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4, 8, 12 | Since the combustion engine of an automobile must be
cooled, the waste heat for many decades was quasi in vain. In winter
this energy was used for the heating of the interior. If it was too hot
in summer, the interior had to be cooled with air conditioning systems.
But with energy-efficient diesel engines, sharper emission laws in
the cold starting phase and because of the trend to electric cars

this traditional procedure comes gradually into staggering. The
Forschungsgesellschaft Kraftfahrwesen Aachen (FKA), Eberspécher
and Behr light up the topic “Thermal Management” from different
perspectives.
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FACT AND FANCY

Dear Reader,

A few days ago at the Geneva Motor
Show, I stood awestruck in front of the
Porsche 918 Spyder. Anyone who can
remember the racing cars from Zuffen-
hausen for the “Targa Florio”, the legen-
dary Sicilian endurance race, would have
fallen in love on the spot. Only later did
I notice that this racing car is not only
equipped with a V8 engine (368 kW/
500 PS) as befitting its status but, as a
plug-in hybrid, can also be driven purely
electrically for 25 km. In accordance with
EU rules, Porsche claims a CO, emission
of just 70 g/km, which is equivalent to a
fuel consumption of around 2.5 litres per
100 km.

Customers will never achieve this fuel
economy. Neither will they manage a fuel
consumption only 20 % above the stand-
ard figure, as is the case with today’s
vehicles with an internal combustion
engine. If the car were to go into series
production, the actual consumption
would be far higher than that indicated in
the brochure, probably by a factor of four.
After all, it would be a shame if such a
nice car could only be driven for a few
kilometres. Porsche is not alone; other car
makers presented similar concepts - and
in doing so, I believe, they are doing a
disservice to the entire industry. Raising
customer expectations to such an extent
inevitably leads to a loss of credibility.

There was a positive example from the
same group: in Geneva, Audi showed an
electrified version of the compact Al. The
12 kWh battery is sufficient for a range
of at least 50 km (a conservative figure).
After that, a small range extender enables
the car to carry on driving. At the rear
axle, a very compact rotary engine devel-
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oped by AVL powers a generator. In view
of the distances actually covered by vehi-
cles in the A0 segment, the internal com-
bustion engine is likely to be used only
intermittently, with the result that many
customers will be able to achieve - or
even undercut - the claimed CO, emission
of 45 g/km.

Apart from that: on no account should the
CO, emissions for the electrically driven
section of the EU cycle be set at zero, but
must be calculated according to the elec-
tricity generation mix in Europe. More
intelligent customers - and all fuel con-
sumption concepts are aimed at such
groups - are under no illusion that elec-
tricity simply comes from a wall socket.

Customers are cleverer than some might
think!

it

JOHANNES WINTERHAGEN, Editor-in-Chief
Frankfurt/Main, 4 March 2010

EDITORIAL

personal buildup for Force Motors Ltd.



COVER STORY THERMAL MANAGEMENT

HEAT TO COLD
ADSORPTION CHILLERS FOR
AUTOMOTIVE CLIMATISATION

With thermally driven adsorption chillers, waste heat can be recovered in order to provide cold in the vehicle.
Thus, the additional energy consumption for climatisation purposes can be reduced and the overall vehicle
efficiency is raised directly. Furthermore, due to their energy storage ability of adsorption chillers, this technology
can be used for park cooling. The Forschungsgesellschaft Kraftfahrwesen mbH Aachen (FKA) develops compact

adsorption chillers for mobile applications as they can be taken into account for hybrid vehicles and electric cars.

RECEIVED 2009-08-26
REVIEWED 2009-09-24
ACCEPTED 2009-11-03
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INTRODUCTION

Air conditioning compressors are one of
the main ancillary consumers in today’s
cars and thus have an important impact
on fuel consumption and overall effi-
ciency. Also, more and more cars are cur-
rently being equipped with air-condition-
ing (AC) systems for comfort and security
reasons. Therefore, overall energy con-
sumption for cooling purposes in auto-
motive applications will rise in the near
future. The cold demand for future car
concepts, such as hybrid electric (HEV) or
battery electric vehicles (BEV), will be
even larger than for actual cars, as the
electric storage unit must be climatised.
Lithium-ion batteries, for example, should
not exceed a critical temperature of about
40 °C, for lifetime and consequently for
cost reasons. Even if not under load, the
battery has to be climatised as the decom-
position reaction is mainly temperature
dependent. Thermally driven sorption
chillers are a promising technology for
active cooling in automotive applications.

With thermally driven adsorption chill-
ers, as they are developed by FKA, waste
heat can be recovered to provide cold for
cabin and battery climatisation. Conse-
quently, energy consumption can be low-
ered and overall efficiency improved. Fur-
thermore, due to the energy storage abil-
ity of adsorption chillers, they are well
suited for cooling the battery in park
mode, for example.

WORKING PRINCIPLE OF
ADSORPTION CHILLERS

Similarly to vapour-compression refrigera-
tors, adsorption chillers provide cold in an
evaporator and part of the heat rejection

to the ambient takes place in a condenser.
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However, for thermally driven chillers the
vapour compression is achieved by a so-
called thermal compressor instead of a
mechanical one. For adsorption chillers,
this thermal compressor consists of at
least one adsorber heat exchanger.
Adsorption is the ability of porous solids
to bind a fluid (refrigerant vapour for the
automotive cooling application) onto the
surface under heat release (exothermal
reaction). The uptake of refrigerant
vapour will increase with rising vapour
pressures and with decreasing adsorber
temperatures. @ shows the schematic of a
two-bed adsorption chiller - with two
adsorber heat exchangers mounted in
parallel.

The first adsorber heat exchanger
(bed 1) of the two-bed adsorption chiller,
shown in @, is filled with the adsorbent
(like zeolite) and is assumed to be dry (no
vapour uptake) and thus, can bind refrig-
erant vapour (for example water steam).
Bed 2 has the maximal uptake and there-
fore has to be dried. This setup has been
chosen exemplarily and is arbitrary. Alter-
natively, both adsorbers could be com-
pletely dry. For the chosen start configura-
tion, all valves (V1 to V4) are closed. This
means that in the evaporator as well as in
the condenser, a two-phase equilibrium
(liquid / gaseous) is found. The pressures
correspond to the saturation pressures of
the refrigerant at the given equilibrium
temperatures. For the evaporator, this is
the cold supply temperature (for example
5 °C). As part of the heat rejection occurs
in the condenser, the required tempera-
ture has to be above ambient condition.

By opening valve V1 refrigerant vapour
from the evaporator gets to the adsorbent
and is adsorbed. This will result in a tem-

1o
Condensate

porary pressure drop in the system “bed
1/evaporator”. Thus, liquid refrigerant will
evaporate to compensate this pressure
drop and because of to the heat of evapo-
ration cold is supplied.

The heat of adsorption (exothermal
reaction) has to be rejected in order to
avoid a temperature rise of the adsorber,
which would result in curbing or even
halting the adsorption process. Besides
the heat rejection in the condenser, the
adsorption heat is the second part of the
heat rejection at middle temperature.
Thus, the adsorption end temperature has
to be adapted to ambient conditions.

Simultaneously to the uptake of bed 1,
bed 2 is dried (desorbed). The heat of the
drive is added. The released refrigerant
vapour will result in a pressure raise in
the gaseous phase. The pressure is
increasing till the vapour condensate at
the coldest place in the system “bed 2/
condenser” (valve V4 open). It has to be
taken into account that the condenser
temperature is low (boundary conditions
included) in order not to brake or stop the
desorption.

With bed 1 fully loaded and bed 2 com-
pletely dry, the process can be reversed by
opening valves V2 as well as V3 and clos-
ing V1 as well as V2. However the end
temperatures of the ad- and desorption
process do not correspond to the required
start temperatures. Thus bed 1 has to be
heated up and bed 2 to be cooled down.

In the following, the challenges for the
development and the integration of
adsorption chillers are presented more in
detail. Therefore, high temperature heat
source, cold supply, heat rejection, cycle
times but also packaging and integration
were investigated.
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HIGH TEMPERATURE HEAT SOURCE

The time characteristics and the tempera-
ture level of the high temperature heat
source (for the desorption) are essential
for the choice of the adsorbent/refrigerant
material pairing. In general, higher tem-
peratures are favourable but there is a rea-
sonable limit depending on the material
pairing. For combustion engines, mainly
two heat sources are available.

Exhaust gases are usually available
above 200 °C, but their availability is sub-
ject to highly dynamical fluctuations,
depending on the operation point. As
thermally driven chillers have a high iner-
tia compared to mechanical ones, this
heat source is not favourable. Further-
more, the pressure losses over an exhaust
gas heat exchanger would have a direct
impact on the operation of the combus-
tion engine. Moreover, the relatively weak
heat transfer coefficient of exhaust gases
would lead to large heat exchangers. For
these reasons, exhaust gas is not recom-
mendable as a driving heat source.

Engine cooling water is available at
lower temperatures around 90 °C. Never-
theless, this temperature level is sufficient
to reach good changes in uptake with mod-
ern zeolites and with silica gel (both in
combination with water as refrigerant).
Furthermore, engine cooling water is con-
stantly available and will lead to compact
heat exchangers, due to water’s favourable
heat transfer coefficient. For combustion
engines, about a third of the fuel is found
as waste heat in the cooling water. Thus
even for small engines (for example 40 kW
driving power), sufficient heat is available
for driving an adsorption chiller. For assumed
coefficients of performance (COP, ratio of
cold to driving heat) of adsorption chillers
of about 20 to 60 % (see also section
“Cycle Times”), a minimum of about 8 kW
of cold could be made available through
using the cooling water as heat source.

For BEVs, most available heat sources do
not come into consideration because their
temperature level is too low (beneath 40
°C). At these low driving temperatures,
few adsorbents are available, but these are
very strongly sensitive to the heat rejection
temperatures (see also section “Heat Rejec-
tion”), thus they are not possible for BEVs.
Hence the only available heat source for
adsorption chillers in BEVs is the waste
heat of the electric motor, which is usually

6

Fotlative ecaling power G0

@ Influence of the
relative cycle time on the
relative cooling power

available above 100 °C. For an assumed
driving power of 40 kW for a small car and
a maximum efficiency of the electric motor
of 95 %, about 2.1 kW of high temperature
heat would be constantly available. With
the above given COPs 0.45 to maximum
1.26 kW of cold could thus be provided.
This would be sufficient to cover the base
load for cabin climatisation or to climatise
the battery.

COLD SUPPLY

Air conditioning systems in cars do not
only cool down but also dehumidify the
cabin. This dehumidification is reached by
cooling below the dew point in the evapo-
rator heat exchanger. Thus, the evaporator
temperature of actual vapour-compression
refrigerators is about 0 °C. However, ther-
mally driven chillers are highly tempera-
ture-sensitive and their efficiency will
strongly depend on the evaporator tempera-
ture. For a driving temperature of 90 °C
and a heat rejection temperature of 35 °C,
the COP of a thermally driven chiller could,
for example, be doubled by raising the
evaporator temperature from 0 to 15 °C.
For the climatisation of the electric battery,
this evaporator temperature is sufficient.
However, for cabin climatisation pur-
poses, this cold supply temperature would
require an additional dehumidification unit
like for example an open sorption wheel. In
comparison to the buildings sector, open
sorption systems for automotive applica-
tions are at a very early development stage,
realistic cold supply temperatures for
adsorption chillers at present are around
5 to 10 °C. With an evaporator temperature
of 10 °C and a temperature difference of
5 K in the evaporator, a surplus of about
5.5 g water-vapour per kg dry air are let
into the cabin, compared to 0 °C satura-
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tion. However, the absolute humidity of
10.8 g/kg still lies below the sweating limit.

HEAT REJECTION

For the integration of adsorption chillers
into vehicles, the temperature levels of the
cold supply and the driving heat source are
generally determined by the automotive
concept and are mostly constant. The
ambient temperature however is subject to
fluctuations and has a big impact on the
COP of the adsorption unit. Moreover, the
change in uptake and thus the available
cold supply is directly influenced by the
ambient temperature. A raise in ambient
temperature (that means a raise in the heat
rejection temperature) implies a higher
condenser pressure and thus the adsorbent
cannot be dried that strongly during the
desorption (see also section “Working Prin-
ciple of Adsorption Chillers”).
Furthermore, the adsorbent will not
take up as much refrigerant vapour during
the adsorption phase as the adsorption
end temperature will rise. For adsorbents
which are designed for low temperature
desorption, a raise of the heat rejection
temperature from 35 to 45 °C for example
will reduce the change in uptake so radi-
cally that nearly no cold can be supplied.

CYCLE TIMES

As adsorption chillers are non-stationary
units, the cycle time for the adsorption and
the desorption phases is an important
design and control value. The influence of
the relative cycle time (t/¢, ) on the rela-
tive cooling power (compared to the maxi-
mum cooling power at ¢, ) is exemplarily
shown in @ for a fourth of the cycle time.
Due to the shorter cycle times the adsor-
bent is neither completely dried during the

personal buildup for Force Motors Ltd.
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desorption phase, nor completely loaded
during the adsorption phase. As the ad-
and desorption kinetics are the quickest
shortly after switching, as the driving po-
tentials are maximal, the influence of short-
er cycle times on the maximum cold supply
is small. As shown by the simulation re-
sults in @, maximum cold supply is re-
duced by about 12 %. At the end of every
process phase, performance tends to zero,
as nearly no change in uptake happens (see
solid curve in @). Thus by reducing the
cycle time, the average cold supply can be
enhanced. The influence of the cycle time
on mean cold power is shown in @. Below
a relative cycle time of 25 %, mean cold
supply drops, as during the switching phase,
the bed to be desorbed has to be heated up
and the dry bed has to be cooled down. The
cool down heat of the dry bed is a disprofit
for the unit. This critical value for the cycle
time depends on the technical realisation of
the adsorption chiller (thermal masses).

For short cycle times, the potential of the
adsorbent is not used to full capacity. Thus,
the COP will decrease with decreasing cycle
times. This influence is shown in ®. The
maximal COP that can be reached in a ther-
mally driven chiller is a function of the
three temperature levels discussed above.
For a two-bed adsorption chiller, the COP
cannot exceed 100 % and will be around 60
to 70 % for real mobile applications.

The influence on the cycle time on the
COP and the mean cooling power is used
for partial load control. By extending the
cycle time, the chiller is throttled in power.
Contrary to vapour compression units, the
COP will rise due to this procedure.

PACKAGING AND INTEGRATION

Due to the low exergetic driving source,
the cooling power density of adsorption
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chillers will be lower than for vapour
compression units. Within the European
research project “Thermally Operated
Mobile Air Conditioning Systems” (Top-
macs) [1] three adsorption chillers for
mobile applications were developed. The
chosen material pairings are ammonia/
activated carbon, zeolite/water and silica
gel/water [2]. For a cold water tempera-
ture of 10 °C the volumetric cooling pow-
ers of those units with water as a refriger-
ant are about 20 W/I (related to the vol-
ume of the thermal compressor).

The FKA, in cooperation with the Chair
of Technical Thermodynamics of RWTH
Aachen University, has improved the volu-
metric cooling power within the frame-
work of an industrially funded project. The
ammonia/activated carbon unit has a con-
siderably higher volumetric cooling power
(about 70 W/1 for the same boundary con-
ditions). However, the COP of this unit is
quite low with a value of 15 %. At first
sight, the COP of a thermally driven chiller
for automotive application is not essential,
as sufficient high temperature heat is avail-
able. However, the amount of heat to be
rejected to ambience is directly influenced
by the COP (inversely proportional). As the
heat rejection is crucial, it is clear that the
COP is very important for the integration
of an adsorption chiller.

The volumetric cooling powers of the
Topmacs project show for state-of-the-art,
adsorption chillers for automotive applica-
tions can only be used to cover the base
load due to missing available space for inte-
gration. However, covering the base load by
means of waste heat recovery with adsorp-
tion units, about 60 % of the additional
energy consumption for cooling purposes
can be avoided [3]. With an assumed aver-
age consumption for cabin climatisation of
0.51/100 km the possible fuel savings of

0.31/100 km are thus determined. Calcula-
tions were made for a cabin temperature of
22 °C, the New European Driving Cycle
(NEDC), and yearly ambient conditions of
Frankfurt/Main, Germany [4].

CONCLUSION AND OUTLOOK

As the FKA analysed in a research project,
thermally driven adsorption chillers have
a big potential for improving the overall
efficiency of vehicles - regardless of the
powertrain concept. For today’s vehicles
with combustion engines, a saving poten-
tial of about 60 % of the additional energy
consumption for cooling purposes is
expected. Furthermore, this technology
features further comfort applications, as
for example park cooling, due to the
energy storage ability of the adsorbers.

However, the relatively poor volumetric
cooling power of today’s adsorption chill-
ers avoids covering of the whole cold
load. In particular, peak loads have to be
covered by conventional mechanical
vapour compression units. In future devel-
opments, this peak load unit will be dis-
placed by consequent reduction of the
cold demand and by technological
improvements of adsorption chillers.

Adsorption chillers have a non-stationary
operational behaviour. To achieve the poten-
tial described here, a smart control of the
unit is necessary. As thermally driven units
have slower dynamic characteristics than
vapour compression units, and because of
the small temperature differences at heat
and material transfer in the beds, the con-
trol concepts are crucial for maximal energy
savings. This is why next to the technologi-
cal development of adsorption chillers and
heat rejection heat exchangers, emphasis
should be put on the development of inno-
vative control concepts.
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Eberspécher heating systems distribute the heat via well
designed air vents (left) in the interior of the concept
electric vehicle Rinspeed ,iChange” (source: Rinspeed)

HEATING CONCEPTS FOR
VEHICLES WITH ALTERNATIVE
POWERTRAINS

Electrification of the powertrain demands a decoupling of the heating from the engine’s waste heat. Electrical and
fuel-operated heating systems are already based on independence from the engine, and — ideally combined — can

guarantee rapid and efficient heating of the passenger compartment. Eberspacher presents the state-of-the-art for
both heating systems and concepts for passenger cars with conventional, hybrid and electric drive.
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ELECTRIC MOBILITY IN THE FOCUS
OF GERMAN FEDERAL GOVERNMENT

The bandwidth of electrified powertrain
technologies for reduction of CO, emis-
sions is considerable, @. This is the case
both for currently in-development projects
and already available series-production. It
ranges from combustion engines with
electrified ancillary units over hybridized
drives and on to pure electric vehicles.
The significance behind the megatrend of
electric mobility is clearly illustrated by
the agendas approved by the German Fed-
eral Government:
: Integrated energy and climate program
(2007) [1]
National innovation program for
hydrogen and fuel-cell technology
(2000) [2]
German Federal Government national
development plan for electric mobility
(2009) [3].
Electric mobility will only have a future if,
despite every endeavor for boosting the
efficiency of the drives, customer
demands for a comfortable climate in the
vehicle can also be met.

HEAT DEFICIT OF VARIOUS
DRIVE CONCEPTS

A comparison of coolant temperatures in
vehicles with efficient drives clearly dem-
onstrates the dilemma associated with
heating the passenger compartment using
coolant heat. It is shown in @ for five
drive types. Without passenger-compart-
ment heating, none of the vehicles
achieved the specified temperature for the
coolant of 85 °C at the end of the new
European driving cycle (NEDC). The
reduced consumption through the
engine’s start/stop system is limited in
winter, when the coolant fails to reach the
minimum temperature. At -7 °C, a full
hybrid vehicle has such a great waste-heat
deficit throughout the entire NEDC urban
driving cycle that the heating of the pas-
senger-compartment has to be decoupled
from engine-related waste heat, if the cus-
tomary level of comfort is to be main-
tained in the vehicle.

Battery electric vehicles (BEV) no
longer have a sufficient source of waste
heat. The search for alternative heat
sources requires answers from the sup-
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plier to the questions of the BEV customer

and the vehicle manufacturer. Will a BEV

customer accept:

: limited thermal comfort?

: areduction in operating scope in
excess of 40 % with electric heating?

: the necessity for visiting a filling sta-
tion with a battery-preserving fuel-
powered heater?

The vehicle manufacturer could pose the

following questions:

: Can the heating system assume the
thermal management of the battery?

. What expense is associated with the
fuel tank system exclusively required
for the heating system of a fuel-pow-
ered heater?

: Which fuel would best suit the envi-
ronmentally-friendly image of an elec-
tric vehicle?

HEATING CONCEPTS BASED ON
ENGINE-INDEPENDENT SYSTEMS

Engine-independent heating systems

require an energy source which is inde-

pendent from the engine’s waste heat.

The heating output deficit that has to be

compensated for by an engine-independ-

ent system is as follows:

: cars with consumption-optimized com-
bustion engines 400 to 2000 W

: full hybrid vehicles around 3500 W

: BEVs approximately 6000 W.

With the exception of the pure BEV all the

above vehicles are equipped with two

energy sources: battery and fuel. Electric

PTC heaters [4] (PTC: positive tempera-

ture coefficient) and fuel-powered heaters

use these energy sources. With an effi-

ciency level of more than 80 % both types
of heater can be designed as auxiliary
heaters to back up the classical vehicle
heating system, or as fully independent
heater systems. Both systems are available
as blower heaters and as independent
coolant heaters that heat air or coolant,
either electrically or through a burner.

HEATING CONCEPTS FOR
CONSUMPTION-OPTIMIZED VEHICLES

Practically all modern diesel cars are now-
adays equipped with PTC auxiliary heat-
ing. Decisive for the success of this heat-
ing measure is the high quality and relia-
bility, combined with the outstanding
intrinsic safety against overheating. Com-
pact dimensions and a high level of flexi-
bility in connection technology enable
integration into the central heating, venti-
lation and air-conditioning system (HVAC)
downstream of the water heat exchanger.
PTC auxiliary heaters support passenger-
compartment heating when the coolant
temperature in the water heat exchanger
is too low. Basically, two systems have
currently established themselves [5]:
: mechanical heater, which can be switched
on or off in stages using external relays
. electronic heater with a continuously
variable, integrated electronic power
control.

FULL HYBRID VEHICLES

The increased efficiency of the hybridized
drive means that in cold start conditions
the use of engine waste heat, backed up by
electric auxiliary heater, is unavoidable. In

order to be able to drive electrically in the
winter, full hybrid or electric vehicles with
range extender (E-REVs) require a solution
to compensate for the heater output deficit -
without using valuable electrical energy.
One possible solution is the engine-inde-
pendent, fuel-powered coolant heater,
which utilizes the given infrastructure in
the water circuit and the climate system to
heat the passenger compartment more
comfortably, @.

From the moment the engine is started
in cold conditions, a fuel-operated coolant
heater can either support the engine as an
auxiliary heater or run the heating func-
tion on its own in electrical driving mode.
Also possible is heating during an com-
bustion engine start/stop mode. A quick-
start combustion process enables the full
heater output of 5000 W within 25 s.

The devices comply with the increased
life-time requirements through state-of-
the-art alternative fuel-burning combus-
tion procedures and electronic-commu-
tated blowers and water-pump motors.
With a view to the ecological perception,
it remains to be seen whether customers
will accept fuel-powered auxiliary heating
during purely electric service.

BEVS

The heating of BEVs represents new con-
ceptional and technological territory.
Apart from the solution to the problem of
the operating range and battery costs the
success of these vehicles shall be deter-
mined by the climate comfort as custom-
ers will only accept minor reductions to
the customary level of comfort compared

© Fuel-powered heaters for heating the passenger-compartment air (left) and

coolant (right)
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coolant (right)

O High-voltage PTC heaters for heating the passenger-compartment air (left) and
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VEHICLE MODEL

HEATING-CONCEPT RECOMMENDATION

SELLING POINTS

Consumption-optimized PTC air heater

: 12 V vehicle electric system

Vehicle 400 - 2000 W : Installation in given heater
climate module (HVAC)
. Weight
Mild Hybrid PTC air heaters : Option 12V, 24V, 48V
(4-5 seater) 2000 W : Installation in given HVAC
: Weight
Full Hybrid Fuel-powered heater, coolant : Fuel periphery given
(4-5 seater) : CO, balance

PTC coolant heater
3000 W

: HVAC without modification
: Heat balance/engine support
: Platform option

Electric Vehicle /
Range Extender
(4-5 seater) PTC coolant heater

5000 - 6000 W

Fuel-powered heater, coolant

. Operating range

. Water circuit given

: No high voltage in passenger
compartment

: Platform standardization

: Engine pre-heating

Electric Vehicle
Compact Size
(4-5 seater) PTC coolant heater

5000 - 6000 W

PTC air heaters
5000 - 6000 W

Fuel-powered heater, air/coolant

. Operating range

: With given coolant circuit

: No high voltage in passenger
compartment

: Platform standardization

: Battery temperature control

: Parking heater

: Short trip heating

. Weight and packaging

City Electric Vehicle PTC air heaters

: Short trip heating

(2 seater) 3000 W : Weight and packaging
Fuel Cell Vehicle PTC coolant heater : Utilization of given coolant
(4-5 seater) up to 10,000 W circuits
: Load dump and recuperation
function

@ Heater recommendation depending on the vehicle model

with existing vehicles. Currently, three
concepts are competing against each
other: electrical high-voltage (HV) air
heater, electrical HV coolant heater, @,
and the heat pump, which is not viewed
here.

Electrical HV air heaters can replace the
conventional coolant heat exchangers in
the passenger compartment and convert
electrical energy straight into heat. The
required outputs of 5000 to 6000 W can be
achieved in the given installation space
without involving any critical overheating
in the heater element in the event of any
malfunctions or faults. The complete heat-
ing comfort is available after approxi-
mately 20 to 30 s. To comply with the
requirements for a constant temperature
in the passenger compartment, a linear
(continuously variable) control with as
yet to be developed control settings is
required in the climate control system.
This enables outputs to be regulated in
combination with low thermal masses.

ATZ 0412010 Volume 112

HV PTC coolant heaters represent an
ideal solution for a BEV’s complicated
thermal management. They use the given
heater climate module including the cli-
mate control of a conventional vehicle,
and permit the energy-efficient utilization
of waste heat from traction motor, power
electronics, voltage transformer and bat-
tery - including their temperature control
at low temperatures through a water
circuit.

However, this obvious technology for
heating by means of an electrical heating
system reduces the operating range of the
car by more than 40 %. Vehicle electric
systems of up to 500 V direct-current volt-
age (DC) require special insulation tech-
niques and layouts to comply with inter-
national safety standards and to guarantee
reliability in automobiles.

The most-efficient means of handling
current as a resource is offered by fuel-
powered air heaters with a heater output
of 900 to 4000 W at a maximum current

consumption of 40 W, ®. They can be
arranged in the passenger compartment
or on the periphery. The distribution of
the heated air can be effected through a
variety of systems ranging from simple air
vents up to complicated distribution sys-
tems with multiple air vents. BEVs and E-
REVs without a coolant circuit can there-
fore be comfortably heated. Due to their
original application geared towards com-
mercial-vehicle heating, current air heat-
ers already fulfill the life-time require-
ments for BEVs. It remains to be seen
whether customers and legislative body
shall accept fuel-powered auxiliary heat-
ing in BEVs, because they will not fulfill
Zero emission criteria.

OVERVIEW AND OUTLOOK

As energy and thermal management in
the vehicle grows increasingly electrified,
it is becoming the main challenge for
development departments in the automo-
tive sector. Consumption-optimized
engines and new additional components
in the vehicle and therefore new heat
sources and heat sinks require changes to
be made in the area of heating technol-
ogy. Therefore, Eberspacher developed
modern auxiliary PTC heaters and fuel-
powered heaters but also electrical high-
voltage heaters for hybrid and electric
vehicles. @ contains a summary of recom-
mendations by Eberspacher for heating
current and future drive concepts.
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INTEGRATION OF A LITHIUM-ION
BATTERY INTO HYBRID
AND ELECTRIC VEHICLES

Electrical energy storage units are the key technology to electrified powertrains. They determine driving range,
weight, package and costs substantially. Lithium-ion batteries are particularly suitable for meeting these chal-
lenges, but at the same time they also place high demands on the temperature management. Behr presents the
integration in the entire vehicle and the different system concepts for battery cooling and illustrates the specific
benefits and drawbacks in each case, but also how the refrigerant and coolant circuits could be optimised.

e
-
|
%
S
O
2
o
=
O
o
S
o
LL
S
@}
NS
o
S
T
E
o
T
c
o
)
S
)
o

12



AUTHORS

DR. RER. NAT. DIRK NEUMEISTER
is Head of the Thermodynamics
Technology Center in Stuttgart
(Germany).

DR.-ING. ACHIM WIEBELT

is Head of the Heat Transfer
Technology Center in Stuttgart
(Germany).

DR.-ING. THOMAS HECKENBERGER
is Head of the Behr Technology
Center in Stuttgart (Germany).

LI-ION ACCUMULATORS NEED A
SPECIAL THERMAL MANAGEMENT

Due to their exceptional properties, lith-
ium-ion batteries will in future be used
as an electrical energy source in many
hybrid and electric vehicles. Owing to
their high energy density these batteries
are superior to their currently used Ni-MH
counterparts; but they also require a spe-
cial cooling and heating concept. While
the optimum temperature range depends
on the cell chemistry employed by the dif-
ferent manufacturers, as a general rule
temperatures of over 60 °C during storage
and 40 °C during operation need to be
avoided. There is an appreciable reduc-
tion in the potential charging and dis-
charging rates at temperatures of below
-5 °C.

Operation outside this temperature
range shortens the battery life due to irre-
versible damage occurring within the Li-
ion cells and should therefore be avoided.
In hybrid vehicles, this would result in
restricted electrical support for traction,
while in electric vehicles it can even lead
to a breakdown if this temperature inter-
val is exceeded and the battery shut
down. The thermal management of the
battery thus ensures the safe operation of
the vehicle and reduces the loss of value
of these expensive batteries, particularly
in the case of large batteries in plug-in
hybrid vehicles and electric cars.

At 95 %, the efficiency rate of modern
Li-ion cells is extremely high. However,
the degree of waste heat that results from
the internal electrical resistance of the

Li-lon battery

Cooled air
Tom  =<40°C
AT cenr =5-10K
AT =5K

in battery

Refrigerant

Coolant

cells during acceleration and braking is a
factor that cannot be ignored. The various
cell cooling designs have already been
presented and discussed in ATZ [1]. This
article examines the integration of the bat-
tery’s thermal management system into
the vehicle.

Particularly in summer, ambient air is
not suitable for cooling the Li-ion battery;
the difference between ambient air tem-
perature and the maximum permissible
temperature of the battery is too small to
dissipate battery heat employing reasona-
ble means. Accordingly, the air condition-
ing circuit, @, is the only available heat
dissipation method in the vehicle that can
be actively influenced. The heat from the
battery can be transferred from the refrig-
erant circuit of the A/C system using con-
ditioned air, a dedicated coolant circuit,
or refrigerant itself. The method used is
dependent upon the application profile of
the vehicle type, for which it is intended.
Each cooling method has its own particu-
lar advantages and disadvantages. All
three are currently used in production
vehicles, and are presented below.

COOLING METHOD WITH AIR

With air cooling, the cooling air is fed
through large ducts to the battery. Once
the air has warmed up in the course of
passing through the battery and along the
cells, it is often discharged directly into
the outside air. Basically, there are several
drawbacks with this very simple cooling
method. They include the large air duct-
ing system to and from the battery, the

System
integration

into
AC circuit

personal buildup for Force Motors Ltd.

@ The refrigerant circuit is the only actively influenceable heat sink available in the vehicle — the heat transfer
from the battery to the refrigerant circuit can be effected using air, directly via the refrigerant or coolant
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a) Air cooling

Battery

[——]

Battery
evaporator N

T

Cabin

Cabin evaporator ghed
O == V)

weight of the blower, and, in some cases,
the annoying noises that the latter pro-
duces in the passenger compartment, as
well as certain safety aspects relating to
the use of cabin air when there is a direct
connection between the cabin and the
battery. To prevent internal fouling of the
battery, which, in combination with mois-
ture, can cause creepage currents or com-
promise heat transfer, the air has to be
filtered.

If cabin air is used for cooling, the bat-
tery cannot be cooled independently of
the cabin. At certain operating points this
leads to a conflict of objectives between
cabin comfort and battery cooling. This
drawback can be avoided by installing a
separate, compact air conditioning unit
for the battery, similar to a rear air condi-
tioning system in luxury class vehicles,
that is switched in parallel with the cabin
air conditioning unit. This method is pre-
sented in @ (a). The refrigerant evapora-
tor chills the battery via an air flow or a
ventilator. This method increases weight
and package size and further reduces
system energy density.

However, the benefit of this solution
is that battery cooling can be operated
in recirculated air-only mode, which
obviates the need for filtration. Air
cooling of the battery is used principally
in vehicles with sufficient installation
space, for example in sport utility vehi-
cles (SUVs).
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b) Refrigerant cooling

Battery

c¢) Coolant cooling

Battery

Q

Refrigerant

1 evaporator N g

Chiller
evaporator

L

1 Cabin
Cabin evaporator ghed

(—_——

evaporator

@OO

AN .

Dad

COOLING METHOD
WITH REFRIGERANT

Refrigerant cooling is the most compact
method of battery cooling. A compact
evaporator configured as a battery cool-
ing plate is installed inside the battery
and is in heat-conducting contact with
the Li-ion cells, @ (b). The heat required
to enable evaporation of the refrigerant is
drawn off from the battery cells, which
are cooled very effectively as a result.
The cooling ducts must be configured
and arranged in such a way as to ensure
that evaporating refrigerant is available
everywhere and at all times in order to
achieve the required temperature
homogenity.

Only two additional refrigerant pipes
are required to connect the battery cool-
ing plate to the refrigerant circuit: firstly
the pressure pipe to the battery, and sec-
ondly the suction pipe from the battery
back to the compressor. The battery evap-
orator is switched in parallel with the
main evaporator.

The system energy density of the Li-ion
battery is reduced only very slightly by
the cooling process because very little
equipment is required outside the battery.
The cabin and the battery each have dif-
ferent cooling requirements, so that spe-
cific coordination of the overall circuit is
needed. However, the use of a variable-
speed electric air conditioning compressor

@ Schematic diagram of the different
battery cooling concepts using air,
refrigerant and coolant

makes this coordination process easier
compared to conventional belt-driven
COMpressors.

The battery cooling process always
requires the use of a refrigerant compres-
sor. But the additional power consump-
tion compared with the cabin air condi-
tioning system is low.

Refrigerant-cooled battery systems are
generally used in vehicles that require a
compact battery cooling system, and
where the additional compressor power
draw does not detrimentally effect overall
efficiency. Since the refrigerant circuit can
only operate at temperatures down to
around -5 °C, battery cooling at lower
temperatures is restricted. However, in
practical applications this can usually be
tolerated.

COOLING METHOD WITH COOLANT

Cooling the battery with coolant is the
most flexible method. At the same time,
it is also extremely energy-efficient if an
additional battery radiator is used, @ (c).
In such systems, the battery is also
equipped with a cooling plate, in this
case, though, with coolant (water/glysan-
tine in a so-called dedicated “secondary
loop”) flowing across it. A carefully
designed ducting system ensures the
greatest possible temperature homogenity
across the plate and compensates for the
heating of the coolant.

personal buildup for Force Motors Ltd.



The temperatures in this secondary
loop will depend on the operating
strategy and on the properties of the
battery cells, but are typically between
15 and 30 °C. For closed-circuit cooling
purposes, Behr has developed a special,
very compact heat exchanger, known as
the chiller, which connects the refriger-
ant circuit with the secondary loop, ©.
The refrigerant evaporates in this chiller
and the heat required for the process is
withdrawn from the coolant in the sec-
ondary loop. The high power density of
the Behr chiller enables it to be pack-
aged in a small space.

The energy efficiency of the battery
cooling system plays a key role in electric
cars, and also in plug-in vehicles with
high electric drive ratios. In the case of a
secondary loop, an additional battery
cooler in the cooling module is suitable
for ensuring the range is not reduced by
unnecessary operation of the electric
compressor. A changeover valve then
allows drivers to use the chiller in sum-
mer, and the battery cooler when external
temperatures fall.

The advantages of the coolant cool-
ing go along with the disadvantage
that this system takes up a relatively
large space outside the battery. This is
because, in addition to the chiller, a
pump, lines and, in the case of bivalent
operation a further cooler and a valve
are required.

ATZ 0412010 Volume 112

BATTERY HEATING

Battery thermal management also in-
volves heating, as well as cooling. This
is due to the fact that at low tempera-
tures, a Li-ion battery will severely
degrade in performance and, during
charging, may even sustain damage.
Here again, no standards have been
established as yet, and various methods
are used depending on specific require-
ments, @.

The coolant can be heated directly if a
secondary loop is used; in this case, the
heat flow flux is reversed. Available heat

S

© The Behr chiller: an extremely compact heat
exchanger, in which the refrigerant evaporates,
causing the coolant to be cooled

sources include electric heaters, or fuel
heaters in hybrid vehicles. Heat from the
engine cooling circuit can also be used via
an additional heat exchanger. The draw-
back, here, is the thermal inertia resulting
from the secondary loop, and the long
way from the heat source to the cell inte-
rior. Losses in this context must be mini-
mized with good insulation.

It is more practical to generate the heat
closer to the cells. This can be achieved
by direct electrical heating of the battery
cooling plate, enabling thermal losses to
be reduced. This heating method can also
be used with refrigerant cooling.

Direct electric heating
of the cooling plate

Heating the secondary fluid with

« fuel heater
« waste heat of internal combustion

engine (ICE) / range extender coolant loop
« electric heater (battery, power line)

O The battery heating can be effected through an integrated direct electric heater for the battery plate or by

heating the secondary fluid using various heat sources
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© The computer program Behr Integrated System Simulation (BISS) permits the system simulation of the thermal and energy management as a function of, for example,

climate profile, driving cycle and cell characteristics

SYSTEM DESIGN VIA NUMERICAL
SIMULATION

The options described here for the ther-
mal integration of a battery into the over-
all vehicle call for a numerical simulation
for virtual analysis and design, @. Accord-
ingly, Behr has enhanced its group-wide
simulation program BISS [2] to include
battery simulation modules. The new
modules encompass electric and thermal
simulation of the battery cell as an addi-
tional heat source, as well as the design of
the battery cooling plate. Together, they
comprise the battery component that can
be incorporated into the stationary and
non-stationary system simulation. As well
as climate profiles, additional data and
time series, such as cell data and driving
cycles, are required as input values. The
thermal data for the battery (for example
waste heat, temperature gradients inside
the battery) and electrical data (for exam-
ple charge rates, charged status) are cal-
culated from this input data. Using the
system simulation allows the impact on a
secondary loop to be simulated, and also
the impact via the chiller on the refriger-
ant circuit and cabin cooling. Further-
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more, the energy simulation allows con-
clusions to be drawn on the energy
expended for cooling and the resulting
reduction in range.

The simulations allow to make an ini-
tial design for battery cooling in the over-
all system; however, further system meas-
urements are required to verify these sim-
ulations. For this purpose, Behr has
enhanced an HVAC test bench to include
a battery test bench. This not only allows
the air conditioning system to be designed
for different climate profiles, but also
facilitates the simultaneous integration of
battery cooling and testing with standard-
ized or customer-specific driving cycles.

SUMMARY

With the Li-ion battery, a further compo-
nent has been introduced into the vehicle
that has special requirements in terms of
thermal management. Owing to the wide
variety of cell and battery types used, and
the specific operating strategy of the dif-
ferent automotive manufacturers, quite
different cooling methods are used.

Behr offers optimally matched battery
cooling designs for all vehicle models and

operating strategies and has the experi-
ence acquired from production orders for
all three designs presented before: battery
cooling with air, refrigerant, and coolant.
Therefore, numerical simulations of the
thermal and electrical energy flows as part
of the BISS simulation tool are available,
and also a combined system test bench
for cabin air conditioning and battery
cooling.
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COST POTENTIALS IN THE
ASSEMBLY OF MODULARIZED
ELECTRIC VEHICLES

Whether and how quickly electric vehicles become established as a serious
alternative to conventional vehicles depends above all on their overall
production costs. According to RWTH Aachen University, a radical rethink
in the design of electric vehicles is required in order to compensate for the
cost disadvantages of the electric powertrain. In the “StreetScooter” project
initiated by the university, the complete vehicle has been designed for
optimum producibility right from the start.
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NEW REQUIREMENTS REGARDING
INDIVIDUAL MOBILITY

Urban populations are growing signifi-
cantly worldwide. A study conducted by
the UN reveals that 40 % of the world’s
population will live in urban areas by the
year 2015 [1]. For that reason, conven-
tional vehicles are not included in the
plans for the mobility of the future. A new
generation of compact cars that require
less space, are emission-free and are opti-
mized for the traffic in urban areas is
needed.

Due to increasing living costs, the
demand for low-cost cars is rising signifi-
cantly. Pushed by public subsidies to
scrap old cars, most customers bought
new ones at a low price, causing the aver-
age selling price for cars in Germany to
drop last year for the first time in many
years. Therefore, this trend can be
observed even in countries with an estab-
lished automotive market.

The third trend is the growing attention
to ecological issues. Today, every fifth cus-
tomer in Germany is putting off buying a
new car and is waiting for an electric one
[2]. Furthermore, there is a shift in the
mind-set from the cultivation of heavy
and powerful cars as a status symbol to
ecological mobility. This is encouraged by
government subsidies and laws.

As a result, there is significant potential
for electric cars fulfilling urban traffic

requirements. Electric mobility is no longer
a niche market. 100,000 to 400,000 electric
vehicles are forecasted for Germany in the
year 2020 [3]. In the medium term, a
number of units that requires industrial
mass production appears to be realistic.

COST TARGETS AND TARGET COSTS

Electric vehicles are in competition with
conventional vehicles right from the start.
Despite a few niche markets, the selling
price is the critical purchase factor for the
customer. Based on the production costs
of a conventional vehicle with an internal
combustion engine, @ shows the deriva-
tion of the target costs for a compact elec-
tric vehicle with a range of 200 km in the
year 2015. Even taking into account the
fact that customers are willing to accept a
slightly higher selling price of 250 euros
and that governments have announced a
fiscal subsidy of 2,500 euros to compen-
sate for the high battery costs, the produc-
tion costs of an electric vehicle are still
25 % above those of a conventional vehi-
cle. Therefore, the production process
itself must make a major contribution
towards reducing the overall costs.
Basically, there are two design princi-
ples for the development of an electric car
[4]. First, electric vehicles can be pro-
duced using a “conversion design”
approach. In such designs, an established
vehicle with an internal combustion

D

Additional costs by valve control,
downspeeding, downsizing
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ICE: 1.B0 €1
4.8 11100 km
35006~ —— BEV: 015 &Am

14 EWh10D km
10 years gwnership
Distance 10,000 km/year
Capacity: 30 kWh
Rangas 200 km
Costs= 350 E4Wh

Additional costs by gasoline direct
inpection, start/stop, thermomanagement

Prodution costs of Accepted Tax relief
a vehicle additional costs of
with ICEV the customar?
U Project RWTH Aachen 2 Roland Berger (2009), Winning the automotive powertrain race
Legend: ICE = Internal Combustion Engine, BEV = Battery Electric Vehicle

Reduced costs of Battery
ownership

Target costs for an
electric vehicle

@ cCalculation of the target costs of an electric vehicle
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E.g. omission of fuel system,
exhaust System, combustion
engine, multistage gearbox

7,240 €

E.g. electric motor, power
electronics, therma

management, recharger

6.240€

eReEUES Production costs®

BEV-200 target Optimized Needless parts
costs vehicle with
ICE™

New and Conversion-
modified BEV-200 actual
parts costs

U Cost structure of a conventional vehicle in large-scale production
# Including press shop, body shell work, painting, final assembly, and overhead
Legend: ICE = Internal Combustion Engine, BEV-200 = Battery Electric Vehicle with a range of 200 km

O The required target costs cannot be achieved in a conversion design

7 L —
Overhead ® |
Assembly &80€ ®
Economies of
scale by open
Painting integration =
Reducing costs @
of variability by
& Presxlshnp scalable
body shell work production =
structures
Costs for Coping with
Production costs compreensive | Tamget costs
for a vehicle modularization | for BEV-200
with ICEM

1 Cost structure of & conventional vehicle in Lige-scale peoduction
Legend: BEY-200 = Baltery Electric Webucle with a rangs of 200 km, ICE = Imsinsd Combarstion Engine

© Potentials for cost reduction in a purpose design

engine is converted to an electric power-
train. The vehicle can then be produced
in existing production facilities. The Mini
E is an example of such a vehicle. The car
was originally devised as a vehicle with
an internal combustion engine and is now
produced in small series as an electric
vehicle.

Second, the “purpose design” approach
makes it possible to consider the specific
requirements of production at an early
design stage. For instance, the package of
the electric powertrain can be optimized
with regard to the corresponding produc-

20

tion processes. This offers the chance to
redesign the value-added process.

Analysing the target costs of a vehicle
developed in the “conversion design”
approach demonstrates that the additional
costs of the battery cannot be compen-
sated for by the cost-savings of the com-
ponents of the internal combustion engine
that can be omitted (fuel system, exhaust
system, internal combustion engine and
multistage gearbox), @. Therefore, elec-
tric vehicles in a conversion design will
only have a market potential as a tempo-
rary solution.

LIS Costs of components

Competitive electric vehicles can only be
produced in a “purpose design” approach.
A completely new concept of the car
allows design engineers to rethink the tra-
ditional car manufacturing process. Estab-
lished production processes with the clas-
sic value chain of press shop, bodyshell
work, painting and final assembly can be
redesigned. Electric mobility is a chance
for automotive manufacturers, especially
small and innovative ones, to create poten-
tials in production by achieving new econ-
omies of scale, reducing capital tied up in
equipment and material and increasing
productivity. Examples of three starting
points from which the cost advantages
of production-oriented “purpose design”
can be exploited are illustrated in the fol-
lowing, ©.

ECONOMIES OF SCALE THROUGH
OPEN INTERFACES

Currently, all automotive manufacturers
develop the components of the electric
powertrain in cooperation with suppliers.
For example, Daimler and the German
conglomerate Evonik founded a joint ven-
ture called Li-Tec for the development of
lithium ion batteries. The essential econo-
mies of scale cannot be achieved by
designing proprietary systems. This has
been analyzed by Bosch for the develop-
ment of the battery. A manufacturer pro-
ducing 50,000 units has additional costs
of 450 euros per battery compared to a
manufacturer that produces 500,000 [5].
Therefore, the market for core compo-
nents must be opened up and manufac-
turers must be able to integrate their prod-
ucts through standardized interfaces.
Open integration is essential, particularly
at the beginning of the market introduc-
tion of electric vehicles. Moreover, the
focus has to be on components that are
not relevant for the customer.

One example of open integration in
industrial history is the IBM PC. The PC is
characterized by a simple system architec-
ture of a motherboard and extendable
plug-in cards that can be produced by
third-party suppliers. This system archi-
tecture has evolved into an unofficial
industry standard that is still present
today. The standardization process was
supported by the fact that IBM made it
usable without a license. As a result, the
market for computer components has
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grown and the costs of the components
have been reduced. The effect of transfer-
ring this idea to the automotive industry
would be the cross-manufacturer utiliza-
tion of components. One example could
be the motor of an electric vehicle. The
same electric motor could be integrated
into different vehicles of different manu-
facturers. The customizing itself could
then be done by software. Another option
for the motor is to be used not only by
different manufacturers but also in differ-
ent industrial applications. Economies of
scale can be created by increasing the
number of units on the component level.
The results of industrial projects at manu-
facturers of electric motors and electric
systems have proven that approximately
25 % of the costs can be saved if the
number of units is doubled.

REDUCING THE COSTS OF
VARIABILITY

One of the main challenges in automotive
production is to cope with the large prod-
uct variety. For the VW Fox compact car,
the customer is able to configure up to
7.53 x 10" different variants. The result-
ing situation in final assembly is extreme-
ly severe. In the operational process, a
larger number of variants will result in
assembly errors and quality problems,
balancing problems, and tied-up capital.
In order to maximize the capacity utiliza-
tion of the major investments, automotive
manufacturers are compelled to produce
numbers of units based on forecasts.
Thus, production plans must continuous-
ly be adjusted, since the forecast demand
rarely meets the actual one. As a result,
inventories are created and these must be
pushed onto the market at discounts. Fur-
thermore, promised delivery rates cannot
be met.

By classifying product features into
excitement, performance and basic, as in
the Kano model, the vicious circle can be
broken and the point of order can be
shifted to the end of the value chain, @
[6]. Basic performance functions must be
integrated into a basic version of the car
that also includes all the safety and basic
comfort features that are relevant. Addi-
tional performance and excitement fea-
tures are optional extras that must be con-
ceived as extensions and not as substitu-
tions. Scaling the range of the car could
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Other

Unspecified
capital costs

Product-related
capital costs

Labour costs

Today!!

" Project RWTH Aachen

) m Reduction of assembly errors
induced by variety (consequently
less rework) (-22 %6)

m Reduction of equipment costs
® Reducing required space for rework

'm Reduction of work in progress?
® Reduction of required tools and dies

T

= Reduction of line balancing problems®
® Increasing learning effects

Retailing
concept

I Awixiliary calculation increased productivity: 79 % labour costs = 90 % productivity, ¥ % labour costs = 95 %
productivily < y = 74,84 % labour costs < relative difference: -5.3 %,

o Auiliary caleulation work in progress: ca 25 % of product-related capital costs is work in progress and 2/3 of the
product functions can be shifted in the rtailing concept < relative difference: ~-0.5 %

(5] Reducing variability in the process has a positive effect on the cost structure

be an additional option in the electric
vehicle. The basic car includes only a
minimum range and the customer pays
only for the essential requirement. Subse-
quently, additional batteries can be
mounted into an existing space with the
corresponding thermal management.
Shifting the point of order to the end of
the value chain has a positive effect on
the overall costs, which can be reduced
by around 10 %, @.

REDUCING COMPLEXITY BY
MODULARIZATION

In contrast to other industries, the produc-
tion rate of the value chain in the automo-
tive industry is defined by the production

plant and not by the customer. The objec-
tive is to stabilize the complex value net-
work. Often, the unstable process in the
value chain is the painting process, which
has a process stability of only 80 to 85 %.
The subsequent final assembly is decou-
pled by a buffer storage. Thus, primarily in
the final assembly, a stable production
plan exists and suppliers receive a specifi-
cation of the required module no longer
than eight hours before installation. Sourc-
ing from low-cost countries over a large
distance is impossible. If the point of a sta-
ble production plan is shifted further to the
beginning of the value chain anyway, the
size of the buffer storage between the final
assembly and the painting process will
increase.

21
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Production
ol modules

(6] Comprehensive modularization makes it possible
to redesign the value-added process

By modularizing the structure of the
product, the conflict described above can
be solved. This modularization has to be
more comprehensive than existing con-
cepts for the interior. The basic idea is to
decouple the load-bearing structure from
the painted body shell. This eliminates the
problem of process stability in the painting
shop. One example of a comprehensive
modularization concept is demonstrated in
the results of the EU research project ILIPT.
The load-bearing structure is divided into
four modules, which are scalable in length
and width. Modules for the powertrain and
bodyshell are added to the load-bearing
structure. Modularization makes it possible
to redesign the value-added process, ©.
The painting of the vehicle can be shifted
to the end of the process and can be sub-
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stituted by painted foil or coloured plastics.

The different modules can be assembled
by CMT welding (Cold Metal Transfer).
The results are lower production costs and
scalable product structures, @.

CONCLUSION

Electric mobility is no longer a niche mar-
ket. There is an evident market potential
for electric cars, although they have to
face competition from conventional vehi-
cles right from the start. Customers are
not willing to pay more for electric mobil-
ity. Therefore, the selling price is crucial
for market success. Due to the high addi-
tional costs caused by the battery, there is
enormous cost pressure in production.
Considerable cost-cutting effects can only

@ Cost potentials of a redesigned value-added process

Overhead

Press shop

Body shell wark

Painting

Assembly

Today!!

Improved by

maodularization
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® Cost reduction by less components,

.. tools, and fixtures®!

/'w Omission of conventional painting and

uncoupling buffer (-100 %)
® Painted foils or coloured plastics (Estimation:
80 Efvehicle)
® Less assembly steps as a result of
modularization {-15 %)

1 Progect RWTH Aschen
o Based on the results of the ULSAB-Praject,
www_stahl-info.de

be achieved by a “purpose design” con-
cept. For this, the following principles are
essential:
economies of scale by open integration
reducing variability costs by differenti-
ating between basic, performance and
excitement functions
. less complexity by a comprehensive
modularization of the product structure.
In this way, considerable cost potentials
can be opened up. The design principles
demonstrated are extensively applied in
the StreetScooter project of RWTH Aachen
University [7]. A range of companies from
medium-sized mechanical engineering
companies to large automotive suppliers
are developing a low-cost electric vehicle
for urban traffic in a cooperative network.
A cost-effective design is ensured by the
simultaneous development of the product
and the production processes.
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INDUSTRY SIMULATION
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INFLUENCE OF DIFFERENT
ROAD CONDITIONS ON THE
LIFETIME OF A CAR CARRIER

24



In the last few years new chances have emerged to manufacturers of

vehicle transporters due to the growing globalization and the opening up
of new markets in eastern Europe. But these chances came along with
new problem statements as well. For example the bad road conditions in
eastern Europe cause increased load to the structures hence reductions
in product lifetime compared to western European roads. Kassbohrer and
dTech Steyr have developed a method to forecast the influences on the
product lifetime.
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OPTIMIZATION OF THE
PRODUCT LIFETIME

Kdssbohrer Transport Technik is investing
great effort in further development of their
vehicles due to the usage of new methods
and technologies (like FE-Simulation

and measurement technique (test trials,
fatigue testing)) to go on increasing the
product durability. The complexity in
designing a car carrier is due to legal
restraints in different countries regarding
certain dimensions (restrictions in height,
length and width) plus the gross vehicle
weight rating and on the other hand the
customers demand to carry as many vehi-
cles as possible on a single ride (loading
factor) while maintaining maximum
handling comfort for the driver.

These - to some extent divergent —
requirements are directing the develop-
ment engineers to designs which are
reflected in the special dynamics of the
system and the significant interaction of
the components.

Given the fact of the above-mentioned
issues, this publication covers the method
development of a vehicle transporter spe-
cific lifetime calculation matched to the
manufacturing process at Kassbohrer
Transport Technik. This method develop-
ment did result from a close cooperation
of Kadssbohrer Transport Technik with
dTech Steyr - Dynamics and Technology
Services GmbH.

=

TEST RUNS

A proper lifetime simulation is subject to
verified stress calculations for the differ-
ent load directions. Up to now stress- and
deformation optimisation of components
have been carried out using estimated
extreme loads. But these extreme load
conditions are of limited relevance for life-
time calculations. For a lifetime simula-
tion it is necessary to know realistic load
conditions in all spatial directions plus the
frequency of their occurrence, summed up
in a load spectrum. To get these load
information under different operating con-
ditions, Kdssbohrer Transport Technik ini-
tiated a recorded test run thru the East of
Europe. The individual route sections
have been divided into four load classes
based on different road conditions:
I) selected sections of roads western
highways
II) eastern good condition country roads
III) eastern average condition country
road
IV) eastern bad condition country road.
The truck as well as the trailer have been
equipped with 45 measuring pickups in
total. Accelerometers and resistance
strain gauges have been applied. The
accelerometers have been used to gauge
accelerations at peripheral structures,
while the strain gauges transmitted the
central elastic deformations of the main
beams.

@ lllustration of the measurement points M1_D and M5_D at the longitudinal beam of the trailer

26

To calculate deterioration, individual
load spectrums are necessary. The load
spectrum should expose the loads occur-
ring per driven kilometre within different
operating areas. This means the informa-
tion about intensity and number of load
amplitudes are stored in the load spec-
trums. Certain pick up points out of 45
have been chosen to get as representative
as possible quasi-static loads for the
frame's main components in all three spa-
tial directions. @ shows the measurement
points M1_D and M5_D which are storing
the stresses and accelerations on the lon-
gitudinal beam in the area of the trailer’s
axles.

ANALYSING THE MEASUREMENT DATA

Mean stress as well as amplitude stress
are the main factors for a simulation of
duration. From the FE-model the mean
stress in the chassis rail was determined
in the area of the DMS sensor adhered in
the real vehicle.

The amount and the magnitudes of the
load cycles are much less on western ter-
rain than on eastern roads. To exemplify,
® shows a comparison between measur-
ing records of a good western highway
(blue) and a bad condition country road
in the east (red). Here you can see the
big difference in the amount of the
stresses, which highly affects the
lifetime.
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Stress [N/mm?)

The analyzing table in @ shows the
allocation of the load change on the four
fields divided in loads from three direc-
tions in space. It’s cognizable that there is
a big difference in their compositions. On
western highways more than two-thirds of
the load cycles are caused by soft vertical
concussions. In contrast, on very bad
country roads the load cycle frequency is
shifting to transversal loads (65 %) and to
longitudinal loads (11 %).

ADJUSTMENT FIELD
OBSERVATIONS/ SIMULATION
TO THE DETERMINATION

OF LOCAL LIFETIMES

To get the local deflection stresses, FE
simulation on the complete structure of
the trailer is used. The ,range count” clas-
sified conditions are simulated with the
FE model, @, and are evaluated with the

Time [5]

special fatigue software developed by
dTech Steyr (dTechWeldEndurance).
Thus it is possible to simulate each criti-
cal point on the chassis and evaluate the
local endurance.

A realistic material model is abso-
lutely essential for a significant durabil-
ity simulation. The data basis of the
Késsbohrerspecific Woehler curve was
defined by guidelines and norms respec-
tively by provided data of fatigue tests
[1, 2, 3, 4].

To see the influence of typical strain
conditions to the fatigue, the load spectra
are separated. The principle approach is
that laboratory S-N curves are adjusted
so that good correlation between simula-
tion and practical observation is achieved
for critical areas of the trailer structures.
For each step of adjustment all partial
damages are compared quantitatively in
a matrix of the loading conditions
against the crack critical areas.

1) Selected course of the road on | 11) Eastern good condition
western highways country road
= Hreaking average
miraking strorg
® Tigrn soft
u Tiorfi irwerigs
= Tiorn sbrong
111} Eastern middle condition IV) Eastern bad condition
country road country road B\astical o
= Vertical sverage
ueriical sirong

(3] Frequency distribution of the load changes regarding different road conditions
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@ Cutout of a comparison between a measurment
record of a good conditioned (blue) to a bad
conditioned road; strain gauges measurement point
at the chassis frame

During the adjustment work the collec-
tive portion with the high number of
cycles and low stresses configured the
fatigue limit. The collective portions with
the higher stresses are used to determine
the slope of the S-N curves. To find the
best correlation with detected cracks,
evaluation of trends and their conse-
quences on the partial and total damage
is performed. @ shows this Woehler
curve.

ANALYSIS OF THE INFLUENCES
OF DIFFERENT ROAD CONDITIONS

The load conditions from the longitudinal
dynamics are low enough for all track
categories that the fatigue simulation
results show zero damage. The amplitude
stresses are below the level of the endur-
ance limit.

Loading conditions I)

selected sections of roads western highways:
For the cruising range the most damaging
mechanisms are from frequent occurrence
of light to medium vertical hits. The lat-
eral accelerations resulting from turns for
instance are relatively rare in these load-
ing conditions. So the damage from cor-
nering is relatively marginal.

Loading conditions II)

eastern good condition country roads:

The amount of the stressed load cycles
rises by the factor of three in comparison
to western roads. Primarily the higher
strain conditions are increasing. Damage
from the lateral acceleration is rising
remarkable stronger compared to the ver-
tical hits. The matter of this behavior can
be that the bad road conditions make the
driver turn around the chuck-holes or that
vehicle roll movements are higher
because the roads are uneven.

Loading conditions III)

eastern average condition country road:
Damage portion from the lateral accelera-
tion is further rising while the portions
from the vertical hits are declining. The

personal buildup for Force Motors Ltd.
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matter of this behavior can be that roads
have more turnings and different driving
styles as well.

Loading conditions IV)

eastern bad condition country road:

The medium vertical hits which are of
frequent occurrence are the most damag-
ing under these conditions. But also the
medium lateral accelerations are much
more damaging than with the other road
conditions. The estimated endurance is
significantly reduced under these con-
ditions.

In reality a vehicle will not run just in
one of these conditions all its life.
Therefore, depending on the specific
route, a mix of these four loading condi-
tions shall be used. An additional data
collection on a fleet of trucks is planned
which should help to get more informa-
tion and knowledge from these new
conditions.

ATZ 0412010 Volume 112

Endurance cycles {a)

SUMMARY

The strain which is being exposed from
the road to the chassis is much higher on
bad road conditions in eastern Europe
compared to good road conditions (for
example Austrian highways), in frequency
as well as in the amplitude spectra. These
cognitions are shown through imple-
mented measuring turns where structural
loads have been measured through
applied sensors, which act as input values
for a specific development method from
Kassbohrer Transport Technik for dura-
bility prognosis.

Beside the record of the load collectives
during measuring terms a stress-cycle dia-
gram (Woehler curve) was developed
with the help of theoretical attempts in
combination with field observations. That
makes it possible to achieve a very realis-
tic lifetime determination.

O]

5) Principle Woehler curve according
to the verification of field observations
and simulation

This prediction gives the chance to
accomplish specific weak point analysis,
to develop (weight)optimized construc-
tions, optimized chassis suspension set up
and layout criteria for the usage according
to the road condition and in this manner
to optimize the product quality.
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@ Gearset with one dependency (4/6)
and gears 1 to 6 plus reverse gear (R)

ADVANTAGES COMBINED

The dual clutch transmission (DCT) tech-
nology enables the car manufacturer to
implement different vehicle characteristics
by simple modification of calibration
using the same hardware. Variable launch
control is an important advantage for the
system integration to achieve driveability
differentiation with best balance between
performance and fuel efficiency.

With the introduction of Getrag Power-
Shift transmissions to the market, in
a wide bundle of front-wheel drive
(FWD, 6DCT450), all-wheel drive (AWD,
6DCT470), inline drive (7DCI600) and
longitudinal transaxle applications
(7DCL750) from 150 to 750 Nm input
torque, the advantages of manual and
automatic transmissions are combined in
an optimal manner. This leads to high
efficiency with low CO, emissions linked
with comfortable or sporty shifts without
torque decrease [1-5]. In the second gen-
eration with dry clutches and fully new
electro-mechanical actuation for clutches
and shift actuation now the 6DCT250 is
developed for further improvement of
fuel economy by minimizing drag torque
losses compared to wet clutches and
by keeping out any hydraulic pump
(6, 7, 10].

The Getrag PowerShift transmission port-
folio perfectly satisfies the central challenge
of offering the customer an optimised
power train with improved fuel economy,
low CO, emissions, and excellent driving
comfort combined with fun to drive.

LAYOUT OF THE 6DCT250
TRANSMISSION

The dual clutch transmission 6DCT250 for
FWD application, see Title Figure, has a
three-shaft design with odd gears served

by a first clutch, reverse and even gears
by a second clutch. The dual dry clutch
consists of two single plate clutches in
parallel arrangement which can be used
both for launch and shifting.

The gearset is designed in two versions
with one dependency (4/6), @, or two
(3/5, 4/6) dependencies. The single
dependency version provides exceptional
ratio flexibility in an efficient package
length. In more demanding package appli-
cations, the double dependency can be
offered with an approximately 10 mm
length reduction, but some associated
reduction in ratio flexibility. The overall
design of the gearset, synchroniser and
shifting system stays common.

SHIFT SYSTEM

For shifting the gears there are two e-
motors implemented which rotate two
shift drums by intermediate gears. The
shift drums are identical and each of them
has one groove, which activate the shift
fork movement, @. Even for the design
with two dependencies the shift drum
stays identical.

By using the shift drum technology for
each transmission part no locking device
is required to prevent engaging two gears
in the same transmission path by failure,
it is inherent in the groove. The transmis-
sion performance with two shift drums is
characterised by:

. high shift flexibility

dynamic and comfortable clutch-to-

clutch rock cycling (1 - R) without

need for synchronizer engagement or
disengagement

all shifts are torque supported, some of

them with the use of intermediate

gears.
The axial positioning of the sleeves is
done by detent springs and balls in the
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@ Inner shift system with the parts intermediate gears, shift drums, linkages and

shift forks

synchronizer system for getting low drag
torque of disengaged gears for good fuel
economy of the powertrain independent
from tolerance chain.

DUAL DRY CLUTCH

The dual clutch has three pressure plates
which are positioned on the hollow shaft
of the transmission with a ball bearing.
The torque transfer is done via two single
plate clutch disks in a parallel arrange-
ment for the two transmission paths. All
clutches are normally open systems for
avoiding any tie up occurrence even in
control malfunction situations. They have
an integrated travel controlled mechanical
wear adjustment system to keep the nec-
essary actuator travel in a small range, ©.

The dry dual clutch does not need any
oil flow for lubrication and cooling and
there is no need for a transmission oil
cooler and oil pipes in the vehicle which
saves costs on parts and vehicle assembly.
Additionally, the drag torque is lower
compared to wet dual clutches which is a
contributor for low CO, emissions reached
with this transmission concept.

The clutch system is available in a ver-
sion with dual mass flywheel (DMF) for
torsional isolation between engine and
clutch and in another version with a direct
cardanic connection of engine flywheel to
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© Dual dry clutch with dual mass flywheel

clutch with dampers in the disks. The
cardanic type clutch system is designed for
applications with low engine excitations,
for example naturally aspirated gasoline
engines. The isolation of engine irregularity
is done by the dampers in the output disks
with support of clutch slip control depend-
ing on the driving situation. The clutch is
designed for a very compact powertrain
package and requires only a flexplate to
connect to the engine. The total thermal
mass is 6.2 kg. The DMF clutch system can
even cover applications with higher engine
excitations such as charged diesel and
turbo charged direct injection gasoline
engines, also with three cylinders. The
total thermal mass is 6.9 kg.

To avoid any hydraulic pump losses and
achieve very low mean power consump-
tion for the whole actuation system, both
shift actuation and the clutch actuation is
fully done by e-motors. The clutch actua-
tion is performed by a fully new devel-
oped lever actuator [8]. The electric motor
drives a ball bearing spindle which con-
nects to a trolley. For lowest possible actu-
ation energy requirements the system is
designed in the way, that the trolley only
has to move the lever pilot point to gener-
ate the actuation travel for the clutch. On
the other end of the lever, @, there are
two preloaded springs for each lever sys-
tem which store the actuation energy to
maintain a low e-motor torque level for

O Lever actuators for clutch actuation
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Vehicle connector

the actuation forces needed at the lever
spring finger tips for high clutch torques.

With this electro-mechanic actuation
system a high dynamic of clutch engage-
ment and disengagement fully independ-
ent from shift actuation is reached which
even can be used for intermediate clutch-
ing for synchroniser protection at high dif-
ferential speeds. On the other hand it
needs only low amounts of energy by
making obsolete any pump drive and it
delivers best performance for sailing,
start-stop and hybrid systems independ-
ent from engine running.

ELECTRICAL SYSTEM
AND SOFTWARE

For the electronic control and the electro-
mechanical actuation system the following
major development goals were defined:

. actuation system fully attached to the
transmission to guarantee a plug and
play transmission system for the inte-
gration into the vehicle with only one
electrical interface to the customer

: minimization of the electrical power
consumption for actuation to guaran-
tee the CO, emissions reduction targets

: common part strategy of the cost inten-
sive automation components for differ-
ent applications of the world market

: serviceability to support maintenance.

ATZ 0412010 Volume 112

Shift motors

Shift motors

The central control unit which comprises
of the transmission control unit (TCU)
and the two shift motors is named
mechatronic actuator module (MAM), ©.
The integrated shift motors are brushless
DC motors with low inertia for high shift
dynamic. The MAM is a consequential
optimisation of the well-known Getrag
shift actuator technology for automated
manual transmissions (AMT).

The MAM with its ambient air cooled
aluminium housing is located on the cold
side of the powertrain. Compared to inte-
grated mechatronic modules which are
installed inside the transmission this leads
to much lower ambient temperature con-
ditions. All the design work and material
choice considers the life time require-
ments of the customers to guarantee the
best reliability.

The electrical components were devel-
oped under the premise of a common part
strategy for different applications around
the world. Nevertheless flexibility is given
to fulfil the customer specific require-
ments. The common part strategy led to a
standardised TCU and shift motors for the
dry dual clutch transmission. This ensures
high quality and an optimised cost situa-
tion for further applications.

The model based software is developed
by Getrag inhouse with high modularity.
For different applications the calibration

(5] Components of the mechatronic actuator module
(MAM) with control and power board shift motors
and vehicle connector

can be adopted according to the individ-
ual requirements for getting best customer
satisfaction with respect to optimised bal-
ance between comfort, fuel economy and
fun to drive.

MODULARITY CONCEPT

Following the approach of a product for
the world market, various versions of the
transmission for a wide spread of applica-
tions in different combinations are
available:

: FWD and AWD

: center distance of 183, 188, 197 and

205 mm
. gearset design with one (4/6) or two

(3/5, 4/6) dependencies
. dual clutch systems with torsional

damping by either DMF or damped

disks with slip control.
For new applications usually the transmis-
sion housings need to be adapted. The
ratios of the gearset and final drive are
flexible and can be optimized to customer
demands. The software receives com-
monly a new calibration to optimise the
driving feeling for each vehicle
application.

All other parts are carry-over parts
from base variants mentioned before.
This comprises the majority of the value
of the transmission especially with
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Lower Mid
segment

Upper
segment

BDCT250 BOCTASONGDCTATD

DCT 6-speed dry DCT G-speed wet

vs. AT4/5/6-speed vs. ATS/6-speed
10- 20 % 8-15%

1 I

regard to the cost relevant automation
components.

FUEL CONSUMPTION

DCTs combine strategic clutch control for
brilliant dynamics with excellent comfort
and low fuel consumption. The main
development target of Getrag PowerShift
transmissions is better fuel consumption
over any other automatic transmission con-
cept. The 6DCT250 compared to the state
of the art planetary automatic transmis-
sions with torque converter shows up to
20 % improvement of fuel consumption,
0@. It combines the dry clutch for low drag
torques with an efficiency optimised
gearset and electromechanical actuation
for clutch and shift system without the
need for any hydraulic pump drive.

The electro-mechanical actuator con-
cept considers the superior CO, reduction
targets by implementation of a new devel-
oped clutch lever actuator where actua-
tion energy is only send between
preloaded springs and the clutch pressure
plates by electrical driven movement of
the pivot point and with brushless DC-
motors of low inertia for shift and clutch
actuation.

In the practical Getrag driving cycle
which includes urban, interurban and
high speed (wide open throttle) parts,
the average electrical power consump-
tion for the clutch and shift actuation
system (without microcontroller) is only
15 W. This is one of the main contribu-
tors to the CO, emission reductions
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DCT 7-speed wet
vs, ATG/T-speed

@ Fuel consumption
of the PowerShift
transmission family
compared to torque
converter automatic
transmissions for the
lower, mid and upper
vehicle segment

gained with the 6DCT250 compared to
all other automated transmissions. This
equates to a current consumption of less
than 1.2 A.

HYBRIDISATION CAPABILITY

The 6DCT250 dual clutch transmission
offers superior adaptability for vehicle
hybridisation relative to virtually all
other automatic transmission alterna-
tives. The primary elements which result
in this advantage include:

. As a result of superior ratio flexibility,
gear ratios can be tailored to take
advantage of electric traction motor
launch or boost.

Unlike conventional A/T alternatives,
the single or dual hybrid electric trac-
tion motor(s) can be directly coupled
to either set of mechanical geared
shafts, or multiplexed between the two
geared shafts. Of course, it can also
support integration of motor at the
transmission input if desired.

Electric traction motor sizing can usu-
ally be reduced when applied to
Getrag PowerShift transmissions rela-
tive to other auto transmission
alternatives.

Since there are no onboard hydraulic
systems, 6DCT250 can accommodate
engine start/stop functions without
any additive hardware required, such
as electric pumps or hydraulic storage
devices [9]. This has already been suc-
cessfully achieved in demonstrator
vehicles at Getrag.

INDUSTRIALISATION AND OUTLOOK

The design of the PowerShift 6DCT250 dual
clutch transmission by Getrag focused on
maximised flexibility in combination with a
common part strategy. During the simulta-
neous development process for different
applications and customers the unification
of the system requirement specification and
a strong change control process were cen-
tral tools. To be a world market product
requires world-wide industrialisation/pro-
duction facilities. The launches for Euro-
pean and North American applications
have already started in Bari (Italy) and in
the new plant Irapuato (Mexico).

Common and flexible production strat-
egy enables short-term project realisation.
Therefore production and assembly lines,
including end of line testing, are 100 %
carry over and completely interchangea-
ble between both facilities.
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INDUSTRY HUMAN-MACHINE INTERFACE

HAPTIC INTERFACES

Drivers must often decide themselves how
they react to the flood of signals and
informations in and around the car, which
information has priority in the respective
situation and what reaction it requires.
Driver assistance systems are therefore a
suitable means for reducing the load on
drivers. At the same time, communica-
tion with the driver must be structured so
that it does not become a stress factor
itself. It should therefore be possible to
follow requests to take action intuitively.
If the communication channels between
humans and machines are considered,
then the visual channel is largely
exhausted. On the acoustic channel the
driver tends to have more capacity free,
however audible feedback has a possible
disadvantage. It is not discreet, because it
cannot be perceived exclusively by the
driver.

On the other hand, haptic feedback is
directed exclusively at the driver and is
immediately perceived - in contrast to
optical gearshift indication. Based on this,
the Chassis Electronics segment of the
Chassis & Safety Division at Continental
has developed the accelerator pedal fur-
ther to a haptic interface in cooperation
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with Continental Engineering Services.
This is an obvious choice, as the accelera-
tor pedal exerts a major influence on the
longitudinal vehicle dynamics. Two stud-
ies, one of them with 24 test subjects,
have meanwhile confirmed that the new
Accelerator Force Feedback Pedal (AFFP)
has a broad range of application possibili-
ties and the haptic signals are intuitively
followed by drivers. Specific signals as
information, for example on the optimum
gearshift point, have resulted in average
fuel consumption savings of over 7 %.
With a modular design and scalability,
vehicle manufacturers (OEMs) can realize
the desired function in individual cases
with the AFFP. The haptic signals range
from a constant pedal counterforce to
vibration to a subtle double-clicking.

ACCELERATOR FORCE
FEEDBACK PEDAL

The AFFP has a modular design: The hap-
tic feedback is generated by an active
module, which can be applied to standing
and hanging pedals. In the active mode,
the actuator, a motor spring (which also
produces the necessary redundancy to the
pedal spring), a sensor for detecting the
motor position, a temperature sensor and

a compact engine controller (Electronic
Control Unit, ECU) for actuation are inte-
grated. The ECU of the AFFP is connected
to the engine controller and other control
units via the CAN bus and receives infor-
mation from there as the basis for control-
ling the actuator.

The brushless actuator optimized to
produce a high torque transmits its power
in the release direction (= release of the
accelerator) to the pedal rod with a solid
shaft. The position of the motor is traced
by the motor spring even without a power
supply. A diagnostic function monitors
the motor‘s state. Depending on the pur-
pose (required signal level), the active
module can be equipped with single or
two-row actuators with various outputs.
With single-row actuators, torques
between 0.3 and 1.4 Nm can be pro-
duced, and with two-row actuators up to
2.2 Nm is possible. This scaling range also
affects the weight. In the highest output
class the actuator weighs approximately
500 g (18 oz.). While the first AFFP sys-
tem generation from 2007, which is
already in series production, weighed a
total of approximately 1.9 kg (4.2 lbs), the
current, second AFFP generation is at
<1.2 kg (2.6 Ibs), @. With the third sys-
tem generation currently in development,
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ACTIVE ACCELERATOR PEDAL
AS INTERFACE TO DRIVER

More safety at the wheel, improved fuel efficiency and the following decrease

in CO, emissions as well as greater driving comfort cannot be realized without

the driver‘s cooperation. As the highest control level, human beings play a de-

cisive roll in deciding whether or not the technical potential of a vehicle is fully

utilized. To optimize the cooperation between human beings and machines,

Continental has developed an active accelerator pedal that supports the driver

with haptic feedback.

it will probably be possible to achieve a
weight of 800 to 900 g (1.8 to 2 Ibs)
through increased integration and new
materials. Prototypes of the second AFFP
system generation are currently being
tested in vehicles at various OEMs.

In this second system generation a
driver pin is used to transmit force to the
pedal. The pin is designed to be decou-
pled from the pedal rod. There is neither a
positive nor a non-positive connection of
the two components. As a result, the actu-
ator is not capable of generating a torque
in the wrong direction, and therefore can-
not accelerate. Consequently, the active
module has no negative effect on the
safety of the normal drive-by-wire throttle
function. When activated, the actuator
carries out highly dynamic movements.
Due to the direct transmission of force
without gearing, the signal can be clearly
recognized by the driver‘s foot.

@ shows an example of a possible
force-path curve which can, for example,
be used for an intelligent cruise control
function in which the edges can be varia-
bly specified depending on the distance to
the vehicle traveling ahead. As an alterna-
tive, use in hybrid vehicles is also possi-
ble. During purely electric operation, the
pedal can be set to be soft, while a some-

ATZ 0412010 Volume 112

what harder characteristic then signals the
transition to operation with an internal
combustion engine.

EXAMPLE OF USE FOR
INCREASED SAFETY

An insufficient safety distance is one of
the three most common causes of acci-
dents (in addition to incorrect speed and
distraction of the driver). An Adaptive
Cruise Control (ACC) system can at first
guide the driver to the proper safety dis-
tance using a characteristic curve as
shown in @. If the ACC detects a situation
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Q The generations of the Accelerator Force Feedback Pedal: Generations | to III (from left to right)
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in which the driver approaches the vehi-
cle driving ahead in a critical manner, the
ACC can send a signal to the AFFP ECU.
The actuator then, for example, generates
a vibration which points out the danger to
the driver directly on the control element
relevant in the situation.

FUEL CONSUMPTION

An early consideration during the AFFP
development was to indicate the ideal
point in time for shifting to the driver so
that the engine is operated as often as
possible in the optimal speed range. To
examine the acceptance and effect of this
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kind of system, Continental conducted a
test subject study in cooperation with
Continental Engineering Services and the
Technical University in Munich, Germany
in 2009. For this purpose, a test vehicle
was constructed based on a BMW 530i
(E60). The installed AFFP has a passive
characteristic curve equivalent to the
original pedals. A dSPACE MicroAutobox
(MABX) served as the central control
unit for the test. This control unit reads
the original signals of the engine control
unit, which include the control of the
optical gearshift indication, and controls
the haptic indication in the AFFP via
CAN.

For example, a double tick, as shown
in @, signals the point in time at which
the next-highest or the next-lowest gear
should be selected to the driver. If the
driver fails to react, then the cycle is
repeated twice after a short break each
time, then it is canceled. The 24 test sub-
jects of the study drove the same route
around the Munich Ring three times -
once without the shift-point indication or
consumption information on the instru-
ment cluster (IC), once with only the
original visual shift-point indication in
the IC and once with the visual shift-
point indication and haptic indication
with AFFP. As a result, 72 data records
were available for the evaluation.
Approximately 50 measured values with
a scanning rate of 10 ms were recorded
per measurement over the entire route.
Variable additional loads, such as the AC
compressor and lighting, were also
recorded, however proved to be statisti-
cally insignificant.

It became apparent that little attention
was paid to the visual shift-point indica-
tion, while the haptic indication triggered
considerably more shifting within the
defined reaction time of 10 seconds. All 24
test subjects followed the visual and hap-
tic indication to a considerably higher
degree than the purely visual one, @.
Compared to the purely visual shifting
indication, the mean speed before upshift-
ing dropped on average by 450 rpm, and
even by more than 500 rpm compared to
driving without a shifting indication. With
regard to the shifting behavior, it was pos-
sible to exactly reverse the lack of utiliza-
tion of the upper gears, @. When aver-
aged for all test subjects, the consumption
dropped from 8.8 liters to 8.1 liters
(improved from 26.7 mpg to 29 mpg) and
resulted in savings of 7.7 % for the combi-
nation of a visual and a haptic shift-point
indication. The acceptance of the haptic
pedal also covered in this study was very
good among the test subjects.

Further potential for energy-efficient
driving is also offered by the interaction
between the vehicle and the environmen-
tal sensors in order to guide the driver to
overrun fuel cutoff as often as possible.

To do this, information on the flow of traf-
fic or the routing of the road must be avail-
able. Sensor technologies like radar, GPS-
based navigation systems with their map
material or future technologies like Car-2-X
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communication can be used for this pur-
pose. The energy efficiency of this kind of
,managed deceleration“ has been shown
in a study with the Institute for Product
Development of the University of Karl-
sruhe (IPEK). In the study conducted in
2008/2009, example driving maneuvers
on level routes were analyzed with regard
to their relevance for fuel consumption,
then simulated and the simulation results
were verified in the vehicle on a roller
dynamometer. @ shows typical results of
the IPEK study: With a temporary speed
limit (driving through a town) the fuel
consumption can be noticeably reduced
by the AFFP signal. Here 80 % of the
reduction results from the guided overrun
fuel cutoff, while the remaining 20 % can
be achieved through guided, ideal
acceleration.

POSSIBLE USES:
TODAY AND TOMORROW

Basically, the use of the AFFP can be very
freely structured. The signal forms and
intensities of the pedal feedback can be
selected within broad limits. As a result,
the pedal is an adaptable interface with
which an OEM has a great deal of free-
dom with regard to both the supported
function and the type of feedback
required for it. This manufacturer-specific
implementation can be carried out with
various focuses. The target directions can
be increased safety, more comfort
(reduced load on the driver) and
decreased fuel consumption. Due to its
adaptability, it is even possible with the
AFFP to store the driver‘s individual pref-
erence for a type of signal on the memory
chip of the key.

If the AFFP is integrated in an elec-
tronic horizon with GPS and navigation
data, then drivers can react suitably early
on to traffic situations which they may
not even be able to visually perceive yet —
for example, a red light behind a curve.
Conversely, drivers can be subtly guided
in the longitudinal dynamics so that they
use the green light phase in city traffic.
Safety and optimized fuel consumption
merge even further within Car-2-X strate-
gies. Vehicles can inform each other on
their approach to intersections so that,
for example, privileged vehicles and
practical coasting are pointed out to the
drivers.
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INFLUENCING VEHICLE DYNAMICS
BY MEANS OF CONTROLLED AIR SPRING
DAMPERS

To achieve improved comfort as well as good handling characteristics when tuning
the chassis suspension, the Technische Universitat Darmstadt and the Vibracoustic
GmbH & Co. KG have researched the use of controlled air spring dampers. Virtual
road trials show that the course control by means of adaptive air spring dampers
allows a decisive improvement in self-steering behaviour towards more agile handling
and simultaneously ensures the stability.
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INTRODUCTION

AIR SPRING DAMPER

USED FIVE-BODY VEHICLE MODEL

INFLUENCING VEHICLE DYNAMICS BY CONTROLLED AIR SPRING DAMPERS

EVALUATE THE LFD CONTROLLER BY MEANS OF VIRTUAL ROAD TRIALS

|| s W N| =

SUMMARY AND OUTLOOK

1 INTRODUCTION

The conflict between handling and comfort needs constant re-solv-
ing when tuning the chassis suspension. One possible solution is
presented by the use of an adaptive pneumatic strut which com-
bines energy storage (spring) and dissipation (damper). An air
spring damper (LFD) makes a ratio of stiffness by factor 26 pos-
sible. Vehicle dynamics can be positively influenced by directly
and proportionately supporting the roll momentum at front and
rear axle. Technische Universitat (TU) Darmstadt and Vibracous-
tic are currently developing control strategies for activation of LFD
in order to achieve an optimum level of adjustment between ve-
hicle dynamics and comfort.

2 AIR SPRING DAMPER

In previous years various air spring damper prototypes have been
developed for use in passenger cars and commercial vehicles. The
goal of these developments was to improve the vehicle comfort
while maintaining at least the same handling properties as in ser-
ies vehicles with conventional damping systems.

Every design of a LFD consists of at least two volumes of air that
are separated by a piston, @ left. During the compression stroke
the total volume is reduced, so that the enclosed air is compressed
and represents a spring. In addition, a difference in pressure aris-
es between the upper and lower volume which leads to a throttle
flow through the valve — in this way energy storage and dissipation
effects are linked. An improvement in comfort can be achieved by
means of the LFD design: the sealing of the piston is carried out
by air spring sleeves, as they are known from air suspension sys-
tems, @ right. Thus Coulomb friction of sliding seals which occurs
with conventional hydraulic dampers is markedly reduced. The re-
sult is an improvement in continuous-travel comfort. For small ex-
citations this advantage is reduced by an increasing harshness.
For LFD an air supply and more available space than in conven-
tional suspension is needed.

The dynamic behaviour of an LFD is described by means of a
physical model with two ordinary differential equations for every
volume, described in [2], [8]. The influence of excitation ampli-
tude and frequency on the dynamic behaviour is shown in @. By
means of computation and experiment the characteristics of stiff-
ness and dissipated energy with respect to frequency are deter-
mined.

In @ a) and b) three levels of stiffness become apparent which
are separated by the cut-off frequencies fy and f,. The frequency
fy describes the transition between isothermal and isentropic state.
Typically fy ranges between 0.01 Hz and 0.1 Hz. By dimensional
analysis in [7] it is shown that fy is proportional to
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@ Scheme (left) and design (right) of a two-chamber LFD (N=2)
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® 2) to d) Stiffness and dissipated energy of a two-chamber LFD for two excitation
amplitudes und two valve areas (left: computation, right: experiment)

EQ. 1 ffﬁ%
where A is the heat conductivity, c, is the heat capacity at constant
pressure and p, the inertial density of air as well as the typical
length L:=V/A of the LFD which expresses the ratio of total vol-
ume and surface. The tuning frequency f; ranges between the stiff-
ness levels ¢, and c,. At this frequency the dissipated energy of the
LFD reaches a maximum which is proportional to

EQ. 2 W~p,Vz?/L?

[2], with the inertial pressure p,, the total volume V and the excita-
tion amplitude Z. The quadratic dependence on the dissipated en-
ergy is also shown in @ c) and d). The next sections will show that
the stiffness ratio between c, /c, depends only on the geometry.

In the frequency range fy <f<f, the adiabatic stiffness c, ap-
pears. In this case the air mass flow between the chambers can
be neglected. The result is a soft air spring with a volume that is
represented by the sum of the chamber volumes. For small exci-
tation amplitudes Z the stiffness c, is given:
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dF A da,
£ 3 “ Tdz z:0=’Yp‘JTAT+(p0_pH)Ez:o’ fOTfy<f<f0_

Thereby, y = 1.4 is the adiabatic exponent, p, is the absolute pres-
sure in initial position and p, is the ambient pressure. The total
volume V, the bearing surface A, and the displacement surface A
are defined as follows:

N
EQ. 4 A,:=F/(p,p,)= ZATJ n,-é, and
j=1

N describes the number of chambers and F, the LFD force in ini-
tial position. With a cylindrical piston contour dA,/dz =0 the stiff-
ness of Eq. 3 becomes

AA,
0oy

EQ. 5 Co =YD,

At high frequencies f>>f, the limit in stiffness is ¢, which corre-
sponds to the parallel connection of two air springs. For small
excitations and a cylindrical piston contour the upper stiffness c,
results as:

& AA
EQ. 6 Cl=ypoz ‘//;

j=r

, for f>> ..

In this equation V designates the volumes, A, the bearing areas,
and A, the displacement areas of the particular volumes in initial
position. Air spring dampers achieve a ratio of upper to lower stiff-
ness c,/c, of up to 26 for a three-chamber LFD and up to 20 for a
two-chamber LFD [7]. The stiffness ratio depends only on the ge-
ometry, for example the stiffness ratio for a two-chamber LFD is:

o

A2 A2
1V 1 2
EQ. 7 C—Dz—z [—‘,I‘F—‘,

2

J=4 ... 20.

For dimensioning a LFD two requirements should be considered.
First, the LFD has to carry the static load of the vehicle:

EQ.8 mg~(p,~p,)A~p,A;. for py>>p,.

In this case, m represents the quarter mass of the vehicle and g
the constant of gravity. The system pressure is given by the maxi-
mum pressure p; of the air supply or the burst pressure of the com-
ponent, hence the bearing area A, is determined. Secondly, the
vertical vehicle eigenfrequency f=0.8 ... 1.2 Hz — depending on
the vehicle manufacturer — is given. With Eq. 5, 8 and A=A, the
eigenfrequency

EQ. 9 f2~%=y

=oa

depends only on the typical length L of the LFD [7]. Surprisingly,
the pressure has no influence on the dynamic behaviour. In ana-
logy to the mechanic pendular the eigenfrequency is defined by
the typical length, thus the ratio of volume to area is fixed. The re-
sult is a narrow parameter range for dimensioning a LFD.
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If the valve in the LFD is designed as a continuous adaptive valve
the transition from lower to the upper level of stiffness ¢, and c, as
well as the corresponding maximum dissipated energy can be shift-
ed within the frequency range. By means of dimensional analysis
it is shown in [2] that the tuning frequency f, for maximum ener-
gy dissipation is proportional to the valve area A,:

A
GL. 10 f,~yRT, 7” fn (y%)

R represents the ideal gas constant and T, the mean absolute
temperature of the component. By Eq. 10 it is possible to adapt
the tuning frequency f, on the excitation frequency by tuning the
valve, @ a) and b). Hence, it is possible to adapt the stiffness be-
tween the lower and upper level which will be used for vehicle dy-
namics in this article. There is only a small influence of the tem-
perature on the typical frequency. Increasing the temperature from
-10° C to 23° C increases the typical frequency for 6 percent on
a higher frequency [8].

Considering these properties we have been persuaded that the
adapting of dynamic stiffness of the LFD and consequently the
adapting of roll stiffness could improve the vehicle dynamics. The
potential will be demonstrated in the following passages by means
of simulations with a five-body vehicle model.

3 USED FIVE-BODY VEHICLE MODEL

The vehicle model presented here was developed at the Chair of
Fluid Systems Technology at TU Darmstadt in order to accomplish
virtual road trials for an evaluation of model based and efficient
LFD controllers. The use of a self-developed vehicle model has the
advantage that the source code is open and expandable for new
components.

The five-body vehicle model in @ bases on the dynamic equa-
tions for the rigid bodies, that is the wheels and the vehicle-body.
Each body is characterised by its mass m and inertia tensor ©.
In Eqg. 11 the conservation of momentum for the vehicle body in
the inertial frame (I) and in Eq. 12 the conservation of angular
momentum in the vehicle-fixed frame (A) are presented in index
notation.

d2ro
j

- U]
EQ. 11 m > K

i Aopee,opapeg=X iy

The translational and rotational degrees of freedom of the vehicle
body are described by the vectors r and Q. The terms on the right
hand side in Eq. 11 and 12 denote the sum of forces and momen-
ta that affect the vehicle body.

The physical LFD model mentioned earlier was used for model-
ling the struts. Each wheel has three rotational and one transla-
tional degree of freedom in vertical direction. The axial-elasto-kin-
ematics for camber and toe angles was determined by a multi-body
simulation (MBS). The quasi-static results are stored by means of
characteristic diagrams. In accordance with standard practice,
jounce travel curves were generated while being exposed simulta-
neously to tire lateral forces. Further kinematic values such as
position of the axis of roll were also determined using the MBS
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© Physical five-body vehicle model (axle not depicted)

model. The non-linear tire behaviour was modeled by Burckhardt’s
tire model which is described in [3]. In order to achieve this three-
dimensional characteristic diagrams for the tires are implement-
ed in the model which calculates the resulting coefficient of fric-
tion via wheel load and wheel slip. The product of coefficient of
friction and wheel load gives the resulting horizontal tire force. Re-
quired data for the parameterization of the model such as mass-
es, geometric data and bushing stiffness were made available by
a vehicle manufacturer.

4 INFLUENCING VEHICLE DYNAMICS BY
CONTROLLED AIR SPRING DAMPERS

With the aid of the available stiffness ratio of the LFD it is possi-
ble to adapt the roll stiffness of the front and rear axle. Assuming
that the additional elasticity of the axle can be neglected, the re-
sulting roll stiffness of the struts is

)
€SS,

EQ. 13

with the axle ratio 7, the strut stiffness c and the wheel track s. If
the ratio of maximum to minimum roll stiffness is established a
ratio of 26 is also possible. Based on @ the influence of adaptive
roll stiffness on the vehicle dynamics will be shown. In addition to
constructive arrangements, adapting the roll stiffness is one pos-
sibility to influence the vehicle dynamics.

Two closed loops are depicted here. A driver controller brings
about an alignment between the set course and the actual
course by means of adjusting the steering angle. The LFD sup-
ports this process by intervening the vehicle dynamics by means
of controlling the valves. By means of proportionate support of
the roll momentum between the front and rear axle the handling
properties can be switched between agile and understeering. It
is made use of the degressive dependency of lateral tire force
and wheel load as described in [6]. Thus the increase in the lat-
eral force on the outer wheel with high wheel load is less than
the decrease on the inner wheel with low wheel load. In total
the axle with greater wheel load difference experiences a loss
in cornering grip and a corresponding yaw moment arises. This
effect is noticeable from lateral accelerations of 0.4g upwards.
For showing the potential of adapting the LFD a steering angle
step was investigated. This step is represented by a ramp with
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(4] Influencing the vehicle dynamics by means of adaptive LFD

arising time of 0.5s and a height of 0.1 rad at a vehicle veloc-
ity of 15m/s.

The results in @ show a delay time of 1 s after the manoeuvre
starts. Here the simulated results are identical regardless of the
chosen LFD setup. This delay time is typical for an adaptive sys-
tem which is caused by the inertia of the vehicle. Thus an add-
itional yaw moment can become apparent when a corresponding
roll angle, ® d), and a necessary wheel load difference are avail-
able. All graphs in ® show a characteristic maximum at the time
of 1s and an asymptote for large times. The maximum is caused
by a rising stiffness of the LFD which is a result of the compres-
sion and the increased temperature. The asymptote is caused by
a relaxation which affects a decreasing LFD stiffness. For unsteady
maneuvers the results up to 5s are relevant. Dependent on the
LFD setup ® a) shows a spreading in curve radius of up to
2m. The yaw rate in ® b) could be increased for 5% which means
a higher agility. Adapting the LFD valves can also decrease the
angle of deviation for 10%, ® c). Finally, ® d) shows that a ris-
ing roll stiffness at front or rear axle leads to a significantly reduc-
tion of the roll angle (> 40 %).
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@ Results of a steering angle step with a) radius, b) yaw rate, ¢) angle of
deviation and d) roll angle bases on neutral, understeering and agile LFD setup;
lateral acceleration at steady state approximately 7.5 m/s?
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For demonstrating the control of the LFD in @ a vehicle is depicted
in process of carrying out a lane-changing manoeuvre. The interven-
tion in vehicle dynamics by means of dividing the roll moment be-
tween front and rear axle is likewise depicted. For this purpose the
wheel loads are represented in form of circles, where the wheel load
is proportionate to the radius of the circle. The decision at which time
the adaptive valves are activated is made by a LFD controller.

Basically the controller adjusts the valves that way to achieve an
agile handling. The related yaw moment is achieved by means of a
high level of roll stiffness and a greater difference in wheel load on
the rear axle respectively. In case of exceeding stability criteria, a cor-
rection to understeering takes place. For this purpose the roll stiff-
ness of the front axle is increased. To identify a critical situation, the

\-._.—-/;;n:e

@ Schematic diagram of wheel load distribution
influenced by a LFD controller while lane-changing

v
EQ. 14 a,=%

and the curve radius R

__ v
EQ. 15 R (dL+B)

with the vehicle velocity v, the yaw rate acand the angular rate of
deviation B. Insert Eq. 15 in 14 and replace a, with kp_ g the crit-
ical yaw rate becomes

. " k
controller compares the actual yaw rate with a critical yaw rate. The EQ. 16 iy = pu :
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Qatof Single lane change with vehicle trajectory, lateral acceleration,
angle of deviation, steering angle and valve positions of the LFD (width of lane
change B = 2 m, velocity 24 m/s)
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© a) to f) Half cycle of a cosine (set course) with vehicle trajectory, lateral
acceleration, angle of deviation, steering angle and valve positions of the LFD
(width B = 250 m, velocity 22 m/s)
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Here k=0 ... 1 denotes the sensitivity of the controller and 1,
the maximum value of friction between tire and road. Furthermore,
it was assumed that the angular rate of deviation can be neglect-
ed, whereas p << a,/vis valid.

5 EVALUATE THE LFD CONTROLLER BY MEANS
OF VIRTUAL ROAD TRIALS

In order to test the LFD controller virtual road trials were under-
taken on a lane-changing manoeuvre which trajectory based on
step function. The aim of control is defined as the minimal offset
to the set course. The driver controller keeps the vehicle velocity
constant during the manoeuvre.

In @ a) the vehicle‘s trajectories with and without LFD control
and the set course are depicted. At the beginning there are iden-
tical trajectories of controlled and uncontrolled vehicle. For the
controlled vehicle, the offset from the set course is seen to be less
after the first half of the manoeuvre. In total, the controlled vehicle
reaches a 15 % smaller integral offset than the uncontrolled vehi-
cle, that is 96 m2 versus 113 m2. Furthermore, the LFD control
leads to a decreasing lateral acceleration of 1.5m/s2, @ b). Addi-
tionally, the magnitudes of the angle of deviation are significantly
degreasing which leads to an improved vehicle handling,
@ c). The controlled vehicle shows in @ d) a lesser demand for
steering angle. Finally, the behaviour of the front and rear axle LFD
valves are shown in @ e) and f). Before the manoeuvre starts the
controller switches to agile in order to affect an agile handling. At
the manoeuvre start the driver reacts by a fast rising steering
angle up to approximately 0.17 rad at the wheel, @ d). The vehicle
responds with a rising yaw rate and exceeds the critical yaw rate
which is calculated by the controller. The controller reacts by
switching the LFD valves to understeering.

On principle the single lane change manoeuvre exhibits a small
durability. In the following the LFD controller will be evaluated at a
manoeuvre with larger durability. Therefore a half cycle of a cosine
is used as set course which dimensions orientate on a real road.

Both the controlled vehicle as well as the uncontrolled vehicle
are able to pass the manoeuvre with small differences to the set
course, @ a). However, the controlled vehicle shows advan-tages
concerning stability and agile handling. This positive behaviour
can be shown in the more damped oscillations of lateral acceler-
ation and angle of deviation, ® b) and c). A significantly improved
handling can be established by the decreased demand for steer-
ing angle in ® d).

6 SUMMARY AND OUTLOOK

The previous sections have shown a potential to influence the ve-
hicle dynamics by means of controlled LFD. In summary, the course
control by means of adaptive LFD offers a very good opportunity to
make a decisive improvement in self-steering behaviour towards
more agile handling and simultaneously ensures the stability.

In further investigations the influence of the LFD control on com-
fort and safety has to be analysed. It is expected that increasing the
roll stiffness will cause a loss in comfort and damping. Therefore,
the LFD control will be tested in combination with real road profiles.
Furthermore, the interaction of the LFD controller with electronic
stability control (for example ESP) will have to be investigated.

ATZ 0412010 Volume 112

REFERENCES

[1] Behmenburg, C.: Alternative Dampfungssysteme fur Luftfederfahrzeuge,
Federung und Dampfung im Fahrwerk, Stuttgart, 2004

[2] Ehrt, T.: Simulation des dynamischen Verhaltens von Luft-Feder-Dampfern,
Diplomarbeit, Technische Universitat Darmstadt, 2001

[3] Isermann, R.: Fahrdynamik-Regelung, ATZ/MTZ Fachbuch, Vieweg,
Wiesbaden, 2006

[4] Kuipers, J. B.: Quaternions and Rotation Sequences, Princeton University
Press, Princeton, 1999

[5] Lion, A.: Moderne Simulationsmethoden fur pneumatische Federdampfer-
systeme, VDI Bericht 2003, Wiesloch, 2007

[6]1 Mitschke, M.; Wallentowitz, H.: Dynamik der Kraftfahrzeuge, Springer,
Berlin, 2004

[7] Pelz, P.: Dimensionieren und prinzipielles Verhalten von Luftfeder /
Dampfermodulen, HAT: Tagung Fahrwerk-Vertikaldynamik, Essen, 2007

[8] Pelz, P., et al.: Simulation eines Luft-Feder-Dampfers, VDI Bericht 1701,
Wirzburg, 2002

[9] Pelz, P.; Sonnenburg, R.: Bestimmung komfortoptimaler Designparameter
eines Luft-Feder-Dampfers im Fahrzeugmodell, VDI Bericht 1736, Wlrzburg,
2004

[10] Pelz, P.: Beschreibung von pneumatischen Dampfungssystemen mit
dimensionsanalytischen Methoden, VDI Bericht 2003, Wiesloch, 2007

47

personal buildup for Force Motors Ltd.



RESEARCH THERMAL MANAGEMENT

AUTHORS

PROF. DR.-ING.

HORST FRIEDRICH

is Head of the DLR Insti-
tute of Vehicle Concepts
in Stuttgart (Germany).

DR.-ING. MICHAEL SCHIER
is Head of the Alternative
Power Trains and Energy
Conversion Department
at the DLR Institute of
Vehicle Concepts in
Stuttgart (Germany).

DIPL.-ING.

CHRISTIAN HAFELE

is Project Leader for
Thermoelectric Projects
at the DLR Institute of
Vehicle Concepts in
Stuttgart (Germany).

DIPL.-ING. TOBIAS WEILER
is a Research Associate
at the DLR Institute of
Vehicle Concepts in
Stuttgart (Germany).

48

ELECTRICITY FROM EXHAUSTS -
DEVELOPMENT OF THERMOELECTRIC
GENERATORS FOR USE IN VEHICLES

In the course of increasing demands to reduce fuel consumption and CO,
emissions of vehicles with combustion engines, we will have to make use of
hitherto unused energy flows. It is well known that as much as a third of input
energy is converted to exhaust heat, so it is clear that work needs to be done
to increase the utilisation of this energy. Through the application of thermo-
electric generators (TEG), in the future a proportion of the exergy carried by
the exhaust gases that would previously have been lost will be recovered as
electrical energy. The German Aerospace Center (DLR) has developed TEG for
use in vehicles for doing this, and, resulting from collaboration with the BMW
Group, 200 W of electrical power in a test vehicle was achieved in a demon-
stration. Given the use of future materials, performances of up to 600 W can
be expected, yielding a usage potential of 5%. The current research focus is
aimed at improving the manufacturing technigue with a view to future stand-
ard production applications.
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DEVELOPMENT OF THERMOELECTRIC GENERATORS FOR USE IN VEHICLES
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CONCLUSION AND OUTLOOK

1 INTRODUCTION

The ongoing challenge of reducing CO, emissions has forced the
automotive industry to search for novel technical solutions. Ther-
moelectric energy conversion represents an interesting possibility
in this regard [1]. This article describes the development of ther-
moelectric generators (TEG) for use in vehicles and how these are
being integrated into the vehicle architecture.

Several institutes at the German Aerospace Center (DLR) are con-
ducting research into thermoelectric energy conversion technologies.
The Institute of Vehicle Concepts in Stuttgart is both coordinating and
participating in the Secondary Energy Use in Vehicles project. This
institute is responsible for defining requirements from the vehicle per-
spective as well as developing prototypes and integrating these into
the vehicle architecture. The Institute of Materials Research in Co-
logne is contributing by analysing, developing and characterising ther-
moelectric materials and modules, while the Institute of Technical
Thermodynamics is investigating the thermomechanical stresses ex-
perienced by the systems. Working in collaboration with the BMW
Group and the Institute of Materials Research, the Institute of Vehi-
cle Concepts has successfully integrated a prototype thermoelectric
generator into a vehicle of the type BMW 535i US [2].

Some practical applications of thermal electricity are characterised
in part by an ability to convert thermal energy into electrical energy
without the need for any mechanical moving parts. Use in space has
proven this type of technology to be particularly long-lived, making it
an ideal candidate to examine for potential use in vehicles.

Following analysis of the requirements for in-vehicle applica-
tions, several generations of TEG prototypes have been developed,
constructed and tested over the last few years. The aim of this re-
search is to establish the effects of thermoelectric energy conver-
sion on the whole vehicle. The calculational potential for reducing
fuel consumption is in the order of a few percent [2].

The DLR in Cologne has test benches for determining thermo-
electric properties, which are complemented by a hot gas test
bench and climatic chassis dynamometer in Stuttgart. Research
vehicles are also available that can be equipped with various com-
ponents and used to carry out measurements.

2 FUNDAMENTALS

2.1 THERMOELECTRIC ENERGY CONVERSION

The conversion of thermal energy to electrical energy is based on
an effect discovered by Thomas Seebeck in 1821 [3]. This states
that an electric voltage will be created when a difference in tem-
perature occurs on either side of a pair of conductors made from
different materials AT =T,-T . Conversely, the conductor pair can
also serve as a heat pump if electrical current is passed through
it (Peltier effect).
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The physical fundamentals and mathematical equations under-
lying these effects have already been described in detail in an ar-
ticle in MTZ [2]. Here it is only necessary to revisit some of the
most important relationships for use in practice. The power gen-
erated thermoelectrically is defined as:

EQ. 1 P,=n.Q

Here, Q represents the heat flowing into the heated side, n,, the
efficiency of the thermoelectric material and T, - T the difference
in temperature. For the maximum performance P, __, the efficien-
cy can be expressed as [4]:

T,-T. 1

EQ. 2 Me(@Fy i) =71 5 7T
— T
m.

ZT is a dimensionless figure of merit, which is included to char-
acterise thermoelectric materials according to their properties. It
is clear from these equations that electrical power increases with
increasing heat flow, higher ZT values and increasing temperature
difference.

The ZT values’ progress is showing a great deal of promise.
Whereas the materials that have been used traditionally, such as
bismuth telluride (Bi,Te,) and lead telluride (PbTe), achieve ZT
values of around 1, with newer, more cost-effective materials such
as silicides, half-Heusler materials and, most importantly, skutter-
udite, ZT values of 1.3 are now realistic. From a technical perspec-
tive, the thermoelectric materials are formed into flaky thermoe-
lectric modules (TEM), which contain a large number of n- and p-
doped thermocouples connected alternately in series, @.

2.2 VEHICLE BOUNDARY CONDITIONS
As explained above, the performance of a TEG depends to a large
extent on the temperature difference and the flow of heat into the

@ Principle illustration of a thermoelectric module (TEM) and its doped
semiconductor sections [5]
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@ Functional layer of a thermoelectric generator with heat exchangers for
exhaust gas and coolant, thermoelectric module (TEM) and electrical insulation

device, which means that installation locations with a high exergy
potential should be given preference. For this reason, research ac-
tivities concentrating on automotive applications tend to focus on
integration of TEGs into the exhaust system. However, the vehicle
boundary conditions that dominate here also place heavy demands
on the TEG. In addition to experiencing high thermal loads, the
components are exposed to corrosive effects due to aggressive ex-
haust gas condensate on the inside and salt solutions on the out-
side. Any development work must also consider the impacts, shock
loads and oscillation that occur in a vehicle exhaust system, but
that must not negatively affect the TEG.

3 EFFECTS ON THE ENTIRE VEHICLE SYSTEM

One major challenge lies in answering the question of what effects
installing a TEG has on the vehicle as a whole. On the one hand,
the vehicle weight will increase, on the other hand, the part of the
heat flow which is not converted to electrical energy has to be re-
leased to the environment. The back pressure caused in the exhaust
system must be minimised to avoid negatively affecting the gas ex-
change process and charge cycle work. Moreover, the process of heat
extraction must not impair the operation of downstream exhaust gas
treatment equipment. Additional components are also required to
feed electrical power into the vehicle electrical system.

There are two main options for transferring thermal energy to
the environment. The existing cooling system can absorb the ad-
ditional heat flow and deliver this to the outside environment, pro-
vided that it is not working at maximum capacity. Problems should
only be encountered in very rare situations, such as full engine
load on a hot summer‘s day. In such cases, exhaust gas mass flows
can be diverted around the TEG using a bypass mechanism. In-
creasing the surface area of the radiator would result in an increase
in air resistance and should be avoided if possible.

The increased rate at which the cooling circuit is heated is an
advantage. The heat introduced from the exhaust gases reduces
the engine warm-up time, which in turn reduces engine friction
and can improve comfort as a result of the passenger compartment
heating up more quickly.

When selecting the installation position in the exhaust system,
care must be taken to ensure that warming up of the exhaust gas
treatment components is not impaired. However, various strategies
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can be an option. One option is to install the TEG behind those
systems, but this has the disadvantage that there is much less ex-
ergy available at this point, meaning that the performance of the
TEG is reduced. The alternative, with the TEG fitted in front of the
exhaust gas treatment components, is to implement appropriate
measures to ensure that the exhaust gas treatment system is able
to start operating quickly. This could be achieved by using a by-
pass system. Beyond that, the TEMs can be run in “Peltier” mode
to boost the heating of the TEG.

The construction of the heat exchanger makes high demands to
equally dispensing the heat. The TEM must be exposed to the max-
imum permissible temperature. Where possible, none of them
should be used at a differing operating point since this individual
one affects the efficiency of the whole generator. A construction
of the heat exchanger which can be described as ideal will thus
not be valid for each mass flow rate. The electronic connection of
individual module groups can be supportive if it compensates for
uneven temperature distribution by individually adapting the mod-
ule impedances. As done in the area of converter techniques in
photovoltaics, DC/DC converters are to be applied here, which
adapt the load resistance — corresponding to the proportion of cur-
rent drawn from the vehicle electrical system — to the instantane-
ous internal electrical resistance of the modules.

4 DEVELOPMENT OF THERMOELECTRIC GENERATORS
FOR USE IN VEHICLES

4.1 TEG SIMULATION MODELS

In order to allow the prediction of the expected electrical power
and exhaust back pressure created, every development begins with
the computation of parameters using thermo-technical simula-
tions. DLR uses the EES software [6] package to create a discre-
tised cell model of the TEG, which makes use of existing geomet-
ric symmetries and models a functional TEG layer, @. This is com-
prised of an exhaust gas heat exchanger in one half and a coolant
heat exchanger in the other, separated by a TEM layer with corre-
sponding insulation layers. The construction is divided into numer-
ous individual cells and a system of equations is established for
each cell to describe the energy balance, the material properties
and heat transport mechanisms. The individual equation systems
are combined so that each interacts with the neighbouring cells.

The empirical material data for the TEM determined by the In-
stitute of Materials Research is also entered into the model. Ther-
modynamic boundary conditions for mass flow, temperature and
pressure are then specified for the exhaust gas and coolant, allow-
ing the complete system of equations to be iteratively solved. The
outputs from this process are temperature curves, the heat flow
transferred to the cooling system, and electrical output of the TEG.
The back pressures caused by heat-exchanging structures in the
fluid flows are also calculated using the corresponding correlations
from the geometric relations and the Reynold’'s number. @ shows
a summarisation of the input parameters and result values of the
TEG calculation model. If the TEG is to comprise multiple func-
tional layers, the model is accordingly adapted by scaling.

When modelling the heat-exchanging fins there are two factors
that have a decisive influence. Firstly, it is necessary to make sure
that there is the maximum possible temperature difference across
the TEM. With the Bi,Te, modules available today, care needs to be
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taken to ensure that the maximum temperature on the heated side
of the module does not exceed 250 °C, as otherwise the module
may be damaged. Secondly, the fins need to be designed in such a
way as to ensure that the exhaust back pressure does not increase
too dramatically. Because the fins are rigid and cannot be adapted
to the highly-dynamic thermodynamic boundary conditions of the
exhaust gas while the TEG is in use, their construction needs to be
optimised for a specific driving situation (design point). When high
loads occur, a proportion of the exhaust mass flow must be divert-
ed around the TEG in order to protect the TEM and prevent the back
pressure building up too greatly.

O shows (on the left hand side) the positions of a range of de-
sign points based on exhaust mass flow and exhaust temperature
at a potential installation position in a reference vehicle. The brown
curve represents the change in maximum exhaust temperature with
increasing mass flow. On the right hand side, @ shows the electri-
cal power of the corresponding TEG design for the same range of
exhaust mass flows. The power curves illustrate a typical peaked
shape. In the lower load range the curves rise steeply, before reach-
ing maximum power at the design point. When the design point is
passed, the mass flow through the TEG is reduced by opening the
bypass, resulting in a reduction in the temperature difference and
the output power of the TEG. In the example, it can be seen that
there is a very promising curve for the 135 km/h, six-gear option:
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it shows good response characteristics in the low load range, high
absolute power and only a moderate drop-off beyond the design
point.

The simulation model can be used to show that there is an enor-
mous potential in the design optimization of thermoelectric gen-
erators. @ shows the simulated temperature curves of exhaust
gas, heated side of the module, cooled side of the module and
coolant in longitudinal direction of the TEG for a conventional
(left) and an optimized design (right). In the conventional design,
a fairly steady decrease of the temperature of the heated side of
the module in the direction of flow can be seen. This is due to the
increasing heat loss caused by the heat exchanger. The tempera-
tures for the cold sides of the module are approximately 40 to 50
°C above the coolant’s temperature. The calculated maximum
power for this variant with design point is at 195 W, the exhaust
back pressure produced is at 23 mbar. The heat-exchanging fins
of the exhaust gas- and coolant heat exchanger was subsequent-
ly optimized in an optimization loop. In so doing, the exhaust gas
heat exchanger was provided with an increasing fin density in the
direction of flow in order to counteract the heat-sided tempera-
ture decrease. The temperature curve displayed on the right side
of ® shows that the temperature of the heated side of the mod-
ule can be kept at a high level. From the coolant perspective, the
fins were also improved which made it possible to significantly
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reduce the temperature of the cold side by 20 to 30 °C. When
comparing the two temperature curves it can be clearly seen that
the temperature difference connected to the module increases
(difference between red and green curve) with the optimized de-
sign. This affects the calculated power which could be increased
by 50 % to 300 W compared to the conventional design. Due to
the fins’ flow-optimized design, the exhaust back pressure only
increases to 25 mbar.

In addition to the described stationary TEG model, there is a dy-
namic Modelica model [7] at the Institute of Vehicle Concepts
which is able to simulate the transient behaviour of the TEG dur-
ing the cycle. The left-hand graph in @ shows the calculated de-
velopment of net useful power output for the 135 km/h design de-
scribed above, using Bi,Te, on the Artemis motorway cycle [8]. It
s easy to identify the TEG behaviour during the warm-up phase; it
should be noted that the underlying thermal masses have been de-
rived from prototype geometries and that, at around 11 kg, the
weight of the TEG is still considered relatively high. The maximum
output achieved with this set-up is 180 W.

To highlight the potential offered by higher performance mate-
rials at mid-range temperatures, the right-hand graph in ® shows
the power curves for a TEG system with PbTe material data entered

01 015 02 025 03 035

of the module and coolant; conven-
tional design (left) and design with
optimised heat exchange with regard
to exhaust gas and coolant (right)

Length TEG inm

into the model. The structure of the heat exchanger was adapted
to account for the fact that the lead telluride can operate at high-
er temperatures of up 450 °C. This allows the warm-up phase to
be significantly shortened. A higher electrical power output of up
to 300 W is also achieved during the cycle thanks to the higher
heat flow transfer and the greater efficiency of PbTe. The influ-
ence on engine power of the exhaust back pressure caused by this
system is currently being integrated into the model.

4.2 FURTHER DEVELOPMENT STEPS

The further development process takes the most promising vari-
ants to a more advanced stage of design. This involves finding
compact, lightweight, production-oriented solutions for the vari-
ous sub-functions of the TEG, taking into account the available
packaging space in each case. Development at this stage also
makes use of appropriate simulation programs. Finite element soft-
ware is used to perform calculations to ensure the stability of the
mechanical and thermo-mechanical components and to investi-
gate the flow and temperature distribution within the TEG. In ad-
dition, the results are verified by investigating the sub-components
experimentally, making use of the comprehensive range of test fa-
cilities available to the researchers. The end result of this design

BiTe-TEG PbTe-TEG
400 — r I I 200 400 I I - 200
[ P Py L. ¥ ot P F ey ¥
300 150 300 150 @ Calculated power curves in
Artemis motorway cycle using various
= E = E thermoelectric materials and heat
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100 T 50 100 4 1&& __J_L_uIT Lt 50 from the TEG power (green) less the
[ N L'l J i i . additionally generated power of the
| | : [ L ] | | water pump (red) and the radiator fan
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tiii s tins curves illustrate the use of bismuth
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telluride (left) and lead telluride (right)
as thermoelectric material [9]
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process is a CAD model of the TEG as shown in @ and the corre-
sponding production drawings.

In the past, standard components have been used wherever pos-
sible in the construction of the TEG. Special parts could largely
be manufactured in the DLR*s own workshop. Previous DLR pro-
totypes have given preference to the use of thermoelectric convert-
er modules of type HZ-20 manufactured by Hi-Z [10]. These mod-
ules have an efficiency of up to 3.5% and are characterised by
high robustness and long-term stability. @ shows a built-up TEG
functional model with flange-mounted test-bench diffusers.

4.3 VEHICLE INTEGRATION

As mentioned above, a TEG prototype developed in collaboration
with the BMW Group has been integrated into a test vehicle. The
DLR was responsible for characterising the base vehicle, imple-
menting a large proportion of the technical hardware modifica-
tions, and finally testing the fundamental functionality of the ve-

@ TEG functional model with flange-mounted test-bench diffusers
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Clamping bracket
Leaf spring

Coolant connector

Diffuser
Seal

Hot gas heat exchanger
Thermoelectric modules
Coolant heat exchanger

@ CAD exploded view of a TEG using
stacked construction with 24 Bi,Te,
modules [2]

hicle on the climatic chassis dynamometer. The characterisation
of the base vehicle on the chassis dynamometer provided the op-
portunity to gain experience with the vehicle and verify the exhaust
gas temperatures used as boundary conditions in the design. The
subsequent planning and conversion phase saw the development
and implementation of solutions optimised in respect of the pack-
aging space available for each of the exhaust system, cooling cir-
cuit and measuring system. After incorporating the TEG into the
vehicle architecture, @, the functionality of the TEG was analysed
on the climatic chassis dynamometer at DLR.

4.4 EXPERIMENTAL TESTING OF THE TEG

Testing of the TEG makes use of a 200 kW gas burner, a cooling
system for controlling the temperature of the cold side of the TEG,
and all the necessary measuring and data acquisition equipment.
In addition to this, test vehicles equipped with the TEG prototypes
can also be tested on the climatic chassis dynamometer.

O Vehicle integration of a TEG functional model
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: X
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(10] Comparison of simulated and
measured power output (left) and
exhaust gas back pressure (right)

@ shows a comparison between the results from the develop-
mental simulations and the experimental results obtained on the
test bench and in the test vehicle for the 135 km/h variant dis-
cussed above. The power output corresponds very well to the sim-
ulations and has a maximum of 200 W. The exhaust back pressure
produced was found to have significantly lower values than expect-
ed. It was only possible to reach the 135 km/h design point dur-
ing test drives by BMW Group on a test track. At that stage in the
development the hot gas test bench was unable to provide suffi-
cient heating power, while on the chassis dynamometer the tem-
peratures in the TEG cooling system rose too high due to insuffi-
cient airflow onto the radiator.

5 CONCLUSION AND OUTLOOK

The utilisation of exhaust gas enthalpy through use of thermoelec-
tric generators (TEG) improves the energy efficiency of vehicles
with an internal combustion engine. Through the integration of
thermoelectric modules in the exhaust system and energy archi-
tecture of a BMW 535i US, the German Aerospace Center (DLR)
succeeded in producing 200 W of electrical power with a TEG ef-
ficiency of 2.0% on a research demonstrator vehicle. The future
focus of development will be on improving efficiency using new
and/or improved thermoelectric materials, the optimisation of heat
transfer behaviour, and additional vehicle integration in other
promising thermodynamic and operational areas.

An additional ongoing research focus area at the DLR has the
goal of improving the manufacturing technique for the generators
with a view to future standard production applications. The exist-
ing functional models are produced using frictional joining tech-
niques and are therefore heavy and very laborious to assemble. As
such, an assembly technique is being developed that uses joining
techniques — preferably bonding techniques — that are suitable for
mass production and therefore able to meet the stringent techni-
cal demands and cost restrictions on the system.

Given the thermoelectric materials currently available with
ZT values of 0.85, the vehicle manufacturer expects to achieve an
electrical power output of 600 W and fuel savings of 5% during
motorway use [2]. By further increasing the ZT values it should be
possible to exceed even this figure, provided that the power gen-
erated above this level is also required and can be utilised by the
electrical equipment.

54

Exhaust gas mass flow

Exhaust gas mass flow

REFERENCES

[1] Friedrich, H. E.; Treffinger, P.; Muller, E.: Management von Sekundar-
energie und Energiewandlung von Verlustwarmestromen. Vortrag, ATZ/MTZ-
Konferenz Energie, Mlnchen, 26. und 27. Juni 2007

[2] Liebl, J.; et al.: Der thermoelektrische Generator von BMW macht
Abwarme nutzbar. In: MTZ 70 (2009), Nr. 3, S. 272-281

[3] Seebeck, T. J.: Magnetische Polarisation der Metalle und Erze durch
Temperatur-Differenz. In: Abhandlungen der Koniglich Preussischen Akade-
mie der Wissenschaften zu Berlin aus den Jahren 1822 und 1823. (1825)
[4] Mdiller, E.: Thermoelectric Materials for Waste Heat Recovery, Linearized
Thermial Sensors and Peltier Cooling — Material and System Development for
Device Applications. Vortrag, Steinfurter Keramiktage, FH MUnster/Steinfurt,
15. bis 19. Dezember 2002

[5]1 Weiler, T.; Hafele, Ch.; Schier, M.; Eder, A.: Warmetechnische Auslegung
eines fahrzeugtauglichen thermoelektrischen Generators. Vortrag, 1. Fach-
tagung Thermische Rekuperation im Kraftfahrzeug. Haus der Technik,
Minchen, 5. und 6. November 2009

[6] URL: http://www.mhhe.com/engcs/mech/ees/

[71 URL: http://www.modelica.org/

[8] URL: http://www.inrets.fr/ur/lte/publi-autresactions/fichesresultats/
ficheartemis/road3/method31/Artemis_cycles_report_LTEO411.pdf

[9] Braig, T.; Ungethtm, J.: System-level Modeling of an ICE-powered Vehicle
with Thermoelectric Waste-Heat Utilization. Lecture, International Modelica
Conference, Como, Italy, 20th to 22nd September 2009

[101 N. N.: HZ-20 Thermoelectric Module. Hi-Z Technology, Inc., San Diego,
USA, http://www.hi-z.com/hz20.php at 14th January 2010

personal buildup for Force Motors Ltd.



