except the cycle) shall also be applied to HD- FC powered vehicles.
If the answer is negative, a driving cycle on a test track, followed by a laboratory test on the
generation and storage components of the drive line, applying (by a bi-directional electronic
device like a battery cycler) an electrical load equal to that measured and recorded during the
test track, could be a viable option for energy consumption and emission measurements.
For b) a classification of vehicles is necessary. A first attempt is given below:

Delivery trucks

Coaches

City busses

Special vehicles (municipal vehicles, road sweepers, garbage trucks)

Long distance trucks
The real life cycles, reflecting the average use, can only be developed on the basis of intensive
measurements on real vehicles of the above mentioned classes.
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ANNEX A: Real-life driving pattern

“Real-life driving pattern* should be selected for a consistent and comparable determination of
the energy consumption (and emissions) of vehicles. Possible cycles that are based on current
LD vehicle use, are the Modem cycle (Figure 6) or the three HYZEM cycles (Figure 7 - Figure
9). The three HYZEM cycles are combined in one test, and represent urban, rural, and highway
traffic conditions. The outcomes of Subtask 2.8 [6]clearly indicated that stylistic (or "modal")
cycles lead to non-representative results for energy consumption (and emissions in case a fuel
converter is present in the vehicle), when the applied cycle is not representative for the actual
use of a vehicle in real-life. It has been shown that, for vehicles with alternative drivelines, the
driving cycle characteristics have an even more profound influence on the energy consumption
(and emissions) than for conventionally powered vehicles. Thus, stylistic cycles as the NEDC
with the very narrow and low demanding speed profile would produce unrealistic (often too
low) results.

Both the MODEM and HYZEM cycles cover nearly the same operating range in terms of power
distribution over vehicle speed, but differ in length. The speed traces are given in the figures
below.
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ANNEX B: Non regulated emission measurement

To better identify the type of emissions and set up the measurement equipment, it is necessary
to analyse experimentally the real exhaust emissions mainly from the fuel processor, and,
generally, from the fuel cell stack.

B.1 Carbon-based fuel: METHANOL

Table 1 reports the hydrogen-rich gas composition measured (ENEA and CNR-TAE) [5] at the
outlet of a fuel processor (steam reforming or autothermal reforming= POX+steam reforming).

Table 1: Outlet gas composition from fuel processor using methanol

Gas Range (%)
Hydrogen 65 -75
Carbon Dioxide 20 - 24
Carbon monoxide ppm
Nitrogen* Balance
Methanol (non converted) |ppm-35 %
Formic Acid ppm
Formaldehyde ppm
Methyl formate ppm

Water 0.5-2

*1n case of autothermal process

Another source (Johnson Matthey) claims a different dry composition:

H,: 75 %
COx: 25%
CO: <5ppm

The overall noxious emissions of a methanol powered FCEV have been measured by
DaimlerChrysler in the NECAR3 prototype vehicle. The measured values are 30% lower than
the more stringent EU regulations EURO 4, which will be in place in 2005. This vehicle emits
extremely low (near zero) polluting exhausts: 0 CO, 0 NOy and 0,004 HC [5].

B.2 Carbon-based fuel: GASOLINE

The emissions of a fuel processor, using gasoline as a fuel, depend on the composition of the
gasoline: commercial gasoline, synthetic gasoline, virgin naphtha, and so on. In practical
operations, it is possible to have in the reformed gases all the components contained in the
starting gasoline (conversion factor of each component lower than 100%), along with the
secondary reaction products, which are strongly dependent on the operating conditions (such as,
temperature, type of catalyst and so on).

Nevertheless, Epyx Corporation claims for its processor, fed with gasoline (with no specified
composition), the following emissions:

CcO <5 ppm
HC <4 ppm
NOx <1 ppm

Moreover, Epyx declares that SULEV standards are fully met.
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According to preliminary tests (CNR-TAE) with a simulated gasoline (a compound of n-octane,
benzene), the dry composition (the water content varies between 2 and 5 %) of the hydrogen-
rich gas produced by a fuel processor is listed in Table 2.

Table 2: Outlet gas composition from fuel processor using gasoline

Gas Range (%)
Hydrogen 14-25
Carbon Dioxide 4-9
Carbon monoxide 15-22
Nitrogen* Balance
NH; 0-10 ppm
CH,, methane 0.05-2
C,H,, ethylene 0.01-2
C,Hg, ethane 0.02-0.3
C;Hj, propylene 0.05-1
C;Hg, propane 0.01-0.02
C4-C5-C6 0.01-0.6
CsHig, n-octane 5-15
C¢He, benzene 0.01-1

*1n case of autothermal process
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ANNEX C: Test procedure for the application of the linear
regression method

The ASOC correction method of linear regression for non-externally rechargeable, charge-
depleting vehicles is introduced to determine the fuel consumption and emissions when it is not
possible to balance the state of charge of the EES over the test campaign, as stated in the
European standards.

In this case (if the EES is not externally rechargeable, and the vehicle behaviour during the
driving cycle is of charge-depleting type), the following test procedure applies:

1) Perform one driving cycle in hybrid mode (as a means of preconditioning of the
EES)

2) Soak 24 hours at 25+1°C
When the EES if fully depleted after the soak:

3) Perform one driving cycle in hybrid mode. Measuring of emissions and travelled
distance.

4) Determine energy consumption and emissions:
FCy = FC /Dy,
EMy = EM/ Dy,

In case the EES is not fully deplenished after the soak:

1) Perform first test: one driving cycle in hybrid mode. Measuring of emissions,
travelled distance and Amperehours.

2) Determine energy consumption, emissions and ASOC:
FCq1 = FCy1/ Dyyps
EMy; = EMy/ Dyyps
ASOCl = Ahl

3) Soak for 24 hours at 25+1°C

4) Perform second test: one driving cycle in hybrid mode. Measuring of emissions,
travelled distance and Amperehours.

5) Determine energy consumption, emissions and ASOC:
FCq, = FCyi/ Dyyp
EMy, = EM2/ Dy,
ASOCZ = Ahz

6) Soak for 24 hours at 25+1°C

7) Perform third test: one driving cycle in hybrid mode. Measuring of emissions,
travelled distance and Amperehours.
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8) Determine energy consumption, emissions and ASOC:
FCd,S = FCS/ DHyb,S

EMd,S = EMS/ DHyb,S
ASOC; = Ahs

If there are positive and negative ASOC values available:

9) Calculate energy consumption and emissions from results 1 to 3 with linear
regression method.

If there are still only positive or negative ASOC values available:

9) Soak for 24 hours at 25+1°C

10) Perform fourth test: one driving cycle in hybrid mode. Measuring of emissions,
travelled distance and Amperehours.

11) Determine energy consumption, emissions and ASOC:
FCd,4 = FC4/ DHyb,4

EMd,4 = EM4/ DHyb,4
ASOC4 = Ah4

If there are positive and negative ASOC values available:

12) Calculate energy consumption and emissions from results 1 to 4 with linear
regression method.

If there are still only positive or negative ASOC values available:

12) Soak for 24 hours at 25+1°C

13) Perform fifth test: one driving cycle in hybrid mode. Measuring of emissions,
travelled distance and Amperehours.

14) Determine energy consumption, emissions and ASOC:
FCd,S = FCS/ DHyb,S

EMd,S = EMS/ DHyb,S
ASOC5 = Ah5

If there are positive and negative ASOC values available:

15) Calculate energy consumption and emissions from results 1 to 5 with linear
regression method.

If there are still only negative ASOC values available:

15) Perform preconditioning test of the EES: Drive the vehicle at a velocity (to be
defined by manufacturer, typically about 20 to 30 km/h), at which the thermal

engine will stall after warm-up (if any) and the vehicle is driven electrically, until
the thermal engine starts (again). No measurements required.
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If there are still only positive ASOC values available:

15) Perform preconditioning test of the EES: Drive the vehicle at 30 km/h under
regenerative operation (braking pedal may be applied with a constant, moderate
force) until SOC does not increase any more. In order to do so, the dynamometer
should be operated at a set point of 30 km/h. Measurement/monitoring of
Amperehours.

16) Soak for 24 hours at 25+1°C

17) Perform sixth test: one driving cycle in hybrid mode. Measuring of emissions,
travelled distance and Amperehours.

18) Determine energy consumption, emissions and ASOC:
FCqs = FCo/ Dyypne
EMys = EMg / Dyype
ASOCG = Ahe

19) Calculate energy consumption and emissions from results 1 to 6 with linear
regression method
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ANNEX D: Battery preconditioning

STANDARD DISCHARGE
The battery is discharged, by running at 60 kim/h till the battery voltage will come down to the
minimum allowable value (end of discharge voltage).

STANDARD CHARGE
The vehicle normally will be charged according to normal charging procedure, as recommended
by the manufacturer.

BATTERY VOLTAGE MINIMUM VALUE
The end of discharge (EoD) voltage depends on the battery type, the discharge conditions and
the vehicle configuration. The manufacturer of the vehicle must recommend it.
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Overall conclusions and recommendations

In this section first of all a number of general recommendations is formulated that are relevant
to the EU, standard setting bodies and the automotive industry. As a more detailed specification
of the recommendations concerning the structure and contents of test procedures for battery-
electric, hybrid and fuel cell vehicles the main conclusions and recommendations of the various
Subtasks are also summarised.

1 General conclusions and recommendations

1. With hybrid vehicles coming on the market in Europe in the year 2000, it is of paramount
importance that standardised test and homologation procedures are developed and
implemented as soon as possible. EU emission legislation and related directives for vehicle
homologation need to be revised to include hybrid vehicles. In view of the announced
introduction of fuel cell vehicles around 2003 or 2004 it is necessary to include fuel cell
vehicles at the same time.

2. The exact definition of regulations and test procedures, in combination with the associated
legislative emission limits, is critical as this definition in itself influences the relative
performance of different technologies subjected to a test procedure. Wrong definitions of
the structure of the procedure and the laboratory test conditions may induce manufacturers
to develop and market sub-optimal technical solutions.

3. Development of adequate test procedures is hindered by technology specific test problems
associated with the complexity of these new technologies and uncertainty about the types of
configurations that will be introduced on the market. The work of standard setting bodies
and the EU legislators therefore needs to be supported by technical research of the type that
has been performed in Task 2 of MATADOR.

4. Due to their technical complexity especially hybrid-electric vehicles pose a challenge for
the definition of measurement methods and test procedures. A crucial characteristic of
hybrid vehicles is the fact that the instantaneous fuel consumption and emissions are
decoupled from the instantaneous road load. In combination with the complex and
sometimes discrete nature of the powertrain control strategy this leads to a highly non-linear
response of the energy consumption and emissions of hybrid vehicles to changes in the test
circumstances.

5. At the start of the MATADOR-project the work of CEN TC301/WG on test procedures for
hybrid vehicles (prEN 1986-2 and prEN 13444-1) was already nearing completion.
Currently these procedures are in the process of being approved by CEN. Given the
incompatible time-frame there was little opportunity for the results of MATADOR to
influence the procedures developed by CEN TC301/WG. However, based upon the insights
gained in MATADOR several choices and definitions made in the proposed procedures
could have been made differently. Also for battery electric vehicles MATADOR has
produced results and insights that would motivate a revision of the already adopted
procedure (EN 1986-1). It is recommended that the CEN organises an evaluation of its
electric and hybrid vehicle procedures within 3 to 5 years from now. Based on the results of
research in MATADOR and other projects, knowledge of new technologies coming to the
market and experience with the use of the present procedures, proposals can be formulated
for improvements of the present procedures.



MATADOR Task 2 — Part I: Overall Conclusions and Recommendations

Jﬂ';» Page 162 of 170

10.

11.

12.

The results of Task 2 of MATADOR, together with the knowledge already reflected in the
CEN and SAE procedures, provide a thorough —albeit not yet complete— basis for dealing
with measurements of the energy consumption of battery-electric, hybrid and fuel cell
vehicles in an appropriate way, both in the context of homologation procedures and for
technology evaluations. The applicability of various procedures and test methods to the
measurement of the exhaust emissions of hybrid and fuel cell vehicles, however, remains
questionable. Within MATADOR this aspect could only be studied to a limited extent due
to the limited availability of hybrid vehicles for testing and the impossibility to include
emissions in computer simulations in a meaningful way. More theoretical and experimental
research is necessary to provide a solid basis for the definition of test procedures for
emission measurements.

An important aspect of the European emission legislation is durability. Vehicles do not only
have to meet standards when they are new, but also after a significant time or mileage of use
on the road. There is no information available yet concerning the durability of hybrid and
fuel cell vehicles. Besides durability aspects that also play a role in conventional vehicles
(e.g. related to exhaust aftertreatment technology and engine management systems) also
technology specific aspects can be identified. These include e.g. the ageing of batteries and
the way the powertrain control system is able to deal with this.

In view of conclusions 1 to 7 it is recommended that the EU sets up a project with active
participation of the European automotive industry, standard setting bodies and relevant
legislative bodies and advisory groups to systematically co-ordinate the process of
establishing standardised test procedures for battery-electric, hybrid and fuel cell vehicles.
Research services in this project should be provided by independent research organisations
and advanced vehicle test laboratories.

After the implementation of complete homologation procedures for hybrid and fuel cell
vehicles the results of tests on new vehicles need to be analysed in order to assess to what
extent these procedures are able to deal correctly with the vehicle configurations coming on
the market.

Experience in MATADOR, the UTOPIA-project and other policy-oriented projects
evaluating new propulsion systems and transport technologies has taught that the
availability of objective, complete and reliable data on the energy consumption and
emissions of hybrid and fuel cell vehicles is extremely limited. This is seriously hindering
the formulation of a clear policy vision on the potential of these new technologies and on
the requirements for successful development and market implementation. The latter
includes R&D policies for advanced components such as batteries, power electronics and
fuel cells.

To act on the conclusions 9 and 10 it is recommended that the EU establishes a network of
independent vehicle test laboratories in Europe to perform objective evaluations of battery-
electric, hybrid and fuel cell vehicles and of components for these vehicles. Vehicles and
components should at least include products are (to be) introduced in European countries in
demonstration projects or on a commercial basis. In analogy to the PNGV programme in the
USA contractors of EU-sponsored or financed R&D projects could be obliged to provide
vehicles and components developed in these projects to the EU for independent testing. This
would give the EU an instrument to monitor the technical progress that is established
through EU-sponsoring of R&D projects. Obviously such a procedure would have to respect
the proprietary rights of the involved companies. The network of test laboratories should
preferably also be coupled to the activity proposed under conclusion 8.

In the present European situation, with a non-representative modal test cycle for LD-
vehicles, the emissions of vehicles with modern engine technology and advanced motor
management systems, as measured with the standard homologation procedure, strongly
deviate from the emissions produced in real-life traffic. In the near future homologation test
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procedures will have to become more representative for real-life driving in order to make
sure that manufacturers apply technologies in their vehicles that do not just make the
vehicle meet legislated emission limits under laboratory test conditions, but that have a
minimal impact on the environment when the vehicle is in actual use.

13. The development of test procedures that are representative for actual use of the vehicles, as
proposed in conclusion 12, is not only relevant to governments but is also in the interest of
the automotive manufacturers. Their main concern is to develop vehicles that meet the
expectations of customers. Design criteria and development targets can only be formulated
in a consistent way when the performance demands of homologation procedures and
emission legislation are in correspondence with the performance demands set by customer
expectations and the actual applications for which vehicles are designed.

14. Although there are a lot of activities in progress aimed at making homologation test
procedures more representative for actual vehicle use, it will take a decade or more before
these procedures will be in effect. Still, by virtue of their purpose, homologation test
procedures will always be more general than test procedures required for the detailed
evaluation of vehicles in specific applications (technology assessment or evaluation).
Therefore, also for the purpose of product evaluations and technology assessment the
development of more or less standardised laboratory test methods is required. These would:
»  make the results of different R&D projects more understandable and comparable;

» cenable a realistic comparisons between different propulsion technologies;
»  produce energy consumption and emission results which are representative for actual
use of the vehicles.

2 Technical conclusions and recommendations related to the
structure and contents of test procedures

Below the main conclusions and recommendations of the various Subtasks in Task 2 of
MATADOR are summarised. To a large extent these conclusions and recommendations have
been integrated into the frameworks for test procedures described in this document.

Categorisation of EV configurations

15. The categorisation proposed by SAE J1711 is considered too complex for homologation
purposes, but is applicable for technology assessment.

16. For homologation purposes a categorisation is proposed that strongly resembles the scheme
that is used in prEN1986-2.

Development of simulation tools

17. Computer simulation of advanced vehicles and powertrains is a powerful tool for
developing and analysing test methods and procedures for future vehicle technologies. This,
however, is limited to the aspect of energy consumption. It is at present extremely difficult
to model the production of exhaust gas emissions in computer simulation models of both
conventional vehicles and e.g. hybrid and fuel cell vehicles. The computer simulations
carried out in Task 2 therefore only provide results with respect to the energy consumption
of the vehicles under study.
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Evaluation of existing (draft) standards

18.

19.

20.

21.

Test procedures for LD vehicles with battery-electric, hybrid or fuel cell powertrains can
closely follow the structure of existing test procedures for conventional LD vehicles, with
modifications and additions to deal with categorisation of different types of propulsions
systems and technology specific aspects such as ASOC correction and regenerative braking.

The SAE 1711 procedure is unable to deal with the characteristics of a typical “European”
parallel hybrid vehicle where the electric performance is only orientated on urban
conditions.

The length of a test, in terms of the number of cycles driven, should not be dependent on
vehicle-specific criteria, such as the distance that can be driven in pure electric mode.

Many of the technology specific test problems identified and studied in MATADOR are not
dealt with explicitly in the procedures developed by CEN. The SAE procedure is more
complete in this respect. For concrete recommendations on specific test problems the reader
is referred to the results of the various Subtasks as summarised in this section and the
Subtask Reports.

ASOC correction methods for hybrid-electric vehicles

22.

23.

24.

25.

26.

27.

For a correct measurement of energy consumption and emissions of charge sustaining
HEVs the SOC (state-of-charge) at the end of the test should be the same as at the
beginning. If this can not be realised, then the occurring ASOC has to be determined and
accounted for in a calculation of energy consumption and emissions.

A graphical ASOC correction method is proposed for which fuel consumption and ASOC
over a given driving cycle need to be measured several times, with different values for the
initial state of charge. By plotting fuel consumption against ASOC for each cycle driven the
fuel consumption at ASOC = 0 can be estimated by interpolation or linear regression. As an
indicator for ASOC it generally suffices to integrate the battery current during the cycle,
yielding a AQ in Ah.

Within the project two variations of the graphical correction method have been identified,
which have been named:

* the linear regression method,

* the linear interpolation method.

Both methods are applicable but require different vehicle conditioning.

Both graphical methods assume that the relation between ASOC and fuel consumption is
(approximately) linear. From measurements and simulations it is found that this is the case
in all realistic circumstances. Simulations, however, proved that the relation is not
fundamentally linear.

The experimental validation of the graphical ASOC correction method for measuring fuel
consumption of charge-sustaining hybrids has been very limited, as a result of the limited
availability of charge-sustaining vehicles. Further research on this subject is required.

The applicability of the graphical ASOC correction method, and of other methods as well, to
emissions seems to be problematic. Measurements on the Toyota Prius revealed a large
random spread in measured emission values as a function of ASOC, resulting in
unfavourable correlation factors. So far we have not been able to come up with a more
appropriate method for the ASOC correction of emission measurements. For vehicles with
larger ASOC values than the Toyota Prius, the graphical method may, however, work more
satisfactorily. To resolve this issue experimental research on hybrid vehicles with a wide
range of powertrain configurations is necessary.
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28.

In view of the above two points, it is recommended to set-up a project in close collaboration
with the automotive industry, in which prototypes and (pre-)commercial hybrid vehicles
(especially charge-sustaining vehicles) are made available by the industry for energy and
emission testing by independent research institutes to further research the applicability of
the graphical methods for ASOC correction.

Determination of SOC or ASOC in general

29.

30.

31.

32.

For determining energy consumption of charge sustaining hybrid vehicles it suffices to
accurately determine the ASOC in combination with the fuel consumed over a cycle. This in
principle is possible by Ah-monitoring, as long as the battery is in a reversible regime (e.g.
no hydrogen formation, or Coulombic efficiency =1). For vehicles with (relatively) new
batteries it may be assumed that the hybrid control system does maintain the battery within
this regime.

When vehicles with older batteries are tested, it is therefore recommended that the effective
capacity of the battery is measured prior to testing the vehicle and to assess whether the
battery’s SOC-monitor or the hybrid controller are able to keep the battery’s SOC stays
within the reversible regime. If this is not the case, Ah-measurement can not be considered
an accurate indication for the ASOC.

The use of simulation models for batteries may help to correct the Ah-counting and improve
accuracy in energy consumption determination. The advantage of using models is twofold:
increased accuracy in SOC and [JSOC assessment and better determination of other
parameters (current and voltage) needed to calculate energy consumption, if not directly
measured.

There are significant variations of battery behaviour with the operating conditions
(temperature, ageing, and discharge current), easily detectable with the monitoring of the
internal resistance at low current pulse. In addition to Ah-counting, therefore, internal
resistance monitoring is proposed as useful technique for SOC- and ASOC-measurement.

Comparing electricity and fuel consumption

33.

34.

35.

36.

37.

For comparing energy and emission performance of vehicles with different propulsion
systems fuel consumption and electricity consumption must be brought on a comparable
basis. This is also necessary to evaluate the performance of charge depleting hybrids that
consume both fuel and electricity.

It is recommended to the EU that a practical common methodology should be formulated
for calculating indirect emissions and energy consumption on the basis of final electricity
and fuel consumption at vehicle level. Conversion factors should preferably be based on
average efficiencies and average indirect emissions of electricity production and fuel
refining in Europe.

The EU should establish a formal body (organisation or network) that collects all data
necessary for applying the common methodology, and that generates conversion factors on
the EU level for all energy carriers that are currently used on a significantly large scale
(gasoline, diesel, LPG, electricity, and maybe a few more). This body should periodically
update the conversion factors to account for changes in the energy supply and demand
systems.

Based on these conversion factors appropriate emission legislation and associated test
procedures for vehicles with alternative power trains can be defined.

Each country should be allowed to define national conversion factors based on the same
methodology and data set for use in a national policy context.



MATADOR Task 2 — Part I: Overall Conclusions and Recommendations

-'Iﬂ.?h» Page 166 of 170

Fuel cell vehicle test procedures

38.

39.

40.

41.

42.

43.

FCEVs are currently available only at prototype level with a few pre-series products. The
configurations developed until now are various and may present testing problems similar to
ICEV, HEV and BEV, depending on the system chosen.

No standard testing procedure is presently available specifically for FCEVs. Current or draft
CEN standards only consider BEVs, HEVs with thermal generators and ICEVs.

Light duty non-hybrid FCEVs with a reformer running on a carbon-based fuel can be tested
according to the same procedures as are applicable to conventional LD vehicles (ICEVs).
These procedures can also be applied to vehicles running on hydrogen, provided that a
standardised method is defined for measuring the consumption of hydrogen. With similar
provisions light duty FCHEVs can be tested using the procedures that are to be defined for
hybrid vehicles with a thermal energy source.

Heavy-duty fuel cell vehicles should also be tested over a transient driving cycle, similar to
LD vehicles.

The heating energy and the start up time of FC propulsion systems are expected to have a
limited influence on energy consumption measurement. Nevertheless it seems useful to
analyse this aspect to verify if there are specific features impacting the testing method. Due
to the limited availability of experimental results and products, an analysis has been carried
out at a very general level only. More research is needed to formulate adequate proposals
for including these aspects in FCEV test procedures.

A remaining uncertainty is the possible presence of an intermediate hydrogen or reformate
storage tank in vehicles with a fuel processor. This could cause similar problems as with the
ASOC in hybrid vehicles. Obviously a similar solution could be applied. Given the
uncertainty about future fuel cell vehicle configurations this problem has not been studied
for the moment.

Driving cycles for LD vehicles

44,

45.

46.
47.

48.

49.

Current standard driving cycles bear relatively little resemblance to the conditions of actual
vehicle use. Especially the modal cycles used in Europe and Japan (NEDC and Japanese 10-
15) are much less demanding than cycles based on real-life driving.

More demanding cycles generally require more energy. It is possible, though, that with
increasing demands at the wheels the overall driveline efficiency increases to such an extent
that the energy consumption decreases (the relation between energy consumption and wheel
energy then would be parabolic).

The influence of different driving cycle characteristics is different for different drivelines.

A representative test value for honest ranking of vehicles with different propulsion
technologies can only be found when a representative cycle is used.

It is our strong belief that in the near future homologation test procedures will have to
become more representative for real-life driving in order to make sure that manufacturers
apply technologies in their vehicles that do not just make the vehicle meet legislated
emission limits under laboratory test conditions, but that have a minimal impact on the
environment when the vehicle is in actual use. The development and use of representative
driving cycles is an essential step in this process.

Selecting a cycle that is representative for actual use not only requires that the cycle has
representative average dynamics. It also requires that the cycle has a representative mix of
road types (urban, rural and highway) and that the cycle has a representative length. This
assures a representative weighting of e.g. the steep acceleration and deceleration associated
with the highway part of the cycle. It may also help to solve problems that are more specific
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to hybrids and battery-electric vehicles, e.g. to assure that the thermal engine does actually
switch on during the test and that the energy consumed and the emissions produced with the
engine on are weighted in the final results in a representative way.

Test methods and driving cycles for HD vehicles

50.

51.

A meaningful translation of the current engine-based test procedures for HD vehicles to
alternative propulsion systems is not possible. The driveline or vehicle as a whole needs to
be tested on a transient driving cycle. In order to obtain a meaningful test result, the test
conditions need to represent average driving conditions of the vehicle type in which the
propulsion system is applied. Each HD vehicle category (e.g. heavy truck, urban bus, refuse
collection vehicle) that has a distinctive type of use therefore needs its own dedicated
driving cycle.

The best way to obtain a representative test result for HD vehicles is to test the vehicle using
a driving cycle on a HD transient rollerbench. However, also more pragmatic (and less
expensive) ways of testing are possible, e.g. using measurements on a test track in
combination with laboratory tests on the powertrain or its components.

Dealing with vehicles not meeting the demands of the driving cycle

52.

53.

54.

The test cycle should be split in a low power and a high power part (e.g. urban and extra-
urban) so that most vehicles will at least meet the requirements of the low power driving
cycle.

When a vehicle is unable to meet the prescribed speed profile of the cycle (failure time) the
vehicle should be operated at maximum power (“full throttle”) until the vehicle speed
coincides again with the prescribed speed.

Energy consumption and emissions should be measured separately for both cycles, together
with the failure time. The failure time should be presented together with test results on
energy consumption and emissions for both cycles.

Accuracy and tolerances

55.

56.

57.

For hybrid vehicles, with their discrete switching actions (e.g. ICE on or off) in response to
external parameters (e.g. road load) or internal parameters (e.g. battery SOC), the response
to small variations in the test conditions may be strongly non-linear. An important aspect is
the smoothness with which the test driver is able to follow the prescribed speed-time
pattern. Also for conventional vehicles it is known that the allowed tolerances in the
execution of the test cause significant variations in the test results. To improve the
repeatability of laboratory testing recommendations have been formulated regarding vehicle
operating procedures (e.g. concerning clutch and gear shifting), the allowed variations in
soak temperature and the number of tests to be performed.

Human drivers should be able to perform the driving cycles as stated in standard
procedures. Therefore, the speed tolerances should be maintained. The manufacturer should
provide a list of operation procedures however. On this list, the driver would be informed at
what times/operating points which pedals/pedal positions (e.g. kickdown) should be applied.
For conventional vehicles with manual transmission this is already done for the clutch pedal
at standstill in the European procedures.

Also, the shifting points should be defined for hybrid vehicles with manual transmission.
The use of the existing points for conventional vehicles seems obvious. Since hybrid
vehicles are often designed for many different applications which may influence the normal
use of the transmission, manufacturers may provide a list of shifting points themselves, if
can be shown that the vehicle is not able to follow the speed track within the specified
tolerances when driving by the default shifting points.
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58.

59.

In order to keep the influence of ambient temperature as low as possible, the starting
temperature of the internal combustion engine should be defined at 25 + 1°C, measuring the
temperature with a thermal sensor at the outside of the engine cylinder head. As an
alternative, the temperature tolerances for the conditioning room could be tightened at this
value.

As a means of minimising the influence of remaining inaccuracies on energy consumption
and emissions, the driving test should be performed several times (e.g. thrice). The results to
be displayed would then be determined by calculating the mean values of the separate tests.

Regenerative braking on 2WD chassis dynamometers

60.

Depending on the vehicle’s braking strategy the yield of regenerative braking may be
measured too high on two-wheel drive (2WD) dynamometers, as all braking energy is taken
up through the driven wheels and none is dissipated by braking the non-driven wheels.
Ideally the test should be performed on a 4WD chassis dynamometer. As this would greatly
increase the costs of test facilities a correction procedure for use on 2WD dynamometers is
preferred. However, no completely satisfactory solution has been found so far. On the other
hand the size of the problem has also been difficult to assess due to limited availability of
state-of-the-art vehicles with sophisticated braking strategies. When more (especially
hybrid) vehicles have come to the market additional experimental assessments are necessary
to determine whether or not provisions for dealing with this problem have to be
incorporated in the test procedures.

Non-rechargeable batteries

61.

A practical method has been developed for measuring the energy consumption of vehicles
with non-rechargeable batteries such as Zn-air. The amount of Zn spent can be calculated on
the basis of a measurement of delivered Ahs. Independently certified data for the energy
consumption of the recycling process should be included in the evaluation to yield energy
consumption data that can be compared with those of battery-electric vehicles charged from
the grid.

Dealing with high-temperature batteries and self discharge

62.

Batteries with high self-discharge and high-temperature batteries loose energy also during
standstill. In order to provide input for an assessment of the impact of battery heating and
self-discharge in relation to the vehicle use pattern it is recommended to specify a standstill
test in addition to the energy consumption test over a test cycle. For high-temperature
batteries the energy consumption over the range test should be measured. Furthermore it is
proposed that the allowed time intervals between disconnecting the vehicle from the grid
and commencing the energy consumption test as well as between the end of the test and
connecting the vehicle to the grid for charging should be shorter and more precisely defined.
Similarly the prescribed time for connecting the battery to the grid for charging should be
reconsidered. In most cases this period is too long.
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Nomenclature

Abbreviations

APU
EV
BEV
HV
HEV
SHEV
PHEV
FCEV
FCHEV
ICE
SOC
ovC
LPG
RME
CVT

Auxiliary Power Unit (generally an ICE with generator)
Vehicle with (Hybrid) Electric Drive System (including BEVs and HEVs)
Battery Electric Vehicle

Hybrid Vehicle

Hybrid Electric Vehicle

Series Hybrid Electric Vehicle

Parallel Hybrid Electric Vehicle

Fuel Cell Electric Vehicle

Fuel Cell Hybrid Electric Vehicle

Internal Combustion Engine

State Of Charge (of the electric energy storage device)
Off Vehicle Charge Capable

Liquified Petroleum Gas

Rape Methyl Ester

Continuously Variable Transmission
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1 Introduction

In Task 2 of the MATADOR-project, test methods (Management Tool for the Assessment of
Driveline Technologies and Research, EU-contract JOE3-CT97-0081) for battery-electric,
hybrid-electric, and fuel cell vehicles are analysed in order to support the development of new
test procedures for these vehicles with alternative drivelines. The development and definition of
test procedures with alternative drivelines for determining the fuel consumption and emissions
requires a detailed work on the technical aspects, which depend strongly on the vehicle’s
technology. This is obviously more complicated for the development of procedures for a
comparative assessment of technologies, which must cover many different aspects, than for the
development of procedures needed for homologation, where only values for the fuel
consumption and the emissions are mostly relevant. As a basis for the development of new
procedures, classification schemes are developed and analysed compared to existing schemes in
this subtask report.

Thus, this report deals with the classification of vehicles with (hybrid) electric drivelines (EVs).
Despite other definitions commonly used, in the scope of the MATADOR research project, EV
is used for vehicles, which incorporate electric components, including hybrid electric and pure
electric vehicles. This general and theoretical framework is necessary as a basis and an
instrument for the evaluation and visualisation of simplified categorisation schemes to be
developed for practical test procedures in other subtasks. Therefore the classifications
introduced and discussed in this subtask cover different purposes:

Classification of vehicles in terms of research and development

Classification for comparative/technology assessments

Classification for homologation inside of test procedures

Depending on the scope of the classification, it can be very detailed and cover many aspects of
the vehicle, or very simple with only two or three classes. For example, a classification for
homologation shall make use of a simple classification scheme in order to have a
straightforward procedure with a small number of classes. On the other hand, for R&D
purposes, a classification can go into the details of the vehicle and its operation, covering for
example the vehicle’s behaviour under special driving conditions.

Classifications can be made due to the following aspects:
Driveline type and structure
Power and energy storage device
(driver selectable) Driving modes (hybrid, thermal, pure electric mode, ...)
Operation strategy
Charging strategy
“Fuel” (Gasoline, Diesel, Natural Gas, Hydrogen, Electricity, ...)
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2 Classification of driveline types

The base classification of driveline types is made by dividing the types in conventional vehicles
and unconventional or so called alternative vehicles. Conventional vehicles have just a fuel
tank, an internal combustion engine (gasoline or diesel) and a gear box (manual or automatic).
All other vehicles may be called alternatively driven vehicles.

Vehicles with unconventional liquid or gaseous fuels (e.g. natural gas, LPG, hydrogen, RME,
...), which are burned in an (adapted) internal combustion engine, will be classified in the scope
of this report as advanced conventional vehicles. The following chapters discuss the
classification of alternative vehicles under the aspect of the driveline type. This classification is
much more detailed as necessary within a homologation procedure, but it gives an overview of
the complex area of possible variants of alternative vehicles. And from this detailed
classification, which is useful for research and development purpose, a simple classification for
homologation can be derived.

2.1 Electric vehicles

Pure electric vehicles are alternative vehicles, with a simple driveline where the electric motor,
which drives the wheels, is powered from energy stored in an electric energy storage device,
mainly some kind of electro-chemical device e.g. a battery. Thus the structure of the driveline is
quite simple. Sometimes it has been propagated to combine the battery with a set of
supercapacitors to cover power peaks during regenerative braking and severe accelerations.
Such kind of electric vehicle has a hybrid energy storage, but the basic concept is still an EV.

2.2 Hybrid vehicles

A hybrid vehicle (HV) is a vehicle, where by definition at least two different energy storage
(e.g. fuel tank, battery, flywheel, supercapacitor, pressure tank etc.) and two conversion devices
(e.g. ICE, gasturbine, stirling engine, electric motor, hydraulic motor, fuel cell) are combined in
one driveline.

Additionally at least one of the storage/conversion device combinations should be bi-directional,
thus enabling the recharge of the storage device during operation of the vehicle.

2.2.1 Classification by Type of Conversion Device

The type of the energy conversion device used in a HV is a first characteristic to classify
different types of HV. The term energy conversion device covers all types of motors and
engines. Energy conversion devices convert the stored energy into another type of energy. For
example, a thermal engine converts the energy stored in the fuel into mechanical energy, and an
electric motor transforms electrical energy into mechanical energy. Energy conversion devices
can be mono-directional (all thermal engines, fuel cells) or bi-directional (electric motors,
hydraulic machines). The bi-directional devices are used to recover braking energy and are often
necessary to recharge for maintaining sufficient state of charge for the secondary, non-fuel
storage device.
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2.2.2 Classification by Type of Storage Device

The type of the storage device, beside the fuel storage for the thermal engine, allows a
categorisation of the vehicle. Today, for storing electric energy, three types of devices are
available:

Electro-chemical batteries

Super capacitors

Electric flywheels (a combination of a flywheel with an electric motor/generator)

For storing mechanical energy, flywheels that are mechanically connected via a CVT exist.
Hydraulic energy can be stored in pressure accumulators. As this report mainly concentrates on
(H)EV, these options are not further regarded in detail.

This categorisation is relevant for all purposes. The type of the storage has a great influence on
the operating strategy of the vehicle and is therefore of interest for R&D as well as for
technology assessments. For homologation it is relevant, because each type of storage must be
handled in a different way to determine the state of charge of the storage device. Also the
energy content can have an influence on the fuel consumption. If the change in the energy
content of the storage device during a test is so great, that it has a significant influence on the
fuel consumption, this effect has to be regarded by a procedure. This effect and how to handle
this is discussed in section 2.2.6.

If the storage device has big standstill losses and a small energy content, e.g. a flywheel, it will
completely discharge overnight. During normal operation of the vehicle, the storage device will
be charged to a certain level first, before it can take part in the supply of power for traction. At
the end of the operation of the vehicle, the storage device will have a medium state of charge,
but the energy will be lost during long standstill. For a procedure this means, that the storage
device will, each time, have a higher final state of charge than at the beginning of the test, but
each time a test is performed, it is the same behaviour and therefore approximately the same
amount of energy. In such a case, although the final state of charge is higher than the initial, no
ASOC correction of the fuel consumption is necessary, nor is it possible.

2.2.3 Classification by Structure

Hybrid systems can be roughly divided into two basic structures: the parallel and the series
hybrid system. Each of it has its own potentials and problems. Besides these, there are several
mixed forms of the parallel and the series structure. An overview of the hybrid classification is
given in Figure 2.2-1.

In the parallel hybrid structure (see Figure 2.2-2) the internal combustion engine (ICE) and the
electric motor are both linked mechanically to the wheels. Besides to the two driving engines
and storage systems these concepts consist of one or even more transmissions, clutches and
freewheels. Both systems can be used separately or together to drive the vehicle. During
acceleration phases the powers of both engines can be summed. This enables that both can be
designed relatively small (in comparison with a conventional vehicle) without harming the
acceleration ability and climbing performance of the vehicle. Often, the electric system is
dimensioned to meet the requirements of urban traffic (limited operation, zero emissions), while
the more powerful combustion engine is used for rural and motorway driving. The delivered
power of both engines can be added by means of speed addition (with the aid of a planetary
gear), by torque addition (with the aid of a spur gear or chain drive) or traction force addition
(combustion engine and electric motor drive different axles). The ratio of the torques in the
torque addition solution is free, while the ratio of the speeds is fixed. A decoupling of the
combustion and the electric system can be realised with the help of a freewheel or a coupling
unit (clutch).
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Hybrid Systems
Parallel Hybrid \ Series Hybrid

Speed
Addition

Torque
Addition

Single Shaft
Hybrid

Mixed Hybrid
Combined
Hybrid

Traction Force
Addition

Powersplit
Hybrid

Double Shaft
Hybrid

Figure 2.2-1:  Classification of Hybrid Systems [1]

In a speed adding system the powers of the energy converters are joined in a planetary
transmission, in which the torque ratio is fixed by the gear ratio. The speeds of both engines can
be freely chosen. Due to the physical properties the traction force system is a system with torque
addition, too. Yet, the two energy converters act on different axles (e.g. the electric motor on the
front axle and the internal combustion engine on the rear axle).

Parallel Hybrid System

)

fuel tank IC engine

trans-
mission

battery electric motor

)

Figure 2.2-2:  (Example of) a Parallel Hybrid Drive System [1]

Another possibility for further categorisation of parallel systems is the physical arrangement of
the energy converters. A single shaft hybrid is a system in which electric motor and combustion
engine work on the input shaft of the transmission. In a double shaft hybrid the two energy
converters are arranged on different shafts (input shaft and output shaft respectively).

Distinguishing feature of series hybrid systems (see Figure 2.2-3) is the series connection of the
(internal) combustion engine without direct mechanical linking to the electric motor, which in
turn drives the wheels. The combustion engine drives an alternator, which supplies the electric
driving unit and an accumulator (as a rule a battery) arranged in an intermediate electric circuit.



ﬁ k@ Subtask 2.1 — Categorisation of EV configurations
RWTH Page 12 of 24

Series Hybrid System

trans-
mission

fuel tank
|
IC engine
I
alternator
electric motor
|

)
)

battery

Figure 2.2-3:  Series Hybrid System [1]

Systems with one driving motor and a differential, systems with two driving motors on one axle
without differential, and systems with wheel-hub motors all (can) exist. The alternator and the
accumulator have to be designed under consideration of the operating and charge strategy, a
possible desired independence of electric power supply (high charging rate), operating range
and driving performance. The higher constructive effort is compensated by the omission of a
transmission. Due to the fact that the combustion engine is no longer mechanically linked to the
wheels the components can be arranged in the vehicle with high flexibility. In comparison to an
electric vehicle the battery can be dimensioned smaller and the availability of the vehicle
increases by on-board charging or pure alternator operating. In the dimensioning of the electric
driving motor, it has to be considered that it must deliver the whole power for acceleration and
climbing performance. Thus it is not astonishing that in the seventies and eighties the realised
hybrid systems were exclusively parallel, because electric engines with a necessary power
density and efficiency were not available. The mechanical decoupling of the combustion engine
provides the possibility to reduce its dynamics and to operate it with an averaged power demand
or in an operating point with lowest fuel consumption. It does not have to be dimensioned to
maximum power. In extreme cases the combustion engine is operated in only one operating
point, which is chosen with regard to low emissions and low fuel consumption. Particularly, the
omission of dynamic operating enables the reduction of emissions. The level of comfort is
improved by the purely electric propulsion without interruption of the traction force. But the
noise level of the operating combustion engine, which is now independent from the operating
point of the vehicle, is unfamiliar to the occupants and can be inconvenient.

Unfavourable in a series hybrid system is the double energy conversion from mechanical into
electric, and vice versa, maybe in conjunction with storage and the involved long and adverse
efficiency chain. The limited capacity of the battery frequently leads to an unavoidable transient
operating of the combustion engine to cover power peaks during climbing or acceleration
conditions. Due to this the emission and consumption advantage can be reduced and a
dimensioning of the engine for stationary operation (simple engine management system and
engine design) cannot be realised.

A mixture of the parallel and the series hybrid system are the so called combined and the power
split hybrid systems. (See Figure 2.2-4).
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Combined Hybrid System ( ) Power split Hybrid System

— |
—

planetary gear

HH

fuel tank

fuel tank
I

IC engine

IC engine
alternator

electric motor

electric motor

—
— ]
—

battery battery

alternator

Figure 2.2-4:  Combined and Power Split Hybrid Systems

In a combined hybrid system, it is possible to transfer energy from the combustion engine
mechanically to the wheels by closing a clutch. With this measure the overall efficiency in some
operating point (e.g. high energy demand during motorway drive) can be increased. The two
electric motors can simultaneously deliver their power (as in a parallel system) to cover peak
power operating points. On the one hand, the combined system increases the efficiency, but on
the other hand the constructional effort is increased by the additional clutch and the more
complex operating strategy. Furthermore the arrangement of combustion engine and alternator
is restricted, because a mechanical coupling to the driveline is present.

Another, solution is a power split hybrid system. In this structure a part of the combustion
engine’s power is directly transmitted to the wheels. The rest of the power is transmitted to the
wheels through a planetary gear and two electric motors. For energy storage a battery is
generally used. A system with this arrangement of the electric motors acts like a continuously
variable transmission. A separate transmission for the combustion engine is not necessary. This
provides the possibility to operate the combustion engine in an operating point that meets the
momentaneous driveline requirements best (fuel consumption and emissions). The efficiency
can be higher than in the series hybrid systems due to the partly direct mechanical transmission
of the power. At this moment, the Toyota Prius (first mass series produced hybrid electric
vehicle) is equipped with such a power split hybrid system.

2.2.4 Classification by Power and Energy Storage Capacity

Besides these categorisations of the structure, the hybrid systems can be classified by their
electrical driving power as well as their electrical storage capacity.

Parallel hybrid systems with low installed electrical power and low electrical storage capacity
are characterised as starter/alternator hybrid system. With higher installed electrical power it is
named power assist hybrid or, referring to the storage capacity, low storage hybrid.

A series hybrid system with a high battery capacity and a small alternator unit (auxiliary power
unit, APU), is referred to as range extender. If the battery capacity is small, consequently the
zero emission range low, it is again referred to as a low storage hybrid. The result of a total
omission of a electrical storage is an electrical IVT (infinitely variable transmission).

Fuel cell vehicles with an additional electrical energy storage system belong to the hybrid
systems, too.
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IC engine

+alternator

fuel cell
electric electric
storage storage
system system

electric motor
electric motor

proportion of driving system [%]

combustion engine |
| | |

conv. parallel hybrid pure elec.propulsion series hybrid Pure electric Propulsion

i fuel cell
ICE propulsion| o er split hybrid (battey) | combined hybrid ( | )
integr. starter/alternator low storage hybrid

Figure 2.2-5:  Classification According to The Proportion of The Driving Systems [2]

The two classifications by structure and by power and energy storage capacity given in the
chapters above are mainly relevant for R&D activities and for comparative assessment, because
they help to explain the characteristics of a hybrid vehicle. For a homologation process the
vehicle’s internal driveline structure is preferably handled as a black box. Only the behaviour
during a test procedure is of interest for the tester, and with the given behaviour he can apply a
corresponding procedure, and not the underlying internal structure.

2.2.5 Classification by Driving Modes

A hybrid vehicle typically has different operating modes, automatically changed by the
vehicle’s driving strategy implemented in the vehicle’s controller, or manually selected by the
driver.

In the following analysis, operating mode (electric, hybrid, thermal mode, etc.) stands for a
user selectable mode. The driver can select a mode by a switch. Of course, a vehicle can have a
default mode, which is automatically selected on key-on, and the vehicle controller can override
the user’s selection (e.g. pure electric mode can be overridden when the battery SOC is too
low).

Additionally, a hybrid vehicle has operating states. An operating state represents the actual
status of the driveline components during a certain driving situation. These states are only
determined by the vehicle’s controller according to the situation and history, and are not user
selectable. For example, a hybrid vehicle in user selected hybrid mode operates at low power
demands in electric state. In this electric state, only the electric motor powers the vehicle from
the batteries alone. At higher demands it can be in a thermal (or ICE) state, where the thermal
engine has been automatically activated and provides the power to drive the vehicle.
Additionally, several combined (or hybrid) states are possible (e.g. boosting the vehicle by
summing the power of both engines for overtaking and accelerating, or recharging the batteries
by increasing the load of the ICE and using the electric motors as a generator). As the definition
of a state indicates, it is an internal aspect of the operating strategy. Therefore the term ‘state’ is
only relevant for research and development purposes. For a simple homologation process, the
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internal states of a operating strategy obviously are not relevant and also not accessible without
deep knowledge of the vehicle’s internals.

Regarding the purpose, a classification according to modes is necessary for R&D activities as
well as homologation. The tester has to know, which modes are present in a test vehicle and the
procedure has to prescribe, how they are used in the procedure. But the existence of the
classification itself demands not, that the procedure must cover all possibilities of operating
modes. For example, a procedure can demand to test the vehicle only in the relevant mode.

The following operating modes often can be found in existing (hybrid) electric vehicles:
Electric mode (The vehicle is only driven by the electric motor, powered from the batteries)
Hybrid mode (The thermal engine and the electric motor drive the vehicle, depending on
the actual operating state of the vehicle, decided by the vehicle’s controller)

Thermal mode (The vehicle is propelled by the thermal engine only. The electric motor
may recharge the battery by recuperation. In case the batteries are empty, it is often
combined with a recharge of the battery)

With the (drafts of) test procedures prEN 1986-2 and SAE J1711 (see subtask report 2.3 for
detailed description and analysis), two categorisations regarding user selectable modes are
already defined. The following part compares these definitions to the definitions made above.

In prEN 1986-2, no difference is made between user selectable modes and states. It defines a
pure electric mode, a pure thermal mode and a hybrid mode. prEN 1986-2 defines the pure
electric mode the same way as above, but it can be included in the hybrid mode. The definition
for hybrid mode is comparable to that given above.

The definition for the “pure thermal mode” given in prEN1986-2 defines this mode in a
different way as in the classification presented above. According to this definition, in the pure
thermal mode the combustion engine drives the vehicle without any participation of the electric
energy storage system. So recuperation is not allowed in this pure thermal mode. (In the
understanding and experience of the authors of this subtask report with real hybrid vehicles,
such a mode is very unlikely, because if recuperation is possible in a vehicle it is normally used
as often as possible).

The SAE J1711 makes also use of three “modes”: EV mode, EO mode and hybrid mode.

EV mode is a pure electric mode. EO stands for engine only mode. This EO mode and the
hybrid mode are defined the same way as thermal mode and hybrid mode presented above. So
apart from the different terms, the classification regarding operating modes of SAE J1711 is the
same as the classification presented in this report.

Furthermore, especially in pure EVs, the performance is sometimes user selectable e.g.:

economy mode,

normal mode,

sport mode,
where in economy and normal mode the power is limited to achieve a long range with the
limited energy content of the batteries. These different adjustments for the performance become
relevant for testing, only if the vehicle is not possible to follow a driving cycle in a low
performance mode. prEN 1986-2 stipulates, that the one adjustment, with which the driving
schedule can be matched best, shall be selected. If several modes can fulfil the speed demand,
the manufacturer has to recommend one. The procedure therefore describes, how to handle this
possibility. But the fact of different power adjustments gives no reasonable classification criteria
for homologation purpose.
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A third user selection, which can be chosen by the driver, is the way how the vehicle makes use
of regenerative braking. The possibilities are an on/off switch for regenerative braking at all,
and the possibility to influence the coastdown behaviour of the vehicle, if neither the accelerator
or the brake pedal are pressed. In this case the driver has often the possibility to chose between a
freewheel behaviour, where the vehicles coast down only decelerated by the driving forces, or a
braking behaviour, where the electric motor simulates the braking torques of a conventional
combustion engine and feeds the power back into the batteries. The later functionality is often
intended for more comfortable downhill operation of the car. A test procedure must handle this
possibility for an adjustment of the vehicle behaviour, but no explicit classification regarding
the homologation procedure can be derived from the fact, that such an adjustment is possible.

2.2.6 Classification by charging strategy
Another point to distinguish an unconventional vehicle, is the charging strategy.

Generally there are two possibilities for this criteria:
External charge capability
No external charge capability

If the vehicle is normally recharged from the grid by an on board or external charger, it is
externally chargeable. A non regularly charging possibility only for maintenance of the batteries
is not regarded here for an externally chargeable vehicle. The terms ‘externally chargeable’ and
‘not externally chargeable’ are also used in the same way in the draft prEN 1986-2. The SAE
J1711 uses the terms off-vehicle charge-capable vehicles (OVC capable) and not OVC capable
with the same definitions.

If no external recharge possibility exists, there could be the possibility to reload the battery by
using the APU in standstill.

Further on, the vehicle could be handled as a:
charge depleting or
charge sustaining

hybrid during normal driving.

Per definition, the charge depleting hybrid vehicle will use its complete energy stored in the
battery for driving in mainly electric state of a hybrid mode. Once the energy of the battery is
totally used, the vehicle can no longer be operated in a way that was intended.

Thus, the correct operation of the vehicle is impaired by the discharged batteries. After that the
state/mode can be changed automatically by the control-system or manually by the user. A
charge depleting vehicle makes only sense, if it is either OVC capable or has an operation mode
in which the batteries are completely recharged or has the possibility to reload the battery by
using the APU at standstill.

The charge sustaining vehicle will at least stabilise the state of charge of the battery at a certain
level, allowing continuous operation of the vehicle.

If the SOC is higher than this level (e.g. because the batteries are charged by an external charger
or regenerative braking, which could reach high levels during prolonged downhill operation of
the car), the strategy would operate the vehicle afterwards mainly in electric state to reach the
specific SOC. In the other case, which means, that the battery is discharged deeper than
intended, the SOC is increased again by operating the vehicle in a recharging state (e.g.
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increasing the load of the ICE and using the electric motor as a generator). As a charge
sustaining vehicle needs no recharge from the grid, an onboard charger is not necessary; the
vehicle can operate autark and independent from any recharging possibility from the grid.

This charge sustaining/depleting characterisation of a driveline depends on the applied driving
cycle. Obviously, a vehicle which is normally charge sustaining, can show a charge depleting
behaviour under very power demanding conditions. But this problem will be solved by the
selection of a representative driving cycle. A vehicle which is not externally chargeable, it must
have at least one operation mode, where the state of charge during this representative cycle is
stabilised and the vehicle operates charge sustaining or even predominantly charging.

From the point of a simple test procedure, the criteria of externally chargeable and charge
sustaining/charge depleting can be handled together. If the vehicle is externally chargeable, the
energy consumption of this vehicle consists of a fuel consumption and an electric energy
consumption to recharge the battery from the grid. If the vehicle is not externally chargeable, it
must have at least one operation mode, where the electric energy storage device is hold at a
certain state of charge or even recharged to 100 % state of charge. In this case, either a
correction method must be applied to the test fuel consumption in order to regard the change in
the state of charge of the batteries or the energy content of the storage device (flywheel, super
capacitor) is very small, that a change in the SOC has no big influence on the fuel consumption.

An additional aspect to classify vehicles and which has a close relationship to the recharge
strategy, is the type of fuel. Besides the conventional fuels like gasoline or diesel fuel and other
fuels for combustions engines as hydrogen, ethanol, methanol, natural gas, or RME, it is of
interest if also electricity must be restored. Besides the effect, that each of the fuels has an
influence how to measure consumption and emissions, the need to restore electric energy is a
similar aspect as the characterisations being externally chargeable or not.
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3 Comparison of Classification Schemes

In the preceding chapter several classification aspects were defined and explained. From the
point of R&D, all this topics can be relevant, whereas for homologation purpose, the number of
characteristics shall be very small. As summarized in Figure 2.2-1, the R&D classification
covers all aspects.

Research And
Development

—>| Conversion Device |

Otto-, Diesel- engine, electric motor, hydraulic motor, gasturbine, Stirling engine

—Pi Driveline Type and Structure |

series/parallel/mixed hybrid system

—>| Power And Energy Storage |

electro-chemical batteries/super Caps/electric flywheel
energy capacity, power

_>| Driving Modes I

hybrid, thermal, pure electric

N Charging Strategy I

Ldl!
charge depleting / charge sustaining
external charge capability / no external charge capability

Y

”| "Fuel" I

gasoline, diesel, natural gas, LPG, hydrogen, RME, electricity

Figure 2.2-1:  Classification aspects for research and development

A classification for testing and homologation purpose must only cover the essential aspects (See
Figure 2.2-2). From the point of testing HEVs the storage technology for the regenerative
storage device is of interest, because the technology determines the method to measure its
energy content and has also a big influence on the operational behaviour of the vehicle.

For measuring energy consumptions it is further of interest, if one must supply only fuel — than
the car must be at least in one operation mode somehow charge sustaining — or additional
electricity must be fed from the grid for normal use of the vehicle.

The existence of different driving modes is for a homologation process is not so relevant
(indicated by the hatching). A simple test procedure shall be used to test the vehicle, if possible,
in the hybrid mode. (The authors suppose that the hybrid mode is the most probable mode for
the use of the hybrid vehicle in real life). Only for hybrid vehicles, which have not such a mode,
but for example one pure electric and one thermal mode, this aspect of different modes becomes
relevant. Additionally the range and consumption in a pure electric mode can be of interest, but
with lower priority.
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Homologation of
HEV

_Pi Power And Energy Storage I

electro-chemical batteries/super Caps/
electric flywheel

hybrid, thermal, pure electric

_»| Charging Strategy I

external charge capability / no external charge capability

Figure 2.2-2:  Classification aspects for homologation

For a comparative assessment, the analysed aspects may vary, starting with that given for
homologation and ending at that for R&D purposes.

A comparative assessment would mainly focus on the evaluation of consumption and emissions
under real life conditions. This could result in the use of different cycles and driving patterns to
represent different user behaviours. But regarding a test procedure, this does not mandatory
result in a more complex classification scheme. Only the boundary conditions may vary.

Furthermore an assessment would also cover the different operating modes in detail, whereas a
homologation test would use the mode, which is representative for the vehicle (in most cases the
hybrid mode).

Looking at the existing drafts for testing hybrids (SAE J1711 and prEN1986-2), some general
differences become obvious.

The classifications according the SAE J1711 is given in Figure 2.2-3.

SAEJ1711

—>| Power And Energy Storage |

electro-chemical batteries/super capacitors/electric flywheel

|

> Driver Selectable Modes I

hybrid, thermal, pure electric, etc., all modes of interest

_>| Off-Vehicle-Charge Capability I

external charge capability / no external charge capability

|

> Recharge Dependency |

charge dependent / charge independent

Figure 2.2-3:  Classification aspects of HEVs according to SAE J1711
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As a result of this classification scheme, a big number of tests has to be performed, as illustrated
in Figure 2.2-4.

Classify the Hybrid-Electric Vehicle

. Recharge-Dependenc
Rechargable Energy  Off-Vehicle-Charge Driver-Selected (fo?‘i)VECapaq)le HEV’ys,

Storage System (RESS) Capability Operating Modes* in HEV Modes only)

EV RI
12k UDDS <
ovc RD
RI

Capab. HEV ;. .m <
cv.
Battery 12 HFEDS < .

N

EV1,2,...,L
Not OVC HEV,,
Capab.
cv1,2,...,N
ove i
Capab.
: Abbreviations:
Capacitor
EV: Electric-Vehicle Mode
Not OVC HEV: Hybrid-Electric-Vehicle Mode
Capab. CV: Conventional-Vehicle Mode
OVC Capab.: Off-Vehicle-Charge Capable
ove Not OVC Capab.: Not Off-Vehicle-Charge Capable
Flywheel Capab. uDDS: Urban Dynamometer Driving Schedule
A\ HFEDS: Highway Fuel Economy Driving Schedule
RI: Recharge-Independent
Not OVC P RD: Recharge-Dependent
Capab. *Note: If a vehicle has no driver-selected operating modes,

it is considered to have one HEV mode

o

3/27/98

Figure 2.2-4:  Classification of HEV (SAE J17711) [3]

According to this procedure, the vehicle is tested in each user selectable mode in different
cycles. If the vehicle is OVC-capable, one has to make a difference between RD and RI
operation of the car. The performed tests allow a detailed analysis of the vehicles behaviour
under different conditions. The analysis end up with much information and measured values
more than needed for a homologation of the car and allows a well justified assessment of the
vehicles behaviour.

The categorisation aspects of prEN 1986-2 are shown in Figure 2.2-5.

prEN1986-2

—>| Driveline Type and Structure |

series/parallel hybrid system

_>| Driver Selectable Modes I

pure thermal, pure electric, hybrid mode

_>| Charging Strategy I

external charge capability / no external charge capability

Figure 2.2-5: Classification aspects of HEV prEN 1986-2 [4]
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According to prEN1986-2, if the vehicle has a pure thermal mode, the vehicle is tested as a
conventional one according to the procedures for conventional cars without regarding the hybrid
drivetrain. If the vehicle has no pure thermal mode, the electric range, the energy consumption
and the consumption and emissions in the hybrid mode are measured. If the vehicle is externally
chargeable, the test in hybrid mode starts with fully charged batteries. If the vehicle is not
externally chargeable, the state of charge of the secondary electric storage device (battery,
electric flywheel, super capacitor) shall be balanced over the test or can be recharged afterwards
by using the thermal engine. The introduced classification aspect structure is not relevant for
performing the tests and not necessary in order to define, which tests must be performed
according to prEN1986-2. Thus, the procedure is quite simple and focuses more on the purpose
of homologation.

Comparing Figure 2.2-2 and Figure 2.2-5, it is evident, that the figures and their content are
nearly the same. The main difference is the thermal mode versus pure thermal mode. For a
homologation of a hybrid vehicle, the vehicle should at least operate in the typical hybrid mode.
Although there may be a mode, in which it behaves completely like a conventional car, testing
the vehicle in this mode — for simplicity reasons — misjudges this car completely. It not
correspondents to the real world usage of such a vehicle. In this case, the value given would be a
worst-case value, where the vehicle is penalised by the weight of the additional hybrid
components without being allowed to use them.
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4 Summary

In Task 2 of the MAT ADOR-project test methods (Management Tool for the Assessment of
Driveline Technologies and Research, EU-contract JOE3-CT97-0081) for battery-electric,
hybrid-electric and fuel cell vehicles are analysed in order to support the development of new
test procedures for these vehicles with alternative drivelines. The development and definition of
test procedures for vehicles with alternative drivelines in order to determine the fuel
consumption and emissions requires a detailed work on the technical aspects, which depend
strongly on the vehicle’s technology. This is obviously more complicated for the development
of procedures for a comparative assessment of technologies, which must cover even more
different aspects, than procedures needed for homologation, where values for the fuel
consumption and the emissions are most relevant. As a basis for the development of new
procedures, in this subtask report classification schemes are developed and analysed compared
to existing schemes.

In the scope of this subtask, different classifications of alternative vehicles have been defined.
Due to the complexity of hybrid systems and the many different possible structures and energy
storage components, it is not easy to assign a system to only one class clearly. Classification can
only be done according to special aspects of the hybrid system.

Depending on the purpose, the categorisation scheme is divided in a different number of
categories. For homologation it is desirable to have as few classes as possible, while a
categorisation for research and development has to cover all the different aspects of the systems
internals and therefore may be more extended.

Classification can be made due to the following aspects:
Charging strategy
Power and energy storage device
Driving modes (hybrid, thermal, pure electric modes, ...)
Driveline type and structure (driver selectable)
Operation strategy
“Fuel” (Gasoline, Diesel, Natural Gas, Hydrogen, Electricity ...)

All these categories are important for research and development, while for homologation it can
be reduced to the first two aspects. Only in hybrid vehicles, which have no hybrid mode, but
only a pure electrical and a pure thermal mode, the driving mode is of interest.

The aspects of the existing drafts for testing hybrid vehicles (SAE J1711 and prEN1986-2) are
discussed in this report. prEN1986-2 provides a categorisation scheme similar to the
categorisation scheme for homologation delivered in this report. SAE J1711 additionally
considers the aspect of the charge dependency. The complexity of the tests to be performed
according SAE J1711 shows that with this procedure a more detailed assessment of vehicles
rather than testing only for homologation purposes is conducted.

The different aspects of hybrid systems are described and, beside explanations, examples are
given to illustrate the abstract definitions.

In the scope of this subtask, different classifications of alternative vehicles have been defined.
The classification criteria are the driveline structure, the power and energy storage capacity, the
available driving modes and the charging strategy. Beside explanations, examples are given to
illustrate the abstract definitions.
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Nomenclature

Abbreviations

AC Alternating Current

APU Auxiliary Power Unit

AUT.TR. Automatic Transmission

BAT Battery

BEV Battery Electric Vehicle

CHEV Combined HEV

CNG Compressed Natural Gas

CS Control Strategy

DC Direct Current

DIFF Differential gear

DUBC Dutch Urban Bus Cycle

el. Flywheel Electro mechanical flywheel

EM Electric Motor

ESS Energy Storage System

EV Electric Vehicle

FC Fuel Cell

FCEV Fuel Cell Electric Vehicle

FCHEV Fuel Cell Hybrid Electric Vehicle

FW Flywheel

FWHV Flywheel Hybrid Vehicle

GE Generator

genset Generator set (APU)

HD Heavy-Duty

HEV Hybrid Electric Vehicle

ICE Internal Combustion Engine

ICEV (Conventional) Internal Combustion Engine Vehicle

IKA Institut fur Kraftfahrwesen, Aachen

LD Light-Duty

LPG Liquefied Petroleum Gas

MATADOR Management Tool for the Assessment of Driveline TechnOlogies and
Research

NiCd Nickel-Cadmium (battery)

NiMH Nickel Metal Hydride (battery)

PG Planetary gear

PHEV Parallel HEV

PHEVbat Parallel HEV with battery

PHEVfw Parallel HEV with flywheel

PM Permanent Magnet

RED Reduction gear

SHEV Series HEV

SHEVbat SHEV with battery and load-follower strategy

SHEVfw SHEV with flywheel

THS Toyota Hybrid System

TNO (Netherlands) Organisation for Applied Scientific Research

TNO-ADVANCE

TNO Automotive DriVeline Analysis and Concept Evaluation (tool)

TR Transmission
VEH Vehicle
WH Wheels

ZEV

Zero Emission Vehicle
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Symbols
SOC State-of-Charge [%]
SOChigh Upper SOC control limit [%]
SOClow Lower SOC control limit [%]
SOCmid Middle SOC control value [%]
Cw Air drag coefficient [-]
f; Rolling resistance coefficient [-]
i Gear ratio [-]
BSFC Brake Specific Fuel Consumption [g/kWh]
3] Moment of inertia [kgm®]
P _APU high High power APU operating point [kW]
P _APU low Optimum power APU operating point [kW]
P _APU opt Optimum APU power [kW]
P BAT desired max Maximum desired battery charge power (signal) [kW]
P BAT desired min Maximum desired battery discharge power (signal) [kW]
Pgatsignal Control parameter, battery (dis)charge value [kW]
Paciver Driver request for wheel power [kW]
Pel Electric power [kW]
PicE.des Desired ICE power [kW]
Rayn Dynamic wheel radius [m]
A Frontal area [m?]
E Energy [MJ]
[kWh]
M opt Optimum torque [Nm]
Minax, electric motor Maximum torque EM [Nm]
Minax,combustion engine Maximum torque ICE [Nm]
Mnin, electric motor Minimum torque EM [Nm]
Moptimum, combustion engine Optlmum torque ICE [Nm]
T Torque [Nm]
® Angular velocity [rad/s]
N_opt Optimum speed [rpm]
P Power [W]

Driveline models’ abbreviations

IKA models

PHEVfw Parallel Hybrid Electric Vehicle with flywheel storage system

PHEVbat Parallel Hybrid Electric Vehicle with battery storage system

SHEVfw Series Hybrid Electric Vehicle with flywheel storage system

SHE Vbat Series Hybrid Electric Vehicle with battery storage system and load follower
APU operating controls strategy

TNO models

BEV (LD) Battery Electric Vehicle

PHEV (HD) Parallel Hybrid Electric Vehicle

SHEV (LD or HD) Series Hybrid Electric Vehicle with discrete, SOC based APU
control strategy

CHEV (LD) Combined Hybrid Electric Vehicle

FCEV (LD) Fuel Cell Electric Vehicle

FCHEV (LD) Fuel Cell Hybrid Electric Vehicle with discrete, SOC based APU control
strategy
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1 Introduction

In the context of Task 2 of the MATADOR-project (Management Tool for the Assessment of
Driveline Technologies and Research, EU-contract JOE3-CT97-0081), research is carried out in
support of the development of test procedures for electrically propelled road vehicles and
vehicles with other alternative drivelines. The definition of testing procedures for determining
energy consumption and emissions of vehicles with different drivelines requires the evaluation
of technical aspects, specific of each vehicle technology. Furthermore, the development of
testing procedures that allow for a comparative technical benchmarking of different vehicle
power trains is an even more complicated task, because the performance of each technology
could be significantly different from each other (alternative fuels, hybridisation, combined
energy sources) asking for various measuring needs. Key issues have been addressed and are
evaluated in terms of their impact on testing methods.

The research on the key issues is conducted from several starting-points. One of the methods
that can very well be used to study most of the vehicle technology related problems is computer
simulation. Simulations give freedom and the possibility to change and investigate all those
aspects which seem interesting and of influence on the determination of vehicle's performances,
energy consumption, and emissions. A wide range of vehicle concepts can be subjected to a
multitude of simulated experiments, test procedures, and driving cycles with very little costs,
which is a big advantage. As simulations are unable to cover all of the influences present in
experimental situations, they cannot replace actual testing altogether, but they can be used to
motivate which experiments are really necessary and which are not. Computer simulations can
be used to gain thorough insight into the behaviour of different drivelines under different
conditions.

Of course, accurate models of vehicles and power trains as well as reliable simulation
program(s) are needed. Various partners in Task 2 of the MATADOR project have simulation
programs at their disposal, which are used to build and evaluate a wide variety of driveline
models. In general, these models are able to calculate the energy consumption of vehicles quite
accurately, since they focuss on the longitudinal behaviour of the vehicle. Prediction of vehicle
emissions, however, is in most cases problematic or at least less accurate.

Also, most of the vehicles modelled in this project are generic, which means that they do not
exist in reality, but rather are built up from scalable data of existing vehicle components. This
way, vehicle characteristics and powertrain performance can be setup as preferred, enabling a
consistent comparison of vehicles with different drivelines. The influence of typical real vehicle
data, such as the thermodynamic characteristics of the powertrain components, however, is
limited or left out of the modelling. This restricts the insight in powertrain (component)
temperatures as well as the use of temperature-dependent efficiency characteristics.
Consequently, the warm-up behaviour of, especially, the combustion engine is not incorporated
in the models. For comparative assessment studies, however, the use of efficiency data under
standard operating conditions has proven to be sufficiently accurate to determine a vehicle’s
energy consumption.

In this Subtask 2.2 report the available simulation tools will be presented and the modelling of a
wide set of driveline structures will be discussed. The power train models have been used to
support the research in the other subtasks of the MATADOR project.
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2 Available simulation tools

Several partners in the MATADOR Task 2 project have simulation tools at their disposal.
Especially IKA and TNO have programs which allow them to build a vast set of driveline
models to their own insights. This chapter describes the available simulation tools, which are
used to build the power train models illustrated in the following chapters.

2.1 IKASIM

At IKA a dynamic driveline simulation tool has been set up in MATLAB/SIMULINK [1]. The
tool is referred to with ‘IK ASIM’ and is only available for internal use. The SIMULINK
toolbox within the MATLAB programming environment is a software package for modelling,
simulating and analysing dynamical system.

Individual modules were established for power train components in order for those to be
generally usable and comprehensible. This way, driveline models for a parallel hybrid electric
vehicle as well as for a series hybrid vehicle, both with either a NIMH- traction battery or an
electric flywheel, were build.

The following picture roughly shows the drive train structures of the IKA series and parallel
hybrid electric vehicle models.

series hybrid parallel hybrid

‘ inverter ‘ transmission combustion engine

W electric motor clutch

g < 0000

electric genera
inverter ™7
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electric motor
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Figure 1: 1KA series and parallel hybrid vehicle model structure

The modelling of the driveline and its control is based on the cause to effect principle. This
means that the driveline states (the effect) are calculated as a reaction on the driver demands
(the cause).

Because of standardised interfaces between the power train components, the modules
'combustion engine', 'generator’, 'vehicle', 'flywheel', 'battery’ and 'driver' (integrated in the
control module) could be used in all hybrid models.



g k@ ~. Subtask 2.2 — Development of simulation models

an'l u‘ Page 10 of 38

The modules 'clutch’, 'transmission' and 'axle ratio' are only needed in the parallel hybrid
models, the 'electric motor' module only in the models of the series hybrid.

In the mechanical part of the drive trains, for example the chain consisting of electric motor and
vehicle or the chain combustion engine-generator of the series hybrid, the “predecessor”
impresses its speed to the “successor”, this successor transfers the entire load torque and
moment of inertia of the successors in the remaining chain to its predecessor. Since the electric
motor in the parallel hybrid model is locked with the gearbox input shaft, and therefore placed
behind the module of the combustion engine and the clutch, the engine speed is imposed by the
combustion engine module in the engaged status and in disengaged status by the clutch module.
For this electric motor, therefore, the same module as for the generator in the series hybrid
model is used.

In the electrical part of the hybrid drive trains, the components are linked by the DC-bus
interface. The sum of electrical powers of the electric motor, the auxiliary devices, and in case
of the series hybrid driveline also of the electric generator is imposed to the storage device
(battery or flywheel), which then is used to calculate state of charge as well as bus voltage and -
current.

In order to follow the desired velocity profile (cause-to-effect principle), a driver module is
integrated, which calculates the demanded torque at the transmission input on the basis of the
desired and actual velocity as well as the currently applied gear ratio. The integrated control
strategy splits this demanded torque according to the states of the drive train into demands for
the components combustion engine, electric motor, generator (series hybrid), and the
mechanical brakes in the vehicle module. From the control strategy, these signals are sent to the
appropriate modules.

Additionally, the control module determines the desired gear ratio in the case of the parallel
hybrid according to a table with desired gear changing points. If the gear changing points are
not listed, then a gear changing strategy selects the correct gear depending on the engine speed,
the vehicle velocity and the given speed and velocity limits.

When engaging the combustion engine, the clutch control distinguishes between two states
depending on transmission input speed. At transmission input speeds below the starting speed, a
starting process is recognized. The strategy regulates the contact pressure of the clutch in such a
way that the engine speed cannot rise above the starting speed. If the combustion engine is
engaged while driving, then the contact force remains zero until the combustion engine is
synchronized to the transmission input speed. After that, the contact pressure is increased to
close the clutch completely.

The modules of electric motor and generator represent the electrical machines with their power
electronics. The consumed or delivered electrical power, the induced torque acting on the motor
shaft and its angular speed are calculated.

Within the torque limitations of the electric machine, the induced shaft torque is set to the value
of the demanded torque calculated by the controller. At demanded torques exceeding the
maximum machine torque or below the maximum generative torque, the induced torque is set
equal to the respective limit value. These limit values are stored as speed dependent lookup
tables. At each simulation step the torque limitations are calculated according to these values
and compared with the demanded torque.

The total power losses of the combination inverter/machine depend on the absolute value of the
torque and on the machine speed. Its sign is independent of the respective operating range, and
therefore the power loss map is defined for the motor-quadrant only. The electric power is then
calculated by the sum of actual mechanical power and power loss. The power loss map is
generated from the standard efficiency map.



Uk@ Subtask 2.2 — Development of simulation models

Q. Page 11 of 38

In the module of the combustion engine the fuel rate in kg/s, the torque delivered to the
crankshaft and its angular speed are calculated. The latter is calculated with the induced torque,
the torque load and the reduced moment of inertia with the help of moment of momentum, as in
the electric motor module.

Also the induced torque is determined in a similar way as in the electric motor. Instead of the
maximum recuperation torque, here the curve of maximum drag forms the lower bound of the
torque limitations. The fuel rate is calculated using a two dimensional lookup table, dependent
on engine speed and -torque.

Successor of the combustion engine within the driveline of the parallel hybrid model is the take-
off clutch. It distinguishes between two states, engaged and slipping. The status is determined
on the basis of the clutch contact pressure, the desired transfer torque at the friction surface, and
the input and output speed.

In the closed-status (engaged), the combustion engine speed is directly passed on to the clutch
and to the transmission input shaft; the load torque and reduced moment of inertia at
transmission input shaft is directly passed to the combustion engine. In slipping-status, the
output speed (transmission input) is calculated within the clutch module directly, depending on
the contact pressure applied by the controller.

In the model of the parallel hybrid, the module of the transmission represents the transmission
ratio and the synchronous clutches. The input speed is converted to the output speed and the
load torque stamped at the gearbox output is converted to the load torque at the gearbox input
on the basis of the currently applied gear ratio.

To enable a gear shift without abrupt hooking in of the transmission input and output, a friction
clutch model is integrated, which represents the synchro meshes in real transmission. The clutch
is arranged at the gearbox output and corresponds to a large extent to the module of the take-off
clutch.

The properties of the traction battery are modelled in the battery module. Battery current, bus
voltage, and state of charge are calculated with the combined electrical power from electric
motor, generator and auxiliary devices. Both in the calculation of bus voltage and battery
current, the open circuit voltage as well as the internal resistance are used. They are integrated
in the module as state of charge dependent lookup tables.

Electric flywheels consist of a flywheel rotor and an electric machine. Therefore, electric
flywheels can be considered as electric machines, which can be modelled with the appropriate
electric formulas and their characteristic values. This is done in the electric flywheel module.
Goal of this modelling approach is to determine the 'effect' change of rotational speed with the
help of the 'cause' charge/discharge power.

The interfaces of both battery- and electric flywheel modules are identical to the battery module,
which allows a quick substitution of either one in a complete vehicle model.

At the end of the drive train chain the vehicle module is arranged. It models the air drag
resistant force of the vehicle body work, the rolling resistance of the tyres as well as the inertial
force of the vehicle mass on the drive train.

2.2 TNO-ADVANCE

TNO-ADVANCE is a dynamic power train simulation model [2], which has been developed at
TNO Automotive. It has first been developed during 1996 and 1997 within the scope of
programmes sponsored by the Dutch Ministry of Transport, Public Works and Water
Management and the Ministry of Housing, Spatial Planning and the Environment. Since then,
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TNO-ADVANCE has been used in various projects and has continuously been updated and
expanded.

ADVANCE stands for Automotive DriVeline Analysis and Concept Evaluation. Within this
universal, modular simulation tool fundamental and operational aspects of the different power
train components are combined, making use of the knowledge available within the multi-
disciplinary organisation TNO.

TNO-ADVANCE can be used for two distinctly different purposes. On the one hand it is a
design tool for the development of present and future advanced power trains. As such TNO-
ADVANCE cost-effectively enables a design team to dimension power train components and to
design and test control algorithms. On the other hand TNO-ADVANCE can also be employed
to assess the potential of future power train concepts. In that case TNO-ADVANCE is, for
example, used to estimate the energy use for vehicles that are modelled in such a way that they
can fulfil realistic performance requirements.

Based on user requirements, the TNO-ADVANCE simulation tool has the following general
properties:
«  The model is able to predict fuel consumption, emissions and driving performances of a
selected power train on the basis of a driving cycle or an accelerator pedal position,
The model has a modular design, in the sense that modelled drive trains are composed of
individual component modules, each representing a mathematical model of a power train or
vehicle component,
The model is flexible and universal, and can be used for a wide range of vehicles with
different power trains,
The design of a power train can be carried out with a minimum of time and effort,
The model is user-friendly.

In TNO-ADVANCE longitudinal vehicle movements are evaluated in order to predict fuel
consumption, emissions, and driving performance. A mathematical model of power train and
driving resistances is used to describe the behaviour of the vehicle. The mathematical
representation is represented by a set of differential equations, which can be solved when the
driving resistance is defined as a function of time, speed, and place. TNO-ADVANCE solves
the set of differential equations by using the cause-to-effect method.

The driving cycle specifies the desired vehicle speed and road slope as a function of time and
place. A driver model is used to control the accelerator pedal position in order to let the vehicle
follow the required driving cycle as good as possible. The cause-to-effect method enables the
TNO-ADVANCE user to create and simulate power trains without any limitations concerning
the use of slipping components or power split devices.

TNO-ADVANCE has been implemented in a Matrix,, Systembuild environment [3], which
provides a numerical program for simulating dynamic systems. Matrix, is an object-oriented
programming tool, with Systembuild serving as a graphical interface. In the Systembuild
environment the individual power train components are represented by blocks. A mathematical
model of a power train can easily be created by selecting the power train component modules
from the TNO-ADVANCE component library, and connecting these blocks to constitute the
power train model.

Driveline components that have a profound influence on the simulation results are described
here in short.

The internal combustion engine model consists of engine maps (measured data), rather than a
detailed calculation of the combustion process within each cylinder. Engine torque and break-
specific fuel consumption (BSFC — g/kWh) are determined from look-up tables, using the
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throttle position, angular velocity and acceleration as input parameters. The available data
originates from a LD Otto-engine with a maximum output of 130 kW and a maximum speed of
6000 rpm. In order to use this engine map for different ICE specifications, the maps are scaled
in torque range to deliver the desired output power.

The electric machines are modelled together with the necessary power electronics. Two models
are available in TNO-ADVANCE; an asynchronous (or induction) motor, and a permanent
magnet motor. In principal both are AC electric machines, but the power electronics provide
direct current (DC) power.

They can be used in four-quadrant operation, thus applicable as motor and generator. Operating
limitations are determined by defining a nominal power, and an overload factor (set to 1.5). The
electric motor module has the torque available to the driveline as an output parameter,
calculated from the electrically generated torque, minus the inertia effect due to acceleration of
the axle. In the generator module, the electrically generated torque is subtracted from the
available (drive) torque, resulting in the axle acceleration. Depending on the configuration and
other component blocks, either the motor or generator module is selected (both can operate in
four quadrants).

The battery module uses mathematical equations to model the electrochemical characteristics, as
well as data from manufacturers (voltage, internal resistance) to describe a certain type of
battery. Requested power from- or delivered power to the battery is the input parameter, from
which the battery’s current, voltage, SOC and internal resistance are calculated.

A simple representation of the hydrogen fuel cell is used, as there is little information available.
For the same reason a reformer is left out of the model. On the basis of output power demand
the input power is determined with a fuel cell curve, representing the fuel efficiency at a certain
power ratio (defined as desired output power divided by maximum output power).

The wheels are simulated by a complex module. A distinction is made between front and rear
wheels, to account for the load shift during acceleration and deceleration of the vehicle. Even
the wheel-slip, as a result of tyre deformation, is calculated. In the vehicle module, the vehicle
acceleration and speed are calculated from available drive force and the air and slope
resistances.

A driver model is used to convert the difference in desired speed (resulting from the drivecycle)
and actual speed into a driver signal for the driveline control module. The control strategy in
this module is of paramount importance to the behaviour of the driveline. From the driver
signal, throttle position for the ICE (or desired fuel cell output), torque request for the electric
machines, and brake torque are calculated. As each driveline calls for its own specific control
strategy, these will separately be discussed in detail.

2.3 Computer models versus actual vehicles

Two driveline simulation tools have been presented and explained in the previous sections. Both
tools can be used for detailed modelling of driveline behaviour. Despite a detailed level of
modelling, there are limitations to accurate accounting for certain aspects of real-life operating
conditions. An example is the influence of temperature (engine, battery, tyres, etc.) on system
performance. As a result, these factors are not or only to a certain extent included in the models.
Excluding the influence of temperature, for instance, implies that a constant operating
temperature is assumed. Warm-up effects then are not represented by the models and it is not
possible to make comments based on the computer simulations. For that, knowledge from actual
measurements is needed.
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Besides modelling difficulties, the reason for not including known effects in simulations can be
for practical reasons. Comprehensive engine models capable of predicting emissions with
accuracies specified for e.g. standard test procedures are not available and neither is data on
transient effects. The dynamic models for the internal combustion engines for instance do (or
can) include maps on fuel consumption and emissions, yet the data in these maps is derived
from static measurements. Including the transient effects into the models would result in highly
complex and therefore slow models, which is unpractical for comparative assessments of
several different drivelines with even more parameter variations.

This indicates that computer simulations can never entirely replace measurements, since tests
give information on the actual performance of a system. Also, real-life conditions always
involve some kind of measurement resolution or other (almost) uncontrollable factors like the
influence of small pedal variations (no matter how small), which cannot be included in a
simulation. The actual influence of certain factors cannot be determind, yet may be present.

Main effects that are not modelled in IKASIM or TNO-ADVANCE are:
«  Temperatures

- Tire pressure

- Effect of transient engine operation on fuel consumption

- Engine emissions

- Limited or simplified use of time constants

«  Human driving characteristics (repeatability)

Validation

The driveline models which are used for the MATADOR project are generic models that are
very useful for research on driveline behaviour and effects on energy consumption, but that are
not capable of predicting emissions nor can they be used for the ranking of technologies. The
modals do contain all the essential physics so that the response to changing test conditions is
adequately simulated.
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3 IKA driveline models

In support of several subtasks of the MATADOR project, vehicle simulations will be conducted
to investigate the influence of power train configuration and many parameters. In the Subtask
2.1 report (Categorisation of EV configurations) a categorisation is given to classify different
types of vehicles. Several main groups can be identified:

Conventional Internal Combustion Engine Vehicle (ICEV)

Battery Electric Vehicle (BEV)

Parallel Hybrid Electric Vehicle (PHEV)

Series Hybrid Electric Vehicle (SHEV)

Combined Hybrid Electric Vehicle (CHEV)

Fuel Cell Electric Vehicle (FCEV)

Fuel Cell Hybrid Electric Vehicle (FCHEV)

Flywheel Hybrid Vehicle (FWHV)

Figure 2 shows these main driveline configurations. In the parallel hybrid configuration the
electric motor can be coupled at the input (1) or the output (2) shaft of the transmission.
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Figure 2: Types of power trains
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Conventional vehicles are well known and testing procedures for these types of vehicles are
available worldwide. Since the available procedures are likely to pose problems for vehicles
with alternative drivelines the influence of advanced drive trains is partly investigated by means
of simulation. Both IKA and TNO therefore have set up several models with advanced hybrid
electric drivelines. The following sections will discuss the IKA models, and chapter 4 gives a
description of the TNO driveline models.

3.1 Control strategies of the hybrid electric vehicles

3.1.1 Charge-sustaining hybrid vehicles

Aim of the series hybrid is to exploit the more flexible operating possibilities of the combustion
engine, as a result of the missing mechanical connection to the wheels, in order to reduce the
fuel consumption. Thus the hybrid drive train needs a control strategy that uses the high
efficiencies of electric motor, storage device and generator to run the combustion engine in the
optimum operating state. The control strategy determines with the aid of important state
variables e.g. state of charge or demanded power, whether, when and with which charging
power the charging device has to be operated.

The aim of the control strategy of the charge-sustaining parallel hybrid is to operate the
combustion engine at its minimum specific consumption (see curve Il in Figure 8).

In most cases it is not possible to operate the ICE on this control curve exactly, since the
(stepwise) fixed ratio of the transmission between combustion engine and wheels does not allow
a free choice of operation states. In addition to this, it is aimed to use the possibilities of the
electric motor as much as possible, respectively to drive electrically, in case of sufficient energy
content and power demands which do not exceed the maximum of the electric motor.

3.1.2 Charge-depleting hybrid vehicles

The most characteristic property of charge-depleting hybrid vehicles is their dependence of
external recharging. This means, that when driving the vehicle over sufficient distance under
normal driving conditions, the energy of the traction battery is completely used. Eventually, a
proper operation of the vehicle is restrained due to insufficient battery power. In case of
highway traffic however, an eventual cutback of vehicle operation is not wanted since a
sufficient range then is of high importance. This can be achieved by implementing a hybrid
control strategy that relieves the battery at higher vehicle speeds and only uses the internal
combustion engine (parallel hybrid) or the APU (series hybrid) to deliver the demanded power.

To incorporate these properties into the series and parallel hybrid models, following principles
are used defining the control strategy: The demanded power at lower vehicle speeds is always
delivered by the traction battery and as a result of that a depletion of the battery occurs. At
higher speeds, the internal combustion engine of the charge-depleting hybrid vehicle is used to
deliver the traction energy, thus relieving the traction battery and allowing for travelling longer
distances.
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3.2 Series Hybrid Electric Vehicle

3.2.1 Dimensioning

Charging device and electric motor

The charging device, also called APU (auxiliary power unit), consists of a direct injection diesel
engine and an electric generator. Both components have the same mechanical power to avoid
operation with low efficiencies. The energy storage devices do not contain enough energy for
permanent high velocities. In case of longer periods of high velocities, the electric motor has to
take the energy straight from the charging device. So the maximum cruising speed depends on
the maximum power of the APU. With the road load, the vehicle data and the desired maximum
cruising speed it is possible to calculate the demanded power at the wheels, which in connection
with the efficiencies of the electric motor and the generator provides the required mechanical
power of the combustion engine and the generator.

Calculating with the vehicle data of a reference mid-sized car (Table 1), the demanded power at
the wheels results in 44 kW. The double energy conversion in the electric motor and the
generator results in a required power of the combustion engine of about 55 kW. Due to the fact
that the vehicle performances should be comparable with those of the reference vehicle, the
power of the electric motor is chosen equal to the one of the combustion engine of the
conventional vehicle, about 65 kW. In this case there is used a so-called tandem motor with two
output flanges. Each output flange is connected with a motor via a planetary gear. The speed
and torque levels allow a direct connection to the drive shafts.

For the dimensioning the efficiency map of a permanent magnet synchronous motor with
maximum torque curve was available. The power has been scaled from originally 30 kW to 65
kW at unchanged speeds by multiplying the torques by 2.17. This calculation not only considers
the conversion of the electrical energy into mechanical, but also the losses of the planetary gear.
Thus the power of 65 kW is directly available at the wheels.

Table 1: Reference vehicle data

Road load Figures and weight
Air drag coefficient (C,,) 0.3 Frontal area (A) 2.0 m’
Rolling resistance (f;) 0.010 Dynamic wheel radius (Rgyn) 0.28 m
Curb weight + half pay load 1300 kg

Energy storage device

As energy storage devices an electric flywheel and a NiMH-battery are used. For the vehicle
acceleration from 0 to 100 km/h under full load, the flywheel or the battery has to be
dimensioned for the necessary power and energy. They are primarily dimensioned for maximum
electrical power. Therefore the maximum mechanical power of the electric drive train has to be
divided by the motor efficiency. One can determine the energy capacity of the storage device
primarily from the product of maximum electrical power and desired acceleration duration.
After considering the motor efficiencies the energy capacity of the storage device results.
Because the electric motor has a maximum mechanical power of 65 kW and an efficiency of
about 90%, a maximum electrical power of the storage device of about 72 kW is sufficient.
During full load acceleration, the electric motor does not deliver its maximum power from
standstill, at first its power linearly increases with the speed. Therefore, the average demanded
power is 52 kW and the minimum energy capacity of the storage device with a desired
acceleration duration of 15 seconds and an average motor efficiency of 80% is calculated to 970
kJ, or 270 Wh.
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Flywheel

The moment of inertia of the flywheel rotor and its maximum speed is a measure for the energy
capacity, which is calculated with the formula E=0.580>.

The moment of inertia then follows from the maximum speed of the flywheel and, after
considering the efficiency for the internal transformation of kinetic into electric energy of the
electric motor, from the determined minimum energy capacity.

For the flywheel the 72 kW of electrical power leads to a mechanical power of 80 kW, since
efficiency at maximum flywheel power is about 90%. With the minimum considered electrical
energy capacity of 270 Wh, the kinetic energy capacity results to 300 Wh. Since the maximum
flywheel speed is 9000 rpm, the moment of inertia of the flywheel rotor results to 2.43 kgnr’.

Battery
For the dimensioning of the battery, its specifications in terms of energy- and power density are

used. The necessary battery mass for the energy demand as well as for the power demand can
then be calculated. The maximum value of both is the mass to be considered.

For the NiMH-battery the power density is 4 kg per kW, this means that for an electric power of
72 kW the minimum battery weight is 288 kg. The energy density is 40 Wh/kg, which means
that for a minimum electric energy capacity of 270 Wh the minimum battery weight is 7 kg. So
the battery's weight results to 288 kg. The resulting energy capacity then is 11.5 kWh.

The results of the simulated driving performance for the series hybrid are shown in Table 2.
Comparing the values with the demands shows that the components of the drive train are well

dimensioned; only the demanded maximum speed cannot be reached completely.

Table 2:  Series hybrid vehicle performances

0 — 80 kmv/h [S] 0 — 100 km/h [S] Vmax, continuous [km/h]
el. flywheel 8.7 12.7 164
battery 9.7 14.2 164

3.2.2 Charge sustaining control strategy (flywheel and battery version)

The electric motor takes the energy from the charging device until this reaches a predefined
minimum state of charge. At this point the APU is turned on for charging. It is operated most
favourably in the operating state in which its overall efficiency is at its maximum. The power
that is given in this operating state will not be used completely in the lower partial-load range of
the electric motor. Therefore, additional charging power is supplied until the upper state of
charge limit is reached. In city traffic and at low constant driving speed, when the average
demanded power is lower than the power of the optimum operating state, a cycle operating
results, in which the storage device repeatedly is discharged and charged.

In case of higher constant power demands, when the APU is in the optimum operating state and
cannot provide excess power for charging, or when the power of the optimum operating state
even is not sufficient for the demands of the drive train, the APU power is set to exactly provide
the demanded power of the electric motor.

The demanded electric power can be provided by the APU in different operating points. For
each power demand there is one operating state where the overall efficiency is maximum.
Therefore this one is chosen by the control strategy. During this power coverage the storage
device delivers no power and the charging and discharging losses are avoided. Thus the APU
will be run in the operating states of the control line shown in Figure 3, which corresponds to
the optimum power or higher.
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Figure 3: Overall efficiency map of the APU and control line

Consequently there are two operating modes: on the one hand power coverage (direct drive), in
which the state of charge is kept constant by the APU, if the demanded power exceeds the
power of the charging device’s optimum operation state, and on the other hand cycle operating,
in which the energy demanded for a longer period of time is covered by operating the charging
device at its highest efficiency.

Battery and flywheel storage device have principle-cause differences concerning the power
density, the energy density, the charging and the discharging efficiency, which call for different
control strategies.

Strategy of the series hybrid with battery storage device

The battery is charged in different ways by the APU depending on the state of charge and the
power demand of the electric motor.

Depending on the state of charge it is decided, when the battery will be charged. When the state
of charge drops below its lower limit of 70%, the APU starts into charging mode. When the
state of charge reaches its upper limit of 90%, the charging procedure is stopped. This kind of
operating avoids turning on and off the combustion engine too often. Additionally this ensures
the possibility of regenerative braking at any time, that the battery always contains a defined
residual energy content for emission-free driving and that it operates within a range of
maximum efficiency. The on/off-characteristic of the APU is shown in Figure 4.
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After determining the on/off-criterions of the APU in dependence of the state of charge, the
charging power of the APU has to be determined. In case the power demand of the drive train
becomes smaller than the power in APU-optimum, the charging power is set equal to this APU-
optimum power. In case the power demand of the drive train exceeds the APU-optimum power,
the charging device supplies the same power as the drive train requirement. The dependence of
the charging power on the power demand is shown in Figure 5.

Strategy of the series hybrid with electric flywheel storage device

The flywheel storage device has two differences compared to the battery storage device that
influence the charging strategy. First, the energy capacity is smaller when having the same
maximum power, which leads to the fact that the storage device must be recharged more
frequently. Secondly, the range of best charge- and discharge efficiencies of the examined
flywheel is at lower speeds that are at lower states of charge.

Because of its low energy capacity, the strategy provides in using a wide range of state of
charge. At low power demands the state of charge is controlled between 0.25 and 0.9. At the
same time the flywheel is charged by the APU with constant power according to its optimum
efficiency. If the power demand of the drive train exceeds the APU-optimum power, the state of
charge further decreases. If the state of charge in that case drops below 0.25, the charging power
increases linearly with the decrease of state of charge, until the maximum value is reached at
0.05 state of charge. By using this strategy, a covering between power demand of the drive train
and the charging power of the APU at states of charge between 0.05 and 0.25 is reached. In
contradiction to the strategy with battery storage device, the demanded power of the drive train
is not used to determine the charging power (Figure 6).

A power covering
charge power /
cycling
operatior
A A 4
0.05 0.25 0.9

state of charge

Figure 6: Control strategy of the series hybrid vehicle with electric flywheel
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3.2.3 Charge depleting control strategy (battery version)

Series hybrid with NiMH battery

The control strategy of the series hybrid vehicle is as follows: up to 55 km/h, the APU is not
operated, since the battery has sufficient power for a pure electric mode. As soon as the vehicle
exceeds this speed, the APU is started.

In this case, the APU is controlled over its best-efficiency control line in direct operation. This
means that the power demand of the electric motor is directly delivered by the APU, thus
relieving the battery and enabling a recharge independent operation.

As soon as the vehicle speed drops below 45 km/h however, the APU is switched off and the
pure electric mode is entered again. This way too frequent start/stop behaviour of the internal
combustion engine is prevented.

In Figure 7, the stateflow logic of the control strategy is shown. An explanation of the stateflow
symbols is given in Table 3. Also an all-electric mode is possible by setting the simulation
parameter “edrive_only” at the beginning of the simulation to 1.

Table 3: Legend for Figure 7 and Figure 9

Symbol Explanation
& Logical AND operator
| Logical OR operator

~ Logical NOT operator

.\-\q Initial state parameter

O Knot of (different) signals
— —, Fo_mpbmploabigy_n_spuriieel £ | lmarolube_sw_isin]
1 Tl - e T
e ___‘——_____
| ___‘_——\_::__-—__ I'n-:r-m-uurl
s 4 —— — B
T il Wl e arad L] Frorwa rerhwegy v masd ol B gt _ordsl 1,
H ) |
Ty
FHirmietinwn gy _sen_deies] ", RSP —
— A \
- e e 1] I|II
——

(crmose? )|

---\""'\-\.‘ III
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Figure 7: Stateflow diagram of the charge-depleting series hybrid vehicle control strategy
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3.3 Parallel Hybrid Electric Vehicle

3.3.1 Dimensioning

Combustion engine and electric motor

For the dimensioning of this drive train regarding acceleration performance, the traction
interruption during shifting up has to be considered. Up-shifts during full load acceleration up to
100 kmv/h might cause an increase in acceleration time of about 2 or 3 seconds. In the lower
gears the mass factor has a large influence. An overall drive train power of 80 kW therefore is
chosen.

The driving performance of the parallel hybrid depends on the possibility to use the electric
motor as a booster during full load acceleration. This again depends on whether the momentary
energy content of the storage device is sufficient for acceleration. So an influence on the driving
performance by a boost operation should be kept low and therefore the electric motor should not
be to big, and the energy capacity of the storage device should not be to small.

As with the series hybrid, the maximum power of the combustion engine for the parallel hybrid
is calculated with the desired maximum cruising speed also. After considering the efficiencies
of gearbox and drive axle, this maximum ICE power is calculated to be 50 kW. The power of
the electric motor, which should be installed in that case, is 30 kW. Since the acceleration
performance of this ratio (30/50), especially in combination with a flywheel storage device, too
much depends on the momentary energy content, the combustion engine is dimensioned for 60
kW and the electric motor for 20 kW.

Storage device
Analogous to the series hybrid the maximum power of the storage device complies with the

power of the electric motor. Considering the motor efficiency the maximum electric power of
the storage device is 22 kW.

The minimum energy capacity is determined by the desired acceleration performance. The
energy reserve should suffice for accelerations to higher speeds to avoid a change from electric
acceleration to acceleration with the combustion engine only. The content of the storage device
is dimensioned for an acceleration time of 30 seconds. In that case the average power demand of
the motor is to be set to its maximum power, since the electric motor can be driven also at
maximum power in the lower speed range because of the transmission. Thus the moment of
inertia of the flywheel storage device is calculated to 1.62 kgm® and the energy capacity of the
NiMH battery (with a weight of 88 kg) is calculated to 3.6 kWh.

The results of the driving performance for the parallel hybrid are shown in Table 4. If compared
with the objectives, it shows that the components of the drive train are well dimensioned. Also
the continuous maximum speed is reached, in contradiction to that of the series hybrid, which is
actually a little less than the demands.

Table 4: Parallel hybrid vehicle performances

0 — 80 kmv/h [S] 0 — 100 km/h [S] Vmax, continuous [km/h]
el. flywheel 9.9 14.0 170
battery 10.8 14.4 170

3.3.2 Charge sustaining control strategy (flywheel and battery version)

At high state of charge, the drive train operates in electric mode, if possible in terms of power
demand. If the power of the electric motor is not sufficient (above curve III in Figure 8), the
combustion engine is switched on and provides the driving power until the power demand again
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allows an operation in electric mode. If even the maximum power of the combustion engine is
not enough (above curve I), the electric motor has to support the combustion engine and provide
the missing torque. Starting the combustion engine because of a higher demanded power for a
short time after shifting as well as switching off because of a short decrease of the demanded
power has to be avoided.

If the state of charge drops below a defined minimum level while driving in electric mode, the
combustion engine is switched on and the electric motor is operated in generating mode in order
to charging the storage device (load levelling operation). In this charging mode the combustion
engine is kept as close as possible to the optimum control curve. Low power demands (below
curve [V) can only be realized by reducing the power of the combustion engine and maximising
generating power. Power demands above the optimum control curve (up to curve VI) are
provided by running the combustion engine on the control curve while providing the missing
power by the electric motor. If even this maximum power does suffice, the combustion engine is
operated up to maximum power. During standstill, the combustion engine is not used to charge
the storage device. Achieving a defined upper state of charge the control strategy switches again
into electric mode.

The electric mode and the charging mode both have the possibility of regenerative braking. In
charging mode and in combustion engine operation during the electric mode, the combustion
engine will be declutched and switched off after a delay period to avoid switching on and off
too often.

Similar to the charge-sustaining series hybrid there are two main modes in the parallel hybrid.
The switch between these modes is defined by upper and lower limits of the state of charge. In
the first mode there will be driven mainly electrically, in the second mode the engine is operated
and the storage device is loaded. The state of charge limits orientate on the values used for the
series hybrid. Because of a lower energy capacity of the flywheel storage device the lower limit
here is defined at 10%.
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I Mmax combustion engine
11 Moptimum combustion engine
I Mmax electric motor
v Mmin electric motor
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VI Moptimum combustion engine + Mmax electric motor
VII Mmax combustion engine + Mmax electric motor

Figure 8: Operating ranges of the combination combustion engine/electric motor for parallel
hybrid

Figure 9 shows the stateflow diagram implemented in the simulation model of the control
strategy, Table 3 explains the symbols used in the stateflow diagram. In this diagram the
variable ,,init_emode” (0 or 1) gives the possibility to either choose the electric or the charging
mode at the beginning of the simulation.
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Figure 9: Stateflow diagram of the parallel hybrid control
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3.3.3 Charge depleting control strategy (battery version)

For the parallel hybrid, a similar control strategy has been implemented as for the charge
depleting-series hybrid. This means that the vehicle will be driven electrically as long as the
velocity stays below 55 km/h. Because of the low-power electric motor (20 kW) however, a
boost operation of the internal combustion engine is required: If the demanded torque cannot be
delivered by the electric motor (if kickdown is applied), the ICE is started and takes over the
propulsion task. As with the series hybrid, a hybrid operation is again only possible if the
“edrive_only” parameter is set to 0.

During ICE-operation, recuperation of braking energy by the electric motor is possible. In that
case, the combustion engine is operated at zero torque level.

If the vehicle speeds drops below 45 km/h and the power demand can be delivered by the
electric motor, the control strategy again switches into the pure electric mode. The stateflow
diagram of the CD parallel hybrid control strategy is shown in Figure 10.
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Figure 10: Stateflow diagram of the charge-depleting parallel hybrid vehicle control

strategy

Charging characteristics for charge depleting vehicles

In order to determine the charged energy from the grid, after each simulation a charging
procedure has been carried out, in which the NiMH battery is charged to its initial SOC.

In common use, a charging power of 3500 Watt (16A at 220V) taken from the mains is possible.
Based on the experiences with electric and hybrid electric cars at IKA, an average charger
efficiency of 83% has been used.
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4 TNO driveline models

The TNO models are built in TNO-ADVANCE. For the specific components (e.g. ICE, EM,
BAT, WH, VEH, etc.) the same component modules (block diagrams) are used in each vehicle.
Different drivelines can be built by connecting blocks in different ways. Like this, the power
trains described in this chapter have been obtained.

4.1 Battery Electric Vehicle

In a Battery Electric Vehicle (BEV) the wheels are driven by one (or more) electric motor(s),
often coupled to the wheels by a reduction gear. The electric motor (EM) is powered by a
battery. Figure 11 shows the powertrain structure of a BEV. The electric motor and battery
enable regenerative braking, i.e. during braking the EM operates as generator, energy is
regenerated and stored in the battery. The following components are used in the Battery Electric
Vehicle model:

Vehicle (VEH)

Wheels (WH)

Reduction gear (RED)

Electric Motor (EM)

Battery (BAT)

BAT ----3 EM | RED [ WH VEH |
2x) (2x)

Figure 11: Battery Electric Vehicle drivetrain

Battery Electric Vehicles can be Heavy-Duty as well as Light-Duty. At this moment only a LD
BEV has been dimensioned, since those are seen more often than HD applications.

The light-duty vehicle models represent hybrid versions of regular mid-sized passenger cars like
the Opel Vectra, Ford Mondeo, and Peugeot 406. The vehicle frontal area (A) and the air drag
coefficient (Cy) are set to 2.0 m” and 0.3 respectively for all LD vehicle models built by TNO.
A (hybrid) electric vehicle generally is heavier than a conventional vehicle, because the
driveline consists of more components and/or components with a lower power density. The
vehicle weight for the (hybrid) electric vehicles is set to 1350 kg, representing the empty vehicle
with additional payload.

In order to have an acceptable performance, the 0-100 km/h acceleration should be below 15
seconds.

All vehicle models have been given approximately the same drive power of 75 kW maximum.
As a result the Battery Electric Vehicle is equipped with two EMs that each deliver 25 kW
nominal and 37.5 kW maximum power. These powers can, however, be easily changed.

A system voltage of 300 V has been chosen for the LD vehicles. For this, 240 cells of a NiCd
battery are connected in series, and in combination with a capacity of 65 Ah, the battery then
has an energy content of approximately 20 kWh.

The main parameters for the Battery Electric Vehicle are listed in Table 5.
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Table 5: Battery Electric Vehicle component parameters

Battery Reduction gear

Type NiCd i[-] 5.25

Capacity [Ah] 65 Wheels

Cell voltage [V] 1.2 Raynamic [m] 0.295

Number of cells [-] 240 Number of wheels 2/2
(front/rear)

Cell internal resistance 0.72 Vehicle

meoy oo

Electric motor Mass [kg] 1350

Type Permanent magnet |C,, [-] 0.3

Power (nom/max) [kW] (2x)25/37.5 |A[m] 2

Base speed [rpm] 3000

4.2 HD Parallel Hybrid Electric Vehicle

Many different types of Heavy-Duty vehicles currently exist on the market. Several examples
are long distance distribution trucks, delivery trucks, (urban) buses, excavators, buldozers,
tractors, etc. Hence, a wide variety. Not all of these machines are also used for road traffic
however, yet primarily serve a different purpose. Main interest of the MATADOR project
concerns road vehicles like trucks and (urban) buses. In literature, urban buses are often used as
demostrator projects for HD Hybrid Electric Vehicles. Therefore the HD PHEV model is built
as if it where a hybrid electric city bus. Figure 12 shows the power train layout with the
following component modules:

Vehicle (VEH)

Wheels (WH)

Differential gear (DIFF)

Automatic Transmission (AUT.TR.)

Internal Combustion Engine (ICE) + additional reduction gear (RED)

Electric Motor (EM)

Battery (BAT)

The applied engine data in all TNO models is available from a Light-Duty Otto engine, which
has a much higher maximum engine speed than a regular HD diesel engine. The automatic
transmission, however, contains data from a heavy-duty urban bus automatic transmission.
Therefore, the ICE is coupled to the automatic transmission through an additional (loss-less)
reduction gear in order to match the engine speed to the gearbox speed. The use of an Otto
engine in hybrid vehicles is not new. For reasons of exhaust emissions (no/lower particles), an
Otto engine fuelled by LPG or CNG is often applied in hybrids, even though a diesel engine is
generally more energy efficient.

| ICE | RED |—T— AUT.TR. DIFF WH VEH |

| BAT | EM |

Figure 12: HD Parallel Hybrid Electric Vehicle configuration

In a parallel hybrid the internal combustion engine is directly connected to the wheels. Its speed
therefore is linearly dependent on the vehicle speed. The speed of the electrical machine also is
directly linked to this speed. This has its reflection on the control for the parallel hybrid.
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Most preferable would be to operate the ICE in its sweet-spot (most energy efficient operating
point) in case the engine is turned on. Since the speed is imposed from the vehicle speed, the
engine will be operated at different speeds and out of its sweet-spot. Next best solution is to
operate the engine at the most energy efficiency operating point at each engine speed. Since
these points lie at high loads of the engine (Figure 13), this might result in a surplus of
mechanically generated power, causing the electric motor to overload the battery (in case the
requested propulsion power is less than the optimum engine power!).

250

P BAT desired max

[
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L

BAT (Charge)
signal
SOCmid

= - - -Maximum / SOChigh
100 4 —— Optimum /
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w
=

Torque [Nm]
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\_P BAT desired min

Engine speed [rpm]

Figure 13: Torque-speed map Otto engine Figure 14: Battery signal (kW) as function
of SOC

In order to prevent the battery from being overcharged, the requested engine operating point is
made dependent on the SOC of the battery according to Figure 14. This additional battery signal
will, in general, try to maintain a SOC at the value of SOCmid.

From the battery signal (Pgarsignal) together with the driver signal (Ppyiver, from the driver
module, representing the request at the wheels), the actual request for the engine (Picg, as) is
generated with Equation 1.

PICE,des = PDriver + PBATsignal { 0 s PICE,des s PICE,opt } Equation 1

The desired engine output is limited between zero (engine off) and the momentaneous optimum
operating point (speed dependent). When the desired engine power is determined, this value is
used to select the corresponding throttle position.

The ICE and the Electric Motor (EM) together have to provide the requested power at the
wheels. Now that the ICE power has been determined the EM power can easily be determined
to be the net difference of engine power and driver request; motor operation in case engine
output is lower than the total request, and generator operating in case engine output is higher
than requested. Although it might seem that the desired EM power equals the battery signal, this
is not always true, since additional limitations are incorporated along the way which might force
other energy distributions. The torque control signal for the EM is generated by dividing the
desired EM power by the EM speed (which is equal to the transmission input speecd). In case of
braking the electric machine also operates in generator mode, when not limited by a high battery
SOC. Braking energy thus is regenerated.
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Previously it has already been mentioned that the model represents a large city bus. Table 6 lists
the main data which are used for the simulations with the Parallel Hybrid Electric Vehicle
model. The vehicle mass has been chosen at 15000 kg, an average for (hybrid) electric buses.
The performance demand that has been defined, is that the acceleration and top speed should at
least be equal to those in the Dutch Urban Bus Cycle [5]. The actual demand set, thus is that the
vehicle has to be able to be driven over the Dutch Urban Bus Cycle.

Table 6: HD Parallel Hybrid Electric Vehicle component parameters

Internal combustion Reduction gear (engine)

engine

Type Otto i[-] 2.75

Max. power [kW] 130 Differential gear

Max. speed [rpm] 6000 i[-] 4.64

Max. torque [Nm] 240

Transmission Battery

Type Automatic Type NiCd

i (1st gear) [-] 3.429 Capacity [Ah] 50

i (2nd gear) [-] 2.007 Cell voltage [V] 1.2

i (3rd gear) [-] 1.416 Number of cells [-] 500

i (4th gear) [-] 1.000 Cell internal resistance 0.72
[mQ]

Vehicle Electric motor

Mass [kg] 15000 Type Permanent

magnet

Cw[-] 0.6 Power (nom/max) [kW] 80/120

A [m?] 7.0 Base speed [rpm] 500

Wheels

Rdynamic [Il’l] 0.507

Number of wheels 2/4 i = gear ratio

(front/rear)

4.3 Series Hybrid Electric Vehicle

In a Series Hybrid Electric Vehicle the wheels are driven by an Electric Motor only. Basically it
is a Battery Electric Vehicle to which an APU (Auxiliary Power Unit, engine-generator set) has
been added. The APU converts fuel into electricity. Since the configuration is more complex
than that of a BEV the control strategies, of course, are different.

The difference between Heavy-Duty and Light-Duty series hybrid electric vehicles lies more in
the dimensioning of components than in the applied components. Nevertheless, two series
HEVs have been modelled, of which one has been given a HD dimensioning and the other a LD
one. The applied components in the SHEV models (Figure 15) are:
«  Vehicle (VEH)

Wheels (WH)

Differential (DIFF) or Reduction gear (RED)

Electric Motor (EM)

Battery (BAT)

Internal Combustion Engine (ICE)

Generator (GE)
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Figure 15: Series Hybrid Electric Vehicle models

In a series HEV, one or more Electric Motors drive the wheels through reduction and/or
differential gears. The EM is powered from the APU and the battery. The APU is not
mechanically connected to the wheels and thus can operate independently from the road-load.

The main powerflows through the drivetrain are the same for both the LD and HD model (APU
and BAT power the EM). Therefore the control strategies can be alike too. The EM provides
propulsion power and can be used for regenerative braking. The control signal for the electric
motor is linearly dependent on the driver signal, which represents the requested wheel power.

Many control strategies (CS) are possible for the APU. Often the CS is highly dependent on the
application of the vehicle. Here it is chosen to use an arbitrary State-of-Charge (SOC) control.
This means that the APU operating point is selected on the bases of SOC and the previous APU
condition (on/off) alone. Three different control strategies (Figure 16) have been selected to
investigate the resulting effects in the simulations.

APU strategy 1
P APU high

0| off
10 20 30 40 50 60 70 80 90 100
SOC [%]

APU strategy 2
P APU high

off

10 20 30 40 50 60 70 80 90 100
SOC [%]

APU strategy 3
P APU high

P ARU low,

off

10 20 30 40 50 60 70 80 90 100
SOC [%]

Figure 16:

APU control strategies for SHEV vehicle models

The control strategies either use two or three operating points (off/low/high). In the low power
point the engine operates at its optimum BSFC, thus at the highest energy efficiency for this
specific engine. The high output point is selected at higher engine speed (in its most efficient
point at that speed) to ensure that the APU delivers sufficient power for the vehicle to be charg
sustaining, i.e. on average the APU can deliver more power than requested for driving.

It is important to incorporate hysteresis in this control, to prevent the APU from frequently
switching between operating points. Frequent switching would only result in higher fuel
consumption, emissions, and other undesired dynamics (e.g. electric power peaks from the

generator).
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In the LD version only the second APU control strategy is applied, while all three are used in
the simulations with the HD vehicle.

The dimensioning of the HD SHEV vehicle is done according to that of the HD PHEV. Again
the Dutch Urban Bus Cycle sets the demands for acceleration and top speed, this time to be
delivered by the EM only. The engine is used unscaled in the HD SHEV model. In the selected
operating points it, therefore, delivers 27.5 and 69.2 kW for the low and high point respectively.

Just like the BEV, the LD Series Hybrid Electric Vehicle has two electric motors with a
maximum mechanical power output of 37.5 kW each. Since the EMs are powered from the
APU too, the battery capacity has been decreased. The engine is scaled down so much that it
still provides sufficient power for the vehicle to maintain a continuous top speed of circa 150
km/h in its maximum operating point without depleting the battery. The second operating point
lies at its sweet spot.

The main component parameters for both the LD and HD Series Hybrid Electric Vehicle model
are presented in Table 7.

4.4 Combined Hybrid Electric Vehicle

Combined Hybrid Electric Vehicles (CHEV) are even more complex than parallel or series
hybrids. The first mass produced hybrid vehicle nevertheless has a combined hybrid structure.
Toyota has put their Prius (with the Toyota Hybrid System — THS [4]) to the market in Japan at
the end of 1997, and in the summer of 2000 it will also become available in America and
Europe.

The combined hybrid structure actually is a combination of the series and parallel configuration,
i.e. the engine is routed mechanically as well as electrically to the wheels. In the THS the
connection is made through a planetary gear. The ICE and GE are coupled to the sun and planet
carrier axles respectively, while the ring gear axle is connected to the reduction gear, where the
electric motor is coupled. Several other combined hybrid systems with clutches also exist as
research or demonstrator projects.

The CHEV model is primarily based on the Toyota Prius and therefore has the same power train
layout (Figure 17). The following components have been used in the model:
«  Vehicle (VEH)

Wheels (WH)

Reduction gear (RED)

Planetary gear (PG)

Internal Combustion Engine (ICE)

Electric Motor (EM)

Generator (GE)

Battery (BAT)
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Table 7:  Series Hybrid Electric Vehicle component parameters
Heavy-Duty Light-Duty

Internal combustion engine
Type Otto Otto
Max power [kW] 130 65
Max speed [rpm] 6000 6000
Max torque [Nm] 240 120
Operating points [kW] low 27.0 @ 1500 rpm 13.5 @ 1500 rpm

high 69.2 @ 3500 rpm 38.0 @ 3500 rpm
Generator
Type Permanent magnet Permanent magnet
Power (nom/max) [kW] 60 /90 50/75
Base speed [rpm] 3500 4000
Battery
Type NiCd NiCd
Capacity [Ah] 50 6.5
Cell voltage [V] 1.2 1.2
Number of cells [-] 500 240
Cell internal resistance [mQ)] 0.72 0.72

Electric motor

Type Permanent magnet Permanent magnet
Power (nom/max) [kW] 165/247.5 (2x)25/37.5
Base speed [rpm] 2500 3000
Gear
Type Reduction Reduction
i[-] 5.5 5.25
Type Differential
i[-] 4.64
Wheels
Rdynamic [m] 0507 0295
Number of wheels (front/rear) 2/4 2/2
Vehicle
Mass [kg] 15000 1350
Cw [-] 0.6 0.3
A [m’] 7 2

O RED WH VEH

ICE PG_l

Figure 17:

Combined Hybrid Electric Vehicle structure (based on Toyota Hybrid System)

In this system the planetary gear is one of the most important components, since it enables
continuously variable operation of the ICE, in order that it can be operated at its most energy
efficient points at all times. The generator is used to control the engine speed over the planetery
gear (torque distribution fixed, speeds have linear dependency of one another) and the electric

motor functions as torque assist or is used for regenerative braking.
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The idea of this combined hybrid structure is that propulsion power directly comes from the ICE
as much as possible. The system control (control strategy) itself determines which is the
optimum route for the requested power. At higher speeds power will flow directly through the
mechanical connection to th wheels (parallel path), while at low speeds the electrical path
through GE and EM will be used (series route), or the engine might be shut off at all.

The actually delivered ICE output is determined from the wheel request and the battery State-of-
Charge, just like it is in the Parallel Hybrid Electric Vehicle model described before. Each
requested power corresponds to an operating point (torque and speed). Through the planetary
gear relations the desired GE power and speed then are determined. Dependent on the delivered
engine power which is directly routed to the reduction gear and requested wheel power, the
electric motor operates as torque assist or as electric brake.

The previously defined vehicle data (mass, Cy, A) are used for this model again. The electric
motors are given the same power as those in the Toyota Prius, and the available engine map is
scaled down. The final component data for the Combined Hybrid Electric Vehicle is listed in

Table 8.

Table 8:  Combined Hybrid Electric Vehicle component parameters

Internal combustion Generator

engine

Type Otto Type Permanent magnet
Max power map/limited 65 /41 Power (nom/max) [kW] 15/22.5
[kW]

Max speed map/limited 6000 /4100 |Base speed [rpm] 4000
[rpm]

Max torque [Nm] 240 Planetary gear

Battery i[-] 3
Type NiCd Reduction gear (engine)

Capacity [Ah] 80 i[-] 3.927
Cell voltage [V] 1.2 Wheels

Number of cells [-] 240 Rynamic [m] 0.295
Cell internal resistance 0.72 Number of wheels 2/2
[mQ] (front/rear)

Electric motor Vehicle

Type Permanent magnet|Mass [kg] 1350
Power (nom/max) [KW] 20/30 Cw[-] 0.3
Base speed [rpm] 940 A [m?] 2

45 Fuel Cell Electric Vehicle

Currently many vehicle manufacturers conduct research on the application of fuel cells in
vehicles. The fuel cell then converts the fuel into electricity, which is used to directly power the
electric motor(s). The driveline structure (Figure 18) is similar to that of the Battery Electric
Vehicle, yet with a fuel cell instead of the battery. As a result of lacking an energy storage
system, no energy can be regenerated in a Fuel Cell Electric Vehicle (FCEV). At the same time,
the fuel cell also operates like a conventional engine, i.e. transient since it is the only power
source for the EM. In TNO-ADVANCE a model of a FCEV has also been built.
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The following components have been used:
Vehicle (VEH)
Wheels (WH)
Reduction gear (RED)
Electric Motor (EM)
Fuel Cell (FC)

7t }----s oM ] we [ wn ] ven ]

(2x) (2%)

Figure 18: Fuel Cell Electric Vehicle configuration

A Light-Duty vehicle has been dimensioned. In fact, only the fuel cell is dimensioned to meet
the electric motor specifications as they were set for the BEV. Using an 85% efficiency of the
EM at maximum power (2x 37.5 kW mechanical) and some power for the auxiliaries, then the
fuel cell has to have a maximum electrical power output of approximately 90 kW. The data for
the FCEV is presented in Table 9.

4.6 Fuel Cell Hybrid Electric Vehicle

Instead of a pure fuel cell electric vehicle, it is also possible to create a hybrid fuel cell vehicle.
The power train configuration (Figure 19) then is equal to that of the Series Hybrid Electric
Vehicle. Instead of the engine-generator set, a fuel cell is applied. The main power train control
for the Fuel Cell Hybrid Electric Vehicle can actually be kept the same as that for the SHEV.
Since a battery is present in the system, regenerative braking is possible. With respect to the
FCEV, main differences are the steady-state operation of the fuel cell (the same control strategy
is applied, Figure 16) and that it is a less powerful fuel cell.

————>Q< ——————— > EM | RED | WH | VEH |
1

(2x) (2x)

1
BAT

Figure 19: Fuel Cell Hybrid Electric configuration

In general, all component data has been directly copied from the other LD vehicle models. The
fuel cell power and its operating points are determined from the electrical output of the
generator in the Series Hybrid Electric Vehicle. All data is listed in Table 9.
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Table 9:  Fuel Cell (Hybrid) Electric Vehicle component parameters

FCEV FCHEV
Fuel Cell
Type Hydrogen Hydrogen
Max power [kW] 90 36.5
Operating points low/high [kW] transient 10.95/36.5
Electric motor
Type Permanent magnet Permanent magnet
Power (nom/max) [kW] (2x)25/37.5 (2x)25/37.5
Base speed [rpm] 3000 3000
Battery
Type - NiCd
Capacity [Ah] - 6.5
Cell voltage [V] - 1.2
Number of cells [-] - 240
Cell internal resistance [m€)] - 0.72
Reduction gear
i[-] 5.25 5.25
Wheels
Rdynamic [m] 0295 0295
Number of wheels (front/rear) 2/2 2/2
Vehicle
Mass [kg] 1350 1350
Cyw [-] 0.3 0.3
A [m?] 2 2

4.7 Vehicle models performances

Many performance criteria can be used to dimension a vehicle. For the LD vehicle models a
performance demand was set in order to create vehicles that are mutually comparable. For this
research only one demand has been set: 0-100 km/h within 15 seconds. This is a moderate
demand. For each vehicle model, several performances have been determined. Since all vehicles
have been given the same weight and drive power, different figures are only found for drivelines
with (completely) different control strategies. In case of comparable control strategies (e.g.
SHEV, FCHEYV), differences occur due to slightly different dimensioning.

Table 10: LD vehicle model performances

LD vehicle model
Acceleration [s] BEV SHEV CHEV FCEV FCHEV
0-60 km/h 6.7 6.7 6.9 6.7 6.7
0-100 km/h 12.7 12.7 14.6 12.7 12.7
80-120 km/h 7.9 7.9 9.3 7.9 7.9
Continuous speed [km/h] 189 164 154 189 163
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5 Conclusions

The goal of Subtask 2.2 was the ‘Development of simulation models’ that could be used to
investigate many aspects which were defined as key issues in the MATADOR Task 2 project.
Both IKA and TNO already had tools for dynamic driveline simulation at their disposal, called
IKASIM and TNO-ADVANCE respectively.

Both partners have built an extensive set of driveline models, together comprising many of the
possible powertrain configurations. Main functionality for the models is showing representative
driveline behaviour. The working of components therefore has to be similar to real-life
operation. Many components have not actually been validated however. The results of the
simulation, therefore, may only be compared qualitatively. Ranking the different powertrain
configurations is also not allowed due to the lack of actual validation. All models are meant to
give insight into the differences in driveline behaviour for various types of powertrains, not to
rank them in terms of energy efficiency.

At IKA the following Light-Duty driveline models have been set up:
3 x Parallel Hybrid Electric Vehicle
Battery storage system (Charge sustaining & depleting)
Flywheel storage system (Charge sustaining)
3 x Series Hybrid Electric Vehicle
Battery storage system (Charge sustaining & depleting)
Flywheel storage system (Charge sustaining)

At TNO the following (charge sustaining) driveline models now are available:
1 x Battery Electric Vehicle (Light-Duty)
1 x Parallel Hybrid Electric Vehicle (Heavy-Duty)
2 x Series Hybrid Electric Vehicle (Light-Duty & Heavy-Duty)
1 x Combined Hybrid Electric Vehicle (LD)
1 x Fuel Cell Electric Vehicle (LD)
1 x Fuel Cell Hybrid Electric Vehicle (LD)

All of these models are used to support the research conducted in other subtasks of the
MATADOR Task 2 project and have proven to be very useful for this purpose. Quite often in
the Subtask Reports, the models are referenced to with an abbreviation, which will be included
in the list of abbreviations. Detailed information on the models, however, is only presented in
this subtask report.

Simulations can never fully replace actual measurements. A computer model’s representativity
is always limited by factors like the influence of temperatures or tyre pressure, that can hardly
be modelled. Practical reasons can also be the cause for not modelling known effects. Detailed
models can result in time-consuming simulations and also obtaining necessary, meaningful data
can be a problem (e.g. which and how do you measure transient effects on for instance fuel use
and emissions of combustion engines). Well-known effects then are not included into the
models.

The models described in this document are generic models, which can very well be used to
research driveline behaviour and energy consumption, yet that cannot produce useful
information on the emission of a certain driveline type. The models do contain all the essential
physics so that the response to changing test conditions is adequately simulated.
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Nomenclature

Abbreviations

APU Auxiliary Power Unit (generally an ICE with generator)
BEV Battery Electric Vehicle

HEV Hybrid Electric Vehicle

SHEV Series Hybrid Electric Vehicle

PHEV Parallel Hybrid Electric Vehicle

ICE Internal Combustion Engine

NiMH Nickel Metal Hydrid battery

SOC State Of Charge (of the electric energy storage device)
UDDS Urban Dynamometer Driving Schedule

HWFET Highway Fuel Economy Test

SC03 Supplemental Federal Test Procedure Start Control Cycle
uS06 Supplemental Federal Test Procedure High Load Cycle
NEDC New European Driving Cycle

ECE City Cycle, Urban Part of NEDC

FT Failure Time

FTP Federal Test Procedure

IFT Independent Full Charge Test

IPT Independent Partial Charge Test

DFT Dependent Full Charge Test

DPT Dependent Partial Charge Test

EVT Electric Vehicle Test

EOT Engine Only Test

RI Recharge Independent

RD Recharge Dependent

ovC Off Vehicle Charge Capable
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1 Introduction

In Task 2 of the MAT ADOR-project test methods (Management Tool for the Assessment of
Driveline Technologies and Research, EU-contract JOE3-CT97-0081) for battery-electric,
hybrid-electric and fuel cell vehicles are analysed in order to support the development of new
test procedures for these vehicles with alternative drivelines. The development and definition of
test procedures with alternative drivelines for determining the fuel consumption and emissions
requires a detailed work on the technical aspects, which depend strongly on the vehicle’s
technology. This is obviously more complicated for the development of procedures for a
comparative assessment of technologies, which must cover many different aspects, than for the
development of procedures needed for homologation, where only values for the fuel
consumption and the emissions are mostly relevant. As a basis for the development of new
procedures, existing standards for battery electric and hybrid vehicles are analysed in this
subtask report.

This report deals with the evaluation of existing standards for battery electric vehicles and
hybrid vehicles. Currently a number of already adopted or draft standards exist. Additionally,
various institutes have developed their own procedures.

Concerning vehicle test procedures a general conflict exists between the following aspects:

Simple application with regard to time and equipment needed for the test and correlation to the
real conditions under which these vehicles are used in reality.

Especially for hybrid vehicles this problem becomes evident, for three reasons:
«  The variety of realised propulsion systems to be covered is much more higher than for

conventional or also electric vehicles.
Different types of storage and transfer devices (batteries, flywheels, capacitor etc.)
have to be considered.
Driver or automatic selected driving modes change the behaviour of the vehicles in
terms of emissions and energy consumption and therefore have to be taken into
account.

So the main issue of the work reported here was to asses these standards in terms of
applicability, accuracy and suitability for different vehicle types and propulsion system
configurations, regarding the above problems.

This work is performed in two ways, theoretic analysis on basis of simulations and practical
experience by doing real measurements with available vehicles. The experience and possible
problems encountered during the test allows a deep understanding of the problems of applying
and defining test procedures.

Because of the fact, that there is no great number of hybrid vehicles available for testing, the
simulations were made to make an analysis of configurations possible, which cannot be done on
prototypes.
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2 Standards for electric and hybrid vehicles

2.1 Introduction in the compared standards

The standards which are discussed here for electric vehicles are:
EN 1986-1: Electrically propelled road vehicles — Measurement of energy performances —
Part 1: Pure electric vehicles
SAE J 1634: Electric vehicle energy consumption and range test procedure
Additionally, two testing procedures, which have been established for internal use in the
regarding institutes, have been discussed too.
HTA-Biel: Mendrisio BEV Test Procedure
ENEA: BEV Test Procedure
For hybrid vehicles the following procedures are investigated:
prEN 1986-2: Electrically propelled road vehicles — Measurement of energy performances
— Part 2: Thermal electric hybrid vehicles (Draft)
SAE J 1711: Recommended practice for measuring the exhaust emissions and fuel
economy of hybrid vehicles (Draft)
California Air Resources Board (CARB): California exhaust emission standards and test
procedures for 2003 and subsequent model zero-emissions vehicles, and 2001 and
subsequent model hybrid electric vehicles, in the passenger car, light-duty truck and
medium-duty vehicle class (adopted 5.8.1999)

2.2 EN 1986-1: Electrically propelled road vehicles — Measurement of
energy performances — Part 1: Pure electric vehicles

This standard is used for vehicles for passenger transportati