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Summary

A stateof the art survey of current technologies for conventional vehicles has been pertbatned
aimsto:
— Determine the baseline of the vehicle to be used serence for discussions during the
future work in the EEVERT project
— Identify areas Werethe potential for fuel consumption reduction in the electrical system in
conventional vehicles is considered to be significant.

The areas that have been surveyed are:
— Components such as generators, converters, auxiliaries and energy storage systems
— Sysem concepts such as statbp and regenerative braking
— Algorithms for optimised energy supply and distribution

Alsoincludedin the report are

— A short overview of hybrid vehicle systems
— A short survey of standards that could influenceftingner work of the EEVERT project
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1 Introduction

A state of the art survey of current technologies for conventional vehicles has been petfatmed
aimsto:
— Determine the baseknof the vehicle to be used ageference for discussions during the
future work in the EEVERT project
— Identify areas \Were the potential for fuel consumption reduction in the electrical system in
conventional vehicles is considered to be significant.

The areas that have been surveyed are:
— Components such as generators, converters, auxiliaries and energy storage systems
— System concepts such as st&dp and regenerative braking
— Algorithms for optimised energy supply and distribution

Included in the ngort are also:
— A short overview of hybrid vehicle systems
— A short survey of standards that could influence the further work of tRéEHET project

The technologies of different components for a reference vehicle (State of the Art vehicle) in the EE
VERT project are defined iable1-1. The component technologies defined for this reference vehicle
are those that are considered totbe industry standard. Industry standard is here definethas
component technologiatis used in thenajority of vehicles produced today. In the same manner it

is listed inTablel-2 if a certain system concept is used or not in the reference vehicle.

Components

The state of the art for seled components which are used in the majority of vehicles today are
described. In some instances components and features which are under development or available on
the market but are normally not used in vehicleare also described. In the destidps the
components general function is explained and the general characteristics are presented. For most
componentsthe energy demand is described together with possible improvements that can be
achieved to reduce fuel consumption.

Table 1-1 Components and their technologies in EE-VERT reference vehicle

Component Technology of component in reference vehicle

Generator Claw pole generator, brushed

StarterGenerator Not standard but used in some vehicles

Converter Not standard but used in some vehicles

Battery Wet lead acid, 12V passenger cars / 24V commercial vehicle

Ultracapacitor Not standard

Starter motor Brushed DC motor

Engine cooling fan Brushed DC motor in passenger cars / belt driven irksriic
hydraulically driven in busses

Water pump Mechanically driven

Oil pump Mechanically driven

Fuel pump Brushed DC motor

Vacuum pump Mechanically driven

Turbo charger with VTG | Not standard (standard is turbo charger without VTG)
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Power steering Hydraulically driven

Air-condition, compressor| Mechanically driven

Air-condition, fan Brushless DC motor in passenger cars / brushed DC motor i
commercial vehicles

Air compressor Not used in passenger cars / mechanically driven in commer
vehicles

Body loads, lights Glow discharge lamp

Body loads, window heatel Resistive heater
Body loads, seat heater | Resistive heater

Waste heat recovery Not standard

Preheater for catalysers | Not standard

Solar cells Not standard
System

System concepts that aneed in some conventional vehicles today and that might be incorporated in
conventional vehicles (in some instances converting the conventional vehicles to micro hybrids) are
described.

Table 1-2 System concepts and if standard or not in EE-VERT reference vehicle

System concept System concept standard in reference vehicle?

Dual voltage (14V42V) Not standard

power nets

Startstop Not standard today but will most probably be that soon

Regenerative braking Not standard
Algorithms
Apart from components and systems this repalto considerghe state of the art oénergy
managementalgorithms. This type of algorithm is not routinelyu s e d i n todayos
Consequentiythe algorithmsreviewed are taken from thesearcHield. At the moment algorithms
areonlyused of f I i ned ( #irhextdb idantdy a bhemechmarkrfor eptimallcomponentgesa

and therapproximatelyimplemented in rule based controllers. This is done mostly for hybrid vehicles
to define optimal operation strategies for the electric motor/combustion engine. This report
summarizes suitable algorithms for

— Peak power reduction (scheduling algorithms) and

— Globally optimizing the operation of all components (Dynamic Programming).

Their application is extended to conventional vehicles by defining and controlling the operation of all
main power consumers apdwer sources.

Hybrids
Hybrid vehicle systemare considered in this report to ensure that the results -QfEHE can be
appliedto thisemerging technology.

Standards

The final section aims to identify standards relevant to the components that may be modified as part
of the project. The review concentrates on the directives and stankdara@gmnable manufacturers to

sell vehicles throughout the European Community. These are the Type Approval Directives for Motor
Vehicles.
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2 STATE OF THE ART 1T COMPONENTS

2.1 On-board electrical power supply

This chapteconsiders thetate of the art for geerators, starter motors and converters. Supply voltage
stabilizers, supply voltage converters, charge equalizers and charge converters are the converter types
that are considered in this report.

2.1.1 Generators

Description and main function

An electrical genator, Figure2-1, is a device that converts mechanical energy to electrical energy,
generally using electromagnetic induction. Automotive generators power the electrical systems on the
vehicle and recharge the tey after starting. The generator is mechanically driven by the internal
combustion engine through a belt at a fixed ratio. Currently vehicle generators do not use permanent
magnets. They are air or water cooled.

Figure 2-1 Generator (source: Bosch)

Early motor vehicles until about the 1960s tended to use DC generators with electromechanical
regulators and a 6V level. These have been replaced by generators wiih begkifier circuits,

which are lessostly and lighter for equivalent output. Today the voltage level in passenger cars is 12
V for the battery operation and 14 V for the generator operdtamge commercial vehicles use 24 V
(battery) and 28 V (generator) respectively to reduce the ¢darehigh power loads.

Efficiency

Figure2-2 shows the efficiency diagram for a standard generator and the operation area on the NEDC.
Typically a stateof-the-art generator has a maximum efficiency of about6685686 over a wide speed
range. The average efficiency of a standard generator is only about 40 or 45%tltRINBEGC due

to the low electrical power and current demand and the efficiency characteristics. The effi€iency o
the system level isvenless due to thefficiency of thebelt andthelCE.

Potentialimprovemens for the generatoincludethe use of a new electric machine type based on
permanent magnetdffering 10% higher efficiencyat every operabn point and generator operation
management. The operation management will lead to generator operation in areas with higher
efficiency. This can be realised by switched operation. The generator is switched on temporarily to a
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higher current level. Thadditional energy charges a storage device that is discharged while the
generator is switched off. With this approach it is possible to improve the efficiency up to 70% or
even 75%. But then an additional storage device and a voltage converter are yedessanosses

have to be taken into account as weNerall an average efficiency 66%is achievable. This is 20%
more than the efficiency of a standard generator.

Generator current (A)

Generator operation
area on NED

R e e |

+ + + + + + t 1
o 2000 4000 6000 8000 10000 12000 14000 16000 18000

Generator speed (rpm)

Figure 2-2 Efficiency diagram for a standard generator (source: Bosch)

Table 2-1 Typical characteristics of standard generators

Passenger Cars Comrr_lerual
Vehicles

Power Class Base Middle High Very High
Voltage 14V 14V 14V 28V
Current 707 110 A 807 155 A 1557 275 A 907 200 A
Power 1-1.5kwW 1.17 2.2 kW 2.17 3.8 kW 2.57 5.6 kW
Weight 4.31 4.5 kg 4.71 6.4 kg 6.67 8.6 kg 81 15 kg
Length 117 mm 1317 139 mm 1297 142 mm 1407 190 mm
Diameter 125 mm 1277 147 mm 1457 158 mm 1557 210 mm
Cost <100u <100u <1504 <200u

Energy demand on NEDC

The CO2 reduction potential on NEDC is between21%, dependent upon the power net base load
which relates to the vehicle class. The following estins@iows that a generator with a 20% higher
average ficiency will lead to a reduction of fuel consumption by 1% under the standard NEDC
conditions with the assumption of an average power net base load of 360W.

Power net base load in average:
Alternator efficiency increase:

Fuel consumption per 100Welectrcial:
Fuel used on NEDC:

Fuel saving on NEDC:

360W electrical

20% from 3®W -> 72W electrical

0.1 litres/100km> 0.011 litres on the NEDC
0.759 litres-> 100%

0.0079 litres> 1.04%
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However,the NEDCdoes not consideall the current vehicle energy uses. The average power net
base load under real life conditions is higher. Hence, the benefit to reduce the fuel consumption with
improvements of the generator could be higher under real life conditions.

Also the geneator will provide additional functionalities such as brake energy recuperation by a
temporarily increased generator output power. Togethertivdthew energy storage devices this will
lead to a further benefit for the reduction of fuel.

Lifetime/Reliability/Robustness/Maintenance

The typical minimum lifetime is about 250.000 km for passenger cars and 800.000 km for commercial
vehicles. The reliability is high but due to brushed technology it could be improved. The component is
free of maintenancé he robustness for heavy duty applications is very high.

Conclusion

A generator is necessary in every conventional vehicle. From the considerations above it is apparent
that an improved generator promises a high potential for fuel reducticthefaore it is an enabler
especially for additional functionalities such as brake energy recuperation. Hence, the generator plays
a key role within the EEVERT systems approach.

2.1.2 Starter-Generator

Description and main function

A startergenerator is a sgie electric machine that fulfils both functions of engine starter motor (see
also chapter 2.3.1 starter motors) and electric generator (see also chapteGenerators). It
combines the role of the starter and generator amte unit. With an adequate control a starter
generator can provide some new HEV functions that are not normally present in conventional
vehicles. Typically it can provide power assist, regenerative braking and more.

Two main configurations exist. A bellriven starteigenerator (BSG) is driven by the internal
combustion engine through a bélthe starter function is also realised via the belt. This configuration

is used in some current vehicl es, | i kaeilityttoh e @A Sma
transmit torque from the electric machine to the engine. Hence, in another configuration, the starter
generator is integrated in the powertrain. The integrated stpaterator (ISG) is typically fitted

between gearbox and ICE on the &shmaft Figure2-3).

Figure 2-3 Integrated starter-generator
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Example with a conventional generator and 14V power net (passger car)

Figure 2-4 shows the full alternator circuit for the example. To provide a constant output voltage for
all revolution speeds the field excitation current is controlled using Pulse Width Modulation in
response tdhe output voltage (stepown-converter principle: The current flows either over the
transistor or- when the transistor is switched -offver the freewheeling diode). Permanent magnet
machines are much harder to control.

\ VU ! Battery
Controller /,\W =

(Integrated
circuit) z;
—|:I—||<—

Figure 2-4 Schematics of a field excitation circuit with a wound rotor synchronous machine [1]

Conclusion

The belt has only a limiteability to transmit torque from the electric machine to thgime Hence,

the BSG has only a limited range of missions. For power assist an ISG offers more advantages.
Furthermore a general challenge is the optimisation of the machine. A-gewaator can be only
optimised either on the starter or the gener&taction. An optimisation on both functions is not
feasible. Since the starter function is not of major interest for tR¢lEHET approachthe ISG or BSG
approach is not favoured in BEERT.

2.1.3 Converters

Description and main function

DC/DC-converters are déces used as power processing interfaces whenever the power net is
subdivided into subnets, especially with two or more voltage levels. DE€berters can be used to
supply loads of one circuit by taking the energy from the other or be used as amenstral control

the energy flow by the energy management of the vehicle for example to load energy storages. Hence,
DC/DC-converters arforecasted to be widely uséu vehicles to supply controllable power for new
applications such as regenerative brakingual power networks

Automotive applications with DC/D€onvertersuse specific topologies to work at differeot
overlapping input and output ranges as well as anibi-directional energy transfer. The required
performanceandinput/ outputvoltag e r anges have a | arge influence
topology. Depending on the application, a distinction must be made between different types of
converters:

— Supply voltage stabilizers

— Supply voltage converters

— Charge equalizers
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Supply voltage stabilizers

Supply voltage stabilizers (or voltage quality modules) supply a constant output voltage for-voltage
critical loads in the vehicle. Loads which react sensitively to fluctuations in voltage can thus still be
operated in vehicles with varying supplyvoltage

Supply voltage stabilizers leiveut fluctuations in load voltage produced by fluctuationshef main

power supply. Usually, they can provide constant voltage to the loads by acting as an upward
converter ifinput voltagedrops. This is a typical situation in the case of vehicles with idling switch

off of the combustion engine in staatop operationFigure2-5 shows a typical battery voltage during
warm engine cranking. A voltage dgppears during engine crank. In some casesyerters with
upward and downward conversion capabilities regeded since voltage may both drop and increase
excessivelyon main power supply

16 Automatic engine shut
down after vehicle Stabilized

stop battery
14 voltage

-/ N —

12 | 7 U

Battery discharge during 3 N - v \
vehicle stop phase Typical vo_\lage dip during |- \
S engine crank \
6 r Controlled battery
voltage ramp-up

Voltage [V]
[oe]

0 5 10 15 20
Time [s]

Figure 2-5 Typical battery voltage during warm engine cranking

Supply voltage stabilizers ensure the supply to the electrical and electronic subsysttms
sensitive loads (for instance ECUs that may suffer memory reset if battery voltage iotglowide
consistent brightness of theeadlampsvhen this drop in voltage occurs. Of course, the capacity /
dimensioning of the supply voltage stabilizer depend on the size of the load.

Energy Transfer

—>
9 -14V DC 14V
DC Voltage-Sensitive
R lat
e-Se
_— Generator Standard
Load

Figure 2-6 Power-net with voltage stabilising DC/DC-converter
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A typical requirements for a 12.5V+ 0,5V output voltage to be provided avarying input voltage
6-18V and the energy transfer is wdifectional Figure2-6). The trend is to use converters with aon
inverting topologies for stepp and stelown operation. This is a typical configuration used when
input and output voltages overlap as, for instance, for uninterruptible powey spptications.

Typical requirements for these modules are:

Efficiency
85%- 92%

Power/weight ratio
600Wkg

Power

Nominal output power at 12.5V: Typical ranges from 400V2@60W depending on vehicle
characteristics and electiorioads Maximum output power: 150% nominal power ratifuy a
duration of10ms

Energy demand on NEDC

Energy demand on NEDC is dependent on the power losses theeefficiency being lower
than 100%It is assumed that excess fuel canption is proportional to electrical loat.is
estimated that50W load consumptiogenerate aexcess fuel consumptiai 0,1 L/h.

Lifetime/Reliability/Robustness/Maintenance

Calendar life: 15 year®perational life: 10,000 hour§he DC/DC converteis designed for

the vehiclebs |ifeti me. Tdueetothre solidistaté tedhriolbgy a n d
used. The componedbes not requirenaintenance

Supply voltage converters

Voltage convertersire used in vehicles with two psrate vehicle electric systems to transfer the
power from a high to a lowoltage level or vicerersa Figure2-7). They guarantee the power supply
to the 12 V vehicle electric systems through a generator or avbitgge batteryr viceversa They
are always necessary when the electrical power source in the \&hiplées a vehicle system voltage
higher than the required by the 1:2tandard loads, or vieeersa

Energy Transfer

+—>
> 14V [pc 14v
4 4
DC
Regulator
High _— Standard
Power L
Loads

Loads

—

Figure 2-7 Power-net with voltage stabilising DC/DC-converter
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The DC/DC convertergexample inFigure 2-8) may be integrated it a control unit for vehicle
electric systems or power stores to optimize system costs. Thtbheguse of these converters, an
optimum chargestate of storage elements may beached resulting in an increasedystem
availability and service life of the power stges For instancein the case ofeaperdion of the
braking enagy, the charge converter supports power distribution within the vehicle electric system so
that the starup ability of the vehicle is always guaranteadd free storage capacities are available
for capturingelectrical @ergy generateduringbraking

. | & e B o
& ]
t ‘, AAR |

Figure 2-8 DC/DC-converter (source: LEAR)

Efficiency
93%- 95%

Power:
500W7i 3kW

Energy demand on NEDC
Energy demand on NEDC depeandn power losses due éfficiency lower than 100%t has
been estimated tha60W load consumptiogenerate arxcess fuel consumptiaf 0,1 L/h.

Lifetime/Reliability/Robustness/Maintenance

Calendar life: 15 year®perational life: 10,000 hour§he DC/DC converter is desiga for

the vehiclebs I|ifeti me. The r el istatbtedhnology and
used. The component is free of maintenance.

Charge equalizers

Charge equalizers equalize the charge between two or more sderagesand / or latteries. In the

case ofthe series connection of storage cells, the cyclical loads (required by some applications) cause
different charge quantities in the individual cells. Charge equalization is necessary to ensure the
operativeness and reliability dfie storage cells. If the charge is not equalized, one of the cells will
suffer higher stress (in charge or discharge) and will lfiailhe case of 24V vehicle electric systems in
commercial vehicles the charge equalizer increases the skfiviotthe 12 V lead batteries connected

in series, at the same time making a 12 V vehicle electrisystbm available for selected loads.
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2.1.4 Solar Panels

Description and main function

The integration of solar celisto a vehicleto generate electricityiréctly from sunlightis taken into
consideration as the generation of electrifiioyn fuel via a combustion engine aralgenerator shows
relatively poor efficiency (typical values of 15% to 20%).

Solar cells use the photovoltaic effect to convert gahiinto electrical energy. The energy of photons
enables electrons in a{g@miconductor connection to be released from the atoms, thereby generating
electrons (N charge) and holes (P charge). When the positive and negative charges are isolated and the
circuit is closed, then electric current can flagvshown irFigure2-9.

Figure 2-9 Photovoltaic effect

There are several different technologies available for solar power piatiissé could bebuilt into a
vehicle Table 2-2 gives an overview of the most common technologies for flat solar panels. CPV
(concentrating photovoltaic) systems are not included, as they are plibabje forlargesolar power
plants in highirradiation zones.

Table 2-2 Overview of solar panel technologies

Parameter Mono- Poly- Thin-film Thin-film
crystalline crystalline Cd-Te silicon
Efficiency (module) 16-19% 13-16 % 8-10% 5-7%
Price (ua / 2,40 2,20 1,60- 1,80 1,60- 1,80
Aging <0,5%l/year | <0,5%l/year | 0,5%/year 0,5%/year
(after preaging) (after preaging)
Temperature coefficient | 3,1-4,5% ~4,7% /10°C| ~2,5% /10°C ~2,5% /10°C
(Power) /10°C
Semiconductor consume High High Very low Very low

Because of the limited surface on vehicles high cell efficiencies will be essential. This is why mono
crystalline or polycrystalline cells will be the best choice for vehicle integration.
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Vehicle specific aspects:

Horizontal mounting: Horizontal (or near horizontal) mounting will be the only way of achieving
acceptable cost/performance ratio of solar cell applications in vehicles. As shoaipié2-3 for three
European cities, horizontal mountinga#lls results only in a 14% decrease in yield (average value for
one year) compared with optimum angle mounting. Of caineséow energy generation winter time

will need to be takemto account.

Cell interconnection I n order to assume the shape of t he
different angles to the sun. As each cell performs as a current source (e.g. 0,6V; 6A for 160mm x
160mm) connecting in series will lead tarent mismatch of differently radiated cells. The same

problem arises, when the surface is partially shaded. Special signal conditioning circuits have to be
applied to minimize the performance decrease of these effects.

Cell-Design There are possiliies of colouring the cell surface in a certain extentmatch the
appearance of the catowever,only dark surfaces (black, dagkey, darkblue) can achieve good
generatingefficiencies.

The best choice in terms of eleganwill be backcontacted monarystalline cells, showing a
homogeneous datreysurface.

Encapsulation the standard assembly of photovoltaic modules with crystalline cells is sh&iguie
2-10. The cells are lamated between plastic foilgrotecing them from air and humidity. The heat
strengthened lovron glass (typically about 4mm of thicknegspvidesstability for the whole module
and protects the cells frophysicaldamage e.doy hail. In car applications the glass surface might be
replaced e.g. by acrylic glass.

Heat-strengthened glass
(with antireflective coating)

EVA (Ethylenvinylacetat)

Crystalline cell

EVA (Ethylenvinylacetat)

Compound foile.g. Al cos ol
PVF (ATedl arf)

Figure 2-10 Assembly of standard solar modules (Encapsulation of crystalline cells in a
lamination press with 150°C)
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Table 2-3 Estimation of achievable yield for a free-standing car without shadowing:
(source PVGIS)

Optimum

in cFI)in ation Hy,optimum Hy,horizontal Ey Edecember Ejuly
Munich 36 1280 1110 132 3 21
Turin 38 1590 1350 167 5 24
Madrid 34 1870 1630 200 6,5 27

Hy opiimumi Average sum of yearly global irradiation per seuareter received by the moduleith
optimum inclination (kWh/m2)

Hy norizontall Average sum of yearly global irradiatiper squareneter received by an horizontal
mounted module (kWh/m2)

E,T Average sum of yearly electricity productiorr gguare meter of a horizontabunted crystalline
module with 16% efficiency (kWh/m2)

Eqecembel Average sum of the electricity prodion in December per square meter diaizontal
mounted crystalline module with 16% efficiency (KWh/m2)

Euy T Average sum of the electricity produation July per square meter oharizontal mounted
crystalline module with 16% efficiency (kWh/m2)

First solutions on the market

In 2008 the component supplier WebaStar introduced a tilt/slide sunroof with solar cells. Several
OEMs (Original Equipment Manufacturers) have already integrated this solar tilt/slide Satodogir
new generationfgassenger cars.

The solar cells generate electricity that powers the bldavervhile the car is parked. The continuous
stream of air can reduce the temperature inside
interior is not overheatedhen you set off, the air conditimg works much more efficiently from the

very beginningpf the journe\a nd t hus saves fuel Even in winter,

a gentle stream of air efficiently dehumidifies the inside of the parkedheaeby reducing the amount
of condensation on the windows.

Technical data
Cell type Mono-crystalline
silicon
Cell size 100mm x 100mm
Cell efficiency >16%
Number of cells 28@x7)
y Maximum Power (W) | 36, W
/ Max. Output Current | 3A

Figure 2-11 Solar cells integration 2008 (source: Webasto Solar)

Conclusion
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The EEVERT project will investigate how to uselarenergyin an overall system approach and how
to integrate the modules in the ne®-KERT system concept.

2.2 Energy storage

This chaptepresents thetate of the art of energy storage systems used today in autosydieens
Although, itis possible to store enerpy many different meargacluding

— Chemically, using batteries

— Electiically, with capacitors.

— Mechanically, using flywheels

— Through pressure, using natural compeesgs, hydrogen

— Magnetically, using super conducting magnets

Energy storage systems in conventional cars use batteries only, as they are abletlie lacje
amounts of energgequiredin standard vehicledHowever,research isinderwayto improve energy
storage systent® overcome limitations of present battagstemssuch as highecovery batteries or
high-energy capacitordor new applications Flywheels or superconducting magnets are not
forecasted to be used in higblume applications in a near or niiggm future. Therefore, only
chemicaland electrical storage are described in this chapter.

2.2.1 Batteries

Basic Concepts

Batteries are rechargeable electrochemical systems used to store energy. They deliver, in the form of
electric energy, the chemical energy generated by electrochemical reactions. These reactions take
place inside a cell, between twodt®des plunged into an electrolyte, when a load is connected to the
cell 6s terminals. The reaction involves the trar
an external electric circuitr load. The cathode is the electrode where rednatgain of electrons)

takes place. When discharging, it is the positive electrode, when charging, it becomes the negative
electrode. The anode is the electrode where oxidation (loss of electrons) takes place. While
discharging, it is the negative electepdvhile charging it becomes the positive electrode. A battery
consists of single or multiple cells, connected in series or in parallel or both depending on the desired
output voltage and capacit@][

In automotive applications, the battery is usuadfierred asan SLI battery, which takes its name from

the basic electrical functions of starting (S), lighting (L) and ignition (1). Welsicle propelled by an
Internal Combustion Engine (ICE), the battery provides the electric power for cranking the ICE
buffers electrical energy within the vehicle electric power system during operation, provides electrical
energy when the engine is off (especially for lighting), and is recharged from an alternator driven by
the ICE B]. Table 2-4 contains basic definitions related to specification and terminology related to
automotive battery technology and operation.

Table 2-4 Basic definitions related to automotive battery technology and operation
Energy density ‘ The amount of energy that can be stored in one kg of battery (Wh/kg) ‘
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Power density

The amount of power that one kg of battery can deliver on demand (W.

Specific energy

The amount of energy that can be stored in one volumiteof battery
(Wh/m3)

Specific power

The amount of power that one volumait of battery can deliver on dema
(W/m3)

Capacity (C)

The rated (nominal) capacity = the charge a battery can store, expressed
mADh, for a given total discharge time.Ehbatteries are usually specified at
"hour" rate, for instance 100Ah at 20 hours, or 90Ah at 10 hours

Cold Cranking
Amperes (CCA)

The amount of current a battery can providel® °C (0 °F). The rating i
defined as the current a leadid battery athat temperature can deliver f
30 seconds and maintain at least 1.2V per cell (7.2V for a 12V battery)

Columbic efficiency

As the chemical reactions cause dissipative losses, the electrical ¢
provided to a load is of course less than the energywoed at the chargin
process. The rate of available energy in relation to the energy deliver
the charger is called columbic efficiency or cell efficiency.

Peukert Equation

The so called Peukert Equation approximates the time a battery car
certain load is stated in Equatioh)(

T-=

C: rated Peukert capacity (at 1 amp discharge rate) of the ba
expressed in Ah.

I: the current expressed in amps
T: time expressed in hours

n: the Peukert exponent, an empirically dstimed constant for a give
battery.

Internal resistance

The internal resistance of a battery cell causes a voltage drop a
currents and reduces its effective efficiency: The internal resistand
function of the age of the cell, the temperataned the depth o
discharge. The higher the internal resistance of a battery cell the |
arethe losses while charging/discharging, especially at higher cur
The slower the discharge, the more power (expressed in the Capg
[Ah]) can be draw out of the cell.

Cycle life

The cycle life is defined as the number of full chardell discharge cycles
cell can perform before its capacity drops to 80% of its specified capacity.

State of Charge
(SOC)

The actual available battery capacity = rgfgaexpressed as a percentage
its rated (nominal) capacity. Knowing the amount of energy left in a bg
compared with the energy it had when it Vilely chargedgives the user a
indication of how much longer a battery will continue to perfoefole it
needs recharging. Using the analogy of a fuel tank in a car, SOC estir
is often called the "Gas Gauge" or "Fuel Gauge" function.

State of Health
(SOH)

There is no absolute definition of the SOH. The SOH reflects the gg
condition of a httery and its ability to deliver the specified performa
compared with a fresh battery. It is a subjective measure in that diff
people derive it from a variety of different measurable battery perform
parameters which they interpret accordingheir own set of rules. It ian
estimation rather than a measurement. Battery manufacturers do not {
the SOH because they only supply new batteries. The SOH only app
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batteries after they have started their ageing process either on thers
once they have entered service.

State of Function
(SOF)

Predicted minimum voltage value at battery terminal during the
cranking procedure. It should include the aging effect (battery stratifica
battery temperature, voltage drop during cragkinternal resistance ar
current cranking profile. The SOF prediction is used to determing
startability. This is especially relevant for stop/start systems.

Peukert Curve

Intermittent discharge ____’__..--

\ .-

f

A=
\

Discharge

/EDntinunus discharge

Current

1234567 8

9 10111213

Discharge Time

Effective
Cell
Capacity

Figure 2-12 Discharge curve and effective cell capacity as function of the total time of the

discharge process, according to the Peukert equation

Battery Technologies

Batteries used in automotive applications are all rechargeable (secondary batteries). Presently, more

than ten different techimgies have been proposed. The most common are: (i)dewdbatteries, (ii)
nicketbased batteries including nickehdmium (NiCd) and nickemetal hydride (NiMH), (iii)

lithium-ion batteries and sodium sulphiiable 2-5 summarizes the electrochemical aspects of these

technologies whil@ able2-6 summarizes the performance characteristics of these technoltgies [

Table 2-5 Technological characteristics of typical automotive batteries [19]

BATTERY Anode Cathode Electrolyte Cell voltage

Leadacid Pb PbG H,SO, 20V

Nickel-cadmium Cd NI(OH), KOH 1.2V

Nickel-metal . o

hydride Metal hydride | NI(OH), KOH 1.2V

Lithium-ion Carbon Lithium oxide Lithiated solution| 3.6 V
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Table 2-6 Performance characteristics of typical automotive batteries [19]

BATTERY Wh/kg | Wikg Cycles
Leadacid 35 180 600
Nickel-cadmium 50 120 1500
Nickel-metal

hydride 60 200 1000
Lithium-ion 135 430 1200

Wet batteries

Lead acid (wet) batteries are the oldest type of rechargdadtieries and are based on chemical
reactions involving lead dioxide (which forms the cathode electrode), lead (which forms the anode
electrode) and sulphuric acid which acts as the electrolyte. The rated voltage dbaittadll is 2 V
andthe typical energy density is around 30 Wh/kg withe power density around 180 W/k@]|

Lead acid batteries have high energy efficiencies (between 85% and 90%), are easy to install and
require relatively low levelof both maintenance anishvestment cost. In addition, the sdischarge

rates for this type of batteries are very low, around 2% of rated capacity per month (at 25 °C) which
makes them ideal for loAgrm storage applications.

The limiting factors for thse batteries are the relatively low cycle life alne battery operational
lifetime. Typical lifetimes of leaidacid batteries are between 600 and 800 charge/discharge cycles or
5110 years of operation. The cycle life is negatively affected by the depitisoharge and
temperature. Attempts to fully discharge the battery can be particularly damaging to the electrodes,
thus reducing lifetime. Regarding temperature levels, although high temperatures (up to 45 °C which
is the upper limit for battery operatipmay improve battery performance in terms of higher capacity,
they can also reduce total battery lifetime as well as the battery energy efficiency.

AGM batteries

Valve-regulated leaidacid (VRLA) batteries can withstand higher Ah turnover than the chldssiet

leadacid battery. They eliminate fluid electrolyte by absorbing and retaining the sulphuric acid
electrolyte with mat separators made of glass fibore unwoven cloth. Therefore, these batteries are
named AGM, from absorptive glass mat. Batteries @anltised because oxygen evolved from water
decomposition during charging is reduced to water on negative plate surfaces. Battery elements are
closed by a safety valve that keeps internal pressure below a certain level by releasing pressure when
itrises,vhi ch i s t he r eas onmgulbtedieadc @il d i magt tt direime iy a( VRL A
VRLA batteries are thaunlike flooded batterieshey have very low water loss, and that there are

few limitations on their installation orientation.

AGM batteriesgive at leasta threefold increase of cycle life compared to wet lesxid, at equal or
even a higher power density. Further improvement can be expected from ongoing R&D work
optimizing AGM technology for highate partial statef-charge (HRPSOC) operation. This technology
development has been originally devoted to 42V +hitldrid vehicles, but it is also applied to 12V
systems, e.g. for engine stop/start applications and regenerative béking [

Since AGM batteries are becoming vergpular for use in stop & start applicatiotiseir price is

falling, with a potential of long term and high volume part eesichingl.2i 1.3 timesthat of a wet
type. AGM batteries have a good potential to become the de fambolasd for automotive
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applications where medium to high cycle life is required since the cost per charge throughput during
battery life outperforms the wet battery technology,

Figure 2-13 Internal structure of an AGM battery (source: wikipedia)

Nickel-based batteries

The nickelbased batteries are mainly the ni¢kadmium (NiCd), the nickémetal hydride (NiMH)

and the nickélzinc (NiZn) batteries. All three types use the same material for the poditeode

and the electrolyte which is nickel hydroxide and an aqueous solution of potassium hydroxide with
some lithium hydroxide, respectively. As for the negative electrode, the NiCd type uses cadmium
hydroxide, the NiMH uses a metal alloy and the NiZesizinc hydroxide. The rated voltage for the
alkaline batteries is 1.2 V (1.65 V for the NiZn type) and typical maximum energy densities are higher
than for the leaicacid batteries. NiMH batteries are currently used in all commercially available full
HEVs.

Typically, power densityalues are 50 Wh/kg for the NiCd, 80 Wh/kg for the NiMH and 60 Wh/kg
for the NizZn. Typical operational life and cycle life of NiCd batteries is also superior to that of the
lead acid batteries. At deep discharge levels, typlifetimes for the NiCd batteries range from 1500
cycles for the pocket plate vented type to 3000 cycles for the sinter vented type. The NiMH and NiZn
have similar or lower values to those of the Teauid batteries.

Despite the above advantages of th€dNbatteries over the legakid batteries, NiCd and the rest of

the nickelbased batteries have several disadvantages compared to freciedshtteriesfor low
voltage systems. Firstlyhe energy efficiencies for the nickel batteries are lower thathéofead

acid batteries. The NiMH batteries have energy efficiencies between 65 and 70% while the NiZn have
80% efficiency. The energy efficiency of the NiCd batteries varies depending on the type of
technology used during manufacture. For the vented thgepocket plate has 60%, the sinter/PBE
plate has 73%, théibre plate 83% and the sinter plate has 73% energy efficiefibg. sealed
cylindrical type of NiCd batteries has 65% energy efficier®sif-discharge rates for an advanced
NiCd battery are much higher than those for ailaail batteryin some caseseacling more than

10% of rated capacity per montfinally, NiCd battery mg cost up to 10 times more than the lead

acid battery.

Lithium -ion batteries
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The third major type of battery storage technology is the litHiased battery storage system.
Currently, lithium battery technology is typically used in mobile or laptopesystand in the near
future it is envisaged to be used in hybrid or electric vehicles. Lithium technology batteries consist of
two main types: lithiumon and lithiumpolymer cells. Their advantage over the NiCd andilaaxd
batteries is their higher engrglensity and energy efficiency, their lower self discharge rate and
extremely low maintenance required. Lithium ion cells, withominal voltage around 3.7 V, have
energy densities ranging from 80 to 150 Wh/kg while for lithjpotymer cells it ranges ém 100 to

150 Whl/kg. Energy efficiencies range from 90 to 100% for both these technologies. Power density for
lithium-ion cells ranges from 500 to 2000 W/kg while for lithiypolymer it ranges from 50 to 250
W/kg.

For lithium-ion batteriesthe self-discharge rate is very low & maximum 5% per month and battery
lifetime can reach more than 1500 cycles. However, the lifetime of a litlwnonbattery is
temperature dependent, with aging taking its toll much faster at high temperatures, and can be
severelyshortened due to deep dischardgasthermorelithium-ion batteries are fragile and require a
protection circuit to maintain safe operation. Built into each battery pack, the protection circuit limits
the peak voltage of each cell during charge and ptevbe cell voltage from dropping too low on
discharge. In addition, the cell temperature is monitored to prevent temperature extremes. The
maximum charge and discharge current on most packs are also limited. These precautions are
necessary in order to mlinate the possibility of metallic lithium plating occurring due to overcharge.

But themain disadvantage of commdthium-ion batteries is that theetection of its state of charge
(SOCQ) is difficult because of the (on the other hand favoul)attdé¢ output voltage curve. It is not
relevant to know the SOC when the battery is loaded all the time (as normally is the case in
conventional vehicles), but ithe case of improved intelligent control it becomes important to know
how long energy will lat with not loading the battery at all. The easiest method is to keep track of the
SOC by integrating the current along the discharge time. tlednodsusesensors directly within

the battery call for specific gravity measurement or impedbased (as chemicals are transforming).
Research idithium-ion batteries is a very active file in present days. Further investigation is being
done to increase the storage capacitylitbfum-ion batteries. The storage capacity libfiium-ion
batteries is limited by how much lithium can be held in the batteries anode, which is typically made of
carbon. The greatly expanded storage capacity of nanowire batteries is reached biitkiarimin a

forest of tiny silicon nanowiresilicon can hold Li better that carbon, nanotechnology prevents the
battery from pulverizing (the battery swells while absorbing positively charged Li ions during
charging, then shrinks during use).These batteries can hold 10 times the chargengfl éliatin-ion
batteries. Other thasilicon also cobalt oxide can be used, whittlrther improves the cyclic
properties in a rapid charge/discharge pracess

In conclusion Jithium-ion batteries are likely to become seriamnpetitorto the NiMH technology
currently used in commercially available fiHEVs. For a 12V vehicle electric system, their cost as
well as the technological drawbacks will prohibit each of the above systems from completely
replacing the ledaddd battery.However,if the cost of either of these technologies can be further
brought down significantly, it magomplement the leddcid battery in a duatorage system,
covering the shalloveycle power throughput requirement.
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anithetle thattérycas pneessential cenypenere aharacterized

by the increasing number and associated power demand of electrical consumers, by packaging issues,
and by the limitation of the operationalltage of electronic components.

PowerNet Stability

In modern vehicles, electronic ICE controllers allow reduced idling rpm to lower emissions, while
many comfort components and mechanical devices that are driven electrically require electrical
power.Under poor weather conditions in a hot climate, with air conditioning, headlights and wipers
on and the electrical cooling fan of the ICE in operation periodically, the alternator cannot supply
sufficient current. This effect is shown kigure 2-14. When the vehicle is in idle, the alternator is
capable of providing about 70 A, while the overall current load fluctuates between 80 and 100 A.
Therefore, the battery has to provide the differencethdf electrical power asgsted steering is

activated, battery discharge peaks reach 1
200 15
180 + < idling > < idling > .1 14
160 <-- el. power steering —> 13
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Figure 2-14 Battery voltage UB, alternator voltage UA, battery current IB, alternator current IA,
and total electrical load current load over time when idling a highly equipped A-segment car
(city car or small car) with many consumers on [3]

Cranking Support

60 A.

Today, the cranking is an automated process controlled during the whole period by the electronic
engine ontrol unit (ECU). With many modern cars, the driver turns the ignition key (or presses the

cranking button)

to give only a 6cranking

reques

whole cranking event. The driver no longer has control ef ftaw of cranking current and the

duration of the cranking procedure.

The ECU, energized by the battery, has to control fuel injection and ignition timing to optimize
cranking characteristics and to minimise emissions. The ECU activates a relay, vdich the
cranking current to flow to the starter motor. The ECU requires a minimum voltage for operation. If
the voltage falls below this minimum valliefor instance, if the shoxtircuit current through this
motor (in stanektill position) causes the wage to drop below the minimum level for ECU operation
for a period of time longer than the capacitors in the ECU power supply can bridgeECU will
work improperly ancperforma logical reset wherthe voltagelevel isrecovered or the relay wl
not be released and the starting procedure will be discontinued, i.e., cranking will not happen.
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Independent of the reason for a deep voltage drop, e.g., low battery charge, low temperature, other
electrical loads (headlights, etc.) activated ordsgtivorn out, the driver will be discontent. With the

old starter technology, cranking became gradually more cumbersome, which even the inexpert driver
could perceive. Today, the driver expects to have a reliable warning for cranking capability, or, at
least, similar information to the old technology.

2.2.2 Ultracapacitors

Ultracapacitors (also called supercapacitors) are very high surface area capacitors that use as
dielectrig a moleculethin layer of electrolyteto separate charge. Energy is stored in teetmstatic

field (i.e. static charge) rather than as a chemical state as in batbgrigirpcapacitors, thus, rely on

the separation of charge at an electric interface that is measured in fractions of a nanometre. The
surface area is a critical featusince the opposing charges are very close, only separated by the
dielectric medium. Most polymer film capacitors contain a layered arrangement with a separation
distance on the micrometer scale which is volumetrically inefficient.

In ultracapacitors,he solution between the electrodes contains ions from a salt that is added to an
appropriate solvent. The operating voltage is controlled by the breakdown voltages of the solvents
with aqueous electrolytes (1.1V) and organic electrolytes (2.5V to@YV) [

The lifetime of ultracapacitors is very long and their energy efficiency is hormally above 90% if they
are kept within their design limits. Their power density is higher than that of batteries while their
energy density is lower. However, unlike batteri@imost all of this energy is available in a reversible
process. This means that ultracapacitors are able to deliver or accept high currents, but only for short
periodscompared wittbatteries.

Technologies

Depending on the material technology diger the manufacture of the electrodes, ultracapacitors are
classified into three type&]
— Electrochemical double layer capacitors (ECDL) based on high surface area activated carbon
electrodes
— Pseudocapacite based on metal oxide or conducting polymers electrodes
— Hybrid capacitors

Figure2-15 shows the different available technologies for each type.
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Figure 2-15 High capacitance technologies [2]

Electrochemical double layer capacitors (ECDL)
ECDL ultracapacitors are currently the least costly to manufacture and are the most common type of

ultracapacitor. The first high capacity electrochemical capacitor device wasmelod patented

Capacitors Capacitors
I
1 [ 1
Carbon Aerogels Conducting Metal Oxides
Polymers
Carbon Nanotubes
Hybrid
Capacitors
e
[ I NESRERERNE
Composite Asymmetric Battery-type E
Hybrids Hybrids E Hybrids !
L |

27 May 2009

in 1957 by Howard Becker (General Electric Company) patented in 1957 (US Patent 2800616). The
device was built using porous carbon electrodes. Robert Rightmire (SOHIO) introduced in 1966 a

double layer capacitor utilizing porous carboraimoraqueous electrolyte (US Patent 3288641). In

1971, NEC produced the first commercially successful high capacitance device using the commercial

name

of

A

bsupercapacitor 6.

They

a decde later, ECDL were introduced in vehicular applicatiofis [

The internal structure of an ECDL ultracapacitor can be observdeigiure 2-16. The ECDL
ultracapacitors have a doulbyer construction consisting of éam-based electrodes immersed in a

wer e

ma i

liquid electrolyte (which also contains the separatBorous active carbon is usually usaslithe
electrode material,Recent technological advancements have allowed carbon aerogels and carbon
nanotubes to also be employed as electrode material. In particular, the use of vertically aligned,
singlewall carbon nanotubes which are only several atomic diameters in width instead of the porous,

amorphous carbon normally employed can significantly imrefne ultracapacitor capacity and

nly

used

power density. This is due to the fact that the surface area of the electrodes is dramatically increased
by the use of such materials.

Individual
Ultracapacitor Cell

i AV
(,: urrent L ©®) _‘
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Electrolyte e

(@)

Separator S

Figure 2-16 ECDL ultracapacitor stru cture [2]
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The electrolyte is either organic or aqueous. The organic electrolytes use usually acetonitrile and
allow nominal voltage of up to 3 V. Aqueous electrolytes use either acids or baSé&}, (KOH) but

the nominal voltage is limited to 1 V. Durimdparging, the electrically charged ions in the electrolyte
migrate towards the electrodes of opposite polarity due to the electric field between the charged
electrodes created by the applied voltage. Thus two separate charged layers are produced, Although
similar to a battery, the doublayer capacitor depends on electrostatic action. Since no chemical
action is involved the effect is easily reversible with minimal degradation in deep discharge or
overcharge and the typical cycle life is hundreds of $hads of cycles. Energy efficiency is very

high, ranging from 85% up to 98%he reportedcycle life is more than 500,000 cycles at 100% depth

of discharge.

The limiting factor in terms of lifetime may be the years of operation with reporetuirés reaching

up to 12 years. Another limiting factor is the high sb#icharge rate of ultracapacitors. This rate is

much higher than batteries reaching a level of 14% of nominal energy per month. Apaathiigim
tolerance to deep discharges, thetfdélscat no chemical reactions are involved means that
ultracapacitors can be easily charged and discharged in seconds thus being much faster than batteries.
Also, no thermal heat or hazardous substances can be released during discharge.

Capacitances of ®O0F have been reported with ultracapacitors and energy densities up to 5Wh/kg
compared to 0.5Whkg of conventional capacitors. Ultracapacitors can also drain / deliver very high
currents since this depends (itdisectly proportiongl onthe surface areaf the electrodes. Thuthe

power density of ultracapacitors is extremely high, reaching values such as 10,000 W/kg which is a
few orders of magnitude higher than the power densities achieved with batteries.

Table 2-7 shows the major manufacturers of ECDL ultracapacitors with commercially available
capacity values.

Table 2-7 Main commercial ECDL ultracapacitor automotive modules

MANUFACTURER DEVICE NAME CAPACITY(F) MAX. VOLTAGE (V)
Kold Ban KAPower 1000 14.5
. 500 16.2
Maxwell Ultracapacitor 165 48.6
57 175
Ness EDLC 205 42.0
238 52.0

Figure 2-17 Maxwell Technologies BMODO0165-48.6V Ultracapacitor
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Pseudacapacitors andhybrid capacitors

Pseudecapacitors and hybrid capacitors are also promising technologies because they can achieve
improved performancesver ECDL ultracapacitorsPseudecapacitors use metal oxides or conducting
polymers as electrode material and can achieve higher energy and power densities than ECDL
ultracapacitors. Metabxide ultracapacitors use aqueous electrolytes and metal oxides such as
ruthenium oxide (RuO2), iridium oxide and nickel oxide mainly for milipyplications.

These ultracapacitors are based on a high kinetics charge transfer at the electrode/electrolyte interface
transforming ruthenium oxide into ruthenium hydroxide (Ru(OH)2) leading to psmaphxitive
behaviour However metaloxide utracapacitors arstill very expensive to produce and may suffer

from lower efficiencies and lower voltage potential due to the need for aqueous electrolytes. Hybrid
ultracapacitors can reach even higher energy and power densities than theltcdbapacitors

without sacrifices in affordability or cyclic stability.

At this time both technologies are still mainly at a research and development level. Therefore, only
few devices are availabmmercidly. ESMA offers a hybrid cagitor (asymmetric design) family

using a negative electrode of activated carbon material (polarizable electrode) and a positive Faradaic
(nonpolarizable) electrode. The positive electrode is made of nickel oxyhydroxide. A low cost
aqueous KOH solutionsan alkaline batteries, is used for the electrolgie [

Table 2-8 Main commercial hybrid ultracapacitor automotive modules

MANUFACTURER DEVICE NAME CAPACITY(F) MAX. VOLTAGE (V)
ESMA - 8000 17.5

Figure 2-18 ESMA capacitor modules

Actual usage of ultracapacitors

Currently, the high power storage ability of ultracapacitors together with the fast discharge cycles, make
them the best option for use in tempgranergy storage. Furthermore, due to the low energy density,
this high amount of power will only be available for a very short duration. In the cases where
ultracapacitors are used to provide power for prolonged periods of time, it is at the costd#rabiesi

added weight and bulk of the system due to their low energy dedXiysequently themain
applications for ultracapacitors are forecasted to be capturing and storing the energy from regenerative
braking or other energy harvesting methodas and for providing a booster charge in response to
sudden power demands.
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Since ultracapacitor application the automotive industry is quite recent, United States Advanced
Battery Consortium (USABC) in collaboration with the U.S. Department ofdyreend National Labs
developed and established standards for performance and abuse tolerance of ultracapacitors.
Subsequently, potential applications in the automotive industry were identified and a consensus
requirement specification was drawn as a dguaknt guide for the industry. Requirements issued

are shown irTable2-9. Three categories were identified: the 12V s&bart (TSS), 42V stastart

(FS9, and 42V transient power assist (TPA), represent increasing demands from the ultracapacitor
bank, respectivelyg].

Table 2-9 USABC ultracapacitor end-of-life (EOL) requirements

. 12V start-stop | 42V start-stop 42v tran5|e_nt

System attributes (TSS) (FSS) power assist
(TPA)

Discharge pulse 4.2kWi 2s 6kWi 2s 13kWi 2s
Regenerative pulse N/A 8kWT 2s
Cold cranking pulse aB 0 ¢ C 4.2kW7T 7V min | 8kWT 21V min | 8KW'T 21V min
Available energy (CP at 1kW) 15Wh 30Wh 60Wh
Recharge rate (kW) 0.4 2.4 2.6
Cycle life/equiv. road miles 750k/150k miles| 750k/150k miles| 750k/150k miles
Cycle life profile UC50 UC50 UC50
Calendar life (years) 15 15 15
Energy efficiency un UGB (%) 95 95 95
Self discharge (72h from max. V) <4% <4% <4%
Maximum operating voltage (Vdc) 17 48 48
Minimum operating voltage (Vdc) 9 27 27
Operating tempe -30 to +52 -30 to +52 -30 to +52
Survival temper -46 to +66 -46 to +66 -46 to +66
Maximum system weight (kg) 5 10 20
Maximum system volume (l) 4 8 16
Selling price US$/system at 100k 40 80 130
year')

USABC also developed example requirements for systems integrating a battery and ultracapacitors.
For instance, they presented requirements for a SLI battery and an ultracapacitor integrated in a dual
bus configuration separating loads between the ryadtied ultracapacitor. In this bus configuration,

the loads can be divided into two groups. The low power but energy intensive loads to be supplied by
the leadacid battery, but the burst of high power low energy loads such as those-ofarttdhg, and

hot restarts to be provided by the ultracapacitor bank. Used in this manner, a typical specification is

derived for the ultracapacitor bank as showiaible2-108].
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Table 2-10 Batteryi ultracapacitor specifications

27 May 2009

Attributes SLI battery Ultracapacitor bank
Discharge pulse power 6kW T 2s (3.3Wh)
Regenerative pulse power 6kW T 2s (3.3Wh)
Engineoff accessory load 0.7kWT 2min (23Wh)

Available energy 50Wh at 700W 10Wh at 6kW
Energy efficiency on load profile 90%

Cycle life on UC 166 100,000 at 23Wh DOL| 150,000
Cold-cranking power a3 0 ¢ C 6kW at 7V min
Calendar life (years) 5 15
Maximum operating voltage 17 17
Minimum operating voltage 8 8
Operating tempe -30 to +52 -30 to +52

TheRagone chartin Figure2-19 shows a performance comparison of existing technologies. It can be
seen that high engy capacitors are able to deliver high power for a short time, while batteries contain

much energy which is not quickly available.

1000
e Fuel cells
= 100 Conventional
S batteries 1 hour 1 second
> 10
e | 10 hours -
©
>
o 0.03 second
3 0.1 Col ional
L Ca rs

0.01
10 100 1000 10000

Power density (W/kQ)

Figure 2-19 Ragone chart comparing power density and energy density of energy storage

devices

It is apparentthat using the combination of batteries as a long term energy storage ditlice,

ultracapacitors that can quickly accept energy (e.g. from regenerative breaking) and act as a pulse

power soure, provides many advantages for the energy storage system of the future.
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2.3 Auxiliaries

This chapter deals with the state of the art of the following auxiliastaster motors, motor fan, air
conditioning systems, water pump, oil pump, electrical fuehp, power steering, air compressor and
body loads (e.g. light, seat heater).

2.3.1 Starter motors

Description and main function

Both Otto cycle and Diesel cycle interrambustion engines require the pistons to be moving before
the ignition phase of the clgc This means that the engine must be set in motion by an external force
before it can power itself. An engine starter motor or simply "starkeguyre 2-20, is an electric
motor that initiates rotational motion in #DE before it can power itself. The modern starter motor is

a permanenmagnet, a serieor seriesparallel wound direct current electric motor with a solenoid
switch (similar to a relay) mounted on it. When current from the starting battery is appliled t
solenoid, usually through a k@perated switch, it pushes out the drive pinion on the starter driveshaft
and meshes the pinion with the ring gear on the flywheel of the engine.

Figure 2-20 Electrical starter motor (source: BOSCH)

A starter motor for a start/stop system is designed for a considerably high number of starts. A
start/stop system offers great benefits in economy for relatively low cost. It can considerably reduce
fuel consumption and CO@mission in urban traffic. When the vehicle comes to a stédindhe

engine is automatically switched off after a couple of seconds. To continue driving, all that is needed
to restart the engine is (depending on the operational concept) activatiom dfitth pedal. The
start/stop system can be easily integrated in any vehicle because the components are no larger than
traditional onesTable2-11 shows the typical parameters of standard starter motors.
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Table 2-11 Typical characteristics of standard starter motors

Passenger Cars Commer0|al
Vehicles

Pole housing? 70 mm 74 mm 78 mm 787 109 mm
Voltage 12V 12V 12V 12 or 24V
Engine Gasoline Gasoline / Diesel Diesel Diesel
Engine capacity Upto 5.0l Over 5.0l/up to 3.0l Upto 5.0l Upto13.01
Battery 66 / 300 Ah/A 110/450 Ah/A | 143 /570 Ah/A | 352 /1500 Ah/A
Power 1.1 kW < 1.9 kW < 2.5kW 2.51 6.0 kW
Weight 2.651 3.25 kg 3.501 3.80 kg 4.107 4.40 kg | 3.8071 10.00 kg
Length 15271 185 mm 16871 200 mm 18071 210 mm 18971 306 mm
Diameter 125 mm 1277 147 mm 1457 158 mm 1457 180 mm
Cost < 100 < 100 < 100 < 200

Efficiency
The efficiency of a standard starter motor is about 60 %. But the efficienaystdrter is not an
important parameter due to the very short time of operation.

Energy demand on NEDC
The energy demand on NEDC is negligible due to the very short time of operation. Even in start/stop
systems the energy demand is not relevant undegydemand aspects.

Lifetime/Reliability/Robustness/Maintenance

Standard starter motors are designed to guarantee about 50.000 starts of the ICE while starters for
start/stop systems are designed to provide about 300.000 ICE starts. The componenbfis free
maintenance.

Conclusion

Due to the very short time of operation a starter motor has only a minor impact on the vehicle energy
demand. Hence, the starter motor offers no direct potential for the reduction of the fuel consumption.
But the starter motoras an indirect impact in stastop systems where the starter motor is an
important component.

2.3.2 Engine cooling fan

Description and main function

The primary function of the ICE cooling system is to transfer heat from the engine to the ambient
through the oolant liquid. The cooling system performance is strongly dependent on the amount of
air flow through the radiator core. At high road speeds, ram air by itself is generally sufficient to cool
the engine (i.e. when the engine is mounted in the front ofdhiele). At lower road speeds, a fan is
needed to provide the necessary air flow. The amount of air flow that a fan can deliver through the
radiator depends on a variety of factors including the restriction of the heat exchanger cores located in
front of the fan. Fan diameter and speed are two other critical factors that determine air delivery.
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Figure 2-21 Engine with cooling fan and radiator to the right in the picture

The engine cooling fan can be ofltbdriven, hydraulic or electric type. The motor fan commonly
used in city busses is a hydraulic fan, while the fan commonly used for trucks is belt driven. In
passenger cars the engine cooling fan is generallhetlectrical type.Table 2-12 lists typical
characteristics of the hydraulic, belt driven and electris tesed in busses, trucks and passenger cars.

Table 2-12 Typical characteristics of a hydraulic, belt driven and electric fan

Hydraulic fan | Belt driven fan Electrical fan
busses trucks passenger cars

Voltage - - 12v
Current - - 07 40A
Power 0,357 20kw | 0,27 45 kW 0,2 0,6kW
Weight -kg 14kg 2,5kg
Length 120mm? 160mm 200mm
Diameter 750mm’ 750mm 400-700mm
Cost 4300 ulso0 a 2-300

Y 1dling power
2 Size of fan blade, not hydraulic pump
% Approximate price including blades and hydraulic system

Energy demand on NEDC

Since the energy used for the engine cooling fan is dependent on e.g. the engamel itedambient
temperature the energy consumption during a driving cycle varies a lot. For climates like northern
Europe the engine cooling fan is not used much at all and the power consumption is most of the time
the idling power consumption. lnot climates the average power consumption for a city bus and a
distribution truck is around 8kW.

There is no specified power demand on the engine fan for passenger cars in NEDC. There is though a
need for the fan to be in use in a real drive cycle whéshilts in possible energy reduction by using a
fan with better efficiency and control.

Design issues / possible improvements
For safety reasons hydraulic fans are not suited for trockmssenger carthis due tahe fact that
the engine is placed indnt of the vehicle and thereby thl@mmable hydraulic oils exposedn crash
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zones. This is not an issue in busd®en the engine is placa&dthe rear of the vehiclevhich is most
common

Even though trucks and bussasly use the wailable poweiinfrequently the maximum power is in
some cases needegdonsequentiyt can be difficult to design an electric fan for 24V, at least in the
existing power network.

2.3.3 Water pump

Description and main function

Water pumps are tygally used on vehicles today to provide heat transfer means for an engine during
operation. The water pump circulates cooling through the engine. Water pumps are typically driven
by the engine with a belt at a fixed ratio. Hence, the water pump rotadespatd proportional to a
rotation speed of the engine. Since 2@fdctrical water pumpsave beerused in some BMW
vehicles,Figure2-22.

Figure 2-22 Electrical water pump (source: BMW)

Efficiency

Typically a mechanically or electrically driven staiethe-art water pump has an efficiency of about
40%. The efficiency on the system level is lower than 40% due to the characteristics of the cooling
circuit and theefficiencyof the belts and the ICE

Cost
<8040

Power
The mechanical power demand for a passengewasar pumpis 400- 600 W on average and at
maximum 2000 WFor anelectrical water pump the electrical power200- 400 W at 14V.

Figure 2-23 compares two possible operational modes of the water pump. One curve shows the
operational characteristic of a mechanically driven water pump while the other curve giow
operational characteristic of an electrically driven water pump wikiafsed in some vehicles. The
curve that shows the volume flow rate relates to the mechanically driven water pump. While the
volume flow rate increasedineaty, the power demand of the mechanically driven water pump is
increaseexponentially. The benefit of an electrically driven water pump is that it is adjustable on the
actual cooling demand of the internal combustion enginel@dmeflow rate higherthan 40 I/min is

not needed. Therefore the power demdaeésnot exceed 00 W.
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Figure 2-23 Two possible operational modes of the water pump

Energy demand on NEDC

The CO2 reduction giential on NEDC by replacing the mechanically driven water pump by an
electrically driven one is low. Bubgetherwith an optimised thermal management of the engine it
could be 2 4 % because a high proportion of the CO2 emissions on NEDGsrfeeuh operatiorof

the enginat less than theptimaloperatinggemperature.

Lifetime/Reliability/Robustness/Maintenance
A water pump iis designed for the vehicl ebs
conmponent is free of maintenance.

Conclusion

To replace the mechanically driven water pump with an electrically drivercauridbring a benefit

for the fuel consumptiothrough optimisationof the thermal management of the engine #rnte
electricalenergyusedcan be mainly generated without the internal combustion engine for example
through braking energy recuperation

2.3.4 Oil pump

Description and main function

Motor oil is a lubricant used ifCEs. Lubricating oil creates a separating film between surfaces of
adjacent moving parts to minimize direct contact between them, decreasing friction, wear, and
production of excessive heat, thus protecting the engine. The oil figupe 2-24, powered by the
vehicle engine, pumps the oil throughout the engine to the bearings, including the oil filter. The oil
pump is usually othe gear type, driven by the camshaft or crankshaft, or a rotor type. Oil pressure
varies quite a bit during operation, with lower temperature and highgine speedncreasing
pressure to a maximum of about 4.5bar.
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Figure 2-24 Engine oil pump (source: MAHLE)

Efficiency
Typically a stateof-the-art oil pump has an efficiency of about 80%. The efficieatjhe system
level is less due to the characteristics ofdfiieiency of theoil circuit, thebelts and the ICE.

Cost
< 60040

Power

The mechanical power demand for a passenger car isi 2800 W on average andeaches a
maximumof 2000 W. InFigure2-25it can be seen that currently oil pump operation mode produces

high losse especially during cold engine operation and at higher engine speeds. The actual engine oil
demand depends on the engine speed, the load, component tolerances and especially on the engine
operation temperature. Tmaximiseefficiency the oil pump should adapt the displaceminthe

actual oil demand.
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Figure 2-25 Engine oil demand and actual oil pump characteristic

Energy demand on NEDC
The CO2 reduction potential dhe NEDC is about 0.5 to 1 % by using an engine oil pump that is
able to adapt its operation mode to the actual engine oil demand.

Lifetime/Reliability/Robustness/Maintenance
An oi | pump iis designed for t he vsslisihgh. dlies | i f e
component is free of maintenance.

Conclusion

Replacing the mechanically driven engine oil pump with an oil pump that is able to adapt its operation
mode to the actual engine oil demand can bring a notabiestionin fuel consumptionespecially if

the thermal management of the engine is optimised as well.

Versionl.1l Page37



EE-VERT DeliverableD1.1.1 27 May 2009

2.3.5 Fuel pump

Description and main function

An electric fuel pumpFigure 2-26 pumps the fuel from the fuel tank to the engimel aelivers it

under high pressure to the fuel injection system. It is usually located inside of the fuel tank. A benefit
of placing the pump inside the tank is that it is less likely to start a fire. Liquid fuel will not explode
and therefore submergjrthe pump in the tank is one of the safest placésctdeit. In most cars, the

fuel pump delivers a constant flow of gasoline to the engine. Fuel that is not used is returned to the
tank.

Figure 2-26 Electrical fuel pumps (source: Bosch)

Efficiency
Typically a stateof-the-art electrical fuel pump has an efficienaiypetween 20 and 40 %.

Cost
<60 U

Power
The current demand for a passenger car is between 2 and 12 amps. Hence, the electrical power
demand is between 28 and 168 W in ave@ya 14V system

Energy demand on NEDC

Currently the mission profile hditle influence on thelectric fuel pump operation. In most cars the

fuel pump delivers a constant flow of gasoline or diesel to the engine. The fuel flow is typically
between 60 and 140 I/h for a passenger car. Fuel that is not used is returned to the tank via a bypass.
The fué pump isworking as long as the electronic ignition systenmioperation They produce fuel
pressures up to 4.5 or even 6.5 bar.

Lifetime/Reliability/Robustness/Maintenance
An el ectrical fuel p ump mesThalreliabilitg ané mbbudtness is hidhe v e h
but due to brushed technology it could be improved. The component is free of maintenance.

Conclusion

There is gotential to reduce the fuel consumptlnintroducing a new mode of operatiohthe fuel
pump Currentlythe fuel pump is constantly working during the whole &fip pressure level that is
not needed under lower engimad conditionsAn optimised operational strategy for the fuel puisp

to be investigated thaisesa controlled pulsevidth modulated operation that is based on the real fuel
pressure@lemand of the engine.
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2.3.6 Vacuum pump

Description and main function

Both OttoandDieselenginesn passenger cargquirea brake booster support. In thedraulic brake

system he human pedal brake force must be supported via a vacuum brake booster thechuske
pressure must increase for braking down from high vehicle speed and/or heavy cars. The vacuum
constitutes a pressure gradient to ambient air and so the brake force increases inside of the brake
booster.

Diesel and Otto engines are different nake booster:

— Enginesusing theOtto principle need throttle valveto deliver thecorrect fuelair ratioto
operate at partial load conditionEhe secondary effect that a vacuum is generated in the
inlet manifoldbehind the throttle¢hat can be used for the brake boask&wer engines with
gasoline direct injection or variable valve timidg not have a throttle valve aadseparate
vacuum pumgs fitted similarto adiesel en@e.

— Dieselenginesdo notneed of a throttle valve and only a very little (not feasiblasé inlet
manifold vacuum ests. An auxiliary vacuum pump is required on diesel engfoeghe
brake boosterThe vacuum pump is directly driven thecamshaft or via belt, Figure2-27.

Figure 2-27 Vacuum pumps, left i mechanically driven, right i belt driven (source: WABCO)

The electricvacuum pump supportBebrake boostewhen there isnsufficient manifold pressure
— during startstop operation
— during heating the catalydu(filling legal emission requirements)
— during strong exhaust gas recirculation
— for vehicles with automatic transmission
— for redudng of fuel consumptioncompared t@ mechanical vacuum pump

Figure 2-28 Electric vacuum pump
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Table 2-13 Typical characteristics of vacuum pumps

Electrical Mechanical
e.g. Figure 2-28) | www.wabco-auto.com
Evacuation time (p,x=1000hPa) , :
500hPa/300hPa 5s/10s (5litre) 3s/5,5s (3,8litre)
Max. vacuum [% amb. pressure] >85% >85%
Power consumption [W] 150 180
Lubrication no yes, motor oil
Mass [g] ca. 1100 750
Cost w/ o connect ( <50 <30
Effi ciency

The efficiency of standard vacuum pumps is between 40 and 60 %.

Energy demand on NEDC
A demanddriven electric vacuum pump (evman reduce the COZemissionscompared toa
mechanical vacuum pump (mvp). The following estengtiows the benefibn the NEDC (GDI
engine):

— Calculated mvp fuel consumption: 0,06 litre / 100 km

— No evp activation in NEDC necessary

— CO2 emissions caused by mvp: 1,4 g/ km ( 2,38 kg CO2 per litre fuel )

Lifetime/Reliability/Robustness/Maintenance
Standird vacuum pumps are designedun for about 250.000 km of the ICE. The component is free
of maintenance.

2.3.7 Turbo Charger

Description and main function

Figure 2-29 shows that embustion engines have their best fuel remuy at high loads Whereas
typical operating patterns tend tseonly low loads. B in some situations, high output torque is
required for accelerating the vehicléhere has been an imasingdemand fotigheroutput powelin
recent yeargdue toadditional safety and convenience systémseasinghevehicle weight
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Figure 2-29 Mapping of areas of operation
Exhaust gas turbochargers are being usddcreaseengine power. Exhaust gas is used to drive a

compressor tancrease the intake air mass ahe larger amount afxygen allowsmorefuel to be
burnt

Figure 2-30 lllustration of the turbo chargers placing in system

Figure 2-31 lllustration of a cross-section of a turbo charger

The benefit olusing a turbohargeris to getmore power out of a smaller engifehigher efficiency
is also achieved due to a reductafrthermal losses.
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