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Lithium-ion Batteries 
for Hybrid Drives

4
ATZ shows how Daimler made it possible to develop to maturity the 
Lithium-ion Technology hitherto used in consumer products for the 
use in vehicle batteries in the Mercedes-Benz S 400 Hybrid. This is 
accompanied by an article from Behr to cool down these batteries 
optimally.
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Dear Reader,

If you have children of your own, you 
will be familiar with that special kind 
of pride that you experience when your 
child scores the most goals in a football 
tournament or plays the main role in 
the school musical. The editorial team at 
ATZ felt the same pride recently for its 
new magazine “Automotive Agenda”. 

At the end of May, Automotive Agenda 
was awarded the accolade of “Business 
Medium of the Year 2009” by the Asso-
ciation of German Business Media — for 
us specialist journalists in Germany, 
that means as much as an Oscar for an 
American actor. When presenting the 
award, the jury justified its choice as fol-
lows: “This magazine extends far beyond 
the market that otherwise addresses car 
manufacturers, service providers and 
top decision-makers from the automo-
tive industry. It avoids monotonous news 
reporting, focusing instead on monothe-
matic differentiation and a refreshing 
change in the way issues are presented 
and in its journalistic text types. With 
clear reader guidance, skilful presenta-

tion, a high level of comprehensibility 
without simplification, an almost artis-
tic layout and differentiated imagery.” 

Automotive Agenda has been published 
by our publishing house since the end 
of last year, and ATZ played a key role 
in bringing it to life. In contrast to the 
technical depth that is the responsibil-
ity of ATZ, every issue of Automotive 
Agenda examines the strategic aspects 
of a topical issue. For example, the next 
issue, which will be published on the oc-
casion of the International Motor Show 
in Frankfurt, will discuss the question 
“Premium – quo vadis?”

If you would like to find out more about 
this new magazine, you can order a trial 
issue now at www.automotive-agenda.de.

Johannes Winterhagen
Wiesbaden, 8 June 2009

Something 
to be Proud of

Johannes Winterhagen 
Editor-in-Chief

EDITORIAL
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Lithium-ion Battery  
First Series Application in S 400 Hybrid

In the summer of 2009, Mercedes-Benz will launch the first production passenger car to be fitted with a 
lithium-ion battery. The aim of the development was to replace the lead battery in the engine compartment 
with an high-voltage battery generating an output of 25 kW, equivalent to a power density of 2000 W/l for 
the entire system. At present, only lithium-ion technology is capable of meeting this requirement. Within 
a period of three years, Daimler made it possible to develop to maturity the technology hitherto used in 
consumer products for use in vehicles. The focus of development was on safety technology, service life 
issues, material developments and the set-up of production facilities.

Cover story
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1  Introduction

The Mercedes-Benz S 400 Hybrid is the 
first hybrid series production vehicle by 
Mercedes-Benz, and the first series pro-
duction passenger car to be equipped 
with lithium-ion (Li-ion) battery technol-
ogy. The vehicle will be launched in the 
key markets for the S-Class starting in 
the summer of 2009.

The most important objective for the 
vehicle was to fulfill without restriction 
all of the expectations that customers 
have of an S-Class and furthermore to cut 
fuel consumption and CO2 emissions to 
an all-time low in the premium class. In 
addition to retaining the agility and the 
familiar level of comfort, particular atten-
tion was devoted during the designing of 
the vehicle to ensure that there was no re-
striction of the effective load space and 
the load capacity available to the custom-
er compared with the base vehicle. Since 
the high-voltage battery used in hybrid ve-
hicles is the component that requires the 
most installation space, a solution had to 
be found to house the battery in an exist-
ing space, preferably that provided for the 
conventional starter battery.

2  The Lithium-ion Battery System  
in the S 400 Hybrid

The high-voltage battery technology cur-
rently used in series production in the 

automobile industry is based on nickel 
metal hydride (NiMH) cells [1]. The objec-
tive in developing the first Mercedes hy-
brid vehicle was to replace the NiMH 
technology with the superior lithium-
ion technology that had previously only 
been used in the consumer electronics 
sector (laptops, cell phones, tools, etc.). 
Only in this way is it possible to install 
the high-voltage battery in place of the 
conventional starter battery, as the new 
technology is clearly superior to conven-
tional nickel metal hydride technology 
in terms of energy content and power 
density.

2.1  Lithium-ion Technology
The electrodes of the round lithium-ion 
cells used are made of aluminum foils 
coated with graphite (anodes) and cop-
per foils coated with lithium metal oxide 
(cathodes). The anodes and cathodes are 
separated by the plastic separator. The 
wound electrode is soaked with an or-
ganic electrolyte, which enables the 
transfer of lithium ions in the first 
place.

During the charging process, lithium 
ions are released from the metal oxide 
and move through the separator to the 
graphite electrode where lithium carbide 
forms, Figure 1. The energy stored in the 
process can be released again by the in-
verse chemical reaction that occurs dur-
ing the discharge process. Metallic lithi-
um is not present. Depending on the ma-
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terials used, these charging/discharging 
cycles can be repeated in a lithium-ion 
battery for several thousand cycles until 
the electrode is finally exhausted. In the 
cell used in the S 400 Hybrid, this is equiv-
alent to more than 400,000 cycles (for a 
typical charge/discharge depth < 5 %).

The advantages of lithium-ion technol-
ogy are shown in Figure 2. Without doubt 

worthy of particular mention are the high 
energy density and power density that are 
accompanied by the technology’s excep-
tional safety standard and the high re-
charge efficiency and improved cold start 
performance, especially at temperatures 
below 10 °C. Naturally, long-term experi-
ence of using the technology under the 
harsh conditions in the vehicle over a pe-

riod of more than ten years is not yet avail-
able. To ensure a long service life, it is 
therefore essential that the thermal bal-
ance of the battery be monitored.

2.2  Design of the Battery
The use of lithium-ion technology ena-
bles an energy content of 0.8 kWh and a 
minimum capacity of 6.5 Ah to be 
achieved in the space taken up by a 90 
Ah starter battery. This allows the re-
quired electrical end of life system per-
formance of 19 kW. Figure 3 provides an 
overview of the battery’s technical data.

The battery consists of a welded sheet 
metal housing containing a pack of cells 
comprising 35 round cells along with an 
integrated aluminum cooler that con-
nects directly to the vehicle air condition-
ing system. In order to secure the cells 
mechanically in the pack while at the 
same time optimizing the cooling 
through thermal conduction, the entire 
block is fitted with a plastic lining. The 
electronic cell voltage monitoring system 
along with the battery management sys-
tem and the two main contactors and 
fuse are still also accommodated in the 
battery housing. All connections such as 
the high-voltage plug, the connection to 
the DC/DC converter, the on-board power 
supply and the air conditioning system 
are arranged at the front end. The total 
weight of the battery is 24.5 kg. The me-
chanical strength and fatigue durability 
of the selected design were verified in 
complex FEM calculations. Likewise, the 
demonstration of crash safety that is 
standard in the automobile industry was 
conducted in real-life vehicle tests. 

Figure 2: Comparison of Lithium-ion and nickel metal hydride technology

Figure 3: Technical data 
for the lithium-ion battery

Figure 4: Radiator system for the 
S 400 Hybrid battery
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2.3  Battery Cooling
As a result of its installation in the en-
gine compartment, the battery is ex-
posed to substantial ambient tempera-
tures. Since its service life is essentially 
dictated by the temperature profile 
throughout its lifespan, it is imperative 
to provide a cooling system. To prevent 
the battery cooling from impairing the 
control of the air conditioning in the ve-
hicle interior, cut-off valves are integrat-
ed into the system that allow the custom-
er to switch off the air conditioning with-
out interrupting the battery cooling, 
Figure 4. When the engine is not running, 
the electrical A/C compressor not only 
provides the air conditioning but also 
guarantees that the battery’s operating 
temperature limit of 50 °C is not exceed-
ed in this state either.

The design of the cooling system was 
based on the thermal description of the 
connection between the cells and the 
cooler supported by simulations. The cal-
culations for typical driving cycles in re-
ality show the efficiency of the chosen 
cooling design.

Measurements taken in the field indi-
cate a thermal output of between 4 and 6 
W per cell during real-life operation. 
Coolant inlet temperatures are generally 
between 10 and 15 °C. Accordingly, the 
maximum cell temperatures are around 
30 °C, which corresponds with measure-
ments taken in the vehicle (Chapter 5).

3  Material Development

As already described in Chapter 2.1, the 
lithium ions within the cells used pro-
vide the charge equalization and there-
fore the flow of current. In reality, how-
ever, it is the metal oxide and the carbon 

in the electrodes that are the active ma-
terials. For lithium-ion batteries, there is 
a variety of active materials that can be 
used to create electrodes in which lithi-
um ions can be inserted or with which 
lithium reacts, Figure 5, [2].

Although a high energy content is not 
the primary design criterion for our ap-
plication, sufficient cell capacity does 
nevertheless constitute an important ref-
erence point – given the direct link be-
tween the depth of the typical charge 
and discharge cycle (as a function of the 
cell’s capacity) and the service life of the 
cell. In our case, this resulted in an opti-
mum nominal capacity of between 6 and 
7 Ah. Other design points are derived 
from the required battery output at the 
end of the minimum service life and the 
state of charge of the HV network.

Various materials (such as iron phos-
phate cathodes or lithium titanate an-
odes) were excluded due to the unfavora-
ble potential layer, the resultant low cell 
voltage and the consequential need for a 

greater number of cells to achieve the de-
sired system voltage in the available in-
stallation space. Due to the decomposi-
tion voltage for the electrolytes in com-
mon use today, voltages above 4.2 V can-
not be achieved, Figure 5.

3.1  Characterization of Anode Materials
Table 1 provides a comparison of the dif-
ferent materials used for the anode. In 
addition to the potential range (with a 
target value approaching zero volts), the 
decisive factor in terms of evaluating 
the specific energy is the capacity for 
storing lithium ions expressed in mAh/
g. This comparison currently indicates 
that the graphite anode is the optimum 
choice in terms of energy, safety, stabili-
ty and cost. For this reason, graphite is 
the standard anode material in the lat-
est cells. For safety reasons relating to 
the available cell and battery designs, 
the use of metallic lithium is not an op-
tion. Lithium titanate systems, which 
are being used to an increasing degree 

Figure 5:  
Potential  
ranges of  
different active 
materials [2]

Table 1: Characterization of anode materials

Lithium metal Armorph. 
carbon Graphite Lithium alloys Lithium oxides Lithium titanate

Potential range in 
mV vs. Li/Li+ 0 100–700 50–300 50–600 50–600 1400–1600

Capacity in mAh/g 3860 approx. 200 372 3990 (Si), 1000 (Sn) 1500 150

Safety – + + o + ++

Stability – + + – – ++

Cost + o + ++ – –
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by cell manufacturers, do offer advan-
tages in the areas of safety and stability, 
but the capacity is half that achievable 
using graphite. In addition, the total 
voltages in the cell as a result of the 
high potential range of 1400 to 1600 mV 
are too low to achieve attractive energy 
densities.

3.2  Characterization of Cathode Materials
Table 2 contains a list of the most com-
mon cathode materials along with their 
generic characteristic profile. The capac-
ities for all materials are within a narrow 
window ranging from 150 to 170 mAh/g, 
and are thus significantly below the ca-
pacities of available anode materials.

The lithium iron phosphate cells 
available up to now offer significant de-
velopment potential because of their 
high cycle strength, their relative safety 
and the fact that they do not need costly 
metals such as nickel or cobalt. However, 
the cold-start and high-temperature ag-
ing characteristics of iron phosphate 
cells have yet to reach the favorable levels 
that would justify their use in hybrid 
and electric vehicles.

Manganese spinel cathodes have 
failed to make significant inroads de-
spite the cost advantage and the excel-
lent safety offered by these systems. Ulti-
mately, the thermal stability of the cath-
ode material during all tests proved in-
sufficient: small quantities of manga-
nese released from the cathode corrode 
the anode, particularly at high tempera-
tures, and lead to undesirable reactions 
there. Combinations with more resilient 
carbon materials also failed to offset 
these reactions sufficiently. The nickel 
cobalt manganese or NCM system with 

the molecular formula Li[NixCoxMnx]O2 
represents an optimum solution with re-
gard to energy, safety, cycle stability, cold 
starting, calendrical service life and 
price.

 The NCA system, which consists of 
nickel, cobalt and aluminum, behaves 
similarly to the NCM material referred 
to above, and combines excellent cycle 
strength and cold-start characteristics 
with high cycle stability and high capac-
ity.

3.3  Separators and Electrolytes
The separator is the electrically insulat-
ing, mechanically stable protective layer 
between the electrodes. Short-circuits 
must be prevented at all times. Separa-
tors are made of electrically insulating 
materials such as highly porous plastic 
films of polyethylene or polypropylene. 
High porosity and good wettability of 
the separator enables absorption of the 

electrolyte and ensures a high level of 
ionic conductivity between the elec-
trodes. The thickness of the polymer 
film is approximately 20 µm in order to 
minimize the internal resistance. In fu-
ture, we are likely to see more wide-
spread use of ceramic separators aimed 
at improving safety standards. The elec-
trolyte is composed of various compo-
nents – the liquid component (mixture 
of solvents), the conducting salt that 
contains the lithium ions, and further 
liquid additives.

3.4  Material Selection for the Battery  
in the S 400 Hybrid
Due to outstanding cycle stability, cold-
start characteristics and calendrical 
service lives, development of the battery 
was based on a nickel cobalt aluminum 
cathode (NiCoAl or NCA, see Table 2). 
The anode is based on a graphite mate
rial.

Figure 6: Different safety requirements pertaining to battery technologies

LiCoO2 LiNiCoAlO2 LiMn2O4 Li[NixCoxMnx]O2 LiFePhO4

Mean voltage in 
mV vs. Li/Li+ 3.80 3.9 4.0 3.8–4.0 3.3

Capacity in mAh/g 150 170 120 130–160 170

Safety – o + + +

Cycle stability + + o + ++

Cold starting + ++ o + –

Temperature stability + ++ – + o

Price – – o ++ o ++

Table 2: Characterization of cathode materials 
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4  Safety Technology

The rising storage capacity and reactivity 
of the active materials are accompanied 
by increasing safety requirements per-
taining to the cell and battery technolo-
gy, Figure 6. For this reason, particular at-
tention was devoted to the issue of safety. 
Among other things, the development 
process took into account the many years 
of experience accumulated by the Daim-
ler research departments. The challenge 
in this case did not only lie in complying 
with all the worldwide statutory and in-
house crash test requirements, but also 
in ensuring the greatest possible safety of 
the electrical components. This safety fo-
cus already applied in production, in-
cludes workshop personnel during serv-
icing and maintenance, and also takes in-
to account the emergency services recov-
ering passengers following an accident.

4.1  Elements of the Safety Concept
In addition to the Mercedes-Benz standard, 
the hybrid technology in the S 400 Hybrid 
is equipped with a comprehensive, seven-
stage safety concept, with the battery as 
the central component. The safety concept 
comprises the following elements:
1.	 In the first stage, all cables are unam-

biguously color-coded and marked with 
the relevant safety instructions. This 
prevents accidental assembly errors on 
the production line and makes the reg-
ular service checks easier to carry out. 

2.	 The second stage provides seamless 
contact protection for the entire sys-
tem by means of generously sized in-
sulation and newly developed special-
purpose connectors. 

3.	 As the third stage, the world‘s first 
lithium-ion battery to be used in a se-
ries-production model has been given 
a whole package of carefully coordi-
nated safety measures. This innova-
tive battery is accommodated in a 
high-strength steel housing, and addi-
tionally secured in place. Bedding the 
battery cells in a special gel dampens 
any jolts and knocks effectively. There 
is also a blow-off vent with a bursting 
disk and a separate cooling circuit. An 
internal electronic controller contin-
uously monitors the safety require-
ments and immediately signals any 
malfunctions.

4.	 The fourth stage of the safety concept 
entails separation of the battery ter-
minals, individual safety wiring for 
all high-voltage components and con-
tinuous monitoring by multiple inter-
lock switches.

5.	 This means that all high-voltage com-
ponents are connected by an electric 
loop. In the event of a malfunction, 
the battery management system auto-
matically shuts down the high-voltage 
system.

6.	 Active discharging of the high-voltage 
system as soon as the ignition is 
switched to „Off“, or in the event of a 
malfunction, is part of the fifth stage. 

7.	 During an accident, the high-voltage 
system is completely switched off 
within fractions of a second (stage 
six). 

8.	 As the seventh and last stage, the bat-
tery management system continuously 
monitors the system for short circuits.

4.2  Validation at Cell Level
As part of the US-american Freedom 
CAR and the European EUCAR support 
programs, proposals were developed for 
safety tests and for evaluation criteria at 
the cell and battery level, Figure 7. Over-
charging, puncturing the cell with a 
nail, deep discharging, shock, external 
short circuit and deformation of a cell 
are designated as forms of abuse. In Eu-
rope, these results were transferred to 

safety levels by EUCAR (European Coun-
cil for Automotive R&D). At the lowest 
safety level (EUCAR Hazard Level 7), the 
cells explode when subjected to the de-
scribed abuse tests. At the highest safety 
level, these tests do not lead to any im-
pairment of cell function.

In accordance with the voluntary 
commitment by the automotive manu-
facturers, only cells that fulfill level 4 are 
used, in order to ensure compliance with 
the high standards of safety insisted up-
on. Extensive test runs confirm the safe-
ty requirements of the cells used with 
positive results. These include, for exam-
ple, a rigid design of the battery housing 
in stainless steel, and a sealed pack in the 
battery interior to inhibit the supply of 
oxygen in the event of the battery being 
damaged.

5  Validation at Vehicle Level

The process of securing the validation re-
sults at cell and battery level in the vehi-
cle as well poses another challenge. Tra-
ditionally, summer and winter tests are 
conducted for validation purposes. Dur-
ing summer testing, the main focus is on 
ensuring the provision of adequate cool-
ing and on testing the behavior of the 
battery temperatures should the vehi-
cle’s cooling system fail. During winter 
testing, attention focuses on the cold-

Figure 7: EUCAR test description
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start characteristics of the battery and on 
its ability to level out at an operating 
temperature above freezing point via cor-
responding load cycles. 

In addition to winter and summer 
testing, validation is also ensured by 
means of vehicle endurance tests using 
different driving profiles, such as urban 
endurance tests, motorway endurance 
tests or rough-road endurance tests. In 
these cases, the focus is primarily on safe-
guarding the correct functioning of the 
specified component service lives. The 
various endurance test profiles are de-
signed to simulate a compressed service 
life that would apply during customer 
operation and therefore deliberately in-
corporate higher stress levels specific to 
each type of endurance test. However, 
the validation process for the high-volt-
age accumulator only involves a slightly 
higher load, since although all mechani-
cal and electronic components are sub-
jected to time-compression here, the ex-
tent to which a change in the cell chem-
istry can be represented or understood is 
currently limited.

In addition to validating the service 
life of the mechanical and electrical sub-
components of the battery, the objective 
of endurance testing is also to determine 
the various factors that influence cell ag-
ing. A service life model is used to validate 

the specified service life. This involves off-
setting data (determined at the cell and 
battery level, such as cycle lives and calen-
drical service lives) against the recorded 
test data. The results of the model calcula-
tion are checked with regular inspections 
on the test stand, where the capacity and 
the internal resistance are determined in 
order to create a standardized compara-
ble basis. The simulated calendar life is de-
termined based on the battery’s operating 
temperature profiles during the endur-
ance test (averaging 30°C, Figure 8, and the 
temperature profiles when the vehicle is 
stationary (for instance USABC hot pro-
file). The state-of-charge (SOC) profiles dur-
ing the test determine the influence on 
the cycle life. A combined total service life 
statement in the model is determined 
from the two service life statements. A 
comparison is then carried out between 
the modeled result and the inspection 
findings. After around 100,000 kilometers 
of testing have been conducted using a 
large number of endurance test vehicles, 
a validated model for predicting the serv-
ice life is available.

6  Battery Management System

The battery management system (BMS) is 
a control unit whose role is to guarantee 

the battery’s functional reliability at the 
maximum level of availability. It consists 
of the central control unit with the inter-
face to the vehicle, the shunt for measur-
ing the battery current, measurement 
equipment for the intermediate circuit 
voltage and cooling system tempera-
tures, and the cell monitoring modules 
(CSC) for measuring the cell voltages, se-
lected cell temperatures, and switches 
for passive charge equalization, Figure 9. 
In addition, the system includes insula-
tion monitoring for the high-voltage cir-
cuits inside and outside the battery. The 
BMS checks the main contactors in the 
positive and negative branch of the bat-
tery and the precharge circuit for charg-
ing the intermediate circuit capacitor in 
the vehicle. The expansion valve is acti-
vated by the BMS to regulate the cooling 
capacity at the battery.

The interaction of energy manage-
ment (EMM) in the components coordi-
nator (AGK) and the BMS can be clearly 
tracked based on the operating states: 
start, driving, switching off and park 
mode.During the start-up procedure, the 
EMM sends a request to the BMS to close 
the contactors. When the BMS wakes up, 
the SOC counter is set to the current 
state of charge. The BMS then initiates 
charging of the intermediate circuit and 
permits the flow of energy by closing the 

Figure 8: Determining the 
service life of a high-voltage 
battery
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main contactors, provided that the SOC, 
battery temperature and cell voltages are 
within the operating range.

Once in operation, the BMS continual-
ly calculates the SOC and determines 
currents, battery temperatures and the 
voltages in the individual cells. The per-
missible current and voltage limits are 
also calculated. If the limits of the charg-
ing state, battery temperatures or cell 
voltages are approached, the system ad-
justs the current limits for charging and 
discharging in order to avoid critical bat-
tery states such as overheating, deep dis-
charging or overloading. Battery cooling 
is regulated in accordance with the bat-
tery temperature through control of the 
expansion valve. The BMS uses the SOC 
to signal to the EMM whether the battery 
needs to be charged or whether addition-
al scope for energy recovery (regenera-
tion) should be created by discharging 
the battery to a greater extent. In addi-
tion to the SOC, the battery sends the 
EMM the prevailing battery current, the 
voltage and the battery temperature. 
Likewise, the current and voltage limits 
are transmitted via the CAN bus in order 
to calculate the battery’s current possi-
ble output. SOC integration errors that 
occur in driving mode are reset by means 
of a hand shake between the EMM and 
the BMS. Following the occurrence of 
battery states that block continuous bat-
tery operation, the “emergency start sig-
nal” can be used to force a vehicle start. 
The battery is then not used until the 
states are normalized. The process of 
switching off the battery is also initiated 
by the EMM. The BMS now opens the 

main contactors, saves the current status 
data and enters sleep mode.

When the vehicle is in park mode, the 
BMS is regularly woken by a real-time 
clock in order to determine the states of 
charge in the individual cells as well as 
the charge state of the battery as a whole. 
Based on the results, charge equalization 
is now performed on the cells until the 
cell voltages are within the tolerance 
range. Cells whose charge state is too 
high are differentially discharged with 
the aid of connected resistors. In order to 
minimize the closed-circuit consump-
tion, the CSCs operate without being 
monitored by the central control unit.

The use of high voltages in the vehicle 
calls for additional measures to comply 
with safety standards. When the vehicle 
is in operation, the insulation state of 
the high-voltage circuits in the battery 
and in the vehicle are continuously mon-
itored; insulation malfunctions are sig-
naled and the high-voltage system is shut 
down. Likewise, the interlock loop of the 
high-voltage system is operated and 
checked by the BMS. If the loop is opened, 
the high-voltage components are deacti-
vated immediately for safety reasons. The 
current high-voltage safety and fault sta-
tus is continuously sent to the EMM to 
ensure that the vehicle’s energy manage-
ment system is always informed of the 
battery state and is able to react.

An additional processor-independent 
path provides redundant possibilities for 
forcing the battery to switch off without 
BMS processor control in the event of ex-
cess current, excess temperature or over-
voltage. However, these shut-down condi-

tions are not reached during normal op-
eration, as cut-off strategies for the cur-
rent, voltage and temperature take effect 
beforehand. In accordance with the U. S. 
Federal Motor Vehicle Safety Standard FM-
VSS 305, the high-voltage battery is auto-
matically switched off during a crash by 
the opening of the main contactors.

7  Summary

In introducing lithium-ion technology in 
the Mercedes-Benz S 400 Hybrid, the 
process of developing the battery re-
volved around the safety technology, ma-
terial development, the design of the 
cooling system and service life testing. 
These results must now be applied to 
other applications such as electric vehi-
cles. However, the cells used for these 
types of applications differ significantly 
from those of the power-driven hybrid 
application due to the substantially high-
er specific energy content.
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Figure 9: Battery manage-
ment system and energy 
management interface
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Thermomanagement of 
Li-ion Batteries
With the increasing electrification of vehicle power trains, the electrical 
energy storage unit is assuming an ever stronger role as a key technology in 
the drive concept. While today’s series-produced hybrid vehicles still use 
nickel metal-hydrid batteries, ever-greater demands are necessitating a 
change in technology to the lithium-ion battery. The first series-produced 
hybrid passenger car in Europe with the newest energy storage system is 
the Mercedes-Benz S 400 Hybrid. Behr describes the cooling of the battery. 
The supplier also presents the nature of the thermal management of battery 
cells in general terms to ensure full efficiency and the lifetime required.
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1  Introduction

Compared to the nickel metalhydrid 
(NiMH) battery used today, the lithium-ion 
(Li-ion) battery is characterized by a signif-
icantly higher volumetric and gravimetric 
energy density and also permits a greater 
number of charging and discharging cy-
cles. However, the electrochemistry of the 
Li-ion battery is much more sensitive to 
higher temperatures. Cell temperatures 
even above 45 °C accelerate the aging proc-
esses to such an extent that the required 
lifetime of more than ten years is difficult 
to achieve.

The Li-ion electrochemistry tolerance 
of temperature gradients within the cell, 
and differences in temperature between 
the different cells in the battery module, 
is likewise only a few Kelvin. Accordingly, 
for its own protection, the battery must 
be switched off every time it reaches a 
critical thermal state. For a hybrid vehi-
cle, this would mean that the hybrid op-
erating mode, that means in particular 
the electric boost on start-up and the fu-
el-saving recuperation of braking energy, 
would not be available.

In a fully electric vehicle, the situa-
tion would be even worse; in this case, it 
would not be possible to switch off the 
batteries temporarily, since this would 
cause the vehicle to come to a standstill. 
This demonstrates how fundamentally 
important it is to keep the Li-ion battery 
in a non-critical thermal state under all 
operating conditions, and this requires 
efficient thermal management. 

2  Cell Cooling Concept 

The essential requirement is an effective 
cooling concept at the level of the cell. 
How this is designed depends on the type 
of cell, its external dimensions, its inter-
nal structure, and the level of the heat 
flow to be dissipated, Figure 1 shows the 
cell types that are currently to be found on 
the market. In the case of the round cell 
and prismatic cell, the active material, 
consisting of electrodes and separators, is 
generally rolled up into a coil and placed 
in a robust aluminum housing. In the case 
of the pouch cell, the individual layers of 
the active material are stacked or folded, 
and packaged in a flexible aluminum 
composite film. From a cooling perspec-

tive, the round cell has geometric draw-
backs compared with the prismatic and 
pouch cells. The relatively low surface-to-
volume ratio compromises the transfer of 
heat away from the cell interior to the sur-
face, so that considerable radial tempera-
ture gradients develop inside the cell. In 
addition, the curved outer surface makes 
it difficult to achieve optimal thermal con-
tact of heat conducting elements, by 
means of which the cell’s waste heat can 
be dissipated to a heat sink. Since, howev-
er, the choice of a suitable cell type is in-
fluenced not just by cooling factors, but al-
so by criteria such as availability, produc-
tion maturity, safety, service life, and, not 
least, cost, the round cell is now used rela-
tively frequently.

All three cell types have in common a 
very good heat conduction along the elec-
trodes (20 W/m/K <  λII< 50 W/m/K), Figure 2 
(a). This is a result of the physical phe-
nomenon whereby good electrical con-
duction also results in good heat conduc-
tion. In contrast, perpendicular to the 
layers, the heat conduction is reduced by 
one to two orders of magnitude (0.5 W/
m/K < λ^ < 2 W/m/K). The spectrum of the 
specified heat conduction is, on the one 
hand, the result of the different active 
materials that different cell manufactur-
ers use. On the other hand, the cell’s elec-
trical power requirement plays a role. 
Cells for electric vehicles therefore have a 
somewhat different internal structure, 
and, accordingly, they also have different 
thermal properties than do cells for hy-
brid applications. 

The principal cell cooling concepts are 
shown schematically in Figure 2b to 2e [1]. 
In air cooling, Figure 2b, cooling air flows 
around the cell, cooling the freely accessi-
ble surfaces. Since this cooling type does 
not require any direct thermal contact 
with the cell, the interface to the cooling 
system takes a relatively simple form, and 
for practical reasons it is therefore often 
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the first choice. However, the package 
space for the cooling air channels be-
tween the cells, the feed and outlet chan-
nels for the battery module, and the small 
HVAC unit for air conditioning is consid-
erable. The cooling efficiency, too, in par-
ticular the homogeneity of the cell cool-
ing, is often unsatisfactory.

In contrast, the cooling types that in-
volve thermal contact with the cell and 
that dissipate the heat through heat con-
duction are clearly superior in terms of 
package space and cooling efficiency. 
However, the thermal contacting poses 
new challenges, and the interface with 
the cooling system is more complex, be-
cause the cooling device is in direct con-
tact with the electrical components of 
the battery. In the case of cells of lesser 
height and with sufficiently thick cell 
walls, it is sufficient to simply contact 
the bottom or top of the cell, Figure 2c. If 
this is not sufficient, heat conducting el-
ements must be provided between the 
cells, Figure 2d.

Conductor cooling represents a partic-
ularly efficient type of cooling, Figure 2e. 
This involves cooling the inside of the cell 
directly via the electrodes. Pouch cells in 
particular are suited to this type of cool-
ing. In all cases, the heat lost from the cells 
is transported to a cooling plate. There, ei-
ther cooling water or an evaporating re-
frigerant absorbs the heat and discharges 
it into the atmosphere via the vehicle’s 
cooling or air conditioning system. 

3  Thermal Validation

In the battery, at the interface between 
electrochemistry and cooling, the bat-
tery’s own significant thermal require-
ments clash with the requirements of the 
power train and the performance capabil-
ities of the cooling or refrigerant circuit 
system [2]. This interface is corresponding-
ly complex. Conventional numerical de-
sign tools are therefore not sufficient for 
the thermal design of the battery cooling 
system. At both component and system 
level, experimental tests are essential.

At the component level, Behr uses cell 
dummies, Figure 3, with which realistic 
thermal tests can be undertaken without 
having to use real cells. This is particular-
ly useful when real cells are not yet avail-
able. The dummies are constructed in Figure 3: Cell dummy for a pouch cell 

Figure 2: Structure of the cell 
and cell cooling methods a) to e)
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such a way that they replicate the ther-
mal properties of a real cell, that means 
first and foremost the anisotropic heat 
conduction, and the heat capacity. The 
dissipated energy is represented by heat-
ing foils. These, in turn, are dependent 
on the temperature, state of charge (SOC), 
and charging or discharging rates from 
the internal resistances of the cell.

Behr has a unique test facility in the cli-
mate battery system test bench, Figure 4, 
that makes it possible to operate a real bat-
tery under real-life operating conditions. 
While the battery is charged and dis-
charged according to a predetermined op-
erational cycle, the battery cooling is inte-
grated into a real cooling or refrigerant cir-
cuit system. Thanks to the two separate cli-
mate chambers, the thermal conditions of 
the cooling system that are actually en-
countered in the vehicle cabin and in the 
vehicle environment can be demonstrated.

4  Battery Cooling System for the  
Mercedes-Benz S 400 Hybrid

The Li-ion battery of the Mercedes-Benz 
S 400 Hybrid contains 35 round cells [3] 
that are tightly packed together so as not 
to exceed the specified space envelope of 
a standard lead battery, Figure 5. The cool-
ing device thus also needed a very com-
pact design. It is not only responsible for 
the cooling of the cells, but also serves as 
the container for holding the cells. As a 
battery evaporator, the cooling unit is di-
rectly integrated into the vehicle’s refrig-
erant circuit.

The cooling device is made up of an 
evaporator plate, a container, and nu-
merous heat conducting elements that 
are connected to the evaporator plate. In 
the peripheral area of the evaporator 
plate, several screw points are provided, 
with which the cooling unit is attached 

to the battery housing. All the cooling 
unit parts are firmly brazed together to 
form a single unit. A special manufactur-
ing process ensures that the individual 
components have the necessary position-
al tolerances and dimensional stability 
even after the brazing operation.

The cooling elements provide cooling 
of the inside of the battery by supporting 
the dissipation of the heat lost from the 
cells to the evaporator plate. The contain-
er also plays a part in the dissipation of 
the heat. In the evaporator plate, chan-
nels are provided, in which the refriger-
ant evaporates and thus absorbs the heat 
lost from the cells. The channels are ar-
ranged so as to produce a very homoge-
neous distribution of temperature over 
the entire evaporator plate. This homoge-
neity and the uniform heat conduction 
in the cooling elements and in the con-
tainer wall work in harmony with one 
another to ensure that the entire cell ar-
ea is subjected to the consistent cooling 
required.

5  Summary

The electrochemistry of the Lithium-ion 
battery places considerable demands on 
its thermal state. Efficient thermal man-
agement is therefore essential to meet the 
high service life requirements. The nature 
of the cooling of the individual cells de-
pends on type, geometry, and application 
profile.

Behr has a climate battery system test 
facility that makes it possible to test the 
interaction between the real battery and 
real cooling system under real operating 
conditions. The cooling device for the Li-
ion battery of the Mercedes-Benz S 400 
Hybrid is a contemporary example of ef-
ficient battery cooling.
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Figure 4: Schematic build-up of the climate battery system test bench at Behr 
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The Design and Aerodynamics 
of Commercial Vehicles
Improving transport efficiency is an ongoing challenge for bus and truck 
manufacturers. Especially aerodynamics offer a high potential in terms of 
reducing fuel consumption and emissions of trucks and buses. MAN reaches 
with a aerodynamic-optimised semitrailer tractor a cW value of 0.30.
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1  The Initial Situation

For decades, OEMs and suppliers have 
been contributing to the development of 
energy-efficient vehicles - focusing on the 
customers‘ requirements. Trucks or buses 
whose fuel consumption was too high 
and whose CO2 balances were correspond-
ingly poor simply stayed on the shelf. Suc-
cess is there for all to see: since the end of 
the sixties, the consumption of a forty-
tonne articulated truck has been reduced 
by around a third, Figure 1. Since the be-
ginning of the nineties, however, fuel con-
sumption has remained at a relatively 
constant level. The reason: the emission 
limits have become stricter, phase by 
phase, and this inherently results in in-
creased consumption, which in turn has 
to be compensated for by complex meas-
ures designed to increase efficiency.

Great potential for further reductions 
in the vehicles‘ fuel consumption can be 
found in aerodynamics. However, as op-
posed to buses and passenger vehicles, 
where the manufacturer is responsible for 
the form of the entire vehicle, when it 
comes to trucks, the customers and the 
planned utilisation contribute decisively 
to their aerodynamic form. And so the cus-
tomers have to decide whether they will 
take the following aerodynamic influenc-
es into consideration for their vehicles:
–	 use of and correct settings for roof 

spoilers
–	 use of side panels on tractor and trailer
–	 correct positioning and covering of 

the load
–	 optimum aerodynamic combination 

of driver‘s cab type and trailer type.
And because the customer often ignores 
these parameters, the observer‘s impres-
sion is that: „There‘s no money in aerody-
namics for commercial vehicles.“ This is 
clearly underestimating the influence of 
aerodynamics on fuel consumption. If 
we look at the energy expenditure of a 
40-t semitrailer tractor travelling hori-
zontally at 85 km/h, we see that rolling 
and air resistance are the decisive fac-
tors, Figure 2.

2  Design and Aerodynamics – History

Applying aerodynamics to the construc-
tion of commercial vehicle was only 
thought of for the first time in the thir-

ties, when the motorways were built. 
Buses and trucks were originally no more 
than elongated passenger vehicles. When 
it became important to reduce the air re-
sistance of commercial vehicles, the first 
measures to be applied were those that 
were already known from passenger ve-
hicles. These were based on forms de-
signed by the pioneers of aerodynamics, 
Jaray and Kamm.

It was only with Gaubschat‘s „tram-
bus“ (1935), which was constructed on a 
chassis from Büssing – today MAN – that 
the bus took on a style different to that of 
the passenger car.

The VW Transporter, developed in 
1949 and known around the world by its 
nickname „Bully“, was a milestone of aer-
odynamics in commercial vehicles. 
Thanks to the Transporter‘s rounded 
front, its cW value was reduced to only half 
that of the preliminary design, which had 
a squared front. The VW Transporter be-
came the prime example of commercial-
vehicle aerodynamics. As one of Volkswa-
gen‘s most successful vehicles ever, the 
Transporter is an impressive repudiation 
of the general opinion prevailing even to-
day: „Aerodynamics don‘t sell.“ [1]

As the historic pictures clearly show, 
the aerodynamics are almost exclusively 
defined by the form of the vehicle. How-
ever, for the vehicle designer this is of 
great importance. Any proposed changes 
to the form of the vehicle put forward by 
the aerodynamicists can only have an ef-
fect on the vehicle‘s development if they 
are accepted by the designer. The more 
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the aerodynamicist can empathise with 
the designer, the more likely it is that 
the two will reach a win-win situation. 

3  Design and Aerodynamics – Trucks

The development of design and aerody-
namics in commercial vehicles is nar-
rowly restricted. In the case of trucks, 
primarily the lengths and heights pre-
scribed by law have to be utilised, as a 
rule to their full extent, in order to real-
ise the maximum loading space. Moreo-
ver, in the overwhelming majority of cas-

es, the truck manufacturer is only re-
sponsible for the development of the ve-
hicle‘s chassis, drive train and driver‘s 
cab, while the bodies, trailers and semi-
trailers required for the various different 
branches are designed by independent 
firms. The situation that has arisen out 
of statutory requirements and the tradi-
tional division of labour between vehicle 
and body manufacturers has led to the 
European truck market becoming domi-
nated by the so-called forward control 
type of truck, which offers only a restrict-
ed amount of space for aerodynamic de-
sign. In this restricted space – a length of 

approximately 2.30 m – an attractively 
designed cab with sufficient space for 
two drivers to work and live in has to be 
harmonised with the aerodynamics. 
What is more, increasing demands with 
regards to engine cooling, interior air-
conditioning, the soiling of the vehicle 
and aero-acoustics also have to be taken 
into consideration. This balancing act is 
performed by optimising many of the de-
tails of individual components, most of 
which remain invisible to the untrained 
eye, Figure 3. 

4  Design and Aerodynamics – Buses

The situation with regard to buses is 
somewhat easier: here, designers and 
aerodynamicists are able to create the 
complete vehicle, the front, the sides and 
the rear, as a single form-fitting unit. The 
only factors mitigating against the aero-
dynamic optimum are the customer‘s de-
sire for as many seats as possible, togeth-
er with the corresponding amount of 
space for baggage, and the requirements 
laid down in the technical vehicle speci-
fications.

The greater scope for design when it 
comes to buses is impressively exempli-
fied by the Neoplan Starliner and Citylin-
er coaches, whose air-resistance coeffi-
cients of cW 0.36 and 0.35 respectively 
have already reached passenger vehicle 
level. The considerably larger radii of the 
corners and the pronounced angle of the 
roofs of these luxury coaches very largely 
prevent flow separation and the area of 
dynamic pressure in the front. The flow 
remains attached for a long period and 
thus decisively reduces the air resistance, 
Figure 4.

The designers were able to achieve an 
additional reduction in air resistance by 
means of an aerodynamic, stylish tail. Ta-
pering reduces the area of the wake and 
thus the air resistance. The undesired 
but largely unavoidable soiling at the 
back of the Starliner shown in Figure 5 in-
directly demonstrates the efficacy of the 
tail‘s tapered design. The flow remains 
attached to the roof and the upper side 
wall right up to the separation edge, 
which reduces the area of sub-pressure 
at the rear. A pleasant side-effect: those 
parts of the body where the flow remains 
attached show no evidence of soiling. Figure 3: The aerodynamically relevant parts of a long-haul semitrailer tractor

Figure 2: The percentages of energy expended by a 40-t semitrailer tractor on a level stretch 
at a constant 85 km/h 
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5  Design and Aerodynamics  
Development Process

The example of the two new heavy truck 
series introduced in 2007 – the TGS and 
the TGX – serves to demonstrate how the 
close interaction between design and aer-
odynamics in the early phases of devel-
opment can achieve a noticeable reduc-
tion in air resistance (always bearing in 
mind that this can only be within the 
narrow limits described above). By con-
trast with its predecessor model, the 
TGA, it was possible to reduce the cW val-
ue by 4 %, even though the basic struc-
ture of vehicle and cab was not changed. 
Taking the Cityliner as an example, 
thanks to the above-mentioned greater 
latitude allowed by the law it was possi-

ble to realise even greater potentials. The 
cW value was reduced by 15 %.

The development of the TGS and TGX 
began in 2004 with the so-called defini-
tion phase and the requirement specifi-
cation. Amongst other aspects, this con-
tained definitions of consumption, effi-
ciency and comfort objectives relevant to 
the aerodynamics. In this early phase, 
which is distinguished by a wide range of 
different design concepts and scale mod-
els, close cooperation with the Design 
Department is of major concern to aero-
dynamics. 

In this creative phase, it is particular-
ly important to help the designers find 
the right form or to test the flow optimi-
sation of their design ideas early on by 
quickly performing aerodynamic stud-

ies. The cooperation between design and 
aerodynamics opens up possibilities for 
helping the designer substantiate the se-
lected forms: the design that is most fa-
vourable from the point of view of the 
flow is also the right one because of its 
more favourable cW value and it should 
be preferred.

CFD (Computational Fluid Dynamics) 
simulation is used here as a fast develop-
ment tool. It provides swift results on the 
air-resistance coefficients and volume 
flow rates of cooling air that the design 
models being tested can be expected to 
deliver and visualises specific flow topol-
ogies which give the aerodynamicist sol-
id pointers to optimisation potentials. 
These in turn can then be put through 
specific tests in the wind tunnel and be 
presented graphically to the designer. 

In this phase, the designer and the 
aerodynamicist must not only see to it 
that the vehicle is aerodynamic and 
pleasing to look at, but also that crucial 
vehicle functions are ensured, the cool-
ing of the engine and the electrical com-
ponents of the hybrid bus, for example. 

Amongst other aspects, the design of 
the roof of the newest generation of MAN 
hybrid buses, Figure 6, came to be deci-
sively influenced by the flow topology. 
Following the definition phase comes 
the concept phase, which is distin-
guished primarily by measurements in 
the model wind tunnel. At MAN the mod-
els used are generally on a scale of 1:4. 
The models are subjected to wind speeds 
of 290 km/h, which corresponds to a flow 
of 72 km/h in reality. In order to opti-
mise the aerodynamic qualities of a mod-
el, the geometry of the components is 

Figure 4: Visualisation of the Neoplan Cityliner flow

Figure 5: Visualisation of the flow around the rear ends of the Neoplan 
Starliner & Cityliner
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changed one step at a time and the cW 
values of each configuration ascertained. 
On average, 30 configurations go through 

model wind tunnel testing every day: the 
end result is the aerodynamically most 
favourable form of the tested compo-

nents. The responsible designers are usu-
ally part of the teams for these wind tun-
nel test, which enables them to make the 
fullest and most efficient use of the de-
sign possibilities.

With the commencement of the third 
phase, the preparation for series produc-
tion, a styling freeze is imposed on the 
basic form of the driver‘s cab. The first 
aerodynamic prototypes are constructed 
from glass-fibre reinforced plastic shells 
and the optimisation of body component 
details now takes place in the full-sized 
wind tunnel. Not only aerodynamic im-
provements to body parts are measured 
here, but also details that could only be 
modelled with difficulty or not at all, 
primarily the cooling-air ducts, the aero-
acoustics and the self-soiling characteris-
tics. MAN carries out these full-scale aer-
odynamic measurements in Europe‘s 
biggest wind tunnels, the DNW (German-
Dutch Wind Tunnels) in Amsterdam and 
the RTA (Rail Tec Arsenal) in Vienna. Air-
resistance and aero-acoustic measure-
ments are the main focus of tests in the 
DNW, while in the RTA the focus is on 
soiling, climatic and engine-cooling is-
sues.

In order to ensure continual develop-
ment, MAN‘s wind tunnel tests always 
examine the current sample: A-samples, 
made of hand-formed parts, for example; 
B-samples, produced with prototype 
tools, and C-samples, produced by series 
tools. Validation then follows, with series 
parts. The final check of whether all the 
measures that have been developed have 
had the desired effect is carried out on 
the part in series production status as de-
livered to the customer.

Special attention is paid to the design 
of the two exterior mirrors. The reason 
for this is that because the basic shape of 
the truck is rectangular, a shape which is 
unfavourable for air flow, the mirrors 
can take over an air-guiding function. 
Correspondingly-shaped mirror casings 
can guide the air in a controlled manner 
along the side of the cab and thus con-
tribute to a reduction in air resistance. 
Some of the air that flows past the vehi-
cle is now guided by the newly-designed 
external mirror casings along the side 
windows. The mirror wake has been cor-
respondingly shortened. In addition, wa-
ter management has been integrated in 
order to minimise the water splashing 

Figure 6: Visualisation of the 
flow through the roof of an 
MAN Lion‘s City hybrid bus
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annoyingly against the side windows and 
the glass of the mirror, Figure 7. The de-
signers have integrated these measures 
harmoniously into the overall appear-
ance so that the customer won‘t even be 
aware of these purely technology-driven 
features as such. This interplay between 
attractive design and aerodynamic effi-
ciency is realised not only in the design 

details of the series vehicles but also in 
the creation of future-oriented vehicle 
concepts.

This is how the Design Department 
gives form to its visions, which are subse-
quently examined in the usual way from 
the aerodynamic point of view, Figure 8. 
In the course of the continuous interplay 
of development, a new vehicle concept 

evolves, visually appealing and aerody-
namically at the very highest level. 
Thanks solely to current laws, unfortu-
nately still outside the realm of what can 
be realised.

6  Visions of the Future

The current conventional forward con-
trol trucks are at a level of aerodynamics 
that can hardly be improved any more 
under the given conditions. Major im-
provements in reducing air resistance 
will only be possible when the restric-
tions on maximum dimensions permit-
ted by law are loosened or replaced by al-
ternative regulations. In the U.S.A., for 
instance, the length of the vehicle itself 
is not limited, only the size of its usable 
cargo bay. At last year‘s IAA Commercial 
Vehicles, MAN presented a semitrailer 
tractor that had been aerodynamically 
optimised: its flow topology was based 
on that of a dolphin. The tractor had 
been lengthened by 80 cm, while the 
semitrailer had been raised by 20 cm and 
tapered. Tractor and semitrailer together 
achieved the sensationally low cW value 
of 0.30. For buses there still is a high po-
tential, too, Figure 9. In this way it would 
be possible to improve the CO2 balance of 
the road haulage sector significantly in a 
short space of time – if the lawmakers go 
along with it.
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Figure 8: The creation of a future-oriented vehicle concept

Figure 7: Harmonious integration of aerodynamic features in the overall appearance of the 
TGX&TGS side mirrors

Figure 9: Neoplan vision 
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Latest Developments in 
Driver Assistance Systems for 
Commercial Vehicles
Driver Assistance Systems (DAS) can support drivers in avoiding collisions or mitigating their effects. 
This article provides an overview of the evolution of advanced safety systems for commercial vehicles 
as well as an outlook for developments. It features the latest technology breakthrough, Wabco’s 
“OnGuardMax”, which is an autonomous emergency braking system that reacts to both moving or 
stopped vehicles and can bring the vehicle to a complete stop.
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1  Introduction

The European Commission’s White Pa-
per on European Transport Policy for 
2010 includes an ambitious goal to halve 
the number of fatalities in road traffic in 
the European Union (EU) between 2001 
and 2010 [1]. In 2001, the number of fa-
talities in road traffic totaled around 
50,000 in the 15 member states of the 
EU. In 2007, 42,300 fatalities were record-
ed in 26 EU member states [2]. Despite 
the enlargement of the EU, such fatali-
ties have declined over the past years. 
Nonetheless, this trend shows that the 
EU’s goal of 25,000 fatalities by 2010 is, 
indeed, ambitious. 

For commercial vehicles, the most fre-
quent accidents are rear-end collisions, 
lane departure accidents and collisions 
with oncoming traffic. According to find-
ings of researchers at DEKRA, a German 
institute for safe and efficient mobility, 
these three types of accidents together 
account for 45 % of all accidents involv-
ing commercial vehicles [3]. It is estimat-
ed that related accident costs total EUR 
370 million annually in the European 
economy [4].

To reach its goal of halving the 
number of fatalities, the European Com-
mission strongly recommends the intro-
duction and use of intelligent active safe-
ty systems in vehicles, supplemented by 
education and training of drivers as well 
as an intelligent infrastructure such as 
adaptive traffic control systems or inci-
dent detection on highways [5]. There are 
a number of initiatives within the EU to 
make active safety systems mandatory: 
for example from November 2011, elec-
tronic stability control will become man-
datory for first type approval commer-
cial vehicles and from November 2014 al-
so for first national registrations. Fur-
thermore, it is mandated that first type 
approvals from November 2013 and first 
national registrations from November 
2015 in the EU must be equipped with 
advanced emergency braking systems 
and lane departure warning systems.

2  Improving Road Safety with  
Advanced Safety Technology 

In addition to driver education and train-
ing as well as intelligent infrastructure, 

vehicle safety systems can help improve 
road safety, particularly during the pre-
crash phase when an accident can still be 
avoided or at least its effects mitigated. 
This means advanced driver assistance 
systems contribute to saving lives and re-
ducing costs by minimizing damage and 
downtime due to accidents. 

Studies by the Technical University in 
Munich, Allianz Insurance and MAN Nut-
zfahrzeuge AG, each analyzing 600 to 
850 severe accidents involving trucks 
and semi-trailers, reported that Electron-
ic Stability Control (ESC) and Adaptive 
Cruise Control (ACC) systems can prevent 
up to 30 % of rear-end and lane depar-
ture accidents [6]. Based on such studies, 
the European Commission estimates 
that the implementation of intelligent 
safety systems could reduce the number 
of fatalities in road accidents by 1,000 
every year [4]. 

Other reasons for fleet owners to 
equip their vehicles with DAS – especial-
ly in economically challenging times – 
include potential attractive insurance 
discounts or a reduction in road tolls. 
The Association of the German Automo-
tive Industry (VDA) and insurance com-
panies are currently considering such 
proposals. 

3  The Evolution of Safety Systems  
for Commercial Vehicles

Active safety systems were the first gener-
ation of systems that significantly con-
tributed to a reduction of fatalities in 
road traffic. They help the driver to stabi-
lize and control the vehicle and include 
Anti-Lock Braking Systems (ABS), Auto-
matic Traction Control, Electronically 
Controlled Braking Systems (EBS) and 
ESC. 

3.1  ABS – Anti-lock Braking System 
Wabco pioneered ABS technology for 
trucks, trailers and buses with Daimler 
in 1981. ABS is a control unit that detects 
when any of the wheels is about to lock-
up. The system acts on these signals and 
releases the service brakes on the partic-
ular wheel, ensuring that the wheel 
keeps rotating and maintains its grip on 
the road in emergency braking situa-
tions or in slippery road conditions. Such 
technology assists the driver in maintain-

ing control of the vehicle and avoiding 
an accident. Furthermore, lateral forces 
can still be effective between the road 
surface and the wheels being braked – 
even at full brake application – to ensure 
the stability of a truck or trailer. ABS be-
came standard for heavy commercial ve-
hicles in the EU as of October 1991 and 
since 2001 it is also mandatory for light 
commercial vehicles. 

In the late 1980s, ABS was extended to 
include Automatic Traction Control, in 
Europe commonly known as ASR (for the 
German expression Antriebsschlupfrege-
lung). It significantly improves stability 
under acceleration and traction by 
means of propulsion limitation and dif-
ferential brake intervention. 

3.2  EBS – Electronically Controlled 
Braking System
In 1996, Wabco launched EBS for commer-
cial vehicles. This system reduces the brak-
ing distance by transmitting the driver’s 
actuation of the brake pedal into electron-
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ic signals automatically providing and dis-
tributing the necessary pneumatic pres-
sures to each axle. This way of signal trans-
mission allows a faster and more direct re-
sponse from the brake cylinders. The con-
trol of driving stability and steerability 
throughout the braking process is further 
ensured as ABS is also part of EBS.

3.3  ESC – Electronic Stability Control
ESC is an extension of EBS and was intro-
duced in 2001 by Wabco. ESC uses ABS sen-
sors to measure wheel speeds; a steering 
angle sensor to recognize the driver’s steer-
ing intention; a lateral acceleration sen-
sor, and a yaw rate sensor, which measures 
the actual vehicle movement around its 
vertical axis. These sensors communicate 
with EBS so that all data are analyzed to 
compare actual movement of the vehicle 
with the driver’s intention while assessing 
if critical stability limits are to be exceeded 
in the next moments. If a dangerous situa-
tion is predicted, ESC intervenes by indi-
vidually applying single wheel brakes. 
This helps correct a possible instability of 
the vehicle and prevents it from over- or 
under-steering. Furthermore, it also helps 
support the roll stability and maintaining 
the intended driving direction. 

4  Driver Assistance Systems –  
Advanced Technologies for  
Commercial Vehicle Safety

Safety systems described so far in this arti-
cle focus on the reaction of the vehicle to 
actions initiated by the driver. DAS fur-
ther advances by also monitoring the sur-
rounding environment, recognizing oth-
er traffic participants, and autonomously 
reacting if necessary. This evolution in 
safety systems is illustrated in Figure 1. 

The European Commission highlights 
advanced DAS as a major investment for 
vehicle safety [5]. However, systems cur-
rently available on the market have been 
designed mainly as comfort or warning 
systems and include, for example, Adap-
tive Cruise Control, Collision Warning Sys-
tems (CWS) or Lane Departure Warning 
(LDW) systems. A new milestone is the in-
dustry’s first autonomous emergency 
braking system: Wabco’s OnGuardMax. It 
reacts not only to moving vehicles ahead 
(like ACC) but also to stopped vehicles. On-
GuardMax will be available in 2011.

4.1 ACC – Adaptive Cruise Control
Adaptive Cruise Control is an extension 
of conventional cruise control systems 
for the highway; aside from controlling a 
certain speed, it automatically controls 
the distance to the vehicle ahead. Al-
though developed for increasing the driv-
er’s comfort, it positively influences safe-
ty as it is able to decelerate the vehicle up 
to a certain level (typically -2.5 m/s²) by 
using endurance and foundation brakes. 
It also improves fuel efficiency as it al-
lows for a more steady drive.

In the event that the distance to the 
vehicle ahead becomes potentially dan-
gerous, for example, when the preceding 
vehicle decelerates, ACC first warns the 
driver and then adapts engine torque 
and uses endurance and foundation 
brakes to adjust the vehicle speed. At the 
same time, the driver can always deacti-
vate or overrule the system – even if this 
turns out to be a wrong decision.

Once activated, ACC’s headway sensor 
monitors the road ahead and also parts 
of the adjacent lanes. Integrated with 
yaw rate information, the system con-
stantly identifies road curvature and pre-
dicts the vehicle’s path. Doing so it can 
differentiate between vehicles in the 
same lane, which are relevant for dis-
tance control, and those in other lanes. 
ACC’s far rate distance sensor has a detec-
tion capability up to 200 meters and a 
horizontal detection angle between 10 
and 15 degrees. Radar (radio detection 
and ranging) and Lidar (light detection 
and ranging) sensors recognize objects 
such as vehicles and roadside objects by 
analyzing their reflected energy. Process-
ing that information, the position of an 

object, its distance and relative speed can 
be measured. However, ACC systems can 
only react to moving vehicles or those ve-
hicles previously detected as moving.

4.2  CWS – Collision Warning System 
While ACC is only active when demanded 
by the driver, its far range sensor can also 
be used for a collision warning function, 
which is always active. Processing the dis-
tance and relative speed signals of the pre-
ceding vehicle in relation to the host vehi-
cle’s current speed and acceleration, CWS 
continuously monitors the relevant vehi-
cle ahead and predicts appropriate assist-
ance. Based on typical driver reaction 
times and braking capabilities, CWS is 
able to recognize a collision imminent sit-
uation. If the system detects that the driv-
er will have to exert hard braking to avoid 
a crash, it will raise a visual and acoustic 
warning. When the driver reacts to that 
warning, either by braking or evasive 
steering maneuver, an accident can be 
avoided. As with ACC, CWS typically does 
not react to stopped vehicles. 

4.3  LDW – Lane Departure Warning
Unintentional lane departures are one of 
the most frequent causes of accidents in-
volving commercial vehicles. Technolo-
gies that help detect and warn a driver 
when he/she is going to unintentionally 
leave their current lane can help avoid 
half of this type of accident [3]. 

LDW systems use a front camera in-
stalled at the windshield to monitor the 
road ahead. Assisted by image process-
ing, the camera identifies the lane mark-
ers on the road surface and assesses the 
delay time until the vehicles tires will 

Figure 1: Evolution of safety and 
driver assistance systems

Development

ATZ 07-08I2009 Volume 11124 

Commercial Vehicles

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



cross the lines. If the vehicle is tending to 
leave the current lane while the driver 
has not set the respective turning indica-
tor, an acoustic signal will alarm the 
driver to revert to the center of the lane. 

4.4  CMS – Collision Mitigation System
A further enhancement of ACC and CWS 
is a Collision Mitigation System (CMS). It 
will not only warn but also autonomous-
ly brake in collision imminent situations 
– even if the driver has not activated the 
ACC. Such a system uses the information 
of a far range distance sensor at the front 
of a truck and, as a result, it has the same 
detection limitations as ACC but cannot 
react to stopped vehicles. 

Compared with ACC and CWS, CMS 
takes into account possible lateral move-
ments of the host vehicle. The system 
predicts the time necessary for an eva-
sive maneuver and warns the driver. 
When CMS concludes that the driver will 
not be able to prevent a rear-end collision 
by steering or full braking, it will auton-
omously apply the foundation brakes to 
decrease the amount of movement ener-
gy generated in a collision. 

OnGuard is an ACC system with foun-
dation brake application and CMS capa-
bilities. It was introduced in 2008 to the 
North American market by Meritor Wab-
co, a joint venture of ArvinMeritor and 
Wabco. With this additional CMS func-
tion, OnGuard is able to realize a deceler-
ation up to -3.5 m/s², which is nearly half 
of a full brake application.

5  Wabco’s OnGuardMax 

A new milestone in DAS is the latest devel-
opment from Wabco: OnGuardMax. Based 
on OnGuard and ACC technologies, On-
GuardMax can autonomously initiate an 
emergency braking. It is also the first DAS 
that reacts to moving and stopped vehi-
cles alike. It ensures most effective decel-
eration and can bring the vehicle to a 
complete stop. First presented at IAA 
2008, the major trade show held in Hano-
ver, Germany, Wabco’s newest DAS system 
will be available to truck and bus original 
equipment manufacturers from 2011.

5.1  Technological Approach
OnGuardMax is designed to react in typi-
cal road traffic situations; for example, 

at the end of a traffic jam. In a collision 
imminent situation, the system will 
warn the driver and if he/she remains 
passive, OnGuardMax will autonomous-
ly apply the foundations brakes – as does 
OnGuard – but with maximum possible 
deceleration.

The system combines data from a front 
camera (as used in LDW) and a far range 
distance sensor to gather reliable infor-
mation about the traffic ahead. Wabco us-
es this data fusion approach for combin-
ing the data of both sensors to distinguish 
between relevant vehicles and other ob-
jects such as bridges or road signs which 
could trigger a false braking reaction.

5.2  Functionality
OnGuardMax uses a combination of a 
windshield mounted camera and a Lidar 
sensor to monitor surroundings and pro-
vide data for a movement prediction for 
the host and preceding vehicles alike. As-
sisted by this prediction, the system veri-

fies whether the driver will be able to pre-
vent even touching the preceding vehicle. 

To detect the distance, Wabco uses a 
Lidar sensor with a maximum detection 
range of 200 meters. Compared to a radar 
sensor, this laser sensor can more exactly 
measure lateral object features due to its 
twelve single beams. The camera with in-
tegrated image processing is able to search 
and identify vehicle-like shapes – also in 
the dark – as shown in Figure 2. Further-
more, to minimize the computing power 
in the camera module, the respective algo-
rithms use input from the Lidar sensor to 
define regions of interest in the image. 

The system combines the best data of 
both sensors: the camera’s precision of 
lateral dimension and position combined 
with distance and relative speed provided 
by the distance sensor. In Figure 3, the in-
terplay of video camera and distance sen-
sor is illustrated. Using the combined sen-
sor approach, it is able to measure not on-
ly distance and relative speed, but also the 

Figure 2: Principle of image processing of the front camera [7]

Figure 3: Data fusion of OnGuardMax
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width of the preceding vehicle and its ex-
act lateral offset relative to the host vehi-
cle’s center axis.

OnGuardMax has several steps of esca-
lation before it autonomously activates 
its emergency braking as illustrated in 
Figure 4. When the host vehicle is ap-
proaching a preceding vehicle and the 
system senses a potential collision, warn-
ing tones and a visual alarm will alert 
the driver. At that moment, the driver 
would be able to prevent a collision by 
performing a hard braking maneuver. 
When more time has lapsed without ap-
propriate intervention by the driver – in 
addition to the visual and acoustic warn-
ing – the system initiates a deceleration 
by limiting the engine torque and induc-
ing a short braking jerk. As the wheel 
brakes are activated only for a moment, 
the driver can make use of the maximum 
lateral force potential to perform an eva-
sive maneuver to avoid a collision. If the 
driver still does not react and a collision 
can no longer be avoided, OnGuardMax 
autonomously initiates the maximum 
possible braking. Depending on the spe-
cific situation, it is capable of avoiding a 
collision or at least mitigating its effects. 

5.3  Limits and Further Potential
Currently, OnGuardMax is the only sys-
tem for commercial vehicles that reacts 
to moving or stopped vehicles and can 
bring the truck to a complete stop. On 
dry road conditions, a collision can be 
fully avoided if the host vehicle is driving 
less than approximately 50 km/h faster 

than the vehicle ahead. In the event the 
host vehicle is driving faster, the system 
will mitigate the effects of the collision. 

Further development potential for 
the system includes monitoring of the 
adjacent lanes to provide additional in-
formation and determining whether an 
evasive maneuver is feasible. As a result, 
OnGuardMax could initiate a decelera-
tion or an emergency brake even earlier. 
Currently, the system is not able to meas-
ure the current level of road friction; it 
anticipates dry ground. Therefore, an-
other potential advancement would be 
the detection of the actual road surface 
condition and how it would influence 
braking distance.

6  Future Trends in Driver  
Assistance Systems

While technologies mentioned in this ar-
ticle have already been introduced or 
will be introduced in due course, there 
remains a need for a continued invest-
ment in advanced technologies that of-
ten have already been introduced for pas-
senger cars but need extended develop-
ment for potential commercial vehicle 
versions. Future technologies such as 
DAS, blind spot detection systems, lane 
change or lane keeping support systems 
are expected to be ready for the commer-
cial vehicle market in the next three to 
ten years. 

Blind Spot Detection (BSD) systems fo-
cus on urban traffic, often a critical area 

for trucks. Due to the shape of a truck, 
there are large areas in front and on the 
sides that cannot be monitored properly 
by the driver. Although a large number of 
mirrors have been introduced in recent 
years, continuous monitoring of all areas 
is not guaranteed by a driver, especially 
when he/she is simultaneously perform-
ing driving maneuvers such as turning at 
a road intersection [8]. A BSD system 
would autonomously monitor blind spots 
and would detect and track pedestrians, 
cyclists and other vulnerable road users 
directly in front and at the passenger side 
of the truck, up to approximately four me-
ters. In a collision imminent situation, 
the driver is alarmed by the system. 

A further development of BSD will be 
Lane Change Assist (LCA) that also meas-
ures speed and distance of vehicles ap-
proaching from the rear of the truck. 
With these critical data, the system esti-
mates the time when a trailing vehicle 
will enter the host truck’s blind spot. 
When the driver is about to change lanes 
and operates the turn indicator, the LCA 
will warn the driver by an audible, visual 
or tactile alert if changing lanes is not 
safe at the moment. 

Other than today’s LDW systems that 
are designed solely to warn the driver if 
the truck is going to unintentionally leave 
its lane, a Lane Keeping Support (LKS) sys-
tem could also intervene in the lateral dy-
namics of a commercial vehicle to avoid a 
potential dangerous situation. It would 
induce a lateral impulse to prevent the 
commercial vehicle from leaving its lane. 

Figure 4: OnGuardMax steps  
of escalation
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Such assistance can be done either by di-
rectly commanding a steering system or 
using individual wheel brake application 
as stability control (ESC) does. 

7  Summary

Since the introduction of ABS in the early 
1980s, commercial vehicle safety systems 
such as ESC have made a significant con-
tribution to reduce not only fatalities in 
road traffic accidents involving commer-
cial vehicles but also injuries and conse-
quential cost. These systems as well as 
EBS, ACC, CWS and LDW have paved the 
road for one of the latest technology inno-
vations in DAS: Wabco’s OnGuardMax. 
The system incorporates existing DAS 
technologies while innovating further as 
it can detect moving or stopped vehicles 
ahead and can autonomously bring the 
vehicle to a complete stop. Building on 
this technology, further DAS advance-
ments will be developed. Technological 
prospects include advanced systems that 
can monitor blind spots or systems that 
can improve today’s DAS functionalities 
by gathering more information about the 
surrounding environment.
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Structure-borne Noise Insulation 
of Turbocharger Noise in Exhaust 
Systems
Up to now, decoupling elements are primarily used to ensure the mechanical endurance of exhaust systems. 
Tenneco – Heinrich Gillet GmbH, in cooperation with the Acoustic Work Group at the University of Kaiserslautern, 
has developed a procedure to capture the acoustic decoupling effects of these elements up to 5 kHz, enabling an 
evaluation of their damping efficiency of the structure-borne noise created by the exhaust-gas turbocharger. 
A special vibro-acoustic test bench was developed and innovative concepts for structure-borne noise isolation 
were worked up.
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1  Introduction

In line with the progressive trend toward 
concepts with turbocharging and down-
sizing for combustion engines the 
number of exhaust-gas turbochargers im-
plemented also increases. Sources of 
acoustic interference previously unno-
ticed or masked by other sources of inter-
ference are becoming more relevant as 
the overall vehicle acoustics progressive-
ly improve and customer demands on 
comfort and convenience steadily in-
crease. One of these undesirable sources 
of acoustic interference is the exhaust-
gas turbocharger.

The exhaust-gas turbocharger emits 
two types of acoustic noise – by directly 
emitting airborne noise from its own 
part surface and by inducing structure-
borne noise into adjacent components, 
from where the induced noise again ra-
diates as airborne noise. The exhaust sys-
tem is directly connected to the exhaust-
gas turbocharger and the vibration creat-
ed by the rotor dynamics is induced into 
the exhaust system structure, where it 
disperses as structure-borne noise and fi-
nally emits from the surface as airborne 
noise. Experiences at Tenneco have 
shown that the exhaust system emits 
typical turbocharger noise levels at fre-
quencies of 500 Hz to 5 kHz [1]. The air-
borne noise emitted from the exhaust 
system surface excites the floor panel of 
the car and negatively affects the acous-
tic perception inside the car.

The surface characteristics of shell 
mufflers are especially susceptible to 
emitting structure-borne noise as air-
borne noise. Because the required space 
in underbodies on cars are getting pro-

gressively smaller this type of muffler is 
implemented more frequently, in com-
parison to round spun mufflers, which 
are much more resistant to structure-
borne noise radiation [4].

Passive elements are used to keep the 
structure-borne noise from expanding in-
side the exhaust line structure. Their be-
havior was examined as part of a coopera-
tive project between Tenneco – Heinrich 
Gillet GmbH and the University of Kaisers-
lautern, which resulted in a company-own 
development effort of structure-borne 
noise decoupling elements. An innovative 
test bench was developed in cooperation 
with the Work Group for Acoustics at the 
faculty for fluid mechanics and fluid ma-
chinery at the University of Kaiserslau-
tern. Furthermore, an experimental pro-
cedure was created to enable the specifica-
tion and characterization of the exhaust-
gas turbocharger. This makes it possible to 
identify critical vibrations very early and 
provide adequate solution concepts.

2  State of the Art

East-west inline engines are mostly im-
plemented for combustion engine con-
cepts with a low displacement volume 
and a small number of cylinders. Here 
the exhaust system must be equipped 
with a flexible decoupling device that 
isolates the concept-related engine move-
ments, thus ensuring the durability of 
the exhaust system [6].

Standard flexible corrugated tube ele-
ments with an outside wire braiding can 
be used to accomplish this. The respec-
tive parts characteristics were previously 
only considered to be sufficient for fre-
quencies up to 200 Hz. Continuous im-
provements focusing on acoustically rel-
evant frequencies up to 5 kHz, consider-
ing the excitation exerted by the exhaust-
gas turbocharger, represent a new chal-
lenge and offer an additional application 
option for acoustic decoupling to reduce 
the dispersion of structure-borne noise 
inside the exhaust system. Acoustic prop-
erties of a number of decoupling and 
thermal elements of different flexibility 
were tested as part of the cooperative 
project. Figure 1 shows a selection of the 
standard elements examined.
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3  Test Bench for Decoupling Elements

The cooperating partners set up a spe-
cially developed test bench to record the 
structure-borne noise transfer properties 
on the decoupling elements, which is 
shown in Figure 2. Using an indirect meas-
uring procedure with defined terminat-
ing impedance the elements are depict-
ed and tested at acoustically relevant fre-
quencies up to 5 kHz. 

Figure 3 shows a schematic of a decou-
pling element with terminating imped-
ance and the respective variables at in- 
and output of the part. The measuring 
procedure characterizes the dynamic 
properties of the decoupling elements in 
a transfer matrix, considering both the 
longitudinal and lateral component char
acteristics.

For a detailed description of the meas-
uring procedure, see [2] and [3]. Due to 
the fact that a number of tested decou-
pling elements shows significant non-
linear system behavior the transfer ma-
trix elements are not only frequency- 
but also amplitude-dependent, which es-
pecially affects the frequencies below 
500 Hz. 

Therefore, reproducible and signifi-
cant measuring results can only be ob-
tained with a precise knowledge of the 
excitation vibration. Thus, it is advanta-
geous to use an amplitude-controlled 
stepped sine testing procedure. Pre-stress-
ing also affects the transfer behavior.

The correlation between the dynamic 
variables on in- and outlet of an oscillat-
ing decoupler is described by a stiffness 
matrix:

	
​( ​F1   F2

​  )​ = ​[ ​​[ k1,1 ]​
    ​[ k2,1 ]​
​ ​
​[ k1,2 ]​

    ​[ k2,2 ]​
​ ]​ ​( ​u1   u2

​ )​� Eq. (1)

 
Here, vectors

u1 = (ux1 uy1 uz1 γx1 γy1 γz1)
T� Eq. (2)

and 

u2 = (ux2 uy2 uz2 γx2 γy2 γz2)
T� Eq. (3)

consist of vibrations displacements u and 
rotating angles γ, respective to the axes 
identified in the indices. The two vectors

F1 = (Fx1 Fy1 Fz1 Mx1 My1 Mz1)
T� Eq. (4)

�
and 

F2 = (Fx2 Fy2 Fz2 Mx2 My2 Mz2)
T� Eq. (5)

contain force and momentum on in- and 
output. The stiffness matrix is made up 
of both the input stiffness [k1,1], [k2,2] and 
the transfer stiffness [k1,2], [k2,1] matrixes.

Under realistic conditions the hot ex-
haust-gas flows through the decoupling 
elements and heats them up. Depending 
on the application and the engine concept 
the surfaces of the decouplers heat up to 
100 to 550 °C [7]. A heating sleeve is used 
to create this temperature on the test ob-
ject to simulate realistic conditions.

4  Results

To evaluate structure-borne noise damp-
ing the dynamic transfer stiffness is con-
sidered, defined as the ratio between the 
excited vibration displacement on the 
part input and the force at the part out-
put [3]. Figure 4 shows a comparison of 
the axial transfer stiffness on different 
connection elements. The rigid connec-
tion is a 300 mm long exhaust-gas tube 
with a diameter of 50 mm and a wall 
thickness of 1.5 mm. The structure-borne 
noise decoupling element is a 21 mm 
long corrugated metal part and the flex 
element has a nominal length of 142 mm 
and an inside diameter of 50 mm. The 
construction is comparable to that of a 
corrugated tube element with outside 
wire braiding. Below 2 kHz the transfer 
stiffness on both decoupling elements is 
lower by a power of ten as compared to 

Figure 2: Test bench to measure structure-borne noise transfer properties of decoupling  
elements

Figure 3: Dynamic variables on a tested decoupling element
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the rigid connection. Due to standing 
waves both the structure-borne noise de-
coupling element and the flex element 
become stiffer as frequencies increase.

The transfer properties on the flexible 
element show a non-linear behavior. 
There is a correlation between the trans-
fer stiffness and both the excited frequen-
cy and excited vibration displacement. 
Figure 5 depicts the transfer stiffness as a 
function of excited frequency and actual 
value of the vibrating displacement, based 
on a harmonic excitation. Flex elements 
do have a progressive stiffness characteris-
tic, but due to the fact that testing takes 
place under pre-stressing the transfer stiff-
ness decreases as the vibrating displace-
ment increases. Under realistic conditions 
the effect of the amplitude decreases as 

the frequency increases, so that only the 
frequency-dependence of the transfer stiff-
ness is notable above 1 kHz.

The length of the decoupling element 
represents a significant entity in the floor 
unit. Figure 6 depicts the axial transfer 
stiffness of three different, identically 
constructed corrugated tube elements 
with a varying number of corrugations 
and consequently a different overall 
length. It turns out that the shortest ele-
ment has the highest stiffness across most 
of the frequency range. But testing also 
showed that in regards to structure-borne 
noise damping it makes no sense to ran-
domly extend the length of the element. 
Said length of the element should be such 
that no critical resonances are created in 
connection with the exhaust system that 
means the transfer stiffness should ideal-
ly be at a minimum in these areas.

Figure 7 compares the transfer stiff-
ness of an unheated new corrugated tube 
to the transfer stiffness at a surface tem-
perature of 600 °C. At a frequency range 
below 1 kHz the stiffness significantly in-
creases in heated condition as compared 
to the stiffness at ambient temperature. 
However, no significant differences in 
part temperature are notable at frequen-
cies above 1 kHz. The increase in transfer 
stiffness persists after the part has cooled 
down. At frequencies higher than 1 kHz 
identical behavior of the transfer stiff-
ness can be observed after mechanical 
and thermal conditioning.

Figure 4: Comparison of transfer properties – axial transfer stiffness of  
different connection elements

Figure 5: Transfer stiffness relative to frequency and magnitude

Figure 6: Impact of the flex element length
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5  Description of the Turbocharger  
as a Source of Structure-borne Noise

An experimental method is created to 
describe the exhaust-gas turbocharger as 
a source of structure-borne noise. It ena-
bles the identification of critical excita-
tions and the consideration of problem-
atic vibrations during the conceptual 
phase. Furthermore, it allows the imple-
mentation or selection of suitable decou-
pling parts during the early phase of de-
velopment, before the exhaust system 
even exists.

The source description is based on the 
electrical engineering based power 
source modeling concept, also called the 
Thévenin equivalent. Mechanically ap-
plied, the sources of the structure-borne 
noise, combustion engine and exhaust-
gas turbocharger, are modeled as an ide-
al power source with internal resistance. 

The model parameters are determined 
by inducing various mechanical imped-
ances into the vibrating source. These 
terminating impedances primarily act 
like rigid masses across the entire rele-
vant frequency range.

On the surface of these terminating 
impedances, accelerations are measured 
in all three spatial directions and split 
into their spectra via FFT, thus enabling 
a description of the frequency-depend-
ent power excitation in all spatial direc-
tions. Several acceleration sensors are 
positioned to separate the translation 
and rotation accelerations. Figure 8 
shows on the left an equivalent circuit 
diagram of the structure-borne noise 
source, consisting of power source Fq 
and internal resistance Zq with the load 
impedance ZL applied. The source im-
pedance consists of masses and linear-
visco-elastic elements in good approxi-

mation. The respective operating point 
is the intersection of the source and 
load characteristic lines, as shown in 
Figure 8 on the right. Entities F and v de-
pict the excitation force and velocity at 
the point of force application.

6  Integration in Existing  
Calculation Models

One of the main objectives of the test 
procedure introduced here is the inte-
gration of the decoupling element trans-
fer characteristics and the turbocharger 
excitation spectra into the in-house CAE-
process, to enable the calculation of the 
surface radiated noise on exhaust sys-
tems. The company Tenneco – Heinrich 
Gillet GmbH has been developing and us-
ing calculation processes that enable us 
to predict the surface radiated noise on 
exhaust systems and to optimize the sur-
faces for a number of years – see [4] and 
[5]. A missing link in this simulation 
process was the previously unknown me-
chanical transfer characteristics on de-
coupling elements within the acoustical-
ly relevant frequency ranges as well as 
the unknown excitation levels for the 
structure-borne noise phenomenon cre-
ated by the exhaust-gas turbocharger.

The integration of measured results 
into this calculation process makes it 
possible to depict the entire exhaust sys-
tem as part of the acoustic simulation 
process, thus enabling better and more 
precise predictions regarding the radia-
tion of surface radiated noise. Further-
more, the acoustic transfer behavior of a 
decoupling element as part of the overall 
system can already be considered during 
the conceptual phase and be integrated 
into the selection process as an addition-
al parts characteristic.

7  Alternate Structure-borne Noise 
Decoupling Concepts

Acoustic problems due to surface radiat-
ed noise are often discovered very late in 
the development phase of an exhaust sys-
tem. At this time the hanger points on 
the exhaust systems are already defined 
and it takes extensive development ef-
forts to integrate a decoupling element 
with increased flexibility into the ex-

Figure 7: Thermal effects on transfer stiffness

Figure 8: Equivalent circuit (left) and operating point (right) after the Thévenin equivalent
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haust line. Extensive validation efforts 
are required to ensure the durability of 
the system. Therefore, it was a primary 
objective to develop an alternate part 
with as much stiffness as possible for in-
tegration into the exhaust system, re-
quiring as few validation efforts as possi-
ble. It was also a base requirement that 
the part has a sufficient acoustic decou-
pling effect at frequencies of 500 Hz to 
5 kHz and complies with the required fa-
tigue limit specifications.

In the past acoustic problems were of-
ten solved by adding additional weight 
and vibration dampers. But solutions re-
quiring an increase in weight and mate-
rial efforts are no longer feasible today. 
The part developed by Tenneco – Hein-
rich Gillet GmbH and the University of 
Kaiserslautern is a compromise between 
maximum stiffness and acoustic decou-
pling at nearly the same weight and in-
stallation space as an exhaust tube. 
Figure 9 shows a section view of a decou-
pling element with a double S-Shape. 
Since the part is a supporting part, no 
additional hanger points are required in-
side the car body.

The principle of the double S-Shape de-
coupler for one is based on adding an im-
pedance mismatch into the structure of 
the exhaust line, causing incoming struc-
ture-borne noise waves to be reflected and 
secondly on the flexible geometry intro-
duced into the structure of the exhaust 
line, thus causing a targeted change in 

the resonant behavior of the exhaust line. 
A parametric study examined the influ-
ence of the geometric parameters of the S-
Shape on the part behavior, enabling an 
adaptation of the part to the respective 
application requirements.

8  Summary

An innovative test bench to examine the 
transfer behavior of flexible decoupling 
elements under varying conditions up to 
frequencies of 5 kHz is introduced by Ten-
neco – Heinrich Gillet GmbH in coopera-
tion with the Acoustic Work Group at the 
University of Kaiserslautern. The calcula-
tion models of the transfer functions for 
decoupling elements and turbochargers 
are integrable into the CAE processes.

Furthermore, a procedure is de-
scribed that characterizes the exhaust-
gas turbocharger as a source for struc-
ture-borne noise and enables the detec-
tion of potential structure-borne noise 
problems in an early development phase. 
Finally, an alternate part called double 
S‑Shape decoupler is introduced to pas-
sively prevent the dispersion of struc-
ture-borne noise inside the exhaust 
system, thus improving the NVH behav-
ior on the overall vehicle without requir-
ing significantly more space than a 
straight exhaust tube and without in-
creasing the overall weight of the ex-
haust system.
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The Mercedes-Benz 
Experimental Safety Vehicle 
ESF 2009
Between 1970 and 1974, Daimler-Benz AG, as it was then known, contributed 24 test vehicles to 
the Experimental Safety Vehicle (ESV) program. The program developed numerous systems for 
improving passive and active safety, which can be found today in virtually all new passenger 
cars. In ESF 2009, Mercedes-Benz aims to demonstrate the potential of the new design con-
cepts made feasible by today‘s technology. This will also include systems, which are still not 
possible to implement in series production so as to stimulate discussion of the necessary tech-
nological developments.
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1 Introduction and Motivation

The vehicles presented at the first ESV 
conference, Figure 1, already showed that 
active and passive safety were topics, 
which should not be treated separately.  
This integrated safety approach, based 
on the technology of the day, offered 
glimpses of the type of improvements in 
vehicle safety that was to come. Today, 
most of the systems that were considered 
revolutionary at that time can be found 
in the series production vehicles of virtu-
ally every manufacturer. No further ex-
perimental safety vehicles have been 
built anywhere in the world, or present-
ed at the ESV conference, since 1974.

In constructing a new experimental 
safety vehicle, the intention of Mercedes-
Benz is to again promote discussion of 
the whole subject of vehicle safety.

The hope is to present feasible new so-
lutions based on today’s technologies 
and illustrate the potential they offer. 
Systems whose production breakpoint is 
not yet possible from a present-day per-
spective have been consciously included 
to elicit discussion of the basic require-
ments and technological advances that 
will be required.

2 Descriptions of the Main Topics

The scope of this paper does not permit a 
comprehensive exposition of the 30 topics 
from six different areas. Selected systems 
have therefore been presented in more de-
tail as being representative for each of the 
topic areas. The following areas were in-
cluded in the ESF 2009, grouped accord-
ing to the integrated safety approach [1], 
i.e. ranging from accident prevention and 
protection for road users, to the measures 
that can be taken after an accident.

2.1 Systems to Increase Awareness
One area that offers considerable poten-
tial for reducing accident statistics is im-
proved awareness of the traffic situation 
by the driver and other road users.

The “Spotlight” topic offers a solution 
for making other road users more visible 
and differentiating between them. This 
technology points directly to where the 
hazard lies among the surrounding traf-
fic. The technical solution in the ESF 
2009 gives an example of how one’s own 
vehicle can be seen more easily by other 
road users, particularly from the side. 
This was achieved by using passive reflec-
tive measures.
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Figure 1: The ESV 13 in 1972
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Both topics are discussed in detail be-
low. The topic of Intelligent Night View 
for active night vision recognition and 
for accentuating the visibility of pedestri-
ans and animals is also examined.

2.2 Vehicle Communication
Vehicle communication systems for acci-
dent prevention or rescue will make an im-
portant contribution on the way to achiev-
ing safer driving. Communication between 
vehicles offers crucial added value, espe-
cially in situations that could be adequate-
ly defused with the help of an early warn-
ing system, or where an existing autono-
mous vehicle sensor system, e.g. where vis-
ibility is restricted, cannot offer any added 
value. However, at this point, a single-man-
ufacturer solution cannot help us achieve 
our goal. Instead, what is needed is a suc-
cessful collaboration between a large 
number of manufacturers with the aim of 
developing uniform standards and a mod-
el for rapid market penetration of the tech-
nologies involved. For that reason, this im-
portant topic has also been included in the 
vehicle.

2.3 Driver Assistance Systems
Systems to prevent and reduce the severi-
ty of accidents represent an important ba-
sis for future developments to improve ve-
hicle safety. Building on improved and ex-
tended vehicle sensing systems (radar and 
stereo cameras), new assistance functions 
will become possible that will help the driv-
er, e.g. in critical situations at intersections.

The assistance systems in the ESF 2009 
address the topics of improving longitu-
dinal and lateral guidance, as well as gen-
eral awareness:

–	 The blind spot assistance system can 
not only trigger a warning, but also 
help avoid a potential collision with a 
vehicle in the blind spot by braking 
individual wheels.

–	 The extended Lane Assistant also com-
prises an alarm level, and, if it recog-
nizes the danger of a critical depar-
ture from the lane, intervenes by ap-
plying independent wheel braking to 
correct the steering course. At a later 
stage of development, corrective steer-
ing intervention can also occur if ob-
jects with which the vehicle is likely 
to collide are identified.

–	 Traffic sign assistance system to dis-
play the currently applicable speed 
limit.

2.4 Virtual Protection Zone
Several manufacturers have recently in-
troduced systems to help the driver in sit-
uations with a high risk of rear-end colli-
sions. With its introduction of the Pre-
Safe brake in 2006, and the enhanced ver-
sion with an emergency braking function 
in 2009, Mercedes-Benz has brought to 
the market the final stage of development 
for the present of a system designed to re-
duce the risks posed by tailbacks. The Pre-
Safe brake system combines acoustic and 
visual warnings, adaptive brake assist-
ance, and autonomous partial and emer-
gency braking to offer an all-round pack-
age that helps to avoid an accident, or to 
reduce kinetic energy before a possible 
collision. Preventive occupant protection 
functions are also activated. Using the 
phase immediately prior to a collision to 
provide occupant protection can have the 
effect of further significantly reducing 

the consequences of an accident for those 
involved. This effectively extends passive 
safety, the so-called „New Passive Safety“ 
[2] to the moments immediately before 
the accident. The braking bag in the ESF 
2009 represents a further development 
stage. This will be explained in more de-
tail in a later section.

2.5 Initial Impetus / Innovative Occupant 
Protection Systems
To date, the development of occupant 
protection systems has focused on ex-
tending the protective space, and on 
adaptability. Extended fitting of airbags 
down into the subcompact range, and re-
finement of the seatbelt with automatic 
tightening and force limiter have greatly 
reduced the forces to which occupants 
are subjected in accident situations. Over 
the last few years, however, we have wit-
nessed an asymptotic trend in the reduc-
tion of forces under the specified load 
conditions. If we consider conventional 
restraint systems, even experts believe 
that the possibilities for further develop-
ment in the future are slim.

Nevertheless, if we consider the pre-ac-
cident phase, links can be created between 
reversible and conventional occupant pro-
tection systems that, in combination, open 
up further possibilities. One example of 
this is the initial impetus Pre-Pulse occu-
pant side protection system, which will be 
presented in a later section.

A further area where occupant protec-
tion can be improved is in the rear seat 
row, which has different requirements 
from the front seat row. On the one hand, 
children are often transported in this ar-
ea, so that occupant protection systems 
must meet the requirements for this oc-
cupant group. Similarly, the require-
ments for a chauffeur limousine, as in 
the present luxury vehicle segment, are 
quite different as regards occupant pro-
tection. The solutions presented for child 
safety and the belt bag should prove en-
hancements to the range of protective 
equipment, and will be described in 
more detail as part of the vehicle presen-
tation.

On the question of resolving the con-
flicting objectives of structural safety, 
body rigidity and lightweight construc-
tion, the topic “Pre-Safe-Structure” in the 
ESF 2009 will be addressed and present-
ed separately in a later section.

Figure 2: Frequency 
of accidents in 
different light  
conditions in  
Germany in 2007
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3 Technical Descriptions  
of Selected Systems

3.1 Side Reflect – Improvement  
in Side Visibility at Night
Dusk and darkness pose an enormous 
risk potential. Over one quarter of all ac-
cidents occur under these lighting condi-
tions. Additionally, the severity of inju-
ries increases during these times. Some 
40 % of accidents involving fatalities oc-
cur at night [3], Figure 2.

The (active) lighting techniques have 
been steadily improved over the last few 
years. However, there are still many situ-
ations presenting an increased risk po-
tential, such as an unlit vehicle that has 
been left at the side of a country road, or 
vehicles crossing an intersection without 
warning.

The objective of Side Reflect is to en-
hance the side visibility of the vehicle in 
order to reduce this accident risk at 
night. The lateral reflective properties 
are enhanced, Figure 3. One element con-
sisted of reflective strips on the tires (as 
has been standard on cycle tires for a 
number of years).

An additional component that was 
presented by way of example in the ESF 
2009 was door seals with reflective prop-
erties. Here, the external area of the door 
seal rubber was coated with a special 
film that integrates seamlessly into the 
vehicle design. These reflective door seals 
emphasize the vehicle contour for en-
hanced nighttime visibility.

3.2 LED Pixel Headlamps  
for Hazard Light
Night vision systems are a great help for 
drivers. With night view assist, an „elec-
tronic main beam“ allows drivers to still 
see their own lane and the right-hand 
side of the road without the risk of being 
dazzled even if there is oncoming traffic. 
Advances in camera technology and im-
age processing now allow systems to rec-
ognize potential dangers on and imme-
diately adjacent to the roadway. 

These can be specially highlighted on 
a suitable display to warn drivers. The 
preferred solution would be for drivers 
to receive an alert about a potential haz-
ard directly in the traffic area, without 
wasting time looking at a display. This 
function will be referred to as “Spotlight” 
below.

The ESF 2009 demonstrates a fixed 
headlamp with electronically controll
able light distribution since the spotlight 
function, Figure 4, needs to react within 
fractions of a second. There are essential-
ly two ways of designing non-mechanical 
systems: one is to use a video projector [4] 
or similar; the other uses electronically 
addressable LED arrays [5]. The second 
variant has been implemented in the ESF 
2009. An array of this kind basically con-
sists of a number of individual LED chips 
arranged in rows and columns. Approxi-
mately 40 to 100 LED pixels are needed to 
create a vehicle headlamp (depending on 
the desired resolution and the maxi-
mum area to be illuminated). The ESF 
2009 has 96 pixels arranged in four rows, 
with a different number of pixels per 
row. Each of the 96 pixels can be dimmed 
in 256 steps, and can be switched on 
within a few milliseconds.

As well as the “Spotlight,” it is possi-
ble to use this LED array to implement 
adaptive light functions, such as active 
curve illumination and partial high 
beam. As well as image analysis, a variety 
of options for alerting the driver was test-
ed in the ESV, none of which should daz-
zle other road users.  Pedestrians could, 
for example, be illuminated up to waist-
line height; projecting a „light pointer“ 
onto the road surface was another possi-
ble solution.

While most of the technical problems 
have been solved, further study is still 
needed here, together with amendments 
to the legal provisions.

3.3 Virtual Protection Zone Braking Bag
The current E-Class model year 2009 fea-
tures the last development stage for the 
time being of an automatic emergency 
brake system. The emergency braking 

Figure 3: Improvements to lateral 
visibility through side reflect

Figure 4: The spotlight function
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function, already implemented by Mer-
cedes-Benz in series production vehicles 
in the event of unavoidable collisions in 
thickening tailback traffic, reduces the 
subsequent collision speed by approxi-
mately an additional 6 to 8 km/h. Ap-
proximately 0.6 s before the collision the 
function imposes emergency braking on 
the already partially braked vehicle. A 
further escalation stage is needed to raise 
the deceleration energy above that of the 

wheel brake since the vehicle has already 
been decelerated to the slippage limit.

In this context, Mercedes-Benz has de-
veloped the concept of the braking bags. 
An airbag containing a driver‘s airbag 
gas generator was added to the front un-
derbody paneling of a standard S-Class 
vehicle. This paneling has a double-wall 
design, so that the airbag can be installed 
spread out between both body panels. 
Once activated, the airbag expands, sup-

porting itself on the top side of the front 
integral support member, Figure 5. The 
underside is fitted with a friction lining 
designed to achieve optimum decelera-
tion. It is mounted in front on the vehi-
cle cross member, so as to transfer the 
frictional forces generated by bracing the 
vehicle on the roadway.

If the braking bag is activated as the 
vehicle in front is approached ever more 
closely, i.e. approximately 2.6 s before the 
moment of collision after an initial warn-
ing has been issued, approximately 1.6 s 
before the moment of collision after par-
tial braking has been initiated, and at ap-
proximately 0.6 s before the collision af-
ter emergency braking has been initiat-
ed, then the result is a rapid and tempo-
rary increase in deceleration lasting ap-
proximately 75  to 100ms, with a deceler-
ation rate of 20 m/s2, Figure 6.

The increase in deceleration is prima-
rily influenced by an elevation in the 
center of gravity of the vehicle as it per-
forms the emergency braking maneuver. 
When the airbag expands, it momentari-
ly raises the vehicle by approximately 80 
mm. During this brief period, the thrust 
exerted on the friction lining of the brak-
ing bag is increased by the factor of the 
mass acceleration and the overall vehicle 
mass.

This increased thrust leads to a briefly 
increased rate of deceleration, Figure 7, 
than can be generated with a normal 
wheel brake. In this context, it is impor-
tant that the precise collision point is 
predicted as exactly as possible, since the 
process is reversed after a certain period, 
leading to a load reduction that has a 
negative impact on the deceleration 
force.

The following effects can also be ob-
served. As a result of the vehicle’s up-
ward movement, brake dive movement is 
further compensated for, thus improving 
the geometric compatibility of the brak-
ing vehicle. The deformation structures 
adjust to the original design configura-
tion.

Also observed, as a consequence of 
the vehicle being raised, was the adjust-
ment of the seat structure to the inert 
mass of the occupants. The distance 
measured in tests was approximately 20 
mm, which means that the compres-
sion of the elastic seat foam and the con-
vergence between the seat ramp and the Figure 6: Deceleration pattern after initiation of the braking bag

Figure 5: Cut-away 
view of the braking bag
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bodies of the occupants result in im-
proved contact between them in the 
subsequent crash.

This applies in equal measure to with 
the contact between the occupant and 
the already tensioned seatbelt in the Pre-
Safe phase. In the moments preceding 
the accident, the occupant is held in po-
sition by a reversible tensioning, in prep-
aration for the subsequent emergency 
braking.

The emergency braking then gener-
ates an increase to approximately 400 to 
600 N on the belt through the inertia 
force imparted. The deceleration caused 
by the braking bag of approximately 20 
m/s2 further enhances this seatbelt pre-
tensioning to approximately 800 to 1,200 
N, thus helping to optimize deceleration 
contact even before the pyrotechnic belt 
tensioner is triggered.

3.4 Initial Impetus Occupant  
Safety System 
Standard restraint systems can be de-
scribed as merely reactive occupant safe-
ty systems. For example, a build-up of 
force and the associated energy conver-
sion within the belt system occurs only 
after the occupant has traveled the nec-
essary distance after a specific period by 
being thrust forward in a frontal impact. 
However, at this point, valuable deforma-
tion space has been used only for the ve-
hicle deceleration, but not to decelerate 
the occupants. The way the airbag oper-
ates is similar to the functioning of the 
belt described above. Only after suffi-
cient internal pressure has developed 
from precompression of the bag does de-
celeration (or acceleration in the case of 
a side impact) occur, and thus to energy 
being brought to bear on the occupant.

The crucial lever for reducing the load 
values in a side impact is the distance be-
tween the occupant and the door. The 

greater this distance, the lower the speed 
at which the door accelerates the occu-
pant through the occupant protection 
system. At the same time, this distance is 
limited by the possible vehicle size and 
the comfort dimensions. The contact 
speed of the intruding door is primarily 
influenced by measures adopted for the 
body shell and the door. Here, too, there 
are restrictions imposed by limits on vehi-
cle weight and equipment packaging. 
Measures undertaken to date to increase 
side-impact protection have mainly been 
implemented in the vehicle itself, i.e. in-
fluencing the occupants has not been 
considered so far. An initial impetus occu-
pant safety system, as presented in the 
ESF 2009, taking the example of a side im-
pact, uses the early information on the 
unavoidable collision to bring some ini-
tial preparatory energy to bear on the oc-
cupant. The instant the accident occurs, 
these so-called Pre-Safe-Pulse systems ac-
celerate the occupant in the direction tak-
en by the impact energy, Figure 8, thus re-

ducing the energy differential between 
the vehicle and the occupant at this early 
stage. The energy is not just brought to 
bear when an impact occurs, but instead 
the total energy is distributed between a 
smaller initial impact, and a reduced 
main impact.

This can be simply explained using 
the example of a side impact: in order to 
generate the pre-pulse effect on the occu-
pant, the seat was fitted with the dynam-
ic ride components of the multi-contour 
seat. This features air cushions in the 
“cheeks” of the driver and front seat pas-
senger backrests, thus improving lateral 
support on bends by inflating.

The size and inflation characteristics 
of these cushions were modified so that 
they could propel the occupant towards 
the center of the vehicle by suddenly in-
flating. This process is reversible and can 
be repeated.

The movement towards the center of 
the vehicle increases the distance be-
tween the occupant and the door.

Figure 7: Reduction in speed after initiation of the braking bag

Figure 8: Deflection of the occupant‘s mass

ATZ 07-08I2009 Volume 111 39 

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



The side bag can now be safely de-
ployed. The moment of contact between 
the door and the occupant held by the 
restraint system now occurs later, i.e. at a 
lower intrusion speed. 

Additionally, the occupant is already 
moving at a certain velocity in the same 
direction as the impact, and this veloci-
ty no longer needs to be imparted 
through contact with the side bag and 
the door. Simulation tests showed an av-
erage 30 % reduction in rib intrusion, 
Figure 9.

3.5 Pre-safe-Structure
The crash properties of vehicle structures 
such as bodyshell and basic door compo-
nents can be adapted to behave intelli-
gently towards the imminent accident. 
Subjecting these structures instantane-
ously to high internal pressure is one 
possible approach which has been inves-
tigated as part of this concentrated re-
search and development work.

The development approaches essen-
tially emerge from two basic principles:
1. 	Changing the deformation properties 

through subjection to pressure while 
retaining the original component ge-
ometry. The maximum pressure level 
must, of course, be carefully tailored 
to the material, the joining techno
logy and the original component geo
metry.

2. 	Changing the deformation properties 
by enlarging the component‘s cross 
section. When subjected to pressure, 
the cross section will increase instan-
taneously from a small, packaging-op-
timized cross section to a larger cross 
section with a considerably greater re-
sistance to deformation, Figure 10.

Depending on the circumstances, either 
a brief application of pressure to pro-
duce the desired geometry change will 
be sufficient or pressure will need to be 
applied for longer to ensure that the re-
quired high internal pressure is main-

tained for the whole period during 
which the component is deformed.

Pressure application and deformation 
of the components ceases after approxi-
mately 10 ms to 20 ms. The changes to 
the vehicle as the crash unfolds general-
ly occur within at most 100 ms. Dense 
structural components can maintain the 
pressure at a very constant level during 
this time.

Theoretical and experimental studies 
have been carried out on a variety of ve-
hicle structures. Components have been 
evaluated under both axial as well as tor-
sional stresses. 

In the case of longitudinal member 
structures, it was demonstrated that the 
force level could be raised by 20 kN to 40 
kN and that the length of time over 
which the crash unfolded in the vehicle 
could theoretically be shortened by 10 
mm to 100 mm.

The design for the crash-active door 
impact member envisaged meeting the 
FMVSS214 structural requirements 
without the member being activated; 
Figure 11.

During in-crash activation, the aver-
age force level varied, depending on the 
position of the gas generator, between 
7.5 kN and 12 kN. Compared with the 
standard components, a weight reduc-
tion of approximately 500 g per compo-
nent was demonstrated.

By a carefully timed pre-initiation of 
the door components it is possible to fur-
ther increase the average force level by 
up to 50 %. 

Crash-active structures in the lateral 
vehicle structure offer the same high 
safety level as series production compo-
nents at a reduced structure weight. In 
addition, depending on the component 
geometry, simulation testing provided 
evidence of considerably reduced intru-
sion velocities.

Figure 9: Rib  
deflection in the 
FMVSS 214 load 
case (new)

Figure 10: Average height increase  
of a side impact member
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4  Summary

The purpose of the ESF 2009 is to illus-
trate new approaches aimed at improv-
ing vehicle safety. Some new, as yet un-
published approaches were selected for 
this. A solid foundation comes from us-
ing information on the traffic environ-
ment that is as precise and reliable as 
possible. Recording information using 
sensor beams and the networking of ve-
hicles with the help of new communica-
tion technologies should yield further 
support measures in the future that will 
help avoid or reduce the severity of acci-
dents.

Further milestones on the way to our 
vision of accident-free driving will be 
achieved by using innovative light tech-
nologies to ensure awareness of other 
road users, and also by improving the 
discernibility of the vehicle itself, partic-
ularly from the side.

Along the way, exploiting informa-
tion about an imminent, unavoidable 
collision offers further potential for the 
safety of vehicle occupants and other 
road users. An important component in 
this area is the use of the initial impetus 
mechanism to distribute the collision en-
ergy over several impulses.

Further studies into the area between 
the occupants to protect them from in-
juring each other and the adaptability of 
the size and absorption capacity of the 
airbag have not been discussed in this pa-
per, but both play an important role in 
accident protection in the ESV.

Intelligent vehicle structures, which 
can adjust their rigidity and deforma-
tion properties to the crash as it occurs, 
offer long-term potential for optimizing 
structural solutions combined with no-
table packaging and weight benefits. 

Subjecting vehicle structures to internal 
pressure are a possible approach to a so-
lution.

The ESF 2009 offers an in-depth look 
at current advance design projects relat-
ing to vehicle safety at Mercedes-Benz. To 
an extent, it therefore also represents a 
risk for the company. However, it is im-
portant that experts should have the 
chance to discuss important new, and, in 
certain cases, unconventional ways of 
improving safety, and then develop them 
systematically.

The features of the ESF 2009 are in-
tended to provide just such an opportu-
nity.
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The Centrifugal 
Pendulum-type Absorber
Application, Performance and Limits  
of Speed-adaptive Absorbers
Providing driving pleasure while reducing fuel consumption and CO2 emissions means, on the one hand, 
combustion engines that generate high torque at low speeds and, on the other, transmission concepts with 
a large spread. For these developments to exploit their full potential, the comfort objectives at low speeds 
must also be achieved. In this case, the performance capability of torsional vibration dampers like dual 
mass flywheels plays an important role. As a speed-adaptive absorber, the centrifugal pendulum-type 
absorber developed by LuK is an ideal means of providing the isolation necessary in new drive systems.
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1  Introduction

Further development of a drive train is 
limited by the subsystem with the low-
est performance. This can be the inter-
nal combustion engine itself or any of 
the attached power-transmitting com-
ponents. The limitation may be the re-
sult of lacking robustness or strength, 
or even failure to satisfy comfort crite-
ria. In this regard, the importance of re-
ducing the vibration caused by the rota-
tional irregularity of the internal com-
bustion engine has increased signifi-
cantly over the past 20 years. Although 
relatively low engine torques meant 
that there were no major requirements 
in this area until the early 1990s, the sit-
uation changed dramatically with the 
introduction of new combustion meth-
ods in combination with turbocharging 
of diesel engines. As a result of these 
technologies, maximum possible specif-
ic engine torques have now been tripled. 
This evolutionary development would 
not have been possible without new vi-
bration-reducing measures. 

The dual mass flywheel (DMF) intro-
duced by LuK in 1985 represented an ef-
fective long-term solution with exception-
al characteristics for effective vibration re-
duction in the drive train, Figure 1. System-
atic further development and intensive 
use of virtual simulation techniques has 
helped to compensate the ever more de-
manding requirements that have since 
arisen and thus achieve comfort objec-
tives.

Pressure to reduce fuel consumption 
and CO2 emissions has been growing for 
some years. Massive efforts to increase 
overall efficiency are giving rise to new 
engine and transmission concepts. In the 
case of the internal combustion engine, 
this means further increases in cylinder 
pressures (turbo-charging), a reduction in 
the number of cylinders and higher tor-
ques at ever lower speeds. All of these de-
velopments greatly increase the torsional 
vibrations introduced in the drive train.

The increase in cylinder pressures 
leads directly to an increase in excitation 
and, with identical engine displacement, 
to less isolation by the damper, since its 
torque capacity must be adjusted accord-
ingly, Figure 2. With identical torque, a re-
duction in the number of cylinders leads 
both to greater irregularity and lower ex-

citation frequency. With identical engine 
speed, the torsional vibration of the clutch 
shaft increases as a result. These effects 
are illustrated in the following example: If 
a three-cylinder engine provides the same 
maximum engine torque as a four-cylin-
der engine and the maximum torque is 
already available at 1400 instead of at 
2000 rpm, the irregularity at the clutch 
shaft quadruples when the damper tech-
nology remains the same.

The overall situation regarding vibra-
tion reduction is aggravated further by 
the greater sensitivity of the drive train 
as a consequence of loss reduction and 
lightweight construction as well as high-
er customer expectations when purchas-
ing a new car. Because of the reasons 
mentioned above, vibration-reducing 
damper systems represent an increasing-
ly important key technology in modern 
engine concepts. Existing damper con-
cepts are reaching their limits, thus ne-
cessitating the consideration of alterna-
tive operating principles to satisfy future 
requirements.
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Figure 1: Dual mass flywheel – long-term solution to vibration isolation
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Figure 2: Increasing requirements for vibration reduction
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2  Physical Principles for Vibration 
Reduction – Potential and Limits

There are a number of possible physical 
principles for combating interfering vi-
brations. With regard to physical effects, 
a satisfactory result can theoretically be 
achieved with any number of approach-
es. The potential and limits are the result 
of criteria such as constructive imple-
mentation, installation space, additional 
weight and costs, Figure 3.

The conventional combination of a 
single mass f lywheel and torsion-
damped clutch disc, for example, reach-
es its limits relatively quickly, due to the 
potential inertia and damping capacity. 
Nevertheless, this option still has 
enough potential for the low and medi-
um torque ranges.

In conjunction with slip, almost per-
fect isolation could be achieved, but 
there are significant additional costs as-
sociated with the manual transmission 
as a result of the required controllers 
and actuators. Moreover, such a system 
must usually be combined with a DMF, 
as the required slip speeds would other-
wise lead to greater fuel consumption 
and wear. Systems for generating an op-
posing torque to the oscillating torque of 
the internal combustion engine always 
require a controller and actuator unit to 
adjust the amplitude and phasing.

LuK considers the speed-adaptive ab-
sorber to be a lasting solution for further 
vibration reduction and has been investi-
gating and developing it actively for 
some time. The world‘s first system has 
been used successfully with a production 
six-cylinder engine since mid-2008.

The tried-and-tested DMF continues to 
be used as the basis, since its isolating char-
acteristics significantly reduce amplitudes 
on the secondary side. The speed-adaptive 
absorber now operates on the secondary 
side and must only reduce the residual ir-
regularity. Compared to use on the prima-
ry side or in combination with a single 
mass flywheel, this arrangement offers sig-
nificant benefits in terms of masses and 
space required. Because of the already sig-
nificantly reduced vibration on the sec-
ondary side of a dual mass flywheel, out-
standing results can be achieved with rela-
tively low absorber masses.

3  Speed-adaptive Absorber

The speed-adaptive absorber operates on 
the principle of a mathematical pendu-
lum (thread pendulum). For small deflec-
tions, the natural frequency for a given 
gravitational acceleration is determined 
only by the length of the thread and is 
independent of other variables such as 
the moving mass, Figure 4.

In the centrifugal pendulum-type ab-
sorber, gravitational force is replaced by 
centrifugal force. The centrifugal force it-
self is proportional to the angular veloci-
ty squared, as a result of which the natu-
ral frequency of the pendulum is ulti-
mately proportional to the speed. The de-
sired absorber arrangement is now de-
fined by the length ratio R/L. The ignition 
frequency of a four-stroke four-cylinder 
engine, for example, results in a length 
ratio R/L of 4. For the opposing torque of 
the absorber follows: M = -mdRΩ²sinϕ.

Theoretically, such an absorber can 
completely eliminate the main excitation 
order; with suitably large pendulum 
masses, this can virtually be put into prac-
tice. However, in the case if realistically 
achievable pendulum masses, the effec-
tiveness of the absorber is limited by the 
vibration angle of the pendulum. Further-
more, tolerances and variations during 
construction must be taken into account 
to avoid entering the excitation range of 
the absorber during operation. The chal-
lenge is to approach the limits of the ide-
al absorber as closely as possible, while al-
so ensuring reliable operation under all 
conditions. To achieve optimum utiliza-
tion of the limited vibration angle availa-
ble, the path of the pendulum can be cor-
rected. With a classic pendulum – a 
thread pendulum for instance – the mass 
moves along a circular path and the ab-
sorbing action decreases as the vibration 
angle increases. By deviating from the cir-
cular path, the performance of the cen-
trifugal pendulum-type absorber can be 
increased significantly.

Established simulation methods with 
high levels of predictive accuracy are nec-
essary to exhaust the full potential of the 
absorber in all aspects, such as opera-
tional reliability, inherent noise and ab-

Figure 4: Physical principle of a centrifugal pendulum-type absorber

Figure 3: Possibilities for reducing vibration (symbolic)
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sorbing capability. For this purpose, LuK 
employs special simulation tools that 
have been developed in-house and used 
successfully for years in the development 
and design of absorbers. In the case of 
the centrifugal pendulum-type absorber, 
optimum utilization of the installation 
space is achieved with the aid of simula-
tion techniques. The paths are designed 
in such a way as to maximize the achieve-
ment of comfort and strength objectives 
at all operating points and under all op-
erating conditions. In this case, driving 
at varying engine speeds (for example ac-
celerating under full load), along with re-
lated evaluation criteria such as rattling 
and humming, certainly represent the 
most important driving situation. How-
ever, all other operating points such as 
start/stop, idling and start-up are also in-
vestigated and evaluated. With regard to 
strength and evaluating the possible 
striking of the pendulum mass, driving 
from low speeds all the way up to reso-
nance frequency is of central impor-
tance. This is also reproduced using sim-
ulation techniques and taken into sys-
tematic consideration when designing 
the centrifugal pendulum-type absorber.

By way of example, Figure 5 shows a 
simulation model for the operating point 
„drive“ along with the simulation results 
obtained. Despite highly developed simu-
lation techniques, measurements cannot 
be dispensed with entirely. The basic 
models must be compared with vehicle 
measurements (left in Figure 5) in order 
to obtain sufficiently accurate results in 
subsequent virtual investigations and 
variations. In the example (centre of Fig-
ure 5), the isolation properties are inves-
tigated according to the order of align-
ment. In this case, the evaluation criteria 
are isolation and vibration angle reserve. 
Selected variants are also investigated 
with regard to misuse (right in Figure 5) 
to ensure adequate durability.

Figure 6 shows the design of a dual 
mass flywheel with a centrifugal pendu-
lum-type absorber. The pendulum mass-
es are attached to both sides of the 
flange, which is riveted to the secondary 
side. In this example, four pendulum 
masses with a total weight of about 1 kg 
are attached. Two tracks each are ma-
chined into the flange and pendulum 
masses. Rollers allowing the pendulum 
to oscillate opposite the flange are locat-

ed between the pendulum- and flange-
side tracks.

This arrangement is called bifilar sus-
pension, since in contrast to a thread 
pendulum (monofilar) two attachment 
points are provided. In normal opera-
tion, the motion of the individual pen-
dulum masses is synchronized. To pre-
vent the pendulum masses from striking 
one another when starting and stopping 
the engine, this is taken into considera-
tion during the design.

4  Variants and Areas of Application

The basic variant consists of a dual mass 
flywheel without an inner damper. As al-
ready depicted in Figure 6, the pendulum 
masses are located on the flange below the 
arc springs. This enables a construction re-
quiring no extra space. However, the addi-
tional integration of an inner damper is 

not possible. Nevertheless, this variant al-
ready offers significant benefits over the 
standard DMF with inner damper. Only at 
higher speeds (>3000 rpm), do the pendu-
lum masses lose their effectiveness due to 
friction. Isolation is then comparable to 
that provided by a DMF without a centrifu-
gal pendulum-type absorber.

If the additional benefits of an inner 
damper are required, there would be no 
space on the flange for the pendulum 
masses. However, a centrifugal pendu-
lum-type absorber can still be added to 
such a dual mass flywheel. There are ba-
sically two ways of accomplishing this. In 
the first approach, the pendulum mass-
es are arranged next to the arc springs at 
a greater radial distance. In this case, the 
DMF has a greater axial length than the 
basic version. However, because of the 
larger radius, the same absorbing action 
can be achieved with a smaller total pen-
dulum mass. This arrangement provides 

Figure 5: Simulation technique for designing and optimizing the centrifugal pendulum-type absorber

Figure 6: Design of a DMF with a centrifugal pendulum-type absorber
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significantly more isolation than a stand-
ard DMF with an inner damper. In the 
lower speed range, the vibration ampli-
tudes on the secondary side can be re-
duced by up to 60 %, yielding new stand-
ards in terms of noise levels.

A further approach involves place-
ment on the cover of the clutch pres-
sure plate. The potential is comparable 
to that of the DMF variant with pendu-
lum masses arranged next to the arc 
springs, Figure 7. The benefit is a more 
favourable installation space for the 
clutch/damper unit.

Regardless of the arrangement vari-
ant selected, the damping system must 
always be designed as a complete pack-
age. Only in this way is it possible to en-
sure that the centrifugal pendulum-type 
absorber functions properly at all operat-
ing points and achieves a long service life 
with excellent reliability.

In the above, the discussion focused 
primarily on the centrifugal pendulum-
type absorbers in combination with a 
manual transmission. The reason for 
this is that development was initially 
pursued for manual transmissions and 

commercialized for an application with 
the most demanding requirements. 
However, the principle of the centrifu-
gal pendulum-type absorber can also be 
employed with all other transmission 
concepts.

In the case of the forward-looking du-
al clutch transmissions, requirements 
with regard to permissible vibration am-
plitudes at the transmission input are 
even more challenging than those posed 
by a manual transmission, for several 
reasons. Based on the operating princi-
ple, the sensitivity to torsional vibra-
tions is higher, since one half of the 
transmission is not involved in the pow-
er flow. Dual clutch transmissions al-
ready have up to seven gears as well as a 
high spread, so that the gear providing 
optimum fuel consumption can always 
be selected automatically. To exploit 
this potential fully, the objective is to 
drive at low engine speeds. However, a 
prerequisite for this is that the comfort 
criteria are satisfied, specifically in this 
lower speed range, which is particularly 
susceptible to vibration impulses. As a 
result, potential reductions in fuel con-
sumption are determined largely by the 
damper system employed and its per-
formance. Overall, a centrifugal pendu-
lum-type absorber provides ideal prereq-
uisites for optimizing fuel consumption 
and thus CO2 emissions.

In dual clutch transmissions, there 
are two different types of clutch systems: 
wet or dry. A centrifugal pendulum-type 
absorber can be designed for both vari-
ants. In a dry system, the secondary mass 
needed for a DMF is already present in 
the form of the dual clutch unit to which 
a pendulum can be added. In contrast, 
the clutches in a wet system have a low 
moment of inertia, Figure 8. To achieve 
the functionality of a DMF, an additional 
mass must be incorporated. The use of a 
centrifugal pendulum-type absorber can 
significantly reduce the additional mo-
ment of inertia while achieving the same 
isolation; this reduces the required in-
stallation space and fuel consumption, 
while also improves driving dynamics.

With today‘s converter systems, high-
torque operation at a low speed is possi-
ble only with the lock-up clutch open or 
in slip mode. However, this reduces effi-
ciency and makes the objectives of re-
duced fuel consumption and CO2 emis-

Figure 7: Design variants of centrifugal pendulum-type absorbers

Figure 8: Centrifugal pendulum-type absorber for a wet dual clutch transmission (schematic)
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sions harder to achieve. Therefore, the 
full potential of new engine technologies 
can only be exploited with better damp-
ing concepts. In this regard, the centrifu-
gal pendulum-type absorber also pro-
vides forward-looking potential. In con-
trast to manual and dual clutch trans-
missions, the centrifugal clutch operates 
in an oil bath when used with a convert-
er, resulting in special criteria with re-
gard to pendulum alignment. The cen-
trifugal pendulum-type absorber is 
placed on the turbine side. When the 
lock-up clutch is closed, a damping 
spring system provides basic isolation. 
The residual irregularity is then ab-
sorbed almost completely by the centrif-
ugal pendulum-type absorber. The result 
is impressive, as the comparison meas-
urement presented in Figure 9 shows 
when driving under full load. Compared 
to a conventional damper, the maximum 
speed fluctuations at the differential in-
put are reduced by more than 70 %.

5  Summary

New combustion engines providing high 
torque at low speeds pose new challeng-
es for damper technology. The tried-and-
tested dual mass flywheel has reached 
the limits of what is physically feasible 
given the space available. The centrifugal 
pendulum-type absorber developed by 
LuK represents a solution with which the 
system limits can be expanded consider-
ably. Depending on the design, isolation 
can be improved by 60 % and more over 
that provided by a standard dual mass 
flywheel.

Moreover, it does not matter whether 
a manual, dual clutch or automatic 
transmission is involved. The dual mass 

flywheel with a centrifugal pendulum-
type absorber exhibits outstanding isola-
tion, allowing new generations of en-
gines to achieve their full potential with-
out adversely affecting comfort, fuel con-
sumption or CO2 emissions.
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MBtech Powertrain GmbH, a 
company of the MBtech Group, 
has developed an efficient 
method called relative move-
ment analysis (RMA) which is 
used in this example for opti-
mization of the idling behavior 
and characteristics of a sedan 
with a V8 gasoline engine. This 
method enables engineers to 
rapidly and efficiently analyze 
the cause and effect chain, in 
this case, between the crank-
case movements and steering 
wheel- and seat-vibrations. In 
the example presented, the 
RMA is utilized to optimize this 
vehicle’s engine mounting.

Relative Movement Analysis
for a Rapid and Focused Vibration 
Analysis

1  Introduction

The high current technological standard 
of automobiles is, among other things, a 
result of the continuously increasing ac-
tivities in the field of engine develop-
ment. Traditional development goals 
such as the compliance with new legal 
regulations, or the mechanical endur-

ance testing safeguards represent „must 
be“ quality characteristics. However, as 
customers regard the “must be“ criteria 
as a matter of fact, they no longer repre-
sent an additional purchase appeal. 

As a result, it is becoming increasing-
ly important to analyze and fulfill addi-
tional „add on“ criteria in order to in-
crease customer satisfaction. These “add-

on” criteria make a decisive contribution 
to customer satisfaction by offering true 
and subjective added value when pur-
chasing a vehicle. In addition to the clas-
sical Noise Vibration Harshness (NVH) 
optimization, the associated comfort ap-
plication is becoming increasingly im-
portant. In this regard vehicles differ 
strongly for the customer – thus percep-
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tible and/or audible advantages over com-
peting products can be achieved. The cus-
tomers‘ expectations are not only ful-
filled but rather exceeded, and their sat-
isfaction with the vehicle increases.

The following article describes a new 
calculation method (relative movement 
analysis; RMA) developed by MBtech 
which enables the overview and global 
interaction of several measurement 
points by means of a vibration analysis. 
In contrast to an examination of individ-
ual points, this method based on a global 
model for the vibrating object offers cal-
culated numerical values rapidly and 
with relatively few measurement points 
in order to describe either the relative 
movement between different compo-
nents or the relative distortion of the ob-
ject itself. This calculation of real values 
gives additionally comparisonal basis for 
the stress development in the compo-
nent itself and its relative movements 
compared to neighboring components. 
In addition, the correlations of the re-
sults through RMA were compared with 
those from combustion pressure and the 
rotational vibration.

The RMA enables the vectoral calcula-
tion of three dimensional amplitudes for 
multiple measurement points simultane-
ously. Thus in a short time the engineers 
calculate the maximum paths of move-
ment of the measurement points in rela-
tion to a static unloaded situation, as well 
as the deformation of a body or relative 
movement against neighbor components. 
Furthermore, using a limousine-class car 
as an example, the MBtech measured par-
allel the combustion pressure while si-
multaneously recorded and evaluated the 
torsional vibrations of the crankshaft.

2  Relative Movement Analysis Method

2.1  Measurement Environment
In this study the well-known vibration 
analysis programs were utilized with the 
aid of 3-axis acceleration sensors. The 
combustion pressure was measured in 
usual way with measuring spark plug 
with integrated pressure sensor for the 
right cylinder bank of V8 engine. Also par-
allel a torsional vibration analysis on the 

basis of the engine speed signal was meas-
ured. The advantage for the used system 
lies in the fact that all of the measure-
ments can be recorded simultaneously on 
the same time axis – which means that 
the MBtech engineers performed the com-
bustion, torsional vibration and operat-
ing vibration analyses in parallel.

Figure 1 displays the position of the 
measurement sensors and the defined 
measurement points on the vehicle. At 
the same time a virtual triangle is creat-
ed between the defined measurement 
points. The measurements were per-
formed at varying idling speeds. Between 
the measurement series the transmis-
sion mounting and the front engine 
mounting were replaced.

2.2  Relative Movement Analysis (RMA)
The block movements are recorded with 
water-cooled three-axis acceleration sen-
sors attached to the engine block, body, 
seat-rails and steering wheel.

Animation and measured amplitudes 
enable the new RMA-method to create a 
three dimensional calculation of the 
block movements for the first time over 
several points simultaneously.

One forms a triangular system via 
three measurement points (the coordi-
nates are determined in advance either 
from a drawing or via measurements) 
and calculates the height of the triangle, 
Figure 2. The height of the triangle during 
zero load situation is compared with the 
height at the maximum stress-ampli-
tude. During the individual resonance 
states per section the new position of the 
three corner points can be calculated as 
a vector for every maximum amplitude 
as also the new height of the particular 
triangle [see Figure 2]. The maxima for 
the difference between the height of tri-
angle at a maximum amplitude (H`) and 
the height at zero load (H) corresponds 
to max. value of RMA at this particular 
load point. These values are equivalent to 
maximum movement/stress of the com-
ponent at certain load points.

In comparison to the individual point/
direction observation the RMA offers the 
advantage of being able to display the 
complete moving body on the basis of 
multiple measurement points simulta-

neously. As a result, the path of motion 
for each measurement points and the re-
sulting stress situation in the component 
and the effect on neighbored compo-
nents are clear as amplitudes and can be 
compared better to contrast the variety 
of different load states.

3  Evaluations of Different Analysis 
Methods

In the beginning, the pure application 
methodology as e.g. increased idle-rews 
did not increase idle-comfort. For this 
reason several analysis-methods were 
used in order to get better understand-
ing for cause effect chain.
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3.1  The Cylinder Pressure Indexing
The cylinder pressure was recorded in 
four cylinders for every idling speed and 
then statistically evaluated. The engine 
running smoothness was illustrated at 
different engine speeds as a scatter plot 
of the combustion pressure, Figure 3.  
A relatively large spread of the individu-
al cylinder pressures for each chamber 

and between the cylinders is visible. This 
effect was reduced by an increasing en-
gine idle-speed.

3.2  Evaluation of the Torsional Vibration
For further diagnose of the engine 
smoothness during the combustion proc-
ess, the MBtech also performed a torsion-
al vibration analysis against the engine 

speed signal. This displays the shock ef-
fect of the change of turning accelera-
tion (°CA/s3), Figure 4. 

The torsional analysis provides the 
same positive trend of engine-speed 
roughness with increasing idle revolu-
tions as combustion analysis. 

3.3  Results of Relative Movement  
Analysis (RMA)
In order to avoid undesired, noticeable 
steering wheel- and seat-rail-vibrations, 
the effects of earlier analyses concentrat-
ed solely on the front engine mounting. 
In the hope of controlling the situation 
adjustable front engine mountings were 
tried. However, replacing the front 
mounting – on the basis of these previ-
ous investigations – did not deliver any 
significant improvements.

Through this RMA calculation method 
MBtech was able to prove, which of the 
engine mountings is responsible for the 
undesired vibration in the components.

First the engineers compared two ve-
hicles with the same original front en-
gine mounting but a different rear trans-
mission mounting. They calculated the 
correlation of the block movements 
front/rear with the vibration of the seat-
rails and the steering wheel.

Through RMA it succeeded to show, 
which mounting correlated with seat-
rail and steering wheel vibrations. A soft 
rear engine mounting causes a tumbling 
motion in the transmission which then 
leads to larger vectoral movements in the 
steering wheel and seat-rail.

Figure 5 reflects the effect between the 
rear block movement (transmission) rela-

Figure 2: Calculation method  
for the triangle and height

Figure 3: Variation of the individual cylinder pressures at different idling speeds

Figure 4: Mean of the derivate for torsional speed of the crankshaft at different idling speeds 
(Average of 100 cycles)

Figure 1: the measurement 
sensor positions and a virtual 
triangle drawn between the 
defined measurement points
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tive to the chassis. The difference be-
tween a harder and a softer rear mount-
ing (the front mountings remained in 
this case identical) is evident. In the case 
of the softer transmission mounting the 
increased relative movement is clearly 
recognizable (see Figure 5: “Rear mount-
ing soft”).

Figure 6 shows the effect of this move-
ment according to rear mounting hard-
ness to the seat-rail and steering wheel: A 
greater movement of the rear part of the 
block is clearly transferred to the seat-
rail and the steering wheel.

The cause for discomfort on seat-rail 
and steering wheel was the movement of 
the rear block-part through the softness 
of the transmission mounting. In com-
parison, the differences in front block 
movements were relatively small. Thus 
the interaction between the rear part of 
the block and the movements of the seat-
rail and the steering wheel was clearly 
proven.

Changing the rigidity of the rear 
mounting resulted in less movement of 
the seat-rail and steering wheel (see Fig-
ure 6). The front mounting could not be 
efficiently adapted until the rear mount-
ing had been optimized.

3.4  Correlation between the Analysis 
Methods
Combining the different analyses deliv-
ered meaningful results for improving the 
vibration behavior at higher idling speeds 
for example. The diagrams in Figure 7 de-
scribe the connection between combus-
tion and torsional vibration with the vecto-
ral movements of the steering wheel and 
seat-rail.

This study shows that pure increase of 
idle as shown only by the cylinder-pres-
sure and torisional vibration analysis is 
not enough in order to derivate better 
idle-comfort. Only after additional analy-
sis throught RMA we can see the opti-
mum point at 625/min.

Figure 5: Relative movement of the engine block rear 

Figure 6: Relative vectoral movement of the seat-rail and steering wheel: displayed the correlation 
with the rear engine mounting, the movements of the steering wheel and seat-rail

Figure 7: The left side displays the variations  
of the cylinder pressures and torsional change of 
the angular acceleration against engine speed –  
the diagram on the right illustrates the vectoral 
movements of the seat-rail and steering wheel for 
harder and softer rear mounting
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4  Optimizing the Front Engine Mounting

The effect of the front engine mounting 
based on the vibration behavior of the 
engine becomes visible only after cor-
recting the rigidity of the rear engine 
mounting. 

In the process it became apparent 
that the customer requirements regard-
ing the comfort with the original mount-
ing could not be achieved. Therefore fur-
ther investigations with different rigidi-
ties of the static front engine mounting 
were realized. 

Figure 8 and Figure 9 show the effect of 
two front mounting variants (Serial 
against Variant A) as vectoral movement 
on seat-rail and steering wheel. The ef-
fect of optimized frontal engine mount-
ing on seat-rail is considerably percepti-
ble in case of an idle-speed area up to 600 
1/min. At higher idle-speed range the ef-
fect was less perceptible. On steering 
wheel however, the influence of the en-
gine mounting is recognizable only up to 
525 1/min. After this optimization of en-
gine-mounting system with the help of 
RMA, the idle-comfort became again al-
most independent of idle-rew which 
again opened new possibilities for appli-
cational an NVH needs.

5  Summary

The relative movement analysis (RMA) is 
a new method for analyzing vibrations. 
Additionally in this case combustion 
pressure and torsional vibration analyses 
were combined with motion measure-
ments for the engine block and steering 
wheel and seat-rail.

The presented RMA is a simple as well 
as an effective calculation method.

Based on defined triangles, distribut-
ed among the engine block parts and the 
body, the RMA provides an essential con-
tribution to NVH optimization.

Furthermore the rapid comparison 
method enables the analysis of domi-
nant engine block movements. This 
served to clearly identify the effects of 
different engine mountings and engine 
speeds on the movements of the seat-rail 
and steering wheel.

The subjective impressions of selected 
test persons further supported the 
study‘s results.

It was also shown, that the different 
individual analysis methods (combus-
tion pressure, torsional vibrations and 
RMA) each alone did not reflect the sub-
jectively perceptible best solution. Only 
the weighted focus on all the methods 
leads to the best compromise and an op-
timal solution. 

In general the newly developed RMA 
method can be used where components 
move relatively to each other. Thus, the 
RMA could also be employed to deter-
mine the largest stress on the compo-
nent itself in different resonance states – 
for example in order to begin an endur-
ance test run as a resonance test in high-
est stress point. 

Numerous different components can 
be analyzed: Beginning with the crank-
case, for example, diverse mounting com-
ponents onward to EGR pipes and com-
plete exhaust systems.

RMA and FE modelling could also be 
combined in order to enable initial com-

parison results in the form of a direct 
stress evaluation. In the meanwhile the 
MBtech increases the speed of calcula-
tion by combining the vibration analysis 
with additionally used mathlab pro-
grams.� n

Figure 8: Vectoral movement of the seat-rail with different front engine mountings

Figure 9: Vectoral movement of the steering wheel with different front engine mountings
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Experimental and 
Numerical Investigation of 
Air Dam Aeroacoustics
Different vehicle manufacturers mount an air dam on the vehicle undercarriage just in 
front of the wheels. For better understanding of the noise generation mechanisms and 
flow induced vibrations directly at their source region, the acoustical effects in the interior 
of the vehicle will be correlated by the University of Applied Sciences Duesseldorf and 
BMW with the pressure fluctuations of the exterior of the vehicle. Steady state CFD 
calculations in the area of the rotating front wheel will be carried out for the positioning 
of the surface microphones and for a better understanding of the flow topology.
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1  Influence on the Interior Acoustics

In addition to design, safety and han-
dling characteristics of automobiles, the 
acoustic perception of the car occupants 
is becoming of even greater importance. 
New experimental and simulation meth-
ods already play a role during the con-
ceptual phase of a vehicle design. It is for 
this reason that BMW’s acoustic wind 
tunnel is equipped with additional meas-
urement methods for the undercarriage, 
Figure 1 [1].

Wind tunnel experiments on their 
own are not sufficient in order to under-
stand the influence of engine, roll and 
wind noise. Wind tunnel experiments on-
ly draw conclusions on the acoustics of 
the air flow, other noise sources stay un-
considered. An additional possibility for 
gathering all relevant car-related noise 
would be road testing in realistic condi-
tions. In the present paper, acoustical ef-
fects in the interior of the vehicle in order 
will be correlated with the pressure fluc-
tuations of the exterior of the vehicle to 
understand the noise generation mecha-
nism and flow induced vibrations in their 
source region. A special attention will be 
drawn on the influence of the air dams, 
Figure 1. They are located on the under-
carriage in front of each wheel respective 
each wheel housing, Figure 2.

2  Aerodynamic Processes  
at Wheel and Wheel Housing

The investigation of aeroacoustic proc-
esses at the wheels and in the wheel 
housings gained importance as recently 

as in the last 15 years. The high degree of 
cavities, edged connection rods and 
turned sheets in this area result into 
highly uneven and cleft surfaces which 
not only cause a remarkable flow drag, 
but also represent a exceedingly source 
for flow noise. According to [4] wheels, 
wheel housings and undercarriage at a 
passenger car with a drag coefficient of 
cD = 0.3 are responsible for over half of 
the aerodynamic drag.

To avoid or to reduce the direct flow 
against the wheels and to achieve better 
flow around the wheel, the air dam was 
fitted on the part of BMW and other auto-
mobile manufacturers. The construction 
at the experimental vehicle covers the 
complete span of the front wheel hous-
ing. At the rear wheel housing, the air 
dam is approximately only 200 mm long 
which equates to the width of the wheel.

In the front part of the wheel housing 
around the rotating wheel, Figure 3, the 
flow sucks upwards and hits the bound-
ary layer flow close to the body on the 
edge of the car body. At this location an 
unrolling longitudinal vortex is expect-
ed, which probably is disturbed by the 
emergent air of the wheelhouse area and 
flow separation occurs.

3  Measurement Instrumentation  
and Conditions

For Wagners thesis [3] Brüel & Kjær has 
kindly provided the detection of dynam-
ic pressure fluctuations with surface mi-
crophones of the types 4949 and 4949B, 
Figure 4. Despite the small dimensions 
(Ø 20 mm, height 2.5 mm) they are, 
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based on a titanium casing, very sustain-
able against wet (corrosion) and oily envi-
ronments. The acoustic sensitivity and 
the dynamic range are approximately 
equal to traditional ¼” condenser meas-
urement microphones. Figure 4 shows 
the approximately selected positions of 
the surface microphones. Parallel to the 
measurements, further numerical calcu-
lations of the simplified vehicle section 
were continued.

At all measurements the surface micro-
phones were provided with a little covering, 
protecting the membrane from dirt parti-
cles, as well as with a mounting pad. This to 
the outer diameter flattening ring causes a 
better flow around the microphone. The so 
called self-noise, which is measured by the 
microphone itself, is generated by vortex 
separation which causes pressure fluctua-
tions at the microphone body. This self-
noise can be minimized by the shaping of 
the microphone. On the other hand, a struc-
ture-borne sound isolation between wall 
and surface microphone can be achieved 
with this indirect placement [6]. For acquisi-
tion of all relevant aeroacoustic data, a mo-
bile data acquisition unit MK II and the soft-
ware PAK of MüllerBBM VibroAkustik Sys-
teme GmbH were used.

For road testing an E92, 320d Coupé ex-
perimental vehicle was provided by BMW 
Group. For reproducible measurement re-
sults the motorway A59 between Düssel-
dorf and Leverkusen was used. This route of-
fers good test conditions , due to its new and 
homogenous road surface as well as its low 
traffic volume.

In forefront of the measurements, a sim-
plified sketch of the wheel housing was 
used in CFD calculations with Ansys 11 to 
find the best measurement positions for 
the surface microphones. Within the steady 
state CFD calculations by using a shear 
stress transport (SST) model it was paid at-
tention on the boundary conditions of the 
relative movement between vehicle and 
road as well as on the rotation of the wheel. 
Thereby only a small part of the vehicle was 
design-engineered and meshed for the sim-
ulation. This enables focusing the mesh on 
the main area of influence and an efficient 
calculation.

To verify the boundary layers and the nu-
merical simulation under conditions close 
to reality the boundary conditions, the cal-
culation area and the velocity distributions 
are shown in Figure 5.

Figure 2: Bifid air dam of the model BMW E92 [3]

Figure 4: Surface microphone (left) and its positions on the vehicle (right, air dam not mounted), 
compare with Figure 8

Figure 3: Schematic view of the longitudinal vortex in the area of the wheel housing with  
rotating wheel and with moving street – view from the side (a) and from behind (b) [5]
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4  Measurement Results  
of the Pressure Fluctuations

Figure 6 shows a comparison of the sound 
pressure spectra of the vehicle interior at 
a velocity of 150 km/h with and without 
an air dam. Harmonic tonal frequency 
components of the rotational wheel speed 
occur only without the air dam. Without 
the air dam, even more tonal frequency 
components are clearly transferred in the 
interior of the vehicle. Differences at low 
frequencies in the signals of the surface 
microphones mounted in the wheel hous-
ing occur between the spectra with and 
without air dam, Figure 7.

5  Correlation of the Wall Pressure 
Fluctuations

By using a correlation analysis it is possi-
ble to differ between acoustic pressure 
fluctuations with the speed of sound, as 
their propagation velocity and aerody-
namic pressure fluctuations which are 
not obligatory relevant for noise. Impor-
tant for the interpretation of the phase 
characteristics in accordance to [7] is the 
microphone placement in the wheel 
housing, Figure 4.

With the knowledge of the distance Δx 
between the microphone positions, it is pos-
sible to calculate the speed of propagation 
of the pressure fluctuation from the phase 
angle of the cross-spectrum. With a suffi-
cient level of the coherence of two adjacent 
pressure transducers, the linear phase shift 
at constant speed of propagation (non dis-
persive propagation process) can be allocat-
ed. In Figure 8 the coherence and the phase 
angle of the microphone signals on posi-
tion 2 to the reference channel above the 
wheel housing 4 is shown (blue: measure-
ment with air dam, red: measurement with-
out air dam).

The calculation of the time delay results 
by means of the phase slope [8]. The time de-
lay yields from:

�
tverz = ​ 

Δϕ
 ___ ω ​ = ​ 

​ 
Δϕ°

 ____ 360° ​ · 2π
 _______ Δf · 2π  ​� Eq. (1)

With tverz and the distance of the micro-
phones the velocity v = Δx/tverz results. The 
speeds of propagation from the phase of 
the characteristics shown in Figure 8 rep-
resents between 500 and 800 Hz with Δϕ 

= 180°, Δf = 300 Hz and Δx = 0.52 m ap-
proximately v = 324 m/s (the speed of 
sound at 5 °C is 334.5 m/s) and between 

1700 and 1800 Hz with Δϕ = 360°, Δf = 60 
Hz and Δx = 0.52 m approximately v = 31 
m/s (driven speed: approximately 42 m/s). 

Figure 5: Boundary conditions of the CFD calculation

Figure 6: Sound pressure levels in the vehicle interior with (black) and without  
(green) air dams, road drive, v = 150 km/h

Figure 7: Wall pressure fluctuation levels in the wheel housing with (black) and without 
(green) air dams, test drive, v = 150 km/h
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Hence the speed of propagation is well-
defined between high values near the 
speed of sound and lower levels in the 
range of the travelling speed of the vehi-
cle. On the one hand, a steep slope of the 
phase angle indicates a slow speed of 
propagation, in comparison to the speed 
of sound. It will be generated by the flow 
itself respectively by turbulent pressure 
fluctuations.

On the other hand, a minor slope in-
dicates that it concerns with noise prop-
agation in terms of acoustic pressure 
fluctuations. In addition the propaga-
tion direction can be detected by means 
of a positive or negative slope: With a 
positive slope the sound arrives with a 
certain delay at the second microphone. 
The propagation occurs from the rear to 
the front – opposite to the outer flow 

around the vehicle – and therefore is 
dominated by the rotating wheel. It is 
not possible to measure this phenome-
non in a wind tunnel with a non-rotat-
ing wheel. The velocity of the vortex rope 
matches the slip with 74 % compared to 
the circumferential speed of the wheel.

6  Presentation of Vortex Structures 
with the Q-Criterion

Figure 9 shows the extensive velocity dis-
tribution around the rotating wheel 
both with and without air dam. In order 
to compare vortex pattern from the nu-
merical CFD calculation with the topolo-
gy of the flow in accordance to the sche-
matic sketch of Figure 3, an extensive 
vector analytical computation of the 
flow velocity gradients is necessary.

In order to visualise vortices, the Q cri-
terion in accordance to [9] was imple-
mented in the Ansys CFD post process-
ing, so that coherent vortex structures of 
the velocity gradients are visible [10]. 
Generally, a shear strain is specified as a 
gradient of the velocity:

	​  ∂u
 ___ ∂x ​ ​ ∂v

 __ ∂x ​ ​ ∂w
 ___ ∂x ​

grad u =	​  ∂u
 ___ ∂y ​ ​ ∂v

 __ ∂y ​ ​ ∂w
 ___ ∂y ​   = ​ 

∂ui
 ___ ∂xj
 ​ 

		​   ∂u
 ___ ∂z ​ ​ ∂v

 __ ∂z ​ ​ ∂w
 ___ ∂z ​� Eq. (2)

This gradient can be converted with fol-
lowing formulas:

S _ = ​ 1 __ 2 ​ · (grad u + grad Tu) and 
Ω——  = ​ 1 __ 2 ​ · (grad u – grad Tu) 	�  Eq. (3)

to the symmetric shear rate tensor S _ and 
the antimetric vorticity tensor Ω——:

grad u = S _ + Ω——� Eq. (4)

The Q criterion is derived out of both of 
these tensors:

Q = ​ 1 __ 2 ​ · ​( |Ω——
2| – |S _2| )​ > 0� Eq. (5)

 
Q = ​ 1 __ 2 ​ · ​[ ​​( ​ ∂u

 ___ ∂x ​ )​​2​ + ​​( ​ ∂v
 __ ∂y ​ )​​2​ + ​​( ​ ∂w

 ___ ∂z ​ )​​2​ ]​ – 

​[ ​ ∂v
 __ ∂x ​ ​ ∂u

 ___ ∂y ​ + ​ ∂w
 ___ ∂x ​ ​ ∂u

 ___ ∂z ​ + ​ ∂v
 __ ∂z ​ ​ ∂w

 ___ ∂y ​ ]​� Eq. (6)

Figure 10 shows the vortex patterns calcu-
lated with the Q criterion. In addition to 
the schematic illustration of Hucho [5], 

Figure 8: Coherence and the phase angle of the cross-spectrum of the wall pressure 
fluctuations position 2 towards position 4 (compare with Figure 4); with (blue) and  
without (red) air dam measurements

Figure 9: Velocity distribution wit and without air dam of the simplified wheel housing model

	 
	 
	 
	 
	 
	 
	 
	 

Figure 10: By Q-criterion calculated vortex pattern with and without air dam
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which shows the vortex system without 
an air dam in Figure 3, Figure 10 displays 
the vortex system with an air dam. With 
an air dam, the vortex is pushed from 
the upper side of the wheel down to the 
driving surface and produces here fore 
less pressure fluctuations at the carriage 
of the vehicle. This has a positive effect 
on the acoustics.

Whilst the flow topology with and 
without the air dam is almost the same 
in the area of the undercarriage, there 
are obvious differences at the exterior be-
hind the wheel housing. At this area a 
longitudinal vortex develops with a de-
mounted air dam. At the shown simula-
tion this vortex is not present. Probably 
in consequence of the diverted air flow 
by the air dam, which makes sure that 
only a small f low rate is conducted 
through the gap between the wheel and 
the carriage at the wheel housing.

7  Summary

Within an experimental and numerical 
investigation by the University of Ap-
plied Sciences Duesseldorf and BMW 
the acoustic effect of the air dam of a 
BMW 3-Series vehicle was investigated. 
Both realistic drive tests on public roads 
as well as numerical calculations in the 
area of the front rotating wheel were 
performed. One of the major aspects 
were on the one hand the correlation of 
the pressure fluctuations at the exterior 
and the wheel housing with noise in-
side the car and on the other hand the 
illustration of the flow field with CFD 
calculations. To show the influence of 
the flow velocity and to gain better un-
derstanding of the noises and the flow 
induced vibration directly at the source, 
the vehicle was equipped with seven 
surface microphones at the exterior and 
two measurement microphones in the 
interior. The drive tests were performed 
at various velocities with and without a 
mounted air dam.

At the spectra between 450 and 600 
Hz as well as between 1200 and 1400 Hz 
without an air dam, an increased level of 
3 to 5 dB was measured. The frequency 
components appear in a distance of 21 
Hz (matching with the wheel speed or-
der), which were not-existant with a 
mounted air dam. The reason for these 

frequency components is the incident air 
flow of the tire profile. The mount of the 
air dam just in front of the wheel hous-
ing makes sure that the air flow is de-
flected away from the wheel and the un-
dercarriage. Through this air flow deflec-
tion, different pressure distributions re-
sult especially at the wheel housing, 
causing a lower sound pressure level for 
a frequency range below 1000 Hz. A com-
pletely different situation is present at 
the measurement points directly in front 
and behind the air dam. The air dam rep-
resents a fluid dynamical barrier, where 
the air flow dams up and at which lead-
ing edge the wake vortices separate. 
These separations probably represent the 
reason for the higher pressure fluctua-
tions at this area. On the basis of the 
spectograms shown by Wagner [3] you 
can draw the conclusion, that not only 
rotation speed dependent activities, but 
also structural acoustic effects in the 
wheel housing are responsible for the 
noise generation mechanisms. Distinct 
differences between the measurements 
with and without air dam, at least for 
the area of the wheel housing, are evi-
dent.

The observation of the correlation 
analysis provides for neighbouring meas-
urement points coherences which par-
tially raise to 0.9 for a frequency range 
between 700 and 1700 Hz. With the slope 
of the phase angle, conclusions can be 
drawn on the kind of sound propagation. 
The measured pressure fluctuations are 
composed by turbulent (caused by the air 
flow) and acoustic pressure fluctuations. 
Due to the determined slip of 74 % of the 
driving speed and the propagation direc-
tion the measured pressure fluctuations 
can be allocated to the rotating wheel. 
Measurements in the acoustic wind tun-
nel with a non-rotating wheel cannot 
cover these effects.

With the aid of the simulation tool 
Ansys CFX the flow topology around the 
unrolling wheel was pictured. The air 
dam makes sure that the air flow is de-
f lected. The stagnation point is dis-
placed to a position further away from 
the wheel just in front of the air dam. 
Herewith, a direct f low against the 
wheel is avoided. The effect can be 
shown on the basis of flow lines. Beside 
the velocity distribution the visualisa-
tion of vortex pattern with the appro-

priate allocation of velocity gradients is 
expedient. The results show clear analo-
gies to the theory of Hucho [5]. At both 
vehicle configurations horseshoe vorti-
ces can be found. At the simulations 
without an air dam a longitudinal vor-
tex develops on the exterior behind the 
wheel housing. Under circumstances 
this longitudinal vortex provides addi-
tional f luid structure interactions, 
which can influence the sound in the 
vehicles interior negatively.
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Methods of Evaluating and 
Developing Pedal and Brake 
Characteristics
The qualities of a particular car that are experienced by the driver in direct interaction with the car 
have come to be significant distinguishing features. The brake system is particularly important in 
this respect because it belongs to the essence of driving and of keeping the vehicle under control. 
An overview is given in this paper of methodology developed at the Ilmenau University of Tech-
nology for comprehensive, objective and definitive investigation of the interaction taking place 
between the driver and the vehicle during braking.
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1  Introduction

The human machine interfaces (HMI) of 
braking systems of modern cars should 
be laid out in such a way that they are 
not only safe in objective terms but can 
also be used intuitively with ease. Manu-
facturers often insist on “typical” brake 
pedal feel for a brand to raise recognition 
of the vehicle type through the haptic 
features “felt” by the customer.

In the development process for the inter-
face characteristics, the judgment as to 
whether the product is ripe for production, 
is, even today, still based on the experience 
and the subjective impressions of a small 
staff team. Though research relating the 
HMI in objective terms to the subjective im-
pression goes back some time, the outcomes 
have, till now, found little acceptance 
among industrial users, being, at most, 
tacked on as an extra. Up-to-date overviews 
are to be found in [4] and [11].

This paper indicates the outcomes of 
critical appraisal of the state of the art to 
date. One result is that new or at least 
greatly improved methods and devices 
have been found, with validity and per-
formance well above the previous ones. An-
other is that an interdisciplinary research 

team made up of automotive engineers 
and medical scientists has created and co-
ordinated measurement techniques re-
garding the physiology of various drivers 
during the braking procedure, using these 
in extensive and thoroughgoing investiga-
tions. As far as the authors know, this is 
the first time that the research has taken 
the physiological characteristics of the 
driver into account. These results already 
support the developer with the means of 
achieving greater objectivity, better sys-
tems and increased efficiency. They are al-
so providing the researcher with method-
ology whose performance is proven and a 
level of reliable knowledge which can be 
raised systematically. Because new types of 
drive technology have now become estab-
lished in the automotive field, electrical 
components are gaining in significance. 
The possibility of energy recuperation will 
eventually mean that friction brakes whol-
ly reliant on conventional mechanics will 
become a thing of the past. Given these 
facts, it is not surprising that interest in ob-
jective description of the human-machine 
connection can now be perceived to be stir-
ring within the car industry.

There are four basic methodological fo-
ci for human machine interfaces, Figure 1:
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1.	 Experimental, objective characterisa-
tion of the HMI: A pedal actuation 
unit was developed for the HMI analy-
sis experiments. Numerous measure-
ments have provided a basis for defin-
itive models, by which the HMI char-
acteristics could be described.

2.	 New technology for the purposes of 
haptic simulation of the HMI: Re-
search vehicles have been developed, 
so that effective and definitive on-
road tests under highly realistic con-
ditions could be carried out, exploit-
ing the vehicles’ purpose-built tech-
nology for authentic model-based 
haptic simulation of the entire HMI – 
including the brake pedal. The unre-
stricted programmability has addi-
tionally permitted innovative investi-
gation of the haptic feedback.

3.	 Proband road tests / customer clinics: 
Here, the subject of investigation has 
been the objective characteristics of the 
HMI and the subjective perceptions of 
the braking driver. These investigations 
have produced answers to such ques-
tions as those concerning the pedal use 
and braking behaviour of the ordinary 
driver, the limits of pedal sensibility and 
the subjective effect of HMI features. Fur-
ther investigations, focussing on the hu-
man physiological and psychological as-
pects of the braking procedure have fol-
lowed the original research.

4.	 Experimental analysis and numerical 
simulation / system design: For the 
layout of brakes and their associated 
components to be fit for purpose, the 
HMI characteristics must be analysed 
in relation to the design features they 
reflect. To this end, a vacuum-assisted 
brake system belonging to a mid-size 
saloon has been taken as an example, 
and the detailed analysis of its design, 
experimentally investigated, was 
transferred into a behaviour model.

The paper concludes by presenting guide-
lines for braking and pedal feel charac-
teristics, which are associated with opti-
mum comfort for mid-size saloons de-
rived from investigations across the 
whole range.

2  Servo-hydraulic Pedal Actuation Unit

Reproducibility is barely possible for driv-
ers’ use of the pedal in on-road tests, and 
that use lacks variety and precise meas-
urability. The use of an automated servo-
hydraulic pedal actuation unit (“brake 
robot”, Figure 2) removes these limita-
tions. The brake robot will give an objec-
tive indication of the pedal behaviour for 
a wide variety of pedal actuation pat-
terns. Thus it enables the HMI to be com-
prehensively characterised, Figure 2 and 
Figure 3.

By applying a uniform definition of 
pedal travel and of pedal force, and pro-
ducing standardized pedal actuation pat-
terns, effective evaluation and direct 
comparability have been achieved to 
serve as “benchmarks”. Because of the 
high power density and the dynamic 
range, the brake robot has proved partic-
ularly valuable in the carrying out of 
standard tests in which the driver is sub-
ject to high physiological demands.

3  Model-based Description of  
Braking and Pedal Characteristics

For the objective description of the HMI 
characteristics, a physical and mathe-
matical model is applied. When used in 
conjunction with the parameters and 
the characteristic curves, it provides a de-
finitive description of the features of the 
sort of braking in normal traffic which 
predominates in everyday driving.

The pedal features are represented by 
a model (“pedal” sub-model, Figure 4) 
made up of a spring, a damper depend-
ent on direction (in accordance with 
Stokes’ law), and a Coulomb friction ele-
ment. Two elements serve to depict the 
braking characteristics (“brake” sub-
model, Figure 4). The more-or-less static 
relationship between the pedal travel 
and the brake pressure is described by a 

Figure 2: Vehicle with pedal actuation unit installed (left); examples of measurement results (right)
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characteristic curve and the action over 
time is shown by a first-order element 
for delay.

An extended model also describes 
pressure-travel-hysteresis [11]. At the 
same time, these models provide the ba-
sis for the active haptic simulation de-
scribed in the paper.

4  Research Vehicles for Variation  
of the Brake Pedal Feel

To exclude intrusive secondary influenc-
es on the outcome of the evaluation, it is 
necessary to use test vehicles in which 
the HMI parameters can be varied. On 
the other hand, it is a basic requirement 
of the on-road tests that the haptic simu-
lation should be authentic. This technol-
ogy to meet the need has been developed 
by the Department of Automotive Engi-
neering at Ilmenau University of Tech-

nology and up to now has been installed 
in two adapted mid-size saloons and an 
N2-type commercial vehicle (system 
Pegasys, Pedal-Gefühl-Analyse-System). 
The pedal actuator is a hydraulic system 
reflecting the pedal travel; the brake 
pressure modulator is an additional hy-
draulic module to activate the brake mas-
ter cylinder. The brake pressure and ped-
al travel follow the set values with virtu-
ally no delay and they mirror brake and 
pedal features (whether real or synthet-
ic) in an absolutely authentic manner, 
with a free choice of parameters. There 
are additional functions which permit 
HMI characteristics to be reflected in de-
pendence on speed; or wide-ranging hap-
tic ABS-like feedback: these can be peri-
odic patterns or individual events, and 
can be responses to triggers of various 
magnitudes.

The change between two types of data 
input takes place almost instantly and is 

also possible while the vehicle is driven. 
As it can be used on public roads, brak-
ing behaviour can be researched under 
very realistic conditions.

Investigations have been carried out 
with Pegasys vehicles to provide the an-
swers to a number of questions. The start-
ing point was the characterisation (with 
statistical confidence) of braking under 
normal traffic conditions and the relat-
ed pedal use and brake action. 

As an example, a noticeable feature of 
the results is that the distribution of oc-
currence of the vehicle deceleration epi-
sodes for the same stretch of road and 
normal conditions is independent of the 
pedal and braking characteristics obtain-
ing at the time, Figure 5 (top). To slow 
down to a given speed is obviously the 
primary aim. The distribution of occur-
rence for the pedal travel, Figure 5 (bot-
tom), varies similarly, as does that for the 
pedal forces.

Figure 4: Brake-by-wire system with active brake pedal allowing haptic simulation of HMI: functional architecture of system and model-based description 
of the pedal and braking features (left); schematic representation (right) [11]

Figure 3: Pedal travel, pedal force and brake pressure – selected nominal values
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5  System Analysis and System  
Simulation for Passenger Car Braking 
Systems

In order to transfer the specifications for 
the characteristics of the interface into 
actual product features, they have to be 
related to the relevant components and 
parts. In the case of conventional cars, 
these will be almost exclusively mechan-
ical components. The designs of the fu-
ture for different types of drive or chassis 
with electrically triggered braking or a 
link to a generator will involve the use of 
electrical components. By way of exam-
ple, first the vacuum-assisted brake sys-
tem belonging to a mid-size saloon has 
been subjected to detailed experimental 
and theoretical analysis of its design. The 
testing area was extended for the pur-
pose by the addition of dedicated testing 
and measuring equipment.

This has resulted in a model of physi-
cal behaviour, which renders both static 
and dynamic interface features and per-
mits the influential parameters to be 
identified and traced back to the compo-
nent level. It should be noted that the 
creation of the model structure and the 
setting of parameters must be carried 
out with great care, as different configu-
rations of the assemblies will affect the 
static and dynamic behaviour of the HMI 
to varying degrees, Figure 6, [12].

6  Analysis of the Physiology of Braking

The evaluation of braking and pedal char-
acteristics is influenced not only by objec-
tive parameters originating in the vehicle 
but also by some parameters that relate to 
the driver’s immediate surroundings (for 
example seating ergonomics), the driver’s 

individual physiological characteristics 
(for example his or her constitution and 
movement control) and his or her psy-
chology (expectations, habituation ef-
fects…). To establish the relationship be-
tween the subjective judgment and the 
individual driver characteristics, both the 
ergonomics and physiology have been ex-
amined. Investigating muscle activation 
and strain opens up certain possibilities, 
among them the identification of how 
various parameters influence the driver’s 
habits.

To capture muscle activity data, use 
was made of multi-channel surface elec-
tromyography [7]. An electromyogram 
(EMG) will reflect the electrophysiologi-
cal activation taking place in muscles. 
These are not activated as an entire unit 

but as fixed groups of muscular fibres, 
called motor units. What is recorded is 
the sum of the action potentials of these 
motor units, or, where appropriate, their 
interference pattern [3, 5]. In surface elec-
tromyography, the EMG activity record-
ed is taking place fairly near the body 
surface [6].

6.1  Actual Braking Task as Factor
Figure 7 shows the EMG activity in selected 
muscles of the right leg for various brak-
ing manoeuvres. It is noticeable that the 
proportion of action belonging to the 
flexor of the foot, musculus tibialis ante-
rior, represented by the white bar, is very 
much dependent on which braking ma-
noeuvre is being performed. This muscle 
is hardly taxed at all during a “full brak-

Figure 6: Brake booster force regulator – mechanical model (left); simulation and measurement of a brake assist feature (centre and right)

Figure 5: Statistics of maximum 
vehicle deceleration (top) and 
maximum pedal travel (bottom) 
in town traffic of Ilmenau [8]
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ing”, which does not primarily involve 
modulation of the deceleration, but it 
plays both absolutely and relatively a 
much larger part in “moderate braking”.

Contracting the soleus and gastrocne-
mius muscles stretches the foot, and is 
what, in combination with some stretch-
ing of the knee and hip joints (or at least 
some stabilisation on their part), actual-
ly makes the brake pedal work. Any in-
crease in the muscle force is controled by 
the central nervous system and realised 
by an increase of the firing rate of the 
motor units already working, and/or by 
the recruitment of further motor units, 
usually greater in size [2]. Regulation of 
either position or force can also take 
place by the interaction of agonist, syner-
gists and antagonists.

The flexor, musculus tibialis anterior, 
is the antagonist to the two extensor 
muscles. The work necessary to regulate 
deceleration, as in moderate braking, ac-
tually manifests itself in the greater pro-
portion of activity required of the flexor 
as it acts to stabilise the movement in the 
ankle joint [10].

The effect described is a clear indica-
tion that ergonomic investigations in un-
real situations such as driving simula-
tors should include vehicle feedback gen-
erated so as to be as realistic as possible.

6.2  Driver as Factor
Different test drivers will perceive one 
and the same set of pedal characteristics 
in different ways, depending on the phys-
ical condition of their muscles. The mean 

amplitude measured by EMG for a mus-
cle is in an almost linear relation to the 
force applied. However, the figure itself 
and the linear ratio are different for each 
muscle and for each individual. With 
two test drivers as different examples, 
the principle is made clear: driver no. 1 is 
a tri-athlete fully in training and driver 
No. 2 someone whose sporting activities 
are occasional and whose body weight is 
below average.

In this case the investigations took 
place during braking tests based on the 
AMS-test used by the magazine “Auto, 
Motor und Sport”, which is comparable 
with the full braking in Section 6.1 
above. Driver no. 1 applied a mean activa-
tion force that was higher than that of 
driver no. 2, Figure 8 (left). Despite this, 
the EMG amplitudes shown for driver no. 
2 are considerably higher, Figure 8 (cen-
tre and right). This driver activates his 
muscles more strongly. Driver no. 1 clear-
ly requires less muscular activity to 
achieve the same braking action and yet 
at the same time apply more actual ped-
al activating force.

Because driver no. 1 is in regular train-
ing, he has optimal muscular coordina-
tion. As the muscle fibres are probably 
enlarged (muscle hypertrophy), the mo-
tor units stimulated by the nerve fibres 
can produce more force while at the 
same time maintaining the level of acti-
vation for longer [9].

In consequence, for on-road tests, 
which are intended as an analysis of the 
human machine interface, test partici-
pants should be additionally evaluated 
on the basis of physical condition among 
the other factors. In the series of experi-
ments here presented, physical condi-
tion was analysed individually for cer-
tain muscles, on the basis of the relation 

Figure 8: Distribution of mean pedal activation forces during braking in AMS test (left); EMG muscle activity during braking in AMS test (centre and right) 
(mean EMG amplitude; calculated as mean from ten braking episodes)

Figure 7: EMG muscle activity during  
braking process – relative (top) and absolute 
(bottom) mean EMG amplitude
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between defined loads and the maxi-
mum voluntary muscle contraction. Giv-
en this background, any decisions on 
product development, which have been 
made on the basis of an individual per-
son’s judgement, should be viewed criti-
cally. Interfaces which are variable or 
will adapt in terms of force to be applied 
could well be of advantage.

7  Conclusion

This paper of Ilmenau University of Tech-
nology has presented new approaches, 
both methodological and technical, 
which are valuable from both the scien-
tific and practical points of view. The fact 
that they have already met with approv-
al in industry confirms how attractive 
the methodology is and how definitive 
the results. Admittedly, at present the 
interdisciplinary research to take physio-
logical aspects into account is still at the 
fundamental stage. However, it holds 
promise for future investigations of hu-
man and machine interaction and con-
struction of driver models, among other 
things.

The next stage of research will con-
centrate on driver physiology, psycholo-
gy and ergonomics and will aim to en-
hance the general validity of the ap-

proaches, by raising the number of test 
drivers sampled and by selecting a varie-
ty of driving and/or traffic situations. 
Recommendations on layout of pedal 
and braking features, obtained primarily 
from tests on mid-size saloon cars are 
summarised in the Table [11].
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Table: Recommended layout (*Vehicle deceleration b in m/s²; pedal force F in N)

Criterion Recommended Layout / Dimensions

Preload force 12 ... 18 N; at slow vehicle speeds (for example town traffic) 
low values are preferred

Developing of force on pedal vs. 
distance travel

Should consist a level and a progressively increasing section 
and should tend towards “soft” braking

Static force hysteresis ±5 N; increasing asymptotically with increasing force on pedal

Dynamic force hysteresis Damping coefficient can remain constant; should only be set 
at a value, which will not significantly increase the total force 
hysteresis during comfort braking; good results were obtained 
with a linear damping coefficient of 0.045 N/(mm/s)

Developing of brake pressure vs. 
pedal travel

Rising gently in the lower pressure range; start of the steeper 
pressure curve should be in the flat section of the force on pedal 
vs. distance travel graph; mean braking effect on activating and 
releasing pedal to lie between approximately db/dF = 0.090 and 
0.095 m/s²/N*

Initial travel
(distance travel by pedal when 
brake pressure first arises)

At very low vehicle speeds (for example during parking):  
very short

Developing of vehicle  
deceleration vs. force on pedal

High braking effect (big ratio db/dF)*
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