Electrifying the propulsion systems of vehicles provides a number of functions that can
help reduce energy consumption. This is achieved by optimizing the operating
conditions of the heat engine and by recovering a variable fraction of the available
energy during braking, in hybrids that we will hereinafter call “discrete”. The simplest
systems, which make it possible to eliminate idling, yield fuel savings of 5 to 7% in
the standardized European cycle. The most complex systems, which provide more
functions, lead to savings of up to 40%.

Electrification also allows the creation of additional functions, of benefit to the users of
the vehicle or to the community, such as all-electric range and connection to the grid.

The implementation of these functions will require the addition of electric motors that
will be coupled to the engine in various architectures—series, parallel, series-parallel,
and all-electric—and will be more or less compatible with the existing components
(transmission or wheel).

The announcements of the various auto makers and equipment suppliers suggest that
the vehicle electrification may accelerate in the future, and constitute an opportunity in
today's difficult economic and environmental context. The penetration of electrification
among the vehicles sold will then depend on the successes achieved in mastering
energy storage, costs, and industrial production.

The role of greenhouse gases in climate change is now

generally acknowledged. Transport, in particular road
transport, accounts for a large share of greenhouse gas
emissions, and very stringent regulations will soon be
applied in the sector.

In this context, the electrification of road transport will
be one of the possible approaches; it may be confined to
the vehicle itself (propulsion, auxiliaries) or interact with
the energy sector (using electricity as vector).
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This can be illustrated through the three examples
described below.

Electricity on board
The primary function of a vehicle’s propulsion system is
to move it. But the following remarks may be made:

the increasing number of functions performed on
board, for comfort, safety, and communication, has
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led to an increase of the number of electrical actuators
and in consequence of the power of the on-board
network. This power passed the 1,000 W mark in the
1980s, doubled by 2000, and may reach nearly
5,000 W in 2010,

the mean power needed to move a vehicle is less than
10 kW for urban trips on level ground, and so of the
same order of magnitude as the power of the on-
board electrical network.

This convergence of power levels indicates that, for
some types of use, it may become worthwhile to use
electrical energy in the vehicle's propulsion system.

The energies involved

If we consider the flows of energy involved when a vehicle
travels on a level road, we find that they depend on three
forces: aerodynamic drag, rolling resistance, and inertia.
The energy associated with the first two forces is dissi-
pative and is lost as heat. The third force is a potential
that can be recovered each time the vehicle decelerates.
Analysis of these flows shows that the potential for
energy recovery under urban conditions is very large
(see Figure 1) and that it quickly falls off when
traffic conditions become more fluid’.

Fig. 1 - Example of breakdown of energy, by use, in a passenger car

200

[ Inertia [0 Aerodynamic drag [ Rolling resistance

180 -

160

140

h

-

N

o
T

0 1 1
Urban Open road
Vehicule type of use

Motorway

Conditions of use of the IC engine

Analysis of engine operating conditions shows that they
are very sensitive to the use made of the vehicle. Engine
speeds and loads are low under urban conditions,

(1) Le génie électrique automobile: La traction électrique: Alleau T, Badin F., Beretta J.,
Bleijs C., Bonal J. (2005). Hermés Science, Traité EGEM - Série Génie électrique.
Paris: Lavoisier, 340 p. ISBN 2-7462-1094-0.
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leading to rather low efficiencies, whereas under open
road and motorway conditions the zones of operation
are close to the peak efficiencies of the engine.

If we consider the use of the vehicle itself, it becomes
apparent that many trips are too short for the engine
and exhaust gas treatment system to reach their opti-
mal temperatures: according to the ADEME, 50% of trips
by car are shorter than 3 km. These uses result in a
substantial increase of consumption and of emissions of
pollutants and of CO,,.

As we shall see below, electrification of the propulsion
system can significantly improve the conditions of use of
internal combustion engines and thereby reduce their
harmful effects.

The various functions listed below are implemented in
the vehicle primarily for the purpose of reducing fuel
consumption. The vehicles concerned, which can be
called “discrete hybrids”, provide no other new functions,
such as the functions presented in section “Comple-
mentary functions”.

Optimized management of electrical energy
on board

Electricity is produced on board conventional vehicles by
a belt-driven alternator that delivers power via a diode
rectifier bridge to the on-board 12-V network. Until
recently, such a system was optimized mainly in terms
of cost, to the detriment of global efficiency, limited to
between 50 and 60%. The increasing power of the on-board
network and the search for minimum consumption have
led equipment suppliers to improve the system, its
electronics, and its control.

In an optimized system, the energy delivered by the
alternator is not determined solely by the consumption
on the on-board network, but can be coordinated with
the use of the vehicle. Recharging of the battery is for
example favored during decelerations, when the engine
is driven by the wheels, for the purpose of reducing fuel
consumption by recovering a fraction—even if it is still a
very small one—of the energy of deceleration.

This approach is to be true limited in its effects, but it is
very inexpensive and could come into widespread use in
the short term.

Stop&sStart system

The function implemented in this system, also called
“micro hybrid”, is stopping the engine when the latter is
not producing motive power for the vehicle, in other
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words essentially eliminating idling. The fuel savings,
and the reduction of CO2 emissions, will therefore be
greater to the extent idling accounts for a significant
share of running conditions: for a mid-sized car, if the
measured saving is 5 to 7% in the standardized
European MVEG cycle, it can reach 10 to 15% in an
urban type cycle but will be negligible in motorway
type use.

The implementation of this function depends on the
possibility of engine starts that are dependable, clean (in
terms of regulated pollutants), rapid (a few tenths of a
second), quiet, vibration-free and automatic [(in
response to driver action on the pedals). The engine is
started by a motor that is more powerful than a starter
(2 to 4 kW], can be linked by belt to the engine, and can
also be used as a generator, such as the Stop&Start
alternator-starter systems marketed by Valeo for the
Citroén C1 and C2 along with the Smart Fortwo MHD
from Daimler-Benz. The engine can also be started by a
reinforced starter, such as the system proposed by the
equipment supplier Bosch.

These systems retain energy storage using optimized
12-V lead-acid batteries and add only a few hundred
Euros to a vehicle's cost. They are currently imple-
mented in vehicles that are primarily urban, in which the
potential fuel savings are largest.

Stop&Start System with regenerative braking

These systems are derived from those just described
but use a more powerful motor (4 to 6 kW, belt-driven)
and a storage system combining a lead-acid battery and
supercapacitors. This configuration recovers a fraction
of the energy available during braking and can start
larger gasoline and diesel engines, and so be used in
more vehicles. Highly satisfactory preliminary results
have been obtained by Gruau? and Valeo with the
STARS+X system in a 22-passenger Microbus in the
Prédit3 Micro-Carré program.

Regenerative braking increases the fuel savings, which
could then reach, in a passenger car, 10 to 12% in the
standardized cycle. The presence of the supercapacitors
makes it possible to run the motor at a higher voltage
(42 V), but requires the use of a DC/DC converter to
supply the 12-V on-board auxiliaries network.

The use of a more powerful motor and of new components
(supercapacitors, converter) adds to the cost of this
system (of the order of €500 to 900, so it will not spread
as rapidly as the previous one.

(2) Micro?, une hybridation accessible: Y. Peurou Gruau, G. Menou Valeo - Clean buses workshop,
Lille 24 and 25 september 2007.
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Engine assistance

In this configuration (called “mild hybrid”), a more powerful
electric motor (10 to 20 kW) is used, making it possible,
in addition to the functions already mentioned, to assist
the engine by providing additional torque during driving
phases ("boost” mode]. The torque curve obtained by
combining the heat engine and electric motor preserves
good performance at low engine speeds, like a tur-
bocharged diesel engine, while using a severely down-
sized gasoline engine, as illustrated in Figure 2.

The auto maker Honda markets this configuration with
its IMA system implemented on the Insight and the
Civic. The electric motor, characterized by a very high
ratio of diameter to length, is fitted on the end of the
crankshaft, in place of the flywheel, between the engine
and the transmission (Figure. 3). For this power level,
the storage voltage is generally 120 to 150 V, with a total
energy of less than 1 kWh. In this vehicle, compared to
its gasoline equivalent, the fuel savings are of the order
of 30% under urban conditions, 15 to 25% in the stan-
dardized European MVEG cycle, and very low under
extra-urban conditions.

The added cost of this system will be higher, in the
range from €1,000 to 2,200.

Fig. 2 - Torque characteristic with and without electric motor, Honda
Insight 2000 (after)
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All-electric mode

This function allows the vehicle to run using its electric
propulsion system alone; in other words, the engine can
be isolated from the transmission and stopped during

(3] Development of integrated motor assist hybrid system: Development of the ‘Insight’, a personal
hybrid coupe: K. Aoki, S. Kuroda, S. Kajiwara, H. Sato, Y. Yamamoto, Honda R&D Co, Ltd: SAE
paper 2000-01-2216, Government/Industry meeting, Washington DC, June 19-21 2000.
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Fig. 3 - Installation on the engine in the Insight 2008 (document Honda)

Engine Electric motor

these phases. This “full hybrid” configuration provides
many more ways to optimize the operation of the
engine, since most of the low-efficiency situations can
be offloaded to the all-electric mode. The electric
propulsion system will be larger here, with a 20 to
50 kW motor, storage at a voltage of 200 to 300 V, and a
total energy of 1 to 2 kWh.

Figure 4 shows the arrangement of the components on
PSA’s Hybrid-HDI prototype; note in particular the clutch
(10) that serves to isolate the engine from the transmis-
sion to allow the electrical modes, and regenerative
braking that is much more energy-efficient, since it is
now possible to eliminate the friction losses of the
engine (which would not have been possible without the
all-electric function).

The very high level of optimization that will be possible
in the use of the engine is going to lead to extremely
high fuel savings, up to 40% in urban conditions, where
conventional propulsion systems are least efficient.
These relative savings fall off, to between 10 and 20%
under open-road conditions and become nearly negligi-
ble on motorways. The complexity of this system and the
dimensioning of its components induce however a large
added cost, currently estimated at between €2,500 and
5,000. The most widely used hybrid to date, the Toyota
Prius, implements all of these functions.

Note that implementation of the all-electric mode
requires that all the auxiliaries of the vehicle be electri-
fied, in particular those ordinarily driven by the engine
(air-conditioning, power brakes).

Optimized management

These various operating modes must be used in a
dynamic manner, changing in the course of use of the
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Fig. 4 - PSA's Hybrid HDI propulsion system (document PSA)
Powertrain and gearbox system
PEUGEOT 5o, ~HybrideHDi«

SITROEN

1 - 1.6 liter Diesel engine (66kW).

2 - DPF: DieselParticule Filter (PSA Patent).

3 - Stop&Start System.

4 - Electric motor (16 kW).

5 - Automatized Manuel Transmission (AMT - 6 gears).

6 - Power electronics (Inverter and Converter)
Inverter: drives the electric motor.
Converter: converts high-voltage to 12 V onboard network.

7 - Low-voltage battery (12 V).
8 - PTMU: PowerTrain Management Unit.
9 - High-voltage cables.

10 - Dry clutch. A
PSA PEUGEOT CITROEN

vehicle, and make allowance for the state of the various
components, in particular the state of charge of the
energy storage system. This complex management cannot
be entrusted to the driver, so auto makers, equipment
suppliers, and research laboratories have developed
complex software specific to the management of hybrid
propulsion systems.

The objective is to ensure optimal management and
control of the components in order to minimize the
energy consumption of the vehicle while preserving its
performance and if possible enhancing its drivability. In
the near future, the management laws might make
allowance for the parameters of the vehicle’s environ-
ment, such as traffic conditions and relief, and for fleet
operating parameters.

Complementary functions

The functions listed below will enable a hybrid vehicle,
one that might be called a “functional hybrid”, to provide
one or more advantages for the driver, the passengers,
or the local or global environment.

Such additional functions should help justify the added
cost of the vehicle by extending its uses (entering a
downtown area closed to polluting vehicles) or by reducing
its energy cost (use of another energy vector).

PAN@DRAMA
2009
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Electric mode with range

This mode complements the electric mode presented in
section “All-electric mode”, from which it is distin-
guished by the fact that the driver, or possibly an exter-
nal infrastructure, will be able to stop the engine and
keep it off for a specified distance (the “all electric
range” or “AER", of the order of 5 to 20 km in Europe, up
to 60 km planned in the United States). The dynamic per-
formance of the vehicle in this mode will therefore
depend on the power available from the motor and the
battery (20 to 50 kW) and on the total energy contained in
the battery (5 to 20 kWh).

This operation without local harmful effects makes it
possible to consider special uses of the vehicles, such
as night deliveries in city centers.

Connection to the grid
Grid recharging

In a discrete hybrid, the battery’s “state of charge” (SoC,
conventionally 100% in the fully charged state and 0% in
the discharged state] is constantly kept close to an
intermediate value (generally 50 to 60%; this is the
“charge sustaining” model; in the grid recharging case
the energy management system lets the SoC drift (this
is the “charge depleting” mode) down to a lower limit
generally determined as a function of aging and perfor-
mance (of the order of 20%). The battery can then be
recharged from the grid (“plug-in” hybrid). The following
remarks may be made:
the battery can be discharged gradually in the course
of use while minimizing the use of the engine, which
will serve mainly to maintain dynamic performance
(“blended” mode). This operation is less demanding
in terms of the size of the electrical system, but the
vehicle has no AER,
the battery can be discharged while implementing the
all-electric function (AER). This is the choice made for
example by GM in its Volt vehicle, which has a range of
the order of 60 km thanks to a 16 kWh Lithium battery,
a driver who wishes to continue beyond maximum
discharge of the battery is not limited, as would be
the case with a pure electric vehicle, but can continue
by reverting to the charge sustaining mode, using the
engine.
This function is going to make it possible to shift
consumption from a hydrocarbon to another primary
source of energy, using electricity as vector. Energy
sources that are renewable, or emit very little green-
house gases, could then be used to decrease the global
impact of the vehicle, which should be then evaluated in
a approach that makes allowance for all of its energy
sources [a Well to Wheel approach).
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Because of the size of the battery, the added cost of the
all-electric range and grid recharging solutions will be
very high; the price range estimated using current data
is €5,000 to 20,000.

Exchange of energy with the grid

This function is derived from the one just described, but
in this case the system will be capable of providing
energy compatible with that of the distribution grid:

to a home network, to complement a hard-to-control
renewable source (wind, solar), supply power during
an outage, or optimize costs (this is the “Vehicle to
House” or “V2H" concept],

to the distribution grid, for the purpose of facilitating
regulation by the operators, in particular with respect
to supply at consumption peaks, or of optimizing
costs (this is the “Vehicle to Grid” or "V2G" concept),

to the vehicle itself, from 110 or 220 V AC outlets
serving to supply auxiliaries for comfort or for work.

The V2H and V2G approaches will require the use of
two-way power grids capable of managing safety func-
tions, operation, and metering in all of these cases, which
may require large investments (“smart grid” concept/.

Distributed propulsion

The use of electric motors for propulsion makes it possible
to consider innovative architectures, for example
propulsion of the rear wheels in a FWD hybrid. A config-
uration like this was used by PSA in its Prologue
HYmotion4 concept car, unveiled in the autumn of 2008
(Figure 5).

Fig. 5 - PSA Prologue HYmotion4 concept car (after PSA)

1 - Electric motor
driving rear wheels

2 - Battery
3 et4 - Command and control
electronics

5, 6 et 7 - Hybrid propulsion
of front wheels
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The quasi-instantaneous activation of the rear electric
motor makes it possible to have a vehicle that is 4WD
only when necessary, in other words to enhance safety
and drivability while helping to reduce energy consump-
tion through the optimization of regenerative braking on
all four wheels.

Propuision architectures

The implementation of the functions described here is
going to require the introduction of electric drive motors
that can be coupled to the propulsion system in several
different ways:

m series coupling, similar to electric propulsion, with a
heat engine that is not connected to the driving
wheels but powers a generator. The advantages of
this solution are that the engine is completely isola-
ted from variations of the power and torque demand
of the vehicle, full performance is available in the
electric mode, and the solution is simple to control.
On the other hand, this coupling requires two electric
drive motors, and the efficiency of transmission from
the engine to the wheels is low. Series coupling was
studied extensively in the 1990s for passenger cars in
Europe, especially in combination with gas turbines
(PSA, Renault, Volvo), and is still used in buses
because it allows great architectural freedom (full
low floor). This coupling recently returned to the spot-
light with the announcement of GM’s Volt project, a
vehicle with an all-electric range of the order of
60 km and grid recharging, to be available by the end
of 2010. Note that series coupling can be regarded as
a step towards the elimination of the engine and its
replacement by another generator, such as a fuel
cell, or by storage in an all-electric architecture (see
below],

m parallel coupling, close to a conventional propulsion
system in which an electric motor is mechanically
coupled to the transmission. This configuration pro-
vides a large number of possible variants as regards
the position of the motor (on the drive shaft or not)
and its coupling to the transmission (before or after
the gearbox, on the engine, etc.). Parallel coupling
requires only one electric motor, the power of which
can vary according to the functions provided, and
allows efficient use of the engine. On the other hand,
its performance in the electric mode is more limited,
and controlling it is more complex, especially mana-
gement of the instantaneous torques and speeds and
of the clutch. This architecture has been chosen in
particular by Honda for its IMA system, marketed on
the Insight, Accord, and Civic; it is also being studied
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by VW on its Golf hybrid. Note that other types of
parallel coupling can be implemented by using elec-
tric motors on the non-driving wheels of a conventio-
nal vehicle, in which case, coupling is via the road
(“through the road” hybrid). This configuration was
chosen by PSA for its Prologue prototype, with a cen-
tral motor on the rear axle (see above), and by Citroén
for the C-Métisse, which uses two motors in the rear
wheels,

m series-parallel coupling or power split, developed for
the purpose of maximizing savings by combining the
advantages of the two possible configurations. Toyota
chose this configuration for its Prius hybrid, which
has two electric motors linked by a planetary gear-
train to the engine and to the transmission. The auto
maker Renault has also worked on this concept,
using two electric motors and two planetary gear-
trains in order to optimize performance (Figure 6). A
consortium of American and European auto makers
(GM, Chrysler, Mercedes-Benz, and BMW] is also
working on the development of a series-parallel
gearbox (Figure 7,

Fig. 6 - Series-parallel propulsion system Renault E-iVT*
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m all-electric architecture, the ultimate step in electrifi-
cation of the propulsion system, with an all-electric
vehicle comprising one or more electric drive motors
and an on-board electrical energy storage system.
This could be of the closed type, such as a battery or
a battery-supercapacitor (or flywheel) pair, or, in the
future, of the open type, such as a zinc-air or alumi-
nium-air generator, which could be recharged with
metal plates. There have already been attempts to
manufacture electric vehicles industrially in the past,
notably in France and the United States, that were not

(4) Dual mode electric infinitely variable transmission: A. Villeneuve, Renault - Doc. Renault.

PAN@DRAMA
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Fig. 7 - Series-parallel hybrid gearbox (document GM)

followed up. However, advances not only in electro-
chemistry and in battery management, but also in the
electrical engineering of the motors and in communi-
cation (locations of charging stations, etc.) and ser-
vices (battery exchange), have encouraged manufactu-
rers to propose new products. These latest-generation
electric vehicles have ranges of from 100 to 200 km
and could replace conventional vehicles in a non-
negligible share of uses, in particular peri-urban and
urban uses. The use of wheel motor technologies also
makes it possible to consider recasting the architec-
ture of the vehicles, along the lines of the Heuliez-
Michelin concept on the Will. Several auto makers,
among them Renault-Nissan and Mitsubishi, along
with Chinese auto makers, have for example announ-
ced the marketing of electric vehicles between 2010
and 2012. The prices of these vehicles, equipped with
20 to 30 kWh of Lithium batteries, are still very high,
with added costs of the order of €10,000 to 20,000, but
progress is expected with the arrival of mass produc-
tion. In addition, more general use of electric vehicles
will depend on the implementation of recharging
infrastructure and therefore close cooperation among
auto makers, energy providers, and local and govern-
ment authorities. The situation is well illustrated by
the partnership agreements recently entered into by
the Renault-Nissan Alliance in various countries, such
as lIsrael, Denmark, and Portugal, and with local
authorities, as in California and in Japan.

Problems and prospects

Electrification is destined to play a key role in the
optimization of future vehicles, facilitated as we have
seen by the possibility of implementing it at more or less
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high levels, making its introduction gradual and thereby
facilitating the adaptation of industrial infrastructures.

This evolution will make it possible to reduce the fuel
consumption of vehicles, to levels that will depend on
the degree of complexity chosen and on the use of the
vehicle, and also to implement such new functions as
all-electric range or grid recharging. For these last
cases, using electricity as vector will serve to reduce
greenhouse gas emissions, dependency on oil & gas,
and local harmful effects.

The auto makers have already developed, and some of
them have brought to market, various hybrid or electric
propulsion system concepts. However, it would seem
that massive penetration, which is necessary in particu-
lar for a real impact on the greenhouse effect, depends
on the handling of a number of factors, among them:

m energy storage, in particular the management and
safety of lithium battery packs large enough for
vehicles, their packaging, aging conditions, costs,
new materials. In addition, the standardization of the
tests or of the main characteristics for the different
applications (hybrid, rechargeable hybrid, electric,
passenger cars, utility vehicles, fleets, etc.) and the
conditions of industrial production will have to be
touched on,

m the electric propulsion system and auxiliaries, in
particular reduction of the volume and cost, improve-
ment of performance in use and of reliability, and
better integration,

m recharging infrastructure, in particular accessibility,
safety, communication, metering, cost,

m life cycle analysis methodologies. These are necessary
in order to determine the true footprint of the vehicle
and of its components, from manufacture to recy-
cling, and any problems concerning the availability of
materials. Moreover, the sources of energy used
must be analyzed in order to determine the true
impact of the use of a vehicle, in particular in terms
of greenhouse gases (well to wheel approach),

m the sensitivity of the fuel savings to the conditions of
use of the vehicle and to the propulsion system tech-
nologies (gasoline, diesel], which will require judicious
choices for the various types of application.

There are many research programs under way, in
Europe, North America, and Asia, aimed at progress on
these various points. Concurrently, many auto makers
are planning to put models on the market as early as
2010-2012, after validation in test fleets. For hybrid vehi-
cles, all technologies combined, world market forecasts
suggest sales ranging from 3.5 to 8 million units by 2015,
or more than 10% of all sales on the high assumption.
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In a difficult economic context, such a change calls for
setting up many collaborative ventures between part-
ners, which already exist between auto makers and
storage system suppliers and between auto makers and
suppliers of electric power. At the same time, coopera-
tion with local and national authorities will have to be
reinforced so that progress can be made in the areas of
standards, incentives, and energy infrastructure.

The determination of the various participants and the
developments that have already taken place allow one to
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18 4, avenue de Bois-Préau
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Tel:+ 33147526000 - Fax:+ 33147 52 70 00
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think that the electrification of vehicles could be an
asset for manufacturers in the sector in the difficult
economic and environmental context we are experienc-
ing. The level of electrification of the vehicles sold will
then depend on success in mastering energy storage,
costs, and industrial production.

Francois Badin - francois.badin@ifp.fr
Manuscript submitted in January 2009
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