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4, 10 | The commercial vehicle industry has the task of developing technologies 
that satisfy both economic and ecological interests while at the same time 
addressing the conflicting demands of haulage efficiency and climate protection. 
In the run-up to this year’s IAA Commercial Vehicles, RWTH Aachen University 
has developed a battery-powered electric bus as part of its Smart Wheels 
research project, with the aim of showing the possibilities of this concept for a 
vehicle with zero local emissions. Voith is offering the world’s first secondary 
water retarder for long-distance trucks and coaches as an already available series 
development. 
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USEFUL SOLUTIONS

Dear Reader,

Even though people complain about too 
many useful commercial vehicles in 
overcrowded cities and endless convoys 
of HGVs on motorways, they still want to 
enjoy North German beer in Bavaria and 
eat Bavarian yoghurt in Hamburg. This 
means plenty of business for haulage 
companies.

The latest economic figures are a clear 
indication of the continued success  
of commercial vehicle manufacturers  
and hauliers. “The last two years have 
seen a great recovery. In Western Europe, 
sales of heavy commercial vehicles (over 
six tonnes) in 2011 climbed to around 
262,000 units,” said VDA President 
 Matthias Wissmann in the run-up to  
the 64th IAA Commercial Vehicles, which 
will take place in Hanover from 20 to 27 
September 2012. That is a huge rise  
of 31 per cent compared to 2009.   

Under the slogan “Commercial Vehicles: 
Driving the Future”, the IAA in Hanover 
will underline the innovative power of the 
industry and the efficiency of commercial 
vehicles. One example of state-of-the-art 
technology is the Mercedes-Benz Actros. 
This truck has been optimised in every 
detail from its powertrain to its rolling 
resistance and aerodynamics. As a result, 
the Euro VI version of the Actros now 
consumes only around 26 litres of diesel 
per 100 kilometres – 4.5 per cent less than 
its Euro V compliant predecessor – in spite 
of lower emission levels.

Diesel emissions are today; electro-
mobility is tomorrow. What the future 
state of technology might look like is 
shown by RTWH Aachen University in its 
innovative “Smart Wheels” project 
described on page 4. The two institutes 
ika and Isea have developed an electric 
bus with recharging intervals that enable 
it to achieve the daily driving range of 
urban bus routes. ika produced a proto-

type while Isea developed the battery sys-
tem and an innovative fast charging unit. 

In spite of all the euphoria surrounding 
technical developments and economic 
data, the commercial vehicle industry is 
nevertheless feeling the impact of the 
national debt crisis in European coun-
tries. The VDA expects new registrations 
of heavy trucks in Western Europe to 
total between 256,000 and 250,000 over 
the year 2012. That would be a drop of 
two to four per cent compared to the pre-
vious year. Looking beyond Europe, Bra-
zil will also see a fall in its figures due to 
the introduction of a new exhaust stand-
ard and economic factors. China is hav-
ing a break from expansion this year 
with a slight drop of three per cent.

Careful planning is therefore the order  
of the day. But one thing is certain: the 
IAA, with more exhibitors and a larger 
area than 2010, will have the right 
answers and will present useful solu-
tions for the transport market of today 
and tomorrow. 

Best regards,

DIPL.-ING. MICHAEL REICHENBACH,  
Vice-Editor in Chief 
Wiesbaden, 7 August 2012
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ELECTRIC MINIBUS FOR 
PUBLIC TRANSPORT
As part of the SmartWheels project funded by the Federal Ministry of Economics and Technology, two institutes 

of RWTH Aachen University have developed a battery electric minibus to demonstrate the potential of electric 

vehicles in public transport. The Institute of Automotive Engineering Aachen (ika) built the prototype vehicle 

based on a Mercedes-Benz Sprinter City 65. The Institute for Power Electronics and Electrical Drives (ISEA) has 

developed the battery system and an innovative quick charging device.
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MOTIVATION

The public transport system allows wide-
scale and low cost mobility [1]. Most of 
the vehicles used in public transport in 
Germany are powered by diesel engines. 
Alternatives are natural gas, fuel cells or 
hybrid drives as well as electric drive 
systems, which are supplied with energy 
from a battery or a corresponding infra-
structure (trolley busses).

Compared to other alternatives, elec-
tric drive systems have no local emissions 
and a low noise level. However, batteries 
have a relatively low energy density, 
which means that these vehicles will 
have a significantly shorter range than a 
vehicle powered by an internal combus-
tion engine or a fuel cell. Compared to 
various commercial vehicles, such as 
those for long-distance transport, city 
buses have a low average speed and a 
shorter daily mileage. As city buses are 
used on fixed routes with only few changes 
over time, only a limited number of 
charging stations would need to be 
installed, thus reducing the necessary 
investment costs.

With the possibilities provided by a 
quick charging device, the average daily 
mileage can be reached with a few 
charging stops. ❶ shows the average 
moving velocity of a selected city bus 
line as well as an overland connection 
close to the city of Aachen [2]. The aver-
age moving velocity is defined as the 
average speed without standstill phases.

The inner city cycles are driven in the 
city area of Aachen and the overland 
cycles with a significant elevation profile 
between Aachen and the Eifel mountains. 
The objective was to demonstrate the 
performance of the electric drive system 
and to determine the actual range of the 
test vehicle in real driving conditions as 
well as the required charging time.

TEST VEHICLE

The test vehicle was an electric minibus 
with a passenger capacity of around 25 
people, ❷. The diesel engine and the 
automatic gearbox of the series-produc-
tion vehicle were replaced by a hybrid 
synchronous motor with a maximum 
power of 150 kW. A single-stage plane-
tary gear with a transmission ratio of 4.5 
is flanged to the electric machine and 
connects the new propulsion system to 
the rear axle taken from the series-pro-
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duction vehicle. The characteristics of 
the test vehicle are shown in ❸. Com-
pared to the series-production vehicle, 
the passenger capacity is reduced due to 
the higher curb weight and the changed 
weight distribution.

The replacement of the propulsion sys-
tem requires small modifications to the 
body of the minibus. The passenger cabin 
remains unchanged and does not differ 
from the diesel-powered model. The bat-
tery consists of two blocks of the same 
size, which are electrically connected in 
parallel and are also cooled or heated 
from a common liquid circuit in parallel. 
A PTC heating element installed in the 
battery circuit serves to heat the battery 
at low temperatures. Via a heat 
exchanger, the PTC can also be used for 
heating the interior. Since the heating 
requirements are much higher for a bus 
compared to a passenger car, due to the 
large interior volume and the frequent 
stops, an additional diesel-powered 
heater is also used as well as in the 
series-production vehicles.

The fuel is supplied from an auxiliary 
tank with a capacity of about 30 l. This 
ensures that the range in winter is not 

reduced by constantly using the electric 
heater. The high-voltage components of 
the drivetrain (electric motor, drive 
inverters, DC/DC converter) are liquid 
cooled in a further closed cycle. The waste 
heat is not used because both cooling 

circuits of the motor and the batteries 
are at a low temperature level. Moreover, 
due to the high efficiency, the power 
losses are considerably lower than in an 
internal combustion engine.

To ensure that the vehicle can pull 
away from a standstill on an incline of 
more than 20 % with maximum load or 
even overload, the powertrain is designed 
in such a way that the maximum traction 
force corresponds to that of the series-
production vehicle in first gear. The maxi-
mum speed of 74 km/h is only slightly 
below that of the series-production vehi-
cle (80 km/h) and is sufficient for a city 
bus. Changing the drive characteristics 
towards a higher top speed or a higher 
traction force at lower speeds can be 
achieved by using one of the other avail-
able differential gears from the series-
production vehicles.

4 shows the positioning of the new 
drive components added in the engine 
compartment and underbody area. The 
drive unit, which consists of an electric 
machine and a planetary gear, is installed 
in the space of the optional retarder. The 
drive inverter and the high-voltage dis-
tributor box are installed under the low-
floor section between the longitudinal 
beams. The front battery block is located 
behind the front axle in the space of the 
12-V battery, the automatic transmission 
and the offset gearbox of the diesel-pow-
ered model [3].

The high-voltage battery can be charged 
at any normal household socket via an 
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❶ Examples of 
bus cycles and 
urban city driving 
cycles

❷ Prototype of a electric-powered minibus

❸ Vehicle data of the test vehicle with battery electric propulsion; the number of standing places depends 
on the equipment and the seating arrangement

CHARACTERISTICS DATA UNIT

Seats 12 + 1 –

Standing places 10 to 15 –

Curb weight 4040 kg

Maximum velocity 5650 kg

l × W × H 7700 × 1993 × 2845 mm

Motor power 150 kW

Maximum rotational speed 12,000 rpm

Battery capacity 45 kWh

Usable SoC range 15 to 95 %

Maximum discharging current 400 A

Maximum charging current 160 A

Charging time at 230 V 12 h

Charging time at 400 V DC < 1 h

Maximum velocity 74 km/h
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onboard 230 V charger. For an energy 
requirement of approximately 35 kWh, 
the maximum charging power of 3 kW 
results in a charging period of 12 h. In 
order to increase the availability and 
daily mileage of the vehicle, ISEA has 
developed a quick charging option within 
this project. A bipolar socket with the 
mechanical structure of a CHAdeMO 
standard plug is installed in the vehicle 
and allows a charging power of up to 
64 kW at 400 V DC. During the charging 
process, the plug is connected directly to 
the high-voltage intermediate circuit. By 
using the quick charger, the time required 
for recharging the batteries can be 
reduced to 45 min. However, it depends 
on additional parameters such as the 
battery temperature and state of charge.

Driving torque is transferred only to 
the rear axle, as in the series-production 
vehicle. This might restrict recuperation, 
so that the slip of the drive wheels is 
limited during braking. Recuperation 
can be activated manually by the driver 
in three stages by actuating the gear 
selector lever. The brake characteristics 
correspond to the retarder of the series-

production vehicle. The maximum brak-
ing power is 60 kW. There are no changes 
in the hydraulic braking system compared 
to the series-production vehicle. How-
ever, an electric pump generates the vac-
uum required in the brake booster.

TEST DRIVES IN REAL TRAFFIC

Testing of the vehicle began in Septem-
ber 2011 on several city bus routes in 
Aachen. In addition, an overland bus 
line from Aachen to the Eifel region was 
selected to investigate the influence of an 
inclination profile and higher average 
speeds in overland driving. ❺ shows the 
energy consumption of the test drives on 
different bus routes. In addition, the maxi-
mum range of a single battery charge 
and the maximum daily mileage for a 
particular route, when a quick charging 
station is available, was specified. A 
daily operation time of 18 h was assumed.

Each route was driven at least twice 
with different load conditions to deter-
mine the maximum and minimum 
energy consumption. The vehicle was 
loaded with water-filled ballast dummies 

and sandbags up to the maximum 
weight limit. During the tests, all data, 
which were transferred via a CAN bus, 
were recorded and subsequently evalu-
ated. Among other things, this data 
shows the ratio of recuperation to pro-
pulsion. The fifth column of ⑤ illustrates 
the ratio of the energy volume taken 
from the battery and recharged during 
the recuperation phases.

Bus routes in cities have a great poten-
tial for recuperating energy due to road 
congestions and short distances be  tween 
stops, which leads to many braking 
phases. Based on the information pro-
vided by the bus routes investigated, the 
average travel distance between two 
stops is between 200 and 300 m and 
each stop has an average stopping time 
of 20 to 30 s [4].

❻ shows in detail the energy balance 
of Line 4 driven without a payload. The 
red arrows represent the power loss in 
the components emitted as waste heat 
into the surrounding environment. As 
recuperation allows only limited deceler-
ation and is reduced at low speeds because 
of drivability, part of the kinetic energy 

DC
AC

Battery Battery

PDU

DC/DC

230 V
battery
charger

HV-
connector

❹ Structure of the electric-powered bus

❺ Results of the test drives on various bus routes 

CYCLE
ROUTE LENGTH; 

DRIVING TIME

ALTITUDE  

DIFFERENCE

MINIMUM/MAXIMUM  

ENERGY CONSUMPTION  

IN kWh/100 km

RATIO RECUPERATION  

TO PROPULSION 

(AT BATTERY)

RANGE PER 

CHARGE 

(35 kWh USABLE)

MAXIMUM km PER DAY WITH 

QUICK CHARGER (OPERATING 

HOURS 5 TO 23 O’CLOCK)

line 3  

(Ringline)
11.2 km; 0:39 h 132 m 43 to 56 0.19 to 0.25 62 to 81 km 202.5 km

line 4 12.5 km; 0:56 h 159 m 50 to 60 0.20 to 0.22 58 to 70 km 180 km

line 5 29.6 km; 1:43 h 268 m 47 to 52 0.16 to 0.19 67 to 74 km 216 km

Aachen – Eifel 

– Aachen
74 km; 2:00 h 1000 m

38 to 42 (51 to 54 uphill;  

26 to 29 downhill)

0.17 to 0.21 (0.09 to 0.1 

uphill; 0.25 to 0.32 downhill) 
83 to 90 km 450 km
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of the vehicle must be converted into 
heat by the mechanical friction brake. 
The numbers shown in the figure repre-
sent the energy flow in Wh for a distance 
of 12.5 km. The upper numbers in the 
“Electric motor + AC/DC“ and “Genera-
tor + AC/DC” block are for the DC side 
of the converter and the lower numbers 
show the energy supplied to and taken 
from the electric machine.

The energy required in this example is 
50 kWh per 100 km. The minimum and 
maximum energy consumption during 
the test was 38 kWh and 60 kWh per 
100 km. The energy losses incurred in 
the battery and the charging station dur-
ing charging are not included in these 
figures. The losses shown in ⑥ are based 
on the assumption that the battery has 
an efficiency of 95 % and the charging 
station 90 %.

In order to recharge the energy 
needed for balancing the state of charge 
to 7735 Wh, by using a quick charging 
station with a power of 60 kW in opti-
mum conditions, a period of less than 
8 min is required. In normal operation, 
the regular breaks at the ends of a line 
can be used to recharge the battery. At 
the end of the day, the battery can be 
fully charged overnight and precondi-
tioned for the next day.

SUMMARY

A prototype battery-powered electric 
minibus for public transport has been 
developed and tested in real traffic by 
ika and ISEA, two institutes of RWTH 
Aachen University. It was shown that, 
with a quick charging infrastructure and 
several charging stops, the average daily 

mileage of a city bus can be reached. For 
an overland line with a higher average 
speed, despite a significant elevation pro-
file, more than 400 km can be covered 
within 18 h of operation. The measured 
energy consumption compared to a die-
sel-powered bus of the same size shows 
a considerable saving in energy costs. A 
significant saving of CO2 emissions is 
also possible. However, the value depends 
on the energy costs for electricity and 
diesel production and the resulting costs 
and emissions.
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Charging station

Battery

E-motor
+ AC/DC

7735
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6962

Mechanical brakes,
friction losses

RecuperationDriving resistance

12-V net

1744

Drivetrain,
tyres

Generator +
AC/DC

2340

1992881D
C

/D
C

106
142

14

867

558

950

773

3260

634

225

❻ Energy balance from 
charging station to the wheel 
on the example of a test drive 
on Line 4 (travel time: 56 min, 
driving distance: 12.5 km, all 
the numbers in Wh)
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NEW SECONDARY 
WATER RETARDER 
FOR COACHES 
AND TRUCKS
in order to improve driving safety, modern continuous braking systems have been a 

standard feature for trucks and coaches for many years. The most established 

 system in this fi eld is the secondary retarder, which is fi tted to the majority of long-

distance trucks and coaches. With the new aquatarder SWr, Voith offers the 

world’s fi rst secondary water retarder for commercial vehicles to utilise the cooling 

water as operating medium and to be fully integrated into the vehicle cooling system.

INTRODUCTION

For decades, commercial vehicle retard-
ers, on which development is based on 
the hydrodynamic principle by Professor 
Föttinger, have been using oil as operat-
ing medium. Braking energy that is con-
verted into heat is dissipated into the 
cooling circuit of the vehicle by high-per-
formance heat exchangers. The world’s 
fi rst water retarder was the Primary 
Water Retarder Voith Aquatarder PWR. 
The technically complex retardation 
technology has been the basis for a long-
term cooperative partnership between 
Daimler and Voith. This cooperation has 
resulted in the de  velopment right 
through to series maturity of the Second-
ary Water Retarder for commercial vehi-
cles: the new Aquatarder SWR. This sec-
ondary water retarder requires only one 
medium: the cooling water of the vehi-

cle, for both for hydrodynamic energy 
conversion and for energy dissipation. 
This paper describes the development, its 
technical challenges, and the eventual 
application of the secondary water 
retarder in the new Mercedes-Benz Actros.

GOALS

Legislative, economic and ecological 
requirements make high demands on the 
design engineers of drivelines in commer-
cial vehicles. In industrial applications, 
water has been used as an operating 
medium for quite some time, for example 
in water turbines, couplings or water re -
tarders in offshore operations. The instal-
lation space required for such applications 
can, however, not be transferred to high-
performance brakes in commercial vehicle 
drivelines. Here, installation space and 
weight have to be as low as possible. Small 

installation spaces call for the addition of 
a step-up gear. The latter allows the ro -
tating parts of the retarder to run at twice 
the propshaft speed – with the operating 
medium reaching fl ow speeds of over 
100 m/s. For the surfaces of the compo-
nents subjected to the fl ow of cooling 
water this means at certain operating 
pressures, there is a strong tendency to -
wards cavitation. Getting this cavitation 
under control through suitable materials 
and fl ow designs was another challenge 
of the development project.

As a closed unit, the engine cooling 
system does not allow any connections 
to the atmosphere. The goal pursued by 
Daimler and Voith was therefore to inte-
grate the water retarder completely into 
the engine cooling system. The adapta-
tion to the diesel engine was eventually 
achieved by the readiness of both devel-
opment partners to introduce substantial 
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technical modifications, which were nec-
essary in view of the latest technological 
aspects of Euro V to Euro VI engines and 
retarders, ❶.

OPERATING PRINCIPLE  
AND DESIGN

The secondary water retarder operates 
on the basis of the “hydrodynamic prin-
ciple” discovered by Herrmann Föttinger. 
Here power is transmitted by fluid via a 
pump and a turbine. Pump and turbine 
face each other in the shape of a rotor 
and a stator, ❷. The rotor, which is 
driven by a step-up gear, rotates in pro-
portion to the vehicle speed. If there is 
fluid in the hydrodynamic circuit, it is 
accelerated by the rotor and directed into 
the stator. Through the stator, the flow 
impulse is redirected into the rotor, where 
it counteracts the rotary motion. As the 
stator is rigidly connected with the hous-
ing, he cannot transmit power. The kinetic 
energy of the fluid is completely converted 
into heat. Conventional retarders use oil 
as operating medium. In oil retarders, 
braking energy is dissipated to the vehi-
cle cooling system via a heat exchanger. 
The water retarder utilises the cooling 
agent as its operating medium thus the 
heat exchanger can be omitted.

The braking torque of the retarder is 
controlled by the filling level of the 
hydrodynamic circuit: the higher the 
 filling level, the stronger the braking 
torque. The degree of filling is controlled 
by a hydraulic valve that is directly con-
nected to the vehicle’s cooling circuit. 
During idling, the cooling agent flows 

past the hydrodynamic circuit, ❸ left. In 
order to switch the retarder on, the valve 
is actuated with compressed air. The 
valve piston leaves its resting position 
and opens a cross section to the retarder 
circuit. The cooling fluid flows through 
the stator into the space between stator 
and rotor, and from there via openings 
in the stator back to the hydraulic valve. 
The valve tappet opens a wide aperture 
at the throttling point. A spring below 
the valve piston acts against the pneu-
matic pressure. This also allows a partial 
opening of the inlet into the hydrody-
namic circuit, resulting in a partial flow 
through the hydrodynamic circuit. The 

remaining cooling agent flow occurs via 
a bypass. In this way, even relatively low 
braking torques, which are, for example, 
required during Tempomat (constant-
speed) operation, can be generated, ③ 
centre. Another advantage of the valve is 
that the filling process can be precisely 
controlled. As a result, possible pressure 
fluctuations in the cooling system can be 
kept at a minimum. If higher braking 
torques are re  quired, the pneumatic 
pressure increases and the valve opens 
the full inlet aperture. The valve tappet 
throttles the outlet orifice, ③ right. The 
pressure to the outlet – and therefore the 
filling level in the re  tarder – are 
increased. In this state, the retarder acts 
like a second pump in the cooling sys-
tem. During braking, the volume flow is 
increased via the retarder. Consequently, 
high braking torque is dissipated via the 
cooling system. The water retarder there-
fore requires fewer downward shifts 
than an oil retarder. In order to end the 
braking process, pneumatic pressure is 
released; the hydraulic valve moves back 
into its resting position.

The pumping effect of the hydrody-
namic circuit depends on the degree of 
filling. At a filling level that would pro-
duce too much drag torque the hydrody-
namic circuit is not drained any further. 
Complete drainage of the circuit occurs 
via the peripheral wheel pump driven by 
the retarder shaft. After the draining 
process, the peripheral wheel pump is 

❶ Comparison of installation space of the Retarder VR 
115 HV (predecessor model) and the Aquatarder SWR

❷ Cross-section of the Aquatarder SWR
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briefly shut, in order to minimise power 
uptake. Due to the pumping effect of the 
water retarder in the cooling system 
there is no need for large apertures in 
the connecting lines of the retarder. It is 
also possible to integrate the secondary 
water retarder into the cooling system in 
parallel, and not – as usual with oil re -
tarders – in series. Compared to a vehicle 
without retarder, a parallel retarder 
arrangement ensures that there is no 
increased resistance of the cooling sys-
tem. This also means that driveline 
losses are consistently reduced.

Special attention had to be paid to the 
development of the seal for the cooling 
agent side of the retarder shaft. The seal-
ing effect is realised by a double-acting 
slip ring, ❹. One slip ring seal blocks the 
sealant from the atmosphere, the other 
slip ring seal blocks the sealant from the 
operating chamber. The sealant is used 
for lubricating the sliding surfaces if the 
retarder is drained. Due to the small 
installation space, the two sliding sur-
faces are arranged coaxially with a com-
mon counter ring. The bearing system of 
the retarder shaft consists of two tapered 
roller bearings. It is lubricated with oil 
from the transmission.

MINIMISING POWER LOSSES

In order to reduce power losses, the tech-
nological solution for oil retarders is an 
atmospheric connection of the centre of 

the meridian flow, while the retarder is 
switched off. This ensures almost com-
plete drainage and drag losses are kept at 
a minimum. For a water retarder, such a 
connection to the atmosphere would 
mean, however, that air might penetrate 
into the cooling circuit. The consequences 
are possible local overheating of the en -
gine or a reduced throughput of cooling 
agent. In order to eliminate this risk, the 
technology had to be further developed. 
To allow further reduction of the drag 
torque while the water retarder is idling, a 
rotor shift was added. A spring brings this 
case the rotor to a position away from the 
stator. The increased distance between 
stator and rotor during idling ensures that 
hydrodynamic valve losses are reduced.

INSTATIONARY PROCESSES  
IN THE PRESSURE SYSTEM 

As the retarder is largely drained in 
idling operation, ❺ left, impermissible 
compression waves are introduced to the 
cooling system when the system is switched 
on. In order to prevent this, the vehicle 
manufacturer specified that the necessary 
amount of coolant had to be provided 
without any additional volume from the 
series-produced compensation tank. Due 
to a compact design and optimum 
arrangements of valves and channels 
close to the retarder, the filling volume 
could be reduced to approximately 2 l. 
The manufacturer’s request was there-
fore met. In addition, pressure fluctua-
tions can be reduced to a minimum due 
to the excellent control accuracy of the 
hydraulic valve. In order to prevent pres-
sure shocks to the cooling system when 
the retarder is switched off, ⑤ right, the 
volume has to be directed back into the 
compensation tank without generating 
pressure peaks in the cooling system. 
Vehicle tests on the DAG power test sta-
tion ensured the development and vali-
dation of optimum parameters for the 
valves, as well as for the entire control 
system, for fast switching behaviour. 

The development team was aware of 
the possible consequences of cavitation 
on the retarder components especially 
on bladed parts of the circuit from pre-
vious applications of water-operated 

❸ Operating principle of control valve at the Aquatarder SWR (left: idling; centre: low braking stage; right: braking operation)

❹ Schematic cross-section of slip ring seal
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brakes. Initial tests with conventional 
materials and component geometries 
confirmed this risk. In order to find a 
solution, comprehensive endurance 
runs on the test stand were required. 
The step-by-step adaptation of the blade 
and torus geometry of rotor and stator, 
as well as more resistant materials, 
finally managed to get the phenomenon 
under control.

INTEGRATION INTO THE OVERALL 
VEHICLE SYSTEM

The following aspects are of particular 
importance when comparing the innova-
tive water retarder with a conventional 
oil retarder:
 : fluid characteristics
 : low application efforts
 : resistance in the cooling circuit
 : weight
 : service friendliness
 : quality
 : costs
 : sustainability.
For the energy balance, the physical char-
acteristics of the cooling medium are also 
more favourable compared to oil, for 
example the high density, the high spe-
cific thermal capacity an the low, nearly 
temperature-independent viscosity. The 
higher density results in im  proved brak-
ing torque on the filling rate. The specific 
thermal capacity is nearly twice as high. 
Combined with the higher density, this 
results in a significantly increased specific 
energy dissipation cap ability. The water 
retarder can therefore be operated on a 
lower temperature level and at lower tem-
perature differences whatever the cooling 

circuit of the vehicle requires. Apart from 
that, the thermal design of the cooling cir-
cuit is the same as that for the water cir-
cuit of oil retarders.

As a fluid, water has clear advantages 
due to its low viscosity, as the braking 
effect of the retarder is not generated by 
shearing forces, but because of hydrody-
namic forces. The temperature-insensitive 
viscosity improves the cold braking be -
haviour of the retarder. Moreover, because 
of the absence of the medium oil there is 
also no need for the heat exchanger stage 
oil to water. Significant weight advantages 
as well as no extra expense for the high-
performance heat exchanger are the result.

In summary, the characteristics of the 
cooling water allow the construction of 

a compact and powerful retarder with a 
weight of just 42 kg and a braking out-
put of 520 kW. In combination with the 
vehicle engine brake, the available 
braking power can therefore be as high 
as 750 kW, ❻. The actual power limit is 
not prescribed by the water retarder but 
by the maximum cooling output of the 
vehicle itself. Due to the pumping effect 
of the retarder, and the consequently 
increased coolant flow, the retarder 
increases the continuous braking output 
by 20 to 30 % compared to the predeces-
sor model. ⑥ shows that the combina-
tion of engine brake and water retarder 
can increase the braking output by up 
to 164 %, depending on the selected 
gear stage.

❺ Water flow during idling and braking operation

❻ Comparison of continuous braking output of OM 471 engine brakes with and without Aquatarder SWR
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CONTROL AND  
OPERATING CONCEPT 

The electronic control system of the 
retarder, the retarder control module 
(RCM), communicates with the brake 
management of the vehicle via a CAN-
Bus interface. The temperature and pres-
sure sensors of the system permanently 
monitor all operating conditions. This 
protects the driveline components and 
also the cooling circuit. It goes without 
saying that the retarder system is an 
integral part of the vehicle diagnostics 
system. The operating concept has been 
designed for maximum efficiency and 
highest possible user comfort. Apart from 
manual operation via the multi-function 
lever at the steering wheel, the concept 
can also be applied for foot operation 
and integration into the tempomat func-
tion. The desired speed of heavy com-
mercial vehicles remains constant on 
upward and on downward gradients. 

APPLICATION AND BENEFITS

The cooling water-based, highly inte-
grated retarder does not require any sep-
arate service intervals for changing the 
operating fluid or carrying out other 

maintenance work. Compared with a 
secondary retarder of the same power 
class, the secondary water retarder offers 
more braking comfort and efficiency, as 
well as a gain in payload of about 35 kg. 
With the absence of oil as an operating 
medium and the low amount of addition-
ally required cooling water, the retarder 
offers not only commercial but also eco-
logical benefits. The retarder utilises 
generated heat for heating the vehicle 
and keeps the engine temperature at 
optimum levels during coasting, which, 
in turn, helps to adhere to existing CO2 
emission regulations.

SUMMARY

Daimler and Voith have used their coop-
erative technical partnership to take water 
retarder technology for heavy commercial 
vehicles to series maturity. The Aqua-
tarder SWR is the first commercial vehi-
cle retarder worldwide to utilise the cool-
ing water as operating medium and to be 
fully integrated into the vehicle cooling 
system. The market-ready development 
is an important contribution to the 
adherence to future commercial and eco-
logical requirements. This innovation is 
setting standards for wear-free continu-

ous brakes in terms of weight, perfor-
mance, service-friendliness and customer 
benefits. With its comfortable integration 
into the vehicle management, the appli-
cation goes beyond its utilisation as a 
continuous brake for driving on down-
ward gradients. Today’s requirements on 
continuous braking systems can only be 
met by the combination of engine brake 
and retarder.
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LIGHTWEIGHT CHASSIS FRAME WITH 
INDEPENDENT WHEEL SUSPENSION FOR 
LIGHTWEIGHT TRUCKS
Today’s chassis frames in trucks with rigid axles have big unsprung masses limiting driving comfort and stressing the 

road surfaces. In the course of a research project that was sponsored by the German Federal Ministry of Economics 

and Technology, the engineers from Gratz Engineering designed a lightweight chassis frame concept with a centre 

tube and independent wheel suspension to increase the vehicle load capacity and reduce the road surface stress.
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MOTIVATION

Commercial vehicles are supposed to 
transport persons and goods safely and 
efficiently. Here, efficiency is determined 
by the ratio of usable space to total pack-
age dimensions and of load capacity to 
total weight. Dimensions and weight are 
limited by law. State-of-the-art trucks have 
regular chassis frames with flat-spring or 
air-suspended rigid front and rear axles. 
The disadvantages of these vehicles are: 
their huge unsprung mass, driving on 
uneven pavement causes their wheels to 
interact, toe and camber cannot be directly 
influenced through applied wheel forces 
or driving situation dependent compres-
sion movements, and their space require-
ments (due to their massive and flexible 
cross members relative to the structure). 
Larger utility vehicles generally have a 
ladder-like supporting frame with side 
and cross members. A ladder frame is 
unable to absorb forces generated by an 
independent wheel suspension (IS); there 
are no suitable load application points for 
absorbing lateral forces. When connect-
ing an IS to a ladder frame, there are cer-
tain limitations, mostly regarding achiev-
able spring travel. In contrast to the con-
tinuous rigid axle that is state-of-the-art, 
this project realised a lightweight chassis 
design (Ultra Light Truck Chassis, ULTC) 
featuring a centre tube and independent 
suspension for the weight range from 5.5 
to 12 tons in vehicle class N2, with a 4×4 
chassis for various wheel bases. One 
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characteristic feature of independent 
wheel suspension compared to axle 
bracket solutions is a reduced unsprung 
mass. The quality of suspension and 
driving comfort are better, the lower the 
unsprung mass is in proportion to the 
sprung mass. Also, the road itself is 
adversely affected by dynamic wheel 
load fluctuations generated by heavy 
axle bodies, while the wheels are more 
resilient with an independent suspen-
sion. Due to these reduced unsprung 
masses, forces caused by vertical accel-
eration are also lower. Therefore, a 
reduction of unsprung mass in case of 
independent suspension results in 
reduced driver stress, improved driving 
comfort, while at the same time it pro-
tects the transport load and road surface.

VEHICLE CATEGORY

In order to design and construct a chas-
sis for the ULTC project, it was necessary 
to decide for a vehicle category and the 
relevant permissible maximum weight. 
The engineers chose to use a 12-ton 
chassis with the lowest possible wheel 
base and additional all-wheel drive as a 
basis for testing. This approach led to a 
chassis with a very complex package 
space. However, other variations, for 
example 6×6 and 4×2, were also taken 
into consideration to ensure that the 
solutions and concepts found would lead 
to a modular system.

WEIGHT SAVING

A centre tube frame was developed 
under this project as opposed to a heavy 
ladder frame that takes up a lot of space. 
Despite its lightweight design, a centre 
tube frame allows great moments of 
inertia and section moduli that effect 
high flexural and torsional rigidity. Ac -
cordingly, high-strength materials must 
be used: high and higher-strength steels 
for example, such as sheets of TRIP (Trans-
formation Induced Plasticity) for wish-

bones (tensile strength of 780 N/mm² at 
21 % elongation at break A80). The newly 
developed centre tube frame is shown 
in ❶. Two longitudinal members have 
been arranged laterally above the centre 
tube to incorporate the cabin and further 
structures and bodywork. Furthermore, 
the rear part of the longitudinal mem-
bers can be adjusted to the relevant load 
or bodywork so that any additional sup-
porting frame can be omitted. Chassis 
and bodywork forces pass directly in the 
centre tube. The centre tube frame allows 
an integral construction method, as 
shown in ❷ with the differential serving. 
The drive is produced via articulated 
cross shafts. They were designed for the 

maximum articulation angle to remain 
below that of the drive shaft so that 
increased wear is not to be expected. 
Wheel suspension on the centre tube 
frame is realised by double wishbones, ❸. 
The effective forces and momentums 
were determined on the basis of five rele-
vant load cases and used for the strength 
calculation with the finite elements 
method (FEM) programme Ansys V12. 
A topology optimisation was carried out 
for a structure detection. Such optimisa-
tion led to the concept of a two-shell ele-
ment which, due to its closed structure, 
features a great moment of inertia and 
section modulus.

KINEMATICS DESIGN

For this design, special attention was 
paid to robustness and service life as this 
is top priority in utility vehicles, for 
instance, regarding the tyre wear. Dur-
ing compression, the camber was to be 
negative and positive during rebound in 
order to counteract to the articulation 
angle of the drive shaft and increase its 

❶ Centre tube frame

❷ Integral structure using the differential casing by way of example

❸ Light construction  
in ULTC with topology- 
optimised wishbones
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transmission capacity. Mainly during the 
compression phase, the track gauge was 
to be kept as low as possible to reduce 
tyre chafing on the road surface and to 
prevent excessive tyre wear. Furthermore, 
steering forces are to be kept low as well. 
To achieve this goal, the upper wishbone 
was designed shorter than the lower and 
with a positive inclination angle. This 
causes the camber to be negative during 
the compression phase and to be positive 
during the rebound phase. The roll cen-
tre is close to the road surface and the 
articulation angle of the drive shaft is 
reduced. To increase road clearance, the 
lower wishbone was aligned parallel to 
the road surface. Thereby, a ground 
clearance of 429 mm below the axle was 
achieved for the all-wheel drive variants. 
The results for compressed and rebound 
states are shown in ❹.

RESULTS

In the course of this project, a light-
weight chassis concept with independent 
wheel suspension was developed for the 
5.5 to 12 ton weight class (vehicle class 
N2 with a gross vehicle weight rating of 
up to 12 tons) with a 4×4 chassis, ❺. The 
ULTC’s kerb weight is about 5150 kg. 
Compared to other vehicles of the N2 
class with conventional 4×4 chassis and 
rigid axles, this means an average 
weight saving of 4 to 6 %. However, the 
savings potential is even higher because 
many component parts have not yet been 
optimised, for example the wheel mount, 
the steering parts or the gear box. 
According to the FEM analysis, the 
frame can be even lighter. One important 

target of this independent suspension 
project involved the unsprung masses: 
They should be lower than comparable 
rigid axles. The ULTC’s unsprung mass 
for one axle is 436 kg (consisting of 
wishbones, wheel mount, brake, drive 
shaft, piston spring, reduction gear, com-
plete steering system, without wheels.) A 
comparison between this independent 
wheel suspension and a comparable 
rigid axle resulted in significant savings 
of about 20 %. Further advantages are:
 : No stabilisers are necessary due to 

hydropneumatic suspension. Because 
a stabiliser would work against a uni-
lateral compression with a maximum 
travel of 450 mm, it could not be used 
anyway. Therefore, the rolling motion 
is actively compensated by the hydro-

pneumatic system that also prevents a 
kinematic change of the camber while 
driving around curves.

 : The wheels can compress individually 
and do not mutually influence each 
other.

 : An independent wheel suspension can 
be fitted into the package of a utility 
vehicle or van better.

 : With the position of the roll centre 
varying and thus an influence on the 
roll momentum being possible, kine-
matics design options have increased 
compared to a rigid axle.

An independent wheel suspension im -
proves comfort. The portion of unsprung 
mass is reduced in particular, because 
the axle transmission is incorporated in 
the frame.

Independent wheel suspension and 
simultaneous utilisation of hydropneu-
matic suspension allows for skyhook 
suspension. Finally, development results 
correspond to a modular system which 
leads to simplification and cost savings 
due to identical component parts: Front 
and rear axle, with the exception of the 
parts of the steering system, feature the 
same component parts. Thus, a chassis 
with several axles is easily realisable. 
Identical wishbones can be produced for 
either side.

SUMMARY

With a compression travel of about 80 mm 
in general, available travel is minimal. 
Unless when air springs are used, no 

❹ Double wishbone axle of the ULTC with 
compression and rebound kinematics

❺ ULTC (4×4) as project result
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adjustment of the spring rate to the vari-
ous load conditions occurs. The current 
unsatisfactory situation, especially the 
increased roadbed damage caused, led to 
this ULTC development project: Light-
weight trucks with independent wheel 
suspension are considered to be me more 
road-friendly.

Comparing the two concepts of rigid 
axle and independent wheel suspension 
under technological aspects, the rigid 
axle’s benefit is that it is simple and cost-
effective in design, production and main-
tenance. Its drawbacks, however, are its 
relatively high package size and space 
requirement in the vehicle, its heavy 
design with an unsprung mass (without 
wheels) of up to 750 kg with an axle load 
of 8 tons and the fact that the driving 
dynamic parameters of camber, spread-
ing, castor angle and wheel toe can be 
configured to a limited extent only. In 
contrast, independent wheel suspension 
is actually much more complicated and 

cost-intensive than a rigid axle. However, 
it offers the benefit of saving weight and 
its driving dynamic parameters and 
wheel suspension sizes are almost unlim-
ited. Thus, the concept adapts well to any 
prevailing conditions. The wheels on an 
axle do not influence each other as they 
do on a rigid axle. The entire axle trans-
mission (differential casing) does not par-
ticipate in the compression movement so 
that the unsprung masses are clearly 
reduced. With an independent wheel sus-
pension, because the axle transmission 
and the axle bracket do not participate in 
the compression and rebound movement, 
required space should be less than with a 
leaf-spring package. This should provide 
more options for better packaging, for 
example for exhaust gas after-treatment 
components. Instead of the ladder frame 
using much space and adding weight, a 
centre tube frame was used to allow for 
more road clearance (all-wheel variant) or 
to improve the loading height.
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NETWORKING OF AIRBAG  
AND ESP FOR PREVENTION  
OF FURTHER COLLISIONS
With the skilful networking of airbag and ESP Bosch succeeded to integrate an emergency braking system with 

which devastating subsequent collisions are avoided partly after accidents. The assistance system Secondary 

Collision Mitigation (SCM) is based on sensor fusion, intervenes automatically and does not break off if the data 

transfer is disturbed by the first impact.
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ACCIDENT-FREE DRIVING

As the automotive industry aims to 
achieve accident-free driving, it is con-
stantly developing more powerful driver 
assistance systems that support the driver 
in critical situations and assist in avoid-
ing crashes. Even in normal driving situa-
tions, factors that can affect safe driving 
can be monitored. For example, current 
systems can detect an increase in the 
driver’s fatigue and recommend a break.

Critical driving situations, such as an 
imminent collision, can be detected at an 
early stage using assistance systems with 
the aid of surround sensors. The driver is 
initially given staged warnings. Then, if 
necessary, he is aided by automatic 
emergency braking and avoidance assis-
tance. In addition, active safety systems 
such as ESP can stabilise the vehicle, 
within physical limits, during a critical 
driving manoeuvre. In the past, support 
was only provided by passive safety sys-
tems, such as airbags, should a crash occur.

Studies show that many of these initial 
collisions cause secondary collisions, on 
which the driver can have a significant 
impact. Each crash is a rare event for the 
driver and, after the initial impact, re -
sults in an extended period of shock. In 
this situation, the driver is hardly cap-
able of reacting and is often also affected 
by resulting injuries. This is where the 
Secondary Collision Mitigation (SCM) 
function comes into play.

Networking of airbag information with 
ESP initiates an automatic delay after the 
initial collision. Secondary collisions can 
therefore be avoided, or at least the con-
sequences of the accident can be signifi-
cantly reduced. An important element of 
the development of this function was con-
ducting a detailed analysis of accident 
data as part of accident research. An 
evalu ation of statistically relevant situa-
tions was performed (effect field analy-
sis) with subsequent benefit and risk 
analysis. The results of this analysis 
influenced the function design.

FROM EFFECT FIELD ANALYSIS TO 
BENEFIT AND RISK EVALUATION

Real accident data shows that approxi-
mately one in four accidents resulting in 
physical injury, involved multiple colli-
sions. The support of a function that 
avoids secondary collisions (SCM) is 
extremely beneficial, particularly in pri-

mary collisions where the airbag trigger 
threshold has been reached. For accidents 
in Germany which result in physical in -
jury, the field of effect for this is 15 % 
(46,000 accidents per year). The accident 
database Gidas (German In-depth Accident 
Study) [1] provides the option of systemati-
cally evaluating such functions in terms of 
fields of effect, benefits and risks.

The functional benefit for the passenger 
car could only be exactly determined for 
slightly more than half of relevant Gidas 
accidents. The change in path due to sys-
tem-initiated brake actuation was calcu-
lated. Elements such as the street condi-
tion, driver reactions and the vehicle rota-
tion were taken into consideration in the 
calculation. As ❶ shows, in 2.6 % of all 
accidents brake actuation helps avoid a 
secondary collision, and in 3.6 % it results 
in a significant reduction in speed. In 
1.8 % of all accidents, the function has no 
benefit; that means in these cases the 
driver had used the brakes optimally or 
the gap between collisions was very small.

In approximately one half of the acci-
dents addressed by SCM (7 % of all acci-
dents) the exact benefit could not be cal-
culated. In these cases, the vehicles had 
either left the roadway in the primary 
collision or a secondary collision occurred 
with a moving vehicle. The effect of SCM 
in these “drifting” accidents is low, be -
cause wheels braking on a loose surface 
can only add a minimal amount of added 
deceleration. Additional detailed individ-
ual case analyses showed that in accidents 
involving secondary collisions with 
moving vehicles, there is also a signifi-
cant functional benefit.

Because SCM is activated when the 
trigger threshold is reached, even in acci-
dents with only one collision per vehicle, 
and the vehicles are delayed accordingly, 
this effect must also be examined for 
potential risks. To do this, more than 
2700 additional accidents from the Gidas 
database were examined with respect to 
the effects of the change in path after an 
initial collision. The result of the risk 
analysis was that full braking is benefi-
cial in almost all impact situations. Only 
in frontal collisions was a reduction in 
braking deceleration recommended to 
achieve an optimum benefit/risk ration.

FUNCTION DESIGN

The function design is essentially based 
on the benefit and risk analysis per-
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formed as part of accident research. The 
impact force required for the trigger, as 
well as the braking deceleration, depend-
ing on the impact situation, was derived 
from this. The functional parts for evalu-
ating the impact force and impact situa-
tion are incorporated in the airbag elec-
tronic control unit. The braking pressure 
required to achieve the braking decelera-
tion is calculated in the ESP electronic 
control unit.

The braking deceleration generated is 
determined according to the guidelines 
for functional safety (ISO 26262) and the 
safety requirements for the entire sys-
tem. These are derived based on the 
probability and the effect of faulty func-
tional behaviour and must be taken into 
consideration when SCM functions are 
incorporated in the two electronic con-
trol units. With regard to the secure 
transmission of the trigger signal from 
the airbag electronic control unit to the 
ESP electronic control unit, it must be 
noted that the vehicle network can be 
destroyed by an accident. If such a mal-
function occurs after the SCM trigger, 
the braking deceleration initiated by the 
airbag electronic control unit can no 
longer be aborted. The trigger signal 
must therefore be sufficiently verified for 
transmission errors before the braking 
deceleration is initiated.

For example, this can be achieved 
using a special handshake mechanism 
between the airbag electronic control 
unit and ESP electronic control unit, 
whereby the SCM is only triggered in the 
ESP electronic control unit when the 
electronic control units have mutually 
calculated a checksum correctly. With 
regard to the acceptance of driver assis-
tance systems, in addition to functional 
safety, transparent system behaviour for 
the driver as well as the option to be able 
to overrule automatic system interven-
tions are of central importance. The in -
terplay between automatic brake actua-
tion by SCM and driver behaviour after 
an initial collision was therefore studied 
extensively in a test person study [2].

Although the forces affecting the vehi-
cle in the steering intervention used dur-
ing a safe simulation of an initial colli-
sion were considerably smaller than in a 
real collision, significant problems were 
observed while coping with the surprise 
situation.

The evaluation of driving and brake 
pedal actuation yielded important results 

85%
15%85 % 15 %

All other Gidas accidents Reduction in secondary collisions

SCM relevant accidents Avoidance of secondary collisions

No change

Benefit cannot be determined

2.6 %

3.6 %

1.8 %

7 %

❶ SCM benefit analysis for passenger cars, based on 3148 representative accidents from the Gidas database

a)

b)
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❷ Driver reactions in initial collision simulated by steering impulse; “pressing down” of the acceleration 
pedal (a), simultaneous activation of acceleration and brake pedal (b)
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as part of development of an intuitive 
overrule strategy. In addition to the ex -
pected reaction of “foot off the accelera-
tion and braking pedal”, a “pressing 
down” of the acceleration pedal was also 
observed, ❷ (a), as well as the simulta-
neous activation of acceleration and 
brake pedal, ② (b). Using the video re -
cording of a camera installed in the foot-
well, this unexpected behaviour was 
traced to active inertia forces. Evaluation 
of motion sequences clearly shows that 
the test people affected take their foot off 
of the acceleration pedal and want to 
brake, but due to the effect of inertia 
forces are unable to move their foot to 
the brake pedal.

For a driver to overrule a SCM inter-
vention, that means end the automati-
cally triggered deceleration, the simple 
actuation of the acceleration pedal is not 
a suitable criterion. Based on the accel-
eration and brake pedal actuation se -
quence, the erroneous operation described 
before can be detected so that cancela-
tion of the SCM intervention by the 
driver only occurs after intentional accel-
eration pedal actuation.

It can be assumed to be a driver re -
quest if a driver reacts initially with strong 
braking and then reduces the braking 
pressure again after regaining control. In 
this instance, the driver could be very 
confused if the vehicle continues to de -
celerate due to SCM intervention, despite 
pressure on the brake pedal being reduced. 
To avoid unexpected driving behaviour 
such as this, an SCM intervention is 
ended even if the driver brakes strongly.

VALIDATING THE FUNCTION

To analyse the potential of driving safety 
functions, such as SCM, that intervene in 
vehicle motion after an initial collision, a 
special test vehicle was built by the cen-
tral research centre at Robert Bosch GmbH. 
With the aid of steam rockets integrated 
in the vehicle, external transverse forces 
of up to 45 kN are applied to the rear of 
the vehicle for a duration of approxi-
mately 100 ms. This structure allows the 
effects of a side collision to the rear of 
the vehicle on vehicle motion and driv-
ing behaviour to be examined on a re -
peated basis without causing damage, 
and provides evidence for the effective-
ness of functional prototypes.

In order to illustrate the benefits of SCM 
in a real driving test, the accident condi-

❸ Reconstruction of a specific real accident from the Gidas database in simulation (upper row) and in a 
driving test (lower row): without intervention of the SCM (a), with intervention of the SCM (b)

❹ After an accident the 
insufficient reaction of 
the driver is compen-
sated by electronics 
(Figure © Volkswagen)
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tions of a specific intersection accident 
recorded in the Gidas database were re -
constructed as an example. The vehicle, 
which was hit at the rear, began skidding 
in this accident, left the roadway, col-
lided with a street light in the area of the 
driver door, and rolled over. The recon-
struction of the accident in the simula-
tion, as well as the trajectory of the vehi-
cle without SCM in the driving test, in 
which the position of the street light has 
been marked with a pylon, are shown in 
❸ (left).

The driving test clearly shows that 
even experienced and prepared drivers 
could not stabilise the induced lateral 
force by means of immediate, fast coun-
ter steering. In uncontrollable movement 
conditions such as this, it is particularly 
important to reduce kinetic energy in 
order to minimise the severity of poten-
tial secondary collisions. The course of 
movement of the vehicle equipped with 
SCM, depicted in ③ (right), clarifies that 
the secondary collision with the street 
light could have been avoided through 
the initiation of full deceleration – auto-

matically and immediately after the ini-
tial collision. This means that the elec-
tronics of the SCM can compensate for 
the driver’s insufficient reaction follow-
ing an accident, ❹.

SUMMARY AND OUTLOOK

Systematic accident data analysis shows 
that in many accidents there are multiple 
collisions, which means that it is possi-
ble to reduce the overall accident sever-
ity by specifically influencing vehicle 
motion after the initial collision. As the 
first application for this type of driving 
safety functions, the intelligent network-
ing of the airbag and ESP systems in 
vehicles with Secondary Collision Miti-
gation (SCM) from Bosch enables auto-
matic deceleration after the initial colli-
sion. Although it is not possible to avoid 
secondary collisions in all accident situa-
tions through use of this networking, 
the targeted speed reduction does gener-
ally reduce the risk of injury.

In addition, the extended time span 
between the initial and secondary colli-

sions provides the driver with more op -
portunities to intervene. A benefit/risk 
estimation based on real accident data as 
well as functional validation in a simula-
tion and driving test show the potential 
for reducing personal injury and prop-
erty damage in road traffic. Additional 
driving safety functions that influence 
the course of movement between colli-
sions by means of complex driving dy -
namic interventions have great potential 
and are currently being researched [3, 4].
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ESTIMATION OF THE RECUPERATION 
POTENTIAL OF SHOCK ABSORBER ENERGY
Whereas braking energy recuperation is already an established component of effi cient vehicle architectures, no 

use has yet been made of shock absorber energy. an estimation of its potential by audi provides an insight into 

the amount of energy that is dissipated in a shock absorber and how much of it can potentially be recuperated. 

For this purpose, the shock absorber energy is numerically determined in a freely parameterisable quarter-vehicle 

simulation model. 
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MOTIVATION

When pursuing the aim of reducing fuel 
consumption and CO2 emissions, a dis-
tinction must be made between two 
approaches: the energy source and the 
energy consumer. Improvements in effi -
ciency on the energy source side are 
aimed at optimising the conversion of 
primary into kinetic energy. Regardless 
of the propulsion concept, reducing fuel 
consumption makes a contribution 
towards increasing a vehicle’s overall 
energy effi ciency. Eq. 1 shows resistance 
to vehicle movement:

The most prominent constituent in total 
resistance to movement is aerodynamic 
drag (FAerodynamic), comprising the infl uenc-
ing factors frontal area A and drag coeffi -
cient cD. Whereas resistance to gradients 
and acceleration (FGradient,  FAcceleration) are 
determined solely by the parameters of 
vehicle mass m and inertia Θ, rolling 
resistance has to be examined in a more 
differentiated manner. In addition to the 
tyre fl exing converted into heat, rolling 
resistance includes the energy dissipated 
by the vehicle’s shock absorbers.

Like braking energy, the energy con-
verted in the shock absorbers is removed 
intentionally from the complete vehicle 
system. The value of the energy dissi-
pated by a shock absorber, and whether 
its recuperation could be worthwhile, are 
discussed below.

The study was based on a quarter-
vehicle model. In addition to the syn-
thetic profi les specifi ed in ISO 8608, the 
road excitation profi les also included 
measured profi les of real road surfaces. 
Finally, the infl uence of different vehicle 
parameters on the energy conversion in 
the shock absorbers was examined.

To simplify examination of the tyre-
axle-body oscillating system, excitation 
is solely by way of road surface irregu-
larities. Vertical excitation constituents 
caused by braking and acceleration have 
not been taken into account, but if the 
vehicle is driven in a sporty manner they 
may contribute a signifi cant additional 
energy input to the tyre-axle-body system.

GENERATING A SYNTHETIC 
ROAD EXCITATION PROFILE

An alternative to the measurement of 
actual road profi les is the synthetic gen-
eration of surface irregularity profi les 
from the power spectral density Φ(Ω) 
specifi ed in ISO 8608 [1]. Power spectral 
density Φ(Ω) according to ISO 8608 is a 
function of the distance circle frequency 
Ω of road surface excitation.

In this context, Ω0 stands for a reference 
circle frequency. Waviness w describes 
the character of the road in terms of long- 
and short-wave excitation. The power 
spectral density of reference circle fre-
quency Φ(Ω0) in Eq. 2 is a parameter for 
road surface irregularity [2].

By means of the vehicle speed v, the spec-
tral density of the distance circle frequency 
Φ(Ω0) can be transferred to the spectral 
density Φ(ω) as a function of the excitation 
circle frequency ω, Eq. 3. Φ(ω) in turn is 
by way of Eq. 4 in a direct relationship 
with the square of the mean value h

~
2 of 

the height of the road surface irregularity.

By applying the mid-point rule to Eq. 4 
as a numerical approximation procedure 
for integrations, we obtain the square of 
the mean value for the surface irregular-
ity height h

~
2 |n

m at interval ω=m…n, 
Eq. 5. If a suffi ciently small value of Δω 
is chosen, Eq. 6 applies. From this, we 
can derive the mean surface irregularity 

EQ. 1

FTotal = FAerodynamic + 
             

}
                          f(A, cD)

FGradient+FAcceleration+FRolling 
       

}
       f(m,Θ)

EQ. 2 Φh(Ω) = Φ(Ω0) ·  [   Ω ___ Ω0
   ] 

-w

EQ. 3 Φh(ω) =   1 __ v   · Φh (Ω)

EQ. 4

h
~

2 = ∫
∞

0 
lim 
T→∞

   4 · π ____ T    [ h^ (ω) ] 2 

dω = ∫
∞

0 
Φh (ω) dω

where
Φh (ω) = lim 

T→∞
   4 · π ____ T    [ h^ (ω) ] 2

EQ. 5 h
~

2 |n
m ≈ ∑

i=n 

i=m
 Δω · Φ (ωi)

EQ. 6

For 
m – n = ∆ω
the following applies 
h
^ (ωk) ≈   

 
 √
___________

  ∆ω · Φ (ωk)  
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height for the excitation frequency h(ωk) 
as a discrete value for all ωk.

Assuming that the stochastically dis-
tributed road surface irregularities are 
derived from the sum of z different exci-
tations, the road profile h(t) can be 
developed from a Fourier series.

 

To generate road profiles, Eq. 7 is formed 
in Matlab/Simulink. Information on road 
categories according to ISO 8608 contains 
no details of the phase position of the 
individual frequencies in the road sur-
face irregularity. For this reason, the 
phase shift β is generated in the model 
used here by a uniformly distributed 
random number at interval [0; π/2] for 
the i calculated frequency bands. Δω= 
0.01 Hz⋅2π was chosen as frequency 
bandwidth.

Allocation of road profiles by way of 
the characteristic values of Φ(Ω0) is 
taken from ISO 8608.

VEHICLE SIMULATION MODEL

To investigate the damping power, the 
vehicle is simulated as a quarter-vehicle 
model, ❶. As implemented in Matlab/
Simulink, the model represents the tyres 
in a simplified form as tyre spring and 
shock absorber in parallel, according to 
Voigt-Kelvin [3]. Damping is shown as a 
speed-related value k. To calculate the 
mean power, the integral of the damping 
force and damping velocity product is 
divided by the total time interval T. The 
value for the individual vehicle parame-
ters can be taken from the reference 
vehicle shown in ①. As an excitation sig-
nal, the road surface irregularity profiles 
derived above are input to the model as a 
function of time.

RESULTS OF SIMULATION WITH 
SYNTHETIC ROAD SURFACE 
IRREGULARITY PROFILES

The values based on spectral density and 
waviness are generated in the individual 
frequency bands with a stochastic phase 
shift. On account of the superimposition 

EQ. 7
h(t) = ∑

z

i=1
 h

^ (ω1) · sin  
 
(ωi · t + βi)

❶ Quarter-vehicle model for determining damping energy

❷ Mean power converted in the shock absorber, depending on the road category according to ISO 8608 
and travel speed
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of the amplitudes of different frequency 
bands, the resulting amplitude sroad(t) is 
subject to scatter. This scatter must also 
be expected from the amplitude patterns 
of actual road profile measurements that 
have a similar spectral density and wavi-
ness [4]. For the results described below, 
four road surface profiles were therefore 
generated for each spectral density and 
waviness, and investigated for shock 
absorber energy conversion on the vehi-
cle. The results also described below are 
in each case the mean values from four 
investigations.

❷ shows the power converted in the 
vehicle’s four shock absorbers for road 
categories A to E (“excellent” to “very 
poor”). Shock absorber power conversion 
on roads with an “excellent” surface 
according to ISO 8608 (A) is low, at 7 to 
13 W according to travel speed. Roads in 
the “very poor” (E) category, however, 
result in an energy conversion in the 
shock absorber of approximately 4 kW 
per vehicle. In addition to road surface 
irregularities, the speed of the vehicle 
has a significant influence on the amount 
of power converted in the shock absorber. 
Since only power converted up to an 
excitation frequency of 20 Hz is exam-
ined in the calculations presented here, 
the higher shock absorber power conver-
sion value at high speeds results solely 
from the increase in Φ(ω).

The road categories stated in  
ISO 8608 were compiled from measured 
values collected all over the world.  
ISO 8608 therefore has to satisfy the 

demand for applicability in industrial 
countries, where the roads are in many 
cases “excellent”, but also in threshold 
countries with some “very poor” roads. 
A large number of measurements were 
taken from the German road network. If 
the spectral densities and waviness val-
ues for German roads are imported into 
the procedure described above, the 
shock absorber power values per vehicle 
shown in ❸ are obtained. In view of the 
top speeds determined by road con-
struction or laid down by law, different 
travel speeds were chosen for motor-
ways, country roads and local roads.

It is evident that the power converted 
in the shock absorbers already differs 
significantly within any one road cate-

gory. Whereas on a motorway with an 
“excellent” surface no more than 3 W 
per vehicle are converted in the shock 
absorber within the evaluated frequency 
range, the power conversion figure on a 
“poor” motorway is as high as 184 W per 
vehicle. The average amount dissipated 
in the shock absorber on motorways is 
67 W per vehicle.

The increase in waviness and spectral 
density from one road category to the 
next leads to an increase in converted 
shock absorber energy to as much as 
411 W per vehicle on country roads and 
613 W per vehicle on local roads.

SIMULATION WITH ACTUAL 
SURFACE WAVINESS PROFILES 
FROM SELECTED ROADS

Despite the categorisation of road qual-
ity into motorways, country roads and 
local roads, there are large differences 
in the bandwidth of energy dissipated 
in the shock absorber on “excellent” 
and “very poor” road surfaces. For a 
better understanding of the preceding 
simulation, shock absorber energy with 
actual road surface waviness profile 
measurements was therefore incorpo-
rated. By means of a low-pass filter, the 
excitation frequency of the input signal 
was limited to 20 Hz, as in the preced-
ing simulations.

The Nürburgring Nordschleife racing 
circuit and a British motorway were cho-
sen as road profiles. An average travel 
speed was used, as in the previous cal-
culations. For the Nürburgring, average 
speeds of 120 and 150 km/h were adopted. 

❹ Mean shock absorber power conversion results with actual measured road profiles

❸ Measured spectral density and waviness of German roads [4] and mean shock absorber power conversion 
on different german roads 
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The power converted in the shock 
absorbers is in this case up to 171 W per 
vehicle, ❹. Compared with the familiar 
road categories in ③, this is equivalent to 
a “poor” motorway surface. At 336 W 
per vehicle, the British motorway is at 
the same level as a “poor” German coun-
try road according to ③.

INFLUENCE OF VEHICLE 
PARAMETERS

As a further step, the influence of differ-
ent vehicle parameters on shock absorber 
energy was examined by varying param-
eters in relation to the reference vehicle. 
The variable parameters were body and 
wheel mass, the degree of body damp-
ing, the body’s eigenfrequency and the 
firmness of the tyre carcass. The excita-
tion signal for the quarter-vehicle model 
was in each case the surface irregularity 
profile of the Nürburgring.

❺ compares the results with different 
parameters. The greatest influence 
within the vehicle configuration that was 
investigated derives from tyre wall rigid-
ity. If this results in a higher spring rate, 
more excitation is transmitted to the 
body mountings of the quarter vehicle as 
a two-mass oscillator, and the damping 
energy that has to be dissipated is corre-
spondingly higher. A 50 % increase in 
body mass leads to 9 % higher damping 
energy. A 37.5 % increase in unsprung 
mass results in a 4 % increase in damp-
ing energy. The influence of increases in 

body damping mass or body eigenfre-
quency is at a comparable level.

SUMMARY AND OUTLOOK

The investigation results presented here 
show the energy dissipated in the shock 
absorber. The influence of varying road 
quality in the mean shock absorber 
energy values can be clearly seen (67 W 
per vehicle to 234 W per vehicle). If pub-
lished conversion figures for electrical 
energy saving in the vehicle are applied 
(1 A ~ 0.3 g CO2/km) [5] the CO2 poten-
tials are as shown in ❻.

The values in ⑥ relate to the German 
road network and are based on 100 % 

recuperation of the energy dissipated. 
The degree of efficiency of technical 
solutions for recuperating systems will 
reduce these values. Nevertheless, with 
particular reference to growing markets 
in countries with a less well developed 
road network, shock absorber energy 
could be an interesting means of reduc-
ing CO2 emissions.

In addition to the actual recuperation 
itself, shock absorber functionality and 
characteristics will be a key challenge in 
the design of a technical solution.
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❻ CO2 saving potential for 100 % recuperation of the dissipated damping power

❺  Relative change in damping power when vehicle parameters are varied
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COMPUTER-BASED OPTIMISATION OF  
SEATS FOR A COMFORTABLE AND SAFE RIDE
Increasingly rising costs, shorter development times and continuously rising safety requirements are reasons for 

the fact that car manufacturers and seat suppliers are increasingly looking for the evaluation and implementation 

of simulation-based virtual prototyping solutions. The simulation specialist ESI points out, how the developers can 

work on comfort-relevant tasks for “soft” seat elements and human models with the multidisciplinary simulation 

solution Pam-Comfort. With resilient model elements for body parts and seat cushions it is possible to map reality 

far better, there are even advantages regarding the strong crash test dummies, well known from experimental 

investigations.
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SEAT AS AN INTERFACE

The seat is an important interface 
between vehicle and passenger and 
coins considerably the passenger’s com-
fort perception. Car manufacturers and 
seat suppliers expend a great deal of 
effort to secure that this feeling remains 
not only in the showroom, but also on a 
ten-hour trip to the Lake Garda – for an 
entire vehicle lifetime and for passengers 
with different physiognomies.

In the past decades the seat develop-
ment was mainly based on physical pro-
totypes, which were evaluated and opti-
mised during an iterative process. In the 
past a majority of the work was com-
pleted on the basis of these physical pro-
totypes which are expensive to manufac-
ture and need complex measuring tech-
niques. Today it shows up that this 
procedure is less and less compatible with 
the demands after a higher cost efficiency 
as well as the realisation of innovative 
solutions for weight reduction, the use of 
recyclable materials and the increase of 
occupant safety.

Therefore OEMs as for example Ford, 
General Motors, Hyundai or Renault 
increasingly use global numeric simula-
tion methods for the seat development. 
Together with software providers such as 
ESI they elaborate solutions for an indus-
trial use and investigate in the context of 
extensive studies and pilot projects, how 
processes must be defined, which simu-
lation tools are to be used, and how high 
the agreement of the simu lation results 
with the reality is.

NEW APPROACHES FOR THE 
SIMULATION IN SEAT DEVELOPMENT

The consistent pursuit of this objective is 
the base for a paradigm shift which not 
only enables the reduction of the number 
of prototypes but which increases the 
innovative ability of an enterprise and its 
development efficiency. Simulation pro-
grammes are already used in the seat 
development for many years, but mainly 
they deal with structure mechanical analy-
sis of the seat frame or with safety-related 
investigations of the overall system.

By contrast, investigations of the com-
fort and safety-relevant tasks within the 
range of the soft components of a seat 
like cushions, seat covers etc. represent 
rather the exception, although these top-
ics have a central meaning for the 

behaviour and the function of the overall 
system. In reality a comfort-oriented 
simulation is linked with some technical 
and organisational expenditure. Reasons 
for this are on the one hand complex 
simulation scenarios with numerous 
from each other dependent process steps, 
on the other hand the high requirements 
on the assigned simulation software, since 
transient effects, nonlinearities, contacts 
and friction have to be considered.

VIRTUAL PROTOTYPING APPROACH

The punctual use of simulation pro-
grammes enables local improvements, 
but usually they do not affect the quality 
of the overall system significantly, and 
physical prototypes remain still neces-
sary. Only if in the context of a virtual 
prototyping approach all development 
and product-related aspects can be cov-
ered on the basis of only one digital data 
model, the advantages of simulation 
can be used in its entirety and physical 
models can be diminished, ❶.

Usually, virtual prototyping approaches 
require the employment of different simu-
lation programmes, in order to illustrate 
the effects of physical phenomena close-
to-reality. In industrial practice such 
multidisciplinary approaches at a justifi-
able expenditure are only realisable with 
solutions, which are based on a common 
data model and which offer a uniform user 
environment, which makes the change 
between different applications either not 
noticeable or drastically simplified.

With Pam-Comfort ESI offer a solution, 
which contains all necessary simulation 
tools and solvers under one uniform user 
interface, adapted to the specific needs. 
All applications access a common data-
base and by that significantly simplify 
multidisciplinary applications. A com-
prehensive library for dummies (HPM1, 
HRMD, HPM2, Hybrid 3 and BioRID) and 
human models (5 %, 50 %, 95 % models 
of female and male anthropometries) is 
available as well, ❷. The simulation pro-
gramme is a component of the ESI vir-
tual performance solution and thus fully 
compatibly to other ESI products such as 
Pam-Crash and Pam-Safe. Due to the use 
of a single core model, ①, the data of a 
simulation step can be used as initial 
values for subsequently following simu-
lation at small expenditure.

In the context of the accomplished pro-
jects already impressing successes could 
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be achieved and the suitability for an 
industrial employment has been proven. 
Nevertheless the industrial use of the vir-
tual prototyping technology still is in its 
starting phase. That is why ESI closely 

cooperates with car manufacturers, in 
order to learn from first hand, what is 
expected by the simulation tools in indus-
trial practice. In order to obtain certainty 
if the used simulation tools generate results, 

that meet reality as good as possible, 
the automakers expend a great deal of 
effort in tests or pilot projects, with which 
among other things simulation results 
are compared with experimental data.

❷ The simulation library contains a vast number of validated dummies models (upper row) and human models (lower row)

❶ With virtual proto-
typing the development 
tasks on a component 
as well as on system 
level can be processed 
on basis of a single core 
model (master model)
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VIRTUAL SEAT DEVELOPMENT

The evaluation of the comfort behav-
iour is not only important for the pas-
senger comfort itself. Beyond that the 
addressed tasks have also a central 
importance for occupant safety and the 
product quality, since realistic state-
ments about characteristics and behav-
iour of a seat can only be met if for 
example the behaviour of foam materi-
als and coverings is considered.

COMFORT SIMULATION IS  
A MULTI-STAGE PROCESS

Although not explicitly treated in this 
paper, the simulation and optimisation 
of the structural components such as 
seat frames etc. is part of the overall seat 
development process and the prelimi-
nary stage of the process steps described 
in this paper. Concentrating on the com-
fort investigations with all necessary 
manufacturing simulations and virtual 
tests, a multi-level process chain is 
required, in which the start conditions of 
the individual process steps result from 
the preceding process steps.

The seating position of a dummy 
respectively passenger can only be deter-
mined accurately and close-to-reality, if 
the stresses induced by the seat cover 

and the wrapping process are considered. 
Therefore preliminary simulations of the 
manufacturing of the foam blocks as well 
as the sewing and wrapping of the seat 
covers are mandatory for realistic state-
ments. In principle the virtual prototyp-
ing process consists of the following pro-
cess steps developing one on the other:
 : manufacturing simulation  

(foam blocks, seat covers)
 : occupant positioning
 : occupant safety
 : mechanical and thermal comfort 
 : durability.

MANUFACTURING SIMULATION OF 
FOAM BLOCKS AND SEAT COVERS

The manufacturing and/or modification 
of the foam blocks are the first stages in 
the process chain but no integral part of 
Pam-Comfort. The injection process of 
foam blocks into their moulds is simu-
lated and optimised with ESI ProCast 
and the Viewer Visual-Cast; the results 
can be transferred to Pam-Comfort 
 without any problems.

A seat cover free from wrinkles, the 
minimisation of bridging gaps between 
cover and foam block as well as the pre-
stress of the cover induced by the wrap-
ping process are substantial quality and 
comfort criteria. With Pam-Comfort the 

cutting of the fabric patches and the sew-
ing of the seat cover but also the wrap-
ping around the foam block can be simu-
lated, ❸. This is done under  consideration 
of both experimentally determined mate-
rial properties of foam and fabrics and the 
friction between cover and foam block.

In high agreement with reality the for-
mation of wrinkles can be determined as 
well as the pre-stresses and deflections 
in the cover and the foam blocks of cush-
ion and backrest. Likewise it is possible 
to derive the shape of the seat cover 
patches and/or to modify the foam blocks 
(overbuilts, ③) by an inverse simulation 
on the basis of the designed class-A sur-
faces of a seat design.

POSITIONING OF THE H-POINT

The determination of the correct seating 
position is the basis for most of the fol-
lowing comfort evaluations and safety 
assessments, ❹. The correct prediction of 
the H-point (hip-point), the angle of the 
torso as well as the backset value (the dis-
tance between head and headrest) can be 
made in accordance to the procedures 
described in SAEJ826 and/or FMVSS 202a 
and with test dummies from the compre-
hensive ESI library. It was shown that the 
correlation between the measuring data 
and the values which were predicted by 

❸ The cutting and sewing of the seat 
cover as well as the wrapping of the 
foam block can be simulated with the 
software Pam-Comfort. By an inverse 
manufacturing simulation the foam 
blocks and covers can be optimised 
to avoid wrinkling and to meet the 
designed Class-A shape.
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simulation under consideration of the pre-
stress of the seat cover were much better 
than without this consideration, ❺.

COMFORT

Beyond the prediction of the accurate 
seating position the high variability and 

interoperability of Pam-Comfort enables 
different comfort-related investigations. 
For example it is possible to analyse the 
seat pressure distribution, ❻, or to per-
form evaluations of the transmissibility 
for the analysis of the dynamic comfort 
behaviour under the influence of exter-
nal vibrations. For this purposes vali-

dated human models from the ESI library 
can be used which enable more detailed 
statements than test dummies [4].

With the virtual performance solution, 
part of which is Pam-Comfort, it is also 
possible to process evaluations of the 
thermal comfort (seat ventilation, effect 
of seat heating) or however NVH inves-

❹ The accurate evaluation of the H-point and backset values according to the SAEJ826 and FMVSS 202a procedures for the correct positioning at the following 
comfort- and safety-related simulations

❺ The consideration of the preliminary simulations (pre-stress of the seat cover, etc.) enables a significantly more accurate prediction of the H-point and backset values
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tigations (noise, vibration, harshness). 
The additionally needed programmes 
access the same data model and require 
the practically same input model.

OCCUPANT SAFETY

In Pam-Comfort an extremely detailed 
and realistic seat model is generated. By 
its belonging to the simulation environ-
ment this model can be directly handed 
over to the programmes Pam-Crash (crash, 

impact), Pam-Safe (airbag deployment, 
seat belts) or Pam-NVH (vibrations, etc.) 
for further simulations. In particular by 
the computer-aided determination of the 
H-point the test dummies can be posi-
tioned correctly according to the guide-
lines before sled-tests are performed in 
Pam-Safe.

WEAR AND DURABILITY

The programme Pam-Comfort offers fur-
thermore the possibility for detailed in -
vestigations regarding wear, durability 
and aging of the “soft” components of a 
seat. By the execution of predefined load 
cycles the aging of the foam material and 
the seat covers can be analysed. Further-
more passenger ingress/egress simula-
tions can be performed for the analysis 
of the losses of pre-stress in foam blocks 
and seat covers or the changed position 
of the H-point. The load path for simula-
tions accomplished with a so-called butt-
dummy affects the creation of wrinkles 
substantially, as well as the friction be -
tween cover and dummy represents a 
substantial factor of influence.

CONCLUSION

Today, the virtual prototyping of seats is 
no longer a vision, but lived reality. This 
development process is increasingly used 
by the OEMs, in order to replace the tra-
ditional trial-and-error procedures on 
basis of physical prototypes. Objective is 
not only a cost reduction, but also an in -
crease of product quality, occupant safety 
and innovative ability. The achieved suc-
cesses with Pam-Comfort, since 2012 com-

ponent of the virtual performance solu-
tion by ESI, clearly visualise the contained 
potential. The enterprises assess this ap -
proach accordingly positive and promote 
its further realisation with emphasis.
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❻ The use of human models from the library en -
ables a realistic prediction of the pressure dis-
tribution on cushion and at backrest of the seat
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NUMBER OF VARIANTS IS 
INCREASING

Electronic stability control (ESC) makes 
a valuable contribution to active driving 
safety [1, 2]. Therefore ESC has become 
mandatory in many markets globally as 
an original equipment of new vehicles. 
As a consequence the type approval of a 
new model requires proof of an effective 
ESC system. To date this is done via 
physical ESC homologation test driving. 
For that purpose the vehicle is equipped 
with a steering robot to go through the 
so-called sine-with-dwell manoeuvre. 
This requires a considerable amount of 
time and effort as the test takes at least a 
day per vehicle for preparation and carry-
ing out. Also the test is subject to weather 
conditions.

At the same time the number of vari-
ants of global vehicle projects in particu-
lar has increased dramatically. An exam-
ple from Opel highlights this: While the 
Corsa (model year 2005) was available in 
roughly 70 variants, the same figure totals 
at around 150 for the Insignia (model 
year 2008), while the Astra/Zafira 
(model year 2009) can be ordered in 
roughly 400 variants. Without a power-
ful simulation environment this would 
result in a clash between the num  ber of 
variants and economic constraints.

However, the ECE-R 13H regulation 
offers a solution for braking systems. The 
regulation permits a combination of real-
world testing and simulation-based 
methods. Opel has taken this path and 
has demonstrated to the industry for the 

first time that simulation-based passenger 
car ESC homologation with CarMaker/
HiL by IPG Automotive is ready for 
use [3]. The same had already been 
proven for heavy commercial vehicles by 
a brake system supplier [4]. Opel wants 
to use this strategy to speed up the time-
to-market of new vehicles, and to lower 
the development cost by reduced use of 
hardware and prototypes.

SIMULATION-BASED  
ESC HOMOLOGATION

The European regulation ECE-R 13 H 
says that simulation-based methods may 
be used for the ESC homologation of 
vehicle variants. However, this still requires 
a driving test with a real vehicle first. 
Based on the results from the real vehi-
cle, a vehicle simulation environment 
using the IPG Automotive CarMaker tool 
was parameterised and thoroughly vali-
dated during virtual test driving. The 
correlation between the simulation results 
and the measurements collected in a ref-
erence vehicle soon reached the level of 
matching which is required by the tech-
nical service and the type approval 
authorities.

The pilot application to the Opel Meriva, 
portrayed here, laid the foundation to 
present simulation results to the type 
approval authorities in order to receive 
the homologation for all vehicle configu-
rations on the basis of a single vehicle 
tested in the real world. This approach 
fits seamlessly into Opel’s existing “Road 
to Lab to Math” strategy (RLM) [5]. It 
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SIMULATION-BASED ESC HOMOLOGATION 
FOR PASSENGER CARS
As of 2012 the type approval of a new passenger car in the EU requires proof of an effective ESC. To increase the 

efficiency of vehicle variant ESC homologation for vehicle variants, Adam Opel AG has applied its dynamics simula-

tion environment, which very much relies on CarMaker/Hil, to the minivan Meriva. The results of simulation and 

real-world driving tests on the proving ground of Idiada match so well that a simulation-based ESC homologation 

according to ECE-R 13H is reliably feasible.

aims to support real-world testing on the 
track by a combination of simulation and 
Hardware-in-the-Loop (HiL) testing, and 
ultimately by purely mathematical simu-
lation (Software-the-Loop, SiL).

SINE-WITH-DWELL DRIVING 
MANOEUVRE

The sine-with-dwell test with the ECE-R 
13H is a dynamic driving manoeuvre 
which standardises an abrupt evasive 
action in front of an obstacle. Basically 
the test follows the NHTSA Federal 
Motor Vehicle Safety Standard, FMVSS 
No. 126 [6]. The sine-with-dwell test con-
sists of a pre-test and the actual driving 
manoeuvre. The pre-test serves to meas-
ure the steering angle amplitude A that 
is needed at a steering speed of 13.5°/s to 
generate a lateral acceleration of 0.3 g 
while the vehicle travels on a circular 

path at a steady speed of 80 km/h 
(required steering angle).

At the beginning of the actual test 
manoeuvre the vehicle coasts without 
steering or braking action in the highest 
gear at 80 km/h ± 2 km/h. The test 
starts with a steering angle of 1.5 × A. 
During each test run the steering angle 
is increased by 0.5 × A up to a maxi-
mum steering angle of 270°. The test 
runs with increasing steering angle lev-
els are run in a right-left and left-right 
sequence each. The applied sine steering 
with 0.7 Hz provokes a massive yaw 
reaction while the 500 ms dwell time 
represents the reaction time of an aver-
age driver. In total the manoeuvre is a 
reproducible version of a critical double 
lane change situation. ❶ shows the 
steering angle curve during the manoeu-
vre plus an exemplary vehicle reaction 
with and without ESC action.

The sine-with-dwell test is assessed 
against three criteria of vehicle stability. 
The crucial element is to check how fast 
the ESC reacts and how fast the vehicle 
is brought back to a stable state by reduc-
ing the yaw rate. For that purpose the 
yaw rate and vehicle position are meas-
ured at three points in time. To get the 
homologation the yaw rate has to be ≤35 % 
of the maximum yaw rate 1 s after the 
end of the steering action (T0+1 s). At 
T0+1.75 s the yaw rate must not be higher 
than ≤20 % of the maximum yaw rate.

In addition there is a vehicle reaction 
criterion which assesses the vehicle’s 
capability for sideways displacement to 
avoid an obstacle (minimum require-
ment is 1.83 m or 6 ft for a vehicle with 
under 3.5 t of overall weight). Within the 
limits of meeting the before mentioned 
three criteria of stability, the vehicle 
manufacturer has the freedom to choose 
a more conventional or a more sporty 
ESC setting, depending on the brand 
philosophy.

DATA ACQUISITION WITH THE 
REFERENCE VEHICLE

During this pilot project the validation 
scope was purposely expanded far beyond 
what is required for the actual homologa-
tion. With a view to future projects this 
was done firstly to gain fundamental 
insight into the validation quality of sub-
systems, and secondly to completely 
understand the interdependencies within 
the chain of effects. For the measurement 
of the objective vehicle behaviour Adam 

❶ Sine-with-dwell test: Steering angle 
during the manoeuvre plus yaw rate curve 
with (green curve) and without ESC 
 activity (red curve)
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Opel AG cooperated with Idiada, where a 
Meriva was equipped with a very compre-
hensive set of sensors. Static measurement 
of fundamental parameters of the refer-
ence vehicle’s wheel suspension was car-
ried out for the front and rear axle on a 
kinematics & compliance rig (K&C rig).

The comprehensive tests delivered 
detailed data on the geometric position 
of the suspension and its joints, plus data 
about the controlled movement of the 
wheel within the suspension during load 
influence like on the road. The following 
dynamic measurements carried out with 
and without steering robot, provided 
data about the real vehicle behaviour on 
the test track. ❷ depicts the reference 
vehicle as instrumented by Idiada. This 

was used to analyse dynamic details 
such as effective forces, wheel centre 
positions, slip angles, toe and camber, a 
beginning wheel spin, and the resulting 
vehicle reaction (centre of gravity accel-
eration, speed, inclination etc.).

VEHICLE SIMULATION MODEL  
AND VIRTUAL DRIVE TEST

Adam Opel AG uses an integrated soft-
ware tool chain to simulate driving 
dynamics with optimum precision [7]. A 
multi-body simulation (MBS) is the start-
ing point. Within the MKS the vehicle is 
generated and parameterised. As this 
MBS is not a real time tool, however, the 
model is subsequently transferred to the 

test and development environment Car-
Maker/HiL. The hardware used is a 
dSpace HiL hardware platform which is 
controlled from the CarMaker simulation 
environment, and which interacts with 
the CarMaker vehicle model, ❸. The HiL 
simulation environment which is used 
by Opel and which was applied for the 
simulation-based pilot project of Opel 
Meriva ESC homologation is shown in ❹.

A proprietary Opel test automation of 
the drive manoeuvre catalogues ensures 
that the HiL systems can be used around 
the clock. The automation contains fea-
tures for a remote configuration of the 
CarMaker environment (vehicle, driver, 
road parameters) as well as automated 
execution and evaluation of a large set of 

❷ The Opel Meriva reference vehicle with Idiada instrumentation for dynamic 
driving tests ❸ Visualisation of the CarMaker vehicle model used for ESC homologation

❹ HiL simulation environment 
that was used
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virtual driving manoeuvres. In addition 
the test automation generates an auto-
mated test report.

VALIDATION RESULTS

Prior to the simulated homologation test, 
the complete simulation environment 
was intensely validated. Beginning with 
simple driving manoeuvres the model 
was tested with increasingly complex 
manoeuvres. Finally the sine-with-dwell 
test according to ECE-R 13H was carried 
out. During the validation of the vehicle 
model the main focus was on the model 
representing the brake hydraulics. Input 
parameters were the brake pedal force, 
valve actuation and pump actuation. The 
wheel brake pressure and wheel brake 
torque served as outputs. The complexity 
of simulated manoeuvres was increased 
from a simple straight line braking pro-
cedure through an ABS stop and on to 
the highly dynamic wheel-individual 
modulation of brake pressure during ESC 
activity.

❺ depicts the ultimately achieved 
excellent match of the simulation carried 
out on the HiL simulator with the real-
world measurements gained via the 
instrumented reference vehicle. The 
results shown come from a manoeuvre 
with around 100° of steering angle and a 
right-left sequence. Both, the gradients 
and the maximum values of yaw rate 

and lateral acceleration show a very 
good match. This indicates that the sim-
ulation environment used reproduces the 
relevant parameters of dynamics with 
the precision required by the regulation 
ECE-R 13H.

SUMMARY AND OUTLOOK

Within a pilot project Opel has analysed 
together with Idiada and IPG Automotive 
whether and how a simulation-based 
ESC homologation according to ECE-R 
13H is possible. The use of an integrated 
tool chain which includes the driving 
dynamics development and testing en -
vironment CarMaker has demonstrated 
that this kind of valid homologation test-
ing in a HiL environment is feasible. The 
preconditions include a stable process, a 
precise vehicle dynamics model, and a 
sophisticated integration solution to 
facilitate model expansions and hard-
ware coupling.

Validation of the simulation environ-
ment based on static and dynamic meas-
urements confirms an excellent level of 
correlation. This is also confirmed by the 
simulated sine-with-dwell test which 
delivers results that are very close to the 
real-world measurements. Hence the 
simulation solution used has reached the 
required precision for ESC homologation.

What is more, the development and 
optimisation process from the real-world 

measurements to the simulation and on 
to homologation is fully transparent and 
well documented. As a conclusion it can 
be said that the number of real-world 
vehicle tests during ESC homologation 
can indeed be considerably reduced by 
the method of simulation.
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OPTIMISATION OF A HYBRID  
SOUND PACKAGE WITH STATISTICAL 
ENERGY ANALYSIS
In acoustics development, more and more cutting-edge simulation tools such as 3D calculation 

and statistical energy analysis (SEA) are used in order to reduce the weight of the sound insulation 

packages in the vehicles. Therefore, Autoneum developed a hybrid solution of insulating and 

absorbing materials as an alternative to conventional insulative heavy layer-foam constructions 

that, despite its lightweight character, provides a high acoustic performance regarding insulation 

and absorption.
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CHANGE IN TRENDS IN  
ACOUSTIC INSULATION

In the past years, two main types of 
acoustic concepts have been largely used 
to design noise control treatments: either 
insulative or absorptive packages. Insu-
lation is traditionally obtained by means 
of a mass-spring barrier system, where 
the mass element is formed by a layer of 
high-density impervious material (heavy 
layer) and the spring element is formed 
by a layer of low-density material like a 
non-compressed felt or foam. Insulative 
parts of mass-spring type are character-
ised by a high insertion loss (IL), but 
provide practically no absorption. On the 
other hand, absorptive parts follow an 
insulation slope that increases only with 
6 dB/octave in insertion loss, while the 
ideal slope of 12 dB/octave is typical of 
mass-spring systems.

A benchmarking study based on 80 
European vehicles shows that the insu-
lating mass-spring systems have become 
less with time. Absorbing packages and 
generally lightweight hybrid solutions have 
increased their market share, ❶. It is a 
common practice of benchmarking experts 
to define as hybrid the parts that com-
bine absorption and insulation functions 
within the same multilayer construction.

In addition, there is a current design 
trend to use a more refined subdivision 
of the acoustical functions on the local 
areas of an acoustical part. As an exam-

ple, an inner dash treatment can be split 
in two main areas, one providing high 
absorption and the other providing high 
insulation. Generally, the lower part of 
the dash is more suitable for insulation 
because the noise coming from the engine 
and the front wheels through this lower 
area is more relevant, while the upper part 
of the inner dash is more suitable for ab -
sorption because some insulation is al -
ready provided by other elements of the 
car, for instance by the instrument panel.

DESIGN AND SIMULATION OF  
A HYBRID SOUND PACKAGE

Autoneum designed an optimal hybrid 
inner dash using a specific acoustic prin-
ciple to increase the insulation of light-
weight parts and therefore tuning the 
balance between absorption and insula-
tion in an optimal way. With the concept 
of dynamic stiffness control, it is possible 
to move out of the frequency range of 
interest the negative radiation effects of 
the porous top felt, an unwanted noise 
radiation that would otherwise reduce 
the insertion loss of the part [1].

Benchmarking study data coming from 
market observation and from the acous-
tical experimental analysis of parts and 
vehicles have been used as a base for 
product development together with spec-
ifications of the OEMs and from the pat-
ents search, ❷. The first step in the crea-
tion of the product consisted in a large 
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screening of the possible solutions 
accompanied by intensive acoustic mate-
rial measurements. Subsequently and 
already at the initial stages of the pro-
ject, a transfer matrix method (TMM) 
based software [2], has been used to sim-
ulate the 3D acoustic performance of 
various solutions. The next engineering 
step consisted in the selection of a multi-
layer with clear advantages in terms of 
insulation performance (IL rate of 12 dB/
octave) and local tuning of insulation and 
absorption properties. The final hybrid 
construction consists of three layers:

 : a porous top felt layer, characterised 
by a high dynamic stiffness

 : a thin and air impervious plastic film 
layer

 : a standard porous decoupling layer 
(made of foam or felt).

This hybrid material behaves as a light-
weight mass-spring insulator where the 
mass effect is provided by the weight of 
the top layer, ❸, and the barrier effect is 
given by the impervious film. One can 
therefore observe the typical mass-spring 
resonance frequency after which the 
insertion loss grows at a rate of 12 dB/

octave. The top layer, in this case 
porous, keeps a non-negligible absorp-
tion different from standard pure insula-
tors. For the described multilayer, if the 
porous felt layer was not characterised 
by a controlled and high dynamic stiff-
ness, the insulation would be affected by 
a resonance effect, ③.

OPTIMISATION WITH TMM  
AND SEA TOOLS

Cutting edge CAE proprietary tools, 
namely VisualSisab, [2], based on the 
transfer matrix method (TMM), and 
Revamp, [4], based on the statistical 
energy analysis (SEA), are intensively 
used to optimise the design of the hybrid 
material with controlled dynamic stiff-
ness. The typical steps to simulate the 
impact of a 3D inner dash part on the 
vehicle acoustic performance are:
 : analysis of the available packaging 

space and subdivision of the part sur-
face based on vehicle SEA panels – TMM

 : 3D calculation of the local acoustic 
performance (insulation and absorp-
tion), based on measured material 
models including stiffness measure-
ments [3] – TMM

 : transfer of the insulation/absorption 
simulated data subdivided by panels 
to the high frequency acoustic model 
of the car compartment and calcula-
tion of the sound pressure level (SPL) 
at the driver’s ear position – SEA.

Benchmarking
of technology

Specifications 
of the OEMs

Patent
searches

Materials performance 
measurements

3D simulation of test case parts

Engineering evaluation

Improvement of best selections

Analysis of possible solutions

Hybrid solution

Creation of 
the product

Definition 
of the new 
concept

❷ Steps in the innovation design process for hybrid packages
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The top layer thickness is the main 
parameter to optimise the design of the 
part. Low values of the thickness (3 mm) 
are linked to high stiffness and high in -
sulation performance while higher val-
ues of the thickness provide good absorp-
tion properties. The top layer thickness 
can assume different values in every 
area of the part, provided that the total 
packaging space (that is also spatially 
variable) is not exceeded. For example, if 
the available thickness is 15 mm in a 
certain small area, the top layer thick-
ness can be set at 3, 7, 10 or 12 mm while 
the rest of the space is filled by a film 
and by a bottom decoupling layer.

In another area, the available thick-
ness can be, for example, 10 mm. As a 
consequence, the possible top felt layer 
thicknesses are reduced to 7 and 3 mm. 
The best configuration defines the opti-
mum top layer thickness of the part for 
each area. It is obtained through the cal-
culation of all the possible variants and 
the selection through a Pareto analysis [5].

CUSTOMISED DESIGN

Since a validated SEA model is used, the 
optimised thickness distribution of the 
top layer does not only take into account 
the material characteristics that determine 
the performance of the part but also the 
acoustic properties of the car compart-
ment. The design is linked to the acous-
tic characteristics of the specific car and 
to the available packaging space: it is a 
customised design.

Two application cases are considered: 
an inner dash of a C-segment vehicle 

that was developed in cooperation with 
an OEM [5], and an inner dash of a 
D-segment vehicle. For both cases, the 
same bill of material and the same area 
weight of the top layer (1500 g/m2) have 
been used.

❹ (a) shows the result of the optimisa-
tion process in the C-segment vehicle: 
the final design for the top layer thick-
ness is represented in a scale of colours, 
each colour being associated to a differ-
ent thickness class (blue for 3 mm, red 
for 15 mm). Lower thickness values are 
chosen as optimal for the lower part of 
the dash and partly for certain areas of 
the upper part (in particular on the left 

side), while high values of thickness are 
dominating on the upper part of the dash. 
As a consequence, high insulation is 
privileged in the lower dash and high 
absorption in the area behind the instru-
ment panel. This gives a reason for the 
general trend towards hybrid solutions 
that was mentioned before.

A similar behaviour is observed also 
for the D-segment vehicle, ④ (b). In this 
case, the subdivision between insulative 
and absorptive areas is even more evident, 
with a clear split between higher and 
lower part of the dash. The design is 
linked to characteristics of the instrument 
panel and to the fact that in the lower 
area, for the specific case, the available 
packaging space was rather limited.

For both application cases, simulations 
and measurements (based on the acous-
tic transfer function, ATF) have been run 
to compare the SPL of the hybrid solu-
tion to those of a standard acoustic pack-
age, ❺. In the case of the C-segment 
vehicle, the values for the hybrid pack-
age are compared to a standard insula-
tive heavy layer-foam solution, having 
the same foam material as decoupling 
layer and a barrier layer of 6 kg/m2 
(heavier by 5.5 kg at part level).

The standard insulative solution is 
performing up to 1250 Hz better, because 
of the weight advantage at frequencies 
for which insulation is clearly relevant. 
However, the difference is kept low be -
cause the hybrid package uses the prop-

❹ Thickness distribution of the top 
felt layer for the two application 
cases: C-segment vehicle (a) and 
D-segment vehicle (b)
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erty of high dynamic stiffness to produce 
a fairly good insertion loss. Above 1250 Hz, 
the advantage of the absorption and of 
the optimal balance between absorption 
and insulation is in favour of the hybrid 
package. Overall, on the whole frequency 
range, the two solutions are not very dif-
ferent in terms of calculated SPL and, 
when measured in the vehicle, performed 
in a very similar way [5]. The ATF meas-
urements in the vehicle confirmed a very 
similar trend as the simulated SPL, ⑤. 
Compared to the heavy insulative solu-
tion, the hybrid package allows a sub-
stantial weight reduction – while keep-
ing an equivalent acoustic performance 
at vehicle level.

In the case of the D-segment vehicle, 
❻, the hybrid solution is compared to a 
lightweight absorbing package formed 
by two felt layers without barrier, the 
top felt layer being compressed to 
increase the AFR. The two solutions 
have an equivalent weight of around 
2.3 kg. A very similar calculated SPL is 
obtained at low frequency, while the 
hybrid package allows a reduction of 
the SPL in the medium-high frequency. 
Only at a very high frequency, absorp-
tion has the main impact on SPL and 
the performance of the two solutions is 
again more similar.

All the data presented are valid for air-
borne excitations and under the hypoth-

esis that the structure-borne noise is 
negligible. This hypothesis is valid for a 
medium-high frequency (normally for 
frequencies above 500 Hz); however, at a 
lower frequency, the structure-borne 
noise is dominant. Road measurements 
of the hybrid part mounted on a vehicle 
have not shown any specific deteriora-
tion of the performance for structure-
borne noise [5]. Future simulations at 
part level based on finite element calcu-
lations with simulation tools like Treasu-
ri2FE [6] will be implemented to confirm 
the first experimental observations. 
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OPTIMISED SOLAR CONTROL  
GLAZING FOR IMPROVED  
COMFORT AND FUEL EFFICIENCY
A recent study by Saint-Gobain Sekurit demonstrates how fuel consumption caused 

by the air conditioning system can be reduced by equipping the car with optimised 

solar control glazing. By using a heat management glazing package consisting of an 

SGS CoolCoat and dark tinted glazing, a saving of 30 % is possible compared to 

 standard green tinted glazing. 

50
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MOTIVATION

Sustainable mobility is one of the urgent 
challenges for the automotive industry. 
Glazing can provide various solutions 
that allow OEMs to achieve their targets. 
One of these solutions is optimised solar 
control glazing, which can not only im 
prove comfort inside a vehicle, but can 
also reduce the additional fuel consump
tion caused by the air conditioning system.

In this context, it is important to note 
that legislation in Europe and the US will 
pay much more attention in the future to 
offcycle fuel consumption, and other re 
gions of the world are likely to follow. Air 
conditioning system fuel consumption is 
a key element in this discussion. There
fore, any support for the vehicle’s heat 
management by using advanced glazing 
is becoming increasingly important.

GLAZING TO REDUCE THE HEAT 
LOAD AND FUEL CONSUMPTION

Today, most cars on the market are 
equipped with green glazing. Improved 
solar protection, for example with re 
duced heat input, can be achieved by 
 socalled heatreflecting technologies, 
which are already available today as op 
tional equipment on many cars. In this 
product family, SaintGobain Sekurit has 
recently developed a new windshield 
technology called SGS CoolCoat, which 
is approximately twice as efficient as 
today’s heatreflecting products.

The technology is based on a multi
layer coating on the inner glass layer of 

the glass sandwich, as shown in ❶. The 
main component of the invisible coating 
is thin silver layers. These layers act like 
a mirror for infrared rays, and reflect the 
heat of the sun directly to the outside.

❷ shows that the amount of heat en 
tering a car with green tinted standard 
glazing is 65 %, whereas with CoolCoat 
only 40 % enters the vehicle. Consequently, 
the interior of the vehicle stays cooler, 
the air conditioning runs less and com
fortable temperatures can be reached 
faster than with standard glazing. As a 
result, the use of the air conditioning sys
tem can be reduced and fuel consump
tion can be lowered.

Behind the Bpillar, it is also possible to 
equip the car with dark tinted glazing for 
the side and rear windows. This is a sim
ple way to avoid excessive heatingup of 
the interior. This benefit is, however, limi
ted by the fact that the glass bulk it  self is 
heated up under intense solar radiation, 
and the hot glass reradiates additional heat 
into the interior. With the most ad  vanced 
dark glass type called VG10, the heat en 
tering the car can be reduced to 37 %.

MEASUREMENTS ON A CAR

Even though it is well known that win
dows have a high influence on heating 
up a car, very few measurements are 
available regarding the real benefit in 
terms of fuel consumption reduction. 
Hence, a quantitative measurement in 
a climate wind tunnel with solar simu
lation [1] was performed. Two glazing 
car sets were compared:

AUTHORS

DR. VOLKMAR OFFERMANN 
is Marketing Director at   

Saint-Gobain Sekurit international  
in Herzogenrath (Germany).

DR.-ING. ANN-KATRIN GLÜSING 
is Communications Manager at Saint-

Gobain Sekurit international in 
Herzogen rath (Germany).

❶ Schematic representation of the laminated coated windshield SGS CoolCoat (from left: inner glass sheet, 
CoolCoat coating, PVB foil, black print and outer glass sheet)
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 : standard green tinted glass all round and
 : a CoolCoat windshield, green glass 

front door glazing, dark grey glass 
behind the Bpillar.

Both car sets were tested with and with
out the air conditioning running (auto
matic mode, 21 °C target temperature). 
In all cases, the solar load simulated a 
sunny summer day with 1000 W/m2 ra 
diation. In order to obtain a realistic rep

resentation of real situations in Europe, 
rows of illumination lamps were posi
tioned at 60° and 90°, as shown in ❸. 
The boundary conditions of the test 
chamber were a temperature of 35 °C 
and a relative humidity of 40 %. The 
driving cycle employed for the tests was 
a com bination of a preconditioning 
phase, a heating up phase, the NEDC as 
the currently valid cycle for emissions 

legislation and a final stationary cycle. 
The vehicle used for the tests is de 
scribed in ❹.

During the test, temperatures were 
recorded at various positions inside the 
cabin. The fuel consumption was deter
mined with an external fuel tank on a 
set of scales, as shown in ❺.

TEST RESULTS AND DISCUSSION

The NEDC driving cycle was performed 
three times with each glass configura
tion with the air conditioning system 
switched on (set to 21 °C target tempera
ture), and three times with the air con
ditioning system switched off. The fuel 
consumption was determined in each 
case. ❻ shows the average fuel consump
tions obtained for the four different 
configurations.

The results clearly show that the use 
of the air conditioning system can be 
noticeably reduced if a CoolCoat wind
shield in combination with dark tinted 
glazing behind the Bpillar is used. In 
the test conditions employed, the air con
ditioning system fuel consumption can 
be reduced by 30 % due to the glazing, 
which means, for example, a saving of 
1.3 l/100 km for urban driving. For the 

❸ Test car in the 
 climate wind tunnel 
with solar simulation

❷ SGS CoolCoat provides better comfort and less heating up than green glass, since only 40 % of the heat 
from the sun enters the car instead of 65 %
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NEDC cycle, a saving of 0.7 l/100 km was 
measured, which is equivalent to 19.1 g 
CO2/km. Finally, the average benefit of 
such glazing in Europe over a full year 
was calculated by modelling, taking into 
account European weather data [3].

The calculations reveal that, for an an 
nual EU average, the advanced glazing 
car set provides a reduction in the vehi
cle’s CO2 emission by 3.8 g CO2/km. For 
the specific car geometry used, 1.6 g 
CO2/km of this reduction can be attri
buted to the SGS CoolCoat windscreen.

It is worth mentioning that less heat
ing up of the cabin also results in im 
proved comfort compared to a standard 
glazing. ❼ shows the temperature on 

the instrument panel while being meas
ured during the tests. CoolCoat can re 
duce the instrument panel temperature 
during the heatup phase by 15 °C, which 
has a very positive impact on the subjec
tive comfort perception. In addition, di 
rect sun radiation on the driver’s arms 
and legs is strongly reduced.

FURTHER GLAZING TECHNOLOGIES

SGS CoolCoat is the latest antiheat inno
vation. A similar antiheat performance 
can be achieved with another innovative 
product recently brought to the market, 
SGS ClimaCoat. In SGS ClimaCoat, the 
coating is so conductive that it can even 

be heated by applying an electric voltage 
to the coating. Hence, SGS ClimaCoat 
incorporates two key benefits in one 
windscreen: heatable in the winter and 
heat reflecting in the summer. 

The system operates with a standard 
14V power supply. This simplifies its 
implementation, unlike the previous so 
lution with 42 V, and reduces system 
complexity. With a heating power of 
between 400 and 500 W, it rapidly de 
frosts and demists the windscreen. 
Strenuous ice scraping is no longer ne
cessary. The driver simply pushes a but
ton to activate the SGS ClimaCoat to 
achieve a clear view and improved safety 
in less than 2 min, ❽. 

Since April 2011, the heatable wind
shield has been available on the new VW 
Passat B7. Further models will be intro
duced in the near future.

OUTLOOK FOR ELECTROMOBILITY

Good vision for the driver is an essential 
safety requirement for all vehicles, no 
matter whether they are electric or have 
a conventional internal combustion 
engine. The major difference, however, 
is that, in a conventional vehicle, the 
engine generates heat, and this can be 

CAR CHARACTERISTICS FORD KUGA TDCI 2 X 4 TITANIUM

Specials no sun roof, automatic climate control

Fuel consumption combined [l/100 km] 5.9

Fuel consumption city [l/100 km] 7.5

Fuel consumption highway [l/100 km] 5.0

CO2 emission combined [g CO2/km] 154.0

Colour White

Displacement [cm3] 1997

number of doors 4/5

Emission standard, emission certification Euro 5, 4 (green)

❹ Descrip-
tion of test 
vehicle with a 
mileage of 
6300 km [2]

❺ Fuel scales for 
measuring the fuel 
consumption at the 
external fuel tank
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used to generate hot air which is then 
blown against the windscreen to defog 
it. In an electric vehicle the situation is 
different, since the engine remains cold. 
Tests reveal that for such a vehicle it is 
far more efficient to remove the fog from 

the windscreen by heating the glazing 
itself than by generating hot air in a 
heater and blowing this against the glaz
ing. Therefore, the heated windscreen 
helps to save energy, and consequently 
the driving range of the EV is extended.

SUMMARY AND CONCLUSION

The results of this study clearly show 
the benefits of antiheat glazing in 
sustain able vehicle development. With 
antiheat glazing, the air conditioning 
system needs to cool less, and hence 
fuel consumption is reduced. The tests 
show that, for a car with a SGS CoolCoat 
windshield and dark tinted glazing, a 
saving of approximately 30 % can be 
achieved, which re  sults in a reduction in 
CO2 emission by 3.8 g CO2/km on the 
European annual average. It can be con
cluded that advanced glazing is an effi
cient means of helping car manufactur
ers to achieve future goals of reducing 
the energy consumption of their 
vehicles.

REFERENCES
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MY 2012
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CONSUMPTION [l/100 km] Δ CONSUMPTION [g CO2/km] Δ

Cycle Green tinted glass

Anti heat glass pack-

age (CoolCoat + dark 

grey glass)

CoolCoat + dark grey 

glass vs. green tinted 

glass (w. AC)

Green tinted glass

Anti heat glass pack-

age (CoolCoat + dark 

grey glass)

CoolCoat + dark grey 

glass vs. green tinted 

glass (w. AC)

w/o. AC w. AC w/o. AC w. AC w/o. AC w. AC w/o. AC w. AC

City 8.0 12.3 7.7 11.0 -1.3 210.0 322.9 201.7 288.1 -34.8

Highway 6.8 8.4 6.7 8.0 -0.4 178.9 220.4 175.4 210.0 -10.4

nEDC 7.3 9.9 7.1 9.2 -0.7 190.3 259.6 185.1 240.6 -19.1

❼ Lower surface temperature in the cabin with solar control glazing

❽ De-icing test of a 
SGS ClimaCoat wind-
shield compared to a 
standard windshield
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❻ Overview of the fuel consumption results with solar control glazing (with and without air conditioning, AC)
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INTERACTIONS BETWEEN  
VEHICLES AND PEDESTRIANS

In future, vehicles with alternative powertrains, including those with electric or hybrid 
electric drive systems, will be a familiar sight on our roads. Compared to vehicles with 
a petrol or diesel engine, they produce a different type of exterior noise, primarily at 
low speeds. This raises issues of acoustic perceptibility. As part of a BASt and FAT 
project, the Chair of Traffic and Transport Psychology at the TU Dresden has therefore 
examined the effects of a change in acoustic perceptibility on pedestrians.
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1 INTRODUCTION

Interactions between vehicles and pedestrians are a determining 
factor in road traffic safety. Safe interpretations require an adequate 
mutual information basis. Against the background of alternative 
propulsion concepts, the change in vehicle information provided by 
external noise, and pedestrian information needs are considered. 
The latter can be achieved by immediate or technically conveyed 
sensory perceptibility. Visual and auditory sensory channels shall 
be primarily considered (long distance senses).

2 NOISE EMISSIONS OF  
ALTERNATIVE PROPULSION VEHICLES

Tests available in international literature on exterior noises in alter
native propulsion vehicles usually compare the noises with those 
generated by similarly constructed vehicles with internal combus
tion engines. Measurements or perception statements of test per
sons acoustically detecting approaching vehicles are used for this 
purpose. The test results lead to the conclusion that noise emis
sion is mainly influenced by the driving speed, ❶.

At constant speed up to approximately v = 20 km/h, alternative 
propulsion vehicles emit lower noise levels than comparable vehi
cles with internal combustion engine. In this driving situation, test 
persons will not – or at a very low distance – detect that vehicle 
by noise. Above this speed, the dominant tyre and wind noise will 
compensate those of vehicles with conventional engines. However, 
tests also show that even alternative propulsion vehicles will pro
duce relevant qualitative and vehicle specific acoustic character
istics [6]. Neither general statements concerning noise quantity 
nor statements based on propulsion technology may comprehen
sively describe the individual case.

Not many speed modulating driving situations exist and the find
ings are in general insufficient. Individual results show for mod
erately accelerating alternative propulsion vehicles in the speed 
range up to v = 30 km/h compared to internal combustion engines 
lower noise emissions. Tests on braking actions in the speed range 
of v ≤ 20 km/h show no perceptibility variations compared to con
ventional vehicles. Test results on high rates of acceleration and 
acceleration at typical urban driving speeds up to v = 50 km/h are 
still not available. In addition, there are no findings reported in 
literature on vehicles that are about to set off.

3 INFORMATION REQUIREMENTS  
AND SITUATION OF PEDESTRIANS

The relevant information situation comprises information which a 
pedestrian has access to, irrelevant of a certain sense modality. 
Modifications of this information situation due to changing ambi
ent noises emitted by vehicles may develop from already perceived 
noise sources. Therefore, only these sources are considered. How
ever, this does not imply any restrictions on possible measures 
influencing the information situation.

3.1 INFORMATION REQUIREMENTS
Visual and acoustic information of pedestrians on approaching 
vehicles is dependent on the interaction constellation and is influ
enced by a multitude of situational and personal as well as physio
logical and psychological factors. Besides the habitual and situ
ational sensory ability, personal factors also comprise cognitive 
information processing, motivation as well as mental and physical 
aspects of performing an action [7].

The evaluation of relevant pedestrian information needs requires 
interactions with primary reaction request directed to the pedes
trian are important. This comprises all situations in which the 
pedestrian is given no preference to vehicle traffic. Gidas (German 
InDepth Accident Study) accident data evaluations show that 
these situations comprise the most imminent problems in traffic 
safety. The most frequent accident constellation amongst all vehi
cle accidents with the participation of a pedestrian is crossing of 
a single lane double marked road at a distance of intersections. 
Depending on the sensory restrictions of the participating pedes
trians, intersections gain importance in accident scenarios [8].

1 INTRODUCTION

2 NOISE EMISSIONS OF ALTERNATIVE PROPULSION VEHICLES

3 INFORMATION REQUIREMENT AND SITUATION OF PEDESTRIANS

4 SUBJECTIVE ASSESSMENT OF EXEMPLARY MEASURES
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Hazard cognition is a central aspect of traffic safety. High 
dynamics of road traffic requires proactive behaviour. Hazard cog
nition comprises mental anticipation of potentially dangerous situ
ations and adjustment of the attitude to the anticipated 
sequence [9]. An adequate information basis is required for haz
ard cognition. However, situations must also be considered in 
which mutual attention or pedestrian right of way applies. For this 
case the pedestrian needs information for reassurance and danger 
avoidance if he is not granted right of way by a vehicle. Focus 
group interviews with pedestrians show that these situations occur 
frequently at intersections [8].

Pedestrians receive information on the movement of vehicles 
beyond the relevant viewing direction primarily acoustic in inter
actions with typical vehicles. This for instance comprises informa
tion on presence, distance, speed and direction of the vehicles. 
Besides hazard cognition, this information is also important for 
retrospective evaluation one’s behaviour in order to avoid future 
potentially dangerous situations. Portions of acoustically realised 
distance estimation [10] are also important. When visually focus
ing on distant vehicles, close vehicles may be acoustically detected 
at the same time [11]. Accelerating and ready to set off vehicles 
with internal combustion engine usually create characteristic 
noises, but no distinctive visual impressions. These pieces of 
information are behaviour and safety relevant in many situations. 
Therefore, they may be considered as information relevant.

3.2 INFORMATION SITUATION
According to the described considerations, several situations may 
result in information variations. Initially, the pedestrian will have 
to estimate the area of his immediate next steps. This projection 
is performed at regular intervals in the range of 3 to 5 s (move
ment space). Therefore the movement relevant space of a pedes
trian may be defined as within a radius of 5 m. Considering the 
acoustic information source of alternative propulsion vehicles, 

this distance range has to consider information on vehicles with 
driving speeds of approximately up to v = 20 km/h and vehicles 
ready to set off. Second, the proximate range around the pedes
trian must be considered. Vehicles, which will reach the move
ment space within 5 s, should be able to be considered in the 
hazard estimation. The relevant driving speeds of v ≤ 20 km/h 
considered here results in the proximate range of d < 30 m. Infor
mation on rapidly accelerating vehicles should be able to be con
sidered in a similar timerelated but due to higher movement 
dynamics (v ≤ 50 km/h) extended distance range (d > 30 m). The 
recognition of rapidly accelerating vehicles could gain impor
tance because of the high torque of electric powertrains available 
at startoff [12].

The background noise plays an important role. It can be 
assumed that pedestrians have acoustic access to the above per
tained information for typical internal combustion engines at mod
erate background noise. It may approximately assumed that the 
background noise is at a moderate level if individual vehicles are 
in an audible distance [2, 4, 13].

3.3 DISCUSSION OF VISUAL COMPENSATION POTENTIAL
Acoustic perception differences may only rule the information situa
tion if no sensory alternatives exist. The primary sensory channel is 
vision. This alternative can be largely ruled out for vision impaired 
pedestrians (visually handicapped and blind persons according to 
Social Security Code). Visually handicapped and blind persons 
already use information sources like memory, acoustic and tactile 
perceptions as well as technical means for navigation to compen
sate impaired visual perception. Only adapted technical devices 
have compensation potential. In order to determine compensation 
of the information situation, also with view to ergonomic design and 
practicability, empirical studies need to be performed.

For pedestrians without significant visual handicap, visual com
pensation should be considered. Perception of vehicles includes 

AREA OF MEASURES MA MEASURES

INFORMATION AND 

KNOWLEDGE-ORIENTED 

MEASURES

01
Motorists should be frequently reminded that pedestrians and cyclists are vulnerable  

road users and that they should pay more attention to them

02 Sensitize all pedestrian to particularly quiet vehicles

03
Sensitize particularly affected people (visually impaired, blind, children) to particularly quiet 

vehicles

04 Pedestrians should always wear conspicuous clothing in traffic

INFRASTRUCTURE 

MEASURES

05 Built more pedestrian crossings and pedestrian refuge islands

06 Equip more intersections with traffic lights

07
Additional elements should be applied to the roadway at intersections without  

traffic lights in order to facilitate the hearing of an approaching vehicle

08
The pedestrians should give a signal indicating their presence to the infrastructure  

(such as traffic lights)

ONBOARD (ACOUSTIC) 

MEASURES

09 Particularly quiet vehicles should always emit a well audible perception signal in urban areas

10 Particularly quite vehicle should emit a well audible perception signal only while reversing

11 Particularly quiet vehicles should emit a specificnoise level only for dogs (guide dogs)

MEASURES OF VEHICLE-

PEDESTRIAN 

COMMUNICATION

12
Particularly quiet vehicles should give the pedestrian a signal of their presence  

(such as via radio an acoustic or vibration signal to a device worn by pedestrian)

13
Pedestrians should give particularly quiet vehicle, a signal of their presence  

(such as wireless)

ONBOARD (AUTOMATIC) 

MEASURES

14 Particularly quiet vehicles should automatically detect pedestrians and warn the driver

15
Particularly quiet vehicles should automatically detect pedestrians, warn the driver and 

brake automatically if necessary ❷ Analysed measures [8]
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constellations like movement of vehicles located on the side or 
behind the pedestrian. A modified gaze behaviour may offer a 
compensation in a predictable sequence, however, unexpected 
vehicles cannot be detected this way. A second drawback is the 
motion of the pedestrian. A visual search directed in several direc
tions is easier to perform when the person is standing still. Thus, 
visual tracking of peripheral vehicle movements while walking 
respectively crossing is impeded.

A differentiation between vehicles at standstill and ready to set 
off positions by means of visual perception may possibly be 
effected by means of eye contact with the driver. This is condi
tional upon mutual recognition. This applies to some but not all 
situations. Vehicles in rapid acceleration may be recognised 
merely visually only by means of permanent gaze direction. Since 
for pedestrians at least when crossing the requirement of observ
ing several directions exists, gaze diversions occur at regular inter
vals and rapidly accelerating vehicles cannot be perceived as such 
by vision only.

It can be concluded that the mere adaption of the gaze behav
iour may not provide an information situation to the pedestrian, 
which is equivalent to seeing and hearing of regular conventional 

vehicles. Furthermore, it can be assumed that the portion of 
pedestrians with lower compensation potential due to physical 
and sensory handicaps will increase in the course of demographic 
transition [7].

4 SUBJECTIVE ASSESSMENT  
OF EXEMPLARY MEASURES

The success of many possible measures for influencing the 
described pedestrian information situation is also dependent on 
acceptance by pedestrians and drivers. In order to provide state
ments, a total of 15 exemplary measures have been evaluated, ❷. 
A central dimension for evaluating the acceptance in the context 
of traffic influencing measures is the efficiency evaluation by traf
fic participants [14, 15]. Amongst pedestrians the visually handi
capped are of special importance, while amongst the drivers, the 
alternative propulsion vehicle drivers are of special interest.

In the period from November 2010 until May 2011, a total of 
603 pedestrians participated in an online survey [8]. The survey 
included persons without and with visual and hearing impair
ment. Visually impaired persons assess – more than pedestrians 
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without sensory impairment – various infrastructural measures, 
automatic devices in the vehicle as well as perceptibility signal 
as helpful, ❸.

Persons without impairments as well as hearing impaired per
sons evaluate besides infrastructural measures and perceptibility 
signal also information oriented measures as helpful. Hearing 
impaired persons additionally evaluate measures for compensa
tion of their perceptibility deficit by means of technical commu
nication between vehicle and pedestrian as positive, ❹. By means 
of vehicle based automatic pedestrian recognition with warning 
respectively emergency braking the interviewed pedestrians hope 
for a technical emergency backup, which is not available in today’s 
interactions with vehicles.

A total of 227 active drivers participated in a further online survey 
in the same period, 45 % of which had alternative propulsion vehicle 
driving experience. Of the surveyed drivers, all presented measures 
were rated as less helpful, except for the informing measures, ❺.

Drivers with alternative propulsion vehicle driving experience 
assess infrastructural and vehicle based measures as less help
ful compared to drivers without alternative propulsion vehicle 

experience and pedestrians. The most significant assessment 
differences can be found between “vision impaired pedestri
ans” and “drivers with alternative propulsion vehicle driving 
experience”, ❻. Both groups show a contrasting response behav
iour with significant assessment differences in most measure 
areas.

The assessed measures differentiate in their efficiency poten
tial concerning the pedestrian information situation. Infrastruc
tural measures (such as elements in the road creating a noise at 
tyre contact) and vehiclepedestrian communication (such as 
vehicle transmits information to a device worn by pedestrian) 
may influence the pedestrian information situation. A vehicle 
based perception signal may also serve this purpose, for instance 
as in “noise on demand”. Information oriented measures and 
vehicle based automatic pedestrian recognition influence traffic 
safety, however, not the direct pedestrian information situation. 
Assessments of vision impaired pedestrians seem to have a 
closer relation to objectively assessable efficiency than the 
assessments of drivers familiar with alternative drive train 
technology.
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5 SUMMARY AND OUTLOOK

Vehicles with alternative propulsion systems may emit different 
exterior noises than vehicles with internal combustion engines. 
This article discusses scenarios between vehicles and pedestrians, 
which may lead to deficits in the pedestrians’ information situa
tion. So far findings of the acoustic perceptibility for a number of 
potentially affected driving conditions are still missing, such as 
during high rates of acceleration or for standing vehicles that are 
about to set off. In addition to the literaturebased considerations 
603 pedestrians and 227 drivers evaluated various measures that 
could potentially influence this problematic. The results clearly 
show groupspecific preferences, for example regarding onboard 
measures. Some measures, however, were rated equally helpful, 
such as additional elements applied to the roadway at intersec
tions, which induce noise at tyre contact. Until now, consolidated 
findings are still lacking in their perceptual effects.
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INTERACTION BETWEEN CHASSIS DAMPER  
AND ELASTOMER-MOUNT

Chassis dampers from ZF Friedrichshafen are designed in a way that the damping provides the 
required input to the driving impression. For conventional passenger cars, the damper is linked 
to the car body by an elastomer-mount. The investigation of the interaction between these two parts, 
which was developed as external dissertation at the Technical University of Darmstadt, delivers 
scientific findings of the vibration behaviour of this subsystem.
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1 INTRODUCTION

The subjective driving impression of a car passenger is largely 
influenced by disturbances such as the generation of noise in the 
passenger compartment, vibrations, impacts and movements of 
the car body. The more the passengers experience these vibra-
tions, the worse the driving comfort is evaluated. Dampers are 
used in the chassis to reduce the vibrations of the car body and 
the wheels within their natural frequencies. For conventional pas-
senger cars, the damper is linked to the car body by an elastomer-
mount. The elasticity of these mounts delivers the isolation of 
vibrations and with it the driving comfort. The damper and the 
upper elastomer-mount (which is referred to as top-mount within 
this work) are connected over the piston rod of the damper. Within 
this frequency response system the damper as well as the top-
mount shows elastic and damping properties. The translational 
degree of freedom of the piston rod allows this mass to vibrate 
between damper and top-mount. With the combination of these 
parts together, new vibration characteristics of the suspension 
appear. The interaction between the damper and the top-mount 
complicates the achievement of the desired characteristics of 
damping and compliance for the whole vehicle, when developing 
these parts separately.

2 SUBSYSTEM DAMPER AND TOP-MOUNT

The registration and evaluation of driving comfort is based on 
mechanical vibrations, which are transferred to the passengers as 
structure borne noise, and acoustic vibrations, in terms of noise 
in the vehicle interior. The requirement for the vibration behaviour 
of the chassis is: No noise and no vibration in the vehicle inte-
rior  [1]. Concerning this matter the damper module, which is 
reduced here to the subsystem of damper and top-mount, ❶, is 
analysed within this work. To investigate the interaction between 
damper and top-mount two key aspects were derived [2]. It is dif-
fered between the damper as transfer element of road induced 
vibrations and the damper module as source of vibrations.

The transfer of vibrations through the damper module is defined 
by the transfer properties of damper and topmount. The proper-
ties of damper and topmount change with increasing frequency. 
Elastomer-mounts are characterised by their dynamic stiffness. 
Up to now the dynamic stiffness is also used to differ the dynamic 
properties of the damper and accordingly of the damper module 
from the static properties [3, 4, 5, 6, 7, 8, 9, 10]. The frequency-
related ratio of the complex damping force to the input-side com-
plex vibration amplitude during simple harmonic vibrations is 
termed dynamic stiffness [4].

Additionally to the frequencies of the excitation, there can be 
frequencies measured at the piston rod which are not present in 
the excitation. Consequently, the damper module must be seen 
as a source of vibrations. These vibrations reach the car passen-

gers as structure borne noise. A certain noise which appears is 
called chuckle noise [11]. At the same time high accelerations are 
measured at the strut rod top, the noise in the passenger com-
partment generates customer complaints [12]. Up to now the rea-
son of the vibrations which can be measured at the piston rod of 
the damper and which differ significantly from the excitation are 
searched inside the damper. The following causes for this noise 
are mentioned in state-of-the-art literature:
 : non-linear damping characteristic [11, 12]
 : opening and closing mechanism of the valves [11, 13, 14, 15]
 : friction [13, 15, 16].
It is concluded, that the piston rod transmits the vibrations that 
are going to excite the vehicle carbody [13].

3 DAMPER AS TRANSFER ELEMENT OF VIBRATIONS

As the damper has damping and elastic properties, the physical 
schematic is a Maxwell model meaning a series connection of the 
inner damper elasticity cD and the damping dD, ❷. To detect the 
elastic properties of the damper, the spring power is established. 
That number is the surface integral of the damping force over the 
excitation velocity for one cycle with the period T. Assuming linear 
characteristics of the Maxwell model and harmonic excitation in 
Eq. 1, the spring power can be calculated analytically with Eq. 2. 
Explanation of used formula symbols see ❸.

EQ. 1 x0(t) = x̂0 sin(ωt)
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Additionally the well-known number of the damping work is used, 
which is the surface integral of the damping force over the excita-
tion for one cycle:

To calculate the integrals the phase angle φ and the dynamic stiff-
ness cdyn, D of the Maxwell model are necessary:

The quotient of the spring power and the damping work according 
to Eq. 6 leads to the ratio of damping constant and spring stiff-
ness weighted with ω2:

However the damping element and the spring stiffness cannot be 
described as constant linear elements. With the quotient of the sur-
face integrals (left side of Eq. 6) and the division by ω2 the mentioned 
ratio can now be used for any characteristics. Eq. 7 gives an effec-
tive ratio of damping constant and spring stiffness. This ratio is estab-
lished as effective damper-stiffness ratio. It is a reference for differ-
ent dampers to quantify the spring properties relatively to the damp-
ing. Resulting from Eq. 7, high spring stiffness or low spring power 
leads to a small value of the effective damper-stiffness ratio:

The reciprocal of τD, eff(ω) equates to the cut-off frequency of the 
Maxwell model. For an ideal Maxwell model with linear character-
istics τD, eff(ω) is independent of ω, so that a measure of the devia-
tion from this ideal model is the dependency of ω.

A simulation model of a quarter car, ❹, is used to show the 
effect of the damper-stiffness ratio. Two dampers with the same 
damping work but different spring powers are applied to the model 
(PF, damper1 > PF, damper2).

The differences of the vehicle vibration behaviour due to the prop-
erties of the dampers are evaluated with the vehicle body accelera-
tion. The frequency spectra of this signal are compared for the model 
with a sinusoidal sweep excitation with increasing frequency and 
constant velocity amplitude. ❺ shows that damper 1 leads to higher 
amplitudes within the wheel resonance and to lower amplitudes out-
side this resonance. Achieving the same damping work, the spring 
power reduces the damping with the same consequence like a low-
ering of the damping characteristic of ideal damping elements.

4 DAMPER MODULE AS SOURCE OF VIBRATIONS

To analyse the emergence mechanism of module-induced vibra-
tions, the components are simulated each without hysteresis. In 

EQ. 2 PF = 
T

∫
0
F dv =   1 __ 2  Tx̂0

2ω2cdyn,D cosφ

EQ. 3 WD = 
T

∫
0
F dx =   1 __ 2  Tx̂0

2ωcdyn,D sinφ

EQ. 4 tanφ(ω)=  
cD
 ____ ωdD
  

EQ. 5 cdyn, D(ω) =   
ωdDcD
 ________ 

 √
_________

 c2
D+ω 2d2

D  
  

EQ. 6   
PF
 ___ WD
  =  

ω 2dD
 ____ cD

  

EQ. 7 τD, eff(ω) =   
PF
 _____ WDω 2   = (   dD

 __ cD
   ) eff

❷ Physical schematic of a damper

FORMULA SYMBOLS UNIT EXPLANATION

cD N/m Explanation

cdyn, D N/m Spring stiffness of the damper

cTM N/m Dynamic stiffness of the damper

dD Ns/m Spring stiffness of the top-mount

drel – Damping constant of the damper

deff, D Ns/m Relative damping

deff, module Ns/m Effective damping of the damper

deff, total Ns/m
Effective damping of the module  

(without hysteresis of the single components)

F N

Effective damping of the module  

(with top-mount spring stiffness and  

inner elasticity of the damper)

mKst kg Force

PF Nm/s Piston rod mass

T s Spring power

v m/s Speed

WD Nm Damping work

x m Displacement

φ ° Phase angle

ω s-1 Frequency of the excitation

ω0Kst s-1 Natural frequency of the piston rod mass

τD, eff s Effective damper-stiffness ratio

τmodule s Module-stiffness ratio

τtotal s

Stiffness ratio of the module  

(with top-mount spring stiffness and  

inner elasticity of the damper)

η – Frequency ratio 

❸ Used formula symbols and their meaning
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this case the topmount is simplified as spring with stiffness cTM 
and the damper as pure damping element with the damping con-
stant dD, ❻. The equation of motion for the piston rod mass mRod 
in this configuration of frequency response system can be solved 
analytically for linear characteristics and harmonic excitations:

The module-stiffness ratio is established as quotient of damping 
constant and top-mount stiffness:

The result of the equation of motion can be converted to Eq. 13, 
when using the equations for the natural frequency of the piston 
rod (Eq. 10), the frequency ratio of excitation frequency and natu-
ral frequency (Eq. 11) and the phase angle between the excitation 
and the force (Eq. 12):

A change of the damping constant or the differential damping dur-
ing one excitation cycle, as it is the case for common nonlinear 
damping characteristics, causes a change of the module-stiffness 
ratio τmodule in time. This change leads to a difference in the result 
of the equation of motion, by what the piston rod is initiated to 
vibrate. For that reasons it is suggested in [18, 19] to adapt the 

EQ. 8 mKstx··Kst+dDx·Kst+cTMxKst=dDx·0

EQ. 9 τmodule=  
dD
 ___ cTM
  

EQ. 10 ω 2
0Kst=  

cTM
 ____ mKst
  

EQ. 11 η =    ω ____ ω0Kst
  

EQ. 12 tanφ=  
ωτmodule

 _____ 1–η 2  

EQ. 13 xKst=x̂0   
ωτmodule
 _______________  

 √
_________________

  (1–η2)2+(ωτmodule)
2  
   cos(ω t–φ)

❹ Simulation of a quarter car

❺ Frequency spectra of the vehicle 
body acceleration for damper 1 and 
damper 2
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top-mount characteristic to the damping characteristic in a way 
that there occurs no change of the stiffness ratio.

The above mentioned model of the damper module is simulated 
with a linear top-mount characteristic and a common non-linear 
damper characteristic, ❼, in which both parts have no hysteresis. 
❽ shows the time response of the following quantities of this model: 
damper force, second derivative of the damper force with respect 
to time and acceleration of the piston rod. It can be seen, that the 
vibration of the piston rod starts when the value of the derivative is 
high. That derivative can be formulated in Eq. 16 with the equation 
for the excitation (Eq. 14) and the differential damping (Eq. 15):

The value of the second derivative of force with respect to time gets 
higher with increasing curvature of the damper characteristic of force 
over velocity and with increasing acceleration in that curvature.

5 EFFECTIVE DAMPING

If a frequency response system consists of at least one damping 
element and one spring element, the resulting force is partly 0° and 
partly 90° shifted in phase regarding the excitation. The dynamic 
stiffness, which is calculated from the quotient of force amplitude 
to excitation amplitude for elastomer-mounts and dampers, can be 
separated in real and imaginary part using the phase angle. That 
algorithm is valid for linear characteristics and harmonic excitations. 
As real characteristics of dampers and top-mounts are nearly con-
stant area by area, the analytical calculation has to be used for cer-
tain characteristic areas. The relative damping according to Eq. 17 
is established as quotient of imaginary part of the dynamic stiffness 
and magnitude of the dynamic stiffness:

The effective damping is the product of damping constant and relative 
damping. The effective damping of the damper, which can be simpli-
fied as Maxwell model, results from Eq. 18. The spring property can 
only be neglected for frequencies considerably lower than the cut-off 
frequency τD, eff

-1 = cD/dD. According to that the damping of a damper 
with small cut-off frequency decreases with increasing frequency:

The effective damping can be calculated for the damper module, 
⑥, with Eq. 19. Therefore the mass of the piston rod has been 
neglected, as it is in usual configurations just effective above 
100 Hz and that is why η « 1 is assumed according to Eq. 11:

The comparison of Eq. 18 and Eq. 19 shows, that the top-mount 
spring operates like the inner spring of the damper. For this rea-
son the effective damping of the damper module including a top-
mount spring and a damper with inner elasticity can be calculated 
with the sum τtotal = τD + τmodule = dD/cD + dD/cTM as per Eq. 20:

6 SUMMARY

The driving comfort of a vehicle gets a positive evaluation, as long 
as there are no disturbing vibrations reaching the driver. Within this 
research work only the damper module consisting of the damper 
and the top-mount was investigated. For this reason two key aspects 
were analysed. One was the transfer of road induced vibrations 
through the damper module, and the other one was the emergence 
mechanism of vibrations in the damper module.

Additionally to the damping work the spring power is used to 
characterise the spring properties of the damper. Moreover the 
effective damper-stiffness ratio was established to be able to com-
pare the dynamic properties of different dampers. The advantage 
of the established integral numbers is the usability for parts with 
nonlinear characteristics.

The change of the module-stiffness ratio, which was introduced 
as ratio between damping constant and top-mount elasticity, could 
be identified as reason for the module induced vibrations. This 
change leads to high values of the second derivative of force with 
respect to time whereby the piston rod itself is stimulated to vibrate.

For both, damper and damper module the relative damping as 
quotient of imaginary part and magnitude of the dynamic stiffness 
is used to quantify the ratio of the damping to the magnitude of 
the dynamic stiffness. The effective damping of the suspension 

EQ. 14 dv=a·dt

EQ. 15 dD=  dF
 __ dv  

EQ. 16   d
2F
 ___ dt2  =a2   d

2F ___ 
dv2

  

EQ. 17 drel=  
Im(cdyn)

 ______ |cdyn|
  

EQ. 18 deff, D=dD·drel, D = dD ·   
cD __________ 

 √
__________

 c2
D+(ωdD)

2
  
   =dD·   1

 _________ 
 √
_________

 1+(ωτD)
2  
  

EQ. 19

deff, module=dD·drel, module = dD ·   
cTM __________ 

 √
__________

 c2
TM+(ωdD)

2
  
   = 

dD·   1
 _________ 

 √
_________

 1+(ωτmodule)
2  
  

EQ. 20 deff, total=dD·drel, total =dD·  1
 _________ 

 √
_________

 1+(ωτtotal)
2  
  

❻ Damper module without hysteresis of the single components
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results from the product of this number with the damping constant 
of the damper.

In the future the characteristics of damper and top-mount can be 
better tuned on each other based on these findings to reduce mod-
ule induced vibrations and to find the optimum compromise between 
the effectiveness of damping and the isolation of vibrations.
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❼ Characteristics for the simplified 
damper module

❽ Time response of module induced piston rod vibrations
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